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a b s t r a c t

Exocyclic olefin variants of thymidylate (dTMP) recently have been proposed as reaction intermediates
for the thymidyl biosynthesis enzymes found in many pathogenic organisms, yet synthetic reports on
these materials are lacking. Here we report two strategies to prepare the exocyclic olefin isomer of
dTMP, which is a putative reaction intermediate in pathogenic thymidylate biosynthesis and a novel
nucleotide analog. Our most effective strategy involves preserving the existing glyosidic bond of thymi-
dine and manipulating the base to generate the exocyclic methylene moiety. We also report a successful
enzymatic deoxyribosylation of a non-aromatic nucleobase isomer of thymine, which provides an addi-
tional strategy to access nucleotide analogs with disrupted ring conjugation or with reduced heterocyclic
bases. The strategies reported here are straightforward and extendable towards the synthesis of various
pyrimidine nucleotide analogs, which could lead to compounds of value in studies of enzyme reaction
mechanisms or serve as templates for rational drug design.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Nucleotides are essential molecules commonly referred to as
the building blocks of life because they make up DNA and RNA
as well as cell machinery for expression, regulation, and generation
of gene products. Thus, structural analogs of nucleotides have seen
a variety of uses including, but not limited to, cancer therapeutics,
mechanistic bioreagents, and in vivo probes for metabolic stud-
ies.1–3 Unnatural and noncanonical nucleotides have been pro-
duced through modification of the phosphate,4–7 the sugar,8–11

and the nucleobase3,12–15 moieties resulting in a range of biologi-
cally relevant compounds with a variety of activities and func-
tions.9 The focus of this report involves nucleobase modifications
that result in a new structural variant of the thymidyl moiety. In
the past nucleobase analogs that mimic thymidyl moieties have
produced antiviral agents (e.g., trifluorothymidine16,17), antitumor
agents (e.g., 5-F-uridine18,19), and biological fluorophores (e.g., 5-
aminoallyluridine20). These past examples showcase the impor-
tance of modifications of this pyrimidine nucleotide in particular,
and the targeting of thymidyl biological processes in general.

Thymine is unique among the DNA nucleosides. Deoxyguano-
sine, deoxyadenosine, and deoxycytosine can be produced directly
from their respective ribosides through the action of ribonu-
cleotide reductases, but thymidyl moieties must be produced de
novo by methylation of uridyl moieties.21 Several enzymes catalyze
this reductive methylation, including thymidylate synthase
(TSase),22 flavin-dependent thymidylate synthase (FDTS),23 and
methylenetetrahydrofolate-tRNA-(uracil-5-)-methyltransferase
(TrmFO),24 to provide the thymidine that is essential for DNA pro-
duction and cell proliferation.22 As a result, thymidyl biosynthetic
enzymes are often the target of chemotherapeutic agents19 and
they have shown potential as antibacterial25 and antiviral26 drug
targets as well. However, while the well-studied ‘‘classical”
thymidylate synthase (TSase) has been the focus of cancer drug
development (e.g., 5-F-dU together with leucovorin), less is known
regarding the inhibition of alternative thymidyl biosynthesis
enzymes, which limits the development of antibacterial and antivi-
ral compounds that target these enzymes.23 For example, the
enzyme FDTS, which is present in several important human patho-
gens, functions by a remarkably different chemical mechanism
from classical TSase. At this time there are no known potent inhi-
bitors that selectively target FDTS.27 Compounds that mimic the
unique intermediates for this alternative thymidylate biosynthesis
may advance our ability to exploit this attractive target.

All of the known biosynthetic pathways that lead to thymidylic
acid (1) by reductive methylation, whether catalyzed by FDTS
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(from 2) or by TrmFO or TSase (from 3), have in common an exox-
yclic methylene group at the C5-C7 position of the pyrimidine ring
(Fig. 1). The existence of exocylic methylene intermediates has
been supported by nucleophilic trapping experiments which dis-
rupt the enzymatic turnover and allow isolation of derivatives of
the reaction intermediates.25,28,29 Many of these putative interme-
diate species can only be hypothesized based on these chemical
trapping experiments along with the known reactivity of an a,b-
unsaturated system, and therefore direct access to this analogue
of dTMP would greatly facilitate mechanistic study of thymidyl
biosynthesis.29 Exocyclic olefin analogs of thymidine have
appeared in studies by Greenberg and his group (e.g. 4), but all
the currently known compounds are also substituted at the C-6
position. Nevertheless, these doubly-modified thymidine analogs
have been used to demonstrate the formation of interstrand
cross-linking and biocongugates in RNA and DNA via a mechanism
involving exocyclic methylene-modified thymidines.12,13,30,31 Thus
there has been substantial interest in designing synthetic routes
that can generate modified nucleotides,9,32 and one modified only
by transposition of the olefin to an exocyclic position (i.e. com-
pound 2) would be especially valuable in studies of enzyme mech-
anism(s). Unfortunately, due to the various functional groups
present in the starting materials, formation of an exocylic methy-
lene moiety is challenging and traditional reactions proceeding
by installation and removal of orthogonal blocking groups ulti-
mately impact synthetic feasibility.9

To the best of our knowledge, only transient olefin isomers of
thymidine or thymidylate have been proposed,23 occurring either
as intermediates in enzyme reactions or along the pathway to
DNA labeling via photolysis. Furthermore, all of these examples
have a heteroatom substituent at C-6 of the pyrimidine ring and

therefore have a different C-6 oxidation state than the dihydro spe-
cies proposed as an intermediate during alternative thymidylate
biosynthesis (i.e. compound 2).23,33 In 1973 Klötzer34 reported
the synthesis of an exocyclic methylene nucleobase isomer of thy-
mine, but synthesis of the exocyclic methylene isomer of thymi-
dine or thymidylate has not been reported. Herein we present
two different synthetic routes to achieve the unique C-5 isomer
of dTMP (1) bearing an exocyclic olefin. This isomer has been pro-
posed25,29,35,36 as an intermediate during the FDTS catalyzed reac-
tion and therefore represents an important structural motif in
pathogenic dTMP biosynthesis. We also report on the chemical
and pH stability of this compound, along with derivatization at
the C-7 methylene terminus that results in novel nucleophilic
addition products and may serve as a possible gateway to novel
compounds with antibacterial or antiviral activities.23 Finally, the
reactivity reported herein suggests that compound 2 may have
potential use in reaction with nucleophilic residues of thymidyl
binding proteins or in DNA.

2. Results and discussion

Two complementary synthetic approaches have been devel-
oped to prepare the target compound 2. Although the approaches
are orthogonal in strategy, both afford the exocyclic C-5 olefin iso-
mer of thymidine (10) and then follow the same phosphorylation
pathway via an enzymatic kinase. Exploration of these two orthog-
onal synthetic strategies paves the way for future synthetic modi-
fications that can easily afford novel isotopic labeling patterns in
compound 2.

Fig. 1. Thymidylic acid and some olefin analogs of biological significance.
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