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a b s t r a c t

New diphosphinite ligands based on atropoisomeric diol backbones and (R,R)-2,5-dimethylphospholane
moieties have been prepared and fully characterised. For each ligand structure, both diastereomers have
been synthesised. These ligands are available through a straightforward procedure in good yields. The
solid state structures of two diastereomeric ligands are reported. These ligands have been applied to
Rh-catalysed asymmetric hydrogenations and hydroformylations of C@C bonds as well as in Ir-catalysed
asymmetric hydrogenations of C@N bonds. Turnover frequencies in the range of 10,000 h�1 and enanti-
oselectivities of up to 98% ee have been achieved. The different chirality elements within the ligands led
to marked cooperative effect in catalysis. Interestingly, there is no general privileged diastereomeric
structure but rather a matched diastereomer for each application.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction very efficient synthetic route to enantiomerically pure 1-chloro-
The fruitful development of transition metal catalysed asymmet-
ric transformations over the last decades has been largely steered by
the introduction of new chiral ligands.1 Bidentate C2-symmetric
diphosphines are a prominent ligand class and structures such as Du-
PHOS and BINAP belong to the most efficient chiral ligands for many
different metal-catalysed reactions.2 In contrast, only a limited num-
ber of chiral diphosphinite ligands have been reported up to now de-
spite their easy accessibility. Diphosphinites based on cyclic3,4 and
spirocyclic diols,5 as well as on sugar and pinene derivatives6 have
been used in Rh-,3,6a,c,7 Ru-8 and Ir-catalysed asymmetric hydrogena-
tions,9 Ru-catalysed Diels–Alder reactions,10 Ni-catalysed asymmet-
ric hydrocyanations,11 Pd-catalysed asymmetric allylic alkylations12

and Rh-catalysed asymmetric hydroformylation,13 leading to moder-
ate to good enantioselectivities. Within the class of diphosphinites,
BINAPO and its derivatives probably define the most versatile lead
structure7b,8,9c,13b,14 and these ligands have led to remarkable results
e.g. in the asymmetric hydrogenations.7b,9c,14 All diphosphinites re-
ported to date bear achiral bisaryl phosphine groups directly at-
tached to the oxygen atoms (Fig. 1).

The structural variety of the R2P moieties in diphosphinites is, in
principle, only limited by the availability of the corresponding
chlorophosphine moiety Cl-PR2. In 2007, Börner et al. described a
ll rights reserved.

. Franciò),
2,5-dimethylphospholane starting from the corresponding
(2R,5R)-1-trimethylsilyl-2,5-dimethylphospholane (Scheme 1).15

This versatile building block was used in the synthesis of phos-
pholane,N-15 and phosphine,phospholane-ligands.16 Following our
longstanding interest in new ligand structures,17 we wished to
integrate the two successful structural motifs of an atropoisomeric
diol backbone and a chiral phospholane unit in new C2-symmetric
diphosphinite ligands (DiolPhos) (Scheme 2).18 This approach al-
lows us to explore different chiral elements within the ligand
structure, thus capitalising on cooperative effects in catalysis.19

Herein we report the synthesis and characterisation of DiolPhos li-
gands and their application in different transition metal catalysed
asymmetric transformations.

2. Results and discussion

2.1. Synthesis and structure

Starting from (2R,5R)-1-chloro-2,5-dimethylphospholane 1,15

the synthesis of the targeted diphosphinites is very straightforward.
The highly reactive compound 1 undergoes smooth condensation
with an alcohol in the presence of an organic base under mild con-
ditions.18 This synthetic approach can be adapted readily to diols.
As diols, (Ra)- and (Sa)-Binol (Binol = 2,20-dihydroxy-1,10-binaph-
thyl) as well as the related partially hydrogenated compounds
(Ra)- and (Sa)-H8-Binol20 (H8-Binol = 5,50,6,60,7,70,8,80-octahydro-
1,10-binaphthyl-2,20-diol) were used. The corresponding ligands
L1–L4 could be synthesised in good yields (74–86%) using NEt3 as
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Table 2
31P NMR chemical shifts and coupling constants of L1–4 and the corresponding
[Rh(COD)L]BF4.complexes

Ligand Free ligand [Rh(COD)L]BF4 Dd 31P (ppm)

d 31P (ppm) d 31P (ppm) JPRh (Hz)

L1 159.4 162.6 161.7 3.2
L2 159.6 175.0 170.6 15.4
L3 153.8 160.5 161.1 6.7
L4 155.6 178.8 160.3 23.2

Figure 2. ORTEP representation of L1 (50% probability, major conformer. Hydrogen
atoms are omitted for clarity).
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the base (Scheme 2). Analytically pure ligands were obtained upon
recrystallisation from acetonitrile L1 and L2 or upon filtration over
basic alumina L3 and L4.

