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ABSTRACT

Novenamine, a known antibacterial agent, is composed of 3-O-carbamoyl noviose
(novobiose) glycosidically linked to a 4-hydroxy-3-amino-coumarin unit. Its activity as a DNA-
gyrase inhibitor and the absence of analogues containing 4-epi-noviose provided the
rationale for developing new synthetic routes to these analogues. This thesis describes the
total synthesis of the methyl glycosides of noviose and C-4-epi-noviose, methodology for the
introduction of the C-3 carbamoyl grdup to both isomers, an alternative synthesis of the
coumarin component, progress towards a C-5 analogue of 4-epi-noviose and a model study
of methodology for the glycosidic coupling of the coumarin unit to suitably activated sugars.
Methyl C-4-epi-novioside, a novel compound, was synthesized from D-ribose in 11 steps in
36% overall yield. Key steps in the synthetic route included introduction of the geminal
dimethyl group at C-5 via Grignard methodology, careful choice of protecting group
strategies, achieving of a non-trivial methylation of a hindered O-4 and successful oxidative
cyclization to the final pyranose form of the product. The synthesis of methyl novioside was
achieved in 12 steps and 22% overall yield in a divergent synthesis from a precursor to 4-epi-
noviose, employing a key oxidation-reduction sequence to stereoselectively invert the
configuration at C-4.

The chemoselective protection of the C-2 hydroxyl group of both sugar isomers was explored
as a route for selective introduction of the carbamate at C-3. Benzoylation of the stannylene
acetal of methyl novioside or methyl novioside itself gave exclusively the 3-acylated
regioisomer while the outcome of acetylation and benzoylation of the stannylene acetal of
methyl C-4-epi-novioside was dependent on the anomeric configuration, with the more
readily available o-isomer yielding the 3-acyl regioisomers. However, direct selective
protection of the equatorial C-2 hydroxyl' of methyl C-4-epi-novioside as either a f
butyldimethylsilyl ether or benzoate ester was achievable in high yield. Subsequent
introduction of the C-3 ca‘rbamate group to the 2-O-silylated sugar under mildly basic
conditions resulted in migration of the silyl group from, O-2 to O-3 and formation of the
carbamate group at C-2. In contrast, carbamoylation of the 2-O-benzoylated sugar
proceeded to give the 3-carbamate in high yield. Conversion of the methyl glycoside to
glycosyl acetate in preparation for anomeric activation was accompanied by N-acylation of
the carbamoyl group, énd subsequent indiscriminate loss of the N-acylcarbamoyl group upon
attempted removal of the esters with catalytic sodium methoxide. These results and
experiences ‘have clarified the options for completing the synthesis of epi-novobiose and the
related analogue of novenamine.






The synthesis of the selectively protected coumarin component of novenamine was achieved
in 5 steps in 40% overall yield from 24-dihydroxy-3-methylacetophenone, with new
methodology introduced for protection of the 4-hydroxy and 3-amino groups of the coumarin
as an oxazole. \

Progress was made towards the synthesis of a C-5 analogue of 4-epi-noviose with
stereoselective introduction of a methyl and tbutyl group at C-5 of D-ribose to replace the
gem-dimethyl group, in the hope of achieving a conformationally-biased derivative of epi-
noviose for evaluation of binding properties with the target enzyme.

Lastly, two model glycosidic coupling reactions were investigated based on coupling
methodology introduced in the literature in the. context of total syntheses of novobiocin and

an analogue thereof.
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Chapter 1: Introduction to novobiocin

Chapter 1 : Introduction

1.1. Introduction to novobiocin

Novobiocin (Figure 1.1) is a naturally occurring antimicrobial agent that was first isolated in
1956 from several Streptomyces species including S. spheroides and S. niveus."

Novobiocin H o

Figure 1.1: Novobiccin and clorobiocin

Novobiocin, clorobiocin (Figure 1.1) and coumermycin A (Figure 1.2) are closely related
members of the coumarin-containing antibiotics that are active against gram-positive
bacteria. These include methicillin-resistant strains of the staphylococci species, MRSA
{methicillin-resistant S. aureus), as well as MRSE (methicillin-resistant S. epidermidis), which
tend to spread in hospitals and are resistant to many antibiotics. They cause infections
similar to those caused by sensitive strains of S. aureus such as lower respiratory and urinary
tract infections, septicaemia, infection of sites involving invasive devices, pressure sores,
burns, and ulcers and are currently a global concern in the treatment of bacterial infections.>*

oS g

A
Me/ oH

Figure 1.2: Coumermycin A;
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The coumarin-containing antibiotics are powerful DNA—gyrase inhibitors. DNA-gyrase is a
type i topoisomérase and an essential prokaryotic enzyme. It utilizes the energy of ATP to
induce supertwists in DNA and, along with the opposing action of DNA topoisomerase |,
which relaxes supercoiled DNA, allows the bacteria to maintain the correct super-helical
density of the chromosome required for replication, repair, recombination and the control of
gene expression.” DNA-gyrase is composed of two proteins, A and B, which are encoded by
the gyrA and gyrB genes respectively, and exist as an A;B; heterotetramer.® The DNA-
gyrase A (GyrA) subunits bind to DNA, while the DNA-gyrase B (GyrB) subunits carry the
ATP binding site.® Since DNA-gyrase has no counterpart in eukaryotes, it is a very attractive
drug-target for antibiotics.

0
N COOH
0
% NK OH
Nalidixic acid Cyclothialidine

Figure 1.3: Nalidixic acid and Cyclothialidine

DNA-gyrase inhibitors include synthetic quinolones such as nalidixic acid (Figure 1.3) which
act on subunit A, as well as cyclcthialidines (Figure 1.3) and the coumarins, which act on
subunit B. While the quinolones, which are broad-spectrum antibiotics, have been used
successfully for the past 40 years as antibacterial agents, the coumarin drugs have failed to
become clinically successful owing to poor water solubility and oral availability, low activity
against gram-negative bacteria, toxicity, other undesirable side effects and the rapid
materialization of coumarin-resistant organisms.”

The novobiocin molecule, broken down in Figure 1.4, comprises a 3-amino-4-hydroxy-7-
noviosyl-8-methylcoumarin commonly referred to as novenamine coupled via an amide
linkage to 4-hydroxy-3-[3’-methylbutenyl-2'-lbenzoic acid. Novenamine can be further broken
down into 3-amino-4,7-dihydroxycoumarin linked at its 7-position to novobiose, a 3-O-

carbamoyl-4-O-methyl-5,5-dimethyl-L-lyxose sugar, via an a-glycosidic linkage.
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novenamine 4-hydroxy-3-(3-methyl-2"-
3-amino-4,7-dihydroxy- butenyl)benzoic acid
8-methylcoumarin

novobiose

OH

Me

Me

H,NCO—

Novobiccin precursor
MNoviose Novobiocinic acid
Decarbamovinovobiocin

NOVOBIOCIN

Figure 1.4: Structural breakdown of novobiocin

The decarbamoylated sugar is commonly referred to as L-noviose and is classified as an L-
lyxose sugar. Lyxose is a trivial name given to one of the aldopentose sugars and exists in
either the D- or L-form. According to the Rosanoff convention, all sugars represented as
Fischer projections which have the hydroxyl group at the highest-numbered asymmetric
centre (C-4 in the lyxose case) projecting to the right, belong to the D-series, while the others
belong to the L-series. This convention is depicted in Figure 1.5 and results in two lyxose
sugars that are enantiomers of each other. According to Freudenberg (1932), the glycosidic
linkage is referred to as a- because “for D-glucose and all compounds of the D-series, o-
anomers have the hydroxy! group at the anomeric centre projecting downwards in Haworth

formulae; o-L-compounds have this group projecting upwards”, as represented in Figure 1.5.°

In solution, a-L-novobiose exists preferentially in a thermodynamically-preferred 'Cy4 ring
conformation, with the anomeric substituent, the C-2' hydroxyl and one of the C-5 methyl
groups as axial, and the C-3' carbamoyl, the C-4° methoxy and the second C-5" methyl group
as equatorial substituents (Figure 1.7).
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—=0
HO-— N OH
p-lyxose HO— *ho  OH Ho R S s CHO
% —OH HO OH (;H OH
~——OH
—0
| oH HO Q oH OH
L-lyxose _ OH % HO S R R CHO
HO— * OH OH
—OH HO OH
Fischer projection Haworth formulae Acyclic form

Figure 1.5: Representations of o-D- and a-L-lyxose. The asterisks denotes the centre whose configuration
defines the D- or L- assignments.

Besides L-noviose, only one other sugar with gem-dimethyl groups at C-5 has been reported
in the literature, namely a 4-O-isobutanoyl-5,5-dimethyl-B-D-rhamnose sugar found in

lipiarmycin (Figure 1.6), making these C-5 branched-chain carbohydrates very rare natural

compounds,
0]
Me Me OH
Me HO -
Me
OH
cl
OH
cl

Figure 1.6: Lipiarmycin
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1.2. Interaction between novobiocin and its target protein

Novobiocin binds reversibly and with high affinity to the amino-terminal 24K subdomain of
(GyrB).? X-ray crystallographic studies of novobiocin bound to this fragment of GyrB from
Escherichia coli have revealed several key interactions between the drug and protein (Figure
1.7)."° The ester and carbonyl oxygens of the coumarin ring form hydrogen bor;ds with
Arg136. Noviose alone has no anti-bacterial or anti-gyrase activity,!' so it is believed that the
interaction between Arg136 and the coumarin ring directs the sugar moiety to the appropriate
site. Mutations of Arg136 have led to drug resistance, thus providing supporting evidence for
the importance of this key interaction.

lle78, lieB4, Metd5 Arg136
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Figure 1.7: Novobiocin bound to DNA-gyrase B

Two other interactions are essential for drug-binding, these being the hydrogen bonding
between the 2'-hydroxyl of noviose and the carbonyl group of Asnd6, and the interaction of
Asp73 and the 3'-O-carbamoyl! group of noviose. Transfer of the carbamoyl group from C-3’
to C-2' (isonovobiocin) results in a dramatically reduced affinity for DNA-gyrase and has been
implicated in a mechanism for novobiocin resistance.'? There is also a hydrogen-bonding
interaction between the 3'-O-carbamoyl component and an ordered water molecule. The
larger 5-methylpyrrolyl-2-acyl unit of clorobiocin displaces this water molecule and makes
hydrophobic contacts with the enzyme’s side chain, resulting in a 10-fold increase in
antibacterial activity." A number of hydrophobic contacts are made between the drug and
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protein. The 5 ,5-dimethyl group interacts with the hydrophobic amino acids surrounding it,
including 1le78, lle94 and Met95, and the 4-methoxy group sits in a hydrophobic pocket
comprising mainly of valine (residues 43, 69, 71 and 120). The alkyl part of Arg76 lies above
the plane of the coumarin ring, with Pro79 lying underneath, while the 4'-hydroxy-3'-
isopentenylbenzoate aromatic ring wraps around Pro79. This ring appears to have little
influence on the binding of the drug and is not crucial for gyrase B inhibition, but it does
contribute to the intracellular uptake of the drug.

