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Introduction

Tuberculosis (TB) and malaria still pose a significant threat  therapeutic options.

View Journal | View Issue

Inhibition of DXR in the MEP pathway with
lipophilic N-alkoxyaryl FR900098 analogs

Darean Bague,}® Ruigin Wang,}? Dana Hodge, ®9 Marwa O. Mikati, ©¢
Jose S. Roma,© Helena |. Boshoff, @ ¢ Allyson L. Dailey,® Misgina Girma,®
Robin D. Couch, @° Audrey R. Odom John @9 and Cynthia S. Dowd @ *2

In Mycobacterium tuberculosis (Mtb) and Plasmodium falciparum (Pf), the methylerythritol phosphate
(MEP) pathway is responsible for isoprene synthesis. This pathway and its products are vital to bacterial/
parasitic metabolism and survival, and represent an attractive set of drug targets due to their essentiality in
these pathogens but absence in humans. The second step in the MEP pathway is the conversion of
1-deoxy-b-xylulose-5-phosphate (DXP) to MEP and is catalyzed by 1-deoxy-bp-xylulose-5-phosphate
reductoisomerase (DXR). Natural products fosmidomycin and FR900098 inhibit DXR, but are too polar to
reach the desired target inside some cells, such as Mtb. Synthesized FR900098 analogs with lipophilic
substitution in the position a to the phosphorous atom showed promise, resulting in increased activity
against Mtb and Pf. Here, an a substitution, consisting of a 3,4-dichlorophenyl substituent, in combination
with various O-linked alkylaryl substituents on the hydroxamate moiety is utilized in the synthesis of a novel
series of FR900098 analogs. The purpose of the O-linked alkylaryl substituents is to further enhance DXR
inhibition by extending the structure into the adjacent NADPH binding pocket, blocking the binding of both
DXP and NADPH. Of the initial O-linked alkylaryl substituted analogs, compound 6e showed most potent
activity against Pf parasites at 3.60 pM. Additional compounds varying the phenyl ring of 6e were
synthesized. The most potent phosphonic acids, 6l and 6n, display nM activity against PfDXR and low uM
activity against Pf parasites. Prodrugs of these compounds were less effective against Pf parasites but
showed modest activity against Mtb cells. Data from this series of compounds suggests that this
combination of substituents can be advantageous in designing a new generation of antimicrobials.

Further exacerbating the situation, there has been a rapid
increase in Mth and Pf drug resistance, leaving limited
3719 The WHO reported 1.5 million cases
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synthesis and other cellular functions."”2° Although isoprene
synthesis is also vital to humans, we synthesize isoprenes
through an alternate pathway. This makes the MEP pathway
an attractive set of drug targets. Interrupting synthesis of
isoprenes is lethal for Mth and Pf cells, thus providing a novel

This journal is © The Royal Society of Chemistry 2024


http://crossmark.crossref.org/dialog/?doi=10.1039/d3md00642e&domain=pdf&date_stamp=2024-07-16
http://orcid.org/0000-0001-8924-0649
http://orcid.org/0000-0002-0914-8592
http://orcid.org/0000-0002-4333-206X
http://orcid.org/0000-0002-0364-1634
http://orcid.org/0000-0001-8395-8537
http://orcid.org/0000-0001-5011-7029
https://doi.org/10.1039/d3md00642e
https://doi.org/10.1039/d3md00642e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3md00642e
https://pubs.rsc.org/en/journals/journal/MD
https://pubs.rsc.org/en/journals/journal/MD?issueid=MD015007

Open Access Article. Published on 22 2024. Downloaded on 21.06.26 21:55:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

View Article Online

Research Article

(0]
~Hon——
0 OH
. O OH O o
Pyruvate DXS ) \/O DXR R ,P\’O
(0) o (6] o
O OH . OH OH
(0] o) NADPH  NADP
\\p’o 1-deoxy-D-xylulose-5- 2-C-methyl-D-
H 0" phosphate (DXP) erythritol-4-phosphate
OH (MEP)
Glyceraldehyde-3- cTP
phosphate (GAP) IspD
o NH, PP; NH,
0. Y 0 3 SN ﬁ%
*p N N
SN P\ | |
o o Pso-
N o o o N/go OH o NAO
_~p= ISpF N 1 1 IspE B (0]
0-F=0 0-P-0-P-0 sp I
OH OH O N ° 0=F~07P~07_o
OH OH - O OH OH S
2-C-methyl-D- cmP OH OH ADP A OH OH
erythritol-2,4-diphosphate .
ryt ( Ecps) P CDP-methyl-D-erythritol-2-P (CDP-ME-2P) CDP-methyl-D-erythritol (CDP-ME)
IspG
(0] (0] (0] (0] (0] (0]
IS H )\A )\/\
H\Ao—'ﬁ;—o—'ﬁ"-o- PR N"N0-P-0-P-O + 0—P-0-P-0r
| |
OH o o o o o o
1-hydroxy-2-methyl-2-(E)- Dimethylallyl pyrophosphate (DMAPP) Isopentenyl pyrophosphate (IPP)
butenyl-4-diphosphate
(HMBPP)
Fig. 1 The methyl erythritol phosphate (MEP) pathway of isoprene synthesis.
method to combat both drug-sensitive and drug-resistant  rubellomurinus, respectively, which have antimicrobial

strains of Mtb and Pf.

In the MEP pathway, 1-deoxy-p-xylulose-5-phosphate (DXP)
is isomerized and reduced to MEP (Fig. 1)."*2° This step is
catalyzed by 1-deoxy-p-xylulose 5-phosphate reductoisomerase
(DXR), which is a validated drug target for malaria.>'>*
Fosmidomycin (Fos, 1) and FR900098 (2) are natural products

activities against Gram-negative bacteria (Fig. 2).*** These
compounds are potent inhibitors of DXR, mimic the DXP
substrate, and bind to DXR at the DXP binding site. Although
potent, Fos and FR900098 are very polar and can display poor
cellular activity."®® Thus, they have been frequent starting
points for inhibitor design. Fos and FR900098 have four

produced by Streptomyces lavendulae and Streptomyces  positions where modifications could enhance Mth and Pf
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Fig. 2 Fosmidomycin (1), FR900098 (2), previously reported compounds (3-5), and compounds in current work (6-7).
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activity: the phosphonate, the propyl backbone, the
N-hydroxyl moiety, and the N-acyl substituent. We and others
have synthesized analogs in which all of these moieties were
modified, and the resulting analogs were tested for activity
against Mth and Pf>*>® Additionally, these compounds (for
example, 3 and 4) often have better cell permeability due to
increased lipophilicity.>*>*

In the current work, we combine two structural features,
previously shown to be advantageous to improving
antimicrobial activity, in an effort to design a novel family of
MEP pathway inhibitors, termed MEPicides. In 2006, the Van
Calenbergh group reported a series of analogs bearing an aryl
substituent alpha to the phosphonate moiety.>>®
Specifically, the analog with 3,4-dichlorophenyl substituent
in this position (5) had improved activity against Pf. In our
own work, we previously explored Fos/FR900098 analogs
that bind to both the DXP binding site and the adjacent
NADPH binding site through extension of the
retrohydroxamate with either an N-acyl or N-alkoxy
substituent (4).>**%* Here, we report a series of FR900098
analogs that combine features of both of these efforts: an
o-3,4-dichlorophenyl group and an N-alkoxy substituent (6
and 7). Aromatic N-alkoxy substituents were chosen in
order to explore binding to the NADPH binding site, as in
earlier work.**** The phosphonic acid salts (6) and
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pivaloyloxymethylene prodrugs (7) were made to explore
both enzyme inhibition and cellular activity.

Results & discussion
Synthesis

The route used to prepare the compounds is shown in
Scheme 1. Starting from  3,4-dichlorobenzaldehyde,
compound 8 was synthesized as previously described.>
Compound 8 was then subjected to reductive amination to
yield  benzyloxyamine 9. Upon  acetylation, the
retrohydroxamate moiety was completed to give the diethyl
ester phosphonate 10. The diethyl ester of 10 was cleaved
using trimethylsilylbromide (TMSBr), and the
dipivaloyloxymethyl (diPOM) prodrug 11 was synthesized
using pivaloyloxymethylchloride (POMCI). Compound 11
was debenzylated with boron trichloride (BCl;) to give
compound 12. The hydroxylamine of compound 12 was

then reacted with the appropriate alkyl bromide to
undergo Williamson ether synthesis, yielding diPOM
prodrug 7l. For the remaining ethers, the benzyl

protecting group of the hydroxylamine in compound 10
using BCl; to give intermediate 13.
Application of Williamson ether conditions with
commercially available alkyl bromides yielded N-O-ethers

was cleaved
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Scheme 1 Synthesis of FRO900098 Analogs. Reagents and conditions: (a) () OBHA, MeOH, rt, (ii) NaBH3CN, acetic acid, MeOH, rt, 41%; (b) AcCl,
EtzN, DCM 0 °C to rt, 85%; (c) BCls, DCM, -78 °C, 95-97%; (d) alkyl bromide, NaH, THF, 0 °C to rt, 4-97%; (e) (i) TMSBr, DCM, 0 °C to rt, (ii) 7M NH3
in MeOH, 57%-quantitative; (f) 4-isopropylphenyl boronic acid, Pd(PPhz)4, diethyl ether, Na,COs3, EtOH, 70 °C, 19%; (g) POMCI, DIPEA, Nal, THF, 60
°C, 13-60%,; (h) (i) TMSBr, DCM, 0 °C to rt, (i) POMCI, DIPEA, Nal, THF, 60 °C, 15%. Abbreviations: OBHA = O-benzylhydroxylamine, AcCl = acetyl

chloride, RBr = alkyl bromide, TMSBr = trimethylsilyloromide, POMCl =

diisopropylethylamine, THF = tetrahydrofuran.
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14b-h,j-n. Compound 14h was subjected to Suzuki
coupling to give compound 14i. Diethyl ester phosphonate
13 and N-alkoxy compounds 14b-n were converted to
diammonium salts 6a-n via cleavage of the diethyl groups
with TMSBr followed by treatment with 7 M NH; in
methanol. Reaction of salts 6a-k,m,n with POMCI yielded
diPOM ester phosphonates 7a-k,m,n.

Biological evaluation

The compounds were subjected to a series of assays to
evaluate their activity as inhibitors of DXR, their ability to
inhibit Mth and Pf growth, and their cytotoxicity in
mammalian cells. In addition, to verify that the
compounds inhibit the MEP pathway as expected, malaria
parasites treated with the most active compounds were
subjected to IPP rescue, as supplementation with IPP
restores growth to parasites treated with well-characterized
MEP pathway inhibitors.”” These compounds were also
examined against Pf parasites bearing the hadi mutation,
which is resistant to fosmidomycin due to increased
substrate levels.”®

Evaluation of phosphonic acid salts against PfDXR and
MtbhDXR

Salts 6a-n were tested for activity against both PfDXR and
MtbDXR, and this data is shown in Table 1. Enzyme activity

Table 1 In vitro activity of phosphonic acid salts 6a-6n
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was initially measured at a single concentration of 100 uM.
For compounds inhibiting DXR more than 90%, the half-
maximal inhibitory concentration (ICs,) was determined (Fig.
S1 and S27). Previous docking studies showed that aromatic
N-alkoxy substituents could occupy the NADPH cofactor
binding site, and a series of aromatic N-O-ethers were most
successful."™'*  To explore the effect of adding a
3,4-dichlorophenyl substituent (alpha to the phosphorous
atom) to the previously synthesized N-O-ethers, compounds
6b-6i were synthesized.

Among the first set of nine analogs (6a-i), compounds 6a
and 6e were the most potent against PfDXR with ICs, values
of 13.62 and 16.83 pM, respectively. Interestingly, compound
6e is the only analog of the initial set which bears a methyl
branch at the benzyl position of the N-O-ether. SAR
exploration of the phenyl ring of 6e yielded compounds 6j-n.
Of these five 4-position analogs, three showed improved
PfDXR activity relative to 6e. Compound 6k (4-OCHj;)
displayed an ICs, value against PfDXR of 1.21 uM. Although
not as active as parent compounds fosmidomycin (1) and
FR900098 (2), compound 61 (4-OCH3) and 6n (4-F) were the
quite potent against PfDXR with ICs, values of 0.11 uM and
0.47 uM, respectively.

