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Abstract

Hydroformylation of vinylarenes is performed using rhodium precursors with vafyNsdonor chiral 4-diphenyl-
phosphanyl-1-(dialkylamino)butane liganda{d) with DIOP backbone. The systems were active at mild conditions and
the selectivity in aldehydes was total when mixtures of CQdita ratio 1/1 were used. The maximum regioselectivity in
the branched products was 95%. The highest ee was 23%. NMR studies under catalytic conditions showed that species with
monodentate ligands were present in the catalytic solution. © 2002 Published by Elsevier Science B.V.
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1. Introduction with the DIOP-based ligands increased from 26% ee
with DIOP [3] to 64% ee with the dibenzophosphole
Chiral diphosphines based on DIOP backbone [1] derivative 2 [4] (Fig. 1). For the rhodium hydro-
(1) (Fig. 1) have been widely applied in homoge- formylation of vinyl acetate, the system with ligand
neous catalysis. As these ligands are easy and cheaj afforded an ee of 51%. By modifying the dioxolan
to prepare from tartaric acid, they have been often moiety, 2 was attached to a 20% cross-linked poly-
modified for different purposes. Since Rhgystems mer allowing to reuse the catalyst. By introducing
were first used in the asymmetric hydroformylation an amino group into the diphenylphosphino moieties
of styrene derivatives [2], several substituents have (3), the system became water soluble and the catalyst
been introduced into the phosphorus atom or into was recovered carrying out the reaction in a biphasic
the dioxolan ring to improve optical induction or to  system [5].
allow the separation of the catalyst. For example, in  Chiral non-G-symmetric P,N-donor heterobiden-
the asymmetric hydroformylation of styrene using tate ligands have afforded excellent stereochemical
platinum complexes, the enantioselectivity obtained control in some homogeneous catalysis processes
such as allylic substitution [6]. The presence of two

* Corresponding author. Tek:34-977-559-572; different donor atoms can influence the stability and
fax: +34-977-559-563. o reactivity of the diastereomeric intermediates in the
sEi'n”;i%i‘:}?ﬁiziﬂ??g%%gz'ﬁ'Ca'”“"es (AM. Masdew-BYt  c~raivtic cycle. In this paper, we describe the applica-
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Fig. 1. Chiral diphosphines based on DIOP backbone.

The resting state in rhodium hydroformylation of have recently been used in the hydroformylation of
1-alkenes with diphosphine ligands is usually a pen- styrene. Although the regioselectivities were high, the
tacoordinate hydridorhodidum trigonal bipyramidal ee’s reported were never above 5% [15].
species [7]. Dissociation of CO takes place from this  The low enantioselectivity reported may be caused
complex to form the active species that coordinates by the formation of intermediates in the catalytic cy-
with the alkene [8]. It has been reported that the selec- cle with monodentaté,N-ligands, which should be
tivity in the hydroformylation reaction is determined ineffective in chiral induction. A strong coordinating
by the structure of this pentacoordinate alkene speciesspecies such as carbon monoxide can displace one of
[9-11]. Since the alkene species has not been detectedthe coordination sites in the chelate. For this type of
many efforts have been directed towards the character-systems, therefore, the characterisation of the solu-
isation of the resting state [RhH(C&igliphosphine)] tion structures under hydroformylation conditions is
in order to obtain information about the coordination of crucial interest.
of the ligand and the geometry of the intermediates.  Some of us recently reported the preparation of
The analogous bis(triphenylphosphine) pentacoordi- the chiral P,N-donor ligands $9-8a—d (Fig. 3)
nate species exists in a mixture of the diequatorial
(ee) and equatorial-apical (ea) isomers [12]. Biden-
tate ligands with the appropriate bite angle could, in |

theory, stabilise one of the isomers but they often ex- \N
ist also as a mixture of the ee and ea structures. Since ><
equatorial-apical coordination sites are different, a ", —~PPh,

heterobidentate ligand with the appropriate bite angle
could differentiate and stabilise one of the species
and decrease the number of diastereoisomeric inter-
mediates, thus providing high enantioselectivities.

