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Abstract

The 20S proteasome is a large protein complex, primarily responsible for the breakdown of
ubiquitinated proteins. It is therefore a vital component in the ubiquitin proteasome pathway,
disruptions of which can induce cell death. Such an effect could be targeted for cancer
therapeutics. Some B-lactone y-lactam scaffolds, such as the natural product omuralide (the

biologically active form of lactacystin) have been found to inhibit the 20S proteasome.

The discovery of several new natural 20S proteasome inhibitors such as the salinosporamides
and cinnabaramides, have shown potential for the development of new inhibitors with
increased potency and specificity. Development of synthetic routes to produce these targets
and their analogues is key to developing new proteasome inhibitors with greater potency and

reduced side effects.

Omuralide R= CI Salinosporamide A Cinnabaramide A
R= H Salinosporamide B

Figure 1. Several natural products with 20S proteasome inhibitory activity

Our methodology involves the incorporation of amino acids into the y-lactam core. Leucine
and serine have been used to produce a new formal synthesis of 9-deoxy omuralide and
omuralide respectively. Key steps include a diastereoselective acylation with Mander’s
reagent and desulfurization. This methodology offers a flexible route allowing rapid
generation of omuralide analogues in order to produce known and novel 20S proteasome

inhibitors for biological testing.
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Figure 2. An overview of our methodology



In addition to our work incorporating amino acids into y-lactam cores, we have also developed
a new route to synthesize either diastereomer of hydroxy leucine. We hope that this valuable
intermediate could be incorporated into the y-lactam using our devised methodology quickly

forming an advanced intermediate of omuralide.
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1.0 Introduction

1.1 Natural products and medicines

The search for new drugs and biologically active molecules has sought inspiration from natural
products or analogues thereof?! since the start of the study of medicine.? Perhaps the most
famous example is the discovery of penicillin by Alexander Fleming. As research into
molecules derived from natural sources increased, the common and easily accessible drug
compounds were soon discovered. This increased the difficulty of discovering new drugs and

druglike molecules against an ever-increasing demand for new medicines.
1.2 The discovery and early work on lactacystin
1.2.1 The discovery of lactacystin

In response to this problem, one method for the discovery of new bioactive compounds was
to screen the cultured broths of numerous microbes against an assay. In 1991 Omura et al.
used this method to find new compounds with neurotrophic factors (NTFs) by testing the
broths of soil isolates.3* NTFs are essential for the growth and survival of neurones. A broth
from the strain of Streptomyces sp OM-6519 was found to induce differentiation of a mouse
neuroblastoma cell line 2A. Isolated from this broth, the active compound was characterized
and designated lactacystin 1. Omura later was jointly awarded the 2015 Nobel prize for

medicine.

Lactacystin 1

Figure 1: Lactacystin, discovered by Omura in 1991

Lactacystin was the first microbial metabolite with neurotrophic activity; the hope of
developing drugs to treat neurodegenerative disorders prompted several early synthetic
efforts. The first was completed by Corey et al. in 1992,> which was followed shortly after by
an alternative route from Omura et al.® The first insights into a mode of action for lactacystin

were proposed by Schreiber et al.” in an early structure activity relationship (SAR) study, it



was found that the most potent analogues of lactacystin had the potential to form B-lactones
from the cysteine-derived thioester and the C6 hydroxyl group, forming compound 2, later
named omuralide. Further modification to the cysteine had little effect on activity. Analogues
that were unable to form the B-lactone such as the acid 3 or 6-deoxy lactacystin 4 had no

biological activity.

Me, 7 o
i\ Me, OH Me
6.\~ P ~ 0 CO,H
8 S0 ) 2
07 N o4 on \CO,H Wil
11 O ” OH 0 H OH NHAc
10
12
Omuralide 2 3 C6-Deoxy lactacystin 4

Figure 2: Omuralide and inactive derivatives

In addition, the epimers at C9, C6, and an analogue with the hydroxylated iso-butyl moiety
removed, resulted in little or no activity. Furthermore, this initial SAR study led to the
discovery that lactacystin 1 and active analogues were able to inhibit cell cycle progression
beyond the G1 phase in MG-63 human osteosarcoma cells. Like neurite outgrowth, the most
active analogues of lactacystin had the structural requirements for formation of B-lactones.
The observations of the necessity of B-lactone formation in the active compounds led
Schreiber to hypothesize that acylation of the cellular target may occur, that is, a nucleophilic

group on the target attacks the carbonyl of the B-lactone during the mechanism of action.
1.3 The target and mode of action of lactacystin
1.3.1 Discovery of the target

The cellular target of lactacystin 1 was discovered in later work by Schreiber et al. in 1995,
using tritium labelled forms of lactacystin and analogues.® The target was found to be the 20S
proteasome, for which lactacystin could inhibit specific sites at different rates. This work also
confirmed the previous structure observations, through the testing of several analogues
including omuralide. Omuralide associated with the 20S proteasome far faster than
lactacystin. Several other analogues were tested, such as 6-deoxy lactacystin 4, which showed

no inhibition.



1.3.2 Mode of action of lactacystin

In 1996 Dick et al. reported the central role omuralide 2 plays in the inhibition of the 20S
proteasome.’ These studies showed that lactacystin 1 was not the proteasome inhibitor per
se, but only a precursor to the sole inhibitory complex omuralide 2 in a pro-drug-like form.
Lactacystin 1, at pH 8 in an agueous solution, undergoes reversible cyclization to omuralide
2, then hydrolysis to the inactive compound 3. Under these basic conditions, 20S proteasome
inhibition occurred. At a pH of 6.3, however, where cyclization of lactacystin 1 to omuralide
does not occur, no inhibition was observed, whereas omuralide retained inhibitory activity
under the same conditions. Dick expanded these results in a further paperi® with in vitro
studies on mammalian cells. Lactacystin 1 is unable to enter cells until lactonization to
omuralide 2 has occurred. In the cell omuralide can either inhibit the proteasome or form
lactathione 5, a compound analogous to lactacystin 1, through a reversible reaction with
glutathione (GSH). Lactathione 5 was presumed to act as a reservoir of omuralide 2,

concentrating the inhibitor in the cell and allowing prolonged release (Scheme 1).

Intracellular

20S Proteasome

HOZC):
Me, A
\\\[L '/CO2H —_— \“\O
o]
j Inhibited
2 208S proteasome

Lactathione 5

Extracellular
. S0 CO,H Me

_ OH
"0 _» [\ .cooH
Q— @—OH
3

Scheme 1: The mode of action and relationship between 1 and 2




1.3.3 The 20S proteasome

The 20S proteasome is a large (around 700 KD) cylindrical multisubunit enzyme complex. The
crystal structure of the yeast proteasome was obtained by Groll et al. in 1997.1! The shape of

the proteasome is comparable to a barrel with a hollow core (Figure 3).

Figure 3: The crystal structure of the 20S proteasome of yeast

The 20S proteasome is a vital component of the ubiquitin proteasome pathway, the process
by which proteins are labelled for degradation by ubiquitination and then destroyed. The
proteasome is key in the second part of this process. Ubiquitinated proteins are fed into the

proteasome and digested into short peptide chains ranging from 2-25 amino acids in length.*?

The structure is comprised of 4 rings, two outer a-rings and two inner B-rings, each comprised
of 7 subunits. The quaternary structure therefore can be described as a7B7B7a7.13 The 20S
proteasome can be further “capped” to with one or two 19S proteasomes, thus forming the
26S proteasome. The 19S proteasomes function is to control access to the proteasome core
by recognising ubiquitinated proteins and denaturing their structure. The denatured proteins
are fed into the narrow core created by the a-ring subunits to be degraded by the catalytic B-

rings. Of the 7 subunits in each of the 2 B-rings, 3 of these subunits contain active sites to



degrade proteins (Figure 4). These 3 subunits, called post-glutamyl peptidyl hydrolytic-like,
trypsin-like and chymotrypsin-like are known to be selective to hydrolysing the peptide bond

following from specific amino acids.

Figure 4. A diagram showing a cross section of a 20S proteasome B ring

Post-glutamyl: Acidic, a preference for peptide bonds following amino acids such as aspartic

acid and glutamic acid
Tryptic: Basic, a preference for peptide bonds following amino acids such as arginine or lysine

Chymotryptic: Hydrophobic, a preference for peptide bonds following amino acids such as

tyrosine and phenylalanine

Tabe 1 describes the rates of association between lactacystin or omuralide and the 3 catalytic
sites of the 20S proteasome. Schreiber identified lactacystin and omuralide as inhibiting all
active sites of the proteasome — albeit at different concentrations.® Both active compounds,
however, were found to be far more specific for the chymotrypsin like active site.
Chymotrypsin (CT) and trypsin active sites were thought to bind irreversibly, whereas the

post-glutamyl peptidyl hydrolytic site (the slowest inhibited site) was bound reversibly.



Kassoc = Kobs/[I] (M-l S-l)

Compound | Chymotrypsin | Trypsin like Post-glutamyl
and like peptidyl

concentration hydrolytic like

194 + 15 10.1+1.8
4.2+06
3059 + 478

208 + 21

Table 1: Association rates of 1 and 2 on the 20S proteasome catalytic sites

1.3.4 Mechanism of the inhibition of the 20S proteasome by omuralide

The mechanism for inhibition of the proteasome shown in scheme 2 was proposed by Groll

et al., supported by crystal structures of omuralide associated with the chymotrypsin-like

active site. 141>

(0] Qe
" o
07 HN ©
H
V31
Hydrophobic
stabilizing interactions

Scheme 2: Mechanism of inhibition of the chymotrypsin site by omuralide

As predicted by Schreiber,” inhibition of the proteasome occurs due to nucleophilic attack to

the B-lactone by a threonine residue, ordinarily the amino acid responsible for the catalytic



hydrolysis of peptide bonds. Various interactions then stabilize the ligand, increasing binding
affinity, primarily the C5 moiety, which fits into the hydrophobic S1 pocket of the 5 subunit,
prolonging retention time and allowing nucleophilic attack from the threonine Thrl1QY

residue.

Omuralide 6 7

Figure 5: Omuralide and spiro cyclic analogues synthesized by Jacobsen

A more precise nature of the critical role of the C6 hydroxyl group was reported by Groll et
al.'* through the testing of a spiro-lactone derivative of omuralide and its C6 epimer
synthesized by Jacobsen and Balskus.'® The spiro-lactone form of omuralide 6 had
comparable inhibition potency to omuralide, but the spiro-lactone C6 epimer 7 potency was
greatly decreased. This result indicated that the function of the C6 hydroxyl group was not
solely to allow formation of the B-lactone. Comparing the crystal structures of each of these
compounds revealed that in addition to the stabilizing hydrophobic interactions between the
C5 isobutyl group and the S1 pocket of the CT site, the C6 hydroxyl group interacts with the
active threonine terminal amine group, further increasing stability. Another crucial role of the
hydroxyl group was also reported; the hydroxyl group in omuralide and 6 points out along the
path that would be required for hydrolysis of the ester linkage, blocking attack and
subsequent dissociation of the omuralide-enzyme complex. It is therefore clear that

omuralide is well designed for purpose.
1.4 The ubiquitin proteasome pathway in cancer therapy

The ubiquitin proteasome pathway (UPP) is critical for the survival and development of both
healthy and cancerous cells, disruption of which can induce cell death. A number of studies
have been undertaken to disrupt this pathway at any of the key stages.'”*® One of the most
studied methods to disrupt the UPP is 20S proteasome inhibition.%1>292122 Tymour cells are
thought to be more susceptible to cell death through this mechanism. It has been found that

some healthy cells can survive with up to 80% inhibition of the CT site, whereas tumour cells



can only withstand 25% inhibition.?3 The first drug to target the UPP was a 20S proteasome
inhibitor developed by Takeda called bortezomib 8,%* and was approved for clinical use in

2003 for treatment of multiple myeloma.
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Figure 6: The structure of bortezomib

The mechanism for inhibition of the 20S proteasome occurs through binding of the active
threonine to the boronic acid, blocking the active site in a similar manner to omuralide.'® One
of the mechanisms for apoptosis after inhibition of the proteasome is thought to be based on
the proteins usually responsible for inducing cell death being retained by the cell instead of
being destroyed by the proteasome.® Bortezomib may also cause disruption to proteasome-
dependent pathways, which increase a cell’s resistance to radiation and other drugs.® This
makes bortezomib particularly potent when combined with radiotherapy or other
chemotherapy drugs. For this reason, the discovery of new proteasome inhibitors and the
modification of known inhibitors to increase selectivity and reduce toxic side effects plays a
vital role in research for cancer therapies. An important role of this research is the synthesis
of various inhibitors and their derivatives for further understanding of the SAR and mode of
action in the hope of producing inhibitors with a greater potential to become future drug

candidates.

1.5 Omuralide and lactacystin as targets for total synthesis
1.5.1 Corey’s strategy for lactacystin

1.5.1.1 The first synthesis of lactacystin

The first total synthesis of lactacystin 1 was completed by Corey and Reichard in 1992.> The

total yield was 4.6%. The total number of steps was 15 (Scheme 3).
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Reagents and conditions: (i) (CH3)3sCCHO, p-TsOH, PhMe; (ii) LDA, LiBr, isobutyraldehyde, THF,

-78 °C 8 h 51%; (iii) MeOH, TfOH, 80 °C, 6.5 h, 91%; (iv) TBSCI, imidazole, DMF, 23 °C, 3.5 h,

97%; (v) TsOH, CH20, CsHs, 30 m, 96%; (vi) 1. LiBHa/THF, MeOH, 23 °C, 24 h, 2. DMSO, (COCl),,

EtsN, CHCly, -78 °C, 85%; (vii) LDA, THF, -78 °C, 2,6-dimethylphenylpropionate, 48%; (viii) Hz,

Pd/C, EtOH, 23 °C, 1 d, 87%; (ix) 1. 5% HF/CHsCN, 23 °C, 9 h, 90%; 2. DMSO, (COC),, EtsN,

CHCly, -78 °C, 2 h, 73%; 3. NaClO3, NaH;POa, t-BuOH, 2-methyl-2-butene, 23 °C, 15 m, >95%;

(x) 1,3-propanedithiol, 2% HCI in CFsCH,0H, 50 °C, 6 h, >95%; (xi) N-acetylcystine allyl ester,

BOPCI, EtsN, CHxCl,, 1 h, 23 °C, 79%; (xii) Pd(Ph3P)s HCO2H, EtsN, THF, 23 °C, 1 h, 84%.

Scheme 3: The first synthesis of lactacystin, by Corey



The route is remarkable by being the first synthesis of lactacystin but also by providing much
of the material used in the early biological testing of lactacystin 1. The route also contained
only a few instances of column chromatography. The N-benzyl serine methyl ester 9 was
cyclized to oxazolidine 10 with pivaldehyde in acidic conditions. An aldol reaction with iso-
butyraldehyde afforded 11 in excellent diasterecisomeric purity (>98%); after a
recrystallization from pentane, 11 was diastereoisomerically and enantiomerically pure. Acid
cleavage of the oxazolidine ring produced 12; following a silyl-based hydroxyl protection to
13, a second oxazolidine 14 was formed through a formaldehyde bridge in an excellent yield
of 96%. Reduction of the methyl ester and subsequent Swern oxidation afforded aldehyde 15,
a key intermediate. An anti-aldol reaction using 2,6 dimethylphenyl propionate under
Pirrung-Heathcock conditions® gave the desired isomer 16, but the yield was low at 48%.
Hydrogenolysis of the ester produced the y-lactam ring found in lactacystin in a bicyclic
system with an oxazolidine (17). A deprotection of the silyl group and an oxidation of the
resulting alcohol to a carboxylic acid yielded 18, which, on opening of the oxazolidine ring,
afforded the dihydroxy acid 3. Addition of an allyl protected cysteine 19 and its subsequent

deprotection yielded lactacystin 1.
1.5.1.2 Corey’s improvement to the aldol reaction

Corey later revisited this synthesis (Scheme 4),%¢ primarily improving the anti-aldol reaction

of 15 using a chiral zirconium enolate 21.%”
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Reagents and conditions: (i) 21, THF, -20 °C, 24 h, 80%; (ii) 1) Ha, Pd/C, 2) CH2N2; 3) MeOH;
(iii) BOPCI, EtsN, CD,Cl3, EtsN, 20 min, 23 °C, >95%.

Scheme 4: Corey'’s first improvement to the anti-aldol step

The overall yield of the desired diastereoisomer was 80% after column chromatography.
Conversion of 22 to the bicyclic y-lactam intermediate 17, however, was less efficient,
proceeding in 64% yield over 3 steps. The overall yield was, however, increased. In addition
to the improvement of the aldol reaction, Corey reported a procedure allowing the acid 3 to

be converted to omuralide in one step using the peptide coupling reagent bis(2-oxo-3-

oxazolidinyl)phosphinic chloride (BOPCI).

f\ Q
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@) O
BOPCI

Figure 7: The peptide coupling reagent BOPCI

1.5.1.3 Further improvement to the aldol reaction

In a final improvement to the aldol reaction (Scheme 5), Corey used addition of a simple

achiral silyl enol ether 23 catalysed by magnesium iodide to provide the desired intermediate

11



24 in 77% yield.?® This simple intermediate could be converted to the deprotected bicyclic

lactam 25 in 76% yield over 3 steps.

