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Studies Addressing the Importance of Charge in the
Binding of Fosmidomycin-Like Molecules to
Deoxyxylulosephosphate Reductoisomerase
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Jochen Wiesner,® Hassan Jomaa,™ Gerhard Klebe,™ and Martin Schlitzer*®

Fosmidomycin and its homologue FR900098 are inhibitors of 1-
deoxy-Dp-xylulose-5-phosphate reductoisomerase, which is part of
the mevalonate-independent isoprenoid biosynthetic pathway.
Replacement of the phosphonate moiety by uncharged sulfone
or sulfonamide partial structures resulted in complete loss of ac-

Introduction

Isopentenyldiphosphate (IPP) is the common precursor of a
wide variety of isoprenoid compounds. There are two separate
pathways that lead to IPP and the isomeric dimethylallyl di-
phosphate (DMAPP). In humans, isopentenyl diphosphate is
synthesized by the well-known mevalonate pathway. In con-
trast, many pathogenic microorganisms including the causative
agents of malaria (Plasmodium spp.) and tuberculosis (Myco-
bacterium tuberculosis) use a completely unrelated mevalonate-
independent pathway. It is called the 1-deoxy-p-xylulose-5-
phosphate (DOXP) pathway, which is also known as the 2-C-
methyl-p-erythritol-4-phosphate (MEP) pathway, non-mevalo-
nate pathway, or Rohmer pathway. The enzymes of this path-
way present valuable targets for the development of specific
antimicrobial drugs because their targets are absent in the
human host."™ One important step of the DOXP pathway is
the reductive isomerization of deoxyxylulosephosphate to
methylerythriolphosphate, which is catalyzed by DOXP reduc-
toisomerase (DXR). Fosmidomycin (1) and its close homologue
FR900098 (2) (Figure 1) are well-known inhibitors of DXR. The

efficacy of fosmidomycin (1) for
o the treatment of acute, uncompli-
b cated malaria has been proven in
LpPNa several recent clinical trials.”
However, repeated and compara-
bly high doses were required to
achieve acceptable cure rates. Ap-
parently, the unfavorable pharma-
cokinetic profile of fosmidoymcin
(1) is caused by two molecular fea-
tures, namely the phosphonate and the hydroxamate moiety.
However, the active site of the target enzyme harbors a metal
ion, which needs to be complexed to achieve inhibition. Re-
garding binding site shape and distances and geometries for
metal binding, the hydroxamate has proven to best address
this issue and remains essential.
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Figure 1. Structure of fosmi-
domycin (1, R=H) and
FR900098 (2, R=CH,).
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tivity. Dropping one of the two negative charges resulted in a
marked decrease in activity. Through occupation of a hydropho-
bic binding site, some activity could be regained, leading to com-
pounds with micromolar activity against cultured malaria para-
sites.

By considering other moieties of the molecule, it appears
necessary to investigate DXR inhibitors with less polar proper-
ties to enhance the membrane permeability of this type of
agent. This is of particular importance with respect to the de-
velopment of novel therapeutics for tuberculosis because fos-
midomycin is inactive against M. tuberculosis at 200 pm al-
though MtDXR is inhibited with an ICs, value of 310 nm.!"”

We initiated a study to address the importance of a charged
moiety for the binding of fosmidomycin-like molecules to the
active site of DXR. The binding mode of fosmidomycin (1) to
EcDXR has been revealed from the X-ray structure of a DXR-
manganese-fosmidomycin complex."” It was found that the
phosphonate moiety is embedded in a network of hydrogen
bonds with the phosphonate oxygen atoms acting as hydro-
gen bond acceptors and the side chains of Ser186, Ser222,
Asn227 and Lys228 as hydrogen bond donors (Figure 2a).
Based on these structural data, we embarked into the design
of inhibitors in which the charged phosphonate group is re-
placed by polar moieties that are uncharged at physiological
pH, but are still able to engage in hydrogen-bonding networks.
Furthermore, analysis of the protein surface of the active site
revealed a small region in the vicinity of the phosponate bind-
ing site that was predicted to be able to accommodate small
alkyl residues like methyl or ethyl (Figure 3) and thereby add
some hydrophobic interactions to the overall binding affinity.
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Figure 2. a) Schematic representation of the amino acid side chains binding the phos-
phonate moiety of FR900098. b) Hypothetical binding of a sulfonamide moiety.

Figure 3. Docking solution of the ethyl sulfone derivative 17 superimposed
onto the EcDXR-manganese-fosmidomycin structure (Fos =fosmidomycin).
NADPH was derived from PDB code: IJVS and minimized into the structure.
The terminal methyl group of the ethyl residue of the sulfone compound
was placed in a cleft next to the phosphonate binding site.

Two functional groups, the sulfone and the sulfo-
namide moiety were envisioned as potential phos-
phonate replacements. In the sulfone, the two
double-bonded oxygen atoms appeared to be likely 0
to serve most of the hydrogen bonds. The selection
of sulfonamides as another possible phosphonate re-
placement was based on the assumption that the
side chain flexibility of Ser186 and Ser222 allows rota-
tion and modifications in the H-bonding network,
thus switching the terminal hydroxy groups to serve
not only as hydrogen bond donors but also as hydro-
gen bond acceptors. The predicted interaction of
Ser186 and Ser222 with the NH of the sulfonamide
moiety is depicted in Figure 2b. Alkyl and arylalkyl
residues of different length were added to the sul-
fone and sulfonamide moiety to explore the pre-
sumed extensions of the binding site.

FULL PAPERS

Results and Discussion

Chemistry

The synthesis of the sulfones 16-21 is displayed in
Scheme 1. The preparation of the key intermediate 3
in a one-pot multicomponent reaction has already
been published.'” Reaction of the iodide 3 with the
appropriate thiol gave the thioethers 4-9, which
were oxidized to the sulfones 10-15 by treatment
with  (NH,),(Mo,0;5)/H,0,. The benzyl protecting
group was removed by catalytic hydrogenation to
give the sulfones 16-21. The methyl derivatives 4, 10
and 16 have already been described."?

The synthesis of the sulfonamides 29-33 and sodium sulfo-
nate 34 is depicted in Scheme 2. Reaction of the key inter-
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5,11,17: R = Et
6,12, 18: R = nPr " Qg
8,13,19: R=nBu O N\/\/S\\
9, 14, 20: R = CH,Ph
10, 15, 21: R = CH,CH,Ph 16-21

Scheme 1. Reagents and conditions: a) THF, RSH, nBuli; b) H,0/MeOH, [Mo]/
H,0, (oxidation); c) H,, Pd/C, MeOH.
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Scheme 2. Reagents and conditions: a) H,0/MeOH, Na,SO;; b) CH,Cl,, SOCl,; c) CH,Cl,,
R,NH,; d) H,, Pd/C, MeOH.
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mediate 3 with Na,SO; gave the sodium sulfonate 22, which
was converted into sulfonyl chloride 23 with thionyl chloride.
Treatment with the appropriate amine led to the sulfonamides
24-28. Finally catalytic hydrogenation removed the benzyl
protecting group at the hydroxamic acid moiety and yielded
the desired sulfones 29-33. Direct hydrogenation of sodium
sulfonate 22 gave the unprotected sodium sulfonate 34.
Sodium sulfonates 22 and 34 as well as N-methyl sulfonamides
25 and 30 have already been described."

The synthesis of the phosphonic acid monoesters is dis-
played in Scheme 3. Intermediate 5, which has benzyl protect-
ing groups at the hydroxamic acid moiety and the phosphonic
acid was prepared as described elsewhere."™™ The reaction of 5
with an alkyl halide yielded the fully protected phosphonic
acid esters 36-43. Removal of the benzyl protecting groups by
catalytic hydrogenation lead to phosphonic acid monoesters
44-51.

Q Q a ? 8
O N\/\/FI’T_P o N\/\/'|D\o
o) o.
R
35 36-43
36,44: R =Me lb
37,45 R = Et
38,46 R = nPr OH C
39,47 R=nBu 0. N P__R
40, 48: R = CH,CH,CH(CHj), ﬁ/ \/\/é\HO

41, 49: R = CH,CH,Ph
42, 50: R = CH,CH, (1-naphthyl)
43, 51: R = CH,CH, (2-naphthyl)

44-51

Scheme 3. Reagents and conditions: a) R, DMF, Et;N, 60°C, 6 h or RX,
DMPU, Et;N, Nal, 80°C, 8 h; b) H,, Pd/C, MeOH.

DOXP reductoisomerase inhibition assay

The assay was performed in a reaction mixture that contained
100 mm  Tris-HCI (pH 7.5), 0.2% BSA, Tmm MnCl,, 1Tmm
NADPH, 0.3 mm DOXP, and 1 ugmL™' recombinant DOXP re-
ductoisomerase from E. coli. The mixture was incubated with a
dilution series of the test compounds on a 96-well plate at
37°C, and the reaction was started by the addition of DOXP.
The decrease in absorption was monitored at 340 nm with a
microplate reader (details in the Experimental Section below).

Molecular modeling

The binding site geometry was taken from the protein-ligand
complex of fosmidomycin as observed in the crystal structure
with bound Mn?* (PDB code: TONP). Ligands were docked
into the binding pocket by using AutoDock 3.0."' All ligands
exhibited a hydroxamate function to mimic the a-ketohydroxy
moiety of the substrate. Both oxygen atoms show nearly the
same distance to the metal (N-hydroxy: 2.1 A and carbonyl:
2.4 A). Based on these structural findings, along with an ex-
pected pK, shift due to the proximity of a metal ion, the hy-
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droxamate function is assumed to be planar and deprotonat-
ed. Additionally, most ligands exhibit a second acidic moiety,
which is also considered to be deprotonated. The partitioning
of the total charge into individual contributions assigned to
different atoms was performed by using the AM1 Hamiltoni-
an'” of the semiempirical package MOPAC 6.0.1'8

From the reference crystal structure (PDB code: 10ONP),
ligand and solvent molecules were removed, and Mn?" was
converted into the better-parameterized Mg?* because both
metal ions are interchangeable in active DXR. To suggest a rea-
sonable cofactor binding mode, NADPH coordinates were
transferred from PDB code: 1JVS after both protein structures
were superimposed, based on C* coordinates. A subsequent
minimization of the transferred cofactor with the MAB force
field, as implemented in MOLOC™® revealed no significant
movements.