In general P,N-chiral ligands have not been widely
studied in hydroformylation reactions. The rhodium
system with pyridine—phosphine ligandl (Fig. 2) 0 -
produced negligible enantioselectivities in the hy- / N/
droformylation of styrene [13]. By contrast, the N P
menthyl-derivative5 provided divergent enantiose-
lectivities, depending on the substrate. With styrene
or vinyl acetate, the ee’s were very low (6—12%) but
with 2-vinylnaphthalene ee’s were as much as 78%
[14]. Phosphabenzene-oxazolines such6aand 7 Fig. 2. P,N-chiral ligands applied in hydroformylation.
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Fig. 3. P,N-chiral ligands based on DIOP backbone.

based on the DIOP backbone and their use in
palladium-catalysed allylic substitution [16,17]. In
this paper, we report the use of these ligands in the
hydroformylation of prochiral alkenes. The identifica-
tion of the species formed under catalytic conditions
is performed using NMR spectroscopy.

2. Experimental
2.1. General methods

All rhodium catalyst precursor systems were syn-
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cap of the autoclave was also Teflon-covered to pre-
vent the solution from coming into direct contact with
the stainless steel. An electric heating mantle kept the
temperature constant.

Standard hydroformylation experimemt solution
(7.5ml) containing the complex [RR(OMe)(cod)}
(0.05mmol), the ligand in the corresponding ratio
and the substrate (10 mmol) was introduced into the
evacuated autoclave. The system was pressurised and
heated. When thermal equilibrium was reached, more
gas mixture was introduced until the desired pressure
was attained. After the reaction time, the autoclave
was cooled to room temperature and depressurised.
The final mixture was analysed by GC. Enantiomeric
excesses were measured by GC using FS-cyclodex
B-/P (50m x 0.25mm @) chiral column after the
aldehydes were transformed into the carboxylic acids
following described procedures [21]. Using hydrogen
as a gas carrier, the conditions and retention times for
the separation of each enantiomer were as follows.
10a: T = 134°C isothermic, 100kPa carrier gas,
split 1:150, §-10a: 44.3 min and R)-10a: 47.1 min;
10b: T = 170°C isothermic, 150kPa carrier gas,
split 1:150, §-10b: 19.1 min and R)-10b: 20.3 min;
10c: T = 160°C isothermic, 150 kPa carrier gas, split

thesised using standard Schlenk techniques under a;.15q ©)-10c: 15.9 min and R)-10c; 17.3 min; 10d:

nitrogen atmosphere. Solvents were distilled and de-

T = 170°C isothermic, 150kPa carrier gas, split

oxygenated before use. All other reagents were usedq.15q ©)-10d: 70.3 min and R)-10d: 74.6 min.

as-supplied. Complex [RpfOMe)(cod)} [18] and
ligands 8a—d [16,17] were prepared as previously

reported. Gas chromatography analyses were per-

formed in an Hewlett Packard 5890A in an Ultra-2
(5% diphenylsilicone/95% dimethylsilicone) column
(25m x 0.2mm @) for the separation of the aldehy-
des and in an FS-cyclodg!/P (50 mx 0.25 mm @)
for the separation of the chiral carboxylic acids.

The 'H and 3P NMR spectra were registered
on a Varian 300 MHz instrument and referenced
in the usual way. High-pressure NMR experiments
(HPNMR) were carried out in a 10 mm diameter sap-
phire tube with a titanium cap [19]. The spectra were
simulated with gNMR 4.0 [20].

2.2. Catalysis

Hydroformylation experiments were carried out in
an autoclave with magnetic stirring. The catalytic so-
lution was kept in a Teflon vessel. The inside of the

2.3. HPNMR experiments

In a typical experiment, the NMR tube was filled
under N with a solution of [Rh-OMe)(cod)}
(23.5mg, 0.048mmol), the ligand (108.6mg,
0.213mmol) and toluenesd(2 ml). The tube was
pressurised to the desired pressure and left for 2h
under agitation at room temperature, and the NMR
spectra were recorded.

