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Abstract

This thesis describes the development of a novel synthetic route to the Oxytocin
antagonist GSK221149 developed by GlaxoSmithKline for the treatment of pre-term
labour. The case for investigating new synthetic routes is made and retrosynthetic
analysis allows the prioritisation of a route employing an asymmetric reductive

amination as the key step.

The investigation and development of the prioritised route is then described. The
synthetic methods and processes for the synthesis of an a-keto amide using a
modification of an existing literature procedure and the application of Lewis acidic
conditions to facilitate the synthesis of a challenging imine is detailed. The novel
application of a 1% generation Noyori type ruthenium catalyst to the asymmetric
hydrogenation of a sterically encumbered and densely functionalised imine is shown and
the newly developed route is scaled up to provide material meeting clinical specification.
A detailed comparison of the cost and manufacturability implications versus the existing

chemistry is then performed.

The final section of the thesis describes the investigations to understand the origin of
reactivity in, and scope of, the newly discovered asymmetric hydrogenation reaction. A
number of alternate imine substrates are hydrogenated leading to the proposition of a 5-

membered ruthenacycle as a key intermediate in the catalytic cycle.
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1. Introduction Part 1; Oxytocin and Oxytocin Antagonists
1 Introduction Part 1; Oxytocin and Oxytocin Antagonists

1.1 Oxytocin and the Oxytocin Receptor

Oxytocin (1) is a cyclic nonapeptide neurohypophysial hormone.! It is part of a group of
related cyclic nonapeptides which are characterized by a disulfide bridge between
cysteine residues 1 and 6. It consists of a cyclic hexapeptide with a C-terminal tripeptide
sidechain and has the sequence Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly(NH,).> This
group of neurohypophysial hormones is split into 2 categories based on the polarity of
the residue at position 8. The oxytocin family of hormones has a neutral amino acid at
this position whereas the vasopressin family typically contains a basic arginine or lysine
residue. Hormones of these types are found throughout the animal kingdom, with
virtually all vertebrates utilising an oxytocin and a vasopressin derived nonapeptide

o NHQ Q\)\\NHZ
HN A /< \\\

\‘° /S
HyN S 1; Oxytocin

hormone.

HO

Oxytocin was the first hormone to have its structure elucidated (du Vigneaud et al.,?
1953) and was also the first to be chemically synthesised.* Oxytocin is widely abundant
within human tissues® and has many effects on both the central and peripheral nervous

systems.”

Oxytocin is most commonly known for its effects on the female reproductive system. It
has been used for its ability to increase uterine tone since the discovery of the property
by Dale® in 1906, and its name is derived from the Greek meaning ‘quick birth’;
intravenous oxytocin is commonly used to induce labour. It is also closely involved with

lactation in mammals.” However, oxytocin is equally prevalent in both sexes and has
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1. Introduction Part 1; Oxytocin and Oxytocin Antagonists

been implicated in various aspects of the male reproductive system including erectile

functioning, copulatory activity and ejaculation.’

Centrally, oxytocin exerts influence in the regulation of a wide variety of behaviours
such as social recognition, parental behaviour and sexual behaviour® leading it to be
referred to as the ‘love’ hormone. Oxytocin’s widespread role throughout the cycle of

life and reproduction in illustrated by Lee et al. (Figure 1).°

Uterine contractions

Milk letdown
Appropriate responses to ”
Intruder/competition Parturition

\
\\

(d‘\fg
& % <
$  L...BIRTH...J \J\

Penile erections

Female receptivity OXYTOCIN

facilitates
species
propagation

—TP Proper parenting

Maternal
Behavior

[ CHILDHOOD

Mate choice
Feelings of trust

Social

Individual discriminations Interactions

Facial recognition

Play behaviors

Figure 1 - Role of Oxytocin throughout the cycle of life.’

Oxytocin is only known to have one receptor which belongs to a class of G-protein
coupled receptors, although the receptor is closely related to the three vasopressin
receptors.® Like oxytocin itself, the oxytocin receptor is widely distributed throughout
the tissues of humans and other vertebrates. It is a seven transmembrane receptor (7TM)
characterised by the seven transmembranal helical domains illustrated clearly by Zingg
et al. (Figure 2).
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Extracellular

Oxytocin space

Cell
membrane

bilayer
Oxytocin receptor

Intracellular
space

Figure 2 - Structure of the oxytocin receptor.*°
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1.2 Pre-term Birth and Pre-term Labour

Pre-term births are defined as births that occur before 259 days (37 completed weeks) of
gestational age;* they are increasingly common in developed countries. A rise from
9.5% in 1981 to 12-13% in 2005 has been observed in the USA ** and in developed
countries, pre-term birth is the leading cause of neonatal mortality (deaths within the
first 28 days after birth).*® In developing countries, the problem is even more severe.
Here, the prevalence of pre-term labour is higher, with estimates placing it at around
25% of all births.*! The World Health Organisation estimates 500,000 deaths per year
are caused by prematurity. While pre-term birth and prematurity are two differing
concepts they are commonly confused. Pre-term birth relates solely to gestational age at
birth, whereas prematurity relates to an infant who has not yet reached the level of
maturity required to survive outside the womb. The two concepts, however, are clearly
strongly related (Figure 3)' and increased gestational age reduces the chances of
prematurity and associated health problems.

100 -
90 -
80
70 -
60 -
50
40 -
30 -
20
10 +

s+ """ T T

% Babies requiring specialist
care

Gestation (Weeks)
Figure 3 — Babies requiring specialist care based on gestation age

Pre-term infants are at risk of significant medical problems due to the immaturity of
their organ systems. Problems typically occur in the respiratory system, as this is one of
the last organ systems to develop, and include bronchopulmonary dysplasia (chronic

lung disease) and issues with the neurological, cardiovascular and gastrointestinal
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systems. Conditions which require long term care, such as cerebral palsy can also be

caused by pre-term birth.

Pre-term births can be divided into two main categories; i) delivery for maternal or fetal
indications in which labour is induced or the infant is delivered by caesarean section
and; ii) spontaneous pre-term labour, although the latter can be classified further
depending on whether there is pre-term premature rupture of the membranes
(PPROM).* Spontaneous pre-term labour accounts for 70% of all pre-term births.

| Spontaneous Pre-term Labour
EPPROM

Delivery because of Fetal or
Maternal Infections

Figure 4 — Obstetric precursors of pre-term birth.®

The causes of pre-term labour are complex and not well understood; in most cases a
precise mechanism for its cause cannot be established. Generally, pre-term labour is
thought to be a syndrome initiated by multiple mechanisms which include infection and
inflammation. In the developing world, malarial infection is particularly associated with

pre-term labour and neonatal mortality.*

Current treatments to reduce the morbidity and mortality of pre-term labour and
associated pre-term births can be classified into primary, secondary and tertiary
treatments. Primary treatments are directed at all women before or during pregnancy to
prevent and reduce risk of pre-term labour. These may include public educational
interventions, nutritional supplements, smoking cessation and pre-natal care. Secondary
treatments are aimed at reducing risk in women with known risk factors (e.g. twin

pregnancy) and follow similarly to primary treatments. They can also include treatments
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such as the prescription of antibiotics to treat infections (such as bacterial vaginosis)
which are commonly linked with pre-term labour. Tertiary treatments have the goal of
preventing delivery or improving outcomes for pre-term infants.”> These treatments are
given during pregnancy to women with a high risk or history of pre-term labour.
Commonly, glucocorticosteroids are given to promote rapid maturation of the foetus
prior to birth, which may be combined with tocolytic agents (agents which inhibit

uterine contractions and hence delay birth) to prolong gestation.

1.2.1 Tocolytic Agents

A number of tocolytic agents have been shown to be clinically efficacious; importantly,
these include the oxytocin antagonist atosiban (2) which can delay delivery by 2-7 days
and shows fewer maternal side effects than the B,—agonists ritodrine (3) and terbutaline
(4)." However, the polypeptide atosiban has no oral bioavailability and hence must be
delivered intravenously, requiring hospital administration.

—Q %; OH |,
N
" /@J\r \/\©\
HO OH
3; Ritodrine
NH o \)\NHz
C§ il \\\ OH |,

N HO N
}o OH  4; Terbutaline
o N\z/ o
%Nﬁrw
2 5; GSK221149
GlaxoSmithKline has developed the orally bioavailable oxytocin antagonist GSK221149
(5) for the treatment of pre-term labour; it has recently achieved proof of concept (POC)

and is now awaiting phase Il clinical trials. Structurally, GSK221149 (5) consists of a

central 2,5-diketopiperazine core derived from the unnatural amino acids (R)-
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indanylglycine and D-allo-isoleucine. It has an important exocyclic stereocentre with a
pendant oxazole and morpholinoamide. This thesis is concerned with the development
and optimisation of the synthetic route to oxytocin antagonist GSK221149 (5).
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1.3 Diketopiperazines

Diketopiperazines (DKP) are 6-membered heterocycles and are the smallest possible
cyclic peptides. The simplest example is the anhydride of glycylglycine (2,5-
diketopiperazine, 6); the X-ray structure was first described by Robert Corey in 1938.%

o
1 2
HN 3

6 NH
6

g
o)
Diketopiperazines are commonly found in nature, being biosynthesized from amino
acids by organisms including mammals.®® They are found in a number of biologically
active natural products such as the recently discovered p-glycoprotein inhibiting
nocardioazines A and B (7, 8) derived from marine bacteria Nocardiopsis sp.,'° and in
glionitrin A (9) derived from Aspergillus fumigates which shows significant antibiotic

activity against a series of microbes including methicillin-resistant Staphylococcus

aureus.”
0
S'NH
N\sﬁ _OH
o}
O,N
.O .
7; Nocardioazine A 8; Nocardioazine B 9; Glionitrin A

Many diketopiperazines show plasminogen activator inhibitor (PAI-1) activity which is
implicated in a number of conditions including coronary heart disease, thrombosis,
atherosclerosis and cancer. In addition, both natural and unnatural 2,5-diketopiperazines
have shown activity against targets such as GABAergic, serotoninergic 5-HT;a and
oxytocin receptors.'® This biological activity means diketopiperazines have become very
interesting targets for medicinal chemistry. In addition, they are resistant to proteolysis*
and mimic peptidic pharmacophores, have conformational rigidity and are able act as
donors and acceptors of hydrogen bonds. These properties make them particularly

suitable templates for drug molecules. Importantly, they lend themselves well to
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combinatorial chemistry, enabling libraries of diketopiperazines to be readily
synthesised and tested against disease assays. These factors influenced the early
development of GSK’s oxytocin antagonist, GSK221149 (5).

1.3.1 Synthesis of 2,5-Diketopiperazines

The synthesis of 2,5-diketopiperazines (DKPs) is well described in the literature, and
summarised excellently by the review of Dinsmore and Beshore®? who discuss the
potential approaches according to the retrosynthetic disconnections given below
(Scheme 1). Examples of DKP synthesis via each of the disconnections are described
and discussed.

g D U U U O
1 12
HN 3 N NJ\ NK N\ NJ\ N
j—
GH‘/NH kWN N N HN N N
54 |
o) A O B O c O DO E O F O

Scheme 1 — Retrosynthetic analysis of 2,5-diketopiperazines

Disconnection A provides one of the most common methods of 2,5-diketopiperazine
preparation. It involves N;-C, cyclisation and many examples are reported in the
literature. A representative example is shown by Akiyama®® who investigated the
synthesis of N-hydroxy DKPs (Scheme 2). Condensation of an N-protected a-amino acid
with an a-amino ester gives an intermediate amide (11) which then undergoes acidic
Boc cleavage followed by cyclisation, mediated by mild base. Further deprotection gives
the desired N-hydroxy DKP (13).
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(0]

o)
)H Q 0
MeO i) Meo)% i) i) HN% iv) HN

HN. , , .~
OBn Ox5N-oBn N, N.
CO,H Bn OBn Bn® OH
o)

w, “y 11
BocHN” “Bn BocHN™ "Bn 0o 12 13

10

i) i-BUOCOCI, NEt;, THF/dichloromethane (69%); ii) TFA, dichloromethane; iii) 5% ag. NaHCO; (86%);
iv) Hy, Pd/C, EtOH (85%).

Scheme 2 — C»,-N; bond formation in the synthesis of DKPs

This retrosynthetic strategy has also been commonly implemented using solid phase
peptide synthesis methodology, in which the carboxyl terminus remains bound to a

polystyrene bead throughout. Wang et al.?*

exploited the tendency of the phenacyl ester
linkage to undergo aminolytic cleavage, which was traditionally seen as problematic for
solid phase peptide synthesis. Cyclisation of the resin bound dimer (particularly if the C-
terminus residue is the sterically un-hindered proline or glycine) leads to premature
cleavage and formation of a 2,5-diketopiperazine. Wang prepared the functionalised
bromoacetyl resin (15) from polystyrene beads by Friedel-Crafts acylation. The first
amino acid residue was attached by a-bromo substitution (16). The second residue was
added by Boc group cleavage with HCI, followed by exposure to standard DCC/HOBt
coupling conditions (17). The desired diketopiperazine (18) was obtained by a second

Boc cleavage and facile intramolecular aminolysis with NEtz in THF (Scheme 3).

iii) iv)
_— =
)Kr “Boc
Polystyrene Bead
(0]
2
o H R? &, RW)LNH cyclo [Pro-GIn]; 85%
- - 67
O)}\/N\’H\N,BOC HNm/LR1 cyclo [Ala-Lys]; 67%

o

(i) BrCH,COBr, AICI3, nitrobenzene-dichloromethane; ii) Boc-AA-OH, NEt;, DMF; (iii) 3.5 M
HCI/AcOH,; (iv) Boc-AA-OH, HOBt, DCC, NMM, DMF; (v) 5% NEts/THF-H,0.

Scheme 3 - Solid phase synthesis of DKPs
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1.2° who devised the

An improvement to this approach was developed by Bourne et a
‘safety catch’ method. Here, the resin linker requires activation before intramolecular
aminolysis can take place. This allows the construction of larger cyclic peptides (22) and
the removal of deprotection by-products prior to cleavage, which greatly simplifies
product purification (Scheme 4). The linker is an O-alkoxyphenyl ester and the desired
peptide is built up while attached to it by standard solid phase techniques. Cleavage of
the benzyl group activates the ester and allows cyclisation to generate the desired DKP
or cyclic polypeptide (22) with concurrent cleavage from the resin. Cleavage has also

been shown to occur without racemisation.?®?’

% \ ) % N i % N i o)

H
N.
L iy iy T (AA),
= = A
= BnO O HO © N" 0
BnO O [e) (o) 22
) NH NHBoc NH NH,
NHBoc R R
R 19 O R 20 O R 21

n cyclo [D-Trp-Lys-Thr-(B-Ala)-Phe]; 49%
i) Solid phase peptide synthesis; ii) HBr/TFA, p-cresol, 1 h, RT; iii) DIPEA, DMF, 16 h.

Scheme 4 — ‘Safety catch’ linker technique

The N;-C;, disconnection strategy has also been applied using the 4 component Ugi
reaction (section 1.4) to build the cyclisation precursor. Boehm and Kingsbury?® used
the multicomponent reaction to give a benzhydryl amide (27) which underwent
nitrosation and rearrangement to give the cyclisation precursor (28). Chz cleavage
initiated cyclisation to give the desired DKP (29) (Scheme 5).
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Nucleoside O Nucleoside O Nucleoside Nucleoside
OHC 24 Ph Ph
. m m O ’Me
Ph,CHNC H,N-Me ) )—NH  N-Me i) )0 N-Me i) N
23 HOLC 26 Ph 0 Ph 0 HN\/&O
'HIIBn I””Bn I””Bn é
n
CozHN. 28 CbzHN 27 CbzHN 28 29

i) MeOH H,0; ii) N,O4, NaOAc, dichloromethane; ii) HCO,H, Pd, MeOH (No yield quoted).

Scheme 5 — Ugi reaction synthesis of 2,5-dikeopiperazines
Following this principle, Hulme et al.®® elegantly used the Ugi reaction with
Armstrong’s convertible (cyclohexenyl) isonitrile® to generate a range of a-acylamino
amides. Cyclisation of the deprotected amine affords the desired DKPs (35) in 2 steps
(Scheme 6).

4
R O

| 1
R-CHO 4 1
Boc/NW)kOH 2 RO R, i R%N,RZ
R3 —_— _N N —
30 Boc ITJ 4/N\[H\1
R2 ” NC R® R2 O R R
Z 31

33 34 35
i) MeOH, RT; ii) H”, heat (20 — 95%)).
Scheme 6 — Use of Armstrong’s convertible isonitrile

The cyclohexenyl amide is ‘convertible’ in the sense that protonation provides an N-
acyliminium species (36) which can cyclise and eliminate cyclohexylimine to provide a
miinchnone (37). This species can be hydrolysed to afford an N-acyl amino acid (38)

which can undergo further functionalisation via simple amidation (Scheme 7).

1

;

1 o i
R™ON N _— R/S( R NJY
R O \O o R2 O

36 37 38

Scheme 7 — ‘Converting’ the cyclohexenyl amide

During the early syntheses of GSK221149 (5) and related compounds Sollis used an a-

amino ester as the amine component and exploited the Ugi reaction to build an
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alternative cyclisation precursor (44).3' Cyclisation give a DKP (45) containing an
exocyclic stereogenic centre. Partial control of the configuration of the stereocentre was
obtained due to attack of the isonitrile on the less hindered face of the imine formed
between benzaldehyde (39) and R-leucine methyl ester (40) (Scheme 8). In addition to
the above solution phase example, Ugi methodology can be used in combination with

solid phase techniques.?!

NH2 _ =
MerH “, )\ ((Li
= , O
: '« “OH H
(@] (0] /l\ N/ﬁ(o\ ///,/J\N%(N
40 | ' j<
©)J\H y© = BocHN J, O
4 ’
39 MeO,C )\ 44

i) NEts, MeOH; ii) 4N HCI in dioxane; iii) NEts, dioxane (59%).

Scheme 8 — The use of an a-amino ester in the Ugi reaction to generate cyclisation precursor 44
The second approach to 2,5-diketopiperazines (disconnection B), involves the formation
of the N;-Cg bond. An elegant example of this strategy comes from the group of
Marcaccini*> who used the 4 component Ugi reaction using chloroacetic acid (48), to
generate racemic a chloroacetamide (50) which cyclised with sonication to afford the
DKP (51) in 86% yield (Scheme 9). Marcaccini demonstrated this protocol using a range
of aliphatic and aromatic amines and isocyanides, allowing the synthesis of a wide
variety of DKPs. However, the reactions were limited to those of aromatic aldehydes.
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i) EtOH; ii) KOH, Sonicate (86%).

Scheme 9 — Ugi reaction with chloroacetic acid

The first of the tandem bond-forming DKP syntheses involves formation of N;-C, and
C3-N4 bonds (disconnection C). This approach typically employs the use of an ambident

electrophile. It is exemplified by Williams et al.*

in their synthesis of brevianamide B
(55) in which a proline derivative (53) was converted to the desired DKP (54) by one-

pot N-acylation and amide alkylation with bromoacetyl bromide (Scheme 10).

NH-Li*
1y 3 a
MeO . H HN’PMP >/\
O I) N Br ”) Br N N/PMP
N —_— o W . -
—_—
—/ 52 53 =/ 54

55; Brevianamide B

i) p-MeO-ArNHLI, THF, (88%); ii) K,COs/dichloromethane, then NaOH, dichloromethane, (97%).
Scheme 10 — Use of bivalent electrophile to form N;-C, and Cs-N,4 bonds

The remaining tandem bond formation strategies, D and E are usually limited to the

formation of symmetrical DKPs and can suffer from low yields due to competing

polymerisation pathways. An example is found in the work of Taddei et al.** who

investigated dimerisation of aspartic acid methyl ester (56) (Scheme 11).

O +—COyMe
O +—COxMe NH,;, CHCl, \
N - - HN NH
MeO NH3;Cl  5g 259, s 57
MeO,C—* o}

Scheme 11 — Dimerisation of aspartic acid
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Paradisi®* employed phase transfer conditions to ensure that cyclisation was favoured
over polymerisation, by minimising the concentration of base present in the dimerisation

reaction of a-chloro amides (58) (Scheme 12).

= O
= O B
H )\ triethylbenzylammonium chloride NJ}
N >
H @ N\/©
Cl aq. NaOH / CH,Cl, :

Scheme 12 — Synthesis of symmetrical 2,5-diketopiperazines

The final tandem bond forming approach, disconnection F, allows the introduction of a

|.36

range of N1 substituents using primary amines. Tronche et al.”™” used a tandem

alkylation-acylation approach in the synthesis of a diazabicyclo[4.3.0]nonane (63)
derived from trans-4-hydroxy-L-proline (60) (Scheme 13). The approach was shown to
be widely applicable to aliphatic and benzyl amines although cyclisation was

problematic using aromatic amines owing to their low nucleophilicity.

0
/
COH CO,Me COaMe H AN
i) i) C< o i)
d“H > \\\‘C%H-HCI ~ HO“ N{ How S\ N
HO" HO"
61 O 62 O 63

60

i) SOCI,, MeOH, (95%); ii) CICH,COCI, benzene (87%); iii) MeNH,, NEts, EtOH, (80%).

Scheme 13 — Synthesis of diazabicyclo[4,3,0]nonanes using approach F
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1.4 Previous Routes to GSK221149

1.4.1 Route A

The existing route to GSK221149 (5) utilising disconnection A above has remained
largely unchanged since the compound was discovered. A four component Ugi
reaction®’ is key to the synthesis; it builds up the required complexity in a single step.
The medicinal chemistry lead compound and a number of others like it were discovered
from a library of Ugi reaction products. Because of the highly convergent nature of the
Ugi reaction, Route A involves a low number of steps considering the complexity of
GSK?221149. 1t is for this reason that the route has remained largely unchanged
throughout the drug discovery and development process. However, a number of issues
mean that while the route appears theoretically sound, it is less practical than desired and

significant improvements either to the route or processes are sought.

NHCBz }O
C S
64 N
Stage 1 CBzHN Stage 2 HN 0]
0 MeOZC H H
NC 0O 69
el oy
66 NH2HCI OBn ii) lStage 3

67

(e} (e}
>\O >\ /
N N
N \) v)V|) N%fOH iv) N Nw{
HN o} - HN o O
Stage 4 H
JH o) 71 oM 0

5; GSK221149 L
i) NEts, MeOH/CF3;CH,0H 65%; ii) Pd/C, Hy, NMP, HCO;NHy(q), 80%; i) CDI, EtOAC; iv) H,0,
EtOAc, 80%; v) MesCCOCI, EtsN; vi) Morpholine, EtOAC/THF -78 °C, 55%.

Scheme 14 - Route A to GSK?221149
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In the route A synthesis of GSK221149, the Ugi reaction, carried out in
methanol/trifluoroethanol, combines CBz indanylglycine (64), 2-methyloxazole-4-
carbaldehyde (65), 1-(benzyloxy)-2-isocyanobenzene (67) and methyl D-allo-
isoleucinate (66) to afford the desired bis-amide (68) as shown (Scheme 14). Minimal
diastereoselectivity around the newly formed stereocentre bearing the oxazole group is
observed (60:40). The almost complete lack of stereocontrol at this point is of little
consequence due to epimerisation at a later stage in the synthesis. However, issues with
this stage arise from the number of side reactions possible and the resultant loss of yield
(up to 50 distinct impurities are observed). The use of expensive trifluoroethanol as
solvent is also undesired, but is required to promote efficient reaction as its increased

ability to form hydrogen bonds accelerates imine formation.

1.4.2 The Ugi Reaction

The Ugi multi component reaction was discovered by Ivar Ugi in the late 1950s.%" It

combines a primary amine, an aldehyde or ketone, a carboxylic acid and an isonitrile,
and generates a-acylamino amides (74) in one step as shown (Scheme 15). The Ugi
reaction is often used by combinatorial chemists because significant structural
complexity can be built up in a single step; also, being a multicomponent process, it

allows a large number of products to be produced from a limited number of monomers.

0 HoN,

3)J\ R2 3
R™ "H 32 31 o R

(o) 1)J\ N\ 4

R? T RT N R
NE )

Ne HO R R® 0 na

72 73

Scheme 15 - Ugi reaction

The Ugi reaction is thought to take place via initial imine formation between the
aldehyde (or ketone) and the amine. The imine (75) then reacts with the isonitrile and
the carboxylic acid to give an intermediate (76) which undergoes intermolecular Mumm

type rearrangement™ to afford the desired o-acylamino amide (77) (Scheme 16).
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Scheme 16 — The Ugi reaction mechanism

The Ugi reaction has been classified as a ‘green’ reaction® due to its high atom
efficiency, making it a desirable reaction for use on large scale. It has also been shown
to operate effectively in aqueous systems, further enhancing its green credentials.*’ The
Ugi reaction’s one-pot, convergent nature can avoid the need for multi-step chemistry;
on a small scale, this one-pot nature is desirable. However, on a large scale it can
become problematic, when unavoidable delays between material charges may allow
undesired reaction pathways to operate. Care must also be taken with the charge order to
prevent undesired side reactions (c.f. Passerini reaction section 1.4.2.1). Due to these
undesired reaction pathways, which may also operate once all materials are charged, the
purity of Ugi reaction products is often poor and crystallisation of the product can
become a problem particularly as a-acylamino amides are often highly soluble. A wider
issue of the Ugi reaction is the low commercial availability of isonitriles*" and the fact
that only secondary amides can be generated. In efforts to overcome this, convertible
isonitriles are often used; these can be elaborated further to afford more diverse arrays of
products. The GSK preparation of GSK221149 using the Ugi reaction is, to the best of
our knowledge, the largest scale Ugi reaction performed to date.*? This is surprising
given the many advantages of the Ugi reaction and its routine use in combinatorial

chemistry.

1.4.2.1 Common Impurity Formation Pathways in Ugi Reactions

One of the primary difficulties in performing Ugi reactions on scale is the poor purity

profile of the reaction which results in lower yields and causes difficulties in product
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isolation. A number of alternate reaction pathways can occur during Ugi reactions which

contribute to their low purity profiles.

The Passerini reaction®® is a related reaction which differs from the Ugi reaction only in
the absence of an amine. The Passerini reaction proceeds via direct attack of the
isonitrile on the aldehyde to afford a-acyloxy amides (80), according to Scheme 17. It is

a useful reaction in its own right.

N, 2 j\ o R
OL_R HO_ R H
1
j\//‘\g 7% O 4 =9 3 FJJ\O)}(N\FQ
3 N |
R 9] R3 RZ 79

Scheme 17 — Passerini reaction mechanism

The three component Ugi reaction is the cause of another commonly observed Ugi
impurity. Here, water or solvent intercepts the isonitrile instead of the carboxylic acid to
afford a-amino amides. Recently, a two component reaction between isonitriles and
carboxylic acids to afford N-formylamides (82) as shown (Scheme 18), was discovered
by the group of Danishefsky.** This reaction can also be expected to occur in Ugi

reactions.

Scheme 18 — Danishefsky two component Ugi reaction

Despite these issues, the Ugi reaction has been successfully used as the key step in the
synthesis of GSK221149 on scales of up to 50 kg and this chemistry is discussed further.

1.4.3 Elaboration of the Ugi product to GSK221149

Once the Ugi product (68) is formed the hydrogenolysis of the benzylic protecting
groups is carried out. As the CBz protecting group is cleaved, cyclisation of the newly

revealed primary amine onto the methyl ester proceeds rapidly to afford the

Confidential 20|Page



1. Introduction Part 1; Oxytocin and Oxytocin Antagonists

diketopiperazine core. However, the precise reaction pathway is not well understood and
a significant impurity is generated by cyclisation of the deprotected indanyl glycine
amino-group onto the amide carbonyl, instead of the ester carbonyl (Scheme 19). This
impurity (83) accounts for 20% of the total product, and results in a significant yield

loss.

—Q .S
IN FN S

OBn H
H m,
Meo/\[@\N%(N Pd/C H MeO/“;LNifO
2
O NH
O)\g/

(0] O _—

0] —NHCBz AcOH, NMP

)

Scheme 19 — Alternative cyclisation pathway

Stage 3 involves the relatively straightforward cleavage of the 2-aminophenylamide via
activation with CDI and hydrolysis. During this stage, epimerisation of the stereocentre

bearing the oxazole group occurs.

At stage 4, a mixed anhydride is formed from the free acid and pivaloyl chloride;
reaction with morpholine affords the desired amide (5). The reaction is carried out at a
low temperature (-78 °C) in order to favour the desired diastereoisomer. An 85:15 ratio
of the diastereoisomers is obtained and then improved by crystallisation. However, the
scale up of reactions carried out at low temperature is expensive and requires specialised
low temperature equipment; it cannot be carried out in general purpose plant which
typically does not have the required cooling capacity. The yield of the process is also

unsatisfactorily low at 55%.

Route A has a number of more general drawbacks. The synthesis of the oxazole
aldehyde (65) is difficult resulting in a high cost; there is therefore uncertainty in
security of supply. The aldehyde (65) is typically made from the corresponding ester via
either reduction of the Weinreb amide with LiAIH,4 or direct reduction of the ester with
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DIBAL. The former suffers from a high number of steps and the latter, whilst more

direct, is still low yielding.

i) NaOH, H,0
o iy DCC, MeNHOMe, NEt;, DCM o o
Nj)k iii) LiAIH,, THF Nj)k DIBAL N
OMe H OMe
(| C DCM C
\<o 84 45% \<o 65 55 % \<o 84

Scheme 20 - Synthesis of Oxazole aldehyde 65

Route A also suffers as there are no isolated intermediates throughout. This is an issue
firstly, as there are no points of purity control through the synthesis and secondly, as
storage of intermediates as solutions is undesirable, especially on large scale since the
solutions may have reduced stability and are considerably harder to assay. New synthetic
routes to GSK221149 are therefore under investigation in an attempt to circumvent the

problems associated with route A as described above.
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2 Introduction Part 2;: New Routes to GSK?221149 and

Asymmetric Synthesis

2.1 Process Chemistry

There are a number of considerations which must be made when designing chemical
processes for the large scale synthesis of pharmaceutical products. Processes should
adhere to the general principles of being safe, efficient, economical, environmentally

friendly and robust. They must also provide product in high quality.

Firstly, and most importantly, chemical processes must be safe to operate. Whilst the
safety of all processes should be thoroughly assessed prior to running on large scale, the
following factors require particular consideration. Reactions involving high energy
intermediates such as azides should generally be avoided. Care should be taken with
reactions which have the potential to evolve significant quantities of gas. Processes
which allow a large reactive inventory (reactants in the reaction vessel, yet to react) to
accumulate should be avoided. A process whereby a reactive reagent is charged at
elevated temperature and immediately consumed is safer than one in which all reagents
are charged and the mixture is heated to initiate the reaction. Consideration should be
give to the choice of reagents and solvents used in the process; toxic reagents and

solvents with low flashpoints should be substituted where possible.

Of equal importance, particularly within the pharmaceutical industry, is that chemical
process must be able to provide material in exceptionally high purity. Typically all
impurities in API at levels greater than 0.1% need to be fully characterised. Impurities
which are genotoxic need to be controlled to very low (parts per million) levels.
Therefore processes used to deliver APl need robustly and reliably provide material

which meets these demanding specifications.

Thirdly, processes and routes need to be economical. This means routes and reagents
should be both atom economical and as inexpensive as possible. In addition,

consideration should be given to the impact of processing conditions on the overall cost.
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For example, extremes of temperature can be costly both in terms of the energy required
for heating or cooling and the equipment needed. As a rule, temperatures between -20
°C and 140 °C are achievable in general purpose plant. Additionally, the cost and
availability of the chosen starting materials, reagents, and solvents should be considered.

Ideally, all materials should be readily available from multiple suppliers, at low cost.

The environmental impact of the process is of high importance and this is particularly
relevant to the waste streams produced by the process. Chlorinated solvents and heavy
metals require complex waste treatment procedures and so their use should be avoided,
as should reagents which are particularly toxic or harmful to the environment. Extra care
should be taken with processes which use or generate harmful gases as accidental release

to the environment is often more difficult to prevent.

Lastly, processes and synthetic routes should be designed to be as efficient as possible.
This efficiency can relate to the materials used, the time taken and the manpower
required. Reagent excesses and solvent volumes should be minimised. Time and
material intensive unit operations such as chromatography should be avoided;
purifications by crystallisation and aqueous extractions are typically more efficient.
Desiccants are also generally best avoided; the use of azeotropic distillation is preferred.
A general rule is that processes should be designed to be as simple as possible, utilising

minimal equipment, cheap, simple reagents and robust transformations.
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2.2 Retrosynthetic Analysis of GSK221149

With these considerations in mind, planning of the synthesis of GSK221149 began.
Retrosynthetic analysis was performed and four disconnections for the final bond
forming step were envisaged. All four disconnections involve the cleavage of a carbon
heteroatom bond and have known associated forward reactions. Each was assessed

theoretically and some were investigated practically.

Scheme 21 — Retrosynthetic analysis of GSK221149 (5)

Disconnection A had previously been considered as a potential route and was attractive.
Simple amide bond formation is a desirable final synthetic step as amide couplings are
generally well understood and there is a broad range of available reagents for performing
the transformation.”> Amidation reactions typically do not produce unwanted by-
products that would need to be controlled to low levels. Unfortunately, this strategy was
quickly abandoned due to the difficulties in performing the amidation reaction. Forcing
conditions were required to achieve this reaction due to the hindered nature of the amine

(85). Under these forcing conditions, epimerisation of the stereocentre bearing the
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indanyl glycine moiety was observed. This option was therefore not considered for

further investigation.

Disconnection B appeared to be a desirable option due to the convergent nature of a
route involving this as a final step. The obvious issue with this strategy was
distinguishing between the two diketopiperazine nitrogens in the key alkylation reaction.
The transformation was investigated by the project team and quickly discontinued as an
option when model chemistry failed to achieve regioselective alkylation at the desired

nitrogen.*

Disconnection C involves amide bond formation at a significantly less hindered centre
and is therefore a potentially viable strategy. This strategy, however, makes no
disconnection of the diketopiperazine and is the same as that employed in route A, It is
known to raise difficulties relating to control of the stereocentre adjacent to the oxazole
and, due to the highly convergent nature of the Ugi chemistry, it is difficult to envisage a

more expedient synthesis of the precursor (71) than that provided by route A.

Disconnection D is therefore the only disconnection to offer a viable new route. Again,
it involves a desirable amidation procedure as the final step, but this time it will take
place on a relatively unhindered nitrogen, increasing the likelihood of success. This
disconnection gives rise to an obvious second disconnection corresponding to the amide

bond forming reaction as shown. (Scheme 22)
Yo

N\:) o o} o
e NQ @ N/\;/ o % o&j\"‘/
Q "o A 2 89 > HN/E\H/N\) A

OH o : CBzHN N
@< ................... = HN © ) ° = HO o]
|
NHCBz CBz O O H
64 z 90 O 91

Scheme 22 — Amide bond formation on key amino acid 89
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Precedent for this reaction is found in the work of Sollis,** who investigated this, and
similar targets. Acylation of this type of nitrogen centre can be achieved as the reaction
proceeds intramolecularly via an O-acylated intermediate (90). Sollis investigated the
formylation of similar a-amino acids and amino acid esters and found that the reaction
using formyl acetic anhydride was considerably slower with the a-amino acid ester (92)
than it was with the a-amino acid (93) due to the absence of this intramolecular acyl

transfer. (Scheme 23)

92, R=Me
93 R=H Phy o 0 JOL Ph

/?}VN o H NXWH
¥ San

n,
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R/OW)/N" ° r© '
5 )\ 92, Overnight, 70%; o )\ 4

93, 2h, 100%

Scheme 23 — Formylation of a-amino acids and esters™

The success of this reaction meant that the route was chosen for further investigation and

focus was shifted to the synthesis of the key amino acid precursor (89).
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2.2.1 Retrosynthetic Analysis of Amino Acid 89
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Scheme 24 — Retrosynthetic analysis of amino acid 89

Retrosynthetic analysis of the key amino acid fragment (89) revealed a number of

potential routes (Scheme 24).

2.2.2 Alkylation Approach to Amino Acid 89

The project team had previously developed a route based on the alkylation
disconnection. This route (Scheme 25) proceeded via benzoyl cyanohydrin formation
from the oxazole aldehyde (65) and hydrolysis to the corresponding carboxylic acid
(104). Amide coupling and deprotection afforded an a-hydroxy amide (106) which could
be converted to the mesylate (107) and then used to alkylate benzyl D-allo-isoleucinate
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(108). Subsequent hydrogenation afforded the amino acid (89). This route, with an
overall yield of 18% from the oxazole aldehyde (65), was considered too lengthy to
compete with the current Ugi chemistry despite the fact that it consists of effective,
robust and reliable chemical steps. Also, due to the stereochemical liability of the
mesylate (107) there is no scope for an asymmetric synthesis and so the maximum
obtainable yield is severely restricted. An alternative, more expedient synthesis of the

amino acid (89) was therefore sought.

O
(@) o 105
iv) v)
O\\( NH;* -OTs
N (\O BnO\”/?\[ (\O (\O
108 MsO \) vi) \)
HN N\) <O— N - HQ N
BnO._~_ O vii) N 5 N
109 o
o\ 7\
j)(\t /(O 107 /40 106
60:40 R:S

i) BzCN, DABCO, dichloromethane, 98%: ii) HCI, dioxane, 79%; iii) T3P®, NEts, morpholine, 98%; iv)
LiOH, THF, H,0; v) Pr,O 86%; vi) Ms,0, NEts, dichloromethane, 85%; vii) LiBr, NEts, MeCN, 60%;
viii) H,, Pd/C, i-PrOH, 53%.

Scheme 25 — Alkylation route to amino acid 89

2.2.3 Other Approaches to Amino Acid 89

Other approaches suggested by the retrosynthetic analysis include addition of a

metallated oxazole species (95) to an imine (96), formed from an a-amido aldehyde and
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D-allo-isoleucine. This strategy will be investigated, but it is likely to present problems

as the regioselective metallation of the oxazole at the 4-position is not trivial.

A number of Strecker-type approaches were also considered; these involve addition of
cyanide to an imine formed between the oxazole aldehyde (65) and D-allo-isoleucine
methyl ester (66). Some practical work®® has been performed to investigate this
approach, though without clear success, and this area of research has been suspended

pending further results.

An approach worthy of investigation is the addition of acyl anion equivalents such as a
carbamoyl silane (99) to an imine (98). The imine is known to be readily formed in the
initial step in the Ugi reaction utilised in route A. Addition of these types of acyl anion

448 and is therefore worthy of practical

equivalents is precedented in the literature
investigation. Addition to such sterically hindered compounds is less well precedented,

so the route may well prove to be challenging.

2.2.4 Reductive Amination Approach to Amino Acid 89

NH,
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Scheme 26 — Proposed reductive amination strategy
By far the most attractive route to the amino acid is the stereoselective reductive
amination strategy shown above. (Scheme 26) Asymmetric reduction of an imine (110)
could allow the configuration of the centre adjacent to the oxazole to be controlled,
removing the requirement for the low temperature chemistry at stage 4 of route A. It
could also potentially offer significant savings in the cost of API, as the most expensive
starting material, the indanyl glycine fragment (64), is introduced at a later stage of the

synthesis. Imine formation and asymmetric reduction is a well precedented procedure
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and has a good chance of success. However, literature examples are limited to much
simpler systems, with no direct precedent for such highly hindered or sterically
congested substrates as this. Nonetheless, this strategy appears to be the most attractive

of those considered and approaches to the ketoamide (102) were therefore sought.

2.2.5 Approaches to Ketoamide 102

A number of methods for the synthesis of 1,2-diones, and a-ketoamides in particular, are
reported in the literature,*®*° but the majority of the methods are unsuitable for this
system due the preferential functionalisation of the oxazole at the 5-position. Therefore,
the method described by Wang and co-workers,”* in which Claisen condensation
between a substituted nitrile (113) and an ester (112) gives an a-ketonitrile, which can
be oxidatively cleaved to afford an a-ketoamide (114 - 120) in a facile one-pot
procedure, as shown (Table 1), seemed particularly attractive. Wang and co-workers had
demonstrated that the chemistry tolerated a number of substituents on both the amine
and ester fragments. The reaction of a number of esters with pyridine, N-Me-2-pyrrole
and 4-t-Bu-benzene substituents with aliphatic amino nitriles was described. While the
scope of Wang’s results is limited, the successful formation of products (118, 119)
containing the electron rich heterocycle, N-methyl-pyrrole, inspires some confidence
that the methodology would be applicable to our system, allowing direct and very

concise access to the a-ketoamide (102).
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2
How e s L
112 13 - O 1144120
Product R R> % vyield
114 2-pyridine Et 73
115 3-pyridine n-Pr 57
116 4-pyridine n-Pr 72
117 4-pyridine -(CHy)s- 92
118 N-Me-2-pyrrole Et 59

119 N-Me-2-pyrrole -(CH,)s- 40

120 4-t-Bu-benzene Et 66

Table 1 - Results of Wang >

This methodology was chosen to be investigated and the proposed scheme is shown.
(Scheme 27) It was envisaged that imine formation between the ketoamide (102) and D-
allo-isoleucine (66) to provide an imine (110) would be relatively facile, but that the
asymmetric reduction of the imine (110) would be challenging. Attention therefore

turned to this asymmetric reaction.

Scheme 27 — Proposed synthesis of ketoamide 3
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2.3 Asymmetric Synthesis

2.3.1 Chirality

The term chiral is derived from the Greek cheir, meaning ‘hand’, and is used to describe
the non-superimposability of an object on its mirror image. An object that is not
superimposable upon its mirror image is said to be chiral; if an object is superimposable
upon its mirror image it is said to be achiral. Everyday objects which display chirality
can be readily identified as they have a clear ‘handedness’; examples include gloves and
shoes, and the left and right hand spirals of sea shells. Chemical compounds exhibiting
chirality have the same atoms bonded by the same sequence of bonds but have different
three-dimensional structures. This concept is described as stereoisomerism. Pairs of
stereoisomers that are mirror images of one another and are non-superimposable are said
to be enantiomers.®? An example of this is the analgesic and anti-inflammatory drug,
Ibuprofen (123).

123a 123b

Enantiomers have identical chemical and physical properties within an achiral
environment. They have the same melting and boiling points and will have the same
chromatographic retention time on an achiral stationary phase. Their properties differ
significantly, however, when exposed to a chiral environment. Firstly, they rotate the
plane of polarised light in different directions. The isomer which rotates the plane of
polarised light to the right is known as the (+)-enantiomer (or the dextrorotatory
enantiomer) and the isomer which rotates the plane of polarised light to the left is known
as the (-)-enantiomer (or the levorotatory enantiomer). This property has been used
extensively to measure the chiral purity of known samples. Secondly, and importantly,
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enantiomers differ in the rate at which they react in, and with, other chiral compounds.
This is the reason that many enantiomers can show very different biological activities.
Biological systems are, of course, highly chiral environments. Perhaps the most well
known example of this is flawed morning sickness treatment thalidomide (124).
Marketed as a racemic mixture, the (R)-enantiomer is a relatively safe and effective
antiemetic, yet the (S)-enantiomer is teratogenic, and has caused severe birth defects in
many thousands of babies.>®

124a 124b

The B-blocker propranolol (125) is another compound whose enantiomers exhibit very
different biological activities. The (-)-stereoisomer shows the desired B-blocking activity
useful in the treatment of heart disease whereas the (+)-isomer acts as a contraceptive.>
In this case, the strict control over the enantiomeric purity of the medicine allows its
clinical use.> It is therefore clear that the synthesis of enantiomerically pure compounds
with high levels of stereochemical control is fundamental to modern synthetic chemistry,
and there are a number of methods for the preparation of enantiomerically pure

compounds.
o/\é/\NJ\ /LN/\/\O

on H o on
" w | - 0D

2.3.2 Chiral Molecules by Resolution

The preparation of enantiomerically pure compounds can be achieved by a number of
methods. The most classical of these methods is preparation of a racemic mixture
followed by separation of the enantiomers or resolution. The most common method of
resolution is by reaction of the racemic mixture with an enantiomerically pure

compound to generate a mixture of diastereoisomers. Diastereoisomers, unlike
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enantiomers, have different properties in an achiral environment (solubility, crystallinity,
chromatographic retention time etc.) and can often be readily separated. An example of
this is in the original Syntex synthesis of Naproxen (128)°® in which a racemic mixture is
converted to a pair of diastereomeric salts by reaction with a chiral amine (127, N-
methylglucamine). The desired diastereoisomer is less soluble in the reaction media and
crystallises allowing it to be isolated by filtration. The isolated salt can then be broken,
yielding both enantiomerically pure Naproxen (128) and the chiral amine which can be
re-cycled. This is a particularly efficient example of a resolution and builds on the
method of Pope and Peachy.”’ It employs only 0.5 equivalents of the chiral amine; the
remaining 0.5 equivalents being a much cheaper achiral material. The (R)-Naproxen—
achiral base complex is soluble, allowing it to be retained in solution and the pK, of the
base is sufficiently high to promote the racemisation of the unwanted isomer. This

allows yields of over 95% of the desired (S)-Naproxen to be attained.

Achiral amine base

\ Heat

__OH
(S)-Naproxen-chiralbase ____
(Insoluble) ~ 0
. (@)
128

(R)-Naproxen-achiral base
(Soluble)

Heat
Achiral base

(R/S)-Naproxen-achiral base

Recycle to resolution
Scheme 28 — Syntex resolution of Naproxen®®
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Generally in resolution processes, re-cycling of the unwanted enantiomer is not possible
and the yield is limited to a maximum of 50%. This loss of material can sometimes be
offset by the simplicity and ease of operability of the process but often the loss is
unacceptably high. In this case an asymmetric synthesis of an enantioenriched product is

required.

2.3.3 Chiral Molecules from Chiral Starting Materials

Perhaps the most straightforward method of synthesising an enantiomerically pure
compound is to begin with a single stereocisomer which contains the required stereogenic
centre and modify the structure using a synthesis which does not affect the chiral
centre(s). The enantiopure starting material can be prepared by resolution of a racemic
mixture (section 2.3.2), a previous asymmetric synthesis, or more commonly, from a
natural source. Compounds obtained from nature represent a large resource of
enantiopure compounds, particularly sugars, amino acids, terpenes and steroids. These
materials are known as chiral pool materials and are a collection of cheap, readily
available enantiopure products which can be used as starting materials for the synthesis
of other chiral products. A drawback of chiral pool materials is that often only a single
enantiomer is cheaply available.

A good example of a chiral pool synthesis is provided by the industrial manufacture of
the sweetener aspartame (129) from (S)-phenylalanine methyl ester (130) and (S)-
aspartic acid (131).%® This synthesis is one of the most simple chiral pool syntheses, with
both starting materials containing the required stereochemistry; they are simply

combined to provide the product.

Scheme 29 — Synthesis of Aspartame from chiral pool materials
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Chiral pool syntheses of materials that closely resemble the chiral starting materials, as
in the case above, are attractive and cost efficient. Chiral pool syntheses become less
attractive if the desired product is significantly structurally different from available
starting materials or contains stereoisomers not easily available from the chiral pool. In
these cases, a long and costly synthesis may be required to provide the desired product.
These long syntheses may not compete with a more simple achiral synthesis followed by

resolution.

2.3.4 Chiral Molecules using Chiral Auxiliaries

An alternative method for deriving chirality from the chiral pool despite the desired
product differing significantly from available materials is to use a chiral pool compound
as a chiral auxiliary. In this approach a chiral pool material or other cheap chiral
material is temporarily incorporated into the synthesis in order to control the
stereochemical outcome of a reaction. Once the desired stereocentre has been formed,
the chiral auxiliary can be removed and often re-cycled. However, despite the possibility
for re-cycling, stoichiometric quantities of the chiral auxiliary are required for each
reaction performed and these auxiliaries often contribute significantly to the cost of the
synthesis. An example of a chiral auxiliary is Ellman’s use of N-tert-butanesulfinyl
imines for the asymmetric synthesis of amines as shown below. (Scheme 30)* Here,
condensation of an enantiomerically pure t-butyl sufinamide (132) with an aldehyde
gives a chiral intermediate (133) which is used to direct the diastereoselective attack of a
Grignard reagent. The auxiliary is then cleaved to afford the desired product (135).

0
O HJ\/ H CH3MgBr
. s dr.=937
>r M. Guso, >r W ELOIDCM, 48°C >r N e
132 9% o HCI, MeOH
, Me
J
Me
HZN/'\/135

Scheme 30 — Ellman’s N-tert-butanesulfinyl chiral auxiliary®
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2.3.5 Chiral Molecules from Chiral Catalysts

Chiral catalysis is perhaps the most efficient method of asymmetric synthesis; in theory,
one molecule of chiral catalyst can transfer its stereochemical information to many
thousands of molecules of a prochiral substrate. This eliminates the need for
stoichiometric quantities of chiral starting materials or auxiliaries. An example of chiral

catalysis can be found in Sharpless’ synthesis of the B-blocker propranolol (125).%°

O Na*
PhC(Me,)OOH o. H 138 OH
OH > =
AP 005 equiv TiOPY, LN OH o N _on
0.06 (+)-DIPT 139
136 *) 137 ,
i) HBr/AcOH
ii) NaOH

O\/'\/N\( 125a O

140
Scheme 31 — Sharpless synthesis of (S)-(-)-Propranolol®

Sharpless used a catalytic amount of (+)-diisopropyltartrate (DIPT) as the source of
chirality in the asymmetric epoxidation of allyl alcohol (136). The resultant (S)-glycidol
(137) is then ring opened in situ with sodium naphthoxide (138) to generate a diol (139)
containing the desired chirality. The epoxide (140) can then be readily converted to (S)-
(-)-propranolol (125a) in 98% ee.
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2.4 Transition Metal Catalysed Asymmetric Hydrogenation

2.4.1 A brief history

Transition metal-catalysed asymmetric hydrogenation is one of the most widely used
and powerful applications of chiral catalysis. The methodology uses clean, inexpensive
hydrogen gas and a small amount of chiral catalyst to provide enantioenriched
compounds from prochiral substrates, often with high enantioselectivity and with high
atom efficiency. Hydrogenation is a scalable process and produces little waste; it can
therefore be considered a green process.® Significant advances in recent years have also

greatly increased the scope of prochiral substrates that can be efficiently hydrogenated.

Prior to the discovery of chlorotris(triphenylphosphino)rhodium [RhCI(PPh)s] by
Wilkinson in 1966,% catalytic hydrogenation had typically focussed on heterogeneous
systems. There are examples of early attempts to employ chiral supports in order to
achieve asymmetric induction in heterogeneous catalytic hydrogenations in the
literature, but with only a small number of exceptions, enantiomeric excesses were

low.%*

Wilkinson’s discovery that [RhCI(PPh)s], the first soluble transition metal
hydrogenation catalyst, showed comparable reaction rates to the well known
heterogeneous counterparts of the era, was a landmark event in the field. New
opportunities for asymmetric catalysis arose with this discovery. Knowles proposed that
replacement of the triphenylphosphine ligand of Wilkinson’s catalyst with a chiral
counterpart could provide a chiral catalyst which could result in asymmetric induction if
used to catalyse the hydrogenation of a pro-chiral olefin. ® Knowles initially chose to
replace triphenylphosphine with chiral methylpropylphenylphosphine. Hydrogenation of
a-phenylacrylic acid (141) in the presence of complexes containing this ligand resulted

in an enantiomeric excess of 15% (Scheme 32).
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141 * RmMe 142, 15% ee.

Scheme 32 — Knowles’ first use of a chiral ligand in the hydrogenation of an olefin®

Despite the relatively modest enantioselectivity, this groundbreaking result proved the
principle of homogeneous asymmetric catalysis. Knowles went on to optimise the
monophosphine ligand series culminating in the use of methylcyclohexyl-o-
anisylphosphine (CAMP) (144) in the commercial synthesis of L-DOPA (146), used in

the treatment of Parkinson’s disease.®®

O O

H>
Xy~ oH [Rh(CAMP),(COD)] OH
AcO HNm/ AcO HNj( (88% e.e.)
145
OMe 0 OMe o)
143 CAMP= Q \

MeO@ 144 o

OH
NH,

HO
OH 146; L-DOPA

Scheme 33 — Monsanto L-DOPA Process®

Knowles had proposed that a chiral phosphorus atom was required for efficient
asymmetric induction, but this was disproved by Kagan et al. in 1971.%° Kagan showed
that the bisphosphine DIOP (148) derived from (+)-ethyl tartrate could be used
effectively in the hydrogenation of (Z)-N-acetylaminocinnamic acid (147) giving an

enantiomeric excess of 72% and almost quantitative conversion.
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o} o}
Hy
Xy” COH  [Rh((R,R)-DIOP)(COD)] OH
HN\[( - HN
& 147 H o 149
0-2/>PPh,
4 72% e.e.
0-1,_-PPh;
H
148; DIOP

Scheme 34 — Kagan’s use of bidentate DIOP*

This discovery paved the way to further research into the use of other bisphosphines as
ligands for asymmetric hydrogenation of a variety of substrates. Another landmark
discovery came in 1980 when Noyori published work on the asymmetric synthesis of
amino acids catalysed by a cationic BINAP-Rh(norbornadiene) complex (Scheme 35).%’
This catalyst showed unprecedented selectivity which could be attributed to the strong

steric influence of the newly discovered ligand.

(0] (0]

H,
A OH [Rh((R)-BINAP)(norbornadiene)]CIO4 OH
HN\”/Ph = HN\H/Ph
o) 150 o) 152
100% e.e.
PPh,

97% yield
PPh,
OO 151; (R)-BINAP

Scheme 35 — Noyori’s use of BINAP®

BINAP (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) (151) is a fully aromatic axially
symmetric C,-chiral diphosphane that exerts strong steric and electronic influences on
transition metal complexes. It is chiral, despite its lack of an sp* carbon, due to hindered
rotation around the binapthyl C(1)-C(1°) bond. BINAP can accommodate a number of
transition metals and it is the highly skewed positions of the two PPh, groups which
exert the stereochemical influence upon the substrate. BINAP, being a synthetic
compound, does not suffer from the common problem with chiral pool materials in that
only one isomer is readily available. Both isomers are available via resolution of a
racemic mixture, meaning one can often ‘dial in’ the required stereochemistry of the

product simply by choosing the correct ligand sterecisomer.
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%70 went on to develop a number of

After Noyori’s initial discovery, he, and others,
catalytic species based on BINAP. Perhaps the most significant has been its use for the
asymmetric hydrogenation of B-ketoesters as a [RuX,(BINAP)] complex.” This is
exemplified in the industrial synthesis of carbapenam antibiotics (155) at Takasago

International Co. (Scheme 36)."

O O H, OH O
)%LOMe [Ru((R)-BINAP)J?* /kfkoMe
> —_—
NH 153 NH 153
O~ "Ph O~ "Ph
99% e.e.
94:6 ethryo:threo

Scheme 36 — Takasago International Co.’s synthesis of carbapenam antibiotics’?

Asymmetric hydrogenation has continued to receive much interest in the scientific
literature in recent years with development in substrate scope and with ligands and metal
centres. The following discussion will focus on the developments in the asymmetric

hydrogenation of imines.

