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Lay Summary

Chapters 1-3: Enantiomers are two molecules that possess the same chemical connectivity, but
are non-superimposable mirror images of each other. In chemistry it is often beneficial, for
medicinal purposes, to make compounds as a single enantiomer. Although each enantiomer looks
identical, they can have starkly different biological activities and some of which can lead to
potentially adverse side effects when used in medication. Chemical methods to separate
enantiomers have historically been considered difficult to execute and wasteful through low
product recovery or poor separation. Extensive work has been sought to combat these known
limitations, by developing new approaches for the production of single enantiomers — a field

known as asymmetric synthesis.

Within chapter 2 and 3 we discuss efforts towards creating a fundamentally new and more
efficient approach towards the synthesis of single enantiomers. Each chapter details the
application of this new approach to different chemical reactions and the optimisation of the

reactions to achieve the most effective method for single enantiomer production.

Chapters 4-7: Chemical compounds that are derived from microorganisms, animals and plants
are referred to as natural products. The brevianamides are a family of natural products produced
by fungi. In 1969 they were first isolated and have since sparked much interest regarding their
origin and chemical synthesis. This is because members of the family have been shown to possess
a wide range of biological activities. Despite extensive chemical research, not all of the members
have been made synthetically in a laboratory. The aim of this project was to produce a short and

concise synthetic route to members of the brevianamide natural product family.

Chapters 4-7 describe the successful synthesis of several of these complex natural products, in
addition to efforts towards the synthesis of other members. Through these investigations we have
been able to develop a better understanding of their origins and have been able to produce

workable guantities to test for more biological activities these molecules may possess.
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Abstract

This thesis describes work towards two discrete projects; Chapter 1-3 methodology development
of enantioconvergent reactions, Chapter 5-7 total synthesis of brevianamide type natural products.
Both of these studies are linked through the underlying theme of the development of novel

dimerisations.

Chapter 1-3

Classically, asymmetric synthesis has relied upon Kinetic resolutions to deal with racemic starting
materials. Unfortunately, the use of kinetic resolutions is limited to a maximum 50% yield, which
represents a serious inefficiency in modern chemical synthesis. Enantioconvergent reactions offer
a method to circumvent this limitation and afford a single enantioenriched product in a maximum
theoretical yield of 100%. However, all currently known methods for achieving
enantioconvergency are limited in their substrate scope; the starting materials invariably contain
stereogenic elements that are amenable to mutation or ablation and are currently unable to contain
multiple stereogenic centres. We aimed to overcome this long-standing limitation by developing
stereoretentive-enantioconvergent reactions, which would allow the use of racemic substrates
with multiple robust stereogenic elements. The new approach would feature a symmetry-breaking

dimerisation of racemic starting materials to form of a non-meso dimeric product.

Unsymmetrical dimerisation

(A W o (44)}AA  (homochiral)
| fast »  (+,-)-AA (heterochiral)
___Slow _____ >  (-,+)-AA (heterochiral)

(C)-A----Slow > (--)-AA  (homochiral)

To accomplish this we targeted dimerisations that are inherently heterochiral-selective (i.e.,
opposite enantiomers dimerise), and developed methods to make these reactions

enantioconvergent. This thesis will describe our investigations into previously known
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heterochiral-selective dimerisations; an aza-Darzens dimerization (Chapter 2) and a Diels—Alder
dimerization (Chapter 3), and efforts to make them enantioconvergent including the success of

performing the first stereoretenetive enantioconvergent aza-Darzens reaction.

Targets:
heterochiral-selective dimerisations

Project 1: aza-Darzens Project 2: Diels—Alder

homo:hetero homo:hetero
0:100 0:100

Y Y

This work:
enantioselective deprotonation
via chiral lithium amide, (-)-sparteine,
chiral auxiliaries

This work:
enantioselective Diels—Alder
via chiral Lewis acids

stereoretentive enantioconvergency

heterochiral dimer
e.r. > 50:50

Chapter 4-7

The brevianamides are a family of alkaloid natural products extracted from the Aspergillus and
Pencillium fungi. The brevianamides were the first natural products, isolated in 1969, to contain
the archetypal bicyclo[2.2.2]diazaoctane ring. Since their first isolation their complex structure
and varied biological activities have inspired many total syntheses. Despite decades of
experimentation, the synthesis of many members of the brevianamide family have yet to be

conquered and many unanswered questions remain about their biosynthetic origin.
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NH !
HN ; =
HN o : \ \
bicyclo[2.2.2] N —
diazaoctane o . NH
brevianamide A brevianamide Y brevianamide S

In 2020 the Lawrence group published the first total synthesis of brevianamide A, over 50 years
since its isolation. This thesis continues the Lawrence group’s work and describes the efforts
towards the first total synthesis of a dimeric member of the natural product family, in addition to
the concise bioinspired total synthesis of other members. These studies also provided new
mechanistic insights into the key domino reaction pathway believed to be biosynthetically

responsible for constructing the core bicyclo[2.2.2]diazaoctane motif.
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Chapter 1. Stereoretentive Enantioconvergent
Reactions Introduction

Nature’s high specificity is derived through chiral control. This ability to have absolute control over
the regio-, chemo-, diastero- and enantio- outcomes of organic reactions has long been recognised
as a target across multiple disciplines of synthetic chemistry. The high demand from the
pharmaceutical and the agricultural industry to produce optically pure compounds has provided a
major driving force in the development of these new asymmetric synthesis methods. Despite
remarkable progress being made in the field since its inception, asymmetric synthesis, i.e., the
production of enantioenriched chiral compounds, still remains of high importance, but represents a

significant challenge for the synthetic community.

1.1 Asymmetry in Synthesis

Classically, in asymmetric synthesis, the methods used to install new stereogenic elements depend
on the nature of the substrate. When starting with an achiral substrate, we can use enantioselective
reactions to install a new stereogenic elements, wherein an enantioenriched reagent or catalyst is
used to control the absolute configuration of the new stereogenic elements (Scheme 1.1).

o _9op

cat.*

100%
e.r. 100:0

Scheme 1.1: Schematic representation of an enantioselective reaction of a prochiral substrate

A classic example is the Noyori asymmetric hydrogenation of 1,3-keto-esters (1.1) (Scheme 1.2).!
The enantioenriched ruthenium complex selectively delivers hydride to one enantiotopic face, with
chelation to the neighbouring ester functional group stabilising one diastereomeric transition state

over the other to afford a single enantiomer as the product (1.2). Despite these reactions playing an



extensive role throughout chemical synthesis, the number of viable prochiral functional groups

H
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(R)}BINAP_ 2
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remains limited.

(R)-BINAP

Scheme 1.2: Noyori asymmetric hydrogenation of a 1,3-keto-ester

Starting with a racemic starting material, the situation is much more complex. Typically, we rely
on kinetic resolutions which achieve partial or complete separation of a racemate by the virtue of
unequal rates of reaction with a chiral reagent or catalyst to afford an enantioenriched product

(Scheme 1.3).2
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Scheme 1.3: Schematic representation of the kinetic resolution of a racemic mixture

An illustrative example is the kinetic resolution of racemic allylic alcohols ((x)-1.3) using the
Sharpless asymmetric epoxidation (Scheme 1.4).% The chiral reagent reacts preferentially with the

(R)-enantiomer to form the corresponding epoxy alcohol (1.4) in enantioenriched form.

Tl(OI Pr)4

OH -)- DIPT
__ _tBUOOH W\/
5% conversion —< [e]Ne]
()-(1.3) e.r. 98:2 }-DIPT

D||sopropyl tartrate

Scheme 1.4: Kinetic resolution of a racemic allylic alcohol via the Sharpless asymmetric epoxidation



This protocol of racemate separation has several associated limitations. Firstly, the resolution is
restricted to a maximum 50% theoretical yield as one enantiomer of the racemate remains
unreacted. Predominately in kinetic resolutions, the unreacted enantiomer is actually the desired
product and the other enantiomer, which has undergone the synthetic transformation, is often
separated and discarded. This highlights the secondary limitation of step economy, as a step must
be added to the reaction sequence solely for the purpose of resolution and not a synthetic
transformation. Therefore, though prevalent in academia and industry,*® kinetic resolutions
represent a serious inefficiency in modern chemical synthesis when dealing with racemic starting

materials.

1.2 Enantioconvergent Reactions

Enantioconvergent reactions avoid the loss associated with Kinetic resolutions, by incorporating
both enantiomers of the racemic starting material into a single enantioenriched product, which
therefore has a maximum theoretical yield of 100% (Scheme 1.5). Noyori has previously described

this process as an example of “ideal asymmetric catalysis”.®

o0p oo 48

100%
e.r. 100:0

Scheme 1.5: Schematic representation of an enantioconvergent reaction of a racemic mixture

Currently three distinct approaches towards enantioconvergent reactions exist in the literature
(Figure 1.1).” Each of these focuses on a different method to desymmetrise the system by
destroying the mirror plane of symmetry that exists between the two enantiomers, either through

stereoablation, stereomutation or stereoconvergence.
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Figure 1.1: Current approaches known towards enantioconvergent synthesis, a) stereomutation, b)

stereoablation and c) stereoconvergence

1.2.1 Stereomutation

The most common approach is stereomutation, which is frequently employed in organic synthesis
as a dynamic kinetic resolution (DKR) (Figure 1.1a).2 Within this protocol, system-level symmetry
is broken via a rapidly interconverting equilibrium, thus proceeding through a common achiral
intermediate. This ensures a constant turnover to the more reactive enantiomer, which reacts
preferentially with a chiral catalyst or reagent to afford the desired product in enantioenriched form.
For an effective DKR the rate of racemisation krac must be equal or greater than the rate of reaction
Ka. If keac< ka resolution is still possible, but only if ke is significantly greater than ky (Krac>> Kp)

(Scheme 1.6a).°
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Scheme 1.6: a) Schematic of a stereomutative process b) The transition metal catalysed epimerisation of an

allylacetate with the biocatalysed ester hydroylsis

An example of this is the in situ transition metal catalysed racemisation of an allylic acetate (£)-1.5
followed by biocatalysed ester hydrolysis, which yields (—)-allylic alcohol (1.6) in 81% yield and

e.r. 98:2 (Scheme 1.6b).%°



Nature has an innate stereospecificity, so biosynthetic pathways do not require the use of racemases
and as a consequence very few have been found to exist. This is why predominately transition

metals are found to be used in the deracemisation step.

1.2.2 Stereoablation

Another approach is through stereoablation, which involves the destruction of the system’s intrinsic
stereochemistry via a chemically stable intermediate (Q) followed by a stereoselective reaction to
form a single enantiomer as the product (Figure 1.1b). The nature of the common intermediate Q

determines the subclass of these reactions.

If Q is achiral, the ensuing stereoselective transformation must be enantioselective and this type of
reaction has been defined as stereoablative. An interesting example of a stereoablative reaction is
cyclic deracemisation. Previously it has been employed in the deracemisation of a-amino acids
(Scheme 1.7) which comprises of an enantioselective oxidation to the corresponding imine
(1.7).22 Imine 1.7 (the achiral intermediate) then undergoes a non-selective back reaction to give
both enantiomers of the starting material. Successive cycles of the reaction result in a build-up of

enantiomer 1.8, which therefore increases the overall e.r. of the product.

NH; non selective
R” Rs
’&&,
enantioselective NH
amine oxidase
A. niger Ry Rs
T 1.7
I;IHZ /,/5\0«
R Rs |
1'8_ non selective
77% yield
e.r. 97:3

Scheme 1.7: The cyclic deracemisation of a-amino alcohols

However, if the achiral intermediate (Q) generated from the racemate is attached to a chiral catalyst
it forms a single enantioenriched catalyst-substrate adduct (ACat*), which is chiral. This external

chiral centre now becomes the sole influence on the stereochemical outcome of the reaction and



therefore the final transformation is diastereoselective. These type of reactions were coined by Trost

at the turn of the century as dynamic kinetic asymmetric transformation type 11 (DYKAT I1).23

A dynamic kinetic asymmetric transformation constitutes a reaction where the intermediate derives
from a chiral racemic precursor in which the chirality of the substrate is destroyed. A DYKAT type
Il reaction is a special form of a DYKAT reaction and is defined by Faber as a resolution proceeding

through a single enantiomeric intermediate.’

This approach was exemplified by Trost (Scheme 1.8) in the enantioconvergent palladium
catalysed allylic alkylation of a racemic cyclohexene tetraol ((£)-1.9).}*% In a stereoselective
ionisation, both enantiomers eventually form the same C, symmetric d-allylpalladium complex
(ACat*) albeit, at different rates. The inclusion of an enantiopure ligand on the palladium catalyst

determines the outcome of the diastereoselective nucleophilic addition to give a single product 1.10.
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Scheme 1.8: DYKAT type Il process. L* = enantiopure ligand, Nu = generic nucleophile

1.2.3 Stereoconvergence

The final known method for enantioconvergence in the literature is direct stereoconvergence,
whereby the starting racemate undergoes parallel kinetic resolutions with opposite selectivity to
form a single enantioenriched product (Figure 1.1c). The stereochemical prerequisites for the chiral
catalyst are high as not only must the catalyst exhibit enantioselectivity by having a preference for
one enantiomer over the other, but it must also show opposing stereoselectivity with respect to

inversion or retention of configuration during the reaction. Consequently these reactions are rare



and currently dominated by biocatalysts. An example of this is shown with the enantio- and stereo-
selective hydrolysis of styrene type epoxides (+)-1.11 (Scheme 1.9).%6 One proceeds with inversion

and one with retention to give a single enantioenriched diol product of e.r. 95:5 (1.12).

(R)_O (s)_O
Ar/ﬂ Ar“"ﬁ‘
I S
retaining epoxide [7OH] [7OH] inverting epoxide
hydrolase (£)-1.11 hydrolase
Aspergillus niger Beauveria bassiana
OH
®L__OH
Ar)\/
1.12
92%
e.r. 95:5

Scheme 1.9: Stereoconvergent biocatalytic hydrolysis of styrene type epoxides

1.3 This Work: Stereoretentive Enantioconvergent Reactions

This project aims to achieve enantioconvergency via a new dimerisation approach where no

destruction or mutation of the inherent stereochemistry of the racemic mixture need occur.

Dimerisation reactions of racemic samples can lead to an array of different dimeric products with
both homo- and hetero- chiral dimerisations possible. A dimerisation can also occur in a
symmetrical or unsymmetrical manner. The former is pictorially represented in Scheme 1.10, with
the new sigma bond formed between groups of the same colour (e.g., white and white, 1.13-1.15)
and the unsymmetrical variant with the newly forming sigma bond between groups of different

colours (e.g., white and yellow, 1.16-1.19).

Symmetrical dimerisation Unsymmetrical dimerisation
homochiral homochiral
Lo aeep °op. Oxo A20L 2
(+,+)-AA (=-)-AA ‘ ,+)-AA (—=—-)-AA

1.13 1.14 %\o 0/2 116 1.17
heterochiral (meso) heterochwal
L&C’

3 (+)-A
Qe ep ALep o2
(+-)-AA | (—+)-AA
1.15 1 18 1.19

Scheme 1.10: Schematic to show different dimeric combinations possible for a racemic mixture and how to

render the dimerisation enantioconvergent



To achieve enantioconvergency both enantiomers of the racemic starting material must be
incorporated into the final product and hence the reaction must be inherently heterochiral selective
(Scheme 1.10). Another prerequisite for enantioconvergency is that the symmetry of the system
must be broken during the dimerisation. If the dimerisation occurs in a bilateral symmetrical fashion
then the two heterochiral products formed are in fact identical, achiral meso-compounds (1.15).
However, when the system-level symmetry is broken during an unsymmetrical dimerization, then
the heterochiral dimers are in fact chiral (1.18, 1.19) and this provides us with the necessary
framework to probe whether this could be performed enantioselectively. Thus achieving

stereoretentive enantioconvegency.

Conceptually, this represents an exciting new approach to accessing enantiopure materials from
racemic starting materials, which is yet to be explored experimentally or theoretically. Scheme 1.11
summarises this project with the need to focus on known heterochiral selective unsymmetrical
dimerisation reactions and the methods to render them enantioselective.

Unsymmetrical dimerisation

(+,+)-AA  (homochiral)
(+,-)-AA (heterochiral)
(—,+)-AA (heterochiral)

(=~)-AA  (homochiral)

Scheme 1.11: Schematic to show summaries stereoretentive enantioconvergency

1.4 Project 1: aza-Darzens

In 2001, Wiarthwein and co-workers reported a base-induced dimerisation of a racemic imine
epoxide, which to their surprise exhibited complete heterochiral selectivity in an unsymmetrical
dimerisation (Scheme 1.12).1" The reaction, described by the authors as an aza-Darzens process,
was serendipitously found when trying to perform a base-induced oxirane opening of (+)-1.20 to

form allylic alcohol 1.21.
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Scheme 1.12: Wiirthwein's aza-Darzens dimerisation

The proposed mechanism of this unexpected dimerisation (Scheme 1.13) proceeds via
deprotonation o- to the epoxide of racemate (+)-1.20 affording lithiated species (£)-1.22, which
selectively adds to its antipode in a 1,2-addition step. This adduct then undergoes successive 3-exo-
tet cyclisation to install the aziridine motif ((£)-1.23) and then 3-exo-trig ring opening of the epoxide
to afford the final product ((£)-1.24). To explain the remarkable diastereoselecitivity displayed,
Wiirthwein postulated that an additional lithium ion is chelated between the two epoxides forming
a ‘decalin-like’ 10 membered transition state ((x)-1.25). DFT calculations performed on this
cationic bislithium TS* ((%)-1.25) showed that the heterochiral combination is 6.8 kcal/mol lower

in energy than the corresponding homochiral couple.

1@
Y Y Y Y ILiX o
; LDA/KOt Bu // T~ \zo DFT optimised TS
= = —_— N~ /I
THF -78°C,1h \\H O~ H AG* = 6.8 kcal/mol
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YNJ\ YNJ\ },L‘ N>\

AN
54% H, N U 3-exo-trig H,, N .‘\‘ 3
d.r 100:00 -~ . o)
e.r. 50:50 HO'™ OH O—f=H Y=OLi Ottt >/ H
7 " Y
(+)-1.24 (+)-1.23

Scheme 1.13: Proposed mechanism of the aza-Darzens dimerisation



This aza-Darzens reaction presents an attractive, yet simple system for us to investigate initially to
establish our new concept of stereoretentive enantioconvergency. In addition to the reaction
showing inherent heterochiral selectivity, monomer (z)-1.20 is easily accessed in two steps from a

readily available enal (1.26, Scheme 1.14).

L

o o N
))LH i) epoxidation CQ)LH i) imine formation Og)kH

1.26 (#)-2.1 (£)-1.20

Scheme 1.14: Synthetic route to monomer (£)-1.20

1.4.1 Aims of aza-Darzens Project

To render this reaction enantioconvergent we plan to substitute the achiral base currently used for
a chiral enantiopure alternative to effect an enantioselective deprotonation (Scheme 1.15). As
Warthwein and co-workers utilized a lithium base in their original work, we decided to focus on

chiral lithium amides (CLAS).

The use of CLAs in asymmetric synthesis is well-documented.'® As a versatile class of reagents,
they are able to act as bases, nucleophiles and ligands. Specifically, there are publications reporting
the use of CLAs in enantioselective deprotonations a to epoxides.'® In this project we hope to
exploit this previously reported reactivity and apply it to our system to perform an enantioselective
deprotonation. Hence, this would provide a gateway to the seminal studies towards establishing

stereoretentive enantioconvergency as a novel concept in asymmetric catalysis.

= Mo

0 i) epoxidation
H i) imine formation n _CLA(1 equiv.) S
e . H o ZERMNEEY)
\ 0 ~  How OH
R

R 2~ R
R

1.26 (+)-1.20 1.24

heterochiral dimer
e.r. > 50:50

Scheme 1.15: Stereoretentive enantioconvergent variant of Wiirthwein's aza-Darzens dimerisation
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1.5 Project 2: Diels—Alder

Alongside these studies, we wish to investigate the highly heterochiral-selective Diels—Alder
dimerisation of 2H-pyrans reported previously by Hayashi and co-workers.?%?! While exploring the
utility of Diels—Alder reactions in the synthesis of an epoxyquinol family of natural products,
Hayashi and co-workers noted the heterochiral selective dimerisation as an unwanted side reaction

(Scheme 1.16).

R
%\EWG
HO MnO, of 6n (O (excess)
N CH,Cl, X = neat, rt
fo) le} (e} [4+2]

1.27 1.28 (£)-1.29 (#)-1.31  10-20% 1.30
homo:hetero 49-76%
0:100

(£)-1.32

Scheme 1.16: Hayashi's original Diels-Alder reaction with heterochiral dimer side product (1.31)

Treatment of alcohol 1.27 with manganese dioxide affords aldehyde 1.28, which undergoes a
spontaneous 6m-electrocyclic ring closure to give 2H-pyran (£)-1.29. Treatment with an excess of
a reactive dienophile traps out the 6m-electrocyclisation product giving predominantly adduct 1.30.
Interestingly, a heterochiral dimerization of the 2H-pyran ((£)-1.31) also occurs as a minor reaction
pathway. The remarkable heterochiral selectivity can be explained by sterics, which induce the
highly regio- and endo- selective Diels—Alder self dimerisation. The heterochiral combination
minimises the steric interactions as the methyl substituents on both the diene and dienophile can
occupy space remote to the bond-forming-zone (see proposed transition state (+)-1.32, Scheme

1.16).

As this Diels—Alder reaction shows a preference for the heterochiral dimerisation product

((£)-1.31), it presents an interesting target to potentially prepare in enantioenriched form. The

11



Diels—Alder cycloaddition is a fundamental reaction in chemical synthesis due to its ability to
generate molecular complexity in one simple step through the highly stereo- and regio- selective
nature of the reaction. The application of our stereoretentive concept to this system would constitute

a significant advance in the utility of this ubiquitous reaction.

1.5.1 Aims of Diels—Alder Project

The use of chiral Lewis acid catalysis is well established for Diels—Alder reactions.?>% Given the
inherent substrate controlled heterochiral selectivity we only require the chiral Lewis acid catalyst
to differentiate between the two enantiomeric transition states in order to form an enantioenriched
product (Scheme 1.17). Therefore, we have a plethora of potential catalysts to screen, two of which

are shown below (1.33 and 1.34),24? in hopes of achieving stereoretentive enantioconvergency.

o7 .
_ ,,,LA, . heterochiral dimer
neat, rt e.r. > 50:50
(0]
(+)-1.29

catalysts Me catalysts

i
H R 1.33 1.34

H 3 Me_ Me
5 A '
S) @_( oxazaborolidine | Me Oﬁo Me BOX-ligated
CF3S0; \“N.__0 Me>§/N, NS
1 LU

Scheme 1.17: Stereoretentive enantioconvergent variant of Hayashi's Diels-Alder dimerisation
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Chapter 2: aza-Darzens Results and Discussion

2.1 Synthesis of aza-Darzens Monomer ((x)-1.20)

2.1.1 Route 1: Crotonaldehyde

To establish the chemistry that underpins this project, investigations began with the synthesis of
(x)-N-isopropyl-3,4-epoxy-1-aza-pent-1-ene  monomer ((£)-1.20). Following the previously
reported synthesis by Wirthwein and co-workers,'” we attempted to reproduce their results forming
monomer (*)-1.20, via epoxidation of crotonaldehyde (1.26)%* and subsequent imine formation

(Scheme 2.1).Y7

PN

o} o)
y H,0, (30% w/v)  __FPNHz, 4 AMs |
\ KHCO, (aq., sat.), it, 4h O CHyClp, -10°C > 1t,12h O
65%

no yield stated Wiirthwein's yield
1.26 (+)-2.1 (+)-1.20

Scheme 2.1: Wirthwein's synthesis of monomer (+)-1.20

It should be noted that although the synthesis of epoxide (+)-2.1 must have been achieved by
Wirthwein and co-workers, the details of their method were not featured in the supplementary
information of the paper. Instead the reader was directed to a 1982 paper by Ceroni and Sequin
(Table 2.1, Entry 1).2° Regrettably, we were never able to reproduce the results of Ceroni and
Sequin: the reaction did not go to completion and difficulties in separating the product from the
starting material were encountered (Table 2.1, Entry 1). Attempts at purification by column
chromatography resulted in loss of material and attempts at distillation proved unsuccessful, as the
starting material (1.26) and product ((£)-2.1) had similar boiling points (56 °C/93 mbar and
53 °C/80 mbar respectively).??® Furthermore, due to the volatile nature of these compounds,

significant loss of material during rotary evaporation was an additional complication.

The need to push the reaction to completion to avoid complications in purification became evident.

Using more equivalents of H,O, (Table 2.1, Entries 2-4) resulted in little difference in conversion
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ratios. The best result was obtained when an additional equivalent of H,O, was added after two

hours, but still resulted in a non-negligible quantity of unreacted starting material (Table 2.1, Entry

4). S )
20, [X equiv.] (30% wiv)
H KHCO3 (1 equiv.) H
| H0, rt, 4 h 0
1.26 (£)-2.1
Entry H.O, (X eqUiV.) att=0 H->0» (x equiv_) att=2h 1.26a:(i)-2.1a
1 11 - 11:89
2 2.2 - 25:75
3 3.3 - 31.69
4 11 1.1 9:.91

Table 2.1: Crotonaldehyde epoxidation, 2 ratios determined by 'H NMR spectroscopy

We considered that one possible reason for the reaction not going to completion was insufficient
control of the pH of the reaction; it was later seen that control over pH during epoxidation, of a
similar substrate, was imperative to afford product.® Further attempts to push the reaction to
completion to avoid the purification problems already discussed, by screening alternative reaction
conditions (solvent, reagents, time) were also unsuccessful (Table 2.2). At this stage it was decided
to switch focus to other synthetic approaches (see Sections 2.1.2 page 15 and 2.1.3 page 16).

O [oxidant] equiv. X o
H [Base] H
‘ [Solvent] o

[Temp]

1.26 [Temp] (+)-2.1
Temp Time Oxidant Base ar(1y. o 1a
Entry CC) (h) Solvent (X equiv.) (1 M) 1.26%:(z)-2.1
1 rt 4 H.O H.0, (1.1)  KHCOs 11:89
2 rt 12 H.0 H.0,(1.1)  KHCO; 10:90
3 rt 4 H.0 H.0,(3.3)  KHCO; 31:69
4 rt 12 H.O H.0, (3.3)  KHCO:s 28:72
5 35 48 H.0 t-BUOOH (1.3)  NaOH 21:79
6 t 12 Hzgl_ I)HF H:0,(1.1)  KHCOs 8:92
7 rt 24 Hzgl, I)HF H.0;(1.1)  KHCO; 6:94

Table 2.2: Tested epoxidation conditions of crotonaldehyde, 2ratios determined by *H NMR spectroscopy

14



2.1.2 Route 2: Methyl Crotonate

As the use of crotonaldehyde (1.26) as the starting material had proved more challenging than first
expected, we decided to explore other routes to synthesise monomer (z)-1.20. With not much room
for divergence in a synthesis of just two steps, we envisaged starting the synthesis with methyl
crotonate (2.2). Starting with methyl crotonate (2.2) instead of crotonaldehyde (1.26) gave us an
opportunity to use the alternative oxidant mCPBA (due to the more electron rich double bond) in a
well-documented literature epoxidation and then use reduction chemistry to access monomer ()-

1.20 (Scheme 2.2).%0%

Methyl crotonate 2.2 was successfully epoxidised when refluxed overnight in dichloromethane with
mCPBA to form the corresponding epoxy ester (£)-2.3 in a poor yield with many unidentified side
products.*® However, when the solvent was changed to 1,2-dichloroethane this allowed the reaction
to take place at a higher temperature, and resulted in a cleaner reaction, forming epoxy ester (£)-
2.3 in 59% yield.®* Notably, this epoxidation with methyl crotonate was achieved without running
into any of the previous problems of incomplete conversion, lengthy reaction times or difficulties

in purification found when using crotonaldehyde.

mCPBA
0o CH,Cl, 50 °C, 16 h 0o o}
e 15% v .
(0] (6} H] Reduction
)A - @A i Reducion_ OQAH
2.2 ___ mCPBA | #)-2.3 (#)-2.1

(CH,Cl), 92°C, 12 h
59%

Scheme 2.2: Methyl crotonate route to epoxy aldehyde (+)-2.1

It was envisaged that we would carry out direct reduction of the ester functional group to the
aldehyde using DIBAL-H (Scheme 2.3).32 Unfortunately, when epoxy ester (+)-2.3 was submitted

to the reaction conditions a complex mixture of products was formed.
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o} i) DIBAL-H o

O/ toluene, -78 °C, 2 h H
0 =0
ii) MeOH, -78 °C, 10 min

(£)-2.3 (£)-2.1
NaBH, Swern
MeOH:H,0 (1:1) DMP
0°C,3h j\OH Jones (Cr(Ill))
(0]
(1)-2.4
67%
d.r. 81:19

Scheme 2.3: Reduction of epoxy methyl crotonate then oxidation conditions tested to form (z)-2.1

Thus, we were forced into the lengthier strategy of over-reduction to the alcohol ((x)-2.4) followed
by oxidation back to the aldehyde ((+)-2.1) (Scheme 2.3). Reduction of ketone (z)-2.3 with sodium
borohydride successfully gave alcohol (+)-2.4 in 67% vyield.*® Regrettably, even though different
oxidising conditions were tested (Swern, DMP, Jones oxidation (Cr(111)),%-3¢ we were never able

to isolate the elusive epoxy aldehyde (x)-2.1.

2.1.3 Route 3: Organocatalysis Using Pyrrolidine

With limited success achieved using an alternative starting material, we looked to the use of a
catalyst to help speed up reaction times and improve conversion of the original epoxidation of
crotonaldehyde (1.26). Inspiration came from the work of Cordova et al.*” on the organocatalytic
asymmetric epoxidation of o,B-unsaturated aldehydes using proline derivatives. For our system,

with no need for asymmetric induction, we looked to use pyrrolidine.

Scheme 2.4 shows the proposed, generally accepted, mechanism for the catalytic cycle.®®
Condensation of the pyrrolidine catalyst with crotonaldehyde forms the more electrophilic iminium
ion 2.5. Subsequent nucleophilic [1,4] addition of the peroxide anion gives enamine intermediate

2.6, which undergoes a 3-exo-tet cyclisation to give epoxide 2.7. Hydrolysis of this iminium
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intermediate (2.7) produces the desired epoxy aldehyde (£)-2.1, and regenerates the pyrrolidine

catalyst.

OOH
3-exo-tet

Scheme 2.4: Proposed mechanism of the organocatalysed epoxidation of crotonaldehyde using pyrrolidine

It was found that full conversion could be achieved using just 1 mol% pyrrolidine and leaving the
reaction to stir at rt for 2 days (Table 2.3). After careful removal of solvent and distillation of the
product we recovered epoxide (£)-2.1 in 32% yield (Table 2.3, Entry 6). The lower isolated yield
compared to the observed NMR conversion is attributed to difficulties during purification resulting
in loss of compound.

O [X mol%]

N

o H O
H,0
H 202 H
))L o;)L
CH,Cly, rt, X days

1.26 (+)-2.1
Entry Pyrrolidine (X mol%o) Time (days) 1.26° (¥)-2.1°
1 0.1 5 - 100
2 0.1 4 - 100
3 0.1 3 - 100
4 0.1 2 - 100
5 0.1 1 12 88
6 0.01 2 - 100
7 0.005 2 6 96

Table 2.3: Tested crotonaldehyde epoxidation conditions, 2 ratios determined by *H NMR spectroscopy
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Under this new set of conditions, the epoxidation was successfully achieved with 100% conversion

and the reaction time was reduced from 5 days to 2 days (Scheme 2.5).

Q(‘l mol%) o NJ\

0
H
| H H,0, og)kH i-PrNH,, 4 A MS ;)LH
—_— > 0
CHyCly, 1, 2 days CH,Cly, —10°C > 1t, 12 h

1.26 (+)-2.1 ()-1.20
32% 80%
d.r. 80:20 Td.r. 78:22

22% - no purification in between

Scheme 2.5: Optimised epoxidation and imine formation conditions for crotonaldehyde

The imine formation step in the synthesis of monomer (+)-1.20 proved much easier and we were
able to form the monomer in an excellent 80% vyield, which is higher than that achieved by
Wiirthwein himself (65%).17 Still suffering with similar difficulties in concentrating the crude
epoxidation mixture, we attempted the reaction without purifiying the epoxide 2.1 and achieved a

comparable yield of 22% over the two steps (Scheme 2.5).

2.2 Monomer Derivatives

After finally achieving the successful synthesis of monomer (z)-1.20 we looked to the possibility
of forming other structural variants. It was anticipated that using less volatile starting materials
would present fewer problems in terms of handling and purification. It would also be beneficial to
have access to differently substituted monomers (both in terms of varying the substitution of the

epoxide and alternative imine groups) for exploring the potential scope of the dimerisation reaction.

2.2.1 trans-Hexenal

trans-Hexenal (2.8) was selected and the previously described synthesis of monomer (z)-1.20 using
organocatalysis for the epoxidation proved easily amenable, forming the epoxide (£)-2.9 in 21%
yield, under unoptimised conditions. The subsequent imine formation was achieved in 61% yield

to afford us our first substituted monomer (%)-2.10 (Scheme 2.6).
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O (1 mol%) o NJ\

0] N
H H,0 A
202 H i-PrNH,, 4 A MS
H o 2 o H
CH,Cly, rt, 2 days CH,Cly, -10 'C > rt, 12 h
2.8 (+)-2.9 (+)-2.10
21% 61%
d.r. 86:14 d.r. 81:19

Scheme 2.6: Optimised epoxidation and imine formation conditions for trans-hexenal

2.2.2 Cinnamaldehyde

The complications encountered obtaining a pure epoxidation product with the two previous
aliphatic enals (1.26, 2.8) encouraged us to try an aromatic enal. Cinnamaldehyde (2.11) is an
aromatic enal which has a high boiling point (125 °C/ 27 mbar).*® Our decision was reinforced by
literature, as the epoxidation of cinnamaldehyde is also a well-documented transformation with a

variety of conditions available to try.*#

R = Me R =Ph

HoN
e
H -0
3-exo-tet o H YoH 3-exo-tet
" R
A "
YN +
N

H,
0 H OLi

e
(#)

no o protons
NJ\ (#)-2.12

NI

H, N
Ho§u>—OH
V

(£)-1.24

Scheme 2.7: Proposed product for the dimerisation of cinnamaldehyde derived monomer ((£)-2.12)
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We knew that by using an aromatic enal the dimerisation product formed would be unable to
undergo the final 3-exo-trig opening of the epoxide as no a-hydrogens are available to deprotonate
(Scheme 2.7). However we were hopeful that the dimerisation may still form with the final product

sitting as the epoxide (()-2.12).

The first set of conditions for the epoxidation of cinnamaldehyde tested were successful and the

product ((£)-2.13), as predicted, was a lot more robust to different purification methods (Scheme

e} o}
H,05 (30% wiv)
H H
| KHCO; (aq., sat.), t,4h O
Ph Ph
2.11 (+)-2.13
18%

Scheme 2.8: Cinnamaldehyde epoxidation using Wirthwein's original conditions

2.8).

Although epoxide product (+)-2.12 was now stable to silica, simplifying purification, a further
complication was met when we isolated a large amount of a side product. This side product was
identified to be benzaldehyde, and was first reported by Wright and co-workers in the kinetic studies
of the epoxidation of cinnamaldehyde.** Benzaldehyde is believed to be formed by three possible
fragmentation reactions (Scheme 2.9) of both the product ((£)-2.13) and starting material ((x)-
2.11). With both the concentration of hydroxide and peroxide anions contributing to the amount of

side product formed, alternative bases and oxidants were investigated.

oM 69 H o}
3-exo-tet fragmentation
o — o o H
[ON
V}a [OH
(+)-2.13 OOH
H 6@ H 0
o 3-exo-tet “N ke retro aldol
—_— —_—
o] o] H
Z/W OH
S
(1)-2.13 OH
S}
OH O
H Michael O> H i
WO oxa-Michae A ? retro aldol : )kH

()-2.11

Scheme 2.9: Potential mechanisms for formation of benzaldehyde in the epoxidation of cinnamaldehyde
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As mentioned before, the epoxidation of cinnamaldehyde has been performed under a wide range

of conditions. Table 2.4 summarises our efforts to suppress benzaldehyde formation, including the

use of non-aqueous bases and alternative oxidants to hydrogen peroxide.

[Oxidant] o
[Base]
H
))k [Solvent]
[Time]
[Temp] (£)-2.13
Temp . Oxidant (X b
Entry ¢0) Time (h)  Solvent equiv.) Base Results® Ref
1 rt 2 DMSO t-BuOOH (1.3) BusNF 4% 4
2 rt 12 DMSO t-BuOOH (1.3) BusNF 6% 4
3 rt 24 DMSO t-BuOOH (1.3) BusNF 14%
4 rt 48 DMSO t-BuOOH (1.3) BusNF 18%
5 0-rt 24 H.0 H20; (1.1) Na,CO3 10% %
6 35 48 MeOH t-BuOOH (1.3) NaOH (1 M) 3%
7 35 72 MeOH t-BuOOH (1.3) NaOH (1 M) 332% ®

Table 2.4: Tested conditions for cinnamaldehyde epoxidation, ° yields determined by *H NMR

spectroscopy

The most promising result was found with the use of tert-butylhydroperoxide in combination with

NaOH as the base (Table 2.4, Entry 6), which afforded epoxide ()-2.13 cleanly in 37% vyield.

This was followed by the literature reported imine formation using isopropylamine and magnesium

sulfate as a dehydrating reagent (Scheme 2.10) forming ()-2.14 in an excellent yield of 91%.

Scheme 2.10: Optimised epoxidation and imine formation conditions for cinnamaldehyde

=

2.1

Ph

+BuOOH, NaOH (1 M)

A

MeOH, 40 °C, 48 h

37%
d.r. 79:21

o)
i~PrNH,, MgSO,4 ‘L
_— W
O;)k"' CH,Cly, 1t, 2 h o;' H
Ph

Ph 91%

(£)-2.13 (£)-2.14
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2.2.3 Alternative Imines

We also investigated the possibility of varying the imine moiety of the imino epoxide. For derivative
synthesis other low molecular weight primary amines were used. This meant that an excess of amine
could be used which could be removed under reduced pressure, including; tert-butylamine (2.15)
and cyclopropylamine (2.16) (Scheme 2.11). We were able to successfully form the tert-butylamine
analogue ((£)-2.17) in a 55% yield. However, complications arose in the initial investigation using
cyclopropylamine (2.16), conducted by Dr David Jones, and further optimisation is required to

obtain a second imine variant.

AN V 2.16 \4/ 2.15 NJ<

N NH, o NH,
9y MgSO, ’ MgSO, . "
O CH,Clp, i, 2h O CHayCly, 1, 2 h

0% 55%
() ()-2.1 (£)-2.17

Scheme 2.11: Alternative amines used for imine condensation reaction for form imino epoxides variants

2.3 aza-Darzens Dimerisation

In Wiirthwein’s original paper,” he describes the protocol for performing the dimerisation using
Schlosser’s base,**“® but later mentions that the same result occurs with just the use of LDA.

However, he does not provide a detailed method for how he achieved this.

Initial investigations followed the only dimerisation procedure reported, namely that involving
Schlosser’s base with crude (£)-1.20 (due to prior difficulties in acquiring enough starting material)

(Scheme 2.12).

LDA (1.0 equiv.)
KO'Bu (1.0 equiv.)

THF, -78 °C, 80 min T b

EHANS
H — VAN H
OQ)L HOwﬁ—OH CQ)L

LDA (1.0 equiv.) /
(£)-1.20 - .
crude material THF, 78 °C, 80 min (£)-1.24 (£)-2.1XX

Scheme 2.12: Dimerisation conditions tested
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This was unsuccessful with only the hydrolysed imine ((x)-2.1) recovered from the reaction
mixture. Attempting the dimerisation using LDA as the base initially gave the same unsuccessful

result.

There are several possible reasons for the failure of these reactions ranging from purity of the
monomer, to the presence of moisture in the reagents, solvents or nitrogen line. With a scalable
synthesis and purification protocol of monomer ((£)-1.20) being developed, we could now rule out
the problem of insufficient purity of the starting monomer. After attaching a drying tube to the
nitrogen line and conducting a test lithiation reaction, we could also rule out the possibility of

moisture in the nitrogen.

N i) LDA (1 equiv.) NJ\ NJ\

THF, -78 °C, 20 min H ii) Mel, =78 °C, 60 min
;)kH [ —— 9) o) H
(e} )
Li Me

(£)-1.20 (£)-2.18

Scheme 2.13: Attempted quenching of lithiated species formed ((+)-2.18) with methyl iodide

We proceeded by trying to trap the anion formed after deprotonation for evidence of its existence.
This was done conducting the deprotonation and then quenching with methyl iodide to prove the
formation of lithiated intermediate (£)-2.18 (Scheme 2.13), but this just resulted in an unidentifiable

mixture.

Finally, after freshly distilling all reagents and solvents success occurred when using LDA as the
base. The crude reaction mixture was purified using column chromatography and we were able to
acquire full characterisation, develop a chiral HPLC assay, and grow high quality crystals for this

to gain an X-ray crystal structure of the dimeric product (Figure 2.1, Spectra 2.1).

23



unreproducible
and capricious

NJ\ n-BuLi (1 equiv.)

i-ProNH (1 equiv.) ’
TR V) .
o} H THF, =78 5 0°C  HO'
80 min

(£)-1.20 36%
e.r 50:50

(£)-1.24

Figure 2.1: aza-Darzen dimiersation and X-ray crystal structure and chiral HPLC trace (£)-1.24 products.

Peak at 3.9 min believed to be due to degradation of product while on chiral column.

6\5/6')9\
N .
o el P
< _.OH
1/2 12
(£)-1.24
10, 10°
12 .
6,6
4
8 2 lcisltrans 3 11 9 5
i I JLJM
g T T T T EX) T odes
50 75 70 65 6o  ss  so 45 40 35 30 25 20  1is o os

Spectra 2.1: *H NMR spectrum of dimerisation product (+)-1.24 (CDCls, 600 MHz)

The highly temperamental and sensitive nature of the dimerisation made it difficult to draw reliable

conclusions from subsequent reactions performed using chiral reagents or alternative monomers.
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It was not until we investigated the effect of varying the equivalents that we developed a robust
protocol for the dimerisation reaction. By changing the equivalents of LDA to two not only

improved the reliability of the reaction but also the isolated yield.

While investigating the effect of varying the equivalents on the reaction it was also noted that when
using a substoichiometric amount of LDA a different dimeric product was formed (Scheme 2.14).
Dimeric product (+)-2.19, was found to be the sole product of the reaction which still proceeded
through an aza-Darzens reaction exhibiting complete heterochiral selectivity. Clearly, without the
excess base the final 3-exo-trig cyclisation cannot occur to give the allylic alcohol dimer product

((£)-1.24), instead this results in the epoxide being recovered as the primary product (()-2.19).

Y J\ n-BuLi (2 equiv.) NJ\ n-BulLi (0.95 equiv.) Y NJ\ 3 Y NJ\ §

i-ProNH (2 equiv.) i-Pr,NH (0.95 equiv.) AN 3 H, A\ 3

B S E— —D> N H i :

HO- OH THF, 7850°C O H o tvE 7850°C O;Aro ' Hon OH
Y 4h 4h ' Y ;

54% ( 28%

- +)-1.24-
e.r 50:50 e.r 50:50 (#)-2.19 )

i desired product

(£)1.24 +)-1.20

Scheme 2.14: aza-Darzens reaction using 0.95 and 2.0 equivalent of LDA to give dimeric epoxide product

It was also noted that facile imine removal was possible when subjecting the final dimeric product

((x)-1.24) to mildly acidic conditions, to form aldehyde (+)-2.20 (Scheme 2.15).

s o
H,, N U silica gel H,, N U
HOO_OH CHoCly, 1t, 4 h HOO_OH
Y 92% Y
(£)-1.24 (£)-2.20

Scheme 2.15: Hydrolysis of imine (+)-1.24 under mild acidic conditions

With a robust protocol now in hand for performing the dimerisation and controlling the products

we now moved to the key step of this project.
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2.4 Chiral Reagents or Additives

As described before, the success of this project depends on the ability to perform an enantioselective
deprotonation to render the previously reported dimerisation convergent. Wirthwein and co-
workers originally employed LDA in their dimerisation protocol and the obvious chiral variant of

this would be chiral lithium amides (CLAS) (Figure 2.2a).

‘b
) CH3 CH3 (_:H:3 ! ) \
AN ‘
Ph” N Ph Ph” N CF, N N
Li Li |_‘I
| s-Bu
A B : (-)-2.21
example chiral lithium amides ; s-BulLi/(—)-sparteine ;

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.2: Potential reagents to perform an enantioselective deprotonation a) CLAs and b) s-BuL.i/(-)-

sparteine ((-)-2.21)

The use of CLAs in asymmetric synthesis was independently introduced Whitesell*” and Duhamel®
in the early 1980s, which has resulted in it becoming a valuable tool for the chemical community.
CLAs are primarily used as chiral bases, having been shown to be able to discriminate between
enantiotopic and diastereotopic protons. Therefore, CLASs appeared a good starting point for our
investigations into enantioselective deprotonations.®® We highlighted two particular CLAs of
interest (Figure 2.2a) for their previous use in enantioselective deprotonations of epoxides to form

allylic alcohols.®

We also felt that organolithium reagents, in the presence of (-)-sparteine ((-)-2.21), could act as
potential alternatives to CLAs (Figure 2.2b). Enantiopure organolithium aggregates can be seen to
form in the reaction between sec-butyllithium and (-)-sparteine ((-)-2.21). The use of (-)-sparteine
((-)-2.21) (Figure 2.3a) and diamine surrogates (Figure 2.3b) for a-deprotonation of epoxides is
well noted in the literature.!® Particularly noteworthy is the work of Hodgson and co-workers,* in
the work of desymmetrising meso-epoxides (2.22) via direct deprotonation-electrophile trapping at

the unsubstituted terminus to afford chiral epoxides (2.23, Figure 2.3c).
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(-)-sparteine (2.21) ' (-)-sparteine surrogate
c)
/<(1) s-BuLi/(-)-sparteine /<ODE electrophile = D,0, Me3SiCl,
R electrophile R Bu3SnCl, aldehydes, ketones
2.22 2.23 and amides
R =aryl

Figure 2.3: Diamines used for enantioselective deprotonations: a) (-)-sparteine and b) (-)-sparteine
surrogate ¢) Hodgson's deprotonation-electrophile trapping of unfunctionalised terminal epoxides with s-

BuL.i/(-)-sparteine

2.5 Screen for Enantioconvergency

Our initial screen of conditions focused on the varying the chiral amine used in the reaction. We
selected a range of structurally different chiral amines (Figure 2.4) including: Simpkins-type bases
(A and B),%>*2 their derivatives (C), diamines (D), Koga-type bases (E and F),*** a proline
derived chiral amine (G)*8 and sec-butyllithium/(-)-sparteine (H).%® These different classes of

base were also chosen for their ease of synthesis or their commercial availability.

CH3 CH,

Ph" N7 Ph Ph

tBu\

P!

Figure 2.4: Chiral amines used in aza-Darzens dimerisation

Chiral amine B was chosen as the first enantiopure reagent to synthesise due to its relatively simple

four-step synthesis from commercially available starting materials.
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. : 0 i) BHa.THF :

. CF3COOEt : NXCF THF, 0> 70 °C, 10 h O~
NH2 g min H * > ” CFs
0°C 1t ii) HCI (MeOH, 20%) 2
96% MeOH, 0 — 65 °C, 3 h
2.24 ° 2.25 81% 2.26
NaHCO;
87%
©/\N CFs < /MBuli ©/\N/\CF3
i H
2.27 B

Scheme 2.16: Synthesis of chiral lithium amide precursor B

Using the chiral pool strategy developed by Koga and co-workers (Scheme 2.16),%
(s)-methylbenzylamine (2.24) was trifluoroacetylated under neat conditions to afford chiral amide
2.25 inan excellent 96% yield. Amide 2.25 was then reduced using a borane-THF complex solution
and then treated with acid to form the ammonium chloride salt 2.26 in 81% yield. Deprotonation of
the salt under mild conditions gave the amine B, the precursor for the desired CLA (2.27), in 87%
yield. From this bench stable precursor the CLA 2.27 can be formed in situ by lithiation with n-

butyllithium when required.

NJ\ CLA X (2 equiv.) \N(NJ\

n-BuLi (2 equiv.) Hi. /o
_n-Buli (2 equiv.)
CQ)LH THF, —78°C,4h  HO" OH
/

(£)-1.20 (2)-1.24
Entry  CLA (2 equiv.) er. Yield
1 A 82:18 57%
2 B 76:24 40%
3 C trace amount -
4 D no dimer n/a
5 E 72:28 46%
6 F no dimer n/a
7 G no dimer n/a
8 H no dimer n/a

Table 2.5: Chiral bases used in aza-Darzens dimerisation

For the primary screen of inducing enatioconvergency the chiral lithium amide was made in situ,

via the addition of n-butyllithium to the chiral amines at —78 °C in THF. Imino epoxide (z)-1.20
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was added dropwise at —78 °C to the chiral lithium amide and the reaction was slowly warmed to 0
°C. Each reaction was purified via column chromatography to get a clean sample of the dimer and
to recover the chiral base used. The e.r. of the dimer was then determined using chiral HPLC
(Chiralpak 1D column, 100% hexane, 0.8 mL/min). The results of this are summarised in Table

2.5.

From these early studies we discovered that three chiral lithium amides were compatible with the
aza-Darzen dimerisation (Table 2.5, Entries 1,2,5). The best result was found when using
Simpkins’ first generation CLA (A), which gave the dimeric aziridine product in a 57% yield and
e.r. 82:18 (Table 2.5, Entry 1). This was the baseline result for systematically varying the other
conditions of the reaction including; temperature, time, equivalents, solvents and potential additives

to the reaction, of which the results are summarised in Table 2.6.

NJ\ CLA A (X equiv.) \( NJ\

n-BuLi (X equiv.) H N U
additive X L N\
o H Solvent, X °C, X h  HO"" OH
/
(£)-1.20 (2)-1.24
Entry 'I;E:;:n)p Solvent (Zi:fi\v.) Additives T('r?)]e er. Yield Ref
1 —78 THF A - 4 82:18 57% -
2 -78 toluene A ) 4 trace - -
amount
3 ~78 MTBE A - 4 nodimer nla -
4 —78 Et,O A - 4 77:23 39% -
5 78  2-M-THF A - 4 17:83 51% -
6 -78 THF A HMPA 4 no dimer nfa
7 -78 THF A TMEDA 4 80:20 47% o
8 -78 THF A LiCl 4 86:14 51% 62
9 78 THF A 12-crown-4 4 80:20 49% -
10 -78 THF A - 16 75:25 51% -
11 -78 THF A - 4 85:15 44% -
12 -40 THF A - 4 61:39 52% -
13 -90 THF A - 4 86:14 52% -
14 -95 THF A - 4 90:10 56% -
15 -100 THF A - 4 80:20 52% -
16 95 THF A (1 equiv.) - 4 nodimer n/a -
17 -95 THF A LiCl 4 nodimer n/a -
18 -95 THF A (1 equiv.) LiCl 4 84:16 42% -

Table 2.6: Screen of conditions used in aza-Darzens dimerisation
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We started by trialling a range of closely related solvents both in terms of structures and polarity
parameters including toluene, MTBE, Et,0O and 2-M-THF (Table 2.6, Entries 3-5). The effect of
using toluene as the solvent was also investigated (Table 2.6, Entry 2), as toluene and THF are the
most frequently employed solvents used in chiral lithium amide deprotonations.®® Though none of
these alternative solvents improved the initial hit with THF, there was an intriguing result when the
methylated congener (2-M-THF) was used as the solvent. A divergent enantioselectivity was
observed, e.r. 17:83, using 2-M-THF as the solvent (Table 2.6, Entry 5). This is a noteworth result
as structurally 2-M-THF is chiral, although used in racemic form as a solvent. Similar solvent
effects have been reported previously by Shibasaki and co-workers when investigating

enantioselective nitroaldol reactions.5

We later looked at the possibility of using additives to improve enantioconvergency. Using
additives in combination with chiral lithium amides is well documented in literature.®-62 They
function by disrupting or altering the configuration of the lithium aggregates formed in solution.®
These aggregates are important as they exert a strong influence on the stereochemical outcome of
a reaction. When polar additives like HMPA and TMEDA were added to the reaction it had a
detrimental effect on the enantioselectivity of the reaction (Table 2.6, Entries 6 and 7), with no
reaction occurring with the addition of HMPA. However a beneficial salt effect was observed with
the addition of a lithium halide to the reaction, e.r. 86:14 (Table 2.6, Entry 8). 12-crown-4 ether,
which is known to show a high selectivity for lithium cations in solution, was also added to the
reaction (Table 2.6, Entry 9). This proceeded with a slightly diminished e.r. of 80:20, but was
performed to see if the elimination of lithium ions in solution had an effect on e.r.. We were unable
to ascertain if all of the lithium cations bound to the crown ether during the reaction, so we cannot

comment further on this result.

The effect of temperature on the e.r. of the reaction was then investigated. Conducting the reaction
at a higher temperature (—40 °C, Table 2.6, Entry 12) resulted in decreased enantioselectivity.
Whereas further cooling the reaction temperature below -78 °C led to an increase in
enantioselectivity (Table 2.6, Entries 13 and 14). Attempting to perform the reaction at —100 °C
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(Table 2.6, Entry 15) lead to a decrease in e.r. (80:20). This is likely attributed to solubility issues
at these lower temperatures causing the reaction to become heterogeneous. The e.r. of the reaction
peaked at 90:10 when performed at —95°C (Table 2.6, Entry 14, Scheme 2.17), and this
represented the best result achieved comepleting the first ever stereoretentive enantioconvergent

reaction.

NJ\ CLA A (2 equiv.) \N( NJ\
H’/,

n-BuLi (2 equiv.) e.r. 90:10
O;)LH THF, -78°C,4h  HO" OH 56%
/

(£)-1.20 (£)-1.24

Scheme 2.17: First recorded stereoretentive enantioconvegent dimerisation

2.6 Conclusions

During the course of this project many unforeseen difficulties were encountered from the outset.
The majority of these difficulties stemmed from the high volatility and low molecular weights of
the compounds required in this synthesis, causing significant loss of material and difficulties in

purification.

After screening various conditions and trialling alternative routes (Sections 2.1.1-2.1.3, pages 13-
18) to form epoxide (*)-1.26, our efforts were finally rewarded. Monomer (£)-1.20 was formed
through an organocatalysed epoxidation, in 22% vyield (Scheme 2.18) and the methodology
developed, was applied to a further two substituted derivatives ((£)-2.10, (£)-2.14, Sections 2.2.1-

2.2.2, pages 18-21).

fo) Qm mol%) o) NJ\

H

/HkH H,0, Cg)kH i-PrNH,, 4 A MS ;)kH
— o
CHoCly, 1, 2 days CH,Clp, -10 'C > 1t, 12 h

1.26 (1)-2.1 (+)-1.20
32% 80%
‘ d.r. 80:20 Td.r. 78:22

22% - no purification in between

Scheme 2.18: First recorded stereoretentive enantioconvegent dimerisation reaction
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We found the nature of the aza-Darzens dimerisation to be highly capricious. With the purity of

reagents and the dilution of the reaction having a large impact on the outcome of the reaction.

Screening a range of different CLA (Table 2.5, page 28) gave an initial hit of ennatioselectivity
(82:18 e.r.) in the dimerisation (Table 2.5, Entry 1, page 28). This was later optimised through
trialling a wide range of different conditions (Table 2.6, page 29). Leading to the optimised
conditions for performing the first ever enantioselective stereoretentive dimerisation in a 56% yield

and 90:10 e.r. (Scheme 2.19).

NJ\ CLA A (2 equiv.) T NJ\
H//,

n-BuLi (2 equiv.) o e.r. 90:10
o H  THF _78°c,4n HOm OH 56%
Vi

()-1.20 (+)-1.24

Scheme 2.19: First recorded stereoretentive enantioconvegent dimerisation reaction

2.7 Future Work

The future of this project would be to focus on trying to test the versatility of the enantioselective
stereoretentive aza-Darzens reaction, by looking towards using variants of the imino epoxide

monomer.

Having already synthesised a range of alternative monomers including the use of an alternative
imine group ((x)-2.17) and varying the substitution of the epoxide ((%)-2.10 and (%)-2.14),
conditions could be investigate to perform the heterochiral selective dimerisation (Scheme 2.20).

If successful this may also lead to a further improvement of the enantioselectivity of the reaction.

S N

Scheme 2.20: Alternative imine epoxide monomers synthesised
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Furthermore, we plan to apply this new concept to other heterochiral selective dimerisations, with
the aim of establishing this novel enantioselective stereoretentive approach as method for dealing

with dimerisations of racemic starting material.
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Chapter 3: Diels—Alder Results and Discussion

3.1 Synthesis of Diels—Alder Monomer

Studies were conducted towards a stereoretentive enantioconvergent Diels—Alder dimerisation

(Scheme 3.1). This began with the synthesis of precursor monomer 1.27.

A [O] =
OH 0
1.27 (+)-1.29 (+)-1.31
heterochiral dimer
e.r. >50:50

Scheme 3.1: Proposed stereoretentive enantioconvergent Diels—Alder dimerisation

3.1.1 Route 1: Hayashi’s Original Route

Hayashi and co-workers reported the formation of Diels—Alder precursor 1.27, starting from 3.1 in
a 9 step synthesis with a 12% overall yield (Scheme 3.2).%! The route proceeded through the
converision of 1,3-cyclohexanedione (3.1), to the corresponding sulfoxide (3.2). The sulfoxide (3.2)
was able to undergo a Pummerer rearrangement followed by a hydrolysis to afford aldehyde (3.3).
Reduction of both carbonyls was achieved using Luche conditions, to give di-alcohol 3.4. The
primary alcohol of 3.4 was protected with a TBS group and the secondary alcohol was reoxidised
to the ketone (3.5). Compound 3.5 was then iodinated to form a suitable coupling partner for a
Suzuki—Miyaura cross coupling reaction (3.6) used to install the propenyl group. Subsequent

alcohol deprotection completed Hayashi’s synthesis of the monomer precursor (1.27).

0 [e) o) double OH
sulfoxide Pummerer Luche
formation 0 rearrangment reduction
————————— - g e o R et oH
OFt “Ph then
hydrolysis \
3.1 3.2 3.3 3.4
0 i) Suzuki- 0 o 1° OH '
Miyaura | protection
éi/\/ coupling iji/ iodination é\/ and oxidation
B R ----------- R L]
OH ii) deprotection OTBS OTBS
1.27 3.6

Scheme 3.2: Hayashi's synthesis to monomer precursor 1.27
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As the main focus of the project was to establish our new concept of stereoretentive
enantioconvergency, we decided to simply follow Hayashi’s original route to the monomer
(Scheme 3.2). The synthesis began with the preparation of B-keto enol ether 3.1. Hayashi’s original
route of heating 1,3-cyclohexanedione (3.7) in toluene with ethanol and a catalytic amount of
para-toluenesulfonic acid had a lengthy reaction time and resulted in a unsatisfactory yield (25%)
(Scheme 3.3).%6 However, etherifications of cyclic B-diketones in an alcoholic solvent with a
catalytic amount of iodine has been shown to afford -keto enol ethers cleanly and in very high
yields, with iodine acting as a weak Lewis acid catalyst.®” Diketone 3.7, in the presence of iodine
and ethanol, was etherified to give the desired B-keto enol ether (3.1) in a 90% vyield. lodine is a

necessary additive in this etherification reaction as without it no reaction is seen to occur even after

O o (0]
OEt PhMe, 110 °C, 16 h 0 EtOH, rt, 3 min OEt

3.1 3.7 3.1
25% 90%
[14] [10 g]

24 hours.

Scheme 3.3: Methods trialled for the etherification of 1,3-cyclohexanedione (3.7)

The etherification reaction was scaled up successfully, and we continued to follow Hayashi’s route
by converting 3.1 into thioether 3.8 via the in situ deprotonation of thioanisole with n-butyllithium
(Scheme 3.4). The carbanion formed undergoes a Michael addition to the a,B-unsaturated carbonyl
and eliminates ethoxide to give 3.8. In our hands, the reaction proceeded with a lower yield than

Hayashi reported (49% vs. 71%), although the reaction was only performed twice.

PhSMe

o} o}
Q DABCO
Ip (3 Mol%) n-BuLi (1.6 M)
_2(3mol) __n-Bulit.6M) -
EtOH, rt, 3 min THF, 0°C > t, 15 h s,
o OEt Ph
3.7 3.1 3.8
90% 49%
[22.8 g] [3.4 g]
o] o 0
TFAA
2,6-lutidine o.,0 9 mCPBA
Piiionnl S o < MCPBA |
O CH,CI,, 0°C, 1h “Ph S~Ph CH,Cl,, 0°C
33 H 3.65 3.2 th
82%
[2.1 g]

Scheme 3.4: Hayashi’s forward synthesis starting from 1,3-cyclohexanedione (3.7)
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To form the desired sulfoxide (3.2), an oxidation with m-CPBA was performed. During these early
investigations, the product of this reaction was initially misassigned as sulfoxide 3.2, but sulfone
3.65 was yielded instead due to overoxidation. The *H and *C NMR spectra of the corresponding
sulfoxide (3.2) and sulfone (3.65) would likely be very similar and thus leading to our
misidentification. Using mass spectroscopy, we detected a mass ion corresponding to the desired

sulfone (3.2), but this is now attributed to a trace impurity.

Due to obtaining the sulfone 3.65 as the major product, we were unable to perform Hayashi’s
Pummerer rearrangement of sulfoxide 3.2, to introduce the required formyl group at the 3-position.
We were unable to obtain conclusive evidence for the formation of any intermediates in the

Pummerer rearrangement we decided to pursue alternative routes to monomer precursor 1.27.

3.1.2 Route 2: Dithiane Chemistry

Another potential route to form the key aldehyde intermediate (3.3), would be using dithiane
chemistry. First discovered in 1965 by Corey and Seebach this reaction provides a synthetic trick
to add a masked aldehyde to the a,B-unsaturated system through a simple [1,4]-Michael

addition.”®"

The chemistry works by inverting the natural polarity of the aldehyde C=0 bond from electrophilic
at carbon to nucleophilic, via the dithiane moiety (Figure 3.1). This umpolung effect works by

utilising sulfur’s ability to stabilise a-carbanions through negative hyperconjugation.”

06 ! d 555 or mﬁg ov @Z?fs
Le : X sest = g, ¥
H” H 1 H H , H™ L H
1 Li nc—6*c.s
natural polarity Umpolung effect - inverse polarity

Figure 3.1: Natural Polarity of carbonyl bond vs. inverted polarity of dithiane via the umpolung effect

using negative hyperconjugation

Using this chemistry would allow the conjugate addition of a dithiane group which could be

converted into the desired unsaturated aldehyde product (3.3) through an oxidative hydrolysis
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(Scheme 3.5). By starting with commercially available 2-cyclohexen-1-one (3.12), the
1,3-dithiolane can be added in a Michael-type fashion in the presence of a base. The resulting
enolate can be trapped with trimethylsilyl chloride to give compound 3.13 or quenched to give the

dithiane adduct (3.14) directly. Dithiane 3.14 can then be oxidised to unmask the desired conjugated

aldehyde (3.3).”
_TMS o o
OOl o Qg = Ol
J L/
3.12 3.13 3.14 3.3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 3.5: Proposed route to aldehyde 3.3 using dithiane chemistry

We began trying to synthesise the dithiane adduct (3.14) directly (Scheme 3.6a). This involved
reacting enone 3.12 with 1,3-dithiolane and n-butyllithium in the presence of HMPA. HMPA
(Scheme 3.6b) is commonly employed as an additive in reactions to promote the disruption of
lithium aggregates.” It also has the ability to selectively solvate the lithium cations through the
basic nitrogen and oxygen atoms, which can help to accelerate Sy2 reactions through forming more
naked anions.” Furthermore, Brown and co-workers found that HMPA is crucial for achieving the

required [1,4]-regioselectivity in the nucleophilic addition.”

a) o HMPA 0 ' b)

1,3-dithiolane 1 fo)
n-BuLi (1.6 M) 1 '\:\' /
' —N-R™N
THF,-78 > 0°C, 6 h s : NN

533 /

3.12 3.14

Scheme 3.6: a) Conditions trialled to add 1,3-dithiolane to 2-cyclohexen-1-one (3.12) via Michael

addition b) structure of hexamethylphosphoramide (HMPA)

In 1999, Reich and co-workers determined that the regioselectivity of nucleophile addition to the
enone is governed by the structure of the ion-pair interaction of the lithium cation and the dithiane
anion.’ Contact-ion pairs (CIP) with a tight C—L.i association typically give [1,2]-addition, whereas

solvent-separated ion pairs (SSIP) give predominately give [1,4]-addition (Figure 3.2).”” Due to
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HMPA’s selective ability to solvate lithium ions it forms a SSIP interaction producing a weaker C—
Li bond, which causes the charge of the carbanion to delocalise and form a soft ion. This results in
the ion orientating itself at the preferred ‘soft’ end of the a,p-unsaturated system and therefore

reacting in the 4 position.

@0 | @%°
3 contact ion pair ‘ solvent-separated ion pair ‘
(CIP) } (SSIP) ‘

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.2: Contact ion pair (CIP) vs solvent separated ion pair (SSIP) diagram for lithium association

Unfortunately, after many attempts, the dithiolane addition resulted in only recovered starting
material. Due to the high reactivity, basicity, and polarity of the organolithium species involved
many side reactions can occur and the species is easily quenched with any adventitious moisture
present in the reaction.” This can result in poor yields and unreacted starting material. Furthermore,

2-lithio-1,3-dithiane species are incredibly sensitive to autoxidation.”

The reaction was also performed in the absence of HMPA to see if we could get the [1,2]-addition
product (3.15) instead (Scheme 3.7, reaction 1). If successful, this reaction would have indicated
that the HMPA may have been of low purity or had a high moisture content. Regrettably, however,

this control reaction also resulted in just recovered starting material.

To discover whether the enolate was formed at all during the reaction we added the quenching
reagent of trimethylsilyl chloride so we could isolate the intermediate silyl enol ether (3.13)
(Scheme 3.7, reaction 2). For a third successive time this reaction resulted in only recovered

starting material.

In an attempt to avoid the problems associated with such a reactive organolithium species we also
tried to perform the reaction with the diorganozinc variant, which acts as milder, less reactive

dithiane anion (Scheme 3.7, reaction 3).2°
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HMPA
s ) TMSCI

O
HO, S 1,3-dithiolane 1,3-dithiolane
1 n-BulLi (1.6 M) é n-BuLi (1.6 M) 2
_—— _ mBubifioM)
THF, -78 - 0°C,6 h THF -78 - 0°C,6h \S>

3.15 3.12 3.13

Kﬁ THF/NMP (1:1)

S S -30°C > rt
> TMSCI
H )2Zn
3.16
O/TMS
U
3.17 S\j
3

Scheme 3.7: Reactions of cyclohexenone with different molecules dithiane

The diorganozinc species is made in situ by simply transmetallating the organolithium reagent 3.16
with zinc bromide. To promote the required [1,4]-addition, NMP is added and it also acts as a co-
solvent for the reaction. In another attempt to trap the enolate intermediate, trimethylsilyl chloride

was used, but again with no success of forming the desired dithiane adduct (3.17).

