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bstract
Chiral monodentate phosphines ligands were the first ligands to be investigated in the field of asymmetric hydrogenation. After years of
eglect, these ligands have recently experienced a new renaissance. This review discusses the structural design of the most successful monodentate
hosphines and, following a historical line, reports on their application in the asymmetric hydrogenation of C C and C O bonds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the last decades the selective preparation of enantiopure
ompounds has become one of the major challenges for organic
ynthesis and it is very likely that this will remain in the focus of
hemistry in the foreseeable future. Among all of the techniques
onsidered thus far, asymmetric catalysis offers one of the most
fficient and economical ways to achieve this goal [1]. In par-
icular, homogeneous asymmetric hydrogenation mediated by
ransition metal catalysts modified by chiral phosphorus ligands
s one of the first and most successful examples of practical
symmetric catalysis.
Based on the pioneering work on asymmetric hydrogena-
ion by Knowles, Kagan and others in the late 1960s of the last
entury, extensive efforts were undertaken to further improve

∗ Corresponding author.
E-mail address: matthias.beller@catalysis.de (M. Beller).
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uch reactions. In the early stages of the investigations, phos-
horus ligands have proven to be beneficial due to their high
ffinity to late transition metals and their ability of enforcing
atalyst activity. A large number of successful ligand concepts
ave been developed since the 1970s leading to Rh, Ir or Ru com-
lexes able to effectively catalyze a number of C C, C O and

N bond hydrogenations [2]. However, even if several indus-
rial applications on a small to medium scale were established,
he final breakthrough has so far not been reached, due to the low
ransferability of this technique whenever requirements change.
pecifically tailored catalysts designed to serve in specified tasks
re important tools for achieving high activity and enantios-
lectivity, but the real quest is to find ligand concepts which
upport catalyst activity and transfer the chiral information to
wide range of substrates [3]. In this context, the discovery of
nnovative and effective ligands is a key challenge for industrial
nd academic research. Besides a reasonable activity and enan-
ioselectivity, novel catalysts for industrial applications need,
owever, to meet several additional requirements. The synthetic

mailto:matthias.beller@catalysis.de
dx.doi.org/10.1016/j.ccr.2007.09.021
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pproach must be readily adoptable on large-scale processes and
he key structure of the ligand needs to allow straightforward
tructural variations (ligand library). Furthermore, the applica-
ion may not be restricted by potential violations of protected
ntellectual property [4].

The development of new phosphine ligands for asymmet-
ic hydrogenation has focused on the synthesis of bidentate
igands for nearly 30 years. Bidentate ligands claimed their
rivileged position due to their inherent characteristics of con-
ormational rigidity and strong coordination to the metal center
hich appeared to be extremely important for the reaction out-

ome. However, at the end of the 20th century the predominant
ole of bidentates was challenged by the development of effec-
ive monodentate ligands, which subsequently received more
nd more attention [5,6].

Monodentate phosphorus ligands have the advantage of eas-
er syntheses and tuning as compared with their bidentate
ounterparts. The applicability of monodentate ligands was suc-
essfully demonstrated in several reactions [7], so that nowadays
onodentate ligands are fully accepted as an additional tool

n asymmetric hydrogenation and are supposed to hold a vast
otential for future applications. This review will first discuss
he structural design of the most successful monodentate phos-
hines and then report on their application in the asymmetric
ydrogenation of C C and C O bonds.

. Design and synthesis of chiral monophosphines

Monophosphine ligands are among the earliest ligands stud-
ed for asymmetric catalysis and the number of candidates
nvestigated in the literature is vast. In the following, the dis-
ussion is therefore restricted to those monophosphines which
chieved the best results in asymmetric hydrogenation.
An important class in this context are phosphines whose chi-
ality stems solely from a chiral phosphorus center [8]. The
eneral method to accomplish the resolution of phosphine oxides
r quaternary phosphinates is to use a chiral acid from the chi-

i
o
n

Scheme 2. Synthesis of P-chiral phos

Scheme 3. Synthesis of NMDPP and ch
Scheme 1. Synthetic approach to P-chiral monodentate phosphines.

al pool (i.e. tartaric acid) [9]. As early as 1967 Mislow et al.
10] reported the synthesis of P-chiral ligands via resolution of
iastereomeric phosphinates by the aid of a chiral auxiliary (i.e.
enthyl group). Addition of Grignard reagents and reduction of

he phosphine oxide with trichlorosilane yielded the chiral phos-
hine (Scheme 1). The nucleophilic displacement from chiral
hosphinates is a convenient and efficient way to form chiral
hosphines [10b].

About 20 years later, Jugé and Genêt [11] and Corey
t al. [12] described new methodologies for the preparation
f enantiopure phosphinates avoiding chiral resolution. The
tereodifferentiation was achieved by the thermodynamically
ontrolled formation of chiral oxazaphospholidines (Scheme 2)
r oxathiaphospholidines and the subsequent diastereoselective
isplacement by alkyl/aryl halides.

Tertiary phosphines with a stereogenic carbon in the side
hain can be readily prepared, for instance by reaction of a
hiral alkyl halide or tosylate with lithiumdiphenylphosphine.
epresentative examples are neomenthyldiphenylphosphine 2

NMDPP) that can be prepared from inexpensive and easily
vailable natural chiral precursors such as (−)-menthol [45] or
igand 3a which was obtained from readily available d-glucose
58] (Scheme 3).
Monophosphines with phosphorus embedded in a cycle, can,
n part, require a more tedious preparation, also depending
n whether the phosphorus is actually a stereogenic center or
ot. General synthetic approaches for preparing phospholanes

phines according to Genêt et al.

iral carbohydrate-based ligands.
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Scheme 4. General synthetic approach to chiral phosphanes with phosphorus embedded in a ring.
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Scheme 5. Synthesis of phosphiranes 7 v

13] and phosphetanes [14] are typically based on the reaction
f lithium phosphides and bis-mesylates or cyclic sulfates of
ptically active 1,4- or 1,3-diols (Scheme 4, n = 1 and 2, respec-
ively).