2.4.2 Transition Metal Catalysed Asymmetric Hydrogenation of Imines

Chiral amines are an important class of intermediates and products in chemical
synthesis. Their use is widespread throughout the pharmaceutical and agrochemical
industries’ and they also find synthetic utility as chiral ligands, auxiliaries and catalysts.
Examples of important chiral amine containing compounds include tamulosin (156), an
ay antagonist used for the treatment of benign prostatic hyperplasia under the trade name
Flomax®,™ metolachlor (157) a herbicide used for the control of grasses in a variety of

75,76

crops and rivastigmine (158) a parasympathomimetic agent for the treatment of mild

to moderate dementia due to Alzheimer’s disease.
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A number of methodologies for the synthesis of chiral amines are available, with one of
the most attractive being the hydrogenation of prochiral imines. The hydrogenation of
imines is often complicated by a number of issues which make high conversions and
selectivities more difficult to achieve than with the hydrogenation of either olefins or
ketones. Firstly, catalyst poisoning resulting from competitive binding of the product
amine to the metal centre is common. Secondly, imines can be sensitive to water,
resulting in hydrolysis of the substrates. Thirdly, acyclic imines are often isolated as
mixtures of E/Z-isomers which may hydrogenate to give mixtures of enantiomers.
Despite this, the field of asymmetric imine hydrogenation is broad and many examples
of reductions which exhibit high selectivities and conversions can be found. To date, a
variety of highly efficient catalyst systems based on iridium, rhodium, titanium,
palladium and ruthenium have been reported and the recent literature has been reviewed
a number of times.””®® The following sections will examine each metal in isolation by

highlighting a few noteworthy examples.

2.4.2.1 Iridium Based Catalysts

Iridium is by far the most widely described metal for the catalytic asymmetric
hydrogenation of imines in the literature.®" The first example of asymmetric iridium
catalysis was described by Osborn et al.**® in 1990; a number of iridium(ll1)-
diphosphine-monohydrido complexes [Ir(L-L)HI,], were prepared that were effective
for the asymmetric reduction of prochiral imines in quantitative conversions and
moderate to good enantioselectivities (Figure 5). Osborn’s work laid the foundation for

further research into iridium catalysis.
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.Ph

oM
) o
/
N
159 160 161
P-P = BDPP P-P = BDPP P-P =DIOP
99%, 40% e.e. 99%, 80% e.e. 99%, 80% e.e.
><o ~>pph, —PPh;
ojy PPh, >/:PPh2

140; DIOP 162; BDPP
Figure 5 — Iridium(111) catalysed asymmetric hydrogenation of imines.®

The next major milestone in iridium catalysis came in 1997 when Pfaltz,** inspired by
Crabtree’s work on bidentate phosphorus/nitrogen (PN) ligands,® identified
(phosphanodihydrooxazole)-iridium (I) complexes (164, 167) which were effective in
the asymmetric hydrogenation of both N-alkyl and N-aryl imines. Pfaltz’s catalysts were
air stable crystalline solids that could be readily prepared and were easy to handle.
Quantitative conversions, and selectivities of up to 76% ee were achieved in the
hydrogenation of ketimines (159, 163) (Scheme 37). Despite the hydrogenations
typically being performed at 100 bar, Pfaltz observed very similar enantioselectivities
and yields when the reactions were run under 1 bar of hydrogen. Intrestingly, no
correlation was observed between the enantioselectivities in the hydrogenations and the
measured E/Z ratios of the imines.

R. R
N 100 bar Hy, 4 mol% 164 “NH
PN - P
Ph CH,Cl,, 23°C Ph
159: R = Ph 100% 165; R = Ph; 70% e.e.
163; R=Bn 166; R = Bn; 76% e.e.
o)
/
N PPh,
IF,
—— —
164

Scheme 37 — Asymmetric hydrogenation of N-alkyl and N-aryl imines using a
(phosphanodihydrooxazole)-iridium(l) complex®
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Pfaltz also found he could lower the catalyst loading to 0.1 mol% under optimised
reaction conditions (increased dilution and a reaction temperature of 5 °C) (Scheme 38)
and still achieve excellent conversion and enantioselectivity. This compared favourably

to the best results reported up to that time.

Ph. Ph

N 100 bar H,, 0.1 mol% 167 “NH
PN P
Ph CH,Cl,, 5°C Ph
159 99% 165; 89% e.e.
o]
)
PPh, N—
W
N\ 167

Scheme 38 — Pfaltz’s optimised reaction conditions®

A noteworthy example of the iridium catalysted asymmetric hydrogenation of imines is
Xiao and Zhang’s use of the chiral ferrocene binaphane ligand f-binaphane (169).%°
Related to binaphane (168), f-binaphane contains a highly electron back donating
ferrocene backbone, a moiety which has been used extensively in catalyst design for a

range of applications.®’

168; (R,R)-binaphane 169; (R,R)-f-binaphane

Zhang and Xiao suggest there are multiple advantages to an f-binaphane containing
catalyst system. Ferrocene has a low barrier to rotation which gives flexibility and a
larger P-M-P bite angle than binaphane. This can allow large, sterically demanding
imines to bind. They also suggest that the highly electron donating nature of the

ferrocene enhances Ir-imine complexation by back donation. Zhang and Xiao applied
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the catalyst to reduction of a range of N-phenyl imines (159, 170 - 174) and observed
significantly increased enantioselectivity when R? = 2,6-dimethylphenyl compared with
R? = Ph, which they attribute to the increased steric demand of the substituent. They
also observed poor enantioselectivities using imines derived from di-alkyl ketones
(Figure 6).

2 mol% [Ir(COD)ClI],

A e w”
R DCM R
Substrate R! R? Conversion (%) ee (%)

159 Ph Ph 100 84
170 Ph 2,6-diMe-Ph 77 >909
171 4-MeO-Ph  2,6-diMe-Ph 80 88
172 tBu 2,6-diMe-Ph 15 23
173 iPr 2,6-diMe-Ph 29 31
174 Cy 2,6-diMe-Ph 24 77

Figure 6 — Use of Ir f-binaphane for the asymmetric hydrogenation of imines®

The group of Zhang has continued to be active in the field and has recently developed a
series of ligands (TangPhos 175, DuanPhos 176, DuPhos 177); excellent turnover
numbers (TONs) were obtained when these ligands were used in the asymmetric
hydrogenation of N-aryl imines (Scheme 39).28 These high TONs allow for very low
catalyst loadings, down to 0.01 mol%. It also makes them particularly attractive for
industrial applications where the cost of expensive metals and ligands need to be limited.
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A @Em:
b 1E -

175; (S,S,R,R,)-TangPhos 176; (S, R;)-TangPhos 177; (R, R,)-Me-DuPhos

Ph 0.1 mol% Ph
. {Ir{S,,R,)-DuanPhos](COD)}BARF HN"

N b
5 atm H,, DCM, RT
178 179; ee. 98%

>99% conv.

Scheme 39 — Very high TONSs using DuanPhos®

The catalytic asymmetric hydrogenation of imines is often plagued by low catalyst
TONSs which may be attributed binding of the product amine to the metal centre.®® Zhang
suggests that highly electron-donating and sterically hindered ligands such as these
bisphospholanes (175 - 177) exert a strong trans effect and thus favour release of the

amine product from the catalyst.

Probably the most well known example of iridium catalysed hydrogenation, and
arguably the most important, is the stereoselective synthesis of the herbicide,
metolachlor (183). The synthesis uses the electron rich ferrocene containing xyliphos
ligand (181) which allows for exceptionally high TONs of up to 10°. (Scheme 40)%

80 atm H,, Ir Xyliphos

0]
— a L
e e e
S/C >1,000,000
180 182; 79% ee. 183; Metolachlor
>:P(Xy|)z
= ~PPh,
FFe
C£> 181; Xyliphos
Scheme 40 — Enantioselective synthesis of metolachlor®

This extremely low catalyst loading is important as the compound is required in

quantities of >10,000 tons per year and the cost would quickly become prohibitive if
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large quantities were required. In this case, enantioselectivity can be sacrificed for
catalyst activity since the (R)-enantiomer retains some modest herbicidal activity. The
reaction rate is also important for such a high tonnage product as cycle times need to be

minimised in order to provide the required volume.

2.4.2.2 Rhodium Based Catalysts

Chiral rhodium catalysts have received less attention than their iridium counterparts over
the past two decades, but there are some noteworthy examples to be found in the
literature. Particularly using diphosphines and other chiral ligands which have proved

successful in iridium catalysis.

Zhang has shown that a rhodium catalyst based on the TangPhos (176) ligand can be
used to successfully hydrogenate a series of N-aryl a-imino esters (184 - 189) with high
enantioselectivity (Figure 7).** This reaction provides a useful synthetic method for the
synthesis of aryl glycine derivatives, since the para-methoxyphenyl (PMP) nitrogen

substituent can be readily cleaved.
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/PMP 1 mol% ,PMP
N {Rh[{S,S,R,R,)-TangPhos](COD)}BF, HN
1)'\H/0R2 : )\H/ORZ
R R
J 50 atm H,, DCM, 50 °C d
Substrate R R®> Conversion (%) ee (%)
184 Ph Me >99 95
185 3-F-Ph Me >05 94
186 3-MeO-Ph  Me >909 93
187 2-naphthyl  Me >99 91
188 Ph Et >95 84
189 Cyclohexyl Me 84 94

Figure 7 — Rh TangPhos catalysed asymmetric reduction of a-imino esters®

In addition to Zhang’s TangPhos ligands, a Rh catalyst based on a Josiphos®’ type ligand
(192) has been used to enantioselectivly hydrogenate a highly functionalised imine
(present as an interconverting mixture of imine and enamine) as part of the synthesis of
an HIV integrase inhibitor (194) (Scheme 41).%? The protocol has been performed on
500 g scale and demonstrates the applicability of such reductions to larger scale

synthesis of pharmaceuticals.
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=¢ N " 6 atm. H,, TFE, 50 °C ] N " o N "
\ atm. Ho, ,
N o 2 _NH o)

F F

191 193 \ O 194
F fBu @ 90% ee.
t-Bu’P7/@\ o]
Fe

=P
192 @C/o

Scheme 41 — Enatioselective imine reduction as pge;rt of the synthesis of HIV integrase inhibitor
194,
2.4.2.3 Titanium and Palladium Based Catalysts

939 derived from

In 1993 Buchwald discovered a chiral titanocene catalyst
Brintzingers’s ansa-titanocene complex.”> The catalyst demonstrated remarkable
selectivity in the hydrogenation of N-alkyl imines (195 - 197) and particularly cyclic
imines. Lower selectivity was observed for their acyclic counterparts; this is likely to be
due to interconversion between E and Z-isomers possible with acyclic imines, but not

with cyclic imines. %

/@ 199, n-BuLi, Ph;SiH /@
R ) - R )

N n

H 195 5 atm H,, 65 °C, THF H 196
R =alkyl, aryl; n=1-3 72 - 86%, 95-99% ee.
2 2
NR 199, n-BuLi, Ph,SiH N"R

| . |
R1)\ 197 R1)\ 198
5 atm H,, 65 °C, THF
R' = alkyl, aryl

R? = H, alkyl, aryl

Cg»

",

62 - 93%, 53-92% ee.

o9
™
XvTi‘X X-X = o

199%

Scheme 42 — Use of Buchwald’s titanocene catalyst®
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Palladium catalysed hydrogenation of imines has been largely restricted to the
investigation of activated imines such as the N-tosyl derivative (200) exemplified below
(Scheme 43).% Examples are limited to these substrates as the tosyl group is beneficial
in two ways. Firstly, N-tosyl imines are relatively stable and can be prepared exclusively
as the E-isomer.%” Secondly, the electron withdrawing nature of they tosyl group reduces

the inhibitory effect of the amine product on the catalyst.

Ts 1 mol% Pd(OCOCF), Ts
)Nl\ 4.4 mol% (S,S,R,R,)-TangPhos HN
Ph 75 atm. H,, 40 °C Ph
200 MeOH 201; 99% conv, 99% ee.

Scheme 43 — Hydrogenation of N-tosyl imines catalysed by Palladium®

2.4.2.4 Ruthenium Based Catalysts

Ruthenium is the second most widely reported metal used in the asymmetric
hydrogenation of imines after iridium. Many of the catalysts used are those derived from
Noyori’s seminal work into the asymmetric hydrogenation of ketones.’®% There are a
few examples of the use of Noyori’s 1% generation catalysts of the type [RuXz(BINAP)]

in the literature; those which can be found are described below.

In 1990, Oppolzer et al.’® discovered a highly enantioselective reduction of a cyclic N-
sulfonyl imine (202) catalysed by the 1% generation complex [RuCly(BINAP)]»(NEts)
(Scheme 44). The work was groundbreaking in that catalysts of this type had not been
applied to the hydrogenation of imines; either product enantiomer could be readily
formed in high ee by varying the choice of BINAP antipode.

Q\S,/O [RUCI,(BINAP)],(NEts) ‘?é 0
N > ‘NH
4 atm. H,, DCM/EtOH, 22 °C .
202 203; 84%, >99% ee.

Scheme 44 — Oppolzer’s use of a 1° generation Noyori complex for asymmetric imine reduction®
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Subsequently, Charette®” showed that a similar ruthenium-based catalyst could be used
to achieve the hydrogenation of acyclic N-tosyl imines (200, 204 - 209) in moderate
yields and enantioselctivities (Figure 8).

5 mol% [Ru(BINAP)(OAc),]

TS NS
e T

Substrate R! R*>  Conversion (%) ee (%)
200 Ph Me 82 62
204 Ph Et 80 84
205 Ph i-propyl <5 17
206 -naphthyl Me 80 44
207 -naphthyl Me 60 18
208 cyclohexyl Me 52 17
209 i-butyl Me 48 48

Figure 8 — Charette’s use of [Ru(R)-BINAP(OAc),] in the hydrogenation of acyclic imines®’

The majority of ruthenium-catalysed imine hydrogenations found in the literature use
Noyori’s 2" generation catalysts of the type [RuX,(diphosphine)(diamine)], exemplified
by RuCl,((S)-Tol-BINAP)((S,S)-DPEN) (210).1%* These catalysts are highly effective in
the hydrogenation of prochiral ketones. The addition of a chiral diamine allowed
substrates which lacked a secondary heteroatom capable of anchoring to the Ru metal
center to be hydrogenated. This was a limitation of the 1% generation catalysts. The
diamine ligand also allowed the selective hydrogenation of carbonyl groups in the

presence of olefins.”
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T0|2 H2

P’//, 'Tl \\N///,,
60

P & N

T0|2 H2

210; RuCl,((S)-Tol-BINAP)((S,S)-DPEN)  211; RuHCI((S)-BINAP)((S,S)-DACH)

Et,, Et

Et "Et

212; RuCly((R,R)-Et-DuPhos)((R,R)-DACH)

The application of the newly developed catalysts to imine reductions was quickly
investigated. In 2001, Morris et al.'®* demonstrated the application of the RUHCI((S)-
BINAP)((S,S)-DACH) catalyst (211) to the reduction of a number of N-aryl and N-alkyl

imines (159, 163, 213), obtaining the correspnding amines in up to 70% ee.

SR 021mol% RUHCI(S)-BINAP)(S,S)}-DACH) R
3 atm. H,, KOiPr, Benzene, 20 °C H

159; R = Ph 165; R = Ph; 72%, 70% ee.
163; R=Bn 166; R = Bn; 24%, 50% ee.
213; R=n-Bu 214; R = n-Bu; 17%, 60% ee.

Scheme 45 — Morris’ use of RUHCI((S)-BINAP)((S,S)-DACH) (211) **

Cobley et al.'® expanded this work by undertaking a thorough investigation into the
combination of chiral phosphine, amine and imine substrate, and although they found it
difficult to predict the best diphosphine/diamine combination for any particular
substrate, they were able to identify conditions which gave complete conversion and

92% ee in the hydrogenation of N-(1-phenylethylidene)aniline (159).

Nl’ : 1 mol% RuCl,((R, R)-Et-DuPhos)((R,R)-DACH) HN’ :
15 bar. H,, KOtBu, tBuOH, 65 °C
159 165; 100%, 92% ee.

103

Scheme 46 — Coley’s asymmetric hydrogenation of N-(1-phenylethylidene)aniline (159)
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More recent work into these catalytic systems has focussed on the discovery of
alternative diphosphine ligands in attempts to increase reactivity and selectivity. Jackson
and Lennon'® described the synthesis of 1,2-bis(2,5-diphenylphospholano) ligands BPE
(216) and BPM (215) and their application to the hydrogenation of a number of model

imines (159, 163) with excellent conversion, but moderate enantioselectivity.

Ph  Ph Ph Ph
D D
Ph  Ph Ph Ph
215; (R,R)-Ph-BPM 216; (R,R)-Ph-BPE
.R .R
N| 5 mol% RuCly((R,R)-Ph-BPM)((S,S)-DPEN) HN
10 bar. H,, KOtBu, iPrOH, 60 °C
159; R = Ph 165; R= Ph; >99%, 71% ee.
163; R=Bn 166; R= Bn; >99%, 82% ee.

Scheme 47 — Asymmetric hydrogenation of imines catalysed by Ru BPM complex

The most recent developments in the field of asymmetric hydrogenation of imines using
ruthenium catalysts comes from the group of Fan.”® Fan has investigated a number of
phosphine free Ru diamine catalysts exemplified by MsDPEN (N-(methanesulfonyl)-
1,2-diphenylethylenediamine (217)).

| BARF-

217; [Ru(p-Cymene((S,S)-MsDPEN)]BARF

Fan has used the catalyst to successfully hydrogenate a broad range of often problematic
N-alkylketimines (163, 218 - 225), achieving selectivities of up to 97% ee. (225, R = 2-
thiophene, Figure 9).
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1 mol% [Ru(p-Cymene((S,S)-MsDPEN)]BArF

I~ 1.1 eq (Boc),0 Rr?
/N[ . 50 atm. Hy, 40 °C ] soell .
Art R 1,2-dichloroethane or solvent free, 10 h Ar” R
Substrate Ar R! R® Conversion (%) ee (%)
163 Ph Me Bn 95 95
218 Ph Me 4-MeO-Bn 93 94
219 Ph Me  4-F-Bn 92 95
220 Ph Et Bn 93 91
221 4-Me-Ph  Me Bn 93 94
222 4-Br-Ph Me Bn 93 96
223 4-NO,-Ph  Me Bn 90 86
224 Napthyl  Me Bn 96 96
225 2-thiophene Me Bn 96 97

Figure 9 — Fan’s use of phosphine free Ru diamine catalyst®®

In addition, the effectiveness of the catalyst was demonstrated by lowering the loading
to just 0.05 mol% and achieveing complete hydrogenation of the N-benzylimine of
acetophenone (163) in 89% ee. Fan also demonstrated the synthetic utility of the

methodology in the synthesis of the antidepressant sertraline (228).
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\lN “NBoc “NH.HCI
O‘ 1 mol% [Ru(p-Cymene((S,S)-MsDPEN)|BArF O‘ O‘
1.1 eq (Boc),0 4M HCI
- .
50 atm. H,, 40 °C 90%
1,2-dichloroethane or solvent free, 10 h
Cl Cl cl
Cl Cl Cl
226 227 228; Sertraline
>99% ee.
>99% dr.

Scheme 48 — Synthesis of sertraline hydrochloride®®

This review has shown that there are a wide variety of hydrogenation catalysts, based on
a number of metals, which can be applied to the asymmetric hydrogenation of imines.
However, a number of challenges remain, particularly in the hydrogenation of N-alkyl
imines and those which can readily interconvert between their E and Z-isomers. In
addition, catalyst systems often suffer from product inhibition due to competitive
binding of the product amine. This means that, whilst theoretically possible,
development of an asymmetric reductive amination route to GSK221149 could prove

challenging.
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2.5 Research Objectives

Pre-term labour is the cause of 500,000 infant deaths per year and a lack of effective
current treatments means that an efficacious oxytocin antagonist could fill significant
unmet medical need. GSK has developed oxytocin agonist GSK221149 (5), which is
currently awaiting Phase 111 clinical trials. New synthetic routes to GSK221149 capable
of providing material for long term toxicology and ultimately manufacture are required
to overcome issues with the current route. Any new route developed will need to provide
API within specification and at lower cost than the current Ugi chemistry. The processes
developed on a new route should be robust and scaleable. Retrosynthetic analysis of
GSK?221149 was performed, generating a number of potential avenues of research;
surveying the literature allowed prioritisation of the strategies. The following synthetic
scheme was chosen as the start point for new route investigation. The route provides an
opportunity to control absolute configuration via asymmetric reduction and will give a

number of isolable intermediates which are not accessible via the current route.
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Scheme 49 - Proposed new route to GSK221149

A number of challenges are envisaged during the forthcoming work. The Claisen
condensation and oxidation reaction to generate the ketoamide (102) has limited
precedent. It is known that the corresponding oxazole aldehyde (65) is unstable and such
instability may also be evident with the reactive a-amidoketone. Careful considerations
of the oxidant and oxidation conditions will also be required to ensure that a sufficiently
safe process can be developed to allow use in large scale plant. The most significant
challenge is the development of asymmetric imine reduction conditions to provide the
desired amino acid (89). There is little precedent for this transformation on such highly
functionalised and sterically hindered substrates, yet asymmetric reduction will be
crucial in generating material in a sufficiently high yield for the route to compete with
the existing Ugi chemistry. More generally, API produced via any new route developed
will have to meet a stringent purity specification. Meeting this specification may be
particularly difficult as impurities tend to be specific to individual synthetic routes.
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Tolerance of impurities commonly observed in API produced by the existing chemistry
will be higher since toxicological studies have been performed with this material.
Impurities which have not previously been observed will have to be controlled to very
low levels due to a lack of toxicological information. Finally, the Ugi chemistry has
been well developed over a number of years and, despite the issues associated with this
chemistry, it may be difficult for a new route to compete in terms of cost of goods,
purity and manufacturability.
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3 Results and Discussion Part 1; A New Route to GSK221149

3.1 Ketoamide Synthesis

o
o SN
121 o (o o o
%N]AOMe N N i N
o NaHMDS \%/ Lo THE — ]

84 THF

N

Scheme 50 — Synthesis of ketoamide 102

The first stage in the proposed new route towards GSK221149 is the synthesis of the
ketoamide (102). Literature precedent in the form of one-pot Claisen condensation and
oxidative nitrile cleavage as described by Wang™ was chosen as the start point for
investigations. Wang’s conditions were initially applied to the oxazole/morpholine
system (Scheme 50); addition of NaHMDS resulted in formation of the intermediate
nitrile (122) as observed by LCMS. However, on addition of sodium hypochlorite
solution, complete conversion to the corresponding carboxylic acid (231), rather than the
desired ketoamide (102) was observed (Scheme 51). The ketoamide (102) was only
observed transiently by LCMS during the oxidation. It is postulated that further reaction
of the ketoamide is the cause of this undesired product, which prompted us to ponder the
nature of the mechanism of both the desired oxidation reaction, and that of the over-

oxidation pathway.

O O O
\</ I Oxidation \</ [ OH
o] o 102 o) 231

Scheme 51 — Over oxidation of ketoamide 102

3.1.1 Mechanism of Ketonitrile Oxidation

The mechanism of 1,2-dione formation from the ketonitrile intermediate (122) is

unknown, with Wang suggesting only that the reaction may proceed via a cyanohydrin.
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Two quite different pathways for the formation of cyanohydrins from the intermediate

can be envisaged.

0 0 0 0 0 0
N j)ﬁ/@ NaOClI /NJ)XN(\) N r\Q
\<O l c 122 THF \<O I HO \\N \<O I o) 102

1" 232
N

Scheme 52 — Oxidation of ketonitrile 122 via cyanohydrin formation

The first involves nucleophilic attack at the ketone carbonyl by a hypochlorite anion.
Proton transfer via solvent then enables epoxide formation which can undergo scission
resulting in oxygen transfer and cyanohydrin formation. Loss of cyanide generates the
ketoamide (102) (Scheme 53).

o (o G - i
N N 0 fo N HO, O NK\O
%ijc( \efif —

CI/O- 122 o ﬁ 233 © s
N i f N<" (b NK\ N "8 QO
\</ / ~ ,.) 72 7
o 0 C“f\l 237 \<o I C 236 \<o ’ C 235
l N
0 0
\</N l N\)
o O 102

Scheme 53 — Nucleophilic oxidation mechanism

The main issues arising from this mechanism are the ionization state of the ketonitrile
(122) and the status of the epoxide (235). The reaction is carried out under basic

conditions, so it may be that the ketonitrile is present as its enolate (239) (Scheme 54).

Scheme 54 — Resonance forms of the conjugate base of ketonitrile 122
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The pK,; of the Kketonitrile (122) is unknown, but related related 3-0xo-3-
phenylpropanenitrile (241) has a measured pK, of 10.2 in DMSO. The presence of -
donor dialkylamino group may raise the pK,, but it would appear that the ketonitrile

(122) would remain quite acidic (Figure 10).*%

(0]

-N
c*
HH 24

pK, 10.2

Figure 10 — pK, of 3-ox0-3-propanenitrile 241

Aqueous pKgs are often ~3 units lower than those in DMSO (eg. HCN, (pKa)omso =
12.9, (pKa)n,0 = 9.4)*® and so the ketonitrile (122) should be significantly ionized under

our conditions. The presence of a significant amount of enolate will disfavour the
nucleophilic addition of hypochlorite anion. An alternative mechanism which uses the

enolate is shown below (Scheme 55). The oxidation of enolates by hypochlorite and

related species is a known process. For example, the haloform reaction'®%® uses

hypochlorite, hypobromite or iodine to oxidize and cleave methyl ketones to carboxylic

109,110

acids, while the Rubottom reaction oxidises silyl enol ethers to a-hydroxy ketones

using m-CPBA, and the oxidation of enolates with TMS peroxide is also well

established.!**
Ho 0
%NJB\YNJ ! ﬁ J
o) )C (‘ ’3
0 242 s
A(:Ov’)O

Scheme 55 — Electrophilic oxidation mechanism

3.1.2 Mechanism of Oxidative Cleavage of 1,2-diones

A number of mechanisms have been proposed for the oxidative cleavage of 1,2-
diones.™?™* Of these, the two most common are Baeyer-Villiger type reaction involving

migration of the amide carbonyl, and epoxide formation and opening. Both these over-
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oxidation mechanisms proceed via initial attack of a nucleophilic oxidant followed by

anhydride formation (Scheme 56).

Baeyer-Villiger mechanism

(O ﬁo CD
N N o 0 ? 9 Hydrolysi i
\%m SIRNCY S S — ooy O g on
o0 102 \<o I & 23 o T O O 230
0

Epoxide mechanism

N Q O @ \j‘/
%JAW S G YT o

o _)o 102 C-0J N 0 NCO
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Scheme 56 — Over-oxidation mechanisms

Though the amide migration looks questionable as the key step in the Baeyer-Villiger
type mechanism, Foote et al.*® used %O labeling techniques to show this was the
predominant pathway in the related oxidative cleavage of 1,2-benzoquinone (244). The
absence of labelled oxygen in any of the methyl ester (250) formed on quench proving
that the epoxide mechanism was not the predominant pathway.

Baeyer-Villiger mechanism

18,
CEO & 180O_OH ~ (())18 Ho Ve ~ 7 OMe
o He T~ RN T K qfoH
244 O 245 O 246 O 247
Epoxide mechanism
O oy 185°0OH 185°OH 180 1°0
S N N N N
o H'®O —= _ A N OH
244 O 245 O 248 O 249 O 250

Scheme 57 — 0 labeling in the oxdative cleavage of 1,2-benzoquinone

3.1.3 Application of Mechanistic Understanding to the Oxidation

Working on the hypothesis that the desired nitrile cleavage oxidation could occur by
either a nucleophilic or electrophilic oxidation mechanism, but that the over-oxidation

can only proceed via nucleophilic attack, it was proposed that reducing the

Confidential 65|Page



3. Results and Discussion Part 1; A New Route to GSK221149

nucleophilicity of the oxidant may reduce the propensity for over-oxidation of the
system. In order to test this, a quantity of the intermediate ketonitrile (122, p 62) was
isolated by column chromatography and was used to screen a range of oxidants. The
oxidants chosen were based on a number of the more readily available reagents used by
the group of Wang in later papers.'**'!” Oxidations were performed in THF with or

without NaHMDS (to simulate a one-pot reaction) and with sodium hydroxide in water.

Entry Base Equivs Solvent Oxidant Equivs 102 (% a/a)
1 NaHMDS 1.2 THF Bleach (15% wt soln) 2 27
2 NaHMDS 1.2 THF m-CPBA 2 60
3 NaHMDS 1.2 THF TMS Peroxide 2 0

Peracetic Acid (32% w/w

4 NaHMDS 1.2 THF in ACOH) 2 65
5 None THF Bleach (15% wt soln) 2 68
6 None THF m-CPBA 2 6
7 None THF TMS Peroxide 2 0
3 None THE PeracetiianAcgdo |(_?)2% w/w 5 18
9 NaOH(aq) 1.2 Water Bleach (15% wt soln) 2 67

Table 2 — Effect of varying oxidant and conditions

The results appear to indicate that the reaction is disfavoured by the presence of enolate
and electrophilic oxidants, and that nucleophilic attack on the ketone is taking place. The
reactions showing significant product formed from NaHMDS-derived enolate are those
which have been acidified by peracid oxidants (entries 2 & 4) and the concentration of
enolate in these reactions may be assumed to be low. In addition, the electrophilic TMS
peroxide generated no product. The differences between entries 6 vs 2 and 8 vs 4 may be
explained by the presence of the more nucleophilic carboxylate in entries 2 and 4,

further supporting a nucleophilic mechanism. It is possible that bleach is a successful
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oxidant in aqueous NaOH and water, as at those pHSs, the concentration of enolate is
low, whereas in entry one, where the ketonitrile (122) is expected to exist primarily as
the enolate, low conversion to the ketoamide (102) was observed. This would suggest

that the pK, of the ketonitrile is somewhere between the pK,; of hydroxide and
NaHMDS.

Further work on this reaction*® suggests that the peak area of product in the reaction is
primarily dependent on the pH of the oxidation reaction, due to differing stabilities of
starting material and product. The ketonitrile (122) is unstable at pH <5 and ketoamide 3
is unstable at pH >9, therefore a narrow window exists where reaction can take place.
The most simple explanation of the above results is that, regardless of mechanism,
reactions are successful in the correct pH range. Peracid oxidations may lower the pH of
the NaHMDS entries into a range where reaction can take place and sodium
hypochlorite is basic enough to raise the pH into a range where reaction can take place.

This hypothesis however, cannot explain the success of reaction 9.

N
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Figure 11 — Stability of ketonitrile 122 and ketoamide 102 vs pH **®

Due to the difficulty in isolating the highly water soluble intermediate nitrile, it was
decided to further investigate a one-pot procedure using a peracid as oxidant. Peracetic
acid was chosen for further investigation as it offered practical advantages over m-
CPBA,; liquids are easier to dispense affording more accurate control of stoichiometry,

and acetic acid is much easier to remove than benzoic acid.
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The first attempt at isolation of the ketoamide (102) resulted in a yield of 20% after
column chromatography. This result was somewhat disappointing given that the major
component visible by HPLC was the desired product at over 60% a/a. More thorough
reaction investigation using standardised sampling clearly showed loss of product peak
area over time. More startlingly, loss of product was observed once the samples had
been quenched into dilute sodium sulfite solution, the standard sample preparation prior
to HPLC (Figure 12).

250 ~

150 . . . .
0 20 40 60 80

Analysis Delay (min)

Figure 12 — Peak area vs analysis delay

Sodium thiosulfate solution proved to be a more suitable alternative quench; the product

was more stable under these conditions.

290 -
270 -
250

230 -
210 —e—Sulfite

190 - —— Thiosulfate

Peak area product (mAu)

170 -

50 —W————————F————7———
0 50 100 150

Time (min)

Figure 13 — Sample stabillity
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Brief optimisation of the reaction conditions, in which the temperature was lowered to 0
°C, and the amount of peracetic acid was raised to 2.15 equiv., gave a reduction in the
levels of a number of impurities. The primary impurity was still the oxazole acid (231),

but this was readily removed by a basic aqueous work-up.

Before scale up, two important safety points were taken into consideration. Firstly, all of
the excess oxidant would need to be effectively quenched prior to evaporation. Sodium
thiosulfate is a common mild reducing agent and it was anticipated that there would be
no issue with destruction of the excess peracetic acid. Indeed, this was quickly proved
by testing the quenched reaction mixture with Merckoquant semi-quantitative peroxide
test. Secondly, due to the potential for cyanide generation during the oxidative cleavage,
the absence of cyanide needed to be confirmed. It is believed that cyanide liberated
during the oxidative cleavage reaction is quickly oxidized. This is supported by the
requirement of 2 equiv. of peracetic acid to ensure complete reaction. The cyanide
oxidation closely mirrors that described by Payne.'® However, application of the
Merckoquant semi-quantitative cyanide test yielded a positive result on the quenched
reaction mixture. Washing the organic phase with a saturated aqueous sodium
bicarbonate solution did not show reduction in the cyanide levels detected which
suggested that free cyanide was not present. It is hypothesised that cyanide reacts with
the ketoamide (102) to form a cyanohydrin which can slowly release cyanide under the
test conditions and thereby give a positive result. This is an issue which has not
previously been reported, and investigations to understand and overcome it are
ongoing.'*® Despite this positive cyanide result, it was decided to scale up the reaction,
but to include added safety precautions. The reaction was scaled up successfully to
provide 7.7 g product (102) in 32% from the oxazole ester (84). (Scheme 58)

\é\jfk()/ NaHME::1 \</ 3)1\( \) THSOH \< ﬁN\)

84 THF || 102; 32%

Scheme 58 — Synthesis of ketoamide 102
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The reaction optimisation described in this section has allowed a process to be
developed which is suitable for the preparation of small quantities of material in order to
investigate the susbequent transformations of the proposed new route. However, a
number of limitations remain which would need to be addressed in order for this
chemistry to form part of a long term manufacuring route. Firstly, the use of column
chromatography would need to be avoided since this operation is particularly time
consuming and inefficient on a large scale. Secondly, the safety of the highly
exothermic, cyanide liberating oxidation reaction would need to be studied in detail to
ensure it could be performed safely in pilot plant and manufacturing equipment. Thirdly,

the yield would need to be improved in order for the process to be economically viable.
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3.2 Imine Formation

The exploration of the reductive amination as shown (Scheme 59) began with an
investigation of the imine-forming step. Due to the instability of imines under aqueous
acidic conditions and the consequent difficulty in monitoring reactions by standard TFA
modified HPLC methods, it was decided to monitor imine formation by quenching small
portions of the reaction mixture into an excess of sodium borohydride in methanol.
Based on the assumption that the imine (110) would readily reduce under these
conditions, its presence could be inferred by observation of the corresponding amine
(111). The presence of the unreacted ketone (102) could be inferred by observation of
the corresponding alcohol and it was confirmed that reduction of the ketone occurred

readily on the timescale of the reaction, before the work was started.

\/\)?\ O.__OMe O.__OMe
o Y OMe

0 H . E-Z mixture
(\ NH, 66 “IN
|
N

NﬁN (\O Reduction "NH o
Z
\<O l O 102 Imine formation N

Y. T

Scheme 59 — Reductive amination

3.2.1 1,4-Addition to the Oxazole

Initial attempts to form the imine (110) were made using molecular sieves to aid
dehydration and drive the equilibrium to product. These initial attempts failed, due to the
rapid formation of a ring opened species (252) (Scheme 60). Confirmation of the
product structure was obtained using *H and HMBC NMR analysis which showed an
upfield shift of proton 1 from 8.37 ppm to 6.97 ppm, indicative of a loss of aromaticity
and also showed 3Jc.; connectivity between proton 1 and carbon 2. HRMS provided
evidence of molecular formula. A postulated mechanism for the formation of the ring

opened acetamide (252) via 1,4-addition and ring opening is given. (Scheme 60)
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Scheme 60 — Mechanism for the formation of 252

In a mixture of MeOH/THF under basic conditions, the acetamide (252) was formed to
75% a/a after 18 hours. However, the reaction was much slower in THF alone. In the
absence of added base, the ketoamide (102) did not react with methyl p-allo-isoleucinate
(66).

Solvent Base % a/a 252 after 18h
MeOH/THF 1.5 equiv NEt3 75%
THF 1.5 equiv NEt; 10%
MeOH None 0%
THF None 0%

Table 3 — Formation of acetamide 252

The observation of this unexpected product, particularly given the ease with which it
formed, was significant. On further investigation in the literature, the work of Cornforth
et al.*® provids a precedent for the reaction in the hydrolysis of an oxazole (253) with
aqueous potassium hydroxide (Scheme 61). This, coupled with the empirical data, meant

alternative reaction conditions were required for the formation of the imine (110).
o o

O o
N NH KOH(aq) Ph  HN NH,
m S e e T
O 253 00 254

Scheme 61 — Hydrolysis of oxazole 253'%°
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3.2.2 Investigation into Model Systems

It was decided to use a model system in order to investigate imine formation without the
complication of 1,4-addition to the oxazole. This would allow an understanding of the
factors important in imine formation, and the knowledge gained could then be applied to
the real system. It was decided to use a phenyl derivative (256) as the model system as
methyl benzoate (255) was readily available and the phenyl substituent was not expected

to undergo 1,4-addition.

The optimised conditions developed for formation of the oxazole derivative (102) were

used to synthesise the phenyl ketoamide (256) (Scheme 62).

i) NaHMDS, THF; ii) AcOOH, THF, 0 °C.
Scheme 62 — Synthesis of phenyl ketoamide 256

The Claisen condensation reaction proceeded quantitatively without the darkening of the
reaction mixture that occurred with the oxazole methyl ester (84). Moreover, the
reaction profile was cleaner, demonstrating the increased propensity of the oxazole
system to undergo side reactions. Oxidative cleavage of the nitrile again proceeded
smoothly with the primary impurity being benzoic acid, formed presumably via an over-
oxidation pathway analogous to the formation of the oxazole acid (231) (Scheme 56).
The yield of this reaction was not representative of the ease with which the
transformation was carried out compared with the oxazole substrate. This was due to the
difficulty of separating the benzoic acid by-product from the phenyl ketoamide (256) by
column chromatography. Presumably, including a simple basic wash would improve the

yield significantly, a procedure which could be included in further preparations.
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3.2.2.1 Imine Formation with Phenyl Ketoamide 256

Reaction was attempted using the model phenylketoamide (256) and methyl D-allo-
isoleucinate (66) as shown (Scheme 63).

\/\i O.__OMe
Y OMe
o :

o ~ E-Z mixture
NH, 66 “N o
N \) | N \)
o 20°C
256 Solvent O 257

Scheme 63 - Imine formation with phenyl ketoamide 256

Imine formation was attempted under a range of conditions (Table 4), but the imine
(257) could not be detected in any of the reactions. Quenching the reactions with NaBH,4

led to the formation of a hydroxyamide (258) in each case.
(0] O i) NaBH OH (@]
w@ _NeBH S
O 256 O 258

Scheme 64 — Reduction of ketoamide to give hydroxyamide 258

o i
Solvent Additive 4A Molecular % Conversion to

Sieves 257
Toluene 10 mol% p-TSA Yes 0
Toluene None Yes 0
Dichloromethane MgSO, No 0
THF None Yes 0

Table 4 — Imine formation with phenyl ketoamide 256

The model was further simplified by using benzylamine instead of the sterically
encumbered methyl isoleucinate (Scheme 65). The primary goal was to confirm that the

reaction monitoring system of quenching into sodium borohydride was valid.
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: NaBH,
0 @ LT N NH 0
RPN L »
PhMe Reflux
O 256 O 25 O 260

Scheme 65 — Reductive amination with phenyl ketoamide 256 and benzylamine

Mild conditions were explored in the first instance; carrying out the reaction in
dichloromethane in the presence of MgSO, as both Lewis acid and dehydrating agent
failed to deliver the imine (259). Under more forcing conditions (refluxing toluene with
10 mol% p-TSA) the imine was formed, and reduced successfully to give the amine
(260) upon quench with sodium borohydride. Brief assessment of the reduction
conditions showed that the ketone (256) and the benzyl imine (260) were reduced

rapidly to the corresponding alcohol and amine.

Unfortunately, reaction was not observed when these conditions were applied to the
phenylketoamide (256) with methyl D-allo-isoleucinate (66), presumably due to the
increased steric hindrance of the methyl D-allo-isoleucinate and lower nucleophilicity

because of the electron-withdrawing alkoxycarbonyl group.

: 9 Oy_OMe
o ™o MOMe/\‘j/
N\) NH, 66 |N G
o p-TSA
256 PhMe reflux O 257

Scheme 66 — Imine formation with phenyl ketoamide 256
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Work by the groups of Barney and Gamble suggested that imines were difficult to form

121,122

from hindered amines and ketones and that the addition of a strong Lewis acid and

dehydrating agent may be essential to achieve the desired transformation.’***?* The

work of Brunel et al.}?>1%

also showed that minimal 1,4-addition was observed when
forming imines from o,B-unsaturated ketones such as 1-(furan-2-yl)ethanone and 4-
phenylbut-3-en-2-one with Ti(IV) reagents. The work of Henin et al."*" also showed the
absence of conjugate addition when forming imines using a,p-unsaturated ketones (261)

with TiCl, (Scheme 67).

=
261 65%

(e} PhCH,NH, gj
TiCl
T )
Toluene l/
LT 0 w

Scheme 67 — Using TiCl, to form imines using a-p unsaturated ketones'*’

A screen of readily available Lewis acids of differing strengths was performed in
attempt to begin to map the required reactivity. Reaction in refluxing toluene, followed
by quenching with NaBH, in MeOH, gave multiple products in all reactions, tentatively
assigned (from the ion masses) as the structures below (256, 258, 263, 264) (Scheme
68).
O.__OH
OMe

Q @ NH, 66 o o 283

— OH (\o NH o
W o Diowspod WW w@
(@]

ii) NaBH,, MeOH 258 O 264

Scheme 68 — Reaction products of reductive amination
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Lewis Acid 256 (% a/a) 258 (% ala) 264 (% al/a) 263 (% a/a)

AIC; 17.3 58.5 8.7 15.9
ZnCl, 10.9 82.0 1.8 5.3
TiCl, 1.2 0 68.2 30.6
Ti(OEt)s 83.8 6.4 1.7 7.9

Table 5 — Effects of varying Lewis acid on reaction products

The observation of small amounts of the amino acid (263) was encouraging and implied
that the desired imine was being formed and reduced effectively. Ester hydrolysis,
presumably facilitated by TiCl, and either via the acid chloride or by direct attack on the
methyl group, suggests that the conditions are too harsh. More worrying was the
observation of a species which appeared to be the amino amide (264). This species could
potentially be formed via tautomerism of the imine into conjugation with the ester and
hydrolysis (Scheme 69). Formation of this compound alerted us to the possibility of
scrambling of the isoleucine stereocentres and was something which needed close
monitoring. The presence of the hydroxyamide (258) was expected, and arised from
reduction of the unreacted ketone (256). The presence of the ketone itself (256) was
more surprising because reduction would be expected. Analysis of the reaction mixtures

by proton NMR failed to shed any further light.
NH, (\o
52 _oMe 'ED OMe O,_-OMe WNJ
B
HC I o)
L Wl . 264
/\‘;/ NH o /\9/ |NH (\o /\‘INH o
[ h S — ) — CA/W —= o om
O 257 HDO O 265 /\‘j\[o
266
Scheme 69 — Mechanism for the formation of amino amide 264

As TiCl, was successful in effecting the imine formation, a limited solvent screen was

performed with the reactive Lewis acid and only minor differences were observed
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(Table 6). Approximately 1:1 mixtures of the ketone (256) and the hydroxyamide (258)
were seen (on quench with excess NaBH,) after addition of 0.5 equiv TiCl, but this
increased to around 3:1 after addition of a further 0.5 equiv. Extending the quench time

did not affect the observed mixture.

Solvent Temperature 256 (% a/a) 258 (% a/a)
Toluene 20°C 70.7 15.1
Dichloromethane 20°C 55.0 17.3
THF 20 °C 70.7 16.7
DMF 20 °C 58.5 16.0

Table 6 — Solvent screen for imine formation with model ketoamide 256

One of the drawbacks associated with the current strategy of reaction investigation is the
assumption that imine reduction occurs immediately when a sample is quenched with
NaBHj,. Ideally, a method of observing the imine directly would be preferred. Proton
NMR was ineffective due to the number of components within the reaction mixture.
Application of a high-pH LCMS method using an ammonium bicarbonate buffer at pH
10 enabled us to observe the imine. It showed us that the species observed as the
ketoamide (256) was in fact the desired imine (257). Crucially, this showed that our
assumption that the imine would be reduced rapidly was incorrect. Research by Banik
and co-workers confirmed that reduction of sterically hindered imines with sodium

borohydride was more difficult than anticipated.'?®

The real system could now be re-examined with a significantly improved method of
reaction monitoring available, and conditions to give conversion to the desired imine in
hand.
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3.2.3 Imine Formation with Ketoamide 3

Using this newly discovered analytical method and the strongly Lewis acidic conditions
the reaction time course of imine formation with the oxazole derived system was studied
(Scheme 70, Figure 14). The desired imine (110) was observed as a mixture of E-and Z-
diastereoisomers (110a,b) by LCMS (Method C). However, relatively rapid decay of
this desired product to the 1,4-addition product (252) occurred due to the reversibility of
the imine formation (Figure 14).

(0] O
(@] OMe H NJ
o) (\O - o) Tic "'/,NE_Z mixture j)( | I
H |
o) lilH THF Y (0] H
° 102 Y \<o I 110 g W\

Scheme 70 — Imine formation of oxazole ketoamide
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Figure 14 — Reaction profile of imine formation

The desired imine appears to be the kinetic product with the undesired 1,4-addition
product acetamide (252) the thermodynamic sink. Attempted reduction of this imine
with sodium borohydride was unsuccessful and confirmed the difficulties in reducing

such hindered systems.

Confidential 79|Page



3. Results and Discussion Part 1; A New Route to GSK221149

3.2.3.1 Optimisation of the Imine Formation Conditions

The imine (110) appeared to be formed rapidly under the Lewis acidic conditions, but
turned over to the 1,4-addition product (252) more slowly, so the reaction temperature

was reduced to prolong its lifespan (Figure 15).

100

90 -
80 -
70 A
60 - —@— Ketoamide 102
50 - —— Acetamide 252
40 - E-Imine 110b

30 1 —a— Z-Imine 110a
20 -

10 -
0

%al/a

0 50 100 150 200
Time (min)

Figure 15 — Reaction profile of imine formation at 0 °C

It was surprising that complete consumption of the ketoamide (102) was not observed,;
only 0.5 equiv of TiCl, should be required to facilitate imine formation. In practice
however, dispensing this highly water reactive material as a neat liquid provides ample
opportunity for the material to hydrolyse, causing the stoichiometry in the reaction
mixture to be lower than desired. In addition, metering such small quantities accurately
(ca. 30 pL) is difficult. Brief assessment of the amount required showed up to 1.5 equiv
was required for achieving >95% conversion to the imine (110). To help reduce the
hydrolysis of TiCly, it was decided to use the material as the commercially available 1 M
solution in dichloromethane. Using this form, only 1 equiv. was required for smooth
conversion to the imine. Using dichloromethane as the solvent also gave an improved
reaction profile over that obtained in THF. However, use of dichloromethane on scale is
undesirable due to its environmental impact. A selection of alternative Lewis acids
including various trifluoromethanesulfonates were trialled to replace titanium

tetrachloride, but none were as effective.
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Clearly, base is required in the reaction to prevent protonation of the amine by HCI
released from the TiCl,. A 2-3 fold excess of the methyl D-allo-isoleucinate (66) was
used initially; however, it was soon shown that 1 equiv was sufficient when combined

with 3 equiv. triethylamine as a sacrificial base.

The work-up procedure was then investigated; the key aim of this optimisation was to
find conditions for the isolation of the imine, or at least for the preparation of a stable
stock solution. With the knowledge that the stability of imines is greater under neutral to
basic conditions, and the direct evidence that the imine was stable at pH 10 under the
ammonium bicarbonate modified LCMS conditions, aqueous sodium hydroxide washes
were tried initially. When the reaction was carried out in both THF and
dichloromethane, 5 M NaOH solution could be added to give a biphasic system in which
the desired imine was stable and remained in the organic phase. However, on addition of
the NaOH solution, precipitation of a fine white solid was observed. The solid, assumed
to be titanium dioxide, was difficult to filter and obscured the phase separation. To avoid
the precipitation of solids, acid and neutral work-ups were investigated. When the
dichloromethane reaction mixture was quenched with water instead of NaOH solution,
the solids did not precipitate, and the pH of the aqueous phase was measured at 2. To our
surprise, the imine was retained solely in the organic phase and was sufficiently stable
under these conditions to allow removal of the titanium dioxide. This unexpected
stability can potentially be rationalised, as the water content of the dichloromethane
layer is low, limiting the rate at which hydrolysis can take place. Simply concentrating

the washed organic phase afforded the desired imine.
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3.2.4 Characterisation of Imine 110

The imines could now be characterized thanks to the fortuitous discovery that the by-
products could be washed from the reaction mixture with water allowing facile isolation.
Throughout the investigation of this reaction, two peaks were observed by high pH
LCMS with molecular ions corresponding to the desired imines. It was assumed that
these two peaks were the E- and Z-diastereoisomers, but this assumption needed to be
tested. It was also noted that in dichloromethane, one of the peaks appeared to be formed
more quickly, but when the reaction was allowed to stand, the mixture equilibrated to an
approximately 1:1 mixture of the two peaks. The crude mixture was purified by high pH
MDAP which readily separated the two isomers. The earlier running (thermodynamic)
product was isolated cleanly, whereas the later running (kinetic) product was isolated
cleanly initially, but isomerised to a mixture of the two by the time evaporation of
fractions was complete. Spectral analysis was used to show that the two compounds both
fitted the structure of the imines. However, there were significant differences in proton
chemical shifts between the two isomers, particularly in the methine proton a-to the
methyl ester. A significant downfield shift in the kinetic isomer suggested an interaction
with an aromatic n-system. In order to gather more information on the structure of the
isomers, the through-space correlative technique ROESY was used.*? By this time, both
samples had begun to isomerise to form mixtures, but with one clean NMR spectrum in
hand, correlations could be assigned to the correct isomer.
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Figure 16 — Thermodynamic (E) imine isomer (110a), prior to isomerisation
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Figure 17 — Mixture enriched in kinetic (Z) imine isomer (110b)
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Figure 18 — ROESY plot of a mixture of E and Z imine isomers (110a & 110b)

Correlation C between protons 4 and 5 (Figure 18) in the kinetic product suggests this
isomer is in the E-configuration. Correlations A and B between morpholine protons 3
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and both protons 1 and 2 in the thermodynamic product suggests that this is in the Z-
configuration. It also suggests that the conformation of the Z-isomer has changed with a
rotation around the central bond, bringing the oxazole and morpholine into close
proximity. This would provide a structure in which the two polarized carbonyl and imine
bonds are in an unfavourable syn relationship, but would allow the bulky iso-butyl
moiety to be adjacent to only the amide oxygen, which would be sterically favoured.
These observations can be rationalised by assuming that the ketoamide (102) sits in a
conformation in which the two carbonyls are anti to each other, a conformation likely to
be preferred as the two dipoles are diametrically opposed. Initial attack of the bulky D-
allo-isoleucine (66) would then occur from the direction of the oxazole moiety, being
considerably smaller than the morpholine, and initially afford the E-imine (110D).

Energy minimization calculations using MOE 2009.1001 software applying the
MMFF94x forcefield identified a number of low energy conformations for the two
isomers. The structures shown (Figure 19 - Figure 21) are consistent with the
correlations seen in the ROESY spectra.

MeO (@]

N
| z
);N N
[ ] 110a; Thermodynamic product
O

Figure 19 — A low energy conformation showing the origin of correlation A
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Figure 20 — A low energy conformation showing the origin of correlation B
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Figure 21 — A low energy conformation showing the origin of correlation C

These structural representations are also supported by analysis of the energies over a
number of conformations (Figure 22). A number of low energy conformations exist for
the kinetically preferred E-isomer (110b) in which H4 and H5 are within 3A, distances
which would be expected to give a ROESY correlation, as observed. However, none of
the low energy conformations generated for the thermodynamically preferred Z-isomer
(110a) showed an H1-H2 distance of less than 4A, which is consistent with the absence
of an H1-H2 cross peak in the ROESY spectrum.
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Figure 22 — Conformer energy vs inter atomic distance
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3.3 Imine Reduction
With a method in place to prepare the imine, attention turned to its reduction to provide

the amine (111). A range of commonly used reducing agents was screened and the

results are given below.

o
z

Ay ka“j )i\ﬁg\@)\“ N

N \) NH, 66 0/71\\ I o] I o
72 7 _ _
\</ ﬁ i) 1 eq. TiCl, >/ >/

102 i) Reductant (SSR) 111 (RSR) 267 106

0°C THF

Reductant Catalyst 111 (%0 a/a) 267 (% a/a) 106 (% a/a) 102 (% a/a)

BH;. THF None 5.9 4.2 38.5 24.8
CatBH None 16.7 8.8 37.5 10.6
DIBALH None 1.9 0 4.7 7.2
LiAIH, (1 eq.) None 13.5 6.8 23.8 19.9
LiAIH, (4 eq.) None 0 0 12.8 0
NaBH./ZnCl, None 26.2 18.9 32.6 5.9
NaB(OAc)sH None 4.0 7.7 21.7 39.2
LiBH,4 None 7.8 8.3 36.4 12.8
LiBEt;H None 5.0 3.5 17.4 23.9
EtsSiH RhCI(PPhs)s 0 0 0 22.6
ClsSiH RhCI(PPhs)s 1.0 3.4 10.9 94
PhSiH; RhCI(PPh3)3 0 0 2.3 16.7

Table 7 — Reducing agent screen.
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In a number of reactions, two resolved peaks were observed in the HPLC. Both had ion
masses corresponding to the desired amine; they are presumably diastereoisomers
arising from the newly created stereocentre. An authentic sample of the desired isomer
(111), synthesised via the existing alkylation route (Scheme 25), was used to confirm its

identity.

(SSR) 111 (RSR) 267

The NaBH4/ZnCl, and catecholborane systems were effective in reducing the imine; the
NaBH4/ZnCl, system was particularly effective because minimal ketone formation
occurred. Whilst not the cleanest reaction, it was decided to use this hit to isolate product
as attention was still focussed on proving the viability of the route rather than optimising
the processes.

3.3.1 Reduction of Imine 110 using ZnCl,/NaBH,

Although the HPLC retention times from the reduced reaction mixtures matched closely
with a sample of the authentic amino ester (111), isolation and characterisation of the
compound produced via ZnClyNaBH, reduction was required for confirmation of

structure.

Rather than preparing the Zn(BH,), in situ, as in the screening experiment, a stock
solution was prepared. This would allow less ambiguous assignment of the species
present in solution. The stock solution was prepared according to the method of
Narasimhan,™* by reacting sodium borohydride with zinc chloride in THF. In our case, a
standard solution of anhydrous zinc chloride was used instead of freshly fused solid. The
sodium chloride precipitate was simply filtered off and the resulting Zn(BH,), solution

was used as required.
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The reductive amination reaction was then scaled up to 500 mg (Scheme 71) with the

aim of isolating and characterising both diastereoisomers (111, 267).

\/g\)?\ O.__OMe O.__OMe
Y OMe /, 1 3
(0] (0] H Sy, Ly,
— L2 n LN
5 | o i) 1 eq. TiCl, I oS
102 ii) 1 eq. Zn(BHy,), >§N 0 );N o]
0°C THF (SSR) 111 (RSR) 267

/,,

Scheme 71 — Reductive amination

Imine formation and reduction were performed successfully, and the diastereoisomers
were separated by preparative chromatography in low yield (15%). Analysis by LCMS,
'H NMR, **C NMR and HMBC was concordant with the desired products. In particular,
HMBC 3Jco.n1 and 2Jcans correlations were indicative of the desired connectivity and

thereby validated the initial stages of the route.

