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Abstract: Herein, we report the synthesis of chiral phosphabarrelene-pyridine ligands. Their synthesis benefit
from modified reaction conditions to overcome the low yields normally associated with the [4+2]
cycloaddition reaction of phosphinines with hexafluoro-2-butyne, which is a key to install the P-stereocenter in
the phosphabarrelene. Their potential as chelating ligands in asymmetric catalysis was assessed in the Rh- and
Ir-catalyzed hydrogenation of cyclic β-enamides and β-dehydroamino acid derivatives. The catalytic system
containing a tert-butyl substituent at the ortho position of the phosphabarrelene moiety successfully
hydrogenates a range of cyclic β-enamides (ee’s between 92% to 94%) and β-dehydroamino acid derivatives
(ee’s between 93% to 95%). Moreover, the reactions can be carried out in the environmentally friendly 1,2-
propylene carbonate as solvent with no loss of enantioselectivity. Mechanistic studies with the Rh/P,N catalytic
systems agree with the Landis-Halpern mechanism and explain the influence of the substituent at the
phosphabarrelene on enantioselectivity. Finally, the hydrogenation reactions can be carried out at large scale
maintaining high enantioselectivities.
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Introduction

Asymmetric metal-mediated catalysis has become one
of the most important and sustainable tools to produce
enantioenriched compounds.[1] Its presence in industry
has been gaining preference over the years as the list
of manufactured enantiopure drugs, agrochemicals and

fine chemicals has been continuously growing.[1] In
order to obtain improved levels of reactivity and
selectivity in catalytic enantioselective reactions, vari-
ous reaction parameters must be considered and
optimized. Among these parameters, the design and
selection of the chiral ligand is regarded as one of the
most relevant.[2] Hence, the synthesis of new types of
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chiral ligands remains crucial to advance the develop-
ment of catalytic systems.

During the last two decades, 1-phosphabarrelenes
have emerged as a new class of ligands for homoge-
neous catalysis. They have been successfully applied
in non-chiral catalytic reactions such as hydroformyla-
tion of internal alkenes, Suzuki-Miyaura couplings of
aryl chlorides and hydrosilylation, among others.[3] For
example, monodentate phosphabarrelenes were applied
in the Rh-catalyzed hydroformylation of poorly reac-
tive internal alkenes with excellent activity and
surprisingly low alkene isomerization.[3a] Compared to
classical phosphines, the special unique features of
phosphabarrelenes include a rigid [2,2,2] bicyclic
scaffold, a higher s-character of the phosphorus lone
pair, along with a π-acceptor character and the
possibility to generate a P-stereogenic center in a
straightforward manner. All these distinctive attributes
make them very appealing also for asymmetric
catalysis. However, to the best of our knowledge there
is only one report from 2006 about the use of chiral
phosphabarrelenes by Breit and co-workers.[4] They
reported the use of chiral monophosphabarrelene and
bidentate phosphabarrelene-phosphite ligands in the
asymmetric hydrogenation of benchmark substrates,
such as dimethyl itaconate and α-dehydroamino acid
derivatives. Whereas the use of Rh-catalyst precursors
with monodentate phosphabarrelenes led to low
enantiocontrol, the bidentate phosphabarrelene-
phosphite analogues led to enantioselectivities up to
90% ee in the reduction of methyl 2-acetamidoacrylate,
although at low temperature (� 3 °C) (Scheme 1a).

Chiral bidentate ligands have played a dominant
role in the field of asymmetric metal-mediated
catalysis. Among them, phosphorus-nitrogen-based
compounds (P,N) have emerged as powerful ligands,
since the different electronic and steric properties of

the heteroatoms can efficiently guide stereocontrol.[5]
In addition, catalyst optimization is facilitated since
both functionalities can be independently modified. In
2019 one of us reported the synthesis and coordination
chemistry of a racemic pyridyl-substituted 1-phospha-
barrelene (Scheme 1, R=Ph).[6] In a continuation of
this work, we report here the synthesis of chiral 1-
phosphabarrelene-pyridine ligands, that differ in the
substituent at the ortho position of the phosphabarre-
lene moiety. They combine the advantages of hetero-
donor ligands and phosphabarrelenes, and benefit from
having a stereogenic center close to the metal center.
We also report their coordination chemistry towards
Rh(I) and Ir(I) and their application in the asymmetric
hydrogenation of several β-dehydroamino acid deriva-
tives as well as a range of elusive cyclic β-enamides
(Scheme 1b).