A similar general method has been successfully applied by
aspar et al. to the synthesis of chiral phosphiranes (n = 0,
cheme 4) [15], which were previously reported by Marinetti
t al. [16] via insertion of optical active phosphorus compounds
nto enantiopure styrene oxide (Scheme 5). Ligands 7 were sta-
ilized as molybdenum phosphirane complexes and subsequent
ransmetallation with rhodium complexes yielded suitable pre-
ursors for asymmetric hydrogenation. The synthesis of chiral
hosphiranes, which are interesting ligands because of the high
-character of the phosphorus lone pair, is unfortunately accom-
anied by high cyclic strain, which causes easy ring opening.

The same group reported the first synthesis of chiral
hosphetanes of type 8 (Scheme 6), carried out according to
he McBride approach, by reaction of branched olefins with
hlorophosphine-AlCl3 complexes [17]. The stereochemistry
as regulated by chiral induction of l-menthyl as auxiliary.
he acidic protons adjacent to the phosphorus atom enable fur-

her functionalization, for instance deprotonation with n-butyl
ithium and subsequent quenching with benzyl bromide yields

igand 8.

The first example of phosphanes with a larger ring (n > 2)
as reported much later, in 2002, when Helmchen et al. [18]
escribed the preparation of analogous phosphinanes where

M
f
p
r

Scheme 6. Synthesis of phosphetane
complexes according to Marinetti et al.

dditional oxygen was incorporated into the ring to allow wider
odularity (Scheme 7). The ligands were synthesized by mesy-

ation of enantiopure diol ethers and subsequent reaction with
ilithiophenylphosphine. Due to the high oxygen sensitivity, sta-
ilization with BH3 is required. The oxaphosphinanes boranes
ere deprotected with DABCO (1,4-diazabicyclo[2.2.2]octane)
efore pre-catalyst formation was carried out. The same group
eported also the synthesis of a secondary oxaphosphinane 10
hich represented the first example of secondary phosphine in

symmetric hydrogenation.
The general method previously described by Burk et al. for

he synthesis of the phospholane (Scheme 4) suffered from major
rawbacks, as it merely allowed a variation on the alkyl group
ue to the limited availability of precursors and the inevitable
ide reaction of elimination, which yields the diene after treat-
ent with BuLi. The promising performance of this type of

igand in asymmetric hydrogenation, especially in the bidentate
orm (see DuPhos and BPE, Fig. 2), nevertheless encouraged
ther research groups to invest further synthetic effort in order
o enlarge the ligand library of this class.

In 1999 Fiaud and Guillen reported an improved synthesis
f enantiomerically pure trans-(2,5)-diphenylphospholane 11
ia formation of the corresponding acid (Scheme 8) [19,20].

cCormack reaction of diphenylbuta-1,3-diene with Cl2PNEt2

ollowed by hydrogenation and isomerization yielded the trans-
hospholane amide, which could in turn be hydrolyzed and
esolved by crystallization of the diastereomeric salts. The

8 according to Marinetti et al.
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Scheme 7. Synthesis of oxaphosphinanes 9 and 10 according to Helmchen et al.
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Scheme 8. Synthesis of chiral trans-diphenylp

hospholane 11 was obtained from the acid via two different
ynthetic procedures: (1) by reaction of the corresponding chlo-
ide with a lithium cuprate reagent which introduces the phenyl
roup or (2) by reduction with DIBAL-H and subsequent Pd-
atalyzed coupling with iodobenzene. The resulting phosphine
xide is reduced with lithiumaluminum hydride and protected

s a borane adduct.

The Börner group reported the synthesis and catalytic appli-
ation of monodentate chiral phospholanes 12 (Scheme 9) [21].

t
c
t

Scheme 9. Synthesis of phospholane
hinophospholane 11 according to Fiaud et al.

wo general synthetic sequences were envisaged. The key step
f the first approach was the heterogeneous arene hydrogena-
ion of dibenzophosphole acid, but unfortunately only one of
he, in total, five possible diastereomers could be isolated. The
-ray structure analysis indicated a cis-selective hydrogenation.
he second approach included an improved McCormack reac-
ion to build up the basic ligand structure, so that follow up
hemistry could yield ligand 12. In order to broaden the access
o other diastereomers, an extensive study on epimerization was

12 according to Börner et al.
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Scheme 10. Synthesis of phospholane 13.
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Scheme 11. Synthesis of

onducted. As had been predicted by prior calculations, the stere-
center adjacent to the phosphorus atom allowed epimerization
n the presence of base and subsequent acidification. Trans-
ormation of obtained acids to the corresponding secondary
hosphines yielded two diastereomers, which were separated
ia the borane adduct. Unfortunately, deprotection of the single
iastereomers led to epimerization of the stereogenic phospho-
us atom.

More recently, Börner et al. reported a second type of mon-
dentate phosphole, based on tartaric acid, which allowed easy
ntegration of chiral information [22]. The key step was a double
ydrophosphination (Scheme 10).

A more exotic arrangement of the phosphorus in a six-
embered ring was reported by Breit et al. in the synthesis of

hiral phosphabarrelenes 14, which contained highly pyrami-
alized phosphorus atoms [23]. The ligands were accessible by
iels–Alder reaction of substituted phosphabenzene and ben-

yne and subsequent separation of isomers (Scheme 11). These
igands possessed unique geometric characteristics, such as a
emarkably strong constraint of the phosphorus in a pyramidal

onformation, as well as an unusual chirality in case of different
ubstituents R1 and R2.

At the end of the 20th century the synthesis of monodentate
igands with C2 or C1 symmetry found increasing interest. The

w
c
2
t

Scheme 12. Synthesis of the (diphenyl
habarrelenes ligands 14.

roup of Kagan, for instance, reported efforts on the synthesis of
errocene-based ligands with planar chirality (Scheme 12) [24].
s part of the three-step synthesis starting from ferrocenecar-
oxaldehyde, a chiral acetal was used as auxiliary in order to
ontrol the stereochemistry of ortho-lithiation before quenching
ith Ph2PCl.
In the first years of the new millennium, several independent

esearch groups followed this trend by proving extraordinary
ransfers of chirality when applying monodentate phosphorus
igands based on binaphthol in different oxidation states [25–28].
he main advantages of this type of monodentate phosphorus

igands were their easier synthesis and high tunability compared
o bidentate phosphines, as designated targets could typically be
eached in a one- or two-step synthesis from inexpensive chiral
inaphthol (see examples in Fig. 1).