When evaluated for activity against M¢hDXR, the
majority of salts 6a-n were inactive. Two exceptions were
compounds 6l (4-OCH;) and 6n (4-F), with ICs, values of
0.78 uM and 4.78 puM, respectively. Interestingly, the ICs,

H4N* O
HsN* O \ﬂ//
Pf DXR" PfICs0" Mth DXR® Mtb MIC?
Compound R uM uM uM pg mL™ (uM) clog ¥
1 (Fos) H 0.063 (ref. 59) 1.021 (ref. 59) 0.44 (ref. 34) >500 -2.64
2 (FR) H 0.022 (ref. 59) 0.511 (ref. 59) 2.91 (ref. 34) >500 -2.54
6a H 13.62 18.63 + 3.81 (15.70) >100 (>266) 0.31
6b CH,Ph (26.66) 31.46 + 7.85 (34.20) >100 (>214) 3.06
6¢ CH,-(2-Naphthyl) (46.64) 60.91 + 4.97 (82.10) 12.5 (24.2) 4.06
6d CH,-4-(1,1"-Biphenyl) (26.97) 86.37 + 10.12 (93.90) 12.5 (23.1) 4.72
6e CH(CH;)Ph 16.83 3.60 + 0.80 (64.60) >100 (>208) 3.47
6f CH,-(4-iPr)Ph 26.46 68.73 +9.44 (80.90) 6.25 (12.3) 4.29
6g (CH,),Ph (25.64) 63.31 £ 16.73 (99.10) 1.56 (3.1) 3.86
6h CH,-(4-Br)Ph (53.07) 67.82 + 3.57 (72.30) >50 (>92) 3.83
6i CH,-4-[4"-Pr-(1,1"-biphenyl)] (56.11) 38.14 £ 0.43 (63.20) 25 (45) 4.72
6j CH(CH,)-(4-Cl)Ph 20.35 68.59 +20.90 (66.20) 37 (72) 3.62
6k CH(CHj;)-(4-CH;)Ph 1.21 3.53 + 0.66 (30.70) >50 (>101) 3.56
61 CH(CH;)-(4-OCH;)Ph 0.11 0.30 + 0.04 0.78 >50 (>98) 2.86
6m CH(CH,)-(4-CF;)Ph (74.69) 79.24 +12.11 (59.60) >50 (>91) 3.94
6n CH(CHj,)-(4-F)Ph 0.47 2.42 +0.43 4.78 >100 (>200) 3.62

¢ Half-maximal inhibitory activity (ICse). Values in parentheses are percent remaining enzyme activity at 100 pM.

tyloxapol media. ¢ Calculated using MarvinSketch.
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value of 6l is a significant improvement over FR900098 (2)
and on par with that of fosmidomycin (1). The increase in
potency for these new compounds could be due to the
increased electron density of the para substituents.
Additional analogs will be needed to show a clear trend.

Evaluation of phosphonic acid salts against P. falciparum
and M. tuberculosis

Compounds 6a-n were also evaluated for activity against
Pf3D7 malaria parasites and MthbH37Rv (Table 1, Fig. S37).
Among the first set of compounds (6a-i), compound 6e
was again the most potent against Pf (ICs, value of 3.60
uM). This data is further evidence that the branch methyl
group is beneficial for activity. Without the branch methyl
group, potency suffers as seen in compound 6b. Among
compounds 6j-6n, compounds 6k, 6l, and 6n had
improved activity compared with the parent compound 6e.
This trend is similar to the compounds' activities against
the enzyme. Compound 6l is the most potent phosphonic
acid salt of the series against Pf parasites, with an ICsq
value of 0.30 pM, and the only analog with potency
against Pf parasites better than that of fosmidomycin (1).
Against Mtb, several compounds showed modest activity,

Table 2 In vitro activity of POM-prodrug compounds 7a-7n
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which is an improvement over both parent compounds.
The most potent salt was compound 6g. None of these
salts, however, were active against M¢thDXR, indicating the
compounds likely inhibit Mtb growth through an alternate
mechanism.

Evaluation of analog prodrugs against P. falciparum and M.
tuberculosis

Prodrugs 7a-n were evaluated for activity against Pf3D7
parasites and Mtb cells (Table 2 and Fig. S3t). Compound 71,
the prodrug of phosphonic acid 6l, is the most potent
prodrug against Pf parasites with an IC;, value of 0.37 pM.
This compound is more active against Pf parasites than
either fosmidomycin (1) or FR900098 (2). Further, this data
confirms the branch methyl group and the 4-OCH;
substituent are beneficial for the potency of these
compounds. When evaluated for activity against Mtb, several
prodrugs had moderate activity. Prodrugs 7a, 71, and 7n had
the greatest potency with MIC values of 4.60 ug mL™" (6.5-8.1
puM). This is a significant improvement in activity compared
with the parent salts which were inactive, confirming the
lipophilic prodrug is important for activity, likely due to
increased cell penetration.

@)
W o) OR
O/ |
) N TI/
(0] /—O
o 0]
Cl
Cl
PfIC50" Mtb MIC?
Compound R uM pg mL™ (uM) clog ¥
1 (Fos) H 1.021 (ref. 59) >500 (ref. 34) -2.64
2 (FR) H 0.511 (ref. 59) >500 (ref. 34) -2.54
7a H 13.01 + 0.03 4.60 (8.1) 5.59
7b CH,Ph 41.60 + 4.20 6.25 (9.5) 7.65
7c CH,-(2-naphthyl) 13.96 + 1.91 6.25 (8.8) 8.65
7d CH,-4-(1,1"-biphenyl) 8.78 + 0.92 12.50 (17.0) 9.77
7e CH(CH;)Ph 5.22 +1.33 9.40 (13.9) 8.06
7f CH,-(4-iPr-Ph) 13.86 + 1.79 12.50 (17.8) 8.88
7g (CH,),Ph 13.94 + 0.92 12.50 (17.8) 8.77
7h CH,-(4-Br)Ph 34.80 + 6.80 6.25 (8.5) 8.42
7i CH,-4-[4"-iPr-(1,1-biphenyl)] 14.92 + 5.55 >100 (>128) 10.54
7j CH(CH3)-(4-Cl)Ph 30.07 + 6.64 9.40 (13.3) 9.02
7k CH(CHj,)-(4-CH;)Ph 31.91 + 8.09 12.50 (18.2) 8.97
71 CH(CHj;)-(4-OCH;)Ph 0.37 + 0.06 4.60 (6.5) 8.25
7m CH(CH;)-(4-CF3)Ph 23.84 +3.91 >100 (>134) 9.39
n CH(CHj;)-(4-F)Ph 21.16 + 1.15 4.60 (6.6) 8.21

@ pPf3D7 parasites. ° Mth H37Rv; 7H9/glucose/casitone/tyloxapol media. © Calculated using MarvinSketch; Pf = P. falciparum; Mth = M.
tuberculosis; 1C5, = half-maximal inhibitory concentration; MIC = minimal inhibitory concentration.
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Confirming on-target MEP pathway inhibition: IPP rescue
and had1 mutant resistance

The most active inhibitors of PfDXR and Pf parasite growth
were further examined to confirm inhibition of the MEP
pathway. The IPP rescue assay is a useful method of
determining whether inhibitors are acting through the MEP
pathway. Inhibition of DXR stops production of IPP, blocking
the entire MEP pathway, and killing the parasite. In the
presence of media supplemented with excess IPP, parasites
are rescued from inhibition and growth is restored. The most
potent antiparasitic compounds were evaluated in the IPP
rescue assay (Fig. 3). The addition of exogenous IPP rescues
the growth of P. falciparum parasites treated with phosphonic
acid salts 6k, 61, 6n, and prodrug 71. This data suggests these
analogs inhibit Pf parasite growth via blocking the MEP
pathway.

IPP rescue alone does not fully confirm MEP pathway
inhibition as compounds with alternate mechanisms of
action, related to the apicoplast but not the MEP pathway,
can also be rescued by IPP.>” To fully confirm the mechanism
of action of 6k, 6l, 6n, and 71 is through inhibition of the
MEP pathway, they were tested for cross resistance to the
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fosmidomycin-resistant strain of Pf bearing the had1
mutation. This mutation confers fosmidomycin resistance via
increased levels of DXR substrate DXP. Indeed, compounds
6k, 61, 6n, and 71 also displayed increased resistance to had1
mutant Pf strain (Fig. S3 and S47).

Cytotoxicity

Compounds that had the most potent activity against Pf
parasites (6k, 61, 6n, and 7I) were evaluated for cytotoxic
properties against human hepatocytes (HepG2, Table 3).
None of the compounds were cytotoxic up to 100 pg mL ™",

Conclusion

We set out to design a novel set of FR900098 analogs based
on compounds 4 and 5, which have reported potent activities
against P. falciparum and M. tuberculosis. This work
complements our prior work by asking if combining the
a-3,4-dichlorophenyl and N-alkoxyaryl substituents would
enhance activity against PfDXR, MtbDXR, and the intact
organisms. We also questioned if a prodrug approach would
impact the potency of the compounds. Finally, we queried

A 100 100-
[} O
754
= ® 6k 75 o 6l
£ O 6k + IPP g O 6l+IPP
9 50+ o
[C) (‘5 50
ES ES
25+ 25
[
I ] T T 1 I T 1 1 I
0.01 0.1 1 10 100 0.01 0.1 1 10 100
concentration [uM] concentration [uM]
C
100 100
754 754
£ £
3 ® 6n s e 7l
5 507 O 6n+IPP 5 5 O 71+IPP
ES ES
254 25
[ J
I 1 1 1 1 I 1 1 1 1
0.01 0.1 1 10 100 0.01 0.1 1 10 100
concentration [uM] concentration [uM]
Fig. 3 IPP rescue of inhibitor-treated P. falciparum. Drug treatment kills Pf parasites (closed circles). IPP, the product of the MEP pathway, rescues

growth of drug-treated parasites (open circles). Shown are graphs from four independent experiments: A) 6k); B) 6L; C) 6n; D) 7L.
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Table 3 Cytotoxicity of analogs 6k, 6l, 6n, and 71
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(o) OR
R'O. 7 |
/P N
RO g
O
Cl
Cl
Compound R R’ HepG2 ICso pg mL ™" (uM)
6k CH(CH;)-(4-CH;)Ph NH, >100 (>200)
61 CH(CH3)-(4-OCH;)Ph NH, >100 (>200)
6n CH(CH;)-(4-F)Ph NH, >100 (>200)
71 CH(CH3)-(4-OCH;)Ph POM >100 (>140)
Tamoxifen — — 11.72 uM

1Cs0 = half-maximal inhibitory concentration.

whether our most potent compounds were on-target inside
the cell, while also evaluating their cytotoxicity.

The data shows that the disubstituted o-3,4-
dichlorophenyl, N-alkoxyaryl analogs are most potent against
PfDXR and Pf parasites. The 4-OCH; (6l) and 4-F (6n)
compounds were the most potent salts with ICs, values
against PfDXR of 0.11 and 0.47 pM, respectively, and with
ICs, values against Pf parasites of 0.30 and 2.42 uM,
respectively. We speculate that slightly lower log P values of
these compounds, compared to the rest of the series, play a
role in their enhanced activities. Interestingly, prodrugs of
these compounds did not show a robust improvement in
activity against Pf parasites. Aside from 71, all of the prodrug
compounds displayed a dramatic reduction in antimalarial
potency relative to their salt parent compounds. This may be
due to insufficient deprotection of the bisphosphonate ester
by Plasmodium spp. Indeed, steric hindrance due to the a-3,4-
dichlorophenyl substituent could prevent or slow esterase
activity on these compounds. Nonetheless, compound 71
(4-OCHg;, ICso Pf3D7 = 0.37 uM), was very potent against Pf
parasites, exceeding the activity of parent compounds
fosmidomycin (1) and FR900098 (2).

