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Chiral Diphosphites as Ligands for the Rhodium- and Iridium-Catalysed
Asymmetric Hydrogenation: Precatalyst Complexes, Intermediates and

Kinetics of the Reaction

Oscar Pàmies,[a] Gemma Net,[a] Aurora Ruiz,*[a] and Carmen Claver[a]

Keywords: Asymmetric hydrogenation / Chiral diphosphites / Iridium / Rhodium

RhI and IrI complexes [M(cod)PP]BF4 were synthesised from
diphosphite ligands PP with a backbone derived from xylofu-
ranose. They were used in the rhodium- and iridium-cata-
lysed asymmetric hydrogenation of itaconic acid, α-acetami-

Introduction

Most of the phosphorus ligands that have been developed
for catalytic applications, particularly in asymmetric cata-
lysis, are derivatives of aryl- or alkylphosphanes.[1] Recently,
a group of less electron-rich phosphorous compounds, che-
lating diphosphite ligands, has received considerable atten-
tion. New reports on the use of these ligands in regio- and
stereoselective hydroformylation[2] and asymmetric hydro-
cyanation,[3] have appeared, in which their potential utility
have been demonstrated.

Very little attention has been paid to phosphites as li-
gands in hydrogenation, probably because of their high π-
acidity, which makes the metal centre less suitable for
bringing about the H2-oxidative addition reactions. How-
ever, some catalysts based only on organyl phosphites have
been applied to hydrogenation.[4] To our knowledge, only
Selke et al.,[4g] Reetz et al.[4i] and Brunner et al.[4j] have re-
ported the use of chiral diphosphites in asymmetric hydro-
genation. In spite of the supposed disadvantage mentioned
above and the ability to undergo hydrolysis or Arbuzov-
type side reactions (starkly reduced in the case of bulky
phosphites or coordinated phosphites[3b,5]), phosphites are
a very attractive group of compounds for catalysis. They
have many advantages, the most important of which are
that they are easy to prepare from readily available starting
materials and that they are less sensitive to air than phos-
phanes are.[3,6]

The large number of chiral diols available from asymmet-
ric catalysis and from the chiral pool, the excellent results
obtained in asymmetric hydrogenation with diphosphinites
derived from -glucose (intermediate basicity between di-
phosphanes and diphosphites)[7] and, more recently, with
diphosphites[4i] encourage further study of the application
of diphosphites in this reaction.
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docinnamic acid and methyl α-acetamidoacrylate. The kinet-
ics of the reaction was investigated. The solution structures
of the intermediates were studied by 31P- and 1H-HPNMR
spectroscopy and a catalytic cycle is proposed.

Here we report the synthesis of rhodium and iridium
complexes with diphosphites derived from -(1)-xylose and
their use in the asymmetric hydrogenation of acrylic acid
derivatives. We also investigated the kinetics of the catalysis
and the catalytic cycle. These ligands were developed by van
Leeuwen and co-workers and were applied to the asymmet-
ric hydroformylation of styrene with enantioselectivities up
to 62%.[2o] These bulky diphosphites are not only derived
from a readily available carbohydrate, they are also fairly
robust towards hydrolysis.

Results and Discussion

1. Synthesis of Olefinic Complexes

The reaction of the corresponding chiral diphosphites
123 with [M(cod)2]1BF4

2 (M 5 Rh, Ir) in dichloromethane
solution proceeded rapidly, with the displacement of one
molecule of 1,5-cyclooctadiene ligand, even in a large excess
of diphosphite ligand, to afford the cationic mononuclear
complexes [M(PP)(cod)]1 429 (Scheme 1). These com-
plexes were characterised by elemental analysis, 1H-, 13C-,
and 31P-NMR spectroscopy and FAB mass spectrometry.

The presence of two sets of signals in the 31P-NMR spec-
tra of all these complexes revealed the existence of two iso-
mers in very different proportions. The relative abundance
of these isomers did not change with temperature in the
NMR, thereby indicating that there is no interconversion
between them. The presence of isomers may be attributed
to different atropisomers of the bis(phenol) moiety in the
bis(phosphite) ligands, but the rapid ring inversion of the
seven-membered dioxaphosphepin rings detected on the
31P-NMR time scale in the free ligands and its
[HRh(PP)(CO)2][2o] complexes suggest another origin for
these isomers. A second, more plausible possibility is that
there are different conformers for the eight-membered
metal chelate ring.

Molecular mechanics calculations for complexes 429
were carried out. Two different conformers, a (boat2chair)
and b (twist2boat2chair), which differ in the orientation
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Scheme 1. Synthesis of complexes [M(cod)(PP)]1BF4
2 429

Figure 1. Conformers a and b for complex 4

of the oxygen atom attached to C-5 in the sugar moiety,
could be minimised for each complex. Figure 1 shows the
minimised structures of the two conformers for complex 4.
The relative strain energies of these conformers for all com-
plexes 429 are listed in Table 1. The results show that the
most stable conformer is a for all the complexes. Their non-
interconversion in VT-31P NMR and the large difference in
strain energy between the two conformers indicates that
their transition state is extremely inaccessible.

