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AbstractÐ5-Fluoropropynyl-20-deoxyuridine 50-phosphate (3) was designed as a mechanism-based inactivator of thymidylate syn-
thase (TS). The inhibitor was synthesized from 5-iodo-20-deoxyuridine and propargyl alcohol by palladium-catalyzed coupling,
followed by ¯uorination and selective phosphorylation. Incubation of TS with 3, in the presence or absence of the CH2H4folate
cofactor, caused rapid, irreversible inactivation of the enzyme. # 2000 Elsevier Science Ltd. All rights reserved.

Thymidylate (dTMP) synthase (EC 2.1.1.45) catalyzes
the conversion of deoxyuridylate (dUMP) and 5,10-
methylenetetrahydrofolate (CH2H4folate) to dTMP and
7,8-dihydrofolate. This reaction is the sole de novo bio-
synthetic source of thymine in DNA. As a consequence,
inhibition of dTMP synthase, in the absence of pre-
formed thymidine, blocks DNA synthesis, and causes
``thymineless death'' of the cell.1 Due to its essential role
in cellular proliferation, this enzyme is recognized as a
major target in cancer chemotherapy.2±4

The most important dTMP synthase inhibitors of clin-
ical utility are the 5-¯uoropyrimidines: 5-¯uorouracil (5-
FU), 5-¯uoro-20-deoxyuridine (FdUrd), and their pro-
drug derivatives.5 The active form of these drugs is the
50-phosphate of FdUrd, FdUMP (1), which is a
mechanism-based inhibitor of this enzyme. Its potent
inhibitory activity is due to the reversible formation
of an inactive, covalently bound ternary complex
composed of 1, the CH2H4folate cofactor, and the
enzyme.2,6 The stability of this complex in vivo depends
on the intracellular levels of the polyglutamylated forms
of CH2H4folate, which are often inadequate for e�ective
inhibition of dTMP synthase. This prompted the search
for novel analogues that do not require the cofactor for
potent inhibitory activity. 5-Ethynyl-20-deoxyuridine 50-
phosphate (2) was considered a promising candidate,
because it has the potential for irreversible interactions
via enzyme-mediated conversion of the acetylenic side-
chain to a chemically reactive allene.7 However, inacti-
vation of dTMP synthase by 2 was found also to require

the presence of CH2H4folate; in addition, the activity
of the enzyme recovered very rapidly.8±11 5-Fluoro-
propynyl-dUMP (3), an improved derivative of 2,
was designed, based on a mechanistic rationale, as a
prototype of a new generation of dTMP synthase
inhibitors,12,13 operating by a novel strategy of enzyme
inactivation. In this communication, we describe the
synthesis of 3, and the initial results of our enzyme
inhibition studies. These results demonstrate that 3 can
cause rapid, irreversible inactivation of dTMP synthase,
in both the presence and the absence of CH2H4folate.

Results and Discussion

Title compound 3 was synthesized as outlined in
Scheme 1. The sugar hydroxyl groups of 5-iodo-20-
deoxyuridine (4) were protected by acetylation to yield
5, which was reacted with propargyl alcohol by Pd(0)-
catalyzed coupling14 to yield 6. Several methods of
¯uorination were tried for the conversion of 6 to 7. Tri-
¯ation of the alcohol followed by SN2 displacement with
¯uoride failed to yield the desired product. Fluorination
with Select¯uo (F-TEDA-BF4), in the presence of Me2S,
was also unsuccessful. Direct ¯uorination of compound
6 could be carried out successfully with an excess of
DAST at ÿ78 �C, in anhydrous methylene chloride.15

At the end of the reaction, the excess reagent was
quenched with MeOH. After ¯ash column chromato-
graphy, 7 was obtained in 30±40% yield.16 Standard
deprotection conditions could not be used, due to the
reactivity of the ¯uoropropynyl side-chain. Dilute
methanolic ammonia converted 7 to the corresponding
amine, whereas the use of aqueous potassium carbonate
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resulted in hydrolysis of the ¯uoromethyl group. Suc-
cessful removal of the acetate protective groups of 7
could be carried out at 50 �C in MeOH, in the presence
of a catalytic amount of HCl to yield 8.16 The 50-OH
group of 8 was selectively phosphorylated to yield 3,16

using POCl3 in PO(OEt)3, as described.
17

Under standard conditions,18 using the spectro-
photometric assay, 3 was found to be a competitive
inhibitor of L. casei dTMP synthase19 with a Ki of
14.8�3.0 nM. Preincubation of the enzyme with 3,
either in the presence, or in the absence of CH2H4folate,
resulted in a rapid loss of enzyme activity. Figure 1
shows the time dependence of enzyme inactivation by 3
in the absence of CH2H4folate. It is shown that 5 mM 3
led to the inactivation of dTMP synthase with a t1/2 of
<1 min. The enzyme was protected by a saturating
concentration of the substrate, dUMP, from inactiva-
tion by 3 (Fig. 1), indicating that the interaction occurs
at the active site.

It was of interest to examine the reversibility of the
inactivation of the enzyme by 3, in light of the fact that
most mechanism-based inhibitors of dTMP synthase,

such as 1 and 2, cause transient inactivation that can be
reversed by dialysis.6,8±11 When dTMP synthase, inacti-
vated in the absence of CH2H4folate with 3, was dia-
lyzed exhaustively, no enzyme activity could be
recovered over a period of 24 h. A typical dialysis
experiment is shown in Figure 2.

These results strongly suggest that the inactivation pro-
cess is irreversible, and that a stable, covalent binary
complex is formed between dTMP synthase and 3.
Therefore, the mechanism of inhibition of the enzyme
by 3 must be fundamentally di�erent from that by either
1 or 2.

It is postulated that the inactivation of dTMP synthase
by 3 involves initial nucleophilic attack by the active site
thiol at the 6-position of the pyrimidine ring, forming a
covalent enolate intermediate, analogous to the normal
enzyme catalyzed reaction.6 This is followed by rapid
expulsion of the ¯uoride ion, forming a covalently
attached cumulene derivative (Fig. 3), in accordance
with our design strategy.12,13 This working hypothesis is
consistent with the observed lack of requirement for the
folate cofactor by the inactivation process.

Scheme 1. (a) Ac2O, DMAP (cat.), rt, 12 h; (b) CH�CCH2OH, Pd(PPh3)4, CuI, Et3N, DMF, rt, overnight; (c) DAST, CH2Cl2, ÿ78 �C!rt, 2 h; (d)
HCl (cat.), MeOH, 50 �C, 20 h; (e) 1. POCl3, PO(OEt)3, pyridine (cat.), ÿ10 �C, 5 h; 2. H2O.
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The validity of this hypothesis remains to be deter-
mined, since the enzyme-mediated formation of the
postulated cumulene derivative is without precedent in
the literature. Figure 4 shows a model of the covalent
enzyme-inhibitor complex. The model reveals that the
cumulene side-chain is accommodated at the active site,
without steric interference by the adjacent His147 and
Tyr94, the closest active site residues around. However,
it is conceivable that further reactions of the electro-
philic cumulene may take place at the active site that
may involve the imidazole of His147, or the phenolic
OH-group of Tyr 94. Studies are in progress to elucidate
the exact mechanism that leads to inactivation of dTMP
synthase by 3.
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