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Abstract

This thesis consists of four chapterhe first contains a literature review of the
isolation, previous total syntheses, biological activity and structure activity relatisnship
of lactacystin and its analogues. Chapter two discussesvork towards the total
synthesis of lactacystin and its analogstarting from three different amino acd
Chapter three contains the peximental details of our workand he final chapter
contains the details of our work on the biological testing ofes@f our advanced

intermediates towds deoxylactacystin

Our synthetic approach towards lactacystin and its analogues starts from a simple amin
acid derivative; using different amino acid derivatives as starting matetied C5
position is easily alted The starting material is then advanced to a suitable diester for

Dieckmann cyclization téorm the lactam core found in the natural product

The next key step in our approach follows ManderOs acylation protocol to form the Ct
guaternary centre usinmethyl cyanoformate to install a methyl ester group in a
selective manneflhis stepresults inthe fully functionalizeccore of lactacystin.

At this stage we had twpossibleroutes. First, weinvestigated the reduction of the
ketone at C6 followed by @mpted decarboxylation at Cthis route ultimately proved
unsuccessful The second route inverted the reaction order; performing the
decarboxylation aC7 first followed by attempt$o reduce the ketone at C6. The
reduction was unsuccessful asaa thianethyl derivativewas employedo allow the
ketoneto be successfully reducddllowed by removal othe thiomethyl groupsing

Raney nickel.

Chapter four has been written as a stalmhe chapter. Four advanced intermediates
towards deoxhactacystin werehosen to undergo biological testirf@mpounds were
tested for theiantiproliferative effects againsgihe HL-60 cell lineusing anMTS assay
and theirability to inhibit the chymotrypsHiike activity in the 20S proteasome
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1.0 Introduction

Lactacystinl is a microbial metabolite first isolated bymura et al in 1991 from
Streptomyces s@M-6519"2 The microbial metabolites were screenediétermineif

they could induce differentiation of the Neuro 2A (mouse neurabtest cell line.
Lactacystin was found to induce neurite outgrowth and inhibit cell proliferation in the
Neuro 2A cell line as well as inhibiting growth in the osteosarcoma cell line in himans.
Its effect on Neuro 2A cell linegsas found to mimic the actioof neurotrophic factors
(NTF). NTFs are responsible for the maintenance and survival of nerve cells, without
which the nervous system cannot function correcilyd nerveelated diseases such as

AlzheimerOs and Parkinson@soccur aa result.

Figure 1. Lactacystin

In 1994 Fenteangt al studied the activity of lactacystin analogues to determine which
structuralfeatureswere essential for biological activityThey found thathe activity

could be greatly affected by the groups on théactam rhg. The grops and
stereochemistry at the C5, @&d C7 positionsincluding the configuration of the C9
carbonare important. Modificatiomcan result in partial or complete loss of activity. In
contrast theN-acetytL-cysteine (NAC) moiety was fourtd play no part in the activity

and this group could be changed with no effect on activity. It was also found that the
inactive compounds do not compete with the action of lactacystin. They observed tha
the analogues that are most active in cell cycle progressxd neurite outgrowth all

have the potential to forslactones.

Not long after, Schreib&rcarried out labeling studies to identify the specific cellular
target of lactacystinTritium-labeled lactacystin was used and the 20S proteasome was
identified as the target. The study tested a series of lactacystin analogues and found th.

! +
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the key to activity was the electrophilic carbomybup at the C4 position. The C4

carbonylgroupof the thioester in lactacystin and théactone analogue were found to
be the reactive electrophiles. Hydrolysis of the lactacystin thioester resulted in the

corresponding acida compoundvhich showed no biological activity.
1.1 Mechanistic Studies into the Action of Lactacystin

Dick et al described the mechanism of proteasamhébition by lactacystini.Following

the discoveries by Fenteany and Schreildathey were able to show that lactacystin
underwent hydrolysis in aqueous solution, at pH 8, to form NAC and the dihydroxy acid
3 through the! -lactone intermediat@. They discovered that proteasome inhibition is
not caused by lactacystin but thdactone, also known as omuralide, exclusively. At

pH 6.3 lactacystin is stablbut also inactive as a proteasome inhibitor.

Further in vitro studies shoed that lactacystin itself cannot permeate through cell
walls, but the ! -lactonederivativecan. The efficiency of lactacystin as a proteasome
inhibitor isthusdependent on its ability to form thelactone2. Once inside the cell the

I -lactone can undergo several reactions, show8cheme I Hydrolysis can occur to
form the inactive dihydroxy aci®, it can react with glutathione (GSH) to form
lactathione, which is analogous to lactacystin and can reforin-ldetone, and finally

it can acylate the threonine residue in the proteas@®@lting in inhibition.
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i.l.l The 20S Proteasome

Thr

Figure 2. The 20S proteasome.

The 20S proteasomerigure 2) was found to be the specific cellular target of
lactacystin and its derivative$ Lactacystin was found to inhibit the trypdike
(proteases that cleave peptide bonds in the position following a positively charged
amino acid such as lysine), chymotrypbke (the hydrophobic nature of the S1 pocket
makes it specific for medium to large hydrophobic residues) apddylglutamyt
peptide hydrolymg (cleavage of peptide bonds in the position following acidic or
brancheechain amino acids) activity in the enzgncompleX. The trypsin and

chymotrypsinlike activity are both irreversibly inhibited by lactacystin.

The 20S proteasome is a large (=700 kD) protein conidleis cylindrical in shape

with a hollow @nter. It is made up od stack of4 daughmutshapeé rings each
consisting of 7 protein subunitstacked on top of each other. The two outer rings
consist of! -type subunits whilehe inner rings contairi-type subunits. The 20S
proteasome is capped by 19S proteasomes at either end to make up the68hole 2
proteasome unitA crystal structure of the 20S proteasome barseerbelow (Figure

3).
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Figure 3. A crystal structure of the 20S proteasoine.

The proteasome is essential in regulating many processes within the cell, including
cellular function ad homeostasi$The ubquitin proteasome pathway (UPPigure 4)

is responsible for the majority of intracellular protein degradation. This is important for
cell growth and survivafor bothhealthyandtumour cells.

There are two stages to the UPP. Tingt stage, ubiquitin tagging, occurs when the
ubiquitin-activating enzyme EIlcovalently binds ubiquitin the ubiquitin is then
transferred to the ubiquitioonjugating enzyme E2. Finallghe E3 ubiquitin ligase
transfers the ubiquitin to the target miot The secondtage proteolytic degradeon,
occurs when the ubiquititagged proteins are transported to the proteasome.
Polyubiquitin chains are produced by conjugation of ubiquitin moieties and act as a
signal to target the protein for degradationffddent polyubiquitin chain lengths result

in different functions, one of which is protein degradatifime ubiquitin molecules are
removed and the protein is fed into the proteasome where it isnbdoken into small
peptide units.
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Figure 4. The ubquitin proteasome pathwdy.

Inhibition of the proteasome stops the process of protein degradagoaby inducing
apoptosis. If cancer cells can be specifically targeted for proteasome inhipitiese
cells will undergo apoptosis leaving behindyohealthy cells. Proteasome inhibition is

a key strategy for antiancer therapy and is of great interest in current research.

Lactacystin, or rather the -lactone, acts by acylating the amino terminal threonine
residue of one of thé-type protein sublits of the 20S proteasorfiélhe hydroxyl
group on the threonine attacks the carbamyliety of the lactoneyresulting in ring
opening and thé&rmation ofan ester linkagdetween the proteasome and lactacystin
Hydrogen bondinganalso be observedbhetwea the hydroxyl group formed from the
lactone ring opening and the amine of the threonine restiieme 2
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Me OHHZN HNF 5]
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Scheme 2Deactivation of the 20S proteasome by acylation of a terminal threonine

residué®

1.1.2 Structure Activity Relationship (SAR) Studies

Although early work had touched on the importance of structure and stereochemistry ir
the biological activity of lactacystjnt was Corey who in 1999 completed the most

comprehensive SAR study to date.

The rdative stereochemistry at the @hd C6postions are important for the formation

of the! -lactone. The C5 hydroxyisobutyl group and the stereochemistry of the hydroxyl
group at the C9 position are important for binding in the hydrophobic pocket of the
lactacysin-proteasome complex. This was showging Xray crystallography by Groll

et al” As statechbove the NAC moiety is not important to the activity of lactacystin.

In 1998 he Corey group designed a new enantioselective synthesis that would allow
functionalization of an advanced intermediateabling the generation of a variety of
analogues’ They first studied the effect of replacing the isopropyl moiety at C9 with
other lipophilic groupssuch as ethylScheme3) and propyl $cheme 4, while leaving

the hydroxyl group also at C9 in place.
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Reagents and Conditionsa) 1. Vinylmagnesium bromide, TMSCI, THHO iC; 2. TFA/HO (4:1), 50
iC, 4 h; b) LIOH, THF/HO (1:1). 23 iC, 0.5 h; ¢) 1. BOPCI, &, CH,Cl,, 23 |C, 0.5 h; 2. CAN,
CHL,CN/H,O (3:1), 23 iC, 1 h, 35% (5 steps); d), IRPd/C (10%, EtOH, 2 h, >99%.

Scheme 3.

The advanced intermediadewas prepared i steps from dimethyl methylmalonate.
A Grignard additioronto 4 in tetrahydrofuran in the presencetomethylsilyl chloride
followed by desilylation afforded the allylic aled 5. Saponificationof the methyl
esterto form the dihydoxy acid followed by"-lactoniation using bis(2-oxo-3-
oxazolidinyl)phosphinic chlorid¢dBOPC)) and triethylamine and removalof the p-
methoxybenzyl groupising ceric ammonium nitratéCAN) led to the formation of' -
lactone7 in 35% yield over 5 step3he hydrogenation of7 afforded the corresponding
C9-ethyl analogu@ in >99% yield

The synthesis of analogu#&4 and15 follows a similar route $cheme4): a chromium
catalysed addition of allyl and methylallyl bromide 4, followed again by a
sapnification reaction,’ -lactonization andp-methoxybenzyl group removal, resulted
in compoundsl2 and 13, respedtely. The a@atalytic hydrogenation ofi2 and 13
afforded the correspondirmgnuralideanalogues]4 and15.
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R
12R=H 14R=H
13 R = Me 15 R = Me

Reagents and Conditionsa) 1. CrCj(cat), Mn(0), TMSCI, THF, 23 jC, 12 h, 50%; 2. 5% HF/G@EN,
23 iC, 4 h, 96%; 3. LiOH, THF/}D (1:1). 23 {C, 2 h, 93%; 4. BOPCI, &t CH,Cl,, 23 |C, 1 h, 95%; b)
CAN, CH,CN/H,O (3:1), 23 iC, 1 h, 65%; c) HPd/C (10%), EtOH, 23 |C, 2 h, 99%.

Scheme 4.

The synthesis of analogud6 (R=H, Table 1) was completed by reduction dtiie
aldehydegroup of 4 to the corresponding alcohdbllowed by saponification ! -
lactoniation andp-methoxybenzyl groupemovalas described abov&he C9-phenyl
analoguel7 was prepared in a rouéanalogous téhe one used to preparend8 using

a Grignard addition to introduce the desired functionality.

In the studiesbelow (Tables 13),** the different analoguesO ability to inhibit the
proteasome was tested by measuring the rates of inhibition of chymotiipsin
peptidase activityusing purified 20S proteasome from bovine brain Investgations
into the effect of funiondization at C9 Table 1) supported Schrieb@r early work.
Even subtle changes to the growgsing a slightly largeror smallergroup than the
original isopropyl resulted ingreatlossof activity. When replaced with a much smaller
group, for example jusa proton (16), the activity was dramatically reducedVhen
replaced with a much larger group, as in the case of thph€8yl analogudl7, a

complete lack of inhibition was observed.
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Table 1.Kinetics of inhibition by C3unctionalized -lactone analoges of lactacystin.

Me
(0]

O .
Ho (N
R

O

Compound Analogue Structure k..., ((M''s?)

2 R = CH(CH), 3059 + 478
7 R = CH=CH 188 + 11

8 R = CH; 290 + 12

16 R=H 9.7+£6.2

17 R =GHs No inhibition
12 R = CHCH=CH, 255 + 40

13 R =CHC(CH;)=CH, 64.7+22
14 R = CH,CH,CH, 192 + 35

15 R = CHCH(CH,), 174+ 24

The effect of other substituents tte C5 positiorwas also studiediTable 2). With a

ketone in place of the C9 hydroxyl moiety in lactacysditomplete lack of inhibition
was observedThe importance othe stereochemistry ahe C9 position was also
confirmed:the ativity is dramatically reduced whethe stereochemistry is inverted.
Interestingly, in the case of both C9 and fGbctionalization the inhibition was at its

highest when lactacystin was dsand no modification led to any improvement

Table 2.Kinetics of inhibition by CSunctionalized -lactone analogues of lactacystin.

Compound Analogue Structure  K,....((M''s?)

2 C;CH(CHy), 3059 + 478
R=HO H

18 R = C(O)CH(CH), No inhibition

19 C-CH(CHy), 65+ 9.6
R=HO H

20 R = CH,CH(CH,), 235+ 16

21 R = CH=C(CH), 98+5
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The importance of the C7 substituemas also investigateith relation to proteasome

inhibition (Table 3). Scheme 5shows the synthetic route to a variety of analogues
where functionalization was atieved by the early addition of different alkenes.
Reaction of the alkene witihe aldehyde o2 using a magnesiwwoatalysedanti-aldol
approach gave4.® Hydrogenation o4 followed by cycliation and deprotection of

the primary alcohol gave thbicyclic compound25. The dihydroy acid 26 was
preparedover threesteps and then convertedo the correspondinf-lactone27 using
BOPCI.Again, the ability to inhibit the proteasome was tested by measuring the rates of

inhibition of chymotrypsinlike pepticase activity.

COzMe
’ OH
R b R N- 1\ c
LN —_—
OTBS (e}
// HO
25

26 27
Reagents and Conditionsa) 1. Mgk, CH,Cl,, "20 i{C B0 iC; 2. K,CO,;, MeOH, 23 iC, 780% (2
steps); b) 1. | Pd/C (10%), EtOH,i{PrL,NEt (cat.), 23 {C, 30 h; 2. MeOH, 55 |C, 20 h; 3. 5%
HF/CH,CN, 23 iC, 24 h, 784% (3 steps); ¢) 1. DBO, (COCI), EtN, CH,CI,, "78 iC; 2. NaCIG,
NaH,PQ,, t-BuOH/2Me-2-butene, 23 C, 0.5 h; 3. HS(GHSH, 2% HCI (g), CECH,0OH, 50 iC, 7 h,
65-75% (3 steps); d) BOPCI, i, CH,Cl,, 23 |C, >90%.
Scheme 5.

In contrast with the already optined C5 and ® substituents variations atthe C7
group have yielded compounds with increased actiWWihien the methyl group was
replaced witha proton(compound29), the activity dropped dramaticallyHowever
whenthree of the analoguaghere the substituent was largbana methyl groupwere
tested the inhibitory activity more than doubde Interestingly the C7Zethyl substituent
(compound28) is found in slinosporamide B, an analogue of anotmaturally
occurring proteasome inhibitor that shares the same cootusgand mode of action as

lactacystin.
! ++
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Table 3.Kinetics of inhibition by C#unctionalized -lactone analogues of lactacystin.

Compound Analogue Structure Kk, ,.(M''s?)

2 R = CH, 3059 + 478
28 R = CHCH, 6679 + 553
29 R=H 450+ 77

30 R = CHCH; 2227 + 180
31 R = (CH),CH, 7275 + 466
32 R = CH(CH), 8465 + 1572

In conclusionjt is clear to see thatature has nearly optimizddctacystinOstructure

for proteasome inhibition. The combined studies intoftimetionalizationof the C5

and C9 positions clearly demonstrate this. There is however scope for improvement ai
the C7 position for a novel proteasome inhibitor to be designed to adchmeased
activity !
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1.1.3 Previous Syntheses of Lactacystin

1.1.31 The Corey Synthegs

Corey and Reichard reported the first total synthesis of lactacystin in 1992.
Lactacystin was successfully synthesized in 6% yield over 13 steps38¢8cheme
6).

Bn a Cone b O c
N ‘\\C02Me . . HN, .
§< j <M MeO,C”~
o HO
Bn OTBS
| CO,Me
HN d j e Nj...\ f
MeO,C™ ’ < s ‘otes > <o . OTBS g
HO' " ”
36 37 22
o) o)
OTBS h CO,H .
g - i
o) o)
HO HO
39 40
o)
k NH O
Co2 —
, 5/\/NHAC HO | ST \_-NHAc
“OH
CO,Allyl CO,H
1

Reagents and Conditionsa) LDA, LiBr, iso-butyraldehyde THF,! 78 {C, 51%; b) M®H, TfOH, 80
iC, 91%; c) TBSCI, imidazole, DMF, 23 iC, 97%; d) TsOH, (¥, benzene, 96%; e) 1. LiBAHF,
MeOH, 23 |C; 2. DMSO, (COC)) EtN, CH,CI,, ! 78 |C, 85%:; f) LDA, 2,6dimethylphenylpropionate,
THF, 1 78 iC, 48%; g) H, Pd/C, EtOH, 23 {C, 87%h) 1. 5% HF/CH,CN, 23 iC, 90%; 2. DMSO,
(COCly, EtN, CH,.CI,, ! 78 iC, 73%; 3. NaCI@NaH,PQ,, t-BuOH, 2methyl2-butene, 23 jC, >95%; i)
1,3-propanedithiol, 2% HCI/CEH,0OH, 50 jC, >95%; j)N-acetylcysteine allyl ester, BOPCI, ;8¢
CH,Cl,, 23 {C, 79%Kk) Pd(Ph,P),, HCOH, Et;N, THF, 23 {C, 84%.
Scheme 6.
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To begin,N-benzylserine methyl ester was conveiitdéd thecis-oxazolidine derivative

33, which wasisolated as a mixture of diastereoisomers in a 9:1 ratio. An aldol
condensation 0f33 with iso-butyrallehyde gave the oxazolidin84 in excellent
diastereoisomeric purity (>98%) after recrystallization from pentane. Lithium bromide
was found to be essential as low yields and poor selectivity were observed in its
absence. The oxazolidine rhagening, folloved by the silyl protection of the primary
alcohol, gave compoun86. The formation of a new oxazolidir8 proceeded using
formaldehyde in 96% vyield. &luction of the ester moiety followed by ameadation
gave aldehyde€2 The aldol condensation with 2démethylphenylpropionate under
PirrungHeathcockanti-aldol condition® resulted in the formation of oxazolidi8 as

the major diastereoisomer. The bicyclic lacte3®@ was obtained by catalytic
hydrogenation 088. Desilylation followed by the oxidatioof the primary alcohol gave

the acid40. The acidcatalysed transfer of methylene to-pf@panedithiol was used to
ring-open the oxazolidine resulting in the dihydroxy &®id 95% yield. The final steps
included a reaction witN-acetylcysteingo introduce the NAC side chain; deallylation

of 41 afforded lactacystin.

The attractive feature in this total synthesis, apart from a good overall yield, is how few
purification steps requiring chromatography are needed. However, as mentioned above
the main dawback of this synthesis was the poor selectivity of the aldol condensation
of 22. During the transition state of the reaction of aldehyf with 2,6
dimethylphenylpropionate under Pirruftpathcockanti-aldol conditions, the benzyl

and isopropyl groupsfdhe oxazoline ring areisto each other. Thee andsi faces are

not sterically different enough to induce a stereoselective attack of the aldehyde

carbonyl moiety Figure 5).'°

O\ Ph
> o\
Si i re
OR
Figure 5.
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Investigations were then carried out to improve the seigct Corey used the

methodology developed by Braun thdilised a chiral zirconium enolate ofsBloxy-
1,2,2triphenylpropionaté’ When the R)-zirconium enolate was used, aldeh@®avas
converted into four diastereoisomeric products in a 32:2:2:ib. rdthe required
diastereoisomer for the natural product, with@7{B) configuration, was isolated as the
major diastereoisomer in 80% vyield. Using tBeénantiomer of the zirconium enolate,
attack occurred onto thee face giving the (R, 79-diasteresomer as the major
product. The hydrogenation @R followed by diazomethandreatment and, finally,

cyclizationin methanol gave the reported bicyclic lacta@(Scheme 7.*°

CICp,zrO
Ph OTMS
i 0
Bn 74
' cHo 0 I OTBS
N /. Ph b N-
S L)
o—- OTBS a e}
// HO
22 39

Reagents and Conditionsa) THF,! 20 {C, 80%; b) 1. K Pd/C; 2. CHN,; 3. MeOH, 64%.
Scheme 7.

Although the selectivityvas improved, long reaction times and the large excess of the
zirconium enolate required were not desirable. Unhappy with these limitations, the
Corey group made further improvement to the reaction, this &m@loying a
magnesiuncatalysedanti-aldol reactiont? The chelation of a metab the nitrogen of
the N-benzyl and the oxygen of the aldehyde enabled a Mukaiygpeaaldol process

to occur.

The test reactions using tidutyldimethylsilyl enol ether foethyl acetate and various
Lewis acids, such as Tiglresulted in no aldol product and decomposition of the
aldehyde. Reactions with bicoordinate Lewis acids andt-theyldimethylsilyl enol
ether of ethyl acetate afforded neither the aldol nor decatigoproducts. These
results led the group to believe that the nitrogen ofNH®enzyl was too sterically
hindered to coordinate to the metal. However, Mgas then tested and complete
diastereoselectivity was observed. Wibtimized conditions imand the reaction was

! +
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repeated usinthe E)-trimethylsilyl enol ether of methyl propionat&cheme §. High

si selectivity was observe@nd the desirednti aldol product43 was isolatedrom a
9:1 mixture of anti/syn diastereoisomersusing silica gel chromatography. The
dihydroxy acid 3 was obtainedfter oxidation of the primary alcohol followed by acid

catalysed transfer of methylene to-pf@panedithiol to ringppen the oxazolidine

O
b OH
N- 8\ c
(@]
HO
44
O
NH
CO,H —_— Lactacystin
HO . -
'OH
3

Reagents and Conditionsa) Mgl,, CH,Cl,, ! 20 {C; b) 1. H, Pd/C, EtOH, DIPEA, 23 |C, 30 h; 2.

MeOH, 55 iC, 20 h; 3. 5% HF/CEN, 23 |C, 24 h, 76%; c) 1. I, DMSO, (COCI),, CH,Cl,, ! 78 iC;

2. NaClQ, NaH,PQ,, t-BuOH, 23 iC; 3. 1,3ropanedithiol, HCI, C¥cH,OH, 55 |C, 8 h, 77%.
Scheme 8.

The selectivity observectould be explained by the low energy transition state that
resulted from the chelation of MgIThere is much less steric repulsiomlcompared
to other geometries. For example, the antiperiplameangement would show much

highersteric repulsiorfScheme $.**
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Me
e
H
TMSQO™ OMe
46 47
Scheme 9

In 1998, Corey and Nagamitsu reported a different approach to the total synthesis o
lactacystin’* The new route was not only shorter but was most impressive due to the
formation of an advanced intermediatatt allowed ready access to various lactacystin
analogues. The introduction of the isopropyl, or other lipophilic groups, could be
carried outate in the synthesis. This route eoyda blocking grougat theC7 position

the group chosen waglaomethylgroup: importantly, it is not labile but it is also bulky

enough to induce stereoselectivity in the hydroxymethylatic@®.of
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0. Me
MeS_ CO,Me a MeS, CO,H b —=SMe ¢
>< — \< S MeO,C —
Me~ "CO,Me Me CO,Me Y o
|
PMB
48 49 50
HO Me TBSO Me TBSQ, Me
—=SMe d —=SMe e f
MeO,Ca/ —>  MeO,Cu/ — MeO,Ca .
'/N O '/N O N N O
HO | HO | OHC |
PMB PMB PMB
51 52 4

53 54 55

—_— Lactacystin

Reagents and Conditionsa) 1. PLE, HO, pH 7.3, 23 iC, 24 h, 97%; Recrystallizatiorof the quinine
salt, 62%, 95%e b) 1. (COCI), DMF (cat.), 23 iC, 1 h; 2. PMBIHCH,CO,Me, EtN, CH,CI,, 23 iC, 1
h, 99%; 3. LDA, THF! 78 iC, 2 h, 93%; c) 1.DBU, THF,78 {C, then aq. CkD,! 78 |C, 0.5 h, 90%; 2.
NaBH(OAc), HOACc, 23 iC, 1 h, recrystallization, 95%, 994 d) 1.PivCl, pyidine, 23 {C, 10 h, 85%;
2. TBSOTHf, 2,6lutidine, 23 |C, 12 h, 98%; 3. NaOMe, MeOH, 23 iC, 5 h, 92%; e) 1. Raney Ni, EtOH, 0
iC, 1 h, 82%; 2. DesMartin reagent, CkCl,, 23 iC, 1 h, 95%; f) LC=C(Me)MgBr, TMSCI, THF} 40
iC, 0.5 h, 97%; g) 1. §{ Pd/C, EOH, 23 {C, 12 h, 99%; 2. GEO,H/H,O (4:1), 50 iC, 4 h, 87%; h).1
LiOH, THF/H,0 (1:1) 23 iC, 0.5 h; 2. BOPCI, B, CH,Cl,, 23 iC, 0.5 h, 90%; i) C§ CH,CN/H,0
(3:1), 23 iC, 1 h, 62%

Scheme 10.

The achiralthiomethyl derivative 48 was synthesized using dimethyl methyloralte
with sodium hydride and BCI in tetrahydrofuran. The compoundB was then

converted to the chiral acid9 by enantioselective hydrolysis using porcine liver

! +
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esterase, and the ael8 was obtained in 95%eafter recrystallizationThe Dieckmann

cyclization precursor was prepared after conversion of4td the corresponding acyl
chloride using oxalyl chloride followed by coupling kp-methoxybenzylglycinate;
treatment of the newly formed compound with LDA led to the formatibthe ! -
lactam product50 as a 1:1 mixture of diastereoisomers at the C5 position. The
hydroxymethylation of lactarBO proceeded with high stereoselectivity (9:1) as hoped.
A stereospecific ketone reduction gave the dihydroxy lag&am 86% yield overhe

two steps. TBS protection of tteecondary hydroxyl moiety was achieved by selective
esterification of the primary hydroxyl group followed by silylation of the secondary
hydroxyl moiety; the cleavage of the ester group was then performed to access th
primary alcohol. The desulfurization 62 was achieved in high stereoselectivity (10:1)
by treatment with Raney nickel. A Delartin periodinane oxidation gave aldehytle

in 78% yieldover twosteps from52.'® A Grignard addition ontet in the presence of
TMSCI afforded the desired produs8. Use of TMSCI was vital in this reactionts
ability to trap the alkoxide ion prevented a rapid retidol cleavage. The
hydrogenation and desilylation 68 followed by the saponification of the methyl ester
resuled in the intermediate needed for thelactoniation using BOPCI and
triethylamine. Finally, the removal of the PMB protecting group using CAN gave
omuralide 2, which can easily be converted to lactacystin up@atment withN-

acetylcysteine and triethylamine.

With the advanced intermedéd in hand various Grignard additions coula carried
outto achieve a range of analogues. This is an efficient, stereocontrolled synthesis the
is both relatively simple and economic in terms of reagents used.

1.1.32 The! mura Syntheses

Shortly afte the first synthesis by Corey, thHemura group reported their route to
lactacystin®® Using (R,39-" -hydroxyleucine methyl estdi6 as the starting material,
lactacystin was successfully synthesized in 13% yield over 10 Sepsrfiell). The
treatmentof the methyl esteb6 with methyl benzimidatgave thetrans-oxazoline57.
Following SeebachOs prototosn aldol condensation 057 and formaldehyde was

performed givingh8in 98% de and 85% vyield.
! +
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NH, £OMe MeO,C  CH,OH
N A v N
Cco,Me / /
o4 o4
OH Ph Ph
56 57 58
HO Me HO Me
MeO,C “\CHO MeO,C ‘_k/ MeO,C H
N IpCoB_~ ~ = € q CO,H f
o4 d 5 A
Ph o o
Ph Ph
59 60 61

COAllyl OH Me

—_— Lactacystin

Reagents and Conditions a) Ph(MeO)C=NH, 72%; b) LIHMDS, formaldehyde35%; c) Moffat
oxidation; d) 1. E)-crotyldiisopinocampheylborane, THF78 C; 2. OH, H,0,, 70% (2 stepsk) 1. Q,
DMS; 2. NaCIQ, NaH,PQO,, 56% (2 steps); fL. Pd, HCONH,; 2. 0.1 M NaOH, 82% (2 steps); g)
BOPCI, EtN, N-acetytL-cysteine allyl ester, 79%; h) (§,Pd, 81%.

Schemell.

The nextstep, oxidatiorof the primary alcohal provedchallenging After unsuccessful
attempts to obtain the aldehy8@ using the Swerh and ParikhDoering? oxidations,
pyridinium chlorochromate (PCC), and DessMartin periodinané? the Moffat
oxidation provided the desiregkrivative59.2* A drawback to this methodology was a
deformylation reaction occurring duringaqueous worup and silica gel
chromatography giving the trans-oxazoline 57. To prevent the deformylation, the

aldehyde wassolated with a noraqueous workip and no further purification.
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In 1986, Brown and cavorkers described an allylboration methodology usiBy (

crotyldiisopincampheylborarfé The high reactivity of organometallic reagents used in
the allylation of aldehydesoften results in poor levels of both regiand
stereoselectivity. Brown developed a new regand stereoselective preparation of

optically active Z)- and E)-crotylboranes that asused in the allylation of aldehydes.

When the aldehyd&9 was subject@ to the Brown conditionghe desired -methyl
homoallylic alcohol 60 was obtained as the major product alongside another
diastereoisomer in 70% vyield in a 4:1 ratio. Other methodologies were found to give
lower selectivity. The use of theE)crotylchromum(ll) reagent as described by
Hiyama® and €)-crotylpinacol borane as described by R3Ubhth gave the alcohol as

a mixture of diastereoisomers in a 2:1 ratio. Roush was able to increase the ratio to 3:
by using R,R-(E)-crotyl tartrate boran®.Conversion of the alkene to the carboxylic
acid derivative61 was achieved in one step using ruthenium(lll) chloride and sodium
periodate; however, low yields (11%) were obtained. The yield was impusied a
two-step procedure consisting of the ozonolydi$0, with a reductive worup using
dimethylsulfide, followed by a selective oxidatj@iving 61in 56% yield.

Formationof the dihydroxy acid3 proved difficult: both hydrogenolysis (using Pd/C,
Pd(OH), or palladium black with Hin methanol) and ydrolysis under acidic
conditions (heating under reflur 6 M HCI) were unsuccessful. Fortunately, catalytic
transfer hydrogenation conditions using palladium black, ammonium formate and acetic
acid under reflux followed, without purification, by esterdiglysis using sodium
hydroxide gave the dihydroxy aclélin 79% yield. The transformation & to (+)

lactacystin was carried out as described by Ctrey.

Continuing their investigations, thémura group reported improvements to their
original synthesi$? This work focused not only on the total synthesis but also on the
analysis of the biological activity of lactacystin and analogues. Although improvements
were made to the synthesis of thbyRiroxyleucine starting material, the majority of the

synthesisvas unchanged.



! ! "#$%&' ()&
!
Several approaches to makingharoxyleucine have been reported, buwt methods

were not considered suitable as they either lacked generality, producing only one of th
four possible diasreoisomers, or required a chiral A@eemic catalyst® These
limitations were undesirable as multigram quantities were needed for biological

analysis.

o OH
a b d
o >
)\/\/OH )\<NOH /k‘/EN\R * /k((NBn
o) B
oH " O«
64

O
65

| ¢ A

CO,H CO,Me CO,H
f g 3
NBn —> NBn —> )\H “NBn
o~
0

62 63

o« o«
o) o)
66 67 68

NH, NH,
)\‘/\COZH )\‘/kCOZH

OH OH
69 70

Reagents and Conditionsa) PhC(Me)O,H, Ti(O-i-Pr),, (+)-DIPT, 82%; b) NaH, BnNCO, THF, reflux,
2 h; ¢) NaH, THF, reflux; dJones oxidation100%; e) 1. 2 MKOH; 2. H,, Pd(OH), 98% (2 steps); f)
CH;,N,, 87%; g) KOH, EtOH, 96%; h) 1. 2 MOH; 2. H,, Pd(OH), 98% (2 steps).

Scheme 12.

The method developed Hymura was both simple and congissing commercially
available starting materials. This method also required little chromatography, &3only
and65 required purification. They employed a catalytic Sharpless epoxidatiiogive

63, a benzyl isocyanat@duced epoxide ringpening to gives4, and the epimerization
of the oxazolidinone estéi as the key steps {@R, 35 3-hydroxyleucinerQ.
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With an improved synthesis ofl8/droxyleucine available, the dihydroxy a@dwvas

synthesized following the r¢@ described above. Lactacystin and two analogues were

then prepared3chemelyd).

CO,H

AcHN
. \—sH

71

b

EtO,C
\sn

72
b

AcHN
73 SH

Reagents and Conditionsa) BOPCI, E{N, CH,Cl,, 85%; b) E{N, CH,Cl,, 1: 64% 74: 89% 75. 77%
Scheme 13

Departing from CoreyOs route, an intramolecular couplimg BDPCI was performed
on dihydroxy acid3 in the presence of [M to form the! -lactone2 in 85% yield.

Interestingly, lactone2 was converted into (Hactacystin usingN-acetylcysteine,
instead ofN-acetytL-cysteine allyl ester, eliminating the need &deprotection step.
Using the same procedure, the novel lactacystin analoffuesd 75 were prepared

from the condensation of lactoBevith thiols 72 and73, respectively.

1.1.33 The Baldwin Synthesid

While the Corey antl mura groups were develogitheir syntheticoutes Baldwin and

co-workers were alsmvestigating a different approackcheme 4.%
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Me
O/A/—> a,b,c b d ]\ e
N — 07N — TBSO™ N\ —
)
Ph

Ph
76 77 78
— Me ==r— '
Y f, Ty h, i, i y ky |; m
0P 7, Or BLL RGN 7, oA BELE R P
/ / /
P /0 P
Ph Ph Ph
79 80 81
MeACQ Me, HO
“IOA no ‘. P. 9 Lactacystin
o c — = o ZOH T T
H | N~ “CO,H
OH H
82 3

Reagents and Conditionsa) LDA, Mel, THF,! 78 {C, 95%; b) LDA, PhSeBr, THE,78 {C, 79%; c)
0O,;, CHCI,, ! 78 |C, pyridine, RT, 87%; d) TBSOTf, &|utidine, CHCI,, RT, 89%; e)-PrCHO, SnCJ,

ether,! 78 |C, 55%; f) AgO, pyridine, RT, 99%; g) OspPN-methylmorpholineN-oxide, agacetone, RT,
87%; h)N,N&hiocarbonyldiimidazole, THF, RT, 91%; i) BsnH, AIBN, toluene, reflux, 94%; j)

NaOH/Me (1:3), B3 C, 94%; k) H, Pd/C, HCI, MeOH, RT, 87%; I) E3iCl, pyridine, AgO, RT,

89%; m) 40% HF, CKCN, RT, 91%; n) JonesO reagent, acetone, 0 iC to RT, 91%;M)Na®H, RT,
quant.; p) R)-N-acetylcysteine allyl ester, BOPCI, ;8 DCM, RT, 60%; § Pd(PPh), HCOHNEL,

THF, RT, 88%.

Scheme 14

Using R)-glutamic acid as the starting material, the bicyclic oxazolidiBewas
prepared over three steps.sequence of methylation followed by sedeylation and
ozonolysis led to the unsaturated biay®xazolidine derivative77. Treatment of77
with TBSOTf and 2,8utidine gave the siloxypyrrole intermedial® as a crystalline
solid in 89% vyield Aldol reaction of78 and isobutyraldehyde resulted in the formation
of the major isomer9 and the corrgponding secondary alcohol epimer in a 9:1 ratio.
Acylation of the freehydroxyl group followed by dihydroxylation, using osmium

tetroxide andN-methylmorpholineN-oxide, gave the did0 as a single diastereoisomer

! +
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in 87% vyield. Removal of the tertiary hdroxyl was achieved using the Barton

McCombie deoxygenation reaction through the formation of a thiocarbamate followed
by radical decarboxylation using EBnH and AIBN as the radical initiator. The method
was not diastereoselective and resulted in a 1xtun@ of epimersTreatment of the
diastereoisomeric mixture with ®M NaOH in MeOH resulted in removal of the acetyl
group and epimerization at the C6 position to give the desyetomer81 (synanti,
73:10).

Hydrogenolysiof 81 resulted in the ckvage of the oxazolidine moiety, giving the key

lactam core of lactacystin. A sequence of selective protections and deprotections of th
primary and secondary alcohol groups afforded primary al&@hdlsing an excess of

the JonesO reagent, the primacpladl was converted to the corresponding carboxylic
acid.Finally, deprotection of the secondary alcohol groups gave the dihydrox$ acid
91% vyield. In conclusion, the Baldwin group successfully completed the synthesis of

lactacystin froni76in 17 stepsand 86 overall yield.

1.1.34 The Chida Synthesis

In 1995, Chidaet al reported work on the total synthesis of-[agtacystin fromD-
glucose (Scheme 15* 3-Deoxy-1,2-O-isopropylidene3-C-methyt! -D-allofuranose
83 was chosen as the starting matefials a known compound prepared over four steps

from diacetoneb-glucose®

Treatment o83 with dibutyltin oxide and benzyl bromide followed by oxidation of the
secondary alcohol using JonesO reagent led to the forma®dn AfWittig reaction

was uged on84 to give the corresponding alkene as a 1:1 mixture of diasterecisomers.
The diastereoisomeric mixture svaubjected to a DIBAleduction to form the allylic
alcohol in 90% yield.Treatment of the allylic alcohol with trichloroacetonitrile and
sodiun hydride in diethyl ether afforded the trichloroacetimid8t which was,
without purification, heated in toluene at 150 {C for 89 h. Overman rearrangehadnt

to the formation of produ@6 as an inseparable mixture of diastereocisomers in a 4.8:1

ratio.
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HOH,C BnOH,C
a o b, c @) de,f
D-glucose —» HO 10 — > o 10 —
Me‘c l/0)< Mé\\ /'OX
83 84
BnOH,C CH,0Bn
0 CI3COCHN 0 h i
/ -llo g . )
HN — — "0 —
Y—0 e "'o)< g )(
Cl;C Me
85 86
OHCQ, Me HO Me TBSO Me
BnOH,C C,j K, | m
n 2 i > BnOH,C : » HOH,C ‘ >
/ll\l OH l,N O ,/N O
COCCl, H H
87 88 89

Lactacystin

Reagents and Conditions:a) See ref. 34; bBu,SNO, toluene, reflux, then BnBr, CsF, DMF, RT; c)
JonesO reagent (Grid dil. H,SO,) acetone, 0 C; d) RR=CHCQEt, toluene, 60 jC; e) DIBAIH,
CH,Cl,, ! 15 |C; f) trichloroacetonitrile, NaH (60 mol%), £, RT; g) toluene, heat at 150 {C (in a sealed
tube), 89 h; h) TFA/KD (3:2), 0iC; i) NalO,, MeOH/H,O (1:1), RT; j) NaBH, MeOH, 0 iC; K)tert-
butyldimethylsilyl trifluoromethanesulfonate, 2i@idine, CHCI,, RT; I) Na, Lig. NH-THF,! 78 jC; m)
Me,SO, DCC, TFA, pyridine, benzene, RT;iRyMgBr, THF! 20C to RT; 0) TFA/HO (4:1), 50 iC; p)
0O,;, CH,CI,, ! 78 {C, then M¢S; g) NaCIQ, NaH,PO,, HOSONH,, tert-butanol/ HO, RT.
Scheme 15
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Hydrolysis unde acidic conditions of the diastereoisomeric mixture resulted in the

corresponding lactol in 72% vyield after silica gel chromatography. A periodate
oxidation led to oxidtve cleavage followed by cychtion to form the pyrrolidin&7.
A Jones oxidation téorm the corresponding lactam followed by a sodium borohydride

reduction to remove both tiNetrichloroacetyl and-formyl protecting groups gawgs.

Silyl protection of the secondary alcohol followed by debenzylation §&vé& Moffat
oxidation affordedthe aldehyde90, which was then used in the next step without
purification. Grignard addition using isopropylmagnesium bromide in THF resulted in a
mixture of diastereoisomers at the C9 position. The desired diastereoi8bhmers
isolated in 35% yieldDeprotection of the secondary alcohol @f with aqueous
trifluoroacetic acid gave2. Formation of the dihydroxy aci® was achieved by
ozonolysis to form an aldehyde moiety followed by selective oxidation to give the
corresponding carboxylic acid. The $lyesis of (Hlactacystin was then completed

following CoreyOs methodolody.

The main drawback of this route was the poor selectivity of the Grignard addition onto
aldehyde90 leading to the formation of alcoh®Ll in 35%yield. Indeed, the presence

of unwanted diastereoisomers is not desirable in total synthesis. However, the oxidatior
of the unwanted diastereoison8@dfollowed by a reductiorusing triisobutylaluminium

in CH,CI, at 0 jC gave the desired isom@i as the major product (70% yield)
alongsde93in 7% yield,Schemelé.

