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ABSTRACT: Chiral C3-symmetric trialkyl phos-
phites, derivatives, of (1)-(1R,2S,5R)-menthol, and
(1)-di-O-isopropylidene-1,2:5,6-a-D-glucofuranose,
have been studied as starting reagents for the prepa-
ration of chiral organophosphorus compounds. The
reactions involve induction at the a-carbon atom of
substituted a-alkylphosphonates. The stereoselectivity
of the reaction depends on the structure of the starting
compounds and the reaction conditions. The config-
urations of the alkylphosphonates were defined by
means of NMR spectroscopy and by transformation
into corresponding alkylphosphonic acids. q 2000
John Wiley & Sons, Inc. Heteroatom Chem 11:138–
143, 2000

INTRODUCTION

Chiral CN symmetric compounds of phosphorus
have attracted interest during the last few years as
initial compounds of asymmetric synthesis, both as
ligands of transition-metal complexes and as analyt-
ical derivatizing reagents [1–3].

The symmetric chiral diesters of certain phos-
phoric acids—diglucofuranosylphosphite, dibornyl-
phosphite, and dimenthylphosphite—have recently
been proposed by us to be suitable initial com-
pounds for the synthesis of optically active organo-
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phosphorus compounds such as (a-hydroxyalkyl-
phosphonates and a-aminoalkylphosphonic acids)
[4, 5]. In the present article, we report that C3 sym-
metric trialkyl phosphites, containing a chiral sec-
ondary alkoxyl group, can serve as new starting com-
pounds for the asymmetric synthesis of a- and
b-substituted phosphonates that have practical im-
portance as pharmaceutical preparations, bioregu-
lators, and agrochemicals [6–12]. Alkoxy groups of
trialkyl phosphites are malleable; therefore, these
compounds can be used in various reactions for the
synthesis of optically active organophosphorus
compounds

RESULTS AND DISCUSSION

Chiral phosphites 2a,b have been synthesized by re-
action of optically active secondary alcohols 1, (1)-
(1R, 2S, 5R)-menthol 1a or (1)-di-O-isopropylidene-
1,2:5,6-a-D-glucofuranose 1b, with phosphorus
trichloride and triethylamine (as an acceptor of hy-
drogen chloride) (Scheme 1).

Observance of the optimum reaction conditions
allowed us to obtain spectroscopically pure phos-
phites 2, which can be used for further reactions
without additional purification. Oxidizable triglu-
cofuranosyl phosphite 2b has been purified by col-
umn chromatography with oxygenless silica gel un-
der an inert gas. The structure and purity of
compounds 2 have been studied by NMR spectros-
copy, TLC, and HPLC. Chiral, nonracemic triesters
of phosphoric acid 2 possess an axis of symmetry
passing through the phosphorus atom and are typi-
cal C3 symmetric compounds. The computer mod-
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SCHEME 1

SCHEME 2

eling by means of the MM1 semi-empirical quantum-
chemical program has confirmed the high C3

symmetry of compounds 2 (Scheme 2).
Addition of an aldehyde to a sterically hindered

phosphoric acid triester 2 (R*O 4 menthyl or di-O-
isopropylidene-1,2:5,6-a-D-glucofuranos-2-yl) pro-
ceeds in the presence of trimethylchlorosilane or bo-
ron trifluoride etherate catalysts. The study of the
reaction mixtures by 31P-{1H} NMR spectroscopy has
shown that the reaction proceeds stereoselectively to
result in the formation of a-hydroxyphosphonates in
high yields (Scheme 3), which can be isolated as ster-
eochemically pure crystalline compounds. a-Hy-
droxyalkylphosphonates can easily be obtained in
ca. 98–100% stereochemical purity by means of one
or two crystallizations from acetonitrile or from hex-
ane. The stereoselectivity of the reaction depends on
the structure of the starting compounds and the re-
action conditions.

The analysis of reaction mixtures by means of
31P-{1H} NMR spectroscopy showed that the com-
pound 4b is formed with low diastereomeric excess
(de), 35%, whereas the compound 4a is prepared al-
most stereochemically pure, de ca. 95%.