Ligands L1–4 include two distinct elements of chirality, the
axial chirality from the backbone and four stereogenic carbon cen-
tres, two from each phospholane moiety. Their 31P{1H} NMR spec-
tra show one singlet in the typical range for phosphinites (Table 2).
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Scheme 2. Synthesis of DiolPhos ligands.

Table 1
Comparison of principal crystallographic data for L1 and L2 and BINAPO

Ligand L1 L2 BINAPO10

Crystal system Tetragonal Tetragonal Monoclinic
Space group P43212 P41212 I2
P,P distance 7.114 Å (major conformer) 5.284 Å 6.190 Å
Torsion angle 114.5� 117.7� 91.6�

Figure 3. ORTEP representation of L2 (50% probability, hydrogen atoms are omitted
for clarity).
The 1H and 13C NMR spectra are fully in line with the structural
motifs and confirm the C2-symmetric structure in solution at room
temperature.21

Ligands L1 and L2 could be recrystallised from acetonitrile to
give colourless needles, which were suitable for X-ray diffraction.
Both compounds adopt C2-symmetry in the solid state. In L1, the
torsion angle of the binaphthyl backbone is very large with a value
of 114.5�, much larger than that reported for BINAPO (91.6�).10 This
minimises the steric repulsion between the phospholane moieties
(Fig. 2). In the solid, the binaphthyl backbone is well-ordered,
whereas the phospholane substituents adopt two alternative con-
formations of slightly different geometry. The phosphorus atoms
are almost coplanar with the corresponding naphthyl moieties
with a deviation from the least-squares plane passing through
the aromatic rings of 0.26 and 0.34 Å for the major and the minor
conformers, respectively. The lone pairs of the phospholane units
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Scheme 3. Synthesis of [Rh(COD)L]BF4 complexes.

Table 4
Asymmetric hydrogenation of prochiral olefins with [Rh(COD)L1]BF4

a

Entry Substrate Conv. (%) TOFav (h�1) ee (%)

1

Ph

AcHN COOMe
>99 P1000 74 (R)

2b

Ph

AcHN COOH
>99 P1000 20 (R)

3 AcHN
COOMe

>99 P1000 84 (R)

4b AcHN
COOH

71 710 21 (R)

5 F3C
OAc

33 333 67 (R)

6c

OBz
(MeO)2P

O

>99 P41 59 (R)

7 Ph
NHAc

>99 P1000 17 (R)

a Sub = 1.5 mmol, CH2Cl2 = 2 mL, t = 1 h, rt, pH2 = 10 bar, Sub/Cat = 1000.
b In MeOH.
c 24 h.
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point in opposite directions in an antiperiplanar arrangement. The
through space distance between the two phosphorus atoms is
7.114 Å for the major and 6.419 Å for the minor conformer. The lat-
ter value is very close to that found for BINAPO (6.190 Å, Table 1).

In ligand L2, the phosphorus atoms are significantly bent out of
the least-squares plane defined by the corresponding naphthyl
units (0.91 Å) and point towards the twofold axis (Fig. 3). As a
consequence, the phosphorus atoms are much closer to each other
when compared with L1 and BINAPO and the through space dis-
tance amounts to 5.284 Å. The lone pairs of the phospholane units
are again in an antiperiplanar arrangement. The torsion angle of
the binaphthyl backbone has a value of 117.7� and is even larger
than in L1.

The cationic rhodium complexes of all four ligands could be ob-
tained from [Rh(COD)acac] (COD = 1,5-cyclooctadiene; acac = ace-
tylacetonate). Protonation of the anionic ligand acac with HBF4

followed by the addition of the corresponding diphosphinite re-
sulted in the desired complexes in good yields between 70% and
82% (Scheme 3).

The complexes were purified by recrystallisation from dichloro-
methane/diethylether. They all display a doublet in the 31P {1H}
NMR with coupling constants JPRh in the expected range for a phos-
phinite rhodium coupling. The coordination shifts range from
Dd = 3–23 ppm, although all ligands lead to nine membered rings
at rhodium (Table 2).

2.2. Rh-Catalysed asymmetric C@C-hydrogenation

Dimethyl itaconate was chosen as benchmark substrate for the
optimisation of the reaction conditions in the Rh-catalysed asym-
metric hydrogenation reaction (Table 3). The first series of experi-
ments were conducted using [Rh(COD)L1]BF4 as the catalyst. The
choice of the solvent showed a pronounced influence on the out-
come of the reaction. While low conversion and enantioselectivity
were achieved in MeOH (entry 1), full conversion and significantly
higher enantioselectivites were obtained in aprotic solvents (en-
tries 2–4). We identified CH2Cl2 as the solvent of choice leading
to an enantioselectivity of 98% (S) ee (entry 4). Only a minor in-
crease in the ee at the expense of conversion was observed when
decreasing the hydrogen pressure from 10 to 1 bar (entry 5);
increasing the pressure to 50 bar led to a slight decrease in the
Table 3
Rh-catalysed asymmetric hydrogenation of dimethyl itaconatea

