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Determination of absolute configuration of the
phosphonic acid moiety of fosfazinomycinst

Katharina Schiessl,? Alexander Roller® and Friedrich Hammerschmidt*?

Fosfazinomycins A and B produced by Streptomyces lavendofoliae share the same phosphonate moiety
with one chiral centre of unknown configuration which was determined by synthesising both enantiomers
of 2-hydroxy-2-phosphonoacetic acid methyl ester. A chiral cyclic phosphite was reacted with methyl glyoxy-
late in a Pudovik reaction to give a pair of diastereomeric a-hydroxyphosphonates, which were separated
by HPLC. The configurations at C-2 were assigned on the basis of single crystal X-ray structure analysis.
Deprotection of these diastereomers furnished the enantiomeric a-hydroxyphosphonic acids, of which
the (S)-configured had the same sign of optical rotation as the phosphonic acid moiety of the two

www.rsc.org/obc fosfazinomycins.

Introduction

Phosphonates and phosphinates are organic compounds
characterised by either one or two phosphorus-carbon bonds.
Over the past few decades they have been studied extensively
and are nowadays used in medicine and agriculture." They
have interesting biological properties,” which can be attributed
to their structural similarity to phosphoric acid esters and car-
boxylic acids, as well as to the high stability of the incorpor-
ated P-C bonds.>*

They can be found both free and bound to structural
components such as lipids or proteins. As conjugates with
macromolecules they either enhance the structural rigidity of
the latter or protect them against enzymatic degradation.’
There is a steadily growing, fascinating group of about a dozen
small molecules of natural origin containing a P-C bond,
some of which are bioactive."”® Their properties range from
antibacterial, antiviral or antibiotic to pesticidal and enzyme
inhibitory.

Fosfomycin (1) is a clinically used antibiotic,”” phosphino-
thricin (2) a commercially important and very potent herbi-
cide,® fosmidomycin (3) an antimalarial agent® and 2-amino-1-
hydroxyethylphosphonic acid (4)'*'' is a component of the

“University of Vienna, Institute of Organic Chemistry, WéihringerstrafSe 38, 1090,
Vienna, Austria. E-mail: friedrich. hammerschmidt@univie.ac.at;

Fax: +43 (0)1 4277 9521; Tel: +43 (0)1 4277 52105

bUniversity of Vienna, Institute of Inorganic Chemistry, Wéhringerstrafie 42, 1090,
Vienna, Austria

tElectronic supplementary information (ESI) available: Copies of 'H and

3C NMR spectra of the compounds prepared, X-ray data. CCDC 952037 for 16a
and 952038 for 16b. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c30b41574k

7420 | Org. Biomol. Chem., 2013, 11, 7420-7426

lipophosphonoglycan of the plasma membrane of Acantha-
moeba castellanii (Fig. 1).

The current work deals with two other members of the
group of small bioactive phosphonates, namely fosfazinomy-
cins A (5a) and B (5b) (Scheme 1). They were first isolated in
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Fig. 1 Naturally occurring P-C compounds.

NHR OH O

: H |
HoN N ~ N. _P
\H/ \/\/\[‘r N7 OCHs
| O

CH; OH

5a: R = L-valine
5b: R=H

1.HCO,H, RT, 18 h
2. Dowex 1 x 4, HCO,
(0.5 -1.0 M HCO,H)

(0} e}

I
—P_
Hao/ W)LOCHs [o]p? +22.5 (¢ 1.50 in H,0)

OH
(+)-6

Scheme 1 Partial hydrolysis of fosfazinomycins A and B to get phosphonic
acid (+)-6 of unknown configuration.
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1983 from the fermentation broth of Streptomyces lavendofoliae
and are active against some filamentous fungi."”

Structure elucidation revealed fosfazinomycin to be a
mixture of two components, A and B. They both contain L-argi-
nine as well as a unique phosphonohydrazine moiety.**'* The
latter somehow relates them to FR-900137, an antibacterial
antibiotic particularly active against Escherichia coli."*> Fosfazi-
nomycin A differs from B by containing r-valine attached to
the a-amino group of r-arginine. Furthermore, they share the
same o-hydroxyphosphonate moiety with one stereogenic
centre. The corresponding free phosphonic acid has been iso-
lated by acid hydrolysis of fosfazinomycins and purification by
ion exchange chromatography. Its optical rotation was deter-
mined {[a] +22.5 (¢ 1.50 in H,0)}, but the absolute configur-
ation remained elusive.'® The purpose of this work was to
synthesise both enantiomers of 2-hydroxy-2-phosphonoacetic
acid methyl ester (6) of known absolute configuration. Their
specific optical rotation will allow assigning the configuration
to the natural product. This information might be helpful in
unravelling the biosynthesis of fosfazinomycins.

