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Abstract

The efficient and continuedexploration of novel chemical space is vital for the
discovery ohew drugs, with the constructionof sp*-rich scaffoldsbeingof particular
interest. This thesis describes tekboration of a common intermediateiaa toolkit
of techniques,to access structurally diversepvel, and highly threedimensional

polycyclic scaffolds, based pharmaceuticallyaluableN-heterocyclic cores.

Chapter one discusséise importance of properties and structui several stages
in the drug discovery processncluding those for leads and gments.Common

motifs are highlighted an@ssociatednodern synthetic approachediscussed

Chapter twodescribes thedelivery of a library of enecarbamate dnhemiaminal
ether-based building blockshrough a unified approach A toolkit of - and | -

functionalisation methods arappliedfor their elaboration.

Chapter three describes thdevelopment and use of thie-functionalisation toolkit
for enecarbamates, through the photocatalysed construction of spirocyclic systems.

Herein, fve exemplaryspirocyclicstructuresare accessed based on two scaffolds.

Chapter fourevaluatesthe versatilityof the photoredox toolkitviaits application in
the synthesis ofen bicyclicamides and five bicyclic anilinesom enecarbamates,
through a modilar approachTheresulting structuratlistortion regardingN lone pair
and ™ -system overlaps assessedjia their physical properties, includingieasured

nonaqueous BaH. The sibsequentimpacton reactivity and biactivity is evaluated.

Chapter five discusses thuse ofenecarbamates imnnulative technologies fahe
preparation of a series of fusedotifsincludingtwo bicyclic lactams, seven oxetanes
and nine cyclic aminals A fully diastereoselective photochemicalsynthesis of
oxetares is describednd cyclic aminalsave been highlightedsstructures bearing

a potential novel warhead.

Chaptes sixand severpresentthe thesis conclusion arall associated experimental

details includingfull characterisatiorof synthesised compounds
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1 Chapter lintroduction

1.1 Challenges facing the pharmaceutical industry

The development of medicines has played a crucial role in increasing average life
expectancy, which has risen from approximately 45 to 77 over the last 100 Yyears.
¢CKS mMphpnQaszx +ftaz (1yz2ey a | 32t RSy SNI
pharmaceutical industry where several blockbuster drugs were brought to market
(e.g. Lipitory? Figure 1.1 presents the number of drugs approved by the FDA
annually since 1993 and illustrates a peak in the mid to late 19904996, the
number of new molecular entities (NMEs) and biologics license applications (BLAS)
introduced by the FDA was at its highest at 53 and these figures were not surpassed
until recent year$:36 In 2018, a record breaking 59 novel drugs were approved and
in 2019 this remained high at 48 Even with the recently improved number of drug
molecules enteringthe market, the pharmaceutical industry is currently facing
significant challenges including low approval rates, rising research and development

costs and diminishing pipelines amongst othkts.
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Figurel.1l: The number of newnolecular entities (NMEs) and biological license applications (BLAS)
approved each year by the FDA, since 1993, adapted from Mdllard.



Rising research and development costs are a challenge for the pharmaceutical
industry. The industry has the highest expenditure in terms of research and
development compared to all other industries, for example, in th@khimaceutical
industry, the research and development spending constituted 17%lalfalsales?
Another challenge concerns low approval rates of new drug moleowtdash were
reported to be at their lowest between 2005 and 20%Bactors contributing to this

may include a diminishment in product pipelines with many pharmaceutical
companies only focusing on drug molecules with a high market size. Between the
years of 2009 and 2014, the expiration of patents was at its w@@bilion dollars
lossfrom revenues) contributing to a diminishment in salé$otentially the most
significant factor contributing to low approval rates is a sabstl increase in
attrition rate. Between 1991 and 2000, the average success rate fromrfirsin to
registration was 11% (based on ten leading pharmaceutical companies). This was
even lower for specific therapeutic areas, for instance, % shiccess ra was
reported for oncologyrelated drug candidates. In 1991, significant attrition was
deemed to be due, in part, to inappropriate pharmacokinetic propertesch as
bioavailability,and this was seen to improve in 2000, with the development of
additiond screening methods relating to pharmacokinetic properfidggound 30%

of attrition in 2000 was linked to toxigitand safetyrelated properties®’ Between

2008 and 2010 the most significant reasons for attrition were reported as lack of

efficacy, strategyelatedreasons and safety issués.

A study conducted in 2008 reported a correlation between low total polar surface
area (TPSA) and adverse toxig#yated outcomes, presumably due to the
distribution properties of these compounds. Blood brain barrier penetration
(predicted usingin silico methods) was also used as a measure of membrane
permeability and was also shown to correlate with the frequency of adverse
toxicological outcomes, however further information was not provided. Compounds
with a highclogPwere also associated with adverse effects. Overall, it was concluded
that compounds displaying a higlogP (>3)and a low TPS&7542) were more likely

(by a factorof 2.5) to result in adverse outcom@dhe selection of optimal drug



candidates, which demonstrate good pharmacokinetied apharmacodynamic
properties as well as low toxicity, is therefore paramount to ensure that attrition

rates will diminish in the future.

1.2 Molecular properties and structural features in drug discovery

The synthesis and development of drug candidates with suitable physicochemical
properties is extremely important in ensuring a decrease in attrition rates. Therefore,

the relationship between structure and properties has been investigated and
subsequent mdels have been proposed. The most wealbwn of these was
AYGNRRddzOSR o0& [ALAYaAalA FYR A& Y26y I a
bioavailable drug molecules andsismmarisedn table 1.1. This rule predicts that if

a compound has more than 10-bdnd acceptors, 5 HHond donors, a molecular

weight of over 50@aand a larger logthan 5, then it is more likely to exhibit lower

permeation or absorptiof.

Tablel.1: An overview of Lipinski's 'rule of five'.

Property Valuein which lower permeation/absorption is likely
Molecular weight >500Da
LogP or MLogP >5or 4.15
H-bond acceptors >10
H-bond donors >5

aMLogP =alculated LogP using tele-basedMoriguchicomputational methoc.

A study wasalsoconductedthat investigated the impact of compounds containing
aromatic rings on several development rpmeters, including lipophilicity and
agueous solubility, using a large database of compounds from the GSK corporate
collection.Table 1.2 presents the number of candidates in each stage of the GSK drug
development pipeline and the average aromatic ringioper molecule for each
stage. A decreasing trend in mean aromatic ring count was observed further along

the drug development pipelin€ This suggests that aromatic ring count may affect



the likelihood of a drug candidate reanhithe market. A related study was carried
out by Loveringet al, in which the fraction of sphybridised carbon atoms (F§for
compounds at different stages in the drug development process within the GVK BIO
database were analysed. @mplementarytrend was reported to that relating to
aromatic ring count, where Fdwas shown to increase with clinical progressién.
These findings therefore highlight that saturation and the number &fcgpbon
atoms are key factors determining the success of drug molecules in the drug
development process.

Tablel.2: The number of aromatic rings present in GSK's drug molecules during each stage of the
drug cevelopment pipeline, adapted from Ritchae al.*®

Stage of drug development pipeling  Number of Mean number of aromatic
molecules rings per molecule
Preclinical candidate selection 50 3.3
First time in human 68 2.9
Phase 1 35 2.5
Phase 2 53 2.7
Proofof-concept 96 2.3

Ritchie and cavorkers additionally reported that an increase in the number of
aromatic rings correlated with less desirable molecular properties. Increasing
aromatic ring count resulted in adverse effects in terms of limiting solubility by
increasing clogP1® A summary of these trends is presented table 1.3.
Comparatively, F$pvas shown to increase with logS and decrease with increasing
melting point! Furthermore, it was reported that increasing aroticaring count
also led to an increase in serum albumin bindengrude measure dhe free fraction

of adrug), P450 inhibitio{(mechanismsvhich can causpharmacokinetidrug-drug
interactions)and was linked with hERG activitERG channel inhibitiomhich can

cause cardiotoxicity})°



Tablel.3: A summary of the impact of aromatic ring count on various physicochemical parameters
of compounds in the GSKpgline, adapted from Ritchiet al.1°

Aromatic ring count of Mean aqueous CLND solubility Mean clogP of
compounds in the GSK of compounds in the GSK compounds in the
pipeline pipeline &g mLY) GSK pipeline
1 100 1.9
2 79 2.9
3 57 3.7
4 36 4.4
5 28 5.1

An increase in saturation can also lead to enhancedin®nsionality, and this

geometry of the central scaffold has been suggested to influence the overallshape

space coverage. A study reportadink betweenoverall shapespace coveragand

biological ativity, through the assessmentof collections of known bioactive
compounds (e.g., MDDRVIDLdrug data report databasé.'? Principalmoments of

inertia plots (PMI) are frequently used to assess the 3D diversity of compound

f AONI NR Sa YR |NB 3ISYSNIGSR o8 Lyl feéa;
conformation®a 2 f SOdzf Sa | NB | &3S AR | BPA &dR S A Wa W
fA1SQ yIFriadz2NE yR (KSYy y2NX¥YIfA&ASR (2 LINRO
then be plotted in 2D to construct a triangular plot. Existing fragment librased

their respective PMI plotsgenerally demonstrate low -8imensionality such as

those representng commercial fragmenspace with most fragmentslying on or

close to the roedisklike axis Figure 1.2 showcases an exemplar PMI plot
representingthe foundation library of approximately 170 compoundglected by

Morley et al, with interesting scaffolds highlighte@l-3). Although the slected

fragments cover most of the PMI trianglén this case a preference for those

qualifying as¢ ¥t | 1 Q ¢ | & (NEBRL A NPRR2 2.5 @rS70R® & Ragments)

Therefore, efforts tosynthesise more 3lke scaffolds are vital to the success of

fragmentbased drug discovery.
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Figurel.2: An exemplaPMI plotand associated structuredepictingthe foundation library of
approximately 17@ompoundsasreported by Morleyet al.®

1.3 Saturated\-heterocyckc motifs in drug discovery

Saturated nitrogen heterocycles are prevalent subunits of many pharmaceutically
relevant compoundslue to being highlgp-rich in natureand exhibiting desable
biological activity It has been shown that more than 85% of biologically active
compounds a& heterocyclic anglmost 60% of smatholecule drugsontain aN-
heterocycle.Furthermore, thesecores are frequently present in natural products
including vitamins,hormones, and antibiotics'4*> Within drug molecules and
bioactive compoundsthese coresare often highly functionalisedand comprise
complex and polycyclic ring systems. Spirocysyistems amongst other three
dimensionalpolycyclicstructuresare also oftenpresent as ilustrated byexemplar
drug moleculest-8, bearingspiro, bridged and fusedystems, presented in figure
1.316171819 Methods that allowrapid access tahese typesof diverse small cyclic

aminecoresarethereforeinvaluable.
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Figurel.3: Examples of drug candidates showcasing polydydtieterocyclic cores consisting of
those which are spirocyclibridged and fuseding systems, as highlightégt"1&1°

The introduction of highly thredimensional polycyclic motifs and therefore
enhanced Fspcan result in desirable improvements in terms of physicochemical
properties, especially relating to lipopicity and solubilityt® In 2008, a peak in the
number of medicinal chemistry publicationd:féi dzZNA y 3 WaLIANRQ | &
20 aSNWUSR: 0O2AyOARSHYA LIS\ ITKNE RtESsthadain/aR Q
trend between high Fsmand clinical candidate succe$$or example, Degorast al
demonstrated this by comparing and contrasting the resulting physicochemical
properties when exchanging a morpholimaotif with its analogous spirocyclic
azaspiroheptane(figure 1.4). SpirocyclicazaspiroheptanelO exhibited a higher
basicity and lower lipophilicity than the nespirocyclic morpholin€ontaining
analogue9. These differences resulted in an improved ligdipdphilicity efficiency
(LLE).
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Figurel.4: A comparison of the physicochemical properties of the morpholineaaadpiroheptane
motifs as reported by Degora al.°

1.4 Methods for drug screening and discovery

Traditional drug discovery screening methods include high throughput screening
(HTS), fragmenrbaseddrug discovery (FBDD), structdrased drug design (SBDD)
and DNAencoded library screening (DEBL)HTS plays a significant role in the
discovery of new drug molecules and focuses on screening large databases of random
compounds. SBDD concelinssilicoscreeningpf compound collectionand involves

the target protein 3D structureFBDDutilisessmaller libraries of compounds with
low molecular weight$<200 Dajhat are screened at higher concentrations. In more
recent years, DEL approaches have also been employbith allowrapid and
efficient screening of very large libraries throutte conjugationof small molecule
compounds to DN#£ags?'?? These traditional screening methods can be accelerated
via the inclusion of diversityand leadoriented syntheses (DOS/LO&$ described

below:

1.4.1 Diversity oriented synthesis (DOS)

Diversity oriented synthesis (DOS) aims to enabletfieientsynthesis of a range of

structurally diverse and complex molecular scaféplthcilitating chemical space



exploration?® Perhaps the simplest, most frequently employed approach for the
introduction of diversity is the synthesis of angplex building blockhat is then
divided and used to conduct reactions in parallel with different reactants so that
different functionalities can be incorporated (scheme 1.1, Panel A) 232425
Stereochemistry can also be manipulated to create diversity, and each synthesised
stereoisomer of a building block will therefore explore chemical space in a unique
way 2325 Amore complex but effective approach requires branching points; at which
a building block is divided up and carried through different reactions, or a series of
reactions, toattain products which are diverse in terms of functionalities and skeletal
arrangements32% Finally, substratéased approaches can also be employid,
which applying common conditions to prencoded starting materialsanresult in

skeletal diversitfscteme 1.1, Panel B}®

Panel A: Panel B:
Different ._Q_Q - >
reagents
Common
R conditions

Common
starting
material

Qo —

Pre-encoded
starting materials

A
1
AN

Schemel.1: A summary of key DOS approachédapted from Gallowagt al?> Panel A: the reagent
based approach towards scaffold diversity through the employmeatadmmon starting substrate
and different reagents or conditions. Panel Be Bubstratebased approach towards scaffold
diversitywhere common conditions are applied poe-encoded starting substrates, resulting in
distinct molecular skeletons.

1.4.2 Lead oriented synthesis (LOS)

Leadoriented synthesis (LOS) focuses on the developgnoémmolecules that are
adzZA Gl ofS G2 0S dzaSR Ay GKS RNMHzZZ RA-a02@SN
fA1SQ Y2t SOdzZ I N5 ilustiatedSinNg ldadike @hentidal IspabidsSin

comparison with fragment space, optimal drlige space and the panski rule of five
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(Ro5) limits%?’ The process of lead optimisation from a lddd compound to a drug
molecuk often results in an increase in molecular weight alodP as modifications
are required to enhance potency and to deliver appropriate properties. Therefore,
by designing compounds that lie in this leldce chemical space, the desired

molecular propertes after leadoptimisation should be achievabté.

L) | oot i 7 o i 7 i i i '
I
Optimal drug-like space .
I
| Limits of
0 | Ro5
a | space
D I
o |
(&} 1
I
I
:
o Lead-like space :
:
Fragment space :
il
200 350 500

Molecular weight (Da)

Figurel.5: An illustration of fragment, lealike and optimal drudike space in terms adogP and
molecular weight, adapted from Churchetral.?’

There are several importaneéquirementsthat leadoriented syntheses shoulueet.

These include the ability tefficiently deliver diverse, leatike structures using

affordable reagents and arragopmpatible conditionsA range of polar functional
groupsshould be toleratecand molecules with residual reactive centid®ould not

be producedFinally logP drift tendenciesshould not be exhibitedafeature where

'y FNNJ}@Qa LINRPFALS OFly &aKATOG G2 Tl @2dzNJ Y2

of more polar compounds, either due to the chemical or purification methods &ised.

An example of a LOS approach was described by Eoly Ay ¢KROPKY ® Wi :
strategy for the diverse synthesis of complex natural prodike compounds was
employed?® This type of approactequiresa complex scaffold whictan be broken

down in a variety of ways to efficiently prepare a range of diverse structS8steme
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1.2presents an overview of this strategy, in which a library of 2&ish compounds

that occupy leadike chemical space was produced. General scafftldsvere
constructed via intramolecular [5 + 2] cyclisation reactions and subsequently
converted into natural produelike structuresl2-15, using various chemistries. This

toolkit of reactionsincluded ring cleavage, ring expansion, annulation and addition

or modification methods, which enabled a diverse range of structurally unique
a0l TF2fRa (2 O092NOOEANEROKGa2KEDSE | f a2
differ by employing small buildinglocks exhibiting numerous reaction handles.

These can then blsuilt upinto structurally complex scaffolds.

, Cbz—N
=0 (0)

O# N
Bn

12 13

Ring cleavag;\ Aing expansion
Cbz—N/\:@:O

. R! Addition or
Annulation / 1 Nﬂ,\od,'ﬁca tion
H "
2 _ T Me
Cbz—N N Cbz NC@”"OTBS
)\Ph “NH,
H 15

Schemel.2Y !y 2 @SNIRA2Ssy @ F hi{ Yaii2ND G S3eé SyYL)X 28SR T2NJ (K
of leadlike scaffolds, adapted from Marsden and Nelsbml.?8

1.4.3 Fragmemntbased drug discovery (FBDD)

High throughput screening (HTS) approaches utilise and screen large libraries of
compoundghat are structurally complex and exhibit similar sizes to drug molecules.
In more recent years, efforts have turneoWards alternative screening methods as

HTS often leads to low hit rates as well as limiting further optimisation of potential
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hits. This is due to the screened compounds already displaying molecular complexity

and occupying drudjike chemical spac¥.

Fragment basedirug discovery (FBDD) instead employs small molecules that are
termed as fragments. These are compounds that exhibit approximately 20 or fewer
heavy atoms, therefore reducing the total possible number of molecules cadpar
with other screening techniques, making the process more manageable. This means
that chemical space can be more efficiently explored and hit rates are therefore often
higher133° The comparatively low olecular weight of fragments to those seen in
typical HTS hits means that successful fragments can be easily modified to enhance
potency whilst still displaying desirable molecular weight and dikeyproperties

and maintaining ligand efficiené}.The small and simple nature of fragments when
compared to leadike compounds also means that binding affinities during
screening, are much lower, and therefore require screening techniques of much

higher sensitivity:3

The advancement of fragment hits to drugs usually oceiashree main methods:
fragment growing, linking, and merging. Fragment growingis generally more
successful when neighbouring binding sites on the protein are present, whereas
fragment merging or linking is more challenging as it requires multiple binding sites
near one another. An example of a drug molecule discovered by FBDéniae

in schemel.3. The (aminomethyl)benzimidazole coié was identified as a weak
inhibitor of gelatinase B (MMB). Chemical elaboration led to the development of
functionalised (aminomethyl)benzimidazole7 which demonstrated a >10fdld

increase irpotency than the original fragmerit:2

N ) N

\>_ \>_

N NH N NH
17

16
65% inhibition

at 5000 pM IC50 = 13 uM

Schemel.3: An example of initial fragment hi5, followed by elaboration to provid&?7,
demonstrating a significant increase in potency.
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1.5 The synthetic toolkit for small molecule discovery

PMI plots have been able to illustrate the bias towards fragments that exist on the
diskrod axis and therefore aréatter than desired(see figurel.2). This can be
explained in part by the limited synthetic toolkit employed in organic synthmsis
recentdecadesvhere limited uptake of newly developed synthetic methpelscept

for SuzukiMiyaura and Buchwaktiartwig couplings has been observet343536
Figurel.6 presents the 20 most employed reactions in 2pgkarly showcasing
strong bias towards certain reaction types, in particular; amide bond formation

reactions and aromatic substitutionsuég) 3°

Buchwald-Hartwig s
Aromatic halogenation
Wittig ~ e——
Sonogashira coupling
Aryl lithium reaction with electrophile —
Oxidation of alcoho! m—
Ester formation s
Diazotization/ nucleophile m—
Reduction of NO2 to NHZ s—
Sulfonamide m—
Phenol alkylation
Benzylation or debenzylation———
Reductive amination m—
Heterocycle synthesis m——
Electrophilic reaction with amine m— ——————
Suzuki-Miyaura m—
Ester hydrolysis m—
Boc protection or deprotection m——
SNAr
Amide bond formation

Reaction Type

0 10 20 30 40 50 60
Occurence in one or more manuscript (%)

Figurel.6: The frequency in which the 20 most employed reactions appear in at least 1 out of 125
manuscripts, adapted from Browet al.>®

Reasons for this bias have been linked to the preference for a narrow range of
desirable and convenient experimental conditions, concerning reaction duration,
solvent, temperature, and purification technique to enable adaptation to high
throughput platforms. Other factors include the functional group tolerance of

reagents as well as time and productivity pressures within the inddétryaddition
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to a limited range of reactions being employed in drug discovery, the preference for
chemistry that favours the production of specific regioisomeric products has also
been highlighted?

The reliance on certain reaction types could explain the presence of fewer, less
diverse molecular scaffolds. If fragment libraries were to contain compounds arising
from a range of chemistries, then this may contribute to irsed shape diversity.
Bdstrom and ceworkers have suggested that the expansion of available building
block collections would allow for the scope of popular reactions to be fully
exploited3* Since 2009, AstraZeneca have focused on developing a collection of
novel building blocksincluding those which exhibit high Esgharacter,to address
thisi K NB dz3 K id rea¥SyliiNI N &RIGAs la fedulf) yC2015, SRI reagents
had been employedn the generation of three candidate drugs well as many

shortlist @andidates?3?

1.6 Project aims and objectives

The overall project aim is the development of synthetic strategies for the
construction of diverse, highly thredimensional, and valuable polycyclic scaffolds,
providing anefficient meansof chemical spacexplomtion. To achieve this, these
strategies will share common key intermediates accessed from simple and readily
available precursors. We plan that the subsequent application of a toolkit of
elaboration methodologies, mostly employing photoredox catalysi,alNow the
generation of a library of diverse and lebkke structuresFrom these aimsfour main

project objectivesan be identifiedas discussed below:
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Objectiveone: Synthesis of an enecarbamate and hemiaminal ethersed building

block library:

The first objective concerns the preparation of a library of hemiaminal ether and
enecarbamatebased building blocks as illustrated in schet It is proposed that
these will be accessed directly from their corresponding simple and affordable
saturated amines, therefore providing a highly desirable route towards building
blocks of varied ring sizes and substitution patterns. This synthetic approach
comprises of a key anodic (electrochemical) oxidation step, which has been well
established in the literatre,*° providing significant valueia the activation of a CH

site and subsequent installation of a reactive handle for further elaboration.

Objective two: Development of a synthetic toolkit oft - andi -functionalisation

strategies:

With a library of enecarbamate and hemiaminal ether building blocks in hand, a
toolkit of h- andi -elaboration methodologies will be developed based mostly on
previous chemistries from our group (scherd).***?> These methodologies should
demonstrde good yields and a broad functional group tolerance including various
substrate ring sizes and substitution patterns. We propose that this will provide a

unified and efficient strategy for the library generation of decorated scaffolds.

R1

a-elaboration [<j\
/ N R2

R! R1 PG
N MeOH 1 3
FI)G \ Cj B-elaboration R[<j/R

18 elimination

\
PG
21 22

Schemel.4: The proposed synthesis of a building block library of hemiaminal effganad
enecarbamate®1 from simple and affordable precursoi8. The development of a toolkit 6f and
i -functionalisation strategies can then take place to afford decorated scafffldad 22.
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Objective three: Synthesis of novel and 3wlyclic scaffold libraries:

The developed toolkit of -elaboration strategiesdr enecarbamates, can then be
implemented in the construction of complex and®sjzh polycyclic scaffolds. We
envisage the preparation of four diverse key scaffolds as summarised in s@hgme
Chapters three, four and five will discuss the synthesispobsyclic, bridged and
fused scaffold23, 24 and 25 via sequential application of -functionalisation and
cyclisation. Chapter five will also report annulative strategies facilitating direct and
simultaneous elaboration of multiple vectors, efficientiyroducing complexity and

the construction oftomplementaryfused scaffold26. The modular nature of this
synthetic approach means that variation in both the original and appended rings can
be easily and efficiently achieved, generating the deliverylddrary of diverse and

potentially lead-like compounds.

chapter 3
—Ne
R

N
o "%

chapter 4 R
et

| chapter 5 (@ ‘R & chapter 5 (IX/C>
—_— —_—
N N E N” “Xic
‘ PG PG
25 26
X=N,0

Schemel.5;¢ KS LINR L2 & SR Y 2 RdthbbratbnmeihddsioOdndcardayfate® F i
(objective two) towards theonstruction of novel, sprich and diverse polycyclic scaffolds (objective
three).