Reagents and Conditions:a)Me, SO, DCC, TFA, pyridine, benzene, RT; b) triisobutylaluminium,
CH,Cl,-hexane, 0 jC91: 70% 93: 7%.
Scheme 16
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i.1.35 The Panek Synthesis

The Panek synthesis is similar to that of thmura group?® Although both syntheses
share the oxazolin®7 as a common intermediate, their approaches were slightly
different. Panek and eworkers performed an asymmetric aminohydroxylationpaf (
bromophenyb4-methyt2-pentenoate, 94, under Sharpless nditions followed by
reaction with CbzNNacCl to givB5 in excellentee (above 99%) after recrystallization.
Transesterification to form the methyl ester followedrémoval of the Cbz protecting
group under catalytic hydrogenation conditions afford#l The trans-oxazoline
intermediates7 was then formed upon treatments@&with trimethylorthobenzoate and
p-toluenesulfonic acid. This is a much shorter and more efficient route tvaiie
oxazoline57 than that reported bymura® The next two steps tmtermediaté9 were

achieved as described aboveésicheme 11

Another key step of the Panek route isdh#é-selective crotylation reaction 60 in the
presence of TiGlto give97 in high selectivity and yields of 560%. Ozonolysis 0f97
in the presece of sodium chlorite led to the formation of known intermedidfevhich
allowed Panek and ewmorkers to complete the synthesi§ lactacystin employing

literature procedure's.”
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NHCbz NH2
MO a )YH(O b c
L, T, e
Br OH O Br
95

© OH
94 56
~~_-COxMe
MeO,C CH,0OH CHO :
NN 4 MeoC I\ZI e MeOC SiMe,Ph
»\ E— \ E— \ —_—
57 58 59
H HO, Me HO, Me
el;
iPr Q ¥ COZMe MeOZC — g MeOZC NCOzH L
N. Y \ CO,M \
o " Tic, O)\Ph 2Me o)\Ph
Ph
96 97 61
i
—_— Lactacystin

Reagents and Conditions:a) K,[OsG,(OH),] (5 mol%), (DHQ}AQN (5 mol%y, CbzNNaCl,nPrOH,

H,O, RT, 4 h, 60%; b) 1. Ti(®r),, MeOH, RT; 2. H, 10% Pd/C, MeOH, 100% (2 steps); c) PhC(OMe)

p-TsOH, DME, reflux, 4 h, 85%; d) LIHMDS, formaldehyde, 85%; e) Moffat [O]; f) TiCV8 jC toEB5

iC, 60%; g) 1. Q DMS; 2. NaCIQ, NaH,PQO,, 90% (2 steps); h)1. Pd, HGH,; 2. 0.1M NaOH, 82%

(2 steps); 3. BOPCI, B, 80% (3 steps)) N-acetytL-cysteine allyl ester, B, CH,Cl,, RT, 70%.
Scheme 17

1.1.36 The Pattenden Synthesis

Pattenderet al reported a different route to th&tal synthesis of lactacystin employing
a radicalmediated approach to give the lactam c&eheme 8.*" 2-Ethynylpropenol
was submitted to Sharpless epoxidation condifforend the corresponding chiral
epoxide99 was obtained in 66% yield and 86% e@onversion of the epoxide to the
oxazoline followed by the protection of the primary alcohol using TBSOTf @aoe
and its absolute stereochemistry was confirmed uskngyXxrystallography. Teatment

of 100with 1 M hydrochloric acid resulted in the gropening of the oxazoline to give
! +
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the amino alcohol01 as the hydrochloride salt. Without purificatidi)1 was reacted

with 2-bromopropionyl chloride to give the amid®2 as a mixture of diastereocisomers
in a 1:1 ratio. The primary alcohol moiety wé®n convertednto the corresponding
aldehyde using Deddartin periodinane followed by further oxidation to the carboxylic
acid; finally, an esterification reaction usitigmethylsilyldiazomethangave methyl

esterl03in 62% yield over three steps.

The radicatmediated Eexodig cyclization was achieved when the bromoamids
was treated with BSnHAIBN in toluene under reflu® The lactaml04 was isolated
using silica gel chromatography in 60% yield as a mixture of epimers at the C7 position

in a 21 ratio.

Ozonolysis of104 with a reductive workup using dimethyl sulfide gavd05 as a
mixture of diastereoisomers in a 2:1 ratio. Unfortunately, attempts to epimerize the C7
centre were unsuccessful. The group then decided to employ a strategy régorted
Corey that made use of a thiomethyl derivati€orey had akrady shown that Raney
nickel couldbe used in desulfurization in a selective manner. The mixture of epimers
was treated witls-methytp-toluenethiosulfonate to form the thiomethyl derivati06

in high diastereoisomeric excess (87:13). The addition was determinecmnd teethe

bulky CH,OTBS group at the C5 position.

Diastereoselective ketone reductionlé6was achieved using zinc borohydridéving
107in 79% vyield. The TBS prot#ion of the resulting secondary alcohol followeddy
methoxybenzyl protection and selective deprotection of the primary alcohol gave the

advanced intermedia&® reported by Corey.
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/) a W// b, c, d f e
- ' —>  TBSO"}N —>

,,/ \
98 99 100
B B .
/\|ﬂ : /\L r g i MeO C\L | —_—
HO™ —  HO e
|\ NH»>
OTBS TBSO TBSO
101 102 103
o Me
—=SMe m
MeOZC — MeOzC E— Meozc — >
: N O
TBSO— H TBSO/ H TBSO/ H
104 105 106
Ho Me TBSQ, Me
SMe n,o0,p ~=SMe
MeO,Cay —> MeO,Cuy - Lactacystin
R N O S N O —_—
TBSO— H HO—
PMB
107 52

Reagents and Conditions:a) L-(+)-DIPT, Ti(GiPr),, cumene peroxide, GBI, ! 10 {C, 66%; b)
CI,CCN, DBU, 0 iC, 66%; c) EAICI, CH,CI,, 0 j to RT, 78%; d BSOTf, 2,6lutidine, CHCl,, 0 jC to
RT, 97%; e) 1 M HCI, THF, RT; f) C}H(Br)COCI, NaHCQ, CH,CI,, RT, 76% (2 steps); g) Dess
Martin periodinane, CkCl,, 0 jC; h) NaCIQ, NaH,PQ,, t-BuOH, 2methy}t2-butene, RT; i) MgSiCHN,,
MeOH-benzene, RT, 62%; j) B8nH, AIBN, toluene, reflux, 60%; k) PMeOH,! 78 iC, 15 min then
Me,S,! 78 iC to RT, 75%; Ip-MeC,H,SOMe, EtN, CH,Cl,, RT, 78%; m) Zn(Bh),, (4.4M in THF), 0
iC, 79% n) TBSOTTf, 2,6lutidine, CHCI,, 0 iC to RT, 80%; o) PMBBr, NaH, DMF, 0 |C to RT, 73%;
p) HRpyridine, THF, RT to 40 {C, 8%.

Scheme 18
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1.2 Other Proteasome Inhibitors

There are many classes teasome inbitors; these include, but are not limited to,
flavonoids, triterpenoidd,-lactones, peptides boronates and syrbaétiBsrtezomib, a
peptide boronate, was the first proteasome inhibitor to be used in clinical trials for the
treatment ofmultiple myeloma and is now fully approved by the Food and Drug
Administration (FDA) in the USA andhe European Medicines Agency (EWL.
Bortezomib inhibits the chymotrypsiike activity of the 26S proteasome and binds

covalently and reversibly to tHés residue in the core 20S proteasoffie.

Figure 6. Bortezomib

Lactacystin is one ahe! -lactone class ahhibitors Figure 7). The inhibitors of this
class also share otherwgttural features similar to thosé lactacystin that have shown
to be important in SAR studies of lactacystinOs ability to inhibit the 20S proteasome.
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Lactacystin Omuralide PS-519
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HN™ Y N\-R HN™ e HN K/\/\
- ——Me ———=Me H . Me
HO /0 R /0 HO ,~q o
o o HO
Salinosporamide Cinnabaramide Cinnabaramide
A:R=ClI A:R=0OH,R'=H D: R=0H
B:R=H B:R=H,R'=H E:R=H
CR=0H,R' =0OH
R
o) R¢
"X OH O Me OMe
RO x NN >
7o H/\/\/\l/\go“\ N-Me
N=' MeMe Me OH _
Me
@]
Cinnabaramide KSM-2690 B1 R=Me, R =H
F:R=H (+)-OxazolomycinA R,R'=H

G:R=Me

Figure 7. The structures of othérlactone proteasome inhibitors.

Salinosporamide AL09 has proved a popular synthetic target due to its high patency
and is discussed in detail below.-B® is a novel proteasome inhibitor with structural
similarities to both omuralide and salinosporamide. The cinnabaramiGew/éye also
isolated from atsain of Streptomyceand share the same cyclohexenyl moiety found in
salinosporamide A. Oxazolomycin A, as well as having structural similarities to
lactacystin, is thgparent member of a family of compounds (including k2680 B1)
showing antibacterialantiviral and antitumour activity. The first total synthesis of

oxazolomycin A was reported/lthe Hatakeyama group in 20¥1.
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i.2.1 The Salinosporamides

After lactacystin, the most commonly studied member of this lati@sed proteasome
inhibitor family is salinosporamide A. It is a particularly interesting compound as its
high potency as an antancer agent meant it reached Phasenhan clinical trials for

the treatment of multiple myeloma orlyreeyears after its discovery in 2003.

109

Figure 8. Salinosporamide A

In 2003, Felingand ceworkers reported the isolation of salinosporamidé0® from

the CNB392 strain of the bacteim Salinospora tropicd® Unlike lactacystin,
salinosporamide A is naturally occurring in #slactone form. The key structural
differences are the cyclohexenyl group that replaces the isopropyl group at C9, the
replacement of the proton with a methybgp at C6 and the chloroethyl chain replacing
the methyl group at C7. Salinosporamide& Aave been isolated and all have slightly
different functional groups around the same core bicyclic ring structure.
Salinosporamide A binds to the 20S proteasomedimdar way to omuralide but has
been found to be more effective as a proteasome inhibitor than omdtalide.

: OS_\O'-- OH
Me < Hzé_&“
J

Scheme 19The binding of salinosporamide A to tB8S proteasome.

Cl

H
H-0
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1.2.2 Previous Syntheses of Salinosporamide A

1.2.2.1 The Corey Synthesis

There have been many reported syntheses of salinosporamide A. As in the case ¢

lactacystin, the first of these was by the Corey group in,28€deme D.*°

MeO
=
| H COM a N _\\C02Me b N CC\)‘Z\Me C
X l 2Me MeO—< :>—</ l — Me0—< >—</ i OBn
(0] o Me (0] M
HO "Me €
110 111 112

MeO
IIDMB IIDMB
d o) N_ ,CO,Me e o) N_ ,CO,Me f
COzMe —_— 7 R 4 o
K “—OBn “—OBn
OBn = =

HO "Me

113 114 115

PMB

N COzMe

ZnCl

""oBn —
~0Si(Me),CH,Br
M

+ e

116

119

Salinosporamide A

120 121

Reagents and Conditions:a) p-TsOH, toluene, reflux, 12 h, 80%; b) LDA, THF, HMPAY8 C,
CICH,OBnN, 4 h, 69%; c) NaCNBK AcOH, 40 iC, 12 h, 90%; d) 1. TMSCI, &, 23 iC, 12 h; 2.
Acryloyl chloride, i-Pr,Net, CHCI,, 1 h, 0 |C, then H EtO, 23 jC, 1 h, 96%; e) Deddartin
periodinane, 23 |C, 1 h, 96%; f) 1. Quinuclidine, DME, 0 iC, 7 d, 90¥BrZH,Si(CH,),Cl, EtN,
DMAP, CH,CI,, 0 iC, 30 min, 95%; g) B®nH, AIBN, benzene, reflux, 8 h, 89%; h) 1. Pd/C, EtOH, H
(1 atm), 18 h, 95%; 2. Deddartin periodinane, 23 {C, 1 h, 95%; i) THF78 iC, 5 h, 88%; j) KF,
KHCO,, H,0,, THF/MeOH (1:1), 23 |C, 18 h, 92%; k) CAN, MeCN/®I (3:1), 0 iC, 1 h, 83%; 1) 1. B!
LIOH/THF (3:1), 5 {C, 4 d; 2. BOPCI, pyridine, Gll,, 23 iC 1 h; 3. PEPCLMeCN, pyridine, 23 |C, 1
h, 65% (3 steps).

Scheme 20
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Acylation of @-threonine methyl ester usingMethoxybenzoyl chloride afforded the

amide110. Cyclization of110to form the oxazolind11was achieved upon reflux in
toluene with p-toluenesulfonic acidDeprotonation of111 with LDA followed by
alkylation of the resulting enolate with chloromethyl benzyl ether allowed the formation
of 112 in 69% vyield. The tertiary stereocentre formed in this reaction has the same
absolute configuratn as the natural producReduction of 112 with sodium
cyanoborohydride cleaves the oxazoligering 113 in 90% vyield. Formation of114

was achieved over two steps: alcohbBwas first converted to the corresponding TMS
ether using trimethylsilyl chlae and triethylamine; them-acylation using acryloyl
chloride and acidic workip using aqueous hydrochloacid to remove the TMS group

led to the formation of14.

The formation of the lactam was achieved through a-eledigned sequence that also
edablished the desired stereochemistry at the C5 and C6 posiiobgssMartin
periodinane oxidation gave the keto amide e%fés which was then cyclized under
Baylis-Hillman aldol conditions. Cyclation resulted in a mixture of diastereoisomers
at theC6 position in a 9:1 ratiaSilylation of the desired diastereocisomer gahis,
which was then transformedto the bicyclic compound17 using a radicamediated
cyclization using tributyltin hydride and AIBNCleavage of the benzyl ether was
achieved uner standard hydrogenation conditions using Pd/C. A Messin

periodinane oxidation was used agamform the aldehyd&18in 95% vyield.

The introduction of the -2yclohexenyl group was achieved by addition of 2
cyclohexenylzinc chloridd19. Synthesisof 2-cyclohexenylzinc chloride was achieved
using a palladiuntataly®d 1,4addition of tributyltin hydride to 1;8yclohexadiene to
give 2cyclohexenytri-n-butyltin - which underwent transmel@ion using n-
butyllithium and zinc chloride to give the desl 2cyclohexenylzinc chloride. The
reaction of 2cyclohexenylzinc chloride witi18in THF atbr8 jC gavel20in 88%
yield. Oxidation of 120 under Tamad-leming conditions gave the tridl21 in 92%
yield.

The next three steps of the synthesis follderditure reported by the Corey group in the
synthesis of lactacystinCAN was used to remove themethoxybenzyl group, the

! +
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methyl ester was saponified using lithium hydroxiaked! -lactonization was achieved

using BOPCI. Finally, the reaction with triphenylphosphine dichloridaceetonitrile

pyridine gave the naturatgduct salinosporamide A in %lyield over17 steps.

1.2.2.2 The! mura Synthesid

After Corey, other groupseported the total synthesis of salinosporamidéengéluding

the " mura group in 200&. Unlike Corey and other subsequent researchers, such as
Romo and Danishefsky, who all install the cyclohexene ring in the same way at a late
stage in the synthesis?® " mura and cavorkers reported a neapproach to construct

the cyclohexene ring in the early stages of their synthfesieme 2.

The aldehyde starting materidl22 was converted over multiple stepsto the
carbamatel23 The precursor to the cyclohexemoiety waghen introduced at this
early stage Smultaneous installation of the C5 and C6 stereogenic centres was
achieved by an aldol reaction between the aldely@fand cyclohexanonend the
reaction quenched with benzoyl chloride. The large digsissomeric ratio (20:1)
observed il25was achieved due to formation of the highly chelated intermetizate
This reaction was also attempted using CoreyOs methodolayygloBexenylzinc
chloride was added to the aldehyd23 however, low diastereosstivity was

observed®

Conversion of the cyclohexanone moiety to the corresponding cyclohexene proved
more difficult than the group envisagdgeduction of an enol triflatesing palladium
chemistry, the Shapiro reacticend a reductiomehydration proedure were attempted

but unsuccessful. Finally, they settled on a method that utilized a cyclic sulfate

intermediatel 26, which, after elimination, gave the required cyclohexene moiety.

The @nstruction of the#-lactam core was achieved over multiple stapghe bicyclic
compoundl27. Ring-opening of the lactone gave the core lactam ring which was then
subjected to multiple protection and pdetection reactions) -lactoniation and
chlorinaton reactions to give salinosporamide A.hdtgh a relatively long rout¢he
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ability to stereoselectively construct the cyclohexene ring at an early stage is the mos

interesting feature of this synthesis.

BocHN ><0>< a

OHC” \_¢

BnO

Salinosporamide A
OH ~OMEM

128

Reagents and Conditionsa) 1. PRP'CH,Br', NaHMDS, THF, RT, 97%; 2i-TsOHH,O, MeOH, RT,
82%:; 3. Lipase vinyl acetatePr,0, RT; 4. TBDPSCI, imidazole, DMF, RT, 94%, 97% ee (2 steps); 5.
K,CO,; MeOH, RT; 6. MEMCI,i-Pr,Net, CHCI,, RT, 94% (2 steps); 7. TBAF, THF, RT; 8. NaH,
THF/DMF, then PMBCIRT, 97% (2 steps); 9. OsONMO, acetone/kD, RT; 10. NalQ, MeOH/H,0,
RT, 92% (2 steps); b) LDA, cyclohexanone, THH38 C; c) BzCl, 79%; d) 1. NaBjl CeCL&H,0O,
MeOH, RT; 2. KCO,, MeOH, RT, 95% (2 steps); 3. SQCpyridine, CHCI,, RT; 4. RuC}, NalQ,,
MeCN/CCI/H,0, RT, 94% (2 steps); e) 1. DBU, toluene, 100 jCT20HH,O, dioxane, RT, 97% (2
steps); 2. NaH, THF/EtOH, RT; 3. (COGIPMSO, EtN, CH,Cl,, ! 78 iC, 92% (2 steps); 4. MeMgBr,
THF,! 78 iC; 2. DesdMartin periodinane, CKCl,, RT, 100% (2 steps); 5. CAN, MeCN, 0 iC, 92%;
6. LIHMDS, THF,! 78 |C, then chdroacetyl chloride, 63%; f) 1. SmILiCl, benzyloxyacetaldehyde,
THF,! 78 |C, 83%; 2. MsCl, EN, Me,N&CI, toluene, RT; 3. NaOH, MeOH/B, 0 {C, 81% (2 steps);
4. LIEt;BH, THF, 0 iC, 77%; g) 1. TESCI, Nal, MeCN, 0 {C, 100%; 2. TESOTf;latigline, CHCI,,
178 iC, 48%; 3. HEpyridine, THF, 0 jC, 90%; 4. Deddartin periodinane, CkCl,, RT; 2. NaCIQ, 2-
methyt2-butene, NgHPO,, t-BuOH/H,O, RT; 5. Li, NH, t-BuOH/THF, !78 {C; 6. BOPCI,
pyridine/CH,Cl,, RT; 7. PRPCL, pyridine/MeCN, RT, 48% (5 steps); 8Fgyridine, THF, RT, 84%.
Scheme 21
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i.3 Previous Work in the Page Group

Investigations within the group began focusing on the construction of the lactam core of
lactacystin. One of the key steps was the use@ikakmann cycliation to obtain the

core. The synthesis of the unprotectegclization precursorl30 proceeded without
difficulty; however, the protection of themide moiety proved challengingcheme

229

OEt
O aorb O c
cl” HN_L — —
OEt o N/\H/OEI
H
(@]
129 130
OEt OEt OEt
Boc Boc
OEt + OEt + OEt
OTINTY TN TN
Boc O O Boc O
131 132 133

Reagents and Conditions:a) 1. NaOH; 2. Ethyl malonyl chloride, GEl,, 57%; b) potasam ethyl
malonate, DCC, EN, aq. MeCN 81%; c) BogO, EtN, DMAP, CH,CI,, 131 15%,132 13%,133 11%
Scheme 22

The use of dtert-butyl dicarbonate resulted in a mixture of bikhandC-Boc products
131, 132 and 133 in low yields. Compound432 and 133 were both subjected to
Dieckmann cycliation conditions; unfortunately, the desired products were not
isolated. A possible solution to avoid the formation of@hBoc product would be the
introduction of a methyl group at the C7 position prior toBloe protectionScheme

23.
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OEt OEt OEt
CO,Et
T — O)I OE — O)I ’ O)iBOC OE
CO,Et t OEt t
o H/\H/ o ’I\‘/ﬁ]/ o H/\[(
0O Boc O o
134 135 136 137

Reagents andConditions: a) 1. KOH, EtOH, 24 h, RT, 87%; 2. glycine ethyl ester, DCENEEH,CI,,
82%; b) BogO, DMAP, MeCN, RT 136 60%,137: 11%.
Scheme 23

Compoundl35was prepared over two steps from methylmatemnkethylester in 71%

yield. The use of diert-butyl dicarbonate with triethylamine and DMAP as a catalyst in
dichloromethane gave compount3 and 137 in 30% and 1% yields, respectively.
Changing the solvent to acetonitrile and removing the triethyla led to the formation

of the desired\N-Boc productl36 as the major compound in 60% vyield alongside a
small amount 0f137 (11%). Compoundd435 136 and 137 were all subjected to a
number ofcyclization conditions: the desired products were not obseawmdd instead
transesterification occurred, complex mixtures were formed and in some cases the

starting material was recovered.

Cyclization of the unprotectedieckmann cyclizationprecursorl30 gavethe lactam

138 in 70% vyield Scheme 2. Compound138 was insoluble in common organic
solvents and attempts were made to furtfienctionalizethe amide nitrogen to increase
solubility. Again, the Boc protection did not proceed as desired and the trisubstituted

pyrrole 139was isolated in 14% yield

130 138 139

Reagens and Conditions: a) Na/MeOH, toluene, reflux, 70%; b) Bga, EtN, DMAP, MeCN, RT,
14%.

Scheme 24
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Attemptswere then made talkylate lactanml38at the C3 position using methyl iodide,

Scheme 3. The use of tetrabutylammonium fluoride (TBAF) both asseband phase

transfer catalyst solved the problem of insolubility mentioned above, and the methylatec
product140 was obtained in 82% yield. With the presence of the quaternary centre at
the C3 position preenting aromatiation to the pyrrole, the reaatiovith ditert-butyl
dicarbonate and DMAP in acetonitrile gave tidBoc protected lactam41l in 76%

yield alongside trace amounts 12

MeO,C o Me Me o Me 0OBoc
2 4 MeO,C © | Meo.C MeOZC
— —
(@] N O N 0 N
H H J
138 140 141 142

Reagents and Conditionsa) TBAF, THF, Mel, RT, 82%; b) BgO, DMAP, MeCN, RT 141 76%.
Scheme 25

Introductionof the functionality at the Cposition was the next step.cylation was
investigatedusing a variety of bases under different conditiofasb(e 4).** Although

most methods proved unsuccessful, the desired prad3atas obtained in 10% yield
when ethylcanoformate was used. A possible reason for the low yields observed was

thought to be the steric hindrance caused by the Boc group.

Table 4.Investigations into the acylation d#1

Me o Me O
MeO,C R OFt MeOZC MeOZC
OE N CO,Et
IBOC
141 143 144
Conditions R 143 144
LDA, THF,! 78 iC Cl 10% 12%
LIHMDS, THF,! 78 |C Cl - -
t-BuOK, THF,! 78 iC Cl - 35%
t-BuOK, THF,! 78 iC OEt - -
KH, benzene, reflux OEt - -
LDA, THF,! 78 iC CN 10% -
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With multiple problems arising from the use of Boc as a protecting group,

investigatios were then focused on groups which would be both smaller and less likely
to lead toC-acylation. N-Benzyl glycine ethyl estet45 was chosen as the starting
material: it can be easilgrepared from the condensation of ethyl bromoacetate

benzylamine.
R
O CO,Et
A~ (@] (e a 2 borc
e ﬁ) -
Bn R Cl o N
Bn
145 146 R=OEt 148 R=OEt
147 R=0Bn 149 R=0Bn
Me
R O R @]
5 e
E—
(0] ,I\l o) N
|
Bn Bn
150 R=CO,Me 152 R=CO,Me
151 R=CO,Bn 153 R=CO,Bn

Reagents and Conditions:a) pyridine, DMAP, CHCI,, RT, 24 h,148 91%, 149 95%; b) For148
Na/MeOH, reflux, 88%; c) Fat49 NaH, benzene, 6 h, 63%; d) TBAF, Mel, 4152 77%,153 70%.

Scheme 26

Condensation of ethyl malonyl aride 146 or benzyl malonyl chloridd47 and N-
benzyl glycine ethyl estet45 led to the érmation of the Dieckmann cycéion
precursord48and149in 91% and 95% vyield, respectivelyhd Dieckmann cycletion
of 148 using sodium/methanol under refluawge 150 in 88% vyield. Teatment of149
with sodium/benzyl alcohol gavEsl in alow yield of 14%. This methodology was
improved by using sodium hydride in benzenbkich gavel51in 63% yield.

The next step was fatroduce the methyl group at the C7 ios. Unfortunately, both
150and 151 were poorly soluble in common organic solveAtiempts amethylation
using various methods including NaH/MéBuOK/BuOH/Mel and KCO,/Mel all
failed to give the desired products. Afterther investigationthe e of TBAF with
methyl iodide in THF was fountb be successful and gave the methylated prodib&s

and153in high yields (77% and 70%, respectively).
! +
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Alkylation of 150 using variouselectrophiles was then carried out to investigate the

efficiency of this reaction, Table 5°° This is also interestin@s it suggests this

methodology could allow access to a variety of lactacystin analogues.

Table 5. Alkylation of 150using TBAF (1.2 equiv.) and RI (2 equiv.) in THF.

Meozi—fo Meozcif—f o
TBAF
ORN "Rl 0™y
Bn Bn
150 154
R Yield (%)
Me 77
Et 63
PhCH, 89
CH,=CHCH, 60
PhCH= CHCH 64
EtO, CCH, 46

Later work details improvements made to the Dieckmann cyclization step; instead of
using sodium hydride in benzene as described above, it was found that treath#nt of
with TBAF in diethyl ether at room terapature gavéhe tetrabutylammonium sdl65
Without purification,treatment of the salt with methyl iodide THF gavel53in 73%

yield from 149, Scheme Z. As well as the desired product, the enol ether regioisomer
156 was also isolated163:156 3.5:1) These milder conditions are muchore

attractive for a synthesis.

BnOZC O BU4N+ O BnOZC OMe

BnO,C Me
BnO,C 2
2 FOH 2 7\>:§ > j\—f J\:S
—_— —_— +
P o) 0 o)

oy N N )
Il?,n Bn Bn Bn
149 155 153 156

Reagents and Conditionsa) TBAF, EtO, RT, 24 h; b) Mel, THF, RT, 24 h, 73%.
Scheme 27
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Another key step in the synthesis tise introduction ofthe functionality at the C5

positionfollowing ManderOs protocécheme 8. Deprotonation ofL53 usinglithium
bis(trimethylsilyl)amide(LIHMDS) in the presence df,3-dimethy}3,4,5,6tetrahydre
2(1H)-pyrimidinone DMPU) generated the corresponding enolate; methyl
cyanoformate was then aeldito the solution to giveé57in 75% vyield as a 5:1 mixture
of diastereoisomers. As observed abdlable 4), the use of ManderOs reagent did not

lead to any competin@-acylation.

II\I | |
Bn Bn Bn
153 157 158
Me O\\%\
30
O N~ COzMe
Bn
159

Reagents and Conditions:a) LIHMDS, DMPU, THF, MeQCCN, 75%; b) CHCHCOCI, pyridine,
CH,Cl,, RT, 24 h, 68%; c) K Pd/C, THF, 98%.
Scheme 28

Formation of the quaternary centre at the C5 position using isobutyraldehyde under
various conditions including MukaiyamaOs protocol proved unsuccessful. After the use
of methyl cyanformate gave exclusively thé-alkylated product in therevious step,
attempts were made to alkylate compodbd using isobutyryl cyanide. Unfortunately,

the desired alkylated product was not isolated. When isobutyryl chloride was used, only
the O-acylaton product was observed58 was isolated in 68% yield. Whelrb8 was
subjectedo hydrogenolysisonditions, the decarboxylated prodd&©was obtained in

98% vyield.
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To prevent theD-acylation, the reaction conditions were modifiedreatment ofl57

with sodium hydride in DMF followed by the addition of allyl bromide gd®® in

44% vyield; noO-allylation was observed. When the reaction was repeated using
methallyl bromide, the analogous compout®ll was prepared in much higher yield
(75%).

Me
c Me o BnO,C_> ,° Me O

Iﬁ aory IK/COZMe ° IK/COZMe
) —_— O o, —_— O ~.,
O ""CO,Me N N ’
N 2 Bn & B J\
Bn n
R R

160 R=H 162 R=H
161 R=Me 163 R=Me

BnO,

157
Reagentsand Conditions: a) NaH, DMF, allyl bromide, RT, 160 44%; b) NaH, DMF, methallyl

bromide, RT161 75%; c) H, Pd/C, THF162 90%.
Scheme 29

When 160 was subjected to standard hydrogenation conditions, the decarboxylation of
the benzyl ester with congotant reduction of the double bond occurred to di62in
90% yield. This advanced intermediatntainsthe complete carbon skeletonabdisto

lactacystin dihydroxyad and was achieved after only figeeps’



! ! "HE00& () S+ &kt

I
1.4 References

1. I mura, S.; Fujimoto, T.; Otoguro, K.; Matsuzaki, K.; MorigydRi; Tanaka, H.
and Sasaki, YJ. Antibiotics 1991 44, 113116.
2. I mura, S.; Matsuzaki, K.; Fujimoto, T.; Kosuge, K.; Furuyg,Fujita, S. and

Nakagawa AJ. Antibiotics 1991 44, 117118

3. Fenteaney, G.; Standaert, R. F.; Reichard, G. ArgyG&E. J. and Schreiber, S.
L. Proc. Natl. Acad. Scil994 91, 33583362.

4. Fenteaney, G.; Standaert, R. F.; Lane, W. S.; Choi, SteyCd. J. and
Schreiber, S. LScience1995 268 726731

5. Dick, L. R.; Cruikshank, AA.; Destree, AT.; Grenier, L.; Melandra, FD.;
Nunes, S. L. and Stein R.0. Bio. Chem1996 271, 72737276.

6. Dick, L. R.; Cruikshank, AA.; Destree, A.T.; Grenier, L.; McCormakck, A.;
Melandra, FD.; Nunes, SL.; Palmbella, VJ.; Parent, LA.; Plamondon, L. and Stein
R.L.J. Bio. Chem1997, 272, 182188.

7. Borissenko, L. and Groll, MChem. Rev2007, 107, 687%717.

8. GrSwert, M. A. and Groll, MChem. Commur2012 48, 13641378.

9. Crawford, L.J.; Walker B.and Irvine, A. EJ. Cell Commun. Signa201], 5,
101E110.

10.  http://www.crbm.cnrs.fr/index.php/en/48cherche/equipede-recherche/team
olivier-coux/226more#UbPrEN

11. Corey, E.J.; Li, W.; Nagamitsu, T. and Fenteany, Getrahedron,1999 55,
33053316.

12.  Corey,E. J.; Li, W. and Nagamitsu, Angew. Chem. Int. EA.998 37, 1676
1679.

13. Corey, E J.; Li, W. and Reichard, G. Al. Am. Chem. Sod99§ 120, 2330
2336.

14.  Corey, EJ. and Reichard, G. A. Am. Chem. So&992 114, 1067710678.

15. Pirrung, M. C. and Heathcock, C. Bl.Org. Chem198Q 27, 17271728.

16. Corey, EJ; Reichard, G. A. and Kania, Ret Lett 1993 34, 69776980.

17.  Braun, M. and Sacha, Angew. Chem. Int. Ed. Endl991], 10, 13181320.

18. Dess, D. B. and lértin,J. C.J. Org. Chem1983 48, 41554156.



! ! "#$%&' ()&
!
19. Sunazuka, T.; Nagamitsu, T.; Matsuzki, K.; Tanaka, H. lanmdira, S.J. Am.

Chem. Socl993 115, 5302.

20. Seebach, D. and Aebi, J. Det Lett 1983 24, 33113314.

21. (@) ! mura, K. and Swern, Dletrahedron1987 34, 16511660. p) Mancuso,
A. J.; Huang, S. L. anSwern, DJ. Org. Chem1978 43, 2480 2482.

22. Parkh, J. R. and Doering, W. V. H. Am. Chem. Sot967, 89, 5505 5507

23. Corey, E. J. an8uggs, J. WTetrahedron Lettl975 16, 26472650.

24.  Pfitzner, K. E. andVoffatt, J. G.J. Am. Chem. So&965 87, 56615669

25.  Brown, H. C. andhat, K. SJ. Am. Chem. So&986 108 293 294.

26. (a) Okuda, Y.; Hiran, S.; Hiyama, T. antllozaki, H.J. Am. Chem. So&977,
99, 31793181. (h Hiyama, T.; Kimura, K. antNozaki, H.Tetrahedron Lettl981, 22,
10371040.

27. Roush, W. R.; Adam, M. AWalts, A. E. and Harris, D. J. Am. Chem. Soc.
1986 108 34223434,

28. Roush, W. R.; Ando, K.; Powers, D. B.; PalktayA. D. and HaltermanR. L.
J. Am. Chem. Sot99Q 112, 63396348.

29. Nagamitsu, T.; Sunazuka, T.; Tanaka, Hmura, S.; Smngeler, P. A. and
Smith, A. B.J. Am. Chem. Sot996 118 35843590.

30. (a) Corey, E. J.; Lee, EH. andChoi, S.Tetrahedron Lett1992 33, 6735
6738. (b) Caldwell, C. G. arBondy, S. SSynthesis199Q 34-36.

31. Gao, Y.; Hanson, RKlunder,J. M.; Ko, S. Y.; Masamune, H. aidharpless, K.
B. J. Am. Chem. Sott987, 109 57655780.

32. Uno, H.; Badwin, J. E. and Russell, A. T. Am. Chem. So&994 116, 2139
2140.

33. Chida, N.; Takeoka).; Tsutsumi, N. and Ogawa, 3. Chem.Soc. Chem
Commmunl995 793794.

34. Rosenthal, A. and Sprinzl, NCan. J. Cheml969 47, 3941.

35. Overman, L. EJ. Am. Chem. Sot978 98, 2901.

36. Panek, J. P. and Masses, CABgew. Chem. Int. EA999 38, 10931095.

37. Pattenden, G. and Resem, G.Org. Biomol. Chen2008 6, 34283438.

38.  Clough, J. M.;Pattenden, Gand Widt, P. G.Tetrahedron Lett1989 30, 469
7472.

39. Bettignies, G. and Coux, @iochimie,201Q 92, 15301545.

! +




! ! "HE00& () S+ &kt

!
40. Franklam-Searby, S. and Bhaumik, S. Biochimicaet Biophysica Acta2012

1825 64Pr6.

41.  Stadler, M.;Bitzer, J.;MayerBartschmid, A.;Mu ller, H.; BenetBuchholz, J.;
Gantner, F.Tichy, HV.; Reinemer, Pand Bacon, K. P.J. Nat. Prod2007,70, 246
252.

42.  Eto, K.; Yoshino, M.; Takahashi, Kishihara, J. and Hatakeyama,C8g. Lett
2011 13, 53985401.

43. Feling, R. H.; Buchamg G. O.; T. J. Mincer, T. J.; Kauffman, C.;Aensen, P.
R. and Fenical, WAngew. Chem. Int. EQ003 42, 355357.

44.  Groll, M.; Huber, R.and Potts, B. C. MJ. Am. Chem. So2006 128 5136
5141.

45. Reddy, L. R.; Saravanan, P. and Corey, El. Am. Chem. So2004 126,
62306231.

46. Fukuda, T.;Sugiyama, K. Arima, S.;Harigaya, Y.;Nagamitsu, Tand! mura,
S.Org. Lett 2008 19, 42394242,

47. (a) Ma, G.; Nguyen, H. and Romo, Drg. Lett 2007, 11, 21432146. (b)Ma,
G.; Nguyen, H. and Romo, IChem. Commur201Q 46, 48034805.

48. Endo, A. and Danishefsky, S.JJ.Am. Chem. So2005 127, 82988299.

49. (a) Leach, D. CPhD Thesis2004 Loughboroug University. (b) Hamzah, A.
S.PhD Thesis200Q Loughborough University.

50. Page, P. C. B.Hamzah, A. S.; Leach, D.C.; Allin, S. M.; Andrews, D. M.;
Rassias, G. AOrg. Lett.2003 5, 53855.

51. Page, P. C. B.; Leach, D. C.; Hayman, C. M.; HamzahsS.; Allin, S. M;
McKee, V.Synletf 2003 7, 10251027.



! ! "HS%&'SI () 1+,$-%3$$,.)

[
2.0 Results and Discussion

2.1 Retrosynthetic Analysis of Lactacystin and Aalogues

Lactacystin and its analoguskare the samsubstitutedactam coreput differ at the
C5 and C7 positionsallowing us to consider a common retrosynthetic approHoh
retrosynthetic analysis belo¢hemel) shows the key steps requirtd a synthesis
of lactacystin and its analogudgsinga commercially availablamino acid derivative
as thestarting materialthe C5 functionality igoresentfrom the startandthe use of
different amino acids allows variation at this positigey steps include Dieckmann
cyclization and aManderOs acylation to form the lactam ring tred C5 quaternary
centre respectively The use of a range of alkylating agents during tdredem
Dieckmann cyclization/alkylation should allow the installation ofa C7 group that
differs between the natural products well as allowing access to novel structures
decarboxylation athe C7 position and the reduction of the ketonenoiety at the C6
paosition would therbe required to give the fully functionalized cdoeind in this class

of proteasome inhibitors

-Lactacystin HOR" R 1. Decarboxylation o R Mander's
-PS-519 _ 41— 2. Ketone reduction :=CO,Bn acylation
-Core of OxazolomycinA —— MeO,C.,, E— MeO,C.,, -—
-Core of KSM-2690 B1 N~ O N~ O
. . R R
-Salinosporamides A and B PMB PMB
-Cinnabaramides A-G 1 2
o R 1. Dieck 1O peptid
! . Dieckmann eptide
=CO,Bn  cyclization R/'\N’PMB coupling sze
R — [— R N/PMB
N o 2. Alkylation (0] H
PMB
BnO~ ~O
3 4 5
Scheme 1

The workpresented belowetailstheuse ofL-leucine,L-serine and.-valine derivatives
as the starting material/ork has maily been focused on the uselofeucine(which

will lead totheformation ofdeoxylactacystin) as it has thso-butyl group present from
the start and shares the closet strad similarity to lactacystinWWe hope that by using

a chiral starting materia in this caselL-leucine, we can induce the desired

! /0
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stereochemistrat the C5, C6 and C7 positiotigoughout the synthesikdeed this! -

lactone class of inhibitors is particdiachallengng due to the number of stereocentres

that need to bgeneratd andcontrolled during the synthesis.
2.2 Synthesisof the Leucine Analogue

2.2.1Proposed Synthetic Route Dwards Deoxylactacysin

Using L-leucine methyl ester hydrochloride as the starting materjalve hopel to
synthesizehe advancgintermediatell1 that was reported by Corey in 199%ing the
route developed bthe Page group as descrilsazbve(Chapter 1).

CO,Me
PN N
CO,Me CO,Me n-PMB <2C0,Bn
)\/L - _PMB —>= — —
NH,, HCI N o N0
PMB
BnO (6]
8 9

6 7
HO  Me o HO  Me
MeO,C.,, HO,C A,
— o T ST A S0
| NHACc H
PMB
11 .
10 12 Deoxylactacystin
Scheme 2.

2.2.2 Synthesis of the Dieckmann @clization Precursor 8

Due to the problems encountered when ushey Boc and benzyl praténg groups
described aboveaye turned our attention towardlse 4methoxybenyl moiety as the
protecting group. Corey perted the use of this group and its easy removal using ceric
ammonium nitrate in his early approach to the synthesis of lactaéy&timpound?

can be synthesized in opet from commercially avéable L-leucine methyl ester
hydrochloride6 using triethylamine, 4nethoxybenzaldehyde and sodium borohydride
in methanol however low yields (53%) were obtained.he reactiondid not afford
reproducible yieldsand at times resulted in an inseparable mixture of the desired
! /0
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product7 and p-methoxybenzylalcohol. This result indicated thdk conversion to the

imine 13 was vital before introduction of the reducing reagétgnce,a twostep

procedure was investigated.

YYCOZME WCOgMe Y\(COZMe
HN N HN

NS
a CO,Me b c
— T — —
NH,.HCI
OMe OMe OMe
7 6 13 7

Reagents and Conditions: a) 4-methoxybenzaldehyde, f&, NaBH, MeOH, 53%; b) 4-
methoxybenzaldehyde, acetic acid, toluene, refld®o; ¢) NaBH,CN, acetic acid, MeOH93%

Scheme 3

In order to impove the conversion to ¢himing 4-methoxybenzaldehyde and acetic
acidwereheated under reflux tolueneusinga DeanStark apparatu® give 13, which
was used without furthgourification The use of the DeaSBtark apparatus drove the
reaction equilibrium to the required ingirby removal of watelt is easy to determine
whether full conversion to the imine has occurredtbyNMR spectrum analysis of the
crude productlf the aldehyde starting material is still present a characteristic singlet
peak can be seen just below din. The reduction ofl3 wasachievedusing sodium
borohydride and acetic acid in methgnebwever compound7 wasisolated in 58%
yield, a marginal improvement on the method described ab@een sodium
cyanoborohydridea reducing reagent known to be sélee towardsimine reduction,
was usedamine7 was obtainedn 93% yield Becauseacetic acid is required to control
the pH of this reactigrthe use of sodium cyanoborohydricen bedangerous as toxic
hydrogen cyanidgascan be released. Sodium tritmeyborohydride is often used as a
safer alternatie to sodium cyanoborohydride famine reductionslit is known that
sodium borohydride can react with acetic acid to form sodncetoxyborohydride
this couldhave occurred in the twstep reductive amation described abovelowever,
when the reaction was carried out with commercially available sodium

triacetoxyborohydrideno reaction occurred artke starting material was recovered.
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Table 1.Investigation intolie reduction of compouris.