Interestingly, most of the phosphonic acid salts (6a-6n)
were only weakly active against M¢thDXR. The most active
compounds were again 6l and 6n at 0.78 and 4.78 uM,
respectively. One reason for this lower activity could be
explained by an earlier observation. Andaloussi et al. stated
that addition of the o-3,4-dichlorophenyl group could clash
with a Trp residue near the binding site of MtbDXR, resulting
in lower inhibition of the protein.*® Many of the salt
compounds displayed weak activity against Mtb cells. Because
most of these compounds did not inhibit MtDDXR, it is
presumed that their cellular activity is through an alternate
target. Prodrugging the phosphonates led to improved Mtb
cellular activity. For compounds 71 and 7n (MIC value of 4.60
ug mL™" for both analogs), this activity may be due to DXR
inhibition. The activity of these compounds, as well as salt
61, exceeds the activity of fosmidomycin (1) and FR900098 (2).

2428 | RSC Med. Chem., 2024,15, 2422-2439

Compounds displaying the most potent activity against
PfDXR and Pf parasites were examined further to determine
if their mechanism of action was through the MEP pathway.
Drug-treated parasites were effectively rescued by addition of
exogenous IPP, the product of the MEP pathway. Similar to
known MEP pathway inhibitor fosmidomycin, IPP rescued
parasites from treatment with compounds 6k, 61, 6n, and 71,
confirming the intracellular target.">*” Additionally, these
compounds displayed cross resistance to the Zadi mutant
strain of Pf, mimicking fosmidomycin again. Thus, these data
confirm the on-target mechanism of action of these
compounds as MEP pathway inhibitors. Finally, these four
most active compounds were tested for cytotoxicity against
human HepG2 cells and found to display negligible
cytotoxicity.

Thus, taken together, the data show that FR900098
analogs bearing both the «-3,4-dichlorophenyl and
N-branched-alkoxyaryl — substituents are very potent
compounds against PfDXR and Pf parasites. Compounds 6k,
6l, 6n, and 71 are especially effective, and the prodrug is not
required for high antimalarial activity. The compounds have
an on-target mechanism of action and display low human
cytotoxicity. While it is clear that the activity of these
compounds against MthbDXR and Mtb cells is not
straightforward, future studies will focus on refinement of
these and further biological
antimalarial compounds.

structures evaluation as

Experimental methods
General

All reagents were purchased from commercial suppliers and
used without further purification. Anhydrous solvents were
purified by MBRAUN MB-SPS solvent purification system
before use. Air sensitive reactions were carried out under a
nitrogen atmosphere. "H and ">C NMR spectra were recorded
in CDCl; or C,D¢OS on an Agilent spectrometer at 400 MHz
or 101 MHz, respectively, with TMS, H,O, or solvent signal as

This journal is © The Royal Society of Chemistry 2024
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internal standard. Chemical shifts are given in parts per
million (ppm). Spin multiplicities are given with the
following abbreviations: s (singlet), bs (broad singlet), d
(doublet), dd (doublet of doublets), ddd (doublet of doublets
of doublets), t (triplet), dt (doublet of triplets), ddt (doublet
of doublet of triplets), q (quartet), qt (quintet), and m
(multiplet). Mass spectra were measured in the ESI mode on
an HPLC-MS (Shimadzu LCMS-2020) or in the EI mode on an
GC-MS (Shimadzu GCMS-QP2010S). Thin layer
chromatography (TLC) was performed on Baker-flex Silica Gel
IB2-F silica plates. The purity of synthesized compounds
(>95%) was determined by HPLC-MS (Shimadzu LCMS-2020)
using Shimadzu Nexcol C18 5 um particle (50 x 3.0 mm). A
linear gradient of acetonitrile (50-100%) in water (containing
0.1% formic acid) was used, at a flow rate of 0.2 mL min™"
from 0.5 to 15.5 min, followed by 100% acetonitrile for an
additional 0.5 min. Quantification of compound purity was
determined via integration of the area under the DAD curve
using the LabSolutions software. High-resolution mass
spectroscopy spectra (HRMS) were recorded in positive or
negative ESI mode on a Waters Q-TOF Ultima mass
spectrometer (UIUC Mass Spectrometry Laboratory) or in
positive FAB mode on a VG Analytical VG70SE magnetic
sector mass spectrometer (JHU Mass Spectrometry Facility).

(2E)-3-(3,4-Dichlorophenyl) prop-2-enal. A solution of
3,4-dichlorophenyl benzaldehyde (5.45 g, 31.1 mmol) and
triphenylphosphoranylidene acetaldehyde (10.42 g, 34.3
mmol) in 200 mL anhydrous toluene under nitrogen was
stirred at 50 °C for 1 hour and at 80 °C for 72 hours. The
toluene was removed under reduced pressure. The crude
residue was purified via column chromatography (1:1
dichloromethane : hexanes) to afford a sightly yellow solid
(4.04 g, 65%). "H NMR (400 MHz, CDCl;) § (ppm): 6.68 (dd,
1H), 7.37 (d, 1H), 7.45 (m, 3H), 9.71 (d, 1H).

Diethyl [1-(3,4-dichlorophenyl)-3,3-diphenoxypropyl]
phosphonate. To a flask containing (2E)-3-(3,4-
dichlorophenyl) prop-2-enal (4.04 g, 20.1 mmol) were added
phenol (4.92 g, 52.2 mmol) and triethylphosphite (4.18 g,
25.1 mmol) under nitrogen. The mixture was heated on an
oil bath at 100 ©°C for 48-72 hours. The excess
triethylphosphite was removed under reduced pressure. The
crude residue was purified via column chromatography (3:2
hexanes : ethyl acetate) to yield a yellow oil (6.91 g, 67%). 'H
NMR (400 MHz, CDCl;) 6 (ppm): 1.13 (t, 3H), 1.25 (t, 3H),
2.51 (m, 1H), 2.76 (m, 1H), 3.32-3.45 (m, 1H), 3.74-3.87 (m,
1H), 3.89-4.17 (m, 2H), 5.68 (dd, 1H), 6.82-6.93 (m, 3H),
6.95-7.03 (m, 2H), 7.17-7.26 (m, 6H), 7.36-7.47 (m, 2H).

Diethyl [1-(3,4-dichlorophenyl)-3-oxopropyl] phosphonate
(8). To a solution of diethyl [1-(3,4-dichlorophenyl)-3,3-
diphenoxypropyl] phosphonate (3.88 g, 7.62 mmol) in 73 mL
acetone were added 8.2 mL of 2 M HCI acid and 5.4 mL of
water. The mixture heated on an oil bath at 70 °C for 48
hours. After removing the acetone under reduced pressure,
the residue was dissolved in dichloromethane (50 mL) and
washed with distilled water (2 x 50 mL). The organic phase
was dried over sodium sulfate and filtered. Dichloromethane

This journal is © The Royal Society of Chemistry 2024
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was removed under reduced pressure. The crude residue was
purified via column chromatography (3:2 dichloromethane:
ethyl acetate) to afford a colorless oil as the product (2.02 g,
78%). "H NMR (400 MHz, CDCl;) 6 (ppm): 1.11 (t, 3H), 1.23
(t, 3H), 2.99-3.26 (m, 2H), 3.59-3.74 (ddd, 1H), 3.79-3.89 (m,
1H), 3.91-3.99 (m, 2H), 4.00-4.13 (m, 2H), 7.12-7.52 (m, 3H),
9.66 (s, 1H).

O-Benzylhydroxylamine. Sodium hydroxide (0.24 g, 5.95
mmol) and O-benzylhydroxylamine hydrochloride (0.95 g,
5.95 mmol) were dissolved in 30 mL of diethyl ether and 10
mL of distilled water. The mixture was stirred for 0.5 hours at
room temperature. The aqueous phase was then extracted
with diethyl ether (3 x 50 mL). The organic phase was dried
over sodium sulfate and filtered. Diethyl ether was removed
under reduced pressure to yield a colorless liquid (0.72 g,
quantitative). "H NMR (400 MHz, CDCl;) § (ppm): 4.67 (s,
2H), 5.09 (bs, 2H), 7.35 (m, 6H).

Diethyl  {3-[(benzyloxy)  amino]-1-(3,4-dichlorophenyl)
propyl} phosphonate (9). To a solution of 8 (2.34 g, 6.90
mmol) in 70 mL anhydrous methanol was added
O-benzylhydroxylamine (0.93 g, 7.59 mmol) under nitrogen
and stirred at room temperature overnight. To the reaction
mixture were added sodium cyanoborohydride (1.52 g, 24.1
mmol) and 1.97 ml of acetic acid. The mixture stirred at
room temperature for three hours. The methanol was
removed under reduced pressure. The crude residue was
dissolved in dichloromethane and washed with saturated
NaHCO; (60 mL) until the aqueous phase was slightly basic.
The aqueous phase was then extracted with dichloromethane
(5 x 50 mL). The combined organic phases were dried over
sodium sulfate and filtered. The dichloromethane was
removed under reduced pressure. The crude product was
purified by wvia column  chromatography (97:3
dichloromethane : methanol) and yielded a colorless oil (1.28
g, 42%). '"H NMR (400 MHz, CDCl;) 6 (ppm): 1.15 (t, 3H),
1.28 (t, 3H, J = 7.6 Hz), 1.95-2.13 (m, 1H), 2.27-2.42 (m, 1H),
2.58-2.74 (m, 1H), 2.79-2.90 (m, 1H), 3.11-3.27 (ddd, 1H),
3.76-3.88 (m, 1H), 3.90-3.98 (m, 1H), 4.01-4.12 (m, 2H),
4.54-4.76 (s, 2H), 5.49 (bs, 1H), 7.01-7.20 (m, 1H), 7.23-7.45
(m, 7H). LCMS (EST'): 446.25 m/z [M + H]".

Diethyl {3-[N-(benzyloxy) acetamido]-1-(3,4-dichlorophenyl)
propyl} phosphonate (10, 14b). A solution of 9 (1.51 g, 3.93
mmol) in anhydrous dichloromethane (34 mL) under
nitrogen was cooled to 0 °C. Triethylamine (0.686 g, 6.78
mmol) and acetyl chloride (0.319 g, 4.07 mmol) were added
to the reaction mixture at 0 °C. The mixture was warmed to
room temperature and allowed to stir overnight. The reaction
was quenched with water. The aqueous phase was extracted
with dichloromethane (3 x 70 mL). The organic phase was
dried over sodium sulfate and filtered. After dichloromethane
was removed under reduced pressure, the crude product was
purified via column chromatography (100% ethyl acetate).
The desired product was obtained as a slightly yellow oil
(1.40 g, 85%). Spectroscopic values match those previously
reported.”® "H NMR (400 MHz, CDCl;) J (ppm): 1.15 (t, 3H),
1.27 (t, 3H), 2.03 (s, 3H), 2.09-2.3 (m, 1H), 2.34-2.50 (m, 1H),
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2.93-3.08 (ddd, 1H), 3.39-3.60 (m, 2H), 3.76-3.88 (m, 1H),
3.90-3.98 (m, 1H), 3.99-4.11 (m, 2H), 4.72 (s, 2H), 7.12-7.44
(m, 8H). LCMS (EST"): 488.25 m/z [M + H]".

