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Chapter 1: Introduction: Chemistry of Spiroacetals 1.1 Why do we Modify Natural Products?

There is a continual need to develop new drug candidates, not only to combat the increasingly
common and widespread multi-drug resistant infectious diseases, but also to find potential treatments
for diseases that have no cure, and most importantly, to find potent “wonder drugs” with significant

beneficial activities and minimal side effects.

The number of possible “drug-like” candidates is unimaginably large. Gilda et al.* estimated
that more than 10°° compounds fit into criteria that are commonly found in other drugs (no more than
30 non-hydrogen atoms; consist of H, C, N, O, P, S, F, CI; a molecular weight of less than 500 Da,
possibly stable in water and oxygen at ambient temperature and pressure). However, only a fraction
of these possible “drug-like” candidates (~10") have ever been synthesised and an even smaller

number have reached preclinical development.*®

Nature has traditionally been the most important source of lead compounds for drug discovery.
Evolutionary selection pressures have resulted in chemical biodiversity that was exploited not only by
the pharmaceutical industry, but also by many ancient civilisations in the pre-historical era. With the
structural diversity of those compounds, it is not surprising that about 53% of the clinically used drugs

are derived either directly, indirectly or from knowledge gained from natural products.*®

Unfortunately, the use of natural products as drug candidates has its limitations. Most
pharmacologically active natural compounds are only available sparingly from their original source and
painstaking isolation procedures are required.6 Even if the compound were reproduced synthetically
in the laboratory, some candidates are so structurally complex that their scale-up syntheses

necessitate a slow and costly, multi-step synthesis procedure.’

As a result, modification of biologically active natural products is an attractive option. The
structurally similar, but non-natural, synthetic analogues are designed such that the molecular
complexity is kept to a minimum, but the beneficial pharmacologically activities are retained or
improved and the unwanted side-effects reduced. This structural “fine-tuning” also leads to syntheses
that require fewer steps, cheaper and faster development and are able to be translated to a larger
scale synthesis.7 It has been shown that it is more likely for compounds based on established targets
to enter preclinical development (17%) than those that based on new targets (3%).2 Approximately
26% of new drugs approved by regulatory agencies, such as the Food and Drug Administration of the

United States, between 1981 and 2006 were derived from such modifications.’

The number of biological targets available for screening has increased substantially in recent
years through better understanding of biological pathways and the successful sequencing of the

human genome.8 Hence, it has become increasingly common to subject natural product analogues to

2



Chapter 1: Introduction: Chemistry of Spiroacetals 1.1 Why do we Modify Natural Products?

broad phenotypic discovery screens to identify any biological activity that is not found in the original
natural product. Despite the genetic diversities, protein domains are structurally conserved through

evolution due to the importance of their role.’

Combining biologically active motifs within a natural product-inspired scaffold system can

6,10

easily generate a library of compounds for screening of potential bioactivity. The choice of

molecular scaffold system is crucial as it inevitably induces structural changes to the geometry of the

compound, thus affecting its biological activity.™

In most cases, the scaffold is chosen to be relatively
rigid based on a structure that is widely observed in many natural products. Rigidity preserves the
molecular shape and reduces the entropic cost of binding, thus leading to improved bioavailability, an

important factor for both natural products and their modified analogues.®

Spiroacetals are polycyclic ether ring systems in which the rings are fused together at the
alpha (anomeric) carbon to the oxygen of the cyclic ether. In most cases, the term “spiroacetal”
applies to a bicyclic ether ring system, whereas the term “bis-spiroacetal” applies to a tricyclic ether

ring system.

Spiroacetals, in particular 1,7-dioxaspiro[5.5]undecanes (1), 1,6-dioxaspiro[4.5]decanes (2)
and 1,6-dioxaspiro[4.4]nonanes (3) (Figure 1.1), are widespread substructures of naturally occurring
biologically active compounds. Spiroacetals of other ring sizes are also found but less frequently. The

1214 As a result, the

occurrence of spiroacetals in natural products has been reviewed extensively.
present work will only focus on the investigation of 1,7-dioxaspiro[5.5]undecane motifs or

6,6-spiroacetals 1 (“spiroacetal”) using selected recent examples.

11

10 9
1,7-dioxaspiro5.5]undecane |_ -, ? , 1,6-dioxaspiro[4.5]decane 5 O 1,6-dioxaspiro[4.4]nonane \ g 0
(6,6-spiroacetal) o) (6,5-spiroacetal) 0 N, (5,5-spiroacetal) 0 1N,
1 2 3
Figure 1.1: Commonly found dioxaspiroacetals 1-3 in nature.
1.2.1 Naturally Occurring 6,6-Spiroacetals (“Spiroacetals”)

Spiroacetals are a common structural element in many natural products and possess a wide

range of biological activities e.g. marine and plant toxins, insect pheromones, insecticides, antibiotics

12-14

and antitumour agents. Many insect secretions or pheromones contain volatile spiroacetals with

simple substituents and may play an important role in intraspecific or interspecific chemical

12,14

communications. Other spiroacetals are isolated from a variety of sources with diverse structures.

3



Chapter 1: Introduction: Chemistry of Spiroacetals

Representative examples of naturally occurring compounds containing spiroacetals are listed below

(Table 1.1).

Insect
Secretions or
Pheromones'?*

4-6

: Fruit flys: B. dorsalis, B latifrons;

: Fruit flies: Bactrocera oleae, B. cacuminata;

Bees: Partamona cupira.

: Bees: Andrena ocreata, A. ovatula, A. wikella; R R?
Rove Beetles: Ontholestes murinus, O. tesselatus; o__R? 4 H H
Wasps: Polistes dominulusi, P. gallicus. R” 0 5 Me Me

6 Me Pr

Bees: A. ovatula, A. ocreata, A. haemorrhoa;
Wasps: Ichneumon extensorius, |. submarginatus

Talaromycin B®

@)

Toxic metabolite produced by fungus Talaromyces 7 9

stipitatus isolated from wood-shavings-based chicken litter. o
HO OH

Routiennocin
(CP-61,405)" (8)

Pyrrolylcarbonyl spiroacetal ionophore antibiotics isolated
from Streptomyces routiennii.
Active against a range of Gram positive and anaerobic

bacteria in vitro and against poultry Coccidia.

Forms lipophilic complexes with various cations.

Okadaic Acid'"*®

9) Isolated from marine sponges, Halichondria okadai and H. melanodocia.
Metabolite of apiphytic dinoflagellates, Prorocentrum lima and Dinophysis sp.
Causative agent of diarrhetic shellfish poisoning.
Inhibitor of protein serine/threonine phosphatase (PP), important regulators of many cellular
processes [ICso(PP1) = 20-50 nM, ICso(PP2A) = 0.1-0.3 nM].
o]
o)
Tautomycin'®® 4
(10)

Antifungal antibiotic isolated from Streptomyces spiroverticillatus.
Inhibitor of serine/threonine phosphatase (PP), important regulators of many cellular
processes [ICso(PP1) = 22-32 nM, ICso(PP2A) = 75 nM).

Integramycin®
(11)

Isolated from bacteria Actinoplanes sp. extracts.

Inhibit HIV-1 integrase functions: coupled reaction

(ICso = 3 uM) and strand transfer reaction (ICso = 4 pM).
HIV integrase inserts the HIV genome into the host

genome—the critical step in HIV replications.

1.2 6,6-Spiroacetals
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e |solated from the sea hare, Dolabella auricularia
Auripyrone A% (Aplysiidae) from Japan.

12) e  Cytotoxic against Human cervix carcinoma HelLa
S; cells (ICsp = 0.26 pg mL™).

Milbemycin £3%
(13)

and

Avermectin B2

(14)
e  Structurally related macrolides isolated from Streptomyces bacteria found in soils.

e  Potent anthelmintic, insecticidal and acaricidal agents with low mammalian toxicity.?*

e  Avermectin By, (14) is the most potent anthelmintic agent of the family.

e  Anticancer macrolides isolated from
marine sponges Spongia sp. and
Spirastrella spinispirulifera.

Spongistatin 1* | ¢ Potent antimitotic agents that bind to

(altohyrtin A) tubulins and inhibit their assembly.
(15) ¢ Inhibit growth of a range of human
tumour cells including several highly
chemoresistant cell lines at

subnanomolar ICsg levels.

Table 1.1: Examples of naturally occurring spiroacetals.

1.2.2 Biologically Active Synthetic 6,6-Spiroacetals

The syntheses of spiroacetals based on natural products have yielded a range of biologically
active products. Some of these syntheses have used the simplified spiroacetal cores present in the
natural products themselves as biological leads while some syntheses resulted in modifications of the

spiroacetal moiety. Spiroacetals can also be used as scaffolds to replace part of the natural products.

Uckun et al.?® rationally designed SPIKET-P (16) as the basic pharmacophore of
spongistatin 1 (15) based on the construction of two spiroacetal units, which in computational model
studies, served as the critical binding components to tubulins. SPIKET-P (16) has been shown to
inhibit tubulin polymerisation, which in turn, inhibited mitosis and induced apoptosis in human breast

cancer cells in a manner similar to spongistatin 1 (15).
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Simple spiroacetal 17, derived from the enantiomeric spiroacetal units found in okadaic acid (9)
and tautomycin (10), has been shown to be a potent apoptosis inducer towards human T cell

leukaemia Jurkat cells under serum-deprived conditions (LCso = 14 MM).27

Ley et al.?® synthesised a sialyl Lewis X (sLe*) mimetic 18 in which the N-acetylglucosamine-
galactose disaccharide core was replaced with a spiroacetal scaffold to rigidly hold the sialyl carboxylic
acid and the fucose residue in a particular orientation. It was subsequently shown that mimetic 18
inhibited the sLe*-E-selectin binding. The binding of sLe* expressed on neutrophils with E-selectins
expressed on stimulated endothelial cells causes transient adhesion and rolling of neutrophils along

the endothelial cells—the key process in the migration of neutrophils during inflammation.

HO . .
spongistatin 1 pharmacophore - MeO

= SPIKET-P (16) HO,
5 .

O,o OH
HO, OH
CO,H
Me o}
\Ij/ i >
o AcHN 9
BnO Y 0
0"z OH
H
Me o

|||II/

ivermectin (19)

okadaic acid and sialyl Lewis X pe—\~0 (mixture of R = Me and R = EY)
tautomycin mimetic 18 OH
pharmacophore 17 OCIJ-IH

Figure 1.2: Examples of naturally inspired and biologically active synthetic spiroacetal analogues 16-19.

The commercially available ivermectin (19) is one of the “top pharmaceuticals that changed

the world”.? It is a semi-synthetic lactone macrolide derived from biotechnically harvested avermectin

30,31

Bia (14) and B, by selective hydrogenation (C22—-C23) using Wilkinson catalyst. The resulting

saturated spiroacetal moiety was also the core structure found in the related milbemycins®**.
Ivermectin (19) is a potent anthelmintic, ectoparasitic, insecticidal and acaricidal agent. Initially used
in animals, it was later used in humans to treat onchocerciasis (river blindness) commonly found in
developing countries caused by the parasitic Onchocerca volvulus transmitted through infected black

29-31

flies. Through Merck’s donation program, invermectin has tremendously improved the quality of

life and the social economy of people living in developing countries.?

As a frequently occurring motif in natural products, the spiroacetal ring system provides a rigid
scaffold and conformational framework that holds the molecule in a particular shape.® Spiroacetals
exist as two diastereomers 20 and 22, which can be interconverted under acidic conditions via an

oxonium ion intermediate 21 (Scheme 1.1). Many factors, such as steric interactions, anomeric and

6
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other stereoelectronic effects, intramolecular hydrogen bondings and chelation effects, additively play
important roles in governing the thermodynamic stability and configuration preference of the

spiroacetals.™

H

/OR /\/OR

+ (0]

3¢ =
0 y/
|

RO/ H 21 RO/ 22

Scheme 1.1: (S)- and (R)-6,6-Spiroacetal and their interconvertions.

1.3.1 Stereoelectronic Effects

In carbocycles, the most stable conformer has the majority of its substituents residing in
equatorial positions if possible, to minimise the unfavourable steric repulsions. However, in
tetrahydropyrans, there is a thermodynamic preference for the polar groups bonded to the anomeric

position of the heterocycle to take up an axial position—the anomeric effect.*

Deslongchamps et al.*® have conducted thorough studies based on experimental results and
suggested that the minimum value for such anomeric stabilisation to be 1.4—-1.5 kcal mol™. In some
cases, the additive anomeric stabilisation was so significant that it overrides the steric factors in

controlling the conformation of the tetrahydropyran.**

For unsymmetrical 2,8-disubstituted 1,7-dioxaspiro[5.5]Jundecane, there are four possible
chair-chair conformer, interconvertable to each other by inversion of each ring (Scheme 1.2).** Based
on Deslongchamps et al.**, 23 is the most stable conformer due to the presence of double anomeric

stabilisation and minimum steric repulsions.

B
(0]

(o}
invert A rin % invert B ring
A
5 24 1 anomeric effect B—1~, 0
07 A L

. h B
invert B ring x invert A ring A
23 2 anomeric effects 26 noanomeric effect
(o]
A

25 1 anomeric effect

A
f

f
\

Scheme 1.2: Four conformers 23-26 of 2,8-disubstituted spiroacetal.

Many theories have been raised in attempts to explain the anomeric effect. The most widely
accepted theory suggests that there is a stabilising interaction between the non-bonding electrons on
the oxygen (HOMO) and the vacant o* non-bonding orbital of the adjacent carbon-heteroatom bond

(LUMO) (Scheme 1.3a). This stabilising interaction is maximized when the involving donor and

7
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acceptor orbitals are antiperiplanar to each other resulting in a maximum overlap (Scheme 1.3c).**

Depending on the origin of the non-bonding electron pair donor, the stabilisation can be sub-divided
into two classes. In the dominating endo anomeric effect, the donor electron pair originates from the
endo cyclic heteroatom and is only observed in the axial anomer. In the exo anomeric effect, the
donor electron pair originates from the exo cyclic heteroatom and is observed in both the axial and

equatorial anomer (Scheme 1.3b).*

@ ) C-X @ HOMO: ng Ic) )
d ic effect o]
endo anomeric effec m

)

2 27 28 X

Gcx LUMO: ¢*c.x

1 S’ LUMO: ¢* ©
ox <) exo anomeric effect O)
\ el t\m
. 29 30 X ®
HOMO: ng ‘@)

c 3 3 ~<---- antiperiplanar,
= %&/ —— — = " maximum
3 T 3 % 3 - overlap of
H 31 32 33 346 X oee- orbitals

Scheme 1.3: [a] HOMO-LUMO diagram. [b] Endo and exo anomeric effects. [c] Newman projection of equatorial

anomer 31 and axial anomer 34.

However, it is likely that other stereoelectronic factors, such as dipole moments (Scheme 1.4a)
and electrostatic repulsion between the lone pair electrons (Scheme 1.4b), exert a small but significant
contribution to the overall configuration of the tetrahydropyran. Depending on the molecule, these
effects can reinforce or oppose the anomeric effect and is possibly the reason behind some of the

reverse anomeric effects observed.*

T ¢ B No ;
0 )/ = O X
A h tﬁ C%%Gsl o

32 33 nyr XY 34
aligned dipoles opposing dipoles 2 repulsions 1 repulsion
unfavoured favoured unfavoured favoured

Scheme 1.4: [a] Dipole stabilisation. [b] Electrostatic repulsion between the lone pair electrons.

There are a number of strategies to synthesise 6,6-spiroacetals which differ depending on the

configuration, disconnection, functionality and structure of the spiroacetal concerned. Several reviews

12-14,35,36

have covered this topic extensively. Hence, the following section will only focus on the general

overview of the synthetic strategies and selected recent examples will be discussed (Scheme 1.5).%

8
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(0]
OH o R3 | OH R? LG
RlJ\/\/U\/\)\RZ R N0 R2 R o o)\/\)
R®=OHor =0 Intramolecular Hetero- R®
Cyclisation of Hydroxyketones Michael Addition (IHMA) R®= CN or SO,Ph

or their Equivalent

ﬂ Reductive Cyclisation

OH

oo L ) X

Rl% — — > "o R2
&

Cyclic Enol Ethers and Glycals
J® § 2
o _R?
R" O R? RY™ O j

Intramolecular Hydrogen Hetero-Diels-Alder (HDA)
Abstraction (IHA)

\O

Ring Closing Metathesis (RCM)
Scheme 1.5: General methods for the synthesis of spiroacetals.'?4353¢

Cyclisations of hydroxyketones or equivalents [A] and intramolecular hetero-Michael addition
(IHMA) [B] are mostly used methods to prepare thermodynamically stable spiroacetals and when the
energy difference between the possible isomers is large. Other strategies [C]-[H], though capable of
producing the same isomer, are mainly developed for the enantioselective synthesis of the less stable
spiroacetals (Scheme 1.5).

1.4.1 Cyclisation of Hydroxyketones or their Equivalent [A]

EI W = /(j\/\)\
R? 35 R? OR?

36 R® = H, alkyl or aryl

IEI OH (0] (0] H*
——
RlJ\/\/U\/\/U\Rz )
OR?

38
Scheme 1.6: [a] Cyclisation of dihydroxyketones 35 to hemlacetals and acetals 36, which then dehydrate under
acidic conditions to give spiroacetals 37. [b] Hydroxy diketones 38 equilibrate into spiro-hemiacetals 40 via

carbonyl cascade cyclisation under acidic conditions.

Cyclisations of hydroxyketones, hemiacetals and acetals are the most commonly used
strategy for the synthesis of spiroacetals because the deprotection and cyclisation steps can be done
in one step with an appropriate choice of protecting groups and deprotection conditions. The carbonyl
group of the acyclic precursors also provides a useful handle for their synthesis. The acyclic

hydroxyketones, are usually assembled by the.union of functionality bearing units through the Cc-0—C,




Chapter 1: Introduction: Chemistry of Spiroacetals 1.4 Synthesis of 6,6-Spiroacetals

or C,—C; bond followed by acid-catalysed dehydrative cyclisation, via the hemiacetal and acetal
intermediates, to form the spiroacetals.’**** Such cyclisations are usually driven by thermodynamic

preference and lead to the bis-anomerically stabilised spiroacetals (Scheme 1.6).

In the synthesis of spongistatin 1 (15), Paterson et al.®” used aldol condensations extensively
to assemble the C1-C15 carbon backbone 45 of the AB rings. The synthesis began with the
preparation of chiral ketone 42 from achiral aldehyde 41 and aldehyde 44 from chiral ester 43. The
syntheses of both intermediates involved a crucial boron-mediated aldol condensation to establish the
required chirality. The union of ketone 42 and aldehyde 44 was carried by yet another boron-
mediated aldol condensation. Triple asymmetric induction, in which the stereo-directing factors from
all three chiral components (aldehyde, ketone and boron reagent), acted in a synergistic fashion
resulting in a superb yield with high stereoselectivity (97:3 dr). Selective desilylation and acid
cyclisation of the ketone 45 by catalytic PPTS afforded the thermodynamically favoured spiroacetal 46
(Scheme 1.7).

o oen O  OTBSOTESOBn
5 steps - ]
HJJ\)1 Sseps N I X OTPS;  OTESQH O  OTBSOTESOBn
9 15 H H
@ 76% 2 @ 2 A N
= e 45
OH O OTPS||  OTESO
12 steps 15 H
| i b
15 OMe 49% 11 H R — l( )
Me 43 Me 44 1
15
OBn
TPSO  Me

/ 46
HO ores  (97:3dr)

Reagents and conditions: (a) i. 42, (-)-Ipc;BCI, NEtz;, Et,0, 0 °C, 40 min; ii. 44, Et,0, -78—>-20 °C, 19 h; iii. ag. H,O,, MeOH,
pH 7 buffer, 0 °C—rt, 2.5 h, 100%; (b) i. cat. PPTS, CH,Cl,—MeOH, rt, 40 min; ii. separation and resubjection, 88% (97:3 dr).

Scheme 1.7: Synthesis of the C1-C15 spiroacetal 46 present in spongistatin 1 (15) by Paterson et al¥’

R R
O OBn | OH OBn o°  OBn o oTBsO OBn
N PSS S UL S G W !
H * - 3 O—OH 3 49 Me 3
a1 47 (98:2 dr) 48 R =Q—osier, 50
15 % \ OTIPS OTESOH O  OTBS o’R OBn ©
. oBn  (d)~e) i QTES
TIPSO Me 11 8 '
Ve 51

46 HO “otes
Reagents and conditions: (a) i. 2-%cr,BOMe, allylmagnesium bromide, Et,0, -78 °C, 4 h; ii. ag. H,0,, NaOH, H,O, reflux, 16 h,
93% (98:2 dr); (b) i. 'Pr,SiCl,, imidazole, DMF, rt, 2 h; ii. hydroxymethylpolystyrene resin 48, DMF, rt, 24 h; (c) i. NEts,
(-)-1pc2BCl, Et,0, -78—0 °C, 3 h; ii. 44, Et,0, -78—>-20 °C, 20 h; iii. ag. H,0,, MeOH-DMF, pH 7 buffer, 0 °C—rt, 2.5 h;
(d) HFspyridine, pyridine, THF, rt, 30 min; (e) cat. PPTS, CH,Cl,—~MeOH, rt, 1 h, 5% over 7 steps on solid support.

Scheme 1.8: Solid phase synthesis of the C1-C15 spiroacetal 46 present in spongistatin 1 (15) by Paterson et

al.®
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Solid phase syntheses have received enormous attention due to their simple purification
procedures, allowing automation and rapid generation of library for biological screening. Paterson et
al.*® demonstrated the use of solid phase synthesis for the preparation of the same C1-C15
spiroacetal 46 of spongistatin 1 (15) under the equivalent reaction conditions developed for the
solution phase synthesis. Ketone 50 was attached to the solid support via a silyl bridge which doubled
as a protecting group of O3. The union of aldehyde 44 and solid-bound ketone 50 was carried out by
boron-mediated aldol condensation under equivalent conditions. Selective desilylation using
HFepyridine cleaved TES ether and the silyl linker of ketone 51 allowing in situ cyclisation and
subsequent equilibration under acidic conditions to afford the thermodynamically favoured
spiroacetal 46 (Scheme 1.8).

Lister and Perkins®® used the carbonyl cascade cyclisation to form the C7—C20 spiroacetal
dihydropyrone core 59 during the total synthesis of auripyrone A (12). An aldol condensation was
used to exclusively construct the carbon backbone carrying the hydroxy diketone and other
functionalities. The synthesis started with the preparation of C14-C20 ketone 54 from chiral
aldehyde 52 and pentan-3-one (53) and C7-C13 aldehyde 57 from dipropionate equivalent 55 and
chiral aldehyde 56. Addition of the lithium enolate of ketone 54 to aldehyde 57, followed by
desilylation and oxidation, yielded the linear trione 58. Hydrogenation of trione 58 unmasked the C9
hydroxyl and triggered acid-catalysed cyclisation to give a spiro-hemiacetal. Subsequent dehydration
yielded the thermodynamically favoured C7-C20 spiroacetal dihydropyrone 59 with high
diastereoselectivity (94:6 dr) (Scheme 1.9).

Me Me Me Me Me Me Me Me Me Me Me Me
z 2 steps Me . 19 _~ 15 z z z
\/\n/ —>55%
53 TMSO O 54
Me Me Me
/—( Me e H A~ o
z H z 6 steps 7
Y T " 52% 0 0 020 Me  Me
i o O OPMB /& hd Bu 2___OH
'‘Bu e} PMP
55 56

Me” 19 N 59
(94:6 dr)

Me Me
Reagents and conditions: (a) i. 54. LIHMDS, THF, -78 °C, 30 min; ii. 57, THF, -78 °C, 2 h, 92% (85% de); (b) HFepyridine,

pyridine, THF, rt, 45 min, 96%; (c) Dess-Martin periodinane, H,O, CH,Cl,, rt, 1 h, 100%; (d) H,, cat. Pd/C, EtOH, rt, 30 min,
87%; (e) cat. Amberlyst-15, CH,Cl,, -50 °C—rt, 5 h, 63% (94:6 dr).

Scheme 1.9: Synthesis of the C7-C20 spiroacetal dihydropyrone 59 core of auripyrone A (12) by Lister and
Perkins.*

Dias et al.*

used this strategy to synthesise the C9-C20 spiroacetal cores 64 and 65 of
antibiotic spirofungins A and B*', which are epimeric at the C15 spiroacetal centre. Hydrazone 61 was

lithiated and added to alkyl iodide 62 which was subsequently hydrolysed to give ketone 63. One-pot

11
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desilylation and acidolysis of ketone 63 by HFepyridine afforded a 3:7 diastereomeric mixture of bis-
anomerically stabilised spiroacetal 64 (core of spirofungin A) and mono-anomerically stabilised
spiroacetal 65 (core of spirofungin B) in 84% combined yield (Scheme 1.10).

o 0 oTBS NNMe, @0 | oTBS o oTIPS
Me\)l\ )k 7 Steps z OTIPS < H
N O ———> 2 v 15" Me z
18 z
63% 2 |/Y\/\an
PMBO  Me 61 Me 62
Bn 60
Me
© () (0] \\\\\/OBn +
— PMBO. A\ | \J‘ 5
Me (37dr)
I wicHaz08n ||
MéCHZ)ZOBn 11
1 64 (o} 65
o o OPMB core of Spirofungin A 15 core of Spirofungin B
15 bis-anomerically stabilised o mono-anomerically stabilised
O Me sterically disfavoured PMBO—/ o sterically favoured

Reagents and conditions: (a) i. BuLi, THF, -78 °C; ii. 62, THF, -78 °C, 24 h; (b) SiO,, CH,Cl,, rt, 48 h, 87%; (c) HFepyridine,
THF, 25 °C, 84% (64:65, 3:7 dr)

Scheme 1.10: Synthesis of the C9-C20 spiroacetal cores 64 and 65 present in spirofungins A and B by Dias et
al.®®

In spirofungin, it was postulated that steric congestion within its spiroacetal core between the
C11 and C19 substituents overwrote the anomeric effect to disfavour the bis-anomerically stabilised
core of spirofungin A 64 and favoured the mono-anomerically stabilised core of spirofungin B 65. As a
result, cyclisations performed under thermodynamic conditions would yield a mixture of the two

40-42

spiroacetals. The similar problem was also encountered during the synthesis of closely related

reveromycins (Scheme 1.23).

Me Me Me Me
68
OBn B
2 steps B O© ? A o) (]
20°H 46%, (20\:/\ » 20 - X 15 =
OTBS 66 oesMe 67 @0 o e 69 (©(f)
Me OH OBn
Me fe)
5 steps \)\/'\/13\
o7L 380/p TBSO. X PN
9 OH 0 =
20 1 Me oTBS

(9

/.
Me O—/Si—'Pr 3

'Pr
Reagents and conditions: (a) 68, Grubbs' Il catalyst 123, benzene, 90 °C, 3.5 h, 72%; (b) TBAF, THF, 0 °C—rt, 7 h, 84%;

() 71, 'Pr,SiCl,, imidazole, CH,Cl,, 0 °C—>rt, 17 h; (d) 69, imidazole, CH,Cl,, 0 °C—rt, 4 h; (e) ag. oxalic acid, SiO,, CH,Cl,, rt,
65% over 3 steps; (f) Grubbs’ Il catalyst 123, benzene, 90 °C, 8 h, 85%; (g) H», cat. Pd/C, EtOAc, rt, 1 h, 98%.

Scheme 1.11: Synthesis of the C9-C20 spiroacetal cores 73 present in spirofungins A by Marjanovic and
Kozmin.*?
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Marjanovic and Kozmin*? solved this problem by exploiting the “nearby” spatial arrangement
between the C11 and C19 substituents of the spirofungin A core. By installing a temporary connection
between the sterically clashing substituent to form a macrocycle, the cyclisation would be forced to
give the desired bis-anomerically stabilised spiroacetal. The synthesis began with an intermolecular
ring-opening metathesis between alkene 67 and propenone acetal 68 which gave diene 69 after
desilylation. Sequential two-step silylation established the required dialkoxysilane connector between
alkenes 69 and 71. Selective removal of 1,3-dioxane and subsequent ring-closing metathesis (RCM)
set up the desired 15-membered dienone macrocycle 72. Hydrogenation unmasked the keto-diol
functionality followed by the spontaneous cyclisation, to exclusively gave tricyclic adduct 73 which
bore the bis-anomerically stabilised spiroacetal required for the spirofungin A core with a silane bridge
connecting the C11 and C19 substituents (Scheme 1.11).

Yadav et al.*® utilised a three-component double alkylation of tosylmethyl isocyanide (TosMIC,
76) to prepare the C19-C36 spiroacetal containing subunit 80 of bistramide A.** TosMIC 76 is a
synthetically versatile synthon equivalent to a carbonyl dianion*, similar to that of 1,3-dithiane. The
synthesis started with the preparation of iodide 75 and 79 from allyl alcohol 74 and dithiane 78
respectively. TosMIC 76 was sequentially alkylated, first by iodide 75 to yield tosyl isocyanide 77
followed by iodide 79 to afford the crude linear precursor. Subsequent one-pot acid-catalysed
desilylation and hydrolysis unmasked the keto-diol functionality of the linear precursor followed by the
in situ cyclisation to give spiroacetal 80 (Scheme 1.12).

oTBS Tos oTBS
oH 8 steps H @) H
s~~~ _oBn —> ! oBn . 150Bn
o 35% 26 19 CN._Tos
74 Me 75 76 Me 7
X 4 steps oTBS o
TBOPSO” Y NS\ — > ENNP N
o S 47%  TBDPSO” Y 3t
e = —|
78 Ve 79 (B—(c)

Reagents and conditions: (a) i. 76, BuLi, HMPA, THF, -78 °C, 45 min; ii. 75, THF, -78 °C—rt, 1 h, 90%; (b) i. 77, BuLi, HMPA,
THF, -78 °C, 45 min; ii. 79, THF, -78 °C—rt, 1 h, 83%; (c) aq. HF, MeOH-THF, rt, 1 d, 85%.

Scheme 1.12: Synthesis of the C19-C36 spiroacetal 80 present in bistramide A by Yadav et al.®

1.4.2 Intramolecular Hetero-Michael Addition (IHMA) [B]

0
2 81 82 Scheme 1.13: Acid- or base-catalysed
| OH _HYoH o. Rr2 intramolecular hetero-Michael addition
R” o R? RY "0 (IHMA).

In contrast to the cyclisation of dihydroxyketones, intramolecular hetero-Michael addition

(IHMA) can be catalysed by base as well as acid (Scheme 1.13). This enables a one-pot deprotection
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and cyclisation with an appropriate choice of base labile protecting groups. The carbonyl group in the
spiroacetal also provides a versatile handle for prior assembly of the cyclisation precursor as well as

functionalisation of the final spiroacetal.*

Paterson etal.”” used this strategy to synthesise the C16-C28 CD-rings 89 of
spongistatin 1 (15). Boron-mediated aldol coupling between aldehyde 84 and ketone 86 followed by
oxidation yielded the dione 87. Subsequent deprotection and dehydrative cyclisation under acidic
conditions gave dihydropyranone 88. Desilylation unmasked the intermediate alcohol which
underwent intramolecular hetero-Michael reaction under basic conditions to give a mixture of
spiroacetals 89 and 90, with only a small preference for the formation of the desired, less stable
spiroacetal 89 (Scheme 1.14).

OTBS 7 steps TIPSO OMe O
M —_— A TIPSO OMe O @) OPMB
B A% TN M A

H
84 @~ Et 19 23 27 Me |
87
w\ o I ZOPMB
27 A
= 9
ve 4% Me 86 Me Et Et ©)~(d)
85
Et i ~OMe
\\OMe 01, (@

o;
m (46dr) 89

Reagents and conditions: (a) i. 86, Chx,BCl, NEt;, Et,O, 0 °C, 30 min; ii. 84, Et,0, -78—-20 °C, 21 h, iii. ag. H,O,, pH 7 buffer,

Me

MeOH, 0 °C—rt, 2 h, 72% (84:16 dr); (b) Dess-Martin periodinane, CH,Cl,, rt, 30 min, 85%; (c) DDQ, CH,Cl,—pH 7 buffer, rt,
1h; (d) PPTS, CD.Cl, rt, 7d, 72% over 2 steps; (e) TMSOTf, CH,Cl,, -78 °C, 15 min; (f) DBU, CH,Cl,, rt, 16 h, 67% over
2 steps (6:4 89:90 dr).

Scheme 1.14: Synthesis of the C16-C28 spiroacetal 89 present in spongistatin 1 (15) by Paterson et al.’

OH TMS 0 OBn O > I o} OTES
31 10 steps 3 H
35 & ep, 2L 74
20% |26 vz 92
a OBn OTES Me TBDPSO
93
Me
(@] @\\\\\ ‘\\\O H
i Ele) © | (a)~(h)
) o -
BnO o H J
4 S BnO 3 TBDPSO
BnO 26 40 94
% OTBDPS BnO

Reagents and conditions: (a) TMSOTf, CH,Cl,~MeOH, -78 °C, 5 min; (b) KO'Bu, THF='BUOH, -20 °C, 20 min; (c) i. cat. CSA,
benzene, rt; ii. NaBH4, MeOH, rt, 20 min, 50% over 3 steps.

Scheme 1.15: Synthesis of the C26-C40 bis-spiroacetal core 95 present in spirastrellolide B by Wang and
Forsyth.*®

Wang and Forsyth48 applied a double IHMA for the synthesis of C26—C40 bis-spiroacetal
core 95 of spirastrellolide B as an extension of this synthetic methodology. The linear ynone 93 was
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prepared from iodoacetylene 92 using the Nozaki-Hiyama-Kishi coupling which was, in turn,
synthesised from TMS-acetylene 91 using the Mukaiyama aldol coupling. The initial attempts failed to
trigger the spontaneous cyclisations of ynone 93 under a variety of acidic conditions or activation of
alkyne. On the other hand, the use of a hindered base at low temperature induced the first IHMA of
ynone 93 yielding enone 94. The second IHMA was triggered under acidic conditions and subsequent

in situ reduction of unstable pyranone gave the desired bis-spiroacetal 95 (Scheme 1.15).

1.4.3 Reductive Cyclisation [C]

\

R? LG )
Q )\/\) reduction _ o R?
R S0 o RV O

3
R™ 96 R®=CNor SO,Ph 99

s L S o [ w

Scheme 1.16: Reductive cyclisation of nitriles or sulfones 96.

mono-anomerically
stabilised

Reductive cyclisation was “the first rational and general synthetic approach” to mono-
anomerically stabilised spiroacetals.” The excellent stereoselectivity observed arises from the
conformational preference of the axial anomeric radical in the transition state which leads to the axial
anomeric anion with subsequent intramolecular nucleophilic substitution giving the desired mono-

anomerically stabilised spiroacetal (Scheme 1.16).>°

OAc OTIPS OTIPS

” : j\)l\/
AcO, X \ _O ~ X
3 steps _si” /S| (b)
U e ] S e U "o
ACO\\\\\\\ o (1] O\\\\“\ o \\\\ Ph 103a Rl
100 101 b: Rl = CHZ, R2 = OMe

OTIPS OTIPS
OTBS

\ z
1 EC d)
lBU/Sl Q Uj\/ ) ( - /SI
O\\\\\ \\\‘\ j\/u\/

Reagents and conditions: (a) i. 'BuLi, THF, -78—0 °C, 2.5 h; ii. PhSSPh. THF, -78—0 °C, 2 h, 93%; (b) CSA, CH.Cl,, 40 °C,
1-3 h, 24-84%; (c) TMSCN, BF3*OEt,, CH,Cl,, rt, 1 h, 84-88%; (d) TBSCI, imidazole, cat. DMAP, DMF, rt, 19-20 h, 96-97%;
(e) LiDBB, THF, -78—-40 °C, 1 h, 71-91%.

Scheme 1.17: Synthesis of mono-anomerically stabilised spiroacetals 106 by Rychnovsky et al.*

Rychnovsky et al.** first reported the use of reductive cyclisation for the synthesis of
spiroacetals starting with glycals. Glycal 101 was transformed into hemi-thioketene acetals 102, which
then reacted with diols 103 under acid conditions to produce spiro-orthoesters 104. Cleavage of

orthoesters 104 with BF;*OEt, and TMSCN and subsequent silylation gave the diastereomeric
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nitriles 105. Reductive lithiation of anomeric nitriles 105 then generated the desired axial radical.
Further reduction yielded the organolithium species which underwent intramolecular alkylation to

afford the mono-anomerically stabilised spiroacetals 106 as a single diastereomer (Scheme 1.17).

La Cruz and Rychnovsky® applied this strategy to the synthesis of the mono-anomerically
stabilised C9-C20 spirofungin B core 114. Using a similar approach, hemi-thioketene acetal 109
reacted with diol 111 under acid conditions to produce spiro-orthoester 112 which was subsequently
cleaved and silylated to give the diastereomeric nitriles 113. Reductive cyclisation of anomeric

nitriles 113 produced the desired spirofungin B spiroacetal core 114 stereospecifically (Scheme 1.18).

o OTPS OH OTIPS PhS.15.0., ,
)l\)g 55% N Asteps | M 20
H % Z 5106 OTIPS ©. o
Me 109 Me Cl ., (0]
16 /O

107

15 9
OH OH @ 112 oTIPS
(0] Me
20 OTBS _86%_ 2 0TBS ASteDg 20 OH
4% ee 73% (b))
66 Me 110 . Me 111
TBSO
e 20,
2, CN
@ o P,
TBSO B .
16
114 113 1 OTIPS

Reagents and conditions: (a) CSA, CH,Cl,, rt—40 °C, 1 h, 77%; (b) TMSCN, BF3*OEt,, CH,Cl,, -78 °C, 16 h, 72%; (c) TBSCI,
imidazole, cat. DMAP, DMF, rt, 18 h, 91%; (d) LiDBB, THF, -78 °C, 37 min, 92%.

Scheme 1.18: Synthesis of the C9-C20 spiroacetal 114 present in spirofungin B by La Cruz and Rychnovsky.51

1.4.4 Cyclisation of Enol Ethers and Glycals [D]

X

OH | OH o R2
o OR —
R” O R2 R O R? R” O

115 116 117
Scheme 1.19: Cyclisation of enol ethers 115 and glycals 116 into spiroacetals 117.

The acid cyclisation of enol ethers 115 and glycals 116 to afford the thermodynamically stable
spiroacetals 117 has been the subject of several reviews.'**>*®  However, these systems also offer
the opportunity to introduce a stereo-directing group which guides the intramolecular electrophilic
cyclisation, enabling the synthesis of the less thermodynamically stable isomers of spiroacetals
(Scheme 1.19).

Holson and Roush®* used kinetically controlled iodo-spiroacetalisation to synthesise the mono-
anomerically stabilised C17-C28 spiroacetal 126 present in the CD rings of spongistatin 1 (15). The
synthesis started with the preparation of carboxylic acid 119 from ester 118, and alcohol 121 from

ester 120. Union of carboxylic acid 119 and alcohol 121 via the Yamaguchi coupling followed by
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olefination, ring closing metathesis (RCM) and desilylation yielded glycal 124. Activation of glycal 124
by N-iodosuccinimide (NIS) under kinetic control gave iodonium ion 125 which directed the
trans-diaxial addition of &-hydroxyl group to afford the mono-anomerically stabilised spiroacetal 126
(Scheme 1.20).

PMBO  OTBSOTBSO
PMBO O O 5 steps 0
q

K)l’JE)\)J\ 19 23 N0OH BnO
15 OMe  36% 119 (@ PVBO  OTESOTESO Jil\ig\)lvle
> M NF
0 o) BnO OPMB v 0 ]
>< j\/u\ 6 steps 2 122
o] - e NP —
5 0Bt 41% 25

0 HO o Mes— N?N -, ©)-0)
al.
— - a ,R|u=\ 123
OPMB OPMB PCy; PI
" OPMB
OoPMB OH OPMB
< HO /23 . (e)
o 1+
126 B ogn 15 |

Reagents and conditions: (a) i. 119, Cl;C¢H,COCI, NEt;, CH,Cl,, 0 °C—rt, 3 h; ii. 121, cat. DMAP, CH,Cl,, 0 °C—rt, 4 h, 98%;
(b) Tebbe reagent, pyridine, THF, 0 °C—rt, 2 h, 75%; (c) Grubbs’ Il catalyst 123, benzene, 45 °C, 4 h, 81%; (d) TBAF, THF,
0 °C—rt, 12 h, 90%; (e) NIS, CHCl,, -90 °C, 1 h, 63%.

Scheme 1.20: Synthesis of the C17-C28 spiroacetal 126 present in spongistatin 1 (15) by Holson and Roush.>

Rlvo OMe R} O | 130a—c R: [e) OH
5 steps A OAc .
+ | _p> | \/>'/l// 3 /R3
127 - 57% 27 R
@) 131aR2=R3=H
oTMS (tﬁfgo) OTIPS OTIPS b R22 =H, R33= Me
RL= (CH,),0TBDPS (© CRE = Me. RE = H
TIPSO,
TIPSO .
HO Rai . OH HO o g
(0] 0 R1 (d) ; R? /R3 (&) or ()
Zﬁw 33 A, 134ab
" —" R®  “retention"
“inversion" OTIPS 132a-c R3

Reagents and conditions: (a) i. 130, 9-BBN, THF, rt, 3 h; ii. ag. NaOH, rt, 30 min; iii, 129, cat. Pd(dppf)Cl,, THF-H,O, rt, 1 h,
85-90%; (b) K,COsz;, THF-MeOH, rt, 3 h, 98-100%; (c) DMDO, CH,Cl,—acetone, -63 °C, 20 min; (d) MeOH, -63 °C, 1 h,
85-93%; (e) p-TsOH, CH,Cly, rt, 1 h, 99-100%; (f) Ti(OiPr)4, CH,Cl,—acetone, -78—0 °C, 1 h, 74%.

Scheme 1.21: Stereocontrolled synthesis of spiroacetals 133 and 134 by Tan et al.*® Only spiroacetals from the
threo series are depicted here. Spiroacetals from the erythro series are listed in Scheme 1.32.

Tanetal.” investigated the spirocyclisation of glycals 131, via reactive epoxides 132
generated in situ, to access the mono-anomerically stabilised spiroacetals 133. Glycals 131 were
obtained from B-alkyl Suzuki-Miyaura cross-coupling between vinyl iodide 129 and the reactive
alkylborate reagents in situ, produced by one-pot generation (alkenes 130 + 9-BBN) and base
activation of the resulting alkylborane reagents. Vinyl iodide 129, in turn, was synthesised via hetero-
Diels-Alder reaction between aldehyde 127 and diene 128. Anti-epoxidation of glycals 131 by
dimethyldioxirane (DMDO) at -63 °C formed epoxide 132 in situ and subsequent fast addition of
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excess MeOH at -63 °C facilitated the trans-diequatorial opening of the epoxide ring (“inversion”) to
give the mono-anomerically stabilised spiroacetals 133 with 100% stereoselectivity. On the other
hand, addition of Ti(O'Pr), to the epoxides 132 formed a tether between the epoxide ring oxygen and
the side chain hydroxyl group. The Lewis acid then activated the epoxide electrophile to form an
oxonium intermediate which was trapped by the tethered nucleophilic hydroxyl group (“retention”)
yielding the bis-anomerically stabilised spiroacetals 134. Exposure of the diastereomeric mixtures to

p-TsOH also gave the thermodynamically stable spiroacetals 134 in excellent yields (Scheme 1.21).

Cyclisation by Hetero-Diels-Alder Reaction (HDA) [E] \

R Yo j 136 R™™ 7O |
135

137
Scheme 1.22: Hetero Diels-Alder reaction (HDA) between methylene pyrans 135 and o,B-unsaturated

1.4.5

carbonyls 136.

The hetero-Diels-Alder (HDA, Scheme 1.22) reaction provides a high level of stereoselectivity
with the use of an appropriate catalyst.*® When executed under kinetic conditions in order to avoid
equilibration, this method is particularly useful for the synthesis of spiroacetals that are not the most

thermodynamically stable isomer.

In the spiroacetal core of reveromycin A**, a steric clash between the substitutents at the
anomeric positions caused an undesired isomerisation between the bis- and mono-anomerically
stabilised spiroacetals. The same problem was also encountered during the synthesis of closely

related spirofungins (Scheme 1.10 and 1.11).

BnO SnB Bu 17 Bu 17 Bu
nO__SnBu; \( 2steps I | O _-OTBS
20 0 BnO 2 N
X 80% BnO 15 9
138 139 ~o > O 140 (z) 20 E\l
143 Me
O OTBS (b)_(d)
12 7 ste| (@] o OTBS ¢
H )J\) 9+ NN _»470/ps m \9/ — TBSQ
83 141 ’ - Me 142 Bum=
HO El50 ‘\\\\\\g/ OTBS
20 (S
144 Me

Reagents and conditions: (a) cat. Eu(fod)s, neat, 0 °C, 72 h, 40%; (b) i. BHz*THF, THF, 0 °C, 2.5 h; ii. ag. H,O,, NaOH, rt, 2 h,
72%; (c) TBSOTf, 2,6-lutidine, CH,Cl,, -78 °C; (d) H,, cat. Pd(OH),, MeOH, rt, 2 h, 90% over 2 steps.

Scheme 1.23: Synthesis of the C9-C20 spiroacetal 144 present in reveromycin A by Rizzacasa et al.®

Rizzacasa et al.>® circumvented this problem of reveromycin A by using an inverse electron
demand HDA reaction in their synthesis of the C9—C20 spiroacetal core 144. The synthesis started

with the preparation of «,f-unsaturated ketone 140 from stannane 138 and aldehyde 139, and chiral

18



Chapter 1: Introduction: Chemistry of Spiroacetals 1.4 Synthesis of 6,6-Spiroacetals

methylene pyran 142 from aldehyde 83 and trans-2-butene (141). The key cycloaddition between the
neat mixture of enone 140 and dienophile 142 was catalysed by Lewis acid Eu(fod)s to afford the
desired glycal 143 as one diastereoisomer. Subsequent hydroboration, silylation and debenzylation

yielded spiroacetal 144 (Scheme 1.23).

1.4.6 Cyclisation by Ring Closing Metathesis (RCM) [F]

' p(;s o _R? o_ _R?
OR R! > Rl o OR R! o
147 Grubbs'l, R=PCy; [~ \ A _—
123 Grubbs' II, R = MesNYNMes 148 149

Anane

Scheme 1.24: Cyclisation of dienes 145 or 146 by ring closing metathesis (RCM) mediated by Grubbs’ first
generation 147 or second generation 123 catalysts.

Ring-closing metathesis (RCM, Scheme 1.24) is an important strategy for natural product
synthesis.”® However, there are only few examples in which RCM has been used for the synthesis of

spiroacetals.®’

Hsung et al.>®**° applied this “conceptually different but general” strategy for the synthesis of
the alkene containing C11-epi—-C22-C23 spiroacetal 156 * , an epimer of the BC rings of
spirastrellolide A®.  The synthesis started with the transformation of glucose (150) into vinyl
alcohol 151 which was then converted to lactone 152. Addition of vinylmagnesium bromide to
lactone 152 gave lactol 153 which was then condensed with chiral alcohol 154 using Brgnsted acid
(bis-trifluoromethanesulfonyl)amine (Tf,NH), to yield the desired acetal 155. RCM of diene 155 using
Grubbs'’ first generation catalyst 147 yielded spiroacetal 156 with no loss of stereochemical integrity at

the spiro centre (Scheme 1.25).

OH

3 steps 23 10 steps (a)
k n
54% ph™ '//// 31% HO, O!
151
PMBO BnO,  OTBDPS Me 154
OTBDPS M 2 = OPMB
(b)
(c) OH 49% 3 steps from
- Metm propan-1,3-diol

156 |
Reagents and conditions: (a) vinylmagnesium bromide, Et,0, -78 °C, 1 h, 73%; (b) 154, Tf,NH, 4 A MS, CH,Cl,, -78 °C, 30 min;
(c) Grubbs’ | catalyst 147, benzene, rt, 30 min, 50% over 2 steps.

Scheme 1.25: Synthesis of the C11-epi-C22-C23 spiroacetal 156 present in spirastrellolide A by Hsung et al.*®*°

* The stereochemistry at C22 was not assigned at the time when the study began. Since then, the authors had
steered their focus to the feasibility of the acetal-tethered RCM approach to the synthesis of Spiroacetals.
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1.4.7 Intramolecular Hydrogen Abstraction (IHA) [G] |

Alkoxy radicals 159, generated photolytically from alcohol 157 and hypoiodite oxidant (IOAc),
undergo an intramolecular abstraction of hydrogen atom at the anomeric position followed by oxidation
and cyclisation to give the spiroacetal 37.*° This mild radical oxidative cyclisation proceeds under

kinetic control to construct a spiroacetal unit in which the energy difference between isomers is

OH _
£j<_|/\)\ oxidation 0. R
R SO R2 hv R ToO

157 37

small.®*

Phi(OAC); + I, —> I0Ac,” AN
|
1 07y 159 ©O* 160 OH _¢ 161 OH
— H — . — _
R
R” "0 R2 R "0 R? R "0 R? R” TO R?

Scheme 1.26: Synthesis of spiroacetals 37 from alcohols 157 by intramolecular hydrogen abstraction (IHA).

Suarez et al.® used this strategy to construct a 6,6,5-bis-spiroacetal model system and the
first IHA leading to the preparation of 6,6-spiroacetal segment is discussed here. The study began
with the synthesis of pyran 163 from acetonide 162. Benzyl pyran 163 was then transformed into
hydroxybutyl pyran 164 which was subsequently cyclised by photolysis in the presence of
iodobenzene diacetate and iodine to give isomeric spiroacetals 165 and 166. The mono-anomerically
stablised spiroacetal 166 was converted into the more stable spiroacetal 165 quantitatively under

acidic conditions (Scheme 1.27).

OAc OR OR Ho OR OR
(0] ‘\\\OBn (0] ‘\\\O Bn /H) MeO o MeO p 5
7 steps (@-(c) “y, (dl) 5 +
0 “OAc  34% “IoMe “IoMe 165 (L4:1dr) 166
MeA(o L6 _163 164 ¢ (37:1dr) A © |
Me R =TBDPS (+ separable B isomer)

Reagents and conditions: (a) BCls*SMe,, CH,Cl,, rt, 14 h, 74%; (b) i. PhsP, CCl,, THF, reflux, 3 h; ii. CH,=CH(CH,);MgBr, Et,0,
0°C, 1 h, 74%, (a:p 3.7:1 dr); (c) i. Os, CH,Cl,-MeOH, -78 °C; ii. NaBHs,, rt, 4 h, 95%; (d) PhI(OAc),, I, hv, cyclohexane,
40 °C, 70 min, 87% (165:166, 1.4:1 dr); (e) HCI, AcOH, rt, 2 h, 100%.

Scheme 1.27: Synthesis of spiroacetals 165 and 166 by Suarez et al.®?

1.4.8 Oxidative Ring Expansion [H]

o

Baeyer-Villager 0 0
R? oxidation Rl o
R” "0 167 168 R?

Scheme 1.28: Oxidative ring expansion of cyclopentanones 167 by Baeyer-Villager oxidation.

In contrast to other strategies, the bicyclic structure is formed prior to the spiroacetal-forming

ring expansion step in the Baeyer-Villager oxidation of cyclopentanones 167 (Scheme 1.28). This
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strategy is rarely used due to the intolerance of the functionality and the development of better

alternative approaches.

Haddad et al.%® investigated the use of this strategy for the diastereoselective synthesis of
model spiroacetal systems. Cyclobutane 171 was synthesised diastereoselectively by the coupling of
malonate 169 and bromide 170 followed by an intramolecular photocycloaddition of the resulting
adduct. Cyclobutane 171 was subsequently cleaved under acidic conditions to give
cyclopentanone 172a. Alternatively, reduction and oxidation of cyclobutane 171 yielded
cyclopentanone 172b.  Baeyer-Villager oxidation of cyclopentanones 172 by m-CPBA Yyielded

spirolactones 173 with no epimerisation at the spiro-centre (Scheme 1.29).

o} o o) o)
o)
R//,,
| OzEt Me 2steps /|/Me (@) or (b) (©
9 o% 20 - 0. -0
o) CO,Et e ‘><’ :
o o
Et0,C7 “CO,Et 172aR = Ot 173ab
171 Et0,C~ ~CO,Et Et0,C~ “CO,Et

Reagents and conditions: (a) cat. p-TsOH, EtOH, rt, 18 h, 172a: 57%; (b) i. NaBH,, EtOH-THF, -70 °C, 25 min; ii. Jones’
reagent, EtOAc—Et;0, rt, 6 h, 172b: 54%; (c) m-CPBA, cat. Li,CO3, CH,Cly, 1t, 5 h, 70-75%.

Scheme 1.29: Synthesis of oxaspirolactones 173 by Haddad et al.®®

Diversity-oriented synthesis (DOS) involves the deliberate, simultaneous and efficient
synthesis of more than one target compound with the intention of answering complex problems such
as binding, catalysis, phenotypic effects etc.** It requires a forward-synthetic analysis: a problem-
solving technique for transforming a collection of simple and similar starting materials into a collection
of structurally more complex and diverse products.*® Prevalidated by nature, the spiroacetal
framework makes an ideal candidate for the development of natural product derived compounds and

the incorporation of this rigid scaffold into DOS.®®

1.5.1 An Early Example

Mead and Zemribo®’ stated that “the majority of spiroacetals found in nature, the ring system
is functionalised alpha (C2) to at least one ring oxygen”, thus conducting a study of nucleophilic
substitution at the C2 position of spiroacetals. Their early work involved the preparation of hydroxy
dicarbonyl equivalent 178 from cyclopentanone (174) and alkene 175. Subsequent Lewis acid-
catalysed carbonyl cascade cyclisation of hydroxy dicarbonyl equivalent 178 yielded methoxy

spiroacetal 179.  Addition of TMSOTf generated a C2-centered oxonium ion from methoxy
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spiroacetal 179 which was trapped by silylated nucleophiles to give spiroacetals 180. It was later
found that flactone 177, the precursor of hydroxy dicarbonyl equivalent 178, can be directly cyclised
and substituted diastereospecifically in one-pot under the influence of a Lewis acid to give

spiroacetals 181 (Scheme 1.30).%’
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174 3 Steps, 71% H o "
176 177
(9) |
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181 R2 =H * ( )_( )
R! = CH,CH=CH,, . .
CH:C:CHz, ? o ‘\\Rl (f) E OMe e MeO,C
CO,R? R2 = Me cone

Reagents and conditions: (a) i. TMS-ketene, cat. BF3*OEt,, CH,Cl,, 0 °C; ii. KFe2H,0, MeCN, rt, 73%, (b) i. O3, MeOH, -78 °C;
ii. Me;S, 77%; (c) p-TsOH, MeOH, rt; (d) K,COz, MeOH, rt, 5 min, 92% over 2 steps; (e) cat. BF3z*OEt,, CH,Cl,, -5 °C, 78%;
() allyltrimethylsilane or propargyltrimethylsilane or diphenylmethylsilane, TMSOTf, CH,Cl,, -50 °C, 1.0-1.5 h, 180: 65-68%;
(9) allyltrimethylsilane or propargyltrimethylsilane or diphenylmethylsilane, TMSOTf, CH,Cl,, -50 °C, 30-45 min, 181: 65—-75%.

Scheme 1.30: Early studies on the synthesis of spiroacetals 179-181 by Mead and Zemribo.®’
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Reagents and conditions: (a) K,CO;, MeOH, rt, 93-94% (eqg:ax 3:1 dr); (b) PNBzCI, NEt;, Et,0O, rt, 87% (eqg:ax 3:1 dr);
(c) MeOH, TMSOTf, MeCN, -37 °C, 88% (eq only); (d) one of the following: 183a, allyltrimethylsilane, BF;*OEt,, CH,Cl,, -42 °C,
75% (184a:185a 1:5 dr); or 183a, propargyltrimethylsilane, BF;*OEt,, CH,Cl,, -42—-20 °C, 76% (184b:185b 1:5 dr); or 183b,
allyltrimethylsilane, TMSOTf, MeCN, -38°C, 86% (184a:185a 1:5 dr); or 183c, allyltrimethylsilane, TMSOTf, CH,Cl,,
-42—-20 °C, 51% (184a:185a 1:5 dr); (e) allyltrimethylsilane, TMSOTf, CH3CN, -37 °C, 69-75%; (f) propargyltrimethylsilane,
BF3*OEt,, CH,Cly, -42—15 °C, 82% (189:190 1.6:1 dr).

Scheme 1.31: Studies on the synthesis of spiroacetals 183—-186 and 188—-191 by Mead et al.®®
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These findings prompted further investigation into the stereospecific Alactone-initiated
spiroacetal synthesis with other substitution patterns. When spiroacetals such as 183 or 188, which
contained a methyl ester on the adjacent ring, were used, the C2 substitution reaction gave a mixture
of equatorial and axial spiroacetals 184/185 or 189/190 in a particular ratio (184:185 1:5 dr or 189:190
1.6:1 dr) regardless of the reaction conditions, the nature and stereochemistry of the leaving group or
the Lewis acid used. This indicated the involvement of an oxonium transition state and a small energy
difference between the isomers. Hence, it was difficult to predict the equilibrium position between the
isomers. However, during the one-pot S-lactone-initiated spiroacetal synthesis using g-lactone such
as 182 or 187, the neighbouring carboxylic acid participated in the oxonium ion transition state which
effectively shielded the axial face from nucleophilic attack. This resulted in the diastereospecific

formation of a single spiroacetal 186 or 191 with equatorial substitution (Scheme 1.31).%®

1.5.2 Process-driven Generation of Spiroacetal Libraries during the
Development of Synthetic Methods

Tan et al.®® developed a method for the stereocontrolled spirocyclisation of epoxides 132 or
192 to access a range of spiroacetals with both “inversion” and “retention” of configuration. Additions
of MeOH to epoxides 132 or 192 at -63 °C resulted in cyclisation with “inversion” of configuration in
which the epoxide oxygen was anti to the oxygen of the newly cyclised ring. This method afforded
mono-anomerically stabilised spiroacetal 133 from threo epoxide 132 or bis-anomerically stabilised

spiroacetal 193 from erythro epoxide 192 (Scheme 1.32).

TIPSO, OH
R! = (CH,),OTBDPS @ - (@) or (b) R
. R2 . 133a—c .
R (@] OH Inversion R (@] OH RZ
”/R3 ] o) R? '//R3 a ! "ir::_\?grasyign”
TIPSO .
oTIps  132(threq) HO Om\_R! OTIPS 192 (erythro) OH
aR2=R3=H (b) or () o © . - i
bR?=H, R® =Me » - .
cR2=Me, R3=H R" 134a,b etenion <2} LOTIPS
R® "retention” R 194a, ¢

Reagents and conditions: (a) MeOH, -63°C, 1h, 73-93%; (b) p-TsOH, CH,Cl,, rt, 1h, 82-100%; (c) Ti(OiPr)4,
CH,Cl,—acetone, -78—0 °C, 1 h, 74-82%.

Scheme 1.32: Stereocontrolled synthesis of spiroacetals by Tan et al.>® The synthesis of threo epoxide 132 was

depicted in Scheme 1.21. Only the 6,6-spiroacetals are shown here.

On the other hand, additions of Ti(OiPr)4 to epoxides 132 or 192 resulted in the coordination of
the participating oxygens leading to the cyclisation with “retention” of configuration such that the
epoxide oxygen was syn to the oxygen of the newly cyclised ring (Scheme 1.21). This method

afforded bis-anomerically stabilised spiroacetal 134 from threo epoxide 132 or mono-anomerically
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stabilised spiroacetal 194 from erythro epoxide 192. Addition of p-TsOH effected the equilibration of
the diastereomeric mixtures into the most thermodynamically stable isomer, usually the bis-
anomerically stabilised spiroacetal such as 134 or 193 (Scheme 1.32). These stereocontrolled
cyclisations were then applied to other epoxides generating a library of spiroacetals of different ring

sizes and substitution patterns.*

Hsung et al.>*®* used RCM for the construction of a library consisting of 20+ simple
spiroacetals. Using glycal 195 as the starting material, RCM was demonstrated to be applicable for
the synthesis of spiroacetals of different ring sizes up to a eight-membered ring with no loss of
stereochemical integrity at the spirocentre. The presence of the resulting alkene in the resulting
spiroacetal ring also allowed further functionalisation such as dihydroxylation or hydrogenation as

shown below (Scheme 1.33).

O/\/ o ‘\\\OH
> © P @ (b) © B “y
- R Rl=Ac £ o
OR! R!=H, Ac OAc 198
0 o]
> 3steps | o | @) (b)
z — e R
O 25-65% lji\z/\ 199 l/f R
195 OR? R?=H,Ac, TBDPS OR? 201
O/\/
o @)
—

/
Me o 2 steps Me (0] O/\/ @) Me (e} @ | ( Me O ?
24%
204 205 206 207
Reagents and conditions: (a) Grubbs’ | catalyst 147, CH,Cl,, rt, 30 min, 70-90%; (b) cat. K,0sO,¢2H,0, NMO, acetone-H,0, rt,

12 h, 82-90%; (c) Ho, cat. Pd/C, EtOAc, rt, 3 h, 75%.

Scheme 1.33: Synthesis of simple spiroacetals framework using RCM by Hsung etal.>*®® Only the 6,6-

spiroacetals are shown here.

1.5.3 Product-driven Systematic Generation of Spiroacetal Libraries

Porco et al.”® conducted the first product-driven systematic combinatorial synthesis of a library
based on a spiroacetal scaffold 214 with three sites of elaboration. The synthesis of spiroacetal
core 213 started with aldol coupling between silyl enol ether of ketone 209 and aldehyde 211 to give
diastereomeric f-hydroxy ketones 212. Oxidation and one-pot acidic desilylation and cyclisation
constructed the basic spiroacetal framework which was then transformed into the spiroacetal core 213.
Elaboration of spiroacetal 213 using solution phase parallel synthesis techniques led to the

preparation of a library of 21 spiroacetal analogues 214.
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Reagents and conditions: (a) i. 209, KHMDS, THF, -78 °C, 1.5 h; ii. TMSCI, -78 °C, 2 h, 98%; (b) 211, BF3*OEt,, -78 °C, 1.5 h,

65%; (c) CrOs, Celite®, pyridine, CH,Cl, 1t, 3.5 h, 64%; (d) ag. HF, CHsCN—CH,Cl,, 1t, 24 h, 80%; (e) TBSCI, imidazole, DMF,
rt, 12 h, 90%; (f) CeClz*7H,0, NaBH,, MeOH, 0 °C, 30 min, 70%.

R2

Scheme 1.34: Combinatorial synthesis of molecules based on spiroacetal scaffold 214 by Porco et al.”

OR RO R" R® R R R® Overall Yields
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ooy B O\O - L—>230 H Ac H Me H 8%
216 217 Me Me 231 |TBS TBS Me H H 10%
RS 232 |TBS Ac Me H H 11%
i OPM: K 233|TBS TBS H H  CH.Bn 6%
" s 00 \ R? f—234|TBS Ac H H  CHcBn 9%
@) RO MeMe OR? |‘—>235 H Ac H H  CH:Bn 5%
Reagents and conditions: (a) (Cy)zla‘zéf_l\?éz, Et,0, 0 °C, 236 TBS TBS H H CHOTBS %
24 h; (b) 218224, Et,0, -78-520 °C, 26 h; () aq. H;02, 237|TBS Ac H H  CHOTBS 5%
pH 7 buffer, MeOH-DMF, 0°C, 4h; (d) TBSCI, cat. 238|TBS Ac H H  CHOBn 4%
DMAP, imidazole, CH,CL-DMF, rt, 24h or Ac:O, 239 |TBS TBS H H  (CHy):OH 7%
pyridine, cat. DMAP, THF, rt, 20h: (e) DDQ, pH7 fr—240|TBS Ac H H (CH):0Bn 14%
buffer, CH,Cl,, 0 °C—tt, 6 h; (f) TBAF, THF, rt, 1-2 d. |“_’241 H Ac H H (CH)0Bn 10%
Scheme 1.35: Natural product inspired synthesis 242\ TBS TBS H H Me 6%
of spiroacetals 225-243 by Waldmann et al.®** A 243]TBS Ac H H Me %

second series of 16 spiroacetals bearing a C8-substituent (Me or CH,OBn) was generated similarly using

modified solid-bound ketones (not shown).
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Waldmann et al.®®

chose the general structure 215 with up to 8 possible sites of diversification,
as their target aiming to construct a structurally diverse spiroacetal-based library. The library
synthesis began with the transformation of propanediol (216) into solid-bound ketone 217. Boron-
mediated aldol coupling between ketone 217 and a range of aldehydes 218-224 vyielded the first
series of 19 spiroacetals 225-243 (Scheme 1.35). The second series of 16 spiroacetals bearing a C8-
substituent (Me or CH,OBN) was also generated similarly using modified solid-bound ketones (not
shown). Subsequent bio-assays suggested that 229 was a moderate inhibitor of protein tyrosine
phosphatase 1b [ICso = 39 uM] and a good inhibitor of phosphatase VHR (ICso = 6 uM) whereas 232
was a moderate inhibitor of phosphatase VHR (ICso = 31 uM). Both 229 and 232 showed no activity
against phosphatase Cdc25a and serine-threonine phosphatase 1 (PP1) but affected the organisation

of the microtubule cytoskeleton in cells without direct targeting of microtubules.

Ley et al.'® synthesised a collection of structurally diverse spiroacetal-based molecules for
broad phenotypic screening evaluations. The spiroacetal precursor alkene 245 was prepared from
(R)-glycidol (244). Subsequent Sharpless asymmetric dihydroxylation and double conjugate addition
of dithiol yielded the desired s-keto-1,3-dithiane. Acid-catalysed cyclisation of this precursor followed
by dithiane removal afforded a separable diastereomeric mixture of spiroacetal scaffolds 246-248
(Scheme 1.36). All three spiroacetals 246—248 were elaborated into a diverse range of analogues and

those derived from spiroacetal 246 are listed below (Figure 1.3).

OBn ® OBnN

— OH ©
O

o 246 56% © () 247 28%
2 ~~—'1"
R/ OH 7 Stegs

54% OBn

(R)-glycidol (244)

24883% +24611% + 247 6%

— O
(0)~(e) ~_OH

Reagents and conditions: (a) AD-mix-4, ‘BUOH-H,0, 0 °C, 18 h, 94% (86:14 dr); (b) AD-mix-e, 'BUOH-H.0, 0 °C, 18 h, 96%
(87:14 dr); (c) HS(CH,)3SH, NaOMe, MeOH—CH,Cl,. -10 °C, 18 h, 90%; (d) ag. HCIO4, MeCN—CH,Cl,, 0 °C, 30 min, yields are
quoted in the scheme; (e) NaClO,, NaH,PO,, 2-methyl-2-butene, MeOH-H,O, rt, 45 min, 100%; (f) ag. HCIO,, MeCN-CH,ClI,,
0°C, 1 h, 100% (246:247 2:1 dr).

Scheme 1.36: Synthesis of spiroacetal scaffolds 246-248 by Ley et al.*°

Ley et al.'® first functionalised spiroacetal 248 at C4 with epoxide 249 and dioxirane 250. The
study then focused on elaboration at C8. Silylation and debenzylation of 248 gave alcohol 251
allowing differentiation of the hydroxy groups whereas oxidation of 248 afforded aldehyde 252 and
carboxylic acid 253 intermediates. Triazole 254, amide 255 and carbamates 256 and 257 were
prepared from the corresponding azide intermediate, carboxylic acid 253 and alcohol 248 respectively,

and represented viable procedures for elaborations. A range of protected-amino acids 258-263, was

26



Chapter 1: Introduction: Chemistry of Spiroacetals 1.5 Diversity-Oriented Synthesis of 6,6-Spiroacetals

prepared from alcohol 248 and were used as building blocks for the synthesis of a series of
ureas 264-268 and sulfonamides 269-272. Derivatisation of scaffold 246 and 247 were also carried
out similarly to generate a series of 13 analogues (not shown). These syntheses were specifically
designed to afford spiroacetal analogues suitable for biological screening, and more importantly, to
obey the Lipinski rule of five™" which is an evaluation of estimated solubility and permeability—

important characteristics for drug candidates (Figure 1.3).

OBn OR?2 251 Rl CHLOTES,  0Bn
R2=H
scaffold 249X = CH, 252 R]‘: CHO, 254
0] 248 O/, 250X =0 R2=Bn N f6)
0 8 RL253R1=COH,
f6) OH R2=Bn
oB OBn
n
o (o]
e R4 R® R6 R7 o) o RUGGR®
o O NHR? NHFmoc Q \ﬂ>\ NHSOMe
Y o
4_p5_
o 258R4—R _5H 264 R®=H, R” = Bn 269 RB=R%=H
256R3_:|l“; ,\(\) 259R4:H’R5:Bn 265R6_H R7_CH3 270R8=H,R9=Bn
NN 260 R*=H, R>=CHg 266 R® = H, R’ = allyl

. s 271 R® = H, R® = CH3
= 261 R4 =H, R5= allyl 267 R®=H, R’ = 2-furyl 272 RE = R® = -(CHy)s-
257 R® = ,9‘; - | 262 R*=H, R®= 2-furyl 268 R®= R’ = (CHy)a-
N 263 R*=R%=-(CHp 5
Figure 1.3: A collection of spiroacetal derivatives 249-272 elaborated from scaffold 248 by Ley et al.’®
Derivatisation of scaffold 246 and 247 were also carried out similarly to generate another series of 13 analogues

(not shown).

1.6 Research Opportunities Based on the Use of

6,6-Spiroacetal Analogues

Our research group has had a long interest in the synthesis of spiroacetals with different ring
sizes found in a wide range of biologically significant compounds (Figure 1.4).”* This synthetic effort
has prompted the investigation of an opportunity to elaborate 6,6-spiroacetals to provide novel
functionality. In particular, we were interested in the chemical attachment of the spiroacetal scaffold to
biologically useful units such as nucleobases, triazoles or amino acids, thus generating hybrids that
have, to date, never been previously synthesised or biologically tested. The combination of these
important bioactive motifs would lead to a collection of novel small hybrid molecules that can be used

as biological probes for broad phenotypic assays to screen for potential bioactivity.
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1.6 Research Opportunities Based on the Use of 6,6-Spiroacetal Analogues

MeO (S) S

5"-epimeric CJ-12,954 (273) and CJ-13,014 (274)
their unnatural (3R)-epimers were also synthesised
(not shown)

MeO

spirolaxine methyl ether (275)
its unnatural (2’ ’S)-epimer was also synthesised
(not shown)

217 Me,,

—
12@‘ c
aw O )
PMBO” NN A S™0gn

BCD ring of HO™ =

,
“,
il

Zin

spirolide B and D e
Rl
R! R! =Hor OMe R! R!
Rl
o
Rl

o ¢
spiroacetal 1 Rt 279 280

subunit of mumbaistatin spiroacetal core of rubromycin

spiroacetal subunit of cyanantetrone
Figure 1.4: Examples of spiroacetals 273-280 published by Brimble et al.”? between 2005 and 2007.

The following chapters will examine, in detail, the rationale behind the chosen nucleobase,
triazole and amino acid motifs. The syntheses of these hybrid molecules, in particular those
spiroacetal based hybrids, will be discussed and relevant examples will be illustrated.
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Chapter 2: Introduction: Nucleosides 2.1 Virus

As previously mentioned, the aim of this research is to synthesise spiroacetal-nucleoside
hybrids as potential antiviral agents or biological probes for broad phenotypic assays. In order to
understand the rationale behind the choice of nucleoside as the motif, we must first examine the

basics of virus.

124 Viruses and Diseases

Viruses were first identified in the late 19" century as ultra-small disease causing agents that
could only replicate within specific host cells. It was not until 1935 that the generalised picture of

viruses began to emerge due to scientific advances.’

2.1.1 The Structure of a Virus

Viruses are small (10-300 nm), diverse in size, shape and genome. In general, viruses
consist of a nucleic acid core encapsulated within a protein shell called capsid. The capsid may be
rod-shaped helical, polyhedral, round, or more complex in shape (as in the case of bacterial viruses or
bacteriophages) and is assembled from repeating subunit of identical protein(s) called capsomeres.
Viral genomes can be a combination of positive or negative, single or double stranded, linear or
circular, DNA or RNA. Some viruses carry unique enzyme(s) to aid their replication once inside the
host cells. In enveloped viruses, the capsid shell is further enclosed by a lipoprotein membrane

envelope containing antigenic viral glycoproteins for specific host recognition (Figure 2.1 ).1'3

virus (bacteriophage) b lipoprotein
05um | glycoprotein —0y —i—] membrane

bacterium
protease cleocapsid
reverse J viral
transcriptase nucleic acid

4

Figure 2.1: [a] Compérison of the sizes of an animal cell, a bacterium and a bacteriophage virus." [b] Generalised
structure of an enveloped virus.* [c] Electron micrography of polioviruses.5 [d] Electron micrography of Ebola

viruses.®

The information a virus carries differs greatly. The smallest viruses have only four genes
whilst the largest have several hundred, reflecting each unique pathway of replication. Nevertheless,
the genome encodes crucial viral specific coat proteins and enzymes to ensure its selective and
successful replication within a host cell.!
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2.1.2 The Replication Cycle of a Virus

Regarded as the simplest form of life, an isolated virus is
incapable of replication due to the lack of enzymes for metabolism
and ribosomes for protein synthesis. Once it invades a viable host
cell, it hijacks and exploits the host’'s biochemical pathways
(energy generation, DNA and RNA replication and protein
synthesis) and is often referred to as an obligate intracellular
parasite. Although the exact details may differ between viruses,
the replication cycle can be generalised into the steps described

below."?

[1] Entry into the Host Cell and Uncoating of the Viral Genome

The viral life cycle begins with the entry of the viral
genome into the host cell via various mechanisms. For an
enveloped virus, the viral lipid envelope fuses with the cell’s
plasma membrane and the viral capsid and genome enters the
cytoplasm. A non-enveloped virus enters the host by
encapsulation within a vacuole (endocytosis/vacuolar ingestion).
Subsequent fusion of the vacuolar membrane with an internal
membrane system such as the Golgi bodies or endoplasmic

reticulum releases the viral capsid and its genome.1'3

Vi
/

—~——nucleic acid

virus ©°§ %

&

— capsid

|I| Enter & uncoat

cell

N

- s

viral s ATATAA
nucleic acid [

|Z|Rep|ication Transcription

cycle of virus.!

L RNA
& v1r|r:1|
42 nucleic
N acid translatlon
\ / |
capsomeres |
& proteins |
Self- assembly |
& exit ‘
\ i Q/‘
e A |
2209 2% <5
Figure 2.2: Simplified replication

[2] Replication and Transcription of Viral DNA, Translation of Viral Capsomeres and Proteins

After the removal of the viral capsid by cellular enzymes, the viral chromosome commands

and re-programs the host cell to transcribe and translate the viral coating and surface recognition

proteins, as well as to replicate the viral genome.1

[3] Self-assembly and Release of Progeny Viruses from Infected cell

The viral capsomeres and chromosomes self-assemble within the cytoplasm and the progeny

viruses exit, either by lysing open the host cell or by budding from the cell surface. Bu

dding, like

exocytosis of a normal cell, involves wrapping the viral particle with part of the host's plasma

membrane embedded with viral recognition proteins. Unlike cell lysis, budding does not kill the host

cell.!

Apart from cell lysis, the host cell may also die as a result of viral interference with host

macromolecular synthesis (DNA, RNA and protein), changes in cellular activities (transcriptions and

protein-protein interactions), morphologies, plasma membrane physiologies (movement of ions and
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formation of secondary messengers to modulate cellular processes) and irreversible damages to the
host's genome.” Viral infection also triggers the host's immune system to eliminate the infected host

cells in order to halt the replication and spread of viruses.’

2.1.3 Prevalence of Diseases Caused by Viruses

Virus Group Virus Family Diseases (Causative Virus)

Adenovirus respiratory disease, gastroenteritis and conjunctivitis/pink eye (HAdV).

. cold sores and genital sores (HSV), shingles and chicken pox (VZV),
Herpesvirus

|. dsDNA retinitis and glandular fever/infectious mononucleosis (EBV, CMV).
Papillomavirus warts, cervical cancer (HPV).
Poxvirus small pox, cow pox (Orthopoxvirus).

Il. ssDNA I Parvovirus erythema infectiosum/rash (Parvovirus B19).

Ill. dsRNA I Reovirus diarrhoea (Rotavirus).

respiratory and gastrointestinal tract infections/common colds (HCoV),

Coronavirus SARS (SARS-CoV).

hepatitis C, cirrhosis, liver cancer (HCV), encephalitis (West Nile virus),

- : Flavivi ) . .
IV. (+)-ssRNA: avivirus haemorrhagic fevers (Dengue fever virus, Yellow fever virus).

serves as mRNA
polio (Enterovirus), hepatitis A (Hepatovirus),

Picornavirus
I vird respiratory tract infections/common colds (Rhinovirus).

Togavirus rubella (Rubivirus).

Filovirus haemorrhagic fevers (Ebolavirus, Marburgvirus).
V. (-)-ssRNA: Orthomyxovirus influenza A—C (Influenzavirus).
temty:;]lat(_e for mRNA P aramyXovirs measles (Morbillivirus), mumps (Rubulavirus),
synihesis y respiratory tract infections (RSV).

Rhabdovirus rabies (Lyssavirus).
VI. ssRNA-RT Retrovirus T-cell leukaemia and lymphoma (HTLV), AIDS (HIV).
VII. dsDNA-RT Hepadnavirus hepatitis B, cirrhosis, liver cancer (HBV).

Table 2.1: Clinically important viral groups, families and the associated diseases. ™

Despite their small sizes, viruses cause a wide range of diseases and an enormous health

problem worldwide (Table 2.1).

e > 2 billion people worldwide infected with HBV (Hepatitis B) including 350 million chronically
infected and at risk of developing liver cirrhosis and cancer.?

o 3% of world population infected with HCV (Hepatitis C) including 170 million chronically infected
and at risk of developing liver cirrhosis and cancer.’

e 40 million people infected with HIV (AIDS) and 3 million infected died in 2006 worldwide. "

¢ influenza caused 3-5 million cases of severe iliness per year in the world."

e emerging and re-emerging viral diseases such as Ebola, SARS and avian influenza continuously

threaten public health systems in the world."
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Chapter 2: Introduction: Nucleosides 2.2 Antiviral Therapy

The small sizes of viruses and their intracellular parasitic life cycle make viral diseases
particularly difficult to treat. Their massive rate of proliferation means a rapid, overwhelming and
deeply penetrating treatment is required to provoke a therapeutic response. However, the number of
viral-specific targets is limited as a result of the similarities between host-directed and virus-directed
processes. Hence, antiviral agents can potentially cause collateral damage to the uninfected cells,

thus limiting the agent's usefulness.>''

Without the mechanism for proof-reading and repair of
nucleic acid employed by eukaryotic cells to ensure the accuracy in replication, viruses (especially
RNA viruses) have a high rate of mutation which may give rise to a resistant strain that render the
antiviral agent ineffective.™ In vivo activity of the antiviral agent is often difficult to predict because

viral biochemistry is not yet fully understood.’

As a result of these drawbacks, the development of selective antiviral drugs has been
relatively slow. Only 7.7% of new drugs approved by regulatory agencies such as the FDA between
1981 and 2006 were antiviral. Of these 78 agents, only 41 agents are small antiviral molecules and

the rest were either vaccines or biogenic peptides isolated from an organism or cell line."™

2.2.1 Targets for Selective Toxicity

Selective toxicity towards the virus without harming the host is an important property for all
chemotherapeutic agents including antiviral agents. To achieve this, the agent must exploit the
biochemical difference between the infected and uninfected hosts and selectively target viral unique
molecules. Regardless how small the viral genome is, it encodes specific enzymes such as
polymerases, kinases and proteases which are critical to its replication cycle and maturation.
Inhibition of these enzymes selectively blocks the production of the viral nucleic acids and terminates
the viral replication. This is why all antiviral agents are only effective towards replicating viruses but
not against those at their latent stage. The following lists various stages of the viral replication cycle

that have been targeted by chemotherapeutic antiviral agents.?%''¢"

e Adsorption, penetration and uncoating (e.g. amantadine and rimantadine).

e Various stages of nucleic acid replication involving viral specific enzymes such as kinases,
polymerases, integrases. Most antiviral agents target this step (e.g. nucleoside analogues).

e Translation of viral MRNA (e.g. interferon, fomivirsen).

e Post-translation modifications and maturation. In HIV, viral proteases cleave larger protein
precursors into smaller functional units after self-assembly (e.g. saquinavir, ritonavir).

o Release of virus progeny (e.g. zanamivir and oseltamivir inhibit the spread of influenza by

inhibiting neuraminidase which segregate and disperse viral particles for further infection).18
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Chapter 2: Introduction: Nucleosides 2.3 Nucleoside Analogues

Viral replication is the most vulnerable point for inhibition and provides the required
differentiation due to the slow replication of mammalian cells. Nucleoside analogues are an important
class of antiviral agents which imitate their naturally occurring counterparts as substrates for viral
nucleic acid processing enzymes such as polymerases and kinases. With their structure manipulated
appropriately, nucleoside analogues inhibit viral replication by terminating the elongation of the nucleic

acid chain. Many clinically significant antiviral agents belong to this class.”®"”

2.3.1 Nucleosides, Nucleotides and Nucleic Acids

The basic structure of naturally occurring nucleosides 282 consists of two parts
(Figure 2.3):"""

e A furanose sugar—either deoxyribose (2-deoxy-p#-D-ribofuranose) in DNA or ribose (fD-
ribofuranose) in RNA. The furanose supports the important 4'-hydroxymethyl and 3'-hydroxy
group for elongation.

e A heterocyclic base at the 1’ position—either a purine (adenine and guanine) or a pyrimidine
(cytosine, thymine and uracil). The base is linked to the furanose through a fN-glycosidic bond
(N9 of purine and N1 of pyrimidine). Adenine, guanine, cytosine and thymine are found in natural

DNA nucleosides, whereas uracil is found instead of thymine in RNA nucleosides.

The furanose acts as a scaffold to present the 4'-hydroxymethyl group and 1'-heterobase in a
1,3-syn conformation for the recognition of nucleic acid processing enzymes. The glycoside also
supports the 3'-hydroxyl group as an attachment to the phosphate group of the next nucleoside unit

during nucleic acid polymerisation.""’

HO heterobase R2 0 NH 2 NH
° NH 5N N NH N~TSIN

N’ heterobase _ 5 f\ < < I
7 G G, X ()

; "base" |
OH R
282a DNA: R' = OH 1) R2 =
uracil (U): R“=H, . . .
Rl =
bRNA: R!' = H thymine (T): R? = Me, cytosine (C) guanine (G) adenine (A)

Figure 2.3: Structures of natural nucleosides 282: uridine, thymidine, cytidine, guanosine and adenosine.

Nucleotides 283 are 5-phosphate esters of nucleosides 282 and are obtained by intracellular
sequential phosphorylations of nucleosides 282 under the control of kinases (Scheme 2.1a). The
resulting triphosphate chelates metal ions in kinases and polymerases, and anchors the nucleotide
correctly to the enzyme. The high energy stored within the triphosphate also drives the nucleic acid

polymerisation, a highly favourable hydrolysis controlled by polymerases. They mediate the formation
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of phosphodiester linkages between the 3'-hydroxyl of the growing nucleic acid chain and the next free

nucleotide that has lined up due to the complementary base-pairing (Scheme 2.1b).

1,17

E] base ﬁ ﬁ PI
HO 5 phosphorylation ‘0O—P—0—P—0—-P-0 base
o by kinases I I I 5 o
—_— (0] (0] (0]
nucleosides EE— nucleotides
.
OH R' 282R'=OHorH 283R"=OHor H OH R’
- '.'H,"H'
[b] A _phosphodiester hydrogen bond
’ O\ .-x ;
Oy /7 v linkage ; ",
5' - HN—H-""- 0 (
:< >_N (0] oviidi \3,
, N—H"""" N yidine
growing NN\ \_// o
DNA S o SN
chain N O~ HTNH P2
e O O
/=N
—H o)
3\ NTHTNS 7/ )N adenosine | pNA
—=
ey — 3 template
S o) NH N o P P
! catalysed by o O/ QO
:polymerases il
: 0-P=0~ .
O S OO < " )N 1
5
free nucleotide: 0, o--"H=NH N~ o P
thymidine “Px 5
triphosphate HO O/ o
/
e,

Scheme 2.1: [a] Sequential phosphorylation of nucleoside 282 by kinases gives nucleotide 283 (nucleoside

triphosphate).17

[b] Nucleic acid is formed from polymerisation of nucleotides 282 joined together by

phosphodiester bridges between 5’ and 3’ of neighbouring furanoses. The formation of these linkages between

the free 3"-hydroxyl of the nucleic acid and the 5'-phosphate of the next nucleoside triphosphate is catalysed by

polymerases and pyrophosphate (P2074") is released as a by-product.

complementary base partner (C—G, A—T/U) by hydrogen bondings (complementary base pairing).

2.3.2

Nucleotides recognise their
1,17

Basic Structure of Nucleoside Analogues

As substrates for polymerases and nucleic acid replication, nucleotide analogues are rarely

used as therapeutic agents because they are too polar to cross the cell membrane to the site of viral

replication. On the other hand, nucleoside analogues are useful prodrugs that are actively taken up by

the cells and activated by kinases.
occurs when this phosphorylation is preferential i.e. the antiviral agent has

higher affinity for viral kinases leading to the accumulation of the activated
2,3,16,17

agent within the infected cells.