AutoDock 3.0 required the addition of polar hydrogen
atoms with the PROTONATE utility in AMBER,”" and the gener-
ated hydrogen-bonding network was visually inspected for in-
ternal consistency. AMBER united-atom charges were assigned
as defined in the AMBER force field,”” and solvation parame-
ters were added by using the ADDSOL utility of AutoDock 3.0.
Docking runs were performed by using the Lamarckian genetic
algorithm as implemented in AutoDock 3.0, by using an initial
population of 50 randomly placed individuals, a maximum
number of 1.5x10° energy evaluations, a mutation rate of
0.02, a crossover rate of 0.80 and an elitism value of 1. The
generated ligand-docking solutions, which mutually differed
by rmsd <1 A were clustered together and the lowest docking
energy that was found for one entry of a cluster was used as
representative. For each ligand, in total 10 solutions were gen-
erated. By examining the obtained metal coordination and
placement of the phosphonate group one configuration was
selected for affinity prediction by visual inspection. The ranking
of different ligands based on their predicted affinity to DXR
was performed by using the knowledge-based scoring func-
tion DrugScore. This protocol was initially validated by docking
fosmidomycin back into its original protein crystal structure
(PDB code: TONP).

Biological results

As shown in Table 1, neither the sulfone (16-21) nor the sulfo-
namide derivatives (29-33) of FR900098 displayed any signifi-
cant inhibitory activity against EcDXR at a concentration of
30 pm. Because the activities of a particular compound against
DXR form E. coli and P. falciparum are usually well correlated,*”
we do not expect any significant activity of these compounds
against enzyme isoforms of other species. Apparently, the hy-
drogen-bonding network cannot adjust to the interaction pro-
file that is required to bind to the sulfonamide, with Ser186
and Ser222 remaining in their original orientation resulting in a
repulsive interaction with the sulfonamide NH. While this could
be a possible explanation for the lack of activity of the sulfona-
mides, the lack of activity of the sulfone derivatives leads to
the conclusion that it is not sufficient for inhibitor binding to
serve the hydrogen bonding network. Instead, the negative
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Table 1. Inhibitory activity of fosmidomycin analogues.
Compd Structure 1C5o (EcDXR) [pm] Compd Structure 1C5, (EcDXR) [um] ICso (Dd2) [um]®
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[a] ICs, values toward the growth of cultured malaria parasites.

charge of the phosphonate is the decisive factor in the binding
of fosmidomycin-like molecules. A similar result has been ob-
tained by Proteau and co-workers, who prepared a sulfamic
acid ester analogue of fosmidomycin that inhibited Synechocys-
tis DXR with a K; value of 2800 pum.?¥ Although undesired, this
is an important result that guides compound optimization
strategies for the further development of DXR inhibitors.

Based on the knowledge that was obtained with the un-
charged molecules, we then focused our attention on inhibi-
tors that bear functional groups that have one negative charge
at physiological pH conditions. The sulfonic acid moiety is
most similar to the phosphonate with regard to the orientation
of three oxygen atoms around the central atom, but it possess-
es one negative charge less than the phosphonate. The sulfon-
ic acid derivative 34 displayed an ICs, value of 23 pm, thus it is
approximately 500-fold less active than the corresponding
phosphonate derivative, FR900098 (2); this clearly shows the
importance of the charge for inhibitor binding to DXR.

In a second series, we employed the monomethyl (44), ethyl
(45), and propyl (46) esters of FR900098 (2). It is known that
such alkyl esters are biologically stable.”>® Therefore, these
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molecules represent FR900098 derivatives with one negative
charge, but they differ from the sulfonic acid derivative in that
they have an additional alkyl residue of increasing length. The
important finding in this small series is that the activity increas-
es with increasing length of the alkyl residue, which indicates
the presence of a lipophilic binding region. Occupation of this
region appears to be suited to at least attenuate the effect of
the reduced charge. Based on the modeling of the ethylsul-
fone 17 (Figure 3) it has been anticipated that the methyl ester
(44) would be the most active compound of this series com-
pared with the larger ethyl (45) and propyl (46) esters. The
methyl group seems to be ideal to address volume and prop-
erty requirements of the small hydrophobic binding site next
to the phosphonate binding site. Surprisingly, in contrast to
this prediction, the activity increased with the length of the
alkyl residue from 50 um to 16 pum. Although these values are
not impressive, they clearly indicate that there is more to be
learned about this enzyme. An additional flexible docking ex-
periment suggested that the methyl group of the methyl ester
might fit into the small binding site, which we tried to address
already with the small sulfone derivative 17. However, the
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larger propyl side chain of inhibitor 46 is shown in a different
binding site, which furthermore appears to be spacious
enough to accommodate even larger hydrophobic residues
(Figure 4). Indeed, the n-butyl (47) and the isopentyl (48)
esters were considerably more active, with ICs, values of

Figure 4. Docking solution of the methyl ester 44 and the propyl ester 46
revealed an additional binding site capable of accommodating even larger
lipophilic residues.

3.9 um and 2.1 pm, respectively. However, this higher inhibitory
activity against DXR did not translate into measurable antipara-
sitic activity. The n-butyl (47) and the isopentyl (48) esters did
not show any impact on the growth of cultured malaria para-
sites at 10 pm, as was the case with the other esters 44-46. En-
couraged by the increase in activity against the isolated
enzyme by enlargement of the ester moiety, we decided to
carry this approach further in preparing three different aryleth-
yl monoesters (49-51). From this series, the 1-naphthyl ethyl
(51) and the 2-naphthyl ethyl (50) ester were as active as the
n-butyl (47) and the isopentyl (48) esters, with ICs, values of
24 um and 1.6 um, respectively. In contrast, the phenethyl
ester 49 displayed a 3-5-fold more potent activity in the
enzyme assay with an 1Cs, value of 0.49 um. Thus, it could be
demonstrated, that the loss of activity that results from drop-
ping one negative charge from the phosphonate moiety can
be at least partially compensated through occupation of an
additional hydrophobic binding site. In addition, compounds
49 and 50 displayed activity against cultured malaria parasites
in the 5 um range as well as some weak activity against M. tu-
berculosis at a concentration where fosmidomycin is inactive
(preliminary data, not shown).

Conclusions

This study clearly demonstrated the importance of the nega-
tive charge for the binding of fosmidomycin-like inhibitors to
DXR. Uncharged molecules are virtually inactive whereas deriv-
atives that possess only one instead of two negative charges
are markedly less active. Nevertheless, it was shown that it is
possible to regain some of the activity that was lost by the re-
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duction of the charge by occupation of hitherto unexploited
areas of the enzyme. In addition, these compounds apparently
display some better membrane penetration ability. Unfortu-
nately, enzyme inhibitory activity is still too low to obtain sig-
nificant activity against cultured malaria parasites or mycobac-
teria. Although undesired, these results guide further attempts
to design novel DXR inhibitors in which only transient lipophil-
ic modification of the lead structure is desired because the un-
modified phosphonate moiety proved to be clearly essential
for high activity. We have reported recently some preliminary
results that demonstrate that a prodrug approach that masks
the polar phosphonate moiety of FR900098 by appropriate
bio-labile moieties is promising.”””

Experimental Section
General

IR spectra were recorded on a JASCO FT/IR-410 spectrometer, on a
Nicolet 510P FTIR spectrometer, or on a Bruker ALPHA-P FTIR spec-
trometer (in case of total reflection). 'H and *C NMR spectra were
recorded on Jeol Eclipse 400 and Jeol Eclipse 500 spectrometers,
and the chemical shifts (0) were measured relative to residual sol-
vent as an internal reference. Mass spectra were obtained on PE
Biosystems APl 2000 (ESI MS data), Jeol MStation JMS 700 (FAB
spectra), or VG-AutoSpec Micromass (EI MS data) spectrometers.
Reactions were monitored by TLC on Alugram SIL G/UV 254 silica
gel analytical plates with 250 mm coating. Liquid chromatography
was carried out on Merck silica gel 60 (230-240 mesh). Unless oth-
erwise noted, all starting materials were obtained from commercial
suppliers and used without further purification. The DOXP reduc-
toisomerase inhibition assay was carried out with a Spectra-
Max 340PC microplate reader (Molecular Devices, Ismaning, Germa-
ny).

The preparation and characterization of compounds 4, 10, 16, 22,
25, 30, and 34 have been described previously."”

N-(Benzyloxy)-N-[3-(alkylsulfanyl)propyllacetamides  (4-9): N-
(benzyloxy)-N-(3-iodopropyl)acetamide 3"? (500 mg, 1.5 mmol,
1.0 equiv) and THF (10 mL) were added to a 25-mL two-necked
round-bottom flask that was flushed with inert gas and equipped
with a magnetic stirring bar, and the mixture was cooled to
—78°C. RSNa or RSLi (R=Me, Et, nPr, nBu, Bn, CH,Bn) (2.25 mmol,
1.5 equiv) and THF (10 mL) were added to a second 50-mL two-
necked round-bottom flask that was flushed with inert gas and
equipped with a magnetic stirring bar, and the mixture was vigo-
rously stirred for 15 min. The resulting heterogeneous suspension
was quickly added dropwise to the solution of acetamide 3, and
the mixture was stirred for 30 min at —78°C and allowed to stir at
room temperature. The reaction was monitored by TLC. After com-
pletion of the reaction (1 h), the solvent was removed by evapora-
tion, and the crude N-(benzyloxy)-N-[3-(alkylthio)propyllacetamides
4-9 were purified by a flash column chromatography (silica gel,
Et,O/pentane, 1:2 or 1:3).