The chemical shifts of the two different phosphorus
atoms in 429 are in the range expected for tricoordinate
PIII esters coordinated to Rh or Ir.[9] The
rhodium2phosphorus coupling constants are very similar
to those found for other [Rh(diolefin)(PP)]1 complexes
where PP is also a diphosphite.[4g] Coupling constants be-
tween 27 and 50 Hz can be observed between the two non-
equivalent phosphorus atoms. The absence of P2P coup-

Table 1. Strain energies [kcal mol21] for conformers a and b of complexes 429; experimental relative abundance (31P-NMR data) in paren-
theses

Conformer[a] 4 5 6 7 8 9

a 484.4 (95) 380.7 (80) 237.8 (75) 404.8 (75) 297.0 (90) 153.1 (75)
b 530.1 (5) 401.0 (20) 268.9 (25) 456.6 (25) 318.9 (10) 184.5 (25)

[a] Recent investigations by our group have shown that relative strain energies between two conformers calculated by MM are very similar
to those calculated with methods based on density functional theory (DFT) (see ref.[8]).
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ling in the free ligand[2o] suggests that these constants
should be considered as 2J(P2P), which means that the
through-metal coupling predominates over through-back-
bone coupling.[9]

The characterisation by 13C and 1H NMR could not al-
ways be carried out because of the low intensity of some
signals, partial overlapping of the spectra of mixtures of the
two isomers or because the signals were too broad (espe-
cially important for product 7). For 6, a lowering of the
temperature allowed the assignment of the 1H-NMR peaks
for both isomers.

2. Hydrogenation of Acrylic Acid Derivatives

The complexes [M(cod)(PP)]1 (M 5 Rh, Ir; PP 5 1, 2,
3) 429 catalyse the asymmetric hydrogenation of itaconic
acid 10 under mild conditions (5 bar, 40 °C) (Scheme 2,
Table 2). In all cases, the (R) absolute configuration
formed predominantly.

Scheme 2. Hydrogenation of acrylic acid derivatives with 429
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Table 2. Hydrogenation of itaconic acid 10 with [M(cod)(PP)]BF4
429; M 5 Rh, Ir {conditions: [cat]/[itaconic acid] 5 1:100; itaconic
acid (2 mmol); solvent (12 mL)}

Precursor p [bar] T [°C] t [h] Conv. (%) ee (%)Entry

1[a] 4 5 40 20 20 20 (R)
2[a] 5 5 40 6 99 49 (R)
3[a] 6 5 40 6 70 45 (R)
4[b] 6 5 40 6 13 n.d.[c]

5[b] 7 5 40 20 100 13 (R)
6[b] 8 5 40 4 100 29 (R)
7[b] 9 5 40 4 100 35 (R)
8[b] 7 5 25 12 44 11 (R)
9[b] 8 5 25 12 68 32 (R)
10[b] 9 5 25 12 70 34 (R)
11[b] 8 1 40 4 87 47 (R)
12[b] 9 1 40 4 100 54 (R)
13[b] 8 1 25 8 70 26 (R)
14[b] 9 1 25 8 50 40 (R)

[a] Toluene/methanol (2:1). 2 [b] CH2Cl2/methanol (2:1). 2 [c] Not
determined.

In contrast to the results reported by Reetz and Neuge-
bauer,[4i] the precursors with the most hindered ligands (2
and 3) brought about the best conversions. The most
hindered ligands, however, are also ligands with electron-
donating groups, which probably enhance the rate of con-
version because they favour the oxidative addition reactions
in the catalytic cycle. The increase in activity with electron-
donating groups in the phenyl groups is lower in the case
of the iridium complexes.

The [Rh(cod)(PP)]1 complexes 426 gave better conver-
sions in toluene/methanol than in CH2Cl2/methanol (e.g.,
Entries 3 and 4) while the [Ir(cod)(PP)]1 complexes 729
were more efficient in CH2Cl2/methanol. Within the accu-
racy of this experiment, there was no change in the enanti-
oselectivities over time. This agrees with the presence of a
unique catalytic species during the hydrogenation (though
there is no proof for it).

The iridium complexes 729 were more active than their
rhodium analogues, but the asymmetric inductions were
lower (between 11 and 35% for the iridium compounds, be-
tween 20 and 50% for the rhodium compounds). The asym-
metric inductions with precursors containing ligand 1 (Ent-
ries 1 and 5) are much lower than those with ligands 2 and
3 (Entries 2, 3, 6, and 7), as would be expected by its smaller
bulkiness. The lower asymmetric induction of precursors
containing ligand 1, compared to 2 and 3, was also ob-
served in the hydroformylation of styrene.[2o] The change of
the substituent at the para position of the bis(phenol) moi-
ety showed very little effect on rate and asymmetric induc-
tion (Entries 2, 3, 6, and 7).

The high activity of the iridium complexes allowed a de-
crease of pressure and temperature of the reaction.
Lowering the reaction temperature from 40 to 25 °C at
5 bar resulted in lower conversions but the asymmetric in-
ductions did not change (Entries 5 vs. 8, 6 vs. 9, 7 vs. 10).
Lowering the hydrogen pressure from 5 to 1 bar at 40 °C
increased the asymmetric inductions (Entries 11 vs. 6, 12 vs.
7). In contrast to the observations at 5 bar, the asymmetric
inductions at 1 bar are temperature-dependent. For both
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complexes with ligands 2 and 3, the enantioselectivity of
the reaction is decreased by a lowering of the temperature
from 40 °C to 25 °C at 1 bar (Entries 11 vs. 13, 12 vs. 14).
This is probably because there are different mixtures of hy-
dride species at 1 bar and 5 bar.

Diphosphites 2 and 3 were also tested for the hydrogena-
tion of other acrylic acid derivatives, α-acetamidocinnamic
acid (11) and methyl α-acetamidoacrylate (12) (Scheme 2).
The results obtained are given in Table 3.