Selectivity towards the infected cells

HX  base
284
SN
HO
b Y
glycoside/
spacer

The generalised structure of nucleoside analogues 284 consists of a

hydroxymethyl group, a spacer and a heterocyclic base (Figure 2.4).

hydroxymethyl group is crucial for the intracellular phosphorylation whereas

Figure 2.4: Generalised

The structure of nucleoside

analogues 284.
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the furanose is not strongly recognised by enzymes and merely acts as a spatial scaffold (spacer) to
present the hydroxymethyl substituent and the heterocyclic base in the required orientation. Interplay

between the spacers and bases provides an enormous opportunity for potential antiviral agents.17

2.3.3 Examples of Clinically Used Antiviral Nucleoside Analogues

Most activated/phosphorylated nucleoside analogues are inhibitors of polymerases and
nucleic acid chain terminators. Selectivity towards viral infected cells is achieved by higher affinity of

the agent towards viral kinases and/or viral polymerases as observed in the following examples.?*'"

(a) Acyclovir or 9-(2-Hydroxyethoxymethyl)guanine (ACV, 288)

Acyclovir'® (288) is an acyclic guanosine analogue that is highly selective towards HSV (cold
sores and genital sores) and VZV (shingles and chicken pox). 288 is preferentially phosphorylated
and accumulated within the viral infected cells due to its high affinity towards viral thymidine kinase.
The resulting acyclovir triphosphate is a highly potent inhibitor of viral DNA polymerase. Once
incorporated, it terminates the elongation of the DNA chain and halts viral replication due to the lack of
the 3"-hydroxyl group for the attachment of the next nucleotide. Several other acyclic guanosine
based analogues (e.g. ganciclovir®, valaciclovir’' and famiciclovir’’) have been approved clinically

with similar efficacy but improved oral availability and pharmacokinetics for lower dosage.>*"*'"**

Acyclovir (288) has been involved in an on-going patent-war since its discovery. Many
syntheses had been described with variable yields and drawbacks particularly at industrial level.?* In
Cabri’'s (Secifarma) process,25 guanine (285) was silylated by TMSI (HMDS + 1) in situ which also
acted as a catalyst for the subsequent N-alkylation/nucleosidation under Vorbriiggen conditions to
give N9-guanosine 287 regioselectively under thermodynamic control. Subsequent deacetylation of

287 yielded acyclovir (288) in excellent yield.

o (0]

(@ Acyclovir
a
N _ = N (b) (288) N
NH NH . —_— NH
</ | /)\ ACO\I/ OAc AcO </9 | /)\ N7 regioisomer HO g | /)\
N
NN N N j/o\'f NH; j/o\l Wz
285 286 287

Reagents and conditions: (a) i. HMDS, cat. BusNI, xylene, reflux, 8—12 h; ii.286; iii. MeOH, 95% (N9:N7 99:1); (b) NaCOH, H,0,
80%.

Scheme 2.2: Total synthesis of acyclovir (288) by Cabri’s (Secifarma) process.25
(b) Zidovudine or 3'-Azido-2',3'-dideoxythymidine (AZT, 292)

AZT?® (292) is an anti-HIV thymidine analogue. After phosphorylation by cellular kinases, AZT

triphosphate is a highly specific inhibitor towards viral reverse transcriptase (RNA-dependent DNA
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polymerase) which converts viral RNA into proviral DNA before its integration into the host's genome.
AZT triphosphate terminates the replicating viral nucleic acid chain due to the lack of 3'-hydroxyl
group—a structural feature commonly found in anti-HIV nucleoside reverse transcriptase inhibitors
(NRTI). Mammalian DNA polymerase is relatively unaffected by AZT (292) but the sensitivity of

mitochondria DNA polymerase caused many of the observed side effects.>*'®""%*

Czernecki and Valery”” described an efficient synthesis of AZT (292) starting from
thymidine 289. Double Mitsunobu reaction transformed thymidine 289 to protected 2,3-anhydro
derivative 290 under one-pot/two-step conditions. Subsequent ring opening of 290 by LiN; and
deprotection under basic conditions gave AZT (292). This process efficiently substituted 3'-OH with 3'-

N3 with overall retention of configuration proceeding via activated intermediate 290.

0 Ar 0
N|/u]/ Me HN)jj/ Me (292 iy | Me
HO~_ O PO o)\ N (b) PO O)\N ©) HO o)\ N
0 ,o: 0 0
20
289 291

OH P= p-MeOC6H4CO Ns N3

Reagents and conditions: (a) i. p-MeOCgH4CO,H, DIAD, PPhs;, DMF, rt, 15 min; ii. DIAD, PPhs, DMF, rt, 30 min, 86%; (b) LiNs,
DMF, 125 °C, 5 h, 90%; (c) NaOMe, MeOH, rt, 12 h, 94%.

Scheme 2.3: Total synthesis of AZT (292) by Czernecki and Valery.?’

There are four principle methods to synthesise nucleoside analogues (Scheme 2.5). All are

based on the disconnection of the N-glycosidic bond between the heterobase and glycoside. The

following section will discuss these strategies and selected recent examples will be summarised.?*?%%

poo” Yy G + base(TMS), base(TMS), * PGo/\:/o]

\ base
= \ ; idati N XY \
X=N, % Nudeosidatonunder <—— po” "> = Electrophilic Addiion
OorS Vorbriiggen conditions y ;
OH X LG +M*base™
base-H + PGO/\,/\.I/ &@ % Pco” Y~ hd
“..-" Mitsunobu Reaction Metal Salt Procedure  ™----* X=C,N,OorS

Scheme 2.4: General methods for the synthesis of nucleoside analogues.?®

2.4.1 Nucleosidation under Vorbriiggen Conditions [A]

Nucleosidation under Vorbrliggen conditions «is_ frequently applied to. the synthesis of

23,2829

nucleoside analogues and has been extensively reviewed. Under the influence of a Lewis acid

80!
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such as TMSOTf or SnCl,, oxonium ion 294 is generated from glycoside 293 that bears a leaving
group (usually acyl) at the anomeric position and is subsequently trapped in situ by a persilylated base
to yield nucleoside 295. This coupling is usually not stereoselective unless the neighbouring 2'-acyl
functionality participates in the formation of the oxonium ion and/or facial discrimination taken place by
steric hindrance. This strategy is not applicable to molecules such as carbacycles that do not possess

a fheteroatom, which was required for the generation of oxonium ion.2>?®

PGO/\/ v Lewis acid PG O/\/ . [LG-Lewis ac.d] base(TMS), pao” Yy X~y base
: N — Pl
293 .~ X=NOorS 204 N/ 205 ...’

Scheme 2.5: Coupling of glycoside 293 and a persilylated base in the presence of a Lewis acid.?*?®

Entry Glycosides/Spacers Heterobases Conditions Products and Yields
o O b
T wOhe T(TMS),, ®A(TMS),,  TMSOTS, MeCN, . abase
g 206 OAc G*(TMS), 0°Cort, 2h. 61 00% Ohc
AO R= NHTMS base
Pars[czr]1 and 298‘k27’0Ac Fi T2 TMSOTE DCE, 1t 299 w
allyl 9
Engels®’ S e )I\J\ 1d. 46-83 /o o
AcO OAc TMSO~ N~ “OTMS
O _OMe
(3] B0 T(TMS),, TMSOT, MeCN, B20 transscis)
i % -1550 °C, 2 h. 301
Ewing et al. 300 U(TMS), 65-70%
4 examples se
BzO F3 2 o
% oy WOAC RZ\(EN Et Tp?n' SnCl,, MaCN, :03 OBz, h
Mirand etal®®* | R'=H,0Bz ) | ' -25°C, 3 h. = 5.8 R
R ‘, 0, (0) R
BzO R' N/)\OTMS 7690% oty B2

R'=H,R?="Pr, 67% (B:2 2.5:1)

TBDPSO
Yo
304 \

T(TMS)z, U(TMS),,

TiCls, CH2Cl,, 0 °C,

TBDPSO
305 br base
52-93%

Bz, 5F
_ B C(TMS),, " U(TMS), 3h. h
(5] R = Etor Ac CF3P(S)(OR )2 (B>a) CF2P(S)(OEt)2
Yoko;rllgﬁsu et RO o 307 ROWA
. 306 OEt R = Bn,
R=Bn, \ BZA(TMS), S"C:“é_“gi%’.\" b 4o (fa16:1) \
H R = TBDPS, =
TBOPS  CFP(SXOE? % (pow 114y CFP(S)OELR
TBDPSO > Y
(6] TBOPSOTY o Moo T(TMS),, UTMS),, TMrSe?LE, qﬂﬁCN’ o607 base
Chiacchio et C(TMS),, *F U(TMS),, o, 309 0
— A: TMSOTf, MeCN s = (+25-34%
al W T oMy ATms), A TMIOTEMOCN - agagy = (I
MeXMe Me><Me 5'-epimers)
. 311 MO
[7] T(TMS), SnCls, MeCN, 54% after
Wengel et al.® reflux, 3 h. debe nzoylation
312 OnOMe 6 TMSOTf, MeCN, rt 313
ﬂ 2C(TMS), an 83% ﬂ
BnO “ . . . ‘o
i8] oAc (Pra i) BnO OAc
Chun et al.¥’ B
O +OAc 315 0.%C
314
r e, TIOR3
BnO (& “0Bn (B:a 2:1) BnO “OBn
BnO BrO T
9] O OMe TTMS) TMSOTF, MeCN, 317 oy
Nielsen et al.*® 316 RO 2 70°C, 1d. 40-68% RO

BnO OAc
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TMSOTf, DCE,
U(TMS),, reflux, 1 h.
N3 , N3 base
< [10] ) 318 O OAC C(TMS),, (U: TMSOT, 3 w
ozner an N BZA(TMS),, CHClz, rt, 3 h,) I N
TBDPSO OAc G*(TMS), (A: SnCly, rt, MeCN, TBDPSO™ ° OAc
30 min)
AcO ™S, A 321 AcO /=N
OAc N" TN SnCly, DCE, rt 0 N
11 w A ., DCE, t, 0% Oner N
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334a AOTY 0. .0Ac 33/a  AOTY o
R, = OAc, 1 R,=OAc, () e2-70%
R?=Me  R'm_/ U(TMS) TMSOTf, MeCN, | R*=Me  Rad_/ )
334b , R oA 2 reflux, 4 h. 3350 R oac &)
R' = OH, R? = CHN3 R'=OTMs, R? = CH2N3
[16] 334c R'= OAc, R%= CHN3 335¢ R'= OAc, R2=CH2N3
Mandal et al.*®
336a  AcO ! :o: OAC AcO U
R, = OAc, 0
R®=H Rl / U(TMS), TMrSe(f)IJ;’ Z"‘;CN' 337a,b
336b R2 bAC ’ ) 62—-70% N z
1 2 > OAc
R’ =Me, R” = OAc
(171 MsO \@,T BZA(TMS) MsO\@,base
> 2, 339 R
— TMSOTf, DCE. —
Ravn et al.¥/ MsO ., G*(TMS), ’ MsO— —,
338 B0 NHCOCFs 57-58%  BnO NHCOCF3
O ,OAc O« base
[18] TBso/\Q' T(TMS), TMSOTY, MeCN, t, TBSO/\Q‘
g 48 __ X 2 h. 341 — B>a)
Alibés et al. 340 EF 6-CP(TMS), 67-85% B
1 Boc TMS R = H,
sh rEkg ] h AcO. N[ OT R\, MesH, ~ TMSOTforSnCl, HN_< Ngon 3¢
ashikgnth et W )\ cl, Br MeCN, 0 °C, 16 h. ‘( 52- gfte/r
' 342 s OTMS deprotections
0
[20]

Kim and Hong®

OAc
TBSO _ﬁ 344
TBSO M

e

T(TMS),, U(TMS),,
C(TMS),, 6-CP(TMS),

TMSOTf, DCE, rt,

2h.

(0]

base 345
TBSO_ﬁ 34-64%
TBSO Me (Bt

e

Table 2.2: Selected examples of nucleosidations under Vorbriiggen conditions. Silylations of bases are omitted

for simplicity. Examples from pyran and spironucleosides are discussed separately in Session 2.5 and 2.6
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2.4.2  Electrophilic Addition [B] |
o o) o® O._ba

pco” Y ] v©® PGO/\;‘/ O == PGO/\E/ 1 ] base(TMS) PGO/\/ \J: se
346 ... 347 Moy aph geph, | 38 SNy 39 N

Scheme 2.6: Synthesis of nucleoside 349 from glycal 346 and persilylated base in the presence of an

electrophile.23’28

Activation of glycal 346 by a electrophilie such as NIS, I,, PhSCI or PhSeCl generates the
bicyclic cation 347, which is subsequently trapped in situ by a persilylated base to afford #substituted
nucleoside 349. Stereoselectivity can only be achieved when the electrophilic addition is facially
selective and equilibrium to oxonium ion 348 is insignificant. This strategy is less commonly used than

other approaches.??#

Entry Glycals/Spacers Heterobases Conditions Products and Yields
o
o) / PhSeCl, AgOTf,
;;/\) U(TMS), benzene, rt, 40 min 51%

(11 o 350 0 SePh
Kasson and
Castillon®’ BnO—\ o PhSeCl. AQOTS Bro

eCl, AgOTH, 353
}j U(TMS), benzene, rt, 20 min }_7, 65%
BnO 352 SePh
TBSQ TBSQ,

2] - o 355
Dong and / T(TMS), NIS, CH.Cl,, rt, 1 h 76%
Paquette® 354 (a:f 3:1)

TESO TESO |
TBSO, 357 52-53%
R =SePh, |
PhSeCl or NIS,
T(TMS), MeCN. 0 °C. 1 h (+13%
3] ’ ’ phenylseleno/nodo
TBSO 356 TBSO R a-isomer)
Dong and
Paquette® t8Ussi—O 'Buzsi—)°
L s T(TMS),, PhSeCl, MeCN, 0 °C, L sjese 359
/ U(TMS), 1h 63-71%
o 358 O  SePh
Table 2.3: Selected examples of the nucleosides synthesised by the electrophilic addition.
2.4.3 Metal Salt Procedure [C]
X LG X base
~ ~
PGO/\:/ i +M'basew  —[M'LG] PGo/\:/ :.
360 “.___.- X=CN,OorS 361 oot

Scheme 2.7: Synthesis of nucleosides 361 from glycoside 360 and the metal salt of a heterobase.”*?

In most cases, the nucleophilic metal salt of a heterobase reacts with glycoside 360 bearing a
good leaving group such as Cl or Br via Sy2 type displacement. The stereochemistry of the

nucleoside product 361 is determined by the nature of the glycoside precursor which can be a carbo-
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or hetero-, cyclic or acyclic molecule. Although operating through a different mechanism, this category
also includes palladium-catalysed allylic substitutions and nucleosidations mediated by mercury.
Inorganic mercuric salts (such as HgBr,, HgCl, and Hg[CN],) generate both the mercuric-heterobase

complex and the oxonium ion from the glycosyl halide, which was required for the coupling

reaction.”*?®
Entry Glycosides/Spacers Heterobases Conditions Products and Yields
" R' R? A =N, CH H
TBSO N N R'=TBs, N.base

(1] /\(_7 A )N\ Bn, CH20Bn Buli, anisole, Et;0, TBSO

Tyler et al.®* N -70 50 °C 363 sz
—789
362 Me™<Me Br s R2 = OMe, OBn 6 2:1alz)(;fes ng%e
R”=H, NHz, NBn2, OBn
2] ¢F R2= o Meo
MeO cl base
Mirand et \I/O\I f\ ; Nal, CH.Cly, reflux, 4 h \I/O\I
al® 364 ,& Pr

365 63-80%

[3] BzO BzO
Kim and BzO/%L adenine KQCOZoﬁ-sc rng rg?{ o Bzo%//*
55 r ’ r
Jacobson 366 o OTf 367 o 76%

4 Rye] LiH or NaH, DMF, 140 °C, OH
[4] BnO’\Q_: S d o 2L
thymine ’
Llﬂ:ikerasgd 368 S y or EtzAl, THF, ultrasound, !
BnO\ rt, 12 h, 369 BnO\\‘ 40-46%
(] /\PI:BF ; : 8 analogues base
thymine, uracil,
i . . Cs,CO3, DMF, rt
Iﬂm ar;;j TBSO F cytosine, adenine 203 TBSO F
ong Me 370 371 Me 28-37%

BnO
[6] ;_<>... OMs 3-N-(4-methoxybenzyl)-5-  K,COs, 18-crown-6, DMF, /_Sz
Liotta et al.?® Y fluorouracil 120 °C <>

ota R=F,Me g 372 373 Y NPIVIB
53-62% R

7] A2 Br B adenine K>CO3, DMF, 100-105 °C "2 base
Zhou and AcO v 2-amino-6-ch|or’o urine TR 5-35h Y Ao = 58-67%
Zemlicka™ AcO 374 P o 375 AO (ZE ca 1.51)

BnO . BnO
[8] BnO Br Br adenine, K»COs, DMF, 1t, 6-7 h, then | g0 __ Jbase
Zhou et al.%° 376 2-amino-6-chloropurine 100-105 °C, 3-4 h 54-58%
F

377 F (Z:E ca. 1.9:1)

Pd-catalysed allylic substitution

. . cat. Pd(OAc),, PPhs, THF, \Z/—_\<
9] 2-amino-6-chloropurine DMSO, 0 °Crt, 18 h
Miller et al.®! o@ 378 379 81%
0
(o] thymine, uracil, i. NaH (A: Cs,COs), DMSO,
Q OAc 5-bromouracil, 30 min, 80 °C—rt; 381 O base
Schmalz et v . . o ¥
al 62 E 4-N-benzoylcytosine, ii. cat. Pd(PPhs)s, PPh;, THF,| 46-74% =
o 380 Adenine 50-80 °C, 16 h SN
Mercuric salt-mediated nucleosidation
B2C(TMS),, BA(TMS),, HgO, HgBr,, toluene, /\g
/\(_Z G*(TMS), 80-90 °C, 2-5 h 383 i
CFzH 31-65% RO
[(11]
Piccy et /\g i. HBr (30% in AcOH)

g base
75°C, 4 h *
B2C(TMS),, U(TMS), . . ' 385 /\Q

ii. persilylated base, HgO,
CFZH HgBr,, benzene, rt, 3d 48-55% B0 CFZH

Table 2.4: Selected examples of nucleosidation using metal salt procedures.
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2.4.4 Mitsunobu Reaction [D]
PGO/\,/\./OH + baseH DEAD or DIAD pGo/\/\( base ?l N/002R -
E ; PPh ; “Ng ) _
386 hhbie ' . 387 \.__/ ROzC/ PPh; R =Etor 'Pr
23,28

Scheme 2.8: Synthesis of nucleoside 387 from glycoside 386 and heterobase by Mitsunobu reaction.

The Mitsunobu reaction® directly couples a heterobase with glycoside 386 bearing a hydroxyl

group. Betaine 388, generated in situ from a dialkyl azocarboxylate and a phosphine, deprotonates

the heterobase while the hydroxyl group of the glycoside forms a triphenylphosphonium adduct. This

adduct triggers the Sy2 substitution of the hydroxy group by deprotonated heterobase forming

nucleoside 387 with inversion of configuration.

glycosides and has become increasingly popular in recent years.

23,28

This reaction is commonly used for the carbo-

Entry Glycosides/Spacers Heterobases Conditions Products and Yields
1] OTBDPS adenine PPhs, DEAD, THF, rt, OTBDPS
Huet et al.® 389 IE( 3-N-benzo Ith’ mine 20h 390° IE(
u : OH zoylthymi (A: 7 d) 60-94% base
OTBDPS . OTBDPS
[1] adenine, PPh3, DEAD, THF, rt,
65 — N f 2d 392 p—
Huet et al. 391 OH 3-N-benzoylthymine 48-67% base
1_ n, 395 55-94% =N
[2] 3923 R =0Bz, B ‘\\OH Jl,/ r
M ; R“=N3 R'O 6-chloropurine PPhs;, DEAD, THF, N 74 \
a:}uez e 394R" = OBn R 0°C—rt, 18 h R1 NS/
R2=0TBDPS R R
BnO oH R Q BnO base
3 w PPh3, DIAD, MeCN, o
Mei el 396 b I)\NBZ 40°Co>rt, 16 h 397 _‘O st
eier et al. R R = Me, F, ,g -t & after
BnO (E)-bromovinyl H o BrO  debenzoylation
[4] Me, © o . PPhs, DIAD, THF, t, 399 :>—/
Dahl et al.¥” 398 X 3-N-benzoylthymine 18 h 61% M
Me O
after debenzoylat|on
W adenine, base
51 AcO 1 CH ! PPh;, DIAD, THF, AcO
Audran et - 6-chloropurine, 0—40 °C. 16 h —
al.® 400 Me” 75 2-amino-6-chloropurine ’ 401 Me” 75 53-66%
6 Me O o . Me, O o)
y h[ ] t X 6-chloropurine, PPhs, DEAD, THF, tt, X
0s |r|'nurae Me O ., 3-N-benzoylthymine 1-3h 403 Me O
a 402 HO SPh 52-83% phs’  hase
[71 BnQ,
_ o \'—<>"'OH 3-N-benzoyl-5-fluorouracil  PPhs, DEAD, THF, rt L<>—
Liotta et al. 404 405 NBz
30%
(8l 406 3-N-benzoylthymine, PPhs, DIAD, DMF, 0 °C, base
Hostetler et (EtO)z(O)P/_\=/_ OH  3.N-benzoyluracil, adenine, 2h (Et0)A0)P
al”® 2-amino-6-chloropurine  (purines: 0 °C—>rt, 18 h) | 407 42-81% after debenzoylation
TBDPSO 3-N-benzoylthymine, TBDPSO
9] S AN yEnymir PPhs, DEAD, THF, rt, S
7 -N-benzoyluracil, 18h 409
Moon et al. 408 w—, 6-chloropuri 62-88% W
F OH purine S base
[10] HO ; base
i adenine, j
Li and —|>=HP(O)(O'Pr)2 2-amino-6-chloropurine Ppg i’CD_E:‘ Ez‘BT: - 411 —|>=HP(O)(O'Pr)2
Zemlicka 410 P ’ 47-87% 4 analogues

Table 2.5: Selected examples of nucleosidation using the Mitsunobu reaction.
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All natural nucleosides contain a five-membered furanose to hold the 1'-heterocyclic base, 3'-
and 5'-hydroxy group in a defined spatial orientation. However, furanose merely acts as a scaffold
structure and is not strictly recognised by enzymes (see acyclovir and its analogues). As a result,
modifications to this glycoside unit generate a large range of nucleoside analogues. Small
modification to the heterocyclic base is possible, but due to the neatly tailored base recognition
processes, there is limited scope for such variation without damaging the hydrogen-bonding elements

and the electronic effects within the nucleobases.'*2°73

Compared to the number of furan-based analogues, pyran-based nucleosides are less
common due to the diminished conformational flexibility which is important for enzyme recognitions.
Nevertheless, steric and electronic fits can be achieved between the six-membered ring substrate and
enzyme. As a result, a number of the pyran-based nucleosides have been synthesised and evaluated

for their potential antiviral (or anticancer) activity and as building blocks in nucleic acid synthesis.?*">"

Herdewijn et al.”® synthesised mannitol nucleosides 415 as potential anti-herpes agents and to
increase the understanding of the structure-activity relationship (SAR) of hexitol nucleosides. The
synthesis started with the transformation of protected glycoside 412 into epoxide 413 and the ring
opening of 413 by metal salt displacement yielded uridine 414. Subsequent functional group
manipulations of 414 gave nucleosides 415a—d (Scheme 2.9). Antiherpes activity was observed for
uridine 415b [ICso(HSV-1) = 150 pg mL™, 5-iodouridine 415¢ [ICso(HSV-1) =7 ug mL™",
ICso(HSV-2) = 70 ug mL™"] and cytidine 415d [ICs(HSV-1 and HSV-2) =70 pg mL™, ICso(VZV and
CMV) =10 ug mL™.

415 a: R = uracil,
R?2=0H,R3=H
o o . o o) b:R'= uraC|I
a)- _ 2 3=
)\ ‘ ’ (@-b) m )\ 4steps R?=H,R%= OH
Ph oV ' 5Tol Ph o\\“ 'u,é o™ v U 27 73% HO\\ R' € R2 5- |odc§uraC|I
412 OH 413 414 6 RT=HR™=0H
d: R = cytosine,
R2=H, R®=OH

Reagents and conditions: (a) TsCl, cat. DMAP, NEt;, CH,Cl,, rt, 83%; (b) NaOMe, MeOH, dioxane, 50 °C, 81%; (c) uracil,
NaH, DMF, 120 °C, 69%.

Scheme 2.9: Synthesis of mannitol derived nucleoside 415a—d by Herdewijn et al.”®

Wiessler et al.” synthesised monosaccharide-linked nucleoside analogues 421 as potential
inhibitors of the suicidal human DNA repair protein, O°-methylguanine-DNA methyltransferase (MGMT)
which desensitised the tumour cells against alkylating therapeutics. The analogues were prepared in
three steps: glycosylation (attachment of the glycoside—heterobase linker), nucleophilic substitution

(attachment of the heterobase to the linker), and deprotection (Scheme 2.10). Variation of the linker
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and heterobase resulted in the preparation of nine nucleosides with anti-MGMT activity (ICso = 0.03—
25 uM).

R2 = 4-bromothenyl, Bn

OR? 1
416 OR' HOy yBr 418 OR' N 410 OR 9 analogues
0 417 \ /n . § o AT \)N\ R'Q 2 o base prepared
R’ ——> R . Z
Q Br o] e OHnBr ” NN R'O ‘H’n

R'O e (a) R'O 2 OR'
— =
n=2 4,6, - 420: R' = OAc, OBz
R1 =0Ac, 0Bz 8,10, 12 (b) A=CHN 421: R'=H 4——, (C)

Reagents and conditions: (a) 417, TMSOTf, 4 A MS, CH,Cl,, rt or AgsPO,, 3 A MS, MeNO,, rt, 10-62%; (b) 419, LiH, 4 A MS,
DMF, 80 °C, 15-37%; (c) NaOMe, MeOH, rt, 63—99%.

Scheme 2.10: Synthesis of pyran-nucleosides 421 as potential anti-MGMT agents by Wiessler et al.”®

Banwell et al.”” prepared glucose- and cyclitol-base nucleosides 426 and 430 as novel
analogues of the anti-viral agent showdomycin.78 Nucleosides 426 and 430 were synthesised with the
following key steps: epoxidation, indium-catalysed ring opening by pyrrole 424, deprotections and
finally, oxidation of pyrrole to maleimides 426 and 430 (Scheme 2.11). Unfortunately, both
nucleosides 426 and 430 failed to show any anti-viral activity and their nephrotoxicity (ICsq =5 uM)

hampered their exploitation as therapeutic agents.

“, NTIPS
BnO e BnO 0

W\ —_—

BnO BnO
422 OBn 423 OBn
R
Me, O Me, O 3
>< (©) ><
Me O Me O
427 Br 428 Br

429 Br
Reagents and conditions: (a) DMDO, CHyCl,, 0°C, 1h; (b) 424, cat. InCl;, CH.Cl;, 0 °C—rt, 19 h, 37% over 2 steps;

(c) m-CPBA, CH:Cly, 0 °C—rt, 15 h, 90%; (d) 424, cat. InCls, CHxCl, rt, 5 d, 54%.

Scheme 2.11: Synthesis of glucose- and cyclitol-based nucleosides 426 and 430 by Banwell et al.”’

Peseke et al.”

synthesised novel iso-C-nucleoside analogues 441-446 as potential antiviral
agents. The synthesis began with the transformation of epoxide 431 to aldehyde 432 which, in turn,
served as a precursor for ynone 433 and vinyl nitrile 438. Addition-cyclisation of hydrazines,
amidinium salts or 2-aminobenzimidazole to ynone 433 yielded pyrazoles 434, pyrimidines 435 or
fused heterocycles 436, respectively. Alternatively, vinyl nitriles 438 reacted with elemental sulphur in
the presence of triethylamine to give aminothiophenes 439. 439 were then treated with triethyl
orthoformate (and ethanolic ammonia for R* = CN) to afford thieno[2.3-d]pyrimidine and thieno[2.3-
d]pyrimidinones 440. Subsequent deprotections of selected analogues in 434-436, 439 and 440

yielded iso-C-nucleoside analogues 441-446 (Scheme 2.12).

46



Chapter 2: Introduction: Nucleosides 2.5 Pyran-based Nucleoside Analogues

~\-0 ~\"0 OBn pr” N O
Ph o o A 3 steps o O 2 steps Ph/T Ogn —@ 5, g O
431 38% SN 48% 433 RE= H Mo, y
OMe 432 OMe o OMe (CH22OH 434 OMe
e 4 analogues
c
Ph/voo 8] ‘(/P | | R! = H, Ph %
Ny R3 = Me,
OMe R' Ph, SMe
N , ,
436 NH;
R 2 analogues R 6 analogues
N
@ pr” IO\ OB @ h N0 (f)—(g) Ph N0\ 98 ;" f ()
e} =CN 0] ZN
432 —> =
R >en 438 (f) . o NH2
437 OMe 4?9 OMe R4 = CONH,, R 5;
R*=CN, | analogues CONHPMB 440 \ NRs
NH, 3 analogues RO=H.PMB o

HO.
(0] OMe
OBn

OH/ %

e~
N NH2

445 | 446 CN
NS
HoN N

Reagents and conditions: (a) R°NHNH,, MeOH, rt, 1 h, 73-90%; (b) R’*C(NH,)=NH,"X", Na,CO;, EtOAc—H.0, reflux, 24 h,
40-95%; (c) 2-aminobenzimidazole, MeOH, reflux, 2 h, 33-40%; (d) 437, Al,Os, toluene, rt-reflux, 1 h—1d, 70-90%; (e) Ss,
NEts, DMF, rt, 15 min—12 h, 45-85%; (f) (EtO)sCH, reflux, 1-7 h, 56—-65%; (g) NHs;, EtOH, reflux, 2 h, 50% over 2 steps.

Scheme 2.12: Synthesis of pyran-based iso-C-nucleosides 441-446 by Peseke et al.”

Van Aerschot et al.®° developed potential hexitol universal nucleosides that “paired equally
with all four natural bases” after their incorporation into oligodeoxynucleotides, to solve problems
caused by the degeneracy of genetic code or incomplete peptide sequence data. The synthesis
started with the Sy2 displacement of tosylate 447 by the sodium salt of the heterobase to afford
nucleosides 448. Subsequent removal of benzylidene, tritylation and phosphitylation afforded

phosphoramidites 449, ready for the standard oligonucleotide assembly procedures (Scheme 2.13).

= O5N
447 448 base 449 bce base = ©2 =
fo) ( ) a—e o a,c,e \N
a
LT e g 5]
0o—\"0 0—-0 DMTO

Ph Ph o MeOC— > Hch—r \>
—p

NC P 5 Ny
~" 0" NPy, o .

Reagents and conditions: (a) i. base-H, NaH, DMF, 60 °C, 1 h; ii. 447, DMF; 70-110 °C, 6-60 h, 52-82%; (b) NH3, MeOH, rt,
3 h, 86%; (c) AcOH, H,0, 70 °C, 1 h, 83-87%; (d) DMTCI, pyridine, rt, 2 h, 77-97%; (e) PCI(OCH,CH,CN)[N(Pr).], DIPEA,
CH,Cly, rt, 15-45 min, 40-89%.

3%/2 P

Scheme 2.13: Synthesis of potential hexitol universal nucleosides 449 by Van Aerschot et al.%
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.74 synthesised fluoro-ketopyranosyl nucleosides 453 and 454 as potential

Komiotis et a
antiviral agents. The synthesis began with the transformation of furanose derivative 450 into
pyranose 451 followed by the nucleosidation under Vorbriiggen conditions to afford protected
cytidine 452. Further functional group manipulations gave fluoro-ketopyranosyl nucleosides 453 and
454 (Scheme 2.14). In vitro testings showed that 453 and 454 inhibited rotavirus infection and 454b

also partially inhibited VSV infection.

Me7~/\Meo AcO o) OAc
c
o o 5 steps . . B 4 '
Mile) Vo > AcO™ "OAG @ C =4-N-benzoylcytosine
450 ” )( 451 F
HO O e
o_ B¢ o_BC o. BzC
RO (b) HO 4 steps AcO
© 454a R=Ac - ~ - ) '
|: 454b R=H X (0} HO\\\ (o) 14% ACO\\\ '//o AC
F 453 F 452 F

Reagents and conditions: (a) i. 4-N-benzoylcytosine, HMDS, saccharine, MeCN, reflux, 30 min; ii. 451, TMSOTT, reflux, 5 h,
68%; (b) Ac,0, pyridine, 0 °C, 1 h, 66%; (c) AcCl, MeOH, CH,Cl,, rt, 24 h, 50%.

Scheme 2.14: Synthesis of fluoro-ketopyranosyl nucleosides 453 and 454 by Komiotis et al.™

0
OH | o) "
461a (R /|/ ¢
( ) /N\N Me o) M
e
o N§< \ ] OH
NC N - 459

Me Me

F
Reagents and conditions: (a) i. 456, LDA, THF, -78 °C, 30 min; ii. 455, -78—>-30 °C, 1 h; (b) CsF, MeOH, rt, 18 h, 61% over

2 steps; (c) 458, cat. Pd(PPh;),Cl,, cat. Cul, DIPA, DMF, 90 °C, 20 min, 74%; (d) cat. Pd(OH),, H,, EtOH, rt, 6 h, 99%;
(e) NaOH, MeOH, rt, 3 h, 56%; (f) 460, BH;*SMe,, MeOH, rt, 3 h, 80%.

Scheme 2.15: Synthesis of enantiomeric dihydropyrone antiviral (anti-HCV) agents 461 by Li etal®’
Dihydropyrone 461a was subsequently selected for scale-up operations (not shown).82

1.8 developed a novel class of dihydropyrone antiviral agent which inhibited HCV NS5B

Lieta
polymerase by binding at an allosteric site. A series of SAR studies had led to the discovery of
racemic 461 with potent antiviral activity (IC5o=3 nM and ECs,=30 nM) and low cytotoxicity
(CCsp = 320 uM). The synthesis started with an aldol coupling between ynone 455 and dioxinone 456
and followed by desilylation to yield ynol 457. Palladium-catalysed Sonogashira coupling between
alkyne 457 and bromide 458 and subsequent hydrogenation gave adduct 459. One-pot deprotection
and cyclisation furnished a dihydropyrone which was then coupled with aldehyde 460 in the presence

of BH3*SMe, to afford a racemic mixture of 461. The individual enantiomers 461a and 461b were
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separated using chiral HPLC and (R)-dihydropyrone 461a had shown slightly superior potencies and

pharmacokinetic profiles (Scheme 2.15).81'82

Spirocyclic nucleoside analogue is a novel class of structurally unique and conformationally
restricted nucleosides. The discovery of bioactive spirocyclic nucleosides such as naturally occurring
herbicidal (+)-hydantocidin (465)%° and synthetic anti-HIV TSAO-T 511a* has triggered considerable

interest in the synthesis and biological activity of this novel class.?*?%%

2.6.1 1'-Spironucleosides—Hydantocidin Analogues and other Novel
Examples

(a) Hydantocidin Analogues

(+)-Hydantocidin (465) is a naturally occurring spironucleoside isolated from the culture broth
of Streptomyces hygroscopicus. It exhibits potent growth inhibition and herbicidal activity against
annual, perennial, monocotyledonous and dicotyledonous weeds with a similar efficacy to that of
glyphosate while showing low toxicity against fish and mice.?® Once phosphorylated, it competitively
inhibits adenylosuccinate synthetase (AdSS) which catalyses the GTP-dependent conversion of
inosine monophosphate (IMP) and aspartic acid to adenosine monophosphate (AMP)—the de novo
purine synthesis of the target plant.® AdSS is also the target for therapeutic agents such as
L-alanosine® (antitumour, antiviral, antibiotic and immunosuppressive agent) and hadacidin®

(antitumour agent, antibiotic and plant growth inhibitor).

(+)-Hydantocidin (465) is structurally distinct from other nucleosides due to the presence of a
spiro-annulated heterobase (hydantoin) at the anomeric centre of the ribofuranose. As a result of this
unusual structure and the biological implication of its target AdSS, considerable investigations were
carried out on the total synthesis and biological properties of hydantocidin (465) as well as the

development of its derivatives as potential therapeutic agents (Figure 2.5).29

O
Bz0—  ON B20—  CONH, B0 HN\(O HO— o HN\(
M w NH @» (+)'hydant0Cidin 14 NH

462 463 Br 464 (465)

O
BzO OBz BzO OBz BzO OB? HO OH

Reagents and conditions: (a) MnO,, CH>Cl,, 95%; (b) NBS, (PhCOO),, CCl,, reflux, 51%; (c) AQOCN, MeNO,, 80 °C; (d) CSA,
MeNO,, 70 °C, 44% over 2 steps; (e) LIOOH, THF-H,0, 0 °C, 90%.

Scheme 2.16: Total synthesis of (+)-hydantocidin(465) by Harrington and Jung:*
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The total synthesis of (+)-hydantocidin (465) by Harrington and Jung89 started with a mild
hydration of nitrile 462 followed by radical bromination to give a-bromo-g-amide 463. Spirocyclisation
was then triggered by silver cyanate and the mixture was equilibrated under acid conditions to afford
benzoyl-protected hydantocidin 464. Subsequent debenzoylation yielded the desired (+)-
hydantocidin (465) (Scheme 2.16).

Pyne et al.® synthesised carbacyclic hydantocidin derivatives 470 and 471 starting with a
phosphine-catalysed [3 + 2]-cycloaddition between bis-protected 5-methylenehydantoin 466 and an
ylide generated from the addition of phosphine to a 2-butynoic acid derivative such as ester 467. This
strategy differed from most other syntheses of nucleosides in which the hydantoin moiety was formed
prior to the construction of the ribofuranose surrogates. Subsequent acid-catalysed isomerisation,
reduction, dihydroxylation and deprotection yielded carbocyclic hydantocidin 470 and 6,7-diepi-
carbocyclic hydantocidin 471 (Scheme 2.17).

0o HN—(o HO HN—(
BN— (a) EtOoG BnN“( BnN—( 4 steps "

NBn — mNBn 4 NB “y, + “u,
m Me—=——COzt /1]/ " 15% 2 ﬂ/ ﬂ/

0 467 o 468 o 469 HO HOO HO HOO
470 (2:1dr) 471
Reagents and conditions: (a) ethyl 2-butynoate (467), benzene, PBus, rt, 15 h, 79%; (b) ag. HCI, MeCN-H;0, 90 °C, 15 h, 99%;

(c) BH3*SMe,, THF, 0 °C, 6 h, 95%.

Scheme 2.17: Synthesis of carbacyclic hydantocidin analogues 470 and 471 by Pyne et al.*

Q \“

472 OH 473 HO 474 X =0 or CH, HO

OH
Figure 2.5: Selected recent example of hydantocidin derivatives 472—476 syntheS|sed.

(b) Further Examples of Novel 1'-Spironucleosides

Chatgilialoglu et al.* synthesised 1'-anomeric spironucleoside analogues 479, 480, 483 and
484 incorporating a tether to restrain the rotation of the base around the N-glycosidic bond. The
synthesis began with the homologation of protected uridine 477 to give 6-hydroxymethyl-
ribouridine 478. Cyclisation by radical intramolecular hydrogen abstraction of uridine 478 installed the
required tether (see Chapter 1.4.7) and yielded tricyclic ribonucleoside 479 after desilylation.
Subsequent removal of the 2'-hydroxy group afforded deoxyribonucleoside 480. Analogues with a
carbacyclic tether were synthesised from aldehyde 481. Homologation under modified Corey—Fuchs
protocols, radical cyclisation and desilylation gave spironucleoside 483 whereas hydrogenation of 482

gave spironucleoside 484 (Scheme 2.18).
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H O
j oi/
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“OR 478 “OH 479 480
H
O# N g
(o]
\é/ (e)-(f) @ /\?/ asp 12 O JN—F
'r, Yy \ 11,
o™ 481 = SiiPr,0Si'Pr, o™ o¥ 484

Reagents and conditions: (a) i. LDA, THF, -70 °C, 3 h; ii. HCOzEt, -60 °C, 2 h; (b) NaBH,, MeOH, rt, 30 min, 68% over 2 steps;
(c) PhI(OAc),, I3, cyclohexane, hv, 28 °C, 6 h, 36%; (d) TBAF, SiO,, THF, rt, 2 h, 90%; (e) PhsP=CBr,, CH,Cl,—-DMF, rt, 2 h,
42%; (f) (BusSn),, benzene, hv, 80 °C, 12 h, 52%; (g) TBAF, AcOH, THF, rt, 1 d, 90%; (h) cat. Rh/Al, Hy, NEt;, MeOH, rt, 5 h,
68%.

Scheme 2.18: Synthesis of 1-anomeric spironucleoside analogues by Chatgilialoglu et al.®?

Gimisis et al.*®

synthesised structurally similar 1'-branched spironucleoside analogues 487—
490 starting from radical debromination of protected uridine 485. Base-promoted addition-cyclisation
of the resulting uridine 486 in the presence of HMPA under thermodynamic conditions gave
nucleoside 487. On the other hand, the same base-promoted addition-cyclisation of uridine 486 in the
absence of HMPA under kinetic conditions gave nucleoside 489. Subsequent desilylation of 487 and
489 afforded nucleosides 488 and 490 (Scheme 2.19). The best cytostatic activity was observed for
nucleoside 489 bearing 3- and 5-OTBS groups [ICsy = 5.95-9.46 uM]. Interesting, bis-silylation (2'-
and 5-OTBS) was also required for the observed biological activities for TSAO analogues (see

Chapter 2.6.3).

O (0]

HN . /\(

RO O:< / RO 0 N\fN
o N @ N

,,,/CN (ag C /// N 486 oy A //TO

\)

RO H2N tBU

RO Br RO 487 R =TBS o 489R=TBS

485 R =TBS 486 (DN 488 R = H @\ 490 R=H
Reagents and conditions: (a) (TMS);SiH, AIBN, toluene, 80 °C, 2 h, 94%; (b) i. ‘BuLi, HMPA, THF, reflux, 12 h; ii. aq. Li,COs,
H,0, rt, 71%; (c)i. ‘BuLi, THF, rt, 5 min; ii. ag. Li;COs, H0, rt, 3 h, 77%; (d) NH,F, MeOH, reflux, 18 h, 92-98%.

Scheme 2.19: Synthesis of 1'-branched spironucleoside analogues 487-490 by Gimisis et al.%®

Mandal et al.**

applied intramolecular nitrone cycloaddition (INC) for the synthesis of
carbacyclic spironucleosides 497—499. The synthesis began with the deprotection of acetonide 491 to
yield aldehyde 492 which underwent INC with N-benzyl hydroxylamine to give a mixture of
bis-isoxazolidines 494 and 495 bearing a 5,6-spiro framework. On the other hand, oxidative cleavage
of a-hydroxyaldehyde 492 afforded aldehyde 493 which reacted with N-benzyl hydroxylamine to give

bis-isoxazolidine 496 bearing a 5,5-spiro framework. Cleavage of the bis-isoxazolidine rings in
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494-496 by hydrogenolysis afforded hydroxyamino spirocyclic intermediates which were then

converted into spiroadenosines 497—499 in two steps (Scheme 2.20).

Bn OH
/N//,, /
®) q W
I —
493 0 ‘//
©)
,Elr,],,' $Henn—0
\Illlu
496 (0]
@0y

base = 6-N-dimethyladenine

base, OH
base 2 NH2 HO

/ OH HO,n. .
497 ) 49 o

Reagents and conditions: (a) ag. H,SOs, MeCN-H,0O, rt, 1d, 90%; (b) aq. NalO4, EtOH, 0 °C, 40 min, 82%; (c) BhANHOH,

EtOH, rt—60 °C, 25 h, 494: 43%, 495: 27%, 496: 67%; (d) cat. Pd/C, cyclohexene, EtOH, reflux, 4 h; (e) 5-amino-4,6-

dichloropyrimidine, NEts;, BuOH, reflux, 18 h; (e) HC(OEt);, p-TsOH, DMF, rt, 24-30 h, 19-22% over 3 steps.

Scheme 2.20: Synthesis of 1'-spiroadenosine 497-499 by Mandal et al.

2.6.2 2"-Spironucleosides

OBz
—Q @-0) (b) (CHd 5stegs )
OBz 5%
0Bz O 310 ;0 0Bz HO OH // 501 HO O

i ./O o
Przs' (@) ( Pr)zsi OH  4stegs
503 0 504 O\ 18%

(Pr) 2:3|—o ¢ (Pr,Si—0O
Reagents and conditions: (a) allylmagnesium bromide, CeCls, THF, -78 °C, 2 h, 504: 75%; (b) BzCl, cat. DMAP, NEt;, CH,Cl,,
rt, 12 h, 310: 53% over 2 steps; (c) i. thymine, BSA, MeCN, reflux, 1 h; ii. SnCly, reflux, 3 h; (d) NH;, MeOH, rt, 2 d, 54% over
2 steps.

4 steps
504 ———>

36%

Scheme 2.21: Synthesis of 2'-spiroribo and 2'-spiroarabinonucleosides by Wengel et al.* Corresponding
phosphoramidate derivatives of 501, 502, 505 and 506 were also synthesised and subsequently incorporated into

oligonucleotides for hybridisation studies.

Wengel et al.*®

synthesised 2'-spiroribo and 2'-spiroarabinonucleosides as conformationally
restricted probes for DNA processing enzymes. The synthesis of the 2'-spiroribothymidines began
with cerium-mediated chemoselective allylation of furanone derivative 500 and benzoylation of the

newly formed hydroxyl group. Nucleosidation under Vorbriggen conditions and debenzoylation gave
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thymidine 311. The resulting alkene 311 was either oxidatively cleaved or hydroborated affording an
alcohol which was subsequently cyclised to yield 5,4- and 5,5-spiro-ribothymidines 501 and 502. The
synthesis of the 2'-spiroarabinouridines started with cerium-mediated allylation of furanone
derivative 503 to give uridine 504. The resulting alkene 504 was then exposed to reaction sequences
similar to those used for thymidines and afforded 5,4- and 5,5-spiroarabino-uridines 505 and 506
(Scheme 2.21).

2.6.3 3"-Spironucleosides—TSAO Nucleoside Analogues

[2',5'-Bis-O-(tert-butyldimethylsilyl)- #-D-ribofuranose]-3'-spiro-5"-[4"-amino-1",2"-oxathiole-
2",2"-dioxide] (TSAO) nucleosides are synthetic 3'-spironucleosides with a potent anti-HIV-1 activity.
They target the hydrophobic allosteric non-substrate binding site located near the polymerase active
site. Intracellular phosphorylation was not required and they possess similar properties to those of the

HIV-1 specific non-nucleoside reverse transcriptase inhibitors (NNRTIs).?>%

Initial synthesis started with the transformation of bis-TBS-protected nucleoside 507 into
cyano mesylate. However, a mixture of 3'-epimer was obtained with the desired (3'S)-ribo epimer
isolated as the minor product.95 In the revised strategy, treatment of cyclopentanone 508 with cyanide
and mesylation gave the desired (3'S)-cyano mesylate 509 as the only sterecisomer. Acetonide
removal, acetylation and nucleosidation under Vorbriiggen conditions gave nucleosides 510. Spiro-
derivatives were then formed by in situ trapping of the carbanion, generated by the abstraction of the
acidic H, from mesylate, by the nearby 3'-nitrile group. Subsequent deprotection and silylation
afforded TSAO pyrimidines 511a—c (Scheme 2.22).96 Among these prototypes, thymidine analogue
(TSAO-T) 511a offered the best selectivity index (SI=226) with a good cytopathicity inhibition
(ECso = 58 ng L") and low cytotoxicity (CCso = 13 ug mL™").2+%"

TBSO o base BzO o) BzO o BzO o base
"o b "o f)(h
WXJ 508&_7,, e ey N?SJ e g Nh 0t
o

2 7 B 7 7

o oTBS O Me 509 oms O Me 510 oms N
a: base = thymine,
b: base = uracil, Me
c: base = 5-ethyluracil, TBSO base
d: base = 4-N-acetylcytosine %\’//O HaN
TBSO N N
H2N ~ i T,
. 2 YR <O : otes -
e:R=Me, TSAO-m°T 7 s, o base = =8~ 511aTSAO-T
_ f: R=FEt, _ oTBS tymne 07 b TSAO-U
512i: R = () 9R=alyl, = 512e_h ¢ TSAO<°U

CH,CONHMe =-—— h:R =CH,CO,Me ° o)
Reagents and conditions: (a) NaCN, NaHCO3, Et;,0-H.0, rt, 4 h; (b) MsCl, pyridine, 8-10 °C, 16 h, 78% over 2 steps; (c) TFA-
H,0, rt, 4 h; (d) Ac,0O, pyridine, rt, 18 h, 95% over 2 steps; (e) i. base, HMDS, cat. (NH4),SOy,, reflux; ii. TMSOTf, MeCN, reflux,
5h, 77-93%; (f) Cs.CO3, MeCN, rt, 3-6 h; (g) NHs, MeOH, rt, 18 h; (h) TBSCI, cat. DMAP, MeCN, rt, 1-2 d, 24-32% over
3 steps; (i) RX, K;COs3, acetone, reflux, 3-8 h, 55-89%; (j) MeNH,, EtOH, rt, 2 h, 70%.

Scheme 2.22: Synthesis of TSAO pyrimidine prototype 511a—d including the pharmacophore TSAO-T 511a.

Alkylation of TSAO-T gave 512e—i with reduced cytotoxicity and improved selectivity.*>
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Alkylation at N3 of TSAO-T prototype 511a gave a small number of analogues 512e—g with an
improved selectivity index over that of TSAO-T (Scheme 2.22). In particular, N3-methyl derivative of
TSAO-T (TSAO—m3T) 512e had shown excellent selectivity (SI=4088) with an inhibitory level
(ECso = 56 ng L") similar to that of TSAO-T but with much less cytotoxicity (CCs = 230 pg mL™").849%7

Extensive research has been conducted to generate a large number (600+) of TSAO
derivatives in order to improve the activity/toxicity profile (Figure 2.6).99 These SAR studies had
revealed that the (3'R)-spiro unit, amino and bis-silyl groups were crucial for RT inhibition.?**° Based
on the result of TSAO-m>T, San-Félix et al.*® proposed that derivatisation at N3 of TSAO-T provided a

unique opportunity to explore the HIV-RT dimer interface.

R’ base base b : —
O Nt HN o g eSO T T o O
5 2
R
N N : “omes NNE oTBS = o1BS Q
R 0~~ -0 0SO,Me _0 N3
S0 0T RENH =S .
514 o o) 515 516 O™ N, 517 [TSAO-T}-[AZT] hybrid

Figure 2.6: Selected recent example of TSAO analogues synthesised.23'84'85'95'96'99’100

Based on the SAR studies, a variety of N3 substituted TSAO-T analogues were then
synthesised using a similar alkylation procedure and functional group manipulations (Scheme 2.22,
only ester 512h and carboxamide 512i were shown). Among the 31 analogues synthesised,
carboxamide derivative 512i was found to be the most active with the highest selectivity index ever

reported for TSAO nucleosides (SI > 12500, ECs, = 30 ng L™ and CCsg > 250 ug mL™").%
A range of TSAO-triazole analogues was also synthesised during the SAR studies to

determine the role of heterobase in the interaction between TSAO derivatives and the target enzymes.

Their synthesis and inhibition activities are discussed in Chapter 6.2.

2.6.4 4'-Spironucleosides—Paquette’s Spirocyclic Nucleosides

Paquette’s research group conducted extensive diversity oriented synthesis (DOS) studies on
a range of 4'-spirocyclic nucleosides including oxacycles, thiacycles and carbacycles (Figure 2.7).
These molecules feature conformational restrictions in order to achieve better ring puckering and
mimicking the optimal C4'-C5' torsion angle of the furanose (equivalent to C5-C6’ of the spirocyclic
system). Both of these properties have an important role in the sugar-phosphate nucleic acid
backbone and may control the secondary structure of nucleic acid and base recognition. Alkylation at
C4' of the furanose (equivalent to C5' of the spirocyclic system) also inhibits radical-induced hydrogen
atom abstraction/degradation of the nucleic acid. Carba and thiacyclic nucleosides also offer
additional stability against metabolic degradation due to the absence or strengthening of glycosidic

lineage. Each series was further subdivided into two types of analogues. In syn analogues, the 6'-OH
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of the spirocycle (equivalent to 5'-OH of the furanose) was syn to the endocyclic heteroatom with a
(6'S)-configuration whereas in anti analogues, the 6'-OH of the spirocycle was anti to the endocyclic

heteroatom with a (6'R)-configuration.®*%%1%'"4

[a] Ho b] R R° R3 R2 R
5] o base R.° base base 5 base )2 base (6'S)R2=0OH,R®=H

X
‘ ' s ' |anti] (6R)R2 = H, R3 = OH

HO R -
dideoxy  didehydradideoxy HO OH base=T,U, C, A G
natural nucleosides analogues analogues  dihydroxy analogues deoxy analogues X=0,CH, S
282 R'=H, OH 519 520 521 522

Figure 2.7: [a] General structure of natural deoxyribose and ribose nucleosides 282. [b] The collection of

4'-spironucleoside analogues synthesised in DOS studies conducted by the Paquette group.‘r’z"r’a”1°1'114

(a) The 4'-Spiraoxacyclic Nucleosides

The initial synthesis for the 4'-spirocyclic framework of the oxa-series started with the addition
of lithiated dihydrofuran 524 to cyclobutanone (523). The resulting carbinol 525 rearranged under
electrophile-promoted (H" or Br’) conditions and subsequent optical resolution using (R)-(-)-mandelic
acid or Johnson’s (S)-(+)-sulfoximine gave (+)-526 or (—)-529, respectively. Stereoselective reduction
of ketone 526 under Meerwein-Pondorf-Verley conditions vyielded carbinol 527 (anti) whereas
reduction by L-selectride yielded carbinol 528 (syn). Alternatively, dehydrobromination of 529 under
basic conditions furnished alkene 530, which after stereoselective reduction, hydroxyl protection and
allylic oxidation yielded lactone 531 (anti) or 532 (syn) (Scheme 2.23)."%%"%

OH 527 HO. 528)
§ 7 (b), then (anti) Z  (syn
I:/I/ 524 E'_O resolution (+)-526 e OQ
(e), then
o) resolution 532

\\\

reduction; t
d@ UR o Dbrotectiop 60:‘% ) o (sym)
O
(-)-529 530 =

Reagents and conditions: (a) i. 524, ‘BuLi, THF, -78—0 °C, 1.5 h; ii. 523, -78 °C—rt, 1 d; (b) Amberlyst-15, CH,Cl,, rt, 2 h, 87%
over 2 steps; (c) A(OPr);, 'PrOH, reflux, 1 h, 70%; (d) L-selectride, THF, -78 °C, 1 h, 96%; (e) NBS, propylene oxide,
'PrOH, -78 °C—rt, 18 h, 96%; (f) DBU, toluene, reflux, 18 h, 82%; (g) PCC, CrOs, 3,5-DMP, 3 A MS, CH,Cl,, -20 °C, 1 h,
65-92%.

Scheme 2.23: Initial synthesis for 4'-spirocyclic framework of oxa-series by Paquette et al.'06:107

In the pilot studies conducted towards syn-spironucleoside, lactone 533 was first transformed
into acetate 534. However, subsequent palladium-catalysed coupling between acetate 534 and
6-chloropurine or O-methylthymine gave a mixture of nucleosides 535 with the undesired a-anomer as
the major isomer. Alternatively, lactone 533 was converted to triacetate 536 and subsequent

nucleosidation under Vorbriggen conditions yielded the desired pAthymidine 537 due to the
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neighbouring group participation by the 3'-acetate. Deacetylation of 537 gave dihydroxythymidine 538
(Scheme 2.24)."®

MOMQ, syn MOMO, MOMO,
%o (@) O@M (©) or (d) o .. (51D
OAc —_— ase
.
MOMQ HO, HO, yiny
3ste o) (e) o} 95% o)
OAc —_— —°>
57%
536 Aco OAc 87 pcO OAc 538 16 on
OR
) or o base 2 steps
3stepg —Q 541a R = MOM, base =T 90%
25 57% 540 b bR=H,base=T
539a R = MOM a, ¢R =PMB, base =C
b R=PMB AcO OAc AcO OAc  ¢R =PMB, base= U 542 0 OH

Reagents and conditions: (a) DIBAL-H, CH,Cl,, -78 °C, 1.5h; (b) AcyO, NEt;, CH,Cl,, rt, 20 min, 91% over 2 steps;
(c) 6-chloropurine, cat. Pdy(dba);*CHCIs, NEt;, PPhs, THF, t—50 °C, 2 d, 50% (a:f 5:1 dr); (d) O-methylthymine, cat.
(n-allylPdCl),., Cs,COs;, PPhs, THF, rt—50 °C, 2 d, 50% («:4 5:1 dr); (e) 536 or 540a, T(TMS),, TMSOTf, THF, 0 °C—rt, 18 h,
537: 76%, 541a: 28%, 541b: 15%; (f) 540b, C(TMS), or U(TMS),, TMSOTf, DCE or CHxCl,, rt, 18 h, 541c: 60% or 541d: 54%.

Scheme 2.24: Pilot studies of syn and anti spironucleoside analogues by Paquette et al. 103104

Similarly, the synthesis of anti-spironucleoside started from the transformation of MOM-
protected lactone 539a to acetate 540a. However, the MOM group sterically hindered the crucial
nucleosidation of acetate 540a resulting in a low yield of thymidines 541a and b. Alternatively, PMB-
protected acetate 540b was used and the nucleosidations of acetate 540b proceeded in moderate

yields to give cytidine 541c and uridine 541d. Deprotection of 541d gave dihydroxyuridine 542
(Scheme 2.24).'*

OTBS OTBS OTBS OTBS OTBS
base 547 O base
(d 2steps OAc (e) PhSOzN
4%
546
Ph

base = T U ACC SPh 548 base = T, ]
- base =T,U oH -base T,U HO,
base HO, 2 base
base Z e base o
0 base (o}
HO OH =4 552 553 HO OH

Reagents and conditions: (a) cat. RuCl;, NalO4, CCl,—MeCN-H,0, rt, 30 min, 93%; (b) i. LIHMDS, THF, -78 °C, 1.5 h;
ii. PhSSO,Ph, THF, -78—-25 °C, 5 h, 75%; (c) EtMgBr, THF, -10 °C, 1 h, 95%; (d) DBU, THF, rt, 18 h, 83%; (e) persilylated
base, SnCls, CH,Cl,, -78 °C—rt, 1 h, 55-65%; (f) i. Davis oxaziridine 547, CHCIs, rt, 16—24 h; ii. pyridine, xylene, reflux, 4 h,
88-94%.

Scheme 2.25: Synthesis of syn- and anti-spiropyrimidine analogues 549-554 by Paquette et al.'!

An improved synthetic route was used to synthesise additional anti-spiropyrimidine analogues
starting with the transformation of spirocycle 543 to acetate 545."""%" Subsequent nucleosidation of
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545 and oxidative-elimination of the stereo-directing 2-phenylthio substituent using Davis
oxaziridine 547 gave nucleosides 548. Functionalisation of 548 then afforded didehydrodideoxy,
dideoxy and dihydroxyspironucleoside analogues 549-551. The syn-analogues were synthesised
similarly to afford didehydrodideoxy, dideoxy and dihydroxyspironucleoside analogues 552-554
(Scheme 2.25).""

Anti-spiroadenosine analogues 558 were synthesised via Sy2 displacement of anomeric
chlorides 559 generated in situ, by the 6-chloropurine anion. The nucleosidation was not
stereocontrolled, but anomeric purines 557 were easily separated by chromatography and isomerised
under acidic conditions. Subsequent amination and desilylation afforded spiroadenosines 558. Anti-
TBS-protected guanosine analogues 559 and syn-spiroadenosine were also generated in a similiar
fashion. However, the desilylations of guanosine derivatives 559 were attempted under a variety of

conditions but all failed to give the desired unmasked carbinols (Scheme 2.26)."%

0TBS OTBS OR! FN R? | 559 L0188 =N R?
o )
6(_/&0 @)-)i [ %ﬂc' ()i 6(27¢N\8/\\<N Oy N\é\\(
N=/ X=X N§(N R2 =
555 556 2 steps(_ 557 R! = TBS, R2=Cl X=X = CHy~CH,, OH, ClI
%% ~558R' = H, R2= NH, CH=CH, [CH(OH)]; 2

Reagents and conditions: (a) DIBAL-H, CH,Cl,, -78 °C, 30 min; (b) i. PPhs, CCls, THF, 60 °C, 3 h; ii. 6-chloropurine, NaH, DMF,
0 °C, 5 h, 49% over 2 steps (S« 1.8:1 dr).
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Scheme 2.26: Synthesis of anti-spiroadenosine 558 by Paquette et al. Anti-TBS-protected guanosine

analogues 559 and syn-spiroadenosine (not shown) were also synthesised accordingly.

TBSO// 6 steps, 35%
0
_4 © TBSO HO, (aonly (Pr) S| HQ,
A 2 ’— ‘.
560 5steps §rc (_L o ©-e) o
syn 40% base
561 OTBS base T,U OH (Pre Sl\o 563 564 OH

Reagents and conditions: (a) T(TMS), or U(TMS),, SnCls, CH.Cly, -78 °C—rt, 15 min, 45-59%; (b) TBAF, THF, rt, 12 h,
48-52%; (c) T(TMS),, CH.Cly, NIS, rt, 1 h, 70%; (d) AIBN, BusSnH, toluene, 70 C, 4 h; (e) TBAF, THF, rt, 100% over 2 steps.

Scheme 2.27: Synthesis of 3'-deoxyspironucleosides.  Nucleosidation of acetate 561 under Vorbriiggen

conditions and desilylation gave the undesired a-anomer of nucleosides 562 exclusively for the syn analogues or

105
)

a 1:1 mixture of anomers for anti analogues (base = T, C, A, not shown). = Alternatively, electrophilic addition of

persilylated thymine to TIPDS-protected glycal 563 produced fthymidine 564 exclusively after deprotection.52

The synthesis of the 3'-deoxyspironucleoside analogues started with the transformation of
lactone 560 to acetate 561 which involved a samarium-induced a-deoxygenation of a dihydroxy
intermediate. Subsequent nucleosidation under Vorbriiggen conditions was problematic due to the
lack of a stereo-directing neighbouring group and produced either the undesired o-anomer of

nucleosides 562 exclusively or a 1:1 mixture of anomers.'® Replacement of the TBS ether with a TES
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ether did not improve the yield nor the selectivity (see Wendeborn et al.""® and Table 2.3). After
intensive research, Sselectivity was achieved via electrophilic addition of a persilylated heterobase to
TIPDS-protected glycal 563. Computational studies had shown that the TIPDS tether effectively
shielded the pface while reducing the steric hindrance for the initial o-face electrophilic attack, thus
affording high selectivity for fnucleosides. Subsequent radical dehalogenation and desilylation

furnished 3'-deoxyspiro-thymidine 564 successfully (Scheme 2.27).%

(b) The 4’-Spiracarbacyclic Nucleosides

Interest in carbacyclic nucleosides has been increasing dramatically due to the emergence of
promising anti-viral agents from this class. Furthermore, carbacyclic nucleosides possessed

enhanced stability against metabolic degradation due to the lack of a labile glycosidic linkage.'®

The first study of 4'-spirocarbacyclic nucleosides by Paquette et al."® involved the
transformation of spirocyclic alcohol (+) or (—)-565 to 566 or 571 which converted the hydroxyl group to
the required stereochemistry for the subsequent displacement. Mitsunobu coupling between a
benzoyl-protected pyrimidine and spirocyclic alcohol 566 or 571 followed by debenzoylation and
desilylation gave dideoxynucleosides 568 and 573. However, Mitsunobu coupling between a purine
and alcohol 566 or 571 led to a poor yield with no recoverable starting material. These drawbacks
prompted the use of direct Sy2 displacement of mesylate 567 or 572 by an anion of the heterobase.
After desilylation, this alternative synthesis gave the target dideoxynucleosides 568 and 573

successfully'"® (Scheme 2.28).

3'-Deoxycarbaspironucleoside derivatives were also synthesised from spirocyclic alcohol (+)
or (—)-565, which was converted to mesylate 569 or 574 respectively. Direct Sy2 displacement of
mesylate 569 or 574 with an anion of heterobase followed by desilylation gave the desired

3'-deoxycarbaspironucleoside 570 or 575 (Scheme 2.28)."*

OTBS TBSO, a)—gc) HO,
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oTBS s66 R H TBSG, OR1
OH 0 571R'= H
98%K pos k1 - 11 UoTAG % 98%K 372 R = Ms R2=U,C,T,A,G
(-)-565 oTBS (+)-565 TBSQ, "9,
713;(09 s % @0 gg 126s°t/t:ps OQ @
569 OTBS 574 OTBgMs 575 oH

Reagents and conditions: (a) 566 or 571, 3-N- benzoylthymlne or 4-N-benzoylcytosine or 6-chloropurine, DIAD, PPhs;, THF or
dioxane, 30-52%; (b) NH3, MeOH, 80 °C, 74-91%; (c) TBAF, THF, rt, 74-95%; (d) 567 or 569 or 572 or 574, base-H (U, C, T,
A, 2-amino-6-chloropurine), NaH, DMF, 80 °C, 12 h, 12-80%; (e) for guanosine only: 2-mercaptoethanol, NaOMe, MeOH,
40-60 °C, 63-87%; (f) TBAF, THF, rt, 62-96%.

Scheme 2.28: Synthesis of dideoxy and 2'-deoxyspirocarbacyclic nucleosides by Paquette et al. 108110
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Dihydroxycarbaspironucleoside analogues were prepared from ¢,f-unsaturated lactone 576,
which was then dihydroxylated and protected as acetonide 577. Ketone 577 was then reduced
stereospecifically and protected as ftriflate 578. S\2 displacement of 578 by an anion of the
heterobase followed by desilylation produced the desired dihydroxycarbaspironucleosides 579. The

epimeric (6'S)-nucleosides 580 were synthesised similarly (Scheme 2.29).""

ot8S O beiac on, lEsfro
2 stegs o (a-b) o260
47% oTf
576 577 950 578 OO0 579 HO OH 580 HO OH
Me Me Me Me

Reagents and conditions: (a) L-selectride, THF, -78 °C, 20 min, 95%; (b) Tf.,O, pyridine, CH.Cl,, 0 °C, 40 min, 100%;
(c) base-H (U, C, T, A, 2-amino-6-chloropurine), KH, DMF, rt, 2 d, 76-97%; (d) TBAF, THF, rt, 1 d, 60-100%; (e) for guanosine
only: 2-mercaptoethanol, NaOMe, MeOH, 80 °C, 4 h, 100%; (f) p-TsOH, MeOH, rt, 1 d, 62—99%.

Scheme 2.29: Synthesis of dihydroxycarbaspironucleosides 579 and 580 by Hartung and Paquette.111

(c) The 4'-Spirathiacyclic Nucleosides

Substitution of the furanose ring oxygen with a sulphur atom can have an interesting effect on
the biological activity as well as improvement in the metabolic stability due to the presence of a
stronger thioglycoside bond. Some of these derivatives are promising antiviral and anticancer

agents.i’>13,106,‘|13

The first study of thiacyclic spironucleosides by Paquette et al."'*""* started from the synthesis
of ketone (+)-583 from cyclobutanone (523) and lithiated 2,3-dihydrothiophene (581) similar to the
synthesis of ketone 526 from the oxa-series (Scheme 2.23). Functional group manipulations of
ketone 583 furnished separable anti- and syn-sulfoxides 584 and 585. Subsequent zinc-catalysed
Pummerer reaction followed by desilylation gave dideoxythiaspironucleosides 586 and 587
(Scheme 2.30).

(b, th TBSOO TBSO//
S ) en )
I:/r 58 E'—O _resolutiop S L) S + S
(:3 dr)
584 (antl) 585 (syn)
(F-(h)

W\

G* = <,Nj|\)\NH g hase (D-(h) g base
N /)\ base =
N" "N” "NHAC 586 T,U CA,G 587
Reagents and conditions: (a) i. 581, '‘BuLi, THF, -78—0 °C, 1.5 h; ii. 523, -78 °C—rt, 1d; (b) Dowex-50x, CH,Cl,, rt, 2 d, 89%
over 2 steps; (c) LiAlH4, EtO, rt, 4 h, 85% (anti:syn 2:3 dr); (d) TBSOTf, 2,6-lutidine, CH,Cl,, 0 °C—rt, 18 h, 90-95%;
(e) NalQ4, SiO,, CH,Cl,~hexane, rt, 12 h, 90-95%. (f) i. base (T, U, C, A or G*), NEt;, TMSOTT, toluene, rt, 15 min; ii. 584 or
585, Znly, rt, 2 d; (g) TBAF, THF, 0 °C—rt, 1 d, 12-18% over 2 steps; (h) for guanosine only: NH;, MeOH, 0 °C, 18 h, 90%.

Scheme 2.30: Synthesis of dideoxythiaspitonucleosides 586 and 587 by Paquette et al.''*" '3
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Chapter 2: Introduction: Nucleosides 2.6 Spirocyclic Nucleoside Analogues

Synthesis of 3'-deoxythiaspironucleoside analogues began with a selenium-promoted ring
expansion of carbinol 582 to give selenide 588,'"> which was then converted to TIPDS-protected
thiaglycals 592 and 594. Subsequent selenium-promoted electrophilic addition of a persilylated base
to thiaglycal 592 or 594 followed by reductive deselenylation, desilylation and amination afforded
deoxy-thiaspironucleosides 593 and 595 (Scheme 2.31). The excellent Sselectivity observed was
due to the preferential shielding of the f-face by the TIPDS tether while reducing the steric hindrance
for the initial a-face electrophilic attack similar to that of glycal 563 (Scheme 2.27). Attempts to
optimise the electrophilic addition by using NIS as an electrophilic activator, TBS-protected or DTBS-

protected thiaglycal failed to improve the current yield of the reactions (Table 2.3).53

0, OH (‘Pr)z/Si——o
S S (e S
o o]

590 OH (28:1 dr) OH ('Pr)ZSi\o
589 e~ syn) 501 (anti)
l(d) base =
HO ; o T,U.C,FU, A G
base = % g base ('Pr)zsli/ “ base (N~
T,U,C,FU,A G (f)-(h) . )
N\
S 593 oH 592 (PreSi——q 595

Reagents and conditions: (a) propylene oxide, PhSeCl, 'PrOH, -78 °C—srt, 5 h, 70%; (b) Al(OPr)s PrOH reflux, 17 h, 83%
(syn:anti 2.8:1 dr); (c) 'BuLi, HMPA, THF, -78 °C—rt, 7 h, 49-70%; (d) TIPDSCl,, AgNOs, pyridine, THF, rt, 18 h, 90%;
(e) TIPDSCI,, AgNQs, 2,4,6-collidine, DMF, rt, 3 h, 91%; (f) persilylated base (T, U, *°C, FU, ®A, *°G), PhSeCl, MeCN, 0 °C,
1 h, 42-89%; (g) BusSnH, BEts, O, toluene, -78 °C, 1 h; (h) TBAF, THF, 0 °C, 2 h, 90-100% over 2 steps; (i) for *°C, ®?A, ~°G
only: NHz, MeOH, rt, 5-18 h, 91-98% over 3 steps.

Scheme 2.31: Synthesis of deoxythiaspironucleosides 593 and 595 by Dong and Paquette.53

Synthesis of dihydroxy analogues started with the transformation of acetonide 596 to TIPDS-
protected sulfoxide 597. Subsequent TMSOTf-promoted Pummerer reaction followed by
deprotections afforded dihydroxythiaspironucleosides 598. The Sselectivity was induced by the facial
discrimination of the TIPDS tether as seen in other TIPDS-protected glycals. The anti analogues were

synthesised using similar approach to yield dihydroxythiaspironucleosides 600 (Scheme 2.32).114

Ho%, synj o, OH oH
i . 2
asteps(Pr)zsll ~ 9 (b) (d2 Odase S\ 7stens s
56% base =
— o] T,U,C 11%
0_ 0 th \ ;-; 597 (e—(g ’ o O i
5% > @ prpSi—— Gomis 598 HO OH 599 <o -?a%eA 600 HO OH
e e e

Reagents and conditions: (a) Davis oxaziridine 547, CHCls, 0 °C, 4 h, 75%; (b) i. pyrimidine (T, U, *°C), NEt;, TMSOTT, toluene,
rt, 1 h; ii. 597, NEt;, CH.Cl,—toluene, rt, 5 min, 30-35%; (c) TBAF, THF, 0 °C, 30 min; (d) NH;, MeOH, rt, 1 d, 94—100% over
2 steps; (e) i. purine (6-chloropurine, 2-amino-6-chloropurine), NEt;, TMSOTf, DCE-MeCN, rt, 1 h; ii. 597, NEt;, DCE, rt—reflux,
1d, 22-29%; (f) TBAF, AcOH, THF, rt, 10 min; (g) for adenine: NHs, EtOH, seal tube, 100 °C, 1 d, 85% over 2 steps; for

guanosine: 2-mercaptoethanol, NaOMe, MeOH, reflux, 1 d, 62% over 2 steps.

Scheme 2.32: Synthesis of dihydroxythiaspironucleosides 5§98 and 600 by Paquette and Dong.114
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2.7 Research Opportunities Based on 6,6-Spiroacetal Nucleoside Analogues

2.7 Research Opportunities Based on 6,6-

Spiroacetal Nucleoside Analogues

This chapter has provided an overview regarding the biology and chemistry of nucleoside
analogues supported with selected examples. As previously indicated, we were interested in the
chemical scaffold bearing biologically active structural motifs. With the structural features offered by
6,6-spiroacetals and the benefit of heterobases, the hybrid of these motifs might lead to potentially

interesting bioactivity.

The synthesis of these spiroacetal-nucleobase hybrids will be discussed in detail in Chapter 4.
Herein, the next chapter will examine the rationale behind other motifs chosen for hybridisation—the

triazoles and amino acids.
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Chapter 3: Introduction: Triazoles and Amino Acids 3.1 Amino Acids in Brief

As previously mentioned, the aim of this research is to synthesise spiroacetal-triazole and
amino acid hybrids as biological probes for broad phenotypic assays. In order to understand the

rationale behind the choice of motifs, we must first briefly examine the basics of amino acids.

Amino acids are building blocks of proteins which are involved in almost every process within
an organism. They are essential for survival and are found in enzymes (such as polymerases),
structural elements (such as collagens, actins, tubulins), hormones (such as insulin, erythropoietin),
small molecule carriers (such as haemoglobins) and antibodies (such as immunoglobins) etc. Some
amino acids are also important neurotransmitters (such as glycine, y-aminobutyric acid [GABA],

glutamate) in the central nervous system."”

3.1.1 Structures of Amino Acids

Amino acids are bifunctional molecules which contain both amino and carboxylic acid groups.
There are 20 common amino acids found in proteins and all of them are L-a-amino acids in which the

stereocentre is of the (S)-configuration except cysteine."?

@ R @ H Me CH,SH
W H W H W H
Jar I
*HsN CO,~ . . .
3 2 glycine alanine cysteine

Figure 3.1: [a] General structure of an a-amino acid. [b] Examples of common amino acids."?

3.1.2 Peptide Bonds

A peptide is a chain of amino acids joined together by amide/peptide bonds formed through
enzymatic condensation. The lone pair of electrons on nitrogen is delocalised by the conjugation with
the adjacent carbonyl group resulting a partial double bond character along the C—N bond and the
planarity of the amide group. Due to this delocalisation, the amide nitrogens are non-basic and a large
dipole moment is observed. The peptide bonds are reasonably stable at physiological conditions but

are susceptible towards enzymatic cleavage or degradation (Scheme 3.1 ).1'2
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b R enzyme O R 4 19 AR
H
N \)I\ He -H0 N \)J\ . N N
1“{ Y~ COH * II\J/kCOZH "1{ v rl\l/'\C02H - 1”{ g J\COZH
R H Hz0 R H R' H planar

Scheme 3.1: The formation of a peptide bond between the adjacent amino acids is under the strict control of
enzymes within an organism. Delocalisation of the lone pair of electrons on nitrogen results in a partial double

bond character along the C—-N bond."?

Isosteres are structures or moieties that share similar electronic and topological features.
Therefore, they are able to mimic or even enhance the target structure’s biological activity while

potentially minimising certain disadvantages of the biological target structure.>®

The 1,4-disubstituted 1,2,3-triazoles (“triazoles”) are used as the isosteres of amide/peptide
bonds. Being a rigid linker, a triazole holds the substitutents in a similar geometry and distance to
those of an amide as well as providing a comparable dipole moment (Table 3.1). However, unlike the
amide counterpart, triazoles are stable towards hydrolytic cleavage (especially under enzymatic

conditions), oxidation and reduction.>*®

e amidepeptée | i o |pedebavetize Tl
H 5

Geometry planar planar

R’ to R? Distance 3.9A 5.0 A

Dipole Moment ~ 3.7-4.0 Debye ~ 5.0 Debye

Hydrogen Bond Acceptor(s) | C=0 N2 and N3

Hydrogen Bond Donor NH H5

Stability reasqnably stable at most physiological | stable agai_nst hydrolytic cleavage, oxidation
conditions. and reduction.

Table 3.1: Comparisons of properties between trans-amide/peptide bonds and their triazole isosteres.>*°

Triazoles are formed via chemoselective cycloaddition of an azide to an acetylene which will

be discussed in detail in Section 3.4.

3.2.1 Applications of Triazole Containing Derivatives

Both triazole and amide functional groups serve as efficient and versatile linkers bringing two

subunits together in a well-defined and predictable geometry. In particular, amide functionalities have
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Chapter 3: Introduction: Triazoles and Amino Acids 3.2 1,2,3-Triazoles

been used profoundly by nature. Given the close similarity with the amide bond, it is not surprising
that molecules bearing triazole subunits can be found in many areas such as biological,

pharmaceutical and materials science. Triazoles have sparked an enormous interest in the past few

decades. Representative examples of various applications are listed in Table 3.2.%%7°
A potent irreversible B-lactamase inhibitor (ICso = 0.06-5.4 uM).
0 610
H
Tazobactam Forms a stable complex with the target enzyme (“suicidal inhibitors”). = '§=0
(610)" Clinically used in combination with piperacilin (Zosyn®), a broad spectrum OJ N\:)ie\N\_N
antibacterial f~lactam to treat polymicrobial infection. COMH
Inhibitors of Fuc-T catalysed the fucosylation of glycolipids, o
Fucosyl lycoproteins and oligosaccharides responsible H od{pP-o0
y gly . lig s res " NWN/Y_ {5- X
Transferase for cell-cell interactions and cell migrations. S 4 N Y
(Fuc-T)" 611: ICso = 0.15-1.0 pM. 611 HO OH
612 inhibits arachidonic acid or collagen-induced
Inhibitors of
Platelet

Aggregation

platelet aggregation (ICsp = 2.2 and 21.6 uM). 0 ﬁBr
CI_@_N‘/\HLH, Ne

Exhibited anti-inflammatory and analgesic activity.

N=N 612
No gastric ulcerogenic effect was observed.
613 inhibits HIV-1 protease, both wild type ipr
Inhibit f (IC 6 nM) and mutant (IC 19-46 nM) (" H = o rO
nhibitors o 50 = 50 = . A z )
13 oA Ao
HIV-1 Protease Triazole acts as a mimic of amide bond and o Bn o
retains all hydrogen bonds in the active site. 613

Peptidomimetic:

Tyrosinase involved in the browning of HO‘©_>/?LN HO-@ﬁ\
N
0
/ 1

plant-derived food products and human N HN
Inhibitors of dermatological disorders. N / NH 0 N
Tyrosinase' 614 615 N
614 and 615: ICso = 0.5-0.6 mM. N iPr N
o o 'Pr
n . R1O
Glycopeptides mediate many cellular R' = H Ac, Bn Rig o N:,I\l 617
functions. R'o 1 \ N ) o
Glycopeptide o AcO o MNey OR 3 H\)I\
Mimics 5 Replacement of the glycosidic linkage Aﬁ@o N CBzNH v NH,
by a triazole improves chemical and OAc oS o R?
NN
enzymatic stability. 616 CBzNH L NFe R2=H, Bn

Oligosaccharide
Mimics:
Pseudo-starch

Fragments'®

To model starch in biochemical

and physicochemical studies.

HO
HOAo Hoo{ﬁ% ]/gg/ﬁ\/)/\o\g
HOo THo™T0
HO 5 OH
HOfo Hoo{ﬁg&\ }/&/N\/)_/

HOO SHO HO 618

618 is used as a surrogate for
branch points in amylopectin

structure.
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e The native phosphodiester groups are replaced by
Oligodeoxyribo-

. . Cn T T
triazole internucleosidic linkages. 619 T
. fo) o) O
nucleotide - -
a7 e Potential antisense agents and inhibitors of gene TBSO N N ODMT
Mimics ‘NN ‘NN
expression (gene silencing).

e  Adendrimer’s properties can

1__N 2
be tailored by using the R\E';'N L N ’@’RHZ
i y usi NN, . NeN 0 R
appropriate subunits to suit Lt o CN'N " A il
Ly 7 NzN 2
pp. p. " ® \ o Ko S_,\/)\/_©_|_
18 applications such as vectors, N e %N e Ve NsN ,
Dendrimers = e G §~NJ\/°—©\£2
sensors, catalysts. R! Ve Ve Ve LR

. 620 is a redox sensor for oxo Ny M

. . R si, Me-Si*Me N /\/\’\-Ae/\
M 2= STONTY
anions and transition metal ! \e k‘N’\Xw 0 NI ) =
cations. S

Table 3.2: Selected examples of triazole containing analogues and their applications.

The advances in this field have been further fuelled by the ease of installation of triazoles due
to the development of the efficient synthetic procedure, particularly the copper-catalysed azide-alkyne
cycloaddition (CUAAC, Section 3.4).>%"°

It has been observed that in nature, small molecules such as nucleotides, amino acids and
monosaccharides are condensed typically through the formation of carbon-heteroatom (C-X) bonds
rather than carbon-carbon (C-C) bonds into large macromolecular polymers such as nucleic acids,

peptides, polysaccharides.'

In 2001, Sharpless et al."” proposed the concept of click chemistry after following nature’s lead
and assembled a set of powerful, highly reliable, and selective reactions for the rapid synthesis of new

compounds through these carbon-heteroatom linkages.
The criteria for these click reactions are:

e Modular, wide in scope, high yielding and stereospecific.
e Readily available starting materials, simple reaction conditions and product isolation.
e By-products, if generated, can be removed easily by non-chromatographic method.

e Product must be stable and can be purified by non-chromatographic methods.
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Chapter 3: Introduction: Triazoles and Amino Acids 3.4 Synthesis of Triazoles

These near-perfect criteria are driven by a large thermodynamic driving force (> 20 kcal mol'1)
due to the use of highly energetic and “spring-loaded” reactants and/or generation of very stable
products.’

The set of reliable reactions that obey the criteria of click chemistry are:

e Cycloadditions e.g. 1,3-dipolar cycloadditions and Diels-Alder reactions.
¢ Nucleophilic ring-opening of strained heterocycles e.g. epoxides and aziridines.
¢ Non-aldol carbonyl chemistry e.g. formation of ureas, aromatic heterocycles and amides.

e Addition to carbon-carbon multiple bonds e.g. epoxidations and dihydroxylation.

Since the introduction of this concept, the 1,3-dipolar cycloaddition of azides to alkynes is the

most extensively studied and applied click chemistry to date, particularly due to the versatility of

triazoles and the introduction of copper-catalysed azide-alkyne cycloaddition (CUAAC).>192°

3.4.1 Huisgen’s 1,3-Dipolar Cycloadditions

Traditionally, triazoles are synthesised by Huisgen’s 1,3-dipolar cycloadditions of a 1,3-dipolar
azide to a dipolarophile alkyne via a concerted mechanism (Scheme 3.2). Both substrates are highly
energetic thermodynamically which provided the driving force for the cycloaddition. However, the

formation of the triazole is not spontaneous due to the kinetic stability of the substrates.>®'%?’

S
R'\ ~N_- R'.1 N R 1N
SNTRN A SN SN . SNTOSN
+ 50— 5 —4
( ) 2 3 3 2
roe=" o R R R R

Scheme 3.2: Huisgen’s 1,3-dipolar cycloaddition of azide to alkyne via a concerted one-step mechanism.

The kinetic stabilities of azides* and alkynes can be advantageous in biological and chemical
settings. Both functional groups are relatively safe to handle, resistant towards dimerisation and

hydrolysis, inert towards most aqueous and potentially oxidising biological conditions as well as many

* Metallic azides and small organic azides are explosive. However, the general “rule of six” can be applied for
larger organic azides. That is, six or more carbons (or other atoms of similar size) per azide or other energetic
functional group would provide sufficient dilution to render the compound relatively safe. The presence of certain
transition metal species, such as Fe and Co triads, catalyse the exothermic decomposition of azides with the loss
of N2 and should be avoided.
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3.4 Synthesis of Triazoles

reaction conditions used in organic synthesis.

needed.>>"%?’

They are also easy to install and remain inert until

However, this kinetic stability means that the cycloaddition of azides to alkynes is relatively

slow. The cycloadditions usually required longer reaction times, elevated reaction temperatures

and/or the use of electron deficient alkynes to accelerate the reaction.

5,19,21-24

Due to the similarity in activation energies when an asymmetrical alkyne is reacted with an

azide, a mixture of 1,4- and 1,5-disubstituted triazoles is usually formed.?®

Regiospecific cycloaddition

can be achieved under mild conditions and/or by using highly electron-deficient terminal alkynes to

give the 1,4-regioisomer exclusively (Table 3.3).3’5’8’19'21’24’26

Entry Azides Alkynes Conditions Products and Yields
O LT (0] T 22 examples were carried
1 HO PhSO,—==—TMS  DME, reflux H?N out using various alkynes.
Habich et Ng W 621 20 h ’ N= oy 62263% But most of these
al? i PhSO, Single regioisomer only  cycloadditions produced
(292) TMS a mixture of regioisomers.
N R2 NG Ri  Ry=H, CH,0H, COH
2] e R—=—R, P, ,ON" Ph, ON" COMe, COEL
. s DME, reflux, PN + PN .
Yamashita Me 624 12 h-5d § Z R § Z R Ry = Ph, 'Bu, CH,0H,
etal® s = 8alkynes LaMe LaMe ™2 CMe,OH, CO,H,
OH 625 OH 33-84% 626 Q4 17-38% COMe, CO.Et, TMS
13] ~ o neat, R' =Ph-, o R2= NHBn,
R N3 . BnCH . .
Katritzky — R? microwave, ntHz=, piperidinyl
and 627 Z 55-85 °C, W RTNTY TR )
e 3 azides 628 %0 min o<>( N 65-84% 6 examples
9 2 alkynes Me 629 1,4- regioisomer only
Me 20Bn RZOBN
(4] BOCN)VMe e neat, 120 °C, | _1 i =N BOCNAV e 1 \ N BOCNAVMe
Dond%(r)ﬂ et| Ny _A_P° R o =z 12 h BrO NAVO + &0 Sa NP
al. BnO OBn n
630 OBn 633a 13% 633b 32% 634a67%  634b 48%
(See
Table 3.4 632aR’=H,
2_ B 20Bn N,
for the Cu- NHBac R1 OBn 120G RZOBN NzN  NHBoc R { N NHBoo
catalysed | \ 632b R'=0Bn, neat, 120 °C, | 4 o] z R O N_ =
R
version) ° \/\002'\/'9 R2=H 2h BnO \/\002Me BnO SEn NScosMe
631
635a 13% 635b 31% 636a 68% 636b 47%
[5] R1_X+ NaN3 —_R2 638 N’N
Li and 637 X=ClI, Br Hzo, 100 QC, 639 N —l 640
2 _
Wang31 R'= benzyl, alkyl R“=aryl, alkyl 1d RI- N\)_ 33-99% 1N , 0-39% 19 examples
(1 pot) 14 azides 6 alkynes R R

Table 3.3: Selected examples of uncatalysed Huisgen’s 1,3-dipolar cycloaddition of azides to alkynes.