Objective 4: Assessment of scaffold properties and evaluation of biological activity:

The last objective is to analyse interesting physical and biological properties of the
prepared scaffold libraries. Related bicyclic and bridged ring syster@d tdten

demonstrate unusual perturbation of nitrogen lone pair andystem overlapand
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therefore deviatedreactivity. This will be probedial y I f @ aAa 2F GKS
properties including K:H measurements. Finally, the applicationahinatbearing
scaffolds26 in chemical proteomics will be explorgghd associatethiological value
assessedMore ecifically, theiruse as potentiahovel warheads, resulting from

suspectecelectrophilic andcovalent reactivitywill be investigated.

2 Chapter 2Synthesis of enecarbamates and their

functionalisation

2.1 Background

2.1.1 Electochemicaknodicoxidation

Electrochemical anodic oxidatiosa valuabletool used for the oxidation of simple
acyclic and cyclic amides and carbamaléd®e installation ofin"-OMe group toN
allows facile elaboration of the products and is affective GH functionalisation
method, advantageousto alternative strategiesvhere preinstallation of a reactive
handle is requiredlt is therefore applicable to simple and affordabN-containing

saturated heterocycleas a mode oéfficiently addingnolecular complexity

The first electrochemical anodic oxidation of methi-alkyl cyclic and acyclic
substituted carbamateswas carried out by Shorf§,employingan electrolyte in

YSUGKEFy2ft i Ndnethdoxglate@d carBamRtes éokd8cted using an
electrolysis cell that was fitted with two carbon electrod8sheme2.1 presents an

example, where the anodic oxidation Nfcarbomethoxyjperidine 27 in methanol

a0l 3

atk - 02y aidl yia OdzNNBwdaihoxg froduc2gin a'highdiel@d 729K S b

after a Faraday conversion of 2 F rhblad passedin some casesnecarbamate
type products were isolated as {pyoducts(e.g.,29).%° Efforts have also been made
to investigate whether otheN-functionalities can be tolerated in this methodolqgy

for example, the successful tolerance ofclic and acyclidtN-Ac amines and
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sulfonamides'®444546 Shonohas additionallynvestigatedthe use ofunsymmetrical
h-substituted substrates For example oxidation of  2methykN-
carbomethoxyjiperidine 30 gavethe less substituted -methoxy product3l, as a
single regioisomeiin a good yield (69%cheme2.1).#” Shonoand Libindiet alhave
also investigaed the oxidation of2-substituted N-functionalised pyrrolidines and
piperidineswhich were shown to proceedvith full regioselectivityin high yields
Previous work carried out in our group also observed the preferential formation of
the lesssubstituted 2,rRaminoacetals®484! Anodic oxidation of Jubstituted N-
carbomethoxyjperidines was also performed and resulted in regioisomeric
mixtures favouring the formatiorof the lesssubstituted isomer Fa example,3-
methyl N-carbomethoxyjperidine 32 led to the formation of h-methoxylated
products33and34, where conversiotio the corresponding eecarbamatesesulted

in a 64:36 mixture of regioisomemn a 96% yield33 and 34 were isolatedin an 82%
yield, ratio unspecifie)l*® Related work has also been carried out within our research
group showasing similar regioselectivity (2:1) for a 3methylated analogue of
carbamate32, after conversion to theirespective enecarbamatesvhereas those
bearing alternative 3ubstituents (e.g., Phh CQMe) produced only single

regioisomeric poducts(seescheme2.3).4
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Scheme2.1: Examples oélectrochemical oxidation reactions performed in the literature employing
cyclic carbamate&?4743

Scheme2.2 presentsan overview of the anodic oxidation mechanism within an
undivided cell setugpanel A) This schematic is also applicable to the use ofikie
Electrasyn setupan example of @ommercialised undivided cell often employed
modern accounts o&nodic oxidationincluding those published within ogroup*
(see section2.2.2 for experimental details) for its ease of use and high
reproducibility#® Initial oxidationof carbamates or amide85 takes place at the
anode, liberating a protonin situ and generating a radical cation &. Then,
deprotonation affords the neutral radicadand a second oxidation givexcyliminium
ion 36. This can then be trapped witimethanol producing thehemiaminal ether
product 37.4%5° Trindadeet al,** within our research groughave recently sought to
rationalise the regioselective outcome observed for 3substituted systems,
discussegbreviously using DFT calculatiorigvo proposeanechanisic pathways for
the formation of each regioisomeare presented in schem@.2, panel BFollowing

formation of the radical cation aN, proton loss affordd'-amino radicals39a/b
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generatedvia either pathway A or B, prior to further oxidation to the corresponding
acyliminium iongtOa/b.

Panel A:

\
—
—

O 2 MeOH

PG
37
@ 2 MeO@
|
|-|® PG Hy

éj\ pathway B: P Ph
38 N + 2

z\ i

>

Scheme2.2: A schematic of the electrochemical oxidation mechanism taking place in an undivided
cell setup (panel A) and mechanistic rationale for the formation of regioisomeric products (panel
B).49’41
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2.1.2 Synthesis of enecarbamatigem hemiaminal ethers

Hemiaminal ethers, accesseth anodic oxidation can easily underg@wis acid

Y S R A | -BuBsittutibn chemistryas explored significantly within the literatufe?

(vide infrg, or alternatively conveted to their respective enecarbamate and
enamidegexemplar enecarbamate and enamigieuctures41 and42 are provided

in scheme 2.3, panel)AThe latter allowénsteadfor elaborationthrougho 2 G K - i K S
|y Rvectors though methods for these are limited in the literatudespite the

development ofatoolkit of sp> GH functionalisation methodologi€es.

Work carried out in our group by Trinda@¢ a*! has focused om onepot direct
conversion from saturated cyclic carbamates to their respective enecarbamites
the formation of the hemiaminal ether intermediates discussed previoUskaing
intermediate hemiaminal etherg4 with TMSQAf and DIPEA in DCM at rt readily
afforded the corresponding enecarbamatds in mostly high yield§scheme2.3,
panelB). A broad scope oN-Cbzheterocyclicaminesincluding a range afing sizes
could be toleratedincluding the presence of -heteroatoms and appended
functionalities such agrenesand esterge.g.,46,47 and48). 2, 3- and 4ubstituted
substrates could also be tolerated with usually good regioselectiwitiiere
applicableas discussed previoud.g.,47, 48, 49 and50). Tereshchenket aP*also
reported a similar strategywhere following electrolysis, intermediate hemiaminal
ethers 51 underwent eliminaton either by solvent evaporatioat 70 °C and 100
mmHg andor by treatment with NHBrin toluene at 100 °@scheme2.3, panelQ).
This allowed thereparation ofN-Bocenecarbamate$3 varyingin ringsize ester,
and heteroatom inclusioie.g.,54, 55 and 56) and tolerated carbamatebearing 2
and 4substituents(e.g.,55and56). Some examples ohethodsfor the synthesis of
enecarbamategrom alternative starting substrates hawesobeen reported in the
literature including thoseemploying lactam®°6 (vide infrg in addition to a recent
account of their direct preparation from the corresponding saturated cyclic

carbamatesia organic photoredox catalyss.
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2.5 Fmol”', 100 mA n DIPEA (1.2eq.) [N |
N >
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Scheme?.3: General exemplastructures of enecarbamates and enamides (paneB#ithesis of
enecarbamates from their corresponding hemiaminal ether intermediates as reported by Trindade
et al! (panelB) and Tereshchenket aP* (panelC), with exemplar enecarbamate products provided

to illustrate the reactiorscopesYields are reported over two steps.
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2.2 Synthesis anflinctionalisation of enecarbamates

2.2.1 Introduction

We decided to employf K 2 y¥°Zl@dirochemical oxidation methodology as the
pivotal step in the synthesis of enecarbamatege to its abilityto transform
otherwise unreactivesimple andaffordable saturated carbamates into valuable
building blocks. Following this with Bragnsted acidmediated elimination
methodology* would easily dbw the preparation of a library afnecarbamate (N-

Cbz andN-Boc) suitable for further elaboration Cyclic enecarbamates would be
focused on due to the importance bfghly 3D saturatedN-containing heterocycles

in pharmaceutical compoundmd so it was planned thait library of enecarbamates
based on a variety of ring sizes and functionalised ring systems would be prepared.
A toolkit of functionalisation methodologies would then be employddr

enecarbamate decoration and construction awel and valuabl8D scaffolds.

2.2.2 Synthesis of enecarbamatéia electrochemical anodic oxidation

Initially, N-functionalisationof the desired saturated cyclic aminess required and
it was decided that thisvould be carried out witlpredominantlyCbzandBocgroups.
This wagslue totheir convenient means of installation and remoyvas well as use
related scaffoldsprepared previouslyin the group??*! The inclusion of &POC
(propargyloxycebonyl) protecting group was alsalecided for thedelivery of
products that could be employed otential biological labelling experiments at a
later stage Scheme2.4 presents an overview of the preparationdBoc,N-Cbz and
N-POC carbamate$7-64 using a series of known literature procedureBoc
protection was achieveeasily using Be®© in DCM at rand Cbz protectiomusing
CbzCl and B in DCM at 0 °C to ?>° For bicyclicsystems63 and 64, the
corresponding starting amine was only available asHi@ salt and so conditions
were modifiedto enable desalting bgmploying an excess ofsBtin each casé?OC

protection wassimilarlyachieved using POCCI and NaH@ODCM at r€°® Success

23



of the reactions \as determined by greement of spectroscopic dataith that

reported in the literaturefor previously synthesised caamates®16263646566

Conditions A: Boc,0 (0.9 eq.), DCM, rt, 72 h

R
(M Conditions B: CbzCl (1.05 eq.), Et3N (1.5 eq.) (
DCM, 0 °C to rt, 16-64 h n
N N
H |
Conditions C: POCCI (1.1 eq.), NaHCOs (6 eq.), P
DCM, rt, 16-72 h 57-64
P = Boc, Cbz, POC
(Nj <\lj N N
| / /
P P P P
57 P = Boc, 99% 59 P = POC, 98% 61 P = Boc, 100% 63 P = Boc, 97%2
58 P = Cbz, 71% 60 P = Cbz, 94% 62 P = Cbz, 66% 64 P = Cbz, 67%2

Scheme?.4: Synthesis oN-Boc,N-POC andN-Cbz protected cyclic amin&3-64. 2Starting amine
was purchased as the HCI satid therefore conditions were modifiedlodified mnditions A: Bog©
(1.2 eq.), BN (2 eqg.), DCM, rt, 72Modified onditions B: CbzClI (1.05 eq.3ME{2.3 eq), 0 °C to rt,
16 h.

With cyclic carbamates7-64in hand,the analogous enecarbamatég, 56, and65-
72were prepared as summarised in schet® For each examplehe intermediate
hemiaminal ethers were access& Shono anodic oxidation previously described
and carried out in the grouft This was performedia treatment ofthe saturated
carbamateswith electrolyteEkNOTsSn MeOHin a 10 or 20 mElectrasyrcompatible
vial (setupdescribed in figur@.1). The vial was then fitted to the Electrasyn 2.0 with
a pair of graphite electrodes immersed in the soluti@nconstantcurrent of 65 mA
and excess of electron.5 Fmot') wasthen passed through the solutigrwhilst
stirring, affording the crude hemiamad ethers upon solvent removalThesewere
then immediately subjected tdhe elimination conditions comprising of treatment
with a Brgnstedacid NHiC) in toluene at reflux until completion was determined by
TLC (¥ h)> Removal of the solvent and purification by column chromatography
afforded the desired enecarbamatésl, 56, and 65-72 in mostly good yieldsAll
carbamate protecting group®{Boc,N-CbzN-POC) were tolerated as well as varying

ring sizes(scheme2.5). An unusually low yield was observed foirirtlg N-Cbz
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enecarbamates8, which was suspected to be due to product degradatipossibly

by further oxidationto the N-Cbz pyrrolealthoughthis was not observed fad-POC
enecarbamate67. Furthermore estecontaining enecarbamateS6 and 72 could

also be accessed in high yields (70% and 60%), presenting examples bearing
additional points for functionalisatiorSuccessful synthesis ech enecarbamate

was confirmed by H and13C NMR spectroscopic analysis and agreement with
literature data for applicable compound$?>4%4l Diagnostic signals for the
installation of the new alkene were easily identifiable as rotameric pairs of broad

doublets at around 1 7.0¢6.5 (2H) and 5.Q@4.5 (3H).

These different elimination conditions, compared to those previously reported by
our group (TMSOTTf and DIPEA in DCM at rt, see scR@nevere chosen since they
were found to work with a wider range of substrates and be easier to perform
practically” Six and sevemembered N-Cbz enecarbamate$6 and 69 were
successfully prepared using both sets of conditions; howevemsirberedN-Boc
enecarbamates5 could only be accessed under the Brgnsted #eiged conditions,

presumably due to the sensitivity of the Boc group towards TMSOTT.
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P P 1-4 h P
57-64 54, 56, 65-72
P = Boc, Cbz, POC Yield = 2 steps

o o Q

N N
| /
P P P
65 P = Boc, 47% 67 P = POC, 45% 54 P = Boc, 22%
66 P = Cbz, 81% 68 P = Cbz, 8% 69 P = Cbz, 69%
0
Os_OMe OEt
| | |
N N N
| |
P Boc Boc
70 P = Boc, 90% 56 72
71 P = Cbz, 27% 70% 60%

Scheme?.5: Synthesis of enecarbamatéd, 56, and65-72 via a one-pot sequentiaklectrochemical
anodic oxidatiorand elimination.

C+/C- graphite
electrodes.

Electrasyn vial
containing reaction
mixture.

Measured voltage
(varies throughout
reaction).

Set constant current
(usually 65 mA).

Charge remaining to

be passed (Fmol?). Stirring speed.

Figure2.1: An annotated photograph illustrating the setup of the Etasyn 2.0 kit employetbr the
anodic oxidation of cyclic saturated carbamates.
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2.2.3 Complementarynethods for the synthesis of enecarbamates

Enecarbamates can also be accessed from cemmgtary method described by
Mudryk et aP® and Sharmaet al,®¢ by subjectingprotected saturated lactams ta
reduction and eliminatiofdehydrationbased sequenceAs a comparison, we
planned to synthese several examples previously prepangdthe electrochemical
basedapproach.To begin with, starting lactams were protected\atvith Boc or Cbz

as summarised in schen#6. N-Boc lactam73 was accessedgtia treatment with
BocO, EtN and DMAP according a literature proceduré’ N-Cbz émembered
lactam74was preparediiadeprotonation withn-BuLi and subsequent trapping with
CbzCl a;78 °C in TH®. N-Cbz 7membered lactam75 was also synthesiseda
lithiation-trapping methodology in a good yield of 71%, however it was found that by
employing LHMDS aan alternative base, an even higher yield of 92% could be
achieved (scheme.6).%%7° In all cases, reaction success was confirm@dthe

agreement of spectroscopic data with those reported in the literature.

Conditions A:
Boc,0 (1.5 eq.), DMAP (1.0 eq.),

(l Et;N (1.0 eq.), DCM, rt, 3.5 h (l

N (0] Conditions B: N 0]
H 1. n-BuLi (1.0 eq.), ~78 °C, THF P
30 min 73 A: 46% P = Boc

2.CbzCl (1.0 eq.) -78 °C, THF, 4h 74 B: 80% P = Cbz

Conditions A:
1. n-BuLi (1.3 eq.), -78 °C, THF

30 min
Q 2.CbzCl (1.3 eq.)-78°Ctort,2h
N~ O N~ O

Conditions B:

\

H 1. LHMDS (1.0 eq.), -78 °C, THF Cbz
30 min 75

2. CbzCl (1.0 eq.) 78 °C to —40 °C A: 71%

3h B: 92%

Scheme2.6: TheN-protection of lactams/3-75.

With N-Boc andN-Cbz lactam«3-75 in hand, we carried out the reduction and

elimination procedure (schem2.7). Treatment of eaciN-protected lactam with
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Super hydrid& at ¢78 °C in THF for 30 mins followed by the subsequssduential
addition of DIPEA, DMAP and TFAA afforded the corresponding enecarb&fates
66 and 69 in moderate to good yields of 383%.This chemistryallows the use of
complementary starting materialgs well as avoiding thaeecessityof specialist
equipment suchas the Electrasyrand offering a simple means of scalp.
Converselynowever, the use of pyrophoric and hazardous reagesrequiredunder

inert and cryogenic conditions.
1.) Super hydride (1.05 eq.)
(l toluene, 78 °C, 30 min @ @ Q
N~ 0 2.)DIPEA (5.7 eq.), N N

N
BG DMAP (0.02 eq.)

I ) \
Boc Cbz Cbz
73.75 TFAA (1.6 eq.), rt, 16 h 65 66 69
P =Boc, Cbz 63% 35% 63%

Scheme2.7: The synthesis of enecarbamaigs 66 and 69 from their correspondingN-protected
lactams.

We additionally identified several desirable enecarbamate substrates requiring the
use of alterative preparative procedures, sumisad in schem&.8. 3-Me N-Bocsix
membered enecarbamate77 was highlighted asrainteresting substrate due its
inclusion of a trisubstituted alkendowever,this could not beeasilyaccessediia
the electrochemicabased approachdue to the predominant drmation of the
regioisomeric enecarbamaitgee section2.1.1 and 2.1.2 Instead, a modification of
this reduction and eliminatiofbased approachwas employedas described in the
literature (scheme2.8, Panel Ay>%¢ N-Boc! -valerolactam73 was treated with LDA
at ¢78°C for 1 h followed by trapping with Mel @0 °C with warming tq20 °C to
yield methylated intermediaté&/6. Performing the usual reduction and elimination
conditions then yielded 3-Me N-Boc enecarbamate/7. As an alternative six
membered enecarbamate exhibiting modulated electronic propertiesCbz
dihydropyridone 78 was also synthesised Treatment of 4methoxypyridine with
NaBH and subsequent slow additionf CbzChccording to a literature procedure

delivered 4keto enecarbamate in 9¢cheme2.8, panelB).”t AzetidinebasedN-Boc
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enecarbamate80 wasalsoprepared as a potentially highly reactive substrate again
as perliterature conditions (scheme.8, panel C)? Treatment of tosylate79,
prepared by Mr Harrison Johnsdcvanswith t-BuOK and-BuOH at 80 °C afforded
4-membered enecarbamat@0in 41% yieldln all cases, spectroscopic data matched

those reported in the literature.

Panel A:
1.)LDA (1.1 eq.), Et,0 Me| 1.) Super hydride (1.05 eq.)

o Me
(l _78°C. 1h . (I toluene, 78 °C, 30 min (T
0 2.)Mel (1.5 eq.) 2.) DIPEA (5.7 eq.),

ITI l}l (e N
_ o _ o |
Boc 380 .C to -20 °C Boc _II?:;/L\AAP (10602 eq.zt . Boc
73 min 76 (1.6 eq.), rt, 77
15% (2 steps)
Panel B: OMe 1. NaBH,, MeOH Q
N -78 °C, 15 min R f‘]
| _ 2. CbzClI (2 M in Et,0) N
N -78°C,1.5h |
Cbz
78
9%
Panel C: OTs
,j t-BuOK, t-BuOH |
N o . /l‘\,lt|
Boc 80 C, 16 h Boc
79 80
41%

Scheme2.8: Enecarbamate systentd, 78 and 80 prepared using alternative methodologies.

2.2.4 | -Arylation of enecarbamates

Jui and ceworkersrecentlyNBS LJ2 NI SR | LIN®BGWR tynBaryBtbiNI & K S
of vinyl amine derivatives and demonstrated itapplicability to cyclic
enecarbamate$3C 2 dzNJ @®1&dd pr@dudtsbased on scaffol®2and83, were

reported employing enecarbamatéd and 65 and two aryl iodides in yields of 42

67% fcheme2.90 ® ¢ KA a Aa (K Sarylatgrt ob cydidehégakhEmaesF § K S
to date in the literature and so walannedto harness this chemistrgs an exemplar

approach for thedevelopment of unique and valuableé -functionalisedbuilding

blocksviaenecarbamate elaboratian

29



5 mol% PTH 84

5 mol% CySH Ar
(@ Sodium formate (3.0 eq.) ([)n_§
+ Ar—l -
N 5% H,O/DMSO N
Boc (1.0eq.) Blue LEDs Boc
81 n=1 82 n=1
65 n=2 83 n=2
(2.5 eq.) 4 examples: 42-67%

Scheme2.9: A summary of thé -arylation reactions performed on cyclic enecarbamates by3Jui.

We began by repeating some of the literature coupling reactions ubhkBpc
enecarbamate65.”® Treatment of enecarbamat&5 and 1-chloro-4-iodobenzene
with PTH84, cyclohexanethiol, and sodium formate in®4DMSO under blue light
irradiation for 16 h provided the correspondineprylated producB5in a 25% vyield,
slightly lower than that reported in the literature (42%¢heme2.10). The analogous
reaction with3-iodopyridineafforded thel -arylated producB6in a 21% yield, again
lower than thatreportedin the literature (47%). All spectroscopic dataifearylated
carbamates 85 and 86 was consistent tdhose reported in the liteature.”*”® The
reaction ofN-Cbz enecarbamat66 and 1-chloro-4-iodobenzenegave the novel -
arylated producB7in a similar yield to the analogous reactions (2586 expand the
enecarbamate scope,-membered enecarbamat®&9 was employed, due to the
dzy’ R S NNNB LINB a Swidiidnalise@ gcaff@dE containing this motif in the
literature. The reaction of enecarbate 69 with 1-chloro-4-iodobenzeneprovided

the desired produc88in a 13% vyield.
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5 mol% PTH 84
5 mol% CySH

(m Sodium formate (3.0 eq.) ( Ar
+  Ar—l - n

N
P

5% H,O/DMSO N
Blue LEDs, 16 h B
65,_66, 69 (1.0eq.) 85-88
n=1,2
P = Boc, Cbz
(2.5€eq.)
cl _ | Cl
g Cl
N h ) )
Boc Cbz
Boc g 86 Cbz g7 88
259 21% 25% 13%
Lit: 42% Lit: 47%

Scheme2.10: The photoredoxmediated coupling reactions of enecarbamaéss 66 and 69 with
aryl halides to give-functionalised piperidine85-88.