[({3-[N-(Benzyloxy)acetamido]-1-(3,4-dichlorophenyl)propyl}
({[(2,2-dimethylpropanoyl)oxy|methoxy})phosphoryl)oxy]
methyl 2,2-dimethylpropanoate (11, 7b). A solution of 10
(0.047, 0.088 mmol) in anhydrous dichloromethane (1 mL)
under nitrogen was cooled to 0 °C. Trimethylsilyl bromide
(0.041 g, 0.265 mmol) was added dropwise to the solution
under nitrogen. The mixture was warmed to room temperature
and stirred overnight. Trimethylsilyl bromide and
dichloromethane were removed under reduced pressure. The
crude residue was stirred at room temperature in anhydrous
methanol for one to two hours. The methanol was removed
under reduced pressure. To a solution of the crude residue in
THF was were added N,N-diisopropylethylamine (0.042 g, 0.324
mmol) and pivaloyloxymethyl chloride (0.731 g, 4.86 mmol) at
room temperature. The reaction mixture was heated to 60 °C
and stirred for 48-72 hours. The dimethylformamide was
removed under reduced pressure. The crude residue was
dissolved in dichloromethane and washed with saturated
NaHCO; (10 mL), followed by brine (15 mL). The organic phase
was dried over anhydrous sodium sulfate and filtered. The
dichloromethane was removed under reduced pressure and the
residue was purified via column chromatography, to afford
slightly yellow oil (0.850 g, 60%). 'H NMR (400 MHz, CDCl;) 6
(ppm): 1.18-1.20 (d, 18H), 2.00 (s, 3H), 2.17 (bs, 1H), 2.27-2.48
(m, 1H), 3.05-3.20 (m, 1H), 3.37-3.55 (m, 2H), 4.71 (s, 2H),
5.43-5.68 (dd, 4H), 7.12 (s, 1H), 7.28 (s, 2H), 7.37 (s, 5H). *C
NMR (100 MHz, CDCl;) & (ppm): 20.1, 26.0, 26.5, 38.4, 41.0,
43.1, 76.4, 81.5, 128.5, 128.6, 128.8, 128.9, 129.0, 130.3, 130.9,
131.7, 132.4, 133.9, 134.2, 134.3, 172.0, 176.2. HRMS (ESI')
calculated for C;,H,;3ClL,NOoP 660.1896, found 660.1901 [M +
H]". Purity = 98.1%.

({[1-(3,4-Dichlorophenyl)-3-(N-hydroxyacetamido)propyl]
({[(2,2-dimethylpropanoyl)oxymethoxy})phosphoryl}oxy)
methyl 2,2-dimethylpropanoate (12, 7a). A solution of 11 (1
eq.) anhydrous dichloromethane (0.1 M) under nitrogen was
cooled to —-80 °C. To the solution was added boron
trichloride (1 M in dichloromethane) (3 eq.) dropwise. The
reaction mixture was stirred at —80 °C for four to five hours
and then was quenched with cold saturated NaHCO;. The
aqueous phase was extracted with ethyl acetate (3 x 15 mL).
The organic phases were combined and dried over sodium
sulfate and filtered. The ethyl acetate was removed under
reduced pressure. The crude product was purified via
column chromatography (97:3 dichloromethane : methanol),
to afford a slightly yellow oil (0.200 g, 46%). "H NMR (400
MHz, CDCl;) J (ppm): 1.21 (s, 18H), 1.90-2.02 (m, 3H),
2.08-2.40 (m, 2H), 2.40-2.63 (m, 1H), 3.00-3.24 (m, 1H),
3.26-3.56 (m, 2H), 3.67-4.08 (m, 1H), 5.25-5.68 (m, 4H),
7.18 (bs, 1H), 7.37-7.41 (m, 3H). ">C NMR (100 MHz, CDCI;)
§ (ppm): 20.1, 25.9, 26.5, 38.4, 41.0, 43.0, 81.4, 128.5, 128.9,
130.6, 131.6, 132.5, 134.1, 171.9, 176.1. HRMS (ESI")
calculated for C,3H35Cl,NOGP 570.1426, found 570.1420 [M
+ H]". Purity = 97.3%.
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Diethyl [1-(3,4-dichlorophenyl)-3-(N-hydroxyacetamido)
propyl] phosphonate (13). A solution of 10 (1.37 g, 2.81
mmol) in anhydrous dichloromethane (28 mL) under
nitrogen was cooled to —80 °C. To the solution was added
boron trichloride (1 M in dichloromethane) (14.5 mL, 14.4
mmol) dropwise. The reaction mixture was stirred at —-80 °C
for four to five hours and then was quenched with cold
saturated NaHCOj;. The aqueous phase was extracted with
ethyl acetate (4 x 60 mL). The organic phases were combined
and dried over sodium sulfate and filtered. The ethyl acetate
was removed under reduced pressure. The crude product was
purified via column chromatography (97 : 3 dichloromethane:
methanol), to afford an orange, viscous oil (1.15 g, 97%). 'H
NMR (400 MHz, CDCl;) 6 (ppm): 1.15-1.36 (m, 6H), 1.87 (m,
1H), 2.08 (s, 3H), 2.43 (m, 1H), 3.12 (m, 1H), 2.79-2.90 (m,
1H), 3.42 (m, 1H), 3.68 (m, 1H), 3.90-4.11 (m, 4H), 7.13-7.24
(m, 1H), 7.38-7.49 (m, 2H), 9.45 (bs, 1H). LCMS (ESI'): 398.25
mfz [M + HJ".

General procedure for synthesis of N-O-ethers 14b-h,j-n

Compound 13 (1 eq.) was dissolved in anhydrous
tetrahydrofuran (0.1 M) under a nitrogen atmosphere and
cooled to 0 °C. Sodium hydride (1.2 eq.) was added to the
solution, and the reaction was stirred for 20 minutes. To the
reaction mixture was added aryl chloride (1.2 eq.). The
mixture was warmed to room temperature and stirred for 18-
48 hours. After removing the tetrahydrofuran under reduced
pressure, the residue was dissolved in dichloromethane and
quenched with water. The aqueous phase was extracted with
dichloromethane (5 x 20 mL). The organic phase was dried
over sodium sulfate and filtered. The solvent was removed
under reduced pressure. The crude product was purified via
column chromatography (97:3 dichloromethane : methanol)
or silica gel preparatory plate (97:3 dichloromethane:
methanol) to give the pure compound.

Diethyl [1-(3,4-dichlorophenyl)-3-{N-[(naphthalen-2-yl)
methoxy] acetamido} propyl] phosphonate (14c). Slightly
yellow oil (0.209 g, 75%). "H NMR (400 MHz, CDCl;) J (ppm):
1.13 (t, 3H), 1.25 (t, 3H), 2.07 (s, 3H), 2.18 (m, 1H), 2.46 (m,
1H), 2.94-3.08 (m, 1H), 3.41-3.62 (m, 2H), 3.76-3.86 (m, 1H),
3.88-3.96 (m, 1H), 3.97-4.08 (m, 2H), 4.80-4.95 (s, 2H), 7.07-
7.16 (m, 1H), 7.23-7.43 (m, 3H), 7.46-7.57 (m, 2H), 7.71-7.89
(m, 4H). *C NMR (100 MHz, CDCl3) 6 (ppm): 16.3, 20.5, 26.8,
40.8, 42.1, 62.2, 62.3, 62.7, 62.8, 126.3, 126.6, 126.7, 126.8,
128.0, 128.6, 128.6, 128.6, 128.7, 130.4, 130.4, 131.0, 131.1,
133.1, 133.4, 135.8, 135.9. LCMS (ESI'): 538.25 m/z [M + H]".
Purity = 99.1%.

Diethyl {3-[N-({[1,1"-biphenyl]-4-yl}methoxy)acetamido]-1-
(3,4-dichlorophenyl) propyl} phosphonate (14d). Slightly
yellow oil (0.086 g, 63%). "H NMR (400 MHz, CDCl;) J (ppm):
1.15 (t, 3H), 1.27 (t, 3H), 1.69 (m, 1H), 2.07 (s, 3H), 2.183 (m,
1H), 2.45 (m, 1H), 2.98 (ddd, 1H), 3.43-3.62 (m, 2H), 3.77-
3.86 (m, 1H), 3.89-3.97 (m, 1H), 3.98-4.14 (m, 2H), 4.75 (s,
2H), 7.13-7.29 (m, 2H), 7.30-7.51 (m, 6H), 7.55-7.66 (m, 4H).
BC NMR (100 MHz, CDCl;) 6 (ppm): 16.3, 20.4, 26.8, 62.7,
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62.8, 127.1, 127.4, 127.7, 128.7, 128.9, 129.6, 130.4, 131.0,
165.6. LCMS (ESI'): 564.25 m/z [M + H]". Purity = 99.6%.

Diethyl [1-(3,4-dichlorophenyl)-3-[N-(1-phenylethoxy)acetamido]
propyl] phosphonate (14e). Slightly yellow oil (0.480 g, 38%). 'H
NMR (400 MHz, CDCl;) 6 (ppm): 1.11-1.16 (q, 3H), 1.24-1.29 (t,
3H), 1.52 (q, 4H), 1.97 (m, 4H), 2.29 (m, 1H), 2.85 (m, 2H), 3.49
(m, 1H), 3.93 (m, 3H), 4.69 (s, 1H), 7.09-7.34 (m, 8H). *C NMR
(100 MHz, CDCl;) § (ppm): 16.3, 20.3, 26.2, 40.7, 42.1, 62.2, 62.7,
82.9, 127.1, 127.2, 128.6, 128.6, 128.8, 130.3, 130.9, 131.1. LCMS
(EST): 502.25 m/z [M + H]". Purity = 99.1%.

Diethyl [1-(3,4-dichlorophenyl)-3-(N-{[4-(propan-2-yl) phenyl]
methoxy} acetamido) propyl] phosphonate (14f). Slightly yellow
oil (0.070 g, 40%). 'H NMR (400 MHz, CDCIl;) § (ppm): 1.16 (t,
6H), 1.26 (d, 6H), 1.633 (s, 1H), 2.04 (s, 3H), 2.17 (m, 1H), 2.44
(m, 1H), 2.86-3.09 (m, 1H), 3.40-3.62 (m, 2H), 3.76-3.87 (m,
1H), 3.90-3.98 (m, 1H), 3.98-4.13 (m, 2H), 4.61-4.75 (s, 2H),
6.73-7.09 (m, 3H), 7.09-7.30 (m, 3H), 7.32-7.46 (m, 1H). °C
NMR (100 MHz, CDCl;) & (ppm): 16.4, 20.4, 23.9, 26.7, 33.9,
40.7, 42.1, 62.2, 62.756, 126.8, 128.7, 129.3, 130.4, 131.1, 131.4,
135.9, 150.0, 165.6. LCMS (ESI'): 530.25 m/z [M + H]'. Purity =
99.4%.

Diethyl [1-(3,4-dichlorophenyl)-3-| N-(4-phenylbutoxy)acetamido]
propyl] phosphonate (14g). Slightly yellow oil (0.033 g, 16%). 'H
NMR (400 MHz, CDCl;) 6 (ppm): 1.16 (t, 3H), 1.28 (t, 3H), 1.66
(dq, 5H), 2.02 (s, 3H), 2.16 (m, 1H), 2.40 (1H), 2.56-2.69 (m, 2H),
2.90-3.09 (m, 1H), 3.38-3.57 (m, 2H), 3.62-3.76 (m, 2H), 3.77-3.89
(m, 1H), 3.90-3.98 (m, 1H), 3.99-4.19 (m, 1H), 7.05-7.50 (m, 9H).
13C NMR (100 MHz, CDCL;) & (ppm): 16.3, 16.4, 26.8, 27.6, 27.9,
35.6, 62.3, 62.8, 74.0, 125.9, 128.4, 128.4, 128.6, 128.7, 130.4, 131.1,
131.1. LCMS (ESI'): 530.25 m/z [M + H]'. Purity = 94.6%.

Diethyl (3-{N-[(4-bromophenyl)methoxy]acetamido}-1-(3,4-
dichlorophenyl) propyl) phosphonate (14h). Slightly yellow oil
(0.470 g, 70%). 'H NMR (400 MHz, CDCl;) ¢ (ppm): 1.06-1.41
(m, 6H), 1.59 (s, 1H), 2.02 (m, 3H), 2.17 (m, 1H), 2.43 (m,
1H), 2.91-3.10 (m, 1H), 3.32-3.64 (m, 2H), 3.75-4.20 (m, 4H),
4.65 (s, 2H), 7.02-7.60 (m, 7H). LCMS (ESI*): 568.25 m/z [M +
2 + H]". Purity = 97.4%.

