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Introduction

Over the past few decades, transition-metal-catalyzed trans-
formations have become extremely powerful tools in asym-
metric organic synthesis and many classes of chiral ligands
have been developed, thereby providing highly efficient sol-
utions for a growing number of asymmetric transforma-
tions.[1] Transition-metal-mediated asymmetric hydrogena-
tion is a well-established and efficient methodology for the
catalytic reduction of many prochiral substrates: alkenes,
imines, and ketones.[2] From a practical perspective it has

many advantages for the generation of new stereogenic cen-
ters, such as broad substrate scope, high reactivity and selec-
tivity, as well as the minimal generation of waste.[3] There
have been several significant breakthroughs in the field and
now a myriad of chiral Ru-, Rh-, and Ir-coordination com-
pounds (mostly phosphorus-containing derivatives) capable
of mediating this transformation with very high enantiose-
lectivities are known.[2,3] The development of commercial
processes has rendered this transformation highly desirable
to both academia and industry.[4]

Many groups, despite the remarkably advanced state of
the field, are still actively researching new catalytic systems
for challenging substrates, higher activity, and/or improved
enantioselectivity. Research efforts have also been directed
towards the development of chiral ligands with attractive in-
dustrial profiles, which means that they should induce high
enantioselectivities, be easily prepared, and not be covered
by current patents. Combinatorial and high-throughput syn-
thetic strategies have led to the development of a number of
highly efficient monodentate and bidentate phosphorus-con-
taining ligands for asymmetric hydrogenation[5] that utilize
either standard covalent[5c,6] chemistry or supramolecular in-
teractions.[7] In a complementary way, ligand tuning in asym-
metric catalysis has also allowed for the rapid development
of efficient systems. When developing or improving a cata-
lytic process by means of catalyst tuning, it is crucial to pro-
gressively move to a more efficient catalytic system accord-

Abstract: A library of enantiomerically
pure P�OP ligands (phosphine–phos-
phite), straightforwardly available in
two synthetic steps from enantiopure
Sharpless epoxy ethers is reported.
Both the alkyloxy and phosphite
groups can be optimized for maximum
enantioselectivity and catalytic activity.
Their excellent performance in the Rh-
catalyzed asymmetric hydrogenation of
a wide variety of functionalized alkenes

(26 examples) and modular design
makes them attractive for future appli-
cations. The lead catalyst incorporates
an (S)-BINOL-derived (BINOL =1,1’-
bi-2-naphthol) phosphite group with
computational studies revealing that

this moiety has a dual effect on the be-
havior of our P�OP ligands. On one
hand, the electronic properties of phos-
phite hinder the binding and reaction
of the substrate in two out of the four
possible manifolds. On the other hand,
the steric effects of the BINOL allow
for discrimination between the two re-
maining manifolds, thereby elucidating
the high efficiency of these catalysts.

Keywords: asymmetric catalysis ·
catalyst tuning · hydrogenation ·
ligand design · P ligands

[a] Dr. H. Fern�ndez-P�rez, Dr. S. M. A. Donald, Dr. I. J. Munslow,
J. Benet-Buchholz, Prof. F. Maseras, Prof. A. Vidal-Ferran
Institute of Chemical Research of Catalonia (ICIQ)
Avgda. Pa�sos Catalans 16, 43007 Tarragona (Spain)
Fax: (+34) 977920228
E-mail : fmaseras@iciq.es

avidal@iciq.es

[b] Prof. F. Maseras
Departament de Qu�mica, Universitat Aut�noma de Barcelona
08193 Bellaterra, Catalonia (Spain)

[c] Prof. A. Vidal-Ferran
Catalan Institution for Research and Advanced Studies (ICREA)
Passeig Llu�s Companys 23, 08010, Barcelona (Spain)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902915.

Chem. Eur. J. 2010, 16, 6495 – 6508 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 6495

FULL PAPER



ing to mechanistic and molecular-interaction principles. Ide-
ally, the synthetic route should allow for simple modification
of the steric and electronic properties of the molecular frag-
ments (modules) within the ligand. If these modules are de-
signed in such a way that they can influence the catalytic
site, then a more efficient catalytic system (in terms of con-
version and enantioselectivity) should become accessible by
changing their steric and electronic properties. Indeed, the
steric and electronic properties of modules could be consid-
ered as the “input parameters” in the optimization pro-
cess.[8–10] Recently we described a new library of P�OP li-
gands derived from enantiopure epoxides (Scheme 1) and

their catalytic activity in Rh-mediated asymmetric hydroge-
nation.[9] Although P�OP ligands encompassing both diverse
carbon backbones between the two phosphorus functionali-
ties and stereogenic elements have been developed,[11–13] our
phosphine–phosphites incorporate an understudied structur-
al motif: two consecutive stereogenic centers between the
two phosphorus functionalities. Herein we describe in full
detail their modular synthesis, which contains a wide struc-
tural diversity that allows for simple catalyst optimization.
The efficiency of these ligands in Rh-catalyzed asymmetric
hydrogenation of functionalized alkenes (26 examples) is
also discussed in this work.

Computational methods are becoming increasingly impor-
tant in the field of asymmetric catalysis,[14] since they allow
for the characterization of sophisticated reaction mecha-
nisms and even the reproduction of experimental enantio-
meric excesses.[15] Mechanistic knowledge on rhodium-cata-
lyzed hydrogenation, specifically in the case of enamides,
has benefited greatly from the contribution of computation-
al chemistry. Following experimental proposals by Halpern
et al.[16] and Brown,[2a, 17] Landis et al.[18] were able to provide
a detailed mechanistic picture for the process catalyzed by
RhACHTUNGTRENNUNG(DuPHOS)+ , with initial approach of the substrate to the
catalyst, oxidative addition of dihydrogen to rhodium, and

sequential migratory insertion of the olefinic carbon atoms
into the metal–hydride bonds. The so-called anti lock-and-
key effect, in which the lowest-energy pathway derives from
the least stable catalyst–substrate adduct has also been satis-
factorily explained. Complexes with Rh ACHTUNGTRENNUNG(BINAP)+

