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Abstract

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

amination as the key step.

The investigation and development of the prioritised route is then described. The
synthetic met hods and pr ockete amide ugsingra t he
modification of an existing literature proceduand the application of Lewis acidic
conditions to facilitate the synthesis of a challenging imine is detailed. The novel
application of a T generation Noyori type ruthenium catalyst to the asymmetric
hydrogenation of a sterically encumbered and dgrfsektionalised 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 implicatiersusthe 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 propositien 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 cyclicnonapeptideeurohypophysial hormortdt is part of a group of
related cyclic nonapeptides which are charanteriby a disulfide bridge between
cysteineresidues 1 and. @ consists of a&yclic hexapeptidevith a Gterminal tripeptide
sidechainand has thesequenceCys Tyr-lle-GIn-Asn-Cys-ProLeu-Gly(NH,).? This
group of neurohypophysial hormones gglit into 2 categories based on the ptjaaf

the residue at position 8 & oxytocin family of hormoneshasa neutral amino acidt
this position whereas the vasopressinifaitypically contains a basicrginineor lysine
residue Hormones of these typesre found throughout the animal kingdom, with
virtually all vertebrates utiliag an oxytocin and a vasopressin derived nonapeptide

hormone
o)
NH,
HN o)
:z—g NH NH,
HN 0O o
°©, ° H\)\\NH
O NH o0 o N 2
HN g{ Wy
S [S) N & H 9
HzN s Q 1; Oxytocin
HO

Oxytocin was the first hormone toave is structure elucidate(tiu Vigneaudet al,®
1953 and was also thfirst to be chemically synthesid* Oxytocin is widely abundant
within human tissuésand hasmanyeffects on both the centrand peripheral nervous

systens.”

Oxytocinis most commonly known forgteffectson the female reproductive systeln

has beemsedfor its ability to increase uterine torsncethe discoveryof the property

by Dalé in 1906 and its name is derived from tH®reek meaningé qui ck bi rt |
intravenousxytocinis commonly used to induce lalrolt is also closely involved with

lactation in mammal§ However, aytocin is equally prevalent inboth sexesand 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 ejaculatidn

Centrally, oxytocin exertsinfluencein the regulation of a wide variety of behawis
such associal recognition, parental behavio and sexual behaviar® leading it to be
referred to ag he 61 o v.eOxytobirss widespneadole throughout the cycle of
life and reproductioin illustrated by Leetal. (Figurel).®

Uterine contractions

Appropriate responses to

Intruder/competition o .
v
Vg KR \ \
§ L BIRTH.__J -\J\
; = ‘ \\\
Penile erections =] \
Female receptivity OXYTOCIN }8 T 5 '-l
facilitates T ¥ E ~> Proper parenting
species 2 sg
propagation IS |
Mate choice =
Feelings of trust l
K2
o,
2 Social )

Individual discriminations Interactions

Facial recognition

Play behaviors

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

Oxytocin is only known to havene receptor which belongs tocéass of Gprotein
coupled receptorsalthough the receptois closely related to the three vasopressin
receptors. Like oxytocin itself, the oxytocin receptoris widely distributed throughout
the tissues of humans and other vertelsrdités a seven transmeérane receptor (7TM)
characterisd by the seven transmembranal helical domidlingratedclearly 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. Introduction Part 1 Oxytocin and Oxytocin Antagonists

1.2 Pre-term Birth and Pre-term L abour

Preterm births are defined as births that occur before 259 days (37 completed weeks) of
gestational ag€' they are increasingy common in developed countries. rise from

9.5% in 1981 tol2i 13% in 2005has been observed the USA? and in developed
countries, pe-term birthis the leading cause of neonatal mortality (deaths within the
first 28 daysafter birth).** In developing countries, the problemesenmore severe.
Here, he prevalence of préerm labaur is higher, with estimateglacing it ataround

25% of all births™ The World Health Organisation estimates 500,000 deaths per year
are caused by prematurityVhile pre-term birth and prematurity are two differing
concepts they are commonly confused-teren birth relates solely to gestmal age at
birth, whereas prematurity relates an infantwho has not yet reached the level of
maturity requied to survive outside the wombhe two concepts, howeveare 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 +

9—4/7m™m—""""—T T T

% Babies requiring specialist
care

Gestation (Weeks)
Figure 37 Babies requiring specialist care based on gestation age

Preterm infants are at risk of significant medical problems due to the immaturity of
their organ systems. Problems typically occur inrdspiratory systepas this is one of
the last organ systems to develgnd include bronchopulmonary dysplasia (clco

lung disase) andissues with the neurological, cardiovascular and gastrointestinal
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

systems.Conditions which require long term care, such as cerebral palsy can also be

caused by preerm birth.

Preterm births can be divided into two maiategoriesj) delivery for maternal or fetal
indications in which labour is induced or the infant is deédeby caesarean section
and; ii) spontaneous pfeerm labour, although the latter can be classified further
depending on whether there is jeem premature pture of the membranes
(PPROM)* Spontaneous prerm labour accounts fd0% of all preterm births.

H Spontaneous Piterm Labour
®PPROM

Delivery because of Fetal or
Maternal Infections

Figure 47 Obstetric precursors ofpre-term birth. *3

The causes of prerm labour are comek and not well understoodjn most cases a
precise mechanisrfor its causecannot be establishe@enerally preterm labouris
thought to be a syndrome initiated by multiple mechanistmish includeinfection and
inflammation.In the developing world, ntarial infection is particularly associated with
preterm labour and neonatal mortality.

Current treatmentdo reduce the morbidity and mortality qfreterm labour and
associatedpreterm births can be classified to primary, secondary and tertiary
treatments. Primary treatments digected atall women before or during pregnancy to
prevent and reduce riskf preterm labour. Thesenay include public educational
interventions, nutritional supplements, smoking cessation andgtaé care Secondary
treatmentsare aimed at reducingisk in women with known risk factorge.g. twin

pregnancy) and follow similarly to primary treatments. They can also include treatments
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

such as the prescription of antibiotics to treat infecti@®sh as bacterial vaginokis
which are commonly linked witpreterm labour Tertiary treatments hawbie goal of
preventing delivery or improving outcomes for fpeem infants-> Thesetreatments are
given during pregnancy to women with a high risk history of preterm labour.
Common};, glucocorticosteroids are given to promoépid maturation of the detus
prior to birth, which may be combined with tocolytic agents (agents which inhibit
uterine contractions and hence delay bitthjprolong gestatian

1.2.1 Tocolytic Agents

A number of tocolytic agentsave beershovn to be clinically efficaciousmportantly,

these includehe ocytocin antagonist atosibg®) which can delay delivery by-2 days

and shows fewer mat e aganibts reodriddd) aedfteflogatne s t h a |
(4).'® However, the polypeptide atosiban has no biaavailability and hence must be

delivered intravenously, requiring hospital administration.

OH U
HN—(aH O N
Hin NH $—NH, NH: \/\©\
HN 0O HO OH

(e} (@) H 3; Ritodrine
NH,

e O NH (@) 0 N
HN e/( Wy OH
s N—=" H O HO N
s— Q 7<
2; Atosiban
) B;o OH  4; Terbutaline

NP o

HN (0]
H 5; GSK221149
(@)
GlaxoSmithKline has developed the orally bioavailable oxytocin antagefikR21149
(5) for the treatment of preéerm labour; ithas recently achieved proof of concept (POC)
and is now awaiting phase lll clinical trials.r&tturally, GSK2211495) consists of a

central 2,5diketopiperazine core derived from the unnatural amino acRs (
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

indanylglycine andd-allo-isdeucine. It has an important exocyclic stereocentre with a
pendant oxazole and morpholinoamide. This thestoicerned with the development
and optimist@ion of the synthetic route tocgtocin antagonist GSK221148)(
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

1.3 Diketopiperazines

DiketopiperazinedDKP) are membered heterocycles and are the smallest possible
cyclic peptides. The simplesexample is the anhydride of glycylglycine (2,5
diketopiperazine); the X-ray structure was firstescribed by Robert Corey in 1958.

o
1 2
HN 3

6 NH
6

g
o)
Diketopiperazines are commonly found in natuseing biosynthesized from amino
acids by organisms including mamméisThey are found in a number of biologically
active natural products such as thecently discoveredp-glycoprotein inhibiting
nocardioazine A and B (7, 8) derived from marine bacteridocardiopsis sp'°® andin
glionitrin A (9) derived fromAspergillus fumigatesvhich shows significant antibiotic

activity against a series of microbes including methicilégistant Staphylococcus

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

Many diketopiperazines shoplasminogen activator inhibitor (PAl) activity which is
implicated in a number of conats including coronary heart disease, throng)os
atherosclerosis and cancar.dddition both natural and uratural 2,5diketopiperazines
have shown activity against targetach as GABAergic, setaninergic 5HT;5 and
oxytocin receptord® This biological activitymeansdiketopiperazieshave become very
interestingtargets for medicinal cheistry. In addition, hey are resistant to proteolysis
and mimic peptidic pharmacophores, have conformational rigidity andiaeact as
donors and acceptors dfydrogen bondsThese properties make them particularly

suitable templates fordrug molecules.Importantly, they lend themselveswvell to
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

combinatorial chemistry enabling libraries of diketopiperazineso be readily
synthesised and tested against disease as3&gse factors influenced the early
devel opment of GSKGS3K220414955.oci n antagoni st,

1.3.1 Synthesisof 2,5Diketopiperazines

The synthesis of 2;8iketopiperazine§DKPs) is well described in théterature, and
summaried excellently by the review of Dinsmore and Beshéfewho discuss the
potential approaches according to the retrostith disconnectionsgiven below
(Schemel). Examples of DKP synthesiga each of the disconnectisraredescribed
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

Schemel i Retrosynthetic analysis of 2,E&diketopiperazines

DisconnectionA providesone ofthe most common methsaf 2,5diketgpiperazine
preparation. It involvesdN;-C, cyclisation and many examples are reported in the
literature. A repesentative example is shown by Akiydhavho investigated the
synthesis oN-hydroxy DKPs(Scheme2). Condensatiorof anN-p r o t e-amntine acid U
with a n -aniino ester givean intermediate amid¢11) which then undergoes acidic
Boc cleavagdollowed by cyclisationmediated by mild base. Further deprotection gives
the desiredN-hydroxy DKP(13).
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

(0]

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

HN. , , .~
OBn Ox5N-oBn N. N.
CO,H Bn OBn Bn' OH
0

w, “y 11
BocHN” “Bn BocHN™ "Bn 0o 12 13
10

i) i-BUOCOCI, NE4, THF/dichloromethan€69%, ii) TFA, dichloromethangiii) 5% aq. NaHCQ (86%),
iv) H,, Pd/C, EtOH85%).

Scheme2i C,N; bond formation in the synthesis of DKPs

This retrosynthetic strategy hats@ been commdy implementedusing solid phase
peptide synthesis methodolggy which the carboxy terminus remains bound to a

polystyrene beachtoughout Wanget al*

exploited the tendency of the phenacyl ester
linkage to undergo aminolytic cleavage, whighstraditionallyseen as problematic for
solid phaseeptide synthesiyclisation of the resin bound dimer (particularly if the C
terminus residue is the sterigaun-hindered proline or glycine) leads to premature
cleavage and formation of a 2ZjtketopiperazineWang prepared the functionadis
bromoacetyl resin15) from polystyrene beads by iEdetCrafts acylation The first
amino acidresiduewas attachethy U-bromo substitubn (16). The second residue was
added byBoc group cleavage with HCFollowed by exposure tetandard DCC/HOBt
coupling conditiong17). The desired diketopiperazin@ 8) was obtained by a second

Boc cleavage anthcile intramolecular aminolysisith NEt; in THF (Scheme3).

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, AICl;, nitrobenzenalichloromethang ii) Boc-AA-OH, NEg&, DMF; (i) 3.5 M
HCI/AcOH; (iv) BocAA-OH, HOBt, DCC, NMM, DMF; (v) 5% NE{THF-H,0.

Scheme3i Solid phase synthesis of DKPs
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

1% who devisedthe

An improvement tahis approachwas developed by Bourret a
0saf et y thedaHerehtldgesiminker requiresactivation before intramolecular
aminolysis can take placé&his allowsthe construction of larger cyclic peptid@®) and

the removal ofdeprotectionby-products prior to cleavagevhich greatly simplifies
product purification(Schemed). The linker is arD-alkoxyphenyl ester and the desired
peptide is built up while attached to it by standard solid phase techniques. Cleavage of
the benzylgroup activates the ester and allows cyclisation to generate the desired DKP
or cyclic polypeptide(22) with concurr@t cleavage from the resi€leavage has also

been shown to occwvithout racemisatiof®?’

% \ ) % 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/THA¢resol, 1 h, RT; iii) DIPEA, DMF, 16 h.

Schemedi 6 Saf ety catchdé |inker technique
The N-C, disconnection strategy has also been appliidguthe 4 component Ugi
reaction (sectiori.4) to build the cyclisation preirsor. Boehm and Kingsbdfyused
the multicomponentreaction to givea benzhydryl amide(27) which underwent

nitrosation and rearrangement to give the cyclisation prec28r Cbz cleavage

initiated cyclisation to give the desired DK#9) (Schemeb).
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

Nucleoside O Nucleoside O Nucleoside Nucleoside
OHC 24 Ph Ph
. m m O ’Me
Ph,CHNC H,N-Me 1) >7NH N-Me if) }O N-Me i) N
23 Hoc %6 Poo o HNV&O
n
CozHN. 28 CbzHN 27 CbzHN 28 29

i) MeOH H,0; ii) N,O4, NaOAc,dichloromethangii) HCO,H, Pd, MeOH(No yield quoted)
Schemeb i Ugi reaction synthesis of 2,5likeopiperazines

Following this principle Hulme et al®

elegantly used the Ugi reaction with
Ar mst r on g degcycoloerenyd isdnitril to generate a range @facylamino
amides. Cyclisation of the deprotected amine affords the dd3K&s (35) in 2 steps

(Schemep).

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(207 95%).
Scheme6iUse of Armstrongbs convertible ison

The cyclohexenyl amide is 6éconverdnNbl ed i
acyliminium specie$36) which can cyclise and eliminatyclohexylmineto providea
minchnong37). This species can be hydrolysed to affardN-acyl aminoacid (38)

which can undergo further functionalisatioia simple amidatiofSchemer).

2

1 R\‘" R 1
2,5k i~ 1)
N
R N)\[(\\O - . R“/S(O R)J\NJYOH
RZ O fo) RZ O
36 37 38
Scheme7fi 6 Convertingd the cyclohexenyl amid

During the early syntheses 6/SK221149(5) and related compoun@®ollis usedan U-

amino ester as the amine compone and exploited the Ugi reaction to buildan
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1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

alternative cyclisation precursqd4).3* Cyclisation give a DKP 45) containing an
exacyclic steregeniccentre Partial cantrol of theconfigurationof the stereocentre was
obtained due to attack of the isonitrile on the less hindered face of the imine formed
between benzaldehyd89) and R-leucine methyl estefd0) (SchemeB). In addition to

the above solution phase example, Ugi methodologybeansed in combination with

solid phase techniqués.

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

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

Scheme81 The use ofan U-amino ester inthe Ugi reaction to generatecyclisation precursor44
The second gpoach to2,5-diketopiperazinegdisconnectiorB), involvesthe formation
of the N;-Cs bond. An elegant example of this strategy comes from the group of
Marcaccint? who used the 4 compomieUgi reactionusing chloroacetic acid48), to
generate racemia chloroacetamid€50) which cyclised with sonication to afford the
DKP (51) in 86% yield Echemed). Marcaccini demonstrated thisotocolusing a range
of aliphatic and aromatic amines and isocyanides, allowhegsynthesisof a wide
variety of DKPs. However, the reactions were limitethtwseof aromatic aldehydes.
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Cl

cl
46
CO,H
- 48 49 51
Cl

Cl

Cl
; 0 ) 0
OHC 47 i) >_§:> ii) }_Q

Ol = Oriomy == O

Cl o) o)
C 50

Cl

i) EtOH;ii) KOH, Sonicatg86%).

Schemed i Ugi reaction with chloroacetic acid

The first of thetandem bondorming DKP syntheses involvdsermation of N-C, and
Cs-Ng4 bonds dlisconnectiorC). This approachypically employs the use ofnaambident

electrophile.lt is exemplified by Williamset al*®

in their synthesis of brevianamide B
(55) in which a proline derivative(53) was onverted to the desired DKB4) by one

pot N-acylation and amide alkylation with bromoacetyl bron{if@ehemel0).

NH-Li*
O < o O
MeO™ H pN-TMP > S— Ha/ HY
O I) N Br ”) Br N N/PMP N
N _— o - . — $ NH
o) o) })
—/ 52 53 =/ 54 O

55; Brevianamide B

i) p-MeO-ArNHLI, THF, (88%) ii) K,COs/dichloromethangthen NaOHdichloromethang(97%).
SchemelOi Use of bivalent electrophié to form N;-C, and C;-N4 bonds

The remainingtandembond formation strategie® and E are usually limited to the

formation of symmetrical DKPs andan suffer from low yields duto competing

polymerisation pathwaysAn example is found in thevork of Taddeiet al®* who

investigateddimerisation of aspartic acid methyl este8) (Schemell).

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

Schemelli Dimerisation of aspartic acid
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Paradisi® employed phase trafes conditions to esure that cglisaion was favoured
over polymeriation by minimigng theconcentration of base presam thedimerisation
reactionof U-chloro amide$58) (Schemel 2).

= O
= O B
H )\ triethylbenzylammonium chloride NJ}
N
H @ N\/©
Cl aq. NaOH / CH,Cl, :
9] - 59

58 90%

Schemel2i Synthesis of symmetrical 2,5iketopiperazines

The final andem bond forming approadatisconnectiorf, allows the intoduction of a

|36

range of N substituents using primary amines. Tronckie al.”™ used a tandem

alkylation-acylation approach in the synthesis @&fdiazabicyclo[4.3]nonane (63)
derived fromtrans-4-hydroxy-L-proline (60) (Schemel3). The approachwvas shown to
be widely applicable to aliphatic and benzyl amines although -cyclisati@s

problematicusing aromatic amirseowing to their low nucleoplidity.

0
/
CO,H CO,Me COMe H N
i) i) C< o i)
w C{\IH w C{IH .HCI HO““‘ N \(\ HO“\" N
HO HO
61 O 62 O 63

60

i) SOCh, MeOH, (95%) ii) CICH,COCI, kenzeng87%); iii) MeNH,, NEt, EtOH, (80%).

Schemel3i Synthesis of diazabicyclo[4,3,0]nonanes using approach F
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1.4 Previous Routes taGSK221149

1.4.1 Route A

The existing route to GSK22114%) utilising disconnection A abovlas remained
largely unchanged since the compound was discovered. A four component Ugi
reactiori’ is key to the synthesis; it builds tipe required compiéty 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 Anvolvesa low number of stepsonsideringthe complexity of
GSK221149. 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 thecadly sound, it is less practical than desired and

significant improvements either to theuteor processes are sought.
NHCBz 0 }O
©i>_< /g N 0 N OH
CO,H H (0] OBn H
N
o)
H 69

" H
Stage1 CBzHN (0] \© Stage 2 HN
MeO,C
W O
66 NH2HCI OBn iii) lStage 3

67

yo >\O

N\) o e NS o
N \) v)V|) N%fOH iv)
HN o) -
Stage 4 H
m To]/}:[\ 71 o

5; GSK221149

i) NEt;, MeOH/CRCH,0H 65%; ii) Pd/C, H, NMP, HCQNH (g, 80%; iii) CDI, EtOAc; iv) HO,
EtOAc, 80% v) MesCCOCI, EgN; vi) Morpholine, EtOAC/THFR78 °C, 55%.

Schemel4 - Route A to GSK221149
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In the route A synthesis of GSK221149, the Ugi reactionarried out in
methanol/trifluoroethangl combines CBz indanylglycine (64), 2-methyloxazoles-
carbaldehyde (65), 1-(benzyloxy}2-isocyanobenzene 67) and methyl D-allo-
isdeucinate (66) to afford the desiredbis-amide (68) as shown(Schemel4). Minimal
diastereoselectivity around the newly formed stereocentre bearing the oxazoleésgroup
observed(60:40). The almost complete lack of stereocontrol at this point is of little
consegence 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 imputies are observgd The use of expensive trifluoroetharas
solvent is also undesired, but is required to proneffieient reactionas its increased
ability to form hydrogen bonds acceleratesne formation

1.4.2 The Ugi Reaction

The Ugi multi component reaction was discadeiby Ivar Ugi in the late 1956 It
combines a primary aminen aldehyde oketone, a carboxylic acid and an isonitrile,
and g e naylamine @aniddg74) in one step as showrB¢hemels). 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 largenumber of products to be produced frarimited 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

Schemel5- Ugi reaction

The Ugi reaction is thought to takg@ace via initial imine formation between the
aldehyde(or ketong and the amine. The iming%) then reacts with the isonitrile and
the carboxylic acid to givanintermediatg76) which undergoes intermolecular Mumm
type rearrangemetitt o af f o r d-adylangino dnedg77)(Setiemelb).

Confidential 18|Page



1. Introduction Part 1 Oxytocin and Oxytocin Antagonists

2 e R " R o R
s H‘\N/\ R " I: ! )ko 1L H 4

03— — — —— RN R

- H 75 4

C >~ R b2

" R? ©
7

3 76

Schemel6i The Ugi reaction mechanism

The Ugi reaction has been®deltais fighfatomd as
efficiency, making ita desirable reaction for use on large scale. It has also been shown
to operate effectively in aqueous systems, further enhancing its green cred®tials.