After unsuccessfully trying a variety of different reaction conditions to form the dithiane adducts
(3.15, 3.13 and 3.17), it was decided to stop work on this synthetic strategy. Instead, we would

explore alternative disconnections to make the Diels—Alder monomer precursor (1.27).

3.1.3 Route 3: Birch Reduction

Another possible route explored for the synthesis of the monomer precursor 1.27 utilised a Birch

reduction as the key step.

\O \O . . \O
directed B(OH), Suzuki-Miyaura
_ortho lithiation ___coupling S
OR boronic acid quench OR OR
Birch reduction Birch reduction Birch reduction
¥ Y ¥
(o) o . o
X Suzuki-Miyaura
iodination coupling X
———————— - LT Y
OR OR OH
1.27

Scheme 3.8: Possible routes to monomer precursor 1.27 via Birch reductions (R = H/PG)
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The Birch reduction is a [1,4]-reduction of an aromatic compound to the corresponding
unconjugated cyclohexadiene by solvated electrons formed in situ from alkali metals (Li, K, Na)
dissolved in liquid ammonia in the presence of a proton source.®! The regioselectivity of the
reduction depends on the nature of the substituents on the aromatic ring. It has been noted that
performing the Birch reduction on an aromatic compound with an EDG present e.g., a methoxy
group, without a source of protons present triggers the conversion to an a,B-unsaturated ketone.®
Therefore, the Birch reduction provides us with an ideal route to form the central a,p-unsaturated
ketone moiety needed in monomer 1.27 (Scheme 3.8). Furthermore, starting with an aromatic
molecule could allow the early installation of the alkenyl group by using a directed ortho-lithiation
and boronic acid guench, which could also later aid in diversification with substrate and reaction

scope.

Investigations into this alternative pathway began with the classic Birch reduction of benzene (3.18)
to cyclohexadiene (3.19) (Scheme 3.9). The first trial of the reaction was carried out on the simplest
aromatic compound to not only get a feel of the reaction but also to see if the formation of anhydrous
liquid ammonia in situ was feasible. By reacting a base with an ammonia source in a sealed system,
ammonia gas was extruded. The resulting gas was then dried over a connecting packed column of
CaO and condensed at —78 °C to produce a steady supply of anhydrous liquid ammonia, which was
used in the subsequent Birch reduction. This proved successful on a 1 g scale and formed

cyclohexdiene in a moderate 62% yield, but further studies need to be conducted on scaling up the

process.
NH,Cl + NaoH J0edoverCad .o + n,0
NHi0)
Li
. 9, H
e
3.18 3.19
62%
[1.0 g]

Scheme 3.9: Birch reduction of benzene (3.18) using liqguid ammonia produced and dried in situ from

reaction of quaternary ammonium salt with an acid
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Moving forward, this procedure was applied to model substrate 3.20 to test the functional group
tolerance of the Birch reduction in relation to our system (Scheme 3.10). The aromatic compound
3-methoxybenzyl alcohol (3.20) was subjected to Birch conditions using ethanol as the proton
source. This resulted in a complex mixture of products indicating that this type of substrate is not

well suited to Birch reductions.

~

o) o}
@\/ " é\/
—
OH  THF/EtOH (10:1) OH
-78°C,1h
3.20

Scheme 3.10: Conditions trialled of Birch reduction on model substrate 3.20

In addition, forming anhydrous ammonia, although possible, was a laborious and low yielding
process which would not be a viable option if scale up was required. Therefore, we stopped pursuing

the Birch reduction route.

3.1.4 Route 4: Wohl-Ziegler Bromination

Another method to install the required alcohol functionality could be via the allyl bromide analogue
3.21. This compound could be synthesised starting with commercially available 3-
methylcyclohexen-2-one (3.22) using the Wohl-Ziegler radical conditions to perform an allylic
bromination. This compound (3.21) could then be converted into the corresponding alcohol (3.23)

via a nucleophilic substitution (Scheme 3.11).

o o (0]
Wohl-Ziegler substitution
777777777777 - B
Br OH
3.22 3.21 3.23

Scheme 3.11: Route proposed to form key intermediate 3.23 via Wohl-Ziegler radical bromination and

subsequent substitution
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The generally accepted mechanism for the Wohl-Ziegler reaction was proposed by Goldfinger in
1953.8% He proposed a radical-mediated bromination, which uses NBS (3.24) as a chain propagator
and a source of bromine, to brominate allylic methyl groups. Using NBS (3.24) as the bromine
source is crucial, as it allows bromine to be released gradually, and therefore provide a source of
steady state and low concentration molecular bromine (Scheme 3.12).8* This low concentration of
bromine helps to supress the competing reaction of direct bromine addition to the double bond.
Moreover, due to the non-polar nature of the carbon tetrachloride solvent this also disfavours direct

bromine addition, which would proceed via the formation of a cationic bromonium intermediate.

O H
o} <l o)
@ ] o 1@
N—Br Nlgr + Br <= N-H * Br
o o

(0]

3.24

Scheme 3.12: Proposed mechanism of molecular bromine formation during the Wohl-Ziegler bromination

using NBS (3.24)

The allylic regioselectivity of the bromination is determined by the hydrogen abstraction step which

occurs specifically to give the most stabilised allylic radical.

o} o}
NBS
—_—
CCly, reflux, 1 h Br
3.22 3.21

Scheme 3.13: Conditions trialled for Wohl-Ziegler bromination of 3.22

We used the adapted literature conditions of AIBN (as the initiator) and NBS in the absence of light
and refluxed 3-methylcylcohexen-2-one (3.22) for one hour (Scheme 3.13). This resulted in an
inseparable mixture of products that did not contain bromine, as determined by °Br NMR
spectroscopy. As we were unable to install the required bromine group, we once again looked for

another route to form the Diels—Alder precursor (1.27).
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3.1.5 Route 5: Starting From Cyclohexenone

With no success with the routes pursued so far, we drew inspiration from Olivo and co-workers’
work towards the semi-synthesis of the cassane diterpenes, escobarines A (3.25) and B (3.26).%
Olivo proposed a semi-synthesis of escobarine A (3.25) and B (3.26), which starts from the natural
product and co-isolate sclareolide (3.27) and proceeds through a key cyclohexenone intermediate
3.28 (Scheme 3.14). Functionalisation of the C ring of this intermediate would allow access to
escobarine A (3.25) and B (3.26), but also a route to synthesise valuable analogues of the natural

product.

escobarine A (3.25), R = CHO
escobarine B (3.26), R = CH,OH

sclareolide (3.27)

Scheme 3.14: Olivo’s semi-synthesis of escobarine A (3.25) and B (3.26) from sclareolide (3.27)

Although Olivo is yet to report a full total synthesis of escobarine A (3.25) and B (3.26), he has
published studies on the construction of the fully functionalised C ring of the natural products.®®
Olivo’s synthesis uses o,-epoxy ketone 3.29, which can be converted to a model of escobarine B
(3.26) and escobarine A (3.25) (Scheme 3.15). To make a,B-epoxy ketone 3.29, Olivo started with
the iodoenone (3.30), which was used as a cross-coupling partner in the palladium-catalysed
Sonagashira reaction to afford compound 3.31. Epoxidation of 3.31 followed by deprotected of the

primary alcohol gave the fully functionalised ring C of escobarine B (3.25).

(0] TMS
[0} o
Z =
| Sonogashlra epoxtdatlon
O — O
OPOM opom OPOM R
3.30

3.29 escobarine B (3.26), R = CH,OH
[0][

escobarine A (3.25), R = CHO

Scheme 3.15: Olivo’s model synthesis of the escobarine A (3.25) and B (3.25) via functionalisation of the

C ring starting from the key iodoenone intermediate 3.30
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Intermediate 3.30, which features in Olivo’s synthesis, bears a close resemblance to a key
intermediate in Hayashi’s route to the desired Diels—Alder monomer (3.6, in Scheme 3.2, page 35),
and only differs by the choice of alcohol protecting group (POM vs. TBS). Synthetically, iodoenone
(3.30) was accessed by Olivo in 5 steps from commercially available 2-cyclohexen-1-one (3.12).
This was achieved through tosylation of 2-cyclohexen-1-one (3.12) to give sulfone 3.32. The
carbony! of sulfone 3.32 was then protected (3.33) before undergo going an alkylation reaction to
afford 3.34. Subsequent deprotection (3.35),and iodination gave iodoenone 3.36 with a 68% overall

yield (Scheme 3.16).

o [0} O/ O\
é tosylation é\ /@/ protection ij\ /@/
————————— > B et
s S
o 0 [JNe]
3.12 3.32 3.33
i alkylation
/ \ v
(0] O
| O, .© opowm
iodination deprotection
- - ------ - - - ----------
OPOM OPOM s
oo
3.36 3.35 3.34
5 steps
68% yield

Scheme 3.16: Olivo’s synthesis of the key iodoenone intermediate (3.36) starting from 2-cyclohexen-1one

(3.12)

Inspired by Olivo’s work, our synthesis started with Michael addition of sodium para-
toluenesulfinate to 2-cyclohexen-1-one (3.12) using a catalytic amount of glacial acetic acid, which
afforded aryl sulfone 3.32 in 79% yield on an 11 g scale (Scheme 3.17). The protection of the
ketone with ethylene glycol at reflux in toluene, with catalytic acid under Dean—Stark conditions
gave dioxalane 3.33 in good yield on smaller scale. However, when conducted on a larger scale the
yield decreased due to poor conversion. We noted when moving to a larger scale that the refluxing

of the reaction was suboptimal even when performed with heating block at higher temperatures.
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The azeotropic mixture of toluene and water was unable to reflux up the Dean—Stark apparatus thus

meaning that water was not being removed the system.

[\
AcOH p-TSA o_ O
p-TsNa __1,2-ethanediol ethanedlol
EtOH, rt é\ /©/ toluene, 111 °C, 2 h ij\ /©/
24h Dean-Stark Se
o o
3.12 3 32 3.33
79% 91%
[11.0 g] [5.3 g]

Scheme 3.17: Conditions used for aryl sulfone Michael addition to 2-cyclohexen-1-one (3.12) and

subsequent ketone protection

As we were struggling to protect the ketone of compound 3.32 on large scale, alternative conditions
and ketal protecting groups were explored. We hoped to exploit the Thorpe—Ingold effect of having
a gem-dimethyl/diethyl group on the diol which kinetically favours ring closure due to large gauche
interactions in the extended ground state conformation. We examined using 2,2-diethyl/dimethyl-
1,3-propanediol as the protecting groups. These diols can be used in combination with dehydrating

reagents and Lewis acids to activate the ketone towards addition and dehydration.

Initially we used the commonly employed Lewis acid of boron trifluoride etherate with diethyl-1,3-
propanediol as the diol (Scheme 3.18).%” Boron trifluoride etherate was added in excess to sulfone
3.32 to react with the water formed during the reaction and take it out of the equilibrium of the
system. The reaction was conducted at room temperature and left to stir overnight, but unfortunately

resulted in recovered starting material.

Et Et
BF3.0Et, In(OTf);
2,2-diethyl- 2,2-dimethyl-
ij\ /©/ 1,3-propanediol é\ /@/ 1,3- propanduol ij\ /©/
MeCN, rt, 16 h CH,Cly, 1t, 1 h
3.32 3.37

76%
[51 mg]

Scheme 3.18: Conditions trialled for alternative methods of ketalisation of 3.32 using Lewis acid sources

We next looked to indium based Lewis acids, as a wide variety of indium salts have been employed
to catalyse a range of synthetic transformations.®® For example, Graham and co-workers have

developed a mild method for ketalisation utilising indium triflate.®® Repeating Graham’s work on
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our system, we used aryl sulfone 3.32 and 2,2-dimethyl-1,3-propandiol as the diol (Scheme 3.18).
This procedure worked at ambient temperatures without inert reaction conditions, and the product

(3.37) was isolated after workup without need for further purification in 76% vyield.

To evaluate the use of this diol in our synthesis, we needed to see if its removal was just as easy as
its addition. We employed a HF-mediated aryl sulfone elimination and concurrent Kketal
deprotection reaction.®® These harsh conditions were applied to compound 3.37 and sadly only an

unidentifiable mixture resulted (Scheme 3.19).

S .
0__0
ij\/©/ HF (48%, aq.) é
s MeCN
O/ \\O
3.37 312

Scheme 3.19: Conditions trialled for removal of ketal protecting group and subsequent aryl sulfone

elimination of compound 3.37 using hydrofluoric acid

With the difficulties encountered when trying to change the diol and conditions used for the
ketalisation we decide to stick with the original conditions used for the reaction (Scheme 3.20).
Although this limited us to using 5.0 g batches of starting material it did work well on this scale,
giving an excellent yield of ketal 3.33. When it became necessary to push through large amounts of

material, the reaction was repeated multiple times.

Continuing with the forward synthesis to install the pivaloxymethyl (POM) protected B-
hydroxymethyl group (Scheme 3.20) we again employed sulfur’s ability to stabilise o anions.
Deprotonation of sulfone 3.33 with n-butyllithium was followed by alkyation with
chloromethylpivalate to give protected alcohol 3.34. When this compound was treated with
hydrofluoric acid (ag., 48%) we observed a simultaneous ketal deprotection and arylsulfone
elimination to give the B-functionalised cyclohexenone 3.35 in excellent 96% yield. Due to the
sensitive nature of enone 3.35, the subsequent a-iodination requires particularly mild conditions of
iodine with PIFA, pyridine and BHT. This unusual iodination is believed to work through the

formation of a trifluoroacetylhypoiodide species, which can perform mild iodinations under basic
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conditions.®>%2 A substoichiometric amount of BHT is required to prevent any unwanted radical
reactions occurring. Under these conditions iodoenone 3.36 was formed in a good yield of 87% on

>1 g scale.

[0} I
p-TsNa 1,2-ethanediol o_ O
AcOH ___pTSA -TSA
EtOH rt /©/ toluene, 111 °C, 2h /©/
24 h Sa
[eJNe)

Dean-Stark
3.12 3 32 3.33
79% 91%
[11.0 g] (5.3 g] n-BuLi THF
I chloromethyl |0 °C — rt
PhI(OCOCF3), o pivalate 25h
pyridine O
BHT (1 mol%) HF (48% aq.) OPOM
CHCly, t, 36 h opoy MeCN.0°C -t 24h
3.35 3.34
96% 43%
[1.01 g] [0.7 g]
(HO)ZB/\/
0 ASPh3
|
iji/ PdCIz(PhCN (5 mol%) iji/\/ hydrolysls iji/\/
OPOM  THF/H,0, 1t, 4 h OPOM OH
3.36 3.38
87% 41%
[1.47 g] [0.2 g]

Scheme 3.20: Route for forming POM protected alcohol 3.38 from cylcohexenone (3.12)

With the key iodoenone intermediate (3.36) in hand this allowed us to continue Hayashi’s original
route with our altered substrate (i.e., POM protected 3.36, not TBS protected 3.6). To install the a-
(E)-propenyl group a palladium catalysed Suzuki—Miyaura cross coupling reaction with silver (I)
oxide and triphenylarsine was used and afforded compound 3.38 in moderate yield (41%). The
triphenylarsine ligand is a bulkier alternative to the classic triphenylphosphine ligand, which in

some cases has been found to accelerate the transmetallation step in cross-coupling reactions.*®

3.1.6 Pivaloxymethyl Deprotection

POM protected alcohol 3.38 is a single deprotection step away from the desired Diels—Alder
precursor 1.27. The POM protecting group is a versatile group that can be removed under different

conditions, including basic and acidic.
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Investigations into the deprotection of 3.38 started with a range of acids and bases summarised in
Table 3.1. KOt-Bu, K2COs3, and LiOH resulted in degradation of the starting material (3.38) (Table
3.2, Entries 1-3). Ammonia in methanol (Table 3.1, Entry 4) gave the first indication in the 'H
NMR spectrum of the crude reaction mixture that small amounts of product had formed (SM:P,
94:6). Acidic conditions proved to be far more successful (Table 3.1, Entry 5-6). The best result
we achieved in these preliminary studies was with TFA (Table 3.1, Entry 5), which resulted in a

starting material to product ratio of 80:20.

o 0}
ij;\v ____Addiive N
OPOM Solvent, Temp, 24 h OH
3.38 1.27
Entry Additive Solvent Temp Result (SM:P)

1 KOt-Bu Et,O 0°C decomp.
2 K2COs MeOH rt decomp.
3 LiOH in H.0 MeOH rt decomp.
4 NH;3 MeOH rt 94:6
5 TFA - rt 80:20
6 HCI (aq.) MeOH rt 81:19

Table 3.1: Reaction conditions trialled for the POM removal of compound 3.38

The availability of POM protected Diels—Alder precursor 3.38 was becoming an issue for continued
reaction screening efforts. It was decided that removal of the POM group earlier in the synthesis
might be an attractive alternative. Indeed, the POM group in compound 3.35 was arguably at its
most sterically inaccessible point in the entire synthesis, so earlier removal may be easier.

Therefore, efforts to deprotect the alcohol of compound 3.35 were undertaken.

Starting investigation with the removal of the POM group under acidic conditions, we noted no
improvement trying this reaction on compound (3.35) (Table 3.2, Entries 1-2). As we had
previously seen product formation using ammonia in methanol we sought to improve this
preliminary result by adding a nucleophilic catalyst.** When compound 3.35 was subjected to these

altered conditions (Table 3.2, Entry 3) an enhancement was seen in the starting material to product
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ratio (91:9, cf. 94:6 without imidazole Table 3.2, Entry 4). This inspired us to revisit the previous
bases used in Table 3.1 with the addition of imidazole to catalyse the deprotection. This worked
excellently with K,COs, giving over 50% conversion for the first time and increasing the starting
material to product ratio to 33:67 (Table 3.2, Entry 4). In contrast using LiOH as the base resulted
only in recovered starting material (Table 3.2, Entry 5). To ensure the reaction was not occurring
with imidazole acting as a base itself, a control reaction was performed. This showed it was

necessary to add an additional base for any reactivity to occur (Table 3.2, Entry 6).

(0] (6]
& .. Additve ____ &
OPOM Solvent, rt, Time OH
3.35 3.23
Entry Additive Solvent Time (h) Result
TFA - 24 83:17
2 HCI (aq.) MeOH 24 82:18
3 NHs/ imidazole MeOH 24 91:9
4 K2CQOs/imidazole MeOH 24 33:67
5 LiOH/imidazole MeOH 24 RSM
6 imidazole MeOH 24 RSM
7 K2COs3 MeOH 24 43:57
8* K2COs/imidazole MeOD 24 deuteration
9* - MeOD 24 RSM
10* K2COs/imidazole CDCl; 24 RSM
11% K.COs/imidazole MeOH 24 decomp.

Table 3.2: Reaction conditions trailed for the POM deprotection of compound 3.35. * Reaction performed

on NMR scale. # Reaction performed on a larger scale

To determine whether the addition of the nucleophilic catalyst was crucial for the deprotection step,
the reaction was performed with K,COs with the absence of imidazole (Table 3.2, Entry 7). This
resulted in some formation of product but it was notably not as effective as when K,CO3;was used

in combination with imidazole (33:67 vs 43:57 respectively).

Attempts were made to follow the reaction by NMR spectroscopy. Initially, we mimicked the
reaction conditions using deuterated solvent (methanol-ds) (Table 3.2, Entry 8), but this resulted
in deuteration of the starting material in the presence of an external base. Chloroform-d was also

trialled as a compatible NMR solvent but unfortunately K,CO3zwas found to be insoluble in this
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solvent and no reaction occurred (Table 3.2, Entry 10). We concluded that the best conditions
involved using K,COsand imidazole in methanol at room temperature for 24 hours. This gave us a
separable mixture of starting material and desired product with an overall yield of 24% on small
scale (10 mg). Therefore, these were the conditions chosen for the first scale up of the deprotection
(500 mg). Unfortunately, after multiple scale-up attempts there was no success and a lot of starting
material was lost. Furthermore, even if this reaction could be conducted on a larger scale the poor

yield would severely limit its usefulness. Therefore, this route was reluctantly abandoned.

3.1.7 Alternative Alcohol Protecting Group

As the POM protecting group proved incompatible with our synthesis we looked to the use of other
alcohol protecting groups. Hayashi and co-workers found success using the TBS protecting group
in the original synthesis of the Diels—Alder precursor (1.27), with straightforward protection and

deprotection steps. This led us to investigate ways of incorporating a TBS group into our synthesis.

It was found that the synthesis of a methyl TBS variant (3.39) of the chloromethylpivalate reagent
had previously been reported, although there were only a few examples of its application in organic
synthesis (Scheme 3.21).%® The procedure was published in Organic Syntheses by Clive and co-
workers in 2013, and started from the commercially available ethanethiol (3.40). Hemithioacetal
3.41 was formed when ethanethiol was treated with paraformaldehyde. The TBS protecting group

was installed to form 3.42, which undergoes an Sn2 displacement with chloride to give 3.39.

hemithio acetal Sn2 displacement
synthesis protection of ethanethiol
~sH g S0H ———— s o1BS ———————— | ¢ 0TBS
3.40 3.41 3.42 3.39

Scheme 3.21: Proposed route to form new electrophile, TBS protected alcohol 3.39 from ethanethiol (3.40)

In our hands, ethanethiol (3.40) was condensed with paraformaldehyde to give sulfide 3.41, which
due to difficulties in purification was carried through crude for the next reaction (Scheme 3.22).

Sulfide 3.41 was then treated with trimethylsilyl chloride under basic conditions to protect the
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terminal alcohol, giving TBS-protected alcohol (3.42) in 96% yield over the two steps. To form the
alternative protecting group reagent 3.39 sulfuryl chloride was used a source of chlorine for an Sy2
displacement of ethanethiol. Unfortunately this literature reaction proved unreproducible, after

multiple attempts it only resulted in a complex mixture of products, which forced us to abandon

this route.
NEt,
(CH,0), DMAP (cat.)
MeONa (25% wi/w, MeOH . -
A~ (25% ) PN t-BuMe,SiCl e oTES
MeOH, 4 — 16 °C, 15 min CH,Cl,, 0°C —>1t, 4 h
3.40 3.41 3.42
96%
[13.3 g] over two steps
S0O,Cl,
P
CI” "OTBS CH,Cly, 2 °C — t, 30 min
3.39

Scheme 3.22: Conditions trialled to form TBS protected alcohol 3.39

3.1.8 Route to Monomer via Unprotected Alcohol

Protection of the primary alcohol in the synthesis was crucial as poor yields had been reported when
using the free alcohol in the a-iodination step.®® Hayashi also opted to use a protected alcohol
throughout his synthesis (3.9, Section 3.1.1, Scheme 3.2, page 35), suggesting similar problems

may occur using the free alcohol in the crucial Suzuki—Miyaura reaction.

Another method to incorporate the TBS-protected alcohol would be to modify our synthesis to
install a free alcohol that we could then protect with a TBS group. We previously avoided this
protection/deprotection strategy due to step economy. With limited success with all other routes

investigated this was the next avenue we chose to pursue.

Repeating the work of Olivo et al. (Scheme 3.23), the protected aryl sulfone enone 3.33 was formed
in two steps from 2-cyclohexen-1-one (3.12) in 73% yield.2® With plenty of 3.33 in hand we opted
to add an unprotected alcohol to the S-positon of the cyclohexanone motif using paraformaldehyde
as the alcohol surrogate. The first attempt of this reaction worked excellently with complete
conversion of 3.33 to the desired product (3.43). However, as this reaction was repeated the

conversion started to fall off until eventually no formation of the product was observed. All reagents
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were purified, and the n-butyllithium was titrated to find its exact concentration, but still only
recovered starting material was obtained. After a lot of trial and error it was discovered it was
imperative that the paraformaldehyde was free from all moisture and was required to be dried under
vacuum and over P,Os prior to use. Otherwise any residual moisture present was believed to quench

the a-anion formed and result in recovered starting material.

2 h, Dean-Stark

AcOH p-TSA (CH50),

p-TsNa _1,2-ethanediol ethanedlol n-BuLi (1.6 M)

EtOH rt toluene, 111 °C THF
2 5 h

3.32 3.33 3.43
73% 91% 92%
[25 g] [5.3 0] [7.14]
HF
MeCN
0°C—ort
KFB X" | 24h
2
AsPh; (10 mol%) o pyridine o TBSCI o
PdCIy(PhCN), (5 mol%) | PhI(OCOCF3), DMAP
Ag20 BHT (1 mol%) imidazole
- -
THF/H,O, rt, 4 h OTBS  CH,Cly, rt, 36 h OTBS CH,Cly OH
36 3.44 0°Co>m25h 503
61% 49%
[1.0 g] [1.3 g] over two steps

o}
X
OTBS

3.45

81%
[190 mg]

Scheme 3.23: Route to form the TBS protected monomer precursor 3.45 from 2-cyclohexen-1-one 3.12

With an optimised method to form 3.43 in synthetically useful quantities, the synthesis was
continued with the acid-mediated deprotection and simultaneous tosyl elimination to give enone
3.23. This HF-mediated deprotection with the free alcohol (3.43) proved more difficult than
previously experienced with the POM protected alcohol (3.34). Many side-products were observed,
presumably due to acid-catalysed elimination of the primary alcohol, which resulted in a reduced
yield and further difficulties with purification. It was found that compound 3.23 would streak on
silica columns and began to decompose the longer it sat on the column. To avoid this arduous

purification process, the reaction was later telescoped with the subsequent TBS protection. By
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combining the two reactions we formed the TBS protected alcohol 3.44 in an improved yield of

49% over the two steps.

This TBS-protected alcohol (3.44) was then subjected to the same set of conditions as the POM
alcohol (Scheme 3.23). The a-iodination and Suzuki—Miyaura cross-coupling reaction exhibited

similar reactivity and gave comparable yields to afford compound 3.45.

For the TBS deprotection of 3.45 we first used Hayashi’s procedure involving TBAF in
dichloromethane. This worked well but removing the residual n-tetrabutylammonium salts left from
the TBAF proved difficult. Purification required multiple columns to remove this impurity and
resulted in an overall yield of 43% of compound 1.27 (Scheme 3.24). Consequently, alternative

deprotection conditions were investigated.

TBAF (1.0 M)
o THF, 0°C, 2.5 h

43%
40 m
éi/\/ [ [¢]] A
OTBS OH

3.45 HCI (2.0 M, aq.) 1.27

MeOH, rt, 5 h
84%
[84 mg]

Scheme 3.24: Attempted removal of the TBS protecting group from the primary alcohol (3.45) to form the
monomer precursor (1.27)

It was decided to firstly try the commonly used conditions of HCI in methanol to provide a cleaner

deprotection. This worked well resulting in a cleaner *H NMR spectrum of the crude reaction

mixture and straightforward purification to finally give a route to the desired Diels—Alder monomer

(1.27) precursor in 84% yield (Scheme 3.25).
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AcOH p-TSA (CH20),
p-TsNa _1,2-ethanediol n-BuLi (1.6 M)
EtOH rt toluene 111 °C THF
2 h, Dean-Stark // \\ /
2 5 h
3.32 3.33 3 43
73% 91% 92%
[25 g] [5.3 g] [7.14]
HF
MeCN
0°C—ort
24 h
KF3B/\/
AsPh3 (10 mol%) pyr|d|ne o TBSCI o
PdCly( PhCN)2 5 mol% PhI(OCOCF3), DMAP
BHT (1 mol% imidazole
THF/HZO r, 4 h OTBS  CH,Cly, rt, 36 h OoTBS CH,Cl, OH
0°C—ort,25h
3.44 - 3.23
61% 49%
[1.0 g] [1.3 g] over two steps
iji/\/ HCI(2.0M,aq) _ iji/\/
0TBS MeOH, rt, 5 h
3.45
81% 84%
[190 mg] [84 mg]

Scheme 3.25: Route summary to form the monomer precursor 1.27 from 2-cyclohexen-1-one (3.12) in 8

steps with an overall yield of 1.2%

3.2 Domino 6z-Electrocylisation/Diels—Alder Dimerisation

After successfully synthesising the Diels—Alder precursor 1.27, investigations began into the

dimerisation reaction itself. The reported heterochiral selective dimerisation starts with the

oxidation of the alcohol to the aldehyde which undergoes a domino 6z-electrocyclisation and Diels—

Alder dimerisation (Scheme 3.26).

X X 6| = X
OH (o SO | O~
1.27 1.28 (+)-1.29

heterochiral dimer
e.r. > 50:50

Scheme 3.26: Oxidation of allylic alcohol 1.27 to aldehyde 1.28 followed by domino 6x

electrocyclisation/Diels—Alder reaction to give heterochiral dimer

product 1.31 in racemic form
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This highly selectivity heterochiral dimerisation can be attributed to the methyl groups on both the
diene and dienophile wanting to adopt a steric-minimising conformation that lies outside of the
bond-forming-zone (Figure 3.3). This can only be achieved in a heterochiral pairing of the
monomers in an endo- type approach.

Tst

]
o
O
.
L \ ®)

Figure 3.3: Proposed transition state of endo selective Diels—Alder reaction of racemic 2H-pyran

intermediate

To probe this dimerisation reaction ourselves, we first oxidised alcohol 1.27 using activated
manganese dioxide (Scheme 3.27). Aldehyde 1.28 was isolated and when left to stand at room
temperature overnight open to air formed the Diels—Alder product ((x)-1.31). Interesting, we
noticed an inseparable minor product ((£)-3.46) was formed as well, suggesting the selectivity of
the Diels—Alder reaction was not as high as Hayashi first reported. We hypothesised that this minor
product (()-3.46) may be the result of a homochiral coupling of monomers in a Diels—Alder

reaction.

tentatively proposed structure of
minor

O 0]
A MnO, A
—_—
OH CHyCl, _0
1.27 1.28

Scheme 3.27: Oxidation of allylic alcohol 1.27 with manganese dioxide

This minor product ((£)-3.46) was also confirmed to be racemic by chiral-HPLC as we saw a second
set of racemic peaks with a slightly shorter retention time (Figure 3.4). Through multiple chiral-
HPLC iterations with fraction collecting we were able to separate the two racemic products and

successfully characterise the major product. Unfortunately, due to the minor product being formed
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in less than 5% yield we were unable to fully characterise this product, but speculate that it is the

result of a homochiral Diels—Alder dimerisation.

\

5 Detector A Ch2 265nm

tentatively proposed structure of (£)-1.31
7.5+
5.04
2.5+

0.0

Figure 3.4: Chiral HPLC chromatogram of Diels—Alder dimerisation using Chiralpak OD-H column 87:13
hexane/IPA, 0.5 mL min=, t; = 15.59 min (minor), t, = 18.30 min (minor), t3= 21.02 min (hetero), ts=

23.27 min (hetero)

3.3 Reaction Monitoring Studies of Domino Reaction

Having successfully reproduced the heterochiral dimerisation we wished to study in detail the

kinetics of the domino oxidation and 6z-electrocyclisation/Diels—Alder reaction sequence.

To be able to induce enantioselectivity in our system, we required the rate determining step of the
dimerisation to be the Diels—Alder reaction. Enantioselective Diels—Alder reactions are well-
documented in the literature, with a range of different of chiral reagents reported.?? By contrast, an
enantioselective 6z-electrocylisation would be a novel reaction, and therefore represents a
significantly more difficult challenge. Due to initial fears that the direct addition of an internal
standard may affect the subtleties of the highly selective Diels—Alder dimerisation, we opted for a
co-axial monitoring system (See Appendix 11.1 for details). This involved inserting a thin sealed

tube of an internal standard into the NMR tube sample (Figure 3.5a).
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1,4-Dinitrobenzene was selected as the internal standard of choice due to it producing a single peak
at 8.42 ppm (*H NMR spectrum) (Figure 3.5b), which didn’t overlap with any peaks of interest in

the reaction.

a) ' b)

[ ] ! NO,
i 8.42 ppm /©/
X s
' O,N

1,4-dinitrobenzene

— Internal Standard (1)
I~ Outer Compound (O)

Figure 3.5: a) Coaxial NMR tube set up. b) Internal standard 1,4-dinitrobenzene, *H NMR spectrum

The oxidation of the alcohol (1.27) to the aldehyde with manganese dioxide was repeated
(Figure 3.6). Care was taken not to expose the crude aldehyde to heat or pressure during the
concentration process, which could cause the dimerisation to occur prematurely before NMR data
and time points were collected. It was necessary for the NMR reaction to be run in deuterated
chloroform instead of under neat conditions, causing the reaction to take place over days instead of
hours. During this timed NMR experiment, distinct peaks of the aldehyde (1.28) and the major
heterochiral ((£)-1.31) and tentatively propsed homochiral minor product (+)-3.46 were monitored
over time (Figure 3.6). As expected, we noted the conversion of the aldehyde (1.28) to the various
products over time signalled by the increasing integration of the product peaks with respect to the
internal standard added. Yet again there was no evidence of the 2H-pyran intermediate forming

((£)-1.29). These results were plotted to show conversion over time (Figure 3.6).
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Figure 3.6: Scheme: domino dimerisation reaction and key for spectrum and graph. Minor product

postulated structure, Spectra: Timed *H NMR experiments of domino dimerisation reaction (t=0 at the

bottom), Graph: conversion of aldehyde (1.28) to dimeric product against time
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3.4 Rate Determining Step of Domino Reaction

To use this data to decipher which step of the domino sequence was rate determining, we needed

to apply two different types of kinetic scenarios.

First would be the pre-equilibrium approximation (Scheme 3.28). This theorem relies upon a fast
and reversible equilibrium occurring between the aldehyde (1.28) and 2H-pyran intermediates
(x-1.29), finishing with a slower irreversible reaction to the products. This results in the Diels—
Alder reaction ultimately being rate determining (ki/k1 > kz). Based on this assumption, the rate
should be proportional to the concentration of starting material
(aldehyde, 1.28) squared. When this is integrated, the rate equation for the pre-equilibrium

approximation is obtained.

pre-equilibrium approximation

kq ky (i) rate = k[SM]?
SM+SM == B+B'—> P
k-1
ii) 1/[SM], = kt + 1/[SM
Klk4 > Ky (i) 1/[SM]; [SM],

Scheme 3.28: Reaction scheme for pre-equilibrium approximation with (i) rate equations and (ii) integrated

rate equation

By applying the pre-equilibrium approximation to our system and plotting 1/[SM] against time we
saw a linear relationship between the two (Graph 3.1). This suggests that the reaction follows
second order Kinetics and the rate determining step is the Diels—Alder step. Therefore, through the
use of chiral reagents, it may be possible to differentiate between the two enantiomeric transition

states and achieve stereoretentive enantioconvergency.
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Graph 3.1: Pre-equilibrium approximation

To confirm this result, the Steady State approximation was also applied to our data. This theory
involves setting the rate of change of a reaction intermediate to zero by assuming that the
intermediate is in very low concentration throughout the reaction as it reacts as soon as it formed
(k1i/k1 < k2) (Scheme 3.29). When plotting In[SM] vs time this results in a non-linear relationship
indicating the reaction does not follow first order kinetics and the 6z-electrocyclisation is not rate

determining (Graph 3.2).

steady state approximation

kq k, (i) rate = k[SM]
SM + SM ‘;—‘ B+B'— P
-1

(ii) IN[SM], = — kt + In[SM],

kqlk.4 < kp

Scheme 3.29: Reaction scheme for steady state approximation with (i) rate equations and (ii) integrated rate

equation
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Graph 3.2: Steady state approximation

3.5 Screen for Enantioselective Dimerisation Conditions

With the confirmation of a rate determine step of the domino reaction being the Diels—Alder
reaction we could now look to what types of catalyst we could use to perform an enatioselective

Diels—Alder reaction.

In literature, to promote a more facile domino 6z-electrocylcisation/Diels—Alder reaction of similar
epoxyquinol-derived compounds, additives such as silica®® or solvents such as MeOH*% have
been used. This suggests that the dimerisation might be accelerated through hydrogen bonding,

either through the choice of a protic solvent or through using an acidic additive.

To assess whether H-bonding catalysis could be applicable to our system we looked at performing
the dimerisation reaction in solvents that varied in polarity and dielectric constants. The
dimerisation of 1.28 was performed in each solvent alongside a dimerisation of 1.28 conducted in
dichloromethane. The dimerisation in dichloromethane acted as a control reaction to enable us to

calculate relative rates and compare the rate of each solvent (Table 3.3).
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\ —_—
_0 Solvent
Time
rt
1.28
Entry  Solvent Time (h) Conversion (%) Relative rate

1 CH.Cl; 48 95 B
2 MeOH 48 97 -
3 CH.Cl; 18 30 1.00
4 MeOH 18 82 2.73
5 CH:Cl; 18 67 1.00
6 toluene 18 69 1.03
7 CH.Cl, 18 87 1.00
8 MeCN 18 38 0.44

Table 3.3: Solvent screen and relative rates calculation for Diels—Alder reaction

To find an appropriate time scale for the dimerization, time points were taken at 48 and 18 hours in
dichloromethane and methanol respectively (Table 3.3, Entry 1-4). After 48 hours the reactions in
both solvents were nearly at completion so this told us very little about their relative rates, but at 18
hours we saw a significant difference. Using the more polar and protic solvent of methanol resulted
in a larger NMR conversion to the dimeric product (+)-1.31. To test our hypothesis that this
dimerisation was susceptible to hydrogen bonding catalysis we surveyed more solvents with
varying polarity and hydrogen bonding ability (Table 3.3, Entry 6, 8). We established that the
relative rate of the reaction did not correlate with the polarity of the chosen solvent (Figure 3.7), as
we saw the reaction occur fastest in methanol and slowest in acetonitrile. Therefore concluding that
this Diels—Alder dimerization may have the potential to be catalysed with induced

enantioselectivity using chiral hydrogen-bonding catalysts.

Dielectric constants Relative rate compared to CH,ClI,
MeCN < MeOH < CH,CI; < toluene MeOH < toluene =~ CH,Cl, < MeCN
(35.9) (33) (9.1) (2.4) (2.73) (1.03) (1.00) (0.44)

Figure 3.7: Solvents organised in varying dielectric constants vs relative rate in Diels—Alder reaction
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3.5.1 Chiral Hydrogen Bonding Catalysts

In literature we looked for previous examples of hydrogen bonding catalyst used to perform
enantioselective Diels—Alder reactions, and found the work of Rawal and co-workers.®® They were
able to perform a hetero-Diels—Alder reaction of aminosiloxydienes and substituted acroleins to

afford the Diels—Alder adducts in good yield and enantioselectivity (up to 92% ee) (Scheme 3.30).

Ar_  Ar
R><O OH
~\__OH
TBSO RO TBSO
. R__CHO A A \@CHO
“ T SR yields 80-83%

ee 86-92%
N toluene, -80 °C, 2 d N ’

PN

Scheme 3.30: Rawal and coworkers enantioselective Diels—Alder reaction using TADDOLSs

This H-bonding catalyst used to promote this type of enantioselective transformation was a
TADDOL (tertaaryl-dioxolane-dimethanol) ligand. TADDOLS are chiral diols that possess a core
Casymmetric dioxolane with flanking aryl groups. TADDOL ligands have a multitude of
applications in chemistry, ranging from use as chiral ligands, NMR shift reagents, and dopants for
cholesteric liquid crystals.®®% This may be due to the TADDOL family encompassing a wide range
of compounds due to their ease of modification in synthesis. They can be made in two steps from

the corresponding aryl halide, many of which are commercially available.

To investigate if this family of ligands could induce enantioselectivity in our systems we set out to
make a library of TADDOLSs. This was achieved by treating the L-tartrate derivative (-)-3.47 with
the appropriate Grignard overnight under reflux (Figure 3.8). The Grignard reagent used was either
commercially available (compounds 3.48, 3.49) or made in situ from the equivalent aryl bromide

with magnesium (compounds 3.50-3.57).

With a range of TADDOLSs in hand we tested the dimerisation with 10 mol% of the catalyst added.
Toluene was used as the preferred solvent as it had performed similarly to dichloromethane in our
previous studies (Table 3.4), and obviated issues of TADDOL solubility observed when

dichloromethane was used.
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a) o}

i) RMgB Ar_ Ar

) i gBr

><o “¢” “OMe THF, 1 h, rt ><°”- OH
o) OMe ii) then reflux at 66 °C o OH

0 overnight Ar” CAr
(-)-3.47
b) Ar=
(-)-3.48 (-)-3.49 (-)-3.50 (-)-3.51
yield 22%, 300 mg crude yield 88%, yield 79%,
091¢g 092¢g 0.85¢g
g B
(-)-3.52 (-)-3.55 (-)-3.56 (-)-3.57
yield 64%, yield 87%, yield 88%, yield 76%,
0.70 g 1.07g 0.83 mg 1119

Figure 3.8: a) Typical synthesis of TADDOLSs from L-tartrate derivative b) Range of TADDOL ligands

synthesised varying the aryl groups

(0]

TADDOL

X 10 mol%

0 solvent

48 h
rt
1.28
Entry Ar group Solvent Rel Rate er.

1 No TADDOL toluene 1.0 50:50
1 1-naphthyl ((-)-3.50) toluene 3.2 50:50
2 2-naphthyl ((-)-3.51) toluene 3.6 50:50
3 phenyl ((-)-3.48) toluene 3.8 50:50
4 anisole ((-)-3.56) toluene 2.1 50:50
5 4-tert-butylphenyl ((-)-3.52) toluene 1.6 50:50
6 biphenyl ((-)-3.55) CH.Cl; 1.8 50:50

Table 3.4: Screen of TADDOL ligands in enantioselective domino 6z-electrocylisation/Diels—Alder

dimerisation

From this small screen, we noted that the TADDOL ligands were compatible with the dimerisation
reaction and all the reactions yieldied the heterochiral dimeric product ((£)-1.31) in the same

diastereomeric ratio as the standard dimerisation. We also noted an enhancement in rate although
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this unfortunately did not translate to any enantio-enhancement of the Diels—Alder reaction for this

family of ligands.

3.5.2 Thiourea Catalysts

Unsuccessful in our attempts of using TADDOL-type ligands to induce enantioconvergency, we
looked to a different class of H-bonding catalyst that have been shown to catalyse enantioselective

Diels—Alder reaction; thioureas.

In 2003 Schreiner and coworkers demonstrated the potential of symmetrical thioureas (e.g. 3.58,
Figure 3.9) as neutral hydrogen bond donors in catalytic Diels—Alder reactions.'®* These work by

lowering the activation energies of Diels—Alder reactions through hydrogen bonds.%

Following on from this seminal work, Jacobsen,®® Takemoto,** Nagasawa,'® and Ricci each
developed their own asymmetric variants of Schreiner’s thiourea catalysis.®® These catalysts have
now been applied to a wide range of different chemical reactions to induce enantioselectivity
including Strecker,” Michael,® aza-Henry,'® and Baylis—Hillman!® reactions and more. All

exploit the hydrogen bonding donating ability of the thiourea catalysis.

CF; CF3
S
L jo B Q
FsCJi:LNAN . oAy
H H N
3.58 3.59
Z
CF3
L
OMe
FiC NTON ‘\
H H _
N

3.60

Figure 3.9: A range of different thiourea H-bonding catalyst known to perform enantioselective Diels—

Alder reactions

Looking to use these types of neutral hydrogen bond donors in our reaction, we found Schreiner’s

thiourea!* and two chiral enantiopure thioureas to be commercially available (Figure 3.9).1%?
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Thiourea catalysts 3.5913114115 and 3.60 16117118 have both been shown to act as an effective

catalyst in many different asymmetric Diels—Alder reactions.

O
X Additive
-0 toluene
48 h
rt
1.28
Entry Additive Conversion % Rel. Rate e.r.

1 - 100 1.0 50:50
2 3.58 100 25 50:50
3 3.59 100 2.8 50:50
4 3.60 100 2.1 50:50

Table 3.5: Screen of thiourea H-bonding catalysts in enantioselective domino 6z-electrocylisation/Diels—

Alder dimerisation

The domino reaction was monitored with the addition of the thiourea catalysts (3.58-3.60) to see if
there was any rate enhancement or any enantio-induction (Table 3.5). Again the catalysts proved
to be compatible with the system and all showed a rate enhancement with respect to the standard
(Table 3.5, Entry 1). Once again, no enantioenrichment with respect to the Diels—Alder reaction

was observed.

With both the TADDOL family and thiourea family of H-bonding catalysts proving unsuccessful
in inducing enantioselectivity we concluded that although a rate enhancement is exhibited this has

no effect on the enantioselectivity of the system.

3.6 Conclusions

Many hurdles were overcome in the synthesis of the monomer 1.28. Gratifyingly we were able to
synthesize the monomer precursor (1.27) eventually in a good overall yield of 1.2% over a complex
8 step synthesis (Scheme 3.31). During the project we were able to use a broad range of challenging

synthetic techniques and procedures to develop this new and robust set of steps.
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8 steps N
_—

1.2% yield
3.12 1.27

Scheme 3.31: Summary of successful route to monomer precursor 1.27

Progress was made in understanding the kinetic profile of the domino reaction sequence via *H
NMR monitoring experiments. From the data gathered the rate determining step of the domino
reaction was successfully confirmed to be the Diels—Alder step. This result proves that this domino
reaction sequence could theoretically be made enantioselective through the use of chiral reagents

known to perform enantioenriched Diels—Alder reactions.

It was also discovered that the Diels—Alder reaction benefits from a hydrogen bonding effect, which
enhances the rate of the reaction under certain conditions. This directed us to try using chiral
hydrogen bonding catalyst known to perform enantioselective Diels—Alder reactions (TADDOLS,
Table 3.4 and thioureas, Table 3.5). Unfortunately these reactions were unsuccessful in inducing
any enantioselectivity. Hence, efforts to attain stereoretentive enantioconvergency on this system

evaded us.

3.7 Future Work

Although stereoretentive enatioconvergency has not yet been attained for this reaction, there are
many other families of chiral catalyst and reagents that have been shown to achieve enantioselective

Diels—Alder reactions.

Work going forward on this project would primarily focus on investigating these other families of
chiral additives, for example; chiral Brensted acid (3.61),!*° phosphoric acids (3.62),'%°
bis(oxazoline) metal complexes® (3.63) and imidazolidinone MacMillian catalyst (3.64)!:122 to

name a few (Figure 3.10).
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Ar = 1,3,5-(i-Pr)3-CgH,
3.61 3.62 3.63 3.64

Figure 3.10: A range of different chiral catalysts known to perform enantioselective Diels—Alder reactions

There is also the possibility of investigating running the domino reactions at lower temperatures
with chiral reagents to see if there was any effect on the e.r.. This has previously not been

investigated due to limited material available.

If successful in achieving stereoretentive enantioconvergy with this system, we would then focus
on developing alternative monomers and to apply the new enantioconvegent methodology. Using
the Suzuki—Miyaura cross-coupling reaction as a divergent point in the synthesis would allow us to
use alternative boronic coupling partners to diversify our monomer scaffold (Scheme 3.32).
Creating monomers with larger steric bulk at this key stereogenic centre may help to improve the

overall d.r. of the Diels—Alder transformation.

KF3B/\/O
Q AsPh3 (10 mol%) Q
ijil/ PdCIy(PhCN), (5 mol%) N
Ag,0
OTBS THF/H,0, 1t, 4 h OTBS
3.45

Scheme 3.32: Divergent Suzuki—Miyaura cross coupling reaction
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Chapter 4. Brevianamide Alkaloids Introduction

The brevianamides are a family of fungal metabolites isolated from Aspergillus and Penicillium
fungi.’? More than 20 different members have been reported since the first examples were isolated
in 1969 by Birch and Wright (Scheme 4.1a).12* The brevianamides were the first reported natural
products to contain the remarkable bicyclo[2.2.2]diazaoctane architecture. Many related natural
product families have since been discovered that possess a bicyclo[2.2.2]diazaoctane core, and now
over 100 distinct compounds have been reported to date.'?® These include the closely related natural
product families of the stephacidins and the notoamides (Scheme 4.1b).1?%1%" The brevianamides
and other bicyclo[2.2.2]diazaoctane containing alkaloids are of significant interest to the synthetic
community as they have intriguing biological activities. In combination with their highly complex
structures and fascinating biosynthetic origins they have proven to be attractive synthetic targets

spanning numerous decades of research.

a) First isolated brevianamides by Birch 1969 b) Bicylo[2.2.2]diazaoctane
containing natural products

(+)-brevianamide A (4.1)  (+)-brevianamide B (4.2)

brevianamide D (4.15) brevianamide E (4.7) (-)-notoamide A

Scheme 4.1: a) The first members of the brevianamide natural product family isolated (A-E) by Birch and

Wright in 1969 b) Examples of other natural products containing the bicyclo[2.2.2]diazaoctane motif
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Members of the brevianamide family can easily be easily identified by their characteristic
diketopiperazine ring and an indole ring bearing a C2-reverse prenyl group. Although these key
structural features can be harder to detect in some of the more structurally complex members of the
family (due to subsequent rearrangements and cyclisations), their biosynthetic intermediacy is still

evident.

Among the first brevianamides isolated by Birch and Wright in 1969,%%* were brevianamide A (4.1)
and B (4.2) found in a diastereomeric ratio of =90:10, from the fungus Pencillium
brevicompactum.?812° Structurally, these prenylated alkaloids are diastereomers of each other, and
both possess a (R)-configured spiro-indoxyl ring and ‘psuedo enantiomeric’ anti-configured
bicyclo[2.2.2]diazaoctane core (anti refers to the relative configuration of the methine C-H and
proximal piperazine nitrogen, see box in Scheme 4.2). Potent antifeedant activity against the insect
larvae of Spodoptera frugiperda (fall armyworm) and Heliothis virescens (tobacco budworm) has
been recorded for Brevianamide A (4.1).2*° Additionally, brevianamide A indicated low overall
mammalian toxicity in preliminary screens performed on mice.’® In contrast, the minor

diastereomer, brevianamide B (4.2), currently has no recorded biological activity.

-y
HN

bicyclo[2.2.2]diazaoctane

0
S Q-
N N brevianamide A (4.1)

indoxyl oxindole

NHH
H H
o © NH
NH NH \
HN HN o

anti-[2.2.2] syn-[2.2.2]

brevianamide D (4.15)  brevianamide X (4.3) brevianamide Y (4.4)

Scheme 4.2: Brevianamide members that contain the bicyclo[2.2.2]diazaoctane ring
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In 2017, another two brevianamides, X (4.3) and Y (4.4), were isolated by Qi and co-workers from
the deep-sea-derived Penicillium brevicompactum DFFSCS025 and found to contain the
bicyclo[2.2.2]diazaoctane system (Scheme 4.2).2% In contrast to brevianamides A (4.1) and B (4.2),
they both contain spiro-oxindole rings instead of spiro-indoxyl rings. Notably, brevianamide Y
(4.4) possessed the same anti-configured bicyclo[2.2.2]diazaoctane core whereas brevianamide X

(4.3) has a syn-configured core.

4.1 Early Biosynthetic Studies

All members of the brevianamide natural product family are likely derived biosynthetically from a
common intermediate, deoxybrevianamide E (4.5). Deoxybrevianamide E (4.5) is itself a natural
product that was isolated by Steyn and co-workers in 1973 from Penicillium and Aspergillus
fungi.’*® The biogenesis of deoxybrevianamide E (4.5) begins with the cyclisation of two naturally
occurring amino acids, L-proline and L-tryptophan, to form brevianamide F (4.6) which features the
core 2,5-diketopiperazine ring (Scheme 4.3). Turner and co-workers demonstrated this is achieved
in nature using the non-ribosomal peptide synthase, brevianamide synthase, which is encoded by
gene Afu8g00170.1* Li and co-workers later showed the C2 reverse prenyl group is introduced by
a reverse prenyl transferase which was found to be encoded by the gene cdpC2PT to form
deoxybrevianamide E (4.5).1%® Deoxybrevianamide E (4.5) has been confirmed as a biological
precursor for brevianamide A (4.1), B (4.2) and E (4.7) and is assumed to be a precursor for all

other members of the family.

H diketopiperazine
HO ring
HN

L-proline (4.8)  previanamide F prenyl
synthetase transferase

NH; brewanamlde F (4.6)
HN_ 2 OH deoxybrevianamide E (4.5)

H C2-reverse

0o prenylated indole
L-tryptophan (4.9)

Scheme 4.3: Biosynthesis of the common biosynthetic intermediate deoxybrevianamide E (4.5)

73



With regards to the biogenesis of brevianamide A (4.1), Birch conducted feeding studies of the
corresponding isotopically labelled L-proline (4.8), L-tryptophan (4.8) and brevianamide F (4.6) to

confirm the biosynthetic proposal experimentally (Scheme 4.4).1%

(0]
H
HO'
HN
3
L-proline (4.8) Q 3
\ Q "c
(o]
H
HN NH,
HN_ N —_— X _O\SWOH
H H
o O
brevianamide F (4.6) o
/ (+)-brevianamide A (4.1) L-methionine (4.13)
NH,
HN_ OH
H
O

L-tryptophan (4.9)

Scheme 4.4: Birch’s 1974 biosynthetic feeding studies of brevianamide A (4.1)

There has been much debate over the later stages of the biosynthesis of the
bicyclo[2.2.2]diazaoctane containing brevianamides. This started shortly after the brevianamides
were isolated in 1970, with Sammes and Porter’s proposal that the bicyclo[2.2.2]diazaoctane core
of brevianamide A (4.1) was formed via an intramolecular [4+2] cycloaddition (Scheme 4.5a).%*'
Sammes and Porter conducted model studies on dihydroxypyrazines 4.10 and 4.11 with different
dienophiles to form the bicyclo[2.2.2]diazaoctane system in support of their hypothesis (Scheme
4.5b). In 1971, Birch countered Sammes’ hypothesis with his own biosynthetic proposal which
invoked the intermediary of an epidithiapiperazinedione species (4.12) (Scheme 4.5a).1*® Birch
suggested a ring closure could occur with the extrusion of S; gas, but did not further suggest how
the mechanism would proceed. Birch later noted in biosynthetic feeding studies there was no
incorporation of the isotopically labelled amino acid, L-methionine (4.13), which ruled out the
involvement of a sulfur-containing compound in the biosynthesis (Scheme 4.4).° Consequently
Sammes’ proposal of a biosynthetic hetero-Diels—Alder reaction dominated the early speculation

surrounding the biogenesis of the biocyclo[2.2.2]diazaoctane containing brevianamides.
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a) biosynthetic proposals for bicyclo[2.2.2]diazaoctane system:

.
Q o)
N N
N\
OH \)& 0
Sammes' proposal Birch's proposal
(+)-brevianamide A (4.1) 412
——
b) Model studies:
MeO,C ph N
HO, COzMe
42:“‘ MeOZC =—_CO,Me O 7 o N
\Y
N % Ph DMF > N o
OH Ph
OH Ph
4.10

Scheme 4.5: a) Sammes’ and Birch’s biosynthetic proposals for the synthesis of the

bicyclo[2.2.2]diazaoctane scaffold b) Sammes’ Model studies of the proposed [4+2] cycloaddition

4.2 Semi Synthesis, (-)-Brevianamide C and D, Birch 1972

In 1972, shortly after isolating the brevianamides, the first semi-synthesis of brevianamides C (4.14)
and D (4.15) was published by Birch and co-workers.**® Through their isolation studies, Birch noted
that when Penicillium brevicompactum was grown in the absence of light no formation of
brevianamides C (4.14) and D (4.15) was observed. He hypothesized that these natural products
were in fact “photochemical artefacts” of isolation. Birch later proved this hypothesis was correct
by subjecting (+)-brevianamide A (4.1) to irradiation with visible light (Scheme 4.6a), which
produced a mixture of brevianamide A, B, C and D (4.1-4.2,4.14-4.15). However, under prolonged
exposure to visible light (7 hours) the sole products of the reaction were found to be brevianamide
C (4.14) and D (4.15) (Scheme 4.6b). Birch suggested the reaction proceeds through a
photochemically catalysed radical-mediated ring opening of the 5 membered spirocylic ring (4.16).
This free radical intermediate (4.16) can undergo free rotation, thereby allowing ring closure to

reform brevianamide A (4.1) or conversion to brevianamide B (4.2).

It is important to note that although brevianamide B (4.2) was observed as a photolysis product of
brevianamide A (4.1), during initial photochemical studies when Penicillium brevicompactum was
grown in the dark brevianamide B (4.2) was still isolated in the same ratio.®*® This experiment

provide evidence that brevianamide B (4.2) is not a “photochemical artefact”. Birch also went on
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to show that subjecting the major product of irradiation brevianamide C (4.14) to further light

resulted in more formation of brevianamide D (4.15) (Scheme 4.6¢).

hv
(20 Watt
fluorescent lamps)
—_—

NHH
+ 5

(+)-brevianamide A (4.1) (+)-brevianamide B (4.2) (-)-brevianamide C (4.14) brevianamide D (4.15)
trace major minor

EtOH, 40 °C,3 h

hv NHH
(20 Watt
fluorescent Iamps; . o O NH
EtOH,40°C,7h N

(-)-brevianamide C (4.14) brevianamide D (4.15)
(+)-brevianamide A (4.1) major minor

proposed diradical intermediate:
O
hv NH H
H (20 Watt
HO\ fluorescent lamps) & o NH
N EtOH, 40 °C, 3 h N o
o
(-)-brevianamide C (4.14) brevianamide D (4.15)

Scheme 4.6: a) Birch’s 1972 photolysis of brevianamide A (4.1) to brevianamide C (4.14) and D (4.15)

with traces of B (4.2) b) Photolysis of brevianamide A (4.1) left longer to only yield of brevianamide C

(4.14) and D (4.15) c) Photolysis of brevianamide C (4.14) to give a mixture of brevianamide C (4.14) and

D (4.15)

Even though Birch concluded that brevianamide C (4.14) and brevianamide D (4.15) were the

products of a photochemical reaction and not true metabolites of enzymatic origins, they still may

have biological importance. Much like brevianamide A (4.1), brevianamide D (4.15) has shown

activity as an insectide.'®® The light sensitive property of brevianamide A (4.1) may also bear

importance in biological signaling pathways to indicate the presence of light.
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4.3 Previous Syntheses of Bicyclo[2.2.2]diazaoctane Containing

Brevianamides

4.3.1 Total Synthesis, (-)-Brevianamide B, Williams 1988

Williams and co-workers achieved the first total synthesis of (-)-brevianamide B (4.2) in 1988.140

142 The synthesis utilised a key cationic cyclisation to install the bicyclo[2.2.2]diazaoctane system.

Boc

/
I?MB 1;4. NaH6
-crown-
N o L o N-PMB
H 7 THF, 67 °C N
0N 64% (o}
Cl (d.r. 4.9:1)

major diastereomer

15. HCI
H,0, dioxane, 3 °C

4.17
[13 steps from L-proline]

N\
HO 16. mCPBA
S N-PMB THF, rt
N
0
4.20
NH
17. NaOMe 07 y 18 steps
- 1.5-2.3%
MeOH, 65 °C o NH [0.8 mg]

63%
(over 2 steps) N

[0}

(-)-brevianamide B (4.2)

Scheme 4.7: Williams’ 1988 synthesis of (—)-brevianamide B (4.2)

Their synthesis began from commercially available L-proline (4.8), which was converted into the
chloro-prenyl-diketopiperazine precursor 4.17 in 13 steps (Scheme 4.7). This compound underwent
a stereocontrolled Sn2'-cyclisation under basic conditions to form the core
bicyclo[2.2.2]diazaoctane scaffold (4.18). Williams noted the stereoselectivity of this reaction
could be reversed with the exclusion of the 18-crown-6 additive. This effect could be rationalised
through the solvent shell surrounding the sodium cation creating a sterically encumbered

environment that favours the conformation in which allylic chloride group is directed away. The
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major diastereomer (4.18) can then undergo the acid-mediated cationic cyclisation and concomitant
Boc deprotection to form the fused indole structure 4.19. Indole oxidation with mCPBA favoured
the formation of hydroxyindolenine 4.20 as a single diastereomer (convex face of the molecule the
same side as the C—H methine of the bridgehead position). Treating 4.20 with sodium methoxide
induced a semi pinacol rearrangement to form the indoxyl ring (4.21). Finally, PMB deprotection
was achieved using tert-butyllithium to deprotonate at the benzylic position. The incipient benzylic
anion was then quenched with oxygen, which resulted in cleavage of the PMB group, which
delivered (-)-brevianamide B (4.2) in a total of 18 steps and in an overall yield of 1.5-2.3%. This
was the first total synthesis of the unnatural analogue of brevianamide B (4.2) and set the benchmark
against which future syntheses would be compared. It also marked a challenge for future syntheses
as they would have to combat the inherent selectivity of oxidation of indole 4.19 on the convex face

of the molecule if they wished to synthesise brevianamide A (4.1).

4.3.2 Total Synthesis, (£)-Brevianamide B, Williams 1998

Ten years after their first synthesis, Williams published a second synthesis of (+)-brevianamide B
(4.2).1%31% This bioinspired route relied heavily upon Sammes’ intramolecular Diels—Alder reaction
to form the core bicyclo[2.2.2]diazaoctane motif and was based on Williams’ first-generation
biosynthetic proposal.}*3%° Williams’ first biosynthetic proposal started from deoxybrevianamide
E (4.5), which is oxidised in a stereoablative manner to afford an achiral azadiene intermediate
(4.22) (Scheme 4.8). Intermediate 4.22 is predicted to undergo the key Sammes-type
enantioselective Diels—Alder to form a scalemic mixture of compounds 4.23 and 4.24 with an
approximate e.r. of 90:10 to account for the observed ratio of the natural products vide infra. The
resulting enantiomers are each oxidised using an (R)-selective indole oxidase to form diasteromers
4.25 and 4.26. This is followed by a semi-pinacol [1,2] shift to afford a mixture of ‘pseudo
enantiomers’ brevianamide A (4.1) and B (4.2) in a ratio of approximately 90:10. From the outset
Williams’ first-generation biosynthetic proposal faced a potential issue as it suggested that the
enzymatic oxidation would also have to overcome the innate selectivity observed in their previous

synthesis,140-142
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Scheme 4.8: Williams’ first generation biosynthetic proposal of brevianamide A (4.1) and B (4.2), featuring

Sammes’ intramolecular hetero-Diels—Alder reaction

To probe this chemically, Williams and co-workers involved the compound epi-deoxybrevianamide
E (4.27), which was an intermediate that had previously been synthesised by Kametani and co-
workers during a total synthesis of brevianamide E (4.7) (Scheme 4.9).14¢ Following Kametani’s
published synthesis, Williams formed epi-deoxybrevianamide E (£)-(4.27), which was converted
to the lactim ether (z)-(4.28) via enol ether formation using trimethyloxonium tetrafluoroborate in
79% vyield. The lactim (z)-4.28 was then oxidised using DDQ to form azadiene (£)-4.29. Subjecting
the azadiene to basic conditions initiated the intramolecular Diels—Alder reaction to form compound
(£)-4.20 as the minor diastereomer. From here, Williams used the same type of late-stage indole
oxidation to give (£)-4.31 via a semi pinacol rearrangement as used in their first synthesis. Finally,
treatment with acid deprotected the lactim-ether to furnish (£)-brevianamide B (4.2) in 12 steps and

an overall yield of 2.8%.
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Scheme 4.9: Williams’ 1998 biomimetic synthesis of (-)-brevianamide B (4.2)

Despite only managing the preparation of racemic material, this bioinspired approach dramatically
reduced the previous longest linear step count by six steps. This approach also provided crucial
experimental validation for Williams’ first-generation biosynthetic proposal. Supporting Sammes’
hypothesis that a hetero-Diels—Alder could be responsible for forging the core
bicyclo[2.2.2]diazaoctane ring system in nature.’®” However, during the chemical synthesis it was
unfortunately revealed that the proposed cycloaddition proceeds in favour of an unwanted
diastereomer, therefore suggesting another pathway may be responsible for the biogenesis of
brevianamide A (4.1). In addition, Williams conducted biosynthetic feeding in which cycloaddition
adducts 4.23 and 4.24 were isotopically labelled (Scheme 4.8). These experiements failed to
indicate incorporation into (+)-brevianamide A (4.1)'*" and based on these experimental findings,

Williams reassessed his original biosynthetic proposal (vide infra).
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4.3.3 Total Synthesis, (£)-Brevianamide B, Williams 2006

In 2006, Williams and co-workers published another synthesis of (+)-brevianamide B (4.2), again
focusing on a bioinspired Sammes’ type hetero-Diels—Alder reaction.'*® This was used in

combination with a late stage Fischer indole synthesis to construct the indole moiety.

Intermediate 4.32, which was synthesised in just 7 steps from commercially available 3-methyl-2-
buten-1-ol, was heated with aluminium chloride to catalyse an intramolecular Diels—Alder reaction
and afford (+)-4.33 in 48% yield in high diastereoselectivity (Scheme 4.10). Fortunately, the Diels—
Alder adduct possessed the required anti-configured bicyclo[2.2.2]diazaoctane motif, which was
evidenced through its eventual conversion to (+)-brevianamide B (4.2). To install the indole ring,
(£)-4.33 was converted to the corresponding phenyl hydrazine (+)-4.34 by heating with molecular
sieves and phenylhydrazine. Compound (+)-4.34 was then ready to undergo the late-stage Fischer
indole rearrangement by heating with zinc chloride to afford the fused indole (+)-4.24. From here,
Williams and co-workers were able to utilise the previously developed conditions of oxidation and
subsequent semi-pinacol [1,2]-shift under basic conditions to afford (x)-brevianamide B (4.2). This

synthesis matched the previous best step count of 12 steps and formed the product in an overall

yield of 1.4%.
s
| N~ Ph
|
o y _BACK 9. PhNHNH,, 3AMs M
SN0 Eoac7rC MeOH, 90 °C o NH
H 48% N
0”™N ©
4.32 (%)-4.33 (2)-4.34
[7steps]
11. mCPBA 10
12 steps THF '1 ZnCly
1.4% 12 0.5M NaOH diglyme, 172 °C
[4.0 mg] MeOH, rt to 65 ° 58% (over 2 steps)

15% (over 2 steps)
. i (£)-4.24
(*)-brevianamide B (4.2)

Scheme 4.10: Williams’ 2006 synthesis of (+)-brevianamide B (4.2) in racemic form
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This synthesis offered an innovative new approach for the addition of the indole ring in a late-stage
fashion. Interestingly, Williams chose a bioinspired intramolecular Diels—Alder reaction, but opted

against the use of the amino acid tryptophan.

4.3.4 Total Synthesis, (£)-Brevianamide B, Williams 2007

In 2007, Williams and co-workers re-examined their biomimetic approach in their fourth synthesis
of (+)-brevianamide B (4.2).14°%° This synthesis was based on Williams’ modified second-
generation biosynthetic proposal, which started from the same intermediate, deoxybrevianamide E
(4.5) (Scheme 4.11). However, this time Williams suggested that an alternative stereoselective
indole oxidation of deoxybrevianamide E (4.5) would generate hydroxyindolenine 4.35.147 This
could be followed by a stereospecific semi-pinacol rearrangement of 4.35 to install the key indoxy!l
ring in intermediate 4.36. Subsequent oxidation of the diketopiperazine moiety (4.37) and hetero

Diels—Alder cycloaddition would result in the formation of brevianamide A (4.1) and B (4.2).

