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27.1
Introduction

Bidentate phosphorus ligands containing one or more heteroatom-phosphorus
bonds are of high interest because they are relatively easy to prepare, and be-
cause a huge multitude of inexpensive, commercially available chiral diols, dia-
mines, amino alcohols and amino acids can serve as the scaffold. Although the
heteroatoms in these scaffolds are usually electronegative in nature, the reactiv-
ity and enantioselectivity of the metal complexes based on some of these ligands
are quite remarkable, and sometimes even surpass those of the complexes
based on electron-rich phosphines. This chapter compiles the comprehensive
data concerning the asymmetric hydrogenation of various prochiral olefins
mediated by the rhodium(I) complexes of this class of chiral ligands.

27.2
Aminophosphine-Phosphinites (AMPPs)

The ease of synthesis from chiral amino alcohols with a wide array of deriva-
tives in one step established its good potential in the field of asymmetric cataly-
sis. The general preparation of “semi-symmetrical” AMPPs involves the nucleo-
philic attack of two equivalents of chlorophosphine in the presence of a base
(Fig. 27.1). A “mixed” AMPP can also be prepared by virtue of the fact that phos-
phorus-based electrophiles have a strong preference for hydroxy over secondary
amine or amide. Clearly, this synthetic method allows the preparation of a large
variety of AMPP ligands with adjustable electronic and steric properties. Agbos-
sou recently reviewed the state of the art of AMPPs [1]. In consideration to the
modern high-throughput methods, this approach allowed a rapid combinatorial
screening of various catalysts and reactions.

In general, applications of AMPP have concentrated on the asymmetric hy-
drogenation of functionalized olefins, especially dehydroamino acids. Among
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these substrates, (Z)-methyl �-acetamidocinnamate was the most frequently
used benchmark substrate. A strong influence of the solvent on catalytic activity
and enantioselectivity was a common phenomenon, and protic solvents were
found to be the most effective. However, to avoid the problem of solvolysis of
the ligands, polar aprotic solvents were commonly used to obtain the best re-
sults. Although the in-situ preparation of cationic rhodium complexes was fre-
quently used, no significant dependence of their catalytic performance on the
manner of their preparation could be observed. Most Rh complexes allowed the
use of atmospheric pressure for hydrogenation with high reaction rate at room
temperature. In all cases, the ligands formed a chelation ring with the metal.

Many structurally diverse ephedrine-derived AMPP ligands (Fig. 27.2) have
been prepared, and most of these were applied to the asymmetric hydrogena-
tion of olefins. Cesarotti was one of the earliest pioneers in the development of
aminophosphine-phosphinite 1 based on (S)-2-(ethylamino)butan-1-ol as a start-
ing material. However, the results were only moderate to good [2]. Almost si-
multaneously with Cesarotti in 1982, Pracejus reported a similar approach [3].
Ephedrine-based Propraphos and its derivatives occupied the major area of this
research field. The chiral Rh–Propraphos systems were widely applied in the
enantiomeric hydrogenation of �-dehydroamino acids, with 31 to 95% e.e. The
products included (S) and (R)-aromatic [4–6] and heteroaromatic alanine deriva-
tives [7–16], and usually have a configuration which is opposite to that of the li-
gand. 2-Acetamido-cinnamic acid derivatives carrying an electron-withdrawing
group at the para-position of the phenyl ring could be hydrogenated with rela-
tively high enantioselectivities. In most cases, turnover frequencies (TOFs) could
be obtained of up to 3000 h–1, and up to 11 515 h–1 for a special case (Table 27.1,
entry 392). The use of Rh-15 in the hydrogenation of dimethyl itaconate gave
the product with 80% ee (Table 27.1, entry 432). Structural analogues of Propra-
phos, Pindophos and Caraphos [7, 17] led to similar ee-values; however, a longer
reaction time was required with the Caraphos–Rh complex. Use of (R)-Pindo-
phos–Rh in the diastereoselective hydrogenation of dehydrodipetides produced
good selectivity (up to 91% ee in the case of para-trifluoromethyl-phenylalanyl-
phenylalanine [7] (Table 27.2, entry 10). A series of novel ephedrine-based li-
gands have been shown to be highly effective in the Rh-catalyzed hydrogenation
of dehydroamino acids, giving the products with 95–99% ee [18, 19]. The hydro-
genation of (Z)-acetamidocinnamate with a substrate:catalyst ratio (SCR) of
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Fig. 27.1 The preparation of AMPPs.
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Fig. 27.2 AMPP chiral ligands.
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10 000 was completed within 16 h, giving the desired product in 97% ee (Table
27.1, entry 120; 98.3% ee at SCR 100, Table 27.1, entry 118). These results were
comparable to those using phosphine and phosphinite ligands (e.g., DuPhos,
99% ee [20]; DIPAMP, 96% ee [21]; TRAP, 92% ee [22]; DIOP, 55% ee [23];
CAPP, 95.6% ee [24]; BPPFA, 21% ee [25]; Ph-�-Glup, 91.5% ee [26]; SpirOP,
95.7% ee [27]). Further application in the hydrogenation of methyl 2-acetamido-
3-(3-methoxy-4-acetoxyphenyl)-acrylate (a crucial intermediate in the synthesis of
L-dopa [28]) was successfully achieved in 97.4% ee (Table 27.1, entry 324). Simi-
larly, the enantioselective hydrogenation of ethyl (Z)-2-acetamido-4-phenylcroto-
nate gave the homophenylalanine derivative in 92.5% ee (Table 27.1, entry 401).
This product is a key component of (S,S)-benazepril, an angiotensin-converting
enzyme inhibitor widely used as an antihypertensive agent [29]. Jiang studied
the hydrogenation of N-protected (Z)-2-aminocrotonates and found that the en-
antioselectivity and activity were strongly dependent on the type of N-protecting
group used (NHAc, 95.7% ee with 100% conv.; NHCO2Me, 85% ee with 19%
conv.; Table 27.1, entry 412 versus 415) [30]. The results from using Rh–
DPAMPP compared favorably with many commonly used chiral Rh–dipho-
sphine catalysts (e.g., Rh–BINAP, 21.8% ee with 100% conv.; Rh–DIPAMP,
50.8% ee with 100% conv.; Rh–BDPP, 69.4% ee with 100% conv.; Rh–PPM,
14.4% ee with 7.9% conv. under the same reaction conditions).