It was observed that the intensities of the product peaks in the HPLC decreased with
time during the zinc borohydride reduction, with long reaction times yielding no
product. It was postulated that instability of the product to the reaction conditions was
the cause of the low vyielding reaction. This instability was confirmed by exposing the
isolated amine 111 to TiCly and Zn(BH,), in THF. The amine was stable to titanium
tetrachloride; however on addition of zinc borohydride, the amine decomposed to a
number of impurities with low UV response at 220 nm. It is thought that reduction of the
oxazole destroys the chromophore and yields products which are non-UV active. This
result may also help to explain why incomplete reaction is observed even when a full
molar equivalent of zinc borohydride is used (a four-fold excess of hydride assuming all

four equivalents can be transferred).

3.3.2 Catalytic Hydrogenation of Imine 110

As the best metal hydride conditions for the reduction of the imine (110) were still not
ideal, transition metal catalysed hydrogenation was investigated as an alternative. The

optimised imine formation conditions (1 equiv. of methyl b-allo-isoleucinate, 3 equiv. of
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NEts, 1 equiv. TiCly, dichloromethane, 0 °C) were scaled up to provide 7.26 g of a

roughly 1:1 mixture of isomers in 93% yield. A screen of hydrogenation conditions was
then performed with the material, using readily available 10% Pd/C as catalyst at 25 °C

in different solvents and under different pressures.

MeO O
I/\ O.__OMe O.__OMe O.__OMe
I . /\‘j/N N RN

: H, Pd/C
o
);N N G = Solvent o/ﬁ o B
[j );N 0 >;N (0] >;N (0]
o)

110a 110b (SSR) 111 (RSR) 267
Scheme 72 — Hydrogenation of imine 110

Reaction  Solvent Catalyst Temperature  Pressure ogggg\?e(g?
1 THF Pd/C - 0.5 wt 25°C 1 bar Yes
2 Toluene Pd/C - 0.5 wt 25°C 1 bar Yes
3 EtOH Pd/C - 0.5 wt 25°C 1 bar Yes
4 THF Pd/C - 0.5 wt 25°C 3 bar Yes
5 Toluene Pd/C - 0.5 wt 25°C 3 bar Yes
6 EtOH Pd/C - 0.5 wt 25°C 3 bar Yes

Table 8 — Hydrogenation reaction screening results

The reactions were monitored by high pH LCMS in order to observe the imine directly.
Using this system, poor peak shape and overlap of both isomers of the imine with both
diastereoisomers of the product amine meant that quantitative analysis was difficult.
Product was observed in all reactions and reaction rates could be inferred from the
hydrogen uptake curves generated by the hydrogenation instrument. Once it was known
that there was minimal hydrolysis of the imine under the reaction conditions (by high pH
HPLC, Method C), it should be possible to quantify the reaction progression by
quenching into dilute acid and monitoring by generic TFA-modified HPLC (Method A)
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for future experiments. Any imine would be observed as ketone, which is readily

resolved from the product amines.

It is possible to compare rates of reaction using the hydrogen uptake curves (Figure 23),
with the reactions corresponding to those in above (Table 8). As expected, reactions
performed at lower pressure (1 bar), are generally slower than the comparable reactions
run at higher pressure (3 bar). Hydrogen uptake rates in THF and toluene were
comparable, whereas those in ethanol were considerably higher. This was also expected
due to the increased solubility of hydrogen in ethanol over THF and toluene. Analysis of
reaction 6 by generic TFA-modified HPLC (Method A) showed the reaction to be
remarkably clean, with only minimal impurities in addition to the desired product
diastereoisomers. The product could be further purified, if required, by a simple

acid/base extractive work-up.
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Figure 23 — Hydrogen uptake curves of reactions in Table 8

The hydrogenation at 3 bar in EtOH was immediately scaled up to ~7 g with the ultimate
goal of providing API from this material in order to assess the ratio of D-allo-isoleucine
diastereoisomers. Hydrogenation proceeded smoothly to give the desired amine as a 1:1
mixture of diastereoisomers (111, 267) in 84% yield. NMR analysis suggested the
material was of sufficient purity to use crude in the following step (hydrolysis of the
ester).
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3.4 Ester Hydrolysis and Diastereoisomer Separation

The initial conditions investigated for the hydrolysis of the methyl esters (111, 267)
(LiOH, MeOH, Scheme 73) were successful in giving complete conversion to a 1:1
mixture of diastereoisomers of the amino acid (89, 268) with no decrease in purity.

Separation of the diastereomeric mixture of amino acids was now the goal.

O<_OMe O<_OH
" NH RN
Y03 e T

~ —_— ~
o}

(0]
=N O 1:1 MeOH/Water )ﬁN (o)
o]
111, 267 60°C 89, 268

Scheme 73 — Hydrolysis of amino ester 111, 267

Whilst working on the alkylation route (Scheme 25), a previous team member'*! had
observed that following hydrogenolysis of the benzyl ester (109) under neutral
conditions (Scheme 74), the zwitterion form of the desired diasteroisomer (89) could be

preferentially crystallised from i-PrOH.

HyPd/C "
WH(NQ ) o

le} = >; N (@] ); N (@)
=N ¢}
268 89
109 Crystallises from iPrOH

Scheme 74 — Hydrogenolysis of benzyl amino ester 109

Adjustment of the pH of the hydrolysis reaction mixture to the iso-electric point (pl) and

crystallization was explored to allow the isolation of the desired diastereoisomer (89).

The pl was measured by titrating 0.1 M HClyq into a sample of authentic, pure
zwitterion (89) treated with excess base and produced via the alkylation route. The pH

curve is shown (Figure 24).
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Figure 24 — pH curve of amino acid 89

The addition of the first 0.5 equivalents of acid changes the pH minimally as at this point
excess NaOH is being protonated. Once the excess NaOH is fully protonated, the pH
drops rapidly to around 8, where protonation of the amine begins to buffer the system.
After addition of 1.5 equiv. of acid, the amine is now fully protonated and again the pH
drops to the point where the carboxylate begins to be protonated, again buffering the
system. After the addition of 2.5 equiv of HCI, another step in the curve should be
observed; however, due to the particularly acidic nature of the carboxylic acid, the pH of

0.1 M HClgq) is not sufficiently low to cause a step to be observed.

From the curve, the pK, of the protonated amine can be measured at 6.6 (the point where
50% of the amine is protonated) and the pK, of the acid can be measured as 2. From

these measurements, the pl can be calculated as 4.3.

These pK, values are largely typical of amino acids of this type and can be readily
rationalized.™ The carboxylic acid of an amino acid is significantly more acidic than
other carboxylic acids due to the inductive effect of the electronegative cationic
nitrogen. This is exemplified by glycine, which has a measured carboxyl pK, of 2.79.*
The reduction in basicity of the amine over typical nitrogen bases, such as triethylamine,
is attributable to the electron withdrawing nature of both the morpholine amide and

aromatic oxazole in close proximity.
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These measurements could then be re-applied to the real system, with the aim of careful
adjustment of the pH to the isoelectric point followed by removal of water, either by
extraction or concentration, and then crystallisation of the desired diastereoisomer from
i-PrOH. Acetic acid was chosen for acidification as it is sufficiently acidic to protonate
the amine, but not the carboxylic acid. This would mean that excess acetic acid could be
removed by evaporation. After pH adjustment to pH 4.7, the aqueous solution was
freeze dried. Attempted crystallisation from i-PrOH unfortunately yielded the undesired
isomer (268) in 93:7 dr. lon chromatography showed that the sample contained 2.2%
w/w lithium, consistent with the presence of the lithium carboxylate (calcd. 2.01% w/w)
plus a small amount of lithium acetate. It was already known that the lithium carboxylate
of the undesired diastereoisomer (268) would readily crystallize from i-PrOH. However,
it was expected that adjustment of the pH to 4.7 would ensure that only zwitterion was
present, thereby preventing crystallisation of the undesired diastereomer. Freeze-drying
may perturb the equilibrium between lithium acetate and the lithium carboxylate in the
direction of the lithium carboxylate, due to evaporation of acetic acid. The resulting salt

then crystallises from i-PrOH.

3.4.1 Crystallisation of the Amino Acid (89)

It was decided to re-acidify the mother liquors containing the desired diastereocisomer
(89) with a stronger acid since the crystallisation of the undesired diastereoisomer can
potentially be explained by an equilibration with a relatively weak, volatile acid.
Aqueous HCI was titrated into the evaporated liquors to adjust the pH to 2.8. Again the
aqueous solution was freeze dried and the residue was dissolved in i-PrOH. No
crystallization was observed despite seeding with authentic material. Another trial was
run in which the solution was acidified to pH 1.5 to ensure complete protonation of all
species, but again, no crystallisation of the desired isomer was observed from i-PrOH.
The hypothesis as to why crystallisation could not be established now shifted as pH
effects had been ruled out by investigation. It was postulated that the effect of dissolved

salts carried through from the hydrolysis were inhibiting crystallisation. In order to
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remove the dissolved lithium acetate from solution, extraction of the amino acid (111)
into an organic solvent at its isoelectric point was attempted. Unfortunately, extraction
failed at all pHs and the compound remained in the aqueous phase. Presumably, the
charged molecule, in combination with the polar oxazole and morpholine moieties, do

not allow solubility in the organic solvent.

The removal of salts was then attempted by solid phase extraction. This is a powerful
technique, but is not a preferred method as it cannot be readily scaled up. An aqueous
solution of the desired amino acid (89) at pH 4.7 was loaded onto a C1g column, which
was eluted with water to remove the polar lithium salts. Once the removal of salts was
complete, as observed by a reduction in the UV absorption of the solution (LiIOAc
absorbs weakly at 220 nm), methanol was used to flush the product and any other
adsorbed compounds from the column. This provided a solution of the desired
diastereoisomer and related impurities in methanol, with only a minimal amount of
water present. The solution could then be concentrated and the residue dissolved in i-
PrOH. Crystallisation of the desired diastereoisomer initiated, to afford material of high
purity. It is assumed that the hypothesis was correct, and that dissolved salts alter the

polarity of the i-PrOH sufficiently to inhibit the crystallization.
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3.5 Synthesis of GSK221149

With pure material in hand, and with spectral data consistent with the material produced
via the alternative alkylation route, the proof of principle of the reductive amination
route was complete. However, data on the enantiomeric purity of the sample was not
available as an analytical method had not yet been developed. In order to assess the
enantiomeric purity, the material was progressed to API via the existing acylation and
hydrogenation/cyclisation chemistry. At the API stage there were analytical methods

available to distinguish between the diastereoisomers.

3.5.1 Acylation of the Amino Acid (89) with Protected Indanyl Glycine (64)

The acylation of the amino acid (89) had been previously investigated as part of the
alkylation route. Optimal conversions were obtained by forming the acyl chloride of the
protected indanyl glycine (64) which could then be reacted with the amino acid (89) in
the presence of pyridine. The mechanism of acylation is believed to involve initial
acylation of the carboxylate to give a mixed anhydride which then undergoes
intramolecular acyl transfer (Scheme 75). This is thought to be the case because of the
significant steric bulk of the amine which prevents its direct acylation. This type of acyl
transfer mechanism was first proposed by Sollis when investigating similar acylation
reactions.** Further evidence for this mechanism is that acylation of the corresponding
amino ester (111) is unsuccessful.
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Scheme 75 — Acyl transfer mechanism

Formation of acid chlorides from N-protected a-amino acids is an extensively studied
field, and racemisation of the a-stereocentre is a well known problem.* In our case,
racemisation was not observed; however, acid mediated deprotection of the CBz group
was observed.”® In order to overcome this problem the mild chlorinating reagent 1-
chloro-N,N-2-trimethylprop-1-en-1-amine (Ghosez’s Reagent, 269) was used. *** This
allows the formation of acid chlorides under neutral conditions by a mechanism similar
to that of the Vilsmeier reagent. Once the desired amide had been formed, the by-
product iso-butyramide could be washed out and the product crystallised in 43% yield.

3.5.2 Deprotection and Cyclisation of the GSK221149 Precursor (91)

Hydrogenolysis of the amide (91) catalysed by palladium-on-carbon facilitated facile
CBz cleavage; the resultant amino acid then cyclised spontaneously to afford the API,
GSK?221149. This was crystallized as an EtOAc solvate and was re-crystallised from s-
BuOH/heptane to provide the desired polymorphic form.
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H, 10% wt. Pd/C
HO\”\\\\- o 91 i-PrOH HN O 5; GSK221149
o) o

Scheme 76 — Synthesis of GSK221149
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3.6 Comparison of GSK221149 Derived from the Two Routes

The GSK221149 produced via this new chemistry was analysed by *H NMR alongside
equivalent GSK221149 produced from the existing Ugi route; the spectra are shown
(Figure 25). The material is crystallised as an ethyl acetate solvate in both cases and the
spectra are concordant. This result confirms that the new reductive amination chemistry

is capable of forming the correct product, GSK221149.

Reductive amination route
GSK221149
09 3
08 3
E DMSd-d6
I EtOAC
4 3 EtOAC
03§
073 EtOAC
013
0]
R IR R e R A R RN ReE
85 80 75 7.0 65 6.0 55 5.0 45 40 35 30 25 20 15 10 05 0
Chemical Shift (ppm)
Ugi route
E GSK221149
09 4
038 §
07 3
2 A
2
3 06 §
£ 7]
5 7
%o,sé E:QAC
E
2047
033 EtOAC
02 3
E Efonc omsqlds
01 4
|
R R S R R R R R RS
85 8.0 75 7.0 65 6.0 55 5.0 45 40 35 30 25 20 15 10 05 0

Chemical Shift (ppm)

Figure 25 — Comparison of "H NMR from GSK221149 produced by different routes.
3.6.1 Analysis of New Route GSK221149

While proof that the new route chemistry is capable of forming the correct product is
crucial, the purity of the product, in particular with respect to the contaminant isomer
content, is also important. There are 16 stereoisomers of GSK221149 and all have been

Confidential 100|Page



3. Results and Discussion Part 1; A New Route to GSK221149

previously synthesised.®® They are shown (Table 9) as pairs of enantiomers, and are

numbered by elution order for convenience.

No Enantiomer 1

Enantiomer 2
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RS 2

N N
C@ oY o oY o
5 HLN N N
AN O 279 HN O 280
oH sH "

(R)-Indanyl glycine-L-isoleucine (S)-Indanyl glycine-D-isoleucine

0] o

(R)-Indany! glycine-D-allo-isoleucine

S)-Indanyl glycine-L-allo-isoleucine
GSK221149 S) yiay

Table 9 — Diastereoisomers of GSK221149

The API release method is an HPLC method which is validated to analyse, and approve
for use, APIs destined for use in clinical trials. The method is capable of separating the
eight pairs of enantiomers and it was used to analyse the material synthesised via this
new reductive amination route; the results are shown (Table 10). Diastereoisomers not

detected by the analysis are not listed.
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Peak Name RRT Peak Area (%0)
RRT =0.51 0.51 0.10
Diastereoisomer
pair 2 (273, 274) 0.67 0.07
Diastereoisomer
pair 5 (279, 280) 0.78 0.07
Diastereoisomer
pair 6 (281, 282) 0.88 0.06
Diastereoisomer
pair 7 (283, 284) 0.97 0.19
GSK221149 (5) 1.00 99.05
RRT =1.15 1.15 0.13
RRT =1.25 1.29 0.35

Table 10 — HPLC analysis of GSK221149 made using reductive amination route’*®

Impurities at RRT = 0.51 and 1.15 have not been previously observed in API samples
and are therefore new to this route. Impurity with RRT = 1.25 has previously been
observed in API produced via Route A, and is known to be purged during the final stage
re-crystallisation. Several diastereomeric impurities were also observed. The presence of
diastereoisomer pair 7 (283, 284) at a level approaching 0.2% a/a is of particular

importance as this would currently fail to meet the API specification.

Diastereoisomer pair 7 (283, 284) differs from GSK221149 only by the inversion of the
[B-isoleucine stereocentre (283). It is assumed that it is not the enantiomer (284), where
all stereocentres apart from that in the p-isoleucine have undergone inversion (which
seems unlikely). Inversion of the B-centre may occur during the reductive amination
procedure by a mechanism depicted (Scheme 77). Deprotonation of the a-hydrogen to
give an imine in conjugation with the ester (288), then tautomerisation to the
corresponding enamine (289), is possible. If this mechanism were in operation, it would

be expected to also see significant quantities of diastereoisomer pair 3 (275, 276) due to
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inversion of only the a-stereocentre, and diastereoisomer pair 4 (277, 278) due to the
epimerisation of both. The absence of these impurities casts doubt over whether the

tautomerisation mechanism is operative.
O._OMe O._OMe O._OMe O._OMe

\rkw

%]/
O _— H —_— K\
N Shn ﬁw ﬁy
\<o ])\g/ - O])H?g/ . \<O | o — | o

288 o 289
Scheme 77 — Possible mechanism for epimerisation of isoleucine stereocentres
The most likely alternate source of the p-epimer (283) is contamination of the Dp-allo-
isoleucine (290) used in the process with D-isoleucine (292). However, analysis of this

material did not reveal the presence of any of the contaminant isomer.

(@] (e} =
HO/U\)\/ Ho)Ké/\/
NH, 290 NH, 291
D-allo-isoleucine L-allo-isoleucine
i ; )OJ\)\/
HO)H/\/ HO™ ™
NH, 292 NH, 293
D-isoleucine L-isoleucine

The B-epimer (283) is therefore a process impurity (formed during chemistry). The
enamine mechanism described (Scheme 77) is still the most plausible hypothesis. It may
be that the conformation of the molecule strongly dictates from which side re-
protonation of the imine occurs, meaning little epimerization at the a-centre is observed
and little of 276 is formed. Alternatively, it may be that 276/275 is formed, but is
removed in one of the crystallisations more effectively and is therefore not detected in
the API. Another possibility is that the configuration of the a-centre is inverted during
the acyl transfer amidation chemistry which would render the effects of a-epimerization
during the imine formation invisible. Whilst investigating a similar acyl transfer
reaction, Sollis noted inversion of the leucine a-stereocentre apparently controlled by the

phenylglycine stereocentre (Scheme 78, Table 11).*
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L I TP E § o'
1 HN - = N
%\W)J\OH HO\[(LQ I \ﬁ ii) HN% I \ﬁ
NHBoc
294 295 5 /k 296

i) i-PrOCOCI, N-methyl morpholine, THF; ii) HCI, dioxane, 3 h.

Scheme 78 — Acyl transfer reaction investigated by Sollis**

Indanyl Glycine Amino acid Reaction Product
Stereochemistry ~ Stereochemistry ~ Temperature  Stereochemistry

1 2 3 1 2 3
R R S -20°Cto RT R S S
R R S -20°Cto-10°C R RIS S
S R S -20°Cto RT S S S
R S R -20°Cto RT R R R

Table 11 — Inversion of a-stereocentre®

He reasoned this inversion was occurring via a Minchnone intermediate (297) and, by
molecular modelling, showed that intermediate 297 was 40 kJmol™ more stable than
intermediate 299. He also showed that epimerisation to afford the more stable

diastereoisomer could occur readily at room temperature.

o o o

BocHN/;\ H BocHN/;\ H BocHN/;\ H
o <N* N\ﬁ o <N* N\ﬁ o <N* N\ﬁ
o —{ o ., O

0»45\ 297 _O>/5\ 208 o )\ 209

Scheme 79 — Inversion of leucine a-stereocentre via minchnone intermediate 298

It is possible that a similar mechanism is active in our case and that epimerization of

both a-and B-stereocentres occurs during imine formation, but that the corresponding a-
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epimer is not observed due to inversion during the acyl transfer reaction. In addition to
this being an interesting area for investigation in itself, complete inversion could allow
readily available L-isoleucine to be used to provide GSK221149 instead of the more
expensive D-allo-isoleucine. Further investigation into this area was not carried out, but

could, however, form the basis of future work.

Up to this point the investigations have been concerned primarily with the feasibility of
the synthesis of GSK221149 by the proposed reductive amination chemistry. It has now
been demonstrated that the route is viable and can produce material very close to the
required clinical specification. However, in order to form part of a long term
manufactuing route the processes need to be optimised to improve the yields and
manufacturability attributes. The following pages document these investigations.
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3.7 Changing the Ester Protecting Group Strategy

One significant problem in the ability of the route to provide material on a large scale
was the difficult isolation of the amino acid (89) after ester hydrolysis. Currently, solid
phase extraction using a Cig column was required to separate the polar zwitterion from
inorganic salts which inhibit crystallisation. A significant body of work was undertaken
attempting to extract the zwitterion (89) into organic solvent, without success.*®® It was
postulated that cleavage of an ester under non-hydrolytic conditions could allow direct
crystallization of the desired amino acid without the requirement for solid phase

extraction.

3.7.1 Enzymatic Ester Cleavage

There are a number of methods for alkyl ester cleavage under neutral conditions; for

1. is mild and

example the use of trimethylsilyl iodide as described by Olah et a
effective. However, concerns remained that methods such as this use highly reactive

reagents and could still suffer from crystallisation inhibition.

A neutral, catalytic method of ester cleavage was therefore sought, and it was postulated
that enzymatic ester cleavage methodology could be applicable. Our strategy was to
screen a wide range of commercially available hydrolases against both the methyl and
ethyl esters in aqueous media in order to give the best chance for ester cleavage to occur.
From this initial screen, it was hoped to find a shortlist of enzymes that effectively
catalysed the hydrolysis which could then be applied to a second set of reactions. These
reactions would investigate the catalytic hydrolysis reaction in water-wet organic solvent
which might allow crystallisation of the amino acid without the need for solid phase

extraction.

Initially, both the methyl and ethyl ester substrates (111/267, 300) were screened
(Scheme 80) due to concern that the methanol released may de-nature the enzymes and

inhibit further hydrolysis.
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Scheme 80 — Enzymatic ester cleavage in pH 7 buffer

The results of the initial screen are presented (Table 12) and show the six enzymes from
the 46 screened which gave over 1% conversion to the desired amino acid from either
the methyl or ethyl ester. Perhaps unsurprisingly, the majority of active enzymes were
proteases; because the substrate contains an amino acid and an amide bond, it does bear
some resemblance to a peptide. However, amide cleavage was not observed in these
reactions. Although the conversion to amino acid was low, it was hypothesised that the
activity could be sufficiently different in organic solvents to warrant further
investigation. A similar phenomenon had been observed by Karube et al.**® whilst

investigating the enzymatic hydrolysis of polysaccharides.

Methyl Ethyl
Type Strain % ala %ala % ala % ala
Desired Undesired Desired Undesired
Lipase Pseudomonas 0.49 0.07 1.34 0.26
cepacia
Alkaline N/A 6.17 417 8.01 7.84
Protease B
Protease B Bacillus subtilis 1.70 0.58 0.87 0.41
Protease C Bacillus subtilis 7.06 5.69 6.05 7.00
Protease Bacillus sp. 1.23 1.05 2.28 2.44
Protease B Bacillus sp. 1.12 0.89 2.03 2.11

Table 12 — Enzymatic ester cleavage in aqueous media
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These six hits were then screened against the methyl ester in a range of water-wet
organic solvents. It was decided to use solely the methyl ester in this study as minimal
differences were observed between the two substrates when carrying out the hydrolysis
in aqueous media. The organic solvents chosen were selected based on their suitability
for water removal by azeotropic distillation; it was anticipated that this would be
required prior to crystallisation. The solvents chosen were toluene, 2-Me THF, t-butyl
methyl ether, methyl i-butyl ketone, diisopropyl ether and acetonitrile (10% wet) and 36
experiments were run so that each solvent was used in conjunction with each enzyme.
Disappointingly, no ester cleavage was observed in any of the reactions. It is possible
the enzymes are not stable in the solvents investigated (which would be easy to test with
model substrates), but it is more likely that the significantly reduced concentration of
water retards the reaction rate. It is also possible that due to the long reaction times the
proteases are beginning to self digest; a process which had been previously observed by
Mitchell et al..** Increased activity may occur using the lipase in a biphasic system as
these enzymes typically operate in micelles and at phase boundaries. However, given
that the activity in agueous media was low, and that no increase in activity was observed
in organic solvents, it was decided to suspend this avenue of research. It was believed
that enzymatic ester cleavage under neutral organic conditions is a viable strategy to
allow the isolation of the amino acid (89), but that enzyme evolution will be required in
order to obtain a sufficiently active strain.***'** Due to the time constraints of this

project, no further work was performed at this time.

3.7.2 Catalytic Hydrogenolysis of Benzyl Ester 229

With the failure of neutral enzymatic cleavage of a methyl ester, it was envisaged that
hydrogenolysis of a benzyl ester could be a successful alternative. This approach had
been previously shown to allow crystallisation of the amino acid directly from i-PrOH,
when new routes to GSK221149 were investigated by an earlier project team.*® It was
reasoned that since the corresponding methyl ester (110) could be reduced to the amine

by catalytic heterogeneous hydrogenation, the imine reduction and benzyl ester cleavage
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could be carried out concurrently, and that crystallisation from i-PrOH would provide

the desired diastereoisomer (89) cleanly (Scheme 81). However, the earlier research was

performed using the alkylation method of generating the hydrogenolysis precursor

amino ester (109), and a method did not exist for generating the desired imine (229).

o :
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Q N NH,
p-TSA
N O 198
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ii) i-PrOH cryst HO__ . o
b 89
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Scheme 81 — Synthesis of amino acid 89 via benzyl ester

3.7.3 Synthesis of Imine 229
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Scheme 82 — Imine formation conditions applied to benzyl ester 229

Initially, the formation of the benzyl ester

protected imine was attempted using the

conditions that had provided the methyl congener (Scheme 82). However, the HPLC

profile of this reaction showed considerably more impurities than the one with the

methyl ester. A significant quantity of impurity with mass MH" = 646 was generated

upon reaction quench. Isolation of this impurity by MDAP and analysis by NMR gave a

complex spectrum which could not be assigned, but the lack of an oxazole C-H at ~8.4

ppm resonance was noticeable.
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The imine above (301) is the proposed structure for this impurity; benzyl D-allo-
isoleucinate has added to the oxazole in a manner similar to that seen in the formation of
a previously observed 1,4-addition product (252) (Section 3.2.1, page 71). Rather than
ring opening to provide an acetamide (252), it is proposed that the compound undergoes
re-aromatization facilitated by the reduction of TiCl, to TiCl; in @ manner similar to that
described by Srinivas and Periasamy (Scheme 83).2** Further reaction optimization was

required in order to prevent the formation of this impurity.

N
R® R? TiCl4/NEt; R® R?

R 0°C-rt, 12 h, DCM
s 302 1a
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Z+ =«—— 01

R R Et;N R.AR o
| Cr_ N Ner
T|C|3 H Y
e
H
H 303 304 b 305

HTiCl,

Scheme 83 — Aromatisation of enamines using TiCl,/NEt; **?

Imine formation from the methyl ester was carried out predominantly using the p-allo-
isoleucine freebase, so this was the first modification to the conditions to be tried with
the benzyl ester. Generation of the benzyl D-allo-isoleucinate free base was readily
achieved by washing a toluene solution with dilute K,CO3 and drying by azeotropic
distillation, but no improvement in the reaction profile was observed. The use of benzyl

D-allo-isoleucinate hydrochloride was investigated, but again, no significant
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improvement in the reaction profile was observed. Further investigative work was
therefore carried out with the more readily available p-TSA salt. Significant
improvement was observed when the base was switched from triethylamine to TMEDA,
accompanied by longer reaction time. It is thought that coordination of the TMEDA to
the highly electron deficient titanium tempers its reactivity and gives milder reaction
conditions, and hence a better purity profile. Pleasingly, an improvement in the reaction
profile was observed when performing the reaction in toluene rather than
dichloromethane. Toluene is preferred over dichloromethane for use at scale, because of
easier waste disposal and lower environmental impact. The results described above are

summarised below (Table 13).

= 9 S
Q \/\)HD N o
0 ﬁ\\) NH, s;\© Njf,(N\)

N L 102 108 @
U\ TiCly O\H\w' SR
9 Base o

Solvent
Scheme 84 - Investigation of benzyl ester imine formation conditions

Solvent  Base  Base Equivs Amine Version 229 (% a/a) Rxn time

THF NEt; 3 p-TSA 41.1 5 min
DCM NEt; 4 p-TSA 62.2 5 min
DCM NEt; 3 Freebase 66.2 5 min
DCM  TMEDA 2.5 p-TSA 77.2 2h
DCM TMEDA 2.5 HCI 77.4 2h
Toluene TMEDA 2.5 HCI 88.7 2h
Toluene TMEDA 2.5 p-TSA 87.3 25h
Toluene TMEDA 2.0 p-TSA 76.0 25h

Table 13 — Investigation of benzyl ester imine formation conditions
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3.7.4 Characterisation of the Imine (229)

Once the imine could be formed successfully in acceptable purity, further studies were
performed on the material. In particular, we were interested in how the E/Z-ratio might
affect selectivity or reaction rate during the reduction. It seemed likely that only one of
the isomers would be reduced rapidly, making interconversion between isomers crucial
for an acceptable reaction rate. In order to assess this turnover rate, the mixture of imines
was separated by high pH mass directed preparative HPLC and the eluent solutions were
analysed by the equivalent high pH HPLC method at regular intervals.

100 ~

90_\.—‘
80 -

—0— Z-Isomer

% ala
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o

30 - —&—E-Isomer

0 10 20 30 40 50
Time (h)

Figure 26 — Equilibration of Isomer 1

40 - —@— Z- Isomer
30 - ——E- Isomer

0 T T T T 1
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Time (h)

Figure 27 — Equilibration of Isomer 2
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The analysis showed that the equilibrium ratio of approximately 4:1 was reached after
40 hours at ambient temperature in an acetonitrile/ammonium bicarbonate (10 mM
aqueous solution) buffer, but this is likely to be dependent on the solvent system. In
order to assess the effect which imine isomerisation has on the reduction reaction, the

equilibration rate in the reaction medium would need to be assessed.

We were also interested in the geometry of the two isomers and specifically whether
differences existed between the methyl and benzyl esters. A sample of partially
equilibrated imine was analysed by ROESY and the spectrum is shown (Figure 28).

Peak assignments were made based on analysis of *H NMR data of the isolated imines.
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Figure 28 — ROESY spectrum of partially equilibrated imines

Similar correlations can be observed for the benzyl variant as were seen for the methyl
ester imine (110). It appears that the E-imine (229b) is formed more rapidly, but the Z-
imine (229a) is more stable, presumably for similar reasons to those discussed in section
3.2.4.
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3.8 Catalytic Hydrogenation of the Benzyl Ester Protected Imine

With a way of making the benzyl imine (229) in acceptable purity in hand, attention
shifted to the reduction by catalytic heterogeneous hydrogenation. Application of the
conditions which were used successfully to hydrogenate the methyl ester protected imine
(110) (3.5 bar Hy, 0.5 wt 10% Pd/C (50% wet), 25 °C, MeOH) were also effective in

reducing the imine and cleaving the benzyl ester to generate the zwitterion (89) directly.
\FO \/ﬁo
N A o Hy, Pd/C N\_) o
E-Z N MeOH N
= _ > +H2N/ﬁ(

N
©\/o - fe} i-PrOH Cryst O o)
I 229 I 89
(e} (@)

Scheme 85 — Heterogeneous imine hydrogenation

The desired diastereoisomer could be crystallized from the mixture of diastereoisomers
in i-PrOH directly from the hydrogenation, with no SPE required. Unfortunately, the
imine formation afforded a 5:4 mixture in favour of the undesired diastereoisomer (-10%
de), which limited the yield of the reaction; only 26% was isolated. It is presumed that
the increased steric bulk or electronic properties of the benzyl ester influences the
binding mode of the catalyst causing the change in selectivity. A number of reactions
were performed to investigate whether the selectivity was affected under other

heterogeneous reaction conditions.
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Rxn Solvent Catalyst Temp Pressure 111 (% a/a) de (%)
1 EtOH Pd/C — E101 25°C  3bar 33 -17.6
2 EtOH Pd/C — E101 25°C 1 bar 32 -13.6
3 EtOH Pd/C —E101 50 °C 1 bar 33 -14.3
4 EtOH Pd/C — 39 25°C 3 bar 27 -23.5
5 EtOH  Pt/C-B103032 25°C  3bar 1.5 N/A
6 EtOH Rh/C — 592 25°C 3 bar 11 -16.3
7 EtOH Rh-Ru/C-118072 25°C 3 bar 2.7 N/A
8 EtOH Rh/Alumina 25°C  3bar 4 N/A
9 EtOH Pd(OH), 25°C  3bar 26 -10.5
10 EtOH Pd/C - Type457 25°C 3 bar 26 -20.5
11  PhMe Pd/C - E101 25°C 3 bar 2.6 -17

* A negative value of de denotes preference for the undesired diastereoisomer
Table 14 — Investigation of heterogeneous hydrogenation

A range of different Pd/C types were screened, with no significant effect on the
selectivity of the imine reduction. Neither temperature, pressure nor solvent had
significant effects. Alternative metals were largely unsuccessful as catalysts, and
although some reduction was observed with Rh/C, no change in selectivity was seen.
These results prompted us to abandon heterogeneous hydrogenation and focus in more

detail on asymmetric homogeneous catalysis.

3.8.1 Scale Up of Benzyl Ester Protecting Group Route

Prior to starting investigations into asymmetric hydrogenation, it was decided to scale up
the chemistry despite having shown that a heterogeneous hydrogenation would be low
yielding and therefore ultimately not a viable long term option. Such a scale-up is a
useful exercise as, not only does it instil confidence that the route is able to provide

Confidential 117|Page



3. Results and Discussion Part 1; A New Route to GSK221149
material in quantity, but that it also allows the material to be progressed to APl on a
representative scale, allowing important purity data to be generated. A large (50 g) batch
of the ketoamide (102) was taken through the benzyl route to give the amino acid (89)
in 22% yield (Scheme 86); the intermediate was elaborated to API via the existing acyl

transfer chemistry.

(\o I) NHZ /\© N// /j
N
o) N\) .p-TSA 108 £z @ :/ o
N H, Pd/C :
. s 2 N
N TiCl,, TMEDA, PhMe N MeOH N A
Yy O 102 O N2 Ho_ .L_ ©
o ii) aq. K,CO3, celite B

229  i-PrOHcryst |

Scheme 86 — Scale up of imine formation and reduction with benzyl ester

The scale-up of both imine formation and reduction proceeded as expected; however, the
acyl transfer chemistry afforded a low (26%) yield of product. The cause of this is
currently being investigated.'*® Despite this low yield, material of good purity was

produced and progressed to API, with the chemistry also performing as expected. The

material was analysed using the API release HPLC method™* and the results are shown
(Table 15).
Peak Name RRT Peak Area (%)
RRT =0.74 0.74 0.07
Diastereoisomer
pair 2 (273, 274) 0.67 <005
Diastereoisomer
pair 5 (279, 280) 0.78 ND
Diastereoisomer
pair 6 (281, 282) 0.88 <0.05
Diastereoisomer
pair 7 (283, 284) 0.97 <005
GSK221149 1.00 99.9
RRT =1.22 1.22 0.06

Table 15 — Analysis of GSK221149 derived from the benzyl protected route
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The purity of this material was considerably higher than the API derived from the route
from the methyl ester (Table 10) and exceeded the current API specification. With only
this single data point available, it is unclear why this material is of higher purity than
previous material. In order to make an accurate assessment, more sensitive analytical
methods were required to probe the purity of the intermediates, particularly the purity of
the amino acid (89). Nonetheless, this result represented an important step for the
project. It showed that API of sufficiently high purity to exceed specification can be
generated from the new route and facilitated the decision to continue work to develop
the route. Work now focussed on the development of asymmetric hydrogenation

conditions.
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3.9 Catalytic Asymmetric Hydrogenation of the Imine

As the selectivity of imine hydrogenations with heterogeneous catalysts had been
unaffected by a range of catalyst types and reaction conditions, it was decided to
investigate the use of chiral homogenous catalysts to try to improve the selectivity
(Scheme 87). Expertise and the facilities for the rapid screening of catalytic reactions
exists at a partner GSK site. It was therefore decided that the initial reaction screens and

investigations should be performed using that facility.

N

i (0] O
N A o Chiral Catalyst N\_/ (\O
E-Z N\) Hydrogen PN

N7 - HN

RO O Solvent RO_ . o)
I 110, R = Me; i 111, R = Me;
O 229 R=Bn. o) 109, R = Bn.

Scheme 87 — Proposed asymmetric reduction reaction

3.9.1 Initial screens*

Initially, reaction screens were run using the imine methyl ester substrate (110) as the
work was carried out prior to the knowledge that this substrate would be difficult to
progress. The first reaction screen focused on iridium catalysts. These have been shown
to be highly active in reductions of related imines'* and the study aimed to identify the
ligands that were most effective in giving good conversion and high diastereoselectivity.
Dichloromethane was chosen as the solvent, to give the best chance for dissolution of a
wide range of catalysts, and the reactions were run at high pressure (30 bar) to ensure
adequate concentrations of dissolved hydrogen in the reaction mixtures. This type of
strategy is commonplace when screening for catalytic reaction conditions. The initial
screens sought conditions that would deliver high conversion; potential for scale up was

not a primary consideration at this time.

The strategy for screening a large number of categoric factors such as ligands or solvents
is to use the mathematical technique known as principal component analysis (PCA) in

order to group the items under investigation by properties or combinations of properties.
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Principal component analysis is a mathematical technique by which a large number of
potentially correlated variables are reduced to a smaller number of uncorrelated
variables (principal components) in order to expose the main factors underlying the
variability contained within the data set. For example, phosphine ligands can be
described in a number of ways according to various calculated and measured properties
(including bite angle, dihedral angle, electron density etc.). As the high dimensionality
of these variables makes visualisation difficult, PCA condenses these variables down to
three dimensions which can be plotted and readily visualised. Ligands that are alike can
be found grouped in the same area of the 3D plot. By selecting ligands from across the
principal component space, diversity in the ligand set can be ensured without the need to
screen every ligand available. If ligands from a particular area in the PCA space prove to
be effective in the desired transformation, the remainder of the ligands in that particular

space can be screened in subsequent experiments in order to find the most effective.

Unfortunately, the first screen yielded no hits; product was not observed in any of the
reactions. This meant that the PCA results could not be modelled and the approach was
not taken further in this instance. In order to identify successful reaction conditions the
scope of the screen was widened to include different metals in combination with a
number of solvents at elevated temperature (Table 16). In order to keep the number of
experiments to a manageable level, 8 ligands which had been noted to be particularly
effective in related transformations were selected. Product was not observed in any of
the reactions using rhodium catalysts with these ligands, nor when a number of pre-
prepared 2" generation Noyori-type ruthenium catalysts were employed.%4514
However 1% generation Noyori-type catalysts,”>**” which differ from the 2" generation
variants by the lack of an additional chiral diamine ligand, showed some conversion to
product. During the first experiment (S)-BINAP was the only ligand of this type to be
screened. This gave exclusively the undesired diastereoisomer in low yield when run in
dichloromethane. Reaction did not occur in THF and higher conversion, but lower
selectivity was observed in toluene. It is not unsurprising that high selectivity is
observed in the system which results in low conversion as there may be insufficient

energy for the non-preferred reaction to occur. Immediately, the antipodal (R)-BINAP
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was screened, and similar conversion and high selectivity for the required stereoisomer
was observed.** This confirmed the anticipated presence of double stereodifferentiation
with the chirality in (R)-BINAP being matched with the inherent chirality of the

substrate.
e e
N ~ ﬁo Catalyst 5 mol% N\_/ ﬁo
N\) 30 bar (g) H, : N\)
N7 .- HN
MeO__ o Solvent MeO__ . o)
B 110 hil 111
Scheme 88 — Initial asymmetric hydrogenation screen conditions
144
Metal Ligand Solvent Temp Conversion  de (%)
Ir(COD)BARF 48 across PCA DCM 25 °C 0% N/A
I(COD)BARF  8ligands ot MEOH soec 0w N/A
RN(COD)BF:  Bligands Dol MEOTh 50oc gop N/A
Ru 2" gen. Noyorit DTC|_I}/II: ';,/Iﬁl\c/l)eH 50 °C 0% N/A
[Ru (p- 1* gen. Noyori o o 000s%
cymene)Cll,  (S)-BINAP DCM — s0%C 3% <-99%
[Ru (p- 1* gen. Noyori o 0
cymene)Cl,], (S)-BINAP THF S0°C 0% N/A
[Ru (p- 1* gen. Noyori o 0 o
cymene)Cls,  (S)-BINAP PhMe — 50°C — 76% S0%
st H
[Ru(p- 1" gen. Noyori PhMe  50°C  94% >99%

cymene)Cl;],

(R)-BINAP

* -de denotes preference for undesired diastereoisomer

T - refers to complete catalyst system

Table 16 — Initial asymmetric hydrogenation screens™*
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From here a much larger range of 39 ligands was screened using 1* generation Noyori

conditions in an attempt to explore the ligand scope and find the most active catalyst

system. These experiments yielded a set of six ligands which gave over 90% conversion

to product all with undetectable levels of the undesired diastereoisomer.

i Conversion de . . de
Ligand (%) (%) Ligand Conversion (%)
SO
PPh,
OO 93.7 >99% 925 >99%
151
(R)-BINAP 307
catASium® T1
OO ~o O P(p-Tol),
P(p-Tol), _0 P(p-Tol),
P(p-Tol) 95.6 >99% O 92.7 >99%
(U s
) (R)-Tol MeO-
(R)-Tol BINAP B IPHEP
0
‘O PPh, ~o PPh,
96.9 >99% 87.2 >99%

PPh,
‘O 310

(R)-Hg BINAP

0 PPh,
(R)-Cl-OMe-
BIPHEP

Table 17 — 1% generation Noyori screen'*

These results show that it is likely that a process suitable for large scale use could be

developed. However, it became clear that use of the methyl ester was not a viable

strategy due to the difficulty in isolating a zwitterion from the aqueous solvent system

required for the hydrolysis of a methyl ester. Attention turned to the benzyl ester
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substrate which had already proven useful in non-stereoselective reductions. Application
of the successful 1% generation Noyori (R)-BINAP conditions to the benzyl ester
substrate showed lower conversion, but the same high selectivity. Unlike in the
heterogeneous hydrogenation conditions, the benzyl ester was not cleaved using the
homogeneous catalysts; a separate benzyl cleavage step would be required to provide the

amino acid (89).

It is not immediately obvious why the benzyl substrate is so much less reactive than the
methyl ester, but there are two hypotheses. Firstly, and most simply, the increased steric
bulk of the benzyl group may inhibit coordination to the metal centre. Secondly, n°
coordination of the benzyl group to the catalyst could inhibit catalytic activity. This type
of coordination to Ru is commonly observed and is exemplified by the commercially
available Ru source [Ru(n®-p-cymene)Cl,],.

Vo :

! !
N A (\O [RuCI((R)-BINAP)(p-cymene)]CI N\/ (\O
NJ 30 bar H,

N
N~ > HN
©\/O O Toluene @\/O T
\”\\ 229 \l,\\ 109
@)

62% conv.
>99.9% d.e.

Scheme 89 — Application of (R)-BINAP conditions to benzyl ester substrate**

In an attempt to improve the conversion of the reaction, a factor screen was carried
out.*** This screen investigated the effects of ligand, solvent, reaction concentration,
pressure and temperature. Solvents and ligands were investigated using a Latin square
design*® so that each solvent was combined with each ligand in order to identify any
unique combinations that performed well. Typically, these type of experimental designs
are not used due to the " dependence on the number of individual experiments which
must be performed, but they are useful when unique, interactions between categorical
factors may exist and give rise to well performing reactions. The ligands selected were
previously shown to be effective for the methyl ester substrate, and the solvents were
selected to cover a wide range of PCA space (DCM, EtOH, trifluoroethanol,
trifluorotoluene, toluene and DME). Statistically, the most significant factor affecting
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the reaction conversion was the solvent, with DME shown to be most effective. The
ligand was also influential with CI-OMe-BIPHEP (311) and Hg-BINAP (310) effecting
the highest conversion. Higher conversion was also observed at 50 °C, but pressure and
dilution were not found to be statistically significant over the ranges investigated (15 —
30 bar & 0.12 — 0.23 M). However, significantly lower conversion was observed when
the reaction was run at 5 bar. This posed a problem due to the lack of high pressure
hydrogenation equipment available on scale within GSK.

Lig/Solv 311 308 309 307 310 151
Toluene a B X ) € )
TFT B X ) € [0 o
EtOH X ) € [0 o B
DCM 8 € ¢ o p X
DME ) o B o
TFE ) o B X 0 €
o B X 0 € ¢
Temp (°C) 50 25 50 25 50 25
Pressure (bar) 30 30 30 15 15 15
Concentration (M) 0.12 0.12 0.12 0.23 0.23 0.23

Conversion -l 25-50% | 1-25% 0%

Table 18 — Latin square design **
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3.9.2 Investigation into Lower Pressures

With the initial screens and some optimisation of the asymmetric reduction performed at
our partner site, the investigation of the reaction returned to the Stevenage site. Our main
goal was to find conditions which allowed the reaction to be run at pressures lower than
5 bar. The reason for this is primarily the availability of large scale high pressure
hydrogenation apparatus is limited. Although hydrogenation plant can be found which
operates at extremely high pressures, it is much less readily available than equipment
designed to run at more moderate pressures (< 5 bar). The first set of hydrogenation

reactions investigated were therefore run at 4 bar.

Solvent Temp Ligand 109@4h 109@28h 313 @ 4h

(% ala) (% ala) (% ala)
Toluene 50 (R)-BINAP 4.2 9.0 9.2
Toluene 80 (R)-BINAP 16.5 23.3 22.6
Toluene 50  (R)-Hg BINAP 9.6 11.2 17.8
Toluene 80 (R)-Hs BINAP 19.2 20.3 29.4
DME 50 (R)-BINAP X X X
DME 80 (R)-BINAP 26.5 30.8 19.6
DME 50 (R)-Hs BINAP 27.8 27.5 111
DME 80 (R)-Hs BINAP 31.4 32.5 23.4

Table 19 — Hydrogenation investigation at 4 bar

As with previous experiments, the diastereoselectivity was excellent (>99%), and the
best results were obtained with (R)-Hg BINAP (310) as the ligand and DME as solvent.
Some conversion was observed with both (R)-BINAP (151) and toluene. The increase in
temperature above that investigated in the initial screens was significant in giving higher

conversion. However, the most striking observation was the generation of high levels of
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an impurity which appeared to have a mass of 18 mass units higher than that of the

starting imine, by LCMS.

3.9.3 Characterisation of Impurity 313

It was important to isolate and characterise this impurity since it was being formed in
such high levels; at this stage of the synthesis impurity formation could jeopardise the
entire route. Elucidation of the structure of the impurity may allow control of its

formation to be achieved.

Initial LCMS data showed the molecular ion to be 445, 18 mass units higher than the
imine (229) (mwt = 427); overall addition of water to the molecule would cause this +18

mass increase. Three potential structures (312 - 314) were proposed.

5 \
N/ o) Ho SN 0
8 ¥s

HN:: N\)
©VOT‘“‘NKCO QOT% 312

o

HOY »—o
o NH (\o N__~ ﬁo
: jNINNJ i HHgi(NJ
O\H\\WKEO 313 Om“‘“KCO 314
o) o)

It was envisaged that water could be adding to the oxazole (its electrophilic nature when
adjacent to a carbonyl has already been shown (section 3.2.1) and then either re-
aromatising to afford hydroxyl oxazole (312), or ring opening to afford an acetamide
(313). Alternatively, a simple hemi-aminal (314) could be present, but this was deemed
unlikely due to the stability of the compound to TFA modified preparative HPLC during

initial attempts to isolate it.
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In previous screens,*** this impurity formed quantitatively in alcoholic solvents, and so
methanol was employed to allow access to larger quantities of the impurity. Though the
compound could be purified to a single peak by HPLC (Figure 29), a number of

components seemed present by NMR (Figure 30) which hampered characterisation.

4449
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Figure 29 — HPL.C of impurity 313
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Figure 30 - '"H NMR of impurity 313

However, the absence of oxazole protons at 6 = 8-8.5 ppm was immediately noticeable,
which enabled the hemi-aminal structure (314) to be discounted. A chemical shift of
2.0-2.1 ppm rather than 2.4-2.5 ppm is more consistent with the presence of an
acetamide than an oxazole methyl group (c.f. compounds 252 and 229). This prompted
an investigation into the possibility of structures similar to 313, rather than a hydroxy-

oxazole (312). The HSQC spectrum confirms the absence of oxazolyl protons and shows
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that the protons at 6 ~9 ppm correlated with carbons with shifts of & ~190 ppm,

149

characteristic of an a,B-unsaturated aldehyde,”™ thus providing further evidence for the

ring opened structure such (313).

Co el b

B Ml ! 1 m

3 (©) YicnAldehyde correlation 184

S L o Ly e L e e B e B
9 8 7 6 5 4 3 2 1

ppm
Figure 31 — HSQC of impurity 313

The most compelling evidence for ring opening comes from the 'H - ®N HMBC

experiments which clearly show the disappearance of the oxazolyl nitrogen at 250 ppm,

replaced by a resonance at 114 ppm which is characteristic of an amide. These

observations led us to propose the following structure for the impurity (313).
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Figure 32 — >N HMBC of impurity 313

A number of inconsistencies remain unexplained. Firstly, protons 1 and 3 correlate to
different nitrogens (8y = 111 ppm and 114 ppm). Whilst this is possible, as “Jn.n)
correlations which would allow H1 to correlate to N6 can occur, particularly in *°N
HMBC, it seems unlikely that a 3Jy.+y correlation between H1 and N2 would not occur.
Secondly, the presence of multiple components by NMR remains unexplained.
However, it is possible that two components could arise from cis and trans double bond
isomers, with the presence of either amide rotamers or isoleucine diastereoisomers

accouning for the other resonances.
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Variable temperature NMR experiments showed coalescence of some resonances to give
a slightly simplified spectrum, but no further conclusions could be drawn. Variable
temperature >N HMBC would be required to gain further information.
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Figure 33 — Variable temperature NMR of impurity 313

Assuming that our tentative structure for the impurity was correct, strict exclusion of
water from the reaction mixture should prevent its formation. Spiking water into
reactions gave an increase in levels of the impurity, providing further evidence.
However, strict exclusion of water from the reactions was difficult to achieve using our
available laboratory hydrogenators which use hydrogen generated from the on-line
electrolysis of water. This hydrogen is invariably wet, despite attempts to dry it using
activated molecular sieves or silica gel dessicants. Small hydrogen lecture bottles were
attached to the hydrogenator in order to provide dry hydrogen, but this showed no real
effect in lowering the levels of the impurity (313) when running optimised reaction
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conditions. As the use of dry hydrogen could not completely eliminate the formation of
the impurity (313), it was presumed that the source of the adventitious water was the
solvent. The DME was analysed by Karl Fischer and found to contain 469 ppm (0.047%
w/w) water, which equates to 15 mol% at the current reaction dilution. This appears to
fit well with the observed levels of impurity observed in reactions run using dry
hydrogen (*Catalyst A; [RuCI((R)-SEGPHOS)(p-cymene)]Cl

Table 20).
109 313
*
Catalyst Solvent  Pressure Hydrogen (Yala) (%bala)
A DME 4 bar Generator 38.2 94
A DME 4 bar Generators 35 354
equiv water

A DME 4 bar Bottle (dry) 46.3 10.7

*Catalyst A; [RuCI((R)-SEGPHOS)(p-cymene)]CI

Table 20 — Effect of water on +18 impurity 165

3.9.4 Further Catalyst Screening

The conversion of the imine (229) to the amine (109) under these revised conditions was
still disappointingly low and significant improvements would be required before a cost
effective process was available. This is particularly true given the current high (5 mol%)
catalyst loading required. Further ligands and pre-catalysts were screened in attempt to
increase the catalytic activity, and allow catalyst loading to be reduced. A ligand set
(317-322) was chosen based primarily on the basis of structural similarity to the hits
from the initial screens. As pre-formed catalysts of the 1% generation Noyori type were
not readily available, the ligands were purchased and the pre-catalysts made in the
laboratory according to a procedure used in the initial screens'** which was based on

literature precedent.*
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OO pph,  EtOH/DCM
PPh, 509C
OO 151

Scheme 90 — Preparation of 1% generation NoyoFi pre-catalysts
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(R)-SEGPHOS (317) was of particular interest due to the commercial availability of
both the ligand and pre-formed catalyst on large scale. Two reactions were run using this
catalyst; the first used commercially sourced pre-catalyst and the second material made
in the laboratory. The latter would serve as a control for the other catalysts, which were
all made in the laboratory. The CI-OMe BIPHEP ligand (311) was selected because it
was observed to be one of the better ligands in previous screens. We wanted to confirm
these results and observe how this ligand behaved at lower (< 5 bar) pressures.
SOLPHOS (319) was included due to structural similarity with the existing hits and
availability. The remaining ligands (320-327) would allow us to probe the structure
activity relationship around the pendant groups on phosphorus in more detail. A
reduction in conversion had been observed as more bulky pendant groups on phosphorus
had been used with (R)-BINAP based catalysts in the initial 1% generation Noyori
screens (with the methyl ester substrate); this is exemplified by the use of (R)-Xylyl
BINAP (151) which gave < 70% conversion compared to (R)-BINAP which gave > 90%

conversion. We were interested to see if moving to pendant groups with even lower
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steric bulk raised the conversion. This seemed feasible, particularly if the increased bulk
of the benzyl substrate was responsible for the poor reactivity compared to the methyl
ester. The ligands based on MeO BIPHEP (320-322) are commercially available, and
(R)-Tol-MeO BIPHEP (309) had been shown to be effective previously (Table 17). It
was therefore decided to use this template to probe the question, the results are shown
below (Table 21).

109 229 313

Entry Ligand Solvent Pressure Temp (%ala) (Y%ala) (%bala)

1 317° DME 4 bar 80°C 36.4 4.7 17.2
2 317° DME 4 bar 80°C 16.3 7.5 34.1
3 311 DME 4 bar 80°C 0.7 23 29.1
4 319 DME 4 bar 80°C 5.4 7.4 -

5 320 DME 4 bar 80°C 16.1 12.3 28.9
6 321 DME 4 bar 80°C 43.2 6 9.7

7 322 DME 4 bar 80°C 11 36 28.2

* a. Commercial material. b. Made in house

Table 21 — Catalyst screen

Significantly, a large difference in the profile of the reactions in entries 1 and 2 was
observed; the difference between them being only that entry 1 was catalysed by
commercially acquired SEGPHOS based catalyst whilst enty 2 was catalysed by
material prepared in the laboratory. There was no obvious reason as to why this should
be the case. Similarly, the catalyst system based on CI-OMe BIPHEP (311) showed poor
activity despite high conversions being observed in previous screens. Further
investigation into these results are required. The results also show that the furanyl ligand
(321) gave the highest conversion of the catalyst systems based on MeO BIPHEP (320-
322), with the phenyl derived ligand (320) showing moderate activity and the iso-propyl
derived ligand (322) having poor activity. It is possible that reducing the steric bulk of
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the ligand does indeed increase catalytic activity, however, with such a limited data set,
no firm conclusions can be drawn. Nonetheless, the furanyl MeO BIPHEP ligand (321)
and phenyl MeO BIPHEP ligand (320) should be investigated in more detail, along with
SEGPHOS (317).