Low temperature slows the reaction but in-
creases the stereochemical yield. For example, the
reaction of trimenthyl phosphite with anisaldehyde
in the presence of boron trifluoride etherate pro-
ceeds at 658C practically instantaneously, accompa-
nied by heat evolution, to give a diastereomeric mix-
ture in a ratio of 6:4 (de 20%). At room temperature,
the reaction also proceeds rapidly accompanied by
heat evolution and gives the product with low ste-
reoselectivity (de 30%). However, at 1208C the re-
action proceeds over a period of 24 hours to give the
a-hydroxyalkylphosphonate with a diastereomeric
excess of ca. 50%. The reaction of triesters with an
aromatic aldehyde in the presence of chlorotrime-
thylsilane proceeds with heat evolution at room tem-
perature or with weak cooling. The reaction gives
silyl esters that have been characterized by NMR

spectroscopy, without isolation in the pure state, be-
cause they undergo easy hydrolysis with the forma-
tion of hydroxyalkylphosphonates in 85–90% yield
and a diastereomeric ratio of 12:1 (4a) and 3:1 (4c).
The stereoselectivity of the reaction in the presence
of boron trifluoride diethyl etherate is higher than
that in the presence of chlorotrimethylsilane. Sub-
sequent crystallization of the obtained mixtures
from hexane or acetonitrile gives a-hydroxyalkyl-
phosphonates with ca. 100% stereochemical purity.
The structures of compounds 4 have been confirmed
by 1H, 13C, and 31P NMR spectroscopy. The diaster-
eoisomer ratio and stereochemical purity of the
compounds have been determined by means of
HPLC and 31P-{1H} NMR spectroscopy. The hydro-
lysis of the dimenthyl ether 4b by heating it in a wa-
ter-dioxane solution of 6N hydrochloric acid leads to
the formation of a-hydroxybenzylphosphonic acid 5,
which has been isolated as the crystalline dicycloh-
exylammonium salt. The (R) configuration of 5 has
been defined by comparison of its optical rotation
with the data described earlier by Spilling [13] for
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SCHEME 3

SCHEME 4

the dextrorotatory dicyclohexylammonium salt of
(R)-a-hydroxybenzylphosphonic acid.

The reaction of the trimenthyl phosphite 2 with
benzalimines (Schiff bases) proceeds in the presence
of chlorotrimethylsilane or boron trifluoride ether-
ate at room temperature or with mild heating (60–
808C). The reaction results in diesters of a-aminoal-
kylphosphonic acids in high yields and with
moderate stereoselectivity: de 4 50%. The crystalli-
zation of the aminoalkylphosphonates 6 from hex-
ane or aqueous acetone easily gives stereochemically
pure dimenthyl(N-benzyl)-a-aminobenzylphos-
phonate 6. The hydrolysis of diester 6 with hydro-
chloric acid in dioxane by heating to 70–808C over a
period of 24 to 48 hours leads to the formation of
the optically active (1)-N-benzyl-a-aminobenzyl-
phosphonic acid 7, which has been isolated as a crys-
talline hydrochloride salt. Catalytic hydrogenolysis
of this compound in the presence of palladium gives
(`)-(R)-a-aminobenzylphosphonic acid 8 with ca.
95% enantiomeric excess (ee). Racemic 8 has been
described previously [14].

The acid 8 has been obtained as the hydrochlo-
ride salt 8a and the disodium salt 8b. It is interesting
that 8a and 8b possess opposite signs of optical ro-
tation (Scheme 4).

8a: [a]D 1 15.5 in water solution.

8b: [a]D ` 17.5 in 0.1 N NaOH.

Earlier, Kafarski et al. have described (`)-(R)
and (1)-(S)-a-aminobenzylphosphonic acids [15],
the optical rotation, spectroscopic properties and
physical constants of which correspond to the com-
pound 8b, prepared by us.

The reaction of the trimenthyl phosphite with b-

nitrostyrene in the presence of acid catalysts also
proceeds with moderate stereoselectivity to give a
mixture of two diastereomers in the ratio of 3:1.
Crystallization of the obtained diastereomeric mix-
ture allows us to easily obtain the stereochemically
pure major diastereomer of the dimenthyl ester of 1-
phenyl-2-nitroethylphosphonic acid as a crystalline
compound. The hydrolysis of the diester 9 with hy-
drochloric acid in aqueous acetic acid during 120
hours results in the homochiral optically active b-
nitroalkylphosphonic acid 10 [16].

Thus, preparatively accessible chiral phosphites
2 can be successfully used as initial compounds for
asymmetric synthesis of organophosphorus com-
pounds, including the preparation of enantiomeri-
cally pure derivatives of a- and b-substituted alkyl-
phosphonic acids. Further studies of these
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SCHEME 5

compounds as starting compounds for the asym-
metric synthesis of other optically active a- and b-
substituted organophosphorus compounds is now in
progress.