OTBS
~ “OMe
23 OH co,Me
B 2
l/NnCHO . RM 1/ ) o N 9
i J’\ (i) Or N (ii)
> OTBS .
/\ - HO OH
15 25
HO
_ (i) . HO.C
HO"™

Reagents and conditions: (i) Mgl,, CHxCly, 0 °C, 20 min, -10 °C, 23, 0 °C 2 h, 77%; (ii) 1) Hy,
Pd/C, EtOH, (i-pr):NEt, 23 °C, 30 h, 2) MeOH 55 °C, 20 h, 3) 5%, HF-MeCN, 23 °C, 24 h 76%; (iii)
1) EtsN, DMSO-(COCI)2, CH2Cl2, -78 °C, 2) NaClO2, NaH2POg, t-BuOH, 23 °C, 3) HS(CH2)3SH, HCI,
CF3CH,0H, 55 °C, 8 h, 77%; (iv) BOPCI, EtaN, CD2Cl,, EtsN, 1 h, 23 °C, 93%.

Scheme 5: Corey’s second improvement to the anti-aldol step
1.5.1.4 Corey’s second strategy to omuralide

In 1998 Corey et al. reported a radically different approach to omuralide and lactacystin
(Scheme 6).2° The methylsulfanyl derivative 26 was converted to the chiral monoester 27 in
97% yield and a 95% enantiomeric excess (ee) through hydrolysis with porcine liver esterase
(PLE). Formation of the quinine salt and recrystallization from aqueous ethanol provided 27
in 95% ee. Treatment with oxalyl chloride provided the acid chloride, which was coupled to a
para-methoxy benzyl (PMB)-protected glycine methyl ester. A lithium diisopropylamide
(LDA)-induced Dieckmann cyclization formed lactam 28 in a 1:1 mix of diastereoisomers.
Hydroxymethylation occurred using formaldehyde in a highly stereoselective (9:1) reaction,

formaldehyde addition favouring the face opposite the SMe group to yield 29.

12



N
MeS_ CO,Me i MeS, CO.H ii
X Ve (M) N 20 s | CO,Me
Me® CO,Me Me CO,Me :

26 27 O 28
PMB PMB
(iif) NN CO,Me  (iv) NN CO,Me _ (V)
——— MeS 2 ——— MeS 02H — >
: \ : o
- 0 OH - OH
29 30
PMB PMB PMB
O N - Ox N o O N/
MeS ~COMe (V) ~COMe (Vi) "oH
E “—OH CHO CO,Me
~ OTBS OTBS OTBS
31 32 33
PMB o. H
(vili) ONN oy 0 N ooy
0 O
O (0]
2
35

Reagents and conditions: (i) PLE, H,O, pH 7.3, 23 °C, 24 h, 97%; (ii) 1) (COCIl)2, DMF (cat), 23
°C, 1 h, 2) PMB-NHCHCO2Me, Et3N, CH2Cl, 23 °C, 1 h, 3) LDA, THF, -78 °C, 2 h, 93%; (iii) DBU,
THF, -78 °C, then ag. CH0, -78 °C, 30 m, 90%; (iv) NaBH(OAc)s, HOAc, 23 °C, 1 h, 95%; (v) 1)
PivCl, pyridine, 23 °C, 10 h, 85%, 2) TBSOT, 2,6-lutidine, 23 °C, 12 h, 98%, 3) NaOMe, MeOH,
23 °C, 92%; (vi) 1) Raney Ni, EtOH, 0 °C, 1 h, 82%, 2) Dess-Martin reagent, CH.Cl, 23 °C, 1 h,
95%; (vii) H2C=C(Me)MgBr, TMSCI, THF, -40 °C, 0.5 h, 97%; (viii) 1) Hz, Pd/C, EtOH, 23 °C, 12 h,
99%, 2) TFA/H,0 4:1, 50 °C, 4 h, 87%; (ix) 1) LiOH, THF/H,0 1:1, 23 °C, 0.5 h, 2) BOPCI, Ets3N,
CHCl,, Et3N, 0.5 h, 23 °C, 90%; (x) CAN, CH3CN/H20 3:1, rt, 1 h, 62%.

Scheme 6: Corey’s alternative route to omuralide

A stereoselective reduction with NaH(OAc)s formed the C6 hydroxyl group in the desired
chirality for omuralide; again, attack occurred opposite to the SMe moiety to form 30. The
primary hydroxyl group was protected with a pivaloyl protecting group allowing a tert-
Butyldimethylsilyl (TBS) protection of the C6 hydroxyl position. Hydrolysis of the pivaloyl (Piv)
protecting group provided 31. An unusually stereoselective (10:1) desulphurization with
Raney® Nickel provided the C7 methyl group with the desired stereochemistry (cis to the
hydroxyl group). Subsequent oxidation of the primary alcohol to the aldehyde with Dess-

Martin periodinane® yielded the advanced intermediate 32. Treatment of the aldehyde with
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a prop-2-enyl Grignard reagent incorporated the isobutyl moiety found in omuralide.
Reduction of the alkene, formation of the B-lactone, and final protecting group removals

furnished omuralide in a total of 18 steps from 26.
1.5.2 The Omura synthesis of lactacystin

Shortly after Corey’s seminal synthesis, Omura et al. published their route to lactacystin
(Scheme 7).5 (2R,3S) Hydroxy leucine methyl ester 36 was cyclized to oxazoline 37 by
treatment with methyl benzimidate. Hydroformylation through a lithium enolate formed 38
in excellent diastereoselectivity (>98%). A Moffatt oxidation formed the aldehyde 39, which
was subjected to an allylboration with 40, a method reported by Brown utilizing camphor

derived borane 43 (Figure 7).3!

HS

1

AllylO,C". “NHAc

CO,Me o H 19
OH : N / i
O__N e o — > 1
~
YHozc CO,H
Ph OH
42 3

Reagents: (i) Ph(MeO)C=NH, 72%; (i) LIHMDS, HCHO, 85%; (iii)) DMSO, DCC, Pyridine, TFA,
Benzene, rt, overnight; (iv) (E)-crotyl(diisopinocampheyl)borane 40, 70% (over 2 steps); (v) 1)
03, DMS; 2) NaClO;, NaH2POas, 56%; (vi) 1) Pd, HCO2NH4 2) 0.1 N NaOH, 82%; (vii) 1) N-
acetylcystine allyl ester 19, BOPCI, EtsN, 79%; 2) Pd(Ph3P)s, 81%.

Scheme 7: Omura’s strategy for lactacystin

14



H =

43

Figure 8: The camphor derived borane 43

The alkene was converted to the aldehyde after treatment with ozone. The resulting aldehyde
was oxidized to provide 42. Hydrogenation formed the y-lactam ring, which, after ester
hydrolysis, gave 3, which was converted to lactacystin by methods identical to Corey’s
synthesis. From 36 the overall number of steps was 10 and lactacystin was obtained in 13%

overall yield.
1.5.3 The Panek synthesis of lactacystin

\/\/\
7 Y COzMe

SiMe,Ph
CO,Me 44
~1CHO (i)
—_—

Reagents and conditions: (i) 44, TiCls, -78 °C - -35 °C, 60% (ii) 1) O3, DMS 2) NaClO2, NaH;PO4
90% (over the 2 steps).

Scheme 8: Panek’s improvement to the Omura synthesis

In 1999 Panek et al.3? made several improvements to the Omura synthesis, firstly to the
synthesis of the starting material (R,S) hydroxy leucine 36 in a reduced number of steps (See
chapter 2.5.1.4.4.3). In addition, improvements were made to the incorporation of the C7
methyl and C6 hydroxyl groups to produce 42 (Scheme 8). Panek’s strategy involved a
crotylation with TiCls providing the anti diasteroisomer 45 in >30:1 ratio to the syn. Ozonolysis
of the alkene and oxidation of the resulting aldehyde formed the common intermediate 42.

The synthesis was then completed in an analogous fashion to Omura.
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1.5.4 The Adams synthesis of omuralide

The shortest and most high yielding route to omuralide to date was completed by Adams et
al. in 1999,% starting in a similar manner to Omura using a (R,S) hydroxy leucine derivative.
Enone 47 was synthesized using a Wittig reaction from ylide 46. Sharpless dihydroxylation of
the enone produced 48 in good yield and >99% ee after recrystallization. Methodology
Developed by Sharpless®* was used to brominate the alpha position of the ester; displacement
by sodium azide gave 50. Reduction of the azide produced a mixture of the benzyl ester 51
and benzyl amide 52, but, on treatment with p-TsOH only the Omura intermediate 37 was

formed from the mixture (Scheme 9).

OH

Ph3P/ CO,Me —0 5 )\Acone L CO,Me
OH 48

||| |v) (v)
COzMe COZMe
OBz OBz
NH, NHBz MeO,C,, N
\
)\‘)\COQMe + )\H\COzMe LN >_ Ph
OBz

51 52

Reagents and conditions: (i) iso-butyraldehyde, DCM, 93%; (ii) DHQ2(PHAL), K20sO32(OH)s,
NMO, t-BuOH:H,0 1:1, 60%; (iii) PhC(OMe)s, BF3.0Et,, DCM, then CH3COBr, NEts, 0 °C, 93%;
(iv) NaN3, DMSO, 85%; (v) Ha, Pd(OH)2/C, 85%; (vi) p-TsOH, 89%.

Scheme 9: The Adams synthesis of omuralide

A chiral aldehyde, 57, was formed from 53. Saponification of 53 and subsequent construction
of the amide with diethyl amine formed 55. Deprotection of the alcohol, followed by
oxidation, formed 57 (Scheme 10). Treating the Omura intermediate 37 to an aldol reaction
with a chiral aldehyde 57, with the correct stereochemistry of the methyl unit already
incorporated, furnished intermediate 58. Hydrogenation and subsequent cyclization provided
the ester 59. Saponification and formation of the B-lactone ring formed omuralide (Scheme

10).
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Reagents: (i) LiOH (ii) Et2NH, DIEA, TBTU, 85% (over the 2 steps); (iii) H2, Pd(OH)2/C, 100%; (iv)
Dess-Martin oxidation, 88%; (v) LIHMDS, MeAICl, 57; (vi) Hz, Pd(OH)2/C, 67% (over the 2

steps); (vii) NaOH/H,0, 93%; (viii) isopropenyl chloroformate, NEts, 79%.
Scheme 10: Synthesis of the chiral aldehyde 57 and its use to synthesize omuralide
1.5.5 The Poisson synthesis of omuralide

To date, the most recent total synthesis of omuralide was completed by Poisson et al., leading
on from their work on highly diastereoselective [2+2] cycloadditions. Using stericol as a chiral
auxiliary, the methodology>® was applied to the synthesis of omuralide.3® Treatment of 61
with triethylamine formed ketene 62 in situ, which underwent a [2+2] cycloaddition with
alkene 63 to give 64. The chiral auxiliary stericol 60 was able to produce diastereoselectivities
of >98:2 in 64. Reduction of the carbonyl group occurred in again excellent

diastereoselectivities (>98:2) to produce a hydroxyl group which was protected as a TBS ether.
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Removal of the stericol chiral auxiliary 60 allowed the hydroxyl group to be oxidized to 66

(Scheme 11).

Rsto =

(R)-Stericol 60

0] —
/\ Me, @]
(i) 63 L (il
E—— —_— R R SiMe2 —_—
g si” ~. - [2+2] StO !

..ol Si_ __Si st
|07 |07 Me,
61 62 64
Me, OTBS Me, OTBS
(|||) | -|‘\\ (|V) -|“\
R N SiMe2 0 SiMez
StO / 7
65 02 66 2

Reagents: (i) EtsN, 62, Toluene 70 °C, 97%; (ii) 1) DIBAL-H 2) TBSOTY, lutidine, 95%; (iii) 1) TFA
2) DMP, 75%.

Scheme 11: Part 1 of the Poisson synthesis of omuralide

An O-mesitylenesulfonylhydroxylamine (MSH) mediated Beckmann transposition formed the
v-lactam found in omuralide, and protection of the amide was carried out with benzyl
bromide and sodium hydride to form 68 (Scheme 12). Removal of the TBS ether allowed
selective opening of the oxidisilinane to a silanol and a dimethylphenylsilane. The silanol was
oxidized using Tamao oxidation conditions, allowing addition of the iso-propyl group through
the corresponding organolithium species. Subsequent protection of the free hydroxyl groups
produced 72. Deprotection of the amide and oxidation of the silane produced the alcohol 73,
which could be further oxidized to the acid 3, in turn cyclized to 2 using Corey’s

methodology.2®
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Reagents: (i) MSH, 58%,; (ii) NaH, BnBr, 92% (iii) 1) TBAF, 2) PhLi (iv) KF, H,02, 54% (over the 3
steps); (v) TEMPO, NCS, 64%; (vi) 1) iso-propylLi 2) Ac20, Py, 51%; (vii) 1) H, Pd/C 2) KBr,
AcOOH, 80%; (viii) 1) Jones oxidation; 2) NaOH; (ix) BOPCI, EtsN, 90%.

Scheme 12: Part 2 of the Poisson synthesis of omuralide
1.6 SAR studies of omuralide
1.6.1 Introduction to the SAR of omuralide

Total synthesis of natural products is always a worthwhile pursuit for the exploration and
understanding of molecules and reactivity, but when a bioactive natural product is the target,
the most prized routes are those where the final compound can be easily modified to produce
analogues of the natural product. This can often provide critical information about the
mechanism of action in these compounds and occasionally improve the bioactivity, or create

more stable versions, allowing a greater chance of using the molecule as a drug candidate.
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The largest contribution to date on the SAR studies of omuralide was made by Corey.3” Simple,
mid to late stage modifications of two of his total syntheses was able to produce a range of

C5, C9 and C7 analogues.
1.6.2 Modifications of the C5 and C9 position

The overwhelming majority of C5 and C9 analogues Corey was able to produce were from
simply exchanging the vinyl Gringard reagent or using organochromium reagents. Taking the
product through methodology analogous (reduction of the alkene step was removed for
74d,f,h) to the original route discussed in Chapter 1.4.1.4 was sufficient to produce a wide
variety of C9 analogues. Each were tested in their inhibition rates of the chymotrypsin-like

activity of the 20S proteasome (Table 2).

TBSO 7 TBSO Y 4 or 5 steps
(@) e
Me0,Culs 0 ——>MeOCufs —_

< N R
OHC PMB HO™ RPMB
32 74a-h

Analogue R = Kassoc (M2 S2)
Omuralide 2 CH(CHs)2 3059 £ 478

75a H 9.7+6.2
75b CeHs No inhibition
75c CaHs 290+ 12
75d CH=CH; 188 + 11
75e CH2CH2CH;s 192 +35
75f CH,CH=CH; 255+40
75g CH2CH(CHs)2 17.4+2.4
75h CH2CH(CH3)=CH, 64.7+2.2

Table 2: Association rates of C9 analogues on the 20S proteasome CT site

Corey was unable to improve on activity with any of the C9 analogues. Further modification
of 32 allowed a library of C5 analogues to be produced primarily involving modifications to

the C5 hydroxyl group (Table 3).
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5 (@)
¢ g M
76a-d
Analogue R= Kassoc (M1 S2)
Omuralide 2 (S) CHOHCH(CH3)2 3059 + 478
76a (R) CHOHCH(CHs)2 No inhibition
76b COCH(CHs); 65+ 9.6
76¢ CHCH(CH3), 235+ 16
76d CH=C(CHs), 98 +5

Table 3: Association rates of C5 analogues on the 20S proteasome CT site

Again, activity was not improved past that of omuralide. All modifications made to either the
C9 or C5 position drastically reduced activity. It seemed the hydroxylated iso-butyl moiety

was optimal for proteasome inhibition.
1.6.3 Modifications to the C7 position

To analyse the position at C7, Corey modified his improved original route to omuralide. Not
only did Corey’s improved anti-aldol reaction discussed in chapter 1.5.1.3 improve yields of
the omuralide synthesis, but the reaction was also able to tolerate various other alkyl groups
into the C7 position to produce intermediates 77a-e. The remainder of the synthesis was
completed in an analogous way to the original route. The C7 epimer 78f (derived from the by-
product of the anti-aldol reaction) was also tested. Also included in table 4 is an analogue
synthesized by Adams et al.®3 Like Corey’s synthesis, modification during the aldol reaction
(in this case through the use of a different chiral aldehyde) was able to provide an n-propyl
analogue. Analogue 78g was then elaborated to the omuralide derivative in an analogous way

to the original Adams route discussed in chapter 1.5.4.
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15 77a-e 78a-e
Analouge R= Kassoc (M1 S2)
CH3 3059 + 478
78a H 450+ 77
78b CH2CH3 6679 + 553
78¢ (CH3)3CHs 7275 + 466
78d CH(CH3)2 8465 + 1572
78e CH2CsHe 2227 + 180
78f CHs (epimer) 1250 + 180
CH2CHCHs 7127

Table 4: Association rates of C7 analogues on the 20S proteasome CT site

Modifications to the C7 site were not only well tolerated but in many cases also vastly
increased rates of association. In general, larger groups improved rates of inhibition. The most
improved analogue tested was an iso-propyl group derivative. However, if the group size was
increased vastly, such as the benzyl group in 78e, inhibition would decrease compared to

omuralide.