N-(Benzyloxy)-N-[3-(ethylsulfanyl)propyllacetamide (5): Yield:
269 mg (67 %), yellowish oil; R=0.37 (Et,0/pentane, 2:1); '"H NMR
(400 MHz, CDCl,), 6=7.44-7.35 (m, 5H, Ar), 483 (s, 2H, CH,0ON),
3.75 (t, *J=6.6 Hz, 2H, CH,N), 2.55 (t, >)=6.0 Hz, 2H, SCH,), 2.52 (t,
3)=6.0Hz, 2H, SCH,), 2.10 (s, 3H, COCH,), 1.92 (m, 2H, CH,),
1.22 ppm (t, J=5.8 Hz, 3H, CH,); ®CNMR (100 MHz, CDCl,), 6 =
172.60 (CO), 134.50 (Cq), 129.18, 128.97, 128.71 (5CH, Ar), 76.75
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(OCH,), 44.60 (brs, NCH,), 28.84 (SCH,), 26.82 (SCH,), 25.82 (CH,),
20.51 (COCH,), 14.70 ppm (CH,); IR (total reflection): #=1659 cm™’
(C=0)

N-(Benzyloxy)-N-[3-(n-propylsulfanyl)propyllacetamide (6): Yield:
306 mg (72%), yellow oil; Ri=0.26 (Et,0/pentane, 1:1); 'H NMR
(400 MHz, CDCl;), 0=7.43-7.34 (m, 5H, Ar), 4.83 (s, 2H, CH,0ON),
3.75 (t, >J=6.6 Hz, 2H, CH,N), 2.47 (t, >J=6.0 Hz, 2H, SCH,), 2.46 (t,
*J=6.0 Hz, 2H, SCH,), 2.11 (s, 3H, COCH,), 1.92 (m, 2H, CH,), 1.60
(m, 2H, CH,), 0.98 ppm (t, >J=5.8 Hz, 3H, CH;); *C NMR (100 MHz,
CDCl,), 6=172.35 (CO), 134.55 (Cq), 129.19, 128.97, 128.72 (5CH,
Ar), 76.75 (OCH,), 44.55 (brs, NCH,), 34.12 (SCH,), 29.28 (SCH,),
26.93 (CH,), 22.90 (CH,), 20.51 (COCH;), 13.47 ppm (CH,); IR (total
reflection): #=1660 cm™' (C=0)

N-(Benzyloxy)-N-[3-(n-butylsulfanyl)propyllacetamide (7): Yield:
302 mg (68%), yellow oil; Rr=0.34 (Et,0/pentane, 1:1); 'H NMR
(400 MHz, CDCl;), 0=7.44-7.35 (m, 5H, Ar), 4.83 (s, 2H, CH,0ON),
3.75 (t, *J=6.6 Hz, 2H, CH,N), 2.50 (t, >J=6.0 Hz, 2H, SCH,), 2.49 (t,
3J=6.0 Hz, 2H, SCH,), 2.10 (s, 3H, COCH,), 1.92 (m, 2H, CH,), 1.55
(m, 2H, CH,), 139 (m, 2H, CH,), 0.90 ppm (t, *J=5.8 Hz, 3H, CH,);
BCNMR (100 MHz, CDCl;), 0=174.20 (CO), 134.40 (Cq), 129.18,
128.97, 128.71 (5CH, Ar), 76.74 (OCH,), 44.57 (brs, NCH,), 31.76
(SCH,), 31.02 (CH,), 29.33 (SCH,), 26.91 (CH,), 21.98 (CH,), 20.51
(COCH,), 13.65 ppm (CH,); IR (total reflection): #=1660 cm™' (C=0).

N-(Benzyloxy)-N-[3-(benzylsulfanyl)propyllacetamide (8): Yield:
341 mg (69%), yellow oil; R;=0.38 (Et,O/pentane, 1:1); 'H NMR
(400 MHz, CDCl;), 6=7.42-7.37 (m, 5H, Ar), 7.28 (m, 2H, Ar), 7.20
(m, 3H, An), 4.78 (s, 2H, CH,0ON), 3.70 (t, >)=6.6 Hz, 2H, CH,N), 3.69
(s, 2H, SCH,Ph), 2.41 (t, *J=6.0 Hz, 2H, SCH,), 2.07 (s, 3H, COCH,),
1.89 ppm (m, 2H, CH,); *C NMR (100 MHz, CDCl;), 6 =174.35 (CO),
138.25 (Cq), 134.40 (Cq), 129.17, 128.97, 128.82, 128.71, 128.45,
126.94 (10CH, Ar), 76.75 (OCH,), 44.20 (brs, NCH,), 36.12 (SCH,),
28.51 (SCH,), 26.46 (CH,), 20.51 ppm (COCH,); IR (total reflection):
7=1658 cm™' (C=0).

N-(Benzyloxy)-N-[3-(phenethylsulfanyl)propyllacetamide (9):
Yield: 345mg (67%), yellow oil; Ri=0.39 (Et,0O/pentane, 1:1);
"H NMR (400 MHz, CDCl,), 0=7.41-7.37 (m, 5H, Ar), 7.27 (m, 2H,
Ar), 7.17 (m, 3H, Ar), 479 (s, 2H, CH,ON), 3.70 (t, >J=6.6 Hz, 2H,
CH,N), 2.85 (t, 3J=6.0 Hz, 2H, SCH,), 2.74 (t, >J=6.0 Hz, 2H, SCH,),
2.52 (t, ¥/)=5.8 Hz, 2H, CH,), 2.09 (s, 3H, COCH,), 1.90 ppm (m, 2H,
CH,); CNMR (100 MHz, CDCly), 6=174.35 (CO), 140.48 (Cq),
134.40 (Cq), 129.18, 129.08, 128.72, 128.60, 128.44, 126.32 (10CH,
Ar), 76.75 (OCH,), 44.20 (brs, NCH,), 36.24 (SCH,), 33.53 (CH,), 29.48
(SCH,), 26.85 (CH,), 20.51 ppm (COCH,); IR (total reflection): 7=
1660 cm™' (C=0).

Synthesis of the N-(benzyloxy)-N-[3-(alkylsulfonyl)propyllaceta-
mide (10-15): N-(Benzyloxy)-N-[3-(alkylbenzylsulfonyl)propyllaceta-
mide 4-9 (0.99 mmol, 1.0equiv), (NH,),(Mo,0;5) (66.3 mg,
0.1 mmol), H,0, (1 mL), and MeOH (7 mL) were added to a 5-mL
two-necked round-bottom flask that was equipped with a magnet-
ic stirring bar. The resulting heterogeneous mixture was stirred at
room temperature under N,, and the reaction was monitored by
TLC. After completion of the reaction (4 h), the solvent was re-
moved by evaporation and the crude N-(benzyloxy)-N-[3-(alkylsul-
fonyl)propyllacetamides 10-15 were purified by column chroma-
tography (silica gel, Et,0/pentane, 5:1).

N-(Benzyloxy)-N-[3-(ethylsulfonyl)propyllacetamide (11): Yield:
223 mg (75%), whitish solid; R;=0.33 (Et,O/pentane, 5:1); '"H NMR
(400 MHz, CDCl,), 6=7.40-7.35 (m, 5H, Ar), 4.80 (s, 2H, CH,0ON),
3.77 (t, 3J=6.6 Hz, 2H, CH,N), 2.66 (t, >J=7.8 Hz, 2H, SO,CH,), 2.64
(t, *)=7.8 Hz, 2H, SO,CH,), 2.12 (m, 2H, CH,), 2.08 (s, 3H, COCH,),
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1.28 ppm (t, >J=5.8 Hz, 3H, CH;); *CNMR (100 MHz, CDCly), 6=
172.81 (CO), 133.92 (Cq), 129.26, 129.12, 128.74 (5CH, Ar), 76.68
(OCH,), 49.09 (CH,SO,), 47.22 (CH,SO,), 43.77 (brs, NCH,), 20.32
(COCH,), 19.69 ppm (CH,), 6.46 (CH,); IR (total reflection): 7=
1654 cm ™' (C=0).

N-(Benzyloxy)-N-[3-(n-propylsulfonyl)propyllacetamide (12):
Yield: 208 mg (67 %), whiteish solid; R;=0.35 (Et,O/pentane, 5:1);
'HNMR (400 MHz, CDCl;), 6=7.40-7.34 (m, 5H, Ar), 4.81 (s, 2H,
CH,ON), 3.77 (t, 3J=6.6 Hz, 2H, CH,N), 296 (t, 3/=7.8 Hz, 2H,
SO,CH,), 2.92 (t, *J=7.8 Hz, 2H, SO,CH,), 2.16 (m, 2H, CH,), 2.09 (s,
3H, COCH,), 1.84 (m, 2H, CH,), 1.05 ppm (t, >J=5.8 Hz, 3H, CH);
BCNMR (100 MHz, CDCly), 6=172.70 (CO), 134.02 (Cq), 129.31,
129.18, 128.81 (5CH, Ar), 76.69 (OCH,), 54.72 (CH,SO,), 50.03
(CH,SO,), 43.79 (brs, NCH,), 19.81 (COCH,), 15.75 (CH,), 13.11 ppm
(CH,); IR (total reflection): #=1649 cm™' (C=0).

N-(Benzyloxy)-N-[3-(n-butylsulfonyl)propyllacetamide (13): Yield:
227 mg (70%), whitish solid; R;=0.38 (Et,O/pentane, 5:1); '"H NMR
(400 MHz, CDCly), 6=7.40-7.35 (m, 5H, Ar), 4.82 (s, 2H, CH,0ON),
3.79 (t, *J=6.6 Hz, 2H, CH,N), 2.96 (t, 3J=7.8 Hz, 2H, SO,CH,), 2.93
(t, 2J=7.8 Hz, 2H, SO,CH,), 2.17 (m, 2H, CH,), 2.10 (s, 3H, COCH,),
1.79 (m, 2H, CH,), 1.47 (m, 2H, CH,), 0.95 ppm (t, ¥/=5.8 Hz, 3H,
CH,); “CNMR (100 MHz, CDCl;), 6=172.55 (CO), 133.82 (Cq),
129.26, 129.11, 128.77 (5CH, Ar), 76.65 (OCH,), 52.28 (CH,SO,),
4950 (CH,SO,), 43.65 (brs, NCH,), 24.55 (CH,), 22.01 (CH,), 19.82
(COCH,), 13.48 ppm (CH,); IR (total reflection): #= 1656 cm™' (C=0).

N-(Benzyloxy)-N-[3-(benzylsulfonyl)propyllacetamide (14): Yield:
257 mg (72%), whitish solid; R=0.43 (Et,O/pentane, 5:1); '"H NMR
(400 MHz, CDCl;), 6=7.41-7.32 (m, 10H, Ar), 4.82 (s, 2H, CH,0ON),
4.21 (s, 2H, SO,CH,Ph), 3.74 (t, 3J=6.6 Hz, 2H, CH,N), 2.87 (t, 3=
7.8 Hz, 2H, SO,CH,), 2.10 (m, 2H, CH,), 2.07 ppm (s, 3H, COCH,);
BCNMR (100 MHz, CDCl;), 6=172.60 (CO), 134.08 (Cq), 130.52,
129.31, 129.29 (5CH, Ar), 129.17 (CH), 129.07 (CH), 128.79 (CH),
127.97 (Cq), 76.68 (OCH,), 59.57 (CH,SO,), 48.38 (CH,SO,), 43.75
(brs, NCH,), 20.36 (COCH,), 19.76 ppm (CH,); IR (total reflection):
7=1655cm™' (C=0).