3. Results and discussion

3.1. Catalytic studies

Ligands §9-8a—d containing R and Rgroups
with different electronic and steric properties were
used in the rhodium hydroformylation of styrene
derivatives9a—c and vinylnaphthalen@d to yield the
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branched aldehydeR)a—d and the linear aldehydes pressure and 298K (Table 1, entry 3). The regiose-

11a—d (Egs. (1) and (2)): lectivities in the branched aldehydda were high
CHO
N CHO
/©/\ +CO + H, _[Cil]_> + /@/\/
X X X
9a: X=H 10a: X=H 11a: X=H
9b: X = OMe 10b: X = OMe 11b: X = OMe
9c: X=F 10c: X=F 11c: X=F (1)
HO
N CHO
veo e w e -
9d 10d 11d 2)

Catalytic precursors were prepared in situ by adding (92-94%), but the enantioselectivities of the product
the ligands to solutions of [RpfOMe)(cod)} in the obtained were low (11-13% ee). In these experi-
ratio shown. Table 1 shows the results at different ments, the ratio ligand/Rh was 2, and so species with
reaction conditions. two monodentate ligands per rhodium, which would
The conversions into aldehydes obtained with the provide low enantioselectivity, could be formed. To
N-tosylate derivative8a in the hydroformylation favour chelation avoiding bis-monodentate species,
of styrene9a were nearly total after 24h reaction the ligand/Rh ratio was decreased to 1.1, but this
time (Table 1, entries 1-3). Activity was maintained did not improve the enantioselectivity (Table 1,

even at very mild conditions such as 5bag/EGO entry 4).

Table 1

Hydroformylation of9a—d using [Rh{.-OMe)(cod)p/8a—d systems as catalyst precursors

Entry Ligand Substrate P (bar) T (K) 8/Rh Conversion (%) Percent of10 Percent of €&
1 8a %9a 20 323 2 99.6 91.9 11R)
2 8a 9a 30 298 2 97.7 93.6 13R)
3 8a 9a 5 298 2 97.2 93.1 12R)
4 8a 9a 5 298 1.1 72.0 93.3 5R)
54 8b 9a 30 338 2 99.5 90.0 155
6 8c 9a 30 338 2 99.9 91.3 8R)
7 8c 9a 30 323 2 99.8 91.0 18R)
8° 8d 9a 5 298 2 48.0 93.8 189
gdf ad % 5 298 2 77.0 93.0 179
10°9 8d 9a 5 298 2 66.5 80.5 -
11¢ 8d 9a 5 298 4 42.0 93.0 189
12¢ 8d % 5 298 2 22.0 93.0 195
13 8d 9c 5 298 2 52.0 95.0 209
14° 8d od 5 298 2 58.0 95.0 239

aReaction conditions: substrate (10 mmol), complex (0.05 mmol), tetrahydrofurane (7.5 ml); €Q/Hime= 24 h.
b Aldehyde conversion measured by chromatography integral ratio.

¢Measured by chromatography integral ratio on the corresponding acid 2-phenylpropanoic.

dTime=8h.

€Time=4h.

f Toluene was used as the solvent.

9 CO/H, = 1/4, conversion= 99%, hydrogenatior= 44%.
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The activities and regioselectivities provided by
the rhodium systems with the bis(methylnaphthyl)
derivative 8b and the naphthyl-phenyl derivative
8c were similar (Table 1, entries 5-7). When the
amino-phenyl-naphthyl derivative8c was used,
the enantioselectivity obtained at 323K was 18%.

The rhodium system with the bis-benzyl derivative
8d provided a 48% conversion in 4 h using tetrahy-

drofurane as a solvent at 5bar and 298K (Table 1,

entry 8). Enantioselectivity inS)-10a was of 18%
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results (Table 1, entry 14) were similar to those for
p-fluorostyrene, although the enantioselectivity was
slightly higher (23% in §)-10d).

From the hydroformylation study, some conclusions
can be derived. The fact that the enantioselectivity
depended on the substituent of the nitrogen is indi-
rect evidence of thé&,N-coordination of the ligand.
The ligands with the disubstituted bulkier substituents
(naphthyl and benzyl) provided the highest chiral in-
ductions. However, the low ee’s may be due to the

under this conditions. When toluene was used, the formation of species with monodentate ligands or to
activity of the system decreased (Table 1, entry 9) but the system’s low intrinsic chiral induction. In order to

the regio- and enantioselectivity were similar.

For PPk and diphosphines, at low hydrogen
pressure conditions, a dimeric inactive complex
[RhL2(CO)(-CO)]» is reported to be in equilib-
rium with the pentacoordinate species [RhH(GIQ)
[22—-25]. To prevent the formation of this dimeric
species, we performed an experiment at gGO
ratio of 4:1. Under these conditions, chemoselectiv-
ity in the aldehydes dropped dramatically to 56%,

because of the formation of hydrogenation products,
and no enantioselectivity was observed (Table 1,

entry 10).

get further information on this point, we performed
NMR spectroscopy experiments under hydroformyla-
tion conditions.