Entry Ligand Solvent pH2 [bar] Conv. (%) TOFav (h�1) ee (%)

1 L1 MeOH 10 10 100 37.9 (S)
2 L1 EtOAc 10 >99 P1000 84.6 (S)
3 L1 THF 10 >99 P1000 90.7 (S)
4 L1 CH2Cl2 10 >99 P1000 98.0 (S)
5 L1 CH2Cl2 1 55 550 98.2 (S)
6 L1 CH2Cl2 50 >99 P1000 95.6 (S)

7b L1 CH2Cl2 10 99.2 9920 96.3 (S)
8 L2 CH2Cl2 10 >99 P1000 65.0 (R)
9 L3 CH2Cl2 10 86 860 91.3 (S)

10 L4 CH2Cl2 10 75 750 71.0 (R)

a Sub = 1.5 mmol, CH2Cl2 = 2 mL, t = 1 h, rt, Sub/Cat = 1000.
b Sub/Cat = 10,000.
enantioselectivity (entry 6). To benchmark the catalyst activity,
an experiment at a high substrate/catalyst ratio of 10,000 was car-
ried out. After one hour, almost full conversion was attained corre-
sponding to a remarkable TOFav of 9920 h�1.

Next, ligands L2–4 were tested under these optimised condi-
tions. Catalyst [Rh(COD)L2]BF4 led to the preferential formation
of the opposite product enantiomer with a significantly lower
enantioselectivity of 65% (R) ee. These results indicate that the chi-
ral information of the backbone has a dominant effect and the all-
(R) ligand L1 is the matched diastereomer for this reaction. The
same trend, albeit less pronounced, was found for the diastereo-
meric pair L3 and L4 based on H8-Binol. While [Rh(COD)L3]BF4 re-
sulted in an enantioselectivity of 91% ee for the (S)-product, the
catalyst bearing L4 led preferentially to the (R)-product with a re-
duced enantioselectivity of 71% ee. Next, the substrate scope of the
best performing catalyst based on L1 was evaluated and a range of
differently functionalised olefins were included (Table 4). The
hydrogenation of dehydroamino acid methylesters led to full con-
version and good enantioselectivities (entries 1 and 3), while poor
results were obtained in the hydrogenation of the corresponding
free acids (entries 2 and 4). The latter two reactions had to be
carried out in MeOH because of the solubility constraints of these
substrates; this may partially account for the low enantioselectiv-
ities (cf. Table 3, entry 1). Enantioselectivities of 67% and 59% were
achieved in the hydrogenation of 1-(trifluoromethyl)vinylacetate
and 1-(dimethoxyphosphoryl)vinyl benzoate, respectively (entries
5 and 6). Only poor enantioselectivity was observed in the hydro-
genation of N-(1-phenylvinyl)acetamide (entry 7).

2.3. Ir-Catalysed asymmetric C@N-hydrogenation

Ligands L1–4 were also applied in the Ir-catalysed asymmetric
hydrogenation of 2-substituted quinolines under reaction condi-
tions adapted from the literature.17a The catalysts were formed
in situ and iodine was added as an activator. The all-(R) configured
DiolPhos ligand L1 led again to the best results in this series. The
(S)-product was obtained with all ligands with various degrees of
selectivities while the chiral elements within the ligands exhibited
pronounced cooperative effects only in the case of L1 giving rise to
good catalyst performances. In the presence of L1, 2-methylquino-
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line was hydrogenated with 41% conversion and a good enantiose-
lectivity of 75% ee in favour of the (S)-enantiomer (Scheme 4). With
ligand L2 a conversion of only 21% and a poor enantioselectivity of
25% ee towards the same enantiomer were achieved. Since diph-
osphinite H8-BINAP9b,9c is superior than BINAPO in this application,
it was surprising that the catalyst formed with the all-(R) H8-Binol-
based ligand L3 gave a much poorer set of results in comparison to
L1, and both low activity and enantioselectivity were obtained. Sim-
ilar to L2, L4 also did not result in a suitable catalyst for this
transformation.
N N
H

*[Ir(COD)Cl]2/L/I2

H2

L1 41 % cv 75 % ee (S)

L2 21 % cv 25 % ee (S)

L3 21 % cv 12 % ee (S)

L4 18 % cv 5 % ee (S)

Scheme 4. Iridium-catalysed asymmetric hydrogenation of 2-methylquinoline.
2.4. Rh-Catalysed asymmetric hydroformylation

The DiolPhos ligands L1 and L2 were tested in the asymmetric
hydroformylation of styrene as well as vinylacetate (Table 5). In
the hydroformylation of styrene, L1 led to good regioselectivity
b:l = 84:16, but almost racemic branched aldehydes (entry 1).
Ligand L2 resulted in lower regioselectivity, but an enantioselectiv-
ity of 40% ee, independent from the syngas pressure (entries 2 and
3). Using vinylacetate as a substrate, an excellent regioselectivity of
96:4 with a moderate enantioselectivity of 33% ee could be
achieved with L2.

