Open Access Atrticle. Published on 21 March 2017. Downloaded on 24/02/2026 10:40:37.

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

[{ec

Organic &

Biomolecular Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Org. Biomol. Chem., 2017,
15, 3276

Received 6th March 2017,
Accepted 21st March 2017

DOI: 10.1039/c70b00546f

rsc.li/obc

Towards the biodegradation pathway of
fosfomyciny

K. Pallitsch, @ *2 A. Schweifer, A. Roller® and F. Hammerschmidt?

Three functionalised propylphosphonic acids were synthesised to study C—P bond cleavage in R. huakuii

PMY1. [(R)-5]
(+)-dimethyl 1-hydroxy-2-methylallyllphosphonate [(+)-12], followed by ozonolysis and deprotection.

(R)-1-Hydroxy-2-oxopropylphosphonic acid was prepared by chiral resolution of
The N-(L-alanyl)-substituted (1R,2R)-2-amino-1-hydroxypropylphosphonic acid 10, a potential precursor
for 2-oxopropylphosphonic acid (5) in cells, was obtained by coupling the aminophosphonic acid with
benzotriazole-activated Z-L-alanine and hydrogenolytic deprotection. (1R*,2R*)-1,2-Dihydroxy-3,3,3-
trifluoropropylphosphonic acid, a potential inhibitor of C—P bond cleavage after conversion into its 2-oxo
derivative in the cell, was accessed from trifluoroacetaldehyde hydrate via hydroxypropanenitrile 21,
which was silylated and reduced to the aldehyde (+)-23. Diastereoselective addition of diethyl trimethyl-
silyl phosphite furnished diastereomeric a-siloxyphosphonates. The less polar one was converted to the
desired racemic phosphonic acid (+)-(1R*,2R*)-9 as its ammonium salt.

Introduction

Phosphonates are characterised by a direct covalent phos-
phorus to carbon bond, making them extremely stable against
enzymatic cleavage, while at the same time being the reason
for their potent bioactivity."”> Their favourable properties led
to the use of both synthetic and biogenic phosphonates in
medicine and agriculture. Among the economically most
important phosphonates phosphinothricin (1),* used as a
herbicide and fosfomycin (2),* utilised as a clinical antibiotic
should be mentioned (Fig. 1).
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Fig.1 Some biogenic phosphonates of agricultural and medicinal
importance.

“University of Vienna, Institute of Organic Chemistry, Wihringerstrasse 38,

1090 Vienna, Austria. E-mail: katharina.pallitsch@univie.ac.at;

Tel: +43 (0) 1 4277 52123 or 52105

bUniversity of Vienna, Institute of Inorganic Chemistry, Wiihringerstrasse 42,

1090 Vienna, Austria

1 Electronic supplementary information (ESI) available: 'H, *C and *'P NMR
spectra of the synthesised compounds, X-ray data. CCDC 1522706 for 25b. For
ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c70b00546f

1 Deceased.

3276 | Org. Biomol Chem., 2017, 15, 3276-3285

Fosmidomycin (3) is clinically evaluated for the treatment
of malaria alone and in combination therapy, but has not yet
reached the market.” Despite these useful properties, phospho-
nates were thought to have little environmental importance for
a long time. Lately, phosphonate catabolism in marine
environments was shown to heavily influence the global phos-
phate and carbon cycle,® contradicting this theory.
Biodegradation of methylphosphonic acid was shown to be the
major source of methane under aerobic conditions in ocean
surface waters. In general, phosphonate degradation was
shown to be quite common among microbes: studies on the
distribution of the genes responsible for phosphonate break-
down in marine environments showed 40% of the studied bac-
terial genomes to contain one or more pathways for phospho-
nate degradation.”

This is not surprising regarding the low solubility of in-
organic phosphate at ambient temperature and neutral pH®
and the fact that phosphorus is a vital nutrient for all life
forms. Dissolved organic phosphates (DOP) often represent
the only available source of phosphate in marine ecosystems.
Therefore, nature evolved mechanisms to use them as a source
of inorganic phosphate. DOPs mainly consist of phosphate
esters (which are easy to hydrolyse), but also contain about
25% phosphonates, which can be used as a phosphate source
too.” Very specialised strategies are necessary to cleave the
intrinsic C-P bond. This seemingly simple transformation is
always the result of very unusual enzymatic pathways, of which
three general types are known at present.>'® While the most
important pathway, called the C-P lyase pathway, follows a
radical mechanism and has a very broad substrate scope, the
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Fig. 2 Target structures to study the biodegradation of fosfomycin.

two other known pathways (hydrolytic cleavage and oxidative
cleavage) have a very narrow substrate specificity. There is also
striking evidence for the existence of other, until now
unknown pathways."

In this article we describe the synthesis of three interesting
target structures (Fig. 2), which will be used to study the cata-
bolism of fosfomycin by Rhizobium huakuii PMY1, which is a
microorganism that is able to use fosfomycin as the sole phos-
phorus and carbon source."?

We focus on the possibility of hydrolytic cleavage of the C-P
bond by attack of an active site nucleophile of a hydrolase at
the phosphorus atom after activation. This hypothesis is based
on the findings of Quinn et al. who reported the isolation of
Rhizobium huakuii PMY1."> To unravel the stepwise mineralis-
ation of fosfomycin, they prepared putative intermediates of
the catabolic pathway, among those also some isotopically
labelled compounds."'* The synthesised compounds were
tested as phosphorus/carbon source for the bacterium.
Furthermore, cell lysates were incubated with the compounds.

These initial studies revealed the first aspects of fosfomycin
metabolism by R. huakuii PMY1. It was shown that the first
enzymatic step in its breakdown is a region- and stereospecific
net opening of the epoxide ring by water at C-2 to give (1R,2R)-
1,2-dihydroxypropylphosphonic acid (4) (Scheme 1).

The detailed mechanism for this process
unknown. Of all other tested compounds none supported the
growth of a culture of R. huakuii PMY1, except hydroxyacetone
(8). However, in vitro C-P bond cleavage activity was detected
with racemic 1-hydroxy-2-oxopropylphosphonic acid (5, see
Fig. 2 for the (R)-enantiomer)."* The experiments with the
labelled compounds support the hypothesis that 4 is oxidised
to the corresponding 2-oxo compound 5."* As it has a carbonyl
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group in the p-position to the phosphonic group, a hydrolytic
mechanism for the cleavage of the C-P bond is indicated.”
This hypothesis forms the basis of our synthetic experiments.

Results and discussion

Proposed biodegradation pathway for fosfomycin

Based on the findings from the above described studies,"*"*

we suggest a hypothetical biodegradation route for fosfomycin
in Rhizobium huakuii PMY1 (Scheme 1) following a hydrolytic
mechanism. We assume that dihydroxypropylphosphonic acid
(R,R)-4 is formed by opening of the epoxide ring by an NAD"
dependent dehydrogenase to give (R)-1-hydroxy-2-oxopropyl-
phosphonic acid [(R)-5]. The subsequent C-P bond cleavage
yielding hydroxyacetone and phosphate is presumed to involve
iminium ion 6. The latter is generated as an intermediate from
the w-amino group of an active site lysine of the putative
hydrolase and the carbonyl group of (R)-5. This iminium ion is
reminiscent of a similar one detected during the C-P bond
cleavage of phosphonoacetaldehyde by phosphonatase.*

Here we present the synthesis of three compounds that can
be used to study the final C-P bond cleavage step in the cata-
bolism of fosfomycin by R. huakuii PMY1.

