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Pronucleotides represent a promising alternative to improve
the biological activity of nucleoside analogs in antiviral and
cancer chemotherapy. In addition, pronucleotides are valu-
able tools for studies regarding the nucleoside/nucleotide
metabolism. The aim is to achieve nucleotide delivery into
cells and thereby bypass limitations during intracellular for-
mation of nucleotides from their nucleoside precursors. The
cycloSal approach is one of several conceptually different
pronucleotide systems known but is the only approach in
which a pronucleotide is cleaved successfully by simple but
selective chemical hydrolysis. The basic concept, chemistry,
different structural modifications, and their effects on the
antiviral potency of the cycloSal d4TMP triesters are briefly
discussed first. Then, the application of the approach to vari-
ous biologically active nucleoside analogs against different

targets is summarized. In the second part, the results of a
conceptual extension of the cycloSal approach are presented:
once cycloSal pronucleotides have passed the membrane,
they should be trapped inside the cells after an enzyme-cata-
lyzed process and then release the nucleotide. Finally, results
are summarized that demonstrate that the cycloSal approach
is not restricted to the delivery of bioactive nucleotides but
is also applicable to the intracellular delivery of hexose-1-
phosphates. Chemical synthesis, biophysical studies, and
biological evaluation will be discussed in combination
throughout this paper to demonstrate the strength of the cy-
cloSal approach.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The design and synthesis of nucleoside analogs as poten-
tial bioactive agents is a very attractive field of research.
Since the discovery of the AIDS drug 3'-azido-3’-deoxythy-
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midine (AZT), considerable efforts have been made to de-
velop new nucleoside analogs that would be more active
and less toxic inhibitors of HIV reverse transcriptase
(RT).I?! These analogs differ from the natural nucleosides
with regard to modifications of the glycon and/or the agly-
con residue.l¥! Today, synthetic nucleoside mimetics repre-
sent a highly valuable source of compounds that contribute
significantly to the arsenal of agents for the treatment of
viral diseases (e.g. HIV, herpes, and hepatitis virus infec-
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Figure 1. Bioactivation of 2’,3'-dideoxy-2’,3’-didehydrothymidine (d4T, 1) and the principle of the pronucleotide approach.

tions) and cancer. In the UK about 55% of the approved
antivirals are nucleoside based, while 15% of the anticancer
drugs are nucleoside related. The general mode of action of
most of the nucleoside analogs is through the inhibition of
DNA polymerases, including reverse transcriptase, by act-
ing as competitive inhibitors and/or as DNA chain termin-
ators. To act as DNA chain termination agents/polymerase
inhibitors, intracellular conversion of the nucleoside ana-
logs into their 5’-mono-, 5'-di-, and finally 5’-triphosphates
is a prerequisite after cell penetration.>*! However, the ef-
ficient anabolism to the corresponding nucleoside triphos-
phates is often a major hurdle due to limited anabolic phos-
phorylation or catabolic processes such as deamination of
the aglycon or cleavage of the glycosidic bond. Therefore,
their therapeutic efficacy is compromised.””’l For example,
the first phosphorylation step of the anti-HIV active dide-
oxynucleoside analog 2’,3'-dideoxy-2’,3’-didehydrothymi-
dine (d4T) 11> (Figure 1) into d4T 5’-monophosphate
(d4TMP) catalyzed by thymidine kinase (TK) is the critical
rate-limiting step in human cells. For these reasons the ra-
tional design of nucleoside drugs is complicated.

In contrast to d4T, the intracellular fate of the majority
of nucleoside analogs has not been studied in detail. These
compounds are often exclusively tested as nucleosides and
discarded if found to be inactive. However, a lack of infor-
mation about where the metabolic blockade exists prevents
further successful development. On the other hand, know-
ing the limitations upon phosphorylation of a nucleoside
offers a chance to develop derivatives with improved bio-
logical potential. In principle, the direct administration of
nucleotides like d4TMP should bypass the limiting step in
the thymidine kinase-based anabolism of some nucleosides
and thus should improve their biological activity. Unfortu-
nately, nucleotides are very polar molecules that do not eas-
ily pass through cellular membranes and are dephosphory-
lated in the serum by unspecific phosphorylases. However,
this difficulty can be surmounted by linking suitably de-
gradable lipophilic carrier groups to the phosphate moiety
that leads to neutral, membrane-permeable nucleotide de-
livery systems (the “pronucleotide approach”; Figure 1)."-°1

It should also be mentioned that strategies have been
studied to improve the uptake and the efficiency of antiviral
1082
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and anticancer nucleoside analogs. Examples are valacyclo-
vir, famcyclovir, and 5’-lipid-, cholesterol- or simple alkyl
esters of the nucleosides. However, these drugs work as pro-
drugs of the parent nucleoside and not of the nucleotides,
hence they cannot help in the bypass of a metabolic limita-
tion during phosphorylation. Therefore, these compounds
will not be discussed further in this Microreview because
the focus is on a nucleotide releasing system.

Nucleotides are charged compounds under physiological
conditions (phosphate monoester pK, values are about 1.6
and ca. 6.6). Therefore, two masking groups are necessary
in order to obtain a neutral, lipophilic phosphate triester.
For efficient intracellular nucleotide delivery from a pronu-
cleotide, a specific delivery mechanism is required. Several
strategies using different delivery mechanisms have been de-
veloped to achieve this goal. Among these, simple dialkyl-,
diphenyl-, and dibenzyl phosphate triesters based on pure
chemical hydrolysis have proved to be unsuccessful in vitro
and in vivo.l’l More recent pronucleotide approaches are
based on selective enzymatic or chemical activation of the
masking group (tripartate prodrug system). These ap-
proaches utilize carboxyesterase activity and specific pH
conditions. The delivery mechanisms of the enzyme-cleav-
able compounds have been summarized recently.”-8! These
enzyme-triggered approaches have proved that a successful
intracellular delivery of nucleotides is possible in vitro.
However, the only successful, pH-driven nucleotide delivery
strategy is the cycloSal approach.l' This approach, which
is the topic of this Microreview, has been developed in our
laboratories and belongs to the group of tripartate prodrug
delivery systems. Three groups of derivatives will be sum-
marized. First, the so-called cycloSal nucleotide prototype
2 will be discussed regarding its hydrolytic behavior, leading
to mechanistic insights into the designed cascade cleavage
mechanism and the antiviral potential (first generation cy-
cloSal pronucleotides). A second series of triesters (3) that
has been designed for intracellular trapping of the triesters
(“lock-in” concept; second generation cycloSal pronucleo-
tides) is then considered, and finally the application of the
cycloSal approach to the delivery of pyranosyl-1-phos-
phates (4), which demonstrates that the approach is not re-
stricted to the application with nucleotides (Figure 2).

Eur. J. Org. Chem. 2006, 1081-1102
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Figure 2. Prototype cycloSal d4TMP triesters 2, “lock-in”-cycloSal
d4TMP triesters 3, and cycloSal pyranosyl-1- phosphates 4.
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The Design of a Chemical Trojan Horse (First Generation
cycloSal Pronucleotides)

The aim was to develop a selective nucleotide-delivery
mechanism based on an exclusively chemically induced cas-
cade mechanism.['”) However, the chemically driven release
of the nucleotide from a lipophilic phosphate triester pre-
cursor is not as easy as it seems because a charged phos-
phate diester is formed as an intermediate. Such diesters are
extremely resistant to further chemical hydrolysis. There-
fore, simple bis(alkyl), bis(phenyl) (5), or bis(benzyl) nucleo-
tide triesters (6) are unable to deliver the nucleotide.l'!-!%
No formation of d4TMP (9) was observed because the
chemical hydrolysis always stops at the phosphate diester
level (7 and 8, respectively). Interestingly, the influence of
substituents in the aromatic rings of 5 or 6 on the hydrolysis
is just the opposite: while acceptors in bis(phenyl) esters 5
cause a fast hydrolysis, donors in bis(benzyl) esters 6 result
in a fast cleavage to yield the diester and (finally) benzyl
alcohol (Figure 3).

A combination of these two ester-bond types as part of
a cyclic bifunctional masking unit forms the basis of our
pronucleotide approach. Salicyl alcohols fulfill the require-
ments and have been attached through the phenyl and the
benzyl ester bond while the nucleoside analog is attached
through an alkyl ester bond. The introduction of these three

a) hydrolysis of bis(phenyl) phosphate diesters
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Figure 3. Hydrolysis of bis(phenyl) and bis(benzyl) phosphate triesters 5 and 6.
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different ester bonds allows sufficient discrimination in the
hydrolysis process. The designed chemically induced coup-
ling process (tandem or cascade mechanism) is as fol-
lows:['%131 after a nucleophilic attack of hydroxide at the
phosphorus atom of c¢ycloSal triester 2, the phenolate is dis-
placed preferentially in an SyP reaction — it is the best leav-
ing group — that leads to 2-hydroxybenzylphosphate diester
10 (Figure 4, step a). As a consequence, the ortho substitu-
ent of the benzyl ester is changed from a very weak elec-
tron-donating group (phosphate) to a strong electron-do-
nating group (hydroxy). This electronic change activates the
remaining masking group and induces a spontaneous rup-
ture of diester 10 to yield the nucleotide and salicyl alcohol
11 (cascade reaction; steps b; and b,). The bond cleavage
presumably proceeds after intramolecular proton transfer
(intermediate 12) via zwitterion 13 or 2-quinone methide
14. In this pathway a cleavage mechanism occurs that takes
place within the masking group only and thus prevents a
pseudorotation process.l'l Pseudorotation at the phospho-
rus atom would lead to unselective liberation of the nucleo-
tide and the nucleoside.