The introduction of extra stereogenicity at the phosphorus centers is one of
the methods used to increase chiral induction. Indeed, replacement of the pro-
R phenyl with an o-anisyl group on the ephedrine backbone of EPHOS 17 gave
19 which was highly effective in the hydrogenation of methyl �-acetamidocinna-
mate, giving the product in 99% ee (Table 27.1, entry 147). In contrast, the use
of EPHOS 17 induced only 46% ee (Table 27.1, entry 144) under the same con-
ditions [31]. Similarly, replacement of the phenyl group with 1-naphthyl gave li-
gand 20 which led to 95% ee in the same reaction (Table 27.1, entry 149). It is
interesting to note that the structurally similar o-anisyl ligands 19 and 23 de-
rived from (+) and (–)-ephedrine, respectively, both induce high ee-values with
the same (S) configuration of the product amino ester. This clearly shows the
predominance of the chiral P center over the carbon backbone effect. However,
the poor result obtained in the case of 24 bearing o-anisyl (Sp) aminophosphine
and (Rp) phosphinite groups might be due to the quasi-meso structure that did
not give any asymmetric induction (Fig. 27.3c) [1, 31].

Petit reported a close analogue to ProNOP lacking the rigid pyrrolidine ring,
yet, the results with both ligands in the hydrogenation of (E)-acetamidocinnamic
acid derivatives were similar (ProNOP, 61–86% ee; NETAlaNOP, 53–83% ee)
[32]. With these substrates, it is important that the problem of E/Z isomeriza-
tion (as highlighted by Noyori) should be considered [33]. Ligands 25 to 27 are
the only type of amidophosphine-phosphinites applied in asymmetric hydroge-
nation [34]. Ligand 33 was found to be highly effective in the hydrogenation of
4-oxoisophorone enol acetate (100% conversion, 95% ee (R): Table 27.2, entry 5;
Scheme 27.1). The product, (S)-phorenol acetate, is an intermediate in the syn-
thesis of the natural pigment zeaxanthin [35]. The Rh complexes with 25 or 26
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gave 71% ee in the same reaction (Table 27.2, entries 1 and 2). The other ephe-
drine-based ligands, including 1 and 3 to 6 [2, 36], afforded poor to moderate
enantioselectivity in the rhodium-catalyzed hydrogenation of 2-acetamido-cin-
namic acid derivatives. Structural variation leading to increased rigidity of the li-
gand backbone is one of the promising methods to enhance enantioselectivity.
Cesarotti developed an aminophosphine-phosphinite based on the rigid pyrroli-
dine structure of prolinol [2]. However, results with this ligand in the enantio-
meric hydrogenation of dehydroamino acid derivatives were only poor to moder-
ate. Petit [32] improved the results and obtained up to 86% ee. Interestingly,
when using [Rh(COD)(L)]ClO4 as catalyst, both the Z and E isomeric substrates
were converted to products with the same configuration (Table 27.1, entries 93
versus 200).

During the late 1980s, Döbler and Pracejus introduced the bicyclic [2.2.1] sys-
tem to provide extra conformational rigidity to the ligand backbone [37]. The
synthesis of these new chiral ligands was based on the resolution of the amino
alcohol obtained from the aminolysis of exo-norbornane epoxide [38], followed
by reaction with the corresponding chlorophosphine. Indeed, the in-situ-pre-
pared cationic or neutral Rh catalysts based on ligand 35 resulted in better en-
antioselectivity in hydrogenation of 2-acetamido-acrylic acid (up to 89% ee: Ta-
ble 27.1, entry 6).

The ease of preparation of (1S,2R)-1-hydroxylmethyl-2-amino-7,7-dimethylbicy-
clo [2.2.1] heptane from ketopinic acid prompted us to synthesize a new AMPP
ligand (i.e., exo-40) [39]. The rhodium-catalyzed enantioselective hydrogenation
of 2-acetamido-acrylic acid using this ligand gave the product in 77% ee with
95–100% conversion. Electron-withdrawing groups on the �-substituted phenyl
ring of the substrate resulted in significant enantioselectivity enhancement (Ph,
77% ee; 4-MePh, 62% ee; 4-NO2Ph, 90% ee). The effect of solvents on the enan-
tioselectivity of the reaction was also quite significant, with acetone being found
the best. Döbler performed the enantiomeric hydrogenation of standard dehy-
droamino acid and other heteroaryl derivatives using the rhodium complex
based on bicyclo [3.3.0]-octane (i.e., 28), resulting in moderate enantioselectiv-
ities (58–73% ee) [40]. More recently, ligands 36 to 39 based on the bicyclic

27 Bidentate Ligands Containing a Heteroatom–Phosphorus Bond906
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[2.2.1] system were prepared [41]. The effect of the additional P-stereogenic cen-
ter(s) was also explored with these ligands. The application of these ligands in
enantiomeric hydrogenation resulted in products with up to 91% ee and TOFs
ranging from 600 to 4000 h–1. The substitution of one or both P-phenyl groups
by a p-tolyl group resulted in a slight decrease of the enantioselectivity, regard-
less of the heteroatom linker (N or O) [42].