Figure 9: The potent dimethylated Corey analogue

Another important C7 analogue is the gem-dimethyl omuralide analogue 79. Despite slightly
lower activities than omuralide, the loss of one chiral centre has made the analogue a more
attractive target for practical purposes. Corey has undertaken several syntheses of this target

by increasingly efficient methods.383%40
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It was thought by Corey that at this point omuralide and related B-lactone, y-lactam

proteasome inhibitors could be improved no further, concluding these investigations.
1.7 The salinosporamides and cinnabaramides

1.7.1 A new generation of B-lactone, y-lactam proteasome inhibitors

R = Cl Salinosporamide A 80 R'=H R =OH Cinnabaramide A 82
R = H Salinosporamide B 81 R'= OH R = OH Cinnabaramide B 83
R'=H R = H Cinnabaramide C 84

R =H Cinnabaramide F 85 Antiprotealide 87
R = CH; Cinnabaramide G 86

Figure 10: New B-lactone, y-lactam proteasome inhibitors

Contrary to the belief that the B-lactone, y-lactam core could be improved no further, in 2003
Fenical et al. reported the discovery of a new B-lactone, y-lactam proteasome inhibitor.**
Salinosporamide A; isolated from the newly discovered marine actinomycete salinispora
tropica. Salinosporamide contained the same B-lactone, y-lactam core as omuralide, but this
scaffold contained increasingly advanced substructures. Most unusual was the modification
to the C7 position, which now contained a chloroethyl chain. Further modifications to the
structure included a cyclohexene moiety at C5, and a methyl at C6. When tested against

omuralide for proteasome inhibition activity at the chymotrypsin-like site, salinosporamide
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showed remarkable activity; approximately 35x more potent. Later work*?>*? looking at
salinispora tropica uncovered several more members of the salinosporamide family of
compounds, including salinosporamide B - a dechlorinated derivative of salinosporamide A.
The majority of these salinosporamide derivatives were found to be considerably more active

than omuralide.

Furthermore, in 2007 the discovery of the cinnabaramides A-G was reported.** Containing
the same B-lactone, y-lactam core as omuralide, and an identical cyclohexene moiety as found
in the salinosporamides. The cinnabaramides also displayed activities far greater than
lactacystin. Interestingly the thioester derivatives 85 and 86, unlike lactacystin, show similar,

even increased activities compared to their B-lactone counterpart (Table 5).

Compound ICs0 [nm] inhibition of human

proteasome

:
6

Table 5: Inhibition activities of the cinnabaramides

1.7.2 Salinosporamide A’s mechanism of action

In 2006 Groll et al. reported a crystal structure of salinosporamide A in the 20S proteasome.*
A key difference to omuralide was the formation of a cyclic ether between the chloroethyl
and C6 hydroxyl group. Groll suggested this blocked hydrolysis of the ester, increasing stability
of the salinosporamide A-proteasome complex. The cyclization was also entropically and
enthalpically favourable. The observations led Groll to propose the mechanism of 20S

proteasome inhibition by salinosporamide A, shown below (Scheme 13).
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Scheme 13: The mechanism of salinosporamide A inhibiting the CT site of the 20S proteasome

Unlike the cinnabaramides, lactacystin-like thioester derivatives of salinosporamide have not
been discovered in nature. It is likely that this is because this could induce premature
cyclization of the cyclic ether due to the free hydroxyl group, reducing the inhibitory potential

of salinosporamide A.%
1.7.3 SAR of the salinosporamides

Extensive work has been reported on the SAR studies of salinosporamide, and reviewed.*%4’
Unlike omuralide, these studies have been unable to produce dramatic changes in the
potency of salinosporamide, however, analogues have been produced with complementary
inhibitory potential as salinosporamide A, and have shown the importance of several
salinosporamide functionalities (Table 6). This provides potentially useful structural

information for future development of B-lactone, y-lactam 20S proteasome inhibitors.
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Name Structure ICs0 Value CT site nM

Salinosporamide A 80 80 2.6+0.2
Salinosporamide B 81 81 274

Salinosporamide D 88 7.7+3

Salinosporamide E 89 24 £ 5

Antiprotealide 87 315
lodosalinosporamide 90 2.8+0.5

Table 6: SAR activity of salinosporamide analogues

Although changes to the structure of salinosporamide A generally provide less potent
analogues. Many of these derivatives still possess activity greater than omuralide. These
results seem to suggest the greatest modification from omuralide to salinosporamide A for
proteasome inhibition, is the addition of the cyclohexene unit. This can be seen clearly in the
comparison of omuralide with salinosporamide D 88, where addition of the C6 methyl and C5
cyclohexene ring have increased potency from omuralide by about 7x. Furthermore,

replacement of the cyclohexene ring in salinosporamide A with an omuralide like iso-propyl
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group (antiprotealide 87) decreases potency by 12x. Antiprotealide was first synthesized by
Corey”® as a hybrid of omuralide and salinosporamide A then, later, found also to be a natural
product.* Interestingly, unlike omuralide analogues, salinosporamide B appears not to
benefit from extension of the C7 alkyl group (salinosporamide E 89), potency even increased

on shortening the ethyl chain to a methyl, as in salinosporamide D 88.

Where the most promising results have been found however, is modification of the chlorine
on the C7 alkyl chain with better leaving groups. Although ICso values have remained relatively

unchanged, cytotoxicity has been found to increase slightly.*’

Like omuralide, key to understanding the full activity of salinosporamide A has been aided by

a number of syntheses, first of which was completed by Corey et al.>°
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1.7.4 Total synthesis of salinosporamide A

1.7.4.1 The first total synthesis of salinosporamide A

e
H O 0 CO,M
N2 N LS Me
\©\ny COMe__() Q\(/ NCOMe (i) \Q\(/N O e
O o
H
92

0]

)

91 93

H COzMe ) \ \
i N v, 0= GOMe ) o=( COMe

PMB PMBN—"">opp, PMBN—"">0gp,

HO
HO O

94 95 96

ZnCl

Reagents and conditions: (i) p-TsOH, toluene, reflux, 12 h, 80%; (ii) LDA, THF, HMPA, -78 °C,
CICH,0BnN, 4 h, 69%; (iii) NaCNBHs, AcOH, 40 °C, 12 h, 90%; (iv) 1) TMSCI, Et,0, 23 °C, 12 h, 2)
Acrylyl chloride, i-PraNEt, CH.Clz, 1 h, 0 °C, then H* Et20, 23 °C, 1 h, 96%; (v) Dess-Martin
periodinane, 96%; (vi) Quinuclidine, DME, 0 °C, 7 d, 90%, 2) BrCH,Si(CHs).Cl, DMAP, CH,Cl,, 0
°C, 30 m, 95%; (vii) BusSnH, AIBN, benzene, reflux, 8 h, 89%; (viii) 1) Pd/C, EtOH, Ha, 18 h, 95%,
2) Dess-Martin periodinane, 23 °C, 1 h, 95%; (ix) 100, -78 °C, 5 h, 88%; (x) KF, KHCO3, H,0,,
THF-MeOH (1:1), 23 °C, 18 h, 92%; (xi) 1) CAN, MeCN-H,0 (3:1), 0 °C, 1 h, 83%, 2) 3 M, LiOH-
THF (3:1), 5 °C, 4 d, 3) BOPCI, Pyridine, CH;Cl3, 23 °C, 1 h, 4) Ph3PCl;, Pyridine, MeCN, 23 °C, 1
h, (65% over the 3 steps).

Scheme 14: Corey’s synthesis of salinosporamide A
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The threonine amide derivative 91 was cyclized to 92 with p-TsOH allowing a completely
diastereoselective alkylation with a chloro methyl benzyl ether (Scheme 14). Reduction with
NaBHsCN provided the quaternary amino acid derivative 94. Protection of the threonine
alcohol with a trimethyl silyl (TMS) protecting group allowed clean acylation of the amine,
subsequent deprotection of the alcohol provided 95 in 96% yield over the whole sequence.
The threonine alcohol was then oxidized with Dess-Martin periodinane. Cyclization to the y-
lactam proceeded through a Baylis-Hillman aldol with quinuclidine in a highly
diastereoselective manner (9:1). Protection of the hydroxyl group with a
bromomethyldimethylsilyl chloride to 97 allowed a radical cyclization to 98. Cleavage of the
benzyl ether and oxidation of the resulting alcohol proceeded in excellent yield to 99. The
resulting aldehyde was used to incorporate the cyclohexene unit found in salinosporamide
using 2-cyclohexene zinc chloride 100 in excellent diasteroselectivity (20:1). Tamo-Fleming
oxidation provided 102 in excellent yield (92%). Removal of the PMB protecting group and
saponification of the methyl ester was followed by formation of the B-lactone. Finally,

chlorination of the alcohol provided salinosporamide A.
1.7.4.2 The Romo synthesis of salinosporamide A and (1)-cinnabaramide A
1.7.4.2.1 Introduction

Romo et al. utilized methodology previously devised in the group®! which allowed a 1-pot
production of B-lactone, y-lactam scaffolds to great effect, applying this to both the synthesis

of salinosporamide A and cinnabaramide A.>?
1.7.4.2.2 Romo’s synthesis of (t)-salinosporamide A

Benzyl protected serine 103 was protected with PMB on the amine and an allyl protecting
group for the carboxylic acid to product 104. The B-Lactone 105 was coupled to the protected
serine derivative 104 in good vyield (80%) using 115. The pyridine derivative 114 opens the
lactone 105 through attack of the carbonyl, forming an activated ester which is attacked by
amine 104. Amide 106 was deprotected to produce the cyclization precursor 107. The bis-
cyclization (Scheme 16) proceeded in low yields (up to 35%) and produced 2 diasteroisomers
in up to a 3:1 ratio. Removal of the benzyl ether protecting group and oxidation of the
resulting aldehyde provided 110. Using Corey’s methodology to install the cyclohexene ring

(Scheme 14), which was surprisingly tolerant to the B-lactone, produced a 3.5:1 ratio of
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diastereoisomers which, after PMB removal by ceric ammonium nitrate (CAN), produced

salinosporamide A (Scheme 15).

O
/O:/[L
/\
BnO . BnO 105
j\ —0 PMB. j\ —>) COZR
H,N COZH ” COQAIIyI

103 104 Cl 106 R = Allyl

() 107 R = H
|

Cl

(vi) 0 (vii)
— —
Q NPMB
o -
HO
111
| _ N X, Tautomerization ZnCl
+N Br N | P - |
'OTfH | N™ "OH N“ 0
N
112 113 114 100

Reagents and conditions: (i) 1) p-methoxy benzaldehyde, MeOH, NaBH4, 2) p-TsOH, allyl
alcohol, (2 steps, 74%); (ii) 105, 112, THF, 60 °C, 36 h, 80%; (iii) (Pd(PPhs)s, morpholine, 75%;
(iv) 114, i-PraNEt, 113, CHJCly, -10 °C, 6 h, up to 35%; (v) 1) Ha Pd/C, THF, 25 °C, 98%; 2)
EDAC.HCI, DMSO, CI,CHCOH; (vi) 100, THF, -78 °C, 33% over the 2 steps; (vii) CAN,
MeCN/H,0, 49%.

Scheme 15: Romo’s synthesis of salinosporamide A
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1.7.4.2.3 The key bis-cyclization in Romo’s synthesis of salinosporamide A

The bis-cyclization reported by Romo first requires activation of the acid 107 by 112.
Substitution of this by the 4-dimethylaminopyridine (DMAP)-like derivative 113 further
activated the acid, providing the intermediate 117 with an excellent leaving group.
Deprotonation to the pyridinium enolate allows an aldol reaction, to form the y-lactam (119).
Attack from the newly formed alkoxylate on the pyridinium-activated-carbonyl forms the B-

lactone (Scheme 16).

Br _N_ N
\T[\:j oTf )
OBn Z Bn —

O
O O /[ 112 O O
N” > COH — » N
PMB \ F’MBO N

o
’L_\_

N
Cl 107 Cl 115 | _—
0B
o o :
0 BnO
QMB QD Q
N7 -H* O_
o NI \ = —_— N XYY ———>»
| PMB | T
| Cl NN /N
X \ |
cl K
116 118

108/109

Scheme 16: The mechanism for the bis-cyclization reported by Romo
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Despite several steps with decreased yields, Romo synthesized salinosporamide A in a
remarkably short number of steps. In addition, modification of the lactone 105 allowed the

methodology to be expanded further.
1.7.4.2.4 The first synthesis of (x)-cinnabaramide A by Romo

The methodology designed by Romo was then applied to cinnabaramide A (Scheme 17). Like
the route to salinosporamide A, benzyl protected serine 103 was used, and protected with a
PMB group and a methyl ester. Coupling of this to 120 produced the bis-cyclization precursor
after deprotection of the ester to the acid with trimethyltin hydroxide. The cyclization
proceeded in slightly better yield than the route to salinosporamide A, and better
diastereoselectivity - (4.7:1) 123:124. The final steps occurred in an analogous fashion to

Romo’s synthesis of salinosporamide A.
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H3C(H,C)s
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o -
HO
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ZnCl
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Reagents and conditions: (i) 1) p-methoxy benzaldehyde, MeOH, NaBHa, 2) TMSCHN,,
MeOH/Et,0, (2 steps, 58%); (ii) 120, 114, THF, 50 °C, 48 h, 85%; (iii) Me3SnOH, 69%; (iv) 112,
i-PraNEt, 113, CH2Cly, 0 °C, up to 45%; (v) 1) H2 Pd/C, THF, 25 °C, 79%,; 2) SOs.pyridine, DMSO;
vi) 100, THF, -78 °C, 57% over the 2 steps; (vii) CAN, MeCN/H;0, 48%.

Scheme 17: Romo’s synthesis of cinnabaramide A

Later variants of this synthesis, primarily the separation of the 107 diastereocisomers, allowed
an enantioselective route to salinosporamide A, including the production of new analogues

of this valuable compound.>3
1.8 Similar y-lactam cores in other natural products

Similar y-lactam cores are found in other natural products which are currently not known to

have proteasome inhibiting potential. Although our primary focus is omuralide and related
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derivatives, such compounds further highlight the importance of developing methodology to

access these biologically relevant cores.

CONH,
Streptopyrrolidine 128

/\)//,'/\[]/O/"
0 O
o

N
H

Monascustin 127

Hoshinolactam 130

Oxazolomycin 129

9

HO,,

0O
HN OH
@)
L-Tenuazonic acid 132 Dysidamide C 133

Figure 11: A selection of y-lactam natural products

Monascutin 127 was discovered in 2016 after being isolated from red yeast rice.”*
Streptopyrrolidine 128 was discovered in 2008 after isolation from deep sea sediment.>®
Interest in this molecule stems from its ability to inhibit angiogenesis, which could provide
promising anti-tumour drugs. Oxazolomycin 129 is particularly interesting, not only due to its
y-lactam core but also the spiro B-lactone ring.>® Oxazolomycin 129 exhibits antibacterial
activity and is under investigation by several groups.®”>® The lajollamycins are another related
family of compounds which share similar structural features to oxazolomycin.>®
Hoshinolactam 130 was recently discovered as an isolate from a marine cyanobacterium

which displays potent anti-parasitic properties.® (-)-L-755,807 131 was originally discovered
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by Merk,%! interestingly, under investigation for its ability to induce neurite outgrowth, which
studies into omuralide have shown can be a consequence of proteasome inhibition. The
absolute configuration was later reported using total synthesis by Kogen et al.%? Dysidamide
C 132 belongs to a family of compounds isolated from marine sponges.® Finally, L-tenuazonic
acid® 133 was one of the first tetramic acid natural product to be isolated, since discovery,
numerous additions to this class of natural products have been isolated, characterized and
synthesized.®>®® Such compounds have been found to exhibit a wide range of biological

activities, such as anti-microbial, anti-viral, and anti-tumour properties.
1.9 Previous work in the Page group

1.9.1 Previous work using glycine as the starting material

1.9.1.1 Synthesis of an advanced intermediate from glycine

Initial work in the Page group focussed of the synthesis of functionalized lactam cores related
to omuralide.®’ The lactam core was derived from glycine, with no original chirality, the cores

were racemic.

The key step was the Dieckmann cyclization (Scheme 18), allowing formation of the lactam
core 136, then the alkylation of the tetramic acid like position with tetra-N-butylammonium
fluoride (TBAF) and Mel. Further optimization of this step allowed a 1 pot procedure to be
developed, where TBAF induced cyclization of 135, then, after Mel addition, facilitated

alkylation (Scheme 19).

COan
(i) 1 0 i _ ©
PN | 1
BAHN" “CO,Et — > — W
2 BnOMNACOZEt ©
Bn N
Bn
134 135 136

Reagents and conditions: (i) BhnOCOCH,COCI, py, DMAP, CHxCly, rt, 24 h, 83%; (ii) NaH, PhH,
6 h, 63%.

Scheme 18: Cyclization of glycine to a functionalized y-lactam core
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Bn Bn
136 137
O O (i) o CO,Bn
]
Bno/ﬂ\v/ﬂ\N/A\COZEt 0
" 5
n
135 137

Reagents and conditions: (i) TBAF, Mel, THF, 24 h, 70%; (ii) TBAF, Et.0, rt, Mel, THF, 24 h,
53%.

Scheme 19: Alkylation of the y-lactam core and the 1-pot cyclization/alkylation

A further key step in the synthesis of the functionalized lactam core, was the addition of a
methyl ester using Mander’s reagent.®® This allowed acetylation at the carbon, with no
competing O-acetylation, in a diastereoselective manner (5:1). Finally, removal of the benzyl

ester produced the advanced intermediate of omuralide (Scheme 20).

0 CO,Bn 0. = _CO.Bn o
o 0 T;o (i) | o

N SN wN
B MeO,C" B MeO,C" R
137 138 139
0
MeO)LCN

Mander's reagent

Reagents and conditions: (i) LIHMDS, NCCO.Me, DMPU, THF, -78 °C, 2 h, 75%; (ii) H2, Pd(OH)a,
THF, rt, 20 min, 95%.

