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A systematic analysis of the effect of pressure, temperature and ligand :metal molar ratio on the selectivity of styrene
hydroformylation catalysed by rhodium and (3R,4R)-1-benzyl-3,4-bis(diphenylphosphino)pyrrolidine ligand I was
carried out. The enantioselective discrimination was insignificant in all cases and the regioselectivity nearly identical
to that obtained with the Rh–PEtPh2 catalyst under the same reaction conditions. An NMR study was performed
in order to elucidate the species formed in both systems under catalytic reaction conditions. Molecular mechanics
calculations were also carried out in an attempt to rationalize the catalytic and NMR experiments. Thus, evidence
is provided for bridging co-ordination of the diphosphine I in different rhodium complexes. The presence of these
species in the hydroformylation reaction accounts for the selectivity observed. The results for this catalytic system
were compared with those for related diphosphines already reported.

Introduction
Hydroformylation is one of the most important processes
among those using homogeneous transition metal catalysts.
The synthesis of optically active aldehydes from easily available
olefins is an attractive strategy for the production of useful
building blocks in the synthesis of biologically active products.
Thus, in the last twenty years, great effort has been made in the
design of enantioselective hydroformylation catalysts. Until the
beginning of this decade, Pt–Sn catalysts with selected chiral
diphosphines gave the best enantiomeric excesses (e.e.),
although chemo- and regio-selectivities obtained with these
systems were often not satisfactory.1 However, in recent years,
remarkable results have been reported in the area of asym-
metric rhodium catalysed hydroformylation.2 Phosphine–
phosphite,3 diphosphite 4 and diphosphinite 5 co-catalyst ligands
have provided excellent chemo- and regio-selectivities, as well as
60 to 95% e.e., mainly in the hydroformylation of vinylarenes.
The phosphine–phosphite ligand BINAPHOS (BINAPHOS =
(R)-[2-(diphenylphosphino)-1,1�-binaphthalen-2�-yl]-[(S)-1,1�-
binaphthalen-2,2�-yl]phosphite) has also been successfully
applied to other types of substrates.6 In spite of the amount of
work accumulated, it is not clear what the crucial factors in the
design of ligands for highly enantioselective rhodium catalysts
are. For instance, BINAPHOS and the diphosphinite ligands
have C1 symmetry, while the diphosphites have C2 symmetry.
Furthermore, BINAPHOS adopts an axial–equatorial co-
ordination in the putative rhodium trigonal bipyramidal species
[RhH(PP)(CO)2] (PP = diphosphine ligand) under syn-gas
(CO � H2), while the diphosphites form equatorial–equatorial
species. Nevertheless, a common characteristic of all these
highly enantioselective systems is that they do not form clas-
sical five or six membered chelating rings, which are common in
catalytic species used in other asymmetric reactions. Finally, the
best performing enantioselective catalysts for hydroformylation
also seem to form a single active catalytic species, as shown in
some cases by spectroscopic techniques.7

Recently, in the hydroformylation of styrene with a rhodium
catalyst modified with 2,4-bis(diphenylphosphino)pentane
(bdpp), a significant enhancement in the regio- and enantio-
selectivity has been reported with increase of the ligand to
metal molar ratio.8 In this case, high pressure NMR and IR

revealed that, under syn-gas, the axial–equatorial co-ordinated
complex [RhH(PP)(CO)2] (PP = bdpp) is the only active species,
which is in equilibrium with the inactive dimer [Rh2(PP)2-
(CO)4].

9 Interestingly, when 2,3-bis(diphenylphosphino)butane
(chiraphos) was used in the same reaction instead of bdpp,
increase in the ligand to metal molar ratio produces a drop in
the enantioselectivity of the reactions.10 These unexpected
results prompted us to study the hydroformylation of styrene
catalysed by rhodium and the ligand (3R,4R)-1-benzyl-3,4-
bis(diphenylphosphino)pyrrolidine I. This 1,2-diphosphine was
first reported by Nagel et al.11 and it should form a more
strained chelate ring than chiraphos. On the other hand, the
pyrrolidinic backbone should produce a wider P–Rh–P chelate
angle, thus resembling that of ligand bdpp. In this paper we
describe the effects of the ligand :metal molar ratio and the reac-
tion conditions (temperature and pressure) on the selectivity of
the hydroformylation of styrene catalysed by rhodium and
ligand I. The results are compared with those of the Rh–
PEtPh2 catalyst. We also present NMR and molecular mechan-
ics studies in an attempt to explain the differences observed
between this and structurally related catalytic systems.