Results and discussion
Synthetic challenges

P-C bonds in phosphonates are generally chemically very
stable towards cleavage by bases and acids. However, a-hydroxy-
phosphonates are chemically labile."”” Their formation from
aldehyde and phosphite and cleavage to the same compounds
are catalysed by a base. Although chiral a-hydroxyphosphonate
6 looks very simple, we anticipated some obstacles during its
synthesis. First, racemisation can interfere if the chiral, non-
racemic hydroxyphosphonate is treated with a base. Second, the
stereogenic centre here is base-labile as the a-hydrogen is acidi-
fied by the ester and the phosphonate group, irrespective of
whether it is protected or not. Third, the base can induce an
a-hydroxyphosphonate-phosphate rearrangement'® assisted by
the ester group, which itself can be hydrolysed. To avoid these
problems, very mild reaction conditions and catalytic removal
of protecting group(s) from phosphorus at the end were
mandatory.

Original synthetic strategy

Initially, we envisaged to generate racemic dibenzyl a-hydroxy-
phosphonate (+)-9, possibly separable by HPLC on a chiral
stationary phase. Catalytic removal of the protecting groups
would give the enantiomeric 2-hydroxy-2-phosphonoacetic acid
methyl esters (R)- and (S)-(6) in the final step (Scheme 2).
Therefore, methyl glyoxylate (7) was prepared from glyoxylic
acid monohydrate and methyl dimethoxyacetate by a literature
procedure.'® It was reacted immediately in a Pudovik reac-
tion*® with dibenzyl phosphite (8) at —78 °C in the presence of
Et;N as a base catalyst to give the desired racemic o-hydroxy-
phosphonate (+)-9 in moderate yield (64%). Unfortunately,
the two enantiomers could not be separated by HPLC on a

This journal is © The Royal Society of Chemistry 2013

View Article Online

(o} o (e} o}
H I Et;N B
MeO + H=R-0Bn 5,07 MeO \~0OBn
OBn (] OBn
o OH
7 8 (£)-9
T
P—
. \~0Bn _H/PdC_ o
: Meo)k( obrn > (R)-6
i OH
Chiral ; (R)-9
HPLC |
: 9 0
i LP\ H,/Pd/C
Lo \-OBn _TRITH: - (S)-
MeO T oBn (S)-6
OH
(S)-9
Scheme 2 Initial route to prepare a-hydroxyphosphonic acids (R)- and (S)-6.

Chiralcel OD-H column using various mixtures of iso-propanol-
hexanes.

Revised strategy and synthesis

Therefore the synthetic strategy had to be changed. We
decided to prepare a cyclic phosphite of known absolute con-
figuration, which will yield a pair of diastereomeric cyclic
a-hydroxyphosphonates upon reaction with methyl glyoxylate.
Flash column chromatography and deprotection would give
the free phosphonic acids (R)- and (S)-6.

Thus, C,-symmetric (R,R)-1,2-diphenylethane-1,2-diol (11)*!
was heated at 80 °C with commercially available bis(2,2,2-tri-
fluoroethyl) phosphite (10)*> in dry pyridine hoping to get
cyclic phosphite (R,R)-12 (Scheme 3). As the phosphorus atom
in this case is a chirotopic, non-stereogenic center,>* only two
diastereomers would be formed with methyl glyoxylate com-
pared to four, when not using a C,-symmetric diol. However,
only polymeric material resulted upon transesterification for
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Scheme 3 Revised strategy for the synthesis of (R)- and (5)-6.
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unknown reasons. Increasing the reaction temperature to
120 °C or replacing phosphite 10 by diethyl phosphite did not
yield cyclic five-membered phosphite (R,R)-12 either.

Assuming that a cyclic six-membered phosphite would
be more favourable, (R,R)-1,2-diphenylethane-1,2-diol was
replaced by (R*,R*)-1,3-diphenylpropane-1,3-diol [(R*,R*)-14].
First trials were performed using the racemic diol (+)-14,
which was readily available.** Transesterification proceeded
quantitatively within 1.5 h at room temperature in pyridine as
judged by NMR spectroscopy (Scheme 4).

As it proved to be useful, we tried to prepare diol (R,R)-14 by
a literature procedure from (S)-2-chloro-1-phenylethanol via
the dilithiated species, which was added to benzaldehyde.
Contrary to the literature, which reported only the (R,R)-
product to be formed in 79% yield, our (R,R)-14 : meso-14 ratio
was 1.0:0.8 and the yield was low (35%).>® As it could not be
improved, enantioselective reduction of dibenzoylmethane
(17) with Ru(p-cymene)[(R,R)-Ts-DPEN] (18) seemed to be an
attractive alternative to get this chiral diol (Scheme 5).*° This
asymmetric transfer hydrogenation worked best with a mixture
of 4.4 equiv. of HCO,H and 2.6 equiv. of Et;N as a hydrogen
source and the yield of the crystallised product was 71%
(ee >99% by chiral HPLC).””