1.3. Biosynthesis of novobiocin

Early investigations of the biosynthesis of coumarin antibiotics revealed that the noviose unit
is derived from D-glucose, and that the coumarin and prenylated 4-hydroxybenzoic acid
components are derived from tyrosine.' As depicted in Scheme 1.1, recent work has

revealed the enzymes involved in the final stages of novobiocin synthesis.'®

OH OH .
H
NovM
h N . —
0 TDP-L-noviose
HO 0" Yo X

Novebiacinic acid HO OH Desmethyldescarbamoyinovobiocin

NovP
S-adenosylmethionine

OH OH
'I;l{ NovN
=
. NH;CO;POs ATP
Q (o] Q

Descarbamoyinovobiocin

Ov——/

o Novobiocin Ho OH

OH
%0

HaoN

Scheme 1.1: The final steps in novobiocin biosynthesis.




Chapter 1: Introduction to novobiocin

The glycosyltransferase NovM catalyzes the conversion of novobiocinic acid into
desmethyldescarbamoylnovobiocin, the noviose being transferred from thymidine-5'-
diphosph-B-L-noviose (TDP-B-L-noviose). The methyltransferase NovP then catalyzes the 4'-
O-methylation of desmethyldescarbamoylnovobiocin to form descarbamoylnovobiocin via
transfer from S-adenosylmethionine. The final step in the biosynthesis is the introduction of
the 3'-O-carbamoyl group and this is achieved by the carbamoyltransferase NovN in the
presence of carbamoyl phosphate and ATP. The availability of these three enzymes (NovM,
NovP, and NovN) has paved the way for generating arninocoumarin libraries, thereby

providing analogues for antibiotic-activity evaluation.

1.4. Structural elucidation studies of novobiocin

Extensive chemical modifications of novobiocin have been carried out, involving both semi-
synthetic and synthetic approaches, in order to elucidate the biological mechanism. As
mentioned previously, the N-acyl side chain of the coumarin is not essential for gyrase B
inhibition but does contribute towards the intracellular uptake of the drug. According to Laurin
et al.,'® the high lipophilicity of these side chains may be responsible for the poor aqueous
solubility of novobiocin, so they replaced the 3-acylamino group with more polar groups such
as C(=0)R, C(=N-OR)R’, CONHR and CONHOR resulting in greatly improved in vitro
inhibition of DNA-gyrase. The C-3' carbamate of the sugar noviose has been replaced with
many groups with little improvement. However, once it became established that the 5-
methylpyrrolyl-2-carboxylate moiety of clorobiocin accounted for its increased antibacterial
activity by contributing to higher hydrophobicity and higher membrane permeability, Periers ef
al. replaced the carbamate of novobiocin with 5-methylpyrrole-2-carboxylate and N-
propargyloxycarbamate, with both showing improved antibacterial activity."’

A concerted effort has also been directed at replacing the 5',5'-dimethyl group of noviose with
5',5'-dialkyl groups. The presence of both alkyl groups as being essential for biological
activity has been demonstrated by replacing noviose with L-rhamnose, an analogue bearing a
5'-hydrogen atom instead of the 5’-methyi axial group. This resulted in a five-fold reduction of
inhibition of supercoiling of DN/-\-gyr.ase.18 Recently, it was shown that the hydrophobic
pockets of the enterococcal and streptococcal DNA-gyrase were slightly larger compared to
that of gyrase B of E. coli. With this in mind, a 5,5’-spirocyclopentyl noviose derivative was
synthesized which showed excellent biological activity, notably against the enterococcal
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family, and is currently undergoing further pharmacological evaluation.? Zeneca
Pharmaceuticals recently (1997) published an analogue of novobiocin in which the noviose
sugar was replaced with a 5',5-dimethylcyclohexane ring, and the coumarin moiety was
replaced with a 6',6-spiroketal linked to a bipheny! ring (Figure 1. 8)."°

Figure 1.8: 6’ ,6'-spircketal derivative

This analogue, however, showed only weak biological activity, the explanation put forward
being the absence of the 4'-OMe substituent that is involved in hydrophobic interactions with
the surrounding amino acid residues of the gyrase B protein as well as in hydrogen bonding
to the side chain of Asn46. This was corroborated recently when noviose was replaced with a
5.5-dimethylcyciochexane ring, as well as with a 4-desmethoxy analogue of RU79115
(Figure 1.9), with both showing weak biological activity.'®?°

OH h{—-OMe OH b{—OMe
R N
o o
MeO 0 o o 0 o o
NG oH e NG oH e
P P
o RU79115 0

Figure 1.9: RU79115 and a 4'-desmethoxy analogue thereof

In summary, it has been shown that both noviose and the coumarin moiety are essential for
biological activity. The C-3 N-acyl group of the coumarin can be replaced with isosteres, -

8



Chapter 1: Introduction to novobiocin

while both methyl groups on C-5' of noviose, while essential, may be replaced with longer-
chain alkyl groups, both changes showing improved activity. The C-4' methoxy group of
noviose is essential for activity, while the C-3' carbamate can be replaced with isosteres.
However, the transfer of the carbamoyl group from C-3' to C-2’ results in a dramatic reduction
in the biological activity of novobiocin.

Despite all the research carried out on novobiocin over the last 40 years, a comprehensive
structure-activity profile has yet to be established, thus providing opportunity for further

research.

1.5. Syntheses of novobiocin, noviose and analogues

The first and only total synthesis of novobiocin was reported by Vaterlaus ef al. in 1956.%" 2>
% The strategy involved the syntheses of (i) noviose from readily available methyl 3,5,6-tri-O-
benzyl-2-O-methyl-D-glucofuranoside 1 (Scheme 1.2), and (ii) C-4 protected coumarin 10.
These two components were then coupled prior to the introduction of the sugar carbamoyl
grdup and the coumarin N-acyl moiety.

The synthesis of noviose began with the conversion of methyl glucofuranoside 1 in two high-
yielding steps into the corresponding gluco-y-lactone 2 (Scheme' 1.2). Nucleophilic opening
by methylamine on 2 in methanol to generate the acyclic amide 3, was followed by
mesylation of the free secondary hydroxyl. Vigorous acid-hydrolysis (refluxing aqueous
AcOH) of the amide followed by an Sn2 intramolecular nucleophilic displacement at C-4, with
inversion of configuration, gave the galacto-y-lactone 4. The lactone was then subjected to a
double Grignard reaction to yield acyclic diol §, which was regioselectively benzoylated at the
secondary alcohol. Deprotection of the three benzyl ethers with Palladium-black furnished the
tetra-ol 6. Oxidative cleavage of the 5,6-diol with lead tetra-acetate, followed by cyclization,
furnished a hemiacetal which was converted to the corresponding methyl glycoside. Finally,
the benzoate was base-hydrolysed vielding methyl novioside 7 in 11 steps in a 2% overall
yield from methyl 3,5,6-tri-O-benzyl-2-O-methyl-D-glucofuranoside 1.
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Scheme 1.2: Reagents and conditions. (i) 66% AcOH, reflux, 92%. (i) BaCQ;, AcNHBr, 80% MeOH, room
temperature, 82%. (i) MeNH,, MeOH, room temperature, 48%. (iv) MsCl, pyridine, CH,Cl,, 0°C - room
temperature, 80%. (v) 6% AcOH, reflux, 73%. {vi) MgMel (2 equiv.), ether, benzene, room temperature, 66%.
(vii) BzCl, pyridine, 0°C - room temperature, 38%. (viii) Pd black, Norit-Supra-C, MeOH, 63%. {ix) Pb(OAC)s,
CH,Cl,, room temperature, 98%. (x) AcCl, MeOH, room temperature, 90%. (xi) 2 N NaOH, MeOH, 0°C, 70%.

The synthesis of the coumarin moiety was achieved from 2-methylresorcinol in 3 steps in
13% overall yield and was based on the synthesis of novobiocinic acid introduced by
Stammer et al. in 1958.%* Thus, following a procedure introduced by Sonn in 1917,%
condensation of 2-methylresorcinol with ethyl cyanocacetate in acid gave rise to the
iminobenzopyran 8 (Scheme 1.3), the mechanism presumably being via C-4 nucleophilic
addition onto the cyano group of ethyl cyanoacetate, followed by intramolecular cyclization
onto the ester.

Me Me Me Me
HO OH ; HO 0. _OH i HO 0. .0 i HO 0. _0
. l —_—  —
= =
NH OH OBn

2-methylresorcinol 8 9 10

8Scheme 1.3: Reagents and conditions: (i) Ethy! cyanocacetate, ZnCl,, HCi gjas, ether, 66%. (i) 50% H,80,,
50%. (iii) BnOH, conc. H,S04, 39%. '

10
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Acid-hydrolysis of 8 yielded 4,7-dihydroxy-8-methylcoumarin 9, which was regioselectively O-
benzylated at its C-4 hydroxyl group employing acidic Michael substitution conditions to
obtain coumarin aglycon 10.