3.4.2 Copper-Catalysed Azide-Alkyne 1,3-Dipolar Cycloaddition (CuUAAC)

Prior to 2002, the use of triazoles as synthetic biological sub-structures was hindered by the

lack of regioselective syntheses.

Attempts to control the regiochemistry under various conditions,

including the use of metal acetylide (such as sodium and lithium), have been reported with limited

SUCCGSS.ZO'26
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Chapter 3: Introduction: Triazoles and Amino Acids 3.4 Synthesis of Triazoles

In 2002, Meldal etal.?? and Sharpless et al.** independently published the discoveries of
copper-catalysed azide-alkyne cycloaddition (CuAAC), which gave 1,4-disubstituted triazoles
exclusively (Scheme 3.4 and Table 3.4). Together with the concept of click chemistry, the triazole

substructure has become one of the most widely used moieties in all areas of chemistry during the

past decade and these have been reflected in the sheer number of reviews published recently.*>"'*-
21,23,26,32
3.4.3 Aspects of CUAAC reaction
R’ ﬁ R 1 _N
SNTURN Cu(l) catalyst SNT SN
B _—
+ (+ additives) 5\=Q
=R R
Scheme 3.3: Copper-catalysed azide-alkyne cycloaddition (CUAAC).
.7,22,2425

The use of the CUACC is a robust catalytic procedure’ with the following features:

e The reaction is usually performed at neutral pH (pH 7-9) but also reported to be carried
out over a range of pH 4 to pH 12.

e The reaction is usually carried out at room temperature but also reported to proceed over
a temperature range from 0 °C to 160 °C.

e The reaction is usually carried out in a variety of solvents including organic solvents (such
as toluene, CH,CI,), water, alcohols, ionic liquids and even biological fluids (such as
serum and whole blood).

o Dramatic rate enhancement upon catalysis (ca. 10) is observed.

e The reaction is usually completed within minutes or hours compared to hours or days in
the uncatalysed cycloadditions.

e Excellent yields are observed in most cases.

e Only the 1,4-disubstituted triazole is formed as the only regioisomer.

e The reaction is insensitive to steric and electronic properties of the substituents on the
azide and the alkyne.

e Internal alkynes have no reactivity under CUAAC.

e The reaction tolerates a large range of functional group such as hydroxyl and amine
groups, thereby minimising the need for the functional group protection and subsequent
deprotection steps.

T CUAAC adheres to the principle of click chemistry so well that some literature procedures simply inferred that a
“click reaction” to mean the use of CUAAC and vice versa.
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(a) Copper Catalysts

Copper(l) is the active form of the catalyst and is used in the form of a salt (such as Cul, CuBr).
Coordination complexes (such as CuOTfCgHe, Cu[MeCN]4PFs, CulsP[OEt]; and CuBre<PPh;) and
carbene complex (Cu[SIMes]CIss) are also used due to their superior stability and solubility in the
organic solvents. Recyclable heterogeneous catalysts (such as impregnated charcoal with copper
[Cu/C]**, Amberlyst A-21-Cul® and cellulose based copper(ll) alginate [Cu(ll)-ALG]*) have also been
reported (Table 3.4). Direct addition of unstable Cu(l) catalyst to the reaction mixtures may require the

exclusion of oxygen to improve product purity and yield.7’22'24

The unstable Cu(l) catalyst can be generated in situ by reduction of Cu(ll). The popular
“aqueous ascorbate” procedure involves the in situ reduction of a stable Cu(ll) salt [such as CuSO, or
Cu(OAc),] by sodium ascorbate in a mixture of water and tert-butanol at room temperature.7’24
Another air-stable and water-soluble mild reducing agent, tris(2-carboxyethyl)phosphine (TCEP) was

also used to generate Cu(l) in situ (Table 3.4).*’

Alternatively, the addition of copper wires/turnings (with or without CuSO, accelerant)
generates the Cu(l) catalyst required through the disproportionation of Cu(0) and Cu(ll). This method
can be slow but is experimentally simple and produces very pure triazole with low metal contamination.

Exclusion of oxygen is not necessary for both the ascorbate and copper wires/turnings procedures.7'23

The direct use of Cu(ll) salt, namely Cu(OAc),, as the catalyst for cycloaddition was also
reported (Table 3.4).%

(b) Ligand Additives

CuAAC often requires the addition of a nitrogen base, such as NEt;, DIPEA or 2,6-lutidine for

deprotonation as well as Cu(l) stabilisation, thereby increasing the rate of reaction.”?**%

Addition of other Cu(l) stabilising ligands can further enhance the reaction rate of CuAAC.
Fokin et al.*® discovered tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine (TBTA, 641, Figure 3.2)
after observing unusually fast cycloadditions of certain polyvalent substances. This tetradentate
ligand binds tightly to the Cu(l) ion, thus stabilising the catalyst which leads to a higher yield and faster

reaction (Table 3.4).

Fluorescence quenching assays conducted by Finn et al.*® identified bathophenanthroline-
sulfonic acid (642) as a potent ligand for Cu(l) in CUAAC. Phenanthroline 642 has a better solubility in
water, but the reaction conducted is more air-sensitive than that of TBTA 641. Exclusion of oxygen

and/or addition of excess reducing agent might be required as a result (Figure 3.2).”
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Fukase et al.*' discovered the addition of non-basic N™-benzylhistidine 643 or its N-Boc
derivative 644 accelerated the CuAAC involving peptide substituents and were suitable for base-
sensitive reaction systems (Figure 3.2). Both imidazole and amino acid moieties of the histidine
catalyst are required for the acceleration and “self-activating” solid phase CUAAC was observed when

Nim-benzylhistidine residue was incorporated as part of the peptide structure (Table 3.4).

IIBn
N/N Ban\
I\ / X _N
N
RHN” >CO,H
N N=
/:(‘ LC"\‘ 643R=H
NN N\ Neg NaO,S 642 SO3Na 644 R= Boc
Bn—"V\, 2 n
N 641

Figure 3.2: TBTA (641), bathophenanthroline sulfonic acid (642), Nim-benzylhistidine 643 and its N-Boc
derivative 644.

(c) Limitations

The regiochemistry of triazole formation resulting from the case of CuAAC is limited to

1,4-disubstitution. The corresponding 1,5-regioisomers are not formed under these conditions.

Only terminal alkynes would participate in the CUAAC due to its involvement in the formation
of a copper acetylide intermediate. Homo-coupling between terminal alkynes (Glaser coupling) was
also observed producing dialkynes as the major impurity in the solution-phase reaction. This side
reaction can be minimised by the exclusion of oxygen and an excess of the alkynes was usually used

22,24

in order to compensate for the losses. The cross-coupling was not observed in the solid-phase

CuAAC.%

2442 and 5-hydroxytriazoles®, were also observed,

Other side-products, such as bis-triazoles
thus further reducing the product yield and purity. The CuAAC of sulfonyl azide to alkyne also gave
rearrangement products, such as N-sulfonylamidines® and N-acylsulfonamides*, depending on the
reaction conditions and substituents involved.”*® The formation of these side products are base-

dependent and can be minimised by the appropriate choice of base such as 2,6-lutidine.?***4°

3.4.4 Mechanisms of CUACC

In contrast to the concerted mechanism of the thermal cycloaddition, Sharpless et al.®

proposed a stepwise mechanism (Scheme 3.4) to account for observations such as regioselectivity,
rate acceleration and lack of reactivity towards internal alkynes. This proposal was further supported

by a series of computational studies which ruled out the concerted mechanism due to its high potential
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energy barrier. The calculations also revealed a lower activation barrier (ca. 10 kcal mol‘1) for the
stepwise copper-catalysed cycloaddition relative to the concerted thermal cycloaddition, leading to the

observed enormous rate acceleration.>*®> The catalytic cycle is summarised as follows:”?

e Step 1: formation of copper acetylide 647. This is facilitated by the initial nt-coordination of
alkyne 646 to copper catalyst 645.

e Step 2: activation of azide 648 by its coordination to copper complex 647.

e Step 3: formation of a six-membered copper(lll) metallacycle 650 by intramolecular attack
of alkyne to azide.

e Step 4: ring contraction of metallacycle 650 to from the triazoyl-copper intermediate 651.

e Step 5: protonation of 651. This releases triazole product 652 and regenerates copper(l)

catalyst 645 for the next cycle.

[a] NR?
N“ °N 616
652 o)y=I[s I
R H —
[Culx]"
H* 645 .
step 5 step 1 H
No _R? 647
NG L
__ R'———CulLy
1 +
R CulLy N=N
651
step4 step 2 648
N=N
N=N~N-R? TN-Re
I I
R1JVCULX R'——Culy -L L = CH5CN or H,0 EEE 621

Reaction Coordinate ——= o
Scheme 3.4: [a] Catalytic cycle of CUAAC showing a stepwise mechanism proposed by Sharpless et al.”" after

extensive computational studies.”® [b] Calculated energy profile of the CuAAC reaction from DFT study

conducted by Sharpless et al.?®

Further in-depth investigation revealed the possible involvement of a second copper atom due

to the ability of copper acetylide to form highly aggregated but stabilised species.”*®

3.4.5 Selected Examples of CUAAC

Since the discovery of CuAAC, the application of this transformation has been increasing

rapidly. Some representative examples are listed below.

75



Chapter 3:

Introduction: Triazoles and Amino Acids

3.4 Synthesis of Triazoles

Entry Conditions Products Yields
o R'= H, adamantyl, 2-(2-deoxy)-Gal-SP h, 4-NH,CgHy
R1—N/§)LPhe~Gly-PheGly—O RR® R2=H, Me, Et Pr
NEN HO R®= H, Me, Et, Pr, Bu, n-C14H
N 653 .C ;"’ 14H2
1 17 analogues FmocHN_~\/ R“=H, Ph, CH,COH, (CH,),SMe,
() cat. Cul, DIPEA, Y 2COz, (CH2),SMe >95%
Meldal et (CH2)sNHC(NH)NH;
al.2 THF, rt, 16 h o (>75% purity)
5-H 2.(2- _Gal- .
FmOCHN\:)LPheGIy—Phe-GIy—O R® = H, 2-(2-deoxy)-Gal-SPh, 4-NH,CgH4
= Me_ Me
FmocHN
RO-NTY 654 X .
;]/ 5 analogues HOZC f"" Bn "f
NZN R'1=Bn, CH,0Bn, CH,CO,Bn, adamantyl ,OH SONHz
: .N
2] cat. CuSO,, 1'N\)\R2 o O...:i N
Sharol Na ascorbate, =R P N~ 82-93%
arpIESs €t/ 1BUOH-H,0, r, 655 N / NONH °
al. 8h 9analogues R2= ,-"’Y\/OH
o Ve COH, Ph, CH,NEt,, CH,NHC(NH)NH,
cat.
— 84%
[3] [Cu(MeCN)4]PFe, N=N .
Fokinetal®®| ~ TBTA, rt, Bn/N\/\ pn, 696 (without
'BuOH-H,0, 1d TBTA: 1%)
cat. Cul N=N R'=Ts, SO,Bu, SOLCH,),TMS, (1R)-(-)-10-camphorsuifonyl 56-95%
[4] 2 6.lutidine, R?N\/\Rz RZ = Ph, (CHy)sCl, (CHy)s0Ac, CH NBoc, C(Me),0H (without
Chang&;7 et CHCl3, 0 °C, X =H. Me 2,6-lutidine:
i 657 | x XToMe {—O | 3%)
14 analogues 3 Br °
N=N R'=Bn, CHZBn, adamanty| 92-99%
cat. Cu/C, NEts, ! 2 _
Lipsh[ftlz » S (;JXane, 3 N \/\ R R? = Ph, (CHZ)ZOH CMe,0H, CH2)4CI ¥ uncatalysed
10-120 mi
Taft** S min. 658 f‘ "’ N W|thout NEt3
60 °C 10 analo 4
gues
OH
_ o,
K ] cat. Cu(OAc), N=N 659 R =Ph- To, 3-MeOCgH,— m 1?0 A’d_
ar;a;;” et | H,0,1,20h o N\P~R Ganalogues  _CH,OH,~CMe,0H, -CMe(Ph)OH (“”gf;% g;os)e -
N=N = CH3(CHp)g=, Bn—, . N
cat. ; Ph-, BnCH R3—®—/ </
(7] Cu(SIMes)Br, R?“% R z CN,NO, 7/\/ 86.98%
Nolanetal.® _neat,rt, 660 R? = 'Bu, Ph, CMe,OH,
min— 13 analogues TMS, COEt ; !
20Bn
= —820
(8] cat. Cul, DIPEA, . o N’N. NHBoc 635aR'=H, R?=0Bn See also Table 3.3 for the 80-82% )
Doncllonl et toluene, rt, 15 h BRr’10 \/\COQMe 6350 R'= 0Bn, R2 = H uncatalysed cycloaddition (ungaga‘]lyg/sed.
a OBn —31%)
o ©/\[N‘N OAc
N=N ’
Fe Fe N R= o)
OR Aw&g/
9 AcO
O curpory, & ee S w ~ opcx‘
Be\r/:rrngﬁz ot toluene, reflux, 88-98%
45 min OAc
al® ©/\"{ _\ R OAc
e o N=N A/C\(go o)
RO\A/ N\/© 663 -
N=N R =-CHSPh, L(CH)NHRZ RZ=Hor g OH
cat. Cu(OAc),, ' —(CHy)2NHBoc,
[10] NN
Usselstin | Na ascorbate, R* N ~Bn, ~CHyBn "'H X OMe 38-96%
dssée S; ur: BuOH-H,0, rt, Ts - °
an Intra 18 h =

664 9 analogues

AcO
AcO o)
Acé\&@/ﬁk
OAc

N">CcoMe
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i OH 0 o
NeN  OH r'Pr R = J\r H & Yields were
cat. CuSOy, - N N O MeO \ﬂ/ r30t stated but
(111 c ; NN ph O  disappearance
Fokin et al.'3| U urmings, 1t = P of the limiting
BuOH-H,0, 2d R Bn o HN-; .
665 OMe BocHN observed.
H N= 1009
Cul, DMF, rt, ©2 o 00%
643 or 644, BocH 4 (lithout
10 min 666 643 or 644:
NHBoc 20% over 3 d)
For R = H:
NHBo
Cul, 644, DMF, é\\\/ 'ﬁ 78%
[12] rt R = H Bz For R =Bz:
Fu"?ﬁ? et o COMe 51%
al.
NH, NHBoc o a _O
y 57-100% after
Cul, DMF, rt, O_G'V H'S N\/\)\ BocNE A ) cleavage of
12h )\HN 2 . His-Phe-H .
Wang's resin HO.C f H I|3n 669 Boc and resin
Various amounts of 5-iodotriazole by-products were also isolated due to the excuss use of Cul.
See Section 3.4.7 and Scheme 3.18 for discussions.
Method A: N
cat. CuSO, «, Method B: 672
, N .
(13 | Naascorbate L &'=saeoaro, "o 50%
Seela and THP=H,0, t PR = 3-4(C-G)-O- Method B:
L. 37 Method B: . ’
Sirivolu cat. CuSO, 9 yield was not
TBTA, TCEP, A NO, A T OH - stated
'BuOH-H,0, rt HO R Method A: 671 R' = R2 = OH
[14] CuSO0s, triazole linked @ Generation Go:n = 9 Go: 94%,
Astruc et q"?qla:ifﬂoga}-te‘ ferrocenyl dendrimer N Fe Generation Gq: n =27 G1: 71%,
al.’® 30 rr%lin‘ ' dendrimers n  Generation Go: n =81, 620 Gy: 56%
T T T-
1) 0O fo) 619
W - DMT
[15] Cul, DIPEA, 0 NN NN 0o
Massi |17 toluene-DMF, rt, T T T 55-73%
assi et al. 18h T
(0] (0] 674 O O 675
HO NN ODMT HO AN ODMT
N~ N~

Table 3.4: Selected examples of CUAAC.

3.4.6 Omne-pot Synthesis of Triazoles

lIN " R1\ /N\\
R'-X + =—rR? — > N _ N
X = halides, amines Cu(l) catalyst /\

R2
Scheme 3.5: One-pot synthesis of triazoles from the corresponding halide or amine. Azide is formed in situ and

then trapped by alkyne under CuAAC.

One-pot syntheses of triazoles by in situ generated azide provide a synthetically convenient
alternative route to further enhance the comprehensiveness and versatility of CUAAC. These one-pot
procedures avoid the isolation of potentially unstable organic azides. Therefore, this synthesis

provides access to a wider range of azides that are not readily available from commercial or synthetic
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sources, especially those with low molecular weights or bearing multiple azide functionalities
(Scheme 3.5).7’21 Under these conditions, azide was usually generated in situ from the Sy2 reaction
between the corresponding halide or amine and an azide source such as NaN3, TfN; or TMSN3;. The

following table briefly summaries the various reaction conditions involved:

Entry Halide/Amine Conditions Yields
o) alkyl, allyl or NaNs, cat. CuSOy, N bate, DMF-H0, rt-65 °C 72-93%
Fokin etal®® | benzyl halides aNs, cat. CusO,, Na ascorbate, —Hz0, rt- —93%
[2] . )
. 49 aryl or vinyl NaNgs, cat. CuSQ4, Na ascorbate, L-proline, Na,CO3 (or K,CO3), DMSO-H,0, _0Ro
F‘Lks'zr]e; a3 iodides 60-70 °C, 14-18 h 31-98%
3] alkyl or benzyl NaNa, Cu turni CuSO,, mi ‘BUOH-H,0, 125 °C, 10-15 mi 81-93%
Fokin et al®' halides aNs, Cu turnings, cat. CuSQ,, microwave, '‘BuOH-H,0, , 10-15 min —93%
4] NaNs;, BUNHSO,4, NaHCO3, cat. CuSO4, Na ascorbate, CHCI;—EtOH, rt, 18 h
Wang et al 52 glycosyl bromides (with or without H,0) 53-98%
9 ' (80 °C for mannose)
5] aryl iodides NaNs, cat. Cul, 676, Na ascorbate, DMSO-H.O, rt, 1-18 h MeHN 38-99%
Liang et al.?® : o ore O 9
aryl bromides NaNj3, cat. Cul, 676, Na ascorbate, DMSO-H,0, 70 °C, 1-18 h MeHN" 74-98%
[6] alkyl, allyl or
Sreedhar and benzy‘l halides NaNsj, cat. Cul, ultrasound, H,O, rt, 15-30 min 52-95%
Reddy>*
7 bzlr'gi,’l "’;]';’]'idogs NaNa, cat. Cul, Na;COs, [bmin][BFs]-H,0, rt, 4-10 h 76-99%
Liang et al.%®
aryl iodide NaNj3, cat. Cul, L-proline, Na,CQOg3, [bmin][BF3]-H,0, 65-80 °C, 8—-12 h 70-80%
Nolarfggt L a'k{)'rg;fi’jgzy' NaN,, cat. Cu(SIMes)Br, H;0, rt, 0.3-2 h 90-98%
)] alkyl or benzyl i. NaN3, DMSO, rt, 12-24 h; 60-98%
Kacprzak®® bromides i, alkyne, cat. CuSQy, Na ascorbate, H,0, rt, 3-18 h
Seck (10 o | alkylor benzyl i. TN, cat. CuSOs, NaHCOs, CH,Cl-MeOH-H,0, tt, 30 min 26 00%
e\;/?/it;f::ngp amines ii. Na ascorbate, TBTA, microwave, 80-120 °C, 10-30 min
[11] . i. 'BUONO, TMSN3, MeCN, 0 °C—rt, 2 h
| 79-87%
Moses et al.%® arylamines ii. cat. CuSO,, Na ascorbate, rt, 16 h ?

Table 3.5: Conditions of one-pot synthesis of triazoles from halides or amines.

Azides can also be obtained from other sources such as alkenes. Carreira et al.*® reported a
cobalt-catalysed hydroazidation of a range of unactivated alkenes with high Markovnikov selectivity.
Further study had shown that the resulting azide can be trapped in situ by CUAAC under a stepwise
one-pot procedure to give a triazole. It was demonstrated with the synthesis of triazole 680 from the

unactivated alkene 677 via azide 679 (Scheme 3.6).

t Phxph Ph \/\( Me
NS
Bu N~ ~Cox Ph Me (a)v _N
- N \/\( N
OH > \
(@)iHv g 678 679  Ng N 1
677 u - 680 oh

Reagents and conditions: (a) i. cat. Co(BF4),*6H,0, 678, EtOH, rt, 30 min; ii. 677, TsN3, 'BUOOH, rt, 10 min; iii. TMDSO, rt, 4 h;
iv. H,0, rt, 30 min; v. cat. CuSQOy,, sodium ascorbate, phenylacetylene, H,0, rt, 20 h, 60%.

Scheme 3.6: One-pot synthesis of triazole 680 from alkene 677 by Carreira et al.*
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Alternatively, Chandrasekhar et al.*° and Sreedhar et al.®" generated allyl azides 684 in situ
from alkyl acrylates 683, which were in turn obtained by Baylis-Hillmann alkylation of aldehyde 681
using activated alkene 682. The in situ azide 684 was subsequently trapped as triazole via CuUAAC
under one-pot conditions conducted in EtOH, H,O or PEG (Scheme 3.7).

o) EWG OAc @ Ewe 1 EWE
o+ W i. Baylis-Hillman EWG  or(b) RN N,
R'" "H reaction R or (©) I N SN
681 6 - > 683 N 685 —
ii. acetylation ] _ 684 ° ) ,
EWG =CN, COR R = akyl, aryl, vinyl R< = akyl, aryl R
33 examples

Reagents and conditions: (a) R°C=CH, NaNs, copper turnings, cat. CuSO,, EtOH—H,0, reflux, 2 h, 72-91%; (b) R*C=CH, NaNs,
cat. Cul, NEts, H,0, rt, 8—12 h, 50-80%; (c) R?C=CH, NaNs, cat. Cul, PEG-400, rt, 6-8 h, 58-90%;

Scheme 3.7: One-pot synthesis of triazoles 685 from alkenes 683 by Chandrasekhar et al.*° and Sreedhar et al.®’

Aucagne and Leigh62 reported a stepwise one-pot chemoselective synthesis of two distinct
triazole moieties by successive copper and copper-silver-catalysed cycloaddition. The first step of this
one-pot reaction involved a CuAAC of an azide to bis-acetylene 686 in which one of the terminal
alkynes was masked by a TMS group. The second CuAAC was conducted in the presence of Ag(l)
which deprotected the TMS-alkyne in situ to allow the formation of the subsequent triazole moiety

without interim workup or purification (Scheme 3.8).

(e}
(a)
Xx_o. PN
Gly-Gly-Phe o/\ ¢
686 T™MS 0 /N: N o Pep = Leu, Pro, Lys(Boc)
N
MeO-Phe)l\/ \)\/O\Gly-Gly-Phe)J\O/\(\N/\n/ Pep-OMe
1
637 N=N o)
Reagents and conditions: (a) i. MeOPheCOCH;N;, cat. CuSO, sodium ascorbate, '‘BuOH-H,0, 35°C, 18h;

ii. MeOPepCOCH,N;3, cat. CuSQ,, Na ascorbate, AgPFs, 'BuOH-H,0, 35 °C, 18 h, 88—-93%.

Scheme 3.8: One-pot synthesis of bis-triazoles 687 from mono-silylated bis-acetylene 686 by Aucagne and
Leigh.®

3.4.7 Synthesis of 1,5-Disubstituted and 1,4,5-Trisubstituted Triazoles \

1,5-Disubstituted and 1,4,5-trisubstituted triazole derivatives are not so well studied compared
to their 1,4-disubstituted counterparts. Their progress had been hampered by syntheses that lacked

regioselectivity and/or tolerance towards other functional groups.®

(a) 1,5-Disubstituted Triazoles

The 1,5-disubstituted triazole moiety is a stable isostere of the cis-peptide bond due to its
intrinsic geometrical constraint and-.amide bond mimicry.64 cis-Peptide. bonds induce structural

disruption and are important elements found in.turns and loops of peptide secondary structures, where
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1,65

proline is commonly involved. However, unlike the 1,4-disubstituted triazoles, the number of 1,5-

disubstituted derivatives is limited due to the lack of reliable and versatile synthetic methodology.**

1,5-Disubstituted triazoles moieties are commonly installed by the intramolecular cycloaddition

1.% utilised this “ring-constrained” Huigen’s cycloaddition for the

of azides to alkynes. Appella eta
construction of structural scaffold 691, which was subsequently incorporated into a peptoid oligomer
backbone to induce a hairpin conformation. The synthesis started with the conversion of bromoacetyl
chloride 688 to azidoacetamide 689. Subsequent intramolecular cycloaddition gave 1,5-disubstituted
bicyclic triazole 690 exclusively. Cleavage of the lactam and Fmoc protection furnished triazole

scaffold 691 ready to be incorporated into peptoid oligomer 692 (Scheme 3.9).

Pep _N

° ° - Mo -N NN
Oj:l/\Br @ IA/B}/ O m:u d)—e) mN cteos \‘[DQQ/N

688 689 690 691  NHFmoc Pep—NH 692
4 examples

Reagents and conditions: (a) propargyl amine, DIPEA, CH,Cl,, -15 °C, 1.5 h, 67%; (b) NaN;, DMF, rt, 18 h; (c) toluene, reflux,
1d, 71% over 2 steps; (d) ag. HCI, H;0, 80 °C, 16 h; (e) FmocOSu, K,COj3, dioxane-H,0, 0 °C—rt, 4 h, 65% over 2 steps.

Scheme 3.9: Synthesis of 1,5-disubstituted triazole scaffold 691 via intramolecular cycloaddition by Appella et

4
al®

Hotha et al.®® generated a library of carbohydrate-derived fused-ring analogues 695 and 698
which were produced from azido-acetylenes 694 and 697 using the intramolecular cycloaddition as a
key step to generate the 1,5-disubstituted triazole moiety. These analogues then served as scaffolds
for the synthesis of structurally diverse polycyclic molecules such as triazole fused glycosides 700 and
nucleosides 702 (Scheme 3.10).

R R' =H, OTs, CH,OTBS R R
( (0] ( (0] ( (0] o
0,1 0 . 0,1 0 0,1
o )(Me (a) (C= N’ )(Me (d) N—N )(Me
HO O Me =~_-0 O Me N \/\/O © Me
693 9analogues 694 695 9 analogues
_N,
HO O wOMe N3 O OMe N” °N O OMe
e, = o =
W iy o “ty o 0y
HO OBn 0 OBn o OBn
696 OBn 697 OBn 698 OBn

o) 0 AC  thymine, uracil
700 R? = 'Pr, allyl, (CH,),C=CH, R®*=H
701R?=R%=Ac
Reagents and conditions: (a) p-TsCl, pyridine, 0 °C—rt, 10-15h, 86-91%; (b) NaNs;, DMF, 90-120 °C, 8 h, 92-95%;
(c) propargyl bromide, NaH, DMF, 0 °C—rt, 2 h, 87-93%; (d) toluene, 100 °C, 2—6 h, 75-95%; (e) 701, base, HMDS, TfOH,
TMSCI, MeCN, rt—reflux, 8-10 h, 35-50%.

N< O N< O OR? N< o base base=2-amino-6-
% °N "o 1-2 st %~ N % N :
N Me steps N () N chloropurine,
= v )( 70-85% \7&’ U s ’ \7&’ “, 6-N-benzoyladenine,
o O Me ° R o) 0
699 702

Scheme 3.10: Synthesis of carbohydrate-derived ring-fused analogues by Hotha et al.®
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A regioselective intermolecular synthesis of a 1,5-disubstituted triazole was reported by
Krasinski et al.®” after re-examination and refining earlier work. The synthesis involved the
cycloaddition of azide 705 to halomagnesium acetylide 704 generated in situ from terminal alkyne 703
and ethylmagnesium halide. 4-Halomagnesiotriazole intermediate 707 was then hydrolysed to yield
the desired 1,5-disubstituted triazole 708. Alternatively, intermediate 707 could be trapped by a range
of appropriate electrophiles 709 giving 1,4,5-trisubstituted triazoles 710 regioselectively (Scheme 3.11).
However, this method cannot be used for substrates that bear functionalities such as acidic protons or

carbonyl groups which are sensitive to Grignard reagents.

R1\ /N\\ R1\ N (a) iii R1\ /N\\
R'——Mg  R?-N; 705 N "N N° °N N™ SN
704 @i Mg* —  )=( i M=/ 708
(@i ? // R? Mg @iv. R? 22 examples
707 R1 = 709 p
T @i R2 R2 = Ph N
1 706 DCI/D,0, I, CO,, CICOM Pisy ™ 710
1——= R'=alkyl, aryl, vinyl s 2, CO2, Me,
R— R2= |ky| y| bey | 709 = PhGHO, PANCO, HCO,Et, ):L 9 examples
703 = alkyl, aryl, benzy CO(OCClg)y, CICON[(CH) N3l Ph E

Reagents and conditions: (a) i. EtMgCl or EtMgBr, THF, rt—50 °C, 15 min; ii. 705, neat or THF, rt—>50 °C, 1-24 h; iii. aq. NH,ClI,
63-100%; iv. 709, neat or THF, 42-95%.

Scheme 3.11: Regioselective synthesis of 1,5-disubstitued triazoles 708 and 1,4,5-trisubstituted triazoles 710

under magnesium-mediated cycloaddition by Krasinski et al.®”

+
R%.-_Ngs RZ. N T=p-
f [ e BRI
R'———TMS P — _ 4/ 713 2,2,\
(a) R—=——TMS ) ( CH,0H K/NBOC
711 &+ 8- R’ ™S ) N
712 R =Bn, TMS, 3-pyridinyl

3 _ 3 _ -N ~N
Wang's N3 715aR’=H, b R® =Et N7 N™"\
o R30,C—=—TMs N (h), )wN
714 > HO,C HO,C

3 3
b1 R*0,C R®=Et CO,Et
J I (b)) 168 b ™S 717b
/\ Me
(diamine)._{spacer)—N; (d) (h) R®{diamine) __(spacer) ;—N 0

O
= N
719 R4CO H

48 examples g -NMeBu { —NHBn

Et Et
diamine = Q—N/\:/\N—S NN/ spacer = \/ !—@—/ RS= Me,allyl, Bn
Reagents and conditions: (a) R’Ns, toluene, reflux, 12-46 h, 42-82%; (b) 715, BSA, toluene, reflux, 18 h; (c) TFA, CH,Cl,, rt,
1 h, 94-99% over 2 steps; (d) 715a, BSA, xylene, 105 °C, 1d; (e) R*NH, PyBOP, DIPEA, DMF, rt, 1d; (f) R°X, DMSO, tt,
18 h; (g) DIPEA, CH.Cl, rt, 6 h; (h) aq. HF, THF, rt, 4 h, 79% for 717b or 27-100% overall yield calculated on the basis of the
initial loading of REM resin.

Scheme 3.12: Synthesis of 1,5-disubstituted triazoles under TMS-directed cycloadditions by Hlasta et al.’®

Hlasta et al.®®

synthesed 1,5-disubstitued triazoles regioselectively by using the bulky TMS as
a directing group in both solution and solid phase reaction. Due to its steric hindrance and the ability

of silicon to stabilise the developing partial positive charge on the alkyne S-carbon in the transition
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state, the TMS group preferably resides at C4 position, leaving the other substituent resided at C5
position of the trisubstituted triazoles as seen in 713. BSA was sometimes added to minimise the
unwanted desilylation during solid phase cycloaddition. Subsequent cleavage from the resin and
removal of the TMS group by aqueous HF yielded 1,5-disubstitued triazole 717b. A small library of
1,5-disubstituted triazoles 719 was generated successfully using this method with REM resin
(Scheme 3.12).

However, none of the above syntheses of complementary 1,5-triazoles is catalytic in nature to
possibly mirror the success of CUAAC, until the discovery of ruthenium catalyst 722 by Fokin et al.®
Ruthenium catalyst 722, Cp*RuCI(PPh;),, catalysed the cycloaddition of azides 720 to terminal
alkynes 721 to afford 1,5-disubstituted triazoles 723 exclusively. Unlike CuAAC, this system also
produces 1,4,5-trisubstituted triazole 726 by catalysing the cycloaddition of benzyl azide (724) to
phenylacetylene (725), a symmetrical internal alkyne. Therefore, the metal acetylide intermediate is

not involved in the postulated ruthenium-catalytic cycle (Scheme 3.13).

[a] R, /N Me N
R N\
Cp*RuCI(PPh3)2
RI-N; + =—R? 722 )_/ 723 R2 721
720 721 b R L R“‘CI
(@) or(b) 11 examples
R'= alkyl, aryl, benzyl R?= alkyl, aryl
) e gy
@) Bn. N R? R2 Me |
Bn—N; Ph—=—=—ph _¥ NN awwRU~¢ \\\\\\“‘B“\m
724 7 725 126 (VA NTRY 727
Ph Ph N~ )
N= NZ

Reagents and conditions: (a) cat. 722, benzene, 80 °C, 2—4 h, 80-94%; (b) cat. 722, dioxane, 60 °C, 2-12 h, 80-94%.

Scheme 3.13: [a] Ruthenium-catalysed cycloaddition of azides 720 to terminal alkynes 721 gave 1,5-disubstituted
triazoles 723. [b] Ruthenium-catalysed cycloaddition of benzyl azide (724) to diphenylacetylene (725) produced
trisubstituted triazole 726. For the uncatalysed reaction, only trace amount of triazole 726 was detected after 1
day of reflux. [c] The ruthenium catalytic cycle proposed by Fokin et al®® The cycle began with the oxidative
coupling of an azide and an alkyne on ruthenium to give a six-membered ruthenacycle 728. Subsequent
reductive-elimination of 728 yielded the desired triazole 723. Unlike the catalytic cycle of CUAAC, metal acetylide

was not involved.

Weinreb et al.”®

attempted to address the regiochemistry problem resulting from the
ruthenium-catalysed cycloadditions when asymmetrical internal alkynes were used. Although the
catalysis between azide and an internal alkyne was shown to be a general process, the regiochemistry
varied depending on the substituents. For example, the carbonyl substituent preferred to reside at C4
position of triazole whereas the propargylic alcohol substituent preferred to reside at C5 position of
triazole. Bulky substituents on either the alkyne or the azide resulted in a very slow reaction with low
yield. The studies were unable to offer a mechanistic rationale for the regiochemical results

(Scheme 3.14).
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— R NG R NG R2= Me, Et, Ph, B
RN =" _>(a) NN NN R3= Me, Et, P (ClIJ-|)OH
729 + 730 \—/( + \—{( = Me, Et, Pr, (CH,),0H,
RZ RS R3 RZ CHQOH, CH(OEt)Z, CszOH,
R' = Bn, CHPh,. (CH,),Ts 731 17 examples 732 CH,NEt,, COMe, CO,Et

Reagents and conditions: (a) cat. 722, benzene, 80 °C, 2.5-20 h, 65-100%.

Scheme 3.14: Ruthenium-catalysed cycloaddition of azides 729 to internal alkynes 730 by Weinreb et al.”® The
regiochemistry of the reaction varies depending on the substituents. Low yields (10-15%) were observed when a

bulky substituent, such as tert-butyl or 1-adamantyl group, was found on either substrate.

(b) 1,4,5-Trisubstituted Triazoles

In addition to the syntheses illustrated in Scheme 3.11-3.14, 1,4,5-trisubstituted triazoles have
been synthesised by variants of the popular CuAAC.*® Wuetal.”" conducted CUAAC in the
presence of stoichiometric Cul and an electrophile which trapped 5-triazoyl-copper intermediate 651 in
situ. This concept was similar to the electrophilic trapping of halomagnesiotriazole intermediate 707

that was previously discussed (Scheme 3.1‘I).67

A strong electrophile was required due to the lower
nucleophilicity of triazoyl-copper intermediate 651 and only a moderate yield was obtained

(Scheme 3.15).

N R, s
R™=Ny =R R3-x suchasICl, (@) N” SN 736
733 + 734 + 75 allylbromide, — )24 21 examples
R'= alkyl, benzyl R2= Ph, alkyl, acyl acid chlorides R3 R2
Reagents and conditions: (a) Cul, NEt;, THF, rt, 20 h, 27-82%
Scheme 3.15: Synthesis of trisubstituted triazoles 736 using modified CUAAC by Wu et al.”’
AN 739
R'—Ns Br———R? (a)or (b) 10 examples
+ —
737 738 > Br)_LRz
R'= \ Meo:C AcO_OAc R2= —CO,Me, / i_@_OM . BnO_0Bn
R N 0 —(CH,),0H 0N,
AcO BnO
R%=NO,, Br, Me OAc BocHN~ ~CO,Me OBn

Reagents and conditions: (a) cat. Cul/Cu(OAc), (1:1), THF, rt-50°C, 16-50h, 60-94% (+ 4-14% 5-iodotriazole);
(b) cat. CuBr/Cu(OAc), (1:1), THF, 50 °C, 16 h—7 d, 65-99%.

Scheme 3.16: Synthesis of ftrisubstitued 5-bromotriazoles 739 from azides 737 and bromoacetylene 738

catalysed by a mixture of CuX/Cu(OAc), by Rutjes et al.®

Rutjes et al.® reported a versatile synthesis of trisubstituted 5-bromotriazoles 739 using
azides 737 and stable bromoacetylenes 738 catalysed by a mixture Cu(l) and Cu(ll). Two mixtures of
catalyst were suggested: either Cul/Cu(OAc), or CuBr/Cu(OAc),. When Cul was used, the reaction
proceeded faster but a small amount of corresponding 5-iodotriazole was also formed. The formation
of this iodo by-product was avoided if CuBr was used but the reaction proceeded significantly slower.

The resulting 5-halo substituent provides a useful handle for metal-mediated derivatisations such as
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palladium-catalysed cross-coupling or nucleophilic substitution via halogen-metal exchange. The
synthesis of 5-iodotriazole starting from iodoacetylene was also attempted but failed due to the
instability of iodoacetylene towards the reaction conditions. Compared to Wu’s modified CuAAC, this
method avoids the use of stoichiometric Cul as well as the use of hazardous and corrosive ICI
(Scheme 3.16).%

The use of Cu(l)/Cu(ll) mixture as the catalysts for the synthesis of 5-alkynyltriazoles 742 was
reported by Porco et al.”? The 1:1 mixture of Cu(l) and Cu(ll) catalyst was generated in situ by the
oxidation of Cu(l) complex using NMO. However, the proposed reaction conditions gave a variable

mixture of trisubstituted and disubstituted triazoles 742 and 743 in variable quantities (Scheme 3.17).

R'. N R'. N_
. N™ SN N7 SN
RN, = R? (a) _ N _ 8 examples
740 + 741 R? N (
R R?
742 ” 743
3
R'=Bn OR an"\ _@_i R =
, RO 2 H or TBS y VeO = CH,OMe, Pr, Ph
PhO H
AL CO,Me

Reagents and conditions: (a) cat. Cu(MeCN)4PFs, TMEDA, NMO, DIEA, CH,Cl,, rt, 742: 31-68%, 743: 24—46%.

Scheme 3.17: Synthesis of trisubstitued 5-alkynyltriazoles 742 by Porco et al.”

During the investigation using histidine derivatives as the Cu(l) stabilising and rate

1.*" also isolated 5-iodotriazole derivatives as

accelerating agents of CUAAC (Table 3.4), Fukase et a
the major product under prolonged reaction conditions. It was suggested that the presence of base
and excess Cul facilitated the iodination of triazole after its formation, although the in situ trapping of

the 5-triazoyl-copper intermediate 651 was also plausible (Scheme 3.18).

COH ;
N 1 = (a) )\/\/N a
BocHN)\/\/ 3 + 745a R' = Fmoc —_— BocHN 4o
744 ! NHF moc

X
BN NHBoc \©\ El‘” NH,  N=N
1 .
O—Gly—l-llis N, 4 NHR (b)~(c) HO—GIy—HISWN P
3 745b R" = Boc > 18 3
o I
NH,

Wang's o) 747
CO,H I|3n NHz  N=N  GO=N
2 2 _ b .
749a R? = c —Gly—
— R?=Boc (b)c) HO—-Gly-His N~ NHR2
NHR2 749b R? = Ser—Leu—Phe—H 3
750aR?=H o |
750b R? = Ser-Leu—Phe-H  (+ 1,4-disubstitued
triazole)

Reagents and conditions: (a) Cul, 644, DMF, rt, 77%; (b) Cul, DMF, rt, 12 h; (c) TFA-TES—H,0, rt, 30 min, yields over 2 steps:
748: 100%, 750a: 43% (+ 57% 1,4-disubstitued triazole), 750b: 70% (+ 18% 1,4-disubstitued triazole).

Scheme 3.18: Synthesis of 5-iodo-1,4-disubstituted triazole derivatives by using excess Cul and prolonged

reaction conditions by Fukase et alt!
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A preliminary study conducted by Nolan et al.* discovered that highly reactive carbene
coordination complex, Cu(SIMes)Br, also catalysed the cycloaddition of azides to internal alkynes.
The carbene ligand was crucial for the catalysis and enabled the activation of internal alkyne by

enhancing the n-coordination/backbonding of the copper complex (Scheme 3.19).

CuL 3 N 7N N
Et———Ft @) : R_Q_/ /©/\ Mes ~ —~Mes
—_— Et————Et 753 — N N
751 |: ] R=H NO > R Et Et \Q/
752 =H.NO,
754 Cu(SIMes)Br

Reagents and conditions: (a) cat. Cu(SIMes)Br, neat, 70 °C, 48 h, 59-80%.

Scheme 3.19: Synthesis of trisubstituted triazoles 754 from azides 753 and 3-hexyne (751) catalysed by
Cu(SIMes)Br.*

3.5 Alternative Use of Azides—Staudinger

Reactions

Apart from its utilisation in cycloaddition, organic azides are also useful starting materials for
various reactions which provide alternative routes for diversity oriented synthesis (DOS) starting from
a common intermediate. Among those, the Staudinger reaction is one of the important examples and
it usually refers to a mild reduction of azide 755 to amine 759 using phosphine as reducing agent. The
mechanism of this reduction involves the hydrolysis of aza-ylide intermediate 758, generated by the
addition of phosphine to azide 755 with concomitant loss of nitrogen gas (Scheme 3.20). This reaction

is a convenient metal free alternative to the metal-catalysed reduction/hydrogenation of azides.”

The Staudinger ligation, on the other hand, usually refers to the modified procedure in which
aza-ylide intermediate 758 is trapped in situ by a non-aqueous electrophile such as a carboxylic acid,
to give amide 760. This procedure effectively ligates two molecules together through an amide bond
with one bearing substituent originally carried by the azide and another one bearing a carbonyl group

and its substituent. This latter reaction is commonly used in the peptide ligations and N-glycopeptides

synthesis (Scheme 3.20).”%77
H7HQ  R'-NH,
.N=
. N=N O TE rN=PRs 759
- ¥ PR, N PR, = -N, )
RIEN-NEN —— |+ = N—PR, | —> 758 - O=PR; R2CO,X
- 1°
755 1 756 .
R 757 N—PR, T~ 760
R’ R°COH  R'NH-COR?

Scheme 3.20: The Staudinger reactions. Trapping of aza-ylide 758 by water gave amine 759 whereas trapping

by a carboxylic acid gave amide 760. The later is sometime referred as Staudinger ligation especially when one

of the substituents is a peptide.73'76
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N-Glycopeptides are usually synthesised by the condensation of a glycosyl amine with an
activated amino acid derivative. The glycosyl amine intermediate, in turn, was generated from the
reduction of glycosyl azide or other methods. However, the unstable glycosyl amine can undergo
spontaneous dimerisation and can be easily hydrolysed under neutral or acidic conditions. The
anomeric centre of the glycosyl amine also isomerises easily in the presence of an acid or a metal,
giving a mixture of anomers regardless the stereochemistry of the starting material. This is why the
Staudinger ligation, a direct one-step procedure that avoids the isolation of the glycosyl amine
intermediate, was considered to be a superior alternative to the two-step condensation procedures for

the synthesis of N-glycopeptides (Scheme 3.20).”*"7

N-Glycosylation of the aspartic acid (Asp) side chain is of particular interest because the
carboxylic acid side chain of aspartic acid serves as a connection point between glycosides and
peptide aglycons in naturally occurring N-glycopeptides. Most of these connections are

thermodynamically stable Aglycosidic linkages.” %78

3.5.1 Selected Examples of Staudinger Reaction/Ligation

Vilarrasa et al.* reported the first one-pot synthesis of amide 763 from unactivated carboxylic
acid 761 and azide 762 using the Staudinger reaction, initially using PPh; as the reducing agent.
However, it was later discovered that the use of more reactive PEt; provided better yields and faster
reaction, thus allowing the use of milder reaction conditions. The water soluble O=PEt; by-product

can easily be removed by aqueous work-up (Scheme 3.21).

o)
R'-CO,H 761 + N,—R® 762 (a) or (b)
’ ’ — R1J\N/R2 763 11examples Ve
R' = Et—, Ph—, CICH,—,
BzNHCH,—, AcN(Me)CHo— R2 = —Ph, -Bn, cyclohexyl '\/\)\Me

Reagents and conditions: (a) PPhg, benzene, reflux, 12 h—-5 d, 60-96%; (b) PEts;, benzene, 80 °C, 5-15 h, 87-99%.

Scheme 3.21: Synthesis of amide 763 from carboxylic acid 761 and azide 762 by Vilarrasa et al.t?

70 0 3 (a)or (b) AcO
2 -
R0 Ns * e — Rzo&ow NHCOR®
765 AcO

R1
766 6 examples
R' = NHAc, OAc R3 = Jf’% 'j:/
_ AcO CO,'Bu
R = Ac, ACO ,%&/‘H FmocHN” “CopR*  FmocHN
AcO NHAC R4 = Bn, IBU

Reagents and conditions: (a) PEt;, CH,Cl,, rt, 18 h, 23-88%; (b) i. PEt;, CH,Cl,, -78 °C, (or MeCN, -30 °C), 18 h; ii. aq. citric
acid wash, 66—100%.

Scheme 3.22: First synthesis of N-glycopeptide 766 from glycosyl azide 764 and carboxylic acid 765 by Inazu

and Kobayashi.78 Conducting the same reactions at lower temperature improved the yield.79
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The first synthesis of N-glycopeptides 766 using the Staudinger reaction was reported by
Inazu and Kobayashi78 who demonstrated the direct coupling between glucosyl azides 764 and
asparagine derivatives 765 in moderate yields. Subsequent optimisation studies revealed a

dependence whereby lower reaction temperature resulted in improved yields (Scheme 3.22).”

N-Glycolipids can also be synthesised from glycosyl azides using the Staudinger reaction.

Boullanger et al.?®

reported the use of reactive fatty acid chloride 768 to trap the aza-ylide
intermediate 757 generated from a variety of glycosyl azide 767. PPhz was chosen as the reducing
agent due to its stability and ease of handling despite its lower reactivity compared to PBuj or PEt;
(Scheme 3.23). This N-acylation of glycosides has limited usage in the synthesis of N-glycopeptides

due to functional group intolerance.

~——0Q 3_ ——0Q 3
RZO/"%{M + R3-CO,ClI (a) O Y~ 51 NHCOR
R

767 768 769
=H, OAc, OBn, NHAc, NHAloc R3=C/Hys, C17Has 10 examples

A"OéOAC CH,OCH,CH(C 15Hz5)C4H
R2 = OAc, OBn, E 2 2CH(C12H25)C14H29

Reagents and conditions: (a) PPhs CHZCIZ or benzene or toluene, rt, 52-95%.
Scheme 3.23: Synthesis of N-glycolipid 769 from corresponding glycosyl azide 767 and fatty acid chloride 768 by

|83

Boullanger et al.™ o-N-Glycolipids were also synthesised similarly (not shown).

Bertozzi et al.”* introduced an intramolecular two-component (“traceless”) Staudinger ligation
in which the acyl group, destined for the amide bond, was attached to the phosphine by a rigid but
cleavable linkage as in 771 or 777. Thereby, once aza-ylide intermediate 757 was generated, it was
intramolecularly acylated concomitantly. The acylation also displaced the cleavable linkage leading to
the detachment of the desired amide and phosphine oxide by-product 775 or 779 upon hydrolysis.
Unlike most other coupling methods, this two-component ligation did not require the protection of
hydroxyl groups or the exclusion of water during the reaction. However, extra synthetic steps were
involved in order to prepare the functionalised phosphine 771 or 777 required for the coupling
(Scheme 3.24).

OAc
OH 2seps _ @ 773 OH
N3-R 772 N 775
“B% BN~
| (! F’th P R AcHN
770 P —~
OH N d NH
/ NH 4 steps Ns-R 772 (/\ N 74 OH (/\J\ m
— 77 3 = N =

NT 776 14% PPh, @)
Reagents and conditions: (a) wet THF, rt, 3—4 d, 95%.

Scheme 3.24: Two-component (“traceless”) Staudinger ligation by Bertozzi et al.™
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Although natural N-glycopeptides are mostly f-linked, the unnatural and less stable o-linked

75767881 Bianchi and Bernardi®®

N-glycopeptide are also studied for their synthesis and bioactivity.
applied this two-component Staudinger ligation to acylate a-azides of fructose, glucose and galactose
derivatives 780, 782 and 783. «-Azides are prone to undergo anomerisation, but this mild acylation
using functionalised phosphine 771 allowed the reaction to proceed without isomerisation and

preserved their desired a-anomeric carbon (Scheme 3.25).

OBn OBn |\ 781a 782 gluco- R2_OBn R? _OBn
o 0 R'=Tf R!=HR*=0Bn Rgs o RS o
BnO (@or) pno BnO © Bo
Bno N Bro NHR! RZSMZ\ R’4‘783 ga Ialggo- H Bro N Bno NHA
780 fruco- =AC =0Bn, R* = 3 784,785 c

Reagents and conditions: (a) i. PMes, CH.Cly, rt, 30 min; ii. Tf,O, NEt;, -78 °C, 3 h, 781a: 76%; (b) 771, CCls, 70 °C, 3 h, then
40 °C, 1d, 771b: 79%; (c) 771, CCls, 70 °C, 1 d, 73-77%.

Scheme 3.25: Acetylation of a-glycosyl azides 781, 784 and 785 by Bianchi and Bernardi.?’

Bernardi et al.*' then extended their investigations into the acylations using other alkyl
functionalised phosphines 787 and those bearing an aspartic acid side chain such as 789 and 791.
Disappointingly, anomerisations occurred in all ligations conducted and the severity varied with the
choice of solvents (16% in CHCI; and 5% in DMF) and complexity of the substrates. On the other
hand, acylations using the stable fglucosyl azides 793 and phosphines 771 or 789 were conducted

without anomerisation albeit in moderate yield (Scheme 3.26).

[a] OH 4 OCOR! = Me, Bu,
_>S eps a BnO iBu,Pr,
27-34% - CH=CMe,,
B O
78 787 B Yhcor! (CH2COMe
N BnO
o) CO,Me 782 3 BnBO o
4 steps @ \n/\‘/ glucose derivative n
0,
30% PPF(; NHCbz 789 COZMe
BnO _OBn NHCBz 790
BnO _OBn
(0] CO,B
4 steps @ \n/\‘/ O2Bn &‘
CO Bn
9 O NHB 2
0% PPH, 791 783 Mo
galactose derivative O NHBoc 792
OAc OAc R3= Me,
7710r789  + AcO 0 793 (dore) Ao CO,Me
v N RZ=OAc NHAc —— "0 NHCOR® % ™ =7
R? R? 794 NHCbz

Reagents and conditions: (a) i. DMF, 70 °C, 20 h; ii. H,O, 70 °C, 2 h, 54-81% (+ 2—6% p-anomer); (b) i. toluene, 70 °C, 18 h;
ii. H2O, 70 °C, 2 h, 65% (+ 10% p-anomer); (c) i. DMA—toluene, 70 °C, 4 h; ii. H.O, 70 °C, 18 h, 48% (+ 23% f-anomer);
(d) 771, CHCIs, 70 °C, 1 d, 81%; (e)i. 789, DMA, 70 °C, 4 h; ii. H,0, 70 °C, 18 h, 51-69%.

Scheme 3.26: Staudinger ligation between functionalised phosphines and various azides by Bernardi et al®

[a] a-glycosyl azides 782 and 783 were used. [b] #-glucosyl azide 793 was used.
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Kiessling et al.”® reported the synthesis of AN-glycosyl amides via a two-component
Staudinger ligation using peptide-derived C-terminal phosphinothioesters 796, which were commonly
used in peptide ligation to couple two peptide subunits together in a good yield.84 Diphenyl and dialkyl
phosphinothioesters 796 were synthesised by a general route via air stable phosphine-borane
complexes. The resulting aspartic acid derived phosphinothioesters 796 then reacted with glycosyl

azides 797 to give glycosyl amides 798 albeit in moderate yields (Scheme 3.27).”°

2 2
R,PH 7 steps S CO,Bn OR R = Ac, Bn OR
oPH 220 7 Tl/\( , RO 0 . R=R? @ RO o M OB
795 39-54% PR, O  NHBoc R?0 s 5 NHAc —> R20R3O \n/\‘/ 25N
R"= Et,Bu, Ph 796 797 Ré=pRge $B1OBn 798 O  NHBoc
BnO Q i%,. 12 examples
BnO

Reagents and conditions: (a) DMF or THF, rt, 12 h, 20-55%.

Scheme 3.27: Staudinger ligation between fS-glycosyl azides 797 and phosphinothioesters 796 by Kiessling et

7
al™

Two-component Staudinger ligations often require a multi-step synthesis to generate the
required functionalised phosphine and the coupling often affords moderate yields. As a result,
Davis et al.”® decided to concentrate and improve the existing three-component Staudinger ligation,
which in theory, should have wider application and scope. In this synthesis, the carboxyl group in 799
was activated to enhance its electrophilicity, thus facilitating the trapping of the aza-ylide
intermediate 757 which generated from PBu; and glycosyl azides 800. This procedure was then

successfully applied to the glycosylation of larger peptides such as 802 in a good yield (Scheme 3.28).

OH
HO o OH
OH 800
HO\n/\‘/COR2 R' = Fmoc, Boc &3 o s HO‘&/’E R3 o H
R? = O'Bu, OBn (@ H° Ns R”=OH, AcHN HO N\n/\rCORZ

1 4=
0 NHR OAllyl, NHPh R4 R*= OH, NHAc . R4
799 801 O NHR'
10 examples
oH OH
HO o HO (0] H
FmocNH-Ser-Asp—Leu—-Thr—NH, HO N3 HO N 0 804
802 (®) AN 803 AcHN
- FmocNH-Ser—-Asn-Leu—Thr—NH,

Reagents and conditions: (a) i. DCC, HOBt, MeCN, rt, 30 min; ii. 800, PBugs, rt, 16 h, 47-87%; (b) i. DCC, HOBt, DMF, rt,
30 min; ii. 803, PBus, rt, 3d, 77%.

Scheme 3.28: Synthesis of N-glycopeptides using fglycosyl azides and activated carboxylic acids by

Davis et al.”
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3.6 Research Opportunities Based on Spiroacetal-

Triazoles and Amino Acid Analogues

This chapter has provided an overview regarding the biology and chemistry of triazole and
amino acid analogues supported with selected examples. As previously mentioned, we were
interested in the chemical attachment between biologically useful subunits. With the structural
features offered by 6,6-spiroacetals and the benefit of triazole and amino acid moieties, the hybrid of
these motifs might lead to potentially interesting bioactivity. Both moieties can be, in theory,
synthesised from a common azide intermediate and this represents a good opportunity for the

diversity oriented synthesis.

The following chapters will discuss, in detail, the synthesis of these spiroacetal-triazoles and
amino acids as well as spiroacetal-nucleobases. The aim of the current research will be first
examined, followed by the model studies embarked for feasibility purpose, and finally the target
hybrids that we were interested in.

3.7 References

N. A. Campbell and J. B. Reece, Biology, 7th edn., Benjamin Cummings, San Francisco, 2005.

J. E. McMurry, Organic Chemistry, 6th edn., Brooks/Cole, Pacific Grove, 2003.

H. C. Kolb and K. B. Sharpless, Drug Discov. Today, 2003, 8, 1128-1137.

Maybridge, Bioisosteres in Medicinal Chemistry, Thermo Fisher Scientific, Cornwall.

V. D. Bock, H. Hiemstra and J. H. van Maarseveen, Eur. J. Org. Chem., 2006, 51-68.

W. S. Horne, M. K. Yadav, C. D. Stout and M. R. Ghadiri, J. Am. Chem. Soc., 2004, 126, 15366-15367.

P. Wu and V. V. Fokin, Aldrichimica Acta, 2007, 40, 7-17.

M. V. Gil, M. J. Arévalo and O. Lépez, Synthesis, 2007, 1589-1620.

S. Dedola, S. A. Nepogodiev and R. A. Field, Org. Biomol. Chem., 2007, 5, 1006-1017; L. Yet, in Progress in

Heterocyclic Chemistry, eds. G. W. Gribble and J. A. Joule, Elsevier, Oxford, 2007, vol. 18; L. Yet, in Progress in

Heterocyclic Chemistry, eds. G. W. Gribble and J. A. Joule, Elsevier, Oxford, 2008, vol. 19.

10. R. G. Micetich, S. N. Maiti, P. Spevak, T. W. Hall, S. Yamabe, N. Ishida, M. Tanaka, T. Yamazaki, A. Nakai and K.
Ogawa, J. Med. Chem., 1987, 30, 1469-1474; C. M. Perry and A. Markham, Drugs, 1999, 57, 805-843.

11. L. V. Lee, M. L. Mitchell, S.-J. Huang, K. B. Sharpless, C.-H. Wong and V. V. Fokin, J. Am. Chem. Soc., 2003, 125,
9588-9589.

12.  A.C. Cunha, J. M. Figueiredo, J. L. M. Tributino, A. L. P. Miranda, H. C. Castro, R. B. Zingali, C. A. M. Fraga, M. C. B. V.
de Souza, V. F. Ferreira and E. J. Barreiro, Bioorg. Med. Chem., 2003, 11, 2051-2059.

13. A. Brik, J. Muldoon, Y.-C. Lin, J. H. Elder, D. S. Goodsell, A. J. Olson, V. V. Fokin, K. B. Sharpless and C.-H. Wong,
ChemBioChem, 2003, 4, 1246-1248; A. Brik, J. Alexandratos, Y.-C. Lin, J. H. Elder, A. J. Olson, A. Wlodawer, D. S.
Goodsell and C.-H. Wong, ChemBioChem, 2005, 6, 1167-1169.

14. V. D. Bock, R. Perciaccante, T. P. Jansen, H. Hiemstra and J. H. van Maarseveen, Org. Lett., 2006, 8, 919-922; V. D.

Bock, D. Speijer, H. Hiemstra and J. H. van Maarseveen, Org. Biomol. Chem., 2007, 5, 971-975.

© © N Ok DN~

90



Chapter 3: Introduction: Triazoles and Amino Acids 3.7 References

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

46.

47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.

S. Groothuys, B. H. M. Kuijpers, P. J. L. M. Quaedflieg, H. C. P. F. Roelen, R. W. Wiertz, R. H. Blaauw, F. L. van Delft
and F. P. J. T. Rutjes, Synthesis, 2006, 3146-3152.

S. A. Nepogodiev, S. Dedola, L. Marmuse, M. T. de Oliveira and R. A. Field, Carbohydr. Res., 2007, 342, 529-540.

A. Nuzzi, A. Massi and A. Dondoni, QSAR Comb. Sci., 2007, 26, 1191-1199.

C. Ornelas, J. R. Aranzaes, E. Cloutet, S. Alves and D. Astruc, Angew. Chem. Int. Ed., 2007, 46, 872-877.

H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem. Int. Ed., 2001, 40, 2004-2021.

G. Patton, Development and Applications of Click Chemistry, Seminar report, University of lllinois, Urbana, 2004.

Q. Wang, S. Chittaboina and H. N. Barnhill, Lett. Org. Chem., 2005, 2, 293-301.

C. W. Tornge, C. Christensen and M. Meldal, J. Org. Chem., 2002, 67, 3057-3064.

W. H. Binder and C. Kluger, Curr. Org. Chem., 2006, 10, 1791-1815.

V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless, Angew. Chem. Int. Ed., 2002, 41, 2596-2599.

F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless and V. V. Fokin, J. Am. Chem. Soc.,
2005, 127, 210-216.

A. R. Katritzky, Y. Zhang and S. K. Singh, Heterocycles, 2003, 60, 1225-1239.

D. Habich, W. Barth and M. Rdsner, Heterocycles, 1989, 29, 2083-2088.

M. Yamashita, P. M. Reddy, Y. Kato, V. K. Reddy, K. Suzuki and T. Oshikawa, Carbohydr. Res., 2001, 336, 257-270.

A. R. Katritzky and S. K. Singh, J. Org. Chem., 2002, 67, 9077-9079.

A. Dondoni, P. P. Giovannini and A. Massi, Org. Lett., 2004, 6, 2929-2932.

P. Li and L. Wang, Lett. Org. Chem., 2007, 4, 23-26.

Y. L. Angell and K. Burgess, Chem. Soc. Rev., 2007, 36, 1474-1689.

S. Diéz-Gonzalez, A. Correa, L. Cavallo and S. P. Nolan, Chem. Eur. J, 2006, 12, 7558-7564.

B. H. Lipshutz and B. R. Taft, Angew. Chem. Int. Ed., 2006, 45, 8235-8238.

C. Girard, E. Onen, M. Aufort, S. Beauviére, E. Samson and J. Herscovici, Org. Lett., 2006, 8, 1689-1692.

K. R. Reddy, K. Rajgopal and M. L. Kantam, Catal. Lett., 2007, 114, 36-40.

F. Seela and V. R. Sirivolu, Helv. Chim. Acta, 2007, 90, 535-552.

K. R. Reddy, K. Rajgopal and M. L. Kantam, Synlett, 2006, 957-959.

T. R. Chan, R. Hilgraf, K. B. Sharpless and V. V. Fokin, Org. Lett., 2004, 6, 2853-2855.

W. G. Lewis, F. G. Magallon, V. V. Fokin and M. G. Finn, J. Am. Chem. Soc., 2004, 126, 9152-9153.

K. Tanaka, C. Kageyama and K. Fukase, Tetrahedron Lett., 2007, 48, 6475-6479.

Y. Angell and K. Burgess, Angew. Chem. Int. Ed., 2007, 46, 3649-3651.

I. Bae, H. Han and S. Chang, J. Am. Chem. Soc., 2005, 127, 2038-2039.

M. P. Cassidy, J. Raushel and V. V. Fokin, Angew. Chem. Int. Ed., 2006, 45, 3154-3157; S. H. Cho, E. J. Yoo, |. Bae
and S. Chang, J. Am. Chem. Soc., 2005, 127, 16046-16047.

E. J. Yoo, M. Ahlquist, S. H. Kim, |. Bae, V. V. Fokin, K. B. Sharpless and S. Chang, Angew. Chem. Int. Ed., 2007, 46,
1730-1733.

V. O. Rodionov, V. V. Fokin and M. G. Finn, Angew. Chem. Int. Ed., 2005, 44, 2210-2215; M. Ahlquist and V. V. Fokin,
Organometallics, 2007, 26, 4389-4391.

J. M. Casas-Solvas, A. Vargas-Berenguel, L. F. Capitan-Vallvey and F. Santoyo-Gonzalez, Org. Lett., 2004, 6, 3687-
3690.

M. IJsselstijn and J.-C. Cintrat, Tetrahedron, 2006, 62, 3837-3842.

A. K. Feldman, B. Colasson and V. V. Fokin, Org. Lett., 2004, 6, 3897-3899.

X. Zhang, R. P. Hsung and L. You, Org. Biomol. Chem., 2006, 4, 2679-2682.

P. Appukkuttan, W. Dehaen, V. V. Fokin and E. Van der Eycken, Org. Lett., 2004, 6, 4223-4225.

S. Chittaboina, F. Xie and Q. Wang, Tetrahedron Lett., 2005, 46, 2331-2336.

J. Andersen, S. Bolvig and X. Liang, Synlett, 2005, 2941-2947.

B. Sreedhar and P. S. Reddy, Synth. Commun., 2007, 37, 805-812.

Y.-B. Zhao, Z.-Y. Yan and Y.-M. Liang, Tetrahedron Lett., 2006, 47, 1545-1549.

K. Kacprzak, Synlett, 2005, 943-946.

H. S. G. Beckmann and V. Wittmann, Org. Lett., 2007, 9, 1-4.

K. Barral, A. D. Moorhouse and J. E. Moses, Org. Lett., 2007, 9, 1809-1811.

91



Chapter 3: Introduction: Triazoles and Amino Acids 3.7 References

59.
60.
61.
62.
63.

64.
65.

66.

67.
68.
69.

70.

71.
72.
73.

74.
75.
76.
77.

78.

79.

80.
81.

82.

83.

84.

J. Waser, H. Nambu and E. M. Carreira, J. Am. Chem. Soc., 2005, 127, 8294-8295.

S. Chandrasekhar, D. Basu and C. Rambabu, Tetrahedron Lett., 2006, 47, 3059-3063.

B. Sreedhar, P. S. Reddy and N. S. Kumar, Tetrahedron Lett., 2006, 47, 3055-3058.

V. Aucagne and D. A. Leigh, Org. Lett., 2006, 8, 4505-4507.

B. H. M. Kuijpers, G. C. T. Dijkmans, S. Groothuys, P. J. L. M. Quaedflieg, R. H. Blaauw, F. L. van Delft and F. P. J. T.
Rutjes, Synlett, 2005, 3059-3062.

J. K. Pokorski, L. M. M. Jenkins, H. Feng, S. R. Durell, Y. Bai and D. H. Appella, Org. Lett., 2007, 9, 2381-2383.

B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts and P. Walter, Molecular Biology of the Cell, 4th edn., Garland
Science, New York, 2002; B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts and J. D. Watson, Molecular Biology of the
Cell, 3rd edn., Garland, New York, 1994.

S. Hotha, R. I. Anegundi and A. A. Natu, Tetrahedron Lett., 2005, 46, 4585-4588; R. |. Anegundi, V. G. Puranik and S.
Hotha, Org. Biomol. Chem., 2008, 6, 779-786.

A. Krasinski, V. V. Fokin and K. B. Sharpless, Org. Lett., 2004, 6, 1237-1240.

S. J. Coats, J. S. Link, D. Gauthier and D. J. Hlasta, Org. Lett., 2005, 7, 1469-1472.

L. Zhang, X. Chen, P. Xue, H. H. Y. Sun, I. D. Williams, K. B. Sharpless, V. V. Fokin and G. Jia, J. Am. Chem. Soc.,
2005, 127, 15998-15999.

M. M. Majireck and S. M. Weinreb, J. Org. Chem., 2006, 71, 8680-8683; A. H. Yap and S. M. Weinreb, Tetrahedron
Lett., 2006, 47, 3035-3038.

Y.-M. Wu, J. Deng, Y. Li and Q.-Y. Chen, Synthesis, 2005, 1314-1318.

B. Gerard, J. Ryan, A. B. Beeler and J. A. Porco, Jr., Tetrahedron, 2006, 62, 6405-6411.

L. Kirti and B. Czakd, Strategic Applications of Named Reactions in Organic Synthesis, 1st edn., Elsevier Academic
Press, San Diego, 2005 and references cited therein.

E. Saxon, J. I. Armstrong and C. R. Bertozzi, Org. Lett., 2000, 2, 2141-2143.

Y. He, R. J. Hinklin, J. Chang and L. L. Kiessling, Org. Lett., 2004, 6, 4479-4482.

K. J. Doores, Y. Mimura, R. A. Dwek, P. M. Rudd, T. Elliott and B. G. Davis, Chem. Comm., 2006, 1401-1403.

M. Mogemark and J. Kihlberg, in The Organic Chemistry of Sugars, eds. D. E. Levy and P. Flgedi, CRC Press, Boca
Raton, 2006, pp. 755-803.

T. Inazu and K. Kobayashi, Synlett, 1993, 869-870.

M. Mizuno, I. Muramoto, K. Kobayashi, H. Yaginuma and T. Inazu, Synthesis, 1999, 162-165.

A. Bianchi and A. Bernardi, Tetrahedron Lett., 2004, 45, 2231-2234.

A. Bianchi, A. Russo and A. Bernardi, Tetrahedron: Asymmetry, 2005, 16, 381-386; A. Bianchi and A. Bernardi, J. Org.
Chem., 2006, 71, 4565-4577, references cited therein.

F. Urpi and J. Vilarrasa, Tetrahedron Lett., 1986, 27, 4623-4624; J. Garcia, F. Urpi and J. Vilarrasa, Tetrahedron

Lett., 1984, 25, 4841-4844.

V. Maunier, P. Boullanger and D. Lafont, J. Carbohydr. Chem., 1997, 16, 231-235; P. Boullanger, V. Maunier and D.
Lafont, Carbohydr. Res., 2000, 324, 97-106.

M. B. Soellner, B. L. Nilsson and R. T. Raines, J. Org. Chem., 2002, 67, 4993-4996; M. B. Soellner, B. L. Nilsson and R.
T. Raines, J. Am. Chem. Soc., 2006, 128, 8820-8828 and references cited therein.

92



c-[mfter Four:

Aim of Present
Research

The structural uniqueness and significant bioactivity of the 6,6-spiroacetals, together with our
long standing interest in their synthesis, had prompted our research group to conduct a diversity
oriented synthesis (DOS) towards their elaboration. Nucleobases, triazoles and amino acids were
chemically attached to the spiroacetal scaffold. This elaboration generated a collection of small hybrid
molecules that could be used as biological probes for broad phenotypic assays to screen for any

potential functionality.

The aim of the research reported in this thesis was to develop a viable synthetic route to the
novel nucleoside analogues 808 based on a 6,6-spiroacetal (1,7-dioxaspiro[5.5]undecane) ring system,
which served as a surrogate for the sugar moiety in natural nucleosides (Figure 4.1). The
6,6-spiroacetal ring system was, in theory, conformationally locked in a trans-diaxial orientation by
both ring oxygen atoms due to anomeric stabilisation. In this conformation, the ring system holds the
hydroxymethyl substituent and the base in a particular spatial orientation ready to be processed by
kinases and/or polymerases.

NH, (0]

0 NH,
HO R1 X R1 N N
808 |5 | |5 NH </7 |5 SN </7 |5 iNH
y heterob \ /& 1/& _
O heterobase eerobase _ I 0 l}l o) r?j N) ,}1 N/)\

" " NH
base 2

prererey

S 5-fluorocytosine (°°C): thymine (T): R' = Me

R'=F uracil (U): R'=H adenine (A) guanine (G)
cytosine (C): R'=H  5-fluorouracil °FU): R' = F

Figure 4.1: Target structures of spiroacetal-nucleosides 808: 5-fluorocytidine, cytidine, thymidine, uridine,

5-fluorouridine, adenosine and guanosine.

Subsequently, we anticipated that the knowledge acquired during the synthesis of spiroacetal-
nucleosides 808 would extend to the synthesis of spiroacetal-triazoles 809 and spiroacetal-amino

acids 810, thereby collectively constituting a small library of spiroacetal hybrids (Figure 4.2).
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Py

NH,
809 810

Figure 4.2: Target structures of spiroacetal-triazoles 809 and spiroacetal-amino acids 810.

In order to expedite the synthesis of the novel spiroacetal targets 808-810, the initial study
was directed towards the synthesis of spiroacetal models 811 and 812, all of which lack the
C8'-hydroxymethyl group (Figure 4.3). The coupling between the spiroacetal ring and the heterocyclic
moiety was investigated in order to generate a viable and efficient methodology. Once the prototype
of the synthetic route to prepare simpler spiroacetal models 811 and 812 was established, the
C8'-hydroxymethyl substituent was then introduced onto the spiroacetal ring system. The tactics
developed using the model system was re-examined and adjusted accordingly in order to synthesise

the desired spiroacetal targets 808—810.

R1 R2

R
8’ RH
o) NN
\ﬂ/ 811a (5FC) R1 \ﬂ/ 811c(T R2—Me o N
811b (C) R1 811d (U)R2 = 812

Figure 4.3: Model structures of spiroacetal-nucleosides 811 and spiroacetal-triazoles 812.
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Chapter 5: Discussion: Synthesis of the Model Spiroacetals
5.1 Retrosynthetic Analysis of Spiroacetal Heterocycle Models 811 and 812

Retrosynthetic Analysis of Spiroacetal

Heterocycle Models 811 and 812

5.1.1 Retrosynthesis

As depicted in Figure 5.1, spiroacetals 813 were the targets of our intended study. In order to
establish a viable route to these targets, initial synthesis was focused model spiroacetals 811 and 812

that lacked the C8'-hydroxymethyl group.

HO -

. R Spiroacetal Heterocycle R
. H\(Rz Models g R

O heterocycle = | & 7’—’—’(
o Q NN 8l1a (FC)R' =F, RZ=NH, NN
0 g b (C)R'=H, R2=NH, 0

targets 813 o] ¢ (T)R"= Me, R2=OH

heterocycle = nucleoside models 811 d (U)R'=H, R2=0OH
nucleobase, triazoles ’

Figure 5.1: Spiroacetal heterocycle analogues: targets 813 (left) and models 811 and 812 (middle and right)

triazole models 812

which lack the C8' hydroxymethyl group.

The overall aim of the present work is to elaborate the 6,6-spiroacetal framework by the
incorporation of a range of bioactive motifs in order to achieve a diversity oriented synthesis (DOS). It
is important that a flexible and convergent strategy is adopted in order to facilitate this diversity
oriented synthetic approach. Towards this goal, derivatisation of a common intermediate would lead

to the synthesis of spiroacetals bearing other motifs.

R R
H azide-alkyne 4 o N
0 R “N cycloadditon —— R———R + o :
o \N/ 812 814
R' U’
XH 815Y =0Ac oxaspirolactone
“ XTMS 816Y = OMe
N +

R'=H, F, Me
X=0NH  — R\fx
811 PN

81
817Y =OEt 8
(0] v o 0
o p— o
N OTMS
nucleosidation under Vorbriiggen conditions

Scheme 5.1: Proposed retrosynthesis of spiroacetal-nucleoside models 811 and triazole models 812.

The proposed retrosynthesis of spiroacetal models 811 and 812 hinges on the disconnection
of the anomeric C-N bond that links the spiroacetal with the heterocycle. For nucleoside analogues,
this connection is generated by the nucleosidation under Vorbriiggen conditions. In the presence of a
Lewis acid, spiroacetals 815-817 bearing a leaving group at the anomeric position generate an

oxonium ion which can be trapped by a persilylated heterobase. For triazole analogues, the
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5.1 Retrosynthetic Analysis of Spiroacetal Heterocycle Models 811 and 812

connection is generated by azide substitution of the leaving group present in spiroacetals 815-817.
Spiroacetals 815-817, in turn, are prepared via reduction and protection of oxaspirolactone 818
(Scheme 5.1).

Oxaspirolactone 818 is generated from keto-acid 819. Further disconnection of keto-acid 819
leads to commercially available &valerolactone (820) and protected butynol 821 (Scheme 5.2). This
disconnection of oxaspirolactone 818 is based on personal communications from Kitching et al."and a

preliminary study conducted by Brimble et al?

(0] 0 Q Q O O \\
0 = Ho)j\/\/tgl\/\ = K/\/r * \/\OBn
819 OBn 820 821

oxaspirolactone 818
Scheme 5.2: Proposed retrosynthesis of oxaspirolactone 818."2

5.1.2 Nucleophilic Addition to an Oxonium lon Generated From an
Activated Spiroacetal

To date, the synthesis of a 6,6-spiroacetal that bears a heterobase at the anomeric position,
has not been reported. While the use of a glycosyl acetate as a precursor to an oxonium ion is well
documented in nucleoside and carbohydrate chemistry, precedent for the successful generation of an
oxonium ion from a spiroacetal bearing an anomeric leaving group, has only been reported for a few

cases.>®

Nevertheless, these literature examples have provided the rationale behind the major C-N
bond disconnection and the adaptation of nucleosidation under Vorbriiggen conditions depicted in the
above retrosynthesis. From these examples, studies conducted by Mead and Zemribo*®,

Brimble et al.’, Robertson and Dallimore’, were particularly relevant to the present research.

MeO,C MeO,C R = CH,CH=CH,

(a) CH =C=CH2,
o] H
OMe
(o) 179 R" 180

Reagents and Conditions: (a) allyltrimethylsilane or propargyltrimethylsilane or diphenylmethylsilane, TMSOTf, CH,Cl,, -50 °C,
1.0-1.5 h, 65-68%.

Scheme 5.3: Nucleophilic addition of a silane to an oxonium ion generated from methoxy-spiroacetal 179 by
Mead and Zemribo.*® More examples are depicted in Scheme 1.27 and 1.28.

Mead and Zemribo*® conducted a series of studies on the nucleophilic addition of various

silanes to an oxonium ion generated from spiroacetals bearing methoxy, hydroxyl and 4-nitrobenzoyl
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5.1 Retrosynthetic Analysis of Spiroacetal Heterocycle Models 811 and 812

groups at the anomeric position. These were the first systematic studies to demonstrate Lewis acid-
catalysed substitution of the spiroacetals at the anomeric position that provided a direct route to useful

derivatives (Scheme 5.3). The substitution reaction has previously been discussed in Chapter 1.5.1.

Brimble et al.” used acetate 822 in the presence of TMSOTTf to generate an oxonium ion which
was trapped by a range of allylstannanes 823. Compared to Mead and Zemribo’s studies,*® only mild
conditions were required for the generation of the oxonium ion due to stronger nucleophilicity of
stannanes. The reaction proceeded via the axial addition of the stannane to the oxonium ion, followed
by a ring flip of the substituted ring to relieve the unfavourable 1,3-diaxial interaction between the allyl

group and C8 to give spiroacetals 825 (Scheme 5.4).

R3 8 R1 H Me Ph
ring-flip R2=H, Me, OTBS
> X %08n R3 = H, Me, (CHp),OH,
RZ R! e, (Ch),
825 (CH,),OTBS
OBn 822 @) OBn 8 examples

Reagents and Conditions: (a) 823, TMSOTf, 4 A MS, CH,Cly, -78 °C—rt, 6-16 h, 28-72%.

Scheme 5.4: Nucleophilic addition of allylstannanes 823 to an oxonium ion generated from acetate 822 by

Brimble et al.’

Encouraged by their earlier success, Robertson and Dallimore’ used this oxonium trapping
strategy for the attachment of an anomeric side-chain to the C7-C18 tricyclic spiroacetal core of the
lituarines.® Both the model study using the simple 5,6-spiroacetal acetate 826 and enol ether 827 as
well as the subsequent synthesis using tricyclic spiroacetal acetate 829 and the functionalised enol

ether 830 successfully afforded the desired spiroacetals 828 and 831 in the presence of SnBry

(Scheme 5.5).
[a] 826
OTMS

829
AQ  R=(CHp»0TBDPS ___ ® OTBS
OTMS

830 18 o Me
OTBS

Reagents and Conditions: (a) 827, SnBr4, CH.Cly, -78 °C, 5 min, 93% (1:1 dr); (b) 830, SnBry, CHZCI2 -78 °C, 20 min, 68%.

Scheme 5.5: [a] Model study using simple acetate 826. [b] Synthesis of the C7-C18 tricyclic spiroacetal core 831

present in the lituarines by Robertson and Dallimore.’
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5.2.1 Previous Synthesis of Oxaspirolactone 818 |

The first synthesis of the key intermediate oxaspirolactone 818 was carried out by

Mioskowski et al.>'"°

using a Wittig coupling. Phosphonium salt 833 reacted with aldehyde 834 to
generate enol ether 835 which was subsequently cyclised under acidic conditions to yield

oxaspirolactone 818 (Scheme 5.6).

OHC 818
8 833 ~">Cco,Me 835 o
| (@) 834 (9—(d) o
— . - \ COMe —— °

0] 0~ “PPhsBr (b) o
Reagents and conditions: (a) PPhs, HBr, CHxCl,, 0 °C, 85%; (b) i. BuLi, HMPA, THF, -78°C; ii. 834, 70%; (c) LiOH, DME-H,0;
(d) pH 5, HCI, Et,0, 75% over 2 steps.

Scheme 5.6: The first synthesis of oxaspirolactone 818 by Mioskowski et al.>"

Kitching et al." and Brimble et al.?> adopted a similar approach towards the synthesis of
oxaspirolactone 818 starting from 3-butyn-1-ol (836).  Acetylide, generated from benzylated
butynol 821, was added to valerolactone 820 and the resulting adduct was oxidised to give keto-
acid 819. Subsequent hydrogenation and cyclisation of 819 under acidic conditions yielded

oxaspirolactone 818 (Scheme 5.7).

X 00 (a)BuLi ¢) Hy, Pd/C
\\/\OBn + q (b) oxidation J\/\)J\A d) H*
81 820

Reagents and conditions by Kitching et al.*: (a) i. BuLi, THF, -78—»-50 °C, 20 min; ii. 820, THF, -78—>-65 °C, 2 h, 99%; (b) PDC,
DMF, rt, 16 h, 61% or Jones’ reagent, acetone, rt, 20 min, 82%; (c) i. H, (35 psi), cat. Pd/C, EtOAc, rt, 16 h; (d) SiO,, Et,0, rt,
trace of 818 was obtained.

Reagents and conditions by Brimble et al.’: (a) i. BuLi, THF, -78—»-50 °C, 30 min; ii. 820, THF, -78 °C, 2 h, 53%; (b) Jones’
reagent, acetone, rt, 74%; (c) i. H, (45 psi), cat. Pd/C, cat. AcOH, THF, rt, 1 d, 92%; (d) MgSQ,4, CH,Cl,, rt, 17%.

Scheme 5.7: Synthesis of oxaspirolactone 818 by Kitching et al." and Brimble etal.? Procedures by
Kitching et al.’ produced trace amount of 818 after five steps starting from butynol 836 whereas procedures by
Brimble et al.? yielded 6% of 818.

Due to the undesirable but necessary use of carcinogenic HMPA during Mioskowski's

%10 the acetylide addition"* was adopted for the preparation of oxaspirolactone 818. This

synthesis
decision was based on several literature reports and past experience for the synthesis of structurally
similar spiroacetals, particularly preliminary studies on oxaspirolacetone 818 carried our in this
group.>?™™  However, both the studies by Kitchingetal." and Brimble etal.? produced
oxaspirolactone 818 in a low yield (< 6% after five steps from butynol 836), thus providing plenty of

scope for improvement (Scheme 5.7).
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Chapter 5: Discussion: Synthesis of the Model Spiroacetals 5.2 Synthesis of Oxaspirolactone 818

Syntheses of oxaspirolactones of other ring sizes, such as 1,6-dioxaspiro[4.5]decan-2-one7’15

and 1,6-dioxaspiro[4.4]decan-2-one'>'®"" have also been extensively reported in the literature.

5.2.2 Synthesis of Keto-Acid 819

(a) Synthesis of Keto-Alcohol 837

The synthesis of keto-acid 819 started with the protection of 3-butyn-1-ol (836) as a benzyl
ether following a procedure adapted from Burns et al.”® Instead of using a distillation for purification
employed by Burns et al.,"® benzyl ether 821 was purified by chromatography to remove the impurities
such as benzyl bromide and benzyl alcohol. The reaction proceeded smoothly using NaH in THF at
0 °C with an optimum yield of 99% (Scheme 5.8).

X 0__0O 0
\\/\OR /\/\)J\/\ 6 © > 838
) @ (b) 837 OBn OBn

821 R=Bn
Reagents and conditions: (a) i. NaH, THF, 0 °C, 30 min; ii. BnBr, THF, 0 °C—rt, 18 h, 99%; (b) i. BuLi, THF, -78 °C, 30 min;
ii. 820, THF, -78 °C, 2 h, 87%.

Scheme 5.8: Synthesis of keto-alcohol 837.

With benzyl ether 821 in hand, the subsequent coupling step was carried out. Lithium
acetylide, generated in situ from alkyne 821, was added to &valerolactone (820) in THF to give keto-
alcohol 837 in 87% yield (Scheme 5.8). HMPA was not required as a co-solvent. The previously
reported hemiacetal 838 was not detected as noted by the absence of the characteristic chemical shift
of the hemiacetal carbon (ca. & 90-100 ppm) and H6 resonance (ca. &4 3.6 ppm) in the 'H and *C
NMR spectra.’?

(b) Oxidation of Keto-Alcohol 837

o o)
- 839 R =CHO I
oxidation dat
R _ oxidation
Ho/\/\)\/\ —_— \/\)\/\ 819 R =CO,H
837 OBn

OBn
Scheme 5.9: Oxidation of keto-alcohol 837 to either aldehyde 839 or keto-acid 819. See Table 5.1 for the

reaction conditions.

The oxidation of keto-alcohol 837 was attempted using a variety of reagents and conditions
(Scheme 5.9). Initially, the one step oxidation to keto-acid 819 using Jones’ reagent19 was
investigated but only a moderate yield of 55% was obtained. Alternatively, the use of TEMPO/NaOCiI
in the presence of a phase-transfer quaternary ammonium salt® gave a variable mixture of

aldehyde 839 and acid 819 which indicated an incomplete oxidation (Table 5.1).
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Due to the above disappointing results, two-step oxidations via aldehyde 839 were
subsequently investigated. Initial use of Swern?' and TPAP? oxidation both produced a complex
mixture due to the intolerance of the reactive ynone towards these oxidants. Use of mild oxidants
such as modified PCC oxidation®, Dess-Martin periodinane®* and TEMPO/PhI(OAc),” successfully
produced aldehyde 839 in various yields. After much experimentation, the best result was achieved
via a two-step oxidation using TEMPO/PhI(OAc), buffered in aqueous KH,PO, followed by NaClO,%
to give the desired acid 819 in 92% yield (Table 5.1).