3.9.5 Catalyst Characterisation

Due to the apparently capricious nature of the SEGPHOS-mediated hydrogenation
reaction, it was decided to investigate the structure and purity of the pre-catalyst. It was
initially hypothesised that aerial oxidation of the phosphorus ligand in the laboratory-
made batch of catalyst was the reason for poor activity, and therefore analysed the
material by *'P NMR in an attempt to observe such a species. The analysis of [RUCI((R)-
BINAP)(p-cymene)]Cl was in agreement with that reported in the literature®® and the
presence of oxidised species was not identified. [RuCI((R)-SEGPHOS)(p-cymene)]Cl

was also analysed by *'P NMR and the spectrum is shown (Figure 34).
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Figure 34 —*'P {*H} NMR of [RuCI((R)-SEGPHOS)(p-cymene)]ClI

The presence of the two phosphorus environments at 6 = 41.3 and 26.5 ppm indicates
that the ligand has bound to the metal centre. The appearance of doublets supports this,
as they can only be formed by 2J.» coupling through the metal centre. In addition, free
ligand gives a single phosphorus signal at & = -13.2ppm (a small quantity of unbound
ligand can be observed in the above spectrum). There is no evidence for the presence of

oxidised ligand, and the spectrum is concordant with that of the commercially made
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catalyst. A second batch of catalyst was synthesised in the laboratory, in air, rather than
under the strict anaerobic conditions used for the first batch. This second batch was
analysed by *P NMR and found to be almost identical to the first. When applied to the
hydrogenation reaction, its reactivity was comparable to that of the commercial material
(Table 22).

Catalyst* Other Solvent Pressure Temp (f’/%f;?a) (0/20 i‘j)a) (0/30 Sa)
A ExAldrich DME  4bar  80°C 382 225 9.4
A E;ngraeﬁ DME  4bar  80°C 398 269 8
A Prepared Ve 4par 80°C 225 383 7.3

anaerobically

*Catalyst A; [RuCI((R)-SEGPHQOS)(p-cymene)]CI
Table 22 — Effect of catalyst preparation

The reasons for the differences in behaviour between these samples, identical by *'P

NMR, remain unclear.

3.9.6 Investigation into the Pre-catalyst Species

Until the reasons behind the capricious nature of the hydrogenation reaction could be
resolved, it was decided to investigate pre-cursors to the same active catalyst. Genet et
al.™ had shown that the pre-catalyst species influenced the kinetic profile of
asymmetric B-ketoamide hydrogenation reactions considerably, so similar species using

the commercially available SEGPHOS variants were investigated (Table 23).
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109 229 313

Catalyst Solvent Pressure Temp (% ala) (% ala) (% ala)

A DME 4bar  80°C 382 225 9.5
B DME 4bar 80°C 17.1 19.4 17.7

C DME 4bar  80°C - 75.2 -

*Catalyst A; [RuCI((R)-SEGPHOS)(p-cymene)]Cl, Catalyst B; [NH;Me,][(RuCI((R)-SEGPHOS)),(p-
Cl);], Catalyst C; [RuCI(OAc),((R)-SEGPHOS)]CI.

Table 23 — Effect of different pre-catalysts

This study clearly showed that n°-cymene pre-catalyst gave the highest conversion
during the 20h reaction. [RuCI(OAc),((R)-SEGPHOS)]CI (A) showed no activity
whatsoever, possibly because the acetate groups are bound too tightly to dissociate and
give the active catalytic species. [NH,Mez][(RuCI((R)-SEGPHQS)),(u-Cl)s] (B) was
also shown to be inferior to [RuCI((R)-SEGPHOS)(p-cymene)]CI (C). Conversion to
product was lower and levels of impurities were higher. Therefore, it was decided to
focus on the [RuCI((R)-SEGPHOS)(p-cymene)]Cl pre-catalyst species, but investigate
other variables which may be able to increase the conversion.

3.9.7 Return to Increased Pressure

With a number of variables investigated, and in the absence of a clear way of increasing
activity further, attention turned back to the reaction pressure in attempt to increase
conversion. An hydrogen cylinder was connected to the parallel hydrogenator enabling

the pressure to be increased to 8 bar.
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109 313

Catalyst Solvent Pressure Temp (Y%ala) (% ala)

A DME  4bar 80°C 463 10.7
A DME  6bar 80°C 400 12.7
A DME  8bar 80°C 910 6.0
A PhMe  8bar 80°C 345 16.1

*Catalyst A; [RUCI((R)-SEGPHQOS)(p-cymene)]CI.

Table 24 — Effect of pressure

Raising the pressure does increase the product peak area but there still appear to be some
anomalies. However, in toluene, the conversion does not increase with pressure. It was
hypothesised that the conditions used above are too forcing since the imine (229) is
completely consumed, yet only 50% a/a product is present. It is probable that the
temperatures required to give activity also give decomposition of the starting material or
product, particularly over prolonged reaction times (20 h).

3.9.8 Wider Solvent Screen**

It is possible that interaction effects between solvent and catalyst could occur in this type
of hydrogenation, leading to some unique well performing combinations. In order to
investigate this, a wider range of solvents were screened against seven of the best
performing ligands.™** To our surprise, all the reactions performed poorly, even the
previously successful (R)-SEGPHOS/DME combination. One variable which had
changed since the previous screens was the equipment in which the reactions were run.
A switch had been made to smaller vials to enable more rapid screening of a large
number of reactions and it was postulated that this was the cause of the poorly
performing reactions. In smaller vials the gas-liquid mass transfer will necessarily be
lower than with larger vials since the surface area to volume ratio is lower and the

agitation is also less effective. It was believed that this property, known as k.a (the
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volumetric mass transfer coefficient) which correlates with mixing and is characteristic
for different vessels at set agitation rates, was the issue. In order to test this, three
identical reactions were performed in different sized vials for which the relative k a can
be estimated. As expected, the vial with the lowest k a showed the poorest conversion.
In order to understand this dependence further, studies need to be conducted in
equipment in which the k; a has been characterized. A large batch of imine was prepared
and dispatched to a partner site which has the facility to perform such experiments.

3.9.9 Scale-out of the Asymmetric Reduction of Imine 229

We wanted to scale our preferred conditions in order to confirm the reaction yielded the
correct product and to assess its purity. It was decided to ‘scale out’ rather that scale up
the experiment due to the potential dependence on the mass transfer of the reaction
system. Five identical reactions were run in parallel hydrogenation equipment, then
combined and hydrogenated over Pd/C to cleave the benzyl ester. The crude amino acid
(89) was crystallised from i-PrOH in 47% yield and > 99% a/a by generic HPLC.

0 Q ?
E[/'/ o N/\/ (o N/\-) (9
NS ) S NS iy "N
SUS S R ¢ UL & Sl &
o\“\“.-KCO - O\”“WKCO 109 HO\“‘““KCO 89; 47%.
o) 0o ©

i) [RuCI((R)-SEGPHOS)(p-cymene)]Cl, 8 bar H,, DME, 80 °C, 18 h; ii) Pd/C, 1 bar H,, MeOH 20 °C, 30
min; iii) i-PrOH crystallisation.

Scheme 91 — Scale out of asymmetric reduction

The material was analysed by a more specific HPLC method to determine its isomer
content (section 3.10) and by ICP-AES to determine levels of ruthenium. The ruthenium
concentration in the product was measured at 1300 ppm (for comparison, the level of
metals in APl would need to be controlled to < 20 ppm). However, these levels should
be achievable with sufficient process development and, for an early attempt, this yield

and purity was good enough for progression. The crucial property of this reaction is its
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dependence on the k a described earlier (section 3.9.8). If the reaction cannot be run at
k_a values readily achievable in large scale plant, then the whole synthetic route may not
be a feasible alternative to the existing Ugi chemistry.

3.9.10 Investigation of the Hydrogenolysis of Imine 229 at a Defined k, a

The k_a of a reaction system is characteristic of a particular vessel at a defined vessel fill
level and agitation rate. It can be readily calculated for a given system by measuring the
rate of hydrogen dissolution in solvent; the larger the gas liquid mass transfer coefficient
(k_a), the faster the rate of hydrogen uptake. This is practically performed by charging
the vessel in question with solvent to the required fill level, pressurising with Ho,
commencing agitation and monitoring the decrease in pressure within the system. This
procedure has been performed for a number of vessels at our partner site and our
hydrogenation was studied using one of these vessels.'? The reaction was performed on
50 mL scale (3.33 g imine 229) with an agitation rate of 815 rpm corresponding to a k, a
of 0.15, a value which can typically be achieved in large scale hydrogenators.
Pleasingly, the reaction appeared to perform similarly to the previous system used to
scale out the reaction. Although the impurity (313) was present, its levels were not

elevated.

The effects of catalyst load and pressure on the reaction were then studied using the
same equipment at 50 mL scale. The hydrogen uptake could be readily plotted over the
course of the reaction using this same equipment, and the data gathered is shown (Figure
35, Table 25). It was observed that complete conversion to the amino ester (109) could
be achieved with minimal formation of the impurity (313) by increasing the catalyst
loading two-fold to 10 mol %. Interestingly, hydrogen pressure appears to have only a
minimal influence over the reaction rate when 10 mol % catalyst loadings are used. It
was hypothesised that under these conditions the reaction the rate is limited by the gas-
liquid mass transfer. However, pressure does appear to influence the rate of reaction
when the catalyst loading is returned to 5 mol %. Here it is believed that the reaction rate

becomes limited by the kinetics of the catalytic cycle. Under these conditions, increasing
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the reaction pressure increases the equilibrium concentration of hydrogen in solution and
therefore increases the reaction rate. It was proposed that the incomplete reaction
observed is due to competitive catalyst degradation, and the generation of the impurity
(313) by an un-catalysed process. Using higher catalyst loadings allows the reaction to
proceed to completion before the concurrent catalyst degradation reactions have

consumed the catalyst.
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Figure 35 — Hydrogen uptake using varying catalyst loading and pressure™*
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Entry Conditions HPLC profile

1 10 bar, 5 mol %

L

2 4 bar, 5 mol % 1 .

3 4 bar, 10 mol %

4 2 bar, 10 mol %

11
w0
i

5 1 bar, 10 mol %

i
22
T
i
i' gk

Table 25 — HPLC profile using varying catalyst loading and pressure™**

The reaction was then scaled up to 39 g (91 mmol), knowing that the reaction could be
performed at ki a values typically achievable in larger scale equipment. 10 mol %
catalyst at 2 bar H, pressure was used and complete reaction in under 4 h was observed,
with an isolated yield after de-benzylation and crystallisation of 64% (Scheme 92). This
pleasing result was indicative of the success of the development work. We now had a
process with a viable yield, using a readily achieveable temperature and pressure, and a
commercially available catalyst (albeit using a loading). Moreover, the application of a

1% generation Noyori catalyst to the reduction of such a densely functionalised N-alkyl
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imine in high selectivity represents a significant contibution to the current state of the
art. Additionally, this reaction has the potential to be useful in the synthesis of other
functionalised aryl glycine derivatives.

No

o
7
N N
7 @ i) Hy/[RUCI((R)-SEGPHOS)(p-cymene)]CI \/ @
N DME, 80 °C HN/\[(N

BnO__ (@) HO_ (0]
: |‘ ii) Hy/Pd/C, MeOH, 25 °C \“‘ 89: 649
229 o ; 64%
O iii) iPrOH crystallisation d.e. >99%

Scheme 92 — Asymmetric hydrogenation to provide amino acid 89
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3.10 Analysis of the Amino Acid

3.10.1 Preparation of Diastereomeric Amino Acids 324-331

In order to fully understand the purity profile of GSK221149 produced via a new route,
particularly with respect to the isomeric contaminants, it is important to understand the
purity profile of the intermediates. This allows understanding of the generation and fate
of impurities throughout the route. The purity of the amino acid (89) is particularly
important as this is the first stage at which solids are isolated after the introduction of the
new chiral centre. It is also prior to the acyl transfer chemistry where precedent exists
for the epimerisation of stereocentres within the molecule.®® The impurities of most
interest are the diastereoisomers of the amino acid (324 - 331). A number of undesired
diastereoisomers have been shown to be present within GSK221149, yet the formation
of these impurities is not understood. An analytical method which can distinguish and
quantify isomeric impurities in the amino acid would be a valuable tool in understanding
the isomeric impurities in GSK221149.

Before an analytical method could be developed, samples of the impurities in question
needed to be synthesised. In the case of this amino acid, 8 stereoisomers derived from D
and L isoleucine and allo-isoleucine exist. They were synthesised in diastereomeric pairs

as shown (Scheme 93, Scheme 94).

i 0 0
o) BnOH o N N
p-TSA — | 102
OH —> e} e} (0]
Toluene .
NH; Dean-Stark NH,.p-TSA TiCl,, TMEDA, PhMe

ii) ag. K,CO3, celite

9 \ﬁo

Nﬁ( o N/\/ o

@o g - _F'\i’?e%j'gc. HN%VNJ
WOFKC i-PrOH cryst Hoﬁo °

Scheme 93 — Synthesis of amino acid diastereocisomers
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Scheme 94 — Preparation of isoleucine amino acid diastereoisomers
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Esterification of the relevant isoleucine isomer with benzyl alcohol and p-TSA in
toluene under Dean-Stark conditions provided the corresponding benzyl ester as its tosic
acid salt. This was then taken through the developed imine formation conditions which
performed equally well with each of the diastereoisomers. Hydrogenolysis over Pd/C
provided diastereomeric pairs of compounds differing by their configuration around the
newly created oxazole-bearing stereocentre. The pairs were separated by mass-directed
preparative HPLC, but the stereochemical configuration at the oxazole bearing

stereocentre was not determined.
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The initial esterification reaction performed well with both L- and D- isoleucine, but
failed with L-allo-isoleucine giving a number of unidentified products. It is thought that
the scale of the reaction was the cause of this failure. Due to the high price and low
quantities in which L-allo-isoleucine is available, the esterification reaction was
performed only on a small scale (500 mg). The Dean-Stark process was inefficient on
this scale and so the reaction time was longer than expected and decomposition of the
materials was observed. This, however, did not pose issues in the preparation of suitable
analytical markers for the development of an achiral analytical method. Since 89 and
331, and 268 and 330, are pairs of enantiomers and the same is true of 324 and 328, and
325 and 327, a representative selection of all 4 diastereoisomers can be obtained by
simply combining the products produced from L-isoleucine and D-allo-isoleucine (89,
268, 324 & 325).

3.10.2 Analysis of the Diastereomeric Purity of Amino Acid 89

A mixture of the key diastereoisomers (89, 268, 324 & 325) was prepared and analysed
by HPLC (Method A); separation of the desired D-allo-isoleucine diastereocisomer from
one of the L-isoleucine isomers could not be achieved, nor could it be separated using an
extended 30 min HPLC method. However, separation was achieved using an alternative
stationary phase.*® Using the method developed, batches of material produced via three
different routes was analysed for diastereoisomer content.™® The first batch (entry 1)
was produced via the methyl ester protected D-allo-isoleucine, with imine formation in
dichloromethane using NEt; as base and reduction with H,, Pd/C. The product was
progressed to API to provide material containing a number of isomeric impurities (Table
10). The second batch (entry 2) was produced from the benzyl protected D-allo-
isoleucine via imine formation in PhMe with TMEDA as base, followed by reduction
over H,, Pd/C. The product was progressed to API containing levels of
diastereoisomeric impurities which meet specification (Table 15). The third batch (entry

3) was produced as above, but was reduced using the Ru-catalysed asymmetric
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hydrogenation conditions. Data for this batch is given for crude material (entry 3a) and

after crystallisation (entry 3b) (Table 26).

Isoleucine A* Isoleucine B* 268

Entry Route (% a/a) (% a/a) (% a/a)
1 Methyl - Crystallised 2.57 1.28 0.76
2 Benzyl (Pd/C) - Crystallised 0.09 0.16 2.51
3a Benzyl (Asymmetric) - Crude 0.17 0.17 0.34
3b  Benzyl (Asymmetric) - Crystallised <0.05 <0.05 <0.05

* Exact compound is undetermined 324-328.

Table 26 — Isomer content of Amino acid batches

Pleasingly, crystallised material produced via the preferred asymmetric route showed no
reportable diastereoisomer content. Using this more sensitive analytical method, the
diastereomeric excess of crude material produced during the hydrogenation was
measured to be 99.3%. Also pleasing were the low levels of contaminant isomers
derived from L- (or D-) isoleucine in material produced by heterogeneous hydrogenation
of the imine. The level of isomer 268 was expected; it was consistent with levels
previously observed. It originates from imperfect diastereoisomer separation during the
crystallisation. Interestingly, significant quantities of contaminant isomers were
observed in the methyl ester derived material and this correlated well with the
contaminant isomers in drug substance produced from it. It is known that the presence of
contaminant isomers in APl can arise from processing of the methyl ester and can
hypothesise that the strongly basic conditions of the ester hydrolysis cause epimersation
of the a-stereocentre. Epimerisation of the [ stereocentre to produce the observed
diastereoisomer pair 7 (283, 284) is more difficult to propose a reason for. It could be
that differences in the imine formation conditions are responsible. Nonetheless, as it had
been shown that the amino acid (89) produced via Pd/C hydrogenation of the
corresponding benzyl protected imine (229) could be processed to give API within

specification, and as amino acid derived from asymmetric reduction had an even better
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purity profile, we were confident that the new asymmetric hydrogenation conditions

would also be able to provide API within specification.
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3.11 Comparison of the Two Routes to GSK221149

Ongoing development work has been performed on the new route by other members of
the team to define processes which can be readily scaled.**®** The key changes which
significantly impact the yield of the products or manufacturability of the processes are

described below.

The Claisen condensation and oxidation chemistry procedure has been modified to allow
extraction of the ketonitrile Claisen condensation product (122) into aqueous solution,
where the oxidation can be performed using Oxone™. This greatly improves the
manufacturability of the process since oxidations are inherently safer when performed in
the absence of large amounts of organic solvents. Crystallisation conditions which allow
direct isolation of the ketoamide (102) from the reaction mixture have also been
developed. This allows the process to be scaled, since chromatography (used previously
to isolate the product) is prohibitively expensive to perform on large scale. The
robustness of the reaction has also been demonstrated across a range of factors. Despite

this development work, the yield of the process (30%) remains low.

The acyl transfer chemistry has been modified, although a suitable alternative to
Ghosez’ reagent could not be found. The solvent was changed and the crystallisation
improved by addition of an antisolvent and the process now reproducibly yields 75% of
the cyclisation precursor (91) from the amino acid (89). The same antisolvent addition
principle was applied to the final hydrogenation and cyclisation chemistry enabling

isolation of API meeting specification in 96% yield for the single step.

During the time spent developing the new route chemistry, further developments were
made to the existing Ugi route, principally in the development of stage 4, where
conditions were defined which allowed the reaction to be run at -20 °C. Project timelines
dictated that a decision between the two routes be made in order to prepare for an
upcoming manufacturing campaign. The current state of the two routes were compared
based on a number of factors (Table 27), with the main focus the cost of API produced

via each of the two routes.
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Property Ugi Route  Reductive Amination Route
Number of stages 4 5
Yield from 64 27% 72%
Yield from 84 12% 13%
Yield from 66/108 271% 36%
Lowest temperature required -20 °C -20 °C
Hydrogenation Yes (transfer) X2
Isolated intermediates None 2
Undesirable solvents NMP DME, dichloromethane
Cost of goods (materials) £6000 kg™ £6700 kg™
Predicted processing costs £3500 kg™ £4900 kg
Predicted total API cost £9500 kg™ £11600 kg™

Table 27 — Comparison of routes to GSK221149

Despite requiring a an extra synthetic step, the reductive amination route compares
favourably to the Ugi route (Route A) in terms of yields, particularly based on the
indanylglycne fragment (64) which is now introduced in the penultimate synthetic step.
The yields from the oxazole ester (84) are comparable between routes since extra steps
are required to reduce to the corresponding aldehyde (65) which is required in the Ugi
reaction. Both routes require equipment capable of running at a minimum of -20 °C, a
temperature which is generally achievable in general purpose plant and therefore causes
no issues. Both routes require hydrogenation equipment and both routes use undesirable
solvents, although further development work may allow these to be substituted.
However, the cost of goods clearly favours the existing Ugi chemistry. Material costs are
more than 10% lower than those of the reductive amination route. Processing costs are
also predicted to be lower, primarily because of the smaller number of synthetic steps.

Despite the increased yields, the reductive amination route is more expensive and this is

Confidential 151 |Page



3. Results and Discussion Part 1; A New Route to GSK221149
primarily due to the ruthenium hydrogenation catalyst which, at £10000 kg™ using a 10
mol % loading, contributes to over 30% of the API cost of goods. Clearly, reducing the
catalyst loading would enable the route to become competitive with the Ugi chemistry,
but approaching a 10-fold reduction in catalyst loading would be required to achieve a

real cost advantage.
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3.12 Summary and Conclusions

This thesis has described the development of a new synthetic route to Oxytocin receptor
antagonist GSK221149 which provides API within clinical specification in 42% overall
yield from the ketoamide (102) (and 13% from oxazole ester 84). The route utilises an
expedient two step, one-pot process to synthesise an a-ketoamide (102) first described
by Wang et al.”* The investigation into this reaction raises some interesting questions
about the nature of oxidation of ketonitriles and 1,2-diones and it is postulated that a
Baeyer Villiger type migration of an amide is taking place. Despite considerable
improvements to the process,™'® which now provides the ketoamide (102) in 30% vyield
from oxazole aldehyde via a method which could be readily scaled, the yield remains

low.

The key reaction in this new route to GSK221149, is the highly selective reduction of a
sterically congested imine (229) using a first generation Noyori-type ruthenium catalyst.
This application is unprecedented, and could find further utility in the synthesis of other
N-functionalised arylglycine derivatives. The asymmetric reduction allows highly
selective introduction of the oxazole-bearing stereocentre, something which the existing
Ugi route lacks. However, the success of the reaction is dependent on a high loading (10
mol%) of the relatively expensive [RUuCI((R)-SEGPHOS)(p-cymene)]ClI catalyst which
contributes significantly to the cost of goods. More generally, the asymmetric reductive
amination route allows the late stage introduction of the key indanylglycine subunit (64),
and provides opportunities to isolate crystalline intermediates, unlike the Ugi chemistry.
Despite these advantages, there are still a number of hurdles which would need to be
cleared for the asymmetric reductive amination route to be competitive, particularly in
terms of cost. This is particularly the case in view of further improvements which have
been made to the Ugi chemistry since this work was begun. For these reasons,
investigations into the new, asymmetric reductive amination route to GSK221149 have

been suspended.
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4 Results and Discussion Part 2; Investigation of the
Asymmetric Hydrogenation
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4 Results and Discussion Part 2; Investigation of the

Asymmetric Hydrogenation

4.1 Introduction

The asymmetric hydrogenation of imines remains a challenge despite significant
advances being made in the last decade. This is particularly true for the hydrogenation of
acyclic N-alkyl imines.®? More specifically, there are very few reports on the synthesis
of chiral aryl glycine derivatives by asymmetric hydrogenation of the corresponding o-
imino acid derivatives.”® Amongst these there is only a single example of the

hydrogenation of an a-imino amide,™*

and to the best of our knowledge no previous
successful examples of N-alkyl a-imino amide reductions. During the work to develop
an alternative route to oxytocin antagonist GSK221149, a highly selective ruthenium

catalysed hydrogenation of an N-alkyl a-imino amide was discovered (Scheme 97).

B/*O I o
L O

N
N J [RUCI((R)-SEGPHOS)(p-cymene)]Cl HNN \)
RO\ O RO \_ O
E 110: R = Me; DME, 80 °C \g d.e. >99%
229; R = Bn. 111; R = Me;
109; R = Bn.

Scheme 97 — Asymmetric hydrogenation of an N-alkyl a-imino amide in the synthesis of GSK221149

This reaction has the potential to be a useful method for the synthesis of a wide range of
functionalised aryl glycine derivatives. Therefore, further mechanistic understanding
into the origin of the selectivity and reactivity observed was sought. It was hoped that
this mechanistic understanding would then allow the substrate scope to be broadened in
order to develop a synthetically useful protocol for the synthesis of functionalised aryl

glycine derivatives.

4.2 Research Plan

The initial aim was to explore the reaction scope by preparing a number of structurally

related imines and testing them under the optimised asymmetric hydrogenation
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conditions. This would allow the structural features key for the observed reactivity and
selectivity to be determined. It was postulated that the highly functionalised nature of the
substrate, particularly the density of heteroatoms, could lead to a complex mode of
binding to the ruthenium metal centre. It was speculated that the reactivity or selectivity
of the system could be significantly impacted by deletion of some key heteroatoms and

this may allow hypotheses about the nature of binding to the catalyst to be made.

A number of points of diversity within the molecule were identified (Scheme 98),
specifically, the nature of the aromatic substituent, the nature of the amide and the nature
of the imine N-substituent. The nature of the imine N-substituent could be further broken

down into the alkyl chain or the ester moiety. Some key changes were then proposed.

N

!

N# (\O Ar Ar = 4-(2-Me-oxazole), phenyl, heterocyclic
S N N)\WX X = morpholine, NMe,, OMe

N 3.0 R' = sec-butyl, H, Me
MeO EI\O R? TR R? = CO,Bn, CO,Me, Ph

Scheme 98 — Points of diversity within the imine substrate

Substitution of the oxazole with other aromatic rings would allow the investigation of
the effect of heteroatoms within the ring system and potentially expand the scope to a
wider group of synthetically useful substrates. Substitution of the morpholine amide for
other amides and esters would allow the structure activity/selectivity relationship to be
probed. Substitution of the imine N-substituent would again allow us to probe the
structure activity/selectivity relationship and may allow a number of other important
questions relating to the selectivity of the reaction to be answered. A distinct
match/match case between the chirality present in the D-allo-isoleucine moiety of the
substrate and the (R)-enantiomer of the binaphthyl-derived catalyst had been observed,
when compared to the opposite (S)-enantiomer. We were interested to substitute the D-
allo-isoleucine with the achiral amino acid glycine to measure the inherent selectivity of

the catalyst. Synthesis of substrates derived from amino acids of increasing complexity
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starting with alanine were then proposed, which would allow investigation of the

influence of the bulky sec-butyl group upon the diastereoselectivity of the reaction.

Once the key functionality had been determined and some mechanistic insight gained, it
was aimed to synthesise a number of further derivatives to demonstrate the scope of the

reaction.

Markers of each of the diastereomeric products would be synthesised in parallel by
reduction of the imines using Pd/C. These results could then be used to determine the de
of the asymmetric reductions by HPLC. It was planned only to investigate the
asymmetric hydrogenation under the optimised [RuCI(R)-SEGPHOS)(p-cymene)]Cl

conditions in order to limit the number of variables.

4.3 Heterocycle Substitution

Firstly, the oxazole moiety was replaced with a simple phenyl group whilst retaining all
the remaining functionality of the control substrate. This was the first point of
investigation primarily because it was felt that the synthesis of aryl glycine derivatives
had the greatest synthetic use and applicability in a wider sense. In addition, it was
known from previous investigations into model imine formations (c.f. section 3.2) that
the synthesis of phenyl imine derivatives was much easier than for their oxazole
counterparts. It was hoped that this would allow for rapid generation of results. The
strategy was therefore to synthesise a stock of the phenyl ketoamide (256) so that a

range of phenyl-substituted imines could be prepared and assessed.

The optimised ketoamide formation conditions were used to provide 256 in moderate
yield (Scheme 99) and the corresponding methyl ester protected imine (257) was
prepared and purified by MDAP to ensure sufficient quality going into the

hydrogenation.
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(o) N K\O O

X (0]
\\/N\) N\)
o~ 121
255 58% © 256

i) NaHMDS, THF; ii) Oxone, Water.

Scheme 99 — Synthesis of phenyl ketoamide 256

i) -
fo) (o) Me()?;\NHz (o)
NS 0 e | AN
O 255 20% Meo\[ L_ o
|
U 257

i) TiCl4, TMEDA Toluene.
Scheme 100 — Synthesis of phenyl imine derivative 257

The substrates were subjected to hydrogenation under the optimised [RuCI((R)-
SEGPHOS)(p-cymene)]Cl conditions along with freshly prepared samples of the benzyl
and methyl ester protected oxazole imines (110, 229) as positive controls. The results are
shown (Table 28).

RZ (\O H2 R2 K\O
N)\H/N\) [RUuCI((R)-SEGPHOS)(p-cymene)]ClI HNH\KH/N\)

1 1
RO - o] - RO - o]
0,
J DME, 80 °C |

Imine R?* RY Conversion de (%)

110 ”;\\//o Me 98% >99%

229 Ebo Bn 64% >99%

257 %O Me 0% N/A

Table 28 — Asymmetric Hydrogenation
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Somewhat unexpectedly, a complete lack of reactivity was observed for the phenyl
substituted derivatives. Conversion to the desired amine was not observed despite the
stability of the imines to the reaction conditions. The expected conversions for the
control reactions demontrated there was no issue with either the equipment or the

catalyst.

It is possible that a secondary binding mode between the substrate and the catalyst metal
centre was taking place. Binding of secondary functionality was observed by Noyori
during his investigations into the asymmetric hydrogenation of B-ketoesters and is well
documented.”>%***" In these examples, the p-ester functionality co-ordinates to the metal
centre giving a 6-membered chelate which facilitates both the reactivity and the
selectivity of the reduction. Figure 36 shows the binding mode (332), and how it allows

the (R)-BINAP ligand to exert its stereochemical influence during the transition state.

OR
x’o_
(BINAP)CIHRU,
o=
332 R
_I ’
Cl

HO |
7 —Rlu—O
< ) H “or
@ favored TS

(R)-BINAP j ,

(l:|
O_Ru_m R/phenyl
)\_'/“\@? repulsion

ro” H

unfavored TS

Figure 36 — Stereochemical influence of (R)-BINAP."
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With this in mind, it was proposed that secondary binding of one of the heteroatoms
present in our oxazole was taking place, which enabled the observed reactivity, and set

out to investigate this with the synthesis and testing of alternative heterocyclic substrates

4.3.1.1 Alternative heterocyclic substrates

The investigation of the binding phenomenon was performed empirically, since evidence
of binding could not be observed spectroscopically; equimolar mixtures of substrate and
catalyst were prepared but showed no measurable change in chemical shift compared to
the isolated components. Therefore, the syntheses of a number of imines with nitrogen
containing heterocycles were proposed to try to re-instate catalytic activity and gain
further understanding into the binding of the oxazole. Substrates containing the
commonly available heterocycles pyridine, imidazole and pyrrole were initially selected.

R (0 H, R o
N N
N)ﬁ( \) [RuCI((R)-SEGPHOS)(p-cymene)|Cl HN" K[( J

MeO l\\ O e > MeO |\\ o
(o]
5 DME, 80 °C o

R= /N | XN

?a@ :EJ@

N

D L)
}&J\/N\ N
\

Scheme 101 — Proposed reaction of substrates containing commonly available heterocycles

The compounds were synthesised using the Claisen condensation/oxidative nitrile
cleavage and TiCl, mediated imine formation chemistries optimised for the oxazole
containing species (Scheme 102). The methyl esters were chosen in preference to the
benzyl esters due to the previously demonstrated ability of the methyl esters to undergo
reduction more readily. Here, there was no requirement for isolation of the
corresponding amino acids which had previously proven to be troublesome from the

methyl esters (c.f. section 3.4). In addition, the proposed strategy of providing markers
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of each of the enantiomers by Pd/C reduction of the imines would fail due to concurrent

de-benzylation under the Pd/C hydrogenation conditions.

i), ii)

(0]
(\/I)S(
l Z (e}

N

(o

N

e}

A
i) d ﬁ

- /N\)

N
77% 24%* A
N 338 z
337 MeO : O
U 339
N
|
o N
(e} (0] (\O
_ i), ii) i)
N~ 7% N o 34 15%* : 3
340 = Meo.
U 342
\
N—\\N
i i 0 o i N o
e ), 1i iii
N\/\ ° - N N N
et 0, — 0/ * —
N s 24% \=N O 344 8% P00
MeO
U 345
/:N
N _ i), i) \ \) i) N\)
QO ° <N ] N = N
o, \ o/ * =
N 346 64% N o 347 8% MeO : O
348
(0]
V9 o} o *vi
N _ i), ii) \ Yields after MDAP of
] O N N\) a portion of the mixture
\ 0% \ 350
349 O

i) Morpholinoacetonitrile, NaHMDS, THF; ii) aq Oxone ; iii) TiCl,, TMEDA, Toluene.

Scheme 102 — Synthesis of imines containing commonly available heterocycles

Synthesis of the heterocycle-containing ketoamides (338, 341, 344, 347) proceeded
smoothly, in generally higher yields than those obtained for the corresponding oxazole
containing species. This is likely to be reflective of the reduced propensity for these

heterocycles to undergo 1,4-addition compared to the oxazole (c.f. section 3.2.1).
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Conversion to the pyrrole containing ketoamide (350) could not be achieved due to the
insolubility of the intermediate ketonitrile in the aqueous media required for the
oxidation reaction. The imine syntheses also proceeded as expected and the low yields
can be attributed to the fact that only portions of the crude products were taken on and

purified by preparative HPLC due to column loading limitations.

The imines (339, 342, 345 & 348) were subjected to the optimised asymmetric
hydrogenation conditions, again using the oxazole imine (110) as a positive control. In
addition, each of the substrates was reduced using Pd/C to provide a mixture of
diastereoisomers which were separated and characterised to allow measurement of the
de and conversion of the asymmetric reactions by HPLC.

H>

R KO [RUCI((R)-SEGPHOS)(p-cymene)|CI R (\O
)\ﬂ/ N \) or HN /\ﬂ/ N \)

Pd/C ;
MeO l\ (0] Rom\\\v (0]
o]
o DME, 80 °C o

Cat=Ru Cat = Pd
Imine R
Conversion de(%) Conversion de (%)
110 Ebo 98%  >99%  84% 0%
/N
339 J\J 0% NIA  37% 0%
~N
342 El P 0% N/A >95% 0%
N=\
345 o N 33% N/A 47% 0%
N
348 ;%[N\> 0% NA  13% 0%

\

Table 29 - Asymmetric hydrogenation of imines containing pyridine and imidazole
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Interestingly only one of the substrates, the imidazole (345), showed conversion to the
corresponding amine under the asymmetric hydrogenation conditions, though all were
effectively reduced using Pd/C. The structural attribute which both the 4-(2-Me)-oxazole
containing substrate (110) and the 4-(N-Me)imidazole containing substrate (335) share,
but which differs from the remainder of the substrates, is the presence of an available
nitrogen atom within the heterocycle, a to the imine. It was therefore proposed that
binding of this nitrogen atom to the ruthenium centre was critical for the observed
reactivity and selectivity. We sought to investigate this further with the synthesis and
testing of a second round of structurally related heterocycles. The imines shown (351-

354) were chosen for the next set of syntheses.

Meo. A~ ° Meo. . °
351
0 OR
/ N -
S o_/ 355
N (\O (\O Not comercially available
N
N/ N\) [;j/
meo . _° MeO A
253 I 354

o

The pyridine containing imine (351) was chosen as it contains the a-aza substituent in
addition to the 6-membered ring and would allow for a direct comparison with the
previous two pyridines. The 5-oxazole compound (354) was selected as the most direct
test of whether the o-nitrogen is indeed crucial for activity. It would also allow the
binding affinity of oxygen to be tested. Neither the methyl or ethyl ester of the related 2-
methyl oxazole (355) were commercially available, and so it was decided to synthesise
the des-methyl 4-oxazole derivative (352) in order to provide a link between the oxazole
(354) and the control compound (110). The thiazole (353) would allow us to investigate

the effect of substitution of oxygen with sulphur. As previously, the optimised Claisen
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condensation/oxidative nitrile cleavage and TiCl, mediated imine formation chemistries

as shown were used to prepare the imines (Scheme 103).

| X
o) o
o) ﬁo K\O
| X o~ i), i) N NJ iii}) v N\)
N 356 29% | N O 357 53% N

H O

MeO
\g/j/ 351
(@] o o N o
/N o~ i), ii) N r i) Q
\<s | —~ | N
S

358 39% O 359 47% = o

MeO._ -
U 353
=N
0 o~
o) ﬁ o)
N\\ o~ i), i) VS N iii) NT N\)
-0 360 14% \_O0 O 361 27% : o)

o o} o}
(N])ko/\ i), ii) N ,(\
o) <;) |

362 0%

i) Morpholinoacetonitrile, NaHMDS, THF; ii) aq Oxone ; iii) TiCl,, TMEDA Toluene.

Scheme 103 — Second round of imine syntheses

The imines (351, 353-354) were successfully prepared; however, problems were
encountered with the synthesis of the 4-oxazole derivative (363). This is presumably due
to the acidic nature of the proton in the oxazole 2 position. Deprotonation of these
oxazole species has been previously reported in the literature.*>> The presence of the
pendant ester is likely to make the compound more acidic. It is proposed that
deprotonation at C2 and ring opening affords an isonitrile (364) which is in equilibrium
with its tautomer (365). These species are likely to be considerably less electrophilic

than the ring closed species (362) and therefore formation retards the desired reaction.
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(0] (0}
_C\\\N+ _C\\\N+
O/\ = O/\
| -~
- X0 365

Scheme 104 — Resonance sontributors of ring opened oxazole

Support for this hypothesis is provided in the observation of the self condensation
product of the morpholinoacetontrile (366) in the reaction mixture. This presumably
occurs in the manner described by Thorpe et al. **® and is consistent with the absence of

another electrophile in the reaction mixture.

NH,

O
K/NJ\/N

N

™

0]

4.3.1.2 Modified route to 5-oxaxole 352

In order to circumvent this deprotonation issue, a method for the C2 protection of the
oxazole was found in the work of Miller et al.™>" who developed a protocol for the
selective C2 silylation of substituted oxazoles. We envisaged that we could protect at
C2, perform the Claisen condensation and oxidation to generate the protected ketoamide
(368) which could be readily deprotected and undergo imine formation to give the

desired species (370).

o) 0 0 0
/Nj)ko/\_ _____ ,>—\Si/\</NJ)J\O/\, _____ _ }:@NﬁN\)
0~ 362 o7 367 0 O 368

Scheme 105 — Proposed route to 5-oxazole imine 370
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Using Miller’s procedure the silylated oxazole (367) was prepared in moderate yield

after modification of the reaction conditions to run at lower temperature.

o) i) n-BuLi o)
Poho i TiPS o VI o
THF, -65 °C
° 362 54% /K ° 367

Scheme 106 — Selective C2 oxazole silylation

The silylated oxazole (367) was then subjected to the Claisen condensation and
oxidation conditions. Whilst it successfully underwent Claisen condensation to provide
the corresponding ketonitrile (371), the oxidation was unsuccessful owing to the poor

solubility of the highly lipophilic TIPS protected oxazole in the aqueous reaction media.

o) N 0 ro o) N(\o
o AT Y

i) Morpholinoacetonitrile, NaHMDS, THF; ii) ag Oxone.

Scheme 107 — Formation of silylated ketoamide 368

It had been shown that oxidation to the desired ketoamide using peracetic acid in THF
was successful during the initial assessment of the oxidation conditions (section 3.1) and
so these conditions were applied to the silylated ketonitrile (371). However, under these
conditions rapid conversion to the corresponding silylated oxazole acid (372) was

observed, with no evidence of the desired ketoamide (368) (Scheme 108).

o) o h 0 o]
Tt ¥t ot

i) Morpholinoacetonitrile, NaHMDS, THF; ii) AcOOH, THF.

Scheme 108 — Oxidation of silylated ketonitrile 371 using peracetic acid
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The synthetic strategy was therefore changed in case the presence of the TIPS group was
adversely affecting the oxidation reaction. The TIPS group was removed after formation
of the ketonitrile (371) and oxidative nitrile cleavage was attempted on the deprotected
oxazole (373). Despite clean deprotection with TBAF, the oxidation yielded only the

undesired oxazole acid (374).

o o o (o o
Y T AT e A v,
}j‘\\(é])ko/} }/S'K‘% | INI i) <OJ)T i) (])ko

—— O 374

367 3N 373

i) Morpholinoacetonitrile, NaHMDS, THF; ii) TBAF; iii) AcOOH, THF.

Scheme 109 — Silyl deprotection of ketonitrile 371

Due to the repeated failures in preparing the des-methyl derivative (369) the synthesis

was abandoned.

4.3.2 Hydrogenation of second round of imines

The successfully prepared imines (351, 354 & 354) were subjected to the optimised
asymmetric reduction conditions (Scheme 103) and also to the non-selective Pd/C
conditions to provide markers of each of the diastereoisomers. The results are combined
with those reported in Table 29 and are shown (Table 30).
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Ha

R (\O [RUCI((R)-SEGPHOS)(p-cymene)]Cl R (\O
2

2 Pd/C
RO\W\\n 0 RO\“\\\» O
O,
o DME, 80 °C )

Cat=Ru Cat=Pd
Imine R? R? .

Conzgz;smn de (%) Conversion (%) de (%)

110 N= Me 98%  >99% 84% ~0%
O
S/

229 JN\{O Bn 64%  >00% 100% -10%
N

257 %© Me 0% N/A N/A N/A

351 %N\I Me 32% 87% 100% -10%
N

339 “Y Me 0% N/A 37% ~0%
2N

342 ‘%' \/N Me 0% N/A >95% ~0%

345 '?%Nj\N\ Me  33%  N/A 47% ~0%
N

348 %[N\> Me 0% N/A 13% ~0%
\

353 JN\{S Me 98% 93% 90% 3%
L777 =

354 LJ:N\> Me 1%  NA N/A N/A
- O

Table 30 — Collated asymmetric hydrogenation results
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The successful reduction of the 2-pyridyl (351) and 4-(2-Me)-thiazolyl (353) imines, and
the failure of the 5-oxazolyl imine (354) supports the hypothesis that a nitrogen atom
within a heterocycle o to the imine is required for the substrate to be reduced effectively

by the system.
O l\/l S
7 N\
- Qg m
-~ o -~ -~

Scheme 110 — Heterocylic substrates which are effectively reduced

It is therefore proposed that a secondary binding interaction through this a-nitrogen atom
is essential for the operation of this catalytic system. The proposed mode is shown below
(373). The 5-membered ruthenacycle seems plausible based on its size, despite not
matching the 6-membered structure proposed by Noyori, as it is believed that the sp
nitrogen lone pairs can adopt the correct orientation to facilitate formation of this type of
metalocycle. Moreover, a 6-membered ruthenacycle with the heteroatom contained
within the ring would be unlikely to adopt the correct geometry for bidentate binding.

Precedent for these types of 5-membered ruthenacycles can be found within the
literature. The most closely related structure is a ruthenium complex (376) containing a
bidentate aminooxazoline ligand described by Abdur-Rachid and Lough.*®® This
complex was shown to be an effective catalyst for the catalytic hydrogenation of
acetophenone and was prepared by treating RuHCI(R-BINAP)(PPh3) with a slight
excess of the aminooxazoline ligand in THF. The complex was then crystallised from

hexanes and characterised by x-ray crystallography.
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P
l’ :
O

Me,
OO Bh2 ¢l N
Rl

h

CO™ e
H
2 376

The complex shows significant similarity to the proposed binding mode shown above
(375). Both have the central ruthenium atom in an octahedral co-ordination environment
with BINAP or a BINAP-derived axially chiral biphosphine ligand, and both have
bidentate co-ordination of two nitrogen atoms to give a 5 membered ruthenacycle. The
key difference between the above complex (376) and the proposed binding mode is the
hybridization state of the coordinating nitrogen atoms. In the case of our proposed mode
(375), both nitrogens are sp? hybridized, whilst Abdur-Rachid and Lough’s complex
(376) is formed by coordination from the sp? hybridised oxazoline nitrogen and by the

sp® hybridized amino nitrogen.

Coordination to ruthenium by two sp? hybridised nitrogens creating a 5-membered
ruthenacycle is also known, and is exemplified by complex 377 described by Takata and
Nakanishi.’*® However, in this example, the ancilliary ligands are not as similar to our
system as in the example (376) above. In addition to the pyrrole derived complex (377),
Takata and Nakanishi prepared further compounds (378, 379) which demonstrate that

the ruthenium metal centre can tolerate coordination of other heteroatoms and larger ring

sizes.
H
PhsPi,.. LIJ ““““ \CO D_\\ @;OH o o
L~ =
1 ’\PPhg NoNPh Npp, AN
L 377 378 379

Considering both the precdent and the empirical data, it seems reasonable that a binding
mode similar to the one proposed above (375) is in operation. This model could be used
to predict the future applicability of this type of catalytic system to the asymmetric
hydrogenation of heterocyclic glycine derivatives and, whilst the requirement for an o-

aza substituent does limit the scope of the reaction, it may still find wider synthetic use.
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4.4 Imine N-substituent Investigation

With the knowledge of the structural features of the heterocycle required for successful

reaction now available, attention turned to investigations of the amino acid fragment.

During the new route development, very high selectivities were observed for the the
model system when D-allo-isoleucine was coupled with diphosphines of (R)-
configuration. This is in contrast to diphosphines of (S)-configuration, which gave a
much lower selectivity (section 3.9). It is possible that a significant match/match case
was in operation for the model system. It was therefore neccessary to determine the
inherent selectivity of the catalyst by investigation of an achiral imine. Doing this would
ensure that no chiral induction from the substrate itself was responsible for the reaction
outcome. The synthesis and investigation of glycine derivative (381) was therefore

undertaken.

4.4.1 Synthesis of the glycine derived imine 381

The original 4-(2-Me)-oxazole ketoamide (102) was chosen to partner glycine despite
our knowledge of its propensity to react with nucleophiles in a 1,4-manner (Section
3.2.1) since supplies of material were plentiful. The optimised, strongly Lewis acidic
imine formation conditions were applied according to Scheme 111. However, despite a
number of attempts, only very low yields (8%) of the desired imine were obtained. The
poor solubility of glycine in both toluene and dichloromethane and the propensity of the
methyl ester to undergo hydrolysis on both work-up and purification hampered the
reactions. This hydrolysis is presumably due to the much lower steric hindrance caused

by the proton compared to the bulky sec-butyl group in the D-allo-isoleucine equivalent.
i
Y
N 0 O oo TMEDA, TiCl, jﬁ(@
NH,HCl ————— > =~
\</ h K 2 Toluene or DCM N

102 MeO (0] 1
O 0 380 0°C \[H 38

8% o

Scheme 111 — First attempt at the synthesis of glycine derived imine 381
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It is likely that the steric bulk of the amine influences the rate of the 1,4-addition to the
oxazole. With this less sterically encumbered substrate, formation under milder, non
Lewis acidic conditions was attempted. Unfortunately, rapid 1,4-addition was also

observed with this substrate.

o]
OJK/NHZHG b O ﬁo
g 382 N N

. TMEDA, 4A molecular sieves J | !

HN
THF, 0°C
Q ﬁo @o 383
N N
— | O

o) O 102

Scheme 112 — 1,4-addition of glycine benzyl ester to ketoamide 102

In a final attempt to synthesise a glycine derived imine glycine benzyl ester (382) was
used in combination with th lewis acidic conditions in the hope that the increased
lipophilicity would increase the solubility in the reaction solvent, and that the increased
steric bulk of the ester would reduce the rate of hydrolysis. This increased the vyield
marginally, but we were unable to prepare sufficient imine in the required purity to test

the hydrogenation.

o) 0
Oy P o
o) O 102 TMEDA, TiCl, AN
@ Toluene or DCM ©\/O O 384
O\HANHZ_HCI o)
o)

0°C
DCM; 12% (80% a/a)

382 toluene; 7% (91% a/a)

Scheme 113 — Synthesis of benzyl ester protected glyine imine 384

4.4.2 Synthesis of D-alanine derived imine 386

Due to the failure of the synthesis of the glycine derived imine the synthesis of the next
most simple amino acid, alanine, was investigated. This would allow the effect of the
steric bulk of the sec-butyl group on the selectivity of the reaction to be assessed. D-

alanine was chosen so that the sterochemical arrangement of the a-centre matched that
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of our control D-allo-isoleucine derived substrate. Owing to the chirality of p-alanine,
the reduction would generate a mixture of diastereoisomers and the diastereomeric
excess could be determined by HPLC without the need for development of a suitable

chiral method.

The synthesis of the alanine-derived imine (386) was achieved more readily than that of
the glycine derived imine (381) according to the optimised conditions. Despite a
moderate yield, the product was prepared in excellent purity after mass-directed
preparative HPLC. (Scheme 114)

j
N~
0 O Ve TMEDA, TiCl, N\j
\(Nﬁ NH,HCI @ ——————————> N7
DCM
ol .
o 102 385 0°C Meo\”\“‘K O 386, 25%
ol

Scheme 114 — Synthesis of D-alanine derived imine 386

The imine (386) was subjected to the hydrogenation conditions with both the ruthenium
and Pd/C catalysts; it underwent reduction effectively with the ruthenium SEGPHOS
catalyst. The diastereomeric excess of the reaction was reduced from the near perfect
selectivity observed with D-allo-isoleucine to 87% de This supported the hypothesis that
the chirality and steric bulk present within the substrate plays an important role in

defining the selectivity of the hydrogenation.

\/ﬁo H 9
N o 2 N o
(\ Catalyst A; [RuCI((R)-SEGPHOS)(p-cymene)]ClI B
Z N\) or HN/\H/N\)
Catalyst B; Pd/C
MeO \K o > MeO \K o
Wl 386 DME, 80 °C \” 387

o
Catalyst A; 100%, 87% d.e.
Catalyst B; 100%, -10% d.e.

Scheme 115 — Asymmetric hydrogenation of D-alanine derived imine
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4.4.3 Other amines

The next natural progression in investigating the reaction was to prepare imines derived
from simple amines instead of amino acid derivatives. The following compounds (393-
396) were proposed and synthesised. The imine derived from benzylamine (393) would
allow the success of the reaction on other alkyl substituents to be assessed. It is also an
attractive functionality as a method for the installation of chiral primary amines due to
the ease with which it can be de-benzylated. The imine derived from aniline (394) was
included to assess the applicability of of the hydrogenation conditions to simple N-aryl
imines. These reactions are widely reported in the literature using other catalytic
systems, but more rarely using the 1% generation Noyori type catalysts (section 2.4.2).
We were interested to see whether these substrates were equally well reduced with this
catalytic system. The imine derived from (S)-2-Me-butylamine (395) would allow the
effect of the ester functionality in the control substrate to be directly assessed. It would
also demonstrate the applicability of the catalytic system to the typically hard-to-
hydrogenate N-alkyl imines. Finally, the N-tosyl imine (396) was chosen for its ability to

act as an ammonia equivalent for the synthesis of chiral primary amines.
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Scheme 116- Synthesis of non-amino acid derived imines

Three of the imines (393-395) were synthesised in acceptable yield and high purity after

preparative HPLC. The reaction with N-tosylamine failed, due to competitive 1,4-

addition despite the use of the strongly Lewis acidic conditions.

The imines were subjected to hydrogenation under both the asymmetric hydrogenation

and Pd/C conditions (Table 31). The ruthenium-catalysed hydrogenation conditions do

not typically catalyse the de-benzylation of amines, unlike Pd/C which rapidly promote

de-benzylation. Therefore, reduction using Pt/C was carried out to prevent the

debenzylation reaction and prepare analytical markers of the N-benzyl amine products

Confidential

175|Page



4. Results and Discussion Part 2; Investigation of the Asymmetric Hydrogenation

(393a). With the phenyl and benzyl imines (393, 394), chiral HPLC was used to separate

the enantiomeric products and measure the ee.

NG Q H, b

7 S
jfr((\ 0 [RUCI((R)-SEGPHOS)(p-cymene)]Cl : (\O
J N

- N
N - PAIC ] PUC HN™ ~
R (@] R (o]
DME, 80 °C
Cat=Ru Cat = Pd/C
Entry R

Conversion de/ee Conversion de/ee

394 ‘%Q 100%  984%  100%  -1%

303 37\@ 0% N/A  100%*  -f

395 YN 8a%  28% 92 11%

*Reduction performed with Pt/C. ¥Enantiomeric excess not determined.
Table 31 - Asymmetric hydrogenation of non-amino acid derived imines

Asymmetric reduction of the N-phenyl imine (394) occurred readily and with excellent
selectivity. Although, asymmetric hydrogenation of N-phenyl imines with high
selectivity is known using iridium based catalysts,® this result compares favourably to
the current state of the art, due to the use of less expensive ruthenium as the metal
centre. Further exploration of the reduction of N-phenyl imines using this catalyst
system could form an interesting area for further work. This high selectivity could be
attributed to the significant amount of steric influence of the phenyl moiety as it has
fewer degrees of freedom than the sp® N-substituents. Reduction of the N-benzyl imine
was unsuccessful, largely due to competing hydrolysis of the imine. Interestingly, whilst
a reasonable conversion is observed with the N-(S)-(2-methyl)butyl imine, there is a
significant reduction in the selectivity of the reaction with this substrate. There are a

number of possible reasons as to why this is the case. Firstly, there may be a third
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interaction between the substrate and the metal centre involving co-ordination of the
ester, which promotes a specific conformation and helps induce the selectivity.
Secondly, this substrate is missing an a-Stereocentre which may confer a significant
degree of selectivity. In the absence of a glycine derived imine (381), this phenomenon
could be probed by the synthesis of other non-coordinating a-chiral substrates. Thirdly,
the effect could be due to the steric bulk of the N-substituent. It is likely that the deletion
of the a-ester decreases the steric demand of the substrate and allows for other modes of
binding to metal centre binding which may ultimately furnish the opposite

diastereoisomer.

4.5 Amide N-Substituent Investigation

The final point of diversity to be investigated was the morpholinoamide functionality.
The synthesis of the N,N-dimethyl amide (41) was initially proposed in order to explore
the effect of steric bulk and the role of the morpholine oxygen atom. As previously, the
optimised Claisen condensation/oxidation conditions were used to prepare the ketoamide
(400) as shown (Scheme 117). The reaction was low yielding due to formation of large
quantities of an over-oxidation product, but when performed on large scale it provided

sufficient material for onward synthesis.

0
N o} o
— ])ko'\"e NaHMDS N | Oxone |
o- — ] h — h
| THF, 0°C o eN H0,20°C I3
NC. N 399 12% 400
398

Scheme 117 — Preparation of N,N-dimethyl ketoamide 400

The synthesis of the imine derived from the ketoamide (400) and D-allo-isoleucine (66

was performed (Scheme 118), and the product (401) was obtained in good yield.
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Scheme 118 — Synthesis of imine 401

The imine (401) was subjected to the asymmetric hydrogenation conditions and found to

undergo complete reduction with good selectivity.

\FO H,
N~

I O
N
| Catalyst A; [RuCI((R)-SEGPHOS)(p-cymene)]Cl H |
N

Z ~ or : N
N Catalyst B; Pd/C HNTY

MeO\H\\\» 0] Meom\“v 0
o]
o 401 DME, 80 °C o) 402

Catalyst A; 100%, 93% d.e.
Catalyst B; 100%, 21% d.e.

Scheme 119 — Asymmetric hydrogenation of N,N-dimethyl amide imine 401

There is some reduction in selectivity over the corresponding morpholine derived imine
(401) (93% vs >99%) which suggests there is some steric or electronic influence of the
morpholine group on the reduction. However, this portion of the molecule does not
appear to be crucial for activity and a number of alternative substrates could be

synthesised and tested in order to explore this further.
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4.6 Summary and Conclusion

During work to develop an alternative synthesis of the oxytocin antagonist GSK221149
a previously unprecedented application of a 1% generation Noyori ruthenium catalyst to
the asymmetric hydrogenation of a sterically congested and densely functionalised imine
was discovered. This reaction was particularly noteworthy due to the high selectivity
obtained and the structural complexity of the imine. Previous examples of asymmetric

imine hydrogenation in the literature are limited to much more simple examples.

The origins of the reactivity and scope of the reaction was explored by synthesising a
number of modified imine substrates and subjecting them to the optimised asymmetric

hydrogenation conditions.