Other than the binaphthyl backbone, those ligands shared
everal common elements, such as the phosphorus in a
even-membered ring. The closest related phosphine ligand is
,5-dihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepine 21 which
as been known since the early 1990s when Gladiali and co-

orkers reported the first successful synthesis of this ligand

lass (Scheme 13) [25]. As initial step 2,2′-dimethylbinaphthyl
0 was synthesized via nickel-catalyzed Kumada coupling reac-
ion of 1-bromo-2-methylnaphthalene its Grignard reagent [26].

phosphino)ferrocenyl ligand 15.
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Fig. 1. Selection of chiral monodentate biaryl phosphites, ph

he racemic 2,2′-dimethylbinaphthyl 20 was selectively double-
ithiated on the methyl groups and subsequently quenched
ith dichlorophosphines to yield the racemic 4,5-dihydro-3H-
inaphtho[2,1-c;1′,2′-e]phosphepines 21a. Resolution of the
nantiomers was carried out by forming diastereomeric com-
lexes of a racemic mixture with (+)-di-�-chloro-bis[(S)-N,N-
imethyl-�-phenylethylamine-2C-N]-dipalladium 22 [27]and
ubsequent separation via crystallization. Finally, the enantiop-
re monodentate phosphine 21a (Ph-BINEPINE) was liberated
y reacting the single diastereomeric complex with bidentate
hosphines (e.g. dppe).

Some years later the group of Stelzer reported the synthesis of
econdary phosphine based on phosphepine scaffold 21 (R = H)
n good yields [28].

However, from a practical point of view the approaches devel-
ped by Gladiali et al. and Stelzer et al. caused some difficulties
ith respect to up-scaling and other industrial requirements due

o the expensive auxiliaries and low overall yields.
A more convenient two-step pathway starting from enan-

iomeric pure 2,2′-binaphthol (>98% ee) was only recently
stablished as nowadays enantiopure 2,2′-binaphthol is com-
ercially available on a large scale [29,30]. The improved

ynthesis of binaphthophosphepines starts with a diester-
fication of enantiomerically pure 2,2′-binaphthol 23 with
rifluoromethanesulfonic acid anhydride in the presence of
yridine (Scheme 14) [31]. The corresponding diester was
btained in quantitative yield and subsequent nickel-catalyzed
umada coupling with methyl magnesium bromide led to
,2′-dimethylbinaphthyl 20 in 95% yield [32]. Two different
ynthetic strategies were established to obtain 4,5-dihydro-
H-dinaphtho[2,1-c;1′,2′-e]phosphepine ligands 21. In the first
rocedure double metallation of 2,2′-dimethylbinaphthyl 20

ith n-butyl lithium in the presence of TMEDA (N,N,N′,N′-

etramethylethylenediamine) followed by quenching with
ommercially available dichlorophosphines gave ligands 21a

d
T
d

Scheme 13. First synthesis of phosphepi
nites and phosphoramidites for asymmetric hydrogenations.

P-phenyl) and 21b (P-t-butyl) in 60–83% yield, which were
oth synthesized on >10g scale.

In the second procedure the dilithiated 2,2′-dimethyl-
inaphthyl 20 was quenched with diethylaminodichlorophos-
hine to produce the amino phosphepine 24 [33] which, upon
reatment with gaseous HCl was converted into 4-chloro-
,5-dihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepine 25 in 80%
ield. This enantiomerically pure chlorophosphine was read-
ly coupled with various Grignard or lithium reagents to render

broad selection of ligands 21. The limited number of com-
ercially available dichlorophosphines and the large diversity

f Grignard compounds make the access through 4-chloro-4,5-
ihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepine 25 the route
f choice for a library of ligands 21 (Scheme 14) [30].

In parallel to the work of Beller et al., the group of Zhang
escribed a similar synthetic approach, however, the monoden-
ate system was merely used as an intermediate since their
esearch was dedicated to bidentate ligands and only preliminary
npromising results for ligand 21b were obtained (hydrogena-
ion of methyl 2-acetamidoacrylate aMe, 6% ee) [34]. In contrast
o that extraordinary enantioselectivity was scored by bidentate
igands containing the phosphepine moiety (Scheme 15, 26–28)
35].

While the group of Beller mainly focused on a variation of the
ubstituent at the phosphorus in 4,5-dihydro-3H-dinaphtho[2,1-
;1′,2′-e]phosphepines, Widhalm et al. reported efforts on the
-substitution to the phosphorus atom (Scheme 16) [36]. The

ise of new stereocenters closer to the metal promised a better
ransfer of chiral information. Starting from 21a, synthesized
ccording to literature procedures, the corresponding sulfide
9 was prepared. In addition to that, a deprotonation proto-
ol was established which offered a huge variety of mono- and

isubstituted ligands after simple quenching with electrophiles.
he substitution was highly stereoselective, because only single
iastereomers were obtained. The synthesis of compound 33b

nes 21 according to Gladiali et al.
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Scheme 14. Synthetic approach to 4,5-dihydro-3H-dina

as also reported by us via the phosphine oxide and similar
eprotonation/alkylation protocol [37]. The observed stereo-
hemistry was identical and again only one diastereomer is
ormed.
Another atropisomeric ligand with additional chirality was
escribed very recently by Jahjah et al. [38]. A derivative
f HMOP, 34 was prepared by Ni-catalyzed coupling of
,1′-binaphthyl-2,2′-diyl-bis(trifluoromethanesulfonate) with a

t
t
g

Scheme 15. Synthesis of 4,5-dihydro-3H-dinaphtho[2,1-c;1′,2′-
[2,1-c;1′,2′-e]phosphepines developed by Beller et al.

acemic o-anisyl-phosphine borane complex, followed by oxi-
ation with H2O2. The diastereomeric mixture was separated
y column chromatography and the resulting enantiopure oxide
as reduced with HSiCl3 without epimerization (Scheme 17).

In addition to the ligands shown many more chiral monoden-

ate phosphines have been reported in the literature. However,
hey have not been applied successfully in asymmetric hydro-
enation and thus are excluded from this review.

e]phosphepines by a protocol established by Zhang et al.
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Scheme 16. Synthesis of �- and �,�′-substituted 4,5-dihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepines.

