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The hydroformylation of butyl acrylate in toluene was studied. Ligands were found to impact significantly
on the reaction rates and selectivities. When combined with rhodium, ligands with large bite angles dis-
played higher activities. Whilst 1,4-bis(diphenylphosphino)butane (dppb) was found to be a best choice,
a modified, electron-deficient dppb ligand led to considerably higher catalytic activities in comparison
with the electron-rich analogues. Other parameters were also examined, including ligand/rhodium ratios,
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and concentrations of the catalyst and olefin.
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1. Introduction

Hydroformylation is mostly used for the preparation of bulk
chemicals (e.g. butanol) and specialities (e.g. higher alcohols to
be used as plasticizers). Its application in pharmaceutical and fine
chemical synthesis remains to be fully investigated, however [1-3].
In particular, acrylates as substrate provide access to valuable build-
ing blocks for the preparation of bifunctional intermediates, which
can be used for the synthesis of biologically active compounds, such
as malonic acid, 1,4-dicarboxylic acids and lactones Eq. (1) [4,5].
However, the reaction generally suffers from a slow rate and forma-
tion of byproducts [6,7]. Thus, severe conditions may be necessary
to accelerate the process. An example is seen in the hydroformyla-
tion of ethyl acrylate reported by Tanaka et al., where the reaction
was carried out at 150°C and 100bar syngas pressure [8]. The
chemoselectivity of the reaction depends on the metal complexes
employed; among them, only rhodium complexes favour the hydro-
formylation and suppress the formation of undesired side reactions
[9-11].
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In the past one decade or so, efforts have been made to
speed up the reaction and minimise undesired side products
such as alkanes [12-14]. Much improved rates were obtained
when the reaction is run under organo-aquo biphasic condi-
tions or when a “supported aqueous phase” catalyst is used [12].
However, low solubilities of less hydrophilic acrylates in water
limit the applicability of the biphasic systems and, in the case
of the latter, it was shown that even a slight alteration in the
water content in the supported aqueous phase could sharply
reduce the activity of the catalyst. We recently reported that fast
and selective hydroformylation of alkyl acrylates can readily be
effected in supercritical CO, in the presence of [Rh(acac)(CO),]
and the fluoroalkylated phosphine ligand P(p-CgH4CgF13)3 [13,14].
We further demonstrated that electron-deficient monophos-
phine ligands enhance the hydroformylation rate in supercritical
CO,, affording the branched aldehyde exclusively. More recently,
Clarke reported the hydroformylation of methyl acrylate with
high turnover frequencies (TOF) (up to 4000h~1) using a caged
phosphine (phosphaadamantane) in combination with rhodium

o}

linear (1)
[15]. The reaction was performed at 75-80bar and 75 °C, forming
mainly the branched aldehyde.

In many aspects, 1,4-bis(diphenylphosphino)butane (dppb) has
proven to be the best ligand for rhodium-catalyzed hydroformyla-
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Scheme 1. Dppb and derivatives.

tion of these types of substrates [5-8,16,17]. However, it appears
to be no study into how the steric and electronic properties of
the dppb-type bidentate ligands may impact on the reaction rates
and selectivities. In extending our work on the hydroformylation
of acrylates previously studied in supercritical CO,, we decided to
examine the effects of ligands on the reaction in common solvents,
using butyl acrylate as a model substrate. Herein we present our
findings on the effect of ligands on the hydroformylation of butyl
acrylate, in the hope to highlight the importance of ligand choice
when running hydroformylation of this kind.

2. Experimental
2.1. General remarks

All reactions were carried out under a nitrogen or argon
atmosphere with standard Schlenk techniques. All glasswares
were oven-dried before use. Toluene was distilled under nitro-
gen atmosphere from sodium-benzophenone ketyl prior to use.
The following chemicals were used as received from Aldrich:
butyl acrylate, 1,4-bis(diphenylphosphino)butane (dppb), 1,3-
bis(diphenylphosphino)propane (dppp), 1,2-bis(diphenylpho-
sphino)ethane (dppe), bis(diphenylphosphino)methane (dppm),
2,2'-bis(diphenylphosphino)-1,1’-binaphthalene  (BINAP), 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene (Xanthphos),
1,1’-bisdiphenylphosphino)ferrocene (dppf), and sodium hydride
(dry, 95%). The catalyst precursor Rh(acac)(CO), was purchased
from Strem and used as received. The CO/H, syngas mixture (1:1)
was purchased from BOC Gases. The ligand MeO-dppb, Me-dppb
and CF3-dppb (Scheme 1) were synthesised according to the liter-
ature procedures [18,19]; (diethylamino)phosphinous dichloride
was also synthesised according to the literature procedures [20].
Gas chromatography analysis was carried out on a Varian 3800
using a CP WAX 52 CB column (30 m x 0.53 mm) and a FID detector
using toluene as external standard. The products were identified by