EXPERIMENTAL
1H, 13C, and 31P NMR spectra were taken with Varian
VXR-300 (300 MHz) and Bruker WP-200 (200 MHz)
instruments in solutions of chloroform-D or ben-
zene-D6 with the internal standard TMS (1H, 13C), and
also the external standard—85% phosphoric acid
(31P). HPLC separations were carried out on the LKB
instrument (Sweden) and Milikhrom-1A (Russia)
with a Silasorb DEA column. Optical rotations of
compounds have been measured by means of the
Perkin-Elmer Model 241 spectropolarimeter. The
solvents have been carefully purified and by stan-
dard methods. Optically active reagents, (1) men-
thol and (1)-di-O-isopropylidene-1,2:5,6-a-D-gluco-
furanose have been obtained from Fluka and
Lancaster.

Tris[(1R, 2S, 5R)-menth-2-yl] Phosphite (2a)

To a solution of phosphorus trichloride (2.74 g, 0.02
mol) in 30 mL of toluene a solution of (1)-menthol
(9.4 g, 0.06 mol) and 10 mL of triethylamine in 50
mL toluene were added with stirring, dropwise, and
with cooling to 1208 C. When warmed to ambient
temperature, the reaction mixture was stirred for 2
hours. The precipitate of triethylamine hydrochlo-
ride was filtered off and the solvent was removed un-
der vacuum. The residue was spectroscopically pure
trimenthyl phosphite, which can be used for the vari-
ous chemical transformations described herein.

NMR spectra (d, CDCl3): dp 148.0 (q, 3JPH 8.0 Hz).

Mass-spectrum: m/z 497 (M` ` 1).

Tris(di-O-isopropylidene-1,2:5,6-a-D-
glucofuranos-2-yl ) Phosphite (2b)

A solution of phosphorus trichloride (2.74 g, 0.20
mol) in 30 mL of toluene was added dropwise to a

solution of di-O-isopropylidene-1,2:5,6-a-D-gluco-
furanose (14.4 g, 0.6 mol) and triethylamine (10 mL)
in 50 mL of toluene, with stirring and cooling to
1208 C. Then the reaction mixture was stirred for 2
hours at `208C. The triethylamine hydrochloride
was filtered off, and the solvent removed under re-
duced pressure. The residue was purified by flash
chromatography (silica gel and 1:1 mixture of ethyl
acetate-hexane mixture as eluent., Rf 0.61)

NMR spectra (d, ppm, CDCl3): dP 144.5 (q, 3JPH 8.0
Hz)

Mass-spectrum: m/z 809 (M`).

Calcd. for C36H57O18P: P, 3.83. Found: P, 3.70.

(1)-[(1R,2S,5R )-menth-2-yl] 1-
hydroxybenzylphosphonate (4b)

Benzaldehyde (0.55 g (0.05 mol) and 1.5 ml of tri-
methylchlorosilane were added to trimenthyl phos-
phite 2a (2.5 g, 0.05 mol) with stirring and at 08 C.
The mixture was stirred for 1 hour at 08 C, then
warmed to ambient temperature and left for 1 to 2
hours. The 31P NMR spectrum showed the presence
of only two signals at dP 20.36 and 20.08 ppm in the
ratio of 3:1. The solvent was removed under reduced
pressure. The residue was mixed with silica gel that
was then washed with a 1:1 mixture of ethyl acetate-
hexane. The solvent was removed under vacuum, the
residue dissolved in hexane and the solution placed
in a refrigerator. After 2 days a crystalline product
was obtained. Yield: 60%, m.p. 1398 C, [a]D20 188.9
(c 1, toluene).

NMR spectra (CDCl3): dH 0.7–1.0 (m, CH3); 1.1–
1.23 (m, CH2 ` CH); 3.7 (br, OH); 4.2 (dt, OCH, JHH

2.3, JHH 4.1); 4.92 (d, JHP 11, CHP); 7.2–7.3 (m, C6H5);
7.3–7.5 (m, C6H5). dC: 127.99 (d, J 2.5); 127.8 (d, JCP

2.5); 127.3 (d, C6H5, JCP 9.6); 71.6 (d, PC, JCP 160); 48.6
(d, JCP14, CHOa); 48.5 (d, JCP 13.2, CHOb); 45.66,s;
42.53,s; 34,s; 31.5,s; 25.31,s; 22.7,s; 21.97,s; 21.13,s;
21.03,s; 15,74, 15.60.

dP 23.71.