Results and discussion
Catalytic results

The rhodium diphosphine catalyst was generated by mixing
appropriate amounts of [Rh2(µ-OMe)2(cod)2] and compound I
under CO and H2 pressure. Styrene was used as substrate to
test the activity and selectivity of the catalysts in the hydro-
formylation reaction (Scheme 1).

Table 1 lists the results of the reaction at 80 and 65 �C, in a
pressure range from 8 to 30 bar, and diphosphine :metal molar
ratio between 1.25 and 2 :1. In all the experiments, samples were
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Table 1 Hydroformylation of styrene with rhodium catalyst and ligand I and PEtPh2

Entry T/�C P/bar I :Rh a PEtPh2 :Rh a t/h % Conversion b % Aldehyde c
% Branched
aldehyde d % e.e.e 

1
2
3
4
5 f

6
7
8
9

10
11
12

65
65
65
65
65
80
80
80
80
65
65
80

8
8

30
30
30
8
8

30
30
8

30
8

1.25
2
1.25
2
2
1.25
2
1.25
2
0
0
0

0
0
0
0
0
0
0
0
0
2
2
2

6
22
8
8
8

11
12
7
7
2
1.4
0.4

53
97
72
91
49
97
90
98
99
97
98
87

>99
99
99
98

>99
>99
>99

99
98

>99
>99
>99

86
94
90
86
87
69
86
88
84
85
90
68

<2
<2

3
<2

4
4
3

<2
4
—
—
—

a Ligand to metal molar ratio. b Converted olefin as percentage of the initial amount. c Percentage of aldehydes relative to the olefin converted.
d Branched aldehyde III relative to the total amount of aldehyde formed. e Enantiomeric excess of the S isomer. Reaction conditions: 10 mmol of
styrene, 0.0125 mmol of [Rh2(µ-OMe)2(cod)2], and the appropriate amount of I or PEtPh2 in 15 ml of toluene; P(CO) = P(H2). 

f Reaction was run
with the cationic diphosphine II in CH(OEt)3, and the corresponding ethyl acetals were obtained (see text).

taken from the autoclave during the reaction and the com-
position of the mixture was analysed. The results showed that
both the regio- and enantio-selectivity were constant through-
out time within the experimental error range (±1%), which
indicates that the catalytically active species did not signifi-
cantly evolve during the process.

As expected, the rhodium–diphosphine catalyst is highly
chemoselective, since ethylbenzene was always less than 2%.
The enantiomeric excess found for 2-phenylpropanal III was
insignificant (≤6%), regardless of the reaction conditions
employed. Therefore, contrary to the case of bdpp or
chiraphos, no effect was observed on the steroselectivity by
changing the metal to ligand molar ratio. Since the enantio-
meric excess did not depend on the conversion, the low stereo-
selectivity could not be attributed to a racemization of the
aldehyde. However, since the amine group of the diphosphine
ligand could catalyse the enolization of the aldehyde, an
experiment was designed to discard epimerization of III. Direct
synthesis of ethyl acetals under hydroformylation conditions
can minimize aldehyde racemization. In the case of platinum–
tin–phosphine hydroformylation catalysts this is achieved by
using triethyl orthoformate as a solvent, the metal complex act-
ing as catalyst for the transacetalization reaction.12 However,
when rhodium–phosphine catalysts are used an additional
acid catalyst is required to form the acetals. Pyridinium
p-toluenesulfonate has been reported efficiently to catalyse the
acetalization of aldehydes formed under hydroformylation
conditions.13 Following this approach, we have used the ammo-
nium tosylate salt II as acid catalyst. This was synthesized by
mixing ether solutions of ligand I with p-toluenesulfonic acid.
Using triethyl orthoformate as solvent and II as co-catalyst
(entry 5), at 65 �C and 30 bar, a 4% e.e. was obtained, which is
nearly identical to the value found with co-catalyst I in toluene
under the same reaction conditions (entry 4). Although the
reaction rate in HC(OEt)3 is significantly slower, the same
regioselectivity (87%) was observed in the two experiments for
the branched acetal IV and aldehyde III. Thus, protonation of
the pyrrolidine does not affect the intrinsic selectivity of the

Scheme 1

catalyst, but efficiently catalyses the in situ acetalization of the
aldehydes. The conclusion is that the enolization of aldehyde
III is not responsible for the very low e.e. obtained with the
rhodium/ligand I catalytic system.