Scheme 20: Acylation of 137 leading to the advanced intermediate of omuralide 139
1.9.1.2 Synthesis of the full carbon skeleton of omuralide from glycine

Later work by the Page group built on this, allowing elaboration of intermediate 138 to the
full carbon skeleton of omuralide.®® Initial work to install the C9 hydroxyl group with the iso-
butyl moiety through an acylation, was thwarted by formation of the O- acetylated product

140. However, alkylation at this position was successful, forming the full carbon skeleton.
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Reduction of the alkene and hydrogenolysis of the benzyl ester was achieved in one step,

providing the advanced intermediate of C9-deoxy omuralide 142 (Scheme 21).

0. = COsBn . /kffo ~ _CO,Bn
MeO,C" N, MeO,C~ N,

138 140

0. % COzBn Of/iozlsn O:]\\/<F

T;O (i) , Meocal =0 i), meo,0nl =0
MeO,C" N, >f” }jn
141 142

138

Reagents and conditions: (i) (CHs);CHCOCI, py, CH,Cl, 24 h, 68%; (ii) NaH, DMF,
CH,=CCH3CH2Br, rt, 24 h, 75%; (iii) Ha, Pd/C (cat), 90% (1:1 mix of diastereoisomers by NMR).

Scheme 21: Elaboration of 138 to the full carbon skeleton of omuralide
1.9.2 Studies towards the synthesis of C9-deoxy omuralide from L-leucine
1.9.2.1 Synthesis of the y-lactam core

Later work in the Page group has concentrated on the use of chiral amino acids as starting
materials.”® Not only does this allow the carbon skeleton of omuralide to be synthesized in a
much more efficient manner (the iso-butyl does not need to be incorporated later), but the
initial chirality should also be able to direct the synthesis, providing a route to enantiopure
compounds. Varying the amino acid starting material should also be able to produce new
analogues of omuralide. Currently, the majority of this work has focused on leucine, which,

once fully elaborated, could produce C9-deoxy omuralide (Scheme 22).

H,N”T “CO,H

143

Scheme 22: Using leucine to form an omuralide analogue

37



_0 HN” ~CO,Me
HCIH,N”™ ~CO,Me

144 ~o 145
O O
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BnO N~ ~CO,Me
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Reagents and conditions (i) 1) para-Methoxy benzaldehyde, acetic acid, toluene, reflux 2)

NaBHsCN, acetic acid, MeOH, 93%. (ii) 146, EDAC.HCI, DMAP, N-methyl morpholine, CH,Cl,
72%.

Scheme 23: Synthesis of a leucine derived Dieckmann cyclization precursor 147

cr

\
HCI N ~F .-
/N — N
HN

N=C=N
AN

EDAC.HCI

Figure 12: EDAC.HCI in straight chain and cyclized form

Leucine methyl ester 144 was protected with PMB using an acid catalysed reductive
amination procedure. Coupling to 146 with peptide coupling reagent 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide HCI (EDAC.HCI) provided a Dieckmann cyclization

precursor 147 similar to 135 (Scheme 23).

O O U
Bno/ﬂ\v/ﬂ\N CO,Me
PM PMB PMB
147 (+)-148a (+)-148b

Reagents and conditions: (i) TBAF (1M in THF), THF, Mel, rt, overnight, 59%.

Scheme 24: The Dieckmann cyclization incorporation leucine into the y-lactam core
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Dieckmann cyclization precursor 147 was treated to a comparable reaction developed for the
glycine route, producing a 1:2 mixture of diastereoisomers. Unfortunately, however, the
material was found to be racemic (Scheme 24). This was assumed to have occurred during

the Dieckmann cyclization by fluoride mediated deprotonation of the a-ketone position.
1.9.2.2 The acylation using Mander’s reagent

Each of the diastereoisomers were found to undergo acetylation diastereoselectivly using

Mander’s reagent (Scheme 25).

OB . OBn 0
0] —> MeO,C,
N
PMB
(*)-148a (*)-148b
(0]
0 OBn
| 0
N
PMB
(¥)-150

Reagents and conditions: (i) LIHMDS, DMPU, methyl cyanoformate, THF, -78 °C, using (1)-
148a: 73%, using (+)-148b 79%, using (+)-148a and (+)-148b 86%.

Scheme 25: The acylation using Mander’s reagent of the diasteroisomers (+)-148a and (+)-

148b
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Addition of the methyl ester occurred opposite the bulky benzyl ester. Because both

diastereoisomers were racemic, and the reaction was diastereoselective, separation of the

diasteroisomers (+)-148a and (+)-148b was not necessary, as both would go through the same

racemic intermediate (+)-150.
1.9.2.3 Elaboration of the y-lactam core to C9-deoxyomuralide

1.9.2.3.1 Strategy and reduction of the C6 ketone

Following from the success of the construction of the y-lactam core, work focused on the

functional group manipulations required for the synthesis of C9-deoxy omuralide. The

strategy developed involved reduction of the C6 ketone, followed by removal of the benzyl

ester (Scheme 26).

HO,,
> M902C//,

(+)-149 (#)-151 ()-152

Scheme 26: Strategy consisting of reduction and removal of the benzyl ester to produce

advanced intermediate (*)-152

g,

This should produce the advanced intermediate (+)-152. Reduction of (+)-149 using sodium

borohydride occurred in surprisingly high diastereoselectivity with the hydride adding on the

same face as both the iso-butyl and the benzyl ester (Scheme 27).

OBn HO,,

0O _ 0 o Mmeo.:.

(£)-149 (%)-151
Reagents and conditions: (i) NaBHa4, EtOH, 0 °C to rt, 30 min, up to 57%.

Scheme 27: Reduction of (+)-152 with NaBH4 producing (+)-151
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1.9.2.3.2 Attempts at removal of the benzyl ester
1.9.2.3.2.1 Removal using an acyl selenium decarboxylation

The first decarboxylation strategy attempted was via the acyl selenium (+)-154 through a

radical mediated pathway (Scheme 28).

(+)-151

(+)-154

(¥)-152

Scheme 28: Strategy for the formation of an acyl selenium derivative (+)-154 for

decarboxylation

An example by Allin et al.”* shows decarboxylation can occur in similar functionalities.
Removal of the benzyl ester proceeded in good yield, providing the acid (+)-153 (Scheme 29).
Formation of the acyl selenide however failed, instead producing the B-lactone (%)-155
(scheme 30). Various methods to protect the C6 hydroxyl group were then attempted,
however, this was surprisingly difficult. The most effective group was found to be a

trifluoroacetate.

(#)-151

Reagents and conditions: (i) H2, Pd(OH)2, THF, quant.

Scheme 29: Removal of the benzyl providing acid (+)-153
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(£)-155
Reagents and conditions: (i) BusP, (PhSe),, CH.Cly, 24 h, 66%.
Scheme 30: Attempt at forming the acyl selenide (+)-154

Trifluoroacetate protection proceeded in good yield allowing the acyl selenide (+)-154 to be
formed, unfortunately however, subjecting this to the conditions required for

decarboxylation resulted in a complicated mixture of products (Scheme 31).

(+)-156 (+)-154

HO,,

SePh (i)

o) 3¢ MeO,C.. O

PMB

(£)-154 (#)-152

Reagents and conditions: (i) (CF3CO),0, pyridine, Et,0, 81%; (ii) BusP, (PhSe),, CH,Cly, 24 h,
31%,; (iii) n-BusSnH, AIBN, toluene, 80 °C, 2 h.

Scheme 31: Formation of acyl selenide (+)-154 and attempts at decarboxylation
1.9.2.3.2.2 Removal using Barton decarboxylation
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Following on from the failed decarboxylation attempts with the acyl selenide. Formation of a

Barton ester was pursued. In the correct conditions, this should undergo Barton

decarboxylation.

iy

(¥)-153 (¥)-157 (+)-152
Scheme 32: Decarboxylation strategy via Barton ester (+)-160

Unfortunately, attempts to form the Barton ester ()-157 all resulted in the B-lactone by-
product (+)-155 (Scheme 33). Both (+)-153 and the trifluoroacetic acid (TFA) ester protected
derivative (+)-156 were treated with coupling conditions, using peptide coupling EDAC.HCI
and 2-mercaptopyridine N-oxide sodium salt. (+)-157 was also attempted to be synthesized

through an acyl chloride (Scheme 33) but again this resulted in B-lactone (+)-155.

R = H (¥)-153
R = TFA (%)-156

(£)-155

Reagents and conditions: (i) (+)-153, oxalyl chloride, and 2-mercaptopyridine N-oxide sodium
salt, DMF, CHClIs; (ii) (*)-153 or (+)-156, EDAC.HCI, N-MM, DMAP, 2-mercaptopyridine N-oxide

sodium salt, THF.

Scheme 33: Attempts to form the Barton ester

43



1.9.2.3.2.3 Removal using a Krapcho decarboxylation

A final attempt at decarboxylation was attempted using Krapcho’? conditions, unfortunately

this resulted in removal of both the methyl ester and the benzyl ester (Scheme 34).

A potential approach to future work on decarboxylation strategies of (+)-153 may find success
using the reagent by Garner’® S-(1-Oxido-2-pyridinyl)-1,1,3,3-tetramethyl-thiouronium
Hexafluorophosphate (HOTT). Which has been found to decarboxylate particularly hindered

esters.

-
(i) O + | (0]
N N
PMB PMB
(2)-151 (£)-158 (£)-159

Reagents and conditions: LiCl, DMF, 135 °C, 4 h, (+)-158 49% and (+)-159 38%.

Scheme 34: Treatment of (+)-151 with Krapcho decarboxylation conditions
With all strategies for decarboxylation failing, a new approach was undertaken.
1.9.2.3.3 New strategy to reach intermediate (+)-152

The new strategy involved first removing the benzyl ester, then reducing the C6 carbonyl

(Scheme 35).

(@) HO,, :
MeO,Cr.. » MeO,Ci.. N O ... » MeO,Cr.. N O
PMB PMB

(¥)-149 (¥)-160ab (*)-152

Scheme 35: New strategy to (+)-152 involving removal of the benzyl ester followed by

reduction

Removal of the benzyl ester was achieved using hydrogenolysis conditions (Scheme 36).

Despite a number of methods attempted however (Table 7), (+)-152 was unable to be
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synthesized (Scheme 36). This is perhaps due to the readily enolizable nature of the ketone,
a new strategy was devised based on a procedure used by Pattenden’#7% where a thiomethyl
group would be installed, the ketone reduced, then the thiomethylated compound

desulfurized. This strategy is explained in more detail in chapter 2.2.3.1.

o

o HO,,
(i) . e} (iD . o)
3 MeO2C . N MeOZC .
PMB PMB
(£)-149 (¥)-160ab (%)-152

Reagents and conditions: (i) H2, Pd(OH)2/C, THF, 30 °C, > 90%; (ii) See table 7.

Scheme 36: Hydrogenolysis followed by reduction strategy

Reducing Conditions Result
reagent

EtOH 0 °C,30 m Complex mixture
MeOH0°C-rt, 2 h SM
Acetic acid, rt, 1 h Unidentified compound
THF,0°C,2h Decomposition
THF,-78°C,1-2 h Complex mixture
THF,0°C,2h Complex mixture
THF, -78°C, 1-2 h Complex mixture
DCM, -78°C,1-2 h Complex mixture
IPA/THF 5:1, 3-6 days  Unidentified compound
Table 7: Reduction conditions attempted for formation of (+)-152
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1.9.3 Studies towards the synthesis of omuralide from L-serine
1.9.3.1 Overview of route using serine

Previous work in the group has also focussed on incorporating serine into the y-lactam core.
Using the previously developed Dieckmann cyclization/alkylation methodology. Once
incorporated, with the C5 hydroxyl group in place, elaboration to omuralide should be

achievable (Scheme 37).

O
OH
/[ o (0] OoBnh ———>
g g
—_— o] —> 0
HCIH,N™ NCO,Me HO \
PMB
161 162ab

Scheme 37: Incorporation of 161 into the lactam core and elaboration to omuralide
1.9.3.2 Studies toward the synthesis of omuralide from serine

Protection of serine proved more difficult compared to the leucine route. Methods previously
developed failed (Scheme 23), however formation of the imine, and its subsequent reduction
under an atmosphere of hydrogen, afforded 163 in fair yield. Unfortunately, however,
coupling to 146 under the standard conditions produced only a small quantity of desired
product 165. This is primarily down to the disubstituted by-product 164 being formed
(Scheme 38).
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Reagents and conditions: (i) para-methoxybenzaldehyde, triethylamine, Hy, Pd/C, MeOH,
64%; (ii) 146, EDAC.HCI, DMAP, N-methyl morpholine, CH,Cl,, 165: 14%, 164: 31 %.

Scheme 38: PMB protection of serine and coupling of the product to 168

Due to these problems, a protection strategy was devised, protecting the hydroxyl group with
protecting group triisopropyl silyl (TIPS). The Dieckmann cyclization precursor 167 was then

obtained in excellent yields (Scheme 39).

OH OTIPS o o OTIPS
(M, L (i), L
PMB. /[ PMB.
N~ > CO,Me N~ > COo,Me BnO N COMe
H 163 H 166 B

Reagents and conditions: TIPSCI, imidazole, DMF, reflux, 90%; (ii) 146, EDAC.HCI, DMAP, N-

methyl morpholine, CH,Cl,, 91%.
Scheme 39: The formation of the TIPS protected cyclization precursor 167

Unfortunately, however, when treated to the cyclization/alkylation conditions the y-lactam
162ab was not isolated. It was thought there could be too many competing reactions between

cyclization and TBAF induced deprotection of the TIPS group (Scheme 40).
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Reagents and conditions: TBAF, Mel, THF, overnight.
Scheme 40: Treatment of 167 with the Dieckmann cyclization/alkylation conditions
1.9.3.3 Starting from a benzyl ether serine derivative

To avoid these problems, a benzyl ether protected version of serine was acquired (168).
Protection of the amine again proved difficult and so 168 was coupled to 146 forming the
Dieckmann cyclization precursor 169 as a secondary amide. Treating this to the Dieckmann
cyclization conditions, however, failed to cyclize 169 to the lactam 170, instead, alkylating the

malonic position twice forming 171 (Scheme 41).

o)
OB
! )
—>
CIH H,N CO,Me BnO H CO,Me BnO gMB
168 169 170
OB
e
BnO%N CO,Me
H
171

Reagents and conditions: 146, EDAC.HCI, DMAP, N-methyl morpholine, CH,Cl,, 69%; (ii) TBAF,
Mel, THF, overnight, 30%.

Scheme 41: Attempted cyclization of 170 with the Dieckmann cyclization/alkylation

conditions
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2.0 Results and discussion

2.1 Retrosynthetic analysis of omuralide and related y-lactam materials

We aim to develop a flexible route to a highly functionalized y-lactam core. This route,
modified appropriately, should be able to produce known natural products such as omuralide
and the salinosporamides, and known and novel analogues of these compounds. Scheme 1
shows the general retrosynthetic analysis used to produce the pB-lactone, y-lactam
proteasome inhibitors and analogues. The B-lactone y-lactam core could be formed through
saponification of the corresponding methyl ester to the acid, followed by lactonization to the
C6 reduced, acylated B-lactam core. The C6 alcohol, which would also become the B-lactone,
could be formed either through hydride reduction or alkylation of the ketone, depending on
the analogue required. Previous work in the group had shown that the methyl ester could be
inserted diastereo- and chemoselectivly using Mander’s reagent directed by a benzyl ester
leading to the acylated y lactam core. The lactam core would be produced through a tandem
Dieckmann cyclization/alkylation leading to the Dieckmann cyclization precursor.
Modification of the alkylating agent should produce lactam cores with various C7 alkyl groups,
allowing further modification of the route. The Dieckmann precursor could be coupled to a
half malonic benzyl ester through a peptide coupling, leading to the N-protected amino acid
methyl ester. Modification of the amino acid starting material provides a final degree of
flexibility allowing various different moieties at the C9 position. Amino acids were used as the
starting material due to their inherent chirality, allowing the synthesis to be stereochemically

directed.
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Acylated y-lactam y-lactam Dieckmann cyclisation precursor

1. Peptide coupling
2. Reductive amination

————> Amino acid methyl ester

Scheme 1. Retrosynthetic analysis of the B-lactone, y-lactam core

The work presented here describes our synthetic route from L-leucine. Fully elaborated, L-
leucine would form C9-deoxy-omuralide, which possesses the full carbon skeleton of
omuralide. Also discussed is our work using L-serine as starting material, with the C9 hydroxyl
group in place from the beginning. Fully elaborated, this could form omuralide. Modification
of the L-serine route could also be used to produce other related natural products such as the

cinnabaramides, salinosporamides and antiprotealide.

"OH

(0 cl 0
Omuralide Antiprotealide R= Cl Salinosporamide A Cinnabaramide A
R= H Salinosporamide B
Figure 1. Various B-lactone, y-lactam natural products
2.2 Elaboration of L-Leucine methyl ester HCI to (+)-C9-deoxy-omuralide

2.2.1 Outline of the general procedure

The proposed route to C9-deoxy-omuralide (Scheme 2) followed the outline of the route in

Scheme 1. Building on previous work in the Page group,®”%%7> leading to 149, following
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removal of the benzyl ester, the thiomethyl blocking group strategy first used by Corey?® and
later by Pattenden’®’* would be followed to allow reduction of the C6 ketone (173).
Desulphurization followed by protecting group removal should provide the substituted

pyroglutamate 174, which has been cyclized to C9-deoxy-omuralide by Mereddy et al.”’