Mass-spectrum: m/z 464 (M`).
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Calcd. for C27H45O4P: P, 6.67. Found: P, 6.55.

(1)-[(1R,2S,5R )-menth-2-yl] 1-(4-methoxy-
phenyl )-1-hydroxymethylphosphonate (4c)

Method a. The compound 4c was prepared similarly
to 4b from trimenthyl phosphite (2.5 g, 0.05 mol), 4-
methoxybenzaldehyde (0.55 g, 0.05 mol) and 1.5 mL
trimethylchlorosilane. The 31P NMR spectrum re-
vealed the presence of two diastereomers dP 18.17;
17.83 in a 3:1 ratio. The solvent was removed under
vacuum, and the residue was purified by flash chro-
matography (SiO2, 1:1 ethyl acetate-hexane as
eluent. The solvent was removed under vacuum and
the residue was recrystallized from hexane at 08C
over 2 days.

Method b. The trimenthyl phosphite 2a (2.5 g,
0.05 mol) and anisic aldehyde (0.68 g 0.05 mol) was
dissolved in 2 mL toluene at 08 C. The reaction mix-
ture was cooled to 1208C, the boron trifluoride eth-
erate (0.1–0.2 mL) was added, and the reaction mix-
ture was left overnight at this temperature. Then, the
mixture was warmed to ambient temperature and
left for 3 to 4 hours at that temperature to complete
the reaction. The reaction mixture was washed with
water, and the desired product was extracted with
methylene chloride. The solvent was removed under
reduced pressure and the residue was recrystallized
from acetonitrile.

Yield 60%, de 50%, m.p. 1508C, [a]D20 1 77.1 (c
0.1, toluene).

NMR spectra (CDCl3): dH 0.7–1.0 (m,CH3); 1.1–
1.23 (m, CH2 ` CH); 3.1 (bs, OH); 3.78 (s, CH3); 4.18
(m, OCH,); 4.9 (d, CHP, JHP 11); 6.74 (d); 6.89 (d,
C6H4). dP 20.09 (major); 19.98 (minor).

(R )-1-Phenyl(hydroxymethyl )phosphonic Acid
(5)

Method a. The solution of dimenthyl 1-phenylhy-
droxymethylphosphonate 4b (1 g) in 50 mL of di-
oxane was placed into a flask and 25 mL of 6 N hy-
drochloric acid was added. Then the reaction
mixture was left for 3 to 4 days at 808C, the course
of hydrolysis being monitored by 31P NMR spectros-
copy. When the reaction had been completed, the
solvent was evaporated, and the residue was dis-
solved in alcohol and excess cyclohexylamine was
added (ca. 1.5 mL). The precipitate of the dicyclo-
hexylammonium salt of (R)-(`)-1-phenyl(hy-
droxymethyl)phosphonic acid 5 was filtered off. The
yield was 70%, m.p. 2268 C, [a]D20 ` 14.0 (c 4 1,
50% aqueous MeOH) that corresponds to the (R)-
configuration of the acid 5. The dicyclohexylammon-

ium salt of (1)-(S)-phenyl(hydroxymethyl)phos-
phonic acid has been described.

Method b. Tris(1.2:5.6-di-O-Isopropylidene-a-D-
glucofuranos-2-yl) phosphite 2b (2.8 g, 0.005 mol),
and benzaldehyde (0.55 g, 0.005 mol) were placed
into a flask, and 1.5 mL of chlorotrimethylsilane was
added at 08C. The reaction mixture was warmed to
ambient temperature, and the mixture was left for
1–2 hours. The 31P NMR-{1H} spectrum showed the
presence of only two signals, dP 23.02 and 22.86 ppm
in the ratio of 10:1, belonging to bis(1.2:5.6-di-O-is-
opropylidene-a-D-glucofuranos-2-yl) 1-phenylhy-
droxymethylphosphonate 4a. The solvent was re-
moved under reduced pressure, and the residue was
passed through a short column of silica gel with elu-
tion by a mixture of ethyl acetate-hexane in a 1:1
ratio. The solvent was removed under vacuum, and
the residue was hydrolyzed with a solution of hydro-
chloric acid in dioxane as previously described. The
yield of 1-phenyl(hydroxymethyl)phosphonic acid
was 60%.