Although disfavored, a cleavage of the benzyl ester bond
should also be taken into account (step c). Benzyl esters are
cleaved preferably by an Syl-type Cpenzyi—O bond breakage
that leads to the formation of a stabilized benzyl cation and
an anionic phosphate ester group (intermediate 15). Cation
15 is rapidly trapped by water to yield a phenyl phosphate
diester like 16 (Figure 4). However, no further chemical hy-
drolysis of the phosphate diester takes place at physiologic
pH due to the negative charge at the phosphorus atom,
which prevents a further nucleophilic attack. Moreover, the
charge decreases the leaving group properties of the 5'-nu-
cleoside phosphate fragment in benzyl phosphate diesters
in a possible Syl or Sy2 reaction at the benzyl position,!>!
and even enzymatic cleavage is difficult. Consequently, the
formation of phenyl phosphate diester 16 ends in a dead
end.

In previous studies, salicyl alcohols 11 have been tested
for their biological potency but showed neither antiviral ac-
tivity nor cytotoxicity.l'* In vivo studies in mice did not
show toxic side-effects.['®! It should be added that salicyl
alcohol (saligenin) is used as part of the antirheumatic and
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Figure 4. Two possible hydrolysis pathways of the cycloSal d4TMP triesters 2.
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analgetic drug Salicin [2-(hydroxymethyl)phenyl-B-D-gluco-
pyranoside; Assalix®].l'1 B-Glucosidases hydrolyze Salicin
to D-glucose and saligenin and the latter is then slowly oxid-
ized by cytochrome P450 to salicylic acid in the blood and
in the liver.

In summary, the cycloSal concept needs only one bifunc-
tional masking unit per equivalent nucleotide and this is
cleaved chemically in a coupled manner leading immedi-
ately to the nucleotide. In contrast, enzymatically triggered
pronucleotides need mask/nucleotide ratios of up to 4:1.17-%

Chemistry

For the synthesis of the prototype cycloSal d4TMP tri-
esters 2, salicyl alcohols 11 had to be prepared first from
the corresponding salicylic aldehydes, acids, or esters by re-
duction (NaBH, or LiAlH,; Figure 5) in high yields. How-
ever, in most cases the aldehydes/acids/esters were not com-
mercially available. Diols 11 therefore had to be synthesized
from appropriately substituted phenols. Selective ortho-for-
mylations were achieved according to the Casiraghil'® or

Rieche formylation protocols.'”! Both methods led to sal-
icyl aldehydes, which could then be reduced to the corre-
sponding diols 11. Alternatively, mild hydroxymethylation
according to Nagata et al.l*” or using formaldehyde in
aqueous basic medium!?!l was used.

Generally, these methods are highly efficient and suitable
for the synthesis of the prototype cycloSal derivatives with-
out a substituent in the benzyl position. 7-Methylated sal-
icyl alcohol 11i was prepared by alkylation of salicyl alde-
hyde with methyllithium. Other syntheses of the required
salicyl alcohols will be described later in this Microreview.

The synthesis of the cycloSal pronucleotides was carried
out using reactive phosphorus(ii) reagents (Figure 6). Thus,
diols 11 were treated with phosphorus trichloride to give
chlorophosphites 17, which were treated with the nucleoside
analog (e.g. d4T) in the presence of diisopropylethylamine
(DIPEA; Hiinig’s base) to yield the cyclic phosphite tri-
esters. These were oxidized in a one-pot-reaction with fert-
butylhydroperoxide (TBHP) or dimethyldioxirane. Gen-
erally, the phosphate triesters 2 were obtained in reasonable
yields (50-73%) as mixtures of stereoisomers.[1%
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Figure 5. Synthetic pathways to the salicyl alcohols 11. Method A: LiAlH4 or NaBH,/I,, THF, room temp., 5 h; method B: NaBH,,
EtOH, room temp., 4 h; method C: i) (HCHO),, SnCly, 2,6-lutidine, toluene, 110 °C, 16 h; ii) NaBH,, 2-propanol, room temp., 5 h;
method D: NaBH,, 2-propanol, room temp., 5 h; method E: i) (HCHO),, PhB(OH),, propionic acid (cat)., toluene, reflux, 10 h; ii) 30%
H,0,, THF, 0 °C, 35 min; method F: 37% HCHO/H,O, KOH, room temp., 24 h; method G: methyllithium, Et,O, 0 °C, 1.5 h; method
H: i) CCI;CHO, PhB(OH),, propionic acid (cat.), toluene, reflux, 10 h; ii) 30% H,O,, THE, 0 °C, 35 min; method I: CH,Cl,, methyllith-
ium, Et,0, 78 °C, 1.5 h; method J: 1) 2,3,4,5,6,6-hexachloro-2,4-cyclohexadien-1-one, EtOH, reflux, 7 h; ii) 2-propanol, room temp., 5 h;
method K: i) NaOH, 75 °C, 45 h; ii) methyllithium, Et,O, 0 °C, 1.5 h.
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Figure 6. Synthesis of the cycloSal d4TMP triesters 2. Method A: PCl;, pyridine, Et,0, —10 °C, 2 h; method B: 1) d4T 1, DIPEA, CH5;CN,
—20 °C to room temp., 1 h; ii) TBHP, CH3;CN, -20 °C to room temp., 1 h; method C: diisopropylamine (2 equiv.), Et,O, 0 °C, 30 min;
method D: i) d4T 1, pyridinium chloride, tetrazole or imidazolium triflate, CH;CN, 0 °C, 30 min; ii)) TBHP, CH;CN, room temp., 1 h;
method E: O,, toluene, room temp., 16 h; method F: d4T 1, pyridine, —50 °C, 4 h.

Alternatively, chlorophosphites 17 were treated with di-
isopropylamine to yield the phosphoramidites 18. The
coupling with the nucleoside analog was carried out in ace-
tonitrile in the presence of pyridinium chloride or imid-
azolium triflate as coupling activator. In some cases the lat-
ter procedure resulted in yields of more than 90% using
imidazolium triflate as activator.”??! Recently, we obtained
very high yields (85-93%) by using the corresponding phos-
phorochloridates. Thus, chlorophosphites 17 were oxidized
with oxygen in toluene overnight to yield the phosphoro-
chloridates 19. These were treated with the nucleosides in
pyridine at —50 °C. However, the starting chloridites should
be distilled and be very pure.

Proof-of-Principle — D4TMP Release from cycloSal
d4TMP Pronucleotides

Extensive studies were performed in order to investigate
the designed delivery mechanism of d4TMP from the cy-
cloSal triesters.['%>31 Chemical hydrolysis studies in different
buffer solutions at different pH values proved that all proto-
type compounds released d4TMP selectively in a pH-de-
pendent manner. As second product, the salicyl alcohols 11
were detected by means of HPLC analysis. DATMP was
identified unequivocally by using ion-pairing eluents and
the co-elution technique. The half-lives of the triesters were
determined in these studies (Table 1). Mechanistically, the
second step of the degradation pathway is an Sy1-type reac-
tion or a nucleophilic attack at the benzyl position and not
1086
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a further nucleophilic reaction at the phosphorus center.
This was proven in a hydrolysis experiment with '30-labeled
water. Electrospray-mass spectrometric analysis of the hy-
drolysis products showed mass peaks of [M + 2] for d4TMP
and [M + 2] for the salicyl alcohol 11. In the case of a
second nucleophilic reaction at phosphorus, the d4TMP
peak should have a mass of [M + 4].

As expected, the half-lives depend on the substitution
pattern of the aromatic ring. Generally, acceptor substitu-
ents like a 5- or 6-chloro atom cause a decrease in hydrolytic
stability while donor substituents like 3-methyl-, 3,5-di-
methyl-, and, in particular, 3-terz-butyl or 3,5-di-zerz-butyl
group(s) lead to an increased stability with respect to the
unsubstituted prototype triester 2c.

The presence of tert-butyl groups has a surprisingly pro-
nounced influence on the hydrolysis stability. Although the
electron-donating property of a terz-butyl group differs only
slightly from the +1 effect of a methyl group, triesters 2f (3-
tBu) and 2g (3,5-tBu) have considerably higher half-lives
than their methyl counterparts 2d and 2e. We attribute this
to differences in the lipophilicity and steric reasons, both of
which affect the accessibility of the phosphate group.

In addition to these HPLC-based studies, we were able
to study the delivery mechanism by *'P NMR spectroscopy.
However, phosphate buffer is not an appropriate buffer sys-
tem for this experiment. The compounds were therefore dis-
solved in an imidazole/HCI buffer adjusted to pH 7.3. A
similar NMR experiment using only a DMSO/water mix-
ture has been performed earlier in the hydrolysis of 5-nitro-

Eur. J. Org. Chem. 2006, 1081-1102
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Table 1. Half-lives, product ratio, and antiviral data of the prototype cycloSal d4TMP triesters 2.

Compound  Modification t1» at 37 °Cl1 Product ratio ECs [um]™! CCso [um]
X and/or R and pH 7.3l d4TMP/16/¢! CEM/O CEM/O CEM/TK"
HIV-1 HIV-2 HIV-2

2a 5-Cl 1.1 100:0 0.42 1.40 2.67 49
2b 6-Cl 0.9 100:0 0.087 0.15 0.8 36
2c 5-H 4.4 99:1 0.20 0.22 0.15 50
2d 3-Me 17.5 94:6 0.057 0.07 0.048 32
2e 3,5-Me 29 92:8 0.09 0.17 0.08 21
2f 3-tBu 96 92:8 0.18 0.65 0.33 35
2g 3,5-tBu 73 66:34 1.1 1.2 2.0 27
2h 3,5-1Bu; 6-F 6.2 100:0 0.12 0.33 0.6 41
2i 7-Me 0.25 17:83 0.22 0.34 35 152
2j 6-Cl1,7-CH; 2.2 100:0 0.19 0.25 7 42
d4T (1) - - - 0.18 0.55 28 35

[a] Hydrolysis half-lives in hours. [b] Antiviral activity: 50% effective concentration. [c¢] Cytotoxic concentration: 50% cytostatic/toxic
activity. [d] 25 mm Sodium phosphate buffer. [¢] Ratio of d4TMP: phenyl phosphate diester 16 determined by 3'P NMR spectroscopy.

cycloSal d4TMPI'3 In that case d4TMP was detected as the
sole hydrolysis product, which points to an entirely selective
delivery reaction.