(BINAP= 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl) have
also been studied computationally and were shown to have
a similar behavior.[19] Norrby, Wiest, and co-workers have
used a quantum mechanics (QM)-guided method to satisfac-
torily reproduce the selectivity of a variety of C2 catalysts
with diphosphine ligands, including ligands such as BINAP
and its derivatives, 4,12-bis(diphenylphosphino)-ACHTUNGTRENNUNG[2.2]paracyclophane (PHANEPHOS), (S)-(2-methoxyphe-ACHTUNGTRENNUNGnyl)-{2-[(2-methoxyphenyl)phenylphosphanyl]ethyl}phenyl-
phosphane (DIPAMP), and others.[20] Calculations have also
been performed that explain the experimentally proven[21]

exceptions to lock-and-key behavior with monophosphite li-
gands[22] and the different mechanisms[2h,23, 44] proposed by
Gridnev et al., with initial formation of a dihydride species
or alkene dissociation during the catalytic cycle.

In terms of the origins of
enantioselection, computational
studies have provided a quanti-
tative base to the simple quad-
rant diagrams like that shown
in Figure 1, initially proposed
by Knowles.[24] For a C2 catalyst
like DuPHOS, two of the quad-
rants are blocked by steric ef-
fects and this leaves the olefin
with only two low-energy direc-
tions of approach, both of
which lead exclusively to the fa-
vored enantiomer. These quadrant diagrams represent of
course a simplified view that is unable to explain all possible
experimental situations, but it would be desirable to find an
equivalent model for C1 chelating ligands. In this work we
also report a computational study of the asymmetric hydro-
genation of acrylic acid derivatives mediated by our P�OP
ligands to explain how these C1 ligands are able to achieve
comparable efficiency to the more usual C2 diphosphines.

Results and Discussion

Synthesis of phosphine–phosphite ligands : In accordance
with our goal of a highly modular synthetic methodology,
we prepared a wide variety of phosphine–phosphite ligands
3 (11 examples). Our synthetic strategy was based on the
use of enantiomerically pure epoxides as starting materials,
from which our target ligands should be available in two
well-precedented transformations: ring-opening of an epox-
ide with nucleophilic trivalent phosphorus derivatives fol-
lowed by O-phosphorylation of the intermediate phosphino
alcohols with trivalent phosphorus electrophiles (Scheme 1).
The principles of the synthesis have been published in a pre-
vious communication.[9] We envisaged that this stepwise syn-

Scheme 1. New library of P�OP ligands derived from enantiopure epox-
ides.

Figure 1. Quadrant diagram
for DuPHOS. Sterically hin-
dered quadrants are dashed.
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thetic route would allow for the preparation of our target
modular P�OP ligands while permitting us 1) the incorpora-
tion of up to six molecular fragments, 2) control of the ste-
reogenic centers between the P groups, and 3) modification
of the steric and electronic properties of the two phosphorus
functionalities.

The ring-opening of these Sharpless epoxy ethers pro-
ceeded smoothly at �30 8C to room temperature (63–83 %
yield; Scheme 2). Single crystals of 5 e and 5 f suitable for X-
ray diffraction were obtained,[25] which confirmed the regio-
selectivity of the ring opening (nucleophilic attack at the
benzylic position) and an anti arrangement of the hydroxy
and phosphino substituents in 5, as expected for a stereospe-
cific SN2-like oxirane ring opening (inversion at the attacked
carbon and retention at the other). Phosphine–phosphite li-
gands 6, 7 a–h, and 8 a,b were all prepared following the
same synthetic protocol (Scheme 2). Firstly, the free phos-
phino alcohols were obtained by decomplexation of the
borane adducts 5 a–f, using 1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane
(DABCO) at 60 8C for diphenylphosphino-substituted com-
pounds 5 a–e or diethylamine heated at reflux for the di-tert-
butyl-substituted analogue 5 f. The phosphino alcohols were
then derivatized in situ in the presence of an auxiliary base
and the required chlorophosphite (Scheme 2).

Phosphine–phosphites 7 a–e allow us to examine a wide
range of steric bulk in the alkyloxy positions, thus encom-
passing methyl, methoxyethyl, benzyl, benzhydryl, and trityl
groups, respectively,[26] whereas ligands 6, 7 a–e, 7 f,g, and
8 a,b reflect differences in the phosphite fragment. In ligand
6, which lacks biaryl groups, the two oxygen atoms are con-
nected by an ethane bridge. Compounds 7 a–e and 7 f,g con-
tain bisphenol or the more sterically demanding (tetrame-
thyl)bisphenol group, both of which are able to interconvert
between their conformers. It was reasoned that interconver-
sion should facilitate adjustment of the catalyst to the steric
requirements of a given transformation. Ligands 8 a and 8 b
were designed to incorporate an additional stereogenic ele-
ment: their phosphite fragments derived from (Ra)- or (Sa)-
BINOL (BINOL =1,1’-bi-2-naphthol). Lastly, compound 7 h
differs in the phosphine fragment, in which the bulky and
electron-rich di-tert-butylphosphino was used.[27]

Synthesis of RhI complexes : To demonstrate the general
ability of bidentate P�OP ligands to form stable, well-de-
fined complexes with transition metals, we converted several
of these into cationic rhodium(I) complexes following well-
established procedures.[12p] These complexes were prepared
in good yields by reacting stoichiometric amounts of the

chiral phosphine–phosphite li-
gands and [Rh ACHTUNGTRENNUNG(nbd)2]BF4

(nbd=norbornadiene) in di-
chloromethane. As desired, the
corresponding complexes [Rh-ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(7 a)]BF4 (9), [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(7 h)]BF4 (10), and [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(8 a)]BF4 (11) were obtained;
see Scheme 3. The
31P{1H} NMR spectra for 9–11
showed two sharp doublet of
doublets, from the 31P,103Rh, and
31P,31P couplings (Table 1), as
expected for 1:1 Rh/ligand com-
plexes. Furthermore, single
crystals of 9 and 10 suitable for
X-ray diffraction were ob-
tained, thereby unambiguously
confirming a six-membered
chelate coordination mode of
the P�OP ligands to the Rh
center.[25]