ZT

shunt
metabolite

deoxybrevianamide E (4.5) 4.35

semi-
pinacol

Diastereoselective
[4+2]

(+)-brevianamide A (+)-brevianamide B
(4.1) (4.2)

Scheme 4.11: Williams’ second generation biosynthetic proposal of brevianamide A (4.1) and B (4.2),

starting from deoxybrevianamide E (4.5)
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This hypothesis was later supported by computational studies completed by their collaborator
Domingo, which revealed the origin of the 90:10 d.r. of brevianamide A (4.1) to B (4.2).1!
Domingo’s studies indicated that the assumed cycloaddition favours the formation of brevianamide
A (4.1) over B (4.2) due to a stabilising hydrogen bond (4.38), between the indoxyl N-H and the
proximal lactam C=0 in the transition state towards brevianamide A (4.1). To achieve this
chemically, Williams started with a coupling of a Boc protected tryptophan intermedaite (z)-4.39,
accessed in 8 steps from a gramine derivative, with cis-3-hydroxyproline ethyl ester salt (4.40) in
the presence of HATU (Scheme 4.12).147152 This afforded peptide (%)-4.41 as a mixture of
inseparable epimers in 97% vyield. Peptide (x)-4.41 was treated with acid to reveal the primary
amine through Boc removal. Upon heating the primary amine with 2-hydroxypyridine, which is a
known catalyst for amide coupling in non-polar solvents, it underwent a spontaneous cyclisation
with the pendant ester to form the core diketopiperazine ring ((x)-4.42).1 Warming ()-4.42 in the
presence of DEAD and n-BusP facilitated a Mitsunobu-type dehydration, which allows the key
bioinspired intramolecular Diels—Alder reaction to occur. The cycloadducts (+)-4.43 and (+)-4.44,
are formed as a 2.1:1 mixture of diastereomers favouring the syn adduct ((z)-4.43). The minor anti
configured diastereomer ((£)-4.44) was subjected to the well-established method of oxidation/semi-
pinacol rearrangement reported by Williams and co-workers in their previous 2006 synthesis of (z)-
brevianamide B (4.2).1*8 Following this route they were able to complete their second biomimetic

synthesis of (£)-brevianamide B (4.2) in 14 steps in 0.9% overall yield.

This route also facilitated the synthesis of a related natural product, isolated from various
Penicillium and Aspergillus fungi, (+)-dehydrodeoxybrevianamide E (4.45).13315415 \When the
Mitsunobu-type dehydration of indole (%)-4.42 was performed at room temperature

(x)-dehydrodeoxybrevianamide E (4.45) was formed in 12 steps with an overall 8% yield.

Manipulation of the Mitsunobu reaction allows for the formation of both
(x)-dehydrodeoxybrevianamide E (4.45), and an azadiene intermediate capable of performing the
subsequent bioinspired Diels—Alder reaction to produce (%)-4.44. This suggests that

(+)-dehydrodeoxybrevianamide E (4.45) is an intermediate formed along the pathway at higher
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temperatures. The hypothesis was probed mechanistically by adding LiOH base to (%)-
dehydrodeoxybrevianamide E (4.45) to afford the cycloadducts in a 2.1:1 mixture of diastereomers
(89%). Williams postulated that the zwitterionic complex formed by the nucleophilic addition of n-
BusP onto DEAD acts as a ‘proton chaperone’ to initiate the tautomerisation to the azadiene

intermediate when the reaction is performed at higher temperatures.

H
H © H N
N CFsCO2 okt ’j 10. TFA
/ \— A — CH4Cly, 0 °C
. HzNQu-‘OH 9. HATU, i-Pr,NEt Sl > H o
NHBoc MeCN. rt NHBoc 11. 2-hydroxypyridine H
’ ~COEt toluene, 111 °C
COH 97% TN\ OH 07 N7\ wOH
(mixture of diastereomers) 93%
(%)-4.39 4.40 +)-4.41 (mixture of diastereomers) (+)-4.42
[8 steps] [4 steps] (£)-4.
H
N
NH % =
o7 14 steps 12 steps 83 % 12. DEAD, n-BusP
0.9% 8% <
o) NH [4.7 mg] [98 mg] CHCly, 1t
N - TN 86%
. ’ (*)-dehydrodeoxy-
(¥)-brevianamide B (4.2) brevianamide E (4.45)
A
KOH (20% aq.)
MeOH,0°Ctort, 12 h
89% (d.r. 2.1:1)
N NH
\ Y%
14. NaOH (0.5 M) ) 13. mCPBA H 12. DEAD, n-BuzP
_ B
MeOH, rtto65°C " THF, rt o NH CH,Cly, rtto 40 °C
45% (over 2 steps) N N 5 67% (d.r. 2.1:1)
(6]
(%)-4.26 (%)-4.44 (*)-4.43
minor major

anti-diastereomer syn-diastereomer

Scheme 4.12: Williams’ 2007 biomimetic synthesis of (+)-brevianamide B (4.2) and (z)-

dehydrodeoxybrevianamide E (4.45)

The final steps of Williams’ second bioinspired route generate structures of high complexity
through an innovative Mitsunobu dehydration/hetero-Diels—Alder domino reaction. However, due
to the difficulties in forming the tryptophan coupling partner (8 steps) this synthesis has a larger
step-count than Williams’ first bioinspired route. This route also represented the first example of

an intramolecular Diels—Alder reaction performed with a free hydroxyl group present on the
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azadiene. This provides support for the azadiene being a plausible biosynthetic intermediate for the

construction of these motifs in nature, without the need for prior conversion to a lactim ether.

However, with regards to Williams second-generation biosynthetic proposal, this synthesis was
never able to provide the validation required synthetically, largely due to the inherent instability of
the hydroxyindolenine intermediate 4.35.!% Experiments later eluded to the preference of
hydroxyindolenine 4.35 to form the known shunt metabolite, (-)-brevianamide E (4.7), through a
5-exo-trig cyclisation (Scheme 4.13).1%¢

shunt
metabolite

(-)-brevianamide E
(4.7)

Scheme 4.13: The rearrangement of hydroxyindolenine 4.35 to form brevianamide E (4.7)

4.3.5 Total Synthesis, (-)-Brevianamide Y, Williams 2007/2012

The first synthesis of (x)-brevianamide Y (4.4) was completed in 14 steps by Williams and co-
workers in 2007 (Scheme 4.14).14°1% The synthesis of (+)-brevianamide Y (4.4) was a non-target
orientated synthesis and was achieved serendipitously while investigating conditions to oxidise
(£)-4.44 to (x)-brevianamide B (4.2). Interestingly, Williams’ total synthesis of brevianamide Y
(4.4) was completed before the isolation of the natural product was reported 10 years later by Qi

and co-workers in 2017.

NH
: HN
H H
o 14. HCI 2M IS : H O
o — > 0 I ©
N N CH,Cly, tt CH,Cl, HN : LN -
o 71% 98% o e
(£)-4.44 (£)-4.47 (%)-brevianamide Y ! (4)-brevianamide B
[12 steps] (4.4) (4.2)
14 steps
1.4%
[11 mg]

Scheme 4.14: Williams’ 2007/2012 synthesis of (-)-brevianamide Y (4.4)
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Williams used a divergent approach to oxidise indole (£)-4.44, which is a common intermediate in
the synthesis of brevianamide B (4.2) and Y (4.4), which was mediated by Davis’ oxaziridine (4.46)
gave hydroxyl-indolenine (£)-4.47. This was initially misassigned as brevianamide Y (4.4), but
later in 2012 this was found to undergo a semi-pinacol [1,2]-shift to give (x)-brevianamide Y (4.4)

under acidic conditions.°

4.3.6 Total Synthesis, (-)-Brevianamide B, Simpkins 2010

The cationic cyclisation approach used in the first total synthesis of brevianamide B (4.2) was
revisited by Simpkins and co-workers in their total synthesis of enantiopure (-)-brevianamide B
(4.2).1571%8 Simpkins’ synthesis of brevianamide B (4.2) was also reported alongside the synthesis
of malbrancheamide B and intermediates towards the synthesis of stephacidin A, which are both

N
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H
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HO
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69% (over 2 steps)

NH
8. Sm|2 LiCl 9. DMP (@) H
THF rt CH2C|2 rt
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Scheme 4.15: Simpkins’ 2010 synthesis of (-)-brevianamide B (4.2)
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related bicyclo[2.2.2]diazaoctane containing natural products.

The key steps of Simpkins’ synthesis commenced with an amide coupling of the commercially
available indole pyruvic acid (4.48) and O-benzyl proline hydroxamic acid (4.49) using DCC and
HOBt (Scheme 4.15). The direct coupling resulted in the core diketopiperazine ring being formed
in situ. Treatment of the coupled adduct ((£)-4.50) with TMSOTT resulted in the desired doubly
cyclised product 4.51. Unfortunately, poor diastereoselectivity was observed in the cyclisation
under these conditions, and the undesired C-6 epimer was formed as the major diastereomer in a
4:1 ratio. However, through the formation of the minor diastereomer (4.51) this enabled Simpkins
to synthesise brevianamide B (4.2). Following the precedent established by Williams, they were
able to perform the required oxidation and base-mediated semi-pinacol rearrangement to afford
indoxyl 4.52.14%-142 From here, they were able to cleave the N-O bond of the benzyl protecting
group with using samarium iodide and lithium chloride. The lithium chloride additive proved vital
for the success of the reaction as it activated compound 4.52, as previously described by Flowers
and co-workers.?%1%° Although successful in the deprotection, this protocol had the issue of a
concomitant indoxyl reduction to afford compound 4.53. Oxidation of 4.53 using Dess—Martin
periodinane afforded the unnatural enantiomer of brevianamide B (4.2). This approach represented
a significant improvement at the time, achieving the shortest total synthesis of enantiopure (-)-
brevianamide B (4.2) in 9 steps and 1.4% overall yield. Simpkins was able to halve the step count
of the previous enantioselective synthesis of Williams’ in 1988 (18 steps). Like Williams’ route,
the inherent diastereoselectivity of the cyclisation (d.r. 4:1), ultimately leads to the favoured
formation the unnatural enantiomer of brevianamide B (4.2). The only deficiency in the method is
the need to re-oxidise compound 4.53, due to chemoselectivity issue in the previous benzyl
deprotection step. Simpkins’ approach closely follows Williams’ original synthesis.'® The key one-
step double cationic cyclisation cascade to form the bicyclo[2.2.2]diazaoctane system bears a high
resemblance strategically to Williams Sn2' cyclisation/cationic cyclisation (Scheme 4.7). In
addition, Williams’ protocol to install the indoxyl through an oxidation and semi-pinacol

rearrangement was also employed.'® Throughout the paper, Simpkins’ acknowledges and praises
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Williams for the impact on this particular synthesis and his broader contributions to the field of

brevianamide natural product synthesis.

4.3.7 Total Synthesis, (-)-Brevianamide Y, Qin 2015

In 2015, the unnatural enantiomer of brevianamide Y (4.4) was synthesised by Qin and co-workers
in 18 steps (Scheme 4.16).25! Once again, this synthesis pre-dated the isolation of brevianamide Y
(4.4), and was discovered serendipitously while investigating a model study for the structurally
related pyrano- natural product (-)-versicolamide B (4.54). Their strategy relied upon a late-stage
hetero-Diels—Alder reaction and being able to install the carbonyl of the oxindole as the final step.
The diastereoselectivity of this Sammes’ type Diels—Alder reaction again favoured the formation
of the unnatural analogue of (-)-brevianamide B (4.2) in 2.2% overall yield. Qin’s synthesis also
required a number of protecting group manipulations, en route to intermediate 4.55 which impacted

the overall step economy of the route.
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18 steps
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Scheme 4.16: Qin’s 2015 synthesis of (—)-brevianamide Y (4.4)

4.3.8 Formal Synthesis, (£)-Brevianamide B, Scheerer 2016

In 2016, Scheerer and co-workers published a formal synthesis of (+)-brevianamide B (4.2).1%?
Strategically, the route centred around an early stage intermolecular Diels—Alder reaction to
construct the bicyclo[2.2.2]diazaoctane system. Using this strategy, Scheerer synthesised a well-
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established intermediate (4.44) towards brevianamide B (4.2), to complete a 13 step formal
synthesis (Scheme 4.17). The intermolecular Diels—Alder route offers a complimentary convergent
approach to forming the key bicyclo[2.2.2]diazaoctane scaffold that is competitive in terms of

number of steps compared to the traditional intramolecular Diels—Alder method.
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Scheme 4.17: Scheerer’s 2016 total synthesis of (+)-brevianamide B (4.2)

Scheerer employed pyrazinone 4.56 as the azadiene in the key intermolecular Diels—Alder reaction.
Pyrazinone 4.56 was synthesised in four steps from proline methyl ester using protocols previously
reported by Scheerer.'®® Interestingly, methyl 2-nitroacrylate (4.57) was chosen as the dienophile
due to its unique property of reversing the regioselectivity in cycloaddition reactions.'®* The endo
selective intermolecular Diels—Alder reaction gave a mixture of regioisomers (4:1 isomeric ratio).
The dominant cycloadduct possessed the desired regiochemistry, but due to both adducts being
inseparable they were carried through to the next step. Elimination with DBU afforded compound
(£)-4.58 in a 59% vyield over the two steps. Hydrogenation with palladium on carbon gave both the

anti configured ester (+)-4.59 and the corresponding syn configured ester in a near equal mixture.
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Both diastereomers proved useful intermediates, with the anti fused compound ((£)-4.59)
functioning as a precursor to brevianamide B and the syn fused compound (+)-4.60 leading to an

intermediate used by Baran in the total synthesis of other complex natural products.'®®

Towards this end, the anti fused ester (+)-4.59, was converted to tertiary alcohol ()-4.61 through
double addition of methyl magnesium bromide. From here the acid hydrolysis of the lactim-ether
was performed to afford (+)-4.62. Taking inspiration from Williams’ first total synthesis of
brevianamide B (4.2), an acid-mediated cationic cyclisation was performed on (z)-4.44 as the final
step in their synthesis.**1%2 The annulated product (+)-4.44, is a common intermediate in Williams’
2006 and 2007 syntheses of brevianamide B (4.2), thus completing a formal synthesis of (£)-
brevianamide B (4.2) in 13 steps (11 steps + 2 formal steps) and a predicted formal yield of 2.9%

(6.4% x 45% formal yield).

4.3.9 Formal Synthesis, (£)-Brevianamide B, Scheerer 2017

One year later, Scheerer and co-workers published a follow up paper with another formal synthesis
of (+)-brevianamide B (4.2), again utilising an intermolecular Diels—Alder reaction to form the key

bicyclo[2.2.2]diazoctane system. 166

Continuing their investigation into the intermolecular Diels—Alder reactions of diketopiperazine
diene 4.56, maleic anhydride was used as an alternative dienophile (Scheme 4.18). This
cycloaddition with maleic anhydride (4.63) proved to be more selective than the analogous reaction
with methyl 2-nitroacrylate (4.57) featured in their previous synthesis (8:1 endo vs. exo) and formed

adduct (%)-4.64 in 58% yield.162

A regioselective anhydride ring opening was achieved using lithio benzyl alcohol, followed by an
esterification with TMS-diazomethane to afford (£)-(4.65). Selective hydrogenolysis of the benzyl
ester on compound (%)-(4.66) was achieved using palladium on carbon. The carboxylic acid was
then transformed into a new ester ((£)-(4.67)) capable of undergoing a radical decarboxylation. The
radical decarboxylation was achieved using N-hydroxyphthaliminde (NHPI) to form ester

(2)-(4.68) which was decarboxylated using thermally initiated conditions with t-butyl thiol and
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Scheme 4.18: Scheerer’s 2017, second formal synthesis of (+)-brevianamide B (4.2)

Hantzsch ester.®” The product of the decarboxylation (+)-(4.59) matched their previously
synthesised intermediate. From here, Scheerer mirrored his previous synthesis of a Grignard
addition and subsequent acidification to allow cationic cyclisation to form the
bicyclo[2.2.2]diazaoctane motif ((+)-4.44).1%? This again led to the well-known intermediate ((z)-
4.44) in the synthesis to ()-brevianamide B (4.2), completing Scheerer’s second formal synthesis

in 15 steps (13 steps + 2 formal steps) and 2.1% (4.6% x 45% formal yield) calculated yield.

This route highlights the potential of another dienophile in the early stage intermolecular Diels—
Alder reaction. Unfortunately, in this case there are additional steps required for the difficult
anhydride decarboxylation, which resulted in a longer step count for Scheerer’s second formal

synthesis of (£)-brevianamide B (4.2).
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4.3.10 Total Synthesis, (+)/(-)-Brevianamide A and B, Lawrence 2020

In 2020, the Lawrence group reported the first total synthesis of (+)-brevianamide A (4.1) and the
shortest total synthesis of (+)-brevianamide B (4.2).1%® Lawrence’s biomimetic route was inspired
by a modified biosynthetic proposal (Scheme 4.19). The unique element of the proposal employed
the synthetic intermediate (+)-dehydrodeoxybrevianamide E (4.45), which itself is a natural product
isolated from Pencillium and Aspergillus fungi.’**541% The modified hypothesis started with a
diastereoselective indole oxidation of (+)-dehydrodeoxybrevianamide (4.45) to form
dehydrobrevianamide E (4.69). As dehydrobrevianamide E (4.69) is not a known natural product it
was anticipated that, unlike Williams’ proposal, this would not represent a dead end.** Instead it
would furnish hydroxyindolenine 4.70 through a reversible retro 5-exo-trig ring opening. A
stereospecific semi-pinacol rearrangement followed by tautomerisation would afford azadiene
intermediate 4.37, culminating with a substrate controlled anti-diastereoselective Sammes-type
Diels—Alder reaction to form brevianamide A (4.1) and B (4.2). By invoking (+)-
dehydrodeoxybrevianamide (4.45) in the biosynthesis of brevianamide A (4.1), it allows for the
Sammes type Diels—Alder reaction of the diketopiperazine to occur without the need for any further

redox manipulation.

To validate their biosynthetic hypothesis, Lawrence and co-workers began their synthesis with
L-tryptophan methyl ester, which was converted to compound 4.72 in two steps (Scheme 4.20).
Attempts were made to hydrolyse the ester (4.72) to form the corresponding carboxylic acid, but
under classic base mediated conditions a diacid was formed from a simultaneous phthaloyl ring
opening. To circumvent this issue of phthaloyl opening, ester 4.72 was instead converted to lithium
carboxylate 4.73 at elevated temperatures in the presence of lithium chloride.’®®-1* The lithium
carboxylate 4.73 proved to be a suitable coupling partner for the amide coupling reaction with
dehydroproline 4.74. The strategic decision to use a lithium carboxylate as the coupling partner
instead of the carboxylic acid also enabled a reduction in step count. As previous routes required

the amine protecting group to be altered at this point.*40-42
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Scheme 4.19: Lawrence’s 2020 modified biosynthetic proposal for brevianamide A (4.1) and brevianamide

B (4.2)

The phathloyl group of compound 4.75 was removed with ammonia in methanol to reveal the free
amine, which concomitantly condensed with the pendant ester on the five-membered ring to form
the core diketopiperazine ring and complete the synthesis of (+)-dehydrodeoxybrevianamide E
(4.45) in 5 steps. By developing a new imine acylation approach, and avoiding extraneous
protecting group manipulations, the step count was less than half the previous step count achieved
by Williams (12 steps) of (+)-dehydrodeoxybrevianamide E  (4.45).1°  (4)-
Dehydrodeoxybrevianamide E (4.45) was then oxidised in a moderately diastereoselective manner
(63:37 d.r.) using mCPBA. Both diastereomers of dehydrobrevianamide E (4.69) were useful as
they could be used to achieve the synthesis of both enantiomers of brevianamide A (4.1) and B
(4.2). Dehydrobrevianamide E (4.69) was treated with aqueous lithium hydroxide triggering a
complex cascade sequence. This concise route provides access to both enantiomers of brevianamide

A (4.1) and brevianamide B (4.2) in 7 steps. The key bioinspired chemical cascade matched the
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observed isolation d.r. (90:10), for brevianamide A (4.1) and B (4.2), indicating an enzyme-free
substrate controlled Diels—Alder pathway may be responsible for the observed stereoselectivity in
nature.'?812° Lawrence’s synthesis was also the first to be performed on a scale that allowed access
to comparably large quantities of both brevianamide A (4.2) (750 mg) and B (4.3) (128 mg) for

future biological testing.

H H i
N N 4.i) (COCI),, DMF N
| 2,
7 \— 3. LiCl 7 \— NEts, CH,Cl 7 \—
Y e _
NPhth DMF, 160 ° NPhth i) NPhth
) 2,1 h60 C ) N\ CO,Me u CO,Me
4.74
0% OMe o0 oL 07 "N™NX
472 473 0°Ctort,21h 475
[2 steps
from L-trytophan methylester] 5. NH3/MeOH
r, 18 h
49% (over 3 steps)
H
N
NH /
HOmY—{, 6. mCPBA =
e
N O CHCls, 1t, 6 h N O
57% H
NN (d.r. 36:64) 07NN
(+)-4.69 (-)-4.69 (+)-dehydrodeoxy-

7. LiOH 7. LiOH

63% H,0, rt H,O,rt 60%
(d.r. 93:7) 05 h 05 h (d.r. 92:8)

brevianamide E (4.45)

HN
H O
HN ©
N
(0)
(+)-brevianamide A (+)-brevianamide B (-)-brevianamide A (-)-brevianamide B
(4.1) (4.2) (4.1) (4.2)
[750 mg] [60 mg] [128 mg] [12 mg]
er.93:7, er.93:7 e.r.5:95 e.r. 8:92
99 : 1 recry.
7 steps 7 steps 7 steps
77st2(i;;s 0.5% 3.8% 0.3%
2% 60 128 m 12 m
[750 mg] [60 mg] [ gl [12 mg]

Scheme 4.20: Lawrence’s 2020 total synthesis of (+)-dehydrodeoxybrevianamide (4.45), (+)/(-)-

brevianamide A (4.1) and B (4.2)

4.3.11 Total Synthesis, (x)-Brevianamide A, Smith 2021

Most recently in 2021, Smith and co-workers developed novel methodology to form 2,2-
disubstitued indoxyls from the corresponding C2-substituted indoles.}’? Smith showcases their

methodology of a nucleophilic coupling with a 2-alkoxyinoxdyl on a broad range of substituted
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indoles. The utility of their approach was highlighted in the synthesis of two natural products;

brevianamide A (4.1) and trigonoliimine C.124173

Smith’s novel approach to brevianamide A (4.1), began with intermediate 4.76, which is formed in
four steps from the amino acid L-propargylglycine (Scheme 4.21). To form 2-alkoxyindoxyl
intermediate 4.77, indole 4.76 undergoes a MoOPH (oxodiperoxymolybdenum(pyridine)
(hexamethylphosphoric triamide) mediated oxidation.*° This was followed by subsequent treatment
with the prenyltributyl stannane which acted as the nucleophilic partner, proceeding smoothly to
form the desired 2,2-disubstitued indoxyl (4.78) in 45% yield over the two steps. It is important to
note, that indoxyl 4.78 was formed as a mixture of diastereomers (d.r. 1.2:1) which Smith and co-
workers elected not to separate. Therefore, resulting in brevianamide A (4.2) eventually being
formed racemically, but in principle, separation of the diastereomers could lead to the formation of
enatiopure brevianamide A (4.2). Using Lawrence’s conditions, indoxyl 4.78 was treated with
ammonia in methanol to remove the phthaloyl group to free the amine. This subsequently cyclised
with the pendant ester to form the diketopiperazine ring (4.79). After removal of the solvent and
excess ammonia, Smith elected again to follow Lawrence’s conditions of aqueous lithium
hydroxide to initiate the domino tautomerisation/hetero-Diels—Alder sequence to furnish (z)-

brevianamide A (4.1) in a 6% overall yield in 7 steps.

Me0,C— Me0,C—/ 6. /\)\ Me0,C~—
BusSn
PhthN, N 5N

5. MoOPH O NHR O NHRy N
EtOH - p-TsOH+H,O “
@ﬂo CH,Cly, 1t ©jlgr/_<\0 TFE,0°Ctort o)
H N Ot 45% (over 2 steps) H \
4.76 4.77 (d.r. 1.2:1) ATS
L-propargylglycine] 7. NH;3;

[4 steps from l

HO, O,
>=(j >—(/j
O N N then O HN N

7 Zt;ps 442 \! LiOH
(]
[6.0 mg] N - 0o stc;,o/rt N H O
HZL N ’ HZL N\
4.80 4,79

(*)-brevianamide A (4.1)

Scheme 4.21: Smith’s 2021 total synthesis of (+£)-brevianamide A (4.1) utilising novel rearrangement of C2

substituted indoles to the corresponding 2,2-disubstitued indoxyls
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This impressive and concise total synthesis utilises different methods to not only install the indoxyl,
but also the indole ring (JohnPhos cyclisation) and the reverse prenyl group, which are starkly to
different the previous literature (See Sl). Through this, Smith is able to achieve an impressive step
count matching Lawrence and co-workers previous synthesis of enantiopure brevianamide A (4.1).
However, upon closer inspection Smith and co-workers class going from compound 4.78 to
brevianamide A (4.1) as a single step. During this process they remove methanolic solvent and
excess ammonia through reduced pressure between reactions. The swapping of solvent and removal

of excess reagent, could be potentially classed a one-pot two-step reaction.

4.4 Current Understanding of Biosynthesis

Shortly after Lawrence’s modified biosynthetic proposal was published, Williams, Li and Sherman
reported their identification of the biosynthetic gene cluster (NRRL 864) of brevianamide A (4.1).174
They also discovered that an isomerase/semipinacolase catalysed the essential semi-pinacol
rearrangement, which then directed the diastereoselective assembly of brevianamide A (4.1) in a
spontaneous intramolecular Diels—Alder reaction. This idea of a spontaneous Diels—Aldersase-free
cycloaddition supports Lawrence’s observations of substrate-controlled stereoselectivity, through
the closely matched d.r. observed in chemical synthesis and isolation.%® (For the full synthesis of

all the routes dicussed and the synthesis of intermediates see Appendix 11.2-11.13)
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Chapter 5: Total Synthesis of Brevianamide Y and
Brevianamide Z

5.1 Introduction
As introduced earlier (Section 4.3.5, page 85), brevianamide Y (4.4) was isolated in 2017 by Qi

and co-workers from the deep sea fungal strain of Penicillium brevicompactum.®*2 The first
synthesis of (£)-brevianamide Y (4.4) was published, 10 years prior to its isolation, in 2007 by
Williams and co-workers (Scheme 5.1).1%° The synthesis consisted of a longest linear sequence of
14 steps and was a non-targeted synthesis achieved serendipitously while investigating conditions
to oxidise (+)-4.44 to give (*)-brevianamide B (4.2). Oxidation of (%)-4.44, using Davis’
oxaziridine (4.46), gave hydroxyindolenine (%)-4.47, which was initially misassigned as
brevianamide Y (4.2). Subsequently, in 2012, indolenine (+)-4.47 was found to undergo a semi-

pinacol [1,2] rearrangement to give ()-brevianamide Y (4.2).1°

'd N\
HN N/O N
y NH
/
\ §o OH HN
H 446 O H HCI 2M H O 5
Hcizm H
HN 0 CHyCly, 1t HN S) CHLCl, HN o " o
N N
0 71% o 98% 0 N N
o
(£)-4.44 (+)-4.47 (+)-brevianamide Y (4.4) brevianamide B (4.2)
12 steps N %

Scheme 5.1: Williams’ non targeted synthesis of (+)-brevianamide Y (4.4) while trying to synthesise

brevianamide B (4.2)

A second total synthesis, also published prior to isolation, was reported in 2015 by Qin and co-
workers (Scheme 5.2).%81 While investigating a model study for the total synthesis of the
structurally related natural product (-)-versicolamide B (4.54), Qin achieved an 18 step synthesis

of (-)-brevianamide Y (4.4).
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Scheme 5.2: Qin’s synthesis of (—)-brevianamide Y (4.4) as a simplified analogue of (-)-versicolamide B

(4.54)

Structurally, brevianamide Y (4.4) possess the archetypal bicyclo[2.2.2]diazaoctane system, but
differs from brevianamide A (4.1) and B (4.2), through the inclusion of an oxindole ring instead of

an indoxyl ring (Figure 5.1).

: predicted natural product

w2

NH
bicyclo[2.2.2]diazaoctane H O
HN 0
N
Q. Q- :
N
o H
indoxyl oxindole (t)-brevianamide A (+)-brevianamide B (+)-brevianamide Y (+)-brevianamide Z

(4.1) (4.2) (4.4) (5.3)

Figure 5.1: Key structural motifs of brevianamide A (4.1), B (4.2), Y (4.4) and Z (5.3)

Brevianamide A (4.1) and B (4.2) are diastereomers. Birch and co-workers confirmed this
experimentally via chemical interconversion (Scheme 5.3).}"® (+)-Brevianamide A (4.1) was
reduced using sodium borohydride to give deoxybrevianamide A (5.2), which spontaneously
oxidises in air to afford (—)-brevianamide B (4.2), the antipode of the natural product, as confirmed
spectroscopically and through polarimetry.®*® Biosynthetically, this relationship is believed to be
derived from a late-stage diastereoselective hetero-Diels—Alder reaction, which forms both
brevianamide A (4.1) and B (4.2) ina d.r. 90:10.124128.129 Thyjs diastereoselective hetero-Diels—Alder
reaction to form the core bicyclo[2.2.2]diazaoctane system, was initially proposed by Sammes and

Porter in 1970 in the biosynthesis of brevianamide A (4.1) and B (4.2),"*" but is now believed to

98



extend to the greater bicyclo[2.2.2]diazaoctane family of alkaloids.'’® Therefore, we anticipate that
a yet undiscovered natural product exists, which we are naming, brevianamide Z (5.3), which is a

diastereomer of brevianamide Y (4.4).

NaBH,, NaOH H 0, 0"y
—_—

EtOH, 0 °C — rt ©) NH MeOH (@) NH
4h N N

NH

(+)-brevianamide A (4.1) deoxybrevianamide A (5.2) (-)-brevianamide B (4.2)

Scheme 5.3: Interconversion by Birch and co-workers between the diasteromers (+)-brevianamide A (4.1)

and (-)-brevianamide B (4.2)

Brevianamide Y (4.4) and brevianamide Z (5.3) also have the same anti-relationship between the
methine C—H and proximal piperazine N—H as seen in brevianamide A (4.1) and B (4.2) (Figure

5.2).

i predicted natural product

NH
H
& .
NH o)
HN HN
N
anti-[2.2.2] o
(+)-brevianamide A (t)-brevianamide B (+)-brevianamide Y (+)-brevianamide Z
(4.1) (4.2) (4.4) : (5.3)

Figure 5.2: Relationship of [2.2.2] ring in brevianamide A (4.1), B (4.2), Y (4.4) and Z (5.3)

Recently, our group reported the first total synthesis of (+)-brevianamide A (4.1) and the shortest
total synthesis to date of its diastereomer (+)-brevianamide B (4.2).1%¢ The unique element of the
route employed the synthetic intermediate (+)-dehydrodeoxybrevianamide E (4.45), which itself is
a natural product isolated from Pencillium fungi (Scheme 5.4).3%* No previous synthesis has
involved the (+)-dehydrodeoxybrevianamide E (4.45) intermediate, which is at the correct oxidation

level to perform a late-stage hetero-Diels—Alder reaction.
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Our group postulated that oxidation of 4.45 to (+)-dehydrobrevianamide E (4.69), which when
subjected to appropriate reaction conditions could initiate a biomimetic cascade to generate
brevianamide A (4.1) and brevianamide B (4.2). The complex cascade sequence would start with a
retro 5-exo-trig ring opening reaction to form alkoxyindolenine intermediate 5.5, which would then
be followed by a stereospecific semi-pincaol rearrangement to install the required indoxyl ring
(4.71). Subsequent deprotonation of the diketopiperazine moiety gives aza diene 5.6, which is then
set up for a Sammes-type hetero Diels—Alder reaction with the promixal reverse prenyl group to

afford brevianamide A (4.1) and brevianamide B (4.2).

Synthetically, this biosynthetic proposal was achieved through a mCPBA mediated oxidation of
(+)-dehydrodeoxybrevianamide E (4.45) to form (+)-dehydrobrevianamide E (4.69). Then
treatment of (+)-dehydrobrevianamide E (4.69) with lithium hydroxide in water afforded both

brevianamide A (4.1) and brevianamide B (4.2) with a d.r. 93:7.

4.71
. retro
3, 5-exo-trig : [4"‘2]
‘\\\« v
% _ .
H isolated
N d.r. ~90:10
)< _ NH —
H - _mCPBA _ HO™)—fum ( LiOH
> — =0
) CHCl3, t, 6 h ) N©  H0.105h
d.r: 93:7
07NN 07NN " o
(+)-dehydrodeoxy (+)-dehydrobrevianamide E (+)-brevianamide A (+)-brevianamide B
brevianamide E (4.45) (4.69) (4.1) (4.2)
A\
[750 mg] [80 mg]
e.r. 99:1* e.r. 93:7

*after recryst.

Scheme 5.4: Lawrence’s route to (+)-brevianamide A (4.1) (+)-brevianamide B (4.2) from key intermediate

(+)-dehydrodeoxybrevianamide E (4.45)
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Using the chemistry our group developed for the bioinspired synthesis of brevianamide A (4.1) and
B (4.2), we hoped to modify this to achieve the shortest synthesis of brevianamide Y (4.4) and first
total synthesis of brevianamide Z (5.3). This could be achieved by adapting the oxidation conditions
previously used in the transformation of (+)-dehydrodeoxybrevianamide E (4.45) to (+)-
dehydrobrevianamide E (4.69), the use of alternative conditions would trigger a retro 5-exo-trig
ring opening to afford alkoxyindolenine 5.7 (Scheme 5.5), via a transient epoxide 5.8. This can
again undergo another semi-pinacol rearrangement to form the key oxindole ring (5.9). Finally,
deprotonation to the aza-diene intermediate (5.10) would result in a hetero-Diels—Alder reaction

with the promixal reverse prenyl group.

tautomerisation

retro

zT
/4

0 rremreeeemm o QAN O SmnE N OH
N2 O HN o
H H H N
07NN 0PN\ 07NN o

(+)-dehydrodeoxy dehydrobrevianamide E 5.8 (+)-brevianamide Y (+)-brevianamide Z
brevianamide E (4.69) L (4.4) (5.3)
(4.45)

Scheme 5.5: Proposed route to brevianamide Y (4.4) brevianamide Z (5.3) from key intermediate (+)-

dehydrodeoxybrevianamide E (4.45)

The key challenge would be favouring the formation of the oxindole moiety instead of the indoxyl
ring. These types of transformations where a hydroxyindolenine is rearranged to give an oxindole
or indoxyl are well known in the literature, and it is possible to tune the reaction outcome depending
on the conditions used.'”” This was demonstrated by Brasholz and co-workers in 2017 by employing

different acids in a reagent-controlled 1,2 rearrangement of 3-hydroyindolenines (Scheme 5.6).17
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Scheme 5.6: Reagent-controlled 1,2-rearrangement of 3-hydroxoyindolenines to indoxyls and oxindoles

102



5.2 Results and Discussion: Total synthesis of Brevianamide Y and Z

5.2.1 Synthesis of (+)-Dehydrodeoxybrevianamide E (4.45)

The synthesis of the key (+)-dehydrodeoxybrevianamide E (4.45) intermediate in our synthetic
strategy began by repeating work conducted by previous group members, Rob Godfrey and Dr Nick
Green, during their total synthesis of brevianamide A (4.1) and B (4.2).2% When describing this
body of work, all yields and scales stated are of reactions | conducted myself. Within this section,
I also include improvements | made and further optimisations found while synthesising the common

intermediate, (+)-dehydrodeoxybrevianamide E (4.45).

The synthesis began with phthaloyl protection of commercially available 1-tryptophan methyl ester
(5.11) (Scheme 5.7).1° This was completed by heating 5.11 to reflux with phthalic anhydride to
give the protected compound (5.12), which was used without further purification. To install the
reverse prenyl group at the C2 of the indole, the reverse prenylation procedure developed by
Danishefsky and co-workers was employed.® This proceeds via oxidation of the indole with
t--BuOCI to generate a chloro-indolenine intermediate 5.13. Then freshly prepared B-prenyl-9-
borabicyclo[3.3.1]nonane (5.14) was added slowly at low temperature to induce the transfer of the

reverse prenyl group to the C2 position.

t-BuOCI
Q NEts
H H
; O;t(j N )%/\B N
: <
/ 4 / 5.14 Van
— - =
NH3Cl  NEts, toluene N THF, -78°Ctort, 3 h NPhth
H 111 °C, 18 h H o) 71%, 2 steps H
07 ~OMe 07 "OMe 15t chromatographic 07 "OMe
5.11 5.12 purification 4.72
commerically [22 g]

available

aqueous
EP © workup

@ B

cl NPhth

07 oMe _|
5.13

Scheme 5.7: Phthaloyl protection of tryptophan methyl ester 5.11 and then reverse prenylation of 5.12
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The reverse prenylation reaction required the synthesis of both the B-prenyl-9-
borabicyclo[3.3.1]nonane compound (5.14) and t-butyl hypochlorite, as they are not commercially
available. For the preparation B-prenyl-9-borabicyclo[3.3.1]nonane (5.14), propargyl alcohol (5.15)
was added to a pre-cooled vessel of concentrated hydrochloric acid and small portions of anhydrous
calcium chloride were added cautiously (Scheme 5.8).18! Rigorous temperature control was found
to be crucial for the success of this reaction to form propargyl chloride 5.16, without it
decomposition occurred. Propargyl chloride 5.16, was then added carefully added to activated zinc
to form an organozinc species in situ. Following protonation by the solvent, 1,1-dimethylallene
(5.17) was collected through continuous distillation of the reaction.'®! This allene (5.17) was then
subjected to hydroboration to give a solution of B-prenyl-9-borabicyclo[3.3.1]nonane (5.14), which
was used directly in the reverse prenylation.'® This reaction sequence was completed on a larger
scale than previously published (123 g vs. 103 g) and through tighter temperature control the yields

were improved (59% vs 49% and 82% vs 66%).16

Zn

CaCly, HCl aq. BrCH,CH,Br {g
OH i Cl HB
- hydroquinone cat. . I, cat. o \ _ )\/\B
0°C—rt,1h n-BuOH / THF, 0°C tort ig
continuous distillation 18 h
5.15 5.16 5.17 5.14
59% 82%
123 g 22¢g

Scheme 5.8: Synthesis of B-prenyl-9-borabicyclo[3.3.1]nonane (5.14) from propargy! alcohol (5.15)

To synthesise t-butyl hypochlorite, tert-butanol (5.18) was added to an acidic solution of sodium
hypochlorite (Scheme 5.9).18 This afforded the light and moisture-sensitive hypochlorite, which

was stored over calcium chloride in an amber flask and kept in the freezer before use.

W _feoo 4
a
—_—
)< H,0 )<
t<10°C
5.18 10 min  t-butyl hypochlorite

39%
16 g

Scheme 5.9: Synthesis of t-butyl hypochlorite from tert-butanol (5.18)
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During the initial studies completed by Rob Godfrey, in the synthesis of (+)-
dehydrodeoxybrevianamide E (4.45), it was found that exposure of the protected tryptophan
derivative (4.72) to alkaline lithium hydroxide solution resulted in the formation of di-carboxylic
acid 5.19 (Scheme 5.10). This occurred through the anticipated hydrolysis of the methyl ester
accompanied by the unexpected ring opening of the phthalimide ring.}8* Retrospectively, the
susceptibility of the phthalimide to base-mediated ring opening explains why previous synthesises
of related compounds required a change in amide protecting group at this stage.8>% With poor
chemoselectivity exhibited under basic hydrolysis conditions, alternative dealkylation conditions
were investigated. Fisher and co-workers demonstrated the utility of using lithium halides in the
dealkylation of esters.16%170.171 | was able to use the alternate demethylation approach, using LiCl in
DMF, to access lithium carboxylate (4.73) in good yield and avoid unnecessary protecting group

manipulation.

N N
/ H -« LOoH 7 = LiCl 7 \=
N H,O:THF, rt, 3 h NPhth  DMF, 160 °C, 21 h NPhth
g o’ COH 94% g OMe g oLi
5.19 4.72 4.73

Scheme 5.10: Hydrolysis of ester 4.72 to give dicarboxylic acid 5.19 and demethylation of ester 4.72 to

give lithium carboxylate 4.73

Lithium carboxylate (4.73), was then converted to the corresponding acyl chloride (5.20) using
catalytic dimethylformamide and oxalyl chloride (Scheme 5.11).18788 This was then coupled with

imine 4.74 in-situ to give the desired N-acyl-enamine (4.75).

ii) NEts
H H H
N hicoc) N, -CO,Me N
! 2
7 \= DMF cat. 7 \— 4.74 7 \—
—_— —_—

NPhth CH,Cl, NPhth | goc L1t 21 h NPhth
H 0°C — rt, 20 min H H 2
07 oLi 0% ¢l 07NN
4.73 5.20 4.75

Scheme 5.11: Coupling of imine 4.74 with lithium carboxylate 4.73
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The imine (4.74) used in the condensation reaction was formed following a procedure by Schmalz
and co-workers (Scheme 5.12),28 using the commercially available proline methyl ester 5.21, and
N-chlorosuccinimide. Again, | was able to scale this reaction up and obtained a slightly improved

yield compared to the original publication (82% vs 79%).1%

H,Cl O o
N2 NCS, NEt; N\
OMe  CH,Cl, OMe
0°C to rt, 3h
5.21 82% 4.74
15.7g

Scheme 5.12: Oxidation of proline methyl ester 5.21 to imine 4.74

To perform the required deprotection of the amine, the group found the mild conditions of ammonia
in methanol worked the best (Scheme 5.13). The free amine then concomitantly condensed with
the pendant ester on the five membered ring to form the core diketopiperazine ring, which

completed the synthesis of (+)-dehydrodeoxybrevianamide E (4.45).

H
N N
/, NH3/MeOH P (+)-dehydrodeoxy-
— rt, 18 h H —_— brevianamide E (4.45)
[ — .
NPhth 9
COMe _ 49%: 3 steps N 5 steps, 35%
H 2" chromatographic H [8.5 gl
07NN\ purification 07 "N™N
4.75

Scheme 5.13: Phthaloyl deprotection of compound 4.75 and subsequent cyclisation to form (+)-

dehydrodeoxybrevianamide E (4.45)

The synthesis of the key synthetic intermediate (+)-dehydrodeoxybrevianamide E (4.45) was thus
successfully completed starting from tryptophan methyl ester (5.11) in 5 steps with an overall yield
of 35%. This procedure was amenable to being conducted on a large scale and only required two
chromatographic ~ purifications  (Scheme  5.14). This total synthesis of (+)-
dehydrodeoxybrevianamide E (4.45) represents a significant improvement on Williams’ previous

synthesis of 12 steps and 8% overall yield.18
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Scheme 5.14: Summary of (+)-dehydrodeoxybrevianamide E (4.45) synthesis starting from 1-tryptophan

methyl ester (5.11)

5.2.2 Synthesis of Brevianamide Y (4.4) and Brevianamide Z (5.3)

To test the chemical feasibility of our bioinspired cascade to form brevianamide Y (4.4) and
brevianamide Z (5.3), investigations began with the oxidation of (+)-dehydrodeoxybrevianamide E
(4.45) to form dehydrobrevianamide E (4.69). Using the conditions previously developed by the
group in the synthesis of brevianamide A (4.1) and brevianamide B (4.2), an mCPBA oxidation of
the indole ring was performed (Scheme 5.15).18 This is believed to proceed through the
corresponding transient epoxide (5.22), which ring opens through the diketopiperazine nitrogen
adding to the C2 position of the indole ring. This successfully gave access to dehydrobrevianamide
E (4.69) in moderate diastereoselectivity and yield. Sherman, Williams and Tsukamoto
demonstrated that in nature the stereoselectivity is tightly controlled through the use of flavin-
dependent monooxygenase enzymes.*’® However, having access to both diastereomers would be
beneficial for attempting to synthesise both the natural and unnatural enantiomers of brevianamide

Y (4.4) and brevianamide Z (5.3).
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Scheme 5.15: Diastereoselective oxidation of (+)-dehydrodeoxybrevianamide E (4.45) to

dehydrobrevianamide E 4.69 and 5.23

As previously mentioned, the rearrangements of 3-hydroxyindolenines to form either oxindoles or
indoxyls has been explored under different conditions.1’®% In addition, the previous syntheses of
brevianamide A (4.1) and B (4.2) by Green and Godfrey found that when dehydrobrevianamide E
(4.69) and its minor diastereomer (5.23) was subjected to the basic conditions of lithium hydroxide

this resulted in indoxyl formation (Scheme 5.16).168

— NH
HO LiOH 07 R
N H,0, rt, 0.5 h *
,rt, 0.
H z HN o NH
07 "N™N
0] N 0]
4.69 . : ; . : f : 5.23 : : : :
(+)-brevianamide A (+)-brevianamide B ; (-)-brevianamide A (-)-brevianamide B
(4.1) (4.2) : (4.1) (4.2)
[750 mg] [60 mg] : [128 mg] [12 mg]

er93:7 er.93:7 : er.5:95 er. 8:92
e.r. 99 : 1 recryst.

Scheme 5.16: Dehydrobrevianamide E (4.69) and its minor diastereomer (5.23) treated with lithium

hydroxide to form brevianamide A (4.1) and brevianamide B (4.2)

Therefore, | investigated an alternative acid-mediated rearrangement of hydroxyindolenines 4.69
and 5.23, in hope of forming the required oxdinoles. This was conducted on NMR scale using
compound 4.69 under different conditions and the ratio of product to starting material was
monitored (Table 5.1). Heating to 65 °C with trifluoroacetic acid in both deuterated methanol and

water resulted in full conversion to the desired oxindole product (5.24) (Table 5.1, Entries 1 and
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2). When using p-toluenesulfonic acid and hydrochloric acid (Table 5.1, Entries 2 and 3) full
consumption of starting material was also observed, but the *H NMR spectrum was a lot more
complex, therefore indicating the formation of unknown products through competitive side

reactions. Reduced conversion was seen when conducting the reaction in iso-propanol (Table 5.1,

Entry 5).
HOm) " AC|d cat. )Hi>
Solvent
é Temp °C
Time h
Entry Solvent Acid Temp (°C) Time (h) SM : P ratio*
1 MeOD TFA 65 72 0:100
2 MeOD PTSA 65 24 0:100"
3 MeOD  HCI (2 M) 65 24 0:100"
4 H-O TFA 65 24 0:100
5 IPA TFA 83 24 6:94

Table 5.1: Conditions screened for the acid mediated semi pinacol [1,2]-shift of hydroxyindolenine 4.69 to
oxdinole 5.24. *ratios calculated through *H NMR spectroscopy. “Complex mixture of unidentified

products

Using this information, both diastereomers of dehydrobrevianamide E (4.69 and 5.23) were heated
with trifluoroacetic acid in water, which resulted in the formation of the desired oxindole products
5.24 and 5.25 respectively, albeit in low isolated yields (Scheme 5.17). The configuration of the
oxindole products (5.24-5.25) was assumed at this stage, but we were able to indirectly confirm this

later in the synthesis.
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/ Z NH
HOwm ---n % H o : HO L

0 HZO 65 °C H : N__.O H,0, 65 °C
2 days N : H 2 days

28 % yield o™ N ; AN 24 % yield
25mg : 25mg

dehydrobrevianamide E major oxindole i dia-dehydrobrevianamide E minor oxindole
(4.69) 5.24 : (5.23) 5.25

Scheme 5.17: Acid mediated rearrangement of both dehydrobrevianamide E (4.69) and dia-

dehydrobrevianamide E (5.23) to the corresponding oxindoles (5.24 and 5.25)

After extensive experimentation it was later found by Dr Nick Green, that these two reactions could
be telescoped together by employing an N-chlorosuccinimide oxidation with catalytic
trifluoroacetic acid to (+)-dehydrodeoxybrevianamide E (4.45) (Scheme 5.18). To our delight, this
was not only more step economic, but also greatly improved the yield of the transformation and
slightly improved the diastereoselectivity of the reaction. When | conducted this reaction on a
500 mg scale | obtained and separated both diastereomers in 83% yield (combined yield of both

diastereomers) with a d.r. 31:69.

H_ NCS, TFA (2 mol%) minor oxindole

NOO ——————— 5.25
H MeOH,0°Ctort, 72 h
83%
07 "N™R (d.r. 31:69)

(+)-dehydrodeoxy-
brevianamide E (4.45)

major oxindole
5.24

Scheme 5.18: One pot procedure for the diastereoselective oxidation and rearrangement of (+)-

dehydrodeoxybrevianamide E (4.45) to oxindoles 5.24 and 5.25

With access to both diasteromers of the oxindole intermediate (5.24 and 5.25) investigation began

into conditions that could initiate the domino tautomerisation/hetero Diels—Alder reaction. Initially,
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| attempted the rearrangement/hetero Diels—Alder reaction using Williams’ base-mediated
approach with potassium hydroxide (Scheme 5.19).24° This reaction was performed on NMR scale
and | noted the formation of peaks in the *H NMR spectrum corresponding to brevianamide Y (4.4).

This was accompanied by lots of unknown peaks present in the *H NMR spectrum.

___KOH N
P Hz0, 1t, 24 h 7 o
W N o — - HN 0
o} NN LiOH
5.24 H20, 1t, 24 h (+)-brevianamide Y
(4.4)

Scheme 5.19: Conditions trialled for rearrangement/hetero Diels—Alder of oxindole 5.24

In the synthesis of brevianamide A (4.1) and brevianamide B (4.2) developed by the group, it was
discovered that lithium hydroxide was able to induce a cascade that finished with a similar domino
tautomerisation/hetero Diels—Alder (Scheme 5.20).1%8 Subjecting oxindole 5.24 to the same lithium
hydroxide conditions resulted in a cleaner *H NMR spectrum of brevianamide Y (4.4) being

produced and full consumption of starting material (5.24).

HOm, ,“”F LioH HN
A +
NI O
H H,O, rt, 0.5 h o
07 "N7N o
dehydrobrevianamide E (+)-brevianamide A (+)-brevianamide B
(4.69) (4.1) (4.2)
[750 mg] [60 mg]

Scheme 5.20: Cascade reaction of dehydrobrevianamide E (4.69) under lithium hydroxide to form (+)-

brevianamide A (4.1) and (+)-brevianamide B (4.1)

Finally, in order to determine the correct length of reaction, parallel reactions were run. Through
use of 'H NMR spectroscopy | was able to monitor the ratio of oxindole (5.24) starting material to
(+)-brevianamide Y (4.4) product (Figure 5.3). The doublet at 7.42 ppm corresponds to (+)-
brevianamide Y (4.4) and the doublet at 7.38 ppm corresponds oxindole (5.24). Reactions were run
at two-hour intervals until consumption of starting material was observed. This occurred when the

reaction was left to stir for eight hours at room temperature.
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NH
__LlioH H O
i 20 rt,24 h HN O
N7 N
O
major oxindole (5.24) (+)-brevianamide Y (4.4) (+)-brevianamide Z (5.3)

ZhJuwMu

4h W UAMUJ J\JMJb

6h .

8h

1.00+

0.1

7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6

Figure 5.3: Effect of varying reaction length on the ratio of starting material (5.24) to product (+)-

brevianamide Y (4.4) as observed by 'H NMR spectroscopy (600 MHz, CDCls)

Using the knowledge acquired from this initial screen, we were able to scale up the domino
tautomerisation and Diels—Alder reaction using the optimised conditions (Scheme 5.21). Oxindoles
5.24 and 5.25 were treated with aqueous lithium hydroxide at room temperature and left to stir for

8 hours. This resulted in the formation of (+)-brevianamide Y (4.4) and (+)-brevianamide Z (5.3)
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from the major oxindole (5.24) and (-)-brevianamide Y (4.4) and (-)-brevianamide Z (5.3) from

the minor oxindole (5.25).

NH
H O
LiOH
(0}
O H,0,1t 8h HN
N
O
(+)-brevianamide Y (4.4) (+)-brevianamide Z (5.3)
e.r. 98:2, 21% e.r. 85:15, 11% )
e 1\
HN
O H
LiOH
H,0, 1t, 8 h o NH
N
(¢}
(-)-brevianamide Y (4.4) (-)-brevianamide Z (5.3)
e.r. 98:2,19% e.r. 92:8, 12%

Scheme 5.21: Base mediated tautomerisation and hetero Diels—Alder of oxindoles 5.24 and 5.25 to form

brevianamide Y (4.4) and brevianamide Z (5.3)

From this set of experiments | was able to get full characterisation data for each enantiomer of
brevianamide Y (4.4) and brevianamide Z (5.3), including developing chiral HPLC assays. The
optical rotations of each natural product were measured, which aided in the indirect assignment of
the absolute stereochemistry of the major (5.24) and minor (5.25) oxindoles. The measured optical
rotation and circular dichromism values were consistent with the isolation papers values and the

recorded by Qi and co-workers.!3

Through recrystalisation, an X-ray crystal structure of brevianamide Y (4.4) was acquired (Figure
5.4). The crystal structure of brevianamide Y (4.4) was found to be centrosymmetric suggesting the

sample had somehow racemised upon crystallisation.

Further analysis of chiral HPLC samples were run of both the prism crystals and the mother liquor
of the recrystallisation to determine the e.r’s. Interestingly, it was found that upon crystallisation
resulted in an increase in e.r of the sample remaining in the mother liquor (98:2 from 95:5), and the

crystals were racemic (Figure 5.5). This is presumably a due to the original enantioenriched sample
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not being entirely enantiopure, and the minor impurity co-crystallises out to yield the 1:1 racemic
crystal.

H O

A
A~

HN 0

(0)

1

c’y\\

(+)-brevianamide Y
(4.4)

fﬂY

%

Figure 5.4: X-ray crystal structure of (+)-brevianamide Y (4.4)

myv
Detector A Ch1 260nm

250
225+

200

1) Original sample
(e.r. 95:5)

100+

— T T T T T T T T T T T T T
5

L
[Detector A ChL 260nm

25.0

22.5+

vsi 2) Recrystalised material
1507 (e.r. 5050)

12.5+

10.0+

———— T T T T T T T T T T T T T T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 17.5 20.0 225 min

V.
Detector A Chl 260nm

=i 3) Mother liquor from recryst.
] (e.r. 98:2)

o] - L

— T T T T T T T T T T T T T T
25 5.0 75 10.0 125 15.0 17.5 20.0 225 min

Figure 5.5: Chiral HPLC traces 1) (+)-brevianamide Y (4.4) before recrystallisation 2) mother liquor after
recrystallisation 3) the crystals after recrystallisation. Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min, A

254 nm
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Overall, this completed our synthesis of both enantiomers of brevianamide Y (4.4), with a longest
linear sequence of seven steps, which was less than half the step count of Qin’s previous targeted
synthesis (18 steps) of (-)-brevianamide Y (4.4) (Scheme 5.22). 14910 Alongside this, the first total

synthesis of brevianamide Z (5.3) has been achieved in seven steps and a 2.1% overall yield.

LiOH
O H,0, 1, 8h

(+)-brevianamide Y (4.4) (+)-brevianamide Z (5.3)
e.r. 98:2, 21% e.r. 85:15, 11%

Y _ NCS
§ TFA (2 mol%)

J
o —— 2 MoTR) |
H MeOH P <
0°Ctort, 72 h
07NN '
83% HN

(+)-dehydrodeoxy- (d-r- 69:31)
brevianamide E (4.45)

LiOH o
H,O, 1, 8 h

(-)-brevianamide Y (4.4) (-)-brevianamide Z (5.3)
e.r. 98:2, 19% e.r. 92:8, 12%

Scheme 5.22: Final steps in the synthesis of both enantiomers of brevianamide Y (4.4) and brevianamide Z

(5.3) starting from (+)-dehydrodeoxybrevianamide E (4.45)

5.3 Conclusion

During the course of this project, the shortest total synthesis of both enantiomers of brevianamide
Y (4.4) and the first total synthesis of both enantiomers of brevianamide Z (5.3) was successfully
achieved (Scheme 5.23). This was accomplished through a bioinspired strategy starting from the
commercially available 1-tryptophan methyl ester (5.11), forming brevianamide Y (4.4) and
brevianamide Z (5.3) in seven steps with just four chromatographic purifications. The key steps of
the synthesis relied upon the selective rearrangements of an alkoxyindolenine intermediates to the
corresponding oxindoles (5.24 and 5.25), followed by a base-mediated tautomerisation/hetero-
Diels—Alder reaction sequence to form both enantiomers brevianamide Y (4.4) and brevianamide

Z (5.3).
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Brevianamide Z (5.3) is of interest as we believe it to be a natural product that is yet to be isolated.
As it bares the same structural relationship to brevianamide Y (4.4) as brevianamide B (4.2) does

to brevianamide A (4.1). With the full characterisation data now available from this synthesis, this

may help direct future isolation studies to find brevianamide Z (5.3).

t-BuOCI
Q NEt,
H H H H
N O N g N N
: 1S
7 J 7 5.14 7 = La 7 \=
—_— —_—
NH3Cl  NEt; N THF, -78°Ctort, 3 h NPhth  DMF NPhth
H toluene H H 160 °C, 21 h H
111 °C, 18 h e} 71%, 2 steps .
07 ~OMe 07 0OMe 15t chromatographic 07 ~OMe 07 oL
5.11 5.12 purification 4.72 4.73
[22 g] i) (COCI),, DMF
CH,Cl,
i) Ny _-CO,Me
4.74
NEt;
0°Ctort,21h
s N
H
N N
(+)-dehydrodeoxy- / NH3/MeOH /
brevianamide E (4.45) H rt, 18 h —
B S
5 steps, 35% H N 0 49%, 3 steps NPh(t)iE)zMe
[8.5 g] N 2" chromatographic H
o N purification o NTR
A\ S
4.75
NCS, TFA (2 mol%) | MeOH,0°Ctort, 72 h
83%
e (d.r. 69:31) (
NH 0 0 HN
H O - /H HN '\\\\‘</H o
o “_N._O N._O
HN y '_a/i H o) NH
(@) (6] NTN o NN N (6]
(+)-brevianamide Y (+)-brevianamide Z 5.24 5.25 (-)-brevianamide Y (-)-brevianamide Z
(4.4) (5.3) (4.4) (5.3)
e.r. 98:2,21% e.r. 85115, 1% e.r. 98:2, 19% e.r. 92:8,12%
A\ S/
T LiOH LiOH
H,O, rt, 8 h H,O, rt, 8 h

Scheme 5.23: Complete synthesis to brevianamide Y (4.4) and brevianamide Z (5.3) from 1-tryptophan

methy| ester (5.11)
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5.4 Future Work

The future work on this project will be to investigate the synthesis of structurally related natural
products (Figure 5.6). For example, (+)-versicolamide B (4.54) is structurally identical to (+)-

brevianamide Y (4.4), bar the inclusion of a pyrano ring at the C6 — C7 position of the oxindole

ring.
6 7 d

NH : NH

e H O

HN 0 HN 0

H N
(¢} N H o
(+)-brevianamide Y (4.4) (+)-versicolamide B (4.54)

Figure 5.6: Structurally related natural product (+)-versicolamide B (4.54)

The synthesis of (+)-versicolamide B (4.54) could be achieved many ways, either through late stage
functionalisation of (+)-brevianamide Y (4.4) with the introduction of a pyrano group (Scheme
5.24, pathway 1). Or, alternatively, the early installation of the pyrano group by functionalising the
tryptophan starting material. The methodology developed throughout this project could then be

used to carry the functionalised starting material through the synthesis (Scheme 5.24, pathway 2).

A
H
N O N
7% 7 pathway 1 ( h
---------- >
NH,CI NH,CI pre- : )
H H functionalisation Q
07 ~OMe 07 ~OMe :
NH
541 -
__________ -~ H O
; HN 0
H N
NH : o
Ho o pathway 2 _ .
o late stage \(+)-ver5|colam|de B(4.54)J
HN functionalisation
N
(6]

(+)-brevianamide Y (4.4)
Scheme 5.24: Potential pathways towards the synthesis of (+)-versicolamide B (4.54)
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Chapter 6: Mechanistic Studies into the Base-
Catalysed Cascade in the Synthesis of
Brevianamide A and B

6.1 Introduction

In parallel to the investigations in to the synthesis of brevianamide Y (4.4) and Z (5.3), mechanistic
studies were performed to gain greater insight into the cascade reaction which features in the
Lawrence Group’s total synthesis of (+)-brevianamide A (4.1) and (+)-brevianamide B (4.2),

published in 2020.168

(0]

W
. H
_.semi-pinacol _ H “~_N_O
L

07 "N™N

4.711
R retro
""»~i\5-exo-trig : [4.,,2]
% Y
N\\ 'd N\
H isolated
N d.r. ~90:10
// _ NH — HN
H o mCPBA HOw—(um LiOH a
—_—
H CHCs, rt, 6 h N© H,0, 1, 0.5 h o
07 NN 57% 63% i N
d.r. 64:36 (0] NN dr 93:7 0 o
(+)-dehydrodeoxy (+)-dehydrobrevianamide E (+)-brevi . . .
. . -brevianamide A (+)-brevianamide B
brevianamide E (4.45) (4.69) (4.1) (4.2)
. J
[750 mg] [80 mg]
e.r. 99:1 e.r. 93:7

Scheme 6.1: Proposed cascade sequence for the formation of (+)-brevianamide A (4.1) and (+)-B (4.2) and

chemical synthesis from (+)-dehydrodeoxybrevianamide E (4.45)

The key step in the group’s synthesis of brevianamide A (4.1) and brevianamide B (4.2) was a
complex cascade sequence starting from (+)-dehydrobrevianamide E (4.69) (Scheme 6.1). When
(+)-dehydrodeoxybrevianamide E (4.45) was oxidised in a diastereoselective manner (63:37 d.r.)

using mCPBA, two diastereomers of dehydrobrevianamide E (4.69 and 5.23) were obtained that
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were crucial for the synthesis of both enantiomers of brevianamide A (4.1) and B (4.2).
Dehydrobrevianamide E (4.69) was treated with aqueous lithium hydroxide, which triggered a
cascade sequence that was proposed to start with a retro 5-exo-trig ring opening reaction to give the
alkoxyindolenine intermediate 5.5. Alkoxyindolenine 5.5, would then be set up to undergo a semi-
pinacol rearrangement to install the indoxyl ring (4.71). Deprotonation of the diketopiperazine
moiety would allow for the formation of an aza-diene intermediate (4.6), which can undergo a final
intramolecular hetro Diels—Alder reaction with the reverse prenyl fragment. This sequence proceeds

to afford both (+)-brevianamide A (4.1) and (-)-brevianamide B (4.2).

While optimising the cascade reaction, Green and Godfrey found that using weaker carbonate bases
and increasing the methanol content of the solvent, resulted in another product forming, suggesting
a different reaction pathway was responsible. This project aimed to elucidate all products and

possible pathways when the complex cascade sequence was performed under different conditions

(Scheme 6.2).
weak base
v pathway 1
i f A strong base
dehydrobrevianamide E g
(4.69) pathway 2

Scheme 6.2: Planned reactions for mechanistic studies, subjecting dehydrobrevianamide E (4.69) to

different conditions

6.2 Results and Discussion: Mechanistic Investigation of the Cascade
Sequence

To probe the mechanism of the cascade reaction from dehydrobrevianamide E (4.69) to form
brevianamide A (4.1) and brevianamide B (4.2), NMR monitoring studies were conducted. Initially,
dia-dehydrobrevianamide E (5.23) was subjected to the strongly basic conditions of lithium
hydroxide, as used in the synthesis of the natural products.* This reaction was performed in various

solvents and monitored for product formation via *H NMR spectroscopy (Table 6.1) (for raw NMR
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data see Section 8.5.1-8.5.5, pages 251-260). The reaction was worked up after stirring for 30

minutes at room temperature and revealed the formation of (-)-brevianamide A (4.1) in all cases.

NH/~

HO
O  LiOH (1 M)

N T,
H solvent
N rt
o 30 min

dia-dehydrobrevianamide E (-)-brevianamide A
(5.23) (4.1)
Solvent
H.O H.O/MeOH (1:1) MeOH

(-)-brevianamide | (—)-brevianamide A | (-)-brevianamide
A (4.1) formed (4.1) formed A (4.1) formed

Table 6.1: The reaction of dia-dehydrobrevianamide E (5.23) with a 1 M LiOH solution. The 1 M LiOH
solution was made up in different aqueous and methanolic solvents and the reaction was monitored by *H

NMR (500 MHz, CDCls)

When the same set of reactions were performed with the weaker base, potassium carbonate, this

resulted in a different product forming (Table 6.2).

NH =~
HO K,CO3 (1 M)
NP ——— OR
H solvent
rt
o NE 24h
dia-dehydrobrevianamide E (-)-brevianamide A 6.1
(5.23) (4.1)
Solvent
H20 H,O/MeOH (1:1) MeOH
No reaction 6.1 formed 6.1 formed
observed

Table 6.2: The reaction of dia-dehydrobrevianamide E (5.23) with a 1 M K»COgzsolution. The 1 M K>CO3
solution was made up in different aqueous and methanolic solvents and the reaction was monitored by *H

NMR (500 MHz, CDCl5)
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This new product was isolated, fully characterised, and found to be consistent with the structure of
hydroxyindolenine 6.1.1"4 However, conducting the reaction under aqueous conditions resulted in
no reaction occurring, therefore indicating that the methanol content of the solvent of the reaction
was also required for the formation of alkoxyindolenine 6.1. It was postulated that the formation of
6.1 was the result of the 5-exo-trig ring opening occurring to afford intermediate 6.2 (Scheme 6.3).
Then, under weakly basic methanolic conditions, intermediate 6.2 undergoes a deprotonation to the
aza diene intermediate 6.3, which then undergoes a hetero-Diels—Alder reaction to give the
alkoxyindolenine 6.4. Work-up and proton transfer give hydroxyindolenine 6.1 as the sole product
of the reaction. Therefore, suggesting under weakly basic conditions the hetero-Diels—Alder is

faster than the semi-pinacol rearrangement.

K,CO3
ES————
retro
5-exo-trig

dia-dehydrobrevianamide E
(5.23)

semi
X pinacol

(-)-brevianamide A O
(4.1)

Scheme 6.3: Proposed cascade pathway of dehydrobrevianamide E (5.23) under weak base conditions to

form hydroxyindolenine intermediate 6.1

By repeating this reaction on a slightly larger scale we were able to isolate both diastereomers of

the hydroxyindolenine intermediate (-)-(6.1) and (—)-(6.5) formed in the reaction (Scheme 6.4).
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The relative stereochemistry of each hydroxyindolenine (6.1 and 6.5) was later assigned

unambiguously by observing which diastereomer led to the formation of brevianamide B (4.2).

N\
NH =~
HO K,CO3 (2 M, aq.), . HO
N_ O MeOH, rt, 16 h (@) NH
H 55% (d.r. 74 : 26) N
N (¢] (¢]
o) N
dia-dehydrobrevianamide E 6.1 6.5
(5.23) [8.2 mg] [2.8 mg]

Scheme 6.4: Deprotonation and hetero Diels—Alder reaction of dia-dehydrodeoxybrevianamide E (5.23) to

give hydroxyindolenines (-)-6.1 and (-)-6.5

Further mechanistic studies were then undertaken using the authentic samples of the
hydroxylindolenine diastereomers (6.1 and 6.5) isolated from the above reaction. As each
hydroxyindolenine intermediate was a hypothetical precursor to either (-)-brevianamide A (4.1) or
to (-)-brevianamide B (4.2) through a semi-pinacol rearrangement, both were subjected to
conditions that attempted to initiate this transformation (Table 6.3). Hydroxyindolenine 6.1 was
found not to undergo a semi-pinacol rearrangement to form (—)-brevianamide A (4.1) under strongly
basic conditions.