WCOZME \(\(COZMG
N HN

NS

OMe OMe

13 7
Reaction Conditions Reducing Reagent Yield (%)
AcOH, MeOH, 0 iCto RT NaBH, 53
AcOH, MeOH, 0 jCto RT NaBH,CN 93
MeOH, 0 jC to RT NaBH(OAc), S.M.

The Dieckmanrcyclization precursor8 wasthensynthesizedising a peptide coupling
reaction. There are manyeptide couplingreagents reported in the literaturéhese
include (but are notrhited to) phosphonium reager{ter example BOPCI first used
by Corey to form the lactonmoiety in omuralidg, uronium reagentgfor example
HATU, a reagent commonly usead the synthesis of macrocyclesjarbodiimide

reagents(for example, EDA@HCI)and imidazolium reagentfor example, CDI

/9 M N
N a Sy
Cl
@) O O
BOPCI CDI
Bis(2-0x0-3-oxazolidinyl)phosphinic chloride 1,1'-Carbonyldiimidazole

N7 pF
\ 6
N PN
/ ‘\_\ « HCI = N\ 'l\l
N=C=N o M N
o N ||\I
_0
EDAC!HCI HATU
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]
hydrochloride pyridinium-3-oxid hexafluorophosphate

Figure 1. Coupling reagents.

The synthesis opotassium benzyloxycarbonyl acetdt® required for the peptide
coupling was adeved over two steps from malonic acid in 72% yi@dheme4).*
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Reagents and Conditionsa) benzyl alcoholp-TsOH, toluene, reflux, overnight; b) KOH in BnOH (1
M), 72% (2 step$; c) oxalyl chloride, toluene, 34 |C, 24 h.
Scheme 4.

We chose to use aommercially availablecarbodiimide coupling reagenty-(3-
dimethylaminopropybN!-ethylcarbodiimide hydrochloridgeDACACI), due to its ease
of handing andbecauséhe byproductformedis easily removed during wotkp as it
is watersoluble under acidi conditions The treatment of7 with potassium
benzyloxycarbonyl acetatis, EDACAHCI, 4-(dimethylamino)pyridind DMAP) andN-
methylmorpholine(NMM) in dichloromethane gav8 in 72% yield after silica gel

chromaographypurification

CO,Me
CO,Me a )\/'\N’PMB
W R
HN
“PMB 0
7 8

Reagents and Condions: a) potassium benzyloxycarbonyl acetdt6, EDACAHC] DMAP, NMM,
CH,Cl,, 72%.
Scheme 5.

Room temperaturtH NMR spectrum analysis shows the preseof two rotamersnd
so a variabletemperature (VTJH NMR experiment wasarried outin deuterated
dimethylsulfoxide 6-DMSO) at 25, 75 and 100 j&igure 2. Analysis of the resulting

spectra clearly showhe peaks beginning to coalesce as the temperature is increased.



! ! "HS%&'SI () 1+,$-%3$$,.)

|

(Y
|

Lgk“ —h

Figure 2. Variable temperaturtd NMR spectraof compound at1: 25 jC,2: 75 iC
and3: 100 iC.

The optimization of this reaction was investigated using methods other than
carbodiimide couplingThe treatmenbf potassiunbenzyloxycarbonyl acetatss with
oxalyl chloride gave the correspdng acid chloride17 without purificdion in
guantitaive yield. The addition of the acylhloride to7 in the presence of pyridine and
DMAP gave the Dieckmann precurs8rin only 58% vyield.The coupling reagent
propane phosphonic acid anhydride, known commercially as, W8&s also used for
this reactiort The byproducts formed from using T3P are all watessolubleandcan be
easily removed during aqueous wank, which aids the purification of the desired
compound.T3P is also agreenerreagent as it is less toxic than the carbodiimide
reggents The treatment of7 with potassiumbenzyloxycarbonyl acetaté6, N,N-
diisopropylethylamine DIPEA or HYnigOs base) and TaPtetrahydrofurargaves in
62% yield.
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Table 2 Synthesis of the Dieckmaneyclizationprecursoi8 from 7.

CO,Me
CO,Me )\/LN/P'V'B
\(\( .
HN
“PMB O

BnO~ ~O
7 8
Reaction Conditions Coupling Reagent  Yield (%)
16, NMM, DMAP, CH,CI, EDACAHCI 72
17, pyridine, DMAP, CHCI,  None 58
16, DIPEA, THF T3P 62

2.2.3 The DieckmannCyclization

The Dieckmann cyclization, also known as the Dieckmann condensation, is a form of
intramokcular Claisen condensation used to synthesize dydligtoesters of varying
ring size.In 1894 Dieckmann reported theeaction of the diester$8 and 20 with

sodium in ethanol to give the corresponding cycliketoesters19 and 21,
respectively

a
EtOZC/\/\/COZEt . Q\COZEI
(0]

18 19
a
NN
EtO,C COEt — CO,Et
(@]
20 21

Reagents and Conditionsa) Na, EtOH.
Scheme 6.

When diester22 is treated with a base, the ester enolate interme@ats formed
followed by attack of the enolate onto the other ester moiety to give the tyclic
ketoester25. The ratedetermining stepf the reaction is the ring formation step, the
attack of the ester enolate onto the oashh of the second ester moiety.

! I
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i OR 0~ i OR RO 07 ? — i 7
RO)M ROJ\M/\/\(
n n _ OR OR
22 23 24 25

Scheme 7The Dieckmann condensation mechanism.

There are many natural product syntheses in the literature that employ a Dieckmani
condensationGrossman and eworkers reported the synthesis of-&gcacarir28 in
1996 in which a Dieckmann condensation was used to synthesize the second rin

moiety of the natural product in high yiel@0%).

O

Me O]
CO,Et Me Me
Etoz% 2 a _ E0,C e QU ve
COMe ~— —
COzEt(I:'\I CO,Et| OEt
—
CN S
26 27 28 (+)-Sacacarin

Reagents and Conditionsa) 1. NaOEt EtOH, reflux; 2. TsOH (cat), EtOH,H4-H,0, reflux 90% (2
steps).
Scheme8. The synthesis of (¥3acacarin

In 2003, CovarrubiasZoeiga reported the synthesis of mycophenolic Adedseranyt
1,3-acetonedicarboxylat2d was treated with sodium hydridellowed by the addition
of a protected alkynal to form the enolate which then underwent Dieckmann

condensation to give the substituted aromatic ring of mycophenolic3adiad 33%

yield (Scheme9).

O : OH O
@) MeO-C CO.Me Dieckmann R
2 2 .
MeOZCW)J\/C(DzMe a condensation OMe
R _ ——
R = HO
29 R=geranyl 30 R=geranyl 31 R=geranyl
OH o
™
O
HOzC MeO
Me

32 Mycophenolic acid
Reagents and Conditionsa) 1. NaH, THF, RT; 2Proteded alkynal 2 h; 3. HCI 33% (3 steps).
Schemed. The synthesis ahycophenolic acid



! ! "HS%&'SI () 1+,$-%3$$,.)

!
As describedabove (Chapter 1, Scheme Z), the Page group reported t&vo-step

process wherein cychion occurs first using TBAF in diethyl ethés form the
tetrabutylanmonium saltfollowed by the methylation step tetrahydrofurarto install

the C7 functionalityMethylation occurs through the enolate intermedg8eesulting

in the formaion of the two diastereoisome(&)-34 and (x)-9 in 30 and 29% vyield,
respectiely (Schemel0). Unfortunately, diastereocisomgs)-34 and(£)-9 are difficult

to separate using silica gel chromatography because of their similar polarity, leading tc

the isolation of a mixture dft)-34 and(z)-9 (as well as the pure diastereoisomers).

CO,Me -
Me Me
M _PMB O LCO2Bn Q. J..CO,Bn QL Z.CcOo,Bn
N a _ b g
—_— —_— +
PMB PMB
0 N0 PMB

Bn
8 33 (+)-34 (+)-9
Reagents and Conditionsa) TBAF, EtO, RT, overnight; b) Mel, THF, RT, overnigh(t:)-34: 30%,
(£)-9: 29% (2step3.
Scheme 10

Disappointingly, the reaction did h@appear to be diastereoselectiidue to the
planarity ofenolate intermediat83, the small size of the methyl grogmd the bulky
group at C5 being too far awgae addition does not favour either facesulting in the
formation of two diastereoisomers in a 1:1 mixtukewthermore,specific rotation

measurementshow racemiation hal occurred at this point.

Unfortunately, we were unable to obtain crystals suitable fomyXcrystallography of
(x)-34 and(x)-9; however, work within the group yielded crystals of pheitro benzyl
analogue of+)-34 (Figure 3) allowing us to deduce thelative configuration of+)-34
and(x)-9.
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Figure 3. X-ray crystallographic structure of tpenitro benzyl analogue df)-34.

The g/clization results in théormation of twostereocentreandif the only enolate
generated wasnolate 33, two nonracemic diastereocisomersvould be the only
products formedThere are three possible explanations for the razgion: either the
racemzation occurs before the cyclizati¢B5), or after the cglization but before the
methyhtion (37), or after themethylation(38); it couldalsopossibly occur during more
than one stepWVe do not believe racemation ocars before cycliation; indeed,the
difference inpKa between the enolisable proton tbe amino ester(pKal 25) andthe
malonyl protons (pK&13) leads us to believe racemtion should not occur at this
point Enolization through the C5 position could occur before or after methyla®n,
methoxide is generateduring thecyclization step so deprtonation at C5would be
possible Interestingly, ve were unable to observany products resulting frorthe
methylation at C5Due to the large excess of methyl iodide usédenolization
occurred after methylation at @3 form 38, we would alsoexpect to see methylation at
C5. However if enolization occuss first, selectivemethylationat C7 may be observed
because the proton at pKal 11) is much more acidic than that at @aKa! 25)
making 33 the thermodynamially more stableenolateform; hence, thesquilibrium
betweer83 and37 is shifted toward83.
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/kOIOMG O. _OMe
N \-PMB

BnO (@] BnO 0]

8 35
Enolization before cyclization

/(Z_LCOZBn /(2_£028n /(Z_ioan

Enolization after cyclization

coan cozsn

(#)-34
Enolization after cyclization and methylation

Scheme 11

This result is not unprecedented; racation duringDieckmann cycliation has been
reportedpreviously In 1999 Poncet ad co-workers reportedhe @acemisation during
the synthesis of tetramic acids via Dieckmann cyclis&fibm 1964, lukas reported the
total synthesis of holomycin in which a key step was the cyclizatid® ofith sodium
ethoxide to form the racemic lactam){41."

CO,C,Hg
CO.CHs a  DEONNH b
BzS NH, - o -
39 40 ° (+)-41

Reagents and Conditionsa) diketene, EtOH, RT; b) NaOEt EtOH, benzene, reflux
Scheme 12
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A onepoat tandem Dieckmann cyclization/methylati@ynthesis waslso attempted

with no notable loss in yield. Treatment 8f with TBAF and methyl iodidein
tetrahydrofurangave the diastereocisome(s)-34 and (£)-9 in 22% and 39% vyield,
respectively $cheme B). When diethyl ether was used instead of tetrahydrofuran

reaction was observed and the starting material was recovered.

CO,Me o Me o Me
\-PMB ..CO,Bn :,CO,BnN

8 (x)-34 (¥)-9
Reagents and Conditionsa) TBAF, Mel, THF,(+)-34: 22%,(+)-9: 39%.

Scheme B.

Although (+)-34 and (+)-9 were isolated in differa yields, he '"H NMR spectrum
analysis of thaeaction mixtureshows the formation of thdiastereoisomers in a 1:1

ratio,as observed in the twatepprocedure.

The formation of unwanteddiastereocisomers is never an attractive feature in total
synthess as only one has the correct relative stereochemistry required thereby reducing

the yield of usable material
2.2.4 The ManderOs Aylation

The rext step in our synthesis was the introductidrthe C5 functionality that will
eventually be used to forrhe! -lactonemoiety, found to beessentiato theinhibitorsO

ability to bind to the 20S proteasome.

In 1983 Lewis Manderreported the@Regiosetctive synthesis of -ketoesters from
lithium enolates and methyl cyanoform@tén which he described the treent of a
range of ketones withithium diisopropylamine (LDA),hexamethylphosphoramide
(HMPA) and methyl cyanoformaten tetrahydrofuranat "78 jC to give the
corresponding -ketoesters' This methodwas the first of its kind to allow access to

! /0
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these tpes of compounds in consistently high yields vattmpletechemaelectivity.

This reactioncan also be carried out usingetimyl chloroformateinstead of methyl

cyanoformate®

\/ o i b \/ \(
—_—
LiO O CO,Me

42 43 44

Reagents and Conditionsa) LDA, THF b) HMPA, methylcyanoformate
Schemel4.

Older method such as the reaction with acyl halides or anhydrides often lacked
selectivityand resulted in a mixture of both tBe andO-alkylated productsAcylation
of the cycbhexanone enolaté5 gives different ratios o€- and O-alkylated prodcts

depending on the metal cation and solvent (Fable 3).**

Table 3 A comparison betweethe C- andO-alkylation wherreacting withacetic

anhydride.
oM AC,0 OAc O O
45 46 47
Metal Cation Solvent Yield of 46  Yield of 47
Li* Dimethoxyethane (DME 49% 16%
Mg Diethyl eher 25% 43%

With crystallographic data analysis showing that compo(xed has the desired
relative stereochemistryhe acylationreactionwas carried out following a procedure

similar to ManderOS¢heme 5).
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Me o Me
- COZBn

(£)-9 (£)-10
Reagents and Conditionsa) LIHMDS, DMPU, methy cyanoformate, THF, 78 |C, 86%.
Scheme 15

Compound(#)-9 was treated with.iHMDS (freshly preparedrom n-butyl lithium and
hexamethyldisilaang in tetrahydrofurarat! 78 jC andthe reaction mixturstirred for
one hour 1,3-Dimethy}3,4,56-tetrahydre2(1H)-pyrimidinone (DMPU) and methyl
cyanoformate weréhenadded. The reaction wasirredat! 78 jC for four hours after
which it was quenchedsing an aqueous solution ammonium chlorideThe desired
compound(+)-10 was isolated in 79% wld. Due to he reaction going througan
enolate intermediateaddition of the methyl ester groupould occur from the top or
bottom face resulting inthe formation ofdiastereoisomersHowever this was not
observed analysis of the'H NMR spectrum confirms that the acylation is
stereselectiveas a single product was observeohd crystallographic data of the
product obtained from the daction of the ketone moiety oft)-10 (Figure 5,
compound (£b1) showsthatthe C5 methyl ester moiety adds to theagte side of
the C7 benzyl estelVhen we compare the stereochemistry of lactacystin antiQ(z)
(Figure 4) we can see that the correct relativeresbchemistry has been achieved.

HO,C

AcHN

Lactacystin (¥)-10

Figure 4. Relative configuration oft)-10.

Due tothe racemizationocaurring during the Dieckmanieyclization/methylatiorstep
and thestereselective nature of the acylatiowe thought that the separati@f the
diastereoisomer¢t)-34 and (£)-9 might not be necessaryindeed, £)-34 and ()-9
should lead to the same raderanolate £)-38. Then, n theory if theacylationreaction

! /0
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were not selectiveracemicenolate £)-38 would lead tofour posgble sterecisomers

48, 49, 10 and50. It is important to note here that compoud@&sand 10, as well as49

and50, are enantiorars respectively.

Scheme &. Investigation intahe ManderOs acylation reaction.

As the acylation is selectiyave predicted that compouridt)-34 shouldbehave in the
same wayas {)-9, and lead to the formation ot)-10. Indeed, whertompoundt)-34

was subjectedo the acylation conditiadescribed aboy®nly compound £)-10 was
isolated in 73% yieldNMR andIR spectroscopi@and masspectometric analysisof

the product obtaineshowed the compound isolated from this reaction was the same as
that isolated from the reaction (f)-9. To further support this conclusipthe reaction

was attempted using a mixture (&)-34 and(z)-9. Unsurprisingly,only one compound

was isolated from this reaction, compouyty-10.

When we first staed investigéng this reactionthe LIHMDS waspreparedn situfrom

the reaction oh-butyl lithium andhexamethyldisilazane irtetrahydrofuramat! 78 |C

giving (¥)-10 in 79% vyield. Theyield was increased to 86%hen commercially
available LIHMDS was used This difference in yieldmay bedue in partto the
accumulative internal error associated with the preparation of LIHMDS and subsequeni
cannulation of the base into the reaction mixtime2013 Pfizer reported the synthesis

of filibuvir in which they use LIHMDS d perform a Dieckmann cyclization.They
describe how both the souroé LIHMDS and the mode of addition of LIHMDS can

affect the yield of product obtaine@hey report a difference in yield when using
! /0
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BuLi or Li metalas the lithium source and a diféerce in yield when using LIHMDS

from different suppliersThey stated that they did not know why there was a difference

and conclude by describing the results as @mexplained LIHMDS source variati@h

Table 4. Investigation into the ManderOs acylatieaction.

Me o Me
CO,Bn
N O
PMB
(2)-9 (¥)-10
(£)-34
Starting M aterial Base Yield of (£)-10 (%)
(¥)-9 LIHMDS (madein situ) 79
(¥)-34 LIHMDS (madein situ) 73
Mixture of (+)-9 and(+)-34  LiIHMDS (madein situ) 78
Mixture of (£)-9 and(x)-34  LIHMDS (commercial) 86

2.2.5 Steps Towards the Synthesis of(+)-11

At this stage irthe synthesis, two routes are possible to obtain the desired intermediate;
the first possibility involves thereduction of the ketone at Céollowed by
decarboxylation of the benzyl ester moiety at the C7 posif{fecheme 17, Route A)

while the second route starts witie decarboxylation of the benzyl ester moiety at the
C7 position followed by reduction of the ketone at(S6hemel7, Route B)
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HO  Me HO ~ Me
MeO,C.,, MeO,C.,,
N~ O N o
|
PMB PMB
(#)-11 (#)-11
Scheme T.

2251 Route A Towards (+)-11

2.2.5.1.1 Reduction of the ManderOs ReactionrBduct, (+)-10

(£)-10 (£)-51

Reagents andConditions: a) NaBH,, EtOH, 0 jC to RT, 3@nin, 4357%.
Scheme 8.

Under standard conditions using sodium borohydrisiehéme18), compound (+61

was isolated as a single diastereoisomer in yields &f748. Crystallographic studies
show that the correct relative stereochemistry was achieved when compared to that ¢
lactacystin; the hydroxyl moiety, the methyl group and the methyl ester, at the C6, C7
and C5 positions, respectively, are all on the sadeerslative to each other.

! /0
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HO,C

AcHN

Lactacystin (¥)-51 »

Figure 5. X-ray crystallographic structure of ¢5)L.

In an attempt to optimize thieaction,other reducing reagents were screened under
varying conditions Table 5). The use of sodium cyanoborohydride spdium
triacetxyborohyride resulted in full recovery of the startimgterial. Attempts using
DIBAL also led to the recovery of the starting material probably due to the bulky nature
of DIBAL.

The MeerweirPonndoriVerley (MPV)reduction (the reverse reaction, the atidn of
the alcohol, is known as the Oppenauer oxidation) is adeellmented reaction that
uses an excess of aluminium isopropoxide igngpropyl alcohol to reduce ketones to
the corresponding alcohdfsWe had hoped to use this reaction as one okets

features is its highly diastereoselective nature when applied to rigid cyclic compounds.

1
/\O/T(H O—,

(i-PrO),Al . o=t
R > <= (i-PrO).Al (R === |(i-PrO),Al H —
=0 Noxs ° >R
R‘ /Rl R

g ‘
(I-PrO),Al - Workep JY
N H RTIOR
o0~ /g:
R

Scheme 19The MeerweiAPonndorfVerley reduction.

Formation of the aluminium complexaurs at the less hindered fat@s then directs
the subsequent foraion of the sixmembered transition state and therefore the hydride
transfer. Unfortunately, this approaalas not successful and the starting material was
! 1
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recovered Table 5, Entries12 and13). One of the drawbacks of the MPV reduction is

thatit is greatly affected by steric hindrance; hence, we believe, avithlatively small

5-membereding and large groups at the C5 and@oaitions, the steric hindrance was

too great.
Table 5.Investigation into theeduction of £)-10.
R '\i/leCOZBn HO,// '_erCOZBn HO", I}/Ie OH
MeO,C... MeO,C.,, MeO,C.,,
o o 7 N
PMB
(¥)-10 (x)-51 (x)-52 (x)-53
Entry  Reducing Reagent Reactions Conditions Product Yield (%)
1 NaBH,CN (2 equiv.) Acetic acid, MeOH, SM. 100
OiCPRT,4h
2 NaBH,CN (2 equiv.) Acetic acid, MeOH SM. 100
0iCDRT, 48h
3 Na(AcO)BH (10 CH,CI,, 0iC BRT, SM. 100
equiv.) 24h
4 NaBH, (2 equiv.) Aceticacid, MeOH, SM. 100
OiCPRT,4h
5 NaBH,(0.7 equiv.) EtOH,!10;C, 2h (x)-51 42
(x)-520r ()53 29
(£)-520r (x)53 10
6 NaBH, (2 equiv.) EtOH, 0 j{CBRT, (x)-51 4357
30 min
7 NaBH,(0.7 equiv.) EtOH,!'20iC,1h (£)-51 51
8 NaBH,(0.7 equiv.) EtOH,!'10iC,1h (x)-51 54
9 NaBH, (0.7 equiv.) EtOH,! 10 jC, 30 min S.M. 31
(x)-51 52
10 DIBAL (1 equiv.) THF,60iC,4nh S.M. 100
11 DIBAL (2 equiv.) THF,60iC,4h S.M. 100
12 (iPrO)Al (10 i-PrOH, reflux, 24 h S.M. 100
equiv.)
13 (iPrO)Al (10 i-PrOH, DearStark SM. 100
equiv.) reflux, 24h
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With all attempts failing when changing the reducirgggent, optimization of the

reaction conditions using sodium borohydride was carried out. It became clear that bott

reaction time and temperature were significant factors isubeess of this reaction.

slow

fast

(¥)-54

Reagents and Conditionsa) NaBH,, EtOH,! 10 {C,2 h, (x}51: 42%, (x}52or (+)-53: 29%, (+}52 or
(+)-53: 10%.
Scheme20.

Whenusing sodium borohydride as the reducing reagent@tC for two hoursTable

5, Entry 5), the desired compound (251 was solated as the first eluting compound
after silica gel column chromatography in 42% vyield. Two eeduced products,
diastereoisomers (252 and (£}53, were also isolad from the reaction. Althoughe

know the structureof (£)-52 and (x}53, we were uable to determine their relative
configurations. The second eluting compound was isolated in 29% yield and the third in
10% yield. As we do not isolate compound-&4) we can predict the relative rates of
the reaction. The formation of (BJL must be muchiaster compared tthat of (x}54;
however(x)-54 must then be converted to {&3 very quickly Scheme20).

(¥)-10 (x)-51 (¥)-10

Reagents and Conditionsa) NaBH,, EtOH,! 10 {C, 30 min, (x}51: 52%, (+}10: 31%.
Scheme2l.
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Optimization of the conditions using sodium buydride led to the isolation of the

product ()51 in 52% yield as well as the recovery of starting materiallGein 31%
yield (Table 5, Entry9).

Fortunately, this reaction was completely stereoselective. The formation® (tder

these conditions so slow thatwhen left for only 30 minutes, only one diastereoisomer
was ever isolated and, as described abovetrame of (£)54 was ever observed
Although this is a positive result, as the correct relative stereochemistry in relation to
lactacystn (Figure 5) has been achieved, this is an interesting result because hydride
addition occurs from the opposite face to that which one would predict. The crystal
structure shows the benzyl estisn-butyl and PMB groups all occupying space above
the ring; we can assume this would be the same for the starting mgtera0. It
would, therefore, not be unprecedented to expect the hydride to approach fromr
underneath, which is the leasderically hinderedace, resulting in the hydroxyl group
being on the ame side as the benzyl estsg-butyl and PMB groups. When using
Newman projections to predict the stereochemistry of the product obtained from
reduction the hydroxyl group would, again, be expected to form on the same side as th

benzyl esterso-butyl and PMB groups.

Me (@) COZBn Me OH COZBn HO COan
— = H- ~Me
H
angle of attack
i-Bu_ o CO,Me i-Bu. OH CO,Me i-Bu OH

? — 8;'* MeO,C- 5H
angle of attack

Figure 6. The Newman projection for the prediction of the stereoselectivity of the

ketone reduction.

In 2008, Moloney and cworkers reported th@quilibration in bicyclic pyroglutamates
by ring openingeclosurd® in which the sterselective ketone reduction &b is
describedusing NaBH in ethanol or LAH in THF to give the corresponding alcds®l
(Scheme 2)."
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Q co,Me HQ  co,me
Me - aorb Me g
h o — p o
Me \ N/ Me" N\ N/
o t-Bu o 1-Bu
55 56

Reagents and Conditionsa) NaBH,, EtOH, 0 {C, 1 h; b) LiAIH, THF,! 78 iC, 1 h.
Scheme 22

They state that the setedty is achieved byendcaddition of the small hydride
nucleophileanti- to the lone pair of the nitrogen. In our case the lone pair on the
nitrogen is on the bottom face and so the hydride will attack from the top face (the same
face as the benzyl esteso-butyl and PMB groups) resulting in the hydroxyl group

being on the same side as the methyl ester group at C5 and the methyl group at C7.

2.2.5.1.2 Decarboxylation of Compound (x)51

(£)-51

Reagents and Conditionsa) H,, Pd(OH)/C, THF, quant.
Scheme 23

When (£)-51 was treated under hydrogenolysis conditions using palladiumokigie

on carbon and a hydrogen balloon the corresponding carboxylic aci7(sas
isolated inquantitative yield without purification. We had hoped that the treatment of
(¥)-51 under the hydrogenolysis conditions would proceed with concomitant
decarboxylatiordue to the presence of the carbonyl moiety in"thosition enabling
formation of the enolateThis was not the case howeyeaand the corresponding
carboxylic acid (b7 was the only product isolated from this reactidfor
decarboxylation to occur thentermediate must be stabilized through conjugation,
usually through the enolatéd/henthe ketone of+)-10is reduced to a hydroxyl moiety,
the enolate can no longer be formed. The carbgmylipat C8 is part of an amide

! /0
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moiety and conjugation betweerethitrogen atom lone pair and the carbagdupis

possibly too strong to alloenolization to proceed through this position.

A literature search shows that this result is not unprecedented. There are many repor
of the debenzylation of substitutddlactams to form the corresponding carboxylic
acid® In 1994, Leonard and eworkers reportedda sulfolenbased intramolecular
Diels-Alder approach to the synthesis of manzami@eimwhich they subject the benzyl
ester59 to hydrogenolysis conditions using, EInd 5% Pd/C in diethyl etheand the
product obtained is the corresponding carboxylic &6itf

COan COzH
s G oy G
0]
CO,Et ) .
CO,Et CO,Et
58 59 60

Reagents and Conditionsa) 1. (Me;Si),NLi, THF; 2. PhCHCOCN; b) H, 5% Pd/C, ED.
Scheme 24

2.2.5.1.2.1 Radical-Mediated Decarbonylation of the &yl Selenide

As the hydrogenolysis of (851 yielded the carboxylic acid (257 instead of the
desired ()11, methods to achieve the decarboxylation of§Z)were investigated.
First, we decided to carry out the syesls of an acy$elenide from the carboxylic acid
(x)-57 followed by a radicamediated decarbgtation to give the desired advanced
intermediatg+)-11.

HO Me HO, Me
" 2CO,H -
MeO,C.,, B MeOC.,
o) N 0
PMB
()-57 (+)-11

Scheme 25
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Selenium compounds have many uses in organic synthesis including in radical reaction

as precursorsThe GSe and S¢1 bonds are considered relatively weak, this along with
the polarizability of the selenium atom makes organoselenides useful compounds foi

radical chemistry?

Ph 1. Phoy Ph

! ’ 4 + .rad
BusSn- Se BusSn---Se - - -rad BuzSn—Se

(tad

Scheme 26

Tributyltin -~ hydride  (BySnH), tributylgermanium ydride (BuGeH) and
tris(trimethylsilyl)silane (TTMSS) are commonly used as radictilators, where the
precursor is a halide, for example bromides and iodides. Selenide groups, specifically
phenylselenenyl (Ph$@roups, have been used to replace thieldg and rate studies
showthat abstraction rates with B8n, Bu,Ge, and primary alkyl (RCH) radicals

are comparable to that of therresponding bromide, but smaller than the corresponding

iodide by several orders of magnitude.

Table 6.Reaction constants for the abstraction of PhSe, Br and |.

Radical Compound Temperature (jC) Rate Constant (M's?)
RCH,  PhSeCH,COEt 50 1.0x 10
RCH,! Br-CH,CO,Et 50 0.7 x 10
RCH,! I-CH,CO,Et 50 2.6 x 10
Bu.Sn  PhSeCH,CO,Et 25 1.2 x 16
Bu,Ge PhSeCH,COEt 25 9.2 x 16

Interestingly, when acyelenides are usgithe abstraction of the phenylsedepl group
is faster than when using alkylphenylselenides. The most common re&getite
abstraction of the PhSe group from an acyl selenide ag@nBuand TTMSS; however,
Bu,GeH has also been shown to work in the samay. Acyl selenides are easily

synthesized from the corresponding carboxylic acid.

As well as the abstractiaates, selegryl groups are a popular choice as they are often
referred to asr@dical protective groupd. Indeed, when compared to the halithey

! /0
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can survive many more synthetic transformati@ie®wing them to be introduced at a

much earlier stage of the synthesis if necessary. Another advantage of acyl selenide
compared to acyl halides is their stability: it is often posgiblpurify agl selenides

using silica gel column chromatography.

Acyl selenides are often used to generate acyl radicals that are then cy®tiheché
27).22 The main drawback of this reaction is the unwanted loss of CO; performing the
reaction under an atmospherfe@O can easily prevent this. bur proposed route this

is not a problem, as decarbonylation is required to give the desired product.

CHO CHO CHO

Nge NT o

UkOH UJ\SePh K/*o
CHO

O

N \=0

Reagents and Conditionsa) BusP, (PhSe) CH,CI,, 24 h; b) BySnH, AIBN, CO,CH,CN.
Scheme 27

CHO
[\
N 0

In 2005, the Allin goup reported the synthesis of the indole alkaloid deplancheine by
employing the radicainediated decarbonylation of asyl selenide§cheme 8).2 The
alcohol 61 was oxidized to the carboxylic acié2, which was then treated with
diphenyldiselenide and ilutylphosphine (TBP) in dichloromethane to give the
corresponding acyl selenidé3. The radicaimediated decarbonylationf 63 was

achieved upon treatment withBu,SnH andAIBN as the radical initiator inolueneto

give 64.
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COSePh
| N. O e

Boc
63

HO
N
HH Boc
61
| N. O
X
Boc H
(x)-Deplancheine

Reagents and Conditionsa) 1. IBX, DMSO, RT, 24 h, 70%; 2. EXl, (Boc)O, DMAP, THF, RT, 4 h,
98%; 3. NaClO,, NaH,PO,, 1-methyt1-cyclohexeneCH,CN, t-BuOH, HO, 0 iC to RT, 18 h, 83%; b)
(PhSe), PBy, CH,CL, 0 {C to RT, 18 h, 83%; ¢)-Bu,SnH, AIBN, toluene, 80 iC, 2 h, 78,

Scheme28.

Following the reported procedure, the carboxylic a¢ig-57 was treated with
diphenyldiselaide and tributylphosphinean anhydrous dichloromethane at room
temperature overnight.Unfortunately, the desired product was not observed and-the
lactone ()66 was the only produdasolated from the complex mixture in48% yield.
IR spectrum analysis shows a stretch at 1842 warhich is a characteristic stretch for

the C=0 functionality of thé-lactone.

(+)-66

Reagents and Conditionsa) BusP, (PhSe) CH,CI,, 24 h, (+)66: 43%.
Scheme 29

/0
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At first, this result was surprising as the formation dfaas! -lactone is not possible.

However, with tributylphosphine present in the reaction mixtardjitsunobulike
reaction could have occurrefihe mostommon conditions for the Mitsunobu reaction
use triphenylphosphine (TPP) and diethyl azodicarboxylate; however, in 1999 Tsunode
and coeworkers reportedthe use of(ew Mitsunobu reagent;y the GC bond
formatiorQin which new systems using TMADBP and DHTD-TBP were found to be
more efficient in theN-alkylation of primary alcohols than the original DEAIPP

system(Figure 7).*

0] 0]
0] O
J L h NJ]\N:NJkN/
EtO N=N OEt | |
DEAD TMAD
Diethyl azodicarboxylate Tetramethylazodicarboxamide
0]
N/ﬂ\h(
I
N Nj
T
0]
DHTD

1,6-Dimethyl-1,5,7-hexahydro-1,4,6,7-tetrazocin-2,5-dione

Figure 7. Azo-type Mitsunobu reagents.

Scheme30 describes our proposed mechanism for the formation of 4hetone(+)-
66. The phosphine is activated upon reaction wadphenyldiselenide, and the
phosphonium selenide is then attacked by the hydroxyl group. An intramolecular

lactonization occurs reduig in formation of the -lactone.

Ph—Se

pB 0
Ph\ N usz +_ KOH 0
Se—Se ( BusP50 0
j Ph C// \'‘Me \'"Me
BU3P . HO COzH v v vy v

YV YWY

Scheme30.

Consideration of the reverse reaction, the hydrolysis of #aetone, and the principle
of microscopic reversibility can help support the theory described above. Ester
! /0
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hydrolysis most commonly occurs tbugh the baseatalyg®d acyl cleavage (B2)

mechanism; however, there are some rspof the very rare basmtalygd alkyl
cleavage (B 2) mechanism3cheme 3).*

0 "OH HO OH 0

R R —— + R'—OH
R O R O RJKOH

Basecatalysed acyl cleavage () mechanism.

O

J_  + rR-oOH

R® OH

o N
J = I * r-oH,
R™ O R” ~O--R'--OH, R™ 0

Basecatalysed alkyl cleavage (B) mechanism.
Scheme 31

In 1993 Douglas and cwvorkers reported their study of the hydrolysis'-methyl
triphenylacetate: even when conditions designed to halt {tf#2rBechanism were used,

it was still found to be the predominant mechanism and abut 5% of the reaction
proceeded througtihe B, 2 mechanism, indicating that the, B mechanism is
intrinsically unfavourablé In 2013, Casado and -wworkers reported the calculated
energy barriers for the neutral hydrolysis of a series of lactbrilsese energies
suggested thdt-lactones are susceptible to neutral hydrolysis and that some favour the

B, 2 mechanism.

o)
J\)OJ\ 2 J\)(i b J\/ﬁ\ ©
Oy R Y —_— at —_—
HO OBn MsO OBn MsO OH H-—0

H H H

Reagents and Conditionsa) Pyridine, mesyl chloride, CKCl,, 5 jC for 40 h then 25 C for 5 h, 98%; b)
HBr in acetic acid, CkCl,, 25 jCfor 6 h then' 15 {C for 16 h, 71%; c) O, NaHCQ, pH 7.5, 45%.

Scheme 32

In 1990 Lenz reported a thrséep sequence to form lalactone in which the
configuration of the -carbon was invertedScheme32).?” The ! -lactone was formed
by conversion of tB hydroxyl group into a good leaving group usmgsyl chloride
(MsCl) and triethylamine, followed by cleavage ofe benzyl group under

! /0
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hydrogenolysis conditions to give the corresponding carboxylic acid, and finally, an

intramolecular 2 reaction inititged by the treatment of the carboxylic acid with base.
Other groups have since applied this strategic approdchatione formationln 2006,
Wu and ceworkers employed this methodology in the total synthesisalilactone

(Scheme33).®

O OH OTIPS (@] OMs OTIPS o OMs OTIPS
T a T b N
BnO > BnO

CeHis C4Hg CeHi3 C4Hg CeHis C4Hg

HO - >

Valilactone

Reagents and Conditions: a) mesyl chloride, EN, CH,CIl,, 0 {C 3 h, 87%; b) Pd(OH) H,,
EtOAc/MeOH, RT, 7 h, 100%; c) O, THF, RT, 12 h, 71%.
Scheme 33

NOESY NMR analysis of compound (#6 was performed to support our findings and
help confirm relative sterebemistry; theNOESY spectrum shows through space
interactions as opposed to through bond interactidasolpling). Through space
interactions were observed between the methyl group at C7 and the ring proton at Ct

they are on the same side of the ringyfcaning thecis-lactone structure.

Figure 8. NOESY spectrum analysis interpretation of-Gb)
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2.2.5.1.2.1.Silyl Protection

In order to prevent lactonization, protection strategies were investigated. The mosi
common reagents for protecting hydrbxyroups are silylating reagents, for example
triisopropylsilyl chloride (TIPSCI) andtert-butyldimethylsilyl chloride (TBDMSCI),

as they are often easidded and removed using fluoride. Under standard conditions,
treatment of (b1 with TIPSCI| or TBDMS-CI proved unsuccessful and the starting
material was recovered. Attemptere made using triisopropylsilyl triflate as it is more
reactive than its chloride counterpart but the same result was observed. We believe th
failure of this reaction is due ®&teric hindrance, the large benzyl ester at C7thad

two substituents at C5 prevented the addition of the bulky TIPS and TBDMS groups.

Table 7.Investigation into the protection of the hydroxyl groug#f51 and

subsequent hydrogenolysis.

Me Me Me
HO"/ 2»CO2Bn . RC, = CO,Bn hydrogenolysis HO", i COH
MeO,C.,, protection MeO,C.,, ydrogenolysi MeO,C.,,
) > @] 0]
N N
PMB PMB
(+)-51 (+)-67 R=TMS (+)-57
(+)-68 R=TES

Protecting Reagent  Step 1: Protection  Step 2: Hydrogenolysis

TIPSCI Starting material N/A
TIPSOTf Starting material N/A
TBDMS-CI Starting material N/A

TMS-CI (x)-67 (x)-57

TESCI (x)-68 (x)-57

Trimethylsilyl chloride (TMSCI) and triethylsilyl chloride (TE-CI) are not commonly

used as protecting reagents as the TMS and TES groups are often poorly stable ar
cannot survive other synthetic transformations. As we believed the reason the other sily
groups were unsuccessful was due to the groups being top, idkdecided to test
both TMS and TESCI.
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(+)-51 (+)-67 R=TMS
(+)-68 R=TES

Reagents and Conditionsa) TMSCI, imidazole, DMF, 35 {C, 24 h, quant.; b) TESCI, imidazole, DMF,
35 iC, 24 h, quant.; c) HIPd(OH)/C, THF, 30 (.
Scheme 34

The use of both the TMS and THE®oups was suessful and compounds (Y and
(x)-68 were obtained in quantitative yielagthout purification Unfortunately, when
subjected to the hydrogenolysis conditions, both groups were remesdtirg in the

isolation of compoungt)-57.

In 20, Stawinski reported work describing hydroxyl protection usindN-
methyimidazole and iodine with various silyl chloride protectgrgups® It wasfound

that these conditions not only decreased reaction times but also enabled protectio
where before under standard culitions (i.e. not using iodineprotection was
unsuccessful. This promising work led tostry the Stawinski condition$iowever we

were only able to recovéne starting material.

CO,Bn

(#)-51
Reagents and Conditionsa) TBDMCI, imidazole,l,, THF, RT, 24 h
Scheme 35

2.251.21.2 Acetate Rotection

The synthesis required a protecting group reagent that was reactive enough and sme
enough while at the same time forming a stable product.r@aionof (x)-51 with

acetyl chloride in an attempt to fortine acetate was unsuccessful. Although seemingly

! /0
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small enough, it did not appear reactive enough under the conditions used and ful

recovery of the starting matal was obtained.

(+)-51 (+)-69

Reagents and Conditionsa) acetyl chloride, EN, DMAP, CH,CI,, RT, 24 h.
Sdeme 36

2.25.12.1.3 Trifluoroacetate Protection

Trifluoroacetic anhydride is a wellocumentedreagent used in the protection of
hydroxyl groups® Treatment of (61 with trifluoroacetic anhydride and pyridinin
anhydrous diethyl ether gatlee cesired compounét)-70, isolatedin 52% yield after

silica gel column chromatography

O
Fgc/[ko Me
' ~ COan
N o

PMB

(#)-51 (#)-70 (#)-71
Reagents and Conditionsa) (CF,C0),0, pyridine,Et,O, (x)70:52%, (+}71:21%.
Scheme 37

Upon purification, a second compound similar in structure to the deswddgh(+)-70

was isolatedCompound (+)71 is the suggested structure for the product isolated as
supported byH NMR, *C NMR, **F NMR, IR and MS data. Th#i NMR spectrum of

the crude product mixture before purificatidid not show the presence @f)-71 and

so thiswasbelieved to be a decomposition product caused by the chromatography. To

prevent thisall subsequent reactions were carried out without purification ef@z)

! /0
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Treatment of (£)70 under hydrogenolysis conditions resulted in the formatibtwo

products in a 1.5:1 ratio according to analysis of 'theNMR spectrum of the crude
mixture. The first eluting compound was the desired produetZdin 20% vyield. ()
57 was also isolated from the reaction mixture in 16% yield and was foboydide

trifluoroacetate protecting grougeingremoved during the reaction.