It was found that only substrates containing nitrogen atoms a-to the imine were reduced
effectively (Scheme 120) which led to the proposal of a catalyst-substrate binding mode
(375) as being key for reactivity and selectivity. This binding mode is complementary to
the secondary binding mode of f-ketoesters to ruthenium metal centres described by
Noyori® and has structural features in common with the complexes described by
Abdur-Rachid and Lough (376)*® and Takata and Nakanishi (377)."°

/
S N 0 N s
N)\H/ R= \« Y /7 \ Y \« /)
e0O_ \_ O N N= N N
TI\‘ o iy ey o~
0 110 351 345 353

Scheme 120 — Heterocylic substrates which are effectively reduced

<O O Ph; Ci EF/ o
( O EhZR: SN

Future work into the investigation of these reductions could look to further simplify the

system. It would be particularly interesting to abandon heterocycles as a whole and
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investigate a-amino imines based on the structure below (403). This could allow a much

broader reaction scope.

403

In addition to the requirement for a-aza substituents, the structure activity relationship
around the imine N-substituent was invstigated. Whilst the N-glycine derivative could
not be satisfactorily synthesised, the N-D-alanine analogue showed that the steric bulk of
the imine N-substituent had an effect on the selectivity of the reaction (87% de).
Similarly, deletion of the D-allo-isoleucine ester group (N-(S)-(2-methyl)butyl (395))
caused a large reduction in selectivity (28% de) which may also be attributed to a
decrease in steric bulk. Pleasingly, the N-phenyl substituent (394) showed excellent
selectivity (98.4% ee). Further work in this area could focus on the use of readily

deprotected N-phenyl substituents, which would allow access to chiral primary amines.

More generally, this work raises a number of interesting questions about the general
experimental strategy employed, and the synthetic usefulness of the methodology.
Firstly, throughout these further investigations, it became clear that the poor stability of
the imines can become a significant challenge. The oxazolyl imines in particular can
undergo not only hydrolysis to the corresponding ketones under acidic conditions, but
also 1,4-addition and ring opening under basic conditions. If the methodology is to find
true synthetic use, an in situ imine formation method would be required. Secondly, the
relevance of investigating the scope of a reaction which has been highly optimised for a
particular substrate is to be questioned. It appears likely that in optimising the reaction
conditions for the original substrate, they have been de-optimised for the subsequent
substrates in question. If time and materials allowed, it would be interesting to screen a

more generalised set of conditions against a number of these substrates.
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5.1 Summary and Conclusions

GSK?221149 is an oxytocin antagonist indicated for the treatment of pre-term labour, a
condition which causes up to 500,000 infant deaths per year and has limited effective
treatment options. GSK221149 could fill significant unmet medical need in the
treatment of pre-term labour and is currently awaiting phase Il clinical trials. The
existing synthetic route to GSK221149 (5) takes advantage of the multicomponant Ugi
reaction to build up the skeleton in a single step. However, whilst the route seems
attractive on paper, a number of factors such as the lack of isolated intermediates and the
early introduction of the expensive indanyl glycine sub-unit make it less than practical
for use on large scale in long term manufacturing. A new route was required to provide
material for long term toxicology, phase Il clinical trials and ultimately, commercial

manufacture.
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N N N
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Qj N\_% o Q] o =
NAH/N\) WD) e SN <L N}\W
HN 0 HN\"/E\O HN\n/x:,\O
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i) NEt;, MeOH/CF3;CH,OH 67%; ii) Pd/C NMP, aqg NH,HCO,, 73% iii) CDl, EtOAc iv) H,O, EtOAc,
90%; v) Me;CCOCI, N-methylmorpholine; vi) Morpholine, EtOAc -20 °C, 62%.

Scheme 121 - Route A to GSK221149

Retrosynthetic analysis of the molecule gave a number of potential strategies which
were prioritised and an alternative route was proposed. The route utilises an asymmetric
reductive amination as the key bond forming step to install the exocylic oxazole bearing

stereocentre selectively.
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Scheme 122 - Proposed new route to GSK221149

The development work was commenced by investigating the Claisen condensation
between the ester (84) and the nitrile (121) followed by oxidative nitrile cleavage to
afford the ketoamide (102). Experimentation showed that the nature of the oxidant was
important for a high yielding reaction and a process was developed which allowed the
scalable formation of product in 32% vyield. Attempts to form the imine (110) were
hampered by the propensity of the oxazole moiety to undergo 1,4-addition and
subsequent ring opening. This reaction pathway was disfavoured by the use of strongly
dehydrating lewis acidic conditions which allowed the formation of the imine as an
interconverting mixture of E/Z-isomers. The reduction of the imine (110) was achieved
by catalytic hydrogenation in the presence of Pd/C which provided a diastereomeric
mixture of amino esters. Whilst ester hydrolysis was facile, isolation of the desired
diastereomeric product proved challenging which ultimately led to the selection of
benzyl as the desired ester. Despite this, we were able to progress material through to
GSK221149 where care was taken to demonstrate the purity of the product. The purity
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of APIs is of paramount importance and it was demonstrated that material from the new

route was very close to the clinical specification.

With the route proven, attention was shifted to the development of scalable, higher
yielding chemistry and an asymmetric reduction of the imine. A broad range of catalysts
based on a number of metal centres were screened under varying conditions resulting in
the identification of 1% generation Noyori type ruthenium catalysts as effective in
facilitating the reduction with exceptional diastereoselectivity (>99%). The reaction
conditions were optimised in order to use the benzyl ester protected imine (229) which
allowed for a more facile isolation of the amino acid. The catalyst loading was increased
to avoid impurity formation and the reation was scaled to 39 g in order to demonstrate
the reaction and provide material for more detailed API analysis. Here, particular care
was taken to demonstrate the diastereomeric purity of the API, which was shown to

exceed clinical specification. The final route of synthesis is shown (Scheme 123).
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Scheme 123 — New route to GSK221149

A detailed comparison of the new route versus the existing chemistry was then
performed which showed a marginally higher cost of goods (£11,600 kg* vs
£9,500 kg™) for the newly developed route, primarily due to developments which had
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been made to the existing chemistry whilst new route investigations were in progress.
This led the new route work being suspended. However, it would make an excellent start
point for the development of a future 2" generation route to the compound if required.

After suspension of the new route work, attention shifted to the investigation of the
novel application of Noyori’s 1% generation catalyst to the imine hydrogenation. We
aimed to understand and expand the scope of the reaction which had the potential to be a
useful method for the synthesis of a range of aryl glycine derivatives. The effect of
substituting the heterocycle portion of the molecule was shown to severely impact the
reactivity of the catalyst system. Only heterocycles containing an available a-nitrogen
were shown to undergo hydrogenation. It was proposed that the substrates were involved
in secondary binding to the metal centre through this a-aza substituent and this was the

mechanism by which hydrogenation took place.
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Finally, the effect of substitution of the imine N-substituent was investigated. It was
observed that, whilst the highest selectivities were observed for an N-phenyl sustituent
(>98% ee), stereoinduction could be achieved with alkyl substituents ((S)-2-Me-butyl
(395); 28% de) and modification of the amino acid fragment showed only a small drop
off in selectivity (D-alanine (386); 87% de). Modification of the morpholine moiety also

only showed a small drop-off in electivity (N-Me; (401); 93% ee.)

These results show that whilst the methodology is not broadly applicable as a method for
the synthesis of aryl glycine derivatives as hoped, the reaction can be applied to a well
defined sub-set of a-nitrogen containing heterocycles and suggests an interesting
nitrogen equivalent of Noyori’s proposed binding mechanism for B-ketoesters to a

ruthenium metal centre.

The chemistry compares favourably to the current state of the art for the asymmetric
reduction of N-phenyl imines where the use of ruthenium could offer significant cost
advantages of commonly used iridium catalysts. Investigation into this area would be an

interesting avenue for further research, but will not be undertaken at this time.

Confidential 186 |Page



6. Experimental

6 Experimental

Confidential 187 |Page



6. Experimental

6 Experimental

6.1 General Experimental

All solvents and reagents were standard laboratory grade and purchased from Sigma

Aldrich unless otherwise stated, and were used without further purification.

All experiments were carried out under an atmosphere of nitrogen gas unless otherwise
stated.

NMR data were obtained on a Bruker DPX400 or Bruker AV400 spectrometer operating
at 400 MHz for H spectra, 100 MHz for *C spectra and 162 MHz for 3'P spectra.
Chemical shifts in 'H and '*C spectra are reported on the & scale relative to
tetramethylsilane (TMS). *3C spectra were proton decoupled. All NMR data were

obtained at 26 °C unless otherwise stated.

pH was measured using a Jenway Enterprise 350 pH meter calibrated to pH 4.0 and
9.22.

HPLC data were obtained on a number of different methods as detailed below.

6.1.1 HPLC Method A

Instrument Agilent 1100 series HPLC
Column Phenomenex Luna C18(2), 50 x 2.0 mm, 3 um
A Water + 0.05% v/v trifluoroacetic acid
Mobile phase
Acetonitrile + 0.05% v/v trifluoroacetic acid
Flow Rate 1 mL/min.
Time (min) 0 8 8.01
Gradient Profile % A 100 5 100
% B 0 95 0
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Column Temp 40°C
UV Detection 220 nm
Injection volume 1 uL

6.1.2 HPLC Method B

Instrument Agilent 1100 series HPLC
Column Agilent Zorbax SB-C18
A Water + 0.05% v/v trifluoroacetic acid
Mobile phase
B Acetonitrile + 0.05% v/v trifluoroacetic acid
Flow Rate 1.5 mL/min.
Time (min) 0 2.5 3
Gradient Profile % A 100 5 5
%B 0 95 95
Column Temp 60 °C
UV Detection 220 nm
Injection volume 1 uL

6.1.3 HPLC Method C

Instrument Agilent 1100 series HPLC
Column Gemini NX, 50 x 3 mm, 3 pm
Mobile phase A ammonium bicarbonate (10 mM aqueous solution)
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B Acetonitrile
Flow Rate 1.5 mL/min.

Time (min) 0 4 5
Gradient Profile % A 100 5 5
%B 0 95 95

Column Temp 30°C

UV Detection 220 nm

Injection volume 1 uL

LCMS data were obtained using one of the above HPLC methods coupled to a Waters
ZQ mass spectrometer, running in positive electrospray ionisation mode with a

quadrupole detector.

High resolution mass spectrometry data were obtained using the HPLC (Method A)
coupled to a Thermo-Finnigan Orbitrap Fourier-transform mass spectrometer running in

positive electrospray ionisation mode.

Infra red (IR) spectra were obtained on a Perkin Elmer Spectrum One instrument with
diamond attenuated total reflection accessory. Only data for main functional groups and

strong peaks are reported.

Screening hydrogenations were carried out in glass tubes in a multi-well steel autoclave
with overhead stirring or in multiwell hastelloy autoclave with magnetic stirring, using
hydrogen from a hydrogen generator unless stated. Larger scale hydrogenations were
carried out in a glass miniclave vessel with a turbine mechanical stirrer, and hydrogen

from a hydrogen generator.

Chromatography was carried out using a Biotage SP4 instrument, with pre-packed silica
columns; details of solvent system, column size, silica type, flow rate and column

loading are provided for individual examples.
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6.2 Experimental Procedures for Results and Discussion Part 1

6.2.1 Experimental Procedures for Section 3.1

6.2.1.1 General Procedure 1: Synthesis of Ketoamide 102

Base (A) was added dropwise to a solution of 4-morpholinoacetonitrile (121) (B) and
methyl 2-methyl-1,3-o0xazole-4-carboxylate (84) (C) in solvent (D) at temperature (E).
The resultant reaction mixture was stirred at temperature (F) for period of time (G) then
analysed by HPLC (H). Oxidant (1) was added dropwise to the above solution and the
mixture was stirred at temperature (J) for period of time (K) and analysed by HPLC (L).

6.2.1.2 Work-up Procedure 1

The reaction mixture was quenched (M) and the resultant biphasic mixture was stirred
for 5 min. The phases were separated and the organic phase was dried (MgSO,) and
concentrated under reduced pressure to afford the crude product as a brown oil.
Purification by flash chromatography (EtOAc) afforded the desired product as a yellow
oil which solidified on standing (N).

6.2.1.3 General Procedure 2: Oxidant Screen

Base (O) and oxidant (P) were charged to a solution of the 3-(2-methyl-1,3-oxazol-4-yl)-
2-(4-morpholinyl)-3-oxopropanenitrile (102) (50 mg, 0.21 mmol) in solvent (Q) (3 mL)
and the resultant reaction mixture was stirred at 20 °C for 45 min. An aliquot (20 pL)
was removed and quenched into sodium sulphite (1 mL of a 3% w/w aqueous solution)
then analysed by HPLC (R).

A series of seven experiments were carried out in this way with variation in all

experimental parameters (A) — (R). Only selected experiments are presented more fully.
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6.2.1.4 Experimental for the Preparation of 1-(2-Methyl-1,3-oxazol-4-yl)-2-(4-
morpholinyl)-2-oxoethanone (102)

o o

NﬁN\)

\<:3 I o] 102
The experiments documented in section 3.1 were carried out using general procedure 1,
details for each entry are provided below. When product was isolated, work-up
procedure 1 was followed. Differences in processing are recorded for each entry where
applicable. For isolated products, full characterisation was carried out for a single batch;
the remainder were analysed by HPLC and 'H NMR. 'H NMR spectroscopic data

matched that given below with the exception of signals arising from residual solvents

and minor impurities.

Experiment 1. A: Sodium bis(trimethylsilyl)amide (19.1 mL of a 1 M solution in THF,
19.1 mmol); B: 0.94 g, 7.4 mmol; C: 1 g, 7.1 mmol; D: THF (10 mL); E: <30 °C; F:
ambient; G: 10 min; H: HPLC showed complete conversion to the ketonitrile (102); I:
Sodium hypochlorite (10.6 mL of a 10% w/w aqueous solution, 14.2 mmol); J: ambient;
K: 5 min; L: Ratio ketoamide (102): ketonitrile (122): oxazole acid (231) = 13.1: 51.7 :
35.2. Stirring was continued for a further 15 min and the mixture was re-analysed by
HPLC. The relative area of the ketoamide (102) was reduced; ratio calculations were not
completed. Stirring was continued for a further 18 h and the mixture was re-analysed by
HPLC. The relative area of the ketoamide (102) was reduced; ratio calculations were not
completed. A further portion of sodium hypochlorite (10.55 mL of a 10% w/w aqueous
solution, 14.17 mmol) was added and the mixture was stirred for 15 min then sampled
for HPLC. Ratio ketoamide (102): ketonitrile (122): oxazole acid (231) =0.8 : 2.2 : 97.0.

Experiment 2. A: Sodium hydride (0.71 g of a 60% dispersion in oil, 19.1 mmol,
suspended in 1 mL THF); B: 0.94 g, 7.4 mmol; C: 1.0 g, 7.1 mmol; D: THF (10 mL); E:
<25 °C; F: ambient; G: 15 min; H: an aliquot (20 pL) was quenched into water then
diluted with methanol. The ketonitrile (122) was not observed. LCMS analysis showed

hydrolysis to the acid (231). The reaction was re-sampled, quenching into methanol, and
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LCMS analysis showed only the oxazole ester (84). Stirring was continued overnight
and the reaction was re-analysed by HPLC. The ketonitrile (122) was not observed. An
aliquot (20 pL) of the reaction mixture was quenched into D,O (0.75 mL) and analysed
by 'H NMR. Deuteration of morpholinoacetonitrile (121) could not be observed due to

overlap of the required resonance with THF.

Experiment 3. A: Sodium bis(trimethylsilyl)amide (19.1 mL of a 1 M solution in THF,
19.1 mmol); B: 0.94 g, 7.4 mmol; C: 1 g, 7.1 mmol; D: THF (10 mL); E: <30 °C; F:
ambient; G: 10 min; H: HPLC showed complete conversion to the ketonitrile (122); I:
peracetic acid (2.94 mL of a 32% w/w solution in AcOH, 14.2 mmol); J: ambient; K: 5
min; L: HPLC showed complete conversion to the ketoamide (102); M: sodium sulfite
(10 mL of a 10% w/w aqueous solution). The separated organic phase was washed with
sodium bicarbonate (15 mL of a satd. aqueous solution). HPLC showed there was no
change in the composition of the organic phase, but there was some product in the
aqueous phase. The aqueous phase was back extracted with iPrOAc (20 mL) and the
combined organic phases were washed with water (10 mL). HPLC showed product
remained in the aqueous phase; N: 292 mg, 18%, 95% a/a by HPLC. The Biotage
column was washed with MeOH and the washings were analysed by TLC (EtOAc); no
product was observed. 2D TLC analysis (EtOAc) with 1h between runs showed the
compound was stable to silica.

Experiment 4. A: Sodium bis(trimethylsilyl)amide (9.6 mL of a 1 M solution in THF,
9.6 mmol); B: 469 mg, 3.7 mmol; C: 500 mg, 3.5 mmol; D: THF (5 mL); E: <7 °C; F:
0-5 °C; G: 5 min; H: HPLC showed complete conversion to the ketonitrile (122); I:
peracetic acid (1.47 mL of a 32% w/w solution in AcOH, 7.1 mmol); J: 0-5 °C; K: 2.5 h;
L: HPLC showed 3.5% a/a ketonitrile (122) remained; M: sodium thiosulfate (5 mL of a
20% w/w aqueous solution); N: 215 mg, 27%.

Experiment 5. A: Sodium bis(trimethylsilyl)amide (9.6 mL of a 1 M solution in THF,
9.6 mmol); B: 469 mg, 3.7 mmol; C: 500 mg, 3.5 mmol; D: THF (5 mL); E: <7 °C; F:
0-5 °C; G: 5 min; H: HPLC showed complete conversion to the ketonitrile (122); I.

peracetic acid (1.47 mL of a 32% w/w solution in AcOH, 7.1 mmol) added over 30 min
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using a syringe pump. Samples were taken for HPLC during addition; J: 0-5 °C; K: 60
min; L: HPLC showed the ketonitrile (122) remained. A further portion of peracetic acid
(0.074 mL of a 32% wi/w solution in AcOH, 0.36 mmol) was charged and HPLC showed
the ketonitrile (122) remained. A further portion of peracetic acid (37 pL of a 32% w/w
solution in AcOH, 0.18 mmol) was charged and HPLC showed the reaction was
complete; M: sodium thiosulfate (5 mL of a 20% w/w aqueous solution); N: 276 mg,
35%.

Experiment 6. A: Sodium bis(trimethylsilyl)amide (287 mL of a 1 M solution in THF,
287 mmol); B: 14.1 g, 112 mmol; C: 15 g, 106 mmol; D: THF (150 mL); E: <5 °C; F:
0-5 °C; G: 10 min; H: HPLC showed complete conversion to the ketonitrile (122); I:
peracetic acid (47.4 mL of a 32% w/w solution in AcOH, 229 mmol); J: 0-5 °C; K: 1h;
L: HPLC showed the reaction was complete, 75% a/a ketoamide 3; M: sodium
thiosulfate (150 mL of a 20% w/w aqueous solution); N: 7.68 g, 32%.

Experiment 7. A: Sodium bis(trimethylsilyl)amide (287 mL of a 1 M solution in THF,
287 mmol); B: 14.1 g, 112 mmol; C: 15 g, 106 mmol; D: THF (150 mL); E: <5 °C; F:
0-5 °C; G: 10 min; H: HPLC showed complete conversion to the ketonitrile (122); I:
peracetic acid (47.4 mL of a 32% w/w solution in AcOH, 229 mmol); J: 0-5 °C; K: 1h;
L: HPLC showed the reaction was complete; M: sodium thiosulfate (150 mL of a 20%
w/w aqueous solution); N: 7.68 g, 32%.

Data for 1-(2-Methyl-1,3-oxazol-4-yl)-2-(4-morpholinyl)-2-oxoethanone (102); *H
NMR (400 MHz, CDCl3) & ppm 2.54 (s, 3H), 3.51 - 3.60 (m, 2H), 3.69 - 3.80 (m, 6H),
8.37 (s, 1H); **C NMR (100 MHz, CDCl3) & ppm 13.8 (CHs), 42.2 (CH,), 46.3 (CH,),
66.6 (CH,), 66.8 (CH,), 137.9 (CH), 146.7 (C), 163.0 (C), 163.7 (C), 182.5 (C); Vmax
(neat, cm™) 2873, 1684, 1626, 1597, 1450, 1248, 1103, 1001; HPLC (Method B) Tg =
1.39 min 95.0% a/a; MS m/z (ESI") 225 ([M+H]"); HRMS (ESI") m/z calcd. for
C10H13N,0,4 [M+H]* 225.0870, found 225.0867. Mp 80 — 82 °C (decomp).
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6.2.1.5 Experimental Procedures for the Preparation of 3-(2-Methyl-1,3-oxazol-4-
yl)-2-(4-morpholinyl)-3-oxopropanenitrile (122)

o (o
‘(NJ)J\(N\)
0 INI 122

Sodium bis(trimethylsilyl)amide (17.7 mL of a 1 M solution in THF, 17.7 mmol) was
added to a solution of 2-morpholinoacetonitrile (121) (0.94 g, 7.4 mmol) and methyl 2-
methyl-1,3-oxazole-4-carboxylate (84) (1.0 g, 7.1 mmol) in THF (10 mL); the resulting
exotherm was moderated to <30 °C by controlling the addition rate. The reaction mixture
was stirred at 20 °C for 5 min and complete consumption of starting material was
confirmed by HPLC. The reaction mixture was quenched by the addition of ammonium
chloride (5 mL of a 20% wi/w solution), diluted with water (30 mL) and washed with
EtOAc (2 x 30 mL). The aqueous phase was concentrated to dryness under reduced
pressure and the resulting solids were taken up in MeOH (20 mL) and filtered. The
solution was again concentrated and the residue purified by flash chromatography (2-
10% MeOH in dichloromethane) to afford the desired product as a yellow solid. (850
mg, 51%); *H NMR (400 MHz, CDCls) & ppm 2.51 (s, 3H), 2.64 — 2.81 (m, 4H), 3.62 -
3.90 (m, 4H), 8.08 (s, 1H) CH not observed; HRMS (ESI*) m/z calcd. for C11H14N303
[M+H]" 236.1030, found 236.1022.

6.2.1.6 Experimental Procedures for Table 2

Oxidant screening experiments were carried out according to general procedure 2.

HPLC % peak areas for the ketoamide (102) are given for each entry.

Entry 1. O: Sodium bis(trimethylsilyl)amide (256 puL of a 1 M solution in THF, 0.26
mmol); P: sodium hypochlorite (218 pL of a 10% w/w aqueous solution, 0.43 mmol); Q:
THF; R: 27% ala.

Entry 2. O: Sodium bis(trimethylsilyl)amide (256 puL of a 1 M solution in THF, 0.26
mmol); P: m-CPBA (105 mg of 70% w/w solid, 0.43 mmol); Q: THF; R: 60% a/a.
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Entry 3. O: Sodium bis(trimethylsilyl)amide (256 puL of a 1 M solution in THF, 0.26
mmol); P: bis(trimethylsilyl)peroxide (76 mg, 0.43 mmol); Q: THF; R: 0% a/a.

Entry 4. O: Sodium bis(trimethylsilyl)amide (256 puL of a 1 M solution in THF, 0.26
mmol); P: peracetic acid (101 pL of a 32% w/w solution in AcOH, 0.43 mmol); Q: THF;
R: 65% a/a.

Entry 5. O: N/A; P: sodium hypochlorite (218 pL of a 10% w/w aqueous solution, 0.43
mmol); Q: THF; R: 68% a/a.

Entry 6. O: N/A; P: m-CPBA (105 mg of 70% w/w solid, 0.43 mmol); Q: THF; R: 6%
ala.

Entry 7. O: N/A; P: bis(trimethylsilyl)peroxide (76 mg, 0.43 mmol); Q: THF; R: 0% a/a
Entry 8. O: N/A; P: peracetic acid (101 pL of a 32% w/w solution in AcOH, 0.43
mmol); Q: THF; R: 18% a/a.

Entry 9. O: NaOH (128 pL of a 2 M aqueous solution, 0.26 mmol); P: sodium
hypochlorite (218 pL of a 10% w/w aqueous solution, 0.43 mmol); Q: THF; R: 67% a/a.

6.2.1.7 Experimental Procedures for Figure 12

The reaction was carried out using general procedure 1; details are provided below.
Aliquots (20 pL) of the reaction mixture were removed and quenched into sodium
sulfite (0.98 mL of a 3% w/w aqueous solution) and analysed by HPLC (Method B).
Product peak areas are recorded.

A: Sodium bis(trimethylsilyl)amide (9.6 mL of a 1 M solution in THF, 9.6 mmol); B:
469 mg, 3.7 mmol; C: 500 mg, 3.5 mmol; D: THF (6 mL); E: <7 °C; F: 0-5 °C; G: 5
min; H: HPLC showed complete conversion to the ketonitrile (122); I. peracetic acid
(1.47 mL of a 32% w/w solution in AcOH, 7.1 mmol); J: 0-5 °C.
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Sample time (min) Analysis Delay (min) Peak area 102 (mAu)

5 5 232
15 2 207
30 31 169
90 35 172

180 16 168
210 9 194

Table 32 — Data for Figure 12

6.2.1.8 Experimental Procedures for Figure 13

The reaction was carried out using general procedure 1; details for each entry are
provided below. Aliquots (20 pL) of the reaction mixture were removed and quenched
into either sodium sulfite (0.98 mL of a 3% w/w aqueous solution) or sodium thiosulfate
(0.98 mL of a 3% w/w aqueous solution) and analysed by HPLC (Method B). Product
peak areas are recorded. The analytical solutions were left to stand at ambient

temperature and then re-analysed.

A: Sodium bis(trimethylsilyl)amide (9.6 mL of a 1 M solution in THF, 9.6 mmol); B:
469 mg, 3.7 mmol; C: 500 mg, 3.5 mmol; D: THF (5 mL); E: <7 °C; F: 0-5 °C; G: 5
min; H: HPLC showed complete conversion to the ketonitrile (122); I: peracetic acid
(1.47 mL of a 32% w/w solution in AcOH, 7.1 mmol); J: 0-5 °C.
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Peak area 102 Peak area 102
Time (min) in sodium sulfite in sodium thiosulfate
(mAu)
0 253
60 253
120 213

Table 33 — Tabulated data for Figure 13

6.2.2 Experimental Procedures for Section 3.2

6.2.2.1 General Procedure 3: Formation of Acetamide 252

4 A Molecular sieves (50 mg, pre-activated) and base (A) were added to a solution of 1-

(2-methyl-1,3-oxazol-4-yl)-2-(4-morpholinyl)-2-oxoethanone (102) (50 mg, 0.22 mmol)

and methyl D-allo-isoleucinate (66) (40 mg, 0.22 mmol) solvent (B) (2 mL). The

resultant reaction mixture was stirred at 20 °C for 18 h and analysed by HPLC (C)

6.2.2.2 Experimental Procedures for Table 3

Experiments for Table 3 were carried out according to general procedure 3; HPLC peak

areas for the acetamide (252) are given for each entry

Entry 1. A: Triethylamine (22.6 mg, 0.233 mmol); B: 1:1 v/v MeOH/THF; C: 75%.

Entry 2. A: Triethylamine (22.6 mg, 0.233 mmol); B: THF; C: 10%.

Entry 3. A: None; B: MeOH; C: 0%.

Entry 4. A: None; B: THF; C: 0%.
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6.2.2.3 Preparation of Methyl-N-[2-(acetylamino)-4-(4-morpholinyl)-3,4-dioxo-1-
buten-1-yl]- p-allo-isoleucinate (252)

.0 o
N N
e
NH
Meoj(_;\/\

o °:

4 A Molecular sieves (50 mg, pre-activated) and triethylamine (22.6 mg, 0.223 mmol)
were added to a solution of 1-(2-methyl-1,3-oxazol-4-yl)-2-(4-morpholinyl)-2-
oxoethanone (102) (50 mg, 0.22 mmol) and methyl D-allo-isoleucinate (66) (40.5 mg,
0.22 mmol) in 1:1 THF/MeOH (2 mL). The resultant reaction mixture was stirred at 20
°C for 18 h, then decanted and concentrated to dryness under reduced pressure. The
residue was purified by MDAP (MeCN/Water & formic acid) to afford the desired
product as a yellow oil. (41 mg, 50%); *H NMR (400 MHz, CDCls) & ppm 0.93 (d, J =
8.1 Hz, 3H) 0.95 (t, J = 7.3 Hz, 3H), 1.24 - 1.35 (m, 1H), 1.38 - 1.49 (m, 1H), 1.97 -
2.06 (m, 1H), 2.19 (s, 3H), 3.37 - 3.44 (m, 2H), 3.62 - 3.70 (m, 4H), 3.70 - 3.75 (m, 2H),
3.78 (s, 3H), 3.93 (dd, J = 8.8, 4.4 Hz, 1H), 6.97 (d, J = 12.7 Hz, 1H), 7.76 (s, 1H), 8.25
(dd, J = 12.7, 8.8 Hz, 1H); *C NMR (100 MHz, CDCls) & ppm 11.5 (CH3), 14.3 (CHs),
23.7 (CHs), 26.0 (CH,), 38.4 (CH), 41.9 (CHy), 46.7 (CHy), 52.6 (CH3), 65.8 (CH), 66.6
(CHy), 66.9, (CHy), 110.4 (C), 146.1 (CH), 165.7 (C), 169.4 (C), 171.3 (C), 182.5 (C); -
HPLC (Method B) Tr = 1.69 min 100% a/a; MS m/z (ESI*) 370 ([M+H]"); HRMS
(ESI") m/z calcd. for C17H28N306 [M+H]" 370.1973, found 370.1972.

6.2.2.4 Preparation of Methyl D-allo-isoleucinate (66)

= O

\/?\)J\OMe

NH, 66

Toluene (200 mL) was charged to a solution of methyl D-allo-isoleucinate hydrochloride
(20 g, 110 mmol) in water (100 mL). A solution of potassium carbonate (22.8 g, 165

mmol) in water (100 mL) was added and the resultant biphasic mixture was stirred
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vigorously for 5 min. The phases were allowed to separate and the organic phase was
washed with water (2 x 100 mL) and concentrated under reduced pressure to afford
methyl D-allo-isoleucinate (66) as a clear liquid with spectral data consistent with the
literature.'®® (10.9 g, 75 mmol, 68%). *H NMR (400 MHz, CDCls) & ppm 0.84 (d, J =
7.1 Hz, 3H), 0.94 (t, J = 7.5 Hz, 3H), 1.21 — 1.32 (m, 1H), 1.36 (br. s, 2H), 1.42 — 1.50
(m, 1H), 1.77 - 1.87 (m, 1H), 3.47 (d, J = 4.2 Hz, 1H), 3.72 (s, 3H).

6.2.2.5 Preparation of 2-(4-Morpholinyl)-2-oxo-1-phenylethanone (256)

°

o
©)SrN\)
O 256

NaHMDS (39.7 mL of a 1 M solution in THF, 39.7 mmol) was added to a solution of 2-
morpholinoacetonitrile (121) (1.95 g, 15.4 mmol) and methyl benzoate (255) (1.85 mL,
14.7 mmol) in THF (20 mL) at 0-5°C under nitrogen. After stirring for 5 min, the
reaction was shown to be complete by HPLC. A solution of peracetic acid (6.2 mL of a
32% w/w solution in AcOH, 32 mmol) in THF (20 mL) was then added dropwise
keeping the temperature below 10 °C, and the solution was allowed to warm to ambient
temperature once the addition was complete. Aqueous sodium thiosulfate pentahydrate
(20 mL of a 20% wi/w solution) was charged and the resultant biphasic mixture was
stirred for 5 min and separated. The organic phase was then dried (MgSO,) and
concentrated to dryness under reduced pressure to afford an orange oil, which was
purified by Biotage chromatography (EtOAc) to afford the desired product (256) as an
orange solid with spectral data consistent with the literature'®! (1.05 g, 32%); 'H NMR
(400 MHz, CDCls3) 8 ppm 3.35-3.45 (m, 2H), 3.60-3.70 (m, 2H), 3.70-3.90 (m, 4H), 7.53
(dd, J = 7.3, 7.2 Hz, 2H), 7.67 (t, J = 7.2 Hz, 1H), 7.97 (d, J = 7.3 Hz, 2H); **C NMR
(100 MHz, CDCl3) 6 ppm 41.6 (CHy), 46.3 (CHy), 66.67 (CHy), 66.74 (CH,), 129.1 (2 x
CH), 129.7 (2 x CH), 133.1 (C) 135.0 (CH), 165.5 (C), 191.2 (C); HPLC (Method B) Tr
= 1.77 min 99.3% a/a; MS m/z (ESI") 220 ([M+H]"); HRMS (ESI") m/z calcd. for
C12H14NO3 [M+H]" 220.0968, found 220.0963.
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6.2.2.6 General Procedure 4: Formation of Imines

2-(4-Morpholinyl)-2-oxo-1-phenylethanone (256) (A) and amine (B) were dissolved in
solvent (C) (ImL) and additive (D) was charged. The resultant reaction mixture was
stirred at temperature (E) for time (F) then an aliquot (100 puL) was quenched into a
solution of sodium borohydride (6.9 mg, 0.182 mmol) in MeOH (1 mL) and stirred for
30 s. The solution was quenched with HCI (1 mL of a 2 M aqueous solution) and
analysed by HPLC (Method B) (G). The reaction was stirred for time (H) and sampled,
qguenched and analysed by HPLC as above (I). The reaction mixture was filtered,

concentrated under an N, stream, dissolved in CDCl; (1 mL) and analysed by *H NMR
().

6.2.2.7 Experimental Procedures for Table 4

Experiments for Table 4 were carried out according to general procedure 4. HPLC peak

areas for amine 6 are given.

Entry 1. A: 20 mg, 0.091 mmol; B: methyl D-allo-isoleucinate (66) (13.3 mg, 0.091
mmol); C: toluene; D: p-toluenesulfonic acid (1.7 mg, 9.1 pmol), 4 A molecular sieves
(20 mg); E: 20 °C; F: 30 min; G: 0% a/a; H: 18 h; I: 0% a/a; J: *"H NMR showed no

evidence of conversion to the amine (257a).

Entry 2. A: 20 mg, 0.091 mmol; B: methyl p-allo-isoleucinate (66) (13.3 mg, 0.091
mmol); C: toluene; D: 4 A molecular sieves (20 mg); E: 20 °C; F: 30 min; G: 0% a/a; H:
18 h; I: 0% a/a; J: *H NMR showed no evidence of conversion to the amine (257a).

Entry 3. A: 20 mg, 0.091 mmol; B: methyl p-allo-isoleucinate (66) (13.3 mg, 0.091
mmol); C: dichloromethane; D: magnesium sulfate (20 mg); E: 20 °C; F: 30 min; G: 0%
a/a; H: 18 h; I: 0% a/a; J: *H NMR showed no evidence of conversion the amine (257a).

Entry 4. A: 20 mg, 0.091 mmol; B: methyl p-allo-isoleucinate (66) (13.3 mg, 0.091
mmol); C: THF; D: 4 A molecular sieves (20 mg); E: 20 °C; F: 30 min; G: 0% a/a; H: 18

h; I: 0% a/a; J: *"H NMR showed no evidence of conversion the amine (257a).
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6.2.2.8 Further Experimental Procedures for Section 3.2.2

Further experiments documented in section 3.2.2 were carried out using general
procedure 4; details for each entry are provided below. Differences in processing are

recorded for each entry where applicable.

Experiment 1. A: 58 mg, 0.265 mmol; B: benzylamine (29 uL, 0.27 mmol); C:
dichloromethane; D: magnesium sulphate (20 mg), 4 A molecular sieves (20 mg); E: 20
°C; F: 30 min; G: 0% a/a; H: 18 h; I: 0% a/a; J: No evidence of conversion to the imine
(260).

Experiment 2. A: 58 mg, 0.265 mmol; B: benzylamine (29 pL, 0.27 mmol); C:
dichloromethane; D: p-toluenesulfonic acid (5.0 mg, 0.03 mmol), 4 A molecular sieves
(20 mg); E: reflux; F: 72 h, evaporation of the reaction solvent occurred during the
reflux period. The residue was re-dissolved in toluene (1 mL) prior to sampling; G: 26%
a/a amine (260), 13% a/a ketoamide (256), 19.5% a/a alcohol (258); H: N/A; I N/A; J:
NMR showed the composition of the mixture had changed.

Experiment 3. A: 58 mg, 0.265 mmol; B: benzylamine (29 uL, 0.27 mmol); C:
dichloromethane; D: p-toluenesulfonic acid (5.0 mg, 0.03 mmol), 4 A molecular sieves
(20 mq); E: reflux; F: 18 h; G: 20% a/a amine (260), 14% a/a ketoamide (256), 40%
alcohol (258); H: N/A; I: N/A; J: N/A.

Experiment 4. A: 58 mg, 0.265 mmol; B: methyl D-allo-isoleucinate (38 mg, 0.27
mmol); C: dichloromethane; D: p-toluenesulfonic acid (5.0 mg, 0.03 mmol), 4 A
molecular sieves (20 mg); E: reflux; F: 18 h; G: 0% a/a amine (260), 100% alcohol
(258); H: N/A; I: N/A; J: N/A.

6.2.2.9 Assessment of Borohydride Reduction

A reaction mixture was prepared according to experiment 4 and aliquots (100 puL) were
taken and quenched into sodium borohydride (6.9 mg, 0.182 mmol) in MeOH (1 mL)
and stirred for time (K). These solutions were quenched with HCI (1 mL of a 2 M
aqueous solution) and analysed by HPLC (Method B) (L).
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Experiment 1. K: 1 min; L: 26% a/a amine (260), 13% a/a ketoamide (256), 19.5% a/a
alcohol (258).

Experiment 2. K: 5 min; L: 26% a/a amine (260), 13% a/a ketoamide (256), 19.5% a/a
alcohol (258).

Experiment 3. K: 15 min; L: 26% a/a amine (260), 13% a/a ketoamide (256), 19.5% a/a
alcohol (258).

6.2.2.10 Experimental Procedures for Table 5

Further experiments documented in Table 5 were carried out using general procedure 4.

Differences in processing are recorded for each entry where applicable.

Entry 1. A: 125 mg, 0.57 mmol; B: methyl D-allo-isoleucinate (66) (166 mg, 1.14
mmol); C: toluene (2 mL); D: aluminium chloride (76 mg, 0.57 mmol), 4 A molecular
sieves (50 mg); E: reflux; F: 2 h; G: 20% a/a ketoamide (256), 20% a/a alcohol (258); H:
18 h; I: 17.3% a/a ketoamide (256), 58.5% a/a alcohol (258), 8.7% a/a amine (264),
15.9% a/a amino acid (263); J: N/A.

Entry 2. A: 125 mg, 0.57 mmol; B: methyl p-allo-isoleucinate (166 mg, 1.14 mmol); C:
toluene (2 mL); D: zinc chloride (78 mg, 0.57 mmol), 4 A molecular sieves (50 mg); E:
reflux; F: 2 h; G: 77% a/a ketoamide (256), 23% a/a alcohol (258); H: 18 h; I: 10.9% a/a
ketoamide (256), 82.0% a/a alcohol (258), 1.8% a/a amine (264), 5.3% a/a amino acid
(263); J: N/A.

Entry 3. A: 125 mg, 0.57 mmol; B: methyl p-allo-isoleucinate (166 mg, 1.14 mmol); C:
toluene (2 mL); D: titanium tetrachloride (63 pL, 0.57 mmol), 4 A molecular sieves (50
mQ); E: reflux; F: 2 h; G: 12% a/a amine (264), 88% a/a amino acid 143; H: 18 h; I:
1.2% ala ketoamide (256), 0% a/a alcohol (258), 68.2% a/a amine (264), 30.6% a/a
amino acid (263); J: N/A.

Entry 4. A: 125 mg, 0.57 mmol; B: methyl p-allo-isoleucinate (166 mg, 1.14 mmol); C:
toluene (2 mL); D: titanium ethoxide (120 pL, 0.57 mmol), 4 A molecular sieves (50
mQ); E: reflux; F: 2 h; G: 38% a/a ketoamide (256), 62% a/a alcohol (258); H: 18 h; I:
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83.8% al/a ketoamide (256), 6.4% a/a alcohol (258), 1.7% a/a amine (264), 7.9% a/a
amino acid (263); J: N/A.

6.2.2.11 General Procedure 5: Imine Formation using Titanium Tetrachloride

2-(4-Morpholinyl)-2-oxo-1-phenylethanone (256) (125 mg, 0.57 mmol) and methyl D-
allo-isoleucinate (66) (248 mg, 1.71 mmol) were taken up in solvent (A) (2 mL) and
titanium tetrachloride (31 pL, 0.29 mmol) was charged. The resultant reaction mixtures
were stirred at 20 °C for 30 min then an aliquot (100 puL) was quenched into a solution
of sodium borohydride (10.8 mg, 0.285 mmol) in MeOH (1 mL) and stirred for
approximately 30 s. These solutions were quenched with HCI (1 mL of a 2 M aqueous
solution) and analysed by HPLC (Method B) (B). The reactions were stirred for a further
4 h and sampled, quenched and analysed by HPLC as above (C). A further portion of
titanium tetrachloride (31 pL, 0.29 mmol) was charged and the reaction mixtures were
sampled, quenched and analysed by HPLC as above (D). An aliquot (50 puL) was also
dissolved in ammonium bicarbonate (1 mL of a 10 mM aqueous solution) and analysed
by HPLC (Method C) (E).

6.2.2.12 Experimental Procedures for Table 6

The experiments documented in Table 6 were carried out using general procedure 5.
Differences in processing are recorded for each entry where applicable.

Entry 1. A: toluene; B: HPLC showed approximately 1:1 ketoamide (256): alcohol
(258); C: HPLC showed no change from previous sample; D: 70.7% a/a ketoamide
(256), 15.1% a/a alcohol (258); E: 70.7% a/a imine (257), 15.1% a/a ketoamide (256).

Entry 2. A: toluene; B: HPLC showed approximately 1:1 ketoamide (256): alcohol
(258); C: HPLC showed no change from previous sample; D: 55.0% a/a ketoamide
(256), 17.3% a/a alcohol (258); E: 55.0% a/a imine (257), 17.3% a/a ketoamide (256).

Entry 3. A: toluene; B: HPLC showed approximately 1:1 ketoamide (256): alcohol
(258); C: HPLC showed no change from previous sample; D: 70.7% a/a ketoamide
(256), 16.7% a/a alcohol (258); E: 70.7% a/a imine (257), 16.7% a/a ketoamide (256).

Confidential 204|Page



6. Experimental
Entry 4. A: toluene; B: HPLC showed approximately 1:1 ketoamide (256): alcohol
(258); C: HPLC showed no change from previous sample; D: 58.5% a/a ketoamide
(256), 16.0% a/a alcohol (258); E: 58.5% a/a imine (257), 16.0% a/a ketoamide (256).

6.2.2.13 General Procedure 7: Imine Formation Reaction Profiling

Lewis acid (A) and base (B) were added to a solution of 1-(2-methyl-1,3-oxazol-4-yl)-2-
(4-morpholinyl)-2-oxoethanone (102) (C) and methyl D-allo-isoleucinate (66) (D) in
solvent (E) at temperature (F) and stirring was continued for time (G). Conversion to the
imine (110) was monitored by quenching an aliquot (20 pL) into ammonium bicarbonate
(10 mM aqueous solution) and analysing by LCMS (Method C) (H).

6.2.2.14 Experimental Procedures for Figure 14

The experiment documented in Figure 14 was carried out according to general procedure

7. HPLC % peak areas for each time point are given below.

A: Titanium tetrachloride (123 pL, 1.12 mmol); B: none; C: 250 mg, 1.12 mmol; D: 324
mg, 2.23 mmol; E: THF (2.5 mL); F: 20 °C; G & H: See Table 34.

Time (min) 102 (% a/a) 252 (% a/a) 110a (% a/a) 110b (% a/a)

0 95 0 0 0
5 17.9 9.5 32.3 31.5
60 9.2 29.7 21.9 25.1
120 6.8 38 13.2 16.8
180 7.6 48 10.1 8.7
360 6 54.6 2.6 3.3

Table 34 — Data corresponding to Figure 14
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6.2.2.15 Experimental Procedures for Figure 15

The experiment documented in Figure 15 was carried out according to general procedure
7. HPLC % peak areas for each time point are given below.

A: Titanium tetrachloride (25 pL, 0.22 mmol); B: none; C: 50 mg, 0.22 mmol; D: 65
mg, 0.45 mmol; E: THF (1 mL); F: 0 °C; G & H: See Table 35.

Time (min) 102 (% a/a) 252 (% a/a) 110a (% a/a) 110b (% a/a)

0 95 0 0 0
10 26.5 2 28 27.5
40 24.7 3.9 28.3 32.2
60 22.8 10.3 26.2 28.6
120 217.9 34.1 11.8 12.7
180 34.8 50.2 1.5 2.6

Table 35 — Data corresponding to Figure 15

6.2.2.16 Experimental Procedures for the Preparation of (2R,3S)-Methyl-3-methyl-
2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-

oxoethylidene)amino)pentanoate (110)

o S
>;N [Nj
O 110
Mixture of E and Z-isomers

The experiments documented in section 3.2.3.1 were carried out using general procedure
7; details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.
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Experiment 1. A: Titanium tetraethoxide (120 pL, 0.57 mmol); B: none; C: 125 mg, 0.57
mmol; D: 166 mg, 1.14 mmol; E: toluene (2 mL); F: 100 °C; G: 4 h 30; H: HPLC
showed 3% a/a of the desired imine (110) in addition to significant levels of

corresponding carboxylic acid and ethyl ester.

Experiment 2. A: Zinc chloride (890 uL of a 0.5 M solution in THF, 0.45 mmol); B:
none; C: 100 mg, 0.45 mmol; D: 130 mg, 0.89 mmol; E: THF (1 mL); F: 20 °C; G: 2 h;
H: the imine (110) was not observed, but some conversion to the acetamide (252) was

observed.

Experiment 3. A: Trimethylsilyl trifluoromethanesulfonate (81 pL, 0.45 mmol); B: none;
C: 100 mg, 0.45 mmol; D: 130 mg, 0.89 mmol; E: THF (1 mL); F: 20 °C; G: 10 min; H:
the imine (110) was not observed, but some conversion to the acetamide (252) was

observed.

Experiment 4. A: Bismuth trifluoromethanesulfonate (146 mg, 0.22 mmol); B: none; C:
50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 20 °C; G: 1 h; H: the imine
(110) was not observed, some conversion to the acetamide (252) was observed.

Experiment 5. A: Hafnium trifluoromethanesulfonate (173 mg, 0.22 mmol); B: none; C:
50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 20 °C; G: 1 h; H: the imine
(110) was not observed, but some conversion to the acetamide (252) was observed.

Experiment 6. A: Indium trifluoromethanesulfonate (125 mg, 0.22 mmol); B: none; C:
50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 20 °C; G: 1 h; H: the imine

(110) was not observed, but some conversion the acetamide (252) was observed.

Experiment 7. A: Scandium trifluoromethanesulfonate (110 mg, 0.22 mmol); B: none;
C: 50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 20 °C; G: 1 h; H: the
imine (110) was not observed, but some conversion to the acetamide (252) was

observed.

Experiment 8. A: Ytterbium trifluoromethanesulfonate (138 mg, 0.22 mmol); B: none;
C: 50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 20 °C; G: 1 h; H: the
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imine (110) was not observed, but some conversion to the acetamide (252) was

observed.

Experiment 9. A: none; B: Potassium carbonate (31 mg, 0.22 mmol); C: 50 mg, 0.22
mmol; D: 32 mg, 0.22 mmol; E: MeOH (1 mL); F: 50 °C; G: 20 min; H: 84% ala
acetamide (252). Conditions adapted from those described by Hughes et al.*®

Experiment 10. A: Titanium tetrachloride (13 pL, 11 mmol); B: triethylamine (93 pL,
0.67 mmol); C: 50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 0 °C; G: 5
min; H: 55% a/a desired imine (110).

Experiment 11. A: Titanium tetrachloride (25 pL, 22 mmol); B: triethylamine (93 pL,
0.67 mmol); C: 50 mg, 0.22 mmol; D: 32 mg, 0.22 mmol; E: THF (1 mL); F: 0 °C; G: 5
min; H: 67% a/a desired imine (110).

Experiment 12. A: Titanium tetrachloride (196 pL, 1.78 mmol); B: triethylamine (746
uL, 5.35 mmol); C: 400 mg, 1.78 mmol; D: 285 mg, 1.96 mmol; E: THF (8 mL); F: 0
°C; G: 5 min; H: 69% a/a desired imine (110), 16% a/a ketoamide remained. Further
titanium tetrachloride (98 pL, 0.89 mmol) was charged and the reaction mixture was
stirred for 20 min and analysed by LCMS (Method C), <5% a/a ketoamide (102)
remained. The reaction mixture was treated with NaOH (2.85 mL of a 5 M aqueous
solution) which caused solids to precipitate (presumed to be TiO,) and were difficult to

remove by filtration.

Experiment 13. A: Titanium tetrachloride (0.89 mL of a 1 M solution in
dichloromethane, 0.89 mmol); B: triethylamine (373 pL, 2.68 mmol); C: 200 mg, 0.89
mmol; D: 130 mg, 0.89 mmol; E: dichloromethane (2 mL); F: 0 °C; G: 5 min; H: 6.6%
a/a ketoamide (102) remained. Water (4 mL) was charged and the resultant biphasic
mixture was stirred vigorously for 2 min and the layers were separated. The precipitation
of solids was not observed. The pH of the aqueous phase was measured to be 2 and
HPLC showed the absence of product in this phase. The organic phase was held
overnight and then analysed by HPLC and found to contain 7.3% a/a ketoamide (102).
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Experiment 14. A: Titanium tetrachloride (0.89 mL of a 1 M solution in
dichloromethane, 0.89 mmol); B: triethylamine (373 pL, 2.68 mmol); C: 200 mg, 0.89
mmol; D: 130 mg, 0.89 mmol; E: dichloromethane (2 mL); F: 0 °C; G: 5 min; H: 4.9%
a/a ketoamide (102) remained. Water (4 mL) was charged and the resultant biphasic
mixture was stirred vigorously for 2 min and the layers were separated. The organic
phase was dried (MgSO,) and concentrated to dryness under reduced pressure to afford
(2R,3S)-methyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-

oxoethylidene)amino)pentanoate as a red/brown oil. (250 mg, 80 %)

Experiment 15. A: Titanium tetrachloride (22 mL of a 1 M solution in dichloromethane,
22 mmol); B: triethylamine (9.3 mL, 67 mmol); C: 5 g, 22 mmol; D: 4.05 g, 22 mmol;
E: dichloromethane (50 mL); F: 0 °C; G: 5 min; H: 5.2% a/a ketoamide (102) remained.
Water (70 mL) was charged and the resultant biphasic mixture was stirred vigorously for
2 min and the layers were separated. The organic phase was dried (MgSO,) and
concentrated to dryness under reduced pressure to afford (2R,3S)-methyl 3-methyl-2-((1-
(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino)pentanoate as a red/brown
oil. (7.26 g, 93 %)

6.2.2.17 Characterisation of E- and Z-isomers of (2R,3S)-Methyl-3-methyl-2-((1-(2-
methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino)pentanoate (110a
& 110b)

O._OMe
OMe

o
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110a; Z-Thermodynamic 110b; E-Kinetic

The crude (2R,3S)-methyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (110) was prepared according to general procedure 7,
experiment 15. Approx 200 mg of this isomeric mixture was separated by MDAP

(MeCN/10 mM ammonium bicarbonate). The resulting fractions were concentrated,
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extracted with dichloromethane (2 x 20 mL) and the extracts were concentrated to
dryness under reduced pressure to afford the isomerically pure imines, which isomerised

slowly on standing at room temperature.

Z-isomer (110a); *H NMR (400 MHz, CDCls) & ppm 0.91 (t, J = 7.6 Hz, 3H), 0.98 (d, J
= 6.9 Hz, 3H), 1.11 - 1.21 (m, 1H), 1.38 - 1.52 (m, 1H), 2.11 — 2.19 (m, 1H), 2.47 (s,
3H), 3.25 — 3.36 (m, 2H), 3.52 - 3.85 (M, 9H), 4.08 (d, J = 5.6 Hz, 1H), 8.02 (s, 1H);
HPLC (Method C) Tr = 2.21 min, 86% a/a; MS m/z (ESI®) 352 ([M+H]").

E-isomer (110b); *H NMR (400 MHz, CDCls) & ppm 0.86 (t, J = 7.3 Hz, 3H), 0.99 (d, J
= 6.8 Hz, 3H), 1.18 - 1.28 (m, 1H), 1.34 - 1.47 (m, 1H), 2.07 — 2.19 (m, 1H), 2.44 (s,
3H), 3.26 — 3.36 (m, 2H), 3.57 - 3.97 (M, 9H), 5.07 (d, J = 3.7 Hz, 1H), 7.98 (s, 1H);
HPLC (Method C) Tr = 2.38 min, 59% a/a; MS m/z (ESI") 352 ([M+H]").
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6.2.3 Experimental Procedures for Section 3.3

6.2.3.1 General procedure 6: Reducing Agent Screen

Titanium tetrachloride (590 pL, 5.35 mmol) was added to a solution of 1-(2-methyl-1,3-
oxazol-4-yl)-2-(4-morpholinyl)-2-oxoethanone (102) (1.20 g, 5.35 mmol) and methyl D-
allo-isoleucinate (66) (1.55 g, 10.7 mmol) in THF (24 mL) at 0 °C and stirring was
continued at 0 °C for 5 min. Conversion to the imine (110) was monitored by quenching
an aliquot (20 pL) into ammonium bicarbonate (10 mM aqueous solution) solution and
analysing by LCMS (Method C). The solution was divided into 12 aliquots and each was
charged directly to solutions of the reducing agents (A) in THF (2 mL). After stirring at
20 °C for 1 hour the reactions were sampled, quenched into HCI (1 mL of a 1 M aqueous
solution) and analysed by HPLC (Method B) and LCMS (B).

6.2.3.2 Experimental Procedures for Table 7

The experiments documented in Table 7 were carried out using general procedure 6.

Differences in processing are recorded for each entry where applicable.

Entry 1. A: Borane (444 uL of a 1 M solution in THF, 0.44 mmol); B: 5.9% a/a amine
(111), 4.2% a/a amine (267), 38.5% a/a alcohol (106), 24.8% a/a ketoamide (102).

Entry 2. A: Catecholborane (96 uL, 0.89 mmol); B: 16.7% a/a amine (111), 8.8% a/a
amine (267), 37.5% a/a alcohol (106), 10.6% a/a ketoamide (102).

Entry 3. A: Diisobutylaluminium hydride (894 pL of a 1 M solution in THF, 0.89
mmol); B: 1.9% a/a amine (111), 0% a/a amine (267), 4.7% a/a alcohol (106), 7.2% a/a
ketoamide (102).

Entry 4. A: Lithium aluminium hydride (444 pL of a 1 M solution in THF, 0.44 mmol);
B: 13.5% a/a amine (111), 6.8% a/a amine (267), 23.8% a/a alcohol (106), 19.9% a/a
ketoamide (102).
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Entry 5. A: Lithium aluminium hydride (1.79 mL of a 1 M solution in THF, 1.79 mmol);
B: 0% a/a amine (111), 0% a/a amine (267), 12.8% a/a alcohol (106), 0% a/a ketoamide
(102).

Entry 6. A: Sodium borohydride (16.8 mg, 0.44 mmol) and zinc chloride (60.5 mg, 0.44
mmol); B: 26.2% a/a amine (111), 18.9% a/a amine (267), 32.6% a/a alcohol (106),
5.9% a/a ketoamide (102).

Entry 7. A: Sodium triacetoxyborohydride (189 mg of 0.89 mmol); B: 4.0% a/a amine
(111), 7.7% a/a amine (267), 21.7% a/a alcohol (106), 39.2% a/a ketoamide (102).