27.3
Bisphosphinamidite Ligands

The early development of this type of ligand was concentrated during the late
1970s and early 1980s. In 1976, the first article published on this topic was writ-
ten by Giongo and co-workers, who described the initial synthesis of a chiral
bisphosphinamidite 41 and its application in the enantiomeric hydrogenation of
a number of dehydroamino acid derivatives [43]. The resulting enantioselectiv-
ities were comparable to the state-of-the-art ligand DIOP. In pursuing the same
line of research, the Pracejus group also prepared (S,S)-41 and achieved similar
results [44]. Subsequently, the Giongo group further introduced other C2-sym-
metric, 1,2-diamine-tethered bisphosphinites 42–49 with ee-values reaching 94%
in the hydrogenation of (Z)-2-acetamidoacrylic acid (Table 27.3) [45]. Interest-
ingly, both Giongo and Onuma noticed that when the hydrogen atoms of the
amino groups were replaced with methyl groups whilst keeping the backbone
chirality unchanged (as in the cases of 45 versus 46 and 47 versus 48), a rever-
sal of product configuration was observed. The Onuma group rationalized this
by proposing a model wherein the helicity of the edge-phenyl groups on the
phosphorus atoms were of opposite sense in the presence and absence of the
methyl groups, respectively, as a result of a change of chirality on the nitrogen
atoms. Non-C2-symmetric pyrrolidine-based ligands 50–52 were also tested in
asymmetric hydrogenation [47], though the results obtained were unsatisfactory.
The use of a 1,4-diamino bridged bisphosphinamidite 53 was described in a re-
cent publication in which excellent selectivity was recorded for the hydrogena-
tion of �-acylaminocinnamic acid [48].

Surprisingly, given that many P-chiral ligands are efficient chiral inducers,
only one example has been reported of a C2-symmetric, P-chiral bisphosphina-
midite. Ligand 54 was prepared by Wills et al. and tested in the Rh-catalyzed en-
antioselective hydrogenation of �-acylaminoacrylate to give disappointingly low
selectivity (33% ee) and low efficiency (TON = 20, TOF = 0.4) [49].

Bisphosphinamidites which are supported by an axially chiral framework are
another important class of ligands. Although reported as early as 1980 [50], no
reports on the use of binaphthyl-based bisphosphinamidite in asymmetric cata-
lysis were published during the decade thereafter. As described above, the selec-
tivity and substrate generality in these early attempts were very limited in scope.
In 1998, we unveiled that by partially hydrogenating BINAM to H8-BINAM and
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subsequently preparing the corresponding 2,2�-bis(diphenylphosphinoamino)-
1,1�-binaphthyl (BDPABs), the enantioselectivities in the hydrogenation of en-
amides were significantly improved in the case of (S)-55 a versus (S)-56a [51].
Similarly, in the asymmetric hydrogenation of (Z)-2-acetamido-3-arylacrylic
acids, the same observation was noted [52]. A boost in ee-value was also induced
by replacing Ph with 3,5-Me2Ph (55a versus 55 b) [53, 54]. A TOF as high as
3000 and a selectivity of up to 99% ee with the use of 55 b were observed, indi-
cative of its high efficiency and effectiveness. In our recent findings, the confor-
mationally rigid SpiroNP 58 also led to high enantioselectivities in the asym-
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Fig. 27.4 Bisphosphinamidite ligands.

(S)-�-methylbenzyl
(R)-�-methylbenzyl



metric hydrogenation of dehydroamino acid derivatives [55]. An analogous bi-
phenyl-based ligand 57, however, was much less efficient than the binaphthyl-
based or spiro-based counterparts [56].

27.4
Mixed Phosphine-Phosphoramidites and Phosphine-Aminophosphine Ligands

In contrast to the remarkable development of C2-symmetrical ligands and C1-
nonsymmetrical ligands, the mixed bidentate ligands mentioned in the title
were rather underdeveloped. The use of a ferrocene-based chiral backbone led
to a promising class of new ligands having a wide scope and inducing good ac-
tivity. Bophoz [57, 58] (Fig. 27.5, 68) represented the first mixed phosphine-ami-
nophosphine ligands for asymmetric catalysis with a wide scope of alkene sub-
strates, including �,�-unsaturated acids, enamides, and acetamidocinnamic acid
derivatives. The TON of these catalytic asymmetric hydrogenations was gener-

27 Bidentate Ligands Containing a Heteroatom–Phosphorus Bond918

Fig. 27.5 Mixed phosphine-phosphoramidites and phosphine-aminophosphine ligands.



ally in the range of 15.8 to 100. The potential of industrial usage was increased
by improving its SCR to 10 000 (Table 27.4, entry 53). The shelf stability is an at-
tractive point of this type of ligand. Somewhat surprisingly, Maligres and Krska
found that 73 was unable to induce enantioselectivity in the Ru(II)-catalyzed hy-
drogenation of (Z)-�-phenoxybutenoic acid (Table 27.4, entry 96) [59].

The introduction of a third chiral element onto the chiral backbone was of in-
terest, and we constructed a modified PPFA [60] with extra axial chirality from
BINOL (Fig. 27.5, 59) [61]. This type of ligand contains three chirality elements.
Indeed, the enantioselectivity and activity remained excellent in the enantio-
meric hydrogenation of �-dehydroamino acid derivatives and enamides using
these ligands (Table 27.4, entries 1, 52, 67, 69–71, 79), regardless of the electron-
ic properties of the para-substituting group. A similar approach was taken by
Zheng’s group using different diastereomers [62]. The scope was further ex-
tended to dimethyl itaconate, which was hydrogenated with a higher TON and
with excellent ee and activity (Table 27.4, entry 91).

Recently, we developed three new fluorinated ferrocenyl phosphine-amino-
phosphine ligands derived from N,N-dimethyl-1-ferrocenylethylamine (Ugi’s
amine) [63]. These ligands were efficiently applied in the Rh-catalyzed hydroge-
nation of various aryl enamides (92.1 to 99.7% ee) and �-dehydroamino acid de-
rivatives (98.5 to 99.7% ee), with complete conversion. The Rh–complex based
on 80 led to somewhat lower enantioselectivities in the hydrogenation of aryle-
namides with para-EDG; however, the enantioselectivities were almost equally
high for substrates containing para-EDG or para-EWG (98.5 to 99.7% ee) at
5 �C. These ligands also showed a remarkable air- and water-stability.