Table 3. Hydrogenation of α-acetoamidocinnamic acid (11) and
methyl α-acetamidoacrylate (12) with [M(cod)(PP)]BF4 5, 6, 8, 9;
M 5 Rh, Ir {conditions: T 5 40 °C, t 5 20 h [cat]/[substrate] 5
1:100; substrate (2 mmol); solvent (12 mL)}

Entry Precursor Substrate P [bar] Conv. (%) ee (%)

1[a] 5 11 5 100 30 (S)
2[a] 6 11 5 100 31 (S)
3[b] 8 11 5 18 15 (S)
4[b] 9 12 5 20 19 (S)
5[a] 5 12 5 99 35 (S)
6[a] 5 12 2 100 21 (S)
7[c] 5 12 5 100 10 (S)
8[a] 6 12 5 94 33 (S)
9[b] 8 12 5 10 6 (S)
10[b] 9 12 5 9 7 (S)
11[b] 8 12 1 22 24 (S)
12[b] 9 12 1 31 35 (S)

[a] Toluene/methanol (2:1). 2 [b] CH2Cl2/methanol (2:1). 2 [c]

CH2Cl2.

At 5 bar, the hydrogenation of 11 and 12 with the rhod-
ium complexes 5 and 6 proceeded at a similar rate to the
hydrogenation of itaconic acid (10), but enantiomeric ex-
cesses were lower (Entries 1, 2, 5, and 8). Lowering the pres-
sure in the hydrogenation of 12 resulted in lower enantiose-
lectivity (Entry 5 vs. 6). The effect was the same when the
solvent was changed from toluene/methanol to CH2Cl2
(Entry 7 vs. 5). At 5 bar, the iridium complexes 8 and 9
were less active and enantioselective than their rhodium
counterparts in the hydrogenation of 11 and 12 (Entry 1 vs.
3, 2 vs. 4; 5 vs. 9, 8 vs. 10). At 5 bar, the iridium complexes
were more active and enantioselective in the hydrogenation
of 11 than in that of 12 (Entries 3, 4 vs. 9, 10). The iridium
compounds were unable to hydrogenate 11 at 1 bar, while
they could hydrogenate 12 (Entries 11, 12) with better en-
antioselectivity than at 5 bar (Entries 11, 12 vs. 9, 10). How-
ever, the asymmetric induction was lower than for substrate
10 (Table 3, Entries 11, 12 vs. Table 2 Entries 11, 12).

3. Catalytic Cycle Elucidation

Enantioselective hydrogenation catalysed by cationic (di-
olefin)(diphosphane)rhodium complexes has been thor-
oughly studied mechanistically. The widely accepted cata-
lytic cycle, a result of the work of the groups of Brown,
Halpern, Landis and Bosnich[10] involves the so-called al-
kene path, the first step of which is the hydrogenation of
the diolefin coordinated to the rhodium centre, followed by
the coordination of the alkene to the free site generated on
the metal centre, the oxidative addition of molecular hydro-
gen, insertion and reductive elimination. Complexes with
diphosphites do not necessarily have to follow the same se-
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quence of steps, because their electronic properties are dif-
ferent from those of phosphanes. To identify the interme-
diates of the Rh-catalytic cycle of the hydrogenation of ita-
conic acid with phosphites and therefore to determine the
sequence in the catalytic cycle, 1H- and 31P-HPNMR stud-
ies were carried out with the complexes of the most
hindered ligand, 3.

3.1. Characterisation Experiments of Rhodium-Cycle
Intermediates

When complex [Rh(3)(cod)]1BF4
2 was dissolved in

[D8]toluene and kept for four hours at room temperature
under 5 bar of H2 pressure, an ABX pattern was obtained
in 31P HPNMR, which did not change after the system was
cooled to 240 °C and then warmed up to 60 °C. The new
compound was identified as [Rh(3)(C7D8)x]1 (Scheme 3).
The stable yellow compound [Rh(3)(C7H8)x]1 (13) was isol-
ated in a larger-scale preparative experiment in toluene. Ele-
mental analysis and 1H NMR in CCl4 suggested that two
toluene molecules was present in the compound. In general,
arenes show a high tendency to form [M(η6-arene)L2]1 spe-
cies when L is a phosphane.[11] The (benzene)(dppe) com-
pound was isolated as [Rh(dppe)(η6-
C6H6)]1BF4

2 ⋅ C6H6.[12] Compound 13 could then be for-
mulated as [Rh(3)(η6-C7H8)]BF4

2 ⋅ C7H8. However, only
one kind of methyl signal for toluene was detected in the
1H-NMR spectrum of this complex. It appeared at δ 5
2.71, in contrast to 2.37 for free toluene. There is probably
a rapid exchange between them on the NMR time scale.

Scheme 3. Intermediates of the Rh catalytic cycle of the hydrogena-
tion of itaconic acid

The two different phosphorous atoms in [Rh(3)(η6-
C7H8)]1 show large P2Rh coupling constants (344.5 and
333.6 Hz), more than 100 Hz larger than in
[Rh(3)(cod)]1BF4

2. These large constants may be explained

Eur. J. Inorg. Chem. 2000, 1287212941290

by the smaller trans influence of the toluene rather than an
olefin as ligand.

When [Rh(3)(η6-C7H8)]1BF4
2 ⋅ C7H8 was treated with

5 bar of H2, no formation of hydride species was detected
by HPNMR as has been reported for different arene [M(η6-
arene)L2]1 complexes.[13]

Moreover, when the complex [Rh(3)(cod)]1BF4
2 was dis-

solved in [D8]toluene/[D4]methanol (2:1) and pressurised to
5 bar of H2 at room temperature for four hours, the ABX
pattern in the 31P-HPNMR spectrum was similar. The com-
pound could be assigned to [Rh(3)(CD3OD)x]1 (Scheme 3).
Cooling it to 240 °C did not change the spectrum.
[Rh(3)(CH3OH)2]1BF4

2 (14) was isolated in a larger scale
experiment in methanol as a stable yellow solid. The P2Rh
coupling constants are also very large and similar to those
obtained with the toluene complex (341.9 and 332.1 Hz).
As has been reported for methanol
[Rh(diphosphane)(CH3OH)2]1 complexes,[14] the formation
of hydride species was not detected by HPNMR when com-
plex [Rh(3)(CH3OH)2]1 was treated with 5 bar of H2.

