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ABSTRACT: Two classes of prodrugs of a fosmidomycin surrogate were synthesized and investigated for their ability to inhibit in vitro 
growth of P. falciparum and M. tuberculosis. To this end, a novel efficient synthesis route was developed involving a cross metathesis 
reaction as a key step. Alkoxyalkyl prodrugs show decent antimalarial activities, but acyloxybenzyl prodrugs proved to be the most 
interesting and show enhanced antimalarial and antitubercular activity. The most active antimalarial analogues show low nanomolar 
IC50 values. 

Despite considerable international efforts, malaria and tubercu-
losis remain two major challenges to public health.1,2 Especially 
worrying are the emergence and spread of artemisinin resistant 
Plasmodium falciparum3,4 and the rise of infections with multidrug 
resistant (MDR) and extensively drug resistant (XDR) Mycobacte-
rium tuberculosis.2 Therefore, new drugs that are free from cross-
resistance with currently used antimalarial and antitubercular 
drugs are urgently needed. Towards this goal, inhibition of the 
methylerythritol (MEP) pathway for isoprenoid biosynthesis rep-
resents a promising strategy for the development of new antima-
larial and antitubercular agents, since it is essential in the afore-
mentioned target pathogens and absent in humans.5 

The first committed reaction step of the MEP pathway is cata-
lyzed by IspC or DXR (1-deoxy-D-xylulose 5-phosphate reducto-
isomerase).6 Fosmidomycin (1, Figure 1) is a natural antibiotic 
acting as a slow, tight-binding inhibitor of this enzyme.7 It has 
been shown to be a well-tolerated, safe and efficacious antimalar-
ial drug in combination treatment.8–10 However, fosmidomycin’s 
pharmacokinetic (PK) properties are suboptimal, with only mod-
erate bioavailability (30%) and a short plasma half-life (2h).11,12 
Due to its highly polar character, mainly due to the phosphonate 
functionality, which is charged at physiological pH, fosmidomy-
cin permeates cells only poorly via passive diffusion. This has im-
portant consequences not only for oral bioavailability, but also 
for the molecule to reach its intracellular target. In E. coli, the 
uptake of fosmidomycin has been shown to be dependent on the 
presence of a glycerol 3-phosphate transporter (GlpT). 13 Also P. 
falciparum infected erythrocytes have been shown to use parasite-
induced permeability pathways, to facilitate uptake of fosmido-
mycin in infected red blood cells.14 For various reasons it would 
be interesting to enable fosmidomycin uptake independent of 
transporters. One such reason would be that sole dependence of 
uptake on one transporter increases the chances for bacterial

 
Figure 1. Structural formulae of fosmidomycin, FR900098 and its 
reverse analog 3, and known prodrugs 4 and 5. Acyloxybenzyl and 
alkoxyalkyl prodrugs are the focus of this work. 

resistance development. Indeed, it has been shown that fosmido-
mycin-resistant E. coli strains are often deficient in GlpT activ-
ity.13,15 Liver-stage Plasmodium berghei has also been shown to be 
resistant to fosmidomycin due to the inability of this phospho-
nate antibiotic to enter hepatocytes.14 Mycobacteria lack the GlpT 
transporter and additionally, have a highly lipophilic cell wall. As 
a result, fosmidomycin is unable to penetrate Mycobacteria to 
reach its target.16 Perusal of the literature shows that a lot of re-
search has been dedicated to improve the potency of fosmidomy-
cin.17–19 However, the problem of low bioavailability and cellular 
penetration remains. 

Prodrugs of fosmidomycin (analogues) have been obtained, 
mainly by conversion of the phosphonate moiety into acyloxyme-
thyl (such as 4, Figure 1) and alkoxycarbonyloxymethyl phospho-
nate esters (such as 5, Figure 1) and have been shown to possess 
increased antimalarial and to some extent also antimycobacterial 
activity.20–23 Previous research in our lab has confirmed that the 
hydroxamate counterparts of fosmidomycin (1, Figure 1) and   
FR900098 have comparable inhibitory activity against both 



 

Scheme 1. Synthesis of acyloxybenzyl prodrugsa. 