It was noticed that the use of TEMPO and NaClO, gave the best yield when aqueous buffer
was used. This suggested the pH sensitivity of keto-alcohol 837 and aldehyde 839 that might account
for the low yield observed in the Jones’ oxidation as well as in the unbuffered TEMPO and PCC
oxidation (Table 5.1).

Entry Reagents Solvents Conditions % of Aldehyde 839 % of Acid 819
11 Jones’ reagent acetone rt,2h — 55%
220 cat. TEMPO, cat. BnEt;N*Cl CH,Cl—H,0 0°C,1-2h 21-36% 47-56%
3 N:g},’\,l\,aa?.%@ cat BEE:?\INC;I(?' and  CH,Cl-H,0 0°C,5d 61% 31%
4% (COCI),, DMSO, NEt; CH,Cl, -78°C,4h complex mixture
52 TPAP, NMO, 4 A MS CHCl, rt. 20 h complex mixture
6 TPAP, NMO, 4 A MS MeCN rt. 30 min—20 h complex mixture
7 PCC, K,CO;3 CH.Cl, r,20 h 24%
8 ‘ PCC, NaOAc, silica CH.ClI, rt, 20 h | 17% -
9 ‘ PCC, alumina CHClI, rt,2h | 58% -
10 ‘ PCC, alumina toluene rt, 18 h | 24% -——-
1 ‘ PCC, NEts;, alumina toluene ultrasound, rt, 6 h | 28% -——-
12 ‘ PCC, 2,6-lutidine, alumina CHClI, rt, 4 h | 20% -
13 PCC, NaOAc, NEt;, Celite® CHClI, rt, 20 h 10% -
142426 (a) Dess-Martin periodinane CH.Cl, rt,21h L 91%
(b) NaClO,, KH2POy4, cyclohexene 'BuOH-H,0 rt, 1h over 2 steps
15%° cat. TEMPO, Phl(OAc), CH,Cl, rt,4h 69%
16 cat. TEMPO, Phl(OAc), MeCN rt, 20 h 47%
17252 (a) cat. TEMPO, PhI(OAc),, KH;PO,4 MeCN-H,O rt, 6 h 92%
(b) NaClO,, cyclohexene, KH,PO4 'BuOH-H,0 rt,2 h over 2 steps

Table 5.1: Summary of reagents and conditions used for the oxidation of keto-alcohol 837.

5.2.3 Synthesis of Oxaspirolactone 818

(a) Two-step Synthesis via Hydroxy-Acid 840

With the required keto-acid 819 in hand, the key transformation of 819 to oxaspirolactone 818

was then investigated. According to the studies by Kitching etal." and Brimble etal.?,
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oxaspirolactone 818 was obtained via palladium-catalysed hydrogenation of keto-acid 819 followed by
dehydrative cyclisation (Scheme 5.10). This cyclisation is postulated to be facilitated by acid as well
as by the removal of water generated during the reaction.

Using the procedure developed by Brimble et al.,? debenzylation and hydrogenation of keto-
acid 819 proceeded smoothly in the presence of catalytic acetic acid and palladium on carbon under
an atmosphere of hydrogen to give crude intermediate hydroxy-acid 840, required for the subsequent

dehydrative cyclisation (Scheme 5.10).

Q " 0 0 dehydrative 5
(a) )J\/\/U\/\/\ cyclisation o]
HO A ™  Ho OH ———— o
819 OBn 840 818

Reagents and conditions: (a) H,, cat. Pd/C, cat. AcOH, THF, rt, 18 h, 94%.

Scheme 5.10: Hydrogenation of keto-acid 819 and subsequent cyclisation to oxaspirolactone 818. See Table 5.3

for the cyclisation conditions.

Entry Reagents used by Kitching® Results Reagents used by Brimble? Results

1 Amberlyst-15, MeCN, rt no reaction (TLC) CSA, CHCly, rt complex mixture
2 ‘ Amberlyst-15, 3 A MS, MeCN, rt complex mixture ‘ PPTS, CH.Cl,, rt complex mixture
3 \ filtered through silica, Et,0, rt trace \ BF3°OEt,, CH,Cly, rt complex mixture
4 ‘ PPTS, Dean-Stark trap, benzene, reflux trace ‘ p-TsOH, CH.Cly, rt complex mixture
5 ‘ ‘ p-TSOH, CH,Cl,, 4 A MS, rt complex mixture
6 ‘ ‘ p-TsOH, CH,Cl,, 4 A MS, reflux complex mixture
7 ‘ ‘ p-TsOH, pentane, 4 A MS, reflux complex mixture
8 ‘ ‘ p-TsOH, Dean-Stark trap, benzene, reflux no reaction

9 ‘ ‘ p-TsOH, Et,0, MgSOy, rt complex mixture
10 ‘ ‘ HCI, THF, rt no reaction
1 ‘ ‘ HCI, Et,0, rt no reaction
12 ‘ ‘ filtered through MgSO,4, CH.CIy, rt 17%

Table 5.2: Summary of the reagents and conditions previously used for the dehydrative cyclisation of

oxaspirolactone 818 by Kitching et al." and Brimble et al.?

Disappointingly, both communications reported major difficulties in the subsequent
dehydrative cyclisation. The list of attempted cyclisation conditions used by Kitching et al." and
Brimble et al.? are summarised in Table 5.2 and these cyclisation often produced a complex mixture.
Even if oxaspirolactone 818 were successfully produced by the reaction conditions, the yield observed
was low and not reproducible. Hence, a reliable and efficient synthesis of oxaspirolactone 818 must

be developed before the synthesis of nucleoside and triazole analogues can be developed.

Inspired by the preliminary study conducted by Brimble et al?, cyclisation using MgSO, as
both a drying agent and a mild Lewis acid was initially attempted. However, these conditions failed to

produce oxaspirolactone 818. The addition of either the weak acid, PPTS or filtration through a pad of
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MgSO, and silica in an attempt to facilitate the loss of water was also ineffective. Both filtration
through a silica pad and flash chromatography using silica gel led to a mixture of unidentified
compounds, possibly formed by degradation of the newly formed oxaspirolactone 818, as suggested

by Brimble et al.? An alternative method of cyclisation was therefore sought (Table 5.3).

Activation of acid 840 by DCC in the presence of catalytic DMAP produced a crude mixture of
hydroxy-acid 840 and oxaspirolactone 818 as evidenced by NMR. Prolonged reaction times (up to
five days) did not improve the yield. Moreover, attempted isolation of oxaspirolactone 818 from the
mixture by flash chromatography on silica gel led to degradation, and only 3% of the desired
product 818 was recovered. Decreasing the reaction time from five days to two days did not improve
the results. Furthermore, the purification of the crude mixture contaminated with DCU was

problematic (Table 5.3).

Entry Reagents Solvents Conditions Results Comments
1 MgSO4 CH,Cl, rt,1d no reaction
2 CH.CI rt, 1d | (
i. cat. PPTS, MgSO, 20 ’ complex mbxure
cat. PPTS, then filtered through a pad ) . ) .
3 of MgSO; and silica CH,Cl, rt, 15 min complex mixture degradation on silica
i. MgSOy; ii. cat. PPTS, MgSO4 evidence in crude (NMR) . .
4 H,Cl 7 |
iii DCC, cat. DMAP CHzClz n,7d 3% after column degradation on silica
5 DCC, cat. DMAP, MgSOQO4 CH,CI, rt, 2-5d evidence in crude (NMR) ‘ degradation on silica
i i NMR
6 cat. HCl in dioxane CH,Cl, rt, 1-2d evidence in crude ( ) degradation on alumina
8% after column

Table 5.3: Summary of the reagents and conditions used for the attempted cyclisation of oxaspirolactone 818.

Following the synthesis reported by Mioshowshi et al.®, reactions using HCI in dioxane to
effect cyclisation were next attempted. Despite the evidence of oxapirolactone 818 in the NMR of the
crude reaction mixture, attempted purification by chromatography on alumina resulted in degradation,

and only 8% of oxaspirolactone 818 was isolated (Table 5.3).

Several literature reports”'>"” have stated that the formation of simple oxaspirolactones from
the corresponding lactol-ester or lactol-carboxylic acid can be problematic. The relatively low yields
may be attributed to the volatility and instability of the oxaspirolactones." Difficulties encountered for

27,28

the simple lactonisation of other hydroxy-esters have also been reported. The present findings

appear to be consistent with these literature reports.
(b) One-Pot Synthesis
Serendipitously, a large scale (ca.1g) hydrogenation of keto-acid 819 followed by slow

removal of acetic acid using a rotary evaporator (reduced pressure ca. 30 mmHg at 30 °C) produced a

crude mixture of hydroxy-acid 840 and oxaspirolactone 818 in a ratio of 1:9. It was proposed that after
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the removal of volatiles such as THF and CH.Cl,, the residual acetic acid from the hydrogenation
reaction catalysed the cyclisation of hydroxy-acid 840. The low pressure conditions and mild heating
also helped to remove any water that was generated in the cyclisation step, thereby aiding the
formation of oxaspirolactone 818. Disappointingly, an attempt to purify oxaspirolactone 818 by

chromatography on alumina led to degradation of the product.

Following on from the above encouraging observation, another large-scale hydrogenation
reaction was carried out. While concentrating the reaction mixture using a rotary evaporator, acetic
acid was added in three portions to replenish what was removed under vacuum and the water bath
temperature was increased slightly to 35 °C. Gratifyingly, these conditions led to the isolation of crude
material in 94% yield that was established to be pure oxaspirolactone 818 by NMR (Scheme 5.11).
Due to its instability, crude oxaspirolactone 818 was used directly in the next step without further

o o
Hok/\)\/\ — @ > g\%o
819 OBn 0 818

Reagents and conditions: (a) i. Hp, cat. Pd/C, cat. AcOH, THF, rt, 18 h; ii. AcOH, toluene, 30-35 °C, 30 mmHg, 94%.

purification.

Scheme 5.11: One-pot synthesis of oxaspirolactone 818 from keto-acid 819.

Based on these findings, it is questionable as to whether or not oxaspirolactone 818 was
formed in the initial hydrogenations or in the subsequent attempts to prepare this compound
(Table 5.3). Insufficient time during the evaporation step and the presence of residual water may
effect hydrolysis and degradation of the newly formed oxaspirolactone 818. This observation may

explain the variable and unpredictable results obtained from the previous cyclisations attempted.

(c) Thorpe-Ingold Effect (gem-Disubstituent Effect)

The Thorpe-Ingold effect is defined by the enhanced rate of cyclisation resulting from the
introduction of substituents on the chain tethering the two reaction centres. One simple explanation
that has been proposed is that the repulsion between the gem-dialkyl substituents in the open chain
causes a compression of the internal angle which brings the reaction centres on the chain closer

together, thus increasing the rate of cyclisation (Figure 5.2).29’30

H \\H Re oM Re R
X(CHa)m (CH2),Y X(CHz)m (CH2),Y X(CH2)m (CH2) Y
04 ) 03
H H H Me Me Me

Me’gMe 112.2° Me’gMe 111.1° MeXMe 109.5°
S H ‘\\H Me \\\Me
> = 2 o 1062

HO,C CO,H 118.4° HO,C CO,H 110.0° HO,C
Figure 5.2: The Thorpe-Ingold effect and the effect of substitution on bond angles.27
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An investigation on the effect of substituents on the hydrolysis of &valerolactones has shown
an increase in both the equilibrium and rate constants for the unsubstituted &valerolactone (820)
compared to its substituted counterpart. This represents a decrease in the rate of cyclisation due to
the lack of ring stabilisation by the substituent and an increase in the rate of ring opening due to lack
of steric shielding from hydrolysis. Both enthalpy and entropy of activation also became less

favourable for the cyclisation of unsubstituted 5~valerolactone (820).30

Because an unsubstituted spiroacetal was chosen as the model due to its simplicity, the
Thorpe-Ingold effect cannot facilitate the lactonisation of hydroxy-acid 840. This may the reason for
the problematic cyclisation step and account for why the open-chain hydroxy-acid 840 is preferred

over the cyclised oxaspirolactone 818 especially in the presence of water.

5.3 Synthesis of Spiroacetal Acetate 815 and

Ethoxy-Spiroacetal 817

With the crucial oxaspirolactone 818 in hand, attention next turned to the synthesis of
acetate 815 and acetals 816 and 817, the precursors of spiroacetal-nucleosides 811 and triazoles 812
(Scheme 5.1).

5.3.1 Synthesis of Spiroacetal Acetate 815

It was envisaged that acetate 815 would be derived from the conceptionally simple reduction

and acetylation of oxaspirolactone 818 via lactol intermediate 841 (Scheme 5.12).

o o (a) reduction o or B84LR=H ) (b)acetylation
o _— o 815R = Ac
818

Scheme 5.12: Synthesis of spiroacetal acetate 815. See Table 5.4 for reaction conditions.

DIBAL-H was employed for the reduction due to its ability to selectively reduce the lactone to
the corresponding lactol under mild conditions. Unlike other hydride-based reducing agents such as
NaBH, and LiAlH,4, over-reduction to the corresponding diol was not observed when the reaction was
conducted at low temperature.®® This DIBAL-H reduction-acetylation reaction has been well
documented for the synthesis of the acetate precursors which were subsequently used for

nucleosidations under Vorbriiggen conditions.**3°
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Reduction of oxaspirolactone 818 using DIBAL-H and subsequent trapping of the resulting
lactol 841 only gave a disappointingly poor yield of acetate 815. The best yield was obtained using a
two-step procedure in which oxapirolactone 818 was reduced by DIBAL-H (1 M in THF) in toluene at
-78 °C for 15 min followed by the addition of MeOH to cleave the aluminium complex. Care was taken
to avoid trace quantity of acid. The resulting lactol 841 was acetylated under standard conditions
using Ac,0, NEt; and catalytic DMAP in CH,CI, to give acetate 815 in 25% yield. The use of more
reactive DIBAL-H in hexane or changing the reaction conditions such as varying the solvent or using a

lower temperature did not improve the yield (Table 5.4).

Entry | 1or 2-pot? Reagents Solvents Conditions Yields of 815
1 1-pot i. DIBAL-H in THF; CH,Cl, -78°C,1h 79%
P ii. Ac,0, pyridine, cat. DMAP CH.Cl, -78 °C—ort, 4 h °
2 1-pot i. DIBAL-H in hexane; CHCl, -78 °C, 10 min 18%
P ii. Ac0, pyridine, cat. DMAP CHCI, -78 °C—rt, 18 h °
3 1-pot i. DIBAL-H in hexane; CH,Cl, -78 °C, 10 min complex mixture
P ii. Acy0, pyridine CH.Cl, -78 °C—rt, 18 h P
i. DIBAL-H in hexane; CHCl, -78 °C, 10 min 0
4 1-pot ii. Ac;0, NEts, cat. DMAP CH.Cl; 78 °C>rt, 18 h 23%
5 1-pot i. DIBAL-H in hexane; toluene -100 °C, 10 min complex mixture
P ii. Aco0, NEt;, cat. DMAP CH,Cl, -78 °C—rt, 18 h P
6 2-0ot (a) DIBAL-H in hexane toluene -78 °C, 30 min complex mixture
P (b) AcCl, NEts, cat. DMAP CHCl i, 4h P
(a) DIBAL-H in hexane toluene -78 °C, 30 min 0
! 2-pot (b) Ac0, NEts, cat. DMAP CHCl 0°Csrt, 20 h 20%
(a) DIBAL-H in THF toluene -78 °C, 15 min 0
8 2-pot (b) Ac,0, NEts, cat. DMAP CH.Cl, 0°Cosrt, 20 h 18%
(a) i. DIBAL-H in THF; toluene -78 °C, 15 min;
9 2-pot ii. MeOH -78 °C, 30 min 25%
(b) Ac,0O, NEts, cat. DMAP CH,Cl, 0°C—rt, 20 h

Table 5.4: Summary of the reagents and conditions used for the synthesis of acetate 815.

It was observed that only approximately 60% of crude lactol 841 was recovered from the initial
DIBAL-H reduction. This may be due to the water solubility of the resulting lactol 841 and its ring
opened equivalents. It is also possible that these polar molecules become permanently bound to the
aluminium salt. Unfortunately, the use of a one-pot procedure, by directly trapping the newly formed

lactol 841 from its aluminium complex at low temperature, failed to improve the yield (Table 5.4).

The low yields may also be due to the instability of lactol 841 and the resulting acetate 815.
Furthermore, both 815 and 841 are volatile, thus further contributing to the low yields.'?'>'"%
Unfortunately, this volatility problem has not been recognised until the synthesis of the structurally
similar ethoxy-spiroacetal 817 and is one of the problems that required addressing in the present work

(See Section 5.7).
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5.3.2 Synthetic Routes to Ethoxy-Spiroacetal 817

Two possible synthetic routes to ethoxy-spiroacetal 817 were evaluated.

The first generation approach was based on the conceptionally simple reduction and
protection of oxaspirolactone 818. This route has proven to be feasible for the synthesis of

acetate 815, although more synthetic steps were involved and the yield was low (Scheme 5.13).

The second generation approach was proposed after close examination of the first synthetic
route revealed a flaw in its design. The virtue of the oxidation step to give keto-acid 819 was
effectively cancelled by the subsequent reduction to give spiroacetals 816 and 817. Interestingly,
lactol 841 has the same oxidation level as the saturated aldehyde 839. Therefore, investigation of the
direct hydrogenation of aldehyde 839 was embarked with caution. The resulting linear aldehyde is
expected to spontaneously equilibrate via a carbonyl cascade cyclisation, to give lactol 841 which can
subsequently be alkylated to give methoxy-spiroacetal 816 or ethoxy-spiroacetal 817
(Scheme 5.13).45%

O Q hydrogenation
839 . . ’
., “« oxidation o S 819 then cyclisation
AN AN
OBn OBn

:_hydrogenation_ %OH _alkylation g\fo R <redu ction o 0
(0] 841 O 816 R = Me (0] 818

817 R =Et
Scheme 5.13: The two proposed synthetic routes to alkoxy-spiroacetals 816 and 817.

5.3.3 The First Approach to the Synthesis of Ethoxy-Spiroacetal 817
from Oxaspirolactone 818

Due to the low yields of acetate 815 obtained via reduction-acetylation of oxaspirolactone 818,
a change of reducing agent was attempted. Use of superhydride® (LiBEt3H) in THF, followed by
ethoxylation of the resulting lactol 841 under mild conditions, failed to yield acetal 817.® Shortening
the reduction time also failed to give any desired product, probably due to over-reduction by the

powerful borohydride reagent (Scheme 5.14).%

of @) o
O OEt
g&/ 8 4&%
818 817
Reagents and conditions: (a) i. superhydride®, THF, -78 °C, 1-1.5 h; ii. PPTS, EtOH, -78 °C—rt, 18 h.

Scheme 5.14: Attempted synthesis of ethoxy-spiroacetal 817 from oxaspirolactone 818.
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5.3.4 The Second Approach to the Synthesis of Ethoxy-
Spiroacetal 817 from Keto-Aldehyde 839

Using the same reaction conditions employed previously, hydrogenation of keto-aldehyde 839
in THF or EtOAc only gave a complex mixture. Using MeOH as the solvent also produced a mixture of
products which presumably contained lactol 841, methoxy-spiroacetal 816, methoxypyran 842 and
other mono or dimethoxy compounds. Attempts to equilibrate the complex mixture using PPTS,
p-TsOH or 4 A molecular sieves in CH,Cl, failed. Fortunately, repeating the hydrogenation in the
presence of p-TsOH followed by CSA-catalysed equilibration afforded a 51% vyield of the desired
product 816, albeit as a 4:1 inseparable mixture of methoxypyran 842 : methoxy-spiroacetal 816
(Scheme 5.15 and Table 5.5).

0 0 OR?

hydrogenation o OR' 841 R'=0OH o OR2
H S _— 816 R'=Me 842 R?=Me
830 OBn dioflation Q 817 R'=FEt OR? 843R%=FEt

Scheme 5.15: Synthesis of spiroacetals 816, 817 and 841 from keto-aldehyde 839. Alkoxypyrans 842 and 843
were also isolated in variable quantities. See Table 5.5 for reaction conditions.

On the other hand, hydrogenation of keto-aldehyde 839 in EtOH with catalytic p-TsOH
produced more promising results. Ethoxy-spiroacetal 817 was isolated in 33—65% yield using EtOH or
in 36—40% vyield using EtOH-CH,Cl,. Careful chromatography of the crude reaction mixture also
allowed the isolation of ethoxypyran 843 and other related structures which could be converted to
ethoxy-spiroacetal 817 under acidic conditions affording 817 in 79% yield over the two steps
(Table 5.5).

Entry Reagents Solvents Conditions Yields of 815-817
1 H,, cat. Pd/C, cat. AcOH THF rt, 18 h complex mixture
2 H,, cat. Pd/C EtOAc rt, 18 h complex mixture
(a) Hy, cat. Pd/C MeOH rt,2d
3 (b) i. PPTS; ii. p-TsOH CH,Cl, rt,21h complex mixture
or (b) 4 AMS CH,Cl, t,1d
4 (a) Ha, cat. Pd/C, cat. p-TsOH MeOH rt, 18 h 51%
(b) CSA MeOH-benzene rt, 18 h (inseparable 4:1 mixture of 842:816)
5 H,, cat. Pd/C, cat. p-TsOH EtOH rt, 18 h 817: 33-65%
6 H,, cat. Pd/C, cat. p-TsOH EtOH-CH.CI, rt, 18 h 817: 36—40%
7 H,, cat. Pd/C, cat. p-TsOH Ac,0 rt, 18 h saturation of alkyne but no debenzylation
(a) i. Ha, cat. Pd/C, cat. p-TsOH EtOH-CH,Cl, rt, 18 h
8 ii. chromatographic separation 817: 79% over 2 steps
(b) p-TsOH, H,O EtOH-CH,Cl, rt, 18 h

Table 5.5: Summary of the reagents and conditions used for the synthesis of spiroacetals 815-817.
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The presence of ethoxypyran 843 and other related structures was not surprising due to the
weakly thermodynamically driven equilibrium of the carbonyl cascade cyclisation, thus resulting in a
mixture of various half-cyclised products. The use of a separate equilibration step to obtain the

desired alkoxy-spiroacetal after the initial deprotection step is commonly reported in the literature.*®’

Unfortunately, it was observed that ethoxy-spiroacetal 817 was volatile and part of the product
was lost during the solvent removal step. This observation raised the question as to the volatility of
other structurally similar spiroacetals such as acetate 815, methoxy-spiroacetal 816 and lactol 841.
Attempts to reduce the quantity of EtOH used for the hydrogenation reaction by using a EtOH-CH,Cl,
mixture failed to improve the yield. This volatility problem is one of the major problems that required

addressing in the present work (See Section 5.7).

Finally, attempts to synthesise lactol 841 or acetate 815 via the hydrogenation of keto-
aldehyde 839 in Ac,O (Table 5.5) or via nucleophilic substitution of ethoxy-spiroacetal 817 failed
(Scheme 5.16).

o 87 (a) d 815
—>
O OEt (@] OAc
Reagents and conditions: (a) i. BF3*OEt,, CH,Cl,, -78 °C, 15 min; ii. KOAc, CH,Cl,, -78 °C—rt, 2 h; iii. Ac,O, NEt;, cat. DMAP, rt,
1h.

Scheme 5.16: Attempted synthesis of acetate 815 from ethoxy-spiroacetal 817.

5.3.5 NMR and Stereochemistry of Spiroacetal Acetate 815 and
Ethoxy-Spiroacetal 817

(&) NMR Analysis

NMR analysis of both acetate 815 and acetal 817 revealed the characteristic anomeric H2
protons at &y 5.94 and 4.72 ppm, that resonated as doublet of doublets (Jzax3ax 9.9—10.1 Hz) with a
large 1,2-diaxial coupling. These characteristic couplings established that the C2 substituent (acetate
or ethoxy group) adopted an equatorial position. Quaternary carbons resonated at &z 97.5-98.6 ppm
were assigned to the spirocarbon C6, thus confirming the presence of the spiroacetal ring system
(Table 5.6).

The "H and "*C NMR chemical shifts for acetate 815 and acetal 817 were very similar to the
corresponding C8-substituted spiroacetals 861 and 862. These similarities were not surprising
because the spiroacetals also adopted the thermodynamically-favoured bis-anomerically stabilised

conformation as depicted in Table 5.6.
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Chemical Shifts (din ppm)
s TBDPSO s TBDPSO
Atom
number 97 o) 99 Hz o H
— Q7 ™oAc 07 one Q7 ™okt 0ot
acetate 815 acetate 861 acetal 817 acetal 862
Ho 5.94 6.00 4.72 4.83
dd(J10.1and2.6 Hz) dd(J10.1and2.6Hz) | dd(J9.9and22Hz) dd (J 10.0 and 2.3 Hz)
c2 90.0 90.2 96.5 96.6
c3 | 29.4 29.5 \ 30.8 30.9
c4 | 175 17.4 ‘ 17.8/185 17.8/185
c5 | 35.2 34.6 \ 34.8/355 34.8/35.2
cé | 98.6 99.1 \ 97.5 98.1
c8 | 61.1 70.7 \ 60.7 70.9
Cc9 | 25.0 26.6 \ 253 27.0
clo | 18.3 18.2 | 17.8/18.5 17.8/18.5
c11 | 346 34.9 | 34.8/355 34.8/35.2

Table 5.6: Characteristic 'H and '°C NMR chemical shifts of the spiroacetal unit present in acetate 815 and

acetal 817. The related C8-substituted spiroacetals 861 and 862 are depicted here for comparison.

(b) Stereochemistry

It was intriguing that only the equatorial substituted acetate 815 and acetal 817 were isolated
from the synthesis. The equatorial isomer was presumably less stable than the corresponding axial
isomer due to operation of the anomeric effect. However, the anomeric effect only offers
ca. 1.4-1.5 kcal mol™" of stabilisation energy40 which could be overcome by opposing stereoelectronic
effects. In this case, the alignment of 1,3-dipole moments between the substituent and the C-O bond
of the unsubtituted ring as well as the steric clash between them may disfavour the formation of the

axial isomer under the thermodynamically-controlled conditions used to effect the reaction.'**'

With acetate 815 and acetal 817 in hand, the final step for the synthesis of the first spiroacetal
hybrid, namely spiroacetal-nucleosides 811 was next undertaken.

It was planned to effect the nucleosidation under Vorbriiggen conditions. A persilylated
heterobase was added to an oxonium ion generated from a spiroacetal bearing a leaving group at the
anomeric position in the presence of a Lewis acid. TMSOTf was the first choice of Lewis acid due to
its use for the successful generation of oxonium ions from similar spiroacetal-based systems
(Scheme 5.1).*°
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5.4.1 Nucleosidation of Spiroacetal Acetate 815

| 32 | 34,42

Adapting the procedures from Mann eta and Paquette et a , acetate 815 was
successfully reacted with persilylated 5-fluorocytosine 845 in the presence of TMSOTf in CH,CI, at
0 °C. The reaction occurred at the less hindered N1 position to give spiroacetal 5-fluorocytidine 811a
in 39% yield after purification by chromatography. The (Z)-enamide 846* by-product was also isolated
in 24% vyield. Persilylated 5-fluorocytosine 845, in turn, was generated by heating

5-fluorocytosine (844) under reflux in N,O-bis(trimethylsilyl)acetimide (BSA, Scheme 5.17).

Unfortunately, attempts to improve the yield by substitution of CH,Cl, with DCE, a solvent

commonly used for nucleosidations, only produced a complex mixture (Scheme 5.17).

NH2
5-fluorocytosine F | SN OH
(844) silylation 0
”/&O l y X
NHTMS g8lla o) N
F 0] + Y
815 SN |
F
@ W O7 N NS
o N OTMS - )\ _ 846
OAc (a) 07 N7 TNH, NH;

Reagents and conditions: (a) 5FC, BSA, reflux, 1 h; (b) 845, TMSOTf, CH,Cl,, 0 °C—rt, 20 h, 811a: 39%, 846: 24%.

Scheme 5.17: Nucleosidation under Vorbriiggen conditions of acetate 815 and persilylated 5-fluorocytosines 845.

Substitution of CH,Cl, by DCE as solvent resulted in a complex mixture.

5.4.2 Nucleosidation of Ethoxy-Spiroacetal 817

Given the low yields of acetate 815 obtained from oxaspirolactone 818, the use of acetal 817
for the nucleosidation step was an attractive option. Disappointingly, attempts to effect a similar
nucleosidation using the reaction conditions developed above for acetate 815 failed. Changing the
nature of the heterobase (such as °"C, C or T), the silylating agents (such as BSA or HMDS), Lewis

* The magnitude of the vinylic coupling constant (J 8.4 Hz) clearly established the (Z)-stereochemistry of the
enamide 846. A tentative mechanism was proposed by initial formation of nucleoside 847 in which the
heterocyclic base occupied the more sterically hindered axial position. In the presence of a Lewis acid during the
nucleosidation, the unstable spiroacetal 847 underwent an f-hydrogen elimination-ring opening sequence to give
(2)-enamide 846. However, attempted conversion of spiroacetal 811a to enamide 846 in the presence of
TMSOTT only resulted in degradation of 811a. The instability of enamide 846 was also observed during NMR
studies.

NH,
OH
5F 5, F
0 C  tmsOTf o] c o} @ % N SN
—_— 6 —> OH = 5FG = | ,&
) ODn / ¢ N"o
847 848  TMS 846 P

A similar acid-mediated S-hydrogen elimination-ring opening sequence of a 6,6-spiroacetal has also been
observed by Porco et al.®to give a lactol by-product. Another similar acid-mediated f-hydrogen elimination-ring
opening sequence was also observed during a synthetic study towards rubromycin analogues conducted by our

group.
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acids (such as TMSOTF, SnCls, Sc[OTf];*® or MeSiCl;*) and solvent (e.g. CH,Cl,, MeCN or toluene)
as well as varying the reaction conditions (e.g. use of a one or two-pot procedure) and temperature
(e.g. <0°C or room temperature) were all unsuccessful to produce the desired spiroacetal

nucleosides (Scheme 5.18).

XTMS Lewis acid: TMSOTF,
R N SnCly, Sc(OTf)3 or MeSiCly
817 N 811
0 + | Py - o a—c
o OEt N OTMS solvent: MeCN, o b
ase
X=NHorO CH,Cl, or toluene
R=H, Me, F 1-pot or 2-pot
;';\ N Me
base = ;\N N #{N S j\/I
O}\N/ NH, o)\ N7 NH, ° ” °
811a: °Fc 811b: C 811c: T

Scheme 5.18: Attempted nucleosidation under Vorbriiggen conditions of acetal 817 using persilylated

heterobase. See Table 5.7 for reaction conditions.

Entry 1 or 2-pot??® Reagents Solvents Conditions Results

] 2 00t (a) °°C, cat. (NH,),SO,4 HMDS reflux, 1 h complex mixture
P (b) TMSOTF CH.Cl 0°Costt, 18 h prex mixiu

2 1-pot 1.%°C, BSA MeCN r2h complex mixture
P ii. TMSOTF MeCN i, 18 h P

3 1-pot i. FC, BSA MeCN reflux, 1 h complex mixture
P i. TMSOTf CH.Cl, 0°C—rt, 18 h P

4 1-pot i. °C, BSA, 4 AMS MeCN reflux, 1 h | ot
PO ii. TMSOTf CH,Cly 40°Crt,5h | compiexmixiure

5 2-pot (a)C BSA reflux, 1 h complex mixture
P (b) TMSOTF CH.Cl, i, 20 h P

6 1-pot I. C, BSA MeCN reflux, 1 h complex mixture
P ii. TMSOTF MeCN reflux, 2 h P

7 200t (a) T, BSA toluene reflux, 1 h complex mixture
P (b) TMSOTf or SnCly CH,Cl,-MeCN 0°Cort, 4 h P

8 2-pot (a) T, BSA toluene reflux, 1 h complex mixture
P (b) TMSOTf CHyClor MeCN  0°Csrt, 2 h P

9 1-pot i. T, BSA MeCN reflux, 1 h complex mixture
p ii. TMSOTf CH.Cl, 0°Cort, 4 h P

10 2-pot (a) T, BSA toluene reflux, 1 h complex mixture
P (b) SnCly CH.Cl, 78 °C, 45 min P

11 2-pot (a) T, BSA toluene reflux, 1 h complex mixture
P (b) Sc(OTf CH,Cl, i, 18 h P

@T BSA reflux, 1 h )

12 2-pot (b) TMSOTF CHoCly 78°Coort, 1.5 | ComPlexmixture

13 2-00t (a) T, BSA toluene reflux, 1 h complex mixture
P (b) MeSiCl, CH,Cl 0°Cosrt, 18 h P

Table 5.7: Summary of the reagents and conditions used for the attempted nucleosidation of acetal 817.

 In two-pot reactions, the silylating agent was removed in vacuo and the persilylated heterobase was co-eluted
with toluene before the addition of acetal 817 and the Lewis acid. These reactions are denoted by “(a)...(b)” in
the column of reagents. In one-pot reactions, the silylating agent was not removed and these reaction are

denoted by “i....ii.” in the column of reagents.
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The failure to effect nucleosidation using persilylated cytosine, in particular, may be due to the
formation of a strong o~-complex between the heterobase and the Lewis acid, thus preventing it from
generating of the oxonium ion from the activated spiroacetal moiety. The formation of the complex is
also commonly observed when other amino substituted heterobases (such as adenine and guanine)

are used and can be avoided if less basic N-acylated aminoheterobases are used.*’

Gratifyingly, one-pot nucleosidation of acetal 817 using persilylated uracil 850 in the presence
of TMSOTf gave the desired spiroacetal uridine 811d in 19% yield. No formation of enamide was
observed. A similar two-pot nucleosidation also provided uridine 811d in 13% yield (Scheme 5.19 and
Table 5.8).

0
il (849) fLNH ;,
uraci ilvlati
H,go silylation

OTMS 811d
817 ﬁN Q
Q 850 l/)\ 0 N7
N7 ~oTMs
O-7~OEt > )\
@) 07N o

Reagents and conditions: (a) i. U, BSA, reflux, 1 h; ii. 850, TMSOTf, CH,Cl,, 0 °C—rt, 19%.

Scheme 5.19: Nucleosidation of acetal 817 under Vorbriiggen conditions using persilylated uracil 850.

Entry |1 or 2-pot? Reagents Solvents Conditions Results
(a)u BSA reflux, 1 h .
! 2 (b) TMSOTf CH,Cl, i, 2.5 h complex mixture
2 2 (a) U, cat. (NH4)2SO4 HMDS reflux 13%
(b) TMSOTf CH,Cl,  0°Csrt, 18 h °
3 1 "|. U, BSA MeCN Eeﬂux, 1h 19%
ii. TMSOTf CH.Cl, 0°C—rt, 18 h

Table 5.8: Summary of the reagents and conditions used for the nucleosidation of acetal 817 using persilylated
uracil 850.

5.4.3 Comparison of the Use of Spiroacetal Acetate 815 and Ethoxy-
Spiroacetal 817 for Nucleosidation Reactions

After much experimentation, 5-fluorocytidine 811a was synthesised from acetate 815 in 39%
yield and uridine 811d from acetal 817 in 19% vyield. The lower yield observed for the nucleosidation
of acetal 817 was probably due to the poorer leaving group ability of the ethoxy group compared to the

acetate group.

A considerable amount of literature affirmed the use of glycosyl acetates to generate the

required oxonium ions for nucleosidations.*” When alkoxy glycosides were used, a stronger Lewis

27,48

acid such as TiCl, was often required to effect the nucleosidation. Alternatively, the alkoxy

glycoside was converted to the more labile glycosyl acetate or halide prior to the nucleosidation.*?
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Unfortunately, acetal 817 was not compatible with the use of strong Lewis acids due to the
sensitivity of the delicate spiroacetal ring.* Moreover, the conversion of acetal 817 to acetate 815 was
also questionable as such a transformation is often conducted under strongly acidic conditions (such
as a mixture of glacial acetic acid and sulfuric acid). The 6,6-spiroacetal ring is not expected to

survive under these conditions.*®

Both Mead and Zemribo*® and Brimble et al.” have reported the nucleophilic addition to an
oxonium ion generated from simple 6,6-spiroacetals in the presence of TMSOTf. It was therefore
decided to test the ability of acetal 817 to generate an oxonium ion under similar conditions to the

above used by Mead and Zemribo*® and Brimble et al.’

o 817 . /\/SnBu3 Lewis acid o 8%
o OEt 851 o X
Scheme 5.20: Attempted allylation of acetal 817.
Entry Lewis Acid Additives Solvents and Conditions Results
1 cat. TMSOTf 4 AMs CH,Cl,, -78 °C—rt, 18 h complex mixture
2 | TMSOTf (2 eq.) CH.Cl;, 0°C,3h | complex mixture
3 | cat. BF;*OEt; CHCl,, -78—-50 °C, 2.5 h | complex mixture

Table 5.9: Summary of the reagents and conditions used for the attempted allylation of acetal 817.

It was envisaged that the oxonium ion, if generated, could be trapped in situ by
allylstannane 851 which is a better nucleophile than the corresponding allylsilane.“’G However,
treatment of acetal 817 with TMSOTf or BF;+OEt, in the presence of allylstannane, failed to produce
allyl-spiroacetal 852. The use of a higher reaction temperature and the inclusion of molecular sieves
also did not effect the desired allylation (Scheme 5.20 and Table 5.9).

In contrast, a similar substitution reaction effected by the treatment of acetal 817 with an
excess of TMSOTf and TMSN; successfully afforded a mixture of diastereomeric azides 814 in 71%
yield (Scheme 5.22)." As a result, it was suspected that the failure to effect the nucleosidation of
acetal 817 was due to the inefficiency of 817 to generate the crucial oxonium ion intermediate under
mild conditions. Therefore, use of a good nucleophile under forcing conditions (such as excess Lewis

acid) is essential in order to effect the desired anomeric substitution reaction.

A dilemma was therefore apparent for the attempted nucleosidation of acetal 817. It was

known that the persilylated heterobase formed a o-complex with the Lewis acid, thus decreasing its

T This particular procedure was adapted from Trost et al.>® who used a large excess of TMSOTf (5 eq.) and
TMSN3 (10 eq.) at 0 °C to effect an azide substitution reaction during the synthesis of a highly oxygenated azide
intermediate of mycalamide A%
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effective concentration. However, increasing the amount of Lewis acid degrades the fragile
unsubstituted spiroacetal moiety. This dilemma is more problematic when the unsubstituted
spiroacetals was used in this model study and required addressing in the present work (see
Section 5.7).

5.4.4 NMR and Stereochemistry of Spiroacetal 5-Fluorocytidine 81 1a
and Uridine 811d

(&) NMR Analysis

NMR analysis of both 5-fluorocytidine 811a and uridine 811d revealed the characteristic
anomeric H2' resonances at 6y 5.95-6.03 ppm. The large 1,2-diaxial coupling constants (Jzax3ax 10.9—
11.2 Hz) were consistent with a dihedral angle of ca. 180°. This indicated that both of the nucleoside
substituents adopted equatorial positions. In 811a, the anomeric H2' resonance also exhibited a long
range J° coupling to the fluorine of the heterobase highlighting the connection between the two
moieties. Quaternary carbons resonated at o; 98.5-98.6 ppm were assigned to the spirocarbon C6',

thus confirming the presence of the spiroacetal ring system.

A clear HMBC correlations between C2'-H6 and H2'-C6 confirmed the desired chemical
connection between C2' and N1, but not between the potentially competitive C2' and N3. NOESY
studies also confirmed the bis-anomerically stabilised confirmation of 5-fluorocytidine 811a and
uridine 811d through observation of a correlation between H2' and H8'. This correlations confirmed
the adoption of the bis-anomerically stabilised spiroacetal conformation in which the basic substituent
adopting an equatorial position. NOESY correlations between the H6 of the pyrimidines with H2' and

H3' of the spiroacetal ring were also observed (Scheme 5.21).

NH;

' 6
KA
uridine 811d

Scheme 5.21: Structures of 5-fluorocytidine 811a and uridine 811d showing the bis-anomerically stabilised

5-fluorocytidine 811a

spiroacetal rings and their pyrimidine equatorial substituents. NOESY correlations are denoted by arrows.

(b) Stereochemistry

Similar to their precursors (acetate 815 and acetal 817), both 5-fluorocytidine 811a and
uridine 811d were isolated as the equatorial isomer. It was postulated that steric interactions
prevented the axial approach of the persilylated heterobase. The less electronegative nitrogen atom

in the nucleobase also provided less anomeric stabilisation for the axial isomer. This effect together
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with the disfavourable alignment of 1,3-dipole moments and steric interactions rendered the axial

isomer less thermodynamically stable than the corresponding equatorial isomer.”’

The reason for the absence of any axial isomer in the product mixture was not clear. The
axial isomer may have failed to form under the reaction conditions or may have degraded during the
reaction or subsequent work-up step. Similar stereoselective formation of the equatorial isomer from
the nucleosidation of pyranosides or furanosides lacking a stereodirecting neighbouring group have

also previously been reported in the literature.***

Having successfully developed the methodology for the synthesis of spiroacetal
nucleosides 811, attention was next turned to the synthesis of a second series of spiroacetal hybrids,
namely spiroacetal triazoles 812. Triazoles 812 are available via cycloaddition of azide 814 to various

alkynes (Scheme 5.1).

5.5.1 Preparation of Azido-Spiroacetal 814

Azide 814 was synthesised from acetal 817 using a procedure adapted from Trost et al.®
Acetal 817 was reacted with TMSOTf in CH,CI, at 0 °C to generate an oxonium ion which was
subsequently trapped by TMSN; to give diastereomeric azides 814a and 814b in 71% vyield as a 1:3
inseparable mixture (Scheme 5.22). Due to the volatility of the azides, crude mixture of azides 814

was usually used without purification.

817 bis-anomerically mono-anomerically
o TMSN; o stabilised + Pne stabilised
(0] OEt (6] N 8l4a 814b
s 7

Reagents and conditions: (a) TMSN;, TMSOTf, CH,Cl,, 0 °C, 3 h, 71% (814a:814b 1:3).

Scheme 5.22: Synthesis of azides 814 from acetal 817.

The success of this previously problematic substitution reaction of acetal 817 is due to the
excellent nucleophilicity and the small size of azide. Also because of the slender azide group, the
stereodirecting effect contributed by the presence of the spiroacetal rings has little effect on the

stereochemical outcome of the reaction, thus a mixture of isomers resulted.
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5.5.2 NMR and Stereochemistry of Azido-Spiroacetals 814

(a) NMR analysis

NMR analysis of azides 814a and 814b revealed the characteristic anomeric H2' resonances
at 64 4.66-4.85 ppm. A larger 1,2-diaxial coupling was observed for azide 814a (dd, Jax3ax 10.8 Hz)
whereas a smaller 1,2-diequatorial coupling was observed for azide 814b (1, Joeq3axizeq 6-5 Hz). These
characteristic coupling constants established that the azide substituent adopted an equatorial position
in 814a and the axial position in 814b. Quaternary carbons resonated at 6c 93.9 and 98.3 ppm were
assigned to the spirocarbon C6', thus confirming the presence of the spiroacetal ring system
(Table 5.10).

Due to the significant differences observed between the chemical shifts of azides 814a and
814b in the *C NMR (noticably the signals observed for C11), it was apparent that 814a and 814b
were not simple C2 anomers, but rather exhibit substantial conformational differences in their
spiroacetal rings. The 'H and "*C NMR chemical shifts of azides 814a and 814b were, however, very
similar to the corresponding C8-substituted spiroacetals 860a and 860b. These similarities were not
surprising because the spiroacetal ring of azides 814a and 860a adopted the bis-anomerically
stabilised conformation while the spiroacetal ring of azide 814b and 860b adopted the mono-

anomerically stabilised conformation as depicted in Table 5.10.

The structure of azide 814a was further supported by the close similarity of the 'H and *C
NMR chemical shifts to those observed for other spiroacetals adopting the bis-anomerically stabilised

conformation, such as acetate 815 and acetal 817 (see Section 5.3.5).

Chemical Shifts (din ppm)
) TBDPSO . TBDPSO
nﬁ:r?tr:er 99 T o H ﬁ‘ls 4 o
~07 " Ns R, oﬁq . 3
azide 814a ; i "
azide 860a azide 814b azide 860b
H2 4.85 4.94 4.66 4.61
dd (J 10.8 and 2.5 Hz) dd (J 10.8 and 2.5 Hz) t(J 6.4 Hz) t(J 6.4 Hz)
Cc2 83.3 83.2 77.8 77.8
C3 | 30.2 30.2 ‘ 32.3 32.0
C4 | 17.8/18.3 17.8/18.3 ‘ 18.8/19.0 18.7
C5 | 34.5 34.4/34.8 ‘ 34.0 34.1
C6 | 98.3 98.6 ‘ 93.9 92.3
C8 | 60.8 71.0 ‘ 63.3 73.3
C9 | 29.7 26.7 ‘ 247 26.8
C10 | 17.8/18.3 17.8/18.3 ‘ 18.8/19.0 19.1
Cc11 | 35.2 34.4/34.8 ‘ 391 39.8

Table 5.10: Characteristic 'H and '°C NMR chemical shifts of the spiroacetal unit present in azides 814a and

814b. The related C8-substituted spiroacetals 860a and 860b are depicted here for comparison.
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(b) Stereochemistry

The predominance of the mono-anomerically stabilised azide 814b was attributed to the
unfavourable steric interactions between the protons attached to C8 and the axial azide substituent at
C2. The formation of axial azide 814b was postulated to take place via a ring-opening and
subsequent ring-closing mechanism that was facilitated in the presence of a Lewis acid. More details

of this mechanism will be discussed in Chapter 6.8.1 (Scheme 5.23).

H 8
‘/‘ 853 ring-opening O+ N ring-closing o 814b
3 bis-anomerically + | = + mono-anomerically
. + TMS 0 TMS N .
stablised —_— 2 m stablised
not observed 854 ?MS 0

Scheme 5.23: Postulated mechanism for the formation of mono-anomerically stablised 814b.

5.5.3 Cycloadditions of Azido-Spiroacetals 814

With azides 814 in hand, attention turned to the synthesis of triazole cycloadducts via
reactions with alkynes. Both the thermally-promoted and highly popular copper-catalysed conditions
were tested for the conversion of these spiroacetal-azides to a range of triazoles. Due to the volatility

of the azide mixtures, crude starting material was used in order to minimise handling.

(a) Thermally-Promoted 1,3-Dipolar Cycloaddition

Use of a thermally-promoted 1,3-dipolar cycloaddition proved to be the optimum procedure
when using activated electron deficient alkynes. The formation of regioisomers is avoided if
symmetrical alkynes were used. Hence, the cycloaddition of crude mixture of azides 814a and 814b
to dimethylacetylene dicarboxylate (DMAD, 855) was attempted. After much experimentation, the
thermally-promoted cycloaddition afforded triazole 812a in 25% yield when the reaction was
performed in neat DMAD at 80 °C. Conducting the same reaction with excess DMAD in toluene only
produced triazole 812a in 7% yield, while use of the highly activated maleic anhydride (856) for the
cycloaddition failed to give the desired product 812b (Scheme 5.24).

o g CoMe 812a
EtO,C—==— CO,Et a)or
+ 2 2 > \
o) 855 (@] N\ CO,Me
O _N, N=N
0
0
814a and 814b + 0= -0 ©) ?
ST ess 07N ©
N=N 812b

Reagents and conditions: (a) 855, toluene, 80 °C, 5 h, 7%; (b) 855, 80 °C, 3 h, 25%; (c) 856, toluene, 65 °C, 4 h.

Scheme 5.24: Thermally-promoted 1,3-dipolar.cycloaddition.of crude mixture of azides.814a and 814b with
DMAD 855 and maleic anhydride 856.
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(b) Copper-Catalysed Azide—Alkyne Cycloaddition (CuAAC)

CuAAC is a popular reaction due to its broad applicability and the popularity of triazole moiety.

The reaction catalyses the cycloaddition of azides to terminal alkynes producing only 1,4-disubstitued
triazoles.

OBn o 812c
— / Cu(l) catalyst
= el X et
AN
o * 821 0 “{ﬁ_R
O_ _N; N=N
812d

O
- Cu(l) catalyst
=———CO,Et b Wi
+ 2 o N\S_R
857 N=N

Scheme 5.25: CuAAC of crude mixture of azides 814a and 814b to terminal alkynes 821 and 857. See
Table 5.11 for reaction conditions.

814a and 814b

Using the procedure adapted from Meldal et al.* the cycloaddition of alkyne 821 to the crude
mixture of azides 814a and 814b only proceeded to completion after the addition excess Cul and
DIPEA giving triazole 812c in 10% vyield. Secondly, use of the sodium ascorbate method adapted
from the procedure by Sharpless et al.** was attempted but the reaction only produced triazole 812c in
7% vyield using alkyne 821 while no triazole 812d was obtained using alkyne 857 under same
conditions. Finally, use of a phophine-stabilised copper(l) salt®® [CulsP(OEt);] effected reaction of the
crude mixture of azides 814a and 814b to afford triazole 812d in 23% yield using an excess of
alkyne 857 (Scheme 5.25 and Table 5.11).

Entry Alkyne Reagents Solvents Conditions Results Notes
1 _ Cul, DIPEA toluene it 2d 10% catalytic Cul and DIPEA were used initially with
= \ OBn excess reagents subsequently added
821 .
2 cat. CuOACk g o1 1o, 18h %
Na ascorbate
t. A

3 cat. Cu(OAc), BUOH-H,0 18 h co_mtplex

= CO.Et Na ascorbate mixture
4 857 cat. Cul*P(OEt)s toluene rt, 18 h 2% | starting materials recovered
5 cat. Cul*P(OEt); toluene rt, 18 h 23% ‘ excess alkyne 867 was used

Table 5.11: Summary of the reagents and conditions used for the attempted CuAAC of crude mixture of
azides 814a and 814b with terminal alkynes 821 and 857.

5.5.4 NMR and Stereochemistry of Triazoles 812

(a) NMR Analysis

NMR analysis of triazoles 812a, 812c and 812d revealed the characteristic anomeric H2'

resonances at &, 5.96-6.15 ppm. The large 1,2-diaxial coupling constants (Jzaxzax 10.7-11.1 Hz)
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indicated that the triazole moieties adopted an equatorial position. Quaternary carbons resonated at

oc 98.4-98.7 ppm also confirmed the presence of the spiroacetal ring system (Table 5.12).

NOESY studies confirmed the bis-anomerically stabilised structures of triazoles 812a, 812c
This

correlation is only possible when the spiroacetal ring adopts a bis-anomerically stabilised conformation

and 812d by observation of a correlation between H2' and H8' of the neighbouring rings.
and the triazole substituent adopts an equatorial position.

The 'H and "*C NMR chemical shifts for triazoles 812a, 812c and 812d were very similar to
the corresponding C8-substituted spiroacetals 909f, 909a and 909e. These similarities were not
surprising since the spiroacetals adopted the thermodynamically-favoured bis-anomerically stabilised

conformation as depicted in Table 5.12.

The 1,4-disubstitution in triazoles 812c and 812d cannot be confirmed unambiguously due to
The
1,4-disubsitution of 812c and 812d was indirectly established by the close similarity of the 'H and "*C
NMR chemical
spiroacetals 909a and 909e (Table 5.12).

the absence of long range C2'-H5 or H2-C5 correlations in the weak HMBC spectra.

shifts with the closely related and structurally confirmed CB8-substituted

Chemical Shifts (din ppm)
Atom OBn
number NN COMe
812a: 9009f: 812c: 909a: 812d: 909e:
R=H R = CH,OTBDPS R=H R = CH,OTBDPS R=H R = CH,OTBDPS
o 6.15, dd 6.18, dd 5.96, dd 6.01, dd 6.05, dd 6.07, dd
(310.7and 3.1 Hz) (J10.6and 3.0 Hz) | (311.1and 2.2 Hz) (J 11.1and 2.4 Hz)| (J 10.9 and 2.4 Hz) (J 10.9 and 2.2 Hz)
H5 7.58 7.54 8.29 8.25
c2' 82.7 82.8 81.2 81.0 81.7 81.6
c3' | 30.3 30.4 \ 31.0 30.8 \ 31.4 31.2
c4' | 17.6 17.5 ‘ 18.2 18.0 ‘ 17.8 17.8
c5' | 34.5 or 35.0 34.4 \ 34.6 345 \ 34.5 or 34.9 34.4
Cc6' | 98.9 99.4 \ 98.4 98.8 \ 98.7 99.2
cs' | 61.1 71.0 ‘ 61.1 71.0 ‘ 61.2 71.3
co' | 24.8 26.6 ‘ 24.9 26.5 ‘ 24.9 26.4
c10’ | 18.0 17.8 ‘ 18.1 18.1 ‘ 18.1 18.1
c11 | 34.5 or 35.0 34.7 \ 35.0 346 \ 34.50r 34.9 345

Table 5.12: Characteristic 'H and '°C NMR chemical shifts of the spiroacetal unit present in triazoles 812a, 812c

and 812d. Their related C8-substituted spiroacetals 909f, 909a and 909e are depicted here for comparison.
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(b) Stereochemistry

Only the equatorial triazoles, generated from the minor equatorial azide 814a bearing the bis-
anomerically stabilised spiroacetal, were isolated from all of the cycloaddition reactions that were
conducted. The axial triazoles, generated from axial azide 814b bearing the mono-anomerically
stabilised spiroacetal, were believed to be unstable and degraded under the reaction conditions. The
low and variable yields may also be due to the volatility of the initial azide mixtures and the use of
crude starting materials. The exact ratio of equatorial and axial azides 814a and 814b present in the
crude mixture was unknown and did vary between batches. Therefore, it was unclear whether or not

any of the axial triazole that formed, in fact, equilibrated to the equatorial isomer.

Synthesis of Spiroacetal Nitrile 858

With the successful generation of spiroacetal-nucleosides and triazoles, the next diversity
oriented synthesis was investigated. Due to its unique features, tetrazoles are isosteres of carboxylic
acid and cis-peptides depending on the nature of its substituent®” and they can be synthesised via the
cycloaddition of nitriles to azides.

Using the procedure adapted from Trost et al.”®, acetal 817 was reacted with TMSOTf to
generate an oxonium ion which was subsequently trapped by TMSCN to give nitrile 858 in 7% vyield
(Scheme 5.26). The observed 'H and "*C NMR chemical shifts indicated that nitrile 858 adopted a

bis-anomerially stabilised structure with the cyano substituent adopting an equatorial position.

g 817 TMSCN o 858
(0] OEt (0] CN
Reagents and conditions: (a) TMSOTf, TMSCN, CH.Cl,, 0 °C, 3 h, 7%.

Scheme 5.26: Synthesis of nitrile 858 from acetal 817.

Although this reaction has not been optimised, the 7% yield is very low. This low yield
together with the volatility of nitrile 858 rendered the use of nitrile 858 as a key intermediate for further

synthetic works unusable and this approach was abandoned.

Summary and Conclusion

In conclusion, the yield obtained for oxaspirolactone 818 synthesis from butynol 836 has been

successfully optimised to 75% over five steps, which was an improvement from the 6% yield
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previously reported in literature.?  Acetate 815 was also successfully prepared in two steps from
oxaspirolactone 818 as planned. Modifications to the synthetic route afforded the alternative
intermediate, namely acetal 817 in 79% over two steps via hydrogenation of aldehyde 839
(Scheme 5.27).

0]

O [e]
A (a) N (j
\\/\ oH Ny \\/\OBn 620 HO /\/\)\/\
836 821 (b) 837 OBn
0 o o .
HO S @ ]
A < — \\
o ©8n 839 OBn
? 0 (@ R=Ac O R=Et | (h)~()
O/ s18 815 o7~or 817

Reagents and conditions: (a) i. NaH, THF, 0 °C, 30 min; ii. BnBr, THF, 0 °C—rt, 18 h, 99%; (b) i. BuLi, THF, -78 °C, 30 min;
ii. 820, THF, -78 °C, 2 h, 87%; (c) cat. TEMPO, Phl(OAc),, KH,PO4, MeCN-H,0, rt, 6 h; (d) NaClO,, cyclohexene, KH,POy,
'‘BUOH-H,0, rt, 2 h, 92% over 2 steps; (e) i. Hy, cat. Pd/C, cat. AcCOH, THF, rt, 18 h; ii. AcOH, toluene, 30-35 °C, 30 mmHg,
94%; (f) i. DIBAL-H, toluene, -78 °C, 15 min; (g) Ac;O, NEt;, cat. DMAP, CH,Cl,, 0 °C—rt, 20 h, 25% over 2 steps; (h) Ha,
cat. Pd/C, cat. p-TsOH, EtOH-CH,ClI,, rt, 18 h; (i) p-TsOH, aq. EtOH-CH,Cly, rt, 18 h, 79% over 2 steps.

)

Scheme 5.27: Synthesis of the key intermediates: acetate 815 and acetal 817.

g ‘e o 858
R=Ac R=Et
o7~y " (a)-(b) 815R=Ac ©) 0-7~CN
)\ O 817R=Et
~
07 N7 NH, 0-7~0R
R =Et {E‘t o 0
J eud 4 (d o T N;
(f) ¥ o
0 N/\l l 8l4a 814b
O}\N o h
H )/(g) ¢( )
o) o
N N it N
0 N: :N O7/™N "N 07N N
812a  MeO,C CO,Me 812¢ LVOBn 812d NCO,Et

Reagents and conditions: (a) *'C, BSA, reflux, 1 h; (b) 815, TMSOTf, CH,Cl,, 0 °C—»rt, 20 h, 39%; (c) i. U, BSA, reflux, 1 h;
ii. 817, TMSOTf, CH,Cl,, 0 °C—rt, 19%; (d) 817, TMSN3;, TMSOTf, CH.Cl,, 0 °C, 3 h, 71% (814a:814b 1:3); (e) 817, TMSOTH,
TMSCN, CHCl,, 0°C, 3h, 7%; (f) DMAD, 80°C, 3h, 25%; (g) 821, Cul, DIPEA, toluene, rt, 2d, 10%; (h) 858,
cat. Cul+P(OEt)s, toluene, rt, 18 h, 23%.

Scheme 5.28: Synthesis of spiroacetal nucleosides 811 and triazoles 812.

With the successful synthesis of acetate 815 and acetal 817 as key intermediates, spiroacetal

nucleosides 811 and triazole derivatives 812 were next prepared (Scheme 5.28). Although the yields
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of the derivatives obtained were moderate, this model study has demonstrated the feasibility and
flexibility of the synthetic route.

The model study was designed to aid the subsequent synthesis of the C8'-hydroxymethyl
substituted targets by providing significant quantities of spiroacetals with which to develop
nucleosidation protocols as well as to gather information and experience during the synthetic
investigation. The models themselves were synthesised, but not without problems. The unsubstituted
spiroacetal structure is volatile and labile and readily undergoes ring-opening reactions. A slight
change of structure such as the introduction of a substituent on the ring may well stabilise the
spiroacetal and increase its boiling point, thus allowing a wider range of reagents and conditions to be
used to effect subsequent reactions. It was, therefore, envisioned that the low yield reactions
encountered in the model study may not be extended to the subsequent synthesis of targets bearing a
C8'-hydroxymethyl substitutent. Moreover, the synthesis of these C8'-substituted targets may improve

the volatility and stability of the spiroacetal structures.

The stereochemistry of the new spiroacetal analogues that generated adopted an equatorial
position on anomeric centre rather than the axial position as initially desired. Despite this deviation in
stereochemistry of the product obtained, this model study had, nevertheless, provided valuable
information for the synthesis of the novel spiroacetal hybrids. Satisfied with the results achieved so
far, it was envisioned that the synthetic method hitherto developed for the unsubstituted spiroacetal
ring, could be extended to the synthesis of C8'-hydroxymethyl substituted targets. In the next chapter,
efforts towards the synthesis of the C8'-hydroxymethyl substituted spiroacetal-nucleoside and triazole

analogues are described.
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Chapter 6: Discussion: Synthesis of Functionalised Spiroacetals

6.1 Retrosynthetic Analysis of Spiroacetal Targets 808—-810

6.1 Retrosynthetic Analysis of Spiroacetal Targets

808-810

Having successfully developed the methodology to synthesise the model spiroacetals 811 and
812, attention next focused on the synthesis of spiroacetal-nucleosides 808 and spiroacetal-
triazoles 809 bearing a C8'-hydroxymethyl substituent. Preliminary work towards the synthesis of
spiroacetal-amino acids 810 will also be investigated, thus enabling the synthesis of a small library of
spiroacetal hybrids (Figure 6.1).

Spiroacetal Heterocyclic Targets Spiroacetal-Amino Acid Targets
HO

heterobase
0

nucleoside targets 808

glycine target 810R = H

NH2 0 NH, o

R1f\ R .

SN NH SN N "

heterobase = | | ¢ V|

r,v’J*O ,ﬂ/&o N o
808a (TC):R' =F 808¢ (T): R' = Me 808f (A) 808g (G)
808b (C): R1=H 808d (U): R"=H

808e (FU:R'=F
Figure 6.1: Spiroacetal-heterocycle targets 808 and 809 and amino acid targets 810 bearing a C8'-hydroxymethyl

group.

The focus of this research has directed towards the elaboration of a 6,6-spiroacetal framework
with bioactive motifs in order to achieve diversity oriented synthesis (DOS). Therefore, it is important
that a flexible and convergent strategy is adopted to facilitate possible derivatisation of a common

intermediate.

6.1.1 Retrosynthesis—the First Approach

Following the lead from the model study, the proposed retrosynthesis of spiroacetal
targets 808-810 hinges on the disconnection of the anomeric C—N bond that links the spiroacetal with
the heterocyclic or amino acid motifs. For nucleoside analogues 808, this connection is initially
generated by the nucleosidation under Vorbriiggen conditions of spiroacetals 861 and 862 bearing a
leaving group at the anomeric position. For triazole analogues 809, the spiroacetal-heterocycle
connection is initially generated by conversion of the leaving group in spiroacetals 861 and 862 to an
azide that can then act as a cycloaddition partner. For amino, acid analogues, spixoacetal-glycine 810

was chosen as the initial target for this ‘preliminary investigation. .\ The spiroacetal-amino acid

E8f391 Proje

g e AT T
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connection is generated by the Staudinger ligation of an activated glycine derivative and azide 860
which is also a precursor used in the synthesis of triazoles 809. Spiroacetals 861 and 862, in turn, are

prepared via reduction and protection of oxaspirolactone 863 (Scheme 6.1).

HO azide-alkyne TBDPSO Staudinger
H / cycloaddition / Ilgatlon
R———R =
o o o &
N,, — + Ns —— .
0 809 0 \nA 2
860 o)
810R=H

oxaspirolactone

nucleosidation under XTMS TBDPSO 861Y = OAc TBDPSO 863
Vorbriggen conditions Rl 862 Y = OFt
/ p— N N o
.. heterobase | o)
™ OTMS 0
808

Scheme 6.1: Proposed retrosynthesis of spiroacetal targets (nucleosides 808, triazoles 809 and amino acids 810)

from oxaspirolacetone 863.

Oxaspirolactone 863 is envisaged to be cyclised from carboxylic acid 864.  Further
disconnection of 864 leads to valerolactone 865 and silylated butynol 866 (Scheme 6.2). The

syntheses of 865 and 866 have been previously described in the literature."?

TBDPSO—  oxaspirolactone
863 OR R =Me orEt

TBDPSO 0 TBDPSO
d o — /\lj\/u\ — /\Lj \/\OTMS
864

O

Scheme 6.2: Proposed retrosynthesis of oxaspirolactone 863.

6.1.2 Retrosynthesis—the Second Approach

Given the potential failures and flaws of the attempted synthesis towards oxaspirolactone 863
as observed in the model study reported in Chapter 5, a second and more direct approach is also

proposed.

The revised retrosynthesis directly targeted spiroacetal acetate 861 and ethoxy-
spiroacetal 862, thus bypassing the use of the problematic oxaspirolactone 863 as an intermediate.
Based on the model study, acetate 861 and acetal 862 can be obtained via deprotection-cyclisation of

ketone 867 (Scheme 6.3).

Further disconnection of ketone 867 gives valerolactone 865 and Grignard reagent 868. The

use of Grignard reagent 868 is an alternative to the four-carbon synthon equivalent to the protected

130



Chapter 6: Discussion: Synthesis of Functionalised Spiroacetals
6.1 Retrosynthetic Analysis of Spiroacetal Targets 808—-810

butynols 821 and 866. This revised synthetic route bypasses the acetylide addition step, thus
avoiding the reactive ynone functionality and the need for subsequent hydrogenation. Grignard
reagent 868 is chosen specifically to carry a masked aldehyde functionality in order to avoid the
necessity of potentially problematic oxidation later in the synthesis. Grignard reagent 868 was
generated from bromide 869 which was, in turn, synthesised from either butyrolactone 870 or

tetrahydrofuran (Scheme 6.3).

TBDPSO
861 R=Ac

867

e TBDPSOW

0 OR — HO o
< 7 /> : /> TBDPSO 0P
(_74 : \/\)\ BrMg \/\)\ GS/\LT

Scheme 6.3: Rewsed retrosynthesis of acetate 861 and ethoxy-spiroacetal 862.

To date, the synthesis of a 6,6-spiroacetal that bears a heterobase, triazole or amino acid at
the anomeric position, has not been reported, reflecting the novelty of these hybrid structures. Several

molecules of similar structure have been reported in the literature and are discussed below.

(a) Nucleosides

HO T T
—m ;—Zﬁo —% E
), \ /.
= OTBS
HO OH® HO O oﬁs\io
+)-hydantocidin (465) 501 and502n=1or2 505 and 506 n =1 or2 O TSAO-T 511a
RZ R? R2 R3 RZ RS RZ RS
“ X base “ X base i base /’ base (6'S)R>=0H,R®=H
i](6R) R? = H,R? = OH
519 =4 520 s
ase=T,U,C A G
dideoxy didehydrodideoxy HO OH _
anaogues analogues dihydroxy analogues deoxy analogues X=0,Ch, S

Scheme 6.4: [Top] 1'-, 2'- and 3'-spirocyclic nucleosides. [Bottom] Paquette’s 4'-spirocyclic nucleosides. The

syntheses of these spirocyclic nucleosides were discussed in Chapter 2.6.

The syntheses of several spirocyclic nucleosides have been previously described in
Chapter 2.6. In particular, 4'-spirocyclic nucleosides 519-522 synthesised by Paquette’s group3 bear
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some similarity to our target spiroacetal nucleosides 808 with respect to the spirocyclic structure
(Scheme 6.4).

(b) Triazoles and Amides

Ley et al.* described a diversity oriented synthesis (DOS) based on 6,6-spiroacetal scaffolds.
In particular, spiroacetal-triazole 254 bears a striking resemblance to our targets 809. Spiroacetal-
triazole 254 was prepared via cycloaddition of phenyl acetylene to azide 871 which, in turn, was
obtained from spiroacetal 248. The synthesis of 248 was described in Chapter 1.5.3. Oxidation of
alcohol 248, followed by the coupling of the resultant acid 253 with 2-picolyl amine, gave

spiroacetal 255 (Scheme 6.5).

OBn OBn
Ph
(@) o © >
OBn T 0= © - o0 N\
2
248 0 Na 0 N~n
o
© OH OBn OBnN
Q d) 255
e
0O e, o ' 4 |
Q7 ~co,H Q N

Reagents and conditions: (a) Tf,O, pyridine, CH,Cly, -78 °C—rt, 30 min; (b) NaNs;, DMF, rt, 1 h, 100% over 2 steps; (c) phenyl
acetylene, cat. CuSO,, sodium ascorbate, H,O-'BuOH, rt, 3 h, 100%; (d) PDC, DMF, rt, 18 h; (e) p-nitrophenyl chloroformate,
pyridine, THF, rt, 20 min; (f) 2-picolyl amine, rt, 10 min, 90% over 3 steps.

Scheme 6.5: Synthesis of spiroacetal-triazole 254 and amide 255 by Leyetal.®  Syntheses of other

6,6-spiroacetal based analogues from the same study were discussed in Chapter 1.5.3.

During the structure-activity studies (SAR) of TSAO analogues, it was discovered that the
glycoside spirocyclic moiety of TSAQO is crucial for the observed antiviral activity due to its interaction
with the reverse transcriptase. On the other hand, the heterobase moiety is not strictly recognised by
the enzyme, thus suggesting that possible structural modification of this moiety could also be used to

modulate the cytotoxicity of TSAO analogues.5

Based on these foundings, Camarasa et al.’ synthesised a range of TSAO-triazole analogues
during their SAR studies to determine the role of the heterobase in the interaction between TSAO
derivatives and the target enzymes. From the range of TSAO triazole analogues synthesised and
tested, 874a-c and 875d were shown to exhibit interesting activity (ECso=0.06-0.92 uM and
CCs9=20-165 uM). The synthesis of triazoles 874 and 875 started with the conversion of
acetate 872 to azide 873 and subsequent thermally-promoted cycloaddition with the appropriate
alkyne to give a mixture of TSAO-triazoles 874a—c and 875a-c. Treatment of the regioisomeric
mixture of 874c and 875c with dimethylamine afforded 874d and 875d (Scheme 6.6).
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BzO

Reagents and conditions: (a) HC=CR, toluene, reflux, 18 h-2 d, 874a—c: 26-67%, 875a—c: 18-25%; (b) 874c and 875c (3:1),
NHMe,, EtOH, rt, 8 h, 874d: 58%, 875d: 19%.

Scheme 6.6: Synthesis of anti-HIV TSAO-triazole analogues 874 and 875 by Camarasa et al.’

The initial strategy for the synthesis of oxaspirolactone 863 is based on an extension from the
model study. The proposed synthesis relies on the key dehydrative cyclisation of acids 864 which can
be obtained from the oxidation of alcohols 876. Acetals 876 are cyclised from a keto-alcohol adduct

obtained from the coupling between valerolactone 865" and alkyne 866° (Scheme 6.7).

(6] (0] X li OR _
TBDPSO A (a) coupling o R =Meor Et
/\Kj . \/\OTMS (b) CyCI isation TBDPSO
865 L > X

876 OH
TBDPSO
o OR ,
%) o (@oplsaion TP > o oxdaaton
o 864 OH
Scheme 6.7: Proposed synthesis of oxaspirolactone 863.
6.3.1 Synthesis of Valerolactone 865
o Lo 0.__0
(@-(c) N (@) TBDPSO
EtO,C
’ - TBDPSO
877 878 865

Reagents and conditions: (a) ethylene glycol, p-TsOH, CH.Cl,, reverse Dean-Stark apparatus, reflux, 18 h, 100%; (b) LiAlH,,
Et,0, reflux, 4 h, 98%; (c) TBDPSCI, cat. DMAP, NEt;, CH,Cly, rt, 18 h, 92%; (d) cat. PPTS, aq. acetone, reflux, 4 h, 99%; (e)
m-CPBA, NaHCO3, CH,Cly, rt, 3 h, 97%.

Scheme 6.8: Synthesis of valerolactone 865 adapted from Taylor et al.”

The synthesis of oxaspirolactone 863 started with the preparation of valerolactone 865 from
ethyl 2-oxocyclopentanecarboxylate (877) using the procedures adapted from Taylor et al." Under

these adapted procedures, valerolactone 865 was obtained in five steps with an overall yield of 87%
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(Scheme 6.9). Although shorter synthesese’7 with three or four steps may be possible, the current five
step procedure proved to be reproducible, high yielding and scalable to ca. 15 g, thus the shorter

routes were not investigated further.

6.3.2 Attempted Synthesis (1)—via Keto-diol 879

With the starting materials in hand, the first synthetic route to oxaspirolactone 863 was
investigated. Lithium acetylide, generated from protected alkyne 866°, was added to
valerolactone 865 in THF using the protocol developed in the model study to afford keto-diol 879.
However, the subsequent cyclisation of 879 using either Amberlite IR118 in MeOH or PPTS in EtOH
failed to yield methoxy or ethoxy-spiroacetals 876 and only starting material 879 was recovered. The
failure to effect the cyclisation step may be due to the steric hindrance exerted by the TBDPS group
(Scheme 6.9).

In the hope that the bulky TBDPS group would exert some steric hindrance over the
neighbouring secondary alcohol, an attempt was made to selectively oxidised the primary hydroxy
group of keto-diol 879 using Dess-Martin periodinane.8 Disappointingly, this oxidation only gave a

complex mixture (Scheme 6.9).

TBDPSO o

X
O (6} X
TBDPSO \/\OTMS
866 HO
865

A
(@ OH
TBDPSO TBDPSO 880 il/( ) ()
Q OR R =Meor Et
..... (0] - o 876

863 o 0 = HO [ TBDPSO S

H . X
0 - OH

Reagents and conditions: (a) i. 866, BuLi, THF, -78 °C, 45 min; ii. 865, THF, -78 °C—rt, 2 h, 65%; (b) Amberlite IR118, MeOH,
rt, 2-3 h; or PPTS, EtOH, rt, 18 h; (c) Dess-Martin periodinane, pyridine, CH,Cl,, rt, 18 h.

Scheme 6.9: Attempted synthesis of oxaspirolactone 863 via keto-diol 879.

6.3.3 Attempted Synthesis (2)—via Spiroacetal 883

Given the steric bulk of the TBDPS group and the uncertainty as to whether it is possible to
oxidise the labile acetals 876, modifications to the current synthetic route were made in order to
circumvent these problems. Given the unsuccessful synthesis of oxaspirolactone 863 via the
oxidation of diol 879, the sequence of the reaction steps was rearranged such that the troublesome

oxidation was executed after cyclisation of the linear precursor to spiroacetal (Scheme 6.10).
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Lithium acetylide, generated from protected alkyne 821,° was added to valerolactone 865 in
THF using the protocol developed in the model study to afford keto-alcohol 881. The subsequent

cyclisation of 881 failed to give acetal 882 and only starting material was recovered (Scheme 6.10).

One-pot hydrogenation-cyclisation of ynone 881 to spiroacetal 883 proceeded smoothly under

1012 of spiroacetal 883

acidic conditions. However, the subsequent ruthenium-catalysed oxidation
failed to give oxaspirolactone 863 regardless of the reaction conditions used. Variations in the number
of equivalent of the ruthenium catalyst used, the nature of the solvent, the reaction temperature or the
addition sequence did not give the desired result and only starting material 883 was recovered from all
the oxidations attempted. The bulky TBDPS group may pose a problem preventing the oxidation from
taking place.11 Due to the potential instability of the resultant lactone 863 under aqueous conditions,

over-oxidation may have occurred, presumably via the lactol intermediate (Scheme 6.10).12

[ TBDPSO 0
o__0O X
TBDPSO N~ 881
821 HO \\
865 (a) OBn
TBDPSO TBDPSO ,/(c) (t}‘\
883

(d) o OEt i~

863 0 o 0 - TBDPSO “

o o N

OBn
Reagents and conditions: (a) i. 821, BuLi, THF, -78 °C, 30 min; ii. 865, THF, -78 °C, 2 h, 73%; (b) PPTS, EtOH, rt, 18 h; (c) H,
cat. Pd/C, p-TsOH, THF, rt, 18 h, 71%; (d) NalO, cat. RuCl,, CCl,—MeCN-H,0, rt—40 °C, 18 h.

Scheme 6.10: Attempted synthesis of oxaspirolactone 863 via spiroacetal 882.

6.3.4 Attempted Synthesis (3)—via Protected Butynal 885

In the third synthetic route investigated, the problematic oxidation step was carried out at the
beginning of the synthetic route. In this new route, the alkyne contained a protected aldehyde that

was then coupled to valerolactone 865 (Scheme 6.11).

O (e}
\\\/\OH w \)J\H """ > \/ks

o)
836 884 885
R =Me or Et OR TBDPSO O i
<----  TBDPSO © 0 865 E
863 -e- S ’> e X
886 o o

Reagents and conditions: (a) PCC, CH.Cly, rt, 3.5 h; (b) Dess-Martin periodinane, pyridine, CH,Cl,, rt, 18 h.

Scheme 6.11: Attempted synthesis of oxaspirolactone 865 via protected butynal 885.
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Oxidation of butynol 836 using PCC" or Dess-Martin periodinane® was attempted but only a
complex mixture was obtained from the reaction (Scheme 6.11). Surprisingly, there is no literature
precedent for this seemingly simple oxidation. This problem together with the associated cost of

butynol 836 forced us to abandon this route.

All three of the above synthetic routes have suffered the same design flaw as the model study.
The virtue of the oxidation was effectively cancelled by the subsequent reduction of
oxaspirolactone 863. This disappointing situation prompted the investigation of a second approach in
order to circumvent these problems.

6.4 Synthesis of Ketone 867 and 892 —the

Spiroacetal Precursor

The second generation strategy for the synthesis of acetate 861 and acetal 862 is based on
the knowledge accumulated from the model study and the ill-fated synthesis of oxaspirolactone 863.
This proposed strategy involved the synthesis of bromide 869 from either butyrolactone 870 or
tetrahydrofuran.  Bromide 869 is then converted to Grignard reagent 868, followed by a key
monoaddition to valerolactone 865. Subsequent deprotection of ketone 867, followed by cyclisation
and trapping of the resulting lactol would then afford the desired spiroacetal acetate 861 and ethoxy-
spiroacetal 862 (Scheme 6.12).

O_—o0 (@) reduction 860 o (Qi.Mg, ,  1BDPSO o o
(j (b) protection 50
""""""" > Bf\/\)\o TBDPSO HO o
ii 865 867

870 (c) Appel .
i TBDPSO
o 7 “{a) fing-opening ;
§ ) (b) oxidati(_)n _ (d) deprotection
(©)pretecton e R R

(f) lactol protection
Scheme 6.12: Proposed synthesis of acetate 861 and acetal 862.

6.4.1 Synthesis of Bromide 869

The revised synthesis hinges on the synthesis of bromide 869 bearing a protected aldehyde

moiety and is proposed to be synthesised from either butyrolactone 870 or tetrahydrofuran.
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(a) From Butyrolactone 870

The synthesis started with the DIBAL-H reduction of butytolactone 870 to lactol 887. Attempts
to trap the resulting aldehyde failed to yield the desired dioxolane 888, but protected lactol 889 was
isolated instead. Further attempts to equilibrate protected lactol 889 to the desired dioxolane 888
failed using either acidic or basic conditions, probably due to the lack of thermodynamic or kinetic
driving force for the equilibration. Therefore, bromide 869 was unable to be synthesised from
butyrolactone 870 and an alternative preparation from tetrahydrofuran was subsequently pursued
(Scheme 6.13).

(o)

. (0] 0
Qéso?o o Q\r:s: % Hov\)o:} R A% BFV\)\/}
(a) ii @"” o\_/OH (bgro(rd()c)f"k(
889

Reagents and conditions: (a) i. DIBAL-H, CH.Cl,, -78 °C, 1.5 h; ii. p-TsOH, CH.Cl,, -78 °C—rt, 30 min; iii. ethylene glycol,
p-TsOH, reverse Dean-Stark apparatus, reflux, 18 h, 889: 62%; (b) K,COs, ag. MeOH, rt, 18 h; (c) p-TsOH, CH.CI, or EtOH, rt,
18 h; (d) Amberlite IR118, ethylene glycol, rt or 100 °C, 18 h.

Scheme 6.13: Attempted synthesis of bromide 869 from butyrolactone 870.

(b) From Tetrahydrofuran

The alternative synthesis of bromide 869 began with the acidic cleavage of tetrahydrofuran to
give bromo-alcohol 890 using previously reported procedures.'*'® PCC oxidation of 890 and
subsequent protection of the unstable aldehyde successfully afforded bromide 869 using the literature

procedures.1'15‘16

(0] Br\/\/\ o
Y @ oH O -
890 Brv\)\o 869
Reagents and conditions: (a) HBr (48% w/w), THF, reflux, 4 h, 33%; (b) PCC, CH.Cl,, rt, 45 min; (c) ethylene glycol, p-TsOH,

CH,CI,, reverse Dean-Stark apparatus, reflux, 18 h, 77% over 2 steps.

Scheme 6.14: Synthesis of bromide 869 from THF.

There are several other ways to synthesise bromide 869, for example starting from readily
available 4-bromobutyric acid ester.” However, the synthetic route starting from tetrahydrofuran was
shown to be reproducible, scalable (up to ca. 13 g) with lower cost of materials, thus other synthetic

routes were not investigated further at this stage.
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6.4.2 Coupling between Bromide 869 and Valerolactone 865

With bromide 869 and valerolactone 865 in hand, attention next turned to the generation of
Grignard reagent 868 and its monoaddition to valerolactone 865 (Scheme 6.15). In general, Grignard
reagents react with lactones to afford a double-addition product due to the higher susceptibility of the
ketone intermediate to undergo a second nucleophilic addition. However, the monoaddition product

can be obtained when the reaction temperature is kept below -78 °C."

Grignard reagent 868 was prepared using the procedure adapted from the literature in which
bromide 869 was stirred with activated magnesium before the addition of the electrophile.'®9%
Despite a range of conditions used, an unknown mixture resulted in all cases (Table 6.1). Attempts to
equilibrate the unknown mixture to ethoxy-spiroacetal 862 by unmasking the aldehyde in ethanol

under acidic conditions (Amberlite IR 118 or CSA) failed.

TBDPSO

o /> @ Mg _ TBDPSO o 0
> b
BF\MO TBDPSO O¢° W/> % o 862
HO 0
865 867 0

869
OEt

O/> o)

> ~"on

Bng% N ¢
868 891

Reagents and conditions: (a) See Table 6.1 for reaction conditions; (b) Amberlite IR 118 or CSA, EtOH, rt, 18 h.

Scheme 6.15: [Top] Attempted synthesis of keto-alcohol 867 from valerolactone 865 and Grignard reagent 868

generated from bromide 869. See Table 6.1 for reaction conditions. [Bottom] Spontaneous ring closure side

reaction/degradation of Grignard reagent 868 that led to the formation of alcohol 891 by-product.'

Entry Reagents Solvents Conditions Yields
i. Mg, cat. Iz, (CH2Br), rt
1 ii. 869, THF rt—reflux, 1 h complex mixture
iii. 865 -78°C,2h
i. Mg, 869, cat. I, (CH2Br), rt, 15 min .
2 i 865 THF 78°C. 6 h complex mixture
i. Mg, 869, cat. I, (CH2Br), rt, 15 min .
3 i 865 THF 78°C. 18 h complex mixture
i. Mg, cat. I, (CH2Br), rt
4 ii. 869, Et,O rt, 15 min complex mixture
iii. 865 -78°C,2h
i. Mg, cat. Iz, (CH2Br), rt
5 ii. 869, Et,O rt, 1 h complex mixture
iii. 865 -78°C,2h

Table 6.1: Summary of reagents and conditions used for the attempted synthesis of keto-alcohol 867.

19
I

Forbes et al.”” reported that the formation of Grignard reagent 868 from bromide 869 was

liable to effect a spontaneous ring closure side-reaction which led to the formation of alcohol 891 after
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work-up (Scheme 6.15). Generation of the Grignard reagent 868 under thermal conditions also
accelerated this degradation, thus use of excess Grignard reagent 868 was often required. While the
loss of reagent can be minimised by conducting the generation of Grignard reagent 868 at a high
concentration, it also encouraged the dimerisation of the reagent through Wurtz coupling. The use of
concentrated or excess reagent also leads to undesired double addition to valerolactone 865. It was
decided that in order to ensure successful of monoaddition, valerolactone 865 should be converted to
Weinreb amide 892 prior to the coupling step.

6.4.3 Coupling between Bromide 869 and Weinreb Amide 892

(a) Conversion of Valerolactone 865 to Weinreb Amide 892

Conversion of valerolactone 865 to Weinreb amide 893 proceeded smoothly using the
procedures adapted from Weinreb et al.?' and Hodgetts et al.? The reaction was effected using an
aluminium amide intermediate generated from trimethylaluminium and N,O-dimethyl-hydroxylamine
hydrochloride with the concomitant release of methane gas. The crude alcohol was used in the

subsequent protection step without further purification (Scheme 6.16).

o. .o TBDPSO o TBDPSO o
TBDPSO (a) (b)
SN _OMe — 5 _OMe
. HO N TBSO N
Me

86 893 892 e

TBS*

TBDPSO -7

894 O (c)

L 12 e

-~ e

o Ty
Me

Reagents and conditions: (a) i. N,O-dimethylhydroxylamine hydrochloride, AlMes, CH,Cl,, 0 °C, 20 min; ii. 865, CH,Cl,, 0 °C—rt,
2 h; (b) TBSCI, imidazole, cat. DMAP, CH,Cl,, rt, 3 d, 85% over 2 steps (+ 12% 865); (c) TBSOTf, 2,6-lutidine, CH,Cl,, -78 °C,
30 min, 49% (+ 10% 892).

Scheme 6.16: Synthesis of Weinreb amide 892 from valerolactone 865. See Table 6.2 for the silylation

conditions.

The next step involved protection of alcohol 893 as a TBS ether. After much experimentation,
the best yield was obtained when alcohol 893 was silylated by TBSCI in the presence of imidazole and
catalytic DMAP to give TBS ether 892 in 85% yield over two steps (Scheme 6.16). Due to the
hindered nature of the secondary hydroxyl group, the silylation only proceeded to completion under

concentrated conditions.

Interestingly, the starting material, valerolactone 865 was isolated in various amounts

depending on the reaction conditions and scale used for the reaction. It was suspected that the steric
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hindrance exerted by the neighbouring TBDPS group obstructed the nucleophilic attack of the
hydroxyl group on the silylating agent. Instead, the silylating agent acted as a Lewis acid coordinating
with the carbonyl group, thus promoting intramolecular cyclisation to give valerolactone 865. This
side-reaction was more pronounced when the strong Lewis acid and silylating agent, TBSOTf was

used in a large scale reaction to afford valerolactone 865 as the major product in 49% yield (Table 6.2).

Entry Reagents Solvents Conditions Yields of 892
1 TBSCI, imidazole CHCl; rt,2d 68% (+ 18% 865)
2 | TBSCI, NEt,, cat. DMAP CH,Cl i, 2d | 31%
3 TBSCI, imidazole, cat. DMAP CH.Cl, rt,3d 85% (+ 12% 865)
4 TBSOTf, 2,6-lutidine (small scale) CH.Cl, -78-50°C,2h 57%
5 \ TBSOTY, 2,6-lutidine (large scale) CH.Cl, -78 °C, 30 min \ 10% (+ 49% 865)

Table 6.2: Summary of reagents and conditions used for the silylation of Weinreb amide 892.