Table 1
Effect of L/Rh ratio on the hydroformylation?.

NMR on a Bruker DRX-400 spectrometer with TMS as the internal
standard and a TRIO-1000 GC-MS spectrometer using authentic
samples.

2.2. General procedure for hydroformylation

All hydroformylation reactions were carried out in a 30 mL
stainless steel autoclave. In a typical reaction, a glass liner con-
taining a stirrer bar was charged with butyl acrylate (5.1 mmol),
the catalyst precursor Rh(acac)(CO), (3.9 x 10~3 mmol) and a lig-
and (0.03 mmol) in toluene (3 mL). Next, the vessel was sealed and
degassed with syngas three times; 20 bar syngas was finally intro-
duced. The autoclave was then placed into an oil bath preheated
to 80°C and stirred for a period of time given. After stopping the
reaction and cooling down to room temperature with an ice bath,
the syngas was carefully released and the resulting mixture was
passed through a small column of silica. Conversion and selectivity
were determined by gas chromatography using toluene as external
standard. The products were identified by NMR and GC-MS.

3. Results and discussion
3.1. Optimization of the reaction conditions

Before studying the ligand effect on the butyl acrylate hydro-
formylation, we initially decided to identify the optimal reaction
conditions. In order to do this, dppb was chosen as the ligand. We
examined the effect of ligand to rhodium (L/Rh) ratio, the catalyst
concentration and the substrate concentration.

3.1.1. Effect of ligand to rhodium ratio

The optimization began with the examination of the effect of
L/Rh on the catalytic activity/selectivity of the hydroformylation in
the presence of Rh(acac)(CO), and dppb. The hydroformylation was
performed with a substrate to rhodium ratio (S/Rh) of 1314 at 20 bar
syngas in 30 min at 80 °C. The results are summarised in Table 1.

It is shown that the activity of the Rh—-dppb catalyst is improved
if an excess of phosphine is employed, as judged by the increased
conversion. The linear product 2 was not observed regardless of
the L/Rh ratios, and as may be expected, increasing the L/Rh ratio
ameliorates considerably the selectivity to the branched aldehyde
1 at the expense of the hydrogenation product 3. A full conversion
was reached in 30 min when L/Rh was above 7; still higher ratios
led to better selectivity to 1. Furthermore, it is worth noting that
the catalyst was active even at a low L/Rh ratio of 1 (entry 1). Under
these conditions, however, hydrogenation became significant. The
exclusive formation of the branched products is in line with the

Q 0

0
Rh(acac)(CO),/ L H 7(\)1\
\)]\oau +H,+ CO - 4 OBu + OBu 4 \)J\OBU

Toluene
1 2 3
Entry L/Rh Sel. [%]P 1 Sel. [%]° 3 Conv. [%]°
1 1 84 16 8
2 2 85 14 76
3 5 89 1 95
4 7 90 10 100
5 10 95 5 100

2 Conditions: [olefin] =1.69 M, S/Rh = 1314 (mol/mol), 80°C, 20 bar syngas, 30 min, in toluene (3 mL).

b Selectivity determined by GC; 2 was not detected.
¢ Conversion of the acrylate.
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Table 2

Effect of catalyst concentration?.

Entry [Rh] [x10~3 M] Rh [mol%] Sel. [%]° 1 Sel. [%]° 3 Conv. [%]¢ TOF [h~"]d
1 0.68 0.04 100 0 13 1292

2 1.29 0.08 94 6 24 1182

3 2.58 0.15 89 11 50 1166

4 3.87 0.23 85 15 78 1159

2 Conditions: [olefin] =1.69 M, L/Rh =7, 80°C, 20 bar syngas, 15 min, toluene (3 mL).
b Selectivity of the reaction shown in Table 1.