-(nap

3

3

t
a
t
�
t
a
r

t
c

(
s
a
c
f
b
d
t
p
f

Scheme 17. Synthesis of (R)-(2-methoxyphenyl)(1

. Catalytic asymmetric homogeneous hydrogenation

.1. Reduction of C C double bonds

Hydrogenation of C C double bonds is of major impor-
ance in the field of asymmetric catalysis, as it allows, in fact,
ccess to a variety of chiral compounds of different substi-
ution. It is nevertheless true that a carbonyl group in �- or
-position to the double bonds is advisable in order to improve

he transfer of chirality, so that unsaturated prochiral acid or
mino acids, as well as enamides are favorite substrates for this

eaction.

The beginning of homogeneous hydrogenation dates back
o 1965 when the group of Wilkinson reported the first suc-
essful application of a well-defined complex [RhCl(PPh3)3]

p
a
M
a

hthalen-8-yl)naphthalen-2-yl)phenylphosphine 34.

Wilkinson’s catalyst) [39] in homogeneous hydrogenation of
imple olefins with molecular hydrogen. Shortly after, Vaska
nd Rhodes obtained similar results with Ir(CO)(PPh3)3 as a
atalyst (Vaska’s complex) [40]. Monodentate phosphines were
ound to be active also in other metal-catalyzed reactions, while
identate phosphines such as bis(diphenylphosphanyl)ethane
epressed the hydrogenation. In subsequent mechanistic studies
his relationship was further clarified, as the dissociation of a
hosphane from Wilkinson’s catalyst was found to be essential
or the initiation of the catalytic cycle [41].

Based on this seminal work, the first chiral version was inde-

endently presented by the groups of Knowles and Sabacky [42]
s well as Horner et al. [43] in 1968 right after Korpiun and
islow [10] and Horner et al. [9] established a stereoselective

pproach to P-stereogenic derivatives (Scheme 18).
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Scheme 18. First examples of asymmetric hyd

In the reduction of �-phenylacrylic acid 35 a promising
nantiomeric excess of 15% was obtained when using rhodium
omplexes with ligands of type 1. Thereupon, various attempts
ocused on modifications of the ligand structure in order to
mprove the enantioselectivity, but unfortunately no significant
mprovement was reached [44]. Parallel to this work Horner
t al. applied an in situ catalyst composed of [Rh(cod)Cl]2
nd 4 equiv. of optical active methylphenyl-n-propylphosphine
b in the asymmetric hydrogenation of �-ethylstyrene 37a
nd �-methoxystyrene 37b, only low enantioselectivities (<8%
e) were observed [43]. These partially disappointing results
id obviously not stimulate a rapid adoption of the new
ethod. Besides, P-stereogenic phosphanes were difficult to

ynthesize at that time and often suffered racemization. An
mportant milestone was achieved when Morrison reported in
971 improved enantioselectivities, up to 61% ee, applying neo-
enthyldiphenylphosphine (NMDPP) 2 in the hydrogenation of

E)-�-methylcinnamic acid [45].
The real breakthrough in homogeneous asymmetric hydro-

enation was reached in the early 1970s when Kagan and Dang
ridged two monodentate phosphines to synthesize the first
hiral chelating bidentate phosphine. Extraordinary enantios-
lectivities up to 72% ee were obtained in the presence of a
hodium-DIOP complex (Scheme 19) [46,47].

The improvement of this ligand concept was accompanied by

wo additional positive strategies. The Kagan group used tartaric
cid as a carrier for the chiral information, which is accessible
rom the chiral pool, so that the complicated separation of ligand
nantiomers was avoided. Additionally the chiral information

n
f
A
t

Scheme 19. First asymmetric hydrogenation catalyz
ation carried out with homogeneous catalysts.

as moved from the phosphorus atom to the backbone of the
igand as previously discussed by Morrison et al. [45], delivering
t the same time two chemically equivalent phosphorus atoms
C2 symmetry).

The great advantages presented by DIOP and the impres-
ive enantioselectivities achieved in a number of substrates have
urely played an important role in the general change of research
ocus from mono- to diphosphines, which came as a result. In
he following period the concept of bidentate ligands was refined
o further improve the enantioselectivity in asymmetric hydro-
enation. Also chiral ruthenium [49] and iridium [50] complexes
f those ligands were successfully employed in hydrogenation
nd the mechanism of the reaction was elucidated [51]. In Fig. 2
selection of privileged bidentate ligand systems is presented.
nantioselectivities greater than 99% for a tremendous number
f substrates were reported.

In the early stage of bidentate ligands, in 1972, Knowles et
l. achieved enantioselectivities up to 90% ee in the hydrogena-
ion of phenylalanine derivatives with the monodentate CAMP
igand 1e by increasing the optical purity of the ligand to 95%
nd thanks to the introduction of o-anisyl group, which proba-
ly affords a hemilabile second coordination over the methoxy
roup (Scheme 20) [53,44,54].

Although an excellent enantioselectivity was achieved, the
eplacement of monodentate ligands by bidentate systems could

ot be impeded and led to a resting state in the research
or monodentate ligands of approximately 30 years (Fig. 3).
lso the pioneers of this research area directed their efforts

o bidentate ligands, e.g. Knowles et al. synthesized a dimeric

ed by rhodium-diphosphine complexes [48].



480 G. Erre et al. / Coordination Chemistry Reviews 252 (2008) 471–491

Fig. 2. Selection of privileged bidentate phosphine ligands [46,52].
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Fig. 3. Historical classificati

ersion of the PAMP ligand (Scheme 1, 1d), so called DIPAMP
1 (Fig. 2) and achieved enantioselectivities up to 96% ee
55].

Although from time to time attempts were undertaken to
efocus on monodentate systems the situation did not change
ignificantly. For instance at the end of the 1970s the ligand
oncept presented in Scheme 1 was taken up again by Solodar
or the asymmetric hydrogenation of challenging piperitenone

9, thereby monodentate ligands induced higher enantioselectiv-
ty than bidentate systems, although the enantiomeric excesses
btained were rather low (up to 38% ee) (Scheme 21) [56].
he influence of reaction conditions on enantioselectivity and

h
[
a
o

Scheme 20. Asymmetric hydrogenation of �-dehydroam
chiral phosphine synthesis.

hemoselectivity were studied in detail but no considerable
mprovements were obtained.

