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Abstract—An efficient and versatile method for the asymmetric reduction of a- and b-ketophosphonates using chiral reactant derived from
sodium borohydride and L-(+)- or D-(�)-tartaric acid is developed. The methodology was used for the preparation of a number of biologically
interesting enantiomerically pure products: including 2,3-epoxypropylphosphonate 11, 2-hydroxy-3-aminopropylphosphonic acid 14 (phos-
pho-GABOB), phospho-carnitine 19, and others in multigram scale.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Asymmetric reduction of prochiral ketones is the most com-
mon method used to obtain optically active hydroxy deriva-
tives.1 The reductions with chirally modified metal hydrides,
catalytic hydrogenation in the presence of chiral metal com-
plexes, asymmetric hydrosilylation, hydroboration, etc. are
widely used for their preparation.2

In this work we have developed a simple method for the
asymmetric reduction of C]O compounds with a reagent
obtained from sodium borohydride and optically active tarta-
ric acid (TA), which we have also applied to the reduction
of ketophosphonates. The asymmetric reduction of keto-
phosphonates is one of the most convenient methods for
the synthesis of chiral hydroxyphosphonates, which are an
important class of compounds occurring in the nature.3

Many of these compounds have attracted considerable atten-
tion in recent years for their role in biologically relevant pro-
cesses such as inhibition of renin and HIV protease, human
calpain I. Hydroxyphosphonates act as antibacterial, anti-
viral, antibiotic, and anticancer drugs.3,4 For these reasons,
many synthetic routes toward their synthesis have been
developed.4,5 Ketophosphonates were reduced to the corre-
sponding hydroxyphosphonates by borane or catecholborane
in the presence of chiral oxazaborolidine catalysts.5,6 The
reduction of ketophosphonates with chiral chlorodiisopino-
campheylboranes,7 and enantioselective hydrogenation in
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the presence of chiral BINAP-ruthenium(II) catalyst8

[BINAP¼2,20-bis(diphenylphosphino)-1,10-binaphthyl] was
also used for the preparation of hydroxyphosphonates. How-
ever, these methods require expensive reagents and special
reaction conditions (such as low temperatures or high pres-
sures), which are experimentally inconvenient.9

Therefore as part of our ongoing program directed toward
the development of reagents for the asymmetric synthe-
sis,9–17 derived from readily available natural compounds,
we report here a simple method for the asymmetric reduction
of ketophosphonates by reducing reactant obtained from
sodium borohydride and L- and D-tartaric acids.

2. Results and discussion

2.1. Synthesis of starting ketophosphonates

Two methods were used to prepare the starting a-keto-
phosphonates 1: the one-step reaction of trialkylphosphites
with aroyl chlorides (method a) and two-step method
(method b) according to the reaction of dialkylphosphites
with aldehydes affording racemic a-hydroxyphosphonates,
which were then oxidized by pyridinium dichromate/trime-
thylchlorosilane with the formation of the ketophosphonates
1a–f in 90–100% yields. The ketophosphonates 1a–d pre-
pared by method a were purified by column chromatography
and isolated in good yields. The ketophosphonates 1a–f pre-
pared by method b were stereochemically pure and used
without further purification (Scheme 1).

The b-ketophosphonates 6a–c were prepared by a three-step
one-pot procedure, from dialkyl methylphosphonates 3a and
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1f  R' = (1R,2S,5R)-Mnt, R = i-Pr (86%, method b).
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Scheme 1. Synthesis of a-ketophosphonates 1. Reagents and conditions: method a: RCOCl, toluene, 0 �C; method b: (i) RCHO, DBU (cat.), rt, 12 h; (ii)
Py2Cr2O7/TMSCl, CH2Cl2, rt, 5–12 h.
b by reaction in THF with butyllithium to form carbanion 4
followed by the reaction with carboxylic acid chlorides. To
decrease the effect of an undesired inter-metallation reaction
between 6 and 4, the lithium derivative 4 by reaction with the
cuprous bromide was converted into cuprous derivative 5,
which reacted with acyl chlorides to give the corresponding
b-ketophosphonates 6a–c in good yields (Scheme 2).

2.2. Reduction of ketophosphonates with the chiral
adduct NaBH4/TA

Having efficiently prepared a-ketophosphonates 1a–f and b-
ketophosphonates 6a–c, we turned out our attention to their
diastereoselective reduction to obtain a- or b-hydroxy-
phosphonate.

Reduction of ketophosphonates 1b–f and 6c with sodium
borohydride in THF afforded the corresponding hydroxy-
phosphonates 2 with low stereoselectivity (�30% de).
Therefore for this purpose we have used chiral reactants
7a–c prepared by addition of sodium (lithium or tetrabutyl-
ammonium) borohydrides to natural L-(+)-tartaric acid or
synthetic D-(�)-tartaric acid, which were recently described
by us.12–14 These adducts were isolated as colorless high-
melting solids (mp >250 �C) (M¼Na and Li) or oil
(M¼Bu4N) (Scheme 3).

The reduction of ketophosphonates with chiral adducts
of borohydrides (of sodium, tetrabutylammonium or lith-
ium) with (R,R)-(+)-tartaric acid proceeded with higher
stereoselectivity. Reagents 7a and c (M¼Li and Na) are
more active, than 7b (M¼Bu4N+). The reduction of keto-
phosphonates with the reagents 7a and c proceeded readily
at �30 �C in THF, whereas the reaction with 7b occurred
only at ambient temperature or with heating. The best results
in stereoselectivity were obtained with 7a, which is also the
most convenient and readily accessible.

The stereochemistry of the reduction of a- and b-ketophosph-
onates with 7a depended on the absolute configuration of
tartaric acid. Thus, the reduction of a-ketophosphonates
1a–f with (R)-7a yielded a-hydroxyalkyl(aryl)phosphonates
2a,c, and e–h of (S)-configuration, whereas the reduction
of a-ketophosphonates 1a and b with (S)-7a resulted in the
formation of (R)-a-hydroxybenzylphosphonates 2b and d
(Scheme 4).
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Scheme 4. Reduction of a-ketophosphonates 1 with 7a.

The reduction of b-ketophosphonates 6b and c with (R)-7a
afforded (S)-b-hydroxyphosphonates 8b and d, and the re-
duction with (S)-7a yielded b-hydroxyphosphonates 8c and
e of (R)-absolute configuration at C-2 (Scheme 5). Table 1
summarizes the conditions used in the reduction and results
obtained.
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Scheme 2. Synthesis of b-ketophosphonates 6a–c.
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Scheme 5. Reduction of b-ketophosphonates 6b and c with 7a.

The reduction of dimenthyl ketophosphonates with (R)-7a
proceeded with higher stereoselectivity than the reduction
of diethyl ketophosphonates because of the effect of double
asymmetric induction (Table 1).14,15

At the same time the reduction of dimenthyl aryl(alkyl)keto-
phosphonates 1 with (S)-7a proceeded with moderate stereo-
selectivity. For example, the reduction of dimenthyl
benzoylphosphonate 1b with this adduct yielded the corre-
sponding hydroxyphosphonate 2d only with 45% de, that is
lower than that from the reaction of diethyl benzoylphosph-
onate 1b with (S)-7a (60% ee).

Similar stereoselectivities and yields were obtained when
the reduction of 6a–c was carried out with (S)-7a or (R)-7a
(Entries 9–13). A very good yield and diastereoselectivity
of the b-hydroxyphosphonate 8d was obtained when the
b-ketophosphonate 6c was reduced with (R)-7a at �30 �C
in absolute THF (Entry 12).

Evidently, the asymmetric inductions of chiral (1R,2S,5R)-
menthyl groups and (R,R)-tartaric acid act in one direction
increasing the diastereofacial selectivity of the reagents,
whereas asymmetric inductions of (1R,2S,5R)-menthyl
groups and (S,S)-tartaric acid are mismatched and act in op-
posite directions decreasing the resulting stereoselectivity
(Table 2).

All hydroxyphosphonates mentioned in the Table 1 were pu-
rified and isolated in optically pure form. The diethyl a- and
b-hydroxyphosphonates 2a,b and 8a–c were purified by col-
umn chromatography or by crystallization, the dimenthyl
hydroxyphosphonates 2c–h and 8d were crystallized from
acetonitrile. Even dimenthyl (R)-a-hydroxyphosphonate
2b (Entry 2) and (R)-b-hydroxyphosphonate 8e (Entry 13),
prepared by reaction of corresponding ketophosphonates
with (S)-7a under the condition of mismatched double
asymmetric induction (moderate stereoselectivity) were
purified by crystallization from hexane and obtained with
w100 de.