Due to theconsistentlylow yields observedwe turned our attention towards the
optimisation of the reaction. Unfortunately, after a series of experimental
modifications (see Appendi&1 for full optimisation details), we were not able to
improve the reaction yield significantly fomiembered enearbamate69. Using our
modified conditions (see Append&l, entry 13)we then planned to explore the
scope of the aryl iodidéN-Boc aniliné89andN-Boc amino pyridin@0were prepared

as noncommercially availablaryl halide examplefrom their respetive primary

amines(scheme2.11).7®

1. LHMDS (2 eq.)

| X THF, -78°Ctort, 1 h | X
= NH, 2. Bocy0 (1.1 eq.) = NHBoc
[ THF, -78 °C, 1 h [
X = CH,N 89 X =CH, 61%
90 X =N, 54%

Scheme2.11: The preparation of nogommercially availablsl-Boc aryl halide89 and 90.
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A series of aryl iodides were thenvestigatedwith limited succesgtable 2.1).
Reaction of enecarbamat@d with 3-iodopyridinegave the desired produ@lin a

good yield of 23%entry 1) however unfortunately all other aryl iodid&9, 90, 92,

94 and 96 provided no isolablelesirableproducts 93, 95 and 97-99. The formation

of a reduced aryl iodide species was however observed (90% isolated yield) for the
reaction with aminopyridin®0 suggestingormation of the aryl radicglentry 5) This
suspected occurrence of alternative reaction pathwawss confirmed via
optimisation work (see appendix sectiorf.1), through observation of the
consumption of starting enecarbama®® under the reaction conditiongithout aryl
iodide.
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Table2.1: Thearyl iodide scope of the-arylationmethodologywith 7-membered enecarbamaté®.

; NHBoc
|
89

2

l}l BocHN

Cbz
99

Entry Aryl iodide Product Isolated yeld (%)
1 | X = 23
| _N N\ l(l
\
Cbz
91
2 O 0 0
| y
92 Cbz 93
3 O 0 0
| )
94 Cbz 95
4 0
|
CHO N™ OHC
96 Cbz 97
5 ~ ! - 0 (desired product)
(X % -
N~ “NHBoc 90 (educed aryl iodide
90 N"BocHN specie$
Cbz 98
6 0
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2.2.5 Summary of results

A library ofcyclicenecarbamate building blocks have been preparedan efficient
two-step electrochemical anodic oxidation and eliminatimesed approach.
Enecarbamates ofaried ring sizesnd functionalities were accessed from simple
and affordable starting saturated aminesWe have additionally evaluatedn
alternative synthesis of enecarbamates fromeiin correspondinglactams as a
complementaryroute. We havethen performed preliminary wrk regarding the
functionalisation of enecarbamates in which several novel and valuahkylated
scaffolds have been successfully prepared. Due to the occurrence of unknown
competing reaction pathwaysye concluded that the complex nature of this reanti

would cause difficultyegardingfurther optimisation required to attain good yields.

2.3 Synthesis and functionalisation of hemiaminal ethers

2.3.1 Introduction

As indicatedin section 2.11, it is possible to isolate and purify the intermediate
hemiaminal etker from electrochemical oxidation of carbamapeotected saturated

cyclic amineswithout direct conversion to the enecarbamattherefore opening

potential alternative functionalisatioavenuesSignificant work within the literature

has focused on using these speciesity A G f t | @I NASGe -2F 7T dz
position We have carried outignificant effortsregardingthe investigation of these
methodologieshowever due to discovered linaitions of this work, only a summary

of the most successful results will be presented in this chapter.

2.3.2 Background

h -Functionalisationmethodologes of hemiaminal ethersl00 typically employ a
Lewis acido regenerate theN-acyliminium ion followed btrapping with the desired

nucleophile to deliver h-substituted carbamateslOl, as described in scheme
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2.125%%2 Many studies have been carried out and a large range of methodologies
have been reported for the installation of various functional handles including'&llyl,
aldehyde’" "8 ester,’67%80 cyano®! aliphati>83 and aromatic group&:8586 A concise

selection of these reactions will be reviewed in this section.

R1 R1 R1

k R e-chem [O] 3 )\ R? Lewis acid )\ R?
N R'0" N Nucleophile Nuc™ N
P P P

100 101

Scheme2.12: The synthesis df-substituted carbamate401 via sequentialelectrochemical
oxidation and Lewis acighediatedsubstitutionmethodologies.

h-Allyl functionalities have frequently been installed using a Lewis acid and
allyltrimethylsilane. For example, DawtlalK & a K2 gy (K -niethaxWB I Y S
carbamate102 with allyltrimethylsilane and TiCH I @-8llyl 'productcis103in a

76% vyield(scheme2.13 panel AYS ¢ KS & @ y (-d&ntha aciél esgi® from the

coupling with silyl ketene acetals is also comtyaeported in the literature. Shono

Fdzy Ol A2yl tNEABKR BOE@MEMNED Y S48 G2 ABnbSNIF G5
acid esters in high yields using this meth8@®kitsu and caworkers expanded this

work by employing substituteccarbamatesand optimising this methodology.

¢ NB I (Y Snéthoxypiperitlinel 04with scandium triflate, followed by silyl enol

ether 105 gave the desiredester 106 in 93% yield (schem@.13 panel B}°
Alkyllithiums have been employed, usually as organocopper reagents with the
addition of a Lewis acid (e.g., 3Fo endble the installation of both aromatic and
aliphatic groupsLudwig and Wistrand installed aliphatic functionalities oNtGOR

and N-COw -methoxysubstituted piperidines and pyrrolidines to yield the
corresponding productwia this approact? They then went on to explore these
reactions on Xubstituted piperidine and pyrrolidine systerfisThereaction ofh -

methoxy carbamatel02 with propylcopperand boron trifluoride diethyl etherate
produced a 96:4 mixture dfansandcisdiastereomeric product&07 (trans-isomer

isolated in a 58% yield, scherBel3 panel C). This was a reversed selectivity to that
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2 0 & S NI S Rucléophilek and the same trends were also observed with the
related pyrrolidine systemsThe authors explain this reversed selectiviby
proposng a model for the transition state where the copper species can coordinate
to both the carbonyl oxygen and tiacyl iminium double bond. Axial attack on this

iminium ion can then take place to yield ttransisomer.

Panel A: TiCly (1.1 eq.)

Q /\/SiMes (5.0 eq.) /(j\/\
MeO,C” "N~ “OMe ~ Me0,C”7 N N

DCM, -78 °Ctort

o7 OMe 07 “OMe
102 cis-103
76%
Panel B: Sc(OTf)3 (10 mol%)
OTMS
= OMe
(L o
N oM o
) © MeCN, 0 °C, 1.5 h N OMe
Cbz Cbz
104 106
Panel C: 1. CuBrMe;S (4.0 eq.)
PrLi (4.0 eq.)

Et,O, —25 °C, 30 min
2. BF3Et,0 (4.0 eq.)
Et,O, -70 °C, 5 min

> MeO,C” "N~ "Pr
MeOC™ N "OMe 5 102 (1.0 eq)) 2
07 >OMe Et,0, =70 °C, 10 min O~ OMe
102 4. -70°Ctort trans-107
96:4 dr
58%

Scheme2.13: A summary of literature methods for the diréctfunctionalisation of hemiaminal
ethers.

2.3.3 Synthesis of hemiaminal ethers

To begin with, kectrochemical oxidation of-8ubstituted carbamates108 and (S}
111was carried outOxidation oN-Cbz 2methylpiperidine108under the standard

conditions of 65 mA ané.5 Fmott in methanol gave the desired produt®9as a
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undeterminedmixture of dastereomersand rotamersn a high yield (98%scheme
2.14). Upon purification by column chromatography, conversion to enecarbamate
110 was observed and therefore hemiamin&ther 109 was used without
purification. A comparison of théH NMR spectrum with that of the major
diastereomereportedin the literature demonstrated that all of the key signals were
present®’ Electrochemical oxidation of -Qusbtituted pyrrolidine (S}111 gave
desired hemiamina|S}112, in a 30% yield obtained as an undetermined mixture of
diastereomers and rotamerssgheme 2.14). Unfortunately, efforts to employ -3
substituted cyclic carbamates within the electrochemical oxidation chemistry were
less successful due to the p@oiregioselectivity and therefore complex mixtures of

isomers produced.

(Et4N™)(p-tolSO3") (0.08 eq.)
2.5 Fmol!. 65 mA Q @

N~ Me MeO” "N~ "Me ! N7 "Me

| |
Cbz MeOH, rt (Ilbz Cbz
108 109 . 110

98%
(Et4N*)(p-tolSO3") (0.08 eq.)

OMe 2.5 Fmol™!, 65 mA OMe
N MeO N

)

Cbz 0] MeOH, rt Cl:bz o)

(S)-111 (S)-112
30%

Sheme?2.14: The synthesis of hemiaminal etlsdf09and(S}112via electrochemical anodic
oxidation.

2.3.4 Lewisacidmediated sibstitution reaction®©f hemiaminakthers

Once the desired hemiaminalbad been synthesisedlewis acidmediated
substitution reactions could then be carried oWWe began with the installation of
an allyl group® Treatment of hemiaminal ether 109 with TiCl and then
allyltrimethylsilane resulted in a 75:25 mixture of diastereomeric prodecd13
andtrans-113 (scheme2.15). A single diastereomeric products113was isolated

after purification by column chromatography in a 41% yidldans113 was not
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isolated presumably due to degradatiofreatmentof 2-substituted pyrrolidine $-
112under the same conditions was alsacsassful, leading to a 75:25 mixtureci$
andtrans diastereomeric products being obtained, with the magisdiastereomer
depicted in schem@.15. After purification, an inseparable 75:25 mixturea$114

andtrans-114was isolated in a 54% yield.

TiCl, (1.1 eq.)
_,Q /\/SiMes (5-0eq.) /\/(j\
MeO™ 'N° 'Me = N~ "Me
Cbz DCM, -78 °Ctort, 16 h bz
109 75:25 dr cis-113
41%
TiCl, (1.1 eq.)
N N
Cbz © DCM, -78 °C to rt, 16 h Cpz O
(5)-112 75:25 dr cis-114
54%
75:25 dr

Scheme2.15; The pregaration ofh -allyl functionalised carbamatess113andcidtrans-114from
their corresponding hemiaminal ether precursd@and(S}112

The stereochemistry otis113 was assigned by comparisomith the 'H NMR
spectrum reported in the literatureand by analysis of the NOESY NMR spectrum
presented in figur@.2. ApositivenOe interactionwas observedhetween the methyl

and allyl CHsignalsindicatingthe cisconformation It has been suggested that the
high cisstereoselectivity arises frorohairlike conformationl15, where the methyl
group is in a pseudoaxiabgitionto minimise unfavourablé!-3interactions with the
Cbz group® Thena stereoelectronicallypreferred axiatattack an the N-acyliminium

ion would occutto yield thecisstereoisomercis113 The stereochemistry of thg-

ring basedh-allyl carbamatecis114 was assigned based on comparison with a
literature TH NMR spectrurf? The highcisselectivity in this reaction is comparable

with similar reactions performed in the literatuf@??
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Name - Alex Hindle 0.0
Room No. - G56
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Figure2.2: The NOESY NMR spectruneisfl13used to determine the stereochemistry, where the
interaction between the methyl and allyl €signals is highlighted with a red circle.

Nu

A\’nOe Nu
Ao, b ko T
: —N CbzN
CbzN : \J\/\Cbz
cis-113 114 cis-113

Scheme?.16: Stereochemical rationale for the favouralitemation ofcis113.

Our attention was tha turned to the installation of ester functionalities. To do this,
the synthesis of the appropriate silketene acetal was requiredTreatment of
methyl acetate with LHMDS g¥8 °C in THF for 30 mins followed by trapping with
TMSClat ¢78 °C for 1.5 h gavimpure silyketene acetall15according to a literature
procedure(scheme2.17)°2 Purification by vacuum distillation at room temperature
using a receiver flask cooled ¢@8 °C was unsuccessfuielding impure silyketene
acetal115. Key signals were however observed in theand*C NMR spectra which

agreed with those reported in the literature.
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1. LHMDS (1.2 eq.)
)OJ\ THF, =78 °C, 30 min OTMS
OMe 5 TMmsCI (1.2 eq.) /I\OMG
THF, =78 °C, 1.5 h 115

Scheme2.17: The synthesis of silyl ketene acetahb.

Using an approachdapted fromthe literature, carbamatel09was treated withTiCh
at ¢78 °C irDCMfor 5 min® Impure TMSsilyl ketene acetal15wasthen addedin
excessand the mixture allowed to warm to room temperature in tBewarfor 16 h
resultingin a 75:25 mixture ofisandtrans diastereomeric productgéscheme 2.18)
An inseparable90:10 mixture ofnovel esterscis116 and trans-116 were then
isolated after columrchromatography in a yield of 28%he stereochemistry was
assignedn a similar way t@is-113, with the analogougpositive nOe beingobserved

between themethyl and estelCH environments.

1. TiCl (1.1 eq.)
DCM, -78 °C, 5 min

2. OTMS

/L\OMe (~3 eq.) 0
Me N OMe

Me N~ 'OMe DCM,-78°Ctort,16h |

|

Cbz Cbz

109 cis-116
75:25 dr 289%

90:10 cis:trans

Scheme2.18: Thesynthesis of estefunctionalised piperidingis/trans116 prepared fromthe
corresponding hemiaminal precursb®9and silyl ketene acetdl15.

In an attempt to install aromatic functionalities, a final procedure was emplgyed
Treatment of hemiaminal ethdiS}112with CuBiMe2S PhLi and BEtOin EtO at
¢25 ° to¢78 °C to rt affordech 70:30 mixture of diastereomeric-arylsubstituted
pyrrolidines trans-117 and cis117. After purification a 70:30 mixture of
diastereomeric pyrrolidinedrans-117 and cis117 were isolatedin a 3% yield

(scheme2.19). Spectroscopic data fais117were consistent withthosereported in
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the literature, however no data was reported fotrans-117.9 This reversed
stereoselectivity from that of allylationis comparablewith the outcome ofsome

relatedreactions performed in the literatur@vhichhave employedlkyl and alkenyl

copperreagents?495%
1. CuBrMe,S (4.0 eq.)
PhLi (4.0 eq.)
OMe Et,0, -25 °C, 30 min X OMe
MeO™" - Phy
| O . | O
Cbz 2. BF3Et,0 (4.0 eq.) Cbz
(S)-112 -78°C, 5 min trans-117
3.(S)-112 (1.0 eq.) 73%
-78 °C, 10 min, then to rt 70:30 dr
70:30 dr

Scheme2.19: The synthesis of Planctionalisedcarbamatedrans117andcis117using an
organocoppemmediated approach.

2.3.5 Summary of results

We have successfully been able to instalinethoxy substituents onto 5and 6
membered cyclic carbamates. This has shownbé&o regioselective for the -2
substituted systems and less so for those witeubstituents. We have then been
Fof S G2 FdzNI KS NJ-pbsitghQal ikstal llyl, Jested andl @aromati S

containing groups.

2.4 Chapter summary

This chapter has descridehe successful synthesis @fseries of hemiaminal ethers
and their corresponding enecarbamateaa an efficient onepot approach employing
electrochemical anodic oxidation as the pivotal transformational set8pme
preliminary i -functionali®d novel saffolds have been accessed in low yields
whereasprogress regardind -functionalisation efforts of hemiaminal ethers has
been limited due tothe modest regioselectivity observed for the oxidation of

substituted hemiaminal ethersChapters & will therefore explore alternative
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avenues for the -elaboration of enecarbamates arideir subsequent construction

into valuableand complex 3Epolycyclic scaffolds.

3 Chapter 3Ehecarbamatess platforms for the synthesis of

spirocydk big/cles

3.1 Background- I-OF G f 8a8SR LIK2G§2OKSYA-OI f§

functionalisation of enecarbamates

Metal-catalysedapproaches for the elaboration of enecarbamates and enamides are
prevalent within the literature’’*® however those thatdescribe photocatalytic
mediated techniquesre much more limitedand few accounts exist including those
reported by our research groupg*4%5’99 These arecomplementary to the
photocatalysed -hydroarylation described ichapter 22 and mostly facilitate the
incorporation ofaminesand construction ofnew GC bonds A selection ofkey

photocatalyticnethodsemployed within this chaptewill bereviewed in this section.

3.1.1 i-Alkylationof enecarbamates

Previous work published in our group has reported thee of photocatalysed -
alkylation chemistry for thedirect elaboration of enecarbamatés.Scheme3.1
presents a summary of this work where panealéscriles the incorporation oéster,
ketoneandsulfonefunctionalised alkygroups(122-125) viatreatment with Ir(ppy},
2,6-lutidine and the required alkyl halide under blue LED irradiatituming of the
reaction solvent (MeCN or MeOHgnabled selective formation of either
enecarbamate 119 or hemiaminal ether 120. Applying subsequent reductive
conditions (E&SiH and BfOE®) to the prepared hemiaminal ethsrdelivered the

analogus saturated carbamatek21, therefore providing dailorableroute to both
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saturated and unsaturated productd’he approach was also modified for the
installation of amideunctionalised alkyl groupshich could not beoupled directly
(scheme 3.1, panel B) In this case, treatment with Ir(p, NaHPQ, and
succinmide-containing alkyl halidé26under blue LED irradiation in MeCN afforded
intermediatesuccinimidybctivated estersvhich were therreactedwith the desired
amine to yield amide427. Once again, reductive conditions could be emploted
access the amlogous saturated product8oth reactions were able to tolerate a
variety of ring sizesand preinstalled substituentg128-130), as well as enabling

access to both secondary and tertiary amatmtainingproducts

Panel A:
Ir(ppy)3 (2.2 mol%),

(n 2,6-lutidine (2 eq.) Et;SiH (7 R
RBror Rl (3.3 eq.) (j/ BF3 OEt;

N MeCN or MeOH OMe pem 30 min N
blue LEDs, rt, 3.5 h P P
118 119 120 121
n=012
P =Cbz, Ac
122 P = Cbz, 50% bz o4 bz 105
123 P = Ac, 56% 41% 33%
Panel B:

1. Ir(ppy)3 (2.2 mol%)

@ Na,HPO, (2 eq.) ( NR?R3
MeCN, blue LEDs, rt, 5 h n
1 + Br/ﬁ.‘/ b R1 | )

2.R?R3NH (2 eq.), 1 h N
Cbz 126 coz 127
45 (3.3 eq.)
n=0,1,2 N

128 Cbz o9 130

68% 76% 85%

Schemed.1: The preparation of -alkylatedenecarbamates and carbamates as described by
Trindadeet al*
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3.1.2 | -Hydroamination of enecarbamates

Regioselective photocatalysed intermolecular hydroaminative couplings of alkenes
have been a focus of recent years. Knowles has pioneered the field by reporting the
direct intermolecular photocatalysed hydroaminative couplings of secondary alkyl
amines wih a range of alkene&31 (scheme 3.2, panel A% Treatment of the
desired alkenel31and secondary aming A 4 K 02 O { | 13 é@nder the¢ w L t
irradiation of blue LEDs, affordegicyclic ertiary amines 133 By employing an
alternative Irbased catalyst, Knowles has also been able to achieve the
hydroamination of primary alkyl amingproducing secondary amine produci34
(scheme 3.2, panel A% In recent years, our group has applied and extended
YY26fSAaQ KERNRBIYAYIFGA2Y YSiK2#82tdeidee (2
a rang ofi -aminatedN-Cbzcarbamatesl 35 (scheme3.2).4> Ammonia, primary and
secondary aminege.g., 136 and 137) as well as aromatic and heteroaromatic
functionalities could be toleratefk.g.,138and139), in generally good to high yields.
Furthermore, a range of ring sizes and preinstalletstituents wee tolerated as
indicated byexemplari -aminated productsl36, 137 and 138 Amino esterscould

also be employede.g.,140) allowing the preparation of-functionalised scaffolds

with avenues for further elaboratiorvide infrg.
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Panel A:

R2 [Ir(dF (Me)ppy),(dtbbbpy)IPFg (2 mol%) Rs R?
1 + HNR*R® > N
R%Rs TRIP thiol 132 (0.5 eq.), blue LEDs ~ R;~ R3
131 R1
133
2
R2 ,  [IMdF(CF)ppy)a(4.4-d(CF)bpy)IPFe (2 mol%) H R
1 + HyoNR > N 3
R%Ra 2 TRIP thiol 132 (0.5 eq.), blue LEDs Ry \a\R
131 R

R*, R® = aliphatic 134
TRIP thiol 132 = triisopropylbenzenethiol

Panel B:
NHR*/NHet
(o HNRY/ [Ir(dF(Me)ppy),(dtbbbpy)]PFs (2 mol%) (o €
R1 | + 2 > R1
N H-NHet TRIP thiol 132 (0.5 eq.), toluene, blue LEDs N
| |
oz R* = H, aliphatic, (Het)Ar bz s
n=0,1,.2
Ph
S y L
~N -
/(j/ i-Bu (j/Ng N FS CO,Et
NH, (\/(
N
Me” N N N Z N N
Cbz Cbz Cbz Cbz Cbz
136 137 138 139 140
51% 54% 31% 65% 64%
(1:1 dr) (>95:5dr) (1:1 dr)

Scheme3.2: The synthesis of secondary and tertiary ansifrem their respective alkenes as
described by Knowlest al (panel A} and thehydroamination as a method for enetmmatei -
amination as reported by our group (panelB).

A possible mechanism was also proposadthe hydroamination of enecarbamates
(scheme3.3).10010%42 Knowles originally suggestatie formation of primary and
secondaryaminium radicas (e.g., 141), via reductive quenching with the iridium
photocatalyst Thesecould then react withthe alkene(e.g., 66), generatingthe
corresponding h-carboncentred radical species(e.g., 142, which would
subsequently undergdiydrogen atom abstraction from the coc#yat0010l A
potential alternativemechanism wamsteadsuggested byKnowle3®° and Franciset
al*2 regarding the hydroamination afnecarbamates with primary aminéscheme

3.3). In this case, reductive quenching the photocatalyst by enecarbamatg6
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would provide the analogous radical cationic intermedia&8which would form the
sameh -carboncentred radical specie$42 upon aminetrapping. This alternative
mechanistic pathway was proposed due tbe use of iridium photocatalyst
([Ir(dF(Me)ppyi(dtbbbpy)]PE), and itsassociatednability to serve as a sufficiently
strong oxidant toform aminium radicalsl4l from primary amines(and likely
ammonia) Furthermore, StersVolmer quenching studiesvere able toidentify

enecarbamaté6 asbetter quenching agerthan primary aminesigo-butylamine)?*?

O RNH2

>/\ NH2R2 O @
RNH N O
141° @ < :

|

I 142
RHN, Ir'

9

N

|
Cbz Ir
66

11

Schemed.3: Proposedenecarbamatéhydroaminativemechanistic pathwayor the generation of -
carboncentred radical specighk4 210010342

Frequent limitations associatedlith thesetypes of photocatalytic processinclude
reproducibility and poor scalability Therefore, efforts to carry out these
transformationsusing continuoudlow have received increasing attention in the
literature as a means adddresing theseconcernst®>1%3Work withinour group has
focused onutilising the newly developeghotochemical module for theCSTR
fReactor platform for the scale up tife hydroamination of enecarbamates amongst
other processed? Mixing enecarbamatesi44 and primary or secondary amines
with an iridium catalyst andcocatalyst 132 in a mixed solvent system(4:1
toluene:DCM,200 mM provided a sufficiently homogeneous solution which was

thenirradiated in flow at 365 nm using two fReactor modul@s50 mLmirt (scheme
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3.4).This yielded -aminated carbamate$45, of varying ring sizes and functionalities

(e.g.,146-148), in productivities ofup to 2 glay™.

365 nm
NHR'R?
N N
Cbz 2 Cbz
144 145
n=012 [Ir(dF(CF3)ppy),(dtbbbpy)]PFg (0.5 mol%)

TRIP thiol 132 (50 mol%), toluene:DCM (4:1), 200 mM, 50 mLmin""’

— (0]
SO NGt
\ N N
Cbz Cbz Cbz
146 147 148
50% 13% 15%
2.0 gday™'2 0.8 gday'-@ 0.7 gday™@

Scheme3.4: The photocatalysed hydroamination of etarbamates in flow using the fReactor
platform as reported by Franogt all%2day = 24 h.