¢ Conversion of the acrylate.

d Turnover frequency based on 15 min conversion to 1.

literature when using dppb as ligand [6b]. Tanaka et al. reported
similar results when using dppb and [RhCI(CO), ], as catalyst [8].
However, the current conditions allow for faster hydroformylation.

3.1.2. Effect of catalyst concentration

The effect of the catalyst concentration on the selectivity and
reactivity was the next parameter studied, using a fixed olefin con-
centration and a fixed L/Rh ratio of 7; the results are shown in
Table 2. As can be seen by comparing entries 1-4, the conversion
is roughly proportional to [Rh]. A slight decrease in TOF to 1 was
observed; this is accompanied by an increase in the concentration
of the hydrogenation product. It thus appears that whist most of the
catalyst are active in catalyzing the formation of 1 in the concentra-
tion range of 0.68 x 10~3 M to 3.87 x 10~3 M, a lower concentration
benefits the chemoselectivity.

3.1.3. Effect of olefin concentration

The effect of the olefin concentration is seenin Table 3, where the
catalyst concentration was kept constant. As can be seen, the selec-
tivity to the branched aldehyde and the hydrogenation product do
not depend on the [olefin]. They were the only products observed
and their selectivity remained constant when varying the butyl
acrylate concentration (entries 1-4). However the conversion was
affected, decreasing from 58% to 11% when increasing the [olefin)].
The TOF also varied, increasing with [olefin] at lower [olefin] but
decreasing with [olefin] at higher [olefin]. This type substrate inhi-
bition has been noted before [21] and in our case is partly due to
the polymerisation of butyl acrylate at high [olefin].

3.2. Ligand steric effect

With the results above in hand, we then examined a range of
bidentate ligands. The hydroformylation was performed using a
combination of Rh(acac)(CO), and 7 equiv. of a phosphine ligand in
an autoclave at 80 °C and 20 bar syngas pressure, fixing the [olefin]
at 1.69 M. All the reactions were run for 20 min to allow for compar-
ison of catalytic activities, and in particular to inform if dppb is still
the best ligand in terms of the production of branched aldehyde in
comparison with other bidentate ligands such as dppf, Binap and
Xanthphos. The results are summarised in Table 4. As can be seen,

Table 3

Effect of olefin concentration?.

Entry [olefin] [M] Sel. [%]° 1 Sel. [%]° 3 Conv. [%]° TOF [h~1]4
1 0.85 94 6 58 1437

2 1.69 94 6 51 2512

3 2.12 94 6 24 1483

4 4.24 94 6 11 1359

all the ligands afforded the branched aldehyde 1 as the major prod-
uct, and only in the case of Xanthphos was the linear product 2
observed. The hydrogenation product 3 started to appear at higher
conversions associated with dppf, dppb and Xanthphos. In terms of
both TOF and selectivity to the branched aldehyde, it appears that
dppb affords the best results.

As might be expected, an increase in the TOF was observed
with increasing the ligand bite angle [22]. Thus, increasing the
bite angle from B=85° to 8=107° led to a remarkable increase
in the TOF from 118 h~! to 3052 h~!, with the Xanthphos ligand
showing the highest turnover frequency. Within the homologous
series of a,w-bis(diphenylphosphino)alkanes (entries 1-3 and 6),
the catalytic activity is in the order of dppm <dppe < dppp <dppb.
Similar results were observed by Tanaka et al. when studying the
hydroformylation of various acrylic esters [8]. They showed that
the bridge between the two phosphorus atoms, consisting of 2,
3 or 4 carbon atoms, of a,w-bis(diphenylphosphino)alkanes was
essential for high reactivity. A similar trend was also observed
in platinum-catalyzed hydroformylation of 1-pentene [23]. Many
other examples of bidentate phosphine ligands exist, where the
chelating ring formed with the metal exerts a strong influence on
the reactions [24-26].

The almost exclusive formation of the branched aldehyde with
the various ligands may stem from an electronic control arising
from the substrate. The strongly electron-withdrawing carbonyl
group could render hydride transfer to the 3 carbon easier than
to the a carbon. The appearance of the linear aldehyde 2 in the case
of Xanthphos can at least be partly attributed to increased steric
demanding from the ligand around the rhodium; this steric effect
is expected to discourage the formation of Rh-(branched alkyl)
responsible for 1.

