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ABSTRACT

The synthesis of a series of nucleoside dicarboxylates (maleates and succinates)
and their biological evaluation against nucleoside diphosphate (NDP) kinase, the enzyme
responsible for the phosphorylation of nucleoside diphosphates to their corresponding
triphosphates, is first described. Efforts towards preparing analogues with an ether or a
thioether linkage to the dicarboxylate moiety focused on the 1,4-addition to various esters
of acetylenedicarboxylic acid. In all cases, the final step involving several different
deprotection strategies failed to afford any of the desired products.

Various strategies were explored for the synthesis of the analogues containing
methylene spacers. Approaches involving the treatment of dimethyl
acetylenedicarboxylate (46) with nucleoside-derived organocuprates were unsuccessful.
Other strategies employing modified Stille conditions for alkyl bromides containing 8-
hydrogens, or the photolysis of diacyl peroxides, also failed to provide any of the desired
products.

The final approach involved olefin cross metathesis to attach the dicarboxylate
portion to the nucleoside. Although access to dimethyl 2-(3-((3aR,4R,6R,6aR)-6-(2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
ylallyl)maleate (148) was possible using this methodology, selective reduction of its
57,6’-double bond could not be achieved.

In a revised strategy, the 5°,6°-double bond was reduced prior to formation of the
maleate, which was later accessed via a Horner-Emmons-Wadsworth (HEW) reaction
between methyl diethylphosphonoacetate (163) and an a-keto ester. Using this approach,

the uridine maleates lithium 1-((2R,3R,4S,5R)-5-((£)-3,4-dicarboxylatobut-3-enyl)-3,4-
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dihydroxytetrahydrofuran-2-yl)-2,4-dioxo-2,4-dihydro- 1 H-pyrimidin-3-ide (182), lithium
1-((2R,3R 4S,5R)-5-((Z)-4,5-dicarboxylatopent-4-enyl)-3,4-dihydroxytetrahydrofuran-2-
y1)-2,4-dioxo0-2,4-dihydro-1 H-pyrimidin-3-ide (188), and lithium 1-((2R,3R,4S,5R)-5-
((2)-5,6-dicarboxylatohex-5-enyl)-3,4-dihydroxytetrahydrofuran-2-yl)-2,4-dioxo-2,4-
dihydro-1H-pyrimidin-3-ide (193) were obtained. Reduction of the maleates after the
HEW reaction followed by deprotection gave the corresponding uridine succinates
lithium 1-((2R,3R,4S,5R)-5-(3,4-dicarboxylatobutyl)-3,4-dihydroxytetrahydrofuran-2-yl)-
2,4-diox0-2,4-dihydro-1H-pyrimidin-3-ide (200), lithium 1-((2R,3R,4S,5R)-5-(4,5-
dicarboxylatopentyl)-3,4-dihydroxytetrahydrofuran-2-yl)-2,4-dioxo-2,4-dihydro-1H-
pyrimidin-3-ide (201), and lithium 1-((2R,3R.4S,5R)-5-(5,6-dicarboxylatohexyl)-3,4-
dihydroxytetrahydrofuran-2-yl)-2,4-dioxo-2,4-dihydro-1 H-pyrimidin-3-ide (202). None
of the analogues inhibited NDP kinase at a concentration of 1 mM. The six dicarboxylate
salts and their corresponding dimethyl diesters 180, 186, 191, 196, 197, and 198 also

exhibited no antimicrobial activity against several pathogenic bacteria at 20 ug/mL.

Several analogues of the type Ila bacteriocin pediocin PA-1 in which one of the
disulfide bonds was replaced with amino acids capable of hydrophobic interactions were
synthesized on solid phase and tested for their antimicrobial activity against Listeria
monocytogenes ATCC 43256 and Carnobacterium divergens LV13. The analogues, 9,14-
diallyl 31-butyl pediocin PA-1 (211), 9,14-dibenzyl 31-butyl pediocin PA-1 (212), 9,14-
dipropyl 31-butyl pediocin PA-1 (213), and 24,44-diallyl 31-butyl pediocin PA-1 (214),

were inactive against these strains.
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maleate (583b) 107
Dibenzyl 2-(((2R,3S,4R,5R)-5-(2,4-diox0-3,4-dihydropyrimidin-
1(2H)-y1)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)maleate (S4b) 108
Di-tert-butyl 2-(((3aR,4R,6R ,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-
1(2H)-y1)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-4-y])methoxy)-
fumarate (58a) 109
Di-tert-butyl 2-(((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-
1(2H)-y1)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3 ]dioxol-4-y])methoxy)-

maleate (58b) 109
S-((3aS,4S,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl ethanethioate (63) 111
((3aS,4S,6R,6aR)-6-(6-Amino-9 H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl methanethiol (64) 112
Dimethyl 2-(((3aS$,4S,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][ 1,3 ]dioxol-4-yl)methylthio)but-2-enedioate (65) 113
Dimethyl 2-(((25,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methylthio)but-2-enedioate (66) 114
Dibenzyl 2-(((3aS,4S,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methylthio)but-2-enedioate (67) 115
Dibenzyl 2-(((2S,35,4R,5 R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methylthio)fumarate (68a) 117
Dibenzyl 2-(((25,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)methylthio)maleate (68b) 117
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(3aS.,4S,6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2 H)-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxole-4-carbaldehyde (72) 118
N-Phenyltriphenylphosphoranylidenesuccinimide (73) 119
1-((3aR,4R,6R,6aR)-6-((E)-2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)-
methyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)pyrimidine-
2,4(1H,3H)-dione (74) 120
(E)-Ethyl 3-((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)acrylate (80) 121
Ethyl 3-((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl1)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoate (81) 122
3-((3aR,4R,6R,6aR)-6-(6-Amino-9 H-purin-9-y1)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propan-1-ol (82) 122
N-Benzoyl-N-(9-((3aR,4R,6R,6aR)-6-(3-hydroxypropyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][ 1,3]dioxol-4-y1)-9 H-purin-6-yl)benzamide (83) 123
N-Benzoyl-N-(9-((3aR,4R,6R,6aR)-6-(3-bromopropyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-y1)-9 H-purin-6-yl)benzamide (84) 124
(E)- 3-((3aR,4R,6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-
y1)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)acrylaldehyde (87) 125
3-((3aR.,4R,6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2 H)-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanal (88) 126
3-((3aR.,4R,6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2 H)-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanol (89) 127

3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-Dioxo-3,4-dihydro-
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pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)propanol (90) 128
1-((3aR,4R,6R,6aR)-6-(3-Bromopropyl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-y])-3-(4-methoxybenzyl)pyrimidine-

2,4(1H,3H)-dione (91) 129
(E)-Methyl 3-((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)acrylate (94) 130
Methyl 3-((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoate (95) 130
Methyl 3-((3aR,4R,6R 6aR)-6-(6-(tert-butoxycarbonylamino)-9 H-purin-
9-y1)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoate (96) 131
3-((3aR,4R,6R,6aR)-6-(6-(tert-Butoxycarbonylamino)-9 H-purin-9-y1)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoic acid (97) 132
tert-Butyl 9-((3aR,4R,6R,6aR)-6-(3-hydroxypropyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][ 1,3]dioxol-4-y1)-9 H-purin-6-ylcarbamate (98) 133
tert-Butyl 9-((3aR,4R,6R,6aR)-6-(3-bromopropyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-y1)-9 H-purin-6-ylcarbamate (99) 134
Dimethyl 2-(tributylstannyl)maleate (100) 135
1-((3aR,4R,6 R,6aR)-6-(3-lodopropyl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-(4-methoxybenzyl)pyrimidine-2,4(1 H,3 H)-

dione (108) 136
tert-Butyl 9-((3aR,4R,6R,6aR)-6-(3-iodopropyl)-2,2-dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4-y1)-9H-purin-6-ylcarbamate (110) 137
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3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3 ]dioxol-
4-yl)propanoic acid (117)
(£)-5-Methoxy-3-(methoxycarbonyl)-5-oxopent-3-enoic acid (118)
Dimethyl 2-allylmaleate (120)

(E)-Methyl 3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-
y1)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)acrylate (121)
Methyl 3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-yl)-
2,2-dimethyltetrahydrofuro{3,4-d][ 1,3]dioxol-4-yl)propanoate (122)
Methyl 3-((3aR,4R,6R,6aR)-6-(3-(4-methoxybenzyl)-2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-

4-ylypropanoate (123)

2-Methoxypropan-2-yl peroxy-3-((3aR,4R,6R,6aR)-6-(3-(4-methoxybenzyl)-

2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)propanoate (125)
3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3 ]dioxo0l-4-
yl)peroxypropanoic acid (126)
3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2 H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3 ]dioxol-4-
yl)propanoic pentanoic peroxyanhydride (129)

Dimethyl 2-(but-3-enyl)maleate (131)

Dimethyl-2-(3-oxopropyl)maleate (132)
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(£)-6-Methoxy-4-(methoxycarbonyl)-6-oxohex-4-enoic acid (133) 148
(£)-6-Methoxy-4-(methoxycarbonyl)-6-oxohex-4-enoic 3-((3aR,4R,6R,6aR)-
6-(3-(4-methoxybenzyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-y1)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoic peroxyanhydride

(134) 149
Methyl 3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3-((2-(trimethylsilyl)ethoxy)-
methyl)-3,4-dihydropyrimidin-1(2 H)-yl)-2,2-dimethyltetrahydrofuro[3,4-
d|[1,3]dioxol-4-yl)propanoate (136) 150
3-((3aR,4R,6R,6aR)-6-(2,4-Dioxo-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-
dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)propanoic acid (137) 151
2-Methoxypropan-2-yl peroxy-3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3-((2-
(trimethylsilyl)ethoxy)methyl)-3,4-dihydropyrimidin-1(2 H)-yl1)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoate (138) 152
3-((3aR,4R,6R,6aR)-6-(2,4-Dioxo-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-
dihydropyrimidin-1(2 H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)peroxypropanoic acid (139) 153
(£)-6-Methoxy-4-(methoxycarbonyl)-6-oxohex-4-enoic 3-((3aR,4R,6R,6aR)-
6-(2,4-dioxo-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-dihydropyrimidin-1(2 H)-
y1)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3 ]dioxol-4-y1)propanoic

peroxyanhydride (140) 154
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1-((3aR,4R,6R,6aR)-2,2-Dimethyl-6-vinyltetrahydrofuro[3,4-d][ 1,3 ]dioxol-4-
yDpyrimidine-2,4(1H,3 H)-dione (144) 155
Dimethyl 2-(3-((3aR,4R,6R 6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-
y1)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)allyl)maleate (147) 156
Dimethyl 2-(3-((2R,3S,4R,5R)-5-(2,4-diox0-3,4-dihydropyrimidin-1(2 H)-
y1)-3,4-dihydroxytetrahydrofuran-2-yl)allyl)maleate (150) 157
tert-Butyl 3-((3aR,4R,6R,6aR)-2,2-dimethyl-6-vinyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-y1)-2,6-diox0-2,3-dihydropyrimidine-1(6H)-carboxylate (164) 157

Methyl 2-hydroxy-but-3-enoate (168) 158
Methyl 2-hydroxy-pent-4-enoate (170) 159
Methyl 2-benzyloxypent-4-enoate (171) 160
Methyl 2-oxohex-5-enoate (174) 161

tert-Butyl 3-((3aR,4R,6R 6aR)-6-((F)-3-hydroxy-4-methoxy-4-oxobut-1-
enyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-y1)-2,6-dioxo0-2,3-
dihydropyrimidine-1(6H)-carboxylate (176) 161
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CHAPTER 1: Synthesis and Biological Evaluation of Nucleoside Dicarboxylates as

Potential Mimics of Nucleoside Diphosphates

INTRODUCTION

1. Nucleoside Diphosphate Kinase

Nucleoside diphosphate (NDP) kinase is an ubiquitous enzyme that catalyzes the
phosphorylation of nonadenine nucleoside diphosphates to their corresponding
triphosphates, with a nucleoside triphosphate as the phosphoryl donor.! In mammals,
adenosine triphosphate (ATP) is the main phosphoryl donor because its cellular
concentration is much higher than that of other nucleoside triphosphates. However, this
is not the case in lower eukaryotes and prokaryotes. NDP kinase is the main cellular
source of nucleoside triphosphates, and thus represents the link between oxidative
phosphorylation, nucleic acid, sugar, complex lipid and protein synthesis, and signal
transduction. As depicted in Scheme 1, the mechanism of phosphorylation involves
formation of a transient covalent Nd-phosphohistidine intermediate at the active site,
obtained through y-phosphate transfer from ATP.' The phosphate group is then
transferred to a nucleoside diphosphate. Kinetic studies of NDP kinase suggest that
either substrate binding or product dissociation may be the rate-limiting step.' Phosphate

transfer from the phosphohistidine to the nucleoside diphosphate occurs rapidly. NDP

kinases accept both nucleotides and 2’-deoxynucleotides as substrates, and show no
specificity towards purine-containing (adenosine, guanosine) or pyrimidine-containing

(thymidine, cytidine, uridine) nucleotides.
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Scheme 1. Catalytic cycle of NDP kinase.
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Besides its role in the intermediary metabolism of nucleotides, NDP kinase also
plays regulatory roles in a variety of cellular processes. In Drosophila, the gene awd
encoding NDP kinase is involved in development.” The nm23 family of genes in humans
encodes several NDP kinases that play important roles in cell proliferation, tumour
metastasis, and transcriptional regulation. For example, nm23-HI, which encodes for
NDP kinase A, has been shown to be down regulated in some metastatic cell lines,> * and
transfection of nm23-HI into melanoma cell lines reverses the metastatic phenotype,
suggesting a role of nm23 as a metastasis suppressor gene.” Immunohistochemical studies
demonstrated an increased level of expression of NDP kinase in a variety of malignant

6, 7

tumours,” ’ neuroblastoma,® and lymphoma.” '® The gene nm23-H2, encoding NDP

kinase B,'" was identified as a transcription factor for c-myc,'? a regulator of cell
proliferation and differentiation.”” NDP kinase B was shown to bind to oligonucleotides
representing the nuclease-hypersensitive element (NHE) of the c¢-myc promoter.'* The

nm23-H2 gene was also found to be one of the 20 genes expressed at the highest level

2
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among 300 000 transcripts analyzed in cells from human gastrointestinal tumours, "
giving further evidence of its role in oncogenic proliferation.

Eukaryotic NDP kinases are hexamers,'® with each monomer having a molecular
weight of 17 kDa and consisting of a four-stranded anti-parallel $-sheet surrounded by a-
helices,!” as exemplified by the enzyme from the slime mold Dictyostelium discoideum
(Figure 1).'"* ' They are highly conserved, with interspecies sequence identities of at
least 40%.%° To date, over 30 NDP kinase crystal structures have been solved. The
enzyme from D. discoideum is the best understood at the structural level, having been the
first NDP kinase for which a three-dimensional structure was determined.”’ It has 62%
structural identity with human NDP kinase, including a completely conserved active site,
however it is easier to purify and crystallize than the human enzyme. D. discoideum
NDP kinase is considered a reliable model of other eukaryotic NDP kinases. Co-crystal
structures of this enzyme with adenosine diphosphate (ADP)18 (Figure 1),
deoxythymidine diphosphate (dTDP)* or guanosine diphosphate (GDP)* revealed that
the nucleotide binding site of NDP kinase differed from that of other known nucleotide
binding domains. An unusual conformation is adopted by the enzyme-bound nucleotide
due to an intramolecular hydrogen bond between the 3°-OH of the ribose and the oxygen
bridging the - and y-phosphate groups. Kinetic experiments showed that the absence of
the 3’-OH was detrimental to the enzyme’s catalytic efﬁciency.?“"26 Another notable
conformational feature is the parallel arrangement of the oxygen atoms of the
diphosphate of ADP (Figure 1, also observed for dTDP and GDP). This may be relevant

in the context of inhibitors based on rigid diphosphate mimics.
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Figure 1. Co-crystal structure of D. discoideum NDP kinase monomer with ADP in the

active site.'? carbon: grey; oxygen: red; nitrogen: purple; phosphorus: mauve.

1.1 Inhibitors of NDP Kinase

Despite its role in numerous cellular processes, there are very few known
inhibitors of NDP kinase. Those discovered may be divided into nucleotide-based and
non-nucleotide-based inhibitors. The nucleotide-based inhibitors (Figure 2) include
adenosine 3°,5’-cyclic monophosphate (cAMP, 1), adenosine 3’-phosphate 5°-
phosphosulfate (PAPS, 2), and 5’-phosphoadenosine 3’-phosphate (PAP, 3). cAMP (1)
was found to be a weak inhibitor of NDP kinase from Myxococcus xanthus, with a K;
value of 550 uM.?” *® PAPS (2) is a metabolite involved in sulfonation of a variety of
endogenous and exogenous compounds, with 3 being the reaction product.”’ With a K; of

30 uM against D. discoideum NDP kinase,”® 2 is the most active of all known nucleotide
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inhibitors of this enzyme. Nucleotide 3 inhibited NDP kinase from D. discoideum with a

K; value of 100 uM.?® All three nucleotides are competitive inhibitors of the enzyme.

Figure 2. Nucleotide-based inhibitors of NDP kinase.

The non-nucleotide-based inhibitors of NDP kinase enzymes are comprised of a
variety of compound types (Figure 3). The antibiotic desdanine (4), produced by
Streptomyces caelestis, was found to be an irreversible inhibitor of NDP kinase from E.
coli, but did not inhibit NDP kinase from rat liver.”® Attempts to isolate the *H-desdanine-
enzyme complex were unsuccessful, therefore the binding site of desdanine could not be
determined. The polysulfonated anthraquinonic dye Cibacron blue 3GA (5) was shown
to be a competitive inhibitor of NDP kinase from pig heart with respect to ATP (K; = 280
nM) and an uncompetitive inhibitor with respect to the acceptor nucleotide 8-
bromoinosine 5°-diphosphate (K; = 310 nM).>! Cromoglycate (6), often administered in
the prophylactic treatment of bronchial asthma, was found to weakly inhibit NDP kinase
from i‘at mucosal mast cells with an ICsg of 2 mM.* Finally, several flavonoids of the
general structure 7 were found to be good inhibitors of NDP kinases from rat mast cells
and rabbit muscle.*® The most potent of these, narigenin (R =R’>> =OH, R’ =R =R>”’
= H), exhibited an ICs, value of 3.89 uM against mast cell NDP kinase and 9.3 uM

against rabbit muscle NDP kinase.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3. Selected non-nucleotide-based inhibitors of NDP kinase.
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2. Replacement of Monophosphates and Diphosphates in the Design of Enzyme
Inhibitors

The design of inhibitors of enzymes that utilize mono- or diphosphorylated
compounds as their natural substrates often involves replacement of the mono- or
diphosphate unit by a more hydrolytically stable moiety. This is especially important in
the context of in vivo studies and drug design, where the limitations of phosphoryl groups
become apparent in their lability to cellular phosphatases and in their difficulty in
crossing the cell membrane due to their negative charge. Replacement of the natural

mono- or diphosphate by a more robust group that has a similar overall charge and 3-
dimensional arrangement as the natural unit may give rise to a tight binding inhibitor. In

this respect, efforts can either be directed towards slight modifications of the phosphate to
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render it more stable, or towards the design of a completely new surrogate that does not

contain any characteristics of the phosphate.

2.1 Non-Hydrolyzable Mimics of Monophosphates

In the context of monophosphates, replacement of the phosphate group with a
more stable unit has focused mainly on phosphonates, sulfonamides, and carboxylic
acids. The most extensively investigated of all phosphate ester replacements are the
phosphonates, which derive their stability from replacement of one or more of the
phosphorus-oxygen bonds with hydrolytically inert phosphorus-carbon bonds. Although
the second pK, of a phosphonate can be up to 2 orders of magnitude less than the
corresponding phosphate, the two groups have similar bond angles and lengths.>® The
literature dealing with the synthesis and biological evaluation of phosphonates is vast,
therefore only selected recent examples will be presented here. Monovalent phosphonate
8 and divalent phosphonate 9 were reported as analogues of mannose 6-phosphate (10)
(Figure 4).*° These compounds exhibited ICsq values of 25 and 20 uM, respectively, in
binding assays with bovine M6P/IGF2R,*® an enzyme involved in the sorting and
transport of lysosomal enzymes, the degradation of non-glycosylated insulin-like growth
factor II, and scar formation through transforming growth factor-p. These binding
affinities are on the same order of magnitude as the enzyme’s natural substrate, mannose
6-phosphate (ICso = 49 uM).

Sulfonamides contain an N-SO, moiety in place of the phosphate, and are thus
more stable than the latter. Several sulfonamide-containing analogues of nucleosides

have recently been reported, including 11, a competitive inhibitor of E. coli pantothenate
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synthase (K; = 0.3 uM) with respect to ATP (Figure 43 Compound 11 is an analogue of
pantoyl adenylate (12), the intermediate which undergoes nucleophilic attack by B-
alanine to form pantothenate (vitamin Bs). p-Ketosulfonamide 13 has recently been
reported as a good inhibitor (K;*® = 3.30 uM) of MbtA, an enzyme found in

Mycobacterium tuberculosis.® MbtA catalyzes the adenylation of salicylic acid, which

3940 peptidic siderophores

activates it for ultimate incorporation into the mycobactins,
required for growth and virulence of the organism. f-Ketosulfonamide 13 is an analogue

of salicyl-adenylate (14), the product of salicylic acid adenylation.

Figure 4. Selected monophosphates and their phosphonate and sulfonamide analogues.
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Carboxylic acids have often been introduced as surrogates for monophosphates.

For example, analogous to the phosphonate analogues of 10 discussed above, compounds
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were developed wherein the phosphate was replaced by either a carboxylate (15) or a
malonate (16) (Figure 5).*' As with 8 and 9, these compounds were found to be inhibitors
of M6P/IGF2R, with ICsy values of 39 uM and 12 uM, respectively. Carboxylates and
malonates have also been used as monophosphate replacements in the development of
phosphotyrosyl mimetics as signal transduction inhibitors.”? Carboxylic acid 17 displayed
binding towards protein-tyrosine phosphatase 1B, with an ICsq value of 220 nM,* while
malonate 18 exhibited potent affinity towards the phosphotyrosine-binding protein Grb2
Src homology 2 (SH2) domain, for which it was found to have an ICso of 12 nM.** These
proteins play central roles in signal transduction, therefore their inhibition may lead to the

development of drugs to treat cancer, type II diabetes, and immune disorders.

Figure 5. Selected monocarboxylate and malonate analogues of monophosphates.
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2.2 Non-Hydrolyzable Mimics of Diphosphates

Similar to the development of monophosphate mimics, the major thrust in the
design of diphosphate surrogates has focused on phosphonates. The most successful of
these is perhaps 4-amino-1-hydroxybutylidene-1,1-bisphosphonate (19, Figure 6), also
known as alendronate. This compound is used in the treatment and prevention of
osteoporosis and other bone diseases. Its mode of action involves the inhibition of
farnesyl diphosphate (FPP) synthase, with an ICsy value of 460 nM.* *® FPP synthase
catalyzes the condensation of two molecules of isopentenyl diphosphate (IPP) with
geranyl diphosphate (GPP) to give farnesyl diphosphate, which is a precursor in the

biosynthesis of sterols. Alendronate is presumably an analogue of IPP (20).

Figure 6. Structures of alendronate (19) and IPP (20).
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Recently, significant efforts have been directed towards the design and synthesis
of phosphonate analogues of uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc)
(21, Figure 7), an important intermediate in the biosynthesis of sialic acids,*’ N-linked

48, 49

glycans, chitin,” and peptidoglycan, which forms the bacterial cell wall.”' For

example, phosphonates 22 and 23 were synthesized and tested as transition state analogue
inhibitors of UDP-GlcNAc 2-epimerase.’® This enzyme catalyzes the conversion of UDP-

GlcNAc to N-acetylmannosamine in the neuraminic acid biosynthetic pathway.*’ The

10
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analogues showed 40-60% inhibition of UDP-GIcNAc 2-¢pimerase at a concentration of
1.25 mM.

Phosphonate 24, containing a C-linkage to the anomeric centre of the GIcNAc
unit, was found to be a competitive inhibitor of UDP-N-acetyl-D-glucosamine:a-3-D-
mannoside B-1,2-N-acetylglucosaminyltransferase I (GnT I) with respect to UDP-
GleNAc, with a K; value of 28 uM.> GnT I catalyzes the initial steps in the conversion of
high-mannose oligosaccharides to complex and hybrid structures in the biosynthesis of
N-linked glycans.”® ** Phosphonate 24 has also been found to be a very weak inhibitor (K;
> 10 mM) of chitin synthase from Saccharomyces cerevisiae, the enzyme responsible for
polymerization of UDP-GleNAc to form chitin, an essential component of the fungal cell

wall.>*

Figure 7. Selected bisphosphonate analogues of UDP-GIcNAc (21).
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An interesting initiative in the development of stable diphosphate surrogates has
been the incorporation of a monosaccharide in the design of glycosyltransferase

inhibitors. This hypothesis is based on analogy with the mode of action of several

11
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naturally occurring glycosyltransferase inhibitors. Tunicamycin (25)’' is among the most
potent of these inhibitors, with an ICsy value of 7 nM against dolichol-pyrophosphate-a.-
D-GlcNAc synthase.> It appears to mimic the transition state leading to the formation of
dolichol-pyrophosphate-a-D-GIcNAc (28), with its monosaccharide adopting a similar
conformation as the 6-membered chair of the diphosphate-metal complex 27 in UDP-

GlcNAc (Scheme 2).

Scheme 2. Inhibition of dolichol-pyrophosphate-a-D-GIcNAc synthase by tunicamycin
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Some of the analogues developed based on this concept are displayed in Figure 8.

UDP-galactose derivative 30, incorporating a glucosyl moiety in place of the
diphosphate, was found to be a moderate inhibitor (K; = 119.6 uM )*® of B-1,4-

galactosyltransferase, which catalyzes the transfer of galactose from UDP-galactose to an
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acceptor sugar. In a separate study, a similar series of UDP and dTDP analogues
containing an L-rhamnosyl unit instead of a D-glucosyl unit were synthesized and tested
against bovine f-1,4-galactosyltransferase.”’” The L-rhamnosyl moiety has a similar
stereochemistry to that of the monosaccharide found in tunicamycin that is thought to be
acting as the diphosphate mimic. Although none of the synthesized compounds showed
more than 10% inhibition of the enzyme at 500 mM, moderate inhibition of Salmonella
typhimurium dTDP-a-D-glucose 4,6-dehydratase (Rm1B) was observed for some. f-L-

Rhamnosyl uridine 31 exhibited the highest activity with 47% inhibition at 1 mM.

Figure 8. Analogues of UDP-GIcNAc containing a monosaccharide as a replacement for

the diphosphate.
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2.3 Maleates and Succinates as Diphosphate Mimics

There is convincing experimental and theoretical evidence suggesting that 1,2-
dicarboxylates (i.e. maleates or succinates) can act as mimics of diphosphates. The appeal
of carboxylic acids lies in the ability to mask them as their corresponding methyl esters,
which due to their neutrality can more easily cross the cell membrane and subsequently
undergo hydrolysis by esterases once in the cytoplasm. Several dicarboxylate-bearing

natural products and their analogues are potent inhibitors of enzymes whose natural

13
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substrates contain a diphosphate group. In 1993, researchers at Merck reported the
isolation and characterization of chaetomellic acids A (32) and B (33) from the
coleomycete Chaetomella acutiseta (Figure 9).°* * Both compounds were found to be
highly active inhibitors of Ras protein farnesyltransferase (PFTase), an enzyme that
catalyzes farnesylation of the oncogenic protein Ras. Farnesylation is required to anchor
Ras to the plasma membrane, which is essential for this protein to mediate cell-
transforming activity. Compounds 32 and 33 exhibited ICsq values of 55 and 185 nM,
respectively, against human PFTase, and further investigation revealed that 32 was
competitive with respect to farnesyl diphosphate (34). Computer modeling of 32 and 34
using the MM2X force field determined that both compounds overlap very well, with the
carboxyl carbons of 32 separated by 3.2 A and the phosphorus atoms of 34 being 2.8 A
apart.”® It was concluded that the maleate unit of the chactomellic acids was mimicking

the diphosphate unit in the enzyme’s active site.

Figure 9. Structures of chaetomellic acids A (32) and B (33) and farnesyl diphosphate

(34).
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Compound 32 was also found to be an inhibitor of other prenyltransferase

enzymes. It was shown to be a moderate inhibitor of protein geranylgeranyltransferase

14
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(PGGTase) from bovine brain (ICso = 92 uM),” but did not inhibit PGGTase from yeast.
However, replacement of the Cy4 alkyl chain with a geranylgeranyl group resulted in a
good inhibitor with an ICsy value of 11.5 uM.*! Compound 32 was also shown to be a
fairly good competitive inhibitor of rubber transferase enzymes from Hevea brasiliensis
(K; = 42 uM) and Parthenium argentatum (K; = 8.8 uM) with respect to 34.°> Rubber
transferases utilize 34 as the initiating diphosphate during chain elongation in rubber
biosynthesis.

The same research group at Merck also reported the discovery of actinoplanic
acids A (35) and B (36) from an Actinoplanes species in 1994 (Figure 10).°% These
compounds are also tight binding inhibitors of mammalian Ras PFTase with ICsy values
of 230 nM and 50 nM and Kj values of 98 nM and 8 nM, respectively. Both compounds
contain a succinate unit as part of their structure, and, as in the case of 32 and 33, were

found to be competitive with respect to 34.

Figure 10. Structures of actinoplanic acids A (35) and B (36).

There are several other natural products containing a maleate or succinate unit
that are good enzyme inhibitors. Selected examples are shown in Figure 11. Tautomycin

(37),%% isolated from Streptomyces spiroverticillatus, displays strong antifungal activity

15
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against Sclerotinia sclerotiorum and is a potent inhibitor of serine/threonine protein
phosphatase 1 (PP1),% with an ICs, value of 22 nM. Although depicted as the anhydride,
37 was shown to be in equilibrium with its diacid in solution, with the diacid being the
more active species.”’ It has been proposed that 37 mimics the phosphorylated form of
DARPP-32,"" an endogenous protein that acts to regulate PP1. In this case, it would
appear that the maleate is mimicking a monophosphate. A similar scenario is apparently
in effect with cantharidin (38), the toxic constituent of blister beetles and the active
ingredient of the purported aphrodisiac “Spanish fly”. Anhydride 38 is a potent inhibitor
of serine/threonine PP2A (ICsp = 160 nM)”> ™ and a good inhibitor of PP1 (ICsp = 1.7
uM).” It was proposed that the active form dicarboxylate mimics the phosphorylated
substrate peptide. In a separate study, several analogues of 38 were synthesized and
shown to be selective inhibitors of serine/threonine PP2B (calcineurin) over other
serine/threonine protein phosphatases.” Other active compounds isolated as their
anhydrides include CP-225,917 (39) and CP-263,114 (40), isolated from an unidentified
fungus by workers at Pfizer.”> 7 These complex natural products were found to be
inhibitors of Ras PFTase from rat brain, with ICsy values of 6 and 20 uM, respectively.
They also inhibited squalene synthase from rat liver, although to a lesser extent, with
ICsp values determined to be 43 and 160 uM. Squalene synthase catalyzes the first
committed step of cholesterol biosynthesis starting from FPP,”” therefore there is

significant interest in developing inhibitors of this enzyme.
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Figure 11. Selected natural products containing a maleyl or succinyl group.

A compound labeled CJ-13,982 (41) was the more potent of two products that
were also isolated from an unidentified fungus, and it was found to inhibit human liver
microsomal squalene synthase with an ICsq value of 1.1 uM.” Despite its similarity in
structure to the chaetomellic acids (32 and 33), 41 exhibited no inhibitory activity against
human brain PFTase. The zaragozic acids,” which contain a 1,2,3-tricarboxylic acid
moiety, have also been found to be potent inhibitors of squalene synthase. For example,

zaragozic acid A/squalestatin S1 (42) exhibited competitive inhibition with respect to

FPP (34) of squalene synthase from a variety of sources (ICso = 0.9-2.1 nM), which was
followed by mechanism-based irreversible inactivation.®

Our group has reported several synthetic diphosphate analogues containing a

dicarboxylate unit, although they proved to be only modest inhibitors. Fumarates 43 and

17
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44 (Figure 12) were synthesized as analogues of IPP and investigated as inhibitors of
yeast PFTase and E. coli undecaprenyl diphosphate (UPP) synthase.®’ Fumarate 43 was
found to inhibit PFTase with an ICsy value of 384 uM and UPP synthase with an ICs
value of 492 uM. Fumarate 44 was more active than 43 towards UPP synthase, with an
ICsp value of 135 uM, but showed no inhibition of PFTase. Interestingly, 43 and 44 were
more active than their corresponding maleates, which may reflect a specific spatial
arrangement required for the diphosphate in the active site of these enzymes. We have
also reported the synthesis and evaluation of lipid II analogue 45 as an inhibitor of the
transglycosylase activity of E. coli penicillin-binding protein 1b (PBP1b).** This

compound displayed a very modest inhibition of 28% at 100 uM.

Figure 12. Selected synthetic dicarboxylates.
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3. Project Objectives: Synthesis and Biological Evaluation of Nucleoside
Dicarboxylates as NDP Kinase Inhibitors

The concept of 1,2-dicarboxylates as diphosphate mimics has not been examined
in the context of nucleoside diphosphates. Thus, the goal of this project is the synthesis
and biological evaluation of a series of nucleoside dicarboxylates as nucleoside

diphosphate analogues and evaluation of their activity against NDP kinase. As
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previously discussed, the diphosphate of the substrate in the enzyme’s active site has a
parallel arrangement of the oxygen atoms (Figure 1). Molecular modeling suggests that
this arrangement would be required to allow the dicarboxylate oxygens of analogues
containing a maleate unit to mimic those of the diphosphate. Initially, we chose to
incorporate three different types of spacers into the analogues: an ether linkage, a
thioether linkage, and one, two, three, or four methylene linkages (Figure 13). The focus
was restricted to nucleosides of adenine and uracil because of the abundance of literature
precedent for syntheses involving adenosine and uridine analogues, including numerous

protecting group strategies and modifications at the 5° position.

Figure 13. Nucleoside dicarboxylate target compounds.
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RESULTS AND DISCUSSION

1. Synthesis of Nucleoside Dicarboxylates

The initial strategy envisioned for accessing all target compounds involved
nucleophilic 1,4-addition onto commercially available dimethyl acetylenedicarboxylate
(DMAD, 46) (Scheme 3). The 1,4-addition of oxygen,* sulfur,** * and carbon
nucleophiles®" 3% to acetylenic esters is well-documented in the literature. Although
alcohol and thiol addition would be expected to generate products as mixtures of £ and Z
isomers, we were confident that nucleophilic organocuprate addition would give rise to
the methylene-linked analogues with high stereospecificity favouring the Z isomers, as

we®! and others®®*® have previously demonstrated.

Scheme 3. Retrosynthetic analysis of target compounds.
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1.1 Nucleoside Dicarboxylates Containing an Ether Linkage

The synthesis of analogues containing an ether linkage began with a survey of
various reagents known to promote the reaction between alcohols and DMAD. This was
done to determine the optimal conditions for obtaining the highest E/Z ratio.
Commercially available 2°,3’-O-isopropylideneuridine (47, Scheme 4) was used as the
nucleoside because it is more soluble in MeCN than the corresponding adenosine

derivative. Trimethylphosphine’" *2

was found to give the combination of highest yield
and best E/Z selectivity, as determined by measuring the relative integration of the
maleate and fumarate vinylic hydrogens in the 'H NMR spectrum. Other promoters gave
either traces of product (triphenylphosphine), a very low E/Z selectivity (N-
methylmorpholine, E/Z = 1:15.7), a complex mixture of products
(dimethylaminopyridine), or no reaction (trifluoromethanesulfonic acid).”

Compound 47 adds to DMAD under catalysis by trimethylphosphine to give
dimethyl diesters 48a and 48b as a 1.1:1 mixture of Z and E isomers in 60% overall yield.
It is important that DMAD be added slowly to a cooled solution of the alcohol and
phosphine to minimize dimerization to the 1,4-diphosphorane 49, as has been previously
observed to occur in polar solvents.”” ** After separation of 48a and 48b by column
chromatography, the isopropylidene protecting group of 48b is removed by aqueous
formic acid to afford dimethyl maleate derivative 50b.

Treatment of S0b with LiOH at rt or at 0 °C does not lead to any evidence of 51b,
and yields only a complex mixture of products. The same fate results during attempted
hydrolysis of 48b using identical or milder conditions (Na,COs), negating the presence of

the free 2° and 3’ hydroxyl groups as interfering moieties. Monitoring the reaction by 'H

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NMR reveals that the hydrogen signal corresponding to the maleate =CH (~ 6.70 ppm) as
well as the signals of the uracil (H-5)-C=C-(H-6) group (~ 5.80 and ~ 8.10 ppm,
respectively) disappear immediately upon addition of an aqueous solution of LiOH to
48b in THF-ds/D,0. Although the nature of the decomposition pathway is not

immediately obvious, it is clear that both 48b and 50 are unstable to basic conditions.

Scheme 4. Attempted synthesis of uridine maleate S1b using 46.
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The focus was thus shifted to maleates containing esters that could be deprotected
under non-basic conditions to give the diacid or the anhydride. Benzyl esters were
chosen because of the ready access to dibenzyl acetylenedicarboxylate (52) and the
ability to remove the benzyl groups under mild conditions (Scheme 5). Diester 52 is
prepared in 77% yield from acetylenedicarboxylic acid and benzyl alcohol.” Using
identical conditions as described for DMAD, 52 is then treated with 2°,3’-O-

isopropylideneuridine (47) in the presence of trimethylphosphine to give dibenzyl

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fumarate S3a and dibenzyl maleate 53b as a separable 1.9:1 mixture of Z and E isomers
in 32% overall yield (Scheme 5). Deprotection of 53b with aqueous trifluoroacetic acid
(TFA) affords 54b. Subjection of 54b to 1 atm H; over 10% Pd/C does not generate
diacid 55b but a complex mixture of products, one of which is not surprisingly succinic
acid derivative 56, arising from reduction of the maleate double bond. Although not
distinguishable in the '"H NMR spectrum, the presence of 56 is confirmed by EI-MS
(383.1, [MNa]"). For the sake of completeness, 54b was also treated with K,COj3, but

once again a complex mixture is obtained.

Scheme 5. Attempted synthesis of uridine maleic acid 55b using 52.
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Attention was finally focused on removal of the ester protecting groups under
acidic conditions, which could be achieved with concomitant removal of the
isopropylidene group. Reaction of 47 with commercially available di-fert-butyl

acetylenedicarboxylate (57) yields di-fert-butyl fumarate 58a and di-fert-butyl maleate
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58b as a separable 1:1.1 mixture of £ and Z isomers in 71% overall yield (Scheme 6). In
this case, prolonged reaction times (24 h) and heating at 50 °C are required to coerce the
reaction between the nucleoside and the sterically hindered acetylenic diester to proceed
to completion. Attempted deprotection of 58b with TFA in CH,Cl, with added
triethylsilane as a cation scavenger again leads to a complex mixture of products and
none of the expected maleic anhydride 59b. A peak at 229.2 mass units is evident in the
ES-MS of the mixture, which may correspond to the product obtained upon loss of the

uracil ring from 59b.

Scheme 6. Attempted synthesis of uridine maleic anhydride S9b using 57.
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Due to the difficulties encountered in attempting to synthesize an ether-linked
maleate analogue, attention was turned to accessing a succinate. The strategy adopted
was the LaCl;-mediated nucleophilic addition of alcohols to the di-lithium salt of maleic
acid to give substituted succinates (Scheme 7). The reaction must be conducted in

water, necessitating the use of a very polar nucleoside as starting material, thus 2°,3’-O-
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isopropylideneadenosine (60) was chosen. However, this nucleoside is insoluble in H,O,
therefore the use of co-solvents was examined. The results of addition of 60 to maleic
acid di-lithiate (61) are summarized in Table 1. The use of co-solvent systems such as
dioxane/H,0O or acetone/H,O results in no reaction (Entries 1 and 2), presumably due to
the insolubility of the nucleoside and/or the reagent salts. Reactions conducted in DMF
(Entry 3) or DMSO (Entry 4) at 120 °C only result in isolation of maleic anhydride after
acidic workup. The elevated temperatures may lead to decomposition of the nucleoside
starting material in this case. Finally, when the reaction is conducted in H,O using
adenosine as the starting material, an intractable mixture is obtained (Entry 5). Therefore
due to the general insolubility of the reagents and the harsh conditions required, it was
decided that this procedure is not compatible with nucleoside chemistry. Concurrent to
the synthesis of ether-linked analogues, analogues with a thioether spacer were also being
synthesized. The decision was made to focus subsequent efforts on the synthesis of an

analogue of the latter type.

Scheme 7. LaCls-mediated nucleophilic addition of 60 to di-lithium salt of maleic acid

(61).
O — (@)
HO/\(J’N \8/\\% 61 HOZC\)\OWN\%\\Y\I
T N LaCls +7H,0 T W
(o Xge]
x Conditions x
(see Table 2)
60 62
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Table 1. Nucleophilic addition reactions attempted between 60 and 61.

Entry Conditions . Resut’

1 Dioxane/H,0 (3:1), 100 °C, 5 h NR

2 1) Acetone/H,O (4.5:1), 120 °C, sealed tube, 24 h NR
2) HCI

3 1) DMF, 120 °C, 24 h Maleic anhydride isolated
2) HCI1

4 1) DMSO, 120 °C, 24 h Maleic anhydride isolated
2) HCI

5 H,0, 120 °C, sealed tube, 12 h Complex mixture

“NR = no reaction, nucleoside starting material recovered
badenosine used as starting material
1.2 Adenosine Dicarboxylates Containing a Thioether Linkage

The dicarboxylate analogues containing a thioether linkage are based on
adenosine because the 5°-thiol functionality can be conveniently installed via Mitsunobu
conditions’” using thiolacetic acid.”® Thus, 2°,3’-O-isopropylideneadenosine (60) reacts
with thiolacetic acid in the presence of diethyl azodicarboxylate (DEAD) and
triphenylphosphine to quantitatively afford thioacetate 63 (Scheme 8). Removal of the
acetyl group is accomplished with sodium thiomethoxide,” giving thiol 64. Addition of
64 to DMAD (46) using an adaptation of a published procedure'® affords 65 as an
inseparable 3:2 mixture of £ and Z isomers. Treatment of mixture 65 with aqueous TFA
yields 66. Unfortunately, all attempts to separate the £ and Z isomers were unsuccessful,
therefore it was decided to exchange 46 for the bulkier dibenzyl acetylenedicarboxylate
(52) in the hopes that the size of the benzyl groups would provide sufficient

discrimination between the £ and Z isomers.
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Scheme 8. Synthesis of 66 as an inseparable mixture of £ and Z isomers.
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Nucleophilic addition of 64 to 52 in the presence of N-methylmorpholine (NMM)
gives 67 as an inseparable 1.3:1 mixture of £ and Z isomers (Scheme 9). However, after
removal of the isopropylidene protecting group with aqueous TFA, separation can be
achieved by careful chromatography using a mixture of CHCI;/MeOH/TFA (95:4:1) to
afford fumarate 68a in 46% yield and maleate 68b in 52% yield. Several conditions were
explored in an attempt to remove the benzyl groups from 68b to give maleic acid 69b or
the corresponding dicarboxylate salts 70b or 71b (Scheme 10 and Table 2). Use of
standard hydrogenation conditions at 1 atm H, with either Pd/C (Entry 1) or Pd(OH),/C
(Entry 2) results in recovered starting material. Similar results are obtained if pressures
of 40-50 psi (Entries 3 and 4) or transfer hydrogenation (Entry 5) are employed. An
increase in both pressure (50 psi) and temperature (70 °C) results in decomposition with
some recovered starting material (Entry 6). It is possible that poisoning of the Pd catalyst

by the sulfide functionality in the substrate is occurring. Basic conditions using either
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K,COs (Entry 7) or LiOH (Entry 8) generate a complex mixture, as do Lewis acidic

conditions with either TMSOTT (Entry 9) or in situ generated TMSI (Entry 10). These

conditions are apparently too harsh for the nucleoside.

Scheme 9. Synthesis thioether-linked fumarate 68a and maleate 68b.

N

N
= NH, COzBn = NH, CO.B
280 = NH
/N /N~ s/\g N
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68a
64 67
46%
ElZ=131
+
CO,Bn FN NHy
BnOZC\/\S/\G,N\%\\(
—~ Nt/N
HO ©H
68b
52%
Scheme 10. Attempted removal of benzyl groups from 68b.
CO,Bn /‘N NH, ) CO,R F’N NH,
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— N=/ (see Table 3) ! N=/
HO  OH HO  ©H
68b 69b (R = H)
52% 70b (R =K)
71b (R = Li)
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Table 2. Reactions attempted for removal of benzyl groups from 68b.

_Entry ~ Conditions Result®
1 H, (1 atm), 10% Pd/C, THF/H,0 (11:1), 16 h NR
2 H, (1 atm), Pd(OH),/C, THF/H,O (10:1), 74 h NR
3 H; (40 psi), 10% Pd/C, THF/H,O (10:1),2 h NR
4 H, (50 psi), Pd(OH),/C, THF/H,0 (10:1), 16 h SM + decomposition
5 1,4-dicyclohexadiene, 10% Pd/C, DMF, 5 h NR

6  H, (50 psi), 10% Pd/C, 70 °C, THF/H,0 (9:1),2.5h  SM + decomposition

7 K,COs, THF/H;0 (1:1),288 h Complex mixture
8 LiOH*H,0, THF/H,0 (1:1), 8 h Complex mixture
9 TMSOTE, TFA,0°C,2 h Complex mixture
10 Nal, TMSCI, MeCN, 5 min Complex mixture

“NR = no reaction, starting material recovered
SM = starting material

Presumably, many of the problems encountered during synthetic manipulations of
the ether- and thioether-linked analogues are due to the labile vinyl ether or vinyl
thioether functionalities. These difficulties, in conjunction with the requirement of
tedious separation of £ and Z isomers, made it difficult to justify devoting any more time
to these targets. Therefore, the decision was made to focus all efforts on syntheses of the
nucleoside dicarboxylates containing methylene spacers. These analogues are devoid of
labile functionality adjacent to the dicarboxylate moiety. Furthermore, they can take
advantage of the availability of several methods to access the cis-dicarboxylate

exclusively, eliminating the need for separations of isomers.
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1.3 Nucleoside Dicarboxylates Containing Methylene Spacers

Initial studies into the synthesis of the methylene-linked analogues focused on the
synthesis of an analogue containing one methylene spacer. The approach taken was
based on a report by Theodoropulos and co-workers demonstrating that

101

triphenylphosphine-maleimide adducts can undergo Wittig reactions.” Thus, oxidation

of 47 with o-iodoxybenzoic acid (IBX) (prepared according to the procedure of Frigerio

et al.'”

