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Abstract

Medium ring-containing scaffolds have been shown to display a broad range of biological
activity and yet are under-represented within approved pharmaceuticals. Diversity-oriented
synthesis (DOS) is a methodology by which multiple compounds can be efficiently synthesised

in a diversity-driven approach.

Combining both DOS and medium-ring methodology, a 10-membered ring containing an
alkene, an amine and a ketone, was identified as a key intermediate for the synthesis of a
library of scaffolds. The synthesis of the 10-membered ring in which the amine is protected as
a tosylsulfonamide is described. The synthesis was accomplished in 34% overall yield over
seven steps, utilising a key Cope-type rearrangement to enable synthesis of the ring.
Conformational analysis and the crystal structure demonstrated that the ring sat preferentially
in a chair-chair-chair conformation, although other conformations were accessible at room
temperature. External nucleophilic addition into the ketone proved challenging, with only
reduction successfully providing an alcohol product. A decalol scaffold was generated via an
intramolecular Prins or ene type cyclisation. Epoxidation of the alkene, followed by treatment
with a Lewis acid generated a diketone, which could be further transformed into a range of
5,7-fused rings, albeit with poor diastereoselectivity. Treatment of the epoxide with a Brgnsted
acid gave an enol ether embedded within a rare [5,3,1]-bicyclic framework, which could be
reversibly transformed into the methyl acetal by further treatment with a Brgnsted acid and
methanol. Treatment of the methyl acetal with an acid and a nucleophile generated a variety

of different bicyclic ether scaffolds.

Deprotection of the tosylsulfonamide functionality was unsuccessful. Use of the alloc protecting
group proved more successful and optimisation of the alloc removal step is described. All of
the previous scaffolds were accessed using this alternative amine protecting group.
Cheminformatic analysis guided the identification of three key scaffolds which were decorated
/in silico with a selection of 45 compounds identified for synthesis. A library of 15 decalol
derivatives and eight bicyclic ether derivatives was synthesised. A Paterno-Biichi reaction on
the free amine produced an oxetane scaffold albeit in low yield, which was successfully
derivatised. Overall, 30 compounds representing 26 different Murcko scaffolds have been
synthesised and submitted to an in-house compound library — future investigations of further

scaffold development are discussed.
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Chapter One: Introduction



1.1 History of Drug Discovery
1.1.1 Early Modern Era

It can be argued that modern drug discovery began in 1805, when Friedrich Sertlirner isolated
morphine 1 from the opium poppy Papaver somniferum.*? From here began an era of drug
discovery wherein Active Pharmaceutical Ingredients (APIs) were purified from natural sources
and administered in precise doses. Subsequently isolated from the opium poppy were codeine
2 in 1830 and papaverine 3 in 1848.3

HO

Figure 1 — Examples of APIs isolated in the 19t Century.

Alongside the isolation of alkaloids in the 19% Century, drug discovery also benefited from
developments in the fields of analytical and synthetic organic chemistry. One of the early
pioneers was Justus von Liebig, who synthesised chloroform and chloral hydrate in the early
1830s, both of which went on to be used as anaesthetics.!* In 1864, barbituric acid was
synthesised by Adolf von Baeyer.> Barbituric acid itself is pharmacologically inactive due to the
low pA; (4.1) of the CH; unit, causing ionisation within the gastrointestinal tract, which in turn
leads to poor absorption in the gut. Further developments by Joseph von Mering and Emil
Fischer for Bayer in the early 20" Century, yielded bis-alkylated derivatives. The removal of
the CH; unit increased the pA; of the molecule and consequently improved absorption, in turn

creating an entire class of sedatives that were used for a century (Figure 2).5’

X g X
HN™ "NH HNJLNH HN™ "NH
o AL AN
Y Ph
barbituric acid (4.1) barbital (7.9) phenobarbital (7.3)

4 5 6

Figure 2 — Barbituric acid and selected derivatives. The proton with the lowest pA; is highlighted in red, with the
value given in brackets.”

2| Page



In addition to barbiturates, Bayer also worked on developing analgesics. Willow bark extracts
had been used since ancient times to treat fevers, aches and pains, amongst other conditions.®
The natural product salicin 7 was present in these extracts and is metabolised within the body
into salicylic acid 8, which is the API responsible for the pain-relieving effects of willow bark.®
In 1874, Hermann Kolbe, alongside Fredrich von Heyden, developed an industrial synthesis of
salicylic acid 8, removing the need to extract it from its natural source. Neat salicylic acid can
cause stomach irritation, which led pharmaceutical companies to seek alternatives. Felix
Hoffmann, a chemist at Bayer, synthesised acetylsalicylic acid 9 which would become known
as aspirin (Figure 3). First marketed in 1899, aspirin is the first and quintessential example of

a drug discovered from a natural product lead, a route of discovery which is still used today.?

oy{@\ H o) H o)
HO,, O OH OH
j@! T
HO™ o)

HO™

salicin salicylic acid aspirin
7 8 9

Figure 3 — The natural product 7 responsible for the pain-relieving properties of willow bark and drugs derived
from its structure.

In the early to mid-20™ Century, one focus of drug research was the isolation and industrial
synthesis of antibiotics after the discovery of penicillin by Alexander Fleming in 1929.%° Large
microorganism culture libraries were cultivated in the hope of discovering new antibiotics.
Referred to as the “Golden Age of Antibiotics”, twelve different classes of antibiotics were
isolated or derived from natural products between 1935 and 1968 (Figure 4), covering a broad
range of structures and mechanisms of action.!"'* The success of many of these compounds,
along with advances in both synthetic and analytical chemistry, once again drove drug

discovery towards using nature as an inspiration for future drugs.'*
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OH OH NH, H
Q/v Oy Oyt
N S -8
Cl
o j/j/
HN

02N \”/‘\CI (0] j;lll// . N\_><

o}

0~ OH

0 o/i\OH
chloramphenicol (1947)
benzylpenicillin (1929)
cefalexin (1967)

O OH
M 0 o+ iHZ
HN_ N.\ # NO, HO ~
v NW HON— TN N,
O O
N © /oFC '\'7\,,NH2
nitrofurantoin (1953) OH NH,

erythromycin (1952)
chlorotetracycline (1945)

Figure 4 — Examples of antibiotics isolated between 1929 — 1967.

1.1.2 Target-Oriented Synthesis

Synthetic theory and techniques available to organic chemists advanced dramatically
throughout the 20" Century.®!*!> One of the key landmarks was the development of
retrosynthetic analysis by E.J. Corey in the 1960s, which encouraged and facilitated the rational
design of synthetic routes for increasingly complex molecules.'® A diagrammatic version of this
analysis can be seen in Figure 5; the complex target molecule is broken into two halves, which
can each be further simplified to basic starting materials enabling the elucidation of a forward

synthesis.

g =0

(o ==0

Retrosynthetic Analysis X
Complex > Simple

Figure 5 — A conceptual retrosynthetic pathway going from a complex target molecule on the left to simple
starting materials on the right.
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By opening new pathways to natural products, retrosynthetic analysis allowed the synthesis of
natural products that were either hard to isolate in analytically pure form or could only be
isolated in very small quantities from their natural sources. Improved access to natural
products in useful quantities connected total synthesis to biological investigations in a way
never seen before. By 1990, 80% of all approved drugs were either natural products or

analogues of natural products, the highest percentage that the category would ever reach.!’

If the natural product itself was not an ideal drug candidate, then analogues could now be
synthesised and tested, probing the Structure Activity Relationship (SAR) of the compounds.
Statins are an early example of how drugs have been developed from a natural product using
this strategy.!® Statins are inhibitors of HMG-CoA reductase, an enzyme involved in cholesterol
biosynthesis. The first statin to be isolated from two species of fungi was mevastatin 10' in
1976.192° Mevastatin turned out to be unsuitable as a drug owing to its high toxicity in animals,
but another, closely related natural product, lovastatin 11, did enter the market. A synthetic
analogue of lovastatin, simvastatin 12, was also brought to market in 1992. The efficiency of
these drugs and their widespread use led to the introduction of entirely synthetic analogues,
with a similar pharmacophore (Figure 6). Brought to market in 1996, atorvastatin 13 (Lipitor®)

became one of the most successful drugs ever made.

mevastatin
10

simvastatin
12

atorvastatin
13

Figure 6 — Structures of statin compounds. The common pharmacophore is highlighted in blue.

i For ease of reading, all statins are referred to as“___statin”, rather than their brand or natural product
name.
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Derivatising natural products continues to be a source of new drugs although new methods
have been developed to enable more efficient interrogation of SAR. One such method is
Diverted Total Synthesis (DTS). First defined in 2006 by Danishefsky, it is a strategy whereby
multiple analogues of a natural product are synthesised using common intermediates.?! DTS
was used to great effect by the Wuest group in 2018 to synthesise baulamycin A and analogues
(Scheme 1). Three of the structural analogues generated via DTS showed greater inhibitory
activity than the starting natural product against Staphylococcus aureus, demonstrating the
utility of DTS in the discovery of new hits.??

TBSO =

OH OH OH (0]
HO
baulamycin A
MICgol 125 pM
OH OH OH 0] OH O OH 0]
HOM HOW\‘/N\/
OH Y OH Y
baulamycin B MICqg: 63 pM
MICgoi 250 },LM
OH OH OH 0 o OH OH OH
HO
OH Y OH
MICQQI 63 ].J,M MICgol 8 |.J,M

Scheme 1 — Synthesis of baulamycin A and other structural analogues generated through DTS. The analogues
change is highlighted in blue.

There are many reasons why natural products declined in the 1990s as a source of drug
discovery. In brief, many drug companies downsized their natural product departments with
the advent of combinatorial chemistry (see Section 1.1.4). In addition, part of the large
successes of the 1970s and 1980s were that many of the diseases that were targeted had

known pathogenesis and druggable biological targets for which drugs could be developed with
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relatively low resource input. As these “low-hanging fruits” were picked, it became increasingly
difficult to discover a more efficient drug, and more resource-intensive to discover a new

target. This problem has been more thoroughly reviewed elsewhere,®11:1517,23-25
1.1.3 High-Throughput Screening

In the mid-1980s, companies were screening 20-50 compounds per week using individual test
tubes and assay volumes of around 1 mL. New types of therapeutic targets, such as those
revealed using recombinant DNA, highlighted the inadequacy of “modern” drug-discovery
techniques. Driven by a need to screen more compounds and get results more quickly, High-
Throughput Screening (HTS) was developed.?® HTS is the use of automated equipment, in

conjunction with a researcher, to test samples rapidly for biological activity.

Pfizer found that by switching from test tubes to 96-well plates, reducing the assay volume to
50-100 pL and using DMSO solutions of synthetic compounds, they were able to assess 800
compounds a week. By 1990, optimisation of the processes had increased the capacity of their
assays to 7200 compounds.?® With this increased capacity came a need for larger libraries of
novel compounds to test. Libraries made up entirely of natural products were unrealistic due
to their high cost and limited availability;?” instead, chemists turned to a new technique known

as combinatorial chemistry.?
1.1.4 Combinatorial Chemistry

Compound libraries generated by combinatorial chemistry fall into two main categories, namely
focused libraries, where analogues of a compound with known biological activity are used to
probe SAR, and prospecting libraries, which contain a variety of “random” structures.?® Focused
libraries are used for optimisation of a drug candidate (/.e. hit to lead optimisation), with a
specific target in mind. Prospecting libraries on the other hand, are synthesised with the
intention of maximising the number of novel compounds and diversity, and typically used for

hit identification and new target discovery.

The first time that combinatorial chemistry was used can be attributed to Robert Merrifield,
who in 1963, used a solid-phase support to synthesise tetrapeptides.?’ The potential of solid-
phase synthesis to drug discovery was finally realised in 1992, when Ellman and Bunin
published the synthesis of ten different benzodiazepines using solid-phase synthesis (Scheme
2).30
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N N a,b a,c ~
R'— | A Y Ri— | i N
78 R N
N / o
Support K/\

R2  Support R2 Support
14 15 16
‘ d
3
o>\§<R O>\§<R3
-N /N e -N N
/
=
R'— | N N
RY— N
gb “TY
2 =X
R R2 Support
18 17

Scheme 2 — The first synthesis of a prospecting library of benzodiazepines using solid-phase synthesis. The
substrate is linked to a polystyrene solid support by a linker. Reagents and conditions: (a) 20% piperidine in DMF;
(b) A~-Fmoc-amino acid fluoride, 4-methyl-2,6-di-fert-butylpyridine, CH.Cly; (c) 5% acetic acid, DMF, 60 °C; (d)
lithiated 5-(phenylmethyl)-2-oxazolidinone, THF, —78 °C, followed by alkylating agent, DMF; (e) TFA, H.0O, Me,S
(85:5:10).

Ellman and Bunin began by coupling 2-aminobenzophenone derivative 14 to a solid support
through a carboxylic acid or hydroxyl functionality. The choice of benzophenone allowed them
to vary both R! and R2. After Fmoc deprotection, the choice of amino acid fluoride in the
subsequent coupling step allowed for further analogues to be made with variation of R3. Fmoc
deprotection of 15, and exposure of the resulting free amine to acid provided benzodiazepine
16. Further analogues could be synthesised by incorporation of an alkylation step, introducing
a fourth point of diversity. Finally, treatment with trifluoroacetic acid (TFA) cleaved the
benzodiazepine 18 from the resin. All of the resulting compounds were synthesised in excellent
yield (85-100%).

Throughout the 1990s, as HTS became more efficient and the demand for larger libraries
increased, combinatorial chemistry began to make use of the split-pool technique.3'? The
concept is summarised in Figure 7. Substrates, bound to solid beads, are first split and then
derivatised (Step I). Once complete, all of the beads are pooled to randomise the beads (Step
II). Next, the beads are split again and a second functionalisation carried out (Step III). By a
sequence of continual pooling and splitting of the beads, an exponential number of compounds

can be generated using this technique.

8| Page



Step I Step II Step III
/ QeeQee00e

/'m\§3 o

Q Q0 —;
\‘Q./

Figure 7 — A cartoon example of split-pool combinatorial synthesis. Each of the coloured balls represents a different
functional group that has been added to the molecule.

An example of a combinatorial synthesis pathway using the split-pool technique is summarised
in Scheme 3.33 The parent tricycles were chosen by Tan et a/. due to their dense functionality,
allowing for the introduction of a variety of functional groups without the need for protecting
groups. Tricycle 19 was first attached to a solid support and the resulting functionalised beads
then split. Subsequent reaction with thirty different alkynes in a Sonogashira coupling
produced compounds 20. These compounds were pooled and then split, maximising the R
groups present in each subsequent reaction. Compounds 20 were then treated with a primary
amine to effect lactone aminolysis, giving compounds 21. Finally, the revealed alcohol
underwent acylation to yield the final compounds 22. Using this split-pool synthesis technique

a library of 2.18 million novel compounds were generated.
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Scheme 3 - The shaded sphere represents the solid support to which each structure was linked. Single enantiomers
and ortho-, meta- and para derivatives were used. Employing 30 alkynes, 62 amines and 62 carboxylic acids in
the combinatorial synthesis generated over two million compounds.

Despite being able to generate millions of compounds relatively quickly, combinatorial
chemistry has major downsides that have prevented it from becoming the premier tool in drug
discovery. First, while generation of the compounds is relatively easy, purification and isolation
of individual compounds is difficult unless using a one compound—-one bead approach, which
itself is cumbersome and expensive.3* Combinatorial chemistry is also limited in the types of
reactions that can be widely used and high-yielding, predominantly nucleophilic substitution,
cross coupling, reductive amination and acylation reactions.®*> These limitations have led to
libraries with low diversity, which make them inefficient for HTS. Another outcome of the small
number of reaction types is that many compound libraries are comprised of “flat” molecules,
molecules with a low fraction of sp3® carbons (Fsp®), which confer poor physicochemical
properties and therefore make the compounds much more likely to fail due to a lack of efficacy,
leading to high rates of attrition.3¢

The importance of structural diversity in compound screening libraries was highlighted in 1998,
in a study by Dixon and Villar.3” The study demonstrated that multiple, diverse structures
bound to human serum albumin with good (nM) affinity in a competitive binding assay.
However, when structurally similar analogues of inhibitor 23 were subjected to the same assay

conditions, they found that the inhibition was weak (>2.5 mM) (Figure 8). These results

10 | Page



suggested that if a potential prospecting library only contains structurally similar analogues,
the probability of one of the molecules being a good inhibitor is small whilst screening a

structurally diverse library improves the chance of finding a strong inhibitor.
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Figure 8 — Demonstration of how structural diversity can be more important for finding a good inhibitor than
structural analogues. Binding affinities are the ICsq values for human serum albumin in a competitive binding assay.

Between 1981 and 2019, 1881 new drugs were approved for use worldwide, only three of
which were developed purely using combinatorial synthesis (Figure 9).® The low success rate
of utilising combinatorial chemistry as a starting point for drug discovery has caused it to be
seen as a failure; however, once an active compound has been identified, the ability of
combinatorial chemistry to enable structural optimisation is without parallel.3*% Therefore new
methods are needed for generating large libraries of skeletally diverse compounds to identify

more and better starting points for drug discovery. In 2000, Stuart Schreiber codified a new
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school of thought known as Diversity-Oriented Synthesis (DOS) that aimed to address this

problem.*
o]
H
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sorafenib - thyroid cancer
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ataluren - Duchenne
muscular dystrophy

Figure 9 — Three drugs molecules and the conditions they are used to treat that have been discovered using
combinatorial synthesis between 1980-2019.44

1.1.5 Diversity-Oriented Synthesis

Diversity-Oriented Synthesis can be defined as "the deliberate, simultaneous and efficient
synthesis of more than one target compound in a diversity-driven approach to answer a
complex problem."* Target-oriented synthesis works by taking a complex structure (the
target) and breaking it down into more simple components using retrosynthetic analysis,
before constructing a forward pathway to the target molecule. In DOS, there isn't a single
target compound; instead, a small number of simple compounds are transformed into diverse
structures (Figure 10). In this approach, the synthesis is planned in a forward, rather than a
backward direction.**> Substrate selection must now be considered carefully as the substrates
must be able to be diversified easily. DOS, by avoidance of a singular target, provides an
advantage in the synthesis of a prospecting library over TOS. To fully understand the

subsequent advances that DOS has brought in, some key concepts first need to be defined.
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Figure 10 - A DOS pathway starts from a simple starting material and progresses to diverse, complex products.

1.2 Molecular Diversity

DOS generates both structurally complex and structurally diverse molecules, which intertwines
two concepts that are important in drug discovery: chemical space and molecular diversity.
Chemical space, otherwise known as multi-dimensional descriptor space, is a region confined
by a set of descriptors.*® At its largest, it encompasses all of the carbon-based small molecules
that could be created; however, most people working in drug discovery limit the compounds
they consider to those occupying “biologically relevant” chemical space by restricting what
descriptors they look at.*® Intertwined with the concept of chemical space is the concept of
molecular diversity. By creating a library with a greater number of diverse molecules, a larger
amount of chemical space can be probed at once, which means that a selective hit is more
likely to be found. Four main types of molecular diversity are considered in the literature and
using each of these different types of diversity, different areas of chemical space can be

explored (see Section 1.2.2).%4
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1.2.1 Chemical Space

Every compound possible occupies a single point in chemical space, with “similar” compounds
grouped together and “dissimilar” compounds further apart. In this context, similar compounds
are those which, with reference to a set of descriptors, are close together in space. By
maximising the number of “dissimilar” compounds within a library, a wider amount of chemical
space can be covered by a single library. The descriptors most commonly used for drug
discovery are molecular weight, polarisability, Fsp?® (fraction of carbons which are sp3-
hybridised), log P (a measure of lipophilicity) and topological features.**® Once descriptors
have been chosen, algorithms can be used to generate a chemical space within the limits of
these descriptors. Principal component analysis
can then be used to condense all of this
information into a two- or three-dimensional
scatter plot, an example of which is shown in
Figure 11. These plots provide an easy way of

visualising the chemical space coverage of a

. particular compound library. However, due to
= .~ potential differences in the descriptors chosen or
" < how the analysis is carried out, the diversity of

compound libraries cannot always be directly
Figure 11 — A 3D chemical space containing L .
1000 small molecules, generated in DataWarrior compared unless the same analysis is applied to

using the Haworth  Chemically-Enabled . . .

Compound Collection by Dr Holly Adcock. multiple compound libraries.*
The classical tool chosen for comparison of different libraries is normalised principal moment
of inertia (PMI) analysis.”® Developed in 2003 by Sauer and Schwartz, it takes the lowest
energy conformation of a molecule and generates the three principal moments of inertia (Ixx,
lyy, 1zz), which can then be plotted on a triangular graph, with vertices at (0,1), (0.5, 0.5)
and (1,1) (Figure 12). Each apex represents a perfect rod, disc or sphere. The shape of the
molecule in 3D space determines where it is plotted on the graph, with planar, aromatic
compounds appearing on the rod-disc axis and natural products typically appearing more
towards the centre. The overall coverage of a PMI plot is a good approximation for how much

3D chemical space a library interrogates.
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Figure 12 — A blank PMI plot. Most current drug molecules are found on — or close to — the rod-disc axis
highlighted in red.

Although the overall size of chemical space is infinite, the size of drug-like chemical space,
bound by compounds following Lipinski’s rules, has been estimated to be between 10 and
10%0 compounds.®! It has been estimated that the total number of stable organic compounds
under 500 Da is 10% molecules, which rises to 108 molecules for compounds under 1000
Da.>? The current estimate for the number of synthesised compounds is 100 million (108).5%°3
A comparison of the two estimates shows that only 107%°% of all possible “drug-like”

compounds have been synthesised.

Despite the relatively small number of synthesised molecules, many compound libraries restrict
themselves to traits that have already been found in drug-like molecules, further reducing the
amount of chemical space that is explored and the chance of discovering a unique biologically
active molecule.*” One of the root causes of the under-exploration of chemical space is the
development of a number of constraints, such as the aforementioned Lipinski’s rule of 5, the
rule of 3, the GSK 4/400 rule, the golden triangle and the rapid elimination of swill and pan

assay interference compounds (PAINS).>+%0

The development of DOS provided a tool to rapidly expand the amount of chemical space that
is explored by a library with the aim of identifying small molecules that could treat otherwise
“classically” untreatable conditions by exploring outside the confines of “classical” drug-like
chemical space.®! Since DOS is conducted without a target in mind, the aforementioned

constraints can be ignored, enabling synthesis that maximises chemical space coverage. Figure
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13 is representation of the respective chemical space coverage of a TOS library, a

combinatorial chemistry library and a DOS library.

A) ") c)

Figure 13 — A comparison of the chemical space explored by TOS (A), combinatorial chemistry (B) and DOS (C).
TOS aims towards a single target so only explores a single point within chemical space; combinatorial chemistry
utilises a common skeletal structure, so explores a confined area of chemical space; DOS creates a number of
different scaffolds, increasing the diversity of the library and therefore exploring the greatest amount of chemical
space.¥

1.2.2 Molecular Diversity

Molecular diversity, although not an absolute quantity that can be measured, can be imagined
as a spectrum, with the largest amount of molecular diversity coming from libraries which are
derived from DOS (Figure 14), for the reasons discussed in Section 1.2.1. There are four main
types of molecular diversity that are commonly considered when assessing the diversity of a
particular library, namely building block, functional group, stereochemical and skeletal

diversity, each of which will be considered in turn below.**

DOS library
TOS Combinat?rial library |

f 1
r 1

All possible

Single Compound — compounds

increasing structural diversity

Figure 14 — A molecular diversity spectrum comparing the relative amount of diversity achieved by TOS,
combinatorial synthesis and DOS. Adapted from ref.62

1) Building block diversity: The choice of starting materials allows for variation of structural
moieties around a single skeleton. This type of diversity is what occurs within combinatorial
libraries and is generally viewed as the least important of the four types of diversity due

to the small amount of chemical space it probes (Figure 15).
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Figure 15 — Example of compounds which can be used to introduce building block diversity.

2) Functional group diversityis similar to building block diversity but instead refers to variation
of functional groups around the molecule, as well as specific points within the molecule.
Variation of these groups tunes the molecule to potentially interact with polar, apolar or
charged residues present in a biological target. Variation of functional groups around a
single skeleton has a negligible effect on the 3D shape of the molecule and therefore is

also ranked low in the four types of molecular diversity (Figure 16).
sglieaiiegion

Figure 16 — Example of variation of a functional group on the same scaffold. Each scaffold adopts the same
conformation in solution.

3) Stereochemical diversity describes the variation of the functional group orientations within
a molecule as well as any potential macromolecule-interacting elements. This type of
molecular diversity is important for a number of reasons. First, often the greater the
number of stereocentres, the more complex the molecule.®® Complexity can be equated to
selectivity, increasing the chance that screening a library may discover a selective hit.
Second, there is a need for branching pathways to be able to develop many compounds
from one. By introducing elements of chirality, each stereocentre can be controlled to add
another branch to the pathway, increasing the diversity within the compound library. Third,
molecules involved in biological processes are chiral, so there is a greater chance of a

strong interaction with a target if the compounds used in a screen are also chiral (Figure

17).
0 0 (0] O
HO/\‘)]\OH HO/\;)J\OH MOH /@A)L OH
NH, NH, HO NH; HO NH;

Figure 17 — Examples of chiral starting materials which allow for incorporation of stereochemical diversity.
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4) Skeletal diversity.: Also known as scaffold diversity, this is considered to be the most
important of the four types of diversity as it has the greatest impact on how much chemical
space is interrogated by a library.>® Typically, skeletal diversity is defined as the variation
in the overall molecular framework, such as the ring structures or other rigidifying
elements, which results in compounds with different molecular shapes. Since the molecular
skeleton determines the overall shape of the molecule, it is the most important and explains

why libraries with a wide range of distinct molecular skeletons are so desirable (Figure 18).
Figure 18 — Variation of ring size quickly changes the skeletal diversity of a library.

1.2.3 Lead-likeness

The uneven exploration of chemical space stemming from the problems discussed above has
led to screening campaigns which have tried to explore chemical space in a random fashion.
Unfortunately, these campaigns have not proved more successful than rules-based screens.®*
66 Simple, random exploration generates many compounds with unfavourable traits such as
high lipophilicity or a large molecular weight. It has been shown that as a compound
progresses from hit to drug, lipophilicity and molecular weight increase, so a hit being near
the boundary typically makes it unsuitable for further exploration. As these problems became

clear, the idea of “lead-likeness” was formulated and developed in the 2000s and 2010s.%%67~

69

Concurrently, to assist synthetic chemists in the better design of libraries and exploration of
unknown but useful chemical space, cheminformatics tools were developed.®*7° One such tool
was PMI (Section 1.2.1), which can assess the 3D character of compounds in the library.
Another tool, developed in 2009 by Wetzel and co-workers, is Scaffold Hunter, which can break
down molecular frameworks to show similarities between different frameworks, enabling the
replacement of one scaffold with a structural simile to avoid undesired issues, such as
toxicity.”* It can also be used to assess the uniqueness of the scaffolds present in a library by

comparison to the Dictionary of Natural Products (DNP) (Figure 19).
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Figure 19 — Hierarchical scaffold tree of 26 molecular scaffolds. Each node represents the occurrence of a
framework in the DNP database. Green: never found, orange: found in <1%, red: found in >1%. Reproduced
with permission from ref.”2

To assist with exploring “lead-like” chemical space, /n silico tools have been developed, which
enable analysis of libraries before synthesis has even begun, reducing the time and cost of
developing an effective library. One such program is Lead-Likeness And Molecular Analysis
(LLAMA), which can virtually decorate submitted scaffolds with pharmaceutically relevant
capping agents (e.g. sulfonyl chlorides, ketones, aryl bromides) using traditional medicinal
chemistry reactions (sulfonamide formation, reductive amination, amide arylation etc). Each
compound within the generated library is given a “Lead-Likeness” Penalty (LLP) depending on
whether it contains features that are deemed non-lead-like such as too many aromatic rings

(=4) or undesirable functionalities (eg. acyl chloride, isocyanate) (Figure 20).73
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Figure 20 — Graphical representation of the LLP values assigned to each physicochemical property. Bad
functional groups are defined as PAINS.% Adapted from ref.”3

DOS was initially envisaged to be conducted using two distinct strategies. Subsequently, these
strategies have evolved, and new ones have been designed, such as Build/Couple/Pair,
enriching the available strategies for the synthesis of a library containing a diverse array of

scaffolds. The evolution of these strategies is covered in detail in Section 1.3.
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1.3 Synthetic Strategies within DOS

Efficient syntheses that create molecular diversity have been an incredible challenge since the
conception of DOS in 2000. Initially, two distinct strategies emerged, both pioneered by
Schreiber.*” The first is a reagent-based approach, which takes a single molecule and applies
a range of different reagents and reaction conditions to create distinct, diverse compounds.
The second approach is substrate-based, where multiple starting materials are “pre-encoded”
with skeletal information (called o elements) and transformed into distinct molecular skeletons

using a set of common reagents and reaction conditions (Figure 21).74

Substrate-based approach Reagent-based approach

Reagent A
. e

>

> o Common / <>_ ) Reagent B I:>
© reagents
. Reagent C
o e

Figure 21 — Cartoon representation of a reagent- and substrate-based approach to DOS.

1.3.1 Substrate-based approach

In 2007, Tejedor et al. reported a substrate-based approach to generate three different
molecular topologies from simple starting materials in one step (Scheme 4).”> The group
utilised a multi-component reaction (MCR), specifically a chemodifferentiating organocatalysed
ABB' three-component reaction, where A is methyl propiolate 24 and B and B’ are a-dicarbonyl
compounds.” The dicarbonyl compound acts as the skeletal encoding element, o, as the
judicious choice of R group can increase the reactivity of one of the carbonyls preferentially.
Pathway A shows the reaction of simple alkyl a-ketoesters 25 with methyl propiolate to
generate y-lactones 26. Pathway B utilises B,B-disubstituted a-ketoesters 27, which generates
1,3-dioxolanes 28 instead. 3, B-Disubstituted a-ketoesters are less acidic than the o-ketoesters
used in pathway A, which accounts for the difference in reaction outcome; ketoester 25 reacts

as an enolate while ketoester 27 reacts as an activated ketone.
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Scheme 4 — Substrate-based DOS where variation of the functional groups of the a-dicarbonyl substrate
(highlighted in blue) pre-encodes the skeletal outcomes.

Changing from an a-ketoester to an a-ketoamide (Pathway C) further reduces the acidity of
the compound, as well as decreasing its reactivity,”” and as a consequence, no cyclisation
occurs; instead, two molecules of methyl propiolate are incorporated in the resulting v,y-
disubstituted propargylic enol ethers 30. Overall, three different molecular topologies were
generated, all of which contained a B-alkoxyacrylate which could be used for further

diversification.

A quintessential example of the substrate-based approach was demonstrated by Morton et a/.
in 2009.”® Their approach utilised a fluorous-tagged linker, Re (Scheme 5), which enabled
fluorous-phase separation, providing a rapid method for product isolation. Careful design of
the linker meant that only fully cyclised products would be released, enabling easy removal of
side-products from the final metathesis cascade.”
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Scheme 5 — Two examples of the synthetic approach taken by Morton et a/. Overall, 96 compounds comprising
84 different scaffolds were synthesised. Reagents and conditions: (a) (i) DEAD, PPhs, (ii) NH3, MeOH; (b) (i) NBS,
(ii) DMAP, Et3N, (iii) NHs, MeOH; (c) (i) Grubbs I, (ii) NEts, P(CH,OH)s; (d) HFepyridine, MesSiOMe.

Two sets of building blocks were utilised in the synthetic route, “propagating” blocks and
“capping” blocks. While Scheme 5 only shows two examples of each, twelve propagating blocks
and eighteen capping blocks were used in the synthesis of the library. Together, the
propagating and capping blocks act as the o elements, which pre-encode the skeletal
information. The metathesis cascade was expected to begin at the terminal alkene of the
“capping element”, which would ensure that only cyclised products were released from the

linker.®° Finally, any temporary tethers could be cleaved to reveal the final scaffolds. The
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overall library consisted of 96 compounds derived from 84 unique scaffolds. These reactions
show the power of pre-encoded substrates, and how a small change in the capping or

propagating group can lead rapidly to a large variety of scaffolds.
1.3.2 Reagent-based approach

An alternative to the substrate-based approach is the reagent-based approach, which uses a
common starting material and transforms it into a diverse library, ideally in a small number of
steps. Scheme 6 shows one of the libraries generated by Wyatt et a/. using this approach.8!
The starting material is a fluorous-tagged diazoacetate 31, which was selected due to the
pluripotent nature of the molecule, with the diazo group able to act as a nucleophile or an
electrophile depending on the reacting partner and reaction conditions. Only the products from
the first step are shown in Scheme 6; however, overall Wyatt ef a/, generated a library of 223

small molecules with 30 distinct skeletons in two to four steps.
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Scheme 6 — Reagent-based DOS starting from compound 7. First step of each reaction is shown. Reagents and
conditions: (a) Ce¢Hs, Rh2(OCOCF3)4; (b) RICCH, Rha(OAc)4, CH2Cl; (c) thiophene, Rha(OAc)s; (d) furan, Rha(OAC)4
then I; (e) LDA, —78 °C then R2COR3, THF then Rh;(OAc)4, CH.Cly; (f) DMAD; (g) PhCHO, PhNH, then DMAD,
Rhy(0Ac)s or PhMe [Cu(OTf)],, CH2Clp; (h) methyl acrylate.
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In a series of papers, the Passarella group utilised 2-piperidine ethanol as a versatile building
block to generate natural products, natural product hybrids and DOS libraries.®?-8> 2-Piperidine
ethanol contains both hydroxyl and amine functionalities, which can be utilised within scaffold
synthesis, widening the scope of available scaffolds. Its chirality influences the stereochemical
outcome of the subsequent scaffold-forming reactions, increasing the stereochemical diversity

of the library.

The synthetic route used by Passarella to synthesise their first library is summarised in Scheme
7. All three scaffolds started with the transformation of 2-piperidine ethanol into 2-
allylpiperidine 33 by a sequential oxidation and Wittig reaction. Spirocyclic scaffold 34 was
accessed in three steps by alkylation of the free amine with 2-iodobenzylbromide, followed by
an intramolecular Heck reaction, which selectively formed the seven-membered ring with an
exocyclic double bond. Finally, a 1,3-dipolar cycloaddition afforded spirocycles 34 as a
diastereomeric mixture. Cyclic urea 35 was obtained in two steps; first, reacting the free amine
with an isocyanate to form the intermediate urea, then cyclising via an intramolecular oxidative
Pd(II)-catalysed chloroamination reaction. The chloro substituent, while not desirable in a
library for drug discovery, can act as a handle for further diversification of the scaffold via
reactions such as alkylation, hydrolysis efc Tricycle 36 was synthesised by an amide formation
with acryloyl chloride, which was followed by ring-closing metathesis (RCM) and in this

instance, a completely diastereoselective 1,3-dipolar cycloaddition.
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Scheme 7 — Reagent-based DOS starting from compound 32. Stereochemistry is absolute. R! and R? are aryl
substituents. Reagents and conditions: (a) DMSO, (COCl;);, NEts, CHyCly; (b) PPhs*CHsI-, BuLi; (c) TFA; (d) 2-
iodobenzylbromide, K,COs; (e) Pd(PPhs)s, NEts; (f) RICNO; (g) R2NCO; (h) Pd(MeCN),Cl,, CuCly; (i) acryloyl
chloride, NEts; (j) Grubbs II; (k) RICNO.
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The second library synthesised is summarised in Scheme 8. The Passarella group exploited the
pluripotency of the aldehyde group, utilising a Brown allylation to furnish homoallylic alcohol
38 as a 1:1 mixture of diastereomers. A single diastereomer of alcohol 38 was converted into
the corresponding amine 39 via a Mitsunobu reaction and Staudinger reduction of the
intermediate azide. Acylation and RCM gave bicycle 40, which was used as the common
intermediate for the synthesis of scaffolds 41-43 (Scheme 8A).
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Scheme 8 — Reagent-based DOS starting from compound 37. Stereochemistry is absolute. Reagents and
conditions: (a) (+)-DIP-CI, allylmagnesium bromide, —78 °C to r.t.; (b) PPh3, DIAD, DPPA then PPhs, THF/ H.O; (c)
acryloyl chloride, NEts; (d) M73 SIMes; (e) HCHO, HCO.H; (f) TFA. *Bicycles with syn-stereochemistry just
deprotect, bicycles with antistereochemistry form the Michael adduct.

Three scaffolds were obtained from lactam 40 in one step. Tricyclic lactam 41 was obtained
via an Eschweiler—Clarke reaction for all stereoisomers in good to moderate yield. Treatment
of lactam 40 with TFA led to two different products dependent on the relative stereochemistry
of the starting material. If the relationship was sy, then carbamate deprotection afforded free
amine 42. In contrast, substrates with an ant/i+elationship underwent an intramolecular aza-
Michael addition to form tricycle 43. Overall, six different skeletons were synthesised using 2-
piperidine ethanol, with all sterecisomers available, providing a library with wide chemical
Space coverage.

Utilising a pluripotent, chiral, small molecule to create a diverse library has also been
demonstrated by the Spring group.® Starting from cyclopentanedione, the group synthesised

diastereomeric cyclopentanones 44 and 45, which contains three different functional groups,

26 | Page



enabling a wide variety of chemistry. Twenty unique frameworks" were synthesised in a
maximum of five steps (Scheme 9). The library has a high natural-product likeness, with 92%
of the scaffolds outside of “flatland” and an average of 2.5 stereogenic centres, demonstrating

the range of both stereochemical and skeletal diversity that was achieved.3®

EtO,C o OH

Scheme 9 — Reagent-based DOS starting from compounds 44 and 45. All stereochemistry is relative. Reagents
and conditions: (a) TBSCI, imidazole, DMF; (b) (i) LIHMDS, allyl bromide, THF, (ii) Hoveyda—Grubbs II, ethylene,
PhMe, (iii) TBAF, THF; (c) CH2Br, EtoNH, CH,Cly; (d) 1-ethyl oxalyl chloride 2-oxime, EtsN, CHyCl; (e) TBAF, THF;
(f) M(methoxymethyl)-A-(trimethylsilylmethyl)benzylamine, TFA, CH,Cly; (g) 10% Pd/C, Hy; (h) IBX, PhF/DMSO (2
: 1); (j) allylmagnesium bromide, THF; (k) Grubbs II, ethylene, PhMe; (ii) TBAF, THF; (l) (i) Co2(CO)s, CH.Cl, then
NMO, (ii) TBAF, THF; (m) O-(mesitylenesulfonyl)hydroxylamine, CH,Cl,, then BFs"Et,O; (o) NaH, DMF, then allyl
bromide; (p) (i) InCl;, DIBALH, EtsB, I, THF; (ii) Cs,COs, Cul, N,N+dimethylethyl-1,2-diamine, PhMe; (q)
Cp*Ru(COD)CI, a-chlorobenzaldoxime, EtsN, DCE; (r) TBAF, AcOH, THF; (s) ethyl azidoacetate, [Cp*RuCl]4, PhMe;
(t) (i) MsCl, pyridine, (ii) KCN, DMSO; (u) CpCo(CO),, ethyl propiolate, PhMe; (v) ethyl propiolate, NMM, CH,Cl;
(w) (i) BusSnH, AIBN, PhMe, (ii) p-TsOH, CHxCI; (x) RCO2H, DCC, DMAP, CH.Cl; R= (CH2)3CHCH2, R = CHCH_,
R=CH;N3, R = (CH;)3N3; (y) R = (CH;)sCHCH,, Grubbs II, ethylene, PhMe; (z) R = CHCH,, Hoveyda—-Grubbs II,
ethylene, PhMe; (aa) R = CH;N3 or R = (CH)3N3, Cp*RuCl(cod), PhMe; (bb) (i) KHCOs, mCPBA, CHCl; (ii) TBAF,
THF; (cc) NHS, BusNPFs, NaHCOs, PPhs, CpRu(PPhs).Cl, DMF; (dd) [Ir(cod)Cl]2, MeOH; (ee) Pd(CHsCN)2Cly, p-
benzoquinone, CO, CHyCl.

I Frameworks within this review are defined using the Murcko definition: “The framework is defined as
the union of ring systems and linkers in a molecule”.’®> For a more thorough discussion of what
constitutes a unique framework, see Section 2.3.1.

il Flatland is defined as nprl + npr2 < 1.1, where nprl and npr2 are the co-ordinates of the molecule
on a PMI plot.
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Troelsen et al. used six CFs-containing building blocks and a range of different cycloaddition
reactions to synthesise a library containing 115 molecules, with 67 unique frameworks (Figure
22).%” The library had an average Fsp? value of 0.7, with 95% of the synthesised scaffolds
outside of “flatland”, demonstrating the complexity that can be achieved startng from simple
starting materials. The CF; group provided a useful diagnostic tool for biological analysis of the
compound library as each CF5 group appears as a singlet in the °F NMR spectrum, with a wide
range of chemical shifts exhibited by the library (—56 to —78 ppm). Therefore, rather than
individually screening each compound, ~20 compounds were combined into chemical cocktails
based on chemical shift dispersion and then screened against biological targets. Suppression

of a resonance in the '°F NMR spectrum meant that binding had occurred, and further testing
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could be carried out.
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Figure 22 — A representation of some of the scaffolds synthesised by Troelsen et a/. EWG = Electron-withdrawing
group.

CF3
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Although both reagent-based and substrate-based approaches are useful by themselves, these
strategies are not mutually exclusive and can be used in tandem with each other. The reagent-
based approach can be used at any stage of DOS to create diverse functionality or transform
pre-functionalised molecules into distinct molecules. The use of pluripotent functionality, a
functional group which can be transformed into many different functionalities, is a key
component of this approach.® The substrate-based approach pre-encodes skeletal information
by placing functional groups at strategic points on a molecule. These groups can be placed

early in a synthesis and then used at the end to make the pre-encoded molecular skeletons.
1.3.3 Build/Couple/Pair Strategy

The ideas described in the previous sections were developed further into multiple, advanced
strategies. One such strategy is build/couple/pair (BCP).®° In the build stage, chiral molecules
are either synthesised or obtained and used as the starting materials for the library synthesis.
These molecules are then reacted together to create densely functionalised products in a
couple phase. Ideally, these intermolecular coupling reactions can produce all of the possible
stereoisomers. The pair phase then involves the intramolecular reaction of the previously
coupled groups to create diverse molecular skeletons. The pair phase can be done either via
reagent-based or substrate-based synthesis, depending on the relative positions of the
functional groups. In this strategy, it is in these first two steps that the maximal amount of
stereochemical diversity is generated from the available starting fragments. The final step,
pair, usually closes a ring and is responsible for the skeletal diversity generated. A cartoon
representation of each of the stages can be seen in Figure 23. Since its inception, BCP has

been widely adopted by groups working on DOS.%%-°!

[ ) Coupling Functional Groups
@® @ Pairing Functional Groups

Figure 23 — A cartoon representation of how BCP works.%?
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To date, BCP has become one of the most prominent synthetic approaches used within DOS,
due to its modular and concise nature, which allows for small changes that can alter the
generated libraries dramatically. Once a hit has been discovered from libraries generated by
BCP, it is relatively easy to incorporate further appendage diversity into the molecule to see if
the activity can be enhanced. BCP has evolved significantly since its inception, with a number
of groups using different strategies within the broad framework of BCP,89:3-%

BCP is currently mainly used for synthesising a diverse library of macrocycles as it has been
superseded by other methods in the arena of small molecules.5>66:6%7.%8 Nevertheless, some
small-molecule libraries have been synthesised utilising BCP methodology. Innocenti et al.
used commercially available building blocks with an Aldehyde-Amine-Alkyne coupling (A3
reaction) reaction to form linear intermediates, which then underwent intramolecular pairing
reactions to generate four different scaffolds in just three steps (Scheme 10).%° The library
was shown to cover a wide range of chemical space (as defined by PMI analysis), with the bi-

and tricyclic systems more disc-like than their pre-cyclised analogues.
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m*//

Ph ph A
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Q—/<H + J + =P —— N
Boc FeN goo AN H \\
Ph O‘T
¢}

[?
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°T?

Buld ————> Couple ——— Pair

Scheme 10 — BCP DOS from an A3 reaction. All stereochemistry is relative. Reagents and conditions: (a) Cul, DCE,
HUW; (b) phthalic anhydride, CH.Cly; (c) TFA; (d) TBTU, DIPEA, CHxCly; (e) 1,2-dibromoethane, K,COs, DMF; (f)
CDI, DIPEA, CH,Cly; (g) BrCH,CO,Bu, DIPEA, DMF.

In sifico design has also been applied to BCP library synthesis. Zhang et a/. generated a virtual

library of 66,800 compounds from 63 scaffolds with multiple points of diversity, which were
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then virtually decorated to generate the library.1%° Application of a series of filters, such as only
allowing compounds with an AlogP of —1 to 3, limited the virtual library to 8,500 compounds,
of which 20 were chosen for synthesis, with maximal shape diversity used as the main criteria
for the selected scaffolds.!%! The initial scaffolds used in the virtual library were based upon
previous work in the group that had generated diverse scaffolds, with four main approaches
foreseen: 1) Ir-catalysed allylic amination and cyclisation; 2) cyclisation of a-allyl a-amino
ester derivatives; 3) cyclic sulfamidate ring-opening and intramolecular Mitsunobu reaction; 4)
cyclic sulfamidate ring-opening, Au-catalysed reaction and Ugi reaction. 92719 Ultimately only
two of the routes were successfully realised in the laboratory, as both the Ir-catalysed route
and Mitsunobu reaction proved either low-yielding or poorly regioselective, depending on the
substrate. Some of the successfully synthesised scaffolds can be seen in Figure 24,

demonstrating the range of frameworks that can be generated using just two reactions.

sulfamidate ring opening, Au-catalysed

a-allyl a-amino ester cyclisation reaction and Ugi reaction
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Figure 24 — Ten of the compounds synthesised using a BCP method.

Over the last 15 years, construction of small-molecule libraries using BCP has proven to be the
exception rather than the rule.’®® An early example of using BCP to generate a library of
macrocycles was reported by the Spring group,®* who used peptidomimetic scaffolds to couple

chiral molecules before the final pairing reaction. The structures were synthesised via use of
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amino acid-derived reactants, which contained functionality useful for both the couple and pair

stages of the BCP strategy. By using orthogonal functional groups, a linear precursor could be

built in the couple phase using amide chemistry, before the creation of a macrocycle using

click chemistry in the pair phase (Scheme 11). The choice of click chemistry allowed for

stereochemical selection of either the 1,4- or 1,5-disubstitution of the triazole ring (highlighted

in purple, Scheme 11) without compromising the stereogenic centres present within the

molecule. The coloured shapes within Scheme 11 represent alkyl chains of varying length that

Buildl
\ 0, O o] Bn
A —OH MeO
NHBoc HoN
alkyne-acid azido-amine
OMe Q Bn
0=
\\ (0] NH Ns
e
NHBoc
linear intermediate
o o O{,Q:/C)Me
Bn HaM.,, N
N N (0] H
NN H Q
NH OMe
w HN\EO/ N=p  HN
NH G B
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peptidomimetic macrocyle Bn

46

Scheme 11 - Representation of the BCP strategy used
to create peptidomimetic macrocycles. Compound 46 is
one of the macrocycles synthesised for the library.
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are omitted for simplicity. Compound 46 is
representative of the macrocycles synthesised
for this library. Compound 46 was synthesised
in nine steps. First, the alkyne-acid and azido-
amine were synthesised, followed by an amide
coupling to generate the linear intermediate.
The final step involved a click reaction, which in
this case was carried out via the “copper route”
(Cul, DIPEA, THF) to generate 1,4-triazole 46.
The BCP approach shown in Scheme 11 was
originally used as a proof of concept, with only
fourteen macrocycles synthesised, but has
since been used to generate libraries containing

a wide range of molecular skeletons.107:108



Peptidomimetic macrocycles are not the only type of macrocycles that have been synthesised
via the BCP method. The Marcaurelle group has developed a BCP strategy in which 12-
membered macrolactams can be accessed by utilising a head-to-tail cyclisation to close the
ring.’* Their methodology is particularly impressive as they are able to access all possible
stereoisomers of their scaffolds, maximising the stereochemical diversity potential of their
library. Initially, all stereoisomers of amine 47 and acid 48 were synthesised, followed by an

amide coupling and reduction to generate 49 (Scheme 12).

T
Me BSO I\I/Ie
PMBO Hozcj)\/N‘BOC
NH,
Me
47 48
2 stereoisomers 4 stereoisomers

Me TBSO I\Ille

PMBO\)\H/\)\/N\BOC
Me

49
8 stereoisomers

Scheme 12 - Generation of the linear intermediate before head-to-tail cyclisation

A multi-step process was then carried out to introduce carboxylic acid and amine functionalities
at the opposite ends of the chain, where they could then be used in a macrolactamisation
reaction to form the macrocycle (Scheme 13). By utilising all eight different stereoisomers of
49 and selectively placing the nitro group at either the 3- or 4- position, 16 different scaffolds
were synthesised. Once the skeletal cores had been synthesised, the nitro group was reduced
to an amine and then capped using acyl chlorides or isocyanates to provide functional group

diversity to the library giving an overall size of 7,936 macrocycles.
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Scheme 13 - Synthetic route from linear precursor 49 to the 12-membered macrolactam. Reagents and

conditions: (a) i) Alloc-Cl, NaHCOs , dioxane/ Hx0, ii) TBAF, THF, iii) NaH, MeI, DMF; (b) DDQ, CH.Cl; (c) tert-
butyl 2-fluoro-5-nitrobenzoate, TBAF, THF/DMF; (d) TFA/anisole, CH.Cly; (e) BOP-CI, DIPEA, CH,Cls.

1.3.4 Advanced Build/Couple/Pair Strategy

Recent efforts have begun to advance BCP beyond its basic strategy in order to probe novel
areas of chemical space. The Spring group developed methodology in which iterative coupling
steps, followed by a final pairing step generated a macrocyclic library with multiple ring sizes,
referred to as Build/Couple/Couple/Pair (BCCP) (Scheme 14).1%° These extra units are referred
to as “propagating units” which elongate the linear chain before the final pair step, allowing
for variation of the final ring size by careful selection of reagents, in turn, generating a more
complex and flexible structure. This methodology has since been extended by the Spring group
to the synthesis of a highly functionalised macrocycle library containing 45 novel structures
and a peptidomimetic library containing over 200 distinct molecular skeletons. 197:108
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Scheme 14 — Representation of the original BCCP route used to synthesise a macrocyclic DOS library. Examples
of macrocycles synthesised are also shown.

Building off previous work done within the group,!'® Peng et a/. used BCP methodology with
the linear precursor attached to polystyrene macrobeads, which allowed for the rapid
generation of a library of 12-, 13- and 14-membered macrocycles (Scheme 15).1!! Subsequent
small-molecule microarray-based screening of the library discovered multiple compounds
within the library that bound to the Sonic HedgeHog signalling protein (SHH). SHH has been
implicated in the development basal cell carcinoma, pancreatic cancer and prostate cancer.!!?
Analogue development of the most active compounds led to the discovery of robotnikinin 50,
a highly active compound with Ag = 3.1 pM.113
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Scheme 15 - BCP route used which led to the discovery of robotnikinin

Over the last 20 years, DOS has enabled the construction of hundreds of libraries with
unprecedented molecular, shape and scaffold diversity, and led to the discovery of new
therapeutics with the potential to be licensed.!!3-115 Despite these successes, criticisms of the
current approach have also been made by the medicinal chemistry community.%%16 Libraries
created using BCP and related methodologies often have undesirable physicochemical
properties for orally administered compounds (high LogP, high MW), making them undesired
for most screening campaigns. Additionally, macrocycles have a high molecular complexity,
diminishing the chance of a hit and increasing the difficulty of optimisation. However, BCP and
related methodologies have found applications within chemical biology as chemical probes,
due to the large binding interfaces of the macromolecule, which can be used to disrupt protein-

protein interactions, or to bind other small-molecule modulators of protein function.!17:118

36 | Page



1.4 Medium-sized Rings

In the development of natural products and pharmaceutically active agents, diversifiable
medium-sized (8- to 12-membered) rings are particularly attractive synthetic targets.!!%120 In
particular, medium-ring nitrogen- and oxygen-containing heterocycles have been shown to
have a broad range of biological activity, examples of which can be seen in Figure 25,115121-125
This makes medium-ring heterocycles absence from approved pharmaceuticals even more
surprising.'?® Therefore, the development of a synthetic strategy which enables quick access

to heteroatom-containing medium-ring frameworks, would be of great interest to drug

X

Buflavine (anti-serotonin) (-)-heliannuol A (allelopathetic) rhazinilam (antitubulin)

discovery today.

OH (+)-penicillide (CETP inhibitor)
ML341 (trypanocidal)

Figure 25 — Medium-ring heterocycles which demonstrate biological activity. The biological activity is given in
brackets.

Natural products, many of which include a small, heteroatom containing ring as part of their
molecular structure, are the source of inspiration for many of the drugs currently in the clinic
(see Section 1.1). However, much of the synthetic exploration of chemical space around each
natural product relies on specific functional groups that are already present in the molecule.
Zhao et al. envisaged using C-H functionalisation, which could be generalised across all classes
of natural products, to enable a much more thorough exploration of chemical space around
natural products. The group synthesised a library of 123 medium ring-containing molecules,
with 27 unique scaffolds either via ring expansion utilising existing C-O bonds or via site-

selective oxidation of C-H bonds, followed by ring expansion (Scheme 16, Scheme 17).1%”
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A wide variety of chemistry was used to effect the desired transformations. As can be seen in
Scheme 16, Zhao et al. expanded the bridged five-membered ring of isosteviol 51 to the 5
keto ester 52 by treatment with BF;eOEt; and ethyl diazoacetate. A Beckmann rearrangement
led to lactam 54, while a formal [2 + 2] cycloaddition with dimethyl acetylenedicarboxylate,
followed by ring fragmentation and treatment with acid, led to fused anhydride 53.
Dehydroepiandrosterone (DHEA) 55 was readily acylated after protection of the alcohol to
give intermediate 56. The six-membered ring in 56 could also be readily converted into a
medium-sized ring by a two-carbon ring expansion to generate scaffold 58. Tandem ring
expansion and aryne insertion led to scaffold 57. Finally, an acylation/ring-expansion sequence

furnished seven-membered ring 59 bearing a Sketo ester maotif.

Scheme 17 shows C—H activation of DHEA and a derivative of estrone. In both cases, Cu-
catalysed C—H oxidation was followed by oxidation to the ketone. A Beckmann rearrangement
then led to lactams 62 and 65.
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Scheme 16 — Ring expansion of steroids based on native C—O bonds.?” Reagents and conditions: (a) i) Me,S0s,
LiOH, THF, 65 °C, ii) ethyl diazoacetate, BFs*Et,0, Et,O / CHCly, rt; (b) NaH, toluene, then DMAD, rt; (c) i) LiCl,
DMSO, H;0, 120 °C, ii) NH,OHeHCI, KOAc, 70 °C, (c) pTsCl, DMAP, Pyr, 60 °C; (d) i) TBSCI, imidazole, CH,Cly, rt,
ii) LDA, THF, then CNCO;Et, —78 °C; (e) 2-(trimethylsilyl)phenyl trifluoromethanesulfonate, CsF, MeCN, 80 °C; (f)
i) NaH, THF, methyl phenylpropiolate, 65 °C, ii) pTsOH, THF, rt; (g) i) MgCl,, Py, NHCbz(CH,),COCI, CH,Cl, ii)
Pd/C, H,, EtOAc, rt.

63 64 65

Scheme 17 - Ring expansion of steroids by sequential C-H oxidation and ring expansion.'?” Reagents and
conditions: (a) i) pTsOH, toluene, (4-methylpyridin-2-yl)methanamine, 120 °C, ii) [Cu(MeCN)4PF¢], O, (+)-sodium-
(L)-ascorbate, acetone/ MeOH, 50 °C, 6 h, then, Na4sEDTA, rt; (b) i) glycol, toluene, pTsOH, 120 °C, ii) TBSCI,
imidazole, CH,Cly, rt; (c) i) (COCl),, DMSO, Et3N, CHxClp, —78 °C, ii) NH,OHeHCI, KOAc, 70 °C, iii) pTsCl, DMAP, Py,
60 °C, iv) TsOH, THF / H0, rt; (d) Cr(CO)s, tBUOOH, MeCN, 70 °C; (e) i) NH,OHeHCI, KOAc, EtOH, (b) TsCl, DMAP,
Pyr, (c) TFA.
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An alternative method of ring expansion, selective bond cleavage to reveal a medium-sized
ring, has also been studied.!?®-13 Recently, Choi et a/. applied this concept to the synthesis of
azacycles, synthesising 14 different scaffolds via an M quaternisation strategy (Scheme 18).13!
The synthesised library contained a wide variety of different rings, with eight- to ten-
membered rings, bridged structures and fused rings all represented. PMI calculations showed

a good coverage of chemical space, with most of the scaffolds lying outside of “flatland”.
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Scheme 18 — Divergent synthetic pathway for synthesis of medium-ring azacycles. For full conditions, see ref. 13!

Other routes to medium-sized rings have been reported, including the use of RCM, 32 migratory
ring expansion, 33 lactam/ lactone formation!3* and an internal Heck reaction,!3> demonstrating
the wide variety of methodology that can be used to access these synthetically important

molecules.
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1.5 Aims and Objectives

Since the advent of DOS as a new way of developing compound libraries for screening, many
strategies have been developed within its framework to enable the efficient construction of

diverse libraries.