Having the enantiomerically pure diol (R,R)-14 in hand, it
was used to generate the cyclic phosphite (R,R)-15 which was
added to methyl glyoxylate (7) at —78 °C in a Pudovik reac-
tion®® catalysed by Et;N (Scheme 4). When the reaction
mixture was allowed to warm to —50 °C in the cooling bath,
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Scheme 4 Revised strategy for the synthesis of (R)- and (5)-6.
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Scheme 5 Highly enantioselective preparation of (R,R)-14.

the two diastereomeric o-hydroxyphosphonates 16a and 16b
were formed. Addition of an equimolar amount of CF;CO,H
relative to Et3N, extractive workup and flash chromatography
gave an inseparable mixture of the two diastereomers (ina1:1
ratio) in low (50-55%) yield. Replacing CF;CO,H by CH3;SO;H
to neutralise the amine caused a lower yield. However, when
the transformation was finished (as can be easily determined
by NMR spectroscopy) and the reaction mixture was directly
applied to the silica gel column for flash chromatography
without the addition of an acid, the diastereomeric mixture of
16a and 16b was obtained in good (78%) yield. Unfortunately,
the two diastereomers could not be separated by flash column
chromatography, but only by preparative HPLC (CH,Cl,~EtOAc
=1:1; tg (16a) 7.8 min, ¢tz (16b) 9.9 min). Crystallisation of
both diastereomers from CH,Cl, produced crystals suitable for
single crystal X-ray structure analysis (Fig. 2 and 3). Diastereo-
mers 16a and 16b were found to have (S)- and (R)-configur-
ation, respectively, at the carbon atom bearing the hydroxyl
group.

These o-hydroxyphosphonates were used for the next and
final step in the reaction sequence, removal of the diol protect-
ing group from phosphorus by hydrogenolysis in MeOH. The
1,3-diphenylpropane formed was removed by extraction with
hexanes. Concentration of the methanolic solutions furnished
the a-hydroxyphosphonates (R)- and (S)-6 in sufficient purity
for collecting the analytical data. Their specific optical rotations

Fig. 2 ORTEP view of the molecule 16a with thermal ellipsoids drawn at the
50% probability level.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 ORTEP view of one crystallographically independent molecule of 16b
with thermal ellipsoids drawn at the 50% probability level.

were [a]y) —28.8 (c 1.63 in H,0) and [a]’ +29.6 (¢ 1.40 in H,0),
respectively. Surprisingly, the enantiomers 6 are configuration-
ally stable. The optical rotation of an aqueous solution of (R)-6
did not change when left at room temperature for 8 days.
However, this product racemised completely after 16 h at pH
7-8. The optical rotation measured after 1 h {[a]} —19.7 (¢ 0.95
in H,0)} decreased within the next 15 h to [a]y —0.3 (¢ 0.95
in H,0).

Acidic hydrolysis of fosfazinomycins, followed by ion
exchange chromatography, furnished the free phosphonic acid
moiety with [a]p +22.5 (¢ 1.50 in H,0)."® By comparison with
the synthetic samples, it was concluded that it has (S)-con-
figuration and has evidently partly racemised during the clea-
vage process. The finding that the only other known
a-hydroxyphosphonate of biological origin, which is 2-amino-
1-hydroxyethylphosphonic acid (4), has (R)-configuration will
have biosynthetic implications.™

To underpin the consistency between the structure of the
a-hydroxyphosphonic acid 6 isolated from fosfazinomycins
and the synthetic samples, and to determine the ee of our
samples, (R)-6 was esterified with diazomethane in methanol
(Scheme 6).

The crude product obtained by concentration of the reac-
tion mixture under reduced pressure was dimethyl phospho-
nate (R)-19 (ee 99%, by NMR spectroscopy using (R)-(+)-t-butyl-
(phenyl)monothiophosphinic acid as a chiral shift reagent)*®>°
in admixture with a small amount of a compound tentatively
assigned the structure of methyl ether (R)-20 (molar ratio of
(R)-19: (R)-20 = 88:12). They were separated by flash chromato-
graphy. The NMR spectrum of homogeneous (R)-19 was identi-
cal to that of an authentic sample of (+)-19,>° prepared by
base-catalysed addition of dimethyl phosphite to methyl

G, O/F'\)k -P \)k
Ho OMe \1e0H MeG OMe+ MGO OMe
OH OMe
(R)-6 (R) 19 (R)-20
49% 7%