The synthesis of novobiocin was completed by the conversion of methyl novioside 7, to its
2,3-O-carbonate (Scheme 1.4), followed by the direct conversion of the methyl glycoside to
the anomerically stable B-L-glycosyl chloride 11 using the novel and unusual conditions of
acetyl chloride and hydrogen chloride in nitromethane.

CH;,
HyCO 0 i H;,CO H:,CO
CH3 OCH 3 ’

OH OH
7
liv
CH CH;
CH, ‘oo CHy o
HCO o v, vi H,CO o
CH, = B CH; 2
N, [ R—
OH OH
[+ N ] 14 o0
' Yo o1
o] o]

vlll

OCOCH,
u,,co
NH-CO
0 3 Lo N's} OH

H300 O
CH
. ZNH-CO AN

. OH

NH; Novobiocin

Scheme 1.4: Reagents and conditions. (i) Phosgene, benzene, pyridine, 67%. (ii) Nitromethane, AcCl. (iii)
CaS0,, Ag,0, quinoline, 48%. (iv) 10% Pd/C, H,, EtOAc, 50%. (v} Aniline, 1N HCI, NaNO,, sodium acetate,
70%. (vi) 10% PdIC, H,, EOAc, 51%. {vil) Pyridine, 4-acetoxy-3-isopenten-(2')-yl-benzoyl chioride, 25%. (viii)
NHa, 10%.

A known acylating reagent,® acétyl chloride in nitromethane presumably acylates the
anomeric O-methyl, which ionises to form an intermediate oxocarbenium ion. This is then
nucleophilically intercepted by chloride ion. Unfortunately, no yield was quoted for this
conversion. The glycosyl chloride 11 was coupled with 4-benzyloxy-7-hydroxy-8-

11
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methylcoumarin 10 using the well-known classical Koenigs-Knorr method employing silver
oxide and quinoline to obtain the a-glycoside in 48% yield with inversion of configuration.
Following debenzylation, the C-3 amino group was introduced via a two-step procedure
involving: (i) electrophilic substitution with phenyldiazonium ion to form the azo compound, (ii)
reductive cleavage of the azo bond with Pd/C and H; to give the amine 14. The amine was
then acylated, using standard conditions, with 4-acetoxy-3-(isopent-2’-enyl)-benzoyl chloride
to yield the novobiocin precursor 15, which underwent ammonolysis to yield a 4:1 mixture of
novobiocin and isonovobiocin, the latter containing the carbamoyl group on the sugar C-2
axial hydroxyl group. Novobiocin was isolated by fractional crystallization in 10% yield from
precursor 15.

Numerous low-yielding steps were encountered in this total synthesis, including the formation
of the amide 3 from lactone 2 (48%), the regioselective monobenzoylation of the galacto-diol
(38% vyield), the regioselective monobenzylation of 4,7-dihydroxy-8-methylcoumarin (39%
yield), and the final ammonolysis step, which yielded a mixture of novobiocin and
isonovobiocin that were difficult to separate and gave novobiocin in only 10% yield from 15.
Despite these low yielding steps, the synthesis was straightforward and the first of its kind,
and with the development of improved methods and reagents, could be higher yielding.

In the total synthesis of an analogue of novobiocin in 1999, Laurin et al. also found the
products of the final ammonolysis step difficult to separate.'® Thus, in 2000, they published
an improved total synthesis of an analogue of novobiocin, a precursor to RU79115," in which
noviose was synthesized from the sugar, L-arabinose, while the coumarin precursor was
obtained from 2,4—dihydroxy—3-methylacetophehone, both starting materials being
commercially available.

L-Arabinose, chosen to allow selective modifications at most positions, was converted in four
protection-deprotection steps to a protected lactol which was oxidised with PCC to the
lactone 16 (Scheme 1.5). The lactone was then reacted with two equivalents of
methylmagnesium bromide to provide the acyclic diol 17. Since it proved difficult to oxidise 17
directly to the lactol, diol 17 was first oxidatively cyclized to the lactone and then reduced to
the lactol. Finally, acid-hydrolysis of the acetonide yielded noviose in 9 steps and in 20%

overall yield from L-arabinose.
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"0 ° 0 OH
o i-v vi i, viii, ix Q
HO{) —— Meo—-@ e I | 1-18 OH —— MeO OH
HO  OH o"><‘o o o T

>< HO  OH

L-arabinose 18 . 47 noviose

Scheme 1.5: Reagents and conditions: (i) BnOH, HCI gas, room temperature, 69%. (i) 2,2-Dimethoxypropane,
acetone, p-TsOH (cat.), room temperature, quant. (ili) £BuOK, Me,80,, THF, room temperature, quant. (iv) Hy,
10% Pd-C, EtOAc, quant. (v) PCC, CH,Cl,, room temperature, 87%. (vi) MeMgBr (2 eq), THF, 0°C, 86%. (vii)
PCC, CH,Cly, room temperature, 66%. (viii) DIBALH, THF, 0°C, 63%. (ix) H,S0O4, H,0, 65°C, 95%.

Although the synthesis does allow for selective modifications, there were three moderately-
yielding steps, these being the initial benzylation of the anomeric hydroxyl group (69%), the
oxidative cyclization of the diol to the lactone (66%) and its subsequent reduction to the lactol
(63%). These steps reduced the overall yield considerably which is disadvantageous on a

large scale.

In the coumarin part of Laurin’s synthesis, in order to overcome chemoselectivity problems
associated with selective protection of 4,7-dihydroxy-8-methylcoumarin, the 4-hydroxyi group,
as the least hydrogen-bonded and sterically more accessible of the two hydroxyl groups of
2 4-dihydroxy-3-methylacetophenone, was first selectively protected as its THP derivative 18
(Scheme 1.6).

O (0] OH OCHPh,
i i A iil, iv N
[ — ] ¥
HO OH THP OH THPO O O HOY O
Me Me Me Me
2 4-dihydroxy-3- 18 , 16 20

methylacetophenone

Scheme 1.6: Reagents and conditions. (i) DHP, p-TsOH (cat), EtO, room temperature, 83%. (i) NaH,
CO(OEY),, toluene, reflux, 91%. (iii) Ph,CN,, DMF, 65°C, 55%. (iv) HCI, MeOH, CH,Cl,, room temperature, 90%.

Acetophenone 18 was then converted directly to the 4-hydroxycoumarin 19, by a method first
described by Barker ef al. in 1971 involving base-mediated C-acylation with diethyl
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carbonate.?” Subsequent protection of the coumarin 4-OH as a benzhydryl ether, followed by
deprotection of the THP acetal yielded the mono-protected coumarin aglycon 20, in 37%

overall yield from 24-dihydroxy-3-methylacetophenone. Although the synthesis was an
| improvement on that described previously, protection of the coumarin 4-OH remained
problematic, with the benzhydryl ether being the highest yielding (55%) of the protecting
groups tried. | '

Under Mitsunobu conditions, noviose, as a mixture of anomers (the authors failed to mention
the anomeric ratio), was coupled directly to the protected coumarin to yield the a-glycoside’
as the major product (a:p = 4:1) in 67% yield after chromatographic separation (Scheme 1.7).
This was an improvement on the yield obtained from the Ag,O-quinoline coupling (48%) used
by Vaterlaus (Scheme 1.4).

| o
OCHPh, OH
=
R i ii ! i - vi C
MeO OH ' » wmeo o — > MeO oo
~ 20 ' —t

Et,SIO  OH HO  OTHP
noviose : 24 22
l vii, viii
OH ©
oM N-Ole

S
R iX O
O s MeO o
MeO O 0 4
M L

H £
- N__O OH
{:’/\O,N\n/o OH {:’/\ON\(H)/
O

24 23

8cheme 1.7: Reagents and conditions: (i) PPh;, iPrO,CN=NCO;Et, CH,Cl, room temperature, 67%. (ii)
Et;SiCl, DIPEA, imidazole, CH,Cl,, room temperature, 70%. {ili) DHP, p-TsOH (cat.), CH.Cl,, room temperature.
(iv) Hp, 10% Pd-C, THF, room temperature. (v) Ac,0O, DMAP, CH,Cl,, 0°C. (vi) BusNF, THF, room temperature,
70% over 4 steps. (vii) (@) p-NO,CgH,OCOCI, DMAP, CH,Cl,, 0°C; (b) HC=CCH,ONH,.HCI, DMAP, DMF, room
temperature. (viii) p-TsOH cat, MeOH, room temperature, 87% over 2 steps. {ix) MeONH,HCI, KOAc, EtGOH,
room temperature, 80%.

Noviose is an L-sugar so when the anomeric centre projects upwards it is referred to as the o-anomer.
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Furthermore, no glycosyl halide intermediate was required and regioselective displacement
of the anomeric hydroxyl group over the C-2’' and C-3’ hydroxyl groups was achieved. The
reaction proceeds via an Sy2 mechanism resulting in inversion of configuration, so the
stereochemistry of the product depends on the configuration of the starting sugar.

Since the authors found the regioselective introduction of the carbamate onto C-3' via the
2',3-O-carbonate difficult in terms of separation, the strategy developed by them involved
sequential protection of the equatorial C-3' and C-2' hydroxyl groups, followed by
deprotection of the C-3’ hydroxyl group, thereby allowing the introduction of the carbamate
directly onto C-3’. Thus the a-glycoside was regioselectively protected as a triethylsilyl ether
at the equatorial C-3' hydroxyl to give 21 in good yield (70%). The axial C-2' hydroxyl was
then protected as a THP acetal, the benhydryl ether hydrolysed and the coumarin C-3
position acetylated, the latter achieved directly by modifying both the base and solvent
commonly used for O-acetylation, namely EtzN and THF, to DMAP and CH,Cl;. Subsequent
deprotection of the silyl ether vyielded 22, with the C-3' hydroxyl free. The N-
propargyloxycarbamoyl moiety was then introduced via nucleophilic substution of the C-3 p-
nitrophenyl carbonate derivative and the tetrahydropyran acetal acid-hydrolysed to give 23.
The final transformation involved conversion of the C-3 acetyl group into its O-methyl-oxime
24.