Medium ring-containing scaffolds have been shown to display a broad range of biological
activities and yet are under-represented within approved pharmaceuticals. Therefore,

construction of a library of medium-sized ring using the principles of DOS was highly desirable.

Combining both DOS and medium-ring methodology, keto-alkene 66 was identified as a key
intermediate in the synthesis of our library, due to its pluripotent functionality allowing for a
range of chemical transformations, and variability of X allowing for the investigation of various

heteroatom analogues of the library (Figure 26).
0

o
66

Figure 26 — Key intermediate 66 in the design of the library.

With ketone 66 in hand, we planned to carry out reagent-based DOS on the scaffold to

synthesise a library containing a wide variety of medium ring-containing scaffolds (Figure 27).
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Figure 27 — Representation of some of the scaffolds that can be synthesised in 1-3 steps from scaffold 66 using
reactions with literature precedent.

Once we have synthesised a library of scaffolds, a chemoinformatics analysis and practical
considerations will be used to determine which are suitable to advance for diversification.
Virtual decoration of these scaffolds using LLAMA, followed by assessment of their chemical
properties, chemical space coverage and ease of synthesis will direct the synthesis of a
representative small library of compounds. Finally, these compounds will be placed into a

screening library for future use in HTS.
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Chapter Two: Design and Synthesis of a
Library of Scaffolds



2.1 Introduction

As discussed in Section 1.5, the first aim of this project was to synthesise a ten-membered
ring containing three points of diversity. The carbon and oxygen analogues 67 and 68 of our
initial target have been synthesised previously by the Jacobsen group (Scheme 19).13¢ Both

routes featured the synthesis of a diene intermediate, which is then utilised in a Cope-like
rearrangement to furnish the desired ten-membered ring.
o]
poR s Ho M— b ¢ oY d
<f> 34% <\:> 87% 55% 65% X
67
<‘ N 17% over 48% O
(0] (0] 2 steps (0] 68

Scheme 19 — Jacobsen’s synthesis of ten-membered ketones 67 and 68. Reagents and conditions: a) Cul,
isopropenylmagnesium bromide, THF; b) (COCI),, DMSO, NEts, CH,Cly; ¢) vinylmagnesium bromide, THF; d) KH,
18-crown-6, THF; e) (CsHsCN)PACl, (10 mol%), THF.

o

o

The first target contained an amine, 69 to allow for a greater scope of diversification once the
library has been generated, as other atoms (such as C, O or S) would already be fully saturated
and therefore unable to undergo further chemical reactions." A retrosynthetic analysis of keto-

alkene 69 based on the Jacobseb methodologyis summarised in Scheme 20.

0 \\ (0]
HO% OH /\)\
N N P
=) P
70

69 71 72

Scheme 20 — Retrosynthetic of keto-alkene 69. P = protecting group

Ketone 71 was identified as a key intermediate, which would be accessed through a series of

oxidations and cyclisation starting from amino alcohol 72.

v Use of a sulfur heteroatom would however enable access to a sulfone or sulfoximine group.
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2.2 Synthesis of ten-membered ketone 69
2.2.1 Choice of Protecting Group

Protecting-group choice was key to the success of the proposed strategy. The p-
toluenesulfonyl (Ts) protecting group was chosen due to its electron-withdrawing nature,
which reduces the nucleophilicity/basicity of the nitrogen, removing potential chemoselectivity
issues in subsequent oxidation steps.!3” The tosyl group also provides a chromophore, which
is useful for reaction monitoring. Tosyl sulfonamides are stable to all but the most forcing
conditions, which would allow for a wide array of chemistry to be explored during library
development without deprotecting the amine prematurely.!3® We were aware that the stability
of this protecting group might be problematic for later scaffold development and mindful that
alternative, easier to remove protecting groups might need to be chosen once the full library

of scaffolds had been generated and the synthetic route established.
2.2.2 Synthesis of the linear precursor amino alcohol 75

Alcohol 75 was first synthesised from commercially available 3-amino-1-propanol 73 (Scheme
21) utilising a procedure from Williams et a/'3® The Ts group was installed first to aid in

monoalkylation in the subsequent prenylation step.

OH TSC', NEt3 OH C52C03 /\/I\
_— AN =
K/\ NH, K/\ NHTs HO _Il\_l

CH2C|2, r.t.
73 77% 74 46% 75

Scheme 21 - First synthetic route to alcohol 75 from amino alcohol 73 via an alkylation strategy

Chemoselective A-tosylation was successfully carried out following a procedure by Williams et
al., giving sulfonamide 74 in good yield.!3® Unfortunately, subsequent AN-alkylation proceeded
in poor yield, which was unexpected following literature precedent on similar substrates
reporting high yields.'**? Efforts to increase the yield, by increasing the number of
equivalents of base or prenyl bromide resulted in the formation of the bis-prenylated product

on oxygen as well as nitrogen instead of the desired alcohol 75.

To overcome the low yield of the Aalkylation, it was decided to reverse the route and form

the secondary amine bond first and then introduce the sulfonamide. The secondary amine
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gave the possibility of introducing a range of protecting groups at this point in the synthesis,

which could be utilised in the development of the final library.

A reductive amination was carried out using 3-amino-1-propanol 73 and 3-methyl-2-butenal
76, adapting a procedure by Hayakawa et a/'** Imine 77 was formed by stirring the two
starting materials overnight in the presence of activated 4 A molecular sieves. The sieves
served to absorb the water generated in the reaction, shifting the equilibrium towards the
desired product. The crude imine product was used directly in the next step, which involved
treatment with sodium borohydride to give secondary amine 78 in 95% vyield, which could be

used without the need for purification (Scheme 22).

OH . OH
k/\ . y\)\ 4 & molecular sieves k/\ y\)\
NH, ) CH,d,, r.t. N
73 76

77

NaBH,,
MeOH, r.t.
95%

OH
TsCl, NEt
HO " IFS/\)\ - ’ K/\ N /\)\

CH2C|2, r.t. H
75 67% 78

Scheme 22 — Modified synthetic procedure for accessing alcohol 75.

Chemoselective Artosylation was achieved by subjecting amine 78 to p-toluenesulfonyl
chloride (TsCl) in dichloromethane, to give the desired sulfonamide 75 in 67% yield.
Increasing the number of equivalents of TsCl in an attempt to improve the vyield, instead led

to the tosylation of the hydroxyl as well as the amine.

Overall, the modified route represents a much higher yielding synthesis than the original route,
with an overall yield of 64% compared to 35%. Protection of the amine after prenylation also
allows for a much wider range of potential protecting groups to be used, as the effect of the

protecting group on the subsequent A+alkylation step does not need to be considered.
2.2.3 Synthesis of piperidinone 81

With alcohol 75 in hand, several viable routes to synthesise piperidinone 81 were identified.
The Snaith group had previously used alcohol 75 in a one-pot oxidation-cyclisation-oxidation

sequence to generate piperidone 81 directly in 61% yield.** In this one-pot procedure, alcohol
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75 is treated with pyridinium chlorochromate (PCC) and triflic acid (TfOH) (Scheme 23).1%
PCC first oxidises alcohol 75 to the corresponding aldehyde 79. A Prins cyclisation catalysed
by TfOH then forms piperidinol 80 as a mixture of diastereomers which undergo further
oxidation to the desired piperidinone 81.

OH O
O
TfOH PCC
HJ\/\N/\)\‘ (ﬁ)}\ E“j)}\
Ts

OH pPCC
K/\N/\)\ -

Ts

N N
Ts Ts
75 79 80 81

Scheme 23 — One-pot synthesis of piperidinone 81.

The benefit of this one-pot route is that three steps can be carried out consecutively with no
need for any processing in between. Using the Snaith conditions, ketone 81 was first isolated
in a yield of 36%. This one-pot reaction sequence proved capricious, with the isolated yield of
ketone 81 varying from 19%—-36%. Due to the low yields, toxicity of the reagents and difficulty
of handling the crude material before purification, no efforts were made to optimise the
reaction, and it was instead decided to carry out the reaction sequence in a stepwise manner.
Swern oxidation of alcohol 75 to the corresponding aldehyde 79 proceeded in quantitative
yield with no need for purification (Scheme 24).

i) (COCl),, DMSO,

Oi/\ /\)\ CH,d,, -78 °C j\/\ /\)\
= - =
l1\Js ii) NEt3 H l1\Js

75 quant. 79

Scheme 24 - Swern oxidation of alcohol 75 to aldehyde 76

The subsequent cyclisation reaction between an olefin and an aldehyde has been extensively
studied. Reaction can proceed via one of two mechanistic pathways: a carbonyl-ene reaction
and a Prins reaction.*>!%¢ The carbonyl-ene (Scheme 25A) describes a pericyclic reaction
between an olefin bearing an allylic hydrogen (the ene) and an electron-deficient unsaturated
functional group (the enophile). The reaction involves the concerted formation of two o-bonds
and the migration of a m-bond.'*® The Prins reaction (red route, Scheme 25B) describes a
stepwise process involving the acid-catalysed addition of an olefin to a carbonyl and the
formation of a carbocation intermediate, which undergoes deprotonation to deliver the end-

product. Differentiation between the two reaction mechanisms is typically via observation of a
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by-product generated by nucleophilic attack on the transient carbocation in the stepwise
process (blue route, Scheme 25B).147:148

A)
H

H
i ol
Y Y-

B) ' OH
A . - |
‘ ﬁ) Hj A\U)H B K)
¥y o= +
“~ OH
Nu~ > K)\
Nu

Scheme 25 — A) General representation of an ene reaction. X, Y = C, N, O; B) General representation of a Prins
reaction. A = Lewis or Brgnsted acid activator, B = base, Nu = nucleophile

Williams et a/. have investigated the cyclisation of aldehyde 79 under both the carbonyl-ene
and Prins cyclisation pathways.'*® The group showed that SnCls was the best catalyst for the
reaction, with this reaction proceeding in high yield via a Prins mechanism, with very little by-
product formation. Our optimisation of the reaction conditions by increasing the reaction time
to 24 h while reducing the catalyst loading to 10 mol% meant that the reaction proceeded in
quantitative yield with no purification of the product required (Scheme 26). A mixture of both
diastereomers 82:83 was obtained in a ratio of 7:3. We postulate the two diastereoisomers
are formed through a chair-like T.S. in which the larger prenyl substituent adopts a
pseudoequatorial orientation. The minor diastereoisomer is then formed through pathway B
which incurs an unfavourable syrn-pentane-like interaction between the pseudoaxially oriented

Lewis acid-activated aldehyde and one of the methyl groups in the prenyl substituent.

OH “\ OH
0 SnCla, CHoCly
J\A — - +
H N 0°C-rt,24h

N N
7T9s Ts Ts
82 83
7 : 3
TSN—=(", __ _ TsN %
\/\(\;\\9\Sn \O\Sn

7N

b:Sn a H ’} O_/Sn
B /\/7I
TsN TsN

Scheme 26 — Prins cyclisation of aldehyde 79
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With alcohols 82 and 83 in hand, Swern oxidation using the conditions previously used to
synthesise aldehyde 79 failed to yield desired piperidinone 81; conjugated enone 84 was

isolated instead (Scheme 27).

OH OH i) (COdl),, DMSO, (0] (0]
“\ CH,d,, -78 °C Pz
+ +
N N i) NEts
Ts Ts
83

N N
Ts Ts

81 84
0% 81%

82

Scheme 27 - Swern oxidation of the diastereomeric mixture of alcohols 82 and 83 to enone 84

Based on literature precedent, abstraction of the tertiary o proton (highlighted in red, Scheme
28) by the triethylamine base forms the corresponding enolate, which provides a pathway for
forming the conjugated enone 84 upon re-protonation.**® Utilising Hiinig’s base as a more
bulky base, which it was hypothesised would increase the energy barrier of proton abstraction
due to increased steric interactions, led to the formation of the desired piperidinone 81 in 33%
yield; however, olefin isomerisation remained a problem. It was postulated that, due to the
tertiary amines relatively higher boiling point compared to dichloromethane, there was a point
during isolation of the crude at which the desired compound was dissolved in just amine,
drastically increasing the rate of isomerisation. A modification to the work-up procedure
addressed the problem: the crude product from the aqueous work-up was never isolated;
instead, the reaction volume was reduced before direct loading on to a silica column. This

modification to the work-up enabled isolation of the desired piperidinone 81 in 95% vyield over

© COD %
b — 785 o

N N N
Ts NEt3 Ts II\JS
84

three steps.

Scheme 28 - Formation of conjugated ketone 84

Given the short reaction time for the oxidation steps and the ability to use the intermediates
without purification, this stepwise oxidation—cyclisation—oxidation sequence can be carried out

in just over 24 h. The overall reaction time is comparable to the one-pot method but avoids
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the use of toxic reagents and provides a much-improved yield of 95%. The stepwise sequence

has been carried out on a scale up to 6 g with a minimal (<5 %) reduction in yield observed.
2.2.4 Formation of alcohol 85

With piperidinone 81 in hand, alcohol 85 could be accessed by vinyl addition into the ketone.
Treatment of piperidinone 81 with vinylmagnesium bromide gave alcohol 85 in a 43% yield

as a single diastereoisomer as determined by analysis of the 'H NMR spectrum of the crude

Q Jon
THF, r.t.

material (Scheme 30).

N s N
I 93-3 1/0d r 5
81 HLdr. 85

Scheme 29 - Vinyl addition to form alcohol 85

The relative stereochemistry was confirmed by a NOESY experiment. NOe interactions
(highlighted in blue in Figure 28) between the alkenyl protons and the axial protons in the
piperidine enabled the assignment of the relative stereochemistry. The two axial protons on
the top face (as drawn) only showed nOe interactions with one of the protons of the
methylidene group, while the two axial protons on the opposite face only showed nOe
interactions with the internal proton of the vinyl group. These interactions confirmed a trans
relationship between the two alkene substituents with both substituents occupying equatorial
positions. Additional information can be gleaned from coupling constants measured in the 'H
NMR spectrum of the product. The hydrogens bonded to the carbon highlighted in red display
two resonances in the 'H NMR spectrum; the axial proton appears as an apparent triplet, with
a large coupling constant of 12.0 Hz. From COSY it can be seen that the axial proton couples
to two different protons (red arrows in Figure 28), so for it to appear as an apparent triplet,
the coupling constants to these two protons must be the same. Typically, a 3.7 coupling of this
magnitude is observed between protons with a transdiaxial relationship, as dictated by the
Karplus equation. If the protons had an axial-equatorial relationship the coupling constant

would be much smaller, at around 5 Hz.
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Figure 28 — Key nOes (blue) and coupling constants (red) used to determine the relative stereochemistry. The
OH bond length is exaggerated for ease of viewing.

The observed diastereoselectivity can be rationalised by considering a multitude of factors,
one of which is the steric differences within the two transition states (Scheme 30). Attack of
the Grignard on the top face (as drawn) incurs steric interactions between the axial hydrogens
on the beta-carbons but also a large steric clash with the alpha isoproprenyl group, increasing
the energy of the transition state. Attack on the opposite face incurs lower steric interactions,
reducing the energy of the transition state and favouring formation of the observed major

diastereomer.

= z
o) H}\J{H y
TsN% R s lo- TN OH
TsN 0
- OH
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Scheme 30 — Rationalisation of the stereo vinyl addition to form alcohol 85

The proposed rationalisation for the observed diastereoselectivity is reinforced by previously
conducted research. Meakins et al. demonstrated that Grignard attack into cyclohexanone 86
proceeded with a 7:3 preference for the Grignard to add equatorially (Scheme 31A).1*° The
increased preference for a Grignard reagent to add equatorially when an o-alkyl group is
present has been shown by work conducted by multiple groups utilising isopulegone 89, where

Grignard addition has been found to be completely diastereoselective (Scheme 31B).15-153
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Scheme 31 - Previously observed diastereoselectivity of Grignard addition in cyclohexanone derivatives 86 and
89

While steric interactions play a role in the observed outcome, stereoelectronic effects also need
to be considered. The Cieplak model can be applied to rationalise the observed outcome.>*
Nucleophilic addition to the carbonyl causes a new C-C bond to form. The Cieplak model
predicts that as the new bond is being formed, it will be stabilised by hyperconjugation with
the o bond that is antiperiplanar to it (Figure 29). Typically, the cc.+ HOMO is higher in energy
than the oc.c HOMO, so will be closer in energy to the c*c.c which in turn means there is a
greater stabilising interaction between the two orbitals, lowering the overall energy of the
transition state. However, vinylmagnesium bromide is electron rich so the energy gap between
the o*cc MO and either oc.H or occ MO is relatively large. The large energy gap means that
the overlap of the molecular orbitals will be poor, causing little stabilisation of the transition
state. Therefore, the stereoelectronic effects are minimised when vinylmagnesium bromide is
used as the reagent, so steric effects become dominant. Attack of vinylmagnesium bromide

equatorially is preferred sterically, rationalising the observed 99:1 d.r.

Axial Nuc Equatorial
approach approach

i
=~ o,

Figure 29 — Hyperconjugation stabilisation of axial and equatorial approaches in the Cieplak model

While the d.r. was pleasing, the low yield of the Grignard addition would prove to be a
hindrance for a large-scale synthesis of our target ten-membered ketone. Therefore, the
alternative organocerium reagent was explored. Organocerium reagents have been used for
40 years as a more nucleophilic, less basic alternative to traditional Grignard or lithium

reagents.!>>-1%7 Addition of vinylmagnesium bromide to freshly prepared anhydrous CeCl; at
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—78 °C, followed by addition of ketone 81 to the resultant solution, gave alcohol 85 in an

increased 77% yield and comparable diastereoselectivity.
2.2.5 Formation of ten-membered ring ketone 96

The Cope rearrangement describes a [3,3]-sigmatropic rearrangement. The reaction was
discovered by Arthur Cope in 1940 (Scheme 32).!*® Overall, the reaction involves the
rearrangement of a 1,5-diene via a chair-like transition state.'>® The Cope rearrangement is
reversible, with the relative stability of the starting material and product determining the
position of the equilibrium. For example, trisubstituted alkene 91 is less stable than
tetrasubstituted alkene 92 by ~1 kcal mol=?, so the equilibrium in this example is favoured

towards the desired alkene.

/ € ==
g(( _ EO,C. /2 =5 _20C Etozc%j
| g

NC CO,Et CN CN
91 92

Scheme 32 — The first Cope rearrangement of alkene 91 into alkene 92

In 1964, Berson and Jones discovered the oxy-Cope rearrangement (Scheme 33A).16° 1,5-
Diene 93 was heated at 320 °C to generate the initial Cope product 94, which contained an
enol functional group, which rapidly tautomerises to ketone 95, which can no longer undergo
retro-Cope rearrangement. Since the keto-enol equilibrium lies heavily towards the ketone
tautomer, the oxy-Cope rearrangement is essentially irreversible, allowing for the complete

conversion of the starting material.

320 °C H OH H O

e = (I — (I
i i
94 95

Y
93
B
H
KH, 18-crown-6 : 0]
THF, 66 °C :
% H
93 95

Scheme 33 - First discovered oxy-Cope and oxy-anion Cope rearrangements
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In the following decade, Evans et a/. discovered that conversion of an oxy-Cope substrate to
the corresponding alkoxide increased the rate of reaction by 10'°— 10*” mol dm~3 s~! (Scheme
33B).'®! This discovery, named the oxy-anion Cope rearrangement, allowed for Cope
rearrangements to be performed at much lower temperatures, broadening the scope of

substrates that could be used.

Alcohol 85 was subjected to the Evans conditions (Scheme 34). Unfortunately, the desired
ketone 96 was not isolated; the only identifiable, minor side-products were tosylamine 97 and
alkene 98. These products could have been generated by extensive fragmentation of alcohol
85, so a brief optimisation was carried out to try and favour ring expansion over fragmentation
(Table 1).

Z/OH o
(aﬁ)k KH, 18-crown-6
. THF, 66 °C TSN
Ts
85 96
\\//o
HoN™ /\/I\
\©\ TsHN N
97 98

Scheme 34 — Evans's conditions and identified products

Table 1 — Attempted optimisation of the oxy-anion Cope ring expansion

Entry Temp./ °C Equiv. of KH Outcome
1 66 3.0 Fragmentation
2 20 3.0 No reaction
3 66 1.0 No reaction

Since the original conditions had led to decomposition, the temperature of the reaction was
reduced to see if the rearrangement could be favoured (entry 2, Table 1). Previous work has
shown that the oxy-anion Cope can be conducted at temperatures as low as 0 °C, 62 but even
at 20 °C, no reaction was observed. It was therefore postulated that an elevated temperature
was necessary for this substrate to undergo reaction. Next, the number of equivalents of KH

was reduced from three to one (entry 3, Table 1). No reaction was observed after heating the
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reaction at 66 °C for 17 h. As this investigation was ongoing, alternative ring-expansion

conditions proved more fruitful, so further optimisation was discontinued.

Cope-type rearrangements are not limited to thermal reaction conditions.¥ Overman and Knoll
demonstrated that palladium(II) chloride complexes catalyse a net Cope-type rearrangement
at room temperature (r.t.) with low catalyst loading (Scheme 35A).1%3 1,5-Diene 99 rearranged
into both the £ 100 and Z 101 isomers in an 87% overall yield. Bluthe et a/. further
demonstrated that this methodology could be applied to oxy-Cope substrates (Scheme 35B).1%4
Once again, keto-enol tautomerism ensures the reaction on these substrates progresses to

completion.
A PdCI;(PhCN); (6 mol%
Ph\é 2PhaNDa ( ) Ph\)\/\/ + W
THF, r.t.
7 87% Ph
93 : 7
929 100 101
B
PdC, (PhCN), (10 mol%) o)
= THF, r.t. M
HO
102 103

Scheme 35 — Palladium-catalysed Cope rearrangements of alkenes 99 and 102

One limitation of the Overman conditions is that an electron-donating R group must be present
at either C-2 or C-5 of the 1,5-hexadiene (highlighted in red, Scheme 36). By consideration of

the reaction mechanism, the necessity of the R group can be rationalised.6>166

vV By definition Cope rearrangements are pericyclic processes. However, other reaction pathways, such
as the one designed by Overman, deliver the same outcome in a stepwise fashion. Henceforth, these
reactions will be referred to as Cope-type rearrangements.
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Scheme 36 — Two reaction pathways for the PdCl,-catalysed Cope rearrangement

In pathway I, palladium(II) co-ordinates to the more substituted (and more electron-rich)
double bond. Intramolecular addition of the less substituted = bond would form intermediate
palladacyclohexane intermediate 104, which contains a secondary carbocation. Moreover,
this cyclisation pathway results in the large palladium atom being s-bonded to a tertiary carbon
centre, which leads to significant steric crowding, which can be released by the reverse
reaction. Since the formation of intermediate 104 involves a high activation energy, it is
essentially a non-propagative pathway and if formed, the reverse reaction proceeds rapidly.
In pathway II, the palladium(II) catalyst co-ordinates to the less substituted double bond, now
rendering this alkene susceptible to nucleophilic addition. Intramolecular addition of the more
substituted (and more nucleophilic) = bond forms intermediate 105, where the positive charge
is now stabilised by the electron-donating R group (3° carbocation and in this case also
benzylic). Moreover, the palladium is now c-bonded to a secondary carbon centre. Following

ring fragmentation, the PdCl; is released and desired diene 106 is generated

Since alcohol 85 contained a methyl substituent at C-2, it was postulated that alcohol 85
should be a good substrate for rearrangement under Overman’s conditions. The reaction
indeed proved successful, providing (£)-keto-alkene 96, albeit in a disappointing 32% vyield
(Scheme 37). A second product was observed in the *H NMR spectrum of the crude material,
in a ratio of 1 : 3 with the product, which was subsequently identified as decalol 107 (Figure
30).
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Scheme 37 — Oxy-Cope ring-expansion of alkene 85 using Overman conditions
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Figure 30 — A section of the *H NMR spectrum (400 MHz, CDCI3) of the crude reaction mixture after work-up but
prior to purification showing the alkene resonances of oxy-Cope product 96 and decalol 107.

The exclusive formation of the (£)-alkene product can be rationalised by considering the
reaction mechanism, in which the cyclisation step proceeds via a six-membered chair-like
reactive conformation in which both alkene substituents occupy equatorial positions on the
piperidine (Scheme 38).

g HO Pd HO -
R 2 A —
—_— — —_— =
N TsN <t TsN = TN /\Jj
Ts 1
85
Q 0
TsN XN = TsN /\%
96

Scheme 38 — Reaction mechanism to form (£)-keto-alkene 96
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Formation of decalol 107 can occur through a pericyclic ene reaction (in which the methyl
group and carbonyl must be on the same face of the ring) or a stepwise Prins mechanism (see
Section 2.2.3). From both reaction mechanisms, it can be seen that the products are predicted

to provide a frans-fused bicyclic product (Scheme 39).
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Scheme 39 — Reaction mechanisms for the formation of decalol 107

Mechanism I in Scheme 39 demonstrates conversion of ketone 96 into decalol 107 via a
thermal ene reaction. This reaction is a concerted process involving a six-atom cyclic transition
state. The transition state can only be adopted when both the methyl group and the carbonyl
are on the same face of the ring, so the ene reaction mechanism affords exclusively a product

with a frans relative stereochemistry at the ring junction.

In theory it is possible to generate both ¢is and frans decalols 107 via a Prins-like mechanism;
however, only the frans product is generated in the case of keto-alkene 96. Consideration of
pathways II and III reveals that while II progresses through a relatively unhindered chair-
chair intermediate, III involves the formation of a higher energy boat-chair-like intermediate,

and therefore a higher energy transition state which disfavours the formation of a cis-decalol.

While separable from the corresponding keto-alkene, the presence of decalol 107 warranted
optimisation of the reaction conditions (Table 2). Reaction temperature was not assessed, as

an increased temperature would have favoured the ene reaction pathway.
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Table 2 — Optimisation of the Overman oxy-Cope reaction.[?

Z/ OH 0 OH
2 PdCl, (PhCN),
(ﬁ)k Solvent i TSN(V\I\‘\/P ’ TSN@;;P
"I\'ls r.t. H
85 96 107
entry  time (h) Taotl;)/lt;/sotf solvent (Y,}S)lg] ratio of 96 : 107(c!
1 4 10 THF 60 3:1
2 6 10 THF 35 2.5:1
3 2 10 THF 50 4:1
4ld] 4 10 THF 12 not determined
5l 24 10 THF 37 4:1
6 4 5 THF 64 9:1
7 4 2.5 THF 57 9:1
8 2 5 CH.Cl, 64 4:1
9 24 5 toluene 71 19:1
10 2 5 benzene 77 39:1
11l 2 5 benzene 73] 25:1

[a] Unless otherwise noted, the reaction conditions were 85 (0.06 mmol), solvent (2 mL) at r.t. [b] Yields based on H NMR
spectroscopic analysis of the reaction mixture without purification using 2,4,6-trimethoxybenzene as an internal standard. [c]
Ratio determined by integration of the alkenyl resonances in the *H NMR spectrum of the crude reaction material prior to any
purification. [d] Pr.NEt (40 mol%) was used as an additive. [e] Performed on a 4.1 mmol scale. [f] Isolated yield after purification

by column chromatography.

The first variable that was examined was time, as it has previously been shown that analogues
of keto-alkene 96 undergo further reaction to the corresponding decalol by Lewis and Brgnsted
acid catalysis.'3¢ Unfortunately, while decreasing the time did marginally improve the ratio, it
also led to a decrease in overall yield due to an incomplete reaction. Increasing the reaction
time led to both a worse yield due to the formation of more decalol 107 (entries 2 and 3,
Table 2).

Suppression of Brgnsted acid catalysis (through generation of small amounts of HCI from the
catalyst) by addition of a base was attempted (entries 4 and 5, Table 2) but this led to
increased reaction times with minimal improvement of product ratio or yield, which would
suggest the base may be co-ordinating to the palladium(II) catalyst, reducing the turnover.
Catalyst loading was also examined, and pleasingly, reducing the mol % catalyst increased the
ratio threefold in favour of the target ketone while having a negligible effect on the yield

(entries 6 and 7, Table 2). Finally, the role of solvent was assessed (entries 8-11, Table 2).
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This solvent screen identified aromatic solvents as optimal, with high yields and a thirteenfold
increase in the ratio in favour of the desired product. Scale up of the reaction under optimised
conditions saw a small drop in product ratio, but maintenance of the high product yield (entry
11, Table 2).

2.2.6 Properties of the ten-membered ring

Before synthesising a library of scaffolds, it was thought to be useful to analyse the properties

of keto-alkene 96, so that subsequent transformations can be rationally designed.

The first property that was assessed was whether a single enantiomer of keto-alkene 96 could
be isolated. Cope et a/. and Binsch et a/. showed that the enantiomers of (£)-cyclooctene 108
can be isolated, and that the rate of racemisation is slow at r.t. (£, = 10°y). By comparison,
the rate of racemisation of (£)-cyclononene (109) is much faster (4, = 10s) at r.t. and of
(E)-cyclodecene (110) much faster still (&2 = 10*s at r.t.) (Scheme 40).1%7:168 Marshall et al.
demonstrated that installation of methyl substituents to create a tetrasubstituted alkene
increases the barrier to interconversion high enough that configurationally stable enantiomers"
of 1,2-dimethylcyclodecene (111) could be isolated.®®

n t1/2
H H
Iy 108 4 [10°y
n n—]|| 109 5 [10s
H H 110 6 (10%s
Me
(CHz)e"l
Me
111

Scheme 40 — Configurational stability of various cycloalkenes and the configurationally stable dimethyl analogue
of cyclodecene

Previous work by Westen attempted to synthesise optically active (£)-cyclodecenone 113
starting from a single enantiomer of methanesulfonate 112 (Scheme 41), but the product was

found to be optically inactive.'”®

Vi While the authors do not state a half-life, (+)-trans-1,2-dimethylcycloundecene showed no loss of
optical activity after being heated to 100 °C for 72 h.
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Scheme 41 — Westen’s synthesis of racemic 113 from enantiomerically pure starting material

Taking this literature precedent into account, it was highly unlikely that the enantiomers of
keto-alkene 96, a structural analogue of keto-alkene 113, would be configurationally stable
and efforts to separate the two enantiomers by HPLC with a variety of chiral columns proved

unsuccessful.

The conformation of keto-alkene 96 is also important as it will dictate the reactivity of the
various functional groups that are present within the molecule. Conformational analysis of
structurally related cyclodecane has shown that it can adopt multiple low-energy
conformations (Figure 31). The lowest energy conformation was found to be the boat-chair-
boat (BCB) conformation, with half the population adopting this conformation at any given
point at room temperature.’1.172

NN A\ [
boat-chair-boat boat-chair-chair chair-chair-chair

0 kcal mol™ 3.74 kcal mol! 7.86 kcal mol~!

Figure 31 — The three lowest-energy conformations of cyclodecane. The relative strain energies are given below
each conformation

With reference to the reaction mechanism (Scheme 38), we predicted that keto-alkene 96 will
form in a chair-chair-chair (CCC) conformation, with the methyl group and ketone on the same
face of the molecule (Scheme 38); indeed, X-ray crystallography confirmed (£)-keto-alkene
96 adopts this conformation in the solid phase (Figure 32). The adoption of the CCC formation
over the lowest-energy BCB conformation adopted by cyclodecane can be explained by the
presence of three sp? centres within keto-alkene 96, which will alter the relative energies of
the different conformations.
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Figure 32 — Left: X-ray crystal structure of (£)-keto-alkene 96; representation generated in Chem3D 17.1V
Right: 3D representation of keto-alkene 96 with the relevant atoms labelled using an arbitrary numbering system

Analysis of the crystal structure showed that the carbonyl and the methyl group are on the
same face of the molecule. The distance between O-1 and C-3 is 3.18 A& (the sum of the Van
der Waals radii of oxygen and carbon is 3.22 &). C-=3 was measured to be —8.3° away from
true vertical, indicating that the methyl group has moved out of the ring, presumably to lower

transannular strain (Figure 33).

Figure 33 — View down the length of keto-alkene 96. Hydrogens and the tosyl group have been removed for
clarity.

This repulsion is exemplified by the distance between the two quaternary carbons, C-2 and C-
4, which were found to have a distance between them of 2.92 A (the sum of the Van der

Waals radii of two carbons is 3.4 &); a reduction of 0.26 A compared to the O-1 — C-3 distance.

Vil Full crystallographic data for all X-ray crystal structures are collected together in the appendix
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The nitrogen atom within keto-alkene 96 was found to have an average bond angle of 115.8°
between each of the substituents. In comparison, the average bond angle of sulfonamides
within the Cambridge Structural Database was measured as 117.4°.173 If the nitrogen was fully
sp? hybridised, then the bond angles would be expected to be 109.5°, while if it was sp?
hybridised, bond angles of 120° would be observed. The observed bond angles of 115.8° could
be due to overlap between the lone pair of the nitrogen and an empty d orbital on the sulfur,

which partially hybridises the orbitals, leading to the observed geometry. "

While the molecule crystallises in a single conformation in the solid phase, keto-alkene 96 is
conformationally flexible in solution. The resonances in the *H NMR spectrum of keto-alkene
96 are broad and ill-defined at r.t., consistent with a molecule exhibiting more than one
conformation that are in intermediate exchange, the region of exchange between fast and
slow exchange.'’+'7¢ To determine the effect of temperature on the population of these
conformations, a solution of keto-alkene 96 in CDCl; was studied by variable-temperature NMR
(VT-NMR).

The *H-NMR spectrum of keto-alkene 96 was recorded at temperatures between +25 °C and
+65 °C (Figure 34). At the limit of fast exchange, well defined, population-weighted peaks
would be expected to be observed in the 'H-NMR spectrum. However, even at +65 °C, only
broad peaks were seen in the 'H-NMR spectrum, consistent with a molecule still in the
intermediate exchange region. The amount of decalol 107 increased from 5% to 6% of the

sample, which would be consistent with a thermal ene reaction.

Vil This hybridisation is consistent across all of the crystal structures obtained for the library of scaffolds
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Figure 34 — VT-NMR (500 MHz, CDCIs) of keto-alkene 96 containing 5% decalol 107. Chemical shifts between
5.5 and 1.0 ppm are shown.

Decreasing the temperature of the NMR experiment brought the molecule into the region of
slow exchange (Figure 35). While >1 conformations are populated at room temperature, only
one conformation is visible and therefore significantly populated in the *H-NMR spectrum at
—35 °C, which by definition must be the lowest energy conformation in CDCls. It was also
observed from the resonance broadening seen within the !H-NMR spectra that multiple

conformations begin to be significantly populated between 0 and +15 °C.
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Figure 35 — VT NMR (500 MHz, CDClz) spectra of keto-alkene 96. Chemical shifts between 5.5 and 1.0 ppm are
shown.

A NOESY experiment conducted at —35 °C enabled identification of the adopted conformation.
The methyl protons and the alkene proton displayed completely independent sets of nOe
interactions, indicating their occupying two faces of the molecule (Figure 36). NOe interactions
were observed between the pseudoaxial protons, which enabled the assignment of the chair-
chair-chair conformation, identical to the conformation seen in the solid phase.

Figure 36 — Key nOes used to identify the low-energy solution CCC conformation of keto alkene 96

The CCC conformation had clearly been identified as the low-energy conformation for keto-

alkene 96, but other conformations are accessible as evidenced by the appearance of the
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broad resonances in the 'H-NMR spectrum at r.t. indicating intermediate exchange.
Computational analysis using Forge!’” was conducted to ascertain the other possible
conformations and their relative energies. Conformational analysis* generated eleven

conformations within an energy window of 6 kcal mol~! of the lowest energy conformation.

An energy window is defined as the maximum energy difference between the lowest energy
conformation and the highest energy conformation. If any conformations are found with a
higher energy gap then they are discarded. When conformational analysis is conducted to
assess the shape of a ligand upon binding to a biological target the energy window is kept
large (> 10 kcal mol™?) so that conformations that may be stabilised upon binding are not
accidentally discarded. However, when assessing conformations in solution, any conformers
that are > 1.5 kcal mol=! higher in free energy than the lowest energy conformation will be
present at <1% population at 25 °C. Forge generates conformers in the gas phase, so does
not take solvent interactions into account. Therefore, the energy window has been increased
to account for conformations that, while relatively high in energy in the gas phase, may be

stabilised in solution and therefore adopted more readily.”817°

Broadly, the calculated conformations can be placed into two categories differing only by
changes in the bond angles and distances. The lowest energy conformation is the
aforementioned CCC conformation (96-I, Figure 38) where both the methyl and carbonyl are
on the same face of the molecule, which is identified as the lowest-energy conformation. The
predicted conformation is broadly similar to the observed conformation in the crystal structure
apart from the carbonyl oxygen — methyl carbon distance (Figure 37). The distance is predicted
to be 2.8 & while the measured distance is 3.18 A. The difference in distance can be attributed
to the change in angle relative to the plane of the ring of the two groups. Within the crystal
structure the methyl group had an angle of —8.1° beyond vertical, while the predicted angle
is —16.3°. The carbonyl, which is vertical in the crystal structure, is predicted to have an angle

of —21.5° beyond vertical compared to 0°.

* For full details on how the computational analysis was carried out, please see Section 6.2
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Measured Calculated

Figure 37 — View down the length of keto-alkene 96, of both the measured crystal structure (left) and the predicted
lowest energy conformation (right). Hydrogens and the tosyl group have been removed for clarity.

The other conformation is a BCC conformation where the carbonyl and methyl groups are on
opposite faces of the molecule (96-11, Figure 38), of which the lowest energy representative

is 0.37 kcal mol~! higher in energy than the lowest energy CCC conformation.

96-1 96-11

Figure 38 — Illustrative conformations from the two categories of conformations of keto-alkene 96

From the energy difference between the eleven conformers, the relative populations of the
two conformations at —35 °C can be calculated using equation 1. From the predicted energy
difference, it would be expected that at —35 °C ~85% of the population had adopted the
conformation 96-I. However, experimentally, >99% of the population has adopted the

conformation 96-I, so the actual energy difference must be larger than that calculated.
2= ¢~Gr) (1)

Conformational analysis in Forge is conducted in the gas phase, whereas reactions take place
in solution. For organic compounds of less than 1000 Da, vacuum models can have similar

accuracy in estimating A£ for their stereoisomers as solution models.*®° For keto-alkene 96,
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as the predicted lowest energy conformation in the gas phase is also the conformation adopted
at —35 °C in chloroform, it can be assumed that the conformational analysis is a good fit for

non-coordinating solvents.

To conclude, keto-alkene 96 is a medium-sized ring which can adopt multiple conformations
at room temperature. Its lowest-energy conformation is the CCC conformation, which has the
methyl group and carbonyl on the same face of the ring. A second group of conformations, in
which the methyl and the carbonyl occupy opposite faces of the ring in a BCC conformation,
are accessible at temperatures >0 °C. Therefore, when planning reactions for diversification
of keto-alkene 96, both groups of conformations were considered to see if a reaction was
feasible.
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2.3 Design and Synthesis of a Library of Scaffolds

2.3.1 Scaffold Definition

Before synthesising a library of scaffolds, the definition of a “scaffold” needs to be explored.
In general terms, a scaffold is a molecular core to which functional groups are attached or
embedded. A medicinal chemistry scaffold is often described as a core structure which is
required for pharmacological activity (a pharmacophore).”®® However, there is no strict
definition that is universally accepted. For the work presented within this thesis, the definition
devised by Bemis and Murcko is used, as it is one of the most widely used and allows for easy

comparisons between different libraries. 8!

The Bemis and Murcko definition of scaffolds provides a graph-based method which can be
used to explore molecular hierarchy.® For any ring-containing system, a graph representation
can be drawn, which is made up of three components: ring systems, linkers and side-chains
(Figure 39). A single scaffold is defined as a combination of ring systems and linkers.* The
formal definition utilised by Murcko scaffolds allows for direct comparison of different libraries
of compounds, as well as compartmentalisation of core structures, which in turn can help

elucidate the relevant pharmacophore in a drug-discovery project.

x The formal definition also differentiates between sp?- and sp3-hybridised carbons. For example,
cyclohexanone and cyclohexanol are counted as two different scaffolds.
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Figure 39 — Definition of a Bemis and Murcko scaffold as demonstrated by thioridazine

From the Murcko scaffold definition, it can be seen that the number and diversity of ring
systems within a library are a key component of how many scaffolds, and in turn, how diverse
is the generated library. Taking this into consideration, our design rationale when undertaking
reactions to generate scaffolds was to maximise the number of ring systems generated or to
introduce new linkers to which rings could be appended, rather than the manipulation of side-

chains.
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2.3.2 Carbonyl Transformations
Intramolecular carbonyl transformations

Our first focus was the side-product from the oxy-Cope reaction, namely decalol 107.
Structures of this type have been synthesised by the Jacobsen group, who transformed keto-
alkene 67 into decalol 114 enantioselectivity via a transannulation reaction using a chiral

chromium catalyst (Scheme 42).

|
N. O
% cf
o O OfTf OH
5 mol% 0
A toluene
81%, 93%e.e. H

67 114

Scheme 42 - Jacobsen’s enantioselective synthesis of decalol 114

As the formation of decalol 107 had already been observed as a side-product in the formation
of keto-alkene 96, conditions were screened to see whether decalol 107 could be formed
directly from keto-alkene 96 (Table 3).

Table 3 — Exploration of reaction conditions to form decalol 107(2]

o} OH
acid (x eq.) S
Ts@ THF, x °C, x h TS@
96 107
Entry Acid Eq. of acid Temp (°C) Time (h) Yield (%)
1 | PdCI(PhCN), ~ 0.05 r.t. 72 42
2 PdCI>(PhCN); 0.1 r.t. 72 49
3 TsOHeH,0 0.1 r.t. 72 47
41b] TsOHeH,0 0.05 r.t. 24 66
5 | none N/A 66 72 61

[a] Unless otherwise noted, the reaction conditions were 96 (0.12 mmol), THF (6 mL). [b] Carried out on a 0.5 mmol scale.

Since decalol 107 was already formed in small quantities in the synthesis of keto-alkene 96,

the initial conditions were the oxy-Cope reaction conditions. THF was chosen as the solvent as
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it had previously delivered the largest amount of decalol 107. The use of PdCl;(PhCN),,
potentially acting as a Lewis acid, delivered low yields of decalol 107, with starting material
still observed after 72 h (entries 1 and 2, Table 3). The poor results with this palladium catalyst
may have been due to competing co-ordination with the alkene, leading to low turnover of the
catalyst. With that in mind TsOHeH,O, a Brgnsted acid, was tried instead. An initial reaction
delivered a 47% vyield but with full consumption of starting material (entry 3, Table 3). It was
suspected that decalol 107 was reacting further under the reaction conditions over the
extended reaction time, due to the presence of non-product resonances within the *H NMR
spectrum of the reaction material before purification. Gratifyingly, reducing the reaction time
to 24 h and the number of equivalents of acid to 5 mol% afforded the product in 66% vyield
(entry 4, Table 3). To assess whether decalol 107 could be formed in high yield from an ene
reaction, having already observed the possibility during V.T. NMR studies (Section 2.2.6), a
solution of keto-alkene 96 in THF was heated at reflux for 72 h and afforded decalol 107 in

61% isolated yield; however, full conversion was not observed even after a week of heating.

Overall, decalol 107 was generated in moderate yield, utilising both Prins and thermal ene
reaction conditions. The exocyclic double bond presents opportunities for further elaboration,

but these have not yet been explored.

Other intramolecular reactions involving the ketone have also been shown to be possible.
Lange and Bosch described an intramolecular Paternd-Biichi reaction with #rans-5-

cyclodecenone 115, giving oxetane 116 in 55% vyield (Scheme 43).183

o) Av (low pressure lamp) Oica

h H =
benzene, 50 H i

115 116

Scheme 43 - Synthesis of oxetane 116

UV-Vis spectroscopic analysis of keto-alkene 96 revealed a Amax at 232 nm and 275 nm. The
peak at 232 nm can be attributed to the carbonyl absorption and the broad peak at 275 nm
to the absorption of the tosyl group. Unfortunately, it was not possible to irradiate specifically
at 232 nm, so a medium-pressure lamp was used, which covers a range of wavelengths from
200 to 500 nm. A vessel of quartz glass was used as standard borosilicate glass absorbs
wavelengths up to 325 nm, which would have disabled the reaction. Quartz glass does not

absorb in that region, so the light can pass through unimpeded to the reaction.®*18> Applying
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the methodology of Lange and Bosch to keto-alkene 96, (Scheme 44), consumption of the
starting material progressed slowly, taking ~50 h to reach completion. No identifiable product
was isolated; the only identifiable functionality was a tolyl group, but it was not appended to
the desired scaffold. It was speculated that the light excited the tosyl group, causing it to
cleave into a tolyl radical, which then caused the decomposition of keto-alkene 96. No further
work was attempted on this substrate, however it is of interest for further work (see section
3.4.3).

o}
hv (low pressure lamp)
TsN o
| Z
TsN N benzene, 50 h A
96 117

Scheme 44 - Attempted Paterné-Biichi reaction to form oxetane 117

Intermolecular carbonyl transformations

Reductive amination with other nitrogen-containing rings was of interest. Therefore, a
reductive amination between keto-alkene 96 and morpholine was attempted using standard
one-pot conditions in an effort to generate tertiary amine 118 (Scheme 45). Only starting
material was recovered after 24 h, so the less hindered 1° amine benzylamine was used as an
alternative. Unfortunately, no reaction was observed under these conditions as well. The
obvious avenue of increasing the reaction temperature was not available, as an increased

temperature would also have increase the rate of the competing ene reaction.

0
STAB Ry R
+ RNH X -
BN X THF, r.t.
TsN S
96 118

Scheme 45 — Attempted one-pot reductive amination to generate amine 118

Since both primary and secondary amines had failed to react, it was speculated that a stronger
nucleophile might react more effectively. With this in mind, a range of Grignard reagents was
tried (Scheme 46).
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Scheme 46 — Attempted nucleophilic addition reactions using Grignard reagents

Initially, 4-fluorophenylmagnesium bromide was used, as a successful addition would generate
a new aromatic-containing scaffold. However, no reaction was seen. Transmetallation to the
corresponding organocerium reagent did not yield a result. As an alternative, both
vinylmagnesium bromide and methylmagnesium bromide were tested. Both reagents also
failed to react, even when these reagents were converted into their corresponding more
nucleophilic organocerium reagents. Temperatures above room temperature were not probed,
as it was suspected that the Grignard might act as a base and cause the keto-alkene 96 to

decompose in a similar way to that observed for alcohol 85 (see Section 2.2.4).

The lack of reactivity at the carbonyl can be rationalised by consideration of the transition state
(Scheme 47). Nucleophilic attack on the front face of the carbonyl (as drawn) is disfavoured
as the rest of the ring blocks this face. Therefore, the nucleophile must attack the back face
of the carbonyl. As the nucleophile attacks into the =* molecular orbital, the carbonyl carbon
transitions from sp?- to sp3-hybridisation, pushing the oxygen into the ring. In turn, this
increases transannular strain, increasing the energy of the transition state. If, as shown in
Scheme 47, the reactive conformation sees the methyl group and carbonyl oxygen on the

same face, then there will also be a large steric clash between these two groups.

_ 4%
Nu._ ~O

o Nu
W =7

Scheme 47 — Transition state of nucleophilic attack on keto-alkene 96

To avoid interactions with the transannular methyl substituent, the ring would need to adopt
the alternative BCC conformation, where the carbonyl and methyl are on opposite faces
(Scheme 48). However, addition into the carbonyl in this conformation will still be expected to

create large transannular strain in the transition state.
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Scheme 48 — Nucleophilic attack on the alternative BCC keto-alkene 96 conformation.

As nucleophilic addition with carbon- and nitrogen-containing nucleophiles had proven
unsuccessful, we turned to an even smaller nucleophile. Reduction of the carbonyl to the
corresponding alcohol using NaBH4 was therefore attempted. Pleasingly, reduction occurred,
although the reaction did not go to completion even after 48 h. Overall, a yield of 50% was
obtained, with 35% recovery of starting material. Building on this success, a stronger reducing
agent was investigated. Thus reaction with LiBH4 proceeded smoothly, with desired alcohol
119 isolated in excellent yield (Scheme 49).18

0] OH
LiBH,

TsN AN THF, rt. TsN AN
98%

96 119

Scheme 49 - LiBHs-mediated reduction of keto-alkene 96 to give alcohol 119

Converting the sp? carbonyl carbon in keto-alkene 96 into an sp® centre in alcohol 119
increases the number of sp3 centres in the molecule by one. In turn, this increases the
conformational flexibility of the molecule. Conformational analysis using Forge was conducted
to ascertain the low-energy conformations and their relative energies. This computational
analysis® generated 76 different conformations within 6 kcal mol~! of the lowest-energy
conformation. The lowest-energy conformation was again predicted to be the CCC
conformation; however, the crystal structure obtained for alcohol 119 showed it crystallised
in a twisted BCC conformation (Figure 40).

X For full details on how the computational analysis was carried out, please see Section 6.2
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Figure 40 — Left: X-ray crystal structure of alcohol 119, right: predicted lowest-energy conformation

A wide variety of conformations are predicted to be adopted by alcohol 119, such as the CCC,
BCB, BCC, crown and twisted varieties thereof, rather than the two adopted by the parent

keto-alkene, demonstrating the greater conformational flexibility present in the molecule.

In terms of the overall goal of this project, a molecule with many accessible conformations
can be a double-edged sword within a screening library. On the negative side, it incurs a
greater entropic penalty upon binding with a biological target. On the other hand, libraries
designed by DOS are typically prospecting libraries used to find new targets or new ways of
interacting with old targets. Therefore, a molecule which can access multiple conformations
can essentially be thought of as multiple different compounds that might be useful for

interacting with — and therefore uncovering — multiple (potentially new) targets.87-18°

Overall, the carbonyl group within keto-alkene 96 proved to very unreactive towards
intermolecular processes, which we hypothesise is primarily a consequence of transannular
effects. While possible to reduce, the subsequently generated alcohol 119 was not explored
for further scaffold generation. To further explore the scaffold potential of keto-alkene 96,

focus transferred to exploring the reactivity of the alkene.
2.3.3 Double Bond Transformations

To increase the Fsp?, reduction of the double bond in keto-alkene 96 was attempted. Standard

hydrogenation conditions (10% Pd/C, H,, MeOH) returned only starting material, so a stronger
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catalyst in Pd(OH),/C was utilised. This time, instead of returning desired ketone 120, decalol
121 was isolated in 95% yield after 17 h (Scheme 50).

o) H, 0 OH
Pd(OH),/ C (10 mol%)
+
BN MeOH, rt. TsN TN A
Ho
\
96 120 121
0% 95%

Scheme 50 — Synthesis of decalol 121

The formation of decalol 121 and the proposed relative stereochemistry can be rationalised
by the Pd?* acting as a Lewis acid, facilitating a Prins type cyclisation on the reactive
conformation of keto-alkene 96, in which the methyl group is in a pseudoaxial position. The
generated 3° carbocation is trapped by a molecule of methanol, which approaches from the

less hindered face, delivering the observed stereochemistry (Scheme 51).

o o Pd- o Pd-g, . on
)2 -
i P EL
TsN TsN TsN T TsN 5
H H H & H /
~
96 HO 121

Scheme 51 — Proposed reaction mechanism for the formation of decalol 121

Reduction of an alkene by Pd(OH), and H; is typically rapid (<1 h). The inability to reduce the
double bond in keto-alkene 96 can be rationalised in much the same way as the reasoning
behind the low reactivity of the carbonyl. Palladium-catalysed addition of H, across a double
bond is a syn process. Since only one face of the alkene is accessible, the hydrogen must
approach from the outer face. We postulate that H; addition across the double bond increases
transannular strain raising the activation barrier, so instead, reaction follows the Prins

mechanism pathway.

From this and the previous results, transformations that convert the sp? centres of the carbonyl
or the alkene into sp? centres are challenging. This left a set of functional groups that had yet
to be explored — three-membered rings. Three-membered rings are highly strained molecules
that have a unique geometry, with idealised internal angles of 60° and external angles of 120°
(Figure 41). Therefore, they have similar geometry to double bonds while still generating sp?

centres.
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Figure 41 — Internal and external angles of a three-membered ring. R can = CH,, NH, O

Keto-alkene 96 was treated with meta-chloroperbenzoic acid (/7CPBA) in CH,Cl,. Epoxide 122

was generated in a 92% yield, with no starting material observed (Scheme 52).

o} 0
TCPBA
TSN CH,Cly, rt. TsN
o)
92%
96 122

Scheme 52 — Synthesis of epoxide 122

mCPBA is an electrophilic peracid which reacts with alkenes to form an epoxide in a sy
stereospecific reaction mechanism.*®® The concerted nature of the bond-forming process
means that the geometry of the substituents around the alkene varies very little along the
reaction coordinate, which we postulate minimises the build-up of unfavourable transannular
interactions within the transition state, reducing the activation energy, and allowing reaction

to proceed in high yield.

Comparison of the crystal structures of keto-alkene 96 and epoxide 122 demonstrate that the
epoxide functionality geometrically acts as a double bond equivalent. The bond angles (within
1-2°) are the same in both crystal structures. The distance between the carbonyl and the
methyl group is also unaffected (3.18 A in keto-alkene 96 vs. 3.19 A in epoxide 122).

With epoxide 122 in hand, reduction of the carbonyl was attempted to synthesise another
new scaffold. Treatment with LiBH4 led to degradation of epoxide 122 with no identifiable
products. Use of NaBH4 did not lead to desired alcohol 123, but unexpectedly generated enol
ether 124 in 58% yield (Scheme 53). The structure and chemical reactivity of enol ether 124

is further discussed in section 2.3.4.
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Scheme 53 - Attempted reduction of ketone 122 to alcohol 123 using NaBH4 led to enol ether 124

The formation of enol ether 124 was unexpected. To ensure the result was not a result of an
impurity, the reaction was repeated with a different batch of epoxide 122 and the same
product was observed. We postulate that the sodium ions in solution function as a weak Lewis
acid and co-ordinate to the epoxide. The epoxide can then transiently ring open, creating a 3°
carbocation, which is susceptible to nucleophilic attack via an Sx1 mechanism. Intramolecular
attack of the carbonyl into the carbocation forms a transient oxocarbenium, which rapidly loses
a proton to form enol ether 124 (Scheme 54). The reaction mechanism requires an
intramolecular attack over the ring face, which will incur transannular strain, but leads to the

release of ring strain in the epoxide, which is an overall reduction in energy.

o] 0 0 O—= —
~A . L _#HT O T Y TN G
TsN ) TsN 3 TsN e AH T
O N OH
A NaO OH
Na Ts 124

Scheme 54 — Proposed reaction mechanism to form enol ether 124

Both 6- and 7-exo fet cyclisations are possible according to Baldwin’s rules, but the formation
of a 6-membered ring is only observed. The distance between the carbonyl and each of the
electrophilic centres in the epoxide is similar (3.2 A for the quaternary centre and 3.4 A for the
tertiary centre). A tertiary carbocation is much more stable than a secondary carbocation, so
there will be a much greater population of the former in solution that the latter. Formation of
a 6-membered ring also incurs a smaller entropy loss than the formation of a 7-membered

ring.'°! Taken together, these could rationalise why only the 6-membered ring is observed.

Alcohol 123 could not be generated by reduction of the carbonyl in epoxide 122, so the order
of chemical transformations was reversed, generating first alcohol 119 by reduction with LiBH4
and then epoxidation with mCPBA to generate epoxide 123 in a 64% vyield over two steps
(Scheme 55).
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Scheme 55 — Synthesis of epoxy alcohol 123

Epoxide 123 is formed as a single diastereomer. The diastereoselectivity can be attributed to
a phenomenon known as “macrocyclic stereocontrol,” which was first proposed by Clark Still. %2
One face of the alkene in alcohol 119 is blocked by the surrounding macrocycle, inhibiting

epoxidation on that face (Scheme 55).%

On one occasion, the reaction of alcohol 119 was left for 120 h (typical reaction length ~5 h).
Instead of the expected epoxide 123, ether 125 was isolated in 45% vyield and ketone 126
in 20% vyield (Scheme 56).

OH Hi 0
mCPBA
————— TN O +
TSN CH,Cly, rit. TN
OH

120 h OH
119 125 126
45% 20%

Scheme 56 — Serendipitous synthesis of ether 125 and ketone 126 from alcohol 119 through epoxide 123

We postulate epoxide 123 formed along with the by-product of the epoxidation reaction meta-
chlorobenzoic acid. The acid causes a cascade of subsequent reactions to form the identified
scaffolds. Ether 125 can be formed from the Brgnsted acid-mediated activation of epoxide
123 and subsequent regioselective ring-opening (Scheme 57). The structure of ketone 126
was confirmed via a HMBC interaction between the methyl protons and the carbinol carbon
(the reverse signal is also observed), which confirmed the location of the alcohol on the
adjoining carbon to the methyl group. To form a scaffold with the observed relationship
between the functional groups, a 1,5-hydride shift within ether 126 could have occurred.