(x)-70

Reagents and Conditionsa) H,, Pd(OH)/C, THF, 30 jC,(%)-71 20%,(%)-57: 16%
Scheme 38

Although this route wasuccessful, the yield was unsatisfactory. To improve the route
the order of the reactions was inverted to make the carboxylic ae&¥ (it$t, and then
protect the hydroxy§roup Treatment of (=p7 with trifluoroacetic anhydride gave ()
72in 81% yield Gcheme 3).

(+)-51

Reagents and Conditionsa) H,, Pd(OH)/C, THF, 30 jC, quant.; b) (CEO),0, pyridine,Et,0, 81%.
Scheme 39
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2.2.5.1.2.2 Synthesis of the Acyl Selenide from the Protected
Carboxylic Acid (¥)-72 and Subsequent RadicaMediated

Decarbonylation

With (x)-72 in hand, the acyl selenide synthesissvatempted under the conditions
described abov€.2.51.2.1, Scheme 9) in the hope that the protecting group would
prevent the lactonization reacti6hThis reaction resulted in a complex mixture and,
although successful, the acyl selenjtl®65 was solated in a low yield (31%). THe
lactone(z)-66 was isolated alongside the desired product in 10% yield. Unfortunately
no other products were isolated in significant yield from this reaction and starting

material was not recovered.

(#)-72 (+)-65 (+)-66

Reagents and Condions: a) BusP, (PhSe) CH,CI,, 24 h (+)-65: 31%, (+}66: 10%.
Scheme 40

Following the procedure reported by Allin 2005, the acyl selenide)-65 was treated
with tri-n-butyltin hydride andl,1-azobis(cyclohexanecarbonitrile) (ABCN) as the
radicd initiator in anhydrougoluene? Purification of this product proved extremely
challenging;'H NMR analysis of the main fractions isolated after silica gel column
chromatography showed the extensive presence of tin residudke irsamples

(characteristi peakgdue to tin residues were obsenfezm around0.8-1.7 ppm)
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(1)-11
Reagents and Conditionsa) n-Bu,SnH,ABCN, toluene, 80 jC, 2 h.
Scheme 41

Mixtures containing tin reagents are notoriously hard to purify. The most common
methodology, partitionig between acetonitrile and hexane, proved unsuccessful in our
hands. In2004, Harrowverreported the use of &Bsilica stationary phase for the
chromatographic removal of tinesidues from organic compour@s Although the
amount of tin residues was sificantly reduced using this method, we were unable to
remove them completely. Other purificationethodologies, including stirring the

mixture with KFovernight before purification, also proved unsuccessful.

With the tin residues causing such problempurification, tributylgermanium hydride
and tris(trimethylsilyl)silane were used in the reaction instead of the tributyltin hydride.
Unfortunately, both methods proved unsuccessful and resultedmplex mixtures

neither the desired compound nor steytmaterialbeingisolated.

The lack of positive results and various problems arising when using the +adical
mediated decarboxylation route led us to investigate alternative decarboxylation

strategies.

2.2.5.1.2.3 The Barton Decarboxylation

The Bartondecarboxylation is anothexample of a radicahediated reaction. In 1980,
Barton reported @D new radical decarboxylation reaction for theonversion of
carboxylic acids into hydrocarbo@s using tributyltirnydride® Barton suggested that
carboxyl radicks could be generated if an efficient alkdneming radicalmediated

fragmentation reaction could be achiev8di{eme 2).*
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Earlier work had shown that, in the steroidal series, the reduction of vicinal

chlorohydrin esters using tributyltin hydride riésd only in dehalogenation without
any fragmentation of the intermediate radical. Barton believed that the driving force for
successful carboxyl radical generation was the formation of a conjugiktede
Decarboxylation would then occur, resulting inotrer radical species, followed by

hydrogen atom transfer from tributyltin hydride to give the desired hydrocarbon

product.

R R
BusSn ¢ "
R'\[(O\H\x . R'YO%H + BusSnX
1
O R O R

’
’
’

" BusSnH _co R
RH +BugSn: =<—— R+ <= RCOy + ~/
R

Scheme 42

Later, in 1983, Barton reported m@w and improved methods for the radical
decarboxylation of acid$® The reactionof N-hydroxypyridine2-thione with a
carboxylic acid gives the corresponding ester, which can then undergo a radical
decarboxylation to form the correspondiadkane upon treatment with tributyltin
hydride ort-butylmercaptan§cheme 8). TheseN-hydroxypyidine-2-thione esters are

now morecommonly referred to a@@rton estesO.

'
N+ | (@) = ]
RCO,H HS - RTOOyL
- H20 7 Sl \_+ SnBus
= =
BU3SHH N s |

RH +BusgSn+ <—— R. + CO, +

Scheme 43
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There are many natural product syntheses in liteeature that emloy a Barton

decarboxylation.!()-Quinocarcin is an antitumour antibiotic, and, when the Terashima
group werecarrying out structure activity relationship studies, they prepared the 10
decarboxyquinocarcin analogue employing the Barton decarboxylatidmodaddgy
(Scheme 4).* The esterification of carboxylic acid3 was achieved usind\-
hydroxypyridine2-thione with N,N-dicyclohexylcarbodiimide (DCC) and DMAP in
benzene. Subjecting the thiohydroxamate ester to Barton radical decarboxylatior
conditions ging AIBN and tributyltin hydride resulted in full decarboxylation attd

was isolated in 65% yield over the two steps.

10-Decarboxyquinocarcin

Reagents andConditions: a) 2mercaptopyridineN-oxide, DCC, DMAP, benzene, reflux; b)-Bu,;SnH,
AIBN, benzene, réfix, 65% (2step$; c) 1. 1M NaOH, MeOH, RT, 98%; 2. AQNOMeOH, RT, 81%.

Scheme 44

The original method for the Barton decarboxylation employs tributyltin hydride as the
hydrogen donor and to propagate the radical reaction. Tributylgermanium hydride anc
TTMSS can alsodused in the same way. Furthermore, recent methods report the use
of a photochemical approach. Because of the issues encoumyausdhen tributyltin

and tributylgermanium hydride and TTMSS were used, we decided to employ the
photochemical approach mped by Ko in 2011Scheme %).* Ko also reported that
chloroform could successfully be used as addor instead of tributyltirhydride

reducing both the cost and toxicity of such reactions.
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Scheme 45

Our approach would involve the conversion dfe tcarboxylic acidinto the

corresponding acyl chloride, followed by addition &imercaptopyridineN-oxide

sodium salt to form the Barton estand finally decarboxylatioo give the desired
intermediatg+)-11 (Schemel6).

Scheme 46

The carboxyk acid (x}57 was treated with oxalyl chloride in chloroform and
dimethylformanide (DMF) to producethe corresponding acyl chloride. The acyl
chloride solution was then added to a solutior2-ofiercaptopyridineN-oxide sodium
salt in chloroform using a caanla under the irradiation of a UV lamp.
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HO. \M

aorb

v MeO,C ., N o
PMB

(+)-57R=H (#)-11
(+)-72R=TFA

Reagents and Conditionsa) (+)-57, oxalyl chloride,2-mercaptopyridiné-oxide sodium saltDMF,
CHCI;; b) (2)-57 or (+)-72, EDACAICI, NMM, DMAP, 2-mercaptopyridinéN-oxide sodium salt, THF.

Scheme 47

Unfortunately,"H NMR spectrum analysis of the reaction mixture showed the formation
of the! -lactone(zx)-66 as the majoproduct (described abo2.51.2.1, Scheme 9),
and the expected signals corresponding to the thiohydroxamate ester were not pbserve

leadng us to the believe that the desired product was not formtee reaction.

Attempts were also made to couple BamercaptopyridinéN-oxide sodium salt to the
carboxylic acid using EDA&ICI as described in sectidh2.2 This was carried out on
both he unprotectedlcohol(x)-57 and the protected compouf()-72; however, both

gave the same result: the major product observed viastone(+)-66.

In the reaction to form the acyl seleniadkegcribed abovg.2.5.1.2.1 Scheme 29 we
suggestedhat the formation of thd -lactone was du¢o a Mitsunobtiike reaction
occurring in tle presence of tributylphosphine; however, this is not the case with respect
to the Barton decarboxylation as there is no phosphine présenter to form the -
lactone, the hydroxyl moiety must be converted atl@aving group followed by the
attack ofthe carboxylate onto the C6 position to form the lactone moiety (this is still a

Mitsunobulike reaction in terms of transformation but not in terms of reagents used).

In the first coupling reaction, with the unproteciggd-57, the EDAC&CI may have

reacted with thehydroxyl moiety instead of the acid transforming it into a leaving
! /0
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group, the NMMcould then actas a base to deprotonate the acid resulting in an

intramolecular lactonization to form thelactone Scheme48). In the second reaction,
when the hydroxyl was protected with a trifluoroacetate group (comp@y+%), the

C6 moietyis already a suitable leaving group and so, again, deprotonation afithe a
could have resulted in antramolecular lactonizatioto form the! -lactone

R

HO CO.H R N

;_R.Me + N=C=N —— . )\o CO,H —>
v V.V R’ H /—kMe

YWy YWwWDYy

Scheme 48

The outcome of the reaction of thehydroxy acid(z)-57 with oxalyl chloride was at

first more confusing. However, if we consider that the acyl chloride aidanm and
instead the oxalyl chloride reacted with the hydroxyl group we can apply the same
reasoning dscribed above. Oxalyl chloride would readth the hydroxyl moiety,
creating a suitable leaving group at the C6 posii®aheme49).

cl
8;_< cl cl
'\ o Oﬁ/go ﬁ)t ‘/
V> — C‘ + —
HO CO.H H-O COH o:) =
~ l"'Me /_<'Me i Me
o) _
cf>44 o o’
> "&/ o — )_J(,Me + CO, + CO + HCI
0F X me WA
Scheme 49

To test our theory the carboxylic ac({d)-57 was treted with oxalyl chloridein
chloroform and DMF as described above. After stirring for 4 h the solvent was removed
under reduced pressure, amtlNMR spectrum analysis of the crude product mixture

! I
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showed that the !-lactone (x)-66 had been formed. After silica gel column

chromatographyhe! -lactone(z)-66 was isolated in quantitative yield.

Reagents and Conditionsa) oxalyl chlorideDMF, CHCL, RT, 4 h,(+)-66: quant.
Scheme 50

2.2.5.1.2.4 The Krap cho Decarboxylation

In 1967, Krapchoreported the use of sodium cyanide and DMSO to achieve the
decarboxylation of geminal diesteirs one step Table 8).* Previously this type of
transformation could only be carried aatthree steps: saponification the diacid,
decarboxylation of the diagidhen finally esterification to give the desired ester. Not
only did KrapchoOs method reduce the number of syntheticstépsso doingyields

were also increased

Table 8.Decarboxylation of 1/ Hiesters wth sodium cyanide in DMSO.

Reactant Product Yield (%)
CH,CH(CO,EY), CH,CH,CO,Et 75
CH,CH,CH(COEt), CH,CH,CH,CO,Et 80
CO,Et CO,Et 75

DLCOZEt E(
COzEt Q/COZEt 75
Q<C02Et
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Since 1967, the scope of this reaction has leeroughlyinvestigated and the toxic

sodium cyanide has been repladeg lithium or sodium chloride, now the most
commonly used reagents for this transformation.idportant structural requirement
for this reaction is the presence of an electrathdraving group in the beta position;

I -ketoesters and malonic esters can both undergo decarboxyisitignthis method.

The Krapcho decarboxylation has many synthetic applications. Metacycloprodigiosin is
an immunosuppressivalkaloid and in 1999, the FYrstner group reported the use of
Krapcho conditions in their synthesisTreatment of the methyl est&6 with sodium
chloride in wet DMSO resulted in the desired decarboxylpteduct77in 91% vyield,

which was then advanced to the desired product, metacycloprodigiosi

76 77 Metacycloprodigiosin

Reagents andConditions: a) NaCl, HO, DMSO, 180190 ;C, 1.5 h, 91%.
Scheme 51

We hopel to use this method to decarboxylate the benzyl estét)ebl at the C7
position, using thearbonyl group of the amide to form the enolate, and in doing so
forming benzyl chlorié and carbon dioxide as the-psoducts.One possible problem

was the presence of the methyl ester group at the C5 position; however, without the

presence of the-ketone at C6 we hoped that this group would be left intact

Me Me
o /
+
N0 N O
PMB PMB
(x)-51 (x)-78 (x)-79

Reagents andConditions: a) LiCl, DMF, 135 {C 4 h, (£}78: 49% and+)-79: 38%.
Scheme 52
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The! -ketoester (=p1 was treated with lithium chloride in DMF and heated at 135 iC

for 4 h® After silica gel column chromatography, compounds7&and (+)79 were
isolated in 49% and 38%ield, respectively’H NMR spectrum analysis of the crude
reaction mixture showed that these compounds were formed in a 1:1 ratio.

Unfortunately, the benzyl and mettedterand the hydroxyl moietwere removed
2.2.5.1.2.5 Acid-Catalysed Decarboxylation

As themethods described above were unsuccessful, arcatatised decarboxylation
was attemptedThe mechanism for this reaction can be seersécheme 3; the

intramolecular deprotonation of the carboxylic acid and subsequent loss, give@he

alkere (£)}80; however, the equilibrium will be shifted towar@s)-11 due to the
increased stability of the amide, and the acid present in the reaction.

Scheme 53

Treatment of the carboxylic ac{e)-57 with 6 M hydrochloric acid (HCI) and heating

to reflux resulted in a complex mixture. At firstappearedhatthe reactiormay have

been successfyl IR analysis showed stretches at 1733674 and 3387 cm
corresponding to the carbonyl of the ester and amide, and the hydroxyl moieties (nc
characteristic arboxylic acid stretches were observed), respectiveass\dpectrometry

data correlates to the desired prodit)-11 with the formula for [M+H] as
[C,H:NOA+H]" with mass 350.20.Unfortunately, despite multiple purification
attempts using silica gel kkonn chromatography, we were unable to isolate a single
product cleanly’H NMR spectrum analysis showed at least three compounds had co
eluted. Without the ability to separate the products, we cannot confirm whether the

desired product is present.
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(#)-57 (+)-11

Reagents and Conditions: a) 6 M HCI, H,O, reflux, 4 h.
Scheme 54

As the initial results were promising, the reactieas performed with a weaker acm,
toluenesulfonic acidpfTSA), in the hope of preventing any possible decomposition
caused by using a strgracid such as 6 M HCI. Unfortunately, when this reaction was
performed under reflux a complex mixture was again formed and no products could be
isolated;the product described above wag abserved in théH NMR spectrum of the
crude mixture.To preventdecomposition, the reaction waspeated under milder
conditions, at both 80 jC and room temperature; however, in both cases, no reactiol

occurred and the starting material was recovered.

Table 9.Investigation into the acidatalysed decarboxylation @f)-57.

Acid Conditions Result

6 M HCI Reflux Complex mixture
p-TSA Reflux Complex mixture
p-TSA 80 iC Starting material
p-TSA RT Starting material

2.25.2 Route BTowards (+)-11

2.2.5.2.1 Decarboxylation of the ManderOs Reactionr@duct, (x)-10

With the Route A$cheme T) proving so challenging, we decidetsteadto perform
the decarboxylation of the benzyl ester moiety at the C7 position followed by reduction
of the ketone at C@Schemel7, Route B)

The hydrogenolysis of benzylketoesters usg palladium and a hydride source is a

well-known reaction that results in the corresponding ket@whgme 5). There are

! /0
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many examples of this type of reaction in the literature; the most common reaction

conditions involve using hydrogen gas as the higlgource and catalytic amounts of
Pd/C?*

O

O O
J P a H
Rl o) \© — + PhMe + CO,

Reagents and Conditionsa) Pd, hydride source.

Scheme 55

Following route B, when (+)-10 was treated under hydrogenolysis conditions using
palladium hydroxide on carbon and a hydrogen ballodepbenzylation and
decarboxylation occurredbut led to a 1:1 mixture of diasterecisomesthe C7
position compounds (81 and ()82 (Schemes6).

(¥)-10 (x)-81

Reagents and Conditionsa) H,, Pd(OH)/C, THF, 30 |G >90%.
Scheme 56

As describedabove, this is, again, due the planarity of the enolate intermediate
formed during the reaction. The hydrogenolysis results in the removal of the benzyl
group and concomitant loss of CQbccursvia the enolate. Unfortunatelythese
diastereoisomersvere inseparable on silica geblumn chromatography. It was also
found that the product was relatively unstable on both sjetand aluminaand for

this reason was usedthout purificationin the following step.

The reaction did noafford reproducible yields; hencejork was unédrtaken to find
optimal conditions. The reaction outcome can be influenced by both the reaction time
and temperaturéNVhen the reaction time was shorter than 12 hodr$yMR spectrum

analysis of the mixture showed the reaction had not gone to compldbamever, we
! /0
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were unable to isolate and characterize any product due to the compoundsO instability

both silica gel and alumina. When the reaction time was longer than 72 hours, complett
decomposition occurred. Temperature also played an important riblis ireaction; at

first, the reaction was carried out at room temperature, which led to irreproducible
results. As room temperature can vary we decided to remove this variable by keeping
the reaction at 30 jC. Finally, we settled on the optimized conditatescribed in
Scheme b; using Pd(OH)YC and under a hydrogen atmosphere using a balloon in
anhydrous THF at 30 jC.

When the benzyl ester group iemoved, the resulting proton at the C7 position is
relatively acidic as the 1;l8eto-amide moiety in théactam ring has a pKa similar to
that of a diester (pKall-13). The compoundg*)-81 and (x}82 can undergo
enolization as observed in earlier steps of the synthesis, and this may account for thi
unstable nature of this compound. While the outcome ofi¢carboxylation step was

not the desired one, the reduction of the ketone moiety was attempted on the
diastereoisomeric mixture in the hope that the corresponding products could be

separated at a later stage.

2.2.5.22 Reduction of the Diastereoisomeric Mixture, (£)-81 and
(+)-82

The reduction of the ketone at the C6 position proved much more challenging than
expected. Reduction using sodium borohydride, sodium triacetoxyborohydride and
sodium cyanoborohydride all proved unsuccessful under a varietyeaxtion

conditions. These reactions either resulted in the recovery of the starting material,
decomposition, complex mixtures or isolation of compounds closely related to the

desired product.
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Table 10.Investigation into theeduction of £)-81 and ¢)-82.

HO Me
MeO,C.,,
N~ O
PMB
(£)-81 ()-82
Reducing Reagent Conditions Result
NaBH, EtOH, 0 jC, 30 min Complex mixture
NaBH,CN MeOH, 0 j{CPRT, 2 h S.M.
NaBH(OAc), Acetic acid, RT, 1 h  Unidentified product
LAH THF,0iC, 2h Decomposition
LAH THF,!' 78 iC, 22 h Complex mixture
DIBAL THF,0iC, 2h Complex mixture
DIBAL THF,! 78 iC, 22 h Complex mixture
RedAl CH,CIL,!78C, 2 h Complex mixture

'H NMR spectrum analysis of the starting matefi)-81 and @)-82 showed the
required doulet corresponding to the methyl group at @idthe lack of this doublet
peak was immediately clear from th&#H NMR spectrum analysis of the reaction
mixturesthat gave related compound&he presence of a singlet peak corresponding to

the methyl groupndicated that the C7 pdsin was now a quaternary cenagain.

Following the reportegbrocedure, the diastereocisomeric mixture of§*t)and (+}82
wastreated with sodium triacetoxyborohydride in acetic acid at room temperature for
one hour? The desied compound was not isolated but a product closely refattue
staring material was isolated. In an attempt to determine the structure of the produc
isolated, a combination ofH NMR, **C NMR, COSY, HSQC, DEPT and IR
spectroscopic analysis was used.fdstunately, the mass spectrometry data did not
correlate to any predicted structuFégure 9 below shows théH NMR spectrum of the
compound isolated after reduction of @) and (£}82 with sodium

triacetoxyborohydride.
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Figure 9. 'H NMR spectrum ofhe compound isolated after reduction of-&t)and

(x)-82 with sodium triacetoxyborohydride.

Analysis of the'H NMR spectrumshowsthat the signal corresponding to the methyl
group at the C7 position is no longer a doublet and is instead a sindieating that
the C7 carbon is now quaternary. The signals corresponding to timeetlioxy groups,

theiso-butyl group and the PMB group are all present.

(+)-83

Reagents and Conditionsa) NaBH(OAc), acetic acidRT, 1 h.
Scheme 57
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At first, we proposed thstructure to be (83; all the signals in théH NMR spectrum

appeared to correlate to this structusel{eme57). However, upon analysis of the IR
spectrum three carbonyl stretches similar to those in the starting material can be seen
A stretch at 338 cm* also indicates the presence of a hydroxyl group. We know
addition of the hydroxyl to the C7 position is not possible but also that if the ketone at
C6 had been reduced, we would not see the carbonyl stretch in the IR spectrum or th
ketonesignalin the**C NMR spectrum at 205.2 ppm. The same logic can be applied to
the amide moiety; the enol 8y cannot be the product as both the stretch in the IR
spectrum and the peak in tH¥C NMR spectrum are present. Unfortunately, the
accurate mass spectromettgta did not correlate with any of the theorized structures
and sowithout X-ray crystallographic data, we cannot be certain of the structure of this

compound.

The use of lithium aluminium hydride (LAH) was also investigated. Although LAH is a
stronger educing reagent than the borohydrides mentioned above and can be used t
reduce esters and amides as well as ketones, we hoped to control this by using lo
temperatures and monitoring the reaction by thin layer chromatography. Both LAH
powder and LAH in slation (1M in tetrahydrofuran) were used at temperatures of 0 jC
and ! 78 jC. Unfortunately, neither resulted in successful isolation of the desired
compound.Sodium bis(2methoxyethoxy)aluminium hydride (Redl ) is comparable

in reactivity to LAH and was also us&d an attempt to reduce the ketone but proved
equally unsuccessfubDi-iscbutyl aluminium hydride (DIBAL is most commonlysed

in the reduction of esters taldehydes; however, asther reagents hathiled, the
reaction was repeated usin@&8AL solution (1 M in tetrahydrofuran). Unfortunately,

this was again unsuccessful. In both the-Redand DIBAL reactions, analysis of the

'H NMR spectra of the reaction mixtures showed similarities to the starting material;
however, we were unable to purify the qmund to a sufficient standard to allow

structure identification. No starting material was recovered from either reaction

2.2.5.2.3 The Noyori Asymmetric Hydrogenation Reaction

As a final attemptto reduce theketone, we employed a strategy using theydyio

catalyst for asymmetric hydrogenation. Noyori was joint winner of the Nobel Prize in
! /0
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2001 for his work on asymmetric hydrogenation reactions. In 1987, Noyori replogted

use of authenium catalyst, Ru¢i{R)-BINAP], in the catalytic asymmetric recii@n of

methyl acetoacetafe.

1/n {[(R)-BINAP]RUCI,}n

l/\ 2 CH50H

OMe
[(R)-BINAP]RUCI,(CH30H), 02
o)
CH3OH l
[(R)-BINAP]RUHCI(CH;0H), 2 CH,OH
Ha
OMe
/O_
[(R)-BINAP]RUCI(CH30)(CH30H), [(R)-BINAP]HCIRu
\O_
OMe OMe
o) _O= CH3OH
[(R)-BINAP](CH3;OH)CIRuU
~N
HO 2 CHZOH o

Scheme 58The catalytic cycle for the Noyori asymmetric hydrogenation.

There are many reported uses of the Noyori asymmetric hydrogenation reaction in tota
synthesis. In 1991, Robinson andworkers reported the syntie of the antibioti¢+)-
brefeldin A, wherein the -ketoester85 was converted t&6 in 96% yield and high

enantiomeric ratio (99:1) using NoyoriOs appréach.

@] OH
CO,Me ~_-CO:Me OH O
_ — > = @)
e 02T
| | L
85 86 (+)-Brefeldin A

Reagents and Conditionsa) RuClacyclooctadien&INAP, H,, MeOH, 50 psi, 80 {C, 6 h, 96%.
Scheme 59The synthsis of (+}brefeldin A.
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Since NoyoriOs original report in 1987, the catalyst hasibgeaved® We used the

commercially available Rug{R)! DM! BINAP][(R)! DAIPEN] catalyst Figure 10).

Treatment of+)-81 and (x}82 with potassium carbonate and 5 mol%lwé ruthenium

catalyst in a 5:1 mixture ago-propanol and tetrahydrofuran did not yield the desired
compound. This reaction was carried out under a hydrateasphere using fzalloon
andalsounder a pressure of 3 bdwut both sets of reaction condrtis led to the same
products

Figure 10. The RUCL[(R)! DM! BINAP][(R)! DAIPEN] catalyst.

After purification using silica gel column chromatography two compounds were
isolated. Our proposed structures for the first elutimgppound are eithét)-87 or ()

88. The proposed structures have been deduced usirfg, NMMand MS data analysis as
we were unable to obtain any crystals suitable faayXcrystallographic analysis. IR
spectrum analysishowed two absorptions corresponding tarbonyl stretches; one at
1758 cn', slightly higher than the characteristiceasbr ketone stretches, and one at
1670 cn representig the amidetherewasno signalin the hydroxyl region. The mass
spectrometry data suggest a possible formula for [M-a][C,H,JNO.+H]" with mass
392.21. Both the proposed structufes87 and (4)-88 match this data.



! ! "HS%&'SI () 1+,$-%3$$,.)

O

o. 0O
S G PN
(O Ne)
O_a) © ve or )\ (6]
N" 0 N" O
PMB PMB
(x)-81 (x)-82 (x)-87 (x)-88

Reagents andConditions: a) RuCL[(R)! DM! BINAP][(R)! DAIPEN] (5 moks), IPA:THF (5:1), 36
days.
Scheme 60

Unfortunately, we are unable to give a definitive mechanism as to how this reaction
might proceed to give either of theoposed compound&)-87 and (+}88. In both
suggeste structures, it appears fitstat the ester group at the C5 position has migrated
to the C6 position, and secondly that tke-propanol has acted as a nucleophile in
some way.'H NMR spectrum analysi¢Figure 11) showsthat the splitting pattern
corresponding to the Chof theiso-butyl is now two sets of multiplets, thisesumably
arisingfrom coupling with each other, the CH of fitse-butyl and one other proton (the
new ring proton at the C5 positi). Analysis of the COSY H#H spectum shows a
correlation between the multiplets corresponding to the methylene proton and a single
proton at around 4 ppm; the splitting pattern for this proton is a doublet of doublets and
represents the ring proton aetit5 position. The signal corresponding to the methyl
ester is not present, and signals corresponding to the two rgedlys(two doubletsat
around 125 ppm) and the methinenit (a multiplet at around 5 ppm) of &o-propoxy

moiety are now present.

! /00
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Figure 11 'H NMR spectrum of the first eluting compound isolated after reduction of
(x)-81 and (+}82 with the Noyori catalyst.

The second compound isolated from this reaction was an interesting discovery. The dat
greatly resemblethoseof the compoud isolated from the reduction ¢f)-81 and (+}

82 with sodium triacetoxyborohyie, suggesting that the products from these two
separate reactions could be diastereoisoniérs IR spectrum showed the same three
carbonyl and hydroxysignalsat similar fequencies, the mass spectrometry data for
both reactions showed [M+Hpeaks at 3647, and both th€C NMR spectra showed

a characteristic ketonsignal A comparison of the'H NMR spectra for both
compoundsKigure 12) shows just how similar they arde only significant difference

is the peak for the methylene of tis®-butyl group (in the region of 1.B2.3 ppm):
instead of being two clearly separated doublet of doublets peaks, as the produc
obtained from the sodium triacetoxyborohydride reactionthe compound isolated
from the Noyori reaction, these peaks hawalesced (highlighted iRigure 12). The

datado not give us enough information to assign a structure to this compound.

! 10/
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N 2 ) L JL_JL;JL

Figure 12 A comparison between thHel NMR spectrum afteraduction of (+)81 and

(x)-82with 1: sodium triacetoxyborohydride a@dthe Noyori catalyst.

2.2.5.2.4 Synthesis of the Thiomethyl @rivative

With the reduction of (¥B1 and (x}82 proving unsuccessful under a range of
conditions, a new approach wiawestigated. Both CoreyOs and PattendenOs synthese:
of lactacystin are reviewed in detail abof@hapter 1): a thiomethyl derivative is
employed in their synthetic approacRe$.Corey describes the use of a thiomethyl
group as both a blocking group arad group to induce stereoselectivity in the
hydroxymethylation 089 (Scheme6l). Desulfurization of91l was achieved in high

stereoselectivity (10:1) by treatment with Raney nickel.

! /01



! ! "HS%&'SI () 1+,$-%3$$,.)

o Me HO Me TBSQ Me
~=SMe a ~=SMe b ~—=SMe c
MeOZC —_— MEOZC i —_— MeOZC g B —
N O "N O "N O
H HO I HO I
PMB PMB PMB
89 90 91
TBSO Me
o) .
OHC |
PMB
92

Reagents and Conditions:a) 1. DBU, THF,!78 {C, then ag. CkD, ! 78 {C, 0.5 h, 90%; 2.
NaBH(OAc), HOACc, 23 iC, 1 h, recrystallization, 95%, 99 b) 1. PivCl, pyridine, 23 jC, 10 h, 85%;
2. TBSOTHf, 2,6lutidine, 23 {C, 12 h, 98%; 3. NaOMe, MeOH, 23 iC, 5 h, 92%; &dney Ni,EtOH, 0
iC, 1 h, 82%; 2. DesMartin reagent, CECl,, 23 iC, 1 h, 95%

Scheme 61

Pattenden reported the isolation of compowfl as an inseparable mixture of
diastereoisomers in a 2ratio (Scheme @). Interestingly, Pattenden does not mention
if attemgds were made to reduce the ket®&3 andinstead uses the findings described

by Corey to improve the diastereoisomeric ratio

o} Ho, Me
SMe
MeO,Ca 2 MeO,Cn LI MeO,Cay -
R o) o) —

- N
TBSO— H TBSO/ TBSO/ H
93 94 95
Reagents and Conditionsa) p-MeC;H,SOMe, EtN, CH,Cl,, RT, 78%; b) Zn(BH),, (4.4M in THF), 0

iC, 79%.
Scheme 62

In PattedenOs procedure compoun®i3 was treated with Smethykp-
toluenethiosulfonat®6 and triethylamine resulting in the formation of a mixture of
diastereoisomers at the C7 position in a 7:1 ratio; comp&dndas isolated as the
major diastereoisomer afterlisa gel column chromatography. Compoufd was
reduced using zinc borohydride to gi®®&as a single diastereocisomer. Then, following
the procedure reported by Corey, the thiomethyl group was removed in a stereoselectiv
manner using Raney nickel. We hdp® employ the same strategy in our synthetic

route.
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@)
I a v, _SMe
Ao e e A
P
96

Reagents and Conditionsa) CH,CI,, I,, RT, quant.
Scheme 63

Thus, S'methylp-toluenethiosulfonat®6 was synthesized following FujikiOs procedure
(Scheme 8).** Treatment of the diastereoisomennixture of (+}81 and (+}82 with
(9-methytp-toluenethiosulfonate and triethylamine in dichloromethane resulted in the
isolation of compounds (297 and ()98 as an inseparable mixture of diasterecisomers
in a 2:1 ratio and 47% vyield after silica gelwwon chromatography. Using a NOESY
NMR spectrum analysis, compound -@§ was found to be the major isomer. While
Pattenden was able to improve the diastereoisomeric ratio from 2:1 to 87:13, we werc

not as fortunate.

a

(¥)-81 (¥)-82

Reagents and Conditionsa) p-MeCH,SOMe, EtN, CH,Cl,, RT, ()97 and (+£}98: 47%.
Scheme 64

()-97 ()-98
Figure 13.NOESY spectrum analysis interpretation to assign relative stereochemistry

to the inseparable mixture of ¢8y and (£)}98.

Trace amounts of another inseparable mixture of isomrers 2:1 ratio were also
isolated from the reaction. In an attempt to assign a structure to the compounds isolate
a combination ofH NMR, *C NMR, COSY, HSQC, DEPT and IR spectra anedys
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was used‘H NMR spectrum analysis of the mixture shows a singéekpat 1.61 ppm

corresponding to the methyl group at the C7 position, indicating that the C7 carbon is ¢
quaternary centre. IR analysis shows absorptions at 3355, 1783, 1747 and 1684 crr
indicating the presences of a hydroxyl group and three carbonypgrounfortunately

we were unable to assign structures using the data obtain.

2.2.52.4.1 Reduction of the Thiomethyl Deivative

Pattenden reported the use of zinc borohydride to reduce the ketone méiety give

the corresponding alcoho®5 in 79% yeld (Scheme @).° In this case, the
stereoselectivity is achieved by chelation of the zinc to the oxygen atom of the ketone
and the sulfur atom of the thiomethgloup resulting in hydride attack from the

opposite side to the thiomethyl group, i.e. thast hindered face.

Scheme 6 shows how chelation can alter the stereochemistry of the reduction product.
The chelation of the zinc centre to the oxygen améur atoms causes rotation, and,
therefore, changes the conformation of the starting mateflas conformational
change means the least hindered face, and so the angle of attack, is now on the oppos

side with respect to the narmelated model.

Without Chelation With Chelation
Zn
O Ph PhS_ O
PhS Ph
Ph L\angle of attack angle of attack/T.| Ph

phs. @H pn Phs. OH pn
Ph\”@\/ H ﬁ Ph
H H
l l
HO  Ph HO  Ph

| PH  SPh PH  SPh
Scheme 65
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Although there are many reports of the use of zinc borohydride for stereoselective

reduction, it is not a common, commercially available reafferiinc borohydride is
prepared from commercially available zinc chloride and sodium borohydride in diethyl
ether.

In contrast, Coreyeported the reduction of ketoB8 (after hydroxymethylationusing
sodiumtriacetoxyborohydride in acetic acid to gi96 as a single diastereoisomer in
95% vyield? The reduction was selective without the need for zinc borohydride. Indeed,
chelation control is an important factor in selective reductions for acsyuistrates and
cyclic substrates with similar sized substituents. In CoreyOs case, the substituentsO ¢
difference is sufficient to induce the desired outcome. As Corey had shown the
reduction was selective using sodium triacetoxyborohydride, andboirahydrideis

not commercially available, we attempted the ketone reduction of the mixture ®f (+)
and (£)}98 under optimized reduction conditions described above using sodium
borohydridein ethanol (sectio2.2.5.1.).

Scheme 66

As the starting nmarial is a mixture of two racemic diastereoisomérghe reduction is

not selective, a possibfeur racemic productsould be formed$cheme 6). 'H NMR
spectrumanalysis of the reaction mixture showed the presence of four compounds, in a
6:6:4:1 ratioapproximately. Fortunatelythe reduction was successful, and selective,
and after silica gel column chromatography, only two reduction products, compounds
(%)-99 and (x)100, were isolated in 17% and 25% yield, respectively. The other two

compounds obseed in the'H NMR spectrumof the reaction mixture were the two
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startingmaterial diastereoisomernsolated as an inseparable diastereocisomeric mixture

of (£)-97 and (£}98in 23% vyield.

Reagents andConditions: a) NaBH,, EtOH,! 10 {C, 30 min(+)-99: 17%,(+)-100 25% and+)-97 and
(£)-98: 23%.
Scheme 67

The ratio of diastereoisomers in the starting material (2:1) compared to the ratio of
recovered startingnaterial diastereoisomers after the reaction (6:1) gives us information
on the rate of reducn: the minor diastereoisomer is reacting faster than the major

diastereoisomer.

(+)-99

Figure 14. NOESY spectrum analysis interpretation of-@89and (x}100.
The relative stereochemistry shown in compounds9@tand (£}100 was assigned

from NOESY NMR spctrum analysigFigure 14). Unfortunately, we were unable to

obtain crystals of these compoursistable for Xray crystallography.
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2.2.5.2.4.2 Desulfurization of the Thiomethyl Derivative

Corey reported the selectidesulfurization 081 using Raneyickel in ethanol at 0 jC

to give 92 (Scheme 8).” The produc®?2 displays opposite configuration of the methyl
group at the C7 position to that observed in the starting material. It has been suggeste
that the mechanism for desulfurization using Ranekehienay proceed through a
radical intermediate. This difference in configuration at the C7 position may be due to
equilibration during the radical process. Due to the structural and configurational
similarities between compound (@9 and CoreyOs compoufd, we hoped that a

similar equilibration process may occur.

TBSO Me TBSO Me
=SMe a
MeO,Cu/ —— > MeO,Ca
'/N O < N O
HO | OHC !
PMB PMB
91 92

Reagents and Conditionsa) 1. Raney Ni, EtOH, 0 iC, 1 h, 82%; 2. Dddartin reagent, CkCl,, 23
iC, 1 h, 95%
Scheme 68

Unfortunately, treatmendf (£)-99 with Raney nickel irethanol at QC did not give the
desired product (x).1, and the starting material was not recovered eifftee’H NMR
spectrumshowed the peak corresponding to the thiomethyl group at 2.16spipm

present
HO,
MeO,C MeO,C.,,
- 0

N
|
PMB

(£)-11

Reagents and Conditionsa) Raney Ni, EtOHreflux, 4 h.
Scheme 69
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When (£)}99 wastreated with Raney nickel in ethanol and heated under reflux for 4 h,

'H NMR spectrum analysis of the product isolated after silica gel chromatography
appeared to show the desired compounelalongsidediastereocisomer (x)01as an
inseparable mixture. These compounds were observed in a 3:1 ratio; however, we wer
unable to determine which diastereoisomer is the major product. A NOESY NMR
experiment was attempted to assign relasite¥eochemistry; however, no correlations
were observed. The diastereoisomeric ratjch@vever,large enough to enable us to
distinguish between the diastereoisomers and assighl tN¥R spectrum of the major
product. We were confident that desulfurization had been successfud & NMR
spectrum clearly showed the signal corresponding to the methyl group at the C7
position as a doublet, coupling with the new ring proton at the C7 position. The mass
spectrometry data correlatesthe desired produét)-11 with the formula for [M+H]

as [CH,sNO+H]" with mass 350.20. Using a combination'sf COSY,**C, DEPT

and HSQC NMR, IR and MS data anayswe believe the desired compound, CoreyOs
intermediate (+J11, was successfully synthesized. Unfortunately, we were unable to
separate the diasemisomers. Although (¥)1is an advanced intermediate synthesized

by Corey, unfortunately, no data for the compound was reported.
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2.3 Synthesisof the Serine Analogue

2.3.1 Proposed Synthetic Route Towards hctacystin

At the same time awork was being carried out dhe leucine analogue, the synthesis
using a different amino acid starting materiakerine, was also being investigated. In
comparison to the leucine derivative, when using serine, the hydroxyl functionality at
C9 foundin lactacystin is present from the beginning. The hydroxyl functionality was
proven to be very important in structure activity relationship (SAR) studms is
found in many of the lactacystin analogues, for example the salinosporamides and th
cinnabaramids Chapter 1). We hopd that by using serine, our synthetic rowteuld

allow ready access to these natural products and possible novel analogues with grouj

tailored to give high biological activity.

Using L-serinemethyl ester hydrochlorid&02 as thestarting material, we hopeto
synthesize the advanced intermedi@@e reported by Corey in 189 using our route

developed for the leucine analog@elieme70).?

|
oH PMB
90 Lactacystin

Scheme 70
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2.3.2 Synthesis fromL-Serine

2.3.2.1 Protection of the Amine with 4-M ethoxybenzaldehyde

Esterification of commercially availableserine with acetyl chloride in methanol gave

L-serine methyl ester hydrochloride in quantitative yield, without purification.

Ho/\(COZMe

HN
COH 4 CO,Me b
HO Y 8, oY 2
NH, NH,.HCl
109 102
OMe
103

Reagents and Conditions:a) Acetyl chloride, MeOH, reflux, quanth) 1. 4-Methoxybenzaldehya]

acetic acid, toluene, reflux; RlaBH;CN, acetic acid, MeOH
Scheme7l

Using the optimized conditions describablove (sectior?.2.2, L-serine methyl ester
hydrochloride was treated with-methoxybenzaldehyde and acetic aandtoluene
under reflux using a Deastark apparatus. Unfortunately, the reaction was not
successful, decomposition occurred and the imine was not observed whdn\ieR
spectrum othe reaction mixture was anai L-Serine methyl ester hydrochloride is

not soluble in toluene and decomposes when heated railierin toluene.

COZMe
CO-Me
Ho/\( 2
NH,.HCI
102
OMe
103 110 111

Reagents and Conditionsa) 4-methoxybenzaldehys] NaBH;CN, acetic acidMeOH, 103 4%.
Schemer2.
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A onepot procedure was attempted whereby treatment-ekrine methyl ester

hydrochloride withrd-methoxybenzaldehydspdium cyanoborohydride and acetic acid
in methanol resulted in thirmation of three products. The major products observed
were4-methoxybenzylalcohdl 10 and1-methoxy4-(methoxymethyl)benzenkll The
desired ompoundl103was the minor product, isolated in 4% vyielthlike the leucine
derivative, the byproducts could be separated from the desired comptQ8dising

silica gel column chromatography.

In 1993, Yoo and cavorkers reported the synthesis of PMB patedL-serine methyl
ester through a onRgot procedure using triethylamine,-ndethoxybenzaldehyde,
hydrogenand palladium on carbon in methaffoFollowing their procedurecompound
103 was isolated in 64% vyieldAs well as increasinghe yield ofthe deired product
the only byproduct observed in this reaction wamethoxybenzylalcohd 10

COzMe
CO-,Me
Ho/\( 2
NH,.HCI
102
OMe
103 110

Reagents and Conditionsa) 4-methoxybenzaldehy triethylamine, i Pd/C, MeOH103 64%.
Scheme73.