N-(Benzyloxy)-N-[3-(phenethylsulfonyl)propyllacetamide (15):
Yield: 278 mg (75%), whitish solid; R;=0.45 (Et,O/pentane, 5:1);
'HNMR (400 MHz, CDCl;), 6=7.46-7.21 (m, 15H, Ar), 4.84 (s, 2H,
CH,ON), 3.78 (t, 3J=6.6 Hz, 2H, CH,N), 3.24 (t, 3J=7.8Hz, 2H,
SO,CH,), 3.14 (t, >J=8.0 Hz, 2H, CH,Ph), 2.96 (t, *J=7.5Hz, 2H,
SO,CH,), 2.17 (m, 2H, CH,), 2.12 ppm (s, 3H, COCH,); "*C NMR
(100 MHz, CDCl,), 6=172.48 (CO), 137.39 (Cq), 133.97 (Cq), 129.30,
129.19, 128.92, 128.81, 128.38, 127.10 (10CH, Ar), 76.65 (OCH,),
54.29 (CH,SO,), 50.50 (CH,SO,), 43.77 (brs, NCH,), 27.95 (CH,), 20.40
(COCH,), 19.84 ppm (CH,); IR (total reflection): #= 1652 cm™' (C=0).

Synthesis of the N-hydroxy-N-[3-(alkylsulfonyl)propyllaceta-
mides (16-21): N-(benzyloxy)-N-[3-(alkylsulfonyl)propyllacetamides
10-15 (0.85 mmol, 1.0 equiv), pure MeOH (5 mL) and 10% Pd/C
(59 mg) were carefully added to a 20 mL two-necked round-
bottom flask that was flushed with inert gas and equipped with a
magnetic stirring bar. The heterogeneous mixture was stirred at
room temperature under H,, and the reaction was monitored by
TLC. After 3 h of stirring, followed by evaporation of the solvent,
the crude N-hydroxy-N-[3-(alkylsulfonyl)propyllacetamides 16-21
were dissolved in MeOH (3 mL) and filtered through a short pad of
celite, which was thoroughly washed with MeOH. The solvent was
evaporated under reduced pressure.

N-Hydroxy-N-[3-(ethylsulfonyl)propyllacetamide  (17):  Yield:
156 mg (88%), white solid, mp=83°C; 'HNMR (400 MHz,
[D¢lacetone), 6=3.66 (t, >J=6.6 Hz, 2H, CH,N), 3.10 (t, *J=7.8 Hz,

1237

www.chemmedchem.org


www.chemmedchem.org

MED

2H, SO,CH,), 3.08 (t, 3)=7.5 Hz, 2H, SO,CH,), 2.80 (s, 1H, NOH),
2.01 (m, 2H, CH,), 1.99 (s, 3H, COCH,), 1.22 ppm (t, >J=5.8 Hz, 3H,
CH,); "™CNMR (100 MHz, [Dgacetone), 6=174.58 (CO), 49.11
(SO,CH,), 46.61 (SO,CH,), 4624 (brs, NCH,), 19.84 (CH,), 19.78
(COCH,), 5.96 ppm (CH,); IR (total reflection): #=1608 cm~' (C=0);
HRMS (El) m/z: caled for C,H;sNO,S: 209.0722 [M]*, found:
209.0713.

N-Hydroxy-N-[3-(n-propylsulfonyl)propyllacetamide (18): Yield:
152mg (80%), whitish solid, mp=96°C; 'HNMR (400 MHz,
[Dglacetone), 6=3.70 (t, 3)=6.6 Hz, 2H, CH,N), 3.04 (t, >J=7.8 Hz,
2H, SO,CH,), 3.03 (t, ¥)=7.5Hz, 2H, SO,CH,), 2.87 (s, 1H, NOH),
2.04 (m, 2H, CH,), 2.02 (s, 3H, COCH,), 1.79 (m, 2H, CH,), 1.05 ppm
(t, *J=5.8 Hz, 3H, CH,); *C NMR (100 MHz, [D¢]acetone), 5 = 174.28
(CO), 53.95 (SO,CH,), 49.91 (SO,CH,), 46.23 (brs, NCH,), 19.84 (CH,),
19.78 (COCHs), 15.65 (CH,), 12.52 ppm (CH,); IR (KBr): #=1613 cm™"
(C=0); HRMS (El) m/z: calcd for CgH,,NO,S: 223.0878 [M]*, found:
223.0879.

N-Hydroxy-N-[3-(n-butylsulfonyl)propyllacetamide (19): Yield:
186 mg (92%), white solid, mp=103°C; 'HNMR (400 MHz,
[Dglacetone), 6=3.71 (t, *J=6.6 Hz, 2H, CH,N), 3.04 (t, 3/=7.8 Hz,
2H, SO,CH,), 3.03 (t, *J=7.5Hz, 2H, SO,CH,), 2.86 (s, 1H, NOH),
2.04 (m, 2H, CH,), 2.01 (s, 3H, COCH;), 1.76 (m, 2H, CH,), 1.47 (m,
2H, CH,), 0.97 ppm (t, ¥=5.8Hz, 3H, CH,).; *CNMR (100 MHz,
[Dglacetone), 6 =174.18 (CO), 52.14 (SO,CH,), 49.78 (SO,CH,), 46.34
(brs, NCH,), 23.96 (CH,), 21.63 (CH,), 19.94 (CH,), 19.90 (COCH,),
13.17 ppm (CHs); IR (KBr): #=1613 cm™' (C=0); HRMS (El) m/z:
caled for CgH,oNO,S: 237.1035 [M]*, found: 237.1017.

N-Hydroxy-N-[3-(benzylsulfonyl)propyllacetamide (20): Yield:
173 mg (75%), whitish solid, mp=125°C; 'HNMR (400 MHz,
MeOH-d,), 6 =7.43-7.37 (m, 5H, Ar), 4.40 (s, 2H, SO,CH,Ph), 3.70 (t,
3)=6.6 Hz, 2H, CH,N), 3.01 (t, *J=7.8 Hz, 2H, SO,CH,), 2.80 (s, 1H,
NOH), 2.07 (m, 2H, CH,), 2.01 ppm (s, 3H, COCH,); "™C NMR
(100 MHz, MeOH-d;), 6=173.99 (CO), 132.12, 129.86 (5CH, Ar),
129.82 (Cq), 5843 (SO,CH,), 48.66 (SO,CH,), 46.23 (brs, NCH,),
19.33 (CH,), 18.85 ppm (COCH.); IR (KBr): #=1614cm™ (C=0);
HRMS (El) m/z: caled for Cy,H,,NO,S: 271.0878 [M]*, found:
271.0857.

N-Hydroxy-N-[3-(phenethylsulfonyl)propyllacetamide (21): Yield:
165 mg (68 %), white solid, mp=115°C; "H NMR (400 MHz, MeOH-
d;), 0=7.33-7.18 (m, 5H, Ar), 3.70 (t, >)=6.6 Hz, 2H, CH,N), 3.36 (t,
3)=7.8 Hz, 2H, SO,CH,), 3.11 (t, >J=8.0 Hz, 2H, CH,Ph), 3.04 (t, *J=
7.5 Hz, 2H, SO,CH,), 2.50 (s, 1H, NOH), 2.07 (m, 2H, CH,), 2.01 ppm
(s, 3H, COCH,); “CNMR (100 MHz, MeOH-d,), 6=174.12 (CO),
139.44 (Cq), 129.88, 129.59, 127.93 (5CH, Ar), 55.43 (SO,CH,), 51.66
(SO,CH,), 47.93 (brs, NCH,), 28.98 (CH,), 20.66 (CH,), 20.22 ppm
(COCH,); IR (KBr): #=1610cm™' (C=0); HRMS (El) m/z: calcd for
Cy5H1NO,S: 285.1035 [M]*, found: 285.1035.

3-[Acetyl(benzyloxy)aminolpropane-1-sulfonyl  chloride (23):
Sodium 3-[acetyl(benzyloxy)amino]propane-1-sulfonate 22
(800 mg, 2.62 mmol), toluene (10 mL) and SOCI, (0.262 mL, 1 mL/
0.1 mmol of acid) were added successively and dropwise to a 25-
mL two-necked round-bottom flask that was flushed with inert gas
and equipped with a magnetic stirring bar. The mixture was
heated at reflux, and the reaction was monitored by TLC. After stir-
ring of the mixture for 2 h and evaporation of the solvent and
excess SOCI,, crude 3-[acetyl(benzyloxy)amino]propane-1-sulfonyl
chloride 23 (498 mg, 62%) was obtained, and was used without
further purification in the next step.

N-(Benzyloxy)-N-[3-(N-alkylsulfamoyl)propyllacetamide (24-28):
Crude 3-[acetyl(benzyloxy)amino]propane-1-sulfonyl chloride 23
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(498 mg, 1.62 mmol, 1equiv), RNH, (R=Bn, Me, Et, nPr, nBu;
4.86 mmol, 3 equiv), and CH,Cl, (20 mL) were added to a 20-mL
two-necked round-bottom flask that was flushed with inert gas
and equipped with a magnetic stirring bar. The resulting mixture
was stirred at room temperature, and the reaction was monitored
by TLC. After 12 h of stirring followed by evaporation of the sol-
vent and excess amine, the crude product was dissolved in Et,0
(3 mL) and filtered through a short pad of celite, which was then
thoroughly washed with Et,O. Evaporation of the solvent under re-
duced pressure afforded N-(benzyloxy)-N-[3-(N-alkylsulfamoyl)pro-
pyllacetamides 24-28 in good chemical purity without further pu-
rification.

N-(Benzyloxy)-N-[3-(benzylsulfamoyl)propyllacetamide (24):
Yield: 520 mg (53% over two steps, from 22); pale-yellow solid;
'H NMR (400 MHz, CDCl;), 6=7.43-7.30 (m, 10H, Ar), 4.81 (s, 2H,
CH,ON), 4.63 (t, *J=5.8Hz, 1H, NH), 426 (d, *J=6.0Hz, 2H,
SO,NCH,Ph), 3.74 (t, >J=6.6 Hz, 2H, CH,N), 2.95 (t, >J=7.8 Hz, 2H,
SO,CH,), 2.09 (m, 2H, CH,), 2.08 ppm (s, 3H, COCH,); *C NMR
(100 MHz, CDCl,), 6=172.30 (CO), 137.35 (Cq), 134.09 (Cq), 129.29,
129.15, 128.86, 128.80, 128.07, 127.91 (10CH, Ar), 76.42 (OCH,),
50.67 (SO,CH,), 47.18 (NCH,Ph), 43.28 (brs, NCH,), 21.65 (CH,),
20.44 ppm (COCH,).

N-(Benzyloxy)-N-[3-(ethylsulfamoyl)propyllacetamide (26): Yield:
478 mg (59% over two steps, from 22); pale-yellowish solid;
'H NMR (400 MHz, CDCly), 6=7.42-7.36 (m, 5H, Ar), 4.83 (s, 2H,
CH,ON), 4.27 (brt, 3J=5.5Hz, 1H, NH), 3.78 (t, >J=6.6 Hz, 2H,
CH,N), 3.12 (dq, 3J=5.8 Hz, 3J=5.5Hz, 2H, SO,NCH,), 2.99 (t, 3=
7.8Hz, 2H, SO,CH,), 2.11 (m, 2H, CH,), 2.10 (s, 3H, COCH,),
1.18 ppm (t, J=5.8 Hz, 3H, CH,); ®CNMR (100 MHz, CDCl,), 6 =
172.23 (CO), 133.98 (Cq), 129.29, 129.15, 128.80 (5CH, Ar), 76.75
(OCH,), 50.01 (SO,CH,), 43.92 (brs, NCH,), 38.27 (SO,NCH,), 21.70
(CH,), 20.44 (COCH,), 15.83 ppm (CH,).

