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Abstract
The nonmevalonate pathway (NMP) of isoprene biosynthesis is an exciting new route toward
novel antibiotic development. Inhibitors against several enzymes in this pathway are currently
under examination. A significant liability of many of these agents is poor cell penetration. To
overcome and improve our understanding of this problem, we have synthesized a series of
lipophilic, prodrug analogs of fosmidomycin and FR900098, inhibitors of the NMP enzyme Dxr.
Several of these compounds show improved antibacterial activity against a panel of organisms
relative to the parent compound, including activity against Mycobacterium tuberculosis (Mtb).
Our results show that this strategy can be an effective way for improving whole cell activity of
NMP inhibitors.

There continues to be a pressing need for drugs with novel mechanisms of action. Most
clinically useful anti-infectives target only a few of the hundreds of potential targets in
metabolism, and global rates of drug resistant bacteria are on the rise.1,2 For example, in
2010, 2 million people died from tuberculosis, caused by M. tuberculosis (Mtb), including
approximately 150,000 individuals who died from one of several multi-drug resistant
strains.3,4 Without new therapeutics working through unique targets, drug resistance and
decreased drug susceptibility will continue to be a public health concern.1,2

Recently, the nonmevalonate pathway (NMP) has been examined as a novel route against
bacteria and parasites.5–10 The role of the NMP is to synthesize activated five carbon units
that the cell will elaborate into more complex structures. Humans use the mevalonate
pathway to biosynthesize the same isoprenoid units. As such, the enzymes found in the
NMP are not found in humans, leading to the interest in this pathway for antibacterial drug
targeting. While many of the enzymes in the NMP have been examined, 1-deoxy-D-xylulose
5-phosphate reductoisomerase (Dxr or IspC) has been studied to the greatest extent.5,6 This
enzyme is responsible for reducing and isomerizing 1-deoxy-D-xylulose 5-phosphate (DXP
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or DOXP) to 2-C-methyl-D-erythritol 3-phosphate (MEP). Several crystal structures of Dxr
from various bacteria have been reported.11,12 Most of the work developing inhibitors
against Dxr has been in the context of Plasmodium falciparum13–30 although more recent
studies have targeted Dxr from Mtb.31,32

Two well-known inhibitors of Dxr, fosmidomycin (1) and FR900098 (2), are natural
products and mimic Dxr’s substrate DXP (Figure 1). Both compounds are quite potent
inhibitors against Dxr from a variety of organisms.33,34 Interestingly, however, while
fosmidomycin is active against some bacteria and P. falciparum, it is inactive against
Mtb.35,36 Mtb relies on Dxr for isoprene production35 but does not have a GlpT transporter
used by many organisms for fosmidomycin uptake.37 This, combined with the polar nature
of fosmidomycin and the lipophilic tuberculosis cell wall, is thought to be the underlying
reason for the lack of effect of fosmidomycin against Mtb.35,36 Our work aims to develop
novel inhibitors of Dxr and use them as tools to examine this enzyme for its potential as an
antibacterial target. As a proof of this concept and expanding on prior work from the malaria
field,13–30 we present a series of analogs of compounds 1 and 2 designed to understand if
added lipophilicity increases cell penetration and antibacterial activity. It is expected that
these prodrugs enter the cell and are hydrolyzed by nonspecific, cellular esterases to reveal
the phosphonate which then inhibits Dxr.29 The compounds have the general structure
shown in Figure 1.

There are several published synthetic routes for fosmidomycin derivatives.13–22,24–28,30–32

We combined and modified these routes to yield the best overall synthetic schemes. The
syntheses of the target compounds are shown in Schemes 1–3. Diethyl fosmidomycin (10)25

was prepared using the route shown in Scheme 1. Diethyl phosphite (3) was combined with
O-benzylhydroxylamine (4) to yield phosphoramidate (5).38 This compound was combined
with diethyl 3-bromopropylphosphonate (6) to yield compound 7.39 The phosphoramide of 7
was cleaved using acidic conditions to yield compound 8.39 Compound 8 was formylated21

and debenzylated25 to give compounds 9 and 10, respectively.