31P NMR spectroscopic titra-
tion studies showed that the
chiral Rh complexes generated
in situ from [Rh ACHTUNGTRENNUNG(nbd)2]BF4 and
the corresponding P�OP ligand
were identical to the isolated
examples at molar ratios of
Rh/ligand ranging from 1:0.5 to
1:1.1.[28] Interestingly, new rho-
dium-containing species were
formed when an excess of phos-

Scheme 2. Synthesis of phosphine–phosphite ligands 6, 7a–h, and 8a and b (overall yields are indicated in
brackets; DMS=dimethyl sulfide).
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phine–phosphite 7 a was used. These new rhodium-contain-
ing species, 12, were prepared by reacting 1.0 equiv of [Rh-ACHTUNGTRENNUNG(nbd)2]BF4 with 2.2 equiv of phosphine–phosphite (48 %
yield). 31P{1H} and 1H NMR spectroscopic data revealed that
the isolated rhodium complex was comprised of a mixture
of cis-12 and trans-12 isomers in the ratio 1.3:1. In conclu-
sion, an excess of phosphine–phosphite with respect to the
rhodium precursor favors the formation of 2:1 chelates.
Since 2:1 chelates of this kind were found to exhibit no cata-
lytic activity in hydrogenations,[13q] the in situ formation of
the rhodium precatalytic species demands careful control
over the relative stoichiometry of [Rh ACHTUNGTRENNUNG(nbd)2]BF4 and P�OP
ligand.

Asymmetric hydrogenation : With a highly modular synthet-
ic methodology for the preparation of a wide variety of new
ligands in hand, we set about evaluating their activity and
selectivity in rhodium-mediated asymmetric hydrogenations.
In the first set of experiments, we examined their use in the
reduction of methyl (Z)-N-acetylaminocinnamate (13) as
test substrate.[29] The reductions were performed using rho-

dium complexes generated in
situ from 1.0 mol % of [Rh-ACHTUNGTRENNUNG(nbd)2]BF4 and a 10 mol %
excess, with respect to Rh, of
the P�OP ligand under 20 bar
H2. Although all ligands gave
extremely high conversions in
the reduction of 13 (see
Table 2), enantioselectivities
varied greatly. In the reduction
of 13, ligand 6, which contained
the least sterically demanding
phosphite fragment, provided
only moderate selectivities:
78 % ee (entry 1, Table 2).
Ligand 7 a, which featured a bi-
sphenol moiety, gave a higher
enantioselectivity: 92 % ee
(entry 2, Table 2). Better enan-
tioselectivities (up to 98 % ee)
were obtained for ligands 7 a–e
when the hydrogenations were
run at lower temperatures (en-
tries 2 and 3, Table 2). We next

examined the effect of the R1 group by systematically in-
creasing its steric bulk on ligands 7 a–e : Me< (CH2)2OMe<
CH2Ph<CHPh2<CPh3. A small negative effect on enantio-
selectivity (entries 3–7, Table 2) was observed upon increas-
ing the size of the R1 group. Ligand 7 h (R2

2 =di-tert-butyl),
which contained a bulkier phosphine moiety, gave slightly
reduced ee values (entry 8, Table 2) than did ligand 7 a
(R2

2 = diphenyl; entry 2, Table 2).

Table 1. 31P{1H} NMR spectroscopic data for complexes [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(P�
OP)]BF4 9–11.[a]

Complex
P-O (phosphite moiety) P-C (phosphine moiety)
d J ACHTUNGTRENNUNG(P,Rh) J ACHTUNGTRENNUNG(P,P) d J ACHTUNGTRENNUNG(P,Rh) J ACHTUNGTRENNUNG(P,P)

9 135.7 266 66 30.2 146 66
10 138.6 277 55 65.1 139 55
11 138.9 268 65 35.2 144 65

[a] Chemical shifts (d) in ppm, coupling constants (J) in hertz.

Table 2. Asymmetric hydrogenation of methyl (Z)-N-acetylaminocinna-
mate 13.[a]

Entry Chiral
ligand

T
[8C]

Solvent Conversion
[%][b]

ee [%][c] (config-
uration)[d]

1 6 RT THF >99 78 (R)
2 7a RT THF >99 92 (R)
3 7a �40 THF >99 98 (R)
4 7b �40 THF >99 98 (R)
5 7c �40 THF >99 97 (R)
6 7d �40 THF 94 95 (R)
7 7e �40 THF >99 92 (R)
8 7h[e] RT THF >99 84 (R)

[a] All reactions were carried out with a substrate/catalyst ratio of 100:1
for 12 h at 20 bar H2 pressure and at the indicated temperature. [b] Con-
version was determined by 1H NMR spectroscopy. [c] Enantiomeric
excess was determined by HPLC. [d] The absolute configuration was as-
signed on the comparison with published data. [e] 1 mol % of [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(7h)]BF4 (10) was used as the catalyst.

Scheme 3. Rh-coordination studies on P�OP ligands 7 and 8. [a] only studied for 7a.
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Ligand 8 a, which contained an additional stereogenic ele-
ment (a phosphite derived from (Sa)-BINOL), afforded ex-
cellent results with quantitative conversions and 99 % ee for
test substrate 13 (entry 1, Table 3).[29] Interestingly, while

using its diastereomer 8 b, a phosphite unit derived from
(Ra)-BINOL, the opposite absolute configuration of the hy-
drogenated product was obtained, though with lower enan-
tioselectivity (cf. entry 2, Table 3). In an indication that the
direction of stereodiscrimination is predominantly con-
trolled by the binaphthyl group, 8 a contains the matched
combination of the stereogenic centers in the carbon back-
bone between the two phosphorus functionalities and the
stereogenic axis in the phosphite group.[30] The contribution
of the stereogenic centers to stereoinduction was assessed
by synthesizing ligand 15, which contained an ethylene
group between the phosphorus functionalities.[31] Interesting-
ly, enantioselectivity obtained with ligand 15 was lower for
test substrate 13[29] than when compared to the one obtained
using ligand 8 a (cf. entries 1 and 3 in Table 3). Hence, it sug-
gests that the high selectivity is the result of a combined
action between the chiral BINOL–phosphite moiety and
ligand backbone chirality.