Attempts were made to optimize the reaction. The -ptoguct (4
methoxybenzylalcohol) is formed when full conversion to the imine intermediate is not
achieved; if full conversion can be achieved (as observed in the case of the leucine
analogue), the yield af03 should increase.-serine methyl ester hydrochlde was
treated with triethylamine in methanol in the presence of sodium sulfate. After stirring,
the sodium sulfate was filtered off and the solvent removed under reduced pressur
before analysis of the resulting material. This reaction was investigaded amange of
conditions: increasinghe reaction time, the use ofe4molecular sieves insteadof
sodium sulfate, and changing the solventdiohloromethane. Under every set of
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reaction conditions attempted, conversion to the imine was not completeliagcio

'H NMR spectrum analysis of the crude reaction mixture.

2.32.2 Synthesis of the Dieckmann Cyclization Recursor

2.3.2.2.1 PeptideCoupling to the PMB Protected Anine

Applying the optimized coupling conditions described above (se2t@®), compound

103 was treated witlpotassium benzyloxycarbonyl aceta® EDACAHCI, DMAPand

NMM in dichloromethane. Two compounds were isolated from the reaction after silica
gel columnchromatographyThe desired compountio4 was isolated in a low yield
(14%) CompoundL12, the result of coupling occurring at both the amine and hydroxyl
moieties, was isolated as the major product in 31% vyield. This result is neither
unprecedented nor unexpected; there are many reports in the literature of the couplin
of a caboxylic acid to a hydroxyl moiety in the presence of carbodiintdepling

reagents!

COzMe Q Q

HO/YCOZMe A Ho/\l\{ ) BnOJ\/”\O/\(COZMe
HN. e W PMB BnOWN\PMB

O O
O O
103 104 112

Reagents and Conditions:a) potassium benzyloxycarbonyl acetdlts, EDAC!HCI, DMAP, NMM,
CH,Cl,, 104: 14%, 112 31%.
Scheme 74

To prevent coupling to thieydroxyl moiety, a protectiostrategy was needed. Previous
work in the group described the attempt at benzyl protection, however, this was founc
to be unsuccessful, and treatmentl08 with benzylbromide ad potassium carbonate

in DMF resulted in the formation dihe tertiary amine as the only product.
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COzMe COzMe
Ho/:N( a_ HO Y

N
PMB Bn~ “PMB
103

Reagents and Conditionsa) benzylbromide, potassium carbonate, DMF.

Scheme 75

As describedabovein our work on thdeucine analogue, the most common reagents
used to protect hydroxyl moieties are silyl resige A possible problem with this route

is the use of TBAF during the Dieckmann cyclization step (competing reactions
betweenremoval of the protecting group and cyclization may occur), but we still felt it

was a worthwhile route to investigate.

TIPSO .PMB
A
HN

“PMB PMB o
103 113

BnO" ~O
114

COzMe
CO,Me CO,Me
Ho/\f a TIPso/:N( b

Reagens and Conditions: a) TIPS-CI, imidazole, DMF, reflux, 90%b) potassium benzyloxycarbonyl
acetatel6, EDAC!HCI, DMAP, NMM, CH,Cl,, 91%.

Scheme 76
Treatment ofl03 with TIPS CI and imidazole in DMF under reflux gave compound

113 in 90% vyield. Subsequemeptide coupling, under optimized conditions, gave the
tertiary amidel14in 91% vyield. None of the doubl®upled product12 was observed.
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2.3.2.2.2 Peptide Coupling toL -Serine Methyl Ester Hydrochloride

0 0 COyMe
2
HO COzMe a BHOMO/Ycone HO
—_— BnO NH + BHOWNH
NH, HCI n
b 0 o©
O O
102 115 116

Reagents and Conditions:a) potassim benzyloxycarbonyl acetate6, EDAC!HCI, DMAP, NMM,
CH,Cl,, 115 8%, 116 52%.

Scheme 77

The coupling of16 to the unprotected-serine methyl ester hydrochloride was also
investigated. When.-serine methyl ester hydrochloride was subjected to optinize
peptide coupling conditions, compountl$5 and 116 were isolated in 8% and 52%
yields, respectively. Interestingly, the mamoduct of this reaction is the opposite to
that observed above. Coupling occurs preferentially to the nitrogen with only small
amounts otthe bis-coupled compound observed; this may be due to the absence of the

PMB group making the nitrogen atom much more reactive.

2.3.2.3 The Dieckmann Gyclization

COMe Me Me
Tirso._J__.PmB Q\_J..cO,Bn A\ 24CO,Bn
N aorb \
—X—> +
o) N~ O N
HO | HO |

80”0 PMB PMB

114

Reagents and Conditions:a) TBAF, Mel, THF; b) 1.TBAF, EtO, RT, overnight2. Mel, THF, RT,
overnight
Scheme78.

Subjecting compound.14 to the optimized on@ot conditionsfor the Dieckmann
cyclization proved unsuccessful, resulting in a complex mixture from which nothing
was isolated. As predicted the reaction did not prochly and this wagerhaps due

to the competing reactions of TBAF; the cyclization and deprotection. This reaction was
! /110
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also attempted under the original est@p conditions reported by Page, however, it was

again unsuccessful, and no starting mateniadlesired product was isolated from the

reaction.
2.3.2.4 The Oxazolidine Approach

CO,Me

COMe /\(cone o/\N( o)
P 2 (0] Me
" m HCI B S ﬁ/ T O oy
2 ﬁ/ 0 ﬁ/ CO,Bn

BnO
Scheme79.

In conjunction with the work described above investigation into a route to
simultaneouslyrotect the amine and hydroxyl moieties was carried out. We hbped t
forming the oxazolidine intermediate would not only reduce the number ofisteps
synthetic route but that it might also have an effect on the ratdiastereoisomers

formed in the Dieckmann cyclization.

Following the method reported by Sicilam 2014, compound02 was treated with
camphorsulfonic acid (CSA) and 2dimethoxypropane (DMP) in toluene under
reflux.*® Unfortunately, this reaction proved unsuccessful and the starting material was
recovered. Compound16 was subjected to the samenditions and, again, only
starting material was recovered. It was unclear as to why this reaction was not

successfulbut it may be due to the unstable nature of the oxazolidine.
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HO/YCOZMe

CO,Me

a O/\(

—x>
NH,, HCI ﬁ/ NH
102
Ve COzMe COzMe
Y Yo
116
CO,Me
~__CO,Me 2
a
HO , o/\N(
pm ﬁ/ "PMB
103 117

Reagents and Conditionsa) CSA, DMP, toluene, refluxi17: 97%.
Schemes0.

Compound103 was subjected to the same conditions and, surprisingly, HB&én

97% vyield. This compound wamt purified due to its instability on silica gel. THe

NMR spectrum is relatively clean for this compouhdwever, decomposition occurs
quickly as IR spectrum analysis show stretches corresponding to the starting material a
well as the produgctand mass spectrometry data analysis showsmlgtthe product

peak for [M+H] at 280.15 but also the starting material peak for [M+&i]240.12.
Although it is interesting that this reaction worked, the product was not of any use in

our synthetic approach so we did not continue investigations any further.
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2.3.3 Synthesis fromO-BenzykL -Serine

2.3.3.1 Protection of the Amine

As we hadpredicted thgossibility of competing reactions during the cyclization of the
TIPS protected compouridl4, we obtained commercially availab@benzytL-serine
to use as the starting material. EsterificationGsbenzytL-serine 118 with acetyl
chloride n methanol gave th®-benzytL-serine methyl ester hydrochloride sHIO in

guantitative yield without purificatian

COOH CO,Me
a 2
Bno/\f 4, Bno/\f
NH, NH, .HCI

118 119

Reagents and Conditionsa) Acetyl chloride, MeOH, reflux, quant.

Schemes1.

With 119in hand,protection of the amine moiety was thext step in the synthesis. As
described above, the-benzytL-serine derivative was also unstable under reflux, and,
due to the presence of the benzyl grahp protection method reported by Yoon using

hydrogenation conditions could not be used

CO,Me
BnO/\( 2
HN

CO-Me
BnO/\r 2 a_
NH, .HCI
119
OMe
120

Reagents and Conditions: a) 4-Methoxybenzaldehya triethylamineNaBH;CN, MeOH
SchemeB2.
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Treatment of 119 with triethylamine, 4-methoxybenzaldehyde and sodium

cyanoborohydride in methanol did not afford the desired product. The major product
isolated fromthe reaction mixture wag-methoxybenzylalcohola by-productformed
as a result of the reduction of ienethoxybenzaldehydstarting material.

M
BnO/YCOZ e
HN

CO,Me
BnO~ 2 ,

NH, .HCI
119

OMe
120

Reagents and Conditionsa) 4-Methoxybenzyl chloride, potassium carbonateCN|, 45%.

Scheme83.

With the protection of the amingroup proving much more challenging than expected
we decided to investigate a different rout@eatment ofl19 with 4-methoxybenzyl
chloride and potassium carbonate in acetonitrile gave compb2ddn 45% vyield.

Unfortunately,as well as being low yielding, this reaction was not easily reprodudtible.

~_COOH 4 COzH
BnO” Bno/DN’

NH; PMB
118

Reagents and Conditionsa) 4-Methoxybenzaldehyg triethylamineNaBH,, MeOH.
Schemes4.

As the PMB protection o119was provingdifficult, we considerednverting the order

of the reactions; i.e. attempting the protection before the esterification. Treatn@nt of
benzylL-serine 118 with 4-methoxybenzaldehyde triethylamine and sodium
borohydride in methanol resulted in the formation of a colourless solid. Interestingly,

this solid was insoluble in all common organic solvents.
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2.33.2 Synthesis of the Dieckmann §clization Precursor
COzMe
COM BnO NH
BnO 2Me a
E—
NH, HCI o
BnO” ~O
119 121

Reagents and Conditions:a) potassium benzyloxycarbonyl acetdlts, EDAC!HCI, DMAP, NMM,
CH,Cl,, 69%.

Scheme 85

With PMB protection prowvig so difficult we decided to attempt the peptide coupling
using O-benzytL-serine methyl ester hydrochloride as the starting material. Subjecting
119to our optimized conditions gad1in 69% yield.

In comparison to the Dieckmann cyclization precurgbrthe leucine derivatives,

rotamers were not observed in compour2d; this is probablydue to the lack othe

PMB group allowing free rotation around the amideNCbond.

2.3.3.3 The Dieckmann Gyclization

CO,Me
Me Me
eno X, O\_[..CO.Bn O\ 2-C0,Bn
a A)
—X> +
@ N N~ SO
BnO H BnO H
BnO (@]
121
CO,Me
BnO
a NH
e
O
BnO (@]
122

Reagents and Conditionsa) TBAF, Mel, THF, 30%.
Schemeso.
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When theO-benzylL-serinederivative 121, without the PMB protecting group, was

subjected to optimized cyclization conditions, the desired compound was not observec
and compound 22 was isolated in 30% yield. Deprotonation of the acdalonyttype
protons (pK&13) occurs as expectednd, instead of the desired intramolecular
cyclization and alkylation reactigalkylation at this position occurred twice to give the

guaternarycentredue to the excess of methyl iodide present in theticea
This result may be due to reduced reactivity, or it is possible that the sizes of the

functional groups present are preventing cyclization in that the groups are too big anc

cyclization is not favourable.
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2.4 Synthesis of the Véine Analogue

2.4.1 Proposed Synthetic Route Towards a Novel Analogue of

L actacystin

As one of the aims of this project is to design a synthetic route that allows ready acces
to both natural and novehalogues of lactacystin;valine methyl ester hydchloride

was alsausedasa starting materialValine is similar in structure to leucine; it does not
have the added hydroxyl functionality that played a significant role in the complications

in the synthesis of the serine analogue.

131 Novel analogue

Schemes?7.
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2.4.2 Synthesis of the Dieckrann Cyclization Precursor

Esterification of commercially availablevaline with acetyl chloride in methanol gave
L-valine methyl ester hydrochloride23 in quantitative yield, withoupurification. As
described abovel-valine has a similar structure to-leucine, and it behaves in a

chemicdly similar manner td_-leucine, unlike the serine derivatives.

/k(COZMe
HN
COZH a COzMe b
— —

NH, NH,.HCI

132 123
OMe

124

Reagents and Conditions:a) Acetyl chloride, MeOH, reflux, quant.; H). 4Methoxybenzaldehyde,
acetic acid, toluene, refluguant.; 2. NaBKCN, acetic acid, MeOH, 74%.

Schemes8.

Using the optimized conditions described above in our investigations of the leucine
analogue (sectio.2.2, L-valine methyl ester hydrochloride23 was treated with 4
methoxybenzaldehyde and acetd then heated under reflux in toluene using a Bean
Stark apparatus. Full conversion to the imine was achiemad reduction was
performedusing sodium cyanoborohydride. The desitechpoundl24 was isolated in

74% yield.

CO,Me
)\(COZMe a )\( 2
E—

BnO N
HN “PMB
VB DR

O O
124 125

Reagents and Conditions:a) Potassium benzyloxycarbonyl aceteté, EDACAHC] DMAP, NMM,
CH,CI,, 66%.
Schemeso.
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Treatment of124 with potassium benzyloxycarbonyl acetdi®, EDACAHCI, DMAP

and NMM in dichloromethane under optimized conditig@e compound25 after
silica gel olumn chromatography in 66% yield comparable yield to that achieved

when using the leucine derivative (72%).

As was the case with the leucine derivativepm temperaturéH NMR spectrum
analysis shows the presence of two rotamers. A vartabiperatte (VT)'H NMR
experiment was carried out in deuteriated dimethylsulfotd@eDMSO) at 25, 75 and
100 C (Figure 15). Analysis of the resulting spectra does not show a significant
difference between the spectra at 25 jC and 75%y€Cat 100 jC the peakare clearly

beginning to coalesce.

Lo L Lo
JAEENDNN | I

SN |

Figure 15. Variable temperaturéH NMR spectraof compoundL25at 1: 25 |C,2: 75
iC and3: 100 C.
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2.4.3 The DieckmannCyclization

CO,Me

\H\N,PMB a Q l\\/l‘.eCOZBn Q I_yleCOZBn
— +
BnO o PMB PMB
125 (+)-132 (+)-126

Reagents and Conditionsa) TBAF, Mel, THF,(+)-132: 25%, (1)-126: 41%.
Schene 90.

Subjecting 125 to optimized onepot tandem Dieckmann cyclization/methylation
(section2.2.3 resulted in the formation of two diastereocisomerhough we fully
expected racemization to occur at this point and know (due to this racemizatiomyit is n
necessary to separate the diastereoisomers for the next step in our sytitbesis,
diastereoisomers were separatsahg silica gel colummchromatography for analytical
purposes.Compounds(x)-132 and (x)-126 were obtained in 26 and 41% yields,
respediely. '"H NMR spectrum analysis of the reaction mixture before separation
shows a 2:1 diastereoisomeric ratio; this reactihiis appears to be more
diastereoselectivéhan that of the leucine derivative. This increased selectivity is
probablya result otheiso-propyl moiety at C5 in the product; the steric bulk ofitoe
propyl group is closer to the ring than that of tb@butyl group therefore increasing
steric hindrance on the top fac@s expectedspecificrotation measurementsf each
diasteresomer confirmed thatacemization had occurred at this point.
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2.5 Conclusion

One of the aims of our work was to design a synthetic approach that can be applied t
the synthesis of lactacystin and its analogues. We began our synthesis from
commercially available amino acid derivative (either frarfleucine, L-serine orL-
valine); key steps in our approach includethndem Dieckmann cyclization/alkylation

to form the lactam ring and install the C7 functionality, and a ManderOs acylation to

form the C5 quaternary centre.

Our work was mainly focused on the use of thieucine derivativel(-leucine methyl
ester hydrochloride) ashe starting material, which woul@ad to the formation of
deoxylactacystin. The Dieckmann cyclization precursor waghssized following
protection of the amine using-Methoxybenzaldehyde followed by coupling to
potassium benzyloxycarbonyl acetate using tharbodiimide reagent,N-(3-
dimethylaminopropybN!-ethylcarbodiimide hydrochloridgeDACAHCI).

The lactam corecommon throughout the lactacystin analogues) was formed by a
tandem Dieckmann cyclization/alkylation reaction. Previous work in the Page group
described a twstep procedurayherein cyclization occurs first using TBAF in diethyl
ether to form the tetrabglammonium salt, followed by the methylation step in
tetrahydrofuran to install the C7 functionalifywWe were able to improve on this and
complete the step as a epet procedure with no notable loss in yidldsappointingly,

the reaction did not appear be diastereoselective aridappearedhat racemization

had also occurred during this step.

Formation of the C5 quaternary centre was achieved using a ManderOs acylation t
treatment of+)-9 and/or(x)-34 with methylcyanoformate and LIHMDS. This reacti

is completely stereoselective and addition occurs at the C5 positiondppbsite side

of the C7 benzyl ester.
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CO,Me
)\/k _PMB
N

WCOzMe a \(\(COZMe b
ﬁ ﬁ
HN
PMB
7

—
NH,.HCI o)
6 BnO” YO
8
Me Me
Q. J..CO,Bn QL :.COo,Bn |
+ —_—
| |
PMB PMB
(¥)-34 (#)-9 (¥)-10

Reagents and Conditions:a) 1. 4Methoxybenzaldehyde, acetic acid, toluene, reflux, 100%; 2.
NaBH,CN, acetic acid, MeOH, 93%) Potassium benzyloxycarbonyl acetafts, EDACaHC| DMAP,

NMM, CH,Cl, 72%:c) TBAF, Mel, THF, (¥)-34: 22%, (+)-9: 39%; d) LIHMDS, DMPU, methyl
cyanoformate, THF, 78 |C, 86%.
Scheme 91

At this point, the synthesis could be completed using two possible rdvoee A
consists of the reduction of the ketone at the C6 positiofx)e10 to give (+)-51,
followed by decarboxylation of the benzyl ester moiety at the C7 posiiben(+)-51

was treated under hydrogenolysis conditions, debenzylation occurred resultimg i
carboxylic acid (xb7. Many attempts were made to remove the carboxylic acid
moiety, including a radicahediated approach involving the synthesis of an acyl
selenide, the Barton decarboxylation, the Krapcho decarboxylation and an acid

catalysed dearboxylation; unfortunately, none proved successful.

Route B inverted the order of the reactions; decarboxylation under hydrogenolysis
conditions followed by the reduction of the ketone moiety at the C6 position. Treatment
of (£)-10 under hydrogenolysisonditions resulted in debenzylation with concomitant
decarboxylation to give (331 and (x}82 as a mixture of inseparable diastereocisomers

in a 1:1 ratio. All the attempts to reduce the ketone moiety at the C6 position proved
unsuccessful. A strategy ngi a thiomethyl derivative reported by Corey in 1998 was
then employed. Following CoreyOs method, we successfully synthesized the desire
advanced intermediate (t)l, however, it was isolated alongside diastereoisomer ()
101 as an inseparable mixtuirea 3:1 ratio
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(£)-11
(+)-101

Reagents and Conditionsa) NaBH, EtOH,! 10 {C, 30 min, 52%; b) § Pd(OH)/C, THF, quant.; c)

H,, Pd(OH)/C, THF, 30 iC, >90%; dp-MeCH,SOMe, EtN, CH,Cl,, RT, (£}97 and (x£}98: 47%; €)

NaBH,, EtOH,! 10 jC, 30 min(£)-99: 17%, (x}100: 25%; f) Raney Ni, EtOH, reflux, 4 h.
Scheme 92
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Using L-serine methyl ester hydrochloride as the starting material prnoweth more

challenging. The extra hydroxyl functionality present in serine appears to affect the
chemical behaviour of this compadl It does not have the same properties as the
leucine derivative; for example, it is not soluble in the same solvents and so, from the
start we had to alter our reaction conditions to compensate for this. We -gseitie
methyl ester hydrochloride anldecause the free hydroxyioupwas causing problems,
O-benzytL-serine methyl ester hydrochloride as starting materials. We have not yet

been able to successfully synthesize the lactam core fromgbene derivatives.

Fortunately, our preliminary wk using L-valine methyl ester hydrochloride as the
starting material to synthesize a novel lactacystin analogue is proving promisirg. The
valine derivative appears, at present, to behave in a similar way tb-lthecine
derivative. Following the same rgiection, coupling and cyclization stepthe

substituted lactam core has been successfully synthesized.
2.6 Recommended Future Wrk

Work in the immediate future should focus on the stereoselective desulfurization of
compound(£)-99. As the reaction wasarried out under reflux, we would hope that by
reducingthe temperature, the stereoselectivity could be controlled. Once desulfurization
is successful the synthetic route should be applied toLtkeline derivative to

synthesize a novel lactacystin agle.

As the use of serine as the starting material means the hydroxyl functionality found in
lactacystin is present from the start; in theory this should reduce the overall number o
steps require in the total synthesis when compared to using the |elarimative.
Cyclization of the serine derivative to form the lactam csineuld be investigated

further.

The tandem Dieckmann cyclization/alkylation step could be investigated further still by
changing the alkylating agent. This would allow ready acteasvariety of analogues.
If cyclization using different alkylating agents can be achieved using dkecine

derivative, and successful cyclization of the serine derivative is achieved, this
! /01
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methodology can then be applied to theerine derivative tollw ready access to a

range of analogueScheme 8 details how the use of different alkylating agents results
in the formation of the lactam core where the functionality at C7 corresponds to
different analogues, for example by using ethyl iodide C7group is now that found

in salinosporamide B.

COZMe
HO .PMB
CO,H CO,Me
HOTY T MO

HN

NH2 “PMB o
BnO™ ~O
1. Mel 3. Etl 5. CgH1al
2. n-Prl 4. C,H,CII 6. CgH1,0
R
o R P
~=CO,Bn o, R
= COan (o) Y
HO : N
PMB |
HO  pmB N
HO  pmB
R = Me - Lactacystin, Omuralide, R = CI - Salinosporamide A R = H - Cinnabaramides A, B, E-G
Oxazolomycin A, KSM-2690 B1
R = H - Salinosporamide B R = OH - Cinnabaramides C & D

R =n-Pr - PS-519

Scheme 93
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Experimental

3.0 Experimental

3.1 General Experimental

3.1.1 Preparation of Reagents, Solvents and Glassware

Commercially obtained reagents were used as supplied, without further purification, and

stored in accordance to the supplier’s recommendations, unless otherwise stated.

Solvents used for reactions and column chromatography were purified as required.
Petroleum ether 40/60 (the fraction which boils between 40 °C and 60 °C) was distilled
before use. Tetrahydrofuran and diethyl ether were dried over the sodium/benzophenone
ketyl radical, then distilled. Dichloromethane was dried over calcium chloride and then
distilled. Toluene was dried over sodium and then distilled. All other solvents were used

as supplied from the manufacturer.

For reactions performed under anhydrous conditions, glassware was dried in the oven at
150 °C before being cooled in a desiccator over silica gel. Glassware was sealed with a
septum cap before being flushed with nitrogen. Solvents used in anhydrous reactions

were freshly prepared each time and added using a syringe.

3.1.2 Analysis of Compounds: Spectroscopic Techniques

Proton, carbon, fluorine and selenium NMR experiments (including 2D experiments)
were carried out on a Bruker Advance III 500 MHz NMR spectrometer at 500, 126,471
and 95 MHz, respectively. Samples were dissolved in the specified deuteriated solvents.
All spectra were processed using MestReNova software, and chemical shifts were
reported in ppm relative to either tetramethylsilane (TMS) or the residual solvent peak.
Multiplicities are reported as either singlets (s), doublets (d), apparent doublets (app d)
doublet of doublets (dd), triplets (t), quartets (q) or multiplets (m). Coupling constants

(J values) are reported in Hertz (Hz).
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Melting points were carried out on a Biichi B-545 instrument. All melting points were
observed manually and are quoted as a range. Literature values are reported where

available.

Mass spectra were obtained from the EPSRC UK National Mass Spectrometry Facility
(NMSF) at Swansea University (previously known as the National Mass Spectrometry

Service Centre, NMSSC).

Infra-Red (IR) spectra were recorded using a Perkin-Elmer Spectrum 100 FT-IR
spectrometer and processed using Spectrum Express Application software, Version:

1.02.00.0014.

Specific rotation measurements were recorded using a Bellingham and Stanley ADP-
440 polarimeter operating at the sodium (D) line emission of A = 589 nm at the
specified temperature. Solutions used were prepared in a volumetric flask using

spectrophotometric grade solvents. Literature values are quoted where available.

3.1.3 Chromatographic Techniques

Thin layer chromatography (TLC) was carried out on Merck aluminium backed plates
coated with 0.2 mm Kiesegel 60 GF,s,. Individual solvent systems are reported in the
experimental procedures below. TLC plates were visualised under UV irradiation and/or

stained using phosphomolybdic acid solution or potassium permanganate solution.

Flash column chromatography was carried out using glass columns packed with
Kieselgel 40-63 pum silica gel. Individual solvent systems are reported in the

experimental procedures below.
3.1.4 Numbering System

The numbering system used to assign 'H and "C chemical shifts is designed by the

author to simplify characterization.
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3.2 Individual Experimental Procedures and Characterization

3.2.1 General Procedures

3.21.1 General Procedure for the Esterification of an Amino Acid

Acetyl chloride (3 equiv.) waadded slowly to methanol (38L/g of aminoacid) while
maintaining theéemperature below {IC. After 30 min,the aminocacid was addeds a
solid at 0iC and the reaction mixture stirred for another 30 min. The reantigture
was heated underfhex overnight. The solvent wagmoved under reduced presstoe

yield the desiregiroductas a solid without further purification

3.2.1.2 General Pocedure for the Peptide Coupling using
EDACaHCI

The amine was dissolved anhydrous dichloromethaneQ(3nL/g of aming. NMM

(1.2-2 equiv.), benzyl malonic half ester (22lequiv.),EDACaAHCI(1.5-2.5 equiv.) and
DMAP (0.2 equiv.) were added to the reaction mixture. The reaction mixture was
stirred under an atmosphere of nitrogen for 20 h. An aqueous solution of NCI1(1
mL/g of aming was added to the reaction mixture and stirring wasirooed for a
further 30 min. The organic layer was separated, washed with (2ate80 mL/g of
aming, dried over anhydrous magnesigulfate filtered and evaporated to dryness
under reduced pressure. The residue was purified using column chromatography o

silica gel.

3.2.1.3 General Pocedure for the Onepot Dieckmann

Cyclization

The dester was dissolved in THF@3nL/g of dieste)y under aratmosphere of nitrogen
andTBAF (1 M in THF, 3.5 equiv.pdded. The reactiomixturewas allowed to stir for

30 min at room temperature. Thelution was cooled to (C, iodomethane (4 equiv.)
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addedand stirred overnight. Water was addednd the solventsvere removed under

reduced pressure. The residue wasales! in dichloromethane (5@1L/g of dieste)

and the resulting solution was washed with water (2xnD/g of diestej, brine (2 x

100 mL/g of dieste}, dried over anhydrous magnesisuifate filtered and evaporated

to dryness under reduced pressure. The residue was purified using columr

chromatography on silica gel

3.2.14 General Procedure for the ManderOs Acylation &action

Procedure A: Hexamethyldisilazane (3 equiv.) was dissolved in anhydrous THF (10
mL/g of lactan) and the solution was cooled#B8 j C. n-Buty! lithium (2.5 M solutim

in hexanes, 3 equiv.) waslded. The solution was allowed to stir for 30 min and DMPU
(1.5 equiv.) adced. The lactam starting material was dissolved in anhydrous THF (10
mL/mg of lactan), the resulting solutiorwooled tobr8 jC, and DMPU (1.5 equiv.)
added The solution of IHMDS wasadded dropwis& the solution of the lactaosing

a cannulaThe mixture wasstirred at 78 {C for 30 min. Methyl cyanoformate (5
equiv.) was added and thaxture stirredfor a further 4 h ab78 jC. Saturated aqueous
NH,CI (1 mL/g of lactam)was added abr8 jC. The mixture was allowed to reach
room temperaturena the solventremoved under reduced pressure. The residue was
dissolved in ethyl acetatand the resulting solutiomashed with wate2 x 10 mL/mg

of lactam)and brine(2 x 10 mL/mg of lactam) The organic layer was dried over
anhydrous sodiursulfate filtered, and evaporated to dryness under reduced pressure.

The residue was purified using column chromatography on silica gel

!
!
Procedure B: The lactam startingnaterialwas dissolved in anhydrous THF (dfL/g

of lactan) and the solution cooled &8 jC. DPMU (3 equiv.andLiHMDS (1 M in
THF, 2 equiv.) wereadded and the mixture stirred 818 jC for 30 min. Methyl
cyanoformate (3 equiv.) wasdded and the mixturstirredfor a further 4 h abr8 C.
Saturated aqueoudH,Cl (1 mL/g of lactam)wasaddedat £/8 jC. The mixture was
allowed to reach roontemperature and the solver@moved under reduced pressure.
The residue was dissolved in ethyl acet@nd the resulting solutiomashed with water
(2 x 40 mL/g of lactam)and bring(2 x 40 mL/g of lactam) The organic layer was dried
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over anhydrous sodiumsulfate filtered and evaporated to dryness under reduced

pressureThe residue was purified using column chromatography on silica gel

3.2.15 General Procedure for the Ketone Reduction using NaBH

The ketonewas dissolved irethanol (50 mL/g of ketong. The mxture was cooled to

1'10 iC followed by the addition of NaBH(0.5 equiv.).The reactionmixture was
stirred at! 10 {C for 30-120 min after which it was quenched with watét0 mL/g of
ketong. The solvent was removed under reduced pressure and the resulting residue
dissolved inethyl acetatg50 mL/g of ketong. The mixtre was washed with water (2 x

50 mL/g of ketone) and then brine (2 8 BL/g of ketong. The organic layer was dried
over anhydrous sodiunsulfate filtered and evaporated to dryness under reduced
pressure. The residue was purified using column chromatography on silica gel (light

petroleum ether/ethyl acetate

3.2.16 General Procedure for the Treatment of the Benzyl Ester

Under Hydrogenolysis nditions

The benzyl estewas dissolved in anhydrodddF (5 mL/g of este}, to this was added
Pd(OH),/ C (50% by weight). Theeactionmixture wa purged with nitrogen and
treated witha balloon ofhydrogen overnight at room temperature. The reaction mixture

was filtered through celite anbde solvent removed under reduced pressure.
3.2.1.7 General Procedure for the Formation of an Acyl 8lenide

The carboxylic acid was dissolved in anhydrous dichloromethame{& of carboxylic
acid under a nitrogen atmosphere andhéipyldiselenide (1.5 equivadded. The
mixture was cooled to gC and tributylphosphing€2 equiv.)added. The solution was
warmed to room temperature anstirred overnight. The solution wadiluted with
dichloromethang10 mL/g of carboxylic acigl and water(10 mL/g of carboxylic acigl.
The aqueous layer was extracted again with dichlorometfighenlL/g of carboxylic

acid). The orgaic fractions were combineavashed with bring5 mL/g of carboxylic
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acid), dried over anhydrous magnesisoifateand evaporated to dryness under reduced

pressure. The residue was purified using column chromatography on silica gel (light

petroleum ether/ethyl acetate).

3218 General Procedure for the Silyl Protection of the Hydroxyl
Moiety

The silyl protection eéagent (1.2 equ) and imidazole (2.5 equivivere addedto a
solution of the reduced ManderOs reaction product in DMRL({ of reduced
ManderOs reactioproduc). The reaction mixture was stirred 86 jC under an
atmosphere of nitrogen overnight. The reaction was queneftedvater (1 mL/g of
reduced ManderOs reactimoduc) and thesolvent removed under reduced pressure.
The resulting product was-tissolved in diethyl ether (BiL/g of reduced MandesO
reactionproduc) and washed with watd® x 10 mL/g of reduced ManderOs reaction
produc) and brine (2 x 10nL/g of reduced ManderOs reactjmoduc). The organic
layer was dried over anhydrougagnesiunsulfate filtered andevaporatedo dryness

with no further purification.

3.2.1.9 General Procedure for the Protection of the Hydroxyl
Moiety at C6 using Trifluoroacetic Anhydride

The hydroxyl compound was dissolved in dry diethyl etherrildg of hydroxyl). The
mixture was cooled toa. 0 jC. Pyridine (2.5 equiv.) and triflu@macetic anhydride (2.5
equiv.) were added to the reaction mixtufEhe reaction was monitoreasing TLC

(light petroleum ether/ethyl acetatéOn completion pentane (10nL/g of hydroxyl

was added and the mixture filtered through celite to remove the pyridinium
trifluoroacetate byproduct. The solvent was removed under reduced pressure and the
resulting residue rdissolved in dichloromethari@0 mL/g of hydroxyl), washed with
water(2 x 10 mL/gof hydroxyl) and bring(2 x 10 mL/gof hydroxyl). The organic layer

was dried over anhydrous sodiwnlfate filtered and evaporated to dryness under

reduced pressure.
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3.2.2 Individual Experimental Procedures

3.2.2.1 Synthesis from L-Leucine

R2-{[1-(4-Methoxy-phenyl)-meth-(E)-ylidene]-amino}-4-methyl-pentanoic acid
methyl ester 13

O
13 ! 5
6 "OMe
7
O 2 N\8
. 9
WJ\OMG 14 10
NH, .HCI
13 1
6 12
OMe
13 1

L-Leucine methyl ester hydrochloride (10.01 g, 0.06 mol) and 4-methoxybenzaldehyde
(7.30 mL, 0.06 mmol, 1.1 equiv.) were dissolved in toluene (100 mL). Acetic acid (2
mL) was added and the reaction mixture heated under reflux using a Dean-Stark
apparatus overnight. The solvent was evaporated to dryness under reduced pressure.

The resulting product was obtained as a brown oil (15.82 g, quant.).

Vo (thin film)/cm™ 2956 and 1739. '"H NMR (400 MHz, CDCl;) & 8.21 (s, 1H, HS),
7.73 (app d, 2H,J =8.9 Hz, H11 and H13), 6.93 (app d, 2H, J = 8.9 Hz, H10 and H14),
405 (dd, 1H, J = 8.8, 5.6 Hz, H5), 3.85 (s, 3H, H15), 3.74 (s, 3H, H7), 1.87-1.79 (m,
2H, H4), 1.61-1.54 (m, 1H, H3),0.94 (d, 3H, J = 6.6 Hz, H1 or H2), 0.89 (d, 3H, J =
6.6 Hz, H1 or H2).
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2-(4’-Methoxy-benzylamino)-4-methyl-pentanoic acid methyl ester 7'
0 , 9
1.3 5
OMe OMe
N HN
OMe
13

2 15 8
9
14 10
13 1
12

OMe
15

~

Direct synthesis of compound 7: L-Leucine methyl ester hydrochloride (0.99 g 5.45
mmol) was dissolved in methanol (50 mL). Triethylamine (0.76 mL, 5.45 mmol) and 4-
methoxybenzaldehyde (0.75 mL, 6.81 mmol, 1.25 equiv.) were added and the reaction
mixture was stirred at room temperature for 90 min. The reaction mixture was cooled to
0 °C and sodium borohydride (0.38 g, 13.62 mmol, 2 equiv.) added. Stirring was
continued for a further 30 min. The solvent was removed under reduced pressure and
the resulting residue re-dissolved in ethyl acetate (75 mL). The organic layer was
washed with water (2 x 30 mL), brine (2 x 30 mL) and saturated aqueous Na,CO; (2 x
30 mL). The organic layer was dried over anhydrous magnesium sulfate, filtered, and
evaporated to dryness under reduced pressure. The title compound was obtained as a

yellow/brown oil (0.77 g, 53%).

Synthesis of compound 7 using the Dean-Stark protocol

Procedure A: Compound 13 (15.82 g, 0.06 mol) was dissolved in ethanol (100 mL)
and sodium borohydride (1.61 g, 0.04 mol, 0.7 equiv.) added slowly in small portions.
The reaction was monitored by TLC then quenched with water (30 mL). The solvent
was removed under reduced pressure. The residue was dissolved in dichloromethane
(50 mL) and the resulting solution was washed with water (2 x 50 mL), brine (2 x 50
mL) and saturated aqueous Na,CO; (2 x 50 mL). The organic layer was dried over
anhydrous magnesium sulfate, filtered, and evaporated to dryness under reduced

pressure. The title compound was obtained as a yellow/brown oil (8.42 g, 58%).
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Procedure B: Compoundl13 (22.32 g 0.85 mo) and acetic acid (4.9nL) were

dissolved in methanol (20@L). The reaction mixture was cooled to 0 jC and sodium
cyanoborohydride (10.66 @.17 mol,2 equiv.)added slowly in small portions. The
reaction was stirred for 30 min at 0 {C then allowed to reach room temperature and
stirred for a further 5 h. Wat€R0 mL) was added to quench the reaction mixture and
the solvents were removed under reduced pressure. The residue was dissolved
dichloromethang100 mL) washed with water (2 x 0dnL), brine (2 x 10 mL) and a
saturated solution of NGO, (2 x 1@ mL). The organic layer was dried over anhydrous
magnesiunsulfate filtered and evaporated to dryness under reduced pressure. The title

compound was obtained as a yellow/brown oil (20.89 g, 93%).

Found (NSI): [M+H] 266.1755; [GHNO,+H]" requires 266.1751.! .. (thin
film)/cm'*2955 and 1733#], = +7 € 1.5, CDC}, 25 iC, lit"31.17,c 1.5, CDC}, 27

iC).1 'H NMR (500 MHz,CDCkL) $ 7.23 @ppd, 2H,J = 8.6 Hz, H1 andH13), 6.84
(appd, 2H,J = 8.6 Hz, H10 andH14), 3.77 (d, 3HJ = 0.8 Hz, H15), 3.73 (d, 1H, =

12.7 Hz, H8), 3.70 (s, 3H, H7), 3.54 (d, 1H; 127 Hz, H8), 3.29 (dd, 1H] = 7.7, 6.8

Hz, H5), 1.82D1.72 (m, 2H, H3 andi16), 1.46 (ddd, 2HJ = 7.4, 6.7, 2.1 Hz, H4),
0.91 (d, 3HJ = 6.7 Hz, H1 oH2), 0.84 (d, 3H,) = 6.7Hz, H1 orH2). *C NMR (126

MHz, CDCL) $ 176.5 (C6), 158.7 (C12), 132.0 (C9), 129.4 (C11 @hd), 113.7 (C10
andC14), 59.1 (C5), 55.2 (C15), 51.6 (C8), 51.5 (C7), 42.8 (C4), 24.9 (C3), 22.8 (C1 or
C2), 22.2 (C1 o€2).

Potassium benzyloxycarbonyl acetat&6’

10 4
(@] (@] -+
9 \5 OMO K
14 7 16

Malonic acid (50.10 g, 0.48 ml benzyl alcohol (10BL, 1.01 mol, 2.1 equiv.) ang-
TsOH (0.92 g, 4.8mmol, 0.01 equiv.) were dissolved in toluene (590 and heated
under reflux using a Dea$tark apparatus overnight. The solvents were removed under
reduced pressure and the residue was dissolved in a solution of KOH in BN@H (1
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26.00g in 480mL). A yellow solid precipitatedwhich was therfiltered andwashed

with diethyl ethe(300 mL) The solid was dried in the vacuum oven overnight yielding

the title compound as@lourlesssolid (80.10 g, 72%).

I hax (sOlid) cmt1722 and 1599. mp 19802 iC, lit mp 201iC.? '"H NMR (500 MHz,
D,0) # 7.40D1.35(m, 5H, H610), 5.15 (s, 2H, H4), 3.29 (s, 2H, H?C NMR (126
MHz, D,0) # 173.9(C1 or C3) 171.1(C1 or C3) 135.6(C5), 128.6(C6-10), 67.2
(C4), 44.6(C2)

I
2-{(4-Methoxy-benzyl}[2-(benzyloxycarbonyl}acetyl]-amino}-4-methyl-pentanoic

acid methyl ester8

25

0 N 16~ 18 0
WJ\OMe T Meo® 8o OMe [0
HN.
PMB

1

Coupling using EDACaHCt Compound? (9.84 g, 0.37 mdlwas subjected to the
general procedure for peptide coupling ustigACaHCI17.73 g,0.93 mol,2.5 equiv.)

NMM (8.2 mL, 0.75 mol,2 equiv.), benzyl malonic half ester (17.190g75 mol,2
equiv.) and DMAP (0.90 g,0.07 mol, 0.2 equiv). The residue was purified using
column chromatography on silica gel (30% ethyl acetate in light petroleum.ether)

Compound was isolateds a yellow oil (11.73 g, 72%).

Coupling using T3P : Compound? (0.22 g, 0.80 mmolyvas dissolved in THF (BL)

and benzyl malonic half ester (0.23 g, 0.10 mmol, 1.2 equiv.) was added. The mixture
was cooled to 0G and DIPEA (0.26nL, 1.49 mmol, 1.8 equiv.), followed by T3P
(50% solution in THF, 0.79 g, 1.29 mmol, 1.§ues.) were added. The reaction was
allowed to reach room temperature and then stirred for 20 h. \(\i&enL) was then
added to the reaction mixtuamdextracted with ethyl aceta{@ x 10 mL) The organic
layerswere combined, washed with water (2 x Q) and brine (2 x 20nL), dried

over anhydrous magnesiusulfate filtered and evaporated to dryness under reduced
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pressure. The residue was purified using column chromatography on silica gel (30%
ethyl acetate in light petroleum ether) to yield the title compound as a yellow oil (0.23
2,62%).