The hydroformylation results were in good agreement with
those obtained with related diphosphinite ligands.13b In particular,
Bakos et al. reported that electron rich P-donor groups at the Binol-
backbone lead to high regioselectivities, but at the expense of
activity.13b In addition to the electronic effects, the present ligand
systems exhibited strong cooperative interactions of the atropoiso-
meric and the carbon centred elements of chirality as revealed for
the diastereomeric L1 and L2 pair. In accordance with other diaste-
reomeric ligand systems,22 the matched diastereomer for the
hydroformylation has the opposite relative configurations com-
pared to the hydrogenation reactions.
Table 5
Rhodium-catalysed asymmetric hydroformylationa

R
R

∗

O H

R

O

H
+

[Rh(CO)2acac], L

toluene, H2/CO

Entry Ligand R pH2/CO [bar] Conv.a (%) b:lb eec (%)

1 L1 Ph 20 58 84:16 4 (S)
2 L2 Ph 20 22 73:27 40 (R)
3 L2 Ph 50 19 75:25 40 (R)
4 L2 AcO 20 25 96:4 33 (R)

a Sub = 2.0 mmol, toluene = 1 mL, L/[Rh] = 4, H2/CO 1:1, t = 18 h, T = 60 �C.
b Determined by 1H NMR.
c Determined by chiral GC.
3. Conclusions

In conclusion, new diphosphinite ligands including an atropo-
isomeric diol backbone and chiral phospholane moieties have
been synthesised and fully characterised. Moreover, the struc-
tures in the solid state of two diastereomeric ligands have been
determined via X-ray diffractometry. The ligands display C2-sym-
metry in solution as well as in the solid state. Positive synergis-
tic effects of the different chirality elements were evident for the
all-(R) ligand L1 based on the Binol backbone. This ligand gave
promising results in the Rh-catalysed olefin hydrogenation with
excellent activities and with good enantioselectivities up to
98% ee for a wide range of substrates. Lower activities were ob-
tained in the Ir-catalysed hydrogenation of 2-methylquinoline
with a good enantioselectivity of 75% ee. Ligand L2 turned out
to be the matched diastereomer for the asymmetric hydrofor-
mylation of styrene and vinyl acetate, leading to good to excel-
lent regioselectivities of 75:25 and 96:4, respectively, at
moderate enantioselectivities of up to 40% ee.

In general, these results indicate that the use of chiral R2P moi-
eties provides an additional element in the toolbox of diphosphi-
nite ligands. The cooperative effects between the dominating
chiral information of the diol backbone and the tuning influence
of the chirality at the donor unit offer a hitherto neglected control
factor for the development of new structures in this readily acces-
sible class of ligands.
4. Experimental

4.1. General

All reactions were carried out under an inert atmosphere of
dry and oxygen-free argon either with the use of standard
Schlenk techniques or in a glove-box. 1H, 13C and 31P NMR spec-
tra were recorded with Bruker AV 300 and AV 400 spectrome-
ters. The operating frequencies of these spectrometers for NMR
measurements are 300.1 MHz for 1H, 75.5 MHz for 13C and
121.5 MHz for 31P with the AV 300 spectrometer and
400.1 MHz for 1H, 100 MHz for 13C and 162 MHz for 31P with
the AV 400 spectrometer. For 1H and 13C{1H} NMR spectroscopy,
the chemical shifts (d) are given in ppm with use of the residual
solvent signals as internal standards. For 31P NMR spectroscopy,
the chemical shift values (d) are given in ppm relative to 85%
phosphoric acid as the external standard. The multiplicities of
the signals were assigned by assuming spectra of first order.
The coupling constants (J) are given in Hertz. For the description
of the multiplicity of the signals the following symbols are used:
s = singlet, d = doublet, t = triplet, m = multiplet, br = broad. The
signals were assigned on the basis of two-dimensional NMR
spectra (31P–1H HMBC, 1H–1H COSY, 13C–1H HMBC, 13C–1H
HSQC). Mass spectra were recorded on a Varian 1200L Quadru-
pole GC–MS, Finnigan MAT 8200 (MS and HRMS-EI) or a Bruker
FTICR-Apex III spectrometer (HRMS-ESI). High-resolution MS
measurements were performed with a Finnigan-MAT 95
spectrometer (EI, 70 eV). The mass of the molecule ion is given.
Optical rotations were measured on a Jasco P-1020 polarimeter.
The concentrations used for measuring specific rotations are gi-
ven as g/100 mL. Dichloromethane, toluene and pentane were
dried over alumina with a solvent purification system from Inno-
vative Technology. THF, Et2O, MeOH and acetonitrile were dis-
tilled and then dried over molecular sieves. All other organic
solvents were purged with argon for 2 h prior to use. Deuterated
solvents were degassed through freeze–pump–thaw cycles and
stored over molecular sieves. The following substances have
been synthesised according to literature procedures: (2R,5R)-1-
chloro-2,5-dimethylphospholane,15 (Ra)-5,50,6,60,7,70,8,80-octahy-
dro-1,10-binaphthyl-2,20-diol.20 All other chemicals were pur-
chased from Sigma–Aldrich, Acros or Alfa Aesar and used as
received.
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4.2. Preparation of ligands L1–L4

