
Introduction

Intense efforts have been made in the stereoselective syn-
thesis of a-amino- and a-hydroxy-functionalized phospho-
nates,[1] since these molecules are important biologically
active compounds, which are widely used in particular for
pharmaceutical applications, for example, as enzyme inhib-
itors of renin, EPSP synthase,
and HIV protease.[2] The grow-
ing need for enantiomerically
pure a-functionalized phos-
phonates can be seen, not at
least, in a remarkably in-
creased number of their indus-
trially manufactured substi-
tutes.[3]

Interestingly, however, until recently most of the asymmet-
ric syntheses were realized by diastereoselective routes that
proceeded only with stoichiometric amounts of a chiral
auxiliary. For a long time an efficient catalytic asymmetric

approach was not available in spite of the obvious advantages
of catalytic processes. This limitation has now been overcome,
since several protocols of efficient catalytic syntheses for
these target molecules have been developed in the last few
years. These asymmetric reactions, highlighted in the follow-
ing, are based on different catalytic concepts, namely hydro-
genation, reduction, dihydroxylation, aminohydroxylation,
and hydrophosphonylation processes.

A. Asymmetric hydrogenation

The extension of the BINAP-RuII-catalyzed hydrogenation[4]

(BINAP � [1,1'-binaphthalene]-2,2'-diylbis(diphenylphos-
phane)) to an efficient method for the preparation of a-
amino phosphonates (with an additional hydroxy-functional-
ity in the b-position) has been impressively demonstrated by
Noyori et al.[5] For example, starting from the racemic a-
acetamido b-keto phosphonic ester 1 a the desired product
(1R,2R)-2 a was prepared with a high diastereoselectivity
(syn :anti ratio 97:3) and an excellent enantioselectivity of
�98 % ee (Scheme 1). Furthermore, the product (1R,2R)-2 a
was successfully converted to the enantiomerically pure
(1R,2R)-phosphothreonine 3 in 92 % yield.[5a]

The concept of this reaction is based on an asymmetric
BINAP-RuII-catalyzed hydrogenation of a racemic a-acet-
amido b-keto phosphonate rac-1 by dynamic kinetic resolu-
tion (Scheme 2). In particular, the prerequisite for this highly
diastereo- and enantioselective formation of a-acetamido
b-keto phosphonates (1R,2R)-2 is the combination of the
configurational lability of the a-substituted b-keto phospho-
nate 1, the electronegative nature of the a-amido group, and
the chiral discriminating properties of the (R)-BINAP-RuII

catalyst in the stereoselective hydrogenation step. This hydro-
genation protocol works also efficiently when using the
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analogous phenyl-substituted keto phosphonate rac-1 b as a
substrate (95% ee, syn :anti ratio 98:2).[5a]

Applying this concept, Noyori et al. also developed a
practical catalytic approach to the a-hydroxy phosphonate
derivative fosfomycin 6, a clinically used antibiotic. Starting
from a racemic a-bromo b-keto phosphonate rac-4, the
desired precursor for fosfomycin, 5, was obtained in excellent
yield (84 %) and with an enantioselectivity of 98 % ee
(Scheme 3).[5b] In addition, a syn:anti ratio of 90:10 was
achieved.

Similar as described for the synthesis of (1R,2R)-2 a, the
highly stereoselective synthesis of the single stereoisomer 5
was realized by a dynamic kinetic resolution utilizing in situ
stereoinversion in combination with an efficient asymmetric
hydrogenation process. Furthermore it is noteworthy that this
reaction has been carried out on a 20g scale.

B. Asymmetric borane reduction

The asymmetric CBS (Corey, Bakshi, Shibata) reduction
represents a powerful tool for the manufacture of a large

variety of chiral alcohol deriv-
atives.[6] Thus, it is not surpris-
ing that this method has also
been applied to the synthesis of
enantiomerically enriched a-
hydroxy phosphonates 8 by
means of an enantioselective
catalytic catecholborane re-
duction of a-keto phospho-
nates 7 (Scheme 4).[7]