Coupling from the acid chloride of the malonic half ester: Potassium
benzyloxycarbonyl acetate (0.72 g, 3.08 mmol) was suspended in toluene (5 mL) and
oxalyl chloride (0.83 mL, 9.87 mmol, 3.2 equiv.) added. The reaction mixture was
stirred at 34 °C for 24 h. The solvent and excess oxalyl chloride were removed under
reduced pressure to give the corresponding acyl chloride which was used without
purification. Compound 7 (1.01 g, 3.70 mmol, 1.2 equiv.) was dissolved in anhydrous
dichloromethane (20 mL) and the solution cooled to O °C. The acyl chloride was
dissolved in anhydrous dichloromethane (10 mL) and added to the amine solution.
While maintaining the temperature at 0 °C, pyridine (0.01 mL, 0.03 mmol, 0.01 equiv.)
and DMAP (0.02 g, 0.15 mmol, 0.05 equiv.) were added. After addition the reaction
mixture was allowed to reach room temperature and stirred for 4 h. The reaction
mixture was washed with an aqueous solution of HCI (5%, 20 mL), dried over
anhydrous magnesium sulfate, filtered, and evaporated to dryness under reduced
pressure. The residue was purified using column chromatography on silica gel (30%
ethyl acetate in light petroleum ether) to yield the title compound as a yellow oil (0. 97
2,58%).

Found (NSI): [M+H]" 442.2226; [C,sH;NO+H]" requires 442.2224. v
film)/cm™ 2955, 1740 and 1655. [a], = +12 (¢ 1, CHCL,, 25 °C).

(thin

max

Major Rotamer: 'H NMR (500 MHz, CDCl;) 6 7.38 — 7.33 (m, 5H, H21-25), 7.15
(app d,2H,J =8.7 Hz,H11 and H13), 6.85 (app d, 2H, J = 8.7 Hz, H10 and H14), 5.16
(d,2H,J=24Hz, H17),4.82 (dd, 1H,J=7.4,6.3 Hz, H5),4.55 (d, IH,J =17.1 Hz,
HS8),4.42 (d, 1H,J=17.1 Hz, H8), 3.79 (s, 3H, H15),3.57 (s, 3H, H7),3.48 (d,2H, J =
3.7 Hz,H19),1.89 — 1.81 (m, 1H, H4), 1.58 — 1.53 (m, 1H, H4 and H3) 0.88 (d, 3H, J =
6.3 Hz, H1 or H2), 0.80 (d, 3H, J = 6.3 Hz, H1 or H2). C NMR (126 MHz, CDCL,) 6
171.7,167.2,159.2, 1354, 128.6 (Ar), 1284 (Ar), 1284 (Ar), 128.1, 127.96 (C11 and
C13), 114.2 (C10 and C14), 67.2 (C17), 56.1 (C5), 55.3 (C15), 52.0 (C7), 50.0 (C8),
41.7 (C19),38.3 (C4),25.1 (C3),22.6 (C1 or C2), 22.3(C1 or C2).
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The Dieckmann Cyclization

Two-step synthesis: Diester 8 (8.86 g, 0.02 mol) was dissolved in diethyl ether (50 mL)
under an atmosphere of nitrogen. TBAF (1 M solution in THF, 50 mL, 0.05 mol, 2.5
equiv.) was added and the reaction mixture was stirred overnight. The solvents were
removed under reduced pressure and the resulting residue was dissolved in THF (50
mL) under an atmosphere of nitrogen and the solution was cooled to 0 °C. Iodomethane
(5.00 mL, 0.08 mol, 4 equiv.) was added and the reaction was stirred overnight. The
solvent was removed under reduced pressure and the resulting residue was dissolved in
dichloromethane (50 mL). The solution was washed with water (2 x 50 mL), dried over
anhydrous magnesium sulfate, filtered, and evaporated to dryness under reduced
pressure. The resulting residue was purified using column chromatography on silica gel
(20% ethyl acetate in light petroleum ether). The first eluting diastereoisomer (+)-34
was obtained as a pale yellow oil (2.59 g, 30%), the second eluting diastereoisomer (+)-

9 was obtained as a darker yellow oil (2.47 g, 29%).

One-pot synthesis: Diester 8 (0.21 g, 0.5 mmol) was subjected to the general procedure
for the one-pot Dieckmann cyclization using TBAF (1 M in THF, 1.60 mL, 1.6 mmol,
3.5 equiv.) and iodomethane (0.12 mL, 1.8 mmol, 4 equiv.). The residue was purified
using column chromatography on silica gel (20% ethyl acetate in light petroleum ether
as the eluent). The first eluting diastereoisomer (+)-34 was obtained as a pale yellow oil
(0.044 g, 22%), the second eluting diastereoisomer (+)-9 was obtained as a dark yellow

oil (0.08 g, 39%).
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(2)-(35,55)-N-(4’-Methoxybenzyl)-3-methyl-5-(2’-methylpropyl)-pyrrolidin-2 4-
dione-3-carboxylic acid benzyl ester (+)-34

Found (NSI): [M+Na]® 424.2110; [C,H;NO,+Na]* requires 424.2118. v, (thin
film)/cm™ 2958, 1778, 1747 and 1697. '"H NMR (500 MHz, CDCl,) 6 7.35 (dd, 3H, J =
50,19 Hz, Ar), 7.24 — 7.21 (m, 2H, Ar), 7.02 (app d, 2H,J = 8.6 Hz, H12 and H14),
6.59 (app d, 2H, J = 8.6 Hz, H11 and H15), 542 (d, 1H,J = 15.0 Hz, H9), 5.19 (d, 1H,
J =123 Hz, H18),5.09 (d, 1H,J = 12.3 Hz, H18), 3.85 (dd, 1H,J = 7.8, 3.9 Hz, HS),
3.80 (d, 1H,J = 15.0 Hz, H9), 3.73 (s, 3H, H16), 1.82 — 1.73 (m, 1H, H3), 1.67 — 1.61
(m, 1H, H4), 1.58 (s, 3H, H25), 1.56 — 1.48 (m, 1H, H4),0.87 (d, 3H,J = 6.6 Hz, H1 or
H2), 0.76 (d, 3H, J = 6.6 Hz, H1 or H2). "C NMR (126 MHz, CDCl,) 6 205.9 (C6),
169.6 (C8), 165.6 (C17), 159.2 (C13), 134.8 (C10 and C19), 129.4 (C12 or C14), 128.7
(Ar), 128.5 (Ar), 128.2 (Ar), 126.2 (C7), 114.1 (C11 or C15), 68.1 (C18), 62.4 (C5),
58.6, 55.2 (C16), 43.2 (C9), 37.9 (C4), 24.6 (C3), 23.2 (C1 or C2), 224 (C1 or C2),
16.1 (C25).

(#)-(3R 55)-N-(4’-Methoxybenzyl)-3-methyl-5-(2’-methylpropyl)-pyrrolidin-2 4-
dione-3-carboxylic acid benzyl ester (+)-9

Found (NSI): [M+Na]® 424.2108; [C,;H;;NO.,+Na]" requires 424.2118. v,
film)/cm™" 2927, 1775, 1746 and 1696. 'H NMR (500 MHz, CDCl;) 8 7.38 — 7.26 (m,
S5H, H20-24), 7.13 (app d, 2H, J = 8.6 Hz, H12 and H14), 6.83 (app d, 2H, J = 8.6 Hz,
H11 and H15), 5.26 (d, 1H,J = 12.1 Hz, H18), 5.19 (d, 1H,J = 14.9 Hz, H9), 5.08 (d,
1H,J=12.1 Hz,H18),4.01 (d, 1H,J = 14.9 Hz, H9), 3.79 (s, 3H, H16),3.67 (t, 1H, J =
6.8 Hz, HS5), 1.77 — 1.72 (m, 1H, H3), 1.54 (s, 3H, H25), 1.50 (dd, 2H,J =74, 6.5 Hz,
H4),0.73 (d, 3H, J = 6.5 Hz, H1 or H2),0.70 (d, 3H, J = 6.5 Hz, H1 or H2). "C NMR
(126 MHz, CDCl,) 6 205.6 (C6), 169.3 (C8), 165.6 (C17), 159.4 (C13), 134.7 (C10 and
C19), 1294 (C12 and C14), 128.7, 128.6, 128.4, 127.1, 114.3 (C11 and C15), 68.2
(C18), 62.4 (C5), 58.6, 55.30 (C16), 43.5 (C9), 38.9 (C4), 24.4 (C3), 23.0 (C1 or C2),
21.9 (C1 or C2), 16.6 (C25).

(thin
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(#)-(3R SR)-N-(4’-Methoxybenzyl)-3-methyl-5-(2’-methylpropyl)-pyrrolidin-2 4-
dione-3,5-dicarboxylic acid-3-benzyl ester-5-methyl ester (+)-10

o 4l
OBn
,I\l (0]
PMB

(£)-10

Synthesized according to the general procedure for the Mander’s acylation reaction
(Procedure A) from the first eluting diastereoisomer (+)-34. Compound (+)-34 (0.16 g,
0.38 mmol), hexamethyldisilazane (0.24 mL, 1.13 mmol, 3 equiv.), n-BuLi (2.5 M in
THF, 0.46 mL, 1.13 mmol, 3 equiv.), DMPU (0.07 mL, 0.57 mmol, 1.5 equiv.) and
methyl cyanoformate (0.15 mL, 1.88 mmol, 5 eqiuv.). Compound (+)-10 was isolated as

an off-white solid (0. 13 g, 73%).

Synthesized according to the general procedure for the Mander’s acylation reaction
(Procedure A) from the second eluting diastereoisomer (+)-9. Compound (+)-9 (0.22 g,
0.52 mmol), hexamethyldisilazane (0.32 mL, 1.56 mmol, 3 equiv.), n-BuLi (2.5 M in
THF, 0.62 mL, 1.56 mmol, 3 equiv.), DMPU (0.06 mL, 0.78 mmol, 1.5 equiv.) and
methyl cyanoformate (0.20 mL, 2.60 mmol, 5 equiv.). Compound (+)-10 was isolated as

an off-white solid (0.19 g, 79%).

Synthesized according to the general procedure for the Mander’s acylation reaction
(Procedure A) from the mixture of diastereoisomers (+)-34 and (+)-9. A mixture of
compounds (+)-34 and (+)-9 (0.34 g, 0.80 mmol, 3 equiv.), hexamethyldisilazane (0.50
mL, 2.41 mmol, 3 equiv.), n-BuLi (2.5 M in THF, 0.96 mL, 2.41 mmol, 3 equiv.),
DMPU (0.15 mL, 1.20 mmol, 1.5 equiv.) and methyl cyanoformate (0.32 mL, 4.01
mmol, 5 equiv.). Compound (+)-10 was isolated as an off-white solid (0.34 g, 78%).

Synthesized according to the general procedure for the Mander’s acylation reaction

(Procedure B) from a mixture of diastereoisomers (+)-34 and (+)-9. A mixture of
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compounds (£)-34 and (£)-9 (0.34 g, 0.8 mmol), DPMU (1.10 mL, 9.19 mmol, 3
equiv.), LIHMDS (1 M in THF, 6.1 mL, 6.13 mmol, 2 equiv.) and methyl cyanoformate
(0.78 mL, 9.19 mmol, 3 equiv.). Compound (+)-10 was isolated as an off-white solid
(1.26 g, 86%).

Found (NSI): [M+Na]® 504.1979; [C,,H;,NO,+Na]* requires 504.1993. v, . (thin
film)/cm™ 2958, 1782, 1751 and 1699. mp 79-82 °C. 'H NMR (400 MHz, CDCL,) &
7.39 — 7.28 (m, 5SH, H20-24), 7.19 (app d, 2H,J = 8.7 Hz, H12 and H14), 6.77 (app d,
2H,J=8.7Hz,HI11 and H15),5.20 (d, 1H,J=12.1 Hz, H18),5.14 (d, I1H,J=12.1 Hz,
H18), 4.89 (d, 1H,J = 15.0 Hz, H9), 4.15 (d, 1H,J = 15.0 Hz, H9), 3.77 (s, 3H, H16),
3.23 (s, 3H, H27),2.15 (dd, 1H,J = 15.2, 5.4 Hz, H4), 1.86 (dd, 1H,J = 15.2, 6.3 Hz,
H4), 1.72 (s, 3H, H25), 1.47 — 1.41 (m, 1H, H3), 0.65 (d, 3H, J = 6.6 Hz, H1 or H2),
0.52 (d, 3H, J = 6.6 Hz, H1 or H2). "C NMR (126 MHz, CDCl,) & 201.8 (C6), 170.8
(C8), 167.6 (C17 or C26), 165.2 (C17 or C26), 159.23 (C13), 134.5 (C10 and C19),
130.3 (C12 and C14), 128.7 (Ar), 128.6 (Ar), 128.6 (Ar), 127.6 (C5 or C7), 113.8 (C11
and C15), 76.1 (C5 or C7), 68.5 (C18), 58.4, 55.3 (C16), 52.9 (C27), 43.9 (C9), 38.7
(C4),24.2 (Cl or C2),23.4 (C1 or C2),23.1 (C3), 18.9 (C25).
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Reduction of the Mander’s Acylation Reaction Product (+)-10

28 25 0
HQ =

Procedure A: Compound (+)-10 (0.15 g, 0.32 mmol) was subjected to the general
procedure for ketone reduction using NaBH, (0.01 g, 0.22 mmol, 0.5 equiv.). The
reaction was stirred at —10 °C for 2 h. The residue was purified using column
chromatography on silica gel (light petroleum ether/ethyl acetate, 2:1). Compound (+)-
51 was isolated as a white foam (0.07 g, 42%). Compound (+)-52 or (+)-53 (0.04 g,
29%). Compound (+)-52 or (x)-53 (0.01 g, 10%).

Procedure B: Compound (+)-10 (0.21 g, 0.44 mmol, 1 equiv.) was subjected to the
general procedure for ketone reduction using NaBH, (0.01 g, 0.22 mmol, 0.5 equiv.).
The reaction was stirred at —10 °C for 30 min. The residue was purified using column
chromatography on silica gel (light petroleum ether/ethyl acetate, 2:1). Compound (+)-
51 was isolated as a white foam (0.11 g, 52%). Starting material (0.07 g, 31%).

(£)-(3R 4R ,5SR)-N-(4’-Methoxybenzyl)-3-methyl-4-hydroxy-5-(2’-methylpropyl)-
pyrrolidin-2-one-3,5-dicarboxylic acid-3-benzyl ester-5-methyl ester (+)-51
Found (NSI): [M+Na]® 506.2134; [C,;H;;NO.+Na]" requires 506.2149. v .
film)/cm™' 3373, 1735 and 1676. '"H NMR (500 MHz, CDCL;) 6 7.41 — 7.33 (m, 5H,

H20-24), 7.11 (app d, 2H, J = 8.7 Hz, H12 and H14), 6.68 (app d, 2H, J = 8.7 Hz, H11
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and H15),5.27 (d, 1H, J = 12.4 Hz, H18), 524 (d, 1H, J = 12.4 Hz, H18), 4.94 (d, 1H, J
=16.1 Hz, H9), 4.69 (d, 1H, J = 8.4 Hz, H6), 4.39 (d, 1H, J = 16.1 Hz, H9), 3.75 (s, 3H,
H16),3.70 (s, 3H, H27), 3.14 (d, 1H J = 8.4 Hz, H28), 1.71 — 1.67 (m, 2H, H4), 1.67 -
1.62 (m, 1H, H3), 1.48 (s, 3H, H25), 0.83 (d, 3H, J = 6.2 Hz, H1 or H2), 0.70 (d, 3H, J
= 6.2 Hz, H1 or H2). ®C NMR (126 MHz, CDCL,) & 172.8, 172.18, 170.8, 158.5, 135.1,
1303, 128.7 (A1), 128.4 (Ar), 128.3 (Ar), 127.9 (C12 and C14), 113.8 (C11 and C15),
77.5 (C6), 72.1, 67.7 (C18), 562, 55.3 (C16), 52.5 (C27), 45.1 (C9), 40.3 (C4), 24.1
(C1 or C2),24.1 (C3),23.4 (C1 or C2), 19.2 (C25).

(#)-(3R AR SR)-N-(4’-Methoxybenzyl)-3-methyl-3-hydroxymethyl-4-hydroxy-5-(2’-
methylpropyl)-pyrrolidin-2-one-5-carboxylic acid methyl ester (+)-52

(£)-(3R A4S ,5R)-N-(4’-Methoxybenzyl)-3-methyl-3-hydroxymethyl-4-hydroxy-5-(2’-
methylpropyl)-pyrrolidin-2-one-5-carboxylic acid methyl ester (+)-53

Compound (z)-52 or ()-53: Found (NSI): [M+H]" 380.2065; [C,,H,,NO+H]" requires
380.2068. v, (thin film)/cm™ 3356, 2961, 1735 and 1671. *H NMR (500 MHz,CDCl)

I 7.15 @ppd, 2H,J = 8.6 Hz, H12 and H 14), 6.83¢pd, 2HJ = 8.6 Hz, H11 and
H15), 4.99 (d, 1HJ = 16.2 Hz, H9), 4.70 (d, 1H,= 7.3 Hz, H6), 4.40 (d, 1Hl = 16.2
Hz, H9), 4.27 (s, 1H, H21), 3.963.88 (m, 2H, H17), 3.78 (s, 3H, H16), 3.73 (s, 3H,
H20), 2.95 (s, 1H, H18), 1.77 (dd, 1Bz 12.8, 5.7 Hz, H4)1.74D1.69 (m, 1H, H3),
1.66 (dd, 1HJ = 12.8, 4.9 Hz, H4), 0.99 (8H, H22), 0.91 (d,3H, J = 6.3 Hz,H1 or
H2), 0.74 (d,3H, J = 6.3 Hz,H1 or H2. *C NMR (126 MHz, CDGJ) ! 176.69(C8),
173.58(C19) 158.51(C13), 130.64(C10), 127.85(C12 and C14)113.91(C11 and
C15), 79.03(C6), 72.87(C5 or C7), 65.99(C17), 55.26(C16), 52.28(C20), 49.26(C5
or C7), 44.96(C9), 40.38(C4), 24.14(C1 or C2),24.12(C3), 23.52(C1 or C2) 18.17
(C22)

Compound (z)-52 or ()-53: Found (NSI): [M+H]* 380.2065; [C,,H,,NO+H]" requires
380.2068. v, (thin film)/cm™ 3393, 2955, 1738 and 1669. '"H NMR (500 MHz, CDCI,)
0 7.11 (appd, 2H, J = 8.7 Hz, H12 and H14), 6.82 (appd, 2H, J = 8.7 Hz, H11 and
H15),4.59 (d, IH,J=15.6 Hz, H9),4.45 (d, IHJ =15.6 Hz, H9),4.43 (d, IHJ = 10.8
Hz, H6),3.82 (dd, 1H J =10.8,5.3 Hz, H17), 3.78 (s, 3H, H16), 3.56 (dd, 1H, J = 10.8,
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5.4 Hz, H17), 3.44 (s, 3H, H20), 2.10 (dd, 1Hs 14.2, 7.3 Hz, H4), 1.981.92 (m,

1H, H3), 1.57 (dd, 1H) = 14.2, 4.8 Hz, H4), 1.1, 3H H22), 0.87 (d,3H J = 2.2 Hz,
H1 or H2, 0.86 (d,3H, J = 2.2Hz, H1 or H2. *C NMR (126 MHz, CDC)) ! 177.56
(C8 or C19) 158.73(C8 or C19) 128.60(C12 and C14)113.86(C11 and C15)74.86
(C6), 68.14(C5 or C7) 66.51(C17), 55.30(C16), 52.20(C20), 48.57(C5 or C7) 44.16
(C4), 43.67(C9), 24.46(C1 or C2) 23.57(C1 or C2) 23.49(C3), 13.51(C22).

(+)-(3R,4R,5R)-N-(4GMethoxybenzyl)-3-methyl-4-hydroxy-5-(2@methylpropyl) -
pyrrolidin -2-one-3,5-dicarboxylic acid-5-methyl ester(+)-57

(+)-51

Compound(x)-51 (1.29 g, 2.7 mmolwas subjected to the general proceduretlier
treatment of the benzyl ester under hydrogenolysis conditisimg) Pd(OH),/ C (0.65
g). The product(+)-57 was obtained aa colourless solid0.89 g, 86%). M further

purification wascarried out

Found (NSI): [MH] 392.1704; [GH,,NO,-H] requires 392.1715.,, (thin film)/cm®
3343,1741 andl673.mp 108111 jC.*H NMR (500 MHz, CDCJ) ! 7.14 @ppd, 2H,J

= 8.6 Hz, H12 and H14), 6.83gpd, 2H,J = 8.6 Hz, H11 and H15), 4.98 (d, 1HF=

16.2 Hz, H9), 4.91 (s, 1H, H6), 4.54 (d, 1Hs 16.2 Hz, H9), 3.79 (s, 3H, H16), 3.77
(s, 3H, H20), 1.891.84 (m, 1H,H4), 1.70D1.64 (m, 2H, H3 and H4), 1.44 (s, 3H
H18), 0.90 (d, 3H, = 6.3Hz, H1 or H2, 0.75 (d, 3H,J = 6.3Hz, H1 or H2).*C NMR

(126 MHz, CDCJ) ! 172.2, 158.8, 127.9 (C12 and C14), 114.1 (C11 and C15), 77.2
(C5 or C7) 74.4 (C6), 72.3 (C5 or C7), 55.3 (C16), 52.7 (C20), 45.4 (C9), 39.5 (C4),
24.2 (C3) 24.0 (C1 or C2), 23.3 (C1 or G209 (C18.
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(£)-(3R A4S ,5R)-N-(4’-Methoxybenzyl)-3-methyl-5-(2’-methylpropyl)-3-
azabicyclo[3.2.0] heptane-2,7-dione-5-carboxylic acid methyl ester (+)-66

(x)-66

Compound (+)-57 (0.13 g, 0.3 mmol) was subjected to the general procedure for the
formation of an acyl selenide using diphenyldiselenide (0.16 g, 0.5 mmol, 1.5 equiv.)
and tributylphosphine (0.16 mL, 0.7 mmol, 2 equiv.). Compound (+)-66 was isolated as
an off-white solid (0.05 g, 43%).

Found (NSI): [M+H]" 376.1756; [C,H,sNO+H]" requires 376.1755. v, (thin
film)/cm™ 1842, 1731 and 1702. mp 104-109 °C 'H NMR (500 MHz, CDCL,) 6 7.12
(app d, 2H,J = 8.7 Hz, H12 and H13), 6.83 (app d, 2H,J = 8.7 Hz, H11 and H15), 5.15
(s, 1H,H6),4.51 (d,2H,J = 1.8 Hz, H9), 3.78 (s, 3H, H16), 3.52 (s, 3H, H19), 2.11 (dd,
1H,J=134,7.7Hz,H4),1.77 - 1.71 (m, 1H, H3), 1.67 (s, 3H, H17), 1.62 (dd, 1H,J =
13.4,5.5 Hz, H4), 093 (d, 3H, J = 6.6 Hz, HI or H2), 0.86 (d, 3H, J = 6.6 Hz, H1 or
H2). "C NMR (126 MHz, CDCl,) 6 169.7, 168.4, 165.8, 159.0, 128.8, 128.8 (C12 and
C14), 1140 (C11 and C15), 76.0 (C6), 68.6 (CS5 or C7), 64.9 (C5 or C7), 55.3 (C16),
52.7 (C19), 43.9 (H9), 37.3 (C4), 24.6 (C3), 23.8 (Cl or C2), 22.8 (Cl or C2), 11.7
(C17).
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(#)-(3R AR SR)-N-(4’-Methoxybenzyl)-3-methyl-4-hydroxy-5-(2’-methylpropyl)-

pyrrolidin-2-one-3-phenylseleno ester-5-carboxylic acid methyl ester (£)-65

21 180 28 24
HO _

(+)-66

Compound (+)-72 (0.36 g, 0.7 mmol) was subjected to the general procedure for the
formation of an acyl selenide using diphenyldiselenide (0.35 g, 1.0 mmol, 1.5 equiv.)
and tributylphosphine (0.36 mL, 0.7 mmol, 2 equiv.). The desired compound (+)-65 was
isolated as a yellow oil (0.12 g, 31%). Compound (+)-66 was also isolated (0.03 g,
10%).

v, (thin film)/cm™ 3423, 1736 and 1690. 'H NMR (500 MHz, CDCl,) & 7.55 — 7.51
(m, 2H, H23 and H27), 7.44 — 7.37 (m, 3H, H24-26), 7.22 (app d, 2H, J = 8.6 Hz, HI2
and H14), 6.86 (app d, 2H, J = 8.6 Hz, H11 and H15), 4.98 (d, 1H, J = 16.1 Hz, HY),
4.84 (d, 1H,J = 52 Hz, H6), 449 (d, 1H, J = 16.1 Hz, H9), 3.79 (s, 3H, H16), 3.73 (s,
3H, H20), 2.94 (d, 1H,J = 5.2 Hz, H21), 1.85 — 1.77 (m, 1H, H4), 1.72 — 1.64 (m, 2H,
H4 and H3), 1.51 (s, 3H, HI8), 0.87 (d, 3H, J = 6.4 Hz, H1 or H2),0.75 (d, 3H, J = 6.4
Hz, H1 or H2). ®C NMR (126 MHz, CDCL,) § 204.9, 172.6, 172.5, 158.6, 136.2, 130.2,
1293 (Ar), 129.1 (Ar), 128.1 (C12 and C14), 126.6 (Ar), 114.0 (C11 and C12), 77.0
(C6), 71.5 (C5 or C7), 64.3 (C5 or C7), 55.3 (C16), 52.5 (C20), 45.0 (C9), 40.3 (C4),
24.1 (C3),24.1 (C1 or C2), 23.5 (C1 or C2), 21.4 (C18). "Se NMR (95 MHz, CDCl,) &
700.24.
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(2)-(3R 4R 5R)-N-(4’-Methoxybenzyl)-3-methyl-4-(tri-methylsilanyloxy)-5-(2’-
methylpropyl)-pyrrolidin-2-one-3,5-dicarboxylic acid-3-benzyl ester-5-methyl ester
(x)-67

(+)-51

Compound (+)-51 (0.41 g, 0.8 mmol) was subjected to the general procedure for the
silyl protection of the hydroxyl moiety using trimethylsilyl chloride (0.13 mL, 1.0
mmol, 1.2 equiv.) and imidazole (0.15 g, 2.1 mmol, 2.5 equiv.). No further purification

was carried out. The product (£)-67 was obtained as a yellow oil (0.48 g, quant.).

Found (NSI): [M+H]" 556.2728; [C,H,,NO,Si+H]" requires 556.2725. v, (thin
film)/cm™ 2957, 1740 and 1697. '"H NMR (500 MHz, CDCL,) 6 7.47 — 743 (m, 5H,
H20-24), 7.19 (app d, 2H, J = 8.7 Hz, H11 and H15), 6.75 (app d, 2H, J = 8.7 Hz, H12
and H14),5.35 (d, 1H, J = 12.2 Hz, H18), 5.18 (d, 1H, J = 12.2 Hz, HI8), 4.74 (d, 1H, J
=16.0 Hz, H9), 4.65 (d, 1H, J = 16.0 Hz, H9), 4.50 (s, 1H, H6), 3.83 (s, 3H, H16), 3.57
(s, 3H, H27), 1.97 (dd, 1H, J = 15.1, 8.4 Hz, H4), 1.90 (dd, 1H, J = 15.1, 3.8 Hz, H4),
1.84 — 1.78 (m, 1H, H3), 1.65 (s, 3H, H25),0.81 (d, 3H, J = 6.6 Hz, H1 or H2), 0.70 (d,
3H, J = 6.6 Hz, H1 or H2), 0.22 (s, 9H, H28). "C NMR (126 MHz, CDCL,) 6 173.3,
172.8, 1694, 158.4, 1354, 129.6, 128.7 (Ar), 128.6 (Ar), 128.3 (Ar), 128.2 (C12 and
C15), 113.6 (C11 and C15), 81.1 (C6), 71.5 (C5 or C7), 67.4 (C18), 56.6 (C5 or C7),
55.3 (C16), 52.1 (C27), 46.2 (C9), 40.1 (C4), 24.8 (C1 or C2), 23.63 (C3), 23. (Cl1 or
C2),21.2 (C25),0.1 (C28).
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(#)-BR4R,5R)-N-(4’-Methoxybenzyl)-3-methyl-4-(tri -ethylsilanyloxy)-5-(2’-
methylpropyl)-pyrrolidin-2-one-3,5-dicarboxylic acid-3-benzyl ester-5-methyl ester
(+)-68

(£)-51

Compound (61 (0.11 g 0.2 mmol)was subjected to the general proceduretier
silyl protection of the hydroxyl moietysingtriethylsilyl chloride (0.05 ml, 0.3 mmol,
1.2 equiv.) and imidazole (0.04 g, 0.6 mmol, 2duiv.). No further purification was

carried outThe produc(z)-68 wasobtainedasa yellow oil (0.13 g, quant.

Found (NSI): [M+H] 598.3178; €..H,NO,Si+H]" requires 598.3195! ... (thin
film)/cm' 2957, 1741 and 1697H NMR (500 MHz, CDCL,) # 7.38D7.33 (m, 5H,
H20-24), 7.08 @ppd, 2H,J = 8.6 Hz, H 12 and H14), 6.64gpd, 2H,J = 8.6 Hz, H11
and H15), 5.21 (d, 1H] = 12.2 Hz, H18), 5.12 (d, 1Bi= 12.2 Hz, H18), 4.61 (d, 181

= 16.0 Hz, H9), 4.52 (d, 1H,= 16.0 Hz, H9), 4.38 (s, 1H, H6), 3.73 (s, 3H, H16), 3.46
(s, 3H, H27), 1.88 (2H, J = 7.3 Hz, H4), 1.78©1.70 (m, 1H, H2), 1.56 (s, 3H, H25),
0.96 (t, 9H J = 7.9 Hz, H29), 0.69 (d, 3H = 6.6 Hz, H1 or H2), 0.63 (q, 6H,= 8.1

Hz, H28), 0.59 (d, 3HJ = 6.6 Hz, H1 or H2)“C NMR (126 MHz, CDC)) # 173.5,
172.8, 169.3, 158.4,35.23, 129.5, 128.7 (Ar), 128.5 (Ar), 128.3 (Ar), 128.2 (C12 and
C14), 113.6 (C11 and C15), 81.4 (C6), 71.7 (C5 or C7), 67.5 (C18), 56.7 (C5 or C7),
55.2 (C16), 52.1 (C27), 46.5 (C9), 39.8 (C4),(E1 or C2) 237 (C3), 22.7 (C1 or
C2), 215 (C25), 6.7C29), 48 (C28)
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Protection of the Hydroxyl Moiety at C6 Using Trifluoroacetic Anhydride

Procedure A: Compound (61 (0.35 g, 0.7 mmglwas subjected to the general
procedure forthe protection of the hydroxyl moiety at Ce@using trifluoroacetic
anhydride (0.25 mL, 1.8 mmol, 2.5 equivand pyridine (0.15 mL, 1.8 mmol, 2.5
equiv.). Purification using column chromatography on silica gel (light petroleum
ether/ethyl acetate 1:1) gave compounds/@)0.22 g, 52%) and (x§1(0.08 g, 21%).

Procedure B: Compound (b1 (1.21 g, 2.5 mmol) was subjected to the general
procedure for the protection of the hydroxyl moiety at C6 using trifluoroacetic
anhydride (0.87 mL, 6.2 mmol, 2.5 equiahd pyridine (0.50 mL, 6.2 mmol, 2.5
equiv.). No further purificgon was carried out. Compound {Z) was isolated as a

colourless oil (1.45 g, quant.).

(+)-(3R,4R,55)-N-(4GMethoxybenzyl)-3-methyl-5-(2@methylpropyl) -4-

(triflu oroacetoxy)pyrrolidin -2-one-3,5-dicarboxylic acid-3-benzyl ester5-methyl
ester (x}70

| o (thin film)/cm'21796, 1742 and 1708H NMR (500 MHz, CDCJ) ! 7.38D7.33

(m, 5H, H2024), 7.09 éppd, 2H,J = 8.7 Hz, H12 and H14), 6.6&gpd, 2H,J = 8.7

Hz, H11 and H15), 6.05 (s, 1H, H6), 5.15 (s, 2H, H18), 4.85 (dJH16.1 Hz, H9),
457 (d,1H,J = 16.1 Hz, H9), 3.75 (s, 3H, H16), 3.65 (s, 3H, H27), 1.72 (qd J2H,
14.7, 6.0 Hz, H4), 1.62 (s, 3H, H25), 154.47 (m, 1H, H3), 0.70 (dl = 6.6 Hz, 3H,

H1 or H2), 0.67 (dJ = 6.6 Hz, 3H, H1 or H2)*C NMR (126 MHz, CDC)) # 171.0,
171.0,168.0, 158.7, 134.6, 129.3, 128.7 (Ar), 128.5 (Ar), 128.5 (Ar), 128.0 (C12 and
C14), 113.9 (C11 and C15), 79.8 (C6), 70.0, 68.2 (C18), 55.5, 55.2 (C16), 53.0 (C27).
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45.0 (C9), 39.9 (C4), 23.7 (C1 or C2), 23.6 (C3), 23.4 (C1 or C2), 19.9 (CRBMR

(471MHz, CDCL) ! -74.45,

(+)-(3R,4R,55)-N-(4GMethoxybenzyl)-3-methyl-5-(2@methylpropyl) -4-

(triflu oroacetoxy)pyrrolidin -2-one-3-carboxylic acid benzyl ester ()71

" . (thin film)/cm* 1794, 1746 and 17034 NMR (500 MHz, CDC)) ! 7.38D7.33

(m, 4H,H20,H21, H23 andH24), 7.24 (dd, 1H) = 4.0, 2.1 Hz, 122), 7.08 &ppd, 2H,
J=8.5 Hz, H12 and H14), 6.62gpd, 2H,J = 8.5 Hz, H11 and H15), 5.26 (d, 1#5

12.2 Hz, H18), 5.18 (d, 1H,= 15.1 Hz, H9), 5.12 (d, 1H,= 6.5 Hz, H6), 5.03 (d, 1H,
J=12.2 Hz, H18), 3.79 (d, 1H,= 15.1 Hz, H9), 3.75 (s, 3H, H16), 3.63 (ddd, TIH,

10.4, 6.5, 3.7 Hz, H5), 1.781.67 (m, 1H, H4), 1.65 (s, 3H, H25), 1.B8A4.37 (m, 1H,

H3) 1.30b1.28 (m, 1H, H4), 0.88 (d, 3H,= 6.5 Hz, H1 or H2), 0.65 (d, 3H,= 6.5

Hz, H1 or H2).C NMR (126 MHz, CDC)) ! 169.9, 167.6, 159.1, 129.4 (C12 and
C14), 128.7 (Ar), 128.5 (Ar), 128.4 (Ar), 126.4, 114.0 (C11 and C15), 100.0, 83.3 (C6),
77.2, 67.9 (C18), 56.1, 56.0 (C5), 55.2 (C16), 43.5 (C9), 41.2 (C4), 29.7, 24.3 (C1 or
C2), 24.1 (C3), 20.8 (C1 or C2), 19.5 (C2%¥.NMR (471 MHz, CDC)) ! -75.07.

(+)-(3R,4R,5R)-N-(4GMethoxybenzyl)-3-methyl-4-(triflu oroacetoxy)5-(20
methylpropyl) -pyrrolidin -2-one-3,5-dicarboxylic acid-5-methyl ester (x}72

(+)-57

Compound ()70 (1.30 g, 2.6 mmol) was subjected to the general procedurddor
treatment of the benzyl ester under hydrogenolysis conditions Bslif@@H),/ C (0.65

g). Purification using column chromatography on silica gel (light petroleum ether/ethyl
acetate 2:1, the10% methanol inlichloromethangegave the desired produ@t)-72 as

a colourless oil (0.22 g, 20%) and compo@ha@57 (0.14 g, 16%).
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(£)-57

Compound (£67 (0.30 g, 0.80 mmoljvas subjected to the general procedure for the
protection of the hydroxyl moietgt C6 using trifluoroacetic anhydrig@.26 mL, 1.90
mmol, 2.5 equiv.)and pyridine (0.15 mL, 1.90 mmol, 2.5 equiv.). No further
purification wascarried out The desired compound (¥P was isolated as a yellow oil
(0.30 g, 81%).

I (thin film)/cm'*1799, 1742, 1707 and 16784 NMR (500 MHz, CDCJ) # 7.11
(appd, 2H,J = 8.7 Hz, H12 and H14), 6.83gpd, 2H,J = 8.7 Hz, H11 and H15), 6.35

(s, 1H, H6), 5.08 (d, 1H] = 16.2 Hz, H9), 4.57 (d, 1H,= 16.2 Hz, H9), 3.82 (s, 3H,
H16), 3.80 (s, 3H, H21), 1.74 (dd, 1Bi= 14.0, 6.6 Hz, H4), 56 (s, 3H, H19), 1.5

1.53 (m, 1H, H3), 1.50 (dd, 1H,= 14.0, 4.2 Hz, H4)).72 (d, 3HJ = 6.4 Hz, H1 or

H2), 0.68 (d, 3H,) = 6.4 Hz, H1 or H2)’*C NMR (12 MHz, CDCL) # 175.1, 170.7,
168.6, 159.1, 128.4, 127.7 (C12 and C14), 114.2 (C11 and TL8)(C6), 70.9, 55.3
(C16), 53.8, 53.3 (C21), 45.5 (C9), 40.3 (C4), 23.9 (C1 or C2), 23.3 (C1 or C2), 23.2
(C3), 21.1 (C19)F NMR (471 MHz, CDC)) # -74.76.
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The Barton Decarboxylation

(+)-57R=H

(+)-72 R = COCF; \

(+)-66

Procedure A Compound(£)-57 (0.10 g, 0.24 mmol) was dissolved in chloroform (5
mL) with oxalyl chloride (0.03 mL, 0.32 mmol, 1.2 equiv.) and 1 drop of DMF. The
reaction was stirred for 2 h. In a separate flaskercaptopyridinéN-oxide sodium salt
(0.06 g, 0.39 mmol, 1.5 equiv.) was dissolved in chloroform (5 mL). The acid chloride
solution was added to ther2ercaptopyridineN-oxide sodium salt solution dropwise
using a cannula whilst irradiating with a UV lpmThe reaction was left under UV
irradiation for 3 h after which the solvent was removed and the residue-d&ssob/ed

in diethyl ether. The organic phase was washed with a solution of HCI (1 M, 3 x 20
mL), brine (3 x 20 mL)dried over anhydrous magsiem sulfateand evaporated to

dryness under reduced pressure.

Procedure B The carboxylic acid starting material was dissolved in anhydrous
dichloromethane (50 mL/gf carboxylic acig. NMM (2 equiv.),2-mercaptopyridiné\-

oxide sodium sal{2 equiv.),EDACAHCI(2.5 equiv.) and DMAP (0.2 equiv.) were
added to the reaction mixture. The reaction mixture was stirred under an atmosphere
nitrogen for 20 h. An aqueous solution of HCIM1 3 mL) was added to the reaction
mixture and stirring was continued for a further 30 min. The organic layer was
separated, washed with water (3 x 20 mL), dried over anhydrous magresdfate

filtered, and evaporated to dryness under reduced pressure.

Compound (67 (0.10 g, 0.24 mmolvas subjected to the conditions described above
in procedure B using\MM (0.05 mL, 0.49 mmol, 2 equiv.g-mercaptopyridineN-

I -/
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oxide sodium sal{0.07 g, 0.49 mmwl, 2 equiv.),EDACAHCI(0.12 g, 0.62 mmol2.5

equiv.)and DMAP (.01 g, 0.05 mmoDR.2 equiv.) Compoundz)-66 was isolated.

Compound (£)72 (0.12 g, 0.25 mmolyvas subjected to the conditions described above
in procedure B using NMM (0.06 mL, 0.50 mmol, 2 equi2-mercaptopyridine\-
oxide sodium sal{0.08 g, 0.50 mmol, 2 equiv.EDACaHCI(0.12 g, 0.62 mmol, 2.5
equiv.) and DMAP (0.01 g, 0.05 mmol, 0.2 equiv.). Compound@iyas isolated.

The Krapcho Decarboxylation

(x)-51

Compound (+61(0.18 g, 0.4 mmglwas dissolved in wet DME mL) and LiCI(0.05

g, 1.1 mmol, 3 equiv.added to the mixture. The reaction was heated aj{@36r 4 h.

The solution was cooled to room temperatura. agueoussolution of NHOH (5%)
wasaddedto the reaction mixtuteThe aqueous phase was extracted with diethgreth

(3 x 10 mL) The organic layers were combined, washed with @&re 10 mL) dried

over anhydrous magnesium sulfate, filterethd evaporated to dryness. The crude
product was purified by silica gel column chromatography using 20% ethyl acetate in
light petroleum ether to give the first eluting compound7&ps an oil (0.05 g, 49%)

and the second eluting compound-{®)as an oil (0.04 g, 38%).