Entry 8. A: Lithium borohydride (9.7 mg, 0.44 mmol); B: 7.8% a/a amine (111), 8.3%
a/a amine (267), 36.4% a/a alcohol (106), 12.8% a/a ketoamide (102).

Entry 9. A: Lithium triethylborohydride (894 puL of a 1 M solution in THF, 0.89 mmol);
B: 5.0% a/a amine (111), 3.5% a/a amine (267), 17.4% a/a alcohol (106), 23.9% a/a
ketoamide (102).

Entry 10. A: Triethylsilane (71 uL, 0.44 mmol) and tris(triphenylphosphine)rhodium
chloride (39.6 mg, 0.043 mmol); B: 0% a/a amine (111), 0% a/a amine (267), 0% a/a
alcohol (106), 22.6% a/a ketoamide (102).

Entry 11. A: Trichlorosilane (45 pL, 0.44 mmol) and tris(triphenylphosphine)rhodium
chloride (39.6 mg, 0.043 mmol); B: 1.0% a/a amine (111), 3.4% a/a amine (267), 10.9%
a/a alcohol (106), 9.4% a/a ketoamide (102).

Entry 12. A: Phenylsilane (55 pL, 0.44 mmol) and tris(triphenylphosphine)rhodium
chloride (39.6 mg, 0.043 mmol); B: 0% a/a amine (111), 0% a/a amine (267), 2.3% a/a
alcohol (106), 16.7% a/a ketoamide (102).

6.2.3.3 Preparation of Zinc Borohydride

Zinc chloride (50 mL of a 0.5 M solution in THF, 25 mmol) was added to sodium
borohydride (1.9 g, 50 mmol) under nitrogen. The resultant suspension was stirred at 20

°C for 18 h during which time the suspension thickened. The solids were removed by
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filtration to afford a (presumed) 0.5 M solution of zinc borohydride which was held

under nitrogen and used as required.

6.2.3.4 Preparation of Methyl-N-[1-(2-methyl-1,3-oxazol-4-yl)-2-(4-morpholinyl)-
2-oxoethyl]- p-allo-isoleucinate (111 & 267)

/OP/OMe 0._OMe
"IN /;/NH
o) o
\\\\“H(N\) /%(N\)
o
=N O =N O
111; (SSR) 267; (RSR)

Titanium tetrachloride (0.25 mL, 2.23 mmol) was added to a solution of methyl D-allo-
isoleucinate (66) (971 mg, 6.69 mmol) and 1-(2-methyl-1,3-o0xazol-4-yl)-2-(4-
morpholinyl)-2-oxoethanone (102) (500 mg, 2.23 mmol) in THF (10 mL) at 0 °C and
the reaction mixture was stirred for 5 min. Zinc borohydride (4.46 mL of a 0.5 M
solution in THF, 2.23 mmol) was added at 0 °C and stirred for 30 min. The mixture was
quenched by addition of HCI (6 mL of a 2 M ag. solution), neutralised with satd. aqg.
sodium bicarbonate solution, filtered and extracted with EtOAc (10 mL). The organic
phase was dried (MgSO,) and concentrated to dryness under reduced pressure to afford a
mixture of diastereoisomers (111 & 267) as a yellow oil, which was separated by MDAP
(MeCN/Water & TFA) and concentrated to dryness under reduced pressure to afford

clear oils.

Diastereoisomer 1 (111) (38 mg, 5%); *H NMR (400 MHz, CDCls) & ppm 0.89 (t, J =
7.3 Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H), 1.10 - 1.27 (m, 1H), 1.37 - 1.51 (m, 1H), 1.71 -
1.83 (m, 1H), 2.41 (s, 3H), 3.24 (d, J = 5.6 Hz, 1H), 3.49 - 3.71 (m, 11H), 4.61 (s, 1H),
7.50 (s, 1H), NH not observed; *C NMR (100 MHz, CDCls) & ppm 11.7 (CH3), 13.9
(CH3), 14.9 (CHg), 26.2 (CH,), 38.0 (CH), 42.7 (CH,), 46.0 (CH,), 51.6 (CHj3), 55.1
(CH), 63.5 (CH), 66.5 (CH,), 66.7 (CHy), 135.8 (CH), 138.8 (C), 161.5 (C), 169.5 (C),
174.9 (C); HPLC (Method B) Tgr = 1.69 min, 99.3% a/a; MS m/z (ESI") 354 ([M+H]");
HRMS (ESI") m/z calcd. for C17H2gN3Os [M+H]" 354.2024, found 354.2025.
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Diastereoisomer 2 (267) (77 mg, 10%); *H NMR (400 MHz, CDCls) 5 ppm 0.85 (t, J =
7.3 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 1.15 - 1.31 (m, 1H), 1.35 - 1.49 (m, 1H), 1.72 -
1.84 (m, 1H), 2.41 (s, 3 H), 3.20 (d, J = 5.6 Hz, 1H), 3.52 - 3.76 (m, 11H), 4.58 (s, 1H),
7.53 (s, 1H), NH not observed; *C NMR (100 MHz, CDCls) & ppm 9.8 (CHs), 12.1
(CHj3), 13.0 (CHg), 24.4 (CH,), 36.2 (CH), 40.9 (CH,), 44.3 (CHy), 47.8 (CHg), 53.0
(CH), 61.2 (CH), 64.7 (CH,), 64.9 (CH,), 134.5 (CH), 137.7 (C), 159.6 (C), 167.6 (C),
173.2 (C); HPLC (Method B) Tg = 1.75 min, 96.6% a/a; MS m/z (ESI*) 354 ([M+H]");
HRMS (ESI") m/z calcd. for C17H2sN30s [M+H]" 354.2024, found 354.2025.

6.2.3.5 Reduction of Ketoamide 102

(@)
o ()
N \ O
/40 268

1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (500 mg, 2.23 mmol) and
sodium borohydride (84 mg, 2.23 mmol) were charged to a round bottomed flask, THF
(5 mL) was added and the resultant reaction mixture was stirred at ambient temperature
for 50 min. An aliquot of the reaction mixture (20 uL) was quenched into HCI (1 mL of
a 2 M aqueous solution) and analysed by LCMS (Method B) which showed conversion
to the alcohol (268). HPLC (Method B) Tg = 1.27 min, 75.0% a/a; MS m/z (ESI") 227
(IM+H]").

6.2.3.6 Stability of Amine 111 to Reduction Conditions

(2R,3S)-Methyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)
pentanoate (111) (30 mg, 0.085 mmol) was taken up in THF (0.6 mL) and analysed by
HPLC (Method B) which showed a single peak (Tr = 1.70 min, 97.4% a/a). Titanium
tetrachloride (9.4 pL, 0.085 mmol) was charged; the solution turned a dark brown colour
and was stirred at ambient temperature for 5 min and analysed by HPLC (Method B)
which showed a single peak (Tr = 1.70 min, 95.5% a/a). Zinc borohydride (170 pl of a
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0.5 M solution in THF, 0.085 mmol) was added and the mixture was stirred for 5 min at
ambient temperature and analysed by HPLC (Method B) which showed the absence of a
peak at Tr = 1.70 min and a number of low intensity peaks.

6.2.3.7 General Procedure 8: Heterogeneous Catalytic Hydrogenation

(2R,3S)-Methyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (110) (A) was taken up in solvent (B) and charged to a hydrogenation
vessel containing catalyst (C). The resultant reaction mixtures were hydrogenated at
pressure (D) and temperature (E) for time (F) and analysed by HPLC. The hydrogen
uptake curves were measure and plotted and the total hydrogen uptake after 75 min was
recorded (G).

6.2.3.8 Experimental Procedures for Table 8 and Figure 23.

The experiments documented in Table 8, Figure 23 and experiment 1 were carried out
using general procedure 8; details for each entry are provided below. Differences in
processing are recorded for each entry where applicable.

Entry 1. A: 200 mg, 0.57 mmol); B: THF (3 mL); C: 10% wt Pd/C (100 mg); D: 1 bar;
E: 25°C; F: 75 min; G: 6.3 mL

Entry 2. A: 200 mg, 0.57 mmol); B: toluene (3 mL); C: 10% wt Pd/C (100 mg); D: 1
bar; E: 25 °C; F: 75 min; G: 7.0 mL

Entry 3. A: 200 mg, 0.57 mmol); B: EtOH (3 mL); C: 10% wt Pd/C (100 mg); D: 1 bar;
E: 25 °C; F: 75 min; G: 9.5mL

Entry 5. A: 200 mg, 0.57 mmol); B: THF (3 mL); C: 10% wt Pd/C (100 mg); D: 3 bar;
E: 25°C; F: 75 min; G: 9.6 mL

Entry 6. A: 200 mg, 0.57 mmol); B: toluene (3 mL); C: 10% wt Pd/C (100 mg); D: 3
bar; E: 25 °C; F: 75 min; G: 10.4 mL

Entry 7. A: 200 mg, 0.57 mmol; B: EtOH (3 mL); C: 10% wt Pd/C (100 mg); D: 3 bar;
E: 25 °C; F: 75 min; G: 12.6 mL. The catalyst was removed from the reaction mixture
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by filtration and the filtrate was concentrated under reduced pressure to afford a
yellow/brown oil. The oil was dissolved in dichloromethane (5 mL) and extracted into
HCI (5mL of a 2 M aqueous solution). The aqueous phase was adjusted to pH 11 by the
addition of K,COj3 (approx 1 g) and extracted with dichloromethane (5 mL). The organic
phase was dried (MgSQO,) and concentrated to dryness under reduced pressure to afford
(2R,3S)-methyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)
pentanoate (111/267) as a clear,orange oil (74 mg, 37 %).

Experiment 1. A: 5.05 g, 14.4 mmol; B: EtOH (76 mL); C: 10% wt Pd/C (2.5 g); D: 3
bar; E: 25 °C; F: 120 min; G: 12.6 mL. The catalyst was removed from the reaction
mixture by filtration through Celite® and washed through with EtOH (30 mL) and the
filtrate was concentrated under reduced pressure to afford (2R,3S)-methyl 3-methyl-2-
((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)pentanoate (111/267) as an

orange gum which was used without further purification. (4.26 g, 84 %).
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6.2.4 Experimental Procedures for Section 3.4

6.2.4.1 Preparation of (2R,3S)-3-Methyl-2-(((S)-1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethyl)amino)pentanoic acid (268)
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(2R,3S)-Methyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)
pentanoate (111/267) (4.47 g, 12.7 mmol) was dissolved in MeOH (45 mL) and a
solution of lithium hydroxide (0.61 g, 25.3 mmol) in water (45 mL) was added. The
reaction mixture was heated to 60 °C and stirred for 3.5 h, until HPLC (Method A)
showed absence of ester. The reaction mixture was concentrated to approximately 50

H
““NH
o)

mL under reduced pressure and cooled to 20 °C. A solution of acetic acid (1.81 mL, 31.6
mmol) in water (30 mL) was titrated into the stirring mixture in 0.2 mL portions until the
pH reached 4.69. The aqueous solution was then freeze dried, and the resulting solid was
triturated with i-PrOH (20 mL). The solids were collected by filtration, washed with i-
PrOH (10 mL) and dried under reduced pressure to afford the undesired diastereoisomer
(268) as a white solid (947 mg, 22%); *H NMR (400 MHz, MeOD) & ppm 0.83 (t, J =
7.5 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 1.16 - 1.28 (m, 1H), 1.40 - 1.53 (m, 1H), 1.68 -
1.80 (m, 1H), 2.39 (s, 3H), 2.92 (d, J = 4.6 Hz, 1H), 3.41 - 3.52 (m, 1H), 3.53 - 3.70 (m,
7H), 4.75 (s, 1H), 7.72 (s, 1H), COOH and NH not observed; **C NMR (100 MHz,
MeOD) & ppm 12.4 (CHg), 13.6 (CHs), 15.6 (CHj3), 27.8 (CH,), 39.5 (CH), 44.0 (CH,),
47.4 (CH,), 55.8 (CH), 66.3 (CH), 67.7 (CH,), 138.6 (CH), 139.7 (C), 163.7 (C), 171.6
(C), 181.5 (C); HPLC (Method A) Tg = 2.30 min, 91.5% a/a. MS m/z (ESI*) 340
([M+H]"); HRMS (ESI") m/z calcd. for C16H26N30s [M+H]" 340.1867, found 340.1875.
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6.2.4.2 pH Titration of Amino Acid 89

(2R,3S)-3-Methyl-2-(((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl) amino)
pentanoic acid (89) (170 mg, 0.5 mmol) was dissolved in water (5 mL) and NaOH
(0.38 mL of a 2 M aqueous solution, 0.75 mmol) was added. HCI (3 mL of a 0.1 M
aqueous solution) was titrated into the solution, recording the pH after the addition of

each 0.2 mL portion.

Acid added (equiv) pH 1.6 3.25
0.05 12.6 1.65 2.96
0.1 12.51 1.7 2.79
0.15 12.39 1.75 2.66
0.2 12.34 1.8 2.56
0.25 12.26 1.85 2.49
0.3 12.14 1.9 2.42
0.35 11.97 1.95 2.36
0.4 11.71 2 2.31
0.45 11.58 2.05 2.26
0.5 10.31 2.1 2.22
0.55 8.24 2.15 2.18
0.6 71.72 2.2 2.15
0.65 7.43 2.25 2.11
0.7 1.27 2.3 2.07
0.75 7.12 2.35 2.05
0.8 7 2.4 2.03
0.85 6.89 2.45 2
0.9 6.78 2.5 1.97
0.95 6.7 2.55 1.95

1 6.59 2.6 1.93
1.05 6.5 2.65 1.91
1.1 6.41 2.7 1.89
1.15 6.33 2.75 1.88
1.2 6.22 2.8 1.86
1.25 6.12 2.85 1.85
1.3 6.02 2.9 1.83
1.35 5.88 2.95 1.82
1.4 572 3 1.8
1.45 5.51
15 517 Table 36 - pH curve determination
1.55 411
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6.2.4.3 Acidification of Amino Acid 89 with HCI

The mother liquors from the preparation of (2R,3S)-3-methyl-2-((S)-1-(2-methyloxazol-
4-yl)-2-morpholino-2-oxoethyl)amino)pentanoic acid (268) (section 6.2.4.1) were
concentrated to dryness under reduced pressure to afford an orange residue. A portion of
this residue (410 mg) was dissolved in water (5 mL) and HCI (1.43 mL of a 2 M
aqueous solution) was added (the pH of the solution was measured to be 1.2). The
solution was then concentrated to dryness by freeze drying and the residue was dissolved
in i-PrOH (2 mL). The solution was seeded with authentic (2R,3S)-3-methyl-2-(((R)-1-
(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)pentanoic acid (89) and stirred

at ambient temperature for 16 h. Crystallisation was not observed.

6.2.4.4 Preparation of (2R,3S)-3-Methyl-2-(((R)-1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethyl)amino)pentanoic acid (89)

O._OH

1 'NH o
/%HWN\)

>;N ¢}

89

The mother liquors from the preparation of (2R,3S)-3-methyl-2-(((S)-1-(2-methyloxazol-
4-yl)-2-morpholino-2-oxoethyl)amino)pentanoic acid (268) (section 6.2.4.1) were
concentrated to dryness under reduced pressure to afford an orange residue which was
dissolved in water (25 mL) and loaded onto a 120 g Phenomenex Cig column. The
column was eluted with water (approximately 250 mL) until no further UV active
components were removed. The column was then eluted with MeOH (approximately
200 mL) and the solution concentrated to dryness under reduced pressure to afford the
crude product free from inorganic contaminants. The residue was dissolved in i-PrOH (8
mL) and seeded to initiate crystallisation. The resultant slurry was stirred at 20 °C for 16
hr and the solids were collected by filtration. The solids were washed with i-PrOH (2 x 2

mL) and dried at 40 °C under reduced pressure to afford the desired diastereoisomer (89)
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as a white solid (854 mg, 20%); *H NMR (400 MHz, MeOD) & ppm 0.96 (t, J = 7.3 Hz,
3H), 1.01 (d, J = 6.8 Hz, 3H), 1.23 - 1.37 (m, 1H), 1.49 - 1.68 (m, 1H), 1.92 - 2.11 (m,
1H), 2.44 (s, 3H), 3.28 - 3.44 (m, 3H), 3.49 - 3.70 (m, 6H), 5.20 (s, 1H), 7.94 (s, 1H),
COOH and NH not observed; *C NMR (100 MHz, MeOD) & ppm 12.2 (CHs), 13.5
(CHs), 15.3 (CHs), 26.7 (CH,), 38.4 (CH), 44.2 (CH,), 47.1 (CH,), 55.9 (CH), 66.9
(CH), 67.3 (CH,), 67.5 (CH,), 135.0 (CH), 140.1 (C), 164.4 (C), 167.8 (C), 174.1 (C);
HPLC (Method A) Tr = 2.15 min, 93.6% a/a; MS m/z (ESI") 340 ([M+H]"); HRMS
(ESI") m/z calcd. for C16H26N305 [M+H]" 340.1867, found 340.1879.
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6.2.5 Experimental Procedures for Section 3.5

6.2.5.1 Preparation of (2R,3S)-2-((R)-2-(((Benzyloxy)carbonyl)amino)-2-(2,3-
dihydro-1H-inden-2-yl)-N-((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethyl)acetamido)-3-methylpentanoic acid (91)

1-Chloro-N,N,-2-trimethylprop-1-en-1-amine (269) (350 L, 2.7 mmol) was added to a
solution of (R)-2-(((benzyloxy)carbonyl)amino)-2-(2,3-dihydro-1H-inden-2-yl)acetic
acid (64) (621 mg, 1.91 mmol) in THF (9.1 mL) at 0-2 °C and the reaction mixture was
stirred for 1 h until the reaction was confirmed complete by HPLC. The reaction was
monitored by quenching a portion (50 pL) into MeCN containing Et,NH (1 mL of a 5%
viv  solution).  (2R,3S)-3-Methyl-2-(((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethyl)amino)pentanoic acid (89) (648 mg, 1.91 mmol) and pyridine (170 uL, 2.10
mmol) were then added and the mixture was stirred for 30 min at 2 °C until the reaction
was confirmed complete by HPLC. The mixture was concentrated to dryness under
reduced pressure and the residue was taken up in EtOAc (19.5 mL) and washed with
HCI (19.5 mL of a 1 M aqueous solution) then water (20 mL). The organic phase was
dried (MgSO,) and concentrated to dryness under reduced pressure to afford the crude
product as a clear glass which was triturated with EtOAc (3 mL). The slurry was stirred
for 18 h at 20 °C and the solids were collected by filtration, washed with EtOAc (1 mL)
and dried at 50 °C under reduced pressure to afford the desired product (91) as a white
solid. (564 mg, 43 %); *H NMR (400 MHz, DMSO-D6) & ppm 0.38 (d, J = 7.1 Hz, 3H),
0.59 - 0.75 (m, 4H), 1.22 - 1.36 (m, 1H), 2.24 - 2.36 (m, 1H), 2.43 (s, 3H), 2.70 - 2.90
(m, 4H), 2.95 - 3.19 (m, 3H), 3.39 (m, 4H), 3.49 - 3.64 (m, 2H), 3.80 (d, J = 7.8 Hz,
1H), 4.85 (t, J = 8.9 Hz, 1H), 5.04 (d, 2J4. = 12.8 Hz, 1H), 5.11 (d, 2Jhn = 12.8 Hz,
1H), 6.47 (s, 1H), 7.06 - 7.13 (m, 2H), 7.13 - 7.22 (m, 2H), 7.27 - 7.39 (m, 5H), 7.81 (d,
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J = 8.9 Hz, 1H), 8.30 (s, 1H), 13.89 (s, 1H); **C NMR (100 MHz, DMSO) & ppm 11.0
(CH3), 13.3 (CHg), 15.0 (CHj3), 26.3 (CH), 27.9 (CHy), 32.9 (CH), 34.7 (CHy), 35.7
(CH,), 41.6 (CH), 43.1 (CH,), 45.8 (CHy), 53.6 (CH), 54.1 (CH), 62.0 (CH), 64.9 (CH,),
65.4 (CH,), 65.5 (CH,), 124.26 (CH), 124.31 (CH), 126.21 (CH), 126.24 (CH), 127.3
(CH), 127.7 (CH), 128.2 (CH), 128.3 (CH), 133.2 (C), 137.0 (C), 140.7 (CH), 142.2 (C),
142.3 (C), 156.2 (C), 162.0 (C), 169.5 (C), 170.3 (C), 171.1 (C); HPLC (Method A) Tg =
5.79 min; 99.6% a/a; MS m/z (ESI") 647 ([M+H]").

6.2.5.2 Preparation of (3R,6R)-6-((S)-sec-Butyl)-3-(2,3-dihydro-1H-inden-2-yl)-1-
((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)piperazine-2,5-dione
(5; GSK221149)

\ o
NeB bEs

HN\H\« O 5;GSK221149
o}

A solution of (2R,3S)-2-((R)-2-(((benzyloxy)carbonyl)amino)-2-(2,3-dihydro-1H-inden-
2-yl)-N-((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)acetamido)-3-methyl

pentanoic acid (91) (511 mg, 0.790 mmol) in i-PrOH (20 mL) was hydrogenated over
10% Pd/C (256 mg, 0.24 mmol) at 20 °C and 1 bar for 160 min. The catalyst was
removed by filtration through Celite® and was washed with i-PrOH (10 mL). The filtrate
was concentrated to dryness under reduced pressure to afford a clear glass which was
dissolved in EtOAc (1.8 mL). Spontaneous crystallisation occurred to give a suspension
which was stirred at 20 °C for 18 h. The solids were filtered, washed with EtOAc (2 x
0.5 mL) and dried at 45 °C under reduced pressure to afford the desired product (5) as a
white solid and 2:1 EtOAc solvate (7.1% w/w) (312 mg, 74%); *H NMR (400 MHz,
DMSO-D6) & ppm 0.58 (d, J = 7.1 Hz, 3H), 0.67 (t, J = 7.2 Hz, 3H), 0.77 - 0.93 (m,
1H), 1.27 - 1.41 (m, 1H), 1.49 - 1.61 (m, 1H), 2.42 (s, 3H), 2.68 (m, 1H), 2.80 - 3.04 (m,
4H), 3.20 — 3.55 (br m, 8H), 3.76 (dd, J = 10.6, 4.5 Hz, 1H), 4.08 (d, J = 6.1 Hz, 1H),
6.33 (s, 1H), 7.07 - 7.14 (m, 2H), 7.16 - 7.22 (m, 2H), 8.20 (s, 1H), 8.32 (d, J = 4.5 Hz,
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1H), peaks relating to EtOAc are not given; *C NMR (100 MHz, DMSO-D6) & ppm
11.2 (CH3), 13.3 (CH3), 15.3 (CHg), 24.7 (CH,), 36.2 (CH,), 36.4 (CH,), 38.6 (CH), 42.5
(CH,) 44.8 (CH), 45.5 (CH,) 52.2 (CH), 59.1 (CH), 62.5 (CH), 65.8 (CH,), 66.0 (CHy),
124.2 (CH), 124.3 (CH), 126.2 (CH), 126.3 (CH), 133.2 (C), 140.2 (CH), 141.6 (C),
142.5 (C), 161.6 (C), 166.1 (C), 167.3 (C), 167.7 (C), peaks relating to EtOAc are not
given; HPLC (Method A) Tr = 4.53 min, 100% a/a; MS m/z (ESI") 495 ([M+H]).
HRMS (ESI") m/z calcd. for Co7H3sN4Os [M+H]" 495.2602, found 495.2589.

6.2.5.3 Re-crystallisation of (3R,6R)-6-((S)-sec-Butyl)-3-(2,3-dihydro-1H-inden-2-
yl)-1-((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)piperazine-2,5-
dione (5; GSK221149)

(3R,6R)-6-((S)-sec-Butyl)-3-(2,3-dihydro-1H-inden-2-yl)-1-((R)-1-(2-methyloxazol-4-

yl)-2-morpholino-2-oxoethyl)piperazine-2,5-dione (5) (185 mg, 0.35 mmol) was
suspended in 2-butanol (0.69 mL) and heated to 75 °C to afford a clear solution. The
solvent was evaporated in a nitrogen stream. Further 2-butanol (0.69 mL) was charged,
and the mixture was heated to 75 °C to afford a solution and then concentrated to
dryness under reduced pressure. 2-Butanol (0.34 mL) was then charged again, and the
mixture was again heated to 75 °C to afford a clear solution. Heptane (0.52 mL) was
added, maintaining the temperature at 75 °C. The clear solution was cooled to 50 °C,
seeded and aged for 20 min. The slurry was cooled to 20 °C over approx 30 min and
heptane (2.6 mL) was added via syringe pump over 1 h. The slurry was stirred at 20 °C
for 20 h. The solids were collected by filtration, washed with heptane (2 x 0.76 mL) and
dried under reduced pressure at 55 °C for 6 h to afford GSK221149 as a white solid (103

mg, 60%). The spectral data were in agreement with those described in section 6.2.5.2.
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6.2.6 Experimental Procedures for Section 3.7.1

6.2.6.1 Preparation of (2R,3S)-Methyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethyl)amino)pentanoate (111/267)

(0]
/
N
(0]
f

HN}\H/ <

Meo\[\\\\- o}
|
S 111, 267

1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (10 g, 44.6 mmol) was
dissolved in toluene (100 mL) to afford a clear red solution and (2R,3S)-methyl 2-
amino-3-methylpentanoate hydrochloride (66) (8.10 g, 44.6 mmol) was added and
washed in with toluene (50 mL) to afford a suspension. The suspension was cooled to 0-
5 °C and TMEDA (16.8 mL, 112 mmol) was added. Titanium tetrachloride (49.1 mL of
a 1 M solution in toluene, 49.1 mmol) was added over approximately 30 min and the
resultant dark brown reaction mixture was stirred at 0-5 °C for 1 h until HPLC showed
the reaction was complete. The reaction was quenched by the addition of K,COj3 (61.6 g,
of a 10% wi/w aqueous solution, 44.6 mmol) and stirred vigorously to afford a cream
slurry. Celite® (10 g) was charged and the mixture was stirred for a further 10 min. The
triphasic mixture was then filtered through a bed of Celite® (10 g) which was washed
with toluene (2 x 50 mL). The liquid phases were separated and the organic phase was
dried (MgSQO,4) and concentrated to dryness under reduced pressure to afford the
intermediate  (2R,3S)-ethyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene) amino)pentanoate (110) (11.66 g, 75 %) as an orange/red oil. The
intermediate was dissolved in EtOH (116 mL) and 10% wt Pd/C (5.8 g) was charged.
The resultant suspension was hydrogenated at 20 °C and 3.5 bar for 210 min until HPLC
confirmed the reaction was complete. The catalyst was removed by filtration and the
filtrate was concentrated to dryness under reduced pressure to afford an orange oil which
was dissolved in dichloromethane (100 mL) and extracted into HCI (40 mL of a 0.5 M

aqueous solution). The aqueous phase was neutralised with NaOH (50 mL of a 0.5 M
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aqueous solution) and extracted into dichloromethane (50 mL), which was washed with
water (10 mL). The organic phase was dried (MgSO,) and concentrated to dryness under
reduced pressure to afford (2R,3S)-methyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethyl) amino)pentanoate as a mixture of diastereoisomers (111/267)
(3.29 g, 21%). HPLC (Method B) (diastereoisomer 1): Tr = 1.69 min 57.2% ala,
(diastereosiomer 2): Tg = 1.75 min 38.6% a/a; MS m/z (ESI") 354 ([M+H]"); the spectral
data were consistent with those described in section 6.2.3.4.

6.2.6.2 Preparation of (2R,3S)-Ethyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-

morpholino-2-oxoethyl)amino)pentanoate (300)

7 (0]
N_ o
HN%( N \)
EtO \I\ (0]
\g 300

1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (10 g, 44.6 mmol) was
dissolved in toluene (100 mL) to afford a clear red solution and (2R,3S)-ethyl 2-amino-
3-methylpentanoate hydrochloride (8.73 g, 44.6 mmol) was added and washed in with
toluene (50 mL) to afford a suspension. The suspension was cooled to 0-5 °C and
TMEDA (16.8 mL, 112 mmol) was added. Titanium tetrachloride (49.1 mL, of a1 M
solution in toluene, 49.1 mmol) was added over approx 30 min and the resultant dark
brown reaction mixture was stirred at 0-5 °C for 1 h and HPLC analysis indicated a
complete reaction. The reaction was quenched by the addition of K,CO3; (61.6 g of a
10% w/w aqueous solution, 44.6 mmol) and stirred vigorously to afford a cream slurry.
Celite® (10 g) was charged and the mixture was stirred for a further 10 min. The
triphasic mixture was then filtered through a bed of Celite® (10 g) and washed with
toluene (2 x 50 mL). The liquid phases were separated and the organic phase was dried
(MgSO0,) and concentrated to dryness under reduced pressure to afford the intermediate
(2R,3S)-ethyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)

amino)pentanoate (12.93 g, 79 %) as a red oil. The intermediate was dissolved in EtOH
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(116 mL) and 10% wt Pd/C (5.8 g, 54.5) was charged. The resultant suspension was
hydrogenated at 20 °C and 3.5 bar for 3 h until HPLC confirmed the reaction was
complete. The catalyst was removed by filtration and the filtrate was concentrated to
dryness under reduced pressure to afford an orange oil which was dissolved in
dichloromethane (100 mL) and extracted into HCI (2 x 30 mL of a 1 M aqueous
solution). The combined aqueous layers were neutralised with NaOH (70 mL ofa 1 M
aqueous solution) and extracted with dichloromethane (50 mL). The organic phase was
dried (MgSQO,) and concentrated to dryness under reduced pressure to afford (2R,3S)-
ethyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl) amino)
pentanoate as an equal mixture of diastereoisomers (300) (5.15 g, 31%). *H NMR (400
MHz, CDCls) Signals arising from diastereoisomer 1: 6 ppm 0.91 (d, J = 7.1 Hz, 3H),
1.24 (t, J =7.1 Hz, 3H), 3.22 (d, J = 5.4 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 4.62 (s, 1H),
7.50 (s, 1H); Signals arising from diastereoisomer 2: & ppm 0.93 (d, J = 6.9 Hz, 3H),
1.26 (t, J = 7.1 Hz, 3H), 3.44 (d, J = 4.2 Hz, 1H), 4.15 (q, J = 7.1 Hz, 2H), 4.57 (s, 1H),
7.54 (s, 1H); Signals arising from a combination of the diastereoisomers which could not
be distinguished: 6 ppm 0.85 (t, J = 7.8 Hz, 3H), 1.16 — 1.31 (m, 1H), 1.41 — 1.52 (m,
1H), 1.74 — 1.82 (m, 1H), 2.41 (s, 3H), 2.71 (br. s, 1H), 3.52 — 3.72 (m, 8H); HPLC
(Method B) diastereoisomer 1: Tg = 1.79 min 48.0% a/a, diastereoisomer 2: Tr = 1.86
min 49.0% a/a; MS m/z (ESI") 368 ([M+H]");

6.2.6.3 Experimental Procedures for Table 12

The results documented in Table 12 were part of a wider enzyme screen carried out

according to the procedure described below.

(2R,3S)-Ethyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)
pentanoate (111/267) (250 mg, 0.680 mmol) and (2R,3S)-methyl 3-methyl-2-((1-(2-
methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)pentanoate (300) (250 mg, 0.707
mmol) were dissolved separately in pH 7 phosphate buffer (50 mL of a 0.05 mM
aqueous solution). Aliquots (1 mL) of each of the above solutions were added to vials
containing the dried enzymes (5 mg) as shown (Table 37). The resultant reaction
mixtures were stirred at 30 °C for 4 days. Aliquots (0.5 mL) of the reaction mixtures
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were taken, filtered and analysed directly by HPLC (Method B). The results are shown

(Table 37). Reactions which gave over 1% conversion to the desired amino acid from

either the methyl or ethyl ester are highlighted in bold and shown in Table 12.

Type Strain From Methyl From Ethyl
89 (%0 ala) 268 (%ala) 89 (% a/a) 268 (% ala)

Control none 0.00 0.00 0.00 0.00
Lipase A Alcaligenes 0.17 0.10 0.24 0.13
Lipase B Alcaligenes 0.14 0.34 0 0.26
Lipase C Alcaligenes 0.26 0.09 0.08 0.06
Lipase Pseudomonas stutzeri 0.25 0.60 0.10 0.18
Lipase Pseudomonas cepacia 0.49 0.07 1.34 0.26
Lipase A Candida ruaosa 0.35 0.16 0.36 0.06
Lipase D Alcaligenes sp. 0.16 0.08 0.19 0.36
Lipase E Alcaligenes sp. 0.11 0 0.19 0.26
Lipase B Candida ruaosa 0.15 0.20 0.24 0.13
Lipase F Alcaligenes sp. 0.19 0.08 0.09 0.32
Lipase from Fungal Scource 0.13 0 0 0.25
Protease A Bacillus subtilis 0.12 0.05 0 0.18
Phytase N/A 0.10 0 0.10 0.16
Alkaline Protease A N/A 0.07 0.08 0 0.13
Alkaline Lipase A N/A 0.13 0.06 0.13 0.15
Lipase Bromeliaceae sp. 0 0.25 0.22 0.09
Lipase Carcia papaya 0 0.25 0.07 0.03
Neutral Protease A N/A 0.43 0.46 0.43 0.48
Alkaline Protease B N/A 6.17 4.17 8.01 7.84
Acidic Protease A N/A 0.26 0.07 0.18 0.12
Protease A Aspergillus oryzae 0.25 0.10 0.18 0.08
Protease B Bacillus subtilis 1.70 0.58 0.87 0.41
Acylase Aspergillus sp. 0.42 0.22 0.58 0.37
Lipase B Candida ruaosa 0.13 0.10 0.15 0.05
Lipase Rhizopus niveus 0.12 0.08 0.21 0.13
Protease Bacillus stearothermophilus 0.12 0 0.10 0.13
Lipase Aspergillus niger 0.09 0.06 0.09 0.26
Lipase Penicillium roquefort 0.11 0 0.11 0.30
Protease Aspergillus niger 0.14 0.09 0.19 0.21
Lipase Aspergillus oryzae 0.71 0.22 0.52 0.26
Protease Aspegillus mellus 0.67 0.36 1.02 0.52
Lipase Penicillium camenbertii 0.11 0.09 0.12 0.15
Protease C Bacillus subtilis 7.06 5.69 6.05 7.00
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Protease B Aspergillus oryzae 0.64 0.25 0.44 0.18
Lipase Pseudomonas fluorescens 0.16 0.34 0.13 0.48
Lipase A Burkholderia cepacia 0.13 0.11 0.14 0.42
Lipase B Burkholderia cepacia 0.13 0.10 0.09 0.32
Lipase A Rizomucor miehei 0.12 0 0.09 0.24
Lipase B Candida antarctica 0.23 0.07 0.31 0.13
Lipase Rizomucor miehei 0.11 0.05 0.15 0.23
Protease Bacillus sp. 1.23 1.05 2.28 244
Lipase B Candida antarctica 0.17 0.06 0.31 0.18
Lipase A Candida antarctica 0.14 0.12 0.06 0.12
Protease B Bacillus sp. 1.12 0.89 2.03 211
Lipase Thermomyces lanuainosus 0.12 0.06 0 0.40
Lipase C Rhiomucor miehei 0.20 0.06 0 0.41

Table 37 — Complete enzyme screen results

6.2.6.4 Enzymatic Hydrolysis of Amine 111/267 in Organic Solvent

Water wet solvents (toluene, 2-MeTHF, TBME, methyl iso-butylketone, diiso-propyl
ether & MeCN) were prepared by mixing the solvents with an excess of water so that a
biphasic mixture was formed. The organic phases were decanted. In the case of MeCN,
10% v/v water was charged. Six solutions of (2R,3S)-methyl 3-methyl-2-((1-(2-
methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)pentanoate (111/267) (5 mg, 0.014
mmol) were prepared in each of the wet solvents (1 mL) and each of the six enzymes
(lipase - Pseudomonas cepacia, alkaline protease B, protease B - Bacillus subtilis,
protease C - Bacillus subtilis, protease B - Bacillus sp, protease C - Bacillus sp, 5 mg)
was added to the solutions in an orthogonal manner such that each solvent was used in
conjunction with each enzyme. The resultant reaction mixtures were heated to 35 °C and
stirred for 48 h. An aliquot (0.25 mL) of each reaction was taken and diluted with MeCN
(0.25 mL) and analysed by HPLC (Method B). Product was not observed in any

reaction.
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6.2.7 Experimental Procedures for Section 3.7

6.2.7.1 General Procedure 9: Imine Formation with Benzyl b-allo-isoleucinate

Titanium tetrachloride (A) was added to a solution of 1-(2-methyl-1,3-oxazol-4-yl)-2-(4-
morpholinyl)-2-oxoethanone (102) (B), (2R,3S)-benzyl 2-amino-3-methylpentanoate
(108) (C) and base (D) in solvent (E) at temperature (F) and the resultant reaction
mixture was stirred for time (G). Conversion to imine 7 was monitored by quenching an
aliquot (20 pL) into ammonium bicarbonate (1 mL of a 10 mM aqueous solution) and
analysing by LCMS or HPLC (Method C) (H).

6.2.7.2 Work-up Procedure 2

Potassium carbonate (I) was added to the complete reaction mixture and stirred
vigorously to afford a cream coloured slurry. Celite® (J) was added and the suspension
was filtered through further Celite® (J), washing through with toluene (K). The resultant
biphasic mixture was separated and the organic phase was washed with water (L), dried
(MgSO,) and concentrated to dryness under reduced pressure to afford (2R,3S)-benzyl
3-methyl-2-(1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino)pentanoate
(229) as a red/orange oil (M).

6.2.7.3 Isolation of Impurity 301

Crude (2R,3S)-phenyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (301) (100 mg, 0.242 mmol), prepared according to
general procedure 9; Table 13, entry 5, was dissolved in MeOH (1 mL) and purified by
MDAP (MeCN/10 mM ammonium bicarbonate). Fractions containing m/z (ESI") 647
were combined and concentrated to dryness under reduced pressure to afford a yellow
oil (10 mg). *H NMR (400 MHz, CDCls) Shows absence of oxazole CH at 6 = 7.5 — 8.5
ppm; HPLC (Method C) Tg = 3.57 min, 87.7% a/a; MS m/z (ESI") 647 (IM+H]").
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6.2.7.4 Preparation of (2R,3S)-Benzyl 2-amino-3-methylpentanoate (5)

A solution of potassium carbonate (5.27 g, 38.1 mmol) in water (25 mL) was added to a
suspension of (2R,3S)-benzyl 2-amino-3-methylpentanoate, 4-methylphenylsulfonate
(108) (10 g, 25.4 mmol) in toluene (100 mL) and water (75 mL) and the solids dissolved
to afford a clear, colourless biphasic mixture. The phases were separated and the organic
phase was washed with water (2 x 50 mL). The organic phase was concentrated under
reduced pressure, more toluene (100 mL) was added and the solution was again
concentrated. This procedure was repeated to ensure the absence of water in the
concentrate and to afford (2R,3S)-benzyl 2-amino-3-methylpentanoate (108) as a
colourless oil containing 9.3% wi/w toluene (5.97 g, 96 %); *H NMR (400 MHz, CDCls)
d ppm 0.81 (d, J = 6.9 Hz, 3H) 0.91 (t, J = 7.3 Hz, 3H) 1.22 - 1.29 (m, 1H) 1.35 (br. s,
2H) 1.39 — 1.50 (m, 1H) 1.79 - 1.89 (m, 1H), 3.49 (d, J = 4.2 Hz, 1H) 5.15 (d, 2Jp.y =
12.5 Hz, 1H), 5.16 (d, 2Jp.4 = 12.5 Hz, 1H), 7.29 - 7.38 (m, 5H); HPLC (Method B) Tg =
1.78 min, 85.6% a/a; MS m/z (ESI") 221 ([M+H]").

6.2.7.5 Experimental Procedures for Table 13

The experiments documented in Table 13 were carried out according to general
procedure 9; details for each entry are provided below. When product was isolated,
work-up procedure 2 was followed. Differences in processing are recorded for each
entry where applicable.

Entry 1. A: 25 ul, 0.22 mmol; B: 50 mg, 0.22 mmol; C: 4-methylphenylsulfonic acid salt
(97 mg, 0.25 mmol); D: triethylamine (93 pl, 0.67 mmol); E: THF (1 mL); F: 0 °C; G: 5
min; H: 41.1% a/a

Entry 2. A: 0.89 mL of a 1 M solution in dichloromethane, 0.89 mmol; B: 200 mg, 0.89
mmol; C: 4-methylphenylsulfonic acid salt (351 mg, 0.89 mmol); D: triethylamine (497
ul, 3.57 mmol); E: dichloromethane (2 mL); F: 0 °C; G: 5 min; H: 62.2% a/a
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Entry 3. A: 0.89 mL of a 1 M solution in dichloromethane, 0.89 mmol; B: 200 mg, 0.89
mmol; C: freebase (219 mg of a 90% w/w oil, 0.89 mmol); D: triethylamine (373 pl,
2.68 mmol); E: dichloromethane (2 mL); F: 0 °C; G: 5 min; H: 66.2% a/a

Entry 4. A: 0.98 mL of a 1 M solution in dichloromethane, 0.98 mmol; B: 200 mg, 0.89
mmol; C: hydrochloride salt (241 mg, 0.94 mmol); D: TMEDA (337 ul, 2.23 mmol); E:
dichloromethane (2 mL); F: 0°C; G: 2 h; H: 77.2 % a/a

Entry 5. A: 2.65 mL of a 1 M solution in dichloromethane, 2.63 mmol; B: 535 mg, 2.34
mmol; C: 4-methylphenylsulfonate salt (983 mg, 2.51 mmol); D: TMEDA (900 ul, 5.97
mmol); E: dichloromethane (5.4 mL); F: 0 °C; G: 2 h; H: 77.4 % al/a.

Entry 6. A: 0.98 mL of a 1 M solution in toluene, 0.98 mmol; B: 200 mg, 0.89 mmol; C:
hydrochloride salt (241 mg, 0.94 mmol); D: TMEDA (337 ul, 2.23 mmol); E: toluene (2
mL); F: 0°C; G: 2 h; H: 88.7 % a/a

Entry 7. A: 0.98 mL of a 1 M solution in toluene, 0.98 mmol; B: 200 mg, 0.89 mmol; C:
4-methylphenylsulfonate salt (368 mg, 0.94 mmol); D: TMEDA (337 pl, 2.23 mmol); E:
toluene (2 mL); F: 0 °C; G: 2 h 30; H: 87.3 % a/a

Entry 8. A: 0.98 mL of a 1 M solution in toluene, 0.98 mmol; B: 200 mg, 0.89 mmol; C:
4-methylphenylsulfonate salt (368 mg, 0.94 mmol); D: TMEDA (269 ul, 1.78 mmol); E:
toluene (2 mL); F: 0 °C; G: 2 h 30; H: 76.0 % a/a
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6.2.7.6 Experimental Procedures for the Preparation of (2R,3S)-Benzyl 3-methyl-
2-(1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino)
pentanoate (229)
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229

Mixture of E and Z imines
The experiments for the preparation of (2R,3S)-benzyl 3-methyl-2-(1-(2-methyloxazol-
4-yl)-2-morpholino-2-oxoethylidene)amino)pentanoate (229) were carried out according
to general procedure 9; details for each entry are provided below. When product was
isolated, work-up procedure 2 was followed. Differences in processing are recorded for
each entry where applicable. For isolated products, full characterisation was carried out
for a single batch; the remainder were analysed by HPLC and 'H NMR. 'H NMR
spectroscopic data matched that given below with the exception of signals arising from

residual solvents and minor impurities.

Experiment 1. A: 9.81 mL of a 1 M solution in toluene, 9.8 mmol; B: 2.0 g, 8.9 mmol;
C: 4-methylphenylsulfonate salt (3.68 g, 9.4 mmol); D: TMEDA (3.37 mL, 22.3 mmol);
E: toluene (30 mL); F: 0 °C; G: 3 h; H: HPLC showed the absence of the ketoamide
(102); I: 12.3 g of a 10% wi/w aqueous solution, 8.9 mmol; J: 4 g; K: 20 mL; L: none; M:
3.23 g, 85%.

Experiment 2. A: 24.5 mL of a 1 M solution in toluene, 24.5 mmol; B: 5.0 g, 22.3 mmol;
C: 4-methylphenylsulfonate salt (9.19 g, 23.4 mmol); D: TMEDA (8.4 mL, 55.8 mmol);
E: toluene (75 mL); F: 0 °C; G: 1 h 30; H: HPLC showed the presence of 5.0% a/a
amine 5. The reaction was stirred for a further 1 h and re-analysed by HPLC. 4.5% a/a
amine 5 was observed and so the reaction was worked up; I: 30.8 g of a 10% w/w
aqueous solution, 22.3 mmol; J: 10 g; K: 2 x 25 mL; L: 20 mL; M: 8.66 g, 91%.
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Experiment 3. A: 245 mL of a 1 M solution in toluene, 245 mmol; B: 50 g, 233 mmol;
C: 4-methylphenylsulfonate salt (88 g, 233 mmol); D: TMEDA (84 mL, 558 mmol); E:
toluene (750 mL); F: 0 °C; G: 3 h; H: HPLC showed the presence of <2% a/a of the
amine (108); I: 308 g of a 10% w/w aqueous solution, 223 mmol; J: 100 g; K: 2 x 250
mL; L: 250 mL; M: 83.05 g, 87%.

Experiment 4. A: 98 mL of a 1 M solution in toluene, 98 mmol; B: 20 g, 89 mmol; C: 4-
methylphenylsulfonate salt (35 g, 89 mmol); D: TMEDA (33.7mL, 223 mmol); E:
toluene (300 mL); F: 0 °C; G: 3 h; H: HPLC showed the presence of <2% a/a of the
amine (108); I: 123 g of a 10% w/w aqueous solution, 89 mmol; J: 20 g; K: 2 x 100 mL,;
L: 50 mL; M: 31.12 g, 82%.

Experiment 5. A: 245 mL of a 1 M solution in toluene, 245 mmol; B: 50 g, 233 mmol;
C: 4-methylphenylsulfonate salt (88 g, 233 mmol); D: TMEDA (84 mL, 558 mmol); E:
toluene (750 mL); F: 0 °C; G: 2 h 30; H: HPLC showed the presence of <2.6% a/a of
the amine (108); I: 308 g of a 10% w/w aqueous solution, 223 mmol; J: 100 g; K: 2 x
250 mL; L: 250 mL; M: 79.3 g, 83%. The washed organic solution was stirred with

Norit SX® activated carbon (25 g) and filtered prior to evaporation.

Experiment 6. A: 123 mL of a 1 M solution in toluene, 123 mmol; B: 25 g, 112 mmol;
C: 4-methylphenylsulfonate salt (44 g, 112 mmol); D: TMEDA (42 mL, 279 mmol); E:
toluene (375 mL); F: 0 °C; G: 3 h; H: HPLC showed the presence of 2.4% a/a of the
amine (108); I: 154 g of a 10% w/w aqueous solution, 112 mmol; J: 75 g; K: 2 x 125
mL; L: 125 mL; M: 41.9 g, 88%. The washed organic solution was stirred with Norit

SX® activated carbon (25 g) and filtered prior to evaporation.

Experiment 7. A: 7.4 mL of a 1 M solution in toluene, 7.4 mmol; B: 1.5 g, 6.7 mmol; C:
4-methylphenylsulfonic acid salt (2.6 g, 6.7 mmol); D: TMEDA (2.5 mL, 16.7 mmol);
E: toluene (22.5 mL); F: 0 °C; G: 3 h; H: HPLC showed the presence of <3% a/a of
the amine (108); I: 9.3 g of a 10% w/w aqueous solution, 6.7 mmol; J: 45¢; K: 2x 7.5
mL; L: 7.5 mL; M: 2.63 g, 83%. The washed organic solution was stirred with Norit
SX® activated carbon (1.5 g) and filtered prior to evaporation. The 1-(2-methyl-1,3-
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oxazol-4-yl)-2-(4-morpholinyl)-2-oxoethanone (102) used for this reaction was

produced via a significantly altered process.*®

6.2.7.7 Experimental Procedure for Characterisation of Imines 229a & 229b

0+_0Bn
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229a; Z-Thermodynamic 229b; E-Kinetic

The crude (2R,3S)-benzyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (229) was prepared according to general procedure 9,
experiment 7; 87 mg of this isomeric material was separated by MDAP (MeCN/10 mM
ammonium bicarbonate). The resulting fractions were concentrated to dryness under

reduced pressure to afford the isomerically pure imines.

Z-isomer (229a) (36 mg, 41%); *H NMR (400 MHz, CDCl3) & ppm 0.89 (t, J = 7.3 Hz,
3H), 0.97 (d, J = 6.9 Hz, 3H), 1.07 - 1.18 (m, 1H), 1.34 - 1.46 (m, 1H), 2.13 — 2.25 (m,
1H), 2.47 (s, 3H), 3.04 - 3.84 (m, 8H), 4.08 (d, J = 5.6 Hz, 1H), 5.16 (d, 2Ju.4 = 12.0 Hz,
1H), 5.19 (d, ®Jp.n = 12.0 Hz, 1H), 7.27 — 7.38 (m, 5H), 8.02 (s, 1H); HPLC (Method C)
Tr=2.88 min, 87% a/a. MS m/z (ESI") 428 ([M+H]").

E-isomer (229b) (37 mg, 42%); *H NMR (400 MHz, CDCls) & ppm 0.84 (t, J = 7.6 Hz,
3H), 1.01 (d, J = 7.3 Hz, 3H), 1.16 - 1.26 (m, 1H), 1.32 - 1.45 (m, 1H), 2.10 — 2.21 (m,
1H), 2.38 (s, 3H), 3.04 - 3.84 (m, 8H), 4.08 (d, J = 5.6 Hz, 1H), 5.11 (d, 2Jy.s = 12.2 Hz,
1H), 5.14 (d, 2Jp.n = 12.2 Hz, 1H), 7.29 — 7.40 (m, 5H), 7.95 (s, 1H); HPLC (Method C)
Tr=3.02 min, 82% a/a. MS m/z (ESI") 428 ([M+H]").

6.2.7.8 Experimental Procedures for Figure 26 & Figure 27

The fractions obtained from MDAP purification of (2R,3S)-benzyl 3-methyl-2-((1-(2-

methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino)pentanoate (229) as described
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in section 6.2.7.7 were held at ambient temperature and analysed by HPLC (Method C).

% peak areas of the two imines are given in Table 38 and Table 39 below.

% a/a Z-lsomer

% a/a E-lsomer

Time (h) (229a) (229b)
2 96.6 3.2
4 93.4 6.5
20 83.6 16.4
25 82.8 17.2
42 81.9 18.1

Table 38 — Data for Figure 26

% ala Z-l1somer

% al/a E-lsomer

Time = 90a) (229b)
1 9.1 90.9
17 68.2 31.8
22 72.9 271
38 80.3 19.7
42 79.6 20.4

Table 39 — Data for Figure 27
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6.2.8 Experimental Procedures for Section 3.8

6.2.8.1 General Procedure 10: Catalytic hydrogenation of Imine 229

(2R,3S)-Benzyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)

amino)pentanoate (229) (283 mg, 0.662 mmol) and catalyst (A) were taken up in ethanol
(4.5 mL) and hydrogenated for 2 h at temperature (B) and pressure (C). Aliquots (20 L)
of each reaction were taken and diluted with 1:1 v/v MeOH/ammonium bicarbonate (1
mL of a 10 mM aqueous solution) and analysed by HPLC (Method C). % Peak areas of
the desired amino acid (89) (D) and diastereomeric excess (E) were recorded. A negative
value for the diastereomeric excess indicates preference for the undesired

diastereoisomer.

6.2.8.2 Experimental Procedure for the Preparation of Amino Acid 89 by
Heterogeneous Benzyl Ester Hydrogenolysis

A H(N\)
=N o
89

2R,3S)-Benzyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (229) (80 g, 187 mmol) and 10% Pd/C (40 g) were suspended in
MeOH (1200 mL) and hydrogenated at 25 °C and 3 bar for 110 min. The catalyst was
emoved by filtration through Celite® under nitrogen, washed through with MeOH (2 x
275 mL) and concentrated to dryness under reduced pressure to afford an orange oil
which was dissolved in i-PrOH (264 mL) and stirred at ambient temp for 72 h. The
resultant slurry was cooled to 0 °C and stirred for a further 2 h. The solids were then
collected by filtration under vacuum, washed with i-PrOH (2 x 40 mL) and sucked dry.
The damp cake was dried under reduced pressure at 40 °C for 2 h to afford the desired

product as a single diastereoisomer (89) with spectral data consistent with those
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described in section 6.2.4.4, (16.53 g, 26 %); HPLC (Method A) Tr = 2.15 min, 93.8%
ala.

6.2.8.3 Experimental Procedures for Table 14

The experiments documented in Table 14 were carried out according to general

procedure 10, details for each entry are provided below.

Entry 1. A: Pd/C — E101; B: 25 °C; C: 3 bar; D: 33; E: -17.6%.
Entry 2. A: Pd/C — E101; B: 25 °C; C: 1 bar; D: 32; E: -13.6%.
Entry 3. A: Pd/C — E101; B: 50 °C; C: 1 bar; D: 33; E: -14.3%.
Entry 4. A: Pd/C — Type 39; B: 25 °C; C: 3 bar; D: 27; E: -23.5%.
Entry 5. A: Pt/C — B103032; B: 25 °C; C: 3 bar; D: 1.5; E: N/A.
Entry 6. A: Rh/C —592; B: 25 °C; C: 3 bar; D: 11; E: -16.3%.
Entry 7. A: Rh-Ru/C —118072; B: 25 °C; C: 3 bar; D: 2.7; E: N/A.
Entry 8. A: Rh/Alumina; B: 25 °C; C: 3 bar; D: 4; E: N/A.

Entry 9. A: Pd(OH)y; B: 25 °C; C: 3 bar; D: 26; E: -10.5%.

Entry 10. A: Pd/C — Type 457; B: 25 °C; C: 3 bar; D: 26; E: -20.5%.

Entry 11. A: Pd/C — E101; B: 25 °C; C: 3 bar; D: 2.6; E: -17.0%. Reaction performed in

toluene.
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6.2.9 Experimental Procedures for Section 3.9

6.2.9.1 General Procedure 11: Catalytic Asymmetric Hydrogenation of Imine 229

(2R,3S)-Benzyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (229) (A) was dissolved in solvent (B) and a solution of catalyst (C)
was added. The resultant reaction mixture was hydrogenated at temperature (D) and
pressure (E) for time (F) then analysed by HPLC or LCMS (G).

6.2.9.2 General Procedure 12: Preparation of Hydrogenation Catalysts

[Ru(p-cymene)Cl,], (A) and ligand (B) were dissolved in 3:1 EtOH/dichloromethane
(20 mL) and heated to 50 °C for 2 h then concentrated to dryness under reduced pressure

to afford catalyst (C) which was used without further purification.

6.2.9.3 Experimental Procedures for Table 19

The experiments documented in Table 19 were carried out using general procedure 11;
details for each entry are provided below. Differences in processing are recorded for
each entry where applicable.