Aside from the above two total syntheses, enantioselective syntheses of L-noviose have also

® D-gulonolactone®, and a sugar building block

been accomplished from L-rhamnose?
derived from furfural®®. The synthesis of D-noviose was achieved from (1S, 4R)-4-acetoxy-5,5-
dimethyl-2-cyclopenten-1-ol.*'

In 1986, Klemer ef al. published the synthesis of noviose in 7 steps and in 33% overall yield
from L-rhamnose.?® Thus, L-thamnose was converted in 2 steps to ketone 25 (Scheme 1.8),
which was reacted in a single Grignard reaction to form methyl 2,3-O-isopropylidene-5,5-di-
C-methyl-a-L-lyxofuranoside 26. Hydrolysis of both the methyl glycoside and the acetonide
group under strongly acidic conditions resulted in simultaneous transformation of the furanoid
ring to its pyranoid form, yielding tetra-ol 27 in high vyield. After reprotecting the 2,3-diol as the
acetonide, the use of Me,S0O4 and terf-n-butylammonium bromide in base resulted in novel

phase-transfer catalyzed mono-methylation to give 29.
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OH ___ o OH OCH3 o OCHs
CH, ]
OH OH CH3 c>< o} CH, 0><3
L-rhamnose 27
lv
CH,
OH CHO | —¢p
- CH;0 -« CH; OH T
H
0 OH o 0 & N ¢)

X ><

noviose

Scheme 1.8: Reagents and conditions. (i} (CH3C{OCH;),, p-TsOH (cat), MeOH, 89%. (ii) CrQ,, pyridine,
CH,Cl,, H,S04, 94%. (iii) MeMgl, EtO, 95%. (iv) 1M H,S0,, 80°C, 95%. (v) Acetone, MeOH, H,80,, 71%. (vi}
50% NaOH, toluene, "BuyNBr, Me,SO,, 81%. (vii) EtOH/CF,COOH/H,0 (80:9:1), 80°C, 75%.

Deprotection of the acetonide yielded noviose as a mixture of anomers. In the phase-transfer
catalyzed mono-methylation step, both C-1 and C-4 hydroxyl groups were methylated, but
owing to the hydrolytic susceptibility of 6-deoxysugars as a result of the electronic effect of
replacing a hydroxyl group with hydrogen, rapid hydrolysis of the anomeric methoxy group
took place. The synthesis required just 7 high-yielding steps, and lends itself to functional
modifications at most positions.

Jeselnik et al.” introduced a synthesis of noviose in 2003 based on Klemer and Waldmann’s
synthesis®® but starting with D-gulonolactone. The sugar was first transfonﬁed by a known
reaction sequence to its isopropylidene derivative 30 (Scheme 1.9). Periodate cleavage of
the 5,6-diol yielded the aldehyde which was oxidized to the acid with Ag,0, and esterified
with diazomethane to form the methyl ester 31. A double Grignard reaction gave the tertiary
alcohol which was followed by debenzylation to yield the L-noviofuranose derivative 32, which
had physical data distinctly different from the data for the pyranose derivative 29 as
described in the previous synthesis.
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Scheme 1.98: Reagents and conditions: (i) NalQ4, MeOH, H,0, 73%. (i) AgNQs, KOH, EtOH, H,0O, 92%. (iii)
CH;N; in ether, 99%. {iv) MeMgCl, ELO, 95%. (v) 10% Pd/C, H;, Et,0, 99%. (vi) Me,S0,, 50% NaOH, H,0-
toluene/CH,Cl, BuNBr, 81%. (vii) EtOH/CF;CO,HMH,0 or DOWEX 50-W/H,0.

Using the same phase-transfer conditions as in Klemer and Waldmann's synthesis,?® the 4-
OH group was regioselectively methylated with ring expansion to give 29. Acid hydrolysis of
the acetonide furnished noviose in 11 steps in an overall yield of 12% from D-gulonolactone.

The first enantioselective synthesis of D-noviose from non-carbohydrate precursors was
introduced by Pankau and Kreiser’'*? in 1998 from the readily available enedione 33
(Scheme 1.10). Mono-reduction of 33 using Luche’s reagent of sodium borohydride and
CeCl; ensured 1,2-hydride addition and furnished 34. A further molar equivalent of Luche's
reagent resulted in the second hydride being delivered to the face opposite to the C-1
hydroxyl group giving the cis-diol 35. Desymmetrization was achieved enzymatically by
mono-acetylation with vinyl acetate in the presence of a lipase to give an almost quantitative
yield of building block (1S, 4R)-4-acetoxy-5,5-dimethyl-2-cyclopentene-1-ol, 36. Using
diazomethane and catalytic amounts of BFs-etherate, 36 was transformed to its methyl ether,

via carbene insertion into the OH-bond.
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Scheme 1.10: Reagents and conditions: (i) NaBH, (1 equiv.), CeCly.7H,0 (1 equiv.), MeOH, -78°C, 75%. (ii)
NaBH, (1 equiv.), CeCl3.7H,O (1 equiv.), MeOH, 0°C, 94%. (iii) Lipase, vinyl-OAc, THF, room temperature,
quant. (iv) CHyN,, BF3.E,0, Et,O, 0°C, 78%. {v) Os0,, NMO, acetone/water (8/1), 0°C, 86%. (vi) agq. KOH,
MeOH, quant. (vii) CO(OCCly),, pyridine, CH,Cl,, -70°C, 84%. (viii) PDC, CH,Cl, 20°C, 92%. (ix) m-CPBA,
CH,Clp, room temperature, 76%. (x) DIBALH, CH,Cl,, -78°C, 78%.

Cis-dihydroxylation from the a-face was achieved with NMO and catalytic OsO;, in high yield
and as a result of the two substituents on the p-face. Deacetylation to give triol 37 was
followed by protection of the syn-diol as its carbonate.The remaining hydroxyl group was
oxidized with PDC to give ketone 38, which was transformed by a Baeyer-Villiger
rearrangement, in high regioselectivity at the more substituted carbon, to afford the
corresponding noviclactone 39. Reduction, ‘with concomitant deprotection of the cyclic
carbonate, gave D-noviose in 31% yield over 7 steps from (1 S, 4R)-4-acetoxy-5,5-dimethyl-2-
cyclopentene-1-ol 36. This synthesis is multifunctional as it starts from a very simple prochiral
enedione that is converted in only a few steps to a chiral building block, namely 36, that may
be used as a precursor to many natural products. Most of the reagents employed in the
synthesis are relatively cheap and readily available, and the lipase, which was immobilized
on solid support, could be reused many times without loss of activity. Although this synthesis
could be adapted for the preparation of L-noviose, the possibilities for functional modifications
related to noviose are limited, so analogues of noviose would be difficult to synthesize, and
the use of OsOy in the cis-dihydroxylation step makes large-scale synthesis unfeasible.

18



Chapter 1: Introduction to novobiocin

The most recent enantioselective synthesis was published by Ogasawara’s group in 2000%°
in which a benzylated sugar building block 42, was prepared from furfural in enantiomerically

pure forms by either a chemical®® or enzymatic procedure® (Scheme 1.11).

furfural 4

ll T viii
OH . O i i
l ‘ fii, iv Vs ‘", o vit o
o OBn ’ ! — K\ O
0 ] ¥
OH OBn | AcQ OBn AcO OBn

(£)-43 (£)-44 (£)-45 (#)-46

Scheme 1.11: Reagents and conditions: (i) NBS, NaOAc, aq. THF, 0°C, 51%. (ii) p-TsOH (cat.), benzene,
reflux, 53%. (iiiy m-CPBA, CH,Cl,, 0°C - room temperature. (iv) p-TsOH (cat.), benzene, reflux, 68% over 2
steps. (v) NaBH,, CeCl;.7H,0, MeOH, 0°C, 93%. (vi) Ac,O, pyridine, room temperature, 94%. (vii) Lipase PS,
phosphate buffer.acetone (9:1), 46%. (viil) PCC, NaOAc, molecular sieves, CHCls, 93%.

The chemical method involved a Wittig reaction between furfural and
methyl(triphenylphosphoranylidene) acetate to generate (E)-methyl-3-(2-furyl)propenoate,
which was reduced to a primary alcohol and protected as a benzyl ether. A Sharpless
asymmetric dihydroxylation (AD reaction) on the E-alkene furnished the cis-diol 40. In the
presence of NBS and sodium acetate in aqueous THF, the furan ring underwent ring
expansion initiated by C-5 addition of a bromonium ion to give 41 as a mixture of anomers.
Acid-catalyzed cyclization furnished enantiomerically pure 42, via nucleophilic interception of
an oxocarbenium ion intermediate.

The enzymatic procedure was developed as an alternative that could be carried out on a
large scale without using the expensive Sharpless AD-mix reagents. The synthesis was
similar to that of the chemical method except that cis-dihydroxylation \&ith 0s04 and NMO
gave (+)-43 as a racemic mixture, which underwent a peracid-mediated Achmatowicz
rearrangement followed by acidic cyclization®® to furnish (+)-44. The enone was reduced

diastereoselectively to the allylic alcohol using Luche conditions, and the hydroxyl group was
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acetylated to afford racemic (+)-45. Enzymatic separation of the enantiomers was achieved
by lipase-mediated hydrolysis of the acetate to furnish a single enantiomer in 46% yield.
Oxidation back to the enone using PCC gave enantiomerically pure 42.

Owing to its rigid framework, diastereoselective epoxidation of 42 with alkaline hydrogen
peroxide gave the exo-epoxide 47, as a single product (Scheme 1.12). Diastereoselective
reduction under Luche conditions using sodium borohydride and CeCl; gave the endo-

alcohol, which was protected as its benzoate 48.