Results and Discussion
Synthesis of Chiral 1-Phosphabarrelene-Pyridine
Ligands L1 and L2
Following the methodology reported by the group of
Müller for the preparation of the racemic 1-phospha-
barrelene-pyridine ligand L1,[6] we prepared its chiral
version and also the new chiral 1-phosphabarrelene-
pyridine ligand L2, that differs in a tert-butyl group at
the ortho position of the phosphabarrelene moiety
(Scheme 2).

The synthesis consists of only four steps. First,
diketone derivatives 3 and 4 were prepared in good
yields by condensation of the corresponding chalcone
derivatives 1 and 2 with 2-acetylpyridine. Following
this, the reaction of 3 and 4 with HBF4 ·OEt2 gave the
corresponding pyrylium salts 5 and 6 after recrystalli-
zation. Subsequent reaction with P(TMS)3 afforded the
desired phosphinine-pyridines 7 and 8 after flash
chromatography. Next, the [4+2] cycloaddition reac-
tion of 7 and 8 with hexafluoro-2-butyne provided
access to the racemic phosphabarrelenes L1 and L2.

Scheme 1. (a) Precedents in the asymmetric hydrogenation of
olefins with chiral bidentate heterodonor 1-phosphabarrelene
containing ligands. (b) This work: chiral 1-phosphabarrelene-
pyridine ligands for reduction of β-dehydroamino acid deriva-
tives and cyclic β-enamides. Scheme 2. General procedure for the synthesis of chiral

1-phosphabarrelene-pyridine ligands L1 and L2.
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The preparation of the racemic phenyl derivative of
1-phosphabarrelene-pyridine was previously reported
using methylcyclohexane as solvent at 85 °C. However,
after recrystallization, only a yield of 16% was
reached.[6] Upon changing the solvent to toluene, we
now found that the conversion increased to 80% with
an isolated yield of 61% when the temperature was
additionally increased to 120 °C.[7] Those optimized
conditions were used for the preparation of the related
tBu-substituted 1-phosphabarrelene derivative L2. We
could perform the Diels-Alder reaction of phosphinine-
pyridine 8 with hexafluoro-2-butyne to afford the
corresponding racemic 1-phosphabarrelene-pyridine
ligand L2 in 55% yield. Finally, resolution of racemic
1-phosphabarrelene-pyridines L1 and L2, was
achieved using semipreparative chiral HPLC.[8] The
assignment of the absolute configuration of the
enantiomers of L1 and L2 has been realized by means
of circular dichroisms of enantiopure samples and was
further confirmed by single crystal X-ray diffraction of
enantiopure samples of L2 (see Supporting informa-
tion).

Synthesis of Rh- and Ir-Based Catalyst Precursors
For the preparation of the required [Rh(cod)L]BF4
complexes, we followed the methodology reported by
the group of Müller[6] for the preparation of the
analogous racemic coordination compound with rac-
L1. Thus, reaction of [Rh(cod)2]BF4 (cod=1,5 cyclo-
octadiene) with one equivalent of enantiopure ligands
L1 and L2, as well as racemic ligand L2 yielded in
dichloromethane the corresponding catalyst precursors
as yellow powders in almost quantitative yield after
adding pentane (Scheme 3a). The Ir(I)-complexes were
prepared in a one-pot procedure by reaction of the
ligand with [Ir(μ-Cl)cod]2 and subsequent chloride
abstraction with sodium tetrakis[3,5-bis(trifluorometh-
yl)phenyl]-borate (NaBArF). The coordination com-
pounds [Ir(cod)L]BArF (L=L1–L2) were isolated in
high yields as red-orange solids after flash chromatog-
raphy (Scheme 3b). Note that the preparation and
purification of the Ir(I) complexes should be strictly

performed in the dark, as the coordination compounds
are sensitive towards light.