) affords aldehyde 72 in quantitative yield (Scheme 11). This undergoes a Wittig
reaction with phosphorane 73'*' in MeOH to provide uridine succinimide derivative 74 in
16% yield after flash chromatography and HPLC. The low yield may be a result of using
MeOH as the solvent for the reaction. It was observed by ES-MS that MeOH adds to
aldehyde 72 to give the corresponding hemiacetal. Although this hemiacetal is in
equilibrium with the aldehyde, the excess MeOH would be expected to shift the
equilibrium towards the hemiacetal, leaving little aldehyde to undergo the Wittig
reaction. Although at the time the reaction was done, the conditions of Theodoropulos

and co-workers were being followed, in retrospect, CH,Cl, or DMSO would have better

choices of solvents for this reaction.
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Scheme 11. Attempted synthesis of uridine maleimide 75.
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It was hoped that the double bond in 74 would spontaneously isomerize to give
the thermodynamically more stable product 75; however, this does not appear to be the
case. The exocyclic position of the double bond is confirmed by coupling of the H-5’
vinylic hydrogen to H-4" of the ribose ring (/ = 6.0 Hz). Such a large J-value would not
be expected between the vinylic hydrogen and H-4* of 75. Attempts to isomerize 74 to
75 using Et;N in refluxing THF or CD;ONa in CD;0D (monitoring by 'H NMR) were
unsuccessful. In each case, addition of the base to the reaction mixture immediately
gives a deep red to purple solution, possibly arising from deprotonation of succinimide 74

and subsequent extrusion of the uracil functionality to give conjugated product 77

(Scheme 12).
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Scheme 12. Possible mechanism for degradation of uridine maleimide 74.
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Concurrently with these synthetic studies, some simple modeling studies using
Chem3D were done to determine the length of the spacer between the ribose ring and the
dicarboxylate that would give optimum overlap of the analogue with its parent nucleoside
diphosphate. It was found that a 3-carbon spacer provides the flexibility and length
required for the dicarboxylate to achieve the position of the diphosphate of the natural
nucleoside while maintaining reasonable overlap of the ribose and heterocyclic base
moieties between the two. The decision was made to direct efforts on obtaining a
nucleoside diphosphate analogue containing three methylene groups.

The most obvious approach for obtaining a maleate-containing analogue with a
three-carbon spacer involves 1,4-organocuprate addition to 46 (Scheme 3). We have
shown that this reaction proceeds with greater than 99:1 Z/E selectivity using simple
cuprates.61 The requisite spacer consisting of three methylene groups can be conveniently
installed via a Wittig reaction. Starting with 2°,3°-O-isopropylideneadenosine (60),
oxidation with IBX and Wittig olefination with ((ethoxycarbonyl)methylene)-

103 gives a,p-unsaturated ester 80 (Scheme 13).

triphenylphosphorane (79) in one pot
Hydrogenation over Pd/C affords saturated ester 81, which is then reduced to alcohol 82
with diisobutylaluminum hydride (DIBAL-H). This reduction is not reproducible, with
yields varying from trace amounts to a high of 51%. The reason for this may be that the

DIBAL-H is able to coordinate at several points in the nucleoside framework, and this
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may act to sequester the nucleoside upon workup, during which insoluble aluminum salts
are formed. Transient protection of the alcohol functional group of 82 with TMSCI is
then followed by treatment with benzoyl chloride. The TMS group is then removed
using aqueous NaHCO; to give di-benzoylated product 83. Upon treatment with carbon
tetrabromide and triphenylphosphine, this undergoes conversion to the bromide 84.
Unfortunately, subjecting 84 to Grignard conditions does not result in formation of the

Grignard reagent, as observed by TLC.

Scheme 13. Attempted synthesis of adenosine dimethyl maleate 835 via organocuprate

addition.
N IBX N N
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At this point, it became clear that the amide protecting groups for the NH,
functionality on the adenine ring are not suitable for Grignard conditions. As well, the
acidity of H-8 in the adenine ring precludes formation of the Grignard reagent at an sp°
centre in this molecule. H-8 is easily abstracted with LDA'™ (pK, 35.7 in THF).'® Thus,
no attempt was made to recover unreacted 84, and it was decided to explore this route for
a methylene-linked analogue using uridine instead.

The synthesis of the uridine derivative was approached in the same general
manner as that of the adenosine analogue, with some modifications. In order to avoid
using DIBAL-H, the Wittig reaction was performed with
(triphenylphosphoranylidene)acetaldehyde (86), allowing the resulting aldehyde to be
reduced under mild conditions using NaBHs. Reaction of 86 with 72 results in «,f3-
unsaturated aldehyde 87 (Scheme 14). Reduction of the double bond is achieved by
hydrogenation over Pd/C to give 88. This aldehyde is then reduced to alcohol 89 using
NaBHs. The N-3 position of the uracil ring is then protected using PMBCI to give 90.
Bromide 91 is then formed from 90 using the same conditions as previously described.
As in the previous attempt at cuprate addition to 46 using the adenosine derivative
(Scheme 12), formation of maleate 92 did not occur. Instead, 91 was recovered in impure

form.
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Scheme 14. Attempted synthesis of uridine dimethyl maleate 92 via organocuprate

addition.
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The harsh conditions required for formation of the Grignard reagent and its high
reactivity prompted a search for an approach wherein the carbon-bromine bond could be
activated under milder conditions. Gratifyingly, Fu and co-workers had recently reported
conditions which allowed the Stille cross-coupling of alkyl bromides containing b-
hydrogens with alkenyl tin reagents (Scheme 15).'% The success of the methodology

depended on the use of the additive Me4NF to increase the rate of transmetalation and the
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bulky ligand P(z-Bu);Me to prevent f-hydride elimination in the organopalladium

complex.

Scheme 15. Conditions of Fu and co-workers for Stille coupling of p-hydrogen-

containing alkyl bromides.'®

[(-allyPdCll,
R HP(#-Bu),Me]BF, R 2%,
< B BUsSN. 5%, [HP(#Bu), 4 SR
H H Me NF H H

3 A mol. sieves
THF, 1t

It was decided to apply this methodology to the synthesis of nucleoside
dicarboxylates. Starting with 60, IBX oxidation and Wittig olefination using
((methoxycarbonyl)methylene)triphenylphosphorane (93) gives a,B-unsaturated ester 94
(Scheme 16). Hydrogenation over Pd/C yields reduced product 95. Treatment of this
compound with (Boc),0 and NaH gives Boc-protected derivative 96. Hydrolysis of the

ester of 96 is achieved with LiOH to give acid 97 quantitatively.

Scheme 16. Synthesis of carboxylic acid 97.
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Reduction of the acid to the alcohol proceeds first with treatment of 97 with ethyl
chloroformate to form the mixed anhydride (Scheme 17). This is then reduced with
NaBHg, giving the corresponding alcohol 98. A significant quantity of unreacted mixed
anhydride (22%) is also isolated. The elaboration of 98 to bromide 99 using carbon
tetrabromide and triphenylphosphine proceeds in low yield. The requisite vinyl stannane
100 for the Stille coupling can be obtained in one step by palladium-catalyzed
hydrostannylation of 46."7 The ST and PS4 values of 46.8 Hz and 48.0 Hz,
respectively, are consistent with a cis relationship.'® The expected values for a trans
relationship are in the 110-130 Hz range.'” Upon subjecting 99 and 100 to Fu’s
conditions for the modified Stille coupling, none of the desired product 101 is obtained.
Workup and purification results in recovery of unreacted 99 in ~ 22% yield or of impure
stannane 100, as well as material that upon examination by '"H NMR appears to have
undergone decomposition. The problem may reside in the use of 100, which is an
electron-deficient vinyl stannane, and therefore may be deactivated toward
transmetalation. The study by Fu was limited to electron-rich alkenyl tin reagents and
simple alkyl bromides.'® A recent example showed that the cross-coupling of an
electron-deficient aryl stannane required the presence Cul and CsF in order to achieve
high yields.""® Indeed, the Stille cross-coupling reaction in general is notorious for
sometimes presenting difficulties, as the choice of catalyst, ligands, additives, solvent,

and temperature can significantly affect the outcome and yield of the reaction.'"!
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Scheme 17. Attempted synthesis of adenosine dimethyl maleate 101 using conditions of

106
Fu.

N NHBoc =N NHBoc

HO2C\/\<_O_7/N\2\\{‘ 1) EtOCOC, Et;N, THF, -7 °C HO/\/\G’NM
N=/ \ N=~

S 2) NaBH,, H,0, 0 °C N

X 38% X

97 98
CBr,, PPhj
MeCN
[(-ally)PdCl], 31%
[HP(+Bu),Me]BF,
N MeyNF, THF N

I NHBoc . ~ NHBoc
MeO,C O. LN \2\\( 3 A mol. sieves . O _N \2\\(
| N N/ N
— N=/ AN = N=/

MeOZC d b CO2Me N 4
X MeO:C._A Pal
SnBujg
101 99
100

Pd(PPhg)s, BusSnH
THF
83%

MeO,C—==—CO,Me
46

Conjecturing that the alkyl bromide may not be reactive enough to readily
undergo oxidative addition of metals into the carbon-bromine bond, it was decided to
deviate slightly from this approach. The use of alkyl iodides to form organozinc
compounds was especially enticing, as organozinc reagents can be formed under mild
conditions from primary alkyl iodides (2-3 h, 35-40 °C).'"? Furthermore, their low
reactivity stemming from the relatively high covalent character of the carbon-zinc bond
makes them especially attractive from the viewpoint of nucleoside chemistry, where
synthetic manipulations must often contend with a multitude of functional groups. On

the other hand, the low-lying p orbitals of zinc permit many transmetalation reactions
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with metallic salts to proceed, including those of Cu, Ti, Pd, Ni, and Pt, giving rise to
more reactive organometallic species.''

Knochel and co-workers have shown that organozinc reagents of the form RZnX
(X = Br, I) undergo rapid transmetalation using the THF-soluble copper salt CuCN-
2LiCl, giving reagents with the general structure RCu(CN)ZnX. These undergo addition
to several electrophiles, including 1,4-addition to a,B-unsaturated carbonyl compounds' "
such as DMAD (46). The maleate is obtained in high yield with no detection of the
corresponding fumarate, as shown by the examples in Scheme 18.!'* " The mildness of

the organozinc reagents is highlighted by the presence of the relatively acidic amide N-H

in 105, which does not interfere with the reaction.

Scheme 18. Selected examples of 1,4-addition to 46 using organocuprates derived from

. 114,115
organozinc reagents. -
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Iodide 108 can be rapidly obtained from the corresponding bromide 91 via a
Finkelstein reaction (Scheme 19). For the organozinc formation, the zinc metal was

freshly prepared by lithium reduction of ZnCl,."'® This results in a zinc powder that is far
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more reactive than the metal prepared by potassium or sodium reduction. Upon
subjecting 108 to Knochel’s conditions'"” for organozinc formation, transmetalation to
the cuprate, and addition to 46, none of the expected dimethyl maleate 92 is obtained.
Instead, an inseparable mixture of unreacted 108 and quenched organometallic reagent

109 are isolated.

Scheme 19. Attempted synthesis of 92 via an organocuprate derived from an organozinc

reagent.
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Bromide 99 can also be easily converted to its corresponding iodide 110,
therefore it was investigated concurrently for formation of a dicarboxylate through this
methodology (Scheme 20). In this case, the zinc powder was further activated by heating
in the presence of 1,2-dibromoethane,!!” and the reactivity of the carbonyl moiety of 46
was enhanced through the addition of TMSCI. Furthermore, formation of the organozinc
reagent was conducted at 60 °C rather than 40 °C. Despite these modifications, the

reaction did not proceed as expected, and quenched organometallic reagent 111 was
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isolated in low purity. Although zinc insertion into the carbon-iodine bond occurs to
some extent in both cases, transmetalation to the cuprate and/or 1,4-addition to 46 are

impeded. The reasons for this are not clear.

Scheme 20. Attempted synthesis of 101 via an organocuprate derived from an organozinc

reagent.
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The multitude of difficulties encountered with the formation and reaction of nucleoside-
derived organometallic reagents called for a paradigm shift in how the nucleoside moiety
could be attached to that of the dicarboxylate. In this new approach, it was sought to pre-
form the maleate and the 5’-derivatized nucleoside as separate entities such that each
would contain an appended functionality that would enable the two ends to be coupled
using well-established chemistry. One attractive option is the photochemical

decomposition of diacyl peroxides. It has long been known that photolysis (or
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thermolysis) of diacyl peroxides proceeds to generate acyloxy radicals that decarboxylate
to form alkyl radicals (Scheme 21). These will then either recombine or disproportionate
to form stable products. If the R and R’ groups are different, a complex mixture is often
obtained due to crossover radical coupling. However, in the mid-1980s Schéfer and co-
workers reported that photolyses of unsymmetrical aliphatic diacyl peroxides conducted
at -78 °C in the absence of solvent lead to radical recombination in good yield without
scrambling.'"®'*! This is due to restricted movement of the reactive partners in the solid

state, enhancing cage recombination of the alkyl radicals.

Scheme 21. Decomposition of diacyl peroxides with radical coupling.
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We recently expanded on this observation and showed that unsymmetrical diacyl

122

peroxides derived from protected aspartic and/or glutamic acids * (e.g. 112) as well as

123

cyclopropane carboxylic acids ™ (e.g. 114) could be coupled to give highly

functionalized amino acid derivatives (113 and 115, respectively) in moderate yields

without crossover (Scheme 22).
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Scheme 22. Synthesis of functionalized amino acids by photolysis of diacyl peroxides.'**
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The tolerance of this methodology towards several functional groups provided
optimism for its use in the synthesis of nucleoside derivatives. At this point, the decision
was made to focus exclusively on analogues of UDP, as uridine derivatives are generally
easier to handle than their corresponding adenosine congeners because of their higher
stability and lower polarity. Furthermore, they offer a wider range of protecting group
strategies for the nucleobase portion. Fully protected uridine dimethyl maleate 92 can
thus be envisioned to arise from the photochemical radical coupling of unsymmetrical
diacyl peroxide 116, which in turn can be generated from easily accessible carboxylic

acids 117 and 118 (Scheme 23).
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Scheme 23. Retrosynthetic analysis of 92 based on photolysis of diacyl peroxides.
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To this end, the maleate coupling portion was generated as shown in Scheme 24.
Allyl bromide (119) is first converted into its corresponding Grignard reagent and
transmetalated to the cuprate using copper(l) bromide dimethylsulfide complex.
Addition of allyl cuprate to 46 furnishes dimethyl 2-allylmaleate (120). Selective
ozonolysis'** of the electron-rich terminal double bond with oxidative workup'> provides

carboxylic acid 118.

Scheme 24. Synthesis of carboxylic acid 118.

1) Mg, ELO, A 1) O, acetone, -78 °C
Br 2) CuBr+SMe,, THF, -40 °C CO,Me Sudan Red 7B CO,Me
Pl
Z 3) 46, -78 °C M302C\/\/\ 2) NagCra07+2H,0 MeOLC A\ _COH
119 89% 120 H,S0,/H0, 0 °C 118

56%

The synthesis of the nucleoside coupling portion begins with nucleoside 46.

Oxidation with IBX is followed by Wittig reaction with ((methoxycarbonyl)methylene)-
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triphenylphosphorane (93) in one pot to install the three-carbon extension and give a,p-
unsaturated ester 121 (Scheme 25). Reduction of the 5°,6’-double bond is done via
catalytic hydrogenation to give 122. p-Methoxybenzyl (PMB) protection of the N-3
position in the uracil ring is achieved using PMBCI and diazabicyclo[5.4.0Jundec-7-ene
(DBU) to afford 123. Hydrolysis of the methyl ester with LiOH then yields carboxylic

acid 117 quantitatively.

Scheme 25. Synthesis of carboxylic acid 117.
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A dicyclohexylcarbodiimide (DCC)-mediated coupling of this acid with 2-
methoxyprop-2-yl hydroperoxidem’ 127 (124) generates perester 125 (Scheme 26). The
methoxypropyl group in 125 is hydrolyzed using 50% aqueous acetic acid, leaving the
isopropylidene protecting group intact, to afford peracid 126. All attempts to form diacyl
peroxide 116 through coupling of 126 with carboxylic acid 118 result in a complex
mixture, with some recovered impure nucleoside starting material. It was thought that
the failure of the coupling reaction stems from the enhancement of the acidity of the CH,
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protons upon activation of acid 118 with DCC to give the dicyclohexyl isourea 127
(Scheme 26). Deprotonation at this site gives an anion that is highly resonance-

stabilized, and that may subsequently undergo undesired side reactions.

Scheme 26. Attempted synthesis of diacyl peroxide 116.
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To test this hypothesis, peracid 126 was coupled with the simple carboxylic acid
valeric acid (128) using the same conditions as described previously. Peracid 126
undergoes DCC-mediated coupling with 128 to cleanly provide diacyl peroxide 129
(Scheme 27), corroborating the hypothesis. Based on these results, it was decided to
extend the carbon chain to four methylene groups by adding an extra methylene between

the acid and maleate moieties.
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Scheme 27. Coupling of 126 and 128 to give diacyl peroxide 129.
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The maleate portion with an extra methylene group was synthesized in a similar
manner as for 118. 3-Butenyl bromide (130) is converted into its corresponding Grignard
reagent, which is then transmetalated as previous to the cuprate (Scheme 28). The
cuprate undergoes 1,4-addition to 46 to give maleate derivative 131. In this case,
ozonolysis of the terminal double bond is followed by a reductive workup using
triphenylphosphine to give aldehyde 132. This is then oxidized with NaClO; in a second

step to afford carboxylic acid 133.

Scheme 28. Synthesis of carboxylic acid 133.

1) Mg, Et20. A 1) O3, CHoClp, 78 °C
o~ 2) CuBr+SMe,, THF, -40 °C CO,Me Sudan Red 7B CO,Me
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CO,Me

MeO,C.__~ O
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Carboxylic acid 133 reacts with peracid 126 in the presence of DCC to give diacyl

peroxide 134 in a fairly low yield of 36% (Scheme 29). Photolysis of 134 in the solid
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state at -78 °C for 5 days gives only trace amounts of impure uridine maleate 135, along
with 10% unreacted 134. The mass balance is presumably insoluble polymeric material.
The low efficiency of the photolysis may be due to the presence of the PMB protecting
group, which is capable of absorbing UV light. It was previously observed that the
presence of an Fmoc group hinders facile cleavage of an amino acid-derived diacyl

peroxide,'?* probably for the same reasons.

Scheme 29. Attempted synthesis of 135 by photolysis of diacyl peroxide 134.
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To circumvent this problem, the PMB protecting group was changed to the 2-
(trimethylsilyl)ethoxymethyl (SEM) group, which is not expected to absorb UV light.
Thus, starting from 122, the SEM group is installed using SEMCI to give protected
uridine derivative 136 (Scheme 30). The methyl ester of 136 is hydrolyzed with LiOH to
afford carboxylic acid 137 quantitatively. Coupling of 137 with 124 in the presence of
DCC gives perester 138, which is then deprotected with 50% aqueous acetic acid to give

peracid 139. This undergoes reaction with carboxylic acid 133 in the presence of DCC to
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give diacyl peroxide 140. Photolysis of 140 at -78 °C for 6 days gives a complex
mixture, with none of the desired product 141 detected. The failure of this reaction when
applied to these nucleoside derivatives may in part result from the incompatibility of the
uracil ring with these conditions. The structurally similar thymine nucleobase in
thymidine undergoes radical dimerization under UV light, a process responsible for DNA
damage.'®® Furthermore, the SEM protecting group contains sites where hydrogen
abstraction can lead to a radical stabilized either by silicon, oxygen, or nitrogen.
Subsequent reactions of these radicals may compete with the desired photolytic pathway.

This approach was not explored any further.

Scheme 30. Attempted synthesis of 141 by photolysis of diacyl peroxide 140.
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[t was decided to examine olefin cross metathesis (CM) for synthesis of the target
molecule(s). Olefin metathesis is one of the most powerful reactions for carbon-carbon
bond formation.'? '*° The 2005 Nobel Prize in Chemistry was awarded to Yves Chauvin,
Robert H. Grubbs, and Richard R. Schrock for its discovery and development into a
synthetically useful process. Olefin CM was especially attractive in the context of the
syntheses described here because the required starting materials could be readily accessed
in three steps or less, and the number of methylene groups in the maleate moiety could
potentially be varied by simply changing the nature of the nucleophile used for
organocuprate addition to 46. This allows a range of analogues to be synthesized
wherein the number of methylene spacers varies between two and four (Scheme 31), and
may give insights as to the effect of the length of the spacer on enzymatic activity.
Derivatives 144 and 145 were expected to react selectively under olefin CM conditions
and avoid statistical product distributions produced by homodimerization. Olefin 144
should behave as a protected secondary allylic alcohol, a Type II olefin as described by

Grubbs and co-workers,"*' and 145, being a terminal olefin, is designated as Type I.

Scheme 31. Olefin CM approach for synthesis of uridine dicarboxylates.
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An important consideration in this route was whether or not selective reduction of
the isolated 5°,6’-double bond in the presence of the maleate double bond could be
achieved after olefin CM, as it was anticipated that a mixture of maleate and succinate
products would be difficult to separate. To this end, a three-carbon linked analogue was
synthesized and several conditions were evaluated for selective reduction (Scheme 32).
Aldehyde 72 undergoes a Wittig reaction with methyltriphenylphosphorane generated in
situ 10 give olefin 144. In the presence of Hoveyda-Grubbs’ 2™ generation catalyst (146),
144 and olefin 120 undergo olefin CM to afford 147. Determination of the olefin
geometry is difficult because both olefin protons overlap with three other protons in the
'H NMR spectrum. This is of no consequence, as the ultimate goal is reduction of this

double bond.

Scheme 32. Formation of 147 by olefin CM.
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Table 3 contains a summary of results from studies into selective reduction of the
5°,6’-double bond (Scheme 33). The reactions were monitored by 'H NMR spectroscopy
of aliquots taken at regular intervals. Standard hydrogenation conditions using 10% Pd/C
give only 149 (Entry 1), whereas reducing the Pd loading to 5% gives a 1:1 mixture of
products (Entry 2). An attempt to decrease the activity of the catalyst with 2,2°-
dipyridyl'** ** completely impedes the reaction (Entry 3). Decreasing the catalyst
loading to 1% Pd/C results in a slightly improved selectivity for 148, however the
reaction is sluggish, even at 4 atm H, (Entry 5). The very active catalysts Pd(OH),/C and
PtO, give predominantly 149 as the product (Entries 6 and 7). Changing the solid
support to CaCO;'** gives at best a 2:1 ratio of 148:149 (Entry 9).

Since heterogeneous catalysis did not give promising results, attention was turned
to homogeneous transition metal catalysis. It was hoped that the metal centre would
coordinate to the electron rich 5°,6’-double bond over the electron deficient maleate
double bond and thus deliver hydrogen to the former. However, use of Wilkinson’s
catalyst'® (Rh(PPh3);Cl) affords only a moderate 3:1 ratio of products (Entry 11),
whereas Crabtree’s catalyst'*® ([Ir(cod)(PCy3)py]PFs) results in an essentially 1:1 mixture

of products (Entry 13).
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Scheme 33. Attempted selective reduction of the 5°,6’-double bond of 147.
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Table 3. Reactions attempted to selectively reduce the 5°,6’-double bond of 147.

Entry

1

2

10
11
12

13

Conditions 148:149

H, (1 atm), 10% Pd/C, MeOH, 10min ~ 100%149
H; (1 atm), 5% Pd/C, MeOH, 30 min 1:1

H; (1 atm), 5% Pd/C, 2,2’-dipyridyl, MeOH, 24 h NR

H; (3 atm), 1% Pd/C, EtOAc, 21 h NR

H, (4 atm), 1% Pd/C, EtOAc, 14 h 1.7:1 (76% conversion)
H, (1 atm), 20% Pd(OH),/C, MeOH, 30 min 1:9

H, (1 atm), PtO,, MeOH, 1.5 h 100% 149

Hs (1 atm), 5% Pd/CaCOs, EtOAc, 10 °C, 24 h NR

H, (1 atm), 5% Pd/CaCOs, EtOAc/toluene (98:2),1t,4h  2:1 (86% conversion)

H; (1 atm), 1% Pd/CaCOs, EtOAc/benzene (98:2),24 h NR
H, (1 atm), WC? (11 mol %), CH,Cl,, 48 h 3:1

H, (1 atm), CC? (3 mol %), CH,Cl,, 0 °C, 1.5 h NR
H, (1 atm), CC (18 mol %), CH,Cl, rt, 24 h 1.2:1

“WC = Wilkinson’s catalyst, Rh(PPh3);Cl
bCC = Crabtree’s catalyst, [Ir(cod)(PCy3)py]PFs
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Although these results were discouraging, it was decided that the reduction with
Crabtree’s catalyst should be examined further. This catalyst is able to coordinate to the
oxygen of carbonyl, ether, and hydroxyl groups, which can direct the reduction of a
double bond to one face over the other."” With this in mind, the isopropylidene group of
147 can be removed with aqueous TFA to give diol 150 (Scheme 34). It was hoped that
freeing the 3’-hydroxyl would allow the catalyst to coordinate to it, bringing the iridium
centre in close proximity to the 5°,6’-double bond. Reactions were conducted at low
temperature in order to increase selectivity, however at 0 °C, no reaction takes place
(Table 4, Entry 1). Raising the temperature to 15 °C gives 151 as the only detectable
product (Entry 2), however the reaction is very sluggish, most likely due to catalyst
deactivation over the long reaction time. At room temperature, reduction still proceeds
slowly, and the selectivity begins to erode (Entry 3). Thus, although it appears that
greater selectivity can be achieved using Crabtree’s catalyst and deprotected nucleoside
150, the long reaction times leading to deactivation of the catalyst render this approach

impractical.
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Scheme 34. Attempted selective reduction of the 5°,6’-alkene of 150 using Crabtree’s

catalyst.
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Table 4. Reactions attempted to selectively reduce the 5°,6’-alkene of 150.

Entry Conditions 151:152°
1 2 mol % catalyst,0°C,6.5h  NR
2 7 mol % catalyst, 15 °C, 24 h 100% 151 (21% conversion)
3 5 mol % catalyst, rt, 17 h 3.3:1 (58% conversion)

a .
NR = no reaction

Because selective reduction of the 5°,6’-alkene over the maleate alkene was
difficult to achieve, a new strategy was sought that would enable the double bond from
CM to be reduced before the maleate double bond was formed. Fortunately, a report
from the 1960s showed that phosphonates undergo a Horner-Emmons-Wadsworth
reaction with a-keto esters to give predominantly maleates over the corresponding

fumarates, in a ratio greater than 95:5 in most cases.3® 1** The reason for the unusual Z-
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selectivity of this HEW reaction is explained in Scheme 35. The reaction between a
phosphonate 152 and an a-keto ester 153 would be expected to proceed via path a, giving
initial adducts 154 or 155. These undergo rotation about the newly formed carbon-
carbon bond to the conformers 158 or 160, which upon elimination give maleate 159 or
fumarate 161, respectively. When R = H, the authors observe a 159:161 ratio of 65:35.
For R= alkyl, the stability of adduct 154 would be expected to decrease relative to that of
adduct 155, thus leading to an erosion of selectivity. However, an increase in selectivity
of > 95:5 in favour of maleate 159 is observed when R = Me, in contrast to that expected.
Therefore, it appears that the generally accepted mode of addition leading to adducts 154
and 155 is not applicable in this case. Instead, the authors propose that adducts 156 and
157 are first formed (path b). When R= Me, 156 is expected to be slightly more stable
than 157. In the formation of simple a,B-unsaturated esters, all steps leading to the
products are reversible, thus equilibration to the more stable fumarate 161 occurs. The
opposite selectivity observed in the HEW with a-keto esters arises from the stability
afforded to the incipient double bond in the transition state from the decomposition of
intermediates 158 or 160, due to its conjugation with the extra carbonyl group present in
the molecule. This renders formation of the intermediates 158 and 160 irreversible,
precluding equilibration to the fumarate. Thus, the selectivity arises only from the relative

stabilities of adducts 156 and 157.
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Scheme 35. Explanation of the high Z-selectivity in the HEW reaction with a-keto esters.
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The revised approach to access the uridine dicarboxylates is shown in Scheme
36." The uridine maleate 141 is derived from a HEW reaction between an a-keto ester
162 and methyl diethylphosphonoacetate (163), which in turn arises from olefin CM
between uridine derivative 164 and the simple alkene 165. By selecting the appropriate
starting material, the number of methylene groups contained in the spacer can be varied

from two to four.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Scheme 36. Revised olefin CM approach for synthesis of uridine analogues 141.
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To this end, the alkene precursors for olefin CM were synthesized from readily
available starting materials (Scheme 37). Methyl 2-hydroxybut-3-enoate'*' (168), the
olefin CM precursor to analogues containing a two-carbon spacer, is obtained from
treatment of acrolein (166) with acetic anhydride and NaCN to first form 1-cyanoallyl
acetate (167). Hydrolysis of the acetate and the nitrile with formation of the methyl ester
is then achieved in refluxing HCI/MeOH to give the desired product 168 in low yield
over two steps. The precursor to the three-carbon analogues, methyl 2-benzyloxypent-4-
enoate (171), is obtained in two steps, first through an indium-mediated addition of 119

12 then via protection'® of the resulting alcohol 170 as its

to methyl glyoxylate (169),
benzyl ether. Finally, methyl 2-oxohex-5-enoate (174), the olefin CM precursor for the

analogues containing a four-carbon spacer, is synthesized in one step'** from the reaction

of dimethyl oxalate (172) with 3-butenylmagnesium bromide (173).
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Scheme 37. Synthesis of alkenes for olefin CM.
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The uridine maleate containing a two-carbon spacer is synthesized starting from
uridine derivative 144 (Scheme 38). Reaction of this species with di-rert-butyl
dicarbonate in pyridine affords protected derivative 164. This undergoes olefin CM with
alkene 168 in the presence of Grubbs’ 2™ generation catalyst (175) to give 176.
Reduction of the double bond is achieved with hydrogen over 5% Pd/C to give alcohol
177. Oxidation with IBX then generates a-keto ester 178, which subsequently undergoes
an HEW reaction upon treatment with methyl diethylphosphonoacetate (163) and NaH to
give maleate derivative 179. It has previously been reported that conducting this reaction

144

at -5 °C gives > 95:5 ratio of maleate and fumarate products, ~ therefore it was decided

to lower the temperature to -40 °C to further increase the selectivity. Consequently, the

corresponding fumarate is not detected in the "H NMR spectrum of the crude product,
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indicating > 99:1 selectivity in favour of the maleate. Removal of the Boc and
isopropylidene groups is achieved with aqueous TFA to give 180, which is quantitatively

hydrolyzed to lithium salt 181 with LiOH.

Scheme 38. Synthesis of uridine maleate analogue containing a two-carbon spacer 181.
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Starting with Boc-protected uridine derivative 164, the maleate analogue
containing a three-carbon spacer, the original target in this series of compounds, is
synthesized as outlined in Scheme 39. Olefin CM between 164 and 171 is achieved with
catalyst 175. It should be noted that in contrast to the synthesis of 176, attempted olefin

CM between 164 and alcohol 170 gives a complex mixture and none of the expected CM
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product. This may be due in part to nonproductive coordination of the alcohol to the
ruthenium alkylidene centre. Simultaneous removal of the benzyl protecting group and
reduction of the double bond of 182 is achieved by hydrogenation over Pd/C to give
alcohol 183. This is oxidized to a-keto ester 184 with IBX. The HEW is conducted
under the same conditions as previously described to give maleate analogue 185, with
>99:1 Z/E selectivity as determined by 'H NMR. Protecting group removal using
aqueous TFA proceeds to give 186, which undergoes hydrolysis with LiOH to afford

lithium salt 187 quantitatively.

Scheme 39. Synthesis of uridine maleate analogue containing a three-carbon spacer 187.
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The maleate analogue containing a four-carbon spacer is accessed in a similar

series of steps as for the previous target molecules (Scheme 40). Uridine derivative 164

undergoes olefin CM with alkene 174 to give the expected product 188 in relatively low

yield. This is possibly due to facile coordination of the carbonyl group of the a-keto

ester to the ruthenium centre upon formation of the ruthenium alkylidene intermediate.

Hydrogenation of the double bond generates 189, which undergoes a HEW reaction to

afford maleate analogue 190. Similar to the previous analogues, deprotection with

aqueous TFA gives 191, which is followed by basic hydrolysis to give lithium salt 192

quantitatively.

Scheme 40. Synthesis of uridine maleate analogue containing a four-carbon spacer 192.

0 174 0
Z ] 0 =
O. .N. _NBoc Grubbs' 2nd generation P O. .N. _NBoc
catalyst (175)

Y v oc Ny
iz O CH,Cl, A I 0
X PaN

164 188
Hy (1 atm)
5% Pd/C
EtOAC
80%
CO,Me AP 0 AP
MeO.C. _~ o) N NBoc 163, NaH MeOQCWNTNBOC
~ DMF, -40 °C i 0
K X
190 189
TFA/H,0
75%
o] 4 o]
CO,Me (\( LOHeH0 COuLi (\(
MeO,C._~ O_N__NH iOH-H, LiO2C O _N___NLi
\__/ b CD40D/D,0, 40 °C / \fg
HO  OH 100% HO  ©OH
191 192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

62



The corresponding succinate derivatives are obtained by hydrogenation of the

maleates. Thus, hydrogenation over Pd/C of 179, 185, and 190 gives succinates 193,

194, and 195, respectively (Scheme 41). Removal of the Boc and isopropylidene

protecting groups is achieved with aqueous TFA to give 196, 197, and 198, which are

hydrolyzed with LiOH to their respective lithium salts 199, 200, and 201.

Scheme 41. Synthesis of uridine succinate analogues 199-201.
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2. Biological Evaluation of Uridine Dicarboxylates

2.1 NDP Kinase Inhibition Assay

_—
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L 0
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194 (n =2, 71%)
195 (n =3, 21%)
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MeO,C O N NH
n hig
s - 0
HO OH

196 (n =1, 100%)
197 (n =2, 96%)
198 (n = 3, 89%)

The six uridine dicarboxylates (181, 187, 192, and 199-201) were assayed for

their inhibitory activity against NDP kinase from Dictyostelium discoideum. The
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inhibition studies were conducted with a coupled assay that utilizes pyruvate kinase and
lactate dehydrogenase (Scheme 42).'*> ATP is used as the phosphate donor and 8-
bromoinosine diphosphate (BrIDP) is the phosphate acceptor. BrIDP is used because it is
a poor substrate for pyruvate kinase (PK)."*> NDP kinase (NDPK) catalyzes phosphate
transfer from ATP to BrIDP. The ADP thus generated is the phosphate acceptor for PK,
which catalyzes the formation of pyruvate from phosphoenolpyruvate (PEP) and
regenerates ATP. The pyruvate in turn is reduced to lactate by lactate dehydrogenase
(LDH), which uses NADH as a cofactor. The NDP kinase activity is thus measured as a

decrease in As4, corresponding to depletion of NADH, with time.

Scheme 42. Coupled assay'* used for NDP kinase inhibition studies.

BriDP ATP pyruvate
NADH
NDPK PK
LDH
BrITP ADP PEP
NAD*
lactate *

Unfortunately, none of the compounds are inhibitory of NDP kinase at a
concentration of 1 mM. This may be a result of the constraints imposed by the methylene
linkers, which may prevent the dicarboxylate oxygen atoms from occupying the positions
in the enzyme active site normally assumed by the diphosphate oxygens of the parent

compound.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Further insight into the absence of inhibition may be gained from comparison of
the co-crystal structure of the NDP kinase inhibitor PAPS (40) in the active site of the
enzyme with that of the transition state analogue ADP+AlF; (202) in the active site. The
AlF; group occupies the expected position of the y-phosphate of ATP during its transfer
to His122, and thus 202 acts as a transition state analogue of ATP."*® An overlay of both
structures reveals that the 3’-phosphate of 40 is located only 1.7 A from AIF; in the
ternary complex (Figure 14).?® Both AIF; and the 3’-phosphate of 40 make polar
interactions with the N& of His122, the N§ group of Lys16, and the hydroxyl group of
Tyr56. The AlF; group of 202 also makes hydrogen bonds with an Nv group of Arg92
and the backbone amide NH of Gly123 (not shown). The 3’-phosphate of PAP (41) and
the 3°,5’-phosphate of cAMP (39) are also near the position of AlF; in the NDP kinase
active site.”® It thus appears that, at least in the context of nucleoside inhibitors
discovered thus far, effective binding in the active site of NDP kinase requires a 3’-
phosphate or equivalent moiety that assumes the expected position of the y-phosphate of
ATP during phosphate transfer to the enzyme. Interestingly, the 5’-phosphosulfate of 40
and the 5’-phosphate of 41 point out from the binding pocket and make few well-defined

interactions.*®
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Figure 14. Comparison of PAPS (40) with ADP+AlF; (202) in the active site of NDP

kinase (adapted from references 59 and 60).
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2.2 Antimicrobial Assays

The dicarboxylate salts as well as their diester precursors (180, 186, 191, and 196-
198) were tested for their antimicrobial activity against several bacterial strains, namely
E. coli DHSa.,, Pseudomonas aeruginosa ATCC 14207, Salmonella typhimurium ATCC
23564, and Staphylococcus aureus ATCC 6538. Although the dicarboxylate salts may
not penetrate the negatively-charged bacterial cell membranes, the corresponding esters
might be expected to diffuse through such a barrier more readily and could then
potentially be hydrolyzed by cellular esterases. None of the 12 compounds tested

inhibited growth of any of these strains at a concentration of 20 mg/mL.

3. Conclusions and Future Work
A series of analogues of UDP containing either a maleate or a succinate unit were

synthesized, using olefin CM to install the methylene spacers and a Z-selective HEW
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reaction to construct the maleate unit. The compounds did not exhibit any activity
towards NDP kinase nor did they or their corresponding methyl esters display
antimicrobial activity.

Based on the previous discussion, it may be a worthwhile endeavour to modify
the present analogues to their corresponding 3’-phosphates (Figure 15) for evaluation of
their activity towards NDP kinase. By analogy to 40 and 41, this may result in the
dicarboxylate moiety pointing away from the active site upon binding of the analogue.
However, the electrostatic interactions between the negatively charged carboxylates and
the many positive charges surrounding the NDP kinase nucleotide binding site may lead
to enhanced binding. In fact, these interactions are thought to be responsible for the

higher activity of PAPS (40) than PAP (41) towards NDP kinase.*®

Figure 15. Proposed 3’-phosphate derivatives of UDP analogues.
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Future studies may also involve the investigation of these UDP analogues as
potential inhibitors of other enzymes that utilize substrates containing the nucleoside
diphosphate unit. One example is the nucleoside monophosphate (NMP) kinase class of
enzymes, which are responsible for converting nucleoside monophosphates to their

47 NMP kinases are known to be crucial for survival,

corresponding diphosphates.
whereas disruption of the NDP kinase gene in E. coli®® and S. cerevisiae'® does not

affect cell growth to any significant extent. Furthermore, bacterial uridine
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monophosphate kinases'®’ have no closely related counterpart in eukaryotes, making
them potential targets for the design of new antibiotics. Another interesting class of
targets are the enzymes involved in bacterial peptidoglycan biosynthesis,”’ as several

activated precursors to peptidoglycan contain the UDP motif.
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CHAPTER 2: Replacement of the Cysteine Residues of Pediocin PA-1 with Amino

Acids Capable of Hydrophobic Interactions

INTRODUCTION

1. Bacteriocins as Alternatives to Conventional Antibiotics

Bacteriocins are ribosomally-synthesized antimicrobial peptides produced by
many bacteria as a mode of defense against closely related bacterial species. Many
bacteriocins are produced by Gram-positive bacteria such as lactic acid bacteria. They
are active at nanomolar concentrations, and unlike traditional antibiotics, which mostly
behave as enzyme inhibitors, they usually kill cells by membrane permeabilization
through pore formation, causing leakage of cellular contents. Bacteriocins generally
exhibit no toxicity towards humans or other eukaryotes. For these reasons, they are
attractive candidates as alternatives to conventional antibiotics, which have experienced
an alarming emergence of resistant bacterial strains over the past few decades.'*
Furthermore, because of the stability of many bacteriocins over a wide pH and
temperature range, they have shown promise as food preservatives. For example, the
lanthionine-containing bacteriocin nisin is currently approved in over 80 countries as an
antimicrobial additive in dairy products. Other bacteriocins such as the pediocin-like

type Ila bacteriocins are of interest due to their potent antilisterial activity, and are being

studied as agents for the treatment of gastrointestinal infections.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1 Classification of Bacteriocins

Bacteriocins from lactic acid bacteria are usually grouped into three major classes
as recently proposed by Cotter ef al.">' Class I bacteriocins are termed lantibiotics. These
are post-translationally modified peptides and contain the unusual amino acids
lanthionine and methyllanthionine. Class II includes unmodified proteins and is divided
into four subclasses: Class Ila which are known as “pediocin-like” bacteriocins and are
small, heat stable peptides; class IIb which are two-peptide bacteriocins; class IIc which
are cyclic peptides; and class I1d which are non-pediocin single linear peptides. Finally,
class III consists of large, heat labile, non-bacteriocin lytic proteins known as
bacteriolysins. The class Ila bacteriocins have adopted the aforementioned name in
reference to pediocin PA-1 (also known as pediocin AcH), one of the initial type Ila
bacteriocins to have been characterized.'’> '** This class of peptides has received
widespread attention as biopreservatives due to their nanomolar activity against
pathogens such as Listeria monocytogenes.”™* > They are usually described as being
small (< 10 kDa), cationic, heat stable peptides containing between 37 and 48 amino
acids. Leucocin A was the first class Ila bacteriocin whose sequence was reported.'*®

134,155 and in all cases they contain at least two

Over 25 of such peptides are now known,
cysteine residues forming a conserved disulfide bond, a highly conserved YGNGV

“pediocin box” sequence at the N-terminus, and a variable hydrophobic C-terminal

domain which may or may not contain a second disulfide bond (Table 5).
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Table 5. Amino acid sequence alignment of several type Ila bacteriocins.

Bacteriocin Amino Acid Sequence
Pediocin PA-1"" KYYGNGVTCGKHSCSVDWGKATTCI INNGAMAWATGGHQGNHKC
Leucocin A'*® KYYGNGVHCTKSGCSVNWGEAFSAGVHRLANGGNGFW
Enterocin P** ATRSYGNGVYCNNSKCWVNWGEAKENIAGIVISGWASGLAGMGH
Sakacin P' KYYGNGVHCGKHSCTVDWGTAIGNIGNNAAANWATGGNAGWNK
Mesentericin Y105 KYYGNGVHCTKSGCSVNWGEAASAGIHRLANGGNGFW

Carnobacteriocin B2'%! VNYGNGVSCSKTKCSVNWGQAFQERYTAGINSFVSGVASGAGSIGRRP

Curvacin A% ARSYGNGVYCNNKKCWVNRGEATQSIIGGMISGWASGLAGM
Divercin V41'® TKYYGNGVYCNSKKCWVDWGQASGCIGQTVVGGWLGGAIPGKC
Coagulin'®* KYYGNGVTCGKHSCSVDWGKATTCI INNGAMAWATGGHQGTHKC

2. Secondary Structure and Mechanism of Action of Class I1a Bacteriocins

Class Ila bacteriocins are unstructured in water, however they adopt a defined
secondary structure in the presence of a membrane-mimicking environment.'®® The
cationic and hydrophilic N-terminal domain of class Ila bacteriocins generally adopts a
three-stranded pB-sheet structure, stabilized by the conserved disulfide bond, and mediates
binding to the negatively charged phospholipids of the bacterial cell membrane through
electrostatic interactions.'®® 7 In pediocin PA-1, the binding is specifically mediated by
a “positive patch” consisting of Lys-11 and His-12 in the N-terminal domain. Mutation
of these residues to Ile-11 and Leu-12 in an N-terminal fragment of pediocin PA-1

abolished all binding to lipid vesicles.'s’ Following the N-terminal region is a central
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amphiphilic a-helix, ' '¢17!

which precedes a C-terminal tail that folds back onto the a-
helix, thus forming a hairpin-like structure in the C-terminal domain.'®> 168, 169 These

features are exemplified in the "H NMR solution structure of carnobacteriocin B2 (Figure

16).168

Figure 16. Schematic representation of a class Ila bacteriocin.

C-terminal hairpin domain

AN
\ N-terminal 8-sheet domain

The hairpin domain is believed to penetrate into the hydrophobic portion of the

172-175

target cell membrane, forming pores that lead to leakage of cellular contents and

disruption of the proton motive force (PMF).!"618!

The PMF consists of two components:
the pH gradient, which depends on protons, and the transmembrane potential, which is
dependent on other cations.'” The PMF plays crucial roles in ATP synthesis, active
transport, and bacterial motion. A rapid depletion of ATP in target cells is observed,
presumably due to the cell’s consumption of ATP as it attempts to restore the proton
motive force. The hinge region located between the N and C-terminal domains, usually

consisting of one amino acid, apparently provides the structural flexibility required for

the two domains to move relative to each other. This allows the C-terminal hairpin
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domain to dip into the hydrophobic portion of the target cell membrane.'® In most type
I1a bacteriocins, the hinge is located at position 17 as a conserved aspartate or asparagine
residue.

In some type Ila bacteriocins, the hairpin structure is stabilized by a second
disulfide bond between a C-terminal cysteine residue and a cysteine residue located
within the a-helix (Table 5). The stabilized hairpin model is supported by studies
demonstrating that a sakacin P mutant containing this additional disulfide bond displayed
similar potency but was more thermally stable than its natural counterpart.'® However,
most peptides of this class lack these cysteine residues and instead contain a tryptophan
residue near the C-terminal end of the peptide. This residue and a conserved central
tryptophan residue (position 18 in most type Ila bacteriocins, Table 5), position
themselves at the membrane-water interface, a common occurrence for tryptophan
residues in membrane-penetrating peptides.'® In type Ila bacteriocins, they aid in
stabilizing the C-terminal hairpin and positioning it correctly in the membrane.'”