The ferrocene-based ligands have proven to be promising in most aspects of
asymmetric catalysis. The only drawback was, however, the laborious resolution
of Ugi’s amine [64] which is used as a starting material, although this problem
was solved by the facile asymmetric hydrogenation of ferrocenyl ketones using
(XylylP-Phos-Ru–DPEN)Cl2 (with a nonoptimized SCR of up to 100000 on a
150-g scale; Scheme 27.2) [65]. With this method in hand, it became more flex-
ible and almost effortless to generate a large structural diversity of ferrocene-
based chiral ligands.

Mixed phosphine-phosphoramidite ligands QUINAPHOS 83 and 84, as devel-
oped by Leitner, worked well for the Rh-catalyzed hydrogenation of itaconic acid
and �-dehydroamino acid derivatives. The ligand 84 also exerted extra reactivity,
leading to an average TOF of 36000 h–1 in the hydrogenation of dimethyl itaco-
nate after the addition of a second batch of substrate with SCR 6000 : 1 [66]. In
contrast to BINAPHOS-type ligands, the major asymmetric induction relied on
the 2-position of the alkyl groups embedded in the fairly rigid heterocyclic skele-
ton.

27.4 Mixed Phosphine-Phosphoramidites and Phosphine-Aminophosphine Ligands 919
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27.5
Bisphosphinite Ligands (One P–O Bond)

A large number of bidentate phosphinites have been reported, with sugars
being the most abundantly used backbone. trans-BDPCH 85 (Fig. 27.6) is the
earliest example of a bisphosphinite used in the rhodium-catalyzed asymmetric
hydrogenation of functionalized olefins inducing moderate ee-values (48.5–
78.9%) [67]. A similar approach using a more rigid pentacyclic system as back-
bone (trans-BDPCP 86) induced only poor to moderate ee-values. The best ee-
value (78.9%) was obtained in the enantiomeric hydrogenation of �-acetami-
doacrylic acid [68]. In 2000, Leitner developed a perfluorinated analogue 87
which induced 72% ee in the Rh-catalyzed hydrogenation of dimethyl methyl-
succinate (Table 27.5, entry 934) in a supercritical CO2 (scCO2) and perfluori-
nated alcohol solvent [69]. An average TOF up to 40 000 h–1 was obtained with
this system.

27 Bidentate Ligands Containing a Heteroatom–Phosphorus Bond924

Scheme 27.2

Fig. 27.6 Bisphosphinite ligands (one P–O bond).

Ar=Ph, R=H



The binaphthyl system has served as the basis of a several classes of ligands.
It has been suggested that the highly skewed position of the naphthyl rings in
BINAP is the determining factor in its effectiveness in asymmetric catalytic re-
actions [70]. In an early study by Grubbs, the use of atropisomeric BINAPO 93a
based on the binaphthol skeleton induced 6 to 76% ee in the Rh-catalyzed hy-
drogenation of �-dehydroamino acids and enamides [71]. Interestingly, we found
that the partially hydrogenated H8-BINAPO was more effective than BINAPO
in the Rh-catalyzed hydrogenation of (Z)-acetamido-3-arylacrylic acids and their
methyl esters (63.9–84% ee) [52]. In fact, recent research showed that chiral cat-
alysts derived from the 5,5�,6,6�,7,7�,8,8�-octahydro-1,1�-bi-2,2�-naphthyl backbone
(e.g., H8-BINAP [72], H8-BINOL [73, 74], H8-BINAM [9], H8-BDPAB [51], H8-bi-
naphthoxy [75], H8-MAPs [76]) exhibited higher efficiency and enantioselectivity
in asymmetric catalytic reactions than those prepared from the parent bi-
naphthyl backbone, probably due to the steric and electronic modulation in the
H8-binaphthyl backbone [77]. A systematic quantification of the electronic and
steric influences of these ligands were carried out by Bakos and Gergely [78]. A
detrimental effect of para-electron-withdrawing substituents on the phenyl rings
of this class of ligands was observed on enantioselectivity and activity in the hy-
drogenation of dimethyl itaconate (94 b with 51.6% ee, Table 27.5, entry 939). In
contrast, para-electron-donating groups (i.e., p-OMe group) enhanced the enan-
tioselectivity (93.9% ee, Table 27.5, entry 944). Similarly, the use of 94 f (i.e., p-
OMe group) in the hydrogenation of methyl (Z)-�-acetamido-cinnamate gave
98.6% ee. The 3,3�-disubstituted bisphosphinite ligand o-BINAPO (93 a,b) re-
ported by Zhang was successfully applied in the hydrogenation of enamides
(67.2–96.3% ee) and �-dehydroamino acid derivatives (81.5–99.9% ee) [79]. The
further demonstration of its application in the hydrogenation of �-aryl-substi-
tuted �-(acylamino)acrylates was also successful, leading to formation of the
products with 80 to 99% ee (with 93 i) [80].

Chiral ligands 88 [81], 89 and 90 [82] with rigid backbones were found to be
less effective in Rh-catalyzed hydrogenation reactions. In 1997, we introduced
the novel ligand SpirOP (91 and 92) based on a rigid spiro backbone which
mimics the binaphthyl rings in BINAP in its most effective state (skewed posi-
tion), giving rise to an eight-membered chelate ring [27, 83]. Indeed, the desired
hydrogenation product 2-acetamidopropionic acid was obtained in > 99.9% ee,
with complete conversion in 10 min using Rh–SpirOP. Similarly remarkable
activity and enantioselectivity was found upon hydrogenation of the correspond-
ing methyl ester using the same catalyst (99% ee, 99.9% conv.). The TOF
of the hydrogenation of 2-acetamido-acrylic acid could be further increased
to 10 000 h–1 at ambient temperature whilst retaining 96.8% ee. The sub-
strate’s scope was also excellent (> 97% ee for (Z)-2-acetamido-3-arylacrylic acids
and 94.2–97.2% ee for the corresponding methyl esters). It is of interest
to note that the Rh–SpirOP complexes in methanol showed unexpected stability
based on a 31P-NMR study at ambient temperature for two days. It was further
demonstrated that the use of SpirOP in the hydrogenation of �-phenylen-
amide gave rise to good to excellent enantioselectivities (85.6–97.4% ee) [84].
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The enantioselectivities were found to be relatively independent of the solvent
used. In 1998, Zhang reported a bisphosphinite based on a rigid bis-cyclopentyl
ring system (BICPO, 95, 96) which induced 45.7 to 95% ee in the hydrogena-
tion of �-dehydroamino acid derivatives [85].