(0]
)j\ 0O o /L)\ 0 J\oan
O
BnO/ﬂ\V/M\N CO,Me N

CIH3N™ ~CO,Me \
PMB PMB
144 147 148ab

~SMe

152 174 76¢

Scheme 2: Plan for the synthesis of 9-deoxy-Omuralide from L-Leucine
2.2.2 Formation of the full carbon skeleton of omuralide
2.2.2.1 N-Protection of leucine

Corey had shown in previous syntheses that the PMB protecting group could be removed
from late stage intermediates and analogues of omuralide and lactacystin. This result has led
PMB to be a common protecting group in lactacystin synthesize and hence PMB was utilized

in our route.

Para-methoxy benzaldehyde and L-leucine were heated under reflux in acidic conditions
using a Dean-Stark apparatus to form the corresponding imine 175. The resulting imine could
be reduced with sodium cyanoborohydride to afford the amine 145 in excellent yield (Scheme

3).
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PMB.

HCIH,N™ ~CO,Me CO,Me

Iz

144 175 145

Reagents and conditions: i) 4-methoxybenzaldehyde (1.1 equiv), acetic acid (0.6 equiv),

toluene, reflux, quant; ii) NaBHsCN (2 equiv), acetic acid (0.9 equiv), MeOH, 96%.
Scheme 3: Two step, one pot reductive amination

However, during further characterization, discrepancies were found between the optical
rotation value of the amine and the literature value.”® To our surprise, it was found that the
leucine chirality had been completely lost under the reaction conditions. Although previous
work in the Page group had observed racemization in the synthetic route, this was assumed
to have been much later in the synthesis. Very similar findings have been observed in the
comprehensive study by Yamada et al.,”® where various amino acids were racemized at high
temperatures in the presence of aldehydes and acetic acid due to the formation of a Schiff
base, lowering the pKa of the alpha ester proton (Scheme 4). A similar racemization involving
piridoxal phosphate (PLP) (the active form of vitamin Be) is a common occurrence in metabolic
pathways,® one key use being the formation of D-serine from L-serine in conjunction with

serine racemase.?!

WCOZMG WCOzMe
2 2 A
(+H") (-H")
—_— —
_0O

/O /O
175
o}
HO ) 9”0H
| X 0~ "OH
~
N
PLP

Scheme 4: Racemization of leucine and the structure of PLP
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Due to the racemization occurring in the acidic conditions during imine formation the
procedure was modified to a 1-pot reaction in basic conditions. A similar racemization has
also been observed under basic conditions,®? therefore, DL-Leucine (176) was also acquired,
esterified and subject to the same conditions. The reductive amination proceeded with good
yield in both cases, but, more importantly, comparison of the known racemate and the N-
protected amino acid from L-leucine using high performance liquid chromatography (HPLC)
with a chiral stationary phase, showed there had been no observable racemization using the

new procedure (Scheme 5).

(i)

PMB.

HCIH,N™ ~CO,Me ” COzMe

144 145
(ii) (i)
e —_—

PMB.

H,N~ “CO,H HCIH,N™ ~CO,Me ” COyMe
+-176 +-144 +-145

Reagents and conditions: i) p-methoxybenzaldehyde (1.1 equiv), EtsN (1 equiv), MeOH,
NaBHa4 (1.9 equiv), 0 °C to rt, 76% from L-leucine, 68% from DL-leucine; ii) acetyl chloride (3
equiv), MeOH, 0 °C — reflux, 16 h, quant.

Scheme 5: Esterification and one step reductive amination
2.2.2.2 Synthesis of 146 and coupling to the N-protected leucine ester

The Dieckmann cyclization precursor 147 was synthesized from the corresponding acid 146

and the PMB protected leucine ester 145 (Scheme 6)

U Peptide coupling o 0O
- + 1 ot t
BnO 0 K" PMB~ "> co,Me BnO/ﬂ\V/ﬂ\N CO,Me
H PMB
146 145 147

Scheme 6: Formation of the Dieckmann cyclization precursor
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Synthesis of the half malonic ester was achieved by forming the dibenzyl malonic ester
through acidic (para-toluene sulphonic acid monohydrate) (p-TSOH) esterification of malonic
acid 146 with benzyl alcohol (BnOH) in a Dean-Stark apparatus (Scheme 7). Mono-
saponification of the di-ester 177 induced precipitation of the potassium salt in excellent
yield. EDAC.HCI, a common peptide coupling reagent, was used to form the peptide bond
along with catalytic quantities of DMAP and N-methyl morpholine (N-MM). After purification
by column chromatography, the Dieckmann cyclization precursor 147 was observed as a pair
of rotamers in 3C and 'H nuclear magnetic resonance (NMR) experiments in an
approximately 4:1 ratio. Variable temperature experiments in dimethyl sulphoxide (DMSO)
found that peak coalescence occurred at 100 °C. Analysis of 147 by chiral stationary phase
HPLC in comparison to a synthesized racemate showed that no observable racemization had

occurred at this point.

o 9 () M (i M
—_— —_— _
HOMOH BnO OBn BnO o k'
176 177 146
O O
(iif) O O
BnO O Kk PMB\N CO,Me BnOMI}J CO,Me
H PMB
146 145 147

Reagents and conditions: i) Benzyl alcohol (2.1 equiv), p-TsOH (0.01 equiv), toluene, reflux
(Dean-Stark), 16 h; ii) KOH in BnOH, 74%; iii) EDAC.HCI (2.6 equiv), DMAP (0.25 equiv), N-MM
(2.3 equiv), DCM, 93%.

Scheme 7: Formation of 146 and its coupling to 145
2.2.2.3.1 The Dieckmann cyclization/alkylation

The previously developed cyclization/alkylation occurs through deprotonation of the malonic
position in the Dieckmann precursor 147 using TBAF as the base. Nucleophilic attack of the
malonate at the leucine ester group forms the gamma lactam as a tetramic acid. A second
deprotonation at the C7 position forms a highly stabilized enolate; addition of iodomethane
in situ then provides the alkylated gamma lactam with the methyl group required for

omuralide. The tetramic acid intermediate was assumed to be planar and therefore we hoped
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to see diastereoselective control with the methyl iodide adding opposite the leucine’s bulky

iso-butyl group (Scheme 8).

+NBU4
o o O COan
M TBAF Mel o
BnO N~ ~CO,Me N
PMB PMB
147 - - 148alb

Tetramic acid intermediate
Scheme 8: The first and second steps of the cyclization/alkylation

Compound 147 was dissolved in tetrahydrofuran (THF) and treated with TBAF. After 30 m,
iodomethane was added at 0 °C. After work-up and purification by column chromatography,

separable diastereoisomers 148a and 148b were isolated in a 1:2 ratio (Scheme 9).

148b

Reagents and conditions: TBAF in THF (3.6 equiv), THF, rt, 0.5 h, then Mel (4 equiv), 0 °C to
rt, 16 h, 57 %, Ratio 2:1 by crude NMR analysis

Scheme 9: The tandem Dieckmann cyclization/alkylation

Unfortunately, analysis of each diastereoisomer and a synthesized racemate by HPLC using a
chiral stationary phase showed that a loss of enantiopurity had occurred in both
diastereoisomers, providing the first eluting diastereoisomer in 9% ee and the second in 79%

ee.
2.2.2.3.2 Confirmation of the relative stereochemistry

Each diastereoisomer was subject to analysis by nuclear Overhauser effect spectroscopy
(NOESY) NMR experiments. It was hoped that interactions would be seen between the iso-
butyl and the C7 methyl group in one of the diastereoisomers and interactions between the

methyl and C5 proton in the other. Perhaps similar to the interactions seen on page 66 in
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compounds 172ab. Unfortunately however, no clear interactions could be seen that could

suggest which diastereoisomer was isolated in excess.

0. % _,CO.Bn 0 0. = _,CO.Bn
e
5 N N
PMB H
148b 178
7 (i)
(0] —_— e)
5 N N
PMB H
148a 179

Reagents and conditions: (i) CAN (5 equiv), 3:1 MeCN/Water, 63% for 148b, 84% for 148a.
Scheme 10: Removal of the PMB group in compounds 148a and 148b

Both diastereoisomers 148a and 148b were isolated as oils, and we were therefore unable to
obtain a single crystal X-ray structure. Removal of the PMB protecting group in the major
second eluting fraction 148b with CAN provided the deprotected lactam as an oil, but PMB
removal from the minor, first eluting, diastereoisomer 148a provided 179 as a colourless

crystalline solid of which a crystal of racemic material was obtained (Scheme 10).

The crystal structure (Figure 2) shows the methyl group cis to the bulky iso-butyl group,
meaning that our major diastereoisomer 148b has the methyl group trans. Although the
diastereoselectivity was not as high as hoped, we expected this to be the major

diastereoisomer due to the steric hindrance of the iso-butyl moiety.
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179

Figure 2: The x-ray crystal structure of (£)-179 (hydrogen atoms and the two other structure

conformations removed for clarity)

2.2.2.3.3 Loss of enantiopurity

Loss of enantiopurity has been observed before in similar cyclizations. In 1990 Poncet et al.®3
studied C5 epimerization rates in various tetramic acid derivatives in sodium methoxide and

methanol under reflux (Scheme 11).

Reagents and conditions: MeONa, MeOH, reflux, 2 h, 97%.
Scheme 11: Poncet’s Dieckmann cyclization epimerization

A mechanism where epimerization occurs before alkylation seems likely as double
deprotonation of the tetramic acid core could produce a stabilized, aromatic, pyrrole-like

intermediate (Scheme 12).
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Scheme 12: Potential driving force for epimerization before alkylation

However, in-depth analysis of the reaction mixture shows this cannot be the case, or at least
not the sole reason. The intermediate necessary for racemization to occur before alkylation
would be achiral. This intermediate would, therefore, once protonated for alkylation to occur,
be a 50/50 mix of enantiomers. The enolate would now undergo the diastereoselective
alkylation. Our reaction has shown that the alkylation is diastereoselective, the methyl
preferentially adding opposite the isobutyl group in a 1:2 ratio. Scheme 13 shows the
outcome of this mode of racemization assuming the diastereoselectivity is 1:2, favouring the
methyl group adding opposite the iso-butyl group. This model should produce 34% of the
racemic material in diastereoisomer 148a and 66% of the racemic material in diastereoisomer
148b, but we find 81% of the racemic material in diastereoisomer 148a and 19% in
diastereoisomer 148b. For a mechanism where epimerization occurs before alkylation, the
ratio between the diastereoisomers in the racemic material should match the total
diastereoselectivity of the reaction. However, not only did the diastereoisomer ratio not
match, more racemic material was found in the unfavoured diastereoisomer 148a. We can

therefore assume the material must be racemizing predominantly after alkylation.

58



BnO

o)

| A\
N
\

P

100%

o
0

MB

| 2("NBuy)

(Of total racemized material)

17%
(S,S)-148a

33%
(R,S)-148b

+NBU4

17%
(R,R)-148a

(o) ‘\\COZBn
)\ °
W N\
PMB

33%
(S,R)-148b

Scheme 13: Diastereoisomeric outcome assuming an epimerization before alkylation

Because of this discrepancy we believe the primary cause of loss in enantiopurity is an

epimerization of the diastereoisomers 148a and 148b, scrambling the stereochemistry. This

could also explain why the first eluting diastereoisomer has a lower ee. The second eluting

diastereoisomer has the iso-butyl and the benzyl ester on the same side. Both are quite bulky

groups, and would presumably produce considerable steric interaction. The release of this

steric strain by enolate formation could mean 148b is more susceptible to epimerization than

the more thermodynamically stable 148a (Scheme 14).
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Scheme 14: Possible explanation for the partial racemization of 148a and 148b

To provide some evidence for this hypothesis, each diastereoisomer was stirred in TBAF in an
attempt to induce epimerization, potentially showing 148b epimerized to 148a faster than
148a to 148b. Unfortunately, however, both decomposed to a complex mixture of products
on addition of TBAF (Scheme 15). Nevertheless the major and more enantiopure (79% ee)

diastereoisomer 148b was used in the next step.
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Reagents and conditions: (i) TBAF (1 M in THF) (3.4 equiv), rt, THF.

Scheme 15: Epimerization studies on 148a and 148b
2.2.2.4 Acylation of C5 using Mander’s reagent

To provide the methyl ester which would later form the B-lactone found in omuralide, an
acylation was required at the C5 a-keto position. Mander’s reagent was chosen due to its high

chemo-selectivity for C-acylation of enolates over addition at the O nucleophile.%®

o /’,,' CO,Bn 0. ~,C05Bn
o () _ Me0yC, 0
N N
\
PMB PMB
148b 149

Reagents and conditions: LIHMDS (2.1 equiv), DMPU (2.2 equiv), THF, =78 °C, 0.5 h, then

NCCO:Me (3.2 equiv), =78 °C, 4 h, 70%.
Scheme 16: Acylation using Mander’s reagent

Enolate formation followed by addition of Mander’s reagent proceeded with good vyield
(Scheme 16). No competing O-acylation was seen and furthermore the reaction was highly
diastereoselective, with no minor diasterecisomer observed in NMR. The acylation had
occurred opposite the benzyl ester as expected due to the bulky nature of the group forming

149.

61



Omuralide 149
Figure 3: The acylated lactam core 149 and omuralide

Although at this stage we have the correct relative stereochemistry for omuralide analogues,
the absolute stereochemistry is that of the opposite enantiomer to natural omuralide (Figure
3). Completing the synthetic scheme with the unnatural enantiomer of leucine (D) should
therefore produce the correct enantiomer for omuralide analogues. Although commercially
available, the unnatural enantiomer is far more expensive, and therefore we decided not to
complete the synthesis with this starting material unless biological testing was required.
Comparison with a synthesized racemate of 149 by chiral phase HPLC showed no further
racemization had taken place. With the full carbon skeleton of omuralide completed we

started the functional group manipulations required to produce C9-deoxy-omuralide.
2.2.3 Manipulation of the C7 and C6 stereogenic centres
2.2.3.1 Strategy for the construction of the C7 and C6 stereogenic centres

Our strategy for the construction of the cis C6 hydroxyl and C7 methyl was based on a blocking
group tactic originally used by Corey?® and later by Pattenden’®74 in their respective syntheses
of omuralide. Corey’s approach incorporated a thiomethyl group from the beginning of the
route. The C6 ketone could be reduced with complete diastereoselectivity using NaBH(OAc)s.
Removal of the thiomethyl group with Raney® nickel occurred with high diastereoselectivity
(10:1), leaving the methyl group in the position cis to the alcohol as required for omuralide
(180). Pattenden installed the thiomethyl later using a thiosulphonate reagent with good
diastereoselectivity (182), where addition favoured the face opposite the TBS group, and then
reduced the C6 ketone in a similar fashion, also using NaBH(OAc)s or Zn(BH4), to provide the

sulphated Corey intermediates 30 and 183 (Scheme 17).
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Pattenden's second approach

Reagents and conditions: (i) NaBH(OAc)s3, AcOH, 23 °C, 1 h, recrystallization, 95%; (ii) 1) PivCl,
Pyridine, 23 °C, 10 h 85%; 2) TBSOTf, 2,6-lutidine, 23 °C, 12 h, 98%; 3) NaOMe, MeOH, 23 °C,
5 h, 92%; (iii) Raney-Nickel, EtOH, 0 °C, 1 h, 82%; (iv) MePhSO2SMe, EtsN, DCM, rt, 78%; (v)
PMBBr, NaH, DMF, THF, 0 °C to rt; 2) HF, pyridine, THF, rt, 40% (two steps); (vi) NaBH(OAc)s,
ACOH, rt, 90%; (vii) Zn(BHa)z (4.4 M in THE), THF, 0 °C, 79%; viii) 1) TBSOTT, 2,6-lutidine, DCM,
0 °C to rt, 80%; 2) PMBBr, NaH, DMF, 0 °C to rt, 73%; viii) HF-pyridine, pyridine, THF, rt - 40
°C, 89%.

Scheme 17: The Corey and Pattenden approach to C6 reduction

We decided to follow a similar strategy to Pattenden; removal of the benzyl ester would
provide 160ab, a similar intermediate to 181, allowing addition of the thiomethyl group
(Scheme 18). We hoped that the bulky nature of the iso-butyl group could direct the addition
opposite the lactam ring. With the thiomethyl blocking group in place we envisaged a similarly
diastereoselective reduction of the C6 ketone analogous to both Corey and Pattenden.
Diastereoselective desulphurization of the thiomethyl group would then provide all the

stereogenic centres required to produce the C9-deoxy-omuralide analogue.
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Scheme 18: Planned approach to the functional group manipulations to provide 7
2.2.3.2 Removal of the benzyl ester and addition of the thiomethyl group
2.2.3.2.1 Hydrogenolysis of the benzyl ester

Removal of the benzyl ester was achieved through a hydrogenolysis using Pearlman’s
catalyst® (Pd(OH),/C) and hydrogen in THF at 35 °C (Scheme 19). Unfortunately, proper
characterization of this compound could not be achieved due to decomposition on silica gel,
presumably due to the readily enolizable centre. Although the no starting material could be
seen on thin layer chromatography (TLC), a mixture of compounds was seen in 'H NMR
spectrum. In the most abundant compounds, however, a doublet was seen in place of the
singlet that corresponded to the methyl group, indicating that the benzyl ester had been
removed. As it could be possible for 160ab to be in equilibrium with each of the C7
diastereoisomers and the ketone and lactam enolates, we decided to use the compound the

next step without further purification.

o) - COan (o)
MeO,C,, o O ymMeo,C, o)
N
PMB PMB
149 160ab

Reagents and conditions: (i) Pd(OH),/C (cat), THF, 35 °C, overnight, quant.
Scheme 19: Removal of the benzyl ester

2.2.3.2.2 Synthesis of the thiosulphonate reagent and use with lactam 160ab
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Like Pattenden, we decided to synthesize 186 as an electrophilic source of thiomethyl through
the use of p-toluene sulphinate leaving group ability. The method used for synthesizing the
reagent was developed by Fuijiki,®> who produced thiosulphonates with differing R groups in
good vyield with a wide substrate scope through oxidation of the sulphinate with iodine.