Scheme 6 Esterification of (R)-6 with ethereal diazomethane.
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glyoxylate in 72% yield, but its ee was only 31%. Partial racemi-
sation evidently occurred during flash chromatography on
silica gel by removal of the fairly acidic proton a to phos-
phorus. To prove the formation of methyl ether (R)-20 during
esterification, its racemate was synthesised by etherification
of racemic methyl 2-(dimethoxyphosphinyl)-2-hydroxyacetate
[(+)-19] with CH,N, in the presence of HBF,-OEt, as a catalyst®"
(Scheme 7). The product yield was poor (29%), but sufficient
for collecting the necessary analytical data and proving that
(R)-20 was formed as a side product during the esterification
of (R)-6

Experimental

General experimental

'H, C and *'P NMR spectra were recorded in CDCls, d

methanol and dg-toluene using 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 DRX 600
(*H: 600.13 MHz) spectrometer. Chemical shifts were refer-
enced to residual CHCl; (6y 7.24), CHD,OD (§y 3.31) or
CeDsCD,H (8 2.09) and CDCI; (8¢ 77.23), CD;0D (S¢ 49.15)
and external H3PO, (85%). Chemical shifts (§) are given in
ppm and coupling constants (J) in Hz. IR spectra were run
using a Bruker VERTEX 70 IR spectrometer as ATR spectra.
Optical rotations were measured at 20 °C using a Perkin-Elmer
341 polarimeter in a 1 dm cell. [a], values are given in 107"
deg cm® g™, Analytical HPLC for the determination of the ee
of (R,R)-14 was performed on a Jasco system (PU-980 pump,
UV 975 and RI 930) using a Chiralcel OD-H column, @ 0.46 cm
x 25 cm. Preparative HPLC for the separation of 16a and 16b
was performed using a Dynamix Model SD-1 equipped with a
Model UV-1 absorbance detector using a Nucleosil 50-5
column, @ 3.2 cm x 25 cm. Melting points were determined
using a Leica Galen III Reichert Thermovar instrument and
were uncorrected.

TLC was carried out on 0.25 mm thick Merck plates with
silica gel 60 F,s,. Spots were visualised by UV and/or dipping
the plate into a solution of (NH4)¢Mo0,0,44H,0 (25.0 g)
and Ce(SO,),-4H,0 (1.0 g) in 10% aqueous H,SO, (500 mL),
followed by heating with a heat gun. Flash (column)
chromatography was performed with Merck silica gel 60
(230-400 mesh).

Pyridine was dried by refluxing over powdered CaH,, fol-
lowed by distillation and storage over molecular sieves (4 A).
Dichloromethane was dried by passing through aluminium
oxide 90 active neutral (0.063-0.200 mm, activity I) and stored

Org. Biomol. Chem., 2013, 11, 7420-7426 | 7423
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over molecular sieves (3 A). Et,O was refluxed over LiAlH,, THF
over potassium and distilled prior to use. Bis(2,2,2-tri-
fluoroethyl) phosphite was distilled under reduced pressure
(b.p. 48-50 °C/9 mmy; lit.,>* 43-44 °C/2 mm). All other chemi-
cals were used as purchased from Sigma-Aldrich, Acros, Fluka
or Merck.

Methyl glyoxylate (7)."® Glyoxylic acid monohydrate (2.348 g,
25.5 mmol), methyl dimethoxyacetate (2.521 g, 2.3 mL,
19.0 mmol) and p-TsOH-H,O (72 mg, 0.4 mmol) were com-
bined and refluxed for 16 h under argon. The resulting yellow-
ish liquid was allowed to cool to room temperature and treated
with P,O5 (2.0 g). The suspension was stirred at 80 °C for 4.5 h
and then bulb-to-bulb distilled (110-138 °C/14 mm). A second
bulb-to-bulb distillation (115-130 °C/12 mm) was necessary to
completely depolymerise the product and to get methyl gly-
oxylate (2.777 g, 72%) as a colourless liquid, which was
sufficiently pure for the following reactions. It should be used
immediately, as it polymerises easily. If storage is necessary,
methyl glyoxylate can be recovered by distillation prior to use
to depolymerise polymeric material; &y (400.27 MHz, CDCl;)
3.91 (3H, s, OCH,), 9.39 (1H, s, CHO).