Two routes were used in the preparation of lipophilic esters of FR900098 (Schemes 2 and
3). Scheme 2 begins with the lipophilic moieties installed on the phosphonate (compounds
12). To prepare ethyl analog 15, O-benzylhydroxylamine was acetylated40 and combined
with 12a (prepared using microwave conditions41) to yield compound 14a.25 For isopropyl
analog 16, Boc-protected 11 was alkylated with compound 12b to give 13. Removal of the
Boc group, followed by acetylation yielded compound 14b. Hydrogenation to remove the
benzyl group gave target compounds 1542 and 16.43

Most of the lipophilic esters were prepared using the route shown in Scheme 3.25 This
scheme uses a shorter, but more costly, path to compound 8. Diethyl acetal-protected diethyl
phosphonate ester 17 was deprotected to give aldehyde 18. This compound underwent
reductive amination with O-benzylhydroxylamine and NaBH3CN to yield compound 8.
Acetylation yielded compound 14a. Removal of the diethyl ester using TMSBr gave
common intermediate 19. Interestingly, despite its use by many groups, the TMSBr
deprotection step is not well described. In our hands, the addition of water after deprotection
does not yield a solid. The solid, deprotected product is isolated only after complete removal
of water or with the addition of THF to facilitate precipitation. Intermediate 19 was
alkylated with several different alkyl groups to give compounds 20a–g. Subsequent
hydrogenation yielded target compounds 21–27. The analytical data for compounds 22, 24,
and 27 matches literature values.25 Experimental details are given for new compounds 2144,
2345, 2546, and 2647.
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The compounds were examined for antibacterial and antitubercular activities using methods
previously reported.48,49 The activities are shown in Table 1. The two parent compounds,
fosmidomycin (1) and FR900098 (2) show activity against Gram (−) strains but this activity
is less pronounced against the panel of Gram (+) organisms. The exception is
fosmidomycin’s potent activity against B. anthracis (0.78 μg/mL). As has been
demonstrated by others35,36, fosmidomycin does not have antitubercular activity (MIC >500
μg/mL) and this is also the case for its acetyl derivative, FR900098, which is inactive.

Several of the lipophilic esters showed improved activity relative to fosmidomycin,
particularly for Gram (+) bacteria. While diethyl fosmidomycin (10) showed little activity
against the panel, as the size of the lipophilic ester increased, activity against these
organisms generally increased as well. For example, 24 and 26 showed better antitubercular
activity compared with compounds 10, 15 and 16. Interestingly, analogs with a secondary
ester (22, 25 and 27) did not outperform their primary counterparts. A possible explanation
for this could be that the cellular esterases needed to reveal the phosphonate do not tolerate
branching within the ester. Lack of activity of this family of esters in certain strains may be
due to efflux mechanisms or inefficient cleavage of the ester.

Our results suggest that lipophilic esters of fosmidomycin and FR900098 improve cell
activity and antibacterial activity for certain organisms. While fosmidomycin takes
advantage of GlpT for cell entry, these lipophilic esters are not reliant on this transporter.50

As glpT mutation is the only documented path toward fosmidomycin resistance, we expect
these compounds to avoid such a resistance pathway. Dxr inhibitors optimized for both cell
penetration and the enzyme’s active site could provide an important tool for target validation
on the road toward development of a novel therapeutic.
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Figure 1.
Structures of parent Dxr inhibitors (1 and 2) and lipophilic esters.
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Scheme 1.
Reagents and conditions: (a) TBABr, CCl4, KHCO3, K2CO3, CH2Cl2; (b) NaH, TBABr,
NaI, THF; (c) HCl, EtOH; (d) (CH3CO)2O, HCO2H; (e) H2, 10% Pd/C.
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Scheme 2.
Reagents and conditions: (a) NaH, NaI, DMF; (b) i: TFA, CH2Cl2, ii: TEA, AcCl, CH2Cl2,
18 h; (c) H2, 10% Pd/C, MeOH, 2 h.
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Scheme 3.
Reagents and conditions: (a) HCl, 80 °C, 1 h; (b) i: BnONH2, MeOH, reflux, 1 h; ii:
NaBH3CN, MeOH, HCl, rt, 1 h; (c) AcCl, TEA, CH2Cl2, rt, 18 h; (d) i: TMSBr, CH2Cl2, 0
°C, 30 min; ii: H2O, rt, 18 h; (e) RBr or RCl, TEA, DMF or DMPU, 60 °C, 6 h; (f) H2, 10%
Pd/C, MeOH.
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