The C-terminal domain is also the specificity determinant of type Ila bacteriocins.
Hybrid peptides constructed from the N and C- termini of two different bacteriocins
displayed antimicrobial spectra similar to the bacteriocin from which the C-terminal half
was derived."®* ' Also, type Ila bacteriocins in which the C-terminal region was altered
by site-directed in vitro mutagenesis generated mutant peptides that displayed different
specificity to that of the wild-type bacteriocin.'®* Most likely, the specificity-determining
event involves interaction of the C-terminal domain with a membrane-bound protein.

The synthetically prepared enantiomer of leucocin A (i.e. containing only D-amino acids)

exhibited no antibacterial activity against several strains known to be susceptible to the
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natural peptide,'® strongly suggesting that interaction with a chiral receptor molecule is
crucial for the activity of type Ila bacteriocins. Further evidence of the C-terminal
domain docking to a receptor was obtained from results showing that a 15-mer peptide
fragment derived from the C-terminus of pediocin PA-1 was able to inhibit pediocin PA-
1 activity, suggesting that the fragment was competing with the full-length peptide for
binding to the receptor protein.'®” It has been proposed that this receptor consists of
components of the mannose phosphotransferase system (man-PTS), a multi-domain
protein responsible for the transport and phosphorylation of sugars into both Gram-
positive and Gram-negative bacteria.'®*'®? The PTS permeases of the mannose family
consist of three domains or subunits, [IAB, IIC, and IID."” The IIAB subunit is located
on the cytosolic face of the membrane and is responsible for phosphorylation. The IIC
and IID subunits are involved in transport. They form a membrane-located complex and
are therefore attractive candidates as receptors for type Ila bacteriocins. Independent
expression of each gene of the mpt operon of Listeria monocytogenes in the bacteriocin-
resistant species Lactococcus lactis revealed that mptC alone was sufficient to render the
strain sensitive to the type Ila bacteriocins pediocin PA-1, leucocin A, and enterocin A.
Although this apparently suggested that the IIC subunit is the receptor molecule for this
class of peptides,'® it is important to note that L. lactis also contains a man-PTS
complex. Heterologous expression of the IIC subunit of L. monocytogenes in this
organism may result in a complex of this subunit with the endogenous IID subunit of L.
lactis. These results therefore do not rule out whether or not the IID subunit is also
required to confer bacteriocin sensitivity. More conclusive results were obtained from a

recent study that used a L. lactis clone in which the man-PTS genes had been deleted.'®*
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Heterologous expression of the gene pair encoding the IIC and IID subunits from the type
IIa bacteriocin-sensitive strain Lactobacillus sakei was sufficient to cause the L. lactis
deletion mutant to become sensitive to pediocin PA-1, enterocin P, sakacin A, and the
non-pediocin-like bacteriocins lactococcin A and B. This strongly suggests that the IIC
and ID subunits are the cellular receptors for class II bacteriocins.

The nature of the IIC and IID subunits of the man-PTS as the specificity-
determining receptors for type Ila bacteriocins necessitates that they differ in amino acid
composition and/or three-dimensional structure across bacterial strains to an extent that
leads to strain-dependent variations in interactions between the C-terminal domain and
the permease. However, at least in the case of the IIC subunit, it appears that the region
required for sensitivity is not extensive. The IIC subunit from L. /actis shares 59%
identity with that of L. monocytogenes' and 57% identity with the IIC subunit of L.
sakei.'*

Thus, the mechanism of type Ila bacteriocins can be summarized as depicted in
Figure 17. Initially, a non-specific, electrostatic interaction occurs between the cationic
N-terminal domain of the bacteriocin and the anionic phospholipids of the cell membrane
(A). The C-terminal domain of the peptide then undergoes a specific, chiral interaction
with the IIC and IID subunits of the man-PTS (B). This may induce a conformational
change in the bacteriocin, facilitated by the central hinge region, which allows its C-
terminal domain to dip into the target cell membrane. In accordance with results
demonstrating that the tryptophan residues position themselves at the membrane-water
interface, the peptide orients its C-terminal domain diagonally into the membrane, while

the N-terminal domain is expected to remain in contact with the membrane surface
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(C).!% 173 195 196 1y the case of type Ila bacteriocins, the structure of the pore, or whether

the peptides act as a monomer or oligomers, is not yet known.

Figure 17. Proposed mechanism of action of class I1a bacteriocins.
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2.1 Role of Disulfide Bonds in Class IIa Bacteriocins

Extensive studies conclude that the conserved disulfide bond between Cys-9 and
Cys-14 is essential for biological activity of type Ila bacteriocins. Substitution of both
cysteine residues with serine in mesentericin Y105 (Table 5) resulted in almost complete
loss of antimicrobial activity.'®® Similarly, replacement of Cys-14 in pediocin PA-1 with

11 different amino acids, including leucine, valine, tyrosine, phenylalanine, serine,
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threonine, or glycine, abolished detectable antibacterial activity,'”” as did substitution of
the cysteine residues at positions 9 and 14 for serine in leucocin A.'**

The Cys-24-Cys-44 disulfide bond found in pediocin PA-1 and some other type
ITa bacteriocins plays a role in the potency, target cell specificity, and temperature
dependency of antibacterial activity. Sakacin P mutants in which cysteines had been
introduced at positions 24 and 44 showed an increased antimicrobial spectrum with
respect to the wild type peptide, and were also more active at higher temperatures.'®* A
pediocin PA-1 mutant in which both of these cysteine residues were replaced with serine
displayed decreased activity against several indicator strains, including a 10-1000-fold

°C.'"™ 132 In a separate study, it was found that the single mutants

decrease at 37
pediocin[C24S] and pediocin[C44S] were completely inactive against five indicator
strains.'”* However, the assays were conducted with unpurified mutant bacteriocins from
overproducing E. coli strains. Therefore, their stability and the correct formation of the
disulfide bonds must be questioned.

Although elimination of the disulfide bonds in type Ila bacteriocins clearly
decreases their potency, replacement of the bond with a disulfide-mimicking structure
may afford peptide analogues with similar activity to the natural peptide but with
increased stability. In this respect, replacement of the disulfide bonds in antimicrobial
peptides with more stable carbocyclic rings has attracted significant interest. Dicarba
analogues of the neuropeptide hormone oxytocin," 2** leucocin A (207, Figure 18),'*

202, 203

the lantibiotic lacticin 3147 A2,%! and fragments of nisin, have recently been

reported. The carbocyclic rings were constructed using ring-closing metathesis (RCM) of

allyl glycine residues replacing cysteine residues in the peptide backbone. The oxytocin
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and leucocin A analogues displayed ICsy values that were only one order of magnitude
lower than the parent peptides, whereas the lacticin 3147 A2 analogue was found to be
inactive. The results indicate that a carbocycle in place of a disulfide bridge may result in
a peptide analogue that retains the correct geometry along the peptide backbone.
Specifically, in the case of the 9,14-dicarba leucocin A analogue 207, the results suggest
that the disulfide bond holds the peptide in the required conformation for receptor
recognition, but does not itself bind to the receptor surface.'*®

Surprisingly, the 9,14-diallyl analogue 208 of leucocin A was nearly as active as
the natural peptide.””® This analogue had an ICso of 50 nM against Carnobacterium
maltaromaticum, compared to an ICso of 35 nM for leucocin A (206). These results
suggest that hydrophobic interactions between the allyl side chains of 208 are not only
strong enough to hold the peptide in the required conformation, but also allow sufficient
flexibility in order to achieve the requisite optimal geometry for full activity comparable

to natural leucocin A.

Figure 18. Leucocin A (206) and non-cysteine-containing analogues.
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3. Project Objectives: Synthesis and Biological Evaluation of Analogues of Pediocin
PA-1 with Cysteine Residues Replaced by Amino Acids Capable of Hydrophobic
Interactions
The fascinating results with respect to the activity of 208 prompted us to
investigate whether or not the stabilization of peptide conformations by hydrophobic
interactions between amino acid side chains is a general phenomenon for cysteine-
containing peptides. This project focuses on the type Ila bacteriocin pediocin PA-1 (209,
Figure 19). Unpublished results by Dr. Kamaljit Kaur show that the man-PTS is the
target of leucocin A (206). It is hypothesized that because 206 and 209 have very similar
N-terminal sequences and interact with the same putative receptors (the IIC and I1ID
subunits of the man-PTS), then replacement of Cys-9 and Cys-14 with amino acids
potentially capable of hydrophobic interactions may lead to analogues of 209 that display
activity in the same order of magnitude as the natural peptide. Thus, the solid-phase
peptide synthesis (SPPS) of four non-cysteine containing analogues of pediocin PA-1 can
be proposed. These are shown in Figure 20, and include a 9,14-diallyl analogue (210), a
9,14-dibenzyl analogue (211), a 9,14-dipropyl analogue (212), and finally a 24,44-diallyl
analogue (213). In all four analogues, the oxidatively unstable methionine residue at
" position 31 has been replaced by norleucine. Previous studies have demonstrated that

this substitution is not deleterious to the activity of pediocin PA-1.'7
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Figure 19. Structure of pediocin PA-1 (209).
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211 (R = Ph, R'=S-9)

212 (R = CH,CHy, R'=S-8)
213 (R = S-S, R' = CH=CH,)

Biological evaluation of the analogues can be undertaken to allow a comparison
of their activity to that of natural pediocin PA-1. This would provide insight as to what
extent hydrophobic interactions can maintain the peptide in its native conformation. For

212, the potential interactions between the norvaline side chains are expected to be weak,
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whereas the possible interactions between the allylglycine side chains of 210 and 213 and
the phenylalanine side chains of 211 are expected to be stronger due to the m-stacking
element. Furthermore, 213 would allow conclusions to be drawn as to the potential of

hydrophobic side chains to stabilize the a-helix of pediocin PA-1.
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RESULTS AND DISCUSSION

1. General Strategy for Solid Phase Synthesis of Pediocin PA-1 Analogues

1.1 Choice of Resin

Because pediocin PA-1 is attached to the resin via its C-terminal cysteine residue,
a hydroxymethyl functionalized resin such as Wang resin cannot be used as it leads to
epimerization of the a-centre or piperidine adduct formation during the Fmoc
deprotection steps. This arises due to the enhanced acidity of an a-proton on a C-
terminal residue linked through a hydroxymethyl group, which exists as an ester (214,
Scheme 43). Thus, deprotonation of the a.-proton of this residue by piperidine (215)
leads to an enolate intermediate (216), which can be protonated to give the product
containing an epimerized centre (217), or it may undergo elimination of the S-trityl
moiety to afford a dehydroalanine at this position (218). Conjugate addition of piperidine
irreversibly yields the piperidine adduct 219, which appears as a signal at [M + 51]"

during MALDI-TOF MS analysis.
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Scheme 43. Deprotonation of a C-terminal cysteine attached via a hydroxymethyl linker,

leading to epimerization (a) or piperidine adduct formation (b).
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To avoid this problem, a resin containing a sterically hindered linker must be used
for the SPPS of peptides with a C-terminal cysteine residue.’®® Two such resins are the
NovaSyn™ TGT resin (220) and the 2-chlorotrityl resin (221) (Figure 21). Both contain
a bulky triphenylmethyl group as a linker to the peptide, which prevents access to the C-

terminal a-proton by piperidine (215).

Figure 21. The bulky trityl groups of the NovaSyn™ TGT (220) and 2-chlorotrityl (221)

resins prevent deprotonation at the a-centre of C-terminal cysteine.
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1.2 Use of Pseudoproline Dipeptides

The synthesis of large peptides on solid phase can be problematic due to the
decreased synthetic efficiency encountered as the peptide is elongated. This is a result of
secondary structure formation or aggregation with other peptides, and is especially
pronounced for peptides containing hydrophobic amino acids such as alanine, valine, and
isoleucine, as well as those containing amino acids that can form intra-chain hydrogen
bonds like glutamine, serine, and threonine. An effective way to minimize aggregation of
the peptide chain is through the use of secondary amino acid surrogates known as
pseudoproline dipeptides.’* 2** They consist of a dipeptide in which the serine or
threonine residue has been protected by an acid-labile isopropylidene group, giving a
proline-like oxazolidine (Scheme 44). Introduction of the pseudoproline residue as a
dipeptide avoids acylation of the hindered oxazolidine nitrogen, and also has the
advantage of extending the peptide chain by two residues in one step. The native

sequence (225) is regenerated upon cleavage and deprotection with TFA.

Scheme 44. Incorporation of a pseudoproline dipeptide (222) during SPPS.
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The incorporation of pseudoproline residues at regular intervals of 5-6 amino
acids is very effective for the synthesis of long peptides. Pediocin PA-1 (209) contains
threonine residues at positions 8, 22, 23, and 35, as well as serine residues at positions 13
and 15 (Figure 22). The threonine residues at positions 8, 22, and 35 are the most
conveniently positioned for incorporation of pseudoproline dipeptides, as both Fmoc-Val-
Thr(¥™*Mpr0)-OH and Fmoc-Ala-Thr(¥M*Mpro)-OH are commercially available.?

Neither of the potential serine-derived dipeptides is commercially available.

Figure 22. Pediocin PA-1, with the positions of the threonine and serine residues

highlighted.

2. Solid Phase Peptide Synthesis (SPPS) of Pediocin PA-1 Analogues

2.1 Synthesis of 9,14-Diallyl 31-Butyl Pediocin PA-1 (210)
The synthesis of the 9,14-diallyl analogue of pediocin PA-1 was first attempted

on NovaSyn™ TGT resin. In this early attempt, pseudoproline dipeptides were not used.
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Starting with the NovaSyn™ TGT resin pre-loaded with Fmoc-Cys(Trt)-OH (226),
extension of the peptide is accomplished using standard Fmoc chemistry (Scheme 45).
The side chain protecting groups used are triphenylmethyl (Trt) for cysteine, histidine,
asparagine, and glutamine, fert-butoxycarbonyl (Boc) for lysine and tryptophan, and ftert-
butyl (¢-Bu) for threonine, serine, and tyrosine. Extension of the peptide to the first 16
residues proceeds smoothly, however, the coupling reactions become sluggish after this
point. Heating the resin mixture to 50-55 °C during couplings results in complete
reactions. These conditions can be employed up to residue 30, at which point leaching of
the polyethylene glycol (PEG) chains from the resin begins to occur, as evident from the
appearance of several peaks differing by 44 mass units during MALDI-TOF MS,
corresponding to the -OCH,CH,- groups of PEG. As the PEG chain is linked to the
polystyrene backbone via an acid-stable ethyl ether, treatment of the resin with TFA
during deprotection is not expected to cause PEG leakage. The breakdown of PEG
presumably arises through the formation of PEG peroxides from oxygen and light during
prolonged storage,zo6 a process that is probably exacerbated by heating during the
coupling reactions. In an attempt to minimize PEG leaching, the reaction temperature
was decreased to 45-50 °C for the coupling of amino acids 31 to 44. Although MALDI-
TOF MS analysis of the crude material indicated that a small amount of the desired
peptide had formed, as evident by a weak signal at 4597 ((MH]"), the product could not
be isolated after attempted purification by reverse phase HPLC. Thus, although the
NovaSyn™ TGT resin may be appropriate for the synthesis of short peptides, it clearly
does not offer the robustness required for the synthesis of a longer peptide. The synthesis

of the 9,14-diallyl analogue was thus re-initiated with several improvements.
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Scheme 45. Attempted synthesis of pediocin analogue using NovaSyn™ TGT resin.***

1) 20% piperidine/DMF
2) Fmoc-Lys(Boc)-OH, PyBOP, NMM, DMF
3) Repeat x 14 with amino acids (a-n)

o)
FmocHN \/U\O/Q /

/N
™ms” 4) Fmoc SPPS with amino acids (o-bb), 50-55 “C
226 5) Fmoc SPPS with amino acids (cc-pp), 40-45 °C
T Trt Tt Trt Boc

;u®®@@@@@@®®@@®@@@onﬂg
Tt Tr Trt £Bu +Bu Boc Boc £Bu +Bu | | T

@® 200
OOV OOO DTSS!

\ Boc tBu fBu Trt +Bu

O 227
@]
Q =} O HPonstyrene

NovaSyn™ TGT resin

* Conditions: (a) Fmoc-His(Trt)-OH, (b) Fmoc-Asn(Trt)-OH, (¢) Fmoc-Gly-OH, (d)
Fmoc-GIn(Trt)-OH, (e) Fmoc-His(Trt)-OH, (f) Fmoc-Gly-OH, (g) Fmoc-Gly-OH, (h)
Fmoc-Thr(z-Bu)-OH, (i) Fmoc-Ala-OH, (j) Fmoc-Trp(Boc)-OH, (k) Fmoc-Ala-OH, (1)
Fmoc-Nle-OH, (m) Fmoc-Ala-OH, (n) Fmoc-Gly-OH, ° Conditions: (0) Fmoc-Asn(Trt)-
OH, (p) Fmoc-Asn(Trt)-OH, (q) Fmoc-Ile-OH, (r) Fmoc-Ile-OH, (s) Fmoc-Cys(Trt)-OH,
(t) Fmoc-Thr(-Bu)-OH, (u) Fmoc-Thr(z-Bu)-OH, (v) Fmoc-Ala-OH, (w) Fmoc-
Lys(Boc)-OH, (x) Fmoc-Gly-OH, (v) Fmoc-Trp(Boc)-OH, (z) Fmoc-Asp(t-Bu)-OH, (aa)
Fmoc-Val-OH, (bb) Fmoc-Ser(+-Bu)-OH, © Conditions: (cc) Fmoc-AllGly-OH, (dd)
Fmoc-Ser(z-Bu)-OH, (ee) Fmoc-His(Trt)-OH, (ff) Fmoc-Lys(Boc)-OH, (gg) Fmoc-Gly-
OH, (hh) Fmoc-AllGly-OH, (ii) Fmoc-Thr(#-Bu)-OH, (jj) Fmoc-Val-OH, (kk) Fmoc-Gly-
OH, (11) Fmoc-Asn(Trt)-OH, (mm) Fmoc-Gly-OH, (nn) Fmoc-Tyr(#-Bu)-OH, (oo) Fmoc-
Tyr(+-Bu)-OH, (pp) Fmoc-Lys(Boc)-OH.
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The 2-chlorotrityl resin offers the same protection to the C-terminal cysteine
residue as does the NovaSyn™ TGT resin due to the bulky trityl group, however it does
not contain PEG as part of its linker to the polystyrene matrix. This eliminates the
problem of PEG leaching during a lengthy synthesis. Thus, starting with the 2-
chlorotrityl resin pre-loaded with H-Cys(Trt)-OH (228), coupling of the first 21 amino
acids using Fmoc-SPPS proceeds readily. The positions corresponding to 34 and 35 of
the final peptide are coupled using the pseudoproline dipeptide Fmoc-Val-
Thr(®¥*M*pro)-OH, and Fmoc-norleucine (Fmoc-Nle) is introduced in place of the
oxidatively unstable methionine at position 31 (Scheme 46). Starting at the 22™ residue,
it is necessary to treat the resin with 0.8 M LiCl in DMF before Fmoc removal. This
chaotropic salt prevents aggregation of the peptide through lithium coordination to main-
chain and side-chain carbonyl groups, and therefore allows the deprotection and coupling
steps to proceed more efficiently. Use of LiCl also eliminates the need for harsher
reaction conditions such as the use of stronger bases for deprotection (e.g. DBU) or
heating during the coupling steps. The remaining residues (1-23) are coupled using
standard Fmoc SPPS chemistry, with positions 21 and 22 introduced as Fmoc-Ala-
Thr(¥*M°pro)-OH and positions 7 and 8 coupled as Fmoc-Val-Thr(¥™*™pro)-OH.

Fmoc-AllGly-OH is incorporated at positions 9 and 14 in place of cysteine.
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Scheme 46. Synthesis of resin-bound 9,14-diallyl 31-butyl pediocin PA-1 (229).*"

1) Fmoc SPPS with amino acids (a-s)
i /0 2) 0.8 M LICI/DMF
H2N \)J\o ) | I
: 3) Fmoc-Thr(Bu)-OH, PyBOP, NMM, DMF
4) Repeat steps 2-3 with amino acids (t-mm)

Tts”
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Cl
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2-Chilorotrityl resin

@]

ZI

? Conditions: (a) Fmoc-Lys(Boc)-OH, (b) Fmoc-His(Trt)-OH, (¢) Fmoc-Asn(Trt)-OH, (d)
Fmoc-Gly-OH, (e) Fmoc-GIn(Trt)-OH, (f) Fmoc-His(Trt)-OH, (g) Fmoc-Gly-OH, (h)
Fmoc-Gly-OH, (i) Fmoc-Ala-Thr(¥™*Mpr0)-OH, (j) Fmoc-Trp(Boc)-OH, (k) Fmoc-
Ala-OH, (1) Fmoc-Nle-OH, (m) Fmoc-Ala-OH, (n) Fmoc-Gly-OH, (o) Fmoc-Asn(Trt)-
OH, (p) Fmoc-Asn(Trt)-OH, (q) Fmoc-Ile-OH, (r) Fmoc-lle-OH, (s) Fmoc-Cys(Trt)-OH,
® Conditions: (t) Fmoc-Ala-Thr(¥™*"¢pro)-OH, (u) Fmoc-Lys(Boc)-OH, (v) Fmoc-Gly-
OH, (w) Fmoc-Trp(Boc)-OH, (x) Fmoc-Asp(z-Bu)-OH, (y) Fmoc-Val-OH, (z) Fmoc-
Ser(#-Bu)-OH, (aa) Fmoc-AllGly-OH, (bb) Fmoc-Ser(-Bu)-OH, (cc) Fmoc-His(Trt)-OH,
(dd) Fmoc-Lys(Boc)-OH, (ee) Fmoc-Gly-OH, (ff) Fmoc-AllGly-OH, (gg) Fmoc-Val-
Thr(¥M*Mpro)-OH, (hh) Fmoc-Gly-OH, (ii) Fmoc-Asn(Trt)-OH, (jj) Fmoc-Gly-OH,
(kk) Fmoc-Tyr(z-Bu)-OH, (1) Fmoc-Tyr(#-Bu)-OH, (mm) Fmoc-Lys(Boc)-OH.

The final Fmoc removal is accomplished with 20% piperidine in DMF, and the
peptide is then cleaved from the resin with global deprotection using a 95:2.5:2.5 (v/v/v)

mixture of TFA/TIPSH/H,O (Scheme 47). The 24,44-disulfide bond is formed by
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bubbling oxygen through a solution of the crude peptide in a 1:1 mixture of TFE/H,0O
buffered to pH 7.6 with NH;HCO;.!™ Trifluoroethanol provides a membrane-mimicking
environment and thus induces a-helix formation in the central region of the peptide.
Purification yields pediocin PA-1 analogue 210 that is > 90% pure by analytical HPLC.
The mass of 210 as determined by MALDI-TOF MS is in agreement with that of the
calculated mass (4596.7, [MH]"), and MS/MS analysis of residues 1-20 after trypsin
digestion confirms the correct sequence (attempted sequencing of residues 21-44 was
unsuccessful). The major impurity in the sample is the product arising from
transamidation of Aspl7 with piperidine, which appears as an [M + 67]" peak during
MALDI-TOF MS analysis (230, Figure 23). The position of the transamidation was
confirmed by MS/MS analysis, and presumably arises through formation of an

aspartimide and subsequent ring-opening with piperidine.®

Scheme 47. Final steps in the synthesis of 210.

229

1) 20% piperidine/DMF
2) TFA/TIPSH/H,0 (95:2.5:2.5)
3) Oo, TFE/H0 (1 : 1), NH4HCO3 (pH 7.6)

210
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Figure 23. Structure of 230, arising from transamidation at Asp17 during SPPS.

230

2.2 Synthesis of 9,14-Dibenzyl 31-Butyl Pediocin PA-1 (211)

Pediocin PA-1 analogue 211 was synthesized by splitting off some of the resin
used for the synthesis of 210 after the coupling of the 30™ residue (Ser-15). The final 14
residues are coupled by SPPS as previously described, with Cys-14 and Cys-9 both
replaced by phenylalanine through coupling of Fmoc-Phe-OH at these positions (Scheme
48). Cleavage from the resin with deprotection and 24,44-disulfide bond formation is
accomplished using the same conditions as for 210. Purification of 211 proved difficult,
therefore the peptide was used in biological assays as a mixture of ~ 75% purity, due to
the small amount of material remaining after several HPLC runs (0.4 mg). The major
contaminants as determined by MALDI-TOF MS include the transamidation product ([M
+ 671" as observed in the synthesis of 210, as well as a peptide containing an extra

asparagine residue ([M + 114]").
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Scheme 48. Synthesis of 9,14-dibenzyl 31-butyl pediocin PA-1 (211).?

( ) Amino acids 15-44 —NHFmoc

1) 0.8 M LIiCI/DMF

2) 20% piperidine/DMF

3) Fmoc-Phe-OH, PyBOP, NMM, DMF

4) Repeat x 13 with amino acids (a-l)

5) 20% piperidine/DMF

6) TFA/TIPSH/H,0 (95:2.5:2.5)

7) O, TFEM,0 (1 : 1), NH;HCO; (pH 7.7)

- AOREEEEAE-

211
? Conditions: (a) Fmoc-Ser(z-Bu)-OH, (b) Fmoc-His(Trt)-OH, (¢) Fmoc-Lys(Boc)-OH,
(d) Fmoc-Gly-OH, (e) Fmoc-Phe-OH, (f) Fmoc-Val-Thr(¥™*Mpr0)-OH, (g) Fmoc-Gly-
OH, (h) Fmoc-Asn(Trt)-OH, (i) Fmoc-Gly-OH, (j) Fmoc-Tyr(#~-Bu)-OH, (k) Fmoc-Tyr(z-
Bu)-OH, (1) Fmoc-Lys(Boc)-OH.

2.3 Synthesis of 9,14-Dipropyl 31-Butyl Pediocin PA-1 (212)

The synthesis of pediocin PA-1 analogue 212 is achieved using the same protocol
as for 211, except that Fmoc-norvaline is coupled at positions 9 and 14 instead of Fmoc-
Phe-OH (Scheme 49). Cleavage from the resin with deprotection and 24,44-disulfide
bond formation is achieved as previously described. As for 211, purification of 212 by
reverse phase HPLC required several runs, and resulted in only a small amount of

material (0.5 mg) which appeared to be ~ 75% pure by analytical HPLC. Purification

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was not pursued any further and the peptide was used in biological assays as a mixture of
~ 75% purity. The major contaminants were the same as those observed in 211, which is

not surprising considering both these peptides originated from the same batch of resin.

Scheme 49. Synthesis of 9,14-dipropyl 31-butyl pediocin PA-1 (212).°

‘ Amino acids 15-44 —NHFmoc

1) 0.8 M LiCI/DMF
2) 20% piperidine/DMF
3) Fmoc-Nva-OH, PyBOP, NMM, DMF
4) Repeat x 13 with amino acids (a-)
5) 20% piperidine/DMF

)

)

6) TFA/TIPSH/H,0 (85:2.5:2.5)

7) O, TFEM,0 (1 : 1), NH,HCO; (pH 7.6)

H
N

s
(ay)

L POOOC OO

212

o

* Conditions: (a) Fmoc-Ser(z-Bu)-OH, (b) Fmoc-His(Trt)-OH, (¢) Fmoc-Lys(Boc)-OH,
(d) Fmoc-Gly-OH, (e) Fmoc-Nva-OH, (f) Fmoc-Val-Thr(¥™*pro)-OH, (g) Fmoc-Gly-
OH, (h) Fmoc-Asn(Trt)-OH, (i) Fmoc-Gly-OH, (j) Fmoc-Tyr(+-Bu)-OH, (k) Fmoc-Tyr(#-
Bu)-OH, (1) Fmoc-Lys(Boc)-OH.

2.4 Synthesis of 24,44-Diallyl 31-Butyl Pediocin PA-1 (213)
Because pediocin PA-1 analogue 213 does not contain a C-terminal cysteine, its

synthesis can be conducted using Wang resin. The first residue, allylglycine, is coupled
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to the resin using DCC (Scheme 50). SPPS then proceeds using the same conditions as
for the previously described analogues, except that allylglycine residues are incorporated
at positions 24 and 44, and cysteine residues are coupled at positions 9 and 14 (the first
27 residues were coupled by 2006 summer student Zhendong Li). The extended linear
peptide on resin is treated with piperidine to remove the final Fmoc group, and the
peptide is cleaved from the resin with simultaneous deprotection using TFA. The N-
terminal disulfide bond is formed by bubbling O, through a solution of the peptide in
H,O buffered to pH 7.6. Purification by reverse phase HPLC gives product 213, which is
> 90% pure by analytical HPLC. The mass is in accordance with the calculated mass

(4596.7, [MH]").
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Scheme 50. Synthesis of 24,44-diallyl 31-butyl pediocin PA-1 (213).?

. 1) 20% piperidine/DMF
0 2) Fmoc-Lys(Boc)-OH, PyBOP, NMM, DMF
Fmoc-AllGly-OH, DCC FmocHN\)J\O/O 3) Repeat x 42 with amino acids (a-mm)

HO_Q DMF

)

)

)
4) 20% piperidine/DMF
W 5) TFA/TIPSH/H,0 (95:2.5:2.5)
)

6) Op, NH4HCOg/H,0 (pH 7.6)

Q-
o Polystyrene

Wang resin

* Conditions: (a) Fmoc-His(Trt)-OH, (b) Fmoc-Asn(Trt)-OH, (¢) Fmoc-Gly-OH, (d)
Fmoc-GIn(Trt)-OH, (¢) Fmoc-His(Trt)-OH, (f) Fmoc-Gly-OH, (g) Fmoc-Gly-OH, (h)
Fmoc-Ala-Thr(¥M*Mpro)-OH, (i) Fmoc-Trp(Boc)-OH, (j) Fmoc-Ala-OH, (k) Fmoc-Nle-
OH, (1) Fmoc-Ala-OH, (m) Fmoc-Gly-OH, (n) Fmoc-Asn(Trt)-OH, (0) Fmoc-Asn(Trt)-
OH, (p) Fmoc-Ile-OH, (q) Fmoc-Ile-OH, (r) Fmoc-AllGly-OH, (s) Fmoc-Thr(#-Bu)-OH,
(t) Fmoc-Ala-Thr(¥™*™pro)-OH, (u) Fmoc-Lys(Boc)-OH, (v) Fmoc-Gly-OH, (w)
Fmoc-Trp(Boc)-OH, (x) Fmoc-Asp(-Bu)-OH, (y) Fmoc-Val-OH, (z) Fmoc-Ser(z-Bu)-
OH, (aa) Fmoc-Cys(Trt)-OH, (bb) Fmoc-Ser(z-Bu)-OH, (cc) Fmoc-His(Trt)-OH, (dd)
Fmoc-Lys(Boc)-OH, (ee) Fmoc-Gly-OH, (ff) Fmoc-Cys(Trt)-OH, (gg) Fmoc-Val-
Thr(¥™*M*pro)-OH, (hh) Fmoc-Gly-OH, (ii) Fmoc-Asn(Trt)-OH, (jj) Fmoc-Gly-OH,
(kk) Fmoc-Tyr(z-Bu)-OH, (1) Fmoc-Tyr(#-Bu)-OH, (mm) Fmoc-Lys(Boc)-OH.

3. Biological Evaluation of Pediocin PA-1 Analogues
The four synthesized pediocin PA-1 analogues were tested for antimicrobial

activity using the spot on lawn assay. The indicator organisms used were Listeria
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monocytogenes ATCC 43256 and Carnobacterium divergens LV13. None of the four
analogues display any activity against these strains at a concentration of 70 uM. It is
conceivable that the potential interactions between the propyl groups of Nva-9 and Nva-
14 in 212 are too weak to stabilize the B-hairpin in this region as the native disulfide bond
does. For dibenzyl analogue 211, the m-stacking between the phenyl rings of Phe-9 and
Phe-14 may compete with other nearby aromatic residues, such as Tyr-2, Tyr-3, and Trp-
18. Interaction of one of the phenylalanine residues with Trp-18 would be expected to be
detrimental to the activity of the peptide, since Trp-18 is crucial for proper positioning of
the peptide in the plasma membrane of the target cell.'”

It is surprising that 210 does not display any antimicrobial activity considering the
potency of the corresponding diallyl leucocin A analogue 208. Both leucocin A and
pediocin PA-1 are believed to bind to the same cell surface receptor, namely the IIC and
IID subunits of the man-PTS. To determine whether the diallyl pediocin PA-1 analogues
210 and 213 could still bind to the receptor, their antagonistic activity against leucocin A
(206) was tested using a spot on lawn assay (done by a graduate student in our group,
Darren Derksen). At a leucocin A concentration of 9 uM, neither 210 nor 213 acts as an
antagonist at a concentration of 500 uM. This suggests that 210 and 213 do not bind to
the cell surface receptors, or at best, bind very weakly such that they are readily displaced
by 208. Presumably, the absence of receptor binding by 213 is due to the modifications
introduced in its C-terminal domain, the region responsible target cell specificity.'®" ' It
is apparent that hydrophobic interactions between the allyl side chains of allylglycine
residues are not sufficient to stabilize the a-helix in the conformation required for

activity. Previously, it was shown that the mutant pediocin[C24S,C44S] retained some
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activity against several indicator strains, exhibiting 10-100 times lower potency than
pediocin PA-1."" '8 However, the strains tested did not include L. monocytogenes or C.
divergens. Therefore, it cannot be concluded whether or not the absence of activity found
in this study is strain specific. It is less clear why 210 displays no receptor binding, as its
C-terminal domain is unchanged from the wild type peptide except for the Met31Nle

10" An alternative explanation may be that

mutation, which should not affect activity.
pediocin PA-1 and leucocin A bind to different parts of the putative receptor. A C-
terminal fragment of pediocin PA-1 that was not antimicrobially active but was able to
inhibit pediocin PA-1 activity, presumably through competition for receptor binding, was
unable to inhibit the closely related bacteriocins leucocin A, sakacin P, and curvacin A

It is tempting to speculate that the absence of activity for 210 may arise from the
inability of hydrophobic interactions between the allyl side chains at positions 9 and 14 to

stabilize the intervening B-turn sequence -G10-K11-H12-S13-. Based on the probability

of an amino acid to occur at a given position in a pB-turn, this sequence shows weak

174 07

identity'™ with six known types of consensus f-turns,””’ including the commonly
observed type I’ (YNGK), type II’ (YGNT), and type VIII (PPNP) (Table 6). Therefore,
it may require the covalent bonds of the disulfide bridge to stabilize it. In contrast, the
corresponding leucocin A sequence -T10-K11-S12-G13- shows 58% identity with a type

II’ B-turn (Table 6). It may consequently be able to maintain an active conformation

requiring merely the assistance of non-covalent interactions, such as those apparently

present in 9,14-diallyl leucocin A (208).
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Table 6. Percent identity with selected f-turn consensus sequences of positions 10-13 in

pediocin PA-1 and leucocin A.

% identity to selected B-turn consensus sequences

Sequence I’ (YNGK) I’ (YNGT) VIII (PPNP)
T3S T3 (Ped PAD - g g
-T10-K11-S12-G13- (Leu A) 13 58 39

4. Conclusions and Future Directions

The synthesis of four analogues of pediocin PA-1 wherein the cysteine residues
were replaced with amino acids potentially capable of hydrophobic interactions was
undertaken to test the ability of these structures to mimic the disulfide bridge, based on
positive results shown for 9,14-diallyl leucocin A (206)."”® None of the analogues
displayed any antimicrobial activity, thus it does not appear that the trend observed for
leucocin A analogue 206 can be extended to the related type Ila bacteriocin pediocin PA-
1.

Future studies may be directed towards the synthesis of the 9,14-dicarba analogue
of pediocin PA-1 (231, Figure 24). Previously, it has been shown that dicarba analogues
of leucocin A™® and oxytocin,"” > formed via ring-closing metathesis of allylglycine
residues, are only one order of magnitude less active than the parent peptides. It would

be interesting to determine if this also holds true for pediocin PA-1.
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Figure 24. Structure of proposed 9,14-dicarba 31-butyl pediocin PA-1 (231).

231
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CHAPTER 3. Experimental Procedures

1. General Procedures

1.1 Reagents, Solvents, and Solutions

All reagents and solvents employed were purchased from the Aldrich Chemical
Company Inc. (Madison, WI), Sigma Chemical Company (St. Louis, MO), or Fisher
Scientific Ltd. (Ottawa, ON). Unless otherwise stated, all protected amino acids,
derivatives, and SPPS solid supports were purchased from the Calbiochem-Novabiochem
Corporation (San Diego, CA), Sigma-Aldrich Canada Ltd. (Oakville, ON), or Bachem
California Inc. (Torrance, CA). All reagents and solvents were of American Chemical
Society (ACS) grade and were used without further purification unless otherwise stated.
All processes involving air or moisture sensitive reactants and/or requiring anhydrous
conditions were performed under a positive pressure of argon using oven or flame-dried

1.2% and

glassware. Solvents for anhydrous reactions were dried according to Perrin ef a
Vogel.*” Tetrahydrofuran and diethyl ether were freshly distilled over sodium and
benzophenone under an atmosphere of dry argon prior to use. Acetonitrile,
dichloromethane, pyridine, and triethylamine were distilled over calcium hydride. Ethyl

acetate was distilled over potassium carbonate. Methanol and ethanol were distilled over

potassium carbonate. Dimethylformamide was HPLC grade. The removal of solvent in

vacuo refers to evaporation under reduced pressure below 40 °C using a Biichi rotary
evaporator followed by evacuation (< 0.1 mm Hg) to a constant sample mass. Deionized

water was obtained from a Milli-Q reagent water system (Millipore Co., Milford, MA).
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Unless otherwise specified, solutions of NH4Cl, NaHCOs, HCI, citric acid, LiOH, and

Na,S,05 refer to aqueous solutions. Brine refers to a saturated aqueous solution of NaCl.

1.2 Purification Techniques

Unless stated otherwise, all reactions and fractions from column chromatography
were monitored by thin layer chromatography (TLC) using glass-backed plates (1.5 x 5
cm) pre-coated (0.25 mm) with silica gel containing a UV fluorescent indicator (normal
silica gel, Merck 60 F,s4; reverse-phase, Merck RP-8 and RP-18 Fas45). Compounds were
visualized by exposing the plates to UV light, iodine staining, or by dipping the plates in
solutions of Ce(SO4)+4H,O/(NH4)M00244H20/H2SO4/H>0 (5 g:12.5 g:28 mL:472 mL)
or phosphomolybdic acid/ethanol (5:95) followed by heating on a hot plate. Flash

1.2'% using grade 60

chromatography was performed according to the method of Still ez a
silica gel (Rose Scientific, 230-400 mesh). Semi-preparative reverse-phase HPLC was
performed on a Varian ProStar chromatograph equipped with model 210 pump heads, a
model 325 dual wavelength UV detector, and a Rheodyne 77251 injector fitted with a 500
uL sample loop. The column used was a Vydac Cs steel walled column (10 wm, 10 x 250
mm). The mobile phases used for nucleotide analogue purification were as follows.
System A: eluting with 10% MeCN/90% H,O (0.1% TFA) for 5 min, then a gradient of
10-48% MeCN over 13 min, at a flow rate of 3 mL/min. System B: eluting with 5%
MeCN/95% H,0 (0.1% TFA) for 5 min, then a gradient of 5-60% MeCN over 17 min, at
a flow rate of 3 mL/min. System C: eluting with 20% MeCN/80% H,0O (0.1% TFA) for

5 min, then a gradient of 20-57% MeCN over 15.5 min, at a flow rate of 3 mL/min. The

nucleotide analogues were monitored at 220 and 280 nm. All HPLC solvent systems
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were filtered through a Millipore (Bedford, MA) filtration system under vacuum prior to

use.

1.3 Instrumentation for Compound Characterization

Nuclear magnetic resonance (NMR) spectra were obtained on Varian Inova 300,
400, 500, and 600 MHz spectrometers. 'H NMR chemical shifts are reported in parts per
million (ppm) downfield relative to tetramethylsilane using the residual proton resonance
of solvents as the reference: CDCl;, 8 7.24; CD;0D, 8 3.30; D,0O, & 4.79. BC NMR
chemical shifts are reported relative to: CDCl;, 8 77.0; CD;0D, 8 49.0; D,O referenced
to 1% acetone, d31.1. Signals are quoted to within 0.1 ppm except where close peaks
necessitate an additional significant figure. Additional assignments were made using
pulsed field gradient versions of shift correlation spectroscopy (gCOSY), heteronuclear
multiple quantum coherence spectroscopy (gHMQC), and heteronuclear multiple bond
correlation spectroscopy (gHMBC).

'H NMR data are reported in the following order: multiplicity (app, apparent, s,
singlet; d, doublet; t, triplet; q, quartet; quin, quintet; and m, multiplet), number of
protons, coupling constant (J) in Hertz (Hz), and assignment. When appropriate, the
multiplicity is preceded by br, indicating that the signal was broad. The coupling
constants reported are within an error range of 0.2-0.4 Hz, and have been rounded to the
nearest 0.1 Hz. All literature compounds had IR, 'H NMR, and mass spectra consistent
with the assigned structures.

Infrared spectra (IR) were recorded on a Nicholet Magna-IR 750 with Nic-Plan

microscope FT-IR spectrometer. Cast refers to the evaporation of a solution on a NaCl
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plate. Mass spectra (MS) were recorded on a Kratos AEIMS-50 high resolution mass
spectrometer (HRMS), using electron impact ionization (EI), or a Micromass ZabSpec
Hybrid Sector-TOF positive or negative mode electrospray ionization (ES). Optical
rotations were measured on a Perkin Elmer 241 polarimeter with a microcell (10 cm path
length, 1 mL) at ambient temperature and are reported in units of 10" deg cm® g, All
reported optical rotations were referenced against air and were measured at the sodium D

line (A = 589.3 nm).

2. Nucleoside Dicarboxylates

2.1 Experimental Data for Compounds

"H NMR assignments within the ribose and uracil groups of uridine derivatives and the

ribose and adenine groups of adenosine derivatives are made using the following

numbering schemes:

5 0 9
5' 6/\1‘? 5' 8/4 N5 NH,
4,04 N.__NH 404! N\X/\\@
3—2" 0O /2 N=/
RO ©R RO oR 3 2
Uridine: ribose and uracil numbering Adenosine: ribose and adenine numbering
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Dimethyl 2-(((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-
dimethyltetrahydrofuro(3,4-d][1,3]dioxol-4-yl)methoxy)fumarate (48a)
Dimethyl 2-(((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methoxy)maleate (48b)

) 0 These compounds
CO,Me (\( cone

H\ /\Q, \ﬂ/ MeOQC = /\(_7, \ﬂ/ were prepared by a
CO.Me modification of the

Inanaga ef al.”’ A solution of dimethyl acetylenedicarboxylate (20.0 uL, 0.163 mmol) in

procedure of

MeCN (800 wL) was added dropwise over 15 min to a solution of 2°,3’-0O-
isopropylideneuridine (40.7 mg, 0.142 mmol) and trimethylphosphine (1.00 M in THF,
28.0 uL, 0.0280 mmol) in MeCN (2.0 mL) at 0 °C. The mixture was warmed to rt and
stirred for 69 h, at which point it was cooled to 0°C and extra dimethyl
acetylenedicarboxylate (20.0 uL, 0.163 mmol) in MeCN (800 ul.) was added. It was
again warmed to rt and stirred for another 21 h, then concentrated in vacuo. Purification
by flash chromatography (SiO,, CHCl3/MeOH, 99:1) afforded fumarate 48a as a
colourless glass (18.9 mg, 31%) and maleate 48b as a colourless glass (17.4 mg, 29%).
Data for 48a: R,0.34 (CHCl;/MeOH, 95:5); [a]p® = -30.88 (c 0.31, CHCL); IR (CHCl,
cast) v 3492, 3092, 2990, 2955, 1725, 1677, 1279, 1084 cm™; 'H NMR (CDCl;, 500
MHz) 8 1.35 (s, 3H, CH3), 1.57 (s, 3H, CHs3), 3.71-3.80 (m, 1H, CH,Hy-57), 3.74 (s, 3H,
OCH3), 3.84-3.91 (m, 1H, CH,H,-5"), 3.85 (s, 3H, OCH3), 4.29 (dd, 1H, J = 6.5, 4.0 Hz,
H-4"),4.92 (dd, 1H, J = 6.5, 4.0 Hz, H-3"), 5.05 (dd, 1H, J = 6.5, 2.3 Hz, H-2"), 5.58 (d,

1H, J=2.3 Hz, H-1"), 5.81 (d, 1H, J= 8.0 Hz, H-5), 7.17 (s, 1H, C=CH), 7.44 (d, 1H, J =
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8.0 Hz, H-6); °C NMR (CDCls, 125 MHz) & 25.2, 27.2, 52.4, 53.4, 62.5, 80.2, 84.3,
87.5,96.7, 101.9, 114.2, 128.6, 134.9, 141.8, 149.5, 161.4, 162.0, 163.0; HRMS (ES+)
caled for CigHpN,O10Na 449.1167, found 449.1167 [MNa]". Data for 48b: R, 0.28
(CHCL/MeOH, 95:5); [a]p® = -19.71 (¢ 0.07, CHCL); IR (CH,Cl,, cast) v 3488, 2989,
2954, 1724, 1676, 1273, 1214, 1084 cm™; "H NMR (CDCl;, 500 MHz) & 1.33 (s, 3H,
CH3), 1.55 (s, 3H, CH3), 3.77 (dd, 1H, J = 12.0, 3.1 Hz, CH,Hy-5"), 3.78 (s, 3H, OCHy),
3.81 (s, 3H, OCH3), 3.89 (dd, 1H, J = 12.0, 3.1 Hz, CH,Hy-5"), 4.29 (app q, 1H, J = 3.1
Hz, H-4"), 4.89 (dd, 1H, J = 6.4, 3.1 Hz, H-3"), 4.96 (dd, 1H, J = 6.4, 3.0 Hz, H-2"), 5.60
(d, 1H, J = 3.0 Hz, H-1"), 5.80 (d, 1H, J = 8.5 Hz, H-5), 6.49 (s, 1H, C=CH), 7.43 (d, 1H,
J = 8.5 Hz, H-6); °C NMR (CDCls, 125 MHz) & 25.2, 27.2, 52.5, 53.0, 62.6, 80.3, 84.1,
87.1,96.2, 101.9, 114.3, 130.7, 131.0, 141.3, 149.9, 161.1, 161.9, 164.0; HRMS (ES+)

caled for C1gHyN,019Na 449.1167, found 449.1168 [MNa]".