According to their bite angles, bidentate phosphines may coordi-
nate to rhodium in equatorial-equatorial (ee) and axial-equatorial
(ae) positions Eq. (2)[27,28].In the previous work, bidentate ligands
having bite angles around 90° show a preferential ae coordination
mode [25,26,28,30,31]. Van Leeuwen’s group studied the hydro-

Table 4

Hydroformylation of butyl acrylate with various ligand?.

Entry Ligand Bite angle [°]  Sel. [%]® Conv. [%]¢ TOF[h~']d
1 2 3

1 Dppm 72 0 0 0 = =

2 Dppe 85 100 O 0 3 118

3 Dppp 91 100 O 0 6 236

4 Binap 92 9 0 10 5 177

5 Dppf 96 95 0 5 23 861

6 Dppb 98 94 0 6 55 2038

7 Xanthphos 107 88 5 7 88 3052

3 Conditions: [Rh]=1.29 x 10~3 M, L/Rh=7, 80°C, 20 bar syngas, 15 min, toluene
(3mL).

b Selectivity of the reaction shown in Table 1.

¢ Conversion of the acrylate.

4 Turnover frequency based on 15 min conversion to 1.

2 Conditions: [Olefin] =1.69 M, S/Rh=1314 (mol/mol), L/Rh=7, 80°C, 20 bar syn-
gas pressure, 20 min, in toluene (3 mL). Bite angles taken from Ref. [25a].

b Selectivity of the reaction shown in Table 1.

¢ Conversion of the acrylate.

4 Turnover of frequency based on 20 min conversion to 1.
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Table 5

Influence of modified dppb on the hydroformylation of butyl acrylate?.

Entry Ligand Sel. [%]° 1 Sel. [%]° 3 Conv. [%]¢ TOF [h~"]d
1 CF3-dppb 95 5 95 4743

2 dppb 94 6 37 1828

3 Me-dppb 92 8 26 1257

4 MeO-dppb 92 8 20 967

2 Conditions: [Olefin] = 1.69 M, S/Rh=1314 (mol/mol), L/Rh =7, 80°C, 20 bar syn-
gas, 15 min, in toluene (3 mL).

b Selectivity of the reaction shown in Table 1.

¢ Conversion of the acrylate.

4 Turnover of frequency based on 15 min conversion to 1.

formylation of 1-octene and styrene using a class of rigid ligands of
the Xanthphos type, which have bite angles between 102° and 131°
[29,30]. Using spectroscopic methods, they found that these ligands
showed a preference to ee coordination in RhH(diphosphine)(CO),
complexes, which afforded high linear-to-branched ratios. In the
case of styrene using dppf-based catalyst, they suggested that the
high selectivity to the branched aldehyde was due to a higher
proportion of the ae isomers [31]. The existence of a mixture of
two isomers of the active complex was earlier demonstrated by
Brown et al. with monodentate ligands and extended later on by
Casey et al. to bidentate ligands [27,28]. In the present study, if
the Rh-Xanthphos complex adopts an ee mode, insertion of the
olefin to give a branched alkyl species is likely to be sterically more
demanding than a linear alkyl. The same would be true for the
ae mode, but expectedly to a lesser degree. Thus, steric effects
would encourage the formation of the linear aldehyde. However,
the mechanistic details are undoubtedly more complicated, as indi-
cated by the hydroformylation of acrylates reported previously [9].

H _R H _R
P, 1 OC:,» |
CP,RIh—W S F}"th—“/
co &r
ee ae 2)

3.3. Ligand electronic effects

Studies of the electronic effects of phosphine ligands on the
activity and selectivity of rhodium-catalyzed hydrofomylation of
alkenes, such as styrene and propene, have been reported for both
monophosphines and chelating phosphines [1b,32]. A best way to
investigate the electronic effect of phosphines is to use the same
family of ligands having different electronic properties. Having
confirmed that dppb is preferable for acrylate hydroformylation,
we decided to synthesise analogous ligands possessing electron-
donating and -withdrawing substituents at the para position of the
phenyl rings of dppb (Scheme 1). Such substituents should alter the
electronic properties of the ligand without affecting the steric envi-
ronment in the immediate vicinity of the rhodium centre. These
types of ligands have been reported by Leitner et al.; but they have
not been used for hydroformylation [19].