Valentine et al. modified the Morrison’s NMDPP ligand
nd introduced a new stereogenic P-centre by substituting a P-
henyl group with a methyl. The new ligands were used for the
eduction of 51 (Scheme 22), which resembled a precursor of
-tocopherol (vitamin E) or phylloquinone (vitamin K1) [57].
he best enantioselectivities as high as 79% ee were obtained,

owever, with the rhodium catalyst of the unmodified ligand 2
Rh(cod)(NMDPP)2]BF4. A study on the influence of matched
nd mismatched chirality (for the ligand with chiral phosphorus)
n the outcome of the reaction did not bring any improvement.

ino acid derivate to yield an l-DOPA precursor.
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Scheme 21. Synthesis of piperitone 50 via asymmetric hydrogenation.
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Scheme 22. Asymmetric hydroge

The same group hydrogenated �-dehydroamino acids pre-
ursors in the presence of monodentate ligands, e.g. CAMP 1e,
n a comparative study with DIOP 39. The results obtained led
o a marginally higher enantioselectivity for DIOP (72% ee) as
ompared to CAMP (67% ee, Scheme 22).

In the mid-1980s Morita et al. developed an approach

o sugar-based monodentate phosphines [58]. The catalytic
otential was tested in the rhodium-catalyzed asymmetric
ydrogenation of N-acetyl dehydrophenylalanine and the corre-
ponding methyl ester (Scheme 23). Excellent enantioselectivity

p
t
t
r

Scheme 23. Asymmetric hydrogenation applying sug
ns carried out by Valentine et al.

f 92% ee was obtained, albeit long reaction times were neces-
ary. A competitive experiment performed with DIOP as ligand
ed to somewhat lower enantioselectivity (75% ee) and demon-
trated the uncommon properties of the monodentate ligand
a under the conditions described. The drawback of the long
eaction time was overcome by increasing the initial hydrogen

ressure, but unfortunately this resulted in a deterioration of
he enantioselectivity. At a metal–ligand ratio of 1:1 the enan-
ioselectivity dropped to 31% ee and 1 week was necessary to
each full conversion. This result was in keeping with previous

ar-based monodentate ligands by Morita et al.
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Scheme 24. Phosphiranes as lig

bservations by Knowles et al. which suggested 2 equiv. ligands
ith respect to the metal to be necessary for a monodentate lig-

nd to provide an efficient catalyst [59]. However, ligand 3b, syn-
hesized by reduction of 3a, displayed a converse performance,
ince a slight increase of enantioselectivity and a reasonable con-
ersion were obtained utilizing a metal–ligand ratio of 1:1. Due
o the presence of the NH2-group, the authors assumed that lig-
nd 3b could adopt a bidentate coordination in a six-membered
helate ring. Ligands 3a and 3b were tested also in the hydro-
enation of itaconic acid derivatives where ligand 3a exhibited
nce more an extraordinary enantioselectivity up to 90% ee.

Marinetti et al. carried out a matched and mismatched study
f all diastereomeric combinations of ligand 7 in the hydro-
enation of N-acetyl dehydrophenylalanine methyl ester (AMe,
cheme 24). The best performance was shown by ligand 7b with
n enantioselectivity of 76% ee, while all other combinations
ielded almost racemic mixtures [16]. Marinetti et al. assumed
better transfer of chirality, due to the cis-position of the phenyl
roup with respect to the metal, which caused steric hindrance
nd in consequence a formation of a more stereospecific pocket.
his assumption was confirmed by changing from l-menthyl to

ert-butyl group (7e and 7f) as also in this case the trans-system
ed to higher enantioselectivity.

Later the same group described the expansion of the ring
ize of the ligand (Scheme 25) [17]. Ligand 8 was subjected to
ydrogenation benchmark tests, but unfortunately the standard
rotocol, e.g. hydrogenation of N-acetyl dehydrophenylalanine
ith rhodium catalyst obtained only low catalytic activity (8
ays reaction time) and moderate enantiomeric excess of 40%
e. After switching to iridium as metal source, improved activity

fter 16 h was observed, but accompanied by lower enantiose-
ectivity (<10% ee).

In 1997 the ferrocene ligand 15a obtained by Kagan et al.
as investigated in the reduction of N-acetyl dehydrophenylala-

d
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(

Scheme 25. Monodentate phosphetane lig
in asymmetric hydrogenation.

ine with cationic rhodium complexes under standard conditions
24]. Good enantioselectivity of 87% ee and yield (87%) were
chieved. Furthermore, Kagan et al. presented an access to
ydroxy ligand 15b by removal of the chiral auxiliary of ligand
5a and subsequent reduction with sodium borohydride. Obvi-
usly the free hydroxyl functionality had a disordered effect on
nantioselectivity (30% ee), while full conversion was reached
n the applied time frame (Scheme 26).

At the end of the 20th century the predominant role of biden-
ate ligands changed and monodentate ligands received more
ttention.

Pioneering work in the second age of monodentate ligands
as presented in the late 1990s by Guillen and Fiaud [19] apply-

ng a monodentate phospholane ligand (R,R)-11 (Scheme 27),
hich resembles the structural motif of DuPhos 45. Albeit the
roup of Burk demonstrated in one of their early articles the
otential of ligand (R,R)-5 substituted with methyl groups in
he hydrogenation of AMe (60% ee (R)) and dimethyl itaconate
ItMe2, 65% ee (R)) with catalyst activities up to 500 h−1 (TOF),
heir research interest focused on the development of new chi-
al bisphosphines and 5 was mainly used as an intermediate or
uilding block [13]. However, Fiaud obtained an enantioselec-
ivity of 82% ee in the rhodium-catalyzed hydrogenation of AMe
sing an in situ catalyst composed of 1 mol% [RhCl(cod)]2 and
.1 equiv. of ligand 11 per rhodium.

Later on, the same group reported efforts on improving the
nantioselectivity by switching from [Rh(cod)Cl]2 as metal
ource to [Rh(cod)2]BF4 which resulted in a significant increase
f enantiomeric excess to 93% ee [20]. The scope and limita-
ion of ligand 11 was investigated on various substrates. Thus,

imethyl itaconate was hydrogenated in 55% optical yield,
hile for the corresponding acid a selectivity of 73% ee was
btained. Additionally N-acetyl enamides, for instance (Z)-N-
1-phenylprop-1-enyl)acetamide, were hydrogenated with good

ands for asymmetric hydrogenation.
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Scheme 26. Asymmetric hydrogenation to N-acyl phe

nantioselectivities up to 73% ee. During their research they
lso investigated the possibility of stabilizing the air-sensitive
hosphine through formation of its respective phosphonium
etrafluoroborate salt and liberate the phosphine directly dur-
ng the formation of the catalyst precursor. This air stable salt
rovided a slight decrease of enantioselectivity (86% ee (R)),
ccompanied by higher catalyst activities, in the hydrogenation
f N-acetyl dehydrophenylalanine methyl ester with comparable
eaction conditions as previously reported by them [60].