LiOH (1 M)

solvent
rt
24 h

6.1 (—)-brev(i:-r‘:e)xmide A
Solvent
H.0 H,O/MeOH (1:1) MeOH
no reaction no reaction no reaction

Table 6.3: The reaction of hydroxyindolenine 6.1 with a 1 M LiOH solution. The 1 M LiOH solution was
made up in different aqueous and methanolic solvents and the reaction was monitored by *H NMR (500

MHz, CDCls)
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In stark contrast to these results, when the other hydroxyindolenine diastereomer (6.5) was
subjected to the strongly basic conditions of lithium hydroxide in a range of solvents, each reaction
resulted in the formation of (—)-brevianamide B (4.2) (Table 6.4), confirming that a late-stage
semi-pinacol rearrangement was possible in the synthesis of brevianamide B (4.2) under strongly

basic conditions.

N\
NH
HO (o
0 LIOH (1 M
g R, ° NH
N solvent
0 1t N o
24 h
6.5 (-)-brevianamide B
(4.2)
Solvent
H.O H.O/MeOH (1:1) MeOH

(-)-brevianamide | (-)-brevianamide B | (-)-brevianamide
B (4.2) observed (4.2) observed B (4.2) observed

Table 6.4: The reaction of hydroxyindolenine (6.5) with a 1 M LiOH solution. The 1 M LiOH solution was
made up in different aqueous and methanolic solvents and the reaction was monitored by *H NMR (500

MHz, CDCls)

Finally, to ascertain if the semi-pinacol [1,2]-shift was reversible under strong bases, (-)-
brevianamide A (4.1) was left to stir in different lithium hydroxide solutions (Table 6.5). No
reaction was observed under each set of conditions, proving that a retro-semi-pinacol rearrangement

back to hydroxyindolene 6.1 was not possible under these conditions.

These results indicated that there is only one pathway for the formation of brevianamide A (4.1),
since our studies showed that a semi-pinacol rearrangement of the hydroxyindolenine intermediate
6.1 was not possible (Scheme 6.5). Whereas for the formation of brevianamide B (4.2), the semi-

pinacol rearrangement was possible from the corresponding hydroxyindolenine intermediate 6.5.
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LiOH (1 M)

solvent
rt
24 h

(-)-brevianamide A

(a.1) 6.1
Solvent
H.O H,O/MeOH (1:1) MeOH
no reaction no reaction no reaction
observed observed observed

Table 6.5: The reaction of (—)-brevianamide A (4.1) with a1 M LiOH solution. The 1 M LiOH solution
was made up in different aqueous and methanolic solvents and the reaction was monitored by *H NMR

(500 MHz, CDCls)

HOf
LiOH (1 M)
(e} NH —_—
N MeOH
0 rt
24 h
(-)-brevianamide A 6.5 (-)-brevianamide B

4.1) (4.2)

Scheme 6.5: Hydroxyindolenine intermediates 6.1 and 6.5 subjected to lithium hydroxide

These remarkable observations can be rationalised by invoking a stabilising interaction through an
intramolecular ionic hydrogen bond (IHB) shown in Figure 6.1. IHBs form between ions and
molecules and typically have bond strengths ranging from 5-35 kcal/mol.2°* Due to their incredible
strength they play a vital role in protein folding, enzyme active sites, self-assembly in
supramolecular chemistry and in many more systems. %219 In this case, an intramolecular IHB is
only possible in the alkoxy indolenine intermediate 6.1 and would go on to form brevianamide A
(4.1). As the negatively charged oxygen of the alkoxy group is in close proximity to the

diketopiperazine N-H to form an ionic hydrogen bond. It is believed that this stabilising IHB
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interaction is strong enough to prevent the corresponding semi-pinacol arrangement from occuring

and therefore prevent the formation of brevianamide A (4.1) under basic conditions.

ionic o o
H-bond H/l

Figure 6.1: Proposed intramolecular ionic hydrogen bond that stabilises alkoxy indolenine intermediate

4.38

Finally, to confirm the selectivity of the pathway did not correlate to the cation used, we also tried
using strong bases with alternative metal cations. (+)-Dehydrodeoxybrevianamide E (4.69) was
treated with sodium hydroxide and potassium hydroxide in water and methanol. Both reactions
resulted in the clean formation (+)-brevianamide A (4.1) and (+)-brevianamide B (4.2) (Scheme
6.6). Unfortunately the equivalent weak base, lithium carbonate, was not soluble under the aqueous

and the methanolic reaction conditions, so the reaction did not proceed.

NaOH

— HN
H,O, rt, 4 h ) o
(0]
KOH HN
_— N
H20, 1t, 6 h ©
dehydrobrevianamide E (+)-brevianamide A (+)-brevianamide B
(4.69) (4.1) (4.2)

Scheme 6.6: Alternative strong bases used to synthesise brevianamide (+)-A (4.1) and (+)-B (4.2)

6.3 Conclusion

Through serveral control experiments | was able to gain greater insight into the complex bioinspired
cascade, featured in the synthesis of brevianamide A (4.1) and brevianamide B (4.2).1%® For both
brevianamide A (4.1) and brevianamide B (4.2) it was discovered that the order of steps in the

cascade could be changed by tuning the reaction conditions.
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The following conclusions can be drawn from the experiments conducted; a strong base is necessary
to ensure the semi-pinacol [1,2]-shift occurs prior to the Diels—Alder reaction (Scheme 6.7). This
is essential for the productive pathway in forming brevianamide A (4.1). However, under weakly
basic conditions, such as in the presence of potassium carbonate the deprotonation to the aza-diene
intermediate and subsequent Diels—Alder reaction occurs preferentially. This resulted in an
unproductive pathway as it was found that the semi-pinacol shift cannot occur in the final step of
the cascade sequence towards brevianamide A (4.1). This is believed to be due to an intramolecular
ionic hydrogen bond that stabilises the hydroxyindolenine (6.1) formed and therefore prevents the
rearrangement (4.38, Figure 6.2). In contrast, in the synthesis of brevianamide B (4.2) the
diasteoromeric hydroxyindolenine (6.5) is in the wrong configuration to benefit from this stabilising
interaction, and is therefore is able to undergo a semi-pinacol rearrangement in the final step of the

cascade to form brevianamide B (4.2).

6.6
alkoxyindolenine precursor to alkroxyindolenine precursor
brevianamide A (4.1) to brevianamide B (4.2)

Figure 6.2: Proposed intramolecular ionic hydrogen bond that stabilises alkoxyindolenine intermediate 4.38

This work demonstrates the importance of the final step of the cascade for forming brevianamide
A (4.1) being a hetero Diels—Alder reaction. Many of the previous unsuccessful attempts at the
synthesis of brevianamide A (4.1) have led to the synthesis of brevianamide B (4.2) as the sole
product instead. These routes have previously relied upon installing the bicyclo[2.2.2]diazoctane
ring before the indoxyl ring and therefore require a late-stage semi-pinacol rearrangement. These
mechanistic studies help to understand why brevianamide A (4.1) has eluded synthetic chemists for

so long.
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Scheme 6.7: Results of mechanistic investigation into the effect of base strength and solvent on the

synthesis of brevianamide A (4.1)

Additionally, a recent collaboration between Williams, Sherman, Li and co-workers demonstrated
the role of a semi pinacolase enzyme as the final enzyme in the biosynthesis of brevianamides A
(4.1) and B (4.2).1"* Our new insights into the mechanistic detail of the synthetic cascade reaction
indicate that the use of a strong base, like lithium hydroxide, provides the same function as the semi

pinacolase enzyme in the biosynthesis.

6.4 Future Work

Future work on this project will be to back these experimental observations with computational
studies to see the relevant energy barriers between the two distinct pathways. In addition, the

stabilising interection in hydroxyindolenine 6.1 could also be modelled.
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Chapter 7: Efforts Towards the Synthesis of
Brevianamide S

7.1 Introduction
Alongside the total synthesis of brevianamide Y (4.4) and Z (5.3), the synthesis of another member

of the brevianamide natural product family was investigated. Brevianamide S (7.1) is an achiral
dimeric natural product isolated by Capon and co-workers from the deep sea fungi Aspergillus
versicolor (Figure 7.1).1% Capon found that brevianamide S (7.1) exhibited antibacterial properties
against a screening surrogate for Mycobacterium tuberculosis (Bacillus Calmette—Guérini).
Interestingly, he believed this occurred through a novel mechanism of action, which could represent

a valuable new lead in the search for the next generation of antitubercular drugs.

HN o) O HN o) o)
N\ AN N _ . N
N NH Y=\ N N = N
4 o NH 4 4 \H

brevianamide S (7.1) brevianamide J (7.2)

(*)-asperginulin A (7.3)

Figure 7.1: Dimeric diketopiperazine natural products; brevianamide S (7.1), brevianamide J (7.2) and

asperginulin A (7.3)

Other compounds containing a dimeric diketopiperazine unit are rare, with only two other examples
known; brevianamide J (7.2) and asperginulin A (7.3). Brevianamide J (7.2), which was also
isolated from a strain of Aspergillus versicolor fungi by Zhang and co-workers in 2009, is
structurally related to brevianamide S (7.1) although it is chiral.*®® Asperginulin A (7.3), isolated
from mangrove endophytic fungus Aspergillus (sp. SK-28) in 2019 by She and Long, contains the

structurally unique 6/5/4/5/6 fused ring system.*®’
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7.2 Biominmetic Strategy Towards Brevianamide S (7.1)

The Lawrence group has had a long standing interest in the total synthesis of dimeric natural
products.1%-200 Therefore, synthetic investigations into a brevianamide-derived dimeric natural
product posed a fitting target. Biosynthetically, Zhang and Capon independently proposed that both
brevianamide S (7.1) and J (7.2) were derived from the co-isolated natural product, brevianamide
K (7.4) (Scheme 7.1). They both suggested that an oxidative coupling of brevianamide K (7.4)
would afford brevianamide S (7.1). For the biosynthesis of brevianamide J (7.2), Zhang proposed
this was then followed by an enzyme-mediated regio- and enantioselective hydration to form

brevianamide J (7.2).

oxidative enantioselective
couplin hydration
g - %
\J

brevianamide K (7.4) brevianamide S (7.1)

brevianamide J (7.2)
Scheme 7.1: Proposed biosynthesis of brevianamide J (7.2) and S (7.1) through oxidative coupling of

brevianamide K (7.4)

In contrast, we proposed that (+)-dehydrodeoxybrevianamide E (4.45) could also be a plausible
precursor for brevianamide S (7.1) and J (7.2) (Scheme 7.2). We hypothesised that a similar
oxidative coupling reaction of two molecules of (+)-dehydrodeoxybrevianamide E (4.45) could
form an unsaturated dimer, 7.5. Compound 7.5 could undergo an oxidation to give brevianamide S
(7.1) or be converted to brevianamide J (7.2) through a diastereoselective hydration and oxidation.
Our route had the added benefit of using a known precursor, (+)-dehydrodeoxybrevianamide E

(4.45), that the Lawrence group has previously synthesised.
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oxidative
coupling

dehydrodeoxybrewanamlde E (4.45)

diastereoselective HN
hydration
then [O]

brevianamide J (7.2)

brevianamide S (7.1)

Scheme 7.2: Our proposed synthesis of brevianamide J (7.2) and S (7.1)

To investigate the chemical feasibility of our biosynthetic hypothesis, conditions for oxidation and
subsequent coupling of (+)-dehydrodeoxybrevianamide E (4.45) were investigated (Scheme 7.3).
This included a copper triflate-mediated single electron oxidation of (+)-
dehydrodeoxybrevianamide E (4.45), which was performed by previous members of the Lawrence
group. Interestingly, the dimeric structure 7.6 was tentatively assigned as the product. The structure
is proposed to be the result of an unsymmetrical dimerisation between indole positions C3 and C6.
Numerous other single electron oxidation and photo redox reactions were attemptted on (+)-
dehydrodeoxybrevianamide E (4.45) with no success. Therefore, this led us to formulate a non-

biomimetic route to synthesise brevianamide S (7.1).

HN O Cu(OTf),
e _— >
— MeCN, 0 °C, 40 min \
H »N

(+)-dehydrodeoxybrevianamide E (4.45)

tentative structure

Scheme 7.3: Single electron oxidation of (+)-dehydrodeoxybrevianamide E (4.45)
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7.3 Non-Biominmetic Strategy Towards Brevianamide S (7.1)

Our first non-biomimetic proposal adopted a two-directional synthesis approach, via the pre-
coupling of the dehydroproline units (7.7) to form the key dimeric core (7.8) (Scheme 7.4,
route 1).2°t Utilising this approach would allow for rapid elaboration around the dimeric core using
the methodology previously developed in the synthesis of (+)-dehydrodeoxybrevianamide E (4.45).
As the dimeric dehydroproline molecule would be added in a convergent manner, no extra steps in

the longest linear sequence (LLS) would be incurred.

IN two-directional \ﬁ% \ coupling HN
synthe5|s reactlon HN
MeO,C CO,Me
|
N

brevianamide S (7.1) 7.9 HO
7.8 *
N
couple first = _
Z NE Y=(
X (e} NH
MeO,C
| 7.10
N

7.7

Scheme 7.4: Retrosynthesis plan of towards the synthesis of brevianamide S (7.1), Route one: coupling two
dehydroproline units (7.7) to form key dimeric core (7.8) in a two-directional synthesis Route two: coupling

reaction of two monomers

Alternatively, the second route focused on the C—C bond disconnection between the two monomeric
subunits (Scheme 7.4, route 2), similar to Zhang’s and Capon’s initial biosynthetic proposals.
However, a retrosynthetic disconnection could lead back to two functionalised monomers, 7.9 and
7.10. By using similarly functionalised or differently functionalised monomers, this would enable

us to investigate both homo-coupling and cross-coupling reactions to form brevianamide S (7.1).

Two alternative approaches could be investigated to install appropriate functional group handles
for coupling the two monomers together (Scheme 7.5). The first could be a late-stage
functionalisation  approach  (Scheme 7.5, route 1a). Strategically using (+)-

dehydrodeoxybrevianamide E (4.45) as an intermediate in the route could enable the introduction
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of functionality once the main diketopiperazine structure was in place.® Pursuing this approach
would have the advantage of using the tried and tested methodology developed by the Lawrence

group to synthesise (+)-dehydrodeoxybrevianamide E (4.45).

late stage functionalisation
HN
HN o} 0O :> Ag\j
— HN N

= NH_ — \ Coupling (+)- dehydrodeoxybrewanamlde
4 N i 4 reactlon E (4.45)
brevianamide S (7.1) Z O
MeO
N/
4.74

pre-functionalisation

Scheme 7.5: Proposed synthesis of functionalised monomers (7.9 and 7.10) through late-stage

functionalisation (1a) and pre functionalisation (1b)

Alternatively, we could look at adding a crucial functional group handle earlier in the synthesis in
a pre-functionalisation approach (Scheme 7.5, route 1b). Pre-functionalising the dehydroproline
unit (4.74), which is used to install the five membered ring featured in the final product, would
reduce the total step count of the LLS in the synthesis, as this route would utilise a more convergent
approach to synthesise brevianamide S (7.1). In addition, the dehydroproline unit could act as a
model substrate for the late-stage functionalisation attempts and coupling reactions. With two
different viable approaches available, this gave greater flexibility for contingency plans if required

in the synthesis towards brevianamide S (7.1).

With no indication of which route would prove the most successful, significant experimentation
was performed in parallel throughout this chapter of work. Successful results and progress in
specific areas of this project directed the investigations and often caused other avenues to

simultaneously be put on hold.
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7.4 Results and Discussion: Mechanistic Investigation of the Cascade

Sequence

7.4.1 Pre-Functionalisation of Dehydroproline Moiety

Initial investigations began with pre-functionalising the dehydroproline moiety (Scheme 7.6). Once
more, this route offers many different opportunities for where to incorporate the functionalised
intermediate into the overall synthetic route. One plausible route would involve using a
functionalised dehydroproline ring (7.7) in the condensation with lithium carboxylate intermediate
4.73 to form compound 7.11. The outcome of this would hinge on the condensation reaction being
tolerant of the addition of this new functional group. From here, there are two viable pathways;
either forming the diketopiperazine ring prior to coupling (7.12) (Scheme 7.6, path 1), or coupling

immediately to install the key C—C bond (7.13) between the monomeric units (Scheme 7.6, path

2).
Me0,C " MeO,C X noox
eL2 €07 .
NPhth | NPhth = route 1'. NH — 1) dehydrogenate
N condensation 2) couple
HN 2 OLi ..., > [N » HN N
H '
X o "o X e :
473 L7 7.2
route 2: gcouple :
Y
1) deprotection HN 0 O
2) cyclisation — N
_..2) cyclisation - \ _HN -
N
o O

brevianamide S (7.1)

Scheme 7.6: Plausible route to incorporate pre-functionalised dehydroproline unit 7.7 into synthesis of (+)-

dehydrodeoxybrevianamide E (4.45)

7.4.2 Halogenation of Imine 4.74

Investigations into the pre-functionalisation of the dehydroproline ring began with the installation
of different halogens starting from imine 4.74, the imine which was used in the original synthesis
of (+)-dehydrodeoxybrevianamide E (4.45). Using methodology developed by Hausler, we were
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able to synthesise the bromo- (7.14), chloro- (7.15) and a novel iodo- (7.16) derivatives (Scheme
7.7).2%2 Surprisingly, these derivatives were found to be relatively stable, despite the three adjacent

reactive sites (ester, imine, and allylic halide).

H (6]
HCI < N
OMe

5.21

NEt3 | cH,Cly,0°C, 3 h

NCS
o o o
Ng e NBS, TFA @AOM NCS, TFA NG -
e . e
CCly, 80 °C, 30 min CCly, 80 °C, 30 min
Br 4.7482% cl
157g
7.4 7.5
87% NIS o ’ 59%
CCly, 80 °C, 10 min
28g TFA 4 159
o
N
AN
o
[
7.16
51%
051g

Scheme 7.7: Halogen functionalisation of imine 4.74

7.4.3 Attempts at Homocoupling the Halogenated Derivatives

With the halogenated derivatives in hand, we first tried to adapt a reductive homo dimerisation
protocol, inspired by the work of by Movassaghi and coworkers.?®® The authors used
tris(triphenylphosphine)cobalt(l) to dimerise a tertiary benzylic bromide 7.17 in their total synthesis

of (+)-11,11'-dideoxyverticillin A (Scheme 7.8).

Br, NMe CoCIPPhy)s

., =
N\[H\ acetone, 0 °C — rt
Me .
N 30 min
(¢]

Scheme 7.8: Movassaghi’s reductive dimerization of benzylic bromide 7.17
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Utilising a similar approach to Movassaghi on our dehydroproline system, the chloro derivative
7.15 was subjected to the reductive dimerisation conditions (Scheme 7.9). The chloro derivative
(7.15) was used due to availability of material at the time. Regrettably, this resulted in mainly

starting material being recovered.

O

N CoCI(PPhg)s
T “ome X >
acetone,0°C >rt  MeO

Cl 1h

7.15 7.8

Scheme 7.9: Attempted reductive dimerisation of chloro imine 7.15 using tris(triphenylphosphine)cobalt(l)

7.4.4 Attempts at Condensation of Halogenated Derivatives

Unsuccessful in our attempts at a homo coupling, we briefly explored the possibility of using
compounds 7.15 and 7.14 directly in the condensation reaction. To test the viability of using a
halogenated dehydroproline unit in the N-acylation condensation reaction we performed a control
reaction of chloro-derivate 7.15 and acetyl chloride (Scheme 7.10).24 Using a very reactive
unhindered acyl chloride to perform an N-acyl condensation would provide evidence of the
feasibility of the reaction. To our delight, we observed formation of the novel N-acylated enamine
product (7.18) through formation of a new carbonyl peak in the 3C NMR spectrum, although it was

decided not to purifty this test reaction.

0 (@)
;K T p
N\ Cl  NEt3 N
—_—
oM
®  CH,Cl, 0°C > 1t [ Ome
cl 16 h CI
715 56% 718

Scheme 7.10: N-acylation condensation reaction of acetyl chloride and imine (7.15)

In the hope that the positive result in the control reaction would translate into our actual system, we
subjected the bromide (7.14) to the conditions normally used in the coupling reaction with lithium

carboxylate 4.73 (Scheme 7.11). As before, bromide 7.14 was used due to availability of starting
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material at the time. Unfortunately, there was no reaction between the two partners and only

unreacted carboxylic acid 7.19 was recovered from the reaction.

i) (COCI),
DMF (cat.)
NPhth CH,Cl,

H i) NEt; g

X ;
MeO,C ;
4.73 744 N 7.19

0°C—rt,21h

Scheme 7.11: Coupling of bromo dehydroproline 7.14 with lithium carboxylate 4.73

Due to lack of success in the condensation attempts with the functionalised dehydroproline
compounds, the focus moved to attempting to functionalise the 5-membered ring once attached to
the tryptophan scaffold. Taking compound 4.75, which was a known precursor in the synthesis of
(+)-dehydrodeoxybrevianamide E (4.45), efforts were made to halogenate the 5-membered ring on
the unsubstituted carbon of the C—C double bond (Scheme 7.12). Using the previously successful
halogenation conditions of NIS and TFA with heating for the halogenation of proline derivatives
(Scheme 7.7, page 135), we tried to install an iodo group. Disappointingly this resulted in recovered
starting material. We also attempted the installation of a bromo group using alternative conditions,
but again noted no reaction.?% These results could be attributed to the C—C double bond becoming
less electron rich when attached to the main tryptophan core. In the context of analogue 4.74,
donation of electron density into the alkene would have enhanced its nucleophilicity, therefore
aiding the halogenation reaction. By contrast for amide 7.20, competing delocalisation of the lone
pair on nitrogen into the adjacent C=0 leads to a less nucleophilic C=C bond, perhaps accounting

for the decreased reactivity observed for this system.
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x>
MeCN, -15 °C — rt
16 h

Scheme 7.12: Attempts of halogenating the 5-membered ring of compound 4.75

7.4.5 Trapping the Dehydroproline Unit as The Enamine

Having encountered difficulties both coupling and introducing the pre-functionalised
dehydroproline group (7.7) as an imine into our system, investigations moved on to attempt the
incorporation of the dehydroproline moiety as an enamine. Protecting the nitrogen of the imine
would translocate the double bond and hence form an enamine (7.21) (Scheme 7.13). The switching
of functional groups would also allow alternative chemistry to be used in the functionalisation of
the required position. The vital halogenation of compound 7.21 would now be an alkenyl
halogenation as opposed to the previous allylic halogenation. Furthermore, if we were able to
introduce a halogen into this motif, the halogen would now be connected to a sp® carbon (7.22).

Thus the prospect of using a Pd-catalysed cross-coupling reaction could now be investigated.

[ O
PG N N
H PG o 0 /[ “oMe T “oMme
HCIl < N \/{ ...... » W ...... > M ...... N >
OMe OMe OMe
U Meo_ [/ MeO_ [
X N N
5.21 7.21 7.22 0 Ié’G 78
A
Y cross coupling
PG PG
| O | o
N + N o
/ OMe Y/ OMe
B(OH), X
7.23 7.22

Scheme 7.13: Planned route for coupling of functionalised enamines 7.22 and 7.23
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Work began towards this new route by following the work of Bunch and co-workers, which enabled
us to oxidise and protect proline methyl ester (5.21) in a one-pot procedure (Scheme 7.14).2% From
here, the enamine (7.24) was brominated using DABCO and NBS to afford the bromo analogue

(7.25) in good yield.

i) NEtg
NCS
H O CH,Cl Cbz o DABCO ¢bz o
HC'W 0°Ctort,25h & NBS N
OMe ii) Pyridine MOMe MeCN, —15 °C to rt /| “OMe
Cbz-Cl 16h -
~20°Ctort, 24 h
5.21 7.24 7.25
18% 55%
3.0¢g 18g

Scheme 7.14: Route to bromo enamine analogue 7.25 from proline methyl estser 7.24

7.4.6 Attempts at Homocoupling of the Enamine Derivative 7.25

Having synthesised the key halogenated enamine intermediate (7.25), initial investigations began
into the potential of a homo-coupling reaction to form the key dimeric core (7.26). Previously, Pei
and co-workers developed an iron-catalysed homo-coupling of bromide compounds in combination
with metallic magnesium in a one-pot procedure (Scheme 7.15a).2% The benefit of this procedure
was that no prior preparation of a Grignard reagent was required. Pei was able to apply this
methodology to a broad range of different sp?and sp® hybridised C-Br bonds. Disappointingly, no

reactivity was observed when the conditions were applied to our system (Scheme 7.15b).

) ﬁbz (@)
a) ib) bz O
2 mmol% Fe(acac)s R-R : N Mg®, Fe(acac); )/ OMe
R-Br ———— : /| OMe ——¢—»
2 mmol Mg®, THF, rt : THE 1 Meo_ /I
: Br T
R= Aryl or Alkyl yield = 41-92% 0 gbz
7.25 7.26

Scheme 7.15: a) Pei and co-worker’s generic scheme of homo-coupling conditions b) conditions applied to

homo-coupling of vinylic bromide 7.25

Following this result, we also investigated the use of a traditional Gringard reaction. Self

dimerisations of Grignard reagents (i.e., Wurtz coupling) are often an unwanted side product, which
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can be minimised by using lower temperatures and slow addition of reagents.?”” Trying to leverage
this property of Grignard reagents to our advantage, attempts were made to form the corresponding
Grignard reagent from compound 7.25 in situ through magnesiation of the the C—Br bond (Scheme
7.16a). Another equivalent of vinylic bromide was added, but no evidence from NMR spectra of a
self dimerision was observed. To prove if the formation of the Grignard was occurring, we planned
to trap the Grignard out via addition to acetyl chloride (Scheme 7.16b). Using methodology
developed by Knochel and co-workers, we opted for the formation of a Turbo Grignard using an
iso-propylmagnesium chloride complex, as it had been shown to be tolerant to a wide range of
functional groups including esters.2® Yet again we unfortunately did not see any evidence of the
desired product the ¥C NMR spectrum. Instead, it resulted in an inseparable mixture of
decomposition products. The failures of these reactions could potentially be attributed to the

generation of a Grignard nucleophile in the presence of an ester or Michael acceptor.

a) Gbz o) i b)

Cbz O iy Mg®, I, ) oMe ; Cbz O iPrMgCI-LiCl Cbz O
N THF, rt : N THF, -40 °C, 12 h N

Y/ OMe ——>—>» ' Y/ OMe —>&—>» / OMe

. Meo_ [/ : . o
r ii) 1 equiv XX N : r
0 Cbz then )]\CI ¢}
7.25 7.26 : 7.25

Scheme 7.16: a) Attempt at homocoupling via Grignard reaction b) attempt at turbo Gringard formation

and condensation with acetyl chloride

Another classical reaction used to couple two alkenyl halides together is an Ullman-type coupling.
Discovered by Ullman in 1901, it was the first reaction to utilise copper as a reducing agent in the
coupling of brominated nitrobenzene derivatives at elevated temperatures.?® Although the
mechanism has been extensively researched, there is still no resounding proof for how the reaction
works. Further developments have been made to the reaction; for example, extending it to alkenyl
substituted systems with milder conditions of copper thiophene carboxylate conducted at room
temperature.?® These modern conditions established by Liebeskind and co-workers were
investigated on our systems, but only a complex NMR spectrum of inseparable compounds was

found (Scheme 7.17). In 2016, Ploypradith and co-workers reported the benefit of adding copper
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(0) to mediate a copper (0)-copper (I) Ullman coupling.?!* These conditions were also applied to
our system in hope of forming the dimeric unit (7.26) (Scheme 7.17), but this had no effect on the

outcome of the reaction.

Cbz O cuTC coz 0
N Ccuo Gbz O cuTC
I ome N I oMe
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o] Cbz o) Cbz
7.26 7.25 7.26

Scheme 7.17: Attempts to dimerise vinylic bromide 7.25 through reductive-type Ullman couplings

Using palladium on carbon to induce another metal-catalysed reductive coupling was also trialled

(Scheme 7.18), but unfortunately resulted in an unidentifiable mixture.

(N'Ibz (9]
Cbz O
N Pd/C Y/ OMe
Y/ OMe K >
Y THF, tt, 16 h veo. [
N
0 Cbz
7.25 7.26

Scheme 7.18: Attempt to dimerise vinylic bromide 7.25 through a reductive coupling with palladium

Another method to perform a homocoupling would be to use a lithium-halogen exchange strategy
followed by dimerisation of the resultant lithiate. This type of transformation has been shown to
occur on similar pyrrole-derived bromides by Wasserman’s Group.?*2 By using n-butyllithium in
combination with copper (11) bromide they were able to couple bromo pyrrole 7.27 in a symmetrical

dimerisation to afford the bipyrrole product 7.28 (Scheme 7.19).

e o

N
Me o A Me o \ /| “OMe
N n-BulLi N CuBr, MeQ,

OMe
\ [/ OMe 11 _78°c 5 0°C \ / ©OMe Meo. [\
B OMe ->r,25h Li OMe N
0

7.27 Me 728

Scheme 7.19: Wasserman’s homocoupling of bromomethoxy pyrrole 7.17 via halogen lithium exchange

then addition of copper (I1) bromide
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When applying this methodology to our own system, the reaction resulted in the cleavage of the

carbamate protecting group (7.29) and no homo-coupling (7.26) (Scheme 7.20).

ﬁbz [0}

Cbz O CuBr, H O
N n-BulLi N Y/ OMe

/[ ©OMe > /I “oMe

THF, -78 °C > 0 °C > 1t Meo. [
Br 25h Br N
0 Cbz
7.25 7.29 7.26

Scheme 7.20: Attempted homo coupling of 7.25 via halogen lithium exchange then addition of copper (1)

bromide

To discover if the required lithium salt was formed during the reaction, we employed a DO quench
to try and trap the lithiate. Monitoring the reaction through using 2H NMR spectroscopy would
enable us to ascertain if any deuterated product had formed during the quench of the lithium cation.
We performed the reaction and varied the type of butyllithium base (Scheme 7.21). Conducting the
reaction with n-butyllithium resulted in no deuteration of 7.25. Instead, we observed cleavage of
the carbamate protecting group, which was evident by the formation of benzyl alcohol. This is
presumably a result of the butyl anion adding to the amide of the carbamate protecting group and
eliminating benzyl alcohol. This observation matched the result seen earlier in the coupling of 7.25
using n-butyllithium and copper (Il) bromide (Scheme 7.20). Moving to a more hindered
alkyllithium, we performed the reaction with sec-butyllithium. Again no deuteration or nitrogen
deprotection was observed, but starting material was recovered instead. As a last resort we moved
on to using the most hindered and basic member of the butyllithium family; tert-butyllithium. This
final reaction led to no deuteration or deprotection and hence efforts to perform a lithium halogen

exchange reaction on substrate 7.25 ended here.
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i) n-BuLi
then D,O quench

e
THF, -78 °C, 1.5 h

Cbz O i) s-BulLi Cbz O
N then D,O quench N
Y/ OMe —X—> Y/ OMe
THF, -78°C,1.5h
D
i) t-BulLi
then D,O quench

—x—

THF, -78°C,1.5h

Scheme 7.21: Attempts at lithium halogen exchange reactions with a D.O quench

7.4.7 Attempts at Cross Coupling of Enamine Derivative 7.25

Due to being unable to perform a lithium halogen exchange with vinyl bromide 7.25, attempts were
made to synthesise the vinyl iodide equivalent (7.30). The iodo derivative (7.30) was thought to be
a superior coupling partner for the cross-coupling reactions due to the weaker C-I bond, and
therefore allowed a more facile oxidative addition across the bond. By adapting the conditions used
for synthesising the bromo equivalent (7.25), NIS in combination with DABCO were mixed with
7.24 to try and synthesise the iodo derivative. Unfortunately, this resulted in recovered starting
material (Scheme 7.22). Halogen exchange was also attempted through a Finkelstein reaction on
vinyl bromide 7.25 mediated by sodium iodide and tosic acid.?*®* This again proved unsuccessful

and resulted in decomposition of the starting material (7.25).

NIS Nal

o 0 o
Cbz DABCO (cat.) Gpz TsOH ez
-~
U/Z(OMe /I “oMe /I oMe
MeCN, -15 °C — rt, 16h acetone, rt, 21 h
| Br
7.24 7.30 7.25

Scheme 7.22: Effort to synthesis vinyl iodide 7.30

After this set back in synthesising the iodo derivative (7.30), the focus moved back to the
functionalisation of the alkenyl bromide 7.25. Specifically we sought an alternate method to
substitute the halogen with functional groups suitable for cross-coupling reactions. One route to

form a suitable cross-coupling partner would be borylation chemistry. If we gained access to a
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boronic ester, or equivalent coupling partner, this would enable us to perform a Suzuki—Miyaura
cross-coupling reaction to form the key dimeric core. To achieve this transformation, we first tried
a one pot Miyaura borylation and Suzuki—Miyaura cross coupling reaction to form dimeric product
7.26 (Scheme 7.23).21 Sadly, no reaction occurred with the borylating reagent or palladium source.
We next tried to isolate the boronic ester to confirm whether it was being formed during the Miyaura
borylation reaction.’> Unfortunately, we never saw any incorporation of boron, which was

confirmed using !B NMR spectroscopy.

Cbz O K,CO3 KOAc Cbz O
N B,pin, (0.5 equiv.) B,pin, (3 equiv.) N
Y/ OMe  PdCly(dppf) (5 mol%) ﬁbz o PdCl,(dppf)-CH,Cl, (3 mol%) )/ OMe
oM o B-0Q
Meo_ [/ DMF, 80°C, 16 h Q/‘( © DMSO, 80 °C, 1 h 4
N Br
0 Cbz
7.26 7.25

Scheme 7.23: Attempts at one-pot Miyaura borylation/Suzuki coupling and a single Miyaura borylation

Due to being unable to find conditions suitable for introducing boron, we sought for conditions to
add a different metal in to the C3 position. Paterson and co-workers reported the use of modified
Wulff-Stille conditions for a stannylation of a vinyl bromide with a methyl ester group (7.31)
(Scheme 7.24a). 26217 They employed the milder conditions of hexamethylditin ((SnMes).) as the
source of tin, in combination with a palladium source (Pd(PPhs).Cl,), and Li.CO; for the
stannylation. To see if these conditions would be tolerated by our system, we performed the reaction
with our vinyl bromide 7.25 (Scheme 7.24b). To our delight the stannylation worked, albeit with

poor conversion to the product (7.32).

! b)

(SnMeg), (SnMeg),
Pd(PPh3),Cl, (20 mol%) Cbz Pd(PPh3),Cl, (20 mol%)  cpz
X | (0] X ] (6]
Li,CO3 N Li,CO3 N
THF MOMe THF [ OMe
50 °C,3h 50°C,3h
Br ’ SnMey
OMe
7.25 7.32

60% NMR converision

Scheme 7.24: a) Paterson’s use of Wulff-Stille conditions on an intermediate (7.30) towards the total
synthesis of leiodermatolide b) Wulff-Stille conditions applied to vinyl bromide 7.25
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To improve the efficiency of the reaction, we investigated running the reactions in different solvents
in order to heat the reaction to higher temperatures (Scheme 7.25). These elevated-temperature
stannylations were run in 2-MeTHF at 80 °C and in 1,4-dioxane at 100 °C. We saw comparable
improved conversions at both conditions, but obtained slightly better yields when using 1,4-dioxane
as the solvent. Therefore, the decision was made to scale up the reaction using 1,4-dioxane and we

were able to form the novel stannane 7.32, in an optimised 80% yield (100 mg).

(SnMe3), Conditions X NMR Conversion
Pd(PPhs),Cl, (20 mol%)
Coz 0 3|_2i20203 oz O THF, 40 - 50 °C, 3 h 60%
> 2-MeTHF, 80 °C, 2 h 100%
[/ OMe Conditions X [/ OMe 1 4-dioxane, 100 °C, 2h  100%
Br SnMej;
7.25 7.32

Scheme 7.25: Optimisation of the stannylation reaction at different temperatures

This represents the second functional group to be successfully inserted into this position on the 5-
membered ring other than a halogen. With vinyl stannane 7.32 and vinyl bromide 7.25 in hand, we

now had access to both partners required for a Stille cross-coupling reaction.

This part of the investigation began with using catalytic amounts of palladium-
tetrakis(triphenylphosphine) in DMF in the presence of Ph,PO;NBus as a tin halide scavenger
(Scheme 7.26).2'8 Copper thiophene carboxylate was added because copper salts are well known to
accelerate Stille reactions.?® It was hard to determine via NMR spectroscopy whether the reaction
was successful, as the difference in proton and carbon chemical shift between the bromo monomer
(7.25) and the symmetrical dimer (7.26) was likely to be small. However, we could see consumption
of the stannylated monomer (7.32) through disappearance of the diagnostic peak at 0.2 ppm in the
'H NMR spectrum, corresponding to the nine hydrogens on the SnMe; group. It was hypothesised
that compound 7.32 undergoes proto-destannylation under these conditions and hence forms
compound 7.24 (Scheme 7.26). This was later confirmed by the identification of the molecular ion
peak corresponding to compound 7.24. The mass spectrum also showed peaks that could relate to

both 7.26 and 7.25, but both fell outside the acceptable range of ppm (£ 5.0 ppm).
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[PhaPO,I INBu,]* Cbz O

CuTC (1.7 equiv.) N : Cbz O
Cbz O Cbz O Pd(PPh3); (17 mol%) [ OMe : N
N/ N/ 34 - : /I "OMe
OMe + OMe :
DMF, 0°C - rt Meo_ [/ : H
SnMe, Br H
3 16h 5 Cbz : 7.24
7.32 7.25 7.26

Scheme 7.26: Attempted Stille cross-coupling reaction between stannane 7.32 and bromide 7.25

Due to the Stille cross-coupling reaction providing inconclusive results, we next tried to perform
the reaction with a simpler aryl halide. lodobenzene (7.33) would provide a suitable cross-coupling
partner as well as forming a non-symmetrical cross-coupled product that would aid in product
identification. By subjecting stannane 7.32 and iodobenzene (7.33) to the same reaction conditions
previously trialled we were able to confirm product formation (Scheme 7.27). Although successful,
the residual tin halide scavenger proved impossible to separate from product 7.34 and had to be
prepared fresh each time it was used.?”® Therefore alternative Stille conditions developed by
Baldwin using caesium fluoride were investigated (Scheme 7.27).2% This resulted in a much cleaner

reaction and simpler purification of product 7.34.

[Ph,PO,NBu,]*
CuTC (1.7 equiv.)
Pd(PPh3)4 (17 mol%)

b

DMF, 0 °C —> rt
16 h

CsF
SnMe; Cul (10 mol%)
Pd(PPhs), (5 mol%) 7.34

b

7.32 7.33
DMF, 40 °C

4h
63%
53 mg

Scheme 7.27: Stille cross-coupling reactions between stannane 7.32 and iodobenzene (7.33)

Conducting Stille reactions on these model dehydroproline units (7.32) enabled us to develop

workable conditions for performing a Stille cross-coupling reaction later in the synthesis.
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7.4.8 Late-Stage Functionalisation of (+)-Dehydrodeoxybrevianamide E
(4.45)

Alongside the pre-functionalisation approach, another route was investigated towards the total
synthesis of brevianamide S (7.1). This focused on a late-stage functionalisation and coupling two
monomeric units (7.9 and 7.10) derived from (+)-dehydrodeoxybrevianamide E (4.45) (Scheme
7.28). The key challenges faced in this route would first be the synthesis of the two monomeric
units (7.9 and 7.10) and then finding suitable conditions to form the central C—C bond between the

two.

Investigations into the first challenge began with trying to install a versatile functional group into
the required position on the ring. This would then be followed by finding conditions for a

dehydrogenation to form the exo-cyclic double bond present in monomers 7.9 and 7.10.

HN 0O
— HN
coupling N - HN
\ reaction ‘%
(+)- dehydrodeoxybrevnanamlde E
brevianamide S (7.1) NH (4.45)
late stage functionalisation

Scheme 7.28: Retrosynthetic plan for synthesis of brevianamide S through late-stage functionalisation of

(+)-dehydrodeoxybrevianamide E (4.45)

7.4.9 Halogenation of (+)-Dehydrodeoxybrevianamide E (4.45)

A versatile synthetic handle to achieve this transformation would be the installation of a halogen.
Previously, while working on this project, Dr Nick Green developed conditions for the
functionalisation of (+)-dehydrodeoxybrevianamide E (4.45) through a facile iodination procedure.
This proceeded through initial indole oxidation to form halo-indolenine intermediate 7.35 (Scheme

7.29). When subjected to polar conditions, such as performing the reaction in DMF, the halo-
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indolenine intermediate undergoes an isomerisation to form the desired product with the halogen
positioned on the 5-membered ring (7.36). | was able to repeat this reaction on larger scale than

previously performed to gain access to a key synthetic intermediate in our retrosynthetic plan.

(+)-dehydrodeoxy-
brevianamide E (4.45) 38%

Scheme 7.29: lodination of (+)-dehydrodeoxybrevianamide E (4.45) via halo-indolenine intermediate 7.35

to form compound 7.36

7.4.10 Dehydrogenation of lodo Derivative 7.36 and Brevianamide K
(7.4) Synthesis

To install the exo-cyclic double bond, several dehydrogenation approaches were investigated. In
2000, Mukaiyama and co-workers developed methodology to perform a range of dehydrogenations
using a new sulfur reagent, N-tert-butyl phenylsulfinimidoyl chloride (7.37) (TBPSC).2%? This
strategy has been applied to the dehydrogenation of a wide a range of compounds including
ketones?® and carbamates.?** The one-pot procedure proceeds through a non-isolatable sulfimide

intermediate (7.38) that collapses through a pericyclic ene-type reaction (Scheme 7.30).

7.39

Scheme 7.30: Dehydrogenation of carbamate 7.39 using Mukaiyama’s reagent

Mukaiyama’s reagent (7.37) is synthesised in two steps from tert-butylamine (7.40) and proceeds
through a dichloroamine intermediate 7.41 (Scheme 7.31). Due to the high instability of the chloro
sulfinimidoyl intermediate it was necessary to freshly prepare it before each use and for it to be
stored in the freezer.

148



@) )CL
(1) NaoCl _Ph
o e L : nk
HoN 0°C.20 min_ CILN benzene, 85°C,4h Ph” "N

7.40 7.41 7.37
22% over two steps
3.62¢g

Scheme 7.31: Two step synthesis of Mukaiyama’s reagent (7.37) from tert-butylamine (7.40)

Dehydrogenation using Mukaiyama’s reagent (7.37) in combination with Barton’s base (7.43),
were first successfully applied to our system by Dr Robert Godfrey in a test reaction to form 2 mg
of 7.42 in a 13% yield. Following this initial hit, | was able to perform the dehydrogenation to

synthesise compound 7.42 in an improved yield of 32% yield (Scheme 7.32).

N'Bu

H cl H
N é\ J< Me\NJ\N,Me N
/ _ Ph”"N ) ) /
H Me Me H
N O 7.37 7.43 N0
H -
o) N§/| CHJCl,, =78 °C, 1 h o NE/I
7.36 7.42
32%
38 mg

Scheme 7.33: Dehydrogenation of 7.36 using Mukaiyama’s reagent and Barton’s base

In parallel to these reactions, this newly developed methodology was used to form another member
of the brevianamide natural product family. Brevianamide K (7.4) was first isolated from the fungus
Aspergillus versicolor in 2009 by Zhang and co-workers, and contains the key diketopiperzine ring
motif found in brevianamide type natural products.'®® Structurally, it is related to (+)-
dehydrodeoxybrevianamide E (4.45) through a dehydrogenation o to the amide. For that reason we
subjected (+)-dehydrodeoxybrevianamide E (4.45) to the conditions developed earlier for the
dehydrogenation (Scheme 7.34). Gratifyingly this was successful and completed the first total
synthesis of brevianamide K (7.4) in 6 steps. When | repeated this, | was able to improve the

dehydrogenation yield slightly to 62% yield from 55%.
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NY
NH Cl JLBU H
é\ J< Me\ Me
7 \—= PN 7 \—
Me Me H
) NH_-O 7.37 7.43 NN P
(@) NTN CH,Cl,, -78 °C, 1 h o NTN
62%
(+)-_dehye!rodeoxy- brevianamide K (7.4)
brevianamide E (4.45) 6 steps
21% overall yield
62 mg

Scheme 7.34: Synthesis of brevianamide K (7.4) through dehydrogenation of (+)-

dehydrodeoxybrevianamide E (4.45)

7.4.11 Attempts at Cross Coupling of lodo Derivative 7.42

Returning to the main aim of this project; namely the synthesis of brevianamide S (7.1), with access
to the dehydrogenated halogenated precursor (7.42) now achieved, we concentrated on installing a
functional group that could function as a cross-coupling handle. Using this promising halogenated
intermediate (7.42) we looked into methods for further functionalisation. Again we investigated the
possibility of performing a lithium-halogen exchange followed by a sequential quench with

different electrophiles. We chose electrophiles that would lead to compounds that could be utilised

SnBuz  Bu;SnCl (pln
HN nBuLl J\é nBuL|
HN_ / HN A~ HN_ /

Etzo -78°C THF -78°C >t
(6] 18 h
7.42
.
HN_~ H
™ (6]
7.46

Scheme 7.35: Attempted stannylation and borylation of 7.42 via lithium halogen exchange and

electrophilic quench strategy and formylated product 7.46

in cross-coupling reactions. Therefore, we performed the reaction with tributyltin chloride?® to
permit stannane formation (7.44), and isopropoxy-tetramethyl-dioxaborolane?? to form the boronic

ester (7.45) (Scheme 7.35). Unfortunately, yet again we were unable to apply this lithium-halogen
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exchange methodology to our system and saw no formation of the desired functionalised products
(7.44 or 7.45). In both reactions we saw the formation of the same formylated indole 7.46, although

we were unable to isolate the diketopiperazine fragment.

This formylated indole product (7.46) is hypothesised to form via a retro-aldol type mechanism

during the work-up under aqueous conditions (Scheme 7.36).

o o o
= HN =
retro aldol HN —
_— —_—
ﬁé + H,0 HN_ J\N{> HN N _H * @é
O N go o> ™ [¢] o)
7.46

Scheme 7.36: Potential retro aldol mechanism for the formation of 7.46

This type of reactivity is not dissimilar to the retro aldol reaction observed for the natural product
neoechinulin B (7.47).2%" Neoechinulin B (7.47) was isolated in 1973 by Casanati and co-workers
and is a structurally related natural product containing both an indole and diketopiperazine
moieties.?® It was found that under basic conditions neoechinulin B underwent a retro aldol to

fragment into two products (Scheme 7.37).

f o
HN)K’% 20% KOH:MeOH . HN
HN A AN NH HN N __H HTNH
X (0] A o) o)
neoechinulin B (7.47) 7.46

Scheme 7.37: Retro aldol of neoechinulin B (7.47) under mildly basic conditions

Since compound 7.42 was potentially unstable under basic conditions, we returned to the chemistry
performed previously on the model dehydroproline unit (7.25, Scheme 7.25, page 145). This
involved an alternative method for stannylation using palladium insertion into the C—I bond. This
enabled us to insert a tin group into the required position to form novel stannane 7.48, in 63% yield

(Scheme 7.38).
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N N
/) . PdCI,(PPhy), (20 mol%) /§
H (SnMe3), =
N 0 Li,CO3 - SN 0
1,4-dioxane, 100 °C
o N\:vg/' 16h o Ng/SnMeg,

7.42 7.48
63%
18 mg

Scheme 7.38: Stannylation of iodo derivative 7.42 using palladium chemistry

With access to this promising intermediate (7.48), we now had both partners required for a Stille
cross-coupling reaction. Using the previous knowledge gained from performing Stille cross-
couplings on the model dehyrdoproline system (Scheme 7.27, page 146), we opted for Baldwin’s
Stille conditions (Scheme 7.39). 22t Full consumption of the stannylated compound (7.48) was again
evident from the diagnostic SnMe; peak disappearing in the *H NMR spectrum (0.2 ppm). The
major product matched the NMR spectrum of brevianamide K (7.4), which could be either a result

of protodehalogenation or protodestanylation.

— — \ brevianamide S (7.1)

H N NH — not observed
/ CsF I o) NH
N0 SN0  Pd(PPhs), (5 mol%) "
—X— N
o N\g/l o N\:vg/SnM% DMF, 40 °C %
4h H brevianamide K (7.4)
N0
7.42 7.48

Scheme 7.39: Attempts at a Stille cross-coupling reaction with 7.42 and 7.48

S LZT

Further Stille cross-coupling conditions were tested, including performing the reaction at higher
temperatures, the removal of the copper iodide, and an alternative palladium source. However, with
limited time and access to material it was not viable to investigate this Stille cross-coupling reaction

further. A full summary of the route investigated is shown below (Scheme 7.40).
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brevianamide E (4.45) 38% 329, i 63%
260 mg 38 mg 18 mg
y
HN 0 O
\ AN N
N
0 (0]

brevianamide S (7.1)

Scheme 7.40: Summary of route through stannylated intermediate 7.48 towards brevianamide S (7.1)

7.4.12 Homo Coupling of (+)-Dehydrodeoxybrevianamide E (4.45) and
7.36

Having failed to perform a successful cross-coupling reaction between the two monomeric units
(7.42 and 7.48), we explored the possibility of conducting a homo coupling instead. In 1992,
Gribble and co-workers demonstrated the dimerisation of keto lactams under using simple

conjugate addition chemistry (Scheme 7.41).2%°

NaCN

MeOH, reflux, 24 h

Scheme 7.41: Gribble’s dimerisation of keto lactam 7.49 through C3 of indole ring

Extending this approach to our system (+)-dehydrodeoxybrevianamide E (4.45) was treated with
sodium cyanide under reflux for 24 h (Scheme 7.42). Unfortunately, under these conditions we saw

no evidence of any reaction occurring. Even if the cyanide anion added to the double bond of the
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a,B-unsaturated system successfully, we have the added complication of having two potential
nucleophiles within molecule 4.45. One nucleophilic site could be the C3 position of the indole,
which would result in an unwanted dimeric product. The other would be through the C19 position

on the fused 5-membered ring, which would lead to the desired dimeric product 7.5.

HN o O
NaCN \ )\ HN N H
— X = N\
MeOH, reflux, 24 h H N NH =
K o) NH
7.5

Scheme 7.42: Bioinspired dimerisation attempts to form ddE; (7.5) dimer

Due to lack of success in applying a conjugate addition coupling strategy for the homo-coupling,
we returned to the iodinated derivative (7.42) of (+)-dehydrodeoxybrevianamide E (4.45) to explore
its chemistry further. Ullman-type reductive coupling reactions are usually confined to the coupling
of aryl halide substrates, but there have been limited examples of using alkenyl halides.?*° In 1997
Liebeskind and coworkers reported mild conditions using copper thiophene carboxylate as the

reductant for room temperature coupling of alkenyl iodides (Scheme 7.43).

Initially the Ullman coupling reaction was performed the original reaction on substrate 7.50 from
the paper. This was performed on both the scale of the paper (2.4 mmol), and at the scale planned

for the dimerization of 7.42 (0.16 mmol) (Scheme 7.43).

O OH H

Eto‘/g=<' CuTC (4.3 equiv.) EtO —
H H NMP, rt, 1 h H H O
7.50 89%

Scheme 7.43: Original Ullman coupling of alkenyl iodide 7.50

Once confident with performing the reaction on a small scale | applied it to our own system. We

heated the iodo-substituted (+)-dehydrodeoxybrevianamide E (4.45) in NMP with copper thiophene
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carboxylate to afford the (+)-dehydrodeoxybrevianamide E dimer (ddE,, 7.5) in a yield of 66%

(Scheme 7.44).
H
N
=
N O cuTC( 43equlv ______________
5/ NMP, 70 °C, 1 h
NTNN—I
7.42
66%
9.6 mg % O

/
brevianamide S (7.1)

O T

Scheme 7.44: Ullman coupling of 7.42 to form dimer 7.5

To the best of our knowledge, this represents the first linkage between two diketopiperazine units
at this position. This unique dimer scaffold presents a viable route towards the dimeric members of
the brevianamide natural product family. Synthetically, dimer product 7.5 is a double
dehydrogenation away from completing the first total synthesis of the dimeric natural product

brevianamide S (7.1).

7.4.13 Attempts at Dehydrogenation of Dimer 7.5

We initially looked to use the conditions developed earlier in the synthesis of brevianamide K (7.4),
using Mukaiyama’s reagent (7.37) in combination with Barton’s base (7.43), to perform the desired
double dehydrogenation. Unfortunately, under these conditions we saw no evidence of reaction
(Scheme 7.45). This indicated that a stronger base than Barton’s (7.43) was required for the

dehydrogenation of dimer 7.5.

N‘Bu
Me Me 7.43
(0]
CHZCIZ
-78°C,1h brewanamlde S (7.1)

Scheme 7.45: Attempt at dehydrogenation of dimer 7.5 to form brevianamide S (7.1)
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Typical dehydrogenations using Mukaiyama’s reagent in the literature utilise LDA as the basic
partner in the reaction.?® The use of even under more basic conditions (LDA) for the
dehydrogenation, we still saw no reaction with Mukaiyama’s reagent (Scheme 7.46). As a final
attempt to dehydrogenate the dimer (7.5) we used DDQ as it has previously been shown to oxidise
certain indolic enamides derived from tryptophan.?®! This resulted in a mixture of inseparable

compounds with no indication of brevianamide S (7.1) or starting material (7.5).
LDA

eveeeened R
: CH,CI
O H 2Cl2
HN _ " O N H ; —78°C.1h HN _
H N N Y=
16 e} NH : DDQ
7.5 A St >
brevianamide S (7.1)
MeCN, rt, 16 h

Scheme 7.46: Dehydrogenation attempts of ddE; (7.5) to form brevianamide S (7.1)

With limited dimer available for more test reactions, we used the earlier intermediate 7.36 to

develop conditions for the dehydrogenation.

H
N N
Y _ /
H
N 0}
CHZCIZ -78 °C
o N time X

T

7.36
Entry Conditions Time Outcome

1 Barton’s base/Mukaiyama’s 1h 320
reagent

9 Barton’s base/Mukaiyama’s 16 h 8%
reagent

3 P1-t-Bu/Mukaiyama’sreagent 15 min RSM

4 PhNO/ZrCl4 16 h RSM

Table 7.1: Conditions tested for dehydrogenation of iodo derivative 7.36

We left the reaction stirring overnight to ascertain if longer reactions times using Barton’s base

would improve the reaction. This resulted in a small decrease in isolated yields of 7.42 (Table 7.1,

156



Entry 2), which indicated that increasing the time of the reaction would not help. Due to no
reactivity being observed with LDA and Mukaiyama’s reagent we instead used an organic
superbase, phosphazene P:-t-Bu, (Table 7.1, Entry 3). Once more, we saw no reaction with this

stronger base.

Moving away from using Mukaiyama’s reagent for the dehydrogenation, Baran and co-workers
have developed conditions to perform direct dehydrogenation on a range of tryptophan
derivatives.® One of the tryptophan derivatives used bears a strong resemblance to our iodinated
derivative (7.36) (Scheme 7.47). Repeating Baran’s conditions using nitrosobenzene and zirconium
tetrachloride for the dehydrogenation of 7.36, regrettably resulted in recovered starting material
(Table 7.1, Entry 4). In Baran’s screen of related tryptophan derivatives none of them possessed a
group at the C2 position of the indole ring. Instead, they opted for the installation of groups at C2
after the dehydrogenation. This suggests that the reaction may not be compatible with indoles

bearing a group at C2.

H H
N N
/ PhNO /

H zrCl H

N0 Me ————— > NN e
H CH,Cly, 0 > 78 °C

= =
o) N Me 3h o) N Me
Br Br
7.51 79%

Scheme 7.47: Baran’s direct dehydrogenation of a tryptophan derivative with a diketopiperazine ring (7.51)

Due to the inability to dehydrogenate dimer 7.5 or find any promising conditions for an alternative
dehydrogenation methods in Table 7.1, the investigations towards the total synthesis of

brevianamide S (7.1) paused here.

7.4.14 Derivative Synthesis

Having been able to synthesise an iodo derivative (7.36) of (+)-dehydrodeoxybrevianamide E
(4.45), we wanted to test the feasibility of a cross-coupling reaction. To prove that palladium

insertion into the C—I bond of the five-membered ring was possible, iodo derivative (7.36) was
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reacted with a less hindered and more reactive coupling partner; phenyl boronic acid. Using classic
Suzuki—Miyaura conditions we performed the cross-coupling reaction which resulted in the

phenylated product (7.52) in 65% yield (Scheme 7.48a).2%

a H H i b) H H
N PhB(OH), N i N O—B(OH), N
< PdCl,dppf-CH,Cl, < : /)X _ PdCldppf-CH,Cl, < __
H (10 mol%) H ' H (10 mol%) H
N 0 Cs,CO4 NGO N 0 Cs,CO4 N O
i THEH,O (1) i : A THEA0 (1) i
-H2 . H ‘Hy :
TN g e 07Ny —Ph | 07NN g o 07NN
7.36 7.52 7.36
65% :
11 mg

Scheme 7.48: a) Suzuki—Miyaura cross-coupling of iodo derivative 7.36 with phenyl boronic acid b) Route

for potential derivative synthesis of (+)-dehydrodeoxybrevianamide E

Achieving this cross-coupling highlights an entry point for divergency in our synthesis. A range of
different aryl and alkenyl groups could be coupled into this system, giving the opportunity to
synthesise a small library of potentially biologically active derivatives of the natural product (+)-

dehydrodeoxybrevianamide E (4.45) (Scheme 7.48b).

The Suzuki—Miyaura reaction developed for iodide 7.36 was simultaneously successful for the
bromide (7.25) (Scheme 7.49a). Additionally, stannane 7.32 may also constitute a viable entryway
into derivatives, as it successfully underwent a Stille coupling with iodobenzene (7.33) to form 7.34
(Scheme 7.49b). Again, this highlights a potential entry for derivative synthesis. This reaction
should be possible with a wide range of boronic acids/esters and aryl halides, which should provide
accesss to various substituted dehydroproline compounds. This is notable because it demonstrates
that the proline unit can act as both a nucleophile and an electrophile at this position and therefore

is synthetically versatile.
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CsF

PhB(OH), : Cul (10 mol%
a) PdCl,dppf-CH,Cl i b) ul (10 mol%)
0 > 2Cl 0 ; o) o
Cbz oAy Gz : Cbz Pd(PPhsy), (5 mol%) Cbz
. Some __ CsC0s € 7 “ome | /I OMe Ph—l 7.33 /I “ome

THF:H,0 (1:1) : DMF, 40 °C, 4 h

Br 85 °C, 16 h Ph ; SnMe; Ph

7.25 7.34 ; 7.32 7.34

58% ; 63%

22 mg : 53 mg

Scheme 7.49: a) Suzuki—Miyaura cross-coupling reaction of 7.25 and phenyl boronic acid b) Stille cross-

coupling reaction of 7.32 and iodobenzene

7.5 Conclusion

Although unsuccessful in our goal to complete the first total synthesis of brevianamide S (7.1) we
have made significant progress with two distinct routes towards the natural product. Both routes
are currently a single transformation away from the natural product (Scheme 7.50). The first route
was centred around performing a late-stage coupling reaction on functionalised intermediates. We
synthesised two distinct coupling partners 7.42 and 7.48 during this investigation. This involved
developing conditions to perform an alkenyl oxidation of the 5-membered ring to install a halogen,
followed by optimising a crucial stannylation reaction to yield stannane 7.48. Finally, protocols
were developed for a dehydrogenation reaction using Mukaiyama’s reagent (7.37) to install the core

exo-cyclic double bond.

* Route 1 I I Route 2 I

H
N
7/ \—

H
N O

s N
7.42
© N\g/l
HN HN 2 N OH
: = =\ HN

H e [\ -\ = N\
p H N NH —

— fo) (6) NH

H

7.5

Scheme 7.50: Routes trialled towards brevianamide S (7.1)
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Studies into the second route allowed the development of the core dimeric structure of brevianamide
S (7.1) via a key reductive Ullman-type coupling, which is just a single dehydrogenation reaction
away from the product. This unique C—C bond between the two monomeric units is the first linkage

at this position in the literature.

Novel derivatives of (+)-dehydrodeoxybrevianamide E (4.45) and the dehydroproline moiety (4.74)
have been successfully synthesised (Scheme 7.51). By using the halogenated and stannylated
compounds, synthesised during the course of the project, we were able to make derivatives through
cross-coupling reactions. These cross-coupling reactions provide potential for the synthesis of
libraries of derivatives in the future.

i b) PhB(OH),
cbz O PdCl,dppf-CH,Cl, Cbz O

PhB(OH), N (10 mol%) N
/)X _ PdClydppf-CH,Cl < __ 5 T ome Cs,CO5 T owe
H (10 mol%) H H . .
; THF:H,O (1:1)
) N0 Cs,CO; ) N z° : Br 85°C, 16 h Ph
THF:H,0 (1:1) : 7.25 7.34
07 N" N1 "g5°C, 19n N"—Ph 58%

ZT
ZT

O,

22 mg

7.36 7.52
65%
11 mg

Scheme 7.51: Derivatives synthesised through Suzuki-Miyaura and Stille cross-coupling reactions

7.6 Future work

Future work in this project would involve investigating alternative dehydrogenation conditions for

the final step in the total synthesis of brevianamide S (7.1) (Scheme 7.52).

HN o) O HN o 0
\ )\ AN NKH 1 step _ \ AN N
= \ .Jouble dehydrogenation_ = =
H )N NH = N
o NH 4 0

7.5 brevianamide S (7.1)

Scheme 7.52: Final double dehydrogenation step towards the synthesis of brevianamide S (7.1)

Enamides are synthetically useful building blocks and this is highlighted by their board spectrum
of reactivity.?? Consequently, there has been long standing interest in the chemical community to
develop more methods to synthesise enamides. Most recently, Maulide and co-workers have
developed a novel strategy towards enamides via N-dehydrogenation of amides using LIHMDS and
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triflic anhydride in a one-step protocol with a broad substrate scope and good yields (Scheme
7.53).2% This interesting combination of LIHMDS and triflic anhydride, functions as both the
oxidant and the electrophilic activator in the reaction. This new methodology could be applied to

the double dehydrogenation required in our brevianamide S (7.1) synthesis (Scheme 7.52).

: T :
o LiIHMDS * ! potential O H  acidifed H
OJ\N/\. then Tf,0 OJ\N/\. ;LG O)\\lilé\ proton !
[ — oo ; :

l Et,0, ~94 °C, 30 min l i 7.53 e

Scheme 7.53: Enamide formation through N-dehydrogenation of amides via activated intermediate 7.53

If unsuccessful in performing the crucial double dehydrogenation, new routes could be investigated
towards the synthesis of brevianamide S (7.1). During this project we saw first-hand evidence of a
potential retro-aldol fragmentation occurring in our systems. Inspired by this, further investigations
could lead to a constructive aldol condensation reaction, such as that seen in the reversible aldol
reaction of neoechinulin B (7.47), which is a structurally related indole-fused diketopiperazine

natural product (Scheme 7.54), 182.234-236

KOH in aq EtOH

)% retro- aldol HN
HN_ AN N oeeeeeenns HN __ A A
reversible /I/i 1

7.42 5 neoechinulin B (7.47) in p|per|d|ne

56% yield

Scheme 7.54: a) Potential retro aldol of 7.42 to form formaulated product 7.46 b) Reversible retro

aldol/aldol reaction of the related diketopiperzine natural product neoechinulin B (7.47)

By harnessing the inherent reactivity of these indolic diketopiperzine molecules to our advantage,
an alternative synthesis of brevianamide S (7.1) can be envisaged. The key step of this convergent

synthesis would be a “three component” double aldol condensation of the dimeric diketopiperazine
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unit (5.54) with two molecules of the formylated indole (7.46) (Scheme 7.55). For example, indole
7.46 has previously been synthesised by Trauner and co-workers in 3 steps from indole.!8 This
would diverge from the developed chemistry surrounding the synthesis of (+)-
dehydrodeoxybrevianamide E (4.45) and could allow for a more elegant approach to the synthesis
of brevianamide S (7.1). This route circumvents the previous problem of finding suitable

dehydrogenation conditions.

(0] N 0
HN - double aldol AN o N
HN_ H — H U NH condensation \ _HN =
N NH YA condensation, - —
x o J 0 o P N
Ie) [¢)
7.46 7.54 7.46 brevianamide S (7.1)

[3 steps
from indole]

Scheme 7.55: “3 component” double aldol condensation to form brevianamide S (7.1)

The main challenges of this route would be developing conditions for the double aldol
condensation, and formation of the fused diketopiperazine unit (7.54). A logical starting point for
this route would be from diketopiperazine intermediate 7.55, which is a known compound formed
in 2 steps from the commercially dipeptide; cyclo-glycyl-L-proline.=” We could then hopefully use
chemistry developed during this project to achieve the synthesis of the core dimeric

diketopiperazine scaffold (7.54) (Scheme 7.56).

O (0] (0] o) O
HN [2 steps] HN iodination HN | Ullman HN = N&
_— e rreeeeeee > — eeeeees > —
»N ng %*N »N NH
o o o) o)
7.55

o
7.54

Scheme 7.56: Proposed synthesis of key fused diketopiperazine unit (7.54)

Further investigations into derivative synthesis could also be undertaken. Boronic coupling partners
could be synthesised for use in Suzuki—Miyaura cross coupling reactions (Scheme 7.57a). As well
as sourcing a range of commercially available aryl and alkenyl halides for use in Stille cross-

coupling reactions (Scheme 7.57b). A small library of derivatives of (+)-
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dehydrodeoxybrevianamide E (4.45) could be quickly synthesised, which could allow access to
derivatives of brevianamide A (4.1) and B (4.2). Such derivatives have the potential for biological
activity, which could be tested once access is gained to these compounds.

a) H . Q-1

H
o— ‘b
N B(OH), N : ) Cbz O CsF by ©
)X _ PdCldppf+CH,Cl, < i N Cul (10 mol%) N
H (10 mol %) H : /[ "OMe  Pd(PPhs), (5 mol%) /I “oMe
N © Cs,CO3 N._O e U A e -

. ey " e owRsoos
:Ho0 (1: :
(0) NTNRy—1I 85°C. 19 h (0] NTN 7.32

'(+)-brevianamide A '(+)-brevianamide B

Scheme 5.57: a) Derivative synthesis of (+)-dehydrodeoxybrevianamide E (4.45) via a Suzuki-Miyaura
leading to derivative of brevianamide A (4.1) and B (4.2) b) Derivative synthesis of dehydroproline unit via

a Stille coupling
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Chapter 8: Experimental Conditions

8.1 General Experimental

NMR Spectroscopy: H and *3C NMR Spectra were recorded in the deuterated solvent stated using
an internal deuterium lock. *H NMR spectra were recorded at 600 MHz, 500 MHz, and 400 MHz
using a Bruker AVANCE 600, Bruker AVANCE 500, Bruker PRO 500, Varian INOVA 500 or
Bruker AVANCE 400 spectrometer and referenced to residual solvent proton resonance (CDCls 6
7.26 ppm, DMSO & 2.5 ppm, CD:Cl, 4 5.3 ppm). Chemical shifts are given in ppm on a & scale,
and coupling constants (J) are reported to nearest 0.1 Hz. Peak multiplicities are defined as: s =
singlet, d = doublet, t = triplet, g = quartet, qu = quintet, sxt = sextet, m = multiplet, app. = apparent,
br. = broad. Assignment of proton signals was assisted by *H-'H COSY, HSQC, HMBC and
NOESY experiments. *C NMR spectra were recorded at 151 MHz, 126 MHz or 100 MHz using a
Bruker AVANCE 600, Bruker AVANCE 500, Bruker PRO 500, Varian INOVA 500 or Bruker
AVANCE 400 spectrometer and referenced to the solvent resonance (CDCl; 8 77.0 ppm, DMSO 6
39.5 ppm, CDCl, 4 53.8 ppm). Assignment of carbon signals was assisted by HSQC, HMBC and

NOESY experiments.