At all the pressures and temperatures tested, the regio-
selectivity in the branched aldehyde III depends on the ligand :
metal molar ratio. The effect is, however, more remarkable at
low pressures. Rhodium catalysts containing diphosphines
bdpp and chiraphos showed an increase of the regioselectivity
in the branched aldehyde III when the pressure is raised or the
temperature is decreased, regardless of the ligand :metal molar
ratio used.10 In the case of the catalytic system Rh/ligand I, the
selectivity in the branched aldehyde at [I]/[Rh] = 1.25 follows
the same trend observed for chiraphos and bdpp (entries 1, 3, 6
and 8). At ligand :metal molar ratio = 2 :1 a drop in the selectiv-
ity was observed when the pressure was raised (entries 2, 4
and 7, 9). These results suggest some differences between the
catalytic system formed with ligand I and those of bdpp or
chiraphos.

The hydroformylation of styrene catalysed by rhodium and
the phosphine PEtPh2 was also studied and compared with the
results obtained with ligand I. Ethyldiphenylphosphine was
chosen to simulate the electronic and steric properties of the
diphosphine I co-ordinating as a monodentate ligand. The
most significant feature observed is the nearly identical selectiv-
ity achieved at [I]/[Rh] = 1.25 and [PEtPh2]/[Rh] = 2 (entries 1,
10; 3, 11; 6, 12). Furthermore, the rate observed for the mono-
phosphine catalyst was 4–10 times higher than that for the
diphosphine I. These results could be explained by considering
that the latter forms a rhodium species where the ligand is co-
ordinated in monodentate mode. The rhodium species could be
the fastest catalyst among the other active species in the reac-
tion mixture. Therefore, even if it is present at low concen-
tration, most of the converted olefin would circulate through
this active species, which is structurally related to the catalyst
formed by Rh with PEtPh2. Both the similar regioselectivity
obtained with ligand I and PEtPh2 and the very low e.e. reached
with the former can be rationalized in this way. To summarize,
ligand I shows a different catalytic behaviour to that of bdpp or
chiraphos since it renders very low e.e. under all the reaction
conditions tested. Furthermore, the regioselectivities obtained
are nearly identical to those measured in experiments with
PEtPh2 at a similar P :Rh molar ratio.

NMR experiments

Since the catalytic results suggest the presence of species in
which there is only one phosphorus atom of ligand I per
rhodium atom, i.e. monodentate or bridging bidentate co-
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ordination, an NMR study was undertaken to provide some
direct experimental evidence of this unusual co-ordination for a
1,2-diphosphine.

First, we analysed the species formed in mixtures of [Rh2-
(µ-OMe)2(cod)2] and PEtPh2 under CO and H2 pressure (30
bar), as a model system for the monodentate co-ordination of
ligand I. The data are collected in Table 2. When the phos-
phine :metal molar ratio is 2 :1, the 31P-{1H} NMR shows a
doublet centred at δ 31.2 (JRh-P = 131 Hz), which is associated
with a hydride signal split into a triplet of doublets (δ �9.3;
JP-H = 15, JRh-H = 7 Hz). No other hydride signals are observed
in this system. This small P–H coupling constant is character-
istic of phosphines co-ordinated in equatorial positions of a
trigonal bipyramidal complex. However, a recent report 14 sug-
gests that a JP-H = 15 Hz could correspond to a mixture of
axial–equatorial and equatorial–equatorial isomers in fast equi-
librium, roughly in 1 to 3 molar ratio. Thus, species [RhH(CO)2-
(PEtPh2)2] 1 and 2 in Scheme 2 must be responsible for these 31P

and 1H NMR signals. The complex [RhH(CO)2(PPh3)2] is also
known to exist in a mixture of equatorial–equatorial and axial–
equatorial (85 :15) isomers.15

At a molar ratio PEtPh2 :Rh = 2 :1 the 31P-{1H} NMR
shows two additional signals centred at δ 16.4 and 20.3, the
first being twice as intense as the second. The pattern of these
signals can be satisfactorily simulated (Fig. 1) with the param-
eters in Table 2 for the binuclear species 3 (Scheme 2). When the
phosphine to rhodium molar ratio was increased to 4 :1 the
signals of the mononuclear and binuclear species broadened,
and a new broad and weak doublet centred at δ 14.0 (JRh-P = 147
Hz) appeared. This could correspond to a species 4 (Scheme 2),
structurally related to 3. In fact, both the 31P NMR chemical
shift and the JRh-P of 4 are very similar to those of the com-

Scheme 2

Table 2 The 31P-{1H} and 1H NMR data for the species of the Rh–
PEtPh2 catalytic system under 30 bar of CO/H2 (1 :1) a

Species 31P δ, J/Hz 1H δ, J/Hz

1 and 2 b

3 b

4 d

31.2 (d); JRh-P = 131

20.3 c (dt); 1JRh-P = 135,
3JP-P = 12, 2JRh-P < 2
16.4 d (ddd); 1JRh-P = 152,
3JP-P = 12, 2JRh-P = 8
14.0 (br d); 1JRh-P = 147

�9.3 (td); JP-H = 15,
JRh-H = 7

a d = doublet; td = triplet of doublets; dt = doublet of triplets;
ddd = doublet of doublets of doublets; br = broad. b Observed at PEt-
Ph2 :Rh molar ratios 2 and 4 :1. c The signals at δ 16.4 and 20.3 integrate
2 :1. d Observed at PEtPh2 :Rh molar ratio 4 :1.

parable phosphorus in species 3. However, the lack of a fine
structure in the NMR signal does not allow an unequivocal
assignment for species 4.