Carbohydrate-based ligands represent an interesting area in the field of asym-
metric catalysis (Tables 27.5 and 27.6). Apart from their unique biological prop-
erties, carbohydrates are highly functionalized inexpensive chiral-scaffolds. Var-
ious ligands derived from sugars, including glucose, galactose, mannitol, xylose,
and trehalose, were synthesized and their effectiveness in asymmetric hydroge-
nation was differentiated by modulation of the steric and electronic properties.
Claver and Diéguez summarized the application of carbohydrates in asymmetric
catalysis in a recent review [86]. Other reviews relevant to this field also pro-
vided excellent information on their characterization and application [87].
Among these ligands, bidentate phosphorus donors were widely used in the
form of phosphines, phosphinites, phosphites, or other mixed donor ligands.

Cullen [88], Thompson [89], Descotes [90] and Selke [91] were the early contri-
butors to the use of a carbohydrate backbone in the Rh-catalyzed asymmetric
hydrogenation of �-dehydroamino acid derivatives. A wide variety of 2,3-diphe-
nylphosphinite pyranoside ligands (Fig. 27.7) were synthesized in order to probe
the enantiodiscrimination from the stereocenters of the backbone. Among
these, the best system was found by Selke to be based on �-glucopyranoside 2,3-
diphosphinite ligand (i.e., 98a), which provided up to 96% ee in the hydrogena-
tion of 2-acetamidocinnamic acid [26, 91c]. The company VEB-ISIS produced L-
DOPA in the former German Democratic Republic for many years based on an
asymmetric olefin hydrogenation step using Selke’s Ph -GLUP ligand [92].
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Fig. 27.7 2,3-Diphosphinite pyranoside ligands.
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Šunjić [93] and Snatzke [94] systematically designed a series of pyranoside li-
gands 107–110 (see Fig. 27.10) for use in Rh-catalyzed hydrogenation. Ligand
108 proposed by Šunjić gave the highest ee-value (up to 90.4%). Thompson
found poor results in the hydrogenation of (Z)-methyl �-acetamido-cinnamate
(20–46% ee) using �-galactoside-based 113b (see Fig. 27.10) [89]. Selke showed
that �-galactose-based ligand 113a induced higher enantioselectivity (86% ee)
[91e].

In 1994, RajanBabu carried out systematic studies on the electronic and steric
properties of the diphosphinite ligands (102–106) [95]. It was determined that,
in the Rh-catalyzed hydrogenation of a wide variety of dehydroamino acid deri-
vatives, high enantioselectivities (ee-values up to 99% in S-configuration) were
obtained with 98b and 98 g bearing electron-rich substituents, whereas poor se-
lectivity was obtained using the electron-deficient ligands. These results raised
the question of the preparation of products with the R-configuration. Preparing
the other enantiomer of 98 from L-glucose would be prohibitively expensive.
Nonetheless, RajanBabu developed pseudo-enantiomeric diphosphinite ligands
based on the relationship of the 2,3-diphenylphosphinite and its corresponding
3,4-diphosphinite ligands (98 and 103; Fig. 27.8). Again, electron-rich phosphi-
nites provided up to 99% ee of the products (dehydroamino acids) with the R-
configuration. This might be the most convenient way to synthesize both enan-
tiomers of aromatic and heteroaromatic alanines when using sugar-based di-
phosphinite ligands.

Two-phase catalysis has been established as a new field of study, and has
achieved industrial-scale importance in olefin hydroformylation [96]. A signifi-
cant advantage is the ease of separation of catalyst and product, which may have
economic and environmental impact. Thus, removal of the 4,6-O-protecting
group in 2,3-diphosphinite ligand 98 easily generated a water-soluble catalyst.
The effectiveness of using Rh–complexes of diphosphinite 98 a in an aqueous
system was proved successfully. Oehme reported that use of Ph-�-glup with free
hydroxy groups (i.e., 98 i in Fig. 27.7) resulted in 84% ee with 100% conversion
in the hydrogenation of (Z)-methyl �-acetamidocinnamate in water (95% ee in
MeOH) [97]. The enantioselectivity was further improved (up to 97% ee) using
a surfactant such as sodium dodecylsulfate (SDS) or Triton X-100. Similar re-
sults were obtained in the hydrogenation of methyl �-acetamidoacrylate. Selke
reported more experimental results with 98 i. The enantioselectivities were simi-
lar to those obtained with protected 2,3-disphosphinite ligand 98 using metha-
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Fig. 27.8 Pseudo-enantiomeric diphosphinite pyranoside ligands.



nol as solvent [91a, b]. Attempts also were made by RajanBabu using modified
D-salicin with pendant quaternary ammonium groups; however, the result in
water (61% ee with 115g in the hydrogenation of methyl �-acetamidoacrylate)
[98] was inferior to that obtained in organic solvents (up to 96% ee). Attempts
were also made using mannoside-based 3,4-diphosphinite 112, but only with
moderate (72.2%) ee. Glucosamine-based 3,4-diphosphinite 102a, on the other
hand, induced very high enantioselectivity (95–98.4%) in the Rh-catalyzed hy-
drogenation of various dehydroamino acids.

Recently, Miethchen modified diphosphinite 97 d with a crown-ether linker in
the 1,4-positions in order to study the effect on enantioselectivity in Rh-cata-
lyzed asymmetric hydrogenation reactions [99]. Introduction of the crown ether
in the 1,4-position of the carbohydrate allows the enantioselectivity to be tuned,
based on a strong effect of the formation of cryptate species with alkali ions.
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Fig. 27.9 Bisphosphinite–3,4-diphosphinite pyranoside ligands.



Unfortunately, the application of this new ligand 114 (Fig. 27.10) in the hydro-
genation of various dehydroamino acid derivatives gave poorer results in com-
parison to the parent ligand 97 d.