(¥)-Methyl 2-(dibenzoxyphosphinyl)-2-hydroxyacetate [(+)-9].
Dibenzyl phosphite (524 mg, 0.44 mL, 2.0 mmol) was dis-
solved in dry CH,Cl, (4 mL) under argon at —78 °C. Methyl
glyoxylate (7, 176 mg, 0.16 mL, 2.0 mmol) and Et;N (40 mg,
0.19 mL, 0.4 mmol) were added dropwise and the reaction
mixture was stirred at —78 °C for 1 h. Completion of the reac-
tion was monitored by NMR spectroscopy and the cold reac-
tion mixture was directly applied to a silica gel column for
flash chromatography (CH,Cl,-EtOAc 1: 1, R¢ 0.57). a-Hydroxy-
phosphonate (+)-9 (445 mg, 64%) was obtained as colourless
crystals; mp 43-45 °C (CH,Cl,/hexanes); found: C, 58.28;
H, 5.71; O, 27.55. Calc. for C;;H,,O6P: C, 58.29; H, 5.47;
0, 27.40%; vmadem™' 3311, 2930, 2855, 1753, 1513, 1461,
1379, 1249, 1091, 1037; 6y (400.27 MHz, CDCl,) 3.32-3.47 (1H,
br m, OH), 3.76 (3H, s, OCH;), 4.58 (1H, dd, Jizp 15.9, Jiy 7.0,
P-OCHj3), 5.04-5.17 (4H, m, 2 x CH,), 7.27-7.38 (10H, m, Ph);
8¢ (100.65 MHz, CDCl,) 53.58 (OCHj,), 69.08 (d, Jcp 6.9, CH,),
69.30 (d, Jop 155.8, CH-P), 69.31 (d, Jop 6.9, CH,), 128.21
(d, Jep 2.9, Ph), 128.77 (Ph), 128.80 (Ph), 135.96 (d, Jcp 5.8, Ph),
136.02 (d, Jep 5.9, Ph), 169.96 (d, Jep 1.2, C=0O0);
dp (162.03 MHz, CDCl;) 16.15; HRMS: (ESI) observed [M + H]"
351.0990, calculated for C;7H,,0¢P" 351.0992.

Activation of hydrogenation catalyst.>> Commercially avail-
able RuCl(p-cymene)[(R,R)-Ts-DPEN] (18) (100 mg, 0.16 mmol)
was dissolved in CH,Cl, (2 mL) and treated with KOH (9 mg,
0.16 mmol) dissolved in water (2.5 mL) at room temperature
whereupon the solution turned from brownish red to purple.
The aqueous phase was separated and the organic phase was
dried (CaH,). The solution was filtered and concentrated
under reduced pressure to give Ru(p-cymene)[(R,R)-Ts-DPEN]
(78 mg, 81%) as a purple solid, which could be stored at
room temperature under an inert atmosphere for about two
weeks.

(R,R)-(+)-1,3-Diphenylpropane-1,3-diol  [(R,R)-14].>” Formic
acid (1.013 g, 0.83 mL, 22 mmol) was added dropwise to Et;N
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(1.315 g, 1.80 mL, 13 mmol) at 0 °C under argon. The mixture
was allowed to warm to room temperature before the addition
of dibenzoylmethane (1.121 g, 5 mmol) and Ru(p-cymene)-
[(R,R)-Ts-DPEN] (18, 45 mg, 0.075 mmol) dissolved in dry
CH,Cl, (0.5 mL). The reaction mixture was stirred at 40 °C.
After 1 h an additional portion of the catalyst (20 mg,
0.03 mmol) dissolved in CH,Cl, (0.2 mL) was added and
heating was continued for 16 h. Water (2 mL) was added. The
brownish precipitate was dried in vacuo and purified by flash
chromatography (EtOAc-hexanes 1:2 (R 0.40) to EtOAc), fol-
lowed by crystallisation from i(PrOH to give diol (R,R)-14
(799 mg, 70%) as slightly reddish crystals; ee >99% before and
after crystallisation (by analytical HPLC on chiral stationary
phase; 10% iPrOH-hexanes, tz (S,S) 10.52 min, ¢z (R,R)
12.16 min). The product was directly used for the next step.
A small sample was further purified by HPLC for characteri-
sation to give colourless needles; mp 150-152 °C (from {PrOH);
[a]y) +72.15 (c 0.79 in methanol) {lit.,*>* for (S,S)-enantiomer:
[a]y) =72 (methanol)}; vma/em ™" 3382, 3295, 1454, 1400, 1201,
1061, 1023; &y (400.27 MHz, CDCL;) 2.16 (1H, d, J 6.1, CH,),
2.17 (1H, d, J 6.1, CH,), 2.74 (2H, br s, 2 x OH), 4.97 (2H, t,
J 6.1, 2 x CH-0), 7.22-7.37 (10H, m, Ph); 6c (100.65 MHz,
CDCl;) 46.75 (CH,), 71.99 (2C, 2 x CH-O), 125.84 (4C, Ph),
127.72 (2C, Ph), 128.73 (4C, Ph), 144.40 (2C, Ph).