(Scheme 20).

172ab

Reagents and conditions: (i) (MeS)2 (1 equiv), 12 (2 equiv), CH2Cly, rt, 76%, (ii) Pd(OH),/C (cat),
THF, 35 °C, overnight, (i) MePhSO,SMe (1.7 equiv), EtsN (1.2 equiv), CH2Cly, rt, 6 h mixture
of 172ab, 68% over the 2 steps.

Scheme 20: Synthesis of the thiomethylating reagent 186 and its use with lactam 160ab

The conditions used by Pattenden (Table 1 entry 3) gave a disappointing yield of 48%, a short
optimization was carried out, changing reaction time and temperature, increasing the yield
to 68%. The isomers were obtained after column chromatography as a 1:2 mixture of

inseparable diastereoisomers (ratio obtained by *H NMR spectroscopy).
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Time Temp °C Yield %*

36h 16-18 33
Overnight 0 34
Overnight 25 48
Overnight 35 38
Overnight 20 54

6h 25 52

6h 20 68

Table 1: Optimization of the thiomethyl addition (step (iii) scheme 20).
*Yields shown over the 2 steps (ii) and (iii) of scheme 20.

Unfortunately, NOESY NMR experiments on the inseparable mixture showed that the isomer
in excess was the undesired 172b, showing that the thiomethyl group preferentially adds
opposite the methyl ester. Although we hoped the iso-butyl would be the predominant
directing group, it is possible that the bulky head sits too far from the lactam ring to effectively
direct attack of the thiomethyl unit, whereas the methyl ester is in closer proximity to the ring

(Figure 4).

172a 172b

Figure 4: NOESY correlations of 172ab
2.2.3.3 Reduction of the C6 ketone

Following Corey’s strategy and Pattenden’s experimental conditions, reduction of the C6
ketone on was attempted with NaBH(OAc)s3 using the mixture of diastereoisomers 172ab.
Unfortunately, no reaction was seen and only starting material could be isolated. It is possible
that the increased size of the boron complex decreases accessibility to the ketone in our
system. Fortunately, however, the stronger reducing agent sodium borohydride was able to
reduce the ketone, and, like Corey’s reaction, was found to be stereoselective. Hydride attack

occurred opposite the thiomethyl group. Due to the poor diastereoselectivity of the
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thiomethyl addition, our desired isomer 173a could only be isolated in 17% yield. Recovered
starting material indicated that the ratio of diastereoisomers had changed from 2:1 to 6:1,
showing that the desired diastereoisomer reacted much faster than the major one. This
potentially shows again that the ester is effectively the bulkier group, slowing down hydride
attack more than the iso-butyl group. Both isomers were analysed by NOESY experiments,
showing that hydride attack had occurred opposite the thioether, and again indicating that

the major product was our undesired diastereoisomer (Scheme 21).

173a

Reagents and conditions: (i) NaBH(OAc)s (2 equiv), AcOH, 40 °C, 16 h; (ii) NaBHa4 (0.6 equiv),
EtOH, 30 m, -10 °C, 173a 17 %, 173b 46%.

Scheme 21: Reduction of 173ab

2.2.3.4 Desulphurization of C7

2.2.3.4.1 Raney® Nickel and uses

Raney® nickel was developed by Murry Raney in 1926 as a method of hydrogenation of
vegetable oils. The catalyst is formed by sodium hydroxide dissolution of aluminium from a
nickel/aluminium amalgam, providing nickel with a large surface area.®® Raney® nickel’s use
in desulphurization was observed in 1939,%” and a more comprehensive analysis was carried
out in 19432 with a wide variety of aliphatic and aromatic compounds. Perhaps the most
famous use of Raney® nickel’s desulphurizing ability is the Mozingo reduction, whereby a
thioketal is formed from a carbonyl and then hydrogenolysed to an alkane through treatment
with Raney® nickel. Despite its wide use, however, the mechanism of action of Raney® nickel

desulphurization is under debate. The prevailing theory involves a free radical mechanism,
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where sulphur is chemisorbed on the surface of the nickel inducing homolytic bond fission.
Hydrogen associated with the catalyst surface can then add to the radical species. Evidence
for this theory includes the observation of dimers® and the racemization of chiral sulphides.®
Although beyond the scope of this chapter, more evidence pointing to a radical mechanism

and the counter-theories can be found in the literature.?!
2.2.3.4.2 Diastereoselective uses of Raney® nickel

Despite the unpredictability of Raney® nickel desulphurizations, diastereoselective
desulphurizations have been used efficiently in the synthesis of several natural products. One
example is the synthesis of 7a-eremophilane, where reduction/desulphurization of the

thiophene yields the alpha anomer with greater than 95% diastereoselectivity (scheme 22).

S
0 ) " )
A (
(@) (@)

>95:5 dr 7a-eremophilane

Reagents and conditions: (i) W-7 Raney Nickel, hexanes, 85%.
Scheme 22: Synthesis of 7a-eremophilane using a diastereoselective desulphurization

Not only has Raney® nickel been used for diastereoselective reactions, but modification of
the catalyst surface originally by glucose®® and later tartaric acid®® has provided

enantioselective reductions.
2.2.3.4.3 Desulphurization of the thiomethyl group with Raney® nickel

Treatment of compound 173a with Raney® nickel under Corey’s conditions (0 °C) only
provided starting material, as did a room temperature reaction. Heating to reflux, however,
did produce the desulphurized compound as a 3:1 mixture of diastereoisomers, but, in a very
disappointing yield of 7% (Scheme 23). These decreased yields meant we were unable at this
stage to properly analyse the product to conclude whether the desired diastereoisomer was
in excess. This result combined with the low yields and poor stereoselectivity of the previous

two steps led us to abandon our work with the thiomethyl derivative.
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() . MeO,C,

173a 152ab

Reagents and conditions: (i) Raney® nickel, ethanol, reflux, 4 h, 152ab (3:1), 7%.
Scheme 23: Raney® nickel desulphurization of 173a

2.2.3.4.4 Replacement of the thiomethyl with a thiophenyl group

2.2.3.4.4.1 Strategy

We decided to exchange the thiomethyl group for a thiophenyl in the hope the thiophenyl
would be more labile (Scheme 24). Although we were unable to find examples in the literature
of the use Raney® nickel to remove thiophenyl more efficiently than thiomethyl, examples
showing this with azobisisobutyronitrile (AIBN)-initiated radical-based removals have been
well studied.?*%> Because the mechanism for Raney® nickel desulphurization was potentially
also radical based, we thought this approach worth attempting. The bulkier phenyl group
would also mean that desulphurization could be favoured by the release of strain in the

system.

Scheme 24: Strategy for the incorporation of thiophenyl and its removal

2.2.3.4.4.2 Hydrogenolysis and insertion of the thiophenyl

The thiophenylating reagent was synthesized in an analogous way to the thiomethylating

reagent, and could be used without purification.?®
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PMB
187ab

187a

Reagents and conditions: (i) (PhS); (0.5 equiv), |2 (0.5 equiv), CHxCly, rt, overnight, 67%, (ii)
Pd(OH),/C, THF, 35 °C, overnight, (iii) MePhSO,SPh 189 (2.9 equiv), EtsN (1.6 equiv), CH2Cl,

rt, mixture of 187ab, 67% over the 2 steps.

Scheme 25: Synthesis of the thiophenylating reagent 189 and its incorporation into the

lactam core

After hydrogenolysis, the lactam 160ab was treated with reagent 189 (Scheme 25). Using
Pattenden’s conditions gave only moderate yields, but a slight improvement was seen using
our optimized conditions (Table 2, entry 2) and reducing the time further provided a good
yield of 67%. Furthermore, the diastereoselectivity was now found to be 1:0.9 and although
this was still disappointingly low, as the thiomethyl analogue had provided the unwanted
diastereoisomer in 2:1 excess, this was a vast improvement. Although the diastereoisomers
were inseparable, NOESY analysis gave evidence suggesting the unwanted diastereoisomer

was still in excess, albeit only moderately.
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Experiment Time Temp °C Yield

overnight 25 49%
6h 20 56%
6h 17-18 57%
5h 20 67%

Table 2: Optimization of the thiophenylation of 160ab
2.2.3.4.4.3 C6 reduction of compound 187ab

The thiophenyl analogue was reduced using the same conditions as the thiomethyl and the
reaction occurred with comparable yields and selectivity (Scheme 26). The diastereoisomers
were easily separable by column chromatography. Led by NOESY analysis, we concluded, as
before, that the first eluting diastereoisomer was the required stereochemistry, with the Cé
hydroxyl cis to the methyl ester. Analysis of 188a by chiral stationary phase HPLC indicated
that the ee had decreased slightly from 79% to 77%. We believe this to be due to trace
amounts of the unwanted diastereoisomer being produced in the acylation with Mander’s
reagent. This would form trace amounts of the opposite enantiomer and therefore lower the

ee.

HO,,
)

L} MeOZC/,,

Reagents and conditions: (i) NaBH4 (0.7 equiv), EtOH, -10 °C, 0.5 h, 30% 188a and 35% 188b.

Scheme 26: Reduction of the C6 position of 187ab

71



2.2.3.4.5 Raney nickel desulphurization with thiophenyl analogue 188a

Compound 188a was treated with Corey’s conditions using Raney® nickel in ethanol at 0 °C,
however once again an NMR of the crude material showed no product was formed. Increasing
the temperature gave a trace of desired product but not enough to isolate. When increasing
the temperature to 50 °C we were pleased to see that the same mixture of diastereocisomers
could be isolated in 37% yield. The same diastereoisomer was in excess, however the ratio
was now 2:1. Finally, heating to reflux as previously used for the thiomethyl analogue 173a
provided the mixture of diastereoisomersin a 3:1 ratio and a 42% yield allowing us to separate
and properly analyse each diastereoisomer. Separation allowed each of the diastereoisomers
to be more accurately assigned. The first and major eluting diastereocisomer was found to
have a J value of 9.7 Hz between the C7 and C6 protons (Scheme 27). Our minor second
eluting diastereoisomer, however, had a value of 7.5 Hz between the same positions. The
higher J value of our first eluting diasterecisomer suggests that the protons are trans to each
other, and therefore the undesired diastereoisomer was in excess. Although our yield was still
low, we had succeeded in dramatically increasing the yield by replacement of the thiomethyl
group by the thiophenyl group. However, due to the incorrect diastereoisomer being formed

in excess, we decided to abandon our work using Raney® nickel for the desulphurization.

152b

Reagents and conditions: (i) Raney nickel, ethanol, reflux, 4 h, 152ab (3:1), 42%.

Scheme 27: Treatment of 188a with Raney® nickel and assignment of the diastereoisomers

through J values
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2.2.3.4.6 AIBN initiated radical desulphurizations
2.2.3.4.6.1 Introduction to radical mediated desulphurizations

Along with Raney® nickel, one of the more common methods of desulfurization is through
use of an organotin hydride radical propagator and AIBN as a radical initiator. Such reactions
have been comprehensively reviewed®” and have found use in natural product synthesis,

most notably in Nicolaou’s synthesis of brevitoxin B (scheme 28).°8

Brevetoxin B

Reagents and conditions: (i) Ph3SnH, AIBN, toluene, 100 °C, 2 h, 100%

Scheme 28: Use of an organotin hydride desulphurization in the synthesis of brevitoxn B
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Study of the literature revealed examples where desulphurizations using Raney® nickel had
been compared to AIBN initiated, organotin hydride/organosilane propagated

desulphurizations. These examples ranged from Raney® nickel providing:

1) The same stereochemical outcome as an organo-tin hydride:
During the preparation of functionalized B-lactams (Scheme 29), both Raney® nickel and
tributyltin hydride were used to desulphurize thiophenyl groups. B-Lactam 189 provided the
propyl/propenyl cis to the phenyl in both experiments (albeit with the propyl reduced in the

Raney® nickel experiment to provide 191.)%°

SPh p, () o PMB

e 190
_ J;Nf
O gq PMB (i) Ph
Y

O PMB
191

Reagents and conditions: (i) n-Butyl tin hydride, AIBN, toluene, reflux, 50%; (ii) Raney® nickel,

acetone, reflux, 45%.

Scheme 29: A comparison of the stereochemical outcome between Raney® nickel and n-

butyltin-hydride mediated desulphurization

2) No stereochemical preference:
During the preparation of a library of functionalized y-lactams (Scheme 30), Raney® nickel
desulphurization of 192 was found to be completely unselective, providing a 50:50 mix of
diastereoisomers 193a and 193b. An AIBN, tris(trimethylsilyl)silane (TTMS) radical-
propagated desulphurization, however, was highly selective (>95:5). As before, the AIBN-

initiated desulphurized position was left cis to the bulky phenyl group.1
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Ph “ Ph = Ph
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192 193a 193b
Me3Si\
Me;Si—Si-H
Me3Si
TTMS

Reagents and conditions: (i) TTMS, AIBN, toluene, 90 °C, 93% (>95:5); (ii) Raney® nickel,
THF/Ethanol (1:2), rt, 96%, (1:1 ratio of diastereoisomers).

Scheme 30: A comparison of the stereochemical outcome between Raney® nickel and TTMS

mediated desulphurization

3) The opposite stereochemical outcome:
Most importantly for our scenario, the opposite selectivity has also been observed (Scheme
31). During the preparation of carbapenem antibiotic analogues, switching the method of
desulphurization completely changed the observed diastereoselectivity between 195 and
196. Previous examples have shown that the AIBN-mediated method gave the more
thermodynamically stable product, while Raney® nickel favoured the opposite

diastereoisomer (scheme 31).°>

PhS |j ;>i H
H°>Mj;m (i );(\ .
PN Py

O

194 195

Reagents and conditions: (i) n-butyl tin hydride, AIBN, acetone, reflux, 16 h, 195-22% 196-
72%,; (ii) Raney® nickel, acetone, reflux, 2 m, 195-47%, 196-21%.

Scheme 31: A comparison of the stereochemical outcome between Raney® nickel and n-

butyltin-hydride mediated desulphurization.
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2.2.3.4.6.2 Tributyltin hydride desulphurization of 188a

Due to this final positive finding, 188a was heated to reflux with AIBN and tributyltin hydride
overnight. Crude NMR spectroscopic analysis proved very difficult due to the tin residues left
in the reaction mixture. Following the work by Harrowven, we decided to purify this complex
mixture using a mixed silica stationary phase. Harrowven found that 10% finely ground
potassium fluoride mixed with silica could remove tin residues to below 30 ppm.1° Later work
found that 10% ground potassium carbonate in silica could reduce levels to as low as 15
ppm.1%2 We decided to use the potassium carbonate method due to the increased
effectiveness. To our delight, after purification by column chromatography, we found that the
organotin method vastly increased yields to 93% providing 152ab in a 1:2 ratio of
diastereoisomers. Most importantly however, the desired diastereoisomer was now the

major product (Scheme 32).

HO,,

(i) MeO,C,,

188a 152a 152b

Reagents and conditions: Tributyltin hydride (3.4 equiv), AIBN (0.2 equiv), acetone, reflux, 16
h, 152a/152b (1:2), 93%.

Scheme 32: Desulphurization of 188a with tributyltin hydride
2.2.3.4.6.3 Exchange of the organotin radical propagator to TTMS

Although the desulphurization had been greatly improved from our initial reactions, we
decided to modify the reaction to see if the diastereoselectivity could be further improved.
We theorized that a bulkier radical propagator could increase the selectivity of our desired
diastereoisomer. The bulkiest radical propagator we could find commonly available was
TTMS. Si-H bonds are not common radical propagators due to the relatively high bond
dissociation energy, however, due to the steric repulsion of the TMS groups, bond
dissociation enthalpy falls about 17 kJ/Mol per TMS bond replacement from (Me)sSiH. The

use and scope of TTMS have been recently reviewed.!%3
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When applied to our system we were delighted to find that the diastereoselectivities
increased greatly from 1:2 to 1:5 solely on exchange of the radical propagator and our desired
diastereoisomer was still the major product. The reaction also took place in an excellent yield
of 88%. Part of the reason for this high yield is the stabilization of our radical intermediate

(Scheme 33).

. HO,,
MeO,C,, (i) o MeOyC,,

Resonance stabilization of the
C6 radical

Reagents and conditions: TTMS (3.2 equiv), AIBN (0.3 equiv), acetone, reflux, 16 h, 152a-14
%, 152b-74%.

Scheme 33: Desulphurization of 188a with TTMS and the resonance stabilized radical

intermediate
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2.2.3.4.7 Summary of the desulphurization conditions

For clarity all the desulphurization optimizations are presented in the following table 3.