The NMR spectra showed the typical resonances
for these C1-symmetric complexes. For example, a
quadruplet at approximately δ= � 15 ppm were ob-
served for all Ir-complexes in the 31P{1H} NMR
spectra, whereas for the Rh-complexes, the same signal
appears as a doublet of quartets. The HRMS-ESI
spectra are in agreement with the assigned structures,
displaying the heaviest ions at the m/z value, which
corresponds to the loss of the BF4 and BArF anions
from the parent molecular species.

We were able to obtain crystals suitable for X-ray
diffraction of the rhodium complex containing rac-L2
by slow diffusion of toluene into a solution of the
complex in fluorobenzene (Figure 1). The crystallo-
graphic characterization of this compound clearly
indicates the mononuclear nature and confirms that the
expected coordination compound has been formed
with a bidentate coordination of the P,N ligand through
both donor atoms. The geometry of the metal center is
slightly distorted square planar (P1� Rh1� C29: 154.1°,
P1� Rh1� C28: 169.1°, N1� Rh1� C25: 154.2°,
N1� Rh1� C32: 168.7°, C25� Rh1� C28: 78.9°,
C29� Rh1� C32: 80.7°).

[Rh(cod)(rac-L2)]BF4 can be compared with the
analogous complex containing rac-L1 as ligand and
selected bond angles are shown in Table 1. For the
complex Rh/L2, we could observe a more open
C(1)� P(1)� C(5) angle whereas the C1� P(1)� Rh(1)
angle decreased. This indicates that the presence of the
tert-butyl pushes the remaining part of the molecule
slightly towards the pyridine group. Additionally we
found that the P(1)� Rh(1) distance in Rh/L2 is with

Scheme 3. General procedure for the synthesis of
[Rh(cod)L]BF4 and [Ir(cod)L]BArF complexes.

Figure 1.Molecular structure of [Rh(cod)(rac-L2)]BF4 in the
crystal. Hydrogen atoms and the BF4 anion are omitted for
clarity. Selected bond lengths (Å): P(1)� C(1): 1.832(4);
P(1)� C(5): 1.858(4); P(1)� C(6): 1.850(4); C(1)� C(2): 1.327(5);
C(2)� C(3): 1.535(5); C(3)� C(4): 1.544(6); C(4)� C(5):
1.329(6); C(3)� C(7): 1.554(6); P(1)� Rh(1): 2.2842(10);
N(1)� Rh(1): 2.161(4).
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2.2842(10) Å significantly larger than in the Ph-
derivative (2.240 Å). This difference should have an
impact on catalysis (vide infra).

Application in Asymmetric Hydrogenation of
Olefins
Asymmetric hydrogenation is one of the most widely
used transformations to introduce chirality into a
molecule. Its perfect atom economy and operational
simplicity have paved the way to industrial applica-
tions for the large-scale synthesis of pharmaceutically
active ingredients and agrochemicals, among others.[1,9]
To evaluate the potential of the new chiral ligands, we
have chosen the hydrogenation of cyclic β-enamides
and β-dehydroamino acid derivatives, since they give
access to important building blocks for preparing
drugs.

We started our study with the asymmetric hydro-
genation of cyclic β-enamides whose products are key
units in many drugs and biologically active natural
products such as robalzotan, alnespirone and
rotigotine.[10] Their hydrogenation has been dominated
by Rh- and Ru-catalysts.[11] However, in contrast to the
hydrogenation of α-enamides, most of the catalysts for
β-enamides provide a low enantioselectivity. More
recently, Ir-catalysts have also shown to be appropriate
for the reduction of the elusive cyclic β-enamides.[12,13]
In this respect, we first applied both, Rh- and Ir-
catalyst precursors in the hydrogenation of the bench-
mark N-(3,4-dihydronaphthalen-2-yl)acetamide, using
the optimal reaction conditions found in previous
studies.[12c] While the use of Rh-catalyst precursors led
to very poor enantioselectivities (up to 10% ee, see
Supporting Information), the Ir-counterparts afforded
high enantioselectivities at room temperature under
50 bars of H2 (Table 2). In addition, we also found that
the enantioselectivity is highly influenced by the
phosphabarrelene substituent. Thus, the introduction of
a bulky tert-butyl group in the ligand (L2) boosted the
enantioselectivity to 95% (Table 2, entry 2 vs 1).
Interestingly, the reaction could also be run under an
H2 pressure as low as 1 bar, while maintaining the high
enantioselectivity (entry 2 vs 3). We then extended our
work to the hydrogenation of other cyclic β-enamides

