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Abstract

Enantiomerically pure phosphetanes are easily obtained from primary phosphines and chiral, symmetrically substituted
anti-1,3-diols. The synthetic approach has been applied to the preparation of both monodentate andC2-symmetric bidentate
derivatives. Applications of these ligands in rhodium- and ruthenium-promoted hydrogenations of unsaturated substrates have
been reported: peculiar catalytic properties and high enantioselectivities have been noticed.To cite this article: A. Marinetti,
J.-P. Genêt, C. R. Chimie 6 (2003).
© 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Une nouvelle famille de phosphétanes chiraux est facilement accessible à partir de phosphines primaires et de diols
1,3-anti énantiomériquement purs. L’approche synthétique a été appliquée à la préparation de phosphines mono- et bidentes
qui ont été évaluées dans diverses réactions d’hydrogénation catalysées par le rhodium et le ruthénium. Dans toutes ces réactions,
les phosphétanes ont montré à la fois des comportements spécifiques et d’excellentes propriétés catalytiques.Pour citer cet
article : A. Marinetti, J.-P. Genêt, C. R. Chimie 6 (2003).
© 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

In recent years, phosphines where the phosphorus
atom is included into a cyclic moiety have been devel-
oped as chiral ligands for applications in enantioselec-
tive, transition-metal-promoted catalysis. Representa-
tive examples include DuPHOS1 [1], BPE 2 [2],
TangPHOS3 [3], RoPHOS4 [4], PennPHOS5 [5],

phosphinane6 [6], and the ferrocenylphosphine7 [7]
(Fig. 1).

Mainly five-membered rings, but also a few ex-
amples of six- and seven-membered cyclic phosphines
appear in this series. Their catalytic behaviour is
mainly determined by theC2 symmetry, the strong
electron-donating power, as well as by the conforma-
tional constraints induced by the cyclic structure. All
the above ligands are very efficient chiral auxiliaries in
a number of catalytic reactions.
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Thus, it appears that heterocyclic phosphines are
emerging at present as an especially interesting class of
chiral ligands, with peculiar catalytic properties. In this
context, phosphetane rings also have been used as
chiral synthons for ligand design.

This short review summarizes the most recent de-
velopments in the synthesis of chiral phosphetanes and
their applications in enantioselective organometallic
catalysis.

2. Background

The systematic preparation of chiral phosphetanes,
with catalytic purposes, started in the early 90’s8 with
the development of a large series of mono- and biden-
tate derivatives of general formula 8 (Fig. 2).

In these compounds, the phosphorus atom itself
represents a stereogenic centre. For R ≠ H, the
a-carbon is chiral as well. The menthyl substituent

served as chiral auxiliary to produce the optically pure
phosphetanes through fractional crystallisation of dias-
tereomeric mixtures of the parent phosphetane oxide
(R = H). A number of a-substituents, R, were intro-

Fig. 1
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duced either directly via diastereoselective metala-
tion–alkylation reactions of the parent phosphetane
oxide (R = CH2Ph [8], CH2CH=CH2 [8], CHO [9],
SiR3 [10], PPh2 [11]) or by subsequent modifications
of the R group (R = –(CH2)nOH [12], –(CH2)nPPh2

[12], and 4,5-disubstituted-1,3-dioxolan-1-yl groups
[10, 13]). Monodentate phosphetanes of this series
were evaluated mainly in palladium-catalysed olefin
hydrosilylation reactions [9, 14] and allylic nucleo-
philic substitutions [13] on model substrates.

Notably, high catalytic activity and moderate to
high enantioselectivities were obtained in the catalytic
hydrosilylation of cyclopentadiene (Fig. 3).

Moderate catalytic activities were observed in the
allylic substitutions promoted by the palladium–phos-
phetane complexes. The enantioselectivity was highly
dependent on the nature of the R substituent as well as
on the relative configuration of the various chiral cen-
tres of the phosphetane ligands. The best enantiomeric
excesses were obtained with phosphetane 8a, bearing a
4,5-diphenyl-1,3-dioxolan-2-yl substituent of R,R-
configuration, associated with an R-configured phos-
phorus (Fig. 4).

The synthesis and catalytic applications of phosphe-
tanes 8 have been summarised in a recent review [15].

Generally speaking, studies on phosphetanes 8 indi-
cated that phosphetane rings are suitable structural
units for building chiral ligands for selected applica-

tions in asymmetric catalysis. Thus, following the pio-
neering work above, a new family of phosphetane-
based chiral ligands has been developed recently.
These phosphetanes fall into the general formula 9,
where the symmetrically substituted a-carbons are the
only stereogenic centres (Fig. 5).

The synthesis and properties of this new family of
chiral phosphetanes are presented hereafter.

3. Recent developments

The first examples of phosphetanes of the general
formula 9 were described in 1997 [16] and, since then,
many others have been prepared. Their easy availabil-
ity has been, undoubtedly, a key point for their devel-
opment as enantiomerically pure auxiliaries in cata-
lytic reactions.