Ugi r e a c-pot, convérgent oateecan avoid the neearf multi-step chemistry

on a small scale, this oot nature is desirable. However, on a large sitatan
become problematioyhen unavoidable delasybetween material charges may allow
undesired reaction pathways to operate. Care aisgsbe taken wih the charge ordeo

prevent undesired side reactiofesf. Passerini reaction sectidn4.2.]). Due to these
undesired reaction pathways, whiclayralso operate once all materials are charged, the
purity of Ugi reaction products is often poor and crystallisation of the product can
become a pr obl eacylamiaoramides aré odten lhighly aodubldJ A wider
issue of the Ugi reaction is thiew commercial availability of isonitrilé$ and the fact

that only secondary amides can be generdtee@fforts to overcome this, convertible
isonitriles are often used; these can be elaborated further to afford more diverse arrays of
products.The GSKpreparation of GSK221149 using the Ugi reaction is, to the best of
our knowledge, the largest scale Ugi reaction performed to*daieis is surprising

given the many advantages of the Ugi reaction andatgine 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 whichlesults inlower yields and causdlifficulties in product
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isolation. A number of alternatreaction pathways can occur durldgi reactions which

contribute to their low purity profiles.

The Passerini reactithis a related reaction which differs from the Ugi reaction only in
the absnce of an amine. The Passerini reaction proceeglirect attack of the
i sonitrile on t-hogloxpdmitle8Oy aceordingotcSchdmild. itis U

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

Schemel71 Passerini reaction mechanism

The three component Ugi reaction tlee cause ofanother commonly observed Ugi
impurity. Here, water or solvent intercepts the isonitrile instead of the carboxylitoacid
afford U-amino amides. Recently, a two component reachetween isonitriles and
carboylic acids to affordN-formylamides(82) asshown Schemel8), was discovered
by the group of Danishefsky This reaction can also be expected to occur in Ugi

reactions

Schemel81 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 ascctiemistry is discussed further.

1.4.3 Elaboration of the Ugi product to GSK221149

Once the Ugi produc{68) is formed the hydrogenolysis of the benzylic protecting
groups is carried out. Athe CB 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 signficant impurity is generated bgyclisation of the deprotected ianyl glycine
amincgrouponto the amide carbonyl, instead of the ester carb@ulidmel9). This
impurity (83) accounts for 20% of the total produenyd results ira signifcant 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

)

Schemel9i Alternative cyclisation pathway

Stage 3 involves the relatively straightforward cleavage of theidophenylamideia
activation with CDI and hydrolysis. During thesage, epimerisation of the stereocentre

bearing the oxazole grougecurs.

At stage 4, a mixed anhydride is formed from the free acid and pivaloyl chloride;
reaction with morpholine affords the desired am(iele The reaction is carried out at a

low tempeature(-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 expemaivequires specialised

low temperature equipment; it cannot be carried out in general purpose plant which
typically does not have the required cooling capaditye yield of the process is also
unsatisfactorily low at 55%.

Route A has a number of more general drawbacks. Ththesia of the oxazole
aldehyde(65) is difficult resulting in a high costthere is therefore uncertainty in
security of supplyThealdehydg(65) is typically made from the corresponding estier
either reduction of the Weinreb amide wittAIH 4 or dired 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

(@)
NJ)J\ iii) LiAIH4, THF N DIBAL N
74 OMe 74 H 74 OMe
DCM
— T 45 % I & T

55 %

Scheme20 - Synthesis of Oxazole aldehyde 65

Route Aalso 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 largsiscathe
solutions may have reduced stability and are considerably harder toMesagynthetic
routes to GSK221149 athereforeunder investigation in an attempt ¢ocumventthe

problems associated with route A as described above.
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2 Introduction Part 2; New Routes to GSK221149 and

Asymmetric Synthesis
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2 Introduction Part 2; New Routes to GSK221149 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. ¢datessd
adhere to the general principl®f being safe, efficient, economical, environmentally

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

Firstly, and most importantlychemicalprocessesnust be safe to operate. Whilst the
safety of all processes should be thoroughly assessed prior to running on largbescale,
following factors require particular consideratioReactions involving high engy
intermediates such as azidglsould generally be avoide@are should be taken with
reactionswhich have the potential to evolve significant quantities of gas. Processes
which allowa large reactive inventorfyeactants in the reaction vessel, yet to retact)
accumulate sould be avoided. Aprocess whereby a reactive reagent is charged at
elevated temperature and immediately consumed is safer than one in which all reagents
are charge and the mixture is heated to initiate the reaction. Consideration should be
give tothe choice of reagent:na solvents used in the processxic reagents and

solventswith low flashpoints should be substituted where possible.

Of equal importance, pacularly 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 fullyadterised. Impurities
which are genotoximeed to be controlled to very low (parts per million) levels.
Therefore processes used to deliver API need robustly and reliably provide material
which meetghese demandingpecificatiors.

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

consideration should be given to the impact of processing conditions oweltsl cost.
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For example, extremes of temperature can be costly both in termseofaigy required
for heating or cooling and the equipment needed. As a rule, temperatures b&tveen
°C and 140 °C are achievable in general purpose phadditionally, the cost and
availability of the chosen starting materials, reagents, and solveniisl ffeconsidered.

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 processinatdar solventsand heavy
metals require complex waste treatment procedures and so their use should be avoided
as should reagentghich are particularly toxic or harmful to the environment. Extra care
should be taken with processesiethuse or generatehmful gags 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 dficiency can relate to the materials used, the time taken and thpomen
required. Reagent excesses and solvent volumes should be minimised. Time and
material intensive unit operations such asromatography should be avoided;
purifications by crystallisation and aqueous extractions are typically more efficient.
Desiccarg are also generally best avoided; the use of azeotropic distillation is preferred.
A general rule is thatrpcesses should be designed to berapls as possible, utilising

minimal equipment, cheap, simple reageand robust transformations.
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2.2 Retrosynthetic Analysisof GSK221149

With these cosiderations in mindplaming of the synthesis 0fGSK221149began
Retrosynthetic analysis was performed and four disconnections for the final bond
forming step were envisaged. All four disconnections Ivevdhe cleavage of a carbon
heteroatom bond and have known associated forward reactions. Each was assessed

theoretically and some were investigated practically.

Scheme21i Retrosynthetic analysisof GSK221149(5)

Disconnection A had previously been considered as a potential route and was attractive.
Simple amide bond formation is a desirable final synthetic a&tenide couplings are
generdly well understood and thereasbroad range of availkdbreagents for performing

the transformatio> Amidation reactions typically do not produce unwanted by
products that would need to be controlled to low levels. Unfortunately, this strategy was
quickly abandonediue to the difficulties in performing the amidation reaction. Forcing
conditions were reqred 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 investigatia.

Disconnection Bappearedo bea 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 aw#llguiiscontinued as an
option when model chemistfailed to achievaegioselective 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, howevakes no
disconnection of the dikepiperazine ands the sameas that employed in route A, i
known to raise difficulties relating to control of the stereaweatljacent to the oxazole
and due to the highly convergent nature of the Ugi chemistry, it is difficult to envisage a

more expdient synthesis of the precurg@d) 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 &tpthis time it willtake

place ona 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 showi&cheme2?2)
Yo

NS
: o 7 Q % 0
N @ Ny o ) O%/\\N((\O
Q Hoﬂﬁf w oy A

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

Scheme22i Amide bond formation on key amino acid 89
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Precedent for this reaction is found in the work of Séllisho investigatedthis, and
similar targets. Acylation athis type ofnitrogencentrecan be achieved as the reaction
proceeds intramolecularlyia an O-acylated intermediat€d0). Sollis investigated the
formyl at i o+4amimfacids anthanlina acid Bstarsl found that the reaction

using for myl acetic anhydr i-dmenoacaleste@d nsi der
than it wamsinovacid(98) due hoethe Bbsence of this intramolecular acyl
transfer (Scheme23)

92, R=M

93 R=H Phoh o o JOL eh

n,

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

93, 2h, 100%

/?}VN HJ\OJ\ H NXWH
¥ San

Scheme23i For my | a t-ammmacidsfand Esterd

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

focus was shifted to the synthesigtud key amino acid precurs(39).
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2.2.1 Retrosynthetic Analysis of Amino Acid 89

. £

N7 0 MeO
—/ 95 ) (0]
M (\ (o] X N\)
N
’
N/ﬁ( o N o 97
Rom).,,,, o U\
5 U N °
Alkylation Approaches

Oxazole Addition N\) (\O

/ HN/Y \ j)
ray Ej:\( “ E{\C L

98
Strecker Reaction (o) o)
'one carbon synthons'
MeO MeO
(0] 100 NH, 66

or
NH (0] 0] O

\

Acyl anion equivalent

101 102

Reductive Aminations
Scheme24i Retrosynthetic analysis of amino acid9

Retrosynthetic analysis of the key amino acid fragm@@) revealeda number of

potential routes§cheme24).

2.2.2 Alkylation Approach to Amino Acid 89

The project team had previously developed a route based on the alkylation
disconnection. This routeéS€heme25) proceededria benzoyl cyanohydrin formation

from the oxazole aldehyd€65) and hydrolysis to the corresponding carboxylic acid

(104. Ami de coupl i ng an d-hydreyamdetl86whichocoulda f f or c
be converted to the mesylgtEd7) and then used to alkylate benzyhllo-isoeucinate
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(108. Subsequent hydrogenation affordde amino acid(89). This route, with an
overall yield of 18% fromthe oxazole aldehyd€65), was considered too lengthy to
compete with the current Ugi chemistry despite the fact that it consists of effective,
robust and reliable chendl steps Also, due to the stereochemical liability tie
mesylate(107) there is no scope for an asymmetric sysitheand so the maximum
obtainable yield is severely restricteh alternative, more expedient synthesistloé

amino acid89) wasthereforesought.

BzO
N i) CN it) i) N
. CO,H
/O\ /z‘&os /E \ y\ ©
65 o o 1% /40 105
iv) v)
Oj\/ NHz* -OTs
N (\o BnO.__~ (\O (\o
HN N Hma MsQ N\) Vi HQ N\)
-
BnO._~_ O vii) N 5 N
109 o)
-\ 1\
I dS e S
60:40 R:S

i) BzZCN, DABCO, dichloromethang98%: ii) HCI, dioxane, 79%; iii) T3B, NEt;, morpholine, 98%: iv)
LiOH, THF, H,0; v) PrO 86%; vi) MsO, NEg, dichloromethane85%; vii) LiBr, NEt;, MeCN, 60%;
viii) H,, Pd/C,i-PrOH, 53%.

Scheme257 Alkylation route to amino acid 89

2.2.3 Other Approachesto Amino Acid 89

Other approachesuggested bythe retrosynthetic analysis include addition of a

metallated oxazole speci€35) to an imine(96), formedfrom a n -aniido aldehyde and
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D-allo-isoleucine This strategy will be investigated, hitits likely to presenproblems

asthe regioselective metallation of the oxazatehe 4positionis not trivial

A number of Strecketype approaches were also considered; these involve addition of
cyanide toan imine formed betweethe oxazole aldehydé€65) and p-allo-isdeucine
methyl ester(66). Some practical wofR has been performed to investigate this
approach thoughwithout clear successind this area of research has been suspended

pending further results.

An approach worthy of investigation is the addition of acyl anion equivalents sach as
carbamoyl silan€99) to animine (98). The imine is known to be readily forméadthe
initial step in the Ugi reaction utiled in route A. Addition of these types of acyl anion
equivalents is precedented in the literat(fé and is therefore worthy of practical
investigation. Addition to such stealty 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,
MeO.__ -~ o) N0
(0] ! !
(\ N_ N\)
o) \) © 66 o 7 o
N H
-------------------- > _ N\) B TR ~ N\)
N Imine Formation ';‘ Asymmetric Reduction H’;‘/\n/
\ © 102 M : MeO_ _~_ O

eO O
110 111

Scheme261 Proposed reductive amination strategy
By far the most attractive route to the amino acid is stexeoselectiveeductive
amination strategy showabove.(Scheme26) Asymmetric reduction o&nimine (110
could allow theconfigurationof 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, asnib&t expensive
starting materialthe indanyl glycine fragmen{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 saiccess. Bwever, literature examples are limited to much
simpler systems, wit no direct precedent for such highly hindered or sterically
congested substrates as tiN®netheless, this strategppears to bthe most attractive

of those considered and approachehéketoamidg102) were therefore sought.

2.2.5 Approaches to Ketoamidel02

A number of methods for the synthesis of-di@nesa n dketdamides in particulaare
reported in the literatuf®*° but the majority of the methods are unsuitable for this
system due the preferential functionalisation of the oxazole atplosibon. Therefore,

the method described by Wang and-workers® in which Claisen condensation
between a substituted nitrill13) and an estef112) g i v e sketenitrile Which can

be oxidatively c lketcamide@dlldt @20 anfaf faciedongaon U
procedureas showr(Tablel), seemed particularly attractivéd/ang and ceworkers had
demonstratedhat the chemistry tolerated a number of substituents on both the amine
and estefragments The reaction of a number ekters with pyridineN-Me-2-pyrrole

and 4t-Bu-benzene substituentgith aliphatic amino nitriles wadescribed. While the
scope of Wa g 6 s r dmitad, thes successful formation of prodsi¢ll8 119
containing the electron rich heterocych-methyl-pyrrole, inspires someconfidence

that the methodology would be applicable to our systaltowing direct and very

conciseaccess tthe U-ketoamidg(102).

Confidential 32|Page



2. Introduction Part 2; New Roes toGSK22114%nd Asymmetric Synthesis

2
How e s L
112 13 - O 1144120
Product R? R*> % yield
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 -(CHy)s- 40

120 4-t-Bu-benzene Et 66

Table 1 - Results of Wang™*

This methodtbgy was chosen to be investigated and the proposed scheme is. shown
(Scheme27) It wasenvisagedhatimine formation betweethe ketoamide(102) andb-
allo-isdeucine (66) to providean imine (110) would be relatively facilebut that the
asymmetric reduction ofhe imine (110 would be challengingAttention therefore

turned to this asymmetric reaction.

Scheme271 Proposed synthesis of ketoamide 3
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2.3 Asymmetric Synthesis

2.3.1 Chirality

The term chiral is derived from the Gregheir, meaningd h a,mardl & used to describe
the nonsuperimposability of arobject on its mirror image. W object that is not
superimposable upon its mirror image is said tahieal; if an object is superimposable
upon its mirror image it is said to laehiral. Everyday djects which display chirality
can be readilydentifiedast hey have a c éxaenplesinclbdglovdsand ne s s 0 ;
shoesand the left and right hand spiralss&a shellsChemical compounds exhibiting
chirality have the same atoms bonded by the same sequence obhbhdse different
threedimensional structures. This concept is describesgtaseoisomerismPairs of
stereoisomers that are mirror images of anether and are nesuperimposablare said
to be enantiomers® An example ofthis is the analgesic and aiflammatory drug,
Ibuprofen(123).

123a 123b

Enantiomers have identicalhemical and physical propertiewithin an achiral
environment They have the sammelting and boiling points and will have the same
chromatographic retention time on an achiral stationary phase. Their propéfees
significantly, however, when exposed to a chiral environment. Fir$tgy totate the
plane of polarised light in diérent directions. The isomer which rotates the plane of
polarised light to the right is known as the -érRantiomer (or thelextrorotatory
enantiomer) and the isomer which rotates the plane of polarised light to the left is known
as the {)-enantiomer (orthe levorotatory enantiomer).This property has been used

extensively to measure the chiral purity of known sam@esondly, and importantly,
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enantiomers differ in the rate at which they raactandwith, other chiral compounds.
This is the reason thatanyenantiomers cashowvery different biological activities.
Biological systems are, of course, highly chiral environmepéshaps the moavell
known example of thiss flawed morning sickness treatmetttalidomide (124).
Marketed as a racemimixture, the (R)-enantiomer is a relatively safe and effective
antiemetic yetthe (S-enantiomer is teratogeniand has causeskvere birth defectis
many thousands of babi#s.

124a 124b

T h e-blobker popranolol (25 is another compound whose enanticsnexhibitvery
different biological activitiesThe ¢)-sterecisomes h o ws t h locHirg dtivitye d b
useful in the treatment of heart disease whereas thisdmer acts as a contraceptie.

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 highlevels of sterechemicalcontrol is fundamentdo modern synthetic chemistry,

and there are a number of methods for the preparatioenahtiomerically pure

compounds
o/\_/\NJ\ /LN/\_/\O

on Ho on
O | - D

2.3.2 Chiral Molecules by Resdution

The preparation of enantiomericalbyire compounds can be achieved by a number of
metlods. The most classical of #e methods igpreparation of a racemic mixture
followed by separation of the em@amers orresolution The most common method of
resolution is by reaction of the racemic mpduwith an enantiomerically pure

compound to generate a mixture of diastereoisomeBiastereoismers, uhke
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enantiomers, have differeptoperties in an achiral environmégblubility, crystalinity,
chromatographic retention time eter)d caroften be readily separatedAn example of
this isin the original Synte synthesis ofNaproxen(128°° in whicharacemic mixture is
converted to gair of diastereomeric satby reaction with a chiral aminelZ7, N-
methylglucamine). The desired diastereoisomer is less sotutile reaction mediand
crystdlises allowing it to be isolated by filtration. The isolated salt can then be hroken
yielding both enantiomerically pure Naprox€t28 and the chiral aminehich can be
re-cycled This is a particularly efficient exampleof a resolution anduilds on the
method ofPopeand Peachy’’ It employs only 0.5 equalents & the chiral amine;He
remaining 0.5 equalents beinga much cheaper achirataterial. The R)-Naproxeii
achiral base compleis soluble, allowing it to be retainea solution and theK, of the
baseis sufficiently high to promotethe racemisation of the unwanted isomehis

allows yields of oveB5% of the desire(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
Scheme28i Syntex resolution of Naproxer®
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Generallyin resolution processerg-cycling of the unwantednantiomer is not possible
andthe yield is limited to a maximuraf 50%. This losof material can sometimes be
offset by the simplicity and eas#f operability of the procesbut oftenthe loss is
unacceptably highin this casen asymmetric synthesif an enantioenriched produst

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 stereoisomer which contains the requiredetéceo
centreand 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 (section2.3.2, a previous asymmetric synthesis, or more commonly, faom
natural source Compoundsobtained from nature represent a large resource of
enantiopure compounds, particularly sugars, amino atedsenesaind steroidsThese
materials are known ashiral pool materialsand are a collection of cheapeadily
available enatiopure products which can beagsas starting materialsr the synthesis

of other chiral productsA drawback of chiral pool materials that often only a single
enantiomeis cheaply available.

A goodexample of a chiral pool synthesispsovided bythe industrial manufacture of
the sweetener aspartanig29 from (S-phenylalanine methyl estel30) and (S-
aspartic acid431).>® This synthesissi one of the most simptehiral pool syntheses, with
both starting materials containing the required stereochemigtey are simply

combined to provide the product.

Scheme29i Synthesis of Aspartame from chiral pool materials
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Chiral pool syntheses of matesgdhat closely resemble the chiral starting materiaks

in the case aboyare attractive and cost efficienChiral pool syntheselsecome less
attractiveif the desired product is significantly structurally different from available
starting material®r contains stereoisomers not easily available from the chiral jmool
thesecasea, along and costly synthesimay be requiredo provide the desired product
These long synthesesay not compete with a more simple achiral synthesis followed by

resolution.

2.3.4 Chiral Molecules using Chiral Aux iliaries

An alternative method for deriving chirality from the chiral paespite the desired
product differingsignificantly from available materials is to use a chiral pmwhpound

as achiral auxiliary. In this approach ahiral pool material or other cheap chiral
material is temporarily incorporated into the synthesis in order to control the
steeeochemical outcome of a reactionce the desired stereocentre has been formed
the chiral auxiliary cabe rem@ed and often reycled. Howeverdespite the possibility

for re-cycling, goichiometric quantities of the chiral auxiliary are requifed eah
reaction performed and these auxiliaries often contribute significantly to the cost of the
synthesisAn exampl e of a chir al N-tarubutanesulimyly i s
imines for the asymmetric synthesis of amirmssshowrbelow. (Scheme30)*° Here,
condensation ofin enantiomerically pre t-butyl sufinamide(132 with an aldehyde
gives a chiral intermedia(@33) which is used to direct the diastereoselective attack of a

Grignard reagenilhe auxiliary is then cleaved to afford the desired prodiB%)(
0

HJ\/

o O H CHyMgBr O Me
8. s. A > S. dr.=93:7
NH, N 0 N
CuSOy, Et,0/DCM, -48 °C H 134
132 9% 133 o HCI, MeOH
, Vie
&

Me
HZN/'\/

135

Scheme30i E | | malted-sutanesulfinyl chiral auxiliary >
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2.3.5 Chiral Molecules from Chiral Catalysts

Chiral catalysis is perhaps theost efficientmethod of asymmetric synthesist theory,
one molecule of chiral catgt can transfer its stereochemical information to many
thousands of molecules of a prochiral stdist This eliminates the need for
stoichiometric quantities of chiral starting materials or auxiliakasexample of chiral

catalysiscan be foundn Sharpls s & s y nt hhdosker gopmrolol 125€° b

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
Scheme31i Sharpless gnthesis of(S)-(-)-Propranolol®*

Sharpless used catalytic amount of (+liisopropyltartrate DIPT) as the source of
chirality in the asymmetric epoxidation of allyl alcoh@Bg). The resultan{S)-glycidol
(137 is then ring openeth situwith sodium napthoxide (38 to generata diol (139
containing the desired chiralitfhe goxide (140) can then be readily converted &-(
(-)-propranolol (259 in 98%ee
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2.4 Transition Metal C atalysedAsymmetric Hydrogenation

2.4.1 A brief history

Transition metatatlysed asymmetric hydrogenatiasm one of the mostvidely used
and powerful applications of chiral catalysi3he methodology useslean, inexpensive
hydrogen gas and a small amount dfiral catlyst to provide enantioenriched
compounds from prochiral substrates.eaftwith high enantioselectivity and withigh
atom efficiency Hydrogenation is a salle process angroduces little wastat can
thereforebe considered green procesé Significant advances in recent years have also

greatly increased the scope of prochiral substtatgan be efficiently hydrogenated.