Diethyl [1-(3,4-dichlorophenyl)-3-(N-{[4"-(propan-2-yl)-[1,1'-
biphenyl]-4-yllmethoxy}acetamido)propyl]phosphonate (14i).
Compound 14h (0.310 g, 0.547 mmol) was dissolved in
toluene (2.8 mL). To the solution was added Pd(PPh;), (0.064
g, 0.055 mmol), and the reaction was stirred at room
temperature for 15 minutes. After 15 minutes, a solution of
4-isopropylphenyl boronic acid (0.448 g, 2.73 mmol) in
ethanol (1 mL) was added to the reaction mixture, and it
stirred for 15 minutes. Then, 0.83 mL 2 M Na,CO; was
added. The reaction mixture was stirred at 75 °C overnight.
The mixture was filtered with a membrane filter, then the
toluene was removed under reduced pressure. The crude
residue was dissolved in dichloromethane and washed with
distilled water (20 mL). The aqueous phase was extracted
with dichloromethane (3 x 20 mL). The organic phase was
dried over sodium sulfate and filtered. Dichloromethane was
removed under reduced pressure and the crude product was
purified via column (5:1 dichloromethane:ethyl acetate) to
afford a yellow oil (0.065 g, 19%). "H NMR (400 MHz, CDCl;)
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o (ppm): 1.14-1.28 (m, 12H), 1.58 (t, 2H), 2.00 (s, 3H), 2.45
(m, 1H), 2.97 (m, 2H), 3.48 (m, 2H), 3.79-4.10 (m, 3H), 4.79
(t, 2H), 7.09-7.73 (m, 11H). *C NMR (101 MHz, CDCl;) ¢
(ppm): 16.3, 23.8, 23.9, 33.8, 59.9, 113.9, 126.9, 127.0, 127.3,
128.4, 128.6, 129.6, 131.1, 132.0, 132.1, 133.8. LCMS (ESI"):
606.25 m/z [M + H]". Purity = 93.9%.

Diethyl [3-{acetyl[1-(4-chlorophenyl)ethoxy]amino}-1-(3,4-
dichlorophenyl)propyl] phosphonate (14j). Slightly yellow oil
(0.153 g, 66%). "H NMR (400 MHz, CDCl;) 6 (ppm): 1.15 (t,
3H), 1.28 (t, 3H), 1.51 (s, 3H), 1.94 (s, 1H), 1.99 (s, 3H), 2.05
(s, 1H), 2.24-2.37 (m, 1H), 2.74 (s, 1H), 2.80-2.98 (m, 2H),
3.45-3.57 (m, 1H), 3.75-3.82 (m, 1H), 3.90-3.95 (m, 1H), 4.04
(bs, 2H), 4.86 (q, 1H), 7.09 (t, 1H), 7.81 (d, 1H), 7.31 (s, 2H),
7.37-7.41 (m, 2H). LCMS (ESI'): 535.25 m/z [M + 2 + H]".
Purity = 97.9%.

Diethyl [3-{acetyl[1-(4-methylphenyl)ethoxy]amino}-1-(3,4-
dichlorophenyl)propyl] phosphonate (14k). Slightly yellow oil
(0.100 g, 34%). "H NMR (400 MHz, CDCl;) 6 (ppm): 1.14 (t,
3H), 1.28 (t, 3H), 1.50 (d, 3H), 2.02 (s, 3H), 1.91 (s, 1H), 2.78-
3.01 (m, 1H), 3.39-3.59 (m, 1H), 3.75-3.87 (m, 1H), 3.98-4.11
(m, 2H), 4.56-4.79 (m, 1H), 6.73-6.89 (m, 2H), 7.06-7.18 (m,
3H), 7.31-7.44 (m, 2H). "*C NMR (100 MHz, CDCl;) § (ppm):
16.5, 19.4, 29.6, 38.6, 68.1, 82.5, 85.5, 120.7, 131.1, 131.4,
143.5, 143.3, 147.3, 155.9, 166.4. LCMS (ESI'): 516.25 m/z [M
+ H]". Purity = 96.5%.

Diethyl [3-{acetyl[1-(4-methoxyphenyl)ethoxy]amino}-1-(3,4-
dichlorophenyl)propyl] phosphonate (141). Slightly yellow oil
(0.058 g, 21%). "H NMR (400 MHz, CDCl3) 6 (ppm): 1.14 (t,
3H), 1.28 (t, 3H), 1.50 (d, 3H), 2.02 (s, 3H), 1.91 (s, 3H), 2.30
(m, 1H), 3.39-3.59 (m, 1H), 3.75-3.87 (d, 4H), 3.88-3.97 (m,
1H), 3.98-4.11 (m, 2H), 4.56-4.79 (m, 1H), 6.73-6.89 (m, 2H),
7.06-7.18 (m, 3H), 7.31-7.44 (m, 2H). LCMS (ESI"): 532.25 m/z
[M + H]". Purity = 97.5%.

Diethyl [3-{acetyl[1-(4-trifluoromethylphenyl)ethoxy]amino}-
1-(3,4-dichlorophenyl)propyl] phosphonate (14m). Slightly
yellow oil (0.083 g, 36%). "H NMR (400 MHz, CDCl;) J (ppm):
1.14 (s, 3H), 1.27 (s, 3H), 1.53 (s, 3H), 1.94 (s, 1H), 2.00 (s,
3H), 2.04-2.10 (m, 1H), 2.33 (bs, 1H), 2.74 (s, 1H), 2.80 (bs,
1H), 2.87-3.04 (m, 1H), 3.54 (bs, 1H), 3.81 (bs, 1H), 3.92 (bs,
1H), 4.04 (bs, 2H), 4.78 (q, 1H), 7.10 (t, 1H), 7.38 (s, 4H),
7.55-7.61 (d, 2H). "*C NMR (100 MHz, CDCl;) ¢ (ppm):
20.2, 22.4, 24.7, 46.7, 68.8, 102.4, 110.5, 125.7, 127.7, 133.6,
135.1, 136.9, 162.7, 167.4. LCMS (ESI'): 570.25 m/z [M + H]".
Purity = 98.7%.

Diethyl [3-{acetyl[1-(4-fluorophenyl)ethoxy]amino}-1-(3,4-
dichlorophenyl)propyl] phosphonate (14n). Slightly yellow
oil (0.050 g, 37%). 'H NMR (400 MHz, CDCl;)  (ppm):
1.16 (t, 3H), 1.30 (t, 3H), 1.51 (s, 3H), 1.96 (s, 1H), 1.99
(s, 3H), 2.05 (s, 1H), 2.25-2.39 (m, 1H), 2.74 (s, 1H), 2.81-
2.99 (m, 2H), 3.47-3.59 (m, 1H), 3.77-3.83 (m, 1H), 3.92-
3.96 (m, 1H), 4.04 (bs, 2H), 4.86 (q, 1H), 7.10 (t, 1H),
7.83 (d, 1H), 7.33 (s, 2H), 7.37-7.41 (m, 2H). *C NMR
(100 MHz, CDCl;) ¢ (ppm): 16.3, 20.6, 26.2, 40.8, 42.2,
45.2, 62.3, 81.9, 115.5, 128.9, 130.4, 130.9, 131.1, 131.4,
132.5, 135.8, 161.6, 164.1. LCMS (ESI+): 520.25 m/z [M +
H]'. Purity = 96.8%.
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General procedure for synthesis of diammonium salt
compounds 6a-n

A solution of 13, 14b-n (1 eq.) in anhydrous dichloromethane
(0.1 M) under nitrogen was cooled to 0 °C. Trimethylsilyl
bromide (3-5 eq.) was added dropwise to the solution. The
mixture was warmed to room temperature and stirred
overnight. Trimethylsilyl bromide and dichloromethane were
removed under reduced pressure. The crude residue was
stirred at room temperature in anhydrous methanol for 1-2
hours. The methanol was removed under reduced pressure. 7
M NH; in methanol (2 eq.) was added to the mixture, and it
was allowed to stir at room temperature for 1-2 hours. The
excess methanol was removed under reduced pressure to
yield the pure salts.

Diammonium [1-(3,4-dichlorophenyl)-3-(N-hydroxyacetamido)
propyl] phosphonate (6a). Off-white solid (0.074 g, 57%). "H NMR
(400 MHz, DMSO-dg) 6 (ppm): 2.05 (s, 3H), 3.10-3.22 (m, 2H), 3.58
(bs, 1H), 3.74-4.09 (m, 1H), 4.40-4.60 (m, 1H), 7.94 (m, 4H). *C
NMR (100 MHz, DMSO-dg) § (ppm): 11.6, 14.9, 42.0, 42.8, 52.5,
115.8, 120.2, 122.7, 124.1, 129.4, 174.1. LCMS (ESI"): 341.25 m/z [M
+ H]". HRMS (ESI') calculated for CoH;3;CL,NO,P 299.9959, found
299.9951 [M-2NH;-COCH; + HJ'. Purity = 99.7%.

Diammonium {3-[N-(benzyloxy)acetamido]-1-(3,4-
dichlorophenyl)propyl} phosphonate (6b). Off-white solid
(0.017 g, quantitative). 'H NMR (400 MHz, DMSO-ds) &
(ppm): 2.00 (s, 3H), 2.41 (m, 1H), 2.75-2.81 (m, 1H), 3.27-
3.58 (m, 3H), 4.79 (bs, 2H), 6.68-6.89 (m, 4H), 7.28-7.46 (m,
4H). >C NMR (100 MHz, DMSO-d¢) 6 (ppm): 19.8, 26.1, 42.3,
43.8, 74.5, 126.0, 129.1, 129.8, 130.0, 130.2, 131.5, 132.1,
133.4, 136.1, 136.7, 172.3. HRMS (ESI") calculated for C;gH;o-
CI,NOsP 430.0378, found 430.0383 [M-2NH,-H]". Purity =
95.0%.

Diammonium [1-(3,4-dichlorophenyl)-3-{N-[(naphthalen-2-
yl)methoxylacetamido}propyl]phosphonate (6¢). Orange solid
(0.107 g, 98%). "H NMR (400 MHz, DMSO-dg) § (ppm): 2.01
(s, 3H), 2.41 (m, 1H), 2.55 (m, 1H), 2.72-2.87 (m, 1H), 3.19-
3.41 (m, 1H), 3.47-3.66 (m, 1H), 4.84-5.06 (m, 2H), 7.22 (d,
2H), 7.44-7.51 (m, 3H), 7.57-7.59 (m, 3H), 7.94 (m, 3H). *C
NMR (100 MHz, DMSO-d¢) § (ppm): 20.4, 27.6, 42.6, 43.9,
75.6, 126.4, 126.5, 127.6, 127.9, 128.0, 128.4, 129.4, 129.7,
130.3, 130.8, 132.4, 132.7, 132.8, 141.7, 175.7. HRMS (ESI")
calculated for C,,H,;Cl,NOsP 482.0691, found 482.0693 [M-
2NH; + H]'. Purity = 98.4%.

Diammonium {3-[N-({[1,1-biphenyl]-4-yl}methoxy)
acetamido]-1-(3,4-dichlorophenyl) propyl} phosphonate (6d).
Off-white solid (0.041 g, 89%). '"H NMR (400 MHz, DMSO-
de) 6 (ppm): 1.97 (s, 3H), 2.32 (m, 1H), 2.56-2.66 (m, 1H),
3.27-3.58 (m, 3H), 4.72-4.89 (m, 2H), 7.16 (d, 2H), 7.36-
7.38 (m, 1H), 7.40-7.41 (m, 1H), 7.42-7.45 (m, 2H), 7.47-
7.49 (m, 1H), 7.66 (t, 3H). >*C NMR (100 MHz, DMSO-d) ¢
(ppm): 20.8, 21.6, 68.5, 75.5, 76.0, 126.8, 126.9, 127.3,
128.0, 128.4, 128.5, 128.8, 129.8, 130.1, 130.7, 131.2, 132.8,
133.1, 133.2, 134.3, 142.1, 176.0. HRMS (ESI') calculated for
Cy4H,3CLNOsP  506.0691, found 506.0677 [M-2NH,;-H].
Purity = 96.2%.
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Diammonium  [1-(3,4-dichlorophenyl)-3{N-(1-phenylethoxy)
acetamido]propyl] phosphonate (6e). Orange solid (46 mg,
quantitative). "H NMR (400 MHz, DMSO-d¢)  (ppm): 0.78 (d, 3H),
1.73 (d, 2H), 2.43 (s, 3H), 2.98 (m, 1H), 3.17 (m, 1H), 3.26-3.51 (m,
1H), 4.66-4.84 (m, 1H), 6.98-7.79 (m, 8H). °C NMR (100 MHz,
DMSO-dg) 6 (ppm): 22.5, 23.3, 28.4, 29.8, 38.1, 41.2, 67.4, 127.3,
128.2, 128.4, 128.6, 128.7, 129.5, 130.1, 131.6, 131.7, 135.5, 140.3,
167.0. HRMS (EST ) calculated for C;gH,;CL,NOsP 444.0534, found
444.0530 [M—~2NH,-H] . Purity = 95.2%.