In previous studies a cell lysate released inorganic phos-
phate from racemic 1-hydroxy-2-oxopropylphosphonic acid
[(x)-5], indicating conversion by an enzyme of R huakuii
PMY1."* However, (+)-5 did not support the growth of this
bacterium. As the (R)-enantiomer is most probably formed
in vivo from diol 4 by a dehydrogenase, it was assumed that
either cellular uptake did not take place or that the (S)-enantio-
mer acts as a growth inhibitor."* Therefore, both enantiomers
of 5 will be needed to test them with a cell lysate and a
growing culture of the bacterium separately. It is noteworthy
that hydroxypropylphosphonate epoxidase (HppE) catalysing
the final step of fosfomycin biosynthesis transforms both
diastereomeric (1R,2R/S)-1-hydroxy-2-aminopropylphosphonic
acids into (R)-5 in vitro."®

An alternative to (R)-5 would be the use of a pro-metabolite.
We reasoned that (R,R)-2-amino-1-hydroxypropylphosphonic
acid [(R,R)-16] could be a potential precursor for (R)-5, as it

epoxide OH o LysCNH
oo hydrolase PO,  dehydrogenase )J\rpoaHz .......... - L po,
[e] 3M2 s Y
! A Nu
H20 OH NAD*  NADH/H* OH OH N N
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y \
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7

Scheme 1 Proposed biodegradation of fosfomycin by R. huakuii PMY1. Known conversions are denoted with full arrows, assumed transformations

with dashed arrows.
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could be converted by a transaminase. No phosphate was
released from (R,R)-16 (for the structure see Scheme 5) as the
sole carbon and phosphorus source in growth experiments."”
However, there was a small detectable C-P cleavage activity
with cell-extracts. It is likely that the putative precursor did not
enter the bacterial cells. Thus, we envisaged a potential bio-
chemical precursor, which will possibly be incorporated more
easily by R. huakuii PMY1. Bacteria contain a number of trans-
porters for amino acids, di-, tri- and oligopeptides. For
example, the phosphonic acid analogue of r-alanine, a bacteri-
cidal compound, was incorporated into di-, tri- and tetra-
peptides to extensively study its facilitated uptake and release by
bacteria.'® Also, phosphinothricin (1), a widely used herbicide,
easily enters bacterial cells as the tripeptide bialaphos with two
r-alanines attached to the amino group.'® This tripeptide is split
inside the cells by a peptidase to release phosphinothricin, the
inhibitor of glutamine synthetase. Similarly, to facilitate the
uptake of (R,R)-16 by R. huakuii PMY1,>° it was converted to its
dipeptide (1R,2R,2'S)-10 with alanine (Fig. 2). For simplicity, we
started with the most simple pro-metabolite, a dipeptide.
However, in case this is not incorporated by R. huakuii PMY1, we
will aim for the corresponding tripeptide.

As described above, we presume that the cleavage of the
C-P bond of 1-hydroxy-2-oxopropylphosphonic acid (5) involves
the formation of an imine (see Scheme 1). The latter is prob-
ably protonated (6) to facilitate the attack of an active site
nucleophile at the phosphorus atom (7) in analogy to phos-
phonatase-catalysed reactions.>' Thus, C-P bond cleavage is
induced by the formation of a Schiff’s base. To prove this
hypothesis, we decided to prepare a putative enzyme inhibitor.
We assume that  3,3,3-trifluoro-1-hydroxy-2-oxopropyl-
phosphonic acid (26, Scheme 2) would allow formation of a
similar imine as in the case of the nonfluorinated analogue.
However, the resulting Schiff’s base (27) will be too electron
deficient at the nitrogen (because of the electron withdrawing
effect of the CF; group) to be protonated. The putative hydro-
lase, covalently modified at the active site lysine, will be
blocked. Knowing that (1R,2R)-dihydroxypropylphosphonic
acid [(1R,2R)-4] is taken up by R huakuii PMY1 and meta-
bolised, we opted for the synthesis of its racemic 3,3,3-trifluoro-
methyl analogue (9) as a stable precursor for 3,3,3-trifluoro-1-

OH Q
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PO, -“o10eiofol o (5519 + FaC o
FsC - .
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OH NAD*  NADH/H* (R)26
(2)-(R*R*)-9
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Scheme 2 Proposed inhibition mode of fosfomycin catabolism by
(+)-(R*,R*)-9 in R. huakuii PMY1.

3278 | Org. Biomol. Chem., 2017, 15, 3276-3285

View Article Online

Organic & Biomolecular Chemistry

hydroxy-2-oxopropylphosphonic acid (26). Oxidation of 9
inside the cell is proposed to occur upon the action of the
same dehydrogenase, which is proposed to convert 4 to 5
(compare Scheme 1 and 2).

If the enzyme performing cleavage of the C-P bond is
blocked, accumulation of (R)-3,3,3-trifluoro-1-hydroxy-2-oxo-
propylphosphonic acid (26) would be a possible detectable
consequence. This would be additional information pointing
towards the presented mechanism of C-P bond cleavage as the
final steps in fosfomycin degradation by R. huakuii PMY1.

(R)- and (S)-1-Hydroxy-2-oxopropylphosphonic acid

Here we describe only the synthesis of the (R)-enantiomer of 5,
as the (S)-enantiomer can be prepared similarly just before
use. The synthesis of (R)-1-hydroxy-2-oxopropylphosphonic
acid [(R)-5] was accomplished in 5 steps from racemic dimethyl
1-hydroxy-2-methylallylphosphonate  [(£)-12], which was
obtained by a literature procedure from methacrolein and
dimethyl phosphite (Scheme 3)."

The crude racemate (+)-12 was resolved into its enantiomers
using Noe’s lactol,*® which reacts with alcohols in the presence
of a catalytic amount of pTSA.>* Here, a mixture of three diaster-
eomeric acetals was formed. The major components were the
two axially®* substituted acetals 13a and 13b, which are favoured
due to the anomeric effect. They were separated by flash chrom-
atography. Only one equatorially substituted acetal was observed
in trace amounts. It was easily removed from the major ones.

The yield of the two main products varied slightly depend-
ing on whether Noe’s lactol was used in its monomeric
[(+)-MBF-OH] or dimeric [(+)-MBF-O-MBF] form for the deriva-
tisation. In general the monomer gave slightly higher yields
(27 and 19% isolated yield for 13a and 13b, respectively). The

0O
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88% OH

" (£)12
MS (4 A)
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Scheme 3 Chiral resolution of (+)-12 using Noe's lactol.
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enantiomeric hydroxyphosphonates (+)- and (—)-12 were then
obtained by deprotection of the two acetals 13a and 13b, with
PTSA-H,O in a mixture of methanol and CH,Cl, (82% and
86% yield).

Esterification of small samples of the enantiomers with (S)-
Mosher chloride showed them to be enantiomerically pure (ee
> 99%). As the phosphorus atom of the (R)-Mosher ester
derived from enantiomer (+)-12 resonated at higher field in the
3P NMR spectrum than that derived from (=)-12, (+)-12 has
(R)-configuration.”® The levorotary enantiomer, derived from
13b has therefore (S)-configuration. Hydroxyphosphonate (R)-
12 was deprotected at the phosphorus atom at 0 °C using
TMSBr in combination with allyltrimethylsilane (Scheme 4)
followed by an aqueous workup with neutralisation and
lyophilisation.