    

aReagents and conditions. (a) triethyl phosphite, 150 °C (97%); (b) (i) TMSBr, DCM; (ii) H2O, THF; (c) oxalyl chloride, DMF, DCM, 45 °C; 
(d) acyloxybenzylalcohol, DIPEA, pyridine, DCM (53–60% over 3 steps); (e) Hoveyda-Grubbs 2nd generation catalyst, toluene, 70 °C (58–77%); 
(f) NiCl2.6H2O, NaBH4, THF (26–75%); (g) HF.pyridine, pyridine, THF, 0 °C (63–80%).

PfDXR and MtbDXR. Also IC50 values of 2 (Figure 1) and its re-
verse analog 3 (Figure 1) against the P. falciparum K1 strain have 
been shown to be comparable.24 For reasons of synthetic ease and 
equipotent biological activity, 3 (Figure 1), a fosmidomycin sur-
rogate, has been used as a starting point for the development of 
prodrugs. This article reports on the synthesis and in vitro anti-
malarial and antitubercular activity of two novel prodrug series 
of a fosmidomycin surrogate: the acyloxybenzyl and the alkoxy-
alkyl phosphonate esters (Figure 1). Both series are inspired by 
phosphonate and phosphate prodrugs successfully applied in the 
nucleoside field.25 The acyloxybenzyl prodrug approach, devel-
oped by Meier and coworkers, has been shown to increase cellu-
lar uptake of nucleoside di- and triphosphates.26–29 Cleavage of 
this prodrug class is based on hydrolysis of the acyl group by an 
esterase, followed by a rapid and spontaneous release of the re-
sulting quinone methide and the parent phosphates.29  The alkox-
yalkyl prodrug approach, developed by Hostetler for nucleoside 
phosphonates, has been shown to facilitate diffusion in cells.30 
Intracellular cleavage of these prodrugs is mediated by phospho-
lipase C, which hydrolyzes the lysophosphatidylcholine resem-
bling phosphonate esters. We hypothesized that the acyloxyben-
zyl and alkoxyalkyl esters of 3 (Figure 1) might also enhance in  
vitro antimalarial and antitubercular activity as a result of  in-
creased cellular uptake.  

The synthesis of both prodrug classes relies on a cross metathesis 
reaction between the appropriate allylphosphonate and N-
acrylhydroxamate building blocks. This allows easy modifications 
on both sides. The phosphonate building blocks 10a–e were syn-
thesized starting from allyl bromide 6 (Scheme 1). Arbuzov reac-
tion with triethyl phosphite yielded diethylphosphonate 7, which 
was hydrolyzed to the phosphonic acid and subsequently con-
verted into the  phosphonic dichloride 9 upon treatment with 
oxalyl chloride. Treatment of 9 with the appropriate acyloxyben-
zylalcohols afforded phosphonate esters 10a-e. Cross metathesis 
with O-silyl protected  acryl hydroxamate 11 using Hoveyda-
Grubbs 2nd generation catalyst yielded the protected unsaturated 
compounds 12a-e in good yields.31,32 Saturation of the alkene us-
ing a nickel boride reduction to give 13a-e and subsequent silyl 
deprotection using HF.pyridine yielded the final compounds 

14a-e. The alkoxyalkyl prodrugs were synthesized in a similar way 
(Scheme 2). Reaction of phosphonic dichloride 9 with the corre-
sponding alkoxyalkylalcohols to provide 15a-d was followed by 
cross metathesis reaction with O-benzyl protected acryl hydrox-
amate 16 to provide 17a-d. After nickel boride reduction of the 
alkene, removal of the benzyl group by hydrogenation was pre-
ceded by monodealkylation using sodium azide, yielding mo-
noesters 20a-d. Immediate hydrogenation of the dialkylphospho-
nate ester 18d afforded 21d. 

Scheme 2. Synthesis of alkoxyalkyl prodrugsa. 

aReagents and conditions. (a) alkoxyalkylalcohol, DIPEA, pyridine, 
DCM (29–52% over 3 steps); (b) Hoveyda-Grubbs 2nd generation cat-
alyst, toluene, 70 °C (59-76%); (c) NiCl2.6H2O, NaBH4, THF (27–
58%); (d) NaN3, DMF, 130°C (40–84%); (e) H2, Pd/C, MeOH (24–
67%). 

