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Abstract

There is an unmet and continuing needdiverse compounds with appropriate
physicochemical properties for screening collections. This thesis focusses on the
preparation of diverse scaffolds which may provide access tdikeadompounds
after decorationThe approach was underpinned by rdlmesnective reactions and
cyclisations Computational tools were used in the design and subsequent analysis of

the compounds obtained.

Chapter 1 discusses the pharmaceutical sector and the challenges associated
with creating and maintainingjversescre@ing colectionsMolecularproperties are
key to the solving the problems with that indusifire concept ot.eadOriented
Synthesis (LOS)s introduced tdelpaddress these challenges.

Chapter 2 details the significant challenges which were encountened
attempting to use the Petasis reaction for LOS. Ultimately however, it was not
possible to retool this reaction for thgynthesis a library of diverse leéke

compounds.

Chapter 3 detailthe use of a computation protocol to direct the selectica of
new connective reaction to support leatented synthesislhe tools were used to
compare five alternative connective reactions. On the basis of this analysis, the

nitro-Mannich reaction was prioritised for experimental investigation.

Chapter 4descriles thepreparation of small functionalised nitro adducts and the
exploitation of a small toolkit ofobust methodologies to access seseafolds. A
virtual library of 2413compounds was enumerated from the scaffold, of which 46%
were found to be lealike. It was concluded that the nitfdannich reaction can

support leaebriented synthesis.
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1 Introduction

1.1 Introduction

The drug discovery process has undergone a rapid revolutionary change in
recent year$.The growth of chemoselective transforinas over the past decades
has enabledhe synthesis of previolys challenging molecules. In addition, the
advances made in understanding the cellular and molecular mechanisms behind
diseases has allowed for the elucidation of additional drug tadrdstsuch it ould
have beenexpected that productivity opharmacetical industry would have
increased. However up to 97% of all potential clinical candidates which enter phase

1 clinical trials fail to progress to market.

1.2 Overview of the Drug Discovery Process

The main objective of drug discovery process is to identify new drugs which are
effective, safe and meet an unmet clinical né&tie different stages within drug
discovery programmes are outlinedRigure 1. The first objective is to identify a
target which is associated with the dis€48&his can be a protein active in the
disease pathwayor present within the raroorganism causing the disegsah

enzyme, ion channel or nucleic acids.

Stage 1: Stage 2: Stage 3: Stage 4. Stage 5:
] Drug Discovery Preclinical Clinical Trials FDA Review | Manufacturing
I Phase 2: 1
i 100 — 500 H
I volunteers 1
 —

5,000 - 1FDA

10, 000 250 5 cI)mpour}ds approved
compounds compounds : : drug

1 1
1 1

| — | E— H

Phase 1: Phase 3: 1

20 - 100 1,000 — 5,000 :

1

volunteers volunteers

Stage 1:
Drug Discovery

Target . .

_arget Hit Hitto Lead

identification . I o
o identification lead optimization

and validation

Figurel: Stages of drug discovery process.

Once identified the target then validatedo ensure modulation provideslief
from the disease stateA high throughput screen (HTS) can be implemented to

1



discover chemical compounds which interact with taget>® As an alternative,
computational docking may also be used to evaluate a library of compounds which

are expected to interact with the target if its structure is krfowh.compound
which binds and modul at € 3he bedstehits tara thgne t I
developd into leads and refined during lead optimisation to improve the potency,
selectivity or safety of the compoufr@/ The final compound is designated the drug
candidate; more extensive safety and metabolism studies are then pefféfmed.

This whole process is costly, tirrensuming and comple’® Clinical development

of a drug candidate is routinely prone to failure due to the uncertainties associated

with predicting pharmacological and toxicological effects in hunfdns.

An analysis of the andi dat edés pharmacokinetics |
unsuitdle molecules from advancing through the drug discovery process and thus
help to decrease the number of failubé3!'It has recently ben recognised that the
pharmacokinetic properties of the candidates are intrinsic properties of the
molecules and it is therefore important for the medicinal chemist to optimise not
only the druglike properties but also the pharmacokinetic propertiedead

molecules-?
1.2.1 Characteristics of drug-like compounds.

Druglike properties refer tdooth the physial and adsorption, distribution,
metabolism, excretion and toxicity (ADMET) propertie§ a moleculé"'® For
exampl e, Li pinskiés r wlidelinesvihichbtake inte a s
account the molecular weight, hydrophobicity, hydrogen bond dandracceptor
capabilities of the molecule (summarisedFigure2, Panel A entries-#) 11:1314The
guidelinesare based on a statistical analysis of successfully marketed drugs and
violation of more than one of these rules is unlikely to provide an orally viable
drug/** Shown in Figure 2 (Panel B) arethe properties of the number one
bestselling drug (as measured by sales from Octiobeember 2013) Aripiprazole
(1), an antipsychoti&>

Arguably the most important property of a drugthe LogP (a measure of
lipophilicity).”*¢18 The higher this value the less likely the substance dissolves in

agueous environment which could leadremsprt issues (rate of metabolism and



plasma protein binding are amongst other sources of transport i58U&s)n
addition, there is a correlation between greater lipophilicity and an increase in
promiscuity; the toxicity of the compound could be amplified as binding interactions
towards other targets could be significantly impro(&tf°

Entry Physiochemical descriptors Drug-like values Physiochemical descriptors
of Aripiprazole

1 Molecular Weight: <500 447 15

2 LogP : <5 4.90

3 Hydrogen bond donors: <5 1

4 Hydrogen bond acceptors: <10 5

5 Polar surface area: <70 A?

oo,

Figure2: Summary of drudike properties as defined by Lipins&nd their idealised valuésolumn
1).22 The physiochemical properties of Aripiprazo{l), the bestselling drug in the final months of
2013(column 2)%

Hydrogen bond donors and acceptors are atoms witter provide the
hydrogen for a hydrogen bond providean electron rictatom to interact with the
respectivehydrogert Too many of these interactions leads to poor membrane

permeability, reducing the transport capability of the drug.

The polar surface area is team of surface area of all the polar atoms and
attached hydrogen€??2*Al t hough not  pagndl wookfitidanpi nsk
additional parameter which has been shown to be a good indicator of how well a

substance can be transported across cellular membBPerés.

Reactive functional groups are a further aspect to consider when evaluating the
druglike properties of a molecule. These groups are undesirable in a drug molecule
as they could give a false Has it could react indiscriminately with the target) or
increase the toxicity?¥?° In addition, some groups are undesirable as they are
readily hydrolysedn vivoand as such are avoidedthsir hydrolysis could reveal a
toxic function group or the molecule could lose some binding interactions. Common
undesirable groups within drugs include (but are not limited to) electrophiles such as

epoxides and Michael acceptdrs®

It should be noted however, that the above rules are only expected to serve as
guidelines to the medicinal chemist and it is the ti@daof these properties which
3



determine the compounds suitability as a drug candi@éténdeed the rule ob is

only applicdle to orallybioavailabledrugs and describes just adsorption issues, not
the compounds bioavailability. If specific transport methods are employed, there is a
more generous allowance for drug propertfe 32 There are also specificles for

drugs acting on the Central Nervous Systéai3®

1.2.2 Progressionfrom leads to drug compounds: changing

physiochemical properties

As previously discussed the lead compound is often altered within the drug
discovery process to yielthé drug candidate. This is done for a number of reasons
including (but not limited to) improving ADME properties andncreasingbinding
to the target. Dichloroisoproterena?)(was the firstb-blocker to be developed
(Figure3, Panel A® However the low potency observed and the fact it is partial
agonist/antagonist of thies and b2-andrenergic receptors made it unsuitable as a
drug® Sultle structural modification resulted in the development of Proprar@)lol (
the first b-blocker to reach markewhich is a full antagonist of thé: and b2-

andrenergic recepto?s.

A: Physiochemical properties of Dichloroisoproterenol and Propranolol

)\ Cl Molecular weight: 247.05 )\ O Molecular Weight ~ 259.16
LogP: 2.88 LogP 2.58
2 2 3

HBD:
HBA: HBA 3
Dichloroisoproterenol Propranolol
B: Changes in Physiochemical properties of dichloroisoproterenol C: Changes in Physiochemical properties of
and propranolol 67 lead drug pairs
AMolecular Weight: +12.11 AMolecular Weight: +78.97
AlLogP: -0.3 AlLogP: +1.25
AHBD: 0 AHBD: -0.18
AHBA: +1 AHBA: +0.45

Figure3: Panel A: Physiochemicalroperties of Dichlorisoproterena?)(and propranolol3). Panel

B: Changes in physiochemical properties of selecteddeag pair. Panel C: Property analysis of 67
lead and drug pairs. Values for the lead compounds were subtracted from matchingesropéne
drug molecules. Adapted from Teageteal'?

The molecular weight increasetliring the development ofrépranolol from
Dichlorisoprotereno(Figure 3, Panel B). The number of hydrogennbloacceptors
also increased with a slight decreasé.agP. Teague and cworkers analysed the
difference between 67 lead compounds and the drug candidates derived froth them.

By using such a large data dbkey were able to highlight some trends; chiefly

4



molecular weigh LogP and complexityare inceased throughout the drug discovery
process. It is therefore better to start from a smaller fragment so as to remain in

druglike chemical space on optimisation to the final lead compd&dihy.
1.2.3 Characteristics of leadlike compounds

If the information presented above is taken into account, a map of chemical
space can be created such that the -ikegproperties as defined by Lipinski
represents the limits of chemical space. Since there is typically an increase in
molecular weight antlogP throughout developmetitChurcheret al. have defined
a region termed lealike chemical space-{gure4, Panel A). By their definition the
limits of leadlike space is defined by the molecular properties outlindéigare4
(Panel B). By constraining thephysiochemical properties of lead compounds,
increases in molecular weight ahdgP typically observed during development, the

final compound shoul d s tlikelchemicabspagd. n wi t hi

A:Chemical space B: Lead-like chemical properties
Limits of “Liplinski Rule of 5”

Entry Lead-likeness properties Ideal Values

5

. . | 1 Molecular Weight: <350
Typical progression of |
- 2 LogP : <3
drug discovery
T l | 3 Hydrogen bond donors: <3
| 4 Hydrogen bond acceptors: <3
3 | 5 Polar surface area: <70 A2
Qg'i | C: Compound Libraries D: J. Org. Chem. 2009
- I

) 69.6% 14.9% 62.5%
22.5%
| |
° |
200 350 500
12.9%
2.6%

H 0
Molecular weight/DA 2.0% 13.0%

Figure4: Panel A:Diagram of chemical space. Throughout lead optimisation, a compound tends to
increase molecular vight and lipophilicity*?> Panel B:Limits for the molecular properties of lead

like compounds as defined by Churcledral” Panel C Analysis of 4.9 million commercially

available compounds for their ledideness. 2.6% of the compounds (green) survive successive
flteingby mol ecul ar size (14 O number bifptepRivlyi @it toyn
QogP 03 ; fail ur es)asdpesemce of andesinalderfunatiogadups (failures shown

in black. Panel D:Analysis of 13,194 compounds publishedirOrg. Chem2009 for leadikeness.

Using the same criteria as before, 0dP2 of compounds pass all filtefs.

Churcher et al. analysed the physiochemical properties of 4.9 million
commercially available compounds from a variety of venddisey found the vast
majority of compounds (97.4%) fail at least one descriptor of-ligadproperties.
(Figure 4, Panel C). The same analysis was performed on synthetic methodology
reported in theJournal of Organic Chemistrgduring 2009 showed that of the ca.
32,700 molecules synthesised only 690 (2.0%) of them would pasdikedilters

5



(Figure 4, Panel D). As such there is an urgent need for the development of new
methodology which is capable of reliably generating diverse compounds with

properties within leadike chemicalspace.

1.3 Availability of Lead Molecules.

This section details traditional sources of lead comps@amditheir advantages
and disadvantages before assessing the typical physiochemical properties associated
with typical leads and assessing if they inhabit ezl chemical spacé.

1.3.1 Natural Products

Natural compounds have evolved to interact with specific biological targets to
achieve a precise response; as such the use of natural products as sources for leads
has been extensié.However, natural products are often complex and while they
can have excellent potencyhey provide little room for further chemical
manipulatiort As a result they are not generallyddike as defined by Churchér.

In addition, isolation of the active compound can prove difficult as it may benprese
in low concentration or unstable to purification techniques empl&y&dxol @,
Figure5) is a key example, originally isolated frothe Pacific Yew. It required
1,200 kg of bark to yield just 10 g of purified Taxol and it was not until 1993 (over
30 years since it was initially isolated) that a practical ssmihetic synthesis was

developed by BristelMyers- Squibb3®

Figure5: Taxol @) is acomplex anticancer agent, derived from natural soufces.



1.3.2 X generation: exploiting first in class

As compounds with activity are identified, through acadeesearch groups or
within rival pharmaceutical companies, the reported structure can often be used as
the lead compountf The so <call ed ifbest i n cl ass
widely.*83*The scaffold of the molecule is generakyained but the appendages are
altered to maximise its effectiveness. fdrag strategies or different formulations
can be used to circumvent patent protectfdRanitidine b, Figure6), a histidine H
receptor agonist, was developed by the then Glaxo organisation in response to
Cimetidine 6, Figure6) developed by Smith, Kline and Frent?

N

NO Z
I \/@\/ j 2 o N|//
_N o S\/\N N HN7)\/S\/\N)\N/
H H H H

5 6

Figure 6: Cimetidine ) was used as a lead compound for the development of Raniti)ire (
histidine H receptoragonists’®®3°

1.3.3 Fragment-baseddrug discovery.

Traditional HTS requires a large library of compounds to be prepared and
screened in order to identify suitable hits. This increases both cost of development
and time required to identify suitableropounds. Fragmestiaseddrug discowery
(FBDD) has grown as a complementary method for lead identification within drug

discovery program&4942

A mgor advantage of screening fragments is that a library of smaller fragments
represents a much larger proportion of the available chemical space than dysimilar
sized library for higher molecular weight compoudd$: In addition there are
significantly more hits with dragmentbasedscreen compared to traditional HTS;
the library screened thereéocan be much smaller to obtain a comparable number
of hits3¥4143This decreases both the time and cost associated with development of

the screeri%42

A major disadvantage of this approach to lead identification is that the binding
affinity of fragments is much lower than drliige molecules. As a result,
conventional HTS bi@ssays for determining activity cannot readily be apgfég.

Other techniques such asrXy crystallography and NMR spectroscopy must be



used®®4%42 The use of such techniques requires significantly more time for data
collection and consequently they are not suitable to HTS. The compounds screened
must also be very soluble since high concentrations ar@eddo detect the weakly
bound species which limits the availability of certain fragm&hs.

Vemurafenib (or PLX4720) ia kinase inhibitorand thefirst FDA approved
drug discovered b¥BDD.3®444°7-Azaindole ¥, Figure7) was identified by Tsai
and ceworkersfrom an initial library of 20000 fragments and was subsequently co
crystallised with Piml; however, as with modbw-binding fragments multiple
binding modes were identifiéd. Derivatisation of7 quickly identified 8 which
crystallised with Pirdl in a single binding site. Derivitisation 8fat the three and
five positions as directday the Xray structure generated PLX4729) (vhich was
found to be selective for-BRaf'®%F kinase (the most common oncogenic kinase)
over wild type BRaf (IGso of 13 and 160 nM respectivelyf:4°

F

H

Figure7: Azaindole(7) was the initial hit which wadevdoped into a kinase inhibitor and the first
FDA approved drug discovered from FBDD).{*4>

1.4 Existing methodologies for generating diverse compoundbraries

Libraries of highly diverse small molecules are esserital enabling the
efficient screening of chemical space. However diversity is a crude term often used
to describe entirely different concepts. Lipkas al have used the concept of
frameworks to quantitatively analyse the diversity of the CAS redi$tryhe

concept of frameworks is demstrated with Amikaicin 10, Figure8, Panel A)*®

By this method, it is only the constituent ring systems which are important, the
side chain appendages are ignofed simplicity*® The simplest level, the graph
level, is simply the ring systems with connecting chain atorAs.this stage,
tetrahydrofuran and pyrroles would be classed as the same scaffeldext level
the graph/node levekimply includes the heteroatoms presenthimi the graph
framework. At this levelpiperidine could be differentiated from benzene but it
would still have the same scaffold as pyridinbisis also called the

8
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Figure 8: Panel A: Amikacin, a dicarboxylate ACHnhibitor, shown at graph, graph/node and
graph/node/bond level of frameworks. Panel B plot of the percentage of frameworks vs the
percentage of compounds which have that framework. An expanded view is shown Acdpied
from.*6

heterofamework. The final level, the graph/node/bond level, includes the oxidation
states of the heteroframework. In this way pyridine rings can be differentiated from

piperidine rings.

Lipkus et al have used the concept of frameworks to analyse the divefsity o
the CAS registry® From the analysis, they concluded that #¥% most common
heteroframeworks represent ~75% of all compounds synthesigpdg8, Panel B
and C).*® Exploration of chemical space has ftiefore not been systematic,
approximately half of all compounds synthesised are based on only 0.25% of known
molecular scaffoldé®4® The number of possible drdige molecules is enormous
and it is impossibldo prepare all molecules to map the entire chemical space or
indeed just biologically active spat®’ As a consequence, skeletafliverse
structures must be synthesised to ensure maximal chemical space coVé/igea
more systematic approach to exploring new molecular scaffolds, novel leads may be

discovered?