This furnished the sodium salt of (R)-1-hydroxy-2-methyl-
allylphosphonic acid [(R)-14] in 72% yield. This sodium salt of
(R)-14 was ozonolysed at —78 ©°C. Lyophilisation gave the
desired sodium salt of (R)-5 as a colourless powder in quanti-
tative yield. Samples of the racemic product (+)-5 were
obtained similarly for comparative purposes.

As the sodium salts of (R)- and (S)-1-hydroxy-2-oxopropyl-
phosphonic acid [(R)- and (S)-5] will be used for biodegrada-
tion studies, their stability towards racemisation in aqueous
media at neutral and basic pH was tested. A sample of racemic
(£)-5 was dissolved in D,O and the hydrogen/deuterium
exchange at C-1 was monitored as a function of time at neutral
and basic pH. Surprisingly, racemisation proceeded very slowly
at pH 7 at ambient temperature (10-12% during the first 24 h,
complete H/D-exchange within 5 days). However, racemisation
was faster (50% H/D exchange after 6 h at room temperature)
at pH > 8.5.

Further, the stability of the P-C bond was tested at acidic
pH.>® A sample of oxophosphonate 5 was dissolved in D,0 and
acidified to pH 4.5 by addition of DCI/D,O. The phosphonate/
phosphate ratio was determined by *'P NMR spectroscopy,
which showed formation of less than 5% phosphate from the
phosphonate within the first 24 h. These findings suggest that
the enantiomers of 1-hydroxy-2-oxopropylphosphonic acid (5)
are stable for biological experiments at or around pH 7.

1. TMSBr / allyITMS

o o)
A ;
\~OMe R-OH  sodium salt
OMe 2. NaOH OH

OH 72% OH
(R)- or ()12 (R)- or (+)-14

1.0,
2. PPh,

0 9
R-0H sodium salt
OH

OH
(R)-or (£)-5

99%

Scheme 4 Final transformations for the synthesis of (R)- and (+)-5.
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A phosphonic acid dipeptide

The phosphonodipeptide (1R,2R,2'S)-10 is easily accessible
from commercially available fosfomycin (2) (as its disodium
salt) in three steps (Scheme 5).

Ammonolysis of fosfomycin at 60 °C *® delivered a mixture
of isomeric aminophosphonates (S,5)-15 and (R,R)-16. The
needed regioisomer (R,R)-16, which could be easily separated
from (S,S)-15 by ion exchange chromatography, was coupled
with benzotriazole-activated, Z-protected r-alanine [(S)-18].%>
The latter was prepared from Z-i-alanine and benzotriazole in
88% yield.

Aminophosphonic acid (R,R)-16 and activated r-alanine (S)-
18 were coupled in a mixture of CH;CN/H,O (7: 3) in the pres-
ence of one equivalent of Et;N to give the Z-protected di-
peptide 19 in 54% yield. An unidentified by-product and
unreacted aminophosphonic acid were detected in the reaction
mixture. The unknown by-product could neither be removed
from the Z-protected dipeptide 19 nor could its formation be
suppressed.

Finally, the Z-group was removed hydrogenolytically at
50 psi using Pd on charcoal (10% Pd) as a catalyst to give
(1R,2R,2'S)-10 as a white solid (87% yield). Crystallisation of
the dipeptide from H,0/MeOH removed the major portion of
all impurities at the expense of yield.

A potential trifluorinated inhibitor of P-C bond cleavage in
fosfomycin biodegradation

Racemic (R*,R*)-3,3,3-trifluoro-1,2-dihydroxypropylphosphonic
acid [(+)-(R*,R*)-9] was prepared from commercially available
trifluoroacetaldehyde hydrate (20) and NaCN in six steps
(Scheme 6).

This dihydroxyphosphonate has already been synthesised
by dihydroxylation of diethyl E-3,3,3-trifluoroprop-1-enylphos-
phonate with 0s0;*® or KMnO,.>* We developed this new

OH NH,
NH, :
s POH, + PO;H,
/V\PosNaz /\,/ /'\l/
NH, OH
(1R.25)-3 (S.5)-15 (42%) (R,R)-16 (58%)
o) o)
1. SOCl, EtsN
—— CH5CN/H,0
OH 2. Benzotriazole (Bt-H) Bt 3540/ 2
NHZ 88% NHZ o
(SH17 (S)-18
0 0
YLNH PdIC/H, NH
NHZ/H/ PO3H, 50 psi NHZ/kr PO;H,
0,
OH 87% OH

(1R.2R,2'S)-10 (1R.2R,2'S)-19

Scheme 5 Synthesis of phosphonodipeptide (1R,2R,2'S)-10.
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Scheme 6 Synthetic sequence towards (+)-(1R*,2R*)-9.

access as it will allow the synthesis of the compound
labelled at C-1 with *C derived from Na'*CN. First sodium
cyanide was added to trifluoroacetaldehyde at 0 °C under
acidic conditions. The crude, racemic trifluorinated hydroxy-
nitrile (+)-21 was distilled (62% yield, as judged by '"H NMR
spectroscopy) and used for the next step immediately. Due to
the low stability of hydroxynitrile (+)-21, the hydroxyl group
protected using chlorotriisopropylsilane/imidazole.
Protection proceeded in 87% yield and the resulting product
(£)-22 was purified by flash chromatography and stored at
room temperature. The TIPS-protected hydroxynitrile was sub-
sequently reduced to the corresponding aldehyde 23 with
DiBAI-H at —78 °C followed by acidic workup. The isolated,
crude aldehyde 23 was not purified by flash chromatography,
as it decomposed on silica gel. Therefore, diethyl trimethylsilyl
phosphite was added to a solution of the aldehyde at —78 °C
(Abramov reaction). The reaction mixture was allowed to warm
to room temperature overnight and the TMS groups of the
resulting a-(trimethylsiloxy)phosphonates were removed by
addition of a few drops of concentrated HCI to the ethanolic
reaction mixture. A mixture of two racemic, diastereomeric
phosphonates, 24a (43%, less polar) and 24b (10%, more
polar) resulted, which was easily separable by column
chromatography. The configurations of 24a and 24b could be
assigned after TIPS deprotection (see the following paragraph).

was
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Attempted removal of the TIPS group from the less polar
(and major) phosphonate 24a with concentrated HF (40%) in
acetonitrile caused its decomposition. Therefore, desilylation
was performed under milder conditions with in situ generated
HF from a mixture of potassium fluoride and benzoic acid in
acetonitrile at 75 °C for 24 h. The diol (1R*,2R*)-25a could be
purified by flash chromatography to give a colourless, crystal-
line solid.

The more polar (and minor) phosphonate 24b was de-
protected similarly. The obtained diol 25b could be crystallised
from heptanes/dichloromethane to give colourless crystals,
which were suitable for X-ray crystallography. It showed that
the two hydroxyl groups are anti-orientated (see the ESIT). This
findings allowed assignment of the (1R*,2R*)-configuration to
24a and the (1R*,2S*)-configuration to 24b as given in
Scheme 6. Satisfyingly, the major isomer 25a is the one needed
for studying C-P bond cleavage. Only this phosphonate was
deprotected using bromotrimethylsilane and allyltrimethyl-
silane in 1,2-dichloroethane at room temperature over a period
of three days. Aqueous workup with the addition of NHj;, fol-
lowed by lyophilisation gave the ammonium salt of (1R*,2R*)-
3,3,3-trifluoro-1,2-dihydroxypropylphosphonic acid [(1R*,2R*)-9],
in 83% yield.

