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A phosphate prodrug strategy was investigated to address the problem of poor aqueous solubility of pleu-
romutilin analogues. Water-soluble phosphate prodrugs 6a, 6b and 6c of pleuromutilin analogues were
designed and synthesized. Three compounds all exhibited excellent aqueous solubility (>50 mg/mL) at
near-neutral pH and sufficient stability in buffer solution. In particular, the phenol pleuromutilin prodrug
6c displayed favourable pharmacokinetic profiles and comparable potency with vancomycin against
MSSA and MRSA strains in vivo.

� 2009 Elsevier Ltd. All rights reserved.
Due to rapid emergence of multi-drug-resistant Gram-positive
bacteria including methicillin-resistant Staphylococcus aureus
(MRSA), penicillin-resistant Streptococcus pneumoniae (PRSP), and
vancomycin-resistant enterococci (VRE),1,2 there is an urgent need
to identify and develop new antibacterial agents with novel mech-
anisms of action against drug-resistant bacterial strains. One strat-
egy is to re-evaluate old generation of antibiotics that have not
been widely used in clinical. The natural product pleuromutilin
(1) belongs to this class of under-exploited antibiotics.3

Pleuromutilin (1) was first isolated in 1951 from basidiomyce-
tes Pleurotus and Pleurotus passeckerianus. Further studies have
shown that this class of antibiotics selectively inhibit bacterial pro-
tein synthesis by specifically targeting the 50s subunit of the bac-
terial ribosome and display modest activity against Gram-positive
organisms in vitro and relatively weak activity in vivo.4–6 Over the
past years, the Sandoz group studied structure–activity relation-
ships (SARs) of pleuromutilin analogues focused on variations in
the C-14 glycolic acid side chain. As a result of these efforts, tiam-
ulin (2) and valnemulin (3) were successfully developed as veteri-
nary medicine to treat serious infections in swine and poultry.7,8 In
2007, GlaxoSmithKline’s novel pleuromutilin analogue retapamu-
lin (4) (Fig. 1), with excellent activity in vitro, was first approved
for human use as a topical antimicrobial agent to treat skin infec-
tions.9 Although these semi-synthetic pleuromutilins with thioe-
ther substituents in the C-14 ester side chain are generally
potent in vitro, they suffer from rapid and extensive metabolism
in vivo because of their strong hydrophobic nature.10
ll rights reserved.
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Another series of pleuromutilin analogues attracted great atten-
tion is the C-14 acyl-carbamates derivatives. Like thioether deriva-
tives, these carbamates show broad-spectrum antibacterial
activities, however, are much more metabolically stable.3 SmithK-
line recently reported two potent pleuromutilin analogues with
C-14 aroyl-carbamates side chain, 5a (SB-225586) and 5b (SB-
222734) (Fig. 2), which had excellent antibacterial potency but fur-
Figure 1. Pleuromutilin and its derivatives.
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Scheme 1. Reagents and conditions: (a) (1) (BnO)2PN(i-Pr)2, 1H-tetrazole, CH2Cl2,
rt, 2 h; (2) mCPBA, �40 �C, 1 h, 91.8%; (b) (1) TMSBr, CH2Cl2, 0 �C to rt, 1 h; (2)
MeOH, 2 h; (3) Na2CO3, 30 min, 73.2%; (c) Pd/C, H2, MeOH, 98.2%.

Figure 2. Pleuromutilin analogues with C-14 aroyl-carbamates side chain.
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ther development was hindered by their atrocious solubility in
water.3,11 An effective approach to overcome poor solubility is to
prepare water-soluble prodrugs.12 Hydroxyl group and phenol pre-
sented in 5a and 5b provide ideal sites for modification to generate
prodrugs. Phosphorylation of alcohols and phenols have been suc-
cessfully employed to produce water-soluble prodrugs for poorly
soluble drugs such as amprenavir, etoposide, fluconazole, propofol
and combretastatin A-4.13–16 The soluble phosphates can be
cleaved by alkaline phosphatase (ALP) in vivo to release parent
drugs. In this letter, we report our efforts in the development of no-
vel pleuromutilin phosphate prodrugs with sufficient solubility in
water, great stability in buffer and high efficacy in vivo.