1.4.1 Diversity-oriented synthesis

Diversity-oriented synthesis (DOS) is a technique aimed at the systematic
exploration of chemical space. DOS aims to efficiently prepdraries of
compounds with diverse molecular structuré$>® There are three general

descriptors of diversit§?48:52%4

1. Appendage diversity in which the substituents on the scaffolds are varied.

2. Stereochemical diversity in which the use oftereoselectivaeations
allows access to all possible stereoisomers.
3. Skeletal diversity in which the scaffolds of small molecules are varied.

Target oriented synthesis (TOS) is used when there is a known compound of
interest and the medicinal chemist will try many difet types of chemistries to
obtain the single scaffolfFigure 9, left). Combinatorial chemistry aims to explore
the immediate vicinity of a particuldargetby variation of substituentsand is
usually used in lead optimisatiofrigure 9, centr@. As a result, although many
different compounds argynthesised they are often based on a conserved molecular
scaffold. DOS differs considerably from combinatorial chemis@ynceit aims to
explore broad areas of chemical space, few compoundgustitthe same molecular
scaffold(Figure9, right).*’

COSUU N
(11717

)

Figure9: Schematic illustration of the major approacheketa generatiantarget oriergd synthesis
(left), combinatorial chemistry (centr@nddiversity aientedsynthesis(right).*

DOS employs a number of different strategies to obtain skeletal diversity (of
which some can be used in combination to greatly increase compRéxitiyiti-
component reactions are often extensively 38@&iversity can then be obtained by
variation of each of the reactants. Three conceptually different approaches to
exploration of chemical space using DOS are;

1. Branching pathwaysSectionl.4.1.])

2. Folding pathwaysSectionl.4.1.9

3. Oligomerbased approacheS€ction1.4.1.3

Other approaches have been reviewatiame not discussed here? >’
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1.4.1.1 Branching Pathways

Branching pathways (or O0reagent basec

commonly employed strategies in DOS. Branching pathways involvesthefua
substrate with many complementary functional grodpguie 10) which are then
exposed to a number of different reagents which couple theretitf functionalities

in order to give distinct molecular scaffoltfg}®:52:54.58

:\O @EW&
ﬁ@\%

Figure10: Schematic representation of a branching pathway route in Diversiiyted synthesis.

This method becomesxtremely efficient when the product of the reactions
retains complementary functional groups which allow further diversificafigh.
Structural complexity is built up rapidly in four or five synthetic steps as shown in
the work of Schreiber ando-workers®® Schreiber utilised the Petasis reaction to
create the amino alcohdl4 (Scheme 1). Additional functionality was then

incorporated with the selectinalkylation with propargyl bromide to giv5.%®

Ji Ph i) propargyl bromide,

Ph
H,N™ ~CO,Me Ji NaHCOs, |\|\ Ji
11 DMF, 70 °C.
EtOH, RT ,
OH + AL HN™ ~CO,Me o N7 ~CO,M
Ph/\é\o (HO)2B\/W Ph% PhM
OH OH

o
—$ 13 14 15

Schemeél: Synthesis of amino alcohb in two synthetic steps from available starting matefls.

Alternative transition metal catalysis was employed to give products with
distinct molecular scaffolds (Scheme 2): ruthenicetalysed cycloheptadie
(Y 16), eneyne metathesisY(17), palladiumcatalysed cycloisomerisatiofY 18),

electrophilic activation of alkyne with goldY 19), PausorKhand cyclisation
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Scheme2: The use of the Petagieaction to create a polyfunctional starting material. Various transition metal catalysed reactions were then emplogkdthe c@wious
functional groups and give access to distinct molecular scaffolds. Reaction conditions: a) [CfFNKER] (10 md%), acetonert; b) HoveydaGrubbs second generation
catalyst (10 mol%), DCM, reflux; c) [Pd(PBKOAC),] (10 mol%), benzene, 80 °C; d) NaAu€1L0 mol%), MeOH t; e) [Ca(CO)g], trimethylamineN-oxide, NH.CI, benzene,
rt; f) NaH, toluene, rt; g) mCPBATHF, -78 1 0 °C; h] 4methy}tl,2 4triazoline-3,5-dione, DCM, rt; i) [Coz(CO)g], trimethylamine N-oxide, benzenert; [a] Single
diastereoisomer; [b] > 10:1rd [c] trans/cis= 6.7:1; [e] fromtrans diene; [f] trans/cis= 3:1; [g] combined yield from th#ansand cis dienesanCPBA = mchloroperbenzoic

acid.
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(Y 20), lactonisation Y 21) and N-oxide mediated isomerisationlY 2) which

underwent the same gold mediated activation of alkyne previovistg)(

After the first generation of cyclised productsme were suitable substrates for
further manipulation. Thus diends and 23 underwent a Diels Alder reaction to
give tricycles24 and 25. The lactone 21 was subjected t@ome of the initial
cyclisation used with 15 to give secondjeneration cyclisation products with
increased complexity 26-30). In total, this strategy yielded over 15 distinct
molecular scaffolds in two synthetic steps from a simple starting material (itself
prepared in two steps frorommercially available reagent$).  Although not
explored here, with variation dfe starting reactants, additional scaffolctsuld be

readily synthesised.
1.4.1.2 Folding Pathways

Folding Pat hways e(dorcomsulmd tor) atae e t he
pathways. Diversity is built into the route by varying the building blocks used and
then under the same reaction conditions one ganerate different molecular
scaffolds Figure 11).47495253Djversity of the starting materials could be the use of
acyclic and cyclic starting materials or varying the distance between reactive

functional groups as well as appendage diversiéinat

=0

g

N
H

Iz ;O Iz ;O
o (@]

Figurell: Schematic representation of a folding pathwhy.

Oguri and Schreiber reported the use of one such folding pathway to three
distinct indole alkaloid architectures3133, Scheme 3).51°3% The rhodium
catalysed cyclisation produced distinct structures based on the relative locations of
t h ediazd carbonyl and the indole groups. As a result of the different ring closures,
quite diverse products was obtained. Complex alkdlkelproducts was obtained

just four reactions from commercially available starting matetfals.
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Rh3(02CC7H15)4

benzene, 50 °C

Scheme3: Three distinct alkaloidike structures generated from folding pathway. The diverse
structures were obtained by varying the distance between the reactive §roups.

1.4.1.3 Oligomer-basedApproaches

Oligomerbased approaches combine elements footh branching and folding
pathways to provide a vastly powerful tool for generation of diverse molecular
scaffolds. The starting material is often immobilised on a tag or a polymeric support
(Figure 12) then various coupling strategies are employed to obtain a larger bound
substraté®>® Then sing suitable reactions, the product can be released from the
bound supportKigure 12) . This releasegsammedtehe i
giving access to the diverse structufes.

g é@
o 0. O8I
oo 4P Se¥=2

Figurel2: Schematic representation of a folding pathway

This strategy has been used within the Nelson gr8ehgmed).*®4° By using
variousa variable oligomer bound starting materizd)(they were able, in a series of
propagatingand capping steps, add a variety of diffefemiding blocks(35-38) to
synthesis a numbeof oligomerbound structurally diverse intermediates. Then
following alkene metathesithe productsvere reprogrammed giving a large number

of different scaffolds and removing the oligomer.tag

Exploiting variation of the position of the alkene bonds in sdstratesand

subsequent competition between the formation of different ring sizes, 84 distinct

14



molecular scaffolds were obtained from only 92 products, of which 65% were
novel®® A fact which demonstrates that the use of oligebvased approaches can

achieve the aims of DOS; the systematic exploration of chemical space.

An importantadvantage of this method was the use of the fluetagged linker
(Re). This linker allowed rapid purification of all intermediates and final reagents
with simple fluorous soligbhase extractioff The broad scope of the metathesis
reacton was another key feature which allowed the high diversity. It is only through
using similarly tolerant reactions that diversity on this scale could be achieved, with

the use of only six optimised reactidfis.

/\ OTBS

Propagate
HO OAc
35
36
/\/O\/\ NHiNS Capping HOC™ "
Y Y 38
37
X
R OTBS
0 o Y
NNS K\/\
\I / N Wt O
II,N Ns
metathesis 40
39 cascade
OH
\ Y
NsN*' o)
Wo

4

42

Schemed: Example of the oligomebound pathway used in DOS. The initial substrate is bound to a
fluorous linker then rapidly extended before product reléaRe= Fluorous tag.

One of the major challengeassociated with DOS strategies is finding suitable
reactions which tolerate a variety of functional grotioSince the aim of DOS is to
achieve diversity in few eps, the use of protecting groups is avoided wherever

possible.
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1.4.2 Physiochemical properties of DOS libraries

The products obtained from the DOS approaches describ®dctionl1.4.1.1

1.4.1.3 were subjected to a computational analysis of their physiochemical

propertes. A plot ofthe moleculaweight vs LogP was then created-{gure 13).

From the data generated, only 10% of the scaffolds created have physiothemica

propertiessuitable for the synthesis of a leike compounds (shown in greedust

55% o f the scaffolds have

propertite suit

remaining 35% areutside leadike chemical space. Since development of a drug

candidate typically increases molecular weight and LogP, most of the products

would be unsuitable for generation of a dtikg library. The products obtained are

better described as drlige or natural produelike due to the significant molecular

weight which often lies well outside the ledile chemical space as defined by

Churcher (Sectiof.2.2.”>!
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Figure 13. Analysis of the molecular weight and LogP of the produdttgined from three DOS

campaigng®°253Compounds which passleddi ke fi |l ter s

compounds beyond the Lipinski limit (blue).
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1.4.3 Lead-oriented synthesis

In their review, Qurcheret al. establish that traditional chemistries are inclined
to producing moleculesutwithi | € ai dk e 0 "*<°fArrays are designed to give
molecules with a fmad range of properties and structural characteristics. Typically
however, not all products are obtained from a planned array and as such the property
profile of the entire array is often skewedsenerally the molecules which
systematically fail are often the polar, more hydrophilic products (either through
failure of the reaction under standard conditions or poodymtorecovery from

standard workup procedures).

As such, the final array of compounds obtained often have aratiffe
physiochemical profile which a much higher mdasgP than planned (so called
LogP drift).” As a result,the auhors call for new methodology to be developed to
allow to more diverse and better quality lead compotn@ismce theconcept of
LeadOriented Synthesis (LOS) was introduced a number of groups have attempted
to address the need. Herein approaches wihiest attempt to address these

challenges are discussed.
1.4.3.1 Lead-oriented synthesis: Branching pathway

Branching pathways (as seenSactionl1.4.1.] can be used in the development
ofleadl i ke chemi calt ilkiebrmeorlieecsu.l efsRo pesal def i n
are linear compounds with complementary functional groups which allow the
creation offraction sp (Fsp’) carbonmolecular structuresThese structures contain
a variety of ring systems and the heteroatoms incorporated allow further
diversification and subsequent SAR type analysis. The methodology is exquisitely
demonstated inFigurel4( Panel A) where an exadple of
gave rise to a small library of products with distinct molecular scaffol8# éused
tricycles @4, 45 and46); 6/6 fused cycles4(7, 48 and49); 5/5 fused cycles50 and
51); spirocycle $2) and single cycles tetrahydropyrd8) and cycloalkanesd).?

The products obtained from this small library wesabjected to the same
computational analysis of the physiochemical properties used in the DOS campaigns

(Sectionl.4.2. A plot of the moleculaiweightvs LogP was then createdrigure 14,
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properties ofthese scaffolds generated reveal they occupylikadchemical space.
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Panel B). As shown, seven out of the eleven scaffolds synthesised have molecular
weight and logP within leadike chemical spaces as defined by Churatteal’
Further elaboration of scaffold4 resulted in an additional librargf compounds
which was screened against three cancer cell lines exhébited a range of
biological activity. This demonstrates this is a practical methodology for rapid
accessscaffolds with highFsp’ which can be further elaboration to give a library of
molecules suitable for biological screening. The scaffolds wereedetd in an
average 1.25 steps frofi3 per new scaffold.

The only realdisadvatage of this methodology ithe limited number of sites
remaining for diversification. Nine of the compuis only have the presence of one
or two ester groups. Three of the scaffogkmeratedalso have the presence of

undesirabldunctional groups, namely-® and NN linkages?®

1.4.3.2 Lead-oriented synthesis: Folding pathway (1)

Folding pathways (as seen$ectionl.4.1.9 can be used in the development of
leadlike chemical libraries. The use of multicomponent reactions which allow
variation of the components allows rapid access to diverse small molecules if
systematic variation of each component is tolerated. SnAP (SneARrotocol) as
re-introduced by Bodeet al. attempts to deliver highly functionaliseesp’ rich
heterocycles(Figure 15).5%¢ Treatment of an aldehyde with an amino tethered
stannane in the presence of a copper catalyst led to the isolation of cyclic iaines
radical addition to the iming={gure 15, Panel A). A broad variety of (hetero) aryl
and aliphatic aldehydes are tolerated with a variety of substitution patterns allowing
the synthes of six to ninememberedheterocyclesincluding diazapines and

oxazepaness6-60, Panel B)%163
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Figure 15: Panel A: Bodeet al. utilisation of a novel copper mediateadical addition to various

imines allows the synthesis of diverse range of heterocycles. Panel B: Selected examples of products
obtained from this folding pathw&y.5® Panel C:Analysis of the physiochemical properties of these
scaffolds generatedlia SnAP protocol reveathey are sufficiently small that may retauseful
properties even after decoration

When the molecular weight and LogP is calculated for the library members, as
described previouslySection1.4.2and 1.4.3.]), data geeratedreveals that every
compound except one falls within lebkle chemical spacérigure 15, Panel C)A
key limitation of the SnAP protocol is that significant synthetic effort is required to
make the tin reagents. The diversity of the subsequent library is also reduced since a
common ring system would be present in a largegeage of the compounds
generated. This could only be overcome by the synthesis of many different tin

reagenfl &3
1.4.3.3 Lead-oriented synthesis: Falling pathway (2)

Dixon et al. have recently disclosed a folding pathway towards highly
functional, diverse pyrrolidinones employing a niMannichlactamisation cascade
(Figure 16, Panel AY%* Treatment of thaitro ester with the imine (formed from the
condensation of aldehyde and amine) led to the isolation of pyrrolicRiés.
Systematic variation of different amines, aldehydes and nitro components allowed
the synthes of a library of highly substituted scaffolds with good diastereocontrol
(Panel B)?*
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Figure 16: Panel A:Overview of the nitreMannich lactamisédn developed by Dixon. Panel B:
Selected examples of diverse pyrrolidones genefitednel C: Analysis of the physiochemical
properties of these sdafds reveal they occupy ledike chemical space.

A plot of the physiochemical properties (Panel C) shows the majofity
products obtained have physiochemical properties withinllkacchemical space.
As seen with the work of Bod&éctionl1.4.3.9 however, thenly reallimitation of
this protocol is that the diversity of the subsequent library is reduced sigce a

lactam is found within the every compound in the library.
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1.5 Project Outline
Traditionally within the Nelson gr

oup, DOS strategies implemented thus far

have created libraries of compounds with unprecedented skeletal divEesityo(

1.4.1.3.484 However,

the control of the physiochemical properties of the

synthesised librées has not been attempted, and as such they often display natural

productlike or druglike properties with
1.4.2.

high molecular weight and LogP (Section

Recently, in collaboration with the Marsden group, efforts have been directed

towards the synthesis of libraries possessing-li&kadproperties(Figure 17). The

approach uses a connective reaction to give a highly functional cyclisation

precursor. The cyclisation precursors generated are then subjected to a maximum of

two cyclisation reactions to obtastaffolds. This has been shosmperblywith the

iridium-catalysed allylic amination®®

which has generated thirteen unique

cyclisation precursorsF{gurel7, Panel A, selected example
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Figure 17: Panel A:An iridium-catalysedreaction between an amine and allylic carbonag.
cyclisation precursors sthesised® Panel B: Selected ledike scaffolds 70-73) prepared

cyclisation precurso69.55 Panel C: Distributio
59% of the compounds
atoms O 26; failures

n of the molecular properties of the virtual library.
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various structural filters; 0.27% of the compounds {gha black) failed the structural filtefs.
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Using a toolkit ofjust six cyclisation reactions a total of 52 diverse molecular
scaffolds vassynthesised from théhnirteenprecursors (Panel,Belected scaffoldls
The compounds were then virtually decorated with a number of different medicinal
chemistry capping groups and the molecuf@moperties were analysed. By
successive filtering, using the method described by Churcher (Sdcfd) and
59% of compounds were considered Wikd. (Panel CFigurel?).

The aim of this project was to expand the number of connective reactions which
could be used for the generation of ldiké chemical libraries Kigure 18). The
connective reaction had to be tolerant of a variety of building blocks with diverse
functional groups to permit different scaffold generating cyclisatibhe scaffolds
synthesisedshould also retain suitable functionality which would allove latage
decoratiorto give a library of compounds with suitable physiochemical properties to
target broad regions of ledite chemical space and thdemonstrate the potential
of this strategy to underpin eartyage drug discovery. Once a potential catiie
reaction had been identified, a key outcome was generating a library of scaffolds.
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Figure18 Common starting reagents with different functionalities are combined to give a cyclisation
precusor; exposed to different reaction conditions yields diverse scaffolds which can then undergo
decoration with traditional medicinal chemistry groups to give-ldadscaffolds.This approach is
illustrated usinghe Petasis reaction



1.6 Summary

In order to improve productivity in the pharmaceutical sector, where
traditionally up to 97% of lead compounds fail to make it to market, a new
approach, leagriented synthesis was envisionel.key challenge in leadriented
synthesis is the identification of complementary and robust reactions with broad
functional group compatibility that may be used to link building blocke project
aimed to use a computational method to identify connective reactions which create
scaffolds with the potential, after decoration, to yield &gl small molecules
Once identified, a key challenge waptimise these reactions, and to exemplify
them in the synthesisf leadlike scaffolds. If successful, it could greatly expand the
relevant chemical space accessible to drug discovery programs targeting scaffolds
which have traditionally been underrepmae®el in screening collections and could

therefore significanthaddresghe productivitywithin the pharmaceutical sector.
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2 Investigation into suitability of the Petasis reactiorfor lead-

oriented synthesis

This Chapter describes the potential of the PethsroneMannich reaction
(heredter referred to as the Petasiactior) as a connective reaction to support
leadoriented synthesis. A literature review is first given before a detailed
description of the development of the Petasis reaction to suppaFbriented
synthesis (LOS).