In 1998, Uemura developed novel disaccharide diphosphinite ligands 119a and
116a (Fig. 27.10) from �,�-trehalose. Rh-catalyzed asymmetric hydrogenation of �-
acetamidoacrylic and cinnamic acid derivatives afforded amino acids with up to
84% ee (S) (with ligand 119a) and 72% ee (R) (with ligand 116a), respectively
[100]. The deprotected-hydroxyl diphosphinite ligand 119e also enabled hydroge-
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Fig. 27.10 Bisphosphinite–others pyranoside ligands.



nation of enamides and itaconic acid in aqueous solution with enhanced enantio-
selectivities (ee-values up to 99%) [101]. Similar reports by RajanBabu showed its
application with moderate to good enantioselectivity [102].

In the light of the fruitful results obtained with the pyranoside-based bisphos-
phonites, RajanBabu also used a series of 3,4-diphosphinite ligands with a fruc-
tofuranoside backbone (i.e., 123; Fig. 27.11) in the Rh-catalyzed hydrogenation
of �-dehydroamino acids. However, the results were unsatisfactory (with only
49–57% ee) [95 b]. Similar results were found by Johnson with ligands based on
�-D-glucofuranose (124) and �-L-idofuranose (125) with highest enantioselectiv-
ity (54% ee) obtained in the hydrogenation of �-methylcinnamic acid [103]. Dié-
guez and Ruiz described a facile synthesis of 3,4-diphosphinites 126 and 127
from D-(+)-xylose [104]. Application of these ligands in asymmetric hydrogena-
tion showed that the enantioselectivity was strongly dependent on the absolute
configuration of the C-3 stereocenter and the metal source. When ligand 126
was used in the rhodium-catalyzed hydrogenation of 2-acetamidoacrylic acid,
the product was obtained with 76% ee. On the other hand, 78% ee was obtained
using the Ir–127 complex.

Díaz and Castillón reported new modular C2 symmetric ligands prepared
from D-glucosamine, D-glucitol and tartaric acid [105]. Ligand 122e was found
to induce the highest ee-value (93%), with full conversion in hydrogenation of
methyl 2-acetamidoacrylate. In comparison to ent-120, the enantioselectivities of
N-acetyl-L-alanine methyl ester induced by the catalysts based on 122 and 121
were strongly influenced by the stereocenters at positions 2 and 5 of the tetrahy-
drofuran ring and steric effect of the R groups. The configuration of the hydro-
genation product (methyl 2-acetamidoacrylate and acetamidocinnamic acid es-
ter) was influenced by the stereocenters at C-3 and C-4.
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Fig. 27.11 Bisphosphinite–furanoside ligands.

(R,R,S,R,R)-124 (Glucophinite)
(R,R,S,R,S)-125 (Idophinite)



Increasing the ligand rigidity provides one possibility of increasing enantio-
selectivity. Jackson and Lovel reported a ligand [(+)-Diphin 130; Fig. 27.12] de-
rived from natural L-tartaric acid [68b], but use of this ligand containing a rigid
tetrahydrofuran ring in the rhodium-catalyzed hydrogenation of �-acetamidocin-
namic acid led to poor results (2% ee); in contrast, DIOP 129 induced 88% ee
in the same reaction [68]. Bourson and Oliveros also developed a bisphospho-
nite ligand based on the N-phenylimide of natural L-tartaric acid 128 [106]. Un-
fortunately, the Rh-catalyzed hydrogenation of prochiral olefins gave unsatisfac-
tory results with this ligand (1 to 44% ee). In 1999, we developed a new C2 li-
gand (DIMOP 132) from inexpensive D-mannitol, and found it to be highly ef-
fective in the Rh-catalyzed asymmetric hydrogenation of �-amidoacrylic acid and
its derivatives [107]. For example, in the hydrogenation of 2-acetamidoacrylic
acid, the product was obtained with full conversion in 15 min and 96.7% ee
(SCR = 100). In all cases the desired products were found to have ee-values in
excess of 90%. Lu and Jiang introduced three analogues based on D-mannitol
and D-glucose, (131, 134, and 135). All ligands led to highly active catalysts with
rhodium, but these were less enantioselective in the hydrogenation of �-acetami-
docinnamic acid and its methyl ester (24.6–46.2% ee) [108]. Through structural
modification of D-mannitol, Jiang and Zhang synthesized three bulky analogues
(133a–133 c), each of which induced moderate to excellent ee-values in the hy-
drogenation of dehydroamino acid derivatives (41–97% ee) [48].

27.6
Bisphosphonite Ligands (Two P–O Bonds)

In recent years, there is no doubt that BINOL is one of the most extensively stud-
ied motifs. Incorporating a chiral binol unit into the chiral or achiral backbone
constitutes a straightforward way in which to generate new chiral ligands [109].
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Fig. 27.12 Bisphosphinite–other carbohydrate-derived ligands.



Both ligands 138 (ferrocene backbone; Fig. 27.13) and 136 (ethylene backbone)
performed very well in the hydrogenation of itaconic acid dimethyl ester (97–
99.5% ee) and 2-acetamido methyl acrylate (90–99.5% ee). Pringle and Orpen re-
ported poor results in the hydrogenation of methyl 2-acetamido acrylate with the
new modified ligand 140, although the monodentate analogues performed sur-
prisingly well [110]. An enhancement of enantioselectivity may be achieved by
combining a chiral backbone with binol in a matching sense. Switching from
an achiral backbone to chiral paracyclophane was successful, as reported by Zanot-
ti-Gerosa [111]. Ligands 141b and 141c displayed a very strong matching/mis-
matching effect in the Rh-catalyzed hydrogenations of methyl 2-acetamido acry-
late, inducing 99% ee and 0% ee, respectively, with the stereochemistry of the
product being mainly controlled by the chirality of the backbone. Rh-141a was a
faster catalyst (TOF 2500 h–1) than Rh-141b (TOF 833 h–1), albeit at the expense
of a few percent lower ee. Bakos used (S,S)-pentane-2,3-diol as the chiral backbone
leading to ligands 137a and b that induced moderate to good ee-values in the hy-
drogenation of dimethyl 2-methylsuccinate (59.7–88.5% ee) [112]. Vogt developed
a new bisphosphonite based on 9,9-dimethylxanthene (139) and, by applying it to
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Fig. 27.13 Bisphosphonite ligands (two P–O bonds).



the rhodium-catalyzed hydrogenation of methyl (Z)-2-acetamidocinnamate, ob-
tained 54% ee with full conversion [113].