Compounds 5a–d (Fig. 2) were prepared in our lab following the
method reported by Gerald Brooks.10 The in vitro antibacterial
activity of the compounds against a spectrum of resistant and sus-
ceptible Gram-positive bacteria was tested with retapamulin and
linezolid as positive controls. Minimum inhibitory concentration
(MIC) values were determined using agar dilution method accord-
ing to NCCLS. The result is summarized in Table 1. It clearly
showed that four compounds displayed excellent antibacterial
activities and the reduced compounds 5c and 5d are more potent
than the corresponding vinyl analogues 5a and 5b. To improve
their water solubility, the most potent compounds 5a, 5c and 5d
were selected as the parent drugs to generate phosphate prodrugs.

The synthesis of prodrugs 6a, 6b and 6c is outlined in Schemes 1
and 2. Reacting 5a with di-benzyl N,N-diisopropyl-phosphorami-
dite in the presence of 1H-tetrazole followed by oxidation with
mCPBA afforded dibenzyl-phosphate ester 7 in high yield (91.8%).
Deprotection of the benzyl group was accomplished by use of trim-
ethylbromosilane and methanol, and subsequent treatment with
sodium carbonate gave the crude sodium salt 6a, which was puri-
fied by C-18 reverse phase column in moderate isolate yield
(73.2%).17 Hydrogenolysis of the vinyl moieties of 6a in methanol
provided the bis-sodium salt 6b in good yield (98.2%).

The regioselective phosphorylation of the phenolic hydroxyl
group of 5b at the C-14 side chain without protecting the C-11
skeleton hydroxyl group relied on the higher acidity of the pheno-
lic proton and the steric hindrance of the C-11 hydroxyl group.18

Treatment of 5b with N,N-dimethylaminopyridine (DMAP), carbon
tetrachloride, N,N-diisopropylethylamine (DIPEA) and dibenzyl
Table 1
MIC ranges (lg/mL) of 5a–d against Gram-positive clinical isolates

Compounds MSSAa n = 5 MRSAb n = 6

5a 0.0625 0.0625
5b 0.125 0.125
5c 0.031 0.031
5d 0.031 0.031
Retapamulin 0.031 0.031
Linezolid 0.5 1

a MSSA = methicillin-susceptible Staphylococcus aureus.
b MRSA = methicillin-resistant Staphylococcus aureus.
c MSSE = methicillin-susceptible Staphylococcus epidermidis.
d MRSE = methicillin-resistant Staphylococcus epidermidis.
e S.p. = Streptococcus pneumoniae.
phosphite successfully produced the phosphoric acid dibenzyl es-
ter compound 8 in high yield (81.8%). Hydrogenolysis of the benzyl
and vinyl moieties of 8 followed by addition of sodium carbonate
furnished the desired product 6c (91.7% yield).19

Not surprisingly, all of the di-sodium salts of phosphate deriva-
tives were found to have significantly improved aqueous solubility
(>50 mg/mL) at near-neutral pH (Table 2). Compound 6c was
shown to be more soluble than the rest of two compounds. Stabil-
ities of 6a–c were also investigated in buffer solution at pH 7.4
with concentration of 10 mg/mL. No degradation was observed at
room temperature in a period of 8 h, and less than 0.5% of parent
drugs were detected in buffer solution after 14 days standing at
room temperature.

The pharmacokinetic profiles of prodrug 6a–c were evaluated in
male Sprauge-Dawley rats after oral and intravenous (iv) admin-
stration of the drugs (10 mg/kg bodyweight). Following iv admin-
MSSEc n = 5 MRSEd n = 5 S.p.e n = 3

0.0625 0.0625 0.125
0.0625 0.125 0.25
0.031 0.031 0.125
0.031 0.031 0.0625
0.031 0.031 0.031
0.5 1 1



Scheme 2. Reagents and conditions: (a) (1) DMAP, CCl4, DIPEA, CH3CN, �10 �C; (2)
dibenzylphosphite, �10 �C to rt, 3 h, 81.8%; (b) (1) Pd/C, H2, MeOH, 40 psi, rt, 8 h;
(2) Na2CO3, 30 min, 91.7%.