With the MeO-dppb, Me-dppb and CF;-dppb synthesized, we
then carried out the hydroformylation of butyl acrylate under
conditions similar to those above. The results of the studies are
summarised in Table 5. As can be seen, the introduction of a strong
electron-withdrawing CF3; group on dppb led to a much faster reac-
tion, whereas installing an electron-donating OMe slowed down
the reaction considerably. Thus, the CF3—dppb ligand afforded a
high TOF of 4743 h~—1, whilst the MeO-dppb resulted in a TOF of
less than 1000 h~1, with dppb and Me-dppb displaying activities in
between. However, the electronic properties of these ligands seem
to have no impact on the regioselectivity and chemoselectivity,

since all the ligands favour the same aldehyde 1, and all produced
only a small amount of hydrogenation product. From these results,
it is clear that decreasing the phosphine basicity [33] increases the
rate of acrylate hydroformylation, whilst increasing the phosphine
basicity gives the opposite effect. Our previous results suggest that
this is also true with monodentate phosphines [13].

Many examples exist in the literature, showing the benefi-
cial effect of the ligand possessing electron-withdrawing group
on the rate and on the selectivity of hydroformylation reactions
[31,34-39]. Based on the previous studies, the introduction of
electron-withdrawing group on a ligand may be expected to accel-
erate the rate of acrylate hydroformylation, as it would encourage
COdissociation. However, the low hydroformylation rate associated
with acrylates is generally believed to stem from the formation
of thermodynamically stable five- or six-membered rings via the
coordination of the acrylate carbonyl group to rhodium, with the
reaction rate determined by opening of the ring to give a coordi-
natively unsaturated intermediate [12d,17b]. An electron-deficient
dppb might be expected to discourage this ring opening process,
leading to a slower reaction. Clearly, the hydroformylation mecha-
nism is more complicated than the arguments presented here and
warrants more detailed studies.

4. Conclusions

The investigation of hydroformylation of butyl acrylate revealed
some interesting results. When combined with rhodium, bidentate
phosphines having large bite angles afforded fast reaction; how-
ever, too high a bite angle appears to erode the regioselectivity. In
this context, dppb is a best compromise. Further studies showed
that the hydroformylation can be significantly accelerated when
dppb is made more electron-deficient, offering an easy way for
enhancing the rate of acrylate hydroformylation.

Acknowledgment

We thank the Leverhulme Centre for Innovative Catalysis for
financial support.

References

[1] () B. Breit, Top. Curr. Chem. 279 (2007) 139-172;
(b) PW.N.M. Van Leeuwen, C. Claver, Rhodium Catalyzed Hydroformylation,
Kluwer Academic Publishers, Dordrecht, The Netherlands, 2000.
[2] F. Ungvary, Coord. Chem. Rev. 251 (2007) 2087-2102.
[3] M.L. Clarke, Curr. Org. Chem. 9 (2005) 701-718.
[4] K.Nakamura, T. Miyai, K. Ushio, S. Oka, A. Ohno, Bull. Chem. Soc. Jpn. 61 (1988)
2089-2093.
[5] Y. Kawai, K. Hida, D.H. Dao, A. Ohno, Tetrahedron Lett. 39 (1998) 9219-9222.
[6] (a) I. Amer, H. Alper, ]. Am. Chem. Soc. 112 (1990) 3674-3676;
(b) H. Alper, ].Q. Zhou, J. Org. Chem. 57 (1992) 3729-3731.
[7] G.Muller, D. Sainz, J. Sales, J. Mol. Catal. 63 (1990) 173-180.
[8] M. Tanaka, T. Hayashi, I. Ogata, Bull. Chem. Soc. Jpn. 50 (1977) 2351-2357.
[9] M.L. Clarke, Tetrahedron Lett. 45 (2004) 4043-4045.
[10] K. Murata, A. Matsuda, Bull. Chem. Soc. Jpn. 53 (1980) 214-218.
[11] (a) A.M. Trzeciak, ].J. Ziolkowski, ]. Mol. Catal. 43 (1987) 15-20;
(b) H. Yamashita, B.L. Roan, T. Sakakura, M. Tanaka, ]J. Mol. Catal. 81 (1993)
255-265;
(c) T. Mitsudo, N. Suzuki, T. Kobayashi, T. Kondo, ]J. Mol. Catal. A: Chem. 137
(1999) 253-262.
[12] (a) G. Fremy, Y. Castanet, R. Grzybek, E. Monflier, A. Mortreux, A.M. Trzeciak, J.J.
Ziolkowski, J. Organomet. Chem. 505 (1995) 11-16;
(b) G. Fremy, E. Monflier, J.F. Carpentier, Y. Castanet, A. Mortreux, Angew. Chem.
Int. Ed. 34 (1995) 1474-1476;
(c) G. Fremy, E. Monflier, J.F. Carpentier, Y. Castanet, A. Mortreux, J. Catal. 162
(1996) 339-348;
(d) G. Fremy, E. Monflier, ].F. Carpentier, Y. Castanet, A. Mortreux, ]. Mol. Catal.
A: Chem. 129 (1998) 35-40.
[13] Y.L.Hu, W.P. Chen, A.M.B. Osuna, A.M. Stuart, E.G. Hope, ]. Xiao, Chem. Commun.
(2001) 725-726.
[14] Y.L. Hu, W.P. Chen, A.M.B. Osuna, J.A. Iggo, J. Xiao, Chem. Commun. 7 (2002)
788-789.