. Z o ! i o
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Scheme 1.12: Reagents and conditions: (i) 30% H,0,, 0.5N NaOH, THF, 0°C. (i) NaBH,-CeCly. 7H,0, MeOH,
0°C, 82% for 2 steps. (iii) BzCl, pyridine, CH,Cl,, 96%. (iv) BF;.OEt, toluene. (v) NaOMe, MeOH. (vi)
Me,C{OMe),, PPTS (cat), toluens, reflux, 84% overr 3 steps. (vii) Mel, NaH, THF, 88%. {viii} H,, 10% Bd/C,
MeOH, 81%. (ix) MsCl, EtN, CH,Cly. (x) Lil, THF, reflux, 90% over 2 steps. (i) Zn, AcOH:MeOH (1:10), 97%.
(xil) TPAP-NMO, 4 A molecular sieves, CH,Cly, 80%. (xiii) MeLi, THF, 0°C, 83%. (xiv) OsQ, (cat.), NalQy, 50%
aqg. THF. (xv) Dowex 50-W, H,0, 70°C, 58% over 2 steps.
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Regio- and diastereoselective Lewis-acid mediated rearrangement of the epoxide involving
neighbouring group participation by the benzoate group produced the ring-opened alcohol as
a mixture of benzoates 49, which were hydrolysed without separation. Ketal protection of the
cis-hydroxyl groups of the resulting triol, followed by methylation with methyl iodide under
standard conditions gave the ketal methyl ether 50. Removal of the benzyl ether by
hydrogenolysis, standard elaboration of the resultant alcohol to iodide 52 via its mesylate,
followed by reductive elimination and lactol oxidation furnished lactone 52. The gem-dimethyl
groups were introduced by treatment with methyllithium to give the acyclic diol 53, and the
alkene was oxidatively cleaved using Lemieux-Johnson conditions of catalytic OsO4 and
NalO, to give the hemiacetal. Finally, acid-hydrolysis of the acetonide group gave noviose in
23% vyield over 15 steps from 42.

Although this is an elegant example of a completely diastereoselective total synthesis, it is

too long and not suited to large scale as some of the reagents used are very expensive.

1.6. Synthesis of the coumarin moiety

The only total synthesis of novobiocinic acid was reported by Stammer ef al. in 1958, and
was developed to elucidate the structure of the coumarin moiety.?* 2,7-Dihydroxy-8-
methylcoumarin 9, synthesized from 2-methylresorcinol and used by Vaterlaus ef al. in the
synthesis of novobiocin (see Scheme 1.3, page 10),%' underwent electrophilic substitution
with NO”, formed from sodium nitrite and acetic acid, at the C-3 position to give the unstable
nitroso compound 54, which was reduced to the ammonium salt 55 (Scheme 1.13). N-
acylation with 4-acetoxy-3-(3-methyl-2-butenyl)benzoyl chloride then gave mono-acetylated
novobiocinic acid 56, which was hydrolysed to novobiocinic acid. The synthesis was
extremely low yielding (< 7%) but was successful in producing novobiocinic acid based on

data from the degradation product of novobiocin.
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8cheme 1.13: Reagents and conditions: (i) Sodium nitrite, H,O, ACOH, 47%. (i) 10% Pd/C, 2.5N HCI, H,,
EtOH. (iil) 4-Acetoxy-3-(3-methyl-2-butenylibenzoyl chioride, pyridine, 47%. (iv) 2.5N NaOH.

The synthesis of 4-hydroxy-7-methoxy-8-methyl-3-nitrocoumarin and report of its antiallergic
activity was published by Cantello et al. in 1975. *® Using the method described by Barker et
al.,”” commercially available 2-hydroxy-4-methoxy-3-methylacetophenone was converted to
the corresponding coumarin 57 with sodium hydride and diethyl carbonate in refluxing

7 nitration of 57 was

benzene (Scheme 1.14). Based on a method described by Klosa,?
effected in very high yield with fuming nitric acid in chloroform at room temperature to give

58.

OH OH
NO
i X i N
——t —_—
Me Me Me
57 58

Scheme 1.14: Reagents and conditions: (i) CO(OEt),, NaH, benzene, reflux, 88%. (ii) Fuming HNGQ,, CHCl,,
room temperature, 96%.
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Bognar et al.%® have published the synthesis and biological activity of numerous 3-acylamino-
4-hydroxycoumarin derivatives, two of which were derived from 2 4-dihydroxy-3-
methylacetophenone. In this publication, 4-benzyloxy-2-hydroxy-3-methylacetophenone was
converted to the corresponding coumarin 59 in 72% yield using sodium metal and diethyl
carbonate as described by Boyd ef al. in 1948 (Scheme 1.15).*° Using the well-known
method patented by Okumura,® the 3-phenylazo moiety was introduced at C-3 of 59 via
electrophilic substitution with phenyldiazonium ion to give 60 which was reduced with sodium
dithionite to give 61 as a salt in 91% yield. The reduction step was developed by Bognar to

avoid deprotection of the benzyl group.*®

: 0 OH OH
BnOy OH BnO o O BnO 0 0
Me Me Me
59 60

Colls

OCH A
62a ’ 62b =N
63aR= OCH: 63bR= \ | l jii

0
OCH,
HC
NH,0Ac
SH o Nnoo : =
v iv
H o o Bn o o Bn o
Me Me Me
63 62 61

Scheme 1.15: Reagents and conditions: (i) Na (pulverized), CO(OEt);, heat, 72%. (i) PhNH,, H,0, 35% HC|,
NaNQ,, NaOAc, EtOH, 0°C, 80%. (iii) Na,S,0,, CH:COONa, EtOH, H,0, reflux, 91%. (iv) RCOCI, THF, 4%
NaOH. (v) 10% Pd/C, EtOH, 0.2M NaOH, 38% and 51% over 2 steps. -

The N-acylation of ammonium salt 61 with two different acid chlorides in THF under
Schotten-Baumann conditions (aqueous NaOH) afforded amides 62a and 62b, which were
exposed to catalytic hydrogenolysis to give 63a and 63b, in 38% and 51% overall yield
respectively from 61. No reasons were given for these poor yields. Both 63a and 63b showed
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poor antibacterial and antifungal activity when compared with novobiocin, establishing the
important role played by the noviosyl-sugar on the biological activity.

Interestingly, the synthesis of 4-hydroxycoumarins has been extensively documented in the
literature, but A-ring substituted coumarin syntheses have not, with the above mentioned

coumarin syntheses being the only publications related to the noviosyl-coumarin unit.

1.7. Overview of Thesis objective

A structure-activity aspect that has yet to be investigated in the novobiocin field based on
analogues that have been synthesized, are the roles played by the configuration of the C-4
methoxy group and the conformation of the noviose ring on the biological activity of
novobiocin. The C-4 methoxy group (positioned equatorially) of noviose has been shown to
be essential for enzyme receptor interaction, as it is involved in hydrophobic interactions with
the surrounding amino acid residues, and replacement of it with a hydrogen has resulted in
greatly reduced antibacterial activity. The 'C4 chair conformation preferentially adopted by
noviose is also assumed to be vital for enzyme binding. A conformational analysis for both
chair conformations of noviose reveals 3 axial substituents for each chair. in each set of
interactions there is an unfavourable 1,3-diaxial interaction as shown in Figure 1.10 involving

two large groups (> hydrogen group).

1,3-diaxial interaction

/N

OR, HLCO
1 P 4 Q
H,CO ——— ORy
HO
4 OH / on o1
1.3-diaxial interaction
! c4 461

Figure 1.10: 'C, versus “C; conformation of noviose

The 'C4 conformer is favoured however, because (i) the large methoxy group (A value 3.1
kd/mol) is equatorial whereas in the *C; conformer it is axial, and (i) the axial «-anomeric

group imparts a greater thermodynamic stability compared to the equatorial B-anomeric
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group in the *C4 conformer, the stability being ascribed to the well known “anomeric effect”.
An interpretation of the anomeric effect, first described by Edward,*' suggests that this
stabilization is due to orbital overlap between the axial lone pair of electrons on the ring
oxygen atom and the anti-periplanar antibonding o*-orbital of the C-O bond. This leads to a
shortening of the bond connecting the ring oxygen atom to the anomeric centre and a
lengthening of the axial a-anomeric C-O bond relative to the respective bond lengths in the

equatorial B-anomer. Resonance depiction of this concept is illustrated in Figure 1.11.

(‘DR* R

H,CO % HsCO

HO
OH HO OH

Figure 1.11; Resonance stabilisation of the anomeric centre

A consequence of this bond-lengthening is that the axial OR group is further away from the
anomeric centre and hence the 1,3-diaxial interaction with the C-5 methyl is reduced.

Whereas noviose preferentially adopts the 'C, conformation, no interest has been shown in
the C-4 epimer of noviose, presumably because of the assumption that the ring will flip to a
biologically inactive *Cy conformation. Thus it seemed appropriate to explore the C-4
substituent with the aim of:
0 appraising the configuration and biological activity of 4-epi-noviose' and
(i) substituting 4-epi-noviose stereoselectively at the 5- position to bias the chair
conformation back into a 'C, form, while retaining the 4-OMe epimeric

configuration (Figure 1.12).

T Aterm adopted in the thesis for the C-4 epimer of noviose
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Figure 1.12: The chair would adopt the "C, conformation provided R, is much larger than R

Hence, the aims of the project were:

1. To develop a versatile divergent synthesis to both noviose and 4-epi-noviose.

2. To convert 4-epi-noviose to 4-epi-novenamine and evaluate the biological activity.

3. To stereoselectively substitute one of the 5,5-dimethyl groups with a bulky alkyl group,
thus providing a means of evaluating the biological activity of the 'C,4 chair form of 4-

epi-noviose.

1.8. Syntheses of 4-epi-noviose intermediates

A literature survey revealed that, to date,.4-epi—noviose has not been synthesized. Although
several syntheses of noviose have been described, none of them allow for the direct
synthesis of 4-epi-noviose. Methyl 3,5 6-tri-O-benzyl-2-O-methyl-D-glucofuranoside, L-
arabinose, L-rhamnose, and D-gulonolactone have a predetermined chirality at C-4, while the
enantioselective syntheses induce the chirality at C-4 through a diastereoselective process.
Two syntheses for an intermediate to 4-epi-noviose have been described, the first in 1958
frbm D-ribose, and the second from furan in 1991.