3.2. In situ identification of the species
by HPNMR

The P,N-ligands can coordinate either as a chelate
or as a monodentate (probably through the P atom),
which would clearly affect their chiral induction. To
elucidate the coordination mode of tfeN-ligands,
we performed NMR experiments under catalytic

On the other hand, in some diphosphine systems conditions (HPNMR). Although the NMR technique

the enantioselectivity can be improved by increasing
the ligand to rhodium ratio [26,27]. However, in the

requires a higher concentration of the complexes than
catalytic experiments, it can provide valuable infor-

Rh/8d system, the enantioselectivity was the same as mation about the species present during the catalytic

with ligand/Rh=2 or 4 (Table 1, entry 11).

We studied the hydroformylation of theara
substituted styrenep{OMe 9b andp-F 9c) with the
rhodium system using ligand and compared the
results with those for styrene. Activity and regios-

reaction.

We recorded thé'P{*H} and'H NMR spectra of a
solution of the catalyst precursor [RiHOMe)(cod)p/
8d in toluene-g at the same molar ratio as in the cat-
alytic experiments and under carbon monoxide and

electivity in the branched product decreased when hydrogen pressure. The concentration on this complex

the substrate contained an electron-donating sub-

stituent such as a methoxy groupb}. However,
the enantioselectivity was similar to that for styrene
(Table 1, entry 12). On the other hand, activity
and selectivity increased witBc, which contained
an electron-withdrawing substituent (Table 1, entry
13). This variation in regioselectivity agreed with
reported data for hydroformylation gf-substituted
styrenes with Rh/PRhsystems, where increasing
the electron-withdrawing properties of the sub-
stituents raised the selectivity in 2-arylpropanal pro-
ducts [28].

We also performed the hydroformylation of
vinylnaphthalene 9d) with the Rh8d system. The

in the solution was ca..2 x 10~2M. In some cases,
we also performed experiments at lower concentration
(ca. 8x 10~3 M) which is more similar to the concen-
tration in the catalytic experiments.

In the 31P{1H} NMR spectrum, an initial refer-
ence experiment at2x 10~2 M without synthesis gas
showed a major doublet dt= 47.6 ppm (}Jp—rn =
1905H2z) and another small doublet (ratio ca. 91/9)
ats = 486 ppm (1Jp—wnh = 1950 Hz). Signals cor-
responding to the free ligand (= —25.0 ppm) and
oxide ¢ = 27.8 ppm) were also observed. Signals of
very low intensity also appeared in the= 32—44 ppm
region, but these were not detected when the concen-
tration was 8x 1073 M.



116

The low chemical field { ~ 48 ppm) and large
coupling constant for these signalg (= 1905
and 195.0Hz) suggest the formation of the binu-
clear species K,N-8d)Rh(w-OMe){P,N-8d)] (12).
The 3P{1H} NMR spectra for [Rhg-Cl)(dppp)b
(dppp = 1, 3-bigdiphenylphosphingropang and
[Rh(u-Cl)(DIOP)]>, showed doublets with coupling
constants ob = 184 and 191 Hz, respectively [29].
The two signals may correspond to the possible
trans-12a andcis-12b isomers.

|
.0
(VR :Rh—::)
p” 0"
|
12a

This solution was pressurised to 2.5 atm of. lAs
well as the signals of specid®, there was a wide
signal in thes = 30-35ppm region in thé'P{*H}
NMR spectrum at room temperature and two wide
signals § = —9.2 and—9.7 ppm) in the hydride region
of the IH spectra. The spectra could not be resolved
in the 213-323K range.

The solution was then pressurised at 5atm of
a mixture 1/1 of carbon monoxide and hydro-
gen. The3P{*H} spectrum at room temperature
(Fig. 4) showed several signals corresponding to
the four specied3-16 (Table 2) in calculated ratio

A. Aghmiz et al./Journal of Molecular Catalysis A: Chemical 184 (2002) 111-119

1:2.5:2.2:1.1, respectively. In thetH NMR (Fig. 4)
spectra, only one signal (dt) appeared in the hydride
region ¢ = —9.54 ppm,2Jy—p = 152Hz, L Jy—rn =
6.7 Hz.