(4R,6R)-2-Hydro-2-ox0-4,6-diphenyl-1,3,2-dioxaphosphori-
nane (15). (R,R)-1,3-Diphenylpropane-1,3-diol [(R,R)-14]
(457 mg, 2.0 mmol) was dissolved in dry pyridine (10 mL) at
room temperature under argon. Bis(2,2,2-trifluoroethyl) phos-
phite (541 mg, 0.35 mL, 2.2 mmol) was added and the reaction
mixture was stirred for 1.5 h. The solvent was removed in vacuo
and traces of the remaining pyridine were removed by azeotro-
pic distillation with toluene (2 times). The crude cyclic phos-
phite (R,R)-15 (549 mg, quant.) was isolated as a colourless oil
of sufficient purity for the next step. An analytical sample was
purified by flash chromatography (EtOAc, Ry 0.70); Upay/cm ™
3200, 1746, 1453, 1208, 1057, 973; &y (400.27 MHz, CDCI,)
2.62 (ABXX'P-system, A-part: 1H, dddd, Jas 15.1, Jax 5.7,
Jax: 3.9, Jap 1.5; B-part: 1H, dddd, Jas 15.1, Jux 4.6, Jux: 7.5, Jup
1.1; CH,), 5.54 (1H, td, Jxexp 7.5, Jxa 3.9, O-CH), 5.65 (1H,
ddd, Jxa 5.7, Jxs 4.6, Jxp 8.5, OCH), 7.34 (1H, d, Jy;p 710.3, H-P),
7.29-7.47 (10H, m, Ph); &c (100.65 MHz, CDCl;) 39.67 (d,
Jep 9.6, CHy), 77.02 (d, Jcp 6.3, CH-0), 77.46 (d, Jcp 6.9, CH-O),
125.56, 125.60, 128.83, 129.06, 129.21 (10C, 6 x s, Ph), 138.57
(d, Jep 10.0, Ph), 138.62 (d, jcp 10.9, Ph); &y (162.03 MHz,
CDCl;) —1.56; HRMS: (ESI) observed [M + Na]" 297.0654, calcu-
lated for C;5sH;505PNa* 297.06565.

Cyclic a-hydroxyphosphonates 16a and 16b. The crude
phosphite (R,R)-15 (1.840 g, 6.7 mmol) was dissolved in dry
CH,Cl, (12 mL) under argon at —78 °C. Methyl glyoxylate
(7, 0.885 g, 0.79 mL, 10.1 mmol) and Et;N (0.136 g, 0.19 mL,
1.3 mmol) were added dropwise and the reaction mixture was
stirred at —78 °C for 30 min. Completion of the reaction was
monitored by 'H and *'P NMR spectroscopy and the cold reac-
tion mixture was directly applied to the silica gel column for
flash chromatography (hexanes-acetone 3 : 2, Ry 0.22) to obtain
a mixture of the two diastereomeric a-hydroxyphosphonates

This journal is © The Royal Society of Chemistry 2013
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16a and 16b (1.888 g, 78%) as an oil. The ratio of 16a to 16b
was 1.16 : 1.00 (by *'P NMR).

The diastereomers were separated by preparative HPLC
(CH,CL,-EtOAc 1:1, tz (16a) 7.8 min, ¢tz (16b) 9.9 min) and
crystallised. A single crystal of each diastereomer was picked
directly from the solution for X-ray structure analysis.

a-Hydroxyphosphonate 16a. 42%; mp 156-158 °C (from
CH,CL,); [@]y} —63.5 (c 0.96 in CH,Cl,); found: C, 59.5; H, 5.0.
Calc. for C;gH;906P: C, 59.7; H, 5.3%; vmad/cm™" 3254, 1735,
1235, 1208, 1095, 1057, 1017, 976; 6y (600.13 MHz, CDCI;)
2.62 (ABXX'P-system, A-part: 1H, dddd, /g 14.9, Jax' 9.8, Jax
5.2, Jap 1.1, CHy; B-part: 1H, dddd, Jxp 14.9, Jsx' 2.9, Jux 3.3, Jsp
2.1, CH,), 3.08 (1H, br s, OH), 3.92 (3H, d, J 0.4, OCH;), 4.78
(1H, d, Jyp 15.5, CH-P), 5.46 (1H, ddd, Jxp 2.1, Jxa 9.8, Jxs 2.9,
O-CH), 5.76 (1H, ddd, Jxp 8.8, Jxa 5.2, Jxs 3.3, O-CH),
7.29-7.48 (10H, m, Ph); 6; (100.61 MHz, CDCl;) 39.56 (d,
Jcp 7.4, CH,), 54.18 (OCH;), 68.88 (d, Jcp 158.4, CH-P), 76.83
(d, overlap with CDCl; signal, Jcp 8.3, O-CH), 79.92 (d, Jcp 8.6,
O-CH), 125.53, 126.06, 128.58, 128.93, 128.97, 129.13 (10C,
Ph), 138.85 (d, Jcp 2.4, Ph), 139.03 (d, Jop 6.9, Ph), 170.61
(C=0); 8p (161.98 MHz, CDCl;) 9.48; HRMS: (ESI) observed
[M + Na]" 385.0820, calculated for C;3H;,0sPNa" 385.08169.