Experimental section

General experimental

'H, C and *'P NMR spectra were recorded in CDCl;, d4
methanol, dg-toluene or D,O on a Bruker Avance DRX 400
(*H: 400.13 MHz, '*C: 100.61 MHz, *'P: 161.98 MHz), AV 400
(*H: 400.27 MHz, **C: 100.65 MHz, *'P: 162.03 MHz) or AV600
Avance 3 (*H: 600.25 MHz, *C: 150.95 MHz, *'P: 242.97 MHz)
spectrometer. Proton NMR chemical shifts were referenced to
residual CHCI; (6 7.24), CHD,OD (85 3.31), C¢DsCD,H
(82 2.09) or HOD (8 4.80). >C NMR spectra were referenced to
CDCl; (8¢ 77.23), CD;0D (6 49.15) and Ce¢DsCD; (8¢ 21.4);
*'p NMR spectra to external H;PO, (85%) (5 0.0). Chemical
shifts (§) are given in ppm and coupling constants (J) in Hz.
IR spectra were run on a Bruker VERTEX 70 IR spectrometer
in ATR mode or from solution on a silicon disc.*®
Optical rotations were measured at 20 °C on a PerkinElmer
341 polarimeter in a 1 dm cell. [a], values are given
in 107" deg cm® g~'. Melting points were determined on a
Leica Galen III Reichert Thermovar instrument and were
uncorrected.

TLC was carried out on 0.25 mm thick Merck plates coated
with silica gel 60 F254. Spots were visualised by UV light and/
or dipping the plate into a solution of (NH,)¢M0,0,4-4H,0
(25.0 g) and Ce(SO,4),-4H,0 (1.0 g) in aqueous 10% H,SO,
(500 mL), followed by heating with a heat gun. In case an
amino-functionality was present in the molecule, the spots
were visualised by dipping the plate into a solution of ninhy-
drin (0.2 w/v%) in ethanol followed by heating with a heat
gun. Flash (column) chromatography was performed with
Merck silica gel 60 (230-400 mesh).

This journal is © The Royal Society of Chemistry 2017
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Preparation of the sodium salt of (R)-1-hydroxy-2-
oxopropylphosphonic acid [(R)-5]

(+)-Dimethyl 1-hydroxy-2-methylallyllphosphonate [(+)-12]. A
methanolic solution of NaOMe (0.1 mL, sat.) was added to a
stirred solution of methacrolein (11, 0.701 g, 0.83 mL,
10.0 mmol) and dimethyl phosphite (1.10 g, 0.92 mlL,
10.0 mmol) in Et,0 (20 mL) at —35 °C under argon. After
30 min concentrated H,SO, (4 drops) was added. The reaction
mixture was allowed to warm to room temperature and
the solvent was removed under reduced pressure. The crude
substance was dissolved in a mixture of toluene-CH,Cl,
(10 mL, 1:1), filtered and dried in vacuo to yield
a-hydroxyallylphosphonate (+)-12 (1.579 g, 88%) as a colourless
oil. The product was used for the following reaction without
further purification. The recorded spectra are identical to those
reported in the literature;'* 8, (161.98 MHz, CDCI;) 25.2 ().

Acetals of (+)-dimethyl 1-hydroxy-2-methylallylphosphonate
derived from Noe’s lactol and its dimer [13a and 13b].>* After
stirring the crude o-hydroxyphosphonate [(+)-12, 2.673 g,
15 mmol] over molecular sieves (4 A) in dry CH,Cl, (60 mL) for
15 min, the mixture was cooled to 0 °C. (+)-Noe’s lactol
[(+)-MBF-OH, 2.944 g, 15 mmol] and p-toluenesulfonic acid
monohydrate (0.094 g, 0.6 mmol) were added and stirring was
continued for 1 h. Molecular sieves were removed by filtration,
the reaction mixture was extracted with an aqueous solution
of NaHCO; (3 x 20 mL, sat.), and then the organic layer was
separated and dried (MgSO,). The solution was concentrated
under reduced pressure. The residue was flash chromato-
graphed [ethyl acetate-hexanes 1:1 — ethyl acetate,
Ry (13a, ethyl acetate-hexanes 1:1) 0.36 and Ry (13b, ethyl
acetate-hexanes 1:1) 0.29] to yield the two diastereomeric
acetals 13a (1.452 g, 27%) and 13b (1.005 g, 2.8 mmol, 19%) as
colourless oils.

The acetalisation with Noe’s lactol dimer [(+)-MBF-OH
dimer] can be performed similarly, except that only 0.5 equi-
valents of the dimer were used relative to hydroxyphosphonate
(2)-12.

Diastereomer 13a. [a]¥ +130.77 (¢ 0.91, acetone). Found: C,
60.32; H, 8.72; P 8.64. Calc. for C,gH;,05P: C, 45.49; H, 8.11;
P 8.64. uya/cm ™! 2954, 1451, 1262, 1181, 1040; &;; (400.27 MHz,
dg-toluene) 5.17 (1 H, broadened d, Jup 4.7, O-CH-O),
5.15-5.10 (1 H, m, CH,=), 5.04-5.00 (1 H, m, CH,=), 4.68 (1
H, d, Jyy 18.7, CH-0), 4.43 (1 H, dd, Jip 9.5, Juy 1.6, CH-P),
3.53 (3 H, d, Jup 10.4, O-CH,), 3.48 (3 H, d, Jyp 10.5, O-CH,),
2.88-2.77 (1 H, m, CH), 1.96-1.91 (3 H, m, CH;-C(=CH,)-),
1.90-1.82 (1 H, m, CH), 1.76-1.61 (2 H, m, 2 x CH), 1.50-1.35
(2 H, m, 2 x CH), 1.27 (1 H, ddd, Jyy 13.5, Jun 9.2, Jun 4.2,
CH), 1.11 (1 H, tdd, Juy 12.2, Juu 3.8, Jun 1.5, CH), 0.90 (3 H,
s, CH;), 0.89 (3 H, s, CH;), 0.81 (3 H, s, CH,); 6. (100.61 MHz,
dg-toluene) 140.9 (s, C,), 117.0 (d, Jep 12.2, CH,=), 106.8 (d,
Jep 12.2, O-CH-0), 90.9 (s, CH-0), 75.5 (d, Jcp 169.1, CH-P),
54.1 (d, Jop 6.7, P-OCH3), 53.8 (s, Cq), 53.4 (d, Jep 6.3 Hz,
P-OCH3), 49.8 (s, C,), 48.7 (s, CH), 41.5 (s, CH), 33.4 (s, CH,),
27.8 (s, CH,), 21.9 (s, CH;), 21.8 (s, CH,), 20.6 (s, CH3), 19.7 (s,
CH3;), 15.9 (s, CHj3); 8p (162.03 MHz, dg-toluene) 22.0 (s).
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Diastereomer 13b. [a]X +98.80 (c 0.92, acetone). vpma/em™"
2954, 1458, 1259, 1182, 1099, 1033, 985; &, (400.27 MHz, dg-
toluene) 5.65 (1 H, d, Jup 4.8, O-CH-0), 5.23-5.18 (1 H, m,
CH,=), 4.97-4.90 (1 H, m, CH,=), 4.49 (1 H, d, Jun 13.3,
CHO), 4.25 (1 H, dd, Jip 9.5, Jun 1.5, CH-P), 3.49 (3 H, d, Jip
10.3, O-CH3), 3.47 (3 H, d, Jup 10.3 Hz, O-CHj;), 2.86-2.76
(1 H, m, CH), 1.97-1.92 (3 H, m, CH;C(=CH,)-), 1.90-1.67
(3 H, m, CH;), 1.47-1.33 (2 H, m, 2 x CH), 1.32-1.22 (1 H, m,
CH), 1.15-1.05 (1 H, m, CH), 0.85 (3 H, s, CH;), 0.83 (3 H, s,
CH3), 0.78 (3 H, s, CH,); 8¢ (100.61 MHz, dg-toluene) 142.6 (d,
Jop 1.7, =Cg), 114.7 (d, Jep 11.0, CHy), 110.4 (d, Jop 5.5, O-CH-O),
91.3 (s, CH-0), 76.7 (d, Jcp 161.8, CH-P), 53.721 (2 C, d, Jcp
6.9, 2 x O-CHj), 53.720 (s, C,), 53.71 (d, Jcp 6.9, O-CH3), 49.82
(s, Cq), 48.79 (s, CH), 41.5 (s, CH), 33.8 (s, CH,), 27.8 (s, CH,),
21.9 (s, CHj), 21.8 (s, CH,), 21.0 (s, CH3), 19.8 (s, CH3), 15.9
(CH3); 6p (162.32 MHz, dg-toluene) 22.6 (s).