2.3. Optical purity and absolute configuration

The optical purity of diastereomeric dimenthyl hydroxy-
phosphonates 2c–h and 8d,e obtained by reduction of keto-
phosphonates 1b–f and 6c was determined by 1H and 31P
NMR of the crude reaction mixtures.

Enantiomeric purity of homochiral diethyl hydroxyphosph-
onates 2a,b and 8b,c was determined by 31P NMR, using the
dimenthylchlorophosphite as derivatizing reagent or cin-
chona alkaloids (cinchonidine and cinchonine) as chiral sol-
vating agents.16 These alkaloids discriminate the signals of
(R)- and (S)-stereomers of hydroxyphosphonates 2 and 8
in 1H and 31P NMR spectra, give high values of Dd (w0.2–
0.4 ppm), allow to integrate the split signals. For example,
the 31P NMR spectra of 8b in the presence of cinchonidine
disclosed two signals dP 29.2 and 29.51 ppm in the ratio
90:10 according to the enantiomeric excess of this com-
pound.

The optical purity of homochiral diethyl hydroxyphospho-
nates 2a,b and 8b,c was also determined by derivatization
with the di(1R,2S,5R)-menthylchlorophosphite and conver-
sion into diastereomers 9 according to the earlier reported
methodology (Scheme 6).17 For example, 31P NMR spectra
of derivatized compound 9 obtained from 2a showed two
double doublets in downfield at w145 ppm, 3JPP 18 Hz and
in up field atw20 ppm, 3JPP 18 Hz, which provided accurate

Table 2. Multiple stereoselectivity in the reduction of ketophosphonates
1a,b and 6b,c

R0 R TA Stereoselectivity
(ee or de, %)

Config
of 2

Asymmetric
induction

Et Ph R,R 80 S Single
Et Ph S,S 80 R Single
Mnt Ph R,R 92.5 S Matched double
Mnt Ph S,S 46 R Mismatched double
Mnt CH2Cl R,R 96 S Matched double
Mnt CH2Cl S,S 80 R Mismatched double
Table 1. Asymmetric reduction of ketophosphonates (R0O)2P(O)(CH2)nC(O)R with NaBH4/TA [(S)-7a or (R)-7a]

Entry Compd R R0 n TA Yield, % R/Sb,c Configa

1 2a Ph Et 0 R,R 95 20:80 S
2 2b Ph Et 0 S,S 94 80:20 R
3 2c Ph Mnt 0 R,R 95 3.8:96.2 S
4 2d Ph Mnt 0 S,S 98 73:27 R
5 2e 2-FC6H4 Mnt 0 R,R 97 9.8:90.1 S
6 2f 2-MeOC6H4 Mnt 0 R,R 96 13:87 S
7 2g Piperonyl Mnt 0 R,R 97 2:98 S
8 2h i-Pr Mnt 0 R,R 97.6 16:84 S
9 8a Ph Et 1 R,R 95 72:28 R
10 8b CH2Cl Et 1 R,R 86 10:90 S
11 8c CH2Cl Et 1 S,S 82 90:10 R
12 8d CH2Cl Mnt 1 R,R 94 2:98 S
13 8e CH2Cl Mnt 1 S,S 80 91:9 R

a The configuration of major enantiomer was determined by comparison of optical rotation with the literary data.
b Determined by 31P NMR after derivatization with dimenthylchlorophosphite.
c Determined by 31P NMR with cinchonidine as chiral solvating agent.
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Scheme 6. Derivatization of diethyl hydroxyphosphonates 2 and 8 with the di(1R,2S,5R)-menthylchlorophosphite.

Figure 1. 31P NMR spectra of the derivatized hydroxyphosphonates 9 (R¼Ph, n¼0).
integration of signals and correct measuring of their dia-
stereomeric ratio (Fig. 1).

The absolute configurations of hydroxyphosphonates 2 were
verified by chemical correlation after conversion of hydr-
oxyphosphonates to the corresponding phosphonic acids 10
whose configuration was determined earlier (Scheme 7).5,17
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Scheme 7. Hydrolysis of hydroxyphosphonates.
2.4. Stereochemistry of reduction

These results can be rationalized by referring to appropriate
models of transition states in the reduction of ketophospho-
nates 1 and 6 with (R)-7a. The minimum energy conformers
of a- and b-ketophosphonates were determined by applying
the PC MM+ method for the geometry minimization and en-
ergy assessment.18,19 Examination of the lowest energy con-
formations for the ketophosphonates 1a and 6c showed that
the nucleophilic attack of the hydride may occurs via the less
hindered Si face, leading to the corresponding (S)-a-hydr-
oxyphosphonate 2c or (S)-b-hydroxyphosphonate 8d as the
major isomer (Fig. 2).
Re face
more hindered

Re face
more hindered

Si face
less hindered

Si face
less hindered

Figure 2. MM+ conformations of minimum energy for a- and b-ketophosphonates 1a and 6c.
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Since the reduction of ketophosphonates 1a–g with (R)-7
resulted in the formation of (S)-hydroxyphosphonates, it is
probable that the participation of P]O group in the transi-
tion state favors the attack of the hydride ion to the Si-side
of C]O group. These theoretical calculations are in good
agreement with the experimental data, that is the observed
stereoselectivities depend on the size of the RO group at the
phosphorus, as has been shown with the reduction of a- and
b-ketophosphonates (Table 1, Entries 1, 3, 10, and 12).

We have applied the developed methodology for the synthe-
sis of a number of biologically important functionalized
phosphonic acids, including phospho-GABOB, phospho-
carnitine, phosphono-epoxides, phosphono aziridines, and
2-hydroxy-3-aminoalkylphosphonates.

2.5. Synthesis of phospho-GABOB

Thus, we have developed a simple method for the asymmetric
synthesis of phosphonic analogue of natural 2-hydroxy-3-
aminobutyric acid (GABOB), which is an important amino
acid, acting as an antimimetic and hypotensive drug, and is
an agonist of g-aminobutyric acid (GABA).20 As a neuro-
modulator it is effective in managing a variety of clinical
conditions including schizophrenia, epilepsy, and other char-
acter-based disorders.21 For these reasons, many synthetic
routes to GABOB analogues have been developed.22–24

Enantioselective syntheses of (S)-phospho-GABOB were
achieved using a Baker’s yeast mediated bio-reduction of
diethyl 2-oxo-3-azidopropylphosphonate.22 Wr�oblewski re-
ported the synthesis of phospho-GABOB by means of the
regioselective opening of the oxirane ring of diethyl (S)-
2,3-epoxypropylphosphonate with tritylamine, followed by
hydrogenolysis of the trityl group and hydrolysis of the ester
group.23 Herein, we report an efficient approach to prepare enan-
tiomerically pure (R)-2-hydroxy-3-aminopropylphosphonic
acid P-GABOB, which takes advantage of the highly dia-
stereoselective reduction of b-ketophosphonates.

In the first step optically pure dimenthyl (S)-2-hydroxy-
3-chloropropylphosphonate 8d was treated with K2CO3 in
acetonitrile in presence of KI to afford the optically pure
epoxide (R)-11 in good yield. Then the epoxide ring in the
phosphonate 11 was opened regioselectively with N,N-
dibenzylamine at C-3 to yield the crystalline dimenthyl
(R)-2-hydroxy-3-(N,N-dibenzylamino)propylphosphonate
12 (Scheme 8). The 2-hydroxy-3-aminophosphonate (R)-12
was hydrolyzed on heating with hydrochloric acid in di-
oxane to yield 2-hydroxy-3-aminopropylphosphonic acid
(R)-13 and without further purification was treated with
hydrogen under Pd/C in methanol at 20 �C to afford the crys-
talline (R)-g-amino-b-hydroxypropylphosphonic acid (R)-
14 in 74% yield and with 99% ee, that is the phosphonic
analogue of naturally occurring GABOB. The crystalline
compounds 8d and 12 bearing menthyl groups were purified
by crystallization from acetonitrile.