— 7/ e

HO,,
MGOQC/,’

R=Me 173a
R=Ph 188a
Method Temperature Yield Diastereoselectivity
°C % 7a:7b
- Me Raney® nickel 0 0 N/a
- Me Raney® nickel 18 0 N/a
n Me Raney® nickel Reflux 7 3:1
“ Ph Raney® nickel 0 0 N/a
“ Ph Raney® nickel 18 Trace N/a
“ Ph Raney® nickel 50 37 2:1
Ph Raney® nickel Reflux 42 3:1

Ph  AIBN, acetone, BusSnH Reflux 93 1:2

“ Ph AIBN, acetone, TTMS Reflux 88 1:5

Table 3: Summary of the desulphurization experiments

2.2.3.4.8 The origin of the desulphurization diastereoselectivity

Radical intermediates are not planar per se. The unpaired electron is held in a p orbital. The
conformation of the intermediate adopts an orientation somewhere between an sp? trigonal
planar orientation and an sp3 pyramidal; this conformation is known as a shallow based

pyramid (scheme 34).

—_— S

Shallow based pyramid
Scheme 34: Representation of the conformation of a carbon centred radical

The energy required to invert this is so small, that rapid interconversion between the two

states takes place. The radical species can therefore be considered planar, like an sp? centre.
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Radical insertion will therefore take place equally at the top or bottom face in achiral
intermediates. If the radical has another stereocenter however, attack will usually occur from

the least hindered face.

Insertion of the thioether groups (scheme 20 and 25) favoured the face opposite the methyl
ester in each case rather than the iso-butyl. It seems reasonable therefore to assume that the
methyl ester is the primary directing moiety in our system. This could explain the selectivity
observed if hydrogen is inserted from the face opposite the methyl ester in our AIBN-initiated

reactions.

The factors involved in Raney® nickel desulphurization are far more complex as shown in the
previous examples (schemes 29, 30 and 31). Although general trends tend to show that
hydrogen will insert from the least hindered face, the stereochemical outcome is far less
predictable. Polar groups have been shown to disrupt selectivity!® potentially by
coordination to the catalyst surface. Both the C5 ester and the C6 hydroxyl could contribute

to this.

In Corey’s intermediate, the TBS group and the absence of an iso-butyl means that
intermediate 31 has a far more well defined sterically hindered face. The TBS group could also
block potentially competing coordination effects. This could contribute to the high
diastereoselectivity Corey achieved. Interestingly, during our Raney® nickel thiophenyl
removal, the selectivity changed from 2:1 to 3:1 on an increase in temperature. Corey’s
reaction occurred at 0 °C when he obtained the desired diastereoisomer. If our analogue
underwent epimerization at the a-amide position due to elevated temperatures, this could
produce the more thermodynamically stable diastereoisomer (preventing hindrance from the
C7 methyl and the C5 methyl ester) and explain the change of diastereoselectivity at different
temperatures. Raney® nickel desulphurization can also produce metal salts which could act
as Lewis acids potentially catalysing this process. Nevertheless, with our advanced
intermediate 152b in hand we started on the final deprotection steps to produce the

omuralide analogue.
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2.2.4 Removal of the PMB and methyl ester groups

Various methods are available for the removal of PMB groups. CAN is however the most
commonly used in previous omuralide syntheses. The removal proceeded in fair yield
(Scheme 35), and NOESY correlations seemed to confirm our previous experiments had

provided the desired diastereoisomer.

iy

HO,,

197

Reagents and conditions: CAN (5.2 equiv), MeCN/H20 (3:1), rt, 62%.
Scheme 35: Removal of the PMB protecting group

With all the stereocentres in place and due to the crystalline nature of the product, we
subjected compound 197 to recrystallization. We successfully obtained a diffractable crystal

from our racemic series, synthesized for HPLC traces (Figure 5).
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MeO,c  OH

Figure 5: The X-ray crystal structure of (£)-197 (hydrogen atoms omitted for clarity)

We were pleased to confirm that our NOESY analysis throughout the synthesis had been
correct. As in omuralide, the C5 ester, C6 hydroxyl, and the C7 methyl are all cis to each other.
Our final step involved saponification of the methyl ester to the acid with NaOH. The acid was
obtained in good yield, and NMR data matched the data from Mereddy,”” confirming that we
had made the pyroglutamate 174. This had previously been cyclized to 9-deoxy-omuralide

76c¢ by Mereddy in one step, thus completing a formal synthesis (Scheme 36).

~

~

HO,,

) HO,,
MeOQC/,,

o__ () J Ho,.C,

197 174 76¢c
Reagents and conditions: (i) NaOH (0.5 M), 0-5 °C, 86%; (ii) BOPCI, EtsN, DCM, 40%.

Scheme 36: Saponification of the methyl ester and Mereddy’s formation of the B-lactone
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2.3 Elaboration of L-serine methyl ester hydrochloride to omuralide
2.3.1 Choice of amino acid starting material and retrosynthetic analysis

For our second route we decided to start with L-serine. The primary reason for this is that the
hydroxyl group will be in place from the beginning of the synthesis; the serine hydroxyl group

will end up in the C9 position required for elaboration to omuralide (Scheme 37).

SMe
O O HO 6 7 RN O
o N — MeOZCI\FO ——— MeO,C N 0 —/—
2 N <

HO HO—o PMB pgo— PMB
Omuralide 30 Benzyl ester removed
y—-lactam
O
Q OPG
0 OBn O OB @ 9
n
f— p—
MeO,C O o) BnO)J\/U\N CO,Me
: PGO N PMB
pco— PMB PMB
Serine-derived Serine-derived Serine-derived Dieckmann precursor
acylated y-lactam y-lactam

———> Suitably protected serine

Scheme 37: Retrosynthetic analysis of omuralide

Our target molecule would be Corey’s advanced intermediate 30.2° Not only was this the most
direct way to confirm that our previously developed methodology could incorporate serine,
but also this intermediate had previously been used to produce a wide range of C9 omuralide
analogues.’%>37 A suitably protected serine derivative would be coupled to a half malonic
benzyl ester to form the serine-derived Dieckmann precursor. After the tandem
cyclization/alkylation procedure to form the serine-derived y-lactam core, Mander’s reagent
would again be used to insert the methyl ester to form the serine-derived acylated y-lactam
core. Removal of the benzyl ester would allow insertion of the thiomethyl group which along
with a stereoselective reduction and protecting group removal would provide the advanced

intermediate 30.
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2.3.2 Choice of serine O protecting group

Following the general reaction scheme from our previous work to synthesize 9-deoxy
omuralide, we had to consider that any protecting group used would have to be stable to
basic conditions from the acylation with Mander’s reagent, to fluoride sources from the TBAF
mediated Dieckmann cyclization and potentially to conditions used for the benzyl ester
hydrogenolysis. Because of these restrictions we decided that an acid-labile protecting group
would be most suitable. In addition to stability, we also had to consider the steric bulk of the
protecting group. Our synthesis is based on the amino acid directing the stereochemical
outcome of the reaction. Serine has very little steric bulk in its structure, and we had already
found that leucine did not direct our stereochemical outcome as much as we had hoped. We
therefore aimed to use as bulky protecting group as possible. Two initial protecting groups
were considered. The first was a tetrahydropyranyl ether. Although it fit all the criteria
required for our synthesis, the protecting group would insert a second chiral centre. This
would make full characterization of subsequent intermediates by NMR spectroscopy
extremely difficult. We settled on a tert-butyl ether protecting strategy. Not only is the tert-
butyl protected serine methyl ester hydrochloride salt commercially available, it is also

available as the unnatural enantiomer (Figure 6).

0 b

o}
o}
o} CIH H,N
CIH H,N
0 BN
~
198 199

Figure 6: Suitable groups for protection of the hydroxyl group

2.3.3 Synthesis of the serine-derived Dieckmann cyclization precursor

2.3.3.1 PMB protection of the tert-butyl protected serine

PMB was once again used for the nitrogen protection. An extensive optimization was carried

out to find acceptable conditions (Table 4).
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Reagents and conditions Yield %

1) PMB aldehyde (1.5 equiv), TEA (1.2 equiv), DCM 2) NaBH4 (1.6 71
- equiv), EtOH

- p-TSA (1 equiv), PMB aldehyde (10 equiv), NaBH4 (1.1 equiv) N/a
n PMB, TEA (1 equiv), NaBH4 (1.2 equiv), MeOH 18
“ PMB sulphite adduct (1.5 equiv), NaBHsCN (2.7 equiv), MeOH 28
PMB sulphite adduct (3.3 equiv), NaBH3CN (22 equiv), TEA (1 equiv), 58

- EtOH
PMB sulphite adduct (1.6 equiv), NaBH4 (1 equiv), TEA (1 equiv), imine

- MeOH
7 PMB sulphite adduct (1.6 equiv), NaBHa4 (1.7 equiv), TEA (1 equiv), imine

M

PMB sulphite adduct (1.6 equiv), NaBH4 (1.6 equiv), TEA (1 equiv), N/a

' IPA

PMB sulphite adduct (1.2 equiv), NaBH3CN (6.3 equiv), pyridine (10 24
. equiv), MeOH

PMB sulphite adduct (1.5 equiv), NaBH3CN (6.2 equiv), TEA (1 equiv), 67
n MeOH

PMB sulphite adduct (3.2 equiv), NaBH3CN (13 equiv), TEA (1 equiv), 85
n MeOH

Table 4: Optimization of the PMB protection of 199

Our first reaction (Entry 1) involved formation of the imine, with triethylamine (TEA) in
dichloromethane (DCM), and after evaporation a sodium borohydride reduction. Despite
good yields, we decided to find an alternative method due to the possibility of racemization

during imine formation. Reduction of the imine in situ should limit the potential for
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racemization. A solvent-free reaction was attempted based on similar conditions reported by
Cho et al.1°, unfortunately, however, no reaction was observed. Entry 3 shows the yields
obtained when using conditions analogous to the leucine route, unfortunately however the
yield was very low. It was possible NaBHs was reducing the aldehyde, stopping imine

formation.

A promising method was found in the paper ‘Direct reductive alkylation of amine
hydrochlorides with aldehyde bisulphite adducts’*®” where the methyl ester hydrochloride of
phenyl alanine was protected with the bisulphite adduct of PMB in 95% yield. No racemization

was mentioned, so we decided to attempt this method (Scheme 38).

H SO3Na
o ~o
PMB aldehyde PMB sulphite adduct

Reagents and conditions: Na,SOs, EtOH, rt, 16 h, 81%.
Scheme 38: Formation of the sodium bisulphite adduct of PMB

The sodium bisulphite adduct of PMB was prepared and isolated in good yield to be used in
our reductive amination. Unfortunately, in our hands using standard conditions we were only
able to isolate 28% of the protected amine (Entry 4). Yields were found to drastically increase
when triethylamine was added. With ethanol as the solvent, yields of 58% were achieved.
Switching the reducing agent to sodium borohydride did not produce any of the desired
product. Only the imine could be observed by NMR spectroscopy of the crude material when
the reaction was carried out in methanol or ethanol, and neither the amine or imine could be
seen if the reaction was run in iso-propyl alcohol (IPA) (Entries 6,7, and 8). With sodium
cyanoborohydride as the reducing agent, pyridine was used to catalyse imine formation as it
has been found to induce much less racemization than triethylamine. Unfortunately, yields
were greatly reduced (entry 9). Returning to triethylamine but switching the solvent to
methanol vastly increased yields to 67%, and finally increasing the proportions of the
aldehyde and reducing agent provided us with the protected amino acid in good vyields of
85%. Unfortunately, we were unable to achieve separation of a synthesized racemate of this

compound on HPLC using a chiral stationary phase.
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2.3.3.2 Coupling to the half malonic benzyl ester

Coupling of the half malonic benzyl ester 146 proceeded in good yield (Scheme 39) in a

reaction analogous to the leucine route.

\‘/ 146
© (i), o o
0 0
~o (ONQ o
200

O O

BnOMOK

D¢ b D

.. O
O (i) (i) o o°
(0] O O
CIH H,N N BnOMN
H 0 PMB o
(ONQ ~o0 ~ ~
199 200 201

Reagents and conditions: i) 146 (2.5 equiv), EDAC.HCI (2.6 equiv), N-MM (2.5 equiv), DMAP
(0.2 equiv), DCM, 16 h; 73%. ii) 146 (1.6 equiv), NaBHsCN (6.1 equiv), EtsN (0.9 equiv), MeOH,
0 °C, 16 h (iii) 146 (2.5 equiv), EDAC.HCI (2.7 equiv), N-MM (2.5 equiv), DMAP (0.2 equiv),
DCM, 16 h; 49% over the 2 steps.

Scheme 39: Peptide coupling of 146 to 200

Once again, the Dieckmann cyclization precursor was found to be a pair of rotamers in a 1:5
ratio. Full coalescence was observed at 100 °C. Analysis on a HPLC using a chiral stationary
phase in comparison to a synthesized racemic compound found 201 to be 94% ee. It was
found that there was a degree of variability in this value depending on the room temperature
at the time of the reductive amination. In light of this, we decided to modify the reductive
amination to ensure that a cooler temperature was maintained. The crude product from this
reaction was pure enough to be used in the peptide coupling step without purification by
column chromatography. The Dieckmann cyclization precursor 201 could now be isolated in

good yield over the two steps in 49% yield and 97% ee.

2.3.4 The Dieckmann cyclization of the serine derived analogue
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2.3.4.1 Optimization of the Dieckmann cyclization of 201

o o /[Ot-Bu
(@)
)J\)J\
BnO QMB CO,Me £BUO
201

Conditions Approx. Yield Ratio of ee of

Scale (g) 202a:202b (202a)

%

TBAF (3.4 equiv), THF 0.5 h then Mel 0.1 65 10:1 -
(4.5 equiv) 16 h, rt
TBAF (4 equiv), THF 0.5 h then Mel (4 2.5 31 10:1 -
equiv) 16 h
TBAF (3.7 equiv) THF 2 h then Mel (4.1 0.2 62 10:1 44

equiv) 2 h

TBAF (3.6 equiv), THF 0.5 h, Mel (3.9 0.2 42 10:1 60

equiv),0°Ctortover 16 h

- TBAF (3.7 equiv), THF 0.5 h, Mel (3.9 0.1 Trace - 76

equiv) 1 h-10 °C

TBAF (3.4 equiv), 0.5 h THF Mel (4.1 0.3 30 3:1 76
equiv), -15°C, 64 h

TBAF (2 equiv), Ether, 5 m, THF Mel (4.3 0.2 56 3:1 83
equiv),-12 °C, 64 h

TBAF (2.1 equiv), Ether, 5 m, THF Mel 10 1.6 66 3:1 79
equiv), -12 °C, 64 h

Table 5: Optimization of the cyclization

Treating the serine-derived Dieckmann precursor 201 under conditions analogous to our
leucine route provided the isomers 202a and 202b with excellent diastereoselectivity and in
good vyield (Table 5, entry 1). Unfortunately, we found increasing the scale of this reaction

resulted in a large drop in yield. We were also surprised to see that the major diastereoisomer
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produced was that with the methyl and tert-butyl groups cis to each other. We assumed that,
as we had theorised in the leucine route, the thermodynamically more unstable
diastereoisomer (202b) was epimerizing to the more stable one (202a). Due to this resulting
in racemization during the leucine route, we decided to analyse our reaction further using

HPLC with a chiral stationary phase.
Two strategies were considered in an attempt to stop the epimerization:

1) Epimerization could be reduced with shorter reaction times

2) Cooling the reaction could stop the epimerization from occurring
Decreased reaction times provided 202ab in good yield, but the diastereoselectivity remained
unchanged. The ee was analysed and found to be only 44%, indicating that a similar
epimerization to our leucine route was occurring. Cooling the reaction to 0 °C led to a slightly
increased ee of 60%. Cooling to -10 °Cincreased the ee to 76% but only trace a amount of the
product was isolated (entry 5). Separation of the cyclization and alkylation steps was also
attempted along with longer reaction times and cooler temperatures. The diastereoselectivity
then dropped to 3:1 indicating that the majority of the epimerization had been prevented.
This was reflected in the ee, which was now 76%. The ee was not improved further at -15 °C,
leading us to our optimal conditions. Long reaction times and cooling to -12 °C provided a
yield of 53% and 83% ee. Once again, scaling up the reaction with these conditions decreased
the yields. Yields could however be increased if a large excess of Mel (10 equiv) was used -
which provided acceptable yields of up to 66% and with a comparable ee of 79% (Entry 7).
Unfortunately, the second eluting, minor diastereoisomer 202b could not be successfully
separated from the major diastereoisomer. Overlapping peaks in the HPLC chromatograph

meant accurate information about the enantiopurity could not be obtained.

The ee could be improved further if necessary by a recrystallization from IPA, providing
racemic solid and a filtrate of 98% ee. Although we had been able to stop the epimerization
to a large degree, we were still surprised to find that the major diastereocisomer formed was
still the diastereoisomer where the methyl and benzyl ester are cis to each other. This result
is surprising because the expected diastereoselectivity was for the methyl iodide to add
opposite the bulky amino acid-derived tert-butoxy group. The leucine analogue route had
shown that the methyl group adds opposite the bulky iso-butyl moiety of the leucine, and we
expected a similar outcome in our serine derivative. It is possible that the serine tert-butyl
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group sits too far from the ring to block the top face effectively, unlike the shorter chain iso-
butyl group in leucine, allowing other factors to come into play. Further investigation of the

cyclization was carried out in order to find a reason for this surprising diastereoselectivity.
2.3.4.2 Investigation of the unexpected diastereoselectivity

2.3.4.2.1 Investigation of a chiral relay effect

2.3.4.2.1.1 Introduction to the chiral relay effect

In 1998 Davies et al.1%® showed that PMB groups, despite not being chiral themselves, were
capable of relaying chiral information from a valine-derived iso-propyl group around a
diketopiperazine ring, due to the rotation around the PMB methylene carbon (203). This
effect could then be used to increase the diastereoselectivity of an alkylation compared to

using increasingly more rigid methyl groups (205) (Scheme 40).
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Reagents and conditions: (i) LIHMDS, THF, -78 °C, Mel (10 equiv).