27.7
Bisphosphite Ligands (Three P–O Bonds)

Wink reported the use of bisphosphite ligands in the asymmetric hydrogenation
of enamides (2–10% ee) [114]. In 1998, Selke synthesized a series of analogues
based on 98a. Of these compounds, 147 (Fig. 27.14) was selected as ligand for
the Rh-catalyzed hydrogenation of methyl (Z)-2-acetamidocinnamate, though it
induced only low enantioselectivity (13% ee) [115].

In 1999, Reetz established a class of bidentate bisphosphite ligands 149
(Fig. 27.14) based on C2-symmetric 1,4 : 3,6-dianhydro-D-mannite [116]. These li-
gands induced high enantioselectivity in the hydrogenation of dimethyl itaco-
nate (98.2% ee) and methyl N-2-acetamidoacrylate (88.8% ee). The results also
indicated a cooperative effect between the stereogenic centers of the ligand back-
bone and the axial chiral binaphthyl phosphite moieties, although the sense of
enantioselectivity was predominantly controlled by the binaphthyl moieties
(149e versus 149b and 149c). The use of biphenyl phosphite moieties led to li-
gands with better performance than those carrying binaphthyls, in spite of their
easy epimerization.
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Fig. 27.14 Bisphosphite ligands (three P–O bonds).



Recently, Claver and co-workers developed a series of highly effective modular
C1 diphosphite ligands 142–146 (Fig. 27.14) with a furanoside backbone [117].
Excellent enantioselectivities (ee-values up to > 99%) and good activities were
achieved in the Rh-catalyzed hydrogenation of dimethyl itaconate, methyl (Z)-2-
acetamidocinnamate and methyl (Z)-2-acetamidoacrylate [117 b]. Systematic vari-
ation of the stereocenters C-3 and C-5 at the ligand backbone showed that the
enantiomeric excesses depended strongly on the absolute configuration of C-3
and only slightly on that of the stereocenter carbon C-5. Similar to Reetz’s obser-
vation, the axially chiral binaphthyl substituent predominantly controlled the
sense of the enantiodiscrimination. Bulky substituents at the ortho-positions of
the achiral biaryl diphosphite moieties have a positive effect on enantioselectiv-
ity, especially with o-trimethylsilyl substituents in the biphenyl moieties of 144c.

Börner reported the synthesis of pyrophosphites 149 with chiral binaphthyl
substituents [118]. The results showed that the H8-binaphthyl unit was the best
for the Rh-catalyzed hydrogenation of methyl (Z)-2-acetamidocinnamate (48%
ee) and dimethyl itaconate (70% ee).

27.8
Other Mixed-Donor Bidentate Ligands

In 1982, Yamashita reported the application of L-talopyranoside-based phos-
phine-phosphinite ligand 165 (Fig. 27.15), and found that it induced low enan-
tioselectivity (4.7–13% ee) in the hydrogenation of �-acetamidocinnamic acid
[119]. Reetz introduced the phosphine-phosphonite ligand (151–153), which led
to moderate enantioselectivity (52–88% ee) in the Rh-catalyzed hydrogenation of
dimethyl itaconate [120]. The binaphthyl unit remained an essential element in
the system.

Claver and Ruiz reported excellent enantioselectivity (> 99% ee) and good ac-
tivities (TOF > 1200 h–1) in the hydrogenation of methyl N-acetamidoacrylate
and methyl N-acetamidocinnamate using phosphine–phosphite ligand 167
[121]. Again, ligands based on the biphenyl unit (especially with bulky tert-butyl
groups in the ortho and para positions) showed a strong enantioinduction. Inter-
estingly, 167 induced a higher activity and enantioselectivity than its correspond-
ing diphosphine [122].

van Leeuwen and Claver designed a new class of chiral phosphine–phosphite
ligands 159 and 160 with a stereogenic phosphine for the hydrogenation of
methyl N-2-acetamidoacrylate and methyl N-2-acetamidocinnamate [123]. Up to
99% ee was achieved after systematically tuning the steric and electronic proper-
ties of the biaryl phosphite unit.

Pizzano and Suárez described a convenient preparation of a series of new
chiral phosphine–phosphites based on the easy demethylation of o-anisyl phos-
phines [124]. Rh–156a complex was found to be the most effective catalyst for
the hydrogenation of dimethyl itaconate (99.6% ee), whereas 155b and 156a in-
duced > 99% ee in the hydrogenation of methyl N-2-acetamidocinnamate. Reetz
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Fig. 27.15 Other mixed-donor bidentate ligands.



used (S)-1-(2-bromophenyl)ethanol together with binol to make ligands 158 a–
158 d. Use of these ligands in the Rh-catalyzed hydrogenation of itaconic acid di-
methyl ester gave up to 79% ee [125].

The use of phosphite–phosphoramidite ligands 168 a and b provided up to
98% ee in the hydrogenation of methyl (Z)-N-2-acetylaminocinnamate, but the
activities were rather low when compared to 167 or to the corresponding di-
phosphine ligand [126].

In contrast to the extensive studies on phosphine–phosphites, the correspond-
ing phosphine–phosphinites are rarely exploited. Laschat introduced this design
with a bicyclic chiral skeleton derived from (1S)-(+)-camphorsulfonic acid [127].
The Rh–complex based on dimesitylphosphinite 154b was found to be the most
reactive catalyst, and was used to produce methyl N-2-acetamidocinnamate, with
89% ee.