N-(Benzyloxy)-N-[3-(n-propylsulfamoyl)propyllacetamide (27):
Yield: 476 mg (56% over two steps, from 22); pale-yellow solid;
'HNMR (400 MHz, CDCly), 6§ =7.42-7.37 (m, 5H, Ar), 483 (s, 2H,
CH,ON), 4.24 (t, >)=6.4 Hz, TH, NH), 3.78 (t, >J=6.6 Hz, 2H, CH,N),
3.05 (dt, ¥)=5.8Hz, ¥)=6.4Hz, 2H, SO,NCH,), 3.03 (t, *J=7.8 Hz,
2H, SO,CH,), 2.11 (m, 2H, CH,), 2.10 (s, 3H, COCH;), 1.56 (m, 2H,
CH,), 0.92 ppm (t, >J=5.8 Hz, 3H, CH,); >C NMR (100 MHz, CDCl,),
0=172.23 (CO), 134.09 (Cq), 129.29, 129.16, 128.81 (5 CH Ar), 76.72
(OCH,), 50.02 (SO,CH,), 44.99 (SO,NCH,), 42.03 (brs, NCH,), 23.61
(CH,), 21.73 (CH,), 20.44 (COCH,), 11.05 ppm (CH5).

N-(Benzyloxy)-N-[3-(n-butylsulfamoyl)propyllacetamide (28):
Yield: 488 mg (55% over two steps, from 22); pale-yellow solid;
"H NMR (400 MHz, CDCly), 6=7.42-7.36 (m, 5H, Ar), 482 (s, 2H,
CH,ON), 4.18 (t, >)=6.4 Hz, TH, NH), 3.78 (t, >J=6.6 Hz, 2H, CH,N),
3.05 (dt, >J=5.8 Hz, 3J=6.4 Hz, 2H, SO,NCH,), 3.03 (t, *J=7.8 Hz,
2H, SO,CH,), 2.11 (m, 2H, CH,), 2.10 (s, 3H, COCH,), 1.36 (m, 2H,
CH,), 1.35 (m, 2H, CH,), 0.91 ppm (t, >J=5.8 Hz, 3H, CH,); *C NMR
(100 MHz, CDCl;), 6=172.10 (CO), 134.07 (Cq), 129.26, 129.11,
128.76 (5CH, Ar), 76.68 (OCH,), 52.55 (SO,CH,), 49.79 (SO,NCH,),
42.97 (brs, NCH,), 32.27 (CH,), 21.65 (CH,), 20.40 (COCH.), 19.67
(CH,), 9.40 ppm (CH,).

N-Hydroxy-N-(3-sulfamoylpropyl) acetamide (29) and N-hydroxy-
N-(3-(N-alkylsulfamoyl)propyl)acetamide (30-33): N-(benzyloxy)-
N-[3-(N-alkylsulfamoyl)propyllacetamide 24-28 (0.66 mmol,
1.0 equiv), pure MeOH (5 mL), and, carefully, 10% Pd/C (46 mg)
were added to a 20-mL two-necked round-bottom flask that was
flushed with inert gas and equipped with a magnetic stirring bar.
The heterogeneous mixture was stirred at room temperature
under H,, and the reaction was monitored by TLC. After 3 h of stir-
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ring followed by evaporation of the solvent, the crude product
was dissolved in MeOH (3 mL) and filtered through a short pad of
celite, which was then thoroughly washed with MeOH. Evaporation
of the solvent under reduced pressure gave N-hydroxy-N-(3-sulfa-
moylpropyl)acetamide 29 and N-hydroxy-N-(3-(N-alkylsulfamoyl)-
propyl)acetamides 30-33.

N-Hydroxy-N-(3-sulfamoylpropyl)acetamide (29): Yield: 98 mg
(76 %), yellowish oil; 'TH NMR (400 MHz, CD,0H), 6 =(t, >J=6.6 Hz,
2H, CH,N), 3.06 (t, *J=7.8 Hz, 2H, SO,CH,), 2.10 (s, 3H, COCH,),
2.06 ppm (m, 2H, CH,); *CNMR (100 MHz, CD;OH), 6=172.40
(CO), 49.13 (CH,SO,), 44.20 (brs, NCH,), 22.06 (COCH;), 20.84 ppm
(CH,).

N-Hydroxy-N-[3-(ethylsulfamoyl)propyllacetamide (31): Yield:
125 mg (84%), pale-yellow solid, mp=123°C; 'H NMR (400 MHz,
CD;0H), 6=3.72 (t, *J=6.6 Hz, 2H, CH,N), 3.07 (t, >J=7.8 Hz, 2H,
SO,CH,), 3.02 (m, 2H, SO,NCH,), 2.09 (s, 3H, COCH,), 2.06 (m, 2H,
CH,), 1.16 ppm (t, >J=5.8 Hz, 3H, CH,); *C NMR (100 MHz, CD,OH),
6=172.23 (CO), 50.01 (SO,CH,), 43.92 (brs, NCH,), 38.27 (SO,NCH,),
21.70 (CH,), 20.44 (COCH,), 15.83 ppm (CH,); IR (KBr): #=3279
(NH), 1600cm™" (C=0); HRMS (El) m/z: calcd for C,H,¢N,0,S:
2240831 [M]*, found: 224.00821.

N-Hydroxy-N-[3-(n-propylsulfamoyl)propyllacetamide (32): Yield:
126 mg (80%), pale-yellow solid, mp=137°C; 'H NMR (400 MHz,
CD,OH), 6=3.74 (t, *J=6.6 Hz, 2H, CH,N), 3.06 (m, 2H, SO,NCH,),
3.01 (t, >J=7.8Hz, 2H, SO,CH,), 2.11 (m, 2H, CH,), 2.10 (s, 3H,
COCHs), 1.55 (m, 2H, CH,), 094 ppm (t, 3J=59Hz, 3H, CH,);
3CNMR (100 MHz, CD;0H), 6=172.29 (CO), 50.02 (SO,CH,), 43.99
(SO,NCH,), 42.03 (brs, NCH,), 23.61 (CH,), 21.73 (CH,), 20.46
(COCH;), 11.0 ppm (CH,); IR (KBr): #=3292 (NH), 1601 cm™' (C=0);
HRMS (El) m/z: calcd for CgHqeN,O,S: 238.0987 [M]*, found:
238.0987.

N-Hydroxy-N-[3-(n-butylsulfamoyl)propyllacetamide (33): Yield:
127 mg (76%), pale yellow solid, mp=138°C; '"H NMR (400 MHz,
CD;0H), 0=3.78 (t, >J=6.6 Hz, 2H, CH,N), 3.05 (m, 2H, SO,NCH,),
3.02 (t, JJ=7.8Hz, 2H, SO,CH,), 2.11 (m, 2H, CH,), 2.10 (s, 3H,
COCH,), 1.52 (m, 2H, CH,), 1.40 (m, 2H, CH,), 0.94 ppm (t, *J=
5.8 Hz, 3H, CH;); *C NMR (100 MHz, CD,;0H), 6 =172.10 (CO), 52.45
(SO,CH,), 45.71 (SO,NCH,), 42.93 (brs, NCH,), 32.27 (CH,), 21.65
(CH,), 20.40 (COCH,), 19.77 (CH,), 9.49 ppm (CHs); IR (KBr): #=23281
(NH), 1600 cm™" (C=0); HRMS (EI) m/z: calcd for CoHyN,0,S:
252.1144 [M]*, found: 252.1125.

Synthesis of the [3-(acetyl(benzyloxy)amino)propyllphosphonic
acid benzyl ester alkyl esters (36-40): [3-(Acetyl(benzyloxy)ami-
no)propyllphosphonic acid monobenzyl ester 35 (prepared accord-
ing to ref. [13] and was used without purification; 3.77 g, 10 mmol,
1.0 equiv) was dissolved in DMF (20mL) and Et;N (1.4 mL,
10 mmol, 1.0 equiv) was added. After stirring for 0.5 h the appro-
priate alkyl iodide (20 mmol, 2.0 equiv) was added, and the mixture
was stirred at 60 °C for 6 h. The solvent was removed and the resi-
due was dissolved in CH,Cl,. The solution was washed with aq
NaHCO;, aq Na,S,0; and H,0, and dried (Na,SO,). After removal of
the solvent the residue was purified by column chromatography
on silica gel, eluting with CH,Cl,/MeOH (98:2 or 99:1).

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid benzyl ester
methyl ester (36): Yield: 665 mg (17%), yellowish oil; 'H NMR
(400 MHz, CDCly), 6=7.31-7.39 (m, 10H, Ar), 506 (d, 2H, *Jjp=
8.7 Hz, POCH,), 4.79 (s, 2H, NOCH,), 3.68 (t, 2H, *J=6.6 Hz, NCH,),
3.64 (d, 2H, *Jyp=11.0 Hz, POCH,), 2.08 (s, 3H, CH;), 1.70-1.79 (m,
2H, CH,), 1.87-198ppm (m, 2H, CH,); "CNMR (100 MHz,
[D;IDMSO), 6=172.55 (CO), 136.46 (d, *Jp=5.4Hz, POCH,0),
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134.39 (NOCH,(C), 129.30, 129.11, 128.84, 128.73, 128.55, 128.05
(10C, Ar), 76.49 (NOCH,), 67.41 (d, 2Jcp=7.1 Hz, 2xPOCH,), 52.30
(d, Jep=6.9 Hz, 2xPOCH,), 45.37 (NCH,), 23.85 (d, "Jep=142 Hz,
PCH,), 20.58 (COCHs), 20.27 ppm (d, 2cp=4.6 Hz, PCH,CH,);
P NMR (202 MHz, CDCly), 6=33.84 ppm; IR (liquid film): v=
1661 cm™' (C=0). HRMS (FAB) m/z: caled for C,oH,NOsPH:
392.1627 [M+H]", found: 392.1625.