Prior to the discovery of chlonas(triphenylphosphinohodium [RhCI(PPh] by
Wilkinson in 1966°2 catalytic hydrogenation had typically focussed on heterogeneous
systems. There are examples of early attempts to employ chiral supports in order to
achieve asymmetric ingtion in heterogeneous catalytic hydrogenatioms the
literature but with only a small number of erptions, enantiomeric excessesreve

low.%

Wil kinsonos d[RhE€IPENY] e thg firdt hsaluble transition metal
hydrogenation catdyst, showed comparable reaction rates to the well known
heterogeneous counterparts of the, emas a landmark event in the fieltNew
opportunities for asymmetric catalysis aregth this discoveryKnowlesproposedhat
replacement of theriphenylphosphindigand o f Wil kinsonbés cataly:
counterpartould provide a chiral catalyst whidould result in asymmetric indtion if

used tocatalyse the hydrogenation of a fmfiral olefin.®®> Knowles initially chose to

replace triphenylphosphine with chirmethylpropylphenylphosphinélydrogenation of
Uphenylacrylic aciq141) in the presence of complexes containing this ligand resulted

in an enantiomeric exces$ 15% Scheme32).
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RhCIL3 * OH
L= Pr (e}

RMe 142, 15% ee.
%oh

Scheme32i Knowl es6 first use of a chiral® ligand in
Despite the relatively modest enantioselectivity, tingundbreaking resufiroved the
principle of homogeneous asymmetric catalysis. Knowles went ooptionise the
monophosphine ligandseries culminating in the use of methylcyclohexy
anisylphosphine (CAMP)144) in the commercial synthesis bfDOPA (146), used in

the treatment of Parkineod s d*® seas e.

H,
WOH [Rh(CAMP),(COD)]
HN HN o
AcO 71/ W/ (88% e.e.)
OMe o) OMe 145
143 CAMP= \

MeO@ 144 o

OH
NH,

HO
OH 146; L-DOPA

Scheme33i MonsantoL-DOPA Procesé®

Knowles had proposedthat a chiral phosphorus atom was required for efficient
asymmetric induction, but this was disproved by Kagaal.in 1971°° Kagan showed
that the bisphosphine DIOP148 deived from (+)}ethyl tartrate could be used
effectively in the hydrogenation ofZj-N-acetylaminocinnamic acidl47) giving an

enantiomeric excesd 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

Scheme34i Kaganés use of® bidentate DI OP

This discovery paved the way fartherresearch intdhe use obther bisphosphines as
ligands for asymmetric hydrogenatioof a variety of substratesAnother landmark
discoverycame in 1980 when Noyori published work on the asymmetric synthesis of
amino acids catalysed by a cationic BINRR(norbornadiene) comple$¢hemess).®’

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

Scheme35i Noyori 6s u%e of BI NAP

BINAP (2,2-bis(diphenylphosphine},1-binaphthyl) (151) is a fully aromatic axially
symmetricC,-chiral diphosphane that exerts strong steric and electronic influences on
transition metal complexes. It is chiral, despite its lack af@rcarbon, due to hindered

rotation around th&inapthyl C(1)C ( 1 6 ). BINAPncdn accommodate a number of
transition metals and it is the highly skewed positions of the twe B®lipswhich

exert the stereochemical ménce upon the substrate. BINAPheing a synthetic
compound, does not suffer from the common mobivith chiral pool materials that

only one isomer is readily availabl&oth isomers aravailablevia resolutionof a
racemic mixtur e, meani ng one chemistry af the en 06d

product simply by choosing the correct ligastdre@asomer.
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After Noyor i 6sheiamliother§d’? werd onste develp a number of
catalyticspeciedased orBINAP. Perhapshe most significanhas beerits usefor the
asymmetric hy dketaestersnas tai [RubBINAP]] cofmplex™ This is
exemplified inthe industrial synthesis of carbapenam antibiofits5 at Takasago
InternationalCo. (Scheme36).”

0O o H OH O
2
)%LOMe [Ru((R)-BINAPJ* /kfkoMe
NH 153 NH 153

0~ "Ph O)\Ph
99% e.e.
94:6 ethryo:threo

Scheme36i Takasago | nternational Co.d6s”synthesis

Asymmetric hydrogenation has continued to receive much interest in the scientific
literaturein 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 iofermediates and products in chemical
synthesis. Their use is widespread throughout the pharmaceutical and agrochemical
industried® and they also find synthetic utility as chiral ligands, auxiliaries and catalysts
Exanplesof importantchiral amine containingompoundsnclude amulosin 156), an

U, 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
crops>’®and ivastigmine 158 a parasympathomimetic agent for the treatment of mild

to moderate dementia due to Al zhei mer 6s
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HoN //? -
S=0 o | N
OMe
_ Cl N
Ye 'S AR
@EOV\N meo. L _ 0
H
OEt 156; Tamulosin 157; Metolachlor 158; Rivastigmine

A number of methodologies for the synthesis of chiral amines are avaiathie@ne of

the most attractivéeingthe hydrogenation of prochiral iminebhe hydrogenation of
imines isoften complicated by number of issues which make high coniers and
selectivitiesmore difficult to achieve than with the hydrogenation of either olefins or
ketones. Firstly, calgst 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 whichmay hydrogenate to give mixtures of enantiomers
Despite this, the field of asymmetric imine hydrogenation is broad and many examples
of reductionswhich exhibit high selectivities and conversiaan be found. To date, a
variety of highly efficient catalyst systems based on iridium, rhodium, titanium,
palladium and rutheniurhave been reporteghd the recent literature has been reviewed

a number of times$”®° The following sections will examine each metal in isolatiyn

highlightinga 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 thiterature®* The first example ofisymmetriciridium

catalysis was described by Osboen al.?%%

in 1990 a number of iridium(IIh
diphogphinemonohydrido complexes [IrL)HI,]. were preparedthat were effective

for the asymmetric reduction of prochiral imas in quantitative conversions and
modeate to good enantioselectivitiéBigure5). Osha n6s wor k | ai d t he

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 51 Iridium(lll) catalysed asymmetric hydrog enation of imines®

The next major milestone imidium catalysis came in 1997 when Pfditznspired by
Crabtreeds work on bidentate?® igentfisdphor us
(phosphanodihydrooxazol@jdium (1) complexes(164, 167) which were effective in

the asymmetric hydrogenation of bdtkalkyl andN-a r vy | i mi nes. Pfaltzéo
air stable crystalline solids that could be readily prepared and were easy to handle.
Quantitative conversions, and sdieties of up to 76%ee were achieved in the
hydrogenation of ketimineg159, 163 (Scheme37). Despite the hydrogenations

typically being grformedat 100 bar, Pfaltobserved very similar enantioselectivities

and yields when the reactions were run under 1 dfahydrogen Intrestingly, no

correlation wabservedoetween the enantioselectivities in the hydrogenations and the
measuredE/Z ratios of the imines.

R. R
N 100 bar H,, 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)
I
N_  PPh,
IF,
e —
164

Scheme371 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 dilutiondsa reaction temperature 6f°C) (Scheme38)

and still achieve excellent conversion and enantioselectivity. This compared favourably
to the best redts reportedup 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

Scheme38i Pf al t z6s optimi s&d reaction condit]

A noteworthy example of theidium catalysted asymetric hydrogenation of iminds

Xiaoand Zhangds use of the c hhinaphahe 169¢% r oc e n
Related to binaphanel§8), f-binaphane contains a highly electron back donating
ferrocene backbonea moietywhich has been used extensivalycatalyst design for a

range ofapplications’’

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

Zhang and Xiacsuggestthere are multiple advantages do f-binaphanecontaining
catalyst system. dfrocene has a low barrier to rotation which gives flexibility and a
larger RM-P bite angle than binaphane. This allow large, sterically demanding
imines to bind. They also suggest that the highly electron donating nature of the

ferrocene enhances-imine complexation by back donatiodhang and Xiao applied
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the catalyst to reduction of a rangeMNphenyl imines(159 170- 174) and observed
significantly increased enantioselectivity wheh=R2,6-dimethylphenyl compared with

R? = Ph, which they attribute to the increased steric demand of the substituent. They
also observed poor enantioselectivities using imines derived freatkyi ketones
(Figure®).

2 mol% [Ir(COD)ClI],

)N: oo perr AT Hj‘\R
R DCM R
Substrate R! R? Conversion (%) ee(%)

159 Ph Ph 100 84
170 Ph 2,6-diMe-Ph 77 >99
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 61 Use of Ir f-binaphane for the asymmetric hydrogenation of imine¥

The group of Zhang has continued to be active in the field and has recently developed a
series of ligandgTangPhos175 DuanPhosl76, DuPhos177); excellent turover
numbers (TONs)were obtained when these ligands were usedhe asymmigic
hydrogenation ofN-aryl imines(Scheme39).?® These high TONSs allovior very low
catalyst loadingsdown t00.01 mol% It also makes them particularly attractive for
industrial applicationsvhere the cost of expensive metals and ligands need to be limited
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A @E
A m

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

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

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

>99% conv.

Scheme39i Very high TONs using DuanPho®

The catalytic asymmetric hydrogenation of imines is often plagued by low catalyst
TONswhichmay be attributetdinding of the product amine to the metal cefitizharg
suggests that highly electralonating and sterically hinderddyands such as these
bisphospholanegl75 - 177) exert a strondrans effect and thugavour releasef the

amine productrom the catalyst.

Probably the most well known example ofidium catalysed hydrogenatiorand
arguably the most importantis the stereoselective synthesis of the herbicide
metolachlor {83). The sythesisuses theelectron rich ferrocene containing xyliphos
ligand (181) which allows for exceptionally high TON up to10°. (Schemet0)®°

80 atm H,, Ir Xyliphos \)1
B — C|
y o\)N'\ H,SO4/l,, 50 °C y O\i""\ - y O\/""\
e e e
S/C >1,000,000

180 182; 79% ee. 183; Metolachlor

>:P(Xyl)z
= ~PPh,

FFe
C£> 181; Xyliphos

Scheme40i Enantioselective gnthesis of metolachlor®

This extremely low catalyst loading is important as the compound is rdqinre

quantitiesof >10,000 tons per yeand the cost would quickly become prohibitive if
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large quantitiesvere required In this case, enantioselectivity can be sacrifiéed
catalyst activitysince the(R)-enantiomer retains some modest herbicidavigti The
reaction rate islsoimportant for such a high tonnage product as cycle times need to be

minimised in order to provide the reqed volume.

2.4.2.2 Rhodium Based Catalysts

Chiral rhodiumcatalysts have reted less attention than theridium counterparts over
the past two decadedut there are some noteworthy examples to be found in the
literature Particularlyusing diphosphines and other chiral ligands Wwhiave proved

successfuin iridium catalysis.

Zhanghas shown thaa rhodium catalys basedon the TangPhos 176) ligand can be
used to successfully hydrogenate a seriesl-af r y-iinolgsterg184- 189 with high
enantioselectivityFigure 7).°* This reactiorprovides a usefudynthetic method for the
synthesis of aryl glycine derivativessince thepara-methoxyphenyl(PMP) nitrogen

substituent can be readily cleaved.

Confidential 49|Page



2. Introduction Part 2; New Roes toGSK22114%nd Asymmetric Synthesis

PMP

N~ {Rh[{S,S,R,R,)-TangPhos](COD)}BF,

1 mol%

| 2
1 OR
R)ﬁf
50 atm H,, DCM, 50 °C

O

_PMP

Substrate R!

R? Conversion(%) ee(%)

184 Ph

185 3-F-Ph

Me

Me

186 3-MeO-Ph Me

187 2-naphthyl  Me

188 Ph

Et

189 Cyclohexyl Me

>99

>95

>99

>99

>95

84

95

94

93

91

84

94

Figure7T Rh TangPhos

catalysed -mmoyesteng't ric reducti

I n additi oangPhas ligandsa Rhadtayst Based on a Josiphome ligand

(192 has been used to enantioselectivly hydrogenate a highly functionalised imine

(present as an interconverting mixture of imine and enamm@part of the synthesis of

an HIV integrase inhibitor(194) (Scheme41).% The protocol hadeen performed on

500 g scale and demonstrates the appilita of such reductions tdarger scale

synthesis of pharmaceuticals.
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o)
oM oM oM
N : [Rh(COD)Cl,/192] N : N :
=¢ N " 6 atm. H,, TFE, 50 °C ] N " o N "
N fo) aim. Ho, y /NH fo) o

N

191
F F

193 \ @) 194
F P,t'BU @ 90% ee.
tBu- 7/@P 3
Fe

192 @C/o

Scheme4li Enatioselective imine reduction as part ofthe synthesis oHIV integrase inhibitor
194

2.4.2.3 Titanium and Palladium Based Catalysts

In 1993 Buchwald discovereda chiral titanocene catalys®® derived from
Brintz i n g eansatitarocene comple¥X. The catalyst demonstrated remarkable
selectivity in the hydrogenation ®-alkyl imines (195 - 197) and particularly cyclic
imines.Lower selectivity was observddr their acyclic counterpartshis is likelyto be
due to interconversion betweé&nand Z-isomers possible with acyclic imingsut 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

-5 2

woTinX o XX= e

K& o
oo € ¢

Scheme42i Use of Buchwalds titanocene catalyst

62 - 93%, 53-92% ee.

J
9
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Palladium catalysed hydrogenation of imines has been largely restricted to the
investigation of activated imines such as fsyl derivatie (200) exemplfied below
(Scheme4d).®® Examples are limited to these subtes as e tosylgroup is beneficial

in two ways. frstly, N-tosyl iminesare relatively stable and can be prepared exclusively
as theE-isomer?’ Semndly, the electron withdrawing nae of they tosyl group reduces

the inhibitory effect of th@amineproduct 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.

Scheme43i Hydrogenation of N-tosyl iminescatalysed by Palladiuni®

2.4.2.4 Ruthenium Based Catalysts

Ruthenium is the second most wigdereported metal used in the asymmetric
hydrogenation of imineafter ridium. Many of the catalysts used are those derived from
N o y o semidaswork into the asymmetric hydrogenation of ketoffeS.There area
few examples of the use &fo y o r* geheyatiatratalysts of the type [RWKBINAP)]

in the literaturethose which can be fourade described belaw

In 1990,0ppolzeret al'® discovered a highly enantioselective reduction of a cytlic
sulfonyl imine (202) catalysed by the *1generationcomplex [RUCL(BINAP)]»(NEts)
(Schemed4). The work was groundbreaking in that catalysts of this type had not been
applied to the hydrogenation of iminesjtleer product enantiomer could be readily
formed in higheeby 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.

Scheme44i Op po | z er 6 &genestonNoyori @mmplex for asymmetric imine reductiort®
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Subsequently, Charetfeshowedthata similarrutheniumbasedcatalyst could beised
to achievethe hydrogenation ofacyclic N-tosyl imines(200, 204 - 209 in moderate
yields and enantioselctivitieEigure8).

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

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

Figure8i Ch ar et t e[Ru$R)-BINA®(OAC),] in the hydrogenation of acyclic imine&’

The majority ofrutheniumcatalysed imine hydrogenationsufal in the literature use
No y o rigéneratién catalysts of the tyfiRuX »(diphosphine)(diaming) exemplified
by RUCL((S)-Tol-BINAP)((S9-DPEN) (210).2°* These catalystarehighly effective in
the hydrogenation oprochiral ketonesThe addition of a chiral diaminallowed
substratesvhich lackeda secondaryheteoatomcapable ofanchoring to the Ru metal
centr to be hydrogenated. This waslimitation of the I gereration catalysts The
diamine ligandalso allowed theselective hydrogenation of carbonyl groups the

presence of olefin¥,
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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.n 2001, Morriset al'°> demonstratedhe applicationof the RuHCI((S)-
BINAP)((SS-DACH) catalyst 211) to the reduction of a number Nfaryl andN-alkyl
imines(159, 163 213), obtainingthe correspndingmines in up to 70%e

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.

Scheme45i Mo r r UsedflRUHCI((S)-BINAP)((S,S)yDACH) (211)%2

Cobley et al’®

expandedhis work by undertaking a thorough investigation into the
combination of chiral phosphine, amine and imine substrate, and although they found it
difficult to predict he best diphosphine/diamine combination for any particular
substrate, they were able toemdify conditions which gave complete conversion and

92%eein the hydrogenation df-(1-phenylethylidene)anilinél59).

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

Scheme46i Col ey 6s asymmet r iNgl-phepydethyideeejaailind (169> o f
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More recent work into these catalytic systeimass focussed on the disewy of
alternative diphosphinkgands in attempts to increase reactivity and selectivity. Jackson
andLennort® described the synthesis of 1h&(2,5diphenylphospholano) ligands BPE
(216 and BPM 215 and theirapplication to the hydrogenation of a number of model

imines(159 163 with excellent conversiomut moderatenanticelectivity.

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.

Scheme471 Asymmetric hydrogenation of imines catalysed by Ru BPM complex

The most recent developmemsthe fied of asymmetie hydrogenation of imines using
rutheniumcatalystscomes from the group of Farf Fan has investigated a number of
phosphine free Ru diamine catalysts exemplifiedMBDPEN (N-(methanesulfony})
1,2-diphenykthylenediamineZ17)).

| 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 ®7/%ee (225 R =2-
thiopheneFigure9).
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1 mol% [Ru(p-Cymene((S,S)-MsDPEN)]BArF

1.1 eq (Boc),0O R2
> BocN~
50 atm. Hy, 40 °C 1
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

Figure9i Fanoés use of phosphin® free Ru

di amin

In addition, he effectiveness of the catalyst was demonstrated by lowering the loading

to just 0.05 mi% and achieveing complete hydrogenation of Mienzylimire of

acetophenond163 in 89% ee Fan alsodemonstrated the synthetic utility of the

methodology in theysthesis of the antidepressaattsaline £28).
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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.

Scheme48i Synthesis of srtraline hydrochloride %

This review has showthatthere are a wide variety of hydrogenation catalysised on

a numter of metals which can be applied to the asymmetric hydrogenation of imines.
However, a number of challenges remaiartigularly in the hydrogenation dd-alkyl
imines and those which can readily interconvert between theaind Z-isomers. In
addition, catalyst systems often suffer from product inhibition due to competitive
binding of the product amineThis means that, whilst theoretically possible,
developmenf an asymmetric reductive amination route to GSK221149 could prove

challenging.
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2.5 Research Objectives

Preterm labour is the cause of 500,0@08ant deaths per year arallack of effective
current treatments mearthatan efficacous oxytocin antagonistould fill significant
unmet medical need. GSK has developagitacin agonist GSK22114%%), which is
currentlyawaitingPhase ll clinical trials. New synthetic routes to GSK221148pable
of providing material for long term toxicologgnd ultimatelymanufacture are required
to overcomassues withthe current route. Any new route developed will need to provide
API within specificatiorand at lower cost than the current Ugi chemistiyeprocesses
developedon a new routeshould be robust and scaleabRetrosynthetic analysief
GSK221149was performed generatinga number b potential avenues of research;
surveying the literaturallowed prioritisation of the strategieshd following synthetic
scheme was dsen as the start point foew route invetggation. The route provides an
opportunity tocontrol absolute configurationia asymmetric reduction and will give a
number of isolable intermediates which are not accesg#étlée current route.
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NH, »7
\(N])k e Roﬁr““j/ "D
84 i) Base (@] O . - e}
o, N i) Oxidant N\) o 86 RZMe (\
_______________ . N 108; R = Bn N
/~ \ 74 \</ I --------------- > N~

N © © 102 RO\I\“‘" © 110;R=Me
c‘) 229.R = Bn

Raghe o 03 N
Tudoion ol ¢ 2
CBzHN N 430 NHCBZ HN/:\H/N y /\H/N\)
\[ x 5\ D R HO__ ) R RO
l . | 89 i

e
o 109; R =Bn

z

111; R =Me

Bl 5; GSK221149

Scheme49 - Proposed new route to GSK221149

A number of challengesre envisaged duringhe forthcoming work. fie Claisen
condensation and oxidation reaction to genetag ketoamide (102) has limited
precedentlt is known thathe corespondingxazolealdehydg65) is unstableand such
instability may al s o -dmaoketona. Gaeefult considetattonst h e
of the oxidant and oxidation conditions will also be required to ensure that a sufficiently
safe process can be @doped to allow use in large scale plafhe most significant
challengeis thedevelopment of asymmetric imine reduction conditions to provide the
desired amino aci¢B9). There is little precedent for this transformatmm such highly
functionalised and sterically hindered substratgst asymmetric reduction will be
crucial in generatingnaterialin a sufficiently high yieldfor the route to compete with

the existing Ugi chemistry. More generally, API produgedany rew route developed

will have to meet astringent purity specification. Meeting this specification may be
particularly difficult as impurities tend to be specifio individual synthetic routes.
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Tolerance of impurities commonly observedARI produced bythe existing chemistry

will be higher since toxicological studies have been performed thith material
Impurities which have not previously been observed will have to be controlled to very
low levels due to a lack of toxicological information. Finalllge tUgi chemistry has
been well developed over a number of yeard despite the issues associated with this
chemistry, it may be difficulfor a new route to compete in terms of cost of goods,
purity and manufacturability.
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3 Results and DiscussiofPart 1; A New Routeto GSK221149
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3 Results and Discussion Part 1A New Routeto GSK221149

3.1 Ketoamide Synthesis

o)
121 o o NaOCl o o
%N]AOMe N N\) - . N N\/‘
o NaHMDS — THF — ]
84 THF (@] ﬁ% 122 o) O 102

N

Schemeb0i Synthesis of ketoamidel 02

The first stage in the proposed new route towards GSK221149 is the synthéss of
ketoamide(102). Literature precedenn the form of onepot Claisen condensation and
oxidative nitrile cleavage as described by WAngas chosen ashé start point for
investigatios. Wa n g 0 s ¢ overed inittally cappbed to the oxazolémorpholine
system §cheme50); addition of NaHMDS resulted in formation dhe intermediate
nitrile (122) as observed by LCMSHowever, on addition ofsodium hypochlorite
solution, complete conversion tilie corresponding carboxylacid(231), rather tharthe
desired ketoamid€102) was observedScheme51). The letcamide (102) was only
observed transientlyy LCMS during the oxidationlt is postulated that further reaction
of theketoamic is the cause of this undesired produdhichprompted us to ponder the
nature of the mechanism of both the desired oxidation reactwhthat ofthe over

oxidationpathway

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

Scheme51i Over oxidation of ketoamide102

3.1.1 Mechanism of Ketonitrile Oxidation

The mechanism of 1;8ione formation fromthe ketonitrile intermediate(122) is

unknown, with Wang suggesting only that the reaction may progaecyanohydrin
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Two quite differentpathways for the formation afyanohydrins fronthe 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

Scheme521 Oxidation of ketonitrile 122 via cyanohydrin formation

The first involvesnucle@hilic attack at the ketone carbonyl bByhypochlorite anion.
Proton trasfervia solvent then enables epoxide formation which can undergo scission
resulting in oxygen transfer and cyanohydrin formation. Loss of cyanide geniates
ketoamidg102) (Schemeb3).