In 2004, we introduced new phosphine–phosphite ligands with a ferrocenyl
scaffold derived from Ugi’s amine [61]. Ligand 161 was found to exhibit good
enantioselectivity in the hydrogenation of methyl N-2-acetamidocinnamate (85–
89% ee). Ligand 162b was also found to be highly effective in the hydrogena-
tion of methyl N-2-acetamidocinnamate (95.3–99.6% ee) and N-acetyl-�-arylena-
mides (83–91% ee).

Zhang reported two new (S)-BINOL based ligands: phosphine–phosphite (S,R)-
o-BINAPHOS 163 and phosphine–phosphinite (S)-o-BIPNITE 164 [128]. Applica-
tions of these ligands in the Rh-catalyzed hydrogenation of methyl N-2-acetamido-
cinnamate and methyl N-2-acetamidoacrylate induced very high enantioselectiv-
ities (> 99% ee), and with a wide range of substrates.

Uemura developed a water-soluble phosphine–phosphinite ligand (derived
from �,�-trehalose) (166) for the Rh-catalyzed hydrogenation of enamide deriva-
tives; this induced only moderate enantioselectivity [129].

27.9
Ligands Containing Neutral S-Donors

Ligands containing thioethers are stereochemically very interesting, because
upon coordination, the sulfur atom becomes a stereogenic center. In the ab-
sence of any stereocontrol, the S-center can be either (R)- or (S)-configured.
However, if one imposes an efficient stereochemical control through judicious
selection of the backbone chirality, it is possible to stabilize the configuration of
the sulfur atom and thereby confer chiral information to the metal center. Dur-
ing the past few years, a number of reports have been disclosed describing at-
tempts to harness this special property of thioethers in the asymmetric hydroge-
nation of a variety of prochiral olefins.

A number of dithioethers 169–173 (Fig. 27.16) based on the chiral skeleton of
some well-known phosphines such as DIOP, Deguphos and BINAP, have been
reported. The use of 1,4-dithioether ligands which lack contiguous chiral centers
such as (+)-DiopsR2 169 [130], BINASR2 172 [131] and 173 [132] in the Ir- or
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Rh-catalyzed asymmetric hydrogenation of itaconic acid and its derivatives, de-
hydroamino acid derivatives and enamides led to extremely poor to moderate
enantioselectivities (Table 27.7). Although NMR spectroscopic studies of the iri-
dium(I) cyclooctadiene complexes of 169 and 172 suggested that they possessed
well-defined C2-symmetry, implying that both sulfur atoms have the same con-
figuration, their corresponding cis-dihydridoiridium(III) adducts appeared in the
NMR spectrum as either a mixture of diastereomers or C1-symmetric com-
plexes, suggestive of the configurational lability of the ligated sulfur atom under
remote chiral control in the octahedral complex, thus explaining the observed
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Fig. 27.16 Thioether-containing chiral ligands in asymmetric hydrogenation.
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poor enantioselectivity [135, 136]. Slight improvements resulted when neighbor-
ing stereocenters were introduced, as in (–)-DegusR2 170 [133] and 171 [134]
with S-substituents larger than a methyl group (Table 27.7, entries 29 and 30).

An unusual carbene-thioether hybrid ligand 174 was synthesized and applied
in the rhodium-catalyzed asymmetric hydrogenation of dimethyl itaconate by
Chung and co-workers; however, the selectivity and activity were low (Table 27.7,
entry 34) [135].

Another major class of ligands containing a thioether functionality is the
phosphorus–sulfur (P/S) mixed donor family. To date, only a few ligands of this
type have been tested. The tridentate tetrahydrothiophene 175 flanked by two
trans-O-methylene phosphinites was among the first P/S-ligands examined by
Hauptman and co-workers, but only mediocre enantioselectivity was recorded in
the hydrogenation of methyl �-acetamidoacrylate (Table 27.7, entry 12) [136].
Whilst the mode of coordination of 175 in the actual operating Rh-catalyst was
unknown, the bidentate phosphine–thioethers 176, prepared by the same team,
also showed unsatisfactory results [137]. The xylofuranose-based phosphite–
thioether 177 was also found to be inefficient (Table 27.7, entry 32) [138]. A
breakthrough was unveiled by the Evans team [139], when Rh(I) complexes
based on phosphinite–thioethers 178 and 179 were found to be highly efficient
catalysts in the hydrogenation of a variety of enamide substrates. A side-by-side
comparison revealed that skeleton 179 was generally more efficient than 178,
and sterically more encumbered thio-aryl substituents were generally superior
than the less bulky ones or thio-alkyls. Remarkably, the meta-dialkyl effect,
which was commonly noted in the phosphorus counterparts [140], also appeared
to be operative here as 179 was found to be the optimal ligand (Table 27.7 entry
15). Moreover, the latter was found also to be effective in the enantioselective
hydrogenation of �,�-disubstituted dehydroamino acids (Table 27.8, entries 1
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Table 27.8 Enantiomeric hydrogenation of �,�-disubstituted dehydroamino acids and enamides.

Entry Substrate Catalyst] Conditions TON TOF Conv. ee Refer-
[h–1] [%] [%] ence

R1 R2 R3 P(H2

[bar]
Solvent Temp

[�C]
Time
[h]

1 S1 179c+[Rh(COD2]SbF6 7.9 THF r.t. 18 100 5.6 100 93 139
2 S2 179c+[Rh(COD2]SbF6 1 THF r.t. 18 100 5.6 100 95 139
3 S3 179c+[Rh(COD2]SbF6 7.9 THF r.t. 18 100 5.6 100 92 139



and 2) and enamides (Table 27.7, entry 1; Table 27.8, entry 3). The more rigid li-
gand 180 also proved to be comparable to 179c. In contrast to 178 g and 179g,
the S-tBu group in 180 exerted a positive effect in the stereodifferentiating pro-
cess and induced much better reactivity. The elegant investigations of Evans
and co-workers recapitulated the fact that meticulous screening of the modifi-
able units – the S-substituents in this case – was the key to finding effective li-
gands [141, 142].
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DCE dichloroethane
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SCR substrate:catalyst ratio
SDS sodium dodecylsulfate
THF tetrahydrofuran
TOF turnover frequency
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