The doublet as = 28.4 ppm in the’*P{*H} and the
double triplet in the hydride regiord = —9.54 ppm)
of the 'H NMR proved the formation of a rhodium
species with two time-averaged phosphorous atoms.
Since the chemical shifts and the coupling constants
correlated well with those reported for monophos-
phines in the complex [RhH(PEtBRLO),] (dp =
31.2 ppm (d),}Jp—rn = 131 Hz;8y = —9.3 ppm (td),
2 Ju—p = 15Hz,  Jy—rn = 7 Hz) [30], we propose that
the structure for the specid8 is [RhH(P-8d)2(CO);]
in which two ligands8d are monodentate. As reported
for PPy and PEtPh, the coupling constants indicate
that complex13 exists as a mixture of ee and ea
isomers. Only small changes in chemical shift were
observed when the temperature was dropped to 213 K.

The doublet a8 = 28.7 ppm showed a P-Rh cou-
pling constant/ = 1130 Hz, which is in the range re-
ported for monohydrido trigonal bipyramidal species
with chelated diphosphines [RhH(C&liphosphine)]
[25]. This value for the P—Rh coupling constant is
considered an average between P in the apical and
equatorial position of the trigonal bipyramidal species.
The corresponding hydrido signal could not be ob-
served at 5 atm at different temperatures (213-333 K).
At 213K, the3P signal ats = 28.7 ppm broadened

8d oxide 30 atm
14 13
A A
M'l A , ﬁWr'-ua"’\’wM‘WM"TffW sy
14 13
M Satm

16

W

M }JL J’\ Jl\ \ ik MR p i Myl AT

15

| T [ I T I I
20

(a)

wﬂﬂb \’Ww
—
94  ppm

YINEEN
I L
-8.8 9.0 92 9.

(b)

Fig. 4. NMR spectra of a toluenerdsolution of [Rh{x-OMe)(cod)]8d (Rh/P=1/2): (a) 3'P{*H}: Satm CO/k (1/1) (bottom); 30 atm
CO/H, (top). (b) Hydride region of théH NMR: 5atm CO/H (1/1) (bottom); 30 atm CO/pi (top).
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Table 2
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NMR signals §, ppm;J, Hz) of the species formed in a solution of [RROMe)(cod)}/8d (8d/Rh=2) in toluene-g at 5atm CO/H (1/1¢

Species 31p (J)

HO

[RhH(P-8d)2(CO),] (13)
14

[(P-84)2(CO)RNG-CORRN(COR(P-8A)] (15) 1 ;
Jop = 122Hz

28.2 d(*Jp_gh = 1313 H2)
30.8 & (1Jp—rn = 1130H2)
17.6 pt £Jp—gn = 1307 Hz, -

—9.54 dt Jy—p = 152, LJy—grn = 6.7)
—9.04 d§ (2J—p = 88.8, LJy—rnh = 7.2)

15.3 ddd tJp—gh = 1521 Hz,

8 Jp—rh = 8.5Hz)
[(Rh(1.-CO)(COR(P-8d)]2 (164)

20.8" (Jpgn = 1402 Hz, -

3Jp—p = 26.6 Hz, 3Jp_gnh = 5.6 Hz)

ad: doublet; pt: pseudotriplet; dt: double triplet; ddd: double of double doublet.

bData obtained from simulation for a system A¢’.
¢ Data obtained at 30 bar.

and shifted toS = 33 ppm and the signal correspond-
ing to the free ligand also broadened indicating a

fluxional process. When we increased the total pres-

[(P-8d)2(CO)Rh{u-CORRh(CO)(P-8d)] 15. The
coupling constants and multiplicity of specids,
in which 8d acts as a monodentate ligand, are in

sure to 30bar, a new double doublet appeared in good agreement with those reported for the analo-

the IH NMR at § —9.04ppm {J/y—p = 88.8Hz,
YJh—rn = 7.2Hz), while in the3P{IH} (Fig. 4)
the broad signal resolved a&t= 30.8 ppm as a dou-

gous [(PEtPh)2(CO)Rh(-CO)Rh(CO)(PEtPh)]
(6 = 20.3ppm (dt),'Jp—rn = 135Hz, °Jpp
12 Hz; 16.4 ddd}Jp—rnh = 152Hz,%Jp—rn = 8Hz)

blet with the same coupling constant as under 5atm [30]. However, the corresponding dimeric species

(J = 113 Hz). The large H—P coupling constant of the
hydrido signal indicates #&ansdisposition of both
nuclei. From the multiplicity of the hydrido signal,

we can conclude that only one phosphorus atom is

[(P-8d)2(CO)Rh-CO)RRh(CO)P,N-8d)] in which
8d is coordinated as a chelate to one of the rhodium
centres cannot be discarded.