Diammonium [1-(3,4-dichlorophenyl)-3-(N-{[4-(propan-2-yl)
phenyljmethoxy} acetamido) propyl] phosphonate (6f).
Slightly yellow solid (0.065 g, 97%). '"H NMR (400 MHz,
DMSO-dg) d (ppm): 1.18 (s, 6H), 1.90 (s, 3H), 2.24-2.37 (m,
1), 2.74-2.85 (m, 2H), 3.20 (bs, 1H), 3.49 (bs, 1H), 4.59-4.79
(m, 2H), 6.91 (bs, 1H), 7.23 (s, 4H), 7.41-7.48 (m, 2H). *C
NMR (100 MHz, DMSO-d¢) § (ppm): 20.3, 23.8, 27.4, 33.2,
42.3, 43.6, 75.4, 126.3, 128.2, 129.4, 129.7, 130.0, 130.3,
130.6, 132.1, 141.1, 149.0, 171.1. HRMS (ESI') calculated for
C,1H,,Cl,NOsP 474.1004, found 474.1005 [M-2NH; + H]".
Purity = 95.4%.

Diammonium  [1-(3,4-dichlorophenyl)-3-{N-(4-phenylbutoxy)
acetamido]propyl] phosphonate (6g). Off-white solid (0.027 g,
98%). *H NMR (400 MHz, DMSO-d) & (ppm): 1.17-1.31 (m, 4H),
2.09 (m, 3H), 2.64 (m, 2H), 3.01-3.07 (m, 2H), 3.55 (m, 2H), 3.61-
3.83 (m, 2H), 7.16-7.55 (m, 8H). **C NMR (100 MHz, DMSO-dg) 9
(ppm): 20.4, 26.9, 27.2, 27.7, 35.2, 42.6, 43.9, 73.6, 125.5, 127.9,
128.1, 128.6, 128.9, 129.8, 131.0, 131.1, 132.2, 135.8, 136.8, 141.9,
171.7. HRMS (EST ) calculated for C,,H,5CL,NOsP 472.0847, found
472.0845 [M—~2NH,-H] . Purity = 95.7%.

Diammonium (3-{N-(4-bromophenyl) methoxy| acetamido}-1-
(3,4-dichlorophenyl) propyl) phosphonate (6h). Light orange solid
(0.045 g, quantitative). "H NMR (400 MHz, DMSO-d¢) § (ppm):
1.95 (s, 3H), 2.27 (bs, 1H), 2.74-2.87 (m, 1H), 3.03 (bs, 1H),
3.19-3.31 (m, 1H), 3.48-3.72 (m, 2H), 4.69-4.82 (m, 2H), 7.17-
7.32 (m, 3H), 7.48-7.56 (m, 4H). *C NMR (100 MHz, DMSO-
de) & (ppm): 20.3, 29.0, 42.8, 43.6, 74.6, 121.9, 1282, 129.5,
130.2, 130.7, 131.3, 131.8, 134.1, 139.9, 141.5, 171.7. HRMS
(ESI') calculated for C;gH;4BrCl,NOsP 507.9483, found 507.9485
[M-2NH,;-H] . Purity = 98.7%.

Diammonium  [1-(3,4-dichlorophenyl)-3-(N-{[4'-(propan-2-
yI)-[1,1-biphenyl]-4-yllmethoxy}acetamido)propyl[phosphonate
(6i). Tan solid (0.020 g, quantitative). "H NMR (400 MHz,
DMSO-dg) 6 (ppm): 1.25 (s, 6H), 1.99 (s, 3H), 2.22 (bs, 1H),
2.29 (bs, 1H), 2.70 (bs, 1H), 2.92 (m, 1H), 3.15-3.26 (m, 2H),
4.70-4.88 (m, 2H), 6.52 (bs, 4H), 7.16-7.41 (m, 4H), 7.48-7.69
(m, 3H). *C NMR (100 MHz, DMSO-d¢) ¢ (ppm): 21.0, 23.9,
28.7, 35.4, 43.8, 45.1, 75.7, 117.9, 118.4, 120.6, 121.6, 122.6,
125.5, 126.7, 128.7, 130.2, 131.9, 137.6, 138.2, 138.8, 142.2,
172.3. HRMS (EST') calculated for C,,H,oCl,NOsP 548.1160,
found 548.1163 [M-2NH,-H] . Purity = 96.5%.

Diammonium [3-{acetyl[1-(4-chlorophenyl)ethoxy]amino}-
1-(3,4-dichlorophenyl)propyl] phosphonate (6j). Off-white
solid (0.105 g, quantitative). "H NMR (400 MHz, DMSO-d,)
5 (ppm): 1.10 (d, 3H), 1.93 (s, 3H), 2.22-2.24 (m, 2H), 2.66-
2.73 (m, 1H), 3.40 (bs, 2H), 4.88 (bs, 1H), 7.21-7.54 (m,
7H). *C NMR (100 MHz, DMSO-d¢) § (ppm): 19.9, 20.5,
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26.8, 42.3, 43.8, 80.7, 127.2, 128.4, 129.1, 129.7, 130.3,
130.6, 133.0, 139.4, 140.9, 143.1, 170.5. HRMS (ESI')
calculated for C;9H,,CI;NOsP 478.0145, found 478.0150 [M-
2NH3—H]_. Purity = 97.6%.

Diammonium [3-{acetyl[1-(4-methylphenyl)ethoxy]amino}-
1-(3,4-dichlorophenyl)propyl] phosphonate (6k). Off-white
solid (0.095 g, quantitative). "H NMR (400 MHz, DMSO-d)
5 (ppm): 1.40 (d, 3H), 1.88 (s, 3H), 2.10 (bs, 1H), 2.25 (s,
3H), 2.41-2.46 (m, 1H), 3.03-3.26 (m, 1H), 3.40 (s, 2H), 4.75
(g9, 1H), 7.00 (d, 1H), 7.10-7.14 (m, 3H), 7.17 (d, 1H), 7.35
(s, 1H), 7.40 (d, 1H). “C NMR (100 MHz, DMSO-d¢) ¢
(ppm): 19.9, 20.5, 20.8, 27.7, 44.1, 45.5, 81.3, 127.2, 127.4,
129.3, 130.0, 130.4, 137.3, 137.5, 137.7, 143.0, 172.1. HRMS
(ESI') calculated for GC,oH,3CLNOsP 458.0691, found
458.0691 [M—2NH,-H] . Purity = 98.6%.

Diammonium [3-{acetyl[1-(4-methoxyphenyl)ethoxy]
amino}-1-(3,4-dichlorophenyl)propyl] phosphonate (6l). Off-
white solid (0.045 mg, quantitative). "H NMR (400 MHz,
DMSO-dg) § (ppm): 1.28 (d, 3H), 1.93 (s, 3H), 2.38-2.44 (m,
1H), 2.63-2.66 (m, 1H), 2.97 (bs, 1H), 3.17 (m, 2H), 3.74 (s,
3H), 4.66-4.84 (m, 1H), 6.85-6.88 (m, 1H), 7.16 (d, 2H), 7.42
(d, 3H), 7.67-7.73 (m, 1H). *C NMR (100 MHz, DMSO-d,) J
(ppm): 20.2, 21.3, 28.2, 42.3, 46.4, 52.8, 77.1, 114.9, 126.5,
126.9, 129.2, 130.4, 132.0, 135.2, 136.4, 139.2, 164.4, 174.7.
HRMS (ESI') calculated for C,oH,3Cl,NOGP 474.0640, found
474.0640 [M-2NH,-H] . Purity = 96.4%.

Diammonium [3-{acetyl[1-(4-trifluoromethylphenyl)ethoxy]
amino}-1-(3,4-dichlorophenyl)propyl] phosphonate (6m). Off-
white solid (0.077 g, quantitative). "H NMR (400 MHz, DMSO-
de) 6 (ppm): 1.36 (d, 3H), 2.00 (s, 3H), 2.73-2.79 (m, 1H), 3.05
(bs, 1H), 3.28-3.35 (m, 1H), 3.50 (bs, 1H), 3.56-3.66 (m, 1H),
3.81 (m, 1H), 4.21 (m, 1H), 6.94 (m, 1H), 7.26 (m, 2H), 7.51
(m, 2H), 7.78 (m, 1H). *C NMR (100 MHz, DMSO-d) ¢
(ppm): 20.5, 22.4, 28.9, 43.5, 46.1, 78.8, 123.4, 124.6, 125.3,
127.4, 129.5, 132.7, 133.8, 135.1, 136.1, 142.2, 168.2. HRMS
(ESI') calculated for CyoH,(Cl,FsNOsP 512.0408, found
512.0414 [M-2NH;-H] . Purity = 97.8%.

Diammonium [3-{acetyl[1-(4-fluorophenyl)ethoxy]amino}-
1-(3,4-dichlorophenyl)propyl] phosphonate (6n). Off-white
solid (0.037 g, quantitative). "H NMR (400 MHz, DMSO-d)
§ (ppm): 1.10 (d, 3H), 1.93 (s, 3H), 2.22 (bs, 2H), 2.66 (bs,
1H), 2.74 (bs, 1H), 3.40 (bs, 2H), 4.88 (bs, 1H), 6.97 (m,
1H), 7.03-7.62 (m, 2H), 7.42-7.35 (m, 1H), 7.62-7.74 (m,
3H). *C NMR (100 MHz, DMSO-d¢) J (ppm): 19.2, 19.7,
27.1, 42.3, 44.3, 75.3, 117.8, 126.4, 127.8, 130.4, 130.7,
132.1, 135.1, 136.3, 137.6, 161.0, 173.1. HRMS (ESI')
calculated for C;9H,(CI,FNOs;P 462.0440, found 462.0442
[M—2NH,-H] . Purity = 95.4%.