[(1R, 2S, 5R )-Menth-2-yl]1-
phenyl(benzylamine)methylphosphonate (6)

Triimenthyl phosphite 2a (3.5 g, 0.1 mol) maintained
at 08C was added to benzylbenzaldimine (1.8 g, 0.10
mol), and the reaction mixture was left for 12 hours
at 60–808C. 31P NMR spectroscopy revealed the pres-
ence of two signals at dP 21.91 and 21.67 in the of
ratio 3:1. The reaction mixture was separated by
flash chromatography [SiO2, mixture of hexane-
ethylacetate 2:1 (300 mL) and 1:1 (300 mL) as
eluent]. The solvent was removed under vacuum to
afford the crystalline product in the residue, which
was recrystallized from acetonitrile or from hexane
to afford stereochemically pure 6. Yield, 60%. m.p.
86–878 C. 1 57.9 (c 1, toluene).20[a]D

NMR spectra (CDCl3): dH 0.5 (s, CH3); 0.6–0.95
(m, CH3); 1.1–2.2 (m, CH2 ` CH); 3.55 (d, PhCHa,
JHH 12 Hz); 3.75 (d, PhCHb, JHH 12 Hz); 3.98 (d, CHP,
JHP 20.6 Hz); 4.43 (m, NH); 7.2–7.4 (m, C6H5).

NMR spectra (CDCl3): dP 21.95.

Calcd. for C34H52NO3P: P, 5.59. Found: P, 5.32.

1-phenyl-1-(N-benzyl )-aminomethylphosphonic
acid (7)

To a solution of dimenthyl 1-phenyl-1-(N-benzyl-
amino)-methylphosphonate 6 (1 g) in 60 mL of di-
oxane, hydrochloric acid (25 mL 6 N) was added,
and the reaction mixture was left for 2 to 3 days at
808C, the course of hydrolysis being monitored by
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means of 31P NMR spectroscopy. When the reaction
had been completed, the solvent was removed under
reduced pressure to result in 1-phenyl-1-(N-benzy-
lamin)methylphosphonic acid, which was recrystal-
lized from a mixture of water and alcohol.

m.p. 2198C, [a]D ` 29.9 (c 1, DMSO).

NMR spectra (DMSO) dH 7.35 (m, 10H, C6H5); 3.74–
4.07, m (3H, NCH ` NCH2); 3.48 s (NH2`). Racemic
1-phenyl-1-(N-benzyl)-aminomethylphosphonic
acid has been described [14]

(R)1-phenyl-1-aminomemylphosphonic acid (8)

The hydrochloride of 1-phenyl-1-(N-benzylamino)-
methylphosphonic acid (156 mg) was dissolved in 7
mL of water and Pd/C was added. Gaseous hydrogen
was passed through the mixture at `208C to the end
of reaction. The catalyst was filtered off and the sol-
vent was evaporated. (R)4(`)1-phenyl-1-amino-
methylphosphonic acid 8 was obtained. Yield, 70%;
m.p. 2268 C; ` 15.5 (c 0.32, in a 1N NaOH so-20[a]D

lution), corresponding to the earlier described (`)-
(R)-1-phenyl-1-aminomethylphosphonic acid: 20[a]578

4 `19 (c 1, in 1N NaOH solution) [15].

NMR spectra (D2O): dH 7.28 (s, 5H, C6H5); 4.25 (d JHP

17 Hz, 1H, PCH).

Di[(1R,2S,5R)-Menth-2-yl] 1-phenyl-2-
nitroethylphosphonate (9)

A solution of trimenthyl phosphite (1 g) and b-ni-
trostyrene (0.3 g) in 10 mL of benzene was placed
into a flask and a solution of dimethylaniline hydro-
chloride (0.35 g) in acetonitrile was added. The re-
action mixture was left overnight at ambient tem-
perature. The solvent was removed under vacuum,
and the residue was purified by flash-chromatogra-
phy with ethyl acetate-hexane as eluent and the
product recrystallized from aqueous acetone. Yield:
50%, m.p. 1408C.

[a]D 167.86 (c 1.3, C6H6)

NMR spectra (d; J, Hz, CDCl3): dH 0.7–1.0 (m, CH3);
1.1–1.23 (m, CH2 ` CH); 3.45 (dt, JHP 8, JHH 8, PCH);

4.1 (dt, OCH, JHH 2.3, JHH 4.1); 4.93 (dd, CHP, JHP 7,
JHH 8); 7.3 (m, C6H5).

NMR 31P (C6D6): dP 19.85.
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