(b) Addition of the Grignard Reagent 868 to Weinreb Amide 892

With Weinreb amide 892 and bromide 869 in hand, attention next focussed on their union via
the generation of Grignard reagent 868. Due to the instability of Grignard reagent 868, the use of
Barbier conditions was considered. Under Barbier conditions, Grignard reagent was generated and
immediately trapped by the electrophile in situ. These conditions have been successfully applied in

several examples conducted by our research group.23

TBDPSO
j\/\/ﬁ\ —>( ) TBDPSOW
_OMe a ,>
TBSO N TBSO o
892 Me 895
Reagents and conditions: (a) i. Mg, cat. |5, (CH2Br),, THF, rt, 1 h; ii. 892, THF, rt, 5 min; iii. 869, 33 °C, 2 h, 80%.

Scheme 6.17: Synthesis of ketone 895 from Weinreb amide 892 via Grignard reagent 868.

Using a procedure adapted from the literature,'®****

magnesium turnings were pre-washed
with dilute aqueous HCI and water then dried in vacuo with a heat gun. After activation of the
magnesium turnings with iodine and 1,2-dibromoethane, Weinreb amide 892 and bromide 869 were
added sequentially and the reaction was triggered with the addition of iodine. The reaction initially
afforded ketone 895 successfully in 42-65% yield when the reaction temperature was not controlled.
However, it was later found that a higher yield (78-80%) was obtained when the reaction was
conducted under concentrated conditions with the temperature lower than 33 °C in order to minimise
the degradation of Grignard reagent 868 (Scheme 6.17). The use of magnesium powder was also

attempted, but this reagent only afforded ketone 895 in 12% vyield.
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6.5 Synthesis of Spiroacetal Acetate 861 and

Ethoxy-Spiroacetal 862

In light of the successful preparation of ketone 895, the synthesis of spiroacetal acetate 861

and ethoxy-spiroacetal 862 was next pursued as previously stated (Scheme 6.12).

6.5.1 Synthesis of Ethoxy-Spiroacetal 862

The synthesis of acetal 862 from ketone 895 was first investigated. It was envisaged that
acetal 862 can be obtained from the simultaneous unmasking of the aldehyde and the secondary

alcohol followed by cyclisation and subsequent ethoxylation of the resulting lactol (Scheme 6.18).

OEt OFEt

TBDPSO TBDPSO
TBDPSO ) . OEt
W’> L opteaon ' >
TBSO o)

ii. cyclisation 5 862 *
ii. ethoxylation TBDPSO 897

—_—
. nerpet . . Wt
TBSO OEt

Scheme 6.18: Synthesis of acetal 862 from ketone 895. Various amounts of 896 and 897 were also produced

and were subsequently isolated and recycled. See Table 6.3 for reaction conditions.

(a) Previous Synthesis of Structurally Similar Alkoxy-acetals

MeO,C 0 OMe (@) (\E O OMe
R M902C \\\\\\\ o
HO OMe

178 179
OTBS o) OEt
(b)40) o OEt
t
By OEt Bu” "0
898 899

Reagents and conditions: (a) cat. BF;*OEt,, CH,Cl,, -5 °C, 78%; (b) TBAF, THF, reflux, 6 h; (c) Amberlyst-15, CH,Cl,, 0 °C—rt,
19 h, 57% over 2 steps.

Scheme 6.19: Examples of structurally similar alkoxy-spiroacetals 179 and 899 synthesised via a carbonyl
cascade cyclisation under acidic conditions by Mead and Zemribo.?® and de Greef and Zard.?®

Ideally, the double-deprotection, cyclisation and ethoxylation can all be effected using a one-
pot acidic reaction conditions. Although there has been no previous synthesis of acetal 862, the
preparation of structurally similar spiroacetals 179 and 899 from their linear precursors 178 and 898

had been described via a carbonyl cascade cyclisation executed under acidic conditions. Mead and
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Zemribo® reported a one-pot cyclisation of keto-alcohol 178 to methoxy-spiroacetal 179 in the
presence of BF3;*OEt,. On the other hand, de Greef and Zard® were unable to simultaneously
deprotect and cyclise ketone 898. Therefore, a two-step procedure was employed to give ethoxy-

spiroacetal 899 (Scheme 6.19).
(b) Optimisation of the Deprotection and Cyclisation

A variety of reagents and conditions were attempted in order to optimise the one-pot

deprotection, cyclisation and ethoxylation reactions (Table 6.3).

Firstly, mildly acidic PPTS was used but the reaction only afforded acetal 862 in 26% yield
after heating in aqueous EtOH-THF under reflux. The use of more equivalents of PPTS led to a

complex mixture (Table 6.3).

Secondly, the reaction was performed in the presence of p-TsOH in a range of solvent
mixtures and conditions. The best yield (40%) was produced when the reaction was carried out in the
presence of p-TsOH (2 equiv.) in aqueous EtOH at room temperature. The use of more equivalents of

acid and/or higher reaction temperatures led to a complex mixture (Table 6.3).

Entry | Reagents (equiv.) Solvents Conditions Yields
1 cat. PPTS (0.3) aq. EtOH-THF 60°C,2h no reaction
2 | PPTS (1) aq. EtOH-THF reflux, 18h | 26%
3 PPTS (2) EtOH reflux, 18 h complex mixture
4 cat. p-TsOH (0.1) aq. EtOH-CH,CI, rt, 18 h no reaction
5 ‘ cat. p-TsOH (0.5) aq. EtOH-CH,CI, rt,2h | no reaction
6 ‘ cat. p-TsOH (0.5) aq. EtOH rt,2d | complex mixture
7 ‘ cat. p-TsOH (0.5) aq. EtOH reflux, 3 h | complex mixture
8 ‘ p-TsOH (2) aq. EtOH—-toluene reflux, 3 h | complex mixture
9 ‘ p-TsOH (2) aq. EtOH-CH,Cl, rt, 18 h | 40%
10 ‘ p-TsOH (2) aq. EtOH rt, 18 h | 36%
11 ‘ p-TsOH (3) aq. EtOH-CH,CI, rt, 18 h | complex mixture
12 ‘ CSA (2) aq. EtOH-CH,Cl, rt, 6 h | 12% (+ 896: 59% and 897: 19%)
13 ‘ CSA (2) aq. EtOH-CH,CI, rt, 18 h | complex mixture
14 ‘ CSA (2) EtOH-MeCN rt, 18 h | 33%
15 ‘ CSA (2) EtOH rt,4-5h | 56-59% (+ 896: 11% and 897: 5%)
16 ‘ CSA (2) aq. EtOH rt, 18 h | 56-68%
17 ‘ CSA (2) aq. EtOH 40°C,6h | 45%
18 ‘ CSA (2) aq. EtOH rt, 3 h | 50-61% (85-86% after 3 x recycling)

Table 6.3: Summary of reagents and conditions used for the synthesis of acetal 862 (Scheme 6.18).

Finally, inspired by the methoxylation of lactol carried out by Mead and Zemribo®’, the use of

CSA (2 equiv.) was investigated. Gratifyingly, acetal 862 was produced in most cases despite the
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variations in the conditions used. Semi-cyclised intermediates 896 and 897 were also isolated after
careful chromatography. After much experimentation, the best yield resulted when ketone 895 was
stirred in the presence of CSA in aqueous EtOH at room temperature for 3 hours. Acetal 862 was
then carefully isolated by flash chromatography from the crude product that also contained unreacted
ketone 895, semi-cyclised intermediates 896 and 897 and other degraded materials. The crude
residue was recycled by subjecting it to the same cyclisation conditions (CSA in aqueous EtOH) to
give 85-86% vyield of acetal 862 after the third recycling step. The NMR and stereochemistry of

acetal 862 are discussed in Section 6.5.3.

Consistent with the observations from the model study, acetal 862 was shown to be a poor
glycosyl donor in nucleosidation reactions (see Section 6.6.1). It was important to obtain spiroacetal
acetate 861 that is a better glycosyl donor and therefore crucial for the success of the desired

nucleosidation (see Section 6.6.2).

6.5.2 Synthesis of Spiroacetal Acetate 861

There are two possible starting materials for the synthesis of acetate 861, starting from either
ketone 895 or acetal 862.

(a) From Ketone 895

It was envisaged that acetate 861 can be synthesised from ketone 895 after double-
deprotection and cyclisation under acidic conditions to give lactol 900. Subsequent acetylation under
standard conditions then afforded acetate 861 (Scheme 6.20). Similar acid-catalysed deprotection—
cyclisations of a ketone to a spirolactol have been reported by Trost and Corte®® and Vidari et al.* for

the synthesis of the spiroacetal unit present in the saponacelolides.

TBDPSO
TBDPSO
’> i. deprotection 900R=H acetylaion
ii. cycllsatlon 0 861 R=Ac
TBSO
"one+ pot" o OR

Scheme 6.20: Synthesis of acetate 861 from ketone 895. See Table 6.4 for reaction conditions.

A variety of reagents and conditions were attempted in order to optimise the synthesis of
lactol 900 and subsequently the synthesis of acetate 861. Initially, p-TsOH in aqueous THF was used
but this only gave acetate 861 in 15% yield under catalytic conditions at 40 °C overnight. The use of
CSA, AcOH, PdCI,(MeCN),,*® HCI,?*? and CAN*' all failed to yield the desired lactol 900 under
various conditions. Finally, the use of PPTS*in aqueous acetone under reflux successfully produced
acetate 861 albeit in 30—35% yield over two steps (Table 6.4).
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Entry | Reagents (equiv.) Solvents Conditions Yields of 861 (after Acetylation®)
1 p-TsOH (0.05-0.15) aq. THF rt,3d no reaction
2 ‘ p-TsOH (0.1) aq. THF 40°C,18h ‘ 15%
3 ‘ p-TsOH (0.05) aq. THF microwave, 120 °C, 10 min ‘ complex mixture
4 p-TsOH (excess) aq. THF 40°C, 18 h complex mixture
5 CSA (0.1-0.15) aq. THF rt, 1d complex mixture
6 CSA (1) aq. THF microwave, 80-130 °C, 5-30 min complex mixture
7 AcOH (excess) aq. THF microwave, 65—-100 °C, 10-90 min complex mixture
8 PdCly(MeCN); (0.01) aq. acetone reflux, 18 h complex mixture
9 aq. HCI (0.2) aq. THF rt,3h no reaction
10 CAN (1.6) MeOH 0°C—-rt, 18 h complex mixture
11 CAN (2) MeOH rt, 18 h complex mixture
12 PPTS (0.2) aq. acetone microwave, 80 °C, 2 h 23%
13 PPTS (0.2), LiCl (0.2) aq. acetone reflux, 18 h 16—26%
14 PPTS (0.2-1) aq. acetone reflux, 6 h—-1d 30-35%

* Reagents and conditions: Ac,0, cat. DMAP, NEt;, CH,Cly, rt, 2 h.

Table 6.4: Summary of reagents and conditions used for the synthesis of acetate 861 from ketone 895.

During the synthesis, a mixture of by-products was also obtained along with the desired
acetate 861. Although the structure of the by-products was not confirmed, the presence of the
TBDMS group was observed. Hence, it was suspected that the poor yield obtained may be due to the
inefficiency of the TBDMS deprotection step under the conditions used. This problem together with
the premature exposure of the reactive keto-aldehyde moiety under acidic conditions led to a number

of possible side-reactions.
(b) From Ethoxy-Spiroacetal 862

In light of the disappointing results obtained for the synthesis of acetate 861 from ketone 895,
the focus was turned towards the synthesis of acetate 861 starting from the related acetal 862 which
lacked the potentially problematic TBDMS group (Scheme 6.21).

TBDPSO TBDPSO
862 (a) or (b) 861
RV
O OFEt O OAc

Reagents and conditions: (a) TMSOAc, TIPSOTf or TMSOTf, CH,Cl,, rt, 18 h; (b) TMSOAc, CH.Cl,, rt, 18 h.

Scheme 6.21: Synthesis of acetate 861 from acetal 862.

Firstly, the direct conversion of acetal 862 to acetate 861 was attempted. The reaction hinged
on the successful trapping of the oxonium intermediate by TMSOAc. Disappointly, only a complex

mixture resulted presumably due to the insufficient nucleophilicity of the TMSOAc (Scheme 6.21).
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TBDPSO TBDPSO
862 , 900R=H ™ ;etylation
o acid o] 861R =Ac
0-7OEt 070R

Scheme 6.22: Synthesis of acetate 861 from acetal 862. See Table 6.5 for reaction conditions.

Next, the synthesis of acetate 861, via the intermediate lactol 900, was attempted using a
variety of reagents and conditions (Scheme 6.22). Use of aqueous acetic acid under reflux gave a
complex mixture whereas use of either aqueous HCI or PPTS produced a low yield of acetate 861 (6%
and 21% after acetylation, respectively). Deprotection using p-TsOH gave a variable yield of
acetate 861 (17-52%). Finally after much experimentation, the use of CSA to convert acetal 862 to

lactol 900 proceeded with consistent yields of 58-66% after the acetylation step (Table 6.5).

Entry | Reagents (equiv.) Solvents Conditions Yields of 861 (after Acetylation*)
1 AcOH (excess) aq. AcOH 70°C,3h complex mixture
2 aq. HCI (excess) aq. THF rt, 1.5h 6%

3 PPTS (0.5) aq. THF 45°C, 18 h 21%

4 p-TsOH (cat.) aq. THF 35°C,1d 52%

5 \ p-TsOH (0.2) aq. THF 40°C, 1d \ 16% (larger scale)
6 p-TsOH (0.4) aq. THF 40 °C, 2d 47% (larger scale)
7 CSA (0.1) aq. THF 40-50 °C, 18 h 19%

8 \ CSA (0.3) aq. THF 45°C, 1d \ 41%

9 CSA (0.45) aq. THF rt, 2d then 50 °C, 4 h 42%

10 CSA (0.4) aq. THF 40 °C, 18 h 58-66%

* Reagents and conditions: Ac,0, cat. DMAP, NEt;, CH,Cl,, rt, 2 h.

Table 6.5: Summary of reagents and conditions used for the synthesis of acetate 861 from acetal 862
(Scheme 6.22).

6.5.3 NMR and Stereochemistry of Ethoxy-Spiroacetal 862 and
Spiroacetal Acetate 861

(a) NMR Analysis

Similar to the model study, NMR analysis of both acetate 861 and acetal 862 revealed the
characteristic anomeric H2 acetal resonances at &;6.00 and 4.83 ppm, respectively. These
resonated as doublet of doublets with a characteristic large 1,2-diaxial coupling constant (Jzax 3ax 10.0—
10.1 Hz). This indicated that both the ethoxy and acetyl substituent adopted equatorial positions.
Quaternary carbons resonating at o; 98.1-99.1 ppm were assigned to the spirocarbon C6, thus

confirming the presence of the spiroacetal ring system.
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NOESY studies also confirmed the bis-anomerically stabilised conformation of both
acetate 861 and acetal 862 as indicated by a correlation between H2 and H8. This correlation
confirmed the adoption of the bis-anomerically stabilised spiroacetal conformation in which both the
TBDPS-protected hydroxymethyl and acetyl/ethoxy substituents adopted equatorial positions on their
associated tetrahydropyran rings. NOESY correlations between H2 on the spiroacetal ring and the
ethoxy or acetate substituent were also observed (Figure 6.2a).

@ TBDPSO @ TBDPSO

J ioiOR

Figure 6.2: [a] Structures of acetate 861 and acetal 862 showing the bis-anomerically stabilised spiroacetal rings

901
R=Etor Ac

and their equatorial substituents. NOESY correlations are denoted by arrows. [b] Axial substituted

spiroacetals 901 showing the unfavourable alignment of dipole 1,3-moments.

Stereochemistry

Similar to the model study, only the equatorial substituted acetate 861 and acetal 862 were
isolated from the synthesis. The equatorial isomer was supposingly less stable than the
corresponding axial isomer due to operation of the anomeric effect. However, the anomeric effect only
offers ca. 1.4—1.5 kcal mol” of stabilisation energy33 which could be overcome by other opposing
stereoelectronic effects if they are additively significant. In this particular case, the bulky TBDPS-
protected hydroxymethyl group may exert a destabilising steric interaction if the ethoxy or acetate
substituent occupied an axial position. The alignment of 1,3-dipole moments between the ethoxy or
acetate substituents and the C-O bond of the neighbouring ring may also disfavour the formation of
the axial isomer under the thermodynamically-controlled conditions used to effect the reaction used
(Figure 6.2b).*

6.5.4 X-ray Crystallography of Acetate 861

Recrystallisation of acetate 861 from hexane (with a small amount of dichloromethane)
afforded white prisms that allowed structural determination by X-ray crystallography. The results were
consistent with the above NMR analysis which established that the spiroacetal rings adopted a bis-
anomerically stabilised structure. As expected, both the acetate and TBDPS-protected hydroxymethyl
substituents occupied equatorial positions on their respective tetrahydropyran ring, thus minimising

unfavourable steric interactions and 1,3-dipolar effects (Figure 6.3).
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Figure 6.3: X-ray crystal structure of acetate 861. The
crystal structure data is listed in Appendix A.

With acetate 862 and acetal 861 in hand, the synthesis of the spiroacetal hybrids, namely
spiroacetal-nucleosides 902 was next investigated. As an extension from the model study, the
nucleosidation under Vorbriggen conditions was used. A persilylated heterobase was added to an
oxonium ion generated in the presence of a Lewis acid, from a spiroacetal bearing a leaving group at
the anomeric position (see Section 6.1.1). TMSOTf was the first choice of Lewis acid due to
successful oxonium ion generation observed in the model study described in Chapter 5 and with other

structurally similar spiroacetal systems reported in the literature.?>?"%

6.6.1 Nucleosidation of Ethoxy-Spiroacetal 862

Nucleosidation of ethoxy-spiroacetal 862 was first carried out because acetal 862 was
obtained in higher yield in less synthetic steps than acetate 861. Despite the problematic
nucleosidation of structurally similar ethoxy-spiroacetal 862 in the model study, reaction of acetal 862

with persilylated 5-fluorocytosine was attempted using TMSOTf (Scheme 6.23).

Two commonly used silylation reaction conditions were evaluated. The use of BSA effected
faster silylation of the nucleobase but the acetamide by-product interfered with the nucleosidation
reaction (Scheme 6.23). The use of HMDS with catalytic (NH,;).SO, effected cleaner reaction but
silylation of the nucleobase was much slower, particularly for the purines used in subsequent

nucleosidations (see Section 6.6.2).
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5-fluorocytosine

NH,
F
(844) | N o TBDPSO
,g l (a) silylation
N“To

TBDPSO

NHTMS 5 902a
862 FA
N F
? LA o7 NS
(b) 845 “\">orms &I\
(0] N - I~
OFEt A > 07 N7 TNH,

Reagents and conditions: (a) 5-FC, BSA, reflux, 45 min or 5-FC, HMDS, cat. (NH4),SO,, reflux, 45 min; (b) 862, TMSOTf,
CH,Cly, rt, 3-20 h.

Scheme 6.23: Attempted nucleosidation of acetal 862 with persilylated 5-fluorocytosine 845 under Vorbriiggen

conditions.

Unfortunately, nucleosidation of acetal 862 with persilylated 5-fluorocytosine 845 using a two-
pot Vorbriggen conditions only gave a trace amount (<1%) of the desired spiroacetal
5-fluorocytidine 902a as identified by NMR spectroscopy. Acetal 862 (> 50%) was also recovered
from the reaction together with a complex mixture of degraded material.

The recovery of starting material was consistent with the observations from the model study in
which model acetal 817 was found to be only a weak glycosyl donor for nucleosidation under
Vorbriiggen conditions. This result was attributed to the poor ability of acetals 817 and 862 to

generate the corresponding oxonium ions under the conditions used.

6.6.2 Nucleosidation of Spiroacetal Acetate 861

With the failure to effect nucleosidation using acetal 861 as the oxonium ion precursor, the use

of acetate 861 bearing a better leaving group was next investigated (Scheme 6.24).

902a: base = 5-fluorocytosine,
TBDPSO TBDPSO b: base = 4-N-acetylcytosine,
c: base = thymine,

861 persilylated base d: base = uraci
Lewis acid : - ’
0 —_— o e: base = 5-fluorouracil,
0 OAc 0 base f: base = 6-N-benzoyladenine,

g: base = 2-N-acetylguanine.
Scheme 6.24: Nucleosidation of acetate 861 with persilylated nucleobase under Vorbriiggen conditions. See

Table 6.6—6.8 for silylation and reaction conditions.

(a) Nucleosidation with Pyrimidine Bases

Firstly, nucleosidation of acetate 861 using presilylated pyrimidines was investigated using a
two-pot Vorbriiggen procedure (Scheme 6.24). The silylation was effected using HMDS with catalytic
(NH,4)>S0O,4 which avoided the use of BSA and the subsequent formation of the acetamide by-product.

Using these reaction conditions adapted from the model study, nucleosidation reactions using
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5-fluorocytosine, 4-N-acetylcytosine, thymine, uracil and 5-fluorouracil were carried out in the

presence of TMSOTf in CH,Cl, at room temperature. Gratifyingly, spiroacetal-nucleosides 902a—e

were successfully produced in 20-45% yield (Table 6.6).

. Silylation Nucleosidation .
Entry Persilylated Bases y " " Products Yields
Conditions Conditions
TBDPSO
- NHTMS . HMDS, TMSOTH, g 902a
1 B gas  cat (NH)SOx, CH.Cly, . 22%
N/)\ oS reflux, 1.5 h i, 3 h 0o N/j:
O)\N/ NH.
TBDPSO
NACTMS NS, HMDS, TMSOT, < 902b
2 N o3 ~ cat (NH.),SO,, CH.Cl,, 46%
N/)\ oTMS reflux, 3 h i, 2h 0 N/j\
(0] N/ NHAc
TBDPSO
e ™ rmsy, HMDS, TMSOTY, S 902¢
3 N cat. (NH4);SOs, CH.Cl,, 45%
| /)\ o0 re(flux4)jh ) rt23h2 Q N/i[Me ’
N OTMS ? ’
NN
H
TBDPSO
902d
T™ Lrws), HMDS, TMSOTY, g
4 N 850 cat. (NH);S0s, CH.Cly, o 36%
N/)\ oS reflux, 1 h i, 3 h j‘\/j\
02 >N"o
H
TBDPSO
902
] ™ seyrus), HMDS, TMSOTY, g ¢
5 SN cat. (NH);S0s, CH.Cly, 20%
\f\/)\ o0 re-(flux4)12 h t3h Q N/i[F |
N~ ~OTMS ’ ’ )\
07N

Table 6.6: Summary of reagents and conditions used for the nucleosidation of acetate 861 with persilylated
pyrimidines using two-pot Vorbriiggen conditions (Scheme 6.24).

(b) Optimisation

Although the nucleosidations of acetate 861 with several pyrimidines were successful, the
yields obtained for the reactions were moderate. Hence, an optimisation study of the nucleosidation

was conducted using the synthesis of thymidine 902c as a model reaction (Scheme 6.25).

A variety of reagents and conditions were evaluated as summarised in Table 6.7.
Nucleosidation reactions using either one-pot conditions, BSA, SnCl,, BF3;*OEt, or MeCN only
proceeded in lower yield. An equivalent yield (45%) was obtained using TIPSOTf*® in CH,Cl, at room
temperature with the reaction taking longer to proceed under the same conditions (18 hours versus
3 hours using TMSOTH).
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0
thymine Me\fLNH TBDPSO
(906) —_
TBDPSO N,go l silylation
H oTMS 902¢
861 ve X 0 e
? 904 | /)\ & N/\I
o OAc N OTMS; 5 )\N 5
Lewis acid H

Scheme 6.25: Optimisation of nucleosidation by studying the synthesis of thymidine 902c. See Table 6.7 for

reaction conditions.

Entry | 1/2-pot? Silylating Agent | Lewis acids Solvents Conditions Yields
1 2-pot HMDS TMSOTf CH,Cl, rt,3h 45%
2 \ 2-pot HMDS | SnCl, CH,Cl, r,3h \ 24%
3 \ 2-pot HMDS | SnCl, MeCN r,3h \ complex mixture
4 \ 2-pot HMDS | TIPSOTf CH,Cl, rt, 18 h \ 45%
5 2-pot HMDS BF3°OEt, CH,Cl, rt,3h complex mixture
6 1-pot BSA TMSOTf MeCN rt,3h 33%

Table 6.7: Summary of reagents and conditions used for the optimisation study of the nucleosidation under two-

pot Vorbriiggen conditions (Scheme 6.24).

According to Dalla et al.*®, TIPSOTf is a stronger Lewis acid than TMSOTf and has better air
and moisture stability due to its steric bulk. Therefore, they suggested that TIPSOTf provides a good
alternative to the use of TMSOTf reagent and such a suggestion was consistent with the present
results observed for the nucleosidation of acetate 861 with thymine under Vorbriiggen conditions.
However, attempts to extend the use of TIPSOTT to other nucleosidations using the pyrimidine bases,
namely uracil and 5-fluorouracil, only gave lower yield than the use of TMSOTTf (Table 6.8). It was,
therefore, established that the use of TMSOTf in CH,Cl, at room temperature was, in fact, the
preferred method for the nucleosidation of acetate 861 with persilylated pyrimidines due to its wide

versatility and tolerance for various substrates.

. Silylation Nucleosidation .
Entry | Persilylated Bases y . . Products Yields
Conditions Conditions
BSA, TIPSOTH, spiroacetal 9%
! U(TMS). reflux, 1 h CH:CL:, uridine 902d (36%)
’ t, 18 h °
TIPSOTf
2 SU(TMS) BSA, CHS(CJ)I ’ spiroacetal complex mixture
2 reflux, 1 h Z- 5-fluorouridine 902e (20%)
rt, 18 h
HMDS, TIPSOTH, spiroacetal complex mixture
3 SFU(TMS), cat. (NH4)2S0, CH,Cl,
’ ’ 5-fl idine 902 209
reflux, 1 h t, 18 h uorouridine e (20%)

Table 6.8: Summary of reagents and conditions used for the nucleosidation of acetate 861 with persilylated uracil

or 5-fluorouracil under two-pot Vorbriiggen conditions (Scheme 6.24). The percentages in parenthesis represent
the yields obtained when TMSOTf was used for the nucleosidation (Table 6.6).
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(c) Nucleosidation with Purine Bases

With the nucleosidation of acetate 861 using pyrimidines established, the problematic
nucleosidations using purine bases were next investigated. Purines have several nitrogens available
for possible alkylation. However unlike the pyrimidines, the difference in the steric hindrance exerted
by the neighbouring groups near the nitrogens is not significant enough to allow for selective alkylation.
Alkylation of purines are, therefore, rarely regioselective and a mixture of N7 and N9 regioisomers are

commonly isolated for guanosine and some adenosine derivatives.®’

Nevertheless, the nucleosidation of acetate 861 with N-acylated adenine or guanine was
carried out. The silylation step was carried out using BSA under reflux after discovering that the use
of HMDS was too slow within the reaction timeframe. Later, the silylation step was effected by heating
the base with a mixture of BSA, HMDS and toluene under reflux, thus producing cleaner persilylated
purines. TIPSOTf was used to generate the oxonium required for the nucleosidation due to its better

air and moisture stability (Scheme 6.26).

Gratifyingly, the nucleosidation of acetate 861 with persilylated N-benzoyladenine gave the
desired N9-substituted spiroacetal-adenosine 902f in 35-37% yield as the only regioisomer. On the
other hand, nucleosidation of persilylated N-acetylguanine gave a mixture of N9-guanosine 902g and
N7-guanosine 902h in 20% and 11% yield, respectively (Scheme 6.26). Preparative thin layer

chromatography (PLC) was required to separate the N7 and N9 regioisomers.

TBDPSO
N(TMS)Bz
TBDPSO N ( ) 902f
</ fN BZA(TMS)2 o
861 'N N/) 907 o N9/§N
o ™S _
07/ ~OAc (a)—(b) N, )—NHBz
A\
N
TBDPSO TBDPSO
9029 9021
N9-isomer 7-isomer
TBDPSO ASGTMS);
861 )\ 908
o N(TMS)Ac
OA
< ¢ €+ \ NH HN /
AcHN NHAc

Reagents and conditions: (a) N-benzoyladenine, HMDS-BSA-toluene, reflux, 1 h; (b) 861, TIPSOTf, CH,Cl,, rt, 18 h,
861: 35-37%; (c) N-acetylguanine, HMDS-BSA—toluene, reflux, 1h; (d) 861, TIPSOTf, CH.Cl,, rt, 18 h, 902g: 20%,
902h: 11%.

Scheme 6.26: Nucleosidation of acetate 861 with persilylated purines using a two-pot Vorbriiggen procedure.
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6.6.3 NMR and Stereochemistry of Spiroacetal-Nucleosides 902 |

(&) NMR Analysis

Similar to the model study, NMR analysis of nucleoside analogues 902a—h revealed the
characteristic anomeric H2' resonances at &, 5.85-6.22 ppm. These resonated as doublet of doublets
with a large characteristic 1,2-diaxial coupling constant (Jzax3ax 10.6—11.1 Hz). This indicated that the
nucleoside substituent in analogues 902a—h adopted equatorial positions. Quaternary carbon
resonating at & 98.8—99.3 ppm were assigned to the spirocarbon C6, thus confirming the presence of

the spiroacetal ring system (Figure 6.4).

Characteristic NOESY correlations were observed for pyrimidines 902a—e between H2'-H8',
H2'-H6 and H3'-H6 and for purines 902f-h between H2'-H8', H2'-H8 and H3'-H8. These
correlations confirmed the adoption of the bis-anomerically stabilised spiroacetal conformation in
which both the TBDPS-protected hydroxymethyl and basic substituents adopting equatorial positions

on their associated tetrahydropyran rings (Figure 6.4).

Sfluorocytidne 902a TEPPse thymidine 902c R' = Me
i =IF§ =Hzg uridine 902d R' = H
N-a;zeti/ ?‘/t;{ejn::g 5fluorouridine 902e R' = F

o
N)J\N

H

N7-guanosine 902h HN—<
AcHN NHAc

Figure 6.4: Structures of pyrimidine analogues 902a-e and purine analogues 902f—-h showing the bis-
anomerically stabilised spiroacetal rings and their equatorial substituents. NOESY correlations are denoted by

arrows.

In pyrimidine analogues 902a-e, long range HMBC correlations between C2'-H6 and H2'-C6

confirmed the desired linkage between C2' of the spiroacetal ring and N1 of the heterobase.

In purine analogues 902f-h, the desired linkages between C2' of the spiroacetal unit and the
purine were confirmed by a clear HMBC correlation between H2' and C8. The N9-C2' connection in
adenosine 902f and N9-guanosine 902g was established by HMBC correlations between H2' and C4.
The N7-C2' connection in N7-guanosine 902h was also established by a clear HMBC correlation
between H2' and C5.
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(b) Stereochemistry

Similar to the model study in which spiroacetals 811a and 811d were prepared, only the
equatorial substituted nucleoside analogues 902a—h were isolated from the nucleosidation step. This
result may be due to the destabilising steric interaction exerted by the bulky TBDPS-protected
hydroxymethyl group if the nucleoside occupied an axial position. The alignment of 1,3-dipole
moments between the basic substituent and the C-O bond of the neighbouring ring may also
disfavour formation of the axial isomer. Therefore, under the thermodynamically controlled conditions

used in this nucleosidation step, only equatorial isomers 809a—h were, in fact, formed.*

Mead and Zemribo®® conducted systematic studies that involved nucleophilic addition to an
oxonium ion generated on a closely related 6,6-spiroacetal ring system. The results were consistent
with the current study in which Lewis acid-mediated substitution of acetal 179 gave the bis-

anomerically stabilised spiroacetals 180 in which both substituents were equatorial (Scheme 6.27).

MeO,C MeO,C
179 180
@ R = CH,CH=CH,
0 OMe — 0 CH=C=CHp,,
0 0-7R H

Reagents and conditions: (a) allyl-trimethylsilane or propargyltrimethylsilane or diphenylmethylsilane, TMSOTf, CH,Cl,, -50 °C,
1.0-1.5 h, 65-68%.

Scheme 6.27: Lewis acid-mediated substitution reaction of methoxy-spiroacetal 179 by Mead and Zemribo® See

Scheme 1.30 for the synthesis of methoxy-spiroacetal 179 and other related examples.

Mead and Zemribo® rationalised the observed bis-equatorial
substitution by carrying out ab initio calculations on the oxonium ion
intermediate involved in the reaction. The lowest energy was achieved
when the oxonium ion containing ring adopted a half chair conformation
in order to minimise 1,3-diaxial repulsions.  Thus, the resulting
conformation was only mono-anomerically stabilised due to the pseudo-
axially disposed ring oxygens. Nucleophilic addition from the less

hindered face, anti to the ring oxygen of the other ring, resulted in overall

equatorial substitution (Figure 6.5).

Figure 6.5: Lowest energy

Due to the close resemblance of the substrates used in the .
conformation of the

present work to those studies by Mead and Zemribo® as well as the proposed  oxonium  ion
similarity of the reaction conditions and reagents used, the above intermediate by ab initio
explanation may well be used to explain the observed equatorial calculations at the STO-3G
substitution of nucleoside analogues 902a-h. Similar exclusive level conducted by Mead

. 25
production of the equatorial isomer from the nucleosidation of @ndZemribo

153



Chapter 6: Discussion: Synthesis of Functionalised Spiroacetals 6.6 Synthesis of Spiroacetal-Nucleosides 902

pyranosides or furanosides lacking a stereodirecting neighbouring group have also been reported in

the literature.®®

6.6.4 X-ray Crystallography of Uridine 902d

Recrystallisation of uridine 902d from dichloromethane—hexane afforded pale yellow needles
that allowed structural determination by X-ray crystallography.39 The results were consistent with the
above NMR analysis which established that the spiroacetal rings adopted a bis-anomerically stabilised
conformation. As expected, both the uracil and TBDPS-protected hydroxymethyl substituent occupied

equatorial positions on their respective tetrahydropyran ring, thus minimising unfavourable steric

interactions and 1,3-dipolar effects (Figure 6.6).

5

3 N 4
€
AN o

Figure 6.6: X-ray crystal structure of uridine 902d.
The crystal structure data is listed in Appendix B.*

In the solid state structure of uridine 902d, the basic substituent adopted an orientation in
which the C2 carbonyl pointed in the same direction (syn) as H2'.*® This conformation was adopted
possibly to minimise repulsive interactions between the lone pair of electrons on the C2 carbonyl

group and the axial H3' hydrogen (Figure 6.6).

With the successful nucleosidation of acetate 961 accomplished, attention next turned to the
synthesis of spiroacetals containing triazole moieties. This work began with the initial preparation of

azide 860 adopting the retrosynthesis depicted in Scheme 6.1 (see page 129).
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6.7.1 Preparation of Azido-Spiroacetal 860

Using the procedure developed in the model study, azide 860 was synthesised from
acetal 862 using TMSOTf and TMSN; in CH,CI, at -10 °C. A diastereomeric mixture of azides 860a
and 860b was afforded in 36% and 15% vyield respectively that were carefully separated by flash
chromatography (Scheme 6.28). The stereochemistry of azides 860a and 860b was established by
NMR spectroscopy (see Section 6.7.2).

Treating axial azide 860b with TMSOTf and TMSN; in CH,CI, at -10 °C led to epimerisation of
860b into a separable 2.2:1 mixture of equatorial azide 860a and axial azide 860b in 63% yield.
Together with the initial substitution reaction, the recyclisation afforded equatorial and axial
azides 860a and 860b in 42% and 3% yield over two steps from acetal 862. No epimerisation
occurred when the reaction was conducted in the absence of TMSOTf or when using Sc(OTf); as the
Lewis acid (Scheme 6.28).

TBDPSO TBDPSO TBDPSO
862 bis-anomerically mono-anomerically
o (a) 0 stabilised + ON3 stabilised
O~/ ~OEt 0 N;  860a OM 860b
4 (b) |

Reagents and conditions: (a) TMSNz;, TMSOTf, CH.Cly, -10 °C, 3 h, 860a: 36%, 860b: 15%, 862: 5%; (b) TMSN;, TMSOTH,
CH,Cl,, -10 °C, 3 h, 860a: 43%, 860b: 20%.

Scheme 6.28: Synthesis of azides 860a and 860b from acetal 862.

Similar to the model study, a diastereomeric mixture of bis-anomerically stabilised azide 860a
and mono-anomerically stabilised azide 860b resulted from the substitution reaction. Although the
diastereomers were separable, equatorial azide 860a was obtained in higher quantity whereas axial
azide 814b was the major product in the model system that lacked the protected C8-hydroxymethyl
substituent. This result indicated that the bulky TBDPS-protected hydroxymethyl exerted a prominent
steric effect that outweighed any anomeric stabilisation and hindered an axial approach of the azide
nucleophile to the oxonium ion. The axial azide would also be destabilised by unfavourable steric

interactions with the protected hydroxymethyl group at C8.

Stereochemistry

Mono-anomerically stabilised azide 860b was postulated to be formed from the bis-
anomerically stabilised axial azide 910 via a ring-opening and closing mechanism that proceeded in
the presence of Lewis acid. This conversion is driven by relief of unfavourable steric interactions
between the axial azide and TBDPS-protected hydroxymethyl substituents (Scheme 6.29).
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TBDPSO TBDPSO TBDPSO
8
ring-opening ring-closing le}
+TMS? |o N - TMS}? Ny
910 —— o} -~ 860b g
bis-anomerically stabilised 911 Vs mono-anomerically
not observed stabilised

Scheme 6.29: Postulated formation of mono-anomerically stabilised azide 860b via a ring-opening and closing

mechanism.

6.7.2 NMR Analysis of Azido-Spiroacetals 860

Similar to the model study, NMR analysis of azides 860a and 860b revealed the characteristic
anomeric H2 resonances at &;4.61-4.94 ppm. A larger 1,2-diaxial coupling was observed for
azide 860a (dd, Joax3ax 10.8 Hz) whereas a smaller 1,2-diequatorial coupling was observed for
azide 860b (t, Joeq3ax3eq 6.4 HZ). These characteristic coupling constants established that the azide
substituent adopted an equatorial position in 860a and an axial position in 860b. Quaternary carbons
resonating at & 93.2 ppm were assigned to the spirocarbon C86, thus confirming the presence of the

spiroacetal ring system.

Due to the significant differences observed between the chemical shifts of azides 860a and
860b in the °C NMR (noticably the signals for C5 and C11), it was apparent that 860a and 860b were
not simple C2 anomers, but rather exhibit substantial conformational differences in their spiroacetal

rings.

For azide 860a, NOESY spectra confirmed the bis-anomerically stabilised conformation
through an observation of a correlation between H2 and H8. This correlation confirmed the adoption
of the bis-anomerically stabilised spiroacetal conformation in which both the TBDPS-protected
hydroxymethyl and azide substituents adopt equatorial positions on their associated tetrahydropyran

rings (Figure 6.7).

Figure 6.7: Structures of azide 860a and 860b showing the anomerically stabilised spiroacetal rings and their

substituents. NOESY correlations are denoted by arrows.

For azide 860b, NOESY spectra confirmed the adoption of a mono-anomerically stabilised

conformation through an observation of a correlation between the H5 and H8 (Figure 6.7).
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6.7.3 Cycloaddition of Azido-Spiroacetals 860 to Alkynes

With azides 860a and 860b in hand, attention next focused on their subsequent cycloaddition
to a range of alkynes in order to prepare spiroacetal-triazoles 909. Both the highly popular copper-
catalysed and thermally-promoted conditions were used for the conversion of these spiroacetal-

bearing azides to a small library of triazole containing spiroacetals 909 (Scheme 6.30).

TBDPSO TBDPSO

860a cat. Cu(l)

909
1
+ —— 2 R
o R R orA ©
07N, 0 r\{\ R?
N=N

Scheme 6.30: Cycloadditions of azides 860a to a range of alkynes under copper(l)-catalysed or thermally-

promoted conditions. See Table 6.9 for reaction conditions.

Using the reagents and conditions developed in the model study, cycloaddition of equatorial
azide 860a to alkynes was first carried out using a catalytic phophine-stabilised copper(l) salt*
[CulsP(OEt);]. Gratifyingly, all the cycloadditions performed well using an excess of alkyne in toluene

under reflux to afford spiroacetal-triazoles 909a and 909c—e in excellent yield (83—98%, Table 6.9).

For the thermally-promoted cycloaddition of azide 860a, similar use of the reagents and
conditions as developed earlier for the model study were investigated. Disappointingly, heating
azide 860a and neat dimethylacetylene-dicarboxylate 855 at 110 °C only afforded a complex mixture
(Table 6.9).

Subsequently, minor adjustment of the reaction conditions, in which the cycloaddition of
azide 860a was conducted using an excess of alkynes in toluene at 110 °C, successfully afforded
spiroacetal triazoles 909f—h in good yield (64-84%, Table 6.9).

The thermal-promoted cycloaddition was completed within an hour of reflux in toluene using
the highly activated dienophile, dimethylacetylene dicarboxylate 855. On the other hand, prolonged
heating in a sealed tube with a large excess of alkyne was required for the cycloadditions using
unactivated alkynes 915 and 916 (Table 6.9).
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Entry Alkynes Reagentq and Conditions Products Yields
TBDPSO
:—\_ cat. Cul+P(OEt)3, 909a
1 OBn toluene, o 98%
821 reflux, 1 h o N/\/\/OBn
N=N
TBDPSO
= cat. Cul*P(OEt)3, 909b 4%*
2 OSiEty toluene, o (+4% 909c
912 reflux, 1 h O7=N and 60% 860a)
NSN  OSiEts
TBDPSO
= cat. Cul*P(OEt)s, 909c
3 OH toluene, (0] 83%
013 reflux, 1 h 07N N—
NSN  OH
TBDPSO
= m cat. CulP(OEt)3, 909d
4 _914 toluene, 0o 96%
reflux, 1 h o N/x_ph
N=N
TBDPSO
. 909
= COEt cat. Cul*P(OEt)3, e
5 toluene, (0] 84%
857 COZ£t
reflux, 1 h 0 N/ﬁ/
NEN
neat, TBDPSO 90 9f complex
— 110°C.1h mixture
6 MeOZCTCOZMe ’ o COzMe
855 toluene
‘ OF7~N"—Co,Me 78%
reflux, 1 h N=N
TBDPSO
— TMS toluene, 909g 649"
7 o915 sealed tube, o] (+ 36% 860a)
reflux, 2 d 07~N"N—Tms ’
N=N
TBDPSO
tol 909h
oluene
EtO,C———TMS ’
8 2 016 sealed tube, 0 COaEt 84%
reflux, 2d O7 N N—Tms
N=N

Table 6.9: Summary of reagents and conditions used for the cycloaddition of azide 860a (Scheme 6.30).

*Low yield due to the instability of the TES-protected alkyne 912 in the presence of the copper(l) catalyst. The

silyl residue may poison the copper(l) catalyst leading to the recovery of azide starting material 860a (60%).

*Azide starting material 860a was recovered from the cycloaddition due to the high volatility of trimethylsilyl-

acetylene 915 despite using a large excess of the alkyne in a sealed tube.

The regio-directing effect of the silyl substituent in alkynes 915 and 916 was clearly observed

with 4-trimethylsilyl substituted triazoles 909g and 909h*’ being obtained from the cycloadditions

(Table 6.9). This regioselectivity resulted from the steric bulk exerted by the trimethylsilyl substituent

and the ability of silicon to stabilise the developing partial positive charge on the alkyne f-carbon in the

transition state for the reaction.

Mono-substituted triazole 809g together with 1,5-disubstituted
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triazole 809h were then obtained upon removal of the 4-trimethylsilyl substituent in 909g and 909h
(see Section 6.9.1). A 1,5-disubstituted triazole is a stable isostere of a cis-peptide bond commonly

found in turns and loops of peptide secondary structures (see Chapter 3.4.7).42

For all the cycloadditions performed using equatorial azide 860a, only the corresponding
equatorial triazoles 909a-h resulted from the reaction with no epimerisation at the anomeric or spiro-
centre being observed as confirmed by NMR studies (see Section 6.7.4). No work-up was required for
all of the cycloadditions carried out and the crude reaction mixture was directly purified by
chromatography. Due to the satisfactory yield obtained and the ease of purification, no optimisation
was carried out at this stage.

The cycloaddition of axial azide 860b to alkynes 821 and 914 was attempted however only
complex mixtures were obtained in both cases. It was suspected that the steric clash between the
newly formed axial triazole substituent and the TBDPS-protected hydroxymethyl substituent
destabilised the resulting triazole 912 leading to its degradation, resulting in a complex mixture of
product (Scheme 6.31).

TBDPSO = TBDPSO R = (CHy),0Bn or Ph
821 OBn (a) N
10) + or —K> o) = R
N 914 N\/>/
860b * A/ = pm ANTARNP

Reagents and conditions: (a) alkyne 821 or 914, cat. CulP(OEt)s, toluene, reflux, 1 h, complex mixture.

Scheme 6.31: Attempted cycloaddition of azides 860b to alkynes 821 or 914.

6.7.4 NMR Analysis of Triazoles 909

Similar to the previously mentioned spiroacetals, NMR analysis of triazoles 909a—g revealed
the characteristic anomeric H2 resonances at &4 6.01-6.18 ppm. The characteristic deshielded nature
of H2' resonance of 909h (84 6.65 ppm) was due to the through-space electron withdrawing effect and
anisotropic effect exerted by the neighbouring carbonyl group at C5 of the triazole ring (Figure 6.8). In
all triazole analogues 909a-h, the large 1,2-diaxial coupling constants (Jpax3ax 10.6—11.3 Hz) indicated
that the triazole moieties adopted equatorial positions. Quaternary carbons resonating at & 98.8—
99.4 ppm were assigned to the spirocarbon C6, thus confirming the presence of the spiroacetal ring

system (Figure 6.9).

O OEt Figure 6.8: Trisubstituted triazole 909h showing the

. electron withdrawing effect exerted by the neighbouring
N~ NN—TMS carbonyl group.

N:N 909}'1
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Characteristic NOESY correlations were observed for the 1,4-disubstitued triazoles 909a—-e
and 909g between H2-H8', H2'-H5 and H3'-H5 and for the trisubstituted triazole 909f and 909h
between H2'-H8'. These correlations confirmed the adoption of the bis-anomerically stabilised
spiroacetal conformation in which both the TBDPS-protected hydroxymethyl and triazole substituents

adopting equatorial positions on their associated tetrahydropyran rings (Figure 6.9).

909a: R' = (CH,),0Bn

f: R2 = R® = COM
b: R' = CH,0TES 909 COMe

h: R? =TMS, R3 = CO,Et

H ¢:R' = CH,OH R3
, 5 1 d:R'=Ph )
HN Ny—R e:R"= CO.Et N N—R

3 N=N g:R'=TMS N=N

Figure 6.9: Structures of 1,4-disubstituted triazole analogues 909a—e and 909g and ftrisubstituted triazole
analogues 909f and 909f showing the bis-anomerically stabilised spiroacetal rings with equatorial substitutions.

NOESY correlations are denoted by arrows.

Long range HMBC correlations between H2' and C5 confirmed the desired 1,4-disubstitution
pattern of the triazole ring in analogues 909a—e and 909g. This correlation also supported formation
of the chemical linkage between C2' of the spiroacetal ring and N1 of the triazole in spiroacetals

909a—e and 909g.

With analogues of spiroacetal-nucleoside and triazole successfully synthesised, attention next
focused on hybridisation of spiroacetal moiety with an amino acid. Glycine analogue 913 was initially
chosen as a representative target for this preliminary investigation of the synthesis of spiroacetal

amino acids. The retrosynthesis used is depicted in Scheme 6.1.

As part of a diversity oriented synthesis (DOS) approach to elaborate a 6,6-spiroacetal system,
it was initially intended to utilise azide 860a, from the synthesis of triazole analogues 909, to

synthesise spiroacetal-glycine 913 using a Staudinger ligation (Scheme 6.32).

The Staudinger ligation procedure used for the synthesis of spiroacetal-glycine 913 from
azide 860a was adapted from Doores et al.®. This one-pot/three-component procedure reduces a
glycosyl azide to an aza-ylide intermediate, which is then trapped in situ by an activated carboxylic
acid derivative to give the desired amide. This mild reductive-coupling method avoids isolation of the

unstable and easily epimerised hemiaminal/glycosyl amine intermediate (see Chapter 3.5).
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TBDPSO o TBDPSO
913
. 860a " OJ\, NHFmoc g 5
Fmoc-Gly-OH )J\/NHF
» moc
o Ns (a)or (b) 0 ”

Reagents and conditions: (a) i. Fmoc-Gly-OH, DCC, HOBt*H,0O, MeCN, rt, 30 min; ii. 860a, PBus, MeCN, rt, 4 h, 19%;
(b) i. Fmoc-Gly-OH, DIC, HOBt, MeCN, rt, 30 min; ii. 860a, PBus, MeCN, rt, 18 h, 32%.

Scheme 6.32: Synthesis of spiroacetal-glycine 913 from azide 860a using the Staudinger reaction.

Initially, Fmoc-protected glycine was activated using DCC and hydrous HOBt. The adduct
was then reacted with azide 860a in the presence of tributylphosphine to give spiroacetal-glycine 913
albeit in 19% yield. The crude product from this reaction was also contaminated with DCU, rendering
purification difficult. Subsequently, use of DIC and anhydrous HOBt for activation of the amino acid
with subsequent addition of azide 860a and tributylphosphine, gave spiroacetal-glycine 913 in an
improved 32% yield (Scheme 6.32).

Similar to the other spiroacetal analogues synthesised in this series, the structure of
spiroacetal-glycine 913 (as depicted in Scheme 6.32) was confirmed by the NMR analysis. 913 bears
the bis-anomerically stabilised spiroacetal conformation with both the TBDPS-protected hydroxymethyl

and amino acid substituents adopting equatorial positions on their respective tetrahydropyran rings.

Although the improved yield (32%) was still disappointing, it was, nevertheless, an acceptable
result for this preliminary study. Hybridisation of the spiroacetal moiety with an amino acid has been
demonstrated to be feasible and there is plenty of scope for future derivatisation to generate a library

of spiroacetal-amino acid analogues.

With the protected spiroacetal analogues, nucleosides 902, triazoles 909 and amino acid 913
successfully synthesised. The final stage of this study was focused on the final deprotection of these

derivatives in order to unmask the 8'-hydroxymethyl substituent on the spiroacetal.

6.9.1 Desilylation of Spiroacetal-Triazoles 909

The desilylation of TBDPS-protected spiroacetal-triazoles 909a—h and 4-silylated
triazoles 909g and 909h were envisaged to take place using fluoride-based reagents (Scheme 6.33).
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TBDPSO HO
909a-h 914a-h

np
—_—

R? o R?
. desilylation ;
N N—R 0 N”NXy—R
\ \
N=N N=N

Scheme 6.33: Desilylations of TBDPS-protected triazoles 909a—h and 4-silylated triazoles 909g and 909h. See

Table 6.10 for reaction conditions.

Entry TBDPS ether Reagents and Conditions Products Yields
1 TBDPSO TBAF, 3AMS, THF, t, 4 h HO 74%
909a 809a
2 o HFe<pyridine, THF, rt, 18 h (o} 72-75%
(] NTNR (0] N
3 . o8N 3HF-NEts, THF, rt, 2 d ;;?/\’OB” 99%
TBDPSO HO
909¢ 809c
4 o HF+pyridine, THF, rt, 18 h o) 71%
N
o7 TN o
=N OH N=N
TBDPSO HO
909d 809d
5 o TBAF, 3AMS, THF, rt, 1 h o] 82%
o7 e 07N NPr
N=N N=N
TBDPSO HO
9096 809e
6 (¢} HFe<pyridine, THF, rt, 18 h o] 70%

CO.Et
0 N‘/ﬁ/ 0 N/\/ CO,Et
N=N N=N

7 TBDPSO 909f TBAF, 3AMS, THF, rt, 3 h 8oof complex mixture
CO,Me . COzMe
8 HFepyridine, THF, rt, 1d 23%
N)S_Cone \ CO2Me
9 NSN 3HFNEts, THF, 1t, 2.5 d 69%
TBDPSO
10 i\f 909g HF-pyridine, THF, rt, 18 h 5\7\8099 26%
11 N/_\?_TMS 3HF+NEts, THF, t, 18 h 86%

12 TBDPSO 909h TBAF, THF, rt, 1 h complex mixture
13 COpEt 3HF*NEt;, THF, rt—40 °C, 2d

. ° 0,
14 N&—TMS 3HF+NEt;, NEt3, THF, 40 °C, 2.5d 93%

15 N=N AcCl, MeOH-CH,Cly, rt, 2 h complex mixture

809h
cozEt complex mixture

Table 6.10: Summary of reagents and conditions used for the desilylations of TBDPS-protected triazoles 909a—h
and 4-silylated triazoles 909g and 909h (Scheme 6.33).

Firstly, the desilylations of TBDPS ethers 909a and 909d was effected using TBAF in the
presence of molecular sieves to give triazoles 809a and 809d in 74% and 82% yield, respectively.
However, the use of TBAF could not be extended to the desilylation of TBDPS ethers 909f and 909h

which yielded complex mixtures, possibly due to the basicity of the fluoride reagent used (Table 6.10).
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Secondly, the less basic reagent, HFpyridine was used to successfully effect desilylation of
TBDPS ethers 909¢ and 909e in 70-71% yield. The use of HF+pyridine for the deprotection of TBDPS
ethers 909a gave a comparable yield (72-75%) to that observed using TBAF (74%). However, the
use of HF+pyridine was found to be too harsh for the deprotection of TBDPS ethers 909f and 909¢g
which only afforded triazoles 809f and 809g in 23—26% yield (Table 6.10).

Finally, use of a very mild reagent, namely HF-’(rie’(hyIamine44 was used to effect desilylation
of the sensitive triazoles 909f—h. Using the deprotection of TBDPS ether 909a as a trial reaction,
desilylation using HF-triethylamine in THF at room temperature afforded triazole 809a in 99% yield
although a long reaction time was required (2 days). Satisfied the high yield obtained for this reaction,
the desilylation of 909f and 909g using HF-triethylamine also proceeded successfully to afford
triazoles 809f and 809g in 69% and 86% yield, respectively. The 4-silyl group in 909g was also

simultaneously removed to give the monosubstituted compound 809g (Table 6.10).

Disappointingly, use of HF-triethylamine was found to be too harsh to effect the deprotection
of 909h and only a complex mixture was obtained. Subsequently, excess triethylamine was added to
buffer the reaction, and gratifyingly, the desired triazole 809h was afforded in 93% yield. The 4-silyl
group in 909h was also simultaneously removed to give the 1,5-disubstituted compound 809h
(Table 6.10).

The use of non-fluoride based desilylation reagents was also attempted. However, use of
catalytic HCI*®, generated in situ from the addition of acetyl chloride to methanol, failed to give

triazole 809h and only a complex mixture resulted (Table 6.10).

No epimerisation of the C6' spirocentre or the C2'/C8' anomeric centre was observed during
the desilylation reactions. Similar to other spiroacetal analogues synthesised in this series, the
structures of spiroacetal-triazoles 809a—h were confirmed by the NMR analysis. 809a—h bear the bis-
anomerically stabilised spiroacetal conformation with both the hydroxymethyl and triazole substituents

adopting equatorial positions on their respective tetrahydropyran rings.

The characteristic deshielded nature of H2' (&4 6.74 ppm) in the 'H NMR spectra of the
1,5-disubstituted triazole 809h was also observed. This observation was due to the electron
withdrawing effect exerted by the neighbouring carbonyl group at C5 of the triazole ring, similar to that
observed for TBDPS-protected triazole 909h (Figure 6.8).

6.9.2 Desilylation and Deacylation of Spiroacetal-Nucleosides 902

In light of the successful desilylation of spiroacetal-triazoles 909 described above,

deprotection of spiroacetal-nucleosides 902a—i was next carried out. In addition to removal of the
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TBDPS group to unmask the 8'-hydroxymethyl group in 902a—i, N-deacylation was also required for
nucleosides 902b, 902f and 808f-h to afford unmasked nucleosides 808b, 902i and 808i—k.

(a) Desilylation

As an extension to the deprotection of triazole analogues, the desilylation of TBDPS-protected

spiroacetal-nucleosides 902a—i was carried out primarily using HF «triethylamine (Scheme 6.34).

TBDPSO . HO .
902a-i 808a—i
3HF<NEt,
—»
% desilylation 0
O base (e} base

Scheme 6.34: Desilylations of TBDPS-protected nucleosides 902a—i. See Table 6.11 for reaction conditions.

Gratifyingly, the desilylation of TBDPS ethers 902a—i proceeded successfully in the presence
of HF<triethylamine to give nucleosides 808a—i in 69-95% yield. The reactions were very sluggish at
room temperature and required use of prolonged reaction times and excess reagents. The
deprotection were, therefore, carried out at 40 °C (Table 6.11).

Entry TBDPS ether Reagents and Conditions Products Yields
TBDPSO HO
902a 808a
0 0
1 E 3HF*NEt;, THF, 40 °C, 2d F 7%
o)\ N” > NH, O}\N/ NH,
TBDPSO HO
902b 808b
0 . o]
2 3HF*NEt;, THF, 40 °C, 1d 69%*
S9! P!
~ ~
07 N7 "NHAc 07 "N "NH,

CeCl3*H,0, Nal, MeCN, reflux, 3 h complex mixture

TBDPSO HO
3 902¢ 3HF*NEt;, THF, 40 °C, 2d 808¢c 76-79%
(0] 0]
o N /IMe o N/i[Me
O~ 'N
H

) oo N"So
H
TBDPSO HO
902d 808d
d g
5 3HF+NEts, THF, 40 °C, 2 d 73%
OJ\ o) OJ\N 0
N N
TBDPSO HO
902e 808e
o g
6 . 3HF+NEts, THF, 40 °C, 1 d . 65%
X X
0> N"So o”>N"o
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TBDPSO
902f 808f
7 3HF<NEt;, THF, 40 °C, 2d 85%
/ NHBz / NHBz
N "\
TBDPSO
902i* 808i
8 3HF<NEt;, THF, 40 °C, 2d 92%
NH NH
\\_N 2 \_ 2
TBDPSO
902g 808g
NO9-isomer N9-isomer
9 3HF:NEts, THF, 40 °C, 2 d N SN 91%
\
>—NH )—NH
AcHN
TBDPSO
902h 808h
N7-isomer N7-isomer
10 N7 SN 3HF-NEts, THF, 40 °C, 2 d N SN 95%
HN_/< HN /
NHAC NHAC
Table 6.11: Summary of reagents and conditions used for the desilylations of TBDPS-protected

nucleosides 902a—i (Scheme 6.34).
* One-pot desilylation/N-deacetylation was achieved for this particular reaction.

# Synthesised via N-debenzoylation of adenosine 902f. See Table 6.12 for reaction conditions.

Attempts to desilylate protected thymidine 902c¢ using a non-fluoride based reagent, cesium(lll)
chloride and sodium iodide in MeCN*® failed to give thymidine 808c and only a complex mixture
resulted (Table 6.11).

Under the current reaction conditions (HF-triethylamine at 40 °C), the N-deacetylation of
protected cytidine 902b also occurred concomitantly to give the desired cytidine 808b in 69% yield.
However, deacylation was not observed for the reaction of adenosine and guanosines 902f—h with
HF«triethylamine under the same conditions (Table 6.11). Therefore, a separate N-deacylation step

was required for these protected nucleosides.
(b) N-Deacylation of Nucleosides 808f—h and 902f
A mild N-deacylation reaction was required in order to unmask the purine moiety in protected

spiroacetal nucleosides 808f—h and 902f without effecting cleavage of the sensitive spiroacetal ring

and the pseudo N-glycosidic bond (Scheme 6.35).
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RO 808f—h R = TBDPS i—k R =TBDPS
902f R=H 92 R=
[e) —_—
(@] N-acylated purine base

Scheme 6.35: N-Deacylation of protected purines 808f—h and 902f. See Table 6.12 for reaction conditions.

Entry N-Acylated Nucleosides Reagents and Conditions Products Yields
808f 808i
1 N A N ZnBry, MeOH-CHCI3, rt, 3d complex mixture
NHBz NH
\\_N’ \\_N’ 2
TBDPSO TBDPSO
902f 902i
ag. MeOH-NEts, microwave, o) %
2 120 °C, 30 min 90%
NHBz NH2
\\_ \\_
808g 808j
N9-isomer N9-isomer
ag. MeOH-NEts, microwave, o
3 100 °C, 30 min 93%
\ \
>—NH >—-NH
AcHN HoN
808h 808k
N7-isomer N7 -isomer
ag. MeOH-NEts, microwave, o
4 100 °C, 30 min 86%
HN—/< HN—/<
NHAC NH;

Table 6.12: Summary of reagents and conditions used for the N-deacylation of protected purines 808f—h and
902f (Scheme 6.35).

* Adenosine 902i was then desilylated using HF«triethylamine. See Table 6.11 for reaction conditions.

Use of the mild reagent, zinc(ll) bromide in MeOH—-CHCI,* failed to effect N-deacylation of
protected purine 808f and only a complex mixture resulted. This result was attributed to the undesired
coordination of zinc(ll) ion to the spiroacetal ring oxygens instead of the purine N1, thus initiating
several ring-opening side reactions. Given the metal-coordinating ability of spiroacetals in general,

metal based N-deacylation was decreed inappropriate (Table 6.12).

N-Deacylation using non-metal based reagents was next examined. Gratifyingly, protected
purine 808g, 808h and 902f was heated at 100-120 °C under microwave irradiation in a mixture of
NEt;—H,0-MeOH* to successfully afford nucleosides 808j, 808k and 902i in 86-93% yield
(Table 6.12).
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No epimerisation of the C6' spirocentre or the C2'/C8' anomeric centre was observed during
the desilylation and N-deacylation reactions. Similar to other spiroacetal analogues synthesised in this
series, the structures of spiroacetal-nucleosides 808a—k were confirmed by the NMR analysis.
808a—k bear the bis-anomerically stabilised spiroacetal conformation with both the hydroxymethyl and

basic substituents adopting equatorial positions on their respective tetrahydropyran rings.

6.9.3 Attempted Deprotection of Spiroacetal-Glycine 913

With the unmasking of the 8'-hydromethyl substituent successfully accomplished for the
nucleoside and triazole analogues, attention finally turned to the deprotection of the spiroacetal-amino

acid, namely spiroacetal-glycine 913.

The deprotection of Fmoc group is commonly carried out under basic conditions using an
excess of piperidine. Therefore, it is possible that removal of the TBDPS and Fmoc group can be

conducted in a stepwise one-pot procedure.

Attempted desilylation of TBDPS ether 913 in the presence of HF-triethylamine at room
temperature only gave spiroacetal-glycine 917 in 14% yield after stirring for 3 days with 80% of the
starting material being recovered. A second attempt at this desilylation step was conducted
successfully using HF«triethylamine in THF at 40—45 °C for 2 days (Scheme 6.36).

HO

TBDPSO 0
913 0 )J\/NH Fmoc
)J\/ HO
o N NHFmoc 810

Reagents and conditions: (a) 3HFsNEt;, THF, rt, 3d, 14%, (+ 913: 80%); (b) i. 3HF*NEt;, THF, 40-45°C, 2d, 14%;

ii. piperidine, rt, 3 h, complex mixture.

Scheme 6.36: Attempted deprotections of spiroacetal-glycine 913.

After the disappearance of TBDPS ether 913 was confirmed during the HF-striethylamine
reaction, excess piperidine was added to effect neutralisation of the reaction and to effect removal of
the Fmoc group. Unfortunately, this addition led to a complex mixture. It was possible that
deprotected spiroacetal-glycine 810 was in a form that was too unstable to survive the work-up and

chromatography steps (Scheme 6.36).
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It is known that amines are often unstable and are therefore often isolated as salts such as
salts of ammonium chloride. Despite of the unsuccessful attempt to effect this deprotection step, there
is plenty of scope to improve the deprotection and isolation of spiroacetal-glycine 810, thus providing
opportunities for future investigation.

To conclude this study, the elaboration of 6,6-spiroacetal with nucleoside, triazole and amino
acid bioactive motifs has been successfully accomplished after considerable amount of

experimentation with constant revision of the synthetic strategy adopted.

Similar to the model study, acetal 862 served as a key intermediate for this work although its
synthesis was different from that described previously. Firstly, lactone 865" was converted to Weinreb
amide 892 which was then reacted with Grignard reagent 868 generated from bromide 869.">"°
Double deprotection and cyclisation of the resulting ketone 895 under acidic conditions gave the

desired acetal 862 over four steps in 58% overall yield (Scheme 6.37).

0
o. o TBDPSO o
EtO,C ssteps  TBDPSO @)—(b) OMe
87% 5 > TBSO N7

877 86 892 I\I/Ie

TBDPSO

869 o/>
BF\MO

862 TBDPSO 1) 1)
o} (d) W 3 steps from THF (25%)
< TBSO o =

() OFEt 895 (c)

Reagents and conditions: (a) i. N,O-dimethylhydroxylamine hydrochloride, AlMe;, CH,Cl,, 0 °C, 20 min; ii. 865, CH,Cl,, 0 °C—rt,
2 h; (b) TBSCI, imidazole, cat. DMAP, CH.Cl,, rt, 3 d, 85% over 2 steps (+ 12% 865); (c) i. Mg, cat. I, (CH2Br),, THF, rt, 1 h;
ii. 892, THF, rt, 5 min; iii. 869, 33 °C, 2 h, 80%; (d) CSA, aqg. EtOH, rt, 3 h, 85-86% (after 3 x recycling).

Scheme 6.37: Synthesis of acetal 869.

For the synthesis of spiroacetal-nucleoside analogues, acetal 862 was next converted to
acetate 891. Nucleosidation under Vorbriggen conditions of acetate 891 gave eight spiroacetal-
nucleosides after deprotection of the silyl group. The nucleosides successfully prepared were
5-fluorocytidine 808a, cytidine 808b, thymidine 808c, uridine 808d, 5-fluorouridine 808e,
adenosine 808i, N9-guanosine 808j and N7-guanosine 808k (Scheme 6.38).
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TBDPSO HO

TBDPSO 808aR!'=F
bR'=H
(@) 661 (9-(e) g
O NTX
O OAc
=

(F-(i c)e)
l(f )—(0) HO 8088 R22 =Me
R< =
HO . HO oR2=F
808j 808k o
o N9-isomer o N7-isomer o N R?
\\_N/ " 0 7~N"N + 07~N"Sn )\/I

(0] N O
>:g: :2=< H
N (6] (6] N
N\ /

>—NH HN
HoN
Reagents and conditions: (a) CSA, aq. THF, 40 °C, 18 h; (b) Ac,0, cat. DMAP, NEt;, CH.Cly, rt, 2 h, 58-66%; (c) pyrimidine
(°°c, *C, T, U and *FU), cat. (NH,),SO4, HMDS, reflux, 1—4 h; (d) 861, TMSOTf, CH,Cl, rt, 2—3 h, 20—-45%; (e) 3HF*NEt;, THF,
40 °C, 1-2d, 65-79%; (f) purine (**A and *°G), HMDS-BSA-toluene, reflux, 1 h; (g) 861, TIPSOTf, CH,Cl,, rt, 18 h, 33-37%;
(h) 3HF+NEt;, THF, 40 °C, 2 d, 85-95%; (i) ag. MeOH-NEt;, microwave, 120 °C, 30 min; 86—-93%

Scheme 6.38: Synthesis of spiroacetal-nucleosides 808.

For the synthesis of spiroacetal-triazole analogues, acetal 862 was converted to azide 860a.
Cycloaddition of 860a to a range of alkynes, either catalysed by copper(l) or promoted thermally, gave
seven spiroacetal-triazoles after deprotection of the silyl group. The triazoles successfully prepared
were 1,4-disubstitued triazoles 809a—e, trisubstituted triazole 809f, monosubstituted triazole 809g and
1,5-disubstitued triazole 809h (Scheme 6.39).

TBDPS TBDPSO TBDPS
860
i\i"a k
o
Caly 809a R' = (CH,),0B
— - a 2)2! n
TBDPSO — | ¢(e) ) HOL ¢ R - Ot
HO._ 809g R? = dR1=
hR2= COzEt g eR=CoH
g CO,Me 0 N /y R’
NH Fmoc o N NN CO,Me N=N
\

Reagents and conditions: (a) TMSN;, TMSOTH, CHZCIz, -10 °C, 3 h, 860a: 36%, 860b: 15%, 862: 5%; (b) TMSN3;, TMSOTT,
CH.Cl,, -10 °C, 3 h, 860a: 43%, 860b: 20%; (c) alkyne, cat. Cul*P(OEt);, toluene, reflux, 1 h, 84-98%; (d) either 3HF*NEt;,
THF, rt, 2d, 809a: 99% or HFepyridine, THF, rt, 18 h, 809c: 71%, 809¢e: 70% or TBAF, 3 A MS, THF, rt, 1 h, 809d: 82%;
(e) DMAD, toluene, reflux, 1 h, 78%; (f) 3HF*NEt;, THF, rt, 2.5d, 69%; (g) alkyne, toluene, seal tube, reflux, 2 d, 64—84%;
(h) either 3HF+NEts, THF, rt, 18 h, 809f: 86%, 809g: 86% or 3HF*NEt;, NEt;, THF, 40 °C, 2.5 d, 809h: 93%; (i) i. Fmoc-Gly-OH,
DIC, HOBt, MeCN, rt, 30 min; ii. 860a, PBus, MeCN, rt, 18 h, 32%.

Scheme 6.39: Synthesis of spiroacetal-triazoles 809 and spiroacetal-glycine 913.
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For the preliminary investigation of spiroacetal-amino acid analogues, spiroacetal-glycine 810
was targeted as a representative example. Using the Staudinger ligation, spiroacetal 913 was
synthesised from azide 860a and an activated glycine derivative in the presence of a phosphine
(Scheme 6.39). Due to the time constraints, the deprotection of spiroacetal-glycine 913 was
attempted but not completed. Suggestions for future work will be discussed in the following section

(see Section 6.11).

All of the spiroacetal analogues synthesised in the present work (except for azide 860b) bear
the bis-anomerically stabilised spiroacetal conformation with both the C8'-hydroxymethyl and
C2'-substituents adopting equatorial positions on their associated tetrahydropyran rings. The

conformation was adopted to minimise the unfavourable steric interactions and 1,3-dipole effects.

During the nucleophilic addition to an oxonium ion generated from acetate 861 or acetal 862,
the possible adoption of a half chair conformation in the oxonium ion containing ring may also lead to

the addition from the less hindered face, resulting in overall equatorial substitution.”®

It is also noted that the present synthetic route afforded a racemic mixture of spiroacetal
analogues due to the use of racemic starting material, namely valerolactone 865. Stereospecific
synthesis of spiroacetal analogues, therefore, provides opportunities for future investigation (see
Section 6.11.3).

Compared to the model study, spiroacetals bearing a 8'-hydroxymethyl substituent were found
to be easier to handle in general. The volatility and stability problems encountered during the model

study, were not observed in the present work.

To date, a small collection of novel spiroacetal hybrids have been synthesised. The
knowledge gained in this study will be beneficial for future elaboration of 6,6-spiroacetals with other
biologically active motifs. As a result, a large number of derivatives can be generated and used as

biological probes for future broad phenotypic assays to screen for any potential functionality.

6.11.1 Spiroacetal-Amino Acids and Spiroacetal-Peptides 918

Firstly, optimisation of the Staudinger ligation used for the synthesis of spiroacetal-amino acid
derivatives is required. This work may be achieved by using alternative coupling agents and/or
phosphines. The successful conditions that developed can then be applied to the synthesis of other

amino acid or peptide derivatives (Scheme 6.40).

170



Chapter 6: Discussion: Synthesis of Functionalised Spiroacetals 6.11 Future Work

TBDPSO 0 TBDPSO o
918
860a HOJ\( NHFmoe o Ho-peptide R = H)‘\(NHFmoc
o R! o Ri
----------------------------------- - )
o N Staudinger ligation o N/R or peptidy!

Scheme 6.40: Staudinger ligations between azide 860a and other amino acids or peptide chains.

Secondly, removal of the TBDPS and Fmoc groups are required to complete the synthesis of
spiroacetal-amino acid derivative. It was envisaged that the removal of the TBDPS group could be
accomplished using HFtriethylamine by adjusting previously used reaction conditions. On the other
hand, removal of the Fmoc group using piperidine or morpholine requires further investigation.

Isolation of the free amine as its ammonium salt could also be beneficial (Scheme 6.41).

Alternatively, removal of Fmoc alone may enable further coupling of the spiroacetal derivative

to a peptide chain and rapidly generate a range of spiroacetal-peptide analogues (Scheme 6.41).

TBDPSO HO

919 (a) 3HF*NEt; 920

(b) base
0 o e ERRREEY » 0 o)
NHFmoc or vice versa NH,* X-
O7/>N O7/>N 2
H H
R1

R1
TBDPSO TBDPSO
RN 921 922
b) base "«
(b) N peptide
(e} (e} —_— (0]
o NJKA/NHZ* x-  coupling 07~ - PePtide
Hoo b H

Scheme 6.41: Deprotection of spiroacetal-amino acid analogues 919. Removal of Fmoc in 921 gives 922 which

may be subsequently coupled to a peptide.

6.11.2 Spiroacetal-Triazoles 925 and Spiroacetal-Tetrazoles 926 |

In light of the successful synthesis of spiroacetal-triazoles 809 via the cycloaddition of
azide 860a to alkynes, the complementary triazole analogues 925 and tetrazole analogues 926 may
be worthwhile to investigate. With the C—C connection between the spiroacetal and triazole/tetrazole
moiety, these novel analogues 925 and 926 may provide better stability against hydrolytic cleavage
(Scheme 6.42). As previously mentioned, the tetrazole moiety is an isostere of a carboxylic acid and a

cis-peptide bond depending on the nature of its substituent (see Chapter 5.6).49

It is envisaged that spiroacetal-triazoles 925 and tetrazoles 926 can be obtained via the

cycloaddition of an azide to spiroacetal-acetylene 923 or nitrile 924. Alkyne 923 and nitrile 824, in turn,
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are synthesised from either acetate 861 or acetal 862 using procedures adapted from the literature
(Scheme 6.42).*°

TBDPSO
@ %'\\A"Sg%\‘f TBDPSO 923 X = CH HO 925 X = CH

....... 6 F---------» 924 X=N (d) N;—R 926 X =N
i (b) RECCTMs, “eydeprowcion /5
0O OR1 TMSOTf o /X\N’R
R2 = BU3SH, T™S X N:NI

861R"'=Ac, 862R"=Et (c)NaOH
Scheme 6.42: Proposed synthesis of spiroacetal-triazoles 925 and tetrazoles 926 from acetate 861 or acetal 862.

6.11.3 Stereoselective Synthesis of Ethoxy-Spiroacetal 862

It should be noted that the spiroacetal analogues synthesised in this study are all racemic.
The stereoselective synthesis of the spiroacetal derivatives would be interesting, both chemically and

biologically.

It is envisaged that the stereochemistry of the spiroacetal analogues can be controlled using
enantiomerically pure lactone 865. The use of (S)-lactone 865 in the synthesis would give
(S,S,S)-acetal 862 whereas the use of (R)-lactone 865 would give (R,R,R)-acetal 862. The
preparation of (S)-lactone 865 has previously been described by Forsyth et al.’ starting from
(R)-glycidol (244) (Scheme 6.43). Although the stereospecific synthesis of (R)-lactone 865 was not
described in the literature, it is expected that (R)-lactone 865 can be prepared from (S)-glycidol (244)

using the same transformation as its enantiomeric (S)-lactone 865 (Scheme 6.44).

0__0
HO/\{I 4 steps TBDPSOU ....... >
o — 7 | | T -
(R)-244 53% (S)-865

Scheme 6.43: Proposed synthesis of (S,S,S)-acetal 862 from (R)-glycidol (244) via (S)-lactone 865, which was

previously synthesised by Forsyth et al.’

OTBDPS

—t, OO
ast (RR,R)-862
HO/\<C|J steps  TBDPSO q ....... -

(S)-244 (R)-865
EtO\"0

Scheme 6.44: Proposed synthesis of (R,R,R)-acetal 862 from (S)-glycidol (244) via (R)-lactone 865."
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Chapter 7: Experimental 7.1 General Details

Reaction Conditions

Experiments requiring anhydrous conditions were performed under a dry nitrogen or argon
atmosphere using oven- or flame-dried apparatus and standard techniques in handling air- and/or
moisture-sensitive materials unless otherwise stated. Anhydrous dichloromethane (CH,CIy),
triethylamine (NEt;), dimethyl sulfoxide (DMSO), hexane and acetonitrile (MeCN) were distilled from
calcium hydride; anhydrous tetrahydrofuran (THF) and diethyl ether (Et,O) was distilled from sodium
wire; anhydrous dry toluene was distilled from sodium wire. Solvents used (except for Et,O) for
reactions, work-up extractions and chromatographic purifications were distilled, unless otherwise
stated. Commercial reagents were analytical grade or were purified by standard procedures prior to
use.’ Aqueous solutions of sodium chloride (brine), sodium bicarbonate and ammonium chloride were
saturated. Reactions performed at room temperature were carried out at ca. 20 °C and reaction
temperatures from -78 °C to 0 °C were obtained using the following cryostats: acetone/dry ice, -78 °C;
acetonitrile/dry ice, -40 °C; NaCl/ice, -15 °C; water/ice, 0 °C.

Microwave reactions were conducted in sealed reaction vessels using a Discover® LabMate

microwave synthesiser (CEM Corporation) at the temperature stated.

The progress of reactions was monitored by analytical thin layer chromatography (TLC) using
Keiselgel Fas4 0.2 m (Merck) silica plates or aluminium oxide N/UVas, 0.2 mm (Macherey-Nagel)
alumina plates as stated, with visualisation by ultraviolet irradiation (365 nm) followed by staining with

either ethanolic vanillin or phosphomolybdic acid (PMA) solution.

Separation of mixtures was performed by flash chromatography using Kieselgel S 63—100 pum
(Riedel-de-Hahn) silica gel with the indicated eluent. The relevant fractions were combined and the

solvents were removed in vacuo.

Physical Characterisation

Melting points were recorded on a Kofler hot-stage apparatus and are uncorrected.

Mass spectra were recorded on a VG-70SE mass spectrometer at a nominal accelerating
voltage of 70 eV for low resolution and at a nominal resolution of 5000 to 10000 as appropriate for
high resolution. lonisation was effected using electron impact (EI"), desorption electron impact (DEI"),
fast atom bombardment (FAB") using 3-nitrobenzyl alcohol as the matrix or chemical ionisation (CI")
using ammonia as a carrier gas. Major and significant fragments are quoted in the form x (y), where x

is the mass to charge ratio (m/z) and y is the percentage abundance relative to the base peak (100%).
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Chapter 7: Experimental 7.1 General Details

Spectroscopic Characterisation

Infrared spectra were obtained using a Perkin Elmer Spectrum 1000 Fourier Transform
Infrared spectrometer as a thin film between sodium chloride plates. Absorption peaks are reported

as wavenumbers (v, cm™).

'H NMR spectra were recorded on either a Bruker DRX300 spectrophotometer operating at
300 MHz or a Bruker DRX400 spectrophotometer operating at 400 MHz at ambient temperature.
'H NMR chemical shifts are reported in parts per million (ppm) relative to the tetramethylsilane peak
(6 0.00 ppm). 'H NMR values are reported as chemical shift 3, relative integral, multiplicity (s, singlet;
d, doublet; t, triplet; g, quartet; quintet; m, multiplet), coupling constant (J, Hz) and assignment.
Coupling constants were taken directly from the spectra. Decoupled *C NMR spectra were recorded
on either a Bruker DRX300 spectrophotometer operating at 75 MHz or a Bruker DRX400
spectrophotometer operating at 100 MHz at ambient temperature. ®C NMR chemical shifts are
reported in ppm relative to the peak of CDCl; (5 77.0 ppm) or CD30D (5 49.0 ppm). °C NMR values
are reported as chemical shift 8, multiplicity and assignment. Assignments were made with the aid of
DEPT, COSY, HSQC, HMBC and NOESY experiments. Decoupled F NMR spectra were recorded
on a Bruker DRX300 spectrophotometer operating at 282 MHz and data are expressed in ppm relative

to CFCl; peak (6 0.00 ppm).

7.2.1 Synthesis of Acetylene Starting Materials

1-(Benzyloxy)but-3-yne (821)*

NV 1
4\\/\OBn

This procedure is an adaptation of that reported by Burns et al?

To a suspension of NaH (2.13 g, 89.1 mmol, 95% mineral oil dispersion) in anhydrous THF
(100 mL) at 0 °C was added 3-butyn-1-ol (5.40 mL, 71.3 mmol) dropwise. After 30 min, a solution of
benzyl bromide (8.91 mL, 74.9 mmol) in anhydrous THF (66 mL) was added dropwise and the mixture
was stirred at room temperature overnight. lce-cold brine (50 mL) was added and the aqueous phase
was extracted with EtOAc (3 x 100 mL). The combined organic extracts were dried over MgSO, and
concentrated in vacuo. Purification by flash chromatography using hexane—Et,O (1:0 to 4:1) as eluent
yielded the title benzyl ether 821 as a yellow oil (11.3 g, 99%). The spectral data were in agreement

with that reported in the literature.

HRMS (FAB): found MH", 161.0957, C4{H;30 requires 161.0966.
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Chapter 7: Experimental 7.2 Experimental Data—Spiroacetal Model

Vinax (film)lcm™: 3295 (=C—H), 2916, 2863 (C—H), 2120 (C=C), 1453, 1363, 1104 (C—O), 738, 698.

& (300 MHz; CDCL3): 2.00 (1 H, t, Js, 2.7, 4-H), 2.51 (2 H, td, J»4 6.9 and J,4 2.7, 2-H), 3.61 (2 H, t,
J12 6.9, 1-H), 4.57 (2 H, s, OCH,Ph), 7.26-7.37 (5 H, m, Ph).

& (75 MHz; CDCly): 19.9 (CH,, C-2), 68.1 (CH,, C-1), 69.3 (C, C-3), 73.0 (CH,, OCH,Ph), 81.2 (CH,
C-4), 127.7 (2 x CH, Ph), 128.4 (CH, Ph), 138.0 (C, Ph).

m/z (Cl): 178 (MH + NH,, 44%), 161 (MH", 20), 159 (M — H, 32), 105 (22), 91 (Bn, 100).

1-(Trimethylsilyloxy)but-3-yne (866)°

NV 1
4\\/\OTMS

To a solution of 3-butyn-1-ol (3.24 mL, 42.8 mmol) and NEt; (11.9 mL, 85.6 mmol) in
anhydrous THF (75 mL) at room temperature was added TMSCI (5.47 mL, 42.8 mmol) dropwise.
After 24 h, water (10 mL) was added and the aqueous phase was extracted with Et,O (3 x 10 mL).
The combined organic extracts were dried over MgSO, then concentrated in vacuo. Purification by
flash chromatography using pentane-Et,O (19:1 to 9:1) as eluent yielded the title acetylene 866
(4.20 g, 69%) as a colourless oil. The spectral data were in agreement with that reported in the

literature.®

Vimax (film)fem™: 3312 (=C—H), 2957 (C—H), 2122 (C=C), 1252 (C-0), 1103 (C-0), 919, 842, 749, 635.

& (300 MHz; CDCly): 0.14 (9 H, s, OSiMes), 1.98 (1 H, t, Js,2.7, 4-H), 2.42 (2 H, td, J,; 7.1 and
Joa 2.7, 2-H), 3.72 (2 H, t, J1, 7.1, 1-H).

& (75 MHz; CDCls): -0.5 (CH3, OSiMes), 22.7 (CH,, C-2), 61.1 (CH,, C-1), 69.4 (CH, C-4), 81.4 (C,
C-3).

Ethyl Propiolate (857)*

3
——COyEt

To a solution of propiolic acid (879 uL, 14.2 mmol) and anhydrous ethanol (1.65 mL,
28.4 mmol) in anhydrous Et,O (10 mL) at -40 °C was added an ice-cold mixture of DCC (3.24 g,
15.7 mmol) and DMAP (121 mg, 994 umol) in Et,O (30 mL) dropwise. The mixture was warmed to
room temperature. After 18 h, the mixture was filtered, washed with ice-cold aqueous HCI solution
(2 x 30 mL, 1.0 mol L") and brine (30 mL). The combined aqueous phases were extracted with Et,O
(30 mL). The combined organic extracts were dried over MgSO, and concentrated in vacuo.
Purification by distillation under reduced pressure yielded the title acetylene 857 (598 mg, 43%) as a

colourless oil. The spectral data were in agreement with that reported in the literature.”

B.p.: 43 °C at 70 mmHg (literature b.p.5: 116-118 °C)
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Chapter 7: Experimental 7.2 Experimental Data—Spiroacetal Model

& (300 MHz; CDCL3): 1.33 (3 H, t, Jonscr, 7.1, OCH,CHs), 2.89 (1 H, s, 3-H), 4.26 (2 H, q, Jerscr, 7.1,
OCH,CH).

& (75 MHz; CDCly): 13.9 (CHs, OCH,CH,), 62.3 (CH,, OCH,CH,), 74.3 (CH, C-3), 74.8 (C, C-2),
152.6 (C, C-1).

Ethyl 3-Trimethylsilylpropiolate (916)%’

3
EtO,C————TMS

To a solution of trimethylsilylacetylene (719 uL, 5.09 mmol) in anhydrous THF (15 mL)
at -78 °C was added BuLi (3.50 mL, 1.6 mol L™ in hexane, 5.60 mmol) dropwise. After 30 min, ethyl

chloroformate (581 uL, 6.11 mmol) was added dropwise. After 3 h, saturated NaCl solution (10 mL)
was added and the mixture was warmed to room temperature. The aqueous phase was extracted
with Et,O (3 x 10 mL). The combined organic extracts were dried over MgSO, and concentrated in
vacuo. Purification by flash chromatography using hexane—EtOAc (1:0 to 99:1) as eluent yielded the
title acetylene 916 (627 mg, 72%) as a colourless oil. The spectral data were in agreement with that

reported in the literature.”

Vmax (film)/lem™: 2964 (C—H), 2182 (C=C), 1713, 1366, 1228 (C-O), 1028, 954, 849, 702.