3.1.3 Otheri -functionalisation®f enecarbamates

Recently, Nicewicz and coworké&fshave developed alternativie-functionalisation
methodologyof enecarbamategmploying acridiniurdbased catalysi50to deliver
a range of -functionalisedN-heterocyclesl49in good to high yieldéscheme3.5).
In this case, treatment of enecarbamat&44 with acridiniumbased catalysi50,
thiophenol, sodium acetate and the desired nucleophile yielded the desired
functionalised product&49. The methodology demonstrated a broad scope allowing
the installation of amines {51), sulfonamides 152), esters(153) and nitriles (154)

amongst others.
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Mes-Acr-BF 4 150 (2.5 mol%)

' t.Bu N t-Bu
PhSH (20 mol%) ( R ! | @
”(@ Nuc (2.5 eq.) n E/j/ i = o
|

N NaOAc (0.25 eq.) N BF4
Cbz DCE, 465 nm Cbz O
144 149
=0,1,2 = 150
n=0,1, n=1,23 Me
(j/NHz (j/NHTf (j/o\n/ph (j/CN
N A N ° N
Cbz Cbz Chbz Cbz
151 152 153 154
41% 63% 94% 74%

Schemed.5: An overview of the scope of the Mé@gr-BR 150catalysed hydroamination
methodology as developed by Nicewicz and coworRérs.

3.2 Synthesi®f[6,7] and [6,8Fpirocyclianotifs from enecarbamates

3.2.1 Introduction

Thissectiondescribes @hotocatalysedapproach towards a series of highly valuable
i -difunctionalisedspirocyclicscaffolds of medicinal relevangcatilisingthe library

of enecarbamates previously prepared as well mgthodologies previously
developed within thegroup#2** We proposed hat by sequentially combinintipe
photocatalysedalkylation and hydroaminatioh -functionalisation methodologies,
high-value and higkcomplexity compounds containing quaternary centres and
spirocyclic motifsl55and 157 could be accessed insample andefficient two-step

procedure(scheme3.6).
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NR,
mo'\ﬂe Hydroamination mOMe
N o Blue LEDs N O

)
/ Cbz CI:bZ
122 155
@ Alkylation o
Me

N Blue LEDs ‘
I M N
Cbz \ ’ile
66 m > Hydroamination N
0] I
l}l RHN Blue LEDs f}l R
Cbz Cbz
156 157

Schemed.6: An overview of théwo-stepi -functionalisation strategies proposéd construct
quaernary and spirocyclic motifs55and 157.

3.2.2 Synthesis of esterda photochemicallynediated -alkylation chemistry

We began by repeating the synthesis of esié®?, using the photochemically
catalysed alkylation chemistfgee sectior8.1.1).#! Treatment of enecarbamaté6
(30 mg scale) with methyl bromoacetai®8 and Ir(ppy3 under the irradiation of
blue LEDs for 3.5 h, gave est@2in a 42% yieldstheme3.7).

OMe || pp 22 | |00 'I idi 2 .
@ Br/\ﬂ/ ( y)3 ( (0] /)’ :2,6 ||||d|| e ( eq ) m

N 0 N

I MeCN, blue LEDs, rt, 3.5 h (IJbz

gé)z 158 122
1.0 eq. 33eq 42%

Schemed.7: Photochemically catalysed synthesisefer122

Touse esterl22 as a handle for further-functionalisation, we set about the scale

up of this methodology. A H®ld scale up could be achieved siynultaneous scale

out and scale up of reaction vessels, whilst maintaining a moderate yield of 36%.
Further attempted scale ugesulted in a significant decrease in yield and was limited
due to the necessary access to specialist equipment (e.g., blug. EDaddress

thesescalability implications, we turned our attention to performing its synthesis in
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flow, using the fReactor platfornisee section3.1.2.1%4 Initially, test runs were
performed in batch using the fReactors to find the appropriate ressde¢ime, {able

3.1, entries 15). 60 min was selected as the optimum residence time due to it
resulting in the highest product yield (50%) whilst also showing high conversion of
starting material (85%). Decreased catalyst loadings using this residereavéne

also investigated, however this resulted in poorer product yietldblé 3.1, entries 6

and 7).

Table3.1: The use of the fReactor platform in batch for reaction residence time optimisation.

Entry Duration Catalyst loading Conversion of SM Yield of product
(min) (mol%) (%} (%}
1 30 2.2 80 45
2 60 2.2 85 50
3 90 2.2 95 45
4 120 2.2 95 40
5 180 2.2 90 35
6 60 1.1 95 35
7 60 0.55 95 25

a¥jelds and conversions determinedy 'H NMR spectroscopy using,3,5
trimethoxybenzene as an internal standard added following completion of the

reaction.

The reaction was then performed in flow, using a residence time of 60 min. Aliquots
were collected &1 h intervals and the ratio of product to starting enecarbamate

recorded {able 3.2). Unfortunately, the consumption of starting enecarbamate was
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much lower than that observed when using the fReactors for batch synthesis. These
results demonstrate the pential for scale up of the photochemicaitatalysed -
alkylation methodology, however further optimisation would be required to deliver

suitableconversions.

Table3.2: Results of the synthesis of este22as performed in flow using the fReactor platform.

Entry Duration before collection (h) Ratio product: starting enecarbamate
1 1 25:75
2 2 40:60
3 3 40:60
4 4 40:60

2Ratiosdeterminedby *H NMRspectroscoft analysis

3.2.3 Synthesis of estergaalternative methodologies

Due to the complexity and expense involved when performing the photochemically
catalysed alkylation methodology anlarge scale, we also explored an alternative
but complementary synthesis of esterl22 as described inscheme 3.8. This
comprised of an initial Cbz protection ohgdroxypiperidine in a high yield (9998),
followed by DMP oxidatiof{® to the corresponding keton&60in a 91% vyield. This
was followed by treatment with RRCHCeMe to provide alkend61in an 80% yield
and subsequent alkene isomerisation using CBfdrded ester122in a high yield
(79%)'°7 Using this route, we were able to efficiently prepare edt2?on large scale

(up to 14 g) from an inexpensive, commercially available starting compound.
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NEt; (1.1 eq.)

OH OH o
(j/ CbzCl (1.1 eq.) (j/ DMP (1.1 eq.) (T
DCM,0°Ctort DCM, 0 °Ctort

N N N

H 1.5h | |
Cbz 72h Cbz
159 160
99% 91%

Ph;PCHCO,Me (1.1 eq.)
DCM, reflux, 16 h

M
mO e DBU (1.1 eq)) m]/OMe
@] 0]

N THF, reflux, 16 h N
I
Cbz Cb
122 “ 161

79% 80%

Scheme3.8: The alternative nophotochemical synthetic route towards est&p2.

3.2.4 Synthesis of amidaga photochemicallynediated -alkylation chemistry

We then turned our attention to the preparation of amigd®ntainingheterocycles
using the photocatalysedlkylation chemistry (seescheme 3.1). Initially,
succinimidyl bromidd.26 was synthesised fromi-hydroxysuccinimide, in 48% vyield

(schemes.9).

o) o)
HO. HO EDCHCI (1.2 eq.) . 0.
N + Y\Br N
5 DCM, rt, 72 h o
o)

(0]

126
48%

Scheme8.9: Synthesis of succinimidyl bromid26.

Succinimidyl bromidel26 and enecarbamate66 were then reacted under the
photocatalytic conditionsfollowed by trappingvith a range of amines as indicated
in table 3.3, to produce corresponding amides62 Initially, we began with
morpholine éntry 1) producingamide162 in a yield of 19%. We theemployedl,n-
diamines for the preparation of amides containing a tethered amine to facilitate the

construction of spirocyclic motifs (sescheme 3.6). Commercially available,
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symmetrical diaminel63 (entry 2) gave impure aminéd.64in an approximate yield
of 27%. Purification was attemptedvia column chromatography, SCX
chromatography and acitlase extraction, however pure amirié4 could not be
obtained due to the presence of numerous-psoducts. To combat thigN-TFA
monoprotectedamine 165 was preparedvide infrg as a alternative to diamine
163 Reaction witiN-TFA amind.65provided amid€el66in an approximate yield of
31%, however purification was again unsuccessfutry 3).

Table3.3: Amidesl62, 164 and 166 as prepared using the photocatalysatkylation chemistry
developed in the group:

1. Ir(ppy)s (2.2 mol%),
Na,HPO, (2 eq.), MeCN

O /\ff blue LEDs, rt, 5 h mNR1R2
2. NHR4R, (1 or 2 eq.), 16 h 0

h
GCGbZ 126 Cbz
3.3 eq. 162, 164, 166
Entry Amine Product Isolated yeld (%)
H 0,
1 H ﬁo 19%
S Nee e
|
0 ’}l )
2 H | ~27% (impure)
/N\/\N/ mN\/\ -
H
163
3 H ~31% (impure)
/N\/\N/
Tea m
165




3.2.5 Synthesis of amidesaalternative methodologies

As aminel64 proved challenging to prepare using the photocatalyssediated
alkylation methodology, weagain sought an alternativesynthesis Treatment of
diamine 163 with ethyl trifluoroacetate, as per éterature method!%® selectively
delivered N-TFA aminel65 in a high yieldtable 3.4, entry 1). Two otherN-TFA
amines168 and 170 were also prepared using related proceduf®3% (table 3.4,

entries 2 and 3)in high yields (100% and 94%) and selectivities.

TaHe 3.4: The selective syntheses HTFA protected amines65, 168and 170.

H CF;COOEt (1 eq.) TFA
Me. N. Me. 4\ __N.
ﬂ/w”\/ R THF N " R
163, 167, 169 165, 168, 170
Entry | Amine| R | n | Temperature | Duration | Product| Isolated
(°C) yield (%)
1 163 | Me | 1 O°Ctort 16 h 165 94%
2 167 H | 1 0°C 10 min 168 100%
3 169 | Me | 2 O°Ctort 15h 170 94% (9:1
monabis)

Using methyl ester 122, prepared from the photochemicalyatalysed alkylation
methodology (seesection 3.2.2 as a starting point, we attempted thdirect
amidation to deliverN-TFA aminel66, however this was unsuccessful. Instead,
carboxylic acidl71 was preparedvia hydrolysis with LIOH and subsequent
acidification to pH 5 with citric acidaple 3.5). Amidesl66, 172and 174 were then
preparedviathe amide couplingf carboxylic acid71with aminesl65, 168and170
and EDEICI in moderate to good yields 38%), followed by TFA deprotection to
give the amined464, 173and175in good yields (583%,table3.5, entries 1.3).110
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Table3.5: The synthesis of spirocyclic amine precurdd@4 173and175from ester122

OMe OH
LiOH (2 eq.
(Jr e (T

N . N
N THF:H,0, rt, 16 h N,
122 171
71%
N R
_ Hf\l}l/ (1 eq.) EDCHCI (3 eq.)
1ea DCM, rt, 16-72 h
165, 168, 170
| N~ R
PR L Kcosten) SR
0 H 0 TFA
N MeOH:H,0, rt, 16 h N
Cbz z
164, 173, 175 166, 172, 174

Entry | R n N-TFA | Amide coupling NH TFA deprotection
product | isolated yield (%) | product | isolated yield (%)

1 Me 1 166 47% 164 78%
2 H 1 172 78% 173 55%
3 Me 2 174 36% 175 83%

We then investigated whether NH amit&3could be used as a handle to enable the
construction of alternative spirocyishtionprecursors. Incorporating aminopyridine
functionalities into these cyclisation substrates was of particular interest to us and so
we investigated the use ofy&r in doing soAttempted synthesivia SVAr with 2
chloro or 2fluoropyridine wasinsuccessful buvas insteadsuccessfully achieveda
BuchwaldHartwig coupling(scheme 3.10.1'' Amine 173 was treated with 2-
bromopyridine in the pesence of a palladium source @Ribak), ligand (BINAP) and
base (Na@Bu) and heated at 70 °C for 16urification by masslirected preparative
HLPC gavaminopyridinel76in 11%.
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|
N\/\NHZ Pd,(dba)z (2mol%) _
- BINAP (4mol%) | |
N NaOfBu (1.4 eq.) N~ SN
Cbz 173 > | H
= Toluene, 70 °C, 16 h o
| Cbz

NS
Br N 176
1%

Schemed.10: Synthesis of spirocyclisation precursor amino pyridifiévia BuchwaldHartwig
chemistry.

We also planned to investigate the use of tethered carboxylic acids and sulfonamides

as nucleophiles in the cyclisation chemistpg A Y3 b A OS ¢ X70d tiiszendO 2 y RA
we attempted the sythesis of carboxylic acit78(scheme3.11). Carboxylic acid 71

was treated with an amino acid derivative to give esfigf7 in a 48% yield.
Subsequent hydrolysis, followed by acidification to pH 5 with citric acid, yielded the
desired carboxylic acid i466 yield. We additionally attempted the preparation of
sulfonamidel79, again starting with amin&73(scheme3.11). Treatment with EN,

followed by T4O, however, was not successful.

0]
H Me O
N. -HCI |
Meok Me QJ\OMe

N
(0]

. N
N EDCHCI (3 eq.) Cbz 177
171 DCM, rt, 16 h 48%
LiOH (2 eq.)
THF:H,0, rt, 48 h
I\I/Ie 0]
N
(T Y o
o)
N
Cbz 178
64%
I\I/Ie I\I/Ie
N~~\n, 1.)EtN,-78°C, DCM, 5 min N~ Tf
/I ’ -0 4 H
N 2.) TH,0, -78°C, 1.5 h N
Cbz 473 Cbz 479

Schemed.11: the synthesis of carboxylic ad@8and attempted synthesis of sulfonamid&9.
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3.2.6 Construction of quaternary centresvia photochemically mediated

hydroamination chemistry

Following the syntheses of the desiredunctionalsed scaffolds, we were then able
to attempt further i -functionalisation using the photocatalysérydroamination
methodology developed previously in the group, as describedection 3.1.2
(scheme3.2).4> An annotated photograph describing the hydroamination setup in a

practical setting is presented in figugel.

Rotary fan to cool
the reaction.

Kessil Blue LED.

Irradiated reaction
mixture ina 7 mL
septum vial.
Magnetic
stirrer hotplate.

Figure3.1: An annotated photograph describing the practical setufhefphotocatalysed
hydroaminationmethodology carried out in batch.

To begin with, treatment of enecarbamafié?2 with iso-butylamine, TRIP thidl32

and Irphotocatalystin a sealed septum viahder blue LED irradiaticand rotary fan
coolingprovided desired , -difunctionali®d N-heterocyclel80in an isolated 19%
yield table 3.7, entry 1). The structure o180 was confirmed byH and*C NMR
spectroscopy, with a signal at 55.7 assigned to the newly formed quaternary
centre. Unfortunately, theignaldn the'H NMR spectrunvere extremely broad due

to the presence of rotamers caused by potentially both the Cbz and amide
functionalities and so was only of limited use in #ssignment. Efforts to resolve the
broadnessiaVT NMRwvere unsuccessfulithin the available temperature windows.

We therefore focused instead on employing alternative edi2? in this chemistry
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as we hoped that this may result in better resolved spect¥nfortunately, reaction
of ester 122 with iso-butylamine was unsuccessfuhowever interestingly,
hemiaminall83was isolated in a 22% yieldntry 2). Reaction of estek22 instead
with a secondary amingdimethylaming, gave the desired produci82 and
hemiaminall83in respective isolated yields of 15% and 22%r{ 3). The structure
of I j -difunctionalisedN-heterocycle182 was again confirmed byH and*C NMR
spectroscopy, with key signals at 58.9 58.8 assigned to the newly formed
quaternary centre of each rotamer. Unfortunately, the presence of a mixture of
rotamers again resulted in broadensiynals in théH NMR spectrum. The structure
of hemiaminal byproduct 183 was determinedvia HRMS andH and3C NMR
spectroscopic analysis. A key signal was identified4&t72 corresponding to the
CHOH proton.
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Table3.6: Synthesis of j -difunctionalisedN-heterocyclesvia photochemicallycatalysed
hydroamination methodology.

NR, o
[Ir(dF(Me)ppy),(dtbbpy)PFg] (2 mol%),
TRIP thiol (50 mol%) N o)
R Amine (2-5 eq.) Cbz
m 180-182
N 0 Toluene, blue LEDs, tt, +.__OMe
Cbz fan cooling, 16-72 h m
122, 162 N OHO
Cbz
183
Entry | Enecarbamate | Amine Product Isolated | Isolated
product | yield of

yield (%)| 183(%)

\( 19 n/a
NH ﬁo

N
Cbz
162 Cbz
180
2 OMe \( \( 0 22
m NH, NH
N OMe
122
N (0]
Cbz
181
3 OMe | NHMe, >N 15 22
0]
N
Cbz N ©
122 Cbz
182

Scheme3.12presents our proposed pathway towards the formation of hemiaminal

by-product 183 as adapted from previous work carried out in the grdépt has
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previously been suggested that irradiation of unsubstituted enecarbarb@gR =

H) and Ir catalyst with blue LEDs results in the formation of the photoexcited Ir
catalyst of which can then be quenchedddgctrontransfer fromenecarbamatel 84

to form electrophilic radical cation speci&85(see sectior8.1.2, scheme 3)3From
here, we have identified two potential reaction pathways which can take place when
treated with primary and secondary amines. We propose that when unsubstituted
systems are employed, pathway A will be favoured due to the increased stability of
the h-amino radical over theé -amino radical, and therefore the formation of
aminated heterocycle486 would be favoured. When substituted enecarbamates
are employed (e.g.,'R CHCQMe) it can be assumed that pathways A and B would
compete due to the enhared stability of the -amino radical and therefore a mixture
of i -substituted and -substituted heterocycle486 and 187 would be formed. It is
likely that aminafl87would be unstable and undergo hydrolysis during wopkor
purification to yield hemiamina88. In the reactions involving est&R2, hemiaminal
by-product183was only observed following purification by column chromatography,
supporting the validity of this hypothesis. Due to thrsbidentreactivity displayed

by substituted enecarbamate sysh 184, we decided to focus our efforts on the
development of the intramolecular hydroaminative methodology for the synthesis
of i -spirocyclic scaffold$57 (see section 3.2.1scheme3.6), where regiocontrol in

the b-addition might be enforced by its irdmolecular nature.
RZ R3
‘N

1
Pathway A R

R’ R N
Oy
Blue *,;j 186

N
Cbz LEDs | Cbz \ R R!
184 185 Pathway B (\/[ . (I

R' =H, CH,CO;Me NHR2R? N~ “NRZR® N~ OH

Cbz
Cbz
187 188

Schemed.12: The poposed synthetic pathwafor the production of hemiaminal bgroduct
183188
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3.2.7 Synthesis of spirocyclic motifa photochemicallynediated hydroamination
chemistry
Using the precursor amind$4, 173-186prepared in sectiol.2.5 we then explored
the synthesis of spirocyclic motiga intramolecular hydroaminative couplings. We
began with the cyclisation of secondary amit@4 usingthe iridium photocatalyst
([Ir(dF(Me)ppyi(dtbbbpy)]PE) and were delighted to isolate spirocgd89in a 57%
yield after purification by column chromatoaphy (able 3.8, entry 1). Alternative Ir
catalysts were then employed and the results analygedjuantitative HPLC. High
yields of 88% were obtained for [Ir(dF(Me)ppy)(dtbbbpy)]PE and
[Ir(dF(CE)ppyr(dtbbbpy)]PE, however this was much lower fiir(dF(CE)ppyr(4,4-
d(CRE)bpy)]Pk (23%,table 3.8, entry 1). Continuing withthe initial Ir catalyst,
alternative substrate473-186were then employedNH spirocycled90was isolated
in a moderate 21% yieldgble 3.8, entry 2), whereadN-TFA spirocycl&é91was not
isolated {able 3.8, entry 3). Reaction of secondary amink’5 provided an
inseparable mixture of starting material aneh@&embered spirocyclic heterocycl®?2
after purification by column chromatography. The mixture was sucuolgsf
separatedvia treatment with BogO to functionalise the free amine to changes
associatedR, and subsequent purification by column chromatography allowed the
isolation of spirocyclé@92in a 6% yieldtable 3.8, entry 4).Finally,cyclisation othe
aminopyridinecontaining176 was unsuccessful and corresponding spirocyi@a

was not isolatedtéble 3.8, entry 5).
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Table3.7: Synthesis of j -difunctionalisedN-heterocyclesvia photochemicallycatalysed

sad

hydroamination methodology.

Catalyst (2 mol%),

), TRIP thiol 132 (50 mol%)

Toluene, blue LEDs, rt,

)

fan cooling Cbz
164, 173-176 189-193
Entry | Enecarbamate|  Product Catalyst Duration | Yield
(h) (%)
1 0 e | [IMdF(Me)ppyyd | 72 52
)
bz N Me [Ir(dF(Me)ppyx(d 72 (88y
164 Cbz tbbbpy)]Pk
189
[Ir(dF(CEBppyk(d 72 (88y
tbbbpy)]Pk
[Ir(dF(CBppyR(4, | 72 (23y
4'-d(CR)bpy)|Pk
2 Me QO  me | [Ir(dF(Me)ppyy(d 96 212
N N tbbbpy)]Pk
SRNPNE
N H2N N
Cbz N H
Cb
173 Z190

62




3 Me O  Me | [Ir(dF(Me)ppyi(d 96 0?2
N N tbbbpy)]Pk
SRNIRS:
N P A
Cbz TFA | NTFA
174 191
4 Me o Me | [Ir(dF(Me)ppyx(d 72 6%°¢
mN N tbbbpy)]Pk
| 2 )
o)
N
Cbz N
Me | N
175 192
5 Me o} Me [Ir(dF(Me)ppyi(d 96 0?2
N N tbbbpy)]Pk
SRPPE
Cbz N
NZ N _ 7
@ Cbz Nb
176 —
193

3solated yields determined following purification by column chromatograpfiglds
determined via quantitative HPLC analysis of the crude compouiiseparable
unreacted starting aminel75 removed via reaction with BogO and further

purificationvia column chromatography.

Broadened'H NMR spectra were obtained for spirocyclic heterocyt&3% 190and
192due to the presence of rotamers, as exemplified by tHeNMR spectrum df89
presented in figure 3.2 Therefore, characterisation was performed using a
combination of 1D and 2D NMR spectroscopy. Farembered spirocyclé89, a key
signal atic 54.4 corresponding to the newly formed quaternary centre was
identified. Furthermore, analysis of the HMBC spectrum indicated an interaction

between this quaternary carbon and tlaeljacentN-Me environment {1 2.45¢2.31,
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3H, m) as highlighted figure 3.3. The structures of spirocyclic heterocycl&and

192 were assigned by analogyariable temperature NMR was also explored to
reduce the spectral broadening. Figu8&l shows the!H NMR spectrum in DMSO at
383 K for [6,7] spirocyclE89which exhibits Barper and more resolved peaks, most
noticeably in the region of 3.13.60 ppm Unfortunately, due to limited material, a
sufficiently resolved associatédC NMR spectrum and associated 2D spectroscopic

data were not obtained.

Figure3.2: The'H NMR spectrum abtameric[6,7] spirocyclel89in CDGI
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Figure3.3: The HMBC spectrum of spirocy&i9 (CDQ), illustrating the interaction between the
guaternary centre andN-Me environment
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Cyclisations employing acid8were alsdorieflyl 4 G SY LJGI SR> dza A5y 3
hydrofunctionalisationconditions and those developed in our grotfphowever,

these efforts were unsuccessfigchemes3.13.

| Catalyst 150 I N\ |
mN TRIPth|oI 132 /z : | ® O
| ! - !