In a second set of experiments the reaction between
[RhH(CO)(PPh3)3] 5 and ligand I was studied by NMR at dif-
ferent molar ratios. The results are collected in Table 3. It is
worth noting that these reactions produced a complex system
with different species, even at low ligand to complex molar
ratio, in contrast with the reported results of reaction of 5 and
classical chelating diphosphanes, which yields a single species
[RhH(CO)(PP)(PPh3)] (PP = diphosphane).16,17

When the molar ratio I :5 ≤ 1 :1 the hydride region of the 1H
NMR shows a broad signal centred at δ �9.7, which sharpens
at �60 �C, and becomes the characteristic broad quadruplet
(JP-H = 13 Hz) of [RhH(CO)(PPh3)3] at �50 �C.15 The charac-
teristic signal for this compound was also observed in the
31P-{1H} NMR.17

At a molar ratio I :5 ≤ 1 a 14-line signal, centred at δ �10.5
(Fig. 2a) was also observed in the 1H NMR spectrum. This
signal could correspond to a five-co-ordinated species
[RhH(CO)(PP)(PPh3)] where PP is ligand I co-ordinating at
axial and equatorial positions. Consistently, this species occurs
as a 24 line-signal in the 31P-{1H} NMR spectrum correspond-
ing to the three chemically different P atoms, as is shown in
Fig. 3. However, the chemical shifts for the phosphorus of the
diphosphine (δ 41.3 and 38.1) are unexpectedly low for a five
member chelate ring (see below),18 but they are closer to those
observed for the five-co-ordinate species with PEtPh2. Thus, a
binuclear structure [Rh2H2(CO)2(PP)2(PPh3)2] 6 in Scheme 3,
with two bridging diphosphines is proposed for this complex.

When the molar ratio I :5 was raised to 2 :1 a new doublet
(δ 41.0; JRh-P = 145 Hz) occurs in the 31P-{1H} NMR, which is
associated with a hydride signal centred at δ �11.6. The last is
split into a quintuplet of doublets, as shown in Fig. 2b. Similar
coupling constants, for both 31P and 1H, have been reported for
species [RhH(PP)2] (PP = 1,2- or 1,3-diphosphines) with a flux-
ional distorted trigonal bipyramidal geometry, which renders
the four phosphorus atoms equivalent in solution.9,19 Again, in

Fig. 1 The 31P-{1H} NMR spectrum of species 3. Top: experimental.
Bottom: simulated with constants in Table 2.

Table 3 The 31P-{1H} and 1H NMR data for species formed in
solutions of the reaction between [RhH(CO)(PPh3)3] 5 and ligand I a

Species 31P δ, J/Hz 1H δ, J/Hz

5
6 c

7 d

42.5 (d); JRh-P = 151
45.4 (ddd); JRh-P = 134, JP-P = 73, 30

41.3 (ddd); JRh-P = 119, JP-P = 30, 16

38.1 (ddd); JRh-P = 142, JP-P = 73, 16
41.0 (d); JRh-P = 145

�9.7 (br s) b

�10.5 (dddd);
JPax-H = 74
JPeq-H = 28,
JPeq-H = 18
JRh-H = 9
�11.6 (qd);
JP-H = 17, JRh-H = 9

a s = singlet; qd = quintuplet of doublets; dddd = doublet of doublets of
doublets of doublets. b Observed as a quadruplet (JP-H = 13 Hz) at
�50 �C. c Observed in solutions with molar ratios I :5 ≤ 1 :1. d Observed
in solutions with molar ratios I :5 = 2 :1.
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this case the phosphorus signal of the complex with ligand I
shows a chemical shift too low for a five membered chelated
ring. For instance, the complex with 1,2-bis(diphenylphos-
phino)ethane (dppe) shows δ 57.20 Thus, we conclude that
in the complex with ligand I the diphosphine must be co-
ordinated to two different rhodium atoms, forming an oligo-
meric species [RhnHn(PP)2n] 7. It was not possible to determine
the precise nature of this complex, but an inspection of the
molecular models shows that a binuclear structure with four
bridging diphosphines is probably too sterically hindered.