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

Scheme531 Nuclegphilic oxidation mechanism

The main issues arising frothis mechanism are the ionization statelef ketonitrile
(122) and the status ofhe epoxide (235. The reaction is carried out under basic

conditions, so it may be thtte ketonitrileis present ags enolate(239) (Schemeb4).

Schemeb4i Resonance forms othe conjugate base oketonitrile 122
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The pK, of the ketonitrile (122) is unknown but related related -8xo-3-
phenylpropanenitril€241) has a measured pko f 10.2 in DMSO:- The |
donor dialkylamino group may raise the pHKut it would appear thahe ketonitrile

(122) would remain quite acididgure10).*°®

(0]
-N
c*
HH 24
pK, 10.2

Figure 107 pK, of 3-oxo-3-propanenitrile 241

Aqueous pKs are often ~3 units lower than those in DMSO. (¢GN, (pKs)omso =
12.9, (PK)n,0 = 9.4)* and saheketonitrile (122) should be significantly ionized under

our conditions. The presence of a sigraht amount of enolate will disfauo the
nucleghilic addition ofhypochlorite anion. An alternative mechanism which uses the
enolate is shown belowS¢heme55). The oxidationof enolates by hypochloritand

related species i® known process. For exampléiet haloform reactidi’'%® uses
hypochlorite, hypobromite or iodine tixidize and cleave methykkones to carboxylic
acids,while the Rubottom reactioff®®0 x i di ses si | fydroxg kemhes et her
using mCPBA, and the oxidation of enolates with TMS peroxidis also well

established!?

H
"0 (0]
G o
N N
~ P — ﬁ L
© )ﬁ 242 (6 /)
Schemeb5i Electrophilic oxidation mechanism

3.1.2 Mechanism of Oxidative Cleavage of 1;2liones

A number of mechanisms have been proposedteroxidative cleavage of 1,2
diones™?* Of these, he two most commoareBaeyerVilliger type reaction involving

migration of the amide carbonynd epoxide formatioand opening Both these over
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oxidation mechanisms proceeda initial attack of a nucleopli oxidantfollowed by
anhydrideformation(Schemeb6).

Baeyer-Villiger mechanism

(O ﬁo CD
N N\) o ¢ (0] o 0 Hydrolysis 7
\%m — NQ’ C() I\Q —L</Nj)kOJ\N y_li\(N])J\OH
o 102 —~ | o | T L_o 242 O~ 230
O

o 5 o 233

Epoxide mechanism

N Q O @ \j‘/
- S e

o— /O 102 C-0J N 0 NCO
- QD 233 0TS e

Schemes6i1 Over-oxidation mechanisms

Thoughthe amide migratiomooks questionablas the key step in the Baeyéitliger

11> used 0 labeling technique to show this was the

type mechani®, Footeet a
predominat pathway in the related oxidative cleavael,2-benzoquinong244). The
absence of labkdd oxygen in any of the methyl es{@60 formed on quench proving

thatthe epoxide mechanism was not the predominant pathway.

Baeyer-Villiger mechanism

18
CEO 18/0_ 1800_OH C?(;s Ho’Me = OMe
oo T RN T K qfoH
244 O 245 O 246 O 247
Epoxide mechanism
O oy 185°0OH 185°OH 180 1°0
<:E 18 O - = o —— @O _— - o Ho’Me_> - OMe
5 o - x ~_T—OH
244 O 245 O 248 O 249 O 250

Scheme57i 'O labeling in the oxdative cleavage of,2-benzoquinone

3.1.3 Application of Mechanistic Understanding to the Oxidation

Working on tle hypothesis that the desiredrile cleavage oxidatiorrould occur by
either a nucleophc or electrophiic oxidation mechanismbut that the oveoxidation

can only proceedvia nucleghilic attack it was proposedthat reducing the
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nucleophlicity of the oxidant mayreduce the propensity for owvexidation of the
system In order to test this, guantity ofthe intermediate ketonitril€122 p 62) was
isolatedby columnchromatographyand was used to screen engeof oxidants. The
oxidants chosen were based on a number of the more readily available reagents used by
the group of Wangn later paper$'®*’ Oxidations were performeth THF with or

without NaHMDS (tosimulate a ongot reaction) and with sodium hydroxide in water.

Entry Base Equivs Solvent Oxidant Equivs 102 @o 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

PeracetiAcid (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
8 None THE Perace;[inc :\Cc(i)dH()SZ% wiwn 5 18
9 NaOH(aq) 1.2 Water Bleach (15% wt soln) 2 67

Table 21 Effect of varying oxidant and conditions

The results appear to indicate thia reaction is disfavoured by the mese of enolate

and electrophit oxidants and thatnucleophilic attack on the ketone is taking plaidee
reactions showing significamroductformedfrom NaHMDSderived enolate are those
which have been acidified by peracid oxidants (entries 2 &) the concentration of
enolatein these reactionsay be assumed to be lowm addition, theslectrophilic TMS
peroxide generated no praduThe 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 NaOHNnd water as at those pHghe concentration of enolate is
low, whereasn entry onewherethe ketonitrile (122) is expected to exist primarily as
the enolate, low conversion the ketoamide(102) was observedThis would suggest

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

Further work on this reactidtf suggests that the peak area of produchéreaction is
primarily dependet on the pH of the oxidatioreacton, due to differing stabilities of
starting material and produdthe ketonitrile (122) is unstable at pH <&nd ketoamid&

is unstable at pH >%herefore a narrow window exists where reaction can take place.
The most simple explanation of the aboveulssis 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 geamhere reaction can take place.

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

N
(¢}
1

N
o
1

—@—Ketonitrile (122)

Concentration (mg mL1)
H
(6)}

10 - ——Ketoamide (102)
5 -
0 =1 T T T T T T T T T T T T 1

0 5 10 15

pH
Figure 1117 Stability of ketonitrile 122and ketoamide102vs pH '*?

Due to the dficulty in isolating the highly water solublantermediate nitrile, it was
decided tdfurtherinvestigate a onpot procedure using peracid as oxidanPeracetic

acid was chosen for further investigatias it offeredpractical advantages oven
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 attempiat isolation of the ketoamide(102) resulted in ayield of 20% after
column chromatographyrhis result was somewhat disappointing given that the major
component visible by HPLC was the desired product at over &@%ore thorough
reaction investigation usingasadardisedamplingclearly siowed loss of produgieak
areaover time More startlingly, loss of product was obsenaite the samples had
been quenched into dilute sodium sulfite solutitwe standardsample preparatioprior

to HPLC(Figurel?2).

250
240 -
<230 ©
< 220 -
3 200 -
$ 180 -
& 170 - ° o®
160 -
150 . . . .
0 20 40 60 80

Analysis Delay (min)

Figure 121 Peak area vs analysis delay

Sodium thiosulfate solution proved to benaresuitable alternative quenctine product

wasmorestableunder these conditions

290 +
270 -
250
230 -

210 -
190 - —— Thiosulfate

—&— Sulfite

Peak area product (mAu)

170 -

50+
0 50 100 150

Time (min)

Figure 131 Sample stabillity
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Brief optimisation of the reaction conditions which the temperatureas loweredo 0
°C, and the amount of peracetic asudsraised to 2.1%quiv,, gave areduction inthe
levels ofa number of impurities. The primary impurity wstdl the oxazole acid231),

butthis wasreadily removed by hasic aqueous wotlp.

Beforescale up, two important safety poimtgeretaken into consideration. istly, all of

the excess oxidant auld neel to beeffectively quenchegbrior to evaporationSodium
thiosulfate isa commonmild redudng agentand it was anticipated that there would be

no issue with destruction of the excessauatic acid. Indeedhis was quickly proved

by testingthe quenchedeaction mixturewith Merckoquant smi-quantitative peroxide
test.Secondly, due to the potential for cyanide generatiomg the oxidative cleavage

the absence of cyanide needed to be confirmeds believed that cyanidéberated
during theoxidative cleavage reactiois quickly oxidized This is supported by the
requirement of 2equiv. of peraceticacid to ensure complete reactioihe cyanide
oxidation closely mirrors that described byayne'*® However, aplication of the
Merckoquant semguantitative cyanide test yieldedpasitive result on the quenched
reaction mixture. Veshing the organic fhase with a saturated aqueoussodium
bicarbonate solution did not show reduction in the cyanide levels detedtieth
suggested that free cyanid@as not presentt is hypothesised that cyanide reacts with
the ketoamide(102) to form a cyanohydrin whichan 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 nhclude added safety precautioithe readbn was scaled up successfully
provide 7.7g product(102) in 32%from the oxazole estéB4). (Scheme8)

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

84 THF || 102; 32%

Schemes8i Synthesis of ketoamidel 02
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The reaction optimisatiordescribed in this sectiomas allowed a process to be
developed which isuitable for the preparation of small quantities of material in order to
investigate the sbequent transformations of the proposed new rott@wever, a
number of limitations remain which would need to belradsed 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, theysafietthe highly
exothermic, cyanide liberating oxidation reaction would need to be studied in detail to
ensure it could be performed saf@lypilot plant and manufacturing equipmenmhirdly,

the yield would need to be improved in order for the procelse exonomically viable.
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3.2 Imine Formation

The exploration of thereductive amination as showitcheme59) began wih an
investigation of the iminéorming step Due to the instability of imines under aqueous
acidic conditions and theonsequendlifficulty in monitoring reactions by standard TFA
modified HPLCmethodsit was decided to monitor imine formation by quenching small
portions of the reaction mixture into an excess of wodborohydride in methanol.
Based onthe assumption that the imin@10) would readily reduce under these
conditions,its presence could be inferred by observatiorthef corresponding amine
(111). The presence dhe unreacted ketongl02) could be inferred by observation of
the corresponding alcohaind it wasconfirmed that reductionof 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 .
N(\ NH, 66 “N o Reduction “"NH o
7Y I ]
o l O 102 Imine formation \</N N\) \</N N\)
o) I O 110 o) I o 1M1

Scheme5971 Reductive amination

3.2.1 1,4-Addition to the Oxazole

Initial attempts to formthe imine (110) were made using molecular sieves &l
dehydratiorand drive the equilibriunto product These initial attempts failedue to the
rapid formation ofa ring opened specig252) (Scheme60). Confirmation of the
product structure was obtained usitt) and HMBC NMR analysis whichshowedan
upfield shift of proton 1 from 8.37 ppm to 6.97 ppm, indicative tdss ofaromaticity
and also showedJcy connectivitybetween proton 1 and carbon 2. HRMS provided
evidence of molecular formula. postulated mechanism fdine formation of the ring

opened acetamid@52) via 1,4-addition and ring opening given (Schemes0)
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Cs
H o) 0 o} o)
o WP G E A PP
MeO /\o\%( N ST —>\g e
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(@] 66 fe) : H
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Scheme60i Mechanism for the formation of 252

In a mixture of MeOH/THF under basic conditiotise acetamidg252) was formed to
75% a/aafter 18hours. Fbwever, the reaction was much slower in THF alonghén
absence of added badlee ketoamide(102) did not react with methyb-allo-isoleucinate
(66).

Solvent Base % al/a252after 18h
MeOH/THF 1.5equivNEt; 75%
THF 1.5equivNEt; 10%
MeOH None 0%
THF None 0%

Table 37 Formation of acetamide 252

The observation of this unexpected product, particularly given thevatsavhich it
formed was significant. On further investigation in the literafuhe work of Cornforth
et al.** providsa precedenfor the reactiorin the hydrolysis ofan oxazole(253) with
agueous potassium hydroxidechemes1). This, coupled with the empirical data, meant

alternative reaction conditions were required for the formatidheifnine (110).

o o o o
on N‘g\/{NHz KOH(aq) Ph HN~§j(NH2
NG \—< H
O 253 00 254

Scheme61i Hydrolysis of oxazole253'%°
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3.2.2 Investigation into Model Systems

It was decided to use a model syst@mrderto investigatemine formation without the
complicationof 1,4-addition to the oxazoleThis would allow arunderstanding of the
factors inportant inimine formation and the knowledge gained could then be applied to
the real systenlt was decidedo usea phenyl derivativg256) as the model system as
methyl benzoat€255 was readily available and the phesybstituentvas notexpected

to undergo 1,4ddition.

The optimigd conditions developed for formation tbk oxazole derivativg102) were
used to synthesigbe phenyl ketoamid@56) (Schemes2).

i) NaHMDS, THE ii) AcOOH, THF, 0 °C.
Scheme62i Synthesis of phenyl ketoamid56

The Claisen condensation reaction proceeded quantitatively without the darkettireg of
reaction mixturethat occured with the oxazole methyl este(84). Moreover, the
reaction profile wascleaner demonstrating the increasguopensityof the oxazole
systemto undergo side reaction®xidative cleavage of the nitrile again proceeded
smoothly with the primary impurity being benzoic admtmedpresumablyia an over
oxidation pathway analogoue theformation ofthe oxazoleacid (231) (Schemes6).
The yield of this reaction wasnot representative of the ease withhich the
transformation wasarried out compared witthe oxazole substrate. This whse b the
difficulty of separating the benzoic acid-pyoduct from thghenylketoamide(256) by
caumn chromatographyPresumably, including simple basic wash wouichprove the

yield significantly a procedure which could be included in furthexparations
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3.2.2.1 Imine Formation with Phenyl Ketoamide 256

Reaction was attempted usitige model phenylketoamid@56) and methylp-allo-
isoleucinate(66) as showrn(Schemes3).

\/\i O~__OMe
Y OMe E-Z mixture
O (0] = "

NH, 66 “N o
N \) | N \)
o 20°C
256 Solvent

O 257

Scheme63 - Imine formation with phenyl ketoamide 256

Imine formation was attempted under a range of condit{@able 4), but the imine
(257) could not be detected anyof thereactiors. Quenching the reactions wikaBH,

led to theformationof a hydroxyamidg(258) in each case.
(0] O i) NaBH OH (@]
w@ _NeBH S

Scheme64i Reduction of ketoamide to givehydroxyamide 258

" 4A Molecular % Conversion to
Solvent Additive

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

Table 41 Imine formation with phenyl ketoamide 256

The model was further simplified by using benzylamine instead of the sterically
encumberednethylisdeucinate(Schemes5). Theprimary goal was to confirm that the

reaction monitoring system of quenching into sodium borohydride was valid.
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: ] NaBH,
o @ LT N NH (0
Y0 . o (L
PhMe Reflux
O 256 O 25 O 260

Scheme651 Reductive amination with phenyl ketoamide256and benzylamine

Mild conditions were explored in the first instance; carrying out the reaction in
dichloromethanen the presence of MgSQGas both Lewis acid and dehydrating agent
failed to deliver the iming€259. Under nore forcing condibns (efluxing toluene with

10 mol% p-TSA) the imine was formedand reduceduccessfullyto give theamine
(2600 upon quench with sodium borohydrid8rief assessment of the reduction
conditions showed thaie ketone (256) and the benzyl imine (260 were reduced

rapidlyto the corresponding alcohol and amine.

Unfortunately, reaction wasnot observedwhen these conditions were appliedthe
phenylketoamidg256) with methyl p-allo-isoleucinate (66), presumably due to the
increasedsteric hindranceof the methyl p-allo-isoleucinate and lower nucleopglicity

because of the electramthdrawingalkoxycarbonyl group

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

Scheme661 Imine formation with phenyl ketoamide 256
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Work by the groups oBarney and Gamblsuggested that iminesgere difficult to form
from hindered amines and ketoffés??and thathe addition ofa strong Lewis acidand
dehydrating agentay be essentiato achiee the desired transformatidf®'?* The
work of Brunelet d.'*>*?®also showedhat minimal 1,4addition was obsered when
forming i mbunsamrated ketomes Buch agfuran2-yl)ethanone and -4
phenylbut3-en-2-onewith Ti(IV) reagentsThe work of Heniret al*?” alsoshowed the

absence of conjugate addition when forming imines usingfmsaturated ketong261)
with TiCl4 (Schemes?).

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

=
261 65%

Scheme67i Using TiCl,t o form i mbnessasung?y d ketones

A screen of readily availableelwis acids of differing strengths was performad
attempt to begin to majhe required reactivityReaction in refluxing toluendollowed
by quencing with NaBH, in MeOH, gave multiple products in all reactigrientatively

assignedfrom the ion massgss the structuresbelow (256, 258 263 264) (Scheme
68).

Os__OH
o o "“"NH
: 0 N o
\/\E)J\OMG ©)Jj)( 256 N\)
0 Nﬁo KH, 66 O 263
N OH o) NH o
(j)J\(’)r 256 I)Ilg’ivl\\;:z,A;Ie?‘l,ux '\Q ’ I\Q
ii) NaBH,, MeOH O sg O 264

Scheme68i Reaction products of reductive amination
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Lewis Acid 256(% a/a) 258(% al/a) 264(% al/a) 263(% a/a)

AICI 5 17.3 58.5 8.7 15.9
ZnCl, 10.9 82.0 1.8 5.3
TiCl 4 1.2 0 68.2 30.6
Ti(OEt) 4 83.8 6.4 1.7 7.9

Table 57 Effects of varying Lewis acid on reaction products

The observation of small amountstbéamino acid263) was encouraging and implied
that the desired iminevas beingformed and reducedeffectively. Ester hydrolysis,
presumably facilitated by Ti¢ghndeithervia the acid chlorider by direct attack on the
methyl group, suggestthat the conditions are too harsiMore worryng was the
obsenation of a species which appeatedethe amino amidé264). This speciesould
potentially be formediia tautomerismof the imine intoconjugation with theesterand
hydrolysis (Scheme69). Formation of this compound alertags to the possibility of
scrambling of theisdeucine stereocentreand was something which neededlose
monitoring The presence ofhe hydroxyamide(258 was expectedand arisedfrom
reduction ofthe unreacted keton€256). The presence dhe ketoneitself (256) was
more surprisindpecause reduction would be expect&dalysis of the reaction mixtures
by proton NMRfailed to shed anyurtherlight.

Scheme69i Mechanism for the formation of amino amide264

As TiCl, was successful in effecting the imine formatianimited solventscreen was

performed withthe reactive Lewis @d and only minor differences were observed
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(Table6). Approximatelyl:1 mixtures otthe ketone(256) andthe hydroxyamide(258)
were seen (onquench with excess NaBHafter addition of 0.5equiv TiCl, but this
increased to around 3:1 after addition of a furthere@&iv. 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 61 Solvent screen for imine formationwith model ketoamide256

One of the drawbacks associated with the current strategy of reaction investigation is the
assumptiorthat imine reduction occurs immediately when a sample is quenched with
NaBH,. Ideally, a method of observing the imine directly would be preferred. Proton
NMR was ineffective due to the number of components within the reactigture.
Application of ahigh-pH LCMS method using an ammonidsicarbonate buffer at pH

10 enabled us to observe the imine. It showed us that the speusesvedas the
ketoamide(256) was in factthe desired imine(257). Crucially, this showedhat our
assumption that the imingould be reducedapidly wasincorrect Research by Banik

and coeworkers confirmed that reduction of sterically hindered imines with sodium

borohydride wasnore difficultthan anticipated?®

The real system could now be-egaminedwith a significantly improved method of
reaction monitoring availabl@and conditiongo give conversionto the desired iminen
hand
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3.2.3 Imine Formation with Ketoamide 3

Using this newly discovered analytical method and thenglyd_ewis acidic conditions
thereaction time course of imine formatianth the oxazole deriveslystem was studied
(Schemer O, Figure14). Thedesired iming110) was observeds a mixture oE-andZ-
diasteresomers (110ab) by LCMS (Method C) However, relatively rapid decay of
this desired produdb the 1,4-addition produc{252) occurred due tthereversbility of

the imine formatior(Figure14).

o} o
. -Z mixture
Q ﬁo : 9 TiCl, N o | o

o} NH % o~

Scheme707 Imine formation of oxazole ketoamide

100 pe
90 -

—8— Ketoamide 10:

—— Acetamide 25:
E-Imine 110b

—a—Z-Imine 110a

%ala

0 100 200 300 400
Time (min)

Figure 141 Reaction profile of imine formation

The desired imine appears to be the kinetic product thighundesired 1,4ddition
product acetamide(252) the thermodynamic sinkAttempted reduction of this imine
with sodium borohydridevas unsuccessful amtbnfirmed the difficulties in reducing

such hndered systems
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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 tahe 1,4-addition produci{252 more slowly so the reaction temperature

was reduced tprolong is lifespan(Figurel15).