The structure of (R)-14 was confirmed by elemental analysis
and NMR spectroscopy, the (R)-absolute configuration was
found from comparison of the measured values of optical
rotation with published data.23,24

2.6. Synthesis of 2,3-aziridinopropylphosphonates

The epoxide 11 was converted consequently into azides
15a,b and aziridine 17. To the best of our knowledge, opti-
cally active 2,3-aziridinoalkylphosphonates have not been
earlier reported in the literature. The diethyl (2R)-2,3-epoxy-
propylphosphonate (R)-11 reacted readily with sodium
azide in the presence of ammonium chloride in methanol
to afford dialkyl (2R)-2-hydroxy-3-azidopropylphosphonate
15 (Scheme 9). The reaction of azidophosphonates 15a,b
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Scheme 8. Asymmetric synthesis of phospho-GABOB (R)-14. Reagents and conditions: (a) K2CO3, KI, CH3CN/DMF (10:3.5), reflux, 8 h; (b) Bn2NH, MeOH,
reflux, 10 h; (c) HCl/dioxane, 80–85 �C, 72 h; (d) H2, Pd/C, MeOH, rt; and (e) ion-exchange chromatography.
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Figure 3. 31P NMR monitoring (120 MHz, C6D6) of the reaction of azidophosphonate 15 with Ph3P: (a) the reaction mixture in 1 h after mixing of reagents at
room temperature and (b) the reaction mixture after reflux in toluene for 1 h.
with triphenylphosphine at room temperature proceeded via
the formation of unstable intermediate 16 bearing pentacoor-
dinated phosphorus. In 31P NMR spectra of the intermediate
16 were found two signals: dP �55.1 (pentacoordinated
phosphorus) and +26.9 ppm (tetracoordinated phosphorus)
according to the structure of this compound. Upon heating,
16 converts into triphenylphosphine oxide (dP 30.2 ppm)
and aziridinophosphonates 17 (dP 29 ppm), which were iso-
lated in good yield. The aziridinophosphonate (S)-17a was
purified by distillation under vacuum and isolated as color-
less liquid (Fig. 3).

2.7. Synthesis of phospho-carnitine

The phospho-carnitine, which is phosphonate analogue of
natural L-carnitine plays an important role in the transport
of fatty acids into the mitochondrial matrix.25–27 Earlier
the synthesis of phospho-carnitine was performed by a che-
moenzymatic method and only in milligram scale.28,29 The
literature data concerning the phospho-carnitine are ambig-
uous (compare the [a]D and absolute configurations of this
compound in the publications28–30).

We have performed the synthesis of (R)-phospho-carnitine
in multigram scale, using the stereoselective reduction of
2-keto-3-chloropropylphosphonates as shown in Scheme 10.
In the first step the reduction of b-ketophosphonates 6b and c
led to the formation of optically active 2-hydroxy-3-chloro-
propylphosphonates 8b and d, which are precursors of
(R)-phospho-carnitine.31 The diethyl 2-hydroxy-3-chloro-
propylphosphonate 8b was obtained with good stereoselec-
tivity (80% ee), whereas the dimenthyl derivative 8d was
obtained with excellent stereoselectivity (96% de). The crys-
tallization of 8d from hexane provided the optically pure
compound (w100% de). Further, the b-hydroxypropyl-
phosphonates 8b and d were treated with Me3SiBr/EtOH
or hydrolyzed with HCl in dioxane to afford the b-hydroxy-
propylphosphonic acids (S)-18. The free phosphonic acid 18
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Scheme 10. Asymmetric synthesis of phospho-carnitine (R)-19. Reagents and conditions: (a) BuLi, Cu2Br2, ClCH2COCl, THF, �78 to �40 �C; (b) (R)-7a,
THF, �30 �C; (c) crystallization from MeCN; (d) HCl/dioxane, 85 �C, 72 h; (e) Me3N, 40 �C, 72 h; and (f) column chromatography.
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was reacted with water solution of trimethylamine to yield
the trimethylammonium salt. The reaction mixture was puri-
fied by column chromatography with silica gel to give opti-
cally pure (R)-phospho-carnitine (R)-19 in high yield. The
structure of compound 19 was confirmed by elemental anal-
ysis and NMR spectroscopy. The (R)-phospho-carnitine 19
is a hygroscopic crystalline compound, which decomposes
on heating (>250 �C).

NMR spectra allow conformational analysis of the obtained
compounds 8, 18, and 19 to be performed. The 1H NMR spec-
tra of b-hydroxyphosphonates disclose signals of diastereo-
topic protons in PCH2 and CH2X groups as doublet of
double doublets due to spin–spin coupling with the phospho-
rus atom, the proton of CHOH group (vicinal constant 3JHH),
and due to geminal coupling 2JHH. Diastereoisomeric 2-hy-
droxypropylphosphonates exist mainly as anti-conformers
at the C-1/C-2 bond, as follows from the values of constants
2JHP w18 Hz, 3JH1aH2 w9.5 Hz, and 3JH1bH2¼3.0–3.5 Hz
(Fig. 4a), and as cis-conformers at the C-2/C-3 bond in agree-
ment with the values of vicinal constants: 3JH2H3a 6.9 Hz and
3JH2H3b 6.6 Hz (Fig. 4b).30

The b-hydroxyphosphonates 8 and 19 are stabilized by the
antiperiplanar disposition of the largest substituents about
the C-1/C-2 bond and by the formation of the intramolecular
hydrogen bond between the HO–C and P]O groups, possi-
bly within six-membered rings, which adopt a chair confor-
mation. In NMR spectra of these compounds the signal of
hydroxyl proton is shifted to downfield 4.75–5.0 ppm be-
cause of intramolecular hydrogen bonding. Stability of the
anti-conformers probably is higher due to formation six-
membered ring with conformation approaching the chair
form.

Modeling of a molecule by means of MM+ calculations al-
lows the values of dihedral angles in the most energetically
favorable conformations of hydroxyphosphonates 8 and
19 to be calculated.18 These theoretical values coincide
with the experimental data obtained on the basis of NMR
spectra by means of Karplus equation, thus confirming our
conclusions.19

3. Conclusion

In summary, the method of asymmetric reduction of a- and
b-ketophosphonates by means of a chiral reactant obtained
from the sodium borohydride and D- or L-tartaric acid is
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Figure 4. Conformational analysis of b-hydroxyphosphonates: (a) Newman
projection relatively to C-1/C-2 bond (b) Newman projection relatively to
C-2/C-3 bond.
developed. The reduction of chiral di(1R,2S,5R)-menthyl
ketophosphonates with chiral NaBH4/(R,R)-TA adduct was
controlled by matched double asymmetric induction to re-
sult in increased stereoselectivity and the formation of hy-
droxyphosphonates with �90% ee (de). At the same time
the reduction of di(1R,2S,5R)-menthyl ketophosphonates
with NaBH4/(S,S)-TA was accompanied by mismatched
double asymmetric induction decreasing the stereoselectiv-
ity and resulting in the formation of hydroxyphosphonates
with w45–80% ee (de). The methodology was applied
for the preparation of a number of biologically important
enantiomerically pure products: including 2-hydroxy-3-
aminopropylphosphonic acid 2 (phospho-GABOB), 2,3-
epoxypropylphosphonate 11, phospho-carnitine 19, and
others in multigram scale.

4. Experimental

4.1. General

NMR measurements were recorded on a Varian VXR-300
spectrometer at 300 (1H) and 121.4 (31P) MHz or on a Varian
Gemini2000 (400 MHz) spectrometer at 400 (1H), 100.6
(13C), and 161.96 (31P) MHz with TMS (1H, 13C) as an inter-
nal standard and 85% H3PO4 in D2O (31P). Chemical shifts
are given as d value in parts per million with reference to TMS
as an internal standard. IR spectra were recorded on Perkin–
Elmer Paragon 1000 infrared spectrophotometer. For 1H
NMR spectra the deuterated solvents indicated were used.
Polarimetric measurements were conducted on a Polax 2L
apparatus (Japan). Products were purified by column chro-
matography on silica gel Merck 60 (60–200 mesh). TLC
analysis was performed on Merck silica gel 60 F254 plates.
Visualization of spots was effected with iodine vapors, with
UV illumination and charring with 0.3% p-anisaldehyde in
EtOH. Melting points are uncorrected. All solvents were
dried by standard methods and all reactions were performed
under an inert atmosphere. Tetrahydrofuran was distilled
from Na/benzophenone ketyl under a nitrogen atmosphere.
Tartaric acid, sodium borohydride, and (1R,2S,5R)-menthol
were obtained from commercial firms (Fluck, Merck, and
Acros).

4.2. General procedure for the preparation
of a-ketophosphonates 1a–f

To a suspension of pyridinium dichromate (9.6 g, 25 mmol)
in 190 mL of CH2Cl2 at 0–5 �C was added with stirring tri-
methylchlorosilane (6.43 g, 59 mmol) and after 15 min a so-
lution of racemic dialkyl a-hydroxyalkyl(aryl)phosphonates
(8.3 mmol) 2a–f in 10 mL of CH2Cl2 (2a–f were prepared by
reaction of dialkylphosphite (10 mmol) with corresponding
aldehyde (10 mmol) in the presence of catalytic quantity
of DBU). The reaction mixture was stirred at room temper-
ature for 5–12 h, then filtered through a short column with
silica gel and flushed with AcOEt. The solution was evapo-
rated under reduced pressure to afford 1a–f as colorless
oils, which were purified by column chromatography using
hexane/ethyl acetate.