In addition to the signals of species 5–7 two other doublets
were observed in 31P-{1H} NMR spectra of the reactions of 5
with ligand I. These signals could not be assigned. The first
doublet (δ 46.7; JRh-P = 167 Hz) appears in solutions with molar
ratios I :5 = 0.5 :1, the second (δ 37.0; JRh-P = 132 Hz) at molar
ratios between 0.5 and 2 :1. The intensity of the first doublet
decreased when PPh3 was added to solutions with molar ratio =
0.5 :1, while that of the second significantly increased. At these
molar ratios both dppe 21 and dppp (Ph2PCH2CH2CH2PPh2)

17

Fig. 2 (a) Top, hydride signal of the 1H NMR spectrum of species 6;
bottom, simulated spectrum with constants in Table 3. (b) Top, hydride
signal of the 1H NMR spectrum of species 7; bottom, simulated
spectrum with constants in Table 3.

Fig. 3 The 31P-{1H} NMR spectrum of species 6. Top: experimental.
Bottom: simulated with constants in Table 3. The arrows indicate
signals corresponding to other species, which were also added to the
simulation.

Scheme 3

form uncharacterized species with nearly identical P–Rh coup-
ling constants to those observed with ligand I. However, the
chemical shifts observed for dppe and dppp are characteristic
of chelated ligands.

Finally, the system rhodium–ligand I, under CO and H2 pres-
sure, was analysed by NMR. Thus, the complex [Rh2(µ-OMe)2-
(cod)2] and I (1 :1.25) in d8-toluene was pressurized with 30 bar
of syn-gas. The data are summarized in Table 4. First, a doublet
at δ 60.5 (JRh-P = 133 Hz) was observed in the 31P-{1H} NMR.
This is assigned to a species 8 in Scheme 4, by comparison with

the homologous cationic complex with dppe (δ 57; JRh-P = 133
Hz).20 Species 8 slowly evolves under syn-gas to form the
neutral hydrido species described below. A cationic species with
the same structure is reported to form by reaction of [Rh2-
(µ-OMe)2(cod)2] and bdpp. This also evolves to hydrido
carbonyl complexes under syn-gas.9

The 1H NMR (Fig. 4) shows two very similar triplets of
doublets (δ �8.2, JP-H = 61, JRh-H = 12 Hz; δ �9.3, JP-H = 62,
JRh-H = 10 Hz) characteristic of trigonal pyramidal [RhH-
(CO)2(PP)] species, where the diphosphine (PP) is co-ordinated
in axial–equatorial positions and the phosphorus atoms are
involved in a fast exchange process.9 These signals remain
invariable down to �40 �C. Selective decoupling experiments
show that the signal centred at δ �8.2 is associated with a
doublet at δ 69.8 (JRh-P = 116 Hz) in the 31P-{1H} NMR spec-
trum. The coupling constant is an average value for phosphorus
co-ordinated in equatorial and axial positions and the chemical
shift is characteristic of a five-membered chelated diphosphine.
Thus, these signals correspond to classical species 9 in
Scheme 4. Very similar coupling constants were reported for
[RhH(CO)2(PP)] (PP = bdpp), for which the same structure is
proposed.9 However, as expected for a five-membered chelate

Scheme 4

Table 4 The 31P-{1H} and 1H NMR data for species of the rhodium–
ligand I catalytic system under 30 bar of CO–H2 (1 :1)

Species 31P δ, J/Hz 1H δ, J/Hz

8
9

10
11 a

12 b

60.5 (d); JRh-P = 133
69.8 (d); JRh-P = 116
40.6 (d); JRh-P = 115
46.3 (br d); JRh-P = 147
42.1 (br d); JRh-P = 129
23.6 (d); JRh-P = 139
25.3 (d); JRh-P = 119

�8.2 (td); JP-H = 61, JRh-H = 12
�9.3 (td); JP-H = 62, JRh-H = 10

a Registered at 65 �C; it occurs as a doublet (δ 45.3, JRh-P = 130 Hz) at
room temperature. b Registered at 65 �C.
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ring, the doublet of 9 in the 31P-{1H} NMR is shifted to lower
fields.18

Since the second hydride signal centred at δ �9.3 displays a
nearly identical pattern, a closely related structure to that of
complex 9 must be responsible for the second triplet of doub-
lets in the 1H NMR. Selective decoupling experiments allow
the last signal to be associated with the 31P-{1H} NMR doublet
at δ 40.6 (JRh-P = 115 Hz). The value of the Rh–P coupling con-
stant, almost equal to that of 9, corroborates the equatorial–
axial co-ordination of the phosphorus atoms in this species.
However, the chemical shift is characteristic of monodentate
co-ordinated phosphines, as was shown in the experiments with
PEtPh2 described before. These results are consistent with a
binuclear species 10 in Scheme 4, where the diphosphine
is bridging two rhodium atoms, although a structure with
higher nuclearity cannot be totally discarded. As expected,
the signals corresponding to 10 decrease with respect to
those of the mononuclear species 9 when the temperature is
raised.