Infrared Spectroscopy: Infrared spectra of solids and liquids were recorded as neat samples on a

Bruker Tensor 27 FT-IR spectrometer fitted with an ATR attachment.

Melting Point: Melting points were measured on a Gallenkamp Melting Point System or a Stanford

Research Systems OptiMelt MPAZ100.

Mass Spectrometry: Accurate mass (HRMS) data was acquired on a Bruker MicroTOF instrument
using electrospray ionisation (ESI+). High resolution values are calculated to 4 decimal places

from the molecular formula, and all values are within a tolerance of 5 ppm.

Reagents, solvents and techniques: All reagents, obtained from Acros, Aldrich and Fluorochem
fine chemicals suppliers, were used directly as supplied. Reactions were conducted under a positive

pressure of dry nitrogen and the glassware was dried with a heat gun. Anhydrous solvents were
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used and reaction were conducted at room temperature unless stated otherwise. The yields reported
are shown as isolated yields unless otherwise stated. Reactions were monitored by thin layer
chromatography on pre-coated aluminium-backed plates (Merck Kieselgel 60 with fluorescent
indicator UV254, 0.2 mm). Spots were visualised by quenching of UV fluorescence fluorescence
(Ama= 254 nm) or by staining with potassium permanganate or vanillin. Flash column
chromatography was performed according to the method described by Still, Kahn and Mitra?*® with
silica gel obtained from Macherey Nagel (MN 60, 230-400 mesh) under positive nitrogen pressure.
THF, toluene, and acetonitrile were purified using an inert technology PureSolv MD5 Solvent
Purification Systems. DMSO was used as supplied without distillation. Anhydrous DMF was
obtained by first stirring overnight over 4 A molecular sieves, then refluxing under reduced pressure

for 2 h, followed by distillation and was stored over 4 A molecular sieves.
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8.2 Experimental Conditions Chapter 2

8.2.1 General Procedure 1 — Epoxidation

Adapted from literature®’

O (1 mol%)

N

o) H H,0, o
J)kH CH,Cly, rt, 2 days OQ)LH
R R
26, R = Me (+)-33, R = Me
40, R = C3H, (£)-41, R = C3H;

Pyrrolidine (1 mol%) was added to a solution of enal X (1.0 equiv.) in dichloromethane and stirred

until the reaction turned slightly yellow. H>O, (30 w/v%, 1.35 equiv.) was added dropwise and after

30 minutes of stirring at rt the reaction vessel was sealed and left to stir at ambient temperature for

2 days to achieve full conversion to the epoxy aldehyde. Solvent was removed via carefully

controlled distillation (45 °C/600 mbar - 400 mbar).

167



8.2.2 General Procedure 2 - Imine formation

Adapted from literature

. PN

i-PrNH,, 4 A MS
H . H
o) CH,Clp, -10°C > rt,12h O

R R
(#)-33, R = Me (#)-20, R = Me
(#)-41, R = C4H; (+)-42, R = C3H;

4 A MS was added to a solution of epoxy aldehyde X (1.0 equiv.) in CH2Cl.. Isopropylamine (1.1
equiv.) was added dropwise to the mixture at —10 °C and left to stir at rt for 12 h. When complete
the the reaction mixture was filtered by vacuum and the resulting cake washed copiously with

CH.Cl.. The crude product was purified via vacuum distillation.
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8.2.3 Experimental Procedure for Compound (z)-2.1

Compound (%)-2.1 was prepared according to general procedurel.

[N> (1 mol%)
o)
0 H o,
—_ >
))k"‘ CH,Cl,, 1t, 2 days OQ)LH
32%
d.r. 80:20
1.26 (#)-2.1

[3.15 g]

Crotonaldehyde (1.26) (10.0 mL, 1.0 equiv., 113 mmol) in CH,Cl; (330 mL), pyrrolidine (0.95 mL,
0.01 equiv., 1.13 mmol) and H20> (15.6 mL, 30% w/w ag., 1.35 equiv., 153 mmol). Purified via
vacuum distillation (28 °C/1 mbar) to give the title compound as a colourless oil (3.15 g, 36.6 mmol,

32%, d.r. 80:20).
(0]
og)L H
R = 0.33 (petroleum ether 40/60:ethyl acetate, 7:3), [KMnO4];

IH NMR (600 MHz, CDCls) § 9.47 (1H, dd, J = 5.1, 1.1 Hz)%, 9.00 (1H, dd, J = 6.3, 1.1 Hz)", 3.40
—3.34 (2H, m)}, 3.31 (1H, m)", 3.09 (1H, dd, J = 6.3, 1.6 Hz)', 1.47 (3H, dd, J = 5.5, 1.1 Hz)*, 1.44

(3H,dd, J=5.1, 1.1 Hz)" ppm;

13C NMR (150 MHz, CDCls) 6 199.1%, 198.47, 60.17, 57.8%, 54.8%, 52.8, 16.9%, 13.6* ppm;
tMajor diastereoisomer (trans), I minor diastereoisomer (cis);

HRMS (ESI¥) calc. for CsHsO, ([M+H]*): 87.0441; found: 87.0256;

IR (film) vmax/cm™ 3682, 3641, 3009, 2989, 2895, 1063, 1031, 1016;

Data consistent with literature.?
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8.2.4 Experimental Procedure for Compound (%)-2.9

Compound (%)-2.9 was prepared according to general procedure 1.

[N> (1 mol%)
o) H o,
H CHoClp, 1t, 2days O H
21%
d.r. 86:14
2.8 ()-2.9

[0.41 g]

trans-2-Hexenal (2.8) (2.0 mL, 1.0 equiv., 17 mmol) in CH:Cl; (60 mL), pyrrolidine (0.14 mL,
0.01 equiv., 1.7 mmol) and H>0; (2.35 mL, 30% w/w aq., 1.35 equiv., 23 mmol). Purified via
vacuum distillation (58 °C/10 mbar) to give the title compound as a colourless oil (0.41 g, 3.6 mmol,

21%, d.r. 86:14).

(o}

H

R = 0.37 (petroleum ether 40/60:ethyl acetate, 9:1), [KMnO4];

IH NMR (500 MHz, CDCls) 8 9.45 (1H, dd, J = 5.2, 2.0 Hz)%, 9.00 (1H, ddd, J = 6.4, 2.8, 1.1 Hz)",
3.32 (1H, td, J = 4.9, 1.8 Hz)}, 3.27 — 3.24 (1H, m)}, 3.22 (1H, td, J = 5.1, 2.0 Hz)*, 3.12 (1H, dt, J
= 6.4, 2.1 Hz)'", 1.63 (4H, dddd, J = 14.1, 8.3, 6.7, 1.9 Hz), 1.63 (2H, dddd, J = 14.1, 8.3, 6.7, 1.9

Hz)', 1.55 — 1.44 (2H, m)", 1.55 — 1.44 (3H, m)?, 0.97 (3H, td, J = 7.4, 2.0 Hz)" ppm;

3C NMR (125 MHz, CDCls) 6 199.1%, 198.57, 59.1%, 57.8%, 56.6™+, 33.27, 30.0%, 19.9%,19.17, 13.7"%

ppm;

HRMS (ESI*) calc. for CsHio02 ([M+H]*): 115.0762; found: 115.0753;

IR (film) vma/cm ™ 2963, 2936, 2876, 1726, 1464, 1435, 1157, 1121, 1047, 1003, 970, 912, 881,

851, 800, 781, 741, 723;

+tMajor diastereoisomer (trans), I minor diastereoisomer (cis);

Data consistent with literature.?®
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8.2.5 Experimental Procedure for Compound (%)-2.13

Compound (*)-2.13 was prepared according to literature.*®

o o}

J)LH +BUOOH, NaOH (1 M) _ H
oh MeOH, 40 °C, 48 h
37% Ph
2 d.r. 79:21 (£)-2.13
[1.10g]

Cinnamaldehyde (2.11) (2.52 mL, 1.0 equiv., 20 mmol) in methanol (10 mL) was added dropwise
to a 40 °C solution, of t-butyl hydroperoxide (3.1 mL, 70% wi/v aq., 1.2 equiv., 24 mmol) in
methanol (8 mL). NaOH (1 mL, 1 M aq.). After stirring at this temperature for a further 48 h water
(10 mL) was added to quench the reaction. The two phases were separated and the aqueous layer
was extracted with CH2Cl; (3 x 10 mL). The combined organics were dried (MgSO.) and the
solvent was removed via carefully controlled distillation (45 °C/600 400 mbar). Flash column
chromatography (95:5 petroleum ether 40/60:ethyl acetate) afforded epoxide (+)-2.13 as a yellow

oil (1.1 g, 7.4 mmol, 37%, d.r. 79:21).
(0]
o& H
Rf = 0.42 (petroleum ether 40/60:ethyl acetate, 9:1), [UV, KMnO4];

IH NMR (600 MHz, CDCls) § 9.20 (1H, d, J = 6.0 Hz)", 9.09 (1H, d, J = 6.0 Hz)}, 7.48 — 7.27
(10H, m)**, 4.40 (1H, d, J = 4.6 Hz), 4.17 (1H, d, J = 1.8 Hz)", 3.54 (1H, dd, J = 6.1, 4.6 Hz)},

3.45 (1H, dd, J = 6.0, 1.8 Hz)" ppm *major and minor diastereomer peaks overlapped;
HRMS (ESI?) calc. for CoHsO, ([M+H]*):149.0597; found:149.0623;

tMajor diastereoisomer (trans), I minor diastereoisomer (Cis);

Data consistent with literature.2*
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8.2.6 Experimental Procedure for Compound (%)-1.20

Compound (%)-1.20 was prepared according to general procedure 2.

o A~
i-PrNH,, 4 A MS
H . H
o) CH,Clp, -10°C > 1t,12h O
80%
d.r. 78:22

(#)-2.1 (+)-1.20
[1.76 g]

(2)-2,3-Epoxybutanal  ((£)-2.1) (1.5mL, 1.0equiv., 17.4 mmol) in CHXCl, (6.5 mL),
isopropylamine (1.65 mL, 1.1 equiv., 19.2 mmol) and 4 A MS (2 g). Purified via vacuum distillation

(36 °C/1 mbar) to give the title compound as a colourless oil (1.76 g, 13.8 mmol, 80%, d.r. 78:22).

PN
o;)k H
R = 0.39 (petroleum ether 40/60:ethyl acetate, 7:3), [KMnO4];

IH NMR (500 MHz, CDCl3) § 7.43 (1H, dd, J = 6.7, 0.8 Hz)%, 7.14 (1H, dd, J = 7.2, 0.8 Hz)",
3.45 - 3.35 (2H, m)™**, 3.28 — 3.22 (1H, m)*, 3.19 (1H, dd, J = 7.3, 2.1 Hz)', 3.08 (1H, qd, J = 5.2,
2.1 Hz)%, 1.38-1.32 (3H, dd, J =5.2, 1.1 Hz)™, 1.19 — 1.15 (6H, m)™ ppm*major and minor

diastereomer peaks overlapped;

3C NMR (125 MHz, CDCls) 8 159.57, 157.8%, 61.6%, 61.17, 59.07, 56.3%, 54.07+, 24.1%, 24.0*

23.9%, 23.81, 17.1, 13.8* ppm;
HRMS (ESI*) calc. for C;H1sNO ([M+H]*): 128.1070; found:128.1094;

IR (film) vmax/cm ™ 2975, 2896, 2968, 2342, 2324, 1665, 663, 640, 621, 602, 586, 562;
tMajor diastereoisomer (trans), I minor diastereoisomer (Cis);

Data consistent with literature.”
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8.2.7 Experimental Procedure for Compound (%)-2.10

Compound (%)-2.10 was prepared according to general procedure 2.

NJ\
i-PrNH,, 4 A MS
H o H
(@) CH,Cly,-10 C—>rt,12h O
61%
d.r. 81:19

(£)-2.9 (£)-2.10
[332 mg]

2,3-Epoxyhexanal ((x)-2.9) (0.4 g, 1.0 equiv., 3.5 mmol) in CH,Cl; (2.0 mL), isopropylamine
(0.33mL, 1.1 equiv., 3.9 mmol) and 4 A MS (600 mg). Purified via vacuum distillation (78 °C/10

mbar) to give the title compound as a colourless oil (332 mg, 2.1 mmol 61%, d.r. 81:19).

A

Rf = 0.36 (petroleum ether 40/60:ethyl acetate, 9:1), [KMnO4];

IH NMR (500 MHz, CDCls) § 7.41 (1H, dd, J = 6.8, 0.7 Hz)*, 7.13 (1H, dd, J = 7.2, 0.7 Hz)',
3.44 (1H, dd, J = 6.8, 4.4 Hz)*, 3.36 (1H, dd, J = 6.4, 0.8 Hz)', 3.21 — 3.18 (1H, m)*, 2.99 (1H,
ddd, J = 6.3, 4.8, 2.1 Hz)", (1H, ddd, J = 6.9, 5.4, 4.4 Hz)*, 1.64 — 1.44 (4H, m)™, 1.16 (6H, ddd, J

=10.4, 6.3, 4.1 Hz)™, 0.95 - 0.88 (3H, m)™* ppm;

13C NMR (125 MHz, CDCls) 8 159.67, 158.0%, 61.5%, 61.17, 59.7%, 58.1+%, 57.97, 57.8, 56.2%, 33.51,

30.31, 24.0, 23.91, 23.8", 19.8%,19.1%, 13.9" ppm;
HRMS (ESI*) calc. for CeHizNO ([M+H]*): 156.1383; found: 156.1397;

IR (film) vmax/cm ™ 3004, 2934, 2870, 1665, 1466, 1443, 1381, 1362, 1161.15 1132, 957, 941,

889, 862;

+tMajor diastereoisomer (trans), I minor diastereoisomer (Cis).

173



8.2.8 Experimental Procedure for Compound (+)-2.14

Compound (*)-2.14 was prepared according to literature.?*:

o] NJ\
W -PrNHp, MgSO, »“kH
o S —— o§
HoCly, rt, 2 h
PH CH2Cl, PH
(£)-2.13 91% 214
d.r. 90:10 [3.80 g

MgSQ4 (5.3 g, 2.0 equiv., 44 mmol) was added to a solution of epoxide (+)-2.13 (3.3 g, 1.0 equiv.,
22 mmol) in CH2Cl; (4.4 mL). This mixture isopropylamine (1.89 mL, 1.0 equiv., 22 mmol) was
added dropwise at rt. After addition the reaction was left to stir for a further 2 h. The MgSO, was
filtered off and washed thoroughly with CH.Cl, (20 mL). The crude filtrate was concentrated in
vacuo and then purified via column chromatography (silica gel, diethyl ether: petroleum ether

40/60, 8:2) afforded the title compound as a yellow oil (3.80 g, 20.1 mmol, 91%).

Ny
o§
Ph

R = 0.38 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnOy4];

IH NMR (500 MHz, CDCls) § 7.38 — 7.26 (5H, m), 3.96 (1H, d, J = 2.0 Hz), 3.56 (1H, dd, J= 7.1,

2.0 Hz), 3.44 (1H, pd, J = 6.3, 0.7 Hz), 1.20 — 1.15 (7H, m) ppm;
13C NMR (125 MHz, CDCls) § 158.4, 135.8, 128.6, 128.6, 125.7, 61.9, 61.2, 57.9, 23.8, 23.8 ppm;

HRMS (ESI*) calc. for C1oH1sNO ([M+H]*): 190.1227; found:190.1228;

IR (film) vinadcm ™ 2968, 2932, 2857, 1665, 1497, 1458, 1379, 1364, 1275, 1157, 1126, 959, 945,

854, 791, 752, 696, 617, 573,

Data consistent with literature.?*
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8.2.9 Experimental Procedure for Compound (%)-2.17

o K
t-BuNH,, MgSO,
H o
o) CH,Clp, -10°C > 1t,12h O H
55%
d.r. 98:2

(#)-2.1 (*)-2.17
[0.86 g]

MgSQ4 (2.65 ¢, 2.0 equiv., 22.0 mmol) was added to a solution of epoxide (+)-2.1 (0.95 g, 1.0
equiv., 11.0 mmol) in CHxCI; (15 mL). This mixture was cooled to —10 °C and tert-butylamine
(1.4 mL, 1.2 equiv., 13.2 mmol) was added dropwise. After addition the reaction was left to warm
to rt and allowed to stir for a further 2 h. The MgSO, was filtered off and washed thoroughly with
CH.CI; (50 mL). The filtrate was concentrated in vacuo, then passed through a silica plug eluted
with diethyl ether (20 mL). This was concentrated in vacuo to afford the title compound as a light

brown oil (0.86 g, 6.1 mmol, 55%, d.r. 98:2), which was used without further purification.

<
5

R¢ = 0.40 (diethyl ether), [very faint UV, KMnQ,];

IH NMR (400 MHz, CDCls) 6 7.07 (1H, d, J = 7.1 Hz), 3.23 (1H, dd, J = 7.1, 2.1 Hz), 3.10 (1H,
qd, J=5.2, 2.1 Hz), 1.39 (3H, d, J = 5.2 Hz), 1.19 (9H, s) ppm; *only major diastereomer peaks

are listed as not all minor diastereomer peaks can be identified;

13C NMR (100 MHz, CDCls) § 156.8, 59.7, 57.6, 54.0, 29.3, 17.2 ppm *only major diastereomer

peaks are listed as not all minor diastereomer peaks can be identified;
HRMS (ESI) calc. for CgH1sNO ([M+H]"):142.1227; found:142.1219;

IR (film) vmax/cm™ 29690, 2931, 2871, 1670, 1431, 1366, 1229, 1008, 958, 894, 841.
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8.2.10 Experimental Procedure for Compound (£)-1.24

Compound (+)-1.24 was prepared by adapting literature.!’

) - ) J\
9
NJ\ n-BuLi hd N

i-Pr,NH H, N

H o . o HO. < oH
[e) THF, -78 -0 C,2h 3 11
54% Z2  n

1

(¢)-1.20 e.r. 50:50 (+)-1.24
d.r. 100:0

[109 mg]

10

To diisopropylamine (0.48 mL, 2.00 equiv., 1.58 mmol) in anhydrous THF (1.0 mL) was added n-
butyllithium (1.96 mL, 1.6 M, 2.00 equiv., 1.58 mmol) at —78 °C under an inert atmosphere. This
was left to stir at this temperature for 1 h, then imino epoxide (£)-1.20 (200 mg, 1.00 equiv., 1.58
mmol) in anhydrous THF (1.0 mL) was added dropwise at —78 °C. After 10 minutes this mixture
was warmed to 0 °C over 90 min and stirred at this temperature for 1 h. The reaction mixture was
guenched with water (5 mL) and the two phases were separated. The aqueous layer was extracted
with CH,CI;, (5 x 5 mL). The combined organics were dried (MgSQ.) and concentrated in vacuo.
The crude residue was purified via column chromatography (silica gel diethyl ether: petroleum ether
40/60, 8:2) to give the title compound as a white crystalline solid (109 mg, 0.86 mmol, 54%, d.r.

100:0, e.r. 50:50).

IH NMR (600 MHz, CDCls) § 7.47 (1H, d, J = 1.7 Hz, C8H), 6.04 (1H, ddd, J = 17.2, 10.6,
5.0 Hz, C2H), 5.41 (1H, apt dt, J = 17.3, 1.6 Hz, C1Huans), 5.20 (1H, apt dt, J = 10.6, 1.5 Hz,
C1Hcis), 4.22 (1H, apt ddt, J = 6.6, 5.0, 1.6 Hz, C3H), 3.66 (1H, qd, J = 6.6, 1.7 Hz, C11H),
3.43 - 3.19 (1H, m, C9H), 2.56 (1H, sept, J = 6.2 Hz, C5H), 2.13 (1H, d, J = 6.4 Hz, C4H) 1.41

(3H, d, J=6.5Hz, C12H3), 1.20 (3H, d, J = 3.8 Hz, C10H3 or C10'H3), 1.19 (3H, d, J = 4.0 Hz,
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C10H3 or C10'Hs), 1.17 (3H, d, J = 6.3 Hz, C6Hz or C6’Hzs), 1.05 (3H, d, J = 6.2 Hz, C6H30r

C6'Hs) ppm;

13C NMR (125 MHz, CDCls) 158.7 (C8), 138.6 (C2), 115.4 (C1), 69.1 (C11), 69.0 (C3), 61.9
(C9), 54.9 (C4), 52.1 (C5), 50.0 (C7), 24.1 (C10 or C10"), 23.9 (C10 or C10'), 22.9 (C6 or C6'),

22.0 (C6 or C6'), 19.9 (C12) ppm;

HRMS (ESI*) calc. for C14H26N20; ([M+H]*): 255.2067; found: 255.2072.

e.r. 50:50 (Chiralpak ID, 100 hexane, 0.8 mL min, A 210 nm) try = 8.18 min, tro= 9.08 min. See

page 291 for chiral HPLC traces.

Data consistent with literature.’
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8.2.11 Experimental Procedure for Compound (£)-2.19

Compound (%)-2.19 was prepared by adapting literature.

6 5 6' J\
9
NJ\ n-Buli hd N

i-PryNH H Nl
YA

e} H THF, -78 50°C,2h - * 11OH
28% 2 12

1
(+)-1.20 e.r 50:50 (£)-2.19
*assumed
[65 mg]

To diisopropylamine (0.23 mL, 0.95 equiv., 1.50 mmol) in anhydrous THF (1.0 mL) was added n-
butyllithium (0.93 mL, 1.6 M, 0.95 equiv., 1.50 mmol) at —78 °C under an inert atmosphere. This
was left to stir at this temperature for 1 h, then imine epoxide ()-1.20 (200 mg, 1.00 equiv., 1.58
mmol) in anhydrous THF (1.0 mL) was added dropwise at —78 °C. After 10 minutes this mixture
was warmed to 0 °C over 90 min and stirred at this temperature for 1 h. The reaction mixture was
guenched with water (5 mL) the two phases were separated. The aqueous layer was extracted with
CHCI; (5 x 5 mL). The combined organics were dried (MgSO.) and concentrated in vacuo. The
crude residue was purified via column chromatography (silica gel diethyl ether: petroleum ether
40/60, 8:2) to give the title compound as a white crystalline solid (55 mg, 0.22 mmol, 28%, e.r

50:50%).

6 5 6

10
Tk,

'H NMR (400 MHz, CDCls) § 7.45 (1H, t, J = 0.8 Hz, C8H), 4.25 (1H, s, OH), 3.92 (1H, d, J = 6.8
Hz, C11H), 3.32 (1H, sept, J = 6.4 Hz, C9H), 3.01 (1H, qd, J = 5.2, 2.3 Hz, C2H), 2.83 (1H, dd, J
= 6.6, 2.3 Hz, C3H), 2.47 (1H, sept, J = 6.2 Hz, C5H), 1.85 (1H, d, J = 6.6 Hz, 1H, C4H), 1.32 (6H,
dd, J = 6.5, 5.8 Hz, C1Hs and C12Hs), 1.20 — 1.13 (9H, m, C6'Hs, C10H; and C10Hs), 1.00 (3H,

d, J =6.2 Hz, C6Hs) ppm;
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13C NMR (100 MHz, CDCl3) & 158.0 (C8), 67.5 (C11), 62.0 (C9), 57.3 (C2), 53.6 (C4), 52.1 (C5),
50.13 (C3), 50.05 (C7), 24.1 (C10 or C10"), 23.9 (C10 or C10'), 22.7 (C6 or C6'), 21.9 (C6 or C6'),

19.7 (C12), 17.2 (C1) ppm;

13C NMR (125 MHz, CDCl;) 158.7 (C8), 138.6 (C2), 115.4 (C1), 69.1 (C11), 69.0 (C3), 61.9
(C9), 54.9 (C4), 52.1 (C5), 50.0 (C7), 24.1 (C10 or C10"), 23.9 (C6 or C10"), 22.9 (C6 or C6"),

22.0 (C6 or C6'), 19.9 (C12) ppm;

HRMS (ESI*) calc. for C1aHz6N,0; ([M+H]*): 255.2067; found: 255.2076.

*A chiral HPLC chromatogram could not be acquired due to the poor chromophore of the

compound, but due to the use of a nature of the reaction it is assumed to proceed with an e.r 50:50.
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8.2.12 Experimental Procedure for Compound (+)-2.20

1 '
Y N Y o
N ] silica gel N
H/, W —_— H/« \‘8
AN HO,, 28 on
HO- OH CHoCly, t, 4 h 347
Y 92% Fe 10
(¥)-1.24 (#)-2.20

[165 mg]

Silica gel (1.0 g) was added to dimer (+)-1.24 (200 mg, 1.0 equiv., 0.84 mmol) in CH2Cl, (2.0 mL).
The reaction was stirred for 4 h at rt after which the silica was filtered off and washed with CH,Cl,
(10.0 mL). The mixture was concentrated in vacuo to afford the title compound as a colourless oil

(165 mg, 0.77 mmol, 92%), without need for further purification.

IH NMR (500 MHz, CDCl3) § 9.51 (1H, d, J = 1.0 Hz, C8H), 6.01 (1H, ddd, J = 17.3, 10.6, 5.3
Hz, C2H), 5.41 (1H, apt dt, J = 17.3, 1.5 Hz, C1Huans), 5.25 (1H, apt dt, J = 10.6, 1.4 Hz, C1Hcis),
4.24 (1H, apt ddt, J = 6.9, 5.4, 1.6 Hz, C3H), 3.88 (1H, g, J = 6.6 Hz, COH), 2.86 (1H, sept, J = 6.2
Hz, C5H), 2.64 (1H, d, J = 6.9 Hz, C4H), 1.45 (3H, d, J = 6.6 Hz, C10Hs), 1.23 (3H, d, J = 6.2 Hz,

C6Hs or C6'Hs), 1.04 (3H, d, J = 6.2 Hz, C6Hs or C6'Ha) ppm:;

13C NMR (125 MHz, CDCls) § 200 (C8), 137.7 (C2), 116.4 (C1), 69.6 (C3), 66.8 (C9), 55.6 (C4),

54.2 (C7), 51.9 (C5), 22.8 (C10), 22.1 (C6 or C6'), 19.8 (C6 or C6) ppm;

HRMS (ESI¥) calc. for C1:H19NOs ([M+H]"): 214.1438; found: 214.1438;

IR (film) vmax/cm™ 2967, 2924, 2855, 2360, 2342, 1706, 1455, 1372, 1055, 1033, 1013, 689.
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8.2.13 Experimental Procedure for Compound (£)-2.3

Compound (*)-2.3 was prepared according to literature.*®

0 (‘l
oy ~
-CPBA )
oo —™2 L~ o
\ (CH,Cl), 92°C, 12 h
59%
22 (+)2.3
[6.85¢g]

A solution of methyl crotonate (2.2) (10.6 mL, 1.0 equiv., 0.1 mol) and m-CPBA (25.0 g, 70% w/w,
1.0 equiv., 0.1 mol) in dichloroethane (125 mL) was refluxed at 92 °C overnight. The reaction
mixture was filtered and the white precipitate formed was washed thoroughly with n-hexane (200
mL). The filtrate was concentrated in vacuo to half volume. The residue was washed with NaHCO3
(50 mL, (7% aq.)), Na2COs (50 mL, (15% aqg.)) and Na»S:03 (50 mL, (3% aqg.)). The combined
organics were dried (MgSO.) and concentrated in vacuo to afford the title compound as a pale

yellow oil (6.85 g, 59 mmol, 59%), which was used without further purification.

o
L

?9. °
R+ = 0.05 (ethyl acetate), [UV];

IH NMR (500 MHz, CDCls) § 3.77 (3H, s), 3.23 (1H, qd, J = 5.2, 1.9 Hz), 3.19 (1H, d, J = 1.9

Hz), 1.40 (3H, d, J = 5.1 Hz) ppm;
13C NMR (100 MHz, CDCls) 6 169.7, 54.5, 53.8, 52.4, 17.1 ppm;

HRMS (ESI*) calc. for CsHsO, ([M+H]"): 117.0545; found:117.0552;

IR (film) vmad/cm™ 2985 (br), 1738, 1441, 1426, 1379, 1339, 1292, 1254, 1203, 1146, 1034,

1009, 951, 908, 862, 779, 725, 719, 696;

Data consistent with literature.?*?
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8.2.14 Experimental Procedure for Compound (£)-2.4

Compound (+)-2.4 was prepared according to literature. 3

§ ‘

W ~ 3

“No NaBH

o 4 o OH

MeOH:H,0 (1:1) 2
(£)-2.3 0°C,3h ! (£)-2.4
+)-2. +)-2.
67% [505 mg]

d.r. 81:19

NaBH, (0.49 g, 1.5 equiv., 12.9 mmol) in MeOH and H,0 (1:1, 10 mL) was added dropwise to a
solution of (x)-methyl-trans-(2,3)-epoxybutanoate (+)-2.3 (1.0 g, 1.0 equiv., 8.6 mmol) in MeOH
and H2O (1:1, 2 mL) at 0 °C. The mixture was stirred at this temperature for 3 h then HO (15 mL)
was added. The mixture was saturated with NaCl and then extracted with diethyl ether (8 x 20 mL).
The combined organics were dried (MgSO.) and concentrated in vacuo. The crude was purified via
vacuum distillation (59 °C/12 mbar) to give the title compound as a colourless oil (505 mg, 5.7

mmol, 67%, d.r. 81:19).

4
S OH
O
2
1

Rf = 0.27 (petroleum ether 40/60:ethyl acetate, 3:7), [KMnOy];

'H NMR (400 MHz, CDCls) & 3.94 — 3.82 (1H, m, C2H"), 3.59 (1H, dddg, J = 11.4, 5.6, 4.6, 1.2
Hz, C3H"), 3.24 — 3.19 (1H, m, C2H?), 3.18 — 3.10 (1H, m, C3H?), 3.07 — 2.87 (2H, m, C4H and
C4’H', C4H! and C4°HY), 1.38 (3H, dd, J = 5.2, 1.0 Hz, C1H3), 1.32 (dt, J = 5.2, 0.8 Hz, C1Hs")

ppm;
13C NMR (100 MHz, CDCls) 8 61.7", 59.5%, 54.6%, 53.9%, 52.4¢, 52.01, 17.21, 17.1¢ ppm;
HRMS (ESI*) calc. for CsHsO, ([M+H]*): 89.0597; found:89.0602;

IR (film) vmax/cm™ 3414 (br), 3000, 2944, 1481, 1450, 1406, 1379, 1346, 1391, 1244, 1146, 1099,

988, 718;
tMajor diastereoisomer (trans), I minor diastereoisomer (Cis);

Data consistent with literature.?*®

182



8.2.15 Experimental Procedure for Compound 2.25

Compound 2.25 was prepared according to literature.>

: CF;COOEt i
N - VS
P\ N2 oo, gmn PN N CFs
2.24 96% 2.25

[5.18 g]

To neat (R)-(+)-o-methylphenylamine (2.24) (3.18 mL, 1.0 equiv., 24.8 mmol), ethyl
trifluoroacetate (4.41 mL, 1.5 equiv., 37.2 mmol) was added dropwise at 0 °C and stirred for 8 min
at rt. Ethanol was removed by repeated azeotropic distillation with toluene (3 x 30 mL). The crude
residue was recrystallized from hexane to afford the title compound as a white crystalline solid

(5.18 g, 23.9 mmol, 96%).

R =0.18 (petroleum ether 40/60:ethyl acetate, 95:5), [UV, KMnQO4];

MP = 85-88 °C recrystallized from hexane, 1it.?** 88 °C;

'H NMR (600 MHz, CDCls) § 7.41 — 7.37 (2H, m, Ph), 7.36 — 7.31 (3H, m, Ph), 6.42 (1H, br, NH),

5.15 (1H, d, J = 7.1 Hz, C1H), 1.60 (3H, d, J = 6.9 Hz, C2H3) ppm;

13C NMR (125 MHz, CDCls) § 156.3 (q, *Jcr = 37.1 Hz), 140.9, 129.1, 128.3, 126.2, 115.8 (q, *Jcr

= 288.2 Hz), 114.7, 49.8, 21.1 ppm;

IR (film) vma/cm ™ 3333, 1697, 1545, 1454, 1342, 1223, 1190, 1110, 1092, 1074, 1011, 881,760,

723, 698, 658;

Data consistent with literature.®®
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8.2.16 Experimental Procedure for Compound 2.26

Compound 2.26 was prepared according to literature.>

i) BHg. THF 2
i THF, 0590 °C, 10 h R
VS SV .
Ph™ "N™ "CF3 i) HCI (20%, MeOH) Ph™ 1 N" "CFs * HCI
925 MeOH, 0 - 70 °C, 3 h 226
81% [0.67 g]

A solution of borane-THF (13.8 mL, 1 M, 4.0 equiv., 13.8 mmol) was added to a stirred solution of
(R)-N-trifluoroacetyl-1-phenylethylamine (2.25) (0.75 g, 1.0 equiv., 3.46 mmol) in THF (4.3 mL)
at 0 °C. The resulting mixture was refluxed with the heating block at 90 °C for 10 h, then cooled
down to rt and MeOH (3.5 mL) was added to the reaction mixture and concentrated in vacuo. The
residue was then dissolved in MeOH (3.5 mL) and a solution of HCI (20% in MeOH, 3.5 mL) was
added at 0 °C. The mixture was then refluxed with the heating block at 70 °C for 3 h, cooled and
then concentrated in vacuo. The residue was suspended in toluene (8 mL) and concentrated in
vacuo. This process was repeated a further 3 times to afford a white solid. The crude residue was
recrystallized from hot iso-propyl alcohol to afford the title compound as a white crystalline solid

(0.67 g, 2.8 mmol, 81%).

: 3
Ph/1\H/\CF3 - Hal

R+ = 0.35 (petroleum ether 40/60:ethyl acetate, 95:5), [UV, KMnQO4];

IH NMR (500 MHz, CDCls) & 7.67 — 7.63 (2H, m, Ph), 7.54 — 7.38 (3H, m, Ph), 4.47 (1H, g, J =
6.8 Hz, C1H), 3.77 — 3.65 (1H, br, NH), 3.42 (1H, dq, J = 14.6, 9.0 Hz, C3H' or C3H) 3.28 (1H,

dg, J=14.6, 8.5 Hz, C3H'or C3H), 2.01 (3H, d, J = 6.8 Hz, C2H3) ppm;

13C NMR (125 MHz, CDCls) § 134.7, 130.0, 130.0, 128.1, 121.4 (g, Jcr = 279.0 Hz), 60.0, 44.8

(0, 2Jcr = 31.0 Hz), 20.3 ppm;

IR (film) vmadcm ™ 2956 (br), 2656 (br), 2585 (br), 2542 (br), 2426 (br), 1593, 1576, 1402, 1335,

1263, 1213, 1136, 1125, 1088, 1045, 1022;

Data consistent with literature.>
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8.2.17 Experimental Procedure for Chiral Amine B

Chiral amine B was prepared according to literature.*

2
NaHCO; (sat., aq.) R

R AN

rt, 5 min Ph™1 H CFs

0,
2.26 87% Chiral amine B

[1.00 g]

Salt 2.26 (1.4 g, 5.68 mmol) was then dissolved in NaHCOs (sat., ag., 15 mL) and was extracted
with hexane (3 x 15 mL). The combined organics were washed with brine (20 mL) dried (NaSQO,)
and concentrated in vacuo to give a colourless oil (1.00 g, 4.9 mmol, 87%), which was used without
further purification.

2
R
Ph/w\u/\CF3

R = 0.32 (petroleum ether 40/60:ethyl acetate, 95:5), [UV, KMnQO4];

IH NMR (600 MHz, CDCls) § 7.38 — 7.30 (4H, m, Ph), 7.29 — 7.24 (1H, m, Ph), 3.92 (1H, g, J =
6.6 Hz, C1H), 3.02 (2H, d, J = 9.5 Hz, C3H>), 1.59 (1H, br, NH), 1.38 (3H, d, J = 6.6 Hz, C2Hs)

ppm;

13C NMR (150 MHz, CDCls) & 144.2, 128.7, 127.4, 126.6, 57.3, 48.1 (q, 2Jcr = 31.0 Hz), 24.4

ppm;*

*CF; g, cannot be peak picked,;

IR (film) vmax/cm™ 2968 (br), 1493, 1450, 1402, 1373, 1263, 1146, 1097, 1078, 1028, 968, 953,

914, 869, 822, 762, 700, 664,

Data consistent with literature.5®
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8.2.18 Experimental Procedure for Chiral Amine C

cH CH3 CH; CHy
_ONEt :
O O
CH Cly, rt, 4 h
CI 2Cla,

97%
Chiral amine C

[0.6 4]

Triethylamine (0.5 mL, 2.1 equiv., 4.0 mmol) was added to a solution of amine salt 8.1 (0.60 g,
1.0 equiv., 1.9 mmol) in CHCl, (10 mL) at rt. This mixture was left to stir for 2 h, then the reaction
was quenched with HCI (1M aq., 1 mL) and diluted with water (10 mL). The organics were
separated and the agqueous was extracted with CH,Cl; (2 x 10 mL). The combined organics were
dried (Na.SO.) and concentrated in vacuo to afford the title compound as a colourless oil (0.6 g,

1.85 mmol, 97%), which was used without further purification.

CH3 CHy
L)
H
IHNMR (600 MHz, CDC|3) 57.84 (2H, dd,J=8.2,1.3 HZ), 7.79-7.74 (4H, m), 7.73 (2H, d J=
7.2 Hz), 7.52 (2H, dd, J = 8.1, 7.1 Hz, 2H), 7.38 (2H, ddd, J = 8.0, 6.7, 1.1 Hz), 7.22 (2H, ddd, J =

8.4,6.7,1.4Hz),4.51 (2H, q, J=6.7 Hz), 1.46 (6H, d, J = 6.7 Hz, 6H) ppm *residual triethylamine

couldn’t be fully removed. (2.55 (2H, q, J = 7.2 Hz) 1.05 (3H, t, J = 7.2 Hz);

3C NMR (150 MHz, CDCls) 6 142.0, 133.9, 131.5, 128.7,127.1, 125.7, 125.4, 125.2, 123.1, 122.7,

46.3, 24.5 ppm;
HRMS (ESI¥) calc. for CoaH2sN ([M+H]™): 326.1903; found: 326.1911;

IR (film) vmax/cm™ 3048, 2968, 2360, 2342, 1595, 1510, 1448, 1393, 1369, 1174, 799, 777.
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8.2.19 Experimental Procedure for Chiral Amine D

Chiral amine D was prepared according to literature.?%

Ph  Ph
2)MgSO,, Glyoxal ~ * N \\N4 2) PhMgClI N
S _—
Ph™ NHz  cpch, it 160 PH Ph Et,0,-78°C —rt, Ph Ph
16 h
2.24 8.2 229 Chiral amine D
[3.7g]

(Step 1) To a solution of glyoxal (8.8 M, w/w 40%, 47.0 mL, 1.0 equiv., 41.3 mmol) in CH.CI,
(90 mL) was added MgSQ, (20 g) in 2.0 g portions over 20 mins at rt. After the addition to mixture
was allowed to stir for a further 10 mins, after which (R)-(+)-a-methylphenylamine (2.24) (10.5
mL, 2 equiv., 83 mmol) was added over 5 minutes at room temp. The mixture was left to stir
overnight. The crude reaction mixture was then passed through a sinter funnel to remove the MgSO4
and the filter cake was washed thoroughly with CH,Cl, (200 mL). The organics were concentrated

in vacuo and the crude orange oil was used directly in the next step.

(Step 2) A solution of crude 8.2 in Et,O (100 mL) was cooled to —78 °C and phenylmagnesium
chloride solution (2 M in THF, 81 mL, 4.0 equiv., 163 mmol) was added dropwise via syringe pump
over 2 h. Once complete the reaction mixture was left to warm to rt overnight. Then the mixture
was cooled to 4 °C and carefully quenched with NH4Cl (100 mL (sat., ag.)) over 30 mins. The
resultant solid is dissolved in H,O (100 mL) and this is then extracted with ethyl acetate
(3 x50 mL). The combined organics were washed with brine (100 mL (sat., ag.)) and dried
(MgSO04) and concentrated in vacuo. The crude residue was recrystallized from hot petroleum ether
40/60 and CHCl,, to afford the title compound as large colourless needles (3.7 g, 8.9 mmol, 22%

over two steps).

Ph. Ph

/» N//—\<N <(

Ph Ph

IH NMR (500 MHz, CDCls) § 7.29 — 7.24 (2H, m), 7.27 — 7.18 (4H, m), 7.16 — 7.08 (6H, m), 7.06

—7.00 (4H, m), 6.96 — 6.89 (2H, m), 3.43 (1H, g, J = 6.7 Hz), 3.37 (2H, s), 1.26 (6H, d, J = 6.7 H2);

187



13C NMR (125 MHz, CDCls) 8 145.6, 141.6, 128.3, 127.9, 127.8, 126.65, 126.59, 65.8, 55.0, 25.3;
HRMS (ESI*) calc. for CsoHssN2 ([M+H]*): 421.2638; found: 421.2642;

IR (film) vmax/cm™ 3326, 2925, 2860, 1598, 1492, 1456, 1363, 1106, 921, 862.

Data consistent with literature.2*®
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8.2.20 General Procedure 3 — Dimerisation 2 Equivalents of Chiral Base

2 equivalents of base (Entries 1-17, 19-22 and 24, Table 8.1, page 193)

CLA X (X equiv.) YNJ\

n-BulLi (X equiv.) N |

___ additve X H.. o
Q)L Solvent, X °C, X h  HO"" OH
Vi

(¥)-20 (+)-24

In to an oven dried schlenk flask chiral amine X (Column 1, Table 8.1) (2.00 equiv., 1.58 mmol)
and solvent X (Column 2, Table 8.1) (0.50 mL) were added under an inert atmosphere. The
external temperature of the solution was cooled down to —78 °C using a cryostat. n-Butyllithium
(0.98 mL, 1.6 M in hexanes, 2.00 equiv., 1.58 mmol) was then added dropwise. After 15 min stirring
at—78 °C, additive X (Column 3, Table 8.1) (2.00 equiv., 1.58 mmol) was added dropwise and the
mixture was left to stir for a further 45 min. The reaction was cooled/warmed to the stated
temperature (Column 4, Table 8.1) and (£)-N-isopropyl-3,4-epoxy-1-aza-pent-1-ene ((£)-1.20)
(100 mg, 1.00 equiv., 0.79 mmol) in solvent X (0.50 mL) (Column 2, Table 8.1) was added
dropwise. The temperature was maintained for 15 minutes and then the crystostat was set to 0 °C
to gradually warm up to 1t (typically —78 °C to 0 °C took 80 min). Once it had reached 0 °C it was
left to stir for a further 50 min. The reaction was then quenched with H.O (1.00 mL) and diluted
with CH.Cl, (1.00 mL). The organics were separated and the aqueous layer was extracted with
CHCI; (2 x 3.00 mL). The combined organics were dried (Na-SO.) and concentrated in vacuo.
Purification via column chromatography (silica gel diethyl ether: petroleum ether 40/60 (8:2))

afforded the title compound as a white crystalline solid.
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8.2.21 General Procedure 4 — Dimerisation 1 Equivalent of Chiral Base

1 equivalent of base (Entries 18, 23 and 25, Table 8.1, page 191)

NJ\ CLA X (X equiv.) YNJ\

n-BuLi (X equiv.) N |
additive X AN
Cg)k"' Solvent, X °C, X h  HO"" OH
Vi

(#)-20 (#)-24

In to an oven dried schlenk flask chiral amine X (Column 1, Table 8.1) (1.00 equiv., 0.79 mmol)
and solvent X (Column 2, Table 8.1) (0.50 mL) were added under an inert atmosphere. The
external temperature of the solution was cooled down to —78 °C using a cryostat. n-Butyllithium
(0.98 mL, 1.6 M in hexanes, 1.00 equiv., 0.79 mmol) was then added dropwise. After 15 min stirring
at —78 °C additive X (Column 3, Table 8.1) (1.00 equiv., 0.79 mmol) was added dropwise and the
mixture was left to stir for a further 45 min. The reaction was cooled/warmed to the stated
temperature (Column 4 Table 8.1) and (z)-N-isopropyl-3,4-epoxy-1-aza-pent-1-ene ((£)-1.20)
(100 mg, 1.00 equiv., 0.79 mmol) in solvent X (0.50 mL) (Column 2, Table 8.1) was added
dropwise. The temperature was maintained for 15 minutes and then the crystostat was set to 0 °C
to gradually warm up to rt (typically —78 °C to 0 °C took 80 min). Once it had reached 0 °C it was
left to stir for a further 50 min. The reaction was then quenched with H,O (1.00 mL) and diluted
with CH:Cl, (1.00 mL). The organics were separated and the aqueous layer was extracted with
CHCI; (2 x 3.00 mL). The combined organics were dried (Na>.SO.) and concentrated in vacuo.
Purification via column chromatography (silica gel diethyl ether: petroleum ether 40/60 (8:2))

afforded the title compound as a white crystalline solid.

Table 8.1: Conditions screen for enantioconvergent aza-Darzens reaction
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8.2.22 Table of Chiral Lithium Amines Used for aza-Darzens Reaction

1 2 3 4 5

Temp Time

Entry CLA (2equiv.) Solvent Additives CC) (h) e.r Yield
1 A THF - -78 4 82:18 57%
2 B THF - -78 4 76:24 40%
3 E THF - -78 4 72:28 46%
4 F THF - -78 4 nodimer  n/a
5 G THF - -78 4 nodimer  nla
6 D THF - -78 4 nodimer  nla
7 H THF - -78 4 nodimer  n/a

- 4 trace
8 C THF -78 amount -
9 A toluene ) -78 4 trace -
amount
10 A MTBE - -78 4 nodimer nla
11 A Et,O - -78 4 77:23 39%
2-M- -

12 A =M 78 4 817 51%
13 A THF HMPA 78 4 nodimer n/a
14 A THF TMEDA -78 4 80:20 47%
15 A THF LiCl -78 4 86:14 51%
16 A THE  1OWgg % 8020 49
17 A THF - -78 16 75:25 51%
18 A(1lequiv) THF - 78 4 85:15  44%
19 A THF - -40 4 61:39 52%
20 A THF - -90 4 86:14 52%
21 A THF - -95 4 90:10 56%
22 A THF - -100 4 80:20 52%
23 A (1 equiv.) THF - -95 4 nodimer n/a
24 A THF LiCl -95 4 no dimer n/a
25 A (1 equiv.) THF LiCl -95 4 84:16 42%

Table 8.1: Conditions screen for enantioconvergent aza-Darzens reaction
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g—|3/c':\|-|3 CHs HN)Bu
Ph” N Ph Ph” N7 CF, /'\/NQ

Figure 8.1: Chiral amines used in screen for enantioconvergencry
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8 3 Experimental Conditions Chapter 3

8.3.1 Route Summary 1 — Pivaloyloxymethyl protected

p-TsNa 1,2-ethanediol (0] (e}
ACOH /@/ p-TSA
EtOH rt, 24 h toluene, 140 °C, 2h s
Dean-Stark O// \\O
79% 91%
3.12 [11.0 9] 3.32 [6.34 g] 3.33
n-BuLi
0
0 [\ )
o__oopom © O)H<
HF (aq., 48%) @ /@/
-9, ROT) -
OPOM MeCN S THF
0°C—>rt,36h O// \\O 0°C—rt,25h
96% 43%
) 3.34
3.35 [1.01 g] [0.68 g]
L \/\BFBK
Ph(OCOCF3), o Pd(PhCN),Cl,
o~ AG,O 0
pyridine | 92
BHT PhsAs ~
OPOM i
CH.Cl THF:H,0 (8:1) OPOM :
rt, 16 h 3.36 rt, 16 h, dark 3.38 E
87 % 41% 5
[1.47 g] [200 mg] ;
0 !
TBAF !
.. MnO; N !
CH,Cl, OH THF
0°C—>rt, 2.5h 0°C—>rt,25h
1.27
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8.3.2 Route Summary 2 — TBS protected

0 [\
p-TsNa 1,2-ethanediol (e} (0]
AcOH /@/ p-TSA
EtOH rt, 24 h toluene, 140 °C, 2h
Dean-Stark O//S\\O
79% 91%
3.12 [11.0 g] 3.32 [5.34 g] 3.33
TBSCI Q N n-BuLi
DMAP
OH CH,0
imidazole HF (aQ-v 48%) @/@&
oTBS CH,Cl, OH MeCN s . THF
0°C—rt 16 h 0°C >rt, 36 h O//\\O 0°C—ort,25h
3.44 49% over two steps 3.23 3.43 92%
[1.26 g] [7.19]
I, S Bk
Ph(OCOCF3), o Pd(PhCN),Cl,
pyridine | Ag,0
BHT PhsAs N
CH.Cl OTBS  ThEH,0 (8:1) OTBS
t,16 h 3.6 rt, 16 h, dark 3.45
61 % 81%
[1.04 g] [186 mg]
0
HCI (2.0 M agq.
MnO, § - ( aq.)
CH,Cl, OH MeOH, rt, 5 h
0°Cort,25h
71% 84%
[29 mg] 1.27 [84 mg]
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8.3.3 Experimental Procedure for Compound 3.1

Compound 3.1 was prepared according to literature.®’

(o] (o]
ii : ii
—_—
EtOH, rt, 10 min
s L /\
0 90% 0
3.7 3.1
[22.8 g]

To a stirred solution of 1,3-cyclohexanedione (3.7) (20.2 g, 1.0 equiv., 180 mmol) in ethanol
(400 mL) was added iodine (1.38 g, 0.03 equiv., 5.4 mmol). After 10 mins the reaction mixture was
concentrated in vacuo. The residue was extracted with CH2Cl, (3 x 100 mL) and washed with
Na,S,0s (sat. ag., 100 mL), brine (100 mL) and H,O (100 mL). The combined organics were then
dried (MgSOQ.,) filtered and concentrated in vacuo, to afford the title compound as a yellow oil

(22.8 g, 0.163 mmol, 90%), which was used without further purification.

o

Qm

Rf = 0.26 (petroleum ether 40/60:ethyl acetate, 2:8), [UV, KMnO4];

IH NMR (400 MHz, CDCls) & 5.33 (1H, s), 3.89 (2H, g, J = 7.0 Hz), 2.42 — 2.37 (2H, m), 2.33

(2H, dd, J=7.2,6.0 Hz), 2.01 - 1.92 (2H, m), 1.35 - 1.30 (3H, m) ppm;
13C NMR (100 MHz, CDCl3) 6 199.8, 177.9, 102.7, 64.2, 36.8, 29.1, 21.3, 14.1 ppm;

IR (film) vmax/cm™2982, 2943, 1647, 1600, 1476, 1456, 1429, 1377, 1346, 1327, 1215, 1182, 1134,

1111, 1059, 1028, 966, 930, 903, 868, 814, 758, 658, 606;

Data consistent with literature.?
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8.3.4 Experimental Procedure for Compound 3.8

Compound 3.8 was prepared according to literature.4

n-BulLi

o o)
SN SNy
DABCO
0" THF, 0°C > 1t,15h S\@
19%

3.1 3.8
[3-439]

To a solution of thioanisole (3.31 mL, 1.0 equiv., 32.0 mmol) and DABCO (3.59 g, 1.0 equiv.,
32.0 mmol) in THF (25 mL) at 0 °C was added dropwise n-butyllithium (1.6 M in hexanes, 20 mL,
1.0 equiv., 32.0 mmol) and the mixture was stirred at 0 °C for 45 mins. Compound 3.1 (4.50 g,
1.0 equiv., 32 mmol) in THF (12 mL) was added dropwise at 0 °C, the mixture was stirred at rt for
15 h, after which H.O (25 mL) was added. The resulting mixture was acidified (pH 3) with HCI
(conc.) and stirred at rt for 1 h. The mixture was neutralised with NaHCOs3 (sat. ag.) and extracted
with Et,O (3 x 40 mL). The combined organics were washed with H,O (2 x 40 mL), dried (MgSO.),
and concentrated in vacuo. Purification via column chromatography (silica gel hexane:ethyl acetate

(9:1)) afforded the title compound as a yellow oil (3.43 g, 15.7 mmol, 49%).

(0]
[ ]\ ,3\©
Rf = 0.24 (petroleum ether 40/60:ethyl acetate, 7:3), [UV, KMnOy];

IH NMR (500 MHz, CDCls) § 7.35 — 7.20 (5H, m), 5.76 (1H, s), 3.60 (2H, app. g, J = 0.8 Hz), 2.52

(2H,t,J=7.1), 2.32 (2H, t, J = 7.1), 2.01 — 1.94 (2H, m) ppm;

B3C NMR (125 MHz, CDCls) § 199.4, 160.0, 134.5, 131.3, 129.1, 127.6, 127.4, 41.9, 37.3, 28.3,

22.6 ppm;

IR (film) vmad/cm ™! 2945, 2927, 1663, 1620, 1582, 1479, 1454, 1439, 1425, 1369, 1346, 1323,

1254, 1190, 1155, 1136, 1123, 1086, 1047, 1024, 966, 885, 739, 691,

Data consistent with literature.?
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8.3.5 Experimental Procedure for Compound 3.65

Compound 3.65 was obtained when attempting to synthesise the corresponding sulfoxide (3.2)

based on a literature procedure. 2°
0} O

Qloa it Qo2

S CH,Cl,, 0°C,1h S

O " 19
3.8 3.65

[2.12g]

To a solution of compound 3.8 (2.50 g, 1.0 equiv., 11 mmol) in anhydrous CH2Cl, (21 mL) was
added m-CPBA (2.97 g, 1.5 equiv., 17 mmol) at 0 °C and stirred for 1 h under an inert atmosphere.
The mixture was quenched with NaHCOs (sat., aq., 20 mL) and extracted with CHCl3 (2 x 20 mL).
The combined organics were washed with brine (20 mL) and dried (Na2SO4) and concentrated in
vacuo. Purification via hot recrystallisation (MeOH:hexane, 8:2) afforded the title compound as a

white powder (2.12 g, 9.1 mmol, 82%).

R =0.24 (petroleum ether 40/60:ethyl acetate, 7:3), [UV, KMnOy4];
M.p =124-126 °C; no literature value;

IH NMR (400 MHz, CDCls) § 7.90 — 7.83 (2H, m), 7.72 — 7.65 (1H, m), 7.62 — 7.54 (2H, m), 5.60

(1H, tt, = 1.7, 0.8 Hz), 3.93 (2H, s), 2.55 — 2.47 (2H, m), 2.39 — 2.31 (2H, m), 2.06 — 1.93 (2H, m)

ppm;

13C NMR (150 MHz, CDCls) § 198.3, 150.7, 137.8, 134.4, 132.7, 129.4, 128.4, 64.3, 37.0, 29.9,

22.6 ppm;

IR (film) vmax/cm™2986, 2947, 1753, 1657, 1624, 1584, 1477, 1449, 1414, 1377, 1350, 1331, 1306,

1290, 1250, 1198, 1138, 1082, 1024, 995, 895, 849, 835, 764, 739, 687, 667.
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8.3.6 Experimental Procedure for Compound 3.32

Compound 3.32 was prepared according to literature.®

o)
pTsNa
_ AOH /©/
EtOH r, 24 h

79%
3.12 3.32
[10.97 g]

Glacial acetic acid (4.45 mL, 78 mmol, 1.5 equiv.) was added in one portion to a stirred suspension
of sodium para-toluenesulfinate (10.39 g, 78 mmol, 1.5 equiv.) in ethanol (100 mL). To this mixture
cyclohex-1-en-2-one (3.12) (5.54 mL, 54 mmol 1.0 equiv.) was added dropwise and the reaction
was left to stir for 24 h at rt. The reaction was then diluted with NaHCO3; (75 mL) and extracted
with ethyl acetate (3 x 100 mL). The combined organics were dried (Na;SOa.) filtered and
concentrated in vacuo. The crude residue was purified via column chromatography (silica gel,
petroleum ether 40/60:ethyl acetate, 7:3) to afford the titled compound as a white solid (10.97 g,

43.5 mmol, 79%).
(0]
O
o 0

R = 0.37 (petroleum ether 40/60:ethyl acetate, 7:3), [UV, vanillin];

'H NMR (500 MHz, CDCl3) § 7.75 (2H, d, J = 8.0 Hz), 7.37 (2H, d, J = 8.0 Hz), 3.25 (1H, tdd, J
=115,5.8,3.7 Hz), 2.61 — 2.49 (2H, m), 2.46 (3H, s), 2.43 — 2.18 (4H, m), 1.91 (1H, tdd, J = 13.1,

11.7,3.7 Hz), 1.68 — 1.61 (1H, m) ppm;

3C NMR (125 MHz, CDCls) § 206.6, 145.3, 133.6, 130.1, 129.0, 62.4, 40.5, 40.5, 23.7, 23.5, 21.7

ppm;
HRMS (ESI¥) calc. for C13H1603S ([M+H]*): 253.0893; found: 253.0892;

Data consistent with literature.®
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8.3.7 Experimental Procedure for Compound 3.33

Compound 3.33 was prepared adapting literature.*

1,2-ethanediol 0 0
pTSA
toluene, 110 °C, 3.5 h S/©/
Dean-Stark O/’ \\O
91%
3.32 3.33
[6.34 g]

1,2-Ethanediol (1.30 mL, 23.31 mmol, 5.4 equiv.) and para-toluenesulfonic acid monohydrate
(10.0 mg, 0.10 mmol, 0.01 equiv.) was added to a stirred solution of 3-tosylcyclohexan-1-one (3.32)
(5.01 g, 19.85 mmol, 1.0 equiv.) in toluene (50 mL). The reaction flask was attached to a
Dean-Stark apparatus under a reflux condenser. The reaction was heated to reflux at 110 °C for
3.5 h and then allowed to cool to rt and the volatiles were removed. The resulting residue was then
partitioned between ethyl acetate (50 mL) and water (50 mL) and the organics were separated. The
aqueous layer was extracted with ethyl acetate (2 x 50 mL) and the combined organics were washed
with brine (100 mL), dried (Na2SO4) and concentrated in vacuo. The crude residue was purified via
hot recrystallisation (MeOH:petroleum ether 40/60, 1:5). To afford the tile compound as white

crystals (5.34 g, 18.00 mmol 91%).

of fo
//S\\
oo

Rf=0.16 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnOy4];

IH NMR (600 MHz, CDCls) § 7.72 (2H, d, J = 8.2 Hz), 7.34 (2H, d, J = 8.0 Hz), 3.96 — 3.85 (4H,
m), 3.18 (1H, tt, J = 12.7, 3.5 Hz), 2.45 (3H, s), 2.15 — 2.08 (2H, m), 1.85 — 1.76 (1H, m), 1.17 —
1.64 (1H, m), 1.63 — 1.56 (2H, m), 1.55 — 1.45 (1H, m), 1.41 (1H, td, J = 13.1, 4.2 Hz), 1.33 (1H,

qd, J =12.8, 4.0 Hz) ppm;

13C NMR (150 MHz, CDCls) 6 144.7, 134.0, 129.8, 129.1, 108.1, 64.6, 64.5, 61.5, 34.3, 34.0, 24.7,

21.9, 21.6 ppm;

Data consistent with literature.®
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8.3.8 Experimental Procedure for Compound 3.43

Compound 3.43 was prepared according to literature.®

O/ O\ n-BuLi (1.6 M) o. o
paraformaldehyde OH
/©/ THF, 0°C —>rt,2.5h /©/
Se % S
5 o 92% 0
3.33 3.43

[7.109]

n-Butyllithium (1.6 M in hexanes, 16.1 mL, 1.6 M, 26.9 mmol, 1.1 equiv.) was added dropwise to
cooled (0 °C) solution of dioxolane (3.33) (7.00 g, 23.6 mmol, 1.0 equiv.) in THF (115 mL). After
stirring for 30 min at this temperature, paraformaldehyde (2.80 g, 94.4 mmol, 4.0 equiv.) dried in a
desiccator over P,Os was added in one portion and the reaction was warmed up to rt to stir for a
further 2 h. After this the reaction was diluted with NH4Cl (100 mL) then the aqueous layer was
extracted with ethyl acetate (3 x 125 mL) and the combined organics washed with brine (250 mL),
dried (Na2SO4) and concentrated in vacuo to give a yellowish gel as the crude product. The crude
residue was purified via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate,

6:4) to afford the titled compound as a white crystalline solid (7.10 g, 21.8 mmol, 92%).
[\
o'ieg
//S\\
o 0
R = 0.13 (petroleum ether 40/60:ethyl acetate, 6:4), [UV, vanillin];

IH NMR (600 MHz, CDCl3) § 7.74 (2H, d, J = 8.3 Hz), 7.37 (2H, d, J = 7.6 Hz), 4.12 (1H, dd,
J=13.5, 8.0 Hz), 3.98 - 3.87 (5H, m), 3.06 (1H, dd, J = 8.0, 6.0 Hz), 2.46 (3H, s), 1.99 — 1.90 (3H,

m), 1.80 — 1.62 (4H, m), 1.56 (1H, s), 1.43 (1H, td, J = 13.1, 4.3 Hz) ppm;

3C NMR (150 MHz, CDCls) 6 145.2, 131.7, 130.5, 129.7, 108.1, 67.4, 64.8, 64.1, 60.9, 34.7, 33.7,

24.5, 21.7, 19.0 ppm;

Data consistent with literature.®
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8.3.9 Experimental Procedure for Compound 3.34

Compound 3.34 was prepared according to literature.®

n-BuLi (1.6 M) O/ O OPOM
chloromethylpwalate
@@r e (W LT
439 N
3% o
3.33 3.34
[683 mg]

n-Butyllithium (1.6 M in hexanes, 2.40 mL, 1.6 M, 3.8 mmol, 1.1 equiv.) was added dropwise to
cooled 0 °C solution of dioxolane (3.33) (1.00 g, 3.4 mmol, 1.0 equiv.) in THF (25 mL). After
stirring for 30 min at this temperature chloromethylpivalate (0.60 mL, 4.2 mmol, 1.3 equiv.) was
added in one portion and the reaction was warmed up to rt to stir for a further 2 h. After this the
reaction was diluted with NH4CI (30 mL) then the aqueous layer was extracted with ethyl acetate
(3 x 25 mL) and the combined organics washed with brine (25 mL), dried (Na;SO4) and
concentrated in vacuo to give a yellowish gel as the crude product. The crude residue was purified
via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 3:1) to afford the titled

compound as a white crystalline solid (683 mg, 1.45 mmol, 43%).

Rf=0.17 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnOy4];

IH NMR (600 MHz, CDCls) 7.72 (2H, d, J = 8.3 Hz), 7.33 (2H, d, J = 7.8 Hz), 4.62 (1H, d,
J=13.3 Hz), 4.34 (1H, d, J = 13.3 Hz), 3.95 — 3.80 (4H, m), 2.44 (3H, s), 2.20 (1H, d, J = 13.6 Hz),
1.99 (1H, dt, J = 135, 2.1 Hz), 1.96 — 1.88 (2H, m), 1.79 (1H, dtd, J = 11.2, 4.1, 2.0 Hz), 1.76 —

1.71 (1H, m), 1.64 — 1.56 (1H, m), 1.54 — 1.46 (1H, m), 1.06 (9H, s) ppm;

3C NMR (150 MHz, CDCls) § 177.6, 144.8, 133.3, 130.3, 129.7, 108.1, 67.0, 64.9, 64.1, 61.2,

38.7,34.2, 34.0, 26.9, 25.0, 21.6, 19.1 ppm;

Data consistent with literature.®®
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8.3.10 Experimental Procedure for Compound 3.23

Compound 3.23 was prepared adapting literature.*

(2) TBSCI

O/—\O . (0] imidazole (0]
@ji@ (1) HF (48%) DMAP
i _bMAP
MeCN, 0°C - rt, 24 h CH,Cl,
>SS OH  gecm 16h OTBS
o’ "o 49%
3.43 3.23 over two steps 3.44

[1.26 9]

(Step 1) Dioxolane 3.43 (3.5 g, 10.7 mmol, 1.0 equiv.) was dissolved in MeCN (94 mL) and stirred
for 10 min at rt. The reaction mixture was then cooled to 0 °C and HF (48%, aq., 14 mL, 230 mmol,
21.5 equiv.) was added in one portion and the reaction was left to stir at this temperature for 1 h,
and then 24 h at rt. The reaction was quenched slowly with NaHCO; (aqg., sat., 400 mL). The
aqueous layer was extracted with CH2Cl, (3 x 200 mL) and the combined organics were washed
with brine (300 mL), dried (Na-SQ.) and concentrated in vacuo to give a slight yellow oil. The

crude residue was used directly in the next step without further purification.

o

Ao

R+ =0.23 (petroleum ether 40/60:ethyl acetate, 7:3), [UV, vanillin];
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8.3.11 Experimental Procedure for Compound 3.44

Compound 3.44 was prepared adapting literature.*

(2) TBSCI
O/ O\ (0] imidazole (0]
@ji@ (1) HF (48%) DMAP
i _bMAP
MeCN, 0°C - rt, 24 h CH,Cl,
>SS OH  gecn 16h OTBS
o’ "o 49%
3.43 3.23 over two steps 3.44

[1.26 9]

(Step 2) To a solution of tert-butyldimethylsilyl chloride (1.75 g, 11.6 mmol, 1.1 equiv.) in CH.CI,
(12 mL) was added dropwise to a solution of alcohol 3.23 (1.40 g, 11.1 mmol, 1.0 equiv.), imidazole
(2.21 mL, 17.8 mmol, 1.6 equiv.) and DMAP (134 mg, 1.1 mmol, 0.1 equiv.) in CHCl; (2.5 mL)
at 0 °C. The reaction mixture was immediately warmed to rt and left to stir for 10 h. The reaction
was then quenched with H,O (15 mL) and extracted with ethyl acetate (3 x 20 mL). The combined
organics were dried (Na.SO.) and concentrated in vacuo to afford an off white solid. The crude
residue was purified via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate,

8:2) to afford the titled compound as a white solid (1.26 g, 5.25 mmol, 49%, over two steps).

o]

@OTBS

R = 0.37 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnOy4];

IH NMR (500 MHz, CDCls) § 6.15 (1H, p, J = 1.7 Hz), 4.22 (2H, dt, J = 1.6, 0.8 Hz), 2.40 (2H,

dd, J=7.3, 6.0 Hz), 2.21 (2H, t, J = 6.0 Hz), 2.01 (1H, dt, J = 12.2, 6.3 Hz), 0.92 (9H, s), 0.08 (6H,

s) ppm;
B3C NMR (125 MHz, CDCls) § 199.8, 164.4, 123.3, 65.2, 38.1, 26.1, 26.0, 22.7, 18.5, -5.3 ppm;

Data consistent with literature.?
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8.3.12 Experimental Procedure for Compound 3.35

Compound 3.35 was prepared according to literature.®

o.__0O Q
oPOM HF (48%)
S/©/ MeCN, 0 °C > rt, 36 h OPOM
o’ o 96%
3.34 3.35
[1.01 g]

Dioxolane 3.34 (1.86 g, 4.23 mmol, 1.0 equiv.) was dissolved in MeCN (13 mL) and stirred for
10 min at rt. The reaction mixture was then cooled to 0 °C and HF (48% agq., 4.00 mL, 97.0 mmol,
23.0 equiv.) was added in one portion and the reaction was left to stir at this temperature for 1 h,
and then 24 h at rt. The reaction was quenched slowly with NaHCOs (ag., sat., 50 mL). The agueous
layer was extracted with CH,Cl, (3 x 25 mL) and the combined organics were washed with brine
(25 mL), dried ((Na2SO4) and concentrated in vacuo to give a slight yellow oil. The crude residue
was purified via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 8:2) to

afford the titled compound as a yellow oil (1.01 g, 4.21 mmol, 96%).

o

[f:l\/OPOM

Rf = 0.38 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnO4];

IH NMR (600 MHz, CDCls) § 6.03 (1H, s), 4.66 (2H, s), 2.42 (2H, t, J = 6.7 Hz), 2.28 (2H, t,

J=6.2 Hz), 2.04 (2H, p, J = 6.3 Hz), 1.24 (9H, s) ppm;
13C NMR (150 MHz, CDCls) 5 199.0, 177.8, 158.7, 124.3, 64.9, 38.9, 37.6, 27.2, 26.3, 22.3 ppm;

Data consistent with literature.®
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8.3.13 Experimental Procedure for Compound 3.6

Compound 3.6 was prepared according to literature.