100
90 -
80 -
70 -
60 - —8— Ketoamide 10:
50 - —— Acetamide 25:
40 - E-Imine 110b

30 1 —a— Z-lmine 110a
20 -

10 +
0

%ala

0 50 100 150 200

Time (min)

Figure 1571 Reaction profile of imine formation at 0 °C

It was surprisinghat complete consumption tife ketoamide(102) was not observed;
only 0.5 equiv of TiCls should be required téacilitate imine formation. Inpractice
however, dispensinthis highly water reactive material as a neat liquid provides ample
opportunity for the material to hydrolyseausing the stoichiometry in the reaction
mixture to be lower than desirebh addition, metering such small quantities accurately
(ca.30 pL) is difficult. Brief assessment of the amount required shawetd 1.5equiv
was requiredfor achieving >95% conversion the imine (110). To help reduce the
hydrolysis of TiCl, it was decided to use the material as the commercially availdble 1
solutionin dichloromethaneUsing this form,only 1 equiv. was equired for smaoth
conversion to the imine. dihg dichloromethanes the solvenalsogave & improved
reaction profileoverthat obtained inTHF. However,use ofdichloromethanen scale is
undesirabledue to its environmental impach selection of alternative Lewis acids
including various trifluoromethanesulfonatewere trialled to replace titanium

tetrachloride, but none were as effective.

Confidential 80|Page



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

Clearly, base is required in the ragan to preventprotonation of the amine by HCI
released fronthe TiCl. A 2-3 fold excess of the methgl-allo-isoeucinate (66) was
usedinitially; however, it wasoonshown that lequivwas sufficient when combined

with 3 equiv. triethylamine as a sacrificial base.

The workup procedure wathen investigatedthe keyaim of this optimiation wasto
find conditions for the isolation of the imine, or at lefmstthe prepardéion of a stable
stock solutionWith the knowledge thahé stability of imines is greater undeeutral to
basicconditions and the direct evidence that the imine was stable at(@inderthe
ammonium bicarbonate adified LCMS conditions, aqueous sodium hydroxshes
were tried initially. When the reactio was carried out inboth THF and
dichloromethangs M NaOH solution could be added give a biphasic systeim which
the desired imine was stable and remained in the organic phase. However, on addition of
the NaOH solution, precipitation affine white slid was observedThe solid, assumed
to be titanium dioxidewasdifficult to filter and obscured the phase separatibm.avoid
the precipitation of solids, acid and neutral wapgs were investigatedVhen the
dichloromethaneeaction mixture was quenett with water instead of NaOH solution,
the solids did not precipitgtand the pH of the aqueous phase was meastifed o our
surprise, the imine wa®tained solely inlte organic phase amdas sufficiently stable
under these cdlitions to allow removal of thetitanium dioxide This unexpected
stability can potentiallybe rationalied asthe water content of the dichloromethane
layeris low, limiting therate at which hydrolysisan takeplace.Simply concentrating

the washed organic pke afforded the desired imine
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3.2.4 Characterisation of Imine 110

The imines could now be characterized thankthefortuitous discovery thdhe by-
productscould be washed from the reaction mixture with water allowing facile isolation
Throughout the nivestigation of this reaction, twpeaks were observedy high pH
LCMS with molecular ions corresponding to the desired imines. It was assumed that
these two peaks were tlie and Z-diasteresomers, but this assumption needed to be
tested. It was also rned that indichloromethangone of tle peaks appeared to be formed
more quickly butwhen the reaction was allowed to statite mixture equilibrated tana
approximatelyl:1 mixture of the two peaks. The crude mixture was purified by high pH
MDAP which redlily separated the two isomers. The earlier runifthgrmodynamig
product was isolated cleanly, whereas the later run¢kimgtic) product was isolated
cleanly initially, but isomerisedo a mixture of the twdy the timeevaporation of
fractions was complet&pectral analysiwas used to show that the two compoulnoith

fitted the structure of the imise However, there were significant differencegpinton
chemical shi between the two isomers, pattarly in the mé hi ne forthet on
methyl ester. A significant downfield shift in the kinetic isomer suggestedt@raction

wi t h an -systenmnaotderdo gather mormformation onthe structure of the
isomers, the througBpace correlative technique ROES¥swsed?® By this time, both
samples had begun to isomerise to form mixtubes with oneclean NMR spectrumm

hand correlations could be assigned to the correct isomer.
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Figure 171 Mixture enriched in kinetic (Z) imine isomer (110h)
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Figure 181 ROESY plot of a mixture of E and Z imine isomers (110a & 11M)

CorrelationC betweenprotons 4 and %Figure 18) in the kinetic product suggestiis

isomer is in theE-configuration Correlatiors A and Bbetween morpholine protorgs
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and bothprotons 1 and 2n the thermodynamic product suggests tlhéd ts inthe Z-
configuration It also suggests that the conformation ofZheomerhas changed with a
rotation around the central bond, bringing the oxazole and morpholine into close
proximity. This would provide a structure whichthe two polarized carbonyl and imine
bonds are in an unfavourabsyn relationship, butwould allow the bulky iso-butyl
moiety to be adjacent to only the amide oxygen, which would be sterically favoured.
Thes observations can be rationatisby assuminghat the ketoamidél02) sits in a
conformationin whichthe two carbonyls aranti to each other, a conformation likely to
be preferred as the two dipoles are diametrically ogpdsdéial attack of the bulky-
allo-isoleucine (66) would then occur fronthe direction of the oxazole moietyeing
considerably smaller than the morpholine, antllly afford theE-imine (110b).

Energy minimization calculations using MOE 2009.1001 software applying the
MMFF94x forcdield identified a number oflow energy conformation$or the two
isomers The structures shownFigure 19 - Figure 21) are consistent with the
correlations seen in the ROESY spectra

MeO (@]

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

Figure 1971 A low energy conformationshowingthe origin of correlation A
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%

Figure 207 A low energy conformation showinghe origin of correlation B

/\c;j/OMe
o

O
| E
OWNd

=N o
>/ 110b; Kinetic product

Figure 2171 A low energy conformation showinghe origin of correlation C

These structuratepresentations are also supported by analysis of the energies over a
number of conformation@~igure22). A number of low energy conformations exist for

the kinetically preferrecE-isomer(110b) in which H4 and H5 are within 3A, distances
which would be expected to give a ROESY correlatamobserved. However, none of

the low energy conformations generated the thermodynamically preferred-isomer

(110a) showed an HH?2 distance ofessthan 4A whichis consistentith the absence

of an HI H2 crossgeak in the ROESY spectrum.
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3.3 Imine Reduction
With a method in place to prepare the imine, attention turnéd teduction to provide

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

resuts 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(% a/a) 267(% a/a) 106(% a/a) 102(% a/a)

BH3. THF None 5.9 4.2 38.5 24.8
CatBH None 16.7 8.8 37.5 10.6
DIBALH None 19 0 4.7 7.2
LiAIH 4 (1 eq.) None 13.5 6.8 23.8 19.9
LiAIH 4 (4 eq.) None 0 0 12.8 0
NaBH,/ZnCl, None 26.2 18.9 32.6 5.9
NaB(OAckH None 4.0 1.7 21.7 39.2
LiBH4 None 7.8 8.3 36.4 12.8
LiBEt3H None 5.0 3.5 17.4 23.9
Et:SiH RhCI(PPh); 0 0 0 22.6
ClsSiH RhCI(PPh)s 1.0 3.4 10.9 9.4
PhSiH; RhCI(PPh); 0 0 2.3 16.7

Table 71 Reducing agent screen
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In a number of reactions, two resolved peakse observed in the HPL®Both had ion
masses corresponding to the desired amine; they are presumably diastereoisomers
arising from the newly created stereocentre. An authentic samfie désired isomer
(111), synthesisedia the existing alkylation routeéScheme25), was used to confirm its

identity.

(RSR) 267

The NaBH/ZnCl, and catecholborane systems were effectivednaig the imine;He
NaBH/ZnCl, system wasparticularly effective because minimal ketone formation
occurredWhilst 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 110using ZnCl,/NaBH,4

Although the HPLC retention times from the reduced reaction mixtures matched closely
with a sample othe authentic amino estgf11), isolation and characterisation of the
compound producedia ZnCl;NaBH, reducton was required for confirmation of

structure.

Rather than preparing the Zn(Bkl 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 waepared according to the method of
Narasimhart®° 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 sslid. Th
sodium chloride precipitate was simply filtered off and the resulting Zg¢Bielution

was used as required.
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The reductive amination reaction was then scaletoup00mg (Scheme71) with the

aim of isolating and characterising both diastereoisoérs 267).

\/?\)?\ O.__OMe O.__OMe
Y OMe /, 1 3
o (\O I ", 0y “, ",
NH, 66 NH o NH o
\</N N\) /P/ 2 ,\Q 4 l\(\)
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

Scheme71i Reductive amination

Imine formation and reduction were perform&accessfully and the diastereocisomers
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 3Jcon: and®Jesns 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 redugtjowith long reaction times yielding no
product. It was postulated that instability of the product to the reaction conditions was
the cause of the low yielding reaction. This instability was confirmed by exposing the
isolated aminel1llto TiCl, 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 22@. It is thought that reduction of the
oxazole destroys the chromophore and ygddoducts which are nddV 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 ffmld excess of hydride assuming all

four equivalentgan be transferred).

3.3.2 Catalytic Hydrogenation of Imine 110

As the best metal hydride conditions for the reductiotheimine (110) were still not
ideal, transition metal catalysed hydrogenatiwas investigated as an alternatilidne

optimised imine formation conditiond equiv. of methylD-allo-isdeucinate, 3equiv. of
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NEts, 1 equiv. TiCl,, dichloromethaneO °C) were scaled up to provide 7.260f a
roughly 1:1 mixture of isomers in 93%eld. A screen of hydrogenation conditions was
then performed with the materjaising readily available 10% Pd/C as catalyst at@5

in differentsolvents and undelifferentpressures.

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
Scheme72i Hydrogenation of imine 110

Reaction  Solvent Catalyst Temperature  Pressure OE;%?\L/J;;?
1 THF Pd/C- 0.5wt 25°C 1 bar Yes
2 Toluene  Pd/C-0.5wt 25°C 1 bar Yes
3 EtOH Pd/C- 0.5wt 25°C 1 bar Yes
4 THF Pd/C- 0.5wt 25°C 3 bar Yes
5 Toluene  Pd/C- 0.5wt 25°C 3 bar Yes
6 EtOH Pd/C- 0.5wt 25°C 3 bar Yes

Table 81 Hydrogenation reaction screening results

The reactions were monitored by high pH LCMS in ordestiservethe iminedirectly.

Using this system, poor peak shape and overlap of both isomers of the imine with both
diastereoisomers of the product amine mehat quantitative analysis was difficult.
Product wasobserved in all reactions and reaction rates could be inferred from the
hydrogen uptake curves generated by the hydrogenatiominstit. ce itwasknown

that theravasminimal hydrolysisof the imine under the reacti@onditions (by highpH

HPLC, Method G, it should be possible to quantify the reaction progression by
guenchingnto dilute acd and monitoring by generic TFAodified HPLC(Method A)
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for future experimentsAny imine would be observed as ketone, which is readily

resolvedfrom the product amines.

It is possible to compare rates of reactismg the hydrogen uptalairves(Figure23),

with the reactions corresponding to thoseabvove(Table 8). As expected, reactions
performed at lower pressurg bap, are generally slower than the comparable reactions
run at higher pressure3 (ba). Hydrogen uptake rates in THF and toluene were
comparable, whereas those thanol were considerably highérhis was also expected
due to the increased solubility of hydrogerethanol over THF and toluen&nalysis of
reaction6 by generic TFAmodified HPLC (Method A) showed the reaction to be
remakably clean, with only minimal impurities in addition to the desired product
diastereoisomersThe product could be further purified, if required, by a simple
acid/base extractive wotkp.

14 -
=12 1
£
o 10 1 ——Rxn 1
X
S g —Rxn 2
o
- Rxn 3
S 6 - —_—
> Rxn 4
f Rxn 6
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0 ” T T T T T T T 1
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Time (min)
Figure 2371 Hydrogen uptake curvesof reactions inTable 8

The hydrogenation & barin EtOH wasmmediately scaled up to ~/with the ultimate
goal of providingAPI from this material in order tosaess theatio of D-allo-isdleucine
diastereoisomersiydrogenation proceeded smootidygive the desired amine as a 1:1
mixture of diastereoisomeréll1ll, 267) in 84% yield. NMR analysis suggested the
material was of sufficient purity to use crude in the following gtemrolysis of the
este}.
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3.4 Ester Hydrolysis and Diastereoisomer Separation

The initial conditions investigated for the hydrolysis thie methyl estes (111, 267)
(LIOH, MeOH, Scheme73) were successful in giving complete conversion to a 1:1
mixture of diastereoisomers of the amino a®, 268 with no decreasan purity.

Separation of the diastereomeric mixture of amino acids washegoal.

(@) OMe (@) OH
"N RSN
(0] O
VLT e LT
o AN —_— o AN
=N O 1:1 MeOH/Water )ﬁN 0
o]
111, 267 60°C 89, 268

Scheme731 Hydrolysis of amino esterl11, 267

Whilst working on the alkylation routéScheme25), a previows team membé?* had
obsered that following hydrogenolysis ofthe benzyl ester(109 under neutral
conditions(Schemer4), thezwitterion form ofthe desired diasteroisoméB9) could be

preferentially crystallisd fromi-PrOH

o "
o \WH(NQ >;N 0 );N ¢
=N O
268
109 Crystallises from iPrOH
Scheme741 Hydrogenolysisof benzyl amino esterl09
Adjusimentof the pH of the hydrolysis reaction mixture to tiso-electric point (pl) and

crystallizationwas exploredo allow the isolation othe desiredliastereocisomg(89).

The pl was measured by titrating 0l HClq) into a sample of authentic, pure
zwitterion (89) treated with excess base gmducedvia the alkylation routeThe pH
curve is showrfFigure24).
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0 0.5 1 15 2 25 3
Mole Equivalents of Acid
Figure 2471 pH curve of amino acid89

The addition of the first 0.Bquivalents ofacid 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 1.5equiv. of acid, he amine is now fully protonated and again the pH
drops to the point where the carbtatg begins to be protonated, again bufferting
system. After the addition of 2.8quiv of HCI, another stepn the curve should be
observedhowever, due to the partitarly acidic nature of the carboxylic acid, the pH of

0.1M HClq is na sufficiently low to causa stepto be observed

From the curve he pk; of the protonated amine che measured &.6 the point where
50% of the amine is protonadednd the pK of the acid can be measdras?2. From

these measurements, the pl can be calculated as 4.3.

These pK values are largely typicadf amino acids of this typand can be readily
rationalized** The carboxylic acicbf an anino acidis significantly more acidic than
other carboxylicacids due tothe inductive effectof the electronegativeationic
nitrogen. This is exemplified byglycine, which has a measuredrboxylpK, of 2.79%
Thereduction in basicity of thenaine over typical nitrogen basesich 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 e reapplied to the real system, with the adfncareful
adjusment ofthe pH to the isoelectric poirfibllowed by removal ofwater, either by
extraction orconcentrationand then crystallegion ofthe desired diastesessomer from
i-PrOH. Acetic acid was chosen for acidification assisufficiently acidicto protonate

the amine, but not the carboxylic acid. This would meaneke¢ssaceticacid could be
removed byevaporation. After pH adjustment to pH7, the aqueous solution was
freeze dried. Attempted crystadison fromi-PrOH urfortunately yielded the undesired
isomer (268 in 93:7 dr. lon chromatography showdtat the sampleontaired 2.2%

w/w lithium, consistentvith the presence of thiethium carboxylate (calcd. 2.01% w/w)
plus a small amount of lithium acetate. It vei®ady know tha the lithium carboxylate

of theundesired diastereocisom@68) would readily crystallize from-PrOH. However,

it was expected that adjustment of the pH to 4.7 would ensure that only zwitterion was
presem, thereby preventing crystaldiion of the undesired dséereomer. Feezedrying

may perturbthe equilibrium between lithium acetate and the lithium carboxylate in the
direction of the lithium carboxylatelue to evaporation of acetic acithe resultingsalt

then crystallissfrom i-PrOH.

3.4.1 Crystallisation of the Amino Acid (89)

It was decided to racidify the mother liquors containirtpe desired diastereoisomer
(89) with a stronger acid sinade crystallistion of the undesired diastereocisomer can
potentially be explainedy an equilibration with a relatively weak, volatile acid.
AqueousHCI was titrated into the evaporated liquors to adjust the pH to 2.8. Again the
aqgueous solution was freeze dried and the residue was dissolveBr@H. No
crystallization was observedcespite seeding with authentic materi@nother trial was

run in whichthe solution was acidified to pH 1.5 to ensure complete protonation of all
species, but again, no crystadliton of the desired isomer was observed freBmtOH.

The hypothesis as to whcrystallisation could not be established now shifeesl pH
effects had beeruled outby investigation. It was postulated thiae effect of dissolved

salts carried through from the hydrolysis were inhibiting crystallisatibn order to

Confidential 95|Page



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

remove the disseed lithium acetate from solutipmextraction ofthe amino acid(111)

into an organic solvenat its isoelectric pointvas attempted. Unfortunately, extraction
failed at all pHs and the compound remained in the aqueous phase. Prestmeably,
charged molecule, in combination withe polar oxazole and morpholine moietide

not allow solubility in the organic solvent.

The removal of salts was theasttemptedby 0lid phase extractiariThis is a powerful
technique, but imot apreferred mdtod as it cannot be readily scaled.upn aqueous
solution of the desired amino adi@9) at pH 4.7 wadoaded onto a {g column which
waseluted with water to removie polar lithium salts. Oncéhe removal of salts was
complete, as observed by a retilue in the UV absorption of the solutiofitiOAc
absorls weakly at 220nm), methanol was used to flush the product and @imer
adsorbed compousdfrom the column. This provided solution of the desired
diastereoisomer and related impurities in methanith only a minimal amount of
water present The solution could then beoncentratecand the residue dislved ini-
PrOH. Crystallisation of the desired diastereoisomer initiateedafford material ohigh
purity. It is assumed thathe hypothesis was c¢oect andthat dissolved salts alter the

polarity of thei-PrOH sufficiently to inhibithe crystallization
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3.5 Synthesis of GSK221149

With purematerialin hand andwith spectraldata consistent witthe 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 sampitetvas
available asan analytical method had not yet been developedrder to assess the
enantiomeric purity, the material waprogressed to APVia the existing acylation and
hydrogenation/cyclisation chemistrit the API stagethere were analytical methods

availableto distinguish between thliBastereoisomers.

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

The acylation ofthe amino acid(89) had been previously investigated as part of the
alkylation route. Optimal conversions were obtained by forming the acyl chloritie of
protected indanyl glycin€s4) which could then be reacted with the amino 48 in

the presence of pyriden The mechanism of acylation is believed itwolve initial
acylation of the carboxylate to give a mixed anhydride which then undergoes
intramolecular acyl transfdSchemer5). This is thought to be the @abecause of the
significant seric bulk of the amine which preventtss direct acylation. This type of acyl
transfer mechanism wasrdt proposed by Sollis when investigating similar acylation
reactions’” Further evidence for this mechanism is that acylation of the corresponding
amino este(111) is unsuccessful.
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Scheme7571 Acyl transfer mechanism

Formation of acid chlorides frol-p r o t e-antine acidsUs an extensivelstudied
field, andr ac e mi s at isteraocentre is & well kndwn problémin our case,
racemisatiorwas not observedjowever, acid mediatedeprotection of the CBz group
was observef In order to overcome thiproblemthe mild chlorinating reagent- 1
chloroN,N-2-trimethylpropl-enl-a mi ne ( Géaer, €690nas uBed™* This
allows the formation o#cid chlorides nder neutral conditions by a mechanism similar
to that of the Vilsmeier reagen®nce the desired amide had beennfed the by
productiso-butyramide could be washed out and pheduct crystallied in43%yield.

3.5.2 Deprotection andCyclisation of the GSK221149 Precursor(91)

Hydrogenolysis ofthe amide (91) catalysed bypalladiumon-carbonfacilitated facile
CBz cleavaggethe resultant amino acid theyclisedspontaneouslyo afford the AP
GSK221149This wascrystallized as an EtOAc solvate awdsre-crystallised froms-
BuOH/heptané¢o provide the desirepolymorphicform.
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H, 10% wt. Pd/C
HO\”\\\\- o 91 i-PrOH HN O 5; GSK221149
o) o

Scheme761 Synthesis of GSK221149
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3.6 Comparison of GSK221149 Derived from the Two Routes

The GSK221149 produceda this new chemistry was analysed ¥y NMR alongside
equivalent GSK221149 produced from the existing Ugi rotite spectra are shown
(Figure25). Thematerial is crystaied as an ethyl acetate solvatdoth cases and the
spectra are concordant. This result confirms that the new reductive amination chemistry

is capable of forming the correct produs$K221149

Reductive amination route
E| GSK221149
09
038 §
E DMSd-d6
I EtOAC
EtOAC
03 3
023 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
2
g
<
& Et0AC
S
3 3 EtOAC
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

Chemi ce.ﬂ Shift (ppm)

Figure 251 Comparison of ‘H NMR from GSK221149 produced by different routes.