Table 2
In vitro stabilities and aqueous solubilities of phosphate derivatives 6a–c

Compound Aqueous solubility
(mg/mL)

Buffer, pH 7.4a

(% remaining at 8 h)
Buffer, pH 7.4a

(% remaining at 14 d)

6a 57.6 100 99.8
6b 52.3 100 99.5
6c 96.8 100 99.6

a in vitro stabilities as determined by UV/HPLC.

Table 4
Efficacy of intravenous 6c in a systemic S. aureus infection model in mice

Organism ED50
a (mg/kg, iv)

6c Vancomycin

MSSA 232-51 17.38 (10.29–29.36)b 13.49 (8.87–20.52)
MRSA 236-29 20.89 (11.11–39.30) 15.85 (10.30–24.39)

a The efficacy criterion, ED50, was calculated as the dose at which mice survival
rate was 50%. Mice were inoculated intraperitoneally. Medication was given
intravenously twice, 1 h and 4 h after infection.

b Numbers in parentheses are 95% confidence ranges.
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istration, high level of the C-11 phosphate prodrug 6a was detected
in plasma (Cmax = 30650 ng/mL) with a slow conversion to the par-
ent drug 5a (Cmax < 5 ng/mL). The parent drug 5a was not detect-
able after oral administration of 6a.The similar results were
observed with compound 6b (data not shown). As a possible expla-
nation for this observation, the phosphate moieties attached to the
C-11 hydroxyl group may not be accessible for the alkaline phos-
phatase in a highly hindered steric environment. In contrast, the
phosphate 6c displayed satisfactory in vivo pharmacokinetic pro-
files after iv administration. As shown in Table 3, the maximum ob-
served plasma concentration of the parent drug 5d was achieved in
less than 5 min (Tmax < 5 min) and the prodrug 6c could not be de-
Table 3
Pharmacokinetic parameters of 5d derived from 6c after iv administration at the dose
of 10 mg/kg, 30 mg/kg and 100 mg/kg in male Sprauge-Dawley rats (n = 3)

Dose (mg/kg) Tmax
a (h) Cmax

b (lg/mL) AUC0–1
c (lg h/mL) t1/2

d (h)

10 0.083 3.39 ± 0.4 1.29 ± 0.13 0.51 ± 0.07
30 0.083 11.3 ± 4.8 5.04 ± 0.88 0.75 ± 0.14

100 0.083 67.5 ± 11.0 32.6 ± 1.2 0.63 ± 0.01

a Time at which Cmax achieved.
b Maximum plasma concentration.
c Area under the concentration–time curve.
d Elimination half-life.
tected at the earliest time point, indicating a rapid conversion of
the prodrug 6c to 5d. Within three dosages tested, Cmax and AUC
increased dose-dependently and approximate twofold of increase
were observed at the dose of 100 mg/kg.

The in vivo efficacy (ED50) of the water-soluble phosphate pro-
drug 6c was evaluated along with the positive control vancomycin
in lethal systemic S. aureus (MSSA and MRSA) infection model in
mice following iv administration. The results are summarized in
Table 4. The iv administered prodrug 6c exhibited potent protec-
tive effects against MSSA and MRSA strains with ED50 of
17.38 mg/kg and 20.89 mg/kg, respectively, which are comparable
to the potent antibiotic vancomycin. In addition, the acute toxicity
studies of 6c after iv administration in SPF level ICR mice (n = 50)
showed a LD50 of 1009 mg/kg, which was much greater than its
ED50.

In conclusion, a new serial of phosphate derivatives of pleurom-
utilin analogues were synthesized and evaluated as potential
water-soluble prodrugs. All compounds were found to be suffi-
ciently soluble and stable in water or buffer solution. More impor-
tantly, the phenolic phosphate prodrug 6c was able to efficiently
metabolize to the biologically active parent drug (5d) in vivo,
and showed great efficacy comparable to vancomycin (VCM) in
mice systemic infection model. These pre-clinical results indicate
that the prodrug 6c has potential as an promising injectable agent
for chemotherapy of systemic bacterial infections. A more compre-
hensive study of 6c will be reported in due course.
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