Deprotection of diastereomers 13a 13b.
p-Toluenesulfonic acid monohydrate (0.076 g, 0.4 mmol) was
added to a stirred solution of diastereomer 13a (1.452 g,
4.1 mmol) in a mixture of dry CH,Cl, (30 mL) and dry metha-
nol (9 mL) at room temperature. The resulting solution was
stirred for 2.5 h before addition of a spatula tip of solid
NaHCOs;. Stirring was continued for 10 min, and then the reac-
tion mixture was filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography
(ethyl acetate, R; 0.23) to give (+)-12 (0.598 g, 82%) as a colour-
less oil. The product was crystallised from diisopropyl ether to
give colourless crystals; mp 47-49 °C (from diisopropyl ether),
[a]¥ +2.81 (c 0.930 in acetone), [@]2; +9.72 (¢ 0.930 in acetone).

()12 was prepared similarly starting from diastereomer
13b (1.005 g, 2.8 mmol) as a colourless solid (0.424 g, 86%);
mp 47-49 °C (from diisopropyl ether); [a] —2.80 (¢ 0.965 in
acetone), [a]?2,-9.95 (¢ 0.965 in acetone). The measured spec-
troscopic data of both enantiomers were identical to those of
the racemic compound.

The absolute configuration of the obtained enantiomeric
a-hydroxyphosphonates was determined by esterification using
(S)-Mosher chloride, following a literature procedure to give
the corresponding (R)-Mosher esters.>* Relevant NMR signals
are denoted below for both diastereomeric Mosher esters.

(R)-Mosher ester derived from (+)-12. 55 (400.13 MHz,
CDCl;) 3.54 (3 H, q, Jur 1.0, O-CH; of Mosher ester), 1.91 (3 H,
br s, CH;~C(—CH,)-); 85 (161.98 MHz, CDCl;) 19.27 (s).

(R)-Mosher ester derived from (—)-12. &5 (400.13 MHz,
CDCl;) 3.57 (3 H, q, Jur 1.0, O-CH; of Mosher ester), 1.81 (3 H,
br s, CH;~C(=CH,)-); 8p (161.98 MHz, CDCl;) 19.73 (s).

These NMR data allow assignment of the (R)-configuration
to (+)-12 and (S) to (—)-12.

Sodium salt of (R)-1-hydroxy-2-methylallyphosphonic acid
[(R)-14]. Allyltrimethylsilane (0.503 g, 0.64 mL, 4.4 mmol) and
bromotrimethylsilane (1.183 g, 1.02 mL, 7.7 mmol) were
added to a stirred solution of dimethyl phosphonate (R)-12
(0.235 g, 1.3 mmol) in 1,2-dichloroethane (2.3 mL) under
argon at 0 °C. Stirring was continued for 1 h at 0 °C. All volatile
components were removed under reduced pressure and the
residue was dissolved in H,O (10 mL). After adjusting the pH

and
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to 7 with aqueous NaOH (1 M), the resulting solution was lyo-
philised to yield the sodium salt of (R)-14 as a white powder
(0.184 g, 72%, yield was calculated for the disodium salt); [a]%’
—3.8 (¢ 0.990 in water); vmaJ/em™ 3226, 2832, 2729, 2324,
1648, 1128, 1075, 1022, 987; 6, (400.27 MHz, D,0) 5.10 (1 H,
broadened d, Jyp 3.0, CH,=), 5.04 (1 H, br. s, CH,=), 4.28
(1 H, d, Jup 13.7, CH-P), 1.90 (3 H, s, CHs); ¢ (100.65 MHz,
D,0) 143.8 (d, Jcp 3.5, Cq), 112.3 (d, Jcp 9.8, CH,=), 73.9 (d, Jep
149.7, CH-P), 19.2 (d, Jcp 1.5, CHy); &p (162.02 MHz, D,O)
16.4 (s).

Sodium salt of (R)-1-hydroxy-2-oxopropylphosphonic acid
[(R)-5]. The sodium salt of a-hydroxyallylphosphonic acid (R)-
14 (0.139 g, 0.7 mmol) was dissolved in H,O (0.7 mL) and the
solution was diluted with methanol (7 mL). Ozone was
bubbled through the stirred solution at —78 °C for 4 min until
the reaction mixture turned cobalt blue. Subsequently air was
bubbled through the solution to remove excess ozone. Ph;P
(0.186 g, 0.7 mmol) dissolved in CH,Cl, (1 mL), was added
and stirring was continued at —78 °C for 10 min. The cooling
bath was removed and the mixture was allowed to come to
room temperature. The solvent was removed under reduced
pressure and the residue was dissolved in water (7 mL). The
resulting solution was extracted with CH,Cl, (3 x 7 mL) and
residual organic solvents were removed from the aqueous
phase under reduced pressure. The pH of the remaining solu-
tion was adjusted to 7 with aqueous NaOH (0.5 M solution)
and lyophilised to yield the sodium salt of 1-hydroxy-2-oxo-
propylphosphonic acid [(R)-5] (0.140 g, quant., yield was calcu-
lated for the disodium salt) as a white powder; [a] —94.8
(c 1.010 in water); vma/em™ 3171, 1690, 1357, 1070, 964;
8y (400.27 MHz, D,0) 8.51 (0.06 H, broad s, formate), 4.65
(1 H, d, Jyp 19.0, CH-P), 2.38 (3 H, s, CH;), 5. (100.65 MHz,
D,0) 212.3 (d, Jop 7.0, C=0), 80.0 (d, Jcp 120.4, CH-P), 27.1
(s, CH3); 8p (162.03 MHz, D,0) 9.4 (s, 93 mol%, desired
product), 3.7 (s, 2 mol%, unknown byproduct), 1.17 (s,
5 mol%, phosphate). The product has to be stored at —25 °C.