The synthetic approach to phosphetanes 9 involves
the reaction between a primary phosphine and a chiral
1,3-dielectrophile such as the bis-mesylate or the cy-
clic sulphate of an enantiomerically pure 1,3-diol, in
the presence of bases, as shown in Fig. 6.

Usually, n-BuLi or s-BuLi are used as the base, in
experimental conditions that depend on the nature of
the primary phosphines. Starting from PhPH2, the dil-
ithiated phosphine is formed and reacted then with the

Fig. 3
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cyclic sulphate between –40 °C and room temperature
[16]. In most cases, the dilithiated phosphine being
hardly available, a two-step reaction must be per-
formed: the monoanion is reacted with the cyclic sul-
phate, then a second equivalent of base is added to
achieve the cyclisation [16, 17]. An alternative proce-
dure involves slow addition of two equivalents of base
to a solution containing the primary phosphine and the
cyclic sulphate in a 1:1 ratio [18]. For the synthesis of
the most air-sensitive phosphetanes, the borane-
complexation technique is conveniently used to protect
the phosphorus atom: an excess of the BH3.SMe2 com-
plex is added to the crude reaction mixture to form the
borane-phosphetane complex 10. After purification,
phosphetanes can be easily displaced from their borane
complexes by heating with an excess of 1,8-
diazabicyclo[2.2.2]octane (Dabco) [16, 17].

Given that a great number of primary phosphines
are either commercially available or easily prepared
through known methods, the broad scope of the syn-
thetic approach above is ensured. On the other hand, its
practical utility relies mainly on the availability of
symmetrically substituted chiral 1,3-diols. Both enan-
tiomers of 2,4-pentanediol are commercially available
and many other diols are obtained, in large amounts, by
enantioselective hydrogenation of the corresponding
1,3-diketones promoted by ruthenium complexes. At-
ropoisomeric chiral ligands such as BINAP and MeO–
BIPHEP afford very high diastereomeric and enantio-
meric excesses in these hydrogenations [19–21]
(Fig. 7).

The cyclic sulphates of the anti-1,3-diols shown in
Fig. 7 have been used for the synthesis of a number of
monodentate and bidentate phosphetanes, according to
the general method in Fig. 6. Selected examples of thus
obtained, monodentate phosphetanes are shown here-
after (Fig. 8) [16, 17, 22, 23].

This overview shows that the structural features of
monodentate phosphetanes are easily modulated by
the suitable choice of the starting materials. Also, their
properties and behaviour as chiral ligands should be
finely tuned by these structural variations. Thus, for
instance, P-alkyl-substituted phosphetanes such as 15,
16 and 18, should behave as better electron-donors
toward transition metals then the analogous P-aryl de-
rivatives 11 or 12. Moreover, the sterical hindrance of
the ring substituents varies drastically when going, for
instance, from phosphetanes 11 to 15, 17 or 18. The

sterical hindrance, and especially the relative size of
the substituents, is expected to play a major role in the
stereochemical control of the catalytic reactions: as
shown in Fig. 9, the chiral environment of the metal in
monodentate phosphetane complexes is mainly de-
fined by the relative size of the phosphorus substituent
and the a-carbon substituents (note that one of the a
substituents R' being faraway from the metal, its steri-
cal hindrance is negligible).

Consequently, an appropriate choice of R and R'
allows optimisation of the catalytic properties of these
ligands. This has been shown through studies on a
model reaction: the rhodium promoted hydrogenation
of a-acetamidocinnamic acid [17] (Fig. 10).

The enantiomeric excesses afforded by P-phenyl-
substitutes phosphetanes are strongly dependent on the
nature of the R' substituent: they vary from 13%, for
R' = iPr, to 86%, for R' = PhCH2. Full rational for the
observed trend is not available to date.

The best e.e.s values obtained in these reactions
compare favourably with those attained by other
monodentate phosphines [24] and confirm the promis-
ing potential of these phosphetanes in asymmetric ca-
talysis. Monodentate phosphetanes are not expected to
successfully compete with bidentate species in the
rhodium-promoted asymmetric hydrogenations above,
however they should find specific use in reactions that
require monodentate ligands, such as palladium-
promoted olefin hydrosilylations [25] and nickel-
promoted hydrovinylations [26].

Fig. 7
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Concerning rhodium, as well as ruthenium pro-
moted enantioselective hydrogenations of unsaturated
substrates, the choice ligands are, usually, C2-
symmetric bidentate phosphines. This has been ob-
served in the phosphetane series as well: the bidentate,
C2-symmetric phosphetanes 20, 21 and 22 have been
prepared and successfully used in these hydrogenation
reactions (Fig. 11).

The synthetic method used for the preparation of
20–22 follows the general strategy of Fig. 6, starting

from 1,2-bis(phosphino)benzene, 1,2-bis(phosphino)
ethane and 1,1'-bis(phosphino)ferrocene, respectively.
Yields are moderate (30–60%). CnrPHOS and BPE-4
bearing small R' substituents are rather air-sensitive.