4.2.1. Di(1R,2S,5R)-menthyl benzoylphosphonate 1b.
Yield: w99%, colorless oil; [found: C, 69.9; H, 9.78; P,
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6.61. C27H43O4P requires C, 70.10; H, 9.37; P, 6.70%]; Rf

(25% ethyl acetate/hexane) 0.3; [a]D
20 �62 (c 1.5, CHCl3);

nmax (liquid film) 2959, 1661, 1456, 1252, 993 cm�1; dH

(300 MHz, CDCl3) 7.35 (5H, m, C6H5), 4.15 (2H, dt, J
4.1, 2.3 Hz, 2OCH), 2.2–1.1 (18H, m, CH2 and CH), 1.0–
0.7 (18H, m, CH3); dC (100.6 MHz, CDCl3) 199.28 (d, J
178.3 Hz), 136.04 (d, J 64.5 Hz), 133.93, 129.74 (d, J
1.3 Hz), 128.34 (d, J 0.8 Hz), 79.85 (d, J 8.2 Hz), 79.82 (d,
J 8.2 Hz), 48.61 (d, J 6.2 Hz), 48.55 (d, J 6.2 Hz), 43.54,
42.91, 34.02, 34.02, 31.69, 31.66, 25.60, 25.50, 22.98,
22.95, 21.86, 21.83, 20.93, 20.90, 15.75, 15.65; dP

(121.4 MHz, CDCl3) �2.3.

4.2.2. Di(1R,2S,5R)-menthyl 2-fluorobenzoylphospho-
nate 1c. Yield: 95%, colorless oil; [found: C, 67.45; H,
8.71; P, 6.38. C27H42O4P requires C, 67.48; H, 8.81; P,
6.44%]; Rf (20% ethyl acetate/hexane) 0.4; [a]D

20 �72 (c 1,
toluene); dH (300 MHz, CDCl3) 7.4 (4H, m, C6H4), 4.0
(2H, dt, J 4.1, 2.3 Hz, OCH), 2.0–0.8 (18H, m, CH2+CH),
0.9–0.6 (18H, m, CH3); dP (121.4 MHz, CDCl3) �3.1.

4.2.3. Di(1R,2S,5R)-menthyl 2-methoxybenzoylphospho-
nate 1d. Yield: 98%, colorless oil; [found: C, 68.25; H,
9.18; P, 6.25. C28H45O5P requires C, 68.27; H, 9.21; P,
6.29%]; Rf (25% ethyl acetate/hexane) 0.33; [a]D

20 �65
(c 1.5, CHCl3); dH (300 MHz, CDCl3) 7.2–7.0 (m, C6H4),
6.8–6.6 (4H, m, C6H4), 4.15 (2H, dt, J 4.1, 2.3 Hz, 2OCH),
3.9 (3H, s, OCH3), 2.2–1.1 (18H, m, CH2+CH), 1.0–0.7
(18H, m, CH3); dP (121.4 MHz, CDCl3) �3.5; dC

(100.6 MHz, CDCl3) 199.28 (d, J 170 Hz), 136.04 (d, J
64 Hz), 133.93, 129.74 (d, J 1.3 Hz), 128.34 (d, J 0.8 Hz),
79.85 (d, J 8.2 Hz), 79.82 (d, J 8.2 Hz), 55, 48.61 (d, J
6.2 Hz), 48.55 (d, J 6.2 Hz), 43.8, 34.09, 33.9, 31.5, 25.24,
22.7, 21.97, 21.87, 21.21, 21.05, 15.72, 15.62.

4.2.4. Di(1R,2S,5R)-menthyl piperonoylphosphonate 1e.
Yield: 85%, colorless oil; [found: C, 66.24; H, 9.02; P,
6.09. C28H43O6P requires C, 66.38; H, 8.56; P, 6.11%]; Rf

(25% ethyl acetate/hexane) 0.51; [a]D
20 �63.8 (c 5.48,

CHCl3); dH (300 MHz, CDCl3) 8.25 (1H, d, J 10 Hz, C6H3),
6.75 (1H, d, J 10 Hz, C6H3), 7.66 (1H, s, C6H3), 5.8 (2H, s,
O2CH2), 4.15 (2H, dt, J 4.1, 2.3 Hz, 2OCH), 2.2–1.1 (18H,
m, CH2+CH), 1.0–0.7 (18H, m, CH3); dP (121.4 MHz,
CDCl3) �1.8.

4.2.5. Di(1R,2S,5R)-menthyl 2-methylpropionylphospho-
nate 1f. Yield: 86%, colorless oil; [found: C, 67.18; H, 10.41;
P, 7.18. C24H45O4P requires C, 67.26; H, 10.58; P, 7.23%];
Rf (10% ethyl acetate/hexane) 0.42; [a]D

20 �90.4 (c 0.75,
CHCl3); dH (300 MHz, CDCl3) 4.2 (2H, dt, J 4.1, 2.3 Hz,
2OCH), 3.15 (1H, m, CHCH3), 2.2–1.1 (18H, m, CH2+CH),
1.06 (3H, d, J 3.3 Hz, CH(CH3)2), 1.04 (3H, d, J 3.3 Hz,
CH(CH3)2), 1.0–0.7 (18H, m, CH3); dP (121.4 MHz,
CDCl3) �3.4.

4.3. General procedure for the preparation
of b-ketophosphonates 6a–c

A solution of butyllithium (1.84 M, 0.1 mol) in hexane was
cooled to �78 �C and mixed with 60 mL of anhydrous THF
before the slow addition of dialkyl methylphosphonate 3a
and b (0.1 mol) in 30 mL of THF. The resultant solution
was stirred at �78 �C for 20 min, then Cu2Br2 (0.1 mol)
was added and the reaction mixture was stirred at �60 to
�30 �C for 0.5 h and then at�30 �C for 1 h. After that acyl-
chloride (0.1 mol) in 30 mL of THF was added at �40 �C.
The reaction mixture was stirred at �40 to �30 �C for 2 h
and was left overnight at this temperature. Then 70 mL of
water was added to the mixture, the precipitate was sepa-
rated, and extracted with chloroform (2�50 mL). The
combined organic extracts were treated first with water
(2�30 mL), then with aqueous solution of Na2CO3

(2�30 mL) and water (2�25 mL), dried over anhydrous
Na2SO4, filtered, and evaporated under reduced pressure.
The residue was purified by distillation under vacuum or
crystallization.

4.3.1. Diethyl 2-oxo-2-phenylethylphosphonate 6a. Yield:
86%, colorless viscous liquid, bp 140 �C (0.2 mmHg); dP

(121.4 MHz, CDCl3) 29, that corresponds to the earlier
described compound.6

4.3.2. Diethyl 2-oxo-3-chloropropylphosphonate 6b.
Yield: 70%, colorless viscous liquid, bp 94–95 �C
(0.07 mmHg); nmax (liquid film) 2985, 1725, 1396, 1257,
1027, 969 cm�1; dP (121.4 MHz, CDCl3) 18.8, that corre-
sponds to the earlier described compound.22

4.3.3. Di(1R,2S,5R)-(L)-menthyl 2-oxo-3-chloropropyl-
phosphonate 6c.

4.3.3.1. Di(1R,2S,5R)-menthyl methylphosphonate 3b.
To a solution of (1R,2S,5R)-menthol (8.74 g, 55.9 mmol)
and pyridine (4.53 mL, 55.9 mmol) in 20 mL of dried tolu-
ene was added dropwise with stirring a solution of methyldi-
chlorophosphine oxide (3.7 g, 27.8 mmol) in 20 mL of
toluene. The mixture was stirred at 90 �C for 10 h, then was
filtered and the mother liquor was washed with a saturated
aqueous solution of Na2CO3 (2�10 mL), water (15 mL),
and dried over anhydrous Na2SO4. The solvent was evapo-
rated, the residue was distilled under vacuum to give the title
compound 3b (8.81 g, 85%) as a colorless viscous liquid, bp
137 �C (0.06 mmHg); [found: C, 67.68; H, 11.04; P, 8.29.
C21H41O3P requires C, 67.71; H, 11.09; P, 8.31%]; [a]D

20

�78.8 (c 17.8, CHCl3); dH (300 MHz, C6D6), 4.02 (2H, m,
2OCH), 2.15–0.9 (16H, m, CH2 and CH), 1.98 (1H, m,
CH(CH3)2), 1.83 (3H, s, CH3), 1.52 (1H, m, CH(CH3)2),
0.82 (12H, m, CH3), 0.73 (3H, d, J 6.9 Hz, CH3), 0.72
(3H, d, J 6.9 Hz, CH3); dP (121.4 MHz, CDCl3) 29.2.