The signal at§ = 20.6 ppm had a second-order

coordinated to the metal. Since the coupling constant multiplicity. The calculated coupling constants and

is similar to the ones reported for some diphosphine
systems, a pentacoordinate [RIFN-8d)(CO),]
structure in which ligandd acts as a chelate may
be proposed fol4. The P-Rh coupling constant of
J = 113 Hz may correspond to an average of the P
that occupy the equatorial and axial positiodgg
and 14b). Nevertheless, the fact that increasing the
total pressure the signal G# increased slightly may
indicate the formation of a species with more content
of CO per rhodium such us [RhR{8d)(CO)s] (14c)

in which the ligand act as a monodentate.

H H H
(610) l (010)

N th‘”CO P fIQh“' oc—Rn”
I ~~co I ~~co | ~~co
P N P

14b N/

14c
The signals ats 17.6 and 15.3ppm (1:2 ra-
tio) were assigned to the dimeric Rh(0) species

14a

chemical shift (Fig. 5, Table 2) may correspond
to a Rh(0) dimeric species which has one phos-
phorus atom per rhodium centre. Formulae that fit
this description are [Rp-CO)(CO)(P-8d)],> (16a)
and [Rh@-CO)(CO)P,N-8d)]2 (16b). The fact that
the signal for16 is at a lower field thanl5 may

be due to a higher content of CO per rhodium.
The variation of the chemical shift in the analogous
PPy complexes are [Riun-CO)(CO)2(PPh)]2 >
[(PPHy)(CO)2Rh(1-CO),Rh(PPH)2(CO)] > [(Rh
(n-CO)(CO)(PPh)2]2 [31]. Another factor that
points to the hexacarbonylated speclés is that its
concentration increased when total pressure increased
(Fig. 4). We therefore attributed the structui@a to

the signal at = 20.6 ppm.

It has been reported that the dimeric Rh(0) species
are formed at high rhodium concentration and low hy-
drogen pressure [7]. When we performed the same ex-
periment at lower concentration 810~3 M) we also
observed the formation of these dimers. Therefore,
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22 20

Il

ppm

(b)

Fig. 5.3'P{*H} NMR spectra of specie$6: (a) experimental; (b)
simulated with constants in Table 2.

they are also likely to be present under catalytic con-
ditions.

Finally, we removed the pressure, added the
substrate9b in a ratio of 5:1 respect to Rh and
re-pressurised the HPNMR tube to 5atm C@/th
the 31P{1H} NMR spectra, at 323K a major doublet
was observed at = 282 ppm (/ = 125Hz), which
we attributed to speciek3. The variation of the cou-
pling constant may be due to a fluxional process.

The signal of the free ligand also broadened. There

was no hydride signal for théH spectra. Because
of the overlap with the phosphine oxide signal, the

31p spectra provided no clear evidence of the signal

corresponding to specidgl. A new broad signal ap-
peared a = 25ppm, which gave a broad doublet
(8 = 23.6 ppm,LJp—rp = 142 Hz) when the solution
was cooled at 253 K. The dimeric speciEsand 16
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were also present giving broad signals. The spectra
did not change substantially when the hydroformy-
lation finished. The signals were the same when the
concentration of the complex was lower.

HPNMR experiments confirmed the initial evi-
dence that species with monodentatkgands formed
under catalytic conditions and there are no enough
evidences to assert that chelaftl-species are also
present. Thd>-coordinated species may be responsi-
ble for the low enantioselectivities. However, the ee’s
achieved are in the same range as those for the related
Rh/DIOP systems in the hydroformylation of styrene
[2]. Therefore, from this study we cannot rule out the
possibility that species bearing chelategN-ligands
participate in the hydroformylation.

Further work is in progress in order to confirm the
nature of the species detected by HPNMR.

4. Conclusions

We used P,N-donor chiral ligands with DIOP
skeleton in the hydroformylation of vinylarenes and
obtained enantioselectivities of up to 23%. In situ
31p{1H} and 'H NMR experiments under catalytic
conditions showed the formation of species with
monodentate phosphorus ligands. This could be the
reason for the low enantioselectivities obtained.
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