Entry 1. A: 200 mg, 0.47 mmol; B: toluene (2 mL); C: [RuCI((R)-BINAP)(p-cymene)]Cl
(21 mg, 0.02 mmol) in toluene (1 mL); D: 50 °C; E: 4 bar; F: 4 h; G: HPLC showed
4.2% ala of the amine (89). The hydrogenation was continued for a further 24 h and the
reaction was re-analysed by HPLC which showed 9.0% a/a of the amine (89) and 9.2%
a/a of an impurity with MH" = 445,

Entry 2. A: 200 mg, 0.47 mmol; B: toluene (2 mL); C: [RuCI((R)-BINAP)(p-cymene)]Cl
(21 mg, 0.02 mmol) in toluene (1 mL); D: 80 °C; E: 4 bar; F: 4 h; G: HPLC showed
16.5% a/a of the amine (89). The hydrogenation was continued for a further 24 h and the
reaction was re-analysed by HPLC which showed 23.3% a/a of the amine (89) and
22.6% a/a of an impurity with MH™ = 445, The reaction mixture was concentrated to
dryness under reduced pressure and taken up in MeOH (3 mL), Pd/C (100 mg) was
charged and the reaction mixture was hydrogenated at 20 °C and 2 bar for 2 h. HPLC
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and LCMS analysis showed the presence of a single peak corresponding to the desired

diastereoisomer (89). The undesired diastereoisomer (268) was not observed.

Entry 3. A: 200 mg, 0.47 mmol; B: toluene (2 mL); C: RuCI[((R)-Hs-BINAP)(p-
cymene)]CI (21 mg, 0.02 mmol) in toluene (1 mL); D: 50 °C; E: 4 bar; F: 4 h; G: HPLC
showed 9.6% a/ of the amine (89). The hydrogenation was continued for a further 24 h
and the reaction was re-analysed by HPLC which showed 11.2% a/a of the amine (89)
and 17.8% a/a of an impurity with MH" = 445,

Entry 4. A: 200 mg, 0.47 mmol; B: toluene (2 mL); C: RuCI[((R)-Hs-BINAP)(p-
cymene)]ClI (21 mg, 0.02 mmol) in toluene (1 mL); D: 80 °C; E: 4 bar; F: 4 h; G: HPLC
showed 19.2% a/a of the amine (89). The hydrogenation was continued for a further 24 h
and the reaction was re-analysed by HPLC which showed 20.3% a/a of the amine (89)
and 29.4% a/a of an impurity with MH" = 445,

Entry 5. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-BINAP)(p-cymene)]CI
(21 mg, 0.02 mmol) in DME (1 mL); D: 50 °C; E: 4 bar; F: 4 h; G: HPLC showed
neither the amine (89) nor the imine (229).

Entry 6. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-BINAP)(p-cymene)]Cl
(21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 4 h; G: HPLC showed
26.5% a/a of the amine (89). The hydrogenation was continued for a further 24 h and the
reaction was re-analysed by HPLC which showed 30.8% a/a of the amine (89) and
19.6% a/a of an impurity with MH" = 445,

Entry 7. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-Hs-BINAP)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 50 °C; E: 4 bar; F: 4 h; G: HPLC
showed 27.8% a/a of the amine (89). The hydrogenation was continued for a further 24 h
and the reaction was re-analysed by HPLC which showed 27.5% a/a of the amine (89)
and 11.1% a/a of an impurity with MH" = 445,

Entry 8. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-Hs-BINAP)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 4 h; G: HPLC
showed 31.4% a/a of the amine (89). The hydrogenation was continued for a further 24 h
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and the reaction was re-analysed by HPLC which showed 32.5% a/a of the amine (89).
and 23.4% a/a of an impurity with MH"™ = 445, The reaction mixture was concentrated to
dryness under reduced pressure and taken up in MeOH (3 mL), Pd/C (100 mg) was
charged and the reaction mixture was hydrogenated at 20 °C and 2 bar for 2 h. HPLC
and LCMS analysis showed the presence of a single peak corresponding to the desired

diastereoisomer (89). The undesired diastereoisomer (268) was not observed.

6.2.9.4 Experimental procedures for Table 20

The experiments documented in Table 19 were carried out using general procedure 11;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 18 h; G: HPLC
showed 38.2% a/a of the amine (89) and 9.4% a/a of an impurity with MH* = 445,

Hydrogen generated from the electrolysis of water was used.

Entry 2. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 18 h; G: HPLC
showed 13.8% a/a of the amine (89) and 32.4% a/a of an impurity with MH" = 445,

Water (42 pL, 0.023 mmol) was charged to the reaction mixture prior to hydrogenation.

Entry 3. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 18 h; G: HPLC
showed 46.3% a/a of the amine (89) and 10.7% a/a of an impurity with MH" = 445,

Hydrogen from a lecture bottle was used.

6.2.9.5 Experimental Procedures for the Preparation of Catalysts

The preparation of ruthenium hydrogenation catalysts was carried using general
procedure 12; details for each catalyst are provided below. Differences in processing are
recorded for each entry where applicable.
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Catalyst 1. A: 20 mg; B: (R)-BINAP (151) (46.8 mg) C: RuCI[((R)-BINAP)(p-
cymene)]Cl Spectral data consistent with those described in the literature®® (69 mg,
103%); *'P NMR (162 MHz, CDCl3) & ppm 24.1 (d, 2Jp.p = 73.4 Hz), 40.5 (d, “Jpp =
73.4 Hz).

Catalyst 2. A: 20 mg; B: (R)-(5,5'-dichloro-6,6'-dimethoxy-[1,1'-biphenyl]-2,2'-diyl)bis
(diphenylphosphine) (311) (48.9 mg) C: RuClI[((R)-Cl OMe BIPHEP)(p-cymene)]CI (69
mg, 102%).

Catalyst 3. A: 20 mg; B: (R)-5,5-bis(diphenylphosphino)-4,4'-bibenzo[d][1,3]dioxole
(317) (45.9 mg) C: RuCI[ ((R)-SEGPHOS)(p-cymene)]Cl (67 mg, 102%); *'P NMR
(162 MHz) & ppm 26.5 (d, *Jp.p = 61.5 Hz), 41.3 (d, “Jp.p = 61.5 Hz).

Catalyst 4. A: 20 mg; B: (R)-(6,6'-dimethoxy-[1,1'-biphenyl]-2,2'-diyl)bis
(diphenylphosphine) (320) (43.8 mg) C: RuCI[((R)-MeO BIPHEP)(p-cymene)]Cl (66
mg, 103%).

Catalyst 5. A: 20 mg; B: (R)-(6,6'-dimethoxy-[1,1'-biphenyl]-2,2'-diyl)bis(di(furan-2-yl)
phosphine) (321) (40.7 mg) C: RuCI[((R)-Furyl BIPHEP)(p-cymene)]Cl (62 mg, 102%).

Catalyst 6. A: 20 mg; B: (R)-(6,6'-dimethoxy-[1,1'-biphenyl]-2,2'-diyl)bis
(diisopropylphosphine) (322) (33.5 mg) C: RuCI[((R)-iPr BIPHEP)(p-cymene)]Cl (59
mg, 110%).

Catalyst 7. A: 20 mg; B: (R)-7,7-bis(diphenylphosphino)-4,4'-dimethyl-3,3',4,4'-
tetrahydro-2H,2'H-8,8'-bibenzo[b][1,4]oxazine (319) (499 mg) C: RuCI[((R)-
SOLPHOS)(p-cymene)]ClI (70 mg, 100%).

Catalyst 8. A: 20 mg; B: (R)-5,5-bis(diphenylphosphino)-4,4'-bibenzo[d][1,3]dioxole
(317) (45.9 mg) C: RuCI[((R)-SEGPHOS)(p-cymene)]CI (67 mg, 105%); *'P NMR (162
MHz, CDCls) & ppm 26.5 (d, 2Jp.p = 61.1 Hz), 41.3 (d, 2Jp.p = 61.1 Hz). The reaction and

isolation was carried out under strictly anaerobic conditions.
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6.2.9.6 Experimental Procedures for Table 21

The experiments documented in Table 21 were carried out using general procedure 11,
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 36.4% a/a of the amine (89), 4.7% a/a of the imine (229) and 17.2% a/a of an

impurity with MH" = 445. Commercially sourced catalyst was used.

Entry 2. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 16.3% a/a of the amine (89), 7.5% a/a of the imine (229) and 34.1% a/a of an
impurity with MH" = 445, Catalyst prepared in the laboratory was used.

Entry 3. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-CI OMe BIPHEP)(p-
cymene)]CI (22 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 0.7% a/a of the amine (89), 23.0% a/a of the imine (229) and 29.1% a/a of an
impurity with MH" = 445, Catalyst prepared in the laboratory was used.

Entry 4. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SOLPHOS)(p-
cymene)]CI (23 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 5.4% a/a of the amine (89), 7.4% a/a of the imine (229). Catalyst prepared in the

laboratory was used.

Entry 5. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-MeO BIPHEP)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 16.1% a/a of the amine (89), 12.3% a/a of the imine (229) and 28.9% a/a of an
impurity with MH™ = 445, Catalyst prepared in the laboratory was used.

Entry 6. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-Furyl BIPHEP)(p-
cymene)]CI (20 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 43.2% a/ of the amine (89), 6.0% a/a of the imine (229) and 9.7% a/a of an
impurity with MH™ = 445, Catalyst prepared in the laboratory was used.
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Entry 7. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-i-Pr BIPHEP)(p-
cymene)]CI (18 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 1.1% a/a of the amine (89), 36% a/a of the imine (229) and 28.2% a/a of an
impurity with MH" = 445, Catalyst prepared in the laboratory was used.

6.2.9.7 Experimental Procedures for Table 22

The experiments documented in Table 22 were carried out using general procedure 11;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 38.2% a/a of the amine (89), 22.5% a/a of the imine (229) and 9.4% a/a of an
impurity with MH" = 445, Commercially sourced catalyst was used.

Entry 2. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 39.8% a/a of the amine (89), 26.9% a/a of the imine (229) and 8.0% a/a of an
impurity with MH" = 445, Catalyst prepared under air was used.

Entry 3. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 22.5% a/a of the amine (89), 38.3% a/a of the imine (229) and 7.3% a/a of an
impurity with MH™ = 445, Catalyst prepared under strictly anaerobic conditions was

used.

6.2.9.8 Experimental Procedures for Table 23

The experiments documented in Table 23 were carried out using general procedure 11;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]Cl (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
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showed 38.2% a/a of the amine (89), 22.5% a/a of the imine (229) and 9.4% a/a of an

impurity with MH" = 445. Commercially sourced catalyst was used.

Entry 2. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: [NH:Me;][(RuCI((R)-
SEGPHOS)),(u-Cl)3] (19 mg, 0.01 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h;
G: HPLC showed 17.1% a/a of the amine (89), 19.4% a/a of the imine (229) and 17.7%

a/a of an impurity with MH" = 445. Commercially sourced catalyst was used.

Entry 3. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: [RuCI(OAc),((R)-SEGPHOS)]CI
(19 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC showed
75.2% a/a of the imine (229), the amine (89) was not observed. Commercially sourced

catalyst was used.

6.2.9.9 Experimental Procedures for Table 24

The experiments documented in Table 24 were carried out using general procedure 11,
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 4 bar; F: 20 h; G: HPLC
showed 46.3% a/a of the amine (89) and 10.7% a/a of an impurity with MH" = 445,

Commercially sourced catalyst was used.

Entry 2. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 6 bar; F: 20 h; G: HPLC
showed 40.0% a/a of the amine (89) and 12.7% a/a of an impurity with MH" = 445,

Commercially sourced catalyst was used.

Entry 3. A: 200 mg, 0.47 mmol; B: DME (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (21 mg, 0.02 mmol) in DME (1 mL); D: 80 °C; E: 8 bar; F: 20 h; G: HPLC
showed 51.0% a/a of the amine (89) and 6.0% a/a of an impurity with MH" = 445,

Commercially sourced catalyst was used.
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Entry 4. A: 200 mg, 0.47 mmol; B: toluene (2 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CIl (21 mg, 0.02 mmol) in toluene (1 mL); D: 80 °C; E: 8 bar; F: 20 h; G:
HPLC showed 34.5% a/a of the amine (89) and 16.1% a/a of an impurity with MH" =

445. Commercially sourced catalyst was used.

6.2.9.10 Experimental Procedure for the Scale-out of the Asymmetric Reduction of
Imine 229

(2R,3S)-Benzyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (229) (1.4 g, 3.27 mmol) was taken up in DME (14 mL), split into
seven equal portions and charged to seven parallel hydrogenator vessels. A slurry of
[RUCI((R)-SEGPHOS)(p-cymene)]CI (150 mg, 0.16 mmol) in DME (7 mL) was also
split into seven equal portions and charged to the hydrogenation vessels. The resultant
reaction mixtures were hydrogenated at 80 °C and 8 bar (g) for 20 h until HPLC
confirmed the reaction was complete. The solutions were cooled to ambient temperature,
combined and concentrated to dryness under reduced pressure. The residue was
dissolved in MeOH (14 mL) and charged to a larger hydrogenation vessel along with
10% w/w Pd/C (0.7 g). The slurry was hydrogenated at 25 °C and 1 bar (g) for 50 min
and HPLC confirmed the reaction was complete. The catalyst was removed by filtration
through Celite® and washed with MeOH (14 mL). The combined filtrate and wash was
concentrated to dryness to afford a brown gum which was triturated with i-PrOH (7 mL).
The slurry was cooled to 0 °C and stirred for 4 h. The solids were collected by filtration,
washed with i-PrOH (2 x 3 mL) and dried at 40°C under reduced pressure to afford
(2R,3S)-3-methyl-2-(((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethyl)amino)pentanoic acid (89) as an off white solid with spectral data consistent
with those described in section 6.2.4.4. (522 mg, 1.54 mmol, 47 %); HPLC (Method A)
Tr=2.15 min, 99.4% a/a.
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6.2.9.11 Experimental Procedure for the Preparation of Amino Acid 89 via

Asymmetric Hydrogenation and Benzyl Ester Cleavage

O

0] H
89

(2R,3S)-Benzyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (229) (38.9 g, 91 mmol) was dissolved in DME (389 mL) and charged
to a 1 L Kiloclave® hydrogenator. A slurry of [RuCI((R)-SEGPHOS)(p-cymene)]Cl
(8.35 g, 9.10 mmol) in DME (195 mL) was charged and the resultant reaction mixture
was hydrogenated at 80 °C and 2 bar (g) for 3 h until HPLC confirmed the reaction was
complete. The solution was cooled to ambient temperature and concentrated to dryness
under reduced pressure. The residue was dissolved in MeOH (500 mL) and re-charged
to the hydrogenation vessel along with 10% w/w (50% wet) Pd/C (12.3 g, 116 mmol).
The slurry was hydrogenated at 25 °C and 1 bar (g) for 70 min and HPLC confirmed the
reaction was complete. The catalyst was removed by filtration through Celite® and the
filter bed was washed with MeOH (150 mL). The combined filtrate and wash was
concentrated to dryness to afford a brown gum which was triturated with i-PrOH (200
mL). The slurry was stirred overnight at ambient temperature then cooled to 0 °C and
stirred for a further 3 h. The solids were collected by filtration, washed with i-PrOH (2 x
80 mL) and dried at 40 °C under reduced pressure to afford (2R,3S)-3-methyl-2-(((R)-1-
(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl) amino)pentanoic acid (89) as an off
white solid with spectral data consistent with those described in section 6.2.4.4. (19.9 g,
64 %); HPLC (Method A) Tr = 2.15 min, 99.6% a/a.
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6.2.9.12 Characterisation of Amine Benzyl Ester 109

109

(2R,3S)-Benzyl 3-methyl-2-(((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)
amino)pentanoate (229) (100 mg, 0.233 mmol) (prepared according to section 6.2.9.11)
was dissolved in MeOH (1 mL) and purified by MDAP (MeCN/Water & TFA).
Fractions containing product were combined and concentrated under reduced pressure to
afford  (2R,3S)-benzyl  3-methyl-2-(((R)-1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethyl) amino)pentanoate (109) as a colourless oil (62 mg, 62%); *H NMR (400 MHz,
CDCl3) & ppm 0.88 (t, J = 7.3 Hz, 3H), 0.97 (d, J = 7.1 Hz, 3H), 1.01 - 1.13 (m, 1H),
1.49 - 1.60 (m, 1H), 1.95 - 2.06 (m, 1H), 2.37 (s, 3H), 3.14 - 3.28 (m, 1H), 3.39 - 3.66
(m, 6H), 3.70 - 3.78 (m, 1H), 3.81 (d, J = 3.7 Hz, 1H), 5.11 (d, 2Jy.= 12.0 Hz 1H), 5.15
(d, 23y = 12.0 Hz 1H), 5.65 (s, 1H), 7.15 (s, 1H), 7.31 - 7.41 (m, 5H), 7.70 (s, 1H); °C
NMR (100 MHz, CDCl3) & ppm 11.5 (CHs), 13.7 (CH3), 15.3 (CHs), 24.8 (CH,), 36.9
(CH), 43.1 (CHy), 45.7 (CHy), 54.0 (CH), 62.8 (CH), 66.0 (CH,), 66.4 (CH,), 68.1
(CHy), 128.75 (C), 128.77 (CH), 128.9 (CH), 131.9 (CH), 134.5 (C), 139.6 (CH), 163.0
(C), 164.9 (C), 169.9 (C); HPLC (Method A) Tr = 4.11 min, 100% a/a. MS m/z (ESI")
430 ([M+H]").
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6.2.10 Experimental Procedures for Section 3.10

6.2.10.1 General Procedure 14: Esterification of isoleucine

p-TSA (A) and benzyl alcohol (B) were added to a suspension of isoleucine (C) in
toluene (D) and the mixture was heated to reflux under Dean-Stark conditions for time
(E) until the reaction appeared complete by NMR. The solution was cooled to 80 °C and
an aliquot (1 mL) was removed, cooled and sonicated to induce crystallisation. The
slurry was diluted with toluene (3 mL) and added to the remainder of the reaction
mixture as a seed. The suspension was then aged for 40 min, cooled to 0 °C over 2 h and
aged at 0 °C for 1.5 h. The solids were isolated by filtration, washed with toluene (F)

and dried at 40 °C under reduced pressure to afford the product (G) as a white solid.

6.2.10.2 General Procedure 15: Imine Formation using isoleucine Diastereoisomers

Titanium tetrachloride (A) was added to a solution of 1-(2-methyl-1,3-oxazol-4-yl)-2-(4-
morpholinyl)-2-oxoethanone (102) (B), benzyl ester (C) and TMEDA (D) in solvent (E)
at temperature (F) and the resultant reaction mixture was stirred for time (G) until the
reaction was confirmed complete by HPLC (Method C). Potassium carbonate (I) was
added to the mixture which was stirred vigorously to afford a cream coloured slurry.
Celite® (1) was added and the suspension was filtered through further Celite® (1),
washing through with toluene (J). The biphasic mixture was separated and the organic
phase was washed with water (K), dried (MgSO,) and concentrated to dryness under
reduced pressure to afford a mixture of E and Z imines (L) which were used without
further purification.

6.2.10.3 General Procedure 16: Catalytic Hydrogenation of isoleucine Imine

Diastereoisomers

Imine (A) and Pd/C (B) were taken up in MeOH (C) and hydrogenated at 25 °C and 3
bar for time (D) until the reaction was confirmed complete by HPLC. The catalyst was
removed by filtration through Celite®, washed through with MeOH (E) and concentrated
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to dryness under reduced pressure to afford the crude amino acid as a mixture of

diastereoisomers (F).

6.2.10.4 Purification Procedure 1: Separation of isoleucine Amino Acids

Amino acid mixture (100 mg) (G) was dissolved in MeOH (1 mL) and purified by
MDAP (MeCN/Water). Fractions containing product were combined and concentrated
to dryness under reduced pressure to afford the diastereomerically pure amino acids as

colourless oils (H).

6.2.10.5 Preparation of isoLeucine Benzyl Esters 5b-d

Isoleucine benzyl esters 5b-d were prepared according to general procedure 14; details
for each compound are provided below. Differences in processing are recorded for each

entry where applicable.

e
NH5*

L-isoleucine

L-isoleucine. A: 41.7 g, 219 mmol; B: 99 mL, 953 mmol; C: (2S,3S)-2-amino-3-
methylpentanoic acid (25 g, 191 mmol); D: 313 mL; E: 23 h; F: 2 x 100 mL; G: (2S,3S)-
benzyl 2-amino-3-methylpentanoate, 4-methylbenzenesulfonate (49.31 g, 66%); ‘H
NMR (400 MHz, DMSO) 6 ppm 0.82 (t, J = 7.5 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H), 1.17 -
1.28 (m, 1H), 1.32 - 1.46 (m, 1H), 1.82 - 1.93 (m, 1H), 2.28 (s, 3H), 4.01 (d, J = 3.7 Hz,
1H), 5.24 (d, Iy = 12.2 Hz, 1H), 5.27 (d, 2Jp.n = 12.2 Hz, 1H), 7.12 (d, J = 7.8 Hz,
2H), 7.32 - 7.44 (m, 5H), 7.51 (d, J = 7.8 Hz, 2H), 8.36 (br. s, 3H); HPLC (Method A)
p-TSA: Tr = 1.54 min, 80.1% a/a; (2S,3S)-benzyl 2-amino-3-methylpentanoate: Tr =
3.33 min, 15.6% a/a; MS m/z (ESI") 222 ([M+H]"); Mp 152 — 154 °C.
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Sagegl

D-isoleucine

D-isoleucine. A: 4.17 g, 21.9 mmol; B: 9.9 mL, 95.3 mmol; C: (2R,3R)-2-amino-3-
methylpentanoic acid (2.5 g, 19.1 mmol); D: (31 mL); E: 23 h; F: 2 x 10 mL; G:
(2R,3R)-benzyl 2-amino-3-methylpentanoate, 4-methylbenzenesulfonate (4.82 g, 61%);
'"H NMR (400 MHz, DMSO) & ppm 0.86 (t, J = 7.6 Hz, 3H), 0.89 (d, J = 7.3 Hz, 3H),
1.1-1.29 (m, 1H), 1.33 - 1.49 (m, 1H), 1.81 - 1.92 (m, 1H), 2.28 (s, 3H), 4.03 (d, J = 3.9
Hz, 1H), 5.25 (d, 2Ju.n = 12.2 Hz, 1H), 5.28 (d, “Ju.n = 12.2 Hz, 1H), 7.11 (d, J = 7.8 Hz,
2H), 7.33 - 7.44 (m, 5H), 7.48 (d, J = 7.8 Hz, 2H), 8.32 (br. s, 3H); HPLC (Method A)
p-TSA: Tr = 1.56 min, 82.0% a/a; (2R,3R)-benzyl 2-amino-3-methylpentanoate: Tr =
3.33 min, 15.7% a/a; MS m/z (ESI") 222 ([M+H]");

o} =

©/\0)KR;3+\/ /©/So3.

L-allo-isoleucine

L-allo-isoleucine. A: (810 mg, 4.3 mmol); B: (1.9 mL, 18.5 mmol); C: (2S,3R)-2-amino-
3-methylpentanoic acid (486 g, 3.7 mmol); D: (6.3 mL; E: 48 h; F: 2 x 2.3 mL; G:
(2S,3R)-benzyl 2-amino-3-methylpentanoate, 4-methylbenzenesulfonate (559 mg, 38%);
HPLC (Method A) p-TSA: Tg = 1.53 min, 55.1% a/a; (2S,3R)-benzyl 2-amino-3-
methylpentanoate: Tr = 3.31 min, 11.2% a/a; MS m/z (ESI*) 222 ([M+H]").

6.2.10.6 Preparation of Diastereomeric Imines 323 & 326

Isoleucine benzyl imines were prepared according to general procedure 15; details for
each compound are provided below. Differences in processing are recorded for each

entry where applicable.
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L-isoleucine imines. A: (24.5 mL of a 1 M solution in toluene, 24.5 mmol); B: (5 g, 22.3
mmol); C: (2S,3S)-benzyl 2-amino-3-methylpentanoate, 4-methylbenzenesulfonate (8.75
g, 22.3 mmol); D: 8.4 mL, 55.8 mmol; E: toluene (25 mL); F: 0 °C; G: 2 h; H: 30.8 g of
a 10% w/w aqueous solution, 22.3 mmol; I: 10 g; J: 2 x 25mL; K: 25 mL; L: (2S,3S)-
benzyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (323) (7.40g, 78 %); LCMS (Method C) (Isomer 1) Tg = 2.82 min,
32.1% a/a, (Isomer 2) Tr = 2.95 min, 55.5% a/a; MS m/z (ESI+) 428 ([M+H]").

\/FO
N S (\
o)
BnO_ .\_ O
i ik i 326
o)

D-isoleucine imines. A: (12.3 mL, of a 1 M solution in toluene, 12.3 mmol); B: (2.5 g,
11.2 mmol); C: (2R,3R)-benzyl 2-amino-3-methylpentanoate, 4-methylbenzenesulfonate
(4.38 g, 11.2 mmol); D: 4.2 mL, 27.9 mmol; E: toluene (12.5 mL); F: 0 °C; G: 4.5 h; H:
15.4 g of a 10% w/w aqueous solution, 12.2 mmol; I: 5 g; J: 2 x 12.5mL; K: 12.5 mL; L:
(2R,3R)-benzyl-3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (326) (2.29 g, 52 %); LCMS (Method C) (Isomer 1) Tg = 2.83 min,
32.8% a/a, (Isomer 2) Tr = 2.97 min, 46.5% a/a; MS m/z (ESI+) 428 ([M+H]").

6.2.10.7 Preparation of Diastereomeric Amino Acids 324-328

Isoleucine amino acids were prepared according to general procedure 16 and purified
according to purification procedure 1, details for each compound are provided below.

Differences in processing are recorded for each entry where applicable.
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L-isoleucine amino acids. A: (2S,3S)-Benzyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethylidene)amino)pentanoate (323) (7.0 g, 16.4 mmol); B: 10% wt,
3.5 ¢g; C: 105 mL; D: 90 min; E: 2 x 35 mL; F: (2S,3S)-3-methyl-2-(((R&S)-1-(2-
methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)pentanoic acid (324 & 325); (5.59
g, 80%).

Diastereoisomer 1: (18.8 mg); *H NMR (400 MHz, MeOD) & ppm 0.98 (t, J = 7.5 Hz,
3H), 1.05 (d, J = 6.8 Hz, 3H), 1.38 - 1.53 (m, 1H), 1.55 - 1.67 (m, 1H), 2.08 - 2.23 (m,
1H), 2.48 (s, 3H), 3.18 - 3.34 (m, 2H), 3.36 - 3.50 (m, 1H), 3.55 - 3.72 (m, 5H), 3.96 (d,
J =29 Hz, 1H), 5.54 (s, 1H), 8.07 (s, 1H), COOH and NH are not observed; *C NMR
(100 MHz, MeOD) & ppm 12.1 (CHg), 13.5 (CHs), 14.8 (CHs), 27.7 (CH), 37.6 (CH,)
44.3 (CHy), 46.9 (CH,), 56.3 (CH), 65.3 (CH), 67.0 (CH,), 67.4 (CH,), 132.3 (C), 141.5
(CH), 164.4 (C), 164.9 (C), 170.3 (C); HPLC (Method A) Tg = 2.25 min, 79.7% ala;
MS m/z (ESIY) 340 ([M+H]").

Diastereoisomer 2: (23.4 mg); *H NMR (400 MHz, MeOD) & ppm 0.96 (t, J = 7.3 Hz,
3H), 1.01 (d, J = 6.8 Hz, 3H), 1.38 - 1.50 (m, 1H), 1.54 - 1.65 (m, 1H), 2.10 - 2.21 (m,
1H), 2.46 (s, 3H), 3.19 - 3.27 (m, 2H), 3.34 - 3.48 (m, 1H), 3.58 - 3.74 (m, 5H), 4.07 (d,
J = 3.2 Hz, 1H), 5.60 (s, 1H), 8.05 (s, 1H), COOH and NH are not observed; *C NMR
(100 MHz, MeOD) 6 ppm 12.1 (CHj3), 13.6 (CH3), 14.7 (CHg3), 27.8 (CH), 37.7 (CHy)
44.2 (CH,), 47.1 (CH,), 55.1 (CH), 63.4 (CH), 67.2 (CH,), 67.5 (CH,), 131.6 (C), 142.0
(CH), 164.8 (C), 165.2 (C), 170.5 (C); HPLC (Method A) Tg = 2.34 min, 95.9% a/a;
MS m/z (ESI™) 340 ([M+H]").
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D-isoleucine amino acids. A: (2R,3R)-Benzyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethylidene)amino)pentanoate (326) (2.49 g, 5.8 mmol); B: 10%
wt,1.25 g; C: 37.5 mL; D: 120 min; E: 2 x 12.5 mL; F: (2R,3R)-3-methyl-2-(((R&S)-1-
(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)pentanoic acid (327 & 328);
(1.63 g, 82%).

Diastereoisomer 1: (19.0 mg); *H NMR (400 MHz, MeOD) & ppm 0.98 (t, J = 7.5 Hz,
3H), 1.05 (d, J = 6.8 Hz, 3H), 1.38 - 1.53 (m, 1H), 1.55 - 1.67 (m, 1H), 2.08 - 2.23 (m,
1H), 2.48 (s, 3H), 3.18 - 3.34 (m, 2H), 3.36 - 3.50 (m, 1H), 3.55 - 3.72 (m, 5H), 3.96 (d,
J = 2.9 Hz, 1H), 5.54 (s, 1H), 8.07 (s, 1H), COOH and NH are not observed; *C NMR
(100 MHz, MeOD) & ppm 12.1 (CHg), 13.5 (CHs), 14.8 (CHs), 27.7 (CH), 37.6 (CHy)
44.3 (CHy), 46.9 (CH,), 56.3 (CH), 65.3 (CH), 67.0 (CH,), 67.4 (CH,), 132.3 (C), 141.5
(CH), 164.4 (C), 164.9 (C), 170.3 (C); HPLC (Method A) Tg = 2.25 min, 91.7% a/a;
MS m/z (ESI*) 340 ([M+H]").

Diastereoisomer 2: (18.7 mg); *H NMR (400 MHz, MeOD) & ppm 0.96 (t, J = 7.3 Hz,
3H), 1.01 (d, J = 6.8 Hz, 3H), 1.38 - 1.50 (m, 1H), 1.54 - 1.65 (m, 1H), 2.10 - 2.21 (m,
1H), 2.46 (s, 3H), 3.19 - 3.27 (m, 2H), 3.34 - 3.48 (m, 1H), 3.58 - 3.74 (m, 5H), 4.07 (d,
J = 3.2 Hz, 1H), 5.60 (s, 1H), 8.05 (s, 1H), COOH and NH are not observed; *C NMR
(100 MHz, MeOD) & ppm 12.1 (CHg), 13.6 (CHs), 14.7 (CHs), 27.8 (CH), 37.7 (CHy)
44.2 (CH,), 47.1 (CH,), 55.1 (CH), 63.4 (CH), 67.2 (CH,), 67.5 (CH,), 131.6 (C), 142.0
(CH), 164.8 (C), 165.2 (C), 170.5 (C); HPLC (Method A) Tg = 2.34 min, 95.8% a/a;
MS m/z (ESI™) 340 ([M+H]").
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6.3 Experimental Procedures for Results and Discussion Part 2

6.3.1 General Experimental Procedures for Section 4

6.3.1.1 General Procedure 16 — Catalytic Asymmetric Hydrogenation Reactions

Imine (A) was dissolved in solvent (B) and a solution of catalyst (C) was added. The
resultant reaction mixture was hydrogenated at temperature (D) and pressure (E) for
time (F) then analysed by HPLC or LCMS (G). The reaction mixture was concentrated
to dryness under reduced pressure, dissolved in MeOH and purified by MDAP (H) to
afford product ().

6.3.1.2 General Procedure 17 — Preparation of Ketoamides

NaHMDS (A) was added to a solution of 2-morpholinoacetonitrile (121) (B) and an
ester (C) in THF (D) at 0-5 °C under nitrogen and stirred for time (E). After HPLC
showed the reaction was complete, water (F) was added, the phases were separated and
the aqueous phase was washed with methyl iso-butyl ketone (G). The washed aqueous
phase was cooled to 10 °C and acetic acid (H) and sodium bicarbonate (I) were added. A
solution of Oxone® (J) in water (50 mL) was added and the reaction mixture was stirred
for time (K) until HPLC showed the reaction was complete. Sodium thiosulfate
pentahydrate (L) was added stirred until the absence of oxidant was determined using
Merckoquant® test strips. The agueous solution was extracted with EtOAc (M) and the
combined organic phases were dried (MgSO,) and concentrated to dryness under
reduced pressure. The crude product was purified by chromatography (N) to afford the
desired product (O).

6.3.1.3 General procedure 18 — Imine Formation

Ketone (A) was dissolved in toluene (B) and amine (C) was added. The suspension was
cooled to 0 — 5 °C and TMEDA (D) was added. Titanium tetrachloride (E) was added
dropwise and the resultant reaction mixtures were stirred for time (F) and analysed by

HPLC (G). The mixtures were quenched by addition of 10% aqueous potassium
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carbonate (H) and the resultant biphasic suspension was filtered through celite. The
phases were separated and the organic phase was concentrated to dryness to afford the
crude imines which were purified by MDAP. Fractions containing product were
combined and concentrated under reduced pressure to remove the volatiles and then
extracted with dichloromethane (I). The organic phase was concentrated to dryness to
afford the desired imine (K).
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6.3.2 Experimental Procedures for Section 4.3

6.3.2.1 Preparation of 2-(4-Morpholinyl)-2-oxo-1-phenylethanone (256)

(0]

O]
©)S(N\)
o 256

NaHMDS (77.1 mL of a 1 M solution in THF, 77.1 mmol) was added to a solution of 2-
morpholinoacetonitrile (121) (5.1 g, 40.4 mmol) and methyl benzoate (5.00 g, 36.7
mmol) in THF (25 mL) at 0-5 °C under nitrogen. After stirring for 2 h, the reaction was
shown to be incomplete by HPLC. Further NaHMDS (18.3 mL of a 1 M solution in
THF, 18.3 mmol) was added and the mixture was stirred at 0-5 °C for 16 h. The reaction
was then confirmed to be complete by HPLC. The mixture was warmed to 20 °C and
water (70 mL) was added. The phases were separated and the agueous phase was
washed with methyl iso-butyl ketone (40 ml). The washed aqueous phase was cooled to
10 °C and acetic acid (4.42 mL, 77.1 mmol) and sodium bicarbonate (7.7 g, 91.8 mmol)
were added. A solution of Oxone® (11.57 g, 18.7 mmol) in water (50 mL) was added
and the reaction mixture was stirred for 22 h. HPLC showed the reaction was incomplete
and so a further portion of Oxone® (11.57 g, 18.7 mmol) in water (50 mL) was added.
After stirring at 10 °C for 1.5 h the reaction was shown to be complete. Sodium
thiosulfate pentahydrate (18.2 g, 73.4 mmol) was added and the mixture was stirred for 1
h. The aqueous solution was extracted with EtOAc (2 x 40 mL) and the combined
organic phases were washed with saturated sodium bicarbonate solution (50 mL), dried
(MgSO,) and concentrated to dryness under reduced pressure. The crude product was
purified by Biotage Chromatography (0 — 100% EtOAc in heptane) to afford the desired
product (256) as an orange solid with spectral data consistent with the literature™®* (5.07
g, 63%); "H NMR (400 MHz, CDCl3) & ppm 3.35-3.45 (m, 2H) 3.60-3.70 (m, 2H), 3.70-
3.90 (m, 4H), 7.53 (dd, J = 7.3, 7.2 Hz, 2H), 7.67 (t, J = 7.2 Hz, 1H), 7.97 (d, J = 7.3 Hz,
2H); *C NMR (100 MHz, CDCls3) & ppm 41.6 (CH,), 46.3 (CH,), 66.67 (CH,), 66.74
(CHy), 129.1 (2 x CH), 129.7 (2 x CH), 133.1 (C) 135.0 (CH), 165.5 (C), 191.2 (C);
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HPLC (Method B) Tr = 1.77 min 99.3% a/a; MS m/z (ESI") 220 ([M+H]"); HRMS
(ESI") m/z calcd. for C1oH14NO3z [M+H]" 220.0968, found 220.0963.

6.3.2.2 Preparation of (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-
phenylethylidene)amino)pentanoate (257)

O
NN

MeO\[ e O
I
o) 257

2-(4-Morpholinyl)-2-oxo-1-phenylethanone (256) (500 mg, 2.3 mmol) was dissolved in
toluene (5 mL) to afford a pale yellow solution and (2R,3S)-methyl 2-amino-3-
methylpentanoate hydrochloride (410 mg, 2.3 mmol) was added. The suspension was
cooled to 0-5 °C and TMEDA (0.85 mL, 5.7 mmol) was added to afford a solution.
Titanium tetrachloride (2.51 mL, of a 1 M solution in toluene, 2.51 mmol) was added
and the resultant dark brown reaction mixture was stirred at 0-5 °C for 16 h until HPLC
analysis indicated the reaction was complete. The reaction was quenched by the addition
of K,CO3 (1.64 g, of a 10% w/w aqueous solution, 1.19 mmol) and stirred vigorously to
afford a cream slurry, Celite® (1 g) was charged and the mixture was stirred for a further
10 min. The triphasic mixture was then filtered through a bed of Celite® (1 g) and the
filter bed was washed with toluene (2 x 5 mL). The liquid phases were separated and the
organic phase was washed with water (2.5 mL), dried (MgSQO,) and concentrated to
dryness under reduced pressure to afford the crude product which was purified by
MDAP (Method C). The fractions containing the product were combined and
concentrated under reduced pressure to remove the volatiles and extracted with
dichloromethane (2 x 10 mL). The organic phases were combined and concentrated to
dryness under reduced pressure to afford the desired (2R,3S)-methyl 3-methyl-2-((2-
morpholino-2-oxo-1-phenylethylidene)amino)pentanoate (257) as a colourless oil. (155
mg, 20%); *H NMR (400 MHz, CDCls) & ppm 0.92 (t, J = 7.6 Hz, 3H), 1.03 (d, J = 6.8
Hz, 3H), 1.08 - 1.28 (m, 1H), 1.29 - 1.52 (m, 1H), 2.11 - 2.23 (m, 1H), 3.05 - 3.35 (m,
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2H), 3.61 - 3.91 (m, 6H), 3.74 (s, 3H), 4.14 (d, J = 5.1 Hz, 1H), 7.32 - 7.59 (m, 3H),
7.81 (d, J = 7.1 Hz, 2H); HPLC (Method C): T = 2.82 min 83.7% a/a; MS m/z (ESI")
347 ([M+H]".

6.3.2.3 Experimental Procedures for Table 28

The experiments documented in Table 28 were carried out using general procedure 16;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. A: (2R,3S)-methyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (110) (100 mg, 0.28 mmol); B: DME (5 mL); C:
RUCI[((R)-SEGPHOS)(p-cymene)]Cl (26 mg, 0.02 mmol); D: 80 °C; E: 4 bar; F: 17 h;
G: HPLC showed complete conversion to the amine (111), the undesired
diastereoisomer (267) was not detected; H: MeCN/Water & TFA, fractions containing
product were concentrated to dryness under reduced pressure; I: 98 mg, 98%; HPLC
(Method B) Tg = 1.69 min, 97.1% a/a; MS m/z (ESI") 354 ([M+H]"); Spectral data
concordant with that described in section 6.2.3.4.

Entry 2. A: (2R,3S)-benzyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (229) (100 mg, 0.23 mmol); B: DME (5 mL); C:
RUCI[((R)-SEGPHOS)(p-cymene)]Cl (21 mg, 0.02 mmol); D: 80 °C; E: 4 bar; F: 17 h;
G: HPLC showed complete conversion to the amine (109); H: MeCN/Water & TFA,
fractions containing product were concentrated to dryness under reduced pressure; I: 34
mg, 34%; HPLC (Method B) Tg = 2.00 min, 90.7% a/a; MS m/z (ESI") 430 ([M+H]");
Spectral data concordant with that described in section 6.2.9.12.

Entry 3. A: (2R,3S)-methyl 3-methyl-2-((2-morpholino-2-oxo-1-phenylethylidene)
amino)pentanoate (257) (97 mg, 0.28 mmol); B: DME (5 mL); C RuClI[((R)-
SEGPHOS)(p-cymene)]Cl (21 mg, 0.02 mmol); D: 80 °C; E: 4 bar; F: 17 h; G: LCMS

shows 55% a/a of the imine (257), no evidence of the desired amine. The reaction

mixture was discarded.
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6.3.2.4 Preparation of 1-Morpholino-2-(pyridin-3-yl)ethane-1,2-dione (338)
o (o
NP
| J 6 a3
N
1-Morpholino-2-(pyridin-3-yl)ethane-1,2-dione (338) was prepared according to general

procedure 17; details are provided below. Differences in processing are recorded where

applicable.

A: 30.6 mL of a 1 M solution in THF, 30.6 mmol; B: 2.02 g, 16.0 mmol; C: methyl
nicotinate (337) (2.0 g, 14.6 mmol); D: 10 mL; E: 2 h; F: 28 mL; G: 16 mL; H: 1.2 mL,
20.4 mmol; I: 3.0 g, 36.5 mmol; J: 4.57 g, 7.4 mmol; K: 1.5 h; L: 3.62 g, 14.6 mmol; M:
2 X 16 mL; N: The crude product was of sufficient purity for onward processing and was
not purified; O: (2.48 g, 77%); "H NMR (400 MHz, CDCls) & ppm 3.16 - 3.36 (m, 2H),
3.45 - 3.60 (m, 2H), 3.66 (s, 4H), 7.34 (dd, J = 7.8, 4.9 Hz, 1H), 8.13 (d, J = 7.8 Hz,
1H), 8.71 (dd, J = 4.9, 1.7 Hz, 1H), 9.01 (d, J = 1.7 Hz, 1H); *C NMR (100 MHz,
CDCl3) 6 ppm 41.9 (CH,), 46.3 (CH,), 66.6 (CH,), 66.8 (CH,), 128.9 (C), 124.0 (CH),
136.8 (CH), 151.3 (CH) 154.8 (CH), 164.2 (C), 189.4 (C); HPLC (Method B) Tr=1.35
min 95.1% a/a; MS m/z (ESI*) 221 ([M+H]").

6.3.2.5 Preparation of 1-Morpholino-2-(pyridin-4-yl)ethane-1,2-dione (341)

O (@]
F N
N o M

1-Morpholino-2-(pyridin-4-yl)ethane-1,2-dione (341) was prepared according to general
procedure 17; details are provided below. Differences in processing are recorded where

applicable.

A: 30.6 mL of a 1 M solution in THF, 30.6 mmol; B: 2.02 g, 16.0 mmol; C: methyl
isonicotinate (340) (2.0 g, 14.6 mmol); D: 10 mL; E: 2 h; F: 28 mL; G: 16 mL; H: 1.2
mL, 20.4 mmol; I: 3.0 g, 36.5 mmol; J: 4.57 g, 7.4 mmol; K: 1 h 30; L: 3.62 g, 14.6
mmol; M: 2 x 16 mL; N: The crude product was of sufficient purity for onward
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processing and was not purified; O: (2.86 g, 89%); *H NMR (400 MHz, CDCls) & ppm
3.20 - 3.34 (m, 2H), 3.45 - 3.58 (m, 2H), 3.66 (m, 4H), 7.63 (d, J = 6.1 Hz, 2H), 8.73 (d,
J = 6.1 Hz, 2H); **C NMR (100 MHz, CDCls3) & ppm 41.9 (CH,), 46.3 (CH,), 66.6
(CH,), 66.7 (CH,), 122.1 (2 x CH), 139.0 (C), 151.2 (2 x CH), 163.9 (C), 189.7 (C);
HPLC (Method B) Tg = 1.26 min 99.1% a/a; MS m/z (ESI") 221 ([M+H]").

6.3.2.6 Preparation of 1-(1-Methyl-imidazol-4-yl)-2-morpholinoethane-1,2-dione
(344)

o(\o
N

~

\=N O 344

1-(1-Methyl-imidazol-4-yl)-2-morpholinoethane-1,2-dione  (344) was  prepared
according to general procedure 17; details are provided below. Differences in processing

are recorded where applicable.

A: 10.0 mL of a 1.5 M solution in THF, 15.0 mmol; B: 0.99 g, 7.9 mmol; C: methyl 1-
methyl-imidazole-4-carboxylate (343) (1.0 g, 7.1 mmol); D: 10 mL; E: 1 h, followed by
the addition of further NaHMDS (2.5 mL of a 1.5 M solution in THF, 3.8 mmol); F: 14
mL; G: 2x 8 mL; H: 1.14 mL, 20.0 mmol; I: 1.50 g, 17.8 mmol; J: 2.24 g, 3.6 mmol; K:
40 min; L: Not added; M: 2 x 8 mL; N: The crude product was of sufficient purity for
onward processing and was not purified; O: (681 mg, 42%); '"H NMR (400 MHz,
CDCl3) 6 ppm 3.35 - 3.56 (m, 2H), 3.64 - 3.79 (m, 6H), 3.78 (s, 3H), 7.55 (s, 1 H), 7.76
(s, 1 H); *C NMR (100 MHz, CDCls3) & ppm 34.0 (CH3) 41.8 (CH,), 46.4 (CH,), 66.6
(CHy), 66.8 (CH,), 122.4 (C) 128.3 (CH), 139.8 (CH), 165.5 (C), 180.2 (C); HPLC
(Method A) Tr = 1.64 min 77.4% a/a; MS m/z (ESI") 224 ([M+H]").
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6.3.2.7 Preparation of 1-(1-Methyl-imidazol-5-yl)-2-morpholinoethane-1,2-dione
(347)

\ (0] 0]
NﬁN\)
<\N’ O 347
1-(1-Methyl-imidazol-5-yl)-2-morpholinoethane-1,2-dione ~ (347) was  prepared

according to general procedure 17; details are provided below. Differences in processing

are recorded where applicable.

A: 10.0 mL of a 1.5 M solution in THF, 15.0 mmol; B: 0.99 g, 7.9 mmol; C: methyl 1-
methyl-imidazole-4-carboxylate (346) (1.0 g, 7.1 mmol); D: 10 mL; E: 1 h, followed by
the addition of further NaHMDS (2.5 mL of a 1.5 M solution in THF, 3.8 mmol); F: 14
mL; G: 2x 8 mL; H: 1.14 mL, 20.0 mmol; I: 1.50 g, 17.8 mmol; J: 2.24 g, 3.6 mmol; K:
40 min; L: Not added; M: 2 x 8 mL; N: The crude product was of sufficient purity for
onward processing and was not purified; O: (1.02 g, 64%): *H NMR (400 MHz, CDCls)
d ppm 3.35 - 3.56 (m, 2H), 3.56 - 3.86 (m, 6H), 3.98 (s, 3H), 7.68 (s, 1H), 7.85 (s, 1H);
3C NMR (100 MHz, CDCls) & ppm 34.8 (CHs) 42.0 (CH,), 46.5 (CH,), 66.6 (CH,),
66.8 (CH,), 128.5 (C), 143.0 (CH), 144.8 (CH), 164.1 (C), 180.5 (C); HPLC (Method A)
Tr=1.75 min 92.4% a/a; MS m/z (ESI") 224 ([M+H]").

6.3.2.8 Preparation of 1-(1-Methyl-pyrrol-2-yl)-2-morpholinoethane-1,2-dione
(350)

1-(1-Methyl-pyrrol-2-yl)-2-morpholinoethane-1,2-dione (350) was prepared according
to general procedure 17; details are provided below. Differences in processing are

recorded where applicable.

A: 30.2 mL of a 1.0 M solution in THF, 30.2 mmol; B: 1.99 g, 15.8 mmol; C: methyl 1-
methyl-pyrole-2-carboxylate (349) (2.0 g, 14.4 mmol); D: 20 mL; E: 30 min; F: 28 mL;
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G: 2 x 8 mL; H: 1.14 mL, 20.0 mmol; I: 3.0 g, 35.6 mmol, a white precipitate was
observed; J: 2.24 g, 3.6 mmol; K: 40 min, reaction was not observed.

6.3.2.9 Preparation of (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-
(pyridin-3-yl)ethylidene)amino)pentanoate (339)

N

~

(0]
N
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|
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(2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-3-yl)ethylidene)amino)
pentanoate) (339) was prepared according to general procedure 18; details are provided

below. Differences in processing are recorded where applicable.

A: 1-morpholino-2-(pyridin-3-yl)ethane-1,2-dione (338) (246 mg, 1.12 mmol); B: 3.75
mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride (203 mg, 1.12
mmol); D: 420 uL, 2.79 mmol; E: 1.23 mL of a 1 M solution in toluene, 1.23 mmol; F: 3
h; G: Shows complete consumption of the ketone (338); H: 2 mL; I: 10 mL; K: 127 mg,
33%; 'H NMR (400 MHz, CDCl3) & ppm 0.92 (t, J = 7.6 Hz, 3H), 1.04 (d, J = 6.6 Hz,
3H), 1.10 — 1.22 (m, 1H), 1.34 - 1.54 (m, 1H), 2.06 - 2.31 (m, 1H), 3.12 - 3.38 (m, 2H),
3.45 - 3.57 (m, 2H), 3.67 - 3.87 (m, 4H), 3.75 (s, 3H), 4.18 (d, J = 4.8 Hz, 1H), 7.38 (dd,
J=8.0 Hz, 4.8 Hz, 1H), 8.19 (d, J = 8.0 Hz, 1H), 8.70 (dd, J = 4.7, 1.8 Hz, 1H), 8.93 (d,
J =1.8 Hz, 1 H); *C NMR (100 MHz, CDCl3) & ppm 11.7 (CHs), 14.9 (CHs), 26.4
(CHy), 39.2 (CH,), 41.3 (CH), 46.3 (CH), 52.1 (CHj3), 66.6 (CH,), 66.8 (CH,), 70.7
(CHy), 123.7 (CH), 130.2 (C), 134.7 (CH), 149.1 (CH) 152.2 (CH), 162.6 (C), 164.0 (C),
171.8 (C); HPLC (Method C): Tr = 2.29 min 97.0% a/a; MS m/z (ESI") 348 ([M+H]").
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6.3.2.10 Preparation of (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-
(pyridin-4-yl)ethylidene)amino)pentanoate (342)

N

N

|/

Meow\\\. )
J 342

(2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-4-yl)ethylidene)amino)
pentanoate) (342)was prepared according to general procedure 18; details are provided
below. Differences in processing are recorded where applicable.

A: 1-morpholino-2-(pyridin-4-yl)ethane-1,2-dione (341) (246 mg, 1.12 mmol); B: 3.75
mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride (66) (203 mg, 1.12
mmol); D: 420 uL, 2.79 mmol; E: 1.23 mL of a 1 M solution in toluene, 1.23 mmol; F: 3
h; G: Shows complete consumption of the ketone (341); H: 2 mL; I: 10 mL; K: 97 mg,
25%; 'H NMR (400 MHz, CDCl3) & ppm 0.93 (t, J = 8.0 Hz, 3H), 1.02 (d, J = 6.4 Hz,
3H), 1.09 — 1.28 (m, 1H), 1.34 - 1.55 (m, 1H), 2.06 - 2.33 (m, 1H), 3.15 - 3.36 (m, 2H),
3.36 - 3.62 (m, 2H), 3.62 - 3.92 (m, 4H), 3.75 (s, 3H), 4. (br. s, 1H), 7.65 (d, J = 6.0 Hz,
2H), 8.73 (d, J = 6.0 Hz, 2H); *C NMR (100 MHz, CDCl3) & ppm 11.7 (CHs), 14.9
(CH3), 26.4 (CHy), 39.2 (CH), 41.3 (CHy), 46.3 (CH,), 52.2 (CHj3), 66.6 (CH,), 66.8
(CHy), 70.9 (CH), 121.1 (CH), 141.3 (C), 150.7 (CH), 163.3 (C), 163.7 (C), 171.5 (C);
HPLC (Method C): Tg = 2.33 min 99.0% a/a; MS m/z (ESI") 348 ([M+H]").
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6.3.2.11 Preparation of (2R,3S)-Methyl 3-methyl-2-((1-(1-methylimidazol-4-yl)-2-

morpholino-2-oxoethylidene)amino)pentanoate (345)

(2R,3S)-Methyl 3-methyl-2-((1-(1-methylimidazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (345) was prepared according to general procedure 18; details are

provided below. Differences in processing are recorded where applicable.

A: 1-morpholino-2-(1-methylimidazol-4-yl)ethane-1,2-dione (344) (600 mg, 2.69
mmol); B: 11.0 mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride
(490 mg, 2.69 mmol); D: 780 mg, 6.72 mmol; E: 2.96 mL of a 1 M solution in toluene,
2.96 mmol; F: 18 h; G: Shows complete consumption of the ketone (344); H: 4 mL; I:

The fractions containing product were evaporated by freeze drying; K: 50 mg, 5%.

6.3.2.12 Preparation of (2R,3S)-Methyl 3-methyl-2-((1-(1-methylimidazol-5-yl)-2-

morpholino-2-oxoethylidene)amino)pentanoate (348)

(2R,3S)-Methyl 3-methyl-2-((1-(1-methylimidazol-5-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (348) was prepared according to general procedure 18; details are

provided below. Differences in processing are recorded where applicable.
A: 1-morpholino-2-(1-methylimidazol-5-yl)ethane-1,2-dione (347) (600 mg, 2.69
mmol); B: 11.0 mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride

(490 mg, 2.69 mmol); D: 780 mg, 6.72 mmol; E: 2.96 mL of a 1 M solution in toluene,
2.96 mmol; F: 18 h; G: Shows complete consumption of the ketone (347); H: 4 mL; I:
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The fractions containing product were evaporated by freeze drying; K: 70 mg, 8%:; *H
NMR (400 MHz, CDCl3) 6 ppm 0.86 (t, J = 7.3 Hz, 3H), 0.95 (d, J = 6.8 Hz, 3H), 1.00 -
1.14 (m, 1H), 1.27 - 1.40 (m, 1H), 1.86 - 2.12 (m, 1H), 3.02 - 3.32 (m, 2H), 3.32 - 3.46
(m, 1H), 3.46 - 3.58 (m, 1H), 3.58 - 3.85 (m, 4H), 3.66 (s, 3H), 3.90 (s, 3H), 4.04 (d, J =
4.4 Hz, 1H), 7.19 (s, 1H), 7.46 (s, 1H);*C NMR (100 MHz, CDCl3) & ppm 11.8 (CHs),
15.0 (CH3), 26.6 (CHy), 35.7 (CH3), 39.2 (CH), 41.3 (CH,), 46.7 (CH,), 52.0 (CHs3), 66.6
(CH,), 66.8 (CHy), 69.8 (CH), 127.4 (C), 136.0 (CH), 143.0 (CH), 156.7.1 (C) 163.1
(C), 172.3 (C); %; HPLC (Method C): Tr = 2.26 min 94.9% a/a; MS m/z (ESI") 351
(IM+H]").

6.3.2.13 Experimental procedure for Table 29

The experiments documented in Table 29 were carried out using general procedure 16;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.
Entry 1.

Cat = Ru; A: (2R,3S)-methyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (110) (50 mg, 0.14 mmol); B: DME (3 mL); C:
RuCI[((R)-SEGPHQOS)(p-cymene)]Cl (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 27 h;
G: HPLC showed 98% conversion to the amine (111) and the undesired diastereoisomer

was not detected. The product was not isolated.

Cat = Pd; A: (2R,3S)-methyl 3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (110) (5.05 g, 14.4 mmol); B: EtOH (76 mL); C: 10%
w. Pd/C (2.5g); D: 25 °C; E: 3 bar; F: 3 h; G: HPLC showed 84% conversion and an
equimolar mixture of the two diastereoisomers (110 & 267). The catalyst was removed
by filtration and the solution was concentrated under reduced pressure to afford the

product which was taken on without further purification.
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Entry 2.