Similar reactions have been observed with other six-membered cyclic ethers, 193194

Xi Tachnically, alcohol 119 and the related scaffolds are not macrocycles, but medium-sized rings. The
principle can still be applied in their case.
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Scheme 57 — Proposed reaction mechanism for the formation of ether 125 and ketone 126

Overall, several new scaffolds were obtained by chemical transformation of the double bond.
Large transannular strain unfortunately caused a lack of reactivity in the alkene, mirroring the
reactivity seen with the carbonyl. Some success was achieved with formation of epoxides,
which showed a disposition towards intramolecular reactions, with formation of both enol ether
124 and ether 125 observed. These successes were built upon to further expand the library

of scaffolds.
2.3.4 Intramolecular Reactions

After some success with transformation of the double bond, we concentrated on building on
the intramolecular reactions that had previously been successful. Hamilton and Nicewicz
demonstrated that cyclic ethers can be generated via an anti-Markovnikov photocatalysed
hydroetherification (Scheme 58).1°> Importantly, it was shown that seven-membered rings

could be generated, albeit in lower yield.
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Scheme 58 — Hamilton’s and Nicewicz's anti-Markovnikov photocatalysed hydroetherification.

Building on their work, it was hoped that these hydroetherification conditions could be applied
to alcohol 119 to generate the bridged ether scaffold 127. Supplementary work by the group
had shown that the use of thiophenol as the H atom transfer reagent could lead to reduced

reaction times and increased yields.'*® Taking this into account two reactions were run in
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parallel, with the H atom transfer reagent varied between the two (Scheme 59). Unfortunately,
no reaction was seen after a week of irradiation. The pathlength of the light was reduced
steadily throughout the week as no reaction was seen by TLC analysis, but this had no effect
on the outcome. This was not investigated further.

Mes
O
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N
I co,
OH
PhCH(CN)5 or PhSH d
TsN
N~ 450 nm LEDs
DCE
119 127

Scheme 59 — Attempted hydroetherification of alcohol 119

It has been shown that intramolecular nucleophilic attack can be utilised to create fused ring
systems within a medium sized ring. In Maier’s synthesis of (—)-9-deoxy-englerin A, epoxide
128 was treated with LDA to give a mixture of ketones 129 and 130 via non-regioselective
lithium enolate formation and subsequent Sy2 ring-opening of the epoxide via attack on the
less-substituted carbon (Scheme 60).153

o) Q 0

LDA
—_— +
THF, r.t.
0 80% o' OH
128 129 130
1 : 0.7

Scheme 60 — Formation of 5,7-fused ring systems from epoxide 128 in the synthesis of (—)-9-deoxy-englerin A

Application of these conditions to epoxide 122 led exclusively to decomposition; no products
were identified. A further attempt using NaH as the base rather than LDA also proved
unsuccessful. The failure of these reactions was postulated to be linked to the presence of the
sulfonamide within the ring, which can act as a leaving group, leading to fragmentation and
decomposition (Scheme 61).
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Scheme 61 - Proposed decomposition pathway of epoxide 122 under treatment with base

Since basic methods were causing decomposition, intramolecular reactions catalysed by acid
were investigated as an alternative. Some success had already been seen with the formation
of ether 125 (Section 2.3.3), but further optimisation and additional scaffolds were sought.
Panten et al. had previously shown that ketal 132 could be formed from either a Lewis- or

Brgnsted acid-catalysed transformation of epoxide 131 (Scheme 62).1°

(0]
InCl5 or TsOH
{ toluene Ty
8 8
0O 70%
131 132

Scheme 62 — Synthesis of ketal 132 using either a Lewis or Brgnsted acid

Panten et a/. showed that the size of the ring could be varied dramatically as long as the chain
length between the carbonyl and the epoxide was only two or three carbon atoms on the
shortest side. Within epoxide 122 the chain length between the carbonyl and the epoxide is
only three carbon atoms, so it should be a suitable substrate for this type of reaction. However,
when epoxide 122 was subjected to BF3eEt;O in toluene, the desired ketal 133 was not

generated (Scheme 63). Instead, diketone 134 was preferentially formed in moderate yield.

(0] (0]
BF30Et20 o)
» TsN +
TN toluene,r.t. TN
(@) (0]

122 133 134
0% 55%

Scheme 63 - Serendipitous synthesis of diketone 134 from epoxide 122 using BF3eEt,0

Diketone 134 is formed via an overall 1,2-hydride shift catalysed by BFs;eOEt,, otherwise
known as the Meinwald rearrangement (Scheme 64).1%1%° The formation of a diketone was

not described in the original paper. The explanation for this discrepancy could be due to
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Panten’s use of a disubstituted epoxide, which undergoes a Meinwald rearrangement less
readily than the tri-substituted epoxide in our substrate. The formation of ketal 134 therefore

dominates, leading to the observed results.

0 0 0 o
A, _ewore N TN
TsN TsN 5 TsN o A
HO HQ* /~ H o
BF3 F3B
122 134

Scheme 64 — Proposed mechanism for the formation of diketone 134

Interestingly, diketone 134 crystallises as a BCB structure rather than the CCC structures
shared by the other 10-membered rings within the scaffold library (Figure 42). This
conformation is the same as the lowest energy conformation for cyclodecane and
cyclodecanone (see Section 2.2.6).2% In this solid-state structure, the two ketones orient in

opposite directions, which presumably minimises the overall dipole of the molecule.

Figure 42 — Left: X-ray crystal structure of diketone 134; representation generated in Chem3D 17.1. Right: 3D
representation of diketone 134

It was thought that reductive amination may have a higher chance of success on this substrate
as the transannular interactions would be reduced relative to those seen in keto-alkene 96.
Since there were two ketones within the molecule, it was hypothesised that a double reductive
amination cascade might lead directly to bridged azacycle 135. Unfortunately, attempted
reductive amination in both CH,Cl, and DCE led to extensive decomposition (Scheme 65). No

further work was carried out.
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STAB, AcOH

TsN CH,Cl; or DCE, r.t. N

®) TsN

134 135

Scheme 65 — Attempted synthesis of azacycle 135

To probe this reaction in more detail, diketone 134 was subjected to standard reduction
conditions with NaBH4 (Scheme 66). Unexpectedly, diol 136 was not obtained, instead a 1:1

mixture of diastereoisomeric diols 137 and 138 was obtained.

OH OH
0 OH H H
NaBH, . - :
+ Ts + TsN
TsN THF, r.t. TsN < s
0 OH HO = HO =

43%

134 136 137 138
0 : 1 : 1

Scheme 66 — Attempted reduction of diketone 134 with NaBHs led to diols 137 and 138.
Formation of diols 137 and 138 could be explained by the regioselective formation of enols
139 and 141, followed by an intramolecular aldol condensation to give ketones 140 and 142
(Scheme 67). Subsequent stereoselective reduction of the resulting ketone gives the isolated

diols 137 and 138. The two diastereomers differ in the configuration of the alcohol at C-3a

(Scheme 66), which is dictated by the reactive conformation of the macrocyclic scaffold.

OH
' Ho HO + ? NaBH 5
/. ) +H a >
Tsl\% — TSN% TSN\:% e, TsN
6] [Ne) OH HO

139 140 137
I1 OH
TsN O/OH @+ " i 5
\I@ TsN \\_4@ +H TsN\OHf NaBHq4 T
HO
141 142 138

Scheme 67 — Conformational dependency of the outcome of treatment of diketone 134 with NaBH4. The methyl
group is excluded in some diagrams for clarity
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If conformer populations were dictating the ratio of products seen in the synthesis of diols
137 and 138, then it can be reasoned that temperature might have an effect on the ratio of
the products obtained. Alternatively, if the reaction does go via a reversible intramolecular
aldol pathway and the reduction of ketones 140 or 142 is the rate determining step, then a
change in product ratio may indicate the thermodynamic product was being formed at elevated

temperatures.

Therefore, diketone 134 was treated with NaBH4 at 0 °C and 35 °C to see how the ratio varied
with temperature (Table 4). At 0 °C, a 5:1 ratio in favour of diol 137 was observed. At 35 °C
the opposite result was observed, with a 5:1 product ratio in favour of diol 138. The
diastereomers were inseparable by standard techniques, so an alternative route to compounds

of this type was sought.

Table 4 — Exploration of how temperature affects the ratio of diols 137 and 138

o H OH b o
NaBH, - :
TSN(::;) THF, X °C TSN/\:—O ' TSNﬁ
o HO = HO :
134 137 138
. Ratio
o 0
Entry Temp (°C) Yield (%) 137:138!
1| 0 50 5:1
2 | 35 98 1:5

[a] The ratio of 137:138 was determined by integration of the respective methyl resonances in the *H-NMR spectrum of the

crude material.

Postulating the 5,7-fused ring systems were synthesised from the corresponding enol, via an
intramolecular aldol reaction, the reaction of diketone 134 in the presence of just an acid or
base was studied. Treatment of diketone 134 with TsOHeH,O in THF led to a complex mixture
of products that could not be identified. Utilisation of LiBF4 as a Lewis acid led to recovery of
starting material, even after 48 h. The use of basic conditions was more successful; treatment
of diketone 134 with NaH led to the formation of ketone 143 in 34% vyield as a single

diastereoisomer (Scheme 68).
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Scheme 68 — Synthesis of ketone 143 from diketone 134 using NaH

The formation of a single regioisomer, ketone 143, is noteworthy as four possible enolates
could be formed; however, analysis of the crystal structure, only two hydrogens are orthogonal
to a carbonyl, and therefore have the best orbital overlap to form the enolate. If the substrate
adopts a similar conformation in solution, it can be postulated that only two enolates are viable
on stereoelectronic grounds, of which only one is propagative. The observed
diastereoselectivity follows from a pathway I (Scheme 67) type transition state. The lack of
any pathway II reaction product may be due to the change from enol to enolate; previously,
with an enol functionaity an intramolecular hydrogen bond could potentially form in pathway
II, whereas use of sodium hydride forms an enolate may make the relative energy of a
pathway II transition state higher.

The reactivity of ketone 143 was briefly explored to ascertain whether it was worthwhile
pursuing this family of scaffolds further. Firstly, ketone 143 was treated with TsOHeH,0 in
THF to generate the corresponding enone via dehydration, but nothing identifiable was
recovered. Finally, a reductive amination was attempted; however, reaction of methylamine

and STAB in a one-pot reductive amination led to no product.

0]

TSOH'HQO
HE TsN
o} s
7/
HN
H

H
TsN —

HO :

MeNH,, STAB

143
MeOH TsN

HO 3

Scheme 69 — Unsuccessful attempted transformations of ketone 143 to an enone or amine
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Enol ether and related compounds

The successful synthesis of diketone 134 proved to be condition dependent. On one occasion,

a second product was identified as enol ether 124 (Scheme 70).

(@] — (@]
BF3¢Et;0 TsN O
+
TsN toluene, r.t. TsN
(0] OH (@]

122 124 134
55% 31%

Scheme 70 — Synthesis of enol ether 124 and diketone 134 under the same reaction conditions

The proposed reaction mechanism for the formation of enol ether 124 can be seen in Scheme
71. BF3, acting as a Lewis acid, co-ordinates to the epoxide oxygen. The epoxide can then
transiently ring open, creating a 3° carbocation, which is susceptible to nucleophilic attack in
an Sn1 mechanism. Intramolecular attack of the carbonyl into the carbocation forms a transient
oxocarbenium 144, which rapidly loses a proton to form enol ether 124. The regioselectivity

of this reaction follows the same principles as previously discussed.

o} 0 0 s ¢
BFE6,0 /;/l;lﬂ Nﬁﬁ > =
TN — TsN q? = TsN 3 i = /,J r)
- N\
o) BF3 BF, N O—BF; N OH

122 144 124

Scheme 71 - Proposed reaction mechanism for the formation of enol ether 124

To probe the formation of enol ether, a range of different reaction conditions were trialled
(Table 5).
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Table 5 — Exploration of conditions to selectively generate enol ether 124 or diketone 1342

(0] — O
Acid (5 mol%) TsN O
+
TsN Solvent, r.t. TsN
O OH O

122 124 134
Entry Solvent Catalyst 12R:Ef3cfm
1 toluene BFseEtL,0 0.6:0.4
2 toluene In(NTf,)s Degraded

3 toluene InCl; 1:0

4 toluene SnCl, Degraded
5 toluene SnCl4 0.6:0.4
6 toluene TMSOTf Degraded
7 toluene TsOHeH,0 1:0

8 toluene HC.I (4 M in Degraded

dioxane)

9 CHCl5 BFseEt,O 0:1

10 CH2C|2 BF3°Et20 0:1

11 THF BF3¢Et,0 1:0(c
12 MeCN[ BF;*Et,0 0:1

13 toluenel! BFseEt,O 0:1

14 toluenel®! BF3eEt,0 0.45:0.55
15 toluenelf TsOHeH,0 1:00d!
16[h] CHC|3 BF3’Etzo N/A
1701 toluene TsOHeH,0 N/A

[a] Unless otherwise noted, the reaction conditions were epoxide 122 (0.05 mmol), acid (5 mol%), solvent (2 mL) at r.t. for 17
h. Unless stated, the solvent was obtained from a Solvent Purification System (SPS). [b] Ratio determined by integration of the
methyl resonances in the *H-NMR spectrum of the crude reaction material. [c] Reaction took 72 h [d] Dried over activated 3 A
molecular sieves for 72 h prior to use. [e] As in entry 13, but two drops of deionised water added. [f] Activated 3 & molecular
sieves added to the reaction. [g] 6% conversion seen after 72 h. [h] Conducted on a 0.61 mmol scale, 62% vyield. [i] Conducted

on a 0.85 mmol scale, 84% yield.

Initial exploration of the reaction conditions focused on different acid catalysts. The most
useful results came with the use of InCl; and TsOHeH,0, which both generated enol ether 124
exclusively (entries 3 and 7, Table 5). Interestingly, these were the same catalysts used in the
original paper that reported the synthesis of ketal 132 (Scheme 62). Since the enol ether and
ketal scaffold would have similar *H-NMR spectra, a re-evaluation of whether Panten et ai.

actually synthesised ketal 132 needs to be considered.
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With little success in chemoselectively forming diketone 134, a solvent screen with BFs;eEt;O
as the catalyst was instituted instead (entries 9 — 12, Table 5). Chloroform, dichloromethane
and acetonitrile all provided diketone 134 exclusively, while THF led to the formation of enol

ether 124 exclusively, albeit at a reduced rate.

Halogenated solvents are less miscible with water than toluene, so have lower natural water
content.?’! Suspecting that water may have caused an issue with the initial toluene reaction
(entry 1, Table 5), a batch of toluene was dried over activated 3 A molecular sieves for 72 h
to reduce the water content below 10 ppm. Use of this solvent gave exclusively diketone 134,
while deliberately adding water to the reaction gave a mixture of products (entries 13 and 14,
Table 5). To confirm the importance of water for the formation of enol ether 124, the reaction
was performed with TsOHeH,0 and activated 3 A molecular sieves within the reaction mixture
(entry 15, Table 5). The drying effect of the sieves severely retarded the rate of reaction, with
only 6% conversion to the enol ether seen after 72 h as determined by analysis of the *H-NMR

spectrum of the material before purification.

A number of observations can be made from this optimisation study. First, from entry 15 it
can be seen that TsOH is not a sufficiently strong an acid to catalyse the Meinwald
rearrangement (Scheme 64). Lewis acids are typically used to effect this transformation, hence
the exclusive formation of enol ether 124 even after removal of H,0.1%°2%2 From entries 13
and 14, it is evident that minimising the water content in the reaction mixture is important for
the efficient formation of diketone 134. A further finding is the rate of formation of enol ether
124 is much greater than rate of formation of diketone 134. It also suggests H.O may play
a role in the reaction mechanism to form enol ether 124, possibly acting as the base (Scheme

71). The optimised conditions also proved amenable to scale up (entries 16 and 17, Table 5).

Enol ether 124 is a bridged bicyclic [5,3,1] system, which is a rare scaffold and completely
novel with the level of functionality embedded within the scaffold.?32%* Therefore,
diversification and transformation of the initial enol ether should give a unique library of

scaffolds.

Diversification of enol ether 124 began with epoxidation of the enol ether, using standard

electrophilic epoxidation conditions (Scheme 72).
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Tsl\@ MCPBA \©/1LO OH

CHzclz, r.t. TsN O
OH
39%
HO
124 145

Scheme 72 - Synthesis of acetal 145 from enol ether 124 using mCPBA

Acetal 145 was isolated in poor yield. Epoxidation of enol ether 124 presumably leads to an
unstable acetal 146. This intermediate is in equilibrium with oxocarbenium 147, which is
susceptible towards nucleophilic trapping. In the absence of another nucleophile, the
carboxylate by-product from the epoxidation, a relatively poor nucleophile, reacts to form the
isolated acetal 145 (Scheme 73). The relative stereochemistry can be rationalised by
consideration of oxocarbenium 147 and substrate control; one face is completely blocked by

the surrounding ring, so nucleophilic attack can only take place on one face of the ring. X

o) 0" oH |*
o)
=\ mCPBA =
TsN O —— .| TsN Q —— TsN +o/ = 5
-
/
OH OH OH ¥ OH
S
124 146 147

o]

Cl
\©/U\O_
Cl ?

TsN O

145

Scheme 73 — Proposed reaction mechanism for the formation of acetal 145

To test this mechanistic hypothesis, the reaction was performed with methanol as the co-
solvent. Methanol is more nucleophilic than n+chlorobenzoate and if present in large excess,
the methyl acetal was expected as the major product. Subjection of enol ether 124 to these

reaction conditions gave methyl acetal 148 in an 88% yield as predicted (Scheme 74).

Xl This selectivity is observed consistently for all scaffolds within this family.
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— O OH
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TsN O
CH,Cl>:MeOH (1:1), r.t.

OH
88% OH
124 148

Scheme 74 - Synthesis of methyl acetal 148

With the successful synthesis of acetal 148, other nucleophiles were included in the reaction
mixture. Acetonitrile, allyltrimethylsilane, triethylsilane and resorcinol were all attempted as
alternative nucleophiles, but either led to the previously observed acetal 145 or degradation
of the reactants. With these disappointing results, it was decided to move away from /mCPBA

and investigate other forms of double-bond activation.

Alkenes can also be activated by the formation of halonium species. Initially this was attempted
with a reaction between Aiodosuccinimide (NIS) and enol ether 124 in CH,Cl,, to see whether
the succinimide would act as a nucleophile. No identifiable products were isolated. Therefore,
the reaction solvent was changed to a mixture of CH,Cl, and MeOH. Reaction under these
conditions led to the desired iodinated acetal 149 in 62% yield (Scheme 75).

N
_ O |
TsN O NIS
TsN O
CH,Cl;:MeOH (1:1), r.t.

OH 2Cl, (1:1)
62% OH
124 149

Scheme 75 — Synthesis of acetal 149 from enol ether 124

De Castro and Marzabadi have demonstrated the reaction of a glycal with NIS and benzamide
to generate an oxazoline ring;?%> however, applying these conditions to enol ether 124, led

to degradation of the starting material with no identifiable products (Scheme 76).
0
o™ x
TsN/\|O7;> NIS N"T0
—_—
MeCN, 45 °C TSN@

OH

OH
124 150

Scheme 76 — Attempted synthesis of oxazoline 150
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An alternative to epoxidation of the double bond is the formation of a cyclopropane functional
group. Both copper- and rhodium-catalysed methods were attempted in conjunction with ethyl
diazoacetate; however, both reactions resulted in a complicated mixture of products (Scheme
77).

o CO,Et

N2\)J\OEt

- 2
TsN O Rh(OAC), TsN G
CH,Cl

OH OH
124 152

Scheme 77 — Attempted cyclopropane formation from enol ether 124 using a rhodium catalysed method

A metal-free route to generate a bis-chlorocyclopropane via a carbene intermediate was also
attempted but degradation of the starting material was observed under the reaction conditions
(Scheme 78).

Cl_Cl
TsN O o BnEt3NCI, NaOH
TsN O
CHCl3: CH,Cl,: H,0 (5:1:1)
o 31 CHyClp: Hy0 (
OH
124 153

Scheme 78 - Attempted dichlorocyclopropane formation from enol ether 124 using a basic method

Heck couplings were briefly explored between enol ether 124 and iodobenzene to generate
enol ether 153, but only starting material were recovered (Scheme 79). The failure of enol
ether 121 to react may be due to the steric bulk surrounding the alkene, which will inhibit the

ability of palladium to co-ordinate to the alkene.?%

PhI, Pd(OAc); (5 mol%), Ph
_ PPh3 (20 mol%), NEt; —
TsN O TsN O
MeCN, r.t.
OH OH
124 153

Scheme 79 — Attempted Heck coupling to synthesise enol ether 153

Since the formation of enol ether 124 was predicted to proceed via an oxocarbenium
intermediate, the formation of enol ether 124 was run in a 1:1 solvent mixture of CH,Cl, and

MeOH to ascertain whether the transient oxocarbenium species could be trapped with
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methanol to form methyl acetal 154 directly. The reaction proceeded in excellent yield, giving
acetal 154 in 95% yield (Scheme 80).

AN

0 0
TsOHeH,0 (5 mol%)
TSCCI);) CH,Cly:MeOH (1:1), R.T. TSNC:}O)\D
95% OH
122 154

Scheme 80 — Synthesis of acetal 154 under acidic conditions

With the formation of acetal 154, the library now has access to two closely related scaffolds,
namely acetals 148 and 154, where the only difference is a selective oxidation at C-8. This
can be useful for the exploration of functional group diversity or, looking to the future, if the
SAR needs to be established, the total polar surface area can be varied by selective deletion

or insertion of a hydroxyl group.

Two further reactions were carried out to test the reactivity of acetal 154. First, treatment of
acetal 154 with TsOHeH0 in the absence of MeOH, selectively generated enol ether 124 in
92% yield. Second, acetal 154 was treated with TsOHeH,O in the presence of d-MeOD to
generate acetal 155 (Scheme 81).

N DQC\
0 0
— TsOHeH,0 (5 mol%) TsOHeH,0 (5 mol%)
TsN O TsN O .
CHaCl, 1t dy-MeOD, rt. TSN @
OH 92% OH 95% A
124 154 155

Scheme 81 — Experiments probing the reactivity of acetal 154

These two experiments show the expected reactivity of the acetal under mildly acidic
conditions. Exploitation of this property coupled with the introduction of various masked

nucleophiles, was utilised to generate a small library of new scaffolds.

Resorcinol was the first utilised nucleophile, as it would introduce an aromatic ring into the
scaffold, while also providing further handles for diversification, if desired. Subjection of acetal
154 to resorcinol and TsOHeH,0 in CHCl, gave alcohol 156 in 74% yield and as a single
regioisomer (Scheme 82). The structure of alcohol 156 was confirmed by X-ray crystallography
(Figure 43).
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Scheme 82 — Synthesis of alcohol 156 from acetal 154 under acidic conditions

Figure 43 — X-ray crystal structure of alcohol 156

The regioselectivity of the addition can be explained by a steric argument. Attack through the
4-position of resorcinol leads to fewer steric interactions than attack through the alternative
2-position.

Successful synthesis of alcohol 156 led to the use of two more masked nucleophiles;
allyltrimethylsilane and triethylsilane. Reaction with triethylsilane proceeded smoothly, giving
ether 125 in 65% yield (Scheme 83). Interestingly, ether 125 is the same scaffold that was
synthesised from epoxide 122 (Scheme 56, Section 2.3.3); synthesis starting from acetal
cleanly gives ether 125, while starting from epoxide 122 gives a mixture of compounds. This

result demonstrates the relationship that exists between the scaffolds in this library.
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Scheme 83 — Synthesis of ether 125 from acetal 154 under acidic conditions

Use of allyltrimethylsilane under Brgnsted-acid activation only generated enol ether 124;
however, the use of BF3eEt;0 as a Lewis acid catalyst afforded homoallylic ether 157 in 66%
yield (Scheme 84), with no enol ether 124 observed within the 'H-NMR spectrum of the crude
material. Looking forward, the allyl group provides an excellent handle to further develop this

library of scaffolds.

O/ /\/SiMeg )
g BF3'Et20 O
L o CHyCly, 0 °C I
Ts 66% N OH
Ts
154 157

Scheme 84 — Synthesis of alcohol 157 from acetal 154 under Lewis acidic conditions
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2.4 Summary and conclusions

A route to keto-alkene 96 was designed and successfully used to access the target compound
in 34% overall yield over seven steps (Scheme 85).

i) 4 A molecular sieves,

OH /\)\ CH,Cly, r.t. OH TsCl, NEt Clt/\ /\)\
T o7 /\)\ &
I\/\ N Hz o) I\/\ N/ ¥s

CHyCl, R.T.

if) NaBHg, MeOH, r.t.
7 78
3 76 95% 67% 75
(CoCl),
DMSO, NEt;
CH,Cl,, -78 °C
e} (COCl),, DMSO, DIPEA, OH | OH
CHzclz, -78 °C \\\\‘\ SnC 4, CH2C|Z JCJ)\/\ /\)\
+ =
95% over 3 steps r.t H N
N ps N N L Ts
Ts Ts Ts
81 82 83 79
2 MgBr 7 : 3
CeCl3
THF, -78 °C
77%
99:1 d.r.
7 on Q
é)‘\ PdCl(PhCN); (5 mol%)
N benzene, r.t. TsN XX
Ts 77%
85 96

Scheme 85 — Optimised route to access keto-alkene 96 in multi-gram scale in 34% overall yield over seven
steps.

Keto-alkene 96 was then utilised as the parent scaffold to prepare a library of other scaffolds.
Use of either an ene or a Prins reaction allowed for the direct transformation of keto-alkene
96 into decalols 107 and 121.

Nucleophilic addition into the ketone proved challenging, with reduction to alcohol 119 the
only transformation that could be achieved. Functionalisation of the double bond was more
successful, with the generation of epoxide 122 opening the door to a wide variety of
intramolecular chemistry.

Meinwald rearrangement of epoxide 122 gave diketone 134. Diketone 134 was then utilised
further to synthesise a series of 5,7-fused rings, which while interesting, were isolated as a
mixture of diastereomers.
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Under optimised acidic conditions, intramolecular attack of the ketone to ring-open epoxide
122 gave enol ether 124, a unique [5,3,1] bridged bicyclic scaffold, which was transformed

into a further eight different scaffolds, with potential for further transformations.

Overall, keto-alkene 96 was transformed into a further eighteen different scaffolds (fourteen
different Murcko scaffolds). The longest linear sequence to a single scaffold is three steps,

showing the versatility of keto-alkene 96 as a starting point for DOS.

The nineteen scaffolds can be broadly grouped into four categories: ten-membered rings,

decalols, 7,5-fused rings and [5,3,1]-bridged bicyclic systems (Figure 44).

Decalols 10-membered rings

OH OH OH fo)

TsN L Ts@ TSNK\:I%) TsN
A 0 OH
(e} (e}
OH
TsN TsN
TsN. _A N 0] 0]

H: 0—
(\U/\ [5,3,1]-bridged I)icyclic rings
TSN \/\ TsN O TsN Q
TsN O
7,5-fused rings
HO
HO HO -
H H,
TsN TsN TsN G
: TsN
HO HO :

=§\ TsN O
H
TSN@ $ TSN@
HO 3

Figure 44 — Broad groupings of synthesised scaffolds.
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Chapter Three: Synthesis of a Screening

Library



3.1 Introduction

In Chapter 2 a library of eighteen different scaffolds was synthesised in one to three steps
starting from keto-alkene 96. Covering four different groups of ring systems, the library has
broad scaffold diversity, but this is only one type of diversity with DOS. To fully realise a library
of compounds that is suitable for use in high-throughput screening, the other types of diversity

must also be taken into account.

In addition to the scaffolds that have been synthesised, some of the rings within the library
exhibit conformational flexibility which allows for multiple conformations to be adopted by one
scaffold (see Section 2.2.6). Once such a compound is screened, it can be thought of as

multiple scaffolds being screened by one compound.

An element of stereochemical diversity has also already been incorporated within the library;
all of the scaffolds have been synthesised in a racemic fashion, so although one diastereomer

is submitted to the library, two enantiomers will be screened at the same time.

Building block and functional group diversity were not considered in the scaffold library
described in Chapter 2. The scaffold transformations introduced a degree of functional group
diversity within the library, such as the introduction of ethers in scaffolds 125, 156 and 157,
but overall, the functionality was broadly similar across the synthesised library. The presence
of the same (tosyl) sulfonamide group in every scaffold also limits the overall diversity of the

library.

Therefore, to increase the diversity of the library and successfully turn it into a more attractive
library for screening, the tosyl group either had to be removed to allow derivatisation of the
resulting amine (Route I, Scheme 86), or replaced with an alternative amine protecting group

that would enable more facile deprotection (Route II, Scheme 86).
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Tosyl deprotection Derivatisation
TsN N HN N R,N N

96 69 158
Route II 0 0 0
?i/\ /\)\ Deprotection Derivatisation
= - - .-
y PN SN HN N R N SN
72 159 69 158

Scheme 86 — Proposed routes to enable derivatisation of the amine embedded in macrocycle 69. P= undefined
protecting group

3.2 Synthesis of Amine 69
3.2.1 Attempted tosyl removal

Initial focus for the synthesis of amine 69 was placed on deprotection of sulfonamide 96.
Although the tosyl group was primarily chosen for its stability whilst developing the synthetic
route, the possibility of generating amine 69 from sulfonamide 96 in one step from known

chemistry was nevertheless still attractive.

Various methods for deprotecting a tosylsulfonamide are known, mainly involving single-
electron reduction processes. '3 Commonly used methods include dissolving metal reductions,
samarium diiodide and sonication of magnesium in methanol.2”2% In each case, a single
electron is donated into the aromatic system of the tosylsulfonamide, generating a radical
anion that can be depicted as a tertiary radical and a stabilised carbanion 160 (Scheme 87).
The carbanion is rapidly quenched to afford radical 161, which accepts a second electron to
form carbanion 162, which can re-aromatise, generating toluene, SO, and the desired free

amine.
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Scheme 87 — Mechanism of tosyl removal from a sulfonamide via a single-electron reduction process.

The progenitor scaffold, keto-alkene 96, was chosen as the scaffold on which to optimise the
tosyl group removal as generating amine 69 at this stage would afford greater flexibility in

scaffold choice for the final library. A range of deprotection methods were trialled (Table 6).

Table 6 — Attempted removal of the tosyl groupt@

o} 0
Conditions
26 69
Entry Conditions Comment
1 96, Mg (1.0 eq.), MeOH, 5:1 mixture of 96:
sonication, 4 ht°! unidentified compound(
> 96, Mg (1.2 eq.), MeOH:THF (1:1), 1:1 mixture of 96:
sonication, 6 ht’! unidentified compound(!
96, Na/Hg amalgam (20% Na), .
3 Na;HPO4, MeOH, 48 h MOl Tetleln
4 96, Na, naphthalene, THF, 2 h Degradation
96, SmI, (6 eq.), H20 (18 eq.), .
> pyrrolidine (18 eq.), THF, 20 min PEIRORIEN
96, SmI; (4 eq.), H:0 (12 eq.), .
6 pyrrolidine (12 eq.), THF, 20 min Degradation
96, SmI, (2.2 eq.), H0 (6.6 eq.), .
7 pyrrolidine (6.6 eq.), THF, 20 min B

[a] All solvents were degassed prior to use. [b] Reaction began at r.t. but sonication warmed the water bath slowly to 43 °C. [c]

By integration of the alkenyl peaks in the *H NMR spectrum of the crude material.

The first conditions tested were adapted from a method reported by Nyasse et al. (entry 1,
Table 6).208 After 4 h, the reaction mixture contained majority starting material with ~17%

conversion to a new product. It was postulated that the poor solubility of keto-alkene 96 in
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MeOH contributed to the lack of reaction, so the reaction was repeated with THF as a co-
solvent (entry 2, Table 6). Pleasingly, the reaction proceeded with greater conversion of
starting material, to provide a 1:1 mixture of 96 and the unknown product after 6 h. To
ascertain whether the new product was the desired amine 69, the unpurified material was
subjected to Boc protection conditions (Boc;O, NEts, CH.Cl;). Only keto-alkene 96 was
isolated, so it was inferred that the new product was not desired amine 69. Comparison of the
'H NMR spectrum of the new product with the *H NMR spectrum of alcohol 119 (see page 73)

formed by ketone reduction confirmed that the observed product was not alcohol 119.

Conditions using Na as the electron source, rather than Mg, were tried, but led to either no
reaction or degradation of the starting material (entries 3 and 4, Table 6).2%° Samarium(II)
iodide is a widely used reducing agent, which has previously been used to deprotect
tosylamides in conjunction with H,O and pyrrolidine in work by Ankner and Hilmersson.2?” An
initial attempt (entry 5, Table 6) led to degradation of keto-alkene 96 within 20 min, which
was postulated to be caused by the large excess of SmI, causing degradation of the other
electron acceptor functional groups (ketone, alkene) present in the molecule. To improve
selectivity, the number of equivalents of SmI, was reduced (entries 6 and 7, Table 6); however,
no change to the outcome was observed. From these results, it was concluded that selective
reduction of the tosylsulfonamide would be hard to effect in a high yield, if at all, so efforts

were diverted to the more promising use of a different protecting group.
3.2.2 Alternative protecting groups

Since the tosyl group could not be removed from sulfonamide 96, an alternative option was
to introduce a different protecting group directly after synthesising amino alcohol 78. Analysis
of the subsequent chemistry leading to the target keto-alkene suggested the chosen protecting
group would need to be stable to both acidic and basic conditions. The initial focus was placed
on the 4-nitrobenzenesulfonyl (nosyl) protecting group. Nosyl protecting groups are
traditionally removed by thiolates or other soft nucleophiles in an SyAr-type reaction
mechanism,?1° so the risk of premature deprotection throughout the synthetic sequence was

deemed low.

Chemoselective MA-nosylation of amino alcohol 78 was achieved by subjecting amino alcohol
78 to 4-nitrobenzenesulfonyl chloride (NsCl) in dichloromethane, which afforded the desired
sulfonamide 163 in 71% yield (Scheme 88). Sulfonamide 163 was then subjected to the
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stepwise oxidation-cyclisation-oxidation procedure previously described in Section 2.2.3. The
sequence proceeded smoothly with desired piperidinone 166 isolated in 81% yield over the
three steps. Overall, synthesis of piperidinone 166 was achieved in 58% yield, compared to
the 64% vyield achieved with piperidinone 166. Since the yields were comparable no further

optimisation was carried out.

i) (COC5),, DMSO,

OH /\)\ NsCl, NEt; OH /\)\ CH,Cly, -78 °C (6] /\)\
vN = - " vN = HJ\/\N =

H CHyCly, r.t. Ns ii) NEt3 Ns
78 71% 163 164

SnCl4 (10 mol%)
CH2C|2, r.t.
7:3dr

o} OH
i) (COCl),, DMSO,

CH,Cly, ~78 °C

N ii) DIPEA N

Ns 81% over 3 steps Ns
166 165

Scheme 88 — Synthesis of piperidinone 166

With piperidinone 166 in hand, vinyl Grignard addition into the ketone was attempted.
Unfortunately, application of the organocerium conditions described in Section 2.2.4 led to
cleavage of the nosyl group and significant by-product formation (Scheme 89). The desired
alcohol 167 was only isolated in 12% vyield, although the d.r. of this product remained 99:1.
No other products were positively identified.

0 2 MgBr /o
E”j)J\ CeClx 7
THF, =78 °C

Ns 12% Ne
166 99:1d.r. 167

Scheme 89 — Synthesis of alcohol 167 via Grignard addition into piperidinone 166

Resonances in the H NMR spectrum of other isolated fractions suggested the side-products
were aromatic in nature. One of the side-products was tentatively identified as 4-nitrostyrene,
as resonances in the 'H NMR spectrum of the reaction material before purification matched
those reported in the literature.?!!

Cleavage of the nosyl group via nucleophilic attack on the aromatic ring (SnAr) is a possible

pathway that would rationalise the observed results (Scheme 90) although organocerium
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reagents are hard nucleophiles on the basis of HSAB theory, and nosyl groups are typically

removed by soft nucleophiles.?10.212:213

o P 08 A i D
NG % \\§§N%§ E”j)}\ + aj + SO,
£ PR s G

O,N — O,N
2 Cl,Ce

Scheme 90 - Potential cleavage pathway

Despite its formation in disappointing yield, alcohol 167 reacted under the ring-expansion
conditions previously developed (Scheme 91) to provide keto-alkene 168 in 77% yield,

identical that seen with the tosyl analogue.

7 on Q
%, PACl,(PhCN), (5 mol%)
benzene, r.t. NsN_~X
Ns 77%
167 168

Scheme 91 - oxy-Cope like rearrangement of alcohol 167 to keto-alkene 168

Keto-alkene 168 was synthesised in an overall yield of 5% in seven steps, compared with the
34% overall yield seen with tosyl analogue 96. The unexpected cleavage of the nosyl group
was responsible for this low overall yield and would prove to be a significant hindrance upon
scale-up for library synthesis. Therefore, the decision was made to develop two separate series
to alternative substrates in parallel, specifically using another alternative amine protecting

group (Alloc) and replacing the amine with a different heteroatom (oxygen).
Synthesis of ether analogue 68

If a suitable amine protecting group could not be realised, then replacing the amine with an
ether would afford a similar but alternative progenitor scaffold for exploration. An all-carbon
analogue 67 was also considered, but this analogue displayed a CLogP*" of 3.14 (Figure 45).
Ideally, compounds within a screening library would have a CLogP between —1 and +3.5,%°
which encompasses keto-alkene 67. However, derivatisation of a scaffold typically increases

the CLogP, which would bring derivatives of keto-alkene 67 outside of the ideal range for

XV CLogP values were calculated using BioByte’s algorithm within ChemDraw Professional 17.1
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CLogP and therefore less desirable for a screening library.?* The oxygen and sulfur analogues
68 and 169 were also considered. Oxygen analogue 68 has a similar CLogP to amine analogue
69, and was amenable to the already developed chemistry, so the decision was made to focus
on the synthesis of ether 68.

0] 0] 0] 0]
o0 @) %} @)
67 68 69 169
ClLogP 3.14 1.48 1.46 2.39

Figure 45 — Analogues of the progenitor scaffold and their CLogP values

Keto-alkene 68 has previously been synthesised by Jacobsen.!3¢ Adaption of their procedure
in conjunction with our previously optimised conditions allowed for the successful synthesis of
oxygen analogue 68 (Scheme 92).

Br i) (COCly),, DMSO, o
OH CHyCly, ~78 °C
NaH 2Ll
HO™™"oH + /\)\ /\)\
i DMF, r.t. K/\o i) NEts HJ\/\O
57% 170 171
SnCly
(10 mol%)
CH2C|2, r.t.
3:2dr.
Zom MgBr o i) (COCl)y, DMSO, OH
g CeCl3 CH,Cl,, -78 °C
THF, -78 °C i) DIPEA
(0] 66% 9 15% over 3 steps 0
174 99:1 d.r. 173 172
PACIy(PhCN), 0
(5 mol%)
benzene, r.t. (0] XN
28%
68

Scheme 92 — Synthesis of oxygen analogue 68 in 2% overall yield over 6 steps

An excess of 1,3-propanediol, treated sequentially with NaH and prenyl bromide, afforded
ether 170 in 57% yield. The use of a large excess of 1,3-propanediol reduced the likelihood
of both alcohols reacting to form a bis-ether. With ether 170 in hand, the stepwise oxidation-
cyclisation-oxidation sequence provided ketone 173 in 15% isolated yield over these three

steps. The vyield was disappointing but in line with other literature routes to this
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compound.362%5 Vinylcerium addition into ketone 173 gave alcohol 174 in excellent
diastereoselectivity and in a comparable yield to that seen with tosyl sulfonamide 85. Finally,
application of the Cope-like rearrangement on alcohol 174 using the conditions previously
developed, afforded keto-alkene 68 in 28% yield. The low yield was surprising when compared
to the vyield of sulfonamide 96 (77%) and was lower than the yield obtained by Jacobsen

(48%). No other products were positively identified from the reaction.

Keto-alkene 68 was synthesised in 2% overall yield over six steps. Optimisation of the route
would likely have increased the overall yield, but it was not prioritised as the ether functionality
limited the further derivatisation that could be carried out on scaffolds derived from this keto-
alkene. As the other route, which was being examined in parallel, proved more successful,

ether scaffolds were not investigated further.
Synthesis of alloc-protected analogue 180

The allyloxycarbonyl (alloc) group, which has an orthogonal removal method to those already
used, was chosen. Alloc carbamates are typically deprotected using Pd(0) catalysis, so the risk
of premature deprotection along the synthesis route was deemed low.2'¢ Deprotection using
Pd(II) catalysis has been observed, but requires transformation of the alloc group prior to
deprotection (e.g. conversion to a silyl carbamate or hydrostannolysis).2”21® Therefore, it was

argued there would be little risk of premature deprotection under the Overmann conditions.

As with the other syntheses, the route began with chemoselective alloc protection of the amine
in amino alcohol 78, which was achieved using allyl chloroformate (AllocCl) in the presence of
DBU, to give desired alcohol 175 in 65% vyield (Scheme 93). Alcohol 175 was then subjected
to the stepwise oxidation-cyclisation-oxidation procedure developed in Section 2.2.3. The
sequence proceeded smoothly, with desired piperidinone 178 isolated in 86% vyield over the

three steps. The synthesis of piperidinone 178 was achieved in 53% overall yield.
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Scheme 93 — Synthesis of piperidinone 178 in 53% overall yield over 4 steps.

Unlike with sulfonamides 81 and 166, the second oxidation step proved capricious, with yields

variable by up to 25% depending on the batch of material used. Suspecting the problem was

residual tin salts from the previous Prins cyclisation step,* alcohol 177 was purified by column

chromatography prior to Swern oxidation; however, this did not make this reaction more

reliable. Therefore, Dess-Martin periodinane (DMP) was utilised as an alternative oxidant

(Scheme 94). Purification of alcohol 177 by column chromatography followed by oxidation

with DMP now provided piperidinone 178 in a reproducible 84% vyield.

OH
@J\ DMP
CH2C|2, r.t.

N
Alloc 84%
177

E?ﬁ)k
N
Alloc
178

Scheme 94 — DMP oxidation of alcohol 175 provided piperidinone 176 in a reproducible high yield.

With piperidinone 178 in hand, vinyl addition using the developed organocerium methodology,
afforded alcohol 179 in 80% yield and excellent diastereoselectivity (Scheme 95).

* A new batch of SnCls had been obtained between the syntheses of piperidinones 81 and 164 and
the synthesis piperidinone 176, which could rationalise why the Swern reaction was capricious in this
case, but the same result was not observed in the synthesis of piperidinones 81 and 164.
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Scheme 95 - Synthesis of alcohol 179 via Grignard addition into piperidinone 178

The organocerium chemistry gave comparable yields up to a scale of ~3 g of piperidinone
178. Performing this reaction on larger scale required >7 g of CeClse7H,0, which proved
challenging to fully dehydrate with the equipment available. If not effectively dehydrated, the
organocerium reagent autoquenched before use, which in turn led to an inseparable mixture
of piperidinone 178 and alcohol 179. Therefore, an alternative solution was to return to the
Grignard reagent. To overcome the low yields previously seen, the reaction was performed at
high concentration®™ (0.65 — 0.75 M with respect to piperidinone 178), which has previously
been used successfully in the literature.’>® Using these conditions, full consumption of
piperidinone 178 afforded desired alcohol 179 in 63% isolated yield, (Scheme 96).

0 =\ z//OH
MgBr 2
N THF . r.t.

N
Alloc 63%

99:1 dur. Alloc
178 179

Scheme 96 — Synthesis of alcohol 177 on large (> 15 mmol) scale

With alcohol 179 in hand, the final step was to carry out the Overman rearrangement
chemistry to form the desired ten-membered ring. Treatment of alcohol 179 with PdCl>(PhCN).
in benzene delivered desired keto-alkene 180 in 95% yield (Scheme 97). The yield was much
higher than that observed for the tosyl or nosyl analogues, which we postulate is caused by
the alkene in the alloc group sequestering the palladium catalyst, reducing its ability to mediate
the formation of the decalol side-product. Another observation which supports this hypothesis
is the increased reaction time. Ring expansion of the tosyl and nosyl sulfonamides proceeded
within 2 h, while the alloc analogue required 3 h, a 50% increase in reaction time. If the
palladium catalyst is co-ordinating to the alloc group, then there is less available to catalyse

the ring expansion reaction, which would rationalise the increased reaction time.

xi When these conditions were originally assessed the reaction was run at 0.1 M with respect to the
piperidinone (see Section 2.2.4)
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Scheme 97 — oxy-Cope like rearrangement of alcohol 179 to keto-alkene 180

Keto-alkene 180 was successfully synthesised in 40% overall yield over seven steps. The
chemistry could be performed on large (>3 g) scale, showing the suitability of the chemistry
for library synthesis. However, like the tosyl scaffold, the ability to synthesise a library required
the alloc protecting group to be removed selectively and in high yield. Focus therefore turned

to identifying alloc removal conditions that would generate amine 69.
3.2.3 Alloc cleavage

Removal of an alloc group is typically carried out using palladium(0) and a nucleophile (Scheme
98).216:219-222 The first part of the catalytic cycle involves co-ordination of the palladium catalyst
to the double bond, generation of the r-allyl complex and the corresponding carbamate anion.
Subsequent nucleophilic attack on the =-allyl complex, affords an allylated species and
regenerates the catalyst. In addition, decarboxylation of the carbamate anion occurs to afford

the desired amine.

(o]
P \/\OJJ\NRQ
Nu/\/r COZI HNRZ PdLZ
Nu
PdL, O

¥ 07 "NRp
PdL, j\
\/\O NR,

Scheme 98 — Catalytic cycle for alloc removal

The alloc removal reaction is closely related to the Tsuji-Trost reaction, which is used to allylate
nucleophiles. In the case of alloc removal, if the nucleophile additive is not sufficiently
nucleophilic, then an alternative pathway can occur. Instead of nucleophilic attack on the =-
allyl complex, palladium facilitates the transfer of the allyl group to the nitrogen, generating

ammonium ion 181 (Scheme 99). Subsequent decarboxylation leads to the corresponding N
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allylated species.???> Another possible pathway to this Atallylated product is that the released

amine competes with the sacrificial nucleophile.

o PdL, o) PaL,
B — e ! B — e +

—C0o,
RzNJkO/\/ RN™ DO N\ RoN

o} RoN

5/~ o

Scheme 99 - Tsuji-Trost mechanistic pathway
The strength of the sacrificial nucleophile is therefore important in determining the outcome
of the reaction. A variety of nucleophiles were tested (Table 7).

Table 7 — Optimisation of the alloc cleavage [2!

Nucleophile (x eq.) o

(0] (0]
Pd(PPh3)s (5 mol%)
- +
AllocN Solvent, r.t. HN N AN

180 69 182

Entry Nucleophile Eq. Solvent Ratio of 69:182[!

1 dimedone 2 THF 0:1

2 dimedone 6 THF 0:1

3 dimedone 10 THF 0:1

4 morpholine 5 THF 0:1

5 morpholine 5 CH,Cl, 37:13

6 morpholine 5 toluene 3:1

7 morpholine 5 benzene 3:1

8 morpholine 10 CH.Cl, 11:2

9 piperidine 5 CH,Cl, 11:1

10 pyrrolidine 5 CH,Cl, 47:3

11 pyrrolidine 10 CH.Cl, 47:3

12 pyrrolidine 2 CH)Cl, 2:1

[a] All solvents were degassed prior to use. [b] Determined by integration of the alkenyl peaks in the *H NMR spectrum of the

reaction mixture after work-up but prior to purification by column chromatography.

Initially, alloc cleavage was studied utilising a procedure adapted from Kunz and Unverzagt.?*!
Keto-alkene 180 was treated with Pd(PPhs3)s and 2 eq. of dimedone in THF, but only the
undesired allyl amine 182 was observed in the *H NMR spectrum of the reaction mixture after

work-up (entry 1, Table 7). Theorising that the poor ratio was due to the low number of
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equivalents of dimedone, a larger excess of dimedone was used, but allyl amine 182 was still
the only product formed (entries 2 and 3, Table 7). Morpholine was next used as an alternative,
stronger nucleophile than dimedone (entry 4, Table 7). No free amine was observed; allyl

amine 182 once again the exclusive product formed.

By consideration of the reaction mechanism, it was postulated that the polar solvent was
favouring the formation of the ammonium intermediate 181. Therefore, a range of non-polar
solvents were tried (entries 5-7, Table 7). Now the desired amine 69 was generated as the
major product. To try and further improve the ratio towards the desired amine 69, the number
of equivalents of morpholine was doubled (entry 8, Table 7). Pleasingly, the ratio improved
significantly, giving a ratio of 11:2 in favour of the desired amine 69. From the success of
morpholine, further amine nucleophiles were investigated (entries 9 and 10, Table 7). Both
piperidine and pyrrolidine gave increased ratios, with a ratio of 47:3 observed using pyrrolidine.
To further optimise the conditions, the number of equivalents of pyrrolidine was varied (entries
11 and 12, Table 7). Ten equivalents produced the same result as when five equivalents were
employed, while 2 equivalents showed a dramatic reduction in ratio, highlighting the
importance of using a large excess of pyrrolidine. Consequently, the final conditions for alloc

removal were found to be Pd(PPhs)4 (5 mol %) and pyrrolidine (5 eq.) in CHCl,.

To conclude, keto-alkene 180 was synthesised in 40% vyield over seven steps. Alloc cleavage
could be achieved selectively and in high yield to give amine 69, which allows for the

subsequent derivatisation of the scaffold library.
3.3 Chemoinformatic analysis of a potential library of scaffolds

With the progenitor scaffold in hand and having shown that the alloc carbamate could be
deprotected, key decisions were undertaken to ensure that a high-quality high-throughput

screening library was successfully synthesised.

In the original tosylsulfonamide library, nineteen different scaffolds were successfully
synthesised. However, it was not possible to deploy all nineteen scaffolds in subsequent
derivatisation owing to time constraints. Instead, it was decided to concentrate on using a
smaller number of scaffolds (<5) for derivatisation, with ~10-15 derivatives of each scaffold

to be synthesised. Synthesis of a large number of derivatives allows for exploration of chemical
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space around each of the scaffolds. Careful selection would maximise the number of Murcko

scaffolds entering the final library, fulfilling one of the main criteria of DOS.

To narrow down which scaffolds to use for derivatisation, the potential promiscuity of each
scaffold was considered by reference to Pan-Assay Interference compounds (PAINS) filters.
PAINS frequently produce a false positive within assays by being promiscuous. Therefore, by
filtering them out, once the library has been fully developed, it increases the confidence that
any potential hit is a true positive.5%223 PAINS usually contain reactive functional groups which
are susceptible to nucleophilic attack or are unstable with the resulting degradation products
leading to promiscuity. Examples of functional groups to be avoided are alkyl halides, acid

halides, epoxides, anhydrides, triflates, aldehydes, 2- and 4-fluoropyridines and oxoniums.®

Analysis of the previously synthesised library of scaffolds revealed seven were unsuitable after
being subjected to the PAINS filter (Figure 46). While acetals are not directly removed by
consideration of PAINS, within the acid environment of the body they have the potential to
transform into oxonium-containing compounds, which are removed by the PAINS filter.
Stability studies were not carried out on the acetals within our library of scaffolds, so their
stability under /n vitro conditions is unknown. Therefore, it was decided to remove them from

contention to forgo the risk that unsuitable compounds would be submitted to the final library.

Ketones are also electrophilic and are usually not used in high-throughput screening assays.
However, previous evidence had shown that the ketones present within the scaffold library

are unreactive justifying their retention as viable scaffolds.

While the PAINS filter is an important consideration when deciding on which scaffolds to take
forward, it is not the only criterion to consider. The stability of the scaffold also needs to be
considered. Any derivatives of the keto-alkene scaffold (69) would likely not be stable, as slow
conversion of the keto-alkene into the corresponding decalol had been observed (see Section
2.2.4). The allyl-containing [5,3,1]-bridged bicyclic ring (157) was also deemed unsuitable as
it is likely susceptible to oxidation by P450 enzymes.??* Therefore, both of these scaffolds were

not considered for further derivatisation.
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Figure 46 — Synthesised scaffolds. Unsuitable scaffolds due to the PAINS filter are highlighted in red; those
cancelled out due to other considerations are highlighted in blue.

Of the ten remaining scaffolds under consideration, synthetic challenges (/.e. practicality) that

would inhibit the facile creation of a library were next considered (Figure 47). The three 7,5-

fused rings 184, 185 and 189 were unable to be made consistently in high yield, and there

were stereoselectivity issues (see Section 2.3.4). Therefore, they were discarded for

derivatisation. Decalol 188 and ketone 192 had only previously been made serendipitously,

with no further optimisation carried out, so were also not considered further. Finally, diketone

191 was made in a capricious reaction that proved very sensitive to water, which could limit

its synthesis on a large scale, and so was also not considered further.
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Figure 47 — Remaining scaffolds under consideration. Those that would likely present synthetic challenges are
highlighted in red.

The four remaining scaffolds covered three of the four broad groupings that were originally
established (Figure 46). To maximise the possibility of successfully synthesising a complete
library it was decided to focus on three scaffolds, one from each of the broad groups.
Therefore, ether 186 was excluded from further consideration due to its high molecular weight

before derivatisation (293 Da), which limited the possible scope of derivatisation.

The three scaffolds advanced for derivatisation are a good representation of the library of
scaffolds initially generated. Three of the four broad types of scaffold are represented. In
terms of chemical space coverage, the three scaffolds have mean PMI co-ordinates that are
close to the mean PMI co-ordinates for all nineteen scaffolds (Figure 48).* Pleasingly, all three

scaffolds also sit away from the rod-disk axis, a product of their high Fsp? character.

i pMI co-ordinates were generated using LLAMA. The data points do not exactly match as LLAMA does
not rigorously minimise to the lowest energy conformation.

113 | Page



Ie I71»
09 09
111 e 3
h ViV o " XII  x
X 'ayp oXII n
2 IXe * XI SXIV . .
. XIII* i
o XV xvi
XVII*  «xVIII o XVIII
[:X3 o8
0.5 Vo) 0.5 &
I.J 0.1 0.2 0.3 0.4 0.5 0.6 o7 0.8 0.9 1 (1] .1 0.2 0.3 o4 0.5 06 0.7 0.8 0.9 i
n n
Mean PMI coordinates: 11 479, 12 1¢ » Ml rdin. 1 2 .
cl
; > OH
(e} e
O OH HO 0
I HNC’S)‘):/> II HN O II1 IVHN O v HN Q
HO HO

OH

o o)
VI vir VIII HN | :
o) OH v
(:“;j XV HN Q

H

XVIII HN O

HO

Figure 48 — Top left: PMI plot of all nineteen scaffolds. Top right: PMI plot of the three selected scaffolds.
Bottom: Select identification of scaffolds

Having identified three scaffolds to focus on, the next step was to virtually decorate these
scaffolds using LLAMA. Virtual decoration creates a library /n silico of hundreds of compounds.
Following the generation of the virtual library, fifteen compounds of each scaffold were

selected for physical synthesis. The main criteria for selection of the compounds were
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maximising the functional groups present within the library and having wide shape diversity

as measured by a PMI plot.

Virtual decoration was conducted using LLAMA, which consisted of single-step
diversification.® To simplify the vast amount of data that could be generated, a few limitations
were placed on the virtual decoration. First, only amine derivatisations were considered.
Second, the reaction scope was limited to those reactions that would likely be high-yielding
and have a wide substrate scope with little need for optimisation: sulfonamide formation, urea
formation, amide formation and reductive amination. The counterpart in the derivatisations
were chosen from an array of compounds contained within the “Scaffold Diversification

Resource” at the University of Birmingham.**

Virtual decoration was carried out on each scaffold, with the constraints described above, to
give a virtual library of 67 compounds per scaffold (Figure 49). All three virtual libraries shifted
towards the rod-disc axis compared to their parent scaffolds. However, all three virtual libraries

maintained 3D character with a wide range of chemical space coverage.

il Multiple step derivatisation using LLAMA is possible, however it was decided for only one step to be
considered to simplify the data generated and for ease of synthesis realisation.

*x The Scaffold Diversification Resource is a collection of compounds within the University of Birmingham
with favourable medicinal chemical properties created for the purposes of synthesising diversity-based
libraries of high-value chemical compounds for drug discovery.
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Figure 49 — Chemical space coverage of each of the virtual libraries. The corresponding parent scaffold is in the

bottom left of the graph.

Following the generation of the three libraries /n sifico, compounds were selected for actual

synthesis. To this end, fifteen compounds were selected from each of the three virtual libraries.

The compounds selected were chosen based on a number of criteria; primarily they were
chosen to maximise the spread of PMI co-ordinates, which were used as an analogy to
chemical space coverage. Secondary criteria were considerations of the number of different

functional groups that were to be incorporated into the realised libraries and the number of

Murcko scaffolds that would be contained within them.
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3.4 Synthesis of a screening library
3.4.1 Synthesis of a compound library based on decalol scaffold 183

Synthesis of decalol 193 was accomplished by treatment of keto-alkene 180 with TsOHeH,0O
in THF in an 84% yield (Scheme 100).