(+)-N-(4@GMiethoxybenzyl)-3-methyl-5-(2@methylpropyl) -3,4-dehydropyrrolidin -2-
one ()78

I (thin fim)/cm’* 1713 and 1671:H NMR (500 MHz, CDC)) # 7.15 @ppd, 2H,J =
8.6 Hz, H12 and H14), 6.82ppd, 2H,J = 8.6 Hz, H11 and H15), 4.57 (d, 2= 2.0
Hz, H9), 4.51 (dt, 1H) = 9.5, 2.2 Hz, H5), 3.78 (s, 3H, H16), 2.91 (ddd, 1H,16.1,
9.7, 2.0 Hz, H4), 2.792.61 (m, 1H, H6), 2.392.31 (m, 1H, H3), 2.22 (ddd, 18 =

I -/
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16.1, 6.3, 2.4 Hz, H4), 1.29 (d, 3Bl= 7.2 Hz, H17), 0.92 (d, 3H = 4.9 Hz,H1 or

H2), 0.91(d, 3H,J = 4.9 Hz, H1 or H2)®C NMR (126 MHz,CDCl) ! 178.3,158.7,
135.8, 128.70, 128.5 (C12 and C14), 113.8 (C11 and C15), 109.7 (C5), 55.2 (C16), 43..
(C9), 35.1 (C6), 30.3 (C4), 26.8 (C3), 23.6 (C1 or C2), 23.5 (C1 or C2), 17.3 (C17).

(+)-N-(4@GViethoxybenzyl)-3-methyl-5-(2@methylpropyl) -4,5-dehydropyrrolidin -2-

one (£}79

" (thin film)/em® 1675.%H NMR (500 MHz, CDCY) ! 7.15 @ppd, 2H,J = 8.6 Hz,

H12 and H14), 6.83appd, 2H,J = 8.6 Hz, H11 and H15), 6.7D6.66 (m, 1H, H7),

5.09 (d, 1HJ = 15.0 Hz, H9), 4.01 (d, 1H,= 15.0 Hz, H9), 3.78 (s, 4H, H16 and H8),
1.92 (t, 3H,J = 1.7 Hz, H17), 1.6 1.60 (m, 1H, H3), 1.65 (d, 1H] = 9.7 Hz, H4),

1.25 (d, 1HJ = 9.7 Hz, H4), 0.89 (d, 3H, = 6.1 Hz, H1 or H2), 0.85 (d, 3H,= 6.1

Hz, H1 or H2).*C NMR (126 MHz, CDC)) ! 171.7, 158.9, 140.6 (C7), 134.5, 129.9,
129.3 (C12 and C14), 114.0 (C11 and C15), 58.1 (C6 or C16), 55.3 (C7 or C16), 43.
(C9), 39.8 (C4), 25.1 (C3), 23.9 (C1 or C2), 22.3 (C1 or C2), 11.3 (C17).

(+)-(3R,5R)-N-(4@GMiethoxybenzyl)-3-methyl-5-(2@methylpr opyl)-pyrrolidin -2-one-
5-carboxylic acid methyl ester (£)81 and (¥)-(3S,5R)-N-(4GMethoxybenzyl)-3-
methyl-5-(2Gmethylpropyl) -pyrrolidin -2-one-5-carboxylic acid methyl ester ()82

(+)-10

Compound (£110 (0.33 g, 0.70 mmol) was subjected to the gengratedure fothe
treatment of the benzyl ester under hydrogenolysis conditions Bslif@gH),/ C (0.17
g). The product was obtained as an inseparable mixture of diastereoisorr&l )
(¥)-82in a 1:1 ratio as a colourless oil (0.26 g, quant.). Nthéurpurificationwas

carried out
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Found (NSI): [M+H] 348.1806; C,H,.NO+H]" requires 348.1085. . (thin

film)/cmi * 2955, 1743 and 16381 NMR (500 MHz, MCL,) # 7.25 @ppd, 4H, J = 8.7

Hz, H12 and H1), 6.82 @ppd, 4H, J = 8.7 Hz,H11 andH15), 5.22 (d, 1H, = 14.8

Hz, H9),4.97 (d,1H, J = 14.8 Hz,H9), 4.02 (d,1H, J = 14.8Hz, H9), 3.84 (d, 1H,J =

14.8 Hz, H9), 3.78 (s, 6H, H163,20D3.18 (m, 1H, H7), 3.17 (s, 3H, H19), 3.14 (s,
3H, H19),2.89 (q,1H, J = 7.4 Hz,H7), 2.17D2.08 (m, 4H, H4)1.45 (d,3H,J = 7.6

Hz, H17), 1.45D1.37 (m, 2H, H3)L.37 (d, 3H,J = 7.6 Hz, H17), 0.92 (d, 3H,= 6.8

Hz, H1 or H2), 0.86 (d, 3H] = 6.8 Hz, H1 or H2)0.78 (d, 3H,J = 6.6 Hz, H1 or H2),

0.76 (d, 3H,J = 6.6 Hz, H1 or H2)*C NMR (126 MHz, CDCJ) # 207.4, 206.0, 173.6,
173.2, 167.9, 159.3, 130.8 (C12 and C14), 130.8 (C12 and C14), 127.7, 113.8 (C11 an
C15), 113.7 (C11 and C15), 75.7, 75.2, 55.3 (C16), 52.8 (C19), 44.5 (C7), 44.2 (C7),
43.7 (C9), 38.1 (C4), 36.9 (C4), 25,68.9 (C1, C2 or C3), 23.8 (C1, C2 or C3), 23.7
(C1, C2 or C3), 23.6 (C1, C2 or C3), 23.6 (C1, C2 or C3), 23.5 (C1, C2 or C3), 12.5
(C17), 10.0 (C17).

The Noyori Asymmetric Hydrogenation Reaction

(+)-81 and (+)-82 ()-87 ()-88

Procedure A The mixture of compounds (81 and (x}82 (0.15 g, 0.43 mmol) and
potassium carbonate (0.01 g, 0.25 equiv.) were dissolved in a mixtugropanol and
THF (5:1, 3 mL). The reaction was flushedth argon for 5 min after which the
catalyst, RUCL[(R)" DM" BINAP][(R)" DAIPEN] (0.03 g, 5 mol%) was added and
flushed with argon for a further 5 min. The argon was replaced with a balloon of
hydrogen and the reaction mixture left to stir for 6 d. The solvent was removed under
reduced pressure and the resulting residegisslved in toluene (5 mland washed

with water (2 x 5 mL). The organic layer wased over anhydrous magnesisulfate

I -/
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filtered, and evaporated to dryness under reduced pressure. The residue was purifie

using column chromatography on silica gel (light petroleum ether/ethydtac@1).
Two products were isolated from the reaction mixture, the first with the possible

structure(z)-87 or (x)-88, the second is unknown.

Procedure B: The mixture of compounds (Bl and (+}82 (0.12 g, 0.38 mmol) and
potassium carbonate (0.01 @2®.equiv.) were dissolved in a mixture epepanol and

THF (5:1, 3 mL). The reaction was degassedniagen/vacuum for 5 min after which

the catalystRuCL[(R)! DM! BINAP][(R)! DAIPEN] (0.02 g, 5 mol%)was added. The
reactionwas hydrogenated at 40 gsr 3 d. The solvent was removed under reduced
pressure and the resulting residualissolved in toluenés mL) and washed with water

(2 x 5mL). The organic layer was dried over anhydrous magnesiufate filtered

and evaporated to dryness under psdupressure. The residue was purified using
column chromatography on silica gel (light petroleum ether/ethyl acetate,T8ud).
products were isolated from the reaction mixture, the first with the possible structure

(x)-87 or (x)-88, the second is unknown

(+)-(5R)-3,4-Dehydro-N-(4@methoxybenzyl}3-methyl-4-(isopropoxy cambonate)-5-
(2Gmethylpropyl) -pyrrolidin -2-one-3,4-oxide (+)-87 or (¥)-(5R)-3,4-Dehydro-N-(40
methoxybenzyl)}3-methyl-4-isopropoxy-5-(2@methylpropyl) -pyrrolidin -2-one-3,4-
carbonate (+)-88

Found (NSI): [M+H] 392.2063; C,;H,,NO,+H]" requires 392.2068.",. (thin
film)/cm* 1758 and 1669'H NMR (500 MHz CDCL) # 7.16 @ppd, 2H,J = 8.6 Hz,
H12 and H14), 6.86appd, 2H,J = 8.6 Hz, H11 and H15), 5.48 (d, 1B~ 14.8 Hz,
H9), 5.06 (p, 1HJ = 6.3 Hz, H21),4.03 (dd, 1HJ = 8.5, 3.1 Hz, H5)3.80 (s, 3H,
H16), 3.74 (d, 1HJ) = 14.8 Hz, H9), 1.9®91.88 (m, 1H, H4), 1.88 (s, 3H, H17), 1.B7
1.82 (m, 1H, H4), 1.891.76 (m, 1H, H3)1.25 (d, 3HJ = 1.0 Hz,H19 or H20), 1.24
(d, 3H,J = 1.0 Hz,H19 or H20, 0.97 (d, 3H, = 6.1 Hz, H1 or H2), 0.92d, 3H, J =
6.1 Hz,H1 or H2. *C NMR (126 MHz, CDC)) # 166.2, 165.61638, 159.6, 129.5
(C12 and C14)1266, 1144 (C11 and C15)83.6 71.3 (C21) 554 (C16) 55.0 (C5)
459 (C9) 41.0 (C4), 24.5 (C3), 23.4 (C1 or G217 (C7), 21.6 (C1l or C2), 21.5 (C19
and C20).
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Preparation of S-Methyl-p-toluenethiosulfonate96

9 \__SMe

4 Q v
/©/S\o_ Na + (SMe), — /j©5/s\‘o
1 5 6
96
Sodium p-toluenesulfinate (3.23 g, 18.13 mmol, 3.2 equiwas dissolved in
dichloromethang50 mL) and dimethyl disulfide (0.50 mL, 5.66 mmol) added to the
solution. lodine (2.81 g, 11.33 mmol, 2 equiv.) was added to the mixture with vigorous
stirring. The reaction mixture was stirred and monitored by TLC until the dimethyl
disulfide was consugd The mixture was diluted with dichlorometha@ mL)
followed by the addition of aggousNa,S,0, (1 M) with stirring until the iodine colour
disappeared. The organic layer was washed with w@ex 50 mL) dried over

anhydrous sodiursulfate filtered, and evaporated to dryness under reduced pressure.
The producprecipitatedas an offwhite solid (1.15 g, quant.

I (thin film)/cm'* 2926and 1594'H NMR (500 MHz, CDGJ) ! 7.80 (d, 2H,]) = 8.3
Hz), 7.36 (d, 2HJ = 8.3 Hz), 2.50 (s, 3H), 2.46 (s, 3HJC NMR (126 MHz, CDGJ) !

144.9, 140.9, 129.9, 127.2, 21.7, 18.1.

Synthesis of the hiomethyl Derivative from (x)-81 and (x}82

(£)-81 and (*)-82

Triethylamine (0.2 mL, 1 mmol, 1.2 equiv.) aBdnethykp-toluenethiosulfonat€0.18

g, 0.8 mmol) were added to a solution of the mixture oBEand ()82 (0.30 g, 0.86
mmol) in dichloromethane (5 mL) at room temperature under a nitrogen atmosphere
! -/
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The mixture was stirred overnight at room temperature. The solvent was renmolezd u

reduced pressure anbdde residuepurified using columrchromatography on silica gel
(10% ethyl acetate in light petroleum ether) to ymdthpounds (£P7 and (x}98 as an
inseparable mixturD.16 g, 47%).

Compounds (#P7 and (£}98 Found (NSI):[M+H]" 394.1682; C,H,,NOS+H]"
requires 394.1683.. .. (thin film)/cm'* 2960, 1769, 1745 and 1698.

(+)-(3R,5R)-N-(4@GViethoxybenzyl)-3-methyl-3-methylsulfanyl-5-(2@methylpropyl) -
pyrrolidin -2,4-dione-5-carboxylic acid methyl ester ()97

'H NMR (500 MHz,CDCL,) # 7.27 @ppd, 2H, J = 8.7 Hz,H12 and H1¥, 6.83 &ppd,
2H,J = 8.7 Hz, H1 and H1%, 4.80 (d, 1H,J = 15.2 Hz, H9), 4.43 (d, 1H,= 15.2 Hz,
H9), 3.78 (s, B, H16), 3.45 (s, B, H19), 2.25 (dd, 1HJ = 15.2, 6.8Hz, H4), 2.15 (s,
3H, H20), 1.96 (dd, 1HJ = 15.2, 57 Hz, H4),1.58 (s, B, H17), 1.3891.29 (m, 1H
H3), 0.75 (d,3H, J = 4.5 Hz,H1 or H2, 0.74 (d,3H, J = 4.5 Hz,H1 or H2. *C NMR
(126 MHz, CDCJ)) # 200.2 1717, 167.9, 159.0129.8 (C12 and C14)128.5,1138
(C11 and C15)75.4,55.3 (C16) 529 (C19) 49.3,449 (C9) 40.0 (C4) 239 (C3) 23.5
(C1 and C2)16.9 (C17)12.3 (C20).

(+)-(3S,5R)-N-(4@QViethoxybenzyl)-3-methyl-3-methylsulfanyl-5-(2@methylpropyl) -
pyrrolidin -2,4-dione-5-carboxylic acid methyl ester (+}98

4 NMR (500 MHz, CDCJ) # 7.24 @ppd, 2H,J = 8.6 Hz, H2 and H1), 6.82 &ppd,
2H,J = 8.6 Hz,H11 and H1}, 4.96 (d, 1H,J = 14.9 Hz, H9), 4.03 (d, 1H,= 14.9 Hz,
H9), 3.77 (s, 3H, H16), 3.16 (s, 3H, H19), 2.28 (s, 3H, H20), 2.24 (dd] 2H5.3, 5.4
Hz, H4), 1.98 (dd, 1HJ = 15.3, 6.2Hz, H4), 1.74 (dtd, 1H) = 13.1, 6.6, 1.2 Hz, H3),
1.67(s, 3H H17), 0.93 (d,3H, J = 6.6 Hz,H1 or H2, 0.87 (d,3H, J = 6.6 Hz, H1 or
H2). 3C NMR (126 MHz, CDC)) # 202.6, 172.4, 168.0, 159.3, 130.7 (C12 and C14),
127.5, 113.8 (C11 and C15), 75.2, 55.3 (C16), 52.8 (C19), 48.2, 43.7 (C9)C38.3 (
24.6 (C1 or C2)239 (C1 or C2) 237 (C3) 185 (C17) 116 (C20)
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Reduction of the Thiomethyl Derivative (+)-97 and ()98

(¥)-97 and ()-98

()-97

The inseparable mixture ofompounds (£P7 and (x}98 (0.088 g, 0.22 mmol) was
subjected to the general procedure for ketone reduction using N&@8¥4 g, 0.11
mmol, 0.5 equiv.). The mixture was stirredEi0 jC for 30 minutes. After quenching
and subsequent washing the resulting residue was purified using column
chromatography on silica gel (light petroleum ether/ethyl acetate, T3&)first eluting
diastereoismer (x}99 was obtained as a yellow oil (0.015 g, 17%), the second eluting
diastereoisomer (¥)00was obtained as a dark yellow oil (0.023 g, 25%). The starting
material, annseparable mixture of compounds-&j)and (£}98, was recovered (0.020

g, 23%)

(+)-(3S,4S,5R)-N-(4GMethoxybenzyl)-3-methyl-3-methylsulfanyl-4-hydroxy-5-(23
methylpropyl) -pyrrolidin -2-one-5-carboxylic acid methyl ester (+)99

Found (NSI): [M+H] 396.1830; €C,H,,NO;S+H]" requires 396.1839! ., (thin
film)/cm'* 3432, 2957, 2927, 1741 and 1698.NMR (500 MHz, CDC]J) # 7.15 @pp

d, 2H,J = 8.7 Hz, H12 and H14), 6.82gpd, 2H, J = 8.7 Hz, H11 and H15), 4.84 (d,
1H,J = 15.9 Hz, H9), 4.47 (d, 1Hl = 10.0 Hz, H21), 4.36 (d, 1H,= 15.9 Hz, H9),
4.03 (d, 1H,J = 10.0 Hz, H6), 3.78 (s, 3H, H16), 3.66 (s, 3H, H19), 2.14 (s, 3H, H20),
1.85 (dd, 1H,]) = 14.5, 6.0 Hz, H4), 1.781.72 (m, 1H, H3), 1.65 (dd, 1K= 14.5, 4.5

Hz, H4), 1.63 (s, 3H, H17), 0.82 (d, 3%= 6.6 Hz, H1 or H2), 0.71 (d, 3H,= 6.6 Hz,
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H1 orH2). °C NMR (126 MHz, CDC)) ! 1746, 173.1, 158.7, 131, 1287 (C12 and

C14) 113.8(C11 and C15), 81.3 (C6), 67.4, 55.3 (G157 (C19), 51.5448 (C9)
44.0 (C4), 24.4 (C1 or C2239 (C1 or C2)235 (C3) 218 (C17), 11.5 (C20)

(+)-(3R,4R,5R)-N-(4AGMiethoxybenzyl)-3-methyl-3-methylsulfanyl-4-hydroxy-5-(20
methylpropyl) -pyrrolidin -2-one-5-carboxylic acid methyl ester (+)100

Found (NSI): [M+H] 396.1832; C,H,,NO.S+H]" requires 396.1839. . (thin
film)/cm** 3484, 2957, 2928, 1738 and 1684.NMR (500 MHz, CDCJ) ! 7.15 @pp
d, 2H,J = 8.7 Hz, H12 and H14), 6.82gpd, 2H,J = 8.7 Hz, H11 and H15), 4.89 (d,
1H, J = 16.0 Hz, H9), 4.47 (d, 1H,= 3.3 Hz, H6), 4.43 (d, 1H = 16.0 Hz, H9), 3.78
(s, 3H, H16), 3.70 (s, 3H, H19), 3.20 (d, 1H; 3.3 Hz, H21), 2.15 (s, 3H, H20), 1.88
(dd, 1H, J = 13.7, 6.3 Hz, H4), 1.80 (dd, 18= 13.7, 5.3 Hz, H4), 1.791.71 (m, 1H
H3), 1.50 (s, 3H, H17), 0.91 (d, 3bd= 6.6 Hz, H1 or H2), 0.77 (d, 3K,= 6.6 Hz, H1
or H2). *C NMR (126 MHz, CDC)) ! 173.2, 3.1, 158.5, 130,51282 (C12 and
C14), 113.8 (C11 and C15), 75.9 (C8L6, 57.5 553 (C16) 524 (C19), 45.2 (C9)
40.7 (C4) 242 (C3)242 (Clor C2),23.5(Cl or C2), 21.9 (C17), 12.6 (C20)
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(+)-(3S,4R,5R)-N-(4GMethoxybenzyl)-3-methyl-4-hydroxy-5-(2@methylpropyl) -

pyrrolidin -2-one-5-carboxylic acid methyl ester ()11 and (+}(3R,4R,5R)-N-(40
Methoxybenzyl)-3-methyl-4-hydroxy-5-(2@methylpropyl) -pyrrolidin -2-one-5-

carboxylic acid methyl ester ()101

20 17
oHO  Me
A
MeO718";
19 O +
11
1 > 10 2 ;
3
1552 0oMe 1555 Olyée
(#)-11 16 (+)-101

Rarey nickel was washed using ethanol and dried under an atmosphere of nitroget
before being added to a solution(&)-99 (0.02 g, 0.05 mmol) in ethanol. The reaction
mixture was heated under reflux for 4 h. After removal of the Raney nicKetragion

the solvent was removed under reduced presdure.resulting residue was purified
using column chromatography on silica gel (light petroleum ether/ethyl acetate, 3:1).
Compounds (+)-11 and (x}101 were isolated as an inseparable mixture of

diastereoisomers in al3ratio.

Found (NSI): [M+H] 350.1963; C,;H,-NO.+H]" requires 350.1962.

Major diastereoisomer. '"H NMR (500 MHz,CDCl,) ! 7.11 @ppd, 2H, J = 8.7 Hz,
H12 and H1% 6.75 @ppd, 2H, J = 8.7 Hz,H11 and H15), 4.75 (d, 1H] = 15.9 Hz,
H9), 4.65 (dd, 1H,) = 10.8, 5.2 Hz, H6), 4.25 (d, 1H,= 15.9 Hz, H9), 3.71s, 3H
H16), 3.58 (s, 3HH19), 2.71 (qd1H, J = 7.3, 4.9 HzH7), 1.7 (dd 1H, J = 13.3, 6.4
Hz, H4), 1.67D1.60 (m, 1H H3), 1.5 (dd, 1H, J = 13.3, 5.7 HzH4), 1.18 (d,3H,J =
7.2 Hz,H17), 0.85 (d,3H, J = 6.6 Hz,H1 or H2, 0.73 (d,3H,J = 6.6 Hz,H1 or H2.
3C NMR (126 MHz, CDC)) ! 175.9 172.0, 158.51311, 128.3 (C12 and C14), 113.8
(C11 and C15), 72.3 (CpY2.0, 553 (C16), 52.1 (C19)438 (C9) 411 (C7) 392
(C4), 241 (C1 or C2)24.0 (C3) 234 (C1 or C2)86 (C17)
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3.2.2.2 Synthesis fromL-Serine

L-Serine methyl ester hydrochloride102

O

CO,H 2
5
NH, 1
NH, HCI
109 102

L-Serine (@0.06 g, 010 mo) was subjected to the general procedure for the
esterification of an amino acid usingedyl chloride 20 mL, 029 mol, 3 equiv.) The
productL-serine methyl ester hydrochlorid®2 was obtaineds off-white solid (14.90

g, quanf. No further purificatio wascarried out

Found APCI): [M+H]" 120.0653 [C,H,NO,+H]" requires120.0655 mp 159164 ;C lit

155163{C.2[! ], = +4 (€ 2, MeOH, 25 iC, lit +5¢ 2, MeOH, 20 iC} 'H NMR (500
MHz, D,O)" 4.13 (t,1H, J = 3.5 Hz,H3), 3.96 (dd1H,J = 12.9, 4.3 HzH?2), 3.85 (dd,
1H, J = 12.9, 3.7 HzH2), 3.71 (s, 3HH5). *C NMR (126 MHz, DO) " 168.9 (C4),
59.2 (C2) 547 (C3) 537 (C5)

2-(AGMethoxy-benzylamino)-3-hydroxy-propanoic acid methyl ester103'

(@)
Z 3
HO 4 "OMe
1 HN 5
14 )6
COZMe > 7
HO 12 8
NH, .HCI N .
102 10
OMe
103 =

L-Serine methyl ester hydrochloride (0.36 g, 2 mmol) was dissatvedethanol (10
mL) and triethylamine (0.48mL, 3.4 mmol, 1.5equiv.) added The reaction mixture
was stirred foll h 4-Methoxybenzaldehyde (0.3d4L, 2.5 mmol, 1.1 equiv.) weasdded

I -/
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and he reactionmixture stirred for a further hour.The reaction mixture was purged

with nitrogenand Pd/C (10% by weight, 0.04 g) added, the mixture agasnpurged

with nitrogen andhentreated with hydrogen under balloon pressure overnight at room
temperatee. The reaction mixture was filtered through celite #nedsolvents removed
under reduced pressure. The residue was purified using column chromatography o
silica gel (light petroleum ether/ethyl acetate 1:1) to yield the title compound as a pale
yellow oil (0.35 g, 64%).

Found (NSI): [M+H] 240.1228; €C,,H,;NO,+H]" requires 240.1230. . (thin
film)/cm'* 3321, 2953, and 17364 NMR (500 MHz,CDCL) # 7.24 @ppd, 2H, J =
8.7 Hz,H9 and H1}, 6.86 @ppd, 2H, J = 8.7 Hz,H8 and H12, 3.83 (d,1H,J = 13.1
Hz, H6), 3.80 (s, 3HH13), 3.77 (dd,1H, J = 10.8, 4.6Hz, H2), 3.75 (s, 3HHS5), 3.67
(d, 1H, J = 13.1 Hz,H6), 3.60 (dd,1H, J = 10.8, 6.5 HzH2), 3.43 (dd,1H, J= 6.5, 4.5
Hz, H3). *C NMR (126 MHz, CDCJ) # 173.5 (C4) 1589 (C10) 1314 (C7), 129.5 (C9
and C11), 113.9 (C8 and C18p4 (C2), 61.6 (C3), 55.3 (C13), 52.2 (C5), 51.5 (C6)

Peptide Coupling

o
22 2 33 27 2

o)
1 3

21©i/ HO 4~OMe 5 026 4 OMe

20 78 17 _O_16 14 _N 6 17 016

CO,Me 15
HO/Y 19 W 7
HN o o, 8
“PMB 2 .
103 T

104 OI\{I? OMe

Compound103(0.93 g, 3.9mmol) was subjected to the general procedure for peptide
coupling usingEDACaHCI(0.64 g, 97 mmol, 2.5equiv.),NMM (0.85mL, 7.7 mmol, 2
equiv.), benzyl malonic half e=t(1.80 g, 7.7 mmol, 2 equivand DMAP (0.10 g, 0.8
mmol, 0.2 equiv.). The residue was purified using column chromatographlcangsil
(light petroleum etheethyl acetate, 2:1). Compourdd4 wasisolated as a yellow oil
(0.23 g, 14%)Compoundl12 wasisolated as a colourless oil (0.42 g%31
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2-{(4BGMethoxy-benzyl)}-[28(benzyloxycarbonyl)-acetyl]-amino}-3-hydroxy-

propanoic acid methyl esterl04

Found (NSI) [M+H]® 416.1698 [C,,H,.NO,+H]" requires 416.1704 !, (thin
film)/cm 13456, 2953, 1740 and 165H NMR (500 MHz,CDCl,) # 7.2997.25 (m,
5H, H18-23), 7.14 @ppd, 2H, J = 8.5 Hz,H9 and H1), 6.78 @ppd, 2H, J = 8.5 Hz,H8
and H12), 5.135.04 (m,2H, H17), 4.5194.38 (m, 2H H6), 4.04D3.97 (m, M, H2
and H3, 3.8193.74 (m, 1H H2), 3.70 (s, 3HH13), 3.58 (s, 3K H5), 3.51 (d,1H,J=
15.8 Hz,H15), 3.41 (d,1H, J = 15.8 Hz,H15). **C NMR (126 MHz, CDC)) # 170.Q
1673, 1595, 1352 (C10) 1287 (Ar), 128.5(Ar), 1285 (C9 and C11)1273 (C7 and
C18), 1144 (C8 and C12)675 (C17), 61.5 (C3)607 (C2), 55.3 (C13), 53.2 (CEH23
(C5), 41.4 (C15)

2-{(4BMethoxy-benzyl}-[2&(benzyloxycarbonyl)-acetyl]-amino}-3-(2G
(benzyloxycarbonyl)-aceyl] -oxy)-propanoic acid methyl esterl12

Found (NSI): [M+H] 592.2171; €C,;,H;,NO,;+H]" requires 592.2177! ... (thin
film)/cm * 2954, 1741 and 16588], = " 33.6 € 1, CHCL, 25 ;C) *H NMR (500 MHz,
CDCl,) # 7.39D7.29 (m, 1®, H1923 and H293), 7.20(appd, 2H, J = 8.7 Hz,H9
and H1), 6.85 @ppd, 2H, J = 8.7 Hz, H8 and H12), 5.16 (s, 4H, H17 and H27), 4.71
(dd, 1H,J = 11.7, 4.5 Hz, H2), 4.59 (d, 18 = 16.6 Hz, H6), 4.57 (dd, 1Bi= 11.7, 8.1
Hz, H2), 4.43 (d, 1HJ = 16.6 Hz, H6), 4.39dd, 1H,J=8.1, 4.5 HzH3), 3.78 (s, 3H
H13), 3.65 (s, 3HH5), 3.5603.45 (m, 2H H15 or H25, 3.32 (d,2H J = 2.1 Hz,H15
or H25. *C NMR (126 MHz, CDC)) # 168.2, 1671, 1669, 1661, 1659, 159.4, 135.3
1352, 128.6 (Ar), 128.6 (Ar)1286 (C9 and C11)128.5 (Ar) 1285 (Ar), 1284 (Ar),
1284 (Ar), 1273, 114.2(C8 and C12), 67.3 (C17 and C27), 63.2 (&B3 (C3), 55.3
(C13), 527 (C6) 525 (C5), 41.3 (C15 or C25413 (C15 or C25)
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2-(AGMethoxy-benzylamino)-3-(tri-iso-propylsilanyloxy)-propanocic  acid methyl

ester113

@)

2
COzMe 1 /\3)\
HO/DN’ TIPSO T 4 OMe
“PMB 14 6
103 " 7 .
11 9
10
OMe
113 13

Compoundl03 (2.07 g, 8.7mmol) was subjected to the general proceduretiersilyl
protection of the hydroxyl moietysingtriisopropylsilyl chloride(2.23mL, 10.4 mmol,
1.2 equiv.) and imidazole (1.48 g, 21.7 mmBl5 equiv.). The productll3 was
obtainedasa yellow 0il(3.10 g, 900). No further purification was carried out.

Found (NSI): [M+H] 396.2558; €,H;;NO,Si+H]" requires 396.2565! ., (thin
film)/cm * 2943, 2866 and 1748#],="19.2 ¢ 1, CHCL, 25 iC) 'H NMR (500 MHz,
CDCl,) $ 7.25 @ppd, 2H, J = 8.6 Hz,H8 and H12, 6.85 @ppd, 2H, J = 8.6 Hz,H9
and H1}), 3.97 (dd1H,J=9.5, 4.8 HzH2), 3.90 (dd1H,J = 9.5, 5.0 HzH2), 3.84 (d,
1H, J = 12.9 Hz,H6), 3.79 (s, 3HH13), 3.72 (s, 3HH5), 3.66 (d,1H, J = 12.9 Hz,
H6), 3.41 (t,1H, J = 4.9 Hz,H3), 1.09890.99 (m, 21K H1). *C NMR (126 MHz,
CDCl) $ 173.9 (C4), 158.7 (C1o1.0 (C7), 129.4 (C9 and C11)138 (C8 and
C12),65.0 (C2) 623 (C3) 553 (C13) 517 (C5) 513 (C6), 179 (C1), 119 (C1)
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2-{(4BGMethoxy-benzyl}[2Q(benzyloxycarbonyl)-acetyl]-amino}-3-(tri-iso-

propylsilanyloxy)-propanoic acid methyl esterl14

22 2
1 3
CO-Me 20 18 17 0. 16 14_N 6
TIPSO/\( 2 19 W 7
HN o O
“PMB 12 8
11 9
113 114 10
OMe

Compoundl113(2.00 g, 5.0 mmolwas subjected to the general procedure for peptide
coupling usingEDACAHCI (2.42 g, 12.6 mmol, 2.5 equivNMM (1.10 mL, 10.1
mmol, 2 equiv.), benzyl malonic half est@.35 g, 10.1 mmol, 2 equivghd DMAP

(0.12 g, 1.0 mmol, 0.2 equiv.). The residue was purified using column chromatography
on silica gel (light petroleuratherethyl acetate, 2:1). Compouid4 wasisolated as a
yellow oil (2.65 g, 91%).

Found (NSI): [M+H] 572.3030; €;H,.NO,Si+H]" requires 572.3038! ., (thin
film)/cm* 2944, 2866, 1743 and 165%], = +4.4 € 1, CHCL, 25 iC) *H NMR (500
MHz, CDCL) $ 7.36D7.32 (m, 5H H19-23), 7.25 @ppd, 2H, J = 9.1 Hz,H8 and
H12), 6.86 @ppd, 2H, J = 9.1 Hz,H9 and H1}, 5.14 (s, 2HH17), 4.74 (s, 2HH®6),
459 (dd,1H,J= 7.4, 3.7 HzH3), 4.26 (dd,1H,J=10.7, 7.5 HzH2), 4.17 (dd1H,J =
10.7, 3.7 HzH2), 3.79 (s, 3HH13), 3.66 (s, 3HH5), 3.52D3.41 (m, 2H H15), 1.02D
0.98 (m, 21H H1). *C NMR (126 MHz, CDC) $ 1694 (C16), 167.2 (C4), 167.0
(C14), 159.1 (C10), 135.5 (C7 and C18), 128.5 (AB83 (Ar), 128.0 (C9 and C11)
1142 (C8 and C12)671 (C17), 62.4 (C2), 60,9C3) 55.3 (C13), 52.1 (C6), 52.0 (C5)
414 (C15), 17.9, 17.9 (C1), 11.8 (C1)
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Peptide Coupling

O O O O

26 20 2 2
18 3 1 3
ZS@OMO%OW Ho%omse
2 22
CO,Me 4 NHé NHe
HO 23 . 7 + . 7 o
(6]
NH, .HCI 16 10 9 16 10 9
102 15 | N1 0 (0] 15 i1 O (@]
14 L _212 14 12

Compoundl102 (0.35 g,2.2 mmo) was subjected to the general procedure for peptide
coupling usingeDAC4HCI(0.64 g,3.4 mmol,1.5 equiv.) NMM (0.27mL, 2.5 mmol,

1.1 equiv.), benzyl malonigalf ester (0.57 2.5 mmol,1.1 equiv.)and DMAP (0.05 g,

0.4 mmol,0.2 equiv.). The residue was purified using column chromatography on silica
gel (30% ethyl acetate in light petroleum ether). Two compounds were isolated in a 1:€
ratio, the first eluting compourtl5 (0.08 g, 8%) and the second eluting compoiil
(0.349, 52%).

2-(23(benzyloxycarbonyl)-acetylamino)-3-(28(benzyloxycarbonyl)-acetyl]-oxy)-
propanoic acid methyl esterl15

Found (NSI): [M+H] 472.1593; C,H.,.NOs+H]* requires 472.1602! ., (thin
film)/cm * 3354, 2955, 1739 and 1682], = +35(c 1, CHCL, 25 iC) 'H NMR (500
MHz, CDCL) $ 7.75 (d,1H, J = 7.8 Hz,H6), 7.41D7.29 (m, 10H H1216 and H22
26), 5.17 (d,4H, J = 1.9 Hz,H10 and H2Y, 4.89 (dt,1H, J = 7.6, 3.6 HzH3), 4.55 (dd,
1H,J = 11.4, 3.5 HzH?2), 4.50 (dd1H, J = 11.4, 3.7 Hz, H2)3.75 (s, 3HH5), 3.42 (s,
2H, H18), 3.37 (s, 2K H8). °C NMR (126 MHz, CDC)) $ 169.3, 168.5166.2 1659,
165.0, 135.1 (C11 or C21), 135.0 (C11 or G21387 (Ar), 1286 (Ar), 1286 (Ar),
128.4(Ar), 128.3 (Ar) 675 (C10 or C20)674 (C10 or C20)64.4 (C2) 53.0 (C5),
51.6 (C3) 412 (C8 or C18), 41.1 (C8 or C18)

2-(2Q(benzyloxycarbonyl)-acetyFamino)-3-hydoxy-propanoic acid methyl ester116
Found (NSI): [M+H] 296.1127; €_H,.NOs+H]* requires 296.1129! _ (thin
film)/cm'* 3355, 2955, 1740 and 166%], = +26(c 1, CHCL, 25 jC) *H NMR (500
MHz, CDCL) $ 7.80 (d,1H, J = 7.6 Hz,H6), 7.38D7.29 (m, 5H H1216), 5.16 (s, 2H

I -/
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H10), 4.65 (dt,1H, J = 7.4, 3.6 HzH3), 3.95 (dd,1H, J = 11.4, 3.7 HzH2), 3.88 (dd,

1H, J = 11.4, 3.5 HzH2), 3.74 (s, 3H H5), 3.42 (s, 2HH8), 3.13 (s, 1HH1). **C
NMR (126 MHz, CDCJ) ! 1708 (C9), 168.7 (C4), 165.7 (C7), 135.0 (C11p87
(Ar), 1286 (Ar), 128.4 (Ar), 67.4C10), 62.7 (C2) 54.9 (C3), 52.7 (C5), 41.5 (C8).

N-(4@Methoxybenzyl)-2,2-dimethyl-1,3-oxazolidine-4-carboxylic acid methyl ester
117

CO,Me Ou4 N_6
HO/Y oy 15><16 7 g
HN\ 12
PMB 9
103 ST
OMe
117 13

PMB protected Lserine methyl estek03 (0.12g, 0.5 mmo) and camphorsulfoniacid

(0.02 g,0.1 mmol,0.2 equiv.) were dissolved in tolue(f®emL). 2,2Dimethoxypopane

(0.3 g,0.3 mmo] 0.5 equiv.) wasadded to the reaction mixture. The reactmwixture

was heated under reflux for 45 min at which point the reaction wasdtmlroom
temperatureand the solvent removed under reduced pressure. The residue-was re
dissolvedin toluene(5 mL) and another porto of DMP (0.3 g,0.3 mmol,0.5 equiv.)
added. This process was repeated 3 times then the solvent removed and residue 1
dissolvedin diethyl ether (5 mL). The solution was then partitioned with agueous
NaHCG, (5%, 15 mL). The aqueous phase was then extragi@d diethyl ether (2 x 10

mL). The orgarg layers were combined, dried ovaeagnesiunsulfateandthe solvent
removedunder reduced pressure. The resulting prodiciwas isolatedhs an 0il(0.13

g, 97%). No further purification was carried out.

Found (NSI): [M+H] 280.1538; C,.H,,NO,+H]" requires 280.1543." . (thin
film)/cm* 2953 and1737*H NMR (500 MHz, CDCJ) ! 7.26 @ppd, 2H, J = 8.7 Hz,
H8 and H12, 6.83 @ppd, 2H, J = 8.7 Hz,H9 and H1}, 4.11 (dd, 1H,) = 8.4, 7.8 Hz,
H2), 3.96 (dd, 1H,] = 8.4, 5.4 Hz, H2), 3.89 (d, 1H,= 13.3 Hz, H6), 3.79 (s, 3H,

I -/
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H13), 3.64 (d, 1H,) = 13.3 Hz, H6), 3.61 (dd, 1H),= 7.8, 5.5 Hz, H3), 3.45 (s, 3H,

H5), 1.37 (s, 3H, H15 or H16), 1.29 (s, 3H, H15416). *C NMR (126 MHz, CDC)
I 1731 (C4) 1591 (C10) 130.9 (C7), 129.7 (C9 and C11)14.0 (C8 and C12)667
(C2), 553 (C13) 51.7 (C5),514 (C6) 267 (C15 or C16)221 (C15 or C16)

3.2.2.3Synthesis fromO-BenzylL-Serine

O-BenzykL -serinemethyl ester hydrochloride’

o}
CO,H 13 7 2 . 5
Bno/\( ., 12 g o~ 4™0OMe
NH; 1 9 NH, HCI
118 10 119

O-BenzytL-serine(0.21 g, 1.08 mmolyvas subjected to the general procedure for the
esterification of an aminacid using acetyl chloride (0.22 mL, 3.26 mmol, 3 equiv.)
The productl19 was obtaineds off-white solid (0.27, quant).. No further purification

wascarried out

Found (NSI): [M+H] 210.1122; €, ,H,.NO;+H] requires 210.1125. mp 1445 ;C, lit
165166 iC®["], = +9 (€ 1, CHOH, 25 |C, lit +6.9,c 1, CHOH, 20 jC)*'H NMR
(500 MHz, DO) ! 7.42D7.32 (m, 5H, H&L3), 4.60 (d, 1HJ = 12.0 Hz, H7), 4.52 (d,
1H,J = 12.0 Hz, H7), 4.32 (dd, 1H,= 4.3, 3.2 Hz, H3), 3.95 (ddH, J= 11.1, 4.3 Hz,
H2), 3.86 (dd,1H,J = 11.1, 3.2 HzH?2), 3.76 (S, 3H, H5)"C NMR (126 MHz, DO)!
168.68(C4), 136.73(C8), 128.75(Ar), 128.48(Ar), 128.38(Ar), 73.11(C7), 66.35
(C2), 53.71(C5), 53.15(C3).
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2-(AGMethoxy-benzylamino)-3-benzyloxy-propanoic acid methyl ester120

o)
13 7 2

12 ©8/\O/\3)4k0Me
CO,Me n ° AN 5

Bno/\f 2 - 10 6 15
NH, .HCI 20 16

19 17

18

119 120 Owvie

O-BenzytL-serine methyl ester hydrochloride (0.20 g, 0.81 mmdl, equv.) was
dissolved in acetonitrile (5 mL) andmethoxybenzyl chloride (0.10 mL, 0.74 mmol)
and potassium carbonate (0.11 g, 0.81 mmol, 1.1 equiv.) were added. The reactio
mixture was heated under reflux overnight. The solvent was removed undeeded
pressureand the reside purified using column chromatography on silica gel (light
petroleum ether : ethyl acetate, 2:1) to yield the title compound as an oil (0.12 g, 45%).

Found (NSI): [M+H] 330.1697; C,H,,NO,+H]" requires 330.1700. .. (thin
film)/cm* 1739.[#], = +14(c 1, CHCI,, 25 jC).*H NMR (500 MHz, CDC)) $ 7.28D
7.18 (m, 5H H9-13), 7.17 @ppd, 2H, J = 8.7 Hz,H17 and H1Y, 6.77 @ppd, 2H, J =
8.7 Hz,H16 and H2, 4.45 (d,1H, J = 12.2 Hz,H7), 4.41 (d,1H, J = 12.2 Hz,H7),
3.75(d, 1H, J = 12.7 Hz, H1% 3.71 (s, 3HH21), 3.65 (s, 3HHS5), 3.61 (dd,2H, J =
8.7, 4.9 HzH?2), 3.58 (d,1H, J = 12.7 Hz,H14), 3.43 (t,1H, J = 4.9 Hz,H3), 2.10 (s,
1H, H6). ®C NMR (126 MHz, CDC)) $ 1736 (C4), 158.8 (C18), 137.9 (C8), 131.6
(C15), 1296 (C17 and C19)1284 (Ar), 1277 (Ar), 127.6 (Ar), 113.8 (C16 and C20),
73.2 (C7) 71.0 (C2) 604 (C3) 553 (C21) 52.0 (C5), 51.4 (C14)
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2-(2Q(Benzyloxycarbonyl)acetyFamino)-3-benzyloxy-propanoic acid methyl ester

121

13 7 2
(s
CO.,Me 11 9 NH 6
BnO 2 . 10 s 14 o
NH2 .HCI 23 17 15
119 22 s 0”0
21 19
20 121

O-BenzytL-serine methyl ester hydrochlorid&9 (0.20 g, 0.82 mmol) was subjected to
the general procedurfer peptide coupling usingDACAHCI(0.39g, 2.04 mmol, 2.5
equiv.) NMM (0.18mL, 1.63mmol, 2 equiv.), benzyl malonic half estéZ1 g, 0.90
mmol, 2equiv.), and DMAP @.02g, 0.16nmol, 0.2 equiv.). The residue was purified
using column chromatography on silica gel (light petroleum kit acetate, 2:1).
Compoundl 21 wasisolated asn offwhite solid(0.22g, 69%).