The prototype cycloSal d4TMP 2¢ led to d4TMP in 99%
yield in the imidazole/HCI buffer. Moreover, 1% of phenyl
phosphate diester 16 (Figure 4) was detected. As expected,
diester 16 proved to be entirely stable for several weeks in
the NMR tube at 37 °C. This diester was found in amounts
of 8% in the cases of 3,5-dimethyl triester 2e or 3-fert-butyl
triester 2f. The worst case was found for the introduction
of two tert-butyl groups in the 3- and 5-positions (com-
pound 2g; 34% of diester 16). Here, a concurrent Sy1-type
reaction plays a considerable role in the degradation. In
contrast, 5-chloro- (2a), 6-chloro- (2b), and 6-fluoro (data
not shown) substituents allowed delivery of d4TMP exclu-
sively.

Surprising properties, namely an enormous decrease in
chemical stability, were observed for 7-methyl-cycloSal
d4TMP (2i). The half-life dropped to 0.25 h (compared to
4.4 h for prototype triester 2¢) and even the product distri-
bution changed dramatically. NMR studies confirmed that
the major product was diester 16 (83%; Table 1). Thus, the
Sy1-type reaction is now preferred! This may be due to the
formation of a secondary benzyl cation intermediate as
compared to a primary benzyl cation in the prototype cases.
The additional alkyl residue stabilizes the cation by a +I
effect. This interpretation was further confirmed by density
functional theory (DFT) calculations at the B3LYP/6-
311G(d,p) level on model compounds of the prodrug sys-
tems. The activation energy barrier for the initial Sy1 reac-
tion is considerably lower for 7-methyl-cycloSal methyl-
phosphate than for the prototype triester analog®* (unpub-
lished results). The amount of the phenyl phosphate diester
16 can be further increased by introduction of methyl
groups into the cycloSal ring. These stabilize the phenyl es-
ter bond of the cycloSal triesters 2 and so favor the benzyl-
C-O bond cleavage. Indeed, 3,7-dimethyl- and 3,5,7-tri-
methyl-cycloSal triesters yielded 94% and 99% of diester
16, respectively.

On the other hand, this predominant Syl1-type reaction
should be prevented by introduction of an electron-with-
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drawing substituent like a halogen atom in the 6-position
of the aromatic ring as this would decrease the stability of
the intermediate benzyl cation and favor again the phenyl
ester bond cleavage. Hence, 6-chloro-7-methyl-cycloSal tri-
ester 2j was prepared. 3'P NMR studies proved that the
degradation led exclusively to benzyl phosphate diester 10
and subsequently to d4TMP. Obviously, the introduction of
the 6-chloro atom compensates the stabilizing effect of the
7-methyl group entirely. At the same time, this compound
displays an increased chemical stability [0.9 h (2b) vs. 2.2 h
(2j)]. In conclusion, the hydrolysis pathway and half-life can
be fine-tuned by introduction of appropriate substituent in
the aryl moiety.

No evidence of an enzymatic degradation in RPMI-1640
medium containing 10% fetal calf serum (pH 7.3) was ob-
served. Studies in CEM-cell extracts showed that the hy-
drolysis half-lives decreased slightly compared to hydrolysis
in buffer. Further studies of the prototype triesters in hu-
man serum (10% serum in phosphate buffer) exhibited no
difference in stability. Again, no enzymatic contribution
could be detected, which confirmed the initial idea of a de-
livery mechanism that is independent of enzymatic acti-
vation.

All data obtained from hydrolysis and NMR studies are
in perfect agreement with the designed degradation cascade
reaction mechanism and show convincingly that the mecha-
nism shown in Figure 4 can be controlled efficiently by
structural modification of the cycloSal moiety.

Antiviral Evaluation

The in vitro antiviral potency of the cycloSal nucleotides
against HIV-1 and -2 in CEM cells was assessed. It became
apparent that the unsubstituted prototype 2¢ (0.20 pm) and
6-chloro- (2b, 0.087 um), 3-methyl- (2d, 0.057 um), and 3,5-
dimethyl-cycloSal d4TMP 2e (0.09 um) showed comparable
or even higher antiviral potency in a wild-type T-lympho-
cytic cell-line (CEM/O) compared to d4T 1 (0.18 pm,
Table 1). Moreover, the complete retention of the antiviral
potency of triesters 2¢, 2d (3-methyl), 2e (3,5-dimethyl), 2f
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(3-tert-butyl), and 2h (3,5-di-tert-butyl-6-fluoro) in mutant
thymidine kinase-deficient cells (CEM/TK") is particularly
striking. The antiviral data and the hydrolysis half-lives
clearly point to the fact that a certain degree of stability is
needed, but beyond this point no further improvement of
activity could be observed. The short half-life of the 5-
chloro triester 2a (¢, = 1.1 h) seems to be responsible for
a considerable loss of antiviral activity in the CEM/TK™ cell
assay, although its antiviral activity in the TK-competent
cells (CEM/O cells) is comparable to that of d4T. Obviously,
the compound hydrolyzes extracellularly to yield d4TMP,
which cannot migrate into the cells. After extracellular de-
phosphorylation, d4T is taken up and converted into the
triphosphate. Similar results were obtained for the 6-chloro
derivative 2b. It should be added that cycloSal triesters, as
such, have no inhibitory effect on DNA synthesis, which is
consistent with a mechanism of action for the cycloSal tri-
esters that relies on the formation of free d4TTP. This was
proven in experiments using an isolated recombinant RT/
RNA/DNA template primer.

In summary, these results confirm i) the cellular uptake
of the compounds, ii) the highly selective intracellular deliv-
ery of d4TMP, and iii) the independence of the biological
activity on cellular thymidine kinase activation for some of
the described cycloSal phosphate triesters.

Nevertheless, the in vitro anti-HIV assay gives only an
indirect proof of the intracellular delivery of d4TMP.
Therefore, incubation experiments of wild-type CEM/O and
CEM/TK" cells with tritium-labeled 3-Me-cycloSal d4TMP
(2d) were carried out.[>’] The amount of d4TMP in CEM/
O cells was considerably higher (15-fold after 6 h incu-
bation) than the d4TMP concentration resulting from the
nucleoside d4T. In addition, an increase in the concentra-
tion of d4TTP was observed (16-fold), which may explain
the higher activity of the prototype cycloSal d4TMPs in
wild-type CEM cells compared to d4T. These results con-
firm that cycloSal d4TMPs successfully bypass thymidine
kinase and release d4TMP inside the cells.

Furthermore, the cycloSal d4TMP triesters demonstrated
significant antiviral activity in AZT-resistant H9*AZT>%°
cells.”®! This resistance is concomitant with a fivefold lower
expression of the TK gene in comparison to parental H9
cells. The consequence is that d4T also shows reduced anti-
viral potency due to insufficient phosphorylation. In con-
trast, prototype cycloSal d4TMP 2¢ proved to be equipotent

X @C@
N0
o o T

aryl substiuents: large substituents
particularly in position 3 reduce
inhibitory potential markedly; aromatic
substituents increase inhibition

Stereochemistry: R, isomer

does not inhibit P

in parental and in H9*AZT? cells (ECsy = 0.3 and 0.5 um),
proving again the independence of the expressed TK levels.

Interaction of cycloSal Compounds and Human Acetyl-
(AChE) and Butyrylcholinesterase (BChE)

Because cycloSal phosphate triesters are reactive organo-
phosphates, they may act as potential inhibitors of human
acetylcholine esterase (AChE). A large number of cycloSal
nucleotide triesters bearing different nucleoside analogs and
substitution patterns in the aromatic ring have been studied
concerning their ability to inhibit cholinesterases of dif-
ferent origins. It was shown that none of the tested triesters
show any inhibitory effect against the physiologically rel-
evant human acetylcholinesterase (AChE; isolated enzyme)
or against AChE from beef erythrocytes, calf serum, and
electric eel (electrophorus electricus).?”)

In contrast, inhibition of butyrylcholinesterase (BChE)
has been observed for some triester derivatives in human
and mouse serum.?8] The physiological role of this enzyme
is not known, although it is not related to nerve signal
transfer. The cycloSal pronucleotides show strong competi-
tive inhibition with respect to the substrate acetylcholine
chloride (Ki/K,, = 2x107°) and act by time-dependent
irreversible inhibition of the human serum BChE. Detailed
studies have demonstrated that the inhibitory effect against
BChE is highly dependent on the nature of the nucleoside
analog, the substitution pattern in the cycloSal moiety, and
particularly on the stereochemistry at the phosphorus atom
(Figure 7).

A few cycloSal NMP triesters have been separated into
their diastereoisomers by semi-preparative HPLC. The sep-
arated diastereomers were subjected to the assays with
AChE from electric eel and BChE from human serum.
Again, no inhibitory activity was found against AChE for
either diastereoisomer. In contrast, a marked difference in
the inhibition of the triesters against human BChE was ob-
served. In all cases, and independent of the nucleoside at-
tached, the S, diastereoisomer was found to be inhibitory
towards the enzyme while the R-isomers were entirely non-
inhibitory. The difference in ICs, between the two dia-
stereomers of the cycloSal nucleotide prodrugs was found
to be up to >200-fold.