I2
o PhI(OCOCFs),

- o
pyridine |
BHT
OTBS  CH,Cly, 1t, 24 h oTBS
61 %
3.44 3.6
[1.04 g]

To a solution of 15 (1.17 g, 4.62 mmol, 1.0 equiv.) and pyridine (0.80 mL, 9.70 mmol, 2.1 equiv.)
in anhydrous CHCl, (8.6 mL) was added PhI(OCOCF3)2(1.99 g, 4.62 mmol, 1.0 equiv.) and BHT
(11.0 mg, 0.05 mmol, 1.0equiv.) and stirred at rt for 20 min. To the reaction mixture,
cyclohexenone 3.44 (1.11 g, 4.62 mmol, 1.0 equiv.) in CH2Cl; (8.6 mL) was added and stirred in
the absence of light for 24 h. The reaction was quenched with NaHCOs (aq., sat., 20 mL) and diluted
with ethyl acetate (25 mL). The organic phase was washed with Na;S:0s (ag., sat., 20 mL) and
extracted with ethyl acetate (2 x 25 mL) and then washed with brine (25 mL) and extracted with
ethyl acetate (2 x 25 mL). The combined organics were dried (Na>SO,) and concentrated in vacuo
while protecting the compound from light. The crude residue was purified via column
chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 9:1) to afford the titled compound

as a yellow oil (1.04 g, 2.84 mmol, 61%).

[0}

|
OTBS

R+ = 0.44 (petroleum ether 40/60:ethyl acetate 9:1), [UV, KMnQO4];

IH NMR (500 MHz, CDCls) & 4.44 (2H, s), 2.69 — 2.56 (4H, m), 2.01 (2H, g, J = 6.1 Hz), 0.93

(9H, s), 0.12 (6H, S) ppm;
3C NMR (125 MHz, CDCls) 6 191.7, 168.8, 102.5, 72.2, 37.2, 29.7, 25.8, 22.2, 18.3, -5.4 ppm;

Data consistent with literature.?°
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8.3.14 Experimental Procedure for Compound 3.36

Compound 3.36 was prepared according to literature.®

I2
PhI(OCOCFs),

pyridine |
ijy T
OPOM CH,Cly, 1t, 24 h OPOM

87 %
3.36

[1.47 ]

To a solution of 1;(1.14 g, 4.5 mmol, 1.0 equiv.) and pyridine (0.77 mL, 9.70 mmol, 2.1 equiv.) in
anhydrous CHCl, (6.0 mL) was added PhlI(OCOCFs3), (1.94 g, 4.62 mmol, 1.0 equiv.) and BHT
(20.0 mg, 0.05 mmol, 1.0equiv.) and stirred at rt for 20 min. To the reaction mixture,
cyclohexenone 3.35 (1.11 g, 4.62 mmol, 1.0 equiv.) in CH2Cl; (6.0 mL) was added and stirred in
the absence of light for 24 h. The reaction was quenched with NaHCOs (aq., sat., 25 mL) and diluted
with ethyl acetate (25 mL). The organic phase was washed with Na,S;0s (ag., sat., 25 mL) and
extracted with ethyl acetate (2 x 25 mL) and then washed with brine (25 mL) and extracted with
ethyl acetate (2 x 25 mL). The combined organics were dried (Na>SO,) and concentrated in vacuo
while protecting the compound from light. The crude residue was purified via column
chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 9:1) to afford the titled compound

as a yellow oil (1.47 g, 4.02 mmol, 87%).

o
|
OPOM
R+ =0.20 (petroleum ether 40/60:ethyl acetate 8:2), [UV, KMnQO4];

IH NMR (500 MHz, CDCl3) & 4.90 (2H, t, J = 1.3 Hz), 2.67 (2H, t, J = 6.1 Hz), 2.48 (2H, t,

J=6.1Hz), 2.04 (2H, m), 1.25 (9H, t, J = 1.0 Hz) ppm;

13C NMR (150 MHz, CDCls) & *C 191.4 177.8, 162.9, 105.4, 72.0, 39.0, 36.8, 29.6, 27.2, 22.1

ppm;

Data consistent with literature.®
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8.3.15 Experimental Procedure for Compound 3.45

Compound 3.45 was prepared according to literature.?

KF8 X"
Ag,0
Q PhyAs %
& Pd(PhCN),Cl, N
—_—
OTBS THF:H,O0 (10:1) OTBS
rt, 16 h, dark
3.6 81% 3.45

186 mg

To a solution of compound 3.6 (300 mg, 0.82mmol, 1.0 equiv.), potassium
trans-propenyltrifluoroborate (372 mg, 2.52 mmol, 3.1 equiv.), Ag.O (600 mg, 2.59 mmol,
3.2 equiv.), PhsAs (50 mg, 0.16 mmol, 0.2 equiv.) in THF/H,O (10:1, 16.5 mL) was added
Pd(PhCN).CI; (315 mg, 0.82 mmol, 1.0 equiv.) under an inert atmosphere and stirred for 16 h in
the dark. The reaction was quenched with NH4CI (aqg., sat., 25 mL) and stirred for 30 min at rt. The
reaction mixture was filtered through Celite© and washed with CHClI3 (40 ml). The organics were
then extracted with CHCIl; (20 mL) and washed with brine (50 mL), dried (Na;SO4) and
concentrated in vacuo. The crude residue was passed through a pad of silica (petroleum ether

40/60:ethyl acetate, 10:1) to afford the titled compound as a yellow oil (186 mg, 0.66 mmol, 81%).

O

X
OTBS

Rs=0.17 (petroleum ether 40/60:ethyl acetate, 8:2), [UV,vanillin];

IH NMR (600 MHz, CDCls) § 6.06 (1H, dg, J = 15.9, 1.7 Hz), 5.69 (1H, dg, J = 15.9, 6.6 Hz), 4.43
(2H, d, J = 1.2 Hz), 251 (2H, t, J = 6.2 Hz), 2.44 — 2.36 (2H, m), 1.99 — 1.90 (2H, m), 1.82 (3H,

dd, J=6.6, 1.8 Hz), 0.90 (9H, s), 0.07 (6H, s) ppm;

13C NMR (125 MHz, CDCls) 6 199.3, 157.4, 132.8, 132.2, 123.3, 63.5, 38.3, 27.3, 25.8, 21.9, 19.0,

18.3, -5.4 ppm;

Data consistent with literature.?
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8.3.16 Experimental Procedure for Compound 3.38

Compound 3.38 was prepared adapting literature.?°

KF;8 X"
Ag,0
Q PhyAs 0

& PA(PhCN),Cl, N
D —
OPOM THF:H,0 (10:1) OPOM

rt, 16 h, dark
3.36 41% 3.38
196 mg

To a solution of 3.36 (620 mg, 1.69 mmol, 1.0 equiv.), trans-1-propen-1-ylboronic acid (700 mg,
8.26 mmol, 4.9 equiv.), Ag.0O (1.96 g, 8.45 mmol, 5.0 equiv.), PhsAs (52.0 mg, 0.17 mmol,
0.1 equiv.) in THF/H,0 (8:1, 26 mL) was added Pd(PhCN).Cl (32.0 mg, 0.085 mmol, 0.05 equiv.)
under an inert atmosphere and stirred for 16 h in the dark. The reaction was quenched with NH4CI
(aq., sat., 40 mL) and stirred for 30 min at rt. The reaction mixture was filtered through Celite and
washed with CHCI; (50 ml). The organics were then extracted with CHCI; (30 mL) and washed
with brine (50 mL), dried (Na.SO4) and concentrated in vacuo. The crude residue was passed

through a pad of silica (petroleum ether 40/60:ethyl acetate, 10:1) to afford the titled compound as

a yellow oil (196 mg, 41%).

o

X
OPOM

R =0.22 (petroleum ether 40/60:ethyl acetate 8:2), [UV, vanillin];

'H NMR (500 MHz, CDCls) & 6.11 (1H, dt, J = 16.0, 1.8 Hz), 5.74 (1H, dqd, J = 14.7, 6.5, 1.4
Hz), 4.87 (2H, s), 2.59 — 2.32 (4H, m), 1.97 (2H, pd, J = 6.3, 1.3 Hz), 1.83 (3H, dt, J = 6.4, 1.7

Hz), 1.23 (9H, d, J = 1.6 Hz) ppm;

13C NMR (125 MHz, CDCls) 4 198.8, 178.1, 151.2, 135.2, 133.1, 123.2, 64.5, 39.0, 38.1, 27.7,

27.2,21.8, 19.0 ppm.
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8.3.17 Experimental Procedure for Compound 1.27

Compound 1.27 was prepared according to literature.?

0 o

N TBAF (1.0 M in THF) N
OTBS THF, 0°C,25h OH

0,
3.45 3% 1.27

[38 mg]
To asolution of compound 3.45 (150 mg, 0.53 mmol, 1.0 equiv.) in THF (1.2 mL) was added TBAF
(2.0 M in THF, 0.58 mL) at 0 °C and stirred for 2.5 h at that temperature. The reaction mixture was
then concentrated in vacuo. The crude residue was purified via column chromatography (silica gel,
petroleum ether 40/60:ethyl acetate, 8:2) to afford the titled compound a yellow oil (38 mg,

0.23 mmol, 43%).

Alternatively

o o)
éé/ HCI (2.0 M, aq.) X
—_—
OTBS  MeOH, t, 5 h OH
3.45 84% 1.27
[84 mg]

To a solution of compound 3.45 (170 mg, 0.6 mmol, 1.0 equiv.) in MeOH (7.5 mL) was added HCI
(2.0 M, aqg., 3.5 mL) at rt and stirred for 5 h at that temperature. The reaction mixture was then
guenched with NaHCOs (5 mL) and the extracted with CH,Cl, (3 x 10 mL), dried (Na,SQO.) and
concentrated invacuo. The crude residue was purified via column chromatography (silica gel,
petroleum ether 40/60:ethyl acetate, 7:3) to afford the titled compound a yellow oil (84 mg,

0.505 mmol, 84%).

OH

R =0.20 (petroleum ether 40/60:ethyl acetate 8:2), [UV, vanillin (stains blue)];

209



'H NMR (600 MHz, CDCls) § 6.10 (1H, dg, J = 16.0, 1.7 Hz), 5.74 (1H, dg, J = 15.9, 6.6 Hz), 4.45
(2H, s), 2.56 (2H, t, J = 6.1 Hz), 2.46 — 2.41 (2H, m), 2.01 — 1.96 (2H, m), 1.83 (3H, dd, J = 6.6,

1.8 Hz) ppm;
B¥C NMR (125 MHz, CDCls) 199.3, 155.9, 133.8, 132.9, 123.3, 63.5, 38.2, 27.8, 21.9, 19.0 ppm;

Data consistent with literature.?
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8.3.18 Experimental Procedure for Compound (£)-1.31

Compound (*)-1.31 was prepared according to literature.?

(0] (0]

X MnO, XN
_— —_—
OH  CH,Cl, _0O | neat,t, 10h
© 0,
127 OGS L 408 7%

(*)-1.31
29 mg

To a solution of alcohol 1.27 (40 mg, 1.0 equiv., 0.24 mmol) in CH.Cl; (5.4 mL) was added
activated MnO; (1.3 g, 63.0 equiv., 15.0 mmol) at 0 °C under inert atmosphere and stirred for 1.5 h
at that temperature. The reaction mixture was then filtered through a pad of Celite© which was
washed thoroughly with CH,CI, (50 mL) and then concentrated in vacuo to afford the aldehyde.
The crude residue was then left to stand neat overnight at room temperature. The crude residue was
purified via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 1:1) to afford

the titled compound a white solid (29 mg, 0.18 mmol, 71%).

R¢ = 0.60 (petroleum ether 40/60:ethyl acetate 1:1), [UV, KMnO4];

Separation of the two dimers was performed by repetitive HPLC chiral column iterations Shimazdu
fraction collector (Chiralpak OD-H, 87:13 Hexane/IPA, 0.5 mL min*, 100 uL injection volume,
run time 30 min, A = 265 nm). This enabled clean spectra and assignment of major dimer but for

the minor dimer not enough sample was collected to gain full 2D spectra to assign product.

Major (Hetero chiral dimer);

IH NMR (800 MHz, CDCls) § 6.38 (1H, d, J = 1.6 Hz), 4.60 (1H, s), 4.44 (1H, qd, J = 6.3, 1.3 Hz),
4.34 (1H, g, J = 6.7 Hz), 3.17 (1H, t, J = 1.7 Hz), 2.59 — 2.41 (7H, m), 2.27 (1H, ddt, J = 14.2, 4.5,
2.2 Hz),2.20 (1H, dddt, J = 13.0, 6.6, 4.6, 2.6 Hz), 2.01 (3H, tddd, J =14.2,11.2,5.9, 3.5 Hz), 1.78
(1H, tdt, J = 13.4, 8.8, 4.5 Hz), 1.07 (3H, d, J = 6.7 Hz), 0.83 (3H, d, J = 6.3 Hz) ppm;
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3C NMR (150 MHz, CDCls) § 207.2, 195.3, 157.8, 138.9, 136.2, 112.9, 74.7, 73.0, 67.8, 53.3,

39.9,39.1,37.4,37.2,29.7,27.7, 27.5, 26.1, 22.8, 20.8, 19.6 ppm;

HRMS (FAB) calc. for C2H2404 ([M+H]*): 328.1675; found: 328.1669;

IR (film, cm™) 2924, 2852, 2359, 2340, 1706, 1670, 1456, 1399, 1376, 1229, 1211, 1194, 1164,

1112, 1095, 1043, 1024, 1007, 899, 834,

Data consistent with literature.?
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8.3.19 General Procedure 5 — For Chiral Additives Screen

o} (0]

X MnO, X additive
OH CHLCl, _0 solvent
° time
1.27 0°C,1.5h (+)-1.28

[conc.]

To a solution of alcohol 1.27 (40 mg, 1.0 equiv., 0.24 mmol) in CH.Cl, (5.4 mL) was added
activated MnO; (1.3 g, 63.0 equiv., 15.0 mmol) at 0 °C under inert atmosphere and stirred for 1.5 h
at that temperature. The reaction mixture was then filtered through a pad of Celite which was
washed thoroughly with CH,CI, (25 mL) and then concentrate in vacuo at 0 °C to afford the
aldehyde. The crude residue was dissolved in a solvent (X mL) and left to stir at the rt temperature.
NMR aliguots were taken at specified time points to measure conversion of the crude aldehyde into
product. The hetero:homo chiral dimer ratio and e.r. was measure of the product via chiral HPLC
(Chiralpak OD-H, 87:13 Hexane/IPA, 0.5 mL min?, 5 pL injection volume, run time 30 min,

A =265 nm).
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8.3.20 Experimental Procedure for Compound 3.42

Compound 3.42 was prepared according to literature.®

(2) -BuMe,SiCl
(1) MeONa (25% ww, MeOH) NEts
(CH20)n P DMAP PPN S‘i
~sH <87 0oH sToTT
4-16°C, 15 min CH,Cl,
3.40 3.41 0°C-rt,4h 3.42

96%

13.3
over two steps [ 9l

(Step 1): To a solution of ethanethiol (3.40) (6.4 mL, 1.0 equiv., 67 mmol) and paraformaldehyde
(2.8 g, 1.1 equiv., 93 mmol) in a three necked flask under an inert atmosphere at 4 °C was added a
solution of MeONa (25% w/w in MeOH, 35 uL, 0.002 equiv.) was added slowly. Once the solid
paraformaldehyde was fully dissolved the cooling bath was removed and the reaction mixture was
stirred for 15 mins to afford the crude intermediate 3.41 as a yellow liquid which was used

immediately in the next reaction.

(Step 2): To the same reaction flask CH,Cl, (60 mL) was added and the solution was cooled to
3 °C. DMAP (0.45 g, 0.04 equiv., 3.7 mmol), NEt; (15 mL, 1.3 equiv., 0.11 mol) was added and
t BuMeSiCl (15 g, 1.2 equiv., 0.1 mol) added in 3 portions over 10 min. After the addition, the
cooling bath was removed and replaced with a water bath and the reaction was stirred for a further
4 h. The reaction was diluted with CH,ClI, (30 mL) and the organic layer was washed with water
(2% 50 mL) and NH.CI (ag. sat., 50 mL). The combined organics were dried (Na>SO4) and
concentrated in vacuo. The crude residue was diluted with hexanes (50 mL) and washed with water
(2 x 50 ml) and brine (ag. sat., 50 ml). The combined organics were dried (Na.SO4) and
concentrated in vacuo. The crude residue was purified via vacuum distillation (93 mbar, 125-

128 °C) to afford the title compound as a colourless oil (13.3 g, 96% over two steps).

K

/\S/\O/Sl\

IH NMR (500 MHz, CDCls) §4.81 (2H, s), 2.67 (2H, g, J = 7.4 Hz), 1.29 (3H, t, J = 7.5 Hz), 0.90

(9H, d, J = 0.5 Hz), 0.12 (6H, s) ppm;
13C NMR (125 MHz, CDCls) 5 66.0, 25.8, 24.6, 18.2, 14.9, 5.0 ppm;

Data consistent with literature.®

214



8.3.21 Experimental Procedure for Compound 3.37

Compound 3.37 was prepared adapting literature.®®

9

Q In(OTf), 0__0O
ij\ /©/ 2,2-dimethyl-1,3-propandiol ij\ /©/
S CH.Cly, rt, 1h s
o o 76% [O2Ne]
3.32 3.37

[51mg]

To a solution of 3-tosylcyclohexan-1-one (3.32) (50 mg, 1.0 equiv., 0.2 mmol) and 2,2-dimethyl-
1,3-propandiol (52 mg, 2.0 equiv., 0.4 mmol) in CH.CI, (3 mL) was added In(OTf)s (0.6 mg,
0.5 mol%, 1.0 pmol) at rt and left to stir. After 10 min another portion of In(OTf); (0.6 mg,
0.5 mol%, 1.0 umol) was added and left to stir at this temperature for 1 h. The reaction was then
passed through a short plug of neutral alumina and washed with CH,ClI, (5 mL) and concentrated

in vacuo to afforded the title compound as an off white solid (51 mg, 0.15 mmol, 76%).

0 O
//S\\
(O]

R =0.32 (petroleum ether 40/60:CH.Cls, 8:2) ), [UV, KMnOy4];

'H NMR (400 MHz, CDCls) §7.77 (2H, d, J = 8.3 Hz), 7.37 (1H, d, J = 7.7 Hz), 3.56 (1H, d,
J=11.4Hz), 3.50 (1H, dd, J = 11.4, 0.9 Hz), 3.47 — 3.36 (2H, m), 3.13 (LH, tt, J = 12.6, 3.4 Hz),
2.81 — 2.71 (1H, m), 2.47 (3H, s), 2.20 (1H, dd, J = 13.5, 2.7 Hz), 2.00 (1H, ddt, J = 12.7, 3.4, 1.8

Hz), 1.73 (1H, dg, J = 13.2, 3.2 Hz), 1.55 — 1.15 (4H, m), 0.98 (3H, s), 0.93 (3H, S) ppm;

13C NMR (150 MHz, CDCls) 6 144.7, 134.0, 129.7, 129.1, 97.2, 70.1, 69.9, 60.5, 32.1, 30.9, 30.1,

25.3,22.7,22.6, 21.6, 20.7 ppm.
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8.3.22 General Procedure 6 — TADDOL formation from aryl bromide

. i) Mg® (8.4 equiv.)
Ar—Br THF rt 1h ><
ii))
><o OMe Ar Ar
OMe

o
(-)-3.47 O

THF, relfux 75 °C,
overnight

To asuspension of magnesium turnings (8.4 equiv.) in anhydrous THF and a single crystal of iodine
was added aryl bromide (8.4 equiv.) dropwise and this was left to stir for 1 hour at rt. (4R,5R)-
dimethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (-)-(3.47) (1.0 equiv.) in anhydrous THF
was added dropwise and then the reaction was heated to reflux (heating block set to 75 °C)
overnight. The reaction was quenched with NH4ClI (sat., ag.) and extracted with EtOAc (3 x X mL).

The combined organics were dried (Na2SO4) and concentrated in vacuo to afford the crude product.

8.3.23 General Procedure 7 — TADDOL formation from Grignard

Arg Ar

>< OMe AngBr (4.5 equiv.) ><
OMe  THE, relfux 75 °C,
overnight Ar Ar

(-)-3.47

Grignard (4.5 equiv.) was added dropwise to a solution of (4R,5R)-dimethyl 2,2-dimethyl-1,3-
dioxolane-4,5-dicarboxylate (-)-(3.47) (1.0 equiv.) in anhydrous THF at 0 °C. The reaction was
then heated to reflux (heating block set to 75 °C) and left to stir overnight. The reaction was
guenched with NH4CI (sat., aq.) and extracted with EtOAc (3 x X mL). The combined organics

were dried (NaSO,) and concentrated in vacuo to afford the crude product.
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8.3.24 Experimental Procedure for Compound (-)-3.51

Compound (-)-3.51 was prepared according to general procedure 6. Magnesium turnings (0.29 g,
8.4 equiv., 12 mmol), 1 crystal of iodine in anhydrous THF (3.4 mL), 2-bromonaphthalene (2.37 g,
8.4 equiv., 12.0 mmol) in anhydrous THF (11.4 mL) and (4R,5R)-dimethyl 2,2-dimethyl-1,3-
dioxolane-4,5-dicarboxylate (-)-(3.47) (0.29 mL, 1.0 equiv., 1.6 mmol) in anhydrous THF (7.1
mL). Purified via column chromatography (silica gel, toluene, 100%) to afford the titled compound

as fine yellow crystals (0.85 g, 1.27 mmol, 79%).

Rf=0.1 (toluene), [UV, vanillin];

Mp = 213-215 °C, Lit. 213-216 °C (Sigma)

'H NMR (600 MHz, CDCls) & 8.25 — 7.21 (aromatic 28H, m), 4.99 (2H, s), 4.36 — 4.23 (2H, m),

1.19 (6H, s) ppm;

13C NMR (150 MHz, CDCls) 4 142.5, 140.6, 132.8, 132.72, 132.69, 132.6, 128.61, 128.60, 127.9,
127.5,127.4,127.2,127.1, 126.9, 126.2, 126.12, 126.10, 125.99, 125.97, 125.8, 110.0, 81.5, 78.7,

27.5 ppm;

HRMS (ESI*) calc. for Ca7Has04 ([M+Na]*): 689.2692; found 689.2647;

IR (film) vmadcm™ 3290 (broad), 3058, 2987, 2931, 2837, 2360, 2342, 2246, 1773, 1734, 1717,
1706, 1702, 1684, 1653, 1647, 1632, 1600, 1577, 1559, 1540, 1533, 1505, 1456, 1436, 1381, 1371,
1355, 1335, 1274, 1238, 1221, 1165,1125, 1061, 1038, 1028, 1018;

Data consistent with literature.2*
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8.3.25 Experimental Procedure for Compound (-)-3.50

Compound (-)-3.50 was prepared according to general procedure 6. Magnesium turnings (0.29 g,
8.4 equiv., 12 mmol), 1 crystal of iodine in anhydrous THF (3.4 mL), 1-bromonaphthalene
(1.60 mL, 8.4 equiv., 12.0 mmol) in anhydrous THF (11.4 mL) and (4R,5R)-dimethyl 2,2-dimethyI-
1,3-dioxolane-4,5-dicarboxylate ((-)-3.47) (0.29 mL, 1.0 equiv., 1.6 mmol) in anhydrous THF
(7.1 mL). Purified via column chromatography (silica gel, toluene, 100) to afford the titled

compound as off white fine crystals (0.93 g, 1.4 mmol, 88%).

Rs = 0.27 (toluene), [UV, vanillin];

Mp = 204-207 °C Lit. 200 °C (Sigma)

'H NMR (600 MHz, CDCI3) & 8.52-6.56 (28H, br, m), 3.22 (2H, s), 1.19 (6H, s) ppm;
NMR spectra is poorly resolved due to restricted conformation;

IR (film) vma/cm™ 3310 (broad), 3089, 3048, 2987, 1599, 1509, 1436, 1395, 1381, 1371, 1344,

1309, 1235, 1217, 1170, 1061, 1037, 1027;
HRMS (ESI*) calc. for Ca7Hss0s ([M+Na]*): 689.2692; found 689.2649;

Data consistent with a sample purchased from Sigma.2#
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8.3.26 Experimental Procedure for Compound (-)-3.56

—0
o
><O”' OH
o OH
O/
—0
(-)-3.56

88%
[0.83 g]

Compound (-)-3.56 was prepared according to general procedure 6. Magnesium turnings (0.29 g,
8.4 equiv., 12 mmol), 1 crystal of iodine in anhydrous THF (3.4 mL), 4-bromoanisole (1.50 mL,
8.4 equiv., 12.0 mmol) in anhydrous THF (11.4 mL) and (4R,5R)-dimethyl 2,2-dimethyl-1,3-
dioxolane-4,5-dicarboxylate ((-)-3.47) (0.29 mL, 1.0 equiv., 1.6 mmol) in anhydrous THF
(7.1 mL). Purified via column chromatography (silica gel, diethyl ether:petroleum ether 40/60, 2:1)

to afford the titled compound as off white fine crystals (0.83 g, 1.40 mmol, 88%).
Rf = 0.38 (diethyl ether:petroleum ether 40/60, 2:1), [UV, vanillin stains red];

IH NMR (600 MHz, CDCls) § 7.50 — 7.41 (4H, m), 7.26 — 7.23 (4H, m), 6.88 — 6.84 (4H, m), 6.80

—6.76 (4H, m), 4.49 (2H, s), 3.99 (2H, s), 3.83 (6H, s), 3.76 (6H, S), 1.07 (6H, S) pPpm;

13C NMR (150 MHz, CDCls) 6 158.8, 158.6, 138.5, 135.1, 129.7, 128.9, 113.4, 112.6, 109.2, 81.1,

77.6,55.2, 27.2 ppm;
HRMS (ESI*) calc. for CssHzs0s ([M+Na]*): 609.2492; found 609.2446;

IR (film) vmax/cm™ 3340 (broad), 2987, 2955, 2934, 2905, 2837, 1609, 1583, 1509, 1463, 1442,

1415, 1381, 1371, 1335, 1301, 1175, 1122, 1085, 1053, 1035, 1030;

Data consistent with literature.?*?
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8.3.27 Experimental Procedure for Compound (-)-3.52

Compound (-)-3.52 was prepared according to general procedure 6. Magnesium turnings (0.29 g,
8.4 equiv., 12 mmol), 1 crystal of iodine in anhydrous THF (3.4 mL), 4-tert-butylbenzyl bromide
(2.08 mL, 8.4 equiv., 12.0 mmol) in anhydrous THF (11.4 mL) and (4R,5R)-dimethyl 2,2-dimethyI-
1,3-dioxolane-4,5-dicarboxylate ((-)- 3.47)(0.29 mL, 1.0 equiv., 1.6 mmol) in anhydrous THF
(7.1 mL). Purified via column chromatography (silica gel, diethyl ether:petroleum ether 40/60,

1:10) to afford the titled compound as off white foam (0.70 g, 1.02 mmol, 64%).
R = 0.14 (diethyl ether:petroleum ether 40/60, 1:10), [UV, vanillin];

'H NMR (600 MHz, CDCls) § 7.46 — 7.28 (16H, m), 4.57 (2H, s), 3.92 (2H, s), 1.33 (18H, s), 1.28

(18H s), 1.01 (6H, s) ppm;

13C NMR (150 MHz, CDCls) 6 149.8, 143.3, 139.7, 128.1, 127.3, 125.0, 124.1, 109.3, 81.2, 77.8,

34.5,34.4, 31.4, 31.3, 27.0 ppm;
HRMS (ESI*) calc. for Ca7Hg204 ([M+Na]*): 713.4492; found 713.4510;

IR (film) vmax/cm™ 3250 (broad), 2962, 2904, 2868, 2360, 2341, 1653, 1609, 1559, 1512, 1475,

1459, 1405, 1395, 1379, 1363, 1335, 1269, 1244, 1218, 1204, 1170, 1110, 1087, 1053, 1038, 1018;

Data consistent with literature.?*?
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8.3.28 Experimental Procedure for Compound (-)-3.48

QL)
e

e}

OO0

(-)-3.48
22%
[0.61 g]

Compound (-)-3.48 was prepared according to general procedure 7. (4R,5R)-Dimethyl 2,2-
dimethyl-1,3-dioxolane-4,5-dicarboxylate (1.1 mL, 1.0 equiv., 6.0 mmol) in anhydrous THF
(12.0 mL) and phenylmagnesium bromide ((-)-3.47) (9.0 mL, 3 M in diethyl ether, 4.5 equiv.,
27 mmol). Purified via hot recrystalisation (petroleum ether 40/60 and minimum amount of

methanol) to afford the titled compound as colourless crystals (0.61 g, 1.31 mmol, 22%).
R =0.19 (cyclohexane:ethyl acetate, 10:1), [UV, vanillin];

IH NMR (500 MHz, CDCls) & 7.55 — 7.51 (4H, m), 7.37 — 7.22 (16H, m), 4.61 (2H, s), 3.87 (2H,

s), 1.04 (6H, s) ppm;

13C NMR (125 MHz, CDCls) 6 145.9, 142.7, 128.6, 128.1, 127.6, 127.3, 109.6, 81.0, 78.2, 27.2

ppm;
HRMS (ESI?) calc. for CsiHz004 ([M+NH4]*): 484.2438; found 484.2436;

IR (film) vmadcm 3325 (broad), 3058, 3031, 2987, 2360, 1495, 1448, 1381, 1371, 1241, 1219,

1170, 1081, 1047,

Data consistent with literature.?°
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8.3.29 Experimental Procedure for Compound (-)-3.55
Ph Ph
X
Ph O Ph
(-)-3.55

87%
[1.07g]

Compound (-)-3.55 was prepared according to general procedure 6. Magnesium turnings (0.29 g,
8.4 equiv., 12 mmol), 1 crystal of iodine in anhydrous THF (3.4 mL), 4-bromobiphenyl (2.08 mL,
8.4 equiv., 12.0 mmol) in anhydrous THF (11.4 mL) and (4R,5R)-dimethyl 2,2-dimethyl-1,3-
dioxolane-4,5-dicarboxylate ((-)-3.47) (0.29 mL, 1.0 equiv., 1.6 mmol) in anhydrous THF
(7.1 mL). Purified via hot recrystalisation (CH2Cl, and minimum amount of MeOH) to afford the

titled compound as a white solid (1.07 g, 1.4 mmol, 87%).
Rf = 0.15 (toluene), [UV, vanillin];

'H NMR (500 MHz, CDCls) § 7.70 — 7.61 (12H, m), 7.55 — 7.32 (24H, m), 4.75 (2H, s), 4.13 (2H,

s), 1.18 (6H, s) ppm;

3C NMR (125 MHz, CDCls) 6 144.6, 141.9, 140.7, 140.6, 140.4, 140.0, 129.0, 128.8, 128.8, 128.0,

127.4,127.3,127.1,127.1, 126.9, 126.1, 109.8, 81.2, 78.1, 27.4 ppm;
HRMS (ESI*) calc. for CssHasO4 ([M+NH4]*): 788.3738; found 788.3729;

IR (film) vmax/cm™ 3250 (broad), 3058, 3031, 2987, 2360, 1600, 1519, 1486, 1402, 1381, 1371,

1336, 1241, 1218, 1170, 1054, 1007,

Data consistent with literature.?%!
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8.3.30 Experimental Procedure for Compound (-)-3.57

(2
><o/, OH

o OH
(-)-3.57
76%

[1.11 g]
Compound (-)-3.57 was prepared according to general procedure 6. Magnesium turnings (0.29 g,
8.4 equiv., 12 mmol), 1 crystal of iodine in anhydrous THF (3.4 mL), 3,5-di-tert-butylbenzyl
bromide (2.08 mL, 8.4 equiv., 12.0 mmol) in anhydrous THF (11.4 mL) and (4R,5R)-dimethyl 2,2-
dimethyl-1,3-dioxolane-4,5-dicarboxylate ((-)-3.47) (0.29 mL, 1.0 equiv., 1.6 mmol) in anhydrous

THF (7.1 mL). Purified via hot recrystalisation (petroleum ether 40/60 and minimum amount of

CH,CI,) to afford the titled compound as a crystalline white solid (1.11 g, 1.21 mmol, 76%).
Rs=0.14 (toluene), [UV, vanillin];

IH NMR (500 MHz, CDCls) & 7.46 (4H, g, J = 2.0 Hz), 7.34 (2H, g, J = 2.0 Hz), 7.28 (2H, q,
J=2.0Hz),7.22 (4H, g, J = 2.0 Hz), 4.79 — 4.68 (2H, m), 3.85 — 3.64 (2H, m), 1.35 — 1.32 (36H,

m), 1.25 - 1.20 (36H, m), 0.99 — 0.94 (6H, m) ppm;

3C NMR (125 MHz, CDCls) § 149.7, 149.1, 145.2, 141.8, 123.0, 122.2, 120.9, 120.5, 108.3, 81.9,

78.9, 34.9, 34.9, 31.7, 31.4, 26.9 ppm;
HRMS (ES|+) calc. for CesHgaO4 ([M+NH4]+): 932.7538; found 932.7455;
IR (film) vmad/cm® 3330 (broad), 2964, 2905, 2868, 1597, 1478, 1393, 1362, 1248, 1201, 1170;

Data consistent with literature.?*?
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8.4 Experimental Conditions Chapter 5

8.4.1 Experimental Procedure for Compound 5.12

Compound 5.12 was prepared adapting literature.1’

1 9 (2) )\ﬁ
X" B(9-BBN)
g O H (5.14)
/) 0 20 t-zlg?m 7 N\
NEt, 8 NPhth
NH, —————————> N
H toluene H THF, -78°C —>1t,5h H

111 °C, 18 h o O~ "OMe
07 "OMe C” "OMe steps (1)-(2), 71%
1st chromatographic
5.11 5.12 purification 4.72
commercially [22 grams]
available

ZT

Step (1) To a stirred suspension of L-tryptophan methyl ester hydrochloride (5.11) (25.0 g,
1.0 equiv., 98.2 mmol) and phthalic anhydride (14.5 g, 1.0 equiv., 98.2 mmol) in toluene (1000 mL)
was added NEt; (27.4 mL, 2.0 equiv., 196 mmol) and the mixture heated at reflux (111 °C) for 18 h.
The reaction was allowed to cool to room temperature and a mixture of saturated ag. NH4CI
(150 mL) and water (150 mL) was added. The organic phase was separated, washed with brine
(300 mL), dried (Na.S0O.) and concentrated under reduced pressure to give crude 5.12 (33.4 g, 98%
crude mass recovery), which was used without further purification in the next step. A small sample
was purified by flash chromatography (2:3 EtOAc/petroleum spirit) to give compound 5.12 as a

pale-yellow foam suitable for characterisation.

Rs 0.24 (2:3 EtOAc/petroleum spirit);

'H NMR (500 MHz, CDCl3) § 7.97 (1H, br. s), 7.74 (2H, dd, J = 5.5, 3.1 Hz), 7.65 (2H, dd, J =

5.5, 3.0 Hz), 7.60 (1H, app. dt, J =7.9, 0.9 Hz), 7.25 (1H, app. dt, J = 7.3, 0.9, 0.9 Hz), 7.12 (1H,
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ddd, J = 8.1, 7.0, 1.2 Hz), 7.05 (1H, ddd, J = 8.0, 7.0, 1.1 Hz), 6.99 (1H, d, J = 2.3 Hz), 5.28 (1H,

dd, J=9.9, 6.1 Hz), 3.79 (3H, s), 3.77 — 3.71 (2H, m) ppm;

3C NMR (125 MHz, CDCls) 6 169.8, 167.7, 136.2, 134.1, 131.8, 127.3, 123.5, 122.7, 122.2, 119.6,

118.6, 111.24, 111.21, 53.0, 52.7, 24.9 ppm;

IR (film, cm™) 3404, 3057, 3013, 2953, 2924, 2849, 1775, 1740, 1705, 1612, 1555;

HRMS (ESI*) calc. for CaoHiN,Os ([M + H]*): 349.1183; found: 349.1191), ([M + Na]*):

371.1003; found: 371.1002;

[a]233 —201.1° (¢ 1.07, CHCls);

Data consistent with literature.1®
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8.4.2 Experimental Procedure for Compound 4.72

Compound 4.72 was prepared according to literature.®

" B(9-BBN)
H 0 H (5.14)
N N p
p o )0 t-n'a\‘qua _
NEt, ts NPhth
NH, ————— N
H toluene H THF, -78°C > rt,5h H

ZT

111 °C, 18 h o 0~ "OMe
0" OMe 0" OMe steps (1-(2), 71%
1st chromatographic
511 5.12 purification 4.72
commercially [22 grams]
available

Step (2) Reaction performed under anhydrous reaction conditions. A solution of crude compound
5.12 (25.0 g, 1.0 equiv., 71.8 mmol) and dry NEts (12.0 mL, 1.2 equiv., 86.1 mmol) in THF (250
mL) was cooled to —78 °C in the absence of light. t-BuOCI (9.7 mL, 1.2 equiv., 86.1 mmol, see
page 238 for preparation) was added dropwise via a syringe pump over 30 minutes and the reaction
stirred for 30 minutes at —78 °C. A solution of B-prenyl-9-BBN (5.14) (360 mL, 2.5 equiv., 180
mmol, 0.5 M in THF, see pages 236-237 for preparation) was added dropwise at —78 °C, over 50
min via a cannula. After stirring for 1 h at =78 °C the cooling bath was removed and the reaction
allowed to slowly warm to room temperature. Reaction progress was monitored by TLC analysis;
starting material 5.12, Rs 0.24 (1:1 EtOAc/petroleum spirit), intermediate, R¢ 0.63 (1:1
EtOAc/petroleum spirit). After stirring for 2 h saturated aq. Ko.COs (75 mL) was added. The layers
were separated and the aqueous layer extracted with EtOAc (3 x 125 mL). The combined organic
layers were dried (MgSO.) and concentrated under reduced pressure. The crude product was filtered
through silica with CH.Cl,, concentrated and purified by flash chromatography (1:9 to 3:7
EtOAc/petroleum spirit) to give compound 4.72 (21.6 g, 51.9 mmol, 71% over 2 steps) as a pale-

yellow foam.

ZT

NPhth

O

OMe
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Rf 0.55 (1:1 EtOAc/petroleum spirit), 0.24 (1:4 EtOAc/petroleum spirit);

IH NMR (600 MHz, CDCls) § 7.86 (1H, br. s), 7.69 (2H, dd, J = 5.5, 3.0 Hz), 7.62 (2H, dd, J =
5.5, 3.0 Hz), 7.28 (1H, app. dt, J = 7.9, 0.9 Hz), 7.13 (1H, app. dt, J = 8.0, 0.8 Hz), 6.90 (1H, ddd,
J=8.1,70,1.1Hz),6.71 (1H, ddd, J = 8.0, 7.0, 1.0 Hz), 6.19 (1H, dd, J = 17.5, 10.5 Hz), 5.23 -
5.17 (2H, m), 5.15 (1H, dd, J = 10.5, 1.0 Hz), 3.86 (1H, dd, J = 15.4, 3.9 Hz), 3.78 (3H, s), 3.67

(1H, dd, J=15.4, 11.3 Hz), 1.58 (3H, s), 1.57 (3H, s) ppm;

13C NMR (150 MHz, CDCls) 8 169.7, 167.8, 146.0, 140.3, 134.0, 134.0, 132.0, 129.9, 123.3, 121.3,

119.3, 117.9, 112.3, 110.3, 106.4, 53.6, 52.9, 39.3, 27.8, 27.7, 24.6 ppm;

[a]337 —221.6° (¢ 3.97, CHCly), literature: [a]3° —180.8° (¢ 3.9, CHCls); %

Data consistent with literature.8°
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8.4.3 Experimental Procedure for Compound 4.73

Compound 4.73 was prepared adapting literature by the work of Hell 1’9"t and Fisher.1%°

H H
H H N N
N N (4) (COCI),, DMF VGl Vanl
Y — () Licl / _ CH,Cl,, 0 °C NPhif (5) NH3/MeOH H o
e —_— —_—
NPhth  DMF NPhth then H CO,Me r, 18 h H
g o 160 °C,21h (|.)| o N\ CO,Me 0\ { steps (3)-(5), 49% 0”7 "N™N
€ : 4.74 2" chromatographic
4.72 4.73 NEt3 4.75 purification (+)-dehydrodeoxy-
CH,Cl, brevianamide E (4.45)

0°Ctort,21h [8.5 grams]

Step (3) Compound 4.72 (24.6 g, 1.0 equiv., 59.0 mmol) and LiCl (50.0 g, 20.0 equiv., 1180 mmol)
were suspended in DMF (125 mL) and the resulting mixture refluxed (heating block set to 160 °C)
for 21 h under a flow of nitrogen. The thick brown suspension was diluted with CH>Cl (300 mL)
and the solid was washed with CH,Cl, (100 mL) and removed by filtration. The residual solid was
broken up, suspended in CH.Cl, (300 mL), stirred vigorously for 30 minutes. The solution was then
filtered and the solid was again washed with CH.Cl, (100 mL). The combined filtrates were
concentrated under reduced pressure, then dried at 160 °C under reduced pressure. The crude
product was re-dissolved in CH,Cl, (200 mL), filtered and concentrated. This process was repeated
until there was no residual LiCl solid remaining, before being dried at 160 °C under reduced
pressure to give crude lithium carboxylate 4.73 (23.6 g) as a brown foam, which was used without

further purification in the next step.

ZT

NPhth

o

OLi

IH NMR (500 MHz, CDs0D) & 7.62 (4H, app. s), 7.21 (1H, app. dt, J = 8.1, 0.9 Hz), 7.11 (1H,
app. t, J = 8.0, 0.9 Hz), 6.75 (1H, ddd, J = 8.1, 7.0, 1.1 Hz), 6.53 (1H, ddd, J = 8.0, 7.0, 1.0 Hz),
6.26 (1H, dd, J = 17.4, 10.6 Hz), 5.13 (1H, dd, J = 17.4, 1.2 Hz), 5.04 (1H, dd, J = 10.6, 1.2 Hz),
4.95 (1H, dd, J = 12.0, 3.3 Hz), 3.84 (1H, dd, J = 15.3, 3.3 Hz), 3.58 (LH, dd, J = 15.3, 12.0 Hz),

1.59 (3H, s), 1.54 (3H, s) ppm;
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3C NMR (125 MHz, CDs0D) § 176.1, 170.1, 147.8, 141.3, 136.2, 134.6, 133.7, 131.1, 123.5,

121.2,118.9, 118.5, 111.7, 111.3, 108.4, 57.8, 40.4, 28.6, 28.3, 26.0 ppm;

IR (film, cm™) 2924, 2365, 1773, 1701, 1611, 1466, 1396, 1350;

HRMS (ESI) calc. for C24H21N204 ([M — Li]7): 401.1507; found: 401.1496);

[a]4%° —226.0° (¢ 0.20, MeOH).
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8.4.4 Experimental Procedure for Compound 4.75

Compound 4.75 was prepared adapting literature by the work of Schmalz,'®® and Soai.®

H H N N
N N (4) (COCI),, DMF VGl Vanl
Y — () Licl / _ CH,Cl,, 0 °C NPhif (5) NH3/MeOH H o
e —_— —_—
NPhth  DMF NPhth then H CO,Me r, 18 h H
g o 160 °C,21h (|.)| o N\ CO,Me 0\ { steps (3)-(5), 49% 0”7 "N™N
€ : 4.74 2" chromatographic
4.72 4.73 NEt3 4.75 purification (+)-dehydrodeoxy-
CH,Cl, brevianamide E (4.45)
0°Ctort,21h [8.5 grams]

Step (4) Reaction performed under anhydrous reaction conditions. DMF (1.90 mL, 1.0 equiv., 24.6
mmol) was added dropwise to a solution of oxalyl chloride (6.24 mL, 3.0 equiv., 73.8 mmol) in
CH.CI; (200 mL) at 0 °C. A suspension of crude compound 4.73 from Step (3) (20.1 g) in CH.CI,
(250 mL) was then added via a cannula dropwise over 30 min at 0 °C and the resulting mixture was
stirred at 0 °C for 30 min. A solution of compound 4.74 (5.84 mL, 2.0 equiv., 49.2 mmol, see page
235 for preparation) and NEt; (10.3 mL, 3.0 equiv., 73.8 mmol) in CH,Cl, (200 mL) was added via
a cannula over 20 min at 0 °C. The cooling bath was then removed and the reaction stirred for 21 h
at rt. The reaction was quenched by the addition of 1 M ag. HCI (80 mL), the phases separated and
the agueous phase extracted with CH,Cl, (3 x 50 mL). The combined organics were washed with
saturated ag. NaHCO;3; (80 mL), and the aqueous layer then back extracted with CH,ClI, (50 mL).
The combined organics were washed with brine (120 mL), dried (Na.SO.) and concentrated under
reduced pressure to give crude compound 4.75 (23.9 g) which was used without further purification
in the next step. A small sample could be purified by flash chromatography (1:1 EtOAc/petroleum

spirit) to give compound 4.75 as a lemon-yellow foam suitable for characterisation.

ZT

NPhth
CO,Me

O T

R:0.28 (1:1 EtOAc/petroleum spirit);
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IH NMR (500 MHz, CD,Cl,) 6 7.99 (1H, s), 7.63 (4H, app. s), 7.17 — 7.13 (2H, m), 6.86 (1H, dd,
J=8.2,7.1Hz), 6.61 (1H, app. t, J = 7.4 Hz), 6.20 (1H, dd, J = 17.4, 10.5 Hz), 5.87 (1H, dd, J =
3.5,2.5Hz),5.24 (1H, dd, J = 10.4, 4.4 Hz), 5.20 (1H, dd, J =17.5, 1.1 Hz), 5.13 (1H, dd, J = 10.6,
1.1 Hz), 3.94 (1H, br. s,), 3.83 (1H, dd, J = 15.4, 4.4 Hz), 3.72 (3H, s), 3.62 (1H, app. g, J = 10.5
Hz), 3.46 (1H, dd, J = 15.4, 10.4 Hz), 2.62 (1H, app. dtd, J = 17.6, 10.0, 2.5 Hz), 2.39 (1H, app.

ddt, J=17.5, 10.6, 3.4 Hz), 1.55 (6H, s), ppm;

13C NMR (150 MHz, CD.Cl,) § 167.8, 167.7, 162.1, 146.6, 140.9, 137.0, 134.52, 134.48, 131.9,
130.3, 123.6, 123.5, 121.5, 119.4, 118.1, 112.3, 110.6, 106.6, 54.2 (beneath CD.Cl. solvent peak),

52.6, 50.4 (br.), 39.7, 29.6, 27.91, 27.98, 25.4 ppm;

IR (film, cm™) 1775, 1713, 1655, 1639, 1611, 1437, 1381;

HRMS (ESI¥) calc. for CsH29N3O0s ([M + H]Y): 512.2180; found: 512.2202); ([M + Na]*):

534.1999; found: 534.2016;

[a]339 —130.1° (¢ 0.38, MeOH).
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8.4.5 Experimental Procedure for Compound (+)-
Dehydrodeoxybrevianamide E (4.45)

H H N N
N N (4) (COCI),, DMF < __ 7
/N 0 L / \__  CHyCl, 0°C (5) NHy/MeOH H

—_— —r NPhth o N__O

NPhth  DMF NPhth then H
H 160 °C, 21 h H

come 18R H 5
07 NN
N steps (3)-(5), 49%
0% “OMe 0”7 oL 4.74 3 P (3)(5), 49%

Ny —CO,Me
2" chromatographic
NEt; 4.75 purification (+)-dehydrodeoxy-
CH,CI, brevianamide E (4.45)
0°Ctort,21h

(@]

4.72 4.73

8.5 grams]
Step (5) The crude product 4.75 (23.9 g, 65.4 mmol) from Step (4) was dissolved in a solution of
NHs in MeOH (7 M, 1200 mL, 128 equiv., 8.4 mol) and stirred at room temperature for 18 h. The
crude reaction mixture was concentrated under reduced pressure until approximately 25 mL of
solvent was left. This was directly purified by flash chromatography (7:3 to 8:2 EtOAc/petroleum
spirit) to give (+)-dehydrodeoxybrevianamide E (4.45) (8.51 g, 24.4 mmol, 49% over 3 steps) as a

pale-yellow foam.

ZT

H
N._O
H
07 "N™N
(+)-dehydrodeoxy-
brevianamide E

R:0.19 (8:2 EtOAc/petroleum spirit);

IH NMR (500 MHz, CDCls) § 8.07 (1H, br. s), 7.53 (1H, d, J = 7.9 Hz), 7.32 (1H, app. dt, J = 8.1,
0.9 Hz), 7.17 (1H, ddd, J = 8.1, 7.1, 1.2 Hz), 7.11 (1H, ddd, J = 8.1, 7.1, 1.1 Hz), 6.14 (1H, app. t,
J=3.1Hz),6.12 (1H, dd, J = 17.2, 10.4 Hz), 5.66 (1H, br. s), 5.20 — 5.15 (2H, m), 4.52 (1H, ddd,
J=113,35, 1.8 Hz), 4.14 - 4.02 (2H, m), 3.73 (1H, dd, J = 14.7, 3.7 Hz), 3.23 (1H, dd, J = 14.6,

11.3 Hz), 2.78 (2H, app. td, J = 9.1, 3.1 Hz), 1.55 (3H, s), 1.55 (3H, S) ppm;

3C NMR (125 MHz, CDCls) § 162.7, 156.6, 145.8, 141.8, 134.4, 133.2, 128.9, 122.3,120.2, 118.9,

118.3, 112.6, 110.9, 104.7, 57.6, 45.7, 39.2, 30.9, 28.1, 28.0, 27.9 ppm;
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IR (film, cm) 3331 (br.), 2967, 2926, 1672, 1639, 1435;

HRMS (ESI*) calc. for CxH23N3O2 ([M + H]): 350.1863; found: 350.1875); ([M + Na]®):

372.1682; found: 372.1689;

[a]331 —33.2° (¢ 1.30, CHCly), literature: [a]4% —38° (c 1.3, CHCl3);'®

Data consistent with literature.4®
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8.4.6 Experimental Procedure for Compound 4.74

Compound 4.74 was prepared according to literature adapted by the work of Schmalz.8®

H

N ..CO,Me NCS, NEts (}7/002%3
\/_\/ CH,Cly, 0°C, 3 h

5.21 82%
i o0 4.74
commercially distillation 15.7
available [15.7.9]

To a rapidly stirred suspension of L-proline methyl ester hydrochloride (5.21) (25.0 g, 1.0 equiv.,
151 mmol) and NEt3(48.3 mL, 2.3 equiv., 347 mmol) in CH,Cl, (450 mL) at 0 °C was added slowly,
in 2.5 g portions, solid N-chlorosuccinimide (22.2 g, 1.1 equiv., 166 mmol). The mixture was stirred
at room temperature for 3 h and then diluted with CH2Cl, (350 mL). A mixture of saturated aq.
NH.CI (150 mL) and water (150 mL) was added, the organic phase was separated and the aqueous
phase was extracted with CH2Cl, (2 x 150 mL). The combined organics were washed with a
mixture of saturated aq. NH4Cl (100 mL) and water (100 mL), saturated ag. NaHCO3 (150 mL),
brine (150 mL), dried (Na;SQO4) and concentrated under reduced pressure. Vacuum distillation with
a 15 cm vigreux column under reduced pressure (5 mbar) with vigorous heating gave imine 4.74

(15.7 g, 123 mmol, 82%) as a pale-yellow liquid.

®/002Me

BP 65-69 °C (5 mbar);

IH NMR (500 MHz, CDCl3) & 4.04 (2H, app. tt, J = 7.6, 2.6 Hz), 3.80 (3H, s), 2.76 (2H, app. ddt,

J=85,7.6,2.6 Hz), 1.96 — 1.89 (2H, m) ppm;

B3C NMR (125 MHz, CDCls) 8 168.2, 163.2, 62.5, 52.5, 35.3, 22.1 ppm;

Data consistent with literature.?®
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8.4.7 Experimental Procedure for B-Prenyl-9-BBN (5.14)

(Steps 1-2) 1,1-Dimethylallene (5.17) is a commercially available reagent, but was prepared on

large scale based on a procedure reported by Pfeffer and co-workers. 18!

(Steps 3) A solution of B-Prenyl-9-BBN (5.14) was prepared under anhydrous conditions, based

on a procedure reported by Trauner and co-workers.8?

(1) CaCl,, hydroquinone

HO)K aq. conc. HCI CI>K (2) Zn, BrCH,CH,Br, I, /g (3) 9-BBN )\A
: T - . !
N 0°Ctort, 1h X n-BuOH X THF, 0°Ctort 24 h B(9-BBN)

continuous distillation

5.15 59% 5.16 829 5.17 5.14
commercially [123 g scale] commercially [22 g scale] commercially
available available available

Step (1) Concentrated hydrochloric acid (800 mL) was cooled to 0 °C and stirred for 10 minute. To
this solution was added 2-methyl-3-butyn-2-ol (5.15) (200 mL, 1.0 equiv., 2.06 mol) and
hydroquinone (1.82 g, 0.008 equiv., 16.5 mmol). Anhydrous CaCl, (229 g, 1.0 equiv., 2.06 mol)
was added in 20 g portions to the stirred mixture at 0 °C over 7 minutes and the reaction was stirred
for 1 h at room temperature. The layers were separated and solid K,CO3 added cautiously to the
upper organic phase until effervescence ceased. The organic phase was then distilled under reduced
pressure, collected up to 50 °C at 147 mbar. The crude distillate was redistilled under reduced
pressure (147 mbar) to give 3-chloro-3-methyl-1-butyne (5.16) (123 g, 1.00 mol, 59%) as a
colourless oil.

CI>K
A

BP 32-36 °C (147 mbar);
'H NMR (500 MHz, CDCls) § 2.62 (1H, s), 1.87 (6 H,s) ppm;

3C NMR (100 MHz, CDCls) 6 86.7, 72.0, 57.1, 34.7 ppm;

All spectroscopic data matched a comercially available sample.
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Step (2) Zinc powder (52.0 g, 1.95 equiv., 760 mmol) was washed with 3% ag. HCI (4 x 40 mL),
2% ag. CuSO; (2 x 60 mL), ethanol (2 x 60 mL) and n-butanol (2 x 60 mL). The treated zinc was
suspended in n-butanol (110 mL) in a 3 neck RBF with a dropping funnel, magnetic stirrer bar and
a distillation head fitted with a 30 cm Vigreux column. 3-Chloro-3-methyl-1-butyne (5.16)
(44.4 mL, 1.0 equiv., 390 mmol) was placed in the dropping funnel along with 1,2-dibromoethane
(2.50 mL, 0.074 equiv., 29.0 mmol). To the zinc butanol slurry was added a few crystals of iodine
and 1,2-dibromoethane (2.50 mL, 0.074 equiv., 29.0 mmol). Then a portion of the alkyne mixture
(3 mL) was added dropwise to the slurry. The mixture was then heated cautiously (using a
temperature controlled heat gun set slowly raised to 290 °C with stirring until the reaction initiated
(signalled by rapid expansion of the zinc slurry up the Vigreux column and then back into the
reaction flask). The mixture was then kept under a controlled reflux from external heating with heat
gun, while slow addition of the remaining alkyne mixture. The crude product was collected by
distillation from the reaction mixture during the course of the reaction, and external heat applied to
continue collection up to a temperature of 60 °C. The crude distillate was redistilled to give 1,1-
dimethylallene (5.17) (21.7 g, 319 mmol, 81.2%) as a colourless liquid.

~

BP 4042 °C,

IH NMR (500 MHz, CDCls) § 4.52 (2H, hept, J = 3.1 Hz), 1.69 (6H, t, J = 3.2 Hz) ppm;

13C NMR (150 MHz, CDCls) 5 206.8, 94.2, 72.7, 20.3 ppm;

Data consistent with literature.8!

Step (3) A solution of 9-BBN in THF (360 mL, 1.0 equiv., 179 mmol, 0.5 M in THF) was cooled
to 0 °C and stirred for 20 minutes. Once the solution was observed to go cloudy, 1,1-dimethylallene
(5.17) (20.5 mL, 1.16 equiv., 208 mmol) was added dropwise via a syringe pump over 30 minutes
with stirring. The reaction was warmed to room temperature and stirred for 18 h before being used

directly in the reverse prenylation procedure described on page 227.
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8.4.8 Experimental Procedure for t-BuOCI

t-BuOCI was prepared based on a procedure reported by Mintz and co-workers.'® For safety

reasons exposure of the reaction and product to light was minimised.

ag. NaOClI, AcOH

t-BuOH ————_—_—_— > tBuOCI
<10 °C, 10 min

5.18 39%
[16 g scale]

An aqueous solution of bleach (500 mL, 0.767 M, 1.0 equiv., 384 mmol)* was cooled below 10 °C
with stirring. A pre mixed solution of t-BuOH (5.18) (43.3 mL, 1.0 equiv., 383 mmol) and glacial
acetic acid (24.1 mL, 1.1 equiv., 421 mmol) was added in a single portion to the rapidly stirred
bleach and the stirring continued for 10 min in the absence of light. The entire reaction mixture was
transferred to a separating funnel, the aqueous layer discarded, the yellow organic layer washed
with and water (50 mL). The product was dried (CaCl, approximately 3 g) and decanted into its
final container via pipette. The t-BuOCI (16.4 g, 151 mmol, 39%) was stored in a fridge over CaCl,

in an amber glass bottle as a yellow liquid.

*Bleach solution was titrated to a concentration of 0.767 M by iodometric titration using sodium

thiosulfate prior to use.

!H NMR (500 MHz, CDCls) § 1.33 (9H, s) ppm;

13C NMR (125 MHz, CDCls) 5 84.1, 27.0 ppm;

Data consistent with literature.18
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8.4.9 Experimental Procedure for Compounds 4.69 and 5.23

Compound 4.69 and 5.23 was prepared according to literature adapted from the work of

Kametani?®® and Wolff.%7

ZT

)< __ NH NH
H (6) MCPBA HO j—( HO
N (0]
H CHCly, 1t, 6 h H H
(@) NTN
57% (d.r. 37 : 63) 07 N7 07 "N™XN
3™ chromatographic
(+)-dehydrodeoxy ificati
) £ purification 4.69 5.23
b de E (4.45
revianamide E ( ) [1.5 grams] [860 mg]

Step (6) To arapidly stirred solution of (+)-dehydrodeoxybrevianamide E (4.45) (4.00 g, 1.0 equiv.,
11.5 mmol) in CHCI; (80 mL) at room temperature was added dropwise over 4 h a solution of
mCPBA in CHCI;(0.29 M, 40 mL, 1.02 equiv., 11.7 mmol).* The reaction was stirred for 2 h at
room temperature and quenched by the addition of saturated ag. Na,S;O3 (20 mL) and saturated aq.
NaHCOs; (20 mL). The reaction mixture was diluted with EtOAc (200 mL) and CHCI3 (150 mL)
and the phases separated. The aqueous phase was back-extracted with CHCIs (50 mL) and the
combined organics washed with saturated ag. NaHCO3 (80 mL), brine (80 mL), dried (NaSQOa4) and
concentrated under reduced pressure. A diastereomeric ratio of 63:37 for 4.69:5.23 was determined
by analysis of the *H NMR spectrum of this crude reaction product. Three round of flash column
chromatography were peformed (1st = 1.5:7:3 petroleum spirit/CH.Cly/i-Pr,0 2™ = 7:3
CH.Cl,/i-Pr,O 3rd = EtOAc to i-PrOH) Overall, purification by column chromatography gave
dehydrobrevianamide E (4.69) (1.54 g, 4.21 mmol, 37%), compound 5.23 (0.859 g, 2.35 mmol,

20%), and recovered dehydrodeoxybrevianamide E (4.45) (0.270 g, 0.774 mmol, 7%).

* mCPBA (69% w/w by iodometric titration, 4.38 g, 17.5 mmol) was added to CHClI3 (60 mL) and

dried over Na,SO, (27.5 g) with stirring for 40 mins.
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Rr 0.15 (7:3 CHoClo/i-Pr,0);

'H NMR (500 MHz, CDCls) 4 7.24 (1H, dd, J = 7.5, 1.2 Hz), 7.18 (1H, app. td, J = 7.7, 1.3 Hz),

6.81 (1H, td, J = 7.4, 1.0 Hz), 6.74 (1H, app. dt, J = 7.9, 0.8 Hz), 6.40 — 6.34 (2H, m), 6.16 (1H,

app. t, J = 3.1 Hz), 5.15 (1H, dd, J = 17.7, 1.4 Hz), 5.07 (1H, dd, J = 10.9, 1.3 Hz), 4.06 (1H, ddd,

J=120, 8.7, 7.3 Hz), 3.93 — 3.83 (1H, m), 3.81 (1H, dd, J = 11.5, 7.3 Hz), 2.79 — 2.69 (4H, m),

2.43 (1H, br. s), 1.34 (3H, s), 1.27 (3H, s) ppm;

BC NMR (125 MHz, CDCls) 6 163.7, 162.1, 149.4, 144.7, 136.4, 131.0, 129.8, 123.8, 120.6, 120.2,

113.4,111.2,91.5, 89.3, 60.3, 45.8, 45.0, 36.7, 29.0, 27.6, 23.2 ppm;

IR (film, cm™) 3362, 2967, 2926, 1670, 1634, 1609, 1485, 1468, 1437, 1393, 1360;

HRMS (ESIY) calc. for Cx1H23N3Os ([M + H]): 366.1812; found: 366.1814); ([M + Na]®):

388.1632; found: 388.1629;

[a]20:9-208° (¢ 0.23, EtOH).

R¢ 0.09 (7:3 CH2Cl/i-Pr20);
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IH NMR (500 MHz, CDCls) § 7.22 (1H, d, J = 7.5 Hz), 7.13 (1H, app. td, J = 7.7, 1.3 Hz), 6.76
(1H, app. td, J=7.4, 0.9 Hz), 6.62 (1H, app. dt, J = 7.9, 0.8 Hz), 6.47 (1H, br. s), 6.34 (1H, dd, J =
17.7,10.8 Hz), 6.06 (1H, app. t, J = 3.0 Hz), 5.22 (1H, dd, J = 17.7, 1.3 Hz), 5.10 (1H, dd, J = 10.9,
1.3 Hz), 4.73 (1H, app. t, J = 8.8 Hz), 4.00 (1H, ddd, J =12.4, 11.1, 6.1 Hz), 3.82 (1H, dddd, J =
12.3,11.4,8.3,0.8 Hz), 2.86 (1H, ddd, J = 13.6, 8.6, 0.7 Hz), 2.80 — 2.62 (3H, m), 2.57 (1H, br. s),

1.45 (3H, s), 1.35 (3H, s) ppm;

'H NMR (500 MHz, (CD3);S0) & 7.16 (1H, dd, J = 7.4, 1.4 Hz), 7.02 (1H, td, J = 7.6, 1.3 Hz), 6.74
(1H, s), 6.70 — 6.62 (2H, m), 6.49 (1H, dd, J = 17.6, 10.8 Hz), 5.90 (1H, t, J = 3.0 Hz), 5.73 (1H,
s), 5.10 (1H, dd, J = 17.6, 1.6 Hz), 5.00 (1H, dd, J = 10.7, 1.6 Hz), 4.67 (1H, dd, J = 10.2, 6.8 Hz),
3.86 — 3.76 (1H, m), 3.63 (1H, td, J = 11.6, 8.2 Hz), 2.74 (1H, dd, J = 13.5, 6.8 Hz), 2.66 — 2.52

(3H, m), 1.30 (6H, d, J = 2.4 HZ) ppm;

3C NMR (125 MHz, CDCl3) § 161.9, 156.2, 147.0, 144.8, 134.7, 131.5, 130.4, 123.8, 119.5, 119.3,

114.1, 109.9, 95.3, 89.6, 60.5, 46.6, 45.4, 43.4, 28.2, 27.2, 22.5 ppm;

13C NMR (125 MHz, (CD3),S0O) & 162.5, 155.5, 148.1, 145.5, 134.9, 133.0, 129.6, 124.1, 118.8,

118.7,112.9, 110.1, 96.0, 87.4, 59.6, 45.5, 41.1, 31.2, 28.0, 25.3, 24.7 ppm;

IR (film, cm™) 3360, 2965, 2924, 2854, 1665, 1632, 1611, 1487, 1466, 1439, 1414, 1371;

HRMS (ESI*) calc. for CaiH2sNzOs ([M + H]*): 366.1812; found: 366.1807;

[a]32-3 +86.3° (¢ 0.19, EtOH).
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8.4.10 Experimental Procedure for Compounds 5.24 and 5.25

Experimental procedure A

NS, MeOH %
% NH

2 mol% TFA

5eq H,O 0
0°Ctort, 3 days ﬁ\\

(+)-dehydrodeoxy- 83% (d.r. 69 :31) major oxindole (5.24) Minor oxindole (5.25)
brevianamide E (4.45) 57% 26%
[300 mg] [134 mg]

To a solution of dehydrodeoxy-brevianamide E (4.45) (500 mg, 1.0 equiv., 1.43 mmol) in MeOH
(30 mL) at 0 °C was added a solution of trifluoroacetic acid (2.2 pL, 0.02 equiv., 0.029 mmol) in
water (130 pL) with stirring, followed by addition of N-chlorosuccinimide (200 mg, 1.05 equiv.,
1.50 mmol). The reaction was allowed to warm slowly to room temperature and stirred for 3 days.
The entire mixture was concentrated under reduced pressure. Flash column chromatography (2:8 to
13:7 MeCN/CHCIs;) gave major oxindole 5.24 (300 mg, 0.82 mmol, 57%) as an off white foam and

minor oxindole 5.25 (134 mg, 0.37 mmol, 26%) as a white foam.

= %3
o HZO 65 °C, 24 h .
5 29%

major oxindole (5.24)
4.69 single diastereomer
[7.2mg]

Experimental procedure B

To a solution of dehydrobrevianamide E (4.69) (25 mg, 1.0 equiv., 0.068 mmol) in H,0O (3.0 mL)
was added trifluoroacetic acid (0.21 mL, 4.0 equiv., 0.275 mmol). The reaction was heat to 65 °C
and left to stir at this temperature for 24 h. The mixture was allowed to cool down and quenched
with NaHCO; (5 mL, sat., agq.) and extracted with CHCI; (5 x 10 mL), dried (Na.SO.) and
concentrated under reduced pressure. Preparative TLC (7:3 CHCIls/MeCN) gave major oxindole

5.24 (7.2 mg, 0.020 mmol, 29%) as an off white foam.
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Homl A1~ TFA HN™ =
————— N N

N o H0,65°C, 24h )

H 24% o) o)
07NN \
minor oxindole (5.25)
5.23 single diastereomer

6.1mg]
To a solution of dia-dehydrobrevianamide E (5.23) (25 mg, 1.0 equiv., 0.068 mmol) in H.O (3.0
mL) was added trifluoroacetic acid (0.21 mL, 4.0 equiv., 0.275 mmol). The reaction was heat to 65
°C and left to stir at this temperature for 24 h. The mixture was allowed to cool down and quenched
with NaHCO; (5 mL, sat., ag.) and extracted with CHCI; (5 x 10 mL), dried (Na.SO.) and
concentrated. Preparative TLC (7:3 CHCIs/MeCN) gave minor oxindole 5.25 (6.1 mg, 0.017 mmol,

24%) as a white foam.