2.1 Petasisreaction: general characteristics

Multicomponent reactionsre convergemnieactions in which three or more
starting materialseactto form a product and are one of the best tools available to
explore chemical spacé@% Wwith a large variety of commercially available
materials and mild reaction conditiof?’? the Petasis reactios¢hemes) could be
suitable for synthesising a range of cyclisation precursors with the aim to explore

leadlike chemical space.

R: _R* R3 + R4
(@] (0] H \Nr RS\ ,R4 R3\ ,R4
R! R! | 1 N
H H R R1 | +H20 R
T —_— ) __—~_H = H —» | g2 — 2
R2-B—OH ’ 05 j OH
R2_B(OH N R2-B—OH HO—F
(OH), OH OH OH

Schemeb: Proposed mechanism for the Petasis reaction. The ratendetay step is irreversible-C
bond formation when transferring Rioiety to imine.

The Petasis reaction exploits the combinatiora &fhydroxyaldehyde, boron
nucleophile and an amine to give a variety of differentially substituted amines
(Schemeb). While the mechanism is not fully understood, it has been proposed to
involvetheceor di nati on of t he b-bydroxyigroupafthee op hi |
aldehyde to give an electron rich boronate spé&éi€andensatin with the amine
gives an electrophilic iminium ion which facilitates the transfer of thediponent

of the boronateA final hydrolysis of boric acid provides substituted amine.

There are two major approaches to obtain enasrireched products from ¢h

Petasis reaction: the use of chiral substrates (e.g. chiral aimanesic estersr
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aldehydeyand organocatalysts

The use of chiral amines has bemcomplishedsuccestilly.”®"4’> Sterically
unencumberedR)-methylbenzylamine has been shown to yield amino @&cidith
modest diasteoselectivity(Scheme6).”* This methodology has been extended to
electron rich aryl boron nucleophiles with slightly reduced selectiv@y.¢ With
(9-phenylglycinol, Petasis and -weorkers r@orted improvedliastereoselectivityo
yield 79 with high diastereoselectivityschemes).”

2 p3 9 L R2 _R®
B(OH) R L Conditions N
\ 2t CoH — > /\)\
1 2 Ph™ X CO,H
i TAR=H 76 77-79
75 R = OMe
Ph Ph Ph
OH
N N A
Ph/v\COZH /©/\002H Ph/\)\COZH
MeO
77 78 79
81% 78% 82%
dr 77:23A dr >99.5:0.5% dr 67:338

Schemes: Application of Petasis reaction for synthesis of enaatiniched amino acidg7-79 via a
chiral amine€’¥7¢ Conditions: a) DCM, rt, 48 ; b) t ol uene, 25 eC, 30 h.

Schreiber and cworkers observed high diastereoselectivity in the Petasis
reaction of a range of masked aldehy(k584, Schene 7). This is shown with\-
benzylally amine and 1 Aminocyclopentane carboxylic acid giving anti amino
alcohols81 and 82 with high diastereocontrd® The methodology has also been
used with chiral amines; when using){phenyl alanin emethyl ester, a different
stereoisomer is obtained depending on the stereoctngnu$ the aldehyde

(overriding the stereocontrol of amine) as shown @&and84.%8

OH R3, _R*
B(OH) R3\N,R4 . Conditions N~
RITX 2 4 + O E—
/\/2 H Jen RIS Ph
R
R? OH
Ph Ph
N Ph HN CO,Me HN CO,Me HN CO,Me
Ph/\)\:/\Ph V/th V/W\Ph Mph
OH OH OH OH
(From (S)-80) 81 (From (S)-80) 82 (From (S)-80) 83 (From (R)-80) 84
84%° 84%" 85%°2 83%°2
dr >95:5 dr >99.5:0.5 dr >99.5:0.5 dr >99.5:0.5

Schene 7. Application of Petasis reaction for synthesis of diaster@iched amino acid81-84
using a chiral aldehydéS)-80 or (R)-80).58%°*(S) or (R). Conditions: a) DCMHFIP (9610), rt; b)
DCM-HFIP (7525), rt; c) ethanolrt.
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The use of chiral boronic nucleophiles has received less attention, though
Koolmeister and cavorkers have successfully employed a range of chiral boronic
esters85-88to give enantiomerically enrichenino acidd0 (Scheme8).”” The low
levels of enantioselectivity excess observed could result from competing hydrolysis

of the chiral moiety prior to the Petasis reaction.

~° ()
? [ ] (i Conditions N
X-B~ CO,H >
P X-"~0 H 2 Ph/\/l\COZH
85-88 89 75 90
(0]
“, OBn
! 1
Ph X~ By B~ B IR
N0 P "0 P "0 Ph/\/B o ©
85 86 87 88
83% 83% 70% 92%
ee 15% ee 15% ee 1% ee 10%

SchemeB: Application of Petasis reaction for synthesis of enantiomerically enriched amin8Gacid
via chiral boronic esters.

Recently, organocatalysts has been successfully employed to yield the first
Petasigeactionproducts withsynrelative configuration. Schreiber and-aorkers
employed BINOL ligand 1) to overcome the inhereanti-diastereoselectivity of
the Petasis reactants which increases the numlpatentialstereoisomers that can
produced This is preminary work but f successfully expanded, couttvercome
the major limitation of the Petasis reacti®2-03, Scheme9) for library generation;
namely that only one stereoisomer of product can be obtaliesl.is a complex
reaction which is not fully selective as existing amine stereochemistry can override

catalyst control givin@nti isomer (e.g. witl95).

Br
oH e IO
Conditions HN CO,Me

R3
EOBA~gt + rt R2 s Y(o » OH

: 3
IR R OH
S’ BT T o
OH

(S)-91
Bn
HN” ~CO,Me HN” ~CO,Me HN” “CO,Me (MeO),HC” NH
PN ~__Ph A ~_NHCb Ph
P"Y"Ph PRYTY PR ‘ -
OH OH OH OH
92 93 94 MeO 95

70% 71% 69% 70%

dr 67:33 dr 60:40 dr 50:50 dr 11:89

Scheme9: Application of Petasis reaction for synthesis of diasteriched amino alcoho2-95
via BINOL catalyst §-91.7
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2.1.1 Physiochemical properties of compounds within libraries

generated from thePetasisreaction

The Petasis reaction has been shown, by thisédeand Schrieber groups be
suitablefor the synthesisof diverse heterocycled.’®82 However the properties of
the compounds created, specifically thegP and molecular weight, lie outside
leadlike chemical space. Indeed amthe properties of the Petasis products and the
scaffolds generated within these libraries are calculated, over half the compounds
(both cyclisation precursors and scaffolds) have physiochemical properties outside
of leadlike chemical space~{gurel9).
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k= .
D500 "
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2 3004 cy Lo e
o Vit .
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200 ~ . P
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2 0 2 4 6 8
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Figure 19: Analysis of the physiochemical properties of the products obtained from Petasis reaction
campaigngt 7882 Note the high molecular weight which puts them beyond-likadchemical space

and indeed in some cases beyond drug like chemical space. Cyclisation precursors with
physiochemical properties within ledidle chemical space (green triangles) and thms®ith lead

like chemical space (red triangles¥caffolds with physiochemical properties within Idika
chemical space (green squares) and thoassith leadlike chemical space (red squares).

In addition, many of cyclisation precursors and scaffoldgehmolecular weight
and LogP approaching the limits of leliice chemical space (27560 Da and LogP
of 2-3). If these were decorated to give screening compounds, their physiochemical
properties are likely to be beyond the scope of LOS. It was envisitwa¢dhe
Petasis reaction could be retooled to allow for the synthesis of cyclisation precursors

(and in effect scaffolds) for the exploration of ld&@ chemical space.
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2.2 Reaction optimisation

Due tothe conflicting reports in the literaturéye first objective was to identify
common reaction conditions before systematic investigation of different amines,
boron nucleophiles ana-hydroxy aldehydes could be undertaken. Accordinigly,
methylallyl amine 96), trans-2-phenylinylboronic acid 74) and glycolaldehyde

(97) were use@dsmodelreactants for the Petasis react{@ablel).

Tablel: Initial exploration of the Btasis reaction.

HO_ _O \ﬁ/\/ Conditions N A
\[ j\ 26 c|>H (see methods below) /\)N\/OH
0~ ~OH Pr B0y P
97 74 98
Entry Solvent Temperature Eq(l),lfi\ga;ent Yield (%)
1 Water rt 1 64
2 Water 40 ecC 1 Trace
3 Water 80 ecC 1 --bz
4 Toluene rt 1 64
5 THF rt 1 65
6 DCE rt 1 74
7 9:1 DCEHFIP rt 1 762
8 Water rt 1 60°
9 Water rt 2 5%
10 Water rt 1.2 8z
11* DCE rt 2 55
12 DCE rt 1.2 84

Unless otherwise stated 1 &, 0.5 eq97, 1 eq.74, 48 h,rt 26 h;® 1 eq.96; % 0.6 eq.96; % 1.2 eq.
96, *4 A MS; ™o product observed by TLC or 500MP4 NMR spectroscopy

It was found that even moderdteating led to significantly reduced isolated
yields of the amino alcohd®8 (entries 13, Table1). For the reaction at 4TC,
only a trace amount of product was observed in the crude reaction mixture by
500MHz *H NMR spectroscopy (entry 2). In addition no product was observed

when the raction was carried out at 80 °C (entry 3).

Next, a range of solvents was investigated: for example, polar and non
polar, protic and aprotic solvents (entries 1 an@)4Of these entries, most
provided amino alcohd®8 in 60-65% vyield. The maximum yield &s obtained
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in dichloroethane (74%, entry 6). It should be noted that the use of
hexafluoroisopropanol (HFIP) as a-solvent (entry 7) has been reported to
significantly improve the yield of the Petasis reaction when using primary
amines®’®983 Although having little effect on the yield when using am@e

this solvent did significantly improve the rate of reaction, as a comparable yield

was obtaind in only six hours (entry 6).

Improved yields were obtained in when usi@g and 74 in slight excess
(entries 10 and 12, greater than 80% yield). Having identified optimal reaction

conditions, substrate scope was next explored.

2.3 Scope and limitations ofthe Petasis reaction
2.3.1 Synthesis of starting materials

In order to investigate the functional group tolerance and scope of the Petasis
reaction in the generation of cyclisation precursors a selection of amines, boronic
nucleophiles and aldehydes was requi(Eigure 20). The boronic nucleophiles,
glycolaldehyde 47) and all amines except fd05 and 107 were commercially
available. The amin&@07 was obtied from ethylene diaminel{l) by treatment
with di-tert-butyldicarbamaté&! Reductive amination ofl07 with benzaldehyde

afforded the secondary amif®5in modest yield Figure20).8°

N+
s ok e Nto ( l
x-B 50

~0
74 99 100 101

~
\/\N/\/ HO\/\N/\Ph HO\/\N/\/OH Ph/\N/\/NHBOC ~ Ph

Iz

H H H H
102 103 104 105 106
~ =
H/\/ HZN/\/NHBOC H2N/\Ph HZN/\/OH HZN/\/\
96 107 108 109 110
Et3N, benzaldehyde,
di-tert-butyl dicarbonate, MeOH, rt, 24 h
NH DCM, 16 h NHBoc then NaBHg /\ /\/NHBOC
2
HNT > 71% N 64% N
11 107 105

Figure 20: Boron nucleophiles, aldehydes and amines selected to investigate the functional group
tolerance and reactivity in the Petasis reaction. Synthesis of abfiBesnd107.
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2.3.2 Synthesis of cyclisation pecursors

With the relevant starting materials in hand, the next step was to synttesise
cyclisation precursors outlined irable2. In general, the reactions were successful;
a broad range of amines and boron nucleophiles were successfully reacted with
glycolaldehydeto give the corresponding amino alcohols1p-126). A series of
secondary amines reacted efficiently under the reaciomditions providing amino
alcohols112-116in yields ranging from 586%. Notably, with the exception of the
diamine 111, which required carbamate protection of the additional amine group,

protecting groups were avoided.

Table2: Scope of the Petasis reaction

Conditions R! _R2

R1 _R? (A,B,C, D) N
+
—_—
\[ j\ RSI\J\/OH

\/\N/\/ HO\/\N/\Ph HO\/\N/\/OH P /\/NHBOC S Nph
Ph&)\/OH Ph&)\/OH ph/\)\/ /\)\/ Ph&)\/OH

112 113 114 115 116

A 70% A:63% A:53% B: 86% B: 79%
NHB OH
SN HN" N HECC HN" > Ph HNN N
Ph/\)\/OH Ph/\)\/OH Ph/\)\/OH /\)\/ /\)\/
98 17 118 119 120
B: 84% B: 71% C:71% C:51% D: 46%
HO OH
\N/\/ \V\N/\/ ~ SN PR N Ph N
A _OR oA _oH A _oH A _OH A _oH
121 R = H* 123 124 125
122 R = Ac F: 62% F:71% F: 39% F: na’

E: 13%
Unless otherwise stated: 1.2.63, 1 eq amine, A:1.2 eq.74, H20, 48 h, rt B1.2 eq.74, DCE, 48
h, rt; C:1.2 eq.74, DCE:HFIP (90:10), 6 h, rt; D1.2 eq.74, KOH, H;O, 48 h, rt; E:1.2 €q.99,
H,O:THF (83:17), 48 h, rt then A®, Pyridine, 18h, rt; F: 1.2 eq.74, H,O:THF (83:17), 48 h, rt;
#reaction did not proceed as judged by TLC 886 MHz*H NMR Spectroscopy.

Yields with primary amines wereggiificantly lower than those obtained with
secondary amines with similar appendagekl7{120). For example, N-
methylallylamine provided the amino alcol88 in 84% yield, while butenylamine
provided the amino alcohdl20in 46% vyield. Furthermore amino alcohlil4 was
obtained in significantly greater yield than the amino alcohol obtained d&ing
ethanolaminel(19, 53% versus 39%).
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Polar functional groups were also found to give reduced vyieNds,
benzylethanolamine provwed amino alcohol113 in 63% vyield, while bis(2

hydroxyethyl)amineX04) gave amino alcohdl14in a 53% yield.

Vinyl boronic ester was unreactive under the conditions found to be effective
for generation of the amino alcoh®21. Additional boronate estef400-101, Figure
20) were used but no conversion was observed V&@® MHz H NMR
spectroscopy or TLC. After extensive solvent screening, it wasdftheta THF-
water solvent mixture was required to obtain sufficient reactivity (mass observed by
LC-MS reaction monitoring and new alkene signals observeésDByMHzH NMR
spectroscopy); howevér was not possible to isolat21 Finally, after thePetais
reaction was completehe reaction mixture was concentratedvacuothen re
dissolved in pyridineand acetic anhydridevas added to theeaction mixtureand
stirred for 18 hours. This allowed, after purification, isolatiod22in a 13% vyield.
Together, these results demonstridwe difficulties of using the vinylboronic ester
and highlighted potential problems with isolation of these extremely polar amino
alcohols.

The scopeof additional amines was investigatek®8126) with the conditions
developed for100. Secondary amines continued to provide greater yields of the
corresponding amino alcohols compared with primary am(ib2$was obtained in
a 71% yieldwhile the amino alcohol25 was obtained ira 39% yield). Amino
alcohols which were morgophilic were isolated in greater yield$26 isolated in
39% vyield but126 was not isolated) as witlrans2-phenylvinylboronic acid
products {18obtained in 71% whil&19was obtained in a 51% yield).

The yields obtained for the vinylboronic acid aool ester system continues to
be lower than the correspondingans-2-phenylvinylboronic acid system. This
discrepancy in yields could be a result of reduced reactivity or poorer product
isolation from the Petasis reaction as observed with reactiNmadthylallyl amine.
This is particularly unsatisfactory since the products obtained from using the
unsubstituted vinyl boron nucleophile are more attractive in library design; the
phenyl group increases thegP of the molecule by approximately two udftsind
many potential cyclisation reactions identified are unproven ordiibstitued

alkenes?®’:88
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A literature search revealed there is only one previous example of using an
unsubstituted vinyl boronic acid ester in the Petasastion. Wonget al used vinyl
boronic acid dibutyl esterl8 as a reagent in a key step towards sialic acid
derivatives chemel0).8° The estemwas found to beinreactive in organic solvents
but with a combination of ethanol and water, they obtained viable yields. They
proposed thathe esterd unreactive towards the Petasis reaction, but in the presence
of water, the ester is hydrolysed to the more reactive vinyl boronic acid which then

participates in the Petasis reaction to di26.