(0] OH
TsOHeH,0 (5 mol%)
AllocN N THE, rt. AllocN E|
84%
180 193

Scheme 100 - Synthesis of decalol 193 from keto-alkene 180

With decalol 193 in hand, the next step was to deprotect the alloc carbamate. From concurrent
work that was being carried out (see Section 3.4.2), it had been observed that the previously
established Pd(PPhs)4/ pyrrolidine conditions were not suitable for library synthesis. The yields
obtained for the amine derivatisations were very low, as residual pyrrolidine competed with
the generated free amine to react with the other component. Therefore, re-optimisation of the
alloc cleavage was conducted and new conditions were found (see Section 3.4.2): Pd(dba). (5
mol%), 1,4-bis(diphenylphosphino)butane (dppb) (10 mol%), Et:NH (5 eq.) in CH.Cl,.
Treatment of alloc carbamate 193 under these conditions successfully gave the desired amine
183, although an accurate ratio with the undesired allyl amine 194 cannot be reported as the
alkenyl resonances for the two products are coincident in the *H NMR spectrum of the crude
reaction mixture (Scheme 101).

EENH (5 eq.
OH AN G ea) OH OH

Pd(dba), (5 mol%), dppb (10 mol%)
+
AllocN _+ HN._ 2 AN
= L = =z -
A CHzclz, r.t A A

193 183 194

Scheme 101 - Synthesis of amine 181 and undesired side-product allyl amine 194

The solvent was removed from the reaction mixture on a rotary evaporator at a high
temperature (> 60 °C) to remove the remaining Et;NH. The residue was then directly

submitted to derivatisation reactions (Scheme 102).
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Scheme 102 - Synthesis of four derivatives of amine 183

30% over 2 steps

Ureas 195 and 196, and sulfonamides 197 and 198 were synthesised from amine 183. While
all the reactions were successful, all four products were formed in low yield over two steps (12
— 30%). In each case, other products identified included allyl amine 194 and a derivative
formed from the reaction of the derivatising agent with residual Et;NH. The vyields were
unacceptably low for an efficient synthesis of a library of compounds. Therefore, it was decided

to purify amine 183 before further derivatisation.

Since the alloc-cleavage product was now being purified, the nucleophile used in the alloc
cleavage was changed back to pyrrolidine, as it was postulated that a higher yield would be
achieved than with the less nucleophilic diethylamine (Scheme 103). Under these conditions,

the desired amine 183 was isolated in 90% yield.

pyrrolidine (5 eq.)

OH OH
Pd(dba), (5 mol%), dppb (10 mol%)
AllocN 2 HN 2
= CH,d,, r.t. =
A 2 T A
90%
193 183

Scheme 103 - Optimised synthesis of amine 183

With purified amine 183 in hand, a range of derivatisations were carried out on the scaffold

to generate a small library of compounds (Scheme 104).
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Fifteen different compounds were synthesised, with five different functional groups installed.

Scheme 104 - Synthesis of a library of decalols

Unlike the low yields seen previously, much higher yields were obtained for the synthesis of
sulfonamides and ureas (68-92%), showing the benefit of purifying amine 183 prior to
derivatisation. Reductive amination was carried out using A+methylindole-3-carbaldehyde to
generate amine 200 in 62% vyield. Five amides were also generated using EDC as the coupling
agent in a 55-83 % yield. Finally, the HCI salt of amine 183 was synthesised in quantitative
yield by treating amine with HCl in Et,0 to give salt 199.

Fifteen different compounds were successfully synthesised from scaffold 183 (Figure 50). The
fifteen compounds contain five different linkage functionalities and 14 different Murcko
scaffolds. The compounds were synthesised in yields ranging from 12 — 92%. A PMI plot of
the library shows good shape diversity, with all of the products lying away from the rod-disc
axis (Figure 51). The mean PMI co-ordinates are also similar to those of the /n silico library

(Figure 49); therefore, the fifteen compounds synthesised represent well the /n silico library.
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Figure 50 — All fifteen scaffolds synthesised from amine 183.
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Figure 51 — PMI plot of the synthesised library of decalols
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3.4.2 Synthesis of a compound library based on alcohol scaffold 187

As the deprotection of keto-alkene 180 had already been optimised, it was initially planned to
synthesise analogues of alcohol 187 by generation of amine 69, followed by amine
derivatisation and subsequent reduction of the ketone (Scheme 105).

0 - 0 o OH
Pd(PPh3)4, pyrrolidine Derivatisation Reduction
] - -
AllocN N CH,Cly, 1. HN N R/N SN R/N N
180 69 209 210

Scheme 105 - Initial planned route to generate derivatives of alcohol 187

Amine 69 was synthesised using the optimised conditions (Section 3.2.3). The unpurified
material was used directly for three different derivatisations (Scheme 106), all of which
proceeded successfully, in 32 — 86% yield over the two steps. Urea 213, however, was isolated
alongside an impurity that was identified as triphenylphosphine oxide. Alternative column
chromatography conditions failed to remove completely this impurity, highlighting the

approach taken to library synthesis could present an issue if used for wholescale library
assembly.

\/

Se o
V/ Cl, NEts;, CH,0,
58% over 2 steps /‘ls\\’N X
OO0
00 211
N
o o d : Cl, NEts, CH,Cl, o o)
Pd(PPhs)4, pyrrolidine N N
- N\ N
AN~ CHoCly Tt HN~ 32% over 2 steps S0
180 69 212
(0]
PhNCO, H,0, H
Ph_N.__N
86% over 2 steps \ﬂ/ \
(0]
213

Scheme 106 — Synthesis of derivatives of amine 69

To generate the respective alcohols, each derivative was treated with LiBH4 in THF (Scheme
107). Alcohol 214 was formed in 33% yield, much lower than the 95% observed with the

tosyl sulfonamide analogue 119. Sulfonamide 212 degraded in the reaction, with no
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identifiable products isolated. Ketone 213 was reduced to alcohol 216 in a moderate 50%
yield. Overall, the results of the reduction were disappointing, with all reactions proceeding in
<50% vyield or degrading.

0 OH
33%
Ao Ao
0o oo
211 214
o OH
NP \ LiBHg Np \
SN THF, r.t. Y g N
o 5o
212 215
0 OH
H 50% H
Ph\V/N\H/N ~ — Ph\v/N\H/N N
o) 0
213 216

Scheme 107 - Synthesis of derivatives of alcohol 187

These results highlighted multiple problems with the route outlined in Scheme 105. First, the
optimised route to amine 69 generated triphenylphosphine oxide as an impurity, which was
difficult to remove. Second, ketone reduction proceeded in low yield. Therefore, to make the
synthesis of a library of alcohols easier, the problems were tackled from two fronts: i) the
deprotection of keto-alkene 180 was re-optimised to identify alternative Pd catalysts to
Pd(PPhs)s+ and ii) the alternative sequence of reactions, /e. ketone reduction before alloc

removal, was examined.
Re-optimisation of the alloc removal of keto-alkene 180

Side-products from the reactions in Scheme 106 included triphenylphosphine oxide and the
pyrrolidine analogues arising from reaction with the electrophile derivatisation agent.
Therefore, it was decided to optimise the alloc cleavage with a view to identifying a different
nucleophile that was easier to remove, and a different catalyst, which would not produce

triphenylphosphine oxide as an oxidation by-product.

Within the previous optimisation study (Section 3.2.3) attention had focused on optimising the
nucleophile additive. However, only carbon- and nitrogen-based nucleophiles had been

considered. Adapting the work of Genet et. a/a sulfur-based nucleophile and another nitrogen-
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based nucleophile were trialled, alongside alternative palladium sources (Table 8).2!¢ Dppb
was chosen as the phosphine ligand, as the oxidation by-product would be more easily

removed by column chromatography.

Table 8 — Re-optimisation of the alloc removalle!

dppb (10 mol %)
Palladium source (5 mol%)

0 0 o]
Nucleophile (x eq.)
AIIOCN(j‘;P Solvent, r-t. HI\E:M;P + /\/"(j;j
180 69 182
Ent Nucleophile E Palladium Solvent Outcome
ry P 9 Source
1 thiosalicylic acid 2 Pd,(dba)s THF Unidentifiable product
e Mixture of keto-alkene 69
2 thiosalicylic acid 2 Pdx(dba)s CH:Cl; and unknown product
o Mixture of keto-alkene 69
3 thiosalicylic acid 2 Pd(dba) THF and unknown product
4 thiosalicylic acid 2 Pd(dba). CH.Cl, Mixture of keto-alkene 69

and unknown product
Mixture of keto-alkene 69

5 thiosalicylic acid 2 Pd(PPhs3)4 THF and unknown product
6 Et,NH 5  Pd(dba), THF 60:40 69:1821!
7 EtoNH 5 Pd(dba). CH:Cl, 67:33 69:182 ']
8 EtoNH 5  Pd(PPhs)4 CH.Cl, 62:38 69:182 ']

[a] All solvents were degassed prior to use. [b] Determined by integration of the alkenyl resonances in the *H NMR spectrum of

the crude material prior to purification by column chromatography.

Thiosalicylic acid was used as a sulfur-based nucleophile, alongside either Pd.(dba)s or
Pd(dba); as the palladium(0) sources (entries 1-4, Table 8). The attraction of using thiosalicylic
acid was that it could be separated from the desired amine 69 by a base wash. Unfortunately,
in all attempts to use thiosalicylic acid, the reaction failed to go to completion, even after
extended reaction times (17 h). Attention therefore turned towards identifying an alternative

nitrogen nucleophile.

EtoNH has been used as an effective nucleophile in alloc removals.?'® The by-product,
allyldiethylamine, is volatile and therefore more easily removed compared to the Arallyl
pyrrolidine by-product generated under the previous optimised conditions. The boiling point of
diethylamine 55 °C, lower than that for pyrrolidine, which boils at 87 °C, making it easier to

remove the excess amine prior to derivatisation.
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Use of Et;NH was successful, albeit with a lower ratio of amine 69: allyl amine 182 observed
than with pyrrolidine as the nucleophile (entries 6-8, Table 8). A combination of Pd(dba). and
dppb proved to be a more effective catalytic system than Pd(PPhs)4 in CH.Cl,. Therefore, the
final optimised conditions were Pd(dba). (5 mol%), dppb (10 mol%), Et:NH (5 eq.) in CH,Cl,.
These conditions were ultimately not used on keto-alkene 180 for derivatisation purposes, as
it was decided that derivatisation of amine 69 followed by reduction of the ketone was too
inefficient a route. However, they were used for the derivatisations of other scaffolds (see
Sections 3.4.1 and 3.4.4).

Reduction of keto-alkene 180

Synthesising a library of alcohols starting from keto-alkene 180, was deemed inefficient in
terms of steps, as every final compound would require three reactions starting from keto-
alkene 180 to be successfully synthesised. The number of steps could be effectively halved if

alcohol 217 were synthesised prior to alloc removal (Scheme 108).

O OH OH

R LiBHs .. Deprotection
AllocN X THF, r.t AllocN X HN X
180 217 187

Scheme 108 — Planned synthetic route to generate amine 187

It was thought that the same reduction conditions that generated alcohol 119 could be used
(see Section 2.3.2); however, no product was generated under these conditions and no

identifiable side-products were isolated after column chromatography (Scheme 109).

(0] OH
LiBH4
—_— X
AllocN N THF, r.t. AllocN N
180 217

Scheme 109 - Attempted synthesis of alcohol 215

The reaction was repeated and closely monitored. Analysis of the 'H NMR spectrum of the
reaction mixture after work-up revealed no evidence for ketone reduction. Instead, the alloc
group had been removed, giving amine 69 in a 17:3 ratio with allyl amine 182 (Scheme 110).
Alloc cleavage has previously been observed using NaBH4 or LiBH4 in conjunction with

Pd(PPhs)4.21° To ascertain whether palladium residues were the cause of the observed reaction
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outcome, all glassware was cleaned with 6 M HCl@q) prior to the reaction to ensure any

palladium residues had been removed; however, the same result was observed.

0O 0] )
LiBH4
e — =+
AllocN N THF, r.t. HN N /\/N N
180 69 182

Scheme 110 - Unexpected outcome from the attempted reduction of keto-alkene 180

Cleavage of the alloc carbamate under these conditions was unexpected. No precedent for the
observed outcome has been reported within the literature without the assistance of a metal
catalyst. If the reducing agent were strong enough to attack the alloc carbamate, the expected
outcome would be reduction of the carbamate to a methyl group, as is observed for the
reduction of Boc groups with LiAlH4.22> A potential mechanistic explanation of the observed
outcome is shown in Scheme 111. Borohydride attack into the allyl could cause an Sy2 like
mechanism, with the loss of propene and generation of a carbamate anion, which rapidly
decarboxylates to give an amine anion. The amine anion could then either protonate, to give
the observed amine, or attack into another alloc functional group, generating the observed
allyl amine. While there is no direct precedent for this reaction, Bell and Brown have previous
observed an S\2 reaction between an alkyl halide and sodium borohydride.??¢
R R R

|
Mo AN Mg ——— %WTVNP B
, i I

R
R '

|
O_N.
R q%r i RSN

Scheme 111 - Potential mechanistic pathway to form amine 69 and allyl amine 182

To assess whether this reaction was more broadly applicable, decalol 193 was subjected to

the same conditions. No reaction was observed.
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Table 9 — Optimisation of ketone reduction

O OH O O
Reducing agent (x eq.)
AllocN Solvent, temp AllocN TOHN A + N
180 217 69 182
Entry Reducing agent Eq. Solvent Temp/ °C Outcome
1 LiBH4 2  THF: MeOH 20 No reaction
(1:1)
2 LiBH4 2  THF: MeOH 60 No reaction
(1:1)
3 LiBH4 2 THF 40 Degradation
4 NaBH4 2  THF: MeOH 60 No reaction
(1:1)
5 NaBH4 2 THF 60 Degradation
6 LiBH4 3 THF 20 17:3 69:1820
7 LiBH4 10 THF 20 Degradation
8 LiBH4, LiBEtsH (10 mol%) 1 THF 20 Degradation
9 LiBEt:H 2.5 THF 20 Degradation

[a] Determined by integration of the alkenyl resonances in the 'H NMR spectrum of the crude material after work up and prior

to purification.

To assess whether chemoselectively reducing the ketone was possible, an array of conditions
were trialled (Table 9). First, MeOH was used as a co-solvent, as it is known to modulate the
activity of reducing agents (entry 1, Table 9).2%” However, this had the effect of disabling the
reaction completely, with only starting material recovered. To assess the impact of
temperature, reactions were performed with both LiBH4 and NaBH4, with and without MeOH
as a co-solvent at elevated temperature (entries 2 — 5, Table 9). The reactions were first
heated at 40 °C and after 4 h, if no reaction was observed, the reaction temperature was
raised to 60 °C. No reaction was observed in three of the four trials, while heating ketone 180
to 40 °C in THF with LiBH4 caused ketone 180 to degrade.

It was hypothesised that the reduction may not be occurring as all of the reducing agent was
being consumed carrying out the removal of the alloc carbamate. Therefore, the reduction
was attempted with 3 and 10 equivalents of LiBH, to examine whether the reduction of the
ketone could be effected with an excess of reductant (entries 6 and 7, Table 9). Use of 3
equivalents of LiBH4 led to the alloc removal product previously observed. When 10 equivalents

were used, no identifiable products were recovered.
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Brown and Narasimhan had previously shown that the addition of sub-stoichiometric amounts
of LiEtsBH to a mixture of LiBH4 and an ester aids the reduction of the ester.??® However,
nothing identifiable was recovered when LiBEtsH was used as an additive in the reduction of
keto-alkene 180 to alcohol 217 (entry 8, Table 9). Use of LiBEts;H directly (entry 9, Table 9)

produced a similar outcome.

As reduction of the ketone in the presence of the alloc carbamate was found to be difficult, an
alternative pathway was also considered in which the alloc protecting group was removed first
(Scheme 112). Amine 69 was generated by either the previously outlined Pd(0)-catalysed
conditions (see Table 8) or by treatment of ketone 180 with LiBH4 and subsequent work-up.
In either case, the compound was used without further purification and subjected to the
original reaction conditions (LiBH4, THF) to generate alcohol 187. In both cases the reaction

led to extensive decomposition.

e} (e} OH
LiBH4, THF LiBH4 (2 eq.)
—_— X
AllocN X or dppb (10 mol%), HN X THF, r.t. HN A
Pd(dba),, CH,Cl,
180 69 187

not observed

Scheme 112 - Attempted synthesis of amine 187

In summary, it was not possible to synthesise a library of alcohols in an efficient manner.
Amino alcohol 187 was unable to be accessed, while synthesis of a library of alcohols via the
keto-alkene suffered from low yields and unpredictability about which derivatives would be

stable enough to endure the subsequent reduction conditions.
3.4.3 Synthesis of a compound library based on oxetane scaffold 218

While it had been decided that generation of a library of alcohols via keto-alkene 180 would
not be viable due to the inefficiency of the approach, the generation of amine 69 presented

an opportunity to re-visit the synthesis of a scaffold that had previously been unsuccessful.

Previously, the synthesis of oxetane 117 had been attempted (see Section 2.3.2) but was
unsuccessful, which we hypothesised was a result of the tosyl group absorbing light and
causing degradation of the molecule (Scheme 113). Given amine 69 does not contain a tosyl

group, it was theorised that oxetane 218 may now be accessible.
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0 hv (medium

pressure lamp)
TsN >
TsN A benzene H

96 117
0 hv (medium
pressure lamp)
------------------------- =  HN__A
HN X benzene H
69 218

Scheme 113 - Previous and planned synthesis of an oxetane-containing scaffold

Keto-alkene 180 was subjected to the initially optimised alloc cleavage conditions (see Section
3.2.3) and then purified by column chromatography to give amine 69 in an 88% yield (Scheme
114).

pyrrolidine (5 eq.)

o} 0
Pd(PPh3)4 (5 mol%)
AlloeN CH,Cy, 1t AN

88%
180 69

Scheme 114 - Synthesis of amine 69 using the initially optimised conditions

With amine 69 in hand, a Paterno—Biichi reaction was conducted, using similar conditions to
those described in Section 2.3.2 (Scheme 115); the solvent was changed to acetonitrile for
toxicity reasons, otherwise the conditions were identical. After 2 h of irradiation, the reaction
was complete. The H NMR spectrum of the material after removal of the solvent revealed at
least two different products, the desired oxetane 218 and what was postulated to be (2)-keto-
alkene 219. The unprotected amines were inseparable, so it was decided to derivatise both

amines and then separate the products post-derivatisation.

0 hv (medium (0}
pressure lamp) f‘jo\
HN. 2 +
AN MeCN, 2 h i NN
H
69 218 219

Scheme 115 — Synthesis of oxetane 218 along with by-product (2)-keto-alkene 219

Amines 218 and 219 were converted to sulfonamides 220 and 221 by treatment with

pyridine-3-sulfonyl chloride and NEts; (Scheme 116). The respective yields were 7% for keto-
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alkene 221 over two steps and 4% for oxetane 220 over two steps with the structures of the
two compounds confirmed by 2D NMR experiments. Pleasingly, oxetane 218 had been

successfully synthesised, albeit in a low yield.

Q0
\S/
0 @/ “Cl, NEt3 0
N/
+ O:\\/N H
HNC;? NN CHyCly, Tt ST . NS
|
H H = | O‘:/S SN
218 219 N o _
220 221
4% 7%

Scheme 116 - Synthesis of oxetane 220 and keto-alkene 221

To try and improve the yield, the Paterno-Biichi reaction was repeated, with aliquots of the
reaction mixture removed for analysis. Aliquots were taken every 30 minutes with the reaction
proceeded rapidly. After 3 h the reaction material had completely degraded with no discernible
product observed. It was theorised that the constant switching on and off of the lamp adversely

affected the outcome of the reaction.

To try and obtain desired amine 218, the reaction was run for 1 h with the lamp left constantly
on (Scheme 117). Instead of the previously observed £/Zisomerisation (Scheme 115), amine
218 and (£)-keto-alkene 69 were the observed products, along with degradation products, in
a ratio of ~ 1:3 amine 218: amine 69 as determined by integration of a single resonance in

the *H NMR spectrum of the material after the solvent had been removed.

O hv (medium
ressure lamp)
_ pressure famp) HN )\ + uN
HN : =
X MeCN, 1 h G
69 218 69
1 3

Scheme 117 — Modified synthesis of amine 218

To ascertain whether the yield had been improved by modifications to the Paterno-Biichi
reaction, the reaction material was converted to sulfonamides 222 and 223 by treatment with
(4-fluorophenyl)methanesulfonyl chloride and NEt; (Scheme 118). The respective yields were

10% for keto-alkene 223 over two steps and 4% for oxetane 222 over two steps showing
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the modifications had little effect on the overall yield of the reaction. No further optimisation

of this work was conducted.

Cl

0
, NEts 0=5-N 0N
HN A + UN H +
H X CH,Cly, r.t. K@\
218 69 F F

Scheme 118 — Synthesis of oxetane 222 and keto-alkene 223

3.4.4 Synthesis of a compound library based on ether scaffold 190

Synthesis of ether 227 (see Section 3.3) began with the chemoselective epoxidation of the
trisubstituted double bond in keto-alkene 180 (Scheme 119), using a procedure adapted from
Nicolaou et a/??° By carrying out the reaction at 0 °C and carefully controlling the number of
equivalents of mCPBA, the electron-rich trisubstituted alkene selectively reacted with the
electrophilic epoxidation agent over the electron deficient mono-substituted alkene present in
the alloc group. The reaction proceeded rapidly in 89% vyield to afford the desired epoxide
224,

(0] (0]
mCPBA (1 eq.)
AllocN N CHyCly, 0 °C AllocN 1
89%
180 224

Scheme 119 - Chemoselective synthesis of epoxide 224

With epoxide 224 in hand, attention turned to the synthesis of acetal 226, which had
previously been successfully synthesised in two different reaction pathways (see Section
2.3.4). Both pathways were attempted successfully (Scheme 120), with the two-step pathway
generating acetal 226 in 83% vyield over the two steps, while the one-pot method generated
acetal 226 in a 95% yield.
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0
O prm—
TsOHeH;0 (5 mol%) AllocN@ TsOHeH,0 (5 mol%) AllocN O
AllocN
CHCly, rt. MeOH, r.t.
o 2L HO HO
91% 91%
224 225 226

TsOHeH»0 (5 mol%)

MeOH, r.t.
95%

Scheme 120 - Synthesis of acetal 226 is possible via either a one or two step synthesis.

Following the successful synthesis of acteal 226, the next aim was to generate alloc-protected
ether scaffold 227. Initially, the synthesis was attempted using the same conditions that had
proved successful on the tosyl analogue (see Section 2.3.4) (Scheme 121). However, the only

product generated was enol ether 225.

N H

(0] TsOHeH,0 (5 mol%), __

Et3SiH AllocN O

AllocN O AllocN O +
CHyCly, r.t.
HO
HO HO

226 227 225
0% 85%

Scheme 121 — Attempted synthesis of ether 227 generated only enol ether 225.

This result had been observed before in the attempted allylation of acetal 154 (see Section
2.3.4). Therefore, the same solution was applied, which was to use BFs;eEt;0 as an alternative
acidic reagent to achieve the desired outcome. Treatment of acetal 226 with BFs;eEt,O and
triethylsilane generated the desired ether 227 in 53% yield alongside a second product, which

was subsequently identified as diketone 228, which was isolated in 27% yield (Scheme 122).

N

(0] H o
BF3¢Et,0 then EtsSiH
AllocN O AllocN O + AllocN
CHyCly, 0°C oc i
HO HO
226 227 228
53% 27%

Scheme 122 - Synthesis of ether 227 and by-product diketone 228
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It was hypothesised that the addition of BFseEt,O before the addition of triethylsilane had led
to the formation of diketone 228. Therefore, the order of addition was reversed, with BFseEt,O
added second. This modification eliminated the formation of the diketone side-product, with
ether 227 synthesised in an 89% yield (Scheme 123).

\o H
Et3SiH then BF3¢Et,0
AllocN O AllocN O
CHxClp, 0 °C
HO 89% HO
226 227

Scheme 123 - Synthesis of exclsuively ether 227

With ether 227 in hand, the final steps to realise a compound library were deprotection of the
amine and subsequent derivatisation. Ether 227 was deprotected using the initial conditions
of Pd(PPhs)4+ and pyrrolidine (Scheme 124). These conditions successfully gave the desired
amine 190, although with the undesired allyl amine 229 in an unknown ratio as all possible
diagnostic resonances for the two products are coincident in the *H NMR spectrum of the crude

reaction mixture.

H Pd(PPh3)4 (5 mol%), H H
pyrrolidine —
AllocN O HN O + _\—N 0
CHzclz, r.t.
HO HO HO
227 190 229

Scheme 124 - Synthesis of amine 188 and unwanted side-product allyl amine 229

The solvent was removed from the reaction mixture on a rotary evaporator at a high
temperature (> 60 °C) to remove the remaining pyrrolidine. The residue was then directly
submitted to derivatisation reactions (Scheme 125).
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CH2C|2, r.t. >—NH

38% over two steps HO
H 230
HO E F
NCO H
190 (0]
N d
CHzclz, r.t. NH
23% over two steps HO
231

Scheme 125 - Synthesis of ureas 230 and 231

Ureas 230 and 231 were successfully synthesised, albeit in low yields of 38% and 23%,
respectively. Due to these low yields seen with this route and taking into account the reaction
outcomes that had previous been seen (see Sections 3.4.1 and 3.4.2), it was decided to switch

to a reaction pathway where amine 190 was purified before its use in derivatisation reactions.

Deprotection of ether 227 was first attempted using the second optimised conditions of
Pd(dba),, dppb and pyrrolidine (Scheme 126); however, the only isolated product was allyl

amine 229, which was recovered in a 72% yield.

y Pd(dba); (5 mol%),

dppb (10 mol%),
rrolidine -
AllocN O by _\—N o}
CH2C|2, r.t.

HO 72% HO

227 229

Scheme 126 - Accidental synthesis of allyl amine 229

It was postulated that the poor outcome was due to the use of Pd(dba). over Pd(PPhs)s, so
the reaction was repeated, with Pd(PPhs)4 (Scheme 127). The desired amine 190 was isolated
in 27% vyield after purification, which was very disappointing when compared to the yields
seen with the other deprotections. Unfortunately, time constraints meant that no further

optimisation of the deprotection could be carried out.
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H Pd(PPh3)4 (5 Mol%), H

pyrrolidine
AllocN O HN O
CH2C|2, r.t.
27%

HO HO

227 190

Scheme 127 - Synthesis of amine 188 using the second optimised deprotection conditions

While allyl amine 229 was not submitted to the final library due to its potential oxidation by
P450 enzymes, it could act as a progenitor scaffold for further scaffold generation. Allyl amine
229 was reduced using Pd/C and H; to generate propyl amine 232 in 17% vyield (Scheme
128).

H H
= Pd/ C (10%), H,
T\ -\ g
MeOH
HO 17% HO
229 232

Scheme 128 - Synthesis of propyl amine 232 by reduction of allyl amine 229

Attempted oxidative cleavage of allyl amine 229 to generate alcohol 233 using potassium
osmate and sodium periodate was conducted by adapting a procedure from Trost and Li, led
to no identifiable products (Scheme 129).23° No further manipulations of allyl amine 229 were

attempted.
H i) Ky0s04eH,0, NalOy, H
= acetone:H,0 (1:1), r.t. HO
_\—N o} _\—N o
ii) NaBH,, MeOH, r.t.
HO HO
229 233

Scheme 129 - Attempted synthesis of alcohol 233 from allyl amine 229

Returning concentration to amine 190, a variety of derivatisations were conducted.
Unfortunately, due to limitations in the quantity of material, a full complement of scaffolds
could not be synthesised. Taking into account the scaffolds already synthesised and the initial
in silico library, as diverse a representation of the /n sifico library as possible was attempted to
be formed (Scheme 130).
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-So H
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“TNTRCH, NEt O\%—N o]
HN O F.c—/
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HO ’ 87 CFs
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N oH [ j 236
N TN H
/ | 0
EDCeHCI, CH,Cly, r.t.. F-C N O
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N.

HO
. N‘
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/o\)J\OH 12 N H
| 0
BRC
EDCeHCl, CHyCly, r.t. o
/
HO
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Scheme 130 — Derivatisations of amine 190

The synthesis of five different compounds was attempted. The HCI salt of amine 190 was
synthesised in quantitative yield by treating amine with HCl in Et,O to give salt 234. Sulfamide
235 was generated in 81% yield using piperidine-1-sulfonyl chloride and triethylamine.
Sulfonamide 236 was accidentally generated as the only isolable product in a 32% yield due
to addition of a super-stoichiometric amount of 2,2,2-trifluoroethanesulfonyl chloride. Amide
237 was generated in 53% vyield using EDC as the coupling agent. Generation of amide 238
was also attempted but resulted in degradation.

In conclusion, eight different compounds were successfully synthesised from scaffold 190
(Figure 52). The eight compounds contain five different linkage functionalities and five
different Murcko scaffolds. A PMI plot of the library shows good shape diversity, with all

scaffolds lying away from the rod-disc axis (Figure 53). The mean PMI co-ordinates are also
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similar to those of the /n silico library (Figure 49), therefore, the eight compounds synthesised

represent well the /in silico library.
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Figure 52 — Eight ether scaffolds synthesised for the library
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Mean PMI coordinates: 11 = 0.331, I2 = 0.873 (denoted by +).

Figure 53 — PMI plot of the synthesised library of ethers
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3.5 Summary and Conclusions

Deprotection of the amine of tosylated keto-alkene 96 was shown to be non-viable for the
overall aim of construction of a library of scaffolds. Alternative reaction pathways, which used
a nosyl protecting group or switched the amine for an ether were also shown to be non-viable
for this purpose due to their low yields. Use of an alloc protecting group allowed for the
synthesis of keto-alkene 180 in 40% overall yield over seven steps. It was then demonstrated
that the alloc carbamate in keto-alkene 180 could be selectively deprotected in high yield,

enabling its use as a progenitor scaffold for a compound library.

Chemoinformatic analysis and application of a series of filters enabled the selection of three
different scaffolds, namely decalol 183, alcohol 187 and ether 190, as starting points for

generating a small library of diverse compounds.

Alloc protected decalol 193 was synthesised. After alloc removal, derivatisation of the
resulting amine afforded fifteen different analogues, encompassing five different functionalities
and fourteen different Murcko scaffolds. The synthesised library was found to be a good

representation of the /in silico library that was generated using LLAMA.

Derivatives of alcohol 187 were originally accessed via deprotection of keto-alkene 180, amine
derivatisation, and reduction of the ketone; however, the route proved to be capricious, with
low yields. A more general route, where alcohol 187 was generated before derivatisation was

attempted, but resulted in alloc removal instead of the expected ketone reduction.

An alternative scaffold, oxetane 218, was synthesised using a Paterno-Biichi reaction, but

library generation was hampered by low yields of the oxetane scaffold.

Ether 227 was synthesised and successfully deprotected. Derivatisation of the resulting amine
afforded eight analogues, encompassing five different functionalities and five different Murcko

scaffolds.

Overall, thirty different compounds, representing 26 different Murcko scaffolds, were
submitted to the compound library (Figure 54). They cover a wide range of functionality and
occupy a large range of chemical space as measured by a PMI plot (Figure 55). A small but

diverse compound library has therefore been successfully synthesised.
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Figure 54 — All scaffolds submitted to the compound library
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Figure 55 — PMI plot of all scaffolds submitted to the compound library.
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Chapter Four: Summary and Future Work



4.1 Summary

Our original aim was to synthesise a library of medium-sized rings, which could then be
derivatised to realise a compound library based on the principles of diversity-oriented

synthesis.

Chapter Two documented the synthesis of the progenitor scaffold, keto-alkene 96, which was
transformed in turn into a further eighteen different medium-sized ring scaffolds, all of which
were novel scaffolds. These scaffolds could be broadly grouped into four different categories,

showing the diverse nature of the chemistry that we were able to achieve.

Chapter Three documented the attempted tosyl removal of keto-alkene 96, which proved
unsuccessful. After subsequent scaffold development, keto-alkene 180 containing an alloc
carbamate was developed as an alternative candidate and successfully deprotected using
Pd(0) catalysis.

Cheminformatic analysis and a series of filters allowed for the selection of three different
scaffolds for derivatisation. Derivatisation of decalol 183 was successful and produced a library
of fifteen analogues. Derivatisation of ether 190 produced eight analogues, while

derivatisation of alcohol 187 was not possible.

Overall, a library of thirty compounds, comprising of a range of functionality and 26 different
Murcko scaffolds, was synthesised and submitted to the Haworth Chemically-Enabled
Compound Collection, a target-agnostic screening library being developed within the University

of Birmingham.
4.2 Future Work

Looking forward, a different protecting group is necessary for further library generation. Whilst
the alloc protecting group can be removed, the deprotection reaction has proved capricious,
limiting the number of compounds that could be synthesised. Further optimisation would be
advisable if this protecting group is retained in future studies, for example studying the use of
silanes instead of amines as the nucleophile present in the deprotection step.?3! The foremost
candidate as an alternative protecting group is the carboxybenzyl (Cbz) group, which can be

removed by hydrogenolysis.
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A different amine protecting group may also enable the facile synthesis of alcohol 187 or
oxetane 218, two scaffolds which we were unable to synthesise in high yields although these
reactions warrant further optimisation. Oxetane 218, for example, could also be synthesised
in higher yields by exploring different irradiation methods, such as a low-pressure lamp, which

unfortunately we did not have access to.

Further work needs to be conducted on the 5,7-fused ring systems, which currently cannot be
made diastereoselectively. A full screen of temperature, solvent and reagents should hopefully
enable a single diastereomer to be synthesised, which in turn would allow a candidate from

the fourth group of scaffolds to be used for compound library assembly.

Ideally, the methodology and transformations developed throughout this project would be
generalised across a range of medium-sized rings, rather than just the single keto-alkene that

was used within this project (Scheme 131).
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Scheme 131 - Concept of a generalised version of the designed route which would enable access to a variety of
different Murcko scaffolds.
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Chapter Five: Experimental



5.1 General Experimental Details

Unless stated otherwise, all reactions were carried out in oven-dried glassware under an argon
atmosphere using anhydrous solvents. Anhydrous THF, toluene and CH,Cl, were collected from
a PureSolv™ solvent purification system and stored over 3 A molecular sieves, which were
activated by heating at 250 °C under high vacuum (< 2 mbar) for at least 6 h prior to use
following a procedure by Williams et a/2°! All other solvents were dried over 3 A molecular
sieves, which were activated by heating at 250 °C under high vacuum (< 2 mbar) for at least
6 h prior to use. All other reagents and solvents were purchased from commercial suppliers
and used without further purification unless stated otherwise. Room temperature refers to a
temperature range of 17-25 °C. Reaction temperatures of 0 °C were maintained using an ice-

water bath and temperatures below 0 °C were maintained using an acetone-dry ice bath.

Reaction progress was monitored by thin-layer chromatography (TLC), which was performed
on Merck silica gel 60 Fas4 plates. Developed plates were visualised under UV irradiation (254
nm), followed by staining with either potassium permanganate, vanillin or ninhydrin dip. Flash
column chromatography was performed using silica gel (Aldrich Silica Gel 60, 230-400 mesh,
40-63 pm) and the indicated eluent. All solutions are aqueous and saturated unless stated

otherwise.

The concentration of vinylmagnesium bromide was determined by titration with menthol and
phenanthroline, following a procedure published by Lin et a/.%3? The concentration of SmI. was

determined by titration with iodine, following a procedure published by Szostak et a/.?33

Degassing of solvents was carried out by passing a stream of argon through the bulk solvent
for 10 min. When degassed solvents were to be transferred, the syringe was purged three

times with argon before withdrawal of liquid into the syringe.

'H-NMR, 3C-NMR and '°F-NMR spectra were recorded in commercially available deuterated
solvents on a Bruker AVIII 300 (*H = 300 MHz), AVIII 400 (*H = 400 MHz, 13C = 101 MHz),
AVANCE NEO 400 (*H = 400 MHz, 3C = 101 MHz) or AVANCE NEO 500 (*H = 500 MHz, 13C =
126 MHz) spectrometer. Variable temperature NMR studies were carried out using a CryoProbe
Prodigy BBFO-500 MHz (—40 °C to +80 °C). Those spectra recorded in chloroform-d were
calibrated using the solvent resonance, oy = 7.26 ppm and & = 77.16 ppm. Those spectra

recorded in acetone-ds were calibrated using the solvent resonance, & = 2.05 ppm and & =

145 | Page



29.84 ppm. Those spectra recorded in methanol-¢: were calibrated using the solvent
resonance, & = 3.31 ppm and & = 49.00 ppm. Chemical shifts are reported in ppm and
coupling constants in Hz, to the nearest 0.1 Hz. The following abbreviations are used to
describe the multiplicity of resonances in *H NMR spectra: s (singlet), d (doublet), t (triplet),
g (quartet) and m (multiplet). Stack is used to describe resonances of two or more different
protons which are coincident. The resonances for 1,4-disubstituted aromatics sometimes
appear as doublets, other times as more complex forms. These resonances, which make up
an AA'BB’ system in the spectrum, are reported throughout as a range and assigned as “AA’
of AA'BB’ " and “BB’ of AA'BB’ ", irrespective of their appearance. Proton-decoupled 3C-NMR
spectra were recorded using the PENDANT pulse sequence and/or the UDEFT pulse sequence.
Proton and carbon assignments were determined either on the basis of unambiguous chemical
shift or coupling pattern, by patterns observed in 2D NMR experiments or by analogy with fully
interpreted spectra for related compounds. NOESY experiments were used to determine
relative stereochemistry when necessary. The numbering of compounds for NMR assignment

is arbitrary.

Infrared spectra were recorded on a Perkin-Elmer Spectrum 100 FTIR spectrometer.
Wavelengths (v) are reported in cm™. ASAP and EI mass spectra were recorded on a VG
ZabSpec magnetic sector mass spectrometer and ESI mass spectra were recorded on a
Micromass LCT time of flight mass spectrometer. High-resolution mass spectrometry on all

instruments was run with a tolerance of 5.0 ppm and calculated to find a monoisotopic mass.

Melting points were measured with a Gallenkamp melting point apparatus with an open
capillary.
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5.2 Synthetic Procedures
N-(3’-Hydroxypropyl)-4-methylbenzenesulfonamide (74)

OH 3 o\\//o 5

1K/\NS4 6
g5

NEt; (1.21 mL, 8.67 mmol) was added to a solution of 3-amino-1-propanol (0.500 g, 6.67
mmol) in CH,Cl, (15 mL) and the resulting solution was cooled to 0 °C. A solution of TsCl (1.40

8

g, 7.33 mmol) in CHxCl; (10 mL) was added dropwise over 1 min and the resulting solution
was stirred at 0 °C for 1 h. The reaction mixture was then washed sequentially with HClq) (1
M, 20 mL), H>O (20 mL) and brine (20 mL). The organic layer was dried (MgS0.), filtered and
the solvent was then removed under reduced pressure to yield sulfonamide 74 as a colourless
oil (1.183 g, 77%). R (50% EtOAc in hexane) = 0.2; IR (neat / cm™) 3492 br w (O-H), 3280
br w (N-H), 2944 w, 2880 w, 1318 m, 1151 s; H NMR (400 MHz, CDCl3) o 7.77 — 7.73 (AA’
of AA'BB’, 2H, H-5), 7.33 — 7.29 (BB’ of AA'BB’, 2H, H-6), 5.04 (t, J = 6.1 Hz, 1H, NH), 3.74
(app. q, J= 5.2 Hz, 2H, H-1), 3.10 (app. q, 7 = 6.0 Hz, 2H, H-3), 2.43 (s, 3H, H-8), 1.87 (t, J
= 5.2 Hz, 1H, OH), 1.71 (app. quintet, 7 = 5.6 Hz, 2H, H-2); 3C NMR (101 MHz, CDCl5) &
143.4 (C, C-7), 137.0 (C, C-4), 129.7 (CH, C-6), 127.1 (CH, C-5), 60.7 (CH2, C-1), 41.1 (CH,,
C-3), 31.5 (CH, C-2), 21.5 (CH3, C-8); LRMS (EI) m/z229.1 [(M)*, 20%], 184.0 (50), 155.0
(90).

Data were in agreement with those reported in the literature.!°
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N-(3'-Hydroxypropyl)-4-methyl- A-(3""-methylbut-2"-en-1""-

yl)benzenesulfonamide (75)
3 O 10
1vN SN 11
4 5
|
6

Method A: Cs,COs (1.98 g, 6.07 mmol) was added to a solution of sulfonamide 74 (1.16 g,
5.06 mmol) in anhydrous DMF (25 mL). The mixture was stirred for 30 min at r.t. Prenyl
bromide (0.64 mL, 5.57 mmol) was then added and the resulting solution was stirred for 18 h
at r.t. The solution was then poured into H,O (20 mL) and the mixture was extracted with Et,O
(3 x 40 mL). The combined organic phases were washed with brine (40 mL), dried (MgSQ0a.),
filtered and the solvent was then removed under reduced pressure to provide a yellow oil,
which was purified by flash column chromatography (eluent: 50% EtOAc in hexane), to yield
sulfonamide 75 as a clear oil (0.685 g, 46%). R (50% EtOAc in hexane) = 0.6; IR (neat /
cm) 3499 br w (0-H), 2929 w, 1331 m, 1153 s; *H NMR (400 MHz, CDCl3) & 7.76 — 7.70
(AA" of AA'BB’, 2H, H-10), 7.31 — 7.27 (BB’ of AA'BB’, 2H, H-11), 4.92 (t with unresolved *J
coupling, J= 7.2 Hz, 1H, H-5), 3.80 (d, /= 7.2 Hz, 2H, H-4), 3.77 — 3.71 (m, 2H, H-1), 3.21
(t, 7= 6.4 Hz, 2H, H-3), 2.47 (br s, 1H, OH), 2.43 (s, 3H, H-13), 1.71 (app. quintet, 7= 6.0
Hz, 2H, H-2), 1.64 (s, 3H, H-7 or H-8), 1.61 (s, 3H, H-7 or H-8); 3C NMR (101 MHz, CDCl3) &
143.2 (C, C-12), [137.0, 136.9 (2 x C, C-6 & C-9)], 129.6 (CH, C-11), 127.2 (CH, C-10), 118.8
(CH, C-5), 58.7 (CH;, C-1), 45.8 (CH,, C-4), 43.7 (CH,, C-3), 31.0 (CH, C-2), 25.7 (CHs, C-7
or C-8), 21.5 (CHs, C-13), 17.8 (CHs, C-7 or C-8); LRMS (ESI) m/z320.1 [(M + Na)*, 100%],
230.1 (80), 212.1 (30).

Data were in agreement with those reported in the literature.!°

Method B: NEt; (4.20 mL, 30.2 mmol) was added to a stirred solution of amine 78 (3.32 g,
23.2 mmol) in CHxCl; (115 mL). The solution was cooled to 0 °C. TsCl (4.19 g, 22.0 mmol)
was added in one portion and the reaction mixture was warmed to r.t. After 2 h, the reaction
mixture was washed sequentially with HClagy (1 M, 80 mL), H,O (80 mL) and brine (80 mL).
The organic layer was dried (MgSQ0.), filtered and the solvent was then removed under reduced
pressure to provide a yellow oil, which was purified by flash column chromatography (eluent:
50% EtOAc in hexane), to yield sulfonamide 75 as a clear oil (4.53 g, 69%).
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Data were in agreement with those obtained for sulfonamide 75 that was prepared using

method A and in agreement with those reported in the literature.!3°

3-((3'-Methylbut-2'-en-1'-yl)amino)propan-1-ol (78)

OH /\)\_» OH OH .
NN M VNA)\ 1vN /68

NH,

3-Methyl-2-butenal (1.40 mL, 14.6 mmol) was added to a stirred solution of 3-amino-1-
propanol (1.02 mL, 13.3 mmol) and activated 3 A molecular sieves in CH,Cl, (100 mL) at r.t.
After 24 h, the solution was filtered through a pad of Celite and the solvent was then removed
under reduced pressure to give the intermediate imine as a clear oil. The crude imine was
dissolved in MeOH (20 mL) and the resulting solution cooled to 0 °C. NaBH4 (1.00 g, 26.6
mmol) was added in one portion and the reaction temperature was raised to r.t. After 1 h,
H>O (15 mL) was added to the reaction mixture, the layers were separated, and the aqueous
layer was washed with CH,Cl, (3 x 15 mL). The organic phases were combined, dried (MgS04),
filtered and the solvent was then removed under reduced pressure to yield amine 78 as a pale
yellow oil, which was used without further purification (1.80 g). R (10% MeOH in CHxCl;) =
0.1; IR (neat / cm™) 3288 br m (O-H, N-H), 2922 m, 1445 m, 1065 s; *H NMR (400 MHz,
CDCl3) & 5.20 (t with unresolved *Jcoupling, J= 6.9 Hz, 1H, H-5), 3.79 (t, 7= 5.4 Hz, 2H, H-
1), 3.19 (d, /= 6.9 Hz, 2H, H-4), 2.86 (t, /= 5.7 Hz, 2H, H-3), 1.70 (s, 3H, H-7 or H-8), 1.68
—1.64 (m, 2H, H-2), 1.63 (s, 3H, H-7 or H-8), exchangeable protons not observed; *C NMR
(101 MHz, CDCls) & 135.4 (C, C-6), 121.8 (CH, C-5), 63.8 (CH,, C-1), 48.9 (CH,, C-3), 46.9
(CH,, C-4), 30.6 (CH,, C-2), 25.7 (CHs, C-7 or C-8), 17.9 (CHs, C-7 or C-8); LRMS (EI) m/z
143.1 [((M)*, 30%], 128.1 (100), 69.1 (100).

Data were in agreement with those reported in the literature.*3
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4-Methyl-N-(3'-methylbut-2'-en-1'-yl)-N-(3"-oxopropyl)benzenesulfonamide (79)

DMSO (3.6 mL, 51 mmol) was added dropwise over 2 min to a solution of oxalyl chloride (2.1
mL, 25 mmol) in CH,Cl, (65 mL) at —78 °C. The resultant solution was stirred for 10 min, after
which time, a solution of alcohol 75 (6.08 g, 20.4 mmol) in CHxCl, (15 mL) was added dropwise
over 5 min. After 1 h, NEts (14 mL, 102 mmol) was added and the resulting solution was
warmed to r.t. over 5 min. H>O (60 mL) was added to the reaction mixture and the layers were
separated. The aqueous layer was extracted with CH,Cl, (3 x 40 mL). The organic layers were
combined, dried (MgS0.), filtered and the solvent was then removed under reduced pressure
to give aldehyde 79 as a pale yellow oil, which was used without further purification in the
following cyclisation (see p 152). R (50% EtOAc in hexane) = 0.5; IR (neat / cm™) 2925 w,
1722 s (C=0), 1336 s, 1154 s; 'H NMR (400 MHz, CDCl3) & 9.75 (s, 1H, H-1), 7.70 — 7.75
(AA’ of AA'BB’, 2H, H-10), 7.33 — 7.28 (BB’ of AA'BB’, 2H, H-11), 4.98 (t with unresolved *J
coupling, 7= 7.1 Hz, 1H, H-5), 3.76 (d, J = 6.1 Hz, 2H, H-4), 3.36 (t, J= 7.5 Hz, 2H, H-3),
2.82 -2.76 (m, 2H, H-2), 2.43 (s, 3H, H-13), 1.66 (s, 3H, H-8 or H-7), 1.61 (s, 3H, H-7 or H-
8); 3C NMR (101 MHz, CDCls) d¢ 200.6 (CH, C-1), 143.5 (C, C-12), 137.8 (C, C-6), 136.5 (C,
C-9), 129.8 (CH, C-11), 127.4 (CH, C-10), 118.8 (CH, C-5), 46.6 (CH,, C-4), 44.2 (CH;, C-3),
41.1 (CHy, C-2), 25.9 (CHs, C-7 or C-8), 21.7 (CH3, C-13), 17.9 (CHs, C-7 or C-8); LRMS (ESI)
my/z318.1 [(M + Na)*, 100%].

Data were in agreement with those reported in the literature.!3?
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(35%* 45%)-3-(Prop-1'-en-2'-yl)-1-tosylpiperidin-4-ol (82) & (3S* 4R*)-3-(prop-

1’-en-2'-yl)-1-tosylpiperidin-4-ol (83)
B Q

(3S*, 4S8%) (3S*, 4RY)

o w N
o N ng
L So-z =)o
o
f @

SnCls (1 M solution in heptanes, 2.1 mL, 2.1 mmol) was added to a solution of aldehyde 79
(6.03 g, 20.4 mmol, used without purification, see p 151) in CH,Cl; (200 mL) at 0 °C. The
resulting solution was stirred for 16 h, after which time NH4Cluq) (100 mL) was added. The
phases were separated and the aqueous phase was extracted with CH,Cl, (3 x 70 mL). The
combined organic phases were washed with brine, dried (MgS0,), filtered and evaporated
under reduced pressure to give a dark orange oil, which was used without further purification
(6.03 g). By integration of the isopropenyl resonances at 4.88 and 4.58 ppm in the 'H NMR
spectrum of the crude product the diastereomeric ratio of (3.5*%, 45*)-82 to (3R*, 45*)-83
was determined to be 7:3.

Normally, the product was used as a mixture since both diastereomers converge to the same
product in the next oxidation step; however, the major isomer (3.5*, 45*)-82 was once isolated
by flash column chromatography (eluent: 40% EtOAc in hexane), to yield piperidinol 82 as a
white crystalline solid. & (50% EtOAc in hexane) = 0.4; m.p. 149 — 151 °C (lit.}3 m.p. 149 -
151 °C); IR (neat / cm™) 3393 br (O-H), 2952 m, 1450 w, 1335 m, 1161 s; *H NMR (400 MHz,
CDCl3) o4 7.67 — 7.63 (AA’ of AA'BB’, 2H, H-10), 7.34 — 7.30 (BB’ of AA'BB’, 2H, H-11), 4.97
(s, 1H, H-82 or H-8), 4.58 (s, 1H, H-8, or H-84), 3.98 — 3.95 (m, 1H, H-1), 3.62 — 3.54 (stack,
2H, H-35 and H-4.), 2.63 — 2.53 (stack, 2H, H-3» and H-4,), 2.44 — 2.35 (stack, 4H, H-13 and
H-5), 1.98 — 1.80 (stack, 2H, H-2), 1.77 (s, 3H, H-7), OH not observed; *C NMR (101 MHz,
CDCl3) &c 144.0 (C, C-12), 143.6 (C, C-6), 133.5 (C, C-9), 129.8 (CH, C-11), 127.7 (CH, C-10),
112.4 (CHy, C-8), 63.1 (CH, C-1), 46.9 (CH, C-5), 43.6 (CH,, C-4), 40.7 (CH,, C-3), 31.3 (CH,
C-2), 23.0 (CHs, C-7), 21.6 (CHs, C-13); LRMS (ESI) m/z318.1 [(M + Na)*, 100%].

Data were in agreement with those reported in the literature.!3?
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3-(Prop-1'-en-2'-yl)-1-tosylpiperidin-4-one (81)

1 13

Method A: TfOH (0.55 mL, 6.3 mmol) was added to a suspension of PCC (4.38 g, 20.3 mmol)
in CHxCl, (120 mL). The mixture was stirred for 5 min before being cooled to 0 °C. A solution
of alcohol 75 (1.34 g, 4.52 mmol) in CH,Cl; (30 mL) was then added in one portion and the
resulting reaction mixture was warmed to r.t. and stirred vigorously. After 24 h, NaHCOs (3.00
g) and Et;0 (50 mL) were added. The mixture was vigorously stirred for 15 min and then
filtered through a pad of silica, washing the residue with Et,O (200 mL). The solvent was then
removed under reduced pressure to give a brown oil, which was purified by flash column
chromatography (eluent: 35% EtOAc in hexane) to yield piperidinone 81 as a white crystalline
solid (0.48 g, 36%). R (50% EtOAc in hexane) = 0.5; m.p. 82 — 83 °C (lit.** m.p. 82 — 83
°C); IR (neat / cm™) 2952 m, 1721 s (C=0), 1337 m, 1155 s; H NMR (400 MHz, CDCl5) Jx
7.68 — 7.64 (AA’ of AA'BB’, 2H, H-10), 7.36 — 7.32 (BB’ of AA'BB’, 2H, H-11), 5.06 — 5.03 (m,
1H, H-85 or H-8), 4.91 —4.89 (m, 1H, H-8, or H-8.), 3.73 — 3.61 (stack, 2H, H-3), 3.24 - 3.04
(stack, 3H, H-4 & H-5), 2.61 — 2.54 (stack, 2H, H-2), 2.44 (s, 3H, H-13), 1.72 (s, 3H, H-7); 13C
NMR (101 MHz, CDCl5) & 205.4 (C, C-1), 144.2 (C, C-12), 139.7 (C, C-6), 133.3 (C, C-9),
130.0 (CH, C-11), 127.6 (CH, C-10), 115.2 (CH, C-8), 56.5 (CH, C-5), 49.7 (CH, C-3), 46.4
(CHy, C-4), 40.0 (CHy, C-2), 21.7 (CHs, C-13), 21.6 (CHs, C-7); LRMS (ASAP) m/z294.1 [(M +
H)*, 100%].

Data were in agreement with those reported in the literature.*

Method B: DMSO (2.7 mL, 38 mmol) was added dropwise over 2 min to a solution of oxalyl
chloride (1.6 mL, 18 mmol) in CH.Cl, (40 mL) at —78 °C. The resultant solution was stirred for
10 min, after which time, a solution of alcohol 80 (4.45 g, 15.1 mmol, used without
purification, see p 152) in CH,Cl, (20 mL) was added dropwise over 10 min. After 1 h, Pr,NEt
(13.2 mL, 75.3 mmol) was added in one portion. After stirring for 15 min at —78 °C, the

temperature of the solution was raised to 0 °C by replacing the cooling bath with an ice-water
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bath. The mixture was stirred for 30 min at this temperature. HCl@aq) (1 M, 60 mL) was then
added and the solution was vigorously stirred for 15 min at 0 °C. The two phases were then
separated and the aqueous phase was washed with CH,Cl, (3 x 40 mL). The combined organic
phases were dried (MgSQ.), filtered and the solution concentrated under reduced pressure to
a volume of ca. 15 mL. This solution was then added directly to a column containing silica and
the compound was purified by flash column chromatography (eluent: 35% EtOAc in hexane)

to yield piperidinone 81 as a white, crystalline solid (3.580 g, 81% over 3 steps).

Data were in agreement with those obtained for piperidinone 81 that was prepared using

method A and in agreement with those reported in the literature. 14

(35*, 45*%)-3-(Prop-1'-en-2'-yl)-1-tosyl-4-vinylpiperidin-4-ol (85)

7
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Method A: Vinylmagnesium bromide (0.80 M solution in THF, 2.7 mL, 2.1 mmol) was added

N
O:é
1/
o]

15

dropwise over 1 min to a solution of piperidinone 81 (0.479 g, 1.63 mmol) in THF (4 mL) at -
78 °C. The reaction mixture was warmed to r.t. and then stirred for 17 h, before being
quenched by the sequential addition of NH4Clg) (6 mL) and H20 (6 mL). The aqueous layer
was extracted with EtOAc (3 x 7 mL). The combined organic phases were washed with brine
(6 mL), dried (MgSO0s.), filtered and evaporated under reduced pressure to give a dark yellow
oil, which contained only one diastereomer upon analysis of the *H NMR spectrum of the crude
product. The crude product was purified by flash column chromatography (eluent: 30% EtOAc
in hexane) to yield allylic alcohol 85 as a white crystalline solid (0.223 g, 43%). R (50% EtOAc
in hexane) = 0.5; mp 104 — 106 °C; IR (neat / cm™) 3532 s (O-H), 2860 w, 1330 m, 1158 s;
'H NMR (400 MHz, CDCls) &4 7.65 — 7.61 (AA’ of AA'BB’, 2H, H-12), 7.33 — 7.28 (BB’ of AA'BB’,
2H, H-13), 5.84 (dd, /= 17.2, 10.8 Hz, 1H, H-6), 5.19 (dd, /= 17.2, 0.8 Hz, 1H, H-7ans), 5.07
(dd, 7= 10.8, 0.8 Hz, 1H, H-7.s), 4.94 (app. t, 7= 1.2 Hz, 1H, H-105 or H-10y), 4.60 (s, 1H,
H-10p or H-10a), 3.65 — 3.58 (m, 1H, H-33), 3.49 (ddd, J = 11.2, 4.0, 2.0 Hz, 1H, H-4.), 2.66
—2.59 (m, 1H, H-3y), 2.55 (app. t, 7= 12.0 Hz, 1H, H-4,), 2.43-2.35 (stack, 4H, H-5 and H-
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15), 1.92 — 1.82 (m, 1H, H-2.), 1.76 (s, 3H, H-9), 1.69 (s, 1H, OH), 1.64 (app. dt, J = 14.0,
2.4 Hz, 1H, H-2v); 13C NMR (101 MHz, CDCls) & 144.3 (C, C-8), 143.9 (CH, C-6), 143.5 (C, C-
14), 133.4 (C, C-11), 129.7 (CH, C-13), 127.7 (CH, C-12), 113.1 (CH,, C-10), 112.6 (CH,, C-
7), 70.4 (C, C-1), 50.2 (CH, C-5), 45.7 (CH,, C-4), 41.8 (CH,, C-3), 36.3 (CH,, C-2), 26.3 (CHs,
C-9), 21.5 (CHs, C-15); LRMS (ESI) m/z 344.1 [(M + Na)*, 100%], 322.1 (15), 304.1 (10);
HRMS (ESI) calc'd for C7H2sNOsSNa (M + Na)* 344.1296, found 344.1298.