4.2.1. (Ra)-2,20-Bis((2R,5R)-2,5-dimethylphospholan-1-yloxy)-
1,10-binaphthyl L1

A solution of (2R,5R)-1-chloro-2,5-dimethylphospholane
(295 mg, 1.96 mmol), in toluene (3 ml) was added at �20 �C over
30 min through a syringe pump to a mixture of (R)-1,10-binaph-
thyl-2,20-diol (280.4 mg, 0.98 mmol) and triethylamine (300 lL,
2.16 mmol) in toluene (10 mL). The reaction mixture was stirred
at �20 �C for 1 h and then at ambient temperature overnight.
The reaction mixture was filtered through a PTFE membrane to re-
move the ammonium salt formed as a by-product. After evapora-
tion of the solvent, a white solid formed, which was
recrystallised from hot acetonitrile. (385.9 mg, 75%); 1H NMR
(CDCl3): d = 0.53–0.80 (m, 2H, CH2); 0.67 (d, 6H, JHH = 7.7,
JPH = 19.2; CH3); 0.86 (d, 6H, JHH = 6.9, JPH = 11.4; CH3); 0.89–1.01
(m, 2H, CH); 1.15–1.35 (m, 2H, CH); 1.35–1.59 (m, 2H, CH);
7.07–7.11 (m, 2H, Ar-H); 7.11–7.14 (m, 2H, Ar-H); 7.35–7.49 (m,
2H, CH); 7.69–7.82 (m, 4H, Ar-H) ppm; 13C NMR (CDCl3):
d = 12.91 (d, CH3, JCP = 3.03 Hz), 17.19 (d, CH3, JCP = 31.5 Hz),
34.92 (d, CH2, JCP = 3.36 Hz), 35.24 (d, CH2, JCP = 3.17 Hz), 40.16
(d, CH, JCP = 13.2 Hz), 42.41 (d, CH, JCP = 19.2 Hz), 119.96 (d, CH,
JCP = 15.4 Hz), 122.19 (d, C, 3JCP = 2.07 Hz), 123.73 (s, CH), 125.81
(s, CH), 126.12 (s, CH), 127.88 (s, CH), 129.09 (s, CH), 129.64 (s,
CH), 134.25 (s, C), 153.36 (d, C, JCP = 6.6 Hz) ppm; 31P{1H} NMR
(CDCl3): d = 159.4 ppm; MS (CI, 80 eV): calculated: 514.6; found:
515.3 [M+]; ½a�20

D ¼ þ186:8 (c 0.732, CH2Cl2).

4.2.2. (Sa)-2,20-Bis((2R,5R)-2,5-dimethylphospholan-1-yloxy)-
1,10-binaphthyl L2

The title compound was obtained by the procedure described
above using (S)-1,10-binaphthyl-2,20-diol as the diol. The product
is a white solid, which was recrystallised from hot acetonitrile
(447.7 mg; 74%); 1H NMR (CDCl3): d = 0.59 (dd, JHH = 7.07 Hz,
JPH = 11.45 Hz, 6H, CH3); 0.82–1.03 (m, 5H, CH, CH2); 0.93 (dd,
JHH = 7.40 Hz, JPH = 19.11 Hz, 6H, CH3); 1.50–1.60 (m, 2H, CH.);
1.63–1.74 (m, 5H, CH); 7.14–7.16 (m, 2H, Ar-H); 7.21–7.26 (m,
2H, Ar-H); 7.43 (dd, 2H, JHH = 1.96 Hz, JPH = 8.89 Hz, CH); 7.78
(dd, 4H, 3JHH = 8.5 Hz, JPH = 21.23 Hz, Ar-H) ppm; 13C NMR
(CDCl3): d = 12.9 (s, C.); 17.5 (s, Caliph.); 17.8 (s, C); 35.1 (d,
CH2, JCP = 2.7 Hz); 35.5 (d, CH2, JCP = 2.7 Hz); 41.0 (d, CH,
JCP = 14.5 Hz); 42.7 (d, CH, JCP = 20.0 Hz); 119.4 (d, JCP = 15.6 Hz,
CH); 122.9 (s, C); 124.2 (s, CH); 126.4 (s, CH); 126.7 (s, CH);
129.6 (s, CH); 130.3 (s, CH); 134.8 (s, CH); 134.3 (s, C); 153.8
(d, C, JCP = 7.1 Hz) ppm; 31P{1H} NMR (CDCl3): d = 159.6 ppm;
½a�20

D ¼ þ14:6 (c 0.772, CH2Cl2); MS (CI, 80 eV): calculated:
514.6; found: 515.3 [M+].