To study the coordination of itaconic acid in the cationic
complex, the complex [Rh(3)(cod)]1BF4

2 was dissolved in
[D8]toluene and was pressurised to 5 bar at room temper-
ature for four hours. After [Rh(3)(η6-C7D8)]1BF4

2 ⋅ C7D8

was formed, the system was depressurised and an excess of
itaconic acid in [D4]methanol (2:1 with respect to [D8]tol-
uene) was added. After 17 minutes, two products,
[Rh(3)(IA)]1 (15) (IA denotes itaconic acid) and
[Rh(3)(CD3OD)2]1 were observed by 31P-NMR spectro-
scopy. After 50 minutes, only [Rh(3)(IA)]1 was observed
in solution. Itaconic acid makes competitive or cooperative
binding by α- and β-carboxylates possible. This usually re-
sults in three distinct types of complexes (for a 1:1 stoichi-
ometry), which may coexist, where coordination takes place
through the olefin and the α-carboxylate, the β-carboxylate,
or both (Figure 2).[15] Despite the moderate enantiomeric
excesses obtained in the asymmetric hydrogenation of ita-
conic acid with [Rh(3)(cod)]1BF4

2, complex [Rh(3)(IA)]1

exists as a single isomer. Unfortunately, all attempts to isol-
ate this compound were unsuccessful. The P2Rh coupling
constants are very large (329.5 and 334.5 Hz). The P2P
coupling constant is much larger than those for 13 and 14,
which could suggest that the complex has another geo-
metry. This means that the itaconic acid is probably terdent-
ate-coordinated through the olefin and both α- and β-carb-
oxylates. Five-coordination is a usual geometry for itaconic
acid diphosphane RhI complexes.[15] An IR spectrum of the
solution revealed a broad carboxylic band at higher energy
than in the free acid (1667 cm21 vs. 1635 cm21), which sup-
ports the hypothesis about the coordination of both carb-
oxylates. The 2D-NOESY spectrum showed cross-peaks be-
tween the olefinic protons of the itaconic acid and the tert-
butyl groups of the ligand. This supports the hypothesis
that the structure is five-coordinated.

No hydride species were observed in the 1H-HPNMR
spectra when a solution of complex 15 was pressurised at 5
bar of H2.
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Figure 2. Possible types of coordination for itaconic acid

We can assume from the HPNMR results that the first
step is the formation of [Rh(3)S2]1 by hydrogenation of the
olefin coordinated to the rhodium centre. From this species,
there are two ways in which itaconic acid can be hydrogen-
ated (Scheme 3). The first (path A) involves the oxidative
addition of the H2 after the coordination of the alkene,
while in the second (path B) the oxidative addition of H2

takes place first.

3.2. Kinetic Study

To find out more about the mechanism of the Rh-cata-
lyzed hydrogenation of itaconic acid at 5 bar of H2 and
40 °C, we studied the dependence of the rate on the reaction
parameters (itaconic acid concentration, H2 pressure and
Rh concentration). The formation of the hydrogenated
product over time at [Rh] 5 1.66 m is depicted in Fig-
ure 3. The rate of hydrogenation increases after an initial
induction period (which is independent on the H2 pressure
used), due to the hydrogenation of the coordinated cyclo-
octadiene. The formation of methylsuccinic acid is zero-or-
der in substrate concentration, first-order in rhodium con-
centration (Table 4) and almost first-order in hydrogen
pressure (Figure 4) between 5 and 11 bar. Above 11 bar, the
pressure dependence of the rate is no longer linear and de-
clines, which suggests a change in the mechanism.

Figure 3. Variation of the conversion of itaconic acid vs. time

Table 4. Influence of the total rhodium concentration on the reac-
tion rate at 5 bar and 40 °C

k [h21][Rh]T 1023 

0.83 8.1
1.66 18.9
3.33 35.6

Consequently, and due to the complexity of such a sys-
tem (Scheme 3), the individual steps of the catalytic cycle
had to be studied separately. KO[IA] (Scheme 4) can be es-
timated from the HPNMR populations. In this way, and
from the solubility of H2 at 40 °C in toluene/methanol (2:1)
(s 5 2.2⋅1022 ), which was calculated by HPNMR with
CH3CN as a standard, we can estimate KH2 (Scheme 4). A
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Figure 4. Dependency of the conversion of itaconic acid on H2
pressure at 40 °C and [Rh] 5 1.66 m

sample of [Rh(3)(IA)]1BF4
2, generated in situ by mixing

isolated [Rh(3)(CH3OH)2]1BF4
2 and 1 equiv. of itaconic

acid, was charged in the HPNMR tube at 5 bar, to calculate
kH2 by HPNMR (Scheme 4). However, the results are not
conclusive because of the drop in pressure during the hydro-
genation experiment.

Scheme 4. Individual steps of the catalytic cycle

From these results and the fact that the resting state ob-
served by HPNMR at 5 bar is always complex 15, we can-
not conclude that the rate-determining step is not the addi-
tion of H2 to the complex [Rh(3)S2]1, since it should have
a negative order in the itaconic acid concentration. In spite
of this, path B cannot be discarded because the same pat-
tern in the rate law derived from mechanism A can be ob-
tained from path B if the rate-determining step is the addi-
tion of IA to the complex [Rh(3)S2]1.