In 1958, in an endeavour to confirm the configuration of noviose as a lyxose and not, as
earlier work had proposed, a ribose sugar, a team from Merck & Co. published a synthesis of
2,3-isopropylidene-5,5-dimethyl-4,5-di-O-methyl-D-ribonic acid 69, from D-ribose.*? Thus,
methyl 2,3-isopropylidene-D-ribofuranoside 64 (Scheme 1.16), easily prepared from D-ribose,
was oxidized with alkaline permanganate to the carboxylic acid and esterified with ethereal
diazomethane to give the ester 85. A Grignard reaction using an excess of methylmagnesium
iodide gave the tertiary alcohol 66, in good yield. Acidic hydrolysis of both the ketal and the

glycosidic methyl groups gave a triol, which was followed by oxidation of the anomeric
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hydroxyl with bromine. The 2,3-diol was again protected as its ketal to furnish the lactone 67,
which was hydrolysed with aqueous sodium hydroxide to give the acyclic sodium sait 68.
Finally, on treatment with NaH and methyl iodide, both the tertiary and secondary hydroxyl
groups were methylated to give 69.

0 OH
° OM ° OM jii o
I3 i, ii e
e B BT oo SRR
Pt < o
64 65 66

l iv, v

OMe
OMe OH OH
18] OH p o
OH i WOM v Njo
o B S \ /
0><0 O—XB dxb
6o | 68 67

Scheme 1.18; Reagents and conditions: (i} KMnQy, H,C, KOH, room temperature, 31%. (il CH,N,, ELO, room
temperature, 81%. (i) MeMgl, ELO, reflux, 73%. (iv) (a) 0.1N HCI, reflux; (b) Br,, NaNO,, room temperature;
80% over 2 steps. (v} Acetone, CaCly, HCI, room temperature. (vi) 0.1N NaOH, room temperature. {viij NH;, Na,
Mel, reflux.

The infrared spectrum of 69 was compared to that of 2,3-isopropylidene-5-O-methylnovionic
acid derived from the degradation of novobiocin, and showed a marked difference in the
absorption in the 800 to 1000 cm™ region, providing proof that noviose was not a ribose
sugar. The disadvantages of this synthesis include: |
(i) the first oxidation step was very low yielding (31%) and would need to be
improved for a viable synthesis,
(i) methylation of 88 gave both the secondary and tertiary methyl ethers, so to
achieve chemoselectivity, the tertiary alcohol would need fo be protected

prior to ring opening.

27



Chapter 1. Overview of Thesis objective

Similiarly, in 1991 Wagner and Vogel reported a total synthesis of methyl 2,3-O-
isopropylidene-5,5-di-C-methyl-D-ribofuranoside 66, from the optically pure Diels-Alder
product 70, derived from the cycloaddition of furan and 1-cyanovinyl(1S)-camphanate
(Scheme 1.17).* Cis-dihydroxylation of 70 from the exo-face, followed by diol ketal protection
and hydrolysis yielded ketone 71. Baeyer-Villiger oxidation of 71, inserting oxygen at the
more substituted carbon, affording the corresponding ketone 72 in high yield, which was o-
methylated with LHMDS (enolate formation) and Mel, to give the dimethylated ketone 74.

O O 0] <
SRS s T ¢ e 0 o—» O —0

OR

H Me
R’ = {1S)-camphanoyl H
70 71 72 73
l iv
o or o 9 ,.0Ac O OH 0
A(O N vl A’ et vi )(0 N\t v )(0 Mo
o € e O 0 «— 0 «—— o o
OR" Me v Ve “aMe
Me Me Me Me Me Me i
77T R=R'=Ac
viii 76 75 74
T8R=R"=H .
*L» 66 R'=Me, R"=H

Scheme 1.17: Reagents and conditions: (i) (ii) 3-chloroperoxybenzoic acid, NaHCO,, CH,Cly, 20°C, 98%. (iii)
(Me;Si),NLi, THF, -65°C, Mel, 98%. (iv) (MesSi),NLi, THF, -85°C, Mel, 96%. (v) MesSiCH,Li, THF, -65°C,
MeOH. (vi) Ac,O, pyriding, THF, room temperature, 97%. (vii) CF,CO3H, CH,Cl,, room temperature, 95%. {vili)
K,COs, MeCH, room temperature, 88%. (ix) 2,2-dimethoxypropane, p-TsOH, MeOH, room temperature, 90%.

The authors found that higher yields were obtained if the methylation was performed in two
steps rather than in a single step (94% vs 74%). The generation of the methylketone 75 was
achieved via nucleophilic opening of lactone 74 with Me;SiCH,Li to form a B-ketosilane
intermediate which desilylated to the methyl ketone following an acidic work-up. Acetylation
of the secondary hydroxyl group to furnish 76, was followed by a regioselective Baeyer-
Villiger oxidation to afford the diacetate 77. Hydrolysis with K,CO; in MeOH gave 78 and
finally, the anomeric hydroxyl was selectively protected as its methyl ether to give 66 in 59%
overall yield from furan. Although product 66 was achieved with high regioselectivity as a
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result of the biased nature of the Diels-Alder adduct, the synthesis was long, with nine steps
required compared to three in the previous synthesis (Scheme 1.16). Furthermore, the use of
expensive reagents makes large scale work impractical. A crucial aspect of this publication is
that anomeric and ketal hydrolysis (aq. H25Q,, 80°C) of methyl 2,3-O-isopropylidene-5,5-di-
C-methyl-D-ribofuranoside 66, did not furnish 4-epi-noviose; instead, both the unprotected
furanose and pyranose sugars 79 and 80 respectively, were formed in a ratio of 89:11
(Scheme 1.18). This is in total contrast to the corresponding L-lyxose derivative, where, as
shown by Klemer et al., acid hydrolysis of methyl 2,3-O-isopropylidene-5,5-di-C-methyl-L-
lyxofuranoside 26 (Scheme 1.8, page 16), exclusively furnished the pyranose form in 95%
yield.?® Since the pyranose form was required from methyl 2,3-O-isopropylidene-5,5-di-C-
methyl-D-ribofuranoside 66, a different strategy would need to be developed.

66
ls
OH OH
7\(0)‘.”@4 \/ki)j‘m 0 M
+ . HO%OH . OH
H6 oM H6 M  on '© o ° oH

780 798 80p 80a
36.5% 52.0% 7.4% 4.1%

Scheme 1.18: Reagents and conditions: (i) 0.5M H.S0,, 80°C, 94%.

1.9. Strategy for the synthesis of novenamine and 4-epi-novenamine

1.9.1. Novobiose and 4-epi-novobiose

An outline of the target molecules is shown schematically in Scheme 1.19. The highlights of

this strategy envisaged, were:

» The choice of D-ribose as a cheap and readily available chiral starting material, on the
basis of the inherent chirality at C-4 and the likelihood, according to the Felkin-Ahn
stereoselective induction model, of the stereoselective introduction of different alkyl

groups on C-5.
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Scheme 1.19: Strategy for the synthesis of novobiose, 4-epi-novobiose and the coumarin substituent.

The synthesis of the target molecules via the acyclic precursor | as shown in Scheme
1.19, owing to the difficulty in converting a furanose D-ribose derivative directly into its
corresponding pyranose form,

The use of a common synthetic precursor | for both sugar isomers, as an attractive
feature of this divergent synthesis.

The novel introduction of the C-3 carbamoyl group before coupling of the sugar unit to
the coumarin, thus minimizing the number of steps required after glycosylation.

The challenge of regioselectively protecting the C-2 hydroxyl group of both sugar
isomers, thus allowing the introduction of the carbamate onto the C-3 hydroxyl group.
These regioselective protections loomed as significant but not insurmountable
challenges, with the possible exploitation of the different reactivities of the axial and
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equatorial hydroxyl groups, as well as the use of stannylene acetals suggesting
themselves as potentially useful methodologies.

The synthesis of the coumarin unit from commercially available 2,4-dihydroxy-3-
methylacetophenone with the challenge being the nove! introduction of the amino group
at an earlier stage, possibly in a masked form such as an oxazole, in order to minimize

post-glycosylation manipulations.
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Chapter 2 : Synthesis of noviose and 4-epi-noviose

One of the aims of this project was to develop a versatile divergent synthesis to both noviose
and 4-epi-noviose. In order to achieve this aim, D-ribose was selected as the synthetic
starting material on the basis of its relatively low cost, ready availability and the capacity to
convert it into an acyclic precursor common to both sugars, as outlined in Scheme 1.19.

2.1. Synthesis of 4-epi-noviose

As with most syntheses involving carbohydrates, the first task involved selective orthogonal
protection of a poly-hydroxylated molecule to ensure chemoselectivity in subsequent
reactions. Numerous methods to achieve the selective protection of D-ribose have been
published. Since our intention was to selectively manipulate both the primary hydroxyl group
at C-5 and the anomeric position, the synthesis of benzyl 2,3-O-isopropylidene-B-D-
ribofuranoside from D-ribose was an attractive proposition becauée, although it was a low-
yielding reaction (50%),* the anomeric hydroxyl group could be selectively regenerated by
catalytic hydrogenolysis leaving the 2,3-isopropylidene group intact. Thus, following the
published method, D-ribose was refluxed in acetone, excess benzyl alcohol and concentrated
H,SO4 (Scheme 2.1). Frustratingly, however, a complex mixture of products resulted as

shown by tlc, and no major product could be isolated from the reaction.

Scheme 2.1: Reagents and conditions. (i) BnOH, H,S0,, acetone, reflux.

An alternative was to form the methyl glycoside and protect the 2,3-cis diol as an acetal. The
synthesis of methyl 2,3-O-isopropylidene-B-D-ribofuranoside is well documented in the
literature, with the original preparation having been reported by Levene and Stiller in 1934
uéing acetone, methanol and concentrated H,SO, as well as CuSO4 to act as a dehydrating
agent.** Modifications of this synthesis have included the use of 2,2-dimethoxypropane,
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methanol and HCI gas,*® and acetone, methanol and HCI gas.*’ In a variation to these
methods, D-ribose was dissolved in methanol, cooled to 0°C and treated slowly with
concentrated H,SO4 (1 equiv.) (Scheme 2.2).

. o o
HO \ HO + HO

nntome

o

oo
O,
o)
o
Ot.
o
o

64p (95:5) 64a

Scheme 2.2: Reagents and conditions. (i} MeOH, acetone, conc. H,80,, 85%.

