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Abstract: Bis-(2-oxo0-2-phenyl ethyl) tetrahydrofurfuryl phosphate (7) was synthesized by the addition of
tetrahydrofurfuryl alcohol to the corresponding bis-ketol hydrogen phosphate (8) using DCC as the condensing agent. The
rate of loss of a single ketol group was determined over the pH range 6.9 to 9 and at different temperatures. At pH 7.4 and
37°C compound 7 hydrolyzed with a pseudo-first rate constant of 6.2 x 10s". This hydrolysis rate is 10® fold faster than a
simple alkyl phosphate triester. The rate of hydrolysis is similar to that observed for mono-ketol dialkyl phosphate triesters.

Nucleoside analogs of general structure 1 are used extensively as anti-viral and anti-cancer drugs'. These
molecules effect their biological activity only after enzymatic conversion, through mono- and diphosphate
intermediates 2 and 3, to the corresponding triphosphate forms, 4 (i.e., 1-2~3~4)?. Sometimes, the initial
phosphorylation (1-2) is enzymatically unfeasible and compounds which are bioactive as the triphosphate are
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inactive when administered as nucleosides’. Since the dianionic phosphates like 2 are too polar to pass through
the cell membrane, many attempts have been made to produce neutral nucleoside monophosphate triesters such
as 5 as pro-drugs of 2*. To be suitable pro-drugs, the triesters must be sufficiently reactive so that hydrolysis
can take place reasonably rapidly. They must also show a high degree of regiospecificity in the hydrolysis
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reaction to avoid competitive expulsion of the free nucleoside. Since there are no known human enzymes
capable of hydrolyzing phosphate triesters, the ester groups in § must confer the proper combination of rate and
selectivity required of the hydrolysis reaction. Ketol phosphate triesters can undergo hydrolysis rapidly and
regiospecifically. For example, the mechanism of acetol diethyl phosphate (6) hydrolysis allows the rapid and
specific production of diethyl phosphate (scheme 1)°. The reaction involves an intramolecular addition to
phosphorus to generate a strained five-member cyclic phosphorane. The overall rate of the hydrolysis reaction
is about 10° fold greater than the rate of hydrolysis of triethylphosphate. In order to assess the possible use of
ketol esters of nucleoside monophosphates as prodrugs, we have synthesized bis-ketol esters of
tetrahydrofurfuryl alcohol and determined the rate of hydrolysis of the first ketol group.

The synthesis of bis-(2-oxo-2-phenyl ethyl) tetrahydrofurfuryl phosphate (7) is accomplished as outlined
in scheme 2. The tris-ketol phosphate is produced by treating crystalline phosphoric acid with 3.1 equivalents
of (difluoroiodo)-p-toluene in t-butanol followed by 3.5 equivalents of the trimethylsilyl enol ether of
acetophenone®. Upon treating the tris-ketol phosphate with 1.1 equivalents of LiBr in refluxing acetone, the
solid lithium salt of the bis-ketol phosphate is formed. This salt is converted to the acid form by treating with
Dowex ion exchange resin in dry acetonitrile at 45°C*. The bis-ketol hydrogen phosphate is treated with DCC
and tetrahydrofurfuryl alcohol in methylene chloride. The triester 7 forms after addition of triethylamine® '2.
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Reversed phase HPLC was used to separate and quantitate the reactants and products present at
various times during the hydrolysis of 7 (scheme 3)°. As shown in figure 1, three major compounds were found
during the hydrolysis. The peak eluting at 5.8 minutes is 7, while 9 and 10 elute at 2.1 and 1.3 minutes,
respectively as determined by co-chromatography with authentic material. Rate constants for the disappearance
of 7 (3.1 x 10* s™) and the appearance of 9 (3.0 x 10* s™") and 10 (3.0 x 10* 5™") at 23°C and pH 7.65 were
determined by fitting the peak area vs tim= data to the equation for a first order reaction. Using this same
procedure, the effect of pH and temperature on the rate constant of hydrolysis of 7 was determined.

Scheme 3
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Figure 1. Stacked plot showing the chromatographic separation of the hydrolysis reaction of 7 at
various times.

The temperature of the hydrolysis reaction was varied from 18.0°C to 41.2°C at pH 7.65 while the pH (at
25°C) was varied from 6.91 to 9.05 at a constant ionic strength of 0.2 M (adjusted using KCl). A phosphate
buffer was used for solutions with pH between 6.91 and 8.09 while a borate buffer was used for pH 9.05. A
plot of the log of the rate constant for hydrolysis vs pH gave a straight line with slope 1. A plot of the rate
constant for hydrolysis vs hydroxide ion concentration gave a second order rate constant of 730 M''s"'for
hydrolysis of 7 at 25°C. From the temperature vs rate data, we calculate a AH* of 18.4 kcal/mole and a AS? of
-12.6 eu. Using these data, we calculate a first order rate constant of 6.2 x 10* s for hydrolysis of 7 at
physiological conditions (pH 7.4 and 37°C).

At 25°C, the second order rate constant for hydrolysis of the bis-ketol tetrahydrofurfuryl phosphate is 730
M's?. The corresponding rate constant for hydrolysis of acetol diethyl phosphate® (6) is 58 M's™. If the
mechanism for hydrolysis is the same as presented in scheme 1 for 6, then we can quantitatively account for the
difference in hydrolysis rate. As argued by Kluger and Taylor®, the attack of the conjugate base of the carbonyl
hydrate at phosphorus is rate limiting. Using the free energy relationship for ketone hydration® and the free
energy relationship for the pK, of ketone hydrates® we can estimate the amount of the conjugate base of the
carbonyl hydrate for 7 relative to 6. Using Taft substituent constants for 6 (Me) and 7 (Ph), we estimate a 66

fold greater amount of anionic carbonyl hydrate for 7 than for 6. Using the data of Charton and Charton'®, we
estimate that steric effects on the reaction will cause a 10 fold decrease in rate of hydrolysis of 7 relative to 6.
We must also consider the statistical effect of two ketol groups in 7 relative to one in 6. Overall, these
estimates lead to a prediction that 7 should hydrolyze about 3 fold faster than 6. The ratio of rate constants for
hydrolysis of 7 compared to 6 is 13. The correspondence between the estimated and actual rates of hydrolysis
based on the mechanism of scheme 1 means that the bis-ketol monoalky! phosphate triesters must behave
similarly to the mono-ketol bis-alky! triesters in terms of hydrolysis.

The rate constant for hydrolysis of the bis-ketol phosphate triesters reported here indicates that bis-ketol
phosphate derivatives of nucleosides will spontaneously hydrolyze to mono-ketol phosphate nucleosides under
physiological conditions. A series of AZT derivatives containing various bis-ketol phosphate groups has been
synthesized and proven effective in inhibiiion of HIV proliferation in cell culture'’. The ketol group may prove
optimal for temporarily masking the charge associated with a nucleoside monophosphate.
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