Cat = Ru; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-4-
yl)ethylidene)amino)pentanoate (342) (50 mg, 0.14 mmol); B: DME (3 mL); C:
RUCI[((R)-SEGPHOS)(p-cymene)]Cl (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 27 h;
G: LCMS (Method A) showed 63% a/a of the imine (342) and no evidence of the

desired amine.

Cat = Pd; A: (2R,35)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-4-
yl)ethylidene)amino)pentanoate (342) (50 mg, 0.14 mmol); B: DME (3 mL); C: 10%
w/w Pd/C (10 mg); D: 25 °C; E: 3 bar; F: 90 min; G: LCMS (Method A) showed 37%
conversion to a 1:1 a/a mixture with m/z (ESI") = 350; Tg = 3.46 min and 3.59 min.

Entry 3.

Cat = Ru; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-3-
yl)ethylidene)amino)pentanoate (339) (50 mg, 0.14 mmol); B: DME (3 mL); C:
RuCI[((R)-SEGPHOS)(p-cymene)]Cl (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 27 h;
G: LCMS (Method A) showed 38% a/a of the imine (339) and no evidence of the

desired amine.

Cat = Pd; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-3-
yl)ethylidene)amino)pentanoate (339) (50 mg, 0.14 mmol); B: DME (3 mL); C: 10% w.
Pd/C (10 mg); D: 25 °C; E: 3 bar; F: 90 min; G: LCMS (Method A) showed >95%

conversion to a 1:1 a/a mixture with m/z (ESI") = 350; T = 3.51 min and 3.56 min.
Entry 4.

Cat = Ru; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(1-methylimidazol-4-
yl)ethylidene)amino)pentanoate (345) (50 mg, 0.14 mmol); B: DME (3 mL); C:
RUCI[((R)-SEGPHOQOS)(p-cymene)]CI (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 27 h;
G: LCMS (Method A) showed 33% conversion to a compound with m/z (ESI") = 353;
Tr =3.18 min.

Cat = Pd; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(1-methylimidazol-4-
ylethylidene)amino)pentanoate (345) (50 mg, 0.14 mmol); B: DME (3 mL); C: 10%
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w/w Pd/C (10 mg); D: 25 °C; E: 3 bar; F: 90 min; G: LCMS (Method A) showed 47%
conversion to a 1:1 a/a mixture with m/z (ESI*) = 353; Tg = 3.18 min and 3.30 min.

Entry 5.

Cat = Ru; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(1-methylimidazol-5-
yl)ethylidene)amino)pentanoate (348) (50 mg, 0.14 mmol); B: DME (3 mL); C:
RuCI[((R)-SEGPHOS)(p-cymene)]Cl (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 27 h;
G: LCMS (Method A) showed 28% a/a of the imine (348) and no evidence of the

desired amine.

Cat = Pd; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(1-methylimidazol-5-
yl)ethylidene)amino)pentanoate (348) (50 mg, 0.14 mmol); B: DME (3 mL); C: 10%
w/w Pd/C (10 mg); D: 25 °C; E: 3 bar; F: 1 h 30; G: LCMS (Method A) showed 13%

conversion to compound with m/z (ESI*) = 353; Tg = 3.59 min.

6.3.2.14 Preparation of 1-Morpholino-2-(pyridin-2-yl)ethane-1,2-dione (357)

o (\o
N
X
m 357

1-Morpholino-2-(pyridin-2-yl)ethane-1,2-dione (357) was prepared according to general
procedure 17; details are provided below. Differences in processing are recorded where

applicable.

A: 30.6 mL of a 1.5 M solution in THF, 45.9 mmol; B: 3.04 g, 24.1 mmol; C: methyl
picolinate (356) (3.0 g, 21.9 mmol); D: 30 mL; E: 1 h; F: 42 mL; G: 24 mL; H: 3.5 mL,
61.3 mmol; I: 4.6 g, 54.7 mmol; J: 6.86 g, 11.2 mmol; K: 18 h. HPLC showed the
reaction was incomplete and so futher Oxone® (6.86 g, 11.2 mmol) was added and the
mixture was stirred for 2 h; L: 10.9 g, 43.8 mmol; M: 2 x 24 mL; N: 100% EtOAc; O:
(1.38 g, 29%); *H NMR (400 MHz, CDCls) & ppm 3.37 (t, J = 4.6 Hz, 2H), 3.71 (t, J =
4.6 Hz, 2H), 3.82 (m, 4H), 7.41 - 7.64 (m, 1H), 7.92 (m, 1H), 8.12 (d, J = 7.8 Hz, 1H),
8.76 (d, J = 4.4 Hz, 1H); *C NMR (100 MHz, CDCls) & ppm 41.6 (CH,), 46.2 (CHy),
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66.5 (2 x CH,), 123.2 (CH), 128.2 (CH), 137.3 (CH) 150.0 (CH), 151.2 (C), 166.4 (C),
191.6 (C); HPLC (Method A) Tr = 2.98min 97.1% a/a; MS m/z (ESI*) 221 ([M+H]").

6.3.2.15 Preparation of (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-
(pyridin-2-yl)ethylidene)amino)pentanoate (351)

| X

N~
ﬁo
N

MeO\[\\\.‘ o
| 1
I 35

(2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-2-yl)ethylidene)amino)
pentanoate (351) was prepared according to general procedure 18; details are provided

below. Differences in processing are recorded where applicable.

A: 1-morpholino-2-(pyridin-2-yl)ethane-1,2-dione (357) (246 mg, 1.12 mmol); B: 3.75
mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride (203 mg, 1.15
mmol); D: 420 uL, 2.79 mmol; E: 1.23 mL of a 1 M solution in toluene, 1.23 mmol; F: 4
h; G: Shows complete consumption of the ketone (357) ; H: 2 mL; I. The fractions
containing product were concentrated to remove the volatiles and extracted with
dichloromethane. The organic phase was concentrated under an N, stream; K: 207 mg,
53%; 'H NMR (400 MHz, CDCl3) & ppm 0.95 (t, J = 8.0 Hz, 3H), 1.06 (d, J = 6.8 Hz,
3H), 1.10 - 1.30 (m, 1H), 1.32 - 1.56 (m, 1H), 2.10 - 2.33 (m, 1H), 3.24 (m, 2H), 3.34 -
3.58 (m, 1H), 3.63 - 3.93 (m, 5H), 3.74 (s, 3H), 4.26 (d, J = 4.9 Hz, 1H), 7.34 (dd, J =
7.4,49 Hz, 1H), 7.77 (dd, J = 7.9, 7.4 Hz, 1H), 8.22 (d, J = 7.9 Hz, 1H), 8.61 (d, J = 4.9
Hz, 1H); HPLC (Method C): Tg = 2.46 min 97.0% a/a; MS m/z (ESI") 348 ([M+H]").

6.3.2.16 Preparation 1-(2-Methylthiazol-4-yl)-2-morpholinoethane-1,2-dione (359)

o 0
s/ﬁ)j\ﬂ/NJ
>;N O 359
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1-(2-Methylthiazol-4-yl)-2-morpholinoethane-1,2-dione (359) was prepared according
to general procedure 17; details are provided below. Differences in processing are
recorded where applicable.

A: 24,5 mL of a 1.5 M solution in THF, 36.8 mmol; B: 2.43 g, 19.3 mmol; C: ethyl 2-
methylthiazole-4-carboxylate (360) (3.0 g, 17.5 mmol); D: 30 mL; E: 3.5 h; F: 42 mL;
G: 24 mL; H: 2.81 mL, 49.1 mmol; I: 3.68 g, 43.8 mmol; J: 5.49 g, 8.9 mmol; K: 4 h; L:
8.7 g, 35.0 mmol; M: 2 x 24 mL; N: EtOAc; O: (2.16 g, 38.3%); 'H NMR (400 MHz,
CDCl3) & ppm 2.77 (s, 3H), 3.43 (t, J = 4.6 Hz, 2H), 3.69 (t, J = 4.6 Hz, 2H), 3.74 - 3.93
(m, 4H), 8.25 (s, 1H); **C NMR (100 MHz, CDCl3) 8 ppm 19.9 (CHs) 41.7 (CH,), 46.3
(CH,), 66.5 (CH,), 66.6 (CH,), 130.1 (CH) 151.4 (C), 165.2 (C), 167.7 (C), 183.8 (C);
HPLC (Method A) Tr = 2.36 min 92.0% a/a; MS m/z (ESI*) 241 ([M+H]").

6.3.2.17 Preparation of (2R,3S)-Methyl 3-methyl-2-((1-(2-methylthiazol-4-yl)-2-

morpholino-2-oxoethylidene)amino)pentanoate (353)
R/»s
Y4
o
ﬁ(y
MeO E O
\g 353

(2R,3S)-Methyl  3-methyl-2-((1-(2-methylthiazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)pentanoate (353) was prepared according to general procedure 18; details are

provided below. Differences in processing are recorded where applicable.

A: 1-(2-Methylthiazol-4-yl)-2-morpholinoethane-1,2-dione (359) (268 mg, 1.12 mmol);
B: 3.75 mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride (203 mg,
1.15 mmol); D: 420 pL, 2.79 mmol; E: 1.23 mL of a 1 M solution in toluene, 1.23
mmol; F: 4 h; G: Shows complete consumption of the ketone (359); H: 2 mL; I: The
fractions containing product were concentrated to remove the volatiles and extracted
with dichloromethane. The organic phase was concentrated under an N, stream; K: 194
mg, 47%; *H NMR (Major isomer) (400 MHz, CDCls) & ppm 0.92 (t, J = 7.4 Hz, 3H),
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1.01 (d, J = 6.8 Hz, 3H), 1.07 - 1.30 (m, 1H), 1.30 - 1.56 (m, 1H), 2.04 - 2.28 (m, 1H),
2.71 (s, 3H), 3.29 (m, 2H), 3.40 - 3.58 (m, 1H), 3.58 - 3.88 (m, 5H), 3.73 (s, 3H), 4.13
(d, J = 5.4 Hz, 1H), 7.90 (s, 1H); HPLC (Method C): (Major isomer) Tg = 2.39 min
92.0% a/a, (Minor isomer) Tr = 2.52 min 7.0% a/a; MS m/z (ESI") 368 ([M+H]").

6.3.2.18 Preparation of 1-Morpholino-2-(oxazol-5-yl)ethane-1,2-dione (361)
o (o
~ N
N\\/o o 361

1-Morpholino-2-(oxazol-5-yl)ethane-1,2-dione (361) was prepared according to general
procedure 17; details are provided below. Differences in processing are recorded where
applicable.

A: 29.8 mL of a 1.5 M solution in THF, 44.6 mmol; B: 2.95 g, 23.4 mmol; C: ethyl
oxazole-5-carboxylate (360) (3.0 g, 21.3 mmol); D: 30 mL; E: 16 h; F: 42 mL; G: 24
mL; H: 3.41 mL, 59.5 mmol; I: 4.46 g, 53.1 mmol; J: 6.66 g, 10.84 mmol; K: 16 h; L:
10.55 g, 42.5 mmol; M: 2 x 24 mL; N: EtOAc; O: the product was isolated as a brown
oil (605 mg, 14%); ‘*H NMR (400 MHz, CDCl3) & ppm 3.42 - 3.65 (m, 2H), 3.65 - 3.87
(m, 6H), 8.04 (s, 1H), 8.13 (s, 1H), **C NMR (100 MHz, CDCls) & ppm 42.4 (CH,), 46.4
(CH,), 66.6 (CH,), 66.8 (CH,), 137.8 (C) 147.9 (C), 154.7 (CH), 162.3 (C), 176.5 (C);
HPLC (Method A) Tr=2.02 min 95.8% a/a; MS m/z (ESI*) 211 ([M+H]").
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6.3.2.19 Preparation of (2R,3S)-Methyl 3-methyl-2-((2-morpholino-1-(oxazol-5-yl)-
2-oxoethylidene)amino)pentanoate (354)

/:N
(OGP~ o
MeO E O
\g 354

(2R,3S)-Methyl 3-methyl-2-((2-morpholino-1-(oxazol-5-yl)-2-oxoethylidene)amino)
pentanoate (354) was prepared according to general procedure 18; details are provided
below. Differences in processing are recorded where applicable.

A: 1-morpholino-2-(oxazol-5-yl)ethane-1,2-dione (361) (234 mg, 1.12 mmol); B: 3.75
mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride (66) (203 mg, 1.15
mmol); D: 420 uL, 2.79 mmol; E: 1.23 mL of a 1 M solution in toluene, 1.23 mmol; F: 4
h; G: Shows complete consumption of the ketone (361); H: 2 mL; I: The fractions
containing product were concentrated to remove the volatiles and extracted with
dichloromethane. The organic phase was concentrated under an N, stream; K: 102 mg,
27%; *H NMR (Major isomer) (400 MHz, CDCls) & ppm 0.90 (t, J = 7.1 Hz, 3H), 1.00
(d, J = 6.8 Hz, 3H), 1.06 - 1.28 (m, 1H), 1.42 (m, 1H), 2.19 (m, 1H), 3.14 - 3.42 (m,
2H), 3.42 - 3.66 (m, 2H), 3.66 - 3.90 (m, 4H), 3.75 (s, 3H), 4.10 (d, J = 5.2 Hz, 1H),
7.54 (s, 1H), 8.00 (s, 1H); *H NMR (Minor isomer) (400 MHz, CDCls) & ppm 0.88 (t, J
= 7.0 Hz, 3H), 1.00 (d, J = 6.8 Hz, 3H), 1.17 - 1.32 (m, 1H), 1.42 (m, 1H), 2.19 (m, 1H),
3.14 - 3.42 (m, 2H), 3.42 - 3.66 (m, 2H), 3.66 - 3.90 (m, 4H), 3.75 (s, 3H), 4.72 (d, J =
4.8 Hz, 1H), 7.55 (s, 1H), 7.97 (s, 1H); HPLC (Method C): (Major isomer) Tg = 2.13
min 86.0% a/a, (Minor isomer) Tg = 2.15 min 13.0% a/a; MS m/z (ESI*) 338 ([M+H]").
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6.3.2.20 Attempted Preparation of 1-Morpholino-2-(oxazol-4-yl)ethane-1,2-dione
(363)

AT A

¢ 363 N
o) o [ j 366
o

NaHMDS (44.6 mL, of a 1 M solution in THF, 44.6 mmol) was added to a solution of 2-
morpholinoacetonitrile (102) (2.95 g, 23.3 mmol) and ethyl oxazole-4-carboxylate (362)
(3 g,21.3 mmol) in THF (25 mL) at 0-5 °C under nitrogen. After stirring for 1 h, LCMS
showed the presence of the unreacted ethyl oxazole-4-carboxylate (362) and a peak with
m/z (ESI") 253 and m/z (ESI®) 166 consisent with the enamine shown (366).

6.3.2.21 Preparation of Ethyl 2-(triisopropylsilyl)oxazole-4-carboxylate (367)

o}

T

K o 367

Ethyl oxazole-4-carboxylate (362) (5 g, 35.4 mmol) was dissolved in THF (50 mL) and
cooled to -65 °C. n-Butyllithium (23.2 mL of a 1.6 M solution in hexanes, 37.2 mmol)
was added over 15 min maintaining the temperature below -50 °C and the resultant
reaction mixture was stired for 1 h. TIPSOTf (10.1 mL, 37.2 mmol) was added over 10
min maintaining the temperature below -50 °C and the reaction was allowed to warm
slowly to ambient temperature and stirred for 18 h. The reaction mixture was quenched
by the addition of water (50 mL) and extracted with iPrOAc (50 mL). The organic phase
was washed with water (50 mL) and concentrated under reduced pressure to afford the
crude product which was purified by biotage chromatography (dichloromethane)
fractions containing product were combined and concentrated under reduced pressure to
afford ethyl 2-(triisopropylsilyl)oxazole-4-carboxylate (367) as an orange oil (5.65 g,
53.6 %). "H NMR (400 MHz, CDCl3) & ppm 1.13 (d, J = 7.3 Hz, 18H), 1.37 (t, J = 7.1
Hz, 3H), 1.45 (spt, J = 7.3 Hz, 3H), 4.38 (q, J = 7.1 Hz, 2H), 8.36 (s, 1 H); HPLC
(Method A) Tr=7.25 min 94.4% a/a; MS m/z (ESI") 298 ([M+H]").
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6.3.2.22 Attempted Preparation of 1-Morpholino-2-(2-(triisopropylsilyl)oxazol-4-
yl)ethane-1,2-dione (368)

o (o
Ty

368

NaHMDS (0.71 mL of a 1 M solution in THF, 0.71 mmol) was added to a solution of 2-
morpholinoacetonitrile (102) (47 mg, 0.37 mmol) and ethyl 2-(triisopropylsilyl)oxazole-
4-carboxylate (367) (100 mg, 0.34 mmol) in THF (1 mL) at 0-5 °C under nitrogen. After
stirring for 10 min LCMS showed complete conversion to a peak with Tg = 7.05 min and
m/z (ESI®) 378 consistent with the desired ketonitrile intermediate. Peracetic acid (35 pL
of a 32% wi/w solution in AcOH, 0.17 mmol) was added at 0 °C and the mixture was
stirred for 10 mins. LCMS showed conversion to a peak with Tr = 6.15 min and m/z
(ESI") 270 consistent with the silylated oxazole acid (372).

6.3.2.23 Attempted Preparation of 1-morpholino-2-(oxazol-4-yl)ethane-1,2-dione
(363)

0 o
MY

o O 363

NaHMDS (0.71 mL of a 1 M solution in THF, 0.71 mmol) was added to a solution of 2-
morpholinoacetonitrile (102) (47 mg, 0.37 mmol) and ethyl 2-(triisopropylsilyl)oxazole-
4-carboxylate (367) (100 mg, 0.34 mmol) in THF (1 mL) at 0-5 °C under nitrogen. After
stirring for 10 min LCMS showed complete conversion to a peak with Tg = 7.05 min and
m/z (ESI™) 378 consistent with the desired ketonitrile intermediate. TBAF (0.37 mL of a
1 M solution in THF, 0.37 mmol) was added at 0 °C and the reaction mixture was stirred
for 10 min. LCMS showed conversion to a peak with Tg = 2.50 min and m/z (ESI*) 222
consistent with the desilylated ketonotrile (373). Peracetic acid (35 pL of a 32% w/w

solution in AcOH, 0.17 mmol) was added at 0 °C and the mixture was stirred for 10
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mins. LCMS showed complete consumption of the ketoamide (373), but no evidence of
the desired ketoamide (363).

6.3.2.24 Experimental Procedure for Table 30

The experiments documented in Table 30 were carried out using general procedure 16;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1; (2R,3S)-methyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethyl)amino)pentanoate (110)

See experimental details for Table 28, Entry 1 (Section 6.3.2.3).

Entry 2; (2R,3S)-benzyl  3-methyl-2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethyl)amino)pentanoate (229)

See experimental details for Table 28, Entry 2 (Section 6.3.2.3).

Entry 3; (2R,3S)-methyl 3-methyl-2-((2-morpholino-2-oxo-1-phenylethyl)amino)
pentanoate (257)

See experimental details for Table 28, Entry 3 (Section 6.3.2.3).

Entry 4. (2R,3S)-methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-2-yl)ethyl)amino)
pentanoate (351a)

l\
N =~ o
HN N\)
Meomw“KCO 351a
0
Cat = Ru; A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-2-

yl)ethylidene)amino)pentanoate (351) (50 mg, 0.14 mmol); B: DME (3.5 mL); C:
RUCI[((R)-SEGPHOS)(p-cymene)]CI (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 5 h; G:
HPLC and LCMS (Method A) showed 32% conversion to the amine (351a), present as a

Confidential 274 |Page



6. Experimental

mixture of diastereoisomers. (Isomer 1) Tg = 2.81 min, 87.0% a/a, (Isomer 2) Tg = 3.03
min 13.0% a/a; MS m/z (ESI") 350 ([M+H]");

Cat = Pd; A: (2R,35)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-2-
yl)ethylidene)amino)pentanoate (351) (50 mg, 0.14 mmol); B: DME (3 mL); C: 10%
w/w Pd/C (10 mg); D: 25 °C; E: 4 bar; F: 6 h; G: HPLC (Method A) and LCMS showed
complete conversion to the amine (351a), present as a mixture of diastereoisomers.
(Isomer 1) Tr = 2.81 min, 45.8% a/a, (Isomer 2) Tg = 3.03 min 54.2% a/a; MS m/z
(ESI") 350 ([M+H]"); H: MeCN/Water & TFA. Fractions containing product were
neutralised by the addition of NaHCO3; (10 mL of a 8% w/w aqueous solution) and
extracted with dichloromethane (2 x 20 mL) and the combined organic phases were
combined and concentrated; 1. (2R,3S)-methyl 3-methyl-2-((2-morpholino-2-oxo-1-
(pyridin-2-yl)ethyl)amino) pentanoate (351a) (Isomer 1; 19 mg, 38%) (Isomer 2; 25 mg,
100%); *H NMR (Isomer 1) (400 MHz, CDCls) 8 ppm 0.92 (t, J = 7.4 Hz, 3H), 0.94 (d,
J = 6.6 Hz, 3H), 1.08 - 1.38 (m, 1H), 1.40 - 1.62 (m, 1H), 1.74 (br. s, 1H), 1.62 - 1.89
(m, 1H), 3.21 - 3.26 (m, 2H), 3.30 (d, J = 5.3 Hz, 1H), 3.40 - 3.70 (m, 6H), 3.56 (s, 3H),
4.77 (s, 1H), 7.19 (ddd, J = 7.4, 5.0, 0.9 Hz, 1H), 7.42 (dd, J = 7.4 Hz, 0.9 Hz, 1H), 7.67
(ddd, J = 7.4, 7.4, 1.8 Hz, 1H), 851 (dd, J = 5.0, 1.8 Hz, 1H); HPLC (Method C):
(Isomer 1) Tgr = 2.81 min, 98.8% a/a, (Isomer 2) Tr = 3.03 min 82.8% a/a; MS m/z
(ESI") 350 ([M+H]");

Entry 5. (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-4-yl)ethyl)amino)
pentanoate (343)

See experimental details for Table 29, Entry 2 (Section 6.3.2.13).

Entry 6. (2R,3S)-Methyl 3-methyl-2-((2-morpholino-2-oxo-1-(pyridin-3-yl)ethyl)amino)
pentanoate (339)

See experimental details for Table 29, Entry 3 (Section 6.3.2.13).

Entry 7. (2R,3S)-Methyl 3-methyl-2-((1-(1-methyl-1H-imidazol-4-yl)-2-morpholino-2-

oxoethyl)amino)pentanoate (345).

See experimental details for Table 29, Entry 4 (Section 6.3.2.13).
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Entry 8. (2R,3S)-Methyl 3-methyl-2-((1-(1-methyl-1H-imidazol-5-yl)-2-morpholino-2-
oxoethyl)amino)pentanoate (348).

See experimental details for Table 29, Entry 5 (Section 6.3.2.13).

Entry 9. (2R,3S)-Methyl  3-methyl-2-((1-(2-methylthiazol-4-yl)-2-morpholino-2-

oxoethyl)amino)pentanoate (353a)

Cat = Ru; A: (2R,3S)-Methyl 3-methyl-2-((1-(2-methylthiazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (353) (50 mg, 0.14 mmol); B: DME (3.5 mL); C:
RuCI[((R)-SEGPHOS)(p-cymene)]CI (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 5 h; G:
HPLC (Method A) and LCMS showed 98% conversion to the amine (353a), present as a
mixture of diastereoisomers. (Isomer 1) Tg = 2.82 min, 96.6% a/a, (Isomer 2) Tg = 2.99
min 3.4% a/a; MS m/z (ESI") 370 ((M+H]"). 1%); H: The product was not isolated.

Cat = Pd; A: (2R,3S)-Methyl 3-methyl-2-((1-(2-methylthiazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)pentanoate (353) (50 mg, 0.14 mmol); B: DME (3 mL); C: 10%
w/w Pd/C (10 mg); D: 25 °C; E: 4 bar; F: 6 h; G: HPLC (Method A) and LCMS showed
91% conversion to the amine (353a), present as a mixture of diastereoisomers. (Isomer
1) Tr = 2.82 min, 51.3% a/a, (Isomer 2) Tg = 2.99 min 48.7% a/a; MS m/z (ESI") 370
([IM+H]"); H: MeCN/Water & TFA. Fractions containing product were neutralised by
the addition of NaHCO3; (10 mL of a 8% w/w aqueous solution) and extracted with
dichloromethane (2 x 20 mL) and the combined organic phases were combined and
concentrated; I: (2R,3S)-methyl 3-methyl-2-((1-(2-methylthiazol-4-yl)-2-morpholino-2-
oxoethyl)amino) pentanoate (353a) (Isomer 1; 19 mg, 38%) (Isomer 2; 22 mg, 44%); *H
NMR (Isomer 1) (400 MHz, CDCl3) 8 ppm 0.90 (t, J = 7.4 Hz, 3H), 0.94 (d, J = 6.8 Hz,
3H), 1.16 - 1.26 (m, 1H), 1.47 - 1.53 (m, 1H), 2.67 (s, 3H), 2.89 (br. s, 1H), 3.25 (d, J =
5.4 Hz, 1H), 3.37 - 3.48 (m, 2H), 3.53 - 3.75 (m, 6H), 3.62 (s, 3H), 4.84 (s, 1H), 7.19 (s,
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1H). *H NMR (Isomer 2) (400 MHz, CDCls) & ppm 0.81 (t, J = 7.4 Hz, 3H), 0.91 (d, J =
6.9 Hz, 3H), 1.21 - 1.30 (m, 1H), 1.37 - 1.49 (m, 1H), 2.66 (s, 3H), 2.84 (br. s, 1H), 3.16
(d, J = 4.3 Hz, 1H), 3.39 - 3.45 (m, 2H), 3.51 - 3.75 (m, 6H), 3.70 (s, 3H), 4.81 (s, 1H),
7.16 (s, 1H); HPLC (Method C): (Isomer 1) Tgr = 2.82 min, 97.4 % a/a, (Isomer 2) Tg =
2.99 min 89.7% a/a; MS m/z (ESI*) 370 ([M+H]").

Entry 10. (2R,3S)-Methyl 3-methyl-2-((2-morpholino-1-(oxazol-5-yl)-2-oxoethyl)
amino)pentanoate (354a)

N:\o
N 0
HN%{N\)
Meom\\\“ O 3542
Cat = Ru;, A: (2R,3S)-Methyl 3-methyl-2-((2-morpholino-1-(oxazol-5-yl)-2-

oxoethylidene)amino)pentanoate (354) (50 mg, 0.15 mmol); B: DME (3.5 mL); C:
RuCI[((R)-SEGPHOS)(p-cymene)]Cl (13 mg, 0.01 mmol); D: 80 °C; E: 4 bar; F: 5 h;
G: LCMS (Method A) showed 55% a/a of the imine (354) and no evidence of the

desired amine.

Cat = Pd; A: (2R,35)-Methyl 3-methyl-2-((2-morpholino-1-(oxazol-5-yl)-2-
oxoethylidene)amino)pentanoate (354) (50 mg, 0.15 mmol); B: DME (3 mL); C: 10%
w/w Pd/C (10 mg); D: 25 °C; E: 4 bar; F: 6 h; G: HPLC (Method A) and LCMS showed
83% conversion to the amine (354a), present as a mixture of diastereoisomers. (Isomer
1) Tr = 2.89 min, 43.4 % a/a, (Isomer 2) Tr = 3.24 min 56.6% a/a; MS m/z (ESI") 340
([M+H]"); H: The product was not isolated.
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6.3.3 Experimental Procedures for Section 4.4

6.3.3.1 Attempted Preparation of Methyl 2-((1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethylidene)amino)acetate (381)

No

N~
ﬁo
fﬁy
Meo\ﬂ) o
381

(0]

1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (500 mg, 2.23 mmol) was
dissolved in toluene (5 mL) to afford a clear red solution. Glycine methyl ester
hydrochloride (380) (280 mg, 2.23 mmol) was added to afford a suspension, washing
through with toluene (2.5 mL). The suspension was cooled to 0-5 °C and TMEDA (830
puL, 5.58 mmol) was added. Titanium tetrachloride (2.45 mL of a 1 M solution in
toluene, 24.5 mmol) was added dropwise and the resultant dark brown reaction mixture
was stirred at 0-5 °C for 18 h. The reaction was quenched by the addition of K,CO3 (3
mL, of a 10% w/w aqueous solution) and stirred vigorously to afford a cream slurry.
Celite® (1.5 g) was charged and the mixture was stirred for a further 10 min. The
triphasic mixture was then filtered through a bed of Celite® (1.0 g) and washed with
toluene (2 x 10 mL). The liquid phases were separated and the organic phase was dried
(MgSO,) and concentrated to dryness under reduced pressure to afford the crude product
as a red/brown oil. The crude product was purified by MDAP and the fractions
containing product were combined and concentrated under reduced pressure. The
concentrated fractions were extracted with dichloromethane (4 x 30 mL). The organic
phases were combined, dried (MgSO,4) and evaporated to provide methyl 2-((1-(2-
methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino) acetate (381) as an oil (53
mg, 8%). HPLC (Method C) Tr = 1.37 min, 36.3% a/a; MS m/z (ESI®) 296 ([M+H]").
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6.3.3.2 Preparation of Benzyl 2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)acetate (384)

7O
N _~

1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (500 mg, 2.23 mmol) was
dissolved in dichloromethane (5 mL) to afford a clear red solution. Glycine benzyl ester
hydrochloride (382) (500 mg, 2.23 mmol) was added to afford a suspension, washing
through with dichloromethane (2.5 mL). The suspension was cooled to 0-5 °C and
TMEDA (830 pL, 5.58 mmol) was added. Titanium tetrachloride (245 mL of a 1 M
solution in toluene, 24.5 mmol) was added dropwise and the resultant dark brown
reaction mixture was stirred at 0-5 °C for 19 h. The reaction was quenched by the
addition of K,CO3 (2 mL, of a 10% w/w aqueous solution) and stirred vigorously to
afford a cream slurry. Celite® (1.5 g) was charged and the mixture was stirred for a
further 10 min. The triphasic mixture was then filtered through a bed of Celite® (1.0 g)
and washed with dichloromethane (2 x 20 mL). The liquid phases were separated and
the organic phase was dried (MgSO,4) and concentrated to dryness under reduced
pressure to afford the crude product as an oil. The crude product was purified by MDAP
and the fractions containing product were combined and concentrated under reduced
pressure. The concentrated fractions were extracted with dichloromethane (4 x 30 mL).
The organic phases were combined, dried (MgSO,) and evaporated to provide benzyl 2-
((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)amino) acetate (384) as an oil
(100 mg, 12%). HPLC (Method C) Tr = 2.26 min, 61.6% a/a; MS m/z (ESI") 372
([M+H]").
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6.3.3.3 Preparation of (R)-methyl 2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)propanoate (386)

1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (250 mg, 1.12 mmol) was
dissolved in dichloromethane (2.5 mL) to afford a clear red solution. b-Alanine methyl
ester hydrochloride (385) (156 mg, 1.12 mmol) was added to afford a suspension,
washing through with dichloromethane (1.25 mL). The suspension was cooled to 0-5 °C
and TMEDA (415 pL, 2.79 mmol) was added. Titanium tetrachloride (1.23 mL ofal M
solution in toluene, 1.23 mmol) was added dropwise and the resultant dark brown
reaction mixture was stirred at 0-5 °C for 16 h. The reaction was quenched by the
addition of K,CO3 (2 mL, of a 10% w/w aqueous solution) and stirred vigorously to
afford a cream slurry. Celite® (0.75 g) was charged and the mixture was stirred for a
further 10 min. The triphasic mixture was then filtered through a bed of Celite® (0.5 g).
The liquid phases were separated and the organic phase was dried (MgSQO,) and
concentrated to dryness under reduced pressure to afford the crude product as an oil. The
crude product was purified by MDAP and the fractions containing product were
combined and concentrated under reduced pressure. The concentrated fractions were
extracted with dichloromethane (3 x 50 mL). The organic phases were combined, dried
(MgSO4) and evaporated to provide (R)-methyl 2-((1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethylidene)amino)propanoate (386) as an oil (85 mg, 25%: 'H NMR
(Major isomer) (400 MHz, CDCl3) & ppm 1.52 (d, J = 6.6 Hz, 3H), 2.49 (s, 3H), 3.20 -
3.49 (m, 2H), 3.56 - 3.85 (m, 6H), 3.73 (s, 3H), 4.25 (q, J = 6.6 Hz, 1H), 7.97 (s, 1H). *H
NMR (Minor isomer) (400 MHz, CDCl3) 6 ppm 1.56 (d, J = 6.8 Hz, 3H), 2.46 (s, 3H),
3.20 - 3.49 (m, 2H), 3.56 - 3.85 (m, 6H), 3.73 (s, 3H), 5.37 (g, J = 6.8 Hz, 1H), 7.96 (s,
1H). %). HPLC (Method C): (Major isomer) Tg = 1.53 min 68.8% a/a, (Minor isomer)
Tr = 1.53 min 22.6% a/a; MS m/z (ESI") 310 ([M+H]");
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6.3.3.4 Preparation of (R)-Methyl 2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-

oxoethyl)amino)propanoate (387)

NS o
N N
Meo_ .\_ O
° Bl ~ 387

(R)-Methyl 2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethyl)amino)propanoate
(388) was prepared according to general procedure 16; details are provided below.

Differences in processing are recorded where applicable.

Cat = Pd; A: (R)-Methyl 2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-oxoethylidene)
amino)propanoate (386) (50 mg, 0.162 mmol); B: DME (2 mL); C: 10% Pd/C (17 mg)
the catalyst was washed in with DME (1 mL); D: 80 °C; E: 4 bar; F: 17 h; G: HPLC
(Method A) and LCMS showed complete conversion to the amine (387), present as a
mixture of diastereoisomers. (Isomer 1) Tg = 1.45 min, 41.2% a/a, (Isomer 2) Tg = 1.74
min 58.8% a/a; MS m/z (ESI") 312 ([M+H]"); H: MeCN/Water & TFA. Fractions
containing product were neutralised by the addition of NaHCO3; (10 mL of a 8% w/w
aqueous solution) and extracted with dichloromethane (2 x 20 mL) and the combined
organic phases were combined and concentrated; I: (R)-methyl 2-((1-(2-methyloxazol-4-
yl)-2-morpholino-2-oxoethyl)amino)propanoate (387) as a mixture of diastereoisomers.
(21 mg, 42%); *H NMR (Isomer 1) (400 MHz, CDCl3) & ppm 1.34 (d, J = 7.1 Hz, 3H),
2.41 (s, 3H), 3.40 (g, J = 7.1 Hz, 1H), 3.46 - 3.73 (m, 8 H), 3.70 (s, 3H), 4.68 (s, 1H),
7.50 (s, 1H); *H NMR (Isomer 2) (400 MHz, CDCls) & ppm 1.37 (d, J = 7.1 Hz, 3H),
2.40 (s, 3H), 3.40 (q, J = 7.1 Hz, 1H), 3.46 - 3.73 (m, 8 H), 3.70 (s, 3H), 4.71 (s, 1H),
7.50 (s, 1H); HPLC (Method C): (Isomer 1) Tg = 1.64 min, 41.2% a/a, (Isomer 2) T =
1.74 min 58.8% a/a; MS m/z (ESI") 312 ([M+H]").

Catt = Ru; A: (R)-methyl  2-((1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)amino)propanoate (386) (50 mg, 0.162 mmol); B: DME (2 mL); C:
RUCI[((R)-SEGPHOQOS)(p-cymene)]CI (14.8 mg, 0.02 mmol). The catalyst was washed in

Confidential 281 |Page



6. Experimental
with DME (1 mL); D: 80 °C; E: 4 bar; F: 17 h. G: HPLC showed the reaction was
incomplete. RuCI[((R)-SEGPHOQOS)(p-cymene)]Cl (14.8 mg, 0.02 mmol) was added and
the the mixture was hydrogenated at 4 bar and 80 °C for a further 6 h. HPLC (Method
A) and LCMS showed complete conversion to the amine (387), present as a mixture of
diastereoisomers. (Major isomer) Tg = 1.65 min, 87.1% a/a, (Minor isomer) Tr = 1.76
min 12.9% a/a; MS m/z (ESI") 312; H: The product was not isolated.

6.3.3.5 Preparation of 2-(Benzylimino)-2-(2-methyloxazol-4-yl)-1-
morpholinoethanone (393)

\FO

N
7 O
: J O 393

2-(Benzylimino)-2-(2-methyloxazol-4-yl)-1-morpholinoethanone (393) was prepared
according to general procedure 18; details are provided below. Differences in processing

are recorded where applicable.

A: 1-(2-methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (246 mg, 1.12 mmol);
B: 1.25 mL; C: benzylamine (121 pL, 1.12 mmol); D: 420 uL, 2.79 mmol; E: 1.23 mL
of a 1 M solution in dichloromethane, 1.23 mmol; F: 2.5 h; G: Shows complete
consumption of the ketone (102); H: 2 mL; I: 2 x 10 mL; K: 120 mg, 34%j; 'H NMR
(400 MHz, CDCl3) & ppm 2.48 (s, 3H), 3.08 - 3.37 (m, 2H), 3.41 - 3.87 (m, 6H), 4.61 (d,
2Jun = 14.2 Hz, 1H), 4.85 (d, “Jun = 14.2 Hz, 1H), 7.22 — 7.40 (m, 5H), 7.95 (s, 1H);
HPLC (Method C): T = 2.02 min 84.6% a/a; MS m/z (ESI") 314 ([M+H]").

Confidential 282 |Page



6. Experimental

6.3.3.6 Preparation of 2-(2-Methyloxazol-4-yl)-1-morpholino-2-
(phenylimino)ethanone (394)

\/FO
N
4 O
N ’ N\)
(6]
394

(2R,3S)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-oxoethylidene)
amino)-3-methylpentanoate (394) was prepared according to general procedure 18;

details are provided below. Differences in processing are recorded where applicable.

A: 1-(2-methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (500 mg, 2.23 mmol);
B: dichloromethane (5 mL); C: aniline (208 mg, 2.23 mmol); D: 834 pL, 5.58 mmol; E:
2.45 mL of a 1 M solution in dichloromethane, 2.45 mmol; F: 4 h; G: Shows complete
consumption of the ketone (102); H: 2 mL; I: 2 x 10 mL; K: 539 mg, 66%; 'H NMR
(400 MHz, CDCls) 6 ppm 2.52 — 2.58 (m, 1H), 2.54 (s, 3H), 2.89 - 3.10 (m, 1H), 3.12 -
3.29 (m, 2H), 3.30 - 3.46 (m, 2H), 3.54 - 3.73 (m, 2H), 7.14 (d, J = 7.3 Hz, 2H), 7.19 (t,
J = 7.3 Hz 1H), 7.35 (dd, J = 7.3 Hz 2H), 8.01 (s, 1H); HPLC (Method C): Tr = 1.86
min 98.6% a/a; MS m/z (ESI") 300 ([M+H]").

6.3.3.7 Preparation of (S)-2-((2-Methylbutyl)imino)-2-(2-methyloxazol-4-yl)-1-

morpholinoethanone (395)

3
L3
/\‘) ¢ 395

(S)-2-((2-Methylbutyl)imino)-2-(2-methyloxazol-4-yl)-1-morpholinoethanone (395) was
prepared according to general procedure 18; details are provided below. Differences in

processing are recorded where applicable.
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A: 1-(2-methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (250 mg, 1.12 mmol);
B: 3.75 mL; C: (S)-2-methyl butan-1-amine (97 mg, 1.12 mmol); D: 417 pL, 2.79 mmol;
E: 1.23 mL of a 1 M solution in dichloromethane, 1.23 mmol; F: 22 h; G: Shows
complete consumption of the ketone (102); H: 2 mL; I: 2 x 10 mL; K: 95 mg, 30%; *H
NMR (400 MHz, CDCl3) 6 ppm 0.68 - 0.98 (m, 6H), 1.02 - 1.24 (m, 1H), 1.24 - 1.49 (m,
1H), 1.62 - 1.87 (m, 1H), 2.36 (s, 3H), 3.31 - 3.51 (m, 2H), 3.51 - 3.65 (m, 4H), 3.65 -
3.89 (m, 4H), 7.63 (s, 1H). HPLC (Method C): (Major isomer) Tg = 1.92 min, 68.8% a/a
(Minor isomer) Tg = 2.11 min, 14.9% a/a; MS m/z (ESI") 294 ([M+H]").

6.3.3.8 Attempted Preparation of 4-Methyl-N-(1-(2-methyloxazol-4-yl)-2-
morpholino-2-oxoethylidene)benzenesulfonamide (396)

N

—C O
N~ de
0 N
AN o o
é\\:oo /U\N N
A RS
396 397

The attempted preparation of 4-methyl-N-(1-(2-methyloxazol-4-yl)-2-morpholino-2-
oxoethylidene)benzenesulfonamide (396) was carried out according to general
procedure 18; details are provided below. Differences in processing are recorded where
applicable.

A: 1-(2-Methyloxazol-4-yl)-2-morpholinoethane-1,2-dione (102) (250 mg, 1.12 mmol);
B: dichloromethane 1.25 mL; C: 4-methylbenzenesulfonamide (191 mg, 1.12 mmol); D:
417 pL, 2.79 mmol; E: 1.51 mL of a 1 M solution in dichloromethane, 1.51 mmol; F: 1
h; G: LCMS (Method C) showed conversion to a peak with Tg = 1.40 min and m/z
(ESI") 396 consistent with the 1,4-addition product shown (397).
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6.3.3.9 Experimental procedure for Table 31

The experiments documented in Table 31 were carried out using general procedure 16;
details for each entry are provided below. Differences in processing are recorded for

each entry where applicable.

Entry 1. 2-(2-Methyloxazol-4-yl)-1-morpholino-2-(phenylamino)ethanone (394a)

7 0}
N
7 O
o}
394a

Cat = Ru; A: (2R,35)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-
oxoethylidene) amino)-3-methylpentanoate (394) (50 mg, 0.14 mmol); B: DME (3 mL);
RuUCI[((R)-SEGPHOS)(p-cymene)]Cl (19 mg, 0.02 mmol); D: 80 °C; E: 4 bar; F: 12 h;
G: HPLC (Method A) and LCMS showed complete conversion to the amine (394a); H:
MeCN/Water & TFA. Fractions containing product were neutralised by the addition of
NaHCO;3 (10 mL of a 8% w/w aqueous solution) and extracted with dichloromethane (2
x 20 mL) and the combined organic phases were combined and concentrated; I: 2-(2-
methyloxazol-4-yl)-1-morpholino-2-(phenylamino)ethanone (394a) (21 mg, 42%)
HPLC (Method A): Tr = 3.58 min, 98.7 % a/a; Chiral HPLC: 99.2 : 0.78; MS m/z (ESI")
302 ([M+H]"); *H NMR (400 MHz, CDCl3) & ppm 1.59 (br. s, 1H), 2.35 (s, 3H), 3.42 -
3.48 (m, 1H), 3.50 - 3.77 (m, 6H), 3.79 - 3.95 (m, 1H), 5.22 (d, J = 3.9 Hz, 1H), 6.56 (d,
J=7.8Hz, 2H), 6.65 (t, J = 7.3 Hz, 1H), 7.08 (dd, J = 7.3 Hz, 7.8 Hz, 2H), 7.40 (s, 1H);
HPLC (Method A): T = 3.58 min, 98.7 % a/a; Chiral HPLC: 99.2 : 0.8; MS m/z (ESI")
302 ([M+H]).

Cat = Pd; A: (2R,3S)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-
oxoethylidene) amino)-3-methylpentanoate (394a) (50 mg, 0.14 mmol); B: DME (3
mL); C: 10% w/w Pd/C (17 mg); D: 80 °C; E: 4 bar; F: 6 h; G: HPLC (Method A) and
LCMS showed complete conversion to the amine (394a); H: MeCN/Water & TFA.
Fractions containing product were neutralised by the addition of NaHCO3; (10 mL of a
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8% w/w aqueous solution) and extracted with dichloromethane (2 x 20 mL) and the
combined organic phases were combined and concentrated; I: 2-(2-methyloxazol-4-yl)-
1-morpholino-2-(phenylamino)ethanone (394a) (34 mg, 67%); '"H NMR (400 MHz,
CDCl3) 6 ppm 1.59 (br. s, 1H), 2.35 (s, 3H), 3.42 - 3.48 (m, 1H), 3.50 - 3.77 (m, 6H),
3.79 - 3.95 (m, 1H), 5.22 (d, J = 3.9 Hz, 1H), 6.56 (d, J = 7.8 Hz, 2H), 6.65 (t, J = 7.3
Hz, 1H), 7.08 (dd, J = 7.3 Hz, 7.8 Hz, 2H), 7.40 (s, 1H); HPLC (Method A): Tr = 3.58
min, 98.6 % a/a; Chiral HPLC: 49.5 : 50.5; MS m/z (ESI") 302 ([M+H]").

Entry 2. 2-(Benzylamino)-2-(2-methyloxazol-4-yl)-1-morpholinoethanone (393a)

393a

Cat = Ru; A: 2-(Benzylimino)-2-(2-methyloxazol-4-yl)-1-morpholinoethanone (393a)
(50 mg, 0.16 mmol); B: DME (3 mL); RuCI[((R)-SEGPHOS)(p-cymene)]Cl (18 mg,
0.02 mmol); D: 80 °C; E: 4 bar; F: 12 h; G: LCMS (Method A) showed hydrolysis to
the ketone (102) and no evidence of the desired amine.

Cat = Pt; A: 2-(Benzylimino)-2-(2-methyloxazol-4-yl)-1-morpholinoethanone (393a)
(50 mg, 0.16 mmol); B: DME (3 mL); C: 5% w/w Pt/C (62 mg); D: 25 °C; E: 4 bar; F: 6
h; G: HPLC (Method A) and LCMS showed complete conversion to the amine (393a);
Tr = 2.52 min, 61.3 % a/a; MS m/z (ESI") 316 ([M+H]"); H: The product was not
isolated.

Entry 2. (S)-2-((2-Methylbutyl)amino)-2-(2-methyloxazol-4-yl)-1-morpholinoethanone
(395a)
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Cat = Ru; A: (5)-2-((2-Methylbutyl)imino)-2-(2-methyloxazol-4-yl)-1-morpholino
ethanone (395) (50 mg, 0.17 mmol); B: DME (3 mL); C: RuCI[((R)-SEGPHOS)(p-
cymene)]CI (16 mg, 0.02 mmol); D: 80 °C; E: 4 bar; F: 12 h; G: LCMS and HPLC
(Method A) showed 84% conversion to the amine (395a) as a mixture of
diastereoisomers; (Isomer 1) Tgr = 8.61 min, 52.6 % a/a; (Isomer 1) Tr = 8.67 min, 29.9
% a/a; MS m/z (ESI") 296 ([M+H]"). H: The product was not isolated.

Cat = Pd; A: (5)-2-((2-Methylbutyl)imino)-2-(2-methyloxazol-4-yl)-1-morpholino
ethanone (395) (50 mg, 0.17 mmol); B: DME (3 mL); C: 10% w/w Pd/C (18 mg); D: 25
°C; E: 4 bar; F: 6 h; G: LCMS and HPLC (Method A) showed 92% conversion to the
amine (395) as a mixture of diastereoisomers; (Isomer 1) Tr = 8.61 min, 42.5 % al/a;
(Isomer 1) Tg = 8.67 min, 33.9 % a/a; MS m/z (ESI") 296 ([M+H]"). H: The product was

not isolated.
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6.3.4 Experimental Procedures for Section 4.5

6.3.4.1 Preparation of N,N-Dimethyl-2-(2-methyloxazol-4-yl)-2-oxoacetamide
(400)

400

N,N-Dimethyl-2-(2-methyloxazol-4-yl)-2-oxoacetamide (400) was prepared according
to general procedure 17; details are provided below. Differences in processing are

recorded where applicable.

A: 108 mL of a 1 M solution in THF, 180 mmol; B: 2-(dimethylamino)acetonitrile (39)
(4.77 g, 57 mmol); C: Methyl 2-methyloxazole-4-carboxylate (84) (8.0 g, 52 mmol); D:
40 mL; E: 10 min; F: 112 mL; G: 64 mL; H: 4.17 mL, 73 mmol; I: 10.92 g, 130 mmol;
J: 15.8 g, in water (80 mL); K: 18 h; L: 12.9 g, 52 mmol; M: 64 mL; N: 12 — 100%
EtOAc in heptane; O: N,N-dimethyl-2-(2-methyloxazol-4-yl)-2-oxoacetamide (400)
(1.16 g, 12%); *H NMR (400 MHz, CDCls) & ppm 2.53 (s, 3H), 3.08 (s, 6H), 8.35 (s,
1H); HPLC (Method B) Tr = 1.31 min 94.5% a/a; MS m/z (ESI") 183 ([M+H]").

6.3.4.2 Preparation of (2R,3S)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-
yl)-2-oxoethylidene)amino)-3-methylpentanoate (401)

\/FO
N _~
|
N/ N\
MeO__ (0]
b 401
o}

(2R,3S)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-oxoethylidene)
amino)-3-methylpentanoate (401) was prepared according to general procedure 18;

details are provided below. Differences in processing are recorded where applicable.
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A: N,N-Dimethyl-2-(2-methyloxazol-4-yl)-2-oxoacetamide (400) (250 mg, 1.37 mmol);
B: 1.25 mL; C: (2R,3S)-methyl 2-amino-3-methylpentanoate hydrochloride (250, 1.37
mmol); D: 510 pL, 3.43 mmol; E: 1.51 mL of a 1 M solution in dichloromethane, 1.51
mmol; F: 2.5 h; G: Shows complete consumption of the ketone (400); H: 2 mL; I: 2 x 10
mL; K: 250 mg, 59%, as a mixture of isomers; 'H NMR (Isomer 1) (400 MHz, CDCl3) &
ppm 0.91 (t, J = 7.3 Hz, 3H), 0.96 (d, J = 6.8 Hz, 3H), 1.07 - 1.26 (m, 1H), 1.40 - 1.48
(m, 1H), 2.04 - 2.20 (m, 1H), 2.47 (s, 3H), 2.88 (s, 3H), 3.07 (s, 3H), 3.72 (s, 3H), 3.97
(d, J =5.6 Hz, 1H), 7.99 (s, 1H); (Isomer 1) (400 MHz, CDCl3) 6 ppm 0.86 (t, J = 7.4
Hz, 3H), 1.00 (d, J = 6.9 Hz, 3H), 1.07 - 1.26 (m, 1H), 1.40 - 1.48 (m, 1H), 2.04 - 2.20
(m, 1H), 2.44 (s, 3H), 3.07 (s, 3H), 3.16 (s, 3H), 3.73 (s, 3H), 5.09 (d, J = 3.9 Hz, 1H),
7.95 (s, 1H); HPLC (Method C): (Isomer 1) Tr = 2.13 min 74.2% a/a, (Isomer 2) Tgr =
2.32 min 23.5% a/a; MS m/z (ESI") 310 ([M+H]").

6.3.4.3 Preparation of (2R,3S)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-
yl)-2-oxoethyl)amino)-3-methylpentanoate (402)

—0
N@l

N
HN%{ >

MeO__ (6]

\H\\ l\t 402

o

(2R,3S)-Methyl  2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-oxoethyl)amino)-3-
methylpentanoate (402) was prepared according to general procedure 16; details are

provided below. Differences in processing are recorded where applicable.

Cat = Pd; A: (2R,3S)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-
oxoethylidene)amino)-3-methylpentanoate (401) (50 mg, 0.162 mmol); B: DME (2 mL);
C: 10% Pd/C (17 mg) the catalyst was washed in with DME (1 mL); D: 80 °C; E: 4 bar;
F: 6 h. G: HPLC (Method A) and LCMS showed complete conversion to the amine
(402), present as a mixture of diastereoisomers. (Isomer 1) Tr = 2.53 min, 61.1% a/a,
(Isomer 2) Tg = 2.76 min 38.9% a/a; MS m/z (ESI") 312 ([M+H]"); H: MeCN/Water &
TFA. Fractions containing product were neutralised by the addition of NaHCO3; (10 mL
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of a 8% wi/w aqueous solution) and extracted with dichloromethane (2 x 20 mL) and the
combined organic phases were combined and concentrated; I: (2R,3S)-methyl 2-(-2-
(dimethylamino)-1-(2-methyloxazol-4-yl)-2-oxoethyl)amino)-3-methylpentanoate (402)
(Isomer 1; 18 mg, 36%) ) (Isomer 2; 25 mg, 50%). *H NMR (Isomer 1) (400 MHz,
CDCl3) 6 ppm 0.82 (t, J = 7.5 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H), 1.03 - 1.25 (m, 1H),
1.41 (m, 1H), 1.62 - 1.77 (m, 1H), 2.01 (br. s, 1H), 2.34 (s, 3H), 2.91 (s, 3H), 2.97 (s,
3H), 3.15 (d, J = 5.6 Hz, 1H), 3.59 (s, 3H), 4.56 (s, 1H), 7.53 (s, 1 H); (Isomer 2) (400
MHz, CDCl3) & ppm 0.84 (t, J = 7.6 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H), 1.10 - 1.28 (m,
1H), 1.39 — 1.50 (m, 1H), 1.69 - 1.87 (m, 1H), 2.34 (br. s, 1H), 2.41 (s, 3H), 2.97 (s,
3H), 3.07 (s, 3H), 3.19 (d, J = 4.9 Hz, 1H), 3.68 (s, 3H), 4.62 (s, 1H), 7.41 (s, 1 H);
HPLC (Method A): (Isomer 1) Tr = 2.53 min, 96.1% a/a, (Isomer 2) Tg = 2.75 min
28.8% a/a; MS m/z (ESI") 312 ([M+H]").

Cat = Ru; A: (2R,35)-Methyl 2-((2-(dimethylamino)-1-(2-methyloxazol-4-yl)-2-
oxoethylidene)amino)-3-methylpentanoate (401) (50 mg, 0.162 mmol); B: DME (2 mL);
C: RuUCI[((R)-SEGPHOS)(p-cymene)]Cl (14.8 mg, 0.02 mmol). The catalyst was
washed in with DME (1 mL); D: 80 °C; E: 4 bar; F: 6 h. G: HPLC showed the reaction
was incomplete. RuUCI[((R)-SEGPHOS)(p-cymene)]Cl (14.8 mg, 0.02 mmol) was added
and the the mixture was hydrogenated at 4 bar and 80 °C for a further 6 h. HPLC and
LCMS (Method A) showed complete conversion to the amine (402), present as a
mixture of diastereoisomers. (Major isomer) Tg = 2.52 min, 96.4% a/a, (Minor isomer)
Tr = 2.72 min 3.6% a/a; MS m/z (ESI") 312; H: MeCN/Water & TFA. Fractions
containing product were neutralised by the addition of NaHCO3 (10 mL of a 8% w/w
aqueous solution) and extracted with dichloromethane (2 x 20 mL) and the combined
organic phases were combined and concentrated; 1. (2R,3S)-methyl 2-(-2-
(dimethylamino)-1-(2-methyloxazol-4-yl)-2-oxoethyl)amino)-3-methyl pentanoate (402)
(20 mg, 40%); *H NMR (400 MHz, CDCl3) & ppm 0.82 (t, J = 7.5 Hz, 3H), 0.86 (d, J =
6.8 Hz, 3H), 1.03 - 1.25 (m, 1H), 1.41 (m, 1H), 1.62 - 1.77 (m, 1H), 1.99 (br. s, 1H),
2.34 (s, 3H), 2.91 (s, 3H), 2.97 (s, 3H), 3.15 (d, J = 5.6 Hz, 1H), 3.59 (s, 3H), 4.56 (s,
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1H), 7.53 (s, 1 H); HPLC (Method A) Tg = 2.53 min, 96.7% a/a,; MS m/z (ESI*) 312
([M+H]").
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