The other two signals observed in the 31P-{1H} NMR corres-
pond to polynuclear non-hydrido species. These are not cat-
alytically active species and their concentration is probably not
significant in real dilute catalytic solutions. However, their sig-
nals often overwhelm the 31P NMR spectra, which are run in
relatively concentrated solutions. By increasing the partial pres-
sure of H2, the relative intensity of those signals can be reduced
with respect to that of the hydrido species. One of these species
shows a broad doublet centred at δ 45.3 (JRh-P = 130 Hz) at
room temperature. At 65 �C the signal splits into two doub-
lets (δ 46.3, JRh-P = 147 Hz; δ 42.1, JRh-P = 129 Hz) with a fine
structure reminiscent of a pseudotriplet. The signal could cor-
respond to the species 11 in Scheme 4. For the homologous
complex with dppe, James et al.19 reported a doublet centred
at δ 38.1 (JRh-P = 138 Hz). Furthermore, analogous complexes
with dppp and with bdpp show pseudodoublets at room tem-
perature, which also split into two set of doublets, but in these
cases on lowering the temperature.9,19 The last 31P-{1H} NMR
signal is an intense multiplet centred at δ 25.4. The chemical
shift is in the region characteristic of the binuclear complexes
formed by PEtPh2. It resolves into two clean doublets (δ 23.6,
JRh-P = 139 Hz; δ 25.3, JRh-P = 119 Hz) when the temperature
is raised to 65 �C. Thus, the signal should correspond to a
binuclear species related to 11, but where ligand I is co-
ordinated in a monodentate or bridging mode. Nevertheless,
the precise stoichiometry of the complex remains unclear.

In conclusion, although ligand I or its derivatives readily
form chelates in square-planar complexes,22 rhodium five-co-
ordinated species where I is acting in bridging or mono-
dentate mode are observed under hydroformylation conditions.
To our knowledge, the tendency of I to act as a monodentate
ligand instead of a five-membered chelate has not previously
been noticed. An early precedent of a 1,2-diphosphine acting
both as chelate and as a bridging ligand was found in the
reaction of [Ni(CO)4] with dppe related ligands, which was
reported to form species [{Ni(CO)2(PP)}n] (n = 1 or 2).23

Other examples of bridging 1,2-diphosphines, such as Ph2P-
(CH2)2PPhMe or Me2P(CH2)2PMe2, have also been reported.24

Fig. 4 Hydride signal in the 1H NMR spectra of species 9 and 10. Top:
experimental spectrum. Bottom: simulated with constants in Table 4.

Furthermore, related to this result, Brown and Kent 15 reported
a higher stability for [RhH(CO)2(PP)] complexes with the
six-membered chelate of dppp, than with the five-membered
dppe. It could be speculated that 1,2-diphosphines have some
tendency to form five-co-ordinated rhodium carbonyl species,
where they act as monodentate ligands. This tendency should
be more marked in the case of ligand I, because of the
rigidity imposed by the cyclic backbone. The presence of
open chelates in the catalytic mixtures could be one of the
reasons for the poor results achieved with homochiral 1,2-
diphosphines in rhodium asymmetric hydroformylation. It
should be noted that many of these ligands are highly enanti-
oselective in other processes, which involve square-planar or
octahedral intermediates. For instance, rhodium complexes of
ligand I yield e.e.s of around 90% both in acrylic acid hydrogen-
ation 25 and in the hydrogen transfer from formate to the same
substrates.26

Molecular mechanics calculations

Molecular mechanics calculations were carried out on the
Rh(PP) fragments (PP = I, chiraphos or bdpp) in order to
compare their natural bite angles, chelate flexibilities and
chelating tendencies. Data are collected in Table 5. The calcu-
lated natural bite angles are in agreement with the crystallo-
graphic P–Rh–P angles for structures [Rh(PP)(cod)]X
(cod = 1,5-cyclooctadiene; X = non-co-ordinating anion) 22

within 3�. The overall concordance of the bond distances and
the rest of the angles is also quite satisfactory. As expected, the
six-membered chelating ligand bdpp shows a larger natural bite
angle (85.5�) than chiraphos (80.5�). Although ligand I forms
a five-membered ring, its natural bite angle (84.0�) is very close
to that of bdpp, because the pyrrolidinic ring forces the two
PPh2 fragments to move away. However, these differences could
hardly account for the disparate catalytic behaviour shown by
these ligands. It is also worth noting that, since the bite angle
model does not take into account the orientation of the phos-
phorus lone pairs, it does not reflect the low tendency of ligand
I to form chelates.