3.6.1 Analysis ofNew RouteGSK221149

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
contenf is alsoimportant.There are 16 stereoisomers of GSK221149 and all have been
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previously synthesiseff. They are shownTable 9) as pairs of enantiomers, and are

numbered by elutionrder for convenience.

No Enantiomer 1

Enantiomer 2
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(S)-Indanyl glycine-L-isoleucine
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273

HN

iy
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(S)-Indanyl glycine-L-allo-isoleucine

f
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. Qo
HN O 5
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(S)-Indanyl glycine-D-isoleucine
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(R)-Indanyl glycine-L-allo-isoleucine
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N
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(R)-Indanyl glycine-D-isoleucine
N
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(S)-Indanyl glycine-D-allo-isoleucine
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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 97 Diastereoisomers of GSK221149

The API release method is an HPLC method which is validated to analyse, and approve
for use, APIs destined farse inclinical trials. The method is capable of separating the
eight pairs of enantiomers and it was usedat@lyse the material synthesisad this

new reductive amination roytthe resultsare shown(Table 10). Diastereoisomers not

detected by the analysis are not listed.
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Peak Name RRT Peak Area (%)
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
GSK2211495) 1.00 99.05
RRT =1.15 1.15 0.13
RRT =1.25 1.29 0.35

Table 107 HPLC analysis of GSK221149made using reductive amination routé®

Impuritiesat RRT = 0.51 and 1.16ave not been previously observed in APl samples
and are therefore new to this routédmpurity with RRT = 1.25has previously been
observed in API produceda Route A and is known tde purgel during the final stage
re-crystallisation.Severaldiastereomeric impuritiesere also observed. The presence of
diastereoisomerpair 7 (283 284) at a level approaching 0.2%aais of particular

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

Diastereoisomepair 7 (283 284) differs from GSK22114®nly bythe inversion of the
b-isoleucine stereocentré283). It is assumedhatit is notthe enantiomer(284), where

all stereocentres apart frothat int h eisoducine have undergone inversiorwhich

seems unlikely In v e r s i o ncentrd may éceudufing the reductive aimation
procedure by anechanisndepicted(Scheme77). De pr ot o n a t-hydrogendof t he
give an imine in conjugation with the esté288), then tautomerisation to the
correspondinggnaming(289), is possiblelf this mechanism were operationit would

be expecedto also see significant quantities of diastereoisqua@r3 (275, 276) due to
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i nver si on -siereocenirdand diastereoisdinaair 4 (277, 278 due to the

epimerisation of both. The absence of these impurdasts doubt over whether the

tautomerisation mechanismagperative

O OMe (@) OMe (@) OMe (@) OMe

Y Q
o - ] NH 0 o Y o
/Nj)\ﬂ/ j)ﬁ‘ﬂ/ \) j}\ﬂ/N\) /NﬁN\)
— S I . — —<0

288
Scheme771 Possible nechanism for epimerisation ofisoleucine stereocentres

The most likely alternate source bfh eepirber (283 is contamination of the-allo-
isdeucine (290 used in the process wittrisoleucine (292). However, analysis of this

material did noteveal the presence ahy of thecontaminantsomer.

(@] (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

T h e-epitmer @83 is thereforea process impurity (formed during chemistrifhe
enamine mechanispescribedSchemer7) is still the most plausible hypothesis. It may
be thatthe conformation of the molecule strongly dictates from which side re
protonation of the imine occuyme ani ng | i tt | e -eeptieimn@bseivedat i on
and little of 276 is formed. Alternatively, it may be th&76275 is formed, butis
removed in one of the crystabiBons more effectively and is therefore not deteated
the APl Another possibility ishat theconfigurationo f  t-chnére idJinverted during
the acyl transfer amidation chemistsnich wouldrenderthe effects ofJ-epimerization
during the imine formationinvisible. Whilst investigating a similar acyl transfer
reactionSolisn ot ed i nver s i-stereoceritre appaeently enirolledibg thel
phenylglycine stereocentr8¢hemer8, Table11).3*
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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, THFii) HCI, dioxane, 3.

Scheme78i Acyl transfer reaction investigated by Sollig*

|ndany| G|ycine Amino acid Reaction Product
Stereohemistry ~ Stereochemistry ~ Temperature  Stereoctemistry

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

Table11i | nv e r s istereocentfé’ U

He reasoned this inversion was occurning a Minchnone intermediat@97) and by
molecular modiing, showed that intermedia97 was 40 kJmet more stable than
intermediate 299, He also showed thaépimerig@tion to afford the more stable

diastereoisomer could occgadilyat 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

Scheme79i |l nver si on -stefeocénevianitincbnorig intermediate298

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

b o t-& n dktefeocentresccursduring imine formationbutthatt he correspondi
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epimer is not observed due to inversion during the acyl transfer redatiaddition to
this being an interesting area for investigation in itssimplete invesion could allow
readily availableL-isoleucine to be used to provide GSK221149 instead of the more
expensiven-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 havesheconcerned 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. Howey, in order to form part of a long term
manufactuing routeghe 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 theEster Protecting Group Strategy

One significantproblemin the ability of the route to provide material on a large scale
was the difficult isolation othe amino acid(89) after ester hydrolysis. Currently, solid
phase extraction using adrolumn was required to separate guar zwiterion from
inorganic salts which inhibit crystalation. A significant body of work was undertaken
attempting to extradhe zwitterion (89) into organic solventwithout succes¥® It was
postulaté that cleavage of an ester under 4mydrolytic conditions could allow direct
crystallization of the desired amino acid without the requirement for solid phase

extraction.

3.7.1 Enzymatic Ester Cleavage

There area number ofmethodsfor alkyl ester cleavagander neutral conditionspr

133" is mild and

examplethe use of trimethylsilyliodide as describedy Olah et a
effective. However, concerns remainethat methods such as this use highly reactive

reagents and odd still suffer from crystalliation inhibition

A neutral, catalytic method of ester cleavage was therefore sougdht,veas postulated
that enzymatic ester cleavage methodology couldpygicable Our strategy was to
screen awide rangeof commercially available hydrolases against both the methyl and
ethyl estes in aqueous media in order to give the best chancester eleavage to occur.
From this initial screenit was hoped to find a shortlist of enzymes that effectively
catalysed the hydrolysis which coultenbe applied to a second set of reactions. These
reactions would investigate the cataytydrolysisreaction in watekvet organic solvent
which might allow crystallisation othe amino acid without the need for solid phase

extraction.

Initially, both the methyl and ethyl ester substra(@$1/267, 300 were screened
(SchemeB0) due to concern that the methanol released mayatee the enzymes and

inhibit further hydrolysis.
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; o
N\) 5 mg hydrolase »70
O 1ml 0.05 mM N/\_/ o
HN pH 7 Phosphate Buffer H
RO_.._ O - HN N

\C“) 30°C HO\”\\\‘- O
4 days o) 89
111, R = Me;

300, R = Et.

Scheme807i Enzymatic ester cleavage in pH 7 buffer

The results of thanitial screen are presentéfiable12) and show the six enzymes from
the 46 screenedvhich gave over % conversion tdhe desirecamino acidfrom either
the methyl or ethyl estePerhaps unsurprisinglyhe majority é active emymes were
proteases; becausiee substrateontainsan amino acigandanamide bongit does bar
some resemblance to a peptitHowever,amide cleavage wasot observed in these
reactions Although the conversion to amiraxid was low, it was hypothesid that the
activity could be sufficiently different in organic solvents to warrant further
investigation.A similar phenomenon had been observed by Karebal.™*® whilst

investigating the enzymatic hydrolysis of polysaccharides.

Methyl Ethyl
Type Strain % ala %ala % ala % ala
Desired Undesired Desired Undesired
Lipase Pseudomonas , ;g 0.07 1.34 0.26
cepacia
Alkaline N/A 6.17 417 8.01 7.84
Protease B
Protease B Bacillus sulbilis 1.70 0.58 0.87 0.41
Protease C Bacillus sulbilis 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 127 Enzymatic ester cleavage in aqueous media
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These six hits were then screened against the me#igl in a range of wateret
organic solventslt 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 agueous media. The organic solvents chosen were selected baked saitability

for water removalby azeotropic distillation;it was anticipated that this would be
required prior tocrystallisation. The solvents chosen were toluen®e2THF, t-butyl

methyl ether, methyikbutyl ketone, dsopropyl ether and acetonitrile (10% wet) and 36
experiments wer run so that each solvent was used in conjunction with each enzyme.
Disappointingly, no ester cleavage was observed in anyeafetictions It is possible

the enzymes are not stable in the solvents investigateidh would be easy to test with
model subtrates) but it is more likely that the significantly reduced concentration of
water retards the reaction rateis also possible that due to the long reaction times the
proteases are beginning to self digasprocess which had been previously obskiwe
Mitchell et al..**® Increasedhctivity may occur usinghe lipase in a biphasic system as
these enzymes typically operate in micelles and at phase boundtovesver, given

that the activity in aqueous media was low, #ratno increase in activity was observed

in organic solvents, it was decidedgospendhis avenueof researchlt was bdieved

that enzymatic ester cleavage under neutral organic conditions is a viable strategy to
allow the isolation othe amino acid(89), but that enzyme evolution will be required in
order to obtain a sufficiently active strdff:}*! Due to the time constraints of this

project, nofurther workwasperformed at this time.

3.7.2 Catalytic Hydrogenolysis ofBenzyl Ester229

With the failure of neutrabnzymaticcleavage of a methyl estet,was envisaged that
hydrogenolysis of a benzyl ester could dsuccessfublternative This approacthad
beenpreviouslyshown toallow crystallisation of the amino acdirecty from i-PrOH,
when new routes to GSK221149 were investigatean earlieproject teanf® It was
reasoned that since the corresponding methyl €si€)y could be reduced to the amine

by catalytic heterogeneous hydrogéan the imine reduction and benzgstercleavage
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could be carriedout concurrently and thatcrystallisation fromi-PrOH would provide
the desired diastereoisom@9) cleanly (Schemedl). However, the earlier research was
performed using the alkylation method generatingthe hydrogenolysis pmirsor
amino este(109), and a method did not exifstr generating the desiraahine (229).

Scheme81i Synthesis of amino acidB9 via benzyl eser

3.7.3 Synthesis of Imine 229

1 equiv = (o) \

o)
- q
(:; Mo/\© N o
O =
N NH,
Nj)x\( 102 p-TSA 108 @ N7 NJ
r\  © O_w~__ O
/40 1 equiv TiCl, B 1: 229
3 equiv NEt; 0]

DCM

SchemeB21 Imine formation conditions applied to benzyl este229

Initially, the formation of the benzyl ester protected imine was attempted using the
conditionsthat had provide the methyl congengiScheme82). However, he HPLC
profile of this reactionshowed considerably more impuritilsan the onewith the
methyl esterA significant quantity impurity with mass MH = 646 was generated
upon reaction quenclisolation of this impurity by MDAP and analysis by NMR gave a
complex spectrumvhich could not be assigneot the lack of an oxazole-@ at ~8.4

ppmresonance was noticeable.
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The imine above(301) is the proposed structurdor this impurity benzyl p-allo-
isoleucinate has added to the oxazole in a manner similar to that seen in the formation of
a previously observed taddition product252) (Section3.2.1, page7l). Rather than

ring opening to provide an acetami@52), it is proposed that theompound undergoes
re-aromatization facilitated by the reduction of T4@ TiCl; in a manner similar to that
described by Srinivas and PeriasafBghemed3).1*? Further reaction optimization was

requiredin order to prevent the formation of this impurity.

N
R® R? TiCl4/NEt; R® R?

0.

4
R 0°C-rt, 12 h, DCM
3 302 R 306

2TiCl,/NEt, ﬂ

Z+ =«—— 01

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

Scheme83i Aromatisation of enamines using TiC}/NEt;**?

Imine formation fromthe methyl ester was carried out predominantly usingthto-
isdleucine freebaseso this was the first modification to the conditions to be tried with
the benzyl esterGenerationof the benzylp-allo-isoeucinate free basewas readily
achieved by washing toluene solutiorwith dilute K;CO; and drying by azeotropic
distillation, but no improvement in the reaction profile was obserVéeé. use obenzyl

D-allo-isoleucinate hydrochloride was investigated, butagain, no significant
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improvement in the reaction profile was observEdrther investigative work was
therefore carried out with the more readily availableTSA salt. Significant
improvemenwas observewhenthe base waswitchedfrom triethylamineto TMEDA,
accompanied by longer reaction tinieis thought thatoordination of the TMEB to

the highly electron deficient titanium tempers its reactiabhd givesmilder reaction
conditions andhence a better purity profile. Pleasingly, an improvement in the reaction
profile was observed wherperforming the reaction in tolueneather than
dichloromethaneTolueneis pretrredoverdichloromethandor use atscale because of
easierwaste dispodaand lower environmentampact The reslis described above are

summaried below Tablel13).

= 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
Scheme84 - Investigation of benzyl ester imine formation conditions

Solvent  Base Base Eqiivs 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 2.5h
Toluene TMEDA 2.0 p-TSA 76.0 25h

Table 137 Investigation of benzyl ester imine formation conditions
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3.7.4 Characterisation of the Imine (229

Once the imine could be formediccessfullyin acceptable purityfurther studiesvere
performed on the material. In particular, were interested in how tH&/Z-ratio might
affect selectivity or reaction rate during the reductibiseened likely that only one of
the isomers would be reduceapidly, makinginterconversiorbetween isomers crucial
for an acceptableeaction rateln order to assess this turnover rate mixture of imines
was separated by high pH mass directed prepardfe&C and theeluentsolutions were
analysed by the equivalent high pH HPLC methbcegular intervals

100 -
20 \0—.
80 -

70 -
60 -
50 -

40 -
30 - —&—E-Isomer

20 -
101 g—
0' T T T 1

0 10 20 30 40 50
Time (h)

—0— Z-Isomer

% ala

Figure 261 Equilibration of Isomer 1

100 ]

a0
80 -
70 -
60 -
50 -
40 - —0—Z- Isomer
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20 -
10 -
0 T T .
0 10 20 30 40 50

Time (h)

% ala

Figure 271 Equilibration of Isomer 2
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The analysis showethat the equilibrium rati@f approximately 4:was reched after

40 hous at ambient temperature in anetonitrileammonium bicarbonate (10 mM
aqueous solutionbpuffer, but this is likely to be dependent on the solvent syskem.
order to assess the eft which imine isomerisation has on the reduction reaction, the

equilibration rate in the reaction mediumould need to be assessed

We were also interested in the geometry of the two isomers and specifically whether
differences existed between the nmytland benzyl esters. A sample of partially
equilibrated imine wasnalysed by ROESY and the spectrumsigown (Figure 28).

Peak assignments were mamesed on analysis 8 NMR data of the isolated imines.
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Figure 2817 ROESY spectrum of partially equilibrated imines

Similar correlations can be observed for the benzyl varianteas seen fothe methyl

ester iming(110). It appears that thE-imine (229b) is formed more rapidly, but thé

imine (2299 is more stable, presumably for similar reasons to those discussed in section
3.24
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3.8 Catalytic Hydrogenation of the Benzyl Ester Protected Imine

With a way of makinghe benzyl imine(229 in acceptable purityn hand attention
shifted to thereduction by catalytic heterogeneolngdrogenation. Application of the
conditions which were usesliccessfullyo hydrogenate the methyl ester protected imine
(110) (3.5 barH, 0.5 wt 10% Pd/G50% wet) 25 °C, MeOH)were also effective in

reducingtheimine and cleaving the benzyl ester to genditsezwitterion(89) directly.

9 ;
N A o Hy, Pd/C N\_) o
ez | _n_J MeOH Ny N%(N
2

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

Scheme85i Heterogeneous imine hydrogenation

The desired diastereoisomer could be crystallized from the mixture ofrd@stemers
in i-PrOH directly from the hydrogenatipwith no SPE required. Unfortunatelihe
imine formation afforded &:4 mixture in favour of the undesired diastereoisof¥i€Po
de), whichlimited the yeld of the reactiononly 26% was isolatedlt is presumed that
the increased steric bulér electronic propertie®f the benzyl estemnfluences the
binding mode of the catalyst causing the change in selectivityumber of reactions
were performed to investigate whether the selectivitgs affected under other

heterogeneous reaction conditions.
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Rxn Solvent Catalyst Temp Pressure 111(% a/a) de(%)
1 EtOH Pd/Ci E101  25°C 3 bar 33 -17.6
2 EtOH Pd/Ci E101 25°C  1bar 32 -13.6
3 EtOH Pd/Ci E101 50°C 1bar 33 -14.3
4 EtOH Pd/Ci 39 25°C 3 bar 27 -23.5
5 EtOH Pt/Ci B103032 25°C 3bar 15 N/A
6 EtOH Rh/Ci 592 25°C 3 bar 11 -16.3
7 EtOH RhRu/C-118072 25°C 3 bar 2.7 N/A
8 EtOH Rh/Alumina 25°C 3 bar 4 N/A
9 EtOH Pd(OH) 25°C  3bar 26 -10.5
10 EtOH Pd/C-Type 457 25°C 3 bar 26 -20.5
11 PhMe Pd/C- E101 25°C 3 bar 2.6 -17

* A negative value ofledenotes preference for the undesired diastereoisomer
Table 147 Investigation of heterogeneous hydrogenation

A range ofdifferent Pd/C types were screened, with no significant effect on the
seledivity of the imine reduction. Neitheremperature,pressure nor solvent had
significant effects. Alternative metals were largely unsuccessful as catadysls
although some redtion 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 hydrogenatiamasdecided 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-gpaie a

useful exercise as, not only doedntil confidence that the route is able to provide
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material in quantity, buthatit also allows the material to be progressed to APl on a
representative scalellowingimportant purity data to be generatédarge 60 g batch
of theketoamideg(102) was taken through the benzyl rowtegive the amino acid(89)
in 22% yield SchemeB6); the intermediate was elaboratedAtdl via the existing acyl

transfer chemistry

(TR0 e, @ N /QO
N
o N PTSA 108 E-Z ,@ Z o
H, Pd/C :
N TiCl,, TMEDA, PhMe N= MeOH HN/YN
N O e O N2 Ho_ .L_ ©
ii) ag. K,CO3, celite \H W
0

229  i-PrOHcryst |

Scheme861 Scale up of imine formation and redution with benzyl ester

The scaleup of both imine formation an@duction proceeded as expecteoivever, the
acyl transfer chemistrafforded a low (26%) yield of producthe cause of thigs
currently being investigated® Despite this low yield, material of good purity was
produced and progressed to ARith the chemistryalso performingas expected. The
material was analysagsingthe API releaséIPLC method® and the results are shown
(Tablel5).

Peak Name RRT Peak Area (%)
RRT =074 0.74 0.07
Diastereoisomer

pair 2 (273 274) 0.67 <0.05

Diastereoisomer

pair 5(279, 280) 0.78 ND

Diastereoisomer

pair 6 (281, 282) 0.88 <0.05

Diastereoisomer

pair 7 (283, 284) 0.97 <0.05
GSK221149 1.00 99.9
RRT =122 1.22 0.06

Table 157 Analysis of GSK221143erived from the benzyl protected route
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The purity of this material vgaconsiderably higher than the API derived fromrhge

from the methyl estefTable 10) andexcee@dthe current API specification. Withnly

this single data point availablg is unclear why this material is of highpurity than
previous material.nl order to make an accteaassessment, n@isensitive analytical
methods wee required to probe the purity of the intermediates, particularly the purity of
the amino acid(89). Nonetheless, this result representad importah step for the
project. It showedhat API of sufficietly high purity to exceedspecification can be
generated from the new route and facilitated the dectsi@ontinuework 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 conditibngs decided to
investigate the use of chiral homogenous catalistsy to improve theselectivity
(Scheme87). Expertiseand the facilitiedor the rapid screening afatalytic reactions
exists at a partner GSK sitéwasthereforedecided that thenitial reaction screens and

investigations should gerformed 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.