HN N
oﬁi’\\HO
\

major oxindole

Rf0.11 (1:1 MeCN/CHCly);

IH NMR (500 MHz, CDCls) & 10.94 (1H, br. s), 8.75 (1H, br. s), 7.18 (1H, dd, J = 7.6, 1.2 Hz),
7.11 (1H, td, J = 7.7, 1.2 Hz), 6.94 — 6.85 (2H, m), 6.08 (1H, dd, J = 17.4, 10.8 Hz), 5.55 (1H, app.
t,J = 3.0 Hz), 5.10 (1H, dd, J = 10.9, 1.2 Hz), 4.97 (1H, dd, J = 17.4, 1.2 Hz), 4.31 (1H, d, J = 7.2
Hz), 3.71 (2H, app. t, J = 9.1 Hz), 3.03 (1H, dd, J = 14.8, 1.5 Hz), 2.75 (1H, dd, J = 14.8, 7.4 Hz),

2.51-2.43 (2H, m), 1.11 (3H, s), 0.97 (3H, s) ppm;

13C NMR (125 MHz, CDCl3) 6 183.1, 162.6, 157.6, 143.1, 143.1, 132.1, 128.4, 128.0, 127.9, 120.5,

118.3,114.2, 111.1, 56.3, 55.8, 45.2, 42.6, 33.7, 27.5, 22.2, 21.6 ppm,

IR (film, cm™) 3200, 3084, 2963, 2930, 1676, 1643, 1618, 1470, 1449;
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HRMS (ESI*) calc. for Ca1H23NsOs ([M + H]*): 366.1812; found: 366.1811; ([M + Na]*): 388.1632;

found: 388.1627;

[a]315 +18.0 (¢ 0.20, MeOH).

\

minor oxindole

Rf 0.25 (1:1 MeCN/CHCly);

IH NMR (500 MHz, CDCls) § 10.42 (1H, br. s), 7.58 (1H, br. d, J = 3.7 Hz), 7.29 — 7.22 (2H, m),
7.05 (1H, td, J = 7.6, 1.1 Hz), 6.97 (1H, dd, J = 8.2, 1.1 Hz), 6.06 (LH, dd, J = 17.5, 10.8 Hz), 5.95
(1H, app. t, J = 3.0 Hz), 5.13 (1H, dd, J = 10.7, 1.1 Hz), 5.02 (1H, dd, J = 17.4, 1.2 Hz), 4.05 (1H,
ddd, J = 12.3, 11.2, 5.4 Hz), 3.83 (1H, ddd, J = 11.9, 11.8, 8.3 Hz), 3.56 (1H, dt, J = 11.3, 3.2 Hz),
2.80 (1H, dddd, J = 18.4, 11.2, 8.3, 2.8 Hz), 2.72 — 2.61 (2H, m), 2.41 (1H, dd, J = 14.0, 11.7 Hz),

1.15(3H, s), 1.05 (3H, s) ppm;

3C NMR (125 MHz, CDCl3) 6 182.9, 163.6, 157.9, 142.7,142.3,133.3,128.2, 127.9, 126.3, 121.9,

119.0, 114.6, 112.0, 56.7, 55.9, 45.7, 42.6, 38.9, 28.0, 22.0, 21.9 ppm;

IR (film, cm™) 3211, 2957, 2926, 1703, 1676, 1643, 1618, 1470, 1441;

HRMS (ESI*) calc. for CoiH2sNzOs ([M + H]*): 366.1812; found: 366.1819; ([M + Na]*): 388.1632;

found: 388.1628;

[a]331 —89.1 (c 0.19, MeOH).
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8.4.11 Experimental Procedure for (+)-Brevianamide Y (4.4) and (+)-
Brevianamide Z (5.3)

HN% LiOH
—_—

HN N H,0

J Al t, 24 h

7\\\ 32% (d.r. 66 : 34)

major oxindole (XX) (+)-brevianamide Y (4.4) (+)-brevianamide Z (5.3)
[63.1 mg] [32.4 mg]

Oxindole 5.24 (300 mg, 1.0 equiv., 0.82 mmol) was added to 1 M ag. LiOH (120 mL) at rt and the
reaction was stirred for 24 h. The reaction was quenched with saturated ag. 1 M HCI (150 mL) and
extracted with CHCI; (3 x 200 mL). The combined organics were dried (Na;SO4) and concentrated
under reduced pressure. Preparative TLC (2:3 1,2-dimethoxyethane/MTBE) gave (+)-brevianamide
Z (5.3) (32.4 mg, 0.089 mmol, 10.8%) as a white amorphous solid and (+)-brevianamide Y (4.4)

(63.1 mg, 0.099 mmol, 21%) as a white amorphous solid.

(+)-brevianamide Y

R¢0.15 (2:3 1,2-dimethoxyethane/MTBE);

IH NMR (600 MHz, (CDs),S0) & 10.30 (1H, br. s), 8.79 (1H, br. s), 7.42 (1H, dd, J = 7.6, 1.2 Hz),
7.19 (1H, td, J = 7.7, 1.2 Hz), 6.98 (1H, td, J = 7.6, 1.1 Hz), 6.81 (1H, dd, J = 7.7, 1.0 Hz), 3.36 —
3.22 (2H, m), 3.17 (1H, dd, J = 10.4, 7.2 Hz), 2.82 (1H, d, J = 15.1 Hz), 2.46 (1H, dd, J = 12.3, 6.6
Hz), 2.13 (1H, d, J = 15.2 Hz), 2.02 — 1.96 (1H, m), 1.93 (1H, dd, J = 13.1, 10.4 Hz), 1.85 - 1.75

(2H, m), 1.65* (1H, dd, J = 13.0, 7.2 Hz), 0.99 (3H, s), 0.69 (3H, d, J = 2.1 Hz) ppm;

*A literature table of NMR data doesn’t report this peak. However a printout of the literature *H
NMR spectrum shows a peak at & = 1.639, which integrates for 1.11, appears to be a dd and wasn’t
reported in the table. Instead the table reports ‘6 =2.47, dd (6.4, 12.1)’ twice, which is presumably

a typographical error.
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B3C NMR (125 MHz, (CDs),SO) & 181.8, 172.5, 169.0, 142.4, 129.8, 128.1, 126.3, 120.8, 109.0,

68.6, 67.1, 62.1, 50.0, 46.8, 43.2, 33.6, 28.4, 28.0, 24.4, 23.0, 20.4 ppm;

IR (film, cm™) 3225, 2970, 2928, 2872, 2359, 2324, 1719, 1694, 1668, 1595, 1470, 1445, 1404,

HRMS (ESIY) calc. for C21H23N303 ([M + H]*): 366.1812; found: 366.1813; ([M + Na]*): 388.1632;

found: 388.1624;

[a]38 +27.1 (saturated, MeOH) attempts to prepare a solution of (c 0.2) resulted in a saturated

solution, literature: [a]3% +11.5 (c 0.2, MeOH);132

[a]333+10.9 (c 0.44, DMSO), literature: [a]3% +255.2 (c 0.37, DMS0);17

e.r. 95:5 (Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min, A 254 nm) trmajor= 11.06 min, trminor =

14.66 min. See pages 311-314 for chiral HPLC traces.

Data consistent with literature.3

(+)-brevianamide Z

Rf0.26 (2:3 1,2-dimethoxyethane/MTBE);

IH NMR (500 MHz, (CD5),S0) & 10.27 (1H, br. s), 8.69 (1H, br. s), 7.17 (1H, td, J = 7.6, 1.2 Hz),
7.06 (1H, d, J = 7.4 Hz), 6.93 (1H, td, J = 7.6, 1.1 Hz), 6.81 (1H, dd, J = 7.7, 1.1 Hz), 3.40 (1H, dt,
J=10.7, 6.8 Hz), 3.30 — 3.22 (1H, m), 2.63 (1H, dd, J = 10.1, 7.5 Hz), 2.59 (1H, d, J = 14.9 Hz),
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2.49 — 2.43 (2H, m), 2.05 - 1.98 (1H, m), 1.94 (1H, dd, J = 13.0, 10.1 Hz), 1.89 — 1.75 (2H, m),

1.66 (1H, dd, J =13.0, 7.4 Hz), 1.05 (3H, s), 0.41 (3H, s) ppm;

B3C NMR (125 MHz, (CD3):SO) 5 178.6, 172.2, 169.4, 141.5, 134.3, 127.8, 124.0, 121.0, 109.1,

68.5, 67.5, 62.4, 53.0, 47.7, 43.3, 33.1, 28.4, 27.3, 24.4, 23.1, 19.5 ppm;

IR (film, cm™) 3235, 2961, 2930, 2880, 1686, 1678, 1618, 1470, 1395;

HRMS (ESI¥) calc. for C21H23N303 ([M + H]™): 366.1812; found: 366.1816;

e.r. 85:15 (Chiralpak IC, 25:75 EtOH/hexane, 1.0 mL min?, X 254 nm) trmajor= 19.73 Min trminor =

22.94 min See page 317 for chiral HPLC traces.
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8.4.12 Experimental Procedure for (-)-Brevianamide Y (4.4) and (-)-
Brevianamide Z (5.3)

o
HN% LiOH
HN a0
) N H,0
4 o rt, 24 h
\ 30% (d.r. 60 :40)
minor oxindole (5.25) (-)-brevianamide Y (4.4) (-)-brevianamide Z (5.3)

[27.4 mg] [18.5 mg]

To a solution of compound 5.25 (150 mg, 1.0 equiv., 0.41 mmol) at rt was added 1 M ag. LiOH
(60 mL), the reaction stirred for 24 h. The reaction was quenched with saturated ag. 1 M HCI (75
mL) and extracted with CHCI; (3 x 100 mL). The combined organics were dried (Na,SO4) and
concentrated under reduced pressure. Preparative TLC (2:3 1,2-dimethoxyethane/MTBE) gave
compound (-)-brevianamide Z (ent-4.4) (18.5 mg, 0.051 mmol, 12.0%) as a white amorphous solid

and (-)-brevianamide Y (ent-5.3) (27.4 mg, 0.075 mmol, 18.2%) as a white amorphous solid.

(-)-brevianamide Y

[a]339-10.3 (c 0.39, DMSO);

e.r. 98:2 (Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min, A 254 nm) trmajor = 11.59 Min, trminor =

14.42 min. See page 315 for chiral HPLC traces.

(-)-brevianamide Z

[a]3*? ~12.6 (¢ 0.19, DMSO);

e.r. 92:8 (Chiralpak IC, 25:75 EtOH/hexane, 1.0 mL min, X 254 nm) trmajor = 20.01 Min, trminor =

22.98 min. See page 318 for chiral HPLC traces.
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8.4.13 Comparison of the *H and **C NMR Data for Synthetic and
Natural (+)-Brevianamide Y (4.4)

Provided below is a tabulated comparison of the NMR data collected for

(+)-brevianamide Y (4.4) vs the NMR data reported by the isolation

chemist.?
(-)-brevianamide Y
Synthetic brevianamide Y Natural brevianamide Y (4.4)
(4.4) (CD3)2SO (CDs)2SO
Atom Fs T BC s Ho ) BC o
(601 (I—iz) (126 (500 (I—iz) (125 AHS | ABCS
MH2z) MH?z) MHz) MH?2z)
1 10.30 S - 10.31 - - 0.01 -
2 - - 181.8 - - 182.3 - 0.5
3 - - 62.2 - - 62.6 - 0.4
4 7.42 ddi 72'6’ 126.3 7.43 d, 17 126.8 0.01 0.5
td apt., dd, 7.5,
5 6.98 76,11 120.8 6.99 76 121.3 0.01 0.5
dd, 7.7, dd, 7.6,
6 7.19 12 128.1 7.20 76 128.6 0.01 0.5
7 6.81 dd, 109 6.81 d, 7.6 109.5 0.00 0.5
’ 7.7,1.0 ' T ' ' '
8 - - 142.4 - - 142.9 - 0.5
9 - - 129.8 - - 130.2 - 0.5
10 2.13 d, 15.2 33.6 2.14 d, 15.2 34.1 0.01 0.5
2.82 d, 15.1 - 2.83 d, 15.2 - 0.01 -
11 - - 67.1 - - 67.6 - 0.5
12 - - 169 - - 169.5 - 0.5
14 | 336 m 432 3.30 m 43.7 0.01 05
3.22
15 1.85- m 24.4 1.83 m 24.9 0.03 0.5
1.75*
2.02- dd, 5.9,
1.96 m - 2.00 12.1 ) 001 )
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16 | 18> m 28.4 1.79 m 28.9 0.01 05
1.75%
dd 123, dd, 6.4,
2.46 L ] 247 o ; 0.01 ]
17 - - 63.6 - - 69.1 - 05
18 | 1.65¢ dd’71§"0’ 28 1.79 m 28.4 0.14 05
dd 131, dd, 6.4,
Lost | 4473 ] 247 o ; 0.54 ]
dd 72, dd. 5.0,
19 | 317 o 50 3.18 o 505 0.01 05
20 - - 1725 - - 1730 - 05
21 | 879 s - 8.81 s - 0.02 -
2 - - 6.8 - - 473 - 05
23 | 099 s 202 1.00 s 20.9 0.01 07
24 | 069 s 23 0.69 s 235 0.00 05

* For the synthetic data the peak in the 'H NMR at 1.85-1.75 ppm is a complex multiple, which

integrates for 3 hydrogen atoms.

TA literature table of NMR data doesn’t report the peak at 1.65 ppm or 1.93 ppm. Instead the table

reports ‘60 =2.47,dd (6.4, 12.1)’ and ‘6 =1.79, m’ twice, which is presumably a typographical error.

Otherwise 'H NMR data is in good agreement with all peaks found to be within + 0.03 ppm.

For the 1*C data all peaks consistently vary by + 0.5 ppm.

250




8.5 Experimental Conditions Chapter 6

8.5.1 Solvent Screen with LiOH and Compound 5.23

The following reactions show qualitatively that treating compound 5.23 with LiOH in different

solvent systems favours the formation of (—)-brevianamide A (4.1).

To compound 5.23 (5.0 mg, 1.0 equiv., 14 umol) was added LiOH (2 mL, 1 M, solution see table
for solvent) at rt. The reaction mixture was left to stir for 24 h. The reaction was then acidified with
1 M ag. HCI (2 mL), extracted with CHCI;s (3 x 5 mL), dried (Na.SO.) and concentrated under
reduced pressure. The residue was transferred to an NMR tube with CHCI; (1.5 mL) and
concentrated under reduced pressure. To the NMR tube was then added ethylene carbonate internal

standard (400 pL, in (CD3)2S0) and a *H NMR Spectrum (500 MHz, in (CD3),SO) was recorded.

NH~
HO
N_ O LOH(1M)
H solvent OR
N rt
% N 30 min
dia-dehydrobrevianamide E (-)-brevianamide A 6.1
(5.23) (4.1)
Solvent
Experiment 1 Experiment 2 Experiment 3
H.O H.0/MeOH (1:1) MeOH

(=)-brevianamide
A (4.1) formed
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Compound

5.23

0.92 0.99 1.00 2.04 0.98 0.91 0.96 0.96 0.93 0.95 0.98 0.94 1.8
(-)-brev k )
1.00 1.04 2.09 1.07 1.13
Exp. 1 Y W,
0.61 0.58 0.61 0.48 0.52 0.52 0.81 4§00
0.71 0.59 0.68 0.55 0.59 0.61 0.74 4400

1.02 3.30 1.08

.57 0.63 1.77

=

0.70 0.60 2.71

=3

g

Exp. 3 JQ nL j)c 4 H -
0.86 0.51  0.84 086077 0.8 0.9 ! g M‘M“?oo 0.87 0,65 2.40

-5
|

La
3[29 3j06

-3
177 171
U, I
2§01 194

-1
292 254

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

*Peak at 4.50 ppm (Internal Standard ethylene carbonate) at 8.31 ppm CHCl,and at 3.30 ppm water
1H NMR Spectrum (500 MHz, in (CD3)S0O)
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8.5.2 Solvent Screen with K.COsand Compound 5.23

The following reactions show qualitatively that compound 6.1 is formed when compound 5.23 is

treated K>CO3 with in a solvent system containing methanol.

To compound 5.23 (5.0 mg, 1.0 equiv., 14 umol) was added KoCOs (2 mL, 1 M, solution see table
for solvent) at rt. The reaction mixture was left to stir for 24 h. The reaction was then acidified with
1 M ag. HCI (2 mL), extracted with CHCI;3 (3 x 5 mL), dried (Na-SQO.) and concentrated under
reduced pressure. The residue was transferred to an NMR tube with CHCIz (1.5 mL) and
concentrated under reduced pressure. To the NMR tube was then added ethylene carbonate internal

standard (400 pL, in (CD3)2S0) and a *H NMR Spectrum (500 MHz, in (CD3),SO) was recorded.

NH /=
HO K,CO3 (1 M)
NGO —— OR
H solvent
t
07 NN 2zr1 h
dia-dehydrobrevianamide E (-)-brevianamide A 6.1
(5.23) (4.1)
Solvent
Experiment 1 Experiment 2 Experiment 3
H,O H,0/MeOH (1:1) MeOH
No reaction
observed
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5
Compound By wn | al )
5 23 0.92 0.99 1.00 2.04 0.98 0.91 0.96 0.96 0.93 0.95 0.98 0.94 1.8 519}
H4
Compound |
6.1 [
ol 1.00 1.72 0.97 0.96 0.95 0.95 0.98 2.12 0.95 3.05 3.29
-3
1.00 1.06 1.01 2.26 1.10 1.02 1.06 1.08 1.07 1.06 17 1.03 1.14 1.13 6.5
F2
Exp. 2 M/
| A A ) U\_
0.95 1.95 0.79 1.00 0.98 66.66 1.03 1.36 1.01 2.61 3.30
-1
o3 | | Lk ) S
1.00 2.07 4.26 1.41 2.28 l].92A . A 24.16A 1.24 0.93 1.44 3.04 3.17
T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)

*Peak at 4.50 ppm (Internal Standard ethylene carbonate) at 8.31 ppm CHCI, and at 3.30 ppm water
1H NMR Spectrum (500 MHz, in (CDs)SO)
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8.5.3 Solvent Screen with LiOH and Compound 6.1

The following reactions show qualitatively that treating compound 6.1 to LiOH, in different solvent

systems, does not promote the semi-pinacol rearrangement to give (-)-brevianamide A (4.1).

To compound 6.1 (5.0 mg, 1.0 equiv., 14 umol) was added LiOH (2 mL, 1 M, solution see table for

solvent) at rt. The reaction mixture was left to stir for 24 h. The reaction was then acidified with

1 M ag. HCI (2 mL), extracted with CHCI; (3 x 5 mL), dried (Na.SQO.) and concentrated under

reduced pressure. The residue was transferred to an NMR tube with CHCIz (1.5 mL) and

concentrated under reduced pressure. To the NMR tube was then added ethylene carbonate internal

standard (400 pL, in (CD3)2S0) and a *H NMR Spectrum (500 MHz, in (CD3),SO) was recorded.

LiOH (1 M)
—_—
solvent

rt
24 h

(-)-brevianamide A

Solvent

Experiment 1

Experiment 2

Experiment 3

H.0O

H.0/MeOH (1:1)

MeOH

no reaction
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A

r5
Compound 6.1 , A L
1.00 1.72 0.98 0.94 0.95 0.98 |0.94 2.45 2.03 1.00 3.1Q 3.85
(—)-brev
F4
(4.1) Jr J\ MM L S
1.00 1.04 2.09 1.07 1.13 1.02 3.30 1.08 3.29 3.06
Exp. 1 ) . J JU
1.00 2.02 0.99 0.94 0.99 0.95 0.
Exp. 2 N A M
1.00 1.84 0.92 0.92 0.91 0.89 |0.96 2.16 1.97 0.93 2.8( 3.p7
r1
EXp. 3 | ) J L_/“CJHQJLALAJ
1.00 1.89 0.48 0.98 1.04 1.10 1.08 2.71 2.12 1.06 3.23 3.15
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

*Peak at 4.50 ppm (Internal Standard ethylene carbonate) at 8.31 ppm CHCl,and at 3.30 ppm water
1H NMR Spectrum (500 MHz, in (CD3)S0O)
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8.5.4 Solvent Screen with LiOH and Compound 6.5

The following reactions show qualitatively that treating compound 6.5 to LiOH, in different solvent
systems, results in the formation of (—)-brevianamide B (4.2) through a base induced semi-pinacol

rearrangement.

To compound 6.5 (5.0 mg, 1.0 equiv., 14 pmol) was added LiOH (2 mL, 1 M, solution see table for
solvent) at rt. The reaction mixture was left to stir for 24 h. The reaction was then acidified with
1 M ag. HCI (2 mL), extracted with CHCI;s (3 x 5 mL), dried (Na.SO.) and concentrated under
reduced pressure. The residue was transferred to an NMR tube with CHCIz (1.5 mL) and
concentrated under reduced pressure. To the NMR tube was then added ethylene carbonate internal

standard (400 pL, in (CD3)2SO) and a *H NMR Spectrum (500 MHz, in (CDs),SO) was recorded.

N\
NH
HO oy
o NH LiOH (1 M)
N o solvent © N N
rt 0
24 h
6.5 (-)-brevianamide B
(4.2)
Solvent
Experiment 1 Experiment 2 Experiment 3
H20 H,O/MeOH (1:1) MeOH

(=)-brevianamide B
(4.2) observed
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1.00

1.07 1.02 1.03

ot o

1.74 0.83 1.43

1.60 1.09 0.98

ot o

2.68 2.78 1.09

0.99

1.42

T T T T T T T T T T T T T T T T
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75

f1 (ppm)
* 8.31 ppm CHCI,

T T
74 73

1H NMR Spectrum (500 MHz, in (CDs),S0)
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8.5.5 Solvent Screen with LiOH and (-)-brevianamide A (4.1)

The following reactions show qualitatively that (—)-brevianamide A (4.1) is relatively stable to
LiOH in different solvent systems and does not, for example, result in the formation of compound

6.1, through a base induced retro-semi-pinacol rearrangement.

To (-)-brevianamide A (4.1) (5.0 mg, 1.0 equiv., 14 pmol) was added LiOH (2 mL, 1 M, solution
see table for solvent) at rt. The reaction mixture was left to stir for 24 h. The reaction was then
acidified with 1 M ag. HCI (2 mL), extracted with CHCI; (3 x 5 mL), dried (Na:SO4) and
concentrated under reduced pressure. The residue was transferred to an NMR tube with CHCl3 (1.5
mL) and concentrated under reduced pressure. To the NMR tube was then added ethylene carbonate
internal standard (400 pL, in (CD3).SO) and a *H NMR Spectrum (500 MHz, in (CD3),SO) was

recorded.

LIOH (1 M)

solvent
rt
24 h

(-)-brevianamide A

(4.1) 6.1
Solvent
Experiment 1 Experiment 2 Experiment 3
H,O H,0/MeOH (1:1) MeOH
no reaction
observed
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K AMLJMuMﬁ_i

- NI

o T
e0.2 | o L 1 LJMWMJUaLp
Exp. 3 U MMM

1.00 037 1.01 1.94 0.95 1.04

T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

f1 (ppm)
*Peak at 4.50 ppm (Internal Standard ethylene carbonate) at 8.31 ppm CHCI, and at 3.30 ppm water'H NMR Spectrum (500 MHz,

in (CD3).S0)

T
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8.5.6 Experimental Procedure for Compound 6.1 and 6.5

NHZ” K,CO3 (2 M HO
HO 2 3( ’ aq-) +
N O MeOH, rt, 16 h o NH
H 55% (d.r. 74 : 26) N
o7 NN ©
5.23 ent-5.24 ent-5.25
[8.2 mg] [2.8 mg]

To a solution of compound 5.23 (20 mg, 54.7 pumol) in MeOH (1 mL) was added a solution of 2 M
K2COs (1 mL) and the reaction stirred at room temperaturel6 h. The reaction was acidified with 1
M ag. HCI (3 mL), extracted with CH,Cl; (3 x 5 mL), dried (Na2SO4) and concentrated under
reduced pressure. Preparative TLC (1:9 i-PrOH/CHCI;) gave 6.1 (8.2 mg, 22.0 umol, 41%) as a

white glass and 6.5 (2.8 mg, 7.7 pumol, 14%) as a white glass.

Rf 0.33 (1:9 i-PrOH/CHCls), 0.32 (3:7 THF/CHCls);

'H NMR (500 MHz, CDCls) § 7.51 — 7.46 (1H, m), 7.38 (1H, ddd, J = 7.3, 2.4, 1.4 Hz), 7.32 (1H,
td apt., J = 7.6, 1.2 Hz), 7.21 — 7.13 (2H, m), 3.95 (1H, hept apt., J = 6.1 Hz), 3.36 (2H, tt, J = 6.5,
1.8 Hz), 2.75 (1H, d, J = 15.8 Hz), 2.71 — 2.64 (1H, m), 2.06 — 1.86 (4H, m), 1.78 (1H, dt, J = 13.0,

7.4 Hz), 1.39 (3H, s), 1.29 (3H, s) ppm;

IH NMR (500 MHz, (CD5),S0) & 7.58 (1H, s), 7.53 — 7.43 (2H, m), 7.37 (1H, td, J = 7.6, 1.3 Hz),
7.25 (1H, td, J = 7.4, 1.0 Hz), 6.36 (1H, d, J = 2.1 Hz), 3.34 (1H, dt, J = 8.0, 5.5 Hz), 3.28 (1H, ddd,
J=11.1,5.6,2.2 Hz), 2.69 (1H, d, J = 15.4 Hz), 2.55 — 2.51 (1H, m), 2.17 — 2.11 (1H, m), 2.02 —

1.89 (3H, m), 1.87 - 1.78 (2H, m), 1.71 (1H, dd, J = 15.4, 2.2 Hz), 1.38 (3H, s), 1.22 (3H, s) ppm;
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3C NMR (126 MHz, CDCls) 5 188.3, 172.4, 168.3, 151.9, 140.7, 129.9, 126.4, 122.3, 121.0, 82.2,

67.1, 62.0, 50.3, 44.0, 40.4, 37.9, 32.5, 29.0, 27.3, 24.3, 20.0 ppm;

IR (film, cm™) 3362, 2968, 2882, 1730, 1674, 1580, 1458, 1390;

HRMS (ESI*) calc. for C21H23N3s03 ([M + H]*): 366.1812; found: 366.1809;

[a]31 +89.0 (c 0.53, MeOH).

Data consistent with literature.1’

HO

Rr 0.29 (1:9 i-PrOH/CHCI5);

IH NMR (500 MHz, CDCls) 5 7.50 (2H, dddd, J = 6.4, 4.9, 1.5, 0.7 Hz), 7.37 (1H, apt. td, J = 7.7,
1.3 Hz), 7.24 (1H, dd, J = 7.5, 0.9 Hz), 6.28 (1H, s), 3.80 — 3.70 (1H, m), 3.56 — 3.33 (4H, m), 2.80
~2.68 (1H, m), 2.14 (1H, dd, J = 13.1, 10.2 Hz), 2.06 — 1.98 (2H, m), 1.95 (1H, dd, J = 13.2, 7.0

Hz), 1.87 (1H, dt, J=13.1, 7.1 Hz), 1.39 (3H, s), 1.35 (4H, app. s) ppm;

IH NMR (500 MHz, (CD3),SO0) & 8.24 (1H, s), 7.54 — 7.47 (1H, m), 7.43 (1H, dd, J = 7.6, 0.9 Hz),
7.33 (1H, app. td, J = 7.6, 1.3 Hz), 7.21 (1H, app. td, J = 7.4, 1.0 Hz), 5.88 (1H, d, J = 1.6 Hz), 3.55
(1H, d, J = 15.0 Hz), 3.42 — 3.32 (2H, m), 3.21 (1H, dd, J = 10.5, 5.6 Hz), 2.17 (1H, dd, J = 13.3,

10.5 Hz), 2.02 - 1.93 (1H, m), 1.88 — 1.73 (3H, m), 1.27 (3H, s), 1.25 (3H, S) ppm;
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3C NMR (126 MHz, CDCls) § 189.3, 173.0, 170.5, 153.4, 139.4, 130.0, 126.5, 122.4, 120.8, 81.9,

67.1, 60.1, 44.4, 43.3, 39.0, 34.8, 30.5, 29.0, 28.1, 24.6, 23.4 ppm;

13C NMR (126 MHz, (CD3),SO) & 192.1, 173.0, 169.2, 153.8, 142.0, 129.4, 126.1, 123.0, 120.4,

81.7, 66.8, 60.0, 44.3, 42.8, 38.9, 33.6, 30.7, 29.3, 29.1, 24.5, 23.0 ppm;

IR (film, cm™) 3269, 2970, 2879, 1694, 1674, 1578, 1456, 1404;

HRMS (ESI*) calc. for Ca1H23NsOs ([M + H]*): 366.1812; found: 366.1821; ([M + Na]*): 388.1632;

found: 388.1635;

[a]33-3 +80.8 (c 0.24, MeOH).

Data consistent with literature.*”
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8.6 Experimental Conditions Chapter 6

8.6.1 General Experimental Procedure 8 — Halogenation of
Dehydroproline Derivative

Compounds 7.14 and 7.15 were prepared by following literature and compounds 7.16 was prepared

by adapting literature.?%?

o
(0]

N NXS, TFA N\
N - OMe
OMe CCly, 80 °C, X min

X
4.74

To a stirred solution of dehydroproline methyl ester 4.74 (synthesis see page 235) (1.0 equiv.) in
CCls (X mL) was added NXS (1.0 equiv.). The reaction mixture was heated at 80 °C for a set amount
of time and then cooled to rt, then quenched with water and diluted with CHCIs. The layers were
then separated and the aqueous phase was extracted with CHCIs (3 x X mL). The combined organics
were then washed with Na;S;0; (sat., aq.), dried (Na;SO4) and concentrated in vacuo. The crude
residue was then purified by flash column chromatography on silica gel to give the halogenated

product.
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8.6.2 Experimental Procedure for Compound 7.15
(0]

NCS TFA N
OMe
OMe CCI4 80 °C, 30 min

59% Cl

7.15
[1.59]

Compound 7.15 was synthesised according the General Procedure 8, using compound 4.74 (2.0 g,
1.0 equiv., 15.7 mmol), NCS (2.1 g, 1.0 equiv., 15.7 mmol), TFA (120 pL, 0.1 equiv., 1.6 mmol)
in CCl4 (20 mL) and heated for 30 min. The crude residue was purified via column chromatography
(silica gel, petroleum ether 40/60:ethyl acetate, 8:2) to give compound 7.15 (1.5 g, 9.32 mmol, 59%)

as a colourless oil.

o

N
N
Q/%Me

Cl

Rs = 0.25 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnO4];

IH NMR (500 MHz, CDCl3) 8 5.10 (1H, dtd, J = 7.8, 1.9, 0.5 Hz), 4.32 — 4.21 (2H, m), 3.93 (3H,

s), 2.46 (1H, apt. dg, J =14.7, 7.9 Hz), 2.31 (1H, dddd, J = 14.7, 6.3, 2.7, 1.8 Hz) ppm;
13C NMR (125 MHz, CDCl3) 6 165.8, 161.5, 60.9, 58.8, 53.2, 34.8 ppm;
IR (film, cm™) 2956, 2361, 2341, 1750, 1730, 1626, 1441, 1350, 1294, 1245, 1109;

HRMS (ESI) calc. for CsHsCINO, ([M+H]*): 162.0317; found: 162.0323; and ([M+Na]®):

184.0136; found: 184.0136;

Data consistent with literature.??
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8.6.3 Experimental Procedure for Compound 7.14

_ NBSTFA N
OMe
OMe CCI4 80 °C, 30 min

87% Br

7.14
[2.78 g]

Compound 7.14 was synthesised according the General Procedure 8, using compound 4.74 (2.0 g,
1.0 equiv., 15.7 mmol), NBS (2.8 g, 1.0 equiv., 15.7 mmol), TFA (120 pL, 0.1 equiv., 1.6 mmol)
in CCl4 (20 mL) and heated for 30 min. The crude residue was purified via column chromatography
(silica gel, petroleum ether 40/60:ethyl acetate, 8:2) to give compound 7.14 (2.78 g, 13.6 mmol,

87%) as a colourless oil.

N
N
o

Br

R = 0.44 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnO4];
'H NMR (500 MHz, CDCls) 5 5.11 (1H, apt. dt, J = 7.1, 1.7 Hz), 4.29 (1H, ddd, J = 18.0, 7.5, 1.8
Hz), 4.21 — 4.13 (1H, m), 3.93 (3H, s), 2.50 (1H, ddd, J = 14.9, 7.5, 0.8 Hz), 2.46 — 2.41 (1H, m)

ppm;

IR (film, cm™) 2955, 1726, 1619, 1440, 1354, 1324, 1290, 1238, 1202, 1145, 1104, 947, 918, 883,

834;
HRMS (ESI) calc. for CsHs"®BrNO; ([M+H]*"): 205.9824; found: 205.9811;

Data consistent with literature.?
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8.6.3 Experimental Procedure for Compound 7.16

N 2 NIS, TFA N o
N —_— -
OMe CCly, 80 °C, 10 min T “oMe
51% |
4.74 7.16

Compound 7.16 was synthesised according the General Procedure 8, using compound 4.74 (0.5 g,
1.0 equiv., 3.94 mmol), NIS (885 mg, 1.0 equiv., 3.94 mmol), TFA (30 pL, 0.1 equiv., 0.39 mmol)
in CCl,s (5.6 mL) and heated for 10 min at 80 °C. The crude residue was purified via column
chromatography (silica gel, CH.Cl,:MeOH, 99:1) to give compound 7.16 (0.51 g, 2.02 mmol, 51%)

as a brown oil.

o

N
AN
Q/%Me

R = 0.22 (CH2CI2:MeOH, 99:1), [UV, KMnQO4];

IH NMR (500 MHz, CDCl3) § 5.17 (1H, ddd, J = 7.4, 1.9, 1.2 Hz), 4.15 (1H, ddd, J = 17.8, 7.4,
1.2 Hz), 3.93 (3H, s), 3.97 — 3.88 (1H, m), 2.44 (1H, apt. ddt, J = 14.9, 6.4, 1.2 Hz), 2.36 (1H, ddt,

J=149,09.0, 7.4 Hz) ppm;
13C NMR (126 MHz, CDCl3) 6 167.9, 161.2, 60.5, 53.0, 37.8, 22.2 ppm;
IR (film, cm™) 2955, 1744, 1438, 1340, 1300, 1212, 1025;

HRMS (ESI?) calc. for CeHgINO, ([M+H]™): 253.9673; found: 253.9677.
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8.6.4 Experimental Procedure for Compound 7.24

Compound 7.24 was prepared according to literature.?®

i) NEts
Rl
(0] 2Ll

HC'&A 0°Ctort, 2.5h Ebz o}

_Yctomzsh
OMe ii) Pyridine MOMe
Cbz-Cl
—20°Ctort, 24 h
5.12 7.24
18% [3.0g]

To asolution of 5.12 (10.5 g, 1.0 equiv., 64 mmol) in CH,Cl, (160 mL) was added NEt; (19.5 mL,
2.2 equiv., 140 mmol) and NCS (9.4 g, 1.1 equiv., 70.4 mmol) in small portions at 0 °C. The
reaction was then warmed to rt and stirred for a further 2.5 h. Pyridine (11.9 mL, 2.3 equiv.,
147 mmol) was then added over 30 mins using a syringe pump at rt. Then the reaction was cooled
to —20 °C and Chz-Cl (20.0 mL, 2.2 equiv., 140 mmol) was added slowly using a syringe pump
over 30 minutes, after which time the reaction was allowed to warm to rt slowly and stirred at this
temperature for a further 24 h. The reaction was then transferred to a separating funnel and washed
with HCI (1M ag., 150 mL x 2), NaHCOs3 (sat., ag., 150 mL) and brine (sat., ag., 150 mL). The
combined organics were then dried (MgSO.) and concentrated in vacuo. The crude residue was
purified via column chromatography (silica gel, cyclohexane:ethyl acetate, 5:2) to give the titled

compound (7.24) (3.0 g, 11.5 mmol, 18%) as slightly yellow oil.

(sz 0

WOM&

R =0.28 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnO.];

'H NMR (500 MHz, CDCls) § 7.39 — 7.28 (5H, m), 5.84 (1H, t, J = 2.9 Hz), 5.14 (2H, s), 4.00 (2H,

dd, J=9.3, 8.6 Hz), 3.65 (3H, s), 2.66 (2H, ddd, J = 9.5, 8.5, 2.9 Hz) ppm;

3C NMR (125 MHz, CDCls) § 162.5, 153.6, 136.3, 135.9, 128.5, 128.24, 128.22, 120.1, 67.8, 52.1,

48.5, 28.7 ppm;
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IR (film, cm™) 2554, 1736, 1709, 1630, 1410, 1340, 1320, 1247, 1197, 1168, 1128, 1038, 1028,

910, 730;

HRMS (ESI*) calc. for C14H1sNO4 ([M+H]"): 262.1074; found: 262.1081;

Data consistent with literature.?°
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8.6.5 Experimental Procedure for Compound 7.25

Compound 7.25 was prepared according to literature.2%®

Cbz DABCO Cbz
o) o}
N NBS N
U)(om MeCN, —15 °C to rt (_Z)(OMe
16 h
Br
55%
7.24 7.25
[1.89]

DABCO (2.2 g, 2.0 equiv., 19.4 mmol) was added to a stirred solution of 7.24 (2.55 g, 1.0 equiv.,
9.7 mmol) in anhydrous MeCN (19.0 mL) at rt. The reaction was then cooled to —15 °C and a
solution of NBS (1.94 g, 1.1 equiv., 9.7 mmol) in anhydrous MeCN (29.0 mL) was added slowly
over 30 min via syringe pump. This was left to stir for a further 16 h at rt. The reaction mixture was
then concentrated in vacuo until 1-2 mL of solvent remained. The crude residue was purified
directly via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 8:2) to give

the titled compound (7.25) (1.8 g, 5.3 mmol, 55%) as slightly yellow oil.

sz o

N
(_Z/(om

Br

R = 0.44 (petroleum ether 40/60:ethyl acetate, 8:2), [UV, KMnOy4];

'H NMR (500 MHz, CDCls) & 7.39 — 7.31 (5H, m), 5.13 (2H, s), 3.99 (2H, dd, J = 9.7, 8.7 Hz),

3.72 -3.56 (3H, m), 2.94 (2H, dd, J = 9.8, 8.7 Hz) ppm;

3C NMR (125 MHz, CDCls) § 161.6, 152.4, 135.5, 133.5, 128.6, 128.45, 128.45, 128.4, 68.2, 52.5,

47.3, 36.3 ppm;

IR (film, cm™) 2953, 2361, 2342, 1740, 1711, 1643, 1498, 1438, 1410, 1337, 1314, 1206, 1176,

1145, 1028, 981, 752, 699;

HRMS (ESI*) calc. for C1aH1"BrNO, ([M+H]*): 340.0179; found: 340.0196;

Data consistent with literature.2%®
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8.6.6 Experimental Procedure for Compound 7.32

Compound 7.32 was prepared by adapting literature.?’

(SnMej),
Cbz o Li,CO4 Cbz 4
N Pd(PPh3),Cl, (20 mol%) N
(_z/‘LOMe 1,4-dioxane MOMB
100 °C, 3 h
Br 80% SnMej
7.25 7.32

[100 mg]
To solution of 7.25 (100 mg, 1.0 equiv., 0.30 mmol), Li.CO3 (56 mg, 2.6 equiv., 0.76 mmol) and
(SnMejs), (250 pL, 4.0 equiv., 1.2 mmol) in 1,4-dioxane (10.0 mL) sparged with nitrogen gas, was
added Pd(PPhs).Cl, (40 mg, 0.19 equiv., 0.057 mmol) at rt. The reaction was stirred for 3 h at
100 °C. Then the reaction was cooled and concentrated in vacuo. The crude residue was purified
via column chromatography (silica gel, petroleum ether 40/60:ethyl acetate, 8:2) to give the title
compound (7.32) (100 mg, 0.24 mmol, 80%) as slightly yellow oil.
bz o

N
Y/ OMe

SnMej

Rf = 0.18 (petroleum ether 40/60:ethyl acetate, 7:3), [UV, KMnO4];

IH NMR (600 MHz, CDCls) & 7.37 — 7.29 (5H, m), 5.14 (2H, s), 3.94 (2H, dd, J = 9.0, 8.3 Hz),

3.62 (3H, s), 2.70 (2H, dd, J = 9.1, 8.4 Hz), 0.20 (9H, s) ppm;

*Sn satellites observable at peak at 0.2 which corresponds to SnMej;

3C NMR (150 MHz, CDCls) § 163.7, 153.2, 140.5, 136.1, 135.4, 128.5, 128.20, 128.16, 67.6, 51.9,

48.9, 35.2, 30.3, -9.0 ppm;

*peak at —9.0 corresponds to the methyl groups from SnMes with Sn satellites also observable;

IR (film, cm™) 2922, 1741, 1709, 1438, 1403, 1363, 1337, 1311, 1232, 1196, 1168, 1031, 1054,

762;

HRMS (ESI*) calc. for C17H23NO4*°Sn ([M+H]*): 426.0723; found: 426.0722.
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8.6.7 Experimental Procedure for Compound 7.56

Compound 7.56 was prepared according to literature.??

@\ /@ BusNOH (1 M, MeOH) @\ /@
P MeOH, rt, 15 min P

AN AN

0" OH 88% 0" "ONBu,

7.56
[10.2.9]

To a suspension of diphenylphosphinic acid (5.5 g, 1.0 equiv., 25.2 mmol) in anhydrous MeOH
(28 mL) tetrabutylammonium hydroxide (1M in MeOH, 25.2 mL, 1.0 equiv., 25.2 mmol) was
added at rt. The resulting solution was left to stir for 15 min and then filtered through a short pad
of celite, eluting with MeOH. The combined filtrates were concentrated in vacuo. The resulting
residue was dried under vacuum overnight to afford a yellow waxy solid. The crude residue
was purified via recrystalisation by refluxing in 1:4 ethyl acetate/diethyl ether and then cooling to
—20 °C to afford compound 7.56 as white, deliquescent crystalline needles (10.2 g, 22.2 mmol,

88%).

AL

N
0" "ONBu,

'H NMR (500 MHz, CDCls) § 7.94 — 7.84 (5H, m), 7.25 — 7.20 (5H, m), 3.34 — 3.24 (9H, m), 1.57

(8H,dg,J=11.9,8.1, 7.6 Hz), 1.35 (8H, sextet, J = 7.4 Hz), 0.93 (12 H, t, J = 7.3 Hz) ppm;

13C NMR (150 MHz, CDCls) & 131.7 (d, J = 8.6 Hz), 128.5 (d, J = 2.6 Hz), 127.6 (d, J = 11.3 Hz),

58.9, 24.1, 19.7, 13.7 ppm, ipso quaternary centre on the aromatic ring not observed;
3P NMR (200 MHz, CDCl3) & 13.75 ppm;

Data consistent with literature.??
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8.6.8 Experimental Procedure for Compound 7.41

Mukaiyama’s N-t-butylbenzenesulfinimidoyl chloride reagent (7.37) and compound 7.41 were

prepared according to a procedure reported by Trost and co-workers.?*

@ 9

(1) NaOClI P Ph
J< AR J< ° N*Sci
HoN 0°C, 20 min CI;N benzene, 85 °C, 4 h
7.40 7.41 22% over two steps 7.37

[3.629]
Step 1: NaOCI (200 mL, 38.0 equiv., 3.0 mol) was cooled to 0 °C shielded from light. Glacial acetic
acid (9.8 mL, 2.2 equiv., 170.0 mmol) was added dropwise, followed by the dropwise cautious
addition of tertbutylamine (7.40) (8.2 mL, 1.0 equiv., 78.0 mmol) over a period of 15 min. The
reaction mixture was stirred for a further 15 minutes at this temperature. After this time the reaction
was diluted with CH,CI; (200 mL) and the aqueous layer is separated and discarded. The organic
layer was washed with NaHCOs; (sat. ag., 150 mL), H.O (150 mL), dried (MgSO.) and then
concentrated under reduced pressure (>200 mbar at 20 °C). This crude residue was used directly in

the next step without purification.

CIZNJ<

!H NMR (500 MHz, CDCls) 8 1.37 (9H, s) ppm;
13C NMR (125 MHz, CDCls) § 72.6, 25.9 ppm;

Data consistent with literature.?%
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8.6.9 Experimental Procedure for Compound 7.37

Mukaiyama’s N-t-butylbenzenesulfinimidoyl chloride reagent (7.37) was prepared according to a

procedure reported by Trost and co-workers.?>*

@ 9
(1) NaOClI M__pn Ph
AcOH S _S.
- - N Cl
HoN 0°C, 20 min CI;N benzene, 85 °C, 4 h
7.40 741 22% over two steps 7.37

[3.629]
Step 2: To crude 7.41 (5.8 g, 1.2 equiv., 41 mmol) in benzene (35 mL) was added 5-
phenylthioacetate (4.63 mL, 1.0 equiv., 34 mmol). The reactions was heated in a sealed system
under reflux and monitored by TLC. After 4 h the volatiles were removed azeotropically with
benzene (2 x 30 mL). The crude residue was passed through a short plug of sand and washed with
CH_CI; (50 mL), to afford the titled compound (7.37) as an orange oil (3.62 g, 17 mmol, 22% over

two steps).

*This compound was made fresh and stored under nitrogen in the freezer for no more than a week

before use.

F"h

NSe

'H NMR (500 MHz, CDCls) § 8.15 — 8.11 (2H, m), 7.65 — 7.56 (3H, m), 1.58 (9H, s) ppm;

Data consistent with literature.?*
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8.6.10 Experimental Procedure for Compound 7.36

Compound 7.36 was prepared under anhydrous conditions. After the addition of I,, effort was made

to limit exposure of the material to light.

o) 9 I

% NIS, TFA HN%
N~ pmF it 150 HNA N

H
o 38% g o]

4.45 7.36
[261 mg]

To a stirred solution of (+)-dehydrodeoxybrevianamide E (4.45) (500 mg, 1.0 equiv., 1.43 mmol)
in anhydrous DMF* (25.0 mL) was added a solution of a TFA* (3.2 pL, 0.03 equiv., 0.042 mmol)
in anhydrous DMF (100 pL). The reaction mixture was cooled to 0 °C and NIS* (322 mg,
1.0 equiv., 1.43 mmol) was added in a single portion. The reaction was stirred at 0 °C for 5 minutes,
the cooling bath was removed and the reaction was stirred at room temperature for 1.5 h. The
reaction was cooled to 0 °C and NEt; (1.5 mL, 7.15 equiv., 10.76 mmol) was added. The reaction
mixture was poured onto a stirred mixture of ethyl acetate (200 mL) and 10% aq. Na.S,O3
(100 mL). The organic layer was separated, washed with brine (5 x 200 mL) and concentrated
under reduced pressure. Flash column chromatography (silica gel, petroleum ether 40/60:ethyl

acetate, 7:13 to 13:7) gave compound 7.36 (261 mg, 0.55 mmol, 38%) as a cream foam.

*Anhydrous DMF was dried over activated 4 A molecular sieves. Commercial TFA was distilled
under inert atmosphere before use and a stock solution was prepared in DMF. NIS was recrystallised

from 1,4-dioxane/diethyl ether.

Q I
HN%
HN_ N
H
X (0]

R = 0.50 (petroleum ether 40/60:ethyl acetate, 3:7), [UV, KMnO4];
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IH NMR (500 MHz, CDCls) 8 8.16 (br. s, 1H), 7.50 (1H, d, J = 7.9 Hz), 7.31 (1H, dd, J = 8.0, 1.0
Hz), 7.15 (1H, ddd, J = 8.1, 7.0, 1.1 Hz), 7.09 (1H, ddd, J = 8.0, 7.0, 1.1 Hz), 6.13 (1H, dd, J =
17.5,10.6 Hz), 5.79 (1H, br. s), 5.19 — 5.14 (2H, m), 4.46 (1H, ddd, J = 10.7, 3.5, 2.1 Hz), 4.07 —
3.93 (2H, m), 3.69 (1H, dd, J = 14.6, 3.6 Hz), 3.23 (1H, dd, J = 14.6, 10.8 Hz), 3.05 — 2.89 (2H,

m), 1.55 (3H, s), 1.54 (3H, s) ppm;

3C NMR (125 MHz, CDCls) 6 162.0, 156.0, 145.9, 141.9, 134.4, 130.9, 128.9, 122.2, 120.1, 118.3,

112.5, 110.9, 104.4, 80.3, 57.7, 45.8, 40.3, 39.2, 30.9, 28.1, 27.9 ppm;

IR (film, cm™) 3340, 2967, 2924, 1654, 1620;

HRMS (ESI*) calc. for CaiHzINsO, ([M+H]*): 476.0830; found: 476.0844; ([M+Na]*): 498.0649;

found: 498.0665;

[a]3%9 +9.7 (¢ 1.57, MeOH).
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8.6.11 Experimental Procedure for Compound 7.57

Compound 7.57 was prepared by adapting literature.?’

Q] (SnMes), QO SnMe,

Li,CO4
=\ Pd(PPha),(Cl); (20 mol%) HNT =
N 1,4-dioxane, 100 °C HN .~ N

H
(0] 6h X (e]
32%
7.36 7.57

[38 mg]

To a solution of 7.36 (110 mg, 1.0 equiv., 0.23 mmol), Li,CO3 (45 mg, 2.6 equiv., 0.60 mmol) and
(SnMes)2 (193 uL, 4.0 equiv., 0.93 mmol) in 1,4-dioxane (7.8 mL) sparged with nitrogen gas, was
added Pd(PPhs).Cl, (31 mg, 0.19 equiv., 0.044 mmol) at rt. The reaction was stirred for 6 h at
100 °C. Then the reaction was cooled then passed through a small pad of Celite and washed with
CH,CI; (15 mL). This was diluted with water (15 mL) and the layers were separated. The aqueous
was washed with CH2Cl, (15 mL x 2) and the combined organics were dried (Na.SO.) and
concentrated in vacuo. The crude residue was purified via column chromatography (silica gel,
petroleum ether 40/60:ethyl acetate, 1:1) to give the title compound (7.57) (38 mg, 0.074 mmol,

32%) as yellow solid.

O snMe;
HN)%
HN_ N
H
X [e)

Rs=0.11 (petroleum ether 40/60:ethyl acetate, 1:1), [UV, KMnO.];

IH NMR (600 MHz, CDCls) § 8.09 (1H, d, J = 6.2 Hz), 7.53 (1H, d, J = 7.8 Hz), 7.30 (1H, d, J =
8.0 Hz), 7.16 (1H, t, J = 7.5 Hz), 7.10 (1H, t, J = 7.5 Hz), 6.12 (1H, ddd, J = 17.6, 10.5, 2.0 Hz),
5.57 (1H, s), 5.15 (2H, dd, J = 13.9, 10.3 Hz), 4.56 — 4.47 (1H, m), 4.18 — 3.93 (2H, m), 3.71 (1H,
dd, J = 14.7, 3.6 Hz), 3.31 — 3.18 (1H, m), 2.81 (2H, t, J = 8.9 Hz), 1.54 (6H, d, J = 3.0 Hz), 0.21

(9H, d, J=2.2 Hz,) ppm;
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*Sn satellites observable at peak at 0.21 which corresponds to SnMes;

3C NMR (150 MHz, CDCl3) § 162.1, 157.8, 145.8, 141.7, 137.4, 136.5, 134.3, 128.8, 122.0, 120.0,

118.2, 112.3, 110.7, 104.7, 57.5, 46.5, 39.0, 34.2, 30.9, 27.9, 27.8, —8.4 ppm;

*satellites observable at peak at 46.5 beta to the tin peak at —9.0 corresponds to the methyl groups

from SnMe;z with Sn satellites also observable;

IR (film, cm™) 3355, 2967, 2923, 1667, 1618, 1438, 1316, 1253, 1054, 913, 770, 743;

HRMS (ESI*) calc. for CasH31N302'Sn ([M+H]"): 514.1512; found: 514.1501; ([M+Na]*):

536.1332; found: 536.1330.
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8.6.12 Experimental Procedure for Compound 7.42

Compound 7.42 was prepared under anhydrous conditions, by adapting the work of Matsuo??* and
Mukaiyama.???

I?h
(@] | | _S. O |

MezN)\NMez N7 cl
= 7.43 7.37 HN® =
N HN AN

CH,Cly, -78 °C, 3 h
o) 36% N o)

B
N u

7.36 7.42
[42.5 mg]

To a solution of compound 7.36 (120 mg, 1.0 equiv., 0.25 mmol) in CH,Cl, (6 mL) was added 2-t-
butyl-1,1,3,3-tetramethylguanidine (7.43) (0.10 mL, 2.0 equiv., 0.50 mmol) and the reaction cooled
to —78 °C with stirring. A solution of N-t-butylbenzenesulfinimidoyl chloride 7.37* (107 mg,
2.0 equiv., 0.50 mmol) in CH2Cl, (2.6 mL) was added dropwise over 10 minutes at —78 °C. After
stirring for 3 h at =78 °C the reaction was quenched by the addition of saturated aq. NaHCOs3
(10 mL) and the reaction was left to warm to room temperature over 1 h. The reaction mixture was
diluted with water (10 mL) and CH,ClI, (10 mL). The phases were separated and the aqueous layer
was back-extracted with CH,Cl, (3 x 10 mL). The combined organics were dried (Na.SO.) and
concentrated under reduced pressure. Two rounds of flash column chromatography (silica gel,
petroleum ether 40/60:ethyl acetate, 3:7) gave 7.42 contaminated with N-(phenylsulfinyl)-N-(tert-
butyl)amine. Flash column chromatography (silica gel, CH.ClI; to ethyl acetate/CH,Cl,, 1:9) gave

compound 7.42 (42.5 mg, 0.09 mmol, 36%) as a yellow glass.

9 [
HN)%
HN__A N
X [¢]

R+ = 0.33 (ethyl acetate:CHyCly, 1:9), [UV, KMnOy4];

IH NMR (500 MHz, CDCls) & 8.30 (1H, s), 7.61 (1H, s), 7.36 (LH, dt, J = 8.0, 0.9 Hz), 7.28 (1H,

ddt,J=7.9, 1.6, 0.8 Hz), 7.20 (1H, ddd, J = 8.2, 7.1, 1.3 Hz), 7.19 (1H, s), 7.15 (1H, ddd, J = 8.1,
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7.1, 1.2 Hz), 6.07 (1H, dd, J = 17.4, 10.6 Hz), 5.23 (1H, dd, J = 10.5, 0.9 Hz), 5.19 (1H, dd, J =

17.5, 0.9 Hz), 4.17 (2H, dd, J = 10.1, 8.6 Hz), 3.15 (2H, dd, J = 10.0, 8.7 Hz), 1.52 (6H, ) ppm;

3C NMR (126 MHz, CDCls) 6 154.5, 153.6, 144.3,144.1, 134.4,131.9, 126.1, 126.0, 122.6, 121.4,

119.2, 113.6, 111.4, 111.3, 103.4, 81.4, 46.1, 40.6, 39.4, 27.5 ppm;

IR (film, cm™) 2925, 2359, 1740, 1712, 1435, 1410, 1338, 1316, 1205, 1032, 749, 698;

HRMS (ESI*) calc. for CaiHaolNsO, ([M+H]*): 474.0673; found: 474.0678; ([M+Na]*): 496.0492;

found: 496.0476.
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8.6.13 Experimental Procedure for Compound 7.5

Compound 7.5 was prepared under anhydrous conditions, by adapting the work of Zhang and

coworkers.210

[0}

\ /) O’C“
17 mol%
NMP, 70 °C, 1 h
66%

ddE, (7.5)
[9.6 mg]

To a stirred solution of compound 7.36 (20 mg, 1.0 equiv., 42 pumol) in anhydrous NMP (0.4 mL)
at 70 °C was added copper(l) thiophene-2-carboyxlate (32 mg, 0.4 equiv., 170 umol). After 50
minutes the reaction was cooled to rt. The reaction mixture was diluted with ethyl acetate, washed
through a small plug of neutralised silica (silica was neutralised by passing through eluent of ethyl
acetate with 1% NEt;) with ethyl acetate and the filtrate was concentrated in vacuo. The crude
residue was purified via flash chromatography on neutralised silica (silica gel, ethyl acetate, 100 to
MeOH/ethyl acetate, 6:100) gave dimer 7.5 (9.6 mg, 18 umol, 66%) alongside dehydrodeoxy-

brevianamide E (4.45) (2.4 mg, 6.9 umol, 16%).

Rs=0.11 (ethyl acetate, 100), [UV, KMnO4];

Mp 158-162 °C;

IH NMR (500 MHz, CDCls) § 8.04 (1H, s), 7.52 (1H, d, J = 7.9 Hz), 7.31 (1H, d, J = 8.0 Hz), 7.16
(1H, ddd, J = 8.0, 7.0, 1.2 Hz), 7.13 — 7.07 (1H, m), 6.11 (1H, dd, J = 17.6, 10.5 Hz), 5.62 (1H, d,

J=1.9 Hz), 5.26 — 5.04 (2H, m), 4.45 (1H, dt, J = 11.1, 3.0 Hz), 4.01 (2H, tq, J = 10.2, 3.2 Hz),
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3.72 (1H, dd, J = 14.6, 3.5 Hz), 3.22 (1H, dd, J = 14.6, 11.1 Hz), 3.03 (2H, t, J = 9.4 Hz), 1.54 (6H,

s), 1.53 (6H, s) ppm;

3C NMR (125 MHz, CDCls) 6 162.7, 156.4, 145.8, 141.8, 134.4, 129.0, 128.0, 127.1, 122.2, 120.3,

118.4, 112.7, 110.9, 104.8, 57.3, 44.3, 39.2, 31.5, 30.7, 28.1, 28.0 ppm;

IR (film, cm™) 3345, 2958, 2924, 1669, 1432, 669;

HRMS (ESI*) calc. for CaHasNsOs ([M+H]"): 697.3497; found: 697.3495.
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8.6.14 Experimental Procedure for Compound 7.52

Compound 7.52 was prepared by adapting literature.?%

PhB(OH),
Cs,CO4
PACl,dppfCH,Cl, (10 mol%)

THF:H,0 (1:1)
85°C, 19h

65%

Compound 7.36 (19 mg, 1.0 equiv., 40 umol), PhB(OH): (7.3 mg, 1.5 equiv., 60 pumol), Cs,CO3
(18 mg, 1.4 equiv., 56 umol) and PdCl.dppf-CH.CI; (3.3 mg, 0.1 equiv., 4.0 umol) was cycled
under Ny three times in a Schleck flask. Then THF:H.O (1:1, 1 mL:1 mL) was added and the
reactions was heated to 85 °C and stirred for 19 h. The reaction was then cooled to rt and the solvent
was concentrated under reduced pressure. The aqueous phase was extracted with ethyl acetate
(5mL x 3), dried (MgSO,) and concentrated in vacuo. The crude residue was purified via
preparative TLC (silica gel, petroleum ether 40/60:ethyl acetate, 8:2) to afford the titled compound

(11 mg, 26 pmol, 65%) as slightly yellow oil.

R = 0.37 (petroleum ether 40/60: ethyl acetate, 8:2), [UV, KMnO4];

IH NMR (500 MHz, CDCl3) § 8.02 (1H, s), 7.57 (3H, ddd, J = 7.3, 4.7, 1.4 Hz), 7.36 — 7.28 (4H,
m), 7.17 (1H, ddd, J = 8.1, 7.0, 1.2 Hz), 7.11 (1H, ddd, J = 8.2, 7.1, 1.1 Hz), 6.15 (1H, dd, J = 17.4,
10.5 Hz), 5.66 — 5.60 (1H, m), 5.21 — 5.18 (1H, m), 5.17 (1H, d, J = 1.2 Hz), 4.53 (1H, ddd, J =
10.8, 3.7, 2.1 Hz), 4.09 — 3.99 (2H, m), 3.74 (1H, dd, J = 14.6, 3.6 Hz), 3.29 (1H, dd, J = 14.6, 10.6

Hz), 3.05 (2H, ddd, J = 10.1, 8.2, 1.8 Hz), 1.56 (6H, d, J = 1.7 Hz) ppm;
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3C NMR (125 MHz, CDCls) § 163.2, 157.0, 145.8, 141.7, 134.3, 134.2, 132.9, 129.0, 128.9, 128.8,

127.8,122.1, 120.1, 118.3, 112.5, 110.7, 104.7, 56.9, 43.2, 39.1, 33.0, 30.8, 30.3, 28.0, 27.9 ppm,;

HRMS (ESI*) calc. for C7H27N3O3 ([M+H]): 426.2178; found: 426.2180.
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8.6.15 Experimental Procedure for Brevianamide K (7.4)

Brevianamide K (7.4) was prepared under anhydrous conditions, by adapting the work of Matsuo?**

and Mukaiyama.??2

~tBu Ph

(0] | ‘

)\ )(//S\ 0
MeN” “NMe, N>l
HN™ = 7.43 7.37 HN™ 7=
HN. ~ N CH,Cly, ~78 °C, 3 h AN SN
. Ho 62% S el

(+)-dehydrodeoxybrevianamide E4.45 brevianamide K (7.4)
[61.8 mg]

To a solution of (+)-dehydrodeoxybrevianamide E (4.45) (100 mg, 1.0.equiv., 0.286 mmol) in
CH.CI; (5.0 mL) was added 2-t-butyl-1,1,3,3-tetramethylguanidine (7.43) (115 pL, 2.0 equiv.,
0.572 mmol) and the reaction cooled to —78 °C with stirring. A solution of N-t-
butylbenzenesulfinimidoyl chloride (7.37) (123 mg, 2.0 equiv., 0.572 mmol) in CHCl, (4.1 mL)
was added dropwise over 5 minutes at —78 °C. After stirring for 3 h at =78 °C the reaction was
guenched by the addition of saturated ag. NaHCO3 (15 mL) and the reaction was allowed to warm
to room temperature. The phases were separated and the aqueous layer was extracted with CH,Cl.
(3 x 15 mL). The combined organics were washed with brine (15 mL), dried (Na,SO,4) and
concentrated under reduced pressure. Flash column chromatography (silica gel, petroleum ether
40/60:ethyl acetate, 3:7 to 1:1 to ethyl acetate) gave brevianamide K (7.4) (61.8 mg, 0.178 mmol

62%) as a pale brown glass.

(0]

"
HN__ A~ =~ N

A (0]
R =0.13 (petroleum ether 40/60: ethyl acetate, 1:1), [UV, KMnO4];

'H NMR (500 MHz, CHCls) 5 8.47 (1H, ), 7.58 (1H, 5), 7.35 (1H, dt, J = 8.0, 1.0 Hz), 7.29 - 7.26

(1H, m), 7.20 (1H, s), 7.17 (1H, dd, J = 8.0, 1.3 Hz), 7.13 (1H, td, J = 7.5, 1.2 Hz), 6.23 (1H, t, J =
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3.2 Hz), 6.05 (1H, dd, J = 17.4, 10.5 Hz), 5.20 (1H, dd, J = 10.6, 1.0 Hz), 5.21 - 5.13 (1H, dd, J =

10.6, 1.0 Hz), 4.19 (2H, dd, J = 9.8, 8.6 Hz), 2.87 (2H, ddd, J = 9.8, 8.5, 3.2 Hz), 1.51 (6H, s) ppm;

B3C NMR (126 MHz, CDCl3) § 155.2, 154.4, 144.4, 144.0, 134.5, 134.0, 126.4, 126.1, 122.5, 121.2,

119.8, 119.1, 1135, 111.4, 111.2, 103.3, 45.9, 39.4, 28.3, 27.5 ppm;

IR (film, cm™) 3312, 2963, 2922, 2853, 1668, 1636, 1616, 1409, 1350;

HRMS (ESI*) calc. for C21H21N302 ([M+H]*): 348.1707; found: 348.1697; ([M+Na]*): 370.1526;

found: 370.1516;

Spectroscopic data matched literature values.'%
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8.6.16 Experimental Procedure for Compound 7.48

Compound 7.48 was prepared by adapting literature.?’

0, e O s
HN)% Pd(PPha)(Cl), (20 mol%) HN)%
HN AN A N 1,4-dioxane, 100 °C  HNNA NN
« g 5h « J
63%

7.42 7.48
[17.6 mg]

To a solution of 7.42 (26 mg, 1.0 equiv., 55 pmol), Li.CO; (11 mg, 2.6 equiv., 140 umol) and
(SnMejs)2 (46 pL, 4.0 equiv., 22 umol) in 1,4-dioxane (1.8 mL) sparged with nitrogen gas, was
added Pd(PPhs).Cl, (2 mg, 0.19 equiv., 2.7 umol) at rt. The reaction was stirred for 5 h at 100 °C.
Then the reaction was cooled, then passed through a small pad of Celite and washed with CH,Cl,
(5 mL). This was diluted with water (5 mL) and the layers were separated. The aqueous was washed
with CH2Cl, (10 mL x 2) and the combined organics were dried (Na;SO4) and concentrated in
vacuo. The crude residue was purified via column chromatography (silica gel, petroleum ether
40/60:ethyl acetate, 8:2) to give the titled compound (7.48) (17.6 mg, 34.3 umol, 63%) as slightly

yellow oil.

o SnMe;

O,
HN__ AN

X (0]

Rf=0.17 (petroleum ether 40/60: ethyl acetate, 8:2), [UV, KMnQOg4];

IH NMR (600 MHz, CDCls) & 8.26 (1H, s), 7.53 (1H, s), 7.33 (1H, dt, J = 8.1, 0.9 Hz), 7.30 (H,
ddd, J = 7.4, 1.6, 0.7 Hz), 7.19 — 7.16 (2H, m), 7.15 (1H, d, J = 1.6 Hz), 6.11 — 6.05 (1H, m), 5.22
(1H, dd, J = 10.6, 0.9 Hz), 5.19 (1H, dd, J = 17.4, 0.9 Hz), 4.14 (2H, dd, J = 9.5, 8.3 Hz), 2.96 —

2.89 (2H, m), 1.57 — 1.56 (6H, m), 0.23 (9H, s) ppm;

*Sn satellites observable at peak at 0.23 which corresponds to SnMes;
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3C NMR (150 MHz, CDCl3) § 155.5, 154.5, 144.4, 143.5,139.3, 137.3, 134.3, 126.9, 126.1, 122.3,

121.1, 119.0, 113.3, 111.1, 110.2, 103.5, 46.7, 40.9, 39.2, 34.5, 32.0, 30.3, 27.4, -8.5 ppm;

*satellites observable at peak at 46.7 beta to the tin and peak at —8.44 corresponds to the Sn atom

with satellites also observable;

IR (film, cm™) 3298, 2969, 2928, 1674, 1619, 1441, 1316, 1054, 743;

HRMS (ESI) calc. for C2sH2oN3022°Sn ([M+Na]*): 534.1174; found: 534.1173.
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Chapter 9: Chiral HPLC Data

9.1 Chiral HPLC Chapter 2

9.1.1 Chromatograms of Compound (+)-1.24

NJ\ )\l\‘lj\ (2 equiv.)
H

4 n-Buli(1.6 M, 2 equiv.) ROV
O HOm OH
THF, ~781t0 0 °C, 4 h
Va

54%
e.r. 50:50

(£)-1.20

e.r. 50:50
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

try = 8.18 min, tr2 = 9.08 min.