Dimethyl 2-(((2R,3S, 4R,5R)-5-(2,4-dioxo0-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)methoxy)maleate (50b)

.0 mg, 0. mmol) was stirred 1n
o| 48b (14.0 0.0330 1 irred i
CO,Me 7
MeOZC\/\O/X?fNTNH HCO,H/H;0 (4:1, 820 uL) at rt for 8 h, then the
~ 0
HO  ©OH solvent was removed in vacuo. The resulting

brown residue was purified by flash chromatography (SiO,, EtOA¢/MeOH, 100:0 to
95:5) to give 50b as a pale yellow glass (6.30 mg, 49%): R;0.19 (EtOAc/MeOH, 95:5);
[a]p® = +10.92 (¢ 0.73, MeOH); IR (uscope) v 3650-3150, 3099, 2956, 1713, 1654,
1272, 1216, 1101 cm™; '"H NMR (CD;0D, 500 MHz) § 3.74 (dd, 1H, J = 12.0, 2.8 Hz,

CH.Hy-5"), 3.75 (s, 3H, OCH3), 3.82 (s, 3H, OCHj3), 3.86 (dd, 1H, J = 12.0, 2.8 Hz,
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CH.Hy-5"), 4.01 (ddd, 1H, J=5.5,2.8, 2.8 Hz, H-4"), 4.14-4.19 (m, 2H, H-3’, H-2"), 5.81
(d, 1H, J = 8.3 Hz, H-5), 5.87 (d, 1H, J= 3.0 Hz, H-1"), 6.73 (s, 1H, C=CH), 8.13 (d, 1H,
J=8.3 Hz, H-6); "C NMR (CD;0D, 125 MHz) § 53.0, 53.4, 62.0, 71.0, 75.9, 86.4, 91.8,
102.0, 132.1, 133.1, 141.9, 151.7, 163.6, 166.2 (1 carbon signal not observed due to

overlap); HRMS (ES+) caled for C;sH;sN,010Na 409.0854, found 409.0859 [MNa]".

Dibenzyl acetylenedicarboxylate (52)

This known compound was prepared as described by Lowe et

BnO,C—==—CO0,Bn

al.” Acetylenedicarboxylic acid (7.50 g, 65.8 mmol), p-TsOH
(788 mg, 4.60 mmol) and quinol (192 mg, 0.926 mmol) were dissolved in benzyl alcohol
(100 mL), and the mixture was distilled at 110 °C under high vacuum. The remaining
brown oil in the distillation flask was purified by flash chromatography (SiO,, petroleum
ether/Et;O, 95:5 to 85:15) to give diester 52 as a yellow oil (14.82 g, 77%): R, 0.37
(petfoleurn ether/Et;,O, 85:15); IR (neat) v 3066, 3035, 2962, 1724, 1587, 1498, 1456,
1259 cm™; "H NMR (CDCl3, 300 MHz) 8 2.26 (s, 4H, benzylic CH,), 7.35-7.39 (m, 10H,
ArH); BC NMR (CDCl;, 125 MHz) & 68.6, 74.9, 128.7, 128.8, 128.9, 134.1, 151.6;

HRMS (ES+) caled for C1sH1404Na 317.0784, found 317.0787 [MNa]".
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Dibenzyl

2-(((3aR, 4R 6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methoxy)fumarate (53a)

Dibenzyl

2-(((3aR , 4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro|[3,4-d][1,3]dioxol-4-yl)methoxy)maleate (53b)

CO,BN

~

0]

AL

0
Aoy
CO,BnN /0

0

Z
BnOQC\/\O/\&m
S O
o__0O

CO,BnN ©

These compounds
were synthesized

using the same

et et

48a and 48b.”" A solution of alkyne 52 (2.23 g, 7.58 mmol) in MeCN (27.5 mL) was

procedure as for

added dropwise over 15 min to a solution of 2°,3’-O-isopropylideneuridine (712 mg, 2.50
mmol) and trimethylphosphine (1.00 M in THF, 510 uL, 0.51 mmol) in MeCN (30.0 mL)
at 0 °C. The mixture was warmed to rt and stirred for 4.5 h, then concentrated in vacuo.
Purification by flash chromatography (SiO,, CHCl3/MeOH, 99:1) gave fumarate 53a as a
pale orange foam (304 mg, 21%) and maleate S3b as a yellow foam (155 mg, 11%).
Data for 53a: R;0.44 (CHCl;/MeOH, 95:5); [a]p™ = -5.04 (¢ 0.25, MeOH); IR (uscope)
v 3493, 3092, 3034, 2987, 2939, 1722, 1674, 1499, 1268, 1215, 1084; 'H NMR (CDCl;,
500 MHz) 8 1.35 (s, 3H, CHj3), 1.57 (s, 3H, CH3), 3.75 (dd, 1H, J=12.1, 4.2 Hz, CH,H,-
5%), 3.87 (dd, 1H, J = 12.1, 2.5 Hz, CH,Hy-5"), 4.27-4.29 (m, 1H, H-4’), 4.89-4.91 (m,
1H, H-3"), 498 (dd, 1H, J = 6.5, 2.3 Hz, H-2"), 5.11 (d, 1H, J = 12.3 Hz, benzylic
CH,Hy), 5.16 (d, 1H, J = 12.3 Hz, benzylic CH,Hs), 5.25 (d, 1H, J = 12.3 Hz, benzylic
CH.Hy), 5.29 (d, 1H, J = 12.3 Hz, benzylic CH:H,), 5.50 (d, 1H, J=2.3 Hz, H-1"), 5.74
(d, 1H, J = 8.0 Hz, H-5), 7.22 (d, 1H, J = 8.0 Hz, H-6), 7.24-7.38 (m, 11H, ArH, C=CH);

BC NMR (CDCls, 125 MHz) 8 25.3, 27.3, 62.6, 67.4, 68.3, 80.3, 84.2, 87.6, 97.0, 101.8,
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114.2, 128.2, 128.50, 128.52, 128.62, 128.64, 129.0, 129.1, 134.7, 134.9, 141.7, 149.5,
161.2, 161.4, 162.4 (1 carbon signal not observed due to overlap); HRMS (ES+) caled for
C30H3N,01Na 601.1793, found 601.1791 [MNa']. Data for 53b: R, 0.32
(CHC1;/MeOH, 95:5); [a]n*® = -5.56 (¢ 1.28, CHCly); IR (CHCls, cast) v 3500, 3065,
3034, 2988, 2935, 1723, 1677, 1269, 1083 cm™; '"H NMR (CDCls, 500 MHz) & 1.35 (s,
3H, CH3), 1.57 (s, 3H, CH3), 3.78 (dd, 1H, J = 12.0, 6.4 Hz, CH,H,-5"), 3.89 (dd, 1H, J =
12.0, 3.4 Hz, CH,Hy-5"), 4.29 (dd, 1H, J = 6.4, 3.4 Hz, H-4"), 4.89 (dd, 1H, J= 6.4, 3.4
Hz, H-3"), 4.94 (dd, 1H, J = 6.4, 2.8 Hz, H-2), 5.03 (s, 2H, benzylic CH,), 5.13 (d, 1H, J
= 12.3 Hz, benzylic CHHy), 5.16 (d, 1H, J = 12.3 Hz, benzylic CH,Hy), 5.58 (d, 1H, J =
2.8 Hz, H-17), 5.81 (d, 1H, J = 8.3 Hz, H-5), 6.56 (s, 1H, C=CH), 7.26-736 (m, 19H,
ArH), 7.41 (d, 1H, J = 8.3 Hz, H-6); °C NMR (CDCl;, 125 MHz) & 25.3, 27.2, 62.6,
67.3, 68.0, 80.4, 84.3, 87.2, 96.1, 101.8, 114.3, 128.35, 128.38, 128.4, 128.50, 128.55,
130.6, 131.1, 134.7, 134.9, 141.2, 149.9, 161.2, 161.3, 163.4 (a carbon signal not
observed due to overlap); HRMS (ES+) caled for C;H3N2010Na 601.1793, found

601.1797 [MNa]".

Dibenzyl 2-(((2R, 3S,4R,5R)-5-(2,4-dioxo0-3,4-dihydropyrimidin-1(2H)-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methoxy)maleate (54b)

Nucleoside derivative 53b (23.1 mg, 0.0399

CO,Bn AP
BnOZC\% O/XS’N\H/NH mmol) was stirred in TFA/H,O (7:1, 1.0 mL) at 0
O BH C for 45 min, then the solvent was removed in

vacuo. Purification by flash chromatography (SiO,, CHCls/MeOH, 95:5) gave 54b as a

colourless glass (14.3 mg, 67%): R;0.11 (CHCl3/MeOH, 95:5); [a]p™ = +11.27 (¢ 0.11,
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CHCL); IR (CHCI3, cast) v 3650-3100, 3092, 3064, 3033, 2931, 1720, 1669, 1498, 1454,
1271, 1213, 1082 ¢cm™'; '"H NMR (CDCl;, 500 MHz) & 3.76 (dd, 1H, J = 11.0, 4.0 Hz,
CH.Hy-5"), 3.89 (d, 1H, J=11.0 Hz, CH,H,\-5"), 4.11 (br s, 1H, H-4"), 4.21-4.25 (m, 2H,
H-3°, H-2"), 5.01 (s, 2H, benzylic CH»), 5.11 (d, 1H, J = 12.5 Hz, benzylic CH,Hy), 5.14
(d, 1H, J = 12.5 Hz, benzylic CH.Hs), 5.67 (d, 1H, J= 3.5 Hz, H-1"), 5.79 (d, 1H, J=8.3
Hz, H-5), 6.58 (s, 1H, C=CH), 7.25-7.34 (m, 10H, ArH), 7.76 (d, 1H, J = 8.3 Hz, H-6);
C NMR (CDCl;, 125 MHz) 8 61.7, 67.5, 68.2, 70.4, 74.9, 85.5, 92.5, 101.7, 128.4,
128.6, 130.6, 131.3, 134.6, 134.8, 140.0, 150.6, 161.3, 161.6, 163.8 (4 carbon signals not
observed due to overlap); HRMS (ES+) calcd for Cy7H6N20joNa 561.1480, found

561.1479 [MNa]".

Di-tert-butyl 2-(((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methoxy)fumarate (58a)
Di-tert-butyl 2-(((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methoxy)maleate (58b)

A solution of di-
CO,t-Bu (\(O co,,._t Bu ©

H\ /\Q; \ﬂ/ E BquC F /\if \n/ tert-butyl
CO,t-Bu .
acetylenedicarboxy

mmol) in MeCN (12.0 mL) was added dropwise to a solution of 2°,3’-O-

late (852 mg, 3.76

isopropylideneadenosine (348 mg, 1.22 mmol) and trimethylphosphine (1.00 M solution
in THF, 24.5 uL, 0.245 mmol) in MeCN (25.0 mL) at 0 °C, and the pale yellow mixture

was stirred while slowly warming to rt. After 6 h at rt, starting material was still evident
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by TLC, so the mixture was heated at 50 “C with stirring for an additional 18 h. The
solvent was removed in vacuo, and the crude product was purified by flash
chromatography (hexanes/EtOAc, 2:1 to 2:3) to yield fumarate 58a as a white foam (210
mg, 34%) and maleate S8b as a white foam (228 mg, 37%). Data for 58a: R, 0.22
(EtOAc/hexanes, 3:2); [oc]D20 =-23.33 (¢ 0.15, CHCl); IR (CHClI3, cast) v 3494, 2981,
2937, 1720, 1676, 1287, 1084 cm™; 'H NMR (CDCl;, 500 MHz) & 1.34 (s, 3H, CH3),
1.43 (s, 9H, C(CHs)3), 1.51 (s, 9H, C(CHs)3), 1.57 (s, 3H, CH3), 3.77 (dd, 1H, J = 12.2,
3.4 Hz, CH.Hy-5), 3.88 (dd, 1H, J = 12.2, 2.8 Hz, CH,Hy-5’), 4.25-4.28 (m, 1H, H-4’),
4.95 (dd, 1H, J= 6.3, 3.8 Hz, H-3"), 5.09 (dd, 1H, J= 6.3, 2.8 Hz, H-2"), 5.51 (s, 1H, H-
1°), 5.81 (d, 1H, J = 8.0 Hz, H-5), 6.99 (s, 1H, C=CH), 7.35 (d, 1H, J = 8.0 Hz, H-6); °C
NMR (CDCls, 125 MHz) § 25.2, 27.2, 27.80, 27.84, 62.5, 80.2, 82.4, 83.6, 84.3, 87.1,
87.6, 101.8, 114.1, 130.0, 134.3, 141.6, 149.5, 160.7, 161.4, 162.1; HRMS (ES+) calcd
for CpH3iN,O10Na 533.2106, found 533.2100 [MNa']. Data for 58b: R, 0.18
(EtOAc/hexanes, 3:2); [a]p™’ = -28.72 (c 0.11, CHCL3); IR (CHCI;, cast) v 3501, 2981,
2937, 1720, 1678, 1278, 1084 cm™; "H NMR (CDCl;, 500 MHz) & 1.35 (s, 3H, CHz),
1.49 (s, 9H, C(CH3)3), 1.53 (s, 9H, C(CHs)3), 1.57 (s, 3H, CH3), 3.80 (dd, 1H, J = 12.3,
3.3 Hz, CH.H,-5"), 3.91 (dd, 1H, J=12.3, 3.3 Hz, CH,H,-5"), 4.30 (ddd, 1H, J=6.0, 3.3,
3.3 Hz, H-4"),4.93 (dd, 1H, J = 6.3, 3.3 Hz, H-3"), 5.01 (dd, 1H, J= 6.3, 2.8 Hz, H-2"),
5.56 (d, 1H, J = 2.8 Hz, H-1"), 5.80 (d, 1H, J = 8.5 Hz, H-5), 6.33 (s, 1H, C=CH), 7.37
(d, 1H, J = 8.5 Hz, H-6); °C NMR (CDCls, 125 MHz) & 25.2, 27.2, 27.7, 28.1, 62.7,
80.3, 82.5, 83.3, 84.1, 87.1, 96.6, 101.9, 114.3, 130.9, 131.5, 141.2, 150.0, 160.6, 161.3,

162.6; HRMS (ES+) caled for Co4H34N>OoNa 533.2106, found 533.2105 [MNa]+.
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S-((3a8,45,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-

d}[1,3]dioxol-4-yl)methyl ethanethioate (63)

This known compound was prepared as reported by
0 N NH,
ASXOJ,N\%\\% Pignot e al.”® DEAD (1.10 mL, 6.99 mmol) was
N B NQ/
X’ added dropwise over 5 min to a solution of

triphenylphosphine (1.90 g, 7.24 mmol) in THF (14.0
mL) at 0 °C, and the resulting orange mixture was stirred at 0 °C for 30 min. 2’,3’-O-
Isopropylideneadenosine (1.01 g, 3.30 mmol) was then added, and the orange suspension
was stirred at 0 °C for 10 min. Following this, a solution of thiolacetic acid (500 L., 7.00
mmol) in THF (1.7 mL) was added and the reaction mixture was stirred at 0°C for 1 h.
The solvent was removed in vacuo, and the resulting orange residue was purified by flash
chromatography (SiO,, CHCIl3;/MeOH, 9:1) to afford thioacetate 63 as a white foam (1.20
g, 100%): R, 0.57 (CHCl;/MeOH, 9:1); [a]p™ = -33.20 (¢ 0.22, MeOH); IR (uscope)
v 3322, 3168, 2988, 2937, 1670, 1646, 1596, 1507, 1475, 1085 cm™'; 'H NMR (CDCl;,
300 MHz) 8 1.39 (s, 3H, CHa), 1.60 (s, 3H, CH3), 2.35 (s, 3H, CH3C=0), 3.17 (dd, 1H, J
=13.8, 6.9 Hz, CH,H,-5"), 3.30 (dd, 1H, J=13.8, 6.9 Hz, CH.Hy-5"), 4.35 (app td, 1H, J
=6.9, 3.3 Hz, H-4"), 4.98 (dd, 1H, J = 6.3, 3.3 Hz, H-3"), 5.52 (dd, 1H, J= 6.3, 2.0 Hz,
H-2%), 5.65 (br s, 2H, NHy), 6.07 (d, 1H, J= 2.0 Hz, H-1"), 7.90 (s, 1H, H-8), 8.37 (s, 1H,
H-2); *C NMR (CDCl;, 100 MHz) & 25.3, 27.0, 30.5, 31.2, 83.7, 84.2, 86.1, 90.9, 114.5,
120.3, 140.0, 149.2, 153.1, 155.6, 194.5; HRMS (ES+) caled for C;sHigNsO4NaS

388.1050, found 388.1055 [MNa]".
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((3aS5,4S,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro(3,4-
d|[1,3]dioxol-4-yl)methyl methanethiol (64)*"'
The procedure used to obtain this known compound was

F NH, . 99
HS/\C7’N\8/\\( adapted from the one described by Wallace er al.
N

Thioacetate 63 (174 mg, 0.476 mmol) was dissolved in

x MeOH (5.2 mL) and flushed with argon for 1 h, then a

solution of sodium thiomethoxide (46.0 mg, 0.656 mmol) in MeOH (1.0 mL) was added.
The pale yellow reaction mixture was stirred at rt for 1.5 h, then poured into 0.1 M HCl
(16.5 mL). This was then extracted with CH,Cl, (3 x 30 mL), and the combined organic
layers were washed with brine (30 mL) and dried (MgSO,). The solvent was removed in
vacuo to give thiol 64 as a white solid (148 mg, 96%): R, 0.50 (CHCl3/MeOH, 9:1);
[a]p® =-25.51 (¢ 0.29, CHCls); IR (CHCI;, cast) v 3323, 3174, 2963, 2926, 2854, 1647,
1599, 1505, 1476, 1214, 1091 cm™; "H NMR (CDCl;, 300 MHz) 8 1.41 (s, 3H, CHa),
1.63 (s, 3H, CH3), 2.82 (dd, 1H, J = 13.8, 6.7 Hz, CH,H-5"), 2.85 (dd, 1H, J=13.8, 6.7
Hz, CH,Hy-5"), 4.34 (ddd, 1H, J= 6.7, 6.7, 3.3 Hz, H-4), 5.09 (dd, 1H, J = 6.6, 3.3 Hz,
H-3"), 5.50 (dd, 1H, J = 6.6, 2.4 Hz, H-2’), 5.81 (br s, 2H, NH>), 6.07 (d, 1H, J = 2.4 Hz,
H-1%), 7.93 (s, 1H, H-8), 8.36 (s, 1H, H-2); °C NMR (CDCl;, 100 MHz) 8 25.3, 26.9,
27.1, 83.1, 83.9, 87.8,90.7, 114.7, 120.3, 140.1, 149.2, 152.7, 155.5; HRMS (ES+) calcd

for C13H sN505S 324.1125, found 324.1123 [MH]".
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Dimethyl 2-(((3a$,4S,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4-yl)methylthio)but-2-enedioate (65)

This compound was synthesized by an
CO,Me FN NH,

MeOQCH/\S/\CTN\e/\\( adaptation of the procedure reported by
N

: N=/ 100
3 b Journet et al.™ NMM (85.0 uL, 0.773

X

of thiol 64 (190 mg, 0.586 mmol) and dimethyl acetylenedicarboxylate (72.0 pL, 0.586

mmol) was added dropwise to a suspension

mmol) in MeCN (15.0 mL) at 0 °C. The pale yellow mixture immediately became clear.
It was then warmed to rt and stirred for 1 h. It was diluted with MeCN (6 mL), and a
saturated solution of NH4Cl (5 mL) was added. The layers were separated, and the
aqueous layer was extracted with CH,Cl» (2 x 4 mL). The combined organic layers were
dried (MgSO,) and concentrated in vacuo. The crude product was purified by flash
chromatography (SiO,, EtOAc, 100%) to yield 65 as a pale yellow foam, isolated as a
~3:2 mixture of E/Z isomers (192 mg, 70%): R, 0.25 (CHCI3/MeOH, 95:5); IR (CHCl;,
cast) v 3324, 3169, 2989, 2952, 1732, 1645, 1597, 1475, 1434, 1202, 1090 cm™’; 'H
NMR (CDCls, 500 MHz) 6 1.38 (s, ~1.2H, minor isomer, CHj), 1.39 (s, ~1.8H, major
isomer, CH3), 1.60 (s, ~1.2H, minor isomer, CH3), 1.61 (s, ~1.8H, major isomer, CHj3),
3.11 (dd, ~0.6H, major isomer, J = 13.5, 6.9 Hz, CH,Hy-5"), 3.15 (dd, ~0.4H, minor
isomer, J = 14.4, 5.9 Hz, CH,H,-5"), 3.28 (dd, ~0.6H, major isomer, J = 13.5, 6.9 Hz,
CH,H»-5), 3.43 (dd, ~0.4H, minor isomer, J = 14.4, 5.9 Hz, CH,Hy-5"), 3.60 (s, ~1.2H,
minor isomer, OCH3), 3.70 (s, ~1.8H, major isomer, OCH3), 3.78 (s, ~1.2H, minor
isomer, OCH3), 3.85 (s, ~1.8H, major isomer, OCH3), 4.37 (ddd, ~0.4H, minor isomer, J

=5.9,5.9,4.0 Hz, H-4"), 4.42 (ddd, 0.6H, major isomer, J = 6.9, 6.9, 3.3 Hz, H-4"), 5.10
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(dd, ~0.4H, minor isomer, J = 6.3, 4.0 Hz, H-3"), 5.11 (dd, ~0.6H, major isomer, J = 6.4,
3.3 Hz, H-3), 5.44 (dd, ~0.4H, minor isomer, J = 6.3, 2.7 Hz, H-2’), 5.50 (dd, ~0.6H,
major isomer, J = 6.4, 2.0 Hz, H-2"), 5.66 (br s, ~1.8H, major isomer, NH;), 5.69 (br s,
~1.2H, minor isomer, NH5), 5.86 (s, ~0.6H, major isomer, C=CH), 6.04 (d, ~0.4H, minor
isomer, J = 2.7 Hz, H-1), 6.06 (d, ~0.6H, major isomer, J = 2.0 Hz, H-1"), 6.36 (s,
~0.4H, minor isomer, C=CH), 7.87 (s, ~0.6H, major isomer, H-8), 7.90 (s, ~0.4H, minor
isomer, H-8), 8.35 (s, ~0.4H, minor isomer, H-2), 8.36 (s, ~0.6H, major isomer, H-2); "*C
NMR (CDCl;, 125 MHz) § 25.3, 25.4, 27.06, 27.13, 29.3, 34.0, 34.5, 51.9, 52.9, 53.1,
82.9, 83.80, 83.82, 84.1, 85.5, 85.8, 90.0, 91.0, 114.65, 114.71, 114.8, 120.0, 120.3,
121.2, 140.6, 147.1, 148.2, 148.9, 149.3, 153.1, 155.7, 155.8, 163.9, 164.2, 165.4, 165.5
(2 carbon signals not observed due to overlap); HRMS (ES+) caled for Ci9H,3Ns07SNa

488.1210, found 488.1209 [MNa]".

Dimethyl 2-(((2S5,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydro-
furan-2-yl)methylthio)but-2-enedioate (66)

Nucleoside derivative 65 (73.3 mg, 0.157

CO,Me /‘N NH,
MeO,C %SACJ’N\%\\( mmol) was stirred in TFA/H,O (4:1, 5.6 mL)
N

N=/

at 0 °C for 10 min, then the solvent was

HO  ©OH

removed in vacuo. Purification by flash chromatography (SiO,, CHCl;/MeOH, 95:5)

gave 66 as a colourless glass, isolated as a ~3:2 mixture of E/Z isomers (34.5 mg, 52%):

R;0.07 (CHCl3/MeOH, 95:5); IR (uscope) v 3650-3100, 3338, 2956, 1681, 1603, 1438,
1200, 1141 cm’; '"H NMR (CD;OD, 500 MHz) & 3.14 (dd, ~0.4H, minor isomer, J =

15.0, 4.5 Hz, CH,Hy-5"), 3.30 (dd, ~0.6H, major isomer, J = 14.4, 6.5 Hz, CH,Hy-5"),
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3.38 (dd, ~0.6H, major isomer, J = 14.4, 4.8 Hz, CH,H,-5’), 3.56 (s, ~1.2H, minor
isomer, OCH3), 3.61 (dd, ~0.4H, minor isomer, J = 15.0, 4.5 Hz, CH,Hy-5"), 3.63 (s,
~1.8H, major isomer, OCH3), 3.73 (s, ~1.2H, minor isomer, OCH3), 3.78 (s, ~1.8H,
major isomer, OCH3), 4.16 (ddd, ~0.4H, minor isomer, J = 5.9, 4.5, 4.5 Hz, H-4), 4.23
(ddd, ~0.6H, major isomer, J = 6.5, 4.8, 4.8 Hz, H-4), 4.41 (app t, ~0.6H, major isomer,
J=4.8 Hz, H-3"), 4.56 (app t, ~0.4H, minor isomer, J = 5.9 Hz, H-3"), 4.74 (dd, ~0.4H,
minor isomer, J = 5.8, 4.0 Hz, H-2"), 4.80 (br s, 2H, both isomers, NH;), 4.85 (app t,
~0.6H, major isomer, J = 5.0 Hz, H-2’), 5.93 (s, 1H, major isomer C=CH + minor isomer
H-17), 5.98 (d, ~0.6H, major isomer, J = 5.0 Hz, H-1"), 6.11 (s, ~0.4H, minor isomer,
C=CH), 8.20-8.26 (m, 2H, both isomers, H-2, H-8); *C NMR (CDCl;, 125 MHz) & 29.6,
34.5,35.0, 52.3, 53.3, 53.6, 72.9, 74.2, 74.6, 74.7, 84.1, 84.2, 90.4, 90.7, 114.9, 120.9,
133.8, 138.6, 149.9, 150.8, 157.1, 157.2, 165.5, 165.6, 166.9, 167.5 (6 carbon signals not
observed due to overlap); HRMS (ES+) calcd for C;sH19N5O7SNa 448.0897, found

448.0899 [MNa]".

Dibenzyl 2-(((3aS$,4S,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yI)methylthio)but-2-enedioate (67)

The same procedure as for the preparation of

CO,Bn AN NH,

BnOzCH/\S/\@,N\e/\\( 65 was employed. Thus, NMM (150 uL,
N

N=/ . .
3 5 1.37 mmol) was added dropwise to a solution

<

52 (317 mg, 1.08 mmol) in MeCN (28.0 mL) at 0 °C. The resulting clear mixture was

of thiol 66 (347 mg, 1.07 mmol) and alkyne

then warmed to rt and stirred for 1.5 h, followed by dilution with MeCN (10 mL) and
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addition of a saturated solution of NH4Cl (10 mL). The layers were separated, and the
aqueous layer was extracted with CHCl, (2 x 8 mL). The combined organic layers were
dried (MgSOy4) and concentrated in vacuo. Purification by flash chromatography (SiOs,
EtOAc/hexanes, 3:1) afforded 67 as a pale yellow foam, isolated as a ~1.3:1 mixture of
E/Z isomers (498 mg, 75%): R, 0.56 (CHCl3/MeOH, 9:1); IR (uscope) v 3325, 3174,
3034, 2986, 1712, 1643, 1595, 1498, 1475, 1455, 1159, 1080 cm™; '"H NMR (CDCl3, 500
MHz) 8 1.37 (s, 3H, both isomers, CHj3), 1.58 (s, 3H, both isomers, CHj), 3.04 (dd,
~0.57H, major isomer, J = 13.5, 6.8 Hz, CH,Hy-5), 3.13 (dd, ~0.43H, minor isomer, J =
14.0, 6.0 Hz, CH.H,-5"), 3.19 (dd, ~0.57H, major isomer, J = 13.5, 6.8 Hz, CH,Hy-5"),
3.40 (dd, ~0.43H, minor isomer, J = 14.0, 5.5 Hz, CH,Hy-5"), 4.34-4.37 (m, 0.43H, minor
isomer, H-4"), 4.39 (ddd, 0.57H, major isomer, J = 6.8, 6.8, 3.5 Hz, H-4"), 5.01-5.04 (m,
1H, both isomers, H-3"), 5.03 (d, ~0.43H, minor isomer, J = 12.0 Hz, benzylic CH,Hy),
5.08 (d, ~0.43H, minor isomer, J = 12.0 Hz, benzylic CH,Hy), 5.10 (s, ~1.14H, major
isomer, benzylic CHy), 5.16 (s, ~1.14H, major isomer, benzylic CH»), 5.21 (s, ~0.86H,
minor isomer, benzylic CH,), 5.34 (d, ~0.43H, minor isomer, J = 6.5 Hz, H-2), 5.46 (d,
~0.57H, major isomer, J = 6.5 Hz, H-2"), 5.76 (br s, ~1.14H, major isomer, NH,), 5.87
(br s, ~0.86H, minor isomer, NH;), 5.89 (s, ~0.57H, major isomer, C=CH), 6.01 (d,
~0.43H, minor isomer, J = 2.5 Hz, H-1"), 6.03 (d, ~0.57H, major isomer, J = 2.0 Hz, H-
1°), 6.41 (s, ~0.43H, minor isomer, C=CH), 7.32-7.40 (m, 10H, both isomers, ArH), 7.86
(s, 1H, both isomers, H-8), 8.33 (s, ~0.43H, minor isomer, H-2), 8.34 (s, ~0.57H, major
isomer, H-2); °C NMR (CDCl;, 100 MHz) 8 25.3, 25.4, 27.0, 27.1, 33.9, 34.5, 66.69,
66.75, 68.0, 68.2, 82.9, 83.8, 84.1, 85.3, 91.1, 114.6, 114.8, 114.9, 128.36, 128.44,

128.47, 128.51, 128.53, 128.55, 128.6, 128.7, 134.8, 135.4, 147.7, 148.3, 155.5, 163.1,
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164.7, 164.8 (20 carbon signals not observed due to overlap); HRMS (ES+) calcd for

C;31H3,N507S 618.2022, found 618.2022 [MH]".

Dibenzyl 2-(((25,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydro-
furan-2-yl)methylthio)fumarate (68a)
Dibenzyl 2-(((25,38,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydro-

furan-2-yl)methylthio)maleate (68b)

Nucleoside
CO,Bn FN NH, COZBn FN NH,
%\ S/\&N\%\\( BnOQC\/kS /\C)TNW derivative
N N
COpBn S,  N&/ S N=/ 67 (101 mg,
HO OH HO OH
0.164

mmol) was stirred in TFA/H,O (4:1, 5.9 mL) at 0 °C for 1.5 h, then the solvent was
removed in vacuo and the crude product was purified by flash chromatography (SiO,,
CHCIl3/MeOH/TFA, 95:4:1) to yield fumarate 68a as a white foam (52.4 mg, 46%) and
maleate 68b as a white foam (59.2 mg, 52%). Data for 68a: R,0.32 (CHCI3/MeOH/TFA,
95:4:1); [a]p® = 4.18 (¢ 0.11, MeOH); IR (uscope) v 3700-3100, 1670, 1508, 1455,
1191, 1137 cm™; "H NMR (CD;OD, 400 MHz) & 3.13 (dd, 1H, J = 14.8, 4.8 Hz, CH,H,-
5%),3.60 (dd, 1H, J=14.8, 4.4 Hz, CH,H,-5"), 4.13-4.17 (m, 1H, H-4"), 4.43 (app t, IH, J
= 5.7 Hz, H-3"), 4.62 (dd, 1H, J = 5.7, 4.0 Hz, H-2"), 5.01 (d, 1H, J = 12.4 Hz, benzylic
CH.Hs), 5.11 (d, 1H, J = 12.4 Hz, benzylic CH,Hy), 5.16 (d, 1H, J = 12.4 Hz, benzylic
CHcHy), 5.24 (d, 1H, J = 12.4 Hz, benzylic CH Hg), 5.92 (d, 1H, J = 4.0 Hz, H-17), 6.23
(s, 1H, C=CH), 7.25-7.40 (m, 10H, ArH), 8.18 (s, 1H, H-8), 8.20 (s, 1H, H-2); °C NMR

(CD;0OD, 125 MHz) d 34.4, 67.6, 68.9, 72.9, 75.0, 84.4, 90.5, 120.3, 120.9, 129.29,
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129.32, 129.4, 129.59, 129.62, 129.7, 136.4, 137.3, 141.8, 146.3, 150.0, 150.3, 152.7,
164.8, 166.2; HRMS (ES+) caled for CagHagNsO;S 578.1704, found 578.1709 [MH]".
Data for 68b: R, 0.27 (CHCl;/MeOH/TFA, 95:4:1); [a]p™ = 14.77 (¢ 0.13, MeOH); IR
(CHCL;, cast) v 3359, 3192, 2957, 2924, 2853, 1705, 1660, 1633, 1238, 1088 cm™'; 'H
NMR (CD;0D, 500 MHz) & 3.24 (dd, 1H, J = 14.2, 6.7 Hz, CH,H,-5"), 3.33 (dd, 1H, J =
14.2, 4.9 Hz, CH,Hy-5"), 4.24 (ddd, 1H, J = 6.7, 4.9 Hz, H-4"), 4.36 (app t, 1H, J = 4.9
Hz, H-3"), 4.74 (app t, 1H, J = 4.9 Hz, H-2"), 5.04 (s, 1H, benzylic CH,), 5.07 (s, 1H,
benzylic CH,), 5.98 (s, 1H, C=CH), 6.01 (d, 1H, J = 4.9 Hz, H-1"), 7.25-7.33 (m, 10H,
ArH), 8.31 (s, 1H, H-8), 8.38 (s, 1H, H-2); °C NMR (CD;OD, 125 MHz) § 34.9, 67.7,
69.1, 74.0, 75.0, 84.2, 90.9, 115.4, 120.8, 129.3, 129.50, 129.55, 129.58, 129.60, 136.4,
137.1, 142.1, 146.2, 149.9, 150.7, 152.6, 164.8, 166.6 (1 carbon signal not observed due

to overlap); HRMS (ES+) caled for CogH,sNsO4S 578.1704, found 578.1705 [MH]".

(3aS,45,6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyl-

tetrahydrofuro[3,4-d][1,3]dioxole-4-carbaldehyde (72)*"

This known compound was prepared using the procedure of

A°

OA&N\H/NH More et al.>® IBX (9.02 g, 32.2 mmol) was added to a solution
0]

d" b of 2',3'-O-isopropylideneuridine (3.45 g, 12.1 mmol) in MeCN

e

°C for 1 h. It was then cooled to 0 °C and filtered through a sintered glass funnel. The

(88.0 mL), and the resulting white suspension was stirred at 80

filter cake was washed with MeCN, and the combined filtrates were concentrated in
vacuo to give aldehyde 72 as a white foam (3.43 g, 100%): [a]p™ -41.00 (¢ 0.26, CHCL);

IR (uscope) v 3212, 3064, 2990, 2940, 2826, 1690, 1210, 1087 cm™; '"H NMR (CDCls,
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300 MHz) 8 1.34 (s, 3H, CH3), 1.52 (s, 3H, CH3), 4.54 (d, 1H, J = 1.8 Hz, H-4"), 5.08 (d,
1H, J = 6.3 Hz, H-3"), 5.20 (dd, 1H, J = 6.3, 1.5 Hz, H-2"), 5.46 (s, 1H, H-1"), 5.74 (dd,
1H, J= 8.2, 2.3 Hz, H-5), 7.22 (d, 1H, J = 8.2 Hz, H-6), 8.39 (br s, 1H, NH), 9.42 (s, 1H,
CHO); °C NMR (CDCls, 125 MHz) & 24.7, 26.4, 83.7, 84.8, 94.0, 100.0, 102.8, 113.6,
144.2, 150.6, 163.5, 199.2; HRMS (ES+) caled for C;2H;4N2O¢Na 305.0744, found

305.0745 [MNa'].

N-Phenyltriphenylphosphoranylidenesuccinimide (73)

This known compound was prepared as reported by Hedaya et al.'”'

© N-Phenylmaleimide (911 mg, 5.26 mmol) was added to a solution of

O%/\_Nléo triphenylphosphine (1.51 g, 5.77 mmol) in AcOH (20.0 mL), and the

PPhs | clear colourless mixture was stirred at 100 °C for 1 h. It was then

cooled to rt and concentrated in vacuo to give a red oil. This was recrystallized twice,
first from CH,Cl/Et,O to give a pale red solid, then from acetone to give 73 as coarse
off-white crystals (790 mg, 34%): mp = 172-174 °C (lit."”" 176.5-178.5 °C); R, 0.42
(EtOAc, 100%); IR (uscope) v 2917, 2832, 1985, 1631, 1479, cm™; 'H NMR (CDCl;,
300 MHz) 8 3.14 (d, 2H, J = 1.5 Hz, CH,), 7.35-7.54 (m, 10H, ArH), 7.58-7.67 (m, 10H,
ArH); ®C NMR (CDCls, 125 MHz) & 36.0, 37.1, 125.1, 125.9, 126.7, 128.5, 129.2,

132.8, 133.4, 134.2, 169.9, 176.1; HRMS (ES +) calcd for CysHy,NO,NaP 458.1280,

found 458.1280 [MNa]".
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1-((3aR,4R,6R,6aR)-6-((E)-2,5-Dioxo-1-phenylpyrrolidin-3-ylidene)methyl)-2,2-
dimethyltetrahydrofuro|3,4-d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (74)

An adaptation of the procedure of Hedaya er al'"'

0]
=
Wm was employed to prepare this compound. Ylide
4 g
@‘N /0 73 (67.9 mg, 0.156 mmol) was added to a

° X - -
solution of aldehyde 72 (47.1 mg, 0.166 mmol) in

MeOH (8.0 mL). The mixture was stirred at rt for 4 h, then concentrated in vacuo to give
a red residue. Purification by flash chromatography (SiO,, CHCl;/MeOH, 98:2) followed
by HPLC (C;s, MeCN gradient in HyO containing 0.1 % TFA) afforded 74 as a white
solid (11.4 mg, 16%): R;0.32 (CHCl;/MeOH, 98:2); [a]p? +22.06 (¢ 1.2, CHCLy); IR
(CH,ClL,, cast) v 3198, 3063, 2989, 1772, 1715, 1691, 1598, 1501, 1456, 1083 cm™'; 'H
NMR (CDCls, 400 MHz) & 1.33 (s, 3H, CH3), 1.57 (s, 3H, CH3), 3.43 (dd, 1H, J = 21.8,
2.4 Hz, maleimide CH,Hy), 3.52 (dd, 1H, J = 21.8, 2.4 Hz, maleimide CH,H,), 4.75 (dd,
1H, J=6.0,4.7 Hz, H-4"), 495 (dd, 1H, J=6.2, 4.7 Hz, H-3"), 5.10 (dd, 1H, J= 6.2, 1.1
Hz, H-2"), 5.52 (d, 1H, J= 1.1 Hz, H-1"), 5.72 (dd, 1H, J = 8.0, 2.0 Hz, H-5), 6.99 (dt,
1H,J=6.0, 2.4 Hz, C=CH), 7.18 (d, 1H, J = 8.0 Hz, H-6), 7.28-7.32 (m, 2H, ArH), 7.37
(tt, 1H, J = 7.4, 1.2 Hz, ArH), 7.43-7.47 (m, 2H, ArH), 9.47 (br s, 1H, NH); *C NMR
(CDCl3, 125 MHz) 8 25.3, 27.2, 32.6, 84.6, 84.8, 86.3, 96.3, 103.0, 115.0, 126.4, 127.1,
128.5, 129.1, 131.9, 135.2, 143.1, 150.2, 163.1, 168.4, 172.9; HRMS (ES+) calcd for

C22H1N307Na 462.1272, found 462.1269 [MNa]".
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(E)-Ethyl 3-((3aR 4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yD)acrylate (80)*"

This known compound was prepared as reported

= NH,
EtOgC\/\é,N\z\\( by Lerner et al.'® IBX (6.87 g, 24.5 mmol) and
N
N=/

((ethoxycarbonyl)methylene)triphenylphosphorane

(8.55 g, 24.5 mmol) were added to a solution of

2°,3’-0-isopropylideneadenosine (3.01 g, 9.81 mmol) in DMSO (24.5 mL), and the
brown mixture was stirred at rt for 76 h. H,O (100 mL) was added, and the mixture was
extracted with EtOAc (2 x 100 mL). The combined organic layers were dried (Na;SO4)
and concentrated in vacuo. Purification by flash chromatography (SiO,, toluene/acetone,
9:1, then EtOAc/MeOH, 96:4) afforded a,B-unsaturated ester 80 as a brown foam (2.84
g, 77%): Ry 0.23 (EtOAc/MeOH, 96:4); [a]p™ = +12.40 (¢ 0.15, CHCL); IR (uscope)
v 3324, 3170, 2985, 2938, 1715, 1645, 1598, 1505, 1476, 1210, 1081 cm™; 'H NMR
(CDCls, 500 MHz) 6 1.23 (t, 3H, J = 7.2 Hz, OCH,CHj3), 1.41 (s, 3H, CHa3), 1.63 (s, 3H,
CHs), 4.12 (q, 2H, J = 7.2 Hz, OCH,CH3), 4.80-4.82 (m, 1H, H-4’), 5.14 (dd, 1H, J = 6.4,
3.8 Hz, H-3’), 5.57 (dd, 1H, J = 6.4, 2.0 Hz, H-2"), 5.70 (br s, 2H, NH,), 5.82 (dd, 1H, J
=16.0, 1.8 Hz, CH30,CCH=CH), 6.14 (d, 1H, J= 2.0 Hz, H-1"), 6.96 (dd, 1H, J = 16.0,
5.5 Hz, CH;0,CCH=CH), 7.87 (s, 1H, H-8), 8.34 (s, 1H, H-2); C NMR (CDCl;, 100
MHz) 8 14.1, 25.3, 27.0, 60.5, 83.9, 84.3, 86.2, 90.5, 114.7, 120.3, 122.5, 132.0, 143.3,

149.4, 153.0, 155.4, 165.5; HRMS (ES+) caled for Ci7H;NsOsNa 398.1435, found

398.1430 [MNa]".
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Ethyl 3-((3aR,4R,6R,62R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)propanoate (81)*"*

10% Pd/C (152 mg) was added to a solution of

= NH, .
\2/\\( a,B-unsaturated ester 80 (1.26 g, 3.37 mmol) in
N

2 EtOH (100.0 mL), and the mixture was shaken on

X a Parr hydrogenator under 60 psi H, for 22 h. The

mixture was filtered through Celite and the Celite was washed with hot EtOH.
Concentration of the filtrate in vacuo was followed by purification by flash
chromatography (SiO,, CHCl3/MeOH, 95:5) to give ester 81 as a yellow foam (1.10 g,
87%): R;0.09 (EtOAc, 100%); [a]p? =-3.61 (c 0.36, MeOH); IR (uscope) v 3328, 3173,
2986, 2938, 1729, 1643, 1599, 1505, 1477, 1210, 1091 ecm™; '"H NMR (CDCl;, 500
MHz) 6 1.18 (t, 3H, J = 7.3 Hz, OCH,CH3), 1.36 (s, 3H, CH3), 1.58 (s, 3H, CH;3), 2.02
(app q, 2H, J = 7.4 Hz, CH»-5"), 2.35 (app t, 2H, J = 7.4 Hz, CH,,), 4.06 (q, 2H, J=17.3
Hz, OCH,CH3), 4.19 (ddd, 1H, J=17.4, 7.4, 4.0 Hz, H-4’), 4.86 (dd, 1H, J= 6.5, 4.0 Hz,
H-3%), 5.46 (dd, 1H, J= 6.5, 2.3 Hz, H-2"), 5.51 (br s, 2H, NH,), 6.01 (d, 1H, J = 2.3 Hz,
H-1°), 7.85 (s, 1H, H-8), 8.34 (s, 1H, H-2); °C NMR (CDCls, 125 MHZ) § 14.1, 25.4,
27.2, 28.4, 30.3, 60.4, 83.99, 84.00, 85.8, 90.2, 114.6, 120.3, 139.7, 149.4, 153.1, 155.7,

172.7; HRMS (ES+) caled for C17H23N505Na 400.1591, found 400.1598 [MNa]".

3-((3aR 4R ,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-
d|[1,3]dioxol-4-yl)propan-1-ol (82)*"*

DIBAL-H (1.00 M in toluene, 710 wL, 0.710

=N NH,
Ho/\/\@N\X/\\(N mmol) was added dropwise to a solution of ester
-~ - NQ/
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81 (33.1 mg, 0.0879 mmol) in CH,Cl, (260 uL) at -78 °C, and the yellow mixture was
stirred at -78 °C for 2 h. A scoop of Na;SO4 10H,O was added, and the resulting
colourless mixture was warmed to rt and stirred for 18 h. EtOAc (4 mL) and HO (4 mL)
were added, and the aqueous layer was extracted with EtOAc (3 x 4 mL). The combined
organic layers were dried (Na,SQs), and concentrated in vacuo to give alcohol 82 as a
yellow gum (15.0 mg, 51%): R;0.19 (EtOAc/MeOH, 9:1); [a]p™ -3.54 (¢ 0.16, MeOH);
IR (CHCl;, cast) v 3600-3000, 3335, 3186, 3060, 3032, 2927, 2855, 1647, 1600, 1477,
1210, 1076 cm™; 'TH NMR (CD;0D, 500 MHz) & 1.36 (s, 3H, CH3), 1.53-1.59 (m, 2H,
CH,), 1.70-1.75 (m, 2H, CH,-5), 3.46-3.54 (m, 2H, CH,OH), 4.15 (ddd, 1H, J=7.3, 7.3,
3.9 Hz, H-4"), 4.86 (dd, 1H, J = 6.5, 3.9 Hz, H-3"), 5.46 (dd, 1H, J = 6.5, 3.0 Hz, H-2’),
6.12 (d, 1H, J = 3.0 Hz, H-1"), 8.21 (s, 1H, H-8), 8.24 (s, 1H, H-2); '*C NMR (CD;0D,
125 MHz) & 25.6, 27.5, 29.7, 31.0, 62.5, 85.3, 85.5, 87.8, 90.9, 115.7, 120.5, 142.6;
148.8, 153.8, 157.3; HRMS (ES+) caled for CisH2Ns04 336.1666, found 336.1670

[MH]".