Method B: CeCl5-7H;0 (2.22 g, 5.96 mmol) was heated at 140 °C under high vacuum (< 2
mbar) for 2 h, and then cooled to r.t. THF (25 mL) was added and the resulting slurry was
stirred vigorously for 2 h, before being cooled to —78 °C. Vinylmagnesium bromide (0.76 M
solution in THF, 6.9 mL, 5.5 mmol) was added. The resulting mixture was stirred for 30 min,
after which time a solution of piperidinone 81 (1.34 g, 4.58 mmol) in THF (10 mL) was added
dropwise over 5 min. The resulting mixture was stirred at =78 °C for 4 h before being poured
into a solution of AcCOHaq) (5%, 40 mL). The aqueous layer was extracted with EtOAc (3 x 45
mL). The combined organic fractions were washed with NaHCO3z@q) (2 x 50 mL), dried
(MgS0.), filtered and the solvent was then removed under reduced pressure to give a dark
yellow oil, which contained only one diastereomer by analysis of the *H NMR spectrum of the
crude product. The crude product was purified by flash column chromatography (eluent: 25%

EtOAc in hexane) to yield allylic alcohol 85 as a white crystalline solid (1.29 g, 88%).

Data were in agreement with those obtained for allylic alcohol 85 that was prepared using
method A.

( E)-8-Methyl-1-tosyl-2,3,5,6,7,10-hexahydroazecin-4(1 H)-one (96)

2.0 4
1 5
0] 3
\/N
0=S Al
9

[(CsHsCN)2PdCl,] (78 mg, 0.20 mmol) was added in one portion to a stirred solution of allylic
alcohol 85 (1.305 g, 4.06 mmol) in benzene (40 mL). After 2 h, the solvent was removed
under reduced pressure to give an orange oil, which was purified by flash column

chromatography (eluent: 30% EtOAc in hexane), to yield ketone 96 as a white crystalline solid
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(0.944 g, 73%). R: (50% EtOAc in hexane) = 0.5; mp 110 — 112 °C; IR (neat / cm™) 2938 m,
1701 s (C=0), 1340 m, 1160 s; *H NMR (400 MHz, CDCl;5) &+ 7.66 — 7.63 (AA’ of AA'BB’, 2H,
H-12), 7.33 — 7.28 (BB’ of AA'BB’, 2H, H-13), 5.28 — 5.22 (m, 1H, H-8), 4.20 — 4.05 (m, 1H,
H-9.), 3.86 — 3.74 (m, 1H, H-1.), 3.23 — 3.11 (m, 1H, H-9), 3.03 — 2.91 (stack, 2H, H-1,, H-
2a), 2.46 — 2.40 (stack, 4H, H-2,, H-15), 2.39 — 2.33 (stack, 2H, H-4,, H-52), 2.25 — 2.21 (m,
1H, H-4p), 2.21 — 2.16 (m, 1H, H-6,), 2.11 — 2.01 (m, 1H, H-6,), 1.94 — 1.85 (m, 1H, H-5),
1.40 (s, 3H, H-10); *C NMR (101 MHz, CDCls) & 208.3 (C, C-3), 146.3 (C, C-14), 146.1 (C, C-
7), 136.6 (C, C-11), 129.8 (CH, C-13), 127.2 (CH, C-12), 121.4 (CH, C-8), 48.0 (CH, C-9),
45.9 (CHy, C-2), 44.3 (CHy, C-1), 43.1 (CH,, C-4), 40.8 (CH,, C-6), 25.4 (CH;, C-5), 21.5 (CH3,
C-15), 15.8 (CHs, C-10); LRMS (ESI) m/z 344.1 [(M + Na)*, 100%], 322.2 (20), 304.1 (10);
HRMS (ESI) calc'd for Ci7H23NO3SNa (M + Na)* 344.1296, found 344.1299.

NMR data (~35 °C): 'H NMR (500 MHz, CDCls) & 7.65 — 7.61 (AA’ of AA'BB, 2H, H-12), 7.35
— 7.29 (BB’ of AABB', 2H, H-13), 5.27 — 5.21 (m, 1H, H-8), 4.17 (d, J = 14.4 Hz, 1H, H-9.),
3.82 (dd, J = 14.4, 9.4 Hz, 1H, H-1.), 3.07 (dd, J = 14.4, 10.9 Hz, 1H, H-9y), 2.98 (dd, J =
16.1, 8.4 Hz, 1H, H-2.), 2.85 (dd, 7= 14.4, 8.4 Hz, 1H, H-1v), 2.49 (dd, J= 16.1, 9.4 Hz, 1H,
H-2b), 2.43 (s, 3H, H-15), 2.39 — 2.27 (stack, 2H, H-4, and H-5.), 2.22 (dd, J = 14.3, 5.8 Hz,
1H, H-4y), 2.10 — 2.03 (m, 1H, H-6.), 1.86 (app. td, J = 12.4, 3.9 Hz, 1H, H-6,), 1.90 — 1.82
(m, 1H, H-55), 1.36 (s, 3H, H-10); 13C NMR (126 MHz, CDCls) & 209.1 (C, C-3), 143.6 (C, C-
14), 143.3 (C, C-7), 135.2 (C, C-11), 129.9 (CH, C-13), 126.8 (CH, C-12), 120.9 (CH, C-8),
48.2 (CH,, C-9), 45.6 (CH,, C-2), 44.3 (CH,, C-1), 43.2 (CH,, C-4), 40.7 (CHa, C-6), 25.6 (CH,,
C-5), 21.8 (CHs, C-15), 16.0 (CHs, C-10).

(4aR*, 8a5*)-8-Methylene-2-tosyloctahydroisoquinolin-4a(2H)-ol (107)

TsOH-H,0 (6.0 mg, 30 umol) was added to a solution of ketone 96 (200 mg, 0.62 mmol) in
THF (12 mL). After 12 h, NaHCOs aq) (6 mL) was added. The layers were separated and the

aqueous layer was washed with CHCl, (3 x 7 mL). The combined organic phases were dried
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(MgSO0.), filtered and the solvent was then removed under reduced pressure to give a
colourless oil, which was purified by flash column chromatography (eluent: 25% EtOAc in
hexane) to yield decalol 107 as a white crystalline solid (132 mg, 66%). R: (50% EtOAc in
hexane) = 0.5; mp 123 — 125 °C; IR (neat / cm™) 3516 br w (O-H), 2928 w, 1338 m, 1152
s, 920 s, 744 s; *H NMR (400 MHz, CDCl3) & 7.66 — 7.62 (AA’ of AA'BB’, 2H, H-12), 7.32 —
7.29 (BB’ of AA'BB’, 2H, H-13), 4.88 (s, 1H, H-10.), 4.42 (s, 1H, H-10p), 3.66 — 3.57 (stack,
2H, H-1, and H-2,), 2.60 (app. td, /= 11.4, 4.4 Hz, 1H, H-1,), 2.47 (app. t, 7= 11.2 Hz, 1H,
H-2p), 2.41 (s, 3H, H-15), 2.36 — 2.24 (stack, 2H, H-3 and H-7,), 2.04 — 1.94 (m, 1H, H-7}),
1.74 — 1.57 (stack, 5H, H-5;, H-8,, H-9 and OH), 1.48 — 1.41 (m, 1H, H-8), 1.40 — 1.38 (m,
1H, H-5p); *C NMR (101 MHz, CDCl3) & 146.4 (C, C-6), 143.5 (C, C-14), 133.6 (C, C-11),
129.7 (CH, C-13), 127.7 (CH, C-12), 109.2 (CH,, C-10), 69.7 (C, C-4), 47.8 (CH, C-3), 43.7
(CHy, C-2), 42.1 (CH,, C-1), 38.5 (CH,, C-5), 37.3 (CH,, C-9), 36.0 (CH,, C-7), 23.3 (CH,, C-
8), 21.6 (CHs, C-15); LRMS (ESI) m/z322.1 [(M + H)*, 100%], 304.1 (50); HRMS (ESI)
calc’d for C17H24NO3S (M + H)* 322.1477, found 322.1481.
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( £)-8-Methyl-1-tosyl-1,2,3,4,5,6,7,10-octahydroazecin-4-ol (119)

15 2 OHg4

LiBH4 (2.0 M in THF, 0.23 mL, 0.46 mmol) was added to a cooled (0 °C) solution of ketone 96
(100 mg, 0.31 mmol) in THF (2 mL) and the resulting mixture was stirred. The cooling bath
was removed and the solution allowed to warm to r.t. After 3 h, H,O (6 mL) was added. The
two phases were separated and the aqueous layer was washed with EtOAc (3 x 7 mL). The
combined organic phases were dried (MgS0.), filtered and the solvent was then removed
under reduced pressure to give a colourless oil, which was purified by flash column
chromatography (eluent: 40% EtOAc in hexane) to yield alcohol 119 as a crystalline white
solid (100 mg, 98%). R (50% EtOAc in hexane) = 0.3; mp 133 — 135 °C; IR (neat / cm™)
3393 br w (O-H), 2932 w, 1450 w, 1334 m, 1160 s; *H NMR (400 MHz, CDCl;) & 7.72 — 7.68
(AA’ of AA'BB’, 2H, H-12), 7.35 — 7.31 (BB’ of AA'BB’, 2H, H-13), 5.18 (app. t, /= 7.5 Hz, 1H,
H-8), 4.31 — 4.15 (m, 1H, H-9,), 3.57 — 3.39 (m, 1H, H-3), 3.21 (app. d, 7= 14.9 Hz, 1H, H-
1), 2.94 — 2.77 (m, 1H, H-9), 2.69 (app. t, 7= 13.0 Hz, 1H, H-1}), 2.43 (s, 3H, H-15), 2.25
(app. dt, 7= 12.1, 4.2 Hz, 1H, H-6,), 2.13 — 1.92 (stack, 2H, H-2. and H-6y), 1.78 (s, 3H, H-
10), 1.75 — 1.61 (stack, 2H, H-2y, and OA), 1.52 — 1.46 (stack, 2H, H-5), 1.46 — 1.38 (stack,
2H, H-4); 13C NMR (101 MHz, CDCl3) & 145.2 (C, C-7), 143.4 (C, C-14), 129.8 (CH, C-13),
133.8 (C, C-11), 127.7 (CH, C-12), 118.1 (CH, C-8), 70.2 (CH, C-3), 45.9 (CH, C-9), 44.0 (CH,,
C-1), 40.6 (CHz, C-6), 39.2 (CHy, C-2), 33.9 (CH, C-4), 22.3 (CHy, C-5), 21.6 (CHs, C-15), 16.8
(CHs, C-10); LRMS (ESI) m/z346.1 [(M + Na)*, 100%], 324.2 (20), 306.2 (20); HRMS (ESI)
calc'd for Ci7H2sNOsSNa (M + Na)* 346.1453, found 346.1456.
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(4aR*, 8S* 8as*)-8-Methoxy-8-methyl-2-tosyloctahydroisoquinolin-4a(2H)-ol
(121)

Pd(OH)./C (10% Pd, 5 mg) was added to a solution of ketone 96 (50 mg, 0.16 mmol) in a
mixture of MeOH (2 mL) and THF (1 mL) and the resulting mixture was stirred. Hydrogen was
directly bubbled through the solution for 5 min, after which time the reaction mixture was
maintained under an atmosphere of H,. After 24 h, the solution was filtered through a pad of
Celite, washing with MeOH (10 mL), dried (MgSO0.,), filtered and the solvent was then removed
under reduced pressure to give a colourless oil, which was purified by flash column
chromatography (eluent: 35% EtOAc in hexane) to yield decalol 121 as a colourless oil (50
mg, 95%). R (50% EtOAc in hexane) = 0.4; IR (neat / cm™) 3522 br w (O-H), 2916 w, 1334
m, 1126 s, 737 s; 'H NMR (400 MHz, CDClz) & 7.68 — 7.64 (AA’ of AA'BB’, 2H, H-13), 7.33 -
7.28 (BB’ of AA'BB’, 2H, H-14), 3.79 (ddd, J= 11.1, 3.7, 1.9 Hz, 1H, H-9.), 3.64 (app. dquintet,
J=11.5, 2.4 Hz, 1H, H-1.), 3.16 (s, 3H, H-11), 2.69 — 2.60 (m, 1H, H-1p), 2.42 (s, 3H, H-16),
2.39 (app. t, 7= 11.5 Hz, 1H, H-9), 1.80 — 1.69 (stack, 3H, H-2,, H-65 and H-8), 1.67 — 1.57
(m, 2H, H-5), 1.54 — 1.43 (stack, 3H, H-2», H-4, and H-6y), 1.38 — 1.59 (m, 1H, H-4,), 1.13
(s, 3H, H-10), OH not observed; 3C NMR (101 MHz, CDCls) & 143.4 (C, C-15), 133.9 (C, C-
12), 129.7 (CH, C-14), 127.8 (CH, C-13), 75.2 (C, C-7), 69.8 (C, C-3), 48.4 (CH, C-8), 48.0
(CHs, C-11), 42.0 (CH, C-1), 41.7 (CH, C-9), 40.6 (CH, C-2), 39.5 (CH., C-4), 36.1 (CH,, C-
6), 21.7 (CHs, C-16), 19.5 (CHs, C-10), 18.9 (CHy, C-5); LRMS (ASAP) m/z354.2 [(M + H)*,
100%], 304.1 (40); HRMS (ASAP) calc'd for Ci1gH2sNO4S (M + H)* 354.1739, found 354.1740.
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(1R*, 10R*)-10-Methyl-3-tosyl-11-oxa-3-azabicyclo[8.1.0]Jundecan-6-one (122)
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mCPBA (70%, 0.440 g, 1.78 mmol) was added to a solution of ketone 96 (0.441 g, 1.37 mmol)
in CH.Cl, (16 mL). The resultant solution was stirred for 4 h at r.t., after which time, Na,S,0s;
aq) (10 mL) was added and the mixture was stirred for 10 min. The two phases were then
separated and the organic phase was washed sequentially with NaHCO3 (aq) (10 mL), H0 (10
mL) and brine (10 mL). The organic phase was dried (MgS0s), filtered and the solvent was
then removed under reduced pressure to give a white solid, which was purified by flash column
chromatography (eluent: 35% EtOAc in hexane) to yield epoxide 122 as a white, crystalline
solid (0.425 g, 92%). R: (50% EtOAc in hexane) = 0.5; mp 105 — 108 °C; IR (neat / cm™)
2932 br, 1707 s (C=0), 1337 s, 1158 s, 1090 s; *H NMR (400 MHz, CDCls) & 7.69 — 7.64 (AA’
of AA'BB, 2H, H-12), 7.33 — 7.28 (BB’ of AA'BB’, 2H, H-13), 3.77 — 3.64 (stack, 2H, H-1, and
H-9.), 3.39 — 3.30 (m, 1H, H-1p), 2.97 — 2.87 (m, 1H, H-2.), 2.86 — 2.80 (m, 1H, H-8), 2.66
— 2.54 (stack, 4H, H-2,, H-4 and H-9), 2.42 (s, 3H, H-15), 2.17 — 2.05 (stack, 2H, H-5, and
H-6,), 1.74 — 1.63 (m, 1H, H-5;,), 1.17 (s, 3H, H-10), 1.05 — 0.94 (m, 1H, H-6); 3C NMR (101
MHz, CDCl3) & 210.6 (C, C-3), 143.8 (C, C-14), 136.1 (C, C-11), 130.0 (CH, C-13), 127.1 (CH,
C-12), 61.9 (CH, C-8), 61.2 (C, C-7), 47.6 (CH, C-9), 46.2 (CH, C-1), 45.2 (CHz, C-2), 43.3
(CH, C-4), 38.5 (CHy, C-6), 21.6 (CHs, C-15), 19.0 (CH;, C-5), 15.9 (CHs, C-10); LRMS (ESI)
myz 360.1 [(M + Na)*, 100%], 338.2 (30), 320.1 (25); HRMS (ESI) calc'd for C17H23NO4SNa
(M + Na)* 360.1245, found 360.1246.
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(1R*, 25%)-1-Methyl-4-tosyl-11-oxa-4-azabicyclo[5.3.1]Jundec-7-en-2-0l (124)

15

Method A: NaBH4 (47 mg, 1.2 mmol) was added in one portion to a cooled (0 °C) solution of
epoxide 122 (0.21 g, 0.62 mmol) in THF and MeOH (1:1, 4 mL total). The cooling bath was
removed, and the reaction mixture was warmed to r.t. After 5 h, H,O (5 mL) was added to the
reaction mixture. The layers were separated and the aqueous layer was washed with CH,Cl
(3 x 5 mL). The combined organic phases were dried (MgS0,), filtered and the solvent was
then removed under reduced pressure to give a colourless oil which was purified by flash
column chromatography (eluent: 35% EtOAc in hexane) to yield enol ether 124 as a crystalline
white solid (52 mg, 25%). R (50% EtOAc in hexane) = 0.5; mp 82 — 84 °C; IR (neat / cm™1)
3337 br (O-H), 2938 m, 1701 m, 1324 s, 1153 s; *H NMR (400 MHz, CDCl3) & 7.71 — 7.67 (AA’
of AA'BB, 2H, H-12), 7.32 — 7.27 (BB’ of AA'BB’, 2H, H-13), 4.82 (app. s, 1H, H-4), 4.38 (dd, J
= 9.0, 3.4 Hz, 1H, H-8), 3.69 (app. dd, /= 14.5, 6.0 Hz, 1H, H-1.), 3.47 (app. d, J= 14.5 Hz,
1H, H-9a), 3.14 - 2.99 (stack, 2H, H-1 and H-9), 2.42 (s, 3H, H-15), 2.40 — 2.32 (m, 1H, H-
2.), 2.31 = 2.23 (m, 1H, H-2y), 2.22 — 2.11 (stack, 2H, H-5), 2.06 — 1.99 (m, 1H, H-6,), 1.85
- 1.72 (stack, 2H, H-6, and OH), 1.17 (s, 3H, H-10); *C NMR (101 MHz, CDCl3) & 149.3 (C,
C-3), 143.3 (C, C-14), 137.7 (C, C-11), 129.8 (CH, C-13), 126.7 (CH, C-12), 104.1 (CH, C-4),
76.1 (C, C-7), 72.8 (CH, C-8), 55.6 (CH,, C-9), 49.9 (CH,, C-1), 34.4 (CH;, C-2), 29.7 (CH,, C-
6), 21.6 (CHs, C-15), 20.5 (CHs, C-10), 18.7 (CH,, C-5); LRMS (ESI) m/z360.1 [(M + Na)*,
100%], 338.1 (90), 320.1 (100), 292.1 (20), 218.6 (50), 209.1 (40); HRMS (ESI) calc'd for
Ci7H23NO4sSNa (M + Na)* 360.1245, found 360.1244.

Method B: TsOH-H,O (8.1 mg, 0.042 mmol) was added to a solution of epoxide 122 (286
mg, 0.848 mmol) in toluene (10 mL). After 2 h, NaHCOs (aq) (15 mL) was added. The layers
were separated and the aqueous layer was washed with EtOAc (3 x 10 mL). The combined
organic phases were dried (MgSQ.), filtered and the solvent was then removed under reduced
pressure to give a colourless oil, which was purified by flash column chromatography (eluent:
25% EtOAc in hexane) to vield enol ether 124 as a crystalline white solid (241 mg, 84%).
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Data were in agreement with those obtained for enol ether 124 that was prepared using
method A.

(1R*, 6R*, 10 R*)-10-Methyl-3-tosyl-11-oxa-3-azabicyclo[8.1.0Jundecan-6-ol
(123)x

mCPBA (70%, 75 mg, 0.30 mmol) was added to a solution of alkene 119 (70 mg, 0.22 mmol)
in CH,Cl, (5 mL). The resultant solution was stirred for 4 h at r.t., after which time, Na;S,05
g (5 mL) was added and the mixture was stirred for 10 min. The two phases were then
separated and the organic phase was washed sequentially with NaHCO3 (aq) (5 mL), H0 (5
mL) and brine (5 mL). The organic phase was dried (MgSQ.), filtered and the solvent was then
removed under reduced pressure to give a colourless oil, which was purified by flash column
chromatography (eluent: 50% EtOAc in hexane) to yield epoxide 123 as a colourless oil (47
mg, 65%). R (50% EtOAc in hexane) = 0.2; IR (neat / cm™) 3471 br w (O-H), 2935 br, 1338
m, 1161 s, 720 m; *H NMR (400 MHz, CDCl3) & 7.68 — 7.63 (AA’ of AA'BB, 2H, H-13), 7.34 —
7.30 (BB’ of AA'BB’, 2H, H-12), 4.06 — 3.99 (m, 1H, H-3), 3.39 — 3.27 (stack, 2H, H-1. and H-
9a), 3.12 (dd, J = 12.4, 4.6 Hz, 1H, H-9), 2.98 (dd, J = 9.2, 4.6 Hz, 1H, H-8), 2.77 - 2.66
(m, 1H, H-1p), 2.61 (br s, 1H, OA), 2.41 (s, 3H, H-15), 2.29 — 2.15 (stack, 2H, H-2, and H-6,),
1.83 — 1.64 (stack, 2H, H-5), 1.63 — 1.52 (stack, 2H, H-2, and H-4.), 1.50 — 1.45 (m, 1H, H-
4y), 1.43 (s, 3H, H-10), 1.07 — 0.96 (m, 1H, H-6p); 3*C NMR (101 MHz, CDCl3) & 143.9 (C, C-
14), 133.3 (C, C-11), 129.9 (CH, C-12), 127.7 (CH, C-13), 69.3 (CH, C-3), 60.8 (C, C-7), 60.3
(CH, C-8), 48.9 (CHy, C-9), 45.0 (CH, C-1), 40.1 (CH, C-6), 38.6 (CH, C-2), 34.4 (CH, C-4),
22.2 (CHy, C-5), 21.6 (CHs, C-15), 15.9 (CHs, C-10); LRMS (ASAP) m/z340.2 [(M + H)*, 20%],
322.1 (100); HRMS (ASAP) calc'd for Ci17H26NO4S (M + H)* 340.1583, found 340.1584.

* The relative stereochemistry has not been confirmed but has been inferred from other scaffolds.
Please see Section 2.3.3.
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(1R*, 25%*, 7 S%)-1-Methyl-4-tosyl-11-oxa-4-azabicyclo[5.3.1]Jundecan-2-ol (125)

OH3 4
10_\71_6
15 1 _[do 5
14 9///8 H
OH
13 11 S”N

Method A: TsOH'H,O (4.0 mg, 21 pmol) was added to a solution of acetal 152 (77 mg, 0.21
mmol) in CH,Cl, (2 mL). EtsSiH (160 pL, 1.0 mmol) was then added dropwise over 1 min. The
resultant solution was stirred for 3 h at r.t., after which time, NaHCO3(aq) (5 mL) was added.
The solution was diluted with CH,Cl, (8 mL) and the layers were separated. The aqueous layer
was washed with CH,Cl, (3 x 8 mL). The combined organic phases were dried (MgS0.), filtered
and the solvent was then removed under reduced pressure to give a colourless oil. Purification
by flash column chromatography (eluent: 35% EtOAc in hexane) yielded ether 125 as a white,
crystalline solid (46 mg, 65%). R (50% EtOAc in hexane) = 0.4; mp 97 — 99 °C; IR (neat /
cm™1) 3490 br (O-H), 2936 br m, 1329 m, 1158 s; *H NMR (400 MHz, CDCls) &4 7.69 — 7.65
(AA of AA'BB’, 2H, H-12), 7.31 — 7.28 (BB’ of AA'BB’, 2H, H-13), 4.24 (app. t, /= 5.6 Hz, 1H,
H-8), 4.01 (app. dd, J= 14.2, 8.3 Hz, 1H, H-1.), 3.88 (app. quintet, /= 6.1 Hz, 1H, H-3), 3.61
(dd, 7= 14.5, 1.7 Hz, 1H, H-9,), 3.30 (dd, J = 14.5, 6.4 Hz, 1H, H-9), 2.84 (ddd, J = 14.2,
7.9, 1.5 Hz, 1H, H-1p), 2.42 (s, 3H, H-15), 2.23 (d, 7= 4.9 Hz, 1H, OH), 1.97 — 1.84 (stack,
3H, H-2 and H-65), 1.76 — 1.66 (stack, 2H, H-4, and H-55), 1.56 — 1.52 (m, 1H, H-5p), 1.40 —
1.30 (stack, 2H, H-4, and H-6p), 1.04 (s, 3H, H-10); *C NMR (101 MHz, CDCl5) & 143.3 (C,
C-14), 137.3 (C, C-11), 129.8 (CH, C-13), 127.0 (CH, C-12), 75.3 (CH, C-8), 73.4 (C, C-7),
70.7 (CH, C-3), 53.7 (CH,, C-9), 46.2 (CH, C-1), 36.4 (CH,, C-2), 32.6 (CH,, C-6), 27.6 (CH,,
C-4), 23.2 (CHs, C-10), 21.6 (CHs, C-15), 14.3 (CH,, C-5); LRMS (ESI) m/z362.5 [(M + Na)*,
100%], 340 (28); HRMS (ESI) calc'd for Ci7H2sNO4NaS (M + Na)* 362.1402, found 362.1405.

Method B: 7CPBA (70%, 101 mg, 0.411 mmol) was added in one portion to a stirred solution
of alcohol 119 (95 mg, 0.29 mmol) in CHxCl; (5 mL). The resultant solution was stirred for
120 h, after which time, Na,S;03q) (5 mL) was added. The solution was stirred for 10 min
before the layers were separated. The organic layer was washed sequentially with NaHCO3(aq)
(5 mL) and brine (5 mL), then dried (MgS0.), filtered and the solvent was then removed under
reduced pressure to give a cloudy yellow oil. Purification by flash column chromatography
(eluent: 30% EtOAc in hexane) yielded ether 125 as a white, crystalline solid (45 mg, 45%).
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Data were in agreement with those obtained for ether 125 that was prepared using method
A.

(8R*, 95%)-9-hydroxy-8-methyl-1-tosylazecan-4-one (126)

15

mCPBA (70%, 100 mg, 0.41 mmol) was added in one portion to a stirred solution of alcohol
119 (95 mg, 0.29 mmol) in CH,Cl, (5 mL). The resultant solution was stirred for 120 h, after
which time, Na;S;03(aq) (5 mL) was added. The solution was stirred for 10 min and then the
layers were separated. The organic layer was washed sequentially with NaHCO3(q) (5 mL) and
brine (5mL), then dried (MgS0s), filtered and the solvent was then removed under reduced
pressure to give a cloudy yellow oil. Purification by flash column chromatography (eluent: 30%
EtOAc in hexane) yielded alcohol 126 as a white, crystalline solid (20 mg, 20%). R (50%
EtOAc in hexane) = 0.2; mp 111 — 113 °C; IR (neat / cm™) 3518 br w, 2929 br, 1704 m
(C=0), 1322 s, 1157 s; 'H NMR (400 MHz, CDCl3) & 7.72 — 7.66 (AA" of AA'BB, 2H, H-12),
7.36 — 7.31 (BB’ of AA'BB’, 2H, H-13), 3.58 — 3.45 (stack, 2H, H-1, and H-8), 3.27 — 3.12
(stack, 2H, H-1y and H-9,), 3.01 — 2.86 (stack, 2H, H-2a and H-9), 2.81 — 2.70 (m, 1H, H-4.),
2.64 — 2.57 (m, 1H, H-2), 2.52 (ddd, J = 15.2, 7.5, 3.3 Hz, 1H, H-4,), 2.43 (s, 3H, H-15),
2.00 — 1.85 (stack, 2H, H-5, and H-7), 1.84 — 1.74 (m, 1H, H-5,), 1.43 — 1.24 (stack, 2H, H-
6), 1.17 (d, J = 6.7 Hz, 3H, H-10); 3C NMR (101 MHz, CDCl3) & 214.6 (C, C-3), 144.3 (C, C-
14), 133.9 (C, C-11), 130.1 (CH, C-13), 127.7 (CH, C-12), 73.4 (CH, C-8), 56.3 (CH,, C-9),
50.3 (CHz, C-1), 45.1 (CH,, C-2), 42.8 (CH., C-4), 33.1 (CH, C-7), 30.5 (CHz, C-6), 21.7 (CH;,
C-15), 20.7 (CH,, C-5), 15.7 (CHs, C-10); LRMS (ASAP) m/z322.1 [(M — H,0 + H)*, 100%],
340.2 (15); HRMS (ASAP) calc'd for Ci17H26NO4S (M + H)* 340.1583, found 340.1584.
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4-Methyl-1-tosylazecane-3,8-dione (134)

15

BF;-OEt; (4.0 L, 31 pmol) was added to a solution of epoxide 122 (210 mg, 0.61 mmol) in
CHCI; (2 mL) at r.t. The resultant solution was stirred for 1.5 h at r.t., after which time,
NaHCOs@aq) (5 mL) was added. The solution was diluted with CH,Cl, (8 mL) and the layers
were separated. The aqueous layer was washed with CH,Cl; (3 x 8 mL). The combined
organic phases were dried (MgS0,), filtered and the solvent was then removed under
reduced pressure to give a colourless oil. Purification by flash column chromatography
(eluent: 30% EtOAc in hexane) yielded diketone 134 as a white, crystalline solid (128 mg,
62%). R (50% EtOAc in hexane) = 0.4, mp 107 — 110 °C; IR (neat / cm™!) 2926 br m, 1701
s (C=0), 1341 m, 1160 s; 'H NMR (400 MHz, CDCl3) &, 7.73 — 7.70 (AA’ of AA'BB’, 2H, H-
12), 7.35 — 7.31 (BB’ of AA'BB’, 2H, H-13), 4.07 (d, J = 17.6 Hz, 1H, H-9.), 3.93 (app. t, J =
11.8 Hz, 1H, H-1,), 3.55 (d, 7= 17.6 Hz, 1H, H-9), 3.12 — 2.97 (stack, 2H, H-1, and H-7),
2.71 (ddd, J= 16.9, 10.2, 2.3 Hz, 1H, H-2,), 2.50 — 2.37 (stack, 6H, H-2,, H-4 and H-15),
2.01 - 1.73 (stack, 3H, H-5 and H-6.), 1.46 — 1.37 (m, 1H, H-6,), 1.08 (d, /= 6.9 Hz, 3H, H-
10); 3C NMR (101 MHz, CDCl3) & 213.0 (C, C-8), 211.0 (C, C-3) 144.0 (C, C-14), 135.5 (C,
C-11), 130.0 (CH, C-13), 127.6 (CH, C-12), 57.6 (CH, C-9), 45.6 (CH;, C-1), 43.5 (CH, C-4),
40.3 (CHz and CH, C-2 and C-7), 32.5 (CH, C-6), 22.9 (CH, C-5), 21.7 (CHs, C-15), 19.2
(CHs, C-10); LRMS (ESI) m/z360.1 [(M + Na)*, 100%], 338.2 (10), 320.1 (10); HRMS (ESI)
calc'd for Ci7H23NO4NaS (M + Na)* 360.1245, found 360.1243.
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(3as* 4S5* 8S* 8as5*)-4-Methyl-2-tosyloctahydrocycloheptal c]pyrrole-
3a,8(1H)-diol (137) and (3aR* 45*, 85% 8aS5*)-4-methyl-2-
tosyloctahydrocyclohepta[ c]pyrrole-3a,8(1H)-diol (138)

| OH | OH
_Q\ 1k 4 _O\\ 1k 4
,0=5N 5 ,0=5—N 5
11 9 N + 1 g —
13 HO = 13 HO =
10 10
14 14
15 15
137 138

Method A: NaBH; (18 mg, 0.48 mmol) was added in one portion to a solution of diketone
134 (81 mg, 0.24 mmol) in THF (1.8 mL) at 0 °C and the resulting mixture was stirred. After
2 h, H,O (3 mL) was added. The two phases were separated and the aqueous layer was
washed with EtOAc (3 x 5 mL). The combined organic phases were dried (MgSQ.), filtered
and the solvent was then removed under reduced pressure to give a white solid, which was
purified by flash column chromatography (eluent: 30% EtOAc in hexane) to yield diol 137 as
a white, crystalline solid (47 mg, 50%) as a mixture with diol 138 (ratio 5:1).* R (50% EtOAc
in hexane) = 0.4; mp 161 — 163 °C; IR (neat / cm™) 3460 br w (O-H), 2930 w, 1330 m, 1153
s; 'H NMR (400 MHz, CDCl3) & 7.75 — 7.71 (AA’ of AA'BB’, 2H, H-12), 7.33 — 7.30 (BB’ of
AA'BB’, 2H, H-13), 4.05 — 3.99 (m, 1H, H-3), 3.80 (app. t, 7= 9.8 Hz, 1H, H-1.), 3.45 - 3.37
(stack, 2H, H-1, and H-9a), 3.12 (d, J= 10.8 Hz, 1H, H-9), 2.42 (s, 3H, H-15), 2.19 - 2.06
(stack, 2H, H-2 and H-4.), 1.80 — 1.71 (m, 1H, H-55), 1.69 — 1.58 (stack, 2H, H-4, and H-6.),
1.54 — 1.41 (stack, 2H, H-6p and H-7), 1.35 - 1.26 (m, 1H, H-5p), 0.89 (d, J= 6.3 Hz, 3H, H-
10), exchangeable protons not observed; 3C NMR (101 MHz, CDCl3) & 143.6 (C, C-14), 133.8
(C, C-11), 129.8 (CH, C-13), 127.8 (CH, C-12), 84.3 (C, C-8), 69.2 (CH, C-3), 62.8 (CH,, C-9),
49.5 (CH, C-1), 48.9 (CH, C-2), 42.5 (CH, C-7), 36.7 (CH, C-4), 34.3 (CH,, C-6), 22.8 (CHa,
C-5), 21.7 (CHs, C-15), 17.3 (CHs, C-10); LRMS (ESI) m/z 362.1 [(M + Na)*, 100%], 403.1
(30); HRMS (ESI) calc'd for Ci7H2sNO4SNa (M + Na)* 362.1402, found 362.1404.

xi By integration of the methyl resonances at 0.92 and 0.89 ppm in the *H NMR spectrum of the product,
the diastereomeric ratio of diol 137 to diol 138 was determined to be 5:1.
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Method B: NaBH4 (5.0 mg, 0.130 mmol) was added in one portion to a solution of diketone
134 (23 mg, 67 pmol) in THF (0.7 mL) and the resulting mixture was heated to 35 °C and
stirred. After 2 h, H,O (3 mL) was added. The two phases were separated and the aqueous
layer was washed with EtOAc (3 x 4 mL). The combined organic phases were dried (MgS0.),
filtered and the solvent was then removed under reduced pressure to give diol 138 as a white,
crystalline solid (21 mg, 98%) as a mixture with diol 137 (ratio 5:1).*" & (50% EtOAc in
hexane) = 0.4; mp 148 — 151 °C; IR (neat / cm™) 3495 br w (O-H), 2928 w, 1332 m, 1156 s;
IH NMR (400 MHz, CDCl5) & 7.75 — 7.68 (AA’ of AA'BB’, 2H, H-12), 7.36 — 7.27 (BB’ of AA'BB,
2H, H-13), 3.91 - 3.87 (m, 1H, H-3), 3.76 — 3.71 (stack, 2H, H-1, and OA), 3.33 (dd, 7= 10.0,
1.1 Hz, 1H, H-9,), 3.12 (dd, J= 9.8, 4.6 Hz, 1H, H-1}), 3.01 (dd, 7= 10.0, 1.0 Hz, 1H, H-9),
2.42 (s, 3H, H-15), 2.23 (app. ddt, 7= 8.7, 4.6, 1.3 Hz, 1H, H-2), 2.03 — 1.97 (m, 1H, H-7),
1.92 - 1.86 (m, 1H, H-4,), 1.66 — 1.58 (stack, 3H, H-5 and H-6.), 1.50 — 1.42 (m, 1H, H-4y,),
1.32 - 1.23 (m, 1H, H-6y), 0.92 (d, 7= 7.1 Hz, 3H, H-10), 1 x OH was not observed; 3C NMR
(101 MHz, CDCls) & 143.7 (C, C-14), 132.7 (C, C-11), 129.7 (CH, C-13), 128.0 (CH, C-12),
84.5 (C, C-8), 72.9 (CH, C-3), 62.2 (CH;, C-9), 54.8 (CH, C-2), 53.1 (CH, C-1), 40.0 (CH, C-
7), 36.1 (CHy, C-4), 31.8 (CH, C-6), 24.4 (CH, C-5), 21.6 (CHs, C-15), 18.2 (CHs, C-10); LRMS
(ESI) m/z362.1 [(M + Na)*, 100%]; HRMS (ESI) calc’d for C17H2sNO4SNa (M + Na)* 362.1402,
found 362.1405.

xii By integration of the methyl resonances at 0.92 and 0.89 ppm in the *H NMR spectrum of the crude
product, the diastereomeric ratio of diol 138 to diol 137 was determined to be 5:1.
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(3aR*, 8S%* 8as*)-8a-Hydroxy-8-methyl-2-tosyloctahydrocycloheptal c]pyrrol-
4(1H)-one (143)

NaH (50% dispersion in mineral oil, 14 mg, 0.30 mmol) was added in one portion to a
solution of diketone 134 (100 mg, 0.30 mmol) in THF (5 mL) and the resulting mixture was
stirred. After 2 h, H,O (3 mL) was added. The two phases were separated and the aqueous
layer was washed with EtOAc (3 x 5 mL). The combined organic phases were dried (MgS0a4),
filtered and the solvent was then removed under reduced pressure to give a yellow oil, which
was purified by flash column chromatography (eluent: 30% EtOAc in hexane) to yield ketone
143 as a white, crystalline solid (34 mg, 34%). R (50% EtOAc in hexane) = 0.4; mp 156 —
158 °C; IR (neat / cm™) 3489 br w (O-H), 2925 w, 1700 s (C=0), 1333 m, 1159 s; 'H NMR
(400 MHz, CDCl3) &, 7.76 — 7.71 (AA’ of AA'BB’, 2H, H-12), 7.37 — 7.33 (BB’ of AA'BB’, 2H, H-
13), 4.83 (br s, 1H, OH), 4.04 — 3.95 (m, 1H, H-1.), 3.47 (d, 7= 10.9 Hz, 1H, H-9.), 3.33 -
3.24 (stack, 2H, H-1p and H-2), 3.13 (d, /= 10.9 Hz, 1H, H-9), 2.57 — 2.47 (m, 1H, H-4.),
2.44 (s, 3H, H-15), 2.40 — 2.31 (m, 1H, H-4y), 1.87 = 1.82 (m, 1H, H-5.), 1.78 — 1.67 (stack,
3H, H-5p, H-6, and H-7), 1.57 — 1.48 (m, 1H, H-6), 0.97 (d, 7= 6.6 Hz, 3H, H-10); 3C NMR
(101 MHz, CDCl3) & 207.5 (C, C-3), 144.1 (C, C-14), 133.1 (C, C-11), 130.0 (CH, C-13),
127.9 (CH, C-12), 81.2 (C, C-8), 62.2 (CH,, C-9), 58.4 (CH, C-2), 47.1 (CH, C-1), 43.4 (CH,
C-7), 43.0 (CH, C-4), 33.1 (CH,, C-6), 22.5 (CH,, C-5), 21.7 (CHs, C-15), 17.4 (CH3, C-10);
LRMS (ESI) m/z360.1 [(M + Na)*, 100%], 401.2 (60); HRMS (ESI) calc'd for C17H,3NOsSNa
(M + Na)* 360.1245, found 360.1246.
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(1'S*, 6’'R*, 7'R*, 10'S%)-6,10"-Dihydroxy-7'-methyl-4'-tosyl-11'-oxa-4'-
azabicyclo[5.3.1]Jundecan-1'-yl 3-chlorobenzoate (145)

Cl
14

15

mCPBA (70%, 62 mg, 0.25 mmol) was added to a solution of enol ether 124 (65 mg, 0.19
mmol) in CHxCl, (2.5 mL). The resultant solution was stirred for 1.5 h at r.t., after which time,
Na2S203 (aq) (5 mL) was added and the mixture was stirred for 10 min. The two phases were
then separated, and the organic phase was washed sequentially with NaHCO3 (aq) (5 mL), H.0
(5 mL) and brine (5 mL). The organic phase was dried (MgSQ.), filtered and the solvent was
then removed under reduced pressure to give a white solid, which was purified by flash column
chromatography (eluent: 35% EtOAc in hexane) to yield acetal 145 as a white, crystalline
solid (38 mg, 39%). R (50% EtOAc in hexane) = 0.4; mp 113 — 116 °C; IR (neat / cm™) 3458
br w (O-H), 2961 m, 1721 s (C=0), 1598 w, 1575 w, 1258 s, 751 s; 'H NMR (400 MHz, CDCls)
& 8.00 (app. t, J= 1.8 Hz, 1H, H-13), 7.93 (app. dt, 7= 7.7, 1.4 Hz, 1H, H-17), 7.70 — 7.64
(AA’ of AA'BB, 2H, H-19), 7.56 (ddd, J= 8.0, 2.2, 1.1 Hz, 1H, H-15), 7.40 (app. t, J= 7.8 Hz,
1H, H-16), 7.33 — 7.28 (BB’ of AA'BB’, 2H, H-20), 4.96 (app. t, 7= 5.7 Hz, 1H, H-6), 4.26 (app.
d, 7= 4.5 Hz, 1H, H-2), 3.89 (app. dd, 7= 15.3, 9.0 Hz, 1H, H-9,), 3.70 (app. d, J= 14.7 Hz,
1H, H-1.), 3.38 (dd, /= 14.7, 6.4 Hz, 1H, H-1,), 3.15-3.05 (m, 1H, H-9y), 3.02 — 2.95 (stack,
2H, 2 x OH), 2.42 (s, 3H, H-22), 2.22 — 2.02 (stack, 4H, H-8 and H-5), 1.89 — 1.80 (m, 1H,
H-4,), 1.72 — 1.59 (m, 1H, H-4,), 1.22 (s, 3H, H-10); 3C NMR (101 MHz, CDCl5) & 164.3 (C,
C-11), 143.6 (C, C-21), 136.8 (C, C-18), 134.9 (C, C-14), 133.6 (CH, C-15), 131.7 (C, C-12),
130.1 (CH, C-17), 129.9 (CH, C-20), 129.8 (CH, C-13), 127.9 (CH, C-16), 126.9 (CH, C-19),
95.4 (C, C-7), 77.2 (C, C-3), 74.3 (CH, C-2), 71.2 (CH, C-6), 53.8 (CH,, C-1), 43.2 (CH, C-9),
38.8 (CH, C-8), 25.7 (CHz, C-4), 23.3 (CHs, C-10), 22.1 (CH, C-5), 21.6 (CHs, C-22); LRMS
(ESI) m/z532.1 [(M + Na)*, 100%], 492.1 (10); HRMS (ESI) calc’d for Co4H25*>CINO;SNa (M
+ Na)* 532.1173, found 532.1174.
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(1R*, 25%*, 7 R*, 8§%*)-7-Methoxy-1-methyl-4-tosyl-11-oxa-4-
azabicyclo[5.3.1]Jundecane-2,8-diol (148)

mCPBA (70%, 47 mg, 190 ymol) was added to a solution of enol ether 124 (50 mg, 150
pmol) in a 1:1 mixture of CH.Cl, (1.2 mL) and MeOH (1.2 mL). The resultant solution was
stirred for 45 min at r.t., after which time, Na2S20s (q) (3 mL) was added and the mixture
was stirred for 10 min. The two phases were then separated and the organic phase was
washed sequentially with NaHCOs3 (aq) (5 mL), H20 (5 mL) and brine (5 mL). The organic
phase was dried (MgS0.), filtered and the solvent was then removed under reduced
pressure to give a white solid, which was purified by flash column chromatography (eluent:
35% EtOAc in hexane) to vield acetal 148 as a white, crystalline solid (50 mg, 88%). R
(50% EtOAc in hexane) = 0.5; mp 96 — 98 °C; IR (neat / cm™) 3452 br m, 2941 m, 1325 m,
1156 s, 1044 s; 'H NMR (400 MHz, CDCl3) & 7.68 — 7.64 (AA’ of AA'BB, 2H, H-13), 7.32 -
7.28 (BB’ of AA'BB’, 2H, H-14), 4.15 (app. d, J= 6.7 Hz, 1H, H-8), 3.79 (app. dd, J = 14.3,
8.3 Hz, 1H, H-1,), 3.64 — 3.55 (stack, 2H, H-4 and H-9,), 3.36 — 3.30 (stack, 4H, H-9, and H-
10), 3.10 = 3.01 (m, 1H, H-1), 2.74 (br s, 2H, OHA), 2.42 (s, 3H, H-16), 2.21 — 2.13 (m, 1H,
H-2.), 1.94 — 1.78 (stack, 4H, H-2,, H-5 and H-6.), 1.75 — 1.64 (m, 1H, H-6,), 1.17 (s, 3H,
H-11); 13C NMR (101 MHz, CDCl3) & 143.4 (C, C-15), 136.9 (C, C-12), 129.8 (CH, C-14),
126.8 (CH, C-13), 98.7 (C, C-3), 76.8 (C, C-7), 74.5 (CH, C-8), 66.4 (CH, C-4), 53.7 (CH,, C-
9), 50.7 (CHs, C-10), 44.1, (CH,, C-1), 36.6 (CH, C-2), 25.3 (CH;, C-6), 23.1 (CH,, C-5), 22.7
(CHs, C-11), 21.5 (CHs, C-16); LRMS (ESI) m/z408.2 [(M + Na)*, 40%], 397.2 (10), 336.1
(30); HRMS (ESI) calc'd for Ci1gH,7NOsSNa (M + Na)* 408.1457, found 408.1455.
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(1R*, 25%*, 7 R*, 85%*)-8-Iodo-7-methoxy-1-methyl-4-tosyl-11-oxa-4-
azabicyclo[5.3.1]Jundecan-2-ol (149)

NIS (20 mg, 89 pmol) was added to a solution of enol ether 124 (20 mg, 59 ymol) in a 1:1
mixture of CH,Cl; (0.5 mL) and MeOH (0.5 mL). The resultant solution was stirred for 1.5 h at
r.t., after which time, Na;S:03 (aq) (3 mL) was added and the mixture was stirred for 10 min.
The two phases were separated and the organic phase was washed sequentially with NaHCO3
aq) (5 mL), H20 (5 mL) and brine (5 mL). The organic phase was dried (MgS0.), filtered and
the solvent was then removed under reduced pressure to give a white solid, which was purified
by flash column chromatography (eluent: 35% EtOAc in hexane) to yield acetal 149 as a
white, crystalline solid (18 mg, 62%). R (50% EtOAc in hexane) = 0.4; mp 82 — 84 °C; IR
(neat / cm™) 3469 br (O-H), 2943 br w, 1448 w, 1323 m, 1157 s, 1047 s; H NMR (400 MHz,
CDCl3) &4 7.67 — 7.63 (AA’ of AA'BB, 2H, H-13), 7.31 — 7.27 (BB’ of AA'BB’, 2H, H-14), 4.40
(app. t, 7= 3.6 Hz, 1H, H-4), 4.20 (app. d, /= 6.7 Hz, 1H, H-8), 3.77 (dd, /= 14.6, 7.9 Hz,
1H, H-14), 3.62 (app. d, 7= 14.4 Hz, 1H, H-9.), 3.30 (dd, J = 14.5, 6.9 Hz, 1H, H-9), 3.20 (s,
3H, H-10), 2.95 (ddd, 7= 14.6, 7.5, 1.7 Hz, 1H, H-1p), 2.42 (s, 3H, H-16), 2.26 — 1.86 (stack,
6H, H-2, H-5, H-6), 1.22 (s, 3H, H-11), OH not observed; 3C NMR (101 MHz, CDCl5) & 143.6
(C, C-15), 136.6 (C, C-12), 129.9 (CH, C-14), 126.8 (CH, C-13), 98.2 (C, C-3), 77.3 (C, C-7),
76.0 (CH, C-8), 53.8 (CH, C-9), 50.4 (CHs, C-10), 44.8, (CH;, C-1), 36.3 (CH, C-4), 34.0 (CH,
C-2), 29.1 (CH,, C-5), 28.2 (CH,, C-6), 23.1 (CHs, C-11), 21.6 (CHs, C-16); LRMS (ESI) m/z
518.1 [(M + Na)*, 100%], 464.1 (10); HRMS (ESI) calc'd for CigH2'2’INOsSNa (M + Na)*
518.0474, found 518.0472.
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(1R’, 25% 7 §¥)-7-Methoxy-1-methyl-4-tosyl-11-oxa-4-
azabicyclo[5.3.1]Jundecan-2-ol (154)

O/
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Method A: TsOH-H,O (3.1 mg, 0.016 mmol) was added to a solution of epoxide 122 (109
mg, 0.323 mmol) in MeOH (5 mL). The resultant solution was stirred for 6 h at r.t., after which
time, NaHCOz(aq) (5 mL) was added. The solution was diluted with EtOAc (8 mL) and the layers
were separated. The aqueous layer was washed with EtOAc (3 x 8 mL). The combined organic
phases were dried (MgS0,), filtered and the solvent was then removed under reduced pressure
to give a white crystalline solid. Purification by flash column chromatography (eluent: 35%
EtOAc in hexane) vielded acetal 154 as a white, crystalline solid (113 mg, 95%). R (50%
EtOAc in hexane) = 0.4; mp 85 — 86 °C; IR (neat / cm™!) 3460 br (O-H), 2938 m, 1449 w,
1326 s, 1158 s; 'H NMR (400 MHz, CDCl3) &y 7.68 — 7.64 (AA" of AA'BB’, 2H, H-13), 7.30 -
7.26 (BB of AA'BB’, 2H, H-14), 4.21 — 4.16 (m, 1H, H-8), 3.80 (app. dd, 7= 14.6, 7.9 Hz, 1H,
H-1.), 3.60 (dd, J = 14.5, 1.4 Hz, 1H, H-9,), 3.32 (dd, J = 14.5, 6.7 Hz, 1H, H-9,), 3.19 (s,
3H, H-10), 3.00 (ddd, 7= 14.6, 7.5, 1.7 Hz, 1H, H-1}), 2.42 (s, 3H, H-16), 2.03 — 1.97 (stack,
2H, H-2), 1.93 — 1.86 (m, 1H, H-6.), 1.75 — 1.65 (stack, 3H, H-5 and H-4,), 1.56 (br s, 1H,
OH), 1.37 - 1.33 (m, 1H, H-4y), 1.29 — 1.22 (m, 1H, H-6y), 1.12 (s, 3H, H-11); 3C NMR (101
MHz, CDCl3) & 143.2 (C, C-15), 137.2 (C, C-12), 129.8 (CH, C-14), 126.9 (CH, C-13), 99.3 (C,
C-3), 76.6 (C, C-7), 74.9 (CH, C-8), 53.8 (CHz, C-9), 48.2 (CHs, C-10), 44.1 (CH, C-1), 40.8
(CH,, C-2), 31.8 (CH,, C-6), 28.6 (CH,, C-4), 22.9 (CH3, C-11), 21.6 (CH3, C-16), 17.4 (CH,, C-
5); LRMS (ESI) m/z392.5 [(M + Na)*, 100%]; HRMS (ESI) calc'd for CigH27NOsNaS (M + Na)*
392.1508, found 392.1505.

Method B: TsOH-H,O (2.1 mg, 0.01 mmol) was added to a solution of enol ether 124 (34
mg, 0.10 mmol) in MeOH (1 mL). The resultant solution was stirred for 2 h at r.t., after which
time, NaHCOz(aq) (2 mL) was added. The solution was diluted with EtOAc (5 mL) and the layers
were separated. The aqueous layer was washed with EtOAc (3 x 5 mL). The combined organic
phases were dried (MgS0,), filtered and the solvent was then removed under reduced pressure

to give acetal 154 as a white crystalline solid (36 mg, quant.), which required no further
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purification. Data were in agreement with those obtained for acetal 154 that was prepared
using method A.

(1R*, 25%*, 7S5%)-7-(Methoxy-d:)-1-methyl-4-tosyl-11-oxa-4-
azabicyclo[5.3.1]Jundecan-2-0l-d (155)

CDs
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TsOH-H,O (0.60 mg, 3.1 pmol) was added to a solution of acetal 154 (13 mg, 36 pmol) in
MeOD - d; (1 mL). The resultant solution was stirred for 2 h at r.t., after which time, NaHCO3(ag)
(2 mL) was added. The solution was diluted with EtOAc (5 mL) and the layers were separated.
The aqueous layer was washed with EtOAc (3 x 5 mL). The combined organic phases were
dried (MgSQ.), filtered and the solvent was then removed under reduced pressure to give a
white crystalline solid (13 mg, quant.), which required no further purification. NMR data were
in agreement with those for acetal 154, except for the absence of the resonances at & =
3.19 ppm and 1.56 ppm in the *H NMR spectrum, and the presence of a septet at o = 48.2
ppm in the 3C NMR spectrum; LRMS (ESI) /2396.2 [(M + Na)*, 100%]; HRMS (ESI) calc'd
for Cig'H23H4 NOsNaS (M + Na)* 396.1759, found 396.1760.

172 | Page



4-((1'S*, 6'S*, 7'R*)-6"-Hydroxy-7'-methyl-4'-tosyl-11'-oxa-4'-
azabicyclo[5.3.1]Jundecan-1'-yl)benzene-1,3-diol (156)

TsOH"H,O (4.0 mg, 21 umol) was added to a solution of acetal 154 (80 mg, 0.22 mmol) in
CHyCl; (2 mL). Resorcinol (120 mg, 1.1 mmol) was added in one portion and the resultant
solution was stirred for 3 h at r.t., after which time, NaHCO3(aq) (5 mL) was added. The solution
was diluted with CH,Cl; (8 mL) and the layers were separated. The aqueous layer was washed
with CH.Cl, (3 x 8 mL). The organic phases were combined, dried (MgS0,), filtered and the
solvent was then removed under reduced pressure to give a white crystalline solid. The crude
product was washed with CHCI; (3 x 8 mL) and isolated by suction filtration to afford alcohol
156 as a white crystalline solid (72 mg, 74%). R (50% EtOAc in hexane) = 0.3; mp 91 — 93
°C; IR (neat / cm™1) 3460 br w (O-H), 3259 br w (O-H), 2940 br m, 1692 s, 1318 m, 1153 s;
'H NMR (400 MHz, acetone — @) oy 9.22 (br s, 1H, ArOH), 8.13 (s, 1H, ArOH), 7.69 — 7.65
(AA’ of AA'BB’, 2H, H-18), 7.39 — 7.35 (BB’ of AA'BB’, 2H, H-19), 7.01 — 6.90 (m, 1H, H-15),
6.25 (dd, J = 8.6, 2.6 Hz, 1H, H-14), 6.22 — 6.19 (m, 1H, H-12), 4.70 (br s, 1H, OH), 4.35
(app. t, 7= 6.2 Hz, 1H, H-8), 3.86 — 3.77 (stack, 2H, H-1, and H-9,), 3.20 (dd, 7= 14.1, 6.8
Hz, 1H, H-9y), 2.62 — 2.48 (stack, 2H, H-1, and H-2.), 2.39 (s, 3H, H-21), 2.18 — 2.08 (stack,
2H, H-2, and H-6.), 1.88 — 1.77 (m, 1H, H-5,), 1.74 — 1.60 (stack, 3H, H-4 and H-5;), 1.43 -
1.31 (m, 1H, H-6,), 1.21 (s, 3H, H-16); 3C NMR (101 MHz, acetone — @) & 158.3 (2 x C, C-
11 and C-13), 144.0 (C, C-20), 138.1 (C, C-17), 130.6, (CH, C-19), 128.3 (CH, C-15), 127.8
(CH, C-18), 107.4 (CH, C-14), 104.7 (CH, C-12), 73.8 (CH, C-8), 73.7 (C, C-3), 54.3 (CH,, C-
9), 45.5 (CH, C-1), 38.3 (CHy, C-2), 35.7 (CH,, C-4), 32.8 (CHy, C-6), 24.1 (CHs, C-16), 21.4
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(CHs, C-21), 16.5 (CH,, C-5)*ii: LRMS (ESI) m/z470.2 [(M + Na)*, 100%], 448.2 (12), 360.1
(12); HRMS (ESI) calc’d for CasH2sNOsNaS (M + Na)* 470.1613, found 470.1615.