4.2.3. (Ra)-2,20-Bis((2R,5R)-2,5-dimethylphospholan-1-yloxy)-
5,50,6,60,7,70,8,80-octahydro-1,10-binaphthyl L3

The title compound was obtained by the procedure described
above using (Ra)-5,50,6,60,7,70,8,80-octahydro-1,10-binaphthyl-2,20-
diol (333 mg, 1.13 mmol) as the diol. The product was obtained
as a colourless solid after filtration over basic alumina which can
be used without further purification. (428.6 mg, 81%); 1H NMR
(CDCl3): d = 0.82 (dd, JHH = 7.00 Hz, JPH = 11.41 Hz, 6H, CH3);
0.90–1.05 (dd, JHH = 7.71 Hz, JPH = 18.82 Hz, 6H, CH3); 0.96–1.05
(m, 1H, CH); 1.24–1.33 (m, 2H, CH2); 1.39–1.83 (m, 14H, CH2,
CH); 1.86–1.99 (m, 2H, CH2); 2.00–2.13(m, 2H, CH2); 2.20–2.31
(m, 2H, CH2); 2.61–2.69 (m, 4H, CH2); 6.78 (d, JHH = 8.20 Hz,
2H, Ar-H); 6.87 (d, JHH = 8.30 Hz, 2H, Ar-H) ppm; 13C NMR
(CDCl3): d = 12.7 (s, CH3); 17.4 (s, CH3); 17.7 (s, CH2) 23.4 (d,
2JCP = 2,7 Hz, CH2); 27.6 (s, CH2); 29.6 (s, CH2); 35.2 (d,
JCP = 2.8 Hz, CH2); 35.5 (d, JCP = 2.6 Hz, CH2); 40.4 (d, JCP = 12.9 Hz,
CH); 42.4 (d, JCP = 19.4 Hz, CH); 114.4 (d, JCP = 16.7 Hz, C); 128.2
(s, C); 128.4 (s, C); 130.2 (s, C); 136.6 (s, C); 152.6 (d,
JCP = 7.3 Hz, C) ppm; 31P{1H} NMR (CDCl3): d = 153.8 ppm; HRMS
(EI, 80 eV): calculated: 522.28111; found: 522.28181; ½a�20

D ¼ þ
121:3 (c 1.033, CH2Cl2).

4.2.4. (Sa)-2,20-Bis((2R,5R)-2,5-dimethylphospholan-1-yloxy)-
5,50,6,60,7,70,8,80-octahydro-1,10-binaphthyl L4

The title compound was obtained by the procedure described
above using (Sa)-5,50,6,60,7,70,8,80-octahydro-1,10-binaphthyl-2,20-
diol (376 mg, 1.27 mmol) as the diol. The product was obtained
after filtration over basic alumina as a colourless solid.
(449.5 mg; 86%).

1H NMR (CDCl3): d = 0.93 (dd, JHH = 7.00 Hz, JHP = 18.33 Hz, 6H,
CH3); 0.98 (dd, JHH = 7.71 Hz, JHP = 26.61 Hz, 6H, CH3); 1.21–1.34
(m, 3H, CH2, CH); 1.51–1.79 (m, 15H, CH2, CH); 1.81–1.92 (m, 2H,
CH2); 1.98–2.11 (m, 2H, CH2); 2.22–2.33 (m, 2H, CH2); 2.60–2.70
(m, 4H, CH2) 6.87 (d, JHH = 8.31 Hz, 2H, Ar-H); 6.96 (d, JHH = 8.20 Hz,
2H, Ar-H) ppm; 13C NMR (CDCl3): d = 12.9 (s, CH3); 17.4 (s, CH3);
17.7 (s, CH2); 23.4 (d, JCP = 3.4 Hz, CH2); 27.5 (s, CH2); 29.6 (s,
CH2); 35.2 (d, JCP = 2.8 Hz, CH2); 35.5 (d, JCP = 2.8 Hz, CH2); 40.5
(d, JCP = 12.6 Hz, CH); 42.3 (d, JCP = 20.3 Hz, CH); 114.4 (d,
JCP = 15.9 Hz, C); 128.5 (s, C); 129.4 (s, C); 130.4 (s, C); 130.5 (s,
C); 136.8 (s, C) ppm; 31P{1H} NMR (CDCl3): d = 155.6 ppm; HRMS
(EI, 80 eV): calculated: 522.28111; found: 522.28142;
½a�20

D ¼ þ36:9 (c 1.065, CH2Cl2).