4.3.3.2. Synthesis of 6c. The ketophosphonate 6c was ob-
tained in 80% yield as a white solid after crystallization from
i-PrOH/H2O, mp 65.5–65.6 �C; [found: C, 61.5; H, 9.57; Cl,
7.77; P, 6.88. C23H42ClO4P requires C, 61.52; H, 9.43; Cl,
7.9; P, 6.9%]; [a]D

20 �78 (c 1, CHCl3); nmax (liquid film)
2960, 1725, 1456, 1256, 1001, 992 cm�1; dH (300 MHz,
C6D6) 4.07 (2H, m, 2OCH), 4.04 (2H, s, CH2Cl), 3.04
(2H, d, J 23.5, PCH2), 1.94 (1H, m, CH(CH3)2), 1.52 (1H,
m, CH(CH3)2), 2.1–0.9 (16H, m, CH2 and CH), 0.93 (3H,
d, J 7 Hz, CH3), 0.91 (3H, d, J 7 Hz, CH3), 0.90 (3H, d, J
7 Hz, CH3), 0.89 (3H, d, J 7 Hz, CH3), 0.81 (3H, d, J 7 Hz,
CH3), 0.79 (3H, d, J 7 Hz, CH3); dC (100.6 MHz, CDCl3)
193.10 (d, J 6.1 Hz), 78.90 (d, J 7.5 Hz), 78.62 (d, J
7.5 Hz), 48.53 (d, J 19.3 Hz), 48.51 (d, J 9.3 Hz), 48.49 (d,
J 9.3 Hz), 43.54, 42.90, 41.58 (d, J 128.6 Hz), 33.98,
31.66, 31.58, 25.65, 25.53, 22.95, 22.88, 21.85, 21.85,
20.99, 20.93, 15.81, 15.64; dP (121.4 MHz, CDCl3) 16.7.
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4.4. General procedure for the reduction of keto-
phosphonates 1a–f with NaBH4/(R,R)-TA adduct

To a suspension of sodium borohydride (0.36 g, 10 mmol) in
50 mL of THF was added (R,R)-(+)-tartaric acid (1.5 g,
10 mmol), then the reaction mixture was refluxed for 4 h.
After that a solution of ketophosphonate (2.5 mmol) in
10 mL of THF was added at�30 �C and the reaction mixture
was stirred at this temperature for 24 h. Then to the reaction
mixture was added 20 mL of ethyl acetate and 30 mL of 1 N
hydrochloric acid dropwise. The organic layer was separated,
the aqueous phase was saturated with NaCl and extracted
two times with ethyl acetate (15 mL). The organic extracts
were washed with a saturated solution of Na2CO3 (3�20 mL)
and dried with Na2SO4. The solvent was removed under
vacuum, the residue was crystallized from acetonitrile.

4.4.1. Diethyl (S)-hydroxy(phenyl)methylphosphonate 2a
(Table 1, entry 1). Yield: 95%, white solid, mp 74–76 �C;
[found: C, 54.08; H, 6.98; P, 12.66. C11H17O4P requires C,
54.10; H, 7.02; P, 12.68%]; [a]D

20 �15.4 (c 2.6, CHCl3); dH

(300 MHz, C6D6) 7.49 (2H, m, Ph), 7.3–7.38 (3H, m, Ph),
5.01 (1H, d, J 10.9 Hz, CHOH), 3.90–4.13 (4H, m, 2CH2),
3.8 (1H, br, OH), 1.26 (3H, t, J 7.1 Hz, CH3), 1.21 (3H, t,
J 7.1 Hz, CH3); dP (121.4 MHz, CDCl3) 22.00.5

4.4.2. Diethyl (R)-hydroxy(phenyl)methylphosphonate
2b (Table 1, entry 2). Yield: 94%, white solid, mp 74–
76 �C; [a]D

20 +28.3 (c 2.1, CHCl3), that corresponds to.32a

4.4.3. Di(1R,2S,5R)-menthyl (S)-hydroxy(phenyl)methyl-
phosphonate 2d (Table 1, entry 3). Yield: 80%, white solid,
mp 112–113 �C (MeCN); [found: C, 69.53; H, 9.80; P, 6.38.
C27H45O4P requires C, 69.80; H, 9.76; P, 6.67%]; [a]D

20

�87.6 (c 1.3, CHCl3); dH (300 MHz, C6D6) 7.8 (2H, m, Ph),
7.48 (3H, m, Ph), 5.2 (1H, d, J 10.5 Hz, CHP), 5.10 (1H, br,
OH), 4.49 (2H, m, 2OCH), 2.6–1.40 (14H, m, CH3 and CH),
2.4 (1H, m, CH(CH3)2), 2.00 (1H, m, CH(CH3)2), 1.21 (3H,
d, J 6.9 Hz, CH3), 1.20 (3H, d, J 6.9 Hz, CH3), 1.18 (3H, d, J
6.9 Hz, CH3), 1.08 (3H, d, J 6.9 Hz, CH3), 1.01 (3H, d, J
6.9 Hz, CH3), 1.04 (3H, d, J 6.9 Hz, CH3); dC (100.6 MHz,
CDCl3) 127.98 (d, J 2.5 Hz), 127.8 (d, J 2.5 Hz), 127.4 (d,
J 9.6 Hz), 71.8 (d, J 160 Hz), 48.4 (d, J 14 Hz), 48.3 (d, J
13.2 Hz,), 45.66, 42.53, 34.01, 31.5, 25.33, 22.7, 21.98,
21.13, 21.03, 15.73, 15.61; dP (121.4 MHz, CDCl3) 22.3.

4.4.4. Di(1R,2S,5R)-menthyl (R)-hydroxy(phenyl)me-
thylphosphonate 2c (Table 1, entry 4). Yield: 95%, white
solid, mp 139 �C (hexane); [found: C, 69.75; H, 9.60; P, 6.56.
C27H45O4P requires C, 69.80; H, 9.76; P, 6.67%]; [a]D

20 �70
(c 1.07, CHCl3); dH (300 MHz, C6D6) 7.5–7.3 (2H, m, Ph),
7.3–7.2 (3H, m, Ph), 4.92 (1H, d, J 11 Hz, CHP), 4.2 (2H,
dt, J 4.1, 2.3 Hz, 2OCH), 3.7 (1H, br, OH), 1.23–1.1 (18H,
m, CH2+CH), 1.0–0.7 (18H, m, CH3); dC (100.6 MHz,
CDCl3) 127.99 (d, J 2.5 Hz), 127.8 (d, J 2.5 Hz), 127.3 (d,
JCP 9.6 Hz), 71.6 (d, J 160 Hz), 48.6 (d, J 14 Hz), 48.5 (d, J
13.2 Hz), 45.66, 42.53, 34.00, 31.5, 25.31, 22.7, 21.97,
21.13, 21.03, 15.74, 15.60; dP (CDCl3) 23.71.

4.4.5. Di(1R,2S,5R)-menthyl (S)-hydroxy(2-fluorophe-
nyl)methylphosphonate 2e (Table 1, entry 5). Yield: 97%,
white solid, mp 137.5–138.5 �C (MeCN); [found: C, 67.00;
H, 9.20; P, 6.38. C27H44FO4P requires C, 67.20; H, 9.19; P,
6.42%]; [a]D
20 �83.7 (c 1.3, CHCl3); dH (300 MHz, C6D6)

7.45 (2H, m, C6H4), 6.9 (3H, t, J 8.2, C6H4), 5.18 (1H, br,
OH), 4.2 (2H, m, OCH), 4.04 (1H, d, J 22.5 Hz, CHP),
2.25–1.00 (14H, m, CH3 and CH), 2.0 (1H, m, CH(CH3)2),
1.74 (1H, m, CH(CH3)2), 0.91 (3H, d, J 6.9 Hz, CH3), 0.86
(6H, d, J 6.9 Hz, CH3), 0.76 (6H, d, J 6.9 Hz, CH3), 0.71
(3H, d, J 6.9 Hz, CH3); dC (100.6 MHz, CDCl3) 164.2,
164.1, 161.6, 161.5, 130.7, 130.4, 130.3, 130.2, 125.8,
116.4, 116.1, 114.2, 114.4, 72.4, 70.8, 49.3, 49.16, 49.0,
48.3, 45.7, 42.5, 34.0, 31.5, 25.3, 22.7, 22.0, 21.1, 21.0,
15.7, 15.6; dP (121.4 MHz, CDCl3) 19.8.