We also studied the influence of the rhodium precursor,
with both the two commercially available precursors ([Rh-ACHTUNGTRENNUNG(nbd)2]BF4 and [Rh ACHTUNGTRENNUNG(cod)2]BF4) providing very similar con-
versions and enantioselectivities (entries 1 and 2, Table 4).
These results are in agreement with literature reports,[32]

which indicate that the presence of norbornadiene (nbd) or
cyclooctadiene (cod) in the initial rhodium precursor only
influences the transformation of the precatalyst into the cat-
alytic species and has a much less pronounced effect on ste-
reoselectivity. However, compared to the tetrafluoroborate
counteranion, the bulkier hexafluoroantimoniate leads to re-
duced enantioselectivities (entry 3, Table 4). We also com-
pared how the preparation of the precatalyst [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(7 a)]BF4 (i.e. , preformed versus in situ preparation) affects
the reaction. As mentioned in the previous section, a mix-
ture of [Rh ACHTUNGTRENNUNG(nbd)2]BF4 with a 10 % molar excess of the phos-

phine–phosphite affords the desired 1:1 chelate [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(7 a)]BF4 as the major rhodium-containing species.[28] As
shown in Table 4, no differences in catalytic performance
were observed between in situ preparation of the catalyst
(entry 1, Table 4) versus preformed catalyst (entry 4,
Table 4).

Optimization : We then investigated and optimized reaction
conditions mediated by ligand 8 a. Initially we examined the
optimal substrate/catalyst loadings in the reduction of 13.
Overnight reactions, at 20 bar H2, with catalyst loadings as
low as 0.04 mol % (substrate/catalyst ratio=2500:1) still
gave quantitative conversions and up to 99 % ee (entry 1,
Table 5). However, no noticeable effects on enantioselectivi-
ty were observed upon changing the solvent or H2 pressure
with ligand 8 a, as shown in Table 5.

In homogeneous catalysis there is a need for catalyst recy-
cling and product separation, especially in the case of expen-
sive catalysts that involve transition metals such as rhodium.
We were very interested in investigating the product separa-
tion and the reuse of our catalytic system following the
method of Bçrner et al., which involved the use of propyl-
ene carbonate as solvent.[33] Propylene carbonate has been
shown to solubilize Ir- or Rh-containing catalytic systems

Table 3. Contribution of the stereogenic centers in the ligand carbon
backbone to the stereoselectivity in the asymmetric hydrogenation of
13.[a]

Entry Substrate Ligand Reaction
conditions

Conversion
[%]

ee [%] (config-
uration)

1 13 8a THF, RT >99 99 (R)
2 13 8b THF, RT >99 84 (S)
3 13 15 THF, RT >99 80 (R)

[a] See Table 2 for details on the hydrogenation.

Table 4. Effect of the rhodium precursor on the asymmetric hydrogena-
tion of methyl (Z)-N-acetylaminocinnamate.[a]

Entry Catalyst[b] Reaction
conditions

Conversion
[%]

ee [%] (config-
uration)

1 [Rh ACHTUNGTRENNUNG(nbd)2]BF4 +7a THF, RT >99 92 (R)
2 [Rh ACHTUNGTRENNUNG(cod)2]BF4 +7 a THF, RT >99 91 (R)
3 [Rh ACHTUNGTRENNUNG(cod)2]SbF6 +7 a CH2Cl2, RT >99 79 (R)
4 [RhACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(7 a)]BF4 (9) THF, RT >99 92 (R)

[a] See Table 2 for details on the hydrogenation. [b] 1 mol % of Rh preca-
talyst was used in all cases and 1.1 mol % of 7 a was used for entries 1, 2,
and 3.

Table 5. Solvent and pressure dependency in the reduction of 13 with
ligand 8 a.[a]

Entry Solvent Rh precursorACHTUNGTRENNUNG[mol %]
H2ACHTUNGTRENNUNG[bar]

Conversion
[%]

ee [%] (config-
uration)

1 THF 0.04 20 >99 99 (R)
2 MeOH 0.1 2 >99 99 (R)
3 THF 1 1 90 99 (R)
4 THF 1 3 >99 99 (R)
5 THF 1 10 >99 99 (R)
6 THF 1 20 >99 99 (R)
7 MeOH 1 20 >99 99 (R)
8 CH2Cl2 1 20 >99 99 (R)
9 toluene 1 20 >99 99 (R)
10 THF 1 80 >99 98 (R)

[a] See Table 2 for details on the hydrogenation.
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and has proven to be an ideal solvent for hydrogenation. If
the hydrogenated compound is sufficiently soluble in nonpo-
lar solvents such as alkanes, then the final products can be
separated from the propylene carbonate solution by liquid–
liquid extraction: the catalyst remains exclusively in the pro-
pylene carbonate phase, whereas the hydrogenation product
can be extracted into the nonpolar phase.[33] To assess the re-
cycling ability of rhodium complex [RhACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(8 a)]BF4, we
used dimethyl itaconate 16 x as representative substrate for
hydrogenation. Alkene 16 x was reduced in propylene car-
bonate under the standard hydrogenation conditions: in situ
generation of the precatalyst (1.0 mol% [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(8 a)]BF4]), room temperature, and 20 bar of hydrogen gas.
After the required reaction time, the hydrogenated com-
pound was extracted with cyclohexane. As reflected in
Table 6, the catalyst can be reused up to four times with
almost no change in catalytic activity (entries 2–5 in
Table 6).

Substrate scope : Having obtained promising results from
our initial ligand screening and from subsequent optimiza-
tion of the reaction conditions, we then examined the effi-
ciency of the best-performing ligand 8 a in hydrogenations
of a structurally diverse array of substrates. The results of
the corresponding hydrogenations are summarized in
Table 7.