In the presence of catalytic
amounts of an oxazaborolidine
complex (12 mol %) and cate-
cholborane as a reducing
agent, Meier et al. obtained

the desired products 8 with excellent enantioselectivities of
up to >99 % ee.[7a] In this connection a main feature of the
reaction is that hydroxyaryl- as well as hydroxyalkyl phos-
phonates have been prepared with a high enantioselection
(representative examples are shown in Scheme 4). Further-

more not only good to excel-
lent yields were achieved but
also an impressive number of
products was synthesized. The
use of BH3 ´ Me2S instead of
catecholborane as a reducing
agent was connected with de-
creased enantioselectivities
(�80 % ee).[7b]

C. Asymmetric dihydroxylation and
aminohydroxylation

An alternative catalytic approach applying an asymmetric
Sharpless dihydroxylation as a key step was reported by
Shibuya and co-workers.[8] Starting from a,b-unsaturated
phosphonates (e.g. 9) in the presence of a chiral osmium
catalyst (AD-mix-a), a diastereoselective and enantioselec-
tive dihydroxylation process led to the desired products 10
with up to >95 % ee and in good yields (as representatively
shown for 10 a in Scheme 5).[8, 9] Remarkably high enantiose-
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lectivities were obtained by using aromatic substituents,
whereas the corresponding alkyl-substituted vinyl phospho-
nates gave lower ee.[8a] The steric effects of the ester
functionality in the course of the dihydroxylation process
were also evaluated. The enantioselectivity and yield were
significantly improved when a dimethyl phosphonate was
used instead of a corresponding diethyl derivative.[8b]

The resulting chiral glycol phosphonates of type 10, which
are difficult to synthesize by other methods, can be further
converted into the modified phosphonates 11 and 12 (Sche-
me 6).[8a] Thus, the Shibuya protocol represents not only an
atttractive route to enantiomerically enriched glycol phos-
phonates but also an interesting method to produce a,b,g-
trihydroxy structures (of type 11) as well as a-hydroxy
phosphonates of type 12.

The use of the Sharpless aminohydroxylation method for
the synthesis of the related enantiomerically enriched b-
amino a-hydroxy phosphonates has been described very
recently by Sharpless et al.[10] and Palmisano et al.[11] Sharpless
et al. reported that an asymmetric aminohydroxylation reac-
tion with vinyl phosphonates proceeds with high enantiose-
lectivities and in good yields.[10] Independently, Palmisano
et al. obtained the desired aminohydroxylation products of
type 14 with up to 92 % ee (Scheme 7).[11]

However, a dramatic dependence of the enantioselectivity
on the nature of the p-aryl substituent has been found. In
addition, until now the use of a nonsubstituted vinyl
phosphonate was connected with a low ee value of 15 % ee.

Nonetheless, this method rep-
resents a valuable approach to
b-amino a-hydroxy phosphonic
acid derivatives, which are
well-known precursors for
pseudopeptidic chemothera-
peutic agents.

In conclusion, a main advant-
age of these routes developed

by Shibuya et al. , Sharpless et al. , and Palmisano et al. is that
starting from achiral compounds molecules with two stereo-
genic centers are produced in one step.

D. Asymmetric hydrophosphonylation

The addition of phosphites to the carbonyl or imine bond is
probably the most general and widely applied access to a-
hydroxy and a-amino phosphonates. However, for a long time
a catalytic enantioselective version of this type of reaction was
not available. For the first time, enantiomerically enriched a-
hydroxy phosphonates were obtained by Wynberg et al. by
using amino alcohols as catalysts.[12] However, the practical
usefulness of this method was limited due to the bulky
phosphites which were needed for good results (tert-butyl
phosphite: 80 ± 85 % ee), whereas the easily available and
economically cheap phosphites led to strongly decreased
enantioselectivities (e.g. dimethyl phosphite: 28 % ee). Fur-
thermore, only a few aldehydes could be used efficiently. The
first transition metal catalyzed asymmetric hydrophosphony-
lation was discovered a few years later by Shibuya and co-
workers.[13] In the presence of either titanium[13a,c] or lantha-
noid[13b,c, 14] catalysts, enantiomerically enriched a-hydroxy
phosphonates 16 were produced with up to 82 % ee when
starting from aromatic aldehydes 15 (Scheme 8).