The final compounds were screened for growth inhibition of 
asexual blood stage parasites of P. falciparum (Pf-K1) and an avir-
ulent M. tuberculosis strain (H37Ra) (Table 1). Additionally, tox-
icity on MRC-5 fibroblasts was assessed. Compared to fosmido-
mycin, all acyloxybenzyl prodrugs showed  improved antiplasmo-
dial and antibacterial activity. The benzoyl analog 14e displayed 
the best inhibitory activity of P. falciparum growth, while ana-
logues 14b, 14c and 14e showed sub-micromolar antitubercular 
activities. Acetyl analog 14a showed considerably weaker



 

Table 1. Biological evaluation of novel fosmidomycin surrogate prodrugs. 

Compound 
Pf-K1 

IC50 [µM] 

H37Ra 

IC50 [µM] 

MRC-5 

[µM] 

SI 

(Pf-K1) 

SI 

(H37Ra) 

1 1.7333 >64 >64 - - 

2 0.4233 >64 - - - 

3 0.2624 >64 - - - 

4 0.73 44.28 >64 >88 >1.4 

5 0.08 >64 55.73 743 - 

14a 0.49 19.68 15.49 32 0.8 

14b 0.14 0.64 0.99 7.3 1.6 

14c 0.16 0.43 0.98 6.1 2.3 

14d 0.30 1.76 12.6 42 7.6 

14e 0.03 0.42 0.61 20 1.5 

20a 16 >64 >64 >4 - 

20b 1.9 >64 >64 >34 - 

20c 0.82 >64 55.87 68 - 

20d 0.95 >64 24.54 26 - 

21d 42 >64 >64 >1.5 - 

antitubercular activity than the other analogues. This might at 
least partially be explained by the labile character of the phenolic 
acetyl ester. A stability experiment in human serum at 37 °C 
demonstrated that the stability of the compounds increased in 
the following order: 14a < 14b < 14d < 14e < 14c. Even acetyl 
derivative 14a with the shortest serum half-life was more stable 
than reference prodrugs 4 and 5 (details in Supporting Infor-
mation). For use as antimalarials, limited serum stability of the 
prodrug promoieties is  less of a problem since the released phos-
phonate can still be taken up via the parasite-induced permeabil-
ity pathways. For Mycobacterium however, passive diffusion in its 
prodrug form is expected to be the prevalent way of cellular up-
take. Unfortunately, all acyloxybenzyl analogues decreased cell 
viability of MRC-5 fibroblasts, particularly 14b, 14c and 14e. 
This toxicity might at least partially be explained by the release 
of 2 equivalents of the reactive electrophile quinone methide 
upon prodrug cleavage. Despite the observed toxicity, analogues 
14d and 14e are considered interesting as they exhibited rela-
tively selective antimalarial activity, as indicated by the favorable 
selectivity indices.  

Remarkably, all monoalkoxyalkyl phosphonates were inactive 
against M. tuberculosis, but showed good antiplasmodial  activity. 
Dodecyl analog 20c and hexadecyl analog 20d showed sub-mi-
cromolar IC50 values, comparable to fosmidomycin. It is possible 
that very long alkyl chains are beneficial for passive diffusion 
and/or necessary for recognition by phospholipase C, which is 
hypothesized to be the activating enzyme. Double ester 21d 
showed only weak antimalarial activity. Solubility issues during 
biological evaluation of this compound hampered accurate test-
ing, which might explain this result. 

In conclusion, we have successfully developed an efficient syn-
thesis route for 2 classes of prodrugs of a fosmidomycin surro-
gate, involving a cross metathesis reaction as the key step. 
Acyloxybenzyl prodrug 14e showed markedly improved in vitro 
antimalarial activitiy. This prodrug of a MEP pathway inhibitor 

may serve as a lead for future analog development of compounds 
that combine superior activity against their target microorgan-
isms with an improved PK profile, combined with lower cytotox-
icity. 
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ABBREVIATIONS 

MDR, multidrug resistant; XDR, extensively drug resistant; MEP, 
methylerythritol phosphate; DXR, 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase; PK, pharmacokinetic; GlpT, glycerol 3-phosphate 
transporter; SI, selectivity index; TMSBr, trimethylsilyl bromide; 
DCM, dichloromethane; THF, tetrahydrofuran; DMF, dimethylfor-
mamide; DIPEA, diisopropylethylamine; MeOH, methanol. 
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