According to the improved conversion when a more basic
diphosphite was used, the hydrogenation of itaconic acid
with precursor 6 is in agreement with path A, where the
rate-determining step is the oxidative addition after partial
decoordination of IA to complex [Rh(3)(IA)]1.

Conclusions

Complexes [M(diphosphite)(cod)]BF4, M5 Rh, Ir, with
diphosphites derived from xylose, are active in the hydro-
genation of some acrylic acid derivatives and achieve mod-
erate enantioselectivities. The most basic hindered diphos-
phites provided better conversions and selectivities. Under
the same conditions, the rhodium-catalysed hydrogenation
achieved better enantioselectivities than the iridium-cata-
lysed reaction. Kinetic studies of the Rh-catalysed hydro-
genation of itaconic acid between 5 and 11 bar were consist-
ent with a reaction rate which is zero-order in itaconic acid
concentration, first-order in rhodium concentration and
first-order in H2 pressure. Despite the electronic differences
between phosphanes and phosphites, the Rh-catalysed hy-
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drogenation of itaconic acid with diphosphites seems to fol-
low the same mechanism as the one proposed for diphos-
phanes in the hydrogenation of α-acetamidocinnamic acid.

Experimental Section

General Comments: All syntheses were performed by standard
Schlenk techniques under nitrogen or argon. The complexes
[Rh(cod)2]1BF4

2,[16] [Ir(cod)2]1BF4
2,[16] and the diphosphite ligands

1, 2, and 3[2o] were prepared by previously described methods. Solv-
ents were purified by standard procedures. All other reagents were
used as commercially available. Elemental analyses were performed
with a Perkin2Elmer 240 B instrument. 1H-, 13C{1H}-, and
31P{1H}-NMR spectra were recorded with a Varian Gemini
300 MHz spectrometer. Chemical shifts are relative to SiMe4 (1H
and 13C) as internal standard or H3PO4 (31P) as external standard.
All assignments of NMR spectra were determined by means of
COSY and HETCOR spectra. Standard pulse sequences were em-
ployed for the 1H-2D-NOESY.[17] EI mass spectra were obtained
with an HP 5989 A spectrometer. VG-Autospect equipment was
used for FAB mass-spectral analyses. The matrix was m-nitrobenzyl
alcohol. Optical rotations were measured at 25 °C with a
Perkin2Elmer 241 MC polarimeter. Hydrogenation reactions at
high pressure were carried out in a home-made 100-mL stainless
steel autoclave. The reaction under 1 atm of H2 was performed in
a previously described hydrogen2vacuum line.[18] The molecular
mechanics calculations were carried out with the program
CERIUS2 developed by Molecular Simulations (MSI)[19]and the
force field UFF developed by Rappe et al.[20] Electrostatic interac-
tions were taken into account from atomic charges generated by
the Qeq method.[21]

Preparation of Rhodium Complexes. 2 General Procedure: The di-
phosphite ligand (0.1 mmol) was added to a solution of
[Rh(cod)2]BF4 (40.5 mg, 0.1 mmol) in dichloromethane (2 mL).
After 10 min, the desired products were obtained by precipitation
with hexane.

[Rh(1)(COD)]1BF4
2 (4): (76 mg, 83%) yellow solid. 2 MS; m/z:

829 [M1]. 2 C40H40BF4O9P2Rh: calcd. C 52.42, H 4.40; found C
51.99, H 4.51. 2 Major conformer (95% according to 31P NMR):
31P NMR (121.4 MHz, CDCl3, 293 K): δ 5 133.4 [dd, 1 P,
2J(P,H) 5 50.0 Hz, 1J(P,Rh) 5 259.2 Hz], 139.4 [dd, 1 P, 2J(P,H) 5

50.0 Hz, 1J(P,Rh) 5 253.1 Hz]; 1H NMR (300 MHz, CDCl3,
293 K): δ 5 1.19 (s, 3 H, CH3), 1.42 (s, 3 H, CH3), 2.35 (m, 8 H,
CH2), 4.01 [d, 1 H, H-2, 3J(H2,H1) 5 3.3 Hz], 4.57 (m, 1 H, H-4),
4.68 (m, 1 H, H-59), 5.12 (m, 1 H, H-5), 5.32 (m, 1 H, H-3), 5.52
(m, 1 H, CH5), 5.69 (m, 1 H, CH5), 5.92 [d, 1 H, H-1,
3J(H1,H2) 5 3.3 Hz], 5.99 (m, 1 H, CH5), 6.04 (m, 1 H, CH5),
7.3027.8 (m, 16 H, Ph); 13C NMR (75.4 MHz, CDCl3): δ 5 26.5
(CH3), 26.9 (CH3), 28.2 (CH2), 29.9 (CH2), 30.0 (CH2), 30.4 (CH2),
63.3 (C-5), 76.7 (C-4), 81.3 (C-3), 84.4 (C-2), 105.4 (C-1), 109.0 (m,
CH5), 109.9 (m, CH5), 111.0 (m, CH5), 111.9 (m, CH5,), 113.0
(CMe2), 121.8, 122.0, 122.5, 127.0, 127.5, 127.6, 127.7, 129.4, 129.7,
130.0, 130.6, 130.8, 130.9, 131.1, 131.3, 131.5 (Ph). 2 Minor con-
former (5% according to 31P NMR): 31P NMR (121.4, CDCl3,
293 K): δ 5 118.2 [dd, 1 P, 2J(P,P) 5 54.0 Hz, 1J(P,Rh) 5