(1R*, 28%*, 7 R¥)-7-Allyl-1-methyl-4-tosyl-11-oxa-4-azabicyclo[5.3.1]Jundecan-2-
ol (157)

BF3-OEt; (20 pL, 0.19 mmol) was added to a solution of acetal 154 (69 mg, 0.19 mmol) in
CHxCl; (2 mL) at 0 °C. Allyltrimethylsilane (150 uL, 0.94 mmol) was then added dropwise over
1 min. The resultant solution was stirred for 2 h at 0 °C, after which time, NaHCO3(aq) (5 mL)
was added. The solution was diluted with CH,Cl, (8 mL) and the layers were separated. The
aqueous layer was washed with CH.Cl, (3 x 8 mL). The combined organic phases were dried
(MgSO0.), filtered and the solvent was then removed under reduced pressure to give a
colourless oil. Purification by flash column chromatography (eluent: 35% EtOAc in hexane)
yielded alcohol 157 as a white, crystalline solid (47 mg, 66%). R (50% EtOAc in hexane) =
0.4; mp 89 — 91 °C; IR (neat / cm™1) 3490 br (O-H), 2935 br m, 1324 m, 1155 s; *H NMR (400
MHz, CDCls) & 7.69 — 7.64 (AA’ of AA'BB’, 2H, H-15), 7.32 — 7.27 (BB’ of AA'BB’, 2H, H-16),
5.78 — 5.64 (m, 1H, H-11), 5.04 (d, 7= 10.5 Hz, 1H, H-12}), 4.97 (d, J= 17.4 Hz, 1H, H-12,),
4.24 (app. t, 7= 5.6 Hz, 1H, H-8), 3.85 (app. dd, 7= 14.7, 9.1 Hz, 1H, H-1.), 3.62 (dd, J =
14.4, 1.7 Hz, 1H, H-9,), 3.25 (dd, 7= 14.4, 6.6 Hz, 1H, H-9), 2.83 (app. dd, /= 14.3, 7.9 Hz,
1H, H-1p), 2.43 (br s, 1H, OH), 2.42 (s, 3H, H-18), 2.14 (dd, J= 14.2, 5.8 Hz, 1H, H-10,), 1.97
— 1.85 (stack, 3H, H-2,, H-4. and H-10y), 1.77 — 1.62 (stack, 2H, H-2, and H-5;), 1.59 — 1.51

i \Within the HMBC spectrum a correlation between H-14 and a 3C resonance at 77.0 ppm
can be seen, believed to be C-7. However, as the carbon resonance cannot be seen in the
standard '3C NMR spectrum, the carbon resonance has not been explicitly assigned. C-10 is

also not observed.
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(m, 1H, H-5p), 1.43 (app. td, /= 13.4, 4.3 Hz, 1H, H-6,), 1.32 — 1.24 (m, 1H, H-4y), 1.18 (app.
td, 7= 13.5, 4.3 Hz, 1H, H-6y), 1.03 (s, 3H, H-13); *C NMR (101 MHz, CDCl3) & 143.3 (C, C-
17), 137.3 (C, C-14), 134.3 (CH, C-11), 129.8 (CH, C-16), 126.9 (CH, C-15), 118.2 (CH,, C-
12), 75.0 (CH, C-8), 74.3 (C, C-7), 73.5 (C, C-3), 53.7 (CH;, C-9), 47.1 (CH;, C-10), 44.5 (CH,,
C-1), 37.9 (CH,, C-2), 32.3 (CH,, C-6), 32.2 (CH,, C-4), 23.5 (CHs, C-13), 21.6 (CHs, C-18),
15.3 (CH,, C-5); LRMS (ESI) my/z402.2 [(M + Na)*, 100%], 380.2 (30), 360.1 (20); HRMS
(ESI) calc'd for CoH29NO4sNaS (M + Na)* 402.1715, found 402.1719.
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N-(3’-Hydroxypropyl)-N-(3""-methylbut-2"-en-1""-yl)-4-nitrobenzenesulfonamide
(163)

NEt; (3.90 mL, 28.3 mmol) was added to a solution of amine 78 (3.13 g, 21.8 mmol) in CH.Cl,
(105 mL). The solution was cooled to 0 °C. pNsCl (4.59 g, 20.7 mmol) was added in one
portion and the reaction mixture was warmed to r.t. After 12 h, the reaction mixture was
washed sequentially with HClg) (1 M, 80 mL), H.O (80 mL) and brine (80 mL). The organic
layer was dried (MgS0,), filtered and the solvent was then removed under reduced pressure
to provide an orange oil, which was purified by flash column chromatography (eluent: 50%
EtOAc in hexane) to yield sulfonamide 163 as an orange oil (4.84 g, 71%). R (50% EtOAc in
hexane) = 0.5; IR (neat / cm™) 3546 br w (O-H), 2933 w, 1734 br, 1527 s, 1346 s, 1156 s;
IH NMR (400 MHz, CDCl5) & 8.37 — 8.33 (AA’ of AA'BB’, 2H, H-11), 8.00 — 7.96 (BB’ of AA'BB,
2H, H-10), 4.90 (t with unresolved “Jcoupling, J= 7.2 Hz, 1H, H-5), 3.88 (d, J= 7.2 Hz, 2H,
H-4), 3.74 (app. q, J = 5.6 Hz, 2H, H-1), 3.29 (t, J= 6.5 Hz, 2H, H-3), 2.17 (t, J = 5.6 Hz,
1H, OH), 1.80 — 1.72 (m, 2H, H-2), 1.64 (app. s, 6H, H-8 and H-7); 3C NMR (101 MHz, CDCl;)
& 150.1 (C, C-12), 146.2 (C, C-9), 138.2 (C, C-6), 129.6 (CH, C-10), 124.4 (CH, C-11), 118.0
(CH, C-5), 58.9 (CH, C-1), 45.7 (CH, C-4), 44.0 (CH,, C-3), 31.0 (CH, C-2), 25.9 (CH3, C-8
or C-7), 18.0 (CHs, C-7 or C-8); LRMS (ESI) m/z351.1 [(M + Na)*, 100%], 261.1 (20), 243.1
(30); HRMS (ESI) calc’d for C14H20N20sSNa (M + Na)* 351.0991, found 351.0992.
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N-(3’-Methylbut-2’-en-1'-yl)-4-nitro- /-(3"-oxopropyl)benzenesulfonamide (164)

DMSO (2.6 mL, 37 mmol) was added dropwise over 2 min to a solution of oxalyl chloride (1.5
mL, 18 mmol) in CH,Cl, (45 mL) at —78 °C. The resultant solution was stirred for 10 min, after
which time, a solution of alcohol 163 (4.84 g, 14.7 mmol) in CH,Cl; (15 mL) was added
dropwise over 5 min. After 1 h, NEt; (10 mL, 74 mmol) was added and the resulting solution
was warmed to r.t. over 5 min. H,O (40 mL) was added to the reaction mixture and the layers
were separated. The aqueous layer was extracted with CH.Cl; (3 x 30 mL), the organic
fractions were combined, dried (MgS04) and filtered. The solvent was then removed under
reduced pressure to give an orange oil which was used without further purification in the
following cyclisation reaction (see p 179) (4.81 g). R (50% EtOAc in hexane) = 0.4; IR (neat
/ cm™) 2939 w, 1722 s (C=0), 1529 s, 1349 s, 1161 s; 'H NMR (400 MHz, CDCls) o 9.76 (s,
1H, H-1), 8.38 — 8.33 (AA’ of AA'BB’, 2H, H-11), 8.00 — 7.95 (BB’ of AA'BB’, 2H, H-10), 4.92 (t
with unresolved *J coupling, 7= 7.2 Hz, 1H, H-5), 3.86 (d, /= 7.2 Hz, 2H, H-4), 3.42 (t, J =
7.0 Hz, 2H, H-3), 2.84 (td, 7= 7.0, 1.0 Hz, 2H, H-2), 1.65 (s, 3H, H-8 or H-7), 1.63 (s, 3H, H-
7 or H-8); 13C NMR (101 MHz, CDCls) & 200.0 (CH, C-1), 150.1 (C, C-12), 145.7 (C, C-9),
138.7 (C, C-6), 128.5 (CH, C-10), 124.4 (CH, C-11), 118.0 (CH, C-5), 46.6 (CH,, C-4), 44.0
(CH,, C-2), 41.2 (CHy, C-3), 25.8 (CHs, C-8 or C-7), 18.1 (CHs, C-7 or C-8); LRMS (ESI) m/z
381.1 [(M + Na + MeOH)*, 100%]; HRMS (ESI) calc’d for C15H22N206SNa (M + Na + MeOH)*
381.1096, found 381.1101.
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(35%* 45%*)-1-((4-Nitrophenyl)sulfonyl)-3-(prop-1'-en-2'-yl)piperidin-4-ol (165A)
& (3s%, 4 R¥)-1-((4-nitrophenyl)sulfonyl)-3-(prop-1'-en-2'-yl)piperidin-4-ol
(165B)

N N
CasEae!
NO, NO,
(3§% 4S8%) (3% 4R%

SnCls (1 M solution in heptanes, 2.9 mL, 2.9 mmol) was added to a solution of aldehyde 164
(4.79 g, 14.7 mmol, used without purification, see p 178) in CH,Cl; (140 mL) at 0 °C. The
resulting solution was stirred for 16 h, after which time, NH4Clig) (100 mL) was added. The
phases were separated and the aqueous phase was extracted with CH,Cl, (3 x 70 mL). The
combined organic phases were washed with brine (100 mL), dried (MgS0,), filtered and
evaporated under reduced pressure to give a bright yellow oil, which was used without further
purification in the following oxidation step (4.56 g). By integration of the isopropenyl
resonances at 4.91 and 4.50 ppm in the 'H NMR spectrum of the crude product, the
diastereomeric ratio of (35*, 45%) to (3R*, 45*) was determined to be 7: 3.

1-((4-Nitrophenyl)sulfonyl)-3-(prop-1'-en-2'-yl)piperidin-4-one (166)

DMSO (2.5 mL, 35 mmol) was added dropwise over 2 min to a solution of oxalyl chloride (1.4
mL, 17 mmol) in CH,Cl, (45 mL) at —78 °C. The resultant solution was stirred for 10 min, after
which time, a solution of alcohol 165 (4.56 g, 14.0 mmol, used without purification) in CH,Cl,
(15 mL) was added dropwise over 10 min. After 1 h, ProNEt (13.2 mL, 75.3 mmol) was added
in one portion. After stirring for 15 min at —=78 °C, the temperature of the solution was raised

to 0 °C by replacing the cooling bath with an ice-water bath. The mixture was stirred for 30
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min at this temperature. HCl=q) (1 M, 60 mL) was then added and the solution was vigorously
stirred for 15 min at 0 °C. The two phases were then separated and the aqueous phase was
washed with CH,Cl, (3 x 40 mL). The combined organic phases were dried (MgS0,), filtered
and the solution concentrated under reduced pressure to a volume of ca. 15 mL. This solution
was then added directly to a column containing silica and the compound was purified by flash
column chromatography (eluent: 40% EtOAc in hexane) to yield piperidinone 166 as a cream,
crystalline solid (3.670 g, 81% over 3 steps). R (50% EtOAc in hexane) = 0.4; m.p. 84 — 86
°C; IR (neat / cm™) 2982 w, 1721 s (C=0), 1533 s, 1342 s, 1159 s; *H NMR (400 MHz, CDCls)
n 8.43 — 8.40 (AA’ of AA'BB’, 2H, H-11), 8.02 — 7.98 (BB’ of AA'BB’, 2H, H-10), 5.08 — 5.06
(m, 1H, H-8; or H-8), 4.92 — 4.90 (m, 1H, H-8;, or H-8,), 3.80 — 3.71 (stack, 2H, H-3, and H-
4.), 3.29 — 3.16 (stack, 3H, H-3p, H-4, & H-5), 2.65 — 2.60 (stack, 2H, H-2), 1.74 (s, 3H, H-7);
13C NMR (101 MHz, CDCls) & 204.5 (C, C-1), 150.6 (C, C-12), 142.7 (C, C-6), 139.4 (C, C-9),
128.8 (CH, C-10), 124.8 (CH, C-11), 115.7 (CH,, C-8), 56.7 (CH, C-5), 49.6 (CH,, C-3), 46.3
(CH,, C-4), 40.1 (CH,, C-2), 21.8 (CH3, C-7); LRMS (ESI) m/z325.1 [(M + H)*, 100%], 261.2
(10); HRMS (ASAP) calc'd for Ci4H26N205S (M + H)* 325.0858, found 325.0863.

(35% 45%)-1-((4-Nitrophenyl)sulfonyl)-3-(prop-1'-en-2'-yl)-4-vinylpiperidin-4-ol
(167)
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CeCl3*7H;0 (5.48 g, 14.7 mmol) was heated at 140 °C under high vacuum (< 2 mbar) for 2
h, and then cooled to r.t. THF (45 mL) was added and the resulting slurry was stirred vigorously
for 2 h, before being cooled to —78 °C. Vinylmagnesium bromide (0.76 M solution in THF, 17.8
mL, 13.5 mmol) was added and the resulting mixture was stirred for 30 min, after which time,
a solution of piperidinone 166 (3.66 g, 11.3 mmol) in THF (25 mL) was added dropwise over
4 min. The resulting mixture was stirred at —78 °C for 4 h before being poured into a solution
of acetic acidq) (5%, 50 mL). The aqueous layer was extracted with EtOAc (3 x 50 mL). The
combined organic fractions were washed with NaHCO3(aq) (2 x 50 mL), dried (MgS0,), filtered
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and the solvent was then removed under reduced pressure to give a dark yellow oil, which
contained only one diastereomer by analysis of the 'H NMR spectrum of the crude product.
The crude product was purified by flash column chromatography (eluent: 30% EtOAc in
hexane) to yield allylic alcohol 167 as a white crystalline solid (0.484 g, 12%). R: (50% EtOAc
in hexane) = 0.6; mp 107 — 109 °C; IR (neat / cm™) 3522 s (O-H), 2856 w, 1328 m, 1154 s;
'H NMR (400 MHz, CDCls) &+ 8.42 — 8.38 (AA’ of AA'BB’, 2H, H-13), 7.98 — 7.94 (BB’ of AA'BB’,
2H, H-12), 5.85 (dd, 7= 17.2, 10.8 Hz, 1H, H-9), 5.21 (dd, J = 17.2, 0.9 Hz, 1H, H-10¢ans),
5.10 (dd, 7= 10.8, 0.9 Hz, 1H, H-10.s), 4.97 (s, 1H, H-8, or H-8), 4.61 (s, 1H, H-8, or H-8),
3.75-3.68 (m, 1H, H-3,), 3.61 (ddd, 7= 11.3, 4.1, 2.0 Hz, 1H, H-4.), 2.75 - 2.67 (m, 1H, H-
3p), 2.63 (app. t, 7= 12.0 Hz, 1H, H-4y), 2.42 (dd, J= 12.2, 4.0 Hz, 1H, H-5), 1.94 — 1.84 (m,
1H, H-2,), 1.77 (s, 3H, H-7), 1.70 — 1.68 (m, 1H, H-2y), 1.66 (app. t, /= 2.6 Hz, 1H, OH); 3C
NMR (101 MHz, CDCls) & 150.4 (C, C-14), 144.1 (C, C-6), 143.7 (CH, C-9), 142.8 (C, C-11),
128.9 (CH, C-12), 124.6 (CH, C-13), 113.5 (CHy, C-8), 113.2 (CH., C-10), 70.5 (C, C-1), 50.3
(CH, C-5), 45.8 (CH;, C-4), 42.0 (CH,, C-3), 36.5 (CH,, C-2), 26.4 (CHs, C-7); LRMS (ESI) m/z
353.1 [(M + H)*, 55%], 335.1 (70); HRMS (ESI) calc’d for Ci¢H21N.0sS (M + H)* 353.1171,
found 353.1174.
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( E)-8-Methyl-1-((4-nitrophenyl)sulfonyl)-2,3,5,6,7,10-hexahydroazecin-4(1 H)-
one (168)

14
NO,

[(CsH5CN)2PdCl>] (26 mg, 0.067 mmol) was added in one portion to a stirred solution of allylic
alcohol 167 (0.470 g, 1.33 mmol) in benzene (50 mL). After 2 h, the solvent was removed
under reduced pressure to give an orange oil, which was purified by flash column
chromatography (eluent: 35% EtOAc in hexane) to yield ketone 168 as a cream crystalline
solid (0.362 g, 77%). R: (50% EtOAc in hexane) = 0.5; mp 117 — 119 °C; IR (neat / cm™)
2942 w, 1692 (C=0), 1523 s, 1345 s, 1160 s; *H NMR (400 MHz, CDCl3) & 8.39 — 8.35 (AA’
of AA'BB’, 2H, H-13), 7.98 — 7.95 (BB’ of AA'BB’, 2H, H-12), 5.27 — 5.22 (m, 1H, H-8), 4.18
(app. d, J=14.2 Hz, 1H, H-9,), 3.88 — 3.76 (m, 1H, H-1.), 3.28 (app. t, /= 12.5 Hz, 1H, H-
%), 3.16 — 3.05 (m, 1H, H-1p), 3.04 — 2.93 (m, 1H, H-2,), 2.53 — 2.20 (stack, 4H, H-2;,, H-4,
H-5.), 2.15 - 2.06 (m, 1H, H-6.), 1.97 — 1.86 (m, 1H, H-6y), 1.79 — 1.72 (m, 1H, H-5;), 1.43
(s, 3H, H-10); 3C NMR (101 MHz, CDCl3) & 208.0 (C, C-3), 145.8 (C, C-11), 144.1, (C, C-7),
128.2 (CH, C-12), 124.7 (CH, C-13), 120.8 (CH, C-8), 48.2 (CH,, C-9), 45.9 (CH,, C-2), 44.7
(CH,, C-1), 43.1 (CH,, C-4), 40.8 (CH,, C-6), 25.4 (CH,, C-5), 15.9 (CHs, C-10), C-14 resonance
not observed™"; LRMS (ASAP) my/z 353.1 [(M + H)*, 55%], 335.1 (90); HRMS (ASAP) calc'd
for Ci6H21N205S (M + H)* 353.1171, found 353.1169.

©Mithin the HMBC spectrum a correlation between H-13 and a 13C resonance at 150.3 ppm can be
seen, believed to be C-14; however, as the carbon resonance cannot be seen in the standard 3C NMR

spectrum, the carbon resonance has not been explicitly assigned.
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3-((3'-Methylbut-2'-en-1'-yl)oxy)propan-1-ol (170)

NaH (50% dispersion in mineral oil, 1.41 g, 29.4 mmol) was added in one portion to a solution
of 1,3-propandiol (2.41 mL, 33.6 mmol) in DMF (50 mL) at 0 °C. The resultant solution was
stirred for 20 min, after which time, prenyl bromide (1.62 mL, 14.0 mmol) was added dropwise
over 1 min. The reaction mixture was then warmed to r.t. by removal of the cooling bath. After
3 h, NH4Claq) (50 mL) was added. The phases were separated and the aqueous phase was
extracted with EtOAc (3 x 70 mL). The combined organic phases were washed with brine (70
mL), dried (MgSQ.), filtered and evaporated under reduced pressure to give a yellow oil, which
was purified by flash column chromatography (eluent: 40% EtOAc in hexane) to yield ether
170 as a pale yellow oil (1.14 g, 57%). R (50% EtOAc in hexane) = 0.5; IR (neat / cm™)
3381 br w (O-H), 2929 w, 2860 w, 1377 m, 1074 br s; *H NMR (400 MHz, CDCl5) & 5.33 (t
with unresolved *Jcoupling, 7= 7.0 Hz, 1H, H-5), 3.96 (d, J= 7.0 Hz, 2H, H-4), 3.77 (app. q,
J= 5.4 Hz, 2H, H-1), 3.60 (t, 7= 5.8 Hz, 2H, H-3), 2.41 (t, 7= 5.4 Hz, 1H, OH), 1.83 (app.
quintet, 7= 5.7 Hz, 2H, H-2), 1.74 (s, 3H, H-7 or H-8), 1.67 (s, 3H, H-7 or H-8); 3C NMR (101
MHz, CDCl3) & 137.3 (C, C-6), 131.0 (CH, C-5), 69.5 (CH;, C-3), 67.7 (CH,, C-4), 62.4 (CH,,
C-1), 32.2 (CHy, C-2), 25.9 (CHs, C-7 or C-8), 18.2 (CHs, C-7 or C-8); LRMS (ASAP) m/z145.1
[(M + H)*, 100%].

Data were in agreement with those reported in the literature.?®

3-((3'-Methylbut-2'-en-1'-yl)oxy)propanal (171)

DMSO (1.36 mL, 19.1 mmol) was added dropwise over 2 min to a solution of oxalyl chloride
(0.82 mL, 9.5 mmol) in CHxCl; (25 mL) at —78 °C. The resultant solution was stirred for 10
min, after which time, a solution of alcohol 170 (1.10 g, 7.63 mmol) in CH,Cl; (10 mL) was
added dropwise over 5 min. After 1 h, NEts (14 mL, 102 mmol) was added and the solution

was warmed to r.t. over 5 min. H.0 (30 mL) was added to the reaction mixture and the layers
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were separated. The aqueous layer was extracted with CH,Cl; (3 x 30 mL). The organic layers
were combined, dried (MgS0.), filtered and the solvent was then removed under reduced
pressure to give aldehyde 171 as a yellow oil (1.09 g), which was used without further
purification in the following cyclisation. R (50% EtOAc in hexane) = 0.5; IR (neat / cm™) 2860
br w, 1724 s (C=0), 1377 s, 1084 s; *H NMR (400 MHz, CDCl3) &4 9.79 (t, 7= 1.9 Hz 1H, H-
1), 5.33 (t with unresolved *J coupling, 7= 7.0 Hz, 1H, H-5), 3.98 (d, 7 = 7.0 Hz, 2H, H-4),
3.75 (t, J = 6.1 Hz, 2H, H-3), 2.67 (td, J = 6.2, 1.9 Hz, 2H, H-2), 1.74 (s, 3H, H-7 or H-8),
1.67 (s, 3H, H-7 or H-8); 3C NMR (101 MHz, CDCls) J¢201.4 (CH, C-1), 137.6 (C, C-6), 120.6
(CH, C-5), 67.6 (CH, C-4), 63.6 (CHy, C-3), 44.0 (CH,, C-2), 25.8 (CH3, C-7 or C-8), 18.0 (CHj3,
C-7 or C-8); LRMS (EI) m/z142.1 [(M)*, 100%].

Data were in agreement with those reported in the literature.?'

(3R*, 4R*)-3-(Prop-1'-en-2'-yl)tetrahydro-2 H-pyran-4-ol (172A) and (35*, 4R*)-
3-(prop-1'-en-2’'-yl)tetrahydro-2 H#-pyran-4-ol (172B)
OH

SO

@) @)

(3R*, 4R”) (3S*, 4R%)

SnCls (1 M solution in heptanes, 0.76 mL, 0.76 mmol) was added to a solution of aldehyde
171 (1.09 g, 7.63 mmol, used without purification) in CHxCl, (76 mL) at 0 °C. The resulting
solution was stirred for 16 h, after which time, NH4Clag) (50 mL) was added. The aqueous
phase was extracted with CH,Cl, (3 x 40 mL) and the combined organic phases were washed
with brine (100 mL), dried (MgSQ4) and evaporated under reduced pressure to give a bright
yellow oil that was used in the following oxidation step (see p. 185) without further purification
(1.68 g). By integration of the isopropenyl resonances at 4.92 and 4.62 ppm in the H NMR
spectrum of the crude product the diastereomeric ratio of the (3R*, 4R*) to (35%, 4R*)
stereoisomers was determined to be 3: 2.2

v These compounds have been previously synthesised, but were never isolated, so a comparison to a
literature value for the diastereomeric ratio cannot be made.
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3-(Prop-1'-en-2'-yl)tetrahydro-4 H-pyran-4-one (173)

DMSO (1.36 mL, 19.1 mmol) was added dropwise over 2 min to a solution of oxalyl chloride
(0.82 mL, 9.54 mmol) in CHxCl, (20 mL) at =78 °C. The resultant solution was stirred for 10
min, after which time, a solution of alcohol 172 (1.09 g, 7.63 mmol, used without purification,
see p 184) in CH,Cl, (12 mL) was added dropwise over 5 min. After 1 h, Pr,NEt (6.7 mL, 38
mmol) was added. After stirring for 15 min at —78 °C, the temperature of the solution was
raised to 0 °C by replacing the cooling bath with an ice-water bath. The mixture was stirred
for 30 min at this temperature. HClag) (1 M, 20 mL) was then added and the solution was
vigorously stirred for 15 min at 0 °C. The two phases were then separated and the aqueous
phase was washed with CH>Cl> (3 x 30 mL). The combined organic phases were dried (MgS0a4),
filtered and the solution concentrated under reduced pressure to a volume of ca. 15 mL. This
solution was then added directly to a column containing silica and the compound was purified
by flash column chromatography (eluent: 40% EtOAc in hexane) to yield pyranone 173 as a
bright yellow oil (0.158 g, 15% over 3 steps). R (50% EtOAc in hexane) = 0.5; IR (neat / cm~
1) 2968 br w, 2858 br w, 1717 s (C=0), 1375 m, 1098 s; H NMR (400 MHz, CDCl5) & 5.03
(app. quintet, 7= 1.6 Hz, 1H, H-8; or H-8), 4.89 — 4.87 (m, 1H, H-8, or H-8,), 4.16 — 4.09
(stack, 2H, H-3, and H-4.), 3.91 — 3.82 (stack, 2H, H-3 and H-4,), 3.18 — 3.13 (m, 1H, H-5),
2.57 — 2.52 (stack, 2H, H-2), 1.76 (s, 3H, H-7); 3C NMR (101 MHz, CDCl5) & 206.2 (C, C-1),
140.0 (C, C-6), 114.9 (CH,, C-8), 71.6 (CH, C-3 or C-4), 68.4 (CH, C-3 or C-4), 59.0 (CH, C-
5), 42.0 (CH,, C-2), 22.0 (CH3, C-7); LRMS (EI) m/z140.1 [(M)*, 30%], 110.1 (10), 82.0 (20).

Data were in agreement with those reported in the literature.?'

(3R*, 4R*)-3-(Prop-1'-en-2'-yl)-4-vinyltetrahydro-2 H-pyran-4-ol (174)
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CeCl5*7H,0 (0.518 g, 1.39 mmol) was heated at 140 °C under high vacuum (< 2 mbar) for 2
h, and then cooled to r.t. THF (4 mL) was added and the resulting slurry was stirred vigorously
for 2 h, before being cooled to —78 °C. Vinylmagnesium bromide (0.76 M solution in THF, 1.7
mL, 1.28 mmol) was added and the resulting mixture was stirred for 30 min, after which time,
a solution of ketone 173 (0.150 g, 1.07 mmol) in THF (5 mL) was added dropwise over 4 min.
The resulting mixture was stirred at —78 °C for 4 h before being poured into a solution of acetic
acid(ag) (5%, 18 mL). The aqueous layer was extracted with EtOAc (3 x 20 mL). The combined
organic fractions were washed with NaHCO3(q) (2 x 20 mL), dried (MgS0.), filtered and the
solvent was then removed under reduced pressure to give a yellow oil, which contained only
one diastereomer by analysis of the *H NMR spectrum of the crude product. The crude product
was purified by flash column chromatography (eluent: 35% EtOAc in hexane) to yield allylic
alcohol 174 as a clear oil (0.119 g, 66%). R (30% EtOAc in hexane) = 0.4; IR (neat / cm™)
3442 br w (O-H), 2951 m, 2865 m, 1639 m, 1375 m, 1116 s; *H NMR (400 MHz, CDCls) Jx
5.89 (dd, J= 17.2, 10.6 Hz, 1H, H-6), 5.25 (dd, J = 17.2, 1.2 Hz, 1H, H-7.), 5.07 (dd, J =
10.6, 1.2 Hz, 1H, H-7v), 4.97 (app. t, J= 1.6 Hz, 1H, H-10.), 4.68 (s, 1H, H-10y), 3.82 — 3.77
(stack, 2H, H-3), 3.70 — 3.65 (stack, 2H, H-4), 2.36 (dd, J = 11.0, 5.3 Hz, 1H, H-5), 1.90 (d,
J=2.5Hz, 1H, OH), 1.88 = 1.79 (m, 1H, H-2.), 1.77 (dd, J = 1.5, 0.9 Hz, 3H, H-9), 1.54 —
1.50 (m, 1H, H-2); 3C NMR (101 MHz, CDCl3) & 144.9 (CH, C-6), 144.1 (C, C-8), 113.1 (CH,
C-10), 112.2 (CH, C-7), 70.6 (C, C-1), 66.8 (CHz, C-4), 63.6 (CH, C-3), 50.9 (CH, C-5), 37.0
(CHy, C-2), 26.8 (CH3, C-9); LRMS (ASAP) myz235.2 (100), 199.2 (20), 181.2 (20).

Data were in agreement with those reported in the literature.!3¢
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( £)-8-Methyl-2,3,5,6,7,10-hexahydro-4 H-oxecin-4-one (68)

[(CsHsCN)2PdCl,] (10 mg, 0.027 mmol) was added in one portion to a stirred solution of allylic
alcohol 174 (91 mg, 0.54 mmol) in benzene (5 mL). After 3 h, the solvent was removed under
reduced pressure to give an orange oil, which was purified by flash column chromatography
(eluent: 25% EtOAc in hexane) to yield ketone 68 as a clear oil (25 mg, 28%). R: (50% EtOAc
in hexane) = 0.6; IR (neat / cm™) 2925 br m, 2863 m, 1699 s (C=0), 1103 s, 1076 s; *H NMR
(400 MHz, CDCl3) &4 5.35 —5.29 (m, 1H, H-8), 4.16 — 4.08 (m, 1H, H-9,), 3.96 — 3.85 (stack,
2H, H-1; and H-9), 3.74 — 3.66 (m, 1H, H-1,), 2.94 (dd, J = 15.7, 8.8 Hz, 1H, H-2.), 2.48 —
2.37 (stack, 2H, H-4, and H-5;), 2.30 (dd, J= 15.7, 7.8 Hz, 1H, H-2y), 2.26 — 2.16 (m, 1H, H-
4p), 2.14 — 2.03 (m, 1H, H-6,), 1.95 - 1.85 (m, 1H, H-6p), 1.83 — 1.75 (m, 1H, H-5p), 1.51 (s,
3H, H-10); *C NMR (101 MHz, CDCl3) & 208.6 (C, C-3), 143.1 (C, C-7), 123.9 (CH, C-8), 68.6
(CHy, C-9), 66.9 (CH,, C-1), 47.4 (CH,, C-2), 43.5 (CHy, C-4), 41.1 (CHy, C-6), 26.3 (CH,, C-
5), 16.3 (CHs, C-10); LRMS (ESI) m/z191.1 [(M + Na)*, 100%], 289.2 (50), 307.2 (30), 325.2
(50).

Data were in agreement with those reported in the literature.!3¢
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Allyl (3’-hydroxypropyl)(3”-methylbut-2"-en-1""-yl)carbamate (175)

DBU (2.10 mL, 14.1 mmol) was added to a stirred solution of amine 78 (1.68 g, 11.8 mmol)
in CHxCl> (24 mL), which was cooled to 0 °C. A solution of allyl chloroformate (1.4 mL, 13
mmol) in CHxCl> (4 mL) was added dropwise over 3 min. The cooling bath was removed and
the reaction mixture warmed to r.t. After 12 h, the reaction mixture was washed sequentially
with HClag) (1 M, 15 mL), NaHCOs (aq) (15 mL) and brine (15 mL). The organic layer was dried
(MgSO0.), filtered and the solvent was then removed under reduced pressure to provide a
yellow oil, which was purified by flash column chromatography (eluent: 40% EtOAc in hexane)
to afford carbamate 175 as a pale yellow oil (1.73 g, 65%). R (50% EtOAc in hexane) = 0.3;
IR (neat / cm™) 3441 br w (O-H), 2935 br, 1670 br s (C=0), 1415 s, 1057 s; H NMR (400
MHz, CDCl3) 645.98 —5.87 (m, 1H, H-11), 5.34 — 5.18 (stack, 2H, H-12), 5.17 — 5.11 (m, 1H,
H-5), 4.59 (d, J= 5.5 Hz, 2H, H-10), 3.90 — 3.79 (m, 2H, H-4), 3.60 — 3.51 (m, 2H, H-1), 3.43
- 3.33 (m, 2H, H-3), 1.74 — 1.63 (stack, 8H, H-2, H-7 and H-8), OA not observed; 3C NMR
(101 MHz, CDCl3) & 157.4 (C, C-9), 135.8 (C, C-6), 133.0 (CH, C-11), 120.2 (CH, C-5), 117.4
(CHy, C-12), 66.4 (CH,, C-10), 58.5 (CH,, C-1), 44.6 (CH,, C-4), 42.7 (CH,, C-3), 30.5 (CH,, C-
2), 25.9 (CH3s, C-8 or C-7), 17.9 (CHs, C-7 or C-8); LRMS (ESI) m/z250.7 [(M + Na)*, 100%];
HRMS (ESI) calc'd for Ci2H2:NOsNa (M + Na)* 250.1419, found 250.1417.

Allyl (3’-methylbut-2'-en-1'-yl)(3""-oxopropyl)carbamate (176)

HJ“J\Z/;NQ z i

o) OM
DMSO (1.3 mL, 19 mmol) was added dropwise over 2 min to a solution of oxalyl chloride (0.80
mL, 9.0 mmol) in CH,Cl; (25 mL) at —78 °C. The resultant solution was stirred for 10 min, after
which time, a solution of alcohol 175 (1.70 g, 7.48 mmol) in CH,Cl; (10 mL) was added
dropwise over 5 min. After 1 h, NEt; (5.2 mL, 37 mmol) was added and the solution was

warmed to r.t. over 5 min. H>O (30 mL) was added to the reaction mixture and the resulting
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layers were separated. The aqueous layer was extracted with CHxCl; (3 x 20 mL). The
combined organic layers were dried (MgS0.), filtered and the solvent was then removed under
reduced pressure to give a yellow oil, which was used in the subsequent cyclisation step
without further purification (1.68 g). R (50% EtOAc in hexane) = 0.5; IR (neat / cm™) 2928
br, 1693 br s (C=0), 1413 s, 1121 s; 'H NMR (400 MHz, CDCl5) &:9.77 (s, 1H, H-1), 5.97 -
5.85 (m, 1H, H-11), 5.31 — 5.16 (stack, 2H, H-12), 5.15 — 5.09 (m, 1H, H-5), 4.57 (d, J= 5.6
Hz, 2H, H-10), 3.92 — 3.84 (m, 2H, H-4), 3.52 (t, 7= 6.7 Hz, 2H, H-3), 2.71 (app. t, 7= 6.7
Hz, 2H, H-2), 1.72 (s, 3H, H-7 or H-8), 1.67 (s, 3H, H-8 or H-7); 3C NMR (101 MHz, CDCl5) &
201.2 (CH, C-1), 155.9 (C, C-9), 133.1 (CH, C-11), 120.2 (CH, C-5), 117.8 (C, C-6), 117.4
(CH,, C-12), 66.2 (CH,, C-10), 53.6 (CH,, C-4), 45.9 (CH,, C-3), 45.3 (CH,, C-2), 25.9 (CH3, C-
8 or C-7), 17.9 (CHs, C-7 or C-8); LRMS (ESI) m/z226.2 [(M + H)*, 80%], 143.9 (100), 13.9
(60); HRMS (ESI) calc'd for Ci2H1sNOsNa (M + Na)* 248.1257, found 248.1260.

(35* 45%) Allyl 4-hydroxy-3-(prop-1'-en-2'-yl)piperidine-1-carboxylate (177A) &
allyl (3S%, 4R*)-4-hydroxy-3-(prop-1'-en-2'-yl)piperidine-1-carboxylate (177B)

8

H OH
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(3S% 4S5% (3S* 4R%

SnCls (1 M solution in heptanes, 0.75 mL, 0.75 mmol) was added to a solution of aldehyde
176 (1.70 g, 7.48 mmol, used without purification) in CHxCl, (75 mL) at 0 °C. The resulting
solution was stirred for 16 h, after which time, NH4Clag) (50 mL) was added. The aqueous
phase was extracted with CHCl, (3 x 40 mL) and the combined organic phases were washed
with brine (100 mL), dried (MgSQ4) and evaporated under reduced pressure to give a bright
yellow oil that was used in the subsequent oxidation step (see p 190) without further
purification (1.68 g). By integration of the isopropenyl resonances at 4.93 and 4.72 ppm in the
'H NMR spectrum of the crude product the diastereomeric ratio of (35*, 45*)-177A to (3R,
45%)-177B was determined to be 3: 2.
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Normally, the product was used as a mixture since both diastereomers converge to the same
product in the next oxidation step; however, the major (35*, 45*) isomer was once isolated
by flash column chromatography (eluent: 40% EtOAc in hexane) to yield piperidinol 177A as
a yellow oil. & (50% EtOAc in hexane) = 0.3; IR (neat / cm™) 3230 br (O-H), 2935 w, 1684
br s (C=0), 1421 m, 1213 m; 'H NMR (400 MHz, CDCl3) & 6.04 — 5.90 (m, 1H, H-11), 5.37 —
5.18 (stack, 2H, H-12), 5.05 (s, 1H, H-8a), 4.75 (s, 1H, H-8), 4.65 — 4.56 (m, 2H, H-10), 4.09
(app. d, J= 2.9 Hz, 1 H, H-1), 4.07 — 3.90 (stack, 2H, H-3, and H-4,), 3.26 — 3.07 (stack, 2H,
H-3p and H-4,), 2.27 — 2.18 (m, 1H, H-5), 1.98 — 1.89 (m, 1H, H-2.), 1.82 (s, 3H, H-7), 1.77
—1.67 (m, 1H, H-2,), OAH not observed; 3*C NMR (101 MHz, CDCl5) & 144.3 (C, C-6), 133.3
(CH, C-11), 117.4 (CH,, C-12), 112.5 (CH,, C-8), 66.1 (CH,, C-10), 64.0 (CH, C-1), 47.0 (CH,
C-5), 41.7 (CH,, C-4), 38.5 (CH,, C-3), 31.4 (CH,, C-2), 23.0 (CHs, C-7)>; LRMS (ASAP) my/z
226.1 [(M + H)*, 60%], 208.1 (50), 164.1 (100); HRMS (ASAP) calc'd for C12H20NOs (M + H)*
226.1443, found 226.1459.

Allyl 4-oxo0-3-(prop-1'-en-2'-yl)piperidine-1-carboxylate (178)

(0]
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Method A: DMSO (1.7 mL, 24 mmol) was added dropwise over 5 min to a solution of oxalyl
chloride (1.0 mL, 12 mmol) in CH.Cl, (30 mL) at =78 °C. The resultant solution was stirred for
10 min, after which time, a solution of alcohol 177 (2.13 g, 9.44 mmol, used without
purification, see p 189) in CH.Cl; (10 mL) was added dropwise over 5 min. After 1 h, Pr,NEt
(8.2 mL, 47 mmol) was added. After stirring for 15 min at =78 °C, the temperature of the
solution was raised to 0 °C by replacing the cooling bath with an ice-water bath. The mixture
was stirred for 30 min at this temperature. HClaq) (1 M, 20 mL) was then added and the
solution was vigorously stirred for 15 min at 0 °C. The two phases were then separated and
the aqueous phase was washed with CH,Cl, (3 x 40 mL). The combined organic phases were
dried (MgSO0s.,), filtered and the solution concentrated under reduced pressure to a volume of
ca. 15 mL. This solution was then added directly to a column containing silica and the

compound was purified by flash column chromatography (eluent: 40% EtOAc in hexane) to

xvi C-9 not observed
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yield piperidinone 178 as a bright yellow oil (1.82 g, 86% over 3 steps). R: (50% EtOAc in
hexane) = 0.5; IR (neat / cm™) 2946 w, 1693 br s (C=0), 1648 s, 1415 m, 1218 m; *H NMR
(400 MHz, CDCl3) &4 6.01 — 5.90 (m, 1H, H-11), 5.35 — 5.19 (stack, 2H, H-12), 5.02 — 5.00
(m, 1H, H-8; or H-8), 4.82 — 4.80 (m, 1H, H-8 or H-8,), 4.66 — 4.61 (stack, 2H, H-10), 4.17
—4.05 (stack, 2H, H-2, and H-3,), 3.56 — 3.45 (stack, 2H, H-2, and H-3p), 3.14 — 3.06 (m, 1H,
H-4), 2.55 - 2.46 (stack, 2H, H-1), 1.75 (s, 3H, H-7); *C NMR (101 MHz, CDCl5) & 206.9 (C,
C-5), 155.1 (C, C-9), 140.2 (C, C-6), 132.8 (CH, C-11), 118.0 (CH,, C-12), 114.8 (CH,, C-8),
66.6 (CH,, C-10), 57.3 (CH, C-4), 47.1 (CH,, C-2 or C-3), 43.6 (CH;, C-3 or C-2), 40.6 (CH,, C-
1), 21.8 (CHs, C-7); LRMS (EI) m/z 223.2 [(M)*, 20%], 182.1 (60), 128.1 (65); HRMS (EI)
calc'd for C1,H17NO3 (M)* 223.1207, found 223.1208.

Method B: DMP (8.67 g, 20.4 mmol) was added in portions over 10 min to a solution of
alcohol 177 (4.19 g, 18.6 mmol, used without purification, see p 189) in CH,Cl, (160 mL). The
resultant solution was stirred for 4 h, after which time the reaction was cooled to 0 °C and
NaOHq) (1 M, 50 mL) was added. The solution was vigorously stirred for 15 min at 0 °C. The
resultant suspension was filtered through a pad of Celite and the solvent washed sequentially
with H>O (100 mL) and brine (100 mL). The organic phase was dried (MgS0s), filtered and the
solvent was then removed under reduced pressure to give a yellow oil, which was purified by
flash column chromatography (eluent: 30% EtOAc in hexane) to yield ketone 178 as a yellow
oil (3.48 g, 84%).

Data were in agreement with those obtained for ketone 178 that was prepared using method
A.
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(3S* 45%) Allyl 4-hydroxy-3-(prop-1'-en-2'-yl)-4-vinylpiperidine-1-carboxylate
(179)

14
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Method A: CeCl3*7H,0 (6.35 g, 17.1 mmol) was heated at 140 °C under high vacuum (< 2
mbar) for 2 h, and then cooled to r.t. THF (28 mL) was added and the resulting slurry was
stirred vigorously for 2 h, before being cooled to —78 °C. Vinylmagnesium bromide (0.80 M
solution in THF, 19.8 mL, 15.8 mmol) was added and the resulting mixture was stirred for 30
min, after which time, a solution of piperidinone 178 (2.72g, 12.2 mmol) in THF (12 mL) was
added dropwise over 4 min. The resulting mixture was stirred at —78 °C for 4 h before being
poured into a solution of acetic acid@q) (5%, 25 mL). The aqueous layer was extracted with
EtOAc (3 x 35 mL). The combined organic fractions were washed with NaHCO3z(aq) (2 x 30
mL), dried (MgS0O,), filtered and the solvent was then removed under reduced pressure to
give a dark yellow oil, which contained only one diastereomer by analysis of the ‘H NMR
spectrum of the crude product. The crude product was purified by flash column
chromatography (eluent: 35% EtOAc in hexane) to yield allylic alcohol 179 as a light yellow
oil (2.45 g, 80%). R (50% EtOAc in hexane) = 0.4; IR (neat / cm™) 3457 br w (O-H), 2947
bw w, 1679 br s (C=0), 1416 m, 1244 m; 'H NMR (400 MHz, CDCl3) &4 6.00 — 5.80 (stack,
2H, H-11 and H-13), 5.32 — 5.17 (stack, 3H, H-14, and H-12), 5.06 (dd, /= 10.7, 1.1 Hz, 1H,
H-14p), 4.99 — 4.96 (m, 1H, H-8,), 4.74 — 4.72 (m, 1H, H-8), 4.61 — 4.57 (stack, 2H, H-10),
4.09 — 3.82 (stack, 2H, H-2, and H-3.), 3.24 — 3.03 (stack, 2H, H-2, and H-3p), 2.26 — 2.16
(m, 1H, H-4), 1.89 (s, 1H, OH), 1.77 (s, 3H, H-7), 1.69 — 1.54 (stack, 2H, H-1); 3C NMR (101
MHz, CDCl3) & 155.2 (C, C-9), 144.7 (C, C-6), 144.5 (CH, C-13), 133.3 (CH, C-11), 117.4 (CH,,
C-12), 113.0 (CH,, C-8), 112.3 (CH,, C-14), 71.3 (C, C-5), 66.1 (CH,, C-10), 50.5 (CH, C-4),
43.8 (CH, C-2 or C-3), 39.7 (CH, C-3 or C-2), 36.6 (CH,, C-1), 26.4 (CHs, C-7); LRMS (ESI)
myz 274.1 [(M + Na)*, 100%], 234.2 (20); HRMS (ESI) calc'd for CisH,1NOsNa (M + Na)*
274.1419, found 274.1422.

191 | Page



Method B: Vinylmagnesium bromide (0.89 M solution in THF, 22 mL, 18.7 mmol) was added
dropwise over 1 min to a solution of piperidinone 178 (3.48 g, 15.6 mmol) in THF (4 mL) at
—78 °C. The reaction mixture was warmed to r.t. and then stirred for 3 h, before being
quenched by the sequential addition of NH4Clg) (6 mL) and H,O (6 mL). The aqueous layer
was extracted with EtOAc (3 x 7 mL). The combined organic phases were washed with brine
(6 mL), dried (MgS0s.,), filtered and evaporated under reduced pressure to give a dark yellow
oil, which contained only one diastereomer upon analysis of the 'H NMR spectrum of the crude
product. The crude product was purified by flash column chromatography (eluent: 35% EtOAc
in hexane) to yield allylic alcohol 179 as a light yellow oil (2.48 g, 63%).

Data were in agreement with those obtained for allylic alcohol 179 that was prepared using
method A.

Allyl (£)-8-methyl-4-0x0-3,4,5,6,7,10-hexahydroazecine-1(2 H)-carboxylate (180)
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[(CsHsCN)2PdCl,] (32 mg, 0.084 mmol) was added in one portion to a stirred solution of allylic
alcohol 179 (0.420 g, 1.67 mmol) in benzene (15 mL). After 3 h, the solvent was removed
under reduced pressure to give an orange oil, which was purified by flash column
chromatography (eluent: 25% EtOAc in hexane) to yield ketone 180 as a yellow oil (0.397 g,
95%). R (50% EtOAc in hexane) = 0.4; IR (neat / cm™) 2935 w, 1694 s (C=0), 1413 s, 1240
s, 1111 m; H NMR (400 MHz, CDCl5) & 6.00 — 5.89 (m, 1H, H-12), 5.34 — 5.18 (stack, 2H,
H-13), 5.13 — 5.01 (m, 1H, H-8), 4.62 (d, J = 5.5 Hz, 2H, H-11), 4.51 — 4.32 (m, 1H, H-9,),
4.09 - 3.90 (m, 1H, H-13), 3.46 — 3.26 (m, 1H, H-9), 3.19 — 3.01 (m, 1H, H-1p), 2.81 — 2.61
(m, 1H, H-24), 2.44 — 2.17 (stack, 4H, H-2,, H-4 and H-55), 2.15 — 2.05 (m, 1H, H-6,), 1.89 —
1.78 (m, 1H, H-6p), 1.78 — 1.67 (m, 1H, H-5p), 1.49 (s, 3H, H-14); 3C NMR (101 MHz, CDCls)
& 209.0 (C, C-3), 155.8 (C, C-10), 141.8 (C, C-7), 133.2 (CH, C-12), 122.0 (CH, C-8), 117.4
(CHy, C-13), 66.2 (CH, C-11), 46.6 (CH, C-9), 44.9 (CH;, C-2), 43.6 (CH,, C-1), 43.5 (CH,, C-
4), 40.8 (CHz, C-6), 25.0 (CHz, C-5), 15.9 (CHs, C-14); LRMS (ESI) my/z 274.1 [(M + Na)*,
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100%], 252.1 (10), 234.1 (10), 194.2 (15); HRMS (ESI) calc'd for Ci4H:NOsNa (M + Na)*
274.1419, found 274.1422.

( E)-1-Allyl-8-methyl-2,3,5,6,7,10-hexahydroazecin-4(1 H)-one (182)
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Pd(PPhs)4 (4.8 mg, 4.1 umol) and dimedone (23 mg, 0.17 mmol) were added sequentially to
a solution of ketone 180 (21 mg, 83 pymol) in degassed THF (1.8 mL). The resulting mixture
was stirred at r.t. After 30 min, NaOHq) (1.0 M, 2 mL) was added. The aqueous layer was
washed with EtOAc (3 x 5 mL). The combined organic phases were dried (MgSQ.), filtered
and the solvent was then removed under reduced pressure to give a yellow oil, which was
purified by flash column chromatography (eluent: 100% EtOAc) to yield allyl amine 182 as a
yellow oil (5.2 mg, 27%). R (100% EtOAc) = 0.2; IR (neat / cm™) 2925 br m, 1699 s (C=0),
1437 m, 1099 m; *H NMR (400 MHz, CDCl3) o 5.93 — 5.82 (m, 1H, H-12), 5.35 (app. t, /=
6.7 Hz, 1H, H-8), 5.22 — 5.12 (stack, 2H, H-13), 3.20 — 3.09 (stack, 3H, H-9. and H-11), 3.00
— 2.85 (stack, 2H, H-2, and H-9y), 2.77 — 2.68 (stack, 2H, H-1), 2.40 — 2.24 (stack, 3H, H-2y,
H-4. and H-5,), 2.22 — 2.11 (m, 1H, H-4,), 2.10 = 2.00 (m, 1H, H-6,), 1.95 - 1.83 (m, 1H, H-
6v), 1.77 — 1.65 (m, 1H, H-5p), 1.47 (s, 3H, H-10); 3C NMR (101 MHz, CDCl3) & 208.6 (C, C-
3), 140.6 (C, C-7), 136.0 (CH, C-12), 124.1 (CH, C-8), 117.9 (CH,, C-13) 61.9 (CH,, C-11),
54.7 (CHz, C-9), 50.2 (CH,, C-1), 45.3 (CH, C-2), 43.4 (CH;, C-4), 41.2 (CH,, C-6), 26.3 (CH,,
C-5), 16.4 (CH3, C-10); LRMS (ASAP) myz 208.2 [(M + H)*, 100%]; HRMS (ASAP) calc'd for
Ci3H2NO (M + H)* 208.1701, found 208.1698.
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Allyl (4aR*, 8aS*)-4a-hydroxy-8-methyleneoctahydroisoquinoline-2(1 H)-
carboxylate (193)

TsOH"H,0 (27 mg, 140 umol) was added to a solution of ketone 180 (709 mg, 2.82 mmol) in
THF (28 mL). After 12 h, NaHCOs aq) (20 mL) was added. The layers were separated and the
aqueous layer was washed with CH,Cl> (3 x 15 mL). The combined organic phases were dried
(MgS0.), filtered and the solvent was then removed under reduced pressure to give a yellow
oil, which was purified by flash column chromatography (eluent: 30% EtOAc in hexane) to
yield decalol 193 as a yellow oil (599 mg, 84%). R (50% EtOAc in hexane) = 0.4; IR (neat /
cm™) 3466 br (O-H), 2929 w, 1677 s (C=0), 1246 s, 1080 s; H NMR (400 MHz, CDCl3) &
5.99 - 5.88 (1H, H-13), 5.53 (br s, 1H, OA), 5.33 — 5.17 (stack, 2H, H-14), 4.94 (s, 1H, H-
10a), 4.62 — 4.53 (stack, 3H, H-10, and H-12), 4.15 — 3.91 (stack, 2H, H-1, and H-9,), 3.23 -
2.92 (stack, 2H, H-1, and H-9y), 2.35 — 2.29 (m, 1H, H-6,), 2.19 — 2.07 (m, 1H, H-8), 2.07 -
1.96 (m, 1H, H-6y), 1.77 — 1.53 (stack, 5H, H-2, H-4, and H-5), 1.44 (app. td, /= 13.3, 4.5
Hz, 1H, H-4v); *C NMR (101 MHz, CDCl3) & 155.3 (C, C-11), 146.7 (C, C-7), 133.3 (CH, C-
13), 117.4 (CH;, C-14), 109.4 (CH;, C-10), 70.5 (C, C-3), 66.1 (CH,, C-12), 48.2 (CH, C-8),
41.7 (CHy, C-9), 40.0 (CH, C-1), 38.9 (CHy, C-4), 37.6 (CH,, C-2), 36.2 (CH;, C-6), 23.5 (CH,,
C-5); LRMS (ASAP) my/z234.1 [(M —=H,0 + H)*, 100%], 252.2 (5); HRMS (ASAP) calc'd for
Ci4H22NO3 (M + H)* 252.1600, found 252.1591.
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(4aR*, 8aS*)-2-Allyl-8-methyleneoctahydroisoquinolin-4a(2H)-ol (194) and
(4aR*, 8a5*)-8-methyleneoctahydroisoquinolin-4a(2H)-ol (183)

Pd(dba), (28 mg, 49 umol) and 1,4-bis(diphenylphosphino)butane (21 mg, 49 pmol) were
added sequentially to a solution of decalol 193 (250 mg, 0.98 mmol) in degassed CH.Cl, (6.5
mL) and the resulting mixture was stirred until a yellow colour persisted (typically 5 min). At
that time, pyrrolidine (0.40 mL, 4.9 mmol) was added rapidly and the resulting solution stirred.
After 30 min, the solvent was removed under reduced pressure to give a brown oil, which was
purified by flash column chromatography (eluent: 5 to 20% MeOH (with 1% NH3) in CH.Cl,)
to afford, in order of elution, allyl amine 194 as a yellow oil (16 mg, 8%). R (20% MeOH in
CH,Cl,) = 0.6; IR (neat / cm™) 3396 br (O-H), 2935 s, 1644 m, 1439 m; H NMR (400 MHz,
CDCl3) on 5.93 — 5.82 (m, 1H, H-12), 5.22 - 5.11 (stack, 2H, H-13), 4.88 (d, 7= 1.6 Hz, 1H,
H-10.), 4.51 (d, 7= 1.6 Hz, 1H, H-10,), 3.04 (app. dq, /= 6.5, 1.2 Hz, 2H, H-11), 2.76 — 2.68
(stack, 2H, H-1, and H-9,), 2.33 — 2.25 (stack, 3H, H-1y, H-6, and H-8), 2.15 (app. t, /= 11.2
Hz, 1H, H-9), 2.06 — 1.96 (m, 1H, H-6p), 1.75 — 1.64 (stack, 4H, H-2, H-4, and H-5;), 1.64 —
1.54 (m, 1H, H-5y), 1.46 — 1.38 (m, 1H, H-4,), OH not observed; 13C NMR (101 MHz, CDCls)
& 147.9 (C, C-7), 135.5 (CH, C-12), 117.9 (CHz, C-13), 108.6 (CH., C-10), 70.2 (CHz, C-3),
62.2 (CH, C-11), 51.0 (CH,, C-9), 49.2 (CH,, C-1), 48.4 (CH, C-8), 38.9 (CH,, C-4), 37.9 (CH,,
C-2), 36.3 (CH, C-6), 23.7 (CH,, C-5); LRMS (ASAP) m/z208.2 [(M + H)*, 60%], 190.2 (50);
HRMS (ASAP) calc’d for C13H22NO (M + H)* 208.1701, found 208.1701, and then amine 183
as a white crystalline solid (147 mg, 90%). R (20% MeOH in CHzClz) = 0.1; mp 142 - 143 °C;
IR (neat / cm™) 3281 br (N-H and O-H), 2929 s, 1645 m, 1437 m, 1269 m, 959 s, 729 s; 'H
NMR (400 MHz, CDCl5) & 4.84 (d, J = 1.6 Hz, 1H, H-10,), 4.46 (d, J = 1.6 Hz, 1H, H-10y),
2.96 (app. td, J= 12.4, 3.2 Hz, 1H, H-1.), 2.85 — 2.76 (stack, 3H, H-1, and H-9), 2.27 (app.
ddt, 7= 13.0, 4.1, 2.2 Hz, 1H, H-6.), 2.18 (br. s, 2H, NHand OH), 2.15 - 2.09 (m, 1H, H-8),
2.05 — 1.94 (m, 1H, H-6p), 1.71 — 1.38 (stack, 6H, H-2, H-4 and H-5); 13C NMR (101 MHz,
CDCl3) & 147.9 (C, C-7), 108.5 (CHz, C-10), 70.7 (C, C-3), 49.4 (CH, C-8), 43.7 (CH,, C-9),
41.9 (CHz, C-1), 39.4 (CHz, C4), 38.7 (CHz, C-2), 36.4 (CHz, C-6), 23.5 (CH,, C-5); LRMS
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(ASAP) m/z150.1 [(M — H,0 + H)*, 100%], 168.1 (75); HRMS (ASAP) calc'd for CioH1sNO (M
+ H)* 168.1388, found 168.1388.

General Procedures for Alloc Cleavage

Method A: Pd(dba), (0.05 eq) and 1,4-bis(diphenylphosphino)butane (0.05 eq) were added
sequentially to a solution of alloc-protected amine (1 eq) in degassed CH,Cl; (0.1 M). The
resulting mixture was stirred until a yellow colour persisted (typically 5 min). At that point,
Et;NH (5 eq) was added rapidly and the resulting solution was stirred at r.t. After 30 min, the
solvent was removed under reduced pressure and the residue used directly without further
purification.