Q Solvent | '

N HO 0] ' '
Cbz blue LEDs, rt, ! !
178 fan cooling 194 , :

@O
N

-—

o

o
<
o

Scheme3.13: Attempts towards the synthesis 6fi -difunctionalised\-heterocyclel94via
photochemicallycatalysed hydroamination methodologg§onditions:150(2.5 mol%), TRIP thiol (20
mol%), NaOAc (0.25 eq.), DCE, blue LEDs (455 nm), 16 ®(®dmol%), TRIP thiol (50 mol%),
toluene, blue LEDs (390 nm), fan cooling, 16 h

3.2.8 Summanpof resuts

We have successfully developed synthetic routes towards a sefieRinttionalised
N-heterocycles containing ester and amide functionalities and subsequently
employed hydroamination chemistry to deliver several -difunctionalised
scaffolds. We have additionally been able to modify this chemistry for the
preparation of a range of highly valuablg -difunctionalised spirocyclic heterocycles
189 190and 192

3.3 Acomplementansynthetic approach towards the synthesig6,5]
spirocyclianotifs fromlactams

3.3.1 Introduction

Section 3.2 describes the successfidynthesesof severali ,i -difunctionalised

spirocyclic heterocyclesmploying either a twestep photocatalysed process a
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combination of photochemical and convemial synthetic approachesThe
methodologies were limited to the inclusion of an amifienctionality at the i -
position with respect to the heterocyclic rirgg well as only -7and 8membered
appended rings being accessibdnothersignificant limitations the difficulty inthe
preparation of theenecarbamatebasedspirocyclic precursord he photocatalysed
alkylation chemistrywas low yielding andighly substrate specific, whereas the
alternative nonphotocatalygd approach wasengthy and bespoke in nature, not

allowing forfacilevariation in thering size of the original heterocycle.

Thissectiondescribes an alternative ammbmplementaryapproach to the synthesis

of [6,5] spirocyclic motifstartingfrom lactamsas describedn scheme3.14. Initially
lactams195 would be functionalised with protected haloalcohdl96 via enolate
chemistry. Substituted lactams197 would then undergo the reduction and
elimination methodology described previously (see sectib®.3 to access the

O 2 NNE & Ligugsitited Bnedarbamatedhe desired amine tether would then

be installedviaa series of functional group conversions to ac@sses198. Finally,
cyclisation could then be achieved using the same hydroamination methodology as
describedin section3.2 to provide [6,5] spirocyek 199. We envisaged thathis
methodology would enable accessdtiernativering sizeshrough variation ®éboth

the starting lactam and haloalcohol.

NN
X OP oP NHR
196 N |
NS0 o

N —_— N
|
P

P P qo7

198

hydroaminationl

Scheme3.14: An overview of theynthetic approach towards [6,Sbirocyclic motifs99.

67



3.3.2 Results and discussion

We beganwith the i -functionalisation of émembered N-Boc lactam 201 via
lithiation and trappingwith TBS protected haloalcoh@D0, which providedlactam
201in a low yield of 4%scheme3.15). To improve the low yield -valerolactamwas
employedas the startingsubstrateviaformation of its dianionic enolatdollowed by
reaction with the alkyl halide andn in-situ Boc protection stepwhich afforded
lactam201 again in a 4% vyieldVe suspected that the low yield many be resulting
from poor reactivity oprotected haloalcoho00and so planned tinstead employ
the analogous iodidsubstituted derivative via a Finkelstein reaction. Bromo
substituted alcohol 200 was obtainedvia TBS protection of -Bromopropanoland
treatment with Nal in acetonat reflux for 20 minutes afforded iodidsubstituted
alcohol202in 78%yield (scheme3.15).112113 Treatment ofthe dianionic enolate of

1 -valerolactamwith iodide 202 successfullyresulted inan improved 21% yield
(scheme 3.15. To access theanalogous fivanemberedi -substituted lactamwe
treated 2-pyrrolidinone with these conditions, however no desired product was

isolatedin this case.

1.) LDA (1.1 eq.)

(l ~78°C, THF, 1.5h (I\/\OTBS
N
| . .

Boc
73
1.) n-BuLi (2 eq.),-78 °Cto 0 °C, THF
N O
H

2) TBSO” "X (1eq)-78°C,1h h
200, 202 oc
3.) Boc,O (1.5eq.),-78°Ctort, 16 h

201
X =Br, 4%
X=1,21%

TBSCI (1.2 eq.)

Imidazole (1.6 eq. Nal (2.5 eq.)
HO™ >"g; 1:009) 1Bs0 ™" ——— s 150 N
DCM, rt, 16 h 200 Acetone 202
98% Reflux, 20 min 78%

Scheme3.15: The synthesis df-functionalised lactan201and protectedhaloalcolols 200and 202
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Withi -substituted lactan201in hand, we continued with the remainder of the route
(scheme3.16). Reduction and elimination were performed using Super hy&rids
described in section2.2.3 providing enecarbamate203 in 32% yield®> TBS
deprotection using TBAF then gave impure alc@@dlin approximately 77% yiefd*
The impurity was not removed due to the observed instability of alc@bdlupon
chromatograplic purification(TLC and flash column chromgtaphy).In efforts to
understand this, it was discovered that upon treatment of alco?@d with aging
CDd, cyclised hemiaminal ethéx05was observed, presumably owing to residual
HCI accumulation in solution. Indeed, the acatalysed cyclisation ailcohol204
has been reported previously in the literatut®.The structure oR05was confirmed
by *H and'3C NMR spectroscopy (CB)QWith signals at+5.22 ppm (1H, br m) and
1¢81.6 ppm, 82.6 ppm assigned to the hemiaminal ether CH position. Com@g6snd
was suggested to be formed as a single diasteredrmased orthe number of signals
in the 13C NMR spectrum, but an assignment of the relative stereodstry was not
possibledue to broadened spectra occurring from the presence of rotam&sngle
diastereomer withcisstereochemistry was assignatthe literaturevia VT analysis
(80 °C in ¢¢DMSO).!®> however in our case, the use o€EDCG means that an
unambiguous assignment cannot be madld. NMR spectroscopic datasidMSO)
for alcohol204howeveris consistent with that reported in the literature and analysis

in CDGlwas enal#d viaNMR solvent neutralisatiof->

Next,conversion to thelesiredamineswas attempted using an approach consisting
of mesylation of the alcohol, followed by nucleophilic substitution wtlitarequired
amine Initial mesylation attemts were successful, howeveahe reaction with
methylamine resulted ipreferentialdouble alkylation of methylamind o solve this
issue we performed an oxidation'reductive aminationsequence Oxidation of
alcohol204using DMRurnished aldehyd®06in 41%yield 1°¢ Subsequent reductive
amination using Ti(iBry and several primary amines resulted in the preparation of
secondary amineg07-209in yields of 45, 38, and 21%P Finally,photochemically
catalysed hydroaminatiosuccessfully facilitated the cyclisation of ami2¥ and

208, affording [6,5] spirocyat carbamates210 and 211 in 62 and 29% vyields.
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Unfortunately, no desired produc212 was isolated in the reaction of amir09.
Analysis by LCM$&uggested the formation oh byproduct with a mass o{M+2),
presumably owing to a competing reductive pathway, however igmlabf this

compound was not achied.

.) Super hydride (1.1 eq.)

(I\/\OTBS ~78 °C, Toluene, 30 min (j/\/\OTBS
) DIPEA (5.7 eq.),
DMAP (0.02 eq.),

201 TFAA (1.2 eq.) ?Sg%/o
-78°Ctort,16 h
TBAF (1.6 eq.)
THF, rt, 16 h

_Me 1.) MsClI (1.1 eq.), EtsN (1.5 eq.),
W THF, 0°Ctort, 3 hor 16 h (j/\ﬁ
.) MeNH,, EtOH, 65 °C,
16hor2.5h Boc 204
207 77%
DMP (1.1 eq.),

0 °Ctort,
DCM, 16 h

1.) RNH, (3 eq.), Ti(OiPr),, (1 eq.)

MeOH, 5 h (E/\Ao
N

2)NaBH4, (1eq.), 16 h

I
Boc 206

41%
207 R = Me, 45%
208 R = Bn 38%0 [Ir(dF(Me)ppy),(dtbbpy)PFg] (2 mol%),

209 R = iy 219 | TRIP thiol (50 mol%)

Toluene, fan cooling
Blue LEDs, 360 .

(j(> 210 R = Me, 62%
Boc

211 R =Bn, 29%
212R—/Pr, 0% M- '

:

Scheme8.16: The synthsis of [6,5] spirocyclezl0-212from i -substitutedlactam201

The structures of [6,5] spirocycl@d0and211were assigned by NMR spectroscopy.
Likethe spirocycled.89,190and192discussedn section3.2.7, broad spectra caused

by the presence of rotamerked to difficult assignmentsDespite this, the key
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quaternaryspirocyclic'3C NMR signals weidentified in both casess(.5 ppm for
210, 62.2 ppm for211) and furthermore for N-Me spirocycle210, an interactionby
HMBCwas identified betweerthis and the signal corresponding to the methyl
substituent (figure 3.5). To improve thespectral resolution, spirocycle210 was
subjected toBoc deprotectionhowever no significant improvemern resolution

was observed.

i ‘L
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Figure3.5: The HMBC spectrum of spirocy2E0 (CDQG), illustrating the interaction between the
quaternary centre andN-Me environment.

3.3.3 Summanpof results

This section describes the successful preparation of hwwel [6,5] spirocyclic
compounds210 and 211 using acomplementaryapproach to thatpresentedin
section3.2. Whilst modification would allowaccess to alternative sizes in both the
original and appended rings lengthyandstepwise natureneant that efforts to do

sowere not pursuedurther.
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3.4 Chapter summary

This chapter has described the successful application of a toolghaibcatalysel

I -functionalisation approaches for the elaboration of enecarbamates and
construction ofnovel and highly valuablgpirocyclic systems$ubsequent chapters
will explorefurther implementationsof this hydroaminativebasedmethodology for

the synthesisof alternative uniqueand three-dimensional polycyclic scaffolds

through enecarbamaté-elaboration.

4 Chapter4: Synthesis of diazabicydieisted amidesand
anilines

4.1 Background

Twisted cyclic amides have received significant attention in the literature over the
last thirty years due to their unique characteristics and reactivity profiles in
comparison to the conventional amide motif. In highly strained cyclic systems, the
usual planarity and conjugation between the nitrogen lone pair and carbonyl
system (n U 2 o), fas described by the resonance structusamide 213 in

scheme4.1, is disruptedt!/118

@] O] o)

2 2
R\N)J\R—] - R%KI/J\R‘] - R\N)F\R‘]
R3 FI{3 R3
213

Schemed.1: The typicatesonance structures observed for the conventional unstrained a@ice
resulting fromnn G 2 6 ofbital overlap!'®

Thisresults in uniguea S2 YSGNR O SFFSOGa &adzOK Fa fSy3i
shortening of the C=0 bond and changegshe bond angles at N and Glovel
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hydrogenbonding behaviour can also be observed, with an increased preference for
protonation at nitrogenNovel reactivityhas also been observedcluding sensitivity

to hydrolysis and MC bondcleavage In addition tobond length measurements,
several ¢ther parameters as often used wmbserve the restricted overlap between
the N-lone pair and C=0 bon@hese includé&®’C NMR and IR spectroscopy as well as
the sum of angles about N and the twist anglea descriptorof the magnitude of
rotation around tf5 b b / 6 P providird) yihBight to the geometry and overall

distortion easily calculated from-2ay crystallographic daté.’118

Figure4.1 displays several examples of literature polycyclic twisted amidéh

YAND & Qa (0 214 @-az&2Radamanfa®$eps apivotal example!® Twisted

amide214 exhibitsminimaly A G N2 ISy 2y S -bdndioNdridp yiue toO ND 2
its rigidity and constraint within a ringtherefore displayingaminoketonelike

LINE LIS NE 206 Epm for C=0 by NMR), and deviated bond lengti® €\1.475

A and C=0 = 1.196 A) from thosetygicaldzy O2 y & U NJ A yl@StBms {f& NI A | NI
example: NC= 1.352 A and C=0 = 1.233'R)Twisted amide214 has pyramidal

geometry at nitrogen (sum of bond angleshat 325.7°) and a higtalculatedtwist

y3t S 6°. 2Quinudidomipny tetrafluoroborate?15 has alsorecently been
NEBLRZ2NISR 6AGK | AAYAEIFINI GgArald g=aABH o_. T
A and C=0 = 1.192 &} ¢ NI 3 S NXdediveddHazalsicyclo[3.3.1]Jnonad-one

bridged system@16also display high distodn, though less extreme than the latter
examples( ' ,omMtHnE mM®OEA.RL10 fR123/

(@]
- B
g
H
(0]
214 215 0216

Figure4.1: The structures ofxemplar polycyclibvisted lactamsY A Nb & Qa (2148 &SR | YARS
quinuclidonium tetrafluoroborat15'2%, and T63 S NI &deriveld Eackan16.122123
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This distortion canoften result ininteresting and novel reactivity. For example,

¢ NJ 3 S Ndipdveddbtidged system®16 (figure 4.1) exhibit almost equienergtic
behaviour in terms of Nand Oprotonation as opposed to preferential -O
protonation of nontwisted amidest?2123 Derivatives of these have been employed

in N-alkylation chemistryfacilitating GN cleavage. Due to their tendency to undergo
N-alkylation, twisted polycyclic amides can readily participate in reactions such as
ring-opening polymesation. An example of thisconcerrs the haliderebound

polymerisationvia alkyl iodide activation at nitroget?*

Similar distortive effects can also be observed in anHi@sed polycyclic systems
where conjugation betweerthe nitrogenlone pair and the aromatic -system is
disrupted such asin benzoquinuclidine21725%126 and T3 S NJase 218,
presented in figure4.2. Additional sudies of benzoquinuclidin€17 have also
reported the lack of typical diagnostic UV absorption batyscally observedfor
aromatic amines & well asanomalou$y low excitedstate lifetimes.Furthermore,
anomalous reactivity with diazonium salts andid have also been reported.
Monoprotonated NJ 3 S NI2#8 has beerSshown to exhibit an abnormally low

pKeH (3.2) due to anomeric and substituent effects.

217 218

Figure4.2: The structures oéxemplartwisted anilines benzoquinuclidin21 72526 and Tr53 S NI &
base218%".

4.2 Synthesis of diazabicydieistedamides

4.2.1 Introduction

Previous work in our groupy Dr HaithamHassarhasfocused on the synthesis of
twisted bicyclic amides 222225 based on the bicyclo[3.3.1]Jnonane and
bicyclo[4.3.1]decandactam scaffolds (schem4.2).5° The approachconsisted of

initial reductive amination carried out betweerBoc3-piperidone219and amino
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esters220under treatment with NaBH(OAgp yield intermediate amino este221
Then, aone-pot, three-step procedure was carried oufirst consisting of ester
hydrolysis with NaOH, followed by sequential Boc deprotectionguslCl and finally
cyclisationvia treatment with n-BwSnO atreflux under DeanStark conditions to

afford final twisted bicyclic amidez22-225.

o
(J )

| .

N i) NaOH 1
B'T' NaBH(OAc); (j/ Yhoi)HCI NR

_ = 2 -
1o COR N\[((J)
o

219 THF l\ll iii) NnBu,SnO, n
R1HN\M,002R2 Boc toluene, reflux
n
n=12 22 222.225

o} o o}
222 223 224 225
45% 46% 59% 52%

Schemed.2: The reductiveaminationand cyclisation approach towardse synthesis of
bicyclo[3.3.1]Jnonan@ndbicyclo[4.3.1]decantactam scaffold®22-225, reported by Hassaet al.5°
Yields reportedver stepsHii.

Limitations of the approachregard itsscope with only bicyclo[3.3.1]Jnonaneand
bicyclo[4.3.1]decanscaffolds accessedihis was mostly due to th@oor accessibility

of starting 3-ketoazacycleslternatives especially those of alternative ring sizes,
meaning tha variation in the original ringvas not easily achievabl®&V/e therefore
planned totackle theselimitations byproviding an alternative route towards the
intermediate amino ester221 Scheme4.3 descriles our proposed procedure
insteademploying startingegnecarbamatesnd functionali;gviai -hydroamination

To achieve thisN-Boc enecarbamateS3 would be treatedwith amino esterswith
appropriate photocatalystsinder irradiation with blue LEDs to access amino ester
intermediates226, followed sequentially by theyclisationmethodology previously
described(scheme4.2). The use of enecarbamategould allow facile variation in
both the original and appended ring sizes, therefore expanding the scope.

Furthermore, trisubstituted enecarbaates containing a substituent at thée-
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position could now be employed, allowing access to highly valuable tetrasubstituted

centre bearing scaffolds, not accessible through the original procedure.

1 2 ]
R Hydroamination R R 1) NaOH R
(' Blue LEDs N : ( _R?
| ‘(m Y ii) HCI m Ny
'}1 amino ester N CO,Et i) nBuySnO, N n
Boc | reflux
53 BOC 926 2270

Schemed.3: Our proposed approadowardsthe synthesis of bridged bicyclic lactagy7,
consisting of hydroamination followed by the cyclisation methodology

4.2.2 Results and discussion

Efforts beganwith the hydroaminationof enecarbamates with secondagmino
esters to directly deliver tertiary amino esters as suitable precursorsyfisation®®
To achieve this, reactionf 6-ring N-Boc enecarbamaté&5 with sarcosine methyl
ester hydrochloridevas carried ouviatreatmentwith aniridium catalyst, TRIP thiol
and lithium hydroxide under blue LED irradiation for 72winich yielded tertiary
amino ester228in 4%yield (scheme4.4).

Me
|
[Ir(dF (Me)ppy),(dtbbpy)PFg] (2 mol%), NW
@ H\)OJ\ TRIP thiol (50 mol%), LIOH'H,O (2 eq.) CO,Me
N"* Me” OMe , = N
Boc ‘HCI toluene, blue LEDs, fan cooling, 72 h Boc 028
65 (2 eq.)

4%
Schemet.4: Hydroamination reaction df-Boc enecarbamaté5 with sarcosine methyl ester

hydrochloride.

Due to the low yieldwe insteacemployedprimary amino estersThiswould then be
followedwith protection of the resulting secatary amino group prior to cyclisation.

Schemet.5 summariseghe i -hydroaminationof 54, 65, 70, 77 and 81 with primary
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amino ester salt29 and 230, based uponconditions reportedpreviously in our
group®. Initial treatment of N-Bocenecarbamates5 with primary amino este29,
an iridium catalyst, TRIP thiol atithium hydroxide, followed by irradiation with a
blue LEQwith fan cooling for 16 hsuccessfully afforded secondary amino es8t
in 82% vyield. Analysis by'H NMR spectroscopyclearly showed the loss of
enecarbamatealkeneprotons as well as the incorporation of ester signals4at6
ppm (q) andL.24 ppm (t) Furthermorethe indicativel -CHpositioncould beeasily
identified by DEPT or HSQC analyli® analogous reaction with alternatiaenino
ester230was also successful, deliverigg2 (previously prepared by Hassahal.t?)

in 80% yield Enecarbamates5 was also used to accesspair ofdiastereomeric
substituted amino estey 233 via the use of L-phenylalanine methyl ester
hydrochloridein 51%yvyield. We then explored theenecarbamate scope, with a
particular focus on alternative ring siz8he use of7-membered enecarbamaté4
was also successful in accessirggcondary amino ester@34 and 235, albeit in
somewhat loweryields of42 and 36%The 5membered andogous example236
and 237 were also prepared by employingldembered enecarbamat81 in good
yields of 5% and 63%.Pleasedg A G K GKS NBIFIOGA2Y QA
enecarbamate ring size, we thenurned our attention to trisubstituted
enecarbamges,as a means of installing new tetrasubstituted centiesour delight,
the hydroamination ofrisubstituted enecarbamat&7 was also successfyielding
tetrasubstitutedamino ester238in 46%yield. Furthermore, we werelsoable to
accesselatedexamples239and240in good yieldof 568%and45%, now containing
both a tetrasubstituted centre and appended ringa the employment of [5,6]

bicyclic enecarbamat@0.

77

G2¢



( [Ir(dF(Me)ppy),(dtbbpy)PFg] (2 mol%), \(1
m TRIP thiol (50 mol%), LiIOH'H,0 (2 eq

. CO,Et
N + HCI H2N\%C02Et I 2
BCI)C (2.0 eq.) toluene, blue LEDs, fan cooling, 16 h Boc
54, 65, 70, 229 n=1 231-240
77, 81 230 n=2
(j/ CO,Et (j/ 1 (\/r CO,Et
. 2 CO,Et . 2
Boc Boc
231 232 2334
82% 80% 51%
H
A N
O e ()L (&
2 CO,Et (j/
N N 2 CO,Et
234 235 236 €237
42% 36% 57% 63%
MeH
H||| I:INH H.u II|NH
CO,Et N \‘COZEt N
| ' I CO,Et
Boc Boc Boc
238 239 240
46% 56% 45%

Schemel.5: The preparation ofecondaryamino ester231-240via hydroamination reactions of
enecarbamate®4, 65, 70, 77 and81 and primary amino ester229and 230. 2Compound?33
accessediathe use ofanalternative amino ester s$a L-phenylalanine methyl ester hydrochloride

As expected, onlthe cisfuseddiastereomes of bicyclicamino ester239 and 240
were identified determined by NOESYMR spectroscopic analysi positive nOe
interaction was observed in each cadsgtween the two positions as indicated in
figure 4.3, whichpresentsthe NOESY NMR spectramd highlights this interaction

of bicyclic amino este239.
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Figure4.3: The NOESY NMR spectrum of bicyclic amino 28@mwith a positive nOéteraction
highlightedused for itscisassignment of relative stereochemistry.

Amino estes 231-240then underwent Chz mtection at theexocyclicnitrogenvia
treatment with benzyl chloroformate and NaH¢g @elivering protected amino esters
241-252, in mostly high yields except for a lower yielding reaction with the
phenylalaninederived substrate 233 presumably owing to increasedteric
hindranceat this site (scheme4.6, conditions A Cbz was chosen as an orthogonal
protecting grouphat would allow for subsequent selectivemoval of the Boc group
in addition to being easily removable itself téoab for furtherpotential elaboration.
We alsoemployed an alternativearbamate(POC) as shown by examgl viathe
analogous reaction with propargyl chloroformatestalling this handle would then
enableN-POC amino esté@51to be used as probe in protein labelling experiments
viaclick reactions with the alkyne substitue@t sulfonamidyl-T9 amino ester252
was also prepareth high yieldviatreatment with tosyl chloride DIPEA and DMAP
(scheme4.6, conditions B)as an attempt taenhance the crystallinity of the final

bridged bicyclic lactam
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P
R H Conditions A: R l\ll
\(])n CbzCl or POCCI (1.1 eq.), NaHCO3 (6 eq.), (I \(])n
COzEt DCM, rt, 16-72 h = N COzEt
B(')C Conditions B: Bcl)c
) TsCl (1.5 eq.), DIPEA (1.5 eq.),
231-240 DMAP (5 mol%), DCM, t, 16 h 241-252
P = Cbz, POC, Ts
Cllbz Cbz MeCIIbz
Sk
CO,Et (j/ \L @ CO,Et CO,Et
N 2 CO,Et . ? N 2
B oc Boc
BOC 541 °S42 243 244
A: 82% A: 100% A:32% A 78%
Cbz Gbz Cbz
Cbz \
N
O CO.E O \L (j/ Fg _\_002Et
t
2
N COoE CO,Et N
Boc Boc !
245 246 247 Boc )48
A: 70% A: 93% A: 94% A: 89%
POC Ts,
N
H||I II|N Hul |IIN (j/ Fg_\_COZEt
. éoc COzEt . N
249 250 © 251 BOC ey
A: 68% A: 92% A:91% B: 96%

Schemed.6: Theprotection ofamino ester231-240to produceN-Cbz N-POC andN-Tsprotected
amino ester41-252

With N-CbzN-POC andl-Ts protected amino este41-252in hand, we then turned
our attention to thefinal hydrolyic, deprotection and cyclisatichasedsequence

As summarised in schemde?, initial ester hydrolysis was carried out treatment
with NaOH in MeOH/water at 70C for 3h to produce the corresponding carboxylic
acid. Following removal of the solveloc deprotection was achieved using 6N HCI
in EtOAc at rt for 3 jhyielding thecorrespondingammonium salt Finally, after a
second solvent removal, cyclisation was carried oatreatment with n-BieSnO in
toluene and heating at reflux undebean-Sark conditions for 1648 h.Subsequent

solvent removalwork upand purification by column chromatograpttyen afforded
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each final bicyclic lactanBicyclo[3.3.1]Jnonanéactam253andbicyclo[4.3.1]decane
lactam 225 were accesseth high yield (58% and 77%ith the latter previously
prepared by Hassaet al.® Related bicyclo[4.3.1]decanéactams(S,$-254 and 255
were also accessedhowing thasubstituents on the appended ring and alternative
carbamateprotecting groupscould be tolerated.Bicyclo[4.3.1]decandactam §,$
254 was isolated as a single diastereomavith no evidence of the minor
diastereomer undergoing cyclisatipmia both the analysis of the crudéH NMR
spectrumandLCMShromatogran(see figure 4 for detailed assignmentWe were
pleased to discovethat bicyclo[3.4.1]decanand bicyclo[4.4.1]undecanscaffolds
256 and 257 could also be prepared in high respective yieldg®fand 75%N-Cbz
bicyclo[4.2.1]nonan¢actam259was too accessedowever in a considerably lower
yield than previous examples (31%), howebieyclo.2.1Joctane lactan258 could
not be accessed at alWe were delighted to discover thatetrasubstituted
bicyclo[3.3.1Jnonane lactam 260 (bearing a Me substituent) and
bicyclo[4.2.1]nonane lacta®62 (bearing an appended ringpuld also be prepared
though in varying yieldé7 %6 and 25%. Unfortunately, once again, the analogous
bicyclo[3.2.1]octane lactarB61could not be accesseéinally, we were also able to
accesssulfonamide bearingbicyclo[4.2.1Jnonane lactan?263 in a 21% vyield
Consistently lav yields were observed fahe cyclisation obicyclo[4.2.1]Jnonane
lactams259, 262 and 263, whereas cyclisation dficyclo[3.2.1]octane lactam258
and 261 did not take placeWe presume theséindingsto be aresult ofincreasing

strain within thesesmaler scaffolds.