& (400 MHz; CDCL3): 0.25 (9 H, s, OSiMes), 1.32 (3 H, t, Jopscn, 7.2, OCH,CH;), 4.23 (2 H, q,
JCH3,CH2 72, OCHQCH3)

& (100 MHz; CDCl): -0.91 (CHs, OSiMes), 14.0 (CHs, OCH,CHj), 62.0 (CH,, OCH,CHs), 93.6 (C,
C-2), 94.7 (C, C-3), 153.0 (C, C-1).

7.2.2 Synthesis of Oxaspirolactone 818

1-Benzyloxy-9-hydroxynon-3-yn-5-one (837)°

HO %3
OBn
This procedure is an adaptation of that reported by Koutek et al®

To a solution of 1-(benzyloxy)but-3-yne (821) (5.08 g, 31.7 mmol) in anhydrous THF (100 mL)
at -78 °C was added BuLi (36.2 mL, 1.0 mol L™ in hexane, 36.2 mmol) dropwise. After 30 min, a
solution of 5valerolactone (820) (3.24 mL, 34.9 mmol) in anhydrous THF (20 mL) was added dropwise.
After 2 h, water (70 mL) was added. The mixture was warmed to room temperature and the aqueous
phase was extracted with EtOAc (3 x 100 mL). The combined organic extracts were dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using hexane-Et,0 (2:3, 1:4
to 0:1) as eluent yielded the title keto-alcohol 837 (7.18.g, 87%) as a yellow oil.  The spectral data

were in agreement with that reported in the literature,”
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Chapter 7: Experimental 7.2 Experimental Data—Spiroacetal Model

HRMS (Cl): found MH", 261.1488, C1H,»103 requires 261.1491.

Vimax (film)lem™: 3438br (O—H), 2938 (C—H), 2869 (C—H), 2214 (C=C), 1729 (C=0), 1670, 1453, 1362,
1164 (C-0), 1101 (C-0), 739, 699.

84 (400 MHz; CDCl3): 1.53-1.63 (2 H, m, 8-H), 1.61-1.64 (1 H, br s, OH), 1.71-1.89 (2 H, m, 7-H),
2.59 (2 H, t, Jo7 7.2, 6-H), 2.67 (2 H, t, Jr1 6.7, 2-H), 3.61 (2 H, t, Jog 7.2, 9-H), 3.64 (2 H, t, J;,6.7,
1-H), 4.56 (2 H, s, OCH,Ph), 7.28-7.37 (5 H, m, Ph).

& (100 MHz; CDCls): 20.1 (CH,, C-2), 20.5 (CH,, C-7), 31.9 (CH,, C-8), 45.0 (CH,, C-6), 62.3 (CH,,
C-9), 67.2 (CH,, C-1), 73.1 (CH,, OCH,Ph), 81.4 (C, C-4), 90.9 (C, C-3), 127.7 (CH, Ph), 127.8 (CH,
Ph), 128.5 (CH, Ph), 137.7 (C, Ph), 188.0 (C, C-5).

m/z (Cl): 278 (MH + NHj, 22%), 261 (MH", 16), 243 (M — OH, 100), 199 (22), 159 (C4:H;:0, 13), 153
(20), 118 (19), 101 (CsHgO,, 16), 91 (Bn, 15).

9-Benzyloxy-5-oxonon-6-ynal (839)9
O (0]

H 2 \\ 9
OBn
Method A: Dess-Martin Periodinane Oxidation®'°

To a solution of keto-alcohol 837 (50.0 mg, 19.2 umol) in anhydrous CH,Cl, (5.0 mL) was
added Dess-Martin periodinane10 (122 mg, 288 umol) and the resulting mixture stirred at room
temperature overnight followed by the addition of a second portion of Dess-Martin periodinane
(25.0 mg, 59.0 umol). After 1 h, the reaction was poured into a mixture of CH,Cl, (5 mL), saturated
NaHCO; solution (5 mL) and aqueous Na,S,0s5 (3 mL, 10% w/v) then stirred vigorously for 15 min.
The aqueous phase was extracted with CH,Cl, (3 x 10 mL). The combined organic extracts were
dried over MgSO, and concentrated in vacuo to yield the crude title aldehyde 839 as a pale yellow oil.
This unstable aldehyde 839 was used directly in the sodium chlorite oxidation described below without

further purification.

Method B: TEMPO Oxidation""

To a solution of keto-alcohol 837 (1.00 g, 3.84 mmol) and TEMPO (60.0 mg, 38.4 umol) in
MeCN (25 mL) at room temperature was added a solution of KH,PO, (2.61 g, 19.2 mmol) in water
(5.0 mL) and iodobenzene diacetate (1.86 g, 5.76 mmol). After 1 h, a second portion of iodobenzene
diacetate (619 mg, 1.92 mmol) was added. After 1 h, CH,CI, (25 mL) and aqueous Na,S,0s5 (20 mL,
10% w/v) were added and the mixture was stirred vigorously for 15 min. The aqueous phase was
extracted with CH,Cl, (3 x25 mL). The combined organic extracts were dried over MgSO, and
concentrated in vacuo to yield the crude title aldehyde 839 as a pale yellow oil. This unstable
aldehyde 839 was used directly in the sodium chlorite oxidation described below without further

purification.
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Chapter 7: Experimental 7.2 Experimental Data—Spiroacetal Model

Method C: PCC Oxidation on Alumina'?

To a solution of keto-alcohol 837 (1.00 g, 3.84 mmol) in anhydrous CH,Cl, (40 mL) at room
temperature was added PCC on alumina™ (10.7 g, 0.82 mmol g'1, 8.83 mmol). After 2 h, the mixture
was filtered through a short column of silica and the remaining slurry was washed repeatedly with
CHCI, (20 mL) until no more aldehyde 839 was eluted from the column. The combined extracts were
concentrated in vacuo and purification by flash chromatography using hexane—Et,O (7:3) as eluent
yielded the title aldehyde 839 (571 mg, 58%) as a pale yellow oil. The spectral data were in

agreement with that obtained in personal communications.’

HRMS (Cl): found MH", 259.1329, C4¢H503 requires 259.1334.

Vimax (film)flem™: 2935 (C—H), 2869, 2214 (C=C), 1723 (C=0), 1673 (C=0), 1363, 1161, 1102 (C-0),
741, 699.

84 (400 MHz; CDCly): 1.97 (2 H, tt, Js, = Js4 7.2, 3-H), 2.50 (2 H, td, Jo3 7.2 and Jo; 1.2, 2-H), 2.61
(2H, t, Jus7.2, 4-H), 2.67 (2H, t, J5o 6.7, 8-H), 3.63 (2H, t, Jos 6.8, 9-H), 4.56 (2 H, s, OCH,Ph),
7.27-7.38 (5H, m, Ph), 9.76 (1 H, t, J;, 1.2, 1-H).

& (100 Hz; CDCls): 16.2 (CH,, C-3), 20.5 (CH,, C-8), 42.7 (CH,, C-4), 44.2 (CH,, C-2), 67.1 (CH,,
C-9), 73.1 (CH,, OCH,Ph), 81.2 (C, C-6), 91.2 (C, C-7), 127.7 (CH, Ph), 127.9 (CH, Ph), 128.5 (CH,
Ph), 137.7 (C, Ph), 186.8 (C, C-5), 201.4 (CH, C-1).

m/z (Cl): 276 (MH + NH;, 100%), 259 (MH®, 64), 238 (16), 143 (16), 116 (12), 108 (18), 91 (Bn, 31).

9-Benzyloxy-5-oxonon-6-ynoic Acid (819)9
(0] 0]

HO > \\ 9
OBn
Method A: Jones’ Oxidation of Keto-Alcohol 837

To a solution of keto-alcohol 837 (200 mg, 770 umol) in acetone (10 mL) at room temperature
was added Jones’ reagent13 dropwise until the orange colour persisted. After 18 h, the mixture was
filtered through a pad of Celite® and concentrated in vacuo. Water (15 mL) and EtOAc (15 mL) were
added to the residue oil and the aqueous phase extracted with EtOAc (3 x 15 mL). The combined
organic extracts were washed with brine, dried over MgSO, and concentrated in vacuo. Purification
by flash chromatography using CH,Cl,—Et,O (19:1 to 1:1) as eluent yielded the title keto-acid 819
(117 mg, 55%) as a pale yellow oil.

Method B: Sodium Chlorite Oxidation of Keto-Aldehyde 839

To a solution of crude keto-aldehyde 839 (4.03 mmol) in ‘BuOH (25 mL) and cyclohexene
(2.0 mL) at room temperature was added a solution of NaClO, (3.65 g, 40.3 mmol) and KH,PO,
(4.12 g, 30.2 mmol) in water (15 mL) dropwise. The resulting biphasic mixture was stirred vigorously
for 2h. Aqueous Na,S,0s5 (40 mL, 15% w/v) was added dropwise and solid NaCl was added to
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saturate the aqueous phase. The mixture was extracted with Et,O (4 x 80 mL). The combined
organic extracts were dried over MgSO, and concentrated in vacuo. Purification by flash
chromatography using CH,CIl—Et,0 (19:1 to 1:1) as eluent yielded the title keto-acid 819 (1.02 g, 92%
over 2 steps) as a pale yellow oil. The spectral data were in agreement with that obtained in personal

communications.®

HRMS (Cl): found MH", 275.1282, C1¢H150, requires 275.1283.

Vinax (film)fem™: 3439br (O—H), 2936 (C—H), 2870 (C-H), 2215 (C=C), 1731 (C=0), 1673 (C=0), 1454,
1362, 1164 (C-0), 1100 (C-0), 739, 699.

84 (400 MHz; CDCly): 1.97 (2 H, quintet, Js» = Js4 7.3, 3-H), 2.40 (2 H, t, Jo3 7.3, 2-H), 2.64 (2 H, t,
Ji3 7.3, 4-H), 2.67 (2 H, t, Js 6.8, 8-H), 3.64 (2 H, t, Jos 6.8, 9-H), 4.56 (2 H, s, OCH,Ph), 7.27-7.36
(5-H, m, Ph).

& (75 MHz; CDCls): 18.7 (CH,, C-3), 20.4 (CH,, C-2), 32.6 (CH,, C-8), 44.1 (CH,, C-4), 67.1 (CH,,
C-9), 73.1 (CH,, OCH,Ph), 81.2 (C, C-6), 91.2 (C, C-7), 127.7 (CH, Ph), 127.8 (CH, Ph), 128.4 (CH,
Ph), 137.6 (C, Ph), 178.4 (C, C-1), 186.8 (C, C-5).

m/z (Cl): 292 (MH + NHa, 5%), 275 (MH", 9), 257 (M — OH, 7), 249 (12), 195 (11), 159 (C1:H:,0, 11),
108 (16), 105 (33), 91 (Bn, 100), 81 (11).

1,7-Dioxaspiro[5.5]undecan-2-one (818)9’14

;0O

9)
5

A solution of keto-acid 819 (602 mg, 2.19 mmol), acetic acid (1.20 mL) and Pd/C (192 mg,
10% w/w) in anhydrous THF (25 mL) at room temperature was stirred vigorously under an atmosphere
of hydrogen. After 18 h, the mixture was filtered through a pad of Celite® and concentrated in vacuo.
Additional acetic acid was added (3 x 0.50 mL) then slowly removed in vacuo at 40 °C. After 3 h, the
excess acetic acid was removed completely in vacuo by azeotroping with toluene (3 x 2 mL) to yield
the crude title oxaspirolactone 818 (350 mg, 94%) as a pale vyellow oil. The unstable
oxaspirolactone 818 was used directly in the DIBAL-H reduction described below without further

purification. The spectral data were in agreement with that obtained in personal communications.’

HRMS (El): found M™, 170.0945, CgH405 requires 170.0943.
Vinax (film)/cm'1: 2943 (C-H), 1711 (C=0), 1412, 1247, 1177, 1083, 1036 (C-0), 981.

84 (300 MHz; CDCl): 1.53—-1.79 (6 H, m, 4-Hp, 5-Ha, 9-Ha, 9-Hg, 10-H, and 11-H,), 1.85-1.95 (2 H, m,
5-Hg and 11-Hg), 1.98-2.21 (2 H, m, 10-Hg and 4-Hg), 2.35-2.52 (1 H, m, 3-H,), 2.59-2.70 (1 H, m,
3-Hg), 3.68-3.80 (1 H, m, 8-Hp), 3.84-3.99 (1 H, m, 8-Hg).
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& (75 MHz; CDCly): 15.2 (CH,, C-4), 17.8 (CH,, C-10), 24.6 (CH,, C-9), 29.3 (CH,, C-3), 33.2 (CH,,
C-5), 34.8 (CH,, C-10), 62.4 (CH,, C-8), 102.7 (C, C-6), 171.6 (C, C-2).

m/z (El): 170 (M™, 12%), 126 (13), 115 (81), 114 (18), 101 (64), 98 (100), 87 (43), 83 (40), 70 (22), 60
(38), 55 (69).
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Figure 7.1: "°C NMR spectrum (75 MHz; CDCls) of oxaspirolactone 818.

7.2.3 Synthesis of Spiroacetals 815-817 and Spiroacetal Nitrile 858 |

(2R*,6S*)-2-Acetoxy-1,7-dioxaspiro[5.5]Jundecane (815)

To a solution of crude oxaspirolactone 818 (80.0 mg, 470 umol) in anhydrous toluene (2.0 mL)
at -78 °C was added dropwise DIBAL-H (611 pL, 1.0 mol L in THF, 611 pmol). After 15 min, MeOH
(0.2 mL) was added. After 30 min, EtOAc (5 mL) and saturated NaHCO; (1 mL) were added and the
mixture was warmed to room temperature. The aqueous phase was extracted with EtOAc (2 x 5 mL).
The combined organic extracts were dried over MgSO, and concentrated in vacuo to yield the crude
lactol as a pale yellow oil. This unstable lactol was used directly in the acetylation described below

without further purification.
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To a solution of crude lactol, DMAP (6.20 mg, 50.6 umol) and NEt; (70.5 uL, 506 pmol) in
anhydrous CH,CIl, (5.0 mL) at 0 °C was added a solution of Ac,O (33.5 uL, 354 umol) in CHClI,
(1.0 mL) dropwise. After 2 h, the reaction was warmed to room temperature and stirred overnight.
The organic phase was washed with saturated NH,4CI solution (5 mL) followed by saturated NaHCO;
solution (5 mL), dried over MgSO, and concentrated in vacuo. Purification by flash chromatography
using hexane—EtOAc—NEt; (98:1:1) yielded the title compound 815 (256 mg, 25%) as a pale yellow oil.

HRMS (El): M**, 214.1205, C41Hg04 requires 214.1205.
Vinax (film)lcm™: 2949 (C-H), 1751(C=0), 1368, 1239, 1228, 1199 (C-0), 1082 (C-0), 1043, 982.

& (300 MHz; CDCL3): 1.39-1.75 (8 H, m, 3-Ha, 4-Ha, 5-Ha, 9-Ha, 9-Hs, 10-Ha, 11-H and 11-Hg),
1.75-2.01 (4 H, m, 3-Hg, 4-Hg, 5-Hg and 10-Hg), 2.10 (3 H, s, COCH3), 3.62-3.69 (1 H, m, 8-Hp),
3.97-4.07 (1 H, m, 8-Hg), 5.94 (1 H, dd, Jy, 3,, 10.1 and Ja,, 3, 2.6, 2-Hay).

3ax 3eq

& (75 MHz; CDCl;): 17.5 (CH,, C-4), 18.3 (CH,, C-10), 21.3 (CHs, COCHs), 25.0 (CH,, C-9), 29.4
(CH,, C-3), 34.6 (CH,, C-11), 35.2 (CH,, C-5), 61.1 (CH,, C-8), 90.0 (CH, C-2), 98.6 (C, C-6), 169.6
(C=0, COCHs).

m/z (El): 214 (M™, 2%), 126 (20), 101 (27), 98 (100), 99 (14), 83 (16), 70 (10), 60 (11), 55 (33), 45
(12), 43 (70), 41 (23).
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Figure 7.2: "H NMR spectrum (300 MHz; CDCls) of acetate 815.
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Figure 7.3: "*C NMR spectrum (75 MHz; CDCls) of acetate 815.

2-(4',4'-Dimethoxybutyl)-2-methoxytetrahydro-2H-pyran (842) and (2S*6S*)-2-Methoxy-1,7-
dioxaspiro[5.5]Jundecane (816)

OMe OMe
OMe Minor isomer 816

()
Major isomer 842

To a solution of aldehyde 839 (100 mg, 387 umol) in MeOH (3.0 mL) at room temperature was
added p-toluenesulfonic acid monohydrate (3.33 mg, 19.4 umol). After 2 h, Pd/C (40.0 mg, 10% w/w)
was added and the mixture was flushed with hydrogen for 5 min followed by vigorous stirring overnight
under an atmosphere of hydrogen. The mixture was filtered through a pad of Celite® and
concentrated in vacuo. Further filtration through a pad of K,CO; followed by concentration in vacuo

yielded a dark yellow oil which was used directly in the following cyclisation without further purification.

To a solution of the above crude material in a 1:1 mixture of MeOH-benzene (3.0 mL) at room
temperature was added (+)-10-camphorsulfonic acid monohydrate (4.86 mg, 19.4 umol). After 18 h,
the mixture was filtered through a pad of K,CO3; and concentrated in vacuo. Further filtration through
a pad of silica followed by concentration in vacuo afforded an oil. Purification by flash chromatography
using pentane—Et,O (4:1 to 1:1) as eluent yielded the title compounds (30.2 mg, 51%) as an

inseparable 4:1 mixture of methoxy-pyran 842 : acetal 816.

HRMS (Cl): found [Ma— OMe]’, 201.1475, C44H» O3 requires 201.1491; found MgH®, 187.1329,
C10H1903 requires 187.1334.
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Vimax (film)lcm™: 2948 (C—H), 2872, 1460, 1362, 1193 (C-0), 1127 (C-0), 1091, 1059, 1028, 980, 946,
884, 868.

84 (400 MHz; CDCly): T1.31-2.00 (14.4 H, m, 3-H, 4-H, 5-H, 1-H, 2"-H, 3"-H, 3-H*, 4-H*, 5-H*, 9-H*,
10-H* and 11-H*), 3.17 (3 H, s, OMe), 3.31 (3 H, s, OMe), 3.32 (3 H, s, OMe), 3.54 (0.58 H, s, OMe*),
3.58-3.65 (2 H, m, 6-H), 3.65-3.68 (0.19 H, m, 8-Ha*), 3.74-3.82 (0.19 H, m, 8-Hg*), 4.36 (1 H, t,
iy 5.8, 4-H), 4.62 (0.19 H, dd, Jy,,- 5, 9.8 and o, 3.c+ 2.3, 2-Har®).

& (100 MHz; CDCly): 17.7 (CH,, C-10%), 18.5 (CH,, C-2'), 18.5 (CH,, C-4%), 18.6 (CH,, C-4), 25.2
(CH,, C-5), 25.3 (CH,, C-9*), 30.6 (CHj, C-3*), 32.6 (2 x CHj,, C-3 and C-3'), 34.8 (CH,, C-5* or C-11%),
35.6 (CH,, C-5* or C-11%), 36.1 (CH,, C-1'), 47.2 (CH3, OCHs), 52.6 (CH3, OCHs), 52.7 (CHs, OCHy),
56.0 (CHy, OCH3*), 60.7 (CH,, C-8*), 61.2 (CH,, C-6), 97.5 (C, C-6%), 97.8 (CH, C-2*), 98.8 (C, C-2),
104.4 (CH, C-4").

m/z (Cl): 201 (8%), 169 (100), 154 (13), 137 (78), 110 (18), 75 (11), 71 (12).

(2S*,6S*)-2-Ethoxy-1,7-dioxaspiro[5.5]lundecane (817)

8

O
2

O OEt
5

To a solution of keto-aldehyde 839 (423 mg, 1.64 mmol) in EtOH (20 mL) at room temperature
was added p-toluenesulfonic acid monohydrate (14.1 mg, 82.0 umol). After 2 h, Pd/C (150 mg,
10% w/w) was added and the mixture was flushed with hydrogen for 5 min followed by vigorous
stirring under an atmosphere of hydrogen overnight. NEt; (3 drops) was added and the mixture
filtered through a pad of Celite® then concentrated in vacuo. Purification by flash chromatography
using pentane—Et,0 (19:1 to 4:1) as eluent yielded the title compound (177 mg, 54%) as a pale yellow
oil together with a mixture of starting materials (146 mg). The recovered starting materials were
subjected to the above hydrogenation conditions to yield the title compound 817 (258 mg, 79% overall

yield after 2 cycles) after purification.

HRMS (CI): found MH", 201.1497, C;1H2,05 requires 201.1491.

Vmax (film)lem™: 2941 (C-H), 2870 (C-H), 1441, 1209, 1177, 1141 (C-0O), 1092 (C-O), 1045, 980,
949.

4 (400 MHz; CDCly): 1.27 (3 H, t, Jopscny 7.1, OCH,CHs), 1.36-1.48 (3 H, m, 3-Ha, 5-Ha and 11-Hy),
1.49-1.65 (5 H, m, 4-Hp, 5-Hg or 11-Hg, 9-Ha, 9-Hg and 10-H,), 1.68-1.98 (4 H, m, 3-Hg, 4-Hg, 5-Hg or
11-Hg and 10-Hg), 3.56 (1 H, dq, Jag 9.2 and Jep, cn, 7.1, OCHAHsCH3), 3.62-3.68 (1 H, m, 8-H,), 3.76
(1H, ddd, Jas 11.4, Jg,0, 112 and Jg, 0, 2.9, 8-Hg), 4.03 (1H, dq, Jas 9.2 and Jomycrs 7.1,
OCHaH5CHs), 4.72 (1 H, dd, Jz,,3,, 9.9 and Jz,, 5, 2.2, 2-Hay).

3ax 3eq

T Resonances assigned to the minor product, methoxy-spiroacetal 816, are designated with an asterisk *.
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& (100 MHz; CDCls): 15.2 (CHs, OCH,CHs), 17.8 (CH,, C-4 or C-10), 18.5 (CH,, C-4 or C-10), 25.3
(CH,, C-9), 30.8 (CH,, C-3), 34.8 (CHy, C-5 or C-11), 35.5 (CH,, C-5 or C-11), 60.7 (CH,, C-8), 64.2
(CH,, OCH,CHj), 96.5 (CH, C-2), 97.5 (C, C-6).

m/z (Cl): 201 (MH", 4%), 199 (M — H, 13), 185 (24), 183 (24), 155 (M — OEt, 100), 139 (16), 137 (76).
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Figure 7.4: "H NMR spectrum (400 MHz; CDCls) of acetal 817.
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Figure 7.5: "°C NMR spectrum (100 MHz; CDCl3) of acetal 817.
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(2S*,6R*)-2-Azido-1,7-dioxaspiro[5.5]Jundecane (814b) and (2S*6S*)-2-Azido-1,7-

dioxaspiro[5.5]Jundecane (814a)

8
Major isomer: g\‘ Minor isomer:
. 3 4
Axial (25*6R*)-814b Equatorial (25*6S*)-814a
O/;j
To a solution of ethoxy-spiroacetal 817 (30.0 mg, 150 umol) and TMSN; (99.4 uL, 749 umol)
in anhydrous CH,Cl, (3.0 mL) at 0°C was added freshly prepared TMSOTf solution (375 pL,
0.80 mol L™ in CH,Cl,, 300 umol). After 2 h, a second portion of TMSOTT solution (187 pL, 150 umol)

was added to the mixture dropwise. After 1 h, saturated NaHCO; solution (3 mL) was added and the

aqueous phase was extracted with Et,O (3 x 10 mL). The combined organic extracts were dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using pentane—Et,O (19:1)
as eluent yielded the title compounds (20.8 mg, 71%) as an inseparable 3:1 mixture of axial azido-

spiroacetal 814b : equatorial azido-spiroacetal 814a as a pale yellow oil.

Vimax (film)lem™: 2947 (C—H), 2873, 2103 (N;), 1454, 1245 (C—O), 1208 (C-O), 1046, 868.

84 (400 MHz; CDCl): ¥1.18-1.95 (15.6 H, m, 3-H, 4-H, 5-H, 9-H, 10-H, 11-H, 3-H*, 4-H*, 5-H*, 9-H*,
10-H*, 11-H*), 3.78-3.82 (2 H, m, 8-H), 3.87-3.94 (0.61 H, m, 8-H*), 4.66 (1 H, t, J53 6.5, 2¢4-H), 4.85
(0.30 H, dd, Jy,,- 5, 10.8 and J, - 3.0+ 2.4, 2-Ha,).

& (100 MHz; CDCl,): 17.8 (CH,, C-4* or C-10*), 18.3 (CH,, C-4* or C-10*), 18.8 (CH,, C-4 or C-10),
19.0 (CH,, C-4 or C-10), 24.7 (CH,, C-9), 29.7 (CH,, C-9*), 30.2 (CH,, C-3%), 32.3 (CH,, C-3), 34.0
(CHy, C-5), 34.5 (CH,, C-5%), 35.2 (CH,, C-11%), 39.6 (CH,, C-11), 60.8 (CH,, C-8*), 63.3 (CH,, C-8),
77.8 (CH, C-2), 83.3 (CH, C-2*), 93.9 (C, C-6), 98.3 (C, C-6*).

m/z (Cl): 170 (MH' — N,, 30%), 155 (M — N3, 100), 152 (45), 141 (17), 137 (20), 98 (16), 85 (17).

(2S*6S*)-2-Cyano-1,7-dioxaspiro[5.5]Jundecane (858)

To a solution of ethoxy-spiroacetal 817 (30.0 mg, 150 umol) and TMSCN (100 uL, 749 pumol)
in anhydrous CH.Cl, (3.0 mL) at 0°C was added freshly prepared TMSOTf solution (375 uL,
0.80 mol L™ in CH,Cl,, 300 umol). After 3 h, saturated NaHCOj3 solution (3 mL) was added and the
aqueous phase was extracted with Et;0 (4 x 4 mL). The combined organic extracts were dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using pentane—Et,O (19:1)

as eluent yielded the title compound 858 (2.00 mg, 7%) as a pale yellow oil.

HRMS (EIl): found M**, 181.1109, C4oHsNO, requires 181.1103.

* Resonances assigned to the minor product, equatorial azido-spiroacetal 814a, are designated with an asterisk *.
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6u (400 MHz; CDCI3): 1.41-1.49 (1 H, m, 3-Ha), 1.57-1.93 (11 H, m, 3-Hg, 4-Ha, 4-Hg, 5-Ha, 5-Hg,
9-Hp, 9-Hg, 10-Ha, 10-Hg, 11-Ha and 11-Hg), 3.63-3.67 (2 H, m, 8-H), 4.53 (1 H, dd, J,,, 3, 11.7 and
J21.30q 2-5, 2-Hay).

,3eq

& (100 MHz; CDCls): 17.7 (CH,, C-4 or C-10), 18.1 (CH,, C-4 or C-10), 24.8 (CH,, C-9), 29.3 (CH,,
C-3), 34.4 (CH,, C-5 or C-11), 34.9 (CH,, C-5 or C-11), 61.0 (CH,, C-8), 65.6 (CH, C-2), 97.9 (C, C-6),
117.6 (C, CN).

m/z (El): 181 (M™*, 17%), 126 (100), 125 (57), 123 (74), 98 (87), 85 (59), 84 (40), 83 (31), 80 (35). 71
(23).

117.56
65.56
61.01
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Figure 7.6: "°C NMR spectrum (100 MHz; CDCls) of cyano-spiroacetal 858.

7.2.4 Synthesis of Spiroacetal Nucleoside-Models 811

1-([2'S*6'S*]-1",7"-Dioxaspiro[5.5]Jundecan-2'-yl)-5-fluorocytidine (811a)

NH2

8 F\ﬁN

.6 6 2

2 N/\/[F Enamide impurity 846 o OH N/g
2 8’ .

AP, g Wz

This procedure is an adaptation of thatreported by Vorbriiggen et al.'

Spiroacetal

5-fluorocytidine 811a o
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A suspension of 5-fluorocytosine (43.5 mg, 337 umol) in N,O-bis(trimethylsilyl)acetamide
(0.33 mL) was heated to reflux until the white solid dissolved. After 2 h, the mixture was concentrated
in vacuo to a thick yellow oil. Acetate 815 (42.3 mg, 198 umol) in CH,CI, (2.5 mL) was added to this
oil and the mixture cooled to 0 °C. TMSOTf (35.8 uL, 198 umol) was added dropwise. The mixture
was stirred at 0 °C for 2 h then warmed to room temperature. After 18 h, saturated NaHCOj; solution
(2 mL) was added and the mixture stirred for 15 min. The aqueous phase was extracted with CH,ClI,
(3x3 mL). The combined organic extracts were dried over MgSO, and concentrated in vacuo.
Purification by flash chromatography using hexane—EtOAc-MeOH (1:1:0, 0:1:0 to 0:19:1) as eluent
followed by PLC using CH,Cl,—MeOH (99:1) as eluent yielded the title compound 811a (21.9 mg, 39%)
and the enamide impurity 846 (13.3 mg, 24%) as pale yellow oils.

Spiroacetal 5-fluorocytidine 811a

HRMS (FAB): found MH", 284.1412, C43HgFN3O5 requires 284.1410.

Vax (film)lem™; 3342 (N—H), 3048 (N—H), 2936 (C—H), 1693 (C=0), 1644, 1514, 1406, 1278 (C-O),
1035, 977, 772.

&4 (300 MHz; CDCl; with a drop of CD;0D): 1.27-1.35 (1 H, m, 3"H,), 1.36-1.47 (1 H, m, 5"Hy),
1.47-1.61 (4 H, m, 9-Ha, 9-Hg, 10-H, and 11-H,), 1.65-1.83 (4 H, m, 4#-Hy, 5'-Hg, 10"-Hg and 11"-Hg),
1.97-2.13 (2 H, m, 3-Hg and 4'-Hg), 2.82 (2 H, br s, NH,), 3.64-3.77 (2 H, m, 8'-H), 6.03 (1 H, ddd,
Jz'ax,3'ax 10.9, J2'ax,3'eq 2.3 and J2'ax,5F 2.1, 2"Hax)1 7.55 (1 H, d, J6,5F 6.3, 6-H)

& (100 MHz; CDCl, with a drop of CD;0D): 17.8 (CH,, C-4"), 18.1 (CH,, C-10"), 24.7 (CH,, C-9",
30.6 (CH,, C-3"), 34.6 (CH,, C-5'), 35.1 (CH,, C-11'), 60.9 (CH,, C-8'), 77.5 (CH, C-2'), 98.5 (C, C-6'),
125.3 (CH, d, J s 31.4, C-6), 136.6 (C, d, Js s 242.5, C-5), 154.1 (C, C-2), 157.6 (C, Jasr 13.6, C-4).
6 (282 MHz; CFCl;): -169.2 (CF, 5-F).

m/z (FAB): 284 (MH", 18%), 165 (12), 155 (CoH150,, 100), 130 (63), 120 (31), 111 (19).

Enamide impurity 846

& (300 MHz; CDCly): 1.20-2.13 (12 H, m, 3-H, 4-H, 5"-H, 9"H, 10-H and 11-H,), 3.95-4.12 (2 H, m,
8"-H), 4.74-4.89 (1 H, m, 2-H), 5.27 (1 H, d, J» 5 8.4, 2'-H), 7.38 (1 H, d, Js 5 5.4, 6-H).
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Figure 7.7: "H NMR spectrum (300 MHz; CDCl3 with a drop of CD30D) of fluorocytidine 811a.
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Figure 7.8: 3C NMR spectrum (100 MHz; CDCls with a drop of CD30D) of fluorocytidine 811a.
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1-([2'S*,6'S*]-1',7"-Dioxaspiro[5.5]Jundecan-2'-yl)uridine (811d)

This procedure is an adaptation of that reported by Vorbriiggen et al."®

A suspension of uracil (28.0 mg, 255 umol) in N,O-bis(trimethylsilyl)acetamide (125 L,
510 pumol) and MeCN (1.0 mL) was heated to reflux until the white solid dissolved. After 2 h, ethoxy
acetal 817 (30.0 mg, 150 umol) in CH,CI, (1.0 mL) was added and the mixture was cooled to 0 °C.
TMSOTf (29.8 uL, 165 umol) was added dropwise. The mixture was stirred at 0 °C for 2 h then
warmed to room temperature. After 18 h, saturated NaHCO; solution (2 mL) was added and the
mixture was stirred for 15 min. The aqueous phase was extracted with EtOAc (3x7 mL). The
combined organic extracts were dried over MgSO, and concentrated in vacuo. Purification by flash
chromatography using hexane—EtOAc (1:1) as eluent followed by PLC using hexane—EtOAc (1:1) as

eluent yielded the title compound 811d (7.50 mg, 19%) as a colourless oil.

HRMS (El): found M™, 266.1273, C43H1sN,O,4 requires 266.1267.

Vimax (film)fem™: 3196br (N=H), 3059br (N-H), 2944 (C-H), 1693 (C=0), 1457, 1269 (C-O), 1204,
1072, 985.

4 (400 MHz; CDCl): 1.39-1.58 (6 H, m, 3"-Hp, 5'-Ha, 9'-Ha, 9"-Hg, 10"-Ha and 11-H,), 1.66-1.84 (4 H,
m, 4-Hp, 5'-Hg, 10-Hg and 11-Hg), 1.86-1.92 (1 H, m, 3"-Hg), 2.00-2.12 (1 H, m, 4'-Hg), 3.66-3.77
(2 H, m, 8-H), 5.75 (1 H, dd, Jss 8.1 and J 2.2, 5-H). 5.95 (1 H, dd, Ja, 3, 11.2, Ja 30 2.5, 2'-Hay), 8.1
(1H, d, Jos 8.1, 6-H), 2.49 (1 H, br s, NH).

S (100 MHz; CDCls): 18.0 (CH,, C-4'), 18.2 (CH,, C-10°), 24.8 (CH,, C-9"), 30.2 (CH,, C-3'), 34.6 (CH.,
C-5'), 35.1 (CH,, C-11"), 61.0 (CH,, C-8'), 76.5 (CH, C-2'), 98.6 (C, C-6), 102.3 (CH, C-5), 140.3 (CH,
C-6), 150.0 (C, C-2), 162.9 (C, C-4).

m/z (El): 266 (M™, 2%), 155 (CoH:50,, 100), 138 (13), 126 (17), 111 (21), 108 (10), 98 (93), 95 (13),
55 (23).
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Figure 7.9: "H NMR spectrum (400 MHz; CDCls) of uridine 811d.
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Figure 7.10: *C NMR spectrum (100 MHz; CDCls) of uridine 811d.
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7.2.5 Synthesis of Spiroacetal Triazole-Models 812 |

Dimethyl 1-([2'S*6'S*]-1',7'-Dioxaspiro[5.5]Jundec-2'-yl)-1H-1,2,3-triazole-4,5-dicarboxylate (812a)

A 3:1 mixture of azide 814b and 814a (30.0 mg, 152 umol) in dimethylacetylene dicarboxylate
(190 pL, 1.52 mmol) was stirred at 70 °C for 3 h. The reaction mixture was purified directly by flash
chromatography using hexane—EtOAc (4:1) as eluent to give the title compound 812a (12.0 mg, 24%)

as a pale yellow oil.

HRMS (El): found M™, 339.1427, C4sH,;N3Og requires 339.1430.
Vinax (film)/cm'1: 2954 (C-H), 1735 (C=0), 1458, 1212 (C-0), 1103 (C-0), 984.

84 (300 MHz; CDCl): 1.49-1.62 (6 H, m, 3"-Ha, 5-Ha, 9"-Ha, 9"-Hg, 10"-Ha and 11'-Ha), 1.64—1.83 (4 H,
m, 4'-Ha, 10-Hg, 5'Hg and 11-Hg), 2.02-2.09 (1 H, m, 4'-Hg), 2.12-2.31 (2 H, m, 3"-Hg), 3.67-3.72
(2H, m, 8-H), 3.96 (3H, s, OCHs), 3.99 (3H, s, OCHy), 6.15 (1 H, dd, Uz, 3., 10.7 and Jo,, 3, 3.1,
2"-Hay).

& (75 MHz; CDCl3): 17.6 (CH,, C-4"), 18.0 (CH,, C-10"), 24.8 (CHj, C-9'), 30.3 (CH,, C-3), 34.5 (CH.,
C-5' or C-11"), 35.0 (CH,, C-5' or C-11), 52.5 (CH3, OCHs), 53.4 (CHs, OCHs), 61.1 (CH,, C-8'), 82.7
(CH, C-2'), 98.9 (C, C-6'), 133.4 (C, C-5), 138.3 (C, C-4), 160.0 (C, C=0), 160.3 (C, C=0).

m/z (EI'): 339 (M™, 3%), 280 (M — CO,Me, 5), 155 (CoH450,, 24), 154 (67), 126 (25), 98 (100), 55 (46).
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Figure 7.11: "H NMR spectrum (300 MHz; CDCls) of triazole 812a.
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Figure 7.12: "*C NMR spectrum (75 MHz; CDCl3) of triazole 812a.

4-[2"-(Benzyloxy)ethyl]-1-([2'S*6'S*]-1", 7"-dioxaspiro[5.5]undecan-2'-yl)-1H-1,2,3-triazole (812c)

OBn

This procedure is an adaptation of that reported by Tornge et al.'

To a 3:1 mixture of azide 814b and 814a (30.0 mg, 152 umol) and 1-(benzyloxy)but-3-
yne (821) (29.2 mg, 183 umol) in anhydrous toluene (500 puL) at room temperature was added Cul
(5.79 mg, 30.4 umol) and DIPEA (26.5 uL, 152 umol). After 18 h, a second portion of Cul (24.0 mg,
126 pmol) and DIPEA (104 pL, 597 umol) were added. After 18 h, the mixture was filtered through
Celite® and concentrated in vacuo. Purification by flash chromatography using CH,CI,—EtOAc (9:1) as

eluent yielded the title compound 812c (5.70 mg, 10%) as a pale yellow oil.

HRMS (El): found M*™*, 357.2056, C,H,;N30; requires 357.2052.
Vinax (film)lem™: 2921 (C-H), 2869, 1604, 1495, 1455, 1209 (C-0), 4417, 1081 (C-0), 1030, 729, 694.

84 (400 MHz; CDCly): 1.48-1.62 (5 H, m, 5'-Hpa, 9-Ha, 9-Hg, 10"-Ha and 11'-H,), 1.70-1.82 (4 H, m,
4"-Hp, 5'Hg, 10-Hg and 11-Hg), 1.82-1.92 (1 H, m, 3"-H,), 2.03-2.15 (2 H, m, 3"-Hg and 4"-Hg), 3.08
(2H, t, Jyp 6.6, 1"-H), 3.74-3.84 (2 H, m, 8'-H), 3.79 (2 H, t, Jo 1 6.6, 2"-H), 4.55 (2 H, s, OCH.Ph),
5.96 (1 H, dd, Jy,, 5, 11.1 and Jpy, 3, 2.2, 2"-Hay), 7.27-7.36 (5 H, m, Ph), 7.58 (1 H, s, 5-H).

& (100 MHz; CDCly): 18.1 (CH,, C-10'), 18.2 (CH,, C-4'), 24.9 (CH,, C-9'), 26.6 (CH,, C-1"), 31.0
(CH,, C-3'), 34.6 (CH,, C-5, 35.0 (CH,, C-11)), 61.1 (CH,, C-8), 69.1 (CH,, C-2"), 73.0 (CH,
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OCH,Ph), 81.2 (CH, C-2), 98.4 (C, C-6'), 119.8 (CH, C-5), 127.7 (2 x CH, Ph), 128.4 (CH, Ph), 138.3
(C, Ph), 145.1 (C, C-4).

m/z (El): 357 (M™*, 1%), 204 (14), 155 (CoH150,, 15), 136 (64), 97 (66), 91 (100, Bn), 79 (11), 65 (13),
55 (15).
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Figure 7.13: "HNMR spectrum (400 MHz; CDCls) of triazole 812c.
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Figure 7.14: "*C NMR spectrum (100 MHz; CDCls) of triazole 812c.
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Ethyl 1-([2°'S*6'S*]-1',7'-Dioxaspiro[5.5]undecan-2'-yl)-1H-1,2,3-triazole-4-carboxylate (812d)

This procedure is an adaptation of that reported by Vargas-Berenguel et al."’

To a 3:1 mixture of azide 814b and 814a (49.3 mg, 250 umol) in anhydrous toluene (500 uL)
at room temperature under an atmosphere of argon was added Cul[P(OEt);] (8.92 mg, 25.0 umol)
and ethyl propiolate (857) (5 x 25.3 uL, 1.25 mmol in total) in 5 portions at 30 min intervals. The
resulting mixture was stirred overnight and was purified directly by flash chromatography using
CH,CI—EtOAc (1:0 to 19:1) as eluent to give the title compound 812d (17.0 mg, 23%) as a pale yellow
oil.

HRMS (El): found M™, 295.1530, C14H,;N30, requires 295.1532.
Vimax (film)lem™: 2941 (C-H), 1731 (C=0), 1214 (C-0), 1032 (C-O).

& (400 MHz; CDCL3): 1.42 (3 H, t, Jowscr, 7.1, OCH,CH3), 1.49-1.61 (5H, m, 5-Hp, 9-Hpa, 9'-H,
10-H, and 11-Hp), 1.73-1.87 (5 H, m, 3"-Ha, 4'-Ha, 5"-Hg, 10-Hg and 11-Hg), 2.10 (1 H, m, 4"-Hg),
2.18-2.24 (1 H, m, 3"-Hg), 3.72-3.77 (2 H, m, 8"-H), 4.44 (2 H, q, Jep,.cn, 7.1, OCH,CHy), 6.05 (1 H, dd,
o 10.9 and o, 3, 2.4, 2-Hay), 8.29 (1 H, s, 5-H).

& (100 MHz; CDCly): 14.3 (CHs, OCH,CHj), 17.8 (CH,, C-4"), 18.1 (CH,, C-10'), 24.7 (CH,, C-9'),
31.4 (CH,, C-3'), 34.5 (CH,, C-5' or C-11"), 34.9 (CH,, C-5' or C-11), 61.2 (CH,, C-8), 61.3 (CH.,
OCH,CHs), 81.7 (CH, C-2), 98.7 (C, C-6'), 125.6 (CH, C-5), 140.1 (C, C-4), 160.8 (C, C=0).

m/z (El): 295 (M™, 2%), 222 (M — CO,Et, 3), 155 (CoH1505, 41), 126 (59), 111 (17), 98 (CH=CCO,Et,
100), 96 (25), 55 (27), 43 (15), 41 (24).
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Figure 7.15: '"H NMR spectrum (400 MHz; CDCls) of triazole 812d.
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Figure 7.16: "°C NMR spectrum (100 MHz; CDCl3) of triazole 812d.

7.3 Experimental Data-Spiroacetals Bearing a

Hydroxymethyl Substituent

7.3.1 Synthesis of Valerolactone 865

Ethyl 1,4-Dioxaspiro[4.4]nonane-6-carboxylate (927)'%?°

/2\

o)

5 0O
gé/cogEt

This procedure is an adaptation of that reported by Taylor et al.®

A solution of ethyl 2-oxocyclopentanecarbocylate (877) (4.74 mL, 32.0 mmol), p-
toluenesulfonic acid monohydrate (121 mg, 640 umol) and ethylene glycol (2.14 mL, 38.4 mmol) in
CH,CI, (100 mL) was heated to reflux under a reverse Dean-Stark apparatus. After 18 h, the organic
phase was washed with saturated NaHCO; solution (2 x 20 mL) and brine (20 mL). The resulted
mixture was dried over MgSO,4 and concentrated in vacuo to give the title acetal 927 (6.40 g, 100%) as
a pale yellow oil which was used in the LiAIH4 reduction described below without further purification.

The spectral data were in agreement with that reported in the literatures.'®"®

198



Chapter 7: Experimental 7.3 Experimental Data—Spiroacetals Bearing a Hydroxymethyl Substituent

HRMS (CI): found MH", 201.1123, C4oH;704 requires 201.1127.

& (400 MHz; CDCL3): 1.27 (3 H, t, Jopscn, 7.1, OCH,CHs), 1.60-1.71 (1 H, m, 8-Ha), 1.78-1.87 (2 H,
m, 8-Hg and 9-Hp), 1.88-1.97 (2H, m, 9-Hg and 7-H,), 2.13 (1 H, dq, Jas 13.2 and Joge = Jrgs =
Jrgse 7.4, T-Hg), 2.90 (1H, dd, Js7,8.9 and Jg7, 7.0, 6-H), 3.86-3.98 (3H, m, 2-H and 3-Ha),
3.99-4.06 (1H, m, 3-Hg), 4.14 (1H, dq, Jas 10.9 and Jeupcr, 7.1, OCH4HsCH3), 4.20 (1 H, dq,
Jag 10.9 and Jep, on, 7.1, OCHAHECHS).

S (100 MHz; CDCL): 14.2 (CHa, OCH,CHj), 22.0 (CH,, C-8), 26.8 (CH,, C-7), 36.7 (CH,, C-9), 52.2
(CH, C-6), 60.3 (CH,, OCH,CHj), 64.4 (CH,, C-3), 65.1 (CH,, C-2), 118.3 (C, C-5), 172.3 (C, C=0).

m/z (Cl): 201 (MH", 30%), 200 (M", 9), 155 (M — OEt, 57), 100 (27), 99 (100).

6-Hydroxymethyl-1,4-dioxaspiro[4.4]nonane (928)"**'

Oﬁ;\o
o
This procedure is an adaptation of that reported by Taylor et al.®
To a slurry of LiAIH4 (469 mg, 12.4 mmol) in anhydrous Et,O (10 mL) was added a solution of
crude ester 927 (3.30 g, 16.5 mmol) in anhydrous Et,O (15 mL) dropwise and the mixture was heated
to reflux for 2 h. Additional LiAIH; (250 mg, 6.59 mmol) was added and the mixture was heated to
reflux for another 2 h. The reaction was cooled to room temperature and MeOH was added dropwise
until fizzing stopped. The resulting slurry was filtered through a pad of Celite®. Saturated Rochelle’s
salt solution (40 mL) was added to the filtrate and the mixture was stirred vigorously for 30 min. The
aqueous phase was extracted with ether (3 x 30 mL) and the combined organic extracts were dried
over MgSO,. Concentration in vacuo and re-filtration through a pad of Celite® yielded the title
alcohol 928 as an orange oil (2.55 g, 98%) which was used in the hydroxyl protection step described
below without further purification. Purification by flash chromatography was performed using
hexane—EtOAc (7:3) as eluent. The spectral data were in agreement with that reported in the

literatures.'®?'

HRMS (El): found M™, 158.0944, CgH,,05 requires 158.0943.

84 (400 MHz; CDCl3): 1.51-1.72 (3 H, m, 7-H, and 8-H), 1.72-1.80 (2 H, m, 9-H), 1.81-1.91 (1 H, m,
7-Ha), 214 (1H, tt, Js77.9 and Jsecn, 5.6, 6-H), 2.67 (1 H, br s, OH), 3.64 (2H, d, Jo.ci,s 5.6,
6-CH,0), 3.87-4.01 (4 H, m, 2-H and 3-H).

& (100 MHz; CDCly): 21.0 (CH,, C-8), 25.7 (CH,, C-7), 35.5 (CH,, C-9), 46.9 (CH, C-6), 62.2 (CH,,
6-CH,0), 63.8 (CH,, C-2), 64.3 (CH,, C-3), 118.7 (C, C-5).

m/z (El): 158 (M™, 10%), 149 (20), 141 (M — OH, 8), 129 (25), 99 (100), 81 (26), 69 (34), 41 (31).
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6-(tert-Butyldiphenylsilyloxymethyl)-1,4-dioxaspiro[4,4]Jnonane (878)*

/7

0.5 0
96/\OTBDPS

To a solution of crude alcohol 928 (2.55 g, 16.1 mmol), NEt; (2.70 mL, 19.4 mmol) and DMAP
(393 mg, 3.22 mmol) in anhydrous CH,CIl, (50 mL) at room temperature was added TBDPSCI
(4.40 mL, 16.9 mmol) dropwise. After 18 h, saturated NH,CI solution (100 mL) was added and the
aqueous phase was extracted with Et,O (3 x 40 mL). The combined organic extracts were dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using hexane—CH.Cl, (4:1 to
2:3) as eluent yielded the title silyl ether 878 (5.89 g, 92%) as a colourless oil. The spectral data were

in agreement with that reported in the literature.®

HRMS (Cl): found MH", 397.2207, C,4H3305Si requires 397.2199.

&4 (300 MHz; CDCly): 1.04 (9 H, s, OSiPh,'Bu), 1.50—1.71 (3 H, m, 7-Ha, 8-Ha and 8-Hg), 1.72-1.80
(2H, m, 9-H), 1.87-2.00 (1 H, m, 7-Hg), 2.14-2.25 (1 H, m, 6-H), 3.56 (1 H, dd, Jsg 10.2 and
Jo-chpe 7.8, 6-CH,HgO), 3.71-3.86 (5H, m, 2-H, 3-H and 6-CHsHgO), 7.33-7.44 (6 H, m, Ph),
7.66-7.71 (4 H, m, Ph).

& (75 MHz; CDCl,): 19.2 (C, OSiPh,'Bu), 21.1 (CH,, C-8), 26.9 (CHs, OSiPh,'Bu), 27.6 (CH,, C-7),
36.5 (CH,, C-9), 48.4 (CH, C-6), 63.8 (CH,, 6-CH,0), 64.1 (CH,, C-2), 64.8 (CH,, C-3), 117.8 (C, C-5),
127.6 (CH, Ph), 129.5 (CH, Ph), 134.0 (C, Ph), 134.1 (C, Ph), 135.6 (CH, Ph), 135.6 (CH, Ph).

m/z (C1): 397 (MH", 100%), 339 (M — ‘Bu, 12), 319 (M — Ph, 12), 195 (41), 275 (33), 141 (31), 62 (40).

2-(tert-Butyldiphenylsilyloxymethyl)cyclopentanone (929)*°
O

éz/\OTBDPS

A solution of acetal 878 (5.00 g, 12.6 mmol) and PPTS (797 mg, 3.17 mmol) in acetone
(80 mL) and water (30 mL) was heated to reflux. After 4 h, Et,O (80 mL) and solid NaCl were added
until the aqueous phase was saturated. The aqueous phase was extracted with Et,O (3 x 80 mL).
The combined organic extracts were washed with saturated NaHCO; solution (2 x 40 mL), dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using hexane—Et,O (9:1 to
1:1) as eluent followed by recrystallisation from hot hexane yielded the title ketone 929 (4.39 g, 99%)

as a white powder. The spectral data were in agreement with that reported in the literature.”®

M.p.: 70.8-72.1 °C (lit. m.p.?%: 71.2-72.4 °C).
HRMS (Cl): found MH", 353.1932, C,,H»50,Si requires 353.1937.

Vimax (film)fem™': 2930 (C—H), 1728 (C=0), 1427, 1113 (C-0), 821, 701.
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84 (400 MHz; CDCl): 1.02 (9 H, s, OSiPh,'Bu), 1.76-1.85 (1 H, m, 3-Ha), 2.0-2.34 (6 H, m, 2-H, 3-H,
4-Hp, 4-Hg, 5-Ha and 5-Hg), 3.76 (1 H, dd, Jag 10.0 and Jy.ciip2 3.0, 2-CHaHg0), 3.95 (1 H, dd, Jag 10.0
and Jo.cy,2 4.5, 2-CHAHgO), 7.35-7.42 (6 H, m, Ph), 7.63-7.76 (4 H, m, Ph).

& (100 MHz; CDCl,): 19.3 (C, OSiPh,'Bu), 21.0 (CH,, C-3), 16.5 (CH,, C-4), 26.8 (CHa, OSiPh,'Bu),
39.2 (CH,, C-5), 50.8 (CH, C-2), 62.6 (CH,, 2-CH,0), 127.7 (CH, Ph), 129.6 (CH, Ph), 133.2 (C, Ph),
133.5 (C, Ph), 135.5 (CH, Ph), 135.6 (CH, Ph).

m/z (Cl): 370 (MH + NHa, 2%), 353 (MH", 1), 295 (M — 'Bu, 24), 275 (M — Ph, 100), 217 (7), 196 (7).

6-(tert-Butyldiphenylsilyloxymethyl)tetrahydro-2H-pyran-2-one (865)20’22
0]
3 S0
5 7 OTBDPS

This procedure is an adaptation of that reported by Taylor et al.?’ and Uenishi et al.?

To a solution of ketone 929 (8.01 g, 22.7 mmol) in CH,Cl, (110 mL) at room temperature was
added NaHCO; (3.82 g, 45.4 mmol) and m-CPBA (9.52 g, 70%, 38.6 mmol). After 3 h, saturated
Na,S,0;3 solution (30 mL) and water (30 mL) were added and stirred for 20 min. The organic phase
was washed with saturated NaHCO; solution (2 x 100 mL). The combined organic phase was dried
over MgSQO, and concentrated in vacuo. Purification by flash chromatography using hexane—EtOAc
(9:1 to 7:3) as eluent yielded the title valerolactone 865 (8.14 g, 97%) as a cream solid. Further
purification by recrystallisation from hot hexane yielded cream needles The spectral data were in

agreement with that reported in the literature.®

M.p.: 93.7-94.9 °C (lit. m.p.%%: 94.0-94.7 °C).

HRMS (Cl): found MH", 369.1888, C,,H,403Si requires 369.1886.

Vimax (film)lem™: 2923 (C—H), 1731 (C=0), 1248, 1108 (C-0), 707.

&+ (400 MHz; CDCly): 1.06 (9 H, s, OSiPh,'Bu), 1.73-1.87 (2 H, m, 4-Ha and 5-H,), 1.93-2.00 (2 H, m,
4-Hg and 5-Hg), 2.45 (1 H, ddd, Jag 17.9, J3,4, 8.8 and Js, 4, 6.5, 3-Hy), 2.69 (1 H, m, 3-Hg), 3.75 (1 H,
dd, Jag 10.6 and Js,65.0, 7-Hp), 3.79 (1 H, dd, Jag 10.6 and Jry6 3.9, 7-Hg), 4.39 (1 H, m, 6-H),
7.37-7.46 (6 H, m, Ph), 7.66 (4 H, m, Ph).

& (100 MHz; CDCls): 18.3 (CH,, C-4), 19.2 (C, OSiPh,'Bu), 24.4 (CH,, C-4), 26.7 (CHs, OSiPh,'Bu),
29.9 (CH,, C-3), 65.5 (CH,, C-7), 80.2 (CH, C-6), 127.7 (CH, Ph), 129.8 (CH, Ph), 132.9 (C, Ph), 133.0
(C, Ph), 135.5 (CH, Ph), 135.6 (CH, Ph), 171.2 (C, C=0).

m/z (Cl): 386 (MH + NH3, 18%), 369 (MH", 4), 311 (M — Bu, 57), 291 (M — Ph, 100), 233 (52).
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7.3.2 Synthesis of Spiroacetal 883

1-(Benzyloxy)-10-(tert-butyldiphenylsilyloxy)-9-hydroxydec-3-yn-5-one (881)
TBDPSO o
HO™ % N

OBn
To a solution of 1-(benzyloxy)but-3-yne (821) (198 mg, 1.24 mmol) in anhydrous THF (4.0 mL)

at -78 °C was added BuLi (930 uL, 1.6 mol L™ in hexane, 1.49 mmol) dropwise. After 30 min, a
solution of valerolactone 865 (500 mg, 1.36 mmol) in anhydrous THF (2.0 mL) was added dropwise.
After 2 h, saturated NH,CI solution (3 mL) was added. The mixture was warmed to room temperature
and the aqueous phase extracted with EtOAc (3 x4 mL). The combined organic extracts were dried
over MgSO, and concentrated in vacuo. Purification by flash chromatography using hexane—Et,0 (4:1)
as eluent yielded the title compound 881 (478 mg, 73%) as a pale yellow oil together with the benzyl
ether 821 (52.7 mg, 27%).

HRMS (FAB): found [M — OH]", 511.2664, C33H3305Si requires 511.2669.

Vimax (film)lcm™: 3478br (O—H), 2930 (C-H), 2858 (C—H), 2215 (C=C), 1732 (C=0), 1673, 1471, 1428,
1361, 1240, 1112 (C-0), 740, 702.

8 (300 MHz; CDCl,): 1.06 (9 H, s, OSiPh,'Bu), 1.35-1.44 (2 H, m, 8-H), 1.61-1.73 (1 H, m, 7-Hp),
1.73-1.86 (1 H, m, 7-Hg), 2.48 (1 H, br s, OH), 2.54 (2 H, t, Js7 7.3, 6-H), 2.65 (2 H, t, Jo1 6.8, 2-H),
3.47 (1H, dd, Jag 9.9 and Jigsg 7.3, 10-Hp), 3.62 (2 H, t, J;, 6.8, 1-H), 3.61-3.66 (1 H, m, 10-Hg),
3.66-3.74 (1H, m, 9-H), 454 (2H, s, OCH.Ph), 7.26-7.44 (11 H, m, OSiPh,Bu and OCH,Ph),
7.63-7.68 (4 H, m, OSiPh,'Bu),.

& (75 MHz; CDCly): 19.2 (C, OSiPh,'Bu), 20.0 (CH,, C-7), 20.4 (CH,, C-2), 26.8 (CHs, OSiPh,'Bu),
31.9 (CH,, C-8), 45.2 (CH,, C-6), 67.2 (CH,, C-1), 67.9 (CH,, C-10), 71.5 (CH, C-9), 73.1 (CH,,
OCH,Ph), 81.4 (C, C-4), 90.6 (C, C-3), 127.7 (CH, OCH,Ph), 127.8 (CH, OCH.Ph and OSiPh,Bu),
128.5 (CH, OCH,Ph), 129.8 (CH, OSiPh,Bu), 133.1 (C, OSiPh,Bu), 135.5 (CH, OSiPh,Bu), 137.7 (C,
OCH,Ph), 187.7 (C, C-5).

m/z (FAB): 511 (M — OH]", 17%), 471 (M = Bu, 3), 451 (M — Ph, 2), 421 (M — OBn, 1), 239 (SiPh,'Bu,
5), 207 (18), 199 (45), 197 (37), 139 (18), 137 (34), 135 (67), 91 (Bn, 100).
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Figure 7.17: "H NMR spectrum (300 MHz; CDCl3) of keto-alcohol 881.
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Figure 7.18: "*C NMR spectrum (75 MHz; CDCls) of keto-alcohol 881.
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2-(tert-Butyldiphenylsilyloxymethyl)-1,7-dioxaspiro[5.5]Jundecane (883)

To a solution of keto-alcohol 881 (230 mg, 435 umol) in THF (20 mL) was added
p-tolenesulfonic acid monohydrate (3.75 mg, 21.8 mmol) and Pd/C (35.0 mg, 10% w/w) and the
mixture was stirred under an atmosphere of hydrogen. After 18 h, NEt; (6 drops) was added. The
mixture was filtered through a pad of Celite® and concentrated in vacuo. Purification by flash
chromatography using pentane—Et,O (19:1) as eluent yielded the title compound 883 (131 mg, 71%)

as a colourless oil.

HRMS (EI): found M**, 424.2423, CoHss05Si requires 424.2434.
Vimax (film)lem™: 2936 (C—H), 1428, 1228, 1112 (C-0), 993, 823, 800, 701, 501.

& (300 MHz; CDCL3): 1.05 (9 H, s, OSiPh,'Bu), 1.16-1.28 (1 H, m, 3-H,), 1.31-1.40 (1 H, m, 5-H, or
11-Hp), 1.40-1.67 (8 H, m, 3-Hg, 4-Ha, 5-Ha or 11-Hp, 5-Hg, 9-Ha, 9-Hg, 10-H, and 11-Hg), 1.78-1.98
(2 H, m, 4-Hg and 10-Hg), 3.53-3.62 (2 H, m, 8-Ha and 2-CH,HgO), 3.66-3.84 (3 H, m, 2-H, 8-Hg and
2-CHAHgO), 7.34-7.45 (6 H, m, Ph), 7.69-7.77 (4 H, m, Ph).

S (75 MHz; CDCl;): 18.5 (2 x CH,, C-4 and C-10), 19.2 (C, OSiPh,'Bu), 25.3 (CH,, C-9), 26.7 (CH;,
OSiPh,'Bu), 27.1 (CH,, C-3), 35.4 (CH,, C-5 or C-11), 35.7 (CH,, C-5 or C-11), 60.2 (CH,, C-8), 67.4
(CH,, 2-CH,0), 70.1 (CH, C-2), 94.4 (C, C-6), 127.5 (CH, Ph), 127.6 (CH, Ph), 129.5 (CH, Ph), 129.5
(CH, Ph), 133.8 (C, Ph), 133.9 (C, Ph), 135.6 (CH, Ph), 135.7 (CH, Ph).

m/z (El): 424 (M™, 1%), 367 (M — Bu, 100), 199 (98), 155 (CoH150,, 28), 111 (40), 55 (31), 41 (29).
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Figure 7.19: "H NMR spectrum (300 MHz; CDCls) of spiroacetal 883.
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Figure 7.20: "*C NMR spectrum (75 MHz; CDCls) of spiroacetal 883.

10-(tert-Butyldiphenylsilyloxy)-1,9-dihydroxydec-3-yn-5-one (879)
TBDPSO 0

OH
To a solution of 1-(trimethylsilyloxy)but-3-yne (866) (148 mg, 1.04 mmol) in anhydrous THF

(4.0 mL) at -78 °C was added BuLi (975 pL, 1.6 mol L in hexane, 1.56 mmol) dropwise. After 45 min,
a solution of valerolactone 865 (383 mg, 1.04 mmol) in anhydrous THF (2.0 mL) was added dropwise.
After 2 h, saturated NH,CI solution (2 mL) was added. The mixture was warmed to room temperature
and the aqueous phase was extracted with EtOAc (3 x4 mL). The combined organic extracts were
dried over MgSO, and concentrated in vacuo. Purification by flash chromatography using
hexane—EtOAc (9:1 to 1:1) as eluent yielded the title compound 879 (295 mg, 65%) as a pale yellow
oil.

HRMS (FAB): found [M — OH]", 421.2203, CysH3305Si requires 421.2199.

Vmax (film)lem™: 3403br (O-H), 2930 (C-H), 2857 (C-H), 2214 (C=C), 1719 (C=0), 1670, 1427, 1113
(C-0), 1076 (C-0), 703.

84 (400 MHz; CDCl,): 1.06 (9 H, s, OSiPh,'Bu), 1.33-1.48 (2 H, m, 8-H), 1.64-1.76 (1 H, m, 7-Hp),
1.81-1.93 (1 H, m, 7-Hg), 2.54 (2 H, t, Js7 7.2, 6-H), 2.61 (2 H, t, J»4 6.1, 2-H), 3.48 (1 H, dd, Jag 10.3
and Jiguo 7.7, 10-Hp), 3.64 (1 H, dd, Jas 10.3 and Jioy 0 3.4, 10-Hg), 3.69-3.76 (1 H, m, 9-H), 3.78 (2 H,
t, J12 6.1, 1-H), 7.37-7.46 (6 H, m, Ph), 7.62-7.67 (4 H, m, Ph).
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& (100 MHz; CDCl): 19.2 (C, OSiPh,'Bu), 20.2 (CH,, C-7), 23.4 (CH,, C-2), 26.8 (CHa, OSiPh,'Bu),
31.8 (CH,, C-8), 45.1 (CH,, C-6), 60.1 (CH,, C-1), 65.9 (CH,, C-10), 71.6 (CH, C-9), 81.7 (C, C-4),
91.2 (C, C-3), 127.8 (CH, Ph), 129.9 (CH, Ph), 133.0 (C, Ph), 133.0 (C, Ph), 135.5 (CH, Ph), 188.1 (C,
C-5).

m/z (FAB): 439 (MH", 2%), 421 (M — OH, 45), 381 (M — Bu, 15), 361 (M — Ph, 11), 239 (SiPh,'Bu, 7),
207 (40), 199 (M — SiPh,'Bu, 72), 197 (33), 167 (35), 147 (39), 139 (40), 137 (100), 136 (79), 135 (86).
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Figure 7.21: '"H NMR spectrum (400 MHz; CDCls) of diol 879.
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Figure 7.22: "*C NMR spectrum (100 MHz; CDCls) of diol 879.
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7.3.3 Synthesis of Linear Spiroacetal Precursor 895

4-Bromobutan-1-ol (890)>*%
Br/\/\1/OH

To THF (13.5 mL, 167 mmol) heated under reflux was added aqueous HBr (9.06 g, 48% w/w,
53.8 mmol) dropwise via a syringe pump over 2 h. The resulting mixture was heated under reflux for
2 h then cooled to room temperature. Solid NaHCO; was added in small portions until the aqueous
phase was saturated. The aqueous phase was extracted with Et;,O (3 x 10 mL) and the combined
organic extracts were dried over MgSO, and concentrated in vacuo. Purification by distillation under
reduced pressure yielded the title bromoalcohol 890 (2.70 g, 33%) as a colourless liquid. The spectral

data were in agreement with that reported in the literature.*

B.p.: 70-71 °C at 1.0 mmHg (lit. b.p.: 73-74 °C at 3.1 mmHg®, 75-76 °C at 12 mmHg>*).
Vimax (film)/em™: 3303br (O—H), 2943 (C-H), 1438, 1244, 1057 (C-0), 1028, 916, 891.

éu (300 MHz; CDCI;): 1.68-1.79 (2 H, m, 2-H), 1.91-2.01 (2 H, m, 3-H), 3.46 (2 H, t, J;3 6.6, 4-H),
3.71(2H,t, J126.4,1-H), 4.80 (1 H, s, OH).

S (75 MHz; CDCl3): 29.0 (CH,, C-3), 30.7 (CH,, C-2), 33.5 (CH,, C-4), 61.7 (CH,, C-1).

m/z (El): 153 (M — HJ', 2%), 151 (M — HJ", 3), 137 (M — OH, 23), 135 (M — OH, 24), 129 (55), 99 (16),
55 (100), 42 (29).

2-(3'-Bromopropyl)-1,3-dioxolane (869)**%°

To a solution of PCC (21.2 g, 98.2 mmol) in anhydrous CH,Cl, (80 mL) at room temperature
was added a solution of 4-bromobutan-1-ol (890) (10.0 g, 65.4 mmol) in anhydrous CH,CI, (40 mL).
After 45 min, Et,O (40 mL) was added and the mixture was filtered through a short column of silica.
The dark slurry was extracted repeatedly with Et,O (40 mL each) and filtered through a short column
of silica until no more aldehyde was eluted from the filtration column. The combined extracts were
concentrated in vacuo to yield the crude aldehyde as a yellow oil which was used in the following step

without further purification.

To a solution of crude aldehyde in CH,Cl, (240 mL) was added ethylene glycol (4.38 mL,
78.5 mmol) and p-toluenesulfonic acid monohydrate (1.87 g, 9.81 mmol). The reaction was heated to
reflux under a reverse Dean-Stark apparatus. After 24 h, the organic phase was washed with
saturated NaHCOj; solution (2 x 160 mL) and brine (160 mL). The resulted mixture was dried over
MgSQ, and concentrated in vacuo. Purification by distillation under reduced pressure yielded the title
bromide 869 (9.82 g, 77%) as a colourless liquid which was stored over molecular sieves. The

spectral data were in agreement with that reported in the literature.®
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B.p.: 60-62 °C at 0.70 mmHg (lit. b.p.*>: 45-51 °C at 0.025 mmHg).

HRMS (CI): found MH", 196.9990, CgH1,%'BrO, requires 197.0000; found MH", 195.0015, CgH1, *BrO,
requires 195.0021.

Vinax (film)lem™: 2957 (C—H), 1439, 1409, 1251 (C-0), 1039 (C-0), 943, 885.

& (300 MHz; CDCly): 1.77-1.86 (2 H, m, 1'-H), 1.95-2.06 (2 H, m, 2-H), 3.46 (2 H, t, Jy» 6.8, 3'-H),
3.82-3.91 (2 H, m, 4-H), 3.91-3.99 (2 H, m, 5-H), 4.90 (1 H, t, J.1- 4.5, 2-H).

& (75 MHz; CDCly): 27.1 (CH,, C-2'), 32.2 (CH,, C-1'), 33.4 (CH,, C-3'), 64.9 (CH,, C-4 and C-5),
103.6 (CH, C-2).

m/z (Cl): 197 (MH', 7%), 195 (MH", 9), 149 (18), 137 (83), 135 (86), 87 (35), 73 (100), 71 (33).

6-(tert-Butyldiphenylsilyloxy)-5-hydroxy-N-methoxy-N-methylhexanamide (893)

TBDPSO

js\/\/\‘oj\
_.OM
HO 1'TlOe

Me
This procedure is an adaptation of that reported by Weinreb et al.®® and Hodgett et al?

To a suspension of N,O-dimethylhydroxylamine (2.20 g, 22.5 mmol) in anhydrous CH,ClI,
(80 mL) at 0 °C was added dropwise a solution of AIMe; (11.3 mL, 2.0 mol L" in toluene, 22.5 mmol).
The mixture was stirred until the solid dissolved. A solution of valerolactone 865 (3.97 g, 10.8 mmol)
in anhydrous CH,Cl, (40 mL) was added and the mixture was warmed to room temperature. After 3 h,
the reaction was carefully poured into an ice-cold 1:1 solution mixture of saturated NH,CI and
Rochelle’s salt (80 mL). The resulting mixture was stirred vigorously for 30 min with warming to room
temperature. The aqueous phase was extracted with Et;,O (3 x60 mL). The combined organic
extracts were dried over MgSQO, and concentrated in vacuo to yield the crude title compound 893 as a
yellow oil (4.85 g, 100%) that was used in the hydroxyl protection step without further purification.
Purification by flash chromatography was performed using hexane—EtOAc (7:3 to 3:2) as eluent to
yield the title compound 893 as a colourless oil.

HRMS (Cl): found MH", 430.2415, C,,H3sNO,Si requires 430.2414.

Vinax (fiIm)Icm'1: 3430br (O—H), 2931 (C-H), 1651 (C=0), 1427, 1112 (C-0), 703.

&u (300 MHz; CDCI3): 1.07 (9 H, s, OSiPhg'Bu), 1.47 (2 H, dt, Js5 7.7 and J, 3 6.5, 4-H), 1.62-1.83 (2 H,
m, 3-H), 243 (2 H, t, J,3 7.4, 2-H), 2.64 (1 H, br s, OH), 3.16 (3 H, s, NMe), 3.51 (1 H, dd, Jsg 10.0
and Jg, 5 7.4, 6-H,), 3.66 (1 H, dd, Jag 10.0 and Jg, 5 3.6, 6-Hg), 3.66 (3 H, s, OMe), 3.71-3.77 (1 H, m,
5-H), 7.35-7.47 (6 H, m, Ph), 7.63-7.68 (4 H, m, Ph).

& (75 MHz; CDCI;): 19.2 (C, OSithtBu), 20.5 (CH,, C-3), 26.8 (CHs, OSithtBu), 31.6 (CH,, C-2),
32.2 (CHs, NMe), 32.4 (CH,, C-4), 61.1 (CH3, OMe), 68.0 (CH,, C-6), 71.6 (CH, C-5), 127.7 (CH, Ph),
129.8 (CH, Ph), 133.2 (C, Ph), 135.5 (CH, Ph), 174.3 (C, C=0).

208



Chapter 7: Experimental 7.3 Experimental Data—Spiroacetals Bearing a Hydroxymethyl Substituent

m/z (Cl): 430 (MH", 38%), 412 (M — OH, 3), 372 (M — Bu, 22), 353 (26), 352 (M — Ph, 100), 322 (52),
291 (31), 264 (17), 199 (29), 78 (24).
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Figure 7.23: '"H NMR spectrum (300 MHz; CDCl3) of Weinreb amide 893.
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Figure 7.24: "*C NMR spectrum (75 MHz, CDCls)'of Weinreb amide 893.
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5-(tert-Butyldimethylsilyloxy)-6-(tert-butyldiphenylsilyloxy)-N-methoxy-N-methylhexanamide
(892)
TBDPSO

jG\/\/ﬁ)\
_OM
TBSO 117106

Me
To a solution of crude alcohol 893 (ca. 4.85 g, 10.8 mmol) in anhydrous CH,Cl, (50 mL) at

room temperature was added imidazole (1.69 g, 24.9 mmol), DMAP (276 mg, 2.26 mmol) and TBSCI
(1.87 g, 12.4 mmol). After 24 h, a second portion of TBSCI (170 mg, 1.13 mmol) was added and the
mixture was concentrated in vacuo to half of its volume. After 2 h, saturated NaHCOj; solution (25 mL)
was added. The aqueous phase was extracted with Et,O (3 x 25 mL) and the combined organic
extracts were dried over MgSO, and concentrated in vacuo. Purification by flash chromatography
(twice) using hexane—EtOAc (19:1 to 3:2) as eluent yielded the title compound 892 (4.80 g, 82% from

valerolactone 865 over 2 steps) as a colourless oil and valerolactone 865 (0.56 g, 14%).

HRMS (FAB): found MH®, 544.3273, C30HsoNO,Si, requires 544.3278.
Vimax (film)fem™": 2930 (C—H), 1667 (C=0), 1428, 1254 (C-0), 1112 (C-O), 702.

4 (400 MHz; CDCl): -0.08 (3 H, s, OSiMe,Bu), 0.00 (3 H, s, OSiMe,Bu), 0.83 (9 H, s, OSiMe,'Bu),
1.04 (9 H, s, OSiPh,'Bu), 1.45-1.55 (1 H, m, 4-Ha), 1.58-1.77 (3 H, m, 3-H and 4-Hg), 2.43 (2 H, m,
2-H), 3.17 (3H, s, NMe), 3.47 (1H, dd, Jas 10.0 and Je,s5 6.7, 6-Ha), 3.57 (1 H, dd, Jas 10.0 and
Jog5 5.1, 6-Hg), 3.66 (3 H, s, OMe), 3.68-3.79 (1 H, m, 5-H), 7.34-7.42 (6 H, m, Ph), 7.64-7.68 (4 H,
m, Ph).

& (100 MHz; CDCI,): -4.83 (CH;, OSiMe,'Bu), -4.48 (CH3, OSiMe,Bu), 18.0 (C, OSiMe,'Bu), 19.2 (C,
0SiPh,'Bu), 20.3 (CH,, C-3), 25.8 (CHs, OSiMe,'Bu), 26.8 (CH;, OSiPh,'Bu), 32.3 (CH; and CH,, NMe
and C-2), 34.1 (CH,, C-4), 61.1 (CH3, OMe), 67.5 (CH,, C-6), 72.6 (CH, C-5), 127.6 (CH, Ph), 129.6
(CH, Ph), 133.6 (C, Ph), 133.6 (C, Ph), 135.6 (CH, Ph), 174.6 (C, C=0).

m/z (FAB): 544 (MH®, 20%), 528 (M — Me, 5), 486 (M — Bu, 72), 412 (M — OTBDMS, 39), 217 (25),
209 (50), 197 (45), 193 (30), 147 (23), 135 (100), 73 (98).
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Figure 7.25: '"H NMR spectrum (400 MHz; CDCl3) of Weinreb amide 892.

o ~ [ ©0 — I

el N (W 0 © N o W TN T ~O goe

<t R - ©n = S NI M= 9 g9

N~ O MM N N o~ T agggew -

- - | T ~ 0 o OINNA& =« ¥
CDcl,

opm (t1) 150 100 50 0
Figure 7.26: "*C NMR spectrum (100 MHz; CDCls) of Weinreb amide 892.
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8'-(tert-Butyldimethylsilyloxy)-9'~(tert-butyldiphenylsilyloxy)-1'-(1,3-dioxolan-2-yl)nonan-4'-one
(895)

TBDPSO._,

(0] (0]
2' 2
TBSO (0]

To a mixture of Mg turnings§ (1.07 g, 44.0 mmol) in THF (5.0 mL) at room temperature under
an atmosphere of argon was added I, (1 crystal) and 1,2-dibromoethane (228 uL, 2.64 mmol). The
mixture was stirred until the yellow colour faded. Weinreb amide 892 (4.79 g, 8.80 mmol) in THF
(31 mL) was added to the above activated magnesium via cannula followed by addition of
bromide 867 (2.87 mL, 17.6 mmol) dropwise. The reaction was initiated with the addition of I,
(1 crystal) and the internal reaction temperature was regulated carefully below 33 °C. After 1 h, a
second portion of bromide 867 (1.44 mL, 8.80 mmol) was added dropwise. After 1 h, saturated
NaHCO; solution (30 mL) was added and the aqueous phase was extracted with Et,O (3 x 50 mL).
The combined organic extracts were dried over MgSO, and concentrated in vacuo. Purification by
flash chromatography using hexane-EtOAc (19:1 to 9:1) as eluent yielded the title compound 895
(4.23 g, 80%) as a pale yellow oil.

HRMS (Cl): found MH", 599.3562, C3,Hs505Si, requires 599.3588.
Vimax (film)/lem™: 2930 (C-H), 1714 (C=0), 1428, 1254 (C-0), 1112 (C-0), 836, 703.

& (300 MHz; CDCls): -0.08 (3 H, s, OSiMe,Bu), -0.01 (3 H, s, OSiMe,Bu), 0.83 (9 H, s, OSiMe,'Bu),
1.04 (9 H, s, OSiPh,'Bu), 1.40-1.46 (1 H, m, 7-H,), 1.60-1.78 (7 H, m, 1-Ha, 1-Hg, 2"-Ha, 2'-Hg, 6"-Ha,
6'-Hg and 7'-Hg), 2.38 (2 H, t, Js¢ 6.9, 5-H), 2.45 (2 H, t, J3» 7.1, 3'-H), 3.45 (1 H, dd, Jss 10.0 and
Jyn g 6.8, 9-Ha), 3.57 (1 H, dd, Jag 10.0 and Jg, g 5.0, 9'-Hg), 3.64-3.74 (1 H, m, 8-H), 3.81-3.89 (2 H,
m, 4-H), 3.89-3.98 (2 H, m, 5-H), 4.85 (1 H, t, J,1 4.4, 2-H), 7.34-7.44 (6 H, m, Ph), 7.64-7.68 (4 H,
m, Ph).

8¢ (75 MHz; CDCl;): -4.81 (CH;, OSiMe;Bu), -4.46 (CHs;, OSiMe;Bu), 18.0 (C, OSiMe,'Bu), 18.2 (CH,,
C-2'), 19.2 (C, OSiPh,'Bu), 19.5 (CH,, C-6"), 25.8 (CH5, OSiMe,'Bu), 26.9 (CH5, OSiPh,'Bu), 33.1 (CH,,
C-1'), 33.9 (CH,, C-7'), 42.2 (CH,, C-3), 43.1 (CH,, C-5'), 64.8 (2x CH,, C-4 and C-5), 67.5 (CH,
C-9'), 72.6 (CH, C-8'), 104.3 (CH, C-2), 127.6 (CH, Ph), 129.6 (CH, Ph), 133.7 (C, Ph), 135.6 (CH,
Ph), 210.5 (C, C=0).

m/z (Cl): 599 (MH", 17%), 541 (26), 412 (M — OSiMe,Bu, 100), 343 (M — OSiPh,Bu, 11), 211 (27),
197 (16), 149 (20), 135 (24), 121 (36), 99 (40), 91 (20), 78 (37), 73 (94).

$ The Mg turnings were pre-washed with aqueous HCI (0.10 mol L") and water then flame-dried in vacuo.
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Figure 7.27: "H NMR spectrum (300 MHz; CDCl3) of ketone 895.
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Figure 7.28: "*C NMR spectrum (75 MHz; CDCls) of ketone 895.
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7.3.4 Synthesis of Spiroacetals 860-862 |

(2S*,6S*,8S*)-8-(tert-Butyldiphenylsilyloxymethyl)-2-ethoxy-1,7-dioxaspiro[5.5]Jundecane (862)

TBDPSO

To a solution of ketone 895 (750 mg, 1.25 mmol) in a 99:1 mixture of EtOH-H,O (15 mL) at
room temperature was added (+)-10-camphorsulfonic acid monohydrate (628 mg, 2.51 mmol) in small
portions. After 3 h, solid NaHCO; (220 mg, 2.63 mmol) was added and the mixture was concentrated
in vacuo. The resulting thick yellow oil was dissolved in saturated NaHCOj solution (10 mL) and Et,O
(10 mL) and the aqueous phase was extracted with Et,O (3 x 10 mL). The combined organic extracts
were dried over MgSO, and concentrated in vacuo. Purification by flash chromatography using
hexane—EtOAc (99:1, 97:3 to 9:1) as eluent yielded the title compound 862 (356 mg, 61%) as a pale
yellow oil and a mixture of starting materials (264 mg). The recovered starting materials were
subjected to the above reaction cycle several times to yield the title compound 862 (503 mg, 86%

overall yield after 3 cycles) after purification.

HRMS (FAB): found MH", 467.2618, C,sH350,Si requires 467.2618.
vinax (film)/lem™: 2934 (C-H), 1428, 1221, 1187, 1112 (C-0), 1083 (C-0), 973, 955, 702.

& (300 MHz; CDCl3): 1.05 (9 H, s, OSiPh,'Bu), 1.17-1.22 (1 H, m, 9-Hp), 1.26 (3 H, t, Jorscr, 7.1,
OCH,CHs), 1.33-1.50 (3 H, m, 3-Ha, 5-Ha and 11-H,), 1.56-1.66 (4 H, m, 4-H,, 5-Hg or 11-Hg, 9-Hg
and 10-H,), 1.71-1.81 (2 H, m, 3-Hg and 5-Hg or 11-Hg), 1.87-2.06 (2 H, m, 4-Hg and 10-Hg), 3.53
(1H, dq, Jag 9.4 and Jep,cr, 7.1, OCH4HCH), 3.59 (1 H, dd, Jag 10.4 and Je.cp, s 4.2, 8-CHaHgO),
3.68 (1 H, dd, Jas 10.4 and Js.cis 6.5, 8-CHAH5O), 3.86-3.95 (1 H, m, 8-H), 4.00 (1 H, dq, Jag 9.4 and
Jotncrs 7-1, OCHaHECHs), 4.83 (1H, dd, Ja,,s,, 10.0 and J,, s, 2.3, 2-Hy), 7.33-7.46 (6 H, m, Ph),
7.69-7.76 (4 H, m, Ph).

& (75 MHz; CDCly): 15.3 (CHs, OCH,CHs), 17.8 (CH,, C-4 or C-10), 18.5 (CH,, C-4 or C-10), 19.2 (C,
OSiPh,'Bu), 26.7 (CHs, OSiPh,'Bu), 27.0 (CH,, C-9), 30.9 (CH,, C-3), 34.8 (CH,, C-5 or C-11), 35.2
(CH,, C-5 or C-11), 64.3 (CH,, OCH,CHj), 67.5 (CH,, 8-CH,0), 70.9 (CH, C-8), 96.6 (CH, C-2), 98.1
(C, C-6), 127.6 (CH, Ph), 127.6 (CH, Ph), 129.5 (CH, Ph), 129.6 (CH, Ph), 133.8 (C, Ph), 133.8 (C,
Ph), 135.6 (CH, Ph), 135.7 (CH, Ph).

m/z (FAB): 467 (MH", 3%), 423 (M — OEt, 27), 411 (M — Bu, 10), 391 (M — Ph, 11), 365 (25), 207 (33),
199 (65), 197 (47), 167 (22), 149 (37), 137 (35), 135 (98), 85 (100), 75 (22).
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Figure 7.29: "HNMR spectrum (300 MHz; CDCls) of acetal 862.
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Figure 7.30: "*C NMR spectrum (75 MHz; CDCls) of acetal 862.
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(2R*6S%8S%)-8-(tert-Butyldiphenylsilyloxymethyl)-2-acetoxy-1,7-dioxaspiro[5.5]Jundecane (861)
TBDPSO

Method A: Using Ketone 895 as the Starting Material

A solution of ketone 895 (100 mg, 167 umol) and PPTS (8.39 mg, 33.4 umol) in a 2:1 mixture
of acetone—water (3.0 mL) was heated to reflux. After 24 h, saturated NaHCOj; solution (3 mL) and
toluene (3 mL) were added and the aqueous phase was extracted with Et,O (3x3 mL). The
combined organic extracts were dried over MgSO, and concentrated in vacuo to yield the crude lactol
as a pale yellow oil. This unstable lactol was used directly in the acetylation described below without

further purification.

To a solution of crude lactol in anhydrous CH,Cl, (1.5 mL) at room temperature was added
DMAP (4.08 mg, 33.4 umol), NEt; (23.3 uL, 167 umol) and Ac,O (13.3 uL, 134 ummol). After 2 h,
brine (2 mL) was added and the aqueous phase was extracted with CH,Cl, (3 x 3 mL). The combined
organic extracts were dried over MgSO, and concentrated in vacuo. Purification by flash
chromatography using hexane—Et,O—EtOAc (99:1:0, 99:0:1 to 97:0:3) yielded the title compound 861
(27.5 mg, 34% over 2 steps) as a white powder. Recrystallisation of acetate 861 from hexane—CH,Cl,

afforded white prisms.

Method B: Using Ethoxy-Spiroacetal 862 as the Starting Material

To a solution of ethoxy-spiroacetal 862 (485 mg, 1.04 mmol) in a 4:1 mixture of THF—water
(18 mL) was added (+)-10-camphorsulfonic acid monohydrate (104 mg, 414 umol) and the mixture
was stirred at 40 °C overnight. Saturated NaHCO; solution (20 mL) and Et,O (20 mL) were added
and the aqueous phase was extracted with Et,O (3 x 30 mL). The combined organic extracts were
dried over MgSO, and concentrated in vacuo to yield the lactol as a pale yellow oil. The unstable

lactol was used directly in the acetylation described below without further purification.

To a solution of crude lactol in anhydrous CH,Cl, (9.0 mL) at room temperature was added
DMAP (25.3 mg, 207 pumol), NEt; (216 pL, 1.55 mmol) and Ac,O (117 uL, 1.24 mmol). After 3 h, the
mixture was filtered through a pad of silica and the eluent was concentrated in vacuo. Purification by
flash chromatography using hexane-Et,0O—-EtOAc (99:1:0, 99:0:1 to 97:0:3) yielded the title
compound 861 (298 mg, 58% over 2 steps) as a white powder. Recrystallisation of acetate 861 from

hexane—CH,ClI, afforded white prisms.

Melting Point: 106.9-108.5 °C
HRMS (FAB): [M — H]", 481.2407, CsH3;05Si requires 481.2410.
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Vimax (film)lem™: 2932 (C—H), 1754(C=0), 1428, 1367, 1226, 1199, 1113 (C-0), 1078 (C-O), 973, 702.