Scheme871 Proposed asymmetric reduction reaction

3.9.1 Initial screenst**

Initially, reaction screens were run using the imine methyl ester subglffleas the

work was carried out prior to the knowledge that this substrate would be difficult to
progress. The first reaction screen focusedridium catalystsThesehave been shown

to be highly active imeductions of related imin¥§ andthe studyaimed to identify the
ligands that werenosteffective in giving good conversion and high diastereoselegtivit
Dichloromethanavas chosen as the solvettt give the best chance for dissolution of a
wide range of catalystaend the reactions weren at high pressure (30 hbao ensure
adequate concentrations dissolved hydrogen in the reaction mixturé&is type of
strategy is commonplace when screeniog catalytic reaction conditiond ' he 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 langember ofcategoric factors such as ligands or solvents
is to use the mathematldzchnique known as principal componentlysis (PCA) in

order to group théems under investigatiooy properties or combinations of properties
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Principal component analigsis 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 drpose the main factors underlyitige
variability contained within the data sdtor example, phosphine ligands can be
described in a number of ways according to various calculated and measured properties
(including bte angle dihedral angle, electron dens#jc). As thehigh dimensioality

of these variablemakes visualisation difficulPCA 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 ligamsa@ross the
principal component spagdiversity in the ligand setan be ensured withotlie needo

screen every ligand available. If ligands from a particular area in the PCA space prove to
be effective in the desired transformatitime remainder othe ligands in that particular

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

Unfortunately, tle first screen yielded no hitsyqduct wasnot observed in any of the
reactions This meant that the PCA resltould no be modelled and tha&pproach was
not taken further in this instance order to identify successfuéaction conditions the
scope of the screen was widenedinclude different metals in combination with a
number of solvents at elevated temperafUiable 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 transformans were selectedProduct was not obseed in any of
the reactionausing rhodium catalystwith these ligandsnor when a number of pre
prepared ?' generation Nyori-type ruthenium catalysts were employed>4
However1® generation Noyortype catalyst$>**’which differ from the 29 gereration
variants by the lack of aadditioral chiral diamine ligandshowed some conversion to
product During the first experimen(S)-BINAP wasthe only ligand of this typéo be
screenedThis gave exclusively the undesired diastereoesom low yield when run in
dichloromethane Reacton did not occurin THF and higher conversion, bubwer
selectivity was observedn toluene. It is not unsurprising that high selectivity is
observed in the system whighsults in low conversiomas there may be insufficient

energy for the nowpreferred reaction to occummediately,the antipodal(R)-BINAP
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was screenedandsimilar conversiorand high selectivityfor the requiredstereocisomer
was observed* This confirmed the anticipated presencelofible stereodifferentiation
with the chirality in (R)-BINAP being matched with the inherent chirality of the

substrate.
o o
N ~ ﬁo Catalyst 5 mol% N\:/ ﬁo
N N\) 30 bar (g) H, . HN/:\H/N\)
MeO__ o Solvent MeO__ . o)
] 110 T 111
o o)
Scheme88i Initial asymmetric hydrogenation screen conditions™
Metal Ligand Solvent Temp Conversion de (%)
Ir(COD)BARF 48 across PCA DCM 25°C 0% N/A
. DCM, MeOH, ., .
Ir(COD)BARF 8 ligands THE, PhMe 50 °C 0% N/A
. DCM, MeOH, ., .
Rh(CODYBF,  8ligands THE phve. 59°C 0% N/A
d . DCM, MeOH, ., .
Ru 2" gen NoyoriA THE, PhMe 50 °C 0% N/A
[Ru (p- 1*' gen Noyori o o 000k
ymendcll, (9 BINAP DCM 50°C  30% <-9%
[Ru (p- 1*' gen Noyori o 0
ymendll,  (9-BINAP THF 50 °C 0% N/A
[Ru (p- 1*' gen Noyori o 0 =m0
cymendClsl, (9-BINAP PhMe 50 °C 76% 50%
st :
[Ru(p- 17 gen Noyori PhMe  50°C  94% >99%

cymen@Cls], (R)-BINAP

* -dedenotes preference for undesired diastereoisomer
A- refers to complete catalysystem

Table 161 Initial asymmetric hydrogenation screens™
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From here a much larger range of 39 ligands was screened dsijsgetationNoyori
conditions inan attempt to explore the ligand scope and find the mosteacttalyst
system. These experiments yielded a set of six ligands which gave over 90% conversion

to product all with undetectable levels of the undesired diasterecisomer.

Conversion de de

Ligand (%) (%) Ligand Conversion (%)

OO PPh2 N PPh2

PPh,
OO 93.7 >0 925  >9%%
151
(R)-BINAP 307
catASium® T1
OO ~o O P(p-Tol),
P(p-Tol), _0 P(p-Tol),
OO P(p-To, 95.6 >0 O 927  >9%%
308 309
(R)-Tol BINAP (R)B_BLEAF?O_
e
‘O opn ~o PPh,
2 _0 PPh,
PPhy 96.9 >0 O 87.2 >0
‘O 310 cl 31
(R)-Hg BINAP (R)-Cl-OMe-
BIPHEP

Table 171 1% generationNoyori screert*

These results show that it is likely that a process suitableafge Iscale use could be
developed. However, it became clear that use of the methyl ester was not a viable
strategy due to the difficulty in isaing azwitterion from theaqueous solvent system

required for the hydrolysis of a methyl ester. Attentiomédr to the benzyl ester
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substrate which had already provwesefulin nonstereselective reductions. Application
of the successfull® gereration Noyori (R)-BINAP conditions to the benzyl ester
substrate showed lower conversion, but the same bajbctivity. Unlike in the
heterogeneous hydrogenation conditiotiee benzyl ester was not cleavading te
homogeneous catalysts; a sgfp@ benzyl cleavage step would be required to prdiiele

amino acid89).

It is notimmediately obvious why the beyl substrate is so much less reactive than the
methylester butthere ardwo hypotheseg. Firstly, and most simply, thecreased steric
bulk of the benzyl group may inhibitoordination to the metal centr&econdly,d’
coordinationof the b&zyl grow to the catalyst could inhibiatalytic activity This type

of coordination to Ru is commonly observed and is exemplifiethbycommercially
availableRu source [Ruf®-p-cymene)Cl]».

Vo :

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

N N

N7 - HN

©\/OT“\“ 0 22 Toluene @VOT“" /73( 109
5 5

62% conv.
>99.9% d.e.

Scheme891i Application of (R)-BINAP conditions to benzyl ester substrat&”

In an attempt to improve the conversion of the reactéofactor screen was carried
out™ This screen investigatetthe effects of ligand, solvent, reaction concentration,
pressure and temperature. Solvents and ligands imesstigatedusing a Latin square
design®® so that each solvenvas combined with each ligand in order to identify any
uniquecombinations that performed wellypically, theseype of experimental designs
are not u s & depeddace ontthee numbee of mdividual experiments which
must be performed, but they are useful when unigqueractions between caferical
factors may exisénd give rise to well performing react®mhe ligands selected were
previously shown to be effectiier the methyl ester substrate, ath# solvents were
selected to cover a wide range of PCA space (DCM, EtOH, trifluoroethanol,

trifluorotoluene, toluene an®ME). Statistically, the most sigmiant factoraffecting
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the reaction conversion was the solvent, iiME shown to be most effective. The
ligand was also influential with @Me-BIPHEP (311) and H-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 investigatéd (15

30 bar & 0.12" 0.23 M). However significantlylower conversion was observedten

the reactiorwas run at 5 bar. This posedproblem due to the lack of high pressure
hydrogenation equipment available on sealhin GSK

Lig/Solv 311 308 309 307 310 151
Toluene a b C d e f
TFT b c d e f a
EtOH C d e f a b
DCM d e f a b (>
DME f a b d
TFE f a b C d e
U b c d e f
Temp(°C) 50 25 50 25 50 25
Pressurdbar) 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 181 Latin square design***
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3.9.2 Investigation into Lower Pressures

With the initial screens and some optimisation of the asymmetric redypeiiformed at

our partner sitethe investigation of the reactioatumed tothe Stevenage sit®©ur main

goal was to find conditions which allowed the reaction to be run at presswerthan

5 bar. The reason for this is primarily the availability of large scale high pressure
hydrogenation apparatus limited. Although hydrogenation plancan be found which
operates aextremely highpressures, it is much less readily available than equipment
designed to run at more modergeessures (< 5 bar).h€ first set ofhydrogenation

reactions investigatedere thereforeun at4 bar.

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

(% a/a) (% a/a) (% a/a)
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)-HsBINAP 19.2 20.3 294
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 11.1
DME 80 (R)-HsBINAP 31.4 325 234

Table 197 Hydrogenation investigation at 4 bar

As with previous experiments, the diastereoselectivity wesellent(>99%), and the
best results were obtained witR)-Hg BINAP (310 as the ligand an®ME as solvent.
Some conversion was observed with b{)-BINAP (151) and toluene. The increase in
temperature@bove that investigated in the initial screaras significant irgiving 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 masd®imass unitshigher than that othe

starting imingby LCMS.

3.9.3 Characterisation of Impurity 313

It wasimportart to isolate and characterifleis impurity since it was being formed in
such high levelsat this stage of the synthesmpurity formation could jeopardise the
entire route. Ricidation of the stucture of the impurity mayllow control of its

formation to be achieved

Initial LCMS data showed the molecular ion to be 445nf&s units highethanthe
imine (229 (mwt = 427), overalladdiion of water to the molecule would caubés +18

mass increase.hfee potential structur¢812- 314) wereproposed

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 wasenvisagd that water could be additgthe oxazole (its electphilic nature when
adjacent to a arbonyl has already been shown (sect®B.l) and then either re
aromatising to afford hydroxyl oxazol812), or ring opening to afforcan acetamide
(313. Alternatively, a simple hemiaminal (314) could be present, but this was deemed
unlikely due to the stability of the compound to TFA modifiedparativeHPLC during

initial attempts to isolate it.
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In previous screert$* this impurity formed quantitativelyin alcoholic solventsand so
methanol was employed to allaecesdo larger quantities of the impuritfthoughthe
compoundcould be purifiedto a single peak by HPL@Figure 29), a number of

componentseemegresent i NMR (Figure30) which hampered characterisation.

4449
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Figure 297 HPLC of impurity 313
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Figure 30- *H NMR of impurity 313
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However,the absence of oxazole protang  @i8.5ppmBvasimmediatey noticeable
which enabledhe hemiaminal structurg314) to be discountedA chemical shift of
2.0/ 2.1 ppm rather than 2i2.5 ppm is more consistent with theegsence of an
acetamide thaan oxazole methyl grouft.f. compound52 and229). This prompted
an investigation intahe possibility of structures similar 813 rather tham hydroxy

oxazole(312). The HSQC spectruronfirms the absence of oxazolytotons anghows
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t hat t he pr otoorrekstel with catbons ®ith ghiftsno f a ~190 pp
characteristic o n b-lhsaturated aldehyd& thus providingfurther evidencdor the

ring opened structure su¢Bl3).

Co el b

B Ml ! 1 m

©
(o2}
ppm

3 (©) “cmAldehydecorrelation 184

L B AL o e A RRRREE R e
9 8 7 6 5 4 3 2 1

ppm

Figure 311 HSQC of impurity 313

The most compelling evidence for ring opening comes from'the ®N HMBC
experiments which clearly shaothie disappearance of the aedyl nitrogen at 250 ppm,
replaced by a resonance at 1pgm which is characteristic of an amid&hese

observations led us to proge the following structure fahe impurity(313).
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Figure 327 N HMBC of impurity 313

A number of inonsistencies remain unexplainddrstly, protons 1 and Zorrelate to
different nitogens Oy = 111 ppm and 114 ppm). Whilst this is possible,4.a,5_H)
correlationswhich would allow H1 to correlate to N6an occur particularly in*N
HMBC, it seems unlikely that 3.+ correlation between H1 and Nuld not occur.
Secondly, the presence ohultiple components by NMR remains unexplained.
However, it is possible thaivb componentsould arisefrom cis andtrans double bond
isomers,with the presence of eitheamide rotamers orsoleucine diastereocisomers

accouning for the other resonances
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Variable temperature NMR experiments showedlescencef someresonancet give
a slightly simplified spectrum, but no further conclusions could be drawn. Variable
temperaturé®N HMBC would be required to gain further information.
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Figure 331 Variable temperature NMR of impurity 313

Assuming that our tent&e structure for the impurity vgacorrect, strict exclusion of
water from the reaction mixture should prevent its formation. Spiking water into
reactions gave an increase in levels of theunty, providing further evidence.
However, $rict exclusion of water from the reactiomss difficult to achieve using our
available labratory hydrogenators which use hydrogen generated fromothine
electrolysis of waterThis hydrogen isnvariably wet, despite attempts to dry it using
activated molecular sieves or silica gelssicantsSmall hydrogen lecture bottles were
attached to the hydrogenator in order to provdde hydrogen, but this showed no real

effect in lowering the levelsf the impurity (313 when running optimised reaction
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conditions As the use of dry hydrogenaulld notcompletely eliminate the formation of
the impurity (313), it was presumed that the wme of the adventitious water gvéhe
solvent. The DME was analysetly Karl Fischerand found to contaid69 ppm (0.047%
w/w) water, which equates to 1B0l% at the current reaction dilution. This appears to
fit well with the observed levels of impurity observed in reactions run using dry
hydrogen {CatalystA; [RuCI((R)-SEGPHOS)§-cymengCl

Table20).
109 313
Catalyst* Solvent  Pressure Hydrogen (%ala) (%ala)
A DME 4 bar Generator  38.2 9.4
A DME 4 bar Generatob ;55 354
equiv water
A DME 4 bar Bottle (dry)  46.3 10.7

*Catalyst A; [RUCI((R}SEGPHOS)(cymene)]Cl

Table 2071 Effect of water on +18 impurity 165

3.9.4 Further Catalyst Screening

The conversion atheimine (229 to theamine(109) under these revised conditions was
still disappointingly low and significant improvements woblkel requiredbeforea cost
effective proceswas availableThis is particularly true given the currdngh G mol%)
catalyst loadingequred Further ligands and pieatalysts were screened attemptto
increase thecatalytic activity, and allow catalyst loadingo be reducedA ligand set
(317-322) was chosen based primarily ¢ime basis of structural similarity to the hits
from the initial screensAs preformed catalysts of the®lgeneration Noyortype weae
not readily available, the ligands were purchased and theapab/sts made irthe
laboratoryaccording to a procedure used in thiial screen$* which was based on

literature precederit’
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Scheme901 Preparation of 1% gereration Noyori pre-catalysts
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(R)-MeO BIPHEP (R)-Furanyl BIPHEP (R)-isoPropyl BIPHEP

Cr

(R-SEGPHOS(317) was of particular interest due to the commercial availability of
both the igand and préormed catalysbnlarge scaleTwo reactions were run using this
catalyst the first useccommercially sourced pregalyst and the secondaterialmade

in thelaboratory The latterwould serve as a control for the other catalysts, which were
all made in the laboratory. THel-OMe BIPHEPIligand (311) was selectedbecause it
was observed to be one of the better ligands in pusvscreens. Wwanted to confirm
these results and observe how this ligand behaved at lofweb bar) pressures.
SOLPHOS(319 was included due to structural similariyith the existing hitsand
availability. The remaining igands (320-327) would allow us to probe the structure
activity rdationship around the pendant groups on phosphorus in more d&tail.
reductionin conversion had been observed as more bulky pendant groups on phosphorus
had been used witlR)-BINAP based catalystin the initial £' generationNoyori
screengwith the methyl ester substrgtethis is exemplified bythe use of(R)-Xylyl
BINAP (151) which gave< 70% conversiowompared t¢R)-BINAP which gave > 90%

conversion We were interestetb see ifmoving to pendant groups with even lower
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steric bulk raisé the corversion. This seemed feasibparticularly if the increased bulk
of the benzyl substrate wassponsible fothe poor reactivitycompared to the methyl
ester The igandsbased orMeO BIPHEP(320-322 are commercially availableand
(R)-Tol-MeO BIPHEP(309 hadbeen shown to be effective previouglyable 17). It
wasthereforedecided to use this templatie probe the questiothe results are shown
below (Table21).

109 229 313

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

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 20.1
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 1.1 36 28.2

* a. Commercial material. b. Made in house

Table 217 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 aquired 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 basddl-@Me BIPHEP(311) showed poor
activity despite high anversions being observed in previous screens. Further
investigation into these results are requifBtke resultalsoshow thathefuranyl ligand

(321) gavethe highestonversionof the catalyst systesrtbased on MeO BIPHEB20

322, with the phenyterived ligand (320) showingmoderate activity and thiso-propyl
derivedligand (322 havingpoor activity. It is possible that reducing the steric bulk of
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the ligand does indeed increase catalytic activibyvever, with sucla limited data set,
no firm corclusons can be drawn. Nonetheletiss furanyl MeO BIPHERigand (321)
andphenyl MeO BIPHERigand 320 should be investigated in more detalbng with
SEGPHOS317).

3.9.5 Catalyst Characterisation

Due to the apparentlyapricious nature of the SEGPH@%dated hydrogenation
reaction, it waslecided to investigate the structure and purity of thecptalyst.It was
initially hypothesised that aerial oxidation of the phosphorus ligand in tloeakmiy
made batch of catalyst was the reason for poowiggtiand thereforeanalysed the
material by>’P NMR inanattempt to observe such a species. The analysis of [fRICI(
BINAP)(p-cymene)]Cl wasn agreementvith that reported irthe literaturé® and the
presence of oxidised species was not identified. [RREEEGPHOS)-cymene)]Cl
was also analysed %P NMR and the spectrum sdown(Figure34).
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Figure 347 *P {*H} NMR of [RuCI( (R)-SEGPHOS){p-cymene)]Cl

The presence dhetwo phe phor us envi r o and @5 ppm iadicate8 = 4 .
thatthe ligand has bound to the metal centre. The appearance of doublets supports this,
as they can only be formed B3 coupling through the metal centre. In addititree

ligand gives a single phosphorsignala t -3.23pm (a small quantity of unbound
ligand can be observed in the above spectrum). Theme svidencdor the presencef

oxidised ligand and the spectrum is concordant with that of the commercially made
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catalyst.A second batch of catalygtas synthesisenh the laboratoryin air, rather than
underthe strict anaerobic conditionssed forthe first batch. This second batch was
analysed by'P NMR and found to balmost identical tahe first. When appéidto the
hydrogenation reactigrits reactivity was compaée to that of the commerciataterial
(Table22).

Catalyst* Other Solvent Pressure Temp (0/% g/%) (0/3 2/%) (0/::’ Sa)
A ExAldrich DME  4bar 80°C 382 225 9.4
A Errlz‘;";‘fi? DME  4bar 80°C 39.8 26.9 8
A Prepared — pye  gpar 80°C 225  38.3 7.3

anaerobically

*CatalystA; [RUCI(R)-SEGPHOS)§-cymene)]Cl
Table 227 Effect of catalyst preparation

The reasons for the differences in behaviour between these saidpteial by>'P

NMR, remain unclear.

3.9.6 Investigation into the Pre-catalyst Species

Until the reasons behind the capricious nature of the hydrogenatation could be
resolved, it waglecided to investigatpre-cursors to the same active catalySenetet
al.™® had shown that the pmatalyst speciesnfluenced the kinetic profile of
a s y mme-ketoamade Hydrogenation reactions consideratsimilar species using
the commercially available SEGPHOS varianese investigted (Table23).
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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)-cymene)]Cl, CatalystB; [NH,Me,][(RUCI((R)-SEGPHOS)) €
Cl);], CatalystC; [RuCI(OAc)((R)-SEGPHOS)]CI.

Table 237 Effect of different pre-catalysts

This study cl e%cynenye pratalyst gave thehlghest ¢onversion
during the 20h reaction. [RuCI(OA€)R)-SEGPHOS)]CI (A) showed no activity
whatsoever, gssibly becausthe acetate groups are bound too tightly to dissociate and
give the active catalytic species. [pWe,][(RUCI((R)-SEGPHOS)( <Cl)3] (B) was

also shown to be inferior tfRUCI((R)-SEGPHOS)-cymene)]CI(C). Conversion to
product was loweand levels of imprities were higherTherefore, it was decided to
focus on the [RuC{R)-SEGPHOS)-cymene)]|Clpre-catalyst species, bumvestigate
other variables which may be able to increase the conversion.

3.9.7 Return to Increased Pressure

With a number of variables investigated, amdhe absence of @ear way of increasing
activity further, attentionturned back to the reaction pressure in attempt to increase
conversion An hydrogencylinder was connected to thgarallel hydrogenator ebing

the pessure to be increased to 8 bar.
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109 313

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

A DME  4bar 80°C 463 10.7
A DME 6bar 80°c 400 12.7
A DME  8bar 80°c °1.0 6.0
A PhMe 8bar 80°C 345 16.1

*CatalystA; [RuCI((R)-SEGPHOS)-cymene)]Cl
Table 2471 Effect of pressure

Raising the pressure does incretmeproduct peak area but thetid appear to be some
anomaliesHowever, in toluene, the conversion does not increase with prefswees
hypothesisé that the conditions used above are too forcing stheemine (229 is
completely consumedyet only 50% a/a produds present.lt is probable that the
temperatures required to give activity also give decomposition of thimgtaaterial or
product particularly overprolonged reaction times (20 h).

3.9.8 Wider Solvent Sreen*

It is possible thainteraction effectdetween solvent and catalyst coolcturin this type

of hydrogenationjJeadng to some urgque well performing combinationsn order to
investigate this, a widerange of solvents were screened agas®ten of the best
performing ligands** To our surprise, all the reactions performed poorly, even the
previowsly successful (R)-SEGPHOSDME combination. Onevariable which had
changedsince the previous screens was the equipment in which the reactions were run.
A switch had been mad® smallervials to enable more rapid screening of a large
number of reactios and it was postulated th#tis was the cause of the poorly
performing reactions. In smallerals the gadiquid mass transfewill necessarily be

lower than with larger vials since tlsirface area to volume ratio is lower and the

agitation is also less effectivét was believal thatthis property known ask a (the

Confidential 138|Page



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

volumetric mass transfer coefficient) which correlates with mixing and is characteristic
for different vessels at setgitation rateswas the issue. In order to test this, three
identical reactions were performed irffelient sized vials for whickhe relativek a can

be estimatée. As expectedthe vial with the lowesk a showed the poorest conversion.

In order to undestand this dependence further, studies need to be conducted in
equipment in which thi 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 Scaleout 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 putitywasd eci ded t o O6scale out o
the experimentlue to the potentiadependeoe on the mass transfef the reaction

system. Five idetical reactions were run iparallel hydrogenation equipmerthen
combined and hydrogenated over Pd/C to cleave the benzyl ester. The crude amino acid
(89) was crystallised fromPrOH in 47% yieldand > 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)-cymene)]Cl, 8 bar §§ DME, 80 °C, 18 h; ii) Pd/C, 1 bar,HMeOH 20 °C, 30
min; iii) i-PrOH crystallisation

Schemedli Scale out of asymmetric reduction

The material was analysed by a more specific HPLC method to determine its isomer
content (sectio.10 and bylCP-AES to determine levels of rutheniuffhe uthenium
concentration irthe productwas measured at 1300 pgfior comparison, the level of
metals in APl would need to be controlled to < 20 jppHowever, these levels should

be achievablaevith sufficientprocess developmerind for an early attempthis yield

and purity waggood enough for progressiofihe crucial property of this reaction is its

Confidential 139|Page



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

dependence on thHea described earliefsection3.9.8. If the reaction cannot be run at
k.a values readily achievable in large scale pldren the whole synthetic route may not
be a feasible alternative to the existing Ugi chemistry.