R OH
OH OH OH'HN" : H OH OH NHR!
k:r\/o o —= (A HOY =R’ - Z
HO —_— . ouH 6\2/\H+ :
OH OH OH JBUOS OH OH
HO" “OH
127 129

X B(O'BU);~— [\/ B(OH)%

128

Schemel0: Model proposed by Wong and-emrkers to explain the reactivity of vinylboronic esters.
The ester is first hydrolysed acid which is sufficiently reactive to participate in the Petasis reaction.
Condition: EtOHHO ( 8 0 : 2 03 h, 55%.(R = gisknethoxyphenyl)methyl

2.3.3 Factors influencing a diastereoselective Petasis reaction

With a working protocol for the Petasis reaction, priority was concentrated on
controlling the stereochemical outcome of the reaction. As described inrS2dt
the two approaches involve the use of a chiral reageonrganocatalystsGiven
limited precedent in usingrganocatalysisa selection benantiomerically enriched

amines an@éldehydes werehosen Figure21).

OH

HO._O
Bn
oo
X-B~g 0" oH O~F
99 97

74 130

Y

Ph
: /‘\/OH T on O*COzH D—CHZOH
“Ph HN HoNT N N N

HoNT Ph o HN N N
131 132 133 134 135 136

Figure 21: Boron nucleophiles, aldehydes and amines selected to investigate the requirements of a
stereoselective Petasiaction

The boronic nucleophiles, glycolaldenyde®7 and all amines were

commercially availableT h e ma $ydmedaldeliyde130 was obtained from

acetonide formati on oliydrogyacid 85 rSobseglehty av
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reduction of the lactonel88) with diisobutyl aluminium hydridaffordedlactol 130
(Schemell). With the relevant starting materials in harige tiastereoselectivity of

the Petasiseactionwas explored.

2,2-dimethoxypropane DIBAL
pTsOH, o -78 °C toluene OH

Bn\l/COZH acetone 13 h Bn\HL then 1 M HCI Bn\(i
’ O —_— O
OH 84% O_TL\ 76% O_TL‘

137 138 130

Schemell: Synthesis of lactdl30from 137.
2.3.3.1 Use of chiral anines

With the relevant starting materials in hand, the next step was to detehaiine
selectivity in the synthesis dlfie cyclisation precursors summarisedTiable 3. In
general, amino alcohols afforded reasonable diastereoselectivity (greater tha
O7 5 : 2 5hebest getkctivitiesvere observed with phenyl vinyl boronic acid as

the boron nucleophile.

Table 3: Investigation of factors required for the diastereoselective Petasis reaction.

R4
HO._O R* RS, Aps
e N, —
N7 “R3 1 OH
(6) OH H R
L A :
X OH A_OH
HN P ngl/\Ph HN HNT
Ph/\/\/OH Ph/\/\/OH Ph/\)\/OH Ph/\/\/OH
139 140 141 142
41%?2 62%°2 62%2 53%P 79%2 58%P
50:50 55:45 55:45 75:25 75:25 91:9
{ = { X
OH : OH
o NN OH A AN OH NAUOH A _oH
143 144 145 146
52%P 68%P 44%° 43%°
>95:5 89:11 83:17 50:50

Unless otherwise state@:6 eq.97, 1 eq. amine, 48 h, rt) 4.2 eq.74, DCE; b) 1.2 eq.74, H.O; ¢
1.2 eq.99, DCE:HFIP (90:10); §iH,O:THF (83:17);

Both (R)- and (9S-methylbenzylamine 131 and 132) failed to give any
stereochemical control and a 50:50 diastereomeric ratio of products was obtained in
each cas€l39and140). Both Petasis and Southwood have reported moderate levels

of control (83:17 and 76:24 respectivelyien(S)-Methylbenzylamine wassed as
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in auxiliary in the synthesis of amino adé. ">’

Choice of solvent was found to be crucially important in obtaining suitable
selectivity. (B)-2-Amino-1-propanol £33 was entirely unsettive, giving a 55:45
mixture of diastereoisomers, when dichloroethane was the reaction solvent.
However, switching the reaction solvent to water, a 75:25 ratio of diastereomeric

products was obtained (as evidenced by 500 MHXMR spectroscopy).

Given the proposed transition statEjgure 22, it is clear the steric clash
between the methyl group and the styrenyl group of the boronic acid was
insufficient to fuly differentiate between the two possible diastereoisomers. The
amino alcohol 145 (obtained from the Petasis reaction wifR)-2-amino-2-
phenylethanol) resulted in amproved d.r (75:25) with dichloroethane as the
reaction solvent. As seen tli (29-2-amino1-propanol L33, greater selectivity
was obtained (90:10) when water was used as the reaction solvent. The significant
difference in selectivity is surprising, givéimatthe stereocentre is remote from the
stereogeniccentre the expectettansition state for the two amino alcohols was
expected to be similar.

141

Il

T

P4

2u|
o
T

Figure22: Proposed transition state for the synthesis4ddfand142

Cyclic amines were found to be as efficieaag acyclic secondary aminas
controlling the stereochemistry of the reaction. The greatest diastereoselectivity was
obtainedwith amino alcoholsl43 and 144 obtainedfrom L-proline andL-prolinol
(d.r. © 9 G:and90:10respectively)

35



To investigate thalifferences in selectivity between the boronic nucleophiles,
the two of the best performing aminesR)22-aminc1-phenylethanoandL-prolinol
wereselected. In the case (#R)-2-amino1-phenylethanol, amino alcoh&44 was
formed in reduced yield and selectivity (44% ahd 83:17). The selectivity with-
prolinol was completely lostgiving an equal mixture of diastereocisomers in a
modest (43%) vyield. The reduced diastereoselectivity obsenfedrans2-
phenylvinyl baonic acid is likely due to the decreased steric clash between the
smaller vinyl group with the prolinol ring.

2.3.3.2 Use of chiral aldehyde

As mentioned previously (Secti@l), chiral aldehydes have been useddod
effect to control the outcome of the Petasis reactibNethylallyl amine 96) and
ethanol amine1(09) were selected to investigate the stereocontrol exhibited by the
protected aldehyd#30.

OH
\HM ph N-BOH:z - N AOH F>h/\I/io

KA
130

Figure23: Secondary and primary amin@8 and 103 werechosen to investigate the stereochemical
outcome of the Petasis reaction with aldehjge

96 74 109

With N-methylallyl amine, a singleliastereoisomer was obtained, which is
consistent with the reported literaturiigure 24).5%%° The selectivity observed is
due t o t h-eydrexyl greup bheidgdiredtlinvolved in the rate determining
step. The proposed transitistates for the two imines asbown in (

Figure24). The reduced 1;allylic strain inTS2 ensures the anti diastereoisomer is

the only product.

H B,L/‘ Ho. OH/—Ph
=i R

SNNF
H—1 + /
o H
SNNF > 0 —_— ) . Bn
H HO= - N T \§=N+/ PR
HO’ —_ Hl Y éH
Bn A
96 Ph
TS1 TS2 147

Figure24: Diastereoselective transition state. The unfavourablallyfic strain is minimised in B
yielding the anti diastereoisomé&onditions DCE-HFIP (90:10), rt, 30 h.

The reactionbetween that 074, ethanolaminel09 and130was unsuccessful.
The amine 109) had previously given low yields when used with glycolaldehyde
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and trans-phenylvinylboronic acid and had failed entirely evhvinylboronic acid
ester 99) was used. The reaction with ethanolamine, glyoxylic acid teants-2-
phenylvinylboronic acid{4) had also been previously attempted but as in this case,
no reaction was observed when monitoring the reaction by TLC eM&C

2.4 Design of cyclisation precursorgrom Petasis reaction

With a robust, stereoselective Petasaction protocoldeveloped, the focus
progressedo generating cyclisation precursors which would allow the synthesis of
leadlike scaffolds. In total, six amines were chosen for the generation of cyclisation
precursorsKigure25).

Br
NHN NHN BocHN OH
HZN/\/ S©/\H/\/ s oc \/\H/\/
148 149

150

Ph

C OH
HZN/\/ z OH NN/\/
A H
HoN
151 135 152

Figure 25: Amines selected to investigate the potential for the Petasis reaction to deliver scaffolds
suitable for interrogating ledike chemical space.

The amines were chosen based on a compromise between the observed
reactivity in the scope and limitations of the Petassaction anda strong
requirement to maintain the physiochemical properties. Thus primary afi8es
151and135were chosen due to the sess of related substrates and the potential to
greatly increase the scaffold count by introducing a variety of different alkylating
reagents. It had been found that secondary amines reacted more efficienttghus

150and152were chosen.
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2.4.1 Synthesisof starting materials

Amine 149 was readily accessed via reductive amination of
ortho-bromobenzaldehyde witiN-nosytethylenediamine 148 in modest yields
(Scheme12).®° Diamine 153 was commercially available and protected as the
carbamatd 50 (Schemel?2). Finally ethanolaminel(09) was caipled with 4bromo
1-butene in the presence of sodium iodide to give amino ald&ast

Et;N 2-bromobenzaldehyde
0-NsCl MeOH, rt, 24 hr Br
NH DCM 16 hr NHNs then NaBH, NHNs
HNTNT2 g NN NN
43% 57% H
111 148 149
Et;N
di-tert-butyl dicarbonate
DCM 16 h
HoN OH—g»BocHN OH
NS 0% SN
H H
153 150

Nal (10 mol%)
4-bromo-1-butene

H2N/\/OH MeOH, 2 h W\N/\/OH
54% H
109 152

Schemel2: Synthesis of amineks49, 150and152
2.4.2 Synthesis of cyclisation precursors

With the relevantstarting materialsn hand, they were next reacted under
conditions previously optimised (Secti@r®). Disappointingly amine 148 was
unsuccessful in the optimised conditions. In each attempt, starting materials was
recovered. Given the reduced reactivity for primary amines, coupled with the
reduced reactity of vinyl boronic ester df. trans-phenylvinylboronic acid), this
substrate was expected to be difficult and subsequently deprioritised in favour of the

remain amines.

Surprisingly aminel49 failed to give the tertiary amino alcohdb5 This was
particularly surprising given the successtbé model system. The crudg©0 MHz
H NMR spectrumdid show diagnostic signals at 5.6 and 5.1ppm which correspond
with equivalent signals observed with other cyclisation precursors; however the
major component wasnreacted amine and vinylboronic acid MIDA ester. Given
the limited utility of the precursor, it was decided to prioritise another cyclisation

precursor.
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Table4: Attempted synthesis of cyclisation precursors from Petaaigion.

R4

HO O R4 P
\[ :'\ sre 75 or 99 R~N)\R3
o"™H § R R Q

NHNs NHNs BocHN OH

HN/\/ /\/ \/\N/\/
[//L\\/’C)H Q§§//l\\/,()k

154 155 1560

A,B,C na* A-nat A:32%

HN/\/ HOV\N/\/\

Ph/\)\/OH Ph/\)\/

157 158
B:64% B: 62%

Unless otherwise stated: Oe§. 97, 1.2 eq. boron nucleophile, 1 eq. amine, 48 h, rt AO- THF
(84:16), B: DCE:HFIP (90:10), 6 h, rt; C: #- THF (83:17), 48 hEtN (1.5 eq.)rt; #reaction did
not proceed as judged by TLC®00 MHz'H NMR spectroscopyB: 40 C

Amino alcohol (50) gave the expected cyclisation precursdis6( in a 32%
yield. Allyl amine (51) and butenylethanolamind%§2) gave the corresponding
amino alcobls (157 and 158 in yields exceeding 60%. The use tAns

phenylvinylboronic acid greatly increased the yield and viability of the reaction.

2.5 Utilising cyclisation precursors in subsequent cyclisation reactions

With the chosen cyclisation precursors imttave next looked at cyclisation
reactions. ThisSectionoutlines the attempts with three cyclisation reactions; iodine
mediated etherificatié®® carbodiimidazole couplifd®> and ring closing
metathesig® *8

2.5.1 lodine-mediated cyclisation

lodoetherification has been shown to be an efficient method for the synthesis of
morpholine ring$/°2 Cyclisation precursord13 124 and 146 wa0s selected to
detemine if this was a suitable reaction. Accordingly molecular iodineagded to
a solution of amino alcohdll3and h e at e Tabla5centry b) Hewéver(
only starting materials was observed. The solvent was changed and amino alcohol
re-subjected to the reaction conditions however after 18 hours only starting material
was observed by LMS and TLC (entry 2). Heating the reaction at reflux for an

additional day stilled torecovered staéing material(entry 2).
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Table5: Studies towards iodine mediated cyclisation

RL ~_OH R!
N > N/\|
N

Entry Substrate Conditions Outcome
1 I2, 65 °C, MeCN NR#
HO~~N"pn
OH I2, rt, THF, 18 In
2 o \113 NR*
then 65 °C, 18
HO\/\N/\ph I, rt, THF
3 oA _oH NR*
124 then 65 °C, 18h

4 I2, 65 °C, MeCN NR#
{ Mot 2

5 3 NIS, E&N, MeCN, 65 °C, 18 h NR#

6 NIS, TFA, MeCN, 65 °C18 r. NR#

“reaction did not proceed as judged by-MS (M+H for SM observed) 0600 MHz *H NMR
spectroscopyonly evidence of starting material).

Given the precedent for the reaction used a monosubstituted alkene, amino
alcohols124 and 146 were selected (entries 3 and 4Jowever as withl13 only
starting material was observed. different iodine source (entry 5) and reaction
conditions were attempted, including stirring the amino alcddd@ in TFA (an
attempt to form the salt and quench thsibaitrogen), but suitable conditions were

not obtained.

In addition to the precedent using only monosubstituted alkenes, basic amines
were notused as substrates. Given the problems encountered with tertiary amine
substrates, it was decided to use amalmmhol 145 and make the tosyl protected
derivative Schemel3). Howevera complex mixture was obtained (as evidenced by
TLC) and the expected mass svaot observed by L®S. Given it was a
significantly hindered secondary amine; it was possible either alcohols were
tosylated and thus making them prone to elimination. Alternative protecting group
such astert-butyl carbamate returned unreacted startimgterials, even after the

addition of many equivalents, prolonged reaction times and heating.
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HN/\/OH ____________________ » R\N/-\/OH
XAOH N _OH
145 159 R=Ts
160 R = Boc

Schemel3; PG manipulation of cyclisation precursb45 Conditions:R = Ts, EtsN, 4-TsCl, DCM,
16 h. PG =Boc; EtN, di-tert-butyl dicarbonateX.5eq.i 5eq.)DCM, rt t e48H.0 e C, 16

2.5.2 Ring closing metathesis

A ring closing metathesis (RCM), to give the tetrahydropyridine core, was
attempted on amino alcohdb6 (Schemel4). However only starting materials was
recovered. Substrates containing a high demdiheteroatoms hayareviously been
shown to form chelates with the Ru catalyst with thewis-basic site®® To
circumvent this problem, the hydroxyl groups kcbhave been protected however
the steps required to attachegmkrform theRCM and subsequent removal would
significantly reduce the synthetic utility of the process. This was especially true

given that only a single scaffold could have been made.

AN OH HGII (10 mol%) N-~-OH
oH DCM 40 °C Q/OH
NS T AL LA E AR > S
156 161

Schemel4: Attempted ring closing metathesis with amino alcat@il

2.5.3 Carbodiimidazole coupling

Given the significant problems encountered with tertiary amine substrates for
subsequent cyclisations, it was found that coupling of the secondary amine and
primary alcohol group with carbodiimidazole furnishER in 49% yield (Scheme
15). This substrate was subjected to ring closing metatlesiditions attempted

with 156 andgratifyingly fused bicyclicl63was obtainedSchemelbs).

CDI, DBU O HGII (10 mol%) 0
XNH THF 65 °C \/\N,( DCM 40 °C NJ{
—_— —_—
/A\,J\\/OH 49% O <::L\Jp
57%
PhX Ph/Q§P/J\\/ \
157 162 163

Schemel5: Synthesis of bicyclic ureg63from amino alcohol57.

Although the product only has one site for decoration, the ssickeEs suggest
that the difficulties encountered with the use of the Petasis reaction was the presence
of the basic nitrogen. Given the requirement of the amine for the Petasis reaction to
proceed, and given the fact secondary amines reacted more difictarg is a

limitation that was not possible to overcome.
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2.6 Conclusions and summary

This chapter has detailed the significant challenges which were encountered
when attempting to use the Petasis reaction for LOS. It was found that each building
block required an optimised set of reamti conditions which meant it isss suitable
for library design. The development of a diastereoselective protocol was detailed
and it was found that the hydroxyl group of the amine and a &gdstituent was
essential for gooddiastereestereocontrol. Ultimately however, the cyclisation
precursors generated were unsuitable for further elaboration to give a diverse lead

like chemical library.
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3 Development of methodology to determingéhe suitability of a

reaction to support lead-oriented synthesis

This Chapter describes the use of a computation protocol to direct the selection
of a new connective reaction to support keaignted synthesis. The computational
approach was developed within the gyday Dr Richard Dovestomand has been
used to direct the synthesis of over 50 Hikel molecular scaffold$> An overview
of the approach, including a description of the computational tool is giv&edition
3.1 A detailed description of the process used to robustly compare different
connective reactions is given Bection3.2 and the process used to select a new

connective reaction is describegegtion3.3).

3.1 Protocol to assess the lealikeness of molecular scaffolds.

Previously within the group, Pipeline Pilot (Accelrys®) and Vortex (Dotmatics)
software has been used to prodacebust tool for directing synthetic programmes
towards the synthesis of novel lelice scaffolds®® An overview of the functionality

of the protocol is given ifrigure26. The protocols were designed to perform:

1. Enumeration of virtual compound libraries.
2. Novelty assessment of molecular scaffolds.
3. Leadlikeness assessment of physical properties of fioalpounds.