Preparation of (+)-N-[(S)-alanyl]-(1R,2R)-2-amino-1-
hydroxypropylphosphonic acid [(1R,2R,2'S)-10]

Benzotriazole-activated Z-(S)-alanine [$-(18)].>* Benzotriazole
(2.702 g, 22.7 mmol) was dissolved in dry CH,Cl, (150 mL)
and thionyl chloride (0.594 g, 0.36 mL, 5.0 mmol) was added
dropwise. The resulting solution was refluxed for 30 min and
then cooled to room temperature by means of an ice bath.
Z-(S)-Alanine (17, 1.116 g, 5.0 mmol) was added at once and
the reaction mixture was stirred at room temperature for 3.5 h.
During the course of the reaction a white precipitate was
formed. The mixture was extracted with aqueous solutions of
Na,CO; (3 x 60 mL, 5% in water) and NH,CI (2 x 60 mL, sat.).
Afterwards it was dried (Na,SO,) and concentrated in vacuo.
The crude product (1.420 g, 88%) was crystallised from
hexanes/1,2-dichloroethane to yield colourless needles of 18
(0.976 g, 60%); mp 113-114 °C (lit.*® 114-115 °C); [a]?’ -76.5
(c 0.98 in CHCl); 6 (CDCl3, 400.27 MHz) 8.20 (1 H, broadened
d, Juu 8.3, benzotriazole = Bt), 8.08 (1 H, d, Juu 8.3, Bt), 7.61
(1 H, ddd, iy 8.3, Jun 7-2, Jun 1.0, Bt), 7.47 (1 H, ddd, Jiy, 8.3,
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Jun 7.2, Jun 1.0, Bt), 7.44-7.05 (5 H, m, 5 x CH from Z), 5.79
(1 H, quin, Jyy 7.4, CH-N), 5.48 (0.8 H, broadened d, Juy 4.9,
NH), 5.07 (2 H, AB-system: J,g 12.2, CH,), 1.63 (3 H, d, Juu
7.1, CHy).

N-(Z-1-Alanyl)-(1R,2R)-2-amino-1-hydroxypropylphosphonic
acid [(1R,2R,2'S)-19]. Water (15 mL) and acetonitrile (35 mL)
were added to (1R,2R)-2-amino-1-hydroxypropylphosphonic
acid [(R,R)-16, 0.310 g, 2.0 mmol] prepared from commercially
available fosfomycin.>*?® Afterwards Et;N (0.242 g, 0.33 mL,
2.4 mmol) was added and the reaction mixture was warmed up
slightly to completely dissolve the phosphonic acid. After the
addition of Z-(S)-alanyl-benzotriazole [(S)-18] the solution was
stirred at room temperature for 3.5 h. The degree of conversion
was monitored by TLC (silica gel; eluent: {PrOH/H,O/NH;
(25 w/w%) 6: 3 : 1; R¢ (product) 0.64, R (unknown impurity) 0.70,
Ry (16) 0.24, Ry (18) 0.90, R¢ (benzotriazole) 0.87, R¢ (17) 0.79).

The reaction mixture was concentrated in vacuo and dis-
solved in water (20 mL), extracted with CH,Cl, (4 x 30 mL) and
the aqueous phase was concentrated to about 5 mL under
reduced pressure. The residual solution was applied to a
column filled with Dowex 50 W x 8, H' (90 mL) and eluted
with water. The fractions containing the product (TLC: silica
gel, eluent: iPrOH/H,0/NH; (25 w/w%) 6: 3 : 1, product moves
with the front) were collected and concentrated in vacuo to give
the crude Z-protected peptide 19 (0.389 g, 1.1 mmol, 54%; and
two impurities of an unknown structure), which was used for
the next step without further purification. §; (400.27 MHz,
D,0) 7.55-7.36 (5 H, m, 5 x CH from Z), 5.18 (2 H, s, CH,),
4.33-4.08 (2 H, m, 2 x CH), 3.84 (1 H, br. s, CH), 1.40 (3 H, d,
Juu 7.0, CH; alanyl residue), 1.24 (3 H, d, Juu 5.3, CHj
phosphonic acid); 5 (162.03 MHz, D,0) 19.6 (s, 91 mol%,
product), 11.7 (s, 7 mol%, unknown impurity), 10.1 (s,
2 mol%, unknown impurity).

(+)-N-(r-Alanyl)-(1R,2R)-2-amino-1-hydroxypropylphosphonic
acid [(1R,2R,2'S)-10]. N-(Z-L-Alanyl)-(1R,2R)-2-amino-1-hydroxy-
propyl-phosphonic acid [(1R,2R)-19, 0.360 g, 1.0 mmol] was
suspended in a mixture of water (10 mL) and ethanol (15 mL).
Pd (180 mg, 10% on charcoal) was added as a catalyst and the
Z-group was removed by hydrogenolysis (50 psi, 2 h). The cata-
lyst was removed by filtration through Celite (moistened and
rewashed with water/ethanol 1:1). The filtrate was concen-
trated in vacuo to give a white solid (0.196 g, 87%) which was
purified by crystallisation. The product was suspended in
methanol (2.0 mL) and drops of water were added until a clear
solution was obtained, which was stored at 4 °C to give colour-
less crystals of the desired phosphonodipeptide (1R,2R,2'S)-10
[TLC: iPrOH/H,O/NH; (25 w/w%) 6:3:1, R¢ 0.35]; mp
256-260 °C (decomp.); [@]2’ +21.57 (c 0.830 in H,0); vma/em ™
3264, 3121, 2813, 1666, 1576, 1503, 1447, 1131, 1056;
84 (400.27 MHz, D,0) 4.34-4.23 (1 H, m, CH-C-P), 4.11 (1 H, q,
Juu 7.1, CH of the alanyl residue), 3.76 (1 H, dd, Jyp 10.1, Jyy
4.7, CH-P), 1.56 (3 H, d, Juu 7.1, CH; of the alanyl residue),
1.31 (d, Juu 6.8, CH; of phosphonic acid); 6; (100.65 MHz,
D,0) 169.9 (s, C=0), 70.8 (d, Jcp 155.5 Hz, CH-P), 49.3 (s,
CH-C=0), 47.4 (d, Jcp 3.6 Hz, CH-C-P), 17.3 (d, Jcp 8.0, CH;
of phosphonic acid), 16.4 (s, CH; of the alanyl residue);
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5p (162.03 MHz, D,0) 16.62 (s, 97 mol%, product), 15.53 (s,
3 mol%, unknown impurity).

Preparation of the ammonium salt of (+)-(1R*,2R*)-3,3,3-
trifluoro-1,2-dihydroxypropylphosphonic acid [(+)-9]

(#)-3,3,3-Trifluoro-2-hydroxypropanenitrile [(+)-21]. Sodium
cyanide (1.862 g, 38 mmol) was dissolved in water (10 mL) and
the resulting solution was cooled to 0 °C. After dropwise
addition of trifluoroacetaldehyde hydrate (20, 3.064 g,
20 mmol, 75 w/w% in water) and H,SO, (13 mL, 3 M), the solu-
tion was stirred for 24 h at room temperature. The reaction
mixture was extracted with ethyl acetate (4 x 20 mL). The com-
bined organic layers were dried (Na,SO,), concentrated under
reduced pressure and dried in vacuo. The residue was purified
by distillation (90-98 °C/45 mm Hg) to yield hydroxynitrile
()21 (2.961 g, 53 mol% 21 in an admixture with EtOAc as
judged by "H NMR; calculated yield from NMR: 1.835 g, 62%)
as a colourless liquid. The crude substance was used for
the following reaction without further purification.
8y (400.27 MHz, CDCl;) 4.85 (2 H, br. s, 2H, OH and CH);
8y (400.27 MHz, CDCl; + D,0): § =4.77 (1 H, q, Jur 5.8, CH).