In general, regardless of the electronic or positional
nature of the substituents on the aromatic ring, or whether
the carboxyl group was an acid, the substrates were hydro-

genated with high enantioselectivity (up to 99 % ee) with 8 a.
An important feature of the phosphine–phosphite ligands is
their tolerance to a broad variety of amino-protecting
groups (t-butyloxycarbonyl (Boc), benzyloxycarbonyl (Cbz),
and 9-fluorenylmethoxycarbonyl (Fmoc): 7 examples), as
demonstrated in the excellent selectivities observed, (en-
tries 9, 10, 12, 14, and 17–19, Table 7).[34] Interestingly, in the
reduction of alkene 16 k with an E configuration, low con-
version, low enantioselectivity, and a reversal of the configu-
ration of the hydrogenated product 17 k were observed
(entry 11). Analogously, the E isomers of the Fmoc-contain-
ing substrates 16 m and 16 o could not be reduced, even at

increased H2 pressure (en-
tries 13 and 15). Indeed, a very
high Z selectivity was also ob-
served in the reduction of 16 p
(E/Z ratio 1:2.8). Ligand 8 a re-
duced only the Z isomer
(56 % ee, entry 16 in Table 7).
This situation has been ob-
served with other ligands.[34a]

Certain ligands afford high
enantioselectivity for aromatic
dehydroamino acids, but not for
the corresponding alkyl-substi-
tuted analogues.[35] We were
pleased to discover that our cat-
alytic system derived from 8 a
afforded high enantioselectivity
for the N-Boc-alkylamino acid
substrate 16 q (entry 17). Lastly,
concerning the preparation of
enantiopure substituted ala-
nines, (R)-N-Boc-3,5-difluoro-
phenylalanine derivatives were
obtained in high enantiomeric
purity by hydrogenation of sub-
strates 16 r and 16 s. These (R)-
N-Boc-phenylalanine deriva-
tives are key building blocks in

Table 6. Recycling experiments of substrate 16x with [Rh ACHTUNGTRENNUNG(nbd)-ACHTUNGTRENNUNG(8a)]BF4.
[a]

Entry Cycle[b] Conversion [%] ee [%] (configuration)

1 1 >99 99 (R)
2 2 >99 98 (R)
3 3 >99 97 (R)
4 4 >99 97 (R)
5 5 >99 96 (R)

[a] See Table 2 for details on the hydrogenation. [b] The catalyst was
reused after liquid–liquid extraction with cyclohexane. Every extraction
allowed us to recover the hydrogenated product in 80 % yield.
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the preparation of novel renin
inhibitors for treating hyperten-
sion.[36]

High enantioselectivities
were obtained for a-aryl enam-
ides 16 t and 16 u (entries 20
and 21), whereas only moderate
enantioselectivity was observed
for the challenging a-tetralone-
derived enamide 16 v (57% ee,
entry 22).[37] High enantioselec-
tivity was also obtained for the
enol ester phosphonate 16 w
(entry 23). Itaconate derivatives
are another class of compounds
that yield interesting enantio-
pure derivatives upon asymmet-
ric hydrogenation. Excellent
enantioselectivities were also
obtained in the hydrogenation
of dimethyl itaconate 16 x
(99 % ee, entry 24) and for the
related Roche ester[38] 16 y (95 % ee,[39] entry 25). This com-
pound is of significant industrial interest, and asymmetric
hydrogenation provides a more atom-economical route than

enzymatic processes, degradation of homoallylic acetates,
additions to ketenes, or aldol reactions.[38b–c]

One can see from Table 8 and Table 9 that ligand 8 a com-
pares very favorably to what are often called milestone li-
gands in rhodium-catalyzed asymmetric hydrogenations
(i.e., DuPHOS, JOSIPHOS, etc.) as well as other related li-
gands in Rh-mediated hydrogenations of structurally diverse
alkenes.

Computational study of the mechanism

Four possible manifolds : To shed light on the correlation be-
tween enantioselection and the features of the P�OP li-
gands, we present here a theoretical investigation into the
reactivity of our lead catalyst 8 a (derived from (Sa)-
BINOL), and its (Ra)-BINOL-derived diastereomer 8 b with
methyl N-acetylaminoacrylate (16 b). This is the system that
gives the higher enantiomeric excess, and an understanding

of this system can help to understand the behavior of cata-
lysts containing C1 ligands, thereby aiding in the design of
future catalysts.

Table 7. Asymmetric hydrogenation of substrates 16 using ligand 8 a.[a]

Entry Substrate PressureACHTUNGTRENNUNG[bar]
T
[8C]

Solvent Conversion
[%][b]

ee [%][c] (con-
figuration)[d]

1 16a 20 RT THF >99 99 (R)
2 16b 20 RT THF >99 99 (R)
3 16c 20 RT THF >99 99 (R)
4 16d 20 RT THF >99 99 (R)
5 16e 20 RT THF >99 99 (R)
6 16 f 20 RT THF >99 99 (R)
7 16g 20 RT THF >99 99 (R)
8 16h 20 RT THF >99 99 (R)
9 16 i 20 RT THF >99 98 (R)
10 16j 20 RT THF >99 96 (R)
11 16k 20 RT THF 13 28 (S)
12 16 l 40 RT THF >99 98 (R)
13 16m 80 RT THF 0 n.a.[e]

14 16n 40 RT THF 94 97 (R)[g]

15 16o 80 RT THF 0 n.a.[e]

16 16p[f] 20 RT THF 74 56 (R)
17 16q 40 RT THF 70 92 (R)
18 16r 20 RT THF >99 96 (R)
19 16s 20 RT THF >99 96 (R)
20 16t 20 RT THF >99 98(R)
21 16u 20 RT THF >99 97 (R)
22 16v 20 RT THF >99 57 (R)
23 16w 20 RT CH2Cl2 >99 92 (S)
24 16x 20 RT CH2Cl2 >99 99 (R)
25 16y 20 0 THF >99 95 (S)

[a] All reactions were carried out with a substrate/catalyst ratio of 100:1
at room temperature for 12 h at the H2 pressure indicated. [b–d] Conver-
sion, enantiomeric excess, and absolute configuration were determined as
indicated in Table 2. [e] Not analyzed. [f] Starting material E/Z ratio
1:2.8. [g] Unreported optical rotation or chromatographic elution order;
absolute configuration was tentatively assigned to be R by analogy based
on the stereochemical outcome for 13, 16a, 16d–j, and 16 l.