The renaissance of monodentate ligands was furthermore
riven by conceptual review articles of Kagan [5] and Börner
6], who predicted a better transfer of the chiral information due
o the catalyst structure. As pointed out by Börner et al. it was
ronic that Kagan, who had initiated the rapid development of
helating diphosphanes with DIOP in the first place, anticipated
he incoming upsurge of monophosphines with the statement
hat: “Since in the early time of asymmetric hydrogenation
here were no major improvements in enantioselectivities using
hodium/monophosphine complexes [. . .] However [. . .] This
recent results] leaves good hope that a suitable tuning of the
tructure of phospholane will lead to excellent ligands for asym-
etric hydrogenation.” (Lagasse and Kagan, 2000) [5].
As a matter of fact, nowadays various monodentate systems

ased on the basic structure motif of Fig. 1 (16–18) have proven
o be highly active in diverse classes of asymmetric hydrogena-

ions with enantioselectivities >99% ee and a few representatives
ave been commercialized. Important contributions in this area
ame independently from Feringa and de Vries et al. [61] (phos-
horamidites 16), Reetz et al. [62] (phosphites 17), and Pringle

c
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a

Scheme 27. Asymmetric hydrogenation of N-acetyl dehydrophenyl
nine applying ferrocene-based monodentate ligands.

nd Claver et al. [63] (phosphonites 18). Furthermore, excellent
nantioselectivity was shown by Zhou and co-workers applying
onodentate spiro phosphoramidites (SIPHOS, 19) [64] and
any others [65].
However, during this time some progress on the use of mon-

dentate phosphines was also reported. Marinetti et al. adopted
he synthetic strategy of DuPhos–ligands, via formation of
yclic sulfates, for the synthesis of monodentate phosphetanes 4
Scheme 28) [66]. Three ligands out of the huge number of the
nes potentially accessible were chosen for testing their abilities
n asymmetric hydrogenation of N-acetyl dehydrophenylala-
ine. In comparison to former achievements with phosphetanes
n improved enantioselectivity up to 86% ee was achieved, albeit
he iso-propyl derivative gave only low selectivity.

Afterwards Helmchen et al. portrayed the extraordinary
atalytic behavior of oxaphosphinanes in asymmetric hydro-
enation reactions (Scheme 29) [18]. Preliminary experiments
ith ligand 9b revealed just a moderate enantioselectivity of
7% ee for the hydrogenation of N-acetyl dehydrophenylalanine.
he authors suspected that the P-phenyl substituent exerted an
nfavorable sterical shielding of the rhodium and consequently
eplaced the phenyl group with a proton. Indeed, significant
igher enantioselectivity (86% ee) and reaction rates were
bserved with the secondary phosphine 10b. This conceptual
pproach was further confirmed in the hydrogenation of ita-

onic acid, where 73% ee for 9b and 93% ee for 10b were
espectively achieved. Even better enantioselectivity, up to 96%
e, was induced by structural modifications at the �-position
djacent to the phosphorus atom.

alanine methyl ester (AMe) with monodentate phospholanes.
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Scheme 28. Asymmetric hydrogenation to N-acyl phenylalanine applying phosphetane ligands established by Marinetti et al.
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Scheme 29. Asymmetric hydrogenation in th

Very recently in 2006, the Börner group reported the synthesis
nd catalytic application of monodentate chiral phospholanes
2 (Scheme 30) [21]. However, only a mixture of diastereomers
ould be tested in the hydrogenation of dimethyl itaconate and
-acetyl dehydrophenylalanine methyl ester, so that moderate
nantioselectivities were obtained.

Immediately after, Börner et al. reported a second type
f monodentate phospholes, based on tartaric acid [22]. The

btained ligands were tested in the asymmetric hydrogenation of
- and �-dehydroamino acid derivates. Here, an excellent enan-

ioselectivity of 92% ee was observed for the hydrogenation of
-dehydroamino acid derivatives (Scheme 31).

b
p

a

Scheme 30. Secondary phosphine based on ph
ence of oxaphosphinanes by Helmchen et al.

In the same year Breit et al. reported the synthesis of a com-
letely new class of chiral ligands: the chiral phosphabarrelenes
4, which contain a highly pyramidalized phosphorus atom [23].
nfortunately, testing these monodentate ligands in asymmetric
ydrogenation protocols yielded only moderate enantioselec-
ivities in the hydrogenation of itaconic acid dimethyl ester.
owever, a sharp improvement of enantioselectivity up to 90%

e was obtained when the phosphabarrelene 14d was assem-

led in a bidentate ligand system in combination with the chiral
hosphonite 18 (Fig. 1, R = Cl) (Scheme 32).

Driven by the success of monodentate phosphorus lig-
nds based on the binaphthyl backbone of Fig. 1, a thorough

ospholane in asymmetric hydrogenation.



G. Erre et al. / Coordination Chemistry Reviews 252 (2008) 471–491 485

e phos

i
d
a
a
r
r
p
a
s
i
e
g
i
w
(
c
p
a
e
d
a
t
f
s
F

s
(

i
(
8

a
E
s
g
w
g
a
d
s
a
p
l
2
v
B

Scheme 31. Application of monodentat

nvestigation on the activity of phosphines based on the 4,5-
ihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepine scaffold 21 in
symmetric hydrogenation was conducted in our group. We
pplied the ligand tool box 21 in various asymmetric catalytic
eactions. A first set of catalytic experiments was dedicated to the
hodium-catalyzed asymmetric hydrogenation of �-amino acid
recursors [30c]. Here, methyl (Z)-�-acetamidocinnamate AMe
nd methyl �-acetamidoacrylate aMe were chosen as model
ystems. Best enantioselectivities up to 95% ee were achieved
n toluene with high catalyst activities (TOF 1000–6000 h−1),
ven though toluene is actually an unusual solvent for hydro-
enation due to catalyst inhibition [67]. In some cases a slight
mprovement of enantioselectivity and reactivity was found
hen catalytic amounts of tenside sodium dodecylsulfonate

SDS) were added in the reaction. An in-depth analysis indi-
ated a crucial influence of the substitution pattern at the
hosphorus atom. Best enantioselectivities were obtained with
ryl systems, while alkyl derivatives led to low enantiomeric
xcesses. In the case of asymmetric hydrogenation of AMe a
etailed study of various ligands with substituted-aryl groups
t the phosphorus demonstrated no significant change in enan-
ioselectivity, when electron-donating or electron-withdrawing

unctionalities were situated in the para-position. Analogous
ubstitution in ortho-position decreased the enantioselectivity.
or the reduction of aMe a converse behavior was observed since

t
a

Scheme 32. Chiral phosphabarrelenes by Br
pholane ligands based on tartaric acid.

ubstitution on the aromatic unit improved the enantioselectivity
Scheme 33).