134 O. Saidi et al. / Journal of Molecular Catalysis A: Chemical 305 (2009) 130-134

[15] ML.L. Clarke, G.J. Roff, Green Chem. 9 (2007) 792-796.
[16] (a) M. Miyazaka, S. Momose, K. Yamamoto, Synth. Lett. (1990) 711-712;
(b) D. Neibecker, R. Reau, New J. Chem. 15 (1991) 279-281;
(¢) H.K. Reinius, A.O.L Krause, Catal. Lett. 70 (2000) 149-154;
(d) C.G. Arena, F. Nicolb, D. Drommi, G. Bruno, F. Faraone, J. Chem. Soc. Chem.
Commun. (1994) 2251-2252;
(e) R.A. Baber, M.L. Clarke, K.M. Heslop, A.C. Marr, A.G. Orpen, P.G. Pringle, A.
Ward, D.E. Zambrano-Williams, J. Chem. Soc. Dalton Trans. (2005) 1079-1085.
[17] (a) G.D. Cuny, S.L. Buchwald, ]J. Am. Chem. Soc. 115 (1993) 2066-2068;
(b) C.W. Lee, H. Alper, J. Org. Chem. 60 (1995) 499-503.
[18] K.S.A. Vallin, Q.S. Zhang, M. Larhed, D.P. Curran, A. Hallberg, ]J. Org. Chem. 68
(2003) 6639-6645.
[19] W. Leitner, M. Buhl, R. Fornika, C. Six, W. Baumann, E. Dinjus, M. Kessler, C.
Kruger, A. Rufinska, Organometallics 18 (1999) 1196-1206.
[20] C.M. Whitaker, K.L. Kott, R.J. Mcmahon, J. Org. Chem. 60 (1995) 3499-3508.
[21] R.M. Deshpande, R.V. Chaudhari, J. Catal. 115 (1989) 326-336.
[22] M. Kranenburg, Y.E.M. Vanderburgt, P.CJ. Kamer, PW.N.M. Van Leeuwen, K.
Goubitz, ]. Fraanje, Organometallics 14 (6) (1995) 3081-3089.
[23] (a) Y. Kawabata, T. Hayashi, I. Ogata, J. Chem. Soc. Chem. Commun. (1979)
462-463;
(b) T. Hayashi, Y. Kawabata, T. Isoyama, I. Ogata, Bull. Chem. Soc. Jpn. 54 (1981)
3438-3446.
[24] (a) PW.N.M. Van Leeuwen, P.CJ. Kamer, ].N.H. Reek, P. Dierkes, Chem. Rev. 100
(2000) 2741-2769;
(b) J.M. Brown, PJ. Guiry, Inorg. Chim. Acta 220 (1994) 249-259.
[25] (a) P. Dierkes, PW.N.M. Van Leeuwen, J. Chem. Soc. Dalton Trans. (1999)
1519-1529;
(b) L.A. Van der Veen, P.H. Keeven, G.C. Schoemaker, J.N.H. Reek, P.CJ. Kamer,
P.W.N.M. Van Leeuwen, M. Lutz, A.L. Spek, Organometallics 19 (2000) 872-883.
[26] Z.Freixa, PW.N.M. Van Leeuwen, J. Chem. Soc. Dalton Trans. (2003) 1890-1901.
[27] J.M. Brown, A.G. Kent, J. Chem. Soc. Perkin Trans. 2 (1987) 1597-1607.
[28] C.P.Casey, G.T. Whiteker, M.G. Melville, L.M. Petrovich, ].A. Gavney, ]. Am. Chem.
Soc. 114 (1992) 5535-5543.