General procedure for synthesis of dipivaloyloxymethylene
prodrugs 7c-g,i

Salts 6c¢-g,i (1 eq.) were dissolved in anhydrous N,N-
dimethylformamide (0.01 M). Triethyl amine (6 eq.) and
pivaloyloxymethyl chloride (6 eq.) were added to the solution
at room temperature. The reaction mixture was heated to 60
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°C and was stirred overnight. The reaction mixture was
extracted with water (3 x 50 mL) and diethyl ether (3 x 50
mL). Excess ether was removed under reduced pressure. The
crude residue was dissolved in hexanes (50 mL) and washed
with water (3 x 50 mL). The organic layer was dried over
sodium sulfate and filtered. The hexanes was removed under
reduced pressure and the residue was purified by normal
phase silica column chromatography with 60:40 hexanes:
ethyl acetate.
({[1-(3,4-Dichlorophenyl)-3-{N-[(naphthalen-2-yl)methoxy]
acetamido}propyl]({[(2,2-dimethylpropanoyl)oxy]methoxy})
phosphoryl}oxy)methyl-2,2-dimethylpropanoate (7¢).
Colorless oil was obtained as the product (0.036 g, 17%). 'H
NMR (400 MHz, CDCl;) 6 (ppm): 1.08-1.30 (m, 18H), 1.64 (s,
1H), 2.04 (t, 3H), 2.42 (m, 1H), 3.08 (m, 1H), 3.51 (m, 2H),
4.85 (s, 2H), 5.45-5.63 (m, 4H), 7.07-7.85 (m, 10H). *C NMR
(100 MHz, CDCl;) 6 (ppm): 20.5, 26.3, 26.7, 38.6, 39.0, 42.2,
76.9, 81.7, 126.3, 126.6, 127.8, 128.1, 128.6, 128.8, 130.6,
131.1, 131.2, 131.6, 131.9, 132.8, 133.1, 133.4, 134.4, 135.5,
161.1, 176.8. HRMS (ESI') calculated for C;,;H,3Cl,NO,P
710.2052, found 710.2073 [M + H]". Purity = 96.5%.
[({3-[¥-({[1,1"-Biphenyl]-4-yI}methoxy)acetamido]-1-(3,4-
dichlorophenyl)propyl}({[(2,2-dimethylpropanoyl)oxy]
methoxy}) phosphoryl)oxy] methyl-2,2-dimethylpropanoate
(7d). Colorless oil (0.038 g, 25%). "H NMR (400 MHz, CDCl,)
§ (ppm): 1.16 (s, 9H), 1.19 (s, 9H), 2.03 (s, 3H), 2.33 (m, 1H),
3.17 (m, 1H), 3.44 (m, 2H), 4.74 (2H), 5.41 (m, 4H), 7.22-7.53
(m, 12H). *C NMR (100 MHz, CDCl;) § (ppm): 20.5, 26.7,
26.8, 38.7, 40.9, 41.5, 42.3, 76.3, 81.7, 127.1, 127.5, 127.7,
128.7, 128.8, 128.9, 129.7, 130.6, 131.1, 131.2, 134.5, 140.3,
140.0, 173.1, 176.8. HRMS (ESI") calculated for C;4H,5Cl,NO,P
736.2209, found 736.2192 [M + H]". Purity = 95.3%.
({[1-(3,4-Dichlorophenyl)-3-[N-(1-phenylethoxy)acetamido]
propyl]({[(2,2-dimethylpropanoyl)oxy Jmethoxy})phosphoryl}
oxy) methyl 2,2-dimethylpropanoate (7e). Colorless oil (0.028
g, 17%). 'H NMR (400 MHz, CDCl;) 6 (ppm): 1.16-1.21 (m,
21H), 1.51 (m, 3H), 1.89 (t, 3H), 2.99 (m, 1H), 4.66 (1H), 5.29-
5.63 (m, 5H), 7.04-7.37 (m, 8H). ">*C NMR (100 MHz, CDCl;) ¢
(ppm): 20.2, 20.3, 25.6, 26.8, 26.7, 38.7, 41.4, 44.7, 75.4, 81.6,
127.1, 127.2, 127.6, 128.5, 128.7, 130.5, 131.0, 131.2, 133.6,
134.3, 144.9, 167.8, 176.8. HRMS (ESI") calculated for Cs,H,;-
CI,NOP 674.2052, found 674.2053 [M + H]'. Purity = 97.7%.
({[1-(3,4-Dichlorophenyl)-3-(N-{[4-(propan-2-yl)phenyl]
methoxy}acetamido)propyl]({[(2,2-dimethylpropanoyl)oxy]
methoxy})phosphoryl}oxy) methyl 2,2-dimethylpropanoate
(7f). Colorless oil (0.062 g, 32%). "H NMR (400 MHz, CDCl;) §
(ppm): 1.18 (d, 18H), 1.25 (d, 6H), 1.99 (s, 3H), 2.38 (1H), 2.86
(m, 1H), 3.09 (m, 1H), 3.45 (m, 2H), 4.68 (s, 2H), 5.50-5.66 (m,
4H), 7.12-7.37 (m, 7H). *C NMR (100 MHz, CDCl;) 6 (ppm):
20.3, 23.9, 26.2, 26.7, 38.7, 40.8, 43.3, 76.1, 81.7, 126.8, 128.7,
129.4, 130.6, 131.6, 131.4, 131.9, 132.7, 134.4, 134.5, 150.0,
171.6, 176.9. HRMS (ESI") calculated for Cz3H,,Cl,NOGP
702.2365, found 702.2360 [M + H]". Purity = 98.7%.
({[1-(3,4-Dichlorophenyl)-3-[N-(4-phenylbutoxy)acetamido]
propyl]({[(2,2-dimethylpropanoyl)oxy[methoxy})phosphoryl}
oxy) methyl 2,2-dimethylpropanoate (7g). Colorless oil (0.026
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g, 13%). 'H NMR (400 MHz, CDCl;) 6 (ppm): 1.16-1.27 (m,
18H), 1.61-1.79 (m, 4H), 2.05 (s, 3H), 2.23 (m, 1H), 2.43 (m,
1H), 2.69 (m, 2H), 3.24 (m, 1H), 3.55 (m, 2H), 3.77 (m, 2H),
5.52-5.70 (m, 4H), 7.20-7.455 (m, 8H). >C NMR (100 MHz,
CDCl;) 6 (ppm): 20.1, 26.3, 26.8, 27.6, 27.8, 29.7, 35.6, 38.7,
40.9, 42.3, 42.8, 74.2, 81.7, 126.0, 128.4, 128.5, 128.7, 130.6,
131.2, 132.0, 134.5, 141.7, 165.8, 176.8. HRMS (ESI')
calculated for C;3H,;6Cl,NOGP 701.2287, found 702.2363 [M +
H]'. Purity = 97.7%.

({[1-(3,4-Dichlorophenyl)-3-(N-{[4"-(propan-2-y1)-{1,1-biphenyl]-4-
h || methoxy}acetamido)propyl|({[(2,2-dimethylpropanoyl)oxy]
methoxy})phosphoryl}oxy)methyl  2,2-dimethylpropanoate (7).
Colorless oil (0.036 g, 26%). "H NMR (400 MHz, CDCl;) 6 (ppm):
1.16-1.30 (m, 24H), 1.70 (s, 1H), 2.03 (s, 3H), 2.25 (m, 1H), 2.43
(m, 1H), 3.16 (m, 1H), 3.49 (m, 2H), 4.73 (s, 2H), 5.47-5.64 (m,
4H), 7.11-7.59 (m, 11H). *C NMR (100 MHz, CDCL;) § (ppm):
24.0, 26.7, 26.8, 29.7, 33.8, 38.7, 81.8, 126.9, 127.0, 127.3, 129.6,
130.6. HRMS (EST") calculated for C3oHs;,Cl,NOoP 778.2678, found
778.2650 [M + H]'. Purity = 95.6%.

General procedure for synthesis of dipivaloyloxymethylene
prodrugs 7h,j-k

To a solution of salts 6hj-1 (1 eq.) in anhydrous
tetrahydrofuran (0.1 M) in a nitrogen atmosphere were added
N,N-diisopropylethylamine (6 eq.) and pivaloyloxymethyl
chloride (6 eq.) at room temperature. The reaction mixture
was heated to 60 °C and stirred for 48-72 hours. The
tetrahydrofuran was removed under reduced pressure. The
crude residue was dissolved in dichloromethane (20 mL) and
washed with saturated NaHCO; (3 x 10 mL), followed by
brine (1 x 15 mL). The organic phase was dried over
anhydrous sodium sulfate and filtered. The dichloromethane
was removed under reduced pressure, and the residue was
purified via column chromatography (5:1 dichloromethane:
ethyl acetate) to yield the desired compound.
{[(3-{N-[(4-Bromophenyl)methoxy]acetamido}-1-(3,4-
dichlorophenyl)propyl)({[(2,2-dimethylpropanoyl)oxy]
methoxy})phosphoryl]oxy}methyl 2,2-dimethylpropanoate
(7h). A slightly yellow oil (0.090 g, 49%). "H NMR (400 MHz,
CDCl;) 6 (ppm): 1.10 (s, 18H), 1.58 (bs, 1H), 1.19 (s, 3H), 2.08
(bs, 1H), 2.31 (bs, 1H), 3.00-3.08 (m, 1H), 3.36-3.43 (m, 1H),
4.58 (bs, 1H), 5.42-5.53 (m, 4H), 7.08 (s, 3H), 7.18 (s, 1H),
7.28 (s, 2H), 7.42 (s, 1H). "*C NMR (100 MHz, CDCl;) 6 (ppm):
20.4, 26.3, 26.8, 38.7, 40.8, 42.2, 43.6, 75.8, 81.8, 123.3, 128.6,
130.6, 130.7, 131.1, 132.0, 132.8, 133.1, 134.4, 172.3, 176.7.
HRMS (ESI') calculated for C3,H3oBrCl,NOoP 737.0923, found
736.0845 [M-H] . Purity = 96.2%.
({[1-(3,4-Dichlorophenyl)-3-{N-[1-(4-chlorophenyl)ethoxy]
acetamido}propyl]({[(2,2-dimethylpropanoyl)oxy]methoxy})
phosphoryl}oxy)methyl 2,2-dimethylpropanoate (7j). A slightly
yellow oil (0.111 g, 13%). '"H NMR (400 MHz, CDCl;)  (ppm):
1.14 (s, 18H), 1.42 (d, 3H), 1.89 (m, 3H), 2.22 (s, 1H), 2.66 (s,
1H), 2.89-2.95 (m, 1H), 3.43 (bs, 1H), 4.64 (bs, 1H), 5.58-5.42
(m, 4H), 7.00-7.32 (m, 7H). *C NMR (100 MHz, CDCl;) §
(ppm): 20.3, 20.6, 25.6, 26.8, 29.7, 38.7, 40.9, 44.9, 77.9, 81.8,
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126.1, 128.6, 130.6, 131.1, 132.0, 132.7, 134.4, 134.7, 138.5,
143.1, 173.3, 176.8. HRMS (ESI") calculated for C;;H,,Cl;NOoP
706.1506, found 706.1509 [M-H] . Purity = 97.6%.

({[1-(3,4-Dichlorophenyl)-3-{N-[1-(4-methylphenyl)ethoxy]
acetamido}propyl]({[(2,2-dimethylpropanoyl)oxy]methoxy})
phosphoryl}oxy)methyl  2,2-dimethylpropanoate (7k). A
slightly yellow oil (0.064 g, 19%). "H NMR (400 MHz, CDCl;)
8 (ppm): 1.10 (s, 9H), 1.15 (s, 9H), 1.43 (s, 3H), 1.82 (s, 1H),
1.89 (s, 3H), 2.25 (s, 3H), 2.28 (s, 1H), 2.52-2.65 (m, 1H),
2.79-3.02 (m, 2H), 3.40 (bs, 1H), 4.57 (bs, 1H), 5.39-5.63 (m,
4H), 7.04-7.13 (m, 1H), 7.20-7.26 (m, 1H), 7.28-7.38 (m, 5H).
3C NMR (100 MHz, CDCl;) § (ppm): 20.2, 20.5, 21.2, 25.7,
26.7, 38.6, 42.3, 44.7, 81.7, 127.1, 128.2, 128.7, 129.1, 129.3,
130.5, 131.8, 132.7, 134.4, 136.9, 138.8, 168.1, 176.8. HRMS
(ESI") calculated for C;,H43CLLNOGP 686.2052, found
686.2055 [M-H]". Purity = 98.3%.

({[1-(3,4-Dichlorophenyl)-3-{N-[1-(4-methoxyphenyl)ethoxy]
acetamido}propyl]({[(2,2-dimethylpropanoyl)oxyJmethoxy})
phosphoryl}oxy)methyl 2,2-dimethylpropanoate 7.
Compound 12 (1 eq.) was dissolved in anhydrous
tetrahydrofuran (0.1 M) under a nitrogen atmosphere and
cooled to 0 °C. Sodium hydride (1.2 eq.) was added to the
solution, and the reaction mixture stirred for 20 minutes. To
the reaction mixture was added 1-(1-bromoethyl)-4-
methoxybenzene (2 eq.). The mixture was warmed to room
temperature and stirred for 48 hours. After removing the
tetrahydrofuran under reduced pressure, the residue was
dissolved in dichloromethane and quenched with water. The
aqueous phase was extracted with dichloromethane (5 x 20
mL). The organic phase was dried over sodium sulfate and
filtered. The solvent was removed under reduced pressure.
The crude product was purified via column chromatography
(97 :3 dichloromethane : methanol). Slightly yellow oil (0.010
g, 4%). "H NMR (400 MHz, CDCl;)  (ppm): 1.18 (s, 9H), 1.22
(s, 9H), 1.85 (s, 3H), 2.09-2.19 (m, 1H), 2.65-2.39 (m, 1H),
3.14-3.28 (m, 1H), 3.44-3.70 (m, 2H), 3.65 (s, 3H), 3.77-3.89
(m, 1H), 5.46-5.66 (m, 4H), 6.94 (bs, 1H), 7.15 (d, 1H), 7.26
(s, 2H), 7.38-7.43 (m, 2H). *C NMR (100 MHz, CDCl;) ¢
(ppm): 20.2, 20.7, 26.9, 27.3, 38.9, 40.2, 46.2, 55.3, 113.8,
126.3, 126.7, 129.0, 130.1, 132.0, 134.4, 135.4, 139.2, 159.1,
169.1, 175.2. HRMS (ESI') calculated for Cs,H,5CI,NO;P
704.2158, found 704.1966 [M + H]". Purity = 97.2%.