4.3. Preparation of rhodium complexes

4.3.1. [Rh(cycloocta-1,5-diene)L1]BF4

At first, HBF4�Et2O (0.120 mmol, 51 lL) was added to a solution
of (acetylacetonato)-(1,5-cyclooctadiene)-rhodium (I) (37.6 mg,
0.120 mmol) in dry THF (3 mL). The solution was stirred for
10 min at ambient temperature, then a solution of L1 (63.3 mg,
0.120 mmol) in THF (3 mL) was added dropwise. During the addi-
tion, the colour of the solution turned from yellow to orange. After
stirring for 60 min, the solvent was removed under reduced pres-
sure. The orange residue was dissolved in CH2Cl2 (1 mL) and the
resulting solution added dropwise to Et2O (25 mL), whereupon a
yellow precipitate was formed. The mother liquor was removed
and the remaining yellow solid was washed with Et2O (3 � 5 mL)
and dried under reduced pressure (79.0 mg; 81%); 1H NMR
(CD2Cl2): d = 0.02 (dd, JHH = 6.70 Hz, JHP = 13.16 Hz, 6H, CH3); 1.46
(dd, JHH = 7.45 Hz, JPH = 16.93 Hz, 9H, CH3, CH); 1.58–1.79 (m, 4H,
CH); 1.93–2.07 (m, 2H, CH); 2.19–2.42 (m, 8H, CH); 2.42–2.53
(m, 2H, CH); 2.82–2.96 (m, 2H, CH); 5.12–5.26 (m, 4H, CH);
7.104 (d, JHH = 8.43 Hz, 2H, Ar-H); 7.31 (t, JHH = 7.69 Hz, 2H, Ar-
H); 7.42 (d, JHH = 8.89 Hz, 2H, Ar-H); 7.55 (t, 2H, JHH = 7.55 Hz, Ar-
H); 7.98 (d, JHH = 8.05 Hz, 2H, Ar-H); 8.10 (d, JHH = 8.88 Hz, 2H,
Ar-H) ppm; 31P{1H} NMR (CD2Cl2, 162 MHz): d = 162.6 (d,
JPRh = 161.7 Hz) ppm; MS (ESI, pos): calculated: 725.6, found:
725.0.

4.3.2. [Rh(cycloocta-1,5-diene)L2]BF4

The title compound was obtained by the procedure described
above using HBF4�Et2O (0.077 mmol, 33 lL), (acetylacetonato)-
(1,5-cyclooctadiene)-rhodium (I) (24.1 mg, 0.077 mmol) and L2
(40.0 mg, 0.077 mmol); (47.4 mg; 75%); 1H NMR (CD2Cl2):
d = 0.57 (dd, JHH = 7.55 Hz, JHP = 20.45 Hz, 6H, CH3); 1.04–1.17 (m,
2H, CH); 1.62 (dd, JHH = 6.62 Hz, JPH = 13.88 Hz, 8H, CH3, CH);
1.81–1.93 (m, 2H, CH.); 1.93–2.14 (m, 6H, CH); 2.18–2.54 (m, 8H,
CH); 4.64–4.73 (m, 2H, CH); 5.41–5.49 (m, 2H, CH); 7.07 (d,
JHH = 8.92 Hz, 2H, Ar-H); 7.28 (t, JHH = 7.65 Hz, 2H, Ar-H); 7.42 (d,
JHH = 8.95 Hz, 2H, Ar-H); 7.47 (t, JHH = 7.58 Hz, 2H, Ar-H); 7.97 (d,
JHH = 8.14 Hz, 2H, Ar-H); 8.08 (d, JHH = 8.94 Hz, 2H, Ar-H) ppm;
31P{1H} NMR (CD2Cl2): d = 175.0 (d, JPRh = 170.6 Hz) ppm; MS
(ESI, pos): calculated: 725.6, found: 725.0.
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4.3.3. [Rh(cycloocta-1,5-diene)L3]BF4

The title compound was obtained by the procedure described
above using HBF4�Et2O (0.178 mmol, 71 lL), (acetylacetonato)-
(1,5-cyclooctadiene)-rhodium (I) (54.7 mg, 0.178 mmol) and L3
(1 equiv, 93.2 mg, 0.178 mmol); (105.4 mg; 72%); 1H NMR
(400 MHz, CD2Cl2): d = 400 MHz, CD2Cl2): d = 0.49 (dd, JHH =
6.48 Hz, JHP = 19.04 Hz, 6H, CH3); 0.95–1.26 (m, 3H, CH, CH2.);
1.35 (dd, JHH = 7.52 Hz, JPH = 23.93 Hz, 6H, CH3); 1.91–2.55 (m,
6H, CH2); 2.61–2.77 (m, 4H, CH2); 5.06–5.14 (m, 2H, @CH–);
5.15–5.22 (m, 2H, @CH–); 6.81 (d, JHH = 8.32 Hz, 2H, Ar-H); 7.08
(t, JHH = 8.36 Hz, 2H, Ar-H); ppm; 31P{1H} NMR (CD2Cl2): d = 160.5
(d, JPRh = 161.1 Hz) ppm; MS (ESI, pos): calculated: 735.7, found:
735.0.