Following disappearance of the starting material (monitored by tic), excess acetone was
added and the reaction allowed to stir at room temperature until complete, which was
typically about 2 hours after acetone addition. On a relatively large scale (10 g), an aqueous
work-up was avoided by quenching the reaction with KOH in methanol, filtering through
Celite® to remove the finely granulated inorganic salts and evaporating the filtrate in vacuo.
Two products were observed by tic and these were separated by column chromatography.
The major product, p-anomer 64, was isolated in 81% vield and the 'H and *C NMR
spectra, as well as the [a]p corresponded to that reported in the literature.*® The 'H NMR
spectrum of 64p revealed a very distinctive coupling pattern which was observed for the
subsequent B-ribofuranoside series and so will be discussed in full at this point. Vicinal
coupling was observed between H-2 and H-3 (J 6.0 Hz) whereas none was seen between H-
2 and H-1 and between H-3 and H-4. H-4 appeared as a triplet (/ 2.8 Hz) with coupling to the
two H-5 protons. Examination of models as depicted schematically in Figure 2.1 (B-anomer),
reveals that the dihedral angles between H-1 and H-2 and between H-3 and H-4 are each
about 90°, giving zero couplings according to the Karplus equation as observed in the i3
NMR spectrum;
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~80° angle

B-anomer a-anomer

Figure 2.1: lllustration of dihedral angles for methyl 2,3-C-isopropylidene-p-ribofuranoside (B- and a- anomers).

Surprisingly, a full characterization for the o-anomer, isolated in 4% vyield, had yet to be
reported in the literature despite the fact that it was first isolated in 1966, so a fuil
characterization was carried out. The anomeric carbon appeared at 5¢c 102.8 in the >*C NMR
spectrum of 64a, significantly further upfield than that for the B-anomer at ¢ 109.9. This
difference in chemical shifts is commonly observed in carbohydrate chemistry and is indeed a
method for distinguishing between a- and B-anomers using 3C NMR.“® Similarly, upfield
shifts for the C-2, C-3 and C-4 carbon signals, compared with those for the p-anomer, were
also observed. The C-4 carbon signal appeared significantly upfield at 5c 81.6, a
characteristic of the furanose ring form when compared to the pyranose ring form, where the
C-4 carbon signal would typically appear at about c 68.8.° The '"H NMR was poorly
resolved at 400 MHz and did not allow for determination of any coupling constants. A D,O
wash only partially simplified the spectrum, with the H-5 protons resolved as a doublet of
doublets (Jag 12.0 Hz, J;2 3.8 Hz). H-2 and H-3 had similar chemical shifts and H-4 was
observed as a multiplet. In theory, H-1 should have appeared as a doublet, coupling to H-2;
instead it appeared as a multiplet with variable small coupling constants (< 2 Hz). These
small couplings are presumably a result of coupling to H-2, predicted to be approximately 2 —
3 Hz consistent with a dihedral angle of 60° (Figure 2.1 [a-anomer]), as well as possibly
through-bond coupling with H-3. High-resolution mass spectometry gave a molecular mass

consistent with the assigned structure.

With protected D-ribose 64p in hand, attention was turned to oxidation of the primary alcohol.

In the synthesis of methyl 2,3-O-isopropylidene-4-methoxycarbonyl-B-D-ribofuranoside, 685,

34



Chapter 2: Synthesis of noviose and 4-epi-noviose

the primary alcohol of protected D-ribose 64 was oxidized to the corresponding carboxylic
~ acid with alkaline permanganate (Scheme 1.16, page 27).*? As the vield for this reaction was
very low (31%), it was decided to seek an alternative and the use of catalytic RuO, was
selected. This method dates from the introduction of RuO, as an organic oxidant by Djerassi
and Engle in 1953.%° A catalytic procedure was subsequently developed whereby
stoichiometric aqueous sodium periodate was used as a co-oxidant in CCls.*' Sharpless then
modified the method even further with the addition of acetonitrile as a co-solvent, as it was
observed that insoluble lower-valent ruthenium carboxylate complexes might be responsible
for loss of catalyst activity resulting in sluggish or failed reactions,?? and acetonitrile disrupted
these insoluble complexes, returning the ruthenium to the catalytic cycle.

Applying this latter method, methyl 2,3-O-isopropylidene-B-D-ribofuranoside 648 was
successfully oxidized to the corresponding carboxylic acid and, following work-up,
immediately esterified by dissolving in DMF and treating with anhydrous K,CO3 and Mel
(Scheme 2.3).

o 0 o Q o)
OMe , OMe OMe
HO ' 5 HO —— > MeO
5><':> 6><6 A ><6

64p 65

iy

Scheme 2.3; Reagents and conditions. (i} RuQ,.H,0 (cat), 10% NalQ,, CCL/CHLCN (1:1), room temperature,
(ily K,COs, Mel, DMF, room temperature, 83% over 2 steps.

Column chromatography was used to purify the crude material, furnishing pure ester 65 in
93% vield over the two steps and as the B-anomer, identical in every respect to the reported
compound.®®’

The next step in the reaction sequence was the introduction of the C-5 gem-dimethyl group.
The use of the well-established Grignard methodology suggested itself, and methyl ester 65
was duly refluxed with two molar equivalents of methylmagnesium iodide in ether, and then
subjected to an acidic work-up, to give tertiary alcohol 66 as an oil in 92% vyield (Scheme
2.4). This was confirmed by the observation of a six-proton singlet at 8y 1.24 in the '"H NMR
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spectrum and two signals at §c 24.7 and 27.0 in the *C NMR spectrum of 66 for the newly

introduced diastereotopic gem-methyl groups, in accordance to those reported in the

literature.*®
2] N . o - e
i Me ii Me%@“
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Scheme 2.4: Reagents and conditions: (i} MeMgl (Z equiv.), ether, reflux, 82%. (ii) Ei;N, Ac,C, DMAP, CH,Cl,,
room temperature, 54%. (i) NaH, THF, reflux 2 hours, BnBr, "BusNI, reflux, 98%.

The aim was then to convert 66 to a hemiacetal and reduce it to an acyclic triol, protect the
primary alcohol and then regioselectively methylate the secondary alcohol. This required that
the tertiary alcohol be protected prior to ring opening (for an analogy see Scheme 1.16, page
27).

Initially, the choice of protecting group for the tertiary hydroxyl group was an acetic acid ester.
However, when tertiary alcohol 66 was mixed with triethylamine, acetic anhydride and DMAP
in CH,Cl, and stirred overnight, acetylated 81 could only be isolated in 54% vyield (Scheme
2.4)¥ NMR revealed the presence of the acetate ester with the acetate methyl group
resonating characteristically as a singlet at &y 1.98 in the 'H NMR spectrum, and its carbonyl

carbon being detected at 6¢ 170.2 in the *C NMR spectrum.

* Since 81 was not fully characterised and hence, not included in the experimental section, the NMR data are
included here: 8y (400 MHz, CDCls): 1.34, 1.35, 1.50, 1.53 (12H, 4 x s, 4 x CH3), 1.98 (3H, s, -OCOCHz), 3.36
{3H, s, -OMe), 4.06 (1H, d, J 2.0 Hz, H-4), 4.52 (1H, d, /6.4 Hz, H-2), 4.77 (1H, dd, J 2.0 and 6.4 Hz, H-3), 5.00
(1H, s, H-1); 8¢ (100 MHz, CDCl3): 22.0 (-OCOCHg), 22.2, 22.4, 25.3, 26.9 {4 x CH3), 55.1 (-OMe), 80.6 (C-5),
81.3 (C-3), 85.8 (C-2), 83.4 (C-4), 110.0 (C-1), 112.8 (C-8), 170.2 (-OCOCH,).
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In order to improve the yield of this reaction, alternative acylating conditions that could have
been investigated include the use of a stronger base such as sodium hydride. However, the
~ fear that the acetyl group might possibly migrate to the less-hindered secondary hydroxyl
group under basic conditions following the reduction of the hemiacetal, prompted an
alternative protecting group to be sought. Thus, protection as a benzyl ether was considered,
since the latter is resistant to both base and aqueous acid anticipated for subsequent steps,
and selectively removeable in the presence of a methy! ether. The fact that benzylation is
moderately sterically demanding, and that protection of a hindered tertiary alcohol was
required, promoted the use of BnBr and "BusNI following alkoxide formation with NaH in
THF.* In order to achieve acceptable yields, it was necessary to reflux 66 with NaH in THF
for 2 hours to allow complete formation of the anion before adding the BnBr and "BugNi
(Scheme 2.4). Using these conditions resulted in complete conversion to the benzyl ether 82
after a further two hours. The product was isolated by chromatography in 98% yield as an oil
with the presence of the characteristic benzyl methylene protons resonating as a singlet at oy
4.50 in the "H NMR spectrum, and the absence of the hydroxyl proton, which was observed
at 8y 3.33 in the starting material 66, evidence that the tertiary hydroxyl group had been
benzylated. The IR spectrum of 82 confirmed the absence of the broad -OH stretch seen at
3442 cm™ in the spectrum of 66. Similarly, the *C NMR spectrum was assigned with the aid
of an HSQC experiment and revealed the correct number of resonances with C-5 exhibiting a
downfield shift from 8¢ 70.1 in 66 to 6¢c 75.6, consistent with hydroxyl substitution.

Treatment of 82 with aqueous HCI in dioxane at 60°C resulted in hydrolysis of both the
methyl glycoside and the 2,3-O-acetal, so the latter was re-introduced by suspending the
crude product in acetone, cooling to 0°C and slowly adding concentrated H,SO4 (Scheme
2.5). A mixture of both the 1,2- and 2,3-acetonides was obtained as observed by Hughes et
al.,*® but careful separation of the products by column chromatography gave the 2,3-O-
isopropylidene acetal 83 in 81% overall yield from 82,
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Scheme 2.5: Reagents and conditions: (i) (a) 1M HCI, dioxane, 60°C, (b) Acetone, H,SO,, 0°C, 81% over 2
steps. (i) LiAlH,, THF, 0°C, 94%.