Method B: Pd(PPhs)4 (0.05 eq) was added to a solution of alloc-protected amine (1 eq) in
degassed CH.Cl; (0.1 M) and the resulting mixture was stirred. After 5 min, pyrrolidine (5 eq)
was added rapidly and the resulting solution was stirred at r.t. After 30 min, the solvent was

removed under reduced pressure and the residue used directly without further purification.
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(4aR*, 8aS*)- N-Benzyl-4a-hydroxy-8-methyleneoctahydroisoquinoline-2(1H)-
carboxamide (195)

General Procedure A

HN

193 183

Carbamate 193 was deprotected according to general procedure A and the amine product
183 used without purification. Benzyl isocyanate (52 pL, 0.42 mmol) was added to a solution
of amine 183 (70 mg, 0.42 mmol) in CH,Cl; (4 mL) and the resulting solution was stirred at
r.t. for 3 h. The solvent was then removed under reduced pressure to afford a brown oil, which
was purified by flash column chromatography (eluent: 60% EtOAc in hexane) to yield urea
195 as a colourless oil (15 mg, 12% over two steps from carbamate 193). R (70% EtOAc in
hexane) = 0.3; IR (neat / cm™) 3364 br (O-H, N-H), 2929 br w, 1624 s (C=0), 1535 s, 1264
s; tH NMR (400 MHz, CDCl3) & 7.36 — 7.26 (stack, 5H, H-14, H-15 and H-16), 4.95 (s, 1H, H-
10a), 4.76 (br s, 1H, NH), 4.57 (s, 1H, H-10v), 4.43 (app. d, /= 6.0 Hz, 2H, H-12), 3.91 - 3.85
(m, 1H, H-9,), 3.76 — 3.69 (m, 1H, H-1,), 3.20 (app. td, 7= 13.0, 3.2 Hz, 1H, H-1), 3.02 (dd,
J=12.9, 11.7 Hz, 1H, H-9), 2.35 - 2.29 (m, 1H, H-63), 2.21 — 2.15 (m, 1H, H-8), 2.07 — 1.98
(m, 1H, H-6y), 1.79 — 1.72 (m, 1H, H-5,), 1.71 — 1.58 (stack, 4H, H-2, H-4, and H-5;), 1.49 -
1.41 (m, 1H, H-4p), OH not observed; 3C NMR (101 MHz, CDCl;) & 157.5 (C, C-11), 146.9 (C,
C-7), 139.6 (C, C-13), 128.6 (CH, C-15 or C-16), 127.8 (CH, C-14), 127.3 (CH, C-15 or C-16),
109.3 (CHy, C-10), 70.5 (C, C-3), 47.9 (CH, C-8), 45.1 (CH, C-12), 41.9 (CH,, C-9), 40.3 (CH,,
C-1), 38.8 (CH,, C-4), 37.4 (CH,, C-2), 36.2 (CH,, C-6), 23.4 (CH,, C-5); LRMS (ASAP) my/z
301.2 [(M + H)*, 15%], 205.1 (100); HRMS (ASAP) calc'd for CisH2sN202 (M + H)* 301.1916,
found 301.1920.
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(4aR*, 8aS*)-N-(4'-Fluorophenyl)-4a-hydroxy-8-

methyleneoctahydroisoquinoline-2(1 H)-carboxamide (196)

General Procedure A

Carbamate 193 was deprotected according to general procedure A and the amine product
183 used without purification. 4-Fluorophenyl isocyanate (52 L, 0.42 mmol) was added to a
solution of amine 183 (70 mg, 0.42 mmol) in CH>Cl, (4 mL) and the resulting solution was
stirred at r.t. for 3 h. The solvent was then removed under reduced pressure to provide a
brown oil, which was purified by flash column chromatography (eluent: 60% EtOAc in hexane)
to yield urea 196 as a colourless oil (20 mg, 20% over two steps from carbamate 193). A
(70% EtOAc in hexane) = 0.3; IR (neat / cm™) 3312 br (O-H, N-H), 2931 br w, 1636 m (C=0),
1508 s, 1214 m; 'H NMR (400 MHz, CDCls) &4 7.33 — 7.26 (AA" of AA'BB, 2H, H-13 or H-14),
7.01 — 6.93 (BB’ of AA'BB, 2H, H-13 or H-14), 5.54 (br s, 1H, NH), 4.97 (s, 1H, H-10,), 4.59
(s, 1H, H-10p), 4.00 — 3.92 (m, 1H, H-9.), 3.88 — 3.80 (m, 1H, H-1a), 3.28 (app. td, /= 13.1,
3.2 Hz, 1H, H-1y), 3.10 (dd, J = 13.0, 11.7 Hz, 1H, H-9), 2.38 — 2.31 (m, 1H, H-6,), 2.25 -
2.18 (m, 1H, H-8), 2.08 — 1.98 (m, 1H, H-6), 1.81 — 1.54 (stack, 5H, H-2, H-4, and H-5), 1.46
(app. td, 7= 13.0, 4.4 Hz, 1H, H-4y), OH not observed; 3*C NMR (101 MHz, CDCls) & 159.0
(CF, d, J= 242 Hz, C-15), 155.2 (C, C-11), 146.9 (C, C-7), 135.2 (C, d, J= 2 Hz, C-12), 122.0
(CH, d, J= 8 Hz, C-13), 115.6 (CH, d, J= 22 Hz, C-14), 109.5 (CH,, C-10), 70.6 (C, C-3), 48.1
(CH, C-8), 42.2 (CHy, C-9), 40.8 (CH,, C-1), 38.8 (CH,, C-4), 37.6 (CH, C-2), 36.2 (CH;, C-6),
23.5 (CHy, C-5); **F NMR (377 MHz, CDCl3) & —120.2 (CF); LRMS (ASAP) my/z 305.2 [(M +
H)*, 100%], 287.2 (30); HRMS (ASAP) calc’d for Ci7H2FN,O, (M + H)* 305.1665, found
305.1662.
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(4aR*, 8aS*)-2-Cyclopropylsulfonyl-8-methyleneoctahydroisoquinolin-4a(2 H)-ol
(197)

General Procedure A

HN

Carbamate 193 was deprotected according to general procedure A and the amine product
183 used without purification. NEtz (65 pL, 0.47 mmol) was added to a solution of amine 183
(65 mg, 0.39 mmol) in CHxCl, (4 mL) and the resulting solution was cooled to 0 °C.
Cyclopropanesulfonyl chloride (42 pL, 0.41 mmol) was added dropwise over 1 min and the
resulting solution was stirred at r.t. for 17 h. The reaction mixture was then washed
sequentially with HClaq) (1 M, 2 mL), H20O (2 mL) and brine (2 mL). The organic layer was dried
(MgSO0.), filtered and the solvent was then removed under reduced pressure to provide a
yellow oil, which was purified by flash column chromatography (eluent: 30% EtOAc in hexane)
to yield sulfonamide 197 as a clear, colourless oil (32 mg, 30% over two steps from carbamate
193). R (50% EtOAc in hexane) = 0.3; IR (neat / cm™) 3516 br (O-H), 2931 m, 1335 s, 1142
s, 923 s, 890 s; H NMR (400 MHz, CDCl3) & 4.89 (s, 1H, H-10a), 4.46 (s, 1H, H-10y), 3.62 —
3.52 (stack, 2H, H-1; and H-9.), 3.12 (app. td, 7= 11.2, 5.1 Hz, 1H, H-1y), 2.98 (app. t, J =
11.4 Hz, 1H, H-9), 2.31 — 2.21 (stack, 3H, H-65, H-8 and H-11), 2.02 — 1.93 (m, 1H, H-6b),
1.71 - 1.50 (stack, 5H, H-2, H-4, and H-5), 1.43 (app. td, /= 12.9, 4.1 Hz, 1H, H-4y), 1.15 —
1.09 (m, 2H, H-12.), 0.97 — 0.89 (m, 2H, H-12;), OH not observed; *C NMR (101 MHz, CDCls)
& 146.4 (C, C-7), 104.3 (CHy, C-10), 69.9 (C, C-3), 48.2 (CH, C-8), 43.9 (CH,, C-9), 42.2 (CH,,
C-1), 38.6 (CH,, C-4), 37.5 (CHy, C-2), 36.1 (CH, C-6), 25.9 (CH, C-11), 23.4 (CH, C-5), 4.5
(CH,, C-12); LRMS (ASAP) m/z272.1 [(M + H)*, 100%], 254.1 (15); HRMS (ASAP) calc'd for
Ci3H2NOsS (M + H)* 272.1320, found 272.1326.
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(4aR* 8as*)-2-((3',5'-Dimethylisoxazol-4'-yl)sulfonyl)-8-
methyleneoctahydroisoquinolin-4a(2 A)-ol (198)

General Procedure A

Carbamate 193 was deprotected according to general procedure A and the amine product
183 used without purification. NEts; (65 pL, 0.47 mmol) was added to a solution of amine
183 (65 mg, 0.39 mmol) in CHxCl> (4 mL) and the resulting solution was cooled to 0 °C. 3,5-
Dimethylisoxazole-4-sulfonyl chloride (80 mg, 0.41 mmol) was added in one portion and the
resulting solution was stirred at r.t. for 17 h. The reaction mixture was then washed
sequentially with HClaq) (1 M, 2 mL), H,O (2 mL) and brine (2 mL). The organic layer was
dried (MgSO0,), filtered and the solvent was then removed under reduced pressure to provide
a yellow oil, which was purified by flash column chromatography (eluent: 25% EtOAc in
hexane) to yield sulfonamide 198 as a white, crystalline solid (26 mg, 21% over two steps).
R: (50% EtOAc in hexane) = 0.4; mp 112 — 114 °C; IR (neat / cm™) 3531 br (O-H), 2934 br,
1587 m, 1342 m, 1179 s, 1120 s, 923 s; 'H NMR (400 MHz, CDCl3) & 4.89 (s, 1H, H-10,),
4.36 (s, 1H, H-10p), 3.60 — 3.50 (stack, 2H, H-1; and H-9a), 2.85 — 2.77 (m, 1H, H-1p), 2.67
(app. t, /= 11.4 Hz, 1H, H-9), 2.59 (s, 3H, H-15), 2.35 (s, 3H, H-14), 2.31 — 2.24 (stack,
2H, H-65 and H-8), 2.02 — 1.92 (m, 1H, H-6y), 1.75 — 1.41 (stack, 6H, H-2, H-4 and H-5), OH
not observed; 3C NMR (101 MHz, CDCl;) & 173.6 (C, C-13), 158.1 (C, C-12), 146.2 (C, C-7),
113.9 (C, C-11), 109.4 (CH;, C-10), 69.7 (C, C-3), 47.7 (CH, C-8), 43.3 (CH, C-9), 41.6
(CHy, C-1), 38.4 (CH,, C-4), 37.2 (CHy, C-2), 36.0 (CH, C-6), 23.3 (CH,, C-5), 13.1 (CH3, C-
15), 11.5 (CHs, C-14); LRMS (ASAP) m/z327.1 [(M + H)*, 100%], 309.1 (15); HRMS (ASAP)
calc’d for CisH23N204S (M + H)* 327.1379, found 327.1383.
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(4aR*, 8a5*)-8-Methyleneoctahydroisoquinolin-4a(2 H)-ol hydrochloride (199)

Amine 183 (37 mg, 0.218 mmol) was dissolved in Et,O (1.0 mL) and HCI (2.0 M in Et;0, 1
mL) was added dropwise over 1 min. The solvent was immediately removed under reduced
pressure to yield hydrochloride salt 199 as a white crystalline solid (44 mg, 100; mp 187 —
190 °C dec.; IR (neat / cm™) 3370 br (N-H and O-H), 2937 br s, 2802 br, 1648 w, 1439 w,
957 m; 'H NMR (400 MHz, ds - MeOD) & 4.87 (app. s, 1H, H-10.), 4.42 (app. s, 1H, H-10y),
3.30 — 3.28 (m, 1H, H-13), 3.27 — 3.19 (stack, 3H, H-1» and H-9), 2.40 — 2.33 (stack, 2H, H-
6. and H-8), 2.15 — 2.04 (m, 1H, H-6p), 1.89 — 1.56 (stack, 6H, H-2, H-4 and H-5),
exchangeable protons not observed; 3C NMR (101 MHz, ¢, - MeOD) & 146.2 (C, C-7), 108.5
(CH, C-10), 69.4 (C, C-3), 46.0 (CH, C-8), 43.0 (CH,, C-9), 41.2 (CH,, C-1), 39.1 (CH,, C-2),
36.8 (CH,, C-6), 36.6 (CHy, C-4), 23.4 (CH, C-5); LRMS (ASAP) my/z150.1 [(M — H,O + H)*,
100%], 168.1 (90); HRMS (ASAP) calc'd for C1oH1sNO (M + H)* 168.1388, found 168.1389.

(4aR* 8a5*)-2-((1'-Methyl-1’'H-indol-3’-yl)methyl)-8-
methyleneoctahydroisoquinolin-4a(2 A4)-ol (200)

A solution of amine 183 (42 mg, 0.25 mmol) and A+methylindole-3-carbaldehyde (40 mg,
0.25 mmol) in dichloroethane (2.5 mL) and the resultant mixture was stirred. After 5 min,
glacial AcOH (29 pL, 0.50 mmol) was added and the resultant solution was stirred for a further
15 min, after which time, NaBH(OAc); (110 mg, 0.50 mmol) was added in one portion. After
17 h, the solution was diluted with CH,Cl, (7.5 mL) and NaHCOs3 aq) (5 mL) was added. The
layers were separated and the organic layer was washed with brine (10 mL). The combined

organic phases were dried (MgSQ.), filtered and the solvent was then removed under reduced
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pressure to give an orange oil, which was purified by flash column chromatography (eluent:
10% MeOH in CHyCl,) to yield amine 200 as a yellow oil (48 mg, 62%). R (10% MeOH in
CH,Cl,) = 0.3; IR (neat / cm™) 3332 br (O-H), 2933 m, 2577 br, 1476 w, 1133 w, 964 w, 742
s; H NMR (400 MHz, CDCl3) & 7.63 — 7.56 (m, 1H, H-15), 7.53 = 7.49 (m, 1H, H-12), 7.35 -
7.31 (m, 1H, H-18), 7.28 — 7.22 (m, 1H, H-17), 7.20 — 7.13 (m, 1H, H-16), 4.86 (app. s, 1H,
H-10.), 4.33 (app. s, 1H, H-10p), 4.19 — 4.15 (stack, 2H, H-11), 3.79 (s, 3H, H-20), 3.21 -
3.10 (stack, 2H, H-1, and H-9,), 2.98 — 2.87 (m, 1H, H-1p), 2.83 — 2.73 (stack, 2H, H-8 and
H-9), 2.30 — 2.23 (m, 1H, H-64), 2.21 — 2.08 (m, 1H, H-2,), 2.07 — 1.95 (m, 1H, H-2,), 1.77
— 1.49 (stack, 5H, H-4, H-5 and H-6,), OA not observed; *C NMR (101 MHz, CDCl5) & 146.0
(C, C-7), 136.9 (C, C-19), 132.0 (CH, C-12), 128.5 (C, C-14), 122.2 (CH, C-17), 120.2 (CH, C-
16), 118.2 (CH, C-15), 109.9 (CH, C-18), 109.2 (CH,, C-10), 69.4 (C, C-3), 52.3 (CH,, C-11),
49.6 (CH, C-9), 47.7 (CHy, C-1), 45.9 (CH, C-8), 37.7 (CH,, C-4), 35.7 (2 x CH,, C-2 and C-
6), 33.1 (CHs, C-20), 23.2 (CH,, C-5)*Vi; LRMS (ASAP) my/z 311.2 [(M + H)*, 100%]; HRMS
(ASAP) calc’d for CyoHz7N20 (M + H)* 311.2123, found 311.2121.

(4aR*, 8aS*)-4,4,4-Trifluoro-1-(4a-hydroxy-8-methyleneoctahydroisoquinolin-
2(1H)-yl)butan-1-one (201)

Amine 183 (42 mg, 0.25 mmol), 4,4,4-trifluorobutyric acid (39 mg, 0.28 mmol), EDC-HCI (53
mg, 0.28 mmol) and HOBt (37 mg, 0.28 mmol) were dissolved in CH.Cl, (2.5 mL) and the
resulting mixture was stirred. After 10 min, AAmethylmorpholine (60 pL, 0.55 mmol) was added
and the resultant solution. After 17 h, the solvent was removed under reduced pressure to
give a brown residue, which was dissolved in EtOAc (10 mL) and sequentially washed with
HClagy (1 M, 2 x 8 mL), NaHCOs(aq) (2 x 8 mL) and brine (8 mL). The organic phase was dried
(MgS0:.), filtered and the solvent was then removed under reduced pressure to give a yellow
oil. Purification by flash column chromatography (eluent: 50% EtOAc in hexane) yielded amide
201 as a yellow oil (47 mg, 64%). R (50% EtOAc in hexane) = 0.2; IR (neat / cm™) 3449 br

it Within the HMBC spectrum a correlation between H-11 and a 3C resonance at 103.8 ppm can be
seen, believed to be C-13; however, as the carbon resonance cannot be seen in the standard 3C NMR
spectrum, the carbon resonance has not been explicitly assigned.
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(0-H), 2932 m, 1630 s (C=0), 1442 m, 1256 m, 1134 s, 1102 s; 'H NMR (400 MHz, CDCl3) &
5.00 — 4.95 (m, 1H, H-10,), 4.62 — 4.46 (stack, 3H, H-2,, H-4y and H-10), 3.69 — 1.38 (stack,
15H, including [2.13 — 2.08 {m, 1H, H-8}], H-1, H-2s, H-4y, H-5, H-6, H-8, H-9, H-12, H-13),
OH not observed™i: 13C NMR (101 MHz, CDCs) & [168.1, 168.0 (C, C-11)], [146.8, 146.5 (C,
C-7)], 127.3 (CFs, q, J = 276 Hz, C-14), [109.8, 109.4 (CH,, C-10)], [70.7, 70.5 (C, C-3)],
[48.9, 48.1 (CH, C-8)], 43.4 (CHa, C-9), [41.7, 41.5 (CH,, C-1)], 39.9 (CHa, C-4), 38.1 (CH,, C-
2), [36.2, 36.1 (CH,, C-6)], 29.8 (CH,, G, J= 29 Hz, C-13), [26.1, 26.0 (CH,, C-12)], 23.5 (CHa,
C-5)%; 19F NMR (377 MHz, CDCls) & —66.6 (C/3); LRMS (ASAP) m1/z274.1 [(M — H,0 + H)*,
100%], 292.2 (80); HRMS (ASAP) calc'd for CiaH21F3NO, (M + H)* 292.1524, found 292.1521.

(4aR*, 8aS*)- -(4'-Cyanophenyl)-4a-hydroxy-8-

methyleneoctahydroisoquinoline-2(1H)-carboxamide (202)

4-Cyanophenyl isocyanate (34 mg, 0.24 mmol) was added to a solution of amine 183 (42 mg,
0.25 mmol) in CHxCl, (2.5 mL) and the resulting solution was stirred at r.t. for 17 h. The
solvent was then removed under reduced pressure to provide a brown oil, which was purified
by flash column chromatography (eluent: 50% EtOAc in hexane) to yield urea 202 as a
colourless oil (62 mg, 84%). R (70% EtOAc in hexane) = 0.2; IR (neat / cm™) 3340 br (O-H,
N-H), 2935 m, 2222 s (C=N), 1643 s (C=0), 1512 s, 1244 s, 1174 5, 751 s; *H NMR (400 MHz,
CDCls) &4 7.56 — 7.48 (stack, 4H, H-13 and H-14), 4.97 (s, 1H, H-10,), 4.58 (s, 1H, H-10y),
4.02 - 3.94 (m, 1H, H-9,), 3.92 — 3.84 (m, 1H, H-1.), 3.30 (app. td, 7= 13.1, 3.0 Hz, 1H, H-
1p), 3.13 (dd, 7= 13.0, 11.8 Hz, 1H, H-9), 2.38 — 2.30 (m, 1H, H-62), 2.24 — 2.17 (m, 1H, H-
8), 2.07 — 1.95 (m, 1H, H-6y), 1.81 — 1.52 (stack, 5H, H-2, H-4, and H-5), 1.45 (app. td, J=
13.4, 4.7 Hz, 1H, H-4,), exchangeable protons not observed; 3*C NMR (101 MHz, CDCls) &
154.1 (C, C-11), 146.6 (C, C-7), 143.9 (C, C-12), 133.2 (CH, C-13 or C-14), 119.4 (C, C-16),
119.3 (CH, C-13 or C-14), 109.6 (CH., C-10), 105.2 (C, C-15), 70.5 (C, C-3), 48.2 (CH, C-8),

il The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so only clearly assignable
resonances are identified.

xix The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so two carbon resonances
appear in the 3C NMR spectrum per carbon environment. Both resonances are given within each set of
square brackets. If only one resonance is given then the resonances for each rotamer are co-incident.
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42.4 (CH,, C-9), 40.9 (CHa, C-1), 38.7 (CH,, C-4), 37.6 (CHa, C-2), 36.2 (CHa, C-6), 23.4 (CH,
C-5); LRMS (ASAP) /1/2312.2 [(M + H)*, 100%]; HRMS (ASAP) calc'd for CigH22N3s0z (M + H)*
312.1712, found 312.1718.

(4aR*, 8a5%*)-2-(3'-Fluorophenyl)-1-(4a-hydroxyhydroxy-8-
methyleneoctahydroisoquinolin-2(1H)-yl)ethan-1'-one (203)

Amine 183 (42 mg, 0.25 mmol), 3-fluorophenylacetic acid (39 mg, 0.28 mmol), EDC-HCI (53
mg, 0.28 mmol) and HOBt (37 mg, 0.28 mmol) were dissolved in CH,Cl, (2.5 mL) and the
resulting mixture was stirred. After 10 min, AAmethylmorpholine (60 uL, 0.55 mmol) was added
and the resultant solution stirred for 17 h. The solvent was then removed to give a brown
residue, which was dissolved in EtOAc (10 mL) and sequentially washed with HCl@ag) (1 M, 2 x
8 mL), NaHCOs3(aq) (2 x 8 mL) and brine (8 mL). The organic phase was dried (MgS0,), filtered
and the solvent was then removed under reduced pressure to give a yellow oil. Purification by
flash column chromatography (eluent: 50% EtOAc in hexane) yielded amide 203 as a clear,
colourless oil (63 mg, 83%). R (50% EtOAc in hexane) = 0.1; IR (neat / cm™) 3417 br (O-H),
2932 m, 1623 s (C=0), 1447 br m, 1246 m, 1138 m, 773 s; H NMR (400 MHz, CDCls) 7.32
—7.23 (m, 1H, H-17), 7.07-6.90 (stack, 3H, H-14, H-16 and H-18), 4.98 — 4.45 (stack, 3H, H-
9, and H-10), 3.79 — 2.63 (stack, 5H, H-1, H-9y and H-12), 2.34 — 2.26 (m, 1H, H-6.), 2.12 -
2.05 (m, 1H, H-8), 2.04 — 1.20 (stack, 7H, H-2, H-4, H-5 and H-6,), O not observed™; 13C
NMR (101 MHz, CDCl3) & [168.9, 168.8 (C, C-11)], 163.1 (CF, d, J = 245 Hz, C-15), [146.8,
146.5 (C, C-7)], [137.9, 137.8 (C, C-13)], 130.2 (CH, d, J = 8 Hz, C-17), [124.6, 124.5 (CH,
d, J= 3 Hz, C-18)], [115.9, 115.8 (CH;, d, J= 22 Hz, C-14)], 113.9 (CH., d, J = 22 Hz, C-16),
[109.9, 109.0 (CH2, C-10)], [70.7, 70.5 (C, C-3)], [48.8, 48.0 (CH, C-8)], [44.3, 42.5 (CH;, C-
1)], 40.9 (CH, C-12), [39.8, 38.7 (CH, C-9)], [38.7, 38.2 (CH,, C-4)], [38.0, 37.4 (CH,, C-2)],

% The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so only clearly assignable
resonances are identified.
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36.1 (CHa, C-6), 23.4 (CHa, C-5)*; 19F NMR (377 MHz, CDCls) & —112.9 (CA); LRMS (ASAP)
m/z 208.1 [(M — Ar)*, 100%], 304.2 (30); HRMS (ASAP) calc'd for CisHsFNO; (M + H)*
304.1713, found 304.1717.

((4aR*8asS*)-4a-Hydroxy-8-methyleneoctahydroisoquinolin-2(1 H)-yl)(1'-
methyl-1H-pyrazol-5’-yl)methanone (204)

Amine 183 (37 mg, 0.22 mmol), 1-methyl-1A+pyrazole-5-carboxylic acid (30 mg, 0.24 mmol),
EDC-HCI (46 mg, 0.24 mmol) and HOBt (38 mg, 0.24 mmol) were dissolved in CH.Cl, (2.5 mL)
and the resulting mixture was stirred. After 10 min, A-methylmorpholine (52 pL, 0.48 mmol)
was added and the resultant solution stirred for 17 h. The solvent was then removed to give
a brown residue, which was dissolved in EtOAc (10 mL) and sequentially washed with HCl )
(0.33 M, 2 x 8 mL), NaHCO3(aq) (2 x 8 mL) and brine (8 mL). The organic phase was dried
(MgSO0.), filtered and the solvent was then removed under reduced pressure to yield amide
204 as a clear oil (33 mg, 55%). R (70% EtOAc in hexane) = 0.1; IR (neat / cm™) 3440 br
(O-H), 2934 m, 1626 s (C=0), 1438 m, 1253 m, 960 m; *H NMR (400 MHz, CDCl5) & 7.42 —
7.38 (m, 1H, H-14), 6.27 - 6.19 (m, 1H, H-13), 4.96 — 4.32 (stack, 4H, H-1,, H-9,, H-10), 3.91
(s, 3H, H-15), 3.87 — 1.30 (stack, 11H, including [2.36 — 2.13 {stack, 2H, H-6, and H-8}], H-
1y, H-2, H-4, H-5, H-6,, H-6,, H-8 and H-9,), OA not observed®i; 13C NMR (101 MHz, CDCls)
& [161.2, 161.1 (C, C-11)], [146.2, 146.1 (C, C-7)], 137.7 (CH, C-14), 135.4 (C, C-12), [109.8,
109.1 (CH, C-10)], [106.4, 106.2 (CH, C-13)], 70.6 (C, C-3), [48.1, 47.5 (CH, C-8)], [45.6,
45.2 (CH,, C-1)], [41.1, 40.4 (CHy, C-9)], [38.6, 38.5 (CH2, C-4)], 37.4 (CHs, C-15), 36.9 (CH,,
C-2), 36.0 (CHy, C-6), 23.2 (CH,, C-5)*ii: | RMS (ASAP) m/z276.2 [(M + H)*, 100%], 224.1
(60), 184.0 (40); HRMS (ASAP) calc'd for CisH22N30, (M + H)* 276.1712, found 276.1715.

»%i The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so two carbon resonances
appear in the 3C NMR spectrum per carbon environment. Both resonances are given within each set of
square brackets. If only one resonance is given then the resonances are co-incident.

»i The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so only clearly assignable
resonances are identified.

xodil The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so two carbon resonances
appear in the 3C NMR spectrum per carbon environment. Both resonances are given within each set of
square brackets. If only one resonance is given then the resonances are co-incident.
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((4aR*, 8aS*)-4a-Hydroxy-8-methyleneoctahydroisoquinolin-2(1 H)-
y)(pyrimidin-2'-yl)methanone (205)

Amine 183 (37 mg, 0.22 mmol), pyrimidine-2-carboxylic acid (30 mg, 0.24 mmol), EDC-HCI
(46 mg, 0.24 mmol) and HOBt (38 mg, 0.24 mmol) were dissolved in CH,Cl, (2.5 mL) and the
resulting mixture was stirred. After 10 min, AAmethylmorpholine (52 uL, 0.48 mmol) was added
and the resultant solution stirred for 17 h. The solvent was then removed to give a brown
residue, which was dissolved in EtOAc (10 mL) and sequentially washed with HCl(aq) (0.5 M, 2
x 8 mL), NaHCOs3(q) (2 x 8 mL) and brine (8 mL). The organic phase was dried (MgSOs),
filtered and the solvent was then removed under reduced pressure to yield amide 205 as a
clear oil (35 mg, 59%). R (100% EtOAc) = 0.1; IR (neat / cm™) 3436 br (O-H), 2932 m, 1634
s (C=0), 1561 s, 1405 s, 1205 w, 1134 w, 962 w; 'H NMR (400 MHz, CDCl;) &+ 8.84 — 8.78
(m, 2H, H-13), 7.37 - 7.32 (m, 1H, H-14), 5.03 — 4.28 (stack, 3H, H-9, and H-10), 3.52 — 2.88
(stack, 3H, H-1 and H-9y), 2.39 — 1.44 (stack, 9H, including [2.39 — 2.31 {m, 1H, H-8}], H-2,
H-4, H-5, H-6, H-8), OH not observed®"; 133C NMR (101 MHz, CDCls) & [165.3, 165.2 (C, C-
11)], [162.8, 162.7 (C, C-12)], 157.5 (CH, C-13), [146.8, 146.4 (C, C-7)], 121.2 (CH, C-14),
[110.0, 109.0 (CH2, C-10)], [71.0, 70.8 (C, C-3)], [48.8, 48.0 (CH, C-8)], [43.2, 43.1 (CH,, C-
1)], 39.8 (CHy, C-9), 38.7 (CH2, C-2 or C-4), [38.1, 38.0 (CH,, C-2 or C-4)], 36.1 (CH;, C-6),
23.4 (CH,, C-5y; LRMS (ASAP) m/z274.2 [(M + H)*, 100%], 256.2 (90), 228.1 (50); HRMS
(ASAP) calc’d for CisH20N302 (M + H)* 274.1556, found 274.1566.

»xv The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so only clearly assignable
resonances are identified.

v The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so two carbon resonances
appear in the 3C NMR spectrum per carbon environment. Both resonances are given within each set of
square brackets. If only one resonance is given then the resonances are co-incident.
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((4aR* 8aS*)-4a-Hydroxy-8-methyleneoctahydroisoquinolin-2(1 H)-yl)(5'-
methylisoxazol-3'-yl)methanone (206)

Amine 183 (37 mg, 0.22 mmol), 5-methylisoxazole-3-carboxylic acid (31 mg, 0.24 mmol),
EDC-HCI (46 mg, 0.24 mmol) and HOBt (38 mg, 0.24 mmol) were dissolved in CH,Cl, (2.5 mL)
and the resulting mixture was stirred. After 10 min, A-methylmorpholine (52 pL, 0.48 mmol)
was added and the resultant solution was stirred for 17 h. The solvent was then removed to
give a brown residue, which was dissolved in EtOAc (10 mL) and sequentially washed with
HClag) (1 M, 2 x 8 mL), NaHCOs(aq) (2 x 8 mL) and brine (8 mL). The organic phase was dried
(MgS0.), filtered and the solvent was then removed under reduced pressure to yield amide
206 as a yellow oil (46 mg, 77%). R (70% EtOAc in hexane) = 0.3; IR (neat / cm™) 3448 br
(O-H), 2931 m, 1630 s (C=0), 1452 m, 1394 m, 1273 m; 'H NMR (400 MHz, CDCl;) & 6.23
(br s, 1H, H-13), 5.00 — 4.44 (stack, 3H, H-1, and H-10), 4.23 — 4.14 (m, 1H, H-9,), 3.49 -
2.93 (stack, 2H, H-1, and H-9y), 2.46 — 2.43 (m, 3H, H-15), 2.37 — 2.21 (stack, 2H, H-6, and
H-8), 2.07 — 1.97 (m, 1H, H-6p), 1.82 — 1.41 (stack, 6H, H-2, H-4 and H-5), O~ not
observed®i; 13C NMR (101 MHz, CDCl3) & 170.0 (C, C-14), [160.0, 159.9 (C, C-11)], 158.8
(C, C-12), 146.5 (C, C-7), [109.8, 109.4 (CH,, C-10)], [102.7, 102.6 (CH, C-13)], 70.7 (C, C-
3), [49.2, 48.2 (CH, C-8)], [44.9, 43.3 (CHz, C-1)], [40.4, 38.7 (CH, C-9)], [38.6, 38.5 (CH,
C-4)], 37.4 (CH,, C-2), 36.1 (CH,, C-6), 23.4 (CH,, C-5), 12.3 (CHs, C-15)>ii- LRMS (ASAP)
my/z259.1 [(M = H0 + H)*, 100%], 277.2 (45); HRMS (ASAP) calc'd for Ci5sH21N03 (M + H)*
277.1552, found 277.1557.

» The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so only clearly assignable
resonances are identified.

xovil The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so two carbon resonances
appear in the 3C NMR spectrum per carbon environment. Both resonances are given within each set of
square brackets. If only one resonance is given then the resonances are co-incident.
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(4aR*, 8aS5*)- Cyclopentyl-4a-hydroxy-8-methyleneoctahydroisoquinoline-
2(1H)-carboxamide (207)

Cyclopentyl isocyanate (27 uL, 0.24 mmol) was added to a solution of amine 183 (42 mg,
0.25 mmol) in CHCl, (2.5 mL) and the resulting solution was stirred at r.t. for 17 h. The
solvent was then removed under reduced pressure to provide a yellow oil, which was purified
by flash column chromatography (eluent: 50% EtOAc in hexane) to yield urea 207 as a
colourless oil (61 mg, 92%). R (70% EtOAc in hexane) = 0.1; IR (neat / cm™) 3348 br (O-H,
N-H), 2937 m, 1616 s (C=0), 1526 s, 1260 m, 753 s; 'H NMR (400 MHz, CDCls) &, 4.93 (d, J
= 1.5 Hz, 1H, H-10,), 4.57 (d, J = 1.5 Hz, 1H, H-10,), 4.39 (br. d, 7= 6.9 Hz, 1H, NH), 4.08
(app. q, 7 = 6.9 Hz, 1H, H-12), 3.83 (ddd, J = 12.9, 4.0, 2.0 Hz, 1H, H-9,), 3.66 (app. ddt, J
= 13.1, 4.4, 2.0 Hz, 1H, H-13), 3.14 (app. td, 7= 13.1, 3.1 Hz, 1H, H-1}), 3.13 (dd, J = 12.9,
11.7 Hz, 1H, H-%), 2.34 — 2.27 (m, 1H, H-65), 2.17 — 2.11 (m, 1H, H-8), 2.05 — 1.94 (stack,
3H, H-6p and H-13,), 1.77 -1.71 (m, 1H, H-52), 1.69 — 1.50 (stack, 9H, H-2, H-4., H-5, H-14
and OH), 1.47 — 1.39 (m, 1H, H-4y), 1.37 — 1.29 (m, 2H, H-13p); 1*C NMR (101 MHz, CDCl3) &
157.5 (C, C-11), 147.1 (C, C-7), 109.3 (CHz, C-10), 70.6 (C, C-3), 52.7 (CH, C-12), 47.9 (CH,
C-8), 41.8 (CHz, C-9), 40.3 (CH, C-1), 38.9 (CH, C-4), 37.5 (CH,, C-2), 36.3 (CH, C-6), 33.7
(CHz, C-13), 23.8 (CH., C-14), 23.5 (CHz, C-5); LRMS (ASAP) my/z279.2 [(M + H)*, 100%];
HRMS (ASAP) calc'd for Ci6H27N202 (M + H)* 279.2073, found 279.2070.
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(4aR*, 8aS*)-8-Methylene-2-(pyridin-3’-ylsulfonyl)octahydroisoquinolin-4a(2 H)-
ol (208)

NEt; (44 pL, 0.31 mmol) was added to a solution of amine 183 (42 mg, 0.25 mmol) in CH.Cl,
(2.5 mL) and the resulting solution was cooled to 0 °C. Pyridine-3-sulfonyl chloride (38 L,
0.31 mmol) was added dropwise over 1 min and the resulting solution was stirred at r.t. for
17 h. The reaction mixture was then washed sequentially with HClq) (1 M, 2 mL), H,O (2 mL)
and brine (2 mL). The organic layer was dried (MgSQ.), filtered and the solvent was then
removed under reduced pressure to provide a yellow oil, which was purified by flash column
chromatography (eluent: 60% EtOAc in hexane) to yield sulfonamide 208 as a clear, colourless
oil (54 mg, 70%). R (50% EtOAc in hexane) = 0.1; IR (neat / cm™) 3533 br w (O-H), 2931
m, 1573 m, 1415 m, 1345 m, 1170 s, 923 m, 760 s; *H NMR (400 MHz, CDCl3) d; 9.03 — 8.99
(m, 1H, H-15), 8.84 — 8.79 (m, 1H, H-14), 8.09 — 8.04 (m, 1H, H-12), 7.52 — 7.47 (m, 1H, H-
13), 4.92 (d, J= 1.3 Hz, 1H, H-10a), 4.45 (d, 7= 1.3 Hz, 1H, H-10p), 3.74 — 3.65 (stack, 2H,
H-1. and H-9.), 2.76 — 2.67 (m, 1H, H-1y), 2.58 (app. t, 7= 11.3 Hz, 1H, H-9), 2.39 — 2.28
(stack, 2H, H-65 and H-8), 2.08 — 1.97 (m, 1H, H-6p), 1.81 — 1.39 (stack, 7H, H-2, H-4, H-5
and OH); 13C NMR (101 MHz, CDCl3) & 153.4 (CH, C-14), 148.5 (CH, C-15), 146.1 (C, C-7),
135.3 (CH, C-12), 133.6 (C, C-11), 123.9 (CH, C-13), 109.5 (CH,, C-10), 69.7 (C, C-3), 47.8
(CH, C-8), 43.7 (CHy, C-9), 42.1 (CH, C-1), 38.5 (CH, C-4), 37.2 (CH, C-2), 36.0 (CH, C-6),
23.3 (CHy, C-5); LRMS (ASAP) my/z 309.1 [(M + H)*, 100%]; HRMS (ASAP) calc'd for
CisH21N203S (M + H)* 309.1273, found 309.1268.

209 | Page



( E)-1-Cyclopropylsulfonyl-8-methyl-2,3,5,6,7,10-hexahydroazecin-4(1 H)-one
(211)

o] 0]
General Procedure B -
OYN XN HN XN
O\/\
180 69

Carbamate 180 was deprotected according to general procedure B and the amine product 69
used without purification. NEts (34 L, 0.24 mmol) was added to a solution of amine 69 (32
mg, 0.19 mmol) in CHxCl, (2 mL). The resulting solution was cooled to 0 °C.
Cyclopropanesulfonyl chloride (25 pL, 0.24 mmol) was added dropwise over 1 min and the
resulting solution was stirred at r.t. for 17 h. The reaction mixture was then washed
sequentially with HClaq) (1 M, 2 mL), H>O (2 mL) and brine (2 mL). The organic layer was dried
(MgS0.), filtered and the solvent was then removed under reduced pressure to provide a clear
oil, which was purified by flash column chromatography (eluent: 30% EtOAc in hexane) to
yield sulfonamide 211 as a white, crystalline solid (30 mg, 58% over two steps from carbamate
180). R (50% EtOAc in hexane) = 0.3; mp 131 — 133 °C; IR (neat / cm™) 2926 br, 1699 s
(C=0), 1333 5, 1143 5, 883 5; 'H NMR (400 MHz, CDCl3) &4 5.24 (app. t, J = 6.8 Hz, 1H, H-
8), 4.20 — 4.06 (m, 1H H-9), 3.90 — 3.75 (m, 1H, H-1.), 3.58 — 3.44 (m, 1H, H-9;), 3.31 —
3.19 (m, 1H, H-1p), 2.99 — 2.90 (m, 1H, H-2,), 2.49 — 2.28 (stack, 4H, H-2y, H-4a, H-5. and H-
11), 2.27 = 2.19 (m, 1H, H-4y), 2.14 — 2.05 (m, 1H, H-65), 1.94 — 1.84 (m, 1H, H-6,), 1.81 —
1.70 (m, 1H, H-5p), 1.49 (s, 3H, H-10), 1.17 — 1.14 (m, 2H, H-12,), 0.99 — 0.96 (m, 2H, H-
12;); 13C NMR (101 MHz, CDCl3) & 208.5 (C, C-3), 143.0 (C, C-7), 121.9 (CH, C-8), 48.1 (CH,,
C-9), 46.2 (CHy, C-2), 44.5 (CH, C-1), 43.3 (CH, C-4), 40.9 (CH, C-6), 29.1 (CH, C-11), 25.6
(CH, C-5), 16.4 (CHs, C-10), 4.9 (CH, C-12); LRMS (ASAP) my/z 272.1 [(M + H)*, 100%],
254.1 (85); HRMS (ASAP) calc'd for Ci13H22NOsS (M + H)* 272.1320, found 272.1320.
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(£)-1-((3’,5'-Dimethylisoxazol-4'-yl)sulfonyl)-8-methyl-2,3,5,6,7,10-
hexahydroazecin-4(1H)-one (212)

General procedure B

OY N N HN N
OV\
180 69

Carbamate 180 was deprotected according to general procedure B and the amine product 69
used without purification. NEts (35 WL, 0.25 mmol) was added to a solution of amine 69 (33
mg, 0.20 mmol) in CHxCl, (2 mL) and the resulting solution was cooled to 0 °C. 3,5-
Dimethylisoxazole-4-sulfonyl chloride (48 mg, 0.25 mmol) was added in one portion and the
resulting solution was stirred at r.t. for 17 h. The reaction mixture was then washed
sequentially with HClaq) (1 M, 2 mL), H>O (2 mL) and brine (2 mL). The organic layer was dried
(MgSO0.), filtered and the solvent was then removed under reduced pressure to provide a clear
oil, which was purified by flash column chromatography (eluent: 30% EtOAc in hexane) to
yield sulfonamide 210 as a white, crystalline solid (20 mg, 32% over two steps from carbamate
180). R (50% EtOAc in hexane) = 0.4; mp 136 — 138 °C; IR (neat / cm™) 2935 br, 1701 s
(C=0), 1596 m, 1339 s, 1175 s, 1122 s; H NMR (400 MHz, CDCl5) &4 5.31 — 5.23 (m, 1H, H-
8), 4.08 — 4.00 (m, 1H, H-9,), 3.84 — 3.75 (m, 1H, H-1,), 3.43 — 3.33 (m, 1H, H-9), 3.26 -
3.18 (m, 1H, H-1p), 3.05 — 2.94 (m, 1H, H-2.), 2.63 (s, 3H, H-15), 2.43 — 2.37 (stack, 5H, H-
2y, H-45 and H-14), 2.30 — 2.20 (m, 1H, H-4y), 2.15 - 2.07 (m, 1H, H-6,), 1.97 — 1.88 (stack,
2H, H-5, and H-6y), 1.82 — 1.73 (m, 1H, H-5p), 1.47 (s, 3H, H-10); *3C NMR (101 MHz, CDCls)
& 208.1 (C, C-3), 173.2 (C, C-13), 157.6 (C, C-12), 144.0 (C, C-7), 121.0 (CH, C-8), 116.4 (C,
C-11), 47.5 (CHy, C-9), 45.9 (CH, C-2), 44.1 (CH, C-1), 43.3 (CHz, C-4), 41.0 (CH, C-6), 25.7
(CHy, C-5), 16.0 (CHs, C-10), 12.9 (CHs, C-15), 11.2 (CHs, C-14); LRMS (ASAP) m/z327.1 [(M
+ H)*, 100%], 309.1 (60); HRMS (ASAP) calc'd for CisH23N,04S (M + H)* 327.1379, found
327.1376.
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( E)- N-Benzyl-8-methyl-4-0x0-3,4,5,6,7,10-hexahydroazecine-1(2H)-carboxamide
(213)

0 o 15 2 0 4
16 14 1 5
o | General Procedure B ©\/H "N 38
—_— 6
Y A HN A 13 \g/ T
O\/\ 10
180 69

Carbamate 180 was deprotected according to general procedure B and the amine product
used without purification. Benzyl isocyanate (44 pL, 0.36 mmol) was added to a solution of
amine 69 (35 mg, 0.21 mmol) in CHxCl, (2 mL) and the resulting solution was stirred at r.t.
for 3 h. The solvent was then removed under reduced pressure to provide a clear oil, which
was purified by flash column chromatography (eluent: 70% EtOAc in hexane) to yield urea
213 as a white, crystalline solid (53 mg, 86% over two steps from carbamate 180). R (50%
EtOAc in hexane) = 0.1; IR (neat / cm™) 3335 (N-H), 2924 br, 1698 s (C=0), 1617 s (C=0),
1533 m, 1252 m, 724 s, 695 s; *H NMR (400 MHz, CDCl3) & 7.31 — 7.19 (stack, 5H, H-14, H-
15 and H-16), 5.08 — 5.02 (m, 1H, H-8), 4.93 — 4.84 (m, 1H, NH), 4.41 (d, 7= 5.5 Hz, 2H, H-
12), 4.26 — 4.13 (m, 1H, H-9.), 3.89 — 3.76 (m, 1H, H-1,), 3.43 — 3.31 (m, 1H, H-9), 3.24 -
3.09 (m, 1H, H-1p), 2.79 — 2.66 (m, 1H, H-2.), 2.40 — 2.28 (stack, 4H, H-2,, H-4 and H-5,),
2.15-2.03 (m, 1H, H-65), 1.93 — 1.66 (stack, 2H, H-5, and H-6v), 1.41 (s, 3H, H-10); 1*C NMR
(101 MHz, CDCls) & 207.5 (C, C-3), 167.1 (C, C-11), 143.2 (C, C-7), 132.4 (CH, Ar(), 125.2
(C, C-13), 122.0 (CH, C-8), 121.4 (CH, Ar(), 116.1 (CH, Ar(C), 52.5 (CH,, C-12), 48.2 (CH,, C-
9), 46.4 (CH, C-2), 44.8 (CH,, C-1), 43.1 (CH, C-4), 41.4 (CH,, C-6), 25.6 (CHz, C-5), 15.8
(CH3, C-10); LRMS (ASAP) m/z301.2 [(M + H)*, 100%], 279.1 (80), 241.1 (75); HRMS (ASAP)
calc’d for CigH25N>0; (M + H)* 301.1916, found 301.1920.
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( £)-1-Cyclopropylsulfonyl-8-methyl-1,2,3,4,5,6,7,10-octahydroazecin-4-ol (214)

LiBH4 (2.0 M in THF, 83 L, 0.17 mmol) was added to a cooled (0 °C) solution of ketone 211
(30 mg, 0.11 mmol) in THF (2 mL) and the resulting mixture was stirred at 0 °C. The cooling
bath was then removed and the solution allowed to warm to r.t. After 17 h, H.O (3 mL) was
added. The two phases were separated and the aqueous layer was washed with Et;O (3 x 5
mL). The combined organic phases were dried (MgSO,), filtered and the solvent was then
removed under reduced pressure to give a colourless oil, which was purified by flash column
chromatography (eluent: 55% EtOAc in hexane) to yield alcohol 214 as a clear oil (9 mg,
33%). R (50% EtOAc in hexane) = 0.2; IR (neat / cm™) 3501 br w (O-H), 2928 w, 1452 w,
1329 m, 1144 s; 'H NMR (400 MHz, CDCls) &4 5.28 — 5.18 (m, 1H, H-8), 4.15 — 3.97 (m, 1H,
H-9.), 3.84 — 3.70 (m, 1H, H-3), 3.47 — 3.35 (m, 1H, H-1.), 3.35 - 3.19 (m, 1H, H-9y), 2.97 -
2.81 (m, 1H, H-1p), 2.23 — 2.16 (m, 1H, H-63), 2.03 — 1.86 (stack, 2H, H-2, and H-6y), 1.72
(s, 3H, H-10), 1.62 — 1.54 (stack, 2H, H-5), 1.45 — 1.29 (stack, 3H, H-2, and H-4), 1.15-1.09
(m, 2H, H-12,), 0.97 -0.84 (stack, 3H, H-11 and H-12,), OA not observed; 3C NMR (101 MHz,
CDCl3) & 118.4 (CH, C-8), 70.7 (CH, C-3), 45.7 (CH,, C-9), 44.0 (CH;, C-1), 40.5 (CH,, C-6),
39.1 (CHy, C-2), 34.1 (CH,, C-4), 22.6 (CH, C-11), 21.9 (CH,, C-5), 16.8 (CH3, C-10), 4.7 (CH,,
C-12)oxii- | RMS (ASAP) m/z274.1 [(M + H)*, 100%]; HRMS (ASAP) calc’d for C13H,4NO3S (M
+ H)* 274.1477, found 274.1475.

ool \Within the HMBC spectrum a correlation between H-10 and a '3C resonance at 144.8 ppm can be
seen, believed to be C-17; however, as the carbon resonance cannot be seen in the standard 3C NMR
spectrum, the carbon resonance has not been explicitly assigned.
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( E)- N-Benzyl-4-hydroxy-8-methyl-3,4,5,6,7,10-hexahydroazecine-1(2 H)-
carboxamide (216)

15 2 OHy4
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LiBH4 (2.0 M in THF, 0.15 mL, 0.31 mmol) was added to a cooled (0 °C) solution of ketone
213 (61 mg, 0.20 mmol) in THF (2 mL) and the resulting mixture was stirred at 0 °C. The
cooling bath was then removed and the solution allowed to warm to r.t. After 17 h, H,O (3
mL) was added. The two phases were separated and the aqueous layer was washed with Et,O
(3 x 5 mL). The combined organic phases were dried (MgS0.), filtered and the solvent was
then removed under reduced pressure to give a colourless oil, which was purified by flash
column chromatography (eluent: 70% EtOAc in hexane) to yield alcohol 216 as a clear oil (31
mg, 50%). R (50% EtOAc in hexane) = 0.1; IR (neat / cm™) 3341 br w (O-H and N-H), 2923
w, 1624 s (C=0), 1529 s; 'H NMR (400 MHz, CDCls) ¢, 7.33 — 7.30 (stack, 5H, H-14, H-15 and
H-16), 5.38 = 5.29 (m, 1H, NH), 4.92 — 4.86 (m, 1H, H-8), 4.45 — 4.43 (m, 2H, H-12), 4.05 -
3.98 (m, 1H, H-3), 3.76 — 3.67 (m, 1H, H-9,), 3.66 — 3.56 (m, 1H, H-1,), 3.24 — 3.09 (stack,
2H, H-1, and H-9y), 2.25 - 2.16 (m, 1H, H-64), 2.06 — 2.00 (m, 1H, H-6), 1.70 (s, 3H, H-10),
1.68 — 1.62 (stack, 3H, H-2,, H-4, and H-53), 1.50 — 1.39 (stack, 2H, H-2, and H-5p), 1.36 —
1.30 (m, 1H, H-4p); ¥*C NMR (101 MHz, CDCl;) & 159.4 (C, C-11), 139.8 (C, C-8), 132.2 (C,
C-13), 128.7 (CH, Ar(), 127.9 (CH, Ar(), 127.4 (CH, Ar(), 68.9 (CH, C-3), 47.0 (CH,, C-9),
46.3 (CH, C-1), 45.2 (CHy, C-12), 35.4 (CH, C-2), 34.4 (CH, C-4), 21.0 (CHy, C-5), 16.9 (CH3,
C-10)%; LRMS (ASAP) m/z305.2 [(M + H)*, 100%]; HRMS (ASAP) calc’d for CigH,7N,0; (M
+ H)* 303.2073, found 303.2076.

xoi \Within the HMBC spectrum a correlation between H-8 and a 3C resonance at 120.8 ppm can be
seen, believed to be C-8. A correlation between H-10 and a !3C resonance at 40.1 ppm can also be
seen, believed to be C-6; however, as these carbon resonances cannot be seen in the standard *C NMR
spectrum, the carbon resonances have not been explicitly assigned.
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( E£)-8-methyl-2,3,5,6,7,10-hexahydroazecin-4(1 H)-one (69)

Pd(PPhs)4+ (271 mg, 0.235 mmol) was added in one portion to a solution of carbamate 180
(1.18 g, 4.69 mmol) in degassed CH,Cl, (50 mL) and the resulting mixture was stirred. After
5 min, pyrrolidine (1.93 mL, 23.5 mmol) was added rapidly and the resulting solution stirred.
After 30 min, the solvent was removed under reduced pressure to give a brown oil, which was
purified by flash column chromatography (eluent: 5 to 20% MeOH (with 1% NH3) in CH.Cl,)
to yield amine 69 as a light yellow oil (690 mg, 88%). R (20% MeOH in CHxCl;) = 0.1; IR
(neat / cm™) 3339 br (N-H), 2924 s, 1698 s (C=0), 1452 m, 1281 m, 1105 m; *H NMR (400
MHz, CDCl3) &y 5.24 —5.19 (m, 1H, H-8), 3.28 — 3.12 (stack, 2H, H-1), 3.03 — 2.85 (stack, 2H,
H-2), 2.85-2.72 (m, 1H, H-9,), 2.39 — 2.25 (stack, 3H, H-4,, H-5, and H-9y), 2.18 — 2.08 (m,
1H, H-4p), 2.05 — 1.94 (m, 1H, H-6.), 1.90 — 1.76 (m, 1H, H-6p), 1.75 — 1.61 (m, 1H, H-5p),
1.44 (s, 3H, H-10), exchangeable protons not observed; 3C NMR (101 MHz, CDCls) & 208.8
(C, C-3), 141.0 (C, C-7), 125.5 (CH, C-8), 47.5 (CHz, C-9), 47.3 (CH;, C-1), 44.1 (CH, C-2),
43.5 (CHz, C-4), 41.2 (CHz, C-6), 26.4 (CH,, C-5), 16.1 (CHs, C-10); LRMS (ASAP) m/z 168.2
[(M + H)*, 100%]; HRMS (ASAP) calc’d for C1o0H1sNO (M + H)* 168.1388, found 168.1383.
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(2)-8-Methyl-1-(pyridin-3'-ylsulfonyl)-2,3,5,6,7,10-hexahydroazecin-4(1 H)-one
(221) and (4aR* 8R* 8aR¥*)-8-methyl-2-(pyridin-3’-ylsulfonyl)octahydro-2 H-
4a,8-epoxyisoquinoline (220)

HN

69

218

Amine 69 (0.110 g, 0.63 mmol) was dissolved in degassed MeCN (75 mL) within a vessel of
quartz glass. The resulting solution was stirred and irradiated with a 125 W medium pressure
lamp that was suspended in the middle of the reactor vessel (path length ~2 cm) for 2 h. The
solvent was then removed under reduced pressure to give an orange oil, which was used
directly in the next step. NEts (110 pL, 0.78 mmol) was added to a solution of the product
mixture (0.110 g) in CHxCl, (7 mL) and the resulting solution was cooled to 0 °C. Pyridine-3-
sulfonyl chloride (95 pL, 0.79 mmol) was added dropwise over 1 min and the resulting solution
was stirred at r.t. for 17 h. The reaction mixture was then washed sequentially with HClq) (1
M, 2 mL), H.0 (2 mL) and brine (2 mL). The organic layer was dried (MgS0.), filtered and the
solvent was then removed under reduced pressure to provide a yellow oil, which was purified
by flash column chromatography (eluent: 40% Et,O in CH,Cl,) to yield, in order of elution,
sulfonamide 221 as a colourless oil (17 mg, 7% over two steps from amine 69). R (50%
EtOAc in hexane) = 0.3; IR (neat / cm™) 2930 br m, 1700 s (C=0), 1345 s, 1324 s, 1164 s,
1105 m; 'H NMR (400 MHz, CDCl3) & 9.01 — 8.98 (m, 1H, H-15), 8.81 (dd, J= 4.9, 1.6 Hz,
1H, H-14), 8.06 (ddd, 7= 8.0, 2.4, 1.6 Hz, 1H, H-13), 7.47 (ddd, J = 8.0, 4.9, 0.9 Hz, 1H, H-
12), 5.27 = 5.21 (m, 1H, H-8), 4.23 — 4.14 (m, 1H, H-9.), 3.86 — 3.76 (m, 1H, H-1.), 3.33 -
3.23 (m, 1H, H-9), 3.14 — 2.93 (stack, 2H, H-1, and H-2.), 2.56 — 2.30 (stack, 3H, H-2y, H-4,
and H-5;), 2.29 — 2.19 (m, 1H, H-4y), 2.16 — 2.04 (m, 1H, H-6.), 1.97 — 1.83 (m, 1H, H-6p),
1.79 — 1.71 (m, 1H, H-5p), 1.42 (s, 3H, H-10); 13C NMR (101 MHz, CDCl3) & 208.2 (C, C-3),
153.3 (CH, C-14), 147.8 (CH, C-15), 143.9 (C, C-7), 136.5 (CH, C-13), 134.6 (C, C-11), 124.0
(CH, C-12), 121.0 (CH, C-8), 48.1 (CH;, C-9), 45.8 (CH;, C-2), 44.5 (CH,, C-1), 43.3 (CH,, C-
4), 40.9 (CH,, C-6), 25.5 (CH,, C-5), 16.0 (CHs, C-10); LRMS (ASAP) m/z 309.1 [(M + H)*,
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100%]; HRMS (ASAP) calc'd for CisH2:N203S (M + H)* 309.1273, found 309.1268, and then
oxetane 220 as a colourless oil (7 mg, 4% over two steps from amine 69). R (50% EtOAc in
hexane) = 0.2; IR (neat / cm™) 2929 br m, 1572 m, 1348 m, 1169 s, 755 s; 'H NMR (400
MHz, CDCl3) &4 8.98 — 8.96 (m, 1H, H-15), 8.78 (dd, 7= 4.8, 1.6 Hz, 1H, H-14), 8.03 (ddd, J
= 8.0, 2.4, 1.6 Hz, 1H, H-13), 7.45 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H, H-12), 3.90 (ddd, J= 12.2,
8.6, 2.3 Hz, 1H, H-9,), 3.68 — 3.61 (m, 1H, H-1.), 2.92 (dd, /= 12.2, 9.8 Hz, 1H, H-9), 2.68
—-2.60 (m, 1H, H-1y), 2.53 — 2.47 (m, 1H, H-8), 2.00 — 1.89 (m, 1H, H-5.), 1.87 — 1.73 (stack,
3H, H-2,, H-5, and H-6,), 1.71 — 1.55 (stack, 3H, H-2,, H-4, and H-6,), 1.54 — 1.45 (m, 1H, H-
4y), 1.02 (s, 3H, H-10); 3C NMR (101 MHz, CDCl5) & 153.5 (CH, C-14), 148.5 (CH, C-15),
135.2 (CH, C-13), 134.0 (C, C-11), 124.0 (CH, C-12), 83.7 (C, C-7), 79.0 (C, C-3), 44.2 (CH,,
C-9), 42.9 (CH,, C-1), 40.4 (CH, C-8), 33.9 (CHy, C-6), 33.1 (CH,, C-4), 32.6 (CH;, C-2), 22.1
(CHs, C-10), 16.2 (CH,, C-5); LRMS (ASAP) m/z309.1 [(M + H)*, 100%]; HRMS (ASAP) calc'd
for CisH21N203S (M + H)* 309.1273, found 309.1288.
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( £)-1-((4'-Fluorobenzyl)sulfonyl)-8-methyl-2,3,5,6,7,10-hexahydroazecin-4(1 H)-
one (223) and (4aR*, 8R*%, 8aR¥)-2-((4'-fluorobenzyl)sulfonyl)-8-
methyloctahydro-2 H-4a,8-epoxyisoquinoline (222)
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Amine 69 (0.110 g, 0.63 mmol) was dissolved in degassed MeCN (75 mL) within a vessel of
quartz glass. The resulting solution was stirred and irradiated with a 125 W medium pressure
lamp that was suspended in the middle of the reactor vessel (path length ~2 cm) for 1 h.
The solvent was then removed under reduced pressure to give an orange oil, which was
used directly in the next step. NEts (110 pL, 0.78 mmol) was added to a solution of the
product mixture (0.110 g) in CH>Cl, (7 mL) and the resulting solution was cooled to 0 °C. (4-
Fluorophenyl)methanesulfonyl chloride (165 mg, 0.79 mmol) was added in one portion and
the resulting solution was stirred at r.t. for 17 h. The reaction mixture was then washed
sequentially with HClaq) (1 M, 2 mL), H.0 (2 mL) and brine (2 mL). The organic layer was
dried (MgSO0s.), filtered and the solvent was then removed under reduced pressure to provide
a yellow oil, which was purified by flash column chromatography (eluent: 2.5% Et;0O in
CH,Cl,) to yield, in order of elution, sulfonamide 223 as a colourless oil (21 mg, 10% over
two steps from amine 69). R (5% Et.0 in CH:Cl;) = 0.4; IR (neat / cm™) 2933 br m, 1700 s
(C=0), 1509 s, 13355, 1126 s, 888 s; 'H NMR (400 MHz, CDCl3) &4 7.36 — 7.30 (AA’ of
AA'BB’, 2H, H-13), 7.12 - 7.06 (BB’ of AA'BB’, 2H, H-14), 5.15 - 5.09 (m, 1H, H-8), 4.18 (d, J
= 2.4 Hz, 2H, H-11), 3.87 = 3.77 (m, 1H, H-9.), 3.45 - 3.35 (m, 1H, H-1,), 3.24 — 3.12 (m,
1H, H-9), 3.09 — 2.95 (m, 1H, H-1y), 2.91 — 2.79 (m, 1H, H-23), 2.40 — 2.28 (stack, 3H, H-
2y, H-42 and H-5) 2.26 — 2.14 (m, 1H, H-4y), 2.10 — 2.01 (m, 1H, H-64), 1.91 — 1.80 (m, 1H,
H-6p), 1.78 — 1.66 (m, 1H, H-5y), 1.41 (s, 3H, H-10); 13C NMR (101 MHz, CDCls) & 208.5 (C,
C-3), 163.1 (CF, d, J= 249 Hz, C-15), 143.0 (C, C-7), 132.4 (CH, d, J= 9 Hz, C-13), 125.2
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(C, d, 7= 3 Hz, C-12), 122.0 (CH, C-8), 116.1 (CH, d, J= 22 Hz, C-14), 57.2 (CH,, C-11),
48.5 (CHy, C-9), 46.6 (CHy, C-2), 45.1 (CHy, C-1), 43.4 (CH, C-4), 40.9 (CH,, C-6), 25.6
(CH,, C-5), 15.9 (CHs, C-10); °F NMR (377 MHz, CDCl3) & —112.4 (CF, C-15); LRMS (ASAP)
my/z322.1 [(M —=H,0 + H)*, 100%], 340.1 (90); HRMS (ASAP) calc'd for Ci7H»3sFNOsS (M +
H)* 340.1383, found 340.1383, and then oxetane 222 as a colourless oil (8 mg, 4% over
two steps from amine 69). R (5% Et;0 in CH,Cl;) = 0.2; IR (neat / cm™) 2927 br m, 1509
s, 1330 m, 1225 s, 1160 s, 842 m; *H NMR (400 MHz, CDCl3) &, 7.42 — 7.37 (AA’ of AA'BB’,
2H, H-13), 7.13 — 7.06 (BB’ of AA'BB’, 2H, H-14), 4.21 (d, J= 2.0 Hz, 2H, H-11), 3.72 (ddd,
J=13.0, 8.7, 2.2 Hz, 1H, H-9,), 3.53 — 3.46 (m, 1H, H-1.), 3.19 (dd, 7= 13.0, 10.0 Hz, 1H,
H-9), 2.96 (ddd, 7= 12.6, 10.5, 5.4 Hz, 1H, H-1y), 2.42 — 2.36 (m, 1H, H-8), 2.05 - 1.94
(m, 1H, H-55), 1.90 — 1.78 (stack, 3H, H-2,, H-5, and H-6,), 1.70 — 1.61 (m, 1H, H-6p), 1.58
— 1.54 (stack, 3H, H-2, and H-4), 1.02 (s, 3H, H-10); 3C NMR (101 MHz, CDCl5) & 132.6
(CH, d, J= 8 Hz, C-13), 116.0 (CH, d, J= 22 Hz, C-14), 83.8 (C, C-7), 79.3 (C, C-3), 56.6
(CHy, C-11), 44.3 (CHy, C-9), 42.9 (CH, C-1), 40.6 (CH, C-8), 34.0 (CH,, C-6), 33.3 (CH,, C-
4), 33.2 (CHy, C-2), 22.0 (CHs, C-10), 16.2 (CH, C-5); LRMS (ASAP) m/z340.1 [(M + H)*,
100%]; HRMS (ASAP) calc'd for C17H23FNOsS (M + H)* 340.1383, found 340.1375.