Subsequently, the potential of the ligand library 21 was tested
n the asymmetric hydrogenation of dimethyl itaconate ItMe2
Scheme 34). Here, the best results (enantioselectivities up to
8% ee) were obtained in dichloromethane as solvent.

A more convincing approach to obtain enantiopure itaconic
cid was recently reported by one of us (Scheme 35) [68].
xcellent enantioselectivities up to 97% ee were obtained when
ubjecting itaconic acid to a rhodium-catalyzed transfer hydro-
enation under mild reaction conditions in the presence of
ell-defined cationic [Rh(nbd)(21a)2]+ complexes. As hydro-
en source, formic acid was chosen which gives carbon dioxide
s the only side product. Notably, by utilizing the corresponding
imethyl ester or the two possible monomethyl esters under the
ame conditions a decrease of enantioselectivity was noticed,
ccompanied by a switch of the product configuration. A com-
arative study was carried out by testing several monodentate
igands. The obtained results emphasized the potential of ligands
1, since such a level of enantioselection had been observed pre-
iously only in two cases with bidentate diphosphines such as
INAP.
The ability of ligand class 21 to effectively induce chiral
ransformation has also been studied in the hydrogenation of N-
cyl enamide 57 by the group of Reetz (Scheme 36) [62f]. The

eit et al. in asymmetric hydrogenation.
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Scheme 33. Asymmetric hydrogenation of AMe and aMe in the presence of ligands 21.

Scheme 34. Asymmetric hydrogenation of dimethyl itaconate ItMe2.
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Scheme 35. Transfer hydroge

btained enantioselectivities are comparably low, but surpris-
ngly the tert-butyl-substituted ligand 21b (conversion: 94%;

nantiomeric excess: 24% (R)) showed better selectivity and
onversion than the phenyl-substituted ligand 21a (conversion:
0%; enantiomeric excess: 14% (R)), while in most other hydro-

p
t
d

Scheme 36. Asymmetric hydrogena
of itaconic acid derivatives.

enation benchmark tests the opposite behavior is observed.
owever, in combination with BINOL-derived phosphites or

hosphonites a significant enhancement of enantioselectivity up
o 89% ee was found. This combinatorial approach impressively
emonstrates one major advantage of monodentate phosphorus

tion of N-acyl enamides [62f].
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Scheme 37. Asymmetric hy

igands, as the reaction outcome can easily be tuned by different
ombination of ligands [62f,69].

Following the original work of Reetz et al., our group
nvestigated the reaction in presence of chiral monodentate 4,5-
ihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepine 21 in more
etail (Scheme 37) [30d]. After optimization of different reac-
ion parameters enantioselectivities up to 93% ee were achieved
ith a rhodium catalyst containing 2 equiv. of ligand 21a.
he enantioselectivity was largely dependent on the nature of

he substituent at the phosphorus atom. Substrates featuring
lectron-donating substituents on the phenyl led to the high-
st ee, up to 95%. This is the best enantiomeric excess obtained
p to now with monodentate phosphine ligands in this reac-
ion. Substrates containing electron-withdrawing groups were
ydrogenated with somewhat lower enantioselectivities.

In the last decade the hydrogenation of �-aminoacid precur-
ors has found increasing interest, because the resulting products
re useful building blocks for various novel biologically active
ompounds [70]. Hence, we reported on the successful appli-
ation of ligand class 21 in the rhodium-catalyzed asymmetric
ydrogenation of �-dehydroamino acids derivatives to give opti-
al active �-amino acids derivatives [71]. First experiments
ighlighted the necessity of different reaction conditions for the
- and Z-isomer (Scheme 38). Good enantioselectivity (90%
e (R)) for the E-isomer was obtained by using 2-propanol at

.5 bar hydrogen pressure, while higher pressure (50 bar) in
thanol turned out to be beneficial for the Z-isomer (92% ee (S)).
oteworthy, a switch of product configuration was observed
epending on the nature of the double bond, which had been

t
m
U
d

Scheme 38. Hydrogenation of E-55a and Z-55a with different 4
nation of N-acyl enamides.

arely reported before [72]. Furthermore, a higher reaction rate
as monitored for the Z-isomer, in spite of the converse behavior

eported for most other catalysts [73]. Surprisingly, in the case of
ydrogenation of E-55a a good enantioselectivity was achieved
ith the t-butyl-substituted derivative 21b, while P-alkyl ligands
1 usually provide poor to moderate enantioselectivities in all
he other catalytic hydrogenation reactions (vide supra). How-
ver, in the hydrogenation of the corresponding Z-isomer the
atalyst containing ligand 21b was completely inactive. Here,
he best enantiomeric excess was reached by ligand 21a. The
cope of the ligand system was confirmed on the hydrogena-
ion of several �-dehydroamino acids derivatives. An improved
nantioselectivity of 94% ee was obtained when the methyl ester
as replaced by the ethyl ester. Some mechanistic investigations

ndicated the necessity of 2 equiv. of ligand per metal, which
as in agreement with previous observations by Knowles et al.

59]. This circumstance offered the possibility for a combina-
orial ligand approach. We adopted this concept and combined
igand 17a with achiral phosphorus ligands. Unfortunately, no
ignificant positive effect was observed.