General procedure for synthesis of dipivaloyloxymethylene
prodrugs 7m,n

A solution of 14mymn (1 eq.) in anhydrous dichloromethane
(0.1 M) under nitrogen was cooled to 0 °C. Trimethylsilyl
bromide (3 eq.) was added dropwise to the solution under
nitrogen. The mixture was warmed to room temperature
and stirred overnight. Trimethylsilyl bromide and
dichloromethane were removed under reduced pressure. The
crude residue was stirred at room temperature in anhydrous
methanol for one to two hours. The methanol was removed
under reduced pressure. To a solution of the crude residue

in  tetrahydrofuran (0.1 M) were added N,N-
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diisopropylethylamine (6 eq.) and pivaloyloxymethyl chloride
(6 eq.) at room temperature. The reaction mixture was heated
to 60 °C and stirred for 48-72 hours. The tetrahydrofuran
was removed under reduced pressure. The crude residue was
dissolved in dichloromethane (20 mL) and washed with
saturated NaHCO; (3 x 10 mL), followed by brine (1 x 15
mL). The organic phase was dried over anhydrous sodium
sulfate and filtered. The dichloromethane was removed
under reduced pressure, and the residue was purified via
column chromatography (97:3 dichloromethane : methanol)
to yield the desired compound.
({[1-(3,4-Dichlorophenyl)-3-{N-[1-(4-trifluoromethylphenyl)
ethoxy]acetamido}propyl]({[(2,2-dimethylpropanoyl)oxy]
methoxy})phosphoryl}oxy)methyl 2,2-dimethylpropanoate
(7m). Slightly yellow oil (0.0091 g, 9%). "H NMR (400 MHz,
CDCl;) 6 (ppm): 1.10 (s, 9H), 1.14 (s, 9H), 1.43 (s, 3H), 1.83 (s,
1H), 1.87 (s, 3H), 2.19 (s, 1H), 2.67 (s, 1H), 2.85-2.99 (m, 2H),
3.43 (bs, 1H), 5.37-5.57 (m, 4H), 6.89-7.00 (m, 3H), 7.13 (m,
2H), 7.21-7.33 (m, 2H). "*C NMR (100 MHz, CDCl;) § (ppm):
23.0, 23.8, 25.6, 26.7, 26.8, 28.9, 29.7, 30.4, 38.8, 81.8, 82.2,
125.6, 125.9, 127.4, 128.8, 130.3, 130.6, 131.2, 134.3, 145.6,
172.0, 176.8. HRMS (ESI') calculated for C;,H,;(Cl,F;NOyP
740.1770, found 740.1771 [M-H] . Purity = 98.4%.
({[1-(3,4-Dichlorophenyl)-3-{N-[1-(4-fluorophenyl)ethoxy]
acetamido}propyl]({[(2,2-dimethylpropanoyl)oxy]methoxy})
phosphoryl}oxy)methyl 2,2-dimethylpropanoate (7n). Slight
yellow oil (0.100 g, 15%). "H NMR (400 MHz, CDCl;) 6 (ppm):
1.12 (s, 9H), 1.16 (s, 9H), 1.38 (d, 3H), 1.97 (m, 3H), 2.13 (s,
1H), 2.37 (s, 1H), 3.01-3.14 (m, 2H), 3.33-3.51 (m, 1H), 4.61-
4.71 (m, 1H), 5.39-5.63 (m, 4H), 7.04-7.13 (m, 1H), 7.20-7.26
(m, 2H), 7.28-7.38 (m, 4H). *C NMR (100 MHz, CDCl;) §
(ppm): 20.1, 20.4, 25.6, 26.8, 29.6, 38.6, 42.2, 44.8, 81.7,
115.4, 128.6, 128.9, 130.5, 130.9, 131.1, 132.6, 135.6, 135.8,
161.6, 173.1, 176.7. HRMS (ESI') calculated for Cz;;H,,Cl,-
FNO,P 692.1958, found 692.1957 [M + H]". Purity = 96.8%.

P. falciparum and M. tuberculosis dxr cloning, expression,
and purification

The P. falciparum and M. tuberculosis dxr genes were cloned,
expressed, and purified as previously described.>”*® Briefly,
the Pf and Mtb dxr genes were each cloned into a pET101/
DTOPO vector. The recombinant plasmid was transformed
into chemically competent E. coli BL21 CodonPlus (DE3)-RIL
cells (Stratagene, LA Jolla, CA). For protein expression, a 10
mL overnight seed culture of E. coli BL21 CodonPlus (DE3)-
RIL + MthDXR (or P/DXR) was added to 1 L of LB media and
incubated with shaking at 37 °C and 250 rpm. Once an
OD600 of 1.8 was achieved, protein expression was induced
using 0.5 mM isopropyl B-p-thiogalactopyranoside (IPTG),
and the culture was allowed to incubate for an additional 18
h. Cells were harvested via centrifugation (4650 x g, 20 min)
and stored at —80 °C. Protein was isolated and purified from
the cells via chemical lysis and affinity chromatography. Cell
lysis was achieved using lysis buffer A (100 mM Tris pH 8,
0.032% lysozyme, 3 mL per mg cell pellet), followed by lysis
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buffer B (0.1 M CaCl,, 0.1 M MgCl,, 0.1 M NaCl, 0.020%
DNASE, 3 mL per mg cell pellet). Centrifugation (48000 x g,
20 min) yielded the clarified cell lysate that was passed
through a TALON immobilized metal affinity column
(Clontech Laboratories, Mountain View, CA). The column was
washed with 20 column volumes of 1x equilibrium buffer (50
mM HEPES pH 7.5, 300 mM Nacl), 10 column volumes of 1x
wash buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM
imidazole), and 15 column volumes of 2x wash buffer (100
mM HEPES pH 7.5, 600 mM NaCl, 20 mM imidazole). The
protein was then eluted with 5 column volumes of 1x elution
buffer (150 mM imidazole pH 7.0, 300 mM NaCl). Buffer was
exchanged with 0.1 M Tris pH 7.5, 1 mM NaCl, 5 mM DTT
during concentration by ultrafiltration. Protein concentration
was determined using Advanced Protein Assay Reagent
(Cytoskeleton, Denver CO) with y-globulins (Sigma-Aldrich) as
the standard. Purified protein was visualized via Coomassie
stained SDS-PAGE. The yield of MtbDXR and PfDXR averaged
5 mg and 1 mg per 1 L shake flask, respectively.

DXR enzyme inhibition assay

P. falciparum DXR activity was assayed at 37 ©°C by
spectrophotometrically monitoring the enzyme catalyzed
oxidation of NADPH upon addition of 1-deoxy-b-xylulose
5-phosphate (DOXP; Echelon Biosciences, Salt Lake City, UT)
to the assay mixture, as described previously.*”*® Briefly, the
assay system contained 100 mM Tris pH 7.8, 25 mM MgCl,,
0.86 uM PfDXR, and 150 puM NADPH. The reaction was
initiated by adding 144 pM DOXP to the complete assay
mixture. For the MtbDXR assays, the assay contained 100 mM
MES pH 6.5, 25 mM MgCl,, 0.89 uM MthDXR, 150 uM
NADPH, and 47 pM DOXP. The oxidation of NADPH was
monitored at 340 nm using an Agilent 8453 UV-visible
spectrophotometer equipped with a temperature regulated
cuvette holder. All assays were performed in technical
duplicates. All determined ICs, values were independently
validated (by a second enzymologist) to be within 5% of the
determined value. If they were not, then additional replicate
assays were performed to further refine the dose-response
plots (and resulting ICs, value) until validation within the 5%
cutoff was achieved.

P. falciparum growth inhibition assay

Asynchronous P. falciparum cultures were maintained in 2%
hematocrit suspended in complete media (RPMI-1640
(Millipore-Sigma) supplemented with 27 mM sodium
bicarbonate, 11 mM glucose, 5 mM HEPES, 1 mM sodium
pyruvate, 0.37 mM hypoxanthine, 0.01 mM thymidine, 10 pg
ml™" gentamycin, and 0.5% Albumax (Life Technologies))
under 5% 0,/5% CO,/90% N, atmosphere at 37 °C. Wild type
strain 3D7 (BEI Resources, MRA-102) and fosmidomycin
resistant strain (had1) E1-C12 (ref. 58) were diluted to 0.5%
parasitemia and treated with inhibitors at concentrations
ranging from 1.2 nM to 492.4 pM at the start of assays.
Growth inhibition assays were performed in opaque 96-well
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plates at 100 pL culture volume. After 3 days, parasite growth
was quantified by measuring DNA content using PicoGreen
(Life Technologies) as described.”® Fluorescence was
measured on a FLUOstar Omega microplate reader (BMG
Labtech) at 485 nm excitation and 528 nm emission. Half-
maximal inhibitory concentration (ICs,) values were
calculated by nonlinear regression analysis using GraphPad
Prism software. Data was fit using a 4-parameter dose-
response curve. For isopentenyl pyrophosphate (IPP)
(Isoprenoids, LC) rescue experiments, 125 uM IPP was added
to the appropriate wells for the duration of the experiment.
Each assay was performed as a technical duplicate. Each
compound was assayed as a biological triplicate.

M. tuberculosis growth inhibition assay

A stock culture of Mth H37Rv (ATCC 27294) was grown to OD
0.5 in  7H9/glucose/casitone/tyloxapol  consisting  of
Middlebrook 7H9 broth (Difco) supplemented with 0.08%
NaCl, 0.4% glucose, 0.05% Bacto casitone and 0.05%
tyloxapol. The culture was diluted 1:500 in 7H9/glucose/
casitone/tyloxapol before aliquoting 50 pL into each well of a
96-well plate. The inhibitors were dissolved in DMSO to make
stock solutions of 20 mg mL™. Inhibitors were added to the
first row of wells of the 96-well plate with 100 puL of 7H9/
glucose/casitone/tyloxapol with remaining wells containing
50 uL of 7H9/glucose/casitone/tyloxapol. After pipet mixing
and use of a multichannel pipet, 50 pL was removed from
each well in the first row and added to the second row. 2-Fold
dilution in this manner was carried out to give eleven
dilutions of each inhibitor. The plates were incubated for 2
weeks at 37 ©°C, and the MICy, values were read
macroscopically using an inverted plate reader. Each
measurement was made three independent times.

HepGz2 cell inhibition assay

For cytotoxicity assays, HepG2 cells (ATCC HB-8065) were
grown in DMEM supplemented with 4 mM r-glutamine
(Gibeo #11966-025) with 4.5 g L' p-glucose as carbon source.
Cells were trypsinized, resuspended in DMEM/glutamine/
glucose to 4 x 10° cells per mL and 50 uL per well transferred
to flat-bottom white opaque tissue culture plates (Falcon
#353296) containing 50 pL per well of the respective medium
with test compound. Compound concentrations were two-
fold dilutions ranging from 100 to 0.1 ug mL™" as well as the
drug-free DMSO-only control. All concentrations were tested
in duplicate. After 24 h incubation at 5% CO,, 37 °C, 10 uL
per well of Celltiter-Glo reagent (Promega #G9241) was added
and luminescence recorded after 20 min incubation in the
dark.
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