()-3,3,3-Trifluoro-2-(triisopropylsiloxy)propane nitrile
[(¥)-22].**  3,3,3-Trifluoro-2-hydroxypropanenitrile ~ [(+)-21,
1.489 g, 7.3 mmol] (calculated from 'H NMR, see above) was
dissolved in dry DMF (12 mL) under argon at ambient temp-
erature. Imidazole (2.395 g, 35.5 mmol) and chlorotriisopropyl-
silane (3.429 g, 17.8 mmol) were added subsequently and the
resulting mixture was stirred at room temperature for 15 h and
at 50 °C for 2 h. Water (50 mL) was added and the reaction
mixture was extracted with diisopropyl ether (3 x 20 mL). The
combined organic layers were washed with water (30 mL),
dried (Na,SO,) and concentrated under reduced pressure. The
residue was purified by flash chromatography (hexanes-
CH,Cl, 4:1, Ry 0.67) to give silyl ether (+)-22 (1.779 g,
6.32 mmol, 87%) as a colourless oil; found: C, 51.36; H, 7.92;
N, 4.88. Cale. for Cy,H,,FsNOSi: C, 51.22; H, 7.88; N, 4.98;
Umax/cm™ 3407, 2949, 1703, 1347, 1266, 1204, 1153, 1109;
5y (400.27 MHz, CDCl,) 4.88 (1 H, q, Jur 5.2, CH), 1.25-1.14
(3 H, m, 3 x (CH3),CH-Si), 1.10, 1.08 (18 H, overlapping doub-
lets, J 5.7, ] 5.6, 6 x CH; of TIPS); 5. (100.65 MHz, CDCl;) 121.3
(q, Jor 283.0, CF;), 113.8 (s, CN), 63.3 (q, Jcr 38.3, CH-CF;),
17.70 (3 C, s, 3 x CH; of TIPS), 17.65 (3 C, s, 3 x CH; of TIPS),
12.1 (3 C, s, 3 x (CH;),CH-Si).

(%)-3,3,3-Trifluoro-2-(triisopropylsiloxy)propanal [(%)-23].
DiBAI-H (4.92 mL, 1 M solution in hexanes) was added to a
stirred solution of (+)-3,3,3-trifluoro-2-(triisopropylsiloxy)propane-
nitrile [(+)-22, 1.141 g, 4.1 mmol] in dry toluene (12 mL) at
—78 °C under argon. The resulting reaction mixture was stirred
at —78 °C for 1 h. Then Et,O (30 mL), an aqueous solution of
NH,CI (30 mL, sat.) and H,SO, (20 mL, 1.5 M) were added to
the cooled solution and the resulting biphasic mixture was
stirred at room temperature for 20 min. The phases were
separated and the aqueous layer was extracted with Et,O
(3 x 20 mL). The combined organic portions were washed with
water (30 mL), dried (MgSO,) and concentrated under reduced
pressure. The residue was dissolved in dry toluene (20 mL) and
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concentrated again to remove residual water. The oily residue
was dried in vacuo to give the crude aldehyde (+)-23 (0.934 g,
80%) as an oil. The crude product was used without further
purification in the following step; 6 (400.27 MHz, CDCl;) 9.55
(1 H, quin, Jiyy and Jyp 2.0, CHO), 4.36 (1 H, qd, Jur 7.0, Jun
2.0, CF;CH), 1.15-1.05 (3 H, m, 3 H, 3 x (CH;),CH-Si), 1.03
(9 H, d, Ju 4.3, 3 x CH; of TIPS), 1.01 (9 H, d, Jizy; 4.3, 3 x CH;
of TIPS).

(¥)-(1R*2R*)- and (+)-(1R*,2S*)-Diethyl 3,3,3-trifluoro-1-hydroxy-
2-(triisopropylsilyloxy)-propylphosphonate [(+)-(1R*,2R*)-24a and
(£)-(1R*,28%)-24b]. Diethyl trimethylsilyl phosphite (1.451 g,
6.9 mmol, 1.58 mL) was added dropwise to a stirred solution
of  (+)-3,3,3-trifluoro-2-(triisopropylsiloxy)propanal  [(+)-23,
1.612 g, 5.7 mmol] under argon at —78 °C in dry toluene
(20 mL). The mixture was allowed to warm up to room temp-
erature and stirring was continued for 15 h. Then, it was con-
centrated under reduced pressure and dried in vacuo. The
residual oil was dissolved in ethanol (30 mL) and concentrated
HCI (11 drops) was added. The solution was stirred for 2 h at
room temperature and then concentrated under reduced
pressure. Water (10 mL) was added and the mixture was
extracted with ethyl acetate (3 x 20 mL). The combined organic
phases were dried (MgSO,) and concentrated under reduced
pressure to yield a mixture of the two racemic, diastereomeric,
hydroxyphosphonates 24a and 24b.

The diastereomers were separated by flash chromatography
[hexanes-acetone 3:1, Ry (1R*,2R*-24a) 0.21, Ry (1S*2R*-24b)
0.13] to yield (+)-(1R*,2R*)-24a (0.858 g, 43% calculated starting
from 22) and (+)-(1S*2R*)-24b (0.154 g, 10% calculated
starting from 22).

(£)-(1R*2R*)-24a. Mp 63-64 °C (from hexanes); found: C,
45.53; H, 8.05. Calc. for C,¢H,;,F;0sPSi: C, 45.49; H, 8.11;
Umax/CM ™! 3268, 2945, 2869, 1462, 1264, 1164, 1140, 1025, 971;
6 (400.13 MHz, CDCl;) 4.63-4.53 (1 H, m, CF;CH), 4.25-4.11
(4 H, m, 2 x OCH,CHj), 4.07 (1 H, m, CH-P), 2.84 (1 H, d, Jyy
9.8, OH), 1.33 (6 H, t, Juyy 7.1, 2 x OCH,CH3;), 1.28-1.17 (3 H,
m, 3 x (CH,),CHSi), 1.11 and 1.09 (18 H, 2 x d, Juy 3.5, 6 %
CH; of TIPS); 6. (100.61 MHz, CDCl;) 124.3 (qd, Jcr 284.9, Jcp
21.9, CF3), 69.6 (qd, Jcr 31.1, Jep 3.2, CF5-C), 66.1 (dd, Jcp
169.3, Jcr 1.9, CH-P), 63.6 (d, Jop 7.6, OCH,CH3), 62.8 (d, Jcp
7.6, OCH,CHj,), 18.3 (3 C, s, 3 x CH; of TIPS), 18.1 (3 C, s, 3 %
CH; of TIPS), 16.7 (d, Jcp 5.7, OCH,CHj3), 16.6 (d, Jcp 6.0,
OCH,CHj,), 13.0 (3 C, s, 3 x (CH;),CHSi); 6p (162.03 MHz,
CDCl;) 20.9 (s).