N-Benzoyl-N-(9-((3aR,4R,6 R,6aR)-6-(3-hydroxypropyl)-2,2-dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)benzamide (83)

This compound was prepared using an adaptation

=N NBz
HO/\/\(SIN%{ of the procedure of Ti et al.?
o . NQ/N
(ij Chlorotrimethylsilane (105 uL, 0.828 mmol) was

added to a suspension of alcohol 82 (57.3 mg,
0.171 mmol) in pyridine (870 uL), and the mixture was stirred at rt for 25 min. Benzoyl

chloride (99.0 uL, 0.850 mmol) was added, and the cloudy pale orange mixture was
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stirred at rt for 2 h. It was then cooled to 0 °C and H,O (200 uL) followed by a saturated
solution of NaHCO; (2.0 mL) were added. The mixture was again warmed to rt and
stirred for 4 h, then extracted with EtOAc (2 x 2 mL). The combined organic layers were
dried (MgSO4) and concentrated in vacuo. Purification by flash chromatography (SiO,,
EtOAc/hexanes, 1:1 to 7:3) yielded 83 as a white foam (53.0 mg, 57%): Ry 0.20
(EtOAc/petroleum ether, 7:3); [a]p™ = -12.94 (¢ 0.19, CHCL;); IR (CHCl;, cast) v 3600-
3100, 3064, 2927, 2855, 1705, 1600, 1578, 1493, 1239, 1077 cm™; "H NMR (CDCls, 300
MHz) 6 1.26 (t, 3H, J = 7.2 Hz, OCH,CHz), 1.39 (s, 3H, CH3), 1.59-1.68 (m, 2H, CH,),
1.62 (s, 3H, CH3), 1.73-1.81 (m, 2H, CHy), 3.60 (t, 2H, J = 6.2 Hz, CH,OH), 4.13 (q, 2H,
J="1.2 Hz, OCH,CHa), 4.26 (ddd, 1H, J=7.1, 7.1, 3.9 Hz, H-4"), 4.82 (dd, 1H, J = 6.6,
3.9 Hz, H-3"), 5.50 (dd, 1H, J=6.6,2.6 Hz, H-2"), 6.11 (d, 1H, J=2.6 Hz, H-1"), 7.36 (t,
4H, J= 7.5 Hz, ArH), 7.49 (tt, 2H, J = 7.5, 1.6 Hz, ArH), 7.86 (d, 4H, J = 7.5 Hz, ArH),
8.16 (s, 1H, H-8), 8.68 (s, 1H, H-2); °C NMR (CDCls, 125 MHz) & 25.4, 27.1, 28.7,
29.9, 62.1, 84.0, 84.1, 86.9, 90.7, 114.9, 117.2, 128.7, 129.5, 133.0, 134.0, 145.6, 152.0,
152.4, 166.1, 172.2; HRMS (ES+) caled for CooH29NsOgNa 566.2010, found 566.2011

[MNa]".

N-Benzoyl-N-(9-((3aR,4R,6R,6aR)-6-(3-bromopropyl)-2,2-dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)benzamide (84)

A solution of CBg (92.4 mg, 0.279 mmol) in

=N\ NBz
Br/\/\éfN\%\\f\l MeCN (500 wL) was added to a solution of

S alcohol 83 (116 mg, 0.213 mmol) and

triphenylphosphine (84.4 mg, 0.322 mmol) in
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MeCN (2.0 mL) and the mixture was stirred at rt for 1 h, then concentrated in vacuo. The
residue was purified by flash chromatography (SiO,, EtOAc, 100%) to give bromide 84
as a white foam (30.9 mg, 24%): R 0.66 (CHCl;/MeOH, 95:5); IR (uscope) v 2924,
2854, 1702, 1634, 1599, 1578, 1491, 1239, 1076 cm™; 'H NMR (CDCls, 400 MHz) &
1.40 (s, 3H, CH3), 1.62 (s, 3H, CHjs), 1.85-2.02 (m, 4H, 2 x CHy), 3.38 (t, 2H, J = 6.4 Hz,
CH,Br), 4.22 (m, 1H, H-4°), 4.86 (dd, 1H, J = 6.6, 4.2 Hz, H-3), 5.48 (dd, 1H, J = 6.6,
2.3 Hz, H-2"), 6.10 (d, 1H, J = 2.3 Hz, H-1"), 7.37 (t, 4H, J = 7.8 Hz, ArH), 7.49 (it, 2H,
J=17.8, 1.2 Hz, ArH), 7.86 (dd, 4H, J = 7.8, 1.2 Hz, ArH), 8.14 (s, 1H, H-8), 8.69 (s, 1H,
H-2); *C NMR (CDCl;, 100 MHz) & 25.3, 27.1, 28.7, 31.7, 32.9, 83.87, 83.95, 86.2,
90.4, 114.9, 128.6, 129.4, 132.9, 133.9, 143.9, 152.0, 152.2, 172.1 (2 carbon signals not
observed due to overlap); HRMS (ES+) calcd for CyHa9N5OsBr 606.1347, found

606.1343 [MH]".

(E)- 3-((3aR,4R,6R,6aR)-6-(2,4-Diox0-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyl-
tetrahydrofuro|3,4-d][1,3]dioxol-4-yl)acrylaldehyde (87)*'

(Triphenylphosphoranylidene)acetaldehyde (3.60 g, 11.8

0]
~
o A/\@’N\H/NH mmol) was added to a solution of aldehyde 72 (3.03 g,
T O 10.7 mmol) in CH,ClL; (107 mL), and the clear brown
x mixture was stirred at rt for 6 h. The solvent was

removed in vacuo, and the brown residue was purified by flash chromatography (SiO,,
EtOAc, 100%) to give a,p-unsaturated aldehyde 87 as a pale yellow foam (1.88 g, 57%):
R; 0.38 (EtOAc, 100%); [a]p™ = +34.62 (¢ 0.13, MeOH); IR (CH,Cl, cast) v 3200,

3062, 2750, 2820, 2990, 1691, 1073 cm™; "H NMR (CDCls, 300 MHz) & 1.38 (s, 3H,
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CHs), 1.60 (s, 3H, CHy), 4.79 (ddd, 1H, J = 5.7, 4.5, 1.4 Hz, H-4"), 4.94 (dd, 1H, J= 6.3,
4.5 Hz, H-3"), 5.16 (dd, 1H, J = 6.3, 1.4 Hz, H-2"), 5.56 (d, 1H, J = 1.4 Hz, H-1"), 5.76
(dd, 1H, J = 8.1, 2.3 Hz, H-5), 6.27 (ddd, 1H, J = 15.9, 7.8, 1.4 Hz, OHCCH=CH), 6.92
(dd, 1H, J = 15.9, 5.7 Hz, OHCCH=CH), 7.20 (d, 1H, J = 8.1 Hz, H-6), 8.46 (br s, 1H,
NH), 9.60 (d, 1H, J = 7.8 Hz, CHO); *C NMR (CDCls, 125 MHz) §25.2, 27.0, 84.5,
84.7, 87.7, 96.7, 102.9, 114.7, 132.2, 143.4, 150.1, 152.2, 163.4, 193.1; HRMS (ES+)

caled for C14H16N20gNa 331.0901, found 331.0902 [MNa]".

3-((3aR 4R 6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyl-

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanal (88)

Y
O;\/\C)TN\H/NH unsaturated aldehyde 87 (1.62 g, 5.25 mmol) in EtOAc
0]

d" b (87.0 mL) and the reaction mixture was stirred under 1

e

and concentrated in vacuo to afford aldehyde 88 as a white foam (1.59 g, 98%): Ry 0.38

10% Pd/C (235 mg) was added to a solution of «o,p-

atm Hj for 11 h. The mixture was filtered through Celite

(EtOAc, 100%); [a]p™ = +19.30 (¢ 0.18, CHCls); IR (CHCl;, cast) v 3200, 2959, 2925,
2854, 2700, 1694, 1087 cm™; "H NMR (CDCls, 300 MHZ) & 1.32 (s, 3H, CHj), 1.53 (s,
3H, CHs), 2.04 (app q, 2H, J = 7.1 Hz, CH,-5), 2.57 (app td, 2H, J = 7.1, 1.3 Hz, CHa,),
4.01 (ddd, 1H, J=7.1, 7.1, 5.0 Hz, H-4), 4.60 (dd, 1H, J= 6.6, 5.0 Hz, H-3"), 4.95 (dd,
1H, J = 6.6, 2.3 Hz, H-2), 5.54 (d, 1H, J= 2.3 Hz, H-1°), 5.72 (dd, 1H, J = 8.0, 2.3 Hz,
H-5), 7.17 (d, 1H, J = 8.0 Hz, H-6), 8.41 (br s, 1H, NH), 9.75 (t, 1H, J = 1.3 Hz, CHO);

B3C NMR (CDCl3, 100 MHz) 3 25.3, 25.4,27.2, 39.8, 83.5, 84.3, 86.1, 94.1, 102.7, 114.8,
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142.5, 149.8, 163.2, 201.1; HRMS calcd for Ci4HsN,OgNa 333.1057, found 333.1058

[MNa]".

3-((3aR,4R,6R,6aR)-6-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyl-

tetrahydrofuro(3,4-d][1,3]dioxol-4-yl)propanol (89)

O
Y
o .
HO/\/\<—7,N\H/NH of aldehyde 88 (1.35 g, 4.35 mmol) in EtOH (13.4
0

6 f) mL), and the mixture was stirred at rt for 30 min. The

X

of NH4Cl1 (30 mL) was added to the residue. The mixture was extracted with EtOAc (4 x

NaBHj (494 mg, 13.1 mmol) was added to a solution

solvent was removed in vacuo and a saturated solution

30 mL) and the combined organic layers were dried (MgSO;). Concentration in vacuo
was followed by purification by flash chromatography (SiO,, EtOAc, 100%) to give
alcohol 89 as a white foam (1.20 g, 88%): R, 0.13 (EtOAc, 100%); [a]p™® = +10.32 (c
0.31, MeOH); IR (uscope) v 3700-3300, 3206, 3062, 2987, 2939, 1677, 1065 cm™; 'H
NMR (CDCl;, 500 MHz) & 1.33 (s, 3H, CH3), 1.55 (s, 3H, CH3), 1.65-1.73 (m, 2H, CH,-
5%), 1.77-1.82 (m, 2H, CH»), 3.67 (t, 2H, J= 6.3 Hz, CH,OH), 4.05 (ddd, 1H, J=6.8, 6.8,
5.0 Hz, H-4"), 4.57 (dd, 1H, J = 6.9, 4.8 Hz, H-3"), 491 (dd, 1H, J= 6.9, 2.5 Hz, H-2"),
5.61 (d, 1H, J=2.5 Hz, H-1"), 5.71 (dd, 1H, J = 8.0, 2.5 Hz, H-5), 7.21 (d, 1H, J = 8.0
Hz, H-6), 8.36 (br s, 1H, NH); °C NMR (CDCls, 125 MHz) & 25.3, 27.2, 28.7, 29.8,
62.3, 83.7, 84.4, 86.9, 93.8, 102.6, 114.8, 142.0, 149.9, 163.0; HRMS (ES+) calcd for

C14H20N206Na 335.1219, found 335.1223 [MNa]+.
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3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-Dioxo-3,4-dihydropyrimidin-1(2 H)-

yD)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanol (90)

DBU (390 uL, 2.61 mmol) and p-

/Y\CK)/OMG
0 .
Ho/\/\Q,N\n/N methoxybenzyl chloride (360 uL, 2.66

5 b mmol) were added to a solution of 89

X

(404 mg, 1.29 mmol) in MeCN (11.0

mL), and the mixture was stirred at reflux for 3 h. It was then cooled to rt and
concentrated in vacuo. This was followed by purification by flash chromatography
(Si0O,, Et;0/MeOH, 98:2 to 90:10) to yield 90 as a white sticky foam (429 mg, 79%): Ry
0.26 (EtOAc, 100%); [a]p™ = +15.99 (¢ 0.24, CHCl3); IR (CHCI;, cast) v 3600-3100,
2928, 2855, 1711, 1688, 1613, 1513, 1455, 1248, 1071 cm™'; 'H NMR (CDCl3, 400
MHz) 8 1.32 (s, 3H, CH3), 1.54 (s, 3H, CH3), 1.63-1.69 (m, 2H, CH3), 1.74-1.80 (m, 2H,
CH»-5%), 3.61-3.66 (m, 2H, CH,OH), 3.75 (s, 3H, ArOCH3), 4.04 (ddd, 1H, J = 6.6, 4.7
Hz, H-4"), 4.56 (dd, 1H, J = 6.6, 4.7 Hz, H-3"), 4.86 (dd, 1H, J = 6.6, 2.4 Hz, H-2"), 4.99
(d, 1H, J = 13.6 Hz, benzylic CH,Hy), 5.04 (d, 1H, J = 13.6 Hz, benzylic CH,Hy), 5.64
(d, 1H, J = 2.4 Hz, H-1"), 5.75 (d, 1H, J = 8.2 Hz, H-5), 6.80 (d, 2H, J = 8.8 Hz, ArH),
7.16 (d, 1H, J = 8.2 Hz, H-6), 7.42 (d, 2H, J = 8.8 Hz, ArH); C NMR (CDCl;, 100
MHz) 825.4, 27.2, 28.8, 29.8, 43.5, 55.2, 62.3, 83.7, 84.7, 86.6, 93.9, 102.2, 113.7,
114.7, 128.8, 130.7, 139.2, 150.5, 159.1, 162.4; HRMS (ES+) caled for CyHsN,0O7Na

455.1789, found 455.1793 [MNa]".
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1-((3aR,4R,6R,6aR)-6-(3-Bromopropyl)-2,2-dimethyltetrahydrofuro(3,4-

d}[1,3]dioxol-4-yI)-3-(4-methoxybenzyl)pyrimidine-2,4(1H,3H)-dione (91)

Alcohol 90 (344 mg, 0.796 mmol) and

(\fo OMe
N ﬁ triphenylphosphine (316 mg, 1.20 mmol)

were dissolved in MeCN (7.5 mL) and a

x solution of CBr4 (346 mg, 1.04 mmol) in

MeCN (2.0 mL) was added. The light orange mixture was stirred at rt for 3 h, then
concentrated in vacuo. The resulting dark red residue was purified by flash
chromatography (SiO,, EtOAc/hexanes, 3:2) to give bromide 91 as a white foam (336
mg, 85%): R;0.62 (EtOAc, 100%); [a]p™® = +15.79 (¢ 0.19, CHCls); IR (CHCl, cast)
v 2933, 1712, 1670, 1612, 1513, 1453, 1248, 1083 cm™; '"H NMR (CDCl;, 300 MHz) &
1.34 (s, 3H, CH3), 1.56 (s, 3H, CH3), 1.81-1.90 (m, 2H, CH,-57), 1.91-2.04 (m, 2H, CH,),
3.41(t,2H, J= 6.4, CH,Br), 3.78 (s, 3H, ArOCH3), 4.03 (ddd, 1H,J=6.9, 5.1 Hz, H-4’),
4.61 (dd, 1H, J=6.7, 4.7 Hz, H-3"), 4.92 (dd, 1H, J = 6.7, 2.2 Hz, H-2"), 5.03 (s, 2H,
benzylic CH,), 5.61 (d, 1H, J=2.2 Hz, H-1"), 5.77 (d, 1H, J = 8.0 Hz, H-5), 6.83 (d, 2H,
J=18.7Hz, ArH), 7.15 (d, 1H, J = 8.0 Hz, H-6), 7.44 (d, 2H, J = 8.7 Hz, ArH); "C NMR
(CDCls, 100 MHz) 3 25.3, 27.2,28.9, 31.8, 33.2,43.5, 55.2, 83.7, 84.6, 86.3,94.4, 102.3,
113.7, 114.7, 128.8, 130.7, 139.5, 150.5, 159.1, 162.4; HRMS (ES+) calcd for

C2H,7N,06NaBr 517.0950, found 517.0950 [MNa]".
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(E)-Methyl 3-((3aR4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-

furo[3,4-d|[1,3]dioxol-4-yDacrylate (94)*"

This known compound was prepared using the

N NH,
MeOZC\/\((i?;N\e/\\Y\I same procedure as for 80. Thus, reaction of

5 b 2°,3’-0-isopropylideneadenosine (3.12 g, 10.2

mmol) with IBX (7.12 g, 25.4 mmol) and
((methoxycarbonyl)methylene)triphenylphosphorane (8.50 g, 25.4 mmol) in DMSO (25.5
mL) for 95 h was followed by flash chromatography (SiO,, toluene/acetone, 9:1 to 4:1,
then EtOAc/MeOH, 100:0 to 95:5) to give 94 as a pale orange foam (3.52 g, 96%): Ry
0.27 (EtOAc/MeOH, 95:5); [a]p® = -13.33 (¢ 0.33, MeOH); IR (uscope) v 3327, 3172,
2990, 2951, 1722, 1650, 1599, 1210, 1084 cm™; "H NMR (CDCls, 500 MHz) & 1.41 (s,
3H, CH3), 1.63 (s, 3H, CHas), 3.67 (s, 3H, OCHa), 4.81 (ddd, 1H, J= 5.5, 3.5, 1.7 Hz, H-
4%),5.14 (dd, 1H, J = 6.5, 3.5 Hz, H-3"), 5.56 (dd, 1H, J = 6.5, 2.0 Hz, H-2"), 5.83 (dd,
1H, J=15.9, 1.7 Hz, CH;0,CCH=CH), 6.14 (d, 1H, J=2.0 Hz, H-1"), 6.97 (dd, 1H, J =
15.9, 5.5 Hz, CH;0,CCH=CH), 7.87 (s, 1H, H-8), 8.33 (s, 1H, H-2); *C NMR (CDCl;,
125 MHz) 8 25.4, 27.1, 51.7, 84.0, 84.3, 86.3, 90.6, 114.7, 120.3, 122.1, 132.1, 143.7,
149.5, 153.2, 155.5, 166.0; HRMS (ES+) caled for CisHi9NsOsNa 384.1278, found

384.1280 [MNa]".

Methyl 3-((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-

furo|3,4-d][1,3]dioxol-4-yl)propanoate 95)2"7

10% Pd/C (205 mg) was added to a solution of

~ NH,
MeOaC\/\ézN\e/\\ij o,B-unsaturated ester 94 (1.99 g, 5.50 mmol) in
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EtOH (90.0 mL), and the mixture was shaken on a Parr hydrogenator at 60 psi for 18 h
then filtered through Celite. The Celite was washed with hot EtOH, and the filtrate was
concentrated in vacuo to give 95 as a yellow foam (1.89 g, 95%): Ry 0.40 (EtOAc/MeOH,
95:5), [oc]D20 =-7.04 (¢ 0.27, MeOH); IR (uscope) v 3326, 3172, 2989, 2951, 1731, 1641,
1598, 1504, 1476, 1204, 1075 cm™; 'H NMR (CDCls, 300 MHz) 8 1.34 (s, 3H, CH3),
1.56 (s, 3H, CH3), 2.01 (app q, 2H, J = 7.3 Hz, CH,-5"), 2.35 (app t, 2H, J = 7.3 Hz,
CHa,,), 3.57 (s, 3H, OCHj3), 4.15-4.21 (m, 1H, H-4"), 4.85 (dd, 1H, J= 6.3, 3.9 Hz, H-3’),
5.45(dd, 1H, J=6.3, 2.0 Hz, H-2"), 6.02 (d, 1H, J = 2.0 Hz, H-1"), 6.65 (br s, 2H, NH,),
7.89 (s, 1H, H-8), 8.29 (s, 1H, H-2); >*C NMR (CDCl;, 100 MHz) & 25.4, 27.1, 28.4,
30.1, 51.6, 83.96, 83.99, 85.8, 90.2, 114.6, 120.1, 139.9, 149.2, 152.7, 155.8, 173.2;

HRMS (ES+) caled for C16H,oNsOs 364.1616, found 364.1617 [MH]".

Methyl 3-((3aR,4R,6R,6aR)-6-(6-(fert-butoxycarbonylamino)-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro|3,4-d}[1,3]dioxol-4-yl)propanoate (96)
This compound was prepared by the procedure

= NHBoc 28 s .
\%\\( of Ubukata ef al.””" Di-tert-butyl dicarbonate

(1.10 g, 5.04 mmol) in DMF (2.0 mL) was

x added to a suspension of 95 (1.67 g, 4.60

mmol) and NaH (60% in mineral oil, 1.02 g, 25.5 mmot) in DMF (41.0 mL) at -40 °C.
The mixture was stirred at -40 “C for 20 min, then a saturated solution of NH4Cl (16 mL)
was added, and the orange mixture was allowed to warm to rt. EtOAc (80 mL) was
added, and the layers were separated. The aqueous layer was extracted with EtOAc (3 x

30 mL), and the combined organic layers were washed with brine then dried (Na;SOy).
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Concentration in vacuo was followed by flash chromatography (SiO,, EtOAc/hexanes,
4:1) to yield 96 as an off-white foam (894 mg, 42%): R, 0.34 (EtOAc/hexanes, 4:1);
[a]p® =-6.13 (¢ 0.31, MeOH); IR (uscope) v 3182, 2980, 1737, 1607, 1585, 1524, 1462,
1214, 1142, 1074 cm™; 'H NMR (CDCl;, 300 MHz) & 1.39 (s, 3H, CH;), 1.57 (s, 9H,
C(CHa)s), 1.61 (s, 3H, CHj3), 2.04 (app q, 2H, J = 7.3 Hz, CH»-5"), 2.37 (app t, 2H, J =
7.3 Hz, CH,,), 3.61 (s, 3H, OCHs), 4.24 (ddd, 1H, J=7.3, 7.3, 3.9 Hz, H-4"), 4.89 (dd,
1H, J= 6.5, 3.9 Hz, H-3"), 5.50 (dd, 1H, J = 6.5, 2.5 Hz, H-2"), 6.06 (d, 1H, J = 2.5 Hz,
H-1°), 7.99-8.01 (m, 2H, H-8 + NH), 8.76 (s, 1H, H-2); "C NMR (CDCl;, 125 MHz) &
25.4,27.2, 28.1, 28.4, 30.0, 51.6, 82.3, 83.96, 83.99, 86.0, 90.5, 114.8, 122.4, 141.9,
149.6, 150.0, 150.3, 153.1, 173.0; HRMS (ES+) calcd for C2;H30NsO7 464.2140, found

464.2138 [MH]".

3-((3aR,4R,6R,6aR)-6-(6-(tert-Butoxycarbonylamino)-9H-purin-9-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoic acid (97)
LiOH-H,0 (229 mg, 5.45 mmol) was added to a

= NHBoc ) )
\8/\\( solution of ester 96 (834 mg, 1.80 mmol) in

i THF/H,O (5:3, 61.0 mL) at 0 °C, and the pale

x yellow mixture was stirred at 0 °C for 7.5 h.

While still at 0 °C, it was acidified to pH 4.0 with 1 M citric acid and extracted with

EtOAc (3 x 20 mL). The combined organic layers were dried (MgSQ,) and concentrated

in vacuo to afford carboxylic acid 97 as an off-white foam (809 mg, 100%): Ry 0.04
(EtOAc/hexanes, 4:1); [a]p™ = -7.65 (¢ 0.34, MeOH); IR (uscope) v 3600-2300, 3188,

2981, 2937, 1747, 1611, 1588, 1525, 1467, 1233, 1147, 1080 cm™; 'H NMR (CD;OD,
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500 MHz) & 1.37 (s, 3H, CHs), 1.58 (s, 12H, C(CHs); + CH3), 1.97 (app q, 2H, J = 7.5
Hz, CH,-5"), 2.32 (app t, 2H, J = 7.5 Hz, CH,,), 421 (ddd, 1H, J = 7.5, 7.5, 3.7 Hz, B-
4), 4.94 (dd, 1H, J= 6.5, 3.7 Hz, H-3"), 5.51 (dd, 1H, J=6.5, 2.5 Hz, H-2), 6.20 (d, 1H,
J =25 Hz, H-1"), 8.42 (s, 1H, H-8), 8.58 (s, 1H, H-2); *C NMR (CD;O0D, 125 MHz)
24.1,26.0,27.0, 28.2, 29.4, 81.3, 83.8, 83.9, 85.8, 89.8, 114.3, 122.0, 142.1, 150.0, 150.6,
150.9, 151.8, 175.0; HRMS (ES+) caled for CaoHasNsO7 450.1983, found 450.1984

[MH]".

tert-Butyl 9-((3aR,4R,6R,6aR)-6-(3-hydroxypropyl)-2,2-dimethyltetrahydrofuro|[3,4-

d][1,3]dioxol-4-y])-9H-purin-6-ylcarbamate (98)

EtsN (1.00 mL, 7.17 mmol) was added to a

=N NHBoc
HO/\/\G’NM solution of carboxylic acid 97 (829 mg, 1.84
/N
oxb mmol) in THF (3.0 mL), and the mixture was

cooled to -7 °C. Ethyl chloroformate (190 uL,
1.99 mmol) in THF (5.0 mL) was then added and the dark orange mixture was stirred at -
7 °C for 2 h. The resulting suspension was filtered to remove Et;NHCI, then it was
cooled to 0 °C and NaBH,4 (141 mg, 3.72 mmol) in HO (2.0 mL) was added. The
mixture was allowed to warm to rt and was stirred for 4 h, then it was acidified to pH 3
with 3 M HCI. Extraction with EtOAc (3 x 40 mL) was followed by washing of the
combined organic layers with 0.5M NaOH (2 x 50 mL), H,O (50 mL), and finally brine
(50 mL). After drying of the organic layer (Na;SO4) and concentration in vacuo, the
crude product was purified by flash chromatography (SiO,, EtOAc/hexanes, 4:1, then

EtOAc/MeOH, 9:1) to give alcohol 98 as a colourless glass (305 mg, 38%) as well as 212
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mg of unreacted mixed anhydride (22%): R;0.06 (EtOAc/hexanes, 4:1); [o]p? = -16.00
(¢ 0.22, MeOH); IR (uscope) v 3600-3200, 3259, 2981, 2937, 1749, 1611, 1586, 1525,
1466, 1233, 1147, 1076 em™; "H NMR (CDCl;, 300 MHz) & 1.39 (s, 3H, CH3), 1.57 (s,
9H, C(CHa)3), 1.62 (s, 3H, CHj), 1.63-1.69 (m, 2H, CH,-5%), 1.75-1.82 (m, 2H, CH,),
3.61 (t, 2H, J = 6.2 Hz, CH,OH), 4.25 (ddd, 1H, J = 6.9, 6.9, 3.8 Hz, H-4"), 4.86 (dd, 1H,
J=6.5,3.8 Hz, H-3"), 5.51 (dd, 1H, J = 6.5, 2.5 Hz, H-2"), 6.07 (d, 1H, J = 2.5 Hz, H-
1°), 8.02 (s, 1H, H-8), 8.76 (s, 1H, H-2); >C NMR (CDCl;, 125 MHz) & 25.4, 27.2, 28.1,
28.7, 29.9, 62.2, 82.3, 84.0, 84.2, 87.0, 90.6, 114.8, 122.3, 139.5, 149.6, 150.0, 150.3,

153.1; HRMS (ES+) caled for CaoHioNsOg 436.2191, found 436.2195 [MH]".

tert-Butyl 9-((3aR,4R,6R,6aR)-6-(3-bromopropyl)-2,2-dimethyltetrahydrofuro(3,4-

d][1,3]dioxol-4-y])-9 H-purin-6-ylcarbamate (99)

Alcohol 98 (278 mg, 0.638 mmol) and

/‘N NHBoc
Br/\/\C)J,N\e/\\( triphenylphosphine (262 mg, 1.00 mmol) were
N
— N=/
o b dissolved in MeCN (6.2 mL) and a solution of

CBrs (304 mg, 0.915 mmol) in MeCN (2.0 mL)

was added. The mixture was stirred at rt for 6 h, then concentrated in vacuo. The residue
was purified by flash chromatography (SiO,, EtOAc/hexanes, 1:1) to give bromide 99 as
a white foam (97.9 mg, 31%): Ry 0.40 (EtOAc/hexanes, 4:1); IR (uscope) v 3181, 2980,
2936, 1750, 1610, 1586, 1524, 1465, 1230, 1146, 1078 cm™; 'H NMR (CDCl;, 300
MHz) & 1.40 (s, 3H, CH3), 1.58 (s, 9H, C(CHs)3), 1.62 (s, 3H, CH3), 1.80-2.00 (m, 4H,
CH,-5°, CHy), 3.33-3.40 (m, 2H, CH,Br), 4.22 (ddd, 1H, J=7.2, 7.2, 3.8 Hz, H-4"), 4.90

(dd, 1H, J=6.5, 3.8 Hz, H-3"), 5.54 (dd, 1H, J = 6.5, 2.2 Hz, H-2"), 6.07 (d, 1H, J = 2.2
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Hz, H-1%), 7.90 (br s, 1H, NH), 8.01 (s, 1H, H-8), 8.77 (s, 1H, H-2); *C NMR (CDCl;,
100 MHz) & 25.4, 27.1, 28.1, 28.8, 31.8, 33.0, 82.3, 83.9, 84.1, 86.4, 90.5, 114.7, 122.3,
139.9, 149.7, 150.1, 150.3, 153.1; HRMS (ES+) caled for CaHyoN505Br 498.1347, found

498.1343 [MH]".

Dimethyl 2-(tributylstannyl)maleate (100)*"

COMe This known compound was prepared as reported by Rossi ef al.'"’
2

Me0O-C. ~ SnBug | Pd(PPhs)s (139 mg, 0.121 mmol) was added to a solution of

dimethyl acetylenedicarboxylate (300 uL, 2.44 mmol) in THF (3.7 mL). The reaction
vessel was wrapped in aluminum foil and a solution of tri-n-butyltin hydride (600 uL,
2.06 mmol) in THF (3.3 mL) was added dropwise over 1.5 h. The mixture was stirred at
rt for 4 h, then concentrated in vacuo. The resulting residue was diluted with hexanes (25
mL) and stirred for 1 h, at which point the precipitated Pd catalyst was removed by
filtration. The solvent was removed in vacuo to give a yellow oil. This was purified by
flash chromatography (SiO,, hexanes/EtOAc, 9:1) to afford vinyl stannane 100 as a pale
yellow oil (738 mg, 83%): Ry 0.22 (hexanes/EtOAc, 9:1); IR (CH,Cl,, cast) v 2955, 2926,
2872, 2853, 1718, 1605, 1224 cm™; 'TH NMR (CDCls, 300 MHz) & 0.87 (t, 9H, J = 7.3
Hz, 3 x CH,CH,CH,CH3), 1.04 (t, 6H, J = 8.1 Hz, 3 x CH,CH,CH,CH3), 1.29 (sextet,
6H, J = 7.3 Hz, 3 x CH,CH,CH>CH3), 1.44-1.53 (m, 6H, 3 x CH,CH>CH,CH3), 3.70 (s,
3H, OCH3), 3.77 (s, 3H, OCH3), 5.99 (s, 0.83H, C=CH, flanked by d, ~ 0.08H, *J' s,y =
46.8 Hz, and d, ~ 0.09H, *J'"%,11 = 48.0 Hz, C=CH); *C NMR (CDCl;, 100 MHz) &
10.7, 13.6, 27,2, 28.5, 51.6, 51.8, 128.8, 159.1, 163.3, 172.9; HRMS (ES+) calcd for

C1sH3404NaSn 457.1371, found 457.1375 [MNa]".
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1-((3aR,4R,6R,6aR)-6-(3-Iodopropyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-
4-yl)-3-(4-methoxybenzyl)pyrimidine-2,4(1H,3H)-dione (108)
Nal (457 mg, 3.05 mmol) was added to a

0 \/O/ solution of bromide 91 (201 mg, 0.405

0 mmol) in acetone (2.5 mL), and the

>< reagents were stirred at reflux for 26 h.

Upon cooling to rt, the solvent was removed in vacuo and the green residue was
partitioned between EtOAc (3 mL) and H,O (3 mL). The layers were separated and the
aqueous layer was extracted with EtOAc (3 x 3 mL). The combined organic layers were
washed with 1M Na,S,0; (3 mL), H,O (3 mL), then dried (Na,SO4). After concentration
in vacuo, the residue was purified by flash chromatography (SiO,, EtOAc/hexanes, 1:1)
to afford iodide 108 as a pale yellow foam (119 mg, 54%): Ry 0.68 (EtOAc, 100%);
[a]p? = +15.56 (c 0.18, MeOH); IR (uscope) v 3093, 2987, 2936, 2836, 1709, 1660,
1612, 1585, 1512, 1450, 1244, 1067 cm™; '"H NMR (CDCl;, 500 MHz) & 1.34 (s, 3H,
CHa), 1.56 (s, 3H, CHas), 1.82 (t, 2H, J= 7.5 Hz, CH), 1.85-1.96 (m, 2H, CH,), 3.15-3.21
(m, 2H, CHalI), 3.78 (s, 3H, ArOCH3), 4.01-4.04 (m, 1H, H-4"), 4.61 (app t, 1H, J = 6.0
Hz, H-3”), 4.92 (d, 1H, J= 6.0 Hz, H-2’), 5.03 (s, 2H, benzylic CH), 5.61 (s, 1H, H-1"),
5.78 (d, 1H, J = 8.0 Hz, H-5), 6.83 (d, 2H, J = 8.3 Hz, ArH), 7.16 (d, 1H, J = 8.0 Hz, H-
6), 7.44 (d, 2H, J = 8.3 Hz, ArH); "C NMR (CDCl;, 100 MHz) 8 6.1, 25.4, 27.2, 29.6,
34.1, 43.5, 55.2, 83.8, 84.6, 86.2, 94.4, 102.3, 113.7, 114.7, 128.8, 130.7, 139.6, 150.5,

159.2, 162.4; HRMS (ES+) calcd for CyyHa7N,OgNal 565.0806, found 565.0803 [MNa]".
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tert-Butyl 9-((3aR ,4R,6R,6aR)-6-(3-iodopropyl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]-dioxol-4-y1)-9 H-purin-6-ylcarbamate (110)

Nal (187 mg, 1.25 mmol) was added to a solution

= NHBoc
IWNM of bromide 99 (78.2 mg, 0.157 mmol) in acetone

Sz (2.0 mL), and the mixture was stirred at reflux for

28.5 h. The solvent was removed in vacuo and the
yellow residue was partitioned between EtOAc (1.5 mL) and H,O (1.5 mL). The layers
were separated and the aqueous layer was extracted with EtOAc (2 x 1.5 mL). The
combined organic layers were dried (Na;SO,) and concentrated in vacuo. Purification by
flash chromatography (SiO», EtOAc/hexanes, 1:1) gave iodide 110 as a white foam (63.6
mg, 74%): R 0.11 (EtOAc/hexanes, 1:1); [a]p” = -4.58 (¢ 0.12, MeOH); IR (uscope)
v 3180, 2979, 2935, 1750, 1609, 1585, 1525, 1464, 1227, 1145, 1077 cm™'; '"H NMR
(CDCl;, 500 MHz) & 1.40 (s, 3H, CH3), 1.57 (s, 9H, C(CHs)3), 1.62 (s, 3H, CHs), 1.81
(app q, 2H, J = 6.9 Hz, CH,-5"), 1.86-1.91 (m, 2H, CHy), 3.10-3.16 (m, 2H, CHl), 4.22
(ddd, 1H, J=6.9, 6.9, 3.7 Hz, H-4"), 4.90 (dd, 1H, J= 6.5, 3.7 Hz, H-3"), 5.54 (dd, 1H, J
=6.5,2.5 Hz, H-2%), 6.06 (d, 1H, J= 2.5 Hz, H-1"), 7.91 (br s, 1H, NH), 8.01 (s, 1H, H-
8), 8.77 (s, 1H, H-2); '*C NMR (CDCl;, 100 MHz) § 5.9, 25.4, 27.2, 28.1, 29.5, 34.0,
82.3, 83.9, 84.1, 86.3, 90.5, 114.7, 122.4, 141.8, 149.7, 150.1, 150.3, 153.1; HRMS

(ES+) caled for CyoHasN5OsINa 568.1027, found 568.1025 [MNa]".
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3-((3aR 4R 6R 6aR)-6-(3-(4-Methoxybenzyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-

yD-2,2-dimethyltetrahydrofuro[3,4-d}[1,3]dioxol-4-yl)propanoic acid (117)

LiOH*H;0 (106 mg, 2.53 mmol) was

’/\(O OMe
HO,C V\GJ’NTN \/©/ added to a solution of ester 124 (459 mg,

5 & O 1.00 mmol) in HO/THF (1:1, 30.0 mL)

x cooled to 0 °C. The mixture was stirred

at 0°C for 2 h. It was then acidified to pH 4 with 1 M citric acid and extracted with
EtOAc (3 x 20 mL). The combined organic layers were dried (Na;SO4) and concentrated
in vacuo to give carboxylic acid 117 as a white foam (445 mg, 100%): Ry 0.03
(EtOAc/hexanes, 1:1); [a]p? = +7.88 (¢ 0.34, MeOH); IR (uscope) v 3700-2400, 2989,
2938, 2838, 1704, 1658, 1650, 1612, 1513, 1454, 1297, 1081 cm™; "H NMR (CDCls, 500
MHz) § 1.34 (s, 3H, CHs), 1.56 (s, 3H, CH3), 2.06 (app q, 2H, J = 7.5 Hz, CH,-5’), 2.47
(app t, 2H, J= 7.5 Hz, CHa,), 3.78 (s, 3H, ArOCH3), 4.05-4.08 (m, 1H, H-4’), 4.64 (dd,
1H, J=6.5, 5.0 Hz, H-3"), 4.94 (dd, 1H, J= 6.5, 2.5 Hz, H-2"), 5.01 (d, 1H, J = 13.5 Hz,
benzylic CH,Hy), 5.05 (d, 1H, J=13.5 Hz, benzylic CH,Hy), 5.60 (d, 1H, J=2.5 Hz, H-
17),5.78 (d, 1H, J = 8.0 Hz, H-5), 6.83 (d, 2H, J = 8.8 Hz, ArH), 7.15 (d, 1H, J= 8.0 Hz,
H-6), 7.44 (d, 2H, J = 8.8 Hz, ArH); "C NMR (CDCl;, 125 MHz) 8 25.4, 27.2, 28.1,
30.1, 43.6, 55.2, 83.5, 84.6, 86.0, 94.4, 102.1, 113.7, 114.7, 128.7, 130.7, 140.0, 150.5,
159.1, 162.9, 177.8; HRMS (ES+) calcd for CpHy¢N,OgNa 469.1581, found 469.1580

[MNal".
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(Z£)-5-Methoxy-3-(methoxycarbonyl)-5-oxopent-3-enoic acid (118)

This compound was prepared by a modification of the
COzMe

MeO,C._A\__COH

procedure reported by Kar er al.'*> Alkene 120 (790 mg, 4.29

mmol) was dissolved in acetone (50.0 mL) and the dye Sudan Red 7B'** (~ 5 mg) was
added. The solution was cooled to -78 °C, and ozone was bubbled through until
dissipation of the red colour of the indicator (~7 min). Excess ozone was purged from
the system by flushing with argon for 30 min, then the solvent was removed in vacuo.
The resulting oil was dissolved in Et;0 (35.0 mL) and cooled to 0 °C. A 5% solution of
Na,Cr,07; 2H,0 in 4 M H,SO;4 (23.0 mL) was added dropwise, and the resulting black
mixture was stirred at 0 °C for 3 h. It was then extracted with EtOAc (3 x 35 mL) and
dried (Na;SQO4). Purification by flash chromatography (SiO,, hexanes/EtOAc, 3:2)
yielded carboxylic acid 118 as a yellow oil (487 mg, 56%): R;0.03 (EtOAc/pentane, 7:3);
IR (CH,Cly, cast) v 3450-2400, 3009, 2957, 1731, 1655, 1277, 1176 ¢cm™; '"H NMR
(CDCls, 300 MHz) 8 3.41 (s, 2H, CH,), 3.76 (s, 3H, OCHz), 3.80 (s, 3H, OCH3), 6.18 (s,
1H, C=CH); *C NMR (CDCl;, 125 MHz) & 38.6, 52.2, 52.7, 127.9, 136.4, 165.4, 166.5,

174.4, HRMS (ES+) caled for CsH10OsNa 225.0370, found 225.0372 [MNa]+.

Dimethyl 2-allylmaleate (120)*

COMe This known compound was prepared using an adaptation of the
2

MGOQC Z

X | procedure of Baldwin et al.”?' A crystal of iodine was added to a

suspension of magnesium turnings (1.01 g, 41.4 mmol) in Et,O (6.0 mL). Upon
dissipation of the purple colour, allyl bromide (1.50 mL, 17.2 mmol) in Et,O (10.0 mL)

was added dropwise, and the reaction mixture was heated at reflux for 2 h. Upon cooling
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to rt, the Grignard mixture was transferred via canula to a dropping funnel connected to a
round bottom flask containing a suspension of freshly prepared”* CuBr+SMe, (4.24 g,
20.6 mmol) in THF (112.0 mL) at -40 °C. The Grignard solution was added dropwise,
and the resulting orange reaction mixture was stirred at -40 °C for 1 h. It was then cooled
to -78 °C and dimethyl acetylenedicarboxylate (1.80 mL, 14.6 mmol) in THF (25.0 mL)
was added dropwise over 30 min. The resulting dark red mixture was stirred at -78 °C for
1 h, then a saturated solution of NH4Cl (34 mL, adjusted to pH 8 with NH4OH) was
added. The mixture was allowed to warm to rt, then it was partitioned between Et,O (50
mL) and H,O (50 mL). The aqueous layer was extracted with Et,0O (3 x 75 mL) and the
combined organic layers were washed with saturated NH4Cl (100 mL) then brine (100
mL). After drying (Na;SO4) and concentration in vacuo, the resulting crude oil was
purified by flash chromatography (SiO,, pentane/Et,O, 9:1) to afford 120 as a yellow
liquid (2.40 g, 89%): R, 0.07 (pentane/Et,0, 9:1); IR (neat) v 3082, 2954, 2845, 1732,
1652, 1170, 1092 cm™; '"H NMR (CDCl3, 500 MHz) 8 3.10 (dd, 2H, J = 6.8, 1.0 Hz,
allylic CHy), 3.74 (s, 3H, OCHa), 3.83 (s, 3H, OCHj3), 5.16-5.21 (m, 2 H, CH=CH,), 5.78
(dddd, 1H, J = 17.0, 10.5, 6.8, 6.8 Hz, CH=CH,), 5.87 (t, 1H, J = 1.8 Hz, =CH); C
NMR (CDCls, 125 MHz) 8 38.0, 51.9, 52.3, 119.3, 120.5, 131.9, 148.0, 165.4, 168.7;

HRMS (ES+) caled for CoH;204Na 207.0628, found 207.0628 [MNa]".

(E)-Methyl 3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)acrylate (121)**

This known compound was prepared using the same
Y
4 0]

~

3. 0

e 140

method as for the preparation of 80. IBX (4.90 g,
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17.5 mmol) and ((methoxycarbonyl)methylene)-triphenylphosphorane (5.85 g, 17.5
mmol) were added to a solution of 2°,3°-O-isopropylideneuridine (1.98 g, 6.98 mmol) in
DMSO (17.5 mL), and the mixture was stirred at rt for 98.5 h. H,O (50 mL) and EtOAc
(50 mL) were added, and the mixture was filtered to remove insoluble material. The
layers were separated, and the aqueous layer was extracted with EtOAc (3 x 100 mL).
The combined organic layers were dried (Na;SO,) and concentrated in vacuo.
Purification by flash chromatography (SiO,, EtOAc/hexanes, 3:2 to 7:3) afforded 121 as
a pale orange foam (2.15 g, 91%): Ry 0.44 (EtOAc, 100%); [a]p® = +36.66 (¢ 0.33,
CHCls); IR (uscope) v 3206, 3063, 2992, 2953, 2822, 1689, 1645, 1268, 1068 cm™; 'H
NMR (CDCl;, 400 MHz) & 1.36 (s, 3H, CHj3), 1.59 (s, 3H, CHj3), 3.75 (s, 3H, OCH3),
4.67 (ddd, 1H, J=6.0, 4.8, 1.6 Hz, H-4"), 4.85 (dd, 1H, J = 6.4, 4.8 Hz, H-3"), 5.08 (dd,
1H, J=6.4,2.0 Hz, H-2"), 5.63 (d, 1H, J=2.0 Hz, H-1"), 5.75 (dd, 1H, J = 8.0, 2.4 Hz,
H-5), 6.05 (dd, 1H, J = 15.9, 1.6 Hz, CH;0,CCH=CH), 7.02 (dd, 1H, J = 15.9, 6.0 Hz,
CH;0,CCH=CH), 7.19 (d, 1H, J = 8.0 Hz, H-6), 8.46 (br s, 1H, NH); *C NMR (CDCls,
125 MHz) 6 25.3, 27.1, 51.8, 84.0, 84.5, 86.9, 95.2, 102.9, 114.8, 122.2, 142.6, 143.7,
149.8, 163.0, 166.2; HRMS (ES+) caled for CisH;sN,O7Na 361.1012, found 361.1010

[MNa]".

Methyl 3-((3aR,4R,6R,6 aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoate (122)

10% Pd/C (158 mg) was added to a solution of a,f3-

Y

MeOQC\/\CDJ,N \ﬂ/NH unsaturated ester 121 (1.50 g, 4.42 mmol) in EtOH
O

(5: P (73.0 mL), and the mixture was stirred under 1 atm

X
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H, for 14 h. It was then filtered through Celite and concentrated in vacuo to afford 122
as a white foam (1.41 g, 94%): R;0.18 (EtOAc/hexanes, 2:1); [a]p®® = +27.47 (¢ 0.23,
CHCL); IR (uscope) v 3209, 3063, 2990, 2953, 1692, 1270, 1090 cm™; 'H NMR (CDCls,
500 MHz) & 1.35 (s, 3H, CH3), 1.56 (s, 3H, CHs), 2.06 (app q, 2H, J = 7.6 Hz, CH,-5),
2.40-2.50 (m, 2H, CH,,), 3.67 (s, 3H, OCHj), 4.06 (ddd, 1H, J = 7.6, 7.6, 5.3 Hz, H-4"),
4.62 (dd, 1H, J = 6.3, 5.3 Hz, H-3"), 4.96 (dd, 1H, J= 6.3, 2.0 Hz, H-2), 5.61 (d, 1H, J =
2.0 Hz, H-1%), 5.74 (dd, 1H, J = 8.0, 2.0 Hz, H-5), 7.21 (d, 1H, J = 8.0 Hz, H-6), 8.45 (br
s, 1H, NH); >C NMR (CDCl;, 125 MHz) 8 25.3, 27.1, 28.3, 30.1, 51.6, 83.5, 84.3, 86.0,
93.6, 102.5, 114.6, 142.6, 150.1, 164.0, 173.3; HRMS (ES+) calced for CisH0N,0,Na

363.1168, found 363.1166 [MNa]™.