3.1.1 Enumeration of virtual compound libraries.

A virtual library of compounds was created by means of a-#$teeprocess. A
connective reaction of interest, such as iridicamalysed allylic aminatidf® 1% was
identified; the reactants specified and all possible product outcomes enumerated
(step 1,Figure26). Thecyclisation precursors were then subjected up to two virtual
cyclisation reactions (for a complete list of the cyclisation reactions ugkuth the
enumeration see AppendixFigure47) to generate a set of scaffolds (steigure
26). The number of scaffolds derivedom a single cyclisation precursor was

calculated and referred to as scaffold frequency.
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These scaffolds were subsequently decoraitédlally (at up to two sites) with a

standard set of capping groups (for a complete list of capping groups see Agpendix

Figure50) to create the virtual library of final compounds (stepigure26).

Building

Step 1:
Products enumerated from

allylic amination reaction

Step 2:

Cyclisation precursors are
subjected to two cyclisation
reactions

Step 3:
Scaffolds are decorated

\/

BocHN” "X 0co,Me HzN/\/NHCbZ

(0]
167 168
HN FsC final compounds
}—N CF3 o
S\ Lead-likeness assessment
© N— HNL«N NJ\H/\@
Cl

169 0 170

Aj\
NHCb
BocHN H/\/ z

164

5 12
165 allylic carbonates amines

S —

60
cyclisation precursors

—&— CF,

CFs 686
scaffolds
NH HNﬁN NH
L« Novelty assessment

——

205644

Figure26: The computational protocol developed within the group. Step 1: Cyclisation precursors are
generated from combinations of available building blocks. Stepp2to two cyclisation events
generate a set of scaffolds ian are then assessed for novelty. Stef@ffolds were then decorated
virtually using a standard set of capping groups to give final compounds which are assessed for lead

likeness.

3.1.2 Novelty assessment of molecular scaffolds.

Novelty was assessed at theaffold level by way of a substructure count

against a reference databasEiggre 27). Murcko fragment®’ wi t hou't U

attachments are generated for each scaffold and these are compared with Murcko

fragment s-attachntemtso weneratéd from a random 2% of compounds

(~150,000 compounds) from the ZINC database of commercially available

compounds? A penalty is incurred for the scaffold each time a match within the
ZINC database is found.

Il n addi

t

on

Mu r-attdclomenitsrae geanerated and thés¢ dre U

also compared with the same randomly selected compounds from the ZINC

database. With these two scores, it is possible to investigate both skeletal novelty (is

the specific known without substituents) and appendageltgofie the scaffold

substitution pattern of the scaffold known).
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Novelty assessment of scaffolds against ZINC database

HN . N HNTY
F i 0 Hi
)—N 3 N 0 Hits )—-N its
O ¢}
NH NH NH
167 Murcko Fragment Murcko Fragment with a-attachments
HN HN i HN 0 Hi
|\I/]>|\j k/)\] 0 Hits I\[/;!l Hits
5 NH NH 3 NH
168 Murcko Fragment Murcko Fragment with a-attachments

Figure 27: Novelty assessment. Two fragments are generated for each scaffold and compared with
the ZINC databasé.he approach islustratedfor two exemplar scaffolds

3.1.3 Lead-likeness assessment of physical properties of final

compounds.

Churcheret al defined leadike chemical space in their seminal papdihe
properties (Sectiorl.2.3 include molecular size, lipophilicity, the poteattifor
biological interaction and the presence of anydesirable functional grougsA
leadlikeness penalty scary system has been devised; a penalty is incurred for each
physical property which lieputwith leadlike chemical spacéFigure 28). The
further fromthose idealised values, the greater the penalty incurred.

The leadlikeness penalty was assessed for each final compound generated and
these scores were combined to give a meanlikadess penalty score for each
scaffold. As demonstrated iRigure 28 169 has just one additional heavy atom
compared with iddeed values so incurs a smakknaltyfor molecular weight but
all remaining properperties avnathin limits so it has an overall leadlikeness penalty
of 1.

In contrasntl70 has a highr molecular weight (32 heavy atoms) and a bigh
log P (3.8) so it incurs significant penalty in these areas and has a leadlikeness
penalty score of .5This would no be prioritised for synthesid.he scoring system
implemented is outlined iffable 6, was based upon the optimal values previously

defined and subsequt discussion with the authdrs.
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Molecular Size

(heavy atoms)

Lipophilicity

(AlogP, aromatic rings)

Final compound

Y

Biological Interaction (N

Leadlikeness penalty

and O count)

g

Y

Undesirable functionality

CFs
(0]
HNﬁN N)J\H
— ‘
(0]
N—

Figure 28 Leadlikeness assessment. The scoring system implemented is outlined in for the heavy

32

814

—0

il

atom count. For the full scoring penalty system see Appeidix

Property (measure) Property Value Property Score
17-24 0
Molecular size (heavy atoms) 32 12 ;
227-<14 3
-1.0-+3.0 0
Lipophilicity (AlogP) - B :
>4.0 and <-2.0 3
1,2 0
Number aromatic rings 2' : ;
5 3
Biological Interaction
(sum of N and O atoms) <4 2
Undesirable Functionality = 5

(any substructure hit)*

*Functional groups penalised: Alkyl halide, Acyl halide, Aldehyde, Anhydride,
Diazo, Dicarbonyl, Disulphide, Ester, Hydrazine, Isocyanate, Isothiocyanate, Michael
acceptor, Peroxide, Quaternary ammonium

Table6: The full scoring system used in generating a-léahess penalty
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3.2 Evaluation of Potential Reaction

Before the Pipeline Pilot protocol could be utilised, the expected functional
group tolerance, yields, diasteremd enantioselectivity wetboroughly evaluated.
With this information in hand, a selection of simple building blocks was then
selected on the basis of the precedent for the potential connective reaction

investigated and a virtual library was enumerated.

The leadlikeness penalty ata was then examined for each reaction. For each
scaffold, the number of compounds that can be derived and their average
leadlikeness penalties are shown. In total, five potential reactions were evaluated for

their applicability towards LOS

1) b Lactam Synthsis(Section3.2.])

2) C-H Insertion(Section3.2.2

3) SOMO-Activation (Section3.2.3

4) Nucleophilic opening of cyclic sulfamidatéSection0)
5) nitro-Mannich reactior{Section3.2.5

3.2.1 Evaluation of & Lactam Synthesisto support LOS

A possible route towards cyc-lagtasnat i on
synthesis (Kinugas®®!!! or Staudinger reactiot? 119 followed by subsequent
lactam opening with various reagents (PanelFigure 29). A virtual library was
created using the protocol outlined above. For computational simplicity, 8 ketenes
and 5 imines were used in the enumeration but these represent buildingfbfocks
both connective reactions (Panel Bgure 29). In total 120 cyclisation precursors
(lactam opening using 3 different reageraisyl over 900 virtual final compounds

weregenerated (Panel Ejgure29).

Analysis of the enumerated library revealed that the majority of the scaffolds
generated had a mean scaffoldddikeness penalty greater ththiree (only 14%of
final compounds generated had a liidness penalty <3.2). Furthermore only 233
scaffolds were generated from the cyclisation precursors demonstrating poor

synthetic economy.

47



A: Selected reaction precedent

F‘h\ .0

4

171

HC\

172

N

174 175

\/N “Ph 2% yield

OBn

CuCl (1 eq)
__MeOH

84:16 dr

177 BQ (10 mol%)
10 mol%In(OTf),
Toluene
—_—
98% yield
98:2er /
92:8dr

C: 222 scaffolds from the virtual library

1000 4

100 4

Final Compound Frequency (scaffold)
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ry atem .

4w
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»
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P
4 mad LT
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nasaamas
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B: Building blocks for virtual library enumeration

NTs Br NTs
Reagents used t
EIOZC open f+Lactam
0
X=Br, COzMe
CH,OH Br
q 9 Q KOH
i i
LiAIH
X 4
v Nowe 2
n=1,2 n=1,23
X= NH,, OH

D: Representative scaffolds

HoN

COH
/E%/
o

o}

)LNH

o]

Mean LLP: 3.95
SSHits: 14133
SSHits with sub: 774

Mean LLP: 3
SSHits: 0
SSHits with sub: 0

*

Mean LLP: 1.25
NH SSHits: 0
SSHits with sub: 0

.OY

0 1 2

Scaffold mean leadlikeness penalty

3 4 5 6 7

(]

Figure29: Panel A: Two representative examplestafctam synthesis. Panel B: The library of 5
imines, 8 ketenes and 3 ring opening reagents used in the virtual library enumeration. Panel C:
Output for virtual library created, plot of scaffold frequency (total number of compounds generated
from a single scaffid) vsthe leadlikeness penalty. Highlighted area represents the most valuable
area. Panel D: Representative scaffolds genevaadibrary enumeration.

3.2.2 Evaluation of C-H Insertion to support LOS

Carbenoid

insertion into E

bonds U to

h ent studiedat o ms

extensivelyt18124 As such they could provide cyclisation precusswith a desirable

motif; namely four variable functional groups which coblkl reliably programmed

(Panel A,Figure 30). A virtual library of 6diazo compoundsand 15 amine and

alcohol coupling partners (Panel HBgure30) used to give 90 cyclisation precursors

andover 472000 virtual finalcompoundsveregenerated (Panel €Ejgure30).

Subsequent analysis of the enumerated library revealed that the mean lead

likeness penalty was 3.66 @0Oof all final compounds generated within the library

had a leadikeness penalty <3.2). Low novelty scores were obtained when scaffolds

were compared with ZINC database (high degree of skeletal nowsligh

establishedhis asa promising connective regon.
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A: Selected reaction precedent B: Building blocks for virtual
library enumeration

Br 181 Rh,(S-DOSP) (2 mol%) Br
2,2DMP X CHoNH» X COz;Me
23 °C,4h n=12
N N =1
\/ﬁ T yield | o : 2 Xy
93:7 er N " Boc
217 COMe 180 COMe X = Br, CO,Me, X =Br, CO,Me, X=NH,, OH,
. CH,OH CH,0H CO,Me
Br 181 Rhy(S-DOSP) (2 mol%)
1,2 Z
TBSO 2,2DMP /\Mr?\(z\s/ \/Hn -~ J/\X
23°C.44 - oc Boc TBSO
OAc 4
93% yield P H X=H, NHy,
COMe 81:19 er Y~ TCOMe CO;Me, OAc,
2Me 97:3 dr 1856 CH,COoMe
184
C: 454 scaffolds from the virtual library D: Representative scaffolds
10000 - . OH
Pt L]
o ..'.o L] N
—_— LI m . -
g T * ® /¢
© . = o 5§ -
2 ol TS Mean LLP: 4.74
&’/1000' 2 mg Wolele ack # [ SSHits: 9
3 " . e SSHits with sub: O
S R
" e N
= o doo® ain iRl L, ot g-NH
o}
g 100 < * 2
o] = msmmann s NH
o *
= 0
g P Mean LLP: 1.83
£ 10d SSHits: 0
[] SSHits with sub: 0
(]
= . * NH
= )=o
(i o}
1 ) T T 1 1 1 1
15 20 25 30 35 40 45 50 Mean LLP: 3.5
. SSHits: 0
Scaffold mean lead-likeness penalty SSHits with sub: 0
Figure 30: Panel A Two representative of CH inserti

library of 6 diazo compoundsand 15 amine and alcohol reagents used in the virtual library
enumeration. Panel C: Output fairtual library created, plot of scaffold frequency (total number of
compounds generated from a single scaffefthe leadikeness penalty. Highlighted area represents
the most valuable area. Panel D: Representative scaffolds gendadilediry enuneration.

3.2.3 Evaluation of SOMO-Activation to support LOS

SOMO-Activation, popularised by MacMilld@®'?° is a further potersi
connective reaction. High levels of enantioselectivity had been demonstrated and a
high number of suitable starting materials could readily be obtained (PafRigiute
31).125129 A virtual library of 6 SOMOdonors and 11 SOM@cceptors (Panel B,
Figure 31) was used to create 55 cyclisation precursors with over 748,000 virtual

final compoundsveregenerated (Panel Eigure3l).

Following analysis of the enumerated library revealed a reasonable portion of

scaffolds generated had a mean scaffold-léathess penalty less than three (50%
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A: Selected reaction precedent B: Building blocks for virtual
Iibrary enumeration

TBSO
0 20 mol% 188 o Ox-Ph
OTBS || CAN, H,0 /u\j/
2 e
/g DTBP, Acetone PR Y

(CH2)3OBn -20°C, 24 h & OTBS
71%, 955 er (CH2);08n X= CozEt Br  X=CO,Et Br  X=CO.EL Br

Ph

187

3 ” O
20 mol% 192 Xy -Ph — DX )n-012 H H{
CAN, H,O =01
. B/\/F’h SARTO oTBS oTBS oy A
3 NaHC03 DME T‘Qz 0,1
-50°C,24h Reagents used in FGI of the S
X= NHNs, OTBS
BOC 76%. 98:2 ar I‘élOC aldehyde substrates.
HoN
190 191 NS, HN~oy
C: 494 scaffolds from the virtual library D: Representative scaffolds
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. SSHits: 1
Scaffold mean leadlikeness penalty SSHits with sub: 0

Figure31: Panel A: Two representative examples of the SOMO diivaPanel B: The library of 11
SOMO acceptors and 6OMO donorsused in the virtual library enumeration. Panel C: Output for
virtual library created, plot of scaffold fregocy (total number of compounds generated from a single
scaffold) vs the leadliikeness penalty. Highlighted area represents the most valuable area. Panel D:
Representative scaffolds generat@library enumeration.

of final compounds generated within thierary had a leadikeness penalty <3.2).
However high novelty scores were observed across the majority of the ({Beargl
C, Figure 31) indicatng low appendage novelty and skeletal novelty. In addition

there were concerns over adequate diastereoselective control of the reéétion.
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3.2.4 Evaluation of nucleophilic opening of cyclic sulfamidateso
support LOS

Cyclic sulfamidates are versatile electrophilic reagé&i#ts® They have been
shown to undergo a facile, regiospecific nucleophilic substitution aDthearing
centre (Panel AFigure 32), yielding a valuable cyclisation precursor with the
potential to vary each functional grotid.'*® A virtual library of 6 cyclic
sulfamidates and 4 nucleophiles (PaneFigure32), gave 36 cyclisation precursors

which resuléd in over 459,000 virtual finalerecompounds (Panel Ejgure32).

A: Selected reaction precedent B: Building blocks for virtual
library enumeration
i) NaH, DMF
c\)\,,O ii) 5M HCI, rt @ Q0 )‘S'ro
BOCN’S\O CO:Me PhMe, A, 18 h HNJ\‘ BocN 'S‘o Boch ™y
Bm\\-K/ NHTs 84% yield B NTS X N
193 194 195 X=OH, NH,,
o] B Br CO,Me, Oallyl o
0 T,
Y NaH, DMF BocHN o—@ o] EtO
BOCNL/\O Ho 97% yield - — EtoJ\/ x A
w7 oY $ by X= CO,Me, Br
Ph X= CN, NH,
196 197 198 CN - Reduced to: acid, aldehyde and amine
C: 222 scaffolds from the virtual library D: Representative scaffolds
10000 . . s . MeO.C
T e et . HN Br
8 = '-.n --. -. L '. . -y . k/o
= 10004 e . L .t Mean LLP: 5.35
Py §h e e mowe e . . SSHits: 0
o] . mm om o n SSHits with sub: 0
[} . .
g 2 e L] -G . NH
g TH an - . 0. H
100 - . .
= o L =fr . " fu . Y\?
p= HN NH
5
Q ¢]
g’ Mean LLP: 5.43
o 10 = SSHits: 0
[&) . SSHits with sub: O
©
(N €Uz
1 T T T T T T 1 _):O

3 4 S 6 7 8 9 Mean Il—ll.ll\zYI 3.45
Scaffold mean leadlikeness penalty SSHits: 0

SSHits with sub: 0

Figure 322 Panel A: Two representative examples of nucleophilic opening of cyclic sulfamidates.
Panel B: The library of 6 cyclic sulfamidates and 4 nucleophile used in the virtual library
enumeration. Panel C: Output for virtual library created, plot of scaffoldidmezy (total number of
compounds generated from a single scaffefthe leadikeness penalty. Highlighted area represents
the most valuable area. Panel D: Representative scaffolds gengadibrhry enumeration.

Resulting analysis of the virtual lidéary contained very novel scaffolds as there
are no substructure hits against the ZINC database. The scaffolds generated have a

mean leadikeness penalty >3, which may be attributed to the high number of
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diversification sites (39% of all final compoundsvbaa leadikeness <3.2).
However, there is poor stereocontrol when nucleophiles such as enolates are used
(synthetically more attractive nucleophiles since a lactam would not be present in

every compound), which make this connective reaction less suitall®sS.
3.2.5 Evaluation of nitro -Mannich reaction to support LOS

The addition of a nitro reagent to imines is a reaction which gives access to 1,2
diamines upon reduction othe nitro functional groug®’ This powerful
transformation has been studied extensively and with judicious choice of catalyst
potentially all four stereoisomers of cyclisation precursors could be generated (Panel
A, Figure 33).138146 A virtual library, 10 imines and 7 nitcoomponents (Panel B,
Figure33) was used to give 70 cyclisation precursors with over 450,000 virtual final
werecompounds generated (PaneF@yure33).