261.2 Hz], 139.4 [dd, 1 P, 2J(P,P) 5 54.0 Hz, 1J(P,Rh) 5 256.1 Hz].

[Rh(2)(COD)]1BF4
2 (5): (107 mg, 89%) yellow solid. 2 MS; m/z:

1173 [M1]. 2 C60H80BF4O13P2Rh ⋅ 1/2 CH2Cl2: calcd. C 55.75, H
6.27; found C 56.28, H 7.01. 2 1H NMR (300 MHz, CDCl3,
293 K): δ 5 1.26 (s, 3 H, CH3), 1.52 (m, 18 H, CH3 tBu), 1.66 (m,
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21 H, CH3, CH3 tBu), 2.35 (m, 8 H, CH2), 3.03 (m, 1 H, H-2),
3.84 (s, 12 H, OMe), 3.92 (m, 2 H), 4.19 (m, 1 H), 4.73 (m, 1 H),
5.04 (m, 1 H, CH5), 5.29 (m, 1 H, CH5), 5.52 (m, 1 H, H-1), 6.02
(m, 2 H, CH5), 6.727.3 (m, 8 H, Ph). 2 Major conformer (80%
according to 31P NMR): 2 31P NMR (121.4 MHz, CDCl3, 233 K):
δ 5 122.9 [dd, 1 P, 2J(P,P) 5 52.2 Hz, 1J(P,Rh) 5 208.2 Hz], 124.9
[dd, 1 P, 2J(P,P) 5 52.2 Hz, 1J(P,Rh) 5 214.3 Hz]. 2 Minor con-
former (20% according to 31P NMR): 2 31P NMR (121.4 MHz,
CDCl3, 233 K): δ 5 114.8 [dd, 1 P, 2J(P,P) 5 27.5 Hz, 1J(P,Rh) 5

201.4 Hz], 116.9 [dd, 1 P, 2J(P,P) 5 27.5 Hz, 1J(P,Rh) 5 208.7 Hz].

[Rh(3)(COD)]1BF4
2 (6): (115 mg, 84%) yellow solid. 2 MS; m/z:

1277 [M1]. 2 C72H104BF4O9P2Rh ⋅ 1/2 CH2Cl2: calcd. C 61.91, H
7.52; found C 61.21, H 7.31. 2 1H NMR (300 MHz, CDCl3,
293 K): δ 5 1.27 (s, 3 H, CH3), 1.35 (m, 36 H, CH3 tBu), 1.55 (m,
18 H, CH3 tBu), 1.70 (m, 21 H, CH3, CH3 tBu), 2.10 (m, 2 H,
CH2), 2.40 (m, 6 H, CH2), 3.23 (m, 1 H, H-2), 4.16 (m, 2 H), 4.83
(m, 2 H), 5.22 (m, 1 H, CH5), 5.57 (m, 1 H, H-1), 6.03 (m, 1 H,
CH5), 6.11 (m, 2 H, CH5), 7.027.8 (m, 8 H, Ph). 2 Major con-
former (75% according to 31P NMR): 2 31P NMR (121.4 MHz,
CDCl3, 293 K): δ 5 121.4 [dd, 1 P, 2J(P,P) 5 36.6 Hz, 1J(P,Rh) 5

225.6 Hz], 123.6 [dd, 1 P, 2J(P,P) 5 36.6 Hz, 1J(P,Rh) 5 231.1 Hz];
1H NMR (300 MHz, CDCl3, 233 K): δ 5 1.36 (m, 21 H, CH3, CH3

tBu), 1.54 (m, 12 H, CH3, CH3 tBu), 1.67 (m, 9 H, CH3 tBu), 2.05
(m, 2 H, CH2), 2.34 (m, 4 H, CH2), 2.57 (m, 2 H, CH2), 3.05 [m,
1 H, H-2, 3J(H2,H1) 5 2.3 Hz], 4.09 (m, 2 H, H-4, H-59), 4.77 (m,
1 H, H-3), 5.04 (m, 1 H, H-5), 5.28 (m, 2 H, CH5), 5.51 [d, 1 H,
H-1, 3J(H1,H2) 5 2.3 Hz], 6.25 (m, 2 H, CH5), 7.027.8 (m, 8 H,
Ph). 2 Minor conformer (25% according to 31P NMR): 2 31P
NMR (121.4 MHz, CDCl3, 233 K): δ 5 111.2 [dd, 1 P, 2J(P,P) 5

44.5 Hz, 1J(P,Rh) 5 218.2 Hz], 113.2 [dd, 1 P, 2J(P,P) 5 44.5 Hz,
1J(P,Rh) 5 227.5 Hz]; 1H NMR (300 MHz, CDCl3, 233 K): δ 5

1.24 (s, 3 H, CH3), 1.36 (m, 18 H, CH3 tBu), 1.54 (m, 9 H, CH3

tBu), 1.67 (m, 9 H, CH3 tBu), 1.72 (s, 3 H, CH3), 2.05 (m, 2 H,
CH2), 2.34 (m, 4 H, CH2), 2.57 (m, 2 H, CH2), 3.56 [m, 1 H, H-2,
3J(H2,H1) 5 2.5 Hz], 4.56 (m, 2 H, H-4, H-59), 4.77 (m, 1 H, H-
3), 5.04 (m, 1 H, H-5), 5.28 (m, 2 H, CH5), 5.71 [d, 1 H, H-1,
3J(H1,H2) 5 2.5 Hz], 6.25 (m, 2 H, CH5), 7.027.8 (m, 8 H, Ph).