& (400 MHz; CDCL3): 1.05 (9 H, s, OSiPh,'Bu), 1.31-1.40 (1 H, m, 9-Ha), 1.40-1.54 (3 H, m, 3-Ha,
5-Ha and 11-Hp), 1.59-1.72 (4 H, m, 4-Hp, 5-Hg, 9-Hg and 10-H,), 1.72-1.82 (2 H, m, 3-Hg and 11-Hg),
1.87-1.96 (1 H, m, 10-Hg), 1.96-2.07 (1 H, m, 4-Hg), 2.11 (3 H, s, COCH), 3.64 (1 H, dd, Jag 10.4 and
Jo-ciigz 4.2, 8-CH4HgO), 3.69 (1 H, dd, Jas 10.4 and Jo.c,2 5.8, 8-CHAHgO), 4.16-4.23 (1 H, m, 8-H),
6.00 (1 H, dd, Js, 3., 10.1 and Jy, 3., 2.6, 2-Hay), 7.36-7.44 (6 H, m, Ph), 7.72-7.77 (4 H, m, Ph).

,3ax ,3eq

& (100 MHz; CDCLy): 17.4 (CH,, C-4), 18.2 (CH,, C-10), 19.2 (C, OSiPh,'Bu), 21.3 (CHs, COCHy),
26.6 (CH,, C-9), 26.7 (CH3, OSiPh,'Bu), 29.5 (CH,, C-3), 34.6 (CH,, C-5), 34.9 (CH,, C-11), 67.2 (CH.,
8-CH,0), 70.7 (CH, C-8), 90.2 (CH, C-2), 99.1 (C, C-6), 127.5 (CH, Ph), 129.4 (CH, Ph), 129.4 (CH,
Ph), 133.9 (C, Ph), 135.7 (CH, Ph), 135.7 (CH, Ph), 169.3 (C=0O, COCHj).

m/z (FAB): 481 (IM — HI", 1%), 423 (M — OAc, 66), 405 (M — Ph, 4), 365 (59), 241 (33), 207 (55), 199
(55), 197 (36), 167 (32), 149 (29), 137 (76), 135 (100), 121 (41).
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Figure 7.31: "H NMR spectrum (400 MHz; CDCl3) of spiroacetal-acetate 861.
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Figure 7.32: "*C NMR spectrum (100 MHz; CDCls) of spiroacetal-acetate 861.

(2S*,6S*,8S*-2-Azido-8-(tert-butyldiphenylsilyloxymethyl)-1,7-dioxaspiro[5.5]Jundecane (860a)
and (2S*6R*8S*)-2-Azido-8-(tert-butyldiphenylsilyloxymethyl)-1,7-
dioxaspiro[5.5]Jundecane (860b)

TBDPSO TBDPSO
Major isomer: Minor isomer: 8
equatorial axial 0
(2S*6S%8S*)-860a Ns (2S*6R*8S*)-860b N3 4
2 02

To a solution of ethoxy-spiroacetal 862 (293 mg, 624 umol) and TMSN; (414 puL, 3.12 mmol)
in anhydrous CH,CI, (9.7 mL) at -10 °C was added freshly prepared TMSOTf solution (1.16 mL,
0.70 mol L™ in CH,Cl,, 811 umol) dropwise. After 3 h, ice-cold saturated NaHCOj; solution (3 mL) was
added and the mixture was warmed to room temperature. Saturated NaHCO; (10 mL) and CH.Cl,
(10 mL) were added and the aqueous phase was extracted with CH,Cl, (3 x 10 mL). The combined
organic extracts were filtered through a pad of silica and concentrated in vacuo. Purification by flash
chromatography using hexane-Et,O-EtOAc (99:1:0, 49:1:0 to 97:0:3) as eluent yielded the title
equatorial azido-spiroacetal 860a (106 mg, 36%) and axial azido-spiroacetal 860b (42.9 mg, 15%) as

pale yellow oils. Unreacted ethoxy-spiroacetal 862 (13.6 mg, 5%) was also recovered.

Epimerisation of azido-spiroacetal 860b:

To a solution of azido-spiroacetal 860b (50 mg, 107 umol) and TMSN; (71 puL, 535 umol) in
anhydrous CH,CIl, (2.0 mL) at -10 °C was added freshly prepared TMSOTf solution (0.2 mL,
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0.70 mol L™ in CH,Cl,, 139 umol) dropwise. After 3 h, ice-cold saturated NaHCOj; solution (1.5 mL)
was added and the mixture was warmed to room temperature. Saturated NaHCO; (2 mL) and CH.Cl,
(2 mL) were added and the aqueous phase was extracted with CH,Cl, (3 x4 mL). The combined
organic extracts were filtered through a pad of silica and concentrated in vacuo. Purification by flash
chromatography using hexane-Et,O-EtOAc (99:1:0, 49:1:0 to 97:0:3) as eluent yielded the title
equatorial azido-spiroacetal 860a (21.5 mg, 43%) and axial azido-spiroacetal 860b (10.1 mg, 20%) as

pale yellow oils.

Equatorial azido-spiroacetal 860a:

HRMS (FAB): found [M — N3]*, 423.2351, C,6H350,Si requires 423.2356.
Vmax (film)fem™": 2929 (C—H), 2104 (N3), 1428, 1248 (C-0), 1112 (C-0), 702.

& (400 MHz; CDCL3): 1.05 (9 H, s, OSiPh,'Bu), 1.16-1.26 (1 H, m, 9-Ha), 1.37-1.48 (3 H, m, 3-Ha,
5-Ha and 11-H,), 1.58-1.66 (4 H, m, 4-Ha, 5-Hg or 11-Hg, 9-Hg, and 10-H,), 1.71-1.77 (2 H, m, 3-Hg
and 5-Hg or 11-Hg), 1.90-2.02 (2 H, m, 4-Hg and 10-Hg), 3.58 (1 H, dd, Jag 10.5 and Js.cis 4.2,
8-CH,HgO), 3.66 (1 H, dd, Jag 10.5 and Js.cpiys 6.6, 8-CHaH0), 3.81-3.87 (2 H, m, 8-H), 4.94 (1 H, dd,
ooy 10.8 and Uy, 5., 2.5, 2-Hoy), 7.35-7.44 (6 H, m, Ph), 7.68-7.74 (4 H, m, Ph).

3ax 3eq

S (75 MHz; CDCl5): 17.8 (CH,, C-4 or C-10), 18.3 (CH,, C-4 or C-10), 19.2 (C, OSiPh,'Bu), 26.7 (CH.,
C-9), 26.7 (CH,, OSiPh,'Bu), 30.2 (CH,, C-3), 34.4 (CH,, C-5 or C-11), 34.8 (CH,, C-5 or C-11), 67.2
(CH,, 8-CH,0), 71.0 (CH, C-8), 83.2 (CH, C-2), 98.4 (C, C-6), 127.6 (CH, Ph), 127.6 (CH, Ph), 129.6
(CH, Ph), 129.6 (CH, Ph), 133.7 (C, Ph), 135.6 (CH, Ph).

m/z (FAB): 423 (M — Ng]*, 13%), 199 (57), 197 (39), 139 (18), 137 (35), 135 (100), 105 (16), 91(17),
75(17).
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Figure 7.33: 'H NMR spectrum (400 MHz; CBEIls) efiequatorial azide-spiroacetal' 860a
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Figure 7.34: "*C NMR spectrum (75 MHz; CDCls) of equatorial azido-spiroacetal 860a.

Axial azido-spiroacetal 860b:

HRMS (FAB): found MH", 466.2513, C,sH3N305Si requires 466.2526.
Vinax (film)/cm'1: 2956 (C-H), 2858, 2105 (N3), 1428, 1250 (C-0), 1113 (C-0), 1072, 847, 702.

& (300 MHz; CDCly): 1.06 (9 H, s, OSiPh,'Bu), 1.19-1.32 (1 H, m, 9-H,), 1.32-1.44 (1 H, m, 3-Hp),
1.53-1.63 (3 H, m, 3-Hg, 10-Ha and 10-Hg), 1.65-1.81 (7 H, m, 4-Ha, 4-Hg, 5-Ha, 5-Hg, 9-Hs, 11-Ha
and 11-Hg), 3.54 (1 H, dd, Jag 10.5 and Jg.cy, s 4.8, 8-CHxHgO), 3.62 (1 H, dd, Jag 10.5 and Js.ci,s 5.3,
8-CHaHgO), 3.85-3.94 (2 H, m, 8-H), 4.61 (1 H, t, Jy3 6.4, 2-H,), 7.35-7.44 (6 H, m, Ph), 7.66-7.74
(4 H, m, Ph).

& (75 MHz; CDCl): 18.7 (CH,, C-4), 19.1 (CH,, C-10), 19.3 (C, OSiPh'Bu), 26.8 (CH,, C-9), 26.8
(CHs, OSiPh'Bu), 32.0 (CH,, C-3), 34.1 (CH,, C-5), 39.8 (CH,, C-11), 67.0 (CH,, 8-CH,0), 73.3 (CH,
C-8), 77.8 (CH, C-2), 93.2 (C, C-6), 127.6 (CH, Ph), 129.6 (CH, Ph), 133.6 (C, Ph), 133.7 (C, Ph),
135.6 (CH, Ph).

m/z (FAB): 466 (MH", 1%), 423 (M — N3, 2), 239 (SiPh,'Bu, 7), 214 (32), 207 (13), 199 (38), 197 (37),
183 (13), 137 (24), 135 (100), 121 (14), 105 (14).
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Figure 7. 35: "H NMR spectrum (300 MHz; CDCls) of axial azido-spiroacetal 860b.
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Figure 7.36: '°C NMR spectrum (75 MHz; CDCl3) of axial azido-spiroacetal 860b.
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7.3.5 Synthesis of Spiroacetal-Nucleosides 902

General Procedures for Nucleosidation under Vorbriiggen Conditions 2

Method A: Nucleosidation with Pyrimidine Bases

This procedure is an adaptation of that reported by Vorbriiggen et al."®

To a suspension of the pyrimidine base (1.2—2.0 equiv.) in HMDS (0.50-1.0 mL) under an
atmosphere of argon was added ammonium sulfate (2 crystals) and the mixture was heated to reflux
until the white solid dissolved. After 3—4 h, the mixture was concentrated in vacuo to a thick yellow oil.
Acetate 861 in CH,Cl, (1.0-1.1 mL) was transferred to the yellow oil via cannula. Freshly prepared
TMSOTT solution (1.6—2.2 equiv., 0.70 mol L in CH.CI,) was added dropwise. After 3 h, saturated
NaHCOj; solution (2 mL) and CH,Cl, (2 mL) were added and the mixture was stirred for 15 min. The
aqueous phase was extracted with CH,Cl, (3 x 4 mL). The combined organic extracts were dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using hexane—EtOAc as

eluent yielded the spiroacetal nucleoside.

Method B: Nucleosidation with Purine Bases

This procedure is an adaptation of that reported by Vorbriiggen et al."®

To a suspension of the purine base (1.3equiv.)) in a 1:45 mixture of
N,O-bis(trimethylsilyl)acetamide—-HMDS—toluene (1.0 mL) under an atmosphere of argon was heated
to reflux until the white solid dissolved. After 2 h, the mixture was concentrated in vacuo to a thick
yellow oil. Acetate 861 in CH,Cl, (1.5 mL) was transferred to the yellow oil via cannula. Freshly
prepared TIPSOTf solution (1.4 equiv., 0.52 mol L' in CH,Cl,) was added dropwise. After 18 h,
saturated NaHCO; solution (2 mL) and CH,CIl, (2 mL) were added and stirred for 15 min. The
aqueous phase was extracted with CH,Cl, (3 x 4 mL). The combined organic extracts were dried over
MgSO, and concentrated in vacuo. Purification by flash chromatography using hexane—EtOAc as

eluent yielded the spiroacetal nucleoside.

1-{(2'S*,6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7'-dioxaspiro[5.5]Jundecan-2'-yl}-5-
fluorocytidine (902a)

Method A: The title compound 902a (6.10 mg, 22%) was prepared as a pale yellow oil from
5-fluorocytosine (12.4 mg, 97.0 umol), acetate 861 (24.0 mg, 49.7 umol) and TMSOT( solution (159 L,
111 umol) using the general procedure (method A) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (19:1, 1:1 to 1:4) as eluent.
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HRMS (FAB): found MH", 552.2688, C3oH3oFN30,Si requires 552.2694.

Vmax (film)lem™: 3297 (N-H), 3072 (N-H), 2931 (C-H), 1688 (C=0), 1626, 1514, 1112 (C-O), 982,
703.

84 (300 MHz; CDCly): 1.06 (9 H, s, OSiPh,'Bu), 1.21-1.25 (1 H, m, 3"-Hp), 1.41-1.52 (3 H, m, 5"-Hj,
9-Ha and 11-Ha), 1.56-1.74 (5H, m, 4"-Hp, 5-Hg, 9-Hg, 10-Ha and 11-Hg), 1.80-1.88 (1 H, m,
10-Hg), 2.05-2.12 (2 H, m, 3"-Hg and 4'-Hg), 3.65 (1 H, dd, Jas 10.2 and Jgcp, e 4.8, 8-CHsHgO), 3.72
(1H, dd, Jag 10.2 and Jg.cips 4.2, 8-CHaH50), 3.74-3.85 (1 H, m, 8-H), 5.87 (1 H, ddd, J,, 3., 10.8,
Jrp3eq 2:3 and Jo sr 2.0, 2"-Hy,), 7.33-7.42 (6 H, m, Ph), 7.54 (1 H, d, Jg s 6.4, 6-H), 7.68-7.74 (4 H,
m, Ph).

S (75 MHz; CDCl3): 17.9 (CH,, C-4'), 18.1 (CH,, C-10"), 19.3 (C, OSiPh,'Bu), 26.6 (CH,, C-9'), 26.8
(CHs, OSiPh,'Bu), 30.9 (CH,, C-3'), 34.9 (CH,, C-5' or C-11), 35.0 (CH,, C-5' or C-11'), 66.9 (CH.,
8'-CH,0), 70.4 (CH, C-8'), 77.8 (CH, C-2'), 99.1 (C, C-6'), 125.6 (CH, d, Jos 31.3, C-6), 127.5 (CH,
Ph), 127.6 (CH, Ph), 129.5 (CH, Ph), 133.9 (C, Ph), 133.9 (C, Ph), 135.6 (CH, Ph), 135.7 (CH, Ph),
136.3 (C, d, Jssr 241.3, C-5), 153.4 (C, C-2), 157.5 (C, J45r 13.6, C-4).

6 (282 MHz; CFCl;): -170.2 (CF, 5-F).

m/z (FAB): 552 (MH", 1%), 494 (M — Bu, 7), 474 (M — Ph, 1), 423 (C2sH3505Si, 27), 239 (SiPh,Bu, 7),
207 (29), 197 (35), 135 (100), 130 (31), 105 (18).
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Figure 7.37: "H NMR spectrum (300 MHz; CDCl3) of fluorocytidine 902a.
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Figure 7.38: "°C NMR spectrum (75 MHz; CDCls) of fluorocytidine 902a.

4-N-Acetyl-1-{(2'S*6'S*8'S*)-8'-(tert-butyldiphenylsilyloxymethyl)-1°,7'-dioxaspiro[5.5]Jundecan-
2'-yl}cytidine (902b)

NHAc
Method A: The title compound 902b (14.3 mg, 46%) was prepared as a colourless oil from

4-N-acetylcytosine (9.86 mg, 64.4 umol), acetate 861 (25.9 mg, 53.7 ummol) and TMSOTf solution
(123 pL, 86.4 umol) using the general procedure (method A) described above. Purification was carried

out by flash chromatography using hexane—EtOAc (9:1 to 1:1) as eluent.

HRMS (FAB): found MH", 576.2895, C3,H4,N305Si requires 576.2894.

Vmax (film)flem™: 3232 (N=H), 2932 (C-H), 1716 (C=0), 1668 (C=0), 1626, 1563, 1495, 1113 (C-0),
984, 703.

84 (400 MHz; CDCly): 1.06 (9 H, s, OSiPh,'Bu), 1.18-1.24 (1 H, m, 3-Hy), 1.24-1.44 (3 H, m, 5-Hj,
9"-Hp and 11"-Hp), 1.47-1.75 (6 H, m, 4'-Hpa, 5'-Ha, 9'"-Hg, 10-Ha, 10"-Hg and 11"-Hg), 1.96-2.07 (2 H, m,
3"Hg and 4"-Hg), 2.17 (3 H, s, COCH3), 3.52 (1 H, dd, Jag 10.2 and Jg.cy, & 4.8, 8-CHaHg0), 3.61 (1 H,
dd, Jag 10.2 and Jgcp,e 4.8, 8-CHaHE0), 3.63-3.69 (1H, m, 8-H), 5.85 (1 H, dd, J», 5, 10.7 and
g 3eq 2.0, 2-Hay), 7.24-7.34 (7 H, m, Ph and 5-H), 7.58-7.62 (4 H, m, Ph), 7.81 (1 H, d, Jes 7.5, 6-H),
9.76 (1 H, br s, NH).
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& (100 MHz; CDCly): 17.8 (CH,, C-4"), 18.0 (CH,, C-10"), 19.2 (C, OSiPh,'Bu), 24.9 (CH,, COCHs),
26.6 (CH,, C-9'), 26.8 (CH3, OSiPh,'Bu), 31.1 (CH,, C-3'), 34.8 (CH,, C-5' or C-11), 35.0 (CH,, C-5' or
C-11'), 66.9 (CH,, 8'-CH,0), 70.6 (CH, C-8'), 78.4 (CH, C-2'), 96.6 (CH, C-5), 9.2 (C, C-6"), 127.5 (CH,
Ph), 127.6 (CH, Ph), 129.5 (CH, Ph), 133.8 (C, Ph), 135.6 (CH, Ph), 135.7 (CH, Ph), 144.7 (CH, C-6),
154.6 (C, C-2), 162.4 (C, C-4), 170.9 (C, NCOCHs).

m/z (FAB): 576 (MH", 6%), 518 (18), 423 (CasH3503Si, 42), 405 (21), 207 (40), 199 (29), 197 (33), 154
(80), 135 (100), 121 (18).
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Figure 7.39: 'H NMR spectrum (400 MHz; CDCl3) of acetylcytidine 902b.
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Figure 7.40: "*C NMR spectrum (100 MHz; CDCl3) of acetylcytidine 902b.
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1-{(2'S* 6'S* 8'S*-8'-(tert-Butyldiphenylsilyloxymethyl)-1’, 7'-dioxaspiro[5.5]undecan-2'-
yl}thymidine (902c)

TBDPSO

: 6
N Me
Py
N (0]

H

Method A**: The title compound 902c (10.5 mg, 45%) was prepared as a pale yellow oil from
thymine (8.49 mg, 67.3 umol), acetate 861 (20.4 mg, 42.3 umol) and TMSOTf solution (104 pL,
72.5 umol) using the general procedure (method A) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (19:1, 9:1 to 4:1) as eluent.

HRMS (FAB): found MH", 549.2784, C3;H4;N,0sSi requires 549.2785.

Vmax (film)fem’™: 3180 (N=H), 2930 (C-H), 1713 (C=0), 1694 (C=0), 1428, 1270 (C-O), 1112 (C-0),
981, 702.

& (300 MHz; CDCly): 1.06 (9 H, s, OSiPh,'Bu), 1.35-1.43 (1 H, m, 9-Hp), 1.43-1.53 (3 H, m, 3"-Hj,
5-Ha and 11-Ha), 1.54-1.76 (5 H, m, 4-Hp, 5'-Hg, 9"-Hg, 10"-Ha and 11-Hg), 1.79-1.90 (2 H, m, 3"-Hg
and 10"-Hg), 1.95 (3 H, d, Js.ciys 1.2, 5-CHs), 2.06-2.16 (1 H, m, 4'-Hg), 3.65 (1 H, dd, Jag 10.5 and
Jy.ciipe 4.5, 8'-CHaH50), 3.71 (1 H, dd, Jas 10.5 and Jg-ci, & 5.2, 8-CHaHgO), 3.85-3.93 (1 H, m, 8'-H),
5.95 (1 H, dd, Joy, 3, 11.1 and Jo, 3o 2.5, 2"-Hay), 7.25 (1 H, d, Jescrg 1.2, 6-H), 7.33-7.46 (6 H, m,
Ph), 7.71=7.76 (4 H, m, Ph), 8.29 (1 H, br s, NH).

S (75 MHz; CDCL): 12.6 (CHa, 5-CHa), 18.0 (CH,, C-4"), 18.1 (CH,, C-10"), 19.3 (C, OSiPh,'Bu), 26.5
(CH,, C-9'), 26.8 (CHs, OSiPh,'Bu), 30.1 (CH,, C-3'), 34.7 (CH,, C-5' or C-11"), 34.8 (CH,, C-5' or
C-11'), 67.0 (CH,, 8-CH,0), 70.6 (CH, C-8'), 76.5 (CH, C-2'), 99.0 (C, C-6), 110.4 (C, C-5), 127.5 (CH,
Ph), 127.6 (CH, Ph), 129.5 (CH, Ph), 133.8 (C, Ph), 135.7 (CH, Ph), 135.7 (CH, Ph), 136.1 (CH, C-6),
146.9 (C, C-2), 163.6 (C, C-4).

m/z (FAB): 549 (MH", 1%), 491 (M — 'Bu, 14), 471(M — Ph, 3), 423 (C,H350:Si, 17), 207 (19), 199
(38), 197 (38), 165 (22), 135 (100), 122 (21).

** Under the equivalent conditions, the yield of 45% and 24% were achieved respectively when TIPSOTf
(0.52 mol L™, 1.4 equiv.) and SnCl, (0.63 mol L™, 1.3 equiv.) was used in the place of TMSOTH.

A vyield a 33% was achieved when the reaction was carried out under one-pot condition in which CH2Cl, and
HMDS were substituted with MeCN and N,O-bis(trimethylsilyl)acetamide and bis-silylated thymine was not
isolated.
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Figure 7.41: "H NMR spectrum (300 MHz; CDCls) of thymidine 902c.
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Figure 7.42: "*C NMR spectrum (75 MHz; CDCls) of thymidine 902c.
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1-{(2'S* 6'S* 8'S*-8'-(tert-Butyldiphenylsilyloxymethyl)-1’, 7'-dioxaspiro[5.5]undecan-2'-
yluridine (902d)

Method A: The title compound 902d (7.50 mg, 36%) was prepared as a cream-coloured
powder from uracil (6.95 mg, 61.9 umol), acetate 861 (18.8 mg, 38.9 umol) and TMSOTf solution
(95.4 uL, 66.8 umol) using the general procedure (method A) described above. Purification was
carried out by flash chromatography using hexane—EtOAc (19:1 to 7:3) as eluent and recrystallisation

of acetate 861 from hexane—CH,Cl, afforded pale yellow needles.

Melting Point: 208.3-210.1 °C.
HRMS (FAB): found MH", 535.2633, C3,H3gN,05Si requires 535.2628.

Vmax (film)lem™: 3376 (N—H), 2919 (C—H), 1689 (C=0), 1668 (C=0), 1456, 1377, 1267 (C-0), 1103
(C-0), 982, 699.

8 (300 MHz; CDCly): 1.07 (9 H, s, OSiPh,'Bu), 1.31-1.38 (1 H, m, 9-H,), 1.41-1.51 (3 H, m, 3"-H,,
5-Ha and 11-Ha), 1.56-1.76 (5 H, m, 4"-Hp, 5'-Hg, 9'-Ha, 10"-Ha and 11-Hg), 1.80-1.94 (2 H, m, 3'-Hg
and 10-Hg), 2.07-2.16 (1 H, m, 4'-Hg), 3.63 (1 H, dd, Jag 10.4 and Jys.cr, e 4.5, 8-CHaHgO), 3.72 (1 H,
dd, Jag 10.4 and Jy.cp, s 5.3, 8-CHAHgO), 3.82-3.89 (1 H, m, 8-H), 5.73 (1 H, d, Jss 8.2, 5-H), 5.94
(1H, dd, Jo, 5, 1.1 and Jo, 3., 2.5, 2Hy), 7.33-7.42 (6 H, m, Ph), 7.46 (1H, d, Jos 8.2, 6-H),
7.70-7.76 (4 H, m, Ph), 8.17 (1 H, br s, NH).

& (75 MHz; CDCl3): 17.9 (CH,, C-4'), 18.0 (CH,, C-10"), 19.3 (C, OSiPh,'Bu), 26.5 (CH,, C-9'), 26.8
(CH3, OSiPh,'Bu), 30.3 (CH,, C-3'), 34.7 (CH,, C-5'), 34.8 (CH,, C-11'), 67.0 (CH,, 8'-CH,0), 70.7 (CH,
C-8'), 76.8 (CH, C-2'), 99.1 (C, C-6'), 102.1 (CH, C-5), 127.6 (CH, Ph), 129.5 (CH, Ph), 129.5 (CH, Ph),
133.8 (C, Ph), 135.7 (CH, Ph), 135.7 (CH, Ph), 140.3 (CH, C-6), 149.7 (C, C-2), 162.8 (C, C-4).

m/z (FAB): 535 (MH", 3%), 477 (M — Bu, 11), 457 (M — Ph, 3), 423 (C,6H350:Si, 19), 239 (SiPh,'Bu, 8),
199 (35), 197 (35), 135 (100), 105 (32), 91 (73).
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Figure 7.43: "H NMR spectrum (300 MHz; CDCls) of uridine 902d.
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Figure 7.44: *C NMR spectrum (75 MHz; CDCls) of uridine 902d.
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1-{(2'S*,6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7'-dioxaspiro[5.5]Jundecan-2'-yl}-5-
fluorouridine (902¢)

Method A: The title compound 902e (4.00 mg, 19%) was prepared as a pale yellow oil from
5-fluorouracil (7.75 mg, 59.6 umol), acetate 861 (18.0 mg, 37.2 umol) and TMSOTT solution (92.0 pL,
64.4 umol) using the general procedure (method A) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (19:1, 4:1 to 7:3) as eluent.

HRMS (FAB): found MH", 553.2540, C3,H33FN,O5Si requires 553.2534.

Vmax (film)lem™: 3187 (N-H), 3063 (N-H), 2918 (C-H), 1712 (C=0), 1694 (C=0), 1673 (C=0), 1260
(C-0), 1112 (C-0), 987, 700.

8 (300 MHz; CDCly): 1.06 (9 H, s, OSiPh,'Bu), 1.28-1.37 (1 H, m, 9-H,), 1.37-1.52 (3 H, m, 3"-Hj,
5-Ha and 11-Ha), 1.57—1.75 (5 H, m, 4"-Hp, 5'-Hg, 9'-Ha, 10"-Ha and 11-Hg), 1.75-1.96 (2 H, m, 3'-Hg
and 10-Hg), 2.03-2.17 (1 H, m, 4"-Hg), 3.62 (1 H, dd, Jag 10.5 and Jg.cii, 4.5, 8'-CHaHgO), 3.70 (1 H,
dd, Jag 10.5 and Jg.cp, e 5.5, 8-CHaHgO), 3.79-3.88 (1 H, m, 8-H), 5.92 (1H, ddd, Ja,,., 11.0,
Jrp3eq 24 and Uy sr 2.3, 2'-H,,), 7.34-7.44 (6 H, m, Ph), 7.52 (1 H, d, Jesr 6.3, 6-H), 7.70-7.75 (4 H, m,
Ph), 8.45 (1 H, br s, NH).

& (100 MHz; CDCly): 17.8 (CH,, C-4'), 18.0 (CH,, C-10"), 19.2 (C, OSiPh,'Bu), 26.4 (CH,, C-9'), 26.7
(CH3, OSiPh,'Bu), 30.2 (CH,, C-3'), 34.6 (CH,, C-5' or C-11"), 34.8 (CH,, C-5' or C-11'), 67.0 (CH,,
8'-CH,0), 70.8 (CH, C-8'), 77.2 (CH, C-2'), 99.3 (C, C-6'), 124.6 (CH, d, Jssr 33.6, C-6), 127.6 (CH,
Ph), 129.5 (CH, Ph), 129.5 (CH, Ph), 133.7 (C, Ph), 135.7 (CH, Ph), 140.3 (C, d, Jssr 236.5, C-5),
148.2 (C, C-2), 156.6 (C, Js 5 26.7, C-4).

6 (282 MHz; CFCl;): -165.8 (CF, F-5).

m/z (FAB): 553 (MH", 4%), 495 (M — ‘Bu, 23), 475 (M — Ph, 7), 423 (C.sH3503Si, 48), 207 (20), 199
(45), 197 (42), 169 (22), 135 (100), 121 (33), 105 (26), 89 (41).
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Figure 7.45: "H NMR spectrum (300 MHz; CDCls) of fluorouridine 902e.
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Figure 7.46: "*C NMR spectrum (100 MHz; CDCls) of fluorouridine 902e.
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6-N-Benzoyl-9-{(2'S*6'S*,8'S*)-8'-(tert-butyldiphenylsilyloxymethyl)-1',7’-
dioxaspiro[5.5]undecan-2'-yl}adenosine (902f)

TBDPSO

p

N9 °N

57
4)—
N>_$6'NHBZ
N

N
Method B: The title compound 902f (14.5 mg, 35%) was prepared as a pale yellow oil from

6-N-benzoyladenine (19.3 mg, 80.8 umol), acetate 861 (30.0 mg, 62.2 umol) and TIPSOTf (167 uL,

©

86.9 umol) using the general procedure (method B) described above. Purification was carried out by

flash chromatography (twice) using hexane—EtOAc (19:1, 9:1 to 1:1) as eluent.

HRMS (FAB): found MH", 662.3162, C35H44N50,Si requires 662.3163.
Vinax (film)lcm'1: 3070 (N-H), 2929 (C-H), 1696 (C=0), 1610, 1582, 1256, 1112 (C-0), 980, 704.

84 (400 MHz; CDCly): 1.09 (9 H, s, OSiPh,'Bu), 1.28-1.34 (1 H, m, 9-H,), 1.46-1.54 (1 H, m, 11"-H,),
1.55-1.66 (3 H, m, 5-Hx, 9-Hg and 10-H,), 1.73-1.85 (4 H, m, 4"-H,, 5-Hg, 10-Hg and 11'-Hg),
2.02-2.11 (1 H, m, 3-Ha), 2.12-2.18 (1 H, m, 3"-Hg), 2.19-2.28 (1 H, m, 4'-Hg), 3.68 (1 H, dd, Jag 10.4
and Jy.cn,e 4.3, 8-CHaHgO), 3.77 (1 H, dd, Jas 10.4 and Jycys 6.2, 8-CHAHgO), 4.05-4.11 (1 H, m,
8-H), 6.22 (1 H, dd, Jo,, 3, 11.1 and Jy,, 3, 2.6, 2'-Hay), 7.36-7.44 (6 H, m, OSiPh,Bu), 7.53 (2 H, t,
J7.4, COPh), 7.62 (1H, t, J 7.4 COPh), 7.74-7.80 (4 H, m, OSiPh,'Bu), 8.05 (2 H, d, J 7.4, COPh),
8.22 (1 H, s, 8-H), 8.78 (1 H, s, 2-H), 9.05 (1 H, s, NH).

& (100 MHz; CDCl;): 18.1 (CH,, C-10"), 18.2 (CH,, C-4'), 19.3 (C, OSiPh,'Bu), 26.6 (CH,, C-9'), 26.8
(CHa, OSiPh,'Bu), 30.8 (CH,, C-3'), 34.6 (CH,, C-5'), 34.7 (CH,, C-11"), 67.2 (CH,, 8'-CH,0), 71.0 (CH,
C-8'), 76.4 (CH, C-2'), 98.9 (C, C-6), 123.0 (CH, C-5), 127.6 (CH, OSiPh,Bu), 127.9 (CH, COPh),
128.8 (CH, COPh), 129.5 (CH, OSiPh,'Bu), 129.6 (CH, OSiPh,'Bu), 132.7 (CH, COPh), 133.8 (2 x C,
OSiPh,'Bu and COPh), 135.7 (CH, OSiPh,'Bu), 141.1 (CH, C-8), 149.3 (C, C-6), 151.7 (C, C-4), 152.6
(CH, C-2), 164.7 (C, COPh).

m/z (FAB): 662 (MH", 6%), 604 (M — Bu, 5), 584 (M — Ph, 1), 423 (C,sH3505Si, 3), 240 (100), 199 (12),
197 (15), 135 (41), 105 (29).
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Figure 7.47: "H NMR spectrum (400 MHz; CDCl3) of benzoyladenosine 902f.
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Figure 7.48: "*C NMR spectrum (100 MHz; CDCls) of benzoyladenosine 902f.
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2-N-Acetyl-9-{(2°'S*6'S*,8'S*)-8'-(tert-butyldiphenylsilyloxymethyl)-1',7'-dioxaspiro[5.5]Jundecan-
2'-yl}guanosine (902g) and (2S*6S*8S%*)-2-N-Acetyl-7-{8'-(tert-butyldiphenylsilyloxymethyl)-
1',7'-dioxaspiro[5.5]Jundecan-2'-yl}guanosine (902h)

TBDPSO

Major isomer: Minor isomer:

A A
N9-Guanosine , No ~N N7-Guanosine ' N7 SN
902g 7=\6 902h o/
N \ (0] (0] p N
NH HN—
NHAc NHAc

Method B: The title N9-guanosine 902g (7.72 mg, 20%) and N7-guanosine 902h (3.98 mg,
11%) were prepared as colourless oils from 2-N-acetylguanine (15.6 mg, 80.8 umol), acetate 861
(30.0 mg, 62.2 ymol) and TIPSOTf (167 uL, 87.1 umol) using the general procedure (method B)
described above. Purification was carried out by flash chromatography using hexane-EtOAc (19:1,
3:2, 1:4 to 0:1) as eluent followed by PLC using hexane—EtOAc (1:1) as eluent.

N9-Guanosine 902q:

HRMS (FAB): found MH", 616.2958, C33H,,N505Si requires 616.2955.

Vmax (film)lem™: 3148 (N-H), 3049 (N-H), 2932 (C-H), 1682 (C=0), 1613, 1556, 1257, 1233, 1112
(C-0), 979, 703.

& (300 MHz; CDCly): 1.13 (9 H, s, OSiPh,'Bu), 1.29-1.34 (1 H, m, 9-Hy), 1.46-1.66 (4 H, m, 5-H,,
9"-Hg, 10"-Ha and 11'-Ha), 1.73-1.89 (4 H, m, 4"-Ha, 5'-Hg, 10"-Hg and 11-Hg), 1.80 (3 H, s, COCHy),
1.90-2.02 (2H, m, 3-H), 2.16-2.30 (1H, m, 4-Hg), 3.69 (1H, dd, Jas 10.4 and Jy.cue 3.7,
8"-CHaHg0), 3.80 (1 H, dd, Jas 10.4 and Jgcp,e 7.2, 8'-CHaHg0), 3.94-4.03 (1 H, m, 8-H), 6.00 (1 H,
dd, Jo 3, 10.6 and Uy, 5, 2.6, 2-Hy,), 7.34-7.44 (6 H, m, Ph), 7.50 (1 H, br s, NH), 7.74-7.80 (4 H, m,
Ph), 7.90 (1 H, br s, 8-H), 11.76 (1 H, br s, NH).

& (75 MHz; CDCl;): 18.0 (CH,, C-10"), 18.3 (CH,, C-4'), 19.5 (C, OSiPh,'Bu), 24.0 (CHs, COCH3),
26.6 (CH,, C-9), 27.0 (CH,, OSiPh,'Bu), 31.5 (CH,, C-3'), 34.5 (CH,, C-5'), 34.6 (CH,, C-11), 67.7
(CH,, 8-CH,0), 71.1 (CH, C-8'), 76.0 (CH, C-2'), 98.8 (C, C-6"), 121.1 (C, C-5), 127.9 (CH, Ph), 129.9
(CH, Ph), 133.9 (C, Ph), 134.3 (C, Ph), 135.4 (CH, Ph), 137.1 (CH, C-8), 146.6 (C, C-2), 147.5 (C,
C-4), 155.5 (C, C-6), 170.8 (C, NCOMe).

m/z (FAB): 616 (MH", 15%), 538 (M — Ph, 1), 423 (C5sH3505Si, 51), 207 (32), 198 (28), 194 (100), 136
(43), 135 (87), 121 (17), 91 (15).
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Figure 7.49: "H NMR spectrum (300 MHz; CDCl3) of N9-guanosine 902g.
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235



Chapter 7: Experimental 7.3 Experimental Data—Spiroacetals Bearing a Hydroxymethyl Substituent

N7-Guanosine 902h:

HRMS (FAB): found MH", 616.2949, C33H,,N505Si requires 616.2955.

Vimax (film)lem™: 3134 (N=H), 3070 (N-H), 2931 (C-H), 1694 (C=0), 1621, 1547, 1257, 1212, 1112
(C-0), 981, 703.

& (300 MHz; CDCly): 1.07 (9 H, s, OSiPh,'Bu), 1.42-1.50 (1 H, m, 9-H,), 1.52-1.70 (4 H, m, 5"-Hj,
9"-Hg, 10-Ha and 11-H,), 1.70-1.89 (5 H, m, 3"-Hp, 4'-Ha, 5'-Hs, 10"-Hg and 11"-Hg), 2.14-2.35 (2 H, m,
3"-Hg and 4'-Hg), 2.38 (3 H, s, COCH3), 3.70 (1 H, dd, Jag 10.4 and Jg.cy, ¢ 4.7, 8'-CHaHgO), 3.78 (1 H,
dd, Jag 10.4 and Jgcp,e 4.8, 8-CHaHE0), 3.85-4.92 (1H, m, 8-H), 6.11 (1 H, dd, J», 5, 10.8 and
S 3eq 2-1, 2-Hay), 7.34-7.43 (6 H, m, Ph), 7.70-7.78 (4 H, m, Ph), 8.05 (1 H, s, 8-H), 10.87 (1 H, br s,
NH). 12.23 (1 H, br s, NH),

& (75 MHz; CDCly): 17.9 (CH,, C-4"), 18.1 (CH,, C-10"), 19.3 (C, OSiPh,'Bu), 24.6 (CH,, COCH;),
26.6 (CH,, C-9), 26.8 (CH,, OSiPh,'Bu), 32.4 (CH,, C-3'), 34.7 (CH,, C-5'), 34.9 (CH,, C-11), 67.0
(CH,, 8'-CH,0), 70.8 (CH, C-8'), 79.5 (CH, C-2'), 99.1 (C, C-6'), 111.3 (C, C-5), 127.6 (CH, Ph), 129.5
(CH, Ph), 133.8 (C, Ph), 135.7 (CH, Ph), 135.7 (CH, Ph), 141.0 (CH, C-8), 147.8 (C, C-2), 152.6 (C,
C-6), 156.8 (C, C-4), 173.0 (C, NCOMe).

m/z (FAB): 616 (MH", 9%), 558 (12), 538 (M — Ph, 3), 423 (C,6H3505Si, 17), 405 (19), 207 (17), 197
(21), 194 (100), 136 (33), 135 (65), 121 (10), 91 (10).
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Figure 7.51: 'HNMR spectrum (300 MHz; CDCls3) of N7-guanosine 902h
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Figure 7.52: "*C NMR spectrum (75 MHz; CDCl3) of N7-guanosine 902h.

7.3.6 Synthesis of Spiroacetal-Triazoles 909

General Procedures for 1,3-Dipolar Cycloaddition of Azide 860a to Alkynes29

Method A: For Terminal Alkynes with Catalysis by Culs[P(OEt);]

This procedure is an adaptation of that reported by Vargas-Berenguel et al."”

To a solution of azide 860a and alkyne (50.0-100 uL) in anhydrous toluene (250-500 ulL)
under an atmosphere of argon was added Cul*[P(OEt)3] (0.10-0.12 equiv.). The resulting mixture was
heated to reflux for 1 h. After cooling to room temperature, the mixture was purified directly by flash
chromatography using hexane—EtOAc as eluent to give the spiroacetal containing a 1,4-disubstituted

triazole substituent.

Method B: For Symmetrical Internal Alkynes

A solution of azide 860a and alkyne (100 uL) in anhydrous toluene (500 uL) was heated to
reflux for 1h. The reaction mixture was purified directly by flash chromatography using

hexane—EtOAc as eluent to give the spiroacetal containing a 1,4,5-trisubstituted triazole substituent.
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Method C: For Internal Trimethylsilylacetylene

This procedure is an adaptation of that reported by Hlasta et al.*®

A solution of azide 860a and trimethylsilylacetylene (50.0-100 pL) in anhydrous toluene
(500 pL) was heated at 110 °C in a sealed vessel. If the cycloaddition was not complete in 18 h (TLC),
a second portion of trimethylsilylacetylene (50.0-100 uL) was added and the mixture was heated at
110 °C overnight. The reaction mixture was purified directly by flash chromatography using

hexane—EtOAc as eluent to give the spiroacetal containing a 1,4,5-trisubstituted triazole substituent.

4-[2"-(Benzyloxy)ethyl]-1-{(2'S*6'S*8'S*)-8"-(tert-butyldiphenylsilyloxymethyl)-1’,7"-
dioxaspiro[5.5]undecan-2'-yl}-1H-1,2,3-triazole (909a)

Method A: The title compound 909a (39.3 mg, 98%) was prepared as a pale yellow oil from
azide 860a (30.0 mg, 64.4 ummol), 1-(benzyloxy)but-3-yne (821) (100 uL) and Culs[P(OEt);] (2.53 mg,
7.10 umol) in toluene (500 pL) using the general procedure (method A) described above. Purification

was carried out by flash chromatography using hexane—EtOAc (19:1, 7:3 to 1:1) as eluent.

HRMS (FAB): found MH", 626.3413, C3;H,sN30,Si requires 626.3414.
Vinax (fiIm)Icm'1: 2931 (C-H), 1455, 1427, 1222 (C-0), 1112 (C-0), 979, 702.

54 (400 MHz; CDCl;): 1.06 (9 H, s, OSiPh,'Bu), 1.25-1.31 (1 H, m, 9-H,), 1.42-1.51 (1 H, m, 11-H,),
1.54-1.62 (3 H, m, 5-Ha, 9-Hg and 10"-Hg), 1.70-1.81 (3 H, m, 4-H,, 5-Hg and 11-Hg), 1.81-1.96
(2 H, m, 3-Ha and 10"-Hg), 2.05-2.18 (2 H, m, 3"-Hg and 4"-Hg), 3.08 (2 H, t, J;-,- 6.7, 1"-H), 3.63 (1 H,
dd, Jag 10.5 and Jg.ch,e 4.0, 8'-CH4HgO), 3.72 (1 H, dd, Jag 10.5 and Jgcu,s 6.3, 8-CHaHE0), 3.79
(2 H, t, Jp4- 6.7, 2"-H), 3.87-3.94 (1 H, m, 8"-H), 4.55 (2 H, s, OCH,Ph), 6.01 (1 H, dd, J>,, 3, 11.1 and
S 3eq 24, 2-Hay), 7.27-7.34 (5 H, m, OCH,Ph), 7.34-7.43 (6 H, m, OSiPh,Bu), 7.54 (1H, s, 5-H),
7.72-7.75 (4 H, m, OSiPh,'Bu).

& (75 MHz; CDCl,): 18.0 (CH,, C-4'), 18.1 (CH,, C-10'), 19.2 (C, OSiPh,'Bu), 26.5 (CH,, C-9'), 26.6
(CH,, C-1"), 26.8 (CHj3, OSiPh,'Bu), 30.8 (CH,, C-3'), 34.5 (CH,, C-5), 34.6 (CH,, C-11"), 67.2 (CHy,
8'-CH,0), 69.1 (CH,, C-2"), 71.0 (CH, C-8'), 73.0 (CH,, OCH,Ph), 81.0 (CH, C-2'), 98.8 (C, C-6'),
119.9 (CH, C-5), 127.6 (CH, OSiPh,'Bu and OCH,Ph), 127.6 (CH, OCH,Ph), 128.4 (CH, OCH,Ph),
129.5 (CH, OSiPh,'Bu), 129.6 (CH, OSiPh,’Bu), 133.6 (C, OSiPh,'Bu), 133.7 (C, OSiPh,'Bu), 135.6
(CH, OSiPh,'Bu), 135.6 (CH, OSiPh,'Bu), 138.2 (C, OCH,Ph), 144.8 (C, C-4).

m/z (FAB): 626 (MH", 6%), 423 (C,sH3505Si, 55), 405 (31), 386 (M — OSiPh,'Bu, 8), 239 (SiPh,Bu,
12), 207 (54), 204 (51), 197 (35), 154 (19), 135 (100), 105 (22), 91 (83).
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Figure 7.53: 'HNMR spectrum (400 MHz; CDCls) of triazole 909a.
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Figure 7.54: "*C NMR spectrum (75 MHz; CDCls) of triazole 909a.
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1-{(2'S*6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7'-dioxaspiro[5.5]undecan-2-yl}-4-
(triethylsilyloxymethyl)-1H-1,2,3-triazole (909b)

TBDPSO

5

NG
\
N=N  OSiEts

Method A: The fitle compound 909b (1.20 mg, 4%) and the deprotected hydroxymethyl-
triazole 909c (1.00 mg, 4%) were prepared as pale yellow oils from azide 860a (20.0 mg, 42.9 umol),
1-(triethylsilyloxy)prop-3-yne (60.0 uL) and Cul*[P(OEt)s] (1.53 mg, 4.29 umol) in toluene (300 uL)
using the general procedure (method A) described above. Purification was carried out by flash
chromatography using hexane—EtOAc (99:1 to 19:1) as eluent. Unreacted azide 860a (12.0 mg, 60%)

was also recovered.

HRMS (FAB): found MH", 636.3666, C35H54N30,Si, requires 636.3653.

Vimax (film)lem™: 2931 (C—H), 2856, 1428, 1388, 1222, 1202, 1113 (C-0), 1091, 1071 (C-O), 1026,
980, 702.

& (300 MHz; CDCl;): 0.69 (6 H, g, Si(CH,CHs)s), 1.00 (9 H, t, Si(CH,CH)s), 1.09 (9 H, s, OSiPh'Bu),
1.26-1.35 (1 H, m, 9-Hp), 1.45-1.54 (1 H, m, 11-Hy), 1.57-1.66 (3 H, m, 5-Hp, 9-Hg and 10"-H,),
1.74-1.87 (4 H, m, 4'-Hp, 5'-Hg, 10"-Hg and 11"-Hg), 1.95-2.03 (1 H, m, 3-H,), 2.10-2.22 (2 H, m, 3"-Hg
and 4'-Hg), 3.65 (1 H, dd, Jag 10.5 and Jy.cpe 4.2, 8'-CHaHgO), 3.74 (1 H, dd, Jas 10.5 and Jy.c,e 6.4,
8"-CHaHgO), 3.91-3.98 (1 H, m, 8'-H), 4.90 (2 H, s, CH,0), 6.06 (1 H, dd, J», 5., 11.0 and Ja,,5.. 2.5,
2"-H,y), 7.39-7.47 (6 H, m, Ph), 7.69 (1 H, s, 5-H), 7.74-7.88 (4 H, m, Ph).

3'eq

& (100 MHz; CDCly): 4.33 (CH,, OSi[CH,CHsls), 6.71 (CHs, OSI[CH,CHsls), 18.0 (CH,, C-4"), 18.1
(CH,, C-10"), 19.2 (C, OSiPh,'Bu), 26.5 (CH,, C-9'), 26.8 (CH,, OSiPh,'Bu), 30.8 (CH,, C-3'), 34.5
(CH,, C-5'), 34.6 (CH,, C-11"), 57.5 (CH,, CH,0), 67.1 (CH,, 8'-CH,0), 71.1 (CH, C-8'), 81.0 (CH, C-2"),
98.9 (C, C-6'), 119.9 (CH, C-5), 127.6 (CH, Ph), 129.6 (CH, Ph), 129.6 (CH, Ph), 133.6 (C, Ph), 133.6
(C, Ph), 135.6 (CH, Ph), 135.7 (CH, Ph), 148.0 (C, C-4).

m/z (FAB): 636 (MH", 1%), 578 (M — Bu, 1), 423 (C»sH3505Si, 56), 239 (SiPh,'Bu, 9), 207 (31), 199
(37), 197 (38), 137 (28), 135 (100).
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Figure 7.55: 'HNMR spectrum (400 MHz; CDCIs) of triazole 909b.
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Figure 7.56: "°C NMR spectrum (100 MHz; CDCl3) of triazole 909b.
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1-{(2'S*,6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7’-dioxaspiro[5.5]undecan-2'-yl}-4-
hydroxymethyl-1H-1,2,3-triazole (909c)

TBDPSO

NN

N=N OH
Method A: The title compound 909¢ (13.9 mg, 83%) was prepared as a pale yellow oil from
azide 860a (15.0 mg, 32.2 umol), prop-2-yn-1-ol (100 pL) and Cul+[P(OEt);] (1.15 mg, 3.22 umol) in
toluene (500 uL) using the general procedure (method A) described above. Purification was carried

out by flash chromatography using hexane—EtOAc (9:1 to 3:2) as eluent.

HRMS (FAB): found MH®, 522.2797, C,9H4oN30,Si requires 522.2788.
Vmax (film)lem™: 3369 (O—H), 2930 (C—H), 2856, 1428, 1222, 1112 (C-0), 1091 (C-0), 980, 703.

8 (300 MHz; CDCl5): 1.07 (9 H, s, OSiPh,'Bu), 1.29-1.36 (1 H, m, 9-H,), 1.41-1.51 (1 H, m, 11"-H,),
1.51-1.64 (3 H, m, 5'-Ha, 9-Hg and 10™-Hy), 1.68-1.87 (5 H, m, 4'-Ha, 5'-Hg, 10'-Hg, 11-Hg and OH),
1.87-1.99 (1 H, m, 3"-Hp), 2.07-2.21 (2 H, m, 3"-Hg and 4-Hg), 3.63 (1 H, dd, Jas 10.5 and Jy.c,e 4.2,
8"-CH,HgO), 3.83 (1 H, dd, Jag 10.5 and J.cii,e 6.3, 8-CHaH50), 3.84-3.95 (1 H, m, 8"-H), 4.82 (2 H,
s, 4-CH;0H), 6.03 (1 H, dd, Jy,,5,, 11.0 and J,, 3., 2.4, 2"-Hay), 7.34-7.45 (6 H, m, Ph), 7.68 (1 H, s,
5-H), 7.70-7.76 (4 H, m, Ph).

S (75 MHz; CDCl): 18.0 (CH,, C-4'), 18.2 (CH,, C-10"), 19.2 (C, OSiPh,'Bu), 26.5 (CH,, C-9'), 26.8
(CHs, OSiPh,'Bu), 30.9 (CH,, C-3'), 34.5 (CH,, C-5'), 34.6 (CH,, C-11'), 56.7 (CH,, 4-CH,OH), 67.1
(CH,, 8'-CH,0), 71.2 (CH, C-8'), 81.2 (CH, C-2'), 98.9 (C, C-6'), 119.9 (CH, C-5), 127.6 (CH, Ph),
129.6 (CH, Ph), 129.6 (CH, Ph), 133.6 (C, Ph), 133.7 (C, Ph), 135.6 (CH, Ph), 135.6 (CH, Ph), 147.2
(C, C-4).

m/z (FAB): 522 (MH", 3%), 464 (M — Bu, 7), 423 (CsH3505Si, 82), 365 (11), 239 (SiPh,Bu, 9), 207
(31), 199 (38), 197 (35), 137 (29), 135 (100).
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Figure 7.57: '"H NMR spectrum (300 MHz; CDCls) of triazole 909c.
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Figure 7.58: "°C NMR spectrum (75 MHz; CDCls) of triazole 909c.
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1-{(2'S*,6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7’-dioxaspiro[5.5]undecan-2'-yl}-4-
phenyl-1H-1,2,3-triazole (909d)

Method A: The title compound 909d (14.2 mg, 96%) was prepared as a pale yellow oil from
azide 860a (12.0 mg, 25.8 umol), phenylacetylene (50.0 puL) and Culs[P(OEt);] (1.07 mg, 3.00 umol) in
toluene (250 uL) using the general procedure (method A) described above. Purification was carried

out by flash chromatography using hexane—EtOAc (99:1 to 19:1) as eluent.

HRMS (FAB): found MH®, 568.3001, C34H.,N305Si requires 568.2996.
Vmax (film)fem™: 2932 (C—H), 2857, 1428, 1390, 1220, 1112 (C-0), 1074 (C-0), 1024, 979, 702.

84 (300 MHz; CDCly): 1.08 (9 H, s, OSiPh,'Bu), 1.27-1.34 (1 H, m, 9"-H,), 1.44-1.55 (1 H, m, 11-Hp),
1.56-1.65 (3 H, m, 5-Hp, 9Hg and 10-Hy), 1.73-1.89 (4 H, m, 4-Hx, 5-Hg, 10-Hg and 11'-Hg),
1.92-2.04 (1 H, m, 3-Ha), 2.10-2.26 (2 H, m, 3"-Hg and 4'-Hg), 3.65 (1 H, dd, Jas 10.5 and Jy.c,e 4.2,
8"-CH,HgO), 3.74 (1 H, dd, Jag 10.5 and J.cii,e 6.3, 8-CHaH50), 3.89-3.98 (1 H, m, 8"-H), 6.01 (1 H,
dd, Joya 11.1 and Joy 3, 2.4, 2-Hyy), 7.32-7.47 (9 H, m, OSiPh,'Bu and Ph), 7.72-7.78 (4 H, m,
OSiPh,'Bu), 7.84-7.89 (2 H, m, Ph), 7.90 (1 H, s, 5-H).

S (75 MHz; CDCl): 18.0 (CH,, C-4'), 18.2 (CH,, C-10"), 19.3 (C, OSiPh,'Bu), 26.5 (CH,, C-9'), 26.8
(CHs, OSiPh,'Bu), 31.1 (CH,, C-3'), 34.5 (CH,, C-5'), 34.6 (CH,, C-11"), 67.2 (CH,, 8'-CH,0), 71.2 (CH,
C-8'), 81.2 (CH, C-2'), 99.0 (C, C-6'), 117.7 (CH, C-5), 125.8 (CH, Ph), 127.7 (CH, OSiPh,Bu), 128.1
(CH, Ph), 128.8 (CH, Ph), 129.6 (CH, OSiPh,'Bu), 129.6 (CH, OSiPh,'Bu), 130.8 (C, Ph), 133.7 (C,
OSiPh,'Bu), 135.6 (CH, OSiPh,'Bu), 135.7 (CH, OSiPh,'Bu), 147.5 (C, C-4).

m/z (FAB): 568 (MH®, 3%), 510 (M — ‘Bu, 7), 423 (C2H503Si, 45), 239 (SiPh,Bu, 8), 207 (38), 199
(31), 197 (37), 137 (21), 135 (100), 121 (16), 91 (18).
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Figure 7.59: 'HNMR spectrum (300 MHz; CDCIs) of triazole 909d.
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Figure 7.60: "°C NMR spectrum (75 MHz; CDCls) of triazole 909d.
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Ethyl 1-{(2'S*6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2’-yl}-
1H-1,2,3-triazole-4-carboxylate (909e)

TBDPSO

5
. 4 _COyEt
N/Y

X =N
N
Method A: The title compound 909e (9.00 mg, 84%) was prepared as a pale yellow oil from
azide 860a (9.00 mg, 19.3 umol), ethyl propiolate (857) (50.0 uL) and Cul[P(OEt);] (0.71 mg,
2.00 umol) in toluene (250 puL) using the general procedure (method A) described above. Purification

was carried out by flash chromatography using hexane—EtOAc (19:1 to 9:1) as eluent.

HRMS (FAB): found MH®, 564.2892, C3;H.,N305Si requires 564.2894.
Vimax (film)fem™": 2932 (C—H), 1742 (C=0), 1428, 1221 (C-0), 1113 (C-O), 980, 703.

& (300 MHz; CDCL3): 1.06 (9 H, s, OSiPh,'Bu), 1.28-1.35 (1 H, m, 9-Ha), 1.42 (3 H, t, Jerscry, 7.1,
OCH,CHj), 1.46-1.55 (1 H, m, 11'-Ha), 1.55-1.65 (3 H, m, 5'-Ha, 9'-Hs and 10"-Ha), 1.69-1.92 (5 H, m,
3"-Hp, 4"-Hp, 5'Hs, 10"-Hg and 11"-Hg), 2.11-2.23 (2 H, m, 3-Hg and 4™-Hg), 3.62 (1 H, dd, Jas 10.5 and
Jyciipe 4.2, 8'-CHzH50), 3.72 (1 H, dd, Jag 10.5 and Js.ci,e 6.3, 8-CHaHE0), 3.82-3.89 (1 H, m, 8"-H),
4.45 (2 H, t, Jop crs 7.1, OCH,CH), 6.07 (1 H, dd, Ja,, 3, 10.9 and Ja,, 50, 2.2, 2'-Hay), 7.34-7.44 (6 H,
m, Ph), 7.69-7.75 (4 H, m, Ph), 8.25 (1 H, s, 5-H).

& (75 MHz; CDCly): 14.1 (CHs, OCH,CHs), 17.8 (CH,, C-4), 18.1 (CH,, C-10), 19.2 (C, OSiPh,'Bu),
26.4 (CH,, C-9'), 26.8 (CH,, OSiPh,'Bu), 31.2 (CH,, C-3'), 34.4 (CH,, C-5'), 34.5 (CH,, C-11), 61.2
(CH,, OCH,CHj), 67.1 (CH,, 8-CH,0), 71.3 (CH, C-8), 81.6 (CH, C-2'), 99.2 (C, C-6), 125.7 (CH,
C-5), 127.6 (CH, Ph), 129.6 (CH, Ph), 129.6 (CH, Ph), 133.6 (C, Ph), 133.6 (C, Ph), 135.6 (CH, Ph),
135.6 (CH, Ph), 140.0 (C, C-4), 160.9 (C, C=O).

m/z (FAB): 564 (MH", 0.5%), 518 (M — OEt, 2), 506 (M — Bu, 5), 486 (M — Ph, 2), 423 (CsH3505Si,
69), 365 (18), 239 (SiPh,'Bu, 10), 207 (49), 199 (34), 197 (32), 135 (100), 121 (22).
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Figure 7.61: 'HNMR spectrum (300 MHz; CDCls) of triazole 909e.
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Figure 7.62: "°C NMR spectrum (75 MHz; CDCls) of triazole 909e.
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Dimethyl 1-{(2°'S* 6'S*,8'S*)-8'~(tert-Butyldiphenylsilyloxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-
2'-yl}-1H-1,2,3-triazole-4,5-dicarboxylate (909f)

TBDPSO

COoMe

5
N“N-co,Me

N=N

Method B: The title compound 909f (8.30 mg, 78%) was prepared as a pale yellow oil from

azide 860a (8.20 mg, 17.6 umol) and dimethylacetylene dicarboxylate (100 pL) in toluene (500 uL)
using the general procedure (method B) described above. Purification was carried out by flash

chromatography using hexane—EtOAc (19:1 to 9:1) as eluent.

HRMS (FAB): found [M — tBu]+, 550.2010, CygH3,N30,Si requires 550.2010.
Vinax (fiIm)Icm'1: 2929 (C-H), 1741 (C=0), 1428, 1098 (C-0), 703.

4 (400 MHz; CDCl5): 1.07 (9 H, s, OSiPh,'Bu), 1.27-1.33 (1 H, m, 9-H,), 1.41-1.51 (1 H, m, 11"-H,),
1.54-1.80 (7 H, m, 4'-Ha, 5'-Ha, 5-Hg, 9"-Hg, 10"-Ha, 10™-Hg and 11'-Hg), 2.03-2.27 (3 H, m, 3-Ha, 3"Hs
and 4'-Hg), 3.60 (1 H, dd, Jag 10.3 and Jg.cy, & 4.8, 8-CHaHg0), 3.71 (1 H, dd, Jag 10.3 and Jg.cy, s 5.8,
8-CHaHgO), 3.77-3.83 (1H, m, 8-H), 3.96 (6H, s, 2x OMe), 6.18 (1H, dd, Jy_ 3, 10.6 and
s 3eq 3.0, 2'-Hay), 7.34-7.44 (6 H, m, Ph), 7.68-7.74 (4 H, m, Ph).

& (100 MHz; CDCly): 17.5 (CH,, C-4'), 17.8 (CH,, C-10"), 19.3 (C, OSiPh,'Bu), 26.6 (CH,, C-9), 26.8
(CHa, OSiPh,'Bu), 30.4 (CH,, C-3'), 34.4 (CH,, C-5), 34.7 (CH,, C-11"), 52.6 (CHs, OMe), 53.4 (CHs,
OMe), 66.9 (CH,, 8'-CH,0), 71.0 (CH, C-8'), 82.8 (CH, C-2'), 99.4 (C, C-6'), 127.6 (CH, Ph), 129.6 (CH,
Ph), 129.6 (CH, Ph), 131.8 (C, C-5), 133.5 (C, Ph), 133.6 (C, Ph), 135.6 (CH, Ph), 135.6 (CH, Ph),
138.0 (C, C-4), 160.1 (C, C=0), 160.3 (C, C=0).

m/z (FAB): 550 ([M —'Bu]’, 2%), 423 (CsH3505Si, 52), 207 (42), 199 (35), 197 (33), 137 (23), 135
(100).
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Figure 7.63: 'HNMR spectrum (400 MHz; CDCIs) of triazole 909f.
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Figure 7.64: 3C NMR spectrum (100-MHz; CDCls) of triazote 9094,
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1-{(2'S*,6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7’-dioxaspiro[5.5]undecan-2'-yl}-4-
(trimethylsilyl)-1H-1,2,3-triazole (909g)

TBDPSO

5
N N-Tms

N=N

Method C: The title compound 909g (7.80 mg, 64%) was prepared as a pale yellow oil from

azide 860a (10.1 mg, 21.6 ummol) and trimethylsilylacetylene (2 x 100 pL) in toluene (500 uL) using
the general procedure (method C) described above. Purification was carried out by flash
chromatography using hexane—EtOAc (99:1 to 9:1) as eluent. Unreacted azide 860a (3.60 mg, 36%)

was also recovered.

HRMS (FAB): found MH", 564.3079, Ca;H4sN305Si, requires 564.3078.
Vmax (film)fem™': 2951 (C—H), 1428, 1249 (C-0), 1113 (C-O), 980, 842, 702.

8 (300 MHz; CDCl5): 0.34 (9 H, s, SiMe;), 1.07 (9 H, s, OSiPh,'Bu), 1.26-1.34 (1 H, m, 9-H,), 1.40—
1.53 (1 H, m, 11-H,), 1.53-1.64 (3 H, m, 5'-H,, 9'-Hg and 10"-H,), 1.70-1.80 (3 H, m, 4'-Ha, 5"-Hg and
11-Hg), 1.80-1.99 (2 H, m, 3-Ha and 10"-Hg), 2.06-2.25 (2 H, m, 3'-Hg and 4"-Hg), 3.63 (1 H, dd,
Jag 10.5 and Jy.cipe 4.2, 8-CHaHg0), 3.72 (1 H, dd, Jag 10.5 and Jg-ci,s 6.3, 8'-CHAH5O), 3.88-3.96
(1H, m, 8-H), 6.11 (1 H, dd, Ja, 5, 11.0 and Ja, 3, 2.5, 2'-Hyy), 7.35-7.43 (6 H, m, Ph), 7.66 (1 H, s,
5-H), 7.70-7.76 (4 H, m, Ph).

& (75 MHz; CDCIs): -1.1 (CHs, SiMe;), 18.1 (CH,, C-4"), 18.2 (CH,, C-10'), 19.2 (C, OSiPh,'Bu), 26.5
(CH,, C-9'), 26.8 (CH3, OSiPh,'Bu), 31.2 (CH,, C-3'), 34.6 (CH,, C-5), 34.7 (CH,, C-11), 67.2 (CHs,
8"-CH,0), 71.1 (CH, C-8'), 80.7 (CH, C-2'), 98.9 (C, C-6'), 126.9 (CH, C-5), 127.6 (CH, Ph), 129.6 (CH,
Ph), 129.6 (CH, Ph), 133.7 (C, Ph), 135.6 (CH, Ph), 135.7 (CH, Ph), 146.1 (C, C-4).

m/z (FAB): 564 (MH", 4%), 423 (C,6H3503Si, 74), 405 (15), 239 (SiPh,'Bu, 10), 207 (37), 197 (36), 142
(23), 135 (100), 73 (52).
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Figure 7.65: 'HNMR spectrum (300 MHz; CDCIs) of triazole 909g
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Figure 7.66: '°C NMR spectrum (75 MHz; CDCls) of triazole 909g.
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Ethyl 1-{(2'S*6'S*8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2’-yl}-
4-(trimethylsilyl)- 1H-1,2,3-triazole-5-carboxylate (909h)

TBDPSO

CO,Et
5

N N-Tms
N=N
Method C: The title compound 909h (9.10 mg, 84%) was prepared as a pale yellow oil from

azide 860a (8.00 mg, 17.2 umol) and ethyl 3-(trimethylsilyl)propiolate (916) (2 x 50.0 uL) in toluene
(500 pL) using the general procedure (method C) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (97:3, 19:1 to 9:1) as eluent.

HRMS (FAB): found MH", 636.3293, C1,HsoN305Si, requires 636.3289.
Vmax (film)fem™: 2955 (C—H), 2857, 1728 (C=0), 1428, 1192, 1112 (C-0), 1079 (C-0), 847, 703.

& (300 MHz; CDCIs): 0.39 (9 H, s, SiMes), 1.08 (9 H, s, OSiPh,'Bu), 1.30-1.40 (1 H, m, 9"-Hy), 1.36
(3 H, t, Jonscr, 7.2, OCH,CHs), 1.41-1.49 (1 H, m, 11-Hy), 1.50—1.61(1 H, m, 10"-Hy), 1.62—1.84 (6 H,
m, 4-Hp, 5'Ha, 5'-Hg, 9"-Hg, 10"-Hg and 11-Hg), 1.94-2.03 (1 H, m, 3-H,), 2.03-2.21 (1 H, m, 4-Hg),
2.51-2.66 (1 H, m, 3'-Hg), 3.66 (1 H, dd, Jas 10.0 and Jg-ci,s 5.6, 8'-CHaHgO), 3.83 (1 H, dd, Jag 10.0
and Jg.ci, e 4.9, 8-CHaHg0), 4.02—4.11 (1 H, m, 8"-H), 4.28-4.44 (2 H, m, OCH,CHs), 6.65 (1 H, dd,
Jopme 11.3 @0d o, 5, 2.6, 2'-Hay), 7.35-7.46 (6 H, m, Ph), 7.74-7.80 (4 H, m, Ph).

& (75 MHz; CDCly): -1.1 (CH,, SiMe3), 14.2 (CHs, OCH,CHj), 18.1 (CH,, C-4' and C-107), 19.3 (C,
OSiPh,'Bu), 26.8 (CHs, OSiPh,'Bu), 27.1 (CH,, C-9'), 29.7 (CH,, C-3'), 34.8 (CH,, C-5'), 35.0 (CH.,
C-11"), 61.8 (CH,, OCH,CH;), 67.1 (CH,, 8-CH,0), 70.4 (CH, C-8'), 80.3 (CH, C-2'), 99.0 (C, C-6'),
127.5 (CH, Ph), 129.5 (CH, Ph), 129.5 (CH, Ph), 133.1 (C, C-5), 133.8 (C, Ph), 134.0 (C, Ph), 135.7
(CH, Ph), 135.7 (CH, Ph), 150.1 (C, C-4), 159.8 (C, C=0).

m/z (FAB): 636 (MH", 1%), 578 (M — Bu, 3), 558 (M — Ph, 1), 423 (C2sHs503Si, 39), 214 (22), 207 (27),
199 (33), 197 (38), 135 (100), 73 (45).
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Figure 7.67: 'HNMR spectrum (300 MHz; CDCIs) of triazole 909h.
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Figure 7.68: "°C NMR spectrum (75 MHz; CDCls) of triazole 909h.
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7.3.7 Synthesis of Spiroacetal-Amino Acid 913 |

(2S*,6S*,8S*)-8-(tert-Butyldiphenylsilyloxymethyl)-N-[N-(9-fluorenylmethoxycarbonyl)glycyl]-
1,7-dioxaspiro[5.5]Jundecan-2-ylamine (913)

This procedure is an adaptation of that reported by Davis et al®

To a solution of Fmoc-Gly-OH (13.2 mg, 44.4 umol) and anhydrous HOBt '™ (6.00 mg,
44.4 ymol) in anhydrous MeCN (1.0 mL) at room temperature was added DIC (5.60 mg, 44.4 umol).
After 30 min, azide 860a (18.8 mg, 40.4 umol) in anhydrous MeCN (500 pulL) was transferred to the
mixture via cannula and BuzP (11.1 uL, 44.4 uymol) was added dropwise. After 18 h, saturated
NaHCOj; solution (2 mL) was added. The aqueous phase was extracted with Et,0 (3 x 3 mL) and the
combined organic extracts were concentrated in vacuo. Purification by flash chromatography using
hexane—EtOAc (9:1 to 3:2) as eluent followed by PLC using hexane—EtOAc (3:2) as eluent yielded the
title compound 913 (9.20 mg, 32%) as a white foam.

Melting Point: 66.9-68.1 °C
HRMS (FAB): found MH", 719.3516, C43H5:N,O¢Si requires 719.3516.

Vmax (film)/em™: 3320br (N-H), 2931 (C-H), 2855, 1682 (C=0), 1539, 1228, 1111 (C-O), 1084 (C-O),
739, 702.

54 (400 MHz; CDCl;): 1.06 (9 H, s, OSiPh,'Bu), 1.31-1.46 (4 H, m, 3-Ha, 5-Ha, 9-Ha and 11-H,),
1.57-1.88 (6 H, m, 3-Hg, 4-Ha, 5-Hg, 9-Hg, 10-Hs and 11-Hg), 1.85-1.97 (1 H, m, 10-Hg), 2.00-2.12
(1H, m, 4-Hg), 3.69 (1 H, dd, Jag 10.3 and Jgcn,s 3.8, 8-CHxHgO), 3.72 (1 H, dd, Jas 10.3 and
Jachys 5.0, 8-CHAHEO), 3.91 (2 H, d, Jypny 5.0, 2"-H), 4.11-4.18 (1 H, m, 8-H), 422 (1H, t,
Jyg.ch, 7-0, 9-Hemoc), 4.42 (2 H, d, Jy.chyo 7.0, 9'-CH0gm0c), 5.46 (1 H, br s, 2"-NH), 5.52 (1 H, ddd,
J2ai3ax 11.3, J2280 9.2 @Nd Uz, 3., 2.4, 2-Hay), 6.10 (1 H, d, Jonn2 9.2, 2-NH), 7.30 (2 H, tt, J 7.4 and 1.2,
Fmoc), 7.34-7.43 (8 H, m, Fmoc and Ph), 7.59 (2 H, d, J 7.4, Fmoc), 7.74-7.78 (6 H, m, Fmoc and
Ph).

v3aX

S (100 MHz; CDCl): 18.2 (CH,, C-4), 18.3 (CH,, C-10), 19.3 (C, OSiPh,'Bu), 26.5 (CH,, C-9), 26.8
(CH3, OSiPh,'Bu), 30.7 (CH,, C-3), 34.6 (CH,, C-5 or C-11), 35.0 (CHj,, C-5 or C-11), 44.5 (CH,, C-2"),
47.1 (CH, C-9rmoc), 67.2 (2 x CH,, 8-CH,0 and 9'-CH,Ofmoc), 70.4 (CH, C-8), 72.0 (CH, C-2), 97.9 (C,
C-6), 120.0 (CH, Fmoc), 125.0 (CH, Fmoc), 127.1 (CH, Fmoc), 127.5 (CH, Ph), 127.7 (CH, Fmoc),

™ Water of crystallisation from hydrous HOBt was removed by azeotropic distillation with MeCN (3 x 10 mL) in
vacuo.
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129.4 (CH, Ph), 134.0 (C, Ph), 134.0 (C, Ph), 135.7 (CH, Ph), 135.8 (CH, Ph), 141.3 (C, Fmoc), 143.7
(C, Fmoc), 156.4 (C, C=Ofmoo), 167.9 (C, C-1").

m/z (FAB): 719 (MH", 4%), 701 (M — OH, 6), 423 (C,6Hs505Si, 26), 239 (SiPh,'Bu, 8), 207 (25), 199
(29), 197 (31), 179 (100), 149 (32), 137 (42), 135 (95), 121 (24), 91 (22).
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Figure 7.69: "HNMR spectrum (400 MHz; CDCls) of glycyl-spiroacetal 913.
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Figure 7.70: "*C NMR spectrum (100 MHz; CDCls) of glycyl-spiroacetal 913.
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7.4.1 Deprotection of Spiroacetal-Triazoles 909

General Procedures for Deprotection of Spiroacetal-Triazoles 909

Method A: Desilylation using TBAF

To a solution of TBDPS-protected triazole 909 in anhydrous THF (1.0 mL) under an
atmosphere of argon at room temperature was added activated molecular sieves (0.20 g) and TBAF
solution (1.0 mol L™ in THF, 2.0-10 equiv.). After 1-3 h, saturated NH,CI solution (1 mL) was added.
The aqueous phase was extracted with Et,O (3 x 2 mL) and the combined organic extracts were
concentrated in vacuo. Purification by flash chromatography using the appropriate eluent yielded

hydroxymethyl spiroacetal-triazole 809.

Method B: Desilylation using HF *pyridine

To a solution of TBDPS-protected triazole 909 in anhydrous THF (1.0-2.0 mL) in a plastic vial
under an atmosphere of argon was added HF+pyridine (1.5-3.4 uL per micromole of triazole) and the
mixture was stirred at room temperature. If the desilylation was not complete within 18 h (TLC), a
second portion of HF+pyridine (1.3—2.0 uL per micromole of triazole) was added and the mixture was
stirred at room temperature for another 18 h. Saturated NaHCOj; solution (4 mL) was added dropwise.
The aqueous phase was extracted with Et;O (4 x 4 mL) and the combined organic extracts were
concentrated in vacuo. Purification by flash chromatography using the appropriate eluent yielded

hydroxymethyl spiroacetal-triazole 809.

Method C: Desilylation using 3HF+NEt;*

A solution of TBDPS-protected triazole 909 and 3HF+NEt; (2.0-3.0 uL per micromole of
triazole) in anhydrous THF (300 uL—1.0 mL) was stirred at room temperature under an atmosphere of
argon. If the desilylation was not complete within 18 h (TLC), a second portion of 3HF<NEt; (2.0—
2.5 uL per micromole of triazole) was added and the mixture was stirred at room temperature for
another 18 h. Saturated NaHCOj; solution (4 mL) was added dropwise. The aqueous phase was
extracted with Et;0O (4 x4 mL) and the combined organic extracts were concentrated in vacuo.
Purification by flash chromatography using the appropriate eluent yielded hydroxymethyl spiroacetal-
triazole 809.

Method D: Desilylation using 3HF-NEt; and Buffered with NEt;

A solution of TBDPS-protected triazole 909, 3HF+NEt; (2.0 uL per micromole of triazole) and
NEt; (2.5 uL per micromole of triazole) in anhydrous THF (700 puL) was stirred at 40 °C for 48 h under
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an atmosphere of argon. A second portion of 3HF*NEt; (1.0 uL micromole of triazole) and NEt;
(1.3 uL per micromole of triazole) were added and the mixture was stirred at 40 °C for 18 h. Saturated
NaHCO; solution (2 mL) was added dropwise. The aqueous phase was extracted with EtOAc
(3x3 mL) and the combined organic extracts were concentrated in vacuo. Purification by flash

chromatography using hexane—EtOAc as eluent yielded hydroxymethyl spiroacetal-triazole 809.

4-[2"-(Benzyloxy)ethyl]-1-{(2'S*6'S*8'S*)-8'-(hydroxymethyl)-1',7'-dioxaspiro[5.5]undecan-2"-yl}-
1H-1,2,3-triazole (809a)

4 4 1//
NM OBn

N=N
Method C*: The title compound 809a (13.7 mg, 99%) was prepared as a pale yellow oil from

TBDPS-protected triazole 909a (22.3 mg, 35.6 umol) and 3HF*NEt; (2 x 72.0 uL) in anhydrous THF

(1.0 mL) using the general procedure (method C) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (9:1, 1:1 to 0:1) as eluent.

HRMS (FAB): found MH", 388.2244, C,;H3,N30, requires 388.2236.

Vimax (film)lcm™: 3400 (O—H), 2942 (C—H), 2870, 1455, 1387, 1223 (C-0), 1099 (C-O), 1048, 980,
737.

S (400 MHz; CDCl3): 1.33-1.42 (1 H, m, 9Hy), 1.42-1.52 (2 H, m, 9'-Hg and 11"-H,), 1.53-1.62 (2 H,
m, 5-Ha and 10-H,), 1.72-1.87 (5 H, m, 4"-H,, 5-Hg, 10"-Hg, 11-Hg and OH), 1.87-2.04 (1 H, m,
3"-Ha), 2.06-2.16 (2 H, m, 3-Hg and 4-Hg), 3.06 (2 H, t, J;»,»6.6, 1"-H), 3.56 (1 H, dd, Jas 11.6 and
Jo-crpe 6.2, 8-CHaH50), 3.69 (1 H, dd, Jag 11.6 and Jgcuye 3.3, 8-CHaAHEO), 3.78 (2 H, t, Jpr1» 6.6,
2"-H), 3.83-3.90 (1 H, m, 8-H), 4.55 (2H, s, OCH,Ph), 5.94 (1 H, dd, Jz, 3., 11.2 and Jo, 3., 2.3,
2"-H.y), 7.27-7.36 (5 H, m, Ph).

3'eq

& (100 MHz; CDCly): 17.9 (CH,, C-10), 18.1 (CH,, C-4), 26.0 (CH,, C-9'), 26.6 (CH,, C-1"), 30.8
(CH,, C-3'), 34.4 (CH,, C-5'), 34.7 (CHj,, C-11"), 66.0 (CH,, 8'-CH,0), 69.1 (CH,, C-2"), 70.7 (CH, C-8"),
73.0 (CH,, OCH,Ph), 81.0 (CH, C-2'), 98.9 (C, C-6), 119.9 (CH, C-5), 127.6 (CH, Ph), 127.7 (CH, Ph),
128.4 (CH, Ph), 138.2 (C, Ph), 145.0 (C, C-4).

m/z (FAB): 388 (MH", 8%), 204 (100), 186 (87), 185 (C1oH703, 45), 121 (18), 99 (23), 91 (51).

HA yield of 74% and 75% were achieved when method A and method B were used respectively.

257



Chapter 7: Experimental 7.4 Deprotection of Spiroacetal Analogues

f i iy

| JLJ L

T T ‘ T T | T T T T ‘ T ‘ T T ‘ T T T T ‘ T T T
ppm (t1) 7.0 6.0 5.0 4.0 3.0 2.0
Figure 7.71: "H NMR spectrum (400 MHz; CDCl3) of triazole 809a.
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Figure 7.72: "*C NMR spectrum (100 MHz; CDCls) of triazole 809a.
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1-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]Jundecan-2-yl}-4-hydroxymethyl-1H-
1,2,3-triazole (809c)

. 5
4
N
N=N OH
Method B: The title compound 809¢ (4.80 mg, 71%) was prepared as a pale yellow oil from

TBDPS-protected triazole 909¢ (12.5 mg, 24.0 umol) and HFepyridine (60.0 uL) in anhydrous THF
(1.5 mL) using the general procedure (method B) described above. Purification was carried out by

flash chromatography using hexane—Et,O—MeOH (4:1:0, 0:1:0 to 0:19:1) as eluent.

HRMS (FAB): found MH", 284.1618, C43H,,N30, requires 284.1610.

Vimax (film)lem™: 3375 (O-H), 2933 (C—H), 2872, 1456, 1440, 1223 (C-O), 1099 (C-0), 1047, 1017,
979.

6u (300 MHz; CDCI3): 1.33—-1.43 (1 H, m, 9'-H,), 1.46-1.64 (4 H, m, 5-H,, 9'-Hg, 10-Hp and 11'-Ha),
1.70-1.95 (5 H, m, 3'-Ha, 4-Ha, 5-Hg, 10-Hg and 11'-Hg), 2.05-2.21 (3 H, m, 3'-Hg, 4'-Hg and OH),
2.46 (1 H, br s, OH), 3.57 (1 H, dd, Jag 11.6 and Jg-cp, s 6.3, 8'-CH,HEO), 3.69 (1 H, dd, Jag 11.6 and
Jg-cHp8 3.3, 8'-CHAHE0), 3.82-3.90 (1 H, m, 8-H), 4.81 (2 H, s, 4-CH,0OH), 5.97 (1 H, dd, J,,, 3., 11.0
2.3, 2-Hy), 7.74 (1 H, s, 5-H).

and Jz'ax’;yeq

& (100 MHz; CDCls): 17.9 (CH,, C-10"), 18.0 (CH,, C-4'), 26.0 (CH,, C-9), 30.8 (CH,, C-3'), 34.4 (CH.,
C-5'), 34.6 (CH,, C-11'), 56.6 (CH,, 4-CH,OH), 66.0 (CH,, 8'-CH,0), 70.8 (CH, C-8'), 81.2 (CH, C-2'),
99.0 (C, C-6'), 119.9 (CH, C-5), 147.4 (C, C-4).

m/z (FAB): 284 (MH', 12%), 185 (C1oH03, 45), 155 (40), 149 (37), 138 (52), 137 (100), 120 (20), 91
(26).
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Figure 7.73: 'HNMR spectrum (300 MHz; CDCls) of triazole 809c.
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Figure 7.74: "*C NMR spectrum (100 MHz; CDCls) of triazole 809¢
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1-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]Jundecan-2'-yl}-4-phenyl-1H-1,2,3-
triazole (809d)

N Nf-Ph
N=N
Method A: The title compound 809d (7.10 mg, 81%) was prepared as a pale yellow oil from

TBDPS-protected triazole 909d (15.0 mg, 26.4 umol) and TBAF solution (264 uL, 264 pmol) in
anhydrous THF (1.0 mL) using the general procedure (method A) described above. Purification was

carried out by flash chromatography using hexane—EtOAc (9:1 to 7:3) as eluent.

HRMS (El): found M*™*, 329.1735, C4gH,3N303 requires 329.1739.

Vimax (film)lem™: 3389 (O-H), 2944 (C—H), 2873, 1438, 1391, 1234, 1202 (C-0), 1076 (C-0), 10486,
1019, 978, 766, 695.

84 (300 MHz; CDCly): 1.39-1.47 (1 H, m, 9-H,), 1.47-1.68 (4 H, m, 5'-Ha, 9-Hg, 10-H, and 11-Hp),
1.74-1.97 (4 H, m, 4'-H,, 5"-Hg, 10"-Hg and 11-Hg), 1.98-2.11 (2 H, m, 3"-H, and OH), 2.11-2.26 (2 H,
m, 3-Hg and 4'-Hg), 3.57-3.67 (1 H, m, 8-CHxHgO), 3.72 (1 H, d, Jas 11.3, 8-CHaHgO), 3.86-3.95
(1H, m, 8-H), 6.03 (1H, dd, Jy,, 5, 11.0 and Jy,, 5., 2.4, 2-H), 7.30-7.36 (1 H, m, Ph), 7.40-7.46
(2 H, m, Ph), 7.84-7.88 (2 H, m, Ph), 7.95 (1 H, s, 5-H).

S (100 MHz; CDCls): 17.9 (CH,, C-10"), 18.1 (CH,, C-4'), 26.0 (CH,, C-9"), 31.0 (CH,, C-3'), 34.4 (CH.,
C-5'), 34.7 (CH,, C-11'), 66.0 (CH,, 8'-CH,0), 70.8 (CH, C-8'), 81.3 (CH, C-2'), 99.1 (C, C-6'), 117.7
(CH, C-5), 125.8 (CH, Ph), 128.1 (CH, Ph), 128.8 (CH, Ph), 130.6 (C, Ph), 147.6 (C, C-4).

m/z (El): 329 (M"™, 4%), 298 (M — CH,OH, 2), 185 (C1oH;703, 55), 145 (100), 128 (15), 121 (22), 117
(18), 99 (36), 71 (25), 57 (15), 55 (29), 43 (15), 41 (26).
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Figure 7.75: "HNMR spectrum (300 MHz; CDCls) of triazole 809d.
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Figure 7.76: "°C NMR spectrum (100 MHz; CDCl3) of triazole 809d.
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Ethyl 1-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]undecan-2'-yl}-1H-1,2,3-triazole-
4-carboxylate (809¢)

: 5
4
N Ncoset
N=N
Method B: The title compound 809e (3.50 mg, 70%) was prepared as a pale yellow oil from
TBDPS-protected triazole 909e (8.70 mg, 15.4 umol) and HF+pyridine (2 x 50.0 uL) in anhydrous THF

(1.0 mL) using the general procedure (method B) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (9:1 to 1:4) as eluent.

HRMS (El): found M™, 325.1638, C1sH,3N30s requires 325.1638.
Vinax (film)/cm'1: 3412 (O-H), 2941 (C-H), 1733 (C=0), 1376, 1222 (C-0), 1044 (C-0), 980.

S (300 MHz; CDCly): 1.38-1.45 (1 H, m, 9-Ha), 1.42 (3 H, t, Jopscn, 7.1, OCH,CHs), 1.48-1.58 (2 H,
m, 9-Hg and 11-Ha), 1.58-1.66 (2 H, m, 5-Ha and 10"-Hp), 1.73-1.94 (6 H, m, 3"-Ha, 4'-Ha, 5-Hsg,
10-Hg, 11-Hg and OH), 2.05-2.17 (1 H, m, 4'-Hg), 2.17-2.28 (1 H, m, 3-Hg), 3.52-3.63 (1 H, m,
8-CH,HgO), 3.63-3.76 (1H, m, 8-CHaHgO), 3.79-3.88 (1 H, m, 8-H), 4.44 (2H, t, Jem,cm, 7.1,
OCH,CHj), 6.02 (1 H, dd, Jy,, 5., 10.8 and Jy,, 5, 2.5, 2-Hy), 8.28 (1 H, s, 5-H).