(entries 4–9). Positively, the Ir/(SP)-L2 catalytic system
was also very tolerant to variations in the substitution
pattern of the fused benzene ring. A range of
substituted cyclic β-enamides derived from β-tetra-
lones were hydrogenated in excellent conversions and
with high enantioselectivities (ee’s ranging from 92%
to 94%; entries 4–8). Among them, it should be noted
the high enantioselectivity reached with N-(5-methoxy-
3,4-dihydronaphthalen-2-yl)acetamide (entry 4), whose
hydrogenated product is a key intermediate for the
synthesis of rotigotine.[10a] A high enantioselectivity
(93% ee, entry 9) was also reached in the reduction of
the N-(2H-chromen-3-yl)acetamide, which provides a
crucial intermediate for the synthesis of
alnespirone.[10d]

Encouraged by the results we also performed the
reaction with 1,2-propylene carbonate[14] as a more
environmental solvent than dichloromethane. Posi-
tively, high enantioselectivity was also obtained
(Table 2, entry 10).

We then moved to the asymmetric hydrogenation of
β-dehydroamino acid derivatives whose products are
key units for the synthesis of natural products and
pharmacologically important compounds (e.g. β-pep-
tides and β-lactam antibiotics).[15] To evaluate the
efficiency of Rh- and Ir-catalytic precursors, we
focused on the hydrogenation of the challenging
β-dehydroamino acid derivatives with Z-geometry,
whose hydrogenation usually provides much lower
enantioselectivities than their E-analogues.[9a,15d,16] In
contrast to our results described above on the asym-

Table 1. Selected structural data of complexes [Rh(cod)(rac-
L1/L2)]BF4.

Angle (°) [Rh(cod)L2]BF4 [Rh(cod)L1]BF4[6]

C(1)� P(1)� C(5) 98.1 97.2
C(6)� P(1)� C(1) 97.2 98.9
C(6)� P(1)� C(5) 95.5 91.9
P(1)� Rh(1)� N(1) 81.7 81.6
C(6)� P(1)� Rh(1) 128.3 128.3
C(1)� P(1)� Rh(1) 101.8 104.5

Table 2. Ir-catalyzed asymmetric hydrogenation of cyclic
β-enamides.[a]

Entry L* R X % Conv (% yield)[b] % ee[c]

1 (RP)-L1 H CH2 100 25 (R)
2 (SP)-L2 H CH2 100 (96) 93 (S)
3[d] (SP)-L2 H CH2 100 91 (S)
4 (SP)-L2 5-OMe CH2 100 (94) 92 (S)
5 (SP)-L2 6-OMe CH2 100 (94) 94 (S)
6 (SP)-L2 6-Br CH2 100 (92) 94 (S)
7 (SP)-L2 7-OMe CH2 100 (92) 92 (S)
8 (SP)-L2 8-OMe CH2 100 (91) 92 (S)
9 (SP)-L2 H O 100 (92) 93 (R)
10[e] (SP)-L2 H CH2 100 92 (S)
[a] Reactions carried out at 0.5 mmol scale using 2 mL of
CH2Cl2.

[b] Conversions measured by 1H-NMR. Isolated yields in
parentheses.

[c] Enantiomeric excesses measured by HPLC.
[d] Reaction carried out at 1 bar of H2.
[e] 1,2-Propylene carbonate as solvent.
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metric hydrogenation of cyclic β-enamides, the use of
Ir-catalyst precursors led to much lower activities and
enantioselectivities (up to 15% ee, see Supporting
Information) than those obtained with the Rh-ana-
logues (Table 3). This is not surprising as the asym-
metric hydrogenation of β-dehydroamino acid deriva-
tives has been dominated by Rh-catalysts with
diphosphine and monophosphoramidite ligands.[9a,15d,16]
The effect of the solvent, hydrogen pressure and
temperature in the Rh-catalyzed hydrogenation of
methyl (Z)-3-acetamido-3-phenylacrylate indicated that
it can be hydrogenated in only two hours with low
hydrogen pressure (5 bars) and that enantioselectivities
were maximized with THF as solvent (see Supporting
Information). Results again indicate that a bulky tert-
butyl substituent at the phosphabarrelene ligand
improved substantially the enantioselectivity (up to
95% ee, entry 2 vs 1).