Preparation of Iridium Complexes. 2 General Procedure: The di-
phosphite ligand (0.1 mmol) was slowly added to a cooled (195 K)
solution of [Ir(cod)2]BF4 (49.7 mg, 0.1 mmol) in dichloromethane
(2 mL). The resulting solution was stirred and the temperature was
increased to 273 K. After 2 min, the desired product was obtained
by precipitation with diethyl ether.

[Ir(1)(COD)]1BF4
2 (7): (88 mg, 88%) as a white solid. 2 MS; m/z:

919 [M1]. 2 C40H40BF4IrO9P2: calcd. C 47.77, H 4.01; found C
47.82, H 4.32. 2 Major conformer (75% according to 31P NMR):
31P NMR (121.4 MHz, CD2Cl2, 293 K): δ 5 105.3 (broad, 1 P),
104 (broad, 1 P). 2 Minor conformer (25% according to 31P
NMR): 31P NMR (121.4 MHz, CD2Cl2): δ 5 104.8 (broad, 1 P),
103.5 (broad, 1 P).

[Ir(2)(COD)]1BF4
2 (8): (75 mg, 60%) as a purple solid. 2 MS; m/z:

1263 [M1]. 2 C60H80BF4IrO13P2 ⋅ 1/2 CH2Cl2: calcd. C 54.36, H
6.71; found C 54.48, H 6.66. 2 Major conformer (90% according
to 31P NMR): 31P NMR (121.4 MHz, CD2Cl2, 253 K): δ 5 113.2
[d, 1 P, 2J(P,P) 5 48.4 Hz], 113.7 [d, 1 P, 2J(P,P) 5 48.4 Hz]; 1H
NMR (300 MHz, CD2Cl2, 253 K): δ 5 1.34 (s, 3 H, CH3), 1.54 (m,
21 H, CH3, CH3 tBu), 1.59 (m, 18 H, CH3 tBu), 2.05 (m, 3 H,
CH2), 2.19 (m, 4 H, CH2), 2.34 (m, 1 H, CH2), 2.92 (m, 1 H, H-
2), 3.82 (s, 12 H, OMe), 4.01 (m, 1 H), 4.15 (m, 2 H), 4.81 (m, 2
H, H, CH5), 5.01 (m, 1 H, CH5), 5.43 (m, 1 H, H-1), 6.08 (m, 2
H, CH5), 6.627.4 (m, 8 H, Ph). 2 Minor conformer (10% accord-
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ing to 31P NMR): 31P NMR (121.4 MHz, CD2Cl2, 253 K): δ 5

114.8 [dd, 1 P, 2J(P,P) 5 49.2 Hz], 116.9 [dd, 1 P, 2J(P,P) 5

49.2 Hz].

[Ir(3)(COD)]1BF4
2 (9): (115 mg, 72%) as a purple solid. 2 MS; m/z:

1365 [M1]. 2 C72H104BF4IrO9P2: calcd. C 59.45, H 7.21; found C
58.99, H 7.30. 2 1H NMR (300 MHz, C7D8, 293 K): δ 5

1.2021.40 (m, 39 H, CH3, CH3 tBu), 1.4521.70 (m, 39 H, CH3,
CH3 tBu), 2.10 (m, 8 H, CH2), 3.48 (m, 1 H, H-2), 3.90 (m, 1 H),
4.15 (m, 2 H), 4.50 (m, 1 H, CH5), 4.71 (m, 1 H, CH5), 5.06 (m,
1 H), 5.71 (m, 1 H, H-1), 5.80 (m, 2 H, CH5), 6.827.8 (m, 8 H,
Ph). 2 Major conformer (75% according to 31P NMR): 31P NMR
(121.4 MHz, C7D8, 293 K): δ 5 109.76 [d, 1 P, 2J(P,P) 5 46.1 Hz],
111.23 [d, 1 P, 2J(P,P) 5 46.1 Hz]. 2 Minor conformer (25% ac-
cording to 31P NMR): 31P NMR (121.4 MHz, C7D8, 293 K): δ 5

100.18 (m, 2 P).

[Rh(3)(C7H8)]1BF4
2 ⋅ C7H8 (13): A 100-mL vessel was filled with

a solution of 6 (0.05 mmol) in toluene (10 mL) and placed into the
autoclave. The autoclave was purged three times with hydrogen and
pressurised to the appropriate pressure (5 bar). After a reaction
time of 3 h at room temperature, the autoclave was depressurised.
The product was then obtained as a yellow solid by concentration
to dryness (70 mg, quantitative). 2 C78H108BF4O9P2Rh: calcd. C
65.00, H 7.55; found C 64.65, H 7.67. 2 1H NMR (300 MHz,
C7D8): δ 5 1.0021.40 (m, 42 H, CH3, CH3 tBu), 1.6022.00 (m,
36 H, CH3 tBu), 2.71 (s, Ph2CH3), 3.62 [dd, 1 H, H-59,
2J(H59,H5) 5 8.8 Hz, 3J(H59,H4) 5 6.1 Hz], 3.92 [d, 1 H, H-2,
3J(H2,H1) 5 3.3 Hz], 4.34 [dd, 1 H, H-5, 2J(H5,H59) 5 8.8 Hz,
3J(H5,H4) 5 12.4 Hz], 4.45 (m, 1 H, H-4), 5.26 (m, 1 H, H-3), 5.78
[d, 1 H, H-1, 3J(H1,H2) 5 3.3 Hz], 7.028.0 (m, 18 H, Ph). 2 31P
NMR (121.4 MHz, C7D8): δ 5 128.88 [dd, 1 P, 2J(P,P) 5 49.8 Hz,
1J(P,Rh) 5 344.5 Hz], 129.62 [dd, 1 P, 2J(P,P) 5 49.8 Hz,
1J(P,Rh) 5 333.6 Hz].