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid ethyl ester
benzyl ester (37): Yield: 284 mg (7%), yellowish oil; 'H NMR
(500 MHz, CDCly), 6=7.71-7.79 (m, 3H, Ar), 7.61 (s, 1H, Ar), 7.40-
746 (m, 2H, Ar), 7.23-736 (m, 11H, Ar), 4.87-5.05 (m, 2H,
POCH,Ph), 4.70 (s, 2H, NOCH,), 4.14-4.31 (m, 2H, POCH,CH,), 3.59
(brs, 2H, NCH,), 3.07 (t, 2H, *J=6.9 Hz, POCH,CH,), 2.04 (s, 3H,
COCH,), 1.64-1.93 ppm (m, 4H, PCH,CH,); “CNMR (125 MHz,
CDCly), 6=172.66 (CO), 136.56 (d, *Jc,=6.1 Hz, POCH,0), 134.43
(NOCH,(), 129.26, 129.08, 128.81, 128.68, 128.46, 127.97 (10CH, Ar),
76.50 (NOCH,), 61.81 (d, 2Jcp=6.7 Hz, POCH,CH;), 67.22 (d, YJcp=
5.7 Hz, POCH,C), 45.45 (NCH,), 23.33 (d, "Jc, =142 Hz, PCH,), 20.55
(COCH;), 2033 (d, *Jep=4.0 Hz, PCH,CH,), 16.47 ppm (d, *Jcp=
5.8 Hz, POCH,CH,); *'P NMR (202 MHz, CDCl;), 0=32.48 ppm; IR
(liquid film): #=1651cm™" (C=0); HRMS (FAB) m/z: calcd for
C,;H,sNO.P: 405.1705 [M] ", found: 405.1706.

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid propyl ester
benzyl ester (38): Yield: 336 mg (8%), yellowish oil; 'H NMR
(500 MHz, CDCl3), =7.30-7.39 (m, 10H, Ar), 5.05 (d, *Jy,=8.9 Hz,
2H, POCH,Ph), 4.79 (s, 2H, NOCH,), 3.84-3.99 (m, 2H, POCH,CH,),
3.69 (t, >J=6.1 Hz, 2H, NCH,), 2.08 (s, 3H, COCH,), 1.89-1.97 (m,
2H, CH,), 1.71-1.78 (m, 2H, CH,), 1.59-1.66 (m, 2H, CH,), 0.90 ppm
(t, 2)=7.5Hz, 3H, POCH,CH,); *C NMR (125 MHz, CDCl;), 5 =172.40
(CO), 136.44 (d, *Jcp=5.8 Hz, POCH,0), 134.26 (NOCH,(), 129.14,
128.96, 128.68, 128.55, 128.33, 127.84 (10CH, Ar), 76.34 (NOCH,),
67.16 (d, 2Jcp=7.6 Hz, POCH,), 67.08 (d, *Jc,=5.8 Hz, POCH,), 45.42
(NCH,), 9.97 (CH,-CHs), 23.78 (d, *Jcp=5.8 Hz, POCH,CH,), 23.12 (d,
Jep=143 Hz, PCH,), 20.44 (CO-CHs), 20.21 ppm (d, *Jep=5.9 Hz,
PCH,CH,); *'P NMR (202 MHz, CDCl,), 6=32.47; IR (liquid film): 7=
1663 cm™' (C=0); HRMS (FAB) m/z: caled for C,,H;NOsPH:
420.1490 [M+H]*, found: 420.1910.

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid benzyl ester
butyl ester (39): Yield: 477 mg (11%), yellowish oil; 'H NMR
(500 MHz, CDCl3), 6=7.29-7.38 (m, 10H, Ar), 5.05 (d, 2H, )=
8.8 Hz, POCH,Ph), 4.78 (s, 2H, NOCH,), 3.88-4.02 (m, 2H,
POCH,CH,), 3.68 (t, 2H, *J=6.5Hz, NCH,), 2.08 (s, 3H, COCH,),
1.88-1.96 (m, 2H, PCH,CH,), 1.70-1.77 (m, 2H, PCH,), 1.55-1.61 (m,
2H, POCH,CH,), 1.30-1.37 (m, 2H; POCH,CH,CH,), 0.89 ppm (t, *J=
7.4 Hz, 3H, CH,CH;); CNMR (125 MHz, CDCly), 6=172.35 (CO),
136.42 (d, *Jcp=>5.8 Hz, POCH,(), 134.26 (NOCH,C), 129.11, 128.93,
128.66, 128.52, 128.30, 127.82 (10CH, Ar), 76.31 (NOCH,), 67.77 (d,
2J.p=6.8 Hz, POCH,Ph), 65.39 (d, Ycp=6.7 Hz, POCH,CH,), 4534
(NCH,), 32.41 (d, *Jcp=5.7 Hz, POCH,CH,), 23.10 (d, "Jop=142 Hz,
PCH,), 20.41 (COCH,), 20.19 (d, %Jcp=4.0 Hz, PCH,CH,), 18.63 ppm
(POCH,CH,CH,), 13.52 (CH,CHs); *'PNMR (202 MHz, CDCL,),
6032.49. ppm; IR (liquid film): #=1665 cm™' (C=0). HRMS (FAB) m/
z: calcd for C,3H;,NOsPH: 434.2096 [M+H]", found: 434.2104.

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid benzyl ester
3-methyl-butyl ester (40): Yield: 716 mg (16%), yellowish oil;
'H NMR (500 MHz, CDCl,), 6=7.29-7.38 (m, 10H, Ar), 5.05 (d, 2H,
*Jyp=8.7 Hz, POCH,Ph), 4.78 (s, 2H, NOCH,), 3.89-4.05 (m, 2H,
POCH,CH,), 3.68 (t, 2H, *J=6.2Hz, NCH,), 2.08 (s, 3H, COCH,),
1.89-1.96 (m, 2H, PCH,-CH,), 1.61-1.77 (m, 3H, PCH, 4+ CH), 1.46-
1.50 (m, 2H, POCH,CH,), 0.86-0.87 ppm (m, 6H, 2xCH,); *C NMR
(125 MHz, CDCly), 6 =172.45 (CO), 136.43 (d, *Jcp,="5.8 Hz, POCH,0),
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13426 (NOCH,0), 129.13, 128.95, 12868, 128.54, 12833, 127.85
(10CH, Ar), 76.33 (NOCH,), 67.13 (d, Jc,=5.7 Hz, (POCH,Ph), 64.16
(d, YJep=7.5Hz, POCH,CH,), 45.27 (NCH,), 39.08 (d, *Jp=5.7 Hz,
POCH,CH,), 24.52 (POCH,CH,CH), 23.12 (d, 'Jep=143 Hz, PCH)),
2230 (2C, 2xCH,), 2042 (COCH,), 2021 ppm (d, Jc,=4.8Hz,
PCH,CH,); *'P NMR (202 MHz, CDCly), 6=32.51 ppm; IR (liquid film):
#=1662cm™' (C=0); HRMS (FAB) m/z: calcd for C,H;,NOsPH:
4482253 [M+H] ", found: 448.2254.

Synthesis of the [3-(acetyl(benzyloxy)amino)propyllphosphonic
acid benzyl ester arylethyl esters (41-43): 3-(Acetylbenzyloxyami-
no)propyllphosphonic acid monobenzyl ester 35 (prepared accord-
ing to" and used without purification; 3.77 g, 10 mmol, 1.0 equiv)
was dissolved in DMPU (20mL) and Et;N (1.4 mL, 10 mmol,
1.0 equiv) was added. After stirring for 0.5 h the appropriate aryl
ethyl halide (20 mmol, 2.0 equiv) was added followed by Nal
(1.50 g, 10 mmol, 1.0 equiv). The resulting mixture was stirred at
80°C for 4 h. A further quantity of Nal was added, and the stirring
was continued for another 4 h. The mixture was precipitated into
hexane (800 mL) at 0°C, and the hexane solution was removed by
decantation. The last step was repeated twice, and the residue was
dissolved in CH,Cl,. The solution was washed with ag NaHCO;, aq
Na,S,0;, H,O and dried (Na,SO,). The solvent was removed and the
residue was purified by column chromatography on silica gel by
eluting with CH,Cl,/MeOH (98:2 or 99:1).

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid benzyl ester
phenethyl ester (41): Prepared from phenethyl iodide without ad-
dition of Nal. Yield: 963 mg (20%), yellowish oil; '"H NMR (500 MHz,
CDCly), 6=7.15-7.37 (m, 15H, Ar), 4.89-5.00 (m, 2H, POCH,Ph),
4.76 (s, 2H, NOCH,), 4.05-4.23 (m, 2H, POCH,CH,Ph), 3.63 (brs, 2H,
NCH,), 2.88-2.92 (m, 2H, POCH,CH,Ph), 2.07 (s, 3H, COCH,), 1.81-
1.90 (m, 2H, CH,), 1.56-1.71 ppm (m, 2H, CH,); *C NMR (125 MHz,
CDCly), =137.22 (d, *cp=1.9 Hz, POCH,CH,0), 136.34 (d, *Jcp=
5.5 Hz, POCH,(), 134.27 (NOCH,(), 129.13, 128.95, 128.67, 128.54,
128.42, 128.33, 127.84, 126.60 (10CH, Ar), 76.34 (NOCH,), 67.00 (d,
2Jep=7.0 Hz, POCH,), 66.00 (d, %Jc,=6.7 Hz, POCH,), 45.21 (NCH,),
36.93 (d, *Jcp=3.8 Hz, POCH,CH,), 23.06 (d, "Jop=142 Hz, PCH,),
2041 (COCHy), 20.12 ppm (d, 2Jcp=4.8Hz, PCH,CH,); *'P NMR
(202 MHz, CDCl;), 6=32.56; IR (liquid film): #=1667 cm™' (C=0);
HRMS (FAB) m/z: calcd for C,,H;,NOsPH: 482.2096 [M+H]", found:
482.2112.

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid benzyl ester
2-naphthalen-2-yl-ethyl ester (42): Prepared from 2-(2-naphthyl)
ethyl chloride (synthesized according to ref.[19]); yield: 266 mg
(5%), yellowish oil; "H NMR (500 MHz, CDCls), 6=7.71-7.79 (m, 3H,
Ar), 7.61 (s, 1H, Ar), 7.40-7.46 (m, 2H, Ar), 7.23-7.36 (m, 11H, Ar),
4.87-5.05 (m, 2H, POCH,), 4.70 (s, 2H, NOCH,), 4.14-4.31 (m, 2H,
POCH,CH,), 3.59 (brs, 2H, NCH,), 3.07 (t, >J=6.9 Hz, 2H, POCH,CH,),
2.04 (s, 3H, COCH,), 1.64-1.93 ppm (m, 4H, PCH,CH,); C NMR
(125 MHz, CDCly), 6 =136.43 (d, *Jc, = 6.2 Hz, POCH,(), 134.89 (qua-
ternary naphth-C), 134.41 (NOCH,C), 133.59 (quaternary naphth-C),
132.39 (d, *Jcp=2.3 Hz, POCH,CH,(), 129.28, 129.09, 128.82, 128.71,
128.52, 128.22, 128.05, 127.95, 127.66, 127.62, 127.40, 126.18,
125.67 (17CH, Ar), 76.39 (NOCH,), 67.17 (d, *Jc,=6.9 Hz, POCH,Q),
66.03 (d, Jcp=6.9 Hz, POCH,CH,), 45.42 (NCH,), 37.15 (d, *Jep=
6.2 Hz, POCH,CH,), 23.23 (d, 'Jcp=142 Hz, PCH,), 20.56 (COCH,),
20.27 ppm (d, *Jcp=3.8 Hz, PCH,CH,); *'P NMR (202 MHz, CDCls),
0=32.69 ppm; IR (liquid film): #=1661 cm™' (C=0); HRMS (El) m/z:
caled for C34H3,NOsP: 531.2175 [M] ", found: 531.2145.