[29] P.CJ. Kamer, PW.N. Van Leeuwen, J.N.H. Reek, Acc. Chem. Res. 34 (2001)
895-904.

[30] M. Kranenburg, Y.E.M. Vanderburgt, P.CJ. Kamer, PW.N.M. Van Leeuwen, K.
Goubitz, ]. Fraanje, Organometallics 14 (1995) 3081-3089.

[31] U. Nettekoven, P.CJ. Kamer, M. Widhalm, PWN.M. Van Leeuwen,
Organometallics 19 (2000) 4596-4607.

[32] (a) PW.N.M. Van Leeuwen, C.F. Roobeek, J. Organomet. Chem. 258 (1983)
343-350;
(b) E. Zuidema, E. Daura-Oller, JJ. Carbo, C. Bo, PW.N.M. Van Leeuwen,
Organometallics 26 (2007) 2234-2242;
(€) Y. Guo, H. Fu, H. Chen, X. Li, Catal. Commun. 9 (2008) 1842-1845;

e) G. Erre, S. Enthaler, K. Junge, S. Gladiali, M. Beller, J. Mol. Catal. A: Chem. 280

2008) 148-155.

a) C. Hansch, A. Leo, R.W. Taft, Chem. Rev. 91 (1991) 165-195;

b) M.L. Clarke, D. Ellis, K.L. Mason, A.G. Orpen, P.G. Pringle, R.L. Wingad, D.A.
Zaher, R.T. Baker, J. Chem. Soc. Dalton Trans. (2005) 1294-1300.

[34] (a) M.T. Reetz, S.R. Waldvogel, R. Goddard, Tetrahedron Lett. 38 (1997)
5967-5970;
(b) R. Lazzaroni, R. Settambolo, G. Uccello-Barretta, Organometallics 14 (1995)
4644-4650;
(¢) G. Alagona, C. Ghio, R. Lazzaroni, R. Settambolo, Organometallics 20 (2001)
5394-5404;
(d) D. Gleich, J. Hutter, Chem. Eur. J. 10 (2004) 2435-2444;
(e) M. Beller, B. Cornils, C.D. Frohning, C.W. Kohlpaintner, J. Mol. Catal. A: Chem.
104 (1995) 17-85.

[35] W.R. Moser, C.J. Papile, D.A. Brannon, R.A. Duwell, S.J. Weininger, ]. Mol. Catal.
41(1987) 271-292.

[36] A.Buhling, P.C.J. Kamer, PW.N.M. Van Leeuwen, J. Mol. Catal. A: Chem. 98 (1995)
69-80.

[37] ].D. Unruh, J.R. Christenson, J. Mol. Catal. 14 (1982) 19-34.

[38] C.P. Casey, E.L. Paulsen, E.W. Beuttenmueller, B.R. Proft, L.M. Petrovich, B.A.
Matter, D.R. Powell, J. Am. Chem. Soc. 119 (1997) 11817-11825.

[39] G. Pozzi, I. Shepperson, Coord. Chem. Rev. 242 (2003) 115-124.

(
(
133] (
(



	Effects of ligands on the rhodium-catalyzed hydroformylation of acrylate
	Introduction
	Experimental
	General remarks
	General procedure for hydroformylation

	Results and discussion
	Optimization of the reaction conditions
	Effect of ligand to rhodium ratio
	Effect of catalyst concentration
	Effect of olefin concentration

	Ligand steric effect
	Ligand electronic effects

	Conclusions
	Acknowledgment
	References