3.9.10Investigation of the Hydrogenolysis of Imine229at a Definedk_a

Thek_a of a reaction system is characteristfa 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 hydogen 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 H
commencing agitation and monitoring the decrease in pressure within the sisiem.
procedure has been performed for a number of vessels at our partner site and our
hydrogenation was studied using one of these veSédlke reaction was performed on

50 mL scale (3.33 g iming29 with an agitation rate of 815 rpm corresponding kpaa

of 0.15, a value which can typically be achieved in large scale hydrogenators.
Pleasingly, the reactioappeared to perfor similarly to the previous system used to
scale out the reaction. Althoughe impurity (313 was presentits levels were not

elevated.

The effects of catalyst load and pressure on the reasttsa then studiedising the
same equipmerdt 50 mL scaleThe hydrogen uptakeould be readily plottedver the
course of the reaction usitigis same equipment, arnlde cata gathered is showRigure
35, Table25). It was observed that complete conversioth®aminoester(109 could
be achieved with minimal formation dfie impurity (313 by increasingthe catalyst
loading twafold to 10 mol %. Ingrestingly, hydrogen pressurappears to have only a
minimal influence over the reaction ratdien 10 mol % catalyst loadings are uskd
was hypothesisé that under these conditions theaction he rate is limitedby the gas
liquid mass transfertHowever, pressuredoes appeato influence the rate of reaction
when the catalyst loading fisturned tdb mol %. Herat is believed that the reactionate

becomedimited by the kinetics of the catalgtcycle.Under these conditions, increasing
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thereaction pressure increases the equilibrium concentration of hydrogen in solution and
therefore increases the reaction ratewas propose that the incomplete reaction
observed is due toompetitive catalysdegralation,and the generation afie impurity
(313 by an uncatalysed processlsing 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 351 Hydrogen uptake using varying catalyst loading and pressuré*
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Entry Conditions HPLC profile

1 10 bar, 5 mol %

2 4 bar, 5 mol %

!
o LA
i

e2]

3 4 bar,10 mol %

4 2 bar,10 mol %

5 1 bar,10 mol %

ok v
:

b,
f':‘/p!'

Table 257 HPLC profile using varying catalyst loading and pressuré**

The reaction was then scaled top39 g(91 mmol) knowing that the reactiocould be
performed atk a values typically achievable in larger scale equipment. 10 mol %
catalyst at 2 bar fpressuravas usednd complete reaction in under 4vlas observed
with an isolated yield after deenzylation andrystallisation of 64%Scheme9d?2). This
pleasingresult wasindicative of the success of tlievelopment workWe now had a
proces with aviable yield, using a readily achieveable temperatand pressure, and a
commercially available catalyst (albeit usingpading. Moreover,the application of a

1% generation Noyori catalyst to the reduction of such a densely functioniliatid|
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imine in high selectivity represents a significant dmution 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_ 9] HO_ o)
: |‘ ii) Hy/Pd/C, MeOH, 25 °C \H‘ Ao
229 ) 89; 64%
O iii) iPrOH crystallisation d.e. >99%

Schemed21 Asymmetric hydrogenation to provide amino acid39
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3.10Analysis ofthe Amino Acid

3.10.1Preparation of DiastereomericAmino Acids 324331

In order to fully understand the purity profile of GSK221149 prodwia@ new route,
particularly with respect tthe isomeric contaminants, it is important to understand the
purity profile ofthe intermediates. This allows understanding of the generation and fate
of impurities throughout the route. The purity thie amino acid(89) is particularly
important as thiss 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 moletulEhe impurites of most
interest arghe diastereoisomers @ghe 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 metlbgth candistinguish and
quantify isomeric impurities itheamino acid would bavaluable tool in understanding

the isomeric impurities in GSK221149.

Before an analytical method coub@ developed, samples of the impurities in question
neead to besynthesisedin the case ofhis amino acid, 8 stereoisomers derived frbm
andL isdeucine andallo-isdeucine exist. They were synthesised in diastereomeric pairs
as showr(Schemed3, Schemed4).

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 °

Schemed3i Synthesis of amino acid diastereoisomers

Confidential l44|Page



3. Results and Discussion Part 1; A New Route to GSK221149
\W_O —Q

N N o

: NJ

o
— NZ N\)
— >
BnO O HO O
324
o) 323

\eo

N _~
(\o
RN

P4 P
T
Z
s

|

I

L-Isoleucine

O
T
O
/O}

@)

»

N

o

1/
f

4
4

|
.
C

D-lsoleucine

327 328

[os)
5
(@)
O_
ﬁf
w
N
(-]
T
(@)
O—,,,
T
(@]
o=
F_C

e
4
T
4

e
J

D-allo-isoleucine

|
¢
|
L
¢

268

oY)
=}
O
o=
rﬂ
N
N
©
.
e}
© =z
o
0
©
.
O
o=
o,

\l/
1/
\\O(

N_ ﬁ
—

N ’
L-allo-isoleucine -
BnO 9 HO
329 " 330
(e} (0]

Schemed4i Preparation of isdeucine amino acid diastereoisomers
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Esterification of the relevanisoeucine isomer with benzyl alcohol and-TSA in
toluene unde DeanStark conditions providethe corresponding benzyl estes its tosic

acid salt. This was thetaken through the developed iminerf@tion conditions which
performedequally well with each of the diastereoisomersydfogenolysis over Pd/C
provided diastereomeric pairs of compounds differing by their configuration around the
newly created oxazoleearingstereocentre. The paiveere separated by mashrected
preparative HPLC, but the stereocheahi configurationat the oxazole bearing

stereocentre was not determined.
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The initial esterification reaction performed well with bathand b- isoleucine, but
failed with L-allo-isoleucine giving a number of uidentified products. It is thoughttt

the scale of the reaction w#se cause ofhis failure. Due to the high price and low
guantities in whichL-allo-isoleucine is availablg the esterification reaction was
performedonly on a small scale (500 mg). The Deaiark process was inefficient on
this scale and so the reaction time was lortgan 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. Snaed

331, and268and330, are pairs of enantiomers and the same is triB24t6nd328 and

325 and 327, a representative selection of all 4 diastereoisomers can be obtained by
simply combining the products produced franisoeucine andp-allo-isoleucine @9,

268 324 & 325).

3.10.2Analysis ofthe Diastereomeric Purity ofAmino Acid 89

A mixture ofthe key diastereoisomef89, 268 324 & 325 was prepared anahalysed
by HPLC (Method A) separatiorof the desiredp-allo-isoleucine diastereoisomédrom
one of theL-isoleucine isomersould not be achievedpncould it be separated using an
extended 30 min HPLC methodowever, separation was achiewging an alternative
stationary phas€® Using the method developed, batches of matprizducedvia three
different routes was analysed for diastereoisomer conterthe first batch (entry 1)
was producedia the methyl ester protectedallo-isoleucine, with imine formation in
dichloromethanausing NEt as base and reduction with,,HPd/C. The productvas
progressed to API to provide material containing a number of isomeric impufigbke (
10). The second batcljentry 2) was producedfrom the benzyl protected-allo-
isdleucine via imine formation in PhMevith TMEDA as basgfollowed byreduction
over H,, Pd/C. The product was progressed to API containihgyels of
diastereoisomeric impuritieshich meet specificatio(rable 15). The third batcl{entry

3) was produced as abey but was reduced usingethRucatalysed asymmetric
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hydrogenation conditions. Data for this batchiiseg for crude materiglentry 3a)and

after crystallisatiorfentry 3b)(Table26).

Isoleucine A* Isoleucine B* 268

Entry Route (% a/a) (bala) (% ala)
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 (Asymmetri} - Crystallised <0.05 <0.05 <0.05

* Exact compound is undetermin8@4-328.

Table 267 Isomer content of Amino acid batches

Pleasinglycrystalisedmaterial producedia the preferred asymmetric route showed no
reportablediasteresomer contentUsing this more sensitive analytical method, the
diastereomeric excess of crude material produced during the hydrogenation was
measurd to be 99.3%. Also pleasing wetke low levels of contaminant isomers
derived fromL- (or D-) isdleucine inmaterial poduced by heterogeneous hydrogenation

of the imine. The level of isome268 was expectedit was consistent with levels
previously observedt originates from imperfect diastereoisomer separation during the
crystdlisation. Interestingly significant quatities of contaminant isomers were
observed in the methyl ester dexd material and this correlatedell with the
contaminant isomers in drug substance produced frdtristknownthat the presence of
contaminant isomers in APl can arif®em processig of the methyl ester and can
hypothesise that the strongly basic conditions of the ester hydrolysis cause epimersation
of t-hteerlkocentr e. Epi merisation of t he b
diastereoisomepair 7 (283 284) is more difficult to propose a reason for. It could be
that differences in the imine formation conditions are respondiloleetheless, as ftad

been shown thatthe amino acid (89) producedvia Pd/C hydrogenation othe
corresponding benzyl protected imif229) could be processed to give API within

specification, andasamino acid derived from asymmetric reduction hadeaenbetter
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purity profile, we were confident that the negymmetric hydrogenation conditions

would also be able to pvae API withinspecification.

Confidential 148|Page



3. Results and Discussion Part 1; A New Route to GSK221149
3.11 Comparison ofthe Two Routesto GSK221149

Ongoingdevelopment work has been performed on the new route by other members of
the team to define processes which can be readily st&dThe 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
extractionof the ketonitrile Claisen ealensation produdtl2?) into aqueous solutign
where the oxidationcan be performed using Oxor¥. This greatly improves the
manufacturability of the process since oxidations are inherently safer when performed in
the absence of large amounts of organigents. Crystallisation conditions which allow
direct isolation ofthe ketoamide (102 from the reaction mixturdhave also been
developedThis allows the process to be scaled, since chromatog(apég previously

to isolate the product)s prohibitively expensive to perform on large scaléhe
robustness of the reaction has also been demonstrated across a range oDEsiGES.

this development work, the yield of the process (BB8fmains low.

The acyl transfer chemistry has been modifialthough asuitable alternative to
Ghosez6 reagent could not be found. The
improved by addition of an antisolvead the process now reproducibly yiek&o of

the cyclisation precursof91) from the amino acid(89). The ame antisolvent addition
principle was applied to the fihdaydrogenation and cyclisation chemistry enabling

isolation of API meeting specification in 96% yidtt the single step

During the time spent developing the new route chemistry, fudéeelopments were
made to the existing Ugi route, principally in the depehent of stage 4, where
conditions were defined which allowed the reaction to be re@0atC.Project timelines
dictated that a decision between the two routes be made in orgeegare for an
upooming manudcturing campaign. fe current state of thewo routeswere compared
based on a number of facto&ple27), with the man focus the cost of API produced

via each of the two routes.
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Scheme96i New route to GSK221149
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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 27% 36%
Lowest emperature 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 277 Comparison of routes toGSK221149

Despiterequiring 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 fragment64) which is now introduceth the penultimate synthetic step.

The yields fromthe oxazole este(84) are comparable between routes since extra steps
are required taeduce tothe correspondingldehyde(65) which is required in the Ugi
reaction. Both routes requiegjuipment capable of running at a minimum20 °C, a
temperature witch 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 cosif goods clearly favours the existing Ugi chemistry. Material costs are
more than 10% lower than those of the reductive amination.rButeessing costs are
also predicted to be lower, primarily because ofgimaller number o$ynthetic steps.

Despite he increased yields, the reductive amination route is more expensive and this is
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3. Results and Discussion Part 1; A New Route to GSK221149
primarily due tothe rutheniumhydrogenation catalysthich, at £10000 k§using a 10
mol % loading contributes tamver 30% of the API cost of goodSlearly, reducing the
catalyst loading would enable the route to become competitive with the Ugi chemistry
but approaching a iold reductionin catalyst loadingvould be requiredo achievea

real cost advantage.
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3. Results and Discussion Part 1; A New Route to GSK221149
3.12 Summary and Conclusiors

This thesishas described the development of a new synthetic toudxytocin receptor
antagonistGSK221149which provides API whin clinical specification in 4% overall

yield from the ketoamide(102) (and 13% from oxazole est84). The route utilises an
expedien two step, ongot process to synthesis@ U-ketoamide(102) first described

by Wanget al.>* The investigation into this reaction raises some interesting questions
aboutthe nature of oxidation of kenitriles and 1,alionesand it ispostulate that a
Baeyer Villiger type migration of an amide is taking place. Despite considerable
improvements to the proceS§which now provideshe ketoamide(102) in 30% vyield

from oxazole aldeyde via a method which could be readily scaled, the yield remains

low.

The keyreaction n thisnew route to GSK22114%s the highly selective reduction af
sterically congested imin@29) using a first generatioNoyori-type rutheniumcatalyst.
This applicationis unprecedented, and could find further utility in the synthesis of other
N-functionalised gylglycine derivatives. The asymmetric reduction allows highly
selecive introduction of the oxazoleearing stereocentre, something which eékisting

Ugi route lacks. However, the success of the reaction is dependent on a high (d@ding
mol%) of the relatively expensive [Ru@R)-SEGPHOS)§-cymene)]Cl catalyst which
contributes significantly to the cost of gootlkore generally, the asymmaetrieductive
amination route allows the late stage introduction of the key indanylglycine sudnit (
andprovides opportunitieto isolatecrystallineintermediatesunlike the Ugi chemistry
Despite theseadvantagesthere are still a number of hurdlesiich would need to be
clearedfor the asymmetric reductive amination rotitebe competitiveparticularly in
terms ofcost This isparticularlythe casen view of further improvements which have
been made to the Ugi chemistry since this work was begon.these reasons
investigations intdhe new, asymmetric reductive amination route to GSK221149 have

beensuspended

Confidential 153|Page



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

4 Results and Discussion Par2; Investigation of the
Asymmetric Hydrogenation
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4 Results and Discussion Part;2nvestigation of the

Asymmetric Hydrogenation

4.1 Intro duction

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 specificlly, there are very few reports on tisgnthesis

of chiral aryl glycine derivatveby asymmetri ¢ hydrogen-ati on
imino acid derivative$®® Amongst these there is only a singxample of the

hydrogenation of n -imtho amide™*

and to the best of our knowledge previous
suc@ssfulexamples oN-alkyl Gimino amide reductionsDuring the work to develop
an alternative route to>ytocin antagonistGSK221149 a highly selective ruthenium

catalysed hydrogenation ahN-alkyl U-imino amidewas discovere@Scheme97).
P

(@)
/
N~ o N °
(\ H, H (\

S N N
N [RUCI((R)-SEGPHOS)(p-cymene)]Cl HN"
RO W 0 RO " (@]

\g 110; R = Me; DME, 80 °C \g d.e. >99%

229:R =Bn. 111; R = Me;
109; R = Bn.

Scheme9d7i Asymmetric hydrogenation of anN-alkyl U-imino amide in the synthesis of GSK221149

This reaction has the potential to be a useful metbiothe synthesis of a wide range of
functionalised aryl glycine derivatives. Thereforfeither mechanistic understanding
into the origin of the selectivitynd reactivityobservedwvas soughtlt was loped that
this mechanistic understanding woulten allow the substrate scofebe broadeneh
order to develop a synthetically useful protocol for the synthedignationalised aryl

glycine derivatives.

4.2 ResearchPlan

Theinitial aim was to explore t reactionscope by preparing a number of structurally

related imines and testing themnder the optimised asymmetric hydrogenation
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4. Results and Discussion Part 2; Investigation of the Asymmetric Hydrogenation

conditions. This would allow thestructural features key for the observed reactivity and
selectivityto be determinedt vas postulatethat the highly functionalised natuoéthe
substrate, particularlyhe densityof heteroatoms, could lead # complex mode of
bindingto the ruthenium metal centrdt wasspeculated thdahe reactivity or selectivity

of the system could be significantly impacteg deletion ofsomekey heteroatomand

this may allowhypotheses about the natafebinding to the catalysd be made

A number of points of diversity within the molecueere identified Scheme98),
specifically the nature of tharomatic substituenthe nature of the amide and the nature
of theimine N-substituentThe nature of themine N-substituentould be further broken

down into the Kyl chain or the eégr moiety. 8me keychangesvere 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

Schemed8i Points of diversity within the imine substrate

Substitution 6 the oxazole with othearomatic ringsvould allowthe investigation of
the effect of heteroatomsithin the ring systenand potentially expand the scopedao
wider group ofsynthetically useful substrates. Substitution of the morpholine amide for
other amides and esters would alltve structure activity/selectivity relationship be
probed Substitution of themine N-substituentwould again allow us to probe eh
structureactivity/selectivity relationship andnay allow a number of other important
questionsrelating to the selectivity of the reactiom be answeredA distinct
match/match case between the chirality preserthe p-allo-isoeucine moiety of the
substrate ahthe R)-enantiomer of the bin&phyl-derived catalyshad been observed,
whencompared to the opposit&){enantiomer We were interested to substitute the
allo-isdeucine with the achiral amino acid glycine to measure thermt selectivity of

the @atalyst.Synthesis osubstrateslerivedfrom amino acids of increasing complexity
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starting with alaninewere then proposed, whichwvould allow investigation ofthe

influence of the bulkgecbutyl groupupon the diastereoselectivity of the reaction

Oncethe key functionalityhadbeendeterminecand some mechanistic insighained it
wasaimed tosynthesise a number of further derivatives to demonstrate the scope of the

reaction

Markers of each of the diastereomeric products would be synthesigearallel by
reduction of the imines using Pd/C. Thessultscould then be used to determine tiee
of the asymmetric reductions by HPLC. It watanned only to investigate the
asymmetric hydrogenation under the optimised [RREEEGPHOS)-cymene)]Cl

conditions in order to limit the number of variables.

4.3 HeterocycleSubstitution

Firstly, theoxazole moietywvas replacedvith a simplephenyl groupwhilst retaining all
the remaining functionality of the control substrafénis was thefirst point of
invedigation primarily becausdt wasfelt that the synthesis of aryl glycine derivatives
had the greatest synthetic ugled applicabilityin a wider senseln addition it was
known fromprevious investigations into model imine formations (c.f. sec3@ that
the synthesis of phenyimine derivatives was muclkeasierthan for their oxazole
counterpartsit was hoped that this would allow foapid generation ofesults The
strategy was therefore to synthesisstack of the phenyl ketoamidg€256) so that a

range of pheyi-substituted iminesouldbe prepared and assessed

The optimised ketoamide formation conditions were used to pr@b8en moderate
yield (Scheme99) and the corresponding methgkter protected iming€257) was
prepared and purified by MDARo 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

Schemel9i Synthesis of phenyl ketoamid®56

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

i) TiCl4, TMEDA Toluene.
Schemel007 Synthesis of phenyl imine derivative257

The substrates were subjected to hydrogenation under the optinfied!((R)-
SEGPHOS)(pcymene)]Clconditionsalong withfreshly prepared samples tble benzyl
and methyl ester protected oxazole imirnkeR) 229 aspositivecontrols. e results are
shown(Table28).

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?> R' Conversion de(%)

110 ”;\\//o Me 98% >99%

229 Ebo Bn 64% >99%

257 %O Me 0% N/A

Table 287 Asymmetric Hydrogenation

Confidential 158|Page
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Somewhatunexpectedly a complete lack of reactivity wasbserved for the phenyl
substituted derivativesConversion to the desirednane was not observedespite the
stability of the imines tahe reaction conditionsThe expected conversions fdre
control reactionsdemontratedthere was no issue with either the equipment or the

catalyst.

It is possibleghata secondary binding modeetween the substrate and the catalyatam

centre was taking place.ii®ling of secondary functionalitwas observedby Noyori

during his investigationsintbh e asy mmet r i ¢ -Ketpesdterangl smwellt i o n
documented?®*'*’In these exampleshe b-ester functionality cerdinates to the metal
centre giving a @nemberedchelate which facilitates both the reactivity and the
selectivityof the reductionFigure 36 showsthe binding mode332), andhow it allows

the R)-BINAP ligand to eert its stereochemicahfluenceduring the transition state

O=
(BINAP)CIHRU, 1
o=

332 R

-

Cl

HO |
3 —Rlu—O
< ) H “or
@ favored TS

(R)-BINAP j ,

(l:|
O—Ru-——m R/phenyl
)\_'/“\@? repulsion

ro® H

unfavored TS

Figure 361 Stereochemical influence ofR)-BINAP."?
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4. Results and Discussion Part 2; Investigation of the Asymmetric Hydrogenation

With this in mind, it was proposed thasecondary bindingf one of the heteroatoms
present inour oxazolewas taking placewhich enabledhe observed reactivityand set

out to investigate this with the synthesis and testing of alternative heterocyadicades

4.3.1.1 Alternative heterocyclic substrates

The investigation ofhe binding phenomenomas performe@mpirically, since @idence

of binding could nbbe observed sp&oscopically; guimolar mixtures of substrate and
catalystwere prepared bighowed naneasuable change in chemical shift compared to
the isolatéd components. Thereforéet synthese of a number of imines with nitrogen
containing heterocyclewere proposed to try tee-instate catalytic activityand gain
further understanding into the kiimg of the oxazole Substrates containing the

commonly available heterocycles pyridine, imidazole and pywel® initially selected.

Schemel01i Proposed reaction of substrates containing comnmdy available heterocycles

The compoundswere synthesised using the Claisen condensation/oxidative nitrile
cleavage and TiGImediated imine formation chemistrieptimised for the oxazole
containing speciesSchemel02). The methyl ester werechosenin preference to the
benzylestes due to thepreviously demonstrateability of the methyl esters to undergo
reduction more readily Here, there wa no requiement for isolaion of the
correspondingamino acids which hagreviously proven to be troublesomieom the

methyl estergc.f. section3.4). In addition,the promsedstrategyof providing markers
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