Two approaches were used to measure the flexibility of the
chelate rings. First, potential energy diagrams 16,27 were calcu-
lated. The results are shown in Fig. 5. Owing to its structural

Fig. 5 Calculated excess strain energy of rhodium chelates of ligands I
(�), bdpp (�) and chiraphos (�) as a function of P–Rh–P angle. The
horizontal line is drawn 3 kcal mol�1 above the energy minimum.

Table 5 Natural and dynamic bite angles, flexibility ranges, and che-
lation energies obtained by molecular mechanics (see text). Crystallo-
graphic bite angles for complexes [Rh(L)(cod)]X (L = diphosphine;
X = non-co-ordinating anion) are also included

Bite angle/�
Flexibility 

Chelation
energy/

Ligand Natural X-Ray 21 Dynamic range/� kcal mol�1

I
bdpp
chiraphos

84.0
85.5
80.5

84.6
88.4
83.8

84.3
96.4
81.6

74–94
73–101
70–91

11.6
5.6
6.7
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rigidity, ligand I presents the narrowest bite angle range access-
ible by 3 kcal of strain energy. On the other hand, the chelate of
bdpp shows the widest range, which reflects its higher structural
flexibility, compared with that of I or chiraphos. The last two
show a symmetric potential energy curve around their natural
bite angle, in contrast with the curve of bdpp, which shows
a lower gradient at angle values above equilibrium. Thus,
chelation angles higher than its natural bite angle are accessible
for the bdpp ligand with a low cost in energy. This fact was
corroborated by dynamically calculating averaged bite angles
for these ligands at 400 K. This temperature, slightly above
reaction conditions, was chosen to emphasize the observed pat-
terns. Ligand I shows an average dynamic angle nearly identical
to the natural bite angle. The dynamic angle for chiraphos is
slightly higher than its natural bite angle, and it matches the
crystallographic value. Finally, bdpp shows a dynamic angle of
96.4�, which is significantly higher than the static angle (85.5�).
This result again indicates that, although ligand I and bdpp
show similar static natural bite angles, the latter can reach
relatively wide chelating angles, which are not accessible by
ligand I. A recent report 14 suggests that the geometry of the
four-co-ordinated species Rh(CO)(PP) is crucial in determining
the selectivity of rhodium–diphosphane catalysts. In this con-
text, the possibility of bdpp easily to open its bite angle up to
100�, a value not accessible for ligand I or for chiraphos, could
be the origin of the higher stereoselectivity showed by the
catalytic species formed with bdpp.

Since the catalytic and NMR experiments show some evi-
dence for a bridging bidentate co-ordination of ligand I, we
have also evaluated the chelating tendency of this ligand, and
compared it with those of ligands bdpp and chiraphos. Thus,
we calculated the differences in strain energies between the lig-
ands in their most stable chelate and monodentate conform-
ations, as described in the Experimental section. The results
show that ligand I has an energy increase upon chelation (12
kcal mol�1) of about twice that of bdpp or chiraphos. This
again reflects a low tendency of ligand I to act as chelating
ligand.

Conclusion
In the hydroformylation of styrene the rhodium catalytic sys-
tem containing ligand I shows a different behaviour to that of
related ligands chiraphos or bdpp. The NMR experiments pro-
vided evidence for the presence of rhodium five-co-ordinated
species where ligand I is co-ordinated in both bridging and
chelating modes. Molecular mechanics calculations indicate a
lower tendency of ligand I to form a chelate, compared with
bdpp or chiraphos. Thus, the similar regioselectivity observed
for rhodium catalytic systems with ligand I and with PEtPh2,
and the nearly null enantioselective discrimination of the
former could be related with the presence of a catalytically
active species in which the diphosphine co-ordinates each metal
in a monodentate mode.

Experimental
Solvents were purified by standard procedures. Ligand I and
[Rh2(µ-OMe)2(cod)2] were synthesized by modified procedures
of those described in the literature.28,29 The product I was com-
pared with a sample kindly supplied by Degussa Ibérica S.A.
All air sensitive materials were handled using standard vacuum
and inert atmosphere techniques.

Apparatus

The hydroformylation reactions were performed in an 80 ml
stainless steel home-made autoclave. The solution was con-
tained in a glass inlet. The inside autoclave cap was Teflon
covered to avoid direct contact of the solution with the steel.