Methyl 3-((3aR,4R,6R,6aR)-6-(3-(4-methoxybenzyl)-2,4-dioxe-3,4-dihydropyrimidin-

1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoate (123)

p-Methoxybenzyl chloride (810 uL, 5.97

(\(o OMe
MeOng\Cb,N\n/N\/@ mmol) and DBU (890 uL, 5.95 mmol)

> were added to a solution of nucleoside

x derivative 122 (1.01 g, 2.97 mmol) in

MeCN (25.2 mL), and the reaction mixture was stirred at reflux for 14 h. Upon cooling
to rt, the solvent was removed in vacuo, and the residue was partitioned between EtOAc
(40 mL) and H,O (40 mL). The layers were separated, and the aqueous layer was
acidified with 1 M citric acid, then extracted with EtOAc (3 x 40 mL). The combined
organic layers were washed with brine, dried (MgSO,), and concentrated in vacuo. The

resulting orange oil was purified by flash chromatography (SiO», EtOAc/hexanes, 1:1) to
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give 123 as a pale yellow gum (1.14 g, 83%): R;0.21 (EtOAc/hexanes, 1:1); [a]p™ =
+24.76 (¢ 0.21, MeOH); IR (CHCls, cast) v 2988, 2952, 2837, 1736, 1712, 1669, 1612,
1513, 1453, 1248, 1085 cm™’; 'H NMR (CDCl;, 500 MHz) & 1.34 (s, 3H, CH3), 1.56 (s,
3H, CHs), 2.05 (app q, 2H, J = 7.7 Hz, CH,-5"), 2.38-2.48 (m, 2H, CH,,), 3.67 (s, 3H,
CO,CHs), 3.78 (s, 3H, ArOCH3), 4.03-4.06 (m, 1H, H-4"), 4.61 (dd, 1H, J = 6.8, 4.8 Hz,
H-3%), 4.91 (dd, 1H, J = 6.8, 2.2 Hz, H-2’), 5.00 (d, 1H, J = 13.5 Hz, benzylic CH,Hy),
5.07 (d, 1H, J = 13.5 Hz, benzylic CHHy), 5.63 (d, 1H, J=2.2 Hz, H-1%), 5.77 (d, 1H, J
= 8.3 Hz, H-5), 6.83 (d, 2H, J = 8.8 Hz, ArH), 7.16 (d, 1H, J = 8.3 Hz, H-6), 7.45 (d, 2H,
J = 8.8 Hz, ArH); 3C NMR (CDCls, 125 MHz) 825.4, 27.2, 28.4, 30.2, 43.6, 51.7, 55.2,
83.6, 84.6, 85.9, 94.2, 102.3, 113.7, 114.8, 128.8, 130.8, 139.5, 150.5, 159.1, 162.4,

173.2; HRMS (ES+) calcd for Co3H2sN,OgNa 483.1738, found 483.1737 [MNa]".

2-Methoxypropan-2-yl peroxy-3-((3aR,4R,6R,6aR)-6-(3-(4-methoxybenzyl)-2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-4][1,3]dioxol-
4-yl)propanoate (125)

DCC (108 mg, 0.524 mmol), 2-

OMe

0]
Q /\f%@/ methoxyprop-2-yl hydro-
MeO._ _O. O _N__N
OO
— O
dxo

peroxide126’ 127 (60 mg/mL in

CH,Cly, 714 uL, 0.404 mmol)

and DMAP (4.40 mg, 0.0360 mmol), were added to a solution of carboxylic acid 117
(150 mg, 0.336 mmol) in CH,Cl, (2.0 mL) at 0 °C. The pale yellow suspension was
stirred for 2.5 h while allowing it to slowly warm to rt. The mixture was then filtered

through Celite to remove the dicyclohexylurea byproduct, and the filtrate was
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concentrated in vacuo. Purification was done by flash chromatography (SiO,
hexanes/EtOAc, 3:2) to give perester 125 as a colourless glass (130 mg, 72%): R, 0.23
(EtOAc/hexanes, 1:1); [a]o™® = +23.17 (¢ 0.51, CHCly); IR (CHCI;, cast) v 2992, 2939,
2836, 1775, 1712, 1669, 1612, 1513, 1453, 1297, 1068 cm™; 'H NMR (CDCls, 300
MHz) 6 1.33 (s, 3H, CHa), 1.45 (s, 6H, methoxypropyl 2 x CH3), 1.54 (s, 3H, CH3), 2.03-
2.13 (m, 2H, CH-5’), 2.41-2.47 (m, 2H, CHa,), 3.32 (s, 3H, methoxypropyl OCH3), 3.77
(s, 3H, ArOCH3), 4.00-4.06 (m, 1H, H-4"), 4.63 (dd, 1H, J= 6.6, 5.1 Hz, H-3"), 4.92 (dd,
1H, J = 6.6, 2.1 Hz, H-27), 4.99 (d, 1H, J = 13.5 Hz, benzylic CH,Hs), 5.06 (d, 1H, J =
13.5 Hz, benzylic CH,Hy), 5.59 (d, 1H, J=2.1 Hz, H-1°), 5.77 (d, 1H, J = 8.0 Hz, H-5),
6.83 (d, 2H, J = 8.7 Hz, ArH), 7.14 (d, 1H, J = 8.0 Hz, H-6), 7.43 (d, 2H, J = 8.7 Hz,
ArH); BC NMR (CDCl;, 125 MHz) 822.5, 25.4, 27.2, 27.3, 28.3, 43.6, 49.8, 55.2, 83.5,
84.6, 85.7, 94.4, 102.4, 107.0, 113.7, 114.9, 128.8, 130.8, 139.7, 150.5, 159.2, 162.4,

169.8; HRMS (ES+) caled for CysH34N,010Na 557.2106, found 557.2107 [MNa]".

3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2 H)-
yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)peroxypropanoic acid (126)

Perester 125 (88.4 mg, 0.165 mmol)

@] OMe
=z
o (Yv@ was stirred in AcOH/H,0 (1:1, 1.1 mL)

\:w T

x added, followed by a saturated solution

of NaHCO;. The layers were separated, and the organic layer was washed with H,O (2 x
1 mL) then dried (MgSO4). The solvent was removed in vacuo to give peracid 126 as a

white foam (69.3 mg, 91%): [a]p™ = +23.69 (¢ 0.13, CHCL3); IR (CHCls, cast) v 3450-
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3150, 2932, 1767, 1712, 1667, 1611, 1513, 1455, 1248, 1178 cm™'; "TH NMR (CDCl3, 500
MHz) & 1.34 (s, 3H, CH3), 1.54 (s, 3H, CHs), 2.04-2.15 (m, 2H, CH,-5"), 2.45-2.50 (m,
2H, CH,,), 3.78 (s, 3H, ArOCH3), 4.02-4.06 (m, 1H, H-4"), 4.69 (dd, 1H, J= 6.5, 5.0 Hz,
H-3%), 4.98-5.05 (m, 3H, H-2" + benzylic CH,), 5.49 (d, 1H, J = 1.5 Hz, H-1"), 5.77 (d,
1H, J = 8.0 Hz, H-5), 6.83 (d, 2H, J = 8.7 Hz, ArH), 7.10 (d, 1H, J = 8.0 Hz, H-6), 7.43
(d, 2H, J = 8.7 Hz, ArH), 11.29 (br s, 1H, COsH); C NMR (CDCl;, 125 MHz) 8 25.4,
26.9, 27.2, 27.9, 43.5, 55.3, 83.6, 84.5, 86.2, 95.7, 102.4, 113.7, 114.7, 128.7, 130.7,
140.4, 150.5, 159.1, 162.5, 173.7; HRMS (ES+) caled for CyHyeNoOgNa 485.1531,

found 485.1533 [MNa]".

3-((3aR,4R,6R,6aR)-6-(3-(4-Methoxybenzyl)-2,4-dioxo0-3,4-dihydropyrimidin-1(2 H)-

yD-2,2-dimethyltetrahydrofuro(3,4-d][1,3]dioxel-4-yl)propanoic pentanoic peroxy-

anhydride (129)
5 DCC (10.8 mg, 0.0523 mmol) was
/\/\[(O\oj\/\@/m“’"a added to a solution of peracid 126 (13.0
O R \[C])/ mg, 0.0281 mmol) and valeric acid
>< (6.00 uL, 0.0552 mmol) in CH,Cl, (400

ul) at -20 °C, and the solution was stored at -20 °C for 15 h. It was then filtered through
Celite, and the filtrate was concentrated in vacuo. Purification by chromatography (SiO,,
hexanes/EtOAc, 3:2) yielded diacyl peroxide 129 as a white gum (7.90 mg, 51%): Rs0.07
(hexanes/EtOAc, 3:2); [a]p® +16.39 (¢ 0.61, CHCLs); IR (CHCls, cast) v 2933, 2855,
1809, 1781, 1713, 1671, 1612, 1513, 1454, 1249, 1067 cm’'; '"H NMR (CDCls, 50 MHz)

5 0.94 (t, 3H, J = 7.4 Hz, CH,,CH,CH,CHs), 1.34 (s, 3H, CHs), 1.41 (sext, 2H, J=7.4
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Hz, CH, CH,CH,CH;), 1.55 (s, 3H, CHj), 1.69 (pent, 2H, J = 7.4 Hz,
CH,,CH,CH,CH3), 2.15 (app q, 2H, J = 7.5 Hz, CH,-5"), 2.41 (t, 2H, J = 7.4 Hz,
CH,,CH,CH,CH3), 2.50-2.58 (m, 2H, CH,,), 3.78 (s, 3H, ArOCH3), 4.06-4.10 (m, 1H,
H-4"), 4.67 (dd, 1H, J = 6.5, 5.0 Hz, H-3), 4.97 (dd, 1H, J = 6.5, 2.0 Hz, H-2"), 5.00 (d,
1H, J = 13.8 Hz, benzylic CH,Hy), 5.06 (d, 1H, J = 13.8 Hz, benzylic CH,Hs), 5.56 (d,
1H, J = 2.0 Hz, H-1°), 5.77 (d, 1H, J = 8.0 Hz, H-5), 6.83 (d, 211, J = 8.8 Hz, ArH), 7.13
(d, 1H, J = 8.0 Hz, H-6), 7.44 (d, 2H, J = 8.8 Hz, ArH); °C NMR (CDCl, 125 MHz) &
13.5, 22.1, 25.4, 26.4, 26.8, 27.2, 28.1, 29.7, 43.6, 55.2, 83.5, 84.6, 85.8, 95.1, 102.3,
113.7, 114.8, 128.8, 130.7, 140.1, 150.5, 159.1, 162.4, 168.6, 169.1; HRMS (ES+) calcd

for Cy7H34N,010Na 569.2106, found 569.2108 [MNa]".

Dimethyl 2-(but-3-enyl)maleate (131)

The same method as for the preparation of 120 was employed.
COzMe

Me0,C. A~z

Thus, reaction of 3-butenyl bromide (1.50 mL, 14.8 mmol)

with magnesium turnings (659 mg, 27.1 mmol) in Et;O (12.0 mL) was followed by
dropwise addition of the resulting Grignard solution to a freshly prepared suspension of
CuBr-SMe; (3.67 g, 17.9 mmol) in THF (100.0 mL) at -40 "C. After stirring at -40 °C for
1 h, it was cooled to -78 °C and dimethyl acetylenedicarboxylate (2.00 mL, 16.3 mmol)
in THF (25.0 mL) was added dropwise. The reaction mixture was stirred at -78 “C for
1h, then a saturated NH4Cl solution (30 mL, adjusted to pH 8 with NH;OH) was added.
After allowing the mixture to warm to rt, it was partitioned between H,O (40 mL) and
Et,O (40 mL) and the aqueous layer was extracted with Et,O (3 x 60 mL). The combined

organic layers were washed with saturated NH4Cl (85 mL) followed by brine (85 mL),
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then dried (Na,SO4). The solvent was removed in vacuo, and the crude product was
purified by flash chromatography (SiO,, pentane/Et,0, 9:1 to 3:2) to give 131 as a pale
yellow oil (1.83 g, 62%): Ry 0.44 (petroleum ether/Et,O, 9:1); IR (CHCI;, cast) v 2953,
2846, 1728, 1680, 1651, 1268, 1169 cm™; 'H NMR (CDCl;, 500 MHz) & 2.25-2.29 (m,
2H, CH,CH,CH=CH,), 2.46 (td, 2H, J = 7.5, 1.5 Hz, CH,CH,CH=CH,), 3.73 (s, 3H,
OCHa), 3.83 (s, 3H, OCHj3), 5.04 (app dq, 1H, J = 10.5, 1.6 Hz, CH=CH_;;Hyans), 5.07
(app dq, 1H, J =17.3, 1.6 Hz, CH=CH_;sHyans), 5.79 (dddd, 1H, J = 17.5, 10.5, 7.0, 7.0
Hz, CH=CHy,), 5.83 (t, 1H, J = 1.5 Hz, C=CH); “C NMR (CDCl;, 125 MHz) & 31.0,
33.6, 51.8, 52.3, 116.1, 119.7, 136.2, 149.6, 165.3, 169.1; HRMS (ES+) calcd for

C10H1404Na 221.0784, found 221.0784 [MNa]".

Dimethyl-2(3-oxopropyl)maleate (132)

Alkene 131 (419 mg, 2.11 mmol) was dissolved in CH,Cl,
CO,Me

MeOQCMO (20.0 mL) and the dye Sudan Red 7B'** (~ 5 mg) was added.

The solution was cooled to -78 °C, and ozone was bubbled through it until the red colour
of the indicator dissipated (~2 min). Excess ozone was purged from the system by
flushing with argon for 10 min, then a solution of triphenylphosphine (554 mg, 2.11
mmol) in CH,Cl, (5.0 mL) was added. The pale yellow mixture was warmed to rt and
stirred for 1 h. The solvent was then removed in vacuo, and the crude orange oil was
purified by flash chromatography (SiO,, EtOAc/hexanes, 1:1) to give aldehyde 132 as a
yellow liquid (387 mg, 92%): R, 0.22 (EtOAc/hexanes, 1:1); IR (CHCls, cast) v 2954,
2850, 2740, 1724, 1651, 1271, 1122 cm™; '"H NMR (CDCl;, 500 MHz) & 2.66-2.74 (m,

4H, 2 x CHy), 3.73 (s, 3H, OCHs), 3.83 (s, 3H, OCHj), 5.89 (t, 1H, J= 1.0 Hz, C=CH),
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9.78 (s, 1H, CHO); *C NMR, 125 MHz) § 26.5, 41.0, 51.9, 52.5, 121.0, 147.6, 165.1,

168.6,204.1; HRMS (ES+) caled for CoH;,0sNa 223.0577, found 223.0578 [MNa]".

(Z2)-6-Methoxy-4-(methoxycarbonyl)-6-oxohex-4-enoic acid (133)

2-Methyl-2-butene (590 uL, 5.57 mmol), NaH,PO, H,O

CO,Me

MeO,C.__~ (191 mg, 1.38 mmol), and NaClO; (362 mg, 4.01 mmol)

CO,H

were added to a solution of aldehyde 132 in +~-BuOH/H,0
(3:1, 14.0 mL), and the resulting yellow solution was stirred at rt for 1 h. It was then
diluted with brine (82 mL) and extracted with EtOAc (3 x 125 mL). The combined
organic layers were dried (MgSO,4) and concentrated in vacuo. Purification by flash
chromatography (SiO,, EtOAc/hexanes, 1:1) yielded carboxylic acid 133 as a pale yellow
oil (267 mg, 96%): R 0.11 (EtOAc/hexanes, 1:1); IR (CHCl3, cast) v 3650-2500, 2955,
1727, 1652, 1272, 1116 em™; 'H NMR (CDCl;, 400 MHz) & 2.58-2.62 (m, 2H,
CH,CH,CH=CH,), 2.67-2.71 (m, 2H, CH,CH,CH=CHy,), 3.73 (s, 3H, OCHa), 3.83 (s,
3H, OCH3), 5.91 (t, 1H, J = 1.4 Hz, C=CH); >C NMR, 125 MHz) & 28.8, 31.4, 51.9,
52.5, 121.0, 147.3, 165.2, 168.5, 176.9; HRMS (ES+) caled for CoH;20sNa 239.0526,

found 239.0528 [MNa]".
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(£)-6-Methoxy-4-(methoxycarbonyl)-6-oxohex-4-enoic 3-((3aR,4R,6R,6aR)-6-(3-(4-
methoxybenzyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetrahydro-

furo(3,4-d][1,3]dioxol-4-yl)propancic peroxyanhydride (134)

DCC (63.5 mg,

0] OMe
CO,Me o) /\(
MeOQCMO\ /U\/\<_0—7,N N\/O/ 0.306 mmol) was
° b
O L

o] added to a solution

>< of peracid 126

(67.3 mg, 0.146 mmol) and carboxylic acid 133 (50.4 mg, 0.233 mmol) in CH,Cl, (2.1
mL) at -20 °C, and the reaction flask was stored at -20 °C for 22 h. It was then filtered
through Celite and the Celite was washed with CH,Cl,. Concentration in vacuo was
followed by flash chromatography (SiO,, hexanes/EtOAc, 2:1 to 3:2) to afford 134 as a
pale pink glass (35.1 mg, 36%): R;0.04 (hexanes/EtOAc, 2:1); [a]p? = +22.26 (¢ 0.15,
CHCL); IR (CHCIs, cast) v 2953, 1781, 1715, 1668, 1512, 1513, 1453, 1206, 1175, 1081
cm™; 'TH NMR (CDCls, 500 MHz) & 1.34 (s, 3H, CHs), 1.55 (s, 3H, CHs), 2.13-2.18 (m,
2H, CH,-5%), 2.53 (app t, 2H, J = 7.5 Hz, CHy), 2.63-2.67 (m, 2H, CHy), 2.71-2.75 (m,
2H, CH,), 3.74 (s, 3H, OCHs), 3.78 (s, 3H, OCH;), 3.84 (s, 3H, ArOCH3), 4.05-4.09
(ddd, 1H, J=17.5, 7.5, 5.2 Hz, H-4"), 4.68 (dd, 1H, J= 6.9, 5.2 Hz, H-3"), 4.99 (dd, 1H, J
=6.9, 2.2 Hz, H-2"), 5.00 (d, 1H, J= 13.8 Hz, benzylic CH,H,), 5.05 (d, 1H, J=13.8 Hz,
benzylic CHHy), 5.54 (d, 1H, J = 2.2 Hz, H-1°), 5.77 (d, 1H, J = 8.0 Hz, H-5), 5.96 (1,
1H, J = 1.3 Hz, C=CH), 6.83 (d, 2H, J = 8.5 Hz, ArH), 7.12 (d, 1H, J = 8.0 Hz, H-6),
7.43 (d, 2H, J = 8.5 Hz, ArH); C NMR (CDCls, 125 MHz) § 25.4, 26.4, 27.2, 27.8,

28.1,28.8, 43.6, 52.0, 52.6, 55.2, 83.5, 84.5, 85.8, 95.3, 102.3, 113.7, 114.8, 122.2, 128.8,
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130.7, 140.2, 145.7, 150.5, 159.1, 162.5, 165.1, 167.4, 168.0, 168.4; HRMS (ES+) calcd

for C31H36N2014Na 6832059, found 683.2056 [MNa]+.

Methyl 3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-

dihydro-pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro|3,4-d][1,3]dioxol-4-

yhpropanoate (136)
2-(Trimethylsilyl)ethoxymethyl
o -
Meozc\/\G/N\n/N\/o\/\SiMe chloride (300 uL, 1.70 mmol) and
3
- O DIPEA (960 uL, 5.50 mmol) were
o__0O
x added to a solution of nucleoside

derivative 122 (376 mg, 1.10 mmol) in CH,Cl, (8.5 mL) at 0 °C, and the pale yellow
mixture was warmed to rt and stirred for 1 h. The solvent was removed in vacuo and
purification was done by flash chromatography (SiO,, hexanes/EtOAc, 2:1, then
CHCl3/MeOH, 99:1) to give 136 as a colourless gum (297 mg, 57%), as well as
recovered starting material (40.9 mg, 11%): Ry 0.09 (hexanes/EtOAc, 2:1); [alp® =
+30.99 (¢ 0.14, CHCLy); IR (CHCls, cast) v2952, 1721, 1673, 1090 cm™; 'H NMR
(CDCl3, 400 MHz) & 0.00 (s, 9H, Si(CHj3)3), 0.95-0.99 (m, 2H, CH,Si), 1.34 (s, 3H,
CHs), 1.56 (s, 3H, CH3), 2.06 (app q, 2H, J = 7.1 Hz, CH,-5"), 2.44 (app t, 2H, J = 7.4
Hz, CH,,), 3.67 (s, 3H, OCH3), 3.69 (m, 2H, CH;0), 4.05 (ddd, 1H, J=7.1,7.1, 4.9 Hz,
H-4%), 4.64 (dd, 1H, J = 6.6, 4.9 Hz, H-3"), 4.97 (dd, 1H, J = 6.6, 2.3 Hz, H-2"), 5.36 (d,
1H, J = 9.6 Hz, NCH,H;0), 5.40 (d, 1H, J = 9.6 Hz, NCHH,0), 5.58 (d, 1H, J=2.3 Hz,
H-1%), 5.77 (d, 1H, J = 8.0 Hz, H-5), 7.19 (d, 1H, J = 8.0 Hz, H-6); °C NMR (CDCl;,

125 MHz) 6 -1.4, 18.1, 25.4, 27.2, 28.4, 30.2, 51.7, 67.6, 69.9, 83.6, 84.5, 86.1, 94.6,
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102.2, 114.7, 140.6, 150.6, 162.5, 173.2; HRMS (ES+) calcd for C;H34N,03SiNa

493.1977, found 493.1975 [MNa] .

3-((3aR,4R,6R,6aR)-6-(2,4-Dioxo-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro|3,4-d}[1,3]dioxol-4-yl)propanoic
acid (137)

LiOH H,0 (60.8 mg, 1.45 mmol) was

O
added to a solution of ester 136 (263

Z

HOzC\/\G/N\n/N\/OV\SiMes
— 0 mg, 0.560 mmol) in THF/H,O (1:1,
o__0

>< 17.0 mL) at 0 °C, and the mixture was

stirred at 0 °C for 2 h. It was then acidified to pH 4 with 1M citric acid and extracted
with EtOAc (3 x 15 mL). The combined organic layers were dried (Na,;SO4) and
concentrated in vacuo to afford carboxylic acid 137 as a white foam (255 mg, 100%): Ry
0.06 (EtOAc/hexanes, 1:1); [OL]Dzo = +18.60 (c 0.10, MeOH); IR (CHCIs, cast) v 3600-
2400, 1721, 1678, 1250, 1212, 1093 cm™; 'H NMR (CD;0D, 500 MHz) & -0.02 (s, 9H,
Si(CHs)3), 0.91 (t, 2H, J = 8.2 Hz, CH,Si), 1.33 (s, 3H, CH3), 1.52 (s, 3H, CHz3), 1.97-
2.03 (m, 2H, CH,-5"), 2.39 (app t, 2H, J = 7.5 Hz, CHa,), 3.68 (t, 2H, J = 8.2 Hz, CH,0),
4.03 (ddd, 1H, J= 6.5, 6.5, 5.0 Hz, H-4"), 4.66 (dd, 1H, J= 6.5, 5.0 Hz, H-3"), 4.99 (dd,
1H,J=6.5, 2.0 Hz, H-2"), 5.34 (s, 2H, NCH,0), 5.74 (d, 1H, J= 2.0 Hz, H-1"), 5.77 (d,
1H, J = 8.0 Hz, H-5), 7.62 (d, 1H, J = 8.0 Hz, H-6); °C NMR (CD;OD, 125 MHz) & -
1.1, 19.0, 25.8, 27.7, 29.6, 31.1, 68.6, 71.1, 84.9, 85.7, 87.3, 95.0, 102.5, 115.7, 143.6,
152.2, 164.8, 176.6; HRMS (ES+) calcd for Cy0H3N2035SiNa 479.1820, found 479.1818

[MNa]".
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2-Methoxypropan-2-yl peroxy-3-((3aR,4R,6R,6aR)-6-(2,4-dioxo-3-((2-(trimethyl-
silyl)-ethoxy)methyl)-3,4-dihydropyrimidin-1(2 H)-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)propanoate (138)

DCC (189 mg, 0.916 mmol),

o) DMAP (7.30 , 0.0600
190, DA AP0y | DA 020

i, 0

OXO

mmol) and 2-methoxyprop-2-

yl hydroperoxidem’ 127 (60

mg/mL in CH,Cl,, 1.20 mL, 0.678 mmol), were added to a solution of carboxylic acid
137 (255 mg, 0.559 mmol) in CH,Cl, (3.3 mL) at 0 °C. The resulting orange mixture
was stored at -20 °C for 16 h, then filtered through Celite. The solvent was removed in
vacuo and the crude orange oil was purified by flash chromatography (SiO,,
hexanes/EtOAc, 2:1) to give perester 138 as a pale yellow gum (174 mg, 57%): R;0.28
(EtOAc/hexanes, 1:1); [a]p®® = +34.99 (¢ 0.18, CH,Cly); IR (CH,Cl,, cast) v 3095, 2991,
2951, 2896, 1778, 1721, 1675, 1639, 1215, 1092 ¢cm™'; "H NMR (CDCl;, 500 MHz) &
0.00 (s, 9H, Si(CHj3)3), 0.95-0.98 (m, 2H, CH>Si), 1.33 (s, 3H, CHs), 1.45 (s, 6H,
methoxypropyl 2 x CHs), 1.54 (s, 3H, CHs), 2.10 (app q, 2H, J = 7.5 Hz, CH,-5’), 2.43-
2.47 (m, 2H, CH,,), 3.33 (s, 3H, methoxypropyl OCHj3), 3.66-3.70 (m, 2H, CH,0), 4.01-
4.04 (m, 1H, H-4"), 4.66 (dd, 1H, J=6.5, 5.0 Hz, H-3"), 4.99 (dd, 1H, J= 6.5, 2.0 Hz, H-
2%),5.34 (d, 1H, J= 9.8 Hz, NCH,H:0), 5.39 (d, 1H, J= 9.8 Hz, NCH.H,0), 5.54 (d, 1H,
J=2.0Hz, H-1°), 5.77 (d, 1H, J = 8.0 Hz, H-5), 7.18 (d, 1H, J = 8.0 Hz, H-6); *C NMR
(CDCl3, 125 MHz) 8 -1.4, 18.1, 22.5, 25.4, 27.2, 27.4, 28.2, 49.8, 67.6, 69.9, 83.5, 84.5,
85.9, 94.9, 102.3, 107.0, 114.8, 140.9, 150.6, 162.5, 169.8; HRMS (ES+) calcd for

C24H40N201()SiNa 567.2345, found 567.2349 [MNa]+.
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3-((3aR,4R,6R,6aR)-6-(2,4-Dioxo0-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)peroxy-

propanoic acid (139)

Perester 138 (148 mg, 0.271 mmol)

0 tirred in AcOH/HO (1:1, 2.0
HO\OJ\/\Q’N\[{N\/O\/\SM% was stirred 1n 20 (
- O
dxb

mL) at rt for 3 h, then EtOAc (12 mL)

was added followed by a saturated

solution of NaHCOs. The layers were separated, and the organic layer was washed with
H;O (2 x 2 mL) then dried (MgSO4). The solvent was removed in vacuo to yield peracid
139 as a viscous gum (117 mg, 91%): [a]p*® = +19.68 (¢ 0.19, CH,Cl,); IR (CH,Cl,,
cast) v 2980,2952, 2890, 1725, 1719, 1671, 1089 cm™; 'H NMR (CDCls, 500 MHz) &
0.01 (s, 9H, Si(CHzs)3), 0.96-1.00 (m, 2H, CH,Si), 1.34 (s, 3H, CHs), 1.55 (s, 3H, CH3),
2.11-2.21 (m, 2H, CH,-5"), 2.53 (app t, 2H, J = 7.3 Hz, CH,,), 3.68-3.71 (m, 2H, CH,0),
4.06 (ddd, 1H, J = 8.5, 8.5, 5.0 Hz, H-4"), 4.73 (dd, 1H, J = 6.5, 5.0 Hz, H-3"), 5.09 (dd,
1H, J= 6.5, 2.0 Hz, H-2"), 5.36 (d, 1H, J = 9.5 Hz, NCH,H,O), 5.40 (d, 1H, J = 9.5 Hz,
NCH,Hy0), 5.46 (d, 1H, J=2.0 Hz, H-1°), 5.78 (d, 1H, J = 8.0 Hz, H-5), 7.15(d, 1H,J
= 8.0 Hz, H-6); °C NMR (CDCls, 125 MHz) 8-1.5, 18.1, 25.3, 27.0, 27.1, 27.8, 67.7,
69.9, 83.5, 84.5, 86.3,95.7, 102.2, 114.6, 141.6, 150.6, 162.8, 173.4; HRMS (ES+) calcd

for CoH3:N,00SiNa 495.1769, found 495.1773 [MNa]".
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(£)-6-Methoxy-4-(methoxycarbonyl)-6-oxohex-4-enoic 3-((3aR,4R,6R,6aR)-6-(2,4-
dioxo-3-((2-(trimethylsilyl)ethoxy)methyl)-3,4-dihydropyrimidin-1(2H)-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propanoic peroxyanhydride (140)

DCC (89.9 mg,
CO,Me

O
O ~
MeO,C__~ 0 /o) l\‘l/\N( 0 0.436 mmol) was
\)\/\”/ \O)j\/\Q/ \ﬂ/ ~ \/\SiMes
R O
fo)

0 added to a

solution of

carboxylic acid 133 (76.1 mg, 0.352 mmol) and peracid 139 (100 mg, 0.212 mmol) in
CH,Cl; (3.0 mL) at -20 °C, and the reaction mixture was stored at -20 °C for 15 h. The
mixture was then filtered through Celite and concentrated in vacuo. Purification by flash
chromatography (SiO,, hexanes/EtOAc, 2:1 to 1:1) gave 140 as a pale yellow gum (86.8
mg, 61%): Rr0.06 (hexanes/EtOAc, 2:1); [a]p®® = +20.83 (¢ 0.24, CH,Cl,); IR (CHCl;,
cast) v 3090, 2980, 2953, 1811, 1782, 1724, 1672, 1206, 1083 cm™; "H NMR (CDCl;,
500 MHz) 8 0.00 (s, 9H, Si(CH3)3), 0.95-0.99 (m, 2H, CH,Si), 1.34 (s, 3H, CH3), 1.55 (s,
3H, CHj), 2.13-2.18 (m, 2H, CH,-5"), 2.55 (app t, 2H, J = 7.3 Hz, CH), 2.64-2.70 (m,
2H, CHy), 2.74 (t, 2H, J = 7.5 Hz, CH»), 3.66-3.70 (m, 2H, CH,0), 3.74 (s, 3H, OCHs),
3.84 (s, 3H, OCH3), 4.08 (ddd, 1H, J=8.3,5.0, 5.0 Hz, H-4"),4.71 (dd, 1H,J=6.5,5.0
Hz, H-3"), 5.06 (dd, 1H, J=6.5, 1.8 Hz, H-2"), 5.34 (d, 1H, J = 9.5 Hz, NCH,H,0), 5.39
(d, 1H, J=9.5 Hz, NCH,H;0), 5.50 (d, 1H, J= 1.8 Hz, H-1"), 5.77 (d, 1H, J = 8.0 Hz, H-
5), 5.94 (br s, 1H, C=CH), 7.16 (d, 1H, J = 8.0 Hz, H-6); *C NMR (CDCls, 125 MHz)
8-1.5, 18.1, 25.3, 26.4, 27.1, 27.9, 28.9, 31.2, 52.0, 52.6, 67.6, 69.9, 83.5, 84.5, 86.1,
95.6,102.1, 114.6, 122.1, 141.4, 145.7, 150.6, 162.6, 165.1, 167.4, 168.0, 168.4; HRMS

(ES+) caled for C2oHioN2014SiNa 693.2298, found 693.2296 [MNa]".
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1-((3aR,4R,6R,6aR)-2,2-Dimethyl-6-vinyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-

pyrimidine-2,4(1H,3H)-dione (144)***

This known compound was prepared using an adaptation of the

A

/\CYN\H/NH procedure of Trafelet et al.**> NaHMDS (1.00 M in THF, 51.0
o)

6’ O mL, 51.0 mmol) was added dropwise to a suspension of

s

THF (112.0 mL). The resulting yellow suspension was stirred at rt for 30 min, then at

methyltriphenylphosphonium bromide (16.1 g, 44.9 mmol) in

reflux for 1.5 h. It was then cooled to -78 °C, and aldehyde 72 (3.42 g, 12.1 mmol) in
THF (10.0 mL) was added dropwise. The mixture was stirred overnight, while warming
to rt, then diluted with EtOAc (100 mL) and poured into a saturated NH4Cl solution (100
mL). After filtration to remove the insoluble salts, the layers were separated, and the
aqueous layer was extracted with EtOAc (3 x 100 mL). The combined organic layers
were dried (MgSO,) and concentrated in vacuo. Purification by flash chromatography (2
columns, SiO,, petroleum ether/EtOAc, 2:1 to 1:1) gave 144 as a pale yellow foam (2.11
g, 64%): Ry 0.20 (petroleum ether/EtOAc, 1:1); [a]p™ = +22.5 ° (¢ 0.19, CHCLy); IR
(CHCl3, cast) v 3198, 2990, 2937, 1694, 1646, 1085 cm™; "H NMR (CDCl;, 500 MHz) §
1.36 (s, 3H, CHj3), 1.59 (s, 3H, CH3), 4.54 (m, 1H, H-4'), 4.75 (dd, 1H, J= 6.5, 4.0 Hz, H-
3", 5.01 (dd, 1H, J = 6.5, 2.0 Hz, H-2"), 5.28 (ddd, 1H, J = 10.5, 1.3, 1.3 Hz,
CH=CH.;sHyans), 5.38 (ddd, 1H, J=17.0, 1.3, 1.3 Hz, CH=CH_s\CHyans), 5.67 (d, 1H, J =
2.0 Hz, H-1"), 5.73 (dd, 1H, J = 8.0, 2.3 Hz, H-5), 5.98 (ddd, 1H, J=17.0, 10.5, 7.0 Hz,
CH=CH,), 7.24 (d, 1H, J = 8.0Hz, H-6), 8.50 (br s, 1H, NH); >C NMR (CDCl;, 125
MHz) 8 25.3, 27.1, 84.2, 84.7, 88.7,94.4, 102.6, 114.6, 118.5, 134.9, 142.3, 150.0, 163.5;

HRMS (ES+) caled for Ci3H16N2,OsNa 303.0951, found 303.0954 [MNa]+.
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Dimethyl 2-(3-((3aR,4R,6R,6aR)-6-(2,4-diox0-3,4-dihydropyrimidin-1(2H)-yl)-2,2-
dimethyltetrahydrofuro|[3,4-d][1,3]dioxol-4-yl)allyl)maleate (147)

Hoveyda-Grubbs’ 2 generation catalyst (50.9

mg, 0.0810 mmol) was added to a solution of

MeO,C _~_O_N_ _NH

MeO,C S
x mg, 1.62 mmol) in CH,Cl, (5.0 mL) and the

olefins 144 (218 mg, 0.778 mmol) and 120 (299

mixture was stirred at reflux for 6 h. Extra 120 (100 mg, 0.543 mol) dissolved in CH,Cl,
(1.0 mL) and catalyst (27.4 mg, 0.0437 mmol) were then added, and stirring was
continued at reflux for another 19 h. Upon cooling the mixture to rt, DMSO (500 nL,
7.04 mmol, 57 equiv. relative to catalyst) was added and stirring was continued at rt for
24 h. The CH,Cl, was removed in vacuo, and the crude product was purified by flash
chromatography (SiO,, hexanes/EtOAc, 3:2) to yield 147 as a brown foam, isolated as an
inseparable mixture of £ and Z isomers (225 mg, 66%): Rr0.06 (EtOAc/hexanes, 1:1);
IR (CHCl3, cast) v 2990, 2953, 1716, 1693, 1270, 1084 cm™; 'H NMR (CDCl, 600
MHz) 8 1.36 (s, 3H, CH3), 1.58 (s, 3H, CH3), 3.10-3.12 (m, 2H, allylic CH3), 3.75 (s, 3H,
OCH3), 3.82 (s, 3H, OCH3), 4.55 (app t, |H, J=4.4 Hz, H-4"), 4.75 (dd, 1H, J= 6.0, 4.4
Hz, H-37), 5.05 (dd, 1H, J=6.0, 1.5 Hz, H-2"), 5.60 (d, 1H, J = 1.5 Hz, H-1"), 5.74 (dd,
1H, J = 8.0, 2.1 Hz, H-5), 5.76-5.78 (m, 2H, CH=CH), 5.89 (t, 1H, J = 1.5 Hz, C=CH),
7.22 (d, 1H, J = 8.0 Hz, H-6), 8.12 (br s, 1H, NH); *C NMR (CDCl;, 125 MHz) 8 25.3,
27.1,36.3, 52.0, 52.4, 84.3, 84.7, 88.2, 94.9, 102.6, 114.5, 121.1, 128.2, 131.6, 142.6,
147.0, 149.9, 163.4, 165.4, 168.4; HRMS (ES+) calcd for CyH2N2O9Na 459.1374,

found 459.1374 [MNa]".
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Dimethyl 2-(3-((2R, 3S,4R,5R)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)allyl)maleate (150)

Maleate derivative 147 (45.4 mg, 0.104 mmol)

0]
=
MeOLC O m was stirred in TFA/H20O (7:3, 3.8 mL) at 0 °C for
2

L 1.5 h, then the solvent was removed in vacuo.
MeO,C HO  ©OH

Purification by flash chromatography (SiO,,
EtOAc/pentane, 9:1) afforded 150 as a colourless gum, isolated as an inseparable mixture
of E and Z isomers (32.9 mg, 80%): R, 0.22 (CHCI3/MeOH, 9:1); IR (uscope) v 3600-
3100, 3026, 2954, 1715, 1270, 1108 cm™; "H NMR (CD;0D, 500 MHz) & 3.14-3.16 (m,
2H, allylic CH,), 3.70 (s, 3H, OCHs), 3.77 (s, 3H, OCHj3), 3.93 (app t, 1H, J = 5.4 Hz, H-
4%, 4.17 (dd, 1H, J= 5.4, 4.0 Hz, H-3"), 4.34-4.36 (m, 1H, H-2), 5.72 (d, 1H, J= 8.0 Hz,
H-5), 5.80-5.83 (m, 3H, CH=CH, H-1"), 5.98 (t, 1H, J = 1.5 Hz, C=CH), 7.59 (d, 1H, J =
8.0 Hz, H-6); °C NMR (CD;0D, 125 MHz) § 37.5, 52.4, 52.9, 75.11, 75.14, 84.8, 92.0,
102.9, 122.0, 129.4, 132.9, 142.5, 149.2, 152.2, 166.1, 167.0, 170.2; HRMS (ES+) calcd

for C17Hz0N20Na 419.1061, found 419.1062 [MNa]".

tert-Butyl 3-((3aR,4R,6R,6aR)-2,2-dimethyl-6-vinyltetrahydrofuro[3,4-d][1,3]dioxol-

4-yl)-2,6-dioxo-2,3-dihydropyrimidine-1(6 H)-carboxylate (164)

5 Di-tert-butyl dicarbonate (5.24 g, 24.0 mmol), and DMAP (42.3
7Y

A(?J’NTNBOC mg, 0.350 mmol) were added to a solution of nucleoside 144
@)

i (1.26 g, 4.50 mmol) in pyridine (26.0 mL) and the orange

X

vacuo, and the crude product was purified by flash chromatography (SiO, petroleum

mixture was stirred at rt for 2 h. The solvent was removed in
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ether/EtOAc, 4:1 to 2:1) to yield olefin 164 as a pale yellow foam (1.64 g, 96%): Ry 0.38
(petroleum ether/EtOAc, 2:1); [a]p? = +34.18 (¢ 0.35, CHClL); IR (CHCl;, cast) v 3200,
2989, 1692, 1631, 1084 cm™; "H NMR (CDCl;, 600 MHz) 8 1.36 (s, 3H, CHj), 1.58 (s,
3H, CHs), 1.61 (s, 9H, C(CH3)3), 4.60 (dd, 1H, J = 7.2, 4.2 Hz, H-4"), 4.73 (dd, 1H, J =
6.0, 4.2 Hz, H-3"), 5.02 (dd, 1H, J = 6.0, 1.8 Hz, H-2"), 5.29 (dt, 1H, J = 10.2, 1.2 Hz,
CH=CH.isHpuns), 5.38 (dt, 1H, J=17.4, 1.2 Hz, CH=CH_;sHyans), 5.65 (d, 1H, J= 1.8 Hz,
H-1'), 5.75 (d, 1H, J = 8.1 Hz, H-5), 5.96 (ddd, 1H, J = 17.4, 10.2, 7.2 Hz, CH=CH,),
7.23 (d, 1H, J = 8.1 Hz, H-6); *C NMR (CDCls, 125 MHz) 8 25.3, 27.1, 27.5, 83.9, 84.8,
87.0, 88.7, 94.5, 102.1, 114.6, 118.9, 134.7, 141.0, 147.4, 148.2, 160.3; HRMS (ES+)

caled for Ci3H24N,07Na 403.1476, found 403.1475 [MNa]'.

Methyl 2-hydroxy-but-3-enoate (168)

OH This known compound was prepared by the procedure of Stach er al.'*!

Meozc)\/

solution of acrolein (10.0 mL, 149.7 mmol) in toluene (39.0 mL) at -10 °C, followed by

Acetic anhydride (14.5 mL, 153.4 mmol) was added dropwise to a

dropwise addition of sodium cyanide (11.0 g, 223.9 mmol) in H,O (55.0 mL). The
yellow biphasic mixture was stirred at -10 ° for 2.5 h, then the layers were separated. The
aqueous layer was extracted with toluene (3 x 25 mL), and the combined organic layers
were washed successively with 1 M acetic acid (50 mL), a saturated solution of NaHCO;
(50 mL), and finally H,O (50 mL). After drying the organic layer (MgSQs), the solvent
was removed in vacuo to give the crude acrolein cyanohydrin acetate intermediate. This
was dissolved in MeOH (27.0 mL) and heated to reflux. A saturated HCl/MeOH solution

(30.0 mL) and conc. HCI (7.0 mL) were added dropwise to the reaction mixture. After
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stirring for 4.5 h at reflux, the suspension was cooled to 0 °C and filtered. The filtrate
was concentrated in vacuo then Et;0O (70 mL) added. The organic layer was washed with
a saturated solution of NaHCO; (25 mL) then H,O (25 mL), and dried (Na,;SO4). After
solvent removal in vacuo, the crude oil was purified by distillation under high vacuum
(50 °C) to afford title compound 168 as a clear colourless liquid (2.96 g, 17%): R, 0.59
(EtOAc/pentane, 1:1); IR (neat) v 3466, 3007, 2957, 1742, 1644, 1215, 1084 ¢cm™; 'H
NMR (CDCls, 500 MHz) & 2.92 (br s, 1H, OH), 3.82 (s, 3H, OCHj3), 4.68 (br s, 1H,
CHOH), 5.29 (ddd, 1H, J=10.5, 2.0, 1.5 Hz, CH=CH.;CHyans), 5.51 (ddd, 1H, J = 16.1,
2.0, 1.0 Hz, CH=CH,;s;CHyans), 5.94 (ddd, 1H, J = 16.1, 10.5, 5.3 Hz, CH=CH,); "*C
NMR (CDCl;, 125 MHz) 6 52.8, 71.5, 117.2, 134.2, 173.6; HRMS (EI) caled for CsHgO3

116.0474, found 116.0472 [M]" 2.2%.

Methyl 2-hydroxy-pent-4-enoate (170)**

This known alcohol was prepared by the procedure of Macritchie et

OH
MeOzc)\/\ al.'** Freshly prepared®®’ methyl glyoxylate (5.10 g, 57.9 mmol)

and allyl bromide (7.50 mL, 86.7 mmol) were added to a suspension of indium powder
(7.31 g, 63.6 mmol) in H,O/toluene (9:1, 580 mL). The mixture was stirred at rt for 24 h,
then EtOAc (200 mL) was added and the mixture was stirred for an additional 30 min.
The aqueous layer was extracted with EtOAc (3 x 200 mL), and the combined organic
extracts were dried (Na;SO,). The solvent was removed in vacuo and the crude product
was purified by column chromatography (SiO», pentane/EtOAc, 4:1) to give alcohol 170
as a pale yellow liquid (4.51 g, 60%): R, 0.27 (pentane/EtOAc, 4:1); IR (neat) v 3600-

3100, 3080, 2982, 2955, 2920, 1742, 1642, 1218, 1086 cm™; 'H NMR (CDCls, 400
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MHz) 2.41-2.48 (m, 1 H, CH,Hy), 2.55-2.62 (m, 1H, CH,Hy), 2.74 (d, 1H, J = 5.3 Hz,
OH), 3.80 (s, 3H CH;), 4.29 (ddd, 1 H, J = 10.4, 10.4, 5.3 Hz, CH), 5.13-5.19 (m, 2H,
CH=CH.,), 5.81 (dddd, 1H, J = 17.2, 14.4, 10.4, 7.2 Hz, CH=CH,); "*C NMR (CDCl;,
125 MHz) §38.7, 52.5, 70.0, 118.8, 132.4, 174.8; HRMS (ES+) calcd for C¢H;603Na

153.0522, found 153.0521 [MNa]".