a-Hydroxyphosphonate 16b. 36%; mp 117-119 °C (from
CH,CL,); [y —23.85 (¢ 0.96 in CH,Cl,); found: C, 59.1; H,
5.55. Calc. for C;gH,906P: C, 59.7; H, 5.3%; Umadcm™" 3302,
2951, 1752, 1519, 1452, 1262, 1112, 1056; &y (600.13 MHz,
CDCl;) 2.60 (ABXX'P-system, A-part: 1H, dddd, Jap 14.9,
Jax' 3.6, Jax 4.5, Jap 1.9, CH,; B-part: 1H, dddd, Jas 14.9, Jux'
8.9, Jux 5.2, Jup 1.2, CH,), 2.63 (1H, br s, OH), 3.90 (3H, s,
OCHj,), 4.78 (1H, d, Jup 15.7, CH-P), 5.51 (1H, ddd, Jxp 3.0,
Jxa 3.6, Jx 8.9, O-CH), 5.83 (1H, td, Jxa = Jxs 4.9, Jxp 8.0,
O-CH), 7.25-7.49 (10H, m, Ph); 6. (100.61 MHz, CDCl;) 40.05
(d, Jep 7.2, CH,), 54.17 (OCHj), 69.23 (d, Jep 157.7, CH-P),
76.46 (d, Jep 7.5, O-CH), 79.62 (d, Jcp 8.5, O-CH), 125.57,
125.60, 128.63, 128.89, 129.04, 129.11 (10C, Ph), 139.03 (d,
Jep 6.9, Ph), 139.24 (d, Jcp 4.2, Ph), 170.57 (C=O0); &p (161.98 MHz,
CDCl;) 9.95; HRMS: (ESI) observed [M + Na]" 385.0817, calcu-
lated for C;gH;,0sPNa* 385.08169.

(S)-(+)- and (R)-(—)-Methyl 2-phosphono-2-hydroxyacetate
[(S)- and (R)-6]. a-Hydroxyphosphonate 16a (100 mg,
0.28 mmol) was dissolved in methanol (10 mL) and Pd/C (70 mg,
10% Pd) was added. The reaction mixture was hydrogenated in a
Parr apparatus for 2 h at room temperature (50 psi), filtered over
celite and cooled to 0 °C. The filtrate was extracted with hexanes
(3 x 10 mL), precooled to —25 °C, and concentrated in vacuo to
yield the desired (S)-6 (41 mg, 86%); [a]fy +29.6 (¢ 1.40 in H,O);
Sy (400.13 MHz, ds-methanol) 3.79 (3H, s, OCH;), 4.48 (1H,
d, Jup 17.6, CH-P), 4.83 (3H + residual water, s, 3 x OH);
8¢ (100.61 MHz, d,-methanol) 52.48 (OCH3), 71.01 (d, Jep 175.1,
C-P), 171.47 (C=0); 6p (161.98 MHz, d,-methanol) 15.31.

Similarly, diastereomer 16b (100 mg) was converted to
a-hydroxyphosphonic acid (R)-6 of opposite configuration
(43 mg, 90%); [a] —28.8 (c 1.63 in H,0); the spectroscopic
data were identical to that of the (S)-enantiomer.

Configurational stability of (R)-(—)-methyl 2-phosphono-2-
hydroxyacetate. The optical rotation of the free phosphonic
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acid (R)-6 did not change significantly in aqueous medium
over a period of 8 days {after 8 days: [a]}) —28.4 (c 1.63 in
H,O0)}. After the pH had been adjusted to 7 by the addition of
NaOH (2 M) the optical rotations were measured after 1 h
{[a]y} =19.7 (c 0.95 in H,0)} and 16 h {[a]y} —0.3 (c 0.95
in H,0)}.