Table 8. Comparison of the catalytic activity obtained with our ligand 8a
to those obtained with ligands 19–21 in rhodium-catalyzed asymmetric
hydrogenation.

Entry Ligand Substrate-to-
catalyst ratio

Substrate H2ACHTUNGTRENNUNG[bar]
Solvent TOFACHTUNGTRENNUNG[h�1]

1 8 a 1000 13 2 MeOH 1200
2 8 a 1000 13 20 THF 1600
3 19 1000 13 3 MeOH 440[34a]

4 20 a 10000 13 3 MeOH 4800[34a]

5 21 5000 13 3 MeOH 960[34a]
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In contrast with the systems studied in the majority of
theoretical investigations on asymmetric hydrogenation to
date, the P�OP ligands 8 a and 8 b are not C2 symmetric.[56]

With C2 symmetric ligands, there are only two distinct
modes of binding the chelating substrate to the catalyst.
These adducts have traditionally been labeled as pro-R and
pro-S (Scheme 4) because of the prochiral nature of the ad-

ducts, whereby dihydrogen will be added across the olefin,
thus forming new carbon–hydrogen bonds from the side of
the metal during the stereospecific catalytic process. For C1

ligands such as the P�OP ones considered here, the equiva-
lence between the two available rhodium binding sites is
lost, and there are four possible binding modes in the cata-
lyst–substrate adduct complexes, as shown in Scheme 4. We
have used the arbitrary labels A and B for the additional
source of configurational complexity, and as a result there
are four different reaction manifolds to be considered:
R(A), R(B), S(A), and S(B).

The nonsymmetrical nature of the catalyst also has impor-
tant implications for the methodology applied in this com-
putational investigation, given that the relative energies of
each manifold will be affected not only by steric bulk of the
ligand but also the electronic effect of the different phos-
phorus donor (P donor) atoms. We recently reported our
density functional theory (DFT) and DFT/molecular me-

chanics (MM) investigations into the enantioselection in our
first generation P�OP ligand (a phosphine–phosphinite),
which proved that a full DFT description of the systems was
essential to capture the full steric and electronic complexity
of the system.[57] In addition, the highly flexible nature of
the catalyst, with a six-membered backbone and free-rotat-
ing phosphine phenyl (P-phenyl) groups, requires a system-
atic conformational analysis. Details of the applied method-
ology are supplied in the Supporting Information.

Identification of the rate-determining step : The usual ap-
proach for computational studies on enantioselective cataly-
sis is to focus on the single key step of the catalytic cycle
and compare the energy of this transition state for the dif-
ferent paths leading to the R and S products.[15] The mecha-
nism for rhodium-catalyzed hydrogenation of enamides is
complex but, luckily, it has been systematically explored by
a number of research groups. The key series of articles by
Halpern et al.,[16] Brown,[2a,17] and Landis et al.[18] have re-
sulted in the generally accepted “unsaturated” mechanism
shown in Scheme 5. The mechanism consists of the following
steps: 1) coordination of the substrate to the catalyst to
form an adduct (pro-R, pro-S); 2) addition of dihydrogen to
the catalyst–substrate adduct to form a 5-coordinate dihy-
drogen intermediate (MolH2); 3) oxidative addition of dihy-
drogen to give the dihydride intermediate (DIHY); 4) mi-
gratory insertion of the b carbon of the olefin into a Rh�H
bond to form an alkyl hydride complex with a C�H···Rh
agostic bond (ALHYag); 5) breaking of the agostic bond to
give a 5-coordinate alkyl hydride (ALHY); and 6) C�H re-
ductive elimination to form the product, bound to the metal
by the two carbonyl oxygen atoms (Prod). Previous compu-
tational studies have shown that the approach of dihydrogen
to the catalyst–substrate adduct takes place in a direction
parallel to the P�Rh–olefin bond, and that, for substrates
similar to the one considered here, the first hydride addition
is made to the b carbon of the substrate, as shown in
Scheme 5.

In general, theoretical studies on hydrogenation observe
competition between oxidative addition and migratory inser-
tion as possible rate-determining steps.[20] We confirmed this
observation by studying the energy profile of the full cata-
lytic cycle in the reaction catalyzed by our first-generation

Table 9. Comparison of the enantioselectivities obtained with our ligand 8 a to those obtained with ligands 18–26 in rhodium-catalyzed asymmetric hy-
drogenation of various alkenes.

Ligands
18 19 20b 21 22 23 24 25 26 8 a

16a 72 (R)[40] 94 (S)[41] – 84 (S)[42] 96 (R)[43][c] >99 (R)[44] 99 (S)[13i] – – 99 (R)[45]

13 68 (R)[46] 96 (S)[41] 99 (S)[47] 96 (S)[42] 93 (R)[43][c] >99 (R)[44] >99 (S)[13i] >99 (R)[13e] 97 (R)[12p] 99 (R)[45]

16c 73 (R)[40] – – – 98 (R)[43][c] >99 (R)[44] – – – 99 (R)[45]

16b – – >99 (S)[47] 88 (S)[42] 21 (R)[48] >99 (R)[44] >99 (S)[13i] – 99 (R)[12p] 99 (R)[45]

16p[a] 17[49] 68[49] 87[49] – – – – – – 57 (R)[45]

16t 53 (S)[50] – 95 (S)[51][b] – 11 (R)[48] 98 (R)[44] – – – 98 (R)[45]

16x 25 (R)[52] 88 (R)[53] 97 (R)[54][d] 98 (S)[42] 94 (S)[55] 98 (S)[44] – >99 (S)[13e] – 99 (R)[45]

[a] ee values for compound (Z)-16 p and its methyl-substituted analogue. [b] Compound 16t was reduced using (S,S)-Me-DUPHOS 20a. [c] ee values cor-
respond to the hydrogenation of the N-benzoyl-protected derivatives rather than the N-acetyl ones. [d] ee values for itaconic acid instead of dimethyl
itaconate.