More recently, we carried out an enantioselective reduc-
ion of enol carbamates, which is an alternative approach to
hiral benzylic alcohols [37]. Pioneering work in the field of
symmetric hydrogenation of enol carbamates was reported by
eringa, de Vries, Minnaard and co-workers who obtained enan-
ioselectivities up to 98% ee with rhodium-catalysts containing
onodentate phosphoramidites (MonoPhos family) [61l,74].
tilizing compound 59 as model substrate, we investigated in
etail various reaction parameters achieving enantioselectivities

,5-dihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepines 21.
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Scheme 39. Hydrogenation of enol carbamate 59 in the presence

p to 96% ee with an in situ catalyst composed of [Rh(cod)2]BF4
nd ligand 21a. Noteworthy, the catalyst gave similar enan-
ioselectivity (94–96% ee) over the entire temperature range
0–90 ◦C (Scheme 39).

The influence of �- and �,�′-substitution in the lig-
nd was also explored in a comparative study. Ligand 33b
nduced the best enantioselectivity for some enol carba-

ates and caused in most cases a switch of configuration
ompared to the parent ligand [37].

In the rhodium-catalyzed hydrogenation of AH and AMe,
ith the �,�′-dimethyl substituted ligand 33b, Widhalm et al.

eported enantioselectivities comparable to the unsubstituted
ystem, while monosubstituted and other disubstituted deriva-
ives led to moderate selectivity. Interestingly, enantioselectivity
nd activity were unchanged even when using only 1 equiv. of
igand with respect to rhodium. Once more, substitution led to
switch of product configuration (Scheme 40).

So far, monodentate phosphines have been most frequently
sed in the asymmetric hydrogenation of C C bond featuring
ifferent substitution patterns. However, their application has
ot yet matched the vast and reliable use of bidentate systems.
he number of examples reported is still limited and more diffi-
ult substrates, such as unfunctionalized olefins, have not been
xplored by this tool.

.2. Application in C X bonds hydrogenation

The asymmetric hydrogenation of carbonyl and imino groups
rovides a straightforward route to chiral alcohols and amines.

n the case of hydrogenation of ketones many Ru or Rh
omplexes modified with bidentate phosphine have been suc-
essfully employed. In contrast to that, much less is known on the
se of monodentate ligands in this kind of reaction. Even poorer

e
L
a

Scheme 40. Hydrogenation of acetamido cinnamic acid AH or est
ferent 4,5-dihydro-3H-dinaphtho[2,1-c;1′,2′-e]phosphepines 21.

esults can be retrieved from scanning the literature on hydro-
enation of C N bonds; in spite of the synthetic importance of
his reaction in industry, so far comparatively little research has
een conducted on this topic.

Some P-stereogenic phosphines were initially tested in the
ydrogenation of acetophenone and butan-2-one; the enantios-
lectivities were very poor, albeit comparable to those achieved
n the reduction of olefins at that time. Rh complex of 1c
eacted very slowly at room temperature under 1 atm hydro-
en pressure with acetophenone (8% ee) and butan-2-one (2%
e) [75]. Negligible ee’s (<1%) were scored using ligand 1f in
he same hydrogenation [76]. A major improvement was real-
zed in 1975 at Monsanto when CAMP 1e was examined as
igand for the hydrogenation of methyl acetylacetate into methyl
-hydroxybutyrate (71% ee) [77].

The Rh complex of CAMP 1e has been as well exploited
n the reduction of cyclopentanetrione into an �-ketol, inter-

ediate of total synthesis of prostaglandin E1, with modest
nantioselectivity (68%) [78].

In 2004 we described the first successful application of
onodentate phosphines to the catalytic hydrogenation of �-

etoesters [79]. Monodentate phosphepine 21 formed efficient
u catalyst for the enantioselective reduction of a number of
-ketoesters into �-hydroxyesters. Even at high temperatures

100–120 ◦C) enantioselectivities up to 95% were practicable
80]. Interestingly, other monodentate ligands of excellence in
ydrogenation such as phosphites, phosphonites and phospho-
amidites give inferior performances than phosphines in this
eaction (Scheme 41).
Very recently monodentate ligands were successfully
mployed in the hydrogenation of simple aromatic ketones.
igands 21 were associated to chiral pyridinebisimidazoline lig-
nds in the transfer hydrogenation of prochiral ketones yielding

er AMe catalyzed by Rh complexes of ligands 21a and 33b.
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Scheme 41. Ruthenium-catalyzed hydrogenation of �-ketoesters in the presence of phosphepine 21c.
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Scheme 42. Hydrogenation of arom

nantioselectivities up to 95% ee [81]. This result is nevertheless
f little relevance since the chiral induction is equal or lower
han for the sole pyridinebisimidazoline ligand with an achiral
riphenylphosphine. More significant achievement was gained
y ruthenium complexes of P-chirogenic atropisomeric ligand
4 for the hydrogenation of acetophenone [38]. Interestingly, the
resence of an achiral diamine was crucial for the activity and
oderate enantioselectivities could be obtained (Scheme 42).

. Conclusion

In comparison to diphosphines, chiral monophosphine lig-
nds still play a minor role with regard to highly enantioselective
ransformations in the field of asymmetric hydrogenation. This
s, however, not due to a general lack of providing a chiral
nvironment to the metal center, but rather explained by the
nitial failure of matching the triumph of bidentate ligands. In
ight of the recent results, it is now proven that monophos-
hines are able to provide extremely high enantioselectivity,
n some cases even higher than their bidentate counterparts,
hile being often advantageous with regard to synthesis. The

uccess of monophosphines in C C hydrogenation has conse-
uently been accompanied by an observable shift of attention
owards this ligand class, in spite of the so far disappointing
esults for the synthesis of amine and alcohols from ketones or
mines.

A major direction for the future is therefore to expand
he scope of applications. Recent results seem to point to a
avorable synergic effect when combining different synthetic
pproaches, i.e. different combinations of chirality (atropiso-
erism/stereocenters). Here, novel monodentate ligands might

llow for more difficult benchmark reactions, e.g. asymmetric

eductive amination, hydrogenation of prochiral allylic alcohols,
tc. The inherent flexibility of monodentate ligands furthermore
olds the promise of improving catalytic systems by hetero-
ombination of ligands (chiral–chiral as well as chiral–achiral),

[
[

[
[

etones in the presence of ligand 34.

decisive advantage which distinguishes monodentate systems
rom bidentates. Thus, we expect that this class of ligands will
ttract more research groups in the incoming years and that novel
symmetric catalytic reactions will be developed.
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