4.4.6. Di(1R,2S,5R)-menthyl (S)-hydroxy(2-methoxyphe-
nyl)methylphosphonate 2f (Table 1, entry 6). Yield: 74%,
white solid, mp 116–117 �C (MeCN); [found: C, 68.16; H,
9.50; P, 6.25. C28H47O5P requires C, 67.99; H, 9.58; P,
6.26%]; [a]D

20 �75.2 (c 0.66, CHCl3); dH (300 MHz, C6D6)
7.60 (1H, d, J 7.5 Hz, C6H4), 7.04 (1H, t, J 7.9 Hz, C6H4),
6.80 (1H, t, J 7.9 Hz, C6H4), 6.59 (1H, d, J 8.1 Hz, C6H4),
5.24 (1H, d, J 13.2 Hz, CHP), 4.54 (1H, br, OH), 4.17 (1H,
m, OCH), 4.03 (1H, m, OCH), 3.59 (3H, s, OCH3), 2.40
(1H, m, CH(CH3)2), 2.14 (1H, m, CH(CH3)2), 1.54–0.92
(14H, m, CH2 and CH), 0.84 (3H, d, J 6.9 Hz, CH3), 0.79
(6H, m, 2CH3), 0.73 (3H, d, J 6.9 Hz, CH3), 0.52 (3H, d, J
6.9 Hz, CH3), 0.60 (3H, d, J 6.9 Hz, CH3); dC (100.6 MHz,
CDCl3) 157.10 (d, J 6.5 Hz), 129.00 (d, J 2.8 Hz), 128.8
(d, J 2.8 Hz), 128.8 (d, J 2.0 Hz), 125.3 (d, J 5.5 Hz),
120.6 (d, J 2.0 Hz), 110.5, 66.6 (d, J 161 Hz), 55 (s), 48.8
(d, J 35 Hz), 48.5 (d, J 34 Hz), 43.8, 34.09, 33.9, 31.5,
25.24, 22.7, 21.97, 21.87, 21.21, 21.05, 15.72, 15.62; dP

(121.4 MHz, CDCl3) 20.98.

4.4.7. Di(1R,2S,5R)-menthyl (S)-hydroxy(piperonyl)me-
thylphosphonate 2g (Table 1, entry 7). Yield: 70%, white
solid, mp 96 �C (MeCN); [found: C, 66.17; H, 8.83; P, 6.14.
C28H45O6P requires C, 66.12; H, 8.92; P, 6.09%]; [a]D

20 �74
(c 1, CHCl3); dH (300 MHz, C6D6) 6.98 (1H, s, C6H3), 6.85
(1H, d, J 7.9 Hz, C6H3), 6.57 (1H, d, J 7.9 Hz, C6H3), 5.65
(2H, s, O2CH2), 5.38 (1H, br, OH), 4.7 (1H, d, J 10.5 Hz,
CHP), 4.09 (2H, m, OCH), 1.94 (1H, m, CH(CH3)2), 1.48
(1H, m, CH(CH3)2), 2.27–0.9 (16H, m, CH2 and CH), 0.81
(3H, d, J 6.9 Hz, CH3), 0.77 (3H, d, J 6.9 Hz, CH3),
0.76 (3H, d, J 6.9 Hz, CH3), 0.67 (3H, d, J 6.9 Hz, CH3),
0.66 (3H, d, J 6.9 Hz, CH3), 0.62 (3H, d, J 6.9 Hz, CH3);
dP (121.4 MHz, CDCl3) 19.8.

4.4.8. Di(1R,2S,5R)-menthyl (S)-hydroxy(isopropyl)me-
thylphosphonate 2h (Table 1, entry 8). Yield: 97.6%, white
solid, mp 71 �C (MeCN); [found: C, 66.90; H, 10.93; P, 7.18.
C24H47O4P requires C, 66.94; H, 11.0; P, 7.19%]; [a]D

20

�82.8 (c 2.2, CHCl3); dH (300 MHz, C6D6) 4.09 (2H, m,
2OCH), 3.33 (1H, m, CHOH), 2.3–0.87 (18H, m, CH2 and
CH), 1.94 (1H, m, CH(CH3)2), 0.97 (3H, d, J 6.3 Hz,
CH(CH3)2), 0.95 (3H, d, J 6.3 Hz, CH(CH3)2), 0.73–0.84
(18H, m, CH3); dP (121.4 MHz, CDCl3) 24.04.

4.4.9. Diethyl (R)-2-hydroxy-2-phenylethylphosphonate
8a (Table 1, entry 9). Yield: 95%, yellow oil; [found: C,
55.86; H, 7.47; P, 11.90. C12H19O4P requires C, 55.81; H,
7.42; P, 11.99%]; [a]D

20 �25 (c 2.38, CHCl3); dH (300 MHz,
C6D6) 7.28 (2H, d, J 7.2 Hz, C6H5), 7.14 (2H, t, J 7.2 Hz,
C6H5), 7.05 (1H, t, J 7.2 Hz, C6H5), 5.06–4.96 (1H, m,
CHOH), 4.75 (1H, br, OH), 3.99–3.77 (4H, m, 2CH2),
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2.12–1.90 (2H, m, CH2), 1.11 (3H, t, J 6.9 Hz, CH3), 1.10
(3H, t, J 6.9 Hz, CH3); dP (121.4 MHz, CDCl3) 29.6.8a,32b

4.4.10. Diethyl (S)-(L)-2-hydroxy-3-chloropropyl-
phosphonate 8b (Table 1, entry 10). Yield: 85%, yellow
oil; [found: C, 36.2; H, 6.4; P, 13.50. C7H16ClO4P requires
C, 36.46; H, 6.99; P, 13.43%]; [a]D

20 �12.42 (c 3.22,
CHCl3); dH (300 MHz, C6D6) 4.62 (1H, m, OH), 3.96 (5H,
m, CH2O+CHOH), 3.44 (1H, ddd, J 10.8, 4.4, 3.4 Hz,
CbHCl), 3.26 (1H, dd, J 10.8, 7.2 Hz, CaHCl), 2.02 (1H,
ddd, J 18.9, 15.3, 3.4 Hz, PCbH), 1.79 (1H, ddd, J 17.1,
15.3, 9.4 Hz, PCaH), 1.18 (6H, t, J 7.2 Hz, CH3CH2); dP

(121.4 MHz, CDCl3) 29.4, that corresponds to.12,13

4.4.11. Diethyl (R)-(D)-2-hydroxy-3-chloropropyl-
phosphonate 8c (Table 1, entry 11). Yield: 85%, yellow
oil; [found: C, 36.27; H, 6.54; P, 13.51. C7H16ClO4P requires
C, 36.46; H, 6.99; P, 13.43%]; [a]D

20 +12.4 (c 3.2, CHCl3);
dH (300 MHz, C6D6) 4.62 (1H, m OH), 3.96 (5H, m,
CH2O+CHOH), 3.44 (1H, ddd, J 10.8, 4.4, 3.4 Hz, CbHCl),
3.26 (1H, dd, J 10.8, 7.2 Hz, CaHCl), 2.02 (1H, ddd, J 18.9,
15.3, 3.4 Hz, PCbH), 1.79 (1H, ddd, J 17.1, 15.3, 9.4 Hz,
PCaH), 1.18 (6H, t, J 7.2 Hz, CH3CH2); dP (121.4 MHz,
CDCl3) 29.4, that corresponds to.12

4.4.12. Di(1R,2S,5R)-menthyl (S)-(L)-2-hydroxy-3-
chloropropylphosphonate 8d (Table 1, entry 12). (R,R)-
Tartaric acid (7.49 g, 50 mmol) was added to a suspension
of NaBH4 (1.89 g, 50 mmol) in 270 mL of absolute THF
and then the reaction mixture was refluxed with stirring for
4 h. The reaction mixture was cooled up to�30 �C, the solu-
tion of di(1R,2S,5R)-menthyl 2-oxo-3-chloropropylphosph-
onate 6c (5.6 g, 12.5 mmol) in 30 mL of THF was added
and the mixture was left overnight at �30 �C with stirring.
Then 70 mL of ethyl acetate and 60 mL of 1 N hydrochloric
acid were added consecutively to the mixture. The organic
phase was separated and the aqueous layer was saturated
with NaCl and extracted with ethyl acetate (2�25 mL).
The combined organic extracts were washed with saturated
solution of sodium carbonate (3�60 mL) and dried over an-
hydrous Na2SO4. The solvent was removed under reduced
pressure and the residue (5.3 g, 95%) was crystallized from
acetonitrile to give the title compound 8d (w99% de) as a col-
orless solid, mp 86.2 �C; [found: C, 61.28; H, 9.86; P, 6.88.
C23H44ClO4P requires C, 61.25; H, 9.83; P 6.87%]; [a]D

20

�97.16 (c 3, CHCl3); dH (300 MHz, C6D6) 4.44 (1H, br,
OH), 4.15 (1H, m, CHOH), 4.10–3.9 (2H, m, OCH), 3.43
(1H, ddd, J 10.8, 4.7, 2.8 Hz, CHbCl), 3.29 (1H, dd, J 10.8,
6.7 Hz, CHaCl), 1.96 (1H, m, CH(CH3)2), 1.97 (1H, m,
CHbP), 1.73 (1H, m, CHaP), 1.53 (1H, m, CH(CH3)2),
2.18–0.88 (17H, m, CH2+CH), 0.84–0.81 (12H, m, CH3),
0.76 (3H, d, J 6.9 Hz, CH3), 0.71 (3H, d, J 6.9 Hz, CH3);
dC (100.6 MHz, CDCl3) 78.36 (d, J 7.5 Hz), 78.33 (d, J
7.5 Hz), 67.29 (d, J 3.6 Hz), 49.36 (d, J 18.2 Hz), 49.08
(d, J 6.5 Hz), 49.07 (d, J 6.5 Hz), 44.13, 43.62, 34.49,
34.49, 32.64 (d, J 141.2 Hz), 32.01, 31.98, 26.12, 26.00,
23.43, 23.40, 22.25, 22.24, 21.41, 21.34, 16.37, 16.13; dP

(161.96 MHz, CDCl3) 28.81.