Scheme 4. The four possible binding modes for the substrate with the 8 a-
and 8 b-ligated catalysts.
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P�OP (phosphine–phosphinite) ligand.[57] The profile for
one of the manifolds is presented in Figure 2. It shows that
the highest energy corresponds to the transition state for ox-
idative addition, followed by that for migratory insertion.

Oxidative addition has the
highest energy for all cases we
have tested, both on this phos-
phine–phosphinite system and
the BINOL-derived systems 8 a
and 8 b. The migratory insertion
transition state has been
checked in every single case,
but it has always been found to
be lower in energy, although in
the more electron-rich 8 a and
8 b ligands, it is lower by less
than 1 kcal mol�1 compared to
1–3 kcal mol�1 in the phos-
phine–phosphinite ligand (see
the Supporting Information).
Thus our calculations of the
enantiomeric excess are based
on structures obtained after a
detailed conformational analy-
sis of the oxidative addition
transition states.

The alternative “dihydride”
mechanism, in which dihydro-
gen oxidative addition occurs

prior to substrate coordination, which has been observed
under nonturnover conditions by Gridnev and co-work-
ers[2h, 23,44] seems limited to specific cases, usually involving
highly electron-rich alkyl-phosphines, and thus is not related

to the current case.

Origin of enantioselectivity in
the hydrogenation with (Sa)-
BINOL-derived ligand 8a :
Having already determined that
oxidative addition is rate deter-
mining in all four manifolds, we
carried out full conformational
assessment of the oxidative ad-
dition transition state (OATS)
structures, the lowest energies
of which are shown in Figure 3.
Selected geometrical parame-
ters are collected in Table 10.
In calculating the enantiomeric
excess for this catalyst, we in-
clude all possible conformations
of all four manifolds for a more
accurate result, and yield an ee
value of 90 % (R) (cf. 99 % (R)
experimentally). The experi-
mental behavior is thus repro-
duced, and we can proceed to
analyze its origin.

The OATS structures feature
the expected pseudo trigonal
bipyramidal geometry, with

Scheme 5. The more common mechanism for asymmetric hydrogenation.

Figure 2. Free-energy profile (in kcal mol�1) for one manifold of the complete catalytic cycle with the first-gen-
eration P�OP ligand.
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both the olefin and the dihydrogen lying in the trigonal
plane. The M�P bond length in the trigonal plane lengthens
significantly (by up to 0.11 �) from the corresponding
adduct structures. This is due to the partially antibonding
character of the equatorial posi-
tions in d8 ML5 complexes.[58]

The key distances in the coordi-
nation sphere of rhodium
(Table 10) are similar for all
four manifolds, with the notable
exception of the Rh�P distan-
ces. In this case, two blocks are
clearly defined. For the S(B)
and R(A) transition states,
there are short Rh�PO (PO =

phosphite side phosphorus) dis-
tances of 2.25 and 2.24 �, re-
spectively; and long Rh�PC
(PC=phosphine side phospho-
rus) distances of 2.50 and
2.51 �, respectively. For the
R(B) and S(A) transition states,
the distances are more similar
and the order is inverted, 2.40

and 2.38 �, respectively, for Rh�PO and 2.34 and 2.34 �, re-
spectively, for Rh�PC. This disparity in distances had been
already observed to a smaller degree in our previous study
on the phosphine–phosphinite ligand,[57] and points to an im-
portant characteristic of the system. The presence of oxygen
substituents in the phosphite makes it a stronger s donor
than the phosphine, and it will thus prefer not to occupy a
site in the equatorial plane, in which the antibonding charac-
ter will result in Rh�P bond lengthening. For the S(B) and
R(A) manifolds, the Rh�PO distances are shorter and thus
electronically favored. For these same manifolds, the weaker
Rh�PC bonds become as long as 2.51 �. From an energeti-
cal point of view, this is the optimal situation, and as a
result, the S(B) and R(A) manifolds are favored with re-
spect to the R(B) and S(A) ones, in which the Rh�PO dis-
tances are up to 0.16 � longer. This is reflected in the rela-
tive energies of the R(A), S(B), S(A), and R(B) manifolds
(0.0, 2.17 vs. 1.97, 4.05 kcal mol�1, respectively). The elec-
tronic asymmetry on the P�OP ligand thus establishes a dis-
crimination between the manifolds that was absent in the
C2v ligands. This can be visualized in a quadrant diagram
(Figure 4) by saying that the two right-hand sites are elec-
tronically disfavored with respect to placement of the Ca

and Cb olefin carbon atoms of the substrate.
The difference within each of the two pairs of manifolds

with electronically similar properties is associated to steric
effects. The accepted view[18] (Scheme 4) for the steric re-
quirements of this type of enamide substrates is that, in the
transition state, the steric hindrance appears in the quadrant
originally occupied by the Ca olefin carbon. For the elec-
tronically favored pair of manifolds S(B) and R(A), the
olefin is bound cis to the phosphite donor containing the
BINOL. In the case of BINOL, the steric hindrance is clear-
ly associated with the quadrant in which a naphthyl group
points towards the substrate. For ligand 8 a, this is the
upper-left quadrant in the orientation shown in Figure 4. In
the transition state of manifold R(A), Ca is in the lower-left

Figure 3. Computed structures of the lowest-energy oxidative addition
transition states (OATS) (relative free energies in kcal mol�1) for ligand
8a.

Table 10. Selected geometric parameters [�] for the lowest-energy
OATS structures in each manifold for ligand 8a.