Moreover, an interesting inverse correlation between the
inhibitory potency and the antiviral activity was observed.

strong dependence on the
nature of the heterocycle

o heterocycle
glycon: acyclic structures
are weak inhibitors

) acyclic

“___ 3-substituent electronegative
substituents reduce inhibition

Figure 7. Structure—activity relationship of the interaction of cycloSal triesters and butyrylcholinesterase.
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As a rule, the most antivirally active diastereomer corre-
sponds to the least BChE-inhibitory diastereomer. Thus,
the R, diastereomer of 3-Me-cycloSal d4TMP (2d), which
is not inhibitory to human BChE at 50 pm, is fivefold more
anti-HIV active (0.087 pm) than the S, diastereomer. In
contrast, the S, diastereomer is quite inhibitory against
BChE (0.24 pm). In deciding which cycloSal anti-HIV pro-
drug(s) should be chosen as possible clinical candidate(s),
clearly the correct phosphorus configuration is R, How-
ever, separation of the diastereomers is a laborious task.
In this respect, both the hydrolytic properties and the
inhibitory potential of the cycloSal triesters can be modu-
lated by changing the substitution pattern of the aromatic
ring. In particular, bulky alkyl substituents in the 3-position
lead to a considerable reduction of the inhibitory potential.
This effect is even more pronounced if two substituents are
introduced in the 3- and S5-positions. Thus, both dia-
stereomers of 3,5-dimethyl-cycloSal d4TMP (2e) and 3,5-di-
tert-butyl-cycloSal d4TMP (2g) are non-inhibitory to
BCHE! However, two properties of these triesters are unfa-
vorable: their chemical stability is very high (29 h and 73 h,
respectively) and the phenyl phosphate diesters 16 (8% and
34%, respectively, Table 1) and benzyl phosphate diesters
10 form concomitantly. However, a new cycloSal group,
namely 3,5-di-tert-butyl-6-fluoro-cycloSal d4TMP (2h), that
has four desirable properties has been developed by com-
bining different properties of various cycloSal phosphate
triesters reported in this Microreview.[*’l The two tert-butyl
groups in this compound avoid the interaction with BChE.
The combination with the fluorine atom in the 6-position
was done for two reasons. Firstly, in previous studies with
6-chloro-cycloSal d4TMP (2b) the acceptor group prevents
the formation of the corresponding phenyl phosphate dies-
ter 16. Thus, although two fert-butyl groups are present,
hydrolysis of 2h should lead to a highly selective delivery of
d4TMP. Secondly, in the same study the halogen atom in
the 6-position reduces the chemical stability of the cycloSal
triester (Table 1). So, a considerable decrease in hydrolysis
stability for triester 2h compared to the terz-butyl- (2f) and
di-tert-butyl (2g) triesters was expected. The target triester
2f was prepared starting from commercially available 3-
fluorophenol. First, an acid-catalyzed alkylation with iso-
butene was carried out to give 4,6-tert-butyl-3-fluorophenol
in 70% yield. This compound was treated with formalde-
hyde in a basic solution to give the formation of the corre-
sponding salicyl alcohol 11h in 71% yield. This diol was
treated with PCl; and subsequently with d4T to give cy-
cloSal triester 2h in 47% yield. As expected, the chemical
hydrolysis of triester 2h at pH 7.3 showed a significantly
reduction in stability (¢;, = 6.2 h; Table 1). In 3'P NMR
studies in imidazole/HCI buffer at pH 7.3, only the forma-
tion of d4TMP was observed from triester 2h which proves
that the introduced fluorine atom completely prevents the
formation of phenyl phosphate diester 16 (Figure 4). Incu-
bation studies with human AChE showed that the dia-
stereomeric mixture of compound 2h is not inhibitory to
this enzyme. Moreover, incubations with human serum con-
firmed that this triester is almost not inhibitory towards
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BChE (ICsopcng) = 48 um). Finally, in antiviral tests using
HIV-1- and HIV-2-infected wild-type CEM/O cells, triester
2h (0.16 pMm) exhibits pronounced antiviral potency that is
even better than the activity of d4T (1). Most importantly,
the antiviral activity is fully retained in HIV-2 infected
CEM/TK" cells. Thus, salicyl alcohol 11h is the best mask-
ing group so far.

cycloSal Pronucleotides of Different Nucleoside Analogs

The cycloSal approach has also been applied to different
nucleoside analogs (Figure 8). In the case of derivatives of
2'-deoxyadenosine (dA), the metabolism into the bioactive
triphosphates is more complicated than for thymidine ana-
logs. Prior to phosphorylation, adenosine deaminase
(ADA) converts the adenine heterocycle rapidly into hypo-
xanthine. The 2’-deoxyinosine derivative thus formed is
then phosphorylated to give the monophosphate, which is
reaminated in two enzymatic steps to yield the correspond-
ing dAMP derivative. Thus, a total of four metabolic pro-
cesses are needed to get to the monophosphate, and one of
these steps is often inefficient. Therefore, the cycloSal ap-
proach was applied to 2',3’-dideoxyadenosine (ddA; 20)
and 2',3'-dideoxy-2',3’-didehydroadenosine (d4A; 21). The
chemical synthesis of these cycloSal derivatives is more
complicated than before due to the exocyclic amino group
of the adenine heterocycle. Protecting group chemistry can
not be used efficiently because of the low chemical stability
of the nucleoside analog (against acidic conditions) or the
cycloSal triesters (against acidic and basic conditions). Fi-
nally, the target triesters were prepared without amino pro-
tection at low temperature using the chlorophosphite
method in moderate yields (ca. 40-50%). The anti-HIV ac-
tivity is increased 100-fold compared to the parent nucleo-
side analog ddA (20), while the activity of 21 is increased
600-fold after cycloSal mask introduction.[3% Thus, both c¢y-
cloSal derivatives achieved the adenosine deaminase-bypass.
However, in the BChE inhibition assay these adenosine an-
alog phosphate triesters proved to be the most inhibitory
compounds of all nucleosides studied so far. In the same
project, two fluorinated ddA derivatives (22 and 23) were
also used.}!1 The activity of 2'-ara-F-ddA (22) is 10-fold
higher but, more interestingly, the entirely inactive nucleo-
side 2'-ribo-F-ddA (23) was converted into an anti-HIV
active compound after modification with the 3-methyl-cy-
cloSal moiety. The reason for this unexpected difference in
bioactivity of the two nucleosides may be related to a con-
formational difference caused by the fluorine atom. This
was the first example of the conversion of an inactive nucle-
oside into a bioactive derivative by the cycloSal approach.

Recently, the purine nucleoside analogs carbovir 24 and
abacavir 25 were also studied. No improvement against
HIV and HSV-1/2 was observed for carbovir compared to
the parent nucleoside. However, the antiviral potency of ab-
acavir was improved after cycloSal modification against
HIV and antiviral activity was also observed against HSV-
1/2, whereas abacavir is non-inhibitory against HSV-1/2.[3%
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Figure 8. Nucleoside analogs used with the cycloSal approach.

The Failure of the cycloSal AZTMP and 5-Fluoro-2'-
deoxyuridine (FdU) Triesters

This approach was also applied to the delivery of the
monophosphate of the clinically used anti-HIV drug 3’-azi-
dothymidine (AZT, 26; Figure 8). The preparation of these
compounds was achieved by the chlorophosphite method.
Biophysical studies confirmed that these triesters behave
like the corresponding cycloSal d4TMP triesters: they re-
lease AZTMP selectively with half-lives slightly higher than
the cycloSal d4TMP triesters. The anti-HIV test of these
compounds showed pronounced activity in the wild-type
CEM cells against both HIV-1 and HIV-2 (ECs, = 0.006 pum
vs. 0.006 um for AZT). However, cycloSal AZTMP deriva-
tives lost most of their antiviral activity in mutant thymi-
dine kinase-deficient CEM/TK™ cells. Nevertheless, 3-meth-
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yl- and 3,5-dimethyl-cycloSal AZTMP were still consider-
ably more active than the parent nucleoside AZT (ECsq =
7 uM vs. >100 pm for AZT).133 This was a surprising result
because the mutant cell-line is unable to phosphorylate
AZT into its monophosphate and the retention of antiviral
activity has been expected again. The metabolic bottleneck
in the activation of AZT is the conversion of AZTMP into
AZTDP.P4 To investigate the reasons for the failure of the
cycloSal AZTMP derivatives, a study was conducted using
radiolabeled 3-methyl-cycloSal AZTMP.3 In CEM/O cells
the concentration of AZTMP found after incubation with
the cycloSal AZTMP triester was considerably lower than
the AZTMP concentration found after incubation with
AZT. However, after only 48 h of incubation the AZTMP
levels formed from the triester reached the same level as
those formed from the nucleoside AZT. In contrast, AZT
formed extremely low levels of AZTMP in CEM/TK" cells
(slightly over detection limit), while the levels formed by
hydrolysis of the cycloSal AZTMP triester were consider-
ably higher. This at least explains why the compounds keep
some antiviral activity in contrast to AZT. Nevertheless, a
comparison of the AZTTP levels formed from the triester
in CEM cells and in mutant CEM/TK" cells after six hours
showed a 100-fold lower AZTTP level in the mutant cell-
line. This may explain the 100-fold decrease in antiviral ac-
tivity in the mutant cell-line as compared to wild-type CEM
cells. Our interpretation of the failure of the AZTMP tri-
esters is as follows (Figure 9): because the conversion of
AZTMP into AZTDP is the bottleneck in the activation to
the triphosphate, an increase of the AZTMP level by release
from a pronucleotide is counterproductive for the forward
phosphorylation. Moreover, assuming an efficient enzy-
matic dephosphorylation of AZTMP into AZT, the intra-
cellular delivery of AZTMP cannot improve the activity. In
wild-type cells, AZT formed by this catabolic reaction is
readily rephosphorylated into AZTMP by cellular thymi-
dine kinase (TK) and, thus, no effect on the antiviral ac-
tivity will be observed. In contrast, in mutant CEM/TK-
deficient cells this process has a severe consequence: if the
released AZTMP from the pronucleotide is readily dephos-
phorylated, the intracellular pool of AZTMP is dramati-
cally reduced because no TK phosphorylation restores the
AZTMP pool. For AZT, this dephosphorylation/rephos-
phorylation metabolism plays a significant role due to rate-
limiting phosphorylation into AZTDP and the non-phos-
phorylation to AZTMP in TK™ cells. A similar process does
not occur in the case of d4T because the metabolism bottle-
neck is the formation of d4TMP by cellular TK, while
d4TMP released from the pronucleotide is readily phos-
phorylated into d4TDP.