4.4.13. Di(1R,2S,5R)-menthyl (R)-(L)-2-hydroxy-3-
chloropropylphosphonate 8e (Table 1, entry 13). Com-
pound 8e was prepared analogously to 8d by reduction
with NaBH4 and (S,S)-tartaric acid. Yield: 80% as a colorless
solid after crystallization from hexane, mp 76.5 �C; [found:
C, 61.27; H, 9.86; P, 6.88. C23H44ClO4P requires C, 61.25;
H, 9.83; P, 6.87%]; [a]D

20�64.3 (c 2, CHCl3); dH (300 MHz,
C6D6) 4.25 (1H, br, OH), 3.95 (1H, m, CHOH), 4.05–3.9
(2H, m, OCH), 3.43 (1H, ddd, J 10.8, 4.4, 3.4 Hz, CHbCl),
3.29 (1H, dd, J 10.8, 7.4 Hz, CHaCl), 1.96 (1H, m,
CH(CH3)2), 1.97 (1H, m, CHbP), 1.71 (1H, ddd, J 15.7,
15.5, 9.1 Hz, CHaP), 1.53 (1H, m, CH(CH3)2), 2.18–0.88
(17H, m, CH2+CH), 0.84–0.81 (12H, m, CH3), 0.73 (3H,
d, J 6.9 Hz, CH3), 0.72 (3H, d, J 6.9 Hz, CH3); dC

(100.6 MHz, CDCl3) 78.37 (d, J 7.5 Hz), 78.34 (d, J
7.5 Hz), 67.29 (d, J 3.6 Hz), 49.36 (d, J 18.2 Hz), 49.08 (d,
J 6.5 Hz), 49.07 (d, J 6.5 Hz), 44.13, 43.62, 34.49, 34.49,
32.61 (d, J 141.2 Hz), 32.01, 31.98, 26.12, 26.00, 23.41,
23.40, 22.25, 22.24, 21.41, 21.34, 16.36, 16.13; dP

(161.96 MHz, CDCl3) 28.75.

4.5. (L)-(S)-1-Phenyl(1-hydroxy)methylphosphonic
acid 10a

To a solution of hydroxyphosphonate 2a (1.15 g, 2.5 mmol)
in 50 mL of dioxane was added 25 mL of 6 N hydrochloric
acid. The reaction mixture was left for 3 days at 80 �C.
The course of reaction was monitored by 31P NMR spectros-
copy. When the reaction was complete, the solvent was
evaporated, the residue was dissolved in ethanol and an ex-
cess of cyclohexylamine (w1.5 mL) was added. The dicyclo-
hexylammonium salt was filtered off. Yield: 50%, colorless
solid, mp 226 �C; dP (121.4 MHz, D2O) 16.1; [a]D

20�14.0 (c
1, MeOH/water 1:1) corresponds to the (S)-configuration of
10a.12,32c

4.6. The preparing of phospho-GABOB

4.6.1. Di(1R,2S,5R)-menthyl (2R)-(oxirane-2-yl)methyl-
phosphonate 11. To a stirred solution of di(1R,2S,5R)-
menthyl (2S)-3-chloro-2-hydroxypropylphosphonate 8d
(4.5 g, 10 mmol) in a 10:3.5 mixture of MeCN/DMF
(100 mL) were added K2CO3 (3.0 g) and KI (0.3 g). The
mixture was refluxed for 8 h. Then the mixture was filtered
and the filtrate was evaporated under reduced pressure. The
residue was dissolved in CH2Cl2 (60 mL), washed with wa-
ter (2�15 mL), and dried over anhydrous Na2SO4. The sol-
vent was removed under reduced pressure to give the title
compound 11 (4.05 g, 90%) as a colorless oil; [found: C,
66.34; H, 10.27; P, 7.11. C23H43O4P requires C, 66.64; H,
10.45; P, 7.47%]; [a]D

20�62.4 (c 7.0, CHCl3); dH (300 MHz,
C6D6) 4.24 (2H, m, 2OCH), 3.0 (1H, m, CHO), 3.0 (1H, dd, J
5.1, 4.0 Hz, CHbO), 2.4 (1H, dd, J 5.1, 2.1 Hz, CHaO), 2.15–
2.05 (5H, m, PCH2+CH2+CH), 1.65–0.8 (16H, m, CH2C),
0.91 (3H, d, J 7 Hz, CH3), 0.90 (3H, d, J 7 Hz, CH3), 0.89
(3H, d, J 7 Hz, CH3), 0.88 (3H, d, J 7 Hz, CH3), 0.8 (3H,
d, J 7 Hz, CH3); dP (161.96 MHz, CDCl3) 25.3.31

4.6.2. Di(1R,2S,5R)-menthyl (R)-2-hydroxy-3-(N,N-
dibenzylamino)propylphosphonate 12. To a solution of
2,3-epoxypropylphosphonate 11 (2.1 g, 5 mmol) in 40 mL
of methanol was added dibenzylamine (1.1 g, 5.1 mmol).
The mixture was refluxed for 20 h. The solvent was removed
under reduced pressure and the residue was crystallized from
acetonitrile to give the title compound 12 (70%) as colorless
crystals, mp 73 �C; [found: C, 72.64; H, 9.51; P, 5.08.
C37H58NO4P requires C, 72.63; H, 9.55; P, 5.06%]; [a]D

20
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�45.92 (c 4.57, CHCl3); dH (300 MHz, C6D6) 7.3–7.1 (10H,
m, 2C6H5), 4.0–3.9 (3H, m, 2OCH+CHOH), 3.6 (1H, m,
OH), 3.55 (4H, s, CH2Ph), 2.48 (2H, m, CH2N), 1.82 (1H,
ddd, J 18.3, 15.1, 3.4 Hz, CHbP), 2.25–0.96 (19H, m,
CH2C, CH, and CHaP), 0.92 (3H, d, J 7.0 Hz, CH3), 0.91
(3H, d, J 7.0 Hz, CH3), 0.90 (3H, d, J 7.0 Hz, CH3), 0.87
(3H d, J 7.0 Hz, CH3), 0.80 (3H, d, J 6.9 Hz, CH3), 0.73
(3H, d, J 7.2 Hz, CH3); dC (100.6 MHz, CDCl3) 139.13,
129.22, 128.44, 127.26, 77.78 (d, J 7.3 Hz), 77.71 (d, J
7.3 Hz), 64.72, 60.14 (d, J 14.3 Hz), 59.33, 49.12 (d, J
6.5 Hz), 49.10 (d, J 6.5 Hz), 44.19, 44.63, 34.57, 34.55,
33.74 (d, JCP 140.9 Hz), 32.00, 31.96, 26.06, 26.00, 23.44,
23.44, 22.28, 22.28, 21.46, 21.40, 16.42, 16.19; dP

(161.96 MHz, CDCl3) 30.0.

4.6.3. (R)-2-Hydroxy-3-(N,N-dibenzylamino)propyl-
phosphonic acid hydrochloride 13. To a solution of
di(1R,2S,5R)-menthyl (R)-2-hydroxy-3-(N,N-dibenzylami-
no)propylphosphonate 12 (6.1 g, 10 mmol) in 250 mL of di-
oxane was added 90 mL of concd hydrochloric acid. The
mixture was heated at 83–85 �C for 72 h. Then the solvent
was evaporated under reduced pressure and the residue
was dissolved in 15 mL of water, and washed with benzene
(3�15 mL). The volatile components of the mixture were
evaporated to give the title compound 13 (3.1 g, 85%) as
a colorless solid; dH (300 MHz, CD3OD) 7.54–7.52 (10H,
m, 2C6H5), 4.21–4.08 (1H, m, CHOH), 3.00 (1H, dd, J
13.2, 9.3 Hz, CHbN), 1.93 (1H, ddd, J 34.5, 14.7, 4.5 Hz,
CHbP), 1.73 (1H, ddd, J 32.4, 17.4, 8.1 Hz, CHaP); dP

(121.4 MHz, D2O) 26.5.