A: Selected reaction precedent B: Building blocks for virtual

library enumeration
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Figure33: Panel A: Two representative examples of the filamnich reaction. Panel B: The library

of 8 imines and hitro compoundsised in the virtual librargnumeration. Panel C: Output for virtual
library created, plot of scaffold frequency (total number of compounds generated from a single
scaffold) vs the leadliikeness penalty. Highlighted area represents the most valuable area. Panel D:
Representative sdafds generatedtia the virtual library enumeration.
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Ensuing analysis of the virtual library revealed a large number of scaffolds with
a mean scaffold lealikeness penalty less than three (49% of final compounds
generated within the library had a lelddeness penalty <3.2). In addition a
substantial number of the scaffolds generated were extremely novel and a significant
number of scaffolds could generate over 100 virtual final compounds which

demonstrate the high diversity potential of the scaffolds.
3.2.6 Further interrogation of the virtual libraries generated

In addition to looking at the entire virtual library generated for each potential
connective reaction, the libraries were further interrogated in order to identify the
most promising cyclisation precars. The data could be manipulated to give a plot
of the final compound frequency vs. scaffold mean ldahess penalty for each
individual cyclisation precursor. Representative cyclisation precursors generated

from thenitro-Mannich reactioibrary areshown inFigure34.

Each cyclisation precursor gives rise to over 20 highly novel scaffolds. In
addition many scaffolds have suitable residual functional groups which could be
exploited to create a plethora final compounds. However cyclisation precursors such
as206are unsuable for LOS as the majority of the scaffolds generated give a mean

leadlikeness penalty >3, indicating poor physiochemical properties.

NHBoc

NHBoc
L] ] 1000 =

=
8
z
I
z
&

206

100 <

=
1

-

-
[

[ ]
[ |
| ]
[ ]
-
-

Final compound frequency (scaffold)

Final compound frequency (scaffold)

m 0-250

T T T T T T 1
1 2 3 4 5 6 7 1 2 3 4 5 [ 7 8
Scaffold mean leadlikeness penalty Scaffold mean leadlikeness penalty

Figure 34: Output for two representative cyclisation precursors created from theMuamach
reaction, plot of scaffold frequency (total number of compounds generated from a single seaffold)
the leadlikeness penalty. Highlighted area represents the most valuable area.

In contrast, cyclisation precurs@07 would be prioritised since 32 dtads

with over 30 virtual final compounds could potentially be synthesised. In addition
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there are a further scaffolds with a favourable {#eehess penalty but generate less

than 30 virtual final compounds.

With the cyclisation precursors identified, series of key reactions was then
conceived to quickly determine the reactions suitability. If these preliminary
reactions proved successful, the reaction could then be selected. For example,
efficient access to required starting materials (if not comialgrcavailable) and
suitable catalyst preparation had to be identified. Functional group interconversion
conditions had to be identified and quickly realised (conversion of CN to amine,
acid and aldehyde for cyclic sulfamidates or the reduction of the fuhctional

group in nitreMannich library).

3.3 Reaction selectionnitro -Mannich reaction

The most valuable connective reactions can be identified by considering the
novelty score, leatlikeness penalty, and synthetic economy involvedd fjumber of
valuable scaffolds from a single cyclisation precursor) for a given reaction. Of the
five reaction types, the nitfblannichreaction was selectatlie to the high number
of potential cyclisation precursors generating scaffolds with favourable
physicochemical mperties (approximately one third of all scaffolds generated has a
mean leadikeness penalty <3.2). In addition, with the extensive use of various
organocatalysis potentially every stereoisomer of cyclisation precursors (and

therefore scaffolds) couldebsynthesised.

The key reactions for demonstrating the potential of this reaction for LOS was
the reduction of the nitro group. This was essential to realise the synthetic potential
for the cyclisation precursors as well as removing adesirable functional group.

In addition the reaction had to be diastereoselective therefore preparation of a

suitable catalyst was required.

54



4 Investigation into suitability of the nitro-Mannich reaction to

support lead-oriented synthesis

This Chapter describes the use of the Hi@nnich reaction as a connective
reaction to support leagriented synthesis. A literature review is first given before a
detailed description of the development of the AlMfannich reaction towards the

support of leagbriented synthesis and the exemplificataf this strategy.

4.1 nitro-Mannich reaction: general characteristics

The formation of G@C bonds is a fundamental process in organic chentitry.
The nito-Mannich (or azaHenry) reactionis an underutilised reaction which may
have value in the synthesis of scaffolds due to the large variety of commercially
available starting materials and mild reaction conditiSh&hapter 3 demonstrated
that these scaffolds were lebke (Section3.25).

The mechanism of the nitfdannich reaction§chemel6)!*’is essentially the
addition of a nitronate species to an imine electrophile creating the févibdnd
which upon protonation gives the produdt-nitroamine Scheme 16). The
eponymous nitro group allows access to a wide range of synthetic targets through

simple inctional group interconversida aming'*® acid*° ketong!®® andnitrile.>°

NHBoc ( “NBoc NHBoc
>l R? > R?

R ~S0,Ph R! R! R?
NO, NO,

. —

RZ O Rz O

Schemel6: Proposed mechanism for the nitvtannich reaction. The rate determining@stis the
irreversible GC bond formation.

Early reports on thaitro-Mannich reactiorwere of limited synthetic use, being
unselectivé®” and often low yielding®**°® The first stereoselective protocol with
acyclic starting materials was reported in 1'988here now exist a large number of
both enanti&*'42 and diastereoselectit®!4* methods using a wide range of
organometallit* and organecatalyst$*®.
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Anderson described diastereoselectivenethod for the preparation of nitro
amino alctols 08-210, Schemel7).2%! The scope of the nitro componentsazot
investigated and thus limited to nitropropa97). More impotantly however,
electron rich mines could be used which is complementary to the electronedefic

imines described below.

A
n-BuLi, THF, -78 °C, 10 min,
\~OTES ACOH, -78 °C then r, HNT\~OTBS
J| O,N Et 30 min, 87% » 1 NO,
R! 207 R
Et
8 oTBS oTBS oTBS
B B B
HN/\/ HN/\/ HN/\/
NO NO NO
Et \_0 Et Et
208 209 210
81% 78% 7%
dr 77:23 dr >99.5:0.5 dr 83:17

Schemel?: Application of nitreMannich reaction for diastereoselective synthesis of nitroamines
208210 Panel A: An overview of the reaction described by Andet8bRanel B: Specific examples
of diastereoselective products obtained using this me2@®I210).

Shibasaki described a selective method usimgprganometallicatalyst(211-
214, Scheme 18) which vyielded products with good enantioand
diastereoselectivity?>The catalyst exploits the dual activation of Bransted basic and
Lewis acidic sites, allowing excellent control in the synthesisrgf substituted

amines. The scope of the nitro component was limited to afkgrdps.

A o., .0
i AL D
N PP 0%;0 P(Ph)
PN 20 mol%
" J O,NTTRZ TR J\/Rz

DCM, -40°C, 48 h

9%
B o Q o} o}

_P(Ph), P(Ph _P(Ph P(Ph N - on
)\(/) )\(/\)2/ 3 i HN,( e OO >
NO, NO, NO, NO, BINOL

MeO o
211 212 213 214
77% 95% 77% 89%
dr 85:15 dr 88:12 dr 85:15 dr 75:25

Scheméel 8: Application of nitreMannich reaction for enantienriched synthesis of nitroamin2$1-
214 usingan organometallic aluminium complé&X.Panel A: An overview of the reaction discovered
by Shibasaki. Panel B: Specific examples of enamtia diastereoselective praets obtained using
this method.

Palomo has released, independently from Heltets# an organocatalytic

protocol using phase transfer catalyg$%219, Schemel9).1>%157 Using a simple
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commercially available cinchorderived catalys20 good enantioselectivityvas
observed, with modest mixtures of diastereoisomers obtained in most cases.
Significantly, in contrast to previously highlighted reports, a variety of
functionalised nitro compounds were utilised giving nitro adducts with suitable
functional groups and higcyclisation potential in practical diastereoselectivatyg

to 219).

A NHBoc NHBoc OMe cl
J\ OzN/\RZ 220 12 mol% J\/Rz H N+
R' ~s0,Tol-p =y - L
CsOH.H,0 (130 mol%) NO N Ph
Toluene, -50°C, 44 h 2 | OH
NF 220
B BocHN OEt NHBoc BocHN OEt NHBoc NHBoc
=
(S o Ph/'\:/\COZEt " NOEt < /©)\/H2\/
O NO NO NO NO NO
2 2 2 MeO 2 MeO 2
215 216 217 218 219
56% 70% 7% 7% 80%
dr 75:25 dr 75:25 dr 90:10 dr 89:11 dr 76:24

Scheméel9: Application of nitreMannich reaction for enantienriched synthesis of nitroamin2$s
219 using a cinchonderived catalyst.Panel A: An overview of the reaction discovered by
Palomo!®>3157 Panel B: Specific examples of enantimd diastereoselective prads obtained using
this method®5 157

4.2 Selection of adiastereoselectiverotocol for the nitro-Mannich

reaction

Two cyclisation precursors were selected from thigo-Mannich reaction
library to investigate the diastereoselectivity of the reaction. A thorough
investigation of the functional group tolerarafethe reaction was not undertaken as
the nitreMannich reaction is wellocumentedFigure 35).23" In addition to the
cyclisation precursors, the cinchedarived catalys22 was also chosen based on

literature precederfFigure35).143

F3;C CF;
HN
MeO
NHBoc Br NHBoc HN
=
WOH -
NO, NO2 \ s " \\©

220 221 N 222

Figure35: Two cyclisation precursor2?20) and @21) identified from the computational protocol as
having potential to explore leditke chemical space. Cinchoukerived c#alyst222 was also selected
as a catalyst system ibentify suitable reaction conditions.
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4.2.1 Synthesis of starting naterials

The amidosulfonestarting materials were readily obtaineda single step from
commercially available materiald.ccordinglyortho-bromobenzaldehyde?5) and
pentenal 227) were condensed witlert-butyl carbamate223) and benzenesulfinic

acid 224) to give the correspondiramidosulfons 226 and228 (Scheme0)*>8

H,NBoc Formic acid,

B0 Tz , MeOHH,0(3466)  Br NHBoc
O Na 48 h, rt
- .So —— SO,Ph
0”7 Ph 2
225 224 226
H2NBoc Formic acid,

223 O Nat MeOH:HO (34:66)
n Na

0
S oS e \/\)N\HBOC

79% SO,Ph
227 224 228

Scheme20: Synthesis oamidosulfone226and228.

Nitrobutene (204 was readily prepared from -Bromobutene (229 via
displacement of the bromide group with sodium nitrite according to a modified
literature procedure in modest yiel&cheme 21).2%° Nitroethanol (231) was

protected byert-butyldiphenylsilylation 230, Scheme21).

NaNO,
DMSO, rt2 h
W\Br NNOZ
43%
229 204
TBDPSCI, Imidazole
0N~ DMF, RT, 12 h
OH 93% OMN~o18DPS
230 231

Scheme1: Synthesis of nib compound204and231

The cinchonalerived catalyst422) was selected as it was reported to give
good enantioand diasteregontrol at mild reaction conditiort4 Accordingly, a
Mitsunobu reaction with DPPA and quinir#3B) afforded primary amin234 upon
reduction of the azide with triphenylphosph{i@&Eheme2?2).
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) PPh3 DIAD, DPPA, 3 5-trifluorophenylisocyante,

THF, 0-45°C 0°C, 30 mins ArHN
H ) PPh3 45°C MeQ then

MeO
iiii) 20 45 °C HoN rt 10h
N —_—
= H 38% from 232
Y
ArHN H
BnBr MeO
THF, 65 °C, 12 h HN/KO
_> +
23% N

\\ H
N—? \\©

222
Scheme&22: Synthesis bcatalyst222 from quinidine(232). Ar = 3,5-trifluoromethylphenyl

Subsequent urea formatiovith 3,5trifluorophenylisocyaste gave the catalyst
precursor234. A final alkylation with benzyl bromide gave the phase transfer
catalyst222 in modest yieldScheme22). Given the reaction route, and the modest
yield of the alkylation step, the catalyst precur@84 was also screened as a

potential catalyst for the nitrMannich reaction.
4.2.2 Synthesis of cyclisation precursors

With the relevant catagts and starting materials in hand, the rnitannich
reaction vas then investigated. Initialthe amidosulfonevas added to aolution of
the nitro component then the reaction mixture wasled toi2 0 . €h€ catalyst
and potassium hydroxide wdegenadded. Theproducts(221and235) were obtained
in good yields using the reaction conditions described without the addition of the

organocatalystsl@able7, entries 1 and 4).

Under the same reaction conditions, but with the addition of 5 mol% of catalyst
222, the nitro adducts were again obtained in good yield6@%) and poor
diastereocontrol Table 7, entries 2 and 5). Although northo-substituted aryl
components had been descritfédhe result wassurprising In addition, the few
examples oalkyl amidosulfons and alkyl nitro components reported, involve quite

sterically large reagents which may have aided their control.
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Table7: nitro-Mannich reaction to give the cyclisation precurs22&and235

Br NHBoc KOH, TBME Br NHBoc
—20°C, 12 h
so,Ph A ""N0o, ——m— Z
NO,
226 204 221
KOH, TBME NHBoc
NHBoc O.N -20°C, 12 h A
N N"SotRBDPS —— > OTBDPS
SO,Ph
NO,
228 231 235
Entry Product Organocatalyst d.r.anti:syrf*® Yield
1 B NHBoc - 50:50 75%
=
2 222 55:45 64%
NO,
3 221 234 35:65 73%
4 NHBoc - 50:50 64%
N
5 \/\)\/\OTBDPS 222 60:40  69%
NO,

6 25 234 35:65 61%

ADetermined by 500 MHZH NMR Spectroscopy of the crude reactiohanti:synw.r.t NHBoc and
NO:a.

The most surprising result, the addition of 5 mol% of cat&lg4t favoured the
formation of thesyn diastereocisomer albeit with modest control (entries 3 and 6).
There are no reports of unalkylated cinchdesived catalyst used in the niro

Mannich reaton.
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4.3 Selection of a diastereoselective nitrf¥lannich reaction protocol (2)
4.3.1 Catalyst screa

Given thepoor diastereocontrol observeising both cyclisation precursors, a
more thorough investigation of a suitable catalytic system was then undertaken. As
such, the bifunctional organocataly2®20, 236240 (Figure36) were selected based
on the following criteria; coverage of a range of organocatalyst classes and ready

availability.
|, |
OMe cr
o @ Q;(’“‘
Xy YoH K =
N ‘@ Y
220
CFj
BN Tos YSQ
HJLH IG M¢32N\([)]/\HJI\H CF3 &NH HN—(té;>
239

238

OTf

Figure36: Chiral catalysts chosen for a sening of the nitrdviannich reaction.
4.3.1.1 Synthesis ofselectedcatalysts

The cinchonalerived phas¢éransfer catalys20 was commercially available.
Additional catalysts236 and 237 were readily synthesised from alkylation of
guinine (241) and cinchonine(242) with 2-chlorobenzamidazole i65% and 58%

|+
2-Chlorobenzamidazole
/N toluene, 110 °C
—_—

58%

yieldsrespectivelyScheme23).16°

2-Chlorobenzamidazole
toluene, 110 °C

D 65%

236 241 R = OMe 237
242R=H

Schem&3 Synthesis of Zhang=a3sand287RaoBa al kaloid ca

Zhaoos 288xdquarédythe tprotection dert-leucine243 with tert-butyl
carbamate, subsequent amide formatod deprotection gave the dimethyl amide

derivative244 (Scheme24).15! This intermediate was then reduced to give diamine
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245 with lithium aluminium hydride before thiourea formation with
phenythioisocyanate furnishe2fi6. Finally, alkylation with benzyl bromide gave

phase transfer cataly288in 11% yield fromtert-leucine p43).152
i) Boc,O, NaOH, THF:H,0

ii) HCTU, DIPEA, HNMe,, DCM
oH iii) TFA, DCM NMe LiAlH,, THF NMe
—_—— —_——
H,N 2 H,N 2

©) @)
243 244

245
Phenylthlmsocyanlde BnBr, THF S Br
0 °C, 30 mins, then 65 °C. 12 h +
_ rt10h _ 10 h J\ N)LN N
H H

11%

H,N

Schem&@4:Synt hesi s of Zh a38fiomtett-leiucmar43.¥a cat al yst

An der s o n 6239 was itealily yprepgareth a similar routefrom valine
(247).1%2 The aminoacid was first protected athe carbanate derivative before
amide formation with dimethylamine and deprotection gave the dimethyl amide
derivative 248 (Scheme25). Subsequent thiourea fortran on the crude material
afforded239in 32% yield from valinet®?

i) Boc,O, NaOH, THF:H,O 3,5-trifluorophenylthioisocyante,
ii) HCTU, DIPEA, HNMe,, DCM 0 °C, 30 mins, then
OH iii) TFA, DCM NMe, rt10h JL NMe,
H,N —_— H,N —_—
o o 32%
247 248

Schem&5Synt hesi s of Ande239fmm@a§ne.th|ourea catal yst

The final organocat al ys(BAM) Branstedsbasit 6 s c |
catalyst 240), was readily available in two steff$:1%% Regioselective Buchwald
coupling of 2,4dichloraquinoline with diaminocyclohexan249 gave the amino
chloro derivative250 (Scheme26). A final S\Ar reaction using pyrrolidine gave the
catalyst precursd51 (Scheme26).148:163

Pd,(dpa)sz (5 mol%)

racBinap, Pyrrolidine
Na'OBu, Cl Q Cl trlfluoromethybenene

Toluene, 110.°C 2 mW 200°C, 3.5h
S 36% / \ NH HN==\ / R
HoN NH, ° =N N 71%

249 250

Scheme?6: Synthesis oprecursor fodohnson8AM Br «nst ed b28lsi ¢ cat al ys

The active catalys{240 was formed immediately prior to its use by the

addition of a sub stoichiometric aonat of triflic acidto 251 (Scheme27). Johnson
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has shown thatthe amount of trific acid added had a direct effect on the
diastereoselectivity of the systéfi}:162

OTf

Scheme27. BAM Br «nst ed b248was prepared &y tiyesatdition sfib stoichiometric
amount of triflic acidto (251) and used without further purification/analysis as described.