An enzyme that may be involved in the dephosphoryla-
tion of AZTMP is 3',5'-(deoxy)nucleotidase.?>3% The rela-
tive efficacy of the dephosphorylation of dTMP, d4TMP,
and AZTMP by this enzyme is 1, 0.08, and 2, respectively.
This shows that AZTMP is a better substrate than dTMP
while d4TMP is dephosphorylated about 20-fold less ef-
ficiently. This may point to an important factor when pro-
nucleotides are used in order to bypass metabolic limita-
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Figure 9. Comparative metabolism of cycloSal AZTMP in CEM/O~ and CEM/TK" cells.

tions: although a selective release of the nucleotide occurs,
this alone may not be sufficient to overcome a limitation if
catabolic processes are also involved.

It should be mentioned that other AZTMP pronucleo-
tides also lose most of their activity in the mutant TK-de-
ficient cell-line.[-3-37] This clearly point to a general problem
during AZT metabolism and not to a specific problem of
the cycloSal pronucleotide approach.

A comparable failure in the enhancement of bioactivity
was observed in the case of the antitumor agent 5-fluoro-
2'-deoxyuridine (FdU, 27; Figure 8). 5-Fluorouracil (5-FU)
is used frequently in antitumor chemotherapy. The mecha-
nism of action of this compound includes the intracellular
formation of 5-fluoro-2'-deoxyuridine monophosphate
(FAUMP). FAUMP does not need to be phosphorylated
because it acts as such as an inhibitor of thymidylate syn-
thase, which catalyzes the methylation of dUMP into
dTMP. To avoid the lengthy metabolism of 5-FU to
FAUMP we used the cycloSal approach to the intracellular
delivery of FAUMP.3®!

The chemical synthesis was first carried out using the
chlorophosphite method. However, the regioselectivity
could be controlled only moderately: we obtained a 2:1 se-
lectivity for the 5'-O-phosphorylated product and the 3',5'-
O-bisphosphorylated side product. Using cycloSal phos-
phorchloridates 19 instead of the phosphorchloridites 17,
the regioselectivity increased to 5:1 in favor of the 5'-O-
phosphorylated compound. Interestingly, only very minor
amounts of the 3’-O-phosphorylated cycloSal FAUMP tri-
ester could be isolated. cycloSal FAUMP triesters were eas-
ily separated into the diastereomers by semi-preparative
HPLC. Chemical hydrolysis studies proved that FAUMP
was released. Surprisingly, both diasterecomers were found
to be non-inhibitory to BChE. Biological evaluation of the
separated diastereomers of cycloSal FAUMP phosphate tri-
esters was performed with several tumor cell-lines. Some-
times FAU and the cycloSal triesters were found to be equi-
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potent but often the biological activity of the cycloSal tri-
esters were found to be even lower (IC5y = 0.057 um) than
FdU (ICsg = 0.009 um). Additionally, the anti-thymidylate
synthase activity was determined in a specific inhibition as-
say. As before, cycloSal FAUMP triesters proved to be 10-
fold less efficient in L1210/O cells or mutant L1210/TK™
cells than FdU. Nevertheless, compared to the clinically
used 5-FU (ICsq = 0.7 um), the cycloSal compounds are 23-
fold more active.

Taking all these results together, an inefficient cellular
nucleotide delivery obviously takes place. One possibility
may be the formation of 3',5'-cyclic FAUMP (cFdUMP)
instead of FAUMP because of the hydroxy group at the 3'-
position. The cyclic diester does not act as an inhibitor of
thymidylate synthase. However, all data obtained from
chemical hydrolysis studies definitively exclude the forma-
tion of cFAUMP. Another possibility is a limitation of the
cellular uptake of the triesters. Evidence for this assumption
may be taken from the following experiment: the aforemen-
tioned thymidylate synthase assay was repeated in permeab-
ilized L1210/O cells, with FAU, FAUMP, and 5-Cl-cycloSal
FAUMP as test compounds. The ICs, values obtained were
2.5, 0.15, and 0.3 pm, respectively. Here, the triester clearly
shows a comparable biological activity to FAUMP and a
higher potency than FdU. Moreover, this experiment con-
firms that FAUMP and not FdU is released from the pro-
nucleotide.

Finally, a competing intracellular dephosphorylation of
FAdUMP, as for AZTMP, cannot be excluded. Evidence for
that interpretation can be taken from the fact that FAUMP
is a very good substrate for 3',5'-(deoxy)nucleotidase.>®!

As for AZTMP pronucleotides, the FAUMP pronucleo-
tides reported by other authors also lose their activity in
the mutant TK-deficient cell-lines. Again, this clearly points
to an intrinsic problem in FdU metabolism.

Summarizing this part, the given results are excellent ex-
amples for demonstrating that cycloSal triesters may be
1091
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used as biochemical tools to study nucleoside metabolism
and allows new insights into biosynthetic pathways.

Application of the cycloSal Pronucleotides Against DNA
Viruses

DNA viruses are also attractive targets for the applica-
tion of pronucleotides. In contrast to RNA viruses like HIV,
these viruses do not rely on reverse transcription of their
genome prior to replication. Therefore, the target is not re-
verse transcriptase but a viral DNA polymerase. Moreover,
some of the known antivirals against DNA viruses are not
monophosphorylated by a cellular kinase but a virus-en-
coded thymidine kinase (TK).’®! Drug-resistant virus
strains are often selected in vivo. One reason for this resis-
tance seems to be associated with a down-regulation of the
expression of viral thymidine kinase.[* However, not all the
virus types belonging to the herpes-virus family express vi-
ral thymidine kinase activity, e.g. Epstein—Barr virus (EBV)
and cytomegalovirus (CMYV). Therefore, the cycloSal ap-
proach was applied to the broad-spectrum acyclic purine
nucleoside acyclovir (ACYV, 28) and to the pyrimidine-modi-
fied  nucleoside  5-[(E)-2-bromovinyl]-2’-deoxyuridine
(BVDU or Brivudin, 29; Figure 8).

cycloSal Pronucleotides of Acyclovir (ACV)

One of the most active and most broadly applicable nu-
cleoside antivirals in this area is the guanine-bearing acyclic
nucleoside analog acyclovir (ACV).*!1 Acyclovir acts in its
triphosphate form as a chain terminator and/or as an inhib-
itor of HSV-DNA polymerase. Although ACV is preferen-
tially phosphorylated by a viral thymidine kinase, it is not
a particularly good substrate for HSV-TK and the rate of
phosphorylation is reckoned to be slow. The most common
mutation related to resistance against ACV is the selection
of virus mutants deficient in TK activity or in mutants that
express TKs with altered substrate specificity.

The chemical synthesis of the 3-methyl-cycloSal ACVMP
triester can be carried out using the chlorophosphite
method.*2 However, better results were obtained when the
exocyclic amino group of the guanine residue was protected
by dimethoxytritylation prior to the phosphitylation reac-
tion using the phosphoramidite strategy using pyridinium
chloride as activating agent. Reproducible yields of 80%
were obtained. The protecting group was cleaved by acid
treatment of the N2-blocked cycloSal triester. Chemical hy-
drolysis again proved selective delivery of ACVMP, and
ACYV derivatives were found to be non-inhibitory to BChE.

Antiviral evaluation showed an ECs, for the parent nu-
cleoside ACV of 0.62 uMm against herpes simplex type-1
(HSV-1/TK") in Vero cells. However, ACV lost its activity
in Vero cells infected with ACV-resistant HSV-1/TK™ (ECs
= 58 um). Strikingly, 3-methyl-cycloSal ACVMP shows
identical activity values of 0.47 and 0.51 uM against both
viruses strains (HSV-1 TK* and TK") without an increase
of toxicity.

A comparable result was obtained for the antiviral ac-
tivity against varicella zoster virus (VZV). 3-Methyl-cy-
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cloSal ACVMP showed an antiviral activity of ECs5, = 4.1
and 1.2 um against two wild-type virus strains. This activity
was completely retained in cells infected with VZV/TK™
(ECsp = 7.6 um) without changing the cell morphology
(MCC > 200 um). As expected, ACV showed activity
against the wild-type viruses only. Moreover, 3-methyl-cy-
cloSal ACVMP proved to be antivirally active at 10 um
against cytomegalovirus (CMYV) while ACV itself is entirely
inactive. This example clearly shows the potential of the
cycloSal phosphate triester approach: it converts a non-anti-
virally active nucleoside analog into a bioactive compound
whilst at the same time broadening the spectrum of antivi-
ral activity.

Application of the cycloSal Approach to the Anti-Herpes
Drug Brivudin (BVdU)

The nucleoside analog 5-[(E)-2-bromovinyl]-2’-deoxyuri-
dine (BVdU or Brivudin, 29) is a very potent and highly
selective inhibitor of HSV-1 and particularly VZV replica-
tion.*3 Its selectivity as an inhibitor primarily depends
upon a specific activation by HSV-encoded thymidine kin-
ase to the mono- and diphosphate. The triphosphate is
formed by cellular enzymes. BVdU-triphosphate
(BVAUTP) can act either as an inhibitor of the cellular
DNA polymerase or alternate substrate that leads to forma-
tion of nonsense-DNA or renders DNA more prone to de-
gradation after incorporation into DNA.*Y In contrast,
BVdAU is not active against HSV-2 or Epstein—Barr virus
(EBV). EBV does not express an HSV-1-like thymidine kin-
ase and therefore BVdU is inactive to inhibit EBV replica-
tion. Here, the cycloSal approach was used to broaden the
application of BVdU against infections caused by Epstein—
Barr virus (EBV).[*] EBV infections play a significant role
as secondary infection in AIDS patients, for example, and
may be responsible for cancer formation.