[3-(Acetyl(benzyloxy)amino)propyllphosphonic acid benzyl ester
2-naphthalen-1-yl-ethyl ester (43): Prepared from 1-naphthyl
ethyl bromide. Yield: 478 mg (9%), yellowish oil; "TH NMR (500 MHz,
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CDCly), 6=7.96-8.00 (m, 1H, Ar), 7.80-7.85 (m, TH, Ar), 7.68-7.74
(m, TH, Ar), 7.43-7.52 (m, 3H, Ar), 7.25-7.39 (m, 11H, Ar), 4.88-5.05
(m, 2H, POCH,Ph), 4.74 (s, 2H, NOCH,), 4.14-436 (m, 2H,
POCH,CH,Ph), 3.62 (brs, 2H, NCH,), 3.33-341 (m, 2H,
POCH,CH,Ph), 2.06 (s, 3H, COCH,), 1.56-1.89 ppm (m, 2H,
PCH,CH,); "*CNMR (125 MHz, CDCl), 6=137.22 (d, e, =19 Hz,
POCH,CH,), 136.34 (d, *Jcp=5.5Hz, POCH,(), 134.27 (NOCH,Q),
129.13, 12895, 128.67, 128.54, 128.42, 128.33, 127.84, 126.60
(10CH, Ar), 76.34 (NOCH,), 67.00 (d, 2Jc,=7.0 Hz, POCH,), 66.00 (d,
2Jp=6.7 Hz, POCH,CH,), 4521 (NCH,), 36.93 (d, *J,=3.8Hz
POCH,CH,), 23.06 (d, 'Jcp= 142 Hz, PCH,), 20.41 (COCHs), 20.12 ppm
(d, %cp=48Hz, PCH,CH,); *PNMR (202 MHz, CDCly), 6=
32.71 ppm; IR (liquid film): #=1670 cm™' (C=0); HRMS (FAB) m/z:
caled for C3,H;,NOsPH: 532.2253 [M+H] ", found: 532.2252.

Synthesis of the [3-(acetyl(hydroxy)amino)propyllphosphonic
acid monoesters (44-51): The [3-(acetyl-
(hydroxy)amino)propyllphosphonic acid benzyl ester alkyl ester
36-43 (0.5 mmol), pure MeOH (5 mL) and 10% Pd/C (20 mg) were
carefully added to a 20-mL two-necked round-bottom flask. The
heterogeneous mixture was stirred at room temperature under H,,
and the reaction was monitored by consumption of H,. After com-
pletion of the reaction the catalyst was filtered off, and the solvent
was removed.

[3-(Acetyl(hydroxy)amino)propyllphosphonic acid monomethyl
ester (44): Yield: 105 mg (99%), light-red oil; 'H NMR (500 MHz,
[D]DMSO), 6 =3.50-3.53 (m, 5H, POCH; + NCH,), 1.97 (s, 3H, CH,),
1.69-1.75 (m, 2H, CH,), 1.52-1.59 (m, 2H, CH,); *C NMR (125 MHz,
[DJIDMSO), 0=170.94 (CO), 5149 (d, cp=5.0Hz, 2xPOCH,),
48.20 (d, *Jc,=18.2 Hz, NCH,), 23.30 (d, 'Jcp=138 Hz, PCH,), 20.89
(COCH;), 20.80 (d, Ycp=3.0Hz, PCH,CH,); *PNMR (202 MHz,
[DIDMSO), 6=22.79; IR (liquid film): #=1621 cm™" (C=0); HRMS
(FAB) m/z: caled for CeH,,;NOsPH: 212.0688 [M+H]", found:
212.0687.

[3-(Acetyl(hydroxy)amino)propyllphosphonic monoethyl ester
(45): Yield: 111 mg (99%), light red oil; 'HNMR (500 MHz,
[DgIDMSO), 6=3.87-3.95 (m, 2H, POCH,), 3.52 (t, 2H, *J=6.9 Hz
NCH,), 1.97 (s, 3H, COCH,), 1.65-1.77 (m, 2H, CH,), 1.52-1.61 (m,
2H, CH,), 1.20ppm (t 3H, *J=7.0Hz, POCH,CH;); "*CNMR
(125 MHz, [DgIDMSO), 6= 17028 (CO), 59.81 (d, Ycp=6.1Hz,
POCH,CH,), 47.64 (NCH,), 23.18 (d, 'Jep=138Hz, PCH,), 20.26
(COCHs), 20.09 (d, “cp=6.3Hz, PCH,CH,), 1633 ppm (d, *Jep=
6.1 Hz, POCH,CH;); *P NMR (202 MHz, [D,JDMS0), 6=29.17; IR
(liquid film): #=1620cm™' (C=0); HRMS (FAB) m/z: calcd for
C,H,(NOPH: 226.0844 [M+H] ", found: 226.0827.

[3-(Acetyl(hydroxy)amino)propyllphosphonic  acid  mono-n-
propyl ester (46): Yield: 118 mg (99%), light red oil; 'H NMR
(500 MHz,[Dg]DMSO), 6 =3.74-3.78 (m, 2H, POCH,CH,), 3.51 (t, 2H,
*J=6.2 Hz, NCH,), 1.97 (s, 3H, C=OCH,), 1.72 (m, 2H, CH,), 1.51-
1.58 (m, 4H, 2xCH,), 0.88 ppm (t, 3H, *J=7.4 Hz, CH,CH,); *C NMR
(125 MHz, [DDMSO), 8= 70.84 (CO), 6579 (d, *Jp=6.6 Hz,
POCH,), 48.17 (NCH,), 24.13 (d, *Jc,=6.0 Hz, POCH,CH,), 23.95 (d,
Jep=144 Hz, PCH,), 20.91 (C=0CH,), 20.89 (PCH,CH,), 10.70 ppm
(CH,H5); *'P NMR (202 MHz, CDCl,), 6 =26.66 ppm; IR (liquid film):
#=1621cm™' (C=0); HRMS (FAB) m/z: calcd for C,,H;NOsPH:
240.1001 [M+H]*, found: 240.1015.

[3-(Acetyl(hydroxy)amino)propyllphosphonic acid mono-n-butyl
ester (47): Yield: 125 mg (99%), light-red oil; "H NMR (500 MHz,
CD,0D), =3.96-3.99 (m, 2H, POCH,CH,), 3.67 (t, 2H, 3J=6.5 Hz,
NCH,), 2.10 (s, 3H, COCH,), 1.85-1.93 (m, 2H, PCH,CH,), 1.61-1.73
(m, 4H, POCH,CH, + PCH,), 1.40-135 (m, 2H, POCH,CH,CH,),
0.95 ppm (t, 3H, 3/=7.4 Hz, CH,CH,); *C NMR (125 MHz, CD,OD,
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DEPT), 6=173.23 (CO), 65.22 (d, Ycp=6.5 Hz, POCH,CH,), 48.69
(NCH,), 33.14 (d, *Jcp=6.1 Hz, POCH,CH,), 23.50 (d, "Jcp=136 Hz,
PCH,), 2072 (d, %Jp=3.2Hz, PCH,CH,), 19.57 (COCH,), 19.23
(POCH,CH,CH,), 13.34 ppm (CH,CH,); *'P NMR (202 MHz, CD,0D),
0=30.79 ppm; IR (liquid film): ¥=1618 cm™' (C=0); HRMS (FAB)
m/z: calcd for CoH,oNOsPH: 254.1157 [M+H] ™, found: 254.1161.

[3-(Acetyl(hydroxy)amino)propyllphosphonic  acid  3-methyl-
butyl ester (48): Yield: 111 mg (83%), light red oil; 'H NMR
(500 MHz, CD,0D), 6 =3.98-4.02, (m, 2H, POCH,CH,), 3.66 (t, 2H,
*J=6.1 Hz, NCH,), 2.1 (s, 3H, COCH,), 1.84-1.94 (m, 2H, PCH,CH,),
1.67-1.80 (m, 3H, PCH, + CH), 1.52-1.56 (m, 2H, POCH,CH,),
0.93 ppm (t, 6H, *J=6.6H, 2xCH,); CNMR (100 MHz, CDCl,,
DEPT), d=173.41 (CO), 63.81 (d, %Jcp,=6.1 Hz, POCH,CH,), 48.68 (d,
*Jep=21.5Hz, NCH,), 39.75 (d, *Jc,=6.2Hz, POCH,CH,), 24.99
(POCH,CH,CH), 22.89 (d, 'Jcp=136 Hz, PCH,), 22.06 (2xCHj), 20.65
(d, Ycp=3.2Hz, PCH,CH,), 19.50 (COCH,); *P NMR (202 MHz,
CD;0D), =30.60 ppm; IR (liquid film): #=1662 cm™' (C=0); HRMS
(FAB) m/z: calcd for CioH,NOsPH: 268.13143 [M+H]*, found:
268.1333.

[3-(Acetyl(hydroxy)amino)propyllphosphonic acid monophe-
nethyl ester (49): Yield: 140 mg (93%), light-red oil; 'H NMR
(500 MHz, [Dc]DMSOQ), 6 =7.19-7.31 (m, 5H, Ar), 4.03-4.08 (m, 2H,
POCH,), 3.45-3.50 (m, 2H, NCH,), 2.84-2.90 (m, 2H, POCH,CH,),
1.97 (s, 3H, COCH,), 1.50-1.70 ppm (m, 4H, PCH,CH,); *C NMR
(125 MHz, [DJDMSO), 6=137.87 (POCH,CH,Cy,), 128.81, 128.18,
126.20 (5CH, Ar), 64.46 (d, Jcp=5.8 Hz, POCH,), 47.41 (NCH,), 36.37
(d, *Jep=5.7 Hz, POCH,CH,), 23.36 (d, 'Jep=142Hz, PCH,), 20.77
(PCH,CH,), 20.24 ppm (COCH,); *'P NMR (202 MHz, [DJDMSO), 6 =
29.25 ppm; IR (liquid film): 7=1615 cm™" (C=0); HRMS (FAB) m/z:
calcd for C;3H,,NOsPH: 302.1157 [M+H]*, found: 302.1104.