81



R0
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N CO,Et 2 6MHCI, EtOAC, 1t, 3 h Nm/ibn
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Schemel.7: Thecyclisations of amino este@11-252to producea library ofbridged bicyclic lactams
225253263

The success of the cyclisation reactions described in schemeere determined by
'H NMR spectroscopic analysis in all cagéth an indicative loss of the ester and
Boc related signals. Furthermoran Xray crystal structure was generated for

bicycloft.4.1Jundecane lactar@57, as shown in figurd.4.
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Figured.4: The Xray crystal structuref bicyclo[4.4.1Jundecane lactagb7.

Bicyclo[4.3.1]decandéactam(S,SP54 was isolatedollowing purificationas a single
diastereomer and enantiomer(scheme4.7) as indicated by!H and 3C NMR
spectroscopic analysiBigure4.5 presentsthe 3-dimensional conformations of both
possible diastereomers formed in the reactiorhe absolutestereochemistrywas
elucidatedto be (S,Shy a positive nOe interactidmetweensignals corresponding to
the 3-H and 7Ha positionsas indicated in the NG& NMR spectrum shown in figure

4.6, an interaction whicltannot occur fothe (S,RYliastereomer.

i %J

(S,S)-254

(S,R)-254

Figure4.5: 3D conformation®f the two possiblaliastereomers formed ithe cyclisation procedure.
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Figure4.6: The NOESY NMR spectrunbiaf/clo[4.3.1]decanéactam(S,SP54, with a positive nOe
interaction highlightedbetween the3-H and 7Ha positions usedor its stereochemical assignment.

4.2.3 Summanpof results

In this section we have described the successful preparation of a series of highly
valuable twisted bicyclic amided/e have successfuldapted chemistry previously
published in our group to exploit the benefits @necarbamates and their
subsequent functionalisatiomia photocatalysed -hydroamination chemistryThis
approach has enabled the preparatiohamuch brader range ofing systemshan
previouslyachievedviaa single strategyHighly threedimensional systems based on

the bicyclo[3.3.1]nonang bicyclo[4.3.1]decane bicyclo[3.4.1]decane,
bicyclo[4.4.1Jundecane and bicyclo[4.2.1]nonaoees were accessad mostly high
yields Finallycomplexring systems containing tetrasubstituted centres as wedlras

additionalappendedsaturated ring were prepared
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4.3 Assessmentf propertiesof twisted amides

Section4.2 describes the synthesis of a range of bicyatig systemsexhibiting
differing degreesof twist. This section will explore the assessment diygical
properties to investigate this distortion and its subsequengffects onchemical

reactivityand biobgical activity

4.3.1 Physical properties

Two of the mostaccessibléechniquesfor measuringamidetwist include3C NMR
and IRTable4.1presents the'*C NMR C=0and IR C=6Gtretchingfrequency foran
exemplarbicyclic lactam of each rirgystem(225, 253, 256, 257 and 259, entries 2

6) alongside comparative, representative strained and unstrained literature
examplesKirbd Qa Y2 ald (2a4'%eints R) ahd¥-MeR/&erolactan64128
(entry 7).Adecrease if®C NMR C=0Ocan be observetfom entries 17g A 4 K Y A ND & O
most twisted amide214 showcasing a high ketone likbemical shif(200 ppm)and
N-Me valerolactam264 showing a typicalamide chemical shift (165 ppm)n
between these extremesthe smallestbicyclo[4.2.1]nonane lactam scaffol@59
indicated thelargestt (182.1 and 182.0)ecreasingo the larger scaffoldsuch as
bicyclo[3.4.1]decane lactai256 ({ =170.9). A similar trend can be observed from
the IR C=0 stretching frequencies withganeral decrease fromentries 7.
Anomalies in this data may be present due to theonsistentoverlap of amide C=0
and carbamate C=0 stretching frequenciesichoccasionallyprovidedcoalescing

broadsignalsand making accurate/unambiguous assignments difficult.
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Table4.1: 13C NMR and IR data for twisted lactam ring syst@@ts 253, 256, 257, 259and
comparativestrained and unstrained literature compoun@$4and 264.11%128 See appendix section
9.2for complete'3C NMR and IR dafar all twisted lactams.

Entry Lactam 13C NMRC=01 (ppm) | IR C=0Max(cnm?)
1 %O 200 1732
214
2 N,Cbz 182.1, 182.0 1680
<N7j/>5
0]
259

3 (j\N,Cbz 180.2 1686
N

4 (\,I\ Cbz 176.8 1657
N

5 Cj\N,Cbz 172.80, 172.75 1647
N
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N

6 Cj\ _Cbz
f“

o
256

170.9

1667

165

1650

An additional plethora ofinformation can be generatedsia analysis of the
O 2 Y LJ2 dzyayRsirfetureshowever requires that a single crystal can be obtained.
Pleasingly,bicyclo[4.4.1Jundecandactam 257 provided suitable X-ray data for
structural determination geefigure 4.4); this, however, was the onlyN-Cbz bicyclic
lactamisolatedin solid form.Attempts toremove the Cbz groupia hydrogenation

to enhance crystallinitpf bicyclo[3.3.1]Jnonandactam 253 were unsuccessful and

resultedin cleavage of thé\-C lactam bond bthe reaction solvent (MeOHvhich

is in itself indicative ot KS Sy Kl yYOSR St SOUNRLIKAT AOAGER

amides Furthermore, the inclusion odn alternativeN-Ts group throughout the

synthetic route provided a solid bicyclo[4.2.1]nonane lacta®%3 but did not

sufficiently enhance crystallinitho allow a sample suitable forrdy analysis to be

prepared

Table 4.2 therefore presents a

bicyclo[4.4.1]Jundecane lactarB57 compared withsome ofthe twisted amides

series

of measured properties

for

previously prepared by Hass&h265-267, based on thebicyclo[33.1]nonaneand

bicyclo[4.3.1]decaneores from their respective Xay data.Entries 17 presentthe

distortion parameters used to calculai&/inklerDunitz parameterssuch astwist

angle () as an overall distortive measurevaluegepresent angles measured about

the amidegroup andwere used to calculate distortion parameters .nand_ (figure
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4.7)117129130131 - The twist angle | increases as expected from
bicyclo[4.4.1Jundecane lacta@b7to bicyclo[3.3.1]Jnonanéactam265 suggesting a
GNBYR Ay AYONBIaAy3d RAaG2NIA2yd YANDEQa
of 90.58¢ fittingthis trend as an exemplar highly disted amide!*®

0 C4 o4 = ®(C4-C-N-C3)
oy = ©(0-C-N-Cy)
01)1\ I}I/CZ = G % €2 = w(0-C-N-Cy)
Cs 0 04 = ©(C4-C-N-C,)
xc = (04-@3) mod 360 - 180
AN = (0-m3) mod 360 - 180
1= 0.5(0qtw))

Figure4.7: Digortive parameters astroducedby Winkler and Dunit#2%*3°and summarsedby
Szostak’

Entries 89 present theexperimentally determined\N-C(O) and G bond length
which are expected to respectively lengthen and shorten with increasing distortion.
N-C(O) bond lengthincreases from bicyclo[4.4.1Jundecane lacta@b7 to
bicyclo[3.3.1]nonanéactam265and thereforedistortion (entry 8).C=0 bondength,
however,is more ambiguous andoes not followthis trend (entry 9)Y A NJ 60 € Qa Y 2 3
twisted amide presents longer and shorter bond lengths of 1 Aa5d 1.196A for
N-C(O) and C=0 respectively as expeciBte sum of angles about the lactam
nitrogen were also calculated as a geometrical assessmeot nitrogen
pyramidalisation and hence hybridisatigentry 10). This value is large and close to
360° for bicyclo[4.4.1]Jundecane lacta@b7 indicating anearplanar structure
increasingo a smaller value of 3B for smaller ring systeri65indicating increased
pyramidalisation atN (Y A ND &€ Q& Y 2 & (i= 3854 idedliSeR spvayia R S
328.59.
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Table4.2: Properties regarding twist of lactan65-267 and 257 calculated from the associated X

ray structuresof both this and previous wor¥.
SIS

7Y

OH

P4
Z\
[v9)
5
Z
12
N

(0] 0] 0]
265 266 267 257
'r, /f . /‘ - \j\/_
'\ 5 “ 'i;é.g; .“’)
— s - S | =~

WY & N ",‘7\,( > . /Sr' - Aﬂ(

<./ \\f}/\ X“} ] % Lot

: \
v - T IN A - /'7'

CCD@588303 CCDQ5883% CCIr15883at CCDQR192693

Entry 265 266 267 257
1 Distortion parameters (°) ! 0.06 -0.58 8.61 -4.22
2 46.86 -43.17 -26.54 11.36
3 173.98 | -174.15 | -168.55 | 173.82
4 -127.06 130.39 150.62 | -166.68

5 6.08 6.4 2.84 1.96
6 N 52.88 49.02 37.99 17.54

7 _ 23.45 21.8 8.9 3.57
8 Bond lengths (A) N-C(O)| 1.38 1.372 1.361 1.355
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9 Cc=0 1.233 1.232 1.218 1.233

10 Sum of bond angles at N (°) 333.7 341.2 348.8 357.8

2Compounds and associated data reported previously by Hastsai§°

4.3.2 Chemical reactivity

To probe effects of this distortion on chemical reactivity pl@anned toinvestigate

the rate of methanolysis on bicyclo[4.2.1Jnonane lactam 259 and
bicyclo[4.4.1Jundecane lacta@b7, by accessingng-openedamino ester268and

269, asexemplified inscheme4.8. It was found that strained bicyclo[4.2.1]nonane
lactam 259 had undergane hydrolysis upon standing in after a period of several
days whilst treatment of bicyclo[4.4.1]undecane lacta®®7 with ds-MeOD at rt for

one week and at reflux for 5 h did not facilitasolvolysisof the amide bond
whatsoever. Whilst these preliminary findings do not offer a means to quantifiably
compare therates of hydrolysis, they do illustrate the significadeviationsin
chemical reactivity Further studies were not pursuedue to the preparaton of

limited material

Clibz (0]

(@N/Cbz N\M)J\
ds-MeoD  (['m n OMe
N hn g
N
(0] H
m=0,n=2259 m=0,n=2268
m=2,n=2257 m=2,n=2269

Schemet.8: An overview opannedhydrolysis studies performed on bicyclo[4.2.1]Jnonane lactam
259and bicyclo[4.4.1Jundecane lacta?s7.

4.3.3 Biologicahctivity

Novelbiological applicationsnayalsobe anticipatedfor some of the more reactive

twisted lactamsdue to their suspectedcylating abilityN-POicyclo[4.3.1]decane

90



lactam 255 was prepared as an examptd a strained lactanbearing an alkyne
functionality andwas usedn protein labelling experiments carried out previously in
our group These experiments wengerformedby Dr Jack White and comprisstial
incubation of the alkyn® S I NJA y JwithVddINgaieSt@enable reactions with
nucleophilic protein residues to occuk.fluorescent tag can then be attached to the
alkynevia clickchemistry, and theran electrophoretic gel is run and visualised for
fluorescence tadentify bands indicating labelée proteins (vide infrg see section
7.5.2for experimental details). However, foFPOicyclo[4.3.1]decantactam255,

no clear fluorescent bands were observed, suggesting that no successful labelling had
occurred. This may be due to insufficient reactivity of the protwedecomposition
taking place before labellingan occur. Future work couldtherefore explore this
further, perhapsvia the synthesis of the analogous-POC bicyclo[4.2.1]nonane

lactam if suitably stiale.

Furthermore,it is known from penicillins and cephalosporins that bacteria can be
killed by covalent inactivation of enzymes involved in-eglll biosynthesis through
acylationt3? Hence antimicrobial screeningvas performed byMr Julian Chesti
againstStaphylococcus Auredsl Ceno13 on a series of bicyclic lactamsepared in
this chapter, encompassing each of the ring systésee experimental sectioand
appendix9.3 for full details) Bicyclo[4.2.1]Jnonane lactarB59 (see scheme 4.7)
bearingan appended cyclohexane ring, presented moderate activity32aug/mL
(97% growth inhibition)agreeing with the hypothesis that saalffs bearing the most
twisted bicyclo[4.2.1]Jnonane core woultisplay thelargestbiological actiity. All
other twisted lactamsunfortunately did not present activity Instability of
bicyclo[4.2.1]nonane lactan¥2 and 263, towards thescreening conditins, could

explain the observed lack ekpectedactivity.

4.3.4 Summary of results

We have assessed and evaluated the physical properties of the potentially twisted

lactams prepared in sectioh2. A clear trend of increasing distortion from the larger
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to smaler ring systems was deduced with those bearing the bicyclo[4.2.1]nonane
core exhibiting the highest degree of twisthese properties have been compared to
f AGSNY 0dzNB 60 SYOKYI N)J] KAIKfe aAd4GNFrAYySR YR

twisted amide whib correlate with our findings.

4.4 Synthesis of diazabicyclic twisted anilines

4.4.1 Introduction

With the successful procedure for the synthesis of twisted bicyclic amides described
in section4.2 in hand, we envisaged opportunities for its modification to include
complementary twisted ring systemshis section will describe the preparation of
bicyclc bridged aniline71using a modification of this methodology. It was planned
that enecarbamate$3 would again undergo -hydroamnation, this time with a
brominated benzylaminer homologue followed by protection ahitrogento deliver
intermediate bromoarenes270 (scheme4.9). Sequentiabne-pot Boc removal and
BuchwaldHartwig cross coupling methodology would facilitate cyclisation delivering
a range of bicyclic bridged anilindg1, varying in ring size in both the original and

appended rings.

R 1. Hydroamination, P R

P
Blue LEDs RN (7 ,
(m benzy|amine (E';j/ )n 1. HCI i(j\N)
N i Br > N n
N 2. Protection N 2. Buchwald-Hartwig
Boc Boc
53
270 271

Schemet.9: Our proposed approach towards the synthesis of bridged bicyeiimes271,
consisting of hydroamination followed BuchwaldHartwig coupling

4.4.2 Results andiscussion

Schemet.10describes the preparation of seconddyyomoarenes274-277 via the

i -hydroamindion of enecarbamatess4, 65 and 81 with primary brominated
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benzybmines 272 and the homologous273. Initially, treatment of6-memberedN-
Boc enecarbamaté5 with 2-bromobenzylamine€72, an iridium catalystand TRIP
thiol, under irradiation with a blue LED for 16 h afforded secondary brominated
benzybmine 274 in a high yield of69%. Both the seven and fivemembered
analogues275 and 276 were also accessed in respective yields dhozhd 68%.
Furthermore, brominateearomatic amine277 was preparedvia the reaction with
alternative starting amine273, enabling access to a longer appended ch@@ee
schemed.11for preparation) Attempts tointroduce an aryl halide bonded directly
to the amine through the reaction of-Bromoaniline were unsuccessful, with the

hydroamination failing.

R B [Ir(dF(Me)ppy),(dtbbpy)PF¢] (2 mol%), R H
(m r TRIP thiol (50 mol%) (Enij/ n
+ HoN > Br
'\Il n toluene, blue LEDs, fan cooling, 16 h ’}‘
Boc 272 n=1 Boc
81 m=0 273 n=2 274-277
65 m=1 (4020r2.0Peq.)
54 m=2
H H H H
N N N N
(T e ST
Br Br Br
N N /N N
I \ Boc |
Boc Boc Boc
274 275 276 277
69%3 24%3 68%° 54%°

Schemel.10: The preparation of secondabrominatedbenzyamines274-277via hydroamination
reactions of enecarbamateil, 65and54 and primarybrominatedbenzydmines272and273.

Due to the poor commercial accessibility of alteima brominatedaromatic amine
273, its preparation wasinstead achievedfrom 2-bromobenzaldehyde (scheme
4.11). Treatment of Zoromobenzaldehydevith ammonium acetate, nitromethane
and AcOH, under reflux for 4 h, afforded intermediataitrostyrene 278 in 92%.
Subsequenglobalreduction of both the nitro andilkene moieties with LiAlHbave

the desired brominateéhromatic amine€279in 35%.
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o NO NH

©\AO NH,OAc, MeNO, @(V 2 LiAIH, (4 eq.) ©\/v 2
By AcOH, reflux, 4 h Br THF, 0°C, 5 h Br
278 279

92% 35%

Schemet.11: Synthesis of alternative aromatic ami@é9from 2-bromobenzaldehyde

N-Cbz and\-Ts protection of secondaryromoarenes274-277 wasthen achieved
using theconditionsdescribed in sectiod.2, deliveringN-Cbzbromoarenes280-283

andN-Ts benzylamin284in good yields of 687% scheme4.12).

Conditions A:

CbzCl (1.1 eq.), NaHCO3 (6 eq.)
m DCM, rt, 16-72 h
Conditions B:
TsCl (1.5 eq.), DIPEA (1.5 eq.),

274-277 DMAP (5 mol%), DCM, rt, 16 h 280-284
P =Cbz, Ts
bz Cllbz
Y
(j/ Br N Br
Boc/
Boc
280 281 282
A: 690/ : o) A: 970/
o (IJbz A: 81% TS o
N N
S ENS]
Br
\ \
Boc Boc
284
A: 87% B: 64%

Schemet.12: The preparation oRN-Cbz andN-Tssecondary brominatedhenzylamine80-284.

Cyclisations oN-Cbz and\-Ts secondarpromoarenes280-284 were then carried

out, using a modified version of the procedure described in seeti@ninitially, Boc
deprotection was performed as previously described to yield the crude cyclisation
precursors ¢cheme 4.13). BuchwaleHartwig coupling conditions werdahen

employed to access the final bicydiridged anilines in mostly moderate to good
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yields. For bicyclic bridged anilin285and287-289, this consisted of treatment with
Pda(dba)k, BINAP, NaiBu in toluene at reflux for 16 hours (conditions BQwe\er,
azepanecontaining bicyclic bridge aniline 286 was not formed under these
conditions.In this case, incorporation oftaBuO moiety was suggested by LCMS and
so alternative conditions avoiding the use of NB@were selected. Aniling86was
therefore accessedia treatment with Pd(OAe) BINAP and &@SQ in toluene at
reflux for 96 h in 33%ield (conditions B). The cyclisatiof bicyclicbridged aniline
288 waslow yielding underboth conditions A =2% B = 0% presumably owing to

unfavourablemedium ring formation

P P
| ,
(Er;j/ n 1. 6 M HCI, EtOAc, rt, 3 h \ n
Br
N 2. Pdy(dba)s (4 mol%), BINAP (8 mol%),
Boc

NaOtBu (2 eq.), toluene, reflux, 16 h?

280-284 OR Pd(OAc), (10 mol%), BINAP (20 mol%) 285-289
Cs,CO;3 (1.1 eq.), toluene, reflux, 96 hP P=Cbz Ts
Cbz
Cbz ,Cbz ,Cbz N
T O O3 O

N

285 286 287 288 289

37%2 33%P 64%2 2%2 45%3

Schemet.13: The preparatin ofbicyclicbridged aniline285-289via sequential Boc removal and
BuchwaldHartwig coupling oN-Cbz andN-Ts secondary brominateldenzylamine280-284.

4.4.3 Summary of results

This section describes the successful synthesis of a range of novel twisted bicyclic
anilines using aomplementaryapproach to that described in sectidn2, consisting

of sequentiali -hydroamination and cyclisatiowia BuchwaldHartwig coupling.
Variatin in the existing and appended ringere tolerated, including the successful

incorporation of an 8nembered ring.
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4.5 Assessment of properties of twisted anilines

Similarly to the assessment of distortion for bicyclic lactams,rikiestigation ofN
lone par and arene overlap in anilinic systemscan provide insight regarding
distortion. The bicyclic anilineprepared were all isolated agils, so limiting the
accessibility ofools which can beused to investigatehis, such as thosdased on
crystallographidechniques Some alternative methodfor the investigation ofthis

distortion will therefore be presente@nd discusseth this section

4.5.1 Nonagueous l&H determinations

Assessment of this distortion cabe performedvia pKsH measurements,and
therefore, n the case of bicyclic anilin@85-287, and for many additional organic
compounds limited by aqueous solubilityncluding manyAPIs and drug candidates,
nonaqueouscompatible methods for KH determination are vitat3® Many
traditional techniques for aqueodsased determinations are not easily adaptable to
nonaqueous solvents, due to the unsuitability of existing equipment (e.g., pH

electrodes) and lack of commercially available consumagfes.

We therefore underwent a collaborative project with the University of Liverpool to
deploy their recentlyreported method for the NMmased determination of kH
measurements in DMSO (segperimentakection?.6for full details)'**This method

is an extension of a previous related strat€§yfor aqueousbased [KH
measurements and enables a oskot approach, solely requiring a single
measurement per single sample of each analyte. This both reduces the laborious
nature of preceding, traditional NMPBased titration strategiesral allows for the
analysis of compounds prepared on a small scale. All experimental work was carried

out at the University of Liverpool, under guidance.

Sample preparation was performed initialljathe addition of the selected solid acid
into the NMR tile followed by several glass beads to prevent rapid diffusion

(schematic presented ifigure 4.8). A solutionof chosen chemical shift indicators
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(compounds of known igH that exhibit an observed chemical shift change with

varying pH)and analyte in DMS@s was then carefully added and a pH gradient

allowed to establish over the course o882 h at rt. Spectroscopic NMR analysis then
Fff26SR (GKS 3ISYSNIAA 202 RIINN YA Bpestrakd YA yAR A |
varying pH, as illustrated in figude8. See appendix sectich4 for experimentally

determined and annotated NMR images.