4.3.4. [Rh(cycloocta-1,5-diene)L4]BF4

The title compound was obtained by the procedure described
above using HBF4�Et2O (0.108 mmol, 45 lL), (acetylacetonato)-
(1,5-cyclooctadiene)-rhodium (I) (33.1 mg, 0.108 mmol) and L4
(56.4 mg, 0.108 mmol); (61.3 mg; 70%); 1H NMR (CD2Cl2):
d = 0.66–0.85 (m, 3H, CH2, CH); 1.09 (dd, JHH = 7.58 Hz,
JHP = 28.53 Hz, 6H, CH3); 1.48 (dd, JHH = 10.56 Hz, JPH = 21.02 Hz,
6H, CH3); 1.56–1.75 (m, 15H, CH2, CH); 1.76–1.90 (m, 2H, CH2);
1.92–2.09 (m, 2H, CH2); 2.14–2.25 (m, 2H, CH2); 2.70–2.84 (m,
2H, CH2); 4.28–4.39 (m, 2H, @CH–); 5.45–5.54 (m, 2H, @CH–);
6.87 (d, JHH = 8.53 Hz, 2H, Ar-H); 7.14 (d, JHH = 8.28 Hz, 2H, Ar-H);
ppm; 31P{1H} NMR (CD2Cl2): d = 178.8 (d, JPRh = 160.3 Hz) ppm;
MS (ESI, pos): calculated: 735.7, found: 735.1.

4.4. General procedure for the asymmetric C@C-hydrogenation

A 10 mL stainless steel autoclave equipped with a glass inlet
and a magnetic stirring bar was charged under an argon atmo-
sphere with the substrate (1.5 mmol). The desired Rh complex
(1.5 lmol) was added by syringe as a stock solution in CH2Cl2 or
MeOH. The total amount of solvent was adjusted to 2 mL by the
addition of the appropriate quantity of the same solvent and the
autoclave was pressurised with hydrogen. The reaction mixture
was stirred at room temperature for the desired reaction time
(see Table 3 and 4) and then the pressure was carefully released.
The conversion was determined by 1H NMR spectroscopy of the
concentrated reaction mixture. The ee value was determined by
chiral GC or HPLC analysis after filtration through a plug of silica.
The absolute configurations of the hydrogenation products were
assigned by comparison of the sign of the specific rotation with
those reported in the literature.

4.5. General procedure for the asymmetric C@N-hydrogenation

A 10 mL stainless steel autoclave equipped with a glass inlet
and a magnetic stirring bar was charged under an argon atmo-
sphere with the 2-methylquinoline (68 lL, 0.5 mmol) and iodine
(3.17 mg, 0.025 mmol). A Schlenk-flask equipped with a magnetic
stirring bar was charged with [Ir(COD)Cl]2 (1.68 mg, 2.5 lmol)
and the desired ligand (5.5 lmol) and toluene (2 mL). After
10 min of stirring, the resulting solution was transferred to the
autoclave. The autoclave was pressurised with hydrogen (40 bar)
and stirred at ambient temperature for 16 h. After carefully releas-
ing the pressure, the conversion and ee values were determined via
GC.

4.6. General procedure for the asymmetric hydroformylation

A 10 mL stainless steel autoclave equipped with a glass inlet
and a magnetic stirring bar was charged under an argon atmo-
sphere with [Rh(CO)2acac] (0.5 mL of a 4.0 mM) stock solution in
toluene, 2.0 lmol) and the desired ligand (8.0 lmol) and stirred
at ambient temperature for 30 min. Then, the substrate (2.0 mmol)
was added via syringe and the autoclave was pressurised with the
desired syngas pressure (H2–CO 1:1). After the desired reaction
time, the autoclave was cooled down to ambient temperature
and the pressure carefully released. The conversion was deter-
mined by 1H NMR spectroscopy of the concentrated reaction mix-
ture. The ee value and l:b ratio were determined by chiral GC.

4.7. Single crystal X-ray diffraction

Data collection for L1 and L2 was done with Mo Ka radiation
(INCOATEC microsource, multilayer optics, k = 0.71073 Å) on a
Bruker D8 goniometer with SMART CCD area detector; The SAD-
ABS23 programme was used for absorption correction of L2 and
PLATON24 was used for multi-scan absorption correction of L1.
The structures were solved by direct methods (SHELXS-97)25 and
refined by full matrix least-squares procedures based on F2 with
all measured reflections (SHELXL-97).25 All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were introduced
in calculated positions and were refined using a riding model.
In the case of L1, the electron density was interpreted as overlap
of two slightly different conformations; similarity restraints were
imposed to ensure physically and chemically reasonable dis-
placement and geometry parameters. Supplementary crystallo-
graphic data for L1 (CCDC-844768) and L2 (CCDC-844769) can
be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html.
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