[Rh(3)(CH3OH)2]1BF4
2 (14): A 10-mL Schlenk flask was filled

with a solution of 13 (0.05 mmol) in methanol (10 mL). After a
reaction time of 30 min at room temperature, the product was ob-
tained as a yellow-orange solid by concentration to dryness (62 mg,
quant.). 2 C66H100BF4O11P2Rh: calcd. C 60.00, H 7.63; found C
60.11, H 7.87. 2 1H NMR (300 MHz, CD3OD): δ 5 1.05 (s, 3 H,
CH3), 1.32 (s, 3 H, CH3), 1.36 (s, 18 H, CH3 tBu), 1.38 (s, 18 H,
CH3 tBu), 1.62 (s, 18 H, CH3 tBu),1.90 (s, 18 H, CH3 tBu), 2.32
(s, OH), 3.17 [d, 1 H, H-2, 3J(H2,H1) 5 3.3 Hz], 3.48 (s, CH32O),
4.09 (m, 2 H, H-5, H-59), 4.56 (m, 1 H, H-4), 4.74 (m, 1 H, H-3),
5.52 [d, 1 H, H-1, 3J(H1,H2) 5 3.3 Hz]. 2 31P NMR (121.4 MHz,
CD3OD): δ 5 132.32 [dd, 1 P, 2J(P,P) 5 50.3 Hz, 1J(P,Rh) 5

341.9 Hz], 133.07 [dd, 1 P, 2J(P,P) 5 50.3 Hz, 1J(P,Rh) 5 332.1 Hz].

[Rh(3){CH25C(CH2COOH)(COOH)}]1BF4
2 (15): Itaconic acid

(6.1 mg, 0.05 mmol) was added to a solution of 14 (62 mg,
0.05 mmol) in [D4]methanol (1 mL). After 1 h, the NMR tube was
filled and the mixture analysed. 2 1H NMR (300 MHz, CD3OD):
δ 5 1.04 (s, 3 H, CH3), 1.32 (s, 3 H, CH3), 1.35 (s, 18 H, CH3 tBu),
1.37 (s, 18 H, CH3 tBu), 1.61 (s, 18 H, CH3 tBu),1.88 (s, 18 H, CH3

tBu), 3.18 [d, 1 H, H-2, 3J(H2,H1) 5 3.6 Hz], 3.30 (s, 2 H, CH2),
4.08 (m, 2 H, H-5, H-59), 4.43 (m, 1 H, H-4), 4.75 (m, 1 H, H-3),
5.52 [d, 1 H, H-1, 3J(H1,H2) 5 3.6 Hz], 5.72 (m, 1 H, CH5), 6.27
(m, 1 H, CH5). 2 13C NMR (75.4 MHz, CD3OD): δ 5 27.1
(CH3), 27.5 (CH3), 32.3 (CH3 tBu), 32.4 (CH3 tBu), 32.9 (CH3

tBu), 33.2 (CH3 tBu), 33.6 (CH3 tBu), 33.8 (CH3 tBu), 38.8(CH2),
65.2(d, C-5, J(C,P) 5 5.8 Hz), 78.2 (dd, C-4, J 5 10.0 Hz, J 5

6.3 Hz), 81.4 (d, C-3, J(C,P) 5 9.5 Hz), 84.7 (C-2), 107.9 (C-1),
114.4 (CMe2), 129.1 (d, CH25, J 5 30.6 Hz). 2 31P NMR
(121.4 MHz, CD3OD): δ 5 138.59 [dd, 1 P, 2J(P,P) 5 79.1 Hz,
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1J(P,Rh) 5 329.5 Hz], 139.86 [dd, 1 P, 2J(P,P) 5 79.1 Hz,
1J(P,Rh) 5 334.5 Hz].

Hydrogenation Experiments: The reactions were performed in a
home-made autoclave. The autoclave was purged three times with
H2. In a typical run, catalytic precursor (0.02 mmol) and substrate
(2 mmol) were dissolved in the appropriate mixture of solvents
(12 mL) and introduced in the purged autoclave. After pressurising
to the desired pressure with hydrogen and heating the autoclave to
the reaction temperature, the reaction mixture was stirred. During
the reaction, a number of samples were taken and analysed by
NMR. After the desired reaction time, the autoclave was cooled to
room temperature and depressurised. The solvent was evaporated.

Workup of the Hydrogenation Product: The following procedures
were used to isolate the hydrogenation product. For methylsuccinic
acid and N-acetylphenylalanine, the residue was dissolved in 0.5 

NaOH and separated from the insoluble catalyst by filtration. The
filtrate was acidified with diluted HCl, extracted with ether, and
washed with a little water. The ethereal phase was dried with so-
dium sulfate and concentrated to dryness. The extent of conversion
was measured by 1H-NMR spectroscopy. The enantiomeric ex-
cesses were determined by polarimetry.[22] For N-acetylalanine
methyl ester, gas chromatography analyses were performed in a
Hewlett2Packard 5890A instrument (fused silica capillary column
25 m 3 0.25 mm permabond -Chirasil-Val).
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[21] A. K. Rappé, W. A. Goddard-III, J. Phys. Chem. 1991, 95,
335823363.

[22] D. Lafont, D. Sinou, G. Descotes, J. Organomet. Chem. 1979,
169, 87295.

Received October 11, 1999
[I99357]