Methyl 2-benzyloxypent-4-enoate (171)

oB This compound was prepared by an adaptation of the procedure of
n

MeOQC)\/\ Czernecki et al.'* NaH (60% suspension in mineral oil, 1.11 g, 27.8

mmol), n-BusNI (994 mg, 2.69 mmol), and benzyl bromide (3.50 mL, 29.5 mmol) were
added to a solution of alcohol 170 (3.51 g, 27.0 mmol) in THF (45.0 mL) at 0 "C. The
mixture was warmed to rt and stirred for 5 h. A saturated NH4Cl solution (30 mL) was
added, then the aqueous layer was extracted with Et;,0O (3 x 30 mL). The combined
organic layers were dried (MgSOy), and concentrated in vacuo. Purification by flash
chromatography (SiO,, petroleum ether/Et,0, 95:5), followed by concentration in vacuo
at 0 °C afforded 171 as a colourless liquid (4.39 g, 74%): Rs0.27 (petroleum ether/Et,0O,
95:5); IR (neat) v 3066, 3032, 2952, 1752, 1642, 1497, 1455, 1203, 1028 cm™’; '"H NMR
(CDCl3, 400 MHz) 8 2.53-2.56 (m, 2H, allylic CHy), 3.75 (s, 3H, OCHz), 4.03 (t, 1H, J =
6.2, CH,), 4.46 (d, 1H, J = 11.8, benzylic CH,Hy), 4.72 (d, 1H, J = 11.8, benzylic
CH,Hy), 5.08-5.15 (m, 2H, CH=CH,), 5.83 (dddd, 1H, J = 17.2, 14.0, 10.2, 6.9,
CH=CH,), 7.28-7.37 (m, 5H, ArH); “C NMR (CDCls;, 125 MHz), § 37.3, 51.8, 72.3,
77.8,117.9, 127.8,127.9, 128.4, 133.0, 137.4, 172.6; HRMS (ES+) calcd for Ci3Hs03Na

243.0992, found 243.0992 [MNa] .
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Methyl 2-oxohex-5-enoate (174)*

o This known compound was synthesized using the procedure of

MeOZC/U\/\/ Macritchie et al.'* 3-Butenylmagnesium bromide (0.500 M in

THF, 20.5 mL, 10.3 mmol) was added dropwise to a solution of dimethyl oxalate (1.01 g,
8.55 mmol) in Et,O/THF (2:1, 18.0 mL) at -78 °C. The solution was stirred at -78 °C for
4 h, then a saturated solution of NH4Cl1 (12 mL) was added. After warming the mixture
to rt, the aqueous layer was extracted with EtOAc (3 x 12 mL) and the combined organic
layers were dried (Na,SO,). Concentration in vacuo was followed by vacuum distillation
(< Imm Hg, 75 °C) to give 174 as a pale yellow liquid (468 mg, 40%): R, 0.34
(petroleum ether/Et,0, 3:2); IR (uscope) v 3080, 2957, 1740, 1774, 1677, 1251, 1116 cm”
' TH NMR (CDCls, 500 MHz) & 2.39 (app qt, 2H, J = 7.0, 1.5 Hz, allylic CH,), 2.95 (t,
2H, J = 7.0 Hz, CH,,), 3.87 (s, 3H, OCH;), 5.02 (app dq, 1H, J = 10.4, 1.5 Hz,
CH=CH_isHpans), 5.07 (app dq, 1H, J = 17.1, 1.5 Hz, CH=CH_;Hzans), 5.81 (ddd, 1H, J =
17.1, 10.4, 7.0 Hz, CH=CH,); *C NMR (CDCl;, 125 MHz), $26.9, 38.5, 52.9, 115.9,

136.0,161.4, 193 4.

tert-Butyl 3-((3aR,4R,6R,62aR)-6-((F)-3-hydroxy-4-methoxy-4-oxobut-1-enyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-2,6-dioxo-2,3-dihydropyrimidine-
1(6H)-carboxylate (176)

Grubbs' 2™ generation catalyst (183 mg, 0.220

=
o (\f mmol) was added to a solution of olefins 164 (569
2~_O~_N._NBoc
Meoch\/\(_f )il
— o) mg, 1.50 mmol) and 168 (529 mg, 4.56 mmol) in
x CH,CI; (7.50 mL). The dark mixture was stirred at
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reflux for 24 h, then extra catalyst (81.1 mg, 0.0960 mmol) was added and the reaction
was allowed to continue at reflux for another 6 h. After cooling to rt, DMSO (2.80 mL,
127 equiv. relative to catalyst) was added and stirring was continued at rt for 12 h. The
CH,Cl, was removed in vacuo, and the crude product was purified by flash
chromatography (SiO, pentane/EtOAc, 3:1 to 1:1) to give 176 as a clear orange gum,
isolated as a mixture of diastereomers (596 mg, 85%): R, 0.18 (pentane/EtOAc, 1:1); IR
(CHCL, cast) v 3463, 2987, 2956, 1785, 1744, 1722, 1680, 1633, 1148, 1086 cm™; 'H
NMR (CDCl3, 500 MHz) 6 1.35 (s, 3H, CH3), 1.57 (s, 3H, CHs), 1.61 (s, 9H, C(CHas)s),
2.94 (br s, 1H, OH), 3.82 (s, 3H, OCHj3), 4.59-4.61 (m, 1H, H-4"), 4.70-4.76 (m, 2H, H-3',
CHOH), 5.03 (dd, IHJ=6.0, 1.8 Hz, H-2"), 5.64 (d, 1H, J= 1.8 Hz, H-1"), 5.75 (d, 1H, J
= 8.0 Hz, H-5), 5.90-5.95 (m, 1H, CH=CHCHOH), 6.05-6.11 (m, 1H, CH=CHCHOH),
7.21 (d, 1H, J = 8.0 Hz, H-6); *C NMR (CDCl3, 125 MHz) & 25.2, 25.3, 27.02, 27.05,
27.4,52.85, 52.90, 70.4, 70.5, 83.88, 83.91, 84.66, 84.58, 87.1, 87.27, 87.33, 94.2, 94 .4,
102.0, 114.56, 114.58, 128.5, 128.6, 130.5, 130.6, 141.4, 147.42, 147.45, 148.2, 160.36,
160.38, 172.97, 173.02 (5 carbon signals not observed due to overlap); HRMS (ES+)

caled for Cp1H,sN,010Na 491.1636, found 491.1635 [MNa]".

tert-Butyl 3-((3aR,4R,6R,6aR)-6-(3-hydroxy-4-methoxy-4-oxobutyl)-2,2-dimethyl-
tetrahydrofuro|3,4-d][1,3]dioxol-4-yl)-2,6-diox0-2,3-dihydropyrimidine-1(6H)-

carboxylate (177)

5% Pd/C (359 mg) was added to a solution of 176

o (Y (357 mg, 0.760 mmol) in EtOAc (6.0 mL) and the
MeOszNTNBOC
O

mixture was stirred under 1 atm H; for 24 h. The
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mixture was filtered through Celite and washed with hot EtOAc. Concentration in vacuo
followed by flash chromatography (SiO,, pentane/EtOAc, 1:1) gave alcohol 177 as a pale
yellow gum, isolated as a mixture of diastereomers (291 mg, 81%): Ry 0.10
(pentane/EtOAc, 1:1); IR (CHCl;, cast) v 3477, 3097, 2986, 2955, 1785, 1723, 1681,
1633, 1255, 1094 cm™; 'H NMR (CDCls, 600 MHz) & 1.34 (s, 3H, CHs), 1.56 (s, 3H,
CHa), 1.61 (s, 9H, C(CHs)3), 1.94-2.05 (m, 2H, CH,-5”), 2.76-2.98 (m, 2H, CH,), 3.80 (s,
3H, OCHj3), 4.05-4.07 (m, 1H, H-4") 4.24 (br s, 1H, CHOH), 4.58 (dd, 1H, J= 6.6, 4.8
Hz, H-3"), 4.94 (dd, 1H, J=4.8, 2.3 Hz, H-2"), 5.64 (d, 1H, J= 2.3 Hz, H-1"), 5.76 (d, 1H,
J = 8.1 Hz, H-5), 7.22 (d, 1H, J = 8.1 Hz, H-6); >°C NMR (CDCls, 125 MHz) & 25.3,
27.1,27.4,28.5,28.7,29.7,29.9,52.4, 52.5, 69.8, 69.9, 83.4, 83.5, 84.3, 86.3, 86.5, 86.9,
93.3,93.4,102.0, 102.1, 114.7, 114.8, 141.1, 147.5, 148.0, 148.1, 160.4, 175.1 (9 carbon
signals not observed due to overlap); HRMS (ES+) calcd for C;1H30N20OoNa 493.1793,

found 493.1793 [MNa]".

tert-Butyl 3-((3aR,4R,6R,6aR)-6-(4-methoxy-3,4-dioxobutyl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)-2,6-dioxo-2,3-dihydropyrimidine-1(6 H)-carboxylate

(178)

IBX (397 mg, 1.42 mmol) was added to a solution

o) (Y of alcohol 177 (267 mg, 0.570 mmol) in MeCN
MeOZCJ\/\Q,N\H/NBoc ( g )
N O

(4.1 mL), and the white suspension was stirred at

x reflux for 2 h, then cooled to 0 °C and filtered

through a sintered glass funnel. After concentration in vacuo, the product was purified by

flash chromatography (SiO,, petroleum ether/EtOAc, 2:1) to afford a-keto ester 178 as a
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white foam (142 mg, 53%): Ry 0.10 (petroleum ether/EtOAc, 2:1); [a]p® = +26.41 (¢
0.12, CHCly); IR (CHCls, cast) v 3096, 2986, 2939, 1785, 1725, 1682, 1633, 1149, 1086
em™; 'TH NMR (CDCls, 600 MHz) & 1.33 (s, 3H, CHs), 1.53 (s, 3H, CHs), 1.60 (s, 9H,
C(CHs)3), 2.08 (app q, 2H, J = 7.2 Hz, CH,-5"), 2.94 (dt, 1H, J = 18.7, 7.2 Hz, CH, Hy,),
3.01 (dt, 1H, J=18.7, 7.2 Hz, CH, Hy,), 3.85 (s, 3H, OCH3), 4.03 (dd, 1H, J = 7.2, 5.3
Hz, H-4"), 4.61 (dd, 1H, J = 6.6, 5.3 Hz, H-3"), 4.97 (dd, 1H, J = 6.6, 2.1 Hz, H-2'), 5.56
(d, 1H, J = 2.1 Hz, H-1"), 5.75 (d, 1H, J = 7.8 Hz, H-5), 7.17 (d, 1H, J = 7.8 Hz, H-6); °C
NMR (CDCls, 125 MHz) 8 25.4, 26.5, 27.2, 27.4, 35.6, 53.0, 83.4, 84.3, 85.8, 87.1, 94.1,
102.3, 115.0, 141.3, 147.4, 148.0, 160.2, 161.1, 193.0; HRMS (ES+) calcd for

C21H2sN,010Na 491.1636, found 491.1636 [MNa™].

Dimethyl 2-(2-((3aR,4R,6R,6aR)-6-(3-(fert-butoxycarbonyl)-2,4-dioxo-3,4-dihydro-

pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)ethyl)maleate

(179)
5 This compound was prepared by a modification
CO.Me =
MeO,C.__~ 0 N\[]/NBOC of the procedure of Massoudi et al ' Methyl
O:' b 0 diethylphosphonoacetate (29.0 uL, 0.160 mmol)
x in DMF (300 nL) was added dropwise to a

suspension of NaH (60% in mineral oil, 14.0 mg, 0.350 mmol) in DMF (300 uL) at 0 °C,
and the mixture was stirred for 30 min at 0 "C. It was then cooled to -40 °C and a-keto
ester 178 (94.9 mg, 0.203 mmol) in DMF (600 uL) was added dropwise. The orange
mixture was stirred at -40 °C for 5 h, then H,O (1 mL) was added. After warming to rt,

the aqueous layer was extracted with EtOAc (3 x 1 mL). The combined organic layers
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were dried (MgSO4) and concentrated in vacuo. Purification was done by flash
chromatography (SiO,, petroleum ether/EtOAc, 2:1) to give maleate 179 as a colourless
glass (41.5 mg, 49%): R;0.13 (petroleum ether/EtOAc, 3:2); [a]p™ = +18.00 (¢ 0.09,
CHCL); IR (CHCls, cast) v 2925, 2854, 1786, 1724, 1682, 1254, 1075 cm™; '"H NMR
(CDCl3, 500 MHz) 6 1.34 (s, 3H, CH3), 1.55 (s, 3H, CH3), 1.61 (s, 9H, C(CHj3)3), 1.91
(app q, 2H, J= 7.7 Hz, CH,-5"), 2.41-2.55 (m, 2H, allylic CH>), 3.73 (s, 3H, OCH3), 3.83
(s, 3H, OCHj3), 3.98-4.04 (m, 1H, H-4"), 4.61 (dd, 1H, J= 6.5, 5.0 Hz, H-3"), 4.98 (dd,
1H, J=6.5, 2.5 Hz, H-2"), 5.55 (d, 1H, J = 2.5 Hz, H-1"), 5.76 (d, 1H, J = 8.0 Hz, H-5),
5.88 (s, 1H, C=CH), 7.17 (d, 1H, J = 8.0 Hz, H-6); >C NMR (CDCls, 125 MHz) & 25.4,
27.2,27.5,30.4,30.6,51.9, 52.4, 83.5, 84.3, 85.9, 87.1,94.4, 102.3, 114.9, 120.5, 141.3,
147.4, 148.0, 148.6, 160.2, 165.3, 168.8; HRMS (ES+) calcd for CsH3N>O(1Na

547.1898, found 547.1897 [MNa]".

Dimethyl 2-(2-((2R,3S,4R,5R)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)ethyl)maleate (180)

Maleate 179 (14.3 mg, 0.0270 mmol) was

COQMG = ©
MeO,C.__~ o) N\[]/NH dissolved in TFA/H,0 (7:3, 1.0 mL) at 0 °C, and
g, O the mixture was stirred for 4.5 h while warming
HO  ©OH

to rt. The solvent was removed in vacuo. The
crude product was first purified by flash chromatography (SiO,, EtOAc/MeOH, 96:4)
then by reverse phase HPLC using solvent system A (tz 15.1 min). The combined
fractions containing the desired product were lyophilized to give 180 as a white powder

(7.80 mg, 75%): R;0.11 (EtOAc/MeOH, 96:4); [a]p® = +24.20 (¢ 0.10, CHCly); IR
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(CHCL, cast) v 3650-3100, 2955, 2925, 2854, 1713, 1204, 1128 cm’™’; 'H NMR (CD;0D,
500 MHz) & 1.80-1.88 (m, 1H, CH,Hy-5"), 1.90-1.97 (m, 1H, CH,H,-5"), 2.45-2.51 (m,
1H, allylic CHHy), 2.54-2.60 (m, 1H, allylic CH.Hy), 3.70 (s, 3H, OCH), 3.78 (s, 3H,
OCHs), 3.85-3.91 (m, 2H, H-3', H-4"), 4.18 (dd, 1H, J = 5.3, 4.1 Hz, H-2), 5.71 (d, 1H, J
= 8.0 Hz, H-5), 5.75 (d, 1H, J = 4.1 Hz, H-1"), 5.99 (1, 1H, J = 1.5 Hz, C=CH), 7.56 (d,
1H, J = 8.0 Hz, H-6); °C NMR (CDCls, 500 MHz) 8 31.5, 32.0, 52.3, 52.9, 74.7, 74.9,
83.7,92.2, 103.0, 121.6, 142.9, 150.6, 152.2, 166.1, 167.0, 170.6; HRMS (ES+) calcd for

C16H20N209Na 407.1061, found 407.1060 [MNa]+.

Lithium  1-((2R,3R,4S,5R)-5-((Z)-3,4-dicarboxylatobut-3-enyl)-3,4-dihydroxy-

tetrahydrofuran-2-yl)-2,4-dioxo-2,4-dihydro-1H-pyrimidin-3-ide (181)

Dimethyl maleate derivative 180 (4.90 mg,

COLLi 2 , _
LiO,C - o N\n/NLi 0.0130 mmol) was dissolved in CD;OD/D,0O
s O (4:3, 700 uL) and placed in an NMR tube. A
HO OH

solution of LiOH ‘H,O in DO (1.00 M, 52.0 uL,
0.0520 mmol)) was then added, and the mixture was heated at 40 °C. Reaction progress
was monitored by 'H NMR through disappearance of the methyl ester signals. After 24
h, the solvent was removed in vacuo and the residue was dissolved in H,O. It was
washed twice with CH,Cly, then lyophilized to afford lithium salt 181 as an orange solid
(4.90 mg, 100%): [a]p>® = +3.82 (¢ 0.11, H,0); IR (uscope) v 3650-2700, 1684, 1135
cem™; 'H NMR (D,0, 500 MHz) & 1.81-1.97 (m, 2H, CH,-5°), 2.30-2.37 (m, 1H, allylic
CH.Hy), 2.41-2.47 (m, 1H, allylic CH.Hy), 4.02-4.07 (m, 2H, H-3', H-4"), 4.28 (app t, 1H,

J=5.0 Hz, H-2"), 5.55 (s, 1H, C=CH), 5.82 (d, 1H, J= 7.7 Hz, H-5), 5.92 (d, 1H, J= 5.0
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Hz, H-1°), 7.53 (d, 1H, J = 7.7 Hz, H-6); °C NMR (D,0, 125 MHz) 6 31.4, 31.9, 73.8,
74.6, 83.7, 90.3, 103.8, 121.5, 141.1, 150.8, 160.5, 169.0, 175.2, 177.9; HRMS (ES-)

caled for C14Hi1sN2Og 355.0772, found 355.0775 [MH]'.

tert-Butyl 3-((3aR,4R,6R,6aR)-6-((E)-4-(benzyloxy)-5-methoxy-S-oxopent-1-enyl)-
2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-2,6-diox0-2,3-dihydropyrimidine-

1(6H)-carboxylate (182)

o Grubbs' 2™ generation catalyst (160 mg, 0.188
=
MGOZCW@% mmol) was added to a solution of olefins 164
OB 0]

"S5 & (702 mg, 1.85 mmol) and 171 (1.02 g, 4.63

x mmol) in CH,Cl, (9.0 mL), and the dark brown

mixture was stirred at reflux for 24.5 h. After cooling to rt, DMSO (730 mL, 54 equiv.
relative to catalyst) was added, and the mixture was stirred at rt for an extra 12 h. The
CH,Cl, was removed in vacuo, and the crude product was purified by flash
chromatography (SiO,, petroleum ether/EtOAc, 3:1 to 2:1) to give 182 as an off-white
foam, isolated as a 1:1 mixture of diastereomers (730 mg, 69%): Ry 0.14 (petroleum
ether/EtOAc, 2:1); IR (CHCI3, cast) v 3091, 2986, 2937, 1785, 1749, 1722, 1682, 1631,
1497, 1148, 1085 cm™; 'H NMR (CDCls, 500 MHz) & 1.35 (s, 3H, CHj), 1.57 (s, 3H,
CH3), 1.60 (s, 9H, C(CHas)3), 2.52-2.55 (m, 2H, allylic CH,), 3.74 (s, 3H, OCHj3), 4.00-
4.02 (m, 1H, CHOBn), 4.43 (d, 1H, J = 11.7 Hz, benzylic CH,Hs), 4.51-4.55 (m, 1H, H-
4"), 4.62-4.66 (m, 1H, H-3", 4.71 (d, 0.5H, J = 11.7 Hz,, benzylic CH.Hy), 4.72 (d, 0.5H,
J=11.7 Hz, benzylic CH,Hy), 4.95 (app t, 0.5H, J = 6.5 Hz, H-2'), 4.96 (app t, 0.5H, J =

6.5 Hz, H-2"), 5.60-5.66 (m, 2H, CH=CH), 5.68 (d, 0.5H, J= 8.1 Hz, H-5), 5.70 (d, 0.5H,
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J= 8.1 Hz, H-5), 5.79-5.87 (m, 1H, H-1"), 7.21 (d, 0.5H, J= 8.1 z, H-6), 7.22 (d, 0.5H, J
= 8.1 Hz, H-6), 7.28-7.36 (m, SH, ArH); "C NMR (CDCl;, 125 MHz) § 25.4, 27.1, 27.5,
35.7,35.8,51.9,72.4,717.3, 83.9, 84.0, 84.87, 84.92, 87.0, 88.0, 88.1, 94.30, 94.33, 102.0,
102.1, 114.49, 114.52, 127.96, 127.99, 128.0, 128.4, 129.8, 130.0, 130.38, 130.44, 137.2,
137.3, 140.8, 140.9, 147.5, 148.2, 160.3, 172.3 (13 carbon signals not observed due to

overlap); HRMS (ES+) caled for Ca0H3eN,O19Na 595.2262, found 595.2263 [MNa]".

tert-Butyl 3-((3aR,4R,6R,6aR)-6-(4-hydroxy)-5-methoxy-5-oxopentyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-2,6-dioxo-2,3-dihydropyrimidine-1(6H)-

carboxylate (183)

(\(O 10% Pd/C (73.3 mg) was added to a solution of

7

MeOZCWNTNBoc 182 (723 mg, 1.26 mmol) in EtOAc (13.0 mL),
OH 0]

5 b and the mixture was stirred under 1 atm H, for 7

e

Celite and washed with hot EtOAc. The solvent was removed in vacuo, and the resulting

h. The Pd/C was removed by filtration through

viscous gum was purified by flash chromatography (SiO,, petroleum ether/EtOAc, 1:1) to
yield alcohol 183 as a white foam, isolated as a 1:1 mixture of diastereomers (567 mg,
93%): R 0.14 (petroleum ether/EtOAc, 1:1); IR (CHCl;, cast) v 3600-3300, 3094, 2985,
2939, 1785, 1722, 1681, 1632, 1149, 1084 cm™'; 'H NMR (CDCls, 500 MHz) & 1.34 (s,
3H, CHs3), 1.48-1.89 (m, 6H, 3 x CH), 1.55 (s, 3H, CH3), 1.60 (s, 9H, C(CHzs)s3), 3.79 (s,
3H, OCH3), 4.01-4.06 (m, 1H, H-4"), 4.18-4.21 (m, 1H, CHOH), 4.55 (m, 1H, H-3"), 4.92
(dd, 1H, J= 6.5, 2.3 Hz, H-2"), 5.63 (br s, 1H, H-1"), 5.751 (d, 0.5H, J = 8.1 Hz, H-5),

5.755 (d, 0.5H, J = 8.1 Hz, H-5), 7.21 (d, 0.5H, J = 8.1 Hz, H-6), 7.22 (d, 0.5 H, J = 8.1
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Hz, H-6); °C NMR (CDCL, 125 MHz) & 21.0, 21.1, 25.4, 27.2, 27.5, 32.8, 32.9, 33.90,
33.93, 52.6, 70.08, 70.12, 83.6, 84.4, 84.5, 86.66, 86.69, 87.0, 93.6, 93.7, 102.2, 114.78,
114.82, 140.70, 140.74, 147.5, 148.1, 160.3, 175.5 (11 carbon signals not observed due to

overlap); HRMS (ES+) calcd for CpH3N>Oj9Na 507.1949, found 507.1949 [MNa]+.

tert-Butyl 3-((3aR,4R,6R,6aR)-6-(5-methoxy-4,5-dioxopentyl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-2,6-dioxo-2,3-dihydropyrimidine-1(6 H)-

carboxylate (184)

o IBX (1.02 g, 3.63 mmol) was added to a solution
7
MeOZC\”/\/\(—O],@OC of alcohol 183 (560 mg, 1.16 mmol) in MeCN
O : O

5 O (8.0 mL) and the white suspension was stirred at

x reflux for 1.5 h. It was then cooled to 0 °C and

filtered through a sintered glass funnel. The solvent was removed in vacuo, and the crude
product was purified by flash chromatography (SiO;, petroleum ether/EtOAc, 2:1 to 1:1)
to give a-keto ester 184 as a white foam (413 mg, 74%): R;0.19 (petroleum ether/EtOAc,
1:1); [a]p™® = +10.44 (¢ 0.09, CHCI3); IR (CHCL;, cast) v 3096, 2985, 2938, 1784, 1724,
1683, 1633, 1257, 1083 cm™; '"H NMR (CDCls, 500 MHz) 8 1.34 (s, 3H, CH3), 1.55 (s,
3H, CH;), 1.61 (s, 9H, C(CHs)3), 1.73-1.81 (m, 4H, 2 x CH>), 2.91 (t, 2H, J = 6.8 Hz,
CH,,), 3.86 (s, 3H, OCH3), 4.00-4.04 (m, 1H, H-4"), 4.56 (dd, 1H, J = 6.6, 5.0 Hz, H-3"),
4.93 (dd, 1H, J = 6.6, 2.2 Hz, H-2"), 5.62 (d, 1H, J=2.2 Hz, H-1"), 5.77 (d, 1H, J = 8.3
Hz, H-5), 7.21 (d, 1H, J = 8.3 Hz, H-6); *C NMR (CDCl3, 125 MHz) 6 19.2, 25.4, 27.2,

27.5, 32.3, 38.7, 53.0, 83.5, 84.4, 86.5, 87.1, 93.7, 102.3, 114.9, 140.8, 147.4, 148.0,
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160.3, 161.4, 193.5; HRMS (ES+) caled for C,H3N2010Na 505.1793, found 505.1793

[MNa]".

Dimethyl 2-(3-((3aR,4R,6R,6aR)-6-(3-(tert-butoxycarbonyl)-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro{3,4-d|[1,3]dioxol-4-yl)propyl)-

maleate (185)

5 This compound was prepared using the same
Z
MeOQCWN(\n:\EOC procedure as for 179. Methyl
l
MeO,C G f) O diethylphosphonoacetate (115 uL, 0.634 mmol)

x in DMF (1.1 mL) was added dropwise to a

suspension of NaH (60% in mineral oil, 41.0 mg, 1.03 mmol) in DMF (1.1 mL) at 0 °C,
and the mixture was stirred at this temperature for 45 min. It was then cooled to -40 °C
and a-keto ester 184 (380 mg, 0.787 mmol) in DMF (1.8 mL) was added dropwise. The
mixture was stirred for 3.5 h with warming to -10 °C, then H,O (2 mL) was added. After
warming to rt, the aqueous layer was extracted with EtOAc (3 x 3 mL), and the combined
organic layers were dried (MgSQO4). After concentration in vacuo, purification by flash
chromatography (SiO,, petroleum ether/EtOAc, 3:2) was done to give maleate 185 as a
colourless gum (279 mg, 82%): Ry 0.20 (petroleum ether/EtOAc, 3:2); [a]p® = +7.75 (¢
0.08, CHCl;); IR (CHCl;, cast) v 3092, 2985, 2951, 2927, 2853, 1784, 1723, 1682, 1633,
1257, 1085 cm™; 'H NMR (CDCl, 500 MHz) 81.34 (s, 3H, CHs), 1.55 (s, 3H, CH),
1.61 (s, 9H, C(CHz3)3), 1.62-1.77 (m, 4H, 2 x CH,), 2.41 (t, 2H, J = 7.5 Hz, allylic CHy,),
3.72 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 3.98-4.02 (m, 1H, H-4"), 4.55 (dd, 1H, J = 6.6,

5.0 Hz, H-3"), 4.92 (dd, 1H, J = 6.6, 2.2 Hz, H-2"), 5.62 (d, 1H, J = 2.2 Hz, H-1"), 5.76 (d,
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1H, J = 8.0 Hz, H-5), 5.83 (s, 1H, C=CH), 7.21 (d, 1H, J = 8.0 Hz, H-6); °C NMR
(CDCls, 125 MHz) 8 23.1, 25.4,27.2, 27.5, 32.3, 33.9, 51.9, 52.4, 83.5, 84.4, 86.4, 87.0,
93.6,102.3, 114.9, 119.9, 140.8, 147.4, 148.1, 149.7, 160.3, 165.2, 169.0; HRMS (ES+)

caled for CysH34N»011Na 561.2055, found 561.2054 [MNa]".

Dimethyl 2-(3-((2R,3S,4R,5R)-5-(2,4-diox0-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)propyl)maleate (186)

Dimethyl maleate derivative 185 (126 mg, 0.234

0]
=
(\( mmol) was dissolved in TFA/H,O (7:3, 20.0

MeO,C O__N_ _NH
]/\/\(——7/ \n/
O mL) and the mixture was stirred at rt for 3 h.

MeO,C HO  ©OH

Concentration in vacuo was followed by
purification, first by flash chromatography (SiO,, EtOAc/MeOH, 95:5) then by reverse
phase HPLC using solvent system B (tz 17.7 min). The combined fractions containing
the desired product were lyophilized to yield 186 as a white powder (6.90 mg, 74%): R,
0.16 (EtOAc/MeOH, 95:5); [a]p™’ = +37.79 (¢ 0.10, CHCl;); IR (CHCl;, cast) v 3600-
3150, 2956, 2924, 2853, 1712, 1202, 1103 cm™; 'H NMR (CD;0D, 500 MHz) & 1.58-
1.80 (m, 4H, 2 x CH»), 2.41-2.46 (m, 2H, allylic CH,), 3.69 (s, 3H, OCHj3), 3.77 (s, 3H,
OCHs), 3.84-3.87 (m, 2H, H-3', H-4"), 4.13-4.15 (m, 1H, H-2"), 5.71 (d, 1H, J = 8.0 Hz,
H-5), 5.77 (d, 1H, J = 4.0 Hz, H-1"), 5.93 (s, 1H, C=CH), 7.56 (d, 1H, J = 8.0 Hz, H-6);
BC NMR (CDCl;, 125 MHz) 8 24.6, 33.4, 34.9, 52.3, 52.8, 74.8, 75.1, 84.5, 91.9, 102.9,
121.0, 142.6, 151.6, 152.2, 166.1, 166.9, 170.8; HRMS (ES+) calcd for C;7H20N209Na

421.1218, found 421.1222 [MNa]".
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Lithium 1-((2R, 3R,4S,5R)-5-((Z)-4,5-dicarboxylatopent-4-enyl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)-2,4-dioxo-2,4-dihydro-1H-pyrimidin-3-ide (187)

Dimethyl maleate derivative 186 (4.20 mg,

(0]
@Y | 0.0105 mmol) was dissolved in CD;OD/Dy0

LiO,C 0 N\n/NLi
m 0 (4:3, 700 uL) in an NMR tube and a solution of

Li0,C HO  ©H

LiOH*H,O in D,O (1.00 M, 42.3 uL, 0.0476
mmol) was added. The mixture was heated at 40 °C, with the reaction progress
monitored by 'H NMR. After 24 h, extra LiOH*H,O in DO (8.00 uL, 0.00530 mmol)
was added, and the reaction continued at 35 °C for 24 h. The solvent was removed in
vacuo and the residue dissolved in H,O. Lyophilization gave lithium salt 187 as a white
solid (4.20 mg, 100%): [a]p®’ = +16.15 (¢ 0.13, H,0); IR (uscope) v 3700-3000, 2942,
1688, 1568, 1072; "H NMR (D,0, 600 MHz) & 1.54-1.68 (m, 2H, CH,-5"), 1.70-1.84 (m,
2H, CHy), 2.29-2.31 (m, 2H, allylic CHy), 4.03 (br s, 2H, H-3', H-4'), 4.26-4.28 (m, 1H,
H-2", 5.50 (s, 1H, C=CH), 5.81 (d, 1H, J = 7.8 Hz, H-5), 5.90 (d, 1H, J = 4.8 Hz, H-1"),
7.54 (d, 1H, J = 7.8 Hz, H-6); °C NMR (D,0, 125 MHz) & 24.0, 33.0, 35.1, 73.8, 74.5,
84.3, 90.2, 103.8, 1221.2, 141.1, 151.8, 160.0, 167.0, 175.3, 177.2; HRMS (ES-) calcd

for CisH17N209 369.0929, found 369.0928 [MH]".
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tert-Butyl 3-((3aR,4R,6R,6aR)-6-((E)-6-methoxy-5,6-dioxohex-1-enyl)-2,2-dimethyl-
tetrahydrofuro(3,4-d|[1,3]dioxol-4-yl)-2,6-dioxo-2,3-dihydropyrimidine-1(6 H)-
carboxylate (188)

Grubbs' 2™ generation catalyst (125 mg, 0.150

/o) (\f mmol) was added to a solution of olefins 164
MeOQCWN\H/NBOC
: 0]

(383 mg, 1.01 mmol) and 174 (405 mg, 2.59

x mmol) in CH;Cl, (5.0 mL), and the dark

brown mixture was stirred at reflux for 16 h. Extra catalyst (43 mg, 0.051 mmol) was
added, and stirring at reflux was continued for another 8h. The reaction mixture was then
cooled to rt, and DMSO (770 pL, 54 equiv. relative to catalyst) was added. After stirring
at rt for 12 h, the CH,Cl, was removed in vacuo and the crude product was purified by
flash chromatography (SiO,, pentane/EtOAc, 3:1 to 2:1) to give 188 as a white foam (206
mg, 40%): R, 0.08 (pentane/EtOAc, 2:1); [a]p? = +32.99 (c 0.16, CHCl3); IR (CHCI,,
cast) v 3097, 2987, 2937, 1785, 1724, 1682, 1632, 1255, 1081 cm™; 'H NMR (CDCl;,
600 MHz) 8 1.35 (s, 3H, CH3), 1.57 (s, 3H, CH3), 1.61 (s, 9H, C(CHas)s), 2.42 (app qd,
2H, J=6.9, 1.4 Hz, allylic CH»), 2.97 (t, 2H, J = 6.9 Hz, CH,,), 3.88 (s, 3H, OCHs), 4.51
(dd, 1H, J=17.9, 4.2 Hz, H-4"), 4.69 (dd, 1H, J = 6.5, 4.2 Hz, H-3"), 5.02 (dd, 1H, J= 6.5,
2.2 Hz, H-2"), 5.60 (d, 1H, J = 2.2 Hz, H-1'), 5.65 (ddt, 1H, J = 15.5, 7.9, 1.4 Hz,
CH,CH=CHCH), 5.76 (d, 1H, J = 8.4 Hz, H-5), 5.83 (dtd, 1H, J = 15.5, 6.9, 0.9 Hz,
CH,CH=CHCH), 7.23 (d, 1H, J = 8.4 Hz, H-6); °C NMR (CDCl;, 125 MHz) 8 25.3,
25.4,27.1,27.4, 38.3, 53.0, 83.9, 84.8, 86.9, 88.3, 94.5, 102.0, 114.5, 128.1, 133.5, 141.2,
147.4, 148.1, 160.3, 161.1, 193.0; HRMS (ES+) calcd for Cy3H3oN2OioNa 517.1793,

found 517.1794 [MNa]".
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tert-Butyl 3-((3aR ,4R,6R,6aR)-6-(6-methoxy-5,6-dioxohexyl)-2,2-dimethyl-

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-2,6-dioxo0-2,3-dihydropyrimidine-1(6 H)-

carboxylate (189)
5% Pd/C (25.1 mg) was added to a solution
O
0] ~
Wm of alkene 188 (199 mg, 0.390 mmol) in
0C
M302C \n/
T O EtOAc (3.1 mL). The mixture was stirred
o_ .0
>< under 1 atm H; for 7 h, then filtered through

Celite and washed with hot EtOAc. After concentration in vacuo, the crude product was
purified by flash chromatography (SiO,, pentane/EtOAc, 3:1) to afford a-keto ester 189
as a white foam (155 mg, 80%): R,0.05 (petroleum ether/EtOAc, 3:1); [a]p™ = +18.82 (¢
0.17, CHCly); IR (CHCI;, cast) v 3097, 2986, 2939, 1785, 1725, 1683, 1633, 1149, 1082
em’; 'H NMR (CDCls, 600 MHz) 8 1.34 (s, 3H, CH3), 1.40-1.52 (m, 2H, CH>), 1.56 (s,
3H, CHj3), 1.61 (s, 9H, C(CHj3)3), 1.65-1.74 (m, 4H, 2 x CH), 2.87 (t, 2H, J = 7.2 Hz,
CH,,), 3.87 (s, 3H, OCHj3), 4.01 (m, 1H, H-4"), 4.55 (dd, 1H, J = 6.8, 4.8 Hz, H-3"), 4.93
(dd, 1H, J= 6.8, 2.2 Hz, H-2"), 5.62 (d, 1H, J=2.2 Hz, H-1"), 5.77 (d, 1H, J= 8.4 Hz, H-
5), 7.21 (d, 1H, J = 8.4 Hz, H-6); °C NMR (CDCl;, 125 MHz) § 22.6, 24.9, 25.4, 27.2,
27.4, 32.9, 39.0, 52.9, 83.5, 84.4, 86.5, 87.0, 93.4, 102.1, 114.8, 140.8, 147.5, 148.1,
160.3, 161.4, 193.9; m/z (ES+) caled for Cp3H3N2OjgNa 519.1949, found 519.1948

[MNa]".
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Dimethyl 2-(4-((3aR,4R,6R,6aR)-6-(3-(tert-butoxycarbonyl)-2,4-dioxo-3,4-dihydro-

pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

yD)butyl)maleate (190)
o Methyl diethylphosphonoacetate (21.5 uL,
COsMe =
MeO,C.__~ 0 N\[]/NBOC 0.120 mmol) in DMF (250 uL) was added
O:' O o dropwise to a suspension of NaH (60% in
x mineral oil, 9.70 mg, 0.240 mmol) in DMF

(450 uL) at 0 °C, and the mixture was stirred at 0 "C for 30 min. It was then cooled to -
40 °C and o-keto ester 189 (76.0 mg, 0.153 mmol) in DMF (500 uL) was added
dropwise. The mixture was stirred for 5 h, allowing it to slowly warm to rt. H,O (2 mL)
was added, and the aqueous layer was extracted with EtOAc (3 x 2 mL). The combined
organic layers were dried (MgSO,4) and concentrated in vacuo. Purification by flash
chromatography (SiO,, petroleum ether/EtOAc, 2:1) afforded dimethyl maleate
derivative 190 as a colourless glass (35.3 mg, 53%): R, 0.10 (petroleum ether/EtOAc,
2:1); [a]p?® = +20.00 (¢ 0.11, CHCly); IR (CHCl3, cast) v 3099, 2987, 2950, 2867, 1785,
1724, 1683, 1633, 1258, 1086 cm™; "H NMR (CDCls, 600 MHz) & 1.33 (s, 3H, CH;),
1.38-1.53 (m, 3H, CH, + CH,Hy), 1.55 (s, 3H, CH3), 1.60 (s, 9H, C(CH3)3), 1.65-1.72 (m,
3H, CH, + CH.H,), 2.37 (td, 2H, J = 7.5, 1.5 Hz, allylic CH,), 3.72 (s, 3H, OCH3), 3.82
(s, 3H, OCH3), 3.98-4.01 (m, 1H, H-4"), 4.54 (dd, 1H, J = 6.6, 4.8 Hz, H-3"), 4.92 (dd,
1H, J= 6.6, 2.4 Hz, H-2"), 5.61 (d, 1H, J = 2.4 Hz, H-1"), 5.75 (d, 1H, J = 8.4 Hz, H-5),
5.81 (t, 1H, J = 1.5 Hz, C=CH), 7.21 (d, 1H, J = 8.4 Hz, H-6); °C NMR (CDCl,, 125

MHz) 824.9, 25.4, 26.7, 27.2, 27.5, 32.9, 34.1, 51.8, 52.3, 83.6, 84.4, 86.6. 87.0, 93.6,
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102.2, 114.8, 119.5, 140.8, 147.5, 148.1, 150.2, 160.3, 165.3, 169.2; HRMS (ES+) calcd

for C26H36N2011Na 575.221 1, found 575.2211 [MNa]+.

Dimethyl 2-(4-((2R,35,4R,5R)-5-(2,4-diox0-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)butyl)maleate (191)

Dimethyl maleate derivative 190 (3.90 mg,

CO,Me /\(O
MeO,C.__~ 0 N\H/NH 0.00710 mmol) was dissolved in TFA/H,O
s - O (7:3, 640 uL) and the mixture was stirred at
HO OH

rt for 2.5 h. After concentration in vacuo,
purification was accomplished by reverse phase HPLC using solvent system C (tz 17.5
min). The combined fractions containing the desired product were lyophilized to give
191 as a white powder (1.90 mg, 75%): R,0.18 (EtOAc/MeOH, 95:5); [a]p® = +34.99 (¢
0.10, CHClL); IR (CHCls, cast) v3700-3000, 2951, 2858, 1694, 1205, 1133 cm™; 'H
NMR (CD;OD, 600 MHz) & 1.43-1.50 (m, 1H, CH,Hy), 1.51-1.58 (m, 3H, CH, +
CH,H,), 1.64-1.70 (m, 1H, CH.Hy), 1.72-1.78 (m, 1H, CH.Hy), 2.39 (td, 2H, J= 7.3, 1.5
Hz, allylic CH»), 3.69 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.84-3.87 (m, 2H, H-3', H-4"),
4.14 (dd, 1H, J = 5.4, 4.2 Hz, H-2"), 5.71 (d, 1H, J = 8.1 Hz, H-5), 5.77 (d, 1H, J = 4.2
Hz, H-19, 5.92 (t, 1H, J = 1.5 Hz, C=CH), 7.56 (d, 1H, J = 8.1 Hz, H-6); °C NMR
(CD;0D, 125 MHz) 8 26.1, 28.0, 34.0, 35.0, 52.3, 52.8, 74.8, 75.1, 84.8, 91.6, 103.0
120.7, 142.6, 151.9, 152.3, 166.1, 167.0, 170.9; HRMS (ES+) caled for Ci3H24N,O9Na

435.1374, found 435.1372 [MNa]".
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Lithium 1-((2R,3R,4S,5R)-5-((£)-5,6-dicarboxylatohex-5-enyl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)-2,4-dioxo-2,4-dihydro-1H-pyrimidin-3-ide (192)

Dimethyl maleate derivative 191 (1.58 mg,

COLLi O - '
LiO,C_~ o N\ﬂ/NLi 0.00380 mmol) was dissolved in
- O CD;0D/D,0O (7:3, 700 uL) in an NMR

HO OH

tube, and a solution of LiOH*H,0 in D,O
(1.00 M, 15.4 pL, 0.0154 mmol) was added. The mixture was heated at 40 °C, with the
reaction progress monitored by '"H NMR. After 20.5 h, LIOH*H,0 in D,O (12.0 uL,
0.0120 mmol) was added, and the mixture heated at 40 °C for 24 h. The solvent was
removed in vacuo, and the residue was dissolved in HyO. It was lyophilized to afford
lithium salt 192 as a white solid (2.00 mg, 100%): [oc]D20 = -4.14 (c 0.14, H,0); IR
(uscope) v 3650-3000, 2940, 1688, 1565, 1137; 'H NMR (D,0, 500 MHz) & 1.42-1.55
(m, 4H, 2 x CHy), 1.71-1.79 (m, 2H, CH), 2.24-2.27 (m, 2H, allylic CIL,), 4.01-4.04 (m,
2H, H-3', H-4"), 4.28 (app t, 1H, J = 5.0 Hz, H-2"), 5.49 (s, 1H, C=CH), 5.82 (d, 1H, J =
7.8 Hz, H-5), 5.91 (d, 1H, J = 5.0 Hz, H-1"), 7.54 (d, 1H, J = 7.8 Hz, H-6); "C NMR (D-
20, 125 MHz) § 25.4, 27.8, 33.2, 35.2, 73.8, 74.5, 84.5, 90.1, 103.8, 120.7, 141.1, 152.5,
161.1, 165.7, 175.4, 176.3; HRMS (ES-) calcd for C16H19N20O9 383.1085, found 383.1084

[MH]".
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Dimethyl 2-(2-((3aR,4R,6R,6aR)-6-(3-(tert-butoxycarbonyl)-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)ethyl)-

succinate (193)

o Dimethyl maleate derivativel79 (30.0 mg,
COsMe =
MeO,C o N\n/NBoc 0.0570 mmol) was dissolved in EtOAc (500 uL)
3 B © and 10% Pd/C (6 mg) was added. The mixture
x was stirred under 1 atm H, for 20 h, then filtered

through Celite and the Celite washed with hot EtOAc. Concentration in vacuo was
followed by flash chromatography (SiO,, petroleum ether/EtOAc, 3:2) to give dimethyl
succinate derivative 193 as a colourless gum, isolated as a mixture of diastereomers (19.2
mg, 64%): Ry 0.15 (petroleum ether/EtOAc, 3:2); IR (CHCls, cast) v 2924, 2852, 1786,
1724, 1683, 1633, 1150, 1095 cm™; "H NMR (CDCLs, 500 MHz) & 1.33 (s, 3H, CH;),
1.55 (s, 3H, CH3), 1.61 (s, 9H, C(CH3)3), 1.62-1.84 (m, 4H, 2 x CHy), 2.45 (ddd, 1H, J =
16.5, 5.5, 2.5 Hz, MeO,CCH,Hy), 2.73 (ddd, 1H, J = 16.5, 9.0, 1.0 Hz, CH;0,CCH,Hy),
2.84-2.94 (m, 1H, CH;0,CCH), 3.67 (s, 3H, OCHj3), 3.70 (s, 3H, OCH3), 3.96-4.04 (m,
1H, H-4"), 4.56 (dd, 1H, J= 6.5, 4.5 Hz, H-3"), 4.94 (dd, 1H, J = 6.5, 2.0 Hz, H-2"), 5.59
(d, 1H, J=2.0 Hz, H-1"), 5.76 (d, 1H, J = 8.3 Hz, H-5), 7.20 (d, 1H, J = 8.3 Hz, H-6); °C
NMR (CDCls, 125 MHz) § 25.4, 27.2, 27.5, 27.8, 27.9, 30.6, 30.8, 35.7, 35.9, 40.7, 40.9,
51.8,52.0, 83.5, 83.6, 84.4, 86.6, 86.7, 87.1,94.0, 94.1, 102.2, 114.8, 114.9, 140.9, 141.0,

147.4, 148.0, 160.3, 172.1, 172.2, 174.78, 174.82 (11 carbon signals not observed due to

overlap); HRMS (ES+) caled for Cy4H34N,011Na 549.2055, found 549.2056 [MNa]+.
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Dimethyl 2-(3-((3aR,4R,6R,6aR)-6-(3-(fert-butoxycarbonyl)-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propyl)-

succinate (194)

5 This compound was prepared using the same

=
MGOZCM'@OC procedure as for 193. Thus, a mixture of 185
MeO,C (5 b O (29.5 mg, 0.0550 mmol) and 10% Pd/C (7 mg)
x in EtOAc (500 uL) was stirred under 1 atm H;

for 20 h. Filtration through Celite and washing of the Celite with hot EtOAc was
followed by concentration in vacuo. Purification was done by flash chromatography
(SiO,, petroleum ether/EtOAc, 2:1) to give dimethyl succinate derivative 194 as a
colourless glass, isolated as a mixture of diastereomers (21.1 mg, 71%): R 0.17 (3:2
petroleum ether/EtOAc, 3:2); IR (CHCl;, cast) v 2986, 2938, 1785, 1724, 1683, 1635,
1150, 1085 cm™; "H NMR (CDCl;, 500MHz) 8 1.34 (s, 3H, CH3), 1.36-1.52 (m, 3H, CH,
+ CH,Hy), 1.55 (s, 3H, CHj3), 1.61 (s, 9H, C(CHj3)s), 1.64-1.73 (m, 3H, CH, + CH,Hy),
2.45 (dd, 1H, J = 16.7, 5.5 Hz, CH;0,CCH,Hy), 2.73 (dd, 1H, J = 16.7, 9.0 Hz,
CH;0,CCH,Hy), 2.83-289 (m, 1H, CH;0,CCH), 3.68 (s, 3H, OCHj3), 3.70 (s, 3H,
OCH3), 3.98-4.01 (m, 1H, H-4"), 4.53 (dd, 1H, J = 6.5, 5.0 Hz, H-3"), 491 (dd, 1H, J =
6.5,2.3 Hz, H-2"), 5.62 (d, 1H, J = 2.3 Hz, H-1"), 5.76 (d, 1H, J = 8.3 Hz, H-5), 7.20 (d,
1H, J = 8.3 Hz, H-6); *C NMR (CDCl3, 125 MHz) § 23.12, 23.14, 25.4, 27.2, 27.5, 31.6,
33.0, 35.8, 41.0, 51.8, 51.9, 83.5, 84.4, 86.5, 87.0, 93.5, 102.2, 114.9, 140.66, 140.70,
147.5, 148.1, 160.3, 172.2, 175.1 (21 carbon signals not observed due to overlap); HRMS

(ES+) caled for CasHysN»011Na 563.2211, found 563.2209 [MNa]".
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Dimethyl 2-(4-((3aR,4R,6R,6aR)-6-(3-(tert-butoxycarbonyl)-2,4-dioxo-3,4-dihydro-

pyrimidin-1(2H)-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)butyl)-

succinate (195)
This compound was prepared using the
MeO,C O:Me o N/ NB(Zc same procedure as for 193. Dimethyl
Famart \([3]/ maleate derivative 190 (10.3 mg, 0.0190
Oxo mmol) and 10% Pd/C (4.10 mg) were

stirred under 1 atm H; in EtOAc (800 uL) for 12 h, then the mixture was filtered through
Celite. The Celite was washed with hot EtOAc, and the filtrate was concentrated in
vacuo. Purification by flash chromatography (SiO,, petroleum ether/EtOAc, 2:1) yielded
dimethyl succinate derivative 195 as a colourless glass, isolated as a mixture of
diastereomers (2.20 mg, 21%): R;0.14 (petroleum ether/EtOAc, 2:1); IR (CHCl;, cast) v
2987, 2938, 1785, 1724, 1683, 1632, 1150, 1085 cm™; '"H NMR (CDCl;, 500 MHz)
8 1.34 (s, 3H, CHj3), 1.35-1.54 (m, 4H, 2 x CH,), 1.55 (s, 3H, CHj3), 1.61 (s, 9H,
C(CHs;)3), 1.63-1.72 (m, 4H, 2 x CHy), 2.43 (dd, 1H, J = 16.6, 5.3 Hz, CH;0,CCH,Hy),
2.72 (dd, 1H, J = 16.6, 9.0 Hz, CH;0,CCH,Hy), 2.82-288 (m, 1H, CH30,CCH), 3.68 (s,
3H, OCHj3), 3.70 (s, 3H, OCH3), 3.98-4.02 (m, 1H, H-4"), 4.53 (app t, 1H, J= 6.3 Hz, H-
3", 4.91 (dd, 1H, J= 6.3, 2.2 Hz, H-2"), 5.63 (d, 1H, J = 2.2 Hz, H-1"), 5.76 (d, 1H, J =
8.0 Hz, H-5), 7.20 (d, 1H, J = 8.0 Hz, H-6); °C NMR (CDCl;, 125 MHz) & 25.3, 25.4,
26.7, 27.2, 27.5, 31.7, 33.0, 35.82, 35.83, 41.01, 41.03, 51.77, 51.84, 83.5, 84.5, 86.6,
86.7, 87.0, 93.38, 93.42, 102.2, 114.83, 114.85, 140.6, 147.5, 148.1, 160.3, 172.3, 175.2
(19 carbon signals not observed due to overlap); HRMS (ES+) caled for Cy6H3sN>Oq1Na

577.2368, found 577.2368 [MNa]".
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Dimethyl 2-(2-((2R,3S,4R,5R)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)ethyl)succinate (196)

o Succinate 193 (18.3 mg, 0.0350 mmol) was
COZMe =
MeO,C o] N\[]/NH dissolved in TFA/H,O (7:3, 3.2 mL) and the
— 0 . .
HO OH mixture was stirred at rt for 2.5 h then

concentrated in vacuo. The crude product was
purified by flash chromatography (SiO,, EtOAc/MeOH, 95:5) to give 196 as a colourless
glass, isolated as a mixture of diastereomers (13.4 mg, 100%): R, 0.20 (CHCl;/MeOH,
9:1); IR (CHCI;, cast) v 3600-3100, 3026, 2954, 1693, 1268, 1168 cm™; 'H NMR
(CD;0D, 500 MHz) 8§ 1.63-1.78 (m, 4H, 2 x CH,), 2.54 (dd, 1H, J = 16.8, 5.3 Hz,
CH30,CCH,Hy), 2.69 (dd, 1H, J = 16.8, 9.3 Hz, CH3;0,CCH,Hy), 2.85-2.91 (m, 1H,
CH3;0,CCH), 3.64 (s, 3H, OCH3), 3.68 (s, 3H, OCHa;), 3.80-3.86 (m, 2H, H-3', H-4"),
4.14-4.17 (m, 1H, H-2", 5.71 (d, 1H, J = 8.0 Hz, H-5), 5.75 (d, 1H, J = 4.5 Hz, H-1"),
7.56 (d, 1H, J = 8.0 Hz, H-6); °C NMR (CD;OD, 125 MHz) 8 29.2,29.3, 31.75, 31.78,
36.6,36.7,42.2,42.3,52.2,52.4,74.7, 74.8, 74.9, 75.0, 84.50, 84.54, 92.0, 102.9, 103.0,
142.8, 152.2, 166.1, 174.0, 176.8 (8 carbon signals not observed due to overlap); HRMS

(ES+) caled for C1sHxN,OsNa 409.1218, found 409.1216 [MNa]".