(£)-(1S*,2R*)-24b. Mp 51-52 °C (from hexanes); found: C,
45.70; H, 7.97. Calc. for C;¢Hs,F;05PSi: C, 45.49; H, 8.11; Uymax/
cm™! 3266, 2946, 2870, 1467, 1262, 1177, 1140, 1054, 1026;
84 (400.13 MHz, CDCl;) 4.56-4.46 (1 H, m, CF;CH), 4.25-4.11
(5 H, m, 2 x OCH,CH; and CH-P), 2.90 (1 H, br. s, OH), 1.33
(6 H, td, Jiy 7.0, Jup 0.3, 2 x OCH,CH,;), 1.20-1.03 (21 H, m,
3 x (CH3),CHSi + 3 x (CH3),CHSi); 6¢ (100.61 MHz, CDCl;)
124.1 (qd, Jcr 284.1, Jcp 3.4, CF;), 72.3 (qd, Jor 30.9, Jop 6.2,
CF;-C), 70.5 (d, Jep 161.1, CH-P), 63.4 (d, Jcp 6.4, OCH,CH,),
63.3 (d, Jcp 6.4, OCH,CH;), 18.1 (3 C, s, 3 x CH; of TIPS), 18.0
(3 C, s, 3 x CH; of TIPS), 16.6 (2 C, d, Jcp 5.6, 2 x OCH,CHj3),
12.7 (3 G, s, 3 x (CH3),CHSi); 6 (162.03 MHz, CDCl;) 19.9 (s).
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(*)-(1R*,2R*)-Diethyl 3,3,3-trifluoro-1,2-dihydroxypropyl-
phosphonate [(+)-(1R*,2R*)-25a].>***? The silylated phospho-
nate (+)-(1R*,2R*)-24a (0.775 g, 1.83 mmol) was dissolved in
dry acetonitrile (40 mL) together with potassium fluoride*
(0.521 g, 9.0 mmol) and benzoic acid (1.098 g, 9.0 mmol). The
resulting mixture was stirred at 70 °C for 16 h under argon.
The mixture was allowed to cool to room temperature and then
concentrated under reduced pressure. The crude product was
purified by flash chromatography (ethyl acetate, Ry 0.45) to
yield the desired racemic diol (+)-(1R*,2R*)-25a (0.458 g, 94%).

(£)-(1R*,258*)-Diethyl 3,3,3-trifluoro-1,2-dihydroxypropyl-
phosphonate [(+)-(1R*,28*)-25b]. (+)-(1R*,25*)-24b (163 mg,
0.39 mmol) was deprotected similarly to give racemic diol
(£)-(1R*,25%)-25b (73 mg, 70%) as a colourless solid. It was
recrystallised (heptanes/CH,Cl,, room temperature to 4 °C) to
give colourless crystals of which the structure could be deter-
mined by X-ray crystallography.

(#)-(1R*2R*)-25a. Mp 38-40 °C (from hexanes-CH,Cl,)
(lit.,>® 38 °C); found: C, 31.43; H, 5.18. Calc. for C;H;,F;05F;P:
C, 31.59; H, 5.30; vmad/cm ™ 3255, 2985, 1276, 1259, 1166,
1137, 1029; 6 (400.13 MHz, CDCls) 5.40 (1 H, br. s, OH), 4.75
(1 H, br. s, OH), 4.32-4.14 (6 H, m, 2 x OCH,CH;, CF;CH and
CH-P), 1.34 (6 H, t, Jyy 7.1, 2 X OCH,CH,); 8¢ (100.61 MHz,
CDCly) 124.4 (qd, Jcr 284.0, Jcp 22.8, CF3), 69.3 (qd, Jcr 31.1,
Jep 3.1, CF5-C), 66.8 (dd, Jcp 165.8, Jcp 1.0, CH-P), 64.3 (d, Jcp
7.0, OCH,CHj,), 63.9 (d, Jcp 7.4, OCH,CHj;), 16.6 (d, Jcp 5.3,
OCH,CHj3), 16.5 (d, Jcp 5.3, OCH,CH3); 6p (161.98 MHz, CDCl;)
21.8 (q, Jpr 4.3).

(¢)(1R*25%)-25b. 6;; (600.25 MHz, CDCl;) 4.68 (1 H, br. d,
Jun 6.4, OH), 4.31-4.10 (6 H, m, 2 x OCH,CH;, CF;CH and
CH-P), 3.33 (1 H, br. t, Juy 7.5, OH), 1.37 (3 H, t, Jup 7.1,
OCH,CH,), 1.34 (3 H, t, Jyp 7.1, OCH,CH;); 6. (150.95 MHz,
CDCl,), 124.3 (qd, Jor 282.8, Jcp 14.5, CF3), 71.46 (qd, Jcr 30.9, Jop
1.5, CF3-C), 67.11 (d, Jop 162.0, CH-P), 64.1 (d, Jcp 7.1, OCH,CH3),
63.80 (d, Jop 7.1, OCH,CHj;), 16.6 (d, Jcp 5.7, OCH,CH;), 16.5
(d, Jep 5.8, OCH,CH3); 6p (242.97 MHz, CDCl3) 20.9 (br s).

(*)-(1R*,2R*)-3,3,3-Trifluoro-1,2-dihydroxypropylphosphonic
acid, ammonium salt [()-(1R*,2R*)-9]. A mixture of dihydroxy-
phosphonate (+)-(1R*2R*)-25a (0.330 g, 1.24 mmol), bromo-
trimethylsilane (1.470 g, 1.27 mL, 9.6 mmol) and allyltrimethyl-
silane (0.571 g, 0.72 mL, 5.0 mmol) in 1,2-dichloroethane
(7.5 mL) was stirred for 3 d at room temperature. All volatiles
were removed under reduced pressure (room temperature,
then 35 °C/0.5 mm Hg). The residual liquid was dissolved in
water—-ethanol 1:1 (10 mL) and stirred for 3 h at room temp-
erature. The solution was concentrated again to give a white
powdery solid. Water (3 mL) and ammonia solution (5 drops,
25 w/w% in water) were added. The solution was lyophilised to
give the ammonium salt of racemic (+)-(1R*,2R*)-9 (0.219 g,
83%, calculated yield for the diammonium salt); mp
172-175 °C; vma/em™* 3019, 2816, 1437, 1264, 1114, 1038,
970; &z (400.13 MHz, D,0) 4.42 (1 H, qdd, Jur 7.6, Jup 4.8, Jun
0.9, CF;-CH), 3.99 (1 H, dd, Jgp 13.0, Juyu 0.9, CH-P);
8¢ (100.61 MHz, D,0), 125.9 (qd, Jcp 282.4, Jcp 19.2, CF3), 69.7
(qd, Jer 30.0, Jep 1.5, CF3-C), 66.6 (d, Jcp 147.6, CH-P);
5 (161.98 MHz, D,0) 15.7 (s).
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Conclusions

In order to unravel the biodegradation pathway of fosfomycin,
which is a biogenic phosphonate of high medicinal impor-
tance a set of three phosphonic acids was synthesised. These
will help to either underpin or rule out our hypothesis for the
final step in fosfomycin metabolism: the cleavage of the C-P
bond. The synthesised compounds will be used as probes in
future experiments with cell lysates and growing cultures of
R. huakuii PMY1, a bacterium which is able to use fosfomycin
as the sole phosphorus and carbon source.
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