OATS 8 a-R(A) 8a-S(B) 8a-R(B) 8 a-S(A)

H�H 1.20 1.25 1.31 1.21
Rh�Ca 2.27 2.29 2.30 2.29
Rh�Cb 2.18 2.17 2.18 2.20
Ca�Cb 1.42 1.42 1.41 1.41
Rh�O 2.14 2.16 2.15 2.15
Rh�PO 2.24 2.25 2.40 2.38
Rh�PC 2.51 2.50 2.34 2.34

Figure 4. Quadrant representation for possible substrate orientations in the OATS with ligands 8a and 8b.
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quadrant, far from the steric congestion of BINOL, and as a
result this is the most favored manifold. For manifold S(B),
the steric congestion increases the energy by 2.17 kcal mol�1.
The difference in distances between olefin and naphthyl
atoms is clear in both cases. The shortest H�H and H�C dis-
tances for sterically congested S(B) are 2.247 and 2.526 �,
respectively, whereas none of these distances are below 5 �
for the most stable R(A) transition state. The comparison
for the electronically disfavored pair of manifolds R(B) and
S(A) is also straightforward. The highest energy (by
2.08 kcal mol�1) corresponds to the R(B) manifold because
of the presence of the backbone phenyl, P-phenyl groups,
and the a-ester substituent in the same quadrant.

In the discussion above, we have shown that enantioselec-
tion in the P�OP catalysts is a fine balance of electronic and
steric effects. Primarily, the strong electronic effect of the
phosphite donor results in almost complete blocking of
product formation through the two manifolds with the
olefin trans to phosphite (namely, R(B) and S(A)). The
phenyl group in the backbone provides additional steric
blocking to the R(B) manifold. The principal steric director
in our P�OP catalysts is clearly the BINOL, which directly
affects the favorability of the R(A) and S(B) manifolds.

We note finally that the mechanism follows anti lock-and-
key behavior in this system. The most stable adduct (see the
Supporting Information) is in the S(B) manifold, but prod-
uct formation proceeds by means of the R(A) manifold.

Origin of enantioselectivity in the hydrogenation with (Ra)-
BINOL-derived ligand 8b : We followed the same procedure
for ligand 8 b as in 8 a, with the lowest-energy structures for
the OATS structures and selected geometrical parameters
presented in the Supporting Information. As for 8 a, we in-
cluded all possible conformations of all four manifolds for a
more accurate result of the enantiomeric excess, by which
we obtained an ee value of 95 % (S) (cf. 88 % (S) experi-
mentally).

The qualitative picture closely follows the lines discussed
above for 8 a. Manifolds R(B) and S(A) are disfavored by
the electronic effects of the phosphorus donors, reflected in
the different Rh�PO and Rh�PC distances. Manifold R(B)
is further disfavored due to extreme steric crowding in the
upper-right quadrant. Comparing the R(A) and S(B) mani-
folds, there is very little difference in the key metal geome-
try and metal–ligand parameters. Between these two fa-
vored manifolds, the difference is in the steric interactions.
There is a repulsion present between the a-ester substituent
and BINOL in the R(A) OATS, which is absent in the S(B)
OATS and thus the reaction proceeds to product through
S(B).

Again, the mechanism follows anti lock-and-key behavior,
in which the major product forms by means of the S(B)
adduct, and not the favored R(A) adduct (see the Support-
ing Information for details on the adducts). The results for
the P�OP systems with the 8 a and 8 b ligands are summar-
ized in the quadrant diagram in Figure 4. The two right-
hand quadrants are always disfavored by the electronic ef-

fects of BINOL, whereas one of the left-hand quadrants is
blocked by the steric effects of BINOL. The sterically
blocked quadrant depends on the stereochemistry of
BINOL, which in this way decides the selectivity in the
product. The quadrant diagram in Figure 4 smoothly inte-
grates our current results on a C1 diphosphine with well-es-
tablished concepts for C2 diphosphines (Figure 1), and
points to a behavior that can be general for efficient C1 li-
gands.

The computed results are in qualitative (and within
10 % ee of quantitative) agreement with experimental re-
sults, but do not quite match the relative magnitudes of the
observed enantioselection in each ligand, as we predict
ligand 8 b (95% ee of S product) to be more effective than
8 a (90 % ee of R product) and the experiment shows the op-
posite trend (88% ee of S vs. 99 % ee of R). There is some
kind of communication between the left and right quadrants
of the system (matched vs. mismatched effect) that our
model is unable to capture properly. However, the discrimi-
nation between 90 and 95 % ee would require sub-kcal mol�1

accuracies that should not be expected from our DFT
method, especially taking into account that a balance be-
tween electronic and steric effects seems to be present in
this case. At any rate, the current results provide a solid
base for the explanation of the observed selectivities and
provide a simple interpretation for the behavior of catalysts
with phosphine–phosphite ligands.

Conclusion

Chiral phosphine–phosphite ligands 6, 7 a–h, and 8 a,b, easily
derived from Sharpless epoxy ethers, have proven to be
highly efficient ligands in the Rh-catalyzed reduction of a
wide variety of functionalized alkenes (26 examples). In par-
ticular, the “lead” ligand of the series (8 a) has been shown
to have outstanding catalytic properties in this transforma-
tion and is able to tolerate a broad range of carbamate-type
amino-protecting groups (Boc, Cbz, and Fmoc). The pres-
ence of the BINOL-derived phosphite group has thus a dual
effect on the behavior of these C1 ligands. On one hand, the
electronic properties of phosphite hinder binding of the sub-
strate in two out of the four possible manifolds, whereas on
the other hand, its steric effects allow for the discrimination
between the two remaining manifolds, thereby explaining
the high efficiency of these catalysts.

The strategy described in this paper to discover new
chiral catalysts—the tuning of the performance of the cata-
lyst by modifying the steric and electronic properties of the
molecular fragments or modules—is based on a correct hy-
pothesis. The results described show that the different parts
of a given chiral catalyst can be optimized separately, so
that it is possible to achieve high levels of enantioselectivity
even when starting from an initially mediocre ligand. Future
work is in progress, applying these ligands towards new
asymmetric reactions, such as allylic substitutions or in hy-
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drogenations of challenging substrate classes (containing C=

N and unfunctionalized C=C bonds).
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