\Y2
[Detector A Ch2 210nm
3500

3000
2500
2000
1500+

1000+

N

-500-

T T T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Peak # Ret. Time Area Height Conc. Area %
1 8.184 6883960 726032 50.131 50.131
2 9.082 6847906 638392 49.869 49.869
Total 13731866 1364424 100.000 100.000




9.1.2 Chromatograms of Dimerisation Using Chiral Amine A

e.r. 82:18

A

\ Ph (2 equiv.)

n-BuLi (1.6 M, 2 equiv.)

THF, -78t0 0 °C,4h

57%
e.r. 82:18

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tr1 =9.21 min, trz = 10.10 min.

e

mv.
JDetector A Ch2 210nm
3250

3000
2750
25005
22507
2000]
1750
15007
12509
10007
750
5003

250

Peak # Ret. Time Area Height Conc. Area %
1 9.210 6943327 807282 81.828 81.828
2 10.096 1541929 155899 18.172 18.172
Total 8485256 963181 100.000 100.000
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9.1.3 Chromatograms of Dimerisation Using Chiral Amine B

A e 2o 1
NJ\ Ph N CF3 (2 equiv.) Y N

H
H n-BuLi (1.6 M, 2 equiv.)
o
THF, -78t0 0 °C,4 h

40%
e.r. 76:24

e.r. 76:24
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tre = 9.54 min, tr2 = 10.41 min

mv
500 2225CI0r A ChZ Z10mm]
sunoé
45005
auuoé
3500%
30005
2500%
zunoé

1500

1000
™ A/k
o]

T T T T T T T T T T
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Peak # Ret. Time Area Height Conc. Area %
1 9.544 6103268 739599 75.762 75.762
2 10.409 1952544 209722 24.238 24.238
Total 8055812 949321 100.000 100.000
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9.1.4 Chromatograms of Dimerisation Using Chiral Amine E

e.r. 28:72

~t-Bu

J\ HIY (2 equiv.)
N ,»”!“~\,f' N

H n-BuLi (1.6 M, 2 equiv.)

THF, -78t0 0 °C, 4 h

46%

e.r. 28:72

(£)-1.20

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tre = 8.49 min, tr2 = 9.34 min.

Vv

AT
H, N

32504
3000
2750]
25003
22504
2000
1750
1500
1250

10003

m
Detector A Ch2 210nm

Peak # Ret. Time Area Height Conc. Area %
1 8.493 5153323 556021 28.409 28.409
2 9.338 12986377 1203557 71.591 71.591
Total 18139700 1759578 100.000 100.000
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9.1.5 Chromatograms of Dimerisation Using Chiral Amine A

NJ\ Ph™ N Ph (2 equiv.) \N( NJ\
Q)LH n-BuLi (1.6 M, 2 equiv.) RVANG
° Et,0,-78t0 0 °C,4 h OH
39%
()1.20 e-r. 2377 1.24
e.r. 23.73
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
try = 9.66 min, tr, = 10.47 min.
zzsrﬁw
Peak # Ret. Time Area Height Conc. Area %
1 9.656 1004700 4307783 23.323 23.323
2 10.471 3303082 348054 76.677 76.677
Total 4307783 472338 100.000 100.000
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9.1.6 Chromatograms of Dimerisation Using Chiral Amine A

J\ Ph/LN/\Ph (2 equiv.)
N H

H n-BuLi (1.6 M, 2 equiv.)

s

2-M-THF, -78to 0 °C,4 h OH
51%
()-1.20 e 8317 1.24
e.r.83:17
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
tre = 9.24 min, tre = 10.13 min.
SSOOEI;/Elecmr A Ch2 210nm
Peak # Ret. Time Area Height Conc. Area %
1 9.241 23788766 2691757 83.060 83.060
2 10.133 4851552 532601 16.940 16.940
Total 28640318 3224358 100.000 100.000
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9.1.7 Chromatograms of Dimerisation Using Chiral Amine A

TMEDA (2 equiv.)

NJ\ Ph/g\l\‘l/‘\Ph (2 equiv.) Y NJ\

H
H
cg)k

n-BuLi (1.6 M, 2 equiv.)
()-1.20

THF, -78t0 0 °C, 4 h

47%
e.r. 80:20

e.r. 80:20
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

try = 9.57 min, tre = 10.44 min.

myv

-Detector A Ch2 210nm
4000

3500;
3000;
2500;
2000;
1500;

1000-]

™ I\V—ZLQVAA—
o

T T T T T T T T T T T
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Peak # Ret. Time Area Height Conc. Area %
1 9.568 3269672 386133 79.544 79.544
2 10.437 840854 90075 20.456 20.456
Total 4110526 476208 100.000 100.000
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9.1.8 Chromatograms of Dimerisation Using Chiral Amine A

e.r. 86:14

/,L\\\ Ph
N

LiCl (2 equiv.)

/\N Ph (2 equiv.)

n-BuLi (1.6 M, 2 equiv.)

OQA.

(£)-1.20

THF, -78t0 0 °C,4h

51%
e.r. 86:14

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tr1 = 9.48 min, tr, = 10.36 min.

v
4000%
3500%
3000%
2500%
2000%
1500%
1000%

500-]

“Detector A Ch2 210nm

e

1.24

B

Peak # Ret. Time Area Height Conc. Area %
1 9.483 7805790 934049 85.539 85.539
2 10.360 1319661 150945 14.461 14.461
Total 9125452 1084993 100.000 100.000
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9.1.9 Chromatograms of Dimerisation Using Chiral Amine A

12-Crown-4 (2 equiv.)

J\ Ph/\N/LPh (2 equiv.)
N

n-BuLi (1.6 M, 2 equiv.)

ek

THF, -78t0 0 °C,4 h OH
(£)-1.20 e.r.4%?:20 1.24
e.r. 80:20
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
tre = 9.49 min, trz = 10.39 min.
Gsmééelemmcmmnm
CH
Peak # Ret. Time Area Height Conc. Area %
1 9.492 26973537 3208853 80.160 80.160
2 10.387 6675943 747773 19.840 19.840
Total 33649480 3956626 100.000 100.000
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9.1.10 Chromatograms of Dimerisation Using Chiral Amine A

e.r. 75:25

OQAH

J\ Ph/\‘
N H

N

J\Ph

(2 equiv.)

n-BuLi (1.6 M, 2 equiv.)

(+)-1.20

THF, -78t0 0 °C, 16 h

50%

e.r. 75:25

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tr1 = 9.48 min, tr2 = 10.35 min.

v

T

1.24

m
11000-{Detector A Ch2 210nm

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

I\

T T
1.0 20

T
4.0

T
5.0

T
6.0

Peak # Ret. Time Area Height Conc. Area %
1 9.480 22060560 2480690 75.414 75.414
2 10.345 7191911 769043 24.586 24.586
Total 29252470 3249733 100.000 100.000

300



9.1.11 Chromatograms of Dimerisation Using Chiral Amine A

A
Ph™ N"Ph (1 equiv) J\

H
Q)H, n-BuLi (1.6 M, 1 equiv.)
o
THF, -7810 0 °C, 4 h

OH
(#)-1.20 e.r.4g?:15 1.24
e.r.85:15
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
tre = 9.32 min, trz = 10.19 min.
etecior A Ch 2Tomm
Peak # Ret. Time Area Height Conc. Area %
1 9.323 17974557 2076631 85.642 85.642
2 10.191 3013487 339597 14.358 14.358
Total 20988043 2416228 100.000 100.000
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9.1.12 Chromatograms of Dimerisation Using Chiral Amine A

e.r.61:39

n-BuLi (1.6 M, 2 equiv.)

Ph (2 equiv.)

THF, -40to 0 °C,4h

52%

(£)-1.20 e.r. 61:39

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tr1 = 8.94 min, tr2 = 9.80 min.

\

ek

1.24

11000~ Detector A Ch2 210nm

10000%
9000%
soooé
7000%
eoooé
soooé
aoooé
3000%
zoooé

1000

Peak # Ret. Time Area Height Conc. Area %
1 8.937 12312365 1283461 60.557 60.557
2 9.800 8019575 767003 39.443 39.443
Total 20331940 2050464 100.000 100.000
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9.1.13 Chromatograms of Dimerisation Using Chiral Amine A

NJ\ Ph/iw/LPh (2 equiv.) Y NJ\

H |

H, N
H n-BuLi (1.6 M, 2 equiv.) N
O HOm OH
THF, -90to 0 °C,4 h
V

52%
(£)-1.20 e.r. 86:14 1.24

e.r. 86:14

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tr1 = 9.40 min, tr2 = 10.31 min.

my

Detector A Ch2 210nm
8000

7000;
6000;
SDDOE
4000;
3000;
ZDDOE

1000

Peak # Ret. Time Area Height Conc. Area %
1 9.402 16889822 1962576 86.041 86.041
2 10.308 2740069 306088 13.959 13.959
Total 19629891 2268663 100.000 100.000
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9.1.14 Chromatograms of Dimerisation Using Chiral Amine A

J\ Ph/\N/LPh (2 equiv.)
N H

H n-BuLi (1.6 M, 2 equiv.)

s

THF, -95t0 0 °C,4h OH
(£)-1.20 e.r.5%:1o 1.24
e.r.90:10
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
trr = 9.13 min, tr2 = 10.04 min
Peak # Ret. Time Area Height Conc. Area %
1 9.134 18347236 2113152 90.061 90.061
2 10.035 2024787 225584 9.939 9.939
Total 20372023 2338735 100.000 100.000
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9.1.15 Chromatograms of Dimerisation Using Chiral Amine A

A e 1
Ph N Ph (2 equiv.
NJ\ }l' ( q ) Y "\“
N
H n-BulLi (1.6 M, 2 equiv.) L2VAN
(0]
THF, -100to 0 °C,4 h

52%
(+)-1.20 e.r. 80:20 1.24

e.r. 80:20

Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm

tre = 7.79 min, tr2 = 8.71 min.

45C,CFE\)/eleclor A Ch2 210nm
4000
3500+
3000+
2500+
2000+
1500+
1000

500

T T T T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 110 min

Peak # Ret. Time Area Height Conc. Area %
1 7.788 21420484 2171085 79.557 79.557
2 8.709 5504162 2715422 20.443 20.443
Total 26924646 2715422 100.000 100.000
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9.1.16 Chromatograms of Dimerisation Using Chiral Amine A

LiCl (2 equiv.)
Wl
J\ Ph” N Ph (2 equiv.) J\
N ‘ e

H
Q)LH n-BuLi (1.6 M, 2 equiv.)
o
THF, -95t0 0 °C, 4 h

OH
42%
(+)-1.20 e.r. 84:16 1.24
e.r. 84:16
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
try = 9.51 min, trz = 10.38 min.
7000,t\>/etec|or A Chz 210nm
N
Peak # Ret. Time Area Height Conc. Area %
1 9.505 26609729 3143213 83.665 83.665
2 10.377 5195264 557188 16.335 16.335
Total 31804993 3700401 100.000 100.000
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9.1.17 Chromatograms of Compound 2.20

e T
H., N U silica gel H., N U
HO M CHyCh it 4 HOO'OH
% 92% %
(£)-1.24 e.r. 70:30 (£)-2.20
e.r. 30:70
Chiralpak 1D, 100 hexane, 0.8 mL min, A 210 nm
try = 10.12 min, trz = 10.76 min.
100(}I¥etecwr A Ch2 210nm
Peak # Ret. Time Area Height Conc. Area %
1 10.122 1775199 148899 29.763 29.763
2 10.762 4189163 273896 70.237 70.237
Total 5964362 422795 100.000 100.000
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9.2 Chiral HPLC Chromatograms Chapter 4

9.2.1 Chromatograms of Compound (%)-1.31 and (z)-3.46

= H 0

(¥)-major tentatively proposed
1.31 structure of
minor (1)-3.46

Chiralpak OD-H, 87:13 hexane/IPA, 0.5 mL min?, injection volume 2 pL, run time 30 min, A =

265 nm, t; = 15.59 min (minor), t. = 18.30 min (minor), tz= 21.02 min (hetero), t4= 23.27 min

(hetero).

V.
Detector A Ch2 265nm

7.5
5.0+
2.5+

0.0

e e s e L e e e LA e e e e e L e e B s s e e e NN
0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0 225 25.0

Peak # Ret. Time | Area Height Conc. Area %
1 (minor) 15.590 86861 3880 5.617 5.617
2 (minor) 18.299 87716 3583 5.672 5.672
3 (major) 21.015 679232 20719 43.922 43.922
4 (major) | 23.265 692643 21729 44.789 44.789
Total 1546452 49911 100.000 100.00
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9.3 Chiral HPLC Chromatograms Chapter 5

9.3.1 Chromatograms of (+)/(-)-Brevianamide Y (4.4)

(+)-brevianamide Y (4.4)

e.r 40:60

Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min, A 254 nm

try = 11.26 min, trz = 14.52 min.

(-)-brevianamide Y (4.4)

v
Detector A Chl 260nm

5.0

min

Peak # Ret. Time Area Height Conc. Area %
1 11.264 3110505 48513 39.948 39.948
2 14.516 4675856 88917 60.052 60.052
Total 7786361 137430 100.000 100.000
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9.3.2 Chromatograms of (+)-Brevianamide Y (4.4)

(+)-brevianamide Y (4.4)

e.r. 95:5

Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min™, A 254 nm

tRmajor = 1106 min, tRminor = 1466 mln

mv.
Detector A Ch1 260nm
250

225+
200
175+
150
125+

100

5.0

Peak # Ret. Time Area Height Conc. Area %
1 11.059 6961488 251749 95.367 95.367
2 14.657 338197 7868 4.633 4.633
Total 7299684 259617 100.000 100.000
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9.3.3 Chromatograms of (+)-Brevianamide Y (4.4)

(+)-brevianamide Y (4.4)

e.r. 98:2* liquor after recrystalisation

Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min, A 254 nm

tRmajor = 1266 min, tRminor = 1578 mln

my
Detector A Ch1 260nm
650

600
550
500
450
400
350
3004
250+
200+
150+

100+

Peak # Ret. Time Area Height Conc. Area %
1 12.658 11230063 329769 97.732 97.732
2 15.781 260570 8559 2.268 2.268
Total 11490633 338327 100.000 100.000
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9.3.4 Chromatograms of Brevianamide Y (4.4)

(+)-brevianamide Y (4.4)

(-)-brevianamide Y (4.4)

e.r. 50:50* prism crystals used for X-ray crystallography

Chiralpak IC, 50:50 EtOH/hexane, 1.0 mL min™, A 254 nm

try = 12.37 min, trz = 15.78 min.

my
Detector A Chl 260nm
25.0+

22.5+
20.0+
17.54
15.04
12.5
10.04

7.5+

5.0

Peak # Ret. Time Area Height Conc. Area %
1 12.372 390639 11786 50.286 50.286
2 15.778 386190 10996 49.714 49.714
Total 776829 22782 100.000 100.000
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9.3.5 Chromatograms of (-)-Brevianamide Y (4.4)

(-)-brevianamide Y (4.4)

e.r. 98:2

Chiralpak IC, 42:58 EtOH/hexane, 1.0 mL min™, A 254 nm

tRminor = 1159 mln, tRmajor = 1442 mln

350

325

300

275

250+

2254

200

175+

150

125

100

v
Detector A Chl 260nm

Peak # Ret. Time Area Height Conc. Area %
1 11.594 217087 9163 1.997 1.997

2 14.422 10654930 345601 98.003 98.003
Total 10872017 354764 100.000 100.000
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9.3.6 Chromatograms of (+)/(-)-Brevianamide Z (5.3)

(+)-brevianamide Z (5.3)

e.r. 60:40

Chiralpak IC, 25:75 EtOH/hexane, 1.0 mL min™, A 254 nm

try = 20.13 min, trx = 22.87 min.

(-)-brevianamide Z (5.3)

my
400 Detector A Chl 260nm |
350-]
300-]
250-]
200-]
150-]

100

Peak # Ret. Time Area Height Conc. Area %
1 20.134 7655394 192056 60.169 60.169
2 22.868 5067767 121468 39.831 39.831
Total 12723161 313524 100.000 100.000
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9.3.7 Chromatograms of (+)-Brevianamide Z (5.3)

(+)-brevianamide Z (5.3)

e.r. 85:15

Chiralpak IC, 25:75 EtOH/hexane, 1.0 mL min™, A 254 nm

tRminor = 1973 mln, tRmajor = 2294 mln

my.
IIO,DE‘EC'DT A Ch1 260nm

100

80
70
60
50
40
30

20

5.0

Peak # Ret. Time Area Height Conc. Area %
1 19.726 376405 11409 14.516 14.516
2 22.944 2216619 53113 85.484 85.484
Total 2593024 64522 100.000 100.000

317




9.3.8 Chromatograms of (-)-Brevianamide Z (5.3)

(-)-brevianamide Z (5.3)

e.r. 92:8

Chiralpak IC, 25:75 EtOH/hexane, 1.0 mL min, A 254 nm

tRmajor = 2001 min, tRminor = 2298 mln

mv
300~ {Detector A Ch1 260nm

275+
250
225+
200
175+
150
125+

100

Peak # Ret. Time Area Height Conc. Area %
1 20.009 5538964 143716 91.868 91.868
2 22.981 490327 13398 8.132 8.132
Total 6029291 157114 100.000 100.000
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10.1 NMR Spectra Chapter 2

10.1.1 *H NMR Spectrum of Compound (+)-2.1 (600 MHz, CDCls)

| ' | )

S 8 @&
2 s S

1.
0,981

T T T T T T T T T T T T T T T T T T T
105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
f1 (ppm)

10.1.2 BC NMR Spectrum of Compound (+)-2.1 (150 MHz, CDCls)

T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90

T T T T T T T T
80 70 60 50 40 30 20 10
f1 (ppm)
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10.1.3 *H NMR Spectrum of Compound (+)-2.9 (500 MHz, CDCls)

d.r. 86:14

44 £343 o

‘1.0 16.5 1(‘].0 9‘.5 9.0 8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5.5 S‘.O 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 l;.S
f1 (ppm)
10.1.4 BC NMR Spectrum of Compound (+)-2.9 (125 MHz, CDCls)
(0]
H
0

d.r. 80:20

‘10 2‘00 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 1‘00 9‘0 80 7‘0 f;O 5‘0 ‘;O 3‘0 2‘0 ]10 :

f1 (ppm)
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10.1.5 *H NMR Spectrum of Compound (+)-2.13 (600 MHz, CDCls)

d.r. 79:21

T 10T L

0.20- | —

T T T T T T T T T T T T T
1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
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10.1.6 *H NMR Spectrum of Compound (+)-1.20 (500 MHz, CDCls)

O;%'H

d.r. 78:22

: JEETe !

ooooo

| 022z

T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

10.1.7 BC NMR Spectrum of Compound (+)-1.20 (125 MHz, CDCls)

O;%'H

d.r. 78:22

000
Jafagal
. 000
<+ R ©oN  @Nwny N +
o~ Nen n—=oanNo Q®®© =N
5 NS Hddowm T om N
B RRR  bbihnihk NENEN - a
T T T T T T T T T T T T T T T
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10.1.8 *H NMR Spectrum of Compound (+)-2.10 (500 MHz, CDCls)
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10.1.10 *H NMR Spectrum of Compound (+)-2.14 (500 MHz, CDCls)
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10.1.12 *H NMR Spectrum of Compound (+)-2.17 (400 MHz, CDCls)
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10.1.14 *H NMR Spectrum of Compound (+)-1.24 (600 MHz, CDCls)
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10.1.16 *H-'H COSY Spectrum of Compound (z)-1.24 (CDCls)
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10.1.18 3C DEPT Spectrum of Compound (#)-1.24 (CDCls)

T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

328



10.1.19 *H NMR Spectrum of Compound (+)-2.19 (400 MHz, CDCls)
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10.1.21 *H NMR Spectrum of Compound (+)-2.20 (500 MHz, CDCls)

L

i [

g EA i g 14 bl
‘2.0 1‘1.5 1‘1.0 16.5 16.0 9‘.5 9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 £.0 1‘.5 1‘.0 0‘.5 d.D (;.5 1‘
f1 (ppm)
10.1.22 C NMR Spectrum of Compound (+)-2.20 (125 MHz, CDCls)
s
N ‘||
HO,,, L _.OH
>
L | J ‘ l.' " AA ]
% & & de 1) ION!
‘ 2‘00‘ 1‘90‘ 1‘80‘ 1‘70‘ 1‘60‘ 1‘50‘ 1‘40 1‘30‘ 1‘20‘ 1‘10‘ 1‘00‘ S;O éO 7‘0 ‘ éO ‘ 5‘0 4‘;0 3“0 ‘ 2‘0 1‘0 b
f1 (ppm)



10.1.23 *H-'H COSY Spectrum of Compound (z)-2.20 (CDCls)
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10.1.25 *H-*C HMBC Spectrum of Compound (+)-2.20 (CDCls)
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10.1.27 *H NMR Spectrum of Compound (%)-2.3 (500 MHz, CDCl5)
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10.1.29 *H NMR Spectrum of Compound (%)-2.4 (400 MHz, CDCl5)
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10.1.31 *H NMR Spectrum of Compound 2.25 (600 MHz, CDCls)
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10.1.33 *H NMR Spectrum of Compound 2.26 (500 MHz, CDCls)
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10.1.35 *H NMR Spectrum of Chiral Amine B (600 MHz, CDCls)
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10.1.37 *H NMR Spectrum of Chiral Amine C (600 MHz, CDCls)
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10.1.38 3C NMR Spectrum of Chiral Amine C (150 MHz, CDCls)
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10.1.39 *H NMR Spectrum of Chiral Amine D (500 MHz, CDCls)
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10.2 NMR Spectra Chapter 3

10.2.1 *H NMR Spectrum of Compound 3.1 (400 MHz,

o CDCls)
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10.2.3 *H NMR Spectrum of Compound 3.8 (400 MHz, CDCls)
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10.2.5 *H NMR Spectrum of Compound 3.65 (500 MHz, CDCls)
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10.2.7 *H NMR Spectrum of Compound 3.32 (500 MHz, CDCls)
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10.2.9 *H NMR Spectrum of Compound 3.33 (600 MHz, CDCls)
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10.2.11 *H NMR Spectrum of Compound 3.43 (600 MHz, CDCls)

Oijojj@(
.S
o O

7N

|

g 2 iy iy 4 ST
< w N @ - M nmonN
& 4 s e S & e
T T T T T T T T T T T T T T T T T T T T T T
1.0 105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.
1 (ppm)
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10.2.13 *H NMR Spectrum of Compound 3.34 (600 MHz, CDCls)

1.98T
2121

100 =
1.02]  =—

oooooooo

T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f1 (ppm)
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10.2.15 *H NMR Spectrum of Compound 3.44 (600 MHz, CDCls)
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10.2.17 *H NMR Spectrum of Compound 3.35 (600 MHz, CDCls)
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10.2.19 *H NMR Spectrum of Compound 3.6 (500 MHz, CDCls)
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10.2.20 3C NMR Spectrum of Compound 3.6 (150 MHz, CDCls)

0]

I
OTBS

000
Jafyafrat
o © - 000
R R in ® o~ o < Nmow© o
o @ o RESEED] N NeANA ]
@ ] S NN ~ RN "
= = = ININEIN 8] NN
T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 10

f1 (ppm)

350



10.2.21 *H NMR Spectrum of Compound 3.36 (500 MHz, CDCls)
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10.2.23 *H NMR Spectrum of Compound 3.45 (500 MHz, CDCls)
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10.2.25 *H NMR Spectrum of Compound 3.38 (500 MHz, CDCls)
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10.2.27 *H NMR Spectrum of Compound 1.27 (800 MHz, CDCls)
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10.2.29 *H NMR Spectrum of Compound (+)-1.31 (800 MHz, CDCls)
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10.2.31 *H-'H COSY Spectrum of Compound (z)-1.31 (CDCls)
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10.2.33 *H-*C HMBC Spectrum of Compound (+)-1.31 (CDCls)
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10.2.35 1H NMR Spectrum of Compound (%)-3.46 (800 MHz CDCls)
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10.2.36 *H NMR Spectrum of Compound 3.42 (500 MHz, CDCls)
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10.2.38 *H NMR Spectrum of Compound 3.37 (500 MHz CDCls)
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10.2.40 *H-'H COSY Spectrum of Compound 3.37 (CDCls)
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10.2.42 3C DEPT Spectrum of Compound 3.37 (CDCls)
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10.2.43 *H NMR Spectrum of Compound (-)-3.51 (600 MHz CDCls)
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10.2.45 'H NMR Spectrum of Compound (-)-3.50 (600 MHz CDCls)
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10.2.46 *H NMR Spectrum of Compound (-)-3.56 (600 MHz CDCls)
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10.2.48 'H NMR Spectrum of Compound (-)-3.52 (600 MHz CDCls)
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10.2.50 *H NMR Spectrum of Compound (-)-3.48 (500 MHz CDCls)
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10 2.52 'H NMR Spectrum of Compound (-)-3.55 (500 MHz CDCls)
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10.2.54 'H NMR Spectrum of Compound (-)-3.57 (500 MHz CDCls)
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10.3 NMR Spectra Chapter 5

10.3.1 *H NMR Spectrum of Compound 5.12 (600 MHz, CDCls)
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10.3.3 *H NMR Spectrum of Compound 4.72 (600 MHz, CDCls)
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10.3.5 *H NMR Spectrum of Compound 4.73 (500 MHz, CDs;OD)
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10.3.7 *H NMR Spectrum of Compound 4.75 (500 MHz, CD:Cly)
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10.3.9 'H NMR Spectrum of (+)-Dehydrodeoxybrevianamide E 4.45 (500
MHz, CDCl3)
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10.3.11 *H NMR Spectrum of Compound 4.74 (500 MHz, CDCls)
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10.3.13 *H NMR Spectrum of 3-Chloro-3-methyl-1-butyne (5.16) (500
MHz, CDCl3)
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10.3.15 *H NMR Spectrum of 1,1-Dimethylallene (5.17) (500 MHz,
CDCls)
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10.3.17 *H NMR Spectrum of t-BuOCI (500 MHz, CDCls)
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10.3.19 *H NMR Spectrum of (+)-Dehydrobrevianmide E (4.69) (500
MHz, CDCls)

L L

{4y i & ; 7 it

I
A
oo
)
T
4.0

T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f1 (ppm)

10.3.20 *C NMR Spectrum of (+)-Dehydrobrevianmide E (4.69) (125
MHz, CDCl3)

i
Ty

|
Il

T T T T T T T T T T T T T T T T T T T T T
110 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

380



10.3.21 *H NMR Spectrum of Compound 5.23 (500 MHz, CDCls)
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10.3.23 *H NMR Spectrum of Compound 5.23 (500 MHz, (CD3)2SO)
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10.3.25 *H NMR Spectrum of Compound 5.24 (500 MHz, CDCls)
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10.3.27 *H-'H COSY Spectrum of Compound 5.24 (CDCls)
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10.3.29 *H-*C HMBC Spectrum of Compound 5.24 (CDCls)
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10.3.31 *H NMR Spectrum of Compound 5.25 (500 MHz, CDCls)

0.80-=
2.831

i+
107
0.84-%

0.74= —_—

o
; #
—_—

T T T T T T T T T T T T T T T T T
11,5 11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

|
[ |
| 1 |

| L H ]

d 44 Sy d TN L noooale

d 2 5 g EEEPEE R 3 P

2 g 5 5% 8 S988Ea% g4 $9a
T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

f1 (ppm)



10.3.33 'H-'H COSY Spectrum of Compound 5.25 (CDCls)
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10.3.35 'H-*C HMBC Spectrum of Compound 5.25 (CDCls)
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10.3.37 *H NMR Spectrum of Brevianamide Y (4.4) (500 MHz,
(CD3)2S0)
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10.3.39 'H-'H COSY Spectrum of Brevianamide Y (4.4) ((CD3).SO)
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10.3.41 *H-*C HMBC Spectrum of Brevianamide Y (4.4) ((CD3).SO)
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10.3.43 *H NMR Spectrum of Brevianamide Z (5.3) (500 MHz,

(CD3).S0O)
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10.3.45 'H-'H COSY Spectrum of Brevianamide Z (5.3) ((CDs3)2SO)
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10.3.47 *H-*C HMBC Spectrum of Brevianamide Z (5.3) ((CD3)2SO)
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10.4 NMR Spectra Chapter 6

10.3.23 *H NMR Spectrum of Compound 6.1 (500 MHz, CDCl=)
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10.3.25 'H NMR Spectrum of Compound 6.1 (500 MHz, (CD3).SO)
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10.3.26 *H NMR Spectrum of Compound 6.5 (500 MHz, CDCls)

N\
HO
0 NH
N
o}
H grease
|
‘\
Lk | j |
I b
9‘.5 9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 é.S é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2.0 1‘ 5 1‘ 0 d.S
f1 (ppm)

10.3.27 3C NMR Spectrum of Compound 6.5 (125 MHz, CDCls)

HO

o | | | TR m
| L L
d 44 4 $ ddad ] Lo LYo N

T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0 -10
f1 (ppm)



10.3.28 'H NMR Spectrum of Compound 6.5 (500 MHz, (CD3).SO)
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10.3.30 *H-'H COSY Spectrum of Compound 6.5 (CDCls)
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10.3.32 'H-3C HMBC Spectrum of Compound 6.5 (CDCls)
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10.5 NMR Spectra Chapter 7

10.5.1 *H NMR Spectrum of Compound 7.15 (500 MHz, CDCls)
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10.5.3 *H NMR Spectrum of Compound 7.14 (500 MHz, CDCls)
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10.5.4 *H NMR Spectrum of Compound 7.16 (500 MHz, CDCls)
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10.5.6 *H NMR Spectrum of Compound 7.24 (500 MHz, CDCls)
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10.5.8 *H NMR Spectrum of Compound 7.25 (500 MHz, CDCls)
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10.5.10 *H NMR Spectrum of Compound 7.32 (600 MHz, CDCls)
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10.5.12 *H NMR Spectrum of Compound 7.56 (500 MHz, CDCls)
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10.5.14 3P NMR Spectrum of Compound 7.56 (200 MHz, CDCls)
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10.5.15 *H NMR Spectrum of Compound 7.41 (500 MHz, CDCls)
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10.5.17 *H NMR Spectrum of Compound 7.37 (500 MHz, CDCls)
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10.5.18 *H NMR Spectrum of Brevianamide K (7.4) (500 MHz, CDCls)

0O

D
HN__ A~ N
™ (@]
g
‘1.0 16.5 16.0 9.5 9.0 8‘.5 8.0

10.5.19 3C NMR Spectrum of Brevianamide K (7.4) (125 MHz, CDCls)

o)

D
HN AN AN

L hdMA,

144.41
143.98
77.41 CDCI
77.16 CDCI
76.91 CDCI.
45.91
39.35

28.30
27.49

T T T T T
200 190 180 170 160

w |
S}

411



10.5.20 *H-'H COSY Spectrum of Brevianamide K (7.4) (CDCls)

o)
HNJ\® o
HN AN AN
AN

0 ' L

® 0}

o 2

B
E ]

Lo
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f2 (ppm)

10.5.21 *H-3C HSQC Spectrum of Brevianamide K (7.4) (CDCls)

¥ uum T JM
:HN/i”J\@ | ﬁ .

= 9 : ':ggéaﬂ k30
X 0 |

— ° b

k40
50
60
70

80

+100
110
_ ! L

— ‘§&w ? 120
130
t 140

150

-160
T T T T T T T T T T T T T T T T T

T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f2 (ppm)

412

f1 (ppm)

f1 (ppm)



10.5.22 *H-3C HMBC Spectrum of Brevianamide K (7.4) (CDCls)
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10.5.23 *H NMR Spectrum of Compound 7.36 (500 MHz, CDCls)
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10.5.25 'H-'H COSY Spectrum of Compound 7.36 (CDCls)
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10.5.27 *H-*C HMBC Spectrum of Compound 7.36 (CDCls)
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10.5.28 *H NMR Spectrum of Compound 7.57 (500 MHz, CDCls)
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10.5.30 *H-'H COSY Spectrum of Compound 7.57 (CDCls)
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10.5.32 *H-*C HMBC Spectrum of Compound 7.57 (CDCls)
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10.5.34 *H NMR Spectrum of Compound 7.5 (600 MHz, CDCls)
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10.5.36 *H-'H COSY Spectrum of Compound 7.5 (CDCls)

JMLL WM

o o © 2.0
L E ] Los
4 °
& F3.0
&
. L] @ L35
B ' @
® 4.0
. © 4.5
5.0
L2 -4
k5.5
o °
6.0
= a
6.5
F7.0
L )
Fe
& = F7.5
o . F8.0
‘ 8.5
8.5

T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f2 (ppm)

10.5.37 *H-C HSQC Spectrum of Compound 7.5 (CDCls)

T e

H F10

20

0.5

r1.0

30

F40

50

L. e

60

70

80
k90
I 100

- h F110
+ . k120
- - . . I 130
I 140

r 150

i J e

r 160

170

~180

T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

2 (ppm)

421

f1 (ppm)

f1 (ppm)



10.5.38 H-*C HMBC Spectrum of Compound 7.5 (CDCls)
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10.5.39 *H NMR Spectrum of Compound 7.52 (600 MHz, CDCls)
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10.5.41 *H-'H COSY Spectrum of Compound 7.52 (CDCls)
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10.5.43 *H-*C HMBC Spectrum of Compound 7.52 (CDCls)
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10.5.45 *H NMR Spectrum of Compound 7.48 (600 MHz, CDCls)
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10.5.47 *H-'H COSY Spectrum of Compound 7.48 (CDCls)
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10.5.49 *H-*C HMBC Spectrum of Compound 7.48 (CDCls)
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10.5.51 *H NMR Spectrum of Compound 7.42 (500 MHz, CDCls)
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T
.0 3.

2.5 2.0

=

5 1.0 0.5 0.0 -0.5

0 |
HNJ\@
HN__ A = N
A O
! I | P
L N
I N l ]
£y bd aaddnddy 4 b
260 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 9‘0 éo 7‘0 éO 5‘0 4‘0 3"0 2‘0 1‘0 6

f1 (ppm)

429



10.5.53 *H-'H COSY Spectrum of Compound 7.42 (CDCls)
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10.5.55 *H-*C HMBC Spectrum of Compound 7.42 (CDCls)
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Chapter 11: X-ray Crystal Structures

11.1 X-ray Crystal Structure Data of compound (£)-1.24

AL21001

Submitted by: Helen Jones
Solvad by: Gary 5 Nichol
Submitted by: None

Compound HI-6036 was provided as colourless ervstals
suitable for single eryetal X-ray diffraction, vialding structurs
ATLZ1001.

Crystal Data and Experimental

=

NN

Experimental. Single colourless block crystals of AL2Z1001
reercstallized from a mixture of dichloromethane and 40-60
petroleum ethar by slow evaporation. A smitzble crvstal with
dimensions 032 % 024 % 0.13mm’ was selected and
mounted on a MITIGEN holder in Paratope oil. g 2 Bruker
D& VEWNTUEE diffractometer. The crvstal was kept at a
steady T'= 100.0 K during data collection. The structurs was
solved with the SheliT, 201872 (Sheldrck, 2018) selution
program  usmg duzl methods and by usmz  Olex2
Dolemanay, =t al., 2009y as the graphical mterfacs. The
modal was refinad with Sheldl, 201875 (Sheldnck, 2013)
using full matrix least squares minimisation cn F2.

Cryztal Data, CHa:M20., M. = 234 537, thelinie, P-1 (o,
20, a=82594T A b=8R83D A c=1137T3T(H 4, a=
T6381(3), F= T3 AW, py=  TI36NY), F=
TELININAY, T=1000K, 2=2, Z'=1, ulipKs) = 0.074,
33392 reflection: measured, 3689 umque (B,= 0.0287)
which were uzed m zll caleulations. The final wi: was
01008 (zll data) and Ry was 0.0336 (I=2 GIN.

D

Compound

Formula
Do/ 2 om”
Adrmm
Formmula Weight
Colour
Shape
Sizemm

Crystal Syztem
Spaca Group
als

BiA

el

o

ﬂ.r

¥

WA

Z
>
Favelangthid
Fadiation tvpe

Measured Rafl's.

Indrpt Bafls
BaflsI=2 ol)
i
Parameters
Eestramt=
Largest Pazk
Daepast Hole
LE 1

wi; (2l data)
whi;

Ry (all data)
Ff

R1=3.56%

ALZ1001

L Y O
1.108
0.074
23437
colourless
block
032x024=0.15
100.0
triclmic

Bl
B23840T)
B.B332(E)
11375W®
TEIR1(3)
73.343(3)
T3.362(7)
TE21L(11)

THE LINIVERSITY of EDINBURGH

Crystal Structure Service
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Structure Quality Indicators

Reflections: d min (Ma) 0.65 ] 49 3 Rint 2.879%

20=66.3

Fefinement: Shift 0.00] [Mexresks g e O 1.039

A colourless block-shaped crystal with dimensioms 0.32 # 0.24 = 015 mm’ was mounted on a MITIGEN
holder in Paratone oil.. Data were collected wsing a Bruker DS VENTURE diffractomster equipped with an
Oxford Cryvosyetems Crvostream 300 low-temperature device operating at T'= 1000 K.

Data were measured wsing @ and & scans using MoKz radiation. . The maximwm resclution that was achievad
was @@= 33168 (0.65 4).

. The unit cell was refined wsing BAINT (Broker, V3404, after 2013) on 9718 reflections, 18% of the
observad reflactions.

Data reduction, scaling and absorption corrections were performed wsing SAINT (Bruker, V3404, after 2013).
The final completensss iz %9.90 % out to 33.168 m & A multi-scan abzorption correction was performed
uzing SADABS-2001672 (Bruker, 20162} was used for absorption comrection. wi;(mnt) was 0.1226 before and
0.0428 after correction. The Ratio of minmmum to mamimum transmisszion iz 0.9310. The A2 comection factor
is Mot present. . The absorption coefficient 4 of this material is 0.074 mm' at this wavelength (i=
0.710734) and the minimum and maximum fransmissions are 0.710 and 0.747.

The structure was sobved and the space group P-1 (# 2) determined by the Shel®T 201872 (Sheldnek, 201E)
structure soluticn program using using dual metheds and refined by full matrix least squares minimization on
F* using version 20183 of Shel¥L 20183 (Sheldrick, 2015). All non-hydropen atoms ware refined
anizotropically. Hydrogen atom positions were calenlated zeomeatrically and refined wsing the nding modal.

_refins_special_derails: H atoms were identified from a2 difference map and freely refinad.

Figure 1: Tha melecnlar stmeture of AT21001. Dizplacement elhpscids are at the 0% probability leval.
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11.2 X-ray Crystal Structure Data of (x)-Brevianamide Y (x)(4.4)

al20001x1
Submitted by:  Helen Jones
Solvad by: Gary 5 Nichol

Submitted by:  None

Compound Brevianamids T waz provided as colourlesz
prizm crystals sutable for smgle ervstal H-ray diffraction,
yialding structurs AL20001x]1. Some neadle crystals,

AT 20001x2, wers also present. Thaze wera found to have the
zsame unit cell parameters as AL20001x].

Crystal Data and Expernimental

i

Experimental. Single colourless prism crvstals of alZ0001x1
eorcstallized from a muxture of methanol and 40-60
petroleuns ether by glow cooling. A suitable erystal with
dimensions 030« 024 % 008 mm’ was sslected and
mounted on a2 MITIGEN holder in Paratone oil on a Bigakn
Oxford Diffraction Superioya diffractomestar. The erystal
was kept at 2 steady 7= 11999101 K during data collaction.
The structure was solved with the Shali[T 20182 (Sheldrck,
2018) zolution program uszing doal methods and by uwsing
Olex? (Dolomanny, ot al, 2008) az the graphical mtarface.
The model was refined with ShelXT, 20133 (Sheldrck
2015) nzing full matrix laast squares minimizztion on F°.

%

Cryztal Data. C; Ho:2.0, M = 36542, monochnie, [la
Mo, 15), a= 207335 A, b= 7340500100 A, <
24607605 A, f= L0R242K10Y, @@= = B0, F=
3537458 A, T=11999(10E, Z=8, Z'= 1, wiCu Ed) =
0.730, 34105 reflections measured, 3700 unigus (Ba.=
0.0533) which were used mn all caleulations. The final wi;
was 0.1231 (all data) and K, was 0.0437 (=2 g

@ THE UNIVERSITY of EDINBURGH
T Crystal Structure Service

it

Z

e
favelangth/d

Fadiation tvpa

O

Measured Rafl's.

Indrpt Bafls
BaflsI=2 o)
B
Parameters
Eestramts
Largest Pazk
Dieepest Hole

Cronlk,

Wi (2l data)
wity

Ry iall datz)
R

R:1=4.57%

al20001x1

CHn MO
1.363

0.730
345.42
colourless

prizm
030024008
11599710
monoclinie
Y
20.7335(2)
7340000100
24 6076(%)
an
10824200100
an
335745(8)
g

1

154178
CuK=
4834
73048
24103

3700

3813
0.0533

234

1]

0342
-0.249
1.047
0.1231
0.1225
0.0463
0.0437
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Structure Quality Indicators

Reflections: d min (Cu) 0.79 [_._!: nt |§'I_I|_§é:;gi_;’| complete ] 0%,
Fefmement: Shift 0.007] [Hax Peak iGooF 1.047

A colourless prism-shaped crystal with dimensions 0.30 x 0.24 = 0.08 mm' was mounted on a MITIGEN
holder in Paratons oil Data were collacted wsing a Rizaky Oxford Diffraction Sppariiona, diffractometer

equipped with an Owford Cripsystems Crvostream, 7004+ low-temperature device operating at T=
11989100 K.

Drata wers meazured using & zcans using Cu Kz radiation. The diffraction pattern was mdexed and the total
mumber of runs and mmages was based on the strategy caleulation from the program CrvsAli=Pro (Bizaku.
V1.171.40.61z, 2019). The maximum resclution that was achisved was &= 75.948 (0.7% 4).

The diffraction pattarn was imdewsd and the fotal mumber of runsz and mmapss was based on the stratesy
caleulation from the program CrysAliPro (Bazalo, V117140612, 2019). The unit call was refined uszing
CrvsAliePrs (Bizakn, V117140612, 2019) om 27943 raflactions, 82% of the obsarved reflections.

Drata raduction, scaling and abzorption corrections wers performed using (s AlisPro (Bizakn, V1171 40615,
2019). The final complateness iz %960 % out to 75948 in & A multi-scan absorption correction was
performed using SADABS-2016/2 (Bruker, 2016/2) was used for absorption correction. wfzlint) was 0.0884
bafore and 0.0B1% after comrection. The Fatie of minimum to maximum fransmission iz 03037, The A2
correction factor 1= }gf present. . The absorption ceoefficient i of thizs material iz 0.750 mm™ at this
wavalength (4= 1.541784) and the minimum and maximum transmissions are 0.606 and 0.734.

The structure was solved and the space group [2/a (# 15) determmned by the Shel®T 20132 (Shaldrck, Z018)
structure zolufion program using ysing dual methods and refined b full matrix least squares minimization on
F* using version 20183 of Shel¥[, 201875 (Sheldrick 2013 All non-hydrogen atoms were refined
amzntopically, Hydrogen atom positions were caleulated zeometrically and refined us=ing the riding model.
Miozt hydrogen atom positions were caleulated geometrically and refined wsing the nding model, but some
hyvdrogen atoms were refined fresly.

_m“m, N-bound H atoms wers identified from a differsnce Fourter map and freely refined.

Figure 1: The molacular strocture of AL20001x]. Dhisplacement allipzoids ara at the 30%% probability level and
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Chapter 12: Appendix

12.1 Coaxial NMR Tube

l

Internal Standard (1)

Outer Compound (O)

| volume = 0.05 mL
O volume =0.45 mL

V,/Vo = NMR active volume

(Vi/Vo) = 0.167-0.184 experimentally determined.

T T T
9.0 8.5 8.0

T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

1 (ppm)

T
2.5

No=lo/no. protons
n;=1l;/no. protons
x=ni/no

Vi/Vo = x(Mo/M))

((Vi/Vo)M))/x = Mo

lo = H integration of compound

I, = *H integration of internal standard
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12.2 Overview of Previous Total and Formal Syntheses of Brev

S10Z 010z
[Bw o1] [6w 09]
%T'T %y'L
sdays g sdays ¢
(XX) A @plweueira1g-(-) (XX) g apiweuelraiq-(-) (xx)

1202 0202
[Bw 0°9] [Bw z1]
%0°9 %E'0
sdoys 2 sdeys £

(XX) 9 epiweuelraqg-(-)

V aplweue|aaig-(F)

0z02 0z0z
[bw gz1] [6w o9]

%8'€ %S°0
sdajs £ sdajs 2

(XX) v @piweueirsiqg-(-) (XX) 9 epiweuelraiqg-(+)

0202
[Buw 0521
%2 'L
sdays 2

(XX) V aplweuelraiq-(+)

o O
z
Z o
T O
z
T
up — — suydwis 2ouaimeT
9102 SLoe 2102/L002 1002 9002 8661 8861
[e3e1pawiIa)ul [euly yo Bw ¢g] [a3e1pawiiayul euly o B 1] [Buw 1] [Bw 2'p] [Bw o°p] [Buw 2] [Bw g0]
(sda}s [ewioy %Gy x %9'p) 11849A0 %L°Z (Sd)S [BWIO} %Gh x %'9) I[BI9AO %62 %L %60 %v'L %8'C %ET-G}
(sdajs |ewuoy Z + ¢1) sdajs gL (sdeys jewoy Z + LL) sdejs g1 sdajs p| sdas p sdays z) sdays z1 sdaoys g|

g aplweuelnaiq-(5) g aplweuelnaig-(F)

(XX) A opiweuelraig-(¥)  (xX) g apiweuelraig-(5)

o)
HN

(XX) g epiweuelra.q-(5) (XX) 8 apiweuelraiqg-()

(XX) 8 ap1weuelraiq-(-)

FEYEETEIS

swel|im

438



12.3 Williams’ 1988 Total Synthesis of (—)-Brevianamide B

2. LDA 3. PMBNH, ‘ . (i) KoCO3 (aq.)

PMB
n- BuL| CHZCIZ
t- Bu"< t- Bu"< ;\ /j\
THF (||) NaOH aq.
(assumed quant.)

79-85% (2 steps)

[1 step from proline]

5.0,
MeOH
69-99%
PMB
8. TBSCI PMB PMB
MeO,C 9. n-BuLi Et3N N
I _ CICOMe DMAP o _6.PhPCMeCHO
/j\ J/: = 7 /j\
otes THF CH,Cl, 0N EN83H4
1% OTBS quant. t
(d.r. 4:1) 87-92%
H
10. BusP N
MeCN /
82°C
62%
MeoN
H H Boc
N N N
/ 11. LiCl p )
PMB HMPA PMB 12. KOt-Bu, Boc,0 PMB
N © N0 N.__O
H,0, 100 °C THF, 0 °C N
MeO,C = H = o H Pz
o7 N 88% (d.r. 7.8:1) 07N 97%
oTBS oTBS 0" N OH
major diastereomer 13. MsCl
Licl coolidine
pmE | 0°C
quant
N Boc Boc

16. m-CPBA

Y Y
15. HCl aq. H 14. NaH, 18-crown-6 I?MB
N-PMB  dioxane, 3 °C o N-PMB THF, 67 °C N0 _
o 72% N 64% (d.r. 4.9:1) N
o cl

major diastereomer

NPMB 1 o

o

17. NaOMe
MeOH, 65 °C

63% (2 steps)

NH
. o7y
o 18. t-BulLi, O, 18 steps
ey .
1.5-2.5% overall yield
THF O
N-PMB Y 0.8 mg

40% N

(0]

(-)-brevianamide B

References:
1. Williams, R. M., Glinka, T. & Kwast, E. Facial selectivity of the intramolecular Sn2'

cyclization: stereocontrolled total synthesis of brevianamide B. J. Am. Chem. Soc. 110, 5927—
5929 (1988).

2. Williams, R. M. & Kwast, E. Carbanion-mediated oxidative deprotection of non-enolizable
benzylated amides. Tetrahedron Lett. 30, 451-454 (1989)

3. Williams, R. M., Glinka, T., Kwast, E., Coffman, H. & Stille, J. K. Asymmetric,
stereocontrolled total synthesis of (—)-brevianamide B. J. Am. Chem. Soc. 112, 808-821 (1990).
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12.4 Williams’ 1998 Total Synthesis of (x)-Brevianamide B

2. MeO,C
MeO,C MeO,C
HO,C cloc NH, H 3. Pd/C (20 mol%) oo

(0] .
H 1. SOCI H M H 4. 2-hyd d
-, A - e0,C MeO,C " 2(9) MeO,C " ydroxypyridine
benzene, 80 °C Et,0,0°C BzN MeOH HN 70°C

69% (2 steps) 93% (2 steps)

H
N

ZT

H
H
VNl /N N MeO,C., N._0O
7. Me30BF,4 H 6. MgCl, H 5. NaH ) N 2 I y
N (o] < NPV N 0O~ —
CH,Cly, 3°C H b DMSO.130-140°C o L DMF, 55:60°C N
79% o0“>N quant. (d.r. 1.5:1) 07> N 74% (d.r. 2.4:1) Me,N

11. NaOH (0.5 M)
MeOH, rtto 65 °C

— 8.DDQ
N.__OMe

B toluene
N H 31%

9. KOH aq.
= T
MeOH, H,0
90% (d.r. 2:1)

10. m-CPBA
—_—

THE, 1t 12.HCI (4 M)

rt

OMe OMe 80% (3 steps)

(*) () (€]

minor diastereomer

12 steps
2.8% overall yield o)

7.7 mg prepared G

N
O

(¥)-brevianamide B

References:

1. Williams, R. M., Sanz-Cervera, J. F., Sancenon, F., Marco, J. A. & Halligan, K. Biomimetic
Diels—Alder cyclizations for the construction of the brevianamide, paraherquamide
sclerotamide, and VM55599 ring systems. J. Am. Chem. Soc. 120, 1090-1091 (1998).

2. Williams, R. M., Sanz-Cervera, J. F., Sancenon, F., Marco, J. A. & Halligan, K. Biomimetic
Diels—Alder cyclizations for the construction of the brevianamide, paraherquamide,
sclerotamide, asperparaline and VM55599 ring systems. Bioorg. Med. Chem. 6, 1233-1241
(1998).

3. Steps 1-6 taken from; Kametani, T., Kanaya, N. & lhara, M. Studies on the syntheses of
heterocyclic compounds. Part 876. The chiral total synthesis of brevianamide E and
deoxybrevianamide E. J. Chem. Soc. Perkin Trans. | 959-963 (1981).
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12.5 Williams’ 2006 Total Synthesis of (£)-Brevianamide B

1. BnEt3NCI 3.CrO3
NaOH aq ‘ 2. n- BULI HQSO4 aq. 4. n-BulLi, Cul
H THF Etzo 0°C I Et,0
89"/ quant. 71% 76%

7.NCsS ‘ ‘

AgNO; CONH, )
2,6-lutidine 6. BOPCI, i-ProEtN H + O 5. LioH o
S ~ . .. HN S -~ S
th)e%,\ic CH,Clp, 0 °C THF, EtOH, H,0
= S” CONH, 7% s 70 °C s
88% 07 >N H 07 OH quant. O~ "OEt
(2 steps)
o
NH
H 9. PhNHNH,,3 A MS V 11. m-CPBA
° _8.AChs MeOH, 90 °C H THF, rt
_vevR e v
O conm © NH
2 H EtOAc 77°C N 10. ZnCl, o NH 12. NaOH (0.5M)
H 48% o diglyme, 172 °C N MeOH
07 N (S o rtto 65 °C
@) 58% (2 steps)
= (£) 15% (2 steps)
NH
12 steps 9 H
1.4% overall yield
4.0 mg prepared o NH
N
(]

(¥)-brevianamide B

References:

1. Adams, L. A., Valente, M. W. N. & Williams, R. M. A concise synthesis of d,|-brevianamide
B via a biomimetically-inspired IMDA construction. Tetrahedron 62, 5195-5200 (2006).

2. Steps 1-3 taken from Dauben, W. G., Cogen, J. M., Ganzer, G. A. & Behar, V. Photochemistry
of 1,5-hexadien-3-ones: Wavelength-dependent selectivity in intramolecular enone-olefin
photoadditions. J. Am. Chem. Soc. 113, 5817-5824 (1991).
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12.6 Williams’ 2007 Total Synthesis of (£)-Brevianamide B & (¥)-
Dehydrodeoxybreviaminde E

4. Me,NH
o H AcOH H
\q 1. MeCN, Zn(Ag) 2.PINHNH, @/ 3. e, w CH,0 N
- . - .
/ / _
THF, rt S toluene 111 °C dlglyme 162 °C — H,O
Br 63% 45% (2 steps) MeOH, 2 °C
o o
83% MeoN
5. n-BuzP
N._Ph
S
o
E0,C Ph | 0%
9. CF,C0,O CO.Et MeCN, 82 °C
® 2 o
HZNQ.-- H y
H N
4 steps p 7. Boc,O, NaOH )< 6. NH,0H
HATU, i-Pr,NEt — dioxane, rt NayCO3
- NH, -
MeCN, rt NHBoc 8. LiOH, CH,Cly, rt
97% COLH THF, H20, rt Et0,C 80%
(mixture of diastereomers) @) 78% (2 steps) *) *)
H
N H H
Y N N
10. TFA Y o /
NHBoc CH,Cly, 0°C H 12. DEAD, n-BuzP H 12 steps.
~COZEt I —— N o) _— N o) 8% overall yield
o NQ...OH 11. 2-hydroxypyridine H H CH,Cly, 1t 98 mg prepared
toluene, 111 °C o N \OH 86% o N\
93%
(%) (mixture of diastereomers) (#) (#)-dehydrodeoxy-
brevianamide E
12. DEAD
NH n-BusP
NH Y CH,Cl,
F 13'Tﬂf':tBA H rtto 40 °C
: o NH 67% (d.r. 2.2:1)
o NH 14. NaOH (0.5M) N KOH aq.
N - MeOH o -
rtto 65 °C MeOH, 0°C to rt
. . 45% (2 steps (%) 89% (d.r. 2.2:1)
(+)-brevianamide B o ) minor diastereomer
14 steps

0.9% overall yield
4.7 mg prepared

References:

1. Greshock, T. J. & Williams, R. M. Improved biomimetic total synthesis of d,l-stephacidin A.
Org. Lett. 9, 4255-4258 (2007).

2. Steps 1-4 taken from; Sanz-Cervera, J. F., Glinka, T. & Williams, R. M. Biosynthesis of
brevianamides A and B: In search of the biosynthetic Diels-Alder construction. Tetrahedron
49, 8471-8482 (1993). (which used ®H2CO in step 4)

3. Steps 5-8 taken from; Stocking, E. M., Sanz-Cervera, J. F. & Williams, R. M. Total Synthesis
of VM55599. Utilization of an Intramolecular Diels—Alder Cycloaddition of Potential
Biogenetic Relevance. J. Am. Chem. Soc. 122, 1675-1683 (2000).
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12.7 Williams’ 2007/2012 Total Synthesis of (—)-Brevianamide Y

4. Me,NH
o H AcOH H
\q 1. MeCN, Zn(Ag) 2.PhNHNH, @/ 3. ZnCl, N CH,0 N
o, _ B9
/ /
| THR A “ toluene 11 °C )\é diglyme, 162 °C = H,0 —
r .
63% 45% (2 steps) MeOH,2°C N
83% 2
5. n-BuzP
N._Ph
~N
0
EtO,C Ph 70%
9. CF5C0,© CO,Et MeCN, 82 °C
NN OH
H o
N ‘
H N
4 steps p 7. Boc,0, NaOH Y, 6. NH,0H
HATU, i-ProNEt — dioxane, rt Na,CO3
NH, -
MeCN, rt NHBoc 8. LiOH, CHCly, 1t
07% CoH THF, H,0, rt EtO,C 80%
(mixture of diastereomers) ®) 78% (2 steps) ®) *)

H
N H
/ . N
10. TFA Y/ 12. DEAD
NHBoc CH,Cly, 0 °C A n-BugP
U 1 2hysronypyrdne Mo CH,Cly
. 2- roxypyridine 2
© N\D on toluer{e, AL g N '-.1.-OH 67;’%‘_‘3 22:1)
93% 22% 45%
) (mixture of diastereomers) *)
o 13.
/ CH,CI.
N |7 %eh
150 | 71%
14 steps 14. HCI, H,0
1.4% overall yield CH,Cl,
11 mg prepared rt, 2 days
98%
(+)-brevianamide Y
References:
1. Greshock, T. J. & Williams, R. M. Improved biomimetic total synthesis of d,|-stephacidin A.
Org. Lett. 9, 4255-4258 (2007).
2. Greshock, T. J. & Williams, R. M. Improved biomimetic total synthesis of d,I-stephacidin A.

Correction Notice. Org. Lett. 14, 6377-6378 (2012).
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12.8 Simpkins’ 2010 Total Synthesis of (—)-Brevianamide B

2. LDA H
N
o) 3. BnONH, p
o .
L - n-BuLi 4.DCC, HOBt
t-Bu o
THF N THF THF, rt
76% 75% o
[1 step from proline] O~ "OH 46%
H
N
Y

5. TMSOTf

- N.__O
CH,Cl, HO =
0°C 07 >N
82% (d.r. 4:1)

N\
7. NaOMe 6. m-CPBA
N-OBn <~
-0OBn MeOH THF, rt
65 °C 0
69% (2 steps)

8. Smly, LiCl
THF, rt

NH
9 DMP S 9 steps
o 1.4% overall yield
CHZCIz NH 6.0 mg prepared
48% (2 steps) ¥ o

(-)-brevianamide B

minor diastereomer

References:

1.

Frebault, F. C., Simpkins, N. S., Fenwick, A. A concise enantioselective synthesis of ent-
malbrancheamide B. J. Am. Chem. Soc. 131, 4214-4215 (2009).

Frebault, F. C., Simpkins, N. S. A cationic cyclisation route to prenylated indole alkaloids:
synthesis of malbrancheamide B and brevianamide B, and progress towards stephacidin A.
Tetrahedron 66, 65856596 (2010).
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12.9 Qin’s 2015 Total Synthesis of (—)-Brevianamide Y

2. Ag*'Cs,CO;

Boc
N
P SnBuj
1.NBS >:/ :
. 7, BocN 7. 3. T™sI HN 7,
NBoc
86% BocN% 91% BocN«( CHaCN HN«(
H CO,Me CO,Me 0°Ctort CO,Me
O OMe
4. Boc,0
CH,Cl,
5. HCHO
NaBH;CN
72% (3 steps)
7.10% TFA 6.TiCl,
CH,Cly, 1t NBoc NaBH5CN
~——————— MeN_ }., MeN_ M7
8. HATU, NEts COMe THF 4
MeCN. rt = -60 to 30 °C BocN
9. piperdine o 80% CO,Me
2-piperdinol J\(j °
THF, 40 °C HO™ N
85% Fmoc

10. Me;0BF,
Cs,C04
4AMS

CH,Cl,, 0 °C to rt
75%

14. KOH (20%)

MeOH, 0 °C to rt

o
OMe 85%

THF, 1t
16. NaOH (20%) 78%
MeOH, 75 °C

HN
H
o -NH
N o)

References:

| 15. HCI (0.1 M) 95%

17. MnO,
CH,Cly, rt
e
18. NaClO,, NaH,PO,
MeCN/H,0, rt

50% (2 steps)

84% ( 2 steps)

11. LDA, PhSSPh
—— > Mel

THF, -78 °C
63%

12. KMnO,
CH,Cly, 1t

55%

OMe

13. MMPP/silica gel
-—

SPh
N7 = NJ\@
O,
NN )WN CH,ClyH,0, 1t )\WN
H 0o 78% o)
HN
0" H 18 steps
2.2% overall yield
o "NH o y

10 mg prepared
(0]

(-)-brevianamide Y

1. Qin, W., Xiao, T., Zhang, D., Deng, L., Wang, Y., Qin, Y. Total synthesis of (-)-
depyranoversicolamide B. Chem. Commun. 51, 16143-13146 (2015).
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12.10 Scheerer’s 2016 Formal Synthesis of (+)-Brevianamide B

Boc NBoc
Boc /' co,Me
J/: _4.LHMDS 5. toluene
OMe + ————> O
T Ao N\come 6. DBU . N
quant. toluene, rt OMe
[3 steps from proline methyl ester] (~95% purity) 59% (2 steps)
80% overall yield (r.r. 1:4) (*)
7. Pd/C (10 ml—i)l;’/g; 43%
MeOHZ 1t | (d.r ~50:50)
Boc
N NBoc
P OH 9. (i) TsSOH+H ,0 P
CH,Cly, tt CO,Me
11. TsOH H (ii) NaHCO; 8. MeMgBr H
-
toluene, 100 °C 0 NH 10. toluene, 111 °C toluene, 0 °C 0 N
56% N 0 95% (2 steps) oMe  59% N OMe
(*) (%)
12. m-CPBA
THF, rt MR 13 steps (11 + 2 formal steps)
”””””””””””” = S 2.9% overall yield (6.4% x 45% formal steps)
13. NaOH (0.5 M) 7.1 mg of final intermediate
MeOH o 0T
rtto 65 °C N

45% (2 steps)

(*)-brevianamide B

References:

1. Robins, J. G, Kim, K. J., Chinn, A. J., Woo, J. S. & Scheerer, J. R. Intermolecular Diels—Alder
Cycloaddition for the Construction of Bicyclo[2.2.2]diazaoctane Structures: Formal Synthesis
of Brevianamide B and Premalbrancheamide. J. Org. Chem. 81, 2293-2301 (2016).

2. Steps 1-3 taken from; Laws, S. W. & Scheerer, J. R. Enantioselective Synthesis of (+)-
Malbrancheamide B. J. Org. Chem. 78, 24222429 (2013).

3. Steps 12-13 taken from; Greshock, T. J. & Williams, R. M. Improved biomimetic total synthesis
of d,I-stephacidin A. Org. Lett. 9, 4255-4258 (2007).
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12.12 Scheerer’s 2017 Total Synthesis of (x)-Brevianamide B

Boc

5. 0 |
EOC N Boc Boc
o Y Q
/ \ S 6. LioBn COzMe 8. p-TsOH+H,0 CO,Me

e o _THF COan CHzCIz 0°C COZBn
= —_— (0]
| toluene, rt 7. TMS—-CHN, 9. toluene, 80 °C.
0" 'N 65% (d.r. 8:1) MeOH, 0 °C 7%

@) 48%
[4 steps from proline methyl ester] ot (%)
80% overall yield

major diastereomer
10. Pd/C (10 mol%)

Ha(g)
EtOAc, rt

Boc NBoc NBoc
13. (i) MeMgBr 12. Hantzsch ester V4
toluene, 0 °C CO,Me AIBN al_coMe o 11. NHPI / CO,Me

" o}
(i) p-TsOH, 110 °C t-BuSH EDC DMAP CO,H
- (@] _ 2
NH O—-N NH
61% MeCN, 80 °C N cHzc|2 0°C
(¢}
60% (0] 80%

92%

- ®

NH
7
H 14. m-CPBA
THF, rt 15 steps (13 + 2 formal steps)
o NH o 2.1% overall yield (4.6% x 45% formal steps)
N 15, NaOH (05 M) 5.0 mg of final intermediate
O MeOH, rt to 65 °C
45% (2 steps)
(%)
(*)-brevianamide B
References:

1. Perkins, J. C., Wang, X., Pike, R. D. & Scheerer, J. R. Further investigation of the
intermolecular Diels—Alder cycloaddition for the synthesis of bicyclo[2.2.2]diazaoctane
alkaloids. J. Org. Chem. 82, 13656-13662 (2017).

2. Steps 1-3 taken from; Laws, S. W. & Scheerer, J. R. Enantioselective Synthesis of (+)-
Malbrancheamide B. J. Org. Chem. 78, 24222429 (2013).

3. Step 4 taken from; Robins, J. G., Kim, K. J., Chinn, A. J., Woo, J. S. & Scheerer, J. R.
Intermolecular Diels—Alder Cycloaddition for the Construction of Bicyclo[2.2.2]diazaoctane
Structures: Formal Synthesis of Brevianamide B and Premalbrancheamide. J. Org. Chem. 81,
2293-2301 (2016).

4. Steps 14-15 taken from; Greshock, T. J. & Williams, R. M. Improved biomimetic total synthesis
of d,I-stephacidin A. Org. Lett. 9, 4255-4258 (2007).
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12.12 Lawrence’s 2020 Total Synthesis of (+)/(—)-Brevianamide A and B

1. o
H \
H o
Y NEt; O
e

NHCl toluene, 110 °C, 18 h NPhth
H
o OMe OMe

L-trytophan methylester

AN

(0)

(+)-dehydrodeoxy-
brevianamide E

6. mCPBA

NH
? + HO
CHCly, 1t, 6 h N O
57%
(d.r. 36:64) N7

- 7. LiOH
e H,0, rt
0.5h
HN 9 63%
N (d.r. 93:7)

(+)-brevianamide A (+)-brevianamide B

er.93:7, er.93:7
99 : 1 recry.
7 steps 7 steps

7.2% overall yield
750 mg prepared

0.5% overall yield
60 mg prepared

References:

H
N
_ 5-NHyMeOH
NPhth i
rt, 18 h COzMe ii)
H 49% (3 steps)

ENU

tBuOClI, NEty Y

.

THF, -78 °C to rt NPhth
3h H
69% (over 2 steps) O~ "OMe
[21 9]
3. LiCl
DMF, 160 °C
21h
N
4.i) (COCI),, DMF
NEts, CH,Cl, / _
N NPhth
Q/cozrvle H
0”7 ~oLi
0°Ctort,21h

7. LiOH
H,0, rt
0.5h

60%
(d.r. 92:8)

(-)-brevianamide A
e.r.5:95

7 steps
3.8% overall yield
128 mg prepared

(-)-brevianamide B

e.r. 8:92

7 steps

0.3% overall yield

12 mg prepared

1. Lawrence, A. L., Godfrey, R. C., Green, N. J., Nichol, G. S. Total synthesis of brevianamide

A. Nature Chem. 12, 615-620 (2020).
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12.13 Smith’s 2021 Total Synthesis of (£)-Brevianamide A

3. 2-iodoaniline

2.i) MeyN Me
— Cul
PhthN, Cl Me ) (PhP)3PdCl, (cat.)
JCOZH CH,Cly, 0 °C to rt PhthN N NEt,
= R K CO,Me =
i) @ = o} CHCl,
[1 step] N7 ~COzMe 70%
2,6-lutidine
rt to 60 °C
63%

° > /\)\
74 MeO,C—~
m 2 ﬁ BusSn =

P NHR, p-TsOH+H ,0

O HN N
7. NH;
3 - -

N HO MeOH O TFE0°Ctont

H \ H A\ 45% (2 steps)

(d.r. 1.2:1)

then o

LioH | 54%
H,0, rt

8 steps

7 steps with a change of solvent
6.0% overall yield
6.0 mg prepared

(¥)-brevianamide A

References:

80%

Meozc\(j
PRthN. N

PhthN N |
’ CO,Me
— (0]
NH, 4. (cat.)
S)
® u e
CH,Cly, 1t
MeO,C—7
O NHR,N 5. MoOPH
- EtOH
-
0 CHoCly, 1t >
N OEt 2 N
H H

C.

ChemRxiv

0

(2021).

1. Smith, M. W., Wu, F. A General Approach to 2,2-Disubstituted Indoxyls: Total Synthesis of

Brevianamide
DOI:10.26434/chemrxiv.14750823.vl.

A and Trigonoliimine
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