[3-(Acetyl(hydroxy)amino)propyllphosphonic acid mono(2-naph-
thalen-2-yl-ethyl) ester (50): Yield: 174 mg (99%), light red oil;
'H NMR (500 MHz, CD,0D), 6 =7.75-7.79 (m, 3H, Ar), 7.69 (s, 1H,
Ar), 7.34-7.44 (m, 3H, Ar), 421-4.26 (m, 2H, POCH,CH,), 3.56 (t, 2H,
*)=6.6 Hz, NCH,), 3.09 (t, 2H, *J=6.8 Hz, POCH,CH,), 2.09 (s, 3H,
COCH,), 1.59-1.81 ppm (m, 4H, PCH,CH,); CNMR (125 MHz,
CD,0D), 6=172.54 (CO), 135.48 (quaternary naphth-C), 133.76
(quaternary naphth-C), 132.51 (POCH,CH,C), 127.73, 127.29, 127.26,
127.25, 127.20, 125.71, 125.17 (7CH, Ar), 6532 (d, ZJC/pZS.S Hz,
POCH,CH,), 3691 (d, *Jcp=6.7 Hz, POCH,CH,), 22.97 (d, Jep=
141 Hz, PCH,), 20.02 (PCH,CH,), 18.93 ppm (COCHs); *'P NMR
(202 MHz, [DJDMSO0), 6 =32.57 ppm; IR (liquid film): #=1618 cm™'
(C=0); HRMS (ESI) m/z: calcd for C,;H,,NOsPNa: 374.113331
[IM+H]", found: 374.112219

[3-(Acetyl(hydroxy)amino)propyllphosphonic acid mono(2-naph-
thalen-1-yl-ethyl) ester (50): Yield: 149 mg (85%), light-red oil;
'H NMR (500 MHz, [D4g]DMSO0), 6 =7.37-8.13 (m, 7H, CH, Ar), 4.13-
4.17 (m, 2H, POCH,CH,Ph), 3.47 (t, 2H, ®*J=6.6 Hz, NCH,), 3.39-3.35
(m, 2H, POCH,CH,Ph), 1.96 (s, 3H, COCH,), 1.63-1.74 (m, 2H, CH,),
1.49-1.55 ppm (m, 2H, CH,);*CNMR ([DgDMSO, 125 MHz), é=
133.77 (quaternary naphth-C), 133.29 (quaternary naphth-C),
131.49 (quaternary naphth-C), 129.33, 129.29, 128.48, 126.88,
125.52, 125.43, 126.97 (7CH, Ar), 66.11 (d, *Jc, =8.6 Hz, POCH,CH,),
4758 (NCH,), 33.45 (POCH,CH,), 23.26 (d, 'Jcp=141Hz, PCH,),
2024 (COCH,;), 20.05ppm (PCH,CH,); *PNMR (202 MHz,
[DJDMSO), 6=28.97 ppm; IR (liquid film): #=1620 cm~'; HRMS
(ESI) m/z: caled for C;;H»,NOsPH: 352.1313 [M+H]*, found:
352.1281

ChemMedChem 2008, 3, 12321241

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgements

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG) Grant Nos. SCHL 383/3-1, 383/3-2 and the EU QLK2-
CT-2002-00887 (New Antimycobacterials).

Keywords: DOXP reductoisomerase - fosmidomycin - malaria -
non-mevalonate pathway - Plasmodium falciparum

11 J. Wiesner, F. Seeber, Expert Opin. Ther. Targets 2005, 9, 23-44.

2] J. Wiesner, H. Jomaa, Curr. Drug Targets 2007, 8, 3-13.

3] M. Rodriguez-Concepcioén, Curr. Pharm. Des. 2004, 10, 2391-2400.

4] F. Rohdich, A. Bacher, W. Eisenreich, Biochem. Soc. Trans. 2005, 33, 785-

791.

[5] M. Singh, G. Chevé, M. A. Avery, C. R. McCurdy, Curr. Pharm. Des. 2007,
13, 1161-1177.

[6] H. Jomaa, J. Wiesner, S. Sanderbrand, B. Altincicek, C. Weidemeyer, M.
Hintz, I. Turbachova, M. Eberl, J. Zeidler, H. K. Lichtenthaler, D. Soldati, E.
Beck, Science 1999, 285, 1573-1576.

[71 S. Borrmann, A. A. Adegnika, P-B. Matsiegui, S. Issifou, A. Schindler, D. P.
Mawili-Mboumba, T. Baranek, J. Wiesner, H. Jomaa, P.G. Kremsner, J.
Infect. Dis. 2004, 189, 901-908.

[8] S. Borrmann, I. Lundgren, S. Oyakhirome, B. Impouma, P.-B. Matsiegui,
A. A. Adegnik, S. Issifou, J. F. J. Kun, D. Hutchinson, J. Wiesner, H. Jomaa,
P. G. Kremsner, Antimicrob. Agents Chemother. 2006, 50, 2713-2718.

[9] S. Borrmann, A. A. Adegnika, F. Moussavou, S. Oyakhirome, G. Esser, P-B.
Matsiegui, M. Ramharter, I. Lundgren, M. Kombila, S. Issifou, D. Hutchin-
son, J. Wiesner, H. Jomaa, P. G. Kremsner, Antimicrob. Agents Chemother.
2005, 49, 3749-3754.

[10] R. K. Dhiman, M. L. Schaeffer, A. M. Bailey, C. A. Testa, H. Scherman, D. C.
Crick, J. Bacteriol. 2005, 187, 8395-8402.

[11] S. Steinbacher, J. Kaiser, W. Eisenreich, R. Huber, A. Bacher, F. Rohdich, J.
Biol. Chem. 2003, 278, 18401-18407.

[12] J. Perruchon, R. Ortmann, M. Schlitzer, Synthesis 2007, 3553-3557.

[13] R. Ortmann, J. Wiesner, A. Reichenberg, D. Henschker, E. Beck, H. Jomaa,
M. Schlitzer, Arch. Pharm. 2005, 338, 305-314.

[14] G. M. Morris, D. S. Goodsell, R.S. Halliday, R. Huey, W.E. Hart, etal., J.
Comput. Chem. 1998, 19, 1639-1662.

[15] G. M. Morris, D.S. Goodsell, R. Huey, A.J. Olson, J. Comput.-Aided Mol.
Des. 1996, 10, 293-304.

[16] D.S. Goodsell, G. M. Morris, A.J. Olson, J. Mol. Recognit. 1996, 9, 1-5.

[17] M. Dewar, E. Zoebisch, E. Healy, J. Stewart, J. Am. Chem. Soc. 1985, 107,
3902-3909.

[18] QCPE (Quantum Chemical Exchange Program) MOPAC6, QCMP number
137, Department of Chemistry, Indiana University,800 East Kirkwood
Avenue, Bloomington, IN 47405-7102 (USA).

[19] J. Stewart, J. Comput.-Aided Mol. Des. 1990, 4, 1-105.

[20] P.R. Gerber, K. Miller, J. Comput.-Aided Mol. Des. 1995, 9, 251-268.

[21] D. A. Case, D. A. Pearlman, J. W. Caldwell, T.E. Cheatham Ill, J. Wang,
et al., AMBER 7, 7th ed., University of California, San Francisco.

[22] S.J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, C. Ghio, etal., J. Am.
Chem. Soc. 1984, 106, 765-784.

[23] D. GieBmann, P. Heidler, T. Haemers, S. Van Calenbergh, A. Reichenberg,
H. Jomaa, C. Weidemeyer, S. Sanderbrand, J. Wiesner, A. Link, Chem. Bio-
divers. 2008, 5, 643-656.

[24] Y.H. Woo, R.P. Fernandes, P.J. Proteau, Bioorg. Med. Chem. 2006, 14,
2375-2385.

[25] J. P. Krise, V. J. Stella, Adv. Drug Delivery Rev. 1996, 19, 287-310.

[26] S. Freeman, K. C. Ross, Prog. Med. Chem. 1997, 34, 112-147.

[27] J. Wiesner, R. Ortmann, H. Jomaa, M. Schlitzer, Arch. Pharm. 2007, 340,
667-669.

[28] G. A. Olah, B. P. Singh, J. Am. Chem. Soc. 1982, 104, 5168-5172.

Received: March 13, 2008
Revised: April 9, 2008
Published online on May 9, 2008

1241

www.chemmedchem.org


http://dx.doi.org/10.1517/14728222.9.1.23
http://dx.doi.org/10.2174/138945007779315551
http://dx.doi.org/10.2174/138161207780618939
http://dx.doi.org/10.2174/138161207780618939
http://dx.doi.org/10.1126/science.285.5433.1573
http://dx.doi.org/10.1086/381785
http://dx.doi.org/10.1086/381785
http://dx.doi.org/10.1128/AAC.00392-06
http://dx.doi.org/10.1128/AAC.49.9.3749-3754.2005
http://dx.doi.org/10.1128/AAC.49.9.3749-3754.2005
http://dx.doi.org/10.1128/JB.187.24.8395-8402.2005
http://dx.doi.org/10.1074/jbc.M300993200
http://dx.doi.org/10.1074/jbc.M300993200
http://dx.doi.org/10.1002/ardp.200500976
http://dx.doi.org/10.1002/(SICI)1096-987X(19981115)19:14%3C1639::AID-JCC10%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1096-987X(19981115)19:14%3C1639::AID-JCC10%3E3.0.CO;2-B
http://dx.doi.org/10.1007/BF00124499
http://dx.doi.org/10.1007/BF00124499
http://dx.doi.org/10.1002/(SICI)1099-1352(199601)9:1%3C1::AID-JMR241%3E3.0.CO;2-6
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1007/BF00128336
http://dx.doi.org/10.1007/BF00124456
http://dx.doi.org/10.1021/ja00315a051
http://dx.doi.org/10.1021/ja00315a051
http://dx.doi.org/10.1002/cbdv.200890060
http://dx.doi.org/10.1002/cbdv.200890060
http://dx.doi.org/10.1016/j.bmc.2005.11.012
http://dx.doi.org/10.1016/j.bmc.2005.11.012
http://dx.doi.org/10.1016/0169-409X(95)00111-J
http://dx.doi.org/10.1002/ardp.200700069
http://dx.doi.org/10.1002/ardp.200700069
http://dx.doi.org/10.1021/ja00383a029
www.chemmedchem.org