We could extend the substrate scope by successfully
reducing, with the Rh/L2 system, a series of olefins
containing different electronic and steric modifications
at the phenyl ring of the substrate. Enantioselectivities
between 93% to 95% ee were obtained regardless of
the aromatic decoration (entries 3–6). With the aim of
making the process more sustainable, the reaction was
run in MeTHF (entry 7) and 1,2-propylene carbonate
(entry 8). In this way, enantioselectivities as high as
those observed with THF were found with both
solvents.[14]

Because the Rh-catalyzed asymmetric hydrogena-
tion of dehydroamino acid derivatives is dominated by
the use of chelating P,P-donor ligands,[9a,15d,16] we found
interesting to study the mechanism with this new type
of Rh/P,N catalytic system. We first studied the
oxidative addition of H2 to the [Rh(cod)L]BF4

(L= (RP)-L1 and (RP)-L2) catalyst precursors, either
by bubbling H2 into the solution, or under 5 bars of H2
using a high-pressure NMR tube. In all cases the
formation of a [Rh(cod)LH2]+ complex was not
detected even at low temperature. However, at room
temperature, fast hydrogenation of 1,5-cyclooctadiene
was observed with the concomitant formation of the
species [Rh(THF)2L]+ (Scheme 4a). After addition of
methyl (Z)-3-acetamido-3-phenylacrylate (S1), the
complexes [Rh(S1)L]+ were formed (Scheme 4a). The
downfield shift of the 31P{1H} signals of [Rh(S1)L]+ is
consistent with the formation of diastereoisomers with
the phosphobarrelene trans to the substrate C=O
fragment. The NMR spectra also show an effect of the
phosphabarrelene substituent on the ratio of the
diastereoisomers. Thus, whereas the formation of a
single diastereomeric [Rh(S1)L]+ species was ob-
served for (RP)-L1, the use of (RP)-L2 led to a
diastereomeric mixture in a ratio of approximately 2:1.
DFT calculations are in agreement with the diastereoi-
someric populations and provided a 3D structure of the
key intermediates (Scheme 4b and Supporting Infor-

Table 3. Rh-catalyzed asymmetric hydrogenation of β-dehy-
droamino acids.[a]

Entry L* R % Conv (% yield)[b] % ee[c]

1 (RP)-L1 H 100 7 (S)
2 (SP)-L2 H 100 (95) 95 (R)
3 (SP)-L2 p-CF3 100 (96) 95 (R)
4 (SP)-L2 p-OMe 100 (94) 94 (R)
5 (SP)-L2 m-OMe 100 (94) 95 (R)
6 (SP)-L2 o-OMe 100 (97) 93 (R)
9[d] (SP)-L2 H 100 95 (R)
10[e] (SP)-L2 H 100 95 (R)
[a] Reactions carried out at 0.5 mmol scale using 2 mL of THF.
[b] Conversions measured by GC. Isolated yields in parentheses.
[c] Enantiomeric excesses measured by GC or HPLC.
[d] Me-THF as solvent.
[e] 1,2-Propylene carbonate as solvent.

Scheme 4. a) Detected intermediates for the Rh-catalyzed hy-
drogenation of methyl (Z)-3-acetamido-3-phenylacrylate (S1).
31P{1H} chemical shifts for each of the intermediates are shown.
b) DFT structures and energies of the [Rh(S1)(RP)-L]+ inter-
mediates (R1=Ph; R2=CO2Me). c) Rotation mechanism upon
oxidative addition.
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mation), where the most stable intermediate of [Rh-
(S1)(RP)-L1]+ contains the olefin coordinated through
the re face, while in [Rh(S1)(RP)-L2]+ the coordina-
tion through the si face is favored.