Thus, cycloSal BVAUMP triesters 30 were synthesized
with different substituents in the aromatic residue.®! The
target compounds were prepared using 3'-O-levulinylated
BVdU, which was phosphorylated using the phosphoramid-
ite/oxidation method. The levulinyl protection group was
removed by treatment of the triester with hydrazine hydrate.

First, chemical hydrolysis studies proved the selective de-
livery of BVAUMP (31) as sole product without formation
of 3',5"-cyclicBVAUMP (32; Figure 10). Furthermore, the
3-methyl-cycloSal triester was hydrolyzed in P3HR-1 cell ex-
tracts to BVAUMP with a half-life comparable to that ob-
served in chemical hydrolysis studies (¢1, = 8.9 h). Thus,
the degradation is chemically rather than enzymatically
driven. As before, cBVAUMP (32) was not detected.*’! In
contrast to the chemical hydrolyses, BVdAU was also ob-
served to a minor extent after 4 h (5%) and 8 h (22%),
which is due to an enzymatic dephosphorylation of
BVAUMP by phosphatases/nucleotidases (Figure 10).
Comparable data were obtained in the CEM/O cell extract
incubation. The major difference was that the triesters
yielded higher amounts of BVAUMP after 8 h, as in the
P3HR-1 extracts. Moreover, dephosphorylation of
BVAUMP proceeded to a minor extent in CEM/O cell ex-
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Figure 10. Hydrolysis pathways of cycloSal BVDUMPs 36.

tracts, as in P3HR-1 cell extracts (13% vs. 26%, respec-
tively).

3-Methyl-cycloSal BVAUMP was tested for inhibition of
VZV replication. BVdU proved to be highly active against
VZV/TK* with an ECs, of 0.033 um. As expected, this ac-
tivity was completely lost when a thymidine-kinase deficient
VZV/TK" strain was used (ECsy > 200 pum). 3-Methyl-cy-
cloSal BVAUMP triesters showed comparable anti-VZV ac-
tivity as compared to the parent. However, the cycloSal tri-
esters lost all their antiviral activity against the VZV/TK
strains (ECso > 50 um). This led to the conclusion that only
the VZV/TK-associated viral thymidylate kinase activity is
involved in the intracellular formation of BVdUDP and
that cellular enzymes are unable to phosphorylate
BVAUMP.

cycloSal BVAUMP triesters were then tested for inhibi-
tion of EBV replication in P3HR-1 cells. BVdU itself was
found to be entirely inactive (ECsy > 100 um in the EBV
DNA synthesis assay as well as the EB-VCA expression as-
say) due to the missing HSV-1-like thymidine kinase. Strik-
ingly, some of the cycloSal BVAUMP triesters exhibited
pronounced anti-EBV activity. The most active compound
was 5-methoxy-cycloSal BVDUMP (ECsy = 1.8 um), which
is more than 166-fold more active than BVdU (ECs, >
300 um) and even fourfold more active than the reference
compound ACV (ECsy = 7.2 um). Obviously, BVAUMP re-
leased from the cycloSal pronucleotide leads to the antiviral
activity and thus the phosphorylation of BVAUMP into
BVAUTP seems to be achieved by cellular enzymes. Again,
the cycloSal approach converts the inactive nucleoside ana-
log into an anti-EBV active agent.

Application of the cycloSal approach to Antiviral Acyclic
Nucleoside Phosphonates

Nucleoside phosphonates represent a further class of
interesting antiviral agents.[*8! The most prominent com-
pounds are 9-(2-phosphonylmethoxyethyl)adenine (33,
PMEA, adefovir), (R)-9-(2-phosphonylmethoxypropyl)ade-
nine (34, PMPA, tenofovir), and (S)-9-(3-hydroxyphos-
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phonylmethoxypropyl)cytosine (35, HPMPC, cidofovir;

Figure 11).
f

NH,
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PMEA 33 PMPA 34
5 f
u
’ o\“ o\( 9/0
R
HPMPC 35 36

a:X=3Bu;R=H

b: X=3,5-tBu; R=H
c: X =3-1Bu; R=CH,4
d: X=3,5-tBu; R = CH,4

Figure 11. Structural formulae for acyclic nucleoside phosphonates
PMEA, PMPA, and HPMPC and the cycloSal derivatives of
PMEA and PMPA.

In 1986, De Clercq and Holy reported on the antiviral
activity of such compounds against DNA viruses, which
started a tremendous effort in order to find highly potent
derivatives of this class of antiviral agents.** These nucleo-
side phosphonates often exhibit a broad antiviral activity
spectrum. HPMPC shows a broad spectrum of activity
against DNA viruses such as the whole herpes family, pox
virus, and papillomavirus. The mechanism of action of
these nucleoside phosphonates is identical to that of the nu-
cleoside analogs: they have to be converted into the corre-
sponding nucleoside phosphonate diphosphates, the nucleo-
side triphosphate analog. However, due to the presence of
the phosphonate group, the parent compounds are analogs
1093
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of the nucleoside monophosphates and thus do not need
the first kinase-catalyzed conversion. On the other hand,
the compounds are highly polar because of the charged
phosphonate group and the bioavailability and cellular up-
take is limited. Thus, the aim of prodrugs of these nucleo-
side phosphonates is to enhance membrane uptake and not
an enzyme-bypass. A few prodrugs of nucleoside phos-
phonates are known: the bis(POM)-PMEA (adefovir dipi-
voxil, Hepsera®), bis(POC)-PMPA (tenofovir diisoproxil,
Viread®), bis(SATE)-PMEA and bis(AB)-PMEA, and aryl-
phosphoramidate-prodrugs of PMEA and PMPA.[F%34
The first two lipophilic prodrugs have been approved by the
FDA for clinical use against HBV and HIV. In all given
examples, the parent drug is released by enzymatic acti-
vation.

The application of the cycloSal approach to this class of
compounds (cycloSal phosphonates 36) deserves an entirely
different chemical synthesis pathway. Therefore, the cy-
cloSal group was attached to the nucleoside phosphonates
directly. However, numerous attempts failed but finally the
in situ conversion of the dialkyl esters of the parent phos-
phonates into the dichloride and subsequent one-pot esteri-
fication with the salicyl alcohol leading to 36 was success-
ful. In the case of PMPA, direct esterification with salicyl
alcohols using intermediately formed active esters was pos-
sible.[>3

Studies regarding the hydrolysis properties of the cy-
cloSal PMEA and PMPA derivatives showed a surprising
effect: the half-lives of compounds 36 were found to be 13-
fold lower than the corresponding cycloSal d4TMP triesters
(3,5-di-tert-butyl-cycloSal PMPA: t;/, = 5.91 hM 3,5-di-tert-
butyl-cycloSal d4TMP: ¢, = 73h in phosphate buffer,
pH 7.3 at 37 °C). However, the hydrolysis in the case of the
PMPA derivatives proceeded selectively to PMPA without
any trace of the formation of phenyl phosphonate monoes-
ter. In comparable hydrolysis studies, 35% of the corre-
sponding phenyl phosphate diester was formed starting
from 3,5-di-tert-butyl-cycloSal d4TMP. Further hydrolysis
studies in CEM cell extracts proved that the compounds are
not cleaved by enzymes.

Moreover, it was interesting to note that the cycloSal nu-
cleoside phosphonates were entirely non-inhibitory to hu-
man butyrylcholinesterase: 3-fert-butyl-cycloSal PMPA:
ICso > 50 um and 3-tert-butyl-cycloSal d4TMP: ICs, =
4.2 um after incubation for five minutes. In addition, both
compounds proved to be non-inhibitory to human acetyl-
cholinesterase (AChE).

Finally, the anti-HIV activity of the cycloSal nucleoside
phosphonates was determined in wild-type CEM cells as
well as in CEM/TK-deficient cells. cycloSal nucleoside
phosphonates show considerable anti-HIV activity against
HIV-1 and HIV-2 in wild-type CEM cells as well as in the
thymidine kinase-deficient cells. The ECs, values observed
were two- to fourfold lower than those of the parent nucleo-
side phosphonates PMEA and PMPA. Bis(POM)-PMEA
and bis(POC)-PMPA were tested for comparison. Both
compounds were found to be more active than the cycloSal
derivatives but also showed a considerable increase in the
1094
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toxicity (CCs, value). A possible reason for the lower ac-
tivity of the cycloSal derivatives might be the lower chemical
stability of these derivatives. In comparative hydrolysis
studies, bis(POM)-PMEA showed a half-life of 16 h while
the most stable cycloSal PMEA derivative showed a half-
life of only four hours.

“Lock-in” cycloSal d4TMP Triesters — A Conceptual
Extension of the Trojan Horse Concept (Second Generation
cycloSal Triesters)

The compounds described so far belong to the first-gen-
eration compounds of the cycloSal concept. Although these
first-generation cycloSal triesters led to convincing antiviral
results, the use of a pure chemical hydrolysis mechanism
may also have some limitations. So far we can clearly ex-
clude an enzymatic contribution to the hydrolysis of the
cycloSal triesters in cell extracts and in human serum.
Moreover, lipophilic cycloSal triesters are able to penetrate
cell membranes and deliver nucleotides inside the cell.
Therefore, it cannot be excluded that the chemical hydroly-
sis also takes place extracellularly. In addition, it cannot be
excluded that the triesters can also be exported from the
cells. This would lead to the formation of a membrane equi-
librium. In order to avoid such export the triesters should
be converted inside the cell into a more polar compound by
an enzymatic reaction (“lock-in” mechanism; Figure 12).55¢

extracellular intracellular
X~ Prodrug X— Prodrug
~—  (lipophilic) = (lipophilic) —
(very slow) Enzyme
¢ (fast)

Y-Prodrug (polar) == == Y-Prodrug (polar)

¥

Nucleotide = = Nucleotide :
e.g. d4dTMP e.g. d4dTMP

cell membrane

Figure 12. “Lock-in” principle with the cycloSal approach.