(¥)-Methyl 2-(dimethoxyphosphinyl)-2-hydroxyacetate [(+)-19].
Methyl glyoxylate (440 mg, 0.40 mL, 5.0 mmol) and dimethyl
phosphite (550 mg, 0.46 mL, 5.0 mmol) were stirred at —78 °C
under argon in CH,Cl, (10 mL). Et;N (100 mg, 0.14 mlL,
1.0 mmol) was added slowly and the resulting turbid solution
was stirred at —78 °C for 30 min. The cooling bath was
removed and the reaction mixture was allowed to warm to
room temperature. The solvents were removed in vacuo and the
hydroxyphosphonate was purified by flash chromatography
(hexanes-acetone 2:3, Ry 0.26) and crystallisation (EtOAc-
Et,0) to yield colourless needles (712 mg, 72%); mp 60-63 °C
(1it.,*® 59-61 °C); vma/em™ 3269, 2961, 1754, 1440, 1247,
1185, 1108, 1028; 6y (400.27 MHz, CDCl;) 3.29 (1H, br s, OH),
3.84 (3H, d, Jp 10.8, P-OCHj), 3.85 (3H, d, Ji;p 10.7, P-OCH,),
3.88 (3H, d, Jyp 0.5, CO,CH;), 4.57 (1H, d, Jip 16.0, CH-P);
5¢ (100.65 MHz, CDCl;) 53.81 (CO,CH3), 54.26 (d, Jcp 6.8,
P-OCHj;), 54.60 (d, Jcp 6.8, P-OCH,), 68.76 (d, Jcp 156.1,
CH-P), 170.06 (C=O0); 8p (162.02 MHz, CDCl;) 17.70.

(R)-(—)-Methyl 2-(dimethoxyphosphinyl)-2-hydroxyacetate
[(R)-19]. a-Hydroxyphosphonic acid (R)-6 (51 mg, 0.30 mmol)
was esterified in dry MeOH (3 mL) with a distilled ethereal
solution of CH,N, (prepared from N-nitroso-N-methylurea;
added until faint yellow colour persisted) at room temperature.
The reaction mixture was immediately concentrated in vacuo at
room temperature. The crude product was a mixture of (R)-19
and (R)20; ee >99% (by *'P/'H NMR using (R)-(+)-tert-
butyl-phenyl-monothiophosphinic acid as a chiral solvating
agent).”®*° Homogeneous (R)-19 was obtained by flash chrom-
atography (hexanes-acetone 2:3, Ry 0.38) as a colourless
solid (29 mg, 49%); ee 34% (by *'P/'H NMR using the
chiral shift reagent); [a]}y —10.64 (¢ 1.10 in methanol).
The spectroscopic data agreed with that for the racemic
compound (+)-19.

(x)-Methyl 2-(dimethoxyphosphinyl)-2-methoxyacetate
[(2)-20].** Hydroxyphosphonate (+)-19 (29 mg, 0.15 mmol) was
dissolved in dry CH,Cl, (3 mL) at 0 °C. HBF,-OEt, (8 drops,
0.16 M solution in CH,Cl,) was added, followed by freshly dis-
tilled ethereal CH,N,, until its yellow colour persisted in the
reaction mixture. Then the solution was concentrated to about
2 mL and subjected to flash chromatography (hexanes-acetone
2:3, Ry 0.49) to obtain (+)-20 (9 mg, 28%) as a colourless solid;
Umax/em ™ 1744, 1443, 1259, 1190, 1119, 1027; 6y (400.27 MHz,
CDCl;) 3.50 (3H, d, J 0.4, CH-OCH3), 3.82 (3H, s, CO,CHj,),
3.82 (3H, d, Jp 10.9, P-OCHj;), 3.84 (3H, d, Ji;p 10.9, P-OCH,),
4.24 (1H, d, Jup 18.5, CH-P); 6¢c (100.65 MHz, CDCl;) 53.04
(CH-OCHj,), 54.32 (d, Jep 7.1, P-OCHj;), 54.40 (d, Jep 7.3,
P-OCHj;), 60.75 (d, Jcp 13.0, CO,CH;), 78.20 (d, Jcp 158.2,
CH-P), 167.74 (d, Jcp 1.6, C=O0); 5p (162.02 MHz, CDCl;) 16.35;
HRMS: (ESI) observed [M + H|" 213.05217, calculated for
CeH1,06P" 213.05280.
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Conclusions

The first chemical synthesis of both enantiomers of a-hydroxy-
phosphonic acid 6 was accomplished. A synthetic route taking
advantage of a chirotopic, non-stereogenic phosphorus centre
in a cyclic phosphite was chosen to generate two diastereo-
meric a-hydroxyphosphonates in a Pudovik reaction. The dia-
stereomer with (S)-configuration at the stereogenic centre
bearing the hydroxyl group was converted to the dextrorotary
a-hydroxyphosphonic acid, which was also obtained by partial
hydrolysis of the fosfazinomycins A and B. Therefore, the
natural a-hydroxyphosphonic acid also has (S)-configuration.
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