The solution was magnetically stirred and the temperature con-
trolled by a water-bath circulating through an external jacket.
The pressure of the autoclave was kept constant by means of a
regulator, connected to a syn-gas reservoir. The evolution of the
reaction was monitored by the drop in the reservoir pressure.

Conversions and regioselectivity were determined by gas
chromatography in a Hewlett-Packard G1800A, equipped with
a capillary HP5 column (30 m × 0.25 mm). Enantiomeric
excesses were measured with a Konik-300C gas chromatograph
equipped with β-cyclodextrin capillary column, Supelco β-Dex-
120, 30 m × 0.25 mm, after reduction of the aldehydes to the
corresponding alcohols with LiAlH4.

The 1H, 13C and 31P NMR spectra were registered on Bruker
250 MHz or Varian 300 MHz instruments and they were refer-
enced in the usual way. High-pressure NMR experiments were
carried out in a 10 mm diameter sapphire tube with a titanium
cap. The spectra were simulated with gNMR 4.0.30

Catalytic hydroformylation of styrene: general procedure

The complex [Rh2(µ-OMe)2(cod)2], 6 mg (0.0125 mmol), and
the desired amount of the diphosphine I were placed in a
Schlenk flask. The flask was purged, and 15 ml of toluene plus
1.2 ml of styrene (10 mmol) were injected. The solution was
purged and transferred to the evacuated autoclave, which was
pressurized up to about half of the working pressure and
heated to the desired temperature. When thermal equilibrium
was reached the pressure was adjusted and stirring initiated.
One ml aliquots were removed via the liquid sample valve to
measure the selectivity as the reaction proceeded. Conversion
and regioselectivity in these samples and in the final solution
were directly analysed by GC. Samples were immediately
reduced with a suspension of LiAlH4 in THF. The resulting
alcohols were analysed in the chiral GC column to determine
the enantiomeric excess.

Hydroformylation reaction using diphosphine II and triethyl
orthoformate

The procedure described above was used, except that toluene
was replaced by triethyl orthoformate, and diphosphine II was
used instead of I. Conversion and regioselectivity of produced
ethyl acetals were directly determined by GC. A sample of the
intermediate or final solution was diluted with 5 ml of diethyl
ether, and stirred for 10 min with 5 ml of 1 M aqueous HCl.
The mixture was extracted with CH2Cl2. One part of the solu-
tion was used to corroborate the conversion and regioselectivity
in the formation of aldehydes, and the rest was immediately
reduced as described above to determine the enantiomeric
excess.

Molecular mechanics

The molecular mechanics calculations were carried out using
the TINKER package,31 with the included MM3 (96) force
field. Parameters involving rhodium were taken from Casey
and Whiteker,27 except for the Rh–P bond length, for which a
value of 2.315 Å was used.32 For the rest of the ring parameters
not defined in MM3 those corresponding to a straight chain
were used. The energy optimization was carried out with the
TINKER program MINIMIZE, until the rms dropped below
0.01 kcal mol�1. The SNIFFER and DYNAMIC modules were
also used to locate the most stable conformers.

Natural bite angles and strain energies for deviation from the
corresponding equilibrium values were calculated as previously
reported.16,27 In the latter, when specific values of the bite angle
were imposed through a penalty function, the angle deviation
did not exceed 0.5�. The dynamic bite angle was calculated with
the DYNAMIC module of TINKER. The optimized geometry
for each chelate was used as starting point. The temperature
was set at 400 K. The bite angle was recorded each 10 fs, and an
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average of the first 100 values was assumed to be the dynamic
bite angle. A larger number of values did not affect the average.

To quantify the tendency of the ligands to act in a mono-
dentate fashion, the fragments Rh(PP,monodentate) were
optimized. The metal atom was then removed from this, and
from the optimized chelate fragment, and the strain energy
of both pure ligand conformations calculated. The difference
between the two values was taken as a measure of the tendency
of each ligand to open one side arm.

Since the TINKER package has not been used before for this
type of compound some tests were conducted to validate the
results. First, the ability to determine natural bite angles close
to 90�, such as that of dppe, or largely exceeding this value
(DBFphos, 1,8-bis(diphenylphosphino)dibenzofuran), and the
intervals of the angles corresponding to strain energies not
exceeding 3 kcal mol�1 were reproduced in satisfactory agree-
ment with previous determinations.27,32 Furthermore, the
optimized structure for ligand I was obtained with a PM3 semi-
empirical calculation by resorting to the GAMESS package.33

The geometrical parameters thus determined are also in close
agreement with the molecular mechanic calculations.
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