/

pH gradient in \
NMR tube NMR ‘image’
established by comprising of
diffusing acid in 128 slices at
analyte/indicator varying pH

solution in DMSO

A

& (ppm)

Figure4.8: A schematic illustrating thgeneration of a chemical shift NMR image adapted from
Schenclet al.*** The NMR tube is initially equipped with solid acid, protected with arlaf glass
beads, followed by a solution of analyte, and chosen indicatods-IPBMSOA pH gradient is
established over a period of&® h and a chemical shift image collected, comprising of 128 slices at
varying pH. See appendirction9.4 for collectedl NMR images.

Two to four basic indicators were selected for each analyte individually as described
in table4.3. Indicators were selected based on their literatutglgvalues, ensuring

an appropriate range surrounding the expected analyikgHy whilst maintaining a
suitably complete titration curve under the required diffusion conditions for analysis
of the analyte. Furthermore, the selected titration curve for eachigatbr must be
suitably resolved, ideally avoiding overlap with other resonances, therefore requiring

careful tuning of the choice of indicators and their respective concentrations.
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Table4.3: Basic indicalr selection for each analyte and their corresponding literatufgHalues.

Entry in;:;ig . pIkEH <_yN,Cbz O\N/Cbz Cj\N,Cbz
N Né N é

287 285 286

1 dma 2£501.1i7 \/ \/

L A I N O R

3 lut 41466(1332 \/ \/

4 meimd i : %)5(1)319 \/ \/

5 dmb 7fg;‘_o V

ddma = N,N-dimethylaniline, py = pyridine, lut = 2létidine, meimd = 1

methylimidazole, dmb #&,N-dimethylbenzylamine.

Following the selection of suitable analyte and indicator resonances, the observed
chemical shiftsi(ops) were extracted from the NMRniage per slice and normalised

versus the respective standard (HMDS) shifts. The solution pH values for each NMR
GAGNI 0A2y 6SNBE RSGOGSNNAYSR dzaiAy3d (KS Y2R
(equation 1). Limitindpasic (fully deprotonated,.) and acidic (fily protonated,! 1)

chemical shifts for each indicator were experimentally determinga ‘H NMR

analysis of additional samples excluding acid and containing an excess of fully

diffused (premixed) acid respectively.
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nOn a¢é "(%—j 1 P

Analyte g<;Hwas then determined by leasiquares fitting of the solution pH data to
the rearranged modifietl SY RSNE 2y b | | aa St 0 I 2),@kerefdHdz G A 2y

L yand! Lare free variables.

1T pm 1
p pT

All associated titration curves and determineldid values are presented appendix
section9.4 and table 4.4for analytes285-287 respectively.The largest magnitude
error in the g<zH determinations originates from the uncertainty associated with the

literature pkaH values of chemical shift indicators, and so this error has been applied.

4.5.2 Physical properties

The nonaqueousigH values, measured in sectigh5.1are presented in tabld.4.

As expected by the trends identified ftre library of bicyclic amideshe smallest
ring system287 presented the highest lgH (3.85), thereforeindicatingthe most
significant distortion and enhanced basicityThese values then decreabevith
increasing ring sizg2.10 for 285 and 0.81 for286), indicating an increasein
conjugation Agreement with this trend was also confirmeth the prediction of
associated BaH values inwater, as computationally determined using the Jaguar
pKaH prediction method by Krzysztof Baf! (table 4.4, entry 2 see experimental

section7.6).

Structural calculations were too performedmputationallyby Krzysztof B&j! (see
experimental sectior7.6), in both the gasousphase andolvated in water or DMSO
(table 4.4, entry 3).This revealed a similar trend regardihgbridisationto that
reported forthe twisted amide librarywith the smallestring systen287 showcasing
enhancedpyramidaisation at nitrogen (331.5°) and the larges86 indicating a

near-planar structure (350.5°).
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13C NMR spectroscapanalysigan also provide insighegardirgthe planarityof the
aniline nitrogen with respect to the aromatiaing, via the chemical shift
measurement of thgara-carbon to nitogen(table4.4, entry4).14>Thevalue of ~129
ppm for smallest ring syste@87, is higher than that observed for benzoquinuclidine
21725126 (see sectiont. 1, figure4.2), indicaiing significantdistortion. This shift then
deceasewith increasing ring sizevith analogues285 and 289 displayingan equal
shift of 1214 ppm. Finallyvalues of 118.1 and 119 &m indicatemostly planar
structures for larger systen286 and 288, which can beconfirmed by comparison

with exemplaryplanar systemge.g.,N-phenylpiperidine= 118.9 ppm)\4?

Table4.4: Physical properties dificyclic aniline285-287, as exemplar substrates for eakbyring

system.
Entry Property UN,Cbz (}N/Cbz Cj\N,Cbz
N N N
287 285 286
1 | Measured KaHpwmsd? 3.85 2.10 0.81
2 | Calculated faHwater? 5.64 3.56 1.27
3 1angles(° ) 331.5 342.6 350.5
4 13C NMR (ppmd) 130128 121.4 118.1

aMeasured using the method reported ISchenclet al,*3> as described in section
4.5.1 PMeasurements performed by Krzysztof BHj.cCalculated using DMSO
solvation.9Analogous comparativeC NMR measurements were performed for the
additional prepared anilinef\-Ts289= 121.4 ppmN-Cbz288 = 119.2, 119.3 ppm.

eUnambiguous assignment not possible due to overlapping signals.
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4.6 Chapter summary

This chapter describes the succesgfidparationof a novellibrary of highly three
dimensional bridged bicyclic lactams and anilinewia the development of a
convergentapproachcomprising othe sequential -hydroaminationand cyclisation
of enecarbamatesThe twisted nature of these scaffolds has been investigatad
various studies of their physical properti@scluding nonaqueous HaH studies,
carried out in collaboration with the University of LiverpoGbnsequentially, we
have identifiedcomplementarytrends in twistfor both systems and explorettheir

chemical and biological impact.

5 Chapters: Ehecarbamates in annulative chemistries

5.1 Introduction

In organic synthesis, annulatisdescribe theaddition or appendage of a new ring
system onto a preexisting structure!*® Applying these chemistries to the
elaboration of enecarbamatesould enable growth through two vectors, either in a
stepwise or simultaneous manneherefore providinga desirableand alternative
strategyto thosepresented thus farStrategies for enecarbamate difunctionalisation
(mostlyh, i) areknownin the literature howeverannulative approaches for cyclic
systems are limited? In this chapterthree annulativereactionsof enecarbamates
will be explored,based on photocataked (panel A section5.2), photochemical
(panel B section5.3), and metalcatalysed(panel C section5.4) chemistriesas
summarised in schem& 1. We envisage that this would allow the construction of a
novel library of complementaryand varied,three-dimensional fused scaffolds
including lactams291), oxetanes 293) and cyclic aminal295), exhibitinga range

of functionalities and ring sizes.

101



Panel A:

(@]
OR N
1. Hydroamination, Blue LEDs R
| 2. Hydrolysis, cyclisation l}l
N P
P 290 291
Panel B:
R1 R']
(® O ,  Blue LEDs (m
N + Ar)SfOR >~ N CO,R?
I I Ar
P o) P
118 292 293
Panel C:
R'] 2 (@) R2 (@)
( R
m + ©)J\NHOPN _ Rhcat. NH
P
E R’ )
118 294
295 "

Schemeb.1: An overview of the annulative chemistries employed in this chapter for the synthesis of

lactams291, oxetane293and cyclic aminal295.

5.2 Synthesis of diazabicyclic fused systems using hydroamination

chemistry of estecontaining enecarbamates

Initially, it was considered whether a simple annulative strategyld beborne by

applying the successfuhydroaminationcyclisation methodology described in

chapter 4for the synthesis ofwisted bicyclic lactams, to alternative enecarbamate

precursors.To acleve this,esterbearing’ -substituted enecarbamateS6 and 72

were prepared designed with preinstalledeactive handleghat could potentially

undergo cyclisation following-amination (scheme5.2). Using thehydroamination

methodology as previously describezhecarbamates6 underwenti -aminationvia

the reaction withiso-butylamine delivering the corresponding amino ester product

as55:45mixture oftrans.cisdiastereomersPurification by column chromatography

allowed theisolation of each diastereomérans-296andcis296in respective yields
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of 35% and 24%.A similar result was observed for enecarbamat2 where
diastereomeric amino estetsans-297andcis297were isolated in respective yields
of 33% and 14%.

( -CO2EL
CO5R n )
('n [Ir(dF(Me)ppy)2(dtbbpy)PF¢] (2 mol%), NHBu
BuNH, TRIP thiol (50 mol%) .
I+ (5eq) - N
N a. toluene, blue LEDs, fan cooling, 48 h |
| Boc
Boc 296 %,24% ( s)
56n=0R=M 55:45 dr (trans:cis) m=0, 35%,24% (trans,cis
Al T R= Er 141 dr (trans:cis) 297 m=1, 33%,14% (trans,cis)

Schemeb.2: The preparation ofliastereomericsecondary amino estet296and 297 via
hydroamination reactions afsterbearingenecarbamate$6 and 72.

The stereochemicassignmentof cisand trans configurationfor each amino ester
was carried ouviaH NMR spectroscopic analysis. Figbiedepicts thefavourable
trans conformer and a possibleisconformerfor each amino ester. fvas selected
as the signal of interest due the two diagnostidransdiaxial interactions associated
with it, which is not gpossibilityfor either conformer of thecisdiastereomer. This
interaction was identified in both cases (9.9 Hz tf@ns-296 and 9.8 Hz fortrans-
297), as illustratedby in figure5.2, and so thetrans diastereomers were assigneld.
was not possible to interrogate the respectieesisomersin this way due to the
diagnostic signal @) not being resolved in either casand therebre cis296andcis

297were assigned by analogy.

T o
BOC\N/J#T\IU\ BOC\NME
A H TN
trans cis /1
296 R = CO,Me Ha = app. td, 9.9, 5.0 Hz Ha not resolved
297 R = CH,CO,Et Hp = app. td, 9.8, 4.1 Hz Ha not resolved

Figure5.1: The stereochemical analysistodins-296andtrans-297 as determined byH NMR
spectroscopic analysi€is296andcis297were assigned by analogy.
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Figure5.2: ThelH spectroscopic apparent td signatsresponding to eachAtnvironment oftrans-

296 (left) andtrans-297 (right). In each casehe diagnostic signal is overlapping slightly véthon

diagnosticsignal, however this does not impabtalue measurements and therefore stereochemical
determination.

We then turned our attention towards the subsequent cyclisasiof these amino
esters to deliver novel [6,4and [6,5}used rings systemsgia the appendage of a
new ring. Initial hydrolysis ofcis296 was readily achieved using the conditions
previously described however, unfortunately cyclisation was unsuccessfu
presumably owing to increased straagsociated with the formation ofialactam
moiety (table 5.1, entry 1).Alternative literature cylisation conditions applied to
similar ring systemwere also investigated butere alsounsuccessful, returning the

unreacted amino acid in each case (tabl& entries 2 and 3)#414°
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Table5.1: Efforts towards the synthesis fifsedi -lactamcis298.

(@) j/
5, J\ 1. NaOH (1.1 eq.), MeOH/H,0, 70 °C, 2 h N

2. Cyclisation conditions

\
Boc Boc
Ccis-296 cis-298
Entry Cyclisation conditions Isolated yeld (%)
1 nNBwSnO(1.01 eq), toluene, reflux, 1E° 0
2 PPR (1.2 eq.), NBS (1.2 eq.)aEt(1.2 eq.)MeCN 0
rt, 16 ht44
3 PySSP{1.3 eq.) PPR(1.3 eq.) MnG: (2.5 eq.) 0
MeCN, reflux, 16 #°

The analogougyclisationattempts usingcis297 were pleasingly however, much
more succesful (table 5.2). Both hydrolysisand the subsequent cyclisation were
achieved deliveringovel [6,5}fused lactantis299as a single diastereomer in a high
yield of 69% (tablé.2, entry 1) Furthermorecis299 could also be accessed by
employingalternative conditionscopedduringthe attemptedsynthesis of -lactam
cis298. For exampletreatment of the amino acid intermediateith PPh, NBS, and
E&N in MeCN at rafforded an impure mixture ofis299 and THPQ which despite
efforts, could not beseparated(table 5.2, entry 2)144To our delightwe discovered
that the analogous cyclisation dfans-297 was also possible showcasing the
YSGK2R2{t 2 Ioad€ider bbtidfliseédAlactans cis299 and trans-299 eachas
single diastereomersTreatment oftrans-297 with the previously described tin
based conditions affordettans-299in 49%, whereas treatment with Pfand NBS
gave a higher vyield of 57%able 5.2, entries 3 and 4)In this case, the
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chromatographic separation @fans-299with TPPO was facile due its difference

in retention factor to that of cis299.

Table5.2: The synthesis of novel fused ring systems99andtrans-299.

Safcat

H 1. NaOH (1.1 eq.), MeOH/H,O
N 70°C,2h

2. Cyclisation conditions

N
|
Boc
cis-297 or trans-297 c:s—299 trans-299
Entry| Amino Cyclisation conditions Product Isolated
ester yield (%)
1 cis297 nBwSnO (1.01 e, toluene, cis299 69
reflux, 16h%°
2 Cis297 PPh (1.2 eq.), NBS (1.2 eq.),| cis299 Impure
EtN (1.2 eq.)MeCN rt, 16 H44
3 trans-297 nBwSnO (1.01 ey toluene, trans-299 49
reflux, 16h%°
4 trans-297 PPh (1.2 eq.), NB (1.2 eq.), | trans-299 57
EtN (1.2 eq.)MeCN rt, 16 R4

This sectionillustrates the applicabilityand synthetic versatilityof the combined
hydroamination and cyclisationbasedapproach for the installation afiew amide
containing rings for alternative systemA. keylimitation is the need to install a
functional group handle (which must be tolerant of the hydroamination) which
requires multistep synthesisThe use of this approach for novel fusedgs is
therefore less modulain nature and does not easily allow for variation in each ring,

as seernnthe preparation othe diazabicyclic, twisted amides and anilines described
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in chapter 4.Therefore,the remainder of this chapter will investigate alternative
annulative strategies for the synthesis of novel fused rings systerfrem

enecarbamates.

5.3 Photochemicalannulationreactions of enecarbamates

5.3.1 Background

Oxetanesand their fourmembered heterocyclic analoguese presert in many
medicinallyimportant building blocks andold pharmaceuticalvalue as isosteric
groups and therefore their respectivesynthegs have been donglastingresearch
focus. The Patern-Bichi reaction isan established[2+2}heterocycloaddition
method for therapid and facilgreparation of substituteadxetanesviathe reaction
of a photoexcited carbonyl and alkef.Relatedapproaches utilising this pivotal
UVNisible lightmediated [2+2] cycloadditignhave ben developed for the
intermolecular and intramoleculasynthegs of complementaryfour-membered

systems such as azetididésand bicyclic amines/ethers?

Via a series of studieBachet al reported the synthesis obxetanes from their
corresponding aldehyd¢€300) and eitheracyclicenamide/enecarbamatg301) or
silyl enol ether(302) counterparts facilitated by UV lighfschemeb.3, panel A. This
allowed the preparation of ary or alkytbearing enamide or enecarbamate
substituted oxetanes803 (e.g.,305 and 306), as well asighly functionalised silyl
ether-bearing oxetane804 (e.g.,307 and 308).149150151 Bachet alhas alsaeported

the only accountsto our knowledgepf the employment of cyclic enamides and
enecarbamatesn this chemistry(panel B)°2153154 For example diastereomeric
bicyclicoxetanes310aand 310bwere accessed under similar conditions in 53% and

12% respectively
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Panel A:

O 4
e o A .o
© _R hv (A< 280 nm) R2
+ N or |l N~
RS

)J\ R1 'I/R5

RUA™ “H  CoR? OTMS MeCN/PhH, rt R:oC A’ BTms
300 301 302 303 304
Me
)0_—'\ )O__I\ o i-Pr
‘\\\t-BU O
pH N-Ac Py N-Boc . {-Bu
/ / AcHN OTMS
Bn Bn Ph OTMS
305 306 307 308
81%, 89:11 dr  55%, 75:25 dr 60% 84%
Panel B 1 H
0— o)
| PhCHO, hv CoH1g CoH1g
Coltio — ¥ 5 N +prt AN
N MeCN H  to,Me H  to,Me
CO,Me 310a 310b
309 53% 12%

Schemeb.3: The employment of acyclic enamides/enecarbamates and silyl enol ethers in the
preparation of oxetanébased scaffolds (panel Xf.Cyclic enecarbamates in the Paté+Blichi
reaction (panel By>1%3

To avoid the requirement ohigh-energy UV light needed for carbonyl systems
absorbingat shorter wavelengthscommon approaches involve the use of EDA
complex intermediates ainenergy transfephotocatalyst'#615°Based on the latter,
Rykaczewsldt alhave reported a&omplementarymethod, instead employingisible
light (< %400nm) and ariridium photocatalyst(scheme5.4, panel A.*%¢ Treatment
of the selected ketoeste?92 and alkene311, under these conditiongjelivered a
series of substituted oxetane¥l2in mostly highregioisomeric and diastereomeric
ratios. Several &toesters bearing range op-substituted aromatics (e.g313) were
tolerated, as well as aeries ofsubstitutedand nonsubstituted alkenes including
those present incyclic 814) and heterocyclic315 and 316) systems.Efforts using
furan and benzofuran have also been reported elsewhere in the literatanel
confirm the observed regio and stereochemical outcorfésA triplet energy
transfer mechanism for the formation of oxetanes under sbehotocatalytic
conditionswas proposedsupported bySternVolmer quenching sidies (scheme

5.4, panel B.*%¢ Initial excitation of the photocatalyswvould be followed byenergy
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transferto ketoester317, resulting in formation of the carbonyl triplet stagd8 G

O bond formation would then take place with alkeB&9, furnishing stabilised
biradical 320, which would then undergeapid ring closurg¢o 321 Use of these
photocatalytic conditions demonstrate potential applicability towards carbonyl

systems which @ not able to absorb visible light.

PaneIA 2
)H( R2 [IF(dF (CF3)ppy);(dtbbbpy)IPFs (1 mol%) R“’IoL
MeCN (0.1 M) R® CO,Me
blue LED (465 nm) R* Ar
292 311 fan cooling, 0.5 hto 1 h 312
O O//
COzMe (
J 'COzMe ¥ CO,Me COzMe
B
314 315 316
77% 4:1r 65%, 6:1 dr 46%, 5:1 dr 64%, 5:1 dr

o Al Al 0o JI
8 OM +
Ph)S(OMeM Ph)ﬁ( T Me” Me

, 319
0] triplet energy O
317 transfer 318 l
Me, Me/
iR
Me™Z CO,Me —=-—— MeI \‘COZMe
Mé Ph Me Ph
321 320

Schemeb.4: The synthesis of oxetanesder photocatalysed conditiorend the proposal of a triplet
energy transfer mechanism aescribel by Rykaczewslét al.*>¢

5.3.2 Introduction

The elaboration of enecarbamategia the application of the PateBlichi [2+2]
cycloadditionmethodology haseceived limited attentiorwithin the literature, and
only account&mploying aldehydéased substrates have been describpdviding
little scope for further derivatisation This, therefore, provides a desirable

opportunity for the preparation ba library of highly threelimensional and novel
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oxetanebased scaffoldsThis section willexplore thisapproach with a particular
focus on thescopeand diastereoselectivityiamodification of the method reported

by Rykaczewslét al.1>®

5.3.3 Results and discussion

Initial efforts enabled the discovery of the succesdfaterro-Blichi annulation
between N-Cbz enecarbamaté6 and ketoester317 to yield bicyclic oxetane
cistrans-322 as a single diastereoman good yield of 41%this wasa comparable
yieldto a previows account of the reactioperformed by MChem student Harrison
Tran,table 5.3). Upon changindN-Cbz enecarbamaté6 to its N-Boc equivalenor
upon increasing the ring sizgo oxetane formation was observetiorationalisethis,
we perfformed a brief optimisatiorior N-Cbz enecarbamaté6 (table5.3). Extending
the reaction duration to & h provided littleimprovementon the yield (entry 2, 9%).
Analysis of the crudéH NMR spectra forrdries 1 and 2 clearly indicated the
completedegradationof enecarbamateés6 (employed in exce3andsuspectinghe
occurrence ofpotential competing SET processbstween the excitediridium
photocatalyst and enecarbamaté6, we planned toinvestigatethe role of the
photocatalyst.Removal of the catalyst and inclusion of tRESTRReactor platform
providing a shortewavelength of light more suited to direct excitation of ketoester
317 (<smax= 365 nm), as previously discussedsactions3.1.2 and 3.2.2 resulted in
an improved yiel of 56% importantly,remainingunreactedN-Cbz enecarbamat&6
was now observed in the crudél NMRspectrum(entry 3). Entries 4 describe the
effects of changing boththe reaction duration and light sourcgeaction success
measuredwith respect tothe relativeratio of cistrans-322to 66in the crude'H NMR
spectrg. No improvement in conversion was observed and so conditions presented

in entry 3 wereemployedin subsequent reactions.
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Table5.3: Optimisation of the Patei@Biichi annulation reaction conditions for the synthesis of
cistrans-322 The relative stereochemistry has been denotedizgranswith respect to thecisring
junction and subsequerttansrelationship to the ester tether.

Catalyst: H
[Ir(dF(CF3)ppy)(dtbbbpy)]PFg (1 mol%) —O
Ph)HfOMe L1,
MeCN, light source, fan cooled '\Il |'_| PhCone
Cbz
95:5 dr?
(1eq) (1 -5 GQ-) g ' cis,trans-322
317 66 >95:5 dr®
Entry Light source | Catalyst | Duration Conversion Isolated
(h) (cistrans-32266)°¢ | yield (%Y
1 Kessil blue LEPY Yes 1 n/af 41 (45"
2 Kessil Blue LEDYy Yes 16 n/af 49
3 fReactof No 1 1:1.2 56
4 Kessil Blue LEDy No 1 1:.1.5 -
5 fReactof No 16 1:1.4 -
6 Kessil Blue LEDy No 16 1:1.6 -

édr determinedvia spectroscopic analysis of the crutié spectrumadr determined
via spectroscopic analysis of tHel NMRspectrumof the isolated product®<max=
390 nm.%max= 365 nm.eConversion represented in terms citrans-32266 ratio
determined for crude reaction mixture byH spectroscopic analysifRatio not
reported due to degradation of enecarbamaté6 observed when Ir catalayst
present.disolated yield reported following chromatographic purificatiofReaction

and associated yield as performed by Harrsion Tran.
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Reaction success was determined‘byand :*C spectroscopic analysis in each case.
Formation oftistrans-322was indicated by key diagnostic signalthet 15.54¢5.30
(CDG) andt 1 5.40¢5.00 (ds-DMSOYanges corresponding to the CH environments
at the oxetane ring junctionThe associateddiagnostically high3C spectroscopic
shifts (CDG)) were present at ¢ 76.8 (G6, h-O) and55.4 (G1, "-N) and that of the
newly formed quaternary centre wasssigned at ¢ 89.5.ds,trans-322 containeda
1:1 mixture of rotamers in both the crude and isolated spectndjcated by the
doubling up of*H and*3C signals. Rotamers afiequently observed wittCbzand
other carbamatesdue to hindered rotation about the-8 bond.This was confirmed
using vaiable temperature (VT) NMR spectroscopic analgsisummarised in figure
5.3. The consistent coalescence lafy rotameric signals in théH NMR spectrunof
cistrans-322was observedipon heatingrom 298 K to 363 K ds-DMSQtherefore

confirmingcistrans-322to be present as a single diastereomer.