4.6.4. (R)-2-Hydroxy-3-aminopropylphosphonic acid
(phospho-GABOB) 14. A solution of 13 (1.85 g, 5 mmol)
in 190 mL of methanol was hydrogenated over 10% Pd/C
(1.79 g) for 20 h at room temperature. Then the mixture
was filtered off and concentrated under reduced pressure,
washed with acetone (2�10 mL), and dried in vacuo. The
residue was purified by ion-exchange chromatography to
afford the title compound 14 (0.69 g, 90%) as a colorless
hygroscopic solid; [found: C, 23.37; H, 6.72; N, 9.43.
C3H10NO4P requires C, 23.23; H, 6.50; N, 9.03%]; [a]D

20

+10.2 (c 1, H2O); dH (300 MHz, D2O) 4.14 (m, 1H,
CHOH), 3.27 (1H, dd, J 13.1, 3.4 Hz, CHbN), 2.99 (1H,
dd, J 13.5, 8.5 Hz, CHaN), 1.86 (1H, ddd, J 32.1, 14.7,
6.3 Hz, CHbP), 1.78 (1H, ddd, J 31.2, 15.0, 6.3 Hz, CHaP);
dC (100.6 MHz, D2O) 67.41, 48.13 (d, J 9.0 Hz), 37.01 (d,
J 128.3 Hz); dP (121.4 MHz, D2O) 18.1.

4.7. Di(1R,2S,5R)-menthyl (R)-2-hydroxy-3-azido-
propylphosphonate 15a

To a solution of 2,3-epoxypropylphosphonate 11 (0.5 g,
1.2 mmol) in 8 mL of methanol were added the sodium azide
(0.188 g, 2.89 mmol) and ammonium chloride (0.115 g,
2.15 mmol). The mixture was refluxed for 4 h. Then the sol-
vent was evaporated under vacuum and the residue was dis-
solved in ethyl acetate and the solution was washed with
water. The organic layer was separated, dried with Na2SO4,
and concentrated to give the title compound 15a (0.53 g,
96%) as a yellow oil; [found: C, 60.28; H, 9.57; N, 8.84.
C23H44N3O4P requires C, 60.37; H, 9.69; N, 9.18%]; [a]D

20

�74.2 (c 2.5, CHCl3); nmax (liquid film) 3352, 2960, 2107,
1732, 1456, 1256, 992 cm�1; dH (300 MHz, C6D6) 4.14
(2H, m, CHOH), 4.05 (2H, m, 2OCH), 3.15 (2H, m,
CH2N), 2.0–1.0 (16H, m, CH2C), 1.8 (2H, m, PCH), 0.94
(3H, d, J 7 Hz, CH3), 0.93 (3H, d, J 7 Hz, CH3), 0.92 (3H,
d, J 7 Hz, CH3), 0.81 (3H, d, J 7 Hz, CH3), 0.91 (3H, d, J
7 Hz, CH3), 0.79 (3H, d, J 7 Hz, CH3); dP (121.4 MHz,
CDCl3) 27.4.

4.8. Phosphono aziridines

4.8.1. Diethyl (R)-2-hydroxy-3-azidopropylphosphonate
15b. Compound 15b was prepared analogously to 15a.
Yield: 90%, yellow oil; [found: C, 35.30; H, 6.71; P, 12.99.
C7H16N3O4P requires C, 35.45; H, 6.80; P, 13.06%]; nmax

(liquid film) 3681, 2984, 2105, 1225, 1099, 967 cm�1;
dH (300 MHz, C6D6) 4.03 (5H, m, OCH2 and CHOH),
3.6 (1H, br, OH), 3.24 (2H, m, CH2N3), 1.87 (2H, m,
CH2P), 1.23 (6H, t, J 7.0 Hz, CH3); dP (121.4 MHz,
CDCl3) 29.5.

4.8.2. Diethyl (2S)-aziridine-2-yl-propylphosphonate 17.
To a solution of diethyl (R)-2-hydroxy-3-azidopropyl-
phosphonate 15b (1.487 g, 6.27 mmol) in 45 mL of toluene
was added triphenylphosphine (1.65 g, 6.29 mmol). The re-
action mixture was stirred at room temperature for 30–
40 min and then refluxed for 1 h. The solvent was removed
under reduced pressure and diethyl ether (10 mL) was added
to the residue. The precipitate was filtered off, the filtrate was
evaporated and the residue was distilled under vacuum to
afford the title compound 17 (60%) as a colorless liquid,
bp 92–93 �C (0.07 mmHg); [found: C, 43.48; H, 8.29; N,
7.23; P, 16.00. C7H16NO3P requires C, 43.52; H, 8.35; N,
7.25; P, 16.03%]; nmax (liquid film) 3278, 3008, 2984,
1392, 1245, 1032, 964 cm�1; dH (400 MHz, CDCl3) 4.14
(4H, 2CH2O), 2.25 (1H, m, CHN), 2.02 (1H, m, CH2P),
1.91 (1H, m, NCH2), 1.75 (1H, m, CH2P), 1.46 (1H, m,
NCH2), 1.347 (3H, t, J 6.9 Hz, CH3), 1.34 (3H, t, J 6.9 Hz,
CH3), 0.37 (1H, br, NH); dC (100.6 MHz, CDCl3) 61.98,
61.91, 31.46 (d, J 142.7 Hz), 25.65, 24.58, 16.83, 16.76;
dP (161.96 MHz, CDCl3) 26.2.

4.9. The preparing of phospho-carnitine

4.9.1. (S)-2-Hydroxy-3-chloropropylphosphonic acid 18.
Method a. To a solution of dimenthyl hydroxyphosphonate
8d (4.5 g, 10 mmol) in 270 mL of dioxane was added 80 mL
of concd hydrochloric acid. The reaction mixture was left for
3 days at 85 �C. Then the solvent was removed under reduced
pressure, to the residue was added 50 mL of water and the
mixture was washed with toluene (3�25 mL). The water
was removed in vacuo, the residue was dissolved in ethanol
(35 mL) and treated with activated charcoal. The solvent
was evaporated under reduced pressure to give 18a as a color-
less oil. Yield: 1.56 g (w90%). Spectroscopically pure prod-
uct was used without further purification.

Method b. A solution of hydroxyphosphonate 8b (2.3 g,
10 mmol) in 50 mL of CH2Cl2 was treated with 10.5 mL
(80 mmol) of trimethylbromosilane and was left overnight.
The solvent was evaporated and the residue was dissolved
in 25 mL of 60% aqueous ethanol. Then the solvent was
removed under reduced pressure, to the residue was added
100 mL of water and the mixture was washed with toluene
(3�25 mL). The solvent was evaporated under reduced
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pressure to give 18b as a colorless oil. Yield: 1.7 g (w98%)
spectroscopically pure oil, which was used without further
purification. dH (300 MHz, CD3OD) 4.8 (1H, m, CHOH),
3.4–3.2 (2H, m, CH2Cl), 1.9–1.6 (2H, m, PCH2); dP

(121.4 MHz, D2O) 25.5.

4.9.2. (R)-(D)-2-Hydroxy-3-(N,N,N-trimethylammo-
nium)propylphosphonic acid [(R)-(D)-phospho-carni-
tine] 19. A solution of 30% trimethylamine (85 mL) was
added to the (S)-2-hydroxy-3-chloropropylphosphonic acid
18a (1.74 g, 10 mmol). The mixture was left for 72 h at
40 �C, then the solvent was evaporated under reduced pres-
sure, the residue was purified by column chromatography on
silica gel (gradient from 100 to 50% methanol/water) to give
the title compound (R)-19 (2 g, 80%) as a white solid, mp
>250 �C (decomp.); [found: C, 36.52; H, 8.15; P, 15.62.
C6H16NO4P requires C, 36.55; H, 8.18; P, 15.71%]; [a]D

20

+26 (c 1, H2O); dH (300 MHz, CD3OD) 4.5 (1H, m,
CHOH), 3.6 (1H, dd, J 13.8, 1.2 Hz, CHbN), 3.4 (1H, dd,
J 13.8, 9.8 Hz, CHaN), 3.2 (9H, s, CH3N), 1.89 (1H, ddd,
J 17.7, 14.8, 6.9 Hz, PCbH), 1.80 (1H, ddd, J 18, 14.7,
6.6 Hz, PCaH); dC (100.6 MHz, D2O) 71.57, 63.65, 54.98,
54.94, 54.91, 35.55 (d, J 131.7 Hz); dP (161.96 MHz,
D2O) 18.7.
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