Under hydrogenation conditions, the presence of
the hydride [Rh(S1)LH2]+ was not observed in the
1H NMR spectrum. All these data suggest that the
oxidative addition of H2 to the [Rh(substrate)L]+

species is the rate determining step, which is consistent
with the Landis-Halpern mechanism.[17] To further
support this conclusion, we carried out several kinetic
experiments. In agreement with the Landis-Halpern
mechanism, the hydrogenation was 0th order in sub-
strate concentration and 1st order in catalyst concen-
tration and hydrogen pressure (Table 4 and Figure 2).

According to the Landis-Halpern mechanism, the
enantioselectivity is mainly dictated by the different
rate of the hydrogen oxidative addition for both
diastereoisomers. In addition, to accommodate the
coordination of the dihydrogen in a cis fashion, the
carbonyl fragment of the substrate migrates, which is
accompanied by a concomitant rotation of the alkene
fragment (Scheme 4c).[18] The structure of our [Rh-
(S1)(RP)-L]+ intermediates for both ligands clearly
suggests that the oxidative addition from the top of the

complex is favored. This, and the fact that the alkene
coordinates cis to the sterically demanding phospha-
barrelene moiety (Scheme 4a–b) favors the alkene
rotation from the diastereoisomer with the substrate
coordinated through the si face (Scheme 4c), because
the rotation through the re faced diastereoisomer is
disfavored due to a steric clash between the phospha-
barrelene substituent and the ester group of the
substrate. This, together with the fact that the most
reactive diastereoisomer is the most abundant for the
Rh/L2 catalytic system, explains the higher enantiose-
lectivity of the Rh/L2 catalytic system over the Rh/L1.

Finally, to validate the potential utility of these Ir/
(SP)-L2 and Rh/(SP)-L2 catalyst precursors, we per-
formed the hydrogenation of N-(5-methoxy-3,4-dihy-
dronaphthalen-2-yl)acetamide and methyl (Z)-3-
acetamido-3-phenylacrylate at 5 mmol scale and at low
catalyst loading (Scheme 5).

Conclusion
In conclusion, we have discovered a chiral phospha-
barrelene-pyridine ligand, which contains a tert-buthyl
substituent on the phosphabarrelene moiety, that has
been successfully applied in the Rh-/Ir-catalyzed
hydrogenation of several β-dehydroamino acid deriva-
tives and a range of elusive cyclic β-enamides (ee’s
between 92 to 94%). The ligand combines the
advantages of heterodonor ligands and phosphobarre-
lenes, and benefits from having a stereogenic center
close to the metal center. It is synthetized in four steps
from available starting sources. The synthesis was
optimized to overcome the low yields associated to the
[4+2] cycloaddition reaction of phosphinine inter-
mediates with hexafluoro-2-butyne, which is a key step
to install the phosphabarrelene P-stereocenter. This
allowed us to obtain several grams of the rac-
phosphabarrelene-pyridine ligand in a single batch,
which were successfully deracemized by semiprepar-
ative chiral HPLC. In addition, the corresponding Rh-
and Ir-complexes are obtained as air stable solids,
which are easy to manipulate. Finally, the applicability

Table 4. Kinetic data for the hydrogenation of methyl (Z)-3-
acetamido-3-phenylacrylate catalyzed by [Rh(cod)L1]BF4 in
THF.

[Rh(cod)L1]BF4[a] PH2
[b] TOF[c]

0.002 5 51
0.002 1 10.5
0.002 10 107
0.001 5 27.5
0.004 5 103
[a] Concentration in mol · l� 1.
[b] Pressure in bar.
[c] Initial TOF measured in mol ·molRh� 1 ·h� 1.

Figure 2. Hydrogenation of methyl (Z)-3-acetamido-3-phenyl-
acrylate.

Scheme 5. Practical synthesis of (S)-N-(5-methoxy-1,2,3,4-tet-
rahydronaphthalen-2-yl)acetamide and methyl (R)-3-acetamido-
3-phenylpropanoate.
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of these new Ir/Rh� P,N catalysts has been further
tested in the environmentally friendly propylene
carbonate and by carrying out the hydrogenation at
large scale, maintaining the high enantioselectivities.
These results pave the way for the development of new
chiral 1-phosphabarrelene-pyridine ligands that are
readily available and simple-to-synthesize, for their
application to synthetically relevant asymmetric proc-
esses.