The 'H NMR spectrum of 83 revealed the absence of the O-Me protons observed as a singlet
at 8y 3.39 in the spectrum of 82, as well as the presence of a hydroxyl proton at 64 4.56. The
coupling constant for the hydroxyl proton at & 4.56 was 12.3 Hz with H-1, signifying that the
acetal had formed between the C-2 and C-3 hydroxyl groups, leaving a free —OH at the
anomeric centre. A DO wash reduced the H-1 doublet to a singlet, with the disappearance of
the hydroxyl proton observed at 64 4.56. H-2 resonated as a doublet (/ 6.0 Hz) at 64 4.35,
coupling to H-3 (d, J 6.0 Hz) and with no coupling observed to H-1, confirming the presence

of the B-anomer, formed presumably to minimize C4~O/Cx O torsional strain.

Reduction of hemiacetal 83 was realised in high yield {95%) with lithium aluminium hydride in
THF at 0°C to give the acyclic diol 84 (Scheme 2.5). The 'H NMR spectrum of 84 revealed
the diastereotopic nature of the H-1 protons, with one resonating at 6 3.68 (dd, Jag 11.6 Hz,
Ji12 4.8 Hz), and the other at 6 3.89 (dd, Jag 11.6 Hz, Ji2 7.6 Hz), indicative of geminal
protons adjacent to a chiral centre. A large coupling was observed between H-3 and H-4
(*Js4 9.3 Hz), indicating an anti-periplanar relationship in the conformationally more flexible
acyclic structure, and the dominant conformer consistent with these data is illustrated in
Figure 2.2. In addition, the spectrum revealed the appearance of a broad singlet at § 3.10
integrating for two protons for the two hydroxyl groups. The *C NMR spectrum showed a
large upfield shift for C-1, from & 103.7 in 83, to & 61.1, providing further evidence for the

successful reduction of the hemiacetal.
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Figure 2.2: Newman projection for the C-4 and C-3 bond of the dominant conformer of 84.

Following the successful reduction, the next step required the regioselective protection of the
primary alcohol. The relative ease with which a TBDMS protecting group can be introduced
onto a primary hydroxyl group in the presence of a secondary hydroxyl group, as well as the
ease of its removal under mild conditions, made it the candidate of choice for regioselectively
protecting 84.

Application of the standard conditions of TBDMSCI and imidazole in CH,Cl; furnished 85 in
88% yield (Scheme 2.6).% The appearance of the characteristic six- and nine-proton singlets
for the tert-butyldimethylsilyl group at 8y 0.12 and 0.92 in the "H NMR spectrum respectively,
and the absence of one of the hydroxyl proton signals observed in the spectrum of 84
provided evidence of mono-silylation. Furthermore, coupling observed between the —~OH and
H-4 (J 3.6 Hz) indicated the presence of a hydroxy! group on C-4, thus verifying that
regioselective protection of the primary hydroxyl group had taken place.

¥ Since 85 was not fully characterised and hence, not included in the experimental section, the NMR data are
included here: 84 (300 MHz, CDCl): 0.12 (6H, s, -OSi{CH,),C(CHa)s), 0.92 (9H, s, -OSi(CH;),C{CHa)s), 1.34,
1.35, 1.39, 1.41 (12H, 4 x s, 4 x CH3), 3.64 (1H, dd, J 4.5 and 10.5 Hz, H-1), 3.74 (1H, d, J 3.6 Hz, -OH), 3.79
(1H, dd, J 3.6 and 9.3 Hz, H-4), 3.89 (1H, dd, /7.5 and 10.5 Hz, H-1), 4.26 (1H, m, H-2), 4.33 (1H, dd, 4 5.7 and
9.3 Hz, H-3), 4.56 (2H, s, -OCH,CeHs), 7.24 ~ 7.3 (BH, m, -OCH,CeHs); 8¢ (75.5 MHz, CDClLy). -5.4, -5.5 (-
OSi(CH3),C(CHa)a), 18.3 (-O8I(CH,),C{CHa)s), 21.7, 22.8, 25.5, 28.2 (4 x CHy), 25.9 (-OSi(CH3),C{CHa)a), 62.4
(C-1), 83.9 (-OCH,CeHs), 73.6 (C-4), 76.6 (C-3), 77.5 {C-2), 78.5 (C-8), 108.6 (C-8), 127.1, 127.3, 128.2, 138.8
(-OCHCeHs).
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Scheme 2.6: Reagents and conditions: (i) TBDMSCI, imidazole, DMF, room temperature, 88%.

The next step in the synthesis was the methylation of the C-4 hydroxyl group. As shown in
Table 2.1, numerous methods were attempted with little or no success. Methylation was
eventually achieved, but only in modest yield, with n-BulLi in the presence of HMPA,
presumably because HMPA as a polar aprotic solvent powerfully solvates the lithium cation,
thus enhancing the nucleophilicity of the anion for nucleophilic attack. However, the
secondary C-4 alkoxide was presumably severely hindered by the adjacent bulky silyl and
benzyl ethers, thus restricting the accessibility of the electrophile.

Reagents Conditions Yield of methylation
MeS04, NaH, THF Reflux Decomposition of starting material
a) n-Buli; b) Mel, THF -78°C - 1t No reaction
NaH, Mel, DMF 0°C Decomposition of starting material
Mel, Ag20, DMF®® | 0°C to 60°C No reaction
KOH, Me,S0O,, 1,4-dioxane Reflux No reaction
a) n-BuLi; b) Me,SO,, HMPA/THF -78°C 35%

Table 2.1: Summary of the methods used for the methylation of 85.

It was necessary, therefore, to find a less bulky protecting group for O-1. Once again, the
benzyl ether was selected on the basis of the C-5 hydroxyl already being protected as a
benzyl ether, allowing for simultaneous deprotection of O-1 and O-5. Furthermore, under
appropriate conditions, a primary alcohol can be selectively benzylated in the presence of a
more hindered alcohol.>* Thus, treatment of 84 with one equivalent of NaH in THF followed
by one equivalent of benzyl bromide resulted in clean conversion of the starting material to
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the mono-benzylated product 86, which was isolated after column chromatography in 94%
yield (Scheme 2.7).

The 'H NMR spectrum of 86 revealed the appearance of additional benzylic methylene
proton signals at &4 4.60 compared to 84, and the absence of the signal for one of thé
hydroxy! protons, observed at 64 3.33 in 84. As with the silylation, a coupling was observed
between the —OH and H-4 (J 3.3 Hz), providing evidence that the primary hydroxyl group had

been regioselectively benzylated.

BnO OMe

BnO OH BnO OH
MeHJOH i Me%———{—/-OBn i MeWOBm
Me = Me k / Me
< <

84 . 86 . 87
Scheme 2.7: Reagents and conditions: (i) NaH, BnBr, THF, room temperature, 94%. (ii} NaH, Mel, THF, reflux,
98%.
Pleasingly, the methylation of 86 was then achieved using methodology analogous to that
used for the benzylation of the tertiary alcohol 66 to give 82. This gave methyl ether 87 in
98% vyield after chromatography. The appearance of the characteristic methoxy methyl

protons at 84 3.47 in the '"H NMR spectrum and the absence of the signal for the hydroxyl

proton observed at 8y 3.32 in 86 provided evidence for methylation at O-4.

Exhaustive debenzylation of 87 to afford 88 was achieved in near quantitative yield by
hydrogenolysis with catalytic amounts of 10% palladium on carbon in ethanol at room
temperature (Scheme 2.8). Both the "C and 'H NMR spectra of 88 revealed the
disappearance of the characteristic benzyl peaks, while its IR spectrum exhibited a broad
band in the hydroxyl region (3521 cm™) that was not present in 87.
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HO Oblle

. BnO ONle
. Q
OBn —
Mem i Me%——u OH i oriii H,CO
Me A / Me \
< = = o N
. 0><0 a o . 0>< &)

87 88 89

Scheme 2.8: Reagents and conditions: (i) 10% Pd/C, H,, EtOH, 99%. (ii) DMSO (2 equiv.), {COCI), (2 equiv.),
EtsN, CH.Cl,, -68°C - room temperature, 81%. (iiij TPAP, NMO, 4A molecular sieves, CH,Cl, room
temperature, 72%. (iv) DIBALH, toluene, -78°C, 68%. (v) DMSO (1 equiv.), (COCH, (1 equiv.}, EtsN, CH,Cl,, -
68°C - 0°C, 81%.

With the relevant hydroxyl groups now exposed, the stage was set for the oxidative
cyclization to the required lactone or lactol. Numerous methods are available for the selective
oxidation of a primary alcohol to its corresponding aldehyde, all of which are based on either:
(i) reagents involving metals in a high oxidation state such as pyridinium
chlorochromate (PCC), pyridinium dichromate (PDC) and tetra-n-propylammonium
perruthenate (TPAP)®
(i) halogens, sulfur or nitrogen in a high oxidation state, examples being Dess-Matrtin
periodinane,®® and Swern oxidation using DMSO, oxalyl chloride and triethylamine
(Figure 2.3).
The relatively mild conditions, the ease of work-up and the availability of reagents made
Swérn and TPAP oxidations the methods of choice.
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Figure 2.3: Reagents used for oxidizing primary alcohols to aldehydes.

Similar to RuQOy4, TPAP, introduced by Steven Ley in 1987, is expensive, but may be used
catalytically in conjunction with stoichiometric amounts of N-methyimorpholine-N-oxide
(NMO). 'NMO is reduced to the amine during the course of the reaction, reoxidizing the
ruthenium back to Ru(VIl) (Figure 2.4).

0 ,
wr + () — () o
/ N\
Me” ©0° qu

Figure 2.4: Regeneration of Ru(Vli) by NMO.

The acyclic diol 88 was accordingly treated with catalytic TPAP (10 mol %) and a slight
excess of NMO (1.2 mol equivalents) in CH,Cl, containing 4A molecular sieves at room
temperature (Scheme 2.8). After two hours, tlc revealed the presence of two compounds, the
more polar of which correlated to the starting material, so a further equivalent of NMO was
added. After consumption of the starting material, a simple work-up involving the evaporation
of excess solvent in vacuo followed by co