Independently, Spilling et al. found that chiral lanthanoid
complexes are also suitable catalysts for the hydrophospho-

nylation of a,b-unsaturated al-
dehydes.[15] However, the re-
sulting ee values of the products
did not exceed 31 % ee. The
final breakthrough in the asym-
metric hydrophosphonylation
of aldehydes 17 was realized
recently by Shibasaki et al.[16] A
reinvestigation of the protocol
using heterobimetallic lithium-
and lanthanoid-containing cat-
alysts[17] (e.g. LLB: LaLi3tris-
(binaphthoxide)[14]) led to re-
markably increased enantiose-
lectivities of up to 95 % ee with
an impressive number of alde-
hydes (Scheme 9).[16a] This ef-
fect was due to an improved
method for the preparation of
the chiral lanthanoid catalysts
and optimized reaction condi-
tions. In addition, the enantio-
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selectivities of some hydrophosphonylation products with a
low ee (in the case of LLB) were improved dramatically by
changing the type of the catalyst from LLB to the analogous
chiral bimetallic aluminum catalyst ALB.[14] For example,
benzaldehyde was converted into the desired phosphonate
with 90 % ee when using ALB as a catalyst (instead of 79 % ee
with the LLB catalyst).[16b] Similar effects were observed for
several benzaldehyde derivatives with electron-withdrawing
substituents (e.g. chloro, and nitro groups). This phenomena
that LLB and ALB are tailor-made catalysts, each one useful
for special types of aldehydes, can be regarded as an
interesting example for a complementary effect in asymmetric
catalysis and thereupon shows the efficiency of the Shibasaki
heterobimetallic catalysis concept (Scheme 9).

That not only aldehydes but also imines are able to undergo
a highly efficient hydrophosphonylation process, leading to
the pharmaceutically important a-amino phosphonates 20
(which are biologically active isosters of a-amino carboxylic
acids), has been demonstrated by Shibasaki and co-workers
(for representative examples,
see Scheme 10).[18] In the pres-
ence of 5 ± 20 mol % of potassi-
um-containing heterobimetallic
lanthanoid catalysts, the first
catalytic enantioselective syn-
thesis of a-amino phosphonates
20 was realized with excellent
enantioselectivities of up to
96 % ee and yields of up to
87 %. Interestingly, the potassi-
um-containing catalyst (R)-
LPB[14] was shown to be the
most efficient catalyst and su-
perior to the analogous lithium
catalysts which have been used
in the hydrophosphonylation of
aldehydes. The obtained phos-
phonates 20 a and 20 b were
further converted into the cor-
responding a-amino phosphon-
ic acids 21 in up to quantitative
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yields (21 a : 100 % yield; 21 b : 90 % yield). Very recently this
impressive enantioselective preparation strategy for the
manufacture of a-amino phosphonic acids has found an
industrial application.[19]
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Furthermore, by using the Shibasaki hydrophosphonylation
the first catalytic asymmetric synthesis of cyclic a-amino
phosphonates has been realized (Scheme 11).[20] The pharma-
ceutically interesting 4-thiazolidinyl phosphonates of type 23
were synthesized with enantioselectivities of up to 98 % ee
and in yields of up to 95 % when using (R)-YbPB[14]

(20 mol %) as a catalyst. It is noteworthy thatÐin contrast
to the reaction with acyclic imines 19Ðthe use of (R)-LnPB
catalysts, which include a (relatively) small lanthanoid(iii)
center ion (e.g. ytterbium), was connected with the best
results. Additionally, the catalytic amount for this reaction,
which proceeds at a convenient reaction temperature (tem-
perature range between room temperature and 50 8C), could
be reduced to 5 mol% without loss of enantioselectivity.

Very recently, Shibasaki et al. showed that it is also possible
to use diphenylphosphane oxide (Ph2P(:O)H) instead of the
analogous dimethyl phosphite ((MeO)2P(:O)H) as a nucleo-
philic phosphorus component in the asymmetric addition
reaction with several cyclic imines.[21] In the presence of (R)-
PrPB (PrPB: Pr� praseodymium, P� potassium, B�BI-
NOL), which has been proved to be the most efficient
catalyst, the corresponding cyclic a-amino diphenylphos-
phane oxides have been obtained in good yields and with
enantioselectivities of up to 93 % ee.

In summary, the first catalytic enantioselective approaches
to a-hydroxy and a-amino phosphonates (based on different
catalytic concepts) have been realized with excellent enantio-
selectivities and high yields. The developed catalytic asym-
metric concepts represent competitive (and probably superi-
or) synthetic routes to these important target molecules
compared to the ªclassical routesº such as racemic resolution
and diastereoselective reactions.
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