& (100 MHz; CDCly): 14.3 (CHs, OCH,CHs), 17.8 (CH,, C-107), 17.9 (CH,, C-4"), 25.9 (CH,, C-9'),
31.2 (CH,, C-3'), 34.4 (CH,, C-5'), 34.6 (CH,, C-11'), 61.3 (CH,, OCH,CHj), 65.9 (CH,, 8'-CH,0), 70.9
(CH, C-8"), 81.7 (CH, C-2'), 99.3 (C, C-6'), 125.7 (CH, C-5), 140.2 (C, C-4), 160.8 (C, C=0).

m/z (El): 325 (M™, 5%), 294 (M — CH,OH, 2), 280 (M — OEt, 3), 252 (M — CO,Et, 2), 185 (C1oH+7Os,
43), 156 (60), 128 (100), 114 (25), 99 (69), 96 (67), 70 (49), 55 (47), 41 (50).
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Figure 7.77: "H NMR spectrum (300 MHz; CDCl3) of triazole 809e.
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Figure 7.78: "*C NMR spectrum (100 MHz; CDCls) of triazole 809e.
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Dimethyl 1-{(2°'S* 6°S* 8'S*)-8'-(Hydroxymethyl)-1’,7’-dioxaspiro[5.5]Jundecan-2'-yl}-1H-1,2,3-
triazole-4,5-dicarboxylate (809f)

COzMe

5

N"N-co,Me

N=N

Method C®%: The title compound 809f (3.50 mg, 69%) was prepared as a pale yellow oil from

TBDPS-protected triazole 909f (8.30 mg, 13.7 mmol) and 3HF*NEt; (3 x 34 uL) in anhydrous THF
(300 uL) using the general procedure (method C) described above. Purification was carried out by
flash chromatography using hexane—EtOAc (4:1, 1:1 to 0:1) as eluent followed by PLC using Et,0 as

eluent.

HRMS (FAB): found MH", 370.1615, C15H24N30; requires 370.1614.

Vmax (film)lem™: 3439br (O-H), 2953 (C-H), 1739 (C=0), 1462, 1290, 1258, 1229, 1204 (C-0), 1105
(C-0), 984.

91 (400 MHz; CDCl5): 1.31-1.39 (1 H, m, 9-H,), 1.45-1.55 (2 H, m, 9-Hg and 11-Hy), 1.55-1.65 (2 H,
m, 5-Hy and 10-Hy), 1.68-1.90 (5 H, m, 4"Hj, 5-Hg, 10~Hg, 11-Hg and OH), 2.05-2.19 (2 H, m, 3-H,
and 4-Hg), 2.28-2.40 (1H, m, 3-Hg), 3.56-3.60 (1H, m, 8-CHsHz0). 3.68 (1H, d, Jug 11.7,
8-CHaHz0), 3.76-3.82 (1H, m, 8-H), 397 (3H, s, OMe), 4.00 (3H, s, OMe), 6.15 (1 H, dd,
Jo3ax 11.2 and Jz,, 31, 2.7, 2'-Hyy).

& (100 MHz; CDCl,): 17.8 (2 x CH,, C-4' and C-10"), 26.0 (CH,, C-9"), 30.1 (CH,, C-3"), 34.3 (CH,,
C-5'), 34.6 (CH,, C-11'), 52.6 (CHs, OMe), 53.6 (CHs, OMe), 66.0 (CH,, 8-CH,0), 71.0 (CH, C-8),
82.2 (CH, C-2'), 99.5 (C, C-8"), 131.5 (C, C-5), 138.5 (C, C-4), 159.9 (C, C=0), 160.3 (C, C=0).

m/z (FAB): 370 (MH", 3%), 354 (M — Me, 2), 185 (C1oH,05, 100), 149 (61), 137 (29), 127 (27), 121
(18), 95 (18), 85 (41), 71 (76).

58 A yield of 23% was achieved when method B was used.
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Figure 7.79: "HNMR spectrum (400 MHz; CDCIs) of triazole 809f.
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Figure 7.80: ">C NMR spectrum (100 MHz; CDCls) of triazole 809f.
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1-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]Jundecan-2'-yl}-1H-1,2,3-triazole (809g)

5
' 4
N/ﬁ
\N:N
Method C***: The title compound 809g (3.00 mg, 86%) was prepared as a pale yellow oil from

TBDPS-protected triazole 909g (7.80 mg, 13.8 umol) and 3HF<NEt; (41.0 uL) in anhydrous THF

(300 uL) using the general procedure (method C) described above. Purification was carried out by

flash chromatography using hexane—EtOAc (4:1, 1:1 to 0:1) as eluent.

HRMS (El): found M*™*, 253.1427, C4,H9N3O3 requires 253.1426.

Vimax (film)lem™™: 3390 (O-H), 2944 (C-H), 2873, 1456, 1387, 1220, 1201 (C-0), 1066 (C-0), 1047,
979.

4 (400 MHz; CDCly): 1.34-1.43 (1 H, m, 9'-Hp), 1.44-1.64 (4 H, m, 5'-Hx, 9"-Hg, 10-Hx and 11'-Hp),
1.72-1.86 (4 H, m, 4'-H,, 5"-Hg, 10"-Hg and 11'-Hg), 1.88-2.03 (2 H, m, 3"-H, and OH), 2.07-2.21 (2 H,
m, 3-Hg and 4'-Hg), 3.58 (1 H, dd, Jaxs 11.3 and Jecie 6.2, 8-CHuHgO), 3.71 (1 H, d, Jag 1.3,
8-CHaHg0), 3.85-3.91 (1 H, m, 8-H), 6.03 (1 H, dd, J,, 5, 11.0 and Jy,, 5, 2.5, 2-Hy), 7.74 (1 H, d,
Jus 9.7, 4-H), 7.74 (1 H, d, Js4 9.7, 5-H).

S (100 MHz; CDCls): 17.9 (CH,, C-10"), 18.1 (CH,, C-4'), 26.0 (CH,, C-9"), 30.9 (CH,, C-3'), 34.4 (CH.,
C-5'), 34.6 (CH,, C-11"), 66.0 (CH,, 8'-CH,0), 70.8 (CH, C-8'), 81.1 (CH, C-2'), 99.0 (C, C-6'), 121.5
(CH, C-5), 133.7 (CH, C-4).

m/z (El): 253 (M™, 9%), 222 (M — CH,OH, 7), 185 (C1oH1;0s, 29), 156 (57), 128 (100), 109 (20), 99
(39), 97 (62), 95 (32), 80 (27), 70 (64), 67 (40), 55 (50), 41 (94).

*** Ayield of 26% was achieved when method B was used.

267



Chapter 7: Experimental 7.4 Deprotection of Spiroacetal Analogues

|

ppm (t1) 7.0 6.0 5.0 4.0 3.0 2.0
Figure 7.81: 'HNMR spectrum (400 MHz; CDCIs) of triazole 809g.
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Figure 7.82: ">C NMR spectrum (100 MHz; CDCl3) of triazole 809g.
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Ethyl 1-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]undecan-2'-yl}-1H-1,2,3-triazole-
5-carboxylate (809h)

Method D: The title compound 809h (2.40 mg, 93%) was prepared as a pale yellow oil from
TBDPS-protected triazole 909h (5.00 mg, 7.86 umol), 3HF*NEt; (16.0 + 8.00 uL) and NEt; (20.0 +
10.0 uL) in anhydrous THF (700 pL) using the general procedure (method D) described above.

Purification was carried out by flash chromatography using hexane—-EtOAc (4:1, 3:2 to 1:4) as eluent.

HRMS (El): found M*™*, 325.1636, C45H,3N305 requires 325.1638.

Vmax (film)/lem™: 3411br (O—H), 2925 (C-H), 2853, 1732 (C=0), 1309, 1258, 1194 (C-O), 1082 (C-O),
984.

S (300 MHz; CDCly): 1.29-1.36 (1 H, m, 9"-Ha), 1.40 (3 H, t, Jopscn, 7.1, OCH,CHs), 1.44-1.70 (4 H,
m, 5'-Ha, 9'-Hg, 10-H, and 11-Hp), 1.71-1.89 (4 H, m, 4'-Hp, 5'-Hg, 10"-Hg and 11'-Hg), 1.93-2.01 (1 H,
m, 3-H,), 2.09-2.24 (2 H, m, 4"-Hg and OH), 2.53-2.68 (1 H, m, 3"-Hg), 3.59 (1 H, dd, Jxs 11.6 and
Jy-ctye 6.5, 8-CHaHg0), 3.75 (1 H, dd, Jag 11.6 and Jg-ci,e 3.3, 8-CHaHgO), 3.95-4.14 (1 H, m, 8"-H),
4.4 (2H, q, Joppons 7.1, OCH,CHy), 6.74 (1 H, dd, Jo,, 5, 11.4 and Ja, 5., 2.5, 2'-Hyy), 8.14 (1 H, s,
4-H).

3'eq

& (100 MHz; CDCly): 14.1 (CHs, OCH,CHs), 18.2 (CH,, C-10'), 18.3 (CH,, C-4'), 26.3 (CH,, C-9'),
29.6 (CHj,, C-3"), 34.6 (CH,, C-5' or C-11"), 34.6 (CH,, C-5' or C-11'), 62.1 (CH,, OCH,CHs), 66.4 (CH,,
8-CH,0), 70.8 (CH, C-8'), 79.8 (CH, C-2'), 99.4 (C, C-6"), 127.6 (C, C-5), 137.9 (CH, C-4), 158.6 (C,
C=0).

m/z (El): 325 (M™, 2%), 252 (M — CO,Et, 11), 185 (C1oH1703, 3), 184 (34), 156 (35), 153 (30), 142 (56),
128 (100), 99 (93), 97 (64), 95 (57), 71 (52), 70 (48), 67 (40), 55 (71), 41 (66).
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Figure 7.83: 'HNMR spectrum (300 MHz; CDCIs) of triazole 809h.
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Figure 7.84: "*C NMR spectrum (100 MHz; CDCls) of triazole 809h.
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7.4.2 Deprotection of Spiroacetal-Nucleosides 902

General Procedures for Deprotection of Spiroacetal Nucleosides 902

Method A: Desilylation using 3HF-NEt32

A solution of TBDPS-protected nucleoside 902 and 3HF*NEt; (3.0-5.4 uL per 1.0 umol) in
anhydrous THF (300 uL—1.5 mL) under an atmosphere of argon was stirred at 40 °C for 24-48 h.
Saturated NaHCOj; solution (2 mL) was added dropwise. The aqueous phase was extracted with
EtOAc (6 x 3 mL) and the combined organic extracts were concentrated in vacuo. Purification by flash

chromatography using the appropriate eluent yielded the hydroxylmethyl spiroacetal nucleoside.

Method B: Deacylation using NEt;—H,0-MeOH and Microwave™®

To a solution of acyl-protected purine nucleosides in a mixture of NEt;—H,O-MeOH was
irradiated in a sealed tube at 100-120 °C under microwave. After 30 min, the reaction was
concentrated in vacuo and saturated NaHCOj; solution (0.5 mL) was added. The aqueous phase was
extracted with EtOAc (5 x 3 mL) and the combined organic extracts were concentrated in vacuo.
Purification by flash chromatography using the appropriate eluent yielded the hydroxymethyl

spiroacetal nucleoside.

1-{(2'S*6°S*,8'S*)-8'-(Hydroxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2’-yl}-5-fluorocytidine (808a)

Method A: The title compound 808a (2.40 mg, 77%) was prepared as a pale yellow oil from
TBDPS-protected fluorocytidine 902a (5.50 mg, 9.97 umol) and 3HF*NEt; (30.0 pL) in THF (500 uL)
using the general procedure (method A) described above. Purification was carried out by flash
chromatography using hexane—EtOAc—MeOH (4:1:0, 0:1:0, 0:19:1 to 0:9:1) as eluent.

HRMS (FAB): found MH", 314.1506, C1,H»:FN3O, requires 314.1516.

Vimax (film)lem™: 3354br (O-H), 3195 (N=H), 3101 (N=H), 2927 (C-H), 1678 (C=0), 1602 (C=N), 1511,
1201 (C-0), 1133 (C-0), 979.

& (300 MHz; CDCly): 1.27-1.35 (1H, m, 9-Ha), 1.37-1.52 (3H, m, 3-Ha, 5-Ha and 11-Ha),
1.52-1.65 (2 H, m, 9"-Hg and 10"-H,), 1.65-1.86 (4 H, m, 4'-Ha, 5'-Hg, 10-Hg and 11-Hg), 1.90-1.99
(1H, m, 3-Hg), 2.00-2.61 (4 H, m, 4'-Hg, NH, and OH), 3.55 (1 H, dd, Jas 11.6 and Jscr,s 6.3,
8"-CH,HgO), 3.66 (1 H, dd, Jag 11.6 and Js.cpe 3.4, 8'-CHaH50), 3.84-3.90 (1 H, m, 8"-H), 6.03 (1 H,
d, Jr, 3., 10.8, 2'-Hyy), 7.51 (1 H, d, Josr 5.8, 6-H).
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S (100 MHz; CDCl; with a drop of CD;0D): 18.1 (2 x CH,, C-4' and C-10'), 26.4 (CH,, C-9), 30.2
(CH,, C-3'), 34.4 (CH,, C-5' or C-11'), 34.6 (CH,, C-5' or C-11"), 65.8 (CH,, 8"-CH,0), 70.9 (CH, C-8"),
77.2 (CH, C-2'), 99.2 (C, C-6'), 125.6 (CH, d, Jssr 31.2, C-8), 136.6 (C, d, Js5r 242.3, C-5), 153.8 (C,
C-2), 157.4 (C, Ju s 14.5, C-4).

& (282 MHz; CFCls): -168.52 (CF, 5-F).
m/z (FAB): 314 (MH", 21%), 185 (C1oH1703, 64), 156 (37), 149 (28), 138 (49), 137 (90), 130 (100).
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Figure 7.85: '"H NMR spectrum (300 MHz; CDCls) of fluorocytidine 808a.
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Figure 7.86: ">°C NMR spectrum (100 MHz; CDCl3 with a drop of CD30D) of fluorocytidine 808a.
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1-{(2'S*6'S*,8'S*)-8'-(Hydroxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2'-yl}cytidine (808b)

Method A: The title compound 808b (3.90 mg, 69%) was prepared as a pale yellow oil from
TBDPS-protected cytidine 902b (11.0 mg, 19.1 umol) and 3HF*NEt; (104 uL) in THF (700 pL) using
the general procedure (method A) described above. Purification was carried out by flash
chromatography using hexane—EtOAc—MeOH (4:1:0, 0:1:0 to 0:9:1) as eluent.

HRMS (FAB): found MH", 296.1605, C14H,FN;0, requires 296.1610.
Vmax (film)fem™": 3354br (O-H), 3205 (N-H), 2929 (C-H), 1646 (C=0), 1493, 1203 (C-0), 979.

& (300 MHz; CDCly): 1.32-1.37 (1 H, m, 9-Ha), 1.40-1.62 (5 H, m, 3"-Ha, 5-H,, 9-Hg, 10"-H, and
11'-Ha), 1.64-1.76 (3 H, m, 4'-H,, 5-Hg and 11'-Hg), 1.77-1.85 (1 H, m, 10-Hg), 1.87-1.95 (1 H, m,
3"-Hg), 2.04-2.39 (4 H, m, 4-Hg, NH, and OH), 3.55 (1 H, dd, Jas 11.5 and Jsc,s 6.6, 8'-CHaHgO),
3.67 (1 H, dd, Jag 11.5 and Jg.ci,s 3.5, 8-CHaHgO), 3.86-3.94 (1 H, m, 8"-H), 5.86 (1 H, d, Jss 7.5,
5-H), 6.10 (1 H, dd, Jz,, 35, 11.2 and o, 5, 2.0, 2"-Hay), 7.50 (1 H, d, Jg 5 7.5, 6-H).

& (75 MHz; CDCl,): 18.2 (CH,, C-10'), 18.5 (CHj, C-4'), 26.2 (CH,, C-9"), 30.1 (CHy, C-3), 34.6 (CH,,
C-5' or C-11'), 34.8 (CH,, C-5' or C-11"), 66.1 (CH,, 8'-CH,0), 70.7 (CH, C-8'), 76.7 (CH, C-2), 94.8
(CH, C-5), 99.1 (C, C-6"), 141.5 (CH, C-6), 165.6 (C, C-2), 165.3 (C, C-4).

m/z (FAB): 296 (MH", 10%), 185 (C1oH170s, 12), 155 (45), 149 (32), 138 (56), 137 (100), 124 (17),
120 (20), 112 (68), 91 (37).
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Figure 7.87: "HNMR spectrum (300 MHz; CDCIs) of cytidine 808b.
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Figure 7.88: "°C NMR spectrum (75 MHz; CDCls) of cytidine 808b.

1-{(2'S*6°S*,8'S*)-8'-(Hydroxymethyl)-1',7'-dioxaspiro[5.5]Jundecan-2'-yl}thymidine (808c)

Method A: The title compound 808c (3.30 mg, 79%) was prepared as a pale yellow oil from
TBDPS-protected thymidine 902¢ (7.40 mg, 13.5 umol) and 3HF+<NEt; (72.0 uL) in THF (300 pL) using
the general procedure (method A) described above. Purification was carried out by flash
chromatography using hexane—EtOAc (4:1 to 1:1) as eluent.

HRMS (FAB): found MH", 310.1525, C15H2,N,05 requires 310.1529.

Vmax (film)lcm™: 3444br (O—H), 3184 (N-H), 3044, 2945 (C-H), 1694 (C=0), 1682 (C=0), 1272 (C-O),
1092, 980.

4 (400 MHz; CDCly): 1.23-1.34 (1 H, m, 9'-Ha), 1.44—1.52 (2 H, m, 5'-Ha and 11"-H,), 1.56-1.65 (3 H,
m, 3-Ha, 9-Hg and 10"-Ha), 1.65-1.87 (5 H, m, 3"-Hg, 4"-Ha, 5'-Hs, 10-Hg and 11-Hg), 1.96 (3 H, d,
Js.ctas 1.1, 5-CHa), 2.04-2.18 (1 H, m, 4'Hg), 2.63 (1 H, t, Joys.cn, 5.5, OH), 3.59-3.64 (2H, m,
8-CH,0), 3.82-3.89 (1H, m, 8-H), 6.03 (1H, dd, Jo,5u 11.3, Jrmaeg 22, 2-Ha), 7.22 (1H, d,
Jos.chs 1.1, 6-H), 9.21 (1 H, br's, NH).
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& (100 MHz; CDCly): 12.6 (CHa, 5-CHs), 18.1 (CHy, C-4'), 18.4 (CH,, C-10), 26.5 (CH,, C-9'), 29.3
(CHy, C-3'), 34.4 (CH,, C-5' or C-11'), 34.7 (CH,, C-5' or C-11"), 66.0 (CH,, 8'-CH,0), 70.9 (CH, C-8"),
75.8 (CH, C-2"), 99.2 (C, C-6"), 111.2 (C, C-5), 135.8 (CH, C-6), 150.9 (C, C-2), 163.6 (C, C-4).

m/z (FAB): 311 (MH", 1%), 293 (M — OH, 7), 185 (C4oH1705, 100), 167 (10), 127 (24), 121 (10), 99
(12), 97 (10).
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Figure 7.89: "HNMR spectrum (400 MHz; CDCls) of thymidine 808c.
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Figure 7.90: "*C NMR spectrum (100 MHz; CDCl3) of thymidine 808c.
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1-{(2'S*6'S*,8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]Jundecan-2'-yl}uridine (808d)

Method A: The title compound 808d (2.90 mg, 73%) was prepared as a pale yellow oil from
TBDPS-protected uridine 902d (7.20 mg, 13.5 umol) and 3HF*NEt; (40.5 uL) in THF (1.0 mL) using
the general procedure (method A) described above. Purification was carried out by flash

chromatography (twice) using hexane—EtOAc (4:1, 1:1 to 0:1) as eluent.

HRMS (FAB): found MH", 297.1441, C14,H,;N,Os requires 297.1451.

Vimax (film)lem’™: 3439br (O—H), 3055 (N—H), 2926 (C—H), 1694 (C=0), 1682 (C=0), 1463, 1385, 1271
(C-0), 1204 (C-0), 1048, 982.

1 (400 MHz; CDCl3): 1.29-1.37 (1 H, m, 9-Hp), 1.45-1.52 (2 H, m, 5'-Ha and 11'-Ha), 1.53-1.64 (3 H,
m, 3"-Ha, 9'-Hg and 10'-Hy), 1.66-1.82 (5 H, m, 4'-Hy, 5'-Hg, 10"-Hg, 11'-Hg and OH), 1.82-1.88 (1 H, m,
3"-Hg), 2.08-2.17 (1 H, m, 4-Hg) 3.59 (1 H, dd, Jag 11.5 and Jy.ci,e 6.0, 8-CH4H50), 3.72 (1 H, dd,
Jag 11.5 and Jg.cue 4.0, 8'-CHaH50), 3.81-3.87 (1 H, m, 8'-H), 5.76 (1 H, d, Js¢ 8.2, 5-H), 5.99 (1 H,
dd, Jo, 3., 11.3 and Ja, 5. 2.3, 2'-Hay), 7.43 (1 H, d, Js 5 8.2, 6-H), 8.86 (1 H, br s, NH).

3'eq
& (75 MHz; CDCL3): 18.1 (CH,, C-10'), 18.3 (CH,, C-4'), 26.2 (CH,, C-9), 29.6 (CH,, C-3'), 34.4 (CH,,
C-5' or C-11), 34.7 (CH,, C-5' or C-11), 66.0 (CH,, 8-CH,0), 70.9 (CH, C-8"), 76.2 (CH, C-2), 99.3 (C,
C-6'), 102.7 (CH, C-5), 140.1 (CH, C-6), 150.4 (C, C-2), 162.7 (C, C-4).

m/z (FAB): 297 (MH", 6%), 185 (C1oH1703, 34), 155 (31), 138 (41), 137 (78), 120 (17), 102 (100), 91
(19).
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Figure 7.91: 'HNMR spectrum (400 MHz; CDCls) of uridine 808d.
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Figure 7.92: "*C NMR spectrum (75 MHz; CDCls) of uridine 808d.
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1-{(2'S*6'S*,8'S*)-8'-(Hydroxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2'-yl}-5-fluorouridine (808e)

Method A: The title compound 808e (1.00 mg, 65%) was prepared as a pale yellow oil from
TBDPS-protected fluorouridine 902e (2.70 mg, 4.89 ummol) and 3HF*NEt; (25.0 pL) in THF (500 plL)
using the general procedure (method A) described above. Purification was carried out by flash

chromatography (twice) using hexane—EtOAc—MeOH (4:1:0, 0:1:0 to 0:19:1) as eluent.

HRMS (FAB): found MH*, 315.1356, C14,H2,FN,Os requires 315.1356.

Vmax (film)lcm™: 3444br (O-H), 3198 (N-H), 3064 (N-H), 2929 (C—H), 1714 (C=0), 1666 (C=0), 1373,
1265 (C-0), 1203, 1093 (C-O), 982.

S (400 MHz; CDCly): 1.29-1.39 (1 H, m, 9-Hp), 1.43-1.60 (5 H, m, 3"-Ha, 5'Ha, 9-Hs, 10"-H, and
11'=Ha), 1.68-1.91 (5 H, m, 3"-Hp, 4"-Ha, 5'-Hg, 10-Hg and 11"-Hg), 1.98-2.18 (2 H, m, 4'-Hg and OH),
358 (1H, dd, Jag11.6 and Jg.ci,e 6.1, 8-CHaHgO), 3.66 (1H, dd, Jag11.6 and Js.cie 3.7,
8'-CHaH30), 3.78-3.85 (1 H, m, 8'-H), 5.96 (1 H, ddd, Jo, 3, 11.2, Jop 30 = Jorsr 2.1, 2"-Ha), 748 (1 H,
d, Josr 6.1, 6-H), 8.88 (1 H, br's, NH).

& (100 MHz; CDCl): 18.0 (CH,, C-10'), 18.1 (CHy, C-4), 26.1 (CH,, C-9"), 29.6 (CH,, C-3'), 34.4 (CH,
C-5'or C-11"), 34.6 (CH,, C-5' or C-11°), 66.0 (CH,, 8"-CH,0), 71.0 (CH, C-8'), 76.7 (CH, C-2), 99.5 (C,
C-6'), 124.8 (CH, d, Js sr 33.5, C-6), 141.0 (C, d, Js s 238.5, C-5), 148.8 (C, C-2), 156.3 (C, C-4).

& (282 MHz; CFCls): -165.6 (CF, 5-F).

m/z (FAB): 315 (MH", 3%), 282 (21), 185 (C1oH170s, 24), 155 (40), 138 (50), 137 (100), 136(21), 124
(17), 120 (20), 91(24), 90 (24).
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Figure 7.93: "H NMR spectrum (400 MHz; CDCls) of fluorouridine 808e.
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Figure 7.94: "*C NMR spectrum (100 MHz; CDClIs) of fluorouridine 808e.
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6-N-Benzoyl-9-{(2'S*6'S*,8'S*)-8'-(hydroxymethyl)-1',7'-dioxaspiro[5.5]Jundecan-2'-yl}adenosine
(808f)

A
N SN

ﬂ—
6
NHB
g . ‘

Method A: The title compound 808f (6.50 mg, 85%) was prepared as a pale yellow oil from
TBDPS-protected adenosine 902f (12.0 mg, 18.1 umol) and 3HF*NEt; (54.0 uL) in THF (1.5 mL) using

the general procedure (method A) described above. Purification was carried out by flash

chromatography (twice) using hexane—EtOAc—MeOH (4:1:0, 0:1:0 to 0:19:1) as eluent.

HRMS (FAB): found MH", 424.1974, C,,H,sN50, requires 424.1985.

Vmax (film)flem’™: 3395 (O—H), 3057 (N-H), 2932 (C-H), 1698 (C=0), 1614, 1582, 1455, 1258 (C-0),
1227 (C-0), 1097, 980.

& (300 MHz; CDCly): 1.32-1.40 (1 H, m, 9'Ha), 1.45-1.66 (4 H, m, 5'-Hp, 9'-Hg, 10-H, and 11'-Ha),
1.70-1.91 (5 H, m, 4-Hp, 5-Hg, 10-Hg, 11-Hg and OH), 2.10-2.27 (3 H, m, 3"-H,, 3-Hg and 4'-Hg),
3.63 (1H, dd, Jss 11.6 and Jg.cu,e 7.0, 8-CHaHgO), 3.78 (1H, dd, Jag 11.6 and Jycups 2.9,
8'-CHaH50), 3.99-4.07 (1 H, m, 8-H), 6.23 (1 H, d, Jo, 3, 9.5, 2"Hay), 7.53 (2 H, t, J7.2, Ph), 7.61
(1H,t,J7.2,Ph), 8.04 2H,d, J7.2, Ph), 8.25 (1 H, s, 8-H), 8.80 (1 H, s, 2-H), 9.11 (1 H, br s, NH).

S (100 MHz; CDCl3): 18.2 (CH,, C-10"), 18.6 (CH,, C-4'), 26.0 (CH,, C-9'), 30.4 (CH,, C-3'), 34.3 (CH,,
C-5'), 34.5 (CH,, C-11"), 66.2 (CH,, 8'-CH,0), 71.3 (CH, C-8'), 75.6 (CH, C-2'), 99.3 (C, C-6'), 123.0 (C,
C-5), 127.9 (CH, Ph), 128.8 (CH, Ph), 132.8 (CH, Ph), 133.6 (C, Ph), 141.0 (CH, C-8), 149.6 (C, C-6),
151.6 (C, C-4), 152.7 (CH, C-2), 164.6 (C, C=O).

m/z (FAB): 424 (MH", 8%), 185 (C1oH1703, 3), 155 (40), 135 (51), 137 (100), 120 (20), 105 (20).
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Figure 7.95: '"H NMR spectrum (300 MHz; CDCl3) of benzoyladenosine 808f.
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Figure 7.96: "*C NMR spectrum (100 MHz; CDCls) of benzoyladenosine 808f.
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2-N-Acetyl-9-{(2'S*6'S*,8'S*)-8'-(hydroxymethyl)-1',7'-dioxaspiro[5.5]Jundecan-2'-yl}guanosine
(808g)

NHAc
Method A: The title compound 808g (2.80 mg, 91%) was prepared as a colourless oil from

TBDPS-protected guanosine 902g (5.00 mg, 8.12 umol) and 3HF*NEt; (24.6 uL) in THF (750 plL)
using the general procedure (method A) described above. Purification was carried out by flash
chromatography hexane—EtOAc—MeOH (4:1:0, 0:1:0 to 0:9:1) as eluent followed by PLC using
EtOAc—MeOH (99:1) as eluent.

HRMS (FAB): found MH", 378.1780, C1;H,4N5O5 requires 378.1777.

Vimax (film)fem™: 3390br (O—H), 3210 (N-H), 3050 (N-H), 2941 (C-H), 1681 (C=0), 1613, 1557, 1411,
1260 (C-0), 1235 (C-0), 978.

& (300 MHz; CDCly): 1.15-1.23 (1 H, m, 9-H,), 1.46-1.66 (4 H, m, 5'-Hp, 9"-Hg, 10-H, and 11-Hy),
1.66-1.89 (4 H, m, 4'-H,, 5'-Hg, 10"-Hg and 11"-Hg), 1.97-2.04 (2 H, m, 3'-H), 2.06-2.16 (1 H, m, 4"-Hg),
2.24 (3H, s, COCHy), 2.47 (1 H, br s, OH), 3.66 (1 H, dd, Jas 11.1 and Jg.ci, s 4.9, 8'-CHaHgO), 3.75
(1H, dd, Jas 11.1 and Ja.r, s 6.8, 8-CHaH5O), 4.16-4.26 (1 H, m, 8"-H), 5.90 (1 H, dd, J,, 3, 9.7 and
Jra3eq 3:5, 2-Hay), 7.87 (1 H, s, 8-H), 10.14 (1 H, br s, NH), 11.97 (1 H, br s, NH).

& (75 MHz; CDCl,): 18.2 (CH,, C-10), 18.8 (CH,, C-4'), 24.2 (CH,, COCHs), 26.9 (CH,, C-9'), 29.6
(CH,, C-3'), 34.3 (CH,, C-5'), 34.8 (CH,, C-11), 66.6 (CH,, 8'-CH,0), 70.8 (CH, C-8'), 75.0 (CH, C-2'),
99.3 (C, C-6'), 120.5 (C, C-5), 136.6 (CH, C-8), 147.8 (C, C-2), 148.2 (C, C-4), 155.5 (C, C-6), 170.9
(C, NCOMe).

m/z (FAB): 378 (MH", 6%), 194 (38), 185 (C1oH1703, 11), 155 (46), 139 (24), 138 (53), 137 (100), 120
(20), 90 (24).
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Figure 7.97: '"H NMR spectrum (300 MHz; CDCl3) of acetylguanosine 808g.
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Figure 7.98: ">C NMR spectrum (75 MHz; CDCls) of acetylguanosine 808g.
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2-N-Acetyl-7-{(2°'S*6'S*,8'S*)-8'-(hydroxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2'-yl}guanosine
(808h)

NHAc
Method A: The title|compound 808h (2.00 mg, 82%) was prepared as a colourless oil from

TBDPS-protected guanosine 902h (4.00 mg, 6.50 umol) and 3HF<NEt; (20.0 uL) in THF (750 uL)

using the general procedure (method A) described above. Purification was carried out by flash

chromatography using hexane—EtOAc—MeOH (1:1:0, 0:1:0 to 0:19:1) as eluent.

HRMS (FAB): found MH", 378.1784, C;H,4N5Os requires 378.1777.

Vimax (film)lem™: 3429br (N-H and O-H), 2946 (C-H), 1673 (C=0), 1625, 1548, 1259, 1217 (C-0),
981, 732.

& (300 MHz; CDCls): 1.27-1.34 (1 H, m, 9"Ha), 1.46-1.70 (4 H, m, 5'-Hp, 9'-Hg, 10"-H, and 11'-Hy),
1.70-1.85 (4 H, m, 4'-Ha, 5'-Hg, 10-Hg and 11-Hg), 1.89-2.00 (1 H, m, 3-H,), 2.10-2.18 (1 H, m,
3"Hg), 2.18-2.25 (1 H, m, 4"-Hg), 2.40 (3H, s, COCH,), 2.79 (1 H, br s, OH), 3.54-3.64 (1 H, m,
8'-CH,sHg0), 3.73 (1 H, dd, Jas 11.5 and Js.cu & 3.1, 8-CHaH50), 3.84-4.04 (1 H, m, 8'-H), 6.38 (1 H,
dd, Jo,, 3., 11.1 and Ja,, 5., 2.1, 2'-Hay), 8.12 (1 H, s, 8-H), 10.62 (1 H, br's, NH), 12.30 (1 H, br s, NH).

3'eq
& (100 MHz; CDCl3): 18.3 (CH,, C-107), 18.5 (CH,, C-4'), 24.6 (CHs, COCHj), 26.4 (CH,, C-9), 31.3
(CH,, C-3'), 34.5 (CH,, C-5'), 34.6 (CH,, C-11), 66.4 (CH,, 8'-CH,0), 71.1 (CH, C-8'), 77.9 (CH, C-2'),
99.2 (C, C-6'), 111.4 (C, C-5), 141.5 (CH, C-8), 147.6 (C, C-2), 152.9 (C, C-6), 156.7 (C, C-4), 173.0
(C, NCOMe).

m/z (FAB): 378 (MH", 25%), 194 (100), 165 (28), 124 (53), 120 (75).

284


https://www.bestpfe.com/

Chapter 7: Experimental 7.4 Deprotection of Spiroacetal Analogues

A A JL.J\..J'L fUnf\ J\J

| T T
ppm (t1) 10.0 5.0
Figure 7.99: "HNMR spectrum (300 MHz; CDCls) of acetylguanosine 808h.
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Figure 7.100: °C NMR spectrum (100 MHz; CDCls) of acetylguanosine 808h.
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9-{(2'S*6'S*,8'S*)-8'-(tert-Butyldiphenylsilyloxymethyl)-1’,7'-dioxaspiro[5.5]Jundecan-2’-
yl}adenosine (902i)

7

N

y—

N, )>NH
2

QY

Method B: The title compound 902i (8.50 mg, 90%) was prepared as a white solid from
adenosine 902f (11.2 mg, 16.9 umol) in a 1:2:10 mixture of NEt;—H,O—-MeOH (2.6 mL) using the

general procedure (method B) described above. Purification was carried out by flash chromatography
(twice) using hexane—EtOAc (4:1, 1:1 to 0:1) as eluent.

M.p.: 65.5-66.9 °C.
HRMS (FAB): found MH", 558.2908, C3;H,oN503Si requires 558.2900.

Vimax (film)flem™: 3323 (N=H), 3164 (N—H), 2931 (C-H), 2856 (C—H), 1645 (C=0), 1698, 1427, 1228,
1112 (C-0), 980, 702.

4 (300 MHz; CDCly): 1.08 (9 H, s, OSiPh,'Bu), 1.31-1.39 (1 H, m, 9-H,), 1.42—-1.53 (1 H, m, 11"-H,),
1.53-1.67 (3H, m, 5-Hx, 9-Hg and 10-H,), 1.71-1.86 (4 H, m, 4"-H,, 5-Hg, 10-Hg and 11'-Hg),
1.95-2.06 (1 H, m, 3"-Hp), 2.06-2.16 (1 H, m, 3-Hg), 2.16-2.26 (1 H, m, 4"-Hg), 3.67 (1 H, dd, Jag 10.4
and Jy-cr,e 4.5, 8-CHaHg0), 3.77 (1 H, dd, Jag 10.4 and Jg.cr, s 5.8, 8'-CHaHgO), 4.01-4.10 (1 H, m,
8-H), 5.74 (2 H, br s, NH,), 6.09 (1 H, dd, J», ., 10.8 and J, 5., 2.8, 2'-Hay), 7.34-7.42 (6 H, m, Ph),
7.73-7.79 (4 H, m, Ph), 8.01 (1 H, s, 8-H), 8.33 (1 H, s, 2-H).

3'eq

S (75 MHz; CDCl;): 18.1 (CH,, C-10"), 18.3 (CH,, C-4'), 19.3 (C, OSiPh,'Bu), 26.7 (CH,, C-9'), 26.8
(CH3, OSiPh,'Bu), 30.9 (CH,, C-3'), 34.6 (CHj, C-5), 34.8 (CH,, C-11), 67.2 (CH,, 8'-CH,0), 70.9 (CH,
C-8'), 76.4 (CH, C-2'), 98.8 (C, C-6'), 119.6 (CH, C-5), 127.6 (CH, Ph), 129.5 (CH, Ph), 129.5 (CH, Ph),
133.8 (C, Ph), 135.7 (CH, Ph), 138.8 (CH, C-8), 149.8 (C, C-4), 153.0 (CH, C-2), 155.3 (C, C-6).

m/z (FAB): 558 (MH", 20%), 500 (M — ‘Bu, 15), 423 (C,6H3503Si, 4), 199 (13), 197 (13), 137 (47), 136
(100), 135 (40).
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Figure 7.101: "HNMR spectrum (300 MHz; CDCls) of adenosine 902i.
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Figure 7.102: °C NMR spectrum (75 MHz; CDCl3) of adenosine 902i.
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9-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1',7’-dioxaspiro[5.5]Jundecan-2'-yl}adenosine (808i)

Method A: The title compound 808i (4.20 mg, 92%) was prepared as a white powder from
TBDPS-protected adenosine 902i (8.00 mg, 14.3 umol) and 3HF*NEt; (42.9 uL) in THF (1.5 mL) using
the general procedure (method A) described above. Purification was carried out by flash

chromatography using CH,Cl,—MeOH (99:1 to 9:1) as eluent.

M.p.: 81.2-82.7 °C.
HRMS (FAB): found MH", 320.1727, C1sH,,N505 requires 320.1723.
Vinax (fiIm)Icm'1: 3335br and 3194br (N-H and O-H), 2943 (C-H), 1651, 1600, 1227 (C-0), 1048, 980.

84 (400 MHz; CD;0D): 1.23-1.31 (1 H, m, 9-Hp), 1.43-1.51 (1 H, m, 11"-H,), 1.51-1.60 (2 H, m, 9"-Hg
and 10-Ha), 1.60-1.69 (1 H, m, 5"-H,), 1.69-1.82 (4 H, m, 4"-H,, 5"-Hg, 10"-Hg and 11'-Hg), 2.00-2.06
(1H, m, 3-Hn), 2.11-2.29 (2H, m, 3-Hg and 4-Hg), 3.58 (1H, dd, Jas 11.6 and Jg.cy,e 5.9,
8'-CHxHgO), 3.62 (1 H, dd, Jag 11.6 and Jy.cr, & 4.3, 8'-CHaH50), 3.91-3.98 (1 H, m, 8-H), 6.06 (1 H,
dd, Jo, 3., 10.8 and Ja, 5. 2.5, 2'-Hay), 8.20 (1 H, s, 2-H), 8.31 (1 H, s, 8-H).

3eq

& (100 MHz; CD30D): 19.3 (CH,, C-10'), 19.4 (CH,, C-4), 27.7 (CH,, C-9"), 31.5 (CH,, C-3'), 35.6
(CH,, C-5'), 35.8 (CH,, C-11), 66.7 (CH,, 8'-CH,0), 72.3 (CH, C-8'), 77.6 (CH, C-2), 100.4 (C, C-6'),
120.1 (CH, C-5), 140.8 (CH, C-8), 150.3 (C, C-4), 154.0 (CH, C-2), 157.4 (C, C-6).

m/z (FAB): 320 (MH", 100%), 275 (12), 242 (10), 185 (31), 169 (41), 120 (35).
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Figure 7.103: "H NMR spectrum (400 MHz; CD30D) of adenosine 808i.
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Figure 7.104: *C NMR spectrum (100-MHz; CD30D) of adenosine 808i.
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Chapter 7: Experimental 7.4 Deprotection of Spiroacetal Analogues

9-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]undecan-2'-yl}guanosine (808j)

N>\_
NH»>
Method B: The title compound 808j (2.90 mg, 93%) was prepared as a colourless oil from

guanosine 808g (3.50 mg, 9.27 umol) in a 1:1:10 mixture NEt;—H,O-MeOH (3.6 mL) using the general

O
H

procedure (method B) described above. Purification was carried out by flash chromatography using
CH,Cl,—MeOH (99:1, 19:1 to 9:1) as eluent.

HRMS (FAB): found MH", 336.1664, C15H,,N50, requires 336.1672.

Vmax (film)lem™: 3412br (O-H and N-H), 2936 (C-H), 1693 (C=0), 1652, 1532, 1214 (C-O), 1182
(C-0), 978.

& (300 MHz; CD;0D): 1.19-1.30 (1 H, m, 9"-H,), 1.42-1.53 (1 H, m, 11"-H,), 1.54-1.68 (3 H, m, 5'-Ha,
9-Hg and 10-H,), 1.68-1.89 (4 H, m, 4"-Ha, 5-Hg, 10"Hg and 11-Hg), 1.96-2.05 (1 H, m, 3"-Ha),
2.05-2.16 (1H, m, 3-Hg), 2.16-2.30 (1H, m, 4-Hg), 3.58 (1H, dd, Jas 11.3 and Js.ci,e 4.7,
8'-CHxHgO), 3.64 (1 H, dd, Jag 11.3 and Jy.cr, & 5.6, 8'-CHaH50), 3.99-4.07 (1 H, m, 8-H), 5.91 (1 H,
dd, Joy 3, 10.8 and Uy, 5, 2.7, 2-Ha), 7.92 (1 H, s, 8-H).

S (75 MHz; CD;0D): 19.3 (CH,, C-107), 19.4 (CH,, C-4'), 27.9 (CHj, C-9), 31.1 (CH,, C-3'), 35.6 (CH,
C-5'), 35.9 (CH,, C-11'), 66.8 (CH,, 8-CH,0), 72.1 (CH, C-8"), 76.8 (CH, C-2'), 100.1 (C, C-6'), 117.5
(C, C-5), 137.4 (CH, C-8), 152.9 (C, C-4), 155.5 (C, C-2), 159.5 (C, C-6).

m/z (FAB): 358 (MH + Na, 24%), 336 (MH", 15), 273 (11), 185 (C1oH170s, 14), 176 (21), 174 (46), 152
(100), 120 (29).
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Figure 7.105: "H NMR spectrum (300 MHz; CD30D) of guanosine 808;.
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Figure 7.106: >C NMR spectrum (75 MHz; CD30D) of guanosine 808;.
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Chapter 7: Experimental 7.4 Deprotection of Spiroacetal Analogues

7-{(2'S*6'S*8'S*)-8'-(Hydroxymethyl)-1’,7'-dioxaspiro[5.5]undecan-2'-yl}guanosine (808k)

NH,
Method B: The title compound 808k (1.30 mg, 86%) was prepared as a colourless oil from

guanosine 808h (1.70 mg, 4.50 umol) in a 1:1:10 mixture NEt;—H,O—MeOH (3.6 mL) using the general
procedure (method B) described above. Purification was carried out by flash chromatography using
CH,Cl,—MeOH (99:1, 19:1 to 9:1) as eluent.

HRMS (FAB): found MH", 336.1673, C15H2,N50, requires 336.1672.

Vmax (film)fem™: 3308br (N-H and O-H), 2923 (C-H), 1673 (C=0), 1459, 1392, 1220 (C-O), 1090,
977.

4 (400 MHz; CDCl; with drops of CD;0D): 1.12-1.19 (1 H, m, 9"-Hy), 1.38-1.57 (4 H, m, 5'-Ha, 9"-H,
10-Ha and 11-Ha), 1.64-1.79 (4 H, m, 4"-Ha, 5-Hg, 10-Hg and 11-Hg), 1.79-1.88 (1 H, m, 3-H,),
2.01-2.09 (1 H, m, 3-Hg), 2.09-2.20 (1 H, m, 4'-Hg), 3.49-3.58 (2 H, m, 8'-CH,0), 3.83-3.89 (1 H, m,
8'-H), 6.18 (1 H, dd, Jy,.5,, 11.2 and Jy,, 3, 2.1, 2-Ha), 7.99 (1 H, br s, 8-H).

& (100 MHz; CDCI; with drops of CD;0D): 18.4 (CH,, C-10'), 18.5 (CH,, C-4"), 26.7 (CH,, C-9'), 31.7
(CHy, C-3'), 34.6 (CH,, C-5), 34.8 (CH,, C-11'), 66.2 (CH,, 8'-CH,0), 71.1 (CH, C-8'), 78.2 (CH, C-2"),
99.4 (C, C-6'), 125.9 (C, C-5), 141.2 (CH, C-8), 153.4 (C, C-4), 155.4 (C, C-2), 159.5 (C, C-6).

m/z (FAB): 336 (MH", 13%), 273 (19), 152 (100), 124 (63), 120 (81).
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Figure 7.107: "H NMR spectrum (400 MHz; CDCls with drops of CD30D) of guanosine 808k.
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Figure 7.108: >C NMR spectrum (100 MHz; CDCl3 with drops of CD3OD) of guanosine 808k.
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Appendices A: Crystal Structure Data for Acetate 861

Hydrogen atoms were placed in calculated positions (C—H 0.93-0.98 A) and refined using a
riding model, with Ujso(H) = 1.2 or 1.5 times U¢q(C). In the absence of significant anomalour dispersion
effects, the Friedel pairs were merged before refinement.

Data collection: SMART"; cell refinement: SAINT'; data reduction: SAINT"; program used to
solve structure: SHELXS97; program used to refine structure: SHELXL97% molecular graphics:

ORTEPIII® and Mercury*; software used to prepare material for publication: SHELXTL' and pubICIF®.

Crystal Data

C2gH3g05Si Dy = 1.216 Mg m*

M, 482.67 Mo-K, radiation
Monoclinic, P24/c 1 =0.71073 A
a=15.8559 (3) A Cell parameters from 5363 reflections
b=9.7240 (2) A 0=2.27-26.42°

¢ =18.42670 (10) A #£=0.124 mm™”
B=111.8760 (10)° T=293(2)K

V = 2636.50 (8) A® Prism, white

Z =4, Fooo = 1040 0.28 x0.18 x 0.12 mm

Table A.1: Crystal data of acetate 861.

Data Collection

Bruker SMART CCD diffractometer 14917 measured reflections
Radiation source: fine-focus sealed tube 5363 independent reflections
Monochromator: graphite 3081 reflections with | > 20(1)
Area detector @ scans Rint = 0.1392
Absorption correction: multi-scan (SADABSG) Omax = 26.42°
Tmin = 0.9661 h=-14—19
Tmax = 0.9853 k=-12-9
| =-22-523

Table A.2: Data collection of crystal of acetate 861.

Refinement
Refinement on F?, Least-square matrix: full Secondary atom site location: difference Fourier map
R[F? > 20(F?)] = 0.0790 Hydrogen site location: inferred from neighbouring sites

WR(F?) = 0.244 H-atom parameters constrained

5363 reflections w=1/[6*(Fo2)+(0.1346P)?+0.0000P]

307 parameters where P=(F,*+2F?)/3

S=0.98 Apmax = 0.692 € A3, Aprin = -0.969 e A®
Primary atom site location: structure-invariant direct methods Extinction correction: none

Table A.3: Refinement of crystal of acetate 861.
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A: Crystal Structure Data for Acetate 861

Figure A.1: The molecular
structure and atom numbering
scheme of acetate 861 with
displacement ellipsoids drawn
at the 50% probability level.

Figure A.2: Molecular packing
of racemic acetate units.
Hydrogen atoms are omitted
for clarity. The origin of the
unit cell is labelled as O while
cell axes are labelled as a
(red), b (green) and c (blue),

respectively.

[Symmetry code: (i) x, -1+y, z;
(i) x, 1.5y, 0.5+z; (iii) 1-x,
-0.5+y, 0.5-z; (iv) 1-x, 2-y, 1-z.]
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A: Crystal Structure Data for Acetate 861

Atom X y z Uteq) Atom X y z Ueq)
Si 3226 (1) 9814 (1) 640 (1) 18 (1) C(13) -1656 (4) 15181 (5) 127 (3) 39 (1)
o(1) 529 (2) 13063 (2) 1818(2) 25(1) C(14) 4039 (3) 9012 (3) 1573 (2) 21 (1)
0(2) -592 (2 13512 (3) 39 (2) 35 (1) C(15) 4081 (3) 9866 (4) 2284 (2) 25(1)
0O(3) 210 (2 14889 (3) 1102(2) 29 (1) C(16) 5004 (3) 8864 (5) 1575(2) 33(1)
O(4) 2272 (2) 9782 (2) 782(2) 22(1) C(17) 3667 (3) 7578 (4) 1636 (2) 30 (1)
o(7) 1664 (2) 11797 (2) 1596 (1) 23 (1) C(18)  3535(3) 11625 (4) 486 (2) 23 (1)
c(1" 1476 (3) 10593 (4) 432(2) 22(1) C(19) 3599 (3) 12645(4) 1039(2) 23(1)
C(2) 655 (3) 14247 (4) 1416(2) 26 (1) C(20)  3838(3) 13987 (4) 952 (2) 27 (1)
C(3) 1325(3) 15233 (4) 1959 (3) 33(1) C(21) 3993 (3) 14359 (4) 280 (2) 27 (1)
C(4) 2231 (3) 14478 (4) 2355(3) 34(1) C(22) 3913(3) 13386(4) -286(2) 27(1)
C(5) 2081 (3) 13151(4) 2735(2) 32(1) C(23) 3695(3) 12034 (4) -184(2) 23(1)
C(6) 1339 (3) 12267 (4) 2179(2) 25(1) C(24) 3099 (3) 8747 (3) =244 (2)  20(1)
C(8) 1039 (3) 10906 (4) 1015(2) 23(1) C(25) 3824 (3) 8476 (4) -485(2)  23(1)
C(9) 837 (3 9636 (4) 1397 (2) 27 (1) C(26) 3706 (3) 7650 (4) -1135(2) 26(1)
C(10) 427 (3 10070 (4) 1995(3) 33 (1) C(27) 2867 (3) 7099 (4) 1555 (2) 29(1)
Cc(11) 1065 (4) 11073 (4) 2576(2) 33(1) C(28)  2135(3) 7359 (4) 1337 (2) 28(1)
C(12) -778 (3) 14426 (4) 398(2) 28(1) C(29) 2265 (3) 8168 (4) 677 (2) 24(1)
Table A.4: Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A x 10°). Ueq) is
defined as one third of the trace of the orthogonalised Uj tensor.
Bond Length (A) Bond Length (A) Bond Length (A)
Si-0(4) 1.630 (3) C(5)-C(6) 1.508 (6) C(17)-H(174) 0.9600
Si—-C(14) 1.890 (4) C(6)-C(11) 1.519 (5) C(17)-H(178) 0.9600
Si—C(18) 1.877 (4) C(8)-H(8a) 0.9800 C(17)-H(17¢) 0.9600
Si-C(24) 1.877 (4) C(8)-C(9) 1.513 (5) C(18)-C(19) 1.399 (5)
O(1)-C(2) 1.424 (4) C(9)-H(9a) 0.9700 C(18)-C(23) 1.407 (5)
O(1)-C(6) 1.434 (5) C(9)-H(9s) 0.9700 C(19)-H(19a) 0.9300
O(2)-C(12) 1.208 (5) C(9)-C(10) 1.533 (5) C(19)-C(20) 1.385 (5)
O(3)-C(2) 1.420 (5) C(10)-H(104a) 0.9700 C(20)-H(204) 0.9300
O(3)-C(12) 1.352 (5) C(10)-H(108) 0.9700 C(20)-C(21) 1.396 (5)
O(4)-C(1") 1.423 (5) C(10)-C(11) 1.521 (6) C(21)-H(21a) 0.9300
O(7)-C(6) 1.430 (4) C(11)-H(11a) 0.9700 C(21)-C(22) 1.379 (5)
O(7)-C(8) 1.446 (5) C(11)-H(11s) 0.9700 C(22)-H(224) 0.9300
C(1)-H(1'a) 0.9700 C(12)-C(13) 1.486 (6) C(22)-C(23) 1.390 (5)
C(1)-H(1's) 0.9700 C(13)-H(13a) 0.9600 C(23)-H(23a) 0.9300
C(1"-C(8) 1.510 (5) C(13)-H(13g) 0.9600 C(24)-C(25) 1.402 (5)
C(2)-H(2a) 0.9800 C(13)-H(13¢) 0.9600 C(24)-C(29) 1.385 (6)
C(2)-C(3) 1.502 (6) C(14)-C(15) 1.532 (5) C(25)-H(254) 0.9300
C(3)-H(3a) 0.9700 C(14)-C(16) 1.535 (6) C(25)-C(26) 1.396 (5)
C(3)-H(3s) 0.9700 C(14)-C(17) 1.536 (5) C(26)-H(264) 0.9300
C(3)-C(4) 1.534 (7) C(15)-H(154) 0.9600 C(26)-C(27) 1.374 (6)
C(4)-H(4a) 0.9700 C(15)-H(158) 0.9600 C(27)-H(274) 0.9300
C(4)-H(4g) 0.9700 C(15)-H(15¢) 0.9600 C(27)-C(28) 1.386 (6)
C(4)-C(5) 1.529 (6) C(16)-H(164) 0.9600 C(28)-H(284) 0.9300
C(5)-H(54) 0.9700 C(16)-H(168) 0.9600 C(28)-C(29) 1.397 (5)
C(5)-H(58) 0.9700 C(16)-H(16¢) 0.9600 C(29)-H(29a) 0.9300

Table A.5: Bond length of acetate 861.
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Bonds Angle(®) Bonds Angle(®) Bonds Angle(®)
O(4)-Si—C(24) 108.85 (17) O(7)-C(8)-C(9) 110.5 (3) H(164)-C(16)—H(16g) 109.5
O(4)-Si—C(18) 110.63 (16) O(7)-C(8)-H(8x) 108.9 H(164)-C(16)-H(16¢) 109.5
O(4)-Si—-C(14) 101.83 (16) C(1'-C(8)-C(9) 113.5 (3) H(16g)—-C(16)-H(16¢) 109.5
C(24)-Si—C(18) 109.69 (15) C(1'y-C(8)-H(8a) 108.9 C(14)-C(17)-H(174) 109.5
C(24)-Si—-C(14) 112.18 (16) C(9)-C(8)—H(8xn) 108.9 C(14)-C(17)-H(17g) 109.5
C(18)-Si—-C(14) 113.36 (18) C(8)-C(9)-C(10) 109.2 (3) C(14)-C(17-H(17¢) 109.5
C(2)- ( -C(6) 113.7 (3) C(8)-C(9)-H(9a) 109.8 H(17,)-C(17)-H(17g) 109.5
C(12)-0(3)-C(2) 116.2 (3) C(8)-C(9)-H(%s) 109.8 H(17,)-C(17)-H(17¢) 109.5

C(1'-0O(4)-Si 129.5 (2) C(10)-C(9)-H(9a) 109.8 H(17g)-C(17)-H(17¢) 109.5
C(6)-0O(7)-C(8) 114.1 (3) C(10)-C(9)-H(%s) 109.8 C(19)-C(18)-C(23) 116.8 (3)
O(4)-C(1)-C(8) 110.7 (3) H(9a)-C(9)-H(9%g) 108.3 C(19)-C(18)-Si 120.5 (3)
O(4)-C(1)-H(1"a) 109.5 C(11)-C(10)-C(9) 109.5 (4) C(23)-C(18)-Si 122.7 (3)
O(4)-C(1")-H(1's) 109.5 C(11)-C(10)-H(104) 109.8 C(20)-C(19)-C(18) 122.1 (3)
C(8)-C(1")-H(1'a) 109.5 C(11)-C(10)-H(108g) 109.8 C(20)-C(19)-H(19a) 118.9
C(8)-C(1"-H(1'8) 109.5 C(9)-C(10)-H(10,) 109.8 C(18)-C(19)-H(19a) 118.9
H(1'a)-C(1"-H(1's) 108.1 C(9)-C(10)-H(10g) 109.8 C(19)-C(20)-C(21) 119.6 (3)
O(3)-C(2)-0(1) 105.4 (3) H(104)-C(10)-H(108) 108.2 C(19)-C(20)—H(204) 120.2
0O(3)-C(2)-C(3) 109.1 (3) C(6)-C(11)-C(10) 112.7 (3) C(21)-C(20)—-H(204) 120.2
O(3)-C(2)-H(2x) 110.2 C(6)-C(11)-H(114) 109.1 C(22)-C(21)-C(20) 119.7 (3)
O(1)-C(2)-C(3) 111.7 (3) C(6)-C(11)-H(11s) 109.1 C(22)-C(21)-H(214) 120.1
O(1)-C(2)-H(24) 110.2 C(10)-C(11)-H(114) 109.1 C(20)-C(21)-H(21,) 120.1
C(3)-C(2)-H(2a) 110.2 C(10)-C(11)-H(11g) 109.1 C(21)-C(22)-C(23) 120.3 (3)
C(2)-C(3)-C(4) 108.4 (3) H(11a)-C(11)-H(11g) 107.8 C(21)-C(22)-H(22x) 119.9
C(2)-C(3)-H(3a) 110.0 0(2)-C(12)-0(3) 124.0 (4) C(23)-C(22)-H(22,) 119.9
C(2)-C(3)-H(3s) 110.0 0(2)-C(12)-C(13) 124.7 (4) C(22)-C(23)-C(18) 121.4 (3)
C(4)-C(3)-H(3a) 110.0 O(3)-C(12)-C(13) 111.3 (4) C(22)-C(23)-H(23,) 119.3
C(4)-C(3)-H(3s) 110.0 C(12)-C(13)-H(134) 109.5 C(18)-C(23)-H(23x) 119.3

H(3a)-C(3)-H(3g) 108.4 C(12)-C(13)-H(13g) 109.5 C(29)-C(24)-C(25) 117.4 (3)
C(5)-C(4)-C(3) 110.1 (4) C(12)-C(13)-H(13¢) 109.5 C(29)-C(24)-Si 119.7 (3)
C(5)-C(4)-H(4a) 109.6 H(134)-C(13)-H(13g) 109.5 C(25)-C(24)-Si 122.9 (3)
C(5)-C(4)-H(4s) 109.6 H(13a)-C(13)-H(13c) 109.5 C(26)-C(25)-C(24) 121.1 (4)
C(3)-C(4)-H(4a) 109.6 H(13g)-C(13)-H(13¢) 109.5 C(26)-C(25)-H(255) 119.4
C(3)-C(4)-H(4s) 109.6 C(15)-C(14)-C(16) 108.8 (4) C(24)-C(25)-H(254) 119.4
H(4A)-C(4)-H(4s) 108.2 C(15)-C(14)-C(17) 108.8 (3) C(27)-C(26)-C(25) 119.9 (4)
C(6)-C(5)-C(4) 112.6 (3) C(16)-C(14)-C(17) 109.0 (3) C(27)-C(26)-H(26,) 120.0
C(6)—C(5)-H(5a) 109.1 C(15)-C(14)-Si 110.6 (3) C(25)-C(26)-H(264) 120.0
C(6)-C(5)-H(58) 109.1 C(16)-C(14)-Si 112.5 (3) C(26)-C(27)-C(28) 120.4 (3)
C(4)-C(5)-H(5a) 109.1 C(17)-C(14)-Si 107.0 (3) C(26)-C(27)-H(274) 119.8
C(4)-C(5)-H(58) 109.1 C(14)-C(15)-H(154) 109.5 C(28)-C(27)-H(27,) 119.8
H(54)-C(5)-H(58) 107.8 C(14)-C(15)-H(158g) 109.5 C(27)-C(28)-C(29) 119.1 (4)
O(7)-C(6)-0(1) 109.6 (3) C(14)-C(15)-H(15c) 109.5 C(27)-C(28)—H(28x) 120.4
O(7)-C(6)-C(5) 106.5 (3) H(154)-C(15)-H(15g) 109.5 C(29)-C(28)-H(28,) 120.4

O(7)-C(6)-C(11) 111.5 (3) H(154)-C(15)-H(15¢) 109.5 C(24)-C(29)-C(28) 122.0 (4)
O(1)-C(6)-C(5) 110.1 (3) H(158)-C(15)-H(15¢) 109.5 C(24)-C(29)-H(29x) 119.0

O(1)-C(6)-C(11) 105.6 (3) C(14)-C(16)—H(16,a) 109.5 C(28)-C(29)-H(29x) 119.0

C(5)-C(6)-C(11) 113.5 (3) C(14)-C(16)-H(168) 109.5
O(7)-C(8)-C(1") 106.1 (3) C(14)-C(16)-H(16c) 109.5

Table A.6: Bond angle of acetate 861.
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Atom Un Uz, Uss U Uiz Uzs
Si 26 (6) 14 (5) 21 (5) 0 (4) 15 (5) -1(4)

0O(1) 35(18) 22 (13) 28 (14) 4(12) 23 (14) 3(11)

0(2) 38 (2) 34 (16) 36 (16) 4 (14) 19 (16) 3(13)

0(3) 36 (19) 26 (14) 32 (16) 11 (13) 22 (15) 6 (12)

0O(4) 29 (17) 16 (12) 27 (14) 3(12) 19 (14) 1(11)

0o(7) 33 (18) 21 (13) 25 (14) 1(12) 22 (14) -2 (11)

c(1") 31(2) 19 (17) 23 (19) 2 (17) 18 (19) 2 (15)

C(2) 32 (3) 22 (18) 32 (2) 7 (18) 21(2) 4(17)

C(3) 43 (3) 26 (2) 38 (2) 2(2) 23 (2) -5(19)

C(4) 34 (3) 34 (2) 36 (2) -5(2) 16 (2) -16 (19)

C(5) 38 (3) 33(2) 28 (2) 9(2) 15 (2) -4 (18)

C(6) 6 (3) 25 (19) 23 (19) 9 (18) 20 (2) 1(16)

C(8) 29 (2) 19 (18) 31(2) 2 (17) 22 (2) 1(16)

C(9) 35 (3) 21 (19) 34 (2) 1(18) 23 (2) (17)

C(10) 41 (3) 30 (2) 44 (3) 5(2) 34 (2) 9 (19)

C(11) 49 (3) 33(2) 31(2) 10 (2) 31(2) 8 (19)

C(12) 31 (3) 28 (2) 30 (2) 6 (19) 19 (2) (18)

C(13) 42 (3) 40 (2) 43 (3) 15 (2) 25 (3) 18 (2)

C(14) 28 (2) 16 (17) 23 (19) 3 (16) 16 (19) 4 (15)

C(15) 35 (3) 22 (18) 19 (19) 0 (18) 12 (19) 2 (15)

C(16) 30 (3) 46 (2) 25 (2) 9(2) 11 (2) 9 (19)

C(17) 45 (3) 18 (18) 30 (2) 2(18) 18 (2) 3 (16)

C(18) 33 (3) 17 (17) 23 (19) -1(17) 15 (19) -2 (15)

C(19) 31(3) 18 (17) 22 (19) 2 (17) 13 (19) -2 (15)

C(20) 37 (3) 18 (18) 28 (2) 2(18) 14 (2) -3 (16)

C(21) 27 (2) 16 (17) 41 (2) 0(17) 15 (2) 3(17)

C(22) 32 (3) 22 (19) 34 (2) 0 (18) 20 (2) 6 (17)

C(23) 32 (3) 17 (17) 26 (2) 3(17) 17 (2) 1(15)

C(24) 28 (2) 14 (16) 21 (18) 2 (16) 13 (18) 2 (15)

C(25) 30 (2) 19 (18) 24 (19) 1(17) 13 (2) 3 (15)

C(26) 38 (3) 24 (19) 27 (2) 5(19) 23 (2) 0(17)

C(27) 46 (3) 22 (19) 24 (2) -2 (2) 20 (2) -4 (16)

C(28) 39 (3) 20 (18) 27 (2) -7 (19) 15 (2) -4 (16)

C(29) 35(3) 19 (18) 25 (2) -2 (18) 17 (2) -4 (16)

Table A.7: Anisotropic displacement parameters of acetate 861 (A* x 10°).

Atom X y z Uteq) Atom X y z Uteq)
H(1'a) 1047 10103 -10 27 H(154) 4496 9444 2752 37
H(1's) 1633 11447 242 27 H(158) 3488 9911 2308 37
H(2a) 855 13975 993 31 H(15¢) 4287 10779 2238 37
H(3a) 1101 15561 2351 40 H(164) 5391 8452 2058 50
H(3g) 1409 16018 1669 40 H(168) 5236 9755 1523 50
H(4a) 2493 14263 1969 40 H(16¢) 4989 8292 1146 50
H(4g) 2653 15067 2749 40 H(174) 4064 7136 2105 45
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H(5) 2643 12631 2925 39 H(17s) 3633 7037 1190 45
H(5s) 1924 13382 3182 39 H(17¢) 3071 7664 1653 45
H(8) 470 11405 748 28 H(194) 3476 12415 1480 27
H(9n) 1393 9122 1656 33 H(20) 3895 14636 1338 32
H(9s) 414 9049 1003 33 H(21a) 4149 15260 215 33

H(104) -159 10503 1729 40 H(224) 4005 13635 738 32

H(10g) 336 9267 2270 40 H(234) 3654 11386 -567 28

H(11a) 770 11430 2913 40 H(254) 4392 8853 207 28

H(11g) 1607 10585 2903 40 H(265) 4196 7472 -1283 32

H(13) 2043 14835 -374 59 H(274) 2790 6549 -1988 35

H(13g) -1546 16143 85 59 H(284) 1565 6999 -1626 34

H(13¢) -1945 15052 497 59 H(29) 1776 8322 -525 29

Table A.8: Hydrogen coordinates (x 10%) and equivalent isotropic displacement parameters of acetate 861
(A% x 10%).

The following crystal structure data has been published by the author.”

Hydrogen atoms were placed in calculated positions (C—H 0.93-0.98 A) and refined using a
riding model, with Ujso(H) = 1.2 or 1.5 times Uq(C). In the absence of significant anomalour dispersion

effects, the Friedel pairs were merged before refinement.

Data collection: SMART"; cell refinement: SAINT'; data reduction: SAINT"; program used to
solve structure: SHELXS97% program used to refine structure: SHELXL97% molecular graphics:
ORTEPIII® and Mercury”; software used to prepare material for publication: SHELXTL' and pubICIF®°.

Crystal Data

C30H3sN205Si D, = 1.289 Mg m*

M: 534.71 Mo—K,, radiation
Monoclinic, P24/n A =0.71073 A
a=14.7960 (2) A Cell parameters from 5612 reflections
b=12.5092 (2) A 0=1.79-26.38°

¢ =15.09350 (10) A 4#=0.128 mm”
B=99.4200 (10)° T=293(2) K

V =2755.93 (6) A°® Needle, pale yellow
Z=4,Foo = 1144 0.32x0.26 x 0.12 mm

Table B.1: Crystal data of uridine 902d.
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Data Collection

Bruker SMART CCD diffractometer 15898 measured reflections
Radiation source: fine-focus sealed tube 5612 independent reflections
Monochromator: graphite 4327 reflections with | > 2o(1)
Area detector @ scans Rint = 0.0436
Absorption correction: multi-scan (SADABS)6 Onax = 26.38°
Tmin = 0.9603 h=-14-18
Tmax = 0.9848 k=-15-512
[=-18—>18

Table B.2: Data collection of crystal of uridine 902d.

Refinement
Refinement on F?, Least-square matrix: full Secondary atom site location: difference Fourier map
R[F? > 26(F%)] = 0.0520 Hydrogen site location: inferred from neighbouring sites
WR(F?) = 0.111 H-atom parameters constrained
S=1.09 w=1/[6*(Fo2)+(0.0251P)*+2.8069P]

5612 reflections where P=(F,2+2F?)/3
343 parameters Apmax = 0.297 e A

Primary atom site location: structure-invariant direct methods Apmin =-0.338 e A

Table B.3: Refinement of crystal of uridine 902d.

Figure B.1: The molecular
structure and atom numbering
scheme of uridine 902d  with
displacement ellipsoids drawn at
the 50% probability level.
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Figure B.2: Molecular
packing of racemic uridine
units. (2'R*,6R™,8'R*)- and
(2's*,6'S*,8'S*)-uridines are
SHERMERWRICUEE connected to each other by
intermolecular hydrogen
bonds. Dashed lines
represent hydrogen bonds.
Most hydrogen atoms that
are not involved in hydrogen
il bonding, have been omitted
for clarity. The origin of the
unit cell is labelled as O
while cell axes are labelled
as a (red), b (green) and c
(2R*6R"8R")-urid o (blue), respectively.

[Symmetry code: (ii) 0.5-x,
-0.5+y, 0.5-z; (iii) 0.5+,
1.5-y, 0.5+z; (iv) -x+1, -y+1,

-z+1.]

(2R*6R*8R*)-uridine"

Atom X y z U(eq) Atom X y z U(eq)

Si 5579 (1) 7510 (1) 1001 (1) 16 (1) C(8) 5048 (2) 5550 (2) 1766 (1) 19 (1)
o(1") 3605 (1) 11240 (1) 2826 (1) 17 (1) C(8") 5064 (2) 9910 (2) 2499 (1)  19(1)
o(1") 5679 (1) 8603 (1) 1621 (1) 20(1) C(9") 5817 (2) 10710 (2) 2415(2) 22(1)
o(7") 4764 (1) 10015(1) 3362 (1) 18(1) C(9) 5126 (2) 4730 (2) 2393 (1) 21 (1)
0(2) 1956 (1) 8965 (1) 1733 (1) 25(1) C(10) 5895 (2) 4652 (2) 3043 (2) 23(1)
04) 33 (1) 11378 (1) 155 (1) 27 (1) C(10) 5465 (2) 11840 (2) 2518 (1) 21(1)
N(1) 2169 (1) 10739 (1) 2103 (1) 18(1) C(11) 5074 (2) 11935(2) 3394 (1) 19(1)
N(3) 1047 (1) 10209 (1) 914 (1) 21 (1) C(11) 6603 (2) 5389 (2) 3057 (2) 25(1)
Cc(1") 5353 (2) 8756 (2) 2452 (1) 21 (1) C(12) 6522 (2) 6211 (2) 2430 (2) 23(1)
C(2) 1743 (2) 9899 (2) 1591 (1)  19(1) C(13) 4403 (2) 7426 (2) 319 (1) 19 (1)
C(2) 2899 (2) 10472 (2) 2855(1) 18(1) C(14) 4147 (2) 6600 (2) -307 (1) 23(1)
C(3") 2559 (2) 10493 (2) 3750 (1) 20(1) C(15) 3273 (2) 6542 (2) -811(2) 26(1)
C(4") 3360 (2) 10254 (2) 4499 (1) 20(1) C(16) 2627 (2) 7308 (2) -681(2) 29(1)
C(4) 694 (2) 11231 (2) 750 (1) 21 (1) Cc(17) 2848 (2) 8121 (2) -62 (2) 28 (1)
C(5) 1174 (2) 12046 (2) 1321 (1) 20(1) C(18) 3731 (2) 8183 (2) 422 (2) 23 (1)
C(5") 4136 (2) 11040 (2) 4438 (1) 20(1) C(19) 6314 (2) 8794 (2) -205(2) 26 (1)
C(6") 4397 (2) 11050 (2) 3501 (1) 17(1) C(20) 7444 (2) 7706 (2) 838 (2) 27 (1)
C(6) 1874 (2) 11782 (2) 1965 (1) 20 (1) C(22) 6486 (2) 7704 (2) 267 (1) 19 (1)
C(7) 5740 (2) 6317 (2) 1766 (1) 17 (1) C(23) 6452 (2) 6814 (2) -439 (2) 26 (1)

Table B.4: Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A*x 10°). Ueq) is

defined as one third of the trace of the orthogonalised U; tensor.
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B: Crystal Structure Data for Uridine 902d

Bond Length (A) Bond Length (A) Bond Length (A)
Si~0(1") 1.6491 (15) C(4')-C(5) 1.526 (3) C(11)-H(11) 0.9300
Si—C(7) 1.878 (2) C(4)-C(5) 1.445 (3) C(11)=C(12) 1.389 (3)

-C(13) 1.875 (2) C(5)-H(5x) 0.9300 C(12)-H(124) 0.9300
Si-C(22) 1.891 (2) C(5)-C(6) 1.341 (3) C(13)-C(14) 1.409 (3)

0(1)-C(2)) 1.425 (2) C(5')-H(5'n) 0.9700 C(13)-C(18) 1.400 (3)
0(1)-C(8") 1.442 (3) C(5')-H(5%s) 0.9700 C(14)-H(144) 0.9300
o(1")-C(1" 1.428 (2) C(5')-C(6") 1.525 (3) C(14)-C(15) 1.391 (3)
O(7')-C(8") 1.433 (2) C(6')-C(11') 1.519 (3) C(15)=H(154) 0.9300
O(7')-C(8") 1.449 (2) C(6)-H(6n) 0.9300 C(15)-C(16) 1.390 (3)
0(2)-C(2) 1.220 (3) C(7)-C(8) 1.403 (3) C(16)-H(16,) 0.9300
0(4)-C(4) 1.229 (3) C(7)-C(12) 1.408 (3) C(16)-C(17) 1.384 (3)
N(1)-C(2) 1.393 (3) C(8)-H(8) 0.9300 C(17)=H(174) 0.9300
N(1)-C(2)) 1.472 (3) C(8)-C(9) 1.387 (3) C(17)-C(18) 1.391 (3)
N(1)-C(6) 1.380 (3) C(8')-H(8'A) 0.9800 C(18)-H(18,) 0.9300
N(3)-H(34) 0.8600 C(8')-C(9") 1.518 (3) C(19)-H(19,) 0.9600
N(3)-C(2) 1.381 (3) C(9')-H(9') 0.9700 C(19)-H(19s 0.9600
N(3)-C(4) 1.388 (3) C(9')-H(9%s) 0.9700 C(19)-H(19¢) 0.9600
C(1")=H(1"4) 0.9700 C(9')-C(10") 1.523 (3) C(19)-C(22) 1.540 (3)
C(1")-H(1"s) 0.9700 C(9)-H(9n) 0.9300 C(20)-H(20,) 0.9600
C(1"-C(8") 1.512 (3) C(9)-C(10) 1.379 (3) C(20)-H(20g) 0.9600
C(2')-H(2'a) 0.9800 C(10)=H(10,) 0.9300 C(20)-H(20¢) 0.9600
C(2')-C(3") 1.516 (3) C(10)-C(11) 1.393 (3) C(20)-C(22) 1.534 (3)
C(3')-H(3") 0.9700 C(10=H(10') 0.9700 C(22)-C(23) 1.536 (3)
C(3'-H(3%) 0.9700 C(10-H(10's) 0.9700 C(23)-H(23p) 0.9600
C(3')-C(4") 1.528 (3) C(10"-C(11") 1.533 (3) C(23)-H(23g) 0.9600
C(&')-H(4's) 0.9700 C(11)=H(11') 0.9700 C(23)-H(23¢) 0.9600
C(4"-H(4's) 0.9700 C(11)-H(11's) 0.9700

Table B.5: Bond length of uridine 902d.
D-H- - A D-H H---A D-H. - A
N(3)-H(3a) - - -O(4) 0.86 A 2.03A 2.873 (2) A 166°

Table B.6: Hydrogen-bond geometry. Symmetry code: (i) -x, -y+2, -z.
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Bonds Angle(®) Bonds Angle(®) Angle(®)
0O(1"y-Si—C(13) 110.29 (9) C(6")—C(5")-H(5'a) 109.3 H(11'A)-C(11")-H(11's) 107.8
O(1")-Si-C(7) 108.65 (8) C(6")—C(5")-H(5's) 109.3 119.9 (2)
0(1")-Si-C(22) 102.72 (9) C(4")—C(5')-H(5'a) 109.3 C(12)-C(11)-H(114) 120.0
C(13)-Si—C(7) 107.79 (10) C(4")—C(5")-H(5%) 109.3 C(10)-C(11)-H(114) 120.0
C(13)-Si-C(22) 111.66 (9) H(5'A)—-C(5")-H(5's) 107.9 C(11)-C(12)-C(7) 121.6 (2)
C(7)-Si-C(22) 115.59 (10) O(7)-C(6")-0(1") 109.20 (16) 119.2
C(2')-0(1'-C(6") 112.48 (15) O(7)-C(6")-C(11") 111.75 (17) 119.2

C(1")-0O(1")-Si 126.65 (13) O(7)-C(6")-C(5") 106.73 (16) 116.9 (2)
C(6')-0O(7)-C(8") 113.14 (15) O(1'-C(6'-C(11") 106.17 (16) C(18)-C(13)-Si 120.88 (17)
C(6)-N(1)-C(2) 121.73 (18) O(1')-C(6")-C(5") 110.88 (17) 122.19 (17)
C(6)-N(1)-C(2") 120.30 (17) C(11'-C(6'-C(5") 112.14 (17) 121.9 (2)
C(2)-N(1)-C(2") 117.74 (17) C(5)-C(6)-N(1) 122.0 (2) 119.0
C(2)-N(3)-C(4) 127.16 (19) C(5)-C(6)-H(6x) 119.0 C(13)-C(14)-H(144) 119.0
C(2)-N(3)-H(3x) 116.4 N(1)-C(6)-H(6a) 119.0 119.1 (2)
C(2)-N(3)-H(3g) 116.4 C(8)-C(7)-C(12) 116.7 (2) 120.5
O(1"-C(1"-C(8) 107.92 (17) C(8)-C(7)-Si 121.68 (17) 120.5
O(1"-C(1")-H(1"a) 110.1 C(12)-C(7)-Si 121.27 (16) 17)-C(16)-C(15)  120.7 (2)
O(1"-C(1")-H(1"s) 110.1 C(9)-C(8)-C(7) 121.8 (2) 119.7
C(8)-C(1")-H(1"a) 110.1 C(9)-C(8)-H(8x) 119.1 C(15)-C(16)-H(164) 119.7
C(8)-C(1")-H(1"g) 110.1 C(7)-C(8)-H(8x) 119.1 119.6 (2)
H(1"A)-C(1"-H(1"gs) 108.4 O(7)-C(8"-C(1") 105.03 (16) 120.2
0O(2)-C(2)-N(1) 123.0 (2) O(7)-C(8")-C(9") 110.61 (17) 120.2
0(2)-C(2)-N(3) 122.6 (2) O(7)-C(8')-H(8'a) 109.0 17)—C(18)—C(13) 121.8 (2)
N(3)-C(2)-N(1)  114.42 (19) C(1"-C(8)-C(9)  114.08 (19) 119.1
O(1-C(2"-N(1)  105.77 (16) C(1")—C(8")-H(8'a) 109.0 119.1
O(1-C(2"-C(3")  111.57 (17) C(9')-C(8")-H(8'a) 109.0 109.5
O(1)-C(2"y-H(2'a) 109.1 C(8')-C(9')-C(10") 109.60 (18) 109.5
N(1)-C(2')-C(3")  112.05 (17) C(8")—C(9")-H(9'») 109.8 109.5
N(1)-C(2")-H(2's) 109.1 C(8")—C(9")-H(9%) 109.8 H(194)-C(19)-H(19s 109.5
C(3")-C(2')-H(2'a) 109.1 C(10"-C(9')-H(9'a) 109.8 109.5
C(2)-C(3')-C(4) 109.02 (18) C(8")—C(9")-H(9%) 109.8 109.5
C(2')-C(3")-H(3'a) 109.9 H(9'A)-C(9")-H(9'%) 108.2 109.5
C(2')-C(3")-H(3's) 109.9 C(10)-C(9)-C(8) 120.3 (2) 109.5
C(4")-C(3")-H(3'a) 109.9 C(10)-C(9)-H(9a) 119.9 109.5
C(4")-C(3")-H(3's) 109.9 C(8)-C(9)-H(9a) 119.9 109.5
H(3'a)—C(3")-H(3's) 108.3 C(9)-C(10)-C(11) 119.7 (2) 109.5
C(5')-C(4')-C(3) 109.21 (17) C(9)-C(10)-H(104) 120.2 109.5
C(5'-C(4")-H(4'a) 109.8 C(11)-C(10)-H(104) 120.2 108.30 (19)
C(5')-C(4")-H(4's) 109.8 C(9)-C(10'-C(11")  110.13 (18) 108.97 (19)
C(3')-C(4")-H(4's) 109.8 C(9")-C(10"-H(10'a) 109.6 109.75 (18)
C(3')-C(4")-H(4's) 109.8 C(9)-C(10-H(10'%) 109.6 110.46 (14)
H(4'A)-C(4")-H(4's) 108.3 C(11'~C(10")—H(10'a) 109.6 111.55 (15)
O(4)-C(4)-N(3) 120.0 (2) C(11'~C(10")-H(10's) 109.6 107.78 (15)
0O(4)-C(4)-C(5) 125.8 (2) H(10'a)-C(10")—-H(10's) 108.1 109.5
N(3)-C(4)-C(5) 114.18 (19) C(6')-C(11'-C(10")  112.58 (17) 109.5
C(6)-C(5)-C(4) 120.3 (2) C(8")-C(11"-H(11'a) 109.1 C(22)-C(23)- 109.5
C(6)—-C(5)-H(5x) 119.9 C(8")-C(11"-H(11'%) 109.1 H(234)-C(23)- 109.5
C(4)-C(5)-H(5x) 119.9 C(10"-C(11")—-H(11'3) 109.1 109.5
C(6')-C(5')-C4) 111.68(17) C(10'-C(11")—-H(11') 109.1 109.5

Table B.7: Bond angle of uridine 902d.
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Appendices B: Crystal Structure Data for Uridine 902d

Atom Ui Uz Uss Uz Uis Uzs
si 17 (3) 14 (3) 18 (3) 0@) 6(2) -12)
o(1)  15(8) 18 (8) 19 (7) -1(6) 3(6) 0(6)
o(1")  24(9) 18 (8) 20 (7) -2 (6) 10 (7) -5(6)
o7 21(8) 16 (7) 18 (7) 2 (6) 8(6) -2 (6)
02)  26(9) 18 (8) 31(9) 1(7) 0(7) -1(7)
0@4)  29(9) 25 (9) 24 (8) 0(7) -3(7) 3(7)
N(1)  16(9) 18 (9) 19 (9) 1(7) 3(7) 0(7)
N@) 23 (10) 19 (9) 19 (9) -18) 3(8) -2(8)
c("y  26(12)  20(11) 18 (10) 3(9) 8(9) 0(9)
ce  18(11)  22(11)  19(10) -1(9) 7(9) 0(9)
c@) 19(11)  16(10)  20(10) 1(9) 4(9) 1(8)
c@)  19(11)  20(11)  24(11) -1(9) 8(9) 2(9)
c@)  21(12)  22(11)  18(10) 2(9) 7(9) 0(9)
c@4)  22(12)  23(12)  19(11) 0(9) 6 (9) 5(9)
cG)  22(12) 17(11)  23(11) 2(9) 7(9) 4(9)
CB)  22(12)  19(11)  19(10) 2(9) 6(9) -2(9)
ce) 17(11)  16(10)  19(10) 2(9) 3(9) -2(8)
c6)  21(12)  17(11)  23(11) -2(9) 7(9) 1(9)
c7y  20(11)  17(10) 17 (10) 1(9) 7.(9) -3(8)
c®  16(11)  20(11)  21(11) 1(9) 5(9) -1(9)
c@®) 22(12)  18(11)  16(10) 2(9) 6(9) -2(8)
CE) 21(12)  22(11)  24(11) -2(9) 8 (10) -3(9)
coO  21(12)  19(11)  26(11) -3(9) 9 (10) -1(9)
c(10)  30(13)  17(11)  21(11) 1(10) 7 (10) 2(9)
CH0y  22(12)  19(11)  23(11) -6(9) 6(9) -1(9)
cA1y  19(¢11)  18(11)  22(11) -2(9) 5(9) -2(9)
cAly  25(13)  27(12)  23(11) -1 (10) -1 (10) 2 (10)
C(2)  25(13) 21 (11)  24(11) -4 (10) 5 (10) -1(9)
c(3)  20(11)  19(11) 18 (10) -2(9) 5(9) 3(9)
C(14)  24(13)  23(12)  24(11) -2 (10) 7 (10) -2(9)
C(15)  30(14)  30(13)  19(11)  -11(11) 3(10) 0 (10)
c(6)  21(12)  39(15) 24 (11) -4 (11) 2(10)  11(11)
C(7)  22(13)  30(13)  31(13) 5 (10) 3(10) 4(11)
ce8)  26(13) 21 (11) 24 (11) 2 (10) 5 (10) 2(9)
C(19) 32(14)  23(12)  25(12) -1 (10) 12 (10) 1(10)
C(0) 21(12)  33(14)  28(12) -2 (10) 8 (10) 3(10)
ce2) 19(11)  19(11) 20 (10) 0(9) 7.(9) 0(9)
C@3) 29(14)  23(12) 28 (12) 1(10) 14(11)  -3(10)

Table B.8: Anisotropic displacement parameters of uridine 902d (A x 10°).
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Appendices B: Crystal Structure Data for Uridine 902d

Atom X y z Uteq) Atom X y z Uteq)
H(3a) 807 9715 555 25 H(104) 5940 4110 3470 27
H(1"a) 5834 8591 2951 25 H(11'A) 5573 11913 3898 23
H(1"s) 4837 8287 2484 25 H(11's) 4770 12621 3406 23
H(2'a 3136 9758 2758 22 H(114) 7128 5331 3486 30
H(3'a) 2081 9962 3752 25 H(125) 6997 6702 2449 28
H(3's) 2304 11190 3844 25 H(144) 4575 6079 -386 28
H(4'a) 3162 10321 5079 24 H(154) 3123 5998 -1229 32
H(4's) 3572 9528 4440 24 H(164) 2040 7274 -1014 34
H(54) 996 12758 1242 25 H(17,) 2409 8623 30 33
H(5'A) 3947 11752 4585 23 H(184) 3880 8742 826 28
H(5's) 4667 10844 4873 23 H(19) 6769 8915 -580 39
H(6,x) 2169 12317 2331 24 H(19g) 6350 9350 238 39
H(8x) 4524 5591 1334 23 H(19¢) 5717 8798 -566 39
H(8'a) 4542 10045 2021 22 H(20,) 7896 7806 456 40
H(9'a) 6008 10634 1833 26 H(20g) 7549 7037 1149 40
H(9's) 6343 10573 2875 26 H(20c) 7486 8278 1267 40
H(9a) 4657 4231 2374 25 H(234) 6922 6932 -797 39
H(10'a) 4993 12008 2012 25 H(23g) 5863 6818 -818 39
H(10's) 5963 12346 2523 25 H(23c) 6548 6134 -142 39
Table B.9: Hydrogen coordinates (x 10%) and equivalent isotropic displacement parameters of uridine 902d
(A% x 10°).
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