X C-12 and C-15 were not observed.
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Allyl (1R*, 10R*)-10-methyl-6-0x0-11-0xa-3-azabicyclo[8.1.0]Jundecane-3-
carboxylate (224)
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mCPBA (85%, 0.514 g, 2.53 mmol) was added to a cooled (0 °C) solution of ketone 180
(0.606 g, 2.41 mmol) in CHxCl, (14 mL). The resultant solution was stirred for 6 h at 0 °C,
after which time, NazS;0s aq) (10 mL) was added and the mixture was stirred for 10 min. The
two phases were then separated and the organic phase was washed sequentially with NaHCO3
(aq) (10 mL), H>0O (10 mL) and brine (10 mL). The organic phase was dried (MgS0.), filtered
and the solvent was then removed under reduced pressure to give a yellow oil, which was
purified by flash column chromatography (eluent: 35% EtOAc in hexane) to yield epoxide 224
as a light yellow oil (0.576 g, 89%). R (50% EtOAc in hexane) = 0.4; IR (neat / cm™) 2946
w, 1697 s (C=0), 1411 m, 1237 m, 1136 m; *H NMR (400 MHz, CDCl3) d4 6.01 — 5.87 (m, 1H,
H-13), 5.35 — 5.17 (stack, 2H, H-14), 4.70 — 4.56 (stack, 2H, H-12), 4.14 — 4.04 (m, 1H, H-
1,), 4.00 (app. d, 7= 15.1 Hz, H-9,), 3.48 — 3.32 (m, 1H, H-9), 2.89 — 2.36 (stack, 6H, H-1;,
H-2, H-4 and H-8), 2.29 — 2.12 (stack, 2H, H-5, and H-6.), 1.67 — 1.58 (m, 1H, H-5p), 1.21 (s,
3H, H-10), 0.98 — 0.88 (m, 1H, H-6); 3C NMR (101 MHz, CDCl3) & 210.9 (C, C-3), 155.6 (C,
C-11), 132.7 (CH, C-13), 117.8 (CH;, C-14), 66.5 (CH,, C-12), 62.4 (CH, C-8), 61.1 (C, C-7),
46.1 (CHy, C-1), 45.7 (CH,, C-9), 43.8 (CH, C-2 or C-4), 43.6 (CH, C-2 or C-4), 39.2 (CH,, C-
6), 18.8 (CH,, C-5), 16.1 (CHs, C-10); LRMS (ASAP) m/z268.2 [(M + H)*, 100%], 250.1 (50);
HRMS (ASAP) calc'd for C14H22NO4 (M + H)* 268.1549, found 268.1550.
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Allyl (1R*, 25%)-2-hydroxy-1-methyl-11-oxa-4-azabicyclo[5.3.1]Jundec-7-ene-4-
carboxylate (225)

TsOH"H,O (20.0 mg, 0.108 mmol) was added to a solution of epoxide 224 (576 mg, 2.15
mmol) in CH,Cl> (22 mL). After 3 h, NaHCO3 (aq) (15 mL) was added. The layers were separated
and the aqueous layer was washed with EtOAc (3 x 10 mL). The combined organic phases
were dried (MgS0.), filtered and the solvent was then removed under reduced pressure to
give a colourless oil, which was purified by flash column chromatography (eluent: 25% EtOAc
in hexane) to yield enol ether 225 as a colourless oil (525 mg, 91%). R: (50% EtOAc in hexane)
= 0.4; IR (neat / cm™) 3345 br (O-H), 2974 m, 1698 s (C=0), 1331 s, 1147 s; H NMR (400
MHz, CDCl3) &4 5.98 — 5.86 (m, 1H, H-13), 5.33 — 5.18 (stack, 2H, H-14), 4.69 — 4.51 (stack,
3H, H-4 and H-12), 4.23 — 4.15 (m, 1H, H-8), 3.94 — 3.75 (m, 1H, H-1,), 3.72 = 3.61 (m, 1H,
H-9.), 3.21 — 3.01 (stack, 2H, H-1, and H-9), 2.30 — 2.17 (stack, 2H, H-2), 2.15 — 1.96 (stack,
3H, H-5 and H-6,), 1.86 — 1.65 (m, 1H, H-6p), 1.22 (s, 3H, H-10), OA not observed; 3C NMR
(101 MHz, CDCl3) & 156.5 (C, C-11), 149.6 (C, C-3), 133.1 (CH, C-13), 117.5 (CH,, C-14),
103.1 (CH, C-4), 76.1 (C, C-7), 69.3 (CH, C-8), 66.1 (CH,, C-12), 54.9 (CH,, C-9), 47.9 (CH,,
C-1), 32.3 (CH,, C-2), 29.6 (CH;, C-6), 20.7 (CHs, C-10), 18.7 (CH, C-5); LRMS (EI) m/z267.2
[(M)*, 100%], 208.1 (45), 123.1 (70); HRMS (EI) calc'd for Ci4H21NO4 (M)* 267.1471, found
267.1478.
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Allyl (1R*, 28%*, 75%)-2-hydroxy-7-methoxy-1-methyl-11-oxa-4-
azabicyclo[5.3.1]Jundecane-4-carboxylate (226)
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Method A: TsOH"H,0 (18 mg, 0.096 mmol) was added to a solution of enol ether 225 (0.515
g, 1.93 mmol) in MeOH (10 mL). The resultant solution was stirred for 2 h at r.t., after which
time, NaHCO3@q) (10 mL) was added. The solution was diluted with EtOAc (10 mL) and the
layers were separated. The aqueous layer was washed with EtOAc (3 x 10 mL). The combined
organic phases were dried (MgSQ.), filtered and the solvent was then removed under reduced
pressure to give a yellow oil, which was purified by flash column chromatography (eluent:
35% EtOAc in hexane) to yield acetal 226 as a bright yellow oil (0.504 g, 91%). R (50%
EtOAc in hexane) = 0.4; IR (neat / cm™) 3425 br w (O-H), 2940 w, 1675 s (C=0), 1529 s,
1413 m, 1244 m; 'H NMR (400 MHz, CDCl3) &, 6.01 — 5.86 (m, 1H, H-14), 5.36 — 5.16 (stack,
2H, H-15), 4.69 — 4.50 (stack, 2H, H-13), 4.21 — 4.14 (m, 1H, H-8), 4.03 — 3.61 (stack, 3H, H-
1 and H-9,), 3.51 — 3.37 (m, 1H, H-9), 3.23 (s, 3H, H-10), 3.20 — 2.99 (stack, 2H, H-2), 2.48
— 1.59 (stack, 6H, H-4, H-5 and H-6), 1.22 — 1.17 (m, 3H, H-11), OA not observed *; 13C NMR
(101 MHz, CDCl3) &c [149.9, 149.7 (C, C-12)], [133.4, 133.2 (CH, C-14)], [117.4, 117.3 (CH;,
C-15)], [103.1, 102.8 (C, C-3)], [76.2, 76.1 (C, C-7)], [75.8, 75.3 (CH, C-8)], [54.9, 53.9 (CH,,
C-9)], [53.1, 52.3 (CHs, C-10)], [48.2, 47.9 (CH,, C-13)], [43.2, 42.8 (CH;, C-1)], [41.3, 40.9
(CH,, C-2)], [32.4, 31.9 (CH, C-6)], [29.0, 28.9 (CH, C-4)], [23.3, 23.2 (CHs3, C-11)], 17.3
(CH,, C-5)4i: LRMS (ASAP) my/z 268.2 [(M + H)*, 100%]; HRMS (ASAP) calc’d for CisHzsNOs
(M + H)* 300.1811, found 300.1804.

Method B: TsOH'H,0 (32 mg, 0.17 mmol) was added to a solution of epoxide 224 (890 mg,

3.33 mmol) in MeOH (33 mL). The resultant solution was stirred for 6 h at r.t., after which

Xi The compound exists as a 1:1 mixture of rotamers on the NMR timescale, so only clearly assignable
resonances are identified.

Xii The compound exists as a 1:1 mixture of rotamers on the NMR timescale , so two carbon resonances
typically appear in the 3C NMR spectrum per carbon environment. Both resonances are given within
each set of square brackets. If only one resonance is given, then the resonances from each rotamer are
co-incident.
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time, NaHCO3@q) (20 mL) was added. The solution was diluted with EtOAc (20 mL) and the
layers were separated. The aqueous layer was washed with EtOAc (3 x 20 mL). The combined
organic phases were dried (MgSQ.), filtered and the solvent was then removed under reduced
pressure to give a white crystalline solid. Purification by flash column chromatography (eluent:
35% EtOAc in hexane) yielded acetal 226 as a yellow oil (947 mg, 95%).

Allyl 4-methyl-3,8-dioxoazecane-1-carboxylate (228) and allyl (1R*, 2§%, 75%)-2-
hydroxy-1-methyl-11-oxa-4-azabicyclo[5.3.1]Jundecane-4-carboxylate (227)

2 0 4 OH 3 4
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Method A: BFs'Et;O (0.18 mL, 1.48 mmol) was added to a cooled solution (0 °C) of acetal
226 (0.422 g, 1.48 mmol) in CH,Cl, (15 mL). EtsSiH (1.18 mL, 7.38 mmol) was then added
dropwise over 1 min. The resultant solution was stirred for 3 h at 0 °C, after which time,
NaHCOs (aq) (10 mL) was added. The aqueous layer was washed with CH,Cl, (3 x 8 mL). The
combined organic phases were dried (MgSO.), filtered and the solvent was then removed
under reduced pressure to give a yellow oil. Purification by flash column chromatography
(eluent: 12.5% Et,0 in CH,Cl,) afforded, in order of elution, diketone 228 as a colourless oil
(0.104 g, 27%). R (50% EtOAc in hexane) = 0.5; IR (neat / cm™) 2934 br m, 1693 br s
(C=0), 1246 s, 912 s, 726 s; *H NMR (400 MHz, CDCl3) &4 6.01 — 5.78 (m, 1H, H-13), 5.38 -
5.10 (stack, 2H, H-14), 4.65 — 4.48 (stack, 2H, H-12), 4.12 — 3.56 (stack, 4H, H-1 and H-9),
2.79 - 2.67 (m, 1H, H-22), 2.67 — 2.56 (m, 1H, H-7), 2.51 — 2.40 (m, 1H, H-4.), 2.35 - 2.18
(stack, 2H, H-2, and H-4,), 2.00 — 1.83 (stack, 2H, H-5; and H-6,), 1.75 — 1.62 (m, 1H, H-5p),
1.47 — 1.35 (m, 1H, H-6p), 0.96 (d, J= 7.0 Hz, 3H, H-10); 3C NMR (101 MHz, CDCl5) & 212.9
(C x 2,C-3and C-8), 156.2 (C, C-11), 132.8 (CH, C-13), 117.5 (CH,, C-14), 66.4 (CH,, C-12),
56.6 (CH,, C-9), 44.2 (CH,, C-1), 43.3 (CH,, C-4), 42.2 (CH, C-7), 41.8 (CH, C-2), 32.9 (CH,,
C-6), 22.6 (CH,, C-5), 18.9 (CHs, C-10); LRMS (ASAP) my/z 268.2 [(M + H)*, 100%], 250.1
(70), 206 (95); HRMS (ASAP) calc'd for C14H22NO4 (M + H)* 268.1549, found 268.1550 and
then alcohol 227 as a colourless oil (0.212 g, 53%). R: (50% EtOAc in hexane) = 0.5; IR (neat
/ cm™1) 3417 br (O-H), 2939 br m, 1674 s (C=0), 1416 w, 1246 s, 1049 s, 727 s; 'H NMR (400
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MHz, CDCls) & 5.96 — 5.82 (m, 1H, H-13), 5.31 — 5.11 (stack, 2H, H-14), 4.63 — 4.50 (stack,
2H, H-12), 4.18 — 3.73 (stack, 4H, H-1,, H-3, H-8 and H-9,), 3.64 — 3.58 (m, 1H, OH), 3.44 —
3.26 (m, 1H, H-9y), 2.96 — 2.80 (m, 1H, H-1,), 1.92 — 1.40 (stack, 6H, H-2, H-4., H-5 and H-
62), 1.34 — 1.21 (stack, 2H, H-4» and H-6,), 1.04 (s, 3H, H-10); 13C NMR (101 MHz, CDCls) &
156.8 (C, C-11), 133.1 (CH, C-13), 117.2 (CH,, C-14), 75.4 (CH, C-8), 73.4 (C, C-7), 70.2 (CH,
C-3), 66.2 (CHz, C-12), 52.7 (CH,, C-9), 44.2 (CH,, C-1), 36.7 (CHa, C-2), 32.6 (CH,, C-6), 27.6
(CH,, C-4), 23.7 (CHs, C-10), 14.2 (CH,, C-5); LRMS (ASAP) m/z 270.1 [(M + H)*, 100%];
HRMS (ASAP) calcd for C14H24NO4 (M + H)* 270.1705, found 270.1708.

Method B: Et3SiH (2.70 mL, 16.9 mmol) was added to a cooled solution (0 °C) of acetal 226
(1.01 g, 3.39 mmol) in CHxCl; (22 mL). BFs'Et;O (0.42 mL, 3.39 mmol) was then added
dropwise over 10 min. The resultant solution was stirred for 3 h at 0 °C, after which time,
NaHCOs (aq) (10 mL) was added. The aqueous layer was washed with CH,Cl, (3 x 8 mL). The
combined organic phases were dried (MgSO.), filtered and the solvent was then removed
under reduced pressure to give a yellow oil. Purification by flash column chromatography
(eluent: 35% EtOAc in hexane) yielded alcohol 227 as a colourless oil (0.808 g, 89%). Data

were in agreement with those obtained for alcohol 227 that was prepared using method A.
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(1R*, 28%, 75%)-2-Hydroxy-N-isopropyl-1-methyl-11-oxa-4-

azabicyclo[5.3.1]Jundecane-4-carboxamide (230)
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Carbamate 227 was deprotected according to general procedure B and the amine product
190 used without purification. Isopropyl isocyanate (42 pL, 0.42 mmol) was added to a
solution of amine 190 (63 mg, 0.34 mmol) in CHxCl, (3.5 mL) and the resulting solution was
stirred at r.t. for 3 h. The solvent was then removed under reduced pressure to afford a brown
oil, which was purified by flash column chromatography (eluent: 100% EtOAc) to vield urea
230 as a yellow oil (35 mg, 38% over two steps from carbamate 227). R (100% EtOAc) =
0.3; IR (neat / cm™) 3331 br (O-H, N-H), 2935 m, 1614 m (C=0), 1524 m, 1049 s, 721 s; 'H
NMR (400 MHz, CDCl3) & 4.60 — 4.53 (m, 1H, NA), 4.03 — 3.93 (stack, 2H, H-3 and H-12),
3.86 — 3.76 (stack, 2H, H-1, and H-8), 3.64 (app. d, 7 = 15.0 Hz, 1H, H-9,), 3.44 (dd, J =
15.0, 6.2 Hz, 1H, H-9y), 3.23 — 3.17 (m, 1H, OA), 3.05 (app. dd, 7= 15.2, 8.2 Hz, 1H, H-1),
1.93 - 1.85 (m, 1H, H-6a), 1.83 — 1.69 (stack, 2H, H-2, and H-4.), 1.69 — 1.62 (m, 1H, H-52),
1.60 — 1.47 (stack, 2H, H-2, and H-5), 1.38 — 1.30 (stack, 2H, H-4, and H-6,), 1.16 (app. d,
J=6.6 Hz, 6H, H-13), 1.11 (s, 3H, H-10); 1*C NMR (101 MHz, CDCl;) & 157.9 (C, C-11), 75.7
(CH, C-8), 73.5 (C, C-7), 70.3 (CH, C-3), 52.2 (CH,, C-9), 44.4 (CH,, C-1), 42.8 (CH, C-12),
36.1 (CHz, C-2), 32.5 (CH, C-6), 27.6 (CH,, C-4), 23.6 (CHs, C-13), 23.5 (CHs, C-10), 14.2
(CH,, C-5); LRMS (ASAP) my/z 271.2 [(M + H)*, 20%], 57.1 (100); HRMS (ASAP) calc'd for
Ci4H27N05 (M + H)* 271.2022, found 271.2029.
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(1R*, 28%, 75%)-N-(3'-fluorobenzyl)-2-hydroxy-1-methyl-11-oxa-4-

azabicyclo[5.3.1]Jundecane-4-carboxamide (231)
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Carbamate 227 was deprotected according to general procedure B and the amine product
190 was used without purification. 3-Fluorobenzyl isocyanate (54 L, 0.42 mmol) was added
to a solution of amine 190 (63 mg, 0.34 mmol) in CHxCl> (4 mL) and the resulting solution
was stirred at r.t. for 3 h. The solvent was then removed under reduced pressure to provide a
brown oil, which was purified by flash column chromatography (eluent: 60% EtOAc in hexane)
to yield urea 231 as a colourless oil (35 mg, 23% over two steps from carbamate 227). A
(70% EtOAc in hexane) = 0.3; IR (neat / cm™) 3370 br (O-H), 2938 br w, 1616 s, 1527 s,
1252 m, 1050 s; 'H NMR (400 MHz, CDCl3) & 7.28 — 7.21 (m, 1H, H-15), 7.05 - 6.99 (m, 1H,
H-14), 6.97 — 6.87 (stack, 2H, H-16 and H-18), 5.51 (br. s, 1H, NA), 4.41 (dd, J= 15.3, 5.7
Hz, 1H, H-12.), 4.30 (dd, J = 15.3, 5.5 Hz, 1H, H-12), 4.00 — 3.79 (stack, 4H, H-15, H-3, H-8
and OH), 3.65 - 3.55 (m, 1H, H-9,), 3.46 (dd, J= 15.1, 6.1 Hz, 1H, H-9;), 3.01 (app. dd, J=
14.9, 8.1 Hz, 1H, H-1p), 1.91 — 1.83 (m, 1H, H-6a), 1.83 — 1.69 (stack, 2H, H-2, and H-4.),
1.69 — 1.58 (m, 1H, H-5,), 1.57 — 1.45 (stack, 2H, H-2, and H-5y), 1.37 — 1.28 (stack, 2H, H-
4, and H-6p), 1.09 (s, 3H, H-10); 3C NMR (101 MHz, CDCl3) & 163.1 (CF, d, J = 246 Hz, C-
17), 158.5 (C, C-11), 142.6 (C, d, J= 7 Hz, C-13), 130.1 (CH, d, J= 8 Hz, C-15), 122.9 (CH,
d, J= 3 Hz, C-14), 114.1 (CH, d, J = 22 Hz, C-16 or C-18), 114.0 (CH, d, J= 22 Hz, C-16 or
C-18), 75.7 (CH, C-8), 73.6 (C, C-7), 70.3 (CH, C-3), 52.3 (CH;, C-9), 44.5 (2 x CH,, C-1 and
C-12), 36.4 (CH,, C-2), 32.6 (CH,, C-6), 27.6 (CH,, C-4), 23.4 (CHs, C-10), 14.2 (CH,, C-5); *F
NMR (377 MHz, CDCl3) & —113.0 (CF, C-17); LRMS (ASAP) m/z337.2 [(M + H)*, 60%], 279.1
(100); HRMS (ASAP) calc'd for CisH26FN20O3 (M + H)* 337.1927, found 337.1937.
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(1R*, 25%*, 7S%)-4-Allyl-1-methyl-11-oxa-4-azabicyclo[5.3.1]Jundecan-2-ol (229)
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Pd(dba); (85 mg, 150 umol) and 1,4-bis(diphenylphosphino)butane (63 mg, 150 pmol) were
added sequentially to a solution of carbamate 227 (0.80 g, 3.0 mmol) in degassed CH.Cl, (20
mL) and the resulting mixture was stirred until a yellow colour persisted (typically 5 min). At
that time, pyrrolidine (1.2 mL, 15 mmol) was added rapidly and the resulting solution stirred.
After 30 min, the solvent was removed under reduced pressure to give a brown oil, which was
purified by flash column chromatography (eluent: 10% MeOH in CH.Cl,) to yield allyl amine
229 as a yellow oil (480 mg, 72%). R (20% MeOH in CH,Cl) = 0.2; IR (neat / cm™) 3290 br
w (O-H), 2930 br m, 2890 br w, 1454 m, 1074 s, 1044 s; H NMR (400 MHz, CDCl3) &, 6.34
(br. s, 1H, OH), 5.99 — 5.87 (m, 1H, H-12), 5.22 — 5.13 (m, 2H, H-13), 4.36 (app. d, 7= 6.2
Hz, 1H, H-8), 3.84 (app. dt, 7= 12.0, 5.6 Hz, 1H, H-3), 3.26 — 3.19 (m, 1H, H-9.), 3.13 (dd, J
= 13.2, 6.4 Hz, 2H, H-11), 3.03 — 2.95 (m, 1H, H-12), 2.78 (dd, 7 = 13.0, 1.7 Hz, 1H, H-%),
2.45 (app. dd, J= 12.8, 8.4 Hz, 1H, H-1p), 2.07 — 1.98 (m, 1H, H-24), 1.98 — 1.91 (m, 1H, H-
6a), 1.76 — 1.69 (stack, 2H, H-4. and H-5,), 1.67 — 1.58 (m, 1H, H-2p), 1.56 — 1.49 (m, 1H, H-
5b), 1.36 — 1.25 (stack, 2H, H-4, and H-6p), 1.08 (s, 3H, H-10); *C NMR (101 MHz, CDCl3) &
133.8 (CH, C-12), 119.6 (CH,, C-13), 74.1 (C, C-7), 71.0 (CH, C-3), 70.2 (CH, C-8), 63.1 (CH,
C-9 or C-11), 62.9 (CHz, C-9 or C-11), 52.5 (CH,, C-1), 33.4 (CH, C-2), 32.6 (CH,, C-6), 27.6
(CHy, C-4), 23.4 (CHs, C-10), 14.6 (CH, C-5); LRMS (ASAP) m/z 226.2 [(M + H)*, 100%];
HRMS (ASAP) calc'd for C13H24NO, (M + H)* 226.1807, found 226.1807.
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(1R*, 28%*, 75%*)-1-Methyl-11-oxa-4-azabicyclo[5.3.1Jundecan-2-ol (190)

Pd(PPhs)4+ (146 mg, 0.126 mmol) was added in one portion to a solution of carbamate 227
(680 mg, 2.52 mmol) in degassed CH,Cl, (25 mL) and the resulting mixture was stirred. After
5 min, pyrrolidine (1.03 mL, 12.6 mmol) was added rapidly and the resulting solution stirred.
After 30 min, the solvent was removed under reduced pressure to give a brown oil, which was
purified by flash column chromatography (eluent: 5 to 20% MeOH (with 1% NH3) in CH.Cl,)
to yield amine 190 as a light yellow oil (124 mg, 27%). R (20% MeOH in CH.Cl;) = 0.1; IR
(neat / cm™) 3283 br (N-H and O-H), 2936 s, 1452 m, 1083 m, 726 s; 'H NMR (400 MHz,
CDCl3) &4 4.13 (app. d, J= 6.7 Hz, 1H, H-8), 3.95 - 3.88 (m, 1H, H-3), 3.33 (dd, /= 13.4, 6.7
Hz, 1H, H-9.), 3.13 — 3.05 (m, 1H, H-1.), 2.90 — 2.81 (stack, 2H, H-1, and H-9y), 1.98 — 1.91
(m, 1H, H-6,), 1.82 — 1.67 (stack, 3H, H-2,, H-4, and H-5,), 1.57 — 1.40 (stack, 2H, H-2, and
H-5p), 1.39 — 1.28 (stack, 2H, H-4, and H-6y), 1.11 (s, 3H, H-10), exchangeable protons not
observed; 3C NMR (101 MHz, CDCl3) & 75.7 (C, C-7), 74.3 (CH, C-8), 71.1 (CH, C-3), 54.9
(CHz, C-9), 46.1 (CH, C-1), 36.6 (CHz, C-2), 32.8 (CH,, C-6), 27.8 (CHz, C-4), 23.7 (CHs, C-
10), 14.6 (CH, C-5); LRMS (ASAP) m/z 186.1 [(M + H)*, 100%]; HRMS (ASAP) calc'd for
Ci0H20NO2 (M + H)* 186.1494, found 186.1492.

228 | Page



(1R*, 25%*, 75%*)-1-Methyl-4-propyl-11-oxa-4-azabicyclo[5.3.1]Jundecan-2-ol
(232)
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Pd/C (10%, 155 mg) was added to a solution of amine 190 (131 mg, 0.581 mmol) in MeOH
(6 mL) and the resulting mixture was stirred. Hydrogen was directly bubbled through the
solution for 5 min, after which time the reaction mixture was maintained under an atmosphere
of H,. After 24 h, the solution was filtered through a pad of Celite, dried (MgSQ.), filtered and
the solvent was then removed under reduced pressure to give a colourless oil, which was
purified by flash column chromatography (eluent: 10% MeOH in CH,Cl;) to yield amine 232
as a colourless oil (22 mg, 17%). R (20% MeOH in CH,Cl;) = 0.2; IR (neat / cm™) 3307 br w
(O-H), 2938 br m, 1452 m, 1093 s, 1045 s, 725 s; H NMR (400 MHz, CDCl3) &4 5.92 (br. s,
1H, OH), 4.34 (app. d, J = 6.3 Hz, 1H, H-8), 3.89 (app. dt, /= 11.8, 5.5 Hz, 1H, H-3), 3.19
(dd, 7= 13.1, 6.3 Hz, 1H, H-9.), 3.01 — 2.93 (m, 1H, H-1.), 2.72 (dd, J= 13.1, 1.7 Hz, 1H, H-
%), 2.55 — 2.45 (stack, 3H, H-1; and H-11), 2.05 — 1.92 (stack, 2H, H-2, and H-6.), 1.80 —
1.73 (stack, 2H, H-4; and H-5), 1.71 — 1.52 (stack, 4H, H-2,, H-5, and H-12), 1.38 — 1.30
(stack, 2H, H-4, and H-6v), 1.12 (s, 3H, H-10), 0.88 (t, /= 7.4 Hz, 3H, H-13); 3C NMR (101
MHz, CDCl3) & 74.1 (C, C-7), 71.0 (CH, C-3), 70.5 (CH, C-8), 63.2 (CH, C-9), 61.9 (CH;, C-
11), 52.1 (CHy, C-1), 33.7 (CHy, C-2), 32.7 (CHy, C-6), 27.7 (CH, C-4), 23.5 (CHs, C-10), 19.5
(CHy, C-12) 14.6 (CHy, C-5), 11.9 (CH,, C-13); LRMS (ESI) m/z228.2 [(M + H)*, 100%]; HRMS
(ESI) calc'd for Ci3H26NO; (M + H)* 228.1964, found 228.1959.

229 | Page



(1R*, 25%, 7S%)-1-Methyl-11-oxa-4-azabicyclo[5.3.1]Jundecan-2-ol hydrochloride
(234)
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Amine 190 (24 mg, 0.13 mmol) was dissolved in Et;O (1.0 mL) and HCl (2.0 M in Et;O, 1 mL)
was added dropwise over 1 min. The solvent was immediately removed under reduced
pressure to yield hydrochloride salt 234 as a white crystalline solid (27 mg, 100%); mp 165 -
167 °C dec.; IR (neat / cm™) 3324 br (N-H and O-H), 2942 br s, 2821 br, 1456 m, 1083 s,
1059 s; 'H NMR (400 MHz, d; - MeOD) &4 4.41 (dd, J = 8.1, 2.1 Hz, 1H, H-8), 4.02 (app. dt,
J=11.8, 5.4, Hz, 1H, H-3), 3.48 — 3.38 (stack, 2H, H-1, and H-9.), 3.24 — 3.12 (stack, 2H, H-
1p and H-9y), 2.20 — 2.07 (m, 1H, H-23.), 2.01 — 1.94 (m, 1H, H-63), 1.90 — 1.69 (stack, 3H, H-
2, H-42 and H-55), 1.61 — 1.55 (m, 1H, H-5p), 1.51 — 1.43 (m, 1H, H-4v), 1.39 — 1.29 (m, 1H,
H-6v), 1.09 (s, 3H, H-10), exchangeable protons not observed; 3C NMR (101 MHz, d - MeOD)
& 75.8 (C, C-7), 71.7 (CH, C-3), 68.7 (CH, C-8), 51.7 (CH, C-9), 46.2 (CH, C-1), 33.2 (CH,
C-6), 31.6 (CH., C-2), 28.1 (CH, C-4), 23.5 (CHs, C-10), 15.0 (CH., C-5); LRMS (ESI) m/z
186.2 [(M + H)*, 100%]; HRMS (ESI) calc’d for C10H20NO2 (M + H)* 186.1494, found 186.1495.
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(1R*, 28%, 75%)-1-Methyl-4-(piperidin-1'-ylsulfonyl)-11-oxa-4-
azabicyclo[5.3.1]Jundecan-2-ol (235)
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NEt; (23 uL, 0.16 mmol) was added to a stirred solution of amine 190 (24 mg, 0.13 mmol) in
CH,Cl, (1.5 mL). The solution was cooled to 0 °C. Piperidine-1-sulfonyl chloride (23 pL, 0.16
mmol) was added and the reaction mixture was warmed to r.t. After 2 h, the reaction mixture
was diluted with CH.Cl, (5 mL) and washed sequentially with HClaq) (1 M, 5 mL), H,O (5 mL)
and brine (5 mL). The organic layer was dried (MgSQ,), filtered and the solvent was then
removed under reduced pressure to yield sulfamide 235 as a clear oil (35 mg, 81%). R (50%
EtOAc in hexane) = 0.3; IR (neat / cm™) 3489 br m (O-H), 2938 br m, 1446 m, 1392 m, 1187
s, 1141 s, 1048 s; 'H NMR (400 MHz, CDCl3) &4 4.26 — 4.19 (m, 1H, H-8), 3.96 — 3.82 (stack,
2H, H-1, and H-3), 3.59 — 3.45 (stack, 2H, H-9), 3.22 - 3.17 (m, 1H, H-1}), 3.14 — 3.04 (stack,
4H, H-11), 2.37 (d, J= 4.6 Hz, 1H, OH), 1.96 — 1.86 (stack, 2H, H-2. and H-6.), 1.83 — 1.70
(stack, 5H, H-2y, H-44, H-5; and H-13), 1.64 — 1.56 (stack, 4H, H-12), 1.55 - 1.48 (m, 1H, H-
5b), 1.40 — 1.28 (stack, 2H, H-4, and H-6p), 1.07 (s, 3H, H-10); *C NMR (101 MHz, CDCl3) &
75.2 (CH, C-8), 73.3 (C, C-7), 70.7 (CH, C-3), 54.5 (CH,, C-9), 47.2 (CH., C-1), 47.0 (CH, C-
11), 36.6 (CHy, C-2), 32.6 (CHy, C-6), 27.6 (CH, C-4), 25.5 (CH, C-12), 23.9 (CHz, C-13) 23.1
(CHs, C-10), 14.3 (CH, C-5); LRMS (ASAP) m/z333.2 [(M + H)*, 100%], 219.1 (60); HRMS
(ASAP) calc'd for CisH29N204S (M + H)* 333.1848, found 333.1856.
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(1'R%, 2'S*, 7' S¥)-1'-Methyl-4'-((2",2",2"-trifluoroethyl)sulfonyl)-11'-oxa-4'-
azabicyclo[5.3.1]Jundecan-2"-yl 2,2,2-trifluoroethane-1-sulfonate (236)

NEt; (23 pL, 0.16 mmol) was added to a stirred solution of amine 190 (24 mg, 0.13 mmol) in
CHCl; (1.5 mL). The solution was cooled to 0 °C. 2,2,2-Trifluoroethanesulfonyl chloride (23
ML, 0.16 mmol) was added in one portion and the reaction mixture was warmed to r.t. After
14 h, the reaction mixture was diluted with CH,Cl, (5 mL) and washed sequentially with HCl )
(1 M, 5mL), H,0O (5 mL) and brine (5 mL). The organic layer was dried (MgS0.), filtered and
the solvent was then removed under reduced pressure to give a yellow oil, which was purified
by flash column chromatography (eluent: 40% EtOAc in hexane) to vield sulfonamide 236 as
a pale yellow oil (20 mg, 32%). R (50% EtOAc in hexane) = 0.4; IR (neat / cm™) 2948 br w,
1355 m, 1252 s, 1133 s, 951 s; 'H NMR (400 MHz, CDCl3) &4 5.10 (app. d, J= 6.3 Hz, 1H, H-
8), 4.44 — 4.30 (m, 1H, H-11 or H-13), 4.07 — 3.90 (stack, 3H, H-1,, H-3 and H-11 or H-13),
3.83 — 3.67 (stack, 4H, H-9 and H-11 or H-13), 3.18 — 3.10 (m, 1H, H-1), 2.01 — 1.85 (stack,
3H, H-2 and H-6,), 1.82 — 1.72 (stack, 2H, H-4. and H-5,), 1.66 — 1.59 (m, 1H, H-5y), 1.47 -
1.36 (stack, 2H, H-4, and H-65), 1.14 (s, 3H, H-10); 3C NMR (101 MHz, CDCl;) & 121.7 (CFs,
q, J= 277 Hz, C-12 or C-14), 121.2 (CFs, q, J = 277 Hz, C-12 or C-14), 86.5 (CH, C-8), 72.4
(C, C-7), 70.9 (CH, C-3), 54.0 (CHy, q, /= 32 Hz, C-11 or C-13), 53.8 (CH;, q, /= 32 Hz, C-
11 or C-13), 50.2 (CH,, C-9), 46.4 (CH;, C-1), 36.9 (CH, C-2), 31.6 (CH,, C-6), 27.0 (CH,, C-
4), 23.8 (CHs3, C-10), 13.6 (CH,, C-5); 1°F NMR (377 MHz, CDCl3) & —62.2 (CF, C-12 or C-14),
—-62.5 (CA, C-12 or C-14); LRMS (ESI) my/z 336.1 [(M —OSO,CH,CFs + Na)*, 100%], 500.1
(30); HRMS (ESI) calc’d for Ci14H21FsNOsS:Na (M + Na)* 500.0612, found 500.0619.
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((LR*, 2S5%*, 7S5%*)-2-hydroxy-1-methyl-11-oxa-4-azabicyclo[5.3.1]Jundecan-4-
y)(1’-methyl-3’-trifluoromethyl-1 #-pyrazol-4'-yl)methanone (237)
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Amine 190 (24 mg, 0.13 mmol), 1-methyl-3-(trifluoromethyl)-1A-pyrazole-4-carboxylic acid
(28 mg, 0.14 mmol), EDC-HCI (27 mg, 0.14 mmol) and HOBt (22 mg, 0.14 mmol) were
dissolved in CH,Cl, (2.5 mL) and the resulting mixture. After 10 min, A methylmorpholine (31
ML, 0.29 mmol) was added and the resultant solution was stirred for 17 h. The solvent was
then removed to give a brown residue, which was dissolved in EtOAc (10 mL) and washed
sequentially with HCl@g) (1 M, 2 x 8 mL), NaHCOs3(aq) (2 X 8 mL) and brine (8 mL). The organic
phase was dried (MgS0,), filtered and the solvent was then removed under reduced pressure
to give a yellow oil. Purification by flash column chromatography (eluent: 50% EtOAc in
hexane, followed by a MeOH flush) yielded amide 237 as a colourless oil (25 mg, 53%). ”
(50% EtOAc in hexane) = 0.1; IR (neat / cm™) 3404 br (O-H), 2945 m, 1618 s (C=0), 1447
brm, 1219 m, 1131 s; '*H NMR (400 MHz, CDCls) &, 7.52 (s, 1H, H-14), 4.21 (app. d, /= 13.6
Hz, 1H, H-9.), 4.24 — 4.17 (stack, 5H, H-3, H-8 and H-16), 3.84 — 3.75 (m, 1H, H-1.), 3.50 -
3.41 (stack, 2H, H-9, and OA), 3.31 — 3.21 (m, 1H, H-1), 2.01 - 1.93 (m, 1H, H-6,), 1.78 -
1.46 (stack, 5H, H-2, H-4, and H-5), 1.43 — 1.22 (stack, 2H, H-4, and H-6), 1.13 (s, 3H, H-
10); 13C NMR (101 MHz, CDCl5) & 164.1 (C, C-11), 139.2 (C, C-13), 130.4 (CH, C-14), 123.5
(CFs, g, J= 269 Hz, C-15), 116.6 (C, C-12), 74.8 (CH, C-8), 73.8 (C, C-7), 70.0 (CH, C-3), 51.5
(CHy, C-9), 47.7 (CHy, C-1), 39.8 (CH3s, C-16), 36.9 (CH,, C-2), 32.5 (CH,, C-6), 27.5 (CH, C-
4), 23.5 (CHs, C-10), 14.2 (CH,, C-5); F NMR (377 MHz, CDCl3) & —60.7 (CF); LRMS (ASAP)
my/z 362.2 [(M + H)*, 35%], 248.1 (100); HRMS (ASAP) calc'd for CigH23F3sN3O3z (M + H)*
362.1692, found 362.1700.
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Chapter Six: Appendix



6.1 Crystallographic Data
Crystallographic data for compound 96

Single crystals of compound 96, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CH,Cl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at zero, Atlas diffractometer. The crystal was
kept at 100.01(10) K during data collection. Using Olex2,%* the structure was solved with the
ShelXS?3> structure solution program using Direct Methods and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a chiral space
group and has been confirmed as a single enantiomer, with a Flack parameter of —0.003(7).
Non-hydrogen atoms were anisotropically refined and the hydrogen atoms in the riding mode
with isotropic temperature factors were fixed at 1.2 times Ueq Of the parent atoms (1.5 for
methyl groups).

C10

Figure 56- Crystal structure of compound 96. Thermal ellipsoids are drawn at the 50% probability level.
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Details of Crystallographic Data

Identification code 96
Empirical formula Ci7H23NOsS
Formula weight 321.42
Temperature/K 100.01(10)
Crystal system orthorhombic
Space group P2:2:24
a/A 7.92584(14)
b/A 11.89642(19)
c/R 17.3548(3)
a/° 90
B/° 90
y/° 90
Volume/A3 1636.37(5)
z 4
pcalcg/Cm3 1.305
p/mm-1 1.857
F(000) 688
Crystal size/mm?3 0.271 x 0.18 x 0.092
Radiation CuKa (A = 1.54184)
20 range for /S'ata 9.012 to 144.258
Index ranges -9<h<9,-14<k<14,-21<1<20
Reflections collected 15158
Independent reflections 3218 [Rint = 0.0373, Rsigma = 0.0232]
Data/restraints/parameters 3218/0/201
Goodness-of-fit on F? 1.035

Final R indexes [I>=20 (I)]

R1 = 0.0263, wR, = 0.0682

Final R indexes [all data]

R: = 0.0270, wR> = 0.0690

Largest diff.Apeak/hoIe /e
-3

0.20/-0.22

Flack parameter

~0.003(7)
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Crystallographic data for compound 107

Single crystals of compound 107, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXS?3 structure solution program using Direct Methods and refined with the ShelXL23®
refinement package using Least Squares minimisation. The structure contains two
crystallographically-independent molecules. The hydrogen atoms bonded to O(1) and O(101)
were located in the electron density and refined freely while all remaining hydrogen atoms
were fixed as riding models and the isotropic thermal parameters (Uis,) were based on the Ueq

of the parent atom.

Figure 57 - Crystal structure of compound 107 with ellipsoids drawn at the 50% probability level. The structure
contains two crystallographically-independent molecules.
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Details of crystallographic data

Identification code 107
Empirical formula Ci7H23NOsS
Formula weight 321.42
Temperature/K 100.01(10)
Crystal system monoclinic
Space group P2:/c
a/R 17.2338(3)
b/A 7.87320(10)
c/A 24.0830(4)
a/° 90
B/° 95.946(2)
y/° 90
Volume/A3 3250.13(9)
z 8
Pcalcg/cm? 1.314
p/mm-t 1.87
F(000) 1376
Crystal size/mm3 0.226 x 0.159 x 0.073
Radiation CuKa (A = 1.54184)

20 range for data collection/°

7.382 to 148.946

Index ranges

—20<h<21,-8<k<9, -29<|<24

Reflections collected 12989
Independent reflections 6431 [Rint = 0.0224, Rsigma = 0.0270]
Data/restraints/parameters 6431/0/407
Goodness-of-fit on F? 1.042

Final R indexes [I1>=20 (I)]

R: = 0.0395, wR; = 0.1050

Final R indexes [all data]

R: = 0.0451, wR, = 0.1104

Largest diff. peak/hole / e A3

0.85/-0.40
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Crystallographic data for compound 119

Single crystals of compound 119, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXT?% structure solution program using Intrinsic Phasing and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a
centrosymmetric space group such that in half of cases C(1) is R, while in the other half C(1)
is S. The hydroxyl hydrogen atom bonded to O(1) was located in the electron density and
freely refined. All remaining hydrogen atoms were fixed as riding models and the isotropic

thermal parameters (Uis;) were based on the Ueq of the parent atom.

Figure 58 - Crystal structure of compound 119 with ellipsoids drawn at the 50% probability level.
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Details of crystallographic data

Identification code 119
Empirical formula Ci7H25NOsS
Formula weight 323.44
Temperature/K 100.00(10)
Crystal system monoclinic
Space group P2i/n
a/R 12.2892(3)
b/A 11.1531(3)
c/A 12.3023(3)
a/° 90
B/° 99.690(2)
v/° 90
Volume/A3 1662.13(7)
z 4
pcalcg/Cm3 1.293
p/mm-t 1.829
F(000) 696
Crystal size/mm?3 0.245 x 0.177 x 0.062
Radiation CuKa (A = 1.54184)

20 range for data collection/°

9.41 to 148.902

Index ranges

-15<h<14,-13<k<13,-13<1<15

Reflections collected 6984
Independent reflections 3280 [Rint = 0.0164, Rsigma = 0.0197]
Data/restraints/parameters 3280/0/205
Goodness-of-fit on F? 1.058

Final R indexes [I>=20 (I)]

R: = 0.0315, wR, = 0.0828

Final R indexes [all data]

R: = 0.0339, wR; = 0.0851

Largest diff. peak/hole / e A3

0.35/-0.35
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Crystallographic data for compound 122

Single crystals of compound 122, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXT?% structure solution program using Intrinsic Phasing and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a
centrosymmetric space group such that in half of cases C(5) is R and C(6) is R, while in the
other half C(5) and C(6) are both S. In all molecules, the relative stereochemistry of C(5) and
C(6) is the same. All hydrogen atoms were fixed as riding models and the isotropic thermal

parameters (Uis;) were based on the Ueq of the parent atom.

Figure 59 - Crystal structure of compound 122 with ellipsoids drawn at the 50% probability level.
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Details of crystallographic data

Identification code 122
Empirical formula Ci7H23NO4S
Formula weight 337.42
Temperature/K 100.00(10)
Crystal system monoclinic
Space group P2:/c
a/R 21.2954(8)
b/A 5.6556(2)
c/A 13.6085(5)
a/° 90
B/° 95.558(4)
y/° 90
Volume/A3 1631.28(10)
z 4
Pcalcg/cm? 1.374
p/mm-t 1.938
F(000) 720
Crystal size/mm3 0.27 x 0.053 x 0.024
Radiation CuKa (A = 1.54184)

20 range for data collection/°

8.344 to 140.14

Index ranges

-20<h<25 -6<k<6,-16<1<13

Reflections collected 5883
Independent reflections 3086 [Rint = 0.0256, Rsigma = 0.0342]
Data/restraints/parameters 3086/0/210
Goodness-of-fit on F? 1.045

Final R indexes [I1>=20 (I)]

R: = 0.0489, wR; = 0.1241

Final R indexes [all data]

R: = 0.0553, wR; = 0.1303

Largest diff. peak/hole / e A3

0.92/-0.49
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Crystallographic data for compound 124

Single crystals of compound 124, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXT?% structure solution program using Intrinsic Phasing and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a
centrosymmetric space group such that in half of cases C(1) is R and C(2) is S, while in the
other half C(1) is Sand C(2) is R. In all molecules, the relative stereochemistry of C(1) and
C(2) is the same. The hydrogen atom bonded to O(2) was located in the electron density and
refined freely. All remaining hydrogen atoms were fixed as riding models and the isotropic

thermal parameters (Uis;) were based on the Ueq of the parent atom.

Figure 60 - Crystal structure of compound 124 with ellipsoids drawn at the 50% probability level.
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Details of crystallographic data

Identification code 124
Empirical formula Ci7H23NO4S
Formula weight 337.42
Temperature/K 100.01(10)
Crystal system orthorhombic
Space group Pccn
a/A 10.7936(3)
b/A 21.6827(5)
c/R 14.0589(4)
a/° 90
B/° 90
y/° 90
Volume/A3 3290.27(15)
z 8
pcalcg/Cm3 1.362
p/mm-t 1.921
F(000) 1440
Crystal size/mm3 0.248 x 0.139 x 0.074
Radiation CuKa (A = 1.54184)

20 range for data collection/°

8.156 to 148.83

Index ranges

-13<h<9,-24<k=<26 -17<1<16

Reflections collected 8311
Independent reflections 3276 [Rint = 0.0291, Rsigma = 0.0302]
Data/restraints/parameters 3276/0/214
Goodness—of—fit on F? 1.032

Final R indexes [I1>=20 (I)]

R: = 0.0321, wR; = 0.0822

Final R indexes [all data]

R: = 0.0376, wR, = 0.0869

Largest diff. peak/hole / e A3

0.35/-0.35
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Crystallographic data for compound 134

Single crystals of compound 134, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXT?% structure solution program using Intrinsic Phasing and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a
centrosymmetric space group such that in half of cases C(6) is S5, while in the other half C(6)
is R. The hydrogen atoms were fixed as riding models and the isotropic thermal parameters

(Uiso) were based on the Ueq of the parent atom.
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Figure 61 - Crystal structure of compound 134 with ellipsoids drawn at the 50% probability level
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Details of crystallographic data

Identification code 134
Empirical formula Ci7H23NO4S
Formula weight 337.42
Temperature/K 100.00(10)
Crystal system orthorhombic
Space group Pbca
a/A 10.2493(3)
b/A 14.8219(5)
c/A 21.6731(8)
a/° 90
B/° 90
y/° 90
Volume/A3 3292.45(19)
z 8
Pcalcg/cm? 1.361
p/mm-t 1.92
F(000) 1440
Crystal size/mm3 0.252 x 0.188 x 0.134
Radiation CuKa (A = 1.54184)

20 range for data collection/°

8.16 to 149.094

Index ranges

-11<h<12,-15<k<18,-26<1<23

Reflections collected 8256
Independent reflections 3282 [Rint = 0.0233, Rsigma = 0.0237]
Data/restraints/parameters 3282/0/210
Goodness-of-fit on F? 1.049

Final R indexes [I>=20 (I)]

Ri = 0.0336, wR; = 0.0874

Final R indexes [all data]

R: = 0.0378, wRz = 0.0913

Largest diff. peak/hole / e A3

0.30/-0.38
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Crystallographic data for compound 154

Single crystals of compound 154, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXT?% structure solution program using Intrinsic Phasing and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a
centrosymmetric space group such that in half of cases C(1) is R, C(5) is Rand C(6) is S, while
in the other half C(1) is S, C(5) is Sand C(6) is R. In all molecules, the relative stereochemistry
of C(1), C(5) and C(6) is the same. The hydrogen atom bonded to O(3) was located in the
electron density and refined freely. All remaining hydrogen atoms were fixed as riding models

and the isotropic thermal parameters (Uis,) were based on the Ueq of the parent atom.

Figure 62 - Crystal structure of compound 154 with ellipsoids drawn at the 50% probability level.
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Details of crystallographic data

Identification code 154
Empirical formula CisH27NOsS
Formula weight 369.46
Temperature/K 100.01(10)
Crystal system monoclinic
Space group P2i/c
a/R 7.94900(10)
b/A 10.7743(2)
c/A 20.8406(4)
a/° 90
B/° 94.2110(10)
v/° 90
Volume/A3 1780.07(5)
z 4
pcalcg/Cm3 1.379
p/mm-t 1.865
F(000) 792
Crystal size/mm?3 0.261 x 0.163 x 0.141
Radiation CuKa (A = 1.54184)

20 range for data collection/°

8.508 to 149.608

Index ranges

-9<h<9,-13<k<13,-25<1<25

Reflections collected

32920

Independent reflections

3618 [Rint = 0-0255, Rsigma = 0.0117]

Data/restraints/parameters

3618/0/233

Goodness-of-fit on F2

1.071

Final R indexes [I>=20 (I)]

R: = 0.0299, wR; = 0.0768

Final R indexes [all data]

R: = 0.0314, wR; = 0.0782

Largest diff. peak/hole / e A3

0.34/-0.43
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Crystallographic data for compound 156

Single crystals of compound 156, suitable for X-ray diffraction, were grown from the diffusion
of hexane and CHCl, at room temperature. A suitable crystal was selected and X-ray intensity
data were collected on a SuperNova, Dual, Cu at home/ near, Atlas diffractometer. The crystal
was kept at 100.01(10) K during data collection. Using Olex2,%3* the structure was solved with
the ShelXT?% structure solution program using Intrinsic Phasing and refined with the ShelXL23¢
refinement package using Least Squares minimisation. The structure occupies a
centrosymmetric space group such that in half of cases C(1) and C(5) are S and C(9) is R,
while in the other half C(1) and C(5) are Rand C(9) is S. The hydroxyl hydrogen atoms bonded
to O(1), O(3) and O(4) were located in the electron density and freely refined. All remaining
hydrogen atoms were fixed as riding models and the isotropic thermal parameters (Uiso) were

based on the Uq of the parent atom.

cLi2

ciot D

cLit

CL13

Figure 63 - Crystal structure of compound 156 with ellipsoids drawn at the 50% probability level.
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Details of crystallographic data

Identification code 156
Empirical formula C24H30CIzNO6S
Formula weight 566.9
Temperature/K 100.01(10)
Crystal system triclinic
Space group P-1
a/R 10.8161(7)
b/A 11.6848(7)
c/A 12.1893(8)
a/° 61.444(6)
B/° 87.599(5)
y/° 73.430(5)
Volume/A3 1288.75(16)
z 2
pcalcg/Cm3 1.461
p/mm-t 4.324
F(000) 592
Crystal size/mm?3 0.154 x 0.137 x 0.101
Radiation CuKa (A = 1.54184)

20 range for data collection/°

8.31 to 148.744

Index ranges

—12<h<13,-12<k<14, -14<|< 14

Reflections collected 8838
Independent reflections 5004 [Rint = 0.0249, Rsigma = 0.0325]
Data/restraints/parameters 5004/0/330
Goodness-of-fit on F? 1.066

Final R indexes [I>=20 (I)]

R: = 0.0345, wRz = 0.0841

Final R indexes [all data]

R: = 0.0431, wR, = 0.0898

Largest diff. peak/hole / e A3

0.40/-0.34
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6.2 Conformational analysis settings

Conformational analysis was conducted in Forge 10.5. Each molecule for which conformational
analysis was run was placed in the prediction set. A conformation hunt was undertaken using
the settings:

Maximum number of conformations: 250

No. of high-T dynamics runs for flexible rings: 50

Gradient cutoff for conformer minimization: 0.25 kcal mol~! A~
Filter duplicate conformers at RMS: 1.0 A

Energy window: 6 kcal mol~!

Coulombic and attractive vdW forces were turned on.
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