First a(n) (carboxy)esterase reaction on a carboxylic es-
ter attached to the cycloSal aromatic ring via a C2-alkyl
chain linker was investigated. The ethylene spacer was in-
troduced and should separate the ester group efficiently
from the aromatic ring to avoid an electronic effect on the
hydrolysis of the phosphate triester moiety (Figure 13).

Under physiological pH conditions, alkylpropionate cy-
cloSal triesters 3b—d should lead to the formation of depro-
tonated propionate-cycloSal d4TMP after enzymatic cleav-
age. The synthesis of these compounds was performed as
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Figure 13. Target cycloSal phosphate triesters for the “lock-in” approach. Method A: methanol or isopropanol, H,SO,, reflux, 5-8 h;
method B: (CH;),NCH(OCH,Bu),, tert-butyl alcohol, toluene, reflux, 5 h; method C: i. phenylboronic acid, propionic acid (cat.), p-
formaldehyde, toluene, reflux, 6-8 h; ii) H,O,, THE, 0 °C, 30 min:; method D: PCl;, pyridine, Et,O, 0-21 °C, 1 h; method E: i. d4T 1,
CH;CN, DIPEA, 0-20 °C; ii. tBuOOH, CH;CN, room temp., 30 min; method F: TFA (10 equiv.), CH,Cl,, room temp., 1 h.

for compounds 2 using reactive phosphorus(ii) reagents,
and phosphate triesters 3 were obtained in reasonable yields
as diastereomeric mixtures.l*® Diols 11 needed to be synthe-
sized from the phenols by selective ortho-hydroxymethyl-
ation according to Nagata.”® Unfortunately, there is no
generally applicable method for the preparation of substi-
tuted phenols bearing a propionate ester and so each one
was prepared differently (Figure 13). All new triesters were
cleaved chemically to yield d4TMP at pH 7.3 in 25 mm
phosphate buffer. Half-lives were found to be between 7.3 h
and 13.5h. A comparison with 3-methyl-cyc/oSal d4TMP
(2d; ¢, = 17.5 h) proved that the ethylene spacer separates
the electron-withdrawing ester group and the cycloSal aro-
matic ring fairly sufficiently. Interestingly, propionate-cy-
cloSal d4TMP triester (3a) has a twofold higher half-life
than the neutral ester-modified cycloSal triesters. A possible
explanation for this effect may be the presence of an overall
negative charge on the molecule due to the carboxylate
formed at pH 7.3, which slows down the nucleophilic reac-
tion necessary for the initial cleavage step.

The hydrolysis of 3-methylpropionate-cycloSal d4TMP
(3b), which was followed by 3P NMR spectroscopy,
showed that the phenyl phosphate diester was formed to a
minor extent (approx. 2%). However, this amount is lower
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than the situation found for 3-methyl-cycloSal d4TMP (2d;
5.5%). In both chemical hydrolysis experiments no cleavage
of the ester group was observed. Further studies in 25 mm
phosphate buffer (pH 7.3) containing 50 units of pig liver
esterase (PLE) and studies in CEM/O cell extracts for 10 h
at 37 °C were carried out. It was observed that the half-
lives of cycloSal triesters 3b—d were slightly lower than the
situation in pure phosphate buffer. However, no trace of
cycloSal triester propionate 3a was detected and an enzy-
matic ester cleavage has consequently to be excluded. In
conclusion, the results of these enzyme-driven cleavage
studies were disappointing, particularly because experi-
ments using the methyl ester of the 3-propionate-cycloSal
mask showed an extremely fast de-esterification under the
same conditions. The reason for the insusceptibility of the
alkyl esters is surprising because alkyl esters are often used
in prodrug strategies.[>”)

Nevertheless, the triesters were tested for their anti-HIV
potency in HIV-1- and HIV-2-infected CEM/O cells and
HIV-2-infected CEM/TK " cells. All cycloSal triesters proved
to be active in the wild-type cell-line against both virus
types and all of them retained their antiviral activity in the
CEM/TK" cells (ECsq = 1-2 um), thus proving at least the
TK-bypass. However, propionate-cycloSal triester 3a lost all
1095
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its antiviral activity in this mutant cell-line due to the hydrolysis (pH 7.3) was found to be more or less identical
charge at the carboxylate, which prevents a transmembrane to those observed for alkylated cycloSal triesters, thus
passage. pointing to a sufficient separation of the electron acceptor
Due to the failure of the delivery of the cycloSal nucleo-  (acylal) by the ethylene spacer. Only the cleavage of the cy-
tide carboxylates from simple alkyl esters, a more sophisti- cloSal triester moiety was detected, leading to d4TMP,
cated system was developed.[’®! Acyloxymethyl groups have  while the acylal group proved to be stable. This was unam-
been used in the past to mask carboxylic acid groups in  biguously proven by hydrolysis studies followed by 3'P
penicillins and also in nucleotides [see bis(POM)-nucleo- NMR spectroscopy (Figure 15).
tides or -nucleoside phosphonates]. Therefore, we intro- However, in CEM cell extracts and liver extracts, but not
duced such a masking unit to the carboxylates in the c¢y- in human serum, the acylal group was efficiently cleaved to
cloSal side-chain. Three different groups were studied, na- give the free propionate. In the case of 5-AM-cycloSal
mely the acetoxymethyl group (AM, 3e), the pivaloxymethyl ~d4TMP (3e), 50% of the starting acylal triester was cleaved
group (POM, 3f), and the isopropyloxycarbonyloxymethyl into the propionate-cycloSal derivative within 15 minutes
group (POC, 3g). The preparation of the target acylal-cy-  (Figure 16).
cloSal phosphate triesters was achieved by alkylation of the There is a clear correlation between the stability and the
cycloSal phosphate triester presenting the carboxylic acid acylal structure. The AM-acylal is the least stable com-
moiety in the side-chain 38 in about 50% yield (Figure 14).  pound (¢;» = 0.25 h) while the POC-acylal (3g) is the most
cycloSal triester 38 was prepared from the corresponding stable group (¢;», = 0.9 h). The POM-acylal (3f) has a half-
tert-butyl ester 37 by acid treatment. This approach allows life of 0.38 h. Thus, the stability difference between the
a fast excess to a variety of different acylal structures of the chemical hydrolysis of the cycloSal ester and the acylal
cycloSal triester of interest. cleavage in the cell extracts is up to 16-fold. As before, the
In addition, we prepared a masking unit containing the acylal-cycloSal d4TMP triesters were tested against HIV.
acylal group already attached to the cycloSal chlorophos- Interestingly, in contrast to the POM and the POC deriva-
phite. This enables the fast excess of acylal-cycloSal phos-  tives, which retained their antiviral activity in TK-deficient
phate triesters of different nucleosides. CEM cells, the AM-acylal lost all the activity in that mu-
As in the case of the ester-modified cycloSal triesters, the  tant cell-line. One explanation of the loss of activity may be
stability of the acylal-cycloSal nucleotides towards chemical a rapid cleavage of the AM-acylal in the cell-culture me-
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Figure 14. Acylal-modified cycloSal phosphate triesters for the “lock-in” approach. Methods A-E: see ref.'”); method F: bromomethyl
acetate, DIPEA, CH;CN, 10 °C, 3 h; method G: chloromethyl pivalate, DIPEA, CH;CN, room temp., 9 d; method H: isopropyl chloro-
methylcarbonate, DIPEA, CH5CN, 50 °C, 7 d; method I: see ref.['®); method J: benzaldehyde dimethyl acetal, p-TosOH, THF, room
temp., 3 d; method K: bromomethyl acetate, DIPEA, DMF, room temp., 5 h; method L: cat. HCI, CH;CN/H,O (7:3), 1 min, reflux;
method M: i. m°K 3, CH;CN, DIPEA, 0-20 °C; ii. tBuOOH, CH;CN, room temp., 2 h.
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Figure 15. Chemical hydrolysis of enzyme labile AM-cycloSal triester 3e. Chemical hydrolysis followed by 3'P NMR spectroscopy (solvent:
[Dg]DMSO/50 mm imidazole:HCI buffer, pH 7.3 1:1(v/v); spectra were recorded once a week; H;PO, was used as external reference).
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Figure 16. Cell extract hydrolysis of enzyme labile cycloSal triester
3e (HPLC analysis).

dium, which contains 10% heat-inactivated fetal calf serum
(FCS). Therefore, the AM-acylal was incubated in RPMI
culture medium as well as in RPMI medium containing
FCS. It was proven that the AM-acylal is stable in the cul-
ture medium but labile in the mixture with FCS. In con-
trast, the POM- and POC-acylals were found to be stable
in the FCS-containing medium. For further exploration of
the “lock-in” concept, we recently introduced intrinsically
fluorescent nucleoside analogs as analytical tools to study
membrane uptake processes.