4.3.2 Catalyst screen to identify suitable diastereoselective conditions

With a rumber of differentcatalyss synthesised, a common set of reaction
conditions were then established to compare the effectiveness of each catalyst.
Amidosulfones 253 and 255, readily prepared from the corresponding aldehydes
(252and254, Scheme?8).

H,NBoc Formic acid,

? 223 , MeOH:H,0 (34:66) NHBoc
O Na 48, it
- —_—
o"S>pn 78% SOzPh
252 224 253
HzNBoc Formic acid,
223 Q gt MeOH:H,0 (34:66)
| _ s 48 h, rt NHBoc
o Fn 69% SO,Ph
254 224 255

Scheme28: Synthesis ofmidosulfone 253and255.

The amidosulfons were diss®led in tolueneawith nitroethane and 10 mol% of
the catalyst thegooled to-50 eC. At this point, caesium hydroxide was added and
the reactions stirred fof8 h The conditions chosen had previously been used by
Palomoet al with their work using catalys220 (see Sectin 4.1, Schemel9).
Summarisedn Table 8 arethe results from the catalyst screen with amino sulfone
255.

The catalysts220, 236 and 237 performed best, with each giving >60%
conversion and good diastereoselectivitieable 8, entries 13). As the conditions
employed had previously been optimised for cinchona cat&@lg@ét this was
expected. Disappointingly, very little conversion was obtained with the use of
catalyst238and when no organocatalyst was u§eable8, entries 4and 7).
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Table 8: Screening of catalysts in the asymmetnd@ro-Mannich reactionbetween phenyl
amidosulfong257) and nitroethane

CsOH.H,0 (130 mol%),

NHBoc nitroethane (5 eq.) NHBoc
—_—
SOzPh toluene, - 50°C, lfloz
44 h
253 257

Entry  Organocatalyst  Conversiof d.ra

1 220(10 mol%) >90% 95:5
2 236(10 mol%) >60% 95:5
3 237(10 mol%) >90% 95:5
4 238(10 mol%) <5% -
5 239(10 mol%) nc® --
6 240 (10 mol%) >50% 60:40
7 7 -- <5% -

a) Determined by600 MHz'H NMR spectroscopyf crude reaction mixturd) 500 MHz*H NMR
spectroscopgignals were extremely broad and therefore analysis was inconclusive.

Catalyst 239 provided reasonable conversion albeit with relatively poor
diastereocontrol (60:40) which was significantly lower than that reported (entry
6).16 This is likely due to the combination of two variables; under the literature
procedure, there was no external base added to the reaction system, which may have
limited the norcatalysed background reaction. In addition, the optimised conditions

forJ o h n caiatytic system werat higher temperature2(0 e C) .

Given thee results, catalys20 and 237 were selected for further evaluation.
The results are summarisedTiable 9. Both catalyss were effective at promoting a
diastereoselective nitrMlannich reactiorwith amidosulfone253, in each cas@57
was obtained withl.r. of 90:10after purification entries 1 and 3). The reaction was
also scalable, allowing the synthesis of grams257 with catalyst220 while

maintaining high levels of diastereoselectivity (85:15, entry 2).

However, when255 was used as the coupling partneratalyst 220 was

superior, withthe nitro adduc®258being isolated in a 60% yield with 93:7 d.r.
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Table9: Screening of catalyst220) and @37) in the asymmetrimitro-Mannich reactiorbetween
model substrates on a preparative scale.

CsOH.H,0 (130 mol%),

: NHBoc
NHBoc nitroethane (5 eq.)
—_—

SO,Ph

Zimn
o
N

toluene, - 50°C,
44 h
253 257
CsOH.H,0 (130 mol%),

NHBoc
NHBoc nitroethane (5 eq.)
—»

SO,Ph

Zimn
(]
N

toluene, - 50°C,
44 h
255 258

Entry Substrate  Catalyst Crude d.# Yield Purified d.r2

1 255 220 82:18 83% 90:10
2 255 220 nd 4399 85:15
3 255 239 75:25 76% 90:10
4 257 220 75:25 609 937
5 257 239 -- 61% 60:40

3Determined by 50MHz *H NMR spectroscopy’50% conversion (85% BRSMJReaction on 3.2
mmol scale®Minor fraction isolated as 50:50 mixture of diasterecisomers in 19% yield.
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4.4 Designof Cyclisation precursors

With a workingdiastereoselective protocol for théro-Mannichreaction,the
pipeline pilot protocol was then used to identify the most useful cyclisation
precursors. In total 18 imines and 11 nit@mponents, were uséal create a library

with over twomillion virtual final compounds.

Because such a large amount of data geaseratediuring the enumeratigithe
cyclisation precursors were first sorted acaaogdto the following criteria,;
cyclisation precursorsO 30 scaffolds with suitable
interrogate leadike chemical space was discarded. This left a focused library of 42
cyclisation precursors based on the combinations of aldimiwgl nitro
componentgFigure37).

NBoc N NBoc

| | Boc ll\lBoc I
CszN/\(“)) W HO/\(“))
n=0,1 n=0,1

NCbz

ONWY~come N Son  OMNyu~F

n=1,2 n=1,2 n=1,2

Figure37: Amidosulfones and nitro compounds used to generate-léadscaffolds.

From the list of 42 oslisation precursors220 and 259 were chosen because
they had over 30 potential scaffolds that could be accessed from each precursor
(Figure38). In addition,subtle variation of eacteactani{n = 0, 1 or 2 respectively)
the number of scaffolds obtaineduld be readily doubled or triplétbm acommon
set ofreaction conditions

2 2 NHBoc
5 1000 NH; T 1000 ’ ' # NHCbz
@ # oH ) N
%) NHBoc oy
c =
Q Q
3 1004 Z 100
9] il .
o - = <
iy I
B E
3 3
S aQ 4
g g 10
5] o}
] 8]
£ [~ 020 & ~0-250
Ly Ly
T T T T N T T T
0 2 4 2 3 4
Scaffold Mean Lead-Likeness Penalty Scaffold Mean Lead-Likeness Penalty

Figure 38: Output cyclisatiomprecursor220 (left) and 259 (right) selected for investigatiorPlot of
scaffold frequency (total number of compounds generated from a single sceaéfthid)leadikeness
penalty.
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4.4.1 Synthesis of stating materials

With the selected cyclisation precursors, synthesis ofath&losulfone and
nitro compounds was then undertak@midosulfone261 was preparedia Parikh
Doering oxidation of aminoethand65 Subsequenamidosulfoneformation with
223and224 provided261 (Scheme29).

Formic acid
DMSO, Et;N, SO3ePy, )
Crort HzNBoc MeOH:H,0 (34:66)
0°Ctort 223
CbzHN DCM CbzHN Q . 48 h, rt NHBoc
~"oH 45% ~"o orSNa T, CbzhN o
2
165 260 24 e

Scheme&9: Synthesis oamidosulfone261.

3-Bromopropanol (262) was protected bytert-butyldiphenylsilylation 263
Scheme30) then subsequent displacement of the bromide grotipsedium nitrite
gave the silylprotected nitropropand®67. (Scheme30). Preparation of remaining

starting materials has previously been descrilsettjon4.2.1).

TBDPSCI, Imidazole NaNO,
DMF, RT, 12 h DMSO, rt2 h
Br/\/\OH T’ Br/\/\OTBDPS T» OzN/\/\OTBDPS
262 263 267

Scheme30: Synthesis 0R67.
4.4.2 Synthesis of cyclisation precursors

With a significant number of starting materials prepared, the diastereoselectivity
of the nitreMannich reaction was investigated. In general good levels of

diastereocontrol was observed from a broad rangenalosulfons.

Cyclisation precursor221and235could now be synthesised in good yield and
diastereocontrolTable 10). After purification, both nitro amines could be obtained
asalmost a singleiastereoisomer (d.r. 87:13 and 90:10 respectivEiyAdditional
nitro compounds?267 and nitroethané256) were successfully reacted with aldimine
227to give cyclisation precursoB65and266respectively Table10).
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Table10: Scope of the nitrdlannich reaction.

CsOH.H,0 (1.3 eq.),
nitro component (5 eq.)
N-benzylquinium (220) (12 mol%)

NHBoc  toluene, - 50°C, 44 hr NHBoc
SO,Ph :
NO,
Br NHBoc NHBoc NHBoc NHBoc NHBoc
A WOTBDPS \/\)\/ \/\)\:/\,OTBDPS oszN\)\:/
NO, NO, NO, NO, NO,
221 235 265 266 267
Yield" 599%3 69%P 73% 59% 43%
dr. >95:<5 >95:<5 >90:<10 93:7 60:40
e.e* 88:12 91:9 94:6 87:13 nd®

"Yield and diastereomeric mixture of purified producet@mined by 500MHz'H NMR
spectroscopy.Determined by reduction of the nitro group, formation of diastereomeric Moshers
amides*Minor diastereoisomer isolated 13% (d.r. 60:4Minor diastereoisomer isolated 7% (d.r.
90:10) and ahird fraction with a d.r. 60:40 (5% yield) was obtain®g nd determined due to the
presence of significant amount of the other diastereoisomer.

Disappointingly howevemlamidosulfone61 gave nitro adduc267in poor yield
and diastereocontrol. In addition, a large amount of tlzenere side product was
observed with was difficult to removeThe poor diastereo control could be the
result of coordination of NHCbz to the catalyst in place of the NHBdus
alternative mode of coordination cowgive rise to another diastereoisomer.
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4.4.2.1 Determining relative configuration of the nitro -Mannich reaction

The relative stereochemistry of the nitvtannich reaction had uhthow been
assigned by analoglp the resultof Palomo who had demonstrated that #mesi
diastereoisomer was obtained through suitéintetional group manipulatioft® In
this study, the relative stereochemistry was independentijirced when the
minor diastereoisomer of nitro addu265, syn265, was crystallised from ethyl
acetate and petroFi{gure 39) displayingsynrelationship between nitro and NHBoc
groups.

Figure39: Confirmation of the relative configuratiaf a product of the nitrdlannich reaction. The
minor diastereoisomer @b65was crystallised from EtOAetrol. Hlipsoids at 50%probability.

4.5 Reduction of thenitro group

With a suitable route for the synthesis of cyclisation precursors, the next aim
was to reduce the nitro group to give access ,dihmines. Using standard
conditiong“3, nickel chbride and sodium borohydride weaelded to a solution of
265. After 60 minutes, TLC indicated the complete consumption of startatgrral
however LCMS analysis showed a mass of 231 (M{Bable 11 entry 1). After
quenching and workug00 MHz *H NMR analysis of the crudeeactiondid not

show any alkene signalsuggestin@68bhad been formed recover2@8a

Given the unexpected result, the reaction was repeated and at various time spots
the reaction was quenched and analysed byMSC At two minutes, 229 was
observed by LEMS corresponding ttvIH* for amine268a *H NMR analysis of the
crude reaction showed a mixture 265 and 268a (based on the presence of two

different terminal alkene signals in the 500 MHH# spectrum obtainedHowever
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by five minutes, only the fully reducemmine 268b was observed by LIS and
500 MHz 'H NMR. Although an unusual outcome, the reduction of alkenes with
nickel and sodium borohydride is not unprecedetted.

Table11: Screening of conditions for the reductiohthe nitro group in the presence of an alkene
and carbamate group.

NHBoc NHBoc NHBoc NH,

D LG PN NN I NN N
NO, NH, NH, NH,
265 268a 268b 268¢c
MW: 228.33 MW: 230.35 MW: 128.22
Entry Conditions Time Outcomé

2 mi ¢ Mi f2 2
1 NICI, NaBH; 20°C minute: Mixture of 265and268a

5 minute: 268b
2 Zn, AcOH, 75°C 16 h  Mixture of 268aand268c
3 LiAIH 4 16 hr 268apresent by LEMS

aDetermined byp00'H NMR spectroscopy and L-®1S

Zinc has been extensively used with acid to reduce aryl nitro grféups. this
end, the nitro amin@65 was dissolved in acetic acid and heated to reflux for 16
hours. Pleasingly, these conditions did reduce the nitro group Véaleng the
alkene untouchetiowever the carbamate protecting grouas partially removed
and a mixture of amin268aand diamine268cwas obtained (entry 2). While the
loss of the carbamate group wad unexpected, given the instability tdrt-butyl
cabamate groups toleavage under acidic conditigh$ the nitroMannich reaction
is known with other protectgqhgroups on the nitrogen (elgenzyl carbamajevhich

are stable to acid.

Fortunately, when a solution of cyclisation precure®in THF was added to
lithium aluminium hydridg1M in THF), amine268ain obtained. (entry 3). Amines
such as268aare difficult to handle and analyse. Consequently, it was found to be
more efficient to trap the amine wighprotecting grougcomplimentary tdert-butyl
carbamate.Shown in Scheme31 is the variousdifferentially protected amines
obtained fron265.
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i) LiAlH4, THF, 16 hr

NHBoe ii) PG (see methods below) NHBoc
\/\)\/ >
NO, NPG
NHBoc NHBoc NHBoc NHBoc
\/\)\/ 269 \/\)\/ 270 \/\)\/ 271 \/\)\/ 212
= 59% = 55% = 34% e 33%
NHCbz NHBz NPhth HN\[]/CF3
0]

Scheme31: Synthesis of differentially protected diamir2&9-272. Conditions;(i) 265 (1 eq.), THF,
1 M LiAIH 4 (2.1 eq.)then (ii))269 DCM, NaHCG;, CbzCl 18 h;270. DCM, benzyl anhydride, 4
18 h;271 Toluene, phthalic anhydrideg®, 110°C, 48 h;272: TFA-CI, EsN, 18 h.

4.5.1 Determining the enantiomeric excess of thritro -Mannich

reaction

With a suitable route for the synthesis of cyclisation precursors and the
reduction and more importantly a method for reducing the nitro group, the
enantioselectivity of the diastereoselective adducts had to be determined. This was
donevia Moshers amide analysis

Accordingly, the nitro group of each cyclisation precursor was reduced with
lithium aluminium hydride as described previoudipo determine the enantiomeric
excess, the amine was then reacted witR) (or (S a-methoxya-
trifluoromethylphenylacetytchloride to give a pair of diastereocisomey 3277,
Scheme 32). The ee was determineslia integration of the corresporidg

diastereoisomers within the crus@0 MHz'H NMR signals €.e given irTable10).

NHBoc NHBoc NHBoc

\/\)\/W EtsN, DCM \/\)\/W EtzN,DCM Xy
:MeO, Ph e — —— zMeQ_ Ph

HN__* NH HN X
ﬁI/(CF'J' 2 CFs
o] o}
273-275 276
(R)-MTPACI (S)-MTPACI
Br NHBoc
Z  EtN,DCM

H —
NH,

277

Scheme32: Preparation of Moshemmidederivatives.273 R! = H (from 268), 274 CH,OTBDPS
(from 237), 275CH,CH.OTBDPS (from269).

1The pseudo enantiomer of c&20 was prepared and opposite configuration of nitro adducts was
prepared. In addition, reduction of nitro group and preparation of benzamide derivaties was prepared.
However a suitale method was not obtained.
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4.6 Utilising cyclisation precursors in subsequent cyclisation reactions
4.6.1 Cyclisation precursor 265

4.6.1.1 Cyclisation by Aminoarylation

With the cyclisation precursors in hand, next the potential for making scaffolds
was investigated. For this, the cyclisation precur@8&and265were used. There
had been success within the group using a palladataysed aminoarylian
reaction ¢ give a range of pyrrolidine prads®® Accordingly,269was treateavith
5 mol% palladium acetat@nd3-bromopyridinethenheat ed t o 110 eC.

expected product veanot observedScheme33).

CsCO3 (2 eq.)
5 mol% Pd(OAc),
NHBoc 10 mol% DPE-Phos Boc

\/\)\/ ----"'1'8'b""’ NS ’”/LN7;HJ
v | P =

F-U
269 R' = NHCbz
270 R' = NHBz
CsCO3 (2 eq.)
5 mol% Pd(OAc),
NHBoc 10 mol% DPE-Phos Boc
\/\)\/ 18 h @/"ﬂﬂ)ﬂ
—_— <
H |
NO, = NO,
265 278
81%
CsCO; (2 eq.) d.r. 50:50
5 mol% Pd(OAc),
NHBoc 10 mol% DPE-Phos Boc
A 18h o ’\@/%LN}\&/
H ' K
NPhth % NPhth
31%
d.r. >95:<5

Scheme33: No mass observed by RS analysis. 500 MHZH NMR spectroscopy showed
presence oftarting material51% recoveredtarting material

When heated for longer, 48 hr, still o269 was observed. Attempted use of
270 also failed to give any of the desired produsiven the presence of the 1,2
nitrogenatoms,it was possiblgéhat ceordination with the Pdetween these atoms
was preventing completion of the catalytic cyclia test this, the nitro addu265
was subjected to aminoarylation conditions. Pleasingly, the pyrrol@2ii8ewas
obtained in resonable yield albeit with poostereochemical control. This was

perhaps unsurprisingjven the possibility of epimerisai on U t o t he ni
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it does demonstrate that with judicious choice of protecting group, aminoarylation

was possible.