Dimethyl 2-(3-((2R,35,4R,5R)-5-(2,4-diox0-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)propyl)succinate (197)

Succinate 194 (16.0 mg, 0.0296 mmol) was

O
7
(\f stirred in TFA/H,0 (3:2, 1.6 mL) at 0 °C for 2 h,

MeO,C 0 N\n/NH
j/\/\Q, 0O then the mixture was concentrated in vacuo.

MeOZC Hd ’C)H
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Purification by flash chromatography (SiO,, EtOAc/MeOH, 98:2) afforded 197 as a
colourless glass, isolated as a mixture of diastereomers (11.0 mg, 96%): R, 0.07
(CHCI3/MeOH, 95:5); IR (CHCI;, cast) v 3600-3000, 3061, 2952, 2863, 1693, 1053; 'H
NMR (CD;0OD, 500 MHz) 8 1.39-1.78 (m, 6H, 3 x CH»), 2.50 (dd, 1H, J = 16.5, 5.0 Hz,
CH30,CCH.Hy), 2.67 (dd, 1H, J = 16.5, 9.2 Hz, CH;0,CCH,Hy), 2.81-2.87 (m, 1H,
CH30,CCH), 3.64 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 3.83-3.86 (m, 2H, H-3', H-4"),
4.14 (app t, 1H, J = 4.0 Hz, H-2"), 5.71 (d, 0.5H, J = 8.0 Hz, H-5), 5.72 (d, 0.5H, /= 8.0
Hz, H-5), 5.76 (d, 1H, J=4.0 Hz, H-1"), 7.55 (d, 0.5H, J = 8.0 Hz, H-6), 7.56 (d, 0.5H, J
= 8.0 Hz, H-6); °C NMR (CD;0D, 125 MHz) & 24.38, 24.41, 32.8, 34.0, 34.1, 36.66,
36.68, 42.4,52.2,52.3,74.7, 75.0, 75.1, 84.56, 84.61, 91.7, 103.0, 142.6, 152.3, 166.2,
174.1, 176.98, 177.01 (11 carbon signals not observed due to overlap); HRMS (ES+)

calcd for Cy6H2N>O¢Na 409.1218, found 409.1216 [MNa]+.

Dimethyl 2-(4-((2R,35,4R,5R)-5-(2,4-diox0-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)butyl)succinate (198)

o Succinate 195 (18.2 mg, 0.0328 mmol) was
CO,Me (\f
MeO,C o) N\[]/NH stirred in TFA/H,0 (3:2, 1.6 mL) at 0 °C for
R o) .
HO OH 2 h, the solvent was removed in vacuo.

Purification by flash chromatography (SiO,, EtOAc/MeOH, 98:2) yielded 198 as a
colourless glass, isolated as a mixture of diastereomers (12.0 mg, 89%): R, 0.18

(EtOAc/MeOH, 95:5); IR (CHCL, cast) v 3550-3100, 3025, 2948, 2860, 1717, 1202,
1049 em™; 'H NMR (CD;OD, 300 MHz) 8 1.28-1.71 (m, 8 H, 4 x CHy), 2.49 (dd, 1H, J

=16.6, 5.3 Hz, CH3;0,CCH,Hy), 2.66 (dd, 1H, J = 16.6, 9.3 Hz, CH30,CCH.Hy), 2.77-
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2.86 (m, 1H, CH;0,CCH), 3.64 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 3.82-3.86 (m, 2H, H-
3', H-4"), 4.12-4.15 (m, 1H, H-2"), 5.72 (d, 1H, J = 8.1 Hz, H-5), 5.77 (d, 1H, J= 4.2 Hz,
H-1", 7.56 (dd, 1H, J = 8.1, 0.9 Hz, H-6); °C NMR (CD;0D, 125 MHz) & 26.7, 27.79,
27.80, 32.8, 34.1, 36.66, 36.68, 42.39,42.41, 52.2, 52.3, 74.8, 75.066, 75.074, 84.8, 91.6,
103.0, 142.6, 152.3, 166.1, 174.1, 177.1 (14 carbon signals not observed due to overlap);

HRMS (ES+) calcd for C13HagN2OgNa 437.1531, found 437.1530 [MNa]".

Lithium 1-((2R,3R,45,5R)-5-(3,4-dicarboxylatobutyl)-3,4-dihydroxytetrahydro-

furan-2-yl)-2,4-dioxo-2,4-dihydro-1H-pyrimidin-3-ide (199)

Dimethyl succinate derivative 196 (7.00 mg,

CO,Li 2 . _
LiO.C o) N\n/NLi 0.0180 mmol) was dissolved in CD3;0D/D,0O
O (4.5:3, 750 uL) in an NMR tube, and a solution of
HO OH

LiOH-H,0 in D,O (1.00 M, 73.0 uL, 0.0730
mmol) was added. The reaction was conducted at rt with monitoring by '"H NMR. After
5 h, the mixture was concentrated in vacuo and the residue was dissolved in H,O. It was
washed with CH,Cl,, then lyophilized to give lithium salt 199 as a white solid, isolated as
a ~1:1 mixture of diastereomers (6.80 mg, 100%): IR (uscope) v 3700-2800, 1675, 1570,
1130 em™; "H NMR (D0, 400 MHz) 8 1.50-1.74 (m, 4H, 2 x CH,), 2.19 (dd, 1H, J =
14.6, 9.8 Hz, LiO,CCH,Hy), 2.47 (dd, 1H, J = 14.6, 5.6 Hz, LiO,CCH,Hy), 2.55-2.62 (m,
1H, LiO,CCH), 3.97-4.04 (m, 2H, H-3', H-4"), 427 (app t, 1H, J=4.6 Hz, H-2'"), 5.84 (d,
0.5H, J= 7.6 Hz, H-5), 5.86 (d, 0.5H, J = 8.0 Hz, H-5), 5.88 (d, 0.5H, J= 3.2 Hz, H-1"),
5.89 (d, 0.5H, J = 2.8 Hz, H-1"), 7.57 (d, 0.5H, J = 7.6 Hz, H-6), 7.58 (d, 0.5H, J = 8.0

Hz, H-6); °C NMR (D,0, 125 MHz) 8 28.9, 29.0, 31.80, 31.84, 41.85, 41.90, 46.9, 73.7,

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73.8, 74.5, 74.6, 84.6, 84.7, 89.9, 103.76, 103.80, 141.2, 159.2, 165.1, 176.1, 182.3,
184.86, 184.89 (5 carbon signals not observed due to overlap); HRMS (ES-) caled for

C14H17N209 3570940, found 357.0939 [MHz]_.

Lithium 1-((2R,3R,4S5,5R)-5-(4,5-dicarboxylatopentyl)-3,4-dihydroxytetrahydro-

furan-2-yl)-2,4-dioxo-2,4-dihydro-1H-pyrimidin-3-ide (200)

Dimethyl succinate derivative 197 (7.00 mg,
Y
, 0.0170 mmol) was dissolved in CD;OD/D,O

LiO,C O.__N_ _NLi
Y | |
S O (1:1, 600 uL) in an NMR tube, and a solution of

LiOH*H,O in D,O (1.00 M, 74.0 uL, 0.0740

mmol) was added. The reaction was conducted at rt for 5.5 h, then at 40 °C for 2 h, while
monitoring by 'H NMR. Insoluble material was filtered, and the mixture lyophilized to
give lithium salt 200 as a white solid, isolated as a ~ 1.3:1 mixture of diastereomers (6.80
mg, 100%): IR (uscope) v3600-3150, 2941, 1695, 1576, 1426, 1205, 1088 em’; 'H
NMR (D0, 600 MHz) & 1.32-1.80 (m, 6H, both isomers, 3 x CH,), 2.18 (dd, ~0.56H,
major isomer, J = 14.4, 10.2 Hz, LiO,CCH,Hy), 2.37 (dd, ~0.44 H, minor isomer, J =
15.9, 5.7 Hz, LiO,CCCH.Hy), 2.47 (m, 1H, both isomers, LiO,CCH,Hy), 2.58 (m,
~0.56H, major isomer, LiO,CCH), 2.79-2.85 (m, ~0.44H, minor isomer, LiO,CCH),
3.99-4.05 (m, 2H, both isomers, H-3', H-4"), 4.29 (app q, 1H, both isomers, J = 4.8 Hz, H-
2"), 5.85 (br s, 1H, both isomers, H-5), 5.88 (d, ~0.44H, minor isomer, J = 4.2 Hz, H-1"),
5.89 (d, ~0.56H, major isomer, J = 4.8 Hz, H-1"), 7.55 (dd, 0.~44H, minor isomer, J =
7.8, 4.8 Hz, H-6), 7.58 (d, ~0.56H, major isomer, J = 7.8, 2.4 Hz, H-6); BC NMR (D20,

125 MHz) & 23.5, 24.0, 33.2 33.6, 40.5, 42.1, 43.3, 43.4, 46.9, 73.68, 73.73, 73.8, 74.45,

184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74.48, 84.2, 84.3, 84.7, 84.8, 89.99, 90.05, 90.5, 103.6, 141.68, 141.74, 149.2, 162.5,
182.5, 185.4 (2 carbon signals not observed due to overlap); HRMS (ES-) calcd for

C1sH19N2Og 371.1096, found 371.1097 [MH,]".

Lithium 1-((2R,3R,4S,5R)-5-(5,6-dicarboxylatohexyl)-3,4-dihydroxytetrahydro-

furan-2-yl)-2,4-dioxo-2,4-dihydro-1H-pyrimidin-3-ide (201)

5 Dimethyl succinate derivative 198 (6.10

COyLi (\(
LiO,C o) N\n/NLi mg, 0.0150 mmol) was dissolved in
WS o o CD;OD/D;0 (1:1, 600 uL) in an NMR

tube, and a solution of LiOH*H,0 in D,O (1.00 M, 58.5 uL, 0.0585 mmol) was added.
The mixture was heated at 50 °C and the reaction monitored by '"H NMR. After 5 h, it
was lyophilized to afford lithium salt 201 as a white solid, isolated as a ~3.5:1 mixture of
diastereomers (4.50 mg, 76%): IR (uscope) v 3700-3000, 2935, 1681, 1579, 1087 em’;
'"HNMR (D,0, 600 MHz) 8 1.30-1.52 (m, 6H, both isomers, 3 x CH3), 1.67-1.77 (m, 2H,
both isomers, CH,), 2.17 (dd, ~0.78H, major isomer, J = 14.4, 9.6 Hz, LiO,CCH,Hy),
2.37 (dd, ~0.22H, minor isomer, J = 15.6, 6.0 Hz, LiO,CCH.Hy), 2.44 (dd, ~0.78H, major
isomer, J = 14.4, 5.4 Hz, LiO,CCH,Hy), 2.47 (dd, ~0.22H, minor isomer, J = 15.6, 9.0
Hz, LiO,CCH,Hy), 2.56 (m, ~0.78H, major isomer, LiO,CCH), 2.77-2.82 (m, ~0.22H,
minor isomer, LiO,CCH), 4.00-4.04 (m, 2H, both isomers, H-3', H-4"), 4.28-4.30 (m, 1H,
both isomers, H-2"), 5.84 (d, 1H, both isomers, J = 7.8 Hz, H-5), 5.88 (d, ~0.22H, minor
isomer, J = 4.8 Hz, H-1"), 5.89 (d, ~0.78H, major isomer, J = 5.4 Hz, H-1'), 7.55 (d,
0.22H, minor isomer, J = 7.8 Hz, H-6), 7.56 (d, 0.78H, major isomer, J = 7.8 Hz, H-6);

BC NMR (D,0, 125 MHz) 25.5, 25.8, 27.7, 32.2, 32.6, 33.2, 33.4, 40.5, 42.1, 47.1,
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73.8,74.5,84.4,84.4,84.7, 84.8,90.1, 103.7, 141.5, 157.7, 163.0, 181.4, 182.6, 185.7 (8
carbon signals not observed due to overlap); HRMS (ES-) caled for C;sH21N2Oy

385.1253, found 385.1243 [MH,]".

2.2 NDP Kinase Assay

The coupled assay using pyruvate kinase and lactate dehydrogenase described by
Kezdi et al.'* was used and adapted to microtiter plates. The final assay volume was 100
mL, with the final concentrations as follows: 50 mM Tris-HCl (pH 7.6), 75 mM KCI, 5
mM MgCl,, 1 mM phosphoenolpyruvate, | mM NADH, 0.2 mM ATP, 0.6 mM 8-
bromoinosine diphosphate, 1 mg/mL bovine serum albumin, 50 U/mL pyruvate kinase,
50 U/mL lactate dehydrogenase, and 1mM nucleotide analogue. The reaction was
initiated by adding NDP kinase (0.08 nM) with a multi-channel pipette to wells in the
absence or presence of nucleotide analogue, and the activity was monitored at 30 °C by

the decrease in absorbance at 340 nm.

2.3 Antimicrobial Assays

The spot-on-lawn overlay method®’ was used. Luria broth was used to grow E.
coli DH5a, Pseudomonas aeruginosa ATCC 14207, Salmonella typhimurium ATCC
23564, and tryptic soy broth was used to grow Staphylococcus aureus ATCC 6538. A
culture tube containing the liquid media (8.0 mL) was inoculated from a frozen stock
solution of the bacterial strain, and all strains were incubated overnight at 37 °C. The
dimethyl diesters were dissolved in EtOH/H,O (2:1) and the lithium dicarboxylate salts

were dissolved in H,O. A 10 uL portion of a 20 mg/mL solution of the nucleotide
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analogue was spotted on a solid agar plate and allowed to dry. A 100 uL portion of the
test organism from the overnight culture tube was added to a tube containing melted soft
agar (40 °C), and after gentle vortexing, this was poured onto the agar plate. After
allowing the agar to solidify, the plates were incubated overnight at 37 °C. Activity was

detected by the appearance of a clear zone of growth inhibition.

3. Pediocin PA-1 Analogues

3.1 General Method for Solid Phase Peptide Syntheses (SPPS)

All peptides were manually synthesized using a 50 mL SPPS vessel equipped
with a 3-way stop-cock and ‘C’ fritted ground glass joint. All peptides were prepared
using L-configured amino acids with N-terminal 9H-fluorenylmethoxycarbonyl (Fmoc)
protection on Wang®° or 2-chlorotrityl23 ! resins. All amino acids were coupled using
either benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate
(PyBOP) or dicyclohexylcarbodiimide (DCC) as the activating agent, 1.1 equivalents of
amino acid (relative to PyBOP), or 2.1 equivalents of amino acid (relative to DCC) and
2-3 h coupling times. For the coupling of successive amino acids to the resin using
PyBOP, N-methylmorpholine (NMM) was added to the N-Fmoc protected amino acid
(2.00 equiv. relative to resin) followed by PyBOP (1.96 equiv. relative to resin). The
mixture was stirred for 10 min and added to the resin (previously swollen in DMF) and
agitated with bubbling argon for 2-3 h. For the coupling of amino acids to the resin with
DCC, the N-Fmoc amino acid (4.00 equiv. relative to resin) in CH,Cl; was added to a

solution of DCC (2.00 equiv. relative to resin) in CH,Cl, at 0 °C. This mixture was
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stirred for 20 min at 0 °C and concentrated in vacuo. The residue was taken up in DMF
and added to the resin, which was then agitated with bubbling argon for 2-3 h. After
coupling of the 20™ amino acid, Fmoc removal was preceded each time by treatment of
the resin-bound peptide with a solution of 0.8 M LiCl in DMF to disrupt aggregation due
to hydrogen bonding. As well, all amino acid coupling reactions after residue 15 were
performed in duplicate (double coupling).

The Kaiser test®” for free amines was used to determine the completion of the
reaction as follows. To a small sample of resin-bound peptide in a test tube was added 3
drops each of ninhydrin (5 g in 100 mL EtOH), 90% aqueous phenol (80 g in 20 mL
EtOH), and KCN (2 mL of aqueous KCN in 98 mL pyridine). This mixture was then
heated with a heat gun for several seconds. The presence of blue coloured beads
(positive test) is an indication of the presence of free amine and thus incomplete
coupling. The coupling procedure was repeated until no blue colour was observed in the
resin beads. Once no colour was present in the beads (negative test), the resin-bound
peptide was treated with 20% acetic anhydride (Ac;O) in DMF to acetylate any
remaining free amine. N-Terminal Fmoc removal from the resin-bound peptide was
accomplished with a 20% solution of piperidine in DMF (3 x 5 min). The Kaiser test was
used to determine the presence of free amine as described above, only in this instance

coloured beads were desired (positive test).

3.2 Purification Techniques
Preparative reverse-phase HPL.C was performed on a Gilson high performance

liquid chromatograph equipped with a 322 pump, a single wavelength Gilson 151/152
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UV/VIS, and a manual injector fitted with a 1 mL sample loop. UniPoint™ System
Software was used to record and analyze the chromatograms. The column used for
preparative HPLC was a Waters PrepLC 25 mm radial compression module with
uBondapak™ Cyg (10 wm, 125 A, 25 x 100 mm) preparative packing. Analytical
reverse-phase HPLC was performed either on the same Gilson system or on a Varian
Prostar chromatograph equipped with model 210 pump heads, a model 325 dual
wavelength UV detector, and a Rheodyne 77251 injector fitted with a 100 uLL sample
loop. The column used was a Vydac C;g Protein and Peptide steel walled column (5 pwm,
300 A, 10 x 250 mm). The solvent systems used for peptide purification were as follows.
System A: eluting with 20% MeCN/80% H,O (0.1% TFA) for 5 min, then a gradient of
20-43% MeCN over 35 min. System B: eluting with 20% MeCN/80% H,O (0.1% TFA)
for 5 min, then a gradient of 20-40% MeCN over 30 min. System C: eluting with 20%
MeCN/80% H,O (0.1% TFA) for 5 min, then a gradient of 20-37% MeCN over 30 min.
The peptides were monitored at 220 nm on the Gilson system, and at both 220 and 280
nm on the Varian system. All HPLC solvent systems were filtered through a Millipore

filtration system under vacuum prior to use.

3.3 Instrumentation for Characterization

Samples for MALDI analysis were prepared using 3,5-dimethoxy-4-
hydroxycinnamic acid (sinnapinic acid) as matrix. A solution of the sample peptide in
0.1% TFA (1 nL) was mixed with an equal volume of a stock solution of sinnapinic acid
(10 mg/mL) in 60% MeCN (0.1% TFA). A thin layer of sinnapinic acid was deposited

on the surface of a stainless steel target plate by delivery of a small droplet (0.7 uL) of a
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solution containing sinnapinic acid (4 mg/mL) in acetone/MeOH (1:1). After evaporation
of the solvent, a droplet of the solution containing the sample peptide-matrix mixture (0.4
uL) was deposited on top of the fresh matrix layer. The solvent was evaporated at 1 atm
prior to analysis. Mass spectra were recorded on a single stage reflectron, Applied
BioSystems (Foster City, CA) Voyager Elite MALDI-TOF mass spectrometer. LC-

MS/MS was performed on a Waters (Micromass) Q-TOF-Premier coupled with a Nano-

Acquity UPLC system using a flow rate of 0.35 uL/min.

3.4 Experimental Data for Compounds

9,14-Diallyl 31-butyl pediocin PA-1 (210)

@®
T oeneen@nelm)—

The linear precursor to 210 was synthesized on H-Cys(Trt)-2-chlorotrityl resin (1.93 g,
1.45 mmol) with 0.75 mmol/g loading. The second amino acid, Fmoc-Lys(Boc)-OH
(450 mg, 0.960 mmol) was dissolved in DMF (10.0 mL), then PyBOP (490 mg, 0.940
mmol) and NMM (211 uL, 1.92 mmol) were added. After 10 min, the mixture was
added to the H-Cys(Trt)-2-chlorotrityl resin previously swollen in DMF, and the entire

reaction mixture was agitated with bubbling argon for 2 h. It was then filtered and
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washed with DMF (3 x 15 mL). The resin was treated with Ac;0 (20% in DMF, 20 mL)
for 20 min to acetylate the remaining free amino groups and reduce the effective loading
to 0.5 mmol/g. All other amino acids were coupled with PyBOP and NMM in the
following order: Fmoc-His(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Gly-OH, Fmoc-
GIn(Trt)-OH, Fmoc-His(Trt)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, Fmoc-Ala-
Thr(¥M*M*pro)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Ala-OH, Fmoc-Nle-OH, Fmoc-Ala-OH,
Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Ile-OH, Fmoc-Ile-OH,
Fmoc-Cys(Trt)-OH, Fmoc-Thr(z-Bu)-OH, Fmoc-Ala-Thr(¥*™pro)-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-Trp(Boc)-OH, Fmoc-Asp(z-Bu)-OH, Fmoc-Val-
OH, Fmoc-Ser(#-Bu)-OH, Fmoc-AllGly-OH, Fmoc-Ser(-Bu)-OH, Fmoc-His(Trt)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-AllGly-OH, Fmoc-Val-Thr(¥™*"pro)-OH,
Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH, Fmoc-Gly-OH, Fmoc-Tyr(z-Bu)-OH, Fmoc-Tyr(s-
Bu)-OH, Fmoc-Lys(Boc)-OH. The N-terminal Fmoc group was removed by treatment of
the resin-bound peptide with a 20% solution of piperidine in DMF (5 mL, 3 x 5 min),
then the resin was washed several times with DMF, CH,Cl,, and MeOH. It was dried
under a stream of argon for 1 h, then in vacuo for 16 h. Cleavage of the peptide from the
resin and removal of the side chain protecting groups was accomplished by treatment
with a freshly prepared solution of TFA/TIPSH/H,O (95:2.5:2.5, v/v/v) for 4 h at rt with
mechanical stirring. Filtration was followed by concentration of the filtrate in vacuo and
precipitation with Et;0. The crude peptide was dried in vacuo for 16 h. The 24,44-
disulfide bond was formed by dissolving 32 mg of the crude peptide in TFE/H,O (1:1,
100 mL) buffered to pH 7.6 with NH4HCO3 and bubbling O, through it for 16 h. After

concentration in vacuo, the crude cyclized product was purified by reverse phase HPLC
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on a preparative C;g column using solvent system A at a flow rate of 10 mL/min. The
desired peptide 210 was isolated as a broad peak (tz 22.0 min). The fractions containing
the peptide were concentrated in vacuo and re-injected on an analytical C;3 column.
Solvent system A was used again, except the flow rate was 1 mL/min. Pediocin PA-1
analogue 210 was isolated as a single peak (0.300 mg, 0.9% based on purification of 32.0
mg of dried crude product): MALDI-TOF MS calcd for Cy01H301Ng1060S2 4596.0, found

4596.7 [MH]".

MS/MS analysis of residues 1-20 of 210.

Pediocin PA-1 analogue 210 was treated with trypsin, which cleaves at the C-
terminus of arginine and lysine. Fragments were obtained corresponding to residues 1-
11, 2-11, 12-20, and 21-43. Residues 1-20 were successfully sequenced by MS/MS (see

below). Attempted sequencing of residues 21-43 was unsuccessful.

Residues 1-11

Res 3-11

Res 5-11
M+2H*] = 892.5
[ | [M+2H*]=672.4 Res 7-11 Res 9-11 Res 10-11

NH, [M+2H*] =501.3 [M+H*]=3801.2 [M+2H=2041 NH,

OH\ i,
)P s
HaN “‘LLN\;/U@J‘N “LLN\)I«*‘SN "%N ;ji“ ﬁ‘é“ KN EN7 COH
T™N: " h H H

(0] O
\©\OH Res 6- 11 HeSB 11 Res11

Res 2-11 [M+2HY = 558.4 [M+2H"] = 4023 [M+2H*] = 147.1
[M+2H*] = 1055.6 Res 4-11

[M+2H*] =729.4

Exact mass. 1182.6
Observed mass = 1183.6 [M+H"]
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Residues 12-20

Res 13-20 Res 15-20 Res 17-20 Res 19-20
[M+2H*] = 875.5 [M+2H']=691.4 [M+2H"]=505.2 [\40H*) = 204.1

H
HzN\)];f /[HEN \)j,f‘ /(" NvCOZH
HN >
\;N
Res 16-20
Res 14-20  1vu3H+ = 6053 NH,
[M+2H"] = 788.4 e 20
es
Res 18-20
M+2H*] = 3902 [M#2H'=147.2

Exact mass: 1011.5
Observed mass = 1012.5 [M+H")

MS/MS analysis of residues 12-20 of transamidation product 230.

Res 17-20
[M+2H*] =572.2
Res 13-20 Res 15-20 Res 19-20
[M+2H*]=9426 [M+2H']=758.5 [M+2H*] = 204.1

N

Res 16-20

Res 14-20  [M43H* =672.3
[M+2H*] = 855.5

Res 20
[M+2H*] = 147.2

Res 18-20
M+2H*] = 390.2

Exact mass. 1078.6
Observed mass = 1079.6 [M+H*]
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9,14-Dibenzyl 31-butyl pediocin PA-1 (211)

O@@
- EEOOEOBE ¥

This peptide was synthesized by SPPS using the same procedure as for the synthesis of
211, except that Fmoc-Phe-OH was coupled instead of Fmoc-AllGly-OH at residues 9
and 14. The N-terminal Fmoc group was removed by treatment of the resin-bound
peptide with a 20% solution of piperidine in DMF (5 mL, 3 x 5 min), then the resin was
washed several times with DMF, CH,Cl,, and MeOH. It was dried under a stream of
argon for 1 h, then in vacuo for 16 h. Cleavage of the peptide from the resin and removal
of the side chain protecting groups was accomplished by treatment with a freshly
prepared solution of TFA/TIPSH/H,0 (95:2.5:2.5, v/v/v) for 3.5 h at rt with mechanical
stirring.  Filtration was followed by concentration of the filtrate in vacuo and
precipitation with Et;O. The crude peptide was dried in vacuo for 16 h. The 24,44-
disulfide bond was formed by dissolving 10 mg of the crude peptide in TFE/H,O (1:1,
100 mL) buffered to pH 7.7 with NH4sHCO; and bubbling O, through it for 18 h. After
concentration in vacuo, the crude cyclized product was purified by reverse phase HPLC
on a preparative C;g column using solvent system A at a flow rate of 10 mL/min. The
desired peptide 211 was isolated as a broad peak (tg 28.6 min). The fractions containing
the peptide were concentrated in vacuo and re-injected on an analytical C;z column.
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Solvent system A was used again, except the flow rate was 1 mL/min. Pediocin PA-1
analogue 211 was isolated as a broad peak (0.400 mg, ~75% pure as determined by
analytical HPLC): MALDI-TOF MS calcd for Cy9H305Ng1O060S2 4696.2, found 4697.0

[MH]".

9,14-Dipropyl 31-butyl pediocin PA-1 (212)

&
()

raN—(Lys )Ty Tyr) aiypsn iy Vel Trr)—
H oo

This peptide was synthesized by SPPS using the same procedure as for the synthesis of
210, except that Fmoc-Nva-OH was coupled instead of Fmoc-AllGly-OH at residues 9
and 14. The N-terminal Fmoc group was removed by treatment of the resin-bound
peptide with a 20% solution of piperidine in DMF (5 mL, 3 x 5 min), then the resin was
washed several times with DMF, CH,Cl,, and MeOH. It was dried under a stream of
argon for 1 h, then in vacuo for 16 h. Cleavage of the peptide from the resin and removal
of the side chain protecting groups was accomplished by treatment with a freshly
prepared solution of TFA/TIPSH/H,O (95:2.5:2.5, v/v/v) for 4 h at rt with mechanical
stirring.  Filtration was followed by concentration of the filtrate in vacuo and

precipitation with Et;0. The crude peptide was dried in vacuo for 16 h. The 24,44-
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disulfide bond was formed by dissolving 25 mg of the crude peptide in TFE/H,0O (1:1, 70
mL) buffered to pH 7.6 with NH,HCO; and bubbling O, through it for 15 h. After
concentration in vacuo, the crude cyclized product was purified by reverse phase HPLC
on a preparative Cig column using solvent system A at a flow rate of 10 mL/min. The
desired peptide 212 was isolated as a broad peak (tz 25.5 min). The fractions containing
the peptide were concentrated in vacuo and re-injected on an analytical C;s column.
Solvent system B was used, with a flow rate of 1 mL/min. Pediocin PA-1 analogue 212
was isolated as a broad peak (0.500 mg, ~75% pure as determined by analytical HPLC):

MALDI-TOF MS calcd for Cy01H305Ns1060S2 4600.1, found 4600.9 [MH]".

24,44-Diallyl 31-butyl pediocin PA-1 (213)

The linear precursor to 213 was synthesized on Wang resin (750 mg, 0.80 mmol) with 1.1
mmol/g loading. The first amino acid, Fmoc-AllGly-OH (2.02 g, 6.00 mmol) was
dissolved in CH,Cl, (10.0 mL), then DCC (380 mg, 3.00 mmol) was added. The mixture
was stirred at 0 °C for 20 min, then concentrated in vacuo. The residue was dissolved in
DMF (10.0 mL), and the mixture was added to the Wang resin previously swollen in

DMF. The reaction mixture was agitated with bubbling argon for 1 h. It was then
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filtered and washed with DMF (3 x 15 mL). The resin was treated with Ac;O (20% in
DMF, 20 mL) for 20 min. All other amino acids were coupled with PyBOP and NMM in
the following order: Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, Fmoc-Asn(Trt)-OH,
Fmoc-Gly-OH, Fmoc-GIn(Trt)-OH, Fmoc-His(Trt)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH,
Fmoc-Ala-Thr(¥M*pro)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Ala-OH, Fmoc-Nle-OH,
Fmoc-Ala-OH, Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Ile-OH,
Fmoc-lle-OH, Fmoc-AllGly-OH, Fmoc-Thr(s-Bu)-OH, Fmoc-Ala-Thr(¥™M¢pr0)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-Trp(Boc)-OH, Fmoc-Asp(z-Bu)-OH, Fmoc-
Val-OH, Fmoc-Ser(#-Bu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Ser(¢-Bu)-OH, Fmoc-His(Trt)-
OH, Fmoc-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-Cys(Trt)-OH, Fmoc-Val-
Thr(¥™™pro)-OH, Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH, Fmoc-Gly-OH, Fmoc-Tyr(t-
Bu)-OH, Fmoc-Tyr(z-Bu)-OH, Fmoc-Lys(Boc)-OH. The N-terminal Fmoc group was
removed by treatment of the resin-bound peptide with a 20% solution of piperidine in
DMF (5 mL, 3 x 5 min), then the resin was washed several times with DMF, CH,Cl,, and
MeOH. It was dried under a stream of argon for 1 h, then in vacuo for 16 h. Cleavage of
the peptide from the resin and removal of the side chain protecting groups was
accomplished by treatment with a freshly prepared solution of TFA/TIPSH/H,O
(95:2.5:2.5, v/v/v) for 4 h at rt with mechanical stirring. Filtration was followed by
concentration of the filtrate in vacuo and precipitation with Et;O. The crude peptide was
dried in vacuo for 16 h. The 9,14-disulfide bond was formed by dissolving 30 mg of the

crude peptide in HxO (100 mL) buffered to pH 7.6 with NHsHCO; and bubbling O,
through it for 16 h. After concentration in vacuo, the crude cyclized product was purified

by reverse phase HPLC on a preparative C;3 column using solvent system A at a flow
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rate of 10 mL/min. The desired peptide 213 was isolated as a broad peak (tz 24.5 min).
The fractions containing the peptide were concentrated in vacuo and re-injected on an
analytical C;3 column. Solvent system C was used, with a flow rate of 1 mL/min.
Pediocin PA-1 analogue 213 was isolated as a single peak (0.300 mg, 1.0% based on
purification of 30.0 mg of dried crude product): MALDI-TOF MS calcd for

Ca01H301N61060S2 4596.0, found 4596.7 [MH]".

3.5 Antimicrobial Assays

The spot-on-lawn overlay method was used. The known indicator organisms used
were Listeria monocytogenes ATCC 43256 and Carnobacterium divergens LV13. A
culture tube containing all-purpose tween (5.0 mL) was inoculated from a frozen stock
solution of the bacterial strain. The tube containing L. monocytogenes ATCC 43256 was
incubated overnight at 37 °C, and the tube containing C. divergens LV13 was incubated
overnight at rt. A solution of pediocin PA-1 analogue in H,O (10 uL) was spotted onto
an APT agar plate using serial dilution series from 70 uM and allowed to dry. A 100 uL.
portion of the test organism from the overnight culture tube was added to a tube
containing melted soft agar (40 °C), and after gentle vortexing, this was poured onto the
agar plate. After allowing the agar to solidify, the plates were incubated overnight.

Activity was detected by the appearance of a clear zone of growth inhibition.
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APPENDIX

Sciadopitys verticillata as a Potential Botanical Source of Baltic Amber: Summary of

Extraction, Methanolysis, and GC-MS Studies

Objectives and Rationale for Experiments

This short study was conducted in collaboration with Dr. Karlis Muehlenbachs
and Dr. Alexander Wolfe of the Department of Earth and Atmospheric Sciences at the
University of Alberta. The objective of this study was to determine if the Japanese
umbrella tree, Sciadopitys verticillata, is a potential candidate as a botanical source of
Baltic amber. This was done through the search for two chemical markers, succinic acid
(232) and verticillol (233). Baltic amber contains a high percentage of succinic acid,
therefore its presence in high amounts in Sciadopitys verticillata would lend credence to
its being the source of Baltic amber. Conversely, Sciadopitys verticillata is the only plant
known to contain verticillol, therefore its detection in Baltic amber would strongly

suggest this plant as the amber source.

Figure 1. Succinic acid (232) and verticillol (233).

232
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Simple extraction of samples using Et,O and/or MeOH was performed to separate
the soluble portion of the material from the insoluble portion. In the case of Baltic
amber, which is known to contain succinic acid,”** extraction was followed by treatment
with diazomethane to yield dimethyl succinate. This facilitates GC-MS analysis because
dimethyl succinate is more volatile than the parent diacid. All the extracted samples were
analyzed by GC-MS to determine if verticillol was also present.

Methanolysis reactions of plant resin and needle extracts under basic and acidic
conditions were performed to release any succinic acid that could be present as
diterpenoid esters in the plant material. This is known to be the case for the ponderosa
pine, Pinus ponderosa™*, and as such this plant was used as a positive control. The basic
methanolysis reactions were followed by diazomethane treatment to yield dimethyl

succinate. The acidic methanolysis reaction gives dimethyl succinate directly.

1. Extraction and GC-MS analysis of Baltic amber

GC-MS analysis of the Et,O extract of Baltic amber revealed that dimethyl
succinate (obtained after methylation of endogenous succinic acid with diazomethane)
was present in this material. This is in agreement with previous findings.”** Verticillol
was not detected in the Baltic amber sample. It is worth noting that the alcohol
functionality of verticillol should not be methylated by diazomethane as this process
usually requires an additional catalyst such as boron trifluoride etherate. Given the

extreme conditions under which Baltic amber is reported to form (oxidation, reduction,
high temperatures and pressures), it must be acknowledged that even if Sciadopitys

verticillata were the botanical source for Baltic amber, it would not be surprising if
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verticillol in the original plant material were converted to a completely unrelated

compound in the amber.

2. Extraction and GC-MS analysis of plant resins and needles

GC-MS analysis of the Et,O extracts of the resins of Sciadopitys verticillata and
Pinus ponderosa did not reveal any verticillol. However, after extraction of Sciadopitys
verticillata needles with MeOH then Et;O, GC-MS analysis did reveal verticillol to be
present. Verticillol has previously been isolated from the seeds of Sciadopitys
verticillata.®® Verticillol was not detected in the needle extract of Pinus ponderosa.

Dimethyl succinate was not detected in any of the resin or needle extracts.

3. Basic methanolysis and GC-MS analysis of Sciadopitys verticillata and Pinus
ponderosa resin extracts

Treatment of the resin extracts with methanolic NaOMe/MeOH by methylation
with diazomethane did not yield any detectable dimethyl succinate upon GC-MS
analysis. This result was somewhat surprising with respect to Pinus ponderosa as
succinic acid had previously been isolated as a labdane diterpene ester from the needles

24 1t is possible that the succinate being formed under basic conditions is

of this plant.
reacting with any aldehydes present, a process known as the Stobbe condensation

(Scheme 1). Based on this hypothesis, basic methanolysis of the samples was abandoned

in favour of acidic methanolysis.
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Scheme 1. Stobbe condensation between a succinate and an aldehyde

R
@ O  NaOCH, 2
SR R or

R CH4OH RO

o 0

4. Acidic methanolysis and GC-MS analysis of Sciadopitys verticillata and Pinus
ponderosa resin extracts

Treatment of the resin extracts from Sciadopitys verticillata and Pinus ponderosa
with HCI/MeOH did not yield any detectable dimethyl succinate upon GC-MS analysis.
However, the Pinus ponderosa sample was found to contain verticillol. It should be
noted that a previous extensive study of Pinus ponderosa needles did not reveal any

verticillol.?**

S. Acidic methanolysis and GC-MS analysis of Sciadopitys verticillata and Pinus
ponderosa needle extracts.

GC-MS analysis of the needle extract from Sciadopitys verticillata after acidic
methanolysis indicated that verticillol was present in the sample, but dimethyl succinate
was not detected. The Pinus ponderosa needle extract upon acidic methanolysis yielded
dimethyl succinate as detected by GC-MS. This result is consistent with the previous

isolation of labdane diterpene esters of succinic acid from Pinus ponderosa needles,”

and also verifies that the procedure employed is effective in releasing succinic acid from

these endogenous esters.
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Conclusions

From the results of the present study, it is not possible to establish Sciadopitys
verticillata as the botanical source of Baltic amber. Neither was succinic acid detected in
the resin and needle extracts of this species, nor was verticillol, known to be present in
the plant, detected in Baltic amber. Table 1 provides a summary of the experiments

performed and the results obtained.

Table 1. Summary of GC-MS results after extraction and methanolysis experiments.

Source Procedure GC-MS results
Baltic amber A Dimethyl succinate
Sciadopitys verticillata resin B -
Sciadopitys verticillata resin B then D -
Sciadopitys verticillata resin B then E -

Pinus ponderosa resin B -

Pinus ponderosa resin B then D -

Pinus ponderosa resin B then E Verticillol
Sciadopitys verticillata needles C Verticillol
Sciadopitys verticillata needles CthenE Verticillol

Pinus ponderosa needles C -
Pinus ponderosa needles CthenE Dimethyl succinate
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Experimental Procedures

General

Removal of solvents in vacuo was carried out on a rotary evaporator with the
water bath at room temperature. The samples were not placed under high vacuum to
avoid evaporation of volatile components. Diazomethane was generated from diazald
using the method described in the Aldrich Technical Bulletin, report AL-180. GC-MS

analysis was performed on a 30 metre long ZB-5 column.

A. Extraction and methylation of Baltic amber

A published procedure233 was used. A sample of Baltic amber (193 mg) was
crushed with a mortar and pestle and was extracted with Et,O (4.0 mL) at 4 °C for 5 days.
The mixture was then filtered through Celite, and the solvent removed in vacuo to give a
clear yellow gum (27 mg). Of this, 16 mg was treated with diazomethane to give a

yellow gum (14 mg) after solvent evaporation.

B. General procedure for extraction of plant resins
A sample of resin from either Sciadopitys verticillata or Pinus ponderosa was
extracted with Et;O at 4 °C for 24 h. The mixture was then filtered through Celite, and

the solvent was removed in vacuo to give a pale orange gum.
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C. General procedure for extraction of plant needles

Needles from either Sciadopitys verticillata or Pinus ponderosa were cut into 1-
inch long pieces and frozen with liquid nitrogen in a mortar. The liquid nitrogen was
allowed to evaporate, and the process was repeated. After the second evaporation, the
frozen needles were ground to a fine powder with a pestle. The powder was stirred in
MeOH (50.0 mL) for 1 h, then the MeOH was decanted. The powder was then stirred in
Et,O (50.0 mL) for 1 h. The MeOH and Et;O extracts were combined and concentrated

in vacuo to give a solid.

D. General procedure for basic methanolysis

To a flame-dried round bottom flask containing dry MeOH under argon was
added sodium metal in small pieces to achieve a final concentration of approximately 4
M NaOMe. After the sodium was fully dissolved, a sample of resin or needle extract
from Sciadopitys verticillata or Pinus ponderosa was added to the flask, and the mixture
was stirred at rt for 24 h. It was then acidified to pH < 4.0 with 6 M HCI, and brine was
added to promote separation of the layers. Et,O was added, and any insoluble material
present was filtered off. The layers were separated, and the aqueous layer was extracted
three times with Et;0. The combined organic layers were dried (Na,SO4) and

concentrated in vacuo. The sample was then treated with diazomethane.

E. General procedure for acidic methanolysis

In a flame-dried round bottom flask under argon, a sample of resin or needle

extract from Sciadopitys verticillata or Pinus ponderosa was stirred in a saturated
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solution of HCl in MeOH at rt for 24 h. The mixture was then neutralized with a
saturated solution of NaHCOj, and the aqueous layer was extracted three times with

Et,O. The combined organic layers were dried (Na,SO4) and concentrated in vacuo.
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