Scheme 40: Davies investigation of a chiral relay effect to increase diastereoselectivity
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It seemed reasonable that similar phenomenon might be occurring in our system. The bulky
tert-butoxy group could potentially be repelling the PMB group to the opposite face of the
ring. The methoxy benzyl could now be competing with the tert-butyl group, directing the

methyl to the same face of the ring as the tert-butoxy group. (Figure 7)

Y

0]
ON% < COan
O_

0
\

Figure 7: A conformation of our enolate which could potentially exhibit a chiral relay effect

In order to investigate this, we decided to replace the PMB group with a methyl. The less
flexible nature of the methyl group would be unable to relay any of the chirality from the
serine tert-butyl group. We would then expect if this was contributing to our
diastereoselectivity that the iodomethane might favour addition to the face opposite the tert-

butyl. (Scheme 41)

0 o)
_______ - o O R (0] OBn
o) o) O
HN BnOJ\/U\I\II t-BuO N
Me

206 207 208ab

Scheme 41: A planned synthetic scheme to investigate a possible chiral relay effect
2.3.4.2.1.2 Attempts to synthesize an N-Me derivative

Our N-protected serine derivative 206 was methylated using potassium carbonate and Mel
achieving the product in fair yield. Basic conditions could potentially racemize the amino acid
therefore analysis of the ee was attempted using HPLC with a chiral stationary phase.
Unfortunately, we were unable to achieve separation of enantiomers in a synthesized
racemate. We therefore decided it would be safer to find a non-basic method of methylation.

Using a modified procedure from Konopelski et al.,’%° formaldehyde was used to form an
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imine, which underwent reduction with sodium cyanoborohydride. Once again, the tertiary
amine 209 was isolated in good yield; furthermore after work up no further purification was
necessary. Attempts were then made to cleave the PMB group leaving the methylated serine

derivative (Scheme 42).

b g Y

O (i) and (ii) O (iiiy and (iv) O
— —
0 PMB. @) o)
o w ¢
~o SN Me O Me O
200 209 206
(0] (V) O
0] o)
C|H3Nj\,¢ Hl}lj\f
(ONQ Me O
199 206

Reagents and conditions: (i) Mel, K;COs, DMF, rt, 1 h, 62%; (ii) para-Formaldehyde (14 equiv)
in MeOH, after 5 h NaBH3CN (2.2 equiv), rt, 16 h, 74%; (iii) CAN (5.3 equiv), 3:1 (MeCN/H;0),
2 h; (iv) Pd/C, Hz, MeOH, 16 h; (v) paraformaldehyde (14 equiv), MeOH, NaBHsCN, 2.2 equiv,
rt, 16 h.

Scheme 42: Attempts to form the N-methyl serine derivative 206

Our previous PMB removals had been effective with CAN; unfortunately, however, only traces
of material could be recovered. Although the NMR spectrum showed promising signals, the
material was heavily contaminated. We felt the problem could lie in the work-up procedure
due to the basicity or solubility of the product, and we therefore modified the procedure to
remove the PMB group with hydrogenolysis conditions, this would only require filtration and
evaporation. After subjecting 209 to standard benzyl removal conditions however, we were
still unable to obtain any of the desired product. Whether this is because the product is highly
volatile or undergoes decomposition is unknown. Reductive amination of the primary amine
199 also failed to produce the methylated derivative. With the methylated derivative proving
surprisingly difficult, we decided to exchange the methyl group for a phenyl. This would have
a similar effect acting as a rigid group, but we hoped would be more stable allowing for easier

purification.
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2.3.4.2.1.3 Synthesis of the N-phenylated serine derivative

There are two common methods for the formation of N-Ar bonds. The Buchwald!'%-Hartwig!!!
method is perhaps the most utilized, but along with potentially expensive ligands, a strong
base is often required. Due to the possibility of racemization, we decided to avoid this and

instead use a Chan-Lam coupling (Scheme 43).112

b Y

(0] (i) 0]

—_—
CIH3N © HN ©
O @ O

199 210

Reagents and conditions: (i) PhB(OH). (2 equiv), EtsN (2 equiv), Cu(OAc), (1.1 equiv), O2
balloon, DCM, rt, 3 days, 22%.

Scheme 43: The Chan-Lam coupling to produce 210

Coupling the amine hydrochloride salt 199 to benzyl boronic acid produced 210 in poor yield
(Scheme 43). As only a small amount of material was needed, however, no further
optimization was attempted. Due to the weakly basic conditions used we decided to check
for racemization using HPLC with a chiral stationary phase in comparison to a separately
synthesized racemate. We found that some racemization had occurred at this point to 72%
ee, but fortunately however, the product could be recrystalized from petroleum ether

providing crystals of 95% ee and a racemic supernatant.
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2.3.4.2.1.4 Coupling of 210 to 146 and its cyclization/alkylation

t-BuO Ot-Bu

1 P
HN™ ~CO,Me (i BnOMN CO,Me

210 211

Reagents and conditions: 146 (2.2 equiv), EDAC.HCI (2.7 equiv), N-MM (2.3 equiv), DMAP (0.19
equiv), DCM, 16 h, rt, 63%.

Scheme 44: Peptide coupling to form compound 211

Coupling of 146 to the phenylated serine derivative 211 provided the Dieckmann cyclization
precursor in fair yield (Scheme 44). The cyclization precursor this time did not appear as a set
of rotamers in the H NMR spectrum, presumably due to the increase in rigidity we had
introduced in the system compared to the PMB analogues. Analysis of 210 against a
synthesized racemate HPLC using a chiral stationary phase showed that no further
racemization had occurred at this point. The phenyl derivative 211 was treated under similar

conditions to 201 in order to induce the Dieckmann cyclization/alkylation (Scheme 45).

Ot-Bu o J\

Pl
BnOMN co,Me __ (i) o

— > t-BuO

211 212
Reagents and conditions: TBAF (2.1 equiv), Ether, 5 m, THF, Mel (4.7 equiv), -12 °C, 64 h, 8%.
Scheme 45: The Dieckmann cyclization of 211

Analysis of the *H NMR spectrum of the crude material showed that poor levels of alkylation
were observed. There did appear to be a set of diastereoisomers, however, which were
observed in a 1:5 ratio. Purification by column chromatography allowed isolation of the major
diastereoisomer as a colourless crystalline solid. Analysis by HPLC using a chiral stationary

phase in comparison with a synthesized racemate showed that minor amounts of
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epimerization had occurred during the cyclization, providing 212a with an ee of 87%. NOESY
experiments were inconclusive as to which diastereoisomer this was, fortunately a crystal was

able to be obtained of 212a suitable for analysis by X-ray diffraction (Figure 8).

Figure 8: The X-ray structure of 212a (hydrogens omitted for clarity)
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To our surprise, however, we found that once again the major product was the
diastereoisomer with the methyl and tert-butoxy group cis. This showed that the PMB group
was not causing a chiral relay as we had expected. Furthermore, the diastereoisomeric ratio

had even increased.
2.3.4.2.1.5 Investigation into the effect of the benzyl ester

Our observations suggested that the PMB group was not the primary reason for the observed
diastereoselectivity. A chiral relay effect could still be the cause, but instead of the PMB group
rotating away from the tert-butoxy group, it could be the benzyl ester. This could then hinder
attack of the methyl iodide at the face opposite the tert-butoxy group accounting for the

unexpected diastereoselectivity (Figure 9).

Figure 9: A conformation of the benzyl ester which could hinder attack of the methyl iodide

on the face opposite the tert-butyl group

In order to test this, we decided to once again to replace the potentially rotatable group due
to the methylene with a rigid group. We chose a methyl group due to this being the smallest

possible group to limit other potential steric effects (Scheme 46).

t-BuO
o o Ot-Bu o Y ome
HN COzMe ------- »> 11 1 r  eee---- > 0
MeO N CO,Me t-BuO N
PMB
o~
200 213 214ab

Scheme 46: Planned route for investigation of the effect of the benzyl ester on

diastereoselectivity
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2.3.4.2.1.6 Synthesis of a methyl ester Dieckmann cyclization precursor

The mono potassium salt 215 of dimalonic methyl ester was formed through a saponification

with potassium hydroxide (Scheme 47).

O O (i O O
—_—
MeOMOMe MeOMOK

Dimethyl malonate 215
t-BuO
o Ot-Bu
HN™ “CO,Me __ (i) _
MeO N~ ~CO,Me
PMB
O/
200 213

Reagents and conditions: (i) KOH (1.2 equiv), MeOH, rt, 51%; (ii) 215 (2.4 equiv), EDAC.HCI
(2.9 equiv), DMAP (0.18 equiv), N-MM (2.4 equiv), rt, 24 h, 73%.

Scheme 47: Synthesis of the half malonic methyl ester salt and its coupling to amine 200

Using once again EDAC.HCI to couple the salt to the secondary amine, the Dieckmann
cyclization precursor 213 was produced, appearing on H NMR spectroscopy as a set of
rotamers. Unfortunately, we were unable to check for possible epimerization as we were
unable to separate the enantiomers of a synthesized racemate of 213 by HPLC using a chiral
stationary phase. However, because we had previously not observed racemization during the
coupling, we assumed that 213 was unlikely to have lost any enantiopurity and remained at

97% ee.
2.3.4.2.1.7 The Dieckmann cyclization and identification of products

Treatment of Dieckmann precursor 213 under our optimized conditions provided a 3:1
mixture of diastereoisomers as observed in *H NMR spectroscopic analysis of the crude

material (Scheme 48).
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MeO N~ >Co,Me

PMB t-BuO N

PMB

213 214ab

Reagents and conditions: (i) TBAF (1 M in THF), ether, 5 m, then Mel, THF, 58 h, -12 °C, 87%
3:1 mixture of diastereoisomers (by crude 'H NMR analysis); (i) CAN (5 equiv), 3:1
(MeCN/H;0), 1.5h, 57%.

Scheme 48: The cyclization of 213 and removal of the PMB groups

We found, however, that upon column chromatography the diastereoisomers 214ab could
degrade into a complicated mixture of products. Furthermore the diastereoisomers were
obtained as an inseparable oil from which no NOESY correlations could be used to assign
relative stereochemistry. We found that acceptable levels of purification could be achieved
by pouring the crude reaction mixture onto a silica gel column and rapidly washing through
with ethyl acetate until the product stopped eluting. This technique provided the inseparable
mix of diastereoisomers in acceptable levels of purity. Removal of the PMB group with CAN
seemed to increase stability, allowing for the major isomer 216a to be partially separated
from the minor isomer 216b. The major diastereoisomer was isolated as a solid from which a
crystal could be obtained, allowing for structure determination through X-ray diffraction

(Figure 10).
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Figure 10: X-ray crystal structure of 216a

Once again, the methyl group was introduced at the face opposite the tert-butoxy. It
appeared therefore that rotation around the methylene carbon of the benzyl ester was also
not a cause of the unusual diastereoselectivity. However, the increased yield of our cyclization

step does indicate that the benzyl ester hinders attack to an extent.
2.3.4.2.2 Pyramidalization of the amide

Our original stereochemical reasoning, where methyl iodide would add opposite the bulky
tert-butoxy group was based on the assumption that the gamma lactam intermediate (figure

11) would be planar. This seemed plausible due to the sp? hybridized nature of the C6 ketone
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and C8 carbonyl groups inducing planarity in the nitrogen in the form of an amide.
Furthermore, once the C7 position was deprotonated to the enolate, four out of the five

atoms of the lactam ring would be planar.

Figure 11: The pre-alkylated cyclization intermediate

However, on further contemplation we felt it was possible that this would not always be the
case. Amides are planar due to the resonance of the nitrogen lone pair with the carbonyl,
forming the imidic acid form (or lactim in a lactam). Once C7 deprotonation had occurred
however, the amide would be partially in the enolate form, meaning that the nitrogen lone
pair is less available to be involved in resonance (scheme 49). The result of this could be that
the nitrogen becomes partially pyramidal. This has been observed computationally and in

crystal structures of amide enol ethers.!13

o O

N N
\ \
PMB PMB
e
N\ X
PMB

Scheme 49: Restricted resonance in amide enolates

The increase in flexibility in the lactam ring could allow the PMB group on the nitrogen to
orientate away from the tert-butoxy group to release steric strain, again, hindering the face
opposite the tert-butoxy group (figure 12). This could explain not only the outcome for the
major diastereoisomer but also the increase in diastereoselectivity when the PMB group was

replaced with a phenyl.
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Figure 12: Potential conformations of the pre-alkylated cyclized intermediate from 201 and

211 showing a pyramidalized amide

Similar systems have been studied both computationally and experimentally.l1411>
Calculations performed by Mayers et al. on simple pyrrolidone enolates have shown that
pyramidalization of the nitrogen does occur in enolate formation, and that 1,2 interaction
from the methyl substituent favours the second conformation shown in Figure 13, directing
the N substituent away from the methyl group. Although Mayers used this to rationalize the
unusually high trans diastereoselectivity observed in enolate alkylation, it is possible that the

increased size of our nitrogen substituent could overpower the electronic effect observed by

Mayers.
L/
Me- bo— = Me/(':_—ﬁMe
Conformation 1 Conformation 2

Figure 13: Favourable enolate conformations in a simple substituted pyrrolidone
2.3.4.2.3 Diastereoselectivity reasoning due to transition state

Another potential cause could be based on the transition states in the approach of the methyl
iodide from the top or bottom face. An approach from the bottom face could potentially form
a higher energy transition state compared to a top face approach due to an unfavourable

clash between the tert-butyl group and the benzyl ester (Scheme 50).
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Scheme 50: Higher energy transition states affecting diastereoselectivity

Similar phenomena avoiding high energy transition states are well known, for instance in the

Furst-Plattner rule (or trans-diaxial effect) (Scheme 51).1¢
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Scheme 51: The First Plattner effect

The nucleophile could attack either the C3 or C4 position. However, attack at position 3 shown
by path 1 would mean that the transition state would adopt an unfavourable twist boat

conformation. Path 2 is therefore dominant.
2.3.4.2.4 Summary of the investigation into observed diastereoselectivity

Although we were not able to find a single reason for the unusual diastereoselectivity
observed, we believe there are several possible plausible explanations and have been able to
exclude some of the more well-known reasons. Fortunately, however, this unplanned
stereoselectivity works as an advantage in our synthesis. Whereas in our leucine route we
synthesized the opposite enantiomer of the analogue with respect to omuralide, the benzyl
ester should now direct acylation with Mander’s reagent to the face opposite, providing the

correct stereochemistry (Scheme 52).
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Scheme 52: Prediction of absolute stereochemistry after acylation with Mander’s reagent
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2.3.5 Acylation with Mander’s reagent

202a 217
Reagents and conditions: LIHMDS (2.2 equiv), DMPU (3 equiv), THF.
Scheme 53: Acylation of 202a with Mander’s reagent

Entry Equiv of Time Temperature

Methyl h

cyanoformate

- 3 4 -78 1.7:1 Sm:P
- 5 4 -78 1.7:1 Sm:P
n 5 2 -78 1.5:1 Sm:P
“ 5 4 -40 54%
“ 4.5 3 -40 49%

4.5 3 -40 69% (new work
o

Table 6: Optimization of the acylation of 202a with Mander’s reagent

With the lactam core formed, the next step was to insert the methyl ester moiety, we hoped
using the benzyl ester to direct the stereochemical course of the reaction (Scheme 53).
Treatment of lactam 202a under analogous conditions to the leucine route provided a
complex mixture of products. Analysis of the *H NMR spectrum of the crude material showed
the presence of both diastereoisomers 202a and 202b from the previous step along with a
new compound that we assumed to be the desired acylated lactam 217, in an approximately
1.7:1 mixture of starting material to product. The observation of an approximately equal
quantity of the two diastereoisomers despite only starting with one suggested that the
lithium bis(trimethylsilyl)amide (LIHMDS) was successfully forming the enolate, the problem
appeared to be with enolate attack at the methyl cyanoformate. Attempted purification of

crude material was not able to separate the product from the starting material. Increase of
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the equivalents of methyl cyanoformate from three to five (Table 6, entry 2) provided a
cleaner crude 'H NMR spectrum of the product mixture, but, the ratio of starting material to
product was still approximately the same (1.7:1). Retaining the increased number of
equivalents and reducing the reaction time also led to a cleaner crude *H NMR spectrum and
slightly increased the ratio of product (now at 1.5:1). Although still no pure material could be
recovered, this indicated that the product could be decomposing with longer reaction times

(Entry 3).

Running the reaction at increased temperatures (-40 °C) (entry 4) showed complete
consumption of starting material, allowing the product to be purified and characterized in
moderate vyield. Further optimization of the reaction and modification of the workup
procedure by removing an evaporation of the quenched reaction mixture led to good yields
of 217 (69%) (entry 6). The ee of the material was measured at this stage against a synthesized
racemic compound by HPLC using a chiral stationary phase. We found that a slight drop in
enantiopurity had occurred during the acylation. We do not believe this is due to racemization
of the product but rather impurities of