H y
I‘ ;. il
I [ |
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M | Ui
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Figure5.3: *H NMR spectra faristrans-322in ds-DMSO at 298 K (top) and 363 K (bottpst)owing
the coalescence of rotamergignalsupon heating.

We then movedonto the explomation of the enecarbamate and ketoester reaction

scope, employing the optimised conditions from tabl& (entry 3) as summarised

112



in table5.4. We were delightedo find, that under these photochemical conditions,
N-Boc enecarbamaté5was now tolerategaffording cistrans-325in 19%yieldwith
full diastereoselectivityentry 1) Employing sevemembered enecarbamate€69
and 54 and fivemembered enecarbamat&l was also successful, yielding the
respectivecistrans products326-328for eachreactionas single diastereomers, and
in moderate to good vyields (184%, entries ). Employing the photocatalytic
conditions as a coparative measure for these substrates réed in approximately

a 20% drop off in yield for the sewemembered analoguescistrans-326 and
cistrans-327 and halted formation of fivemembered oxetane cistrans-328
altogether (entries 24). Unfortunately,the reaction of bicyclic enecarbamaid was
unsuccessfuunder both photochemical and photocatalytic conditiopstentially
due to the more crowded transition state assembly that would be requifed
desired oxetane produatistrans-329 (entry 5).Conversely however, changing the
enecarbamate to enamide324 (prepared by Mr Harson JohnsorEvans),
successfully gavehe analogous oxetane productistrans-330, as a single
diastereomer in good yiel@4%, entry 6)To investigate the ketoester scopege
initially selected previously employedternativep-fluoro substituted ketoeste823
with N-Cbz enecarbamateffording cistrans-331 as a single diastereomer in 40%
yield (entry 7). This was a slight improvement on its previemployment under
photocatalytic conditions, as performed prior by Harrison Tran (36%, entry 7).
Changing thdetoester aryl substituent to a methgrouphaltedall reactivityunder
photochemical conditions, presumabbue to its exhibition of weak absorption
between 280 nm and 400 nr®® We also briefly explored theuse of alternative
carbonyl containing systems suchdiisetones (ben), ketones (benzophenone) and
h i -unsaturated ketones (1;dibenoquinone) however these too were

unsuccessful.
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Table5.4: Theketoester and enecarbamatecope of the PaterBlichi reactionemploying the
optimised conditiongrom table 5.3

fReactor (R1 H o
Ph)Jﬁ(OMe @ Amax = 365 nm) n )
- 'I/
MeCN, rt, 1 h N7z, V'COR

L H Ar
Cbz
(1eq.) (1eq.) (1. 5 eq. ) cis,trans-325-
317 323 54, 65, 66, 69, cis,trans-331
71, 81, 324 >95:5 dr
Entry | Ketoester| Enecarbamate Product dr@ Isolated
yield (%)
1 317 H >95:5 19, O®
| =0
N
|
Boc | H Ph\<
65 Boc

cis,trans-325

2 317 Q H >95:5 56, 36

N

69 :
Cbz

cis,trans-326

3 317 Q H >95:5 | 64, 44

N "
\
Boc N H Ph\<

54 Boc
cis,trans-327

4 317 E\> H >05:5 19, O
N —O
Boc
e
81 BOC/ A Pho

cis,trans-328
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5 317

cis,trans-329

6 317 Ij H >95:5 44
(0] l}l '
Bn 0 N - I;COZMG

I HP
324 Bn

cis,trans-330

>95:5 40, 36°¢

7 323 @

cis,trans-331

aDeterminedviaH NMR spectroscopanalysis of therude productPIsolated yield
when empbying photocatalytic conditions (as per tab#e3, entry 1). ‘Reaction

performed by Harrison Traior a reaction duration of three hours

All reactionspresented in table5.4 proceeded with full diastereoselectivitin
accordance withN-Cbz oxetaneistrans322, yielding thecorrespondingcistrans
diastereomer in each cas&he highdiastereoselectivite®btainedand associated
stereochemical assignment$ the major diastereomers were consistemith those
presentedin the literaturefor related example.*>6152 Stereochemical assignments
for six and severbased oxetane systentsstrans-325andcistrans-327were made

by Xray crystallograpit aralysis(Xray structures presented in figuie4).
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Figure5.4: The Xray crystal structursof cistrans-325andcistrans-327.

Furthermore the stereochemical assignment of enamitlased cistrans-330,
displaying high spectral resolution due to the lackatbmers was performed using
H and'3C spectroscopic analysh.positive nOe betweeprotons at the 4H ando-
Phenvironmenswas observeasillustrated by the NOESXIMRspectrumshownin
figure5.5. The conformatiorprovidedby the Xray crystal structuref sixmembered
cistrans-325 supports the possibility of this interaction for the cistrans
diastereomer Coupling between th@-Phenvironment and the quaternary carbon
was identifiedvia analysis of the HMBC NMR spectrawonfirming that the nOe
observedwas associated with the desired phenyl ridl further stereochemical

assignments were made by analogy with these systems.
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Figure5.5: The NOESY NMR spectrumdigtrans-330with the highlightedpositive nOe interaction
between4-Haand o-Ph
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Figure5.6: The HMBC NMR spectrunistrans-330with the highlighted coupling betweethe *H
corresponding to the@-Ph used imOe determinationand*3C signal corresponding to the
quaternary centre
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We then set about the synthesis kétoamides332and333andactivated ketoester
334 to be employed as alternativeubstrates in thePaterro-Biichi annulation
(schemeb.5). N-Boc isatirB32was easily accessethtreatment of isatin with BogO

and DMAR according to a literature methodh high yield (99%}° As per another
literature procedure, teatment of phenylglyoxylic acidvith oxalyl chloride and
catalytic DMF in DCM affordethe corresponding acid chlorid€® Subsequent
addition of E{N and eitherdimethylamine or N-hydroxy succinimideprovided

ketoamide333and ketoestei334in high yields (82% and 66%).

o 0
o __Bocz (1.1eq), DMAP (5 mol%) %o
N THF, tt, 16 h } N
H 332 Boc
99%
o 1.(COCI), (1.2 eq.) o 0 0
cat. DMF, DCM, rt, 1 h o.
)H(OH Ph)kWNMe2 Ph N
Ph 2. Et;N (2 eq.) o)
o DCM, 0 °C to rt, 3 or 16 h o of
0 333 334
0,
82% 66%

HNMe: or Ho-N
(1.5eq.)

O (1.5eq.)

Schemeb.5: The synthesis of ketoamid882and333and activated ketoesteB34.

Unfortunately, the use of ketoamide332 and 333in the Paterm-Blchi annulation
with N-Cbz enecarbamaté6, (under the photochemical conditions described in
table 5.4) were unsuccessfulesultingin the return of unreacted starting materials.
Assuming this to be a result ofismatchedrradiated wavelengthrequiredfor C=0
excitationof ketoamides, we returned to thphotocatalyticconditions described in
table 5.3, entry 1 These werdoweveralo unsuccessfulfor dimethyl ketoamide
333 yielding a complex mixture of hgyoducts again presumably caused by a
competing SET procesko bypass this issue, activated ketoes28d was proposed

for the synthesis of intermediatactivated esterswhich ould subsequentlybe
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reactedwith amines,furnishing the corresponding amides. SimilaHgwever,the
photochemicalannulation withactivatedketoester334was unsuccessfuproviding
a complex mixture of bproducts, andsuggesting possible degradationautivated

ketoester334.

To showcase the opportunities for further elaboration of these scaffaldd to
provide alternative avenues for the preparatiof oxetane scaffoldbearing amide
tethers, we set about the exemplary decoration ofstrans-322 Scaling out the
photochemical synthesis a@listrans-322 by performing the reaction in six fReactor
modules, set up in batghprovided an improved yield &8% Cbz removal wdd
enablefacile growthviathe heterocyclic amine and see initially planned tocarry
out deprotection and amide coupling sequentialgchemeb.6). Treatment witha
Pd/C catalyssystemunder hydrogenation conditions affordea 95:5 mixture of
inseparable diastereomeriamines cistrans-335 and ciscis335 in 47%following
purification (>95:5 dr by!H spectroscopic analysis of the crude produdthe
observation of a small amount of the minor diastereomer suggaes&jual carry
over from starting materialcistrans-322 which presumably contained a negligible
amount of the minor diastereomer, nateadily visible by'H NMR spectroscopic
analysis This could also be rationséd by a small amount ofa retro-Mannich
reaction and Mannich mig closure sequence taking place, enabling scrambling of the
stereocentre.Thisminor diastereomerthas been assigned &sscis335in analogy
with literature accounts ofpreferential cis ring junction formation in bicyclic
oxetanes(see sectiorb.3.1).156154152 Thiswas then coupled with benzoyl chloride
producean 85:15 mixture of inseparabM:-Bzdiastereomericoxetanescistrans-336
andciscis336in 69% following purification The observed deviation in dr is likéty
be caused again by unequal recovery of each diastereomeéuring column
chromatograplic purification We additionally identified the ester substituent of
cistrans-322 as analternative and complementaryhandle for elaboratior(scheme
5.6). Initial hydrolysis ofcistrans-322 was achieved using lithium hydroxide in
THF:water, followed bigolationviaacidbase extractiorio deliver impure carboxylic

acid cistrans-337 which was used without furthepurification Treatment of acid
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cistrans-337 with cyclohexylamine or dimethylamine under tremide coupling
conditions described previously (see schef8) providedprimary and secondary
amidescistrans-338andcistrans-339respectivelyas single diastereome(s95:5 dr
by 'H spectroscopic analysis of the crude produat good yield436% and74%)
These tranbrmations successfullyprovided alternative synthetic routes towards

analogues which were not previously accessighe Paterro-Blichireaction (e.qg.,

cistrans-339).
H Pd/C (10 wt%) H H
m H,, balloon =0 LIOHH,0 (2 eq.) (j:i
N~= VCOMe EtOAc, i, 16 h ~\~= \"'CO,Me THF:H0, 4 h, it~ |"'CO,H
N H Ph ' H Ph ' H Ph
s 335 Cbz Cbz
Cis, 2672 /S- cis,trans-322 cis,trans-337
° >95:5 dr impure, ~36%
95:5dr

(cis,trans:cis,cis) 1.(COCI), (1.2 eq.)

cat. DMF, DCM, rt, 1 h
BzCl (1 eq.) 2.NHR'R? (1.5 eq.)
Et;N (2 eq.) ' o

DCM, 0 °C to rt, 48 h Et3N (2 eq.)
DCM,0°Ctort, 16 h

H Y
—O H H
- 2 e ~
L HoPh Nz L O N
Bz L. H Phg | H Phy
. Cbz Cbz
cis,trans-336
69% cis,trans-338 cis,trans-339
85:15 dr 36% 74%
(cis,trans:cis,cis) >05:5 dr >95:5 dr

Schemeb.6: The preparation of decorated analoguesisftrans-322via elaborationof two
individual vectors.

For each analogue prepared in schem®, 'H NMR spectroscopy was used to
determine the success of each derivatisateawell as ensuring that the oxemring
did not undergo openingTo determine this, e diagnostic'H and 3C signals
observed forboth ring junction proton environments as well as théC signal
corresponding to the quaternary centre were identified in all cagesthermore,

analysis btertiary amide cistrans-339was performed using-Kay crystallography
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confirming thestructure, and agreeing with thereviouscistrans stereochemical
assignmentsand conformational observationprovided (figure 5.7). As tertiary
amide cistrans-339 was present as a mixture ofuspectedrotamers by'H NMR
spectroscopy(65:35 in CDg)| this was once again confirmed using VT NMR studies.
Figure5.8 shows the coalescence of signals occurring at 3@tfirmingcistrans-

339as a singleliastereomer.

N—
- ) =
" H Ph\g
Cbz

cis,trans-339

Figureb.7: The Xray crystal structure ofistrans-339.
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Figure5.8: 'H NMR spectra faristrans-339in de-DMSO at 298 K (top) and 363 K (bottom), showing
the coalescence of rotameric signals upon heating.
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5.3.4 Summary of results

Hereinthis section we have reported the successful employmenenécarbamates
as alkenebasedsubstratesin the Paterm-Blchi reaction.We have explored both
photochemical and photocatalysed conditioaad in doing so,have presented a
library of highly functionalised andthree-dimensional bicyclicoxetanebased
scaffolds.An excellent scope was observed regarding the enecarbamadistrate
with all examplesproceeding in full diastereoselectivjthoweverthe scopewas

much morelimited inregardingthe ketoester with ketoamidesnot tolerated.

5.4 Rhodium-catalysed annulation reactions of enecarbamates

5.4.1 Background

The application of hodium(lll)}-catalysed @1 activation/annulationchemistry has
been described in the literature for the successful preparatiorsofuinobne and
3,4-dihydroisoquinolonebased scaffolds. Guimond et al have reported the
preparation of both scaffoldgiathe use of either alkyne or alkene reactive partners,
as summarised in schente7, panel A%! To achieve this, hydraxnate ester294
were treated with alkynes 340 or alkenes341, CsOAcand rhodium catalyst
[Cp*RhCG]2in MeOH at rfor 16 hdelivering the corresponding isoquinolon@42 or
3,4-dihydroisoquinolone843 The methodology was tolerd of both disubstituted
and terminal alkynesshown by the formation of isoquinolone344 and 345
respectively, as well aan-, mono and disubstituted alkenesincluding some
examples of cyclic alkenepgrovidinga series of3,4-dihydroisoquinolone examples
such as346andcis347. Dr NicolaWebb h& carried out additionaftelated studies,
previously within our group, accessing both isoquinolone and 3,4
dihydroisoquinolonebased scaffoldérom their alkene counterpart§scheme5.7,
panel B)%2 To achieve this, vinyl acetate was employed ashaap and afe
alternative to acetyleneunder similar reactiorconditions (45 °C)facilitating the
preparation of a library of isoquinolon@el8. A broad hydroxamate ester scope was

reported,including both symmetrical and unsymmetrical substituentgstrated by
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exemplar isoquinolone850 and 351 Furthermore, a series of alkenes were also
employed to deliver a librargf 3,4dihydroisoquinolones349 includingexamples

usingheterocyclic alkenes, such as 352, cis353andcis354.

Panel A:
» Q R? 4 [CP'RACLI, (0.5 mol%)
NHOPiv_ || 0&\; CsOAc (2 eq.)
R MeOH,rt, 16 h
294 R® 341
340 342
0
344 345 346 . g
96% 95% 95% CI;;?:;?
(s]
Panel B:
0 o)
OAc [Cp*RhCl5] (1 mol%) R R
NHOPN or CsOAc (0.3 eq.) /NH NH
/
x MeOH (0.2 M), 45 °C
348 349
0 o] O 0O o)
f;ﬁj\m NH NH NH NH
\ e 7 6] NBoc
0o 0
351 cis-352 cis-353 cis-354
49% 53% 729(;’/01 45%
>20:
Panel C o
? o\(Bu o) OPiv
N’ N
0~ N-OPiv Rh-0
o Rh \
C -
P \\< Cp X)\R
RX 356 355 357

Schemeb.7: Rhodium(lll}catalysed €H activation/annulatiorchemistryfor the preparation ofa
library of isoquinabne and 3,4-dihydroisoquinolonescaffoldsvia reactions wih both alkyne and
alkene partners as described Buimondet al (panel A)*!and Webbet al (panel B.152
Regiochemical prefer@es regarding alkene insertion as described by Watld (panel C}52
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Mechanistic rationale has also been proposed for the differing regiochemical
outcomes observed faris352, cis353andcis354(schemes.7, panel C¥%2Electron

rich enol ethers (where X = O, see panel B) may preferentially give rise to
intermediate356 viathe migration of Rh to the most electron rich carbon, therefore
governed by electronic factors. Conversely, those bearing potential coordinating
groups (where X =N-Boc, see panel B), may instead favour the formation of

intermediate357, therefore resulting in the opposite regiochemical outcome.

5.4.2 Introduction

This section will explore the applicability dhe rhodium(lll}-catalysed €H
activation/annulationchemistry developed previously in our groufor the direct
and simultaneous elaboration of enecarbamatésough multiple vectors®? The
hydroxamate ester and enecarbamatzopewill be explored to deliver a series of
novel polycyclic scaffoldgVe envisagehat the constructionof suchan unusual and
novel core motif within these structures could give rise to interesting biological

properties andwe therefore plan to evaluate thigia protein labelling experiments.

5.4.3 Results and discussion

Hydroxamateester starting substrates were eithgureviously prepared bypr Sam
Griggs omsynthesised from their corresponding acid chlorides or carboxylic acids as
described in schemB.8. Modifications of the methods published by Weblet aft®?

and Guimondet al's! were usedfor the amide couplings aficid chlorideswvhere
treatment of the appropriate acid chloride358with HNOPivIfOHand EtN at 0 °C

in TH-for 2 hafforded hydroxamateesters359-361in good yieldsscheme5.8, panel

A). For the desired hydroxamate esters where tlwdrresponding acid chloride
precursors were expensive difficult to obtain,the associated carboxylic asiere
instead employed. Treatment of thesarboxylicacids362with oxalyl chloride and

catalytic DMF in DCM afforded tlwerresponding intermedi& crude acid chloride
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which were then subjected to treatment withhNOPIivIfOH and ¥CQ in EtCAcand
water at 0 °C for 2 h, yieldingydroxamate estes 363-365 again in high yields
(scheme 5.8, panel BY%2 These methodologies enabled the preparatiaf
hydroxamate esters bearing a variety of substitufgtenyl groupgincludingthose
bearing halogen, acetyl and alkyniinctionalties) and nonsubstituted aromatic
functionalities (thiophene and benzothiophene)ror all prepared hydroxamate
esters,'H NMR spectroscopic analysis was used to determine the success of their

syntheseswith a 9H singlet acting as a diagnostic signal for the incorporation of the

pivalategroup.
Panel A:
j\ H,NOPIV-TIOH (1.1 eq.), EtsN (2 eq.) )O]\
THF, 0°C,2h NHOPiv
359 361
o)
©)J\NH0PN /©)J\NHOPIV NHOPiv
Br \ S
359 360
97% 82% 57%
Panel B
1. (COCI), (1.2 eq.), cat. DMF
DCM, rt, 3 h j\
OH 2. H,NOPiv'TfOH (1.1 eq.) Ar” “NHOPiv
362 K,COj3 (2 eq.), EtOAc:H,0 363-365
0°Ctort,2h
(0] O o)
NHOPiv 7 NHOPWw NHOPiv
') S
Z
363 364 365
70% 82% 64%

Schemeb.8: The synthesis of hydroxamate est&589-361and 363-365from their corresponding
acid chloridg(panel A)or carboxylic acidpanel Bprecursors.

With a variety of hydroxamate esters in hand, we then turned our attentawards

the rhodium(lll)}-catalysed €H activation/annulation chemistryWe began by
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exploring the hydroxamate ester scope with fiveembered enecarbamatel,
previously employed in a single reaction by Webhl (see schem&.7).152An initial
repeat of this reatton was performedby treatingunsubstituted hydroxamate ester
359with N-Boc enecarbamat81, [Cp*Rh(2 and ovendried CsOAc iMeOH at 45
°C for 16 haffording desired lactantis354in 62% yieldhigher than that reported
previously(45%) but agreemg with the previous regiochemicaltcome (table 5.5,
entry 1)162 Expanding the scope to emploglectrondeficient and neutral p-
substituted aryl hydroxamate estetsearing bromo and acetyl functionalities was
successfyldelivering lactamsis370andcis371in good yields44 and 55%entries

2 and 3).Lactamscis370 and cis371 also provide easy avenudsr further
elaboration, such as crogeupling strategieswith the iodo functionality for the
construction of new € bonds, or reductive amination of tlaeetyl group for the
facile preparation of amines(vide infrg. To achieveevaluation of the biological
properties ofthis unique core motjfwe planned to incorporate an alkyne functional
handleinto the amide product\iause ofalkynecontaininghydroxamate esteB65)
for subsequent use in clishemistry mediated protein labelling experiments
Unfortunately, dkyne-bearing hydroxamate365 was not tolerated and no
production of desired lactamis372was observedentry 4) We then investigated
the use of alternative heterocyclic and heteroaromationtaining hydroxamate
esters Electronrich thiophene and benzothiophereasedhydroxamateesters were
successful, delivering lactaros-373andcis374in moderate to good yields (3hd
26% entries 5 and 6 Unfortunately, use of indokvased hydroxamate66 was
unsuccessful and did nptovide any desired lactam produos-375, instead forming
a complex mixture of bproducts potentially arising fromthe inclusion of a free
nitrogen(entry 7).Interestingly the formation of only oneegioisomeric producivas
observed in each casén accordance with that observed by Webbal®? for the

reaction withN-Boc enecarbamat81 (see schem&.7).

We then explored the use @on-symmetricahydroxamate estes, offeringmultiple
aromatic reactive &1 sites The employment of difluorobenzodioxet®ntaining

hydroxamate367was successful, furnishimgs376as a single regioisomeric product
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in 18% yieldollowing purification(entry 8) The formation othis single contiguous
regioisomeragreeswith that observedfor related acetatbearingproductsreported
by Webbet al (e.g351in schemeb.7).162 Benzofurarbased hydroxamate est&68
was also successful, delivering a 1:1 mixture of regioisomeric lad&s8%/7a and
cis377b as the crude ana 60:40 mixturdollowing isolation in a good yielof 63%
(entry 9. Finally, oxazole containing hydroxamate est869 delivered a 75:25
mixture of regioisomeric lactamsgis378a and cis378b, which were isolated
following purification as a 680 mixture ina low yield due to difficult separation from
by-products (6%, entry 10)The lack of regioselectivity observéor benzofuran
based hydroxamate est&68(entry 9) likdy reflects thedual directing abilityof the
benzofuran oxygen tdoth possible €4 insertion sites. For oxazole containing
hydroxamate esteB69 (entry 10) however, this selectivity is more pronouncesd

the oxazole oxygen is only capable of activating one productiMe@vironment.

Table5.5: Theresults of thehydroxamate ester scope of theadium(lll)}-catalysed €
activation/annulationusing hydroxamate estef359-361and 363-369and fivememberedN-Boc
enecarbamated1, employingconditionsasreported by Weblet al.162

0
0 [Cp*RhCl,], (1 mol%)
] NHOPv ® CsOAc(0.3eq) NH
N MeOH, 45 °C N-Boc
Boc 16 h
359-361, 363-369 81 354
(1 eq.) (1.5eq.) _ Cis-354,
cis-370-cis-378
Entry Hydroxamate ester Desired poduct Isolated
yield (%)
1 0 0 62
O)J\NHOPN NH
359 NBoc
cis-354
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o)
/J[::TJKNHOPN
Br 360

(0]
NH
Br NBoc

44

cis-370
0 0 55
NHOPiv NH
0
0 NBoc
363 cis-371
0 0 0
NHOPiv ‘//Ji:]ii€§
= gz NBoc
= =
365
cis-372
[j%*—<PHOPN N=Boc 39
S o)
361 ]\ NH
S
0
cis-373
N NHOPiv N—Boc 26
i:::s g
\  NH
364 S
0
cis-374
F\I:::[iE%_<?HOPN . N—Boc 0
N O \  NH
N
366 N %
cis-375

128




NHOPiv NH
0 0 NBoc
0
F%’ © Fﬁ,
F 367 cis-376
9 0 63
MNHOPiV (60:40)
o)
368
10 6 (60:40)

The success of each annulation was determinedHbgnd 13C NMR spectroscopic
analysis.In all casedwo key diagnosticrotameric signas were observedfor the
aminalproton and carborenvironments respectivelyror examplefor cis354(entry
1) *H and®3C signals were present at5.54 (d, J6.5), 11 5.60 (d, J6.7), 1 c80.9 and
1 c 81.5 respectively The presence of thi€Hsignaloccurring at 80.9/81.5 ppm,

consistent with an aminal and contrasting with the isomeric structure which might
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