Fig. 8

Fig. 9 Fig. 10
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Consequently, they are more easily isolated as their
mono- or bis-borane complexes. The mono-borane
complex 23 of (S,S)-iPr-CnrPHOS has been character-
ised by X-ray crystallography [31] (Fig. 12).

FerroTANEs and sterically hindered CnrPHOS and
BPE-4 are, however, air-stable, easy to handle com-
pounds.

All these diphosphines behave as chelating ligands
toward transition metals and give stable rhodium, ru-
thenium and palladium complexes (Fig. 13). Some of
them have been structurally characterised.

Ruthenium complexes of phosphetanes 20–22 have
been used as catalysts in the enantioselective hydroge-
nation of functionalised carbonyls [27, 28, 31, 32].
b-Ketoesters and 2,4-pentanedione have been consid-
ered as model substrates. Selected results are sum-
marised in Table 1.

Bidentate phosphetanes 20–22 display moderate-
to-high enantioselectivities in these hydrogenation re-
actions. Within each series, the highest efficiency is
attained by using sterically hindered ligands, that is for
R' = isopropyl or cyclohexyl. According to these pre-
liminary catalytic tests, Cy-BPE-4 seems to be the
most suitable ligand for these hydrogenations. It dis-
play, however, lower catalytic activity – high tempera-
tures and/or high H2 pressure are required – and a
somewhat lower enantioselectivity than the analogous
phospholane-based BPE ligands [34].

Fig. 11

Fig. 12

Fig. 13. From [28, 31–33].
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From catalytic tests on rhodium-promoted hydroge-
nations of functionalised olefins, FerroTANEs 22
emerged as the most suitable ligands, within the bis-
phosphetane series. Selected results are summarised in
Table 2 [29, 30, 32, 35]. FerroTANEs displayed espe-
cially high catalytic efficiency and enantioselectivities

in the hydrogenations of unsaturated a- and b-amino-
acids and itaconate derivatives (entries 12, 13, 4).

For each single substrate, fine tuning of the phos-
phetane a-substituents is still required to attain very
high enantioselectivities: as shown in entries 3–5 and
8,9 respectively: Et-FerroTANE is the best ligand for
the hydrogenation of dimethyl itaconate, while iPr-
FerroTANE performs better in the hydrogenation of
a-acetamidoacrylate.

Results in Table 2 also suggest that FerroTANEs
rank among the best chiral phosphines for the asym-
metric hydrogenation of (E)-methyl b-acetamido-2-
butenoate (entries 13–15) [36] and of monoamido ita-
conate (entries 16-18) [30].

Finally, in these rhodium promoted hydrogenations,
FerroTANEs were found to be far superior to the struc-
turally analogous 1,1'-bis(phospholanyl)ferrocenes
[29, 33, 37]: in the hydrogenation of dimethyl itacon-
ate, for instance, 1,1'-bis(2,5-dialkylphospholanyl) fer-
rocenes give a maximum enantiomeric excess of 70%,
to be compared with the 98% e.e. attained with phos-
phetanes (entry 4) [30]. The reasons for such an in-
crease in selectivity upon moving from five- to four-
membered heterocycles is unclear at present.

Concerning the stereochemical course of the hydro-
genations of dehydroaminoacid derivatives (entries
6–12), FerroTANEs 22 behave like other electron-rich
phosphines [38]: the expected (R)-configured product
is obtained from the (S,S)-configured iPr-FerroTANE
(Fig. 14).

Table 1. Enantioselective hydrogenations of carbonyl derivatives
promoted by ruthenium phosphetane complexes.
Catalyst precursors: (a) (COD)Ru(2-Me-allyl)2 + HBr; (b)
[(C6H6]RuCl2]2; (c) L*RuCl2Py2 + HBr.

Table 2. Hydrogenation of functionalised olefins promoted by rhodium complexes of phosphetane 20, 21 and 22. Comparative results.
Either preformed diphosphine–rhodium complexes or catalysts generated in situ from (COD)2Rh+X– were used in these studies. Catalyst
amount: from 1 to 0.1%.
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CnrPHOS and BPE-4 display a more complex be-
haviour. The enantioselectivity is strongly affected by
variations of the reaction conditions and especially by
changes in the hydrogen pressure. In some cases, the
stereochemical issue of these hydrogenations may
even be reversed by increasing the hydrogen pressure
[34]. This interesting behaviour and its mechanistic
implications need to be analysed in more depth.

4. Conclusions

During the past 10 years, there has been consider-
able progress in the design of phosphetane-based
chiral ligands. Requirements for high efficiency and
high enantioselectivity in catalytic reactions have been
fulfilled through the synthesis of C2-symmetric biden-
tate derivatives. Within this series, 1,1'-
bis(phosphetanyl)ferrocenes emerged recently as par-
ticularly useful ligands, thus further developments in
their catalytic applications are reasonably expected.

In addition, monodentate phosphetanes, which are
easily accessible through a very flexible approach,
displayed a promising potential on model catalytic
reactions. They should find applications in specially
targeted reactions, where the use of monodentate
ligands is required.
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