Found (NSI): [M+H] 386.1588 [C,H,;NO,+H]" requires 386.1598 ! .. (thin
film)/cm'* 3353, 1744 and 1679np 104109 iC. }], = +24 € 1, CHCL, 25 {C).*H
NMR (500 MHz, CDCJ) $ 7.74 (d, 1HJ = 7.7 Hz, H6), 7.3®7.27 (m, 10H, HAL3
and H1923), 5.19 (s, 2HH17), 4.76 (dt, 1H,J = 7.9, 3.3 Hz, H3), 4.53 (dH,J=12.2
Hz, H7), 4.48 (d,1H,J = 12.2Hz, H7), 3.89 (dd, 1HJ = 9.6, 3.3 Hz, H2), 3.73 (s, 3H,
H5), 3.69 (dd, 1HJ = 9.6, 3.3 Hz, H2), 3.39 (d, 2H,= 2.8 Hz, H5). **C NMR (126
MHz, CDCL) $ 170.4, 168.6, 164,9137.5 135.1, 128.7 (Ar), 128.6 (Ar), 128.5 (Ar),
128.5 (Ar), 127.9 (Ar), 127.7 (Ar), 73.3 (G79.4 (C2), 67.3 (C17), 52.9 (C3), 52.6
(C5), 41.3 (C15)
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The Dieckmann Cyclization

CO,Me

Me Me
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24 9]
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22 X
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21N\ 19
20 122

The diested21(0.17 g, 0.43 mmg@lwas subjected to the general procedure for the one
pot Dieckmann cyclization usingBAF (1 M in THF, 1.5 mL, 1.5 mmol, 3.5 equiy.
and iodomethaned(1 mL, 1.7 mmol, 4 equiy. The residue was purified using column
chromatography on silica gdight petoleum ethegthyl acetate, 4)1 Compoundl22
was isolated as a colourlesis (0.05 g, 30%).

2-(28(Benzyloxycarbonyl)-2@methyl-propionyl-amino)-3-benzyloxy-propanoic

acid methyl ester

Found (NSI): [M+H] 386.1588 [C,H,;NO,+H]" requires 386.1598 ! .. (thin
film)/cm'* 3353, 1744 and 1679#], = +22(c 1, CHCL, 25 {C) *H NMR (500 MHz,
CDCL) $ 7.28D7.14 (m, 104 H9-13 and H1®3), 7.03 (d,1H, J = 7.6 Hz,H6), 5.10
(s, 2H, H17), 4.62 (dt, 1H| = 7.8, 3.2 Hz, H3), 4.4B4.34 (m, 2H, H7), 3.78 (dd.H,
J= 9.5, 3.2 Hz, H2), 3.64 (s, 3H, H5), 3.54 (dd, TH; 9.5, 3.3 Hz, H2), 1.48s, 3H,
H24 or H25), 1.41 (s, 3H, H24 or H253JC NMR (126 MHz, CDC) $ 174.1(C4),
1718 (C16), 170.6(C14), 1377 (C18), 1357 (C8), 1287 (Ar), 1286 (Ar), 1284 (Ar),
128.1(Ar), 128.0 (Ar), 127.7(Ar), 733 (C7), 694 (C2), 67.3(C17), 53.0(C3), 52.6
(C5), 50.2, 23.dC240r C25) 235 (C24 or C25)
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3.22.4 Synthesis fromL-Valine

L-Valine methyl ester hydrochloride123

1
o)
CO,H 8l 4 6
> 2 5"OMe
NH; NH, .HCI
7

132 123

L-valine (10.11 g, 009 mo) was subjected to the general procedure for the
esterification of an amino acid usingedyl chloride 18 mL, 026 mol, 3 equiv.) The
product123 was obtaineds offwhite solid (14.46 g, quant.No further purification

wascarried out

[']o = +12(c 2, H,0, 25 {C, lit +15j, ¢ 2, H,0).* mp 170173 iC, lit 172173 {C® 'H
NMR (500 MHz, DO) " 3.98 (d,1H, J = 4.7 Hz,H4), 3.80 (s, 3HH6), 2.30 n, 1H,
H3), 0.98 (d,3H,J = 6.8 Hz,H 1 or H2), 0.96 (d, 3H] = 6.8 Hz,H 1 or H2. “C NMR
(126 MHz, DO) " 170.4 C5), 58.4(C6), 53.4(C4), 293 (C3), 173 (C1 or C2) 17.0
(C1 or C2)

2-(AGMethoxy-benzylamino)-3-methyl-butanoic acid methyl ester124’

0
3
27 5 0Me
HN ®
CO,Me 15 7
% 8
NH, .HCI 13 °
12 10
123 1
OMe
14
124

L-Valine methyl ester hydrochloride (1.50 g, 8.89 mnaolyl 4methoxybenzaldehyde
(2.12 mL, 9.77 mmoll.1 equiv.) wee dissolved in toluene (50 mL) andegic acid
(0.25 mL, 4.44 mmol 0.5 equivadded. The reaction mixture was heated under reflux
! -/
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using aDeanStark apparatus overnight. The solvent wamoved under reduced

pressure anche residuae-dissolved in methanol (50 mL) and acetic acid (0.25 mL,
4.44 mmo) 0.5 equiv.)added The reaction mixture was cooled toj© and sodium
cyanoborohydride (1.12 g, 17.77 mmol, 2 equiv.) was added slowly in small portions.
The reation mixture was stirred fo 30 minat 0 jC then allowed to warm to room
temperature and stirrem/ernight. The reaction wapienched with wategil0 mL). The
solvents were removed under reduced pressuace the residue was dissolved in
dichloromethane (50 mL) and washed withter ¢ x 50 mL), brine (2 x 6 mL) and
Na,CO, (2 x 50 mL). The organic layewasdried over anhydrous magnesiwgulfate
filtered, and evaporated to dryness under reduced presBueeproductl24 was

obtained as a yellow 0i2(09 g, 94%). No furthempurificationwas carried out

Found (NSI): [M+H] 252.1595[C,,H,,NO,+H] " requires252.1594! ... (thin film)/cm’
11733.[ ], = +7(c 1, CHCL, 25 iC) *H NMR (500 MHz, CDCJ) # 7.25 @ppd, 2H, J
= 8.7 Hz, H10 and H1}, 6.85 @ppd, 2H, J = 8.7Hz, H9 and H13, 3.79 (s, 3HH14),
3.75 (d,1H, J = 12.9 Hz,H7), 3.71 (s, 3HHS6), 3.52 (d,1H, J = 12.9 Hz,H7), 3.00 (d,
1H, J = 6.1 Hz,H4), 1.90 (M, 1H, H3, 0.94 (d,3H, J = 6.8 Hz,H1 or H2, 0.92 (d,3H,
J = 6.8 Hz,H1 or H2. *C NMR (126 MHz, CDC)) # 175.8 (C5) 1587 (C11), 132.2
(C8), 129.4 (C10 and C12)137 (C9 and C13)665 (C4) 553 (C14) 52.0 (C7) 514
(C6),32.0 (C3) 193 (C1 0or C2)187 (Clor C2)
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2-{(4BGMethoxy-benzyl}[2&(benzyloxycarbonyl)-acetyl]-amino}-3-methyl-butanoic

acid methyl esterl25

oo

23 3,
22@2\4/ 2 5 "OMe
21 19 0u47.~315.N 6
19
)\(Cone o > Y W ;
HN © 013
“PMB 9
12 10
124 125 1
OMe
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Compoundl24(1.16 g, 6.20 mmdlwas subjected to the general procedure for peptide
coupling usingeDACaHCI(2.99 g, 15.49mmol, 2.5 equiv,)NMM (1.40 mL, 12.39
mmol, 2 equiv.), benzyl malonic half est& (2 g, 9.30 mmoI1.5 equiv.)Jand DMAP
(0.16 g, 1.24nmol, 0.2 equiv.). The residue was purified using column chromatography
on silica gel (light petroleum ethethyl acetate, :4). CompoundlL25 wasisolated as a
yellow oil (1.75g, 66%).

Found (NSI): [M+H] 428.2066 [C,HNOs+H]" requires 428.2068. ! .. (thin
film)/cm 1741 and 1659#], = +6(c 1, CHC, 25 jC)

Major rotamer: *H NMR (500 MHz,CDCl,) $ 7.42D7.28 (m,5H, H20-24), 7.04 @pp
d, 2H,J = 8.6 Hz, H10 and H12), 6.8&ggpd, 2H,J = 8.6 Hz, H9 and H13), 5.14 (d,
2H,J = 2.3 Hz, H18)4.85 (d, 1H,) = 10.4 Hz, H4)4.59 (d,1H,J = 17.5 HzH7), 4.53
(d,1H,J=17.5HzH7),3.77 (s, 3H, H14)3.48 (d, 1HJ = 15.5 Hz, H16), 3.45 (s, 3H,
H6), 3.39 (d, 1HJ) = 15.5 Hz, H16)2.32D2.26 (m, 1H, H3)0.96 (d, 3HJ = 6.7 Hz,
H1 or H2),0.89 (d, 3HJ= 6.7 Hz, H1 or H?

Minor rotamer: *H NMR (500 MHz, CDC)) $ 7.42D7.28 (m, 5H, H2R4),7.17 @pp
d, 2H,J = 8.6 Hz, H10 and H12K.73 @ppd, 2H J = 8.6 Hz, H9 and H13%.21 (d,
2H,J= 2.1 Hz, H18,4.87 (d, 1H,J = 15.2 Hz, H7), 4.28 (d, 1H,= 15.2 Hz, H7), 3.82
(d, 1H,J = 10.9 Hz, H4), 3.75 (s, 3H, H14), 3.69 (d, 2H; 2.4 Hz, H16), 3.35 (s, 3H,
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H6), 2.40D2.32 (m, 1H, H3), 0.93 (d, 3H,= 6.6 Hz, H1 or H2), 0.77 (d, 3H,= 6.6

Hz, H1 or H2).
*C NMR (126 MHz, CDC)) ! 170.7, 169.8, 167,4673, 167.2, 167.2159.0, 158.60,
135.4, 135.3129.4, 128.6, 128.6, 128.4, 128.4, 12828.2, 127.2, 114.2, 113.5, 67.2,

66.7, 62.1, 60.4, 55,32.0, 51.7, 48.4, 45.6, 42.416, 28.1, 27.619.9 18.6.

The Dieckmann Cyclization

"‘6< 17 19
)\(COZMe O NE o
— > ! +

BnO N. 23
Y Pve 0oz

o O 14 12

13 OMe
125 (¥)-132

The diested 25 (1.74g, 408 mmo) was subjected to the general procedure for the one
pot Dieckmann cyclization usin@BAF (1 M in THF, 14.30 mL 1428 mmol, 3.5
equiv) and iodomethanel (mL, 16.32mmol, 4 equiv). The residue was purified using
column chromatography on silica g@l0¢o ethyl acetaten light petroleum ethér The
first eluting diastereoisomét)-132 was obtained aayellow oil (043 g, 286) andthe
second eluting diastereoisomgi)-126 was obtained asn offwhite solid (0.68 g,
41%).

(+)-(3S,59)-N-(4QViethoxybenzyl)-3-methyl-5-(1Gmethylethyl)-pyrrolidin -2,4-
dione-3-carboxylic acid benzyl ester (£)132

Found (NSI): [M+H] 427.2225 [C,H,,NO+NH,]" requires 427.2227 " ... (thin
film)/cm* 2964, 1776, 1748 and 169H NMR (500 MHz,CDCl,) ! 7.3997.33 (m,
3H, Ar), 7.25B7.22 (m, 2H, Ar), 6.999ppd, 2H,J = 86 Hz, H10 and H14), 6.5&App

d, 2H,J = 8.6 Hz, H1 and H13), 5.43 (d, 1H,= 15.0 Hz, H8), 5.21 (d, 1H,= 12.3
Hz, H17), 5.06 (d, 1H) = 12.3 Hz, H17), 3.77 (d, 1H,= 15.0 Hz, H8), 3.75 (d, 1H,

= 3.4 Hz, H4), 3.72 (s, 3H, H15), 2.88.14 (m, 1H, H3), 1.53 (s, 3H, H24), 1.05 (d,
3H,J = 7.1 Hz, H1 or H2), 0.82 (d, 3H,= 7.1 Hz, H1 or H2)**C NMR (126 MHz,

I -/
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CDCL) ! 205.5, 170.0, 159.2, 134.8, 129.4 (C11 and C13), 128.8 (Ar), 128.6 (Ar),

128.3 (Ar), 126.0, 114.2 (C10 and C14), 68.3 (C4), 68.2 (C17), 59.0 (C6), 55.2 (C15),
42.9 (C8), 27.7 (C3), 18.2 (C1 or C2), 16.4 (C1 or C2), 15.24)

(+)-(3R,5S9)-N-(4QViethoxybenzyl)-3-methyl-5-(1Gmethylethyl)-)-pyrrolidin -2,4-
dione-3-carboxylic acid benzyl ester (+)126

Found (NSI): [M+H] 410.1963[C,,H,;,NO+H] " requires410.1962" ..., (thin film)/cm’
12966, 1773, 1743 antb95. mp 9609 iC.'H NMR (500 MHz,CDCl,) ! 7.36D7.28
(m, 5H, H19-23), 7.13 @ppd, 2H, J = 8.6 Hz,H11 and H1} 6.83 @ppd, 2H, J = 8.6
Hz, H10 and H1), 5.25 (d,1H,J = 14.9 Hz, H§, 5.19 (d,1H,J= 12.2 HzH17), 5.14
(d, 1H,J = 12.2 HzH17), 3.96 (d1H,J = 14.9 Hz, H§, 3.78(s, 3H H15), 3.63 (d,1H,
J=3.5Hz, H4), 2.192.14(m, 1H, H3), 1.54 (s, 3KHH24), 1.03 (d3H,J= 7.1 Hz,H1
or H2), 0.70 (d,3H, J = 7.1 Hz,H1 or H2. *C NMR (126 MHz, CDC)) ! 205.0,
170.3, 165.6, 159.4, 134.8, 129.4 (C11 and C13), 128.5 (A8 51(Ar), 128.4 (Ar),
127.1, 114.4 (C10 and C14), 68.0 (C4), 68.0 (C17), 59.0 (C6), 55.3 (C15), 43.4 (C8),
28.3 (C3), 18.6 (C1 or C2), 18.3 (C24), 16.4 (C1 or C2).
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4.0 Biological Activity Studies

4.1 Introduction

Proteasome inhibition is a key strategy for -@atncer therapy and is of great interest in
current researchlhe proteasome is essential in regulating many processes within the
cell, including cellularfunction and homeostasisThe ubquitin proteasome pathway
regulates the processes thatianportant for cell growth and survival, for both healthy
and tumour cellsinhibition of the proteasome stops the process of protein degradation,
thereby inducingapoptosis. If cancer cells can be specifically targeted for proteasome

inhibition, these cells will undergo apoptosis leaving behind only healthy cells.

H [
N N B\
N N ~""OH
| H :
P
N

Figure 1. Bortezomib

Bortezomib was the first proteasome inhibitor to be used in clinical troalghi
treatment of multiple myeloma and is now fully approved by the Food and Drug
Administration (FDA) in the USA.It was found to be successful at inducing apoptosis
in cancer cell lines whilst having little cytotoxic effects on healthy éelisfortunately,

in many caseatients eithefailed to respond to treatment or relapse occurred (when
using Bortezomib alone or as part of combination therapid$lis resistance to

Bortezomibhasled to the need for second generation inhibitors.
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Figure 2. Structures of lactacystihand its active form, omuralide

Lactacystinl is a microbial metabolite isolated fro8treptomyces s@M-6519>° It
has antitumor effectsin vitro andin vivo. It has been shown to inhiliitmaur growth in
an animal model of malignant glionfaand preventcell proliferation in thehuman
Neuro 2Aneuroblastomaell line andthe human osteosarcoma cell lihkactacystin
itself cannot permeate through cell waltsit the ! -lactonederivative,also known as
omuralde 2, can. The efficiency of lactacystin as a proteasome inhibitathus
dependent on its ability to form tHelactone2. The 20S proteasomé&igure 3) was

found to be the specific cellular target of lactacystin and its derivatives.

Thr

Figure 3. The20S proteasome.

In 1994, Fenteangt al studied the activity of lactacystin analogues to determine which
structural features were essential for biological activithey found that the activity
could be greatly affectedy the groups on thé-lactam rig and nodifications
(including changing the groups completely or altering the stereochemistry) at the C5,
C6, C7 and C9 positionsan result in partial or complete loss of activitjhe case
where this does not apply is the N-acetytL-cysteine (NAC)moiety at C5; itwas
foundto play no part in the activity and this group could be changed with no effect on

activity.
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Lactacystin was found to inhibit the trypdike (proteases that cleave peptide bonds in

the position following a positively charged & acid such as lysine), chymotrypsin
like (the hydrophobic nature of the S1 pocket makes it specific for medium to large
hydrophobic residues) anceptidylglutamytpeptide hydrolysg (cleavage of peptide
bonds in the position following acidic or bidred-chainamino acids) activities in the
enzyme compleX.The trypsin and chymotrypsidike activities are both irreversibly

inhibited by lactacystin.

In this study four compoundsvere selectetb beteskdfor biological activity(Figure

4); including poteasome inhibition and anti proliferative effecthe$e compounds
were chosen due to their structural similarities to lactacystin and omuralide in the hope
that theywould exhibit similar biological activity. Each compound was tested to
determine its 1¢, valueagainst theanuman leukemi#lL-60 cell line (using an MTS cell
viability assay) and its ability to inhibit the 20S proteasonsanfuan enzyme inhibition

assay).

(+)-57 (+)-66

Figure 4. Structure of the @mpoundschosen for biological activity studies
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4.2 Anti -Proliferative Studies

4.2.1 Introduction

Cell viability assays are used to screen compounds against a spgufiof cellto
determine if the compounghows direct cytotoxic effects, whichan lead to cell death,

or hasan effect on cell proliferation. An MTS ass@ya colourimetricmethod used to
determine cell viability in proliferation azytotoxicity assays. In living cells, MT&-
(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxypheny-(4-sulfophenyl)2H-

tetrazolium) is bioreduced to form a formazan product that is recdlour The
reduction is believed to require NADH or NADPH. If the cells are killed, reduction of
the MTS is no longer possible andriazan is not formed (i.e. the red colair
formazan is not seen). Cell viability is measured in terms of absorbance; formazan dye
absorbs at 492 nm. The formation of formazan product is directly proportional to the

number of viable cells present.

Me Me

MTS Formazan

Scheme 1.Conversion of MTS to formazan.

An MTS assay is used to determine the, Malue of a compound against a specific cell
line. 1C,, is defined as theh@If maximal inhibitory concentratiéh It is a measure of
how effective a compound is at inhibitiagspecific biological process. TheJ@alue

can be calculated using the absorbance values of a compound at varying inhibito
concentrations. The Igvalue will vary between cell lines; inhibitors show different

specific effectsin different cell types.
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The HL-60 cell line is often used in cell viabilitgssays. HE60 cells are human

promyelocytic leukemiecells established in 1977 from a single patient with acute
myeloid leukemia. Proliferation of HBEO cells occurs in suspension culture with a
doubling time of 20045 h!°

4.2.2 Results and Dscussion

In order to confirm that our assay was working and to produce a positive control for our
studies we investigatedhe anti-proliferative activity of omuralide in HI60 cells.3 x

10* cells were seedeid wells of a96 well plate The positive control (containing only
media),negativecontrol (contaimg only HL-600s) and the vehicle control (containing
HL-600s and DMSQyere set up anché remainingwells treated with omuralide at
varying concentratios from 0D20! M. After incubation for 72 h at 37 {C, followed by
addition of MTS and further incubation for 4 h at 37 jC, the absorbance was measurec
at 492 nm.Figure 5 shows the 96 well platafter MTS addition and incubation. An
obvious colourdifference is observed as the concentration of omuralide present

decreases.

Figure 5. Cell viability assay for omuralide after incubation with MTS
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The red colour, due to the presence of formazan, cannot be seen at coooner2fgt

10, 5, 2.5 and 12! M. At these concentrations the compouhdse decreasedatell
viability andthe bioreduction of MTS to formazan does not ocdlre change from
yellow to redgives us an indication of where the,J@alue will be; between 1.25 and
0.625! M. Table 1 showsthe absorbance readings obtained and from this a graph can
be plotted. Using this graph the®@alue for omuralide against the H0 cell line was
calculated to be 1.19M.

Table 1. MTS assay results for omuralid Figure 6. Determination the I¢; value of
omuralde using Graph&d Prisnh

Concentration Log[pM] Absorbance Omuralide
(I M) (492 nm) 0.6-
0.31 5.49 0.702 =
0.63 5.80 0.631 £ 061 _
1.25 6.10 0.320 2 ICeo= LIS M!
2.50 6.40 0.054 8 %4
5.00 6.70 0.016 5 02
10.00 7.00 0.010 2
0.0 T T T $ 1
5.0 55 6.0 6.5 7.0 7.5
Log [pM]

Il

The next step was to test the compounds made in our laboratories to see how the
compare to omuralid® x 10 cells were seeded wells of a96 well plate The positive
control (containing only media), negative control (containing only@d0s) and the
vehicle control (containing HB00s and DMSQ)ere set up and the remaining wells
treated withcompound ()10, (£)-51, (¥)-57 and (£}66 at varying concentrations
from 0D1000! M. After incubation for72 h at 37 jC, followed by addition of MTS and

further incubation for 4 h at 37 j€he absorbance was measured at 492 nm.

Figure 7 shows the 96 well plateafter MTS addition and incubation. An obvious
colour difference is observed as the concentration decreases. In compotbtiaritt)
(x)-66 the rad colour, due to the presence of formazan, cannot be seen ahttations
of 1000, 500 and 10DM. At these concentrations the compouhdsedecreasedsell

viability andthe bioreduction of MTS to formazan does not occAigain, he change
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from yellowto redgives us an indication of where the;|@alue will be; between 100

and 50! M. Compound (£b7 appears talecreasecell viability at concentrations of
1000 and 500 M and compound ()0 does notppear talecreaseell viability even
at aconcentration of 1000M (i.e. the I1G, value is greater thahO00! M). The 1G,
values are calculated using a graph of absorbaaicé92 nm) vs. log concentration

(PM).

Compound (£)-51

» Compound (£)-66
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Figure 7. Cell viability assays for compounds {3, (x)-51, (x)-57 and (+)}66 after
incubation with MTS
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Table 2.MTS assay results for compour Figure 8. Determinatiorthe 1C,, value of

(x)-51 compound (61 using GraphBd Prism
|
Concentration Log[pM] Absorbance Compound (+)-51
(' M) (492 nm) 1.0
6.25 6.79 0.865 = 0
125 7.09 0.847 c
25 7.39 0.831 g o6 ICs0 = 54.700 M3
50 7.69 0.621 g
100 8.00 0.024 g o
500 8.69 0.024 8 oo
1000 9.00 0.024 <
0.0 T 1
6 7 8 9 10
Log [pM]

Table 3.MTS assay results for compour Figure 9. Determination the I¢; value of

(x)-57 compound (67 using GraphBd Prisnh
Concentration Log[pM] Absorbance Compound (+)-57
(' M) (492 nm) 1.5
6.25 6.79 0.986 _
12.5 7.09 0.878 E ol IG5 = 146,220 M!
25 7.39 0.660 &
50 7.69 0.678 g 05-
100 8.00 0.571 5
500 8.69 0.005 5 00 .
1000 9.00 0.005 £ 10
0.5 Log [pM]

Table 4.MTS assay results for compour Figure 10. Determination the I¢; value of

()-66! compound (66 using GraphBd Prisn
Concentration Log[pM] Absorbance Compound (+)-66
(tM) (492nm) 10-
6.25 6.79 0.838 ~ —
12.5 7.09 0.933 £ 087
25 7.39 0.844 § 0.64 ICg, = 53.09! M!
50 7.69 0.515 g
100 8.00 0.135 g 047
500 8.69 0.034 5
1000 9.00 0.033 -
0.0 T T T 1
6 7 8 9 10
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Tables 2-4 show the absorbance readings obtained for compoundsl(£})-57 and

(x)-66: the absorbance decreases as the compound concentration increases. Looking
the absorbance data, and the assay, therélllie can be estimated to be between 50 and
100! M, 100 and 500 M and 50 and 100M respectively. The data obtained was used
to plot a graph for each compound from which thg {@lue was calculated to be. The
calculated IG, values for compounds (51, (£)-57 and (x}66 are 54.70 M, 146.22

I' M and 53.09 M, respectively.

The results obtained for compou(t)-57 shouldbe viewed with caution; thego not
give the standard dosesponseurve More data points over a larger range may result

in data moreikely to give the standard desespons&urve

Whenwe comparehe data obtained for our compounds to that obtained for omuralide
(Table 5 we can see that the JCralues are considerably higher for @mampounds;

they do notdecreaseell viability at the same leveA low IC,, value is anessential
feature for a compound if it were to be used as a therapeutic drug; this is because th

dosage of the drug required would also be low.

Table 5. IC,, concentrations for compouns)-10 (x)-51, (+)-57 and (x}66 and

omuralide.

Compound  LogIC.,[pM] IC [! M]
(x)-51 7.74 54.70
(+)-57 8.17 146.22
(x)-66 7.73 53.09
(¥)-10 - > 1000

Omuralide 6.06 1.15

Compound (£)66 has &' -lactone moiety (albeit at a different position on the riagd
found in the natural product and sae could expectt to have asimilar ant+
proliferative effect on HE600s a®muralide. Although not as low as omuralide

compound (66 has arC.,value closet to that ofomuralide.
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Compound (£110is the least similar in structure to omuralide and the other compounds

tested; it contains a kate moiety at the C6 pio®n not found in any of the other

compounds or the natural produstructural diferences will affectevels ofactivity.

4.2.3 Conclusion and Future Work

IC,, values were successfully calculated for compoundss{t)(x)-57 and (+}66
against the Hi60 cell line. Unfortunately, none of these were in the same order of
magnitude as that calculatéok omuralidebut all showed antproliferative effectan
the HL-60 cell line Compound ()10 had little effecton cell viability at the

concentrations tested

We were unable to find any literatueporting the study of the asgroliferative effects

of omuralide on HEGO cells. This makes the work reported here novel and potentially
very interesting and woryhof further investigationFurther investigation is alsteeded

into structure activity relationsh#plt is clear from the results that structure plays a key
role in the observed level of activity; compounds-If8)and (x}66 show vastly

different antiproliferative effects.
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4.2.4 Experimental

42.4.1 Chemicals

The humarpromyelocytic leukemiaells HL-600swere purchased from the European
Collection of Cell Cultues (ECCC, Porton Down, UK). Faé calf serum (FCS) was
purchased from BiosereRPMI1640 medh and L-glutamine were purchased from

Invitrogen. MTS was purchased from Promega.

Compounds (+)10, (x)-51, (£)-57 and ()66 were synthesized in our laboratories and
dissolved in the required volume of DMSO to give a M stocksolution. From the
stock solution serial dilutions were made (in DMSO) to give 50, 10, 5, 2.5, 1.25, 0.625
and 3.125 mM stocks to be used in the MTS assay.

4.2.4.2 Cell Culture

The HL-60 cellswere cultured in RPML640 media that contained 2miMglutamine,

100 U/mL penicillin, 100 g/mL streptomycin and 10% FCS. Cells were maintained at
37 iC in a 5% CQatmosphere. H60 density in culture was maintained betweéh 1

10° and 9" 10 cells / mL in 75 crhflasks. Every 3.5 days the cultures wepét svith

fresh media and used for experimentation until passage 3608k were diluted to 1 in

2 using trypan blue and counted using a Malassez haemocytometer with light

microscopy.
4.2.4.3 MTS assay

The MTS assays were carried out, following the macturerOs instructions, using the
CellTilter 96 Agu,,,.One Solution Cell Proliferation Assay kit. The outer wells of a 96
well plate were filled with 250 | of water to aid in the prevention of evaporation of
other wells on the platd.00! | of 3 x 1 cells were seeded in each wdlhree sets of
control wells made up; one containing only mefpasitive control) one containing

only HL-60 cells(negative controland one containing HBEO cells and DMSO (vehicle
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control). The remaining wells were seedeth HL-60 cells and either compounds<(+)

10, (x)-51, (x)-57 or ()66 (at vaying concentrations). Each experimewds carried
out in triplicate. The plate was incubated for 72 h at 37 {C with 5%. GQter
incubation 10 | of MTS assay reagent was addedeach well and the plate incubated
for a further 4 h at 37 {C with 5% GO

Absorbance was measured at 492 nm using a BMG Labtech POLARstarOPTIMA
microplate reader. I values were calculated from a graph of log[pM] vs. absorbance

(492 nm) using Grapl#e Prism Version 6.0.
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4.3 Enzyme Inhibitor Studies

4.3.1 Basic Enzyme Knetics

It is important to understand the Onormal® action of an enzyme before discussing t
effect ofan inhibitor on enzyme activity. When a substrate binds and is turned over by
the enzymehe products producedThiscan be represented by the scheme below and

also illustrated graphically={gure 11).

Km Keat
E + S ES —— E + P
FAST SLOW

Scheme2. General schenfer enzyme catalyseslibstrate turnover.

The termK,, is known as the Michaelis constant and is defined asctiveéntration of
substrate leading to half saturation of the enzyme active sites under steady state
condition€}° Upon mixing E + S the initial equilibrium to forrthe enzymesubstrate
(ES) complex is rapidly established, usually withirsecondsThetermk_,, is defined as
the rate constant for theowest Orate determining® step of the steps that then lead t

product formatiort!

100 —

60 —

[Product]

40 —

20 —

0 2 4 6 8 10 12 14 16
Time

Figure 11 General graphical illustration f@nzyme activity without the presence of an
inhibitor.
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The deviation from linearity in the graph illustrates the substrate depletion after time;

when all the substrate has been turned over by the enngmmore product can be
formed. The rate of productrmation is defined as [EE]. As product is formed the
concentration of substrate decreases so the E=+SES equilibrium shifts to the left;
the concentration of E&ops saherate of product formation gradually decreases until

all substrate is consumed.

If the initial rate of product formation is measured across a range of different substrate
concentrationsa plot of the initial ratess.[S] gives a curve whitis describedby the

MichaelisMentenequation

From this it is possible to obtain a value for the telp,. When the enzyme is
saturated with substratihis is theV, ,,andis defined as thenaximumvelocity (rate) of

product formation ainfinite substrate concentratioh

100 —

max

Rate

0 2 4 6 8 10 12 14 16
[Substrate]

Figure 12 General graphical illustration to determine the rate of product formation.
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4.3.1.1 The Difference Between Reversible and TimBependent

Covalent Inhibitors

Reversible inhibitors bind to the enzyme through -nowalent forces including,
hydrophobic and electrostatics forces, hydrogen bonding and van der Waals
interactions.There are three types of reversible inhibition derived from the equilibrium
reactions dscribed above; competitive inhibition, noompetitive inhibition and

uncompetitive inhibition.

Competitive inhibitors are those that bind to the enzyme in place of the substrate, i.e
they are mutually exclusive, either the substrate binds or the torhibinds. They
cannot bind at the same time and so formation of the engubvsrat ES) complex is

affected.

Non-competitive inhibitors are those that show binding affinity for both the free enzyme
and the ES complex (or subsequent species). They cam ireshé formation of an
enzymeinhibitor (EI) complex and/or an enzynseibstratanhibitor (ESI) complex.

Uncompetitive inhibitors are those that show no binding affinity for the free enzyme but
bind exclusively to the ES complex (or subsequent species). Inhibition calamir
after the formation of the enzyrseibstrate complex, i.e. the E +5— ES reaction is

not affected but the EIS ES* reaction is.

Competitive covalent inhibitors bond irreversibly to the enzymes active site and as a
result, modify the enzyme anactivity is permanently reduced. Many irreversible
inhibitors first bind reversibly to the enzyme forming the EI complex, before covalent
bonding occurs (EI*). The rate of EI formation is very fass¢conds) compared to that

of EI* formation (seconds/mutes) and so these inhibitors are often referred to as slow

binding?
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E
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P

> = < ES >
SLOW FAST FAST SLOW
Competitive covalent inhibition

Schemes.

The initial curve in the presence of a thtbependent covalent inhibitor is similar to that

of a classicateversible inhibitor Figure 13). This is because the first (reversible) step

is very fast and the second (irreversible) step is much sideenthe inhibitor bonds
irreversibly the substrate is no longer turned over by the enzyme, no product is formec
and the curve begins to level off. The formation of the EI* complex (the slow step)
shifts the equilibrium towards EI* and so the concentration of ES drops which in turn

results in reduced product formation.

100 No inhibitor
i Classical reversible
80 inhibitor
,§. )
3 60
9 pal
o
Time-dependent
i inhibitor
20 o pa AL SANES ol R L
O /I ] T | T | I | I | I | T | I |
0 2 4 6 8 10 12 14 16
Time

Figure 13 General graphical illustration t@mpare product formation over time in the
presence of no inhibitor, a classical reversible inhibitor and adependent covalent
inhibitor.
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4.3.1.2 Proteasome hhibition by Omuralide

Omuralide acts as a competitive irreversible inhibitor of trypsndchymotrypsinlike
activity in the20S proteasomeCell apoptosids induced as a result of thishibition .
Omuralideacts by acylating the amino terminal threonine residue of one of-tyyge
protein subunits of the 20S proteasorties blocks theactive site and stops normal

working of the proteasonié

H (o) IH““NHZ O

o

- 0, Mo 0 -, .0 o-“\aL'{ n, o«z_gC

v N L
H H H

HO H‘OH-) HO HO

Schemed. Deactivation of the 20S proteasome by acylation of a terminal threonine

residue?®
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4.3.2 Results and Dscussion

As describedabove, omuralide inhibits the trypdike and chymotrypsitike activity

in the 20S proteasome. We decided to test our compounds against ni&rgpgin

like activity using a commercially availabkssay kit containing the 20S proteasome
and the chymotrypsitike substrate (SutbLVY -AMC). The AMC (7-aminc4-
methylcoumarin) part of the substrate is a fluorescent tag, when the substrate binds ar
is turned over by the enzyme the AMC tag is released and fluorescence is observed ar
measured. Continuous kinetic readings were performed over 1 h usmgaplate
reader.

H,N 0.0

Figure 14. AMC (7-amina4-methylcoumarin).

As we know the mechanism of action of omuralide, we can deduce which compounds
may behave in a similar manner. Compound@&glso has a -lactone moiety (albeit

at a different position othe ring)also found inthe natural product and so we would
expect a similar mode of action to omuralide. Esters are also reactive towards
nucleophiles, although less so than lactones; the ester moiety at C5 present in a
compounds could also be used in the reaatith threonine.

(+)-66 Omuralide

Figure 15. The structures of the compounds being screened.
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Two standard experiments were run to obtain data that could be usethpare the

results for compounds (H)0, (£)-51, ()57 and (x}66. The first standard experiment
contaned only substrate and 20S proteasome, this gives us data to represent the norm
enzyme activity without the presence of an inhibitor. The second standard was run witt
only the substrate to give a baseline reading. Compound®(£)-51, (£)-57 and (£}

66 (500! M) were then screened for inhibition of the 20S proteasome chymotrypsin
activity, compared to 1M of omuralide.

12000 —
— Substrate no inhibitor
é | ﬂf’lﬂ
11000 —
=
@ —
O
D
L
©10000 —
= <
TS st Penve OMuralide
9000 —
T T T I 1 | T I
0 2000 4000
Time (s) |

Figure 16.A graph of proteasome activity over time with no inhibitor and with

omuralide.

Figure 16 shows the standardurve obtained from the substrate with no inhibitor
present (the purple line). Fluorescence increases over time; the substrate binds and
being turned over by the enzyme and the fluorescent tag is being released. Deviatio
from linearity occurs after timmdue to substrate depletion.

In the case of omuralidé-igure 16, thegreen line), we can see that after about 1000 s
the line starts to level off; the inhibitor is binding to the enzyme in the place of the
substrate and so the fluorescent tag is natgheeleasedand no further increase in
fluorescencas observed. Under these assay conditions the initial percentage inhibition
can be calculated from the line gradients; the initial percentage inhibition for omuralide

against thehymotrypsinlike activity of the 20S proteasome was calculated to be 47%.
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Figure 17.A graph of proteasome activity over time in the presence of different
inhibitors, compounds ()0, (£)-51, (x)-57, (x)-66 and omuralide.

Figure 17 shows the results of screening tmmpounds (£10, (£)-51, (x)-57 and (*)

66 against that of the standard substrate curve and that obtained for the known inhibito
omuralide. The curves obtained show similar linearity to that of the substrate standarc
(again with deviation from linearitgue to substrate depletion) thereby indicating that
theyare not inhibiting the chymotrypsiike activity in the 20S protease. The curve
obtained for omulide is exactlyas expected from a tirgependent covalent inhibitor;

the initial rate is similato that where no inhibitor is present as the first step is reversible
however after time it covalently binds to the proteasome and the curve levels off. The

percentage activity was calculated for each compotiadi¢ 6).

Also evident from this graph isdhthe initial RFU values for some of the compounds
being tested is higher than that of the substrate only standard; this is due to the
compounds themselves fluorescitigis will have no effect on thgradient and so does

not affect the results obtained.
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Table 6. Calcualted activites for compounds tested against the chymotrypsin activity of

the 20S proteasome.

Inhibitor % Activity Time-Dependent

None 100 -
Omuralide 47+ 2 Yes
(x)-10 113+ 2 -
(+)-51 109+ 1 -
(x)-57 106+ 1 -
(x)-66 105+ 2 -

4.3.3 Conclusion and Future Work

Compoundg+)-10, (x)-51, (x)-57 and ()66 do not appear to inhibit thehymotrypsin
like activity of the 20S proteasome as in the case of omuralide. There are many factor:
to consider in what makes a compound a successful inhibitor; the functional groups
present and the overall size of the compound are both important. The protecting grou
(PMB) present on all the compounds tested is likely to cause the lack of activity, this
group makes the compounds much larger than the natural pertiiso thg may not
fit into the active site of the enzyme. It is also possible that the functgyoaps

present incompoundg+)-10, (x)-51, (+)-57 and (x}66 are not optimal for inhibition.

Compound ()66 is the most interesting of those tested as it has the lactone motif,
albeit at the C& position rather than the &b position, found in omuralide. It is
expected that this would act chemically in the most similar way to the natural product.

Future work should include the deprotection andaeening of the compounds against
the chymotrypsidike activity. To achieve a full set of data the deprotected comg®un
should be screeneyainst the trypstand caspaskke activity in the 20S proteasome.

It is possible for a compound to inhibit one type of activity and not another.
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4.3.4 Experimental

The proteasome assays were carried out, following the mame®ds instructions,
using the VIVAdetect?® 20S Proteasome Assay Kit PLUS. The kit contained 10x
VIVAdetect? proteasome assay buffer, 20S proteasome, -Bu¢Y -AMC
(chymotrypsinlike substrate), VIVAdetect? 96 well assay plate and VIVAdetect?

AMC standard. Bch experiment was performed in duplicate at 25 jC.

AMC standard experiment: AMC standard was diluted with the provided VIVAdetect?

proteasome assay buffer to give a final assay concentration!df11.6

Substrate control experiment: The substrate -ISDEY-AMC (chymotrypsinlike
substrate) was diluted with the provided VIVAdetect? proteasome assay buffer and

DMSO to give a final assay concentration of 100.

Substrate plus 20S proteasome control experiment. The substratd \BYicAMC
(chymotrypsinlike substrate) and the 20S proteasome were diluted with the provided
VIVAdetect? proteasome assay buffer and DMSO to give a final assay concentration
of substrate of 100M and 20S proteasome of 2.5 nM.

Inhibitor testing experiments: Omuralide ac@mpounds (£)10, (£)-51, (x)-57 and (*})

66 were individually tested for their ability to inhibit the 20S proteasome. For each
experiment the substrate SucVY -AMC (chymotrypsinlike substrate) and the 20S
proteasome were diluted with the provided VIVAdetect? proteasome assay buffer and
DMSO to gve a final assay concentration of substrate of '1@0and 20S proteasome

of 2.5 nM. Omuralide was tested at a final assay concentratiohMf and compounds
(¥)-10, (x)-51, (x)-57 and (+)66 were tested at a final assay concentration of!3@0

The bufer solution, the substrate and the compound being tested were all addec
together then incubated at 25 jC for 15 min before the addition of the 20S proteasome.

The fluorescence (measured in relative fluorescence units) was measured using a BMi
Labtech POIRstarOPTIMA microplate reader with filters for 340 nm excitation and

480 nm emission. A continuous kinetic analysis was performed for 1 h. Analysis of the
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results obtained was performed by plotting graphs of fluorescence (RFU) vs. time (S)

using GraFit Vesion 5.0.10.
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