Pleasingly with the phthalimide mtected aming271), the pyrrolidine(279
was obtainedvith high diastereoselectivity in 31% vyield. It should be noted that
51% of starting material was recovered indicating potential difficulty with these

cyclisation reactions.
4.6.1.2 Cyclisation by Crossmetathesis

The cyclisationprecursor271 underwentefficient cross metathesis with ethyl
acrylate to gi v280(8dhemasd).sThe ctudegptoduct was shene r
reacted with sodium tert-butoxide without isolation to give pyrrolidin@81.
Unfortunately poor diastereocontrol was observ@dr. 66:34, Scheme 34).

Alternative bases were investigated but the diastereoselectivity could not be

improved.
HGII (2.5 mol%) NHB
NHBOC iyl acrylate, DCM 24 hr oe . o,
A y then 10,07 - NaOEt Et0,c7 N/ o
: HGII (2.5 mol%) 72 hr N DMF-THF -78°C N
O N0 ————— > o 0O ——
59% o
d.r. 66:34
271 280 281

Scheme34: Cross metathesis and akchael reactionto give 281. Aternative conditions were
attempted(variation of base and solvent, see page 137 for full detdilgisjhe diastexoselctivity
remained at 65:35.

4.6.2 Cyclisation precursor 235

Cyclisation precurso235, with additional functionality could be used in two
cyclisation reactions tajive access to bicyclic scaffoldSflo make use of the
different functional groups235 was reduced with lithium aluminium hydride, and
protected with dimethoxy benzaldehyde andzyéchloroformate to give82 and
283 respectively $chemesh).

The reduction o235 was complicated due to the partial loss of the TBDPS
group. Whileremoval of a silyl group with lithium aluminium hydride is knd\#fit
was unexpectedHowever, the addition of an equivalent of TBDEE with
imidazole prior to the amine protecting group was sufficient to solve this problem.
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i) LiAIH,4 (1 M in THF)

NHBoc THF 16 h NHBoc Seebmlethods NHBoG
elow
SN —_— | X UL SN
T OTBDPS i TBDPSCI, T~ "OTBDPS = 0TBDPS
NO; imidazole NH NHR
235 DMF, 12 hr 282 R'=DMB
283 R' = Cbz

Scheme35; Preparation of the differentially protected diamirg82 and283. (i) 235 (1 eq.), THF,1
M LiAIH 4 (2.1 eq.)then (ii) 282 MeOH, 2,4dimethoxybenzaldehyde, MS, 8& 18 h then NaBhj
18 h 43% 283 DCM, NaHCQ, CbzCl, 18 h, 48%.

With 282 the silyl protecting group was removed witfBAF to give the
correspondingamino alcoholwhich was reacted directly wittarbayldiimidazole
to give the @azolodinone284 (Scheme36). In addition, thetert butyl carbamate
group of amine82 could be removed with TFA to give the correspondirggnine,
which after the addition of carbodiimidazole gave the @88a(Scheme36).

NHBoc
X
DMBN

284 (from 282) O
62%

i) 1 M TBAF in THF
i) CDI (1.2 eq.), DBU (2 eq,),

A THF,
o) :S)TI'II\:AATIDBQI\’?I i%-[gFto it 1h i) TFA:DCM, thioanisole, 0 °C, 1 h o
J ii) CDI (12 eq.), DBU (2eq,),  NHBoc i) CDI (1:2 eq.), DBU (2 eq.)
HN ¢} A Dioxane, A loxane, HHN NDMB
_— ‘y
W\) -~ ¥~ TOTBDPS A
g = NHR?
NHCbz OTBDPS
286 (from 283) 282 R' = DMB 285 (from 282)
43% 283 R’ = Cbz 55%

Scheme 36. Synthesis of first generation scaffolds. By judicious choice of protecting group
manipulation, 3 scaffolds were obtainiedm the one reaction class (CDI coupling)

With amine283, the silyl protecting group was removed with TBAF andtére
butyl carbamate group was removed with TFA to give the corresponding amino
alcohol, which after the addition of carbodiimidazole gave the six membered
carbamat@86 (Scheme36).
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4.6.2.1 Aminoarylation with 284

It was envisaged that the aminoarylation chemistry and cross metathesis
described with cyclisation precurs@65 could be usedwith the remaining
functionality present ir284-286. Taking the aminoarylain conditions developed
within the group 284 was added treated with 5 mol% of palladium acetate, 3
broropyri di ne and Taklel® emry 1).blowdvdrhe expécted
pyrrolidine was not obtained. Only starting material was observed byl&Gnd
500 MHzH NMR spectroscopy. Heatinfpr extended times, and addition of more

pdladium catalyst, the pyrrolidine was still not observédi{le12, entries 23).

A series of different aryl bromides was then investigated to eisatrdack of
activity observed was not the result of poor selection of coupling partner. In each
case, however, only starting material was observatle€12, entries4-5).

Tablel1l2: Attempted aminoarylation with substr&g7

NHBoc Ar—,

-:\ﬁo —_— wH o
DMBN H
Y DMBN%O

Entry Catalyst Time Ar Outcome

1 5 mol% Pd(OAc) 18 h 3-bromopyridine NR*
2 5 mol% Pd(OAc) 36 h 3-bromopyridine NR*
3 10 mol% Pd(OAg) 48 h 3-bromopyridine NR*
4 5 mol% Pd(OAc) 18h 5-bromopyrimidine NR#

5 5 mol% Pd(OAc) 18 h  1-chloro 2bromobenzene  NR*

6 1 mol% Pd(allylCl), 18 h 3-bromopyridine NR#

Unless otherwise state, dioxane, CsC® eq.) and 10 mol% of liganBPE-PhosusedMass for
pyrrolidine was not observed by EKS. 500 MHz'H NMR showed starting material present after
the specified time.

A different palladium source was also usadainonly starting material was
observed (etry 6). Given the comprehensive set of conditions attempted, it is clear

that substrat@84 is not suitable for the aminoarylation reaction.
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4.6.2.2 Cyclisation with Aminoarylation 285

Aminoarylation of cyclic carbonates had previously been described. In their
system, the oxazolidinone was treated with 2 mol% of palladium allyl chloride, aryl
bromi de and heated to 80 eC. A range
with excellentstereocontrol. Accordingly, urez85 wastreated under the conditions
with 1-bromo2-chlorobenzene 287) and the imilazolone 288 was obtained
(Schemes7).

Br. Br N
: ) o
o P
¢l >\'\NDM Cl N )LNDMB
, N

B
287 HN’« 290 ,
OR -« H., NDMB @/ 4, N S\_OR
’ , ’/ H
H H Z H
OTBDPS
288 71% R = TBDPS 285 291 57% R = TBDPS
289 46% R = H (from 288) 292 54% R = H (from 291)
d.r. 65:35 d.r. 65:35

Condtions: (i) 1 mol % [(allyl)PdCl],, 4 mol% RuPhos NaO'Bu (1.2 eq.), Toluene, 80 °C
(i) TBAF (1 M in THF)
Scheme37: Aminoarylation with ure285to give288-291

The presence of the silyl protecting group greatly complicated interpretation of
the 500 MHz *H NMR spectra. It was therefore not trivial to determine the
diastereoselectivity of the aminoarylation reaction. Consequently, the silyl
protecting group was removed with TBAF to give imidazol@Bé. From this data,
it was clear that the compounds was obtaineda 65:35 mixture of

diastereoisomer$Schemes?).

An additional scaffold was obtained when usBigromopyridine 290 as the
coupling partner tagive 291 in a modest yield and same diastereoselectiaty
observed in the preparation @B9. The aminoarylation was attempted with 5
bromopyrimidine, however although the mass of ithelazolonewas observed it
was not possible to isolate cleanly amhetermine if the reaction had occurred. In
each case, L®AS analysis showed the fIBDPS], i.e. loss of the silyl protecting

group however this was never isolated.
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4.6.2.3 Aminoarylation with 286

Given the success of the amino arylatisith 285, 286 was treated with
2 mol% of palladium allyl chloride and-broma2-chlorobenzene287) and heated
to 80 eC and t2B3vasphtained@theme8)zAs Inefone, escaffold
293 was obtained i 65:35mixture of diastereocisomers. The methodology was
exploited with 3-bromopyridine 290) as the coupling partner to givéd4 in a
modest yield and same diastereoselectivity.

cl BrD Br N
o) | J
0 cl J N Q\

=

o]
N Z
287 HN™ O 290 =
N” 70 e o ) EEEEEEE—— CU
= Az ™~
i NHCbz g :
NHCbz NHCbz
293 61% 286 294 45%
d.r. 65:35 d.r. 65:35

Condtions: 1 mol % [(allyl)PdCl],, 4 mol% RuPhos NaO'®Bu (1.2 eq.), Toluene, 80 °C

Scheme38: Aminoarylation with carbamat236.
4.6.3 Cyclisation with substrate 289

Given the poor diastereocontrol observed, something which was unexpected and
at odds with the precedent, an alternative diastereocisomer c2@fieavas prepared
(Scheme39) according the same reaction rowgndiastereoisomer from the nitro
Mannich reaction was reduced, protected with dioeybenzyl group and urea
formed with CDI(as described for thenti diastereoisomescheme36).

1 mol % [(allyl)PdCI]2,

0 4 mol% RuPhos Q
HN,( NaOtBu (1.2 eq.), N»‘NDMB
H, Toluene, 80 °C ",
W\/NDMB u N X E)) _OTBDPS
50% — H
285b 205

Scheme39: Aminoarylation of substrat285h.

Using the same reaction conditions as fordh&, the aminoarylation reaction
provided 295 as a single diastereoisomer. This result indicates that the poor
diastereoselectivity observed wid85 was the result of the configurationt s the
nitro-Mannich reaction and that there is a matched and mismatched effect with the
relative configuration of the starting material and stereochemical outcome of the

aminoarylation As shown inFigure40, conversions o289b and related substrates
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is believed to occur through transition states sucii@kwhich minimiseshe ring
straini®”1%8 |n the case o285bthis is the lowest energy conformation which leads

to the observed pyrroloimidazolo285in good diastereoselectivity.

’

Ar. '\TH Ar—, /123
Pd._

NDMB —_— v ‘NQ%OTBDPS_>O\'\/NDMB
ofLN H

~OTBDPS bmB
285b TS1 295

ww

g
wC X,

In

~O0TBDPS

Condtions: 1 mol % [(allyl)PdClI],, 4 mol% RuPhos, NaOtBu (1.2 eq.), Toluene, 80 °C

Figure40: Transition state c28% towardspyrroloimidazolone295

The aminarylation chemistry is well precedented to give the trans ring system
with cyclic carbonate&’'%8 Thus thestereochemical outcome of the aminoarylation
wasindependentlyconfirmed through 800 MHzH NMR 2D-NOESY experiment
with 295 as depicted below. The stereochemistry of the remaining adducts was
assigned by analogy.

H HH

— OTBDPS
NT
04‘

N H
DMB

Figure41: Structural confirmation about pyrroloimidazolone core came from the NOESY correlation
betweerthe 4methyl protons (red),-AH (blue) and imethyl protons (green) (see Sect@B for full
details).

Given that failing, and the observationathan unalkylated cinchonarea
catalyst234 gave an enrichedyndiastereoisomer, the nitfdannichreaction was

attempted with thisatalystunder the optimised reaction conditions.

F3C CF;3
CsOH.H,0 (130 mol%),
NHBoc nitroethane (5 eq.) NHBoc \

toluene, - 50°C, X HN

X

SO,Ph 44 OTBDPS  \ieo = H

NO o
. 2 HN
76% yield N
228 d.r. 75:25 syn 235 —

\ H
N—

Schemel0: nitro-Mannich reaction with organocataly&34.

Pleasingly, catalys234 provided syn235 as the majordiastereoisomer in a
75:25 ratio(Scheme40). On a preparative scale, the diastereoisomers could be

separated to give an increased yield ofsyrediastereoisomer.
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4.7 Review of molecular properties ofcompounds derived from

prepared scaffolds

To assess the value of the severaffolds prepared, a wiral library of
functionalised compounds was enumerated using the protocol described previously.
Except, the exemplar medicinal chemistry capping groups used in this enumeration
was a carefully chosen ssectionof the list used previously to more fullgpresent
traditional capping groups used by medicinal chemists. In addition, the scaffolds
prepared by aminoarylation reaction, only one capping group was exploited due to
the variable nature of the reactant. The resulting virtual library comp24éd
likely syntheticallyaccessible small molecules.

4.7.1 Assessmenbf Molecular weight and ALogP

First, the leadikeness of the members of the virtual library was assessed
(Figure42). Compounds were successively filtered by molecular siz&©(idmber
of heavy atomg 26), lipophilicity ( 1 OALogP P O3) and undesirable structural
features Appendix7: Tablel15for specific structural filters) using the same protocol
as described. About 46% of the compounds in the virtual library hadlikead
molecular properties, and the majority of the outlyirmgnpounds only narrowly
failed the molecul ar propert WOogPPl:t er s= (|
0. 8 % 1.6). By comparison, the ZINC database has just 23% of commercially

available compounds which were leléde.

Remarkably, it is also evidenhat, each onef the severscaffolds allowed
significant regions within leatike chemical space to be targeted (For individual
PMI scaffold graphs see Appendix Figure 52). This unified synthetic approach

thus specifically targeted leditte chemical space.
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Figure42: Analysis of the molecular properties of a virtual library2dfl3compounds derived from

the sevenmolecular scaffolds and 2% of the ZINC database (90 911 ranesetdgted compounds).

Panel A: Distribution of the molecular properties of the virtual library. 46% of the compounds
(green) survive successive filtering by molecular size @ddmber of heavyatoms(26; failures

shown in red) and lipophilicityi(@ QALogP C8; failures shown in orange) and various structural
filters; 0.03% of the compounds (shown in black) failed the structural filters. Panel B: Distribution of
the molecular properties of the compounds from the ZINC database. Using the same approach, 23%
of the compounds survive the iterative filtering process] %6 of the compounds fail a structural

filter.

4.7.1.1 Assessmenbf Fraction of sp® carbons

Second, we determined the fraction of Bpbridised carbon atoms (F¥pn the
virtual compoundsRigure 43). It has previously been shown that Fsprrelates
strongly with success because compounds in the discovery phase have loiver Fsp
than marketed drug$§® It has thus been stated that accessing moreethr

dimensional lead compounds is a desirable tf8al.

Mean Fsp’

287 28 252 285 288 ZINC

Scaffold numier

Figure43: Mean Fsp of the compounds from the ZINC database (red) and our virtual library (mean
for the compounds based on each of¢&reenscaffolds, green).

The mean Fshof the virtual compounds (0.52) compared very favourably with
that of the random sample of compounds from the ZINC database (Di8(3). our
synthetic approach can yield compounds with significantly greatehspacter than
most commercialhavailablecompounds, thereby expanding the range of molecular
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architectures available within ledite chemical space and offering more flexibility

in lead optimisation.
4.7.2 Assessmenbf Novelty

Third, the novelty and diversity of theeven scaffolds was assessed. A
substructure search was performed in which the ZINC database was interrogated
with each of the deprotected scaffolds. general the bicyclic scaffolds were
extremely novel with no substructures found within the ZINC database or CAS

registry.

The diversityof, and relationship between, the scaffolds was assessedausing
hierarchicalanalysis. Thén i er ar chi cal framewor k anal ys
approach described by Schuffenhauer andvarkers. The results are summarized

in Figure44.

HN

Figure 44: The hierarchal relationship between the 7 distinct molecular frameworks at the
graph/node/bnd level (black) and 5 parental frameworks (blue). Daughter frameworks are shown in
red. Daughter frameworks are shown in red. The scaffolds that represent each framework are
indicated.

It was found that severframeworks were represented at the graptebond
level, which wvere related hierarchically to i par ent o framewor ks
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significant scaffold diversity at each level of hierarchy, meaning that the scaffolds

are not simply closely related derivatives
4.7.3 Principle moments of inertia study

An alternative metric to access the thd@mensionalityof the compound was to
conduct a Principal moments ofeitia (PMI) study. The same 90,1 randomly
selected compounds from the ZINC database usEjure45was used to compare
the shape diversity of the virtual library created from the scaffolds. For each
compound, the two normalised PMI values were detexchifor a low energy
conformation (For individual PMI plotef each scaffold, see Appendikx Figure
52).

Figure 45: A normalisedprincipal moment ofinertia plot to show the shapes of the 24iigtual
compounds in relation to three idealised shapes; a rod, disk and sphere. A systematic shift away from
the flatlinear edge of the graph can bbserved for the virtual compoundsridled from seven
scaffolds (blue) when compared to 90 911 randomly selected compounds from ZINC database (grey).

By dividing the PMI plot into 20 binsHgure 46), the threedimensionalityof
the library can be assesdaglcomparison to the same fraction of the ZINC database
used inFigure 42. Notably, while 44% of the compounds in ZINC database fall
within the first bin (i.e. lie along the fldinear edge of the PMI plot iRigure 45),
only 1.3%of the 2413virtual library compounds fall within this bin. In addition,
more than >80% of the virt uaefl<l0O%oftieo und
ZINC library of compounds). This is an additional indication that the methodology
developed will target FSpich compounds which may serve as better leads for drug

discovery.
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