Fluorescent Probes of cycloSal Nucleotides

To study the intracellular fate of the cycloSal derivatives
in more detail, and later the cell uptake, a suitable probe is
needed. In principal, radiolabeling cycloSal nucleotides is

Eur. J. Org. Chem. 2006, 1081-1102

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

one option, although this is very expensive and experimen-
tally demanding. Therefore, we became interested in fluo-
rescence labeling. Despite the possibility of selecting specific
fluorescence properties, attachment of a high molecular
weight fluorescent dye like rhodamine, fluoresceine, or the
dansyl group would change the size, lipophilicity, and/or
hydrolysis properties of cycloSal compounds considerably.
Antiviral nucleoside analogs attached to the cycloSal moiety
belong to the class of pyrimidines and purines. Thus, a fluo-
rescent analog was needed that is structurally as close as
possible to the nucleosides used before. As a surrogate for
the pyrimidine-type nucleoside analogs, for example ddT,
ddC, or d4T, the highly intrinsic fluorescent 5-methylpyrim-
idin-2-one nucleoside 39 (m°K; Figure 17), the deoxygen-
ation product of thymidine, was used. A few synthetic pro-
tocols have already been published for the synthesis of
m’°K. However, they use heavy-metal-containing reagents
and give low yields of the target nucleoside.®® Recently, we
reported a slightly modified but reliable synthetic protocol
for m°KI% that uses a mild, homogeneous oxidation with
N-phenyltriazolinedione (PTAD).I°!l In addition, we ap-
plied the protocol to the synthesis of the dideoxy analog
dm>K (40). Thus, both nucleosides were converted into the
cycloSal nucleotides of the first generation 41a,b. In ad-
dition, the 5-AM-cycloSal m>KMP triester 41¢, which bears
the esterase-cleavable 5-acetoxymethyl-(AM) propionyl
group, was prepared (Figure 17). The latter triester was ob-
tained in a poor non-optimized yield of 25%.

All fluorescent cycloSal triesters released the correspond-
ing monophosphates of the two parent fluorescent nucleo-
side analogs in phosphate buffer, and their half-lives at
pH 7.3 were found to be in the same range as 3-methyl-
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Figure 17. Fluorescent nucleoside analogs and their cycloSal phosphate triesters.

cycloSal dTMP or 3-methyl-cycloSal ddTMP (z,,, = 8.6 and
about 14.9 h). Thus, these properties prove that the fluores-
cent cycloSal triesters are ideal probes of the original cy-
cloSal pyrimidine nucleotides. A clear advantage of the flu-
orescent cycloSal derivatives was observed in cell extract hy-
drolysis studies because the concentrations needed were
500-1000-fold lower for UV detection.

In cell extracts 5-AM-cycloSal triester 41c was rapidly
cleaved enzymatically at the acylal site, delivering propi-
onate-cycloSal m’KMP and, subsequently, the nucleotide
m3KMP by chemical hydrolysis. Again, the difference in
half-lives was about 16-fold. These conclusions were sup-
ported by experiments with pig liver esterase (PLE) in aque-
ous phosphate buffer (pH 7.3). The acylal site was cleaved
within five minutes to the propionate!

In addition, model studies for cellular uptake using fluo-
rescence spectroscopy were performed. In these experiments
the migration of the triesters from an aqueous donor phase
to an aqueous acceptor phase via an organic phase
(CH»Cl,) was monitored. Two different experimental set-
ups were used: i) in both aqueous phases the pH was set to
6.8 and ii) the pH in the donor phase was 6.8 while that of
the acceptor phase was pH 8.7. In the first experiment, the
expected formation of an equilibrium between both phases
was detected. However, in the second set-up an accumu-
lation in the acceptor phase was observed because the tri-
ester was hydrolyzed to give the nucleotide. The nucleotide
is too polar to enter the organic phase again. For 5-AM-
cycloSal triester 41c¢ a different set-up was used: the donor
phase was phosphate buffer (pH 6.8) but the acceptor phase
was PLE containing phosphate buffer (pH 7.3). As ex-
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pected, an accumulation of all fluorescent material in the
acceptor phase was detected.l®!] It was shown by HPLC
analysis that the compounds found in the acceptor phase
were S-propionate-cycloSal m°KMP and its hydrolysis
product m>KMP. No 5-AM-cycloSal triester was detected
due to its very high susceptibility to enzyme degradation.
This experiment supports the idea of a possible intracellular
“lock-in” of the cycloSal phosphate triesters.

Application of the cycloSal Strategy to the Delivery of
Pyranosyl-1-phosphates

The congenital disorders of glycosylation syndrome
(CDGs) are an autosomal recessively inherited disorder
first described by Jaeken in 1980.19%-631 CDGs are classified
into two types according to the type and intracellular local-
ization of the glycosylation pathways. CDG-I are disorders
of the assembly of the lipid-linked oligosaccharide (LLO)
at the membrane of the endoplasmic reticulum and the
transfer of the oligosaccharide from the dolichol anchor to
selected residues of nascent polypeptides. CDG-II involves
disorders of the N-glycan processing occurring in the endo-
plasmic reticulum or the Golgi apparatus and disorders af-
fecting the assembly of O-glycans. Protein glycosylation
plays an important role in the metabolism, function, and
structure of glycoconjugates. The hypoglycosylation of se-
veral proteins in CDG has severe consequences for the
patients. The by far most frequent CDG type is CDG-Ia.
This defect leads to a significant reduction in the concentra-
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tion of phosphomannomutase 2 (PMM, 2), thus hindering
the conversion of mannose-6-phosphate into mannose-1-
phosphate. As a consequence, the synthesis of the sugar do-
nor GDP-mannose decreases and a general hypoglycosyl-
ation of many glycoconjugates is the consequence. A thera-
peutic approach may be the intracellular delivery of man-
nose-1-phosphate. However, as for nucleotides, mannose-1-
phosphate does not penetrate cellular membranes and rapid
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dephosphorylation occurs in the blood. In 2004, we re-
ported the synthesis of acetylated cycloSal mannose-1-phos-
phates 4a and, for comparison, of cycloSal glucose-1-phos-
phates 4b, leading to successful “carbohydrate pro-
drugs” .14 cycloSal pyranosyl-1-monophosphates 4 were
prepared in a convergent synthesis starting from D-glucose
(42b) and p-mannose (42a), respectively, in yields of up to
62%. The procedure is summarized in Figure 18.

Two interesting differences between the mannose- and
the glucose-1-phosphate esters were observed in hydrolysis
assays: 1) cycloSal mannose-1-phosphates were found to be
10-fold less stable than the corresponding glucose-1-phos-
phate derivative. However, even the glucose-1-phosphate
triesters proved to be 10-fold less stable than the corre-
sponding nucleotide triesters. Obviously, the attachment of
the neutral cycloSal residue to the anomeric carbon atom
leads to a tremendous decrease in stability compared to the
attachment of the group to a primary alcohol in the nucleo-
tides; ii) the selectivity of pyranose-1-phosphate release
from the prodrugs is much lower in the case of the man-
nose-1-phosphate triesters than their glucose counterparts.
The interpretation of this is that two reactions take place in
concurrence (Figure 19), namely the “normal” cleavage of
the cycloSal phosphate ester leading to the pyranosyl-1-
phosphate (SyP-reaction) and the cleavage of the glycosidic
bond by an Syl-type reaction due to the formation of a
stabilized oxocarbenium ion. Moreover, and in addition to
the general increase in lability of the glycosidic bond, an
anchimeric acceleration takes place for the mannose deriva-
tive 4, leading to acetoxonium ions B and/or C (pathway
2b). In the case of the glucose derivatives this anchimeric
acceleration is less pronounced because the geometry is less

O.y
P
d o
AcO O/<
AcO
c

O/(\)c o
A(}s\ocm + OO-FB\/\/©
g ©

Figure 19. Hydrolysis mechanism of carbohydrate prodrugs leading to hexose-1-phosphazes and the hexoses.
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Figure 20. HPLC chromatogram of the LLO analysis of compound 4a (G3 = Glc;MangGIcNAc,; M3 = Man;GIcNAc,; M4 =

ManyGIcNAc,; M5 = MansGIcNAc,).

favored for an intramolecular reaction. Nevertheless, al-
though the cleavage reaction was found to be not as selec-
tive as in the case of the cycloSal nucleotides, the mannose
derivative 4a releases considerable amounts of mannose-1-
phosphate from the lipophilic precursor.

Finally, the biological activity of 3-methyl-cycloSal man-
nose-1-phosphate (4a) was tested in vitro in fibroblasts.
Healthy fibroblasts assemble complete oligosaccharide
chains having a Glc;sManyGIcNAc, structure (G3), whereas
PMM 2-deficient fibroblasts synthesize only truncated oli-
gosaccharide chains with ManyGIcNAc, (M4) and
Man;GlIcNAc, structures (M3; Figure 20).

The 3-methyl-cycloSal test compound showed a total cor-
rection of the hypoglycosylation pattern, thus proving the
intracellular mannose-1-phosphate delivery. Moreover, the
observed bioactivity also proves that the acetyl groups at-
tached to the glycon are cleaved intracellularly by (carboxy)-
esterases.

Conclusions
In summary, the cycloSal approach convincingly demon-

strates the intracellular delivery of nucleotides by a non-
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enzymatically induced cascade reaction. The cycloSal pro-
nucleotide system is also an ideal tool for studying bio-
chemical pathways in nucleoside metabolism. Modification
of the cycloSal moiety, and particularly of the benzyl posi-
tion, leads to considerable differences in the hydrolysis
pathway. This allows further insights into the mechanism of
degradation and at the same time gives clues to improve the
d4TMP delivery. It has considerably improved the antiviral
activity of several nucleoside analogs using the first-genera-
tion cycloSal triesters. First attempts have been made to in-
fluence the equilibrium formed by a lipophilic phosphate
triester through the membrane. This resulted in the develop-
ment of second-generation cycloSal triesters having enzyme-
cleavable acyloxymethylpropionate esters in the side chain
of the cycloSal aromatic ring. These compounds achieve an
efficient intracellular trapping (“lock-in”) of the triester.

Finally, the promising total correction of hypoglycosyl-
ation found in the biological assays shows that the delivery
of biologically active phosphorylated compounds from cy-
cloSal phosphate triesters may lead to a strong improve-
ment in the bioactivity. At the same time this example
proves that the cycloSal approach is not restricted to nucleo-
tides.
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