Experimental Section
General Procedure for the Preparation of
1-Phosphabarrelene-Pyridine Ligands L1 and L2
A solution of the corresponding phosphine-pyridine
(12.8 mmol) in toluene (25 ml) was degassed 3 times under
freeze-pump cycles. After that, the flask was immersed into a
liquid N2 bath and hexafluorobutyne (3.7 g, 23 mmol) were
condensed into the reaction flash. Then, the reaction mixture
was allowed to reach room temperature and stirred at 120 °C for
3 days. After that, the solvent was evaporated and reaction
mixture was purified by flash chromatography (gradient 300:1
to 5:1 hexanes:EtOAc) to afford the corresponding ligands as a
pale yellow solid.

rac-L1: Yield: (3.8 g, 61%).[6] Enantiomers separated by semi-
preparative HPLC using Chiracel OD-H column (90% hexane/
2-propanol). tR 5.6 min (R); tR 6.5 min (S).

rac-L2: Yield: (3.3 g, 55%). Crystals suitable for X-ray
diffraction for (RP)-L2 were obtained by diffusion of toluene
into a fluorobenzene solution (CCDC 2308686). Enantiomers
separated by semipreparative HPLC using Chiracel OD-H
column (99% hexane/2-propanol). tR 8.8 min (S); tR 9.6 min (R).

General Procedure for the Preparation of
[Rh(cod)L]BF4 Catalyst Precursors
To a solution of Rh(cod)2BF4 (40.6 mg, 0.1 mmol) in CH2Cl2
(5 mL, the corresponding ligand (0.1 mmol) was added. The
resulting solution was stirred for 15 min. Then, the crude was
concentrated to ca 1 mL and the product was precipitated by
adding cold pentane (10 mL). The solid was then filtered,
washed with pentane (3×3 mL) and dried under vacuum to
afford the corresponding complexes as yellow solids.

[Rh(cod)(SP)-L1]BF4: Yield: (75 mg, 96%).[6]

[Rh(cod)L2]BF4: Yield: (74 mg, 98%). Crystals suitable for X-
ray diffraction for [Rh(cod)(rac-L2)]BF4 were obtained by
diffusion of toluene into a fluorobenzene solution (CCDC
2308687).

General Procedure for the Preparation of
[Ir(cod)L]BArF Catalyst Precursors
To a light protected solution of [Ir(μ-Cl)(cod)]2 (25 mg,
0.037 mmol) in CH2Cl2 (2.5 mL), the corresponding ligand
(0.074 mmol) was added. After stirring at room temperature for
30 min, NaBArF (73 mg, 0.082 mmol) and degassed water
(2.5 mL) were added. The biphasic mixture was stirred for a

further 30 min. The phases were separated and the aqueous
phase was extracted with CH2Cl2 (2x2 mL). The combined
organic phases were dried with MgSO4, evaporated in vacuo
and purified by flash column chromatography (neutral SiO2,
100% CH2Cl2) to afford the corresponding Ir complexes as red-
orange solids.

[Ir(cod)L1]BArF: Yield: (108 mg, 89%).

[Ir(cod)L2]BArF: Yield: (109 mg, 90%).

General Procedure for the Asymmetric
Hydrogenation
The alkene (0.5 mmol) and the corresponding catalyst precursor
were dissolved in the corresponding solvent (2 mL) and placed
in a high-pressure autoclave. The autoclave was purged 4 times
with hydrogen. Then, it was pressurized at the desired pressure.
After the desired reaction time, the autoclave was depressurized
and the solvent evaporated off. The residue was dissolved in
Et2O (1.5 mL) and filtered through a short plug of silica.
Conversions were determined by GC or 1H NMR and the
enantiomeric excesses were determined by GC or HPLC (see
Supporting Information for details).

In Situ NMR Characterization Experiments
The in situ NMR experiments were carried out in an NMR tube
by bubbling hydrogen to a THF-d8 solution of the correspond-
ing complex and substrate at different reaction temperatures as
well as in a sapphire NMR tube under hydrogen pressure
(10 bars).
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