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Abstract 

The catalyst system, montmorillonite-diphenylphosphinepalladium(I1) chloride complex, HCl-NMDPP, afforded the 
corresponding branched ester quantitatively at 125°C and 4.5 atm of CO pressure. The high catalytic activity (substrate/Pd = 
500) demonstrates its potential use on commercial scale although the enantioselectivity is not satisfactory. In contrast to 
previous studies, bulky bidentate ligands were also effective because of the higher interlamellar spacings of the catalyst. 
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1. Introduction 

Catalytic hydroesterification of olefins with 
CO and an alcohol has attracted considerable 
interest for the synthesis of industrially impor- 
tant carboxylic esters [1,2]. Transition metal 
catalyzed hydroesterification of olefins usually 
affords a mixture of normal and branched esters 
[3-51. The br anched acid esters derived from 
arylethenes are useful precursors for 2-arylpro- 
pionic acids such as ibuprofen and naproxen, 
the non-steroidal anti-inflammatory drugs [6,7]. 

* Corresponding author. 
’ Deceased on 4 October 1995 

Palladium complexes have received great atten- 
tion because they are not only effective at lower 
CO pressures but also selective to branched 
esters and acids [4,5,8-151. There are only few 
successful reports on asymmetric hydroestetifi- 
cation. One of the best results has been shown 
by Alper in hydrocarboxylation of arylethenes 
using PdCl ,-CuCl ,-HCl-( S>- or ( RI-BNPPA 
(1 atm of CO at room temperature) [ 161. The 
corresponding ester was obtained in 66-89% 
conv. (S/C = 4.2-lo), 83-91% ee. Consiglio 
and co-workers [ 171 and Hayashi et al. [I 81 
reported on asymmetric hydrocarboxylation of 
a-methylstyrene catalyzed by PdCl,-DIOP (400 
atm of CO at 100°C -6O%ee,S/C=200)or 
PdCl,(PhCN),-chiral dibenzophospholes (240 
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atm of CO at lOO”C, 23-83% conv., S/C = 
200, 7.3-44% ee), respectively. Cometti and 
Chiusoli reported hydroesterification of styrene 
using a combination of a NMDPP-Pd(dba), 
corn plex (NMDPP = 
neomenthyldiphenylphosphine) with excess tri- 
fluoroacetic acid (1 atm of CO at 50°C, S/ C = 
188, 3% isolated yield, 52% ee) [19]. 

Heterogeneous catalysts are preferred in in- 
dustry because of their ease of separation and 
reusability. Swelling-type smectite clays such as 
montmorillonite have recently attracted much 
interest as supports for transition metal com- 
plexes. These clays can be functionalized by 
attachment of organic ligands to which a metal 
can coordinate [20-221 or via ion exchange with 
a cationic metal complex [23-2.51. In many 
cases, transition metal complexes immobilized 
on montmorillonite show enhanced reactivity 
and selectivity in hydrogenation, hydroformyla- 
tion and carbonylation [20-271. The better re- 
sults are considered to be due to their lamellar 
swelling structure, large surface area, and avail- 
ability of both Brijnsted and Lewis acidic sites. 
Recently there are some reports on hydroesteri- 
fication of olefins by palladium complexes in- 
tercalated in smectite clays. Cracker and Herold 
reported hydroesterification of ethylene using 
Pd” complexes intercalated in smectite clay by 
ion exchange [28]. They concluded that acidic 
forms of montmorillonite have a promoting ef- 
fect on these reactions. Alper reported that 
Pd(OAc), immobilized on montmorillonite dis- 
plays good selectivity in hydroesterification of 
olefins to give branched esters (45 atm of CO at 
125”C, S/C = 500, 80% isolated yield) [29]. 
The remarkably high catalytic activity of palla- 
dium complexes immobilized on montmoril- 
lonite prompted us to investigate hydroesterifi- 
cation of styrene with these complexes in the 
presence of chiral phosphines. 

We report here hydroesterification of styrene 
catalyzed by the montmorillonite-diphenyl- 
phosphinepalladium(I1) chloride anchored com- 
plex in the presence of various chiral phospho- 
rous ligands. 

2. Experimental 

2.1. General procedure, materials, and mea- 
surement 

All manipulation of oxygen- and moisture- 
sensitive materials were conducted under puri- 
fied argon atmosphere (deoxygenated by 
BASF-Catalyst R3-11 at 80°C). Proton NMR 
spectra were recorded on a JEOL EX-270 spec- 
trometer using tetramethylsilane as an internal 
standard. HPLC analyses were carried out on a 
TOSOH CCPM equipped with CO-8000 injec- 
tion unit and UV-8000 detector. 

All commercially available reagents were 
used as-received unless otherwise stated. Ben- 
zene was distilled under argon after drying over 
sodium benzophenone ketyl. Methanol was dis- 
tilled over magnesium methoxide. Montmoril- 
lonite-diphenylphosphine-PdCl, was prepared 
according to our earlier literature reported 
method [21]. (R,S)-BINAPHOS [30] and 
Pd(dba), [31] were prepared by the reported 
procedures. Preparation of ( R)-7,7’-bis(diphen- 
ylphosphinomethyl)-2,2’-dimethoxy- 1, I’-binaphthyl 
will be reported elsewhere. Carbon monoxide 
was purchased from Teisan Co. 

2.2. Hydroesterification of styrene 

A solution of styrene (0.11 ml, 1 .O mmol) in 
benzene (10 ml) was prepared in a 20-ml 
Schlenk tube, and degassed by three freeze- 
thaw cycles. The solution was transferred into a 
50-ml stainless-steel autoclave containing Pd- 
clay (20.0 mg, 0.0020 mm01 of Pd) and ligand 
(0.010 mmol) under argon. To this was added 
methanol (0.24 ml, 6.0 mmol), cont. HCl (0.10 
ml). The mixture was stirred under 45 atm of 
CO for 24 h in an oil bath maintained at 125°C. 
After cooling down to room temperature, CO 
was released and the reaction mixture was fil- 
tered, concentrated with rotary evaporator. Con- 
version and selectivity were determined by ‘H- 
NMR. Pure ester was isolated by column chro- 
matography on silica gel using hexane/ethyl 
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acetate (9/l) as an eluent. The enantiomeric 
excess was determined by HPLC analysis 
(Daicel CHIRALCEL OJ, hexane/2-propanol 
= 99/l, 1 ml min-‘1. 

3. Results and discussion 

Hydroesterification of styrene was carried out 
with montmorillonite-diphenylphosphine- 
PdCl, along with various chiral phosphorous 
ligands in the presence of concentrated hydro- 

chloric acid (Scheme 1). The ligand effect on 
the reaction is shown in Table 1. No reaction 
took place in the absence of a ligand (run 1). 
Monodentate phosphines led to complete selec- 
tivity to the branched ester and the product was 
isolated in high yield, but the enantioselectivi- 
ties were poor (runs 3-4). Excellent regioselec- 
tivity has also been obtained with an (S,S)- 
phospholane 1, but the catalytic activity was 
lower (run 5). On the contrary, mixtures of 
branched and linear esters were obtained with 
conventional bisphosphine ligands (runs 7-S). 

CO (45 atm), cone HCI (0.1 mL) 

ph/\\ + MeOH 
Pd-clay / Ligand (5 eq to Pd) 

t 
Benzene, 120 “C, 24 h 

(I) 

+ 
Ph COOMe 

phmCOOMe 

branched normal 

4 “‘PPh2 

‘1.8, 

Ph 

NMDPP (S,S)-Phospholane 1 (R)-MeO-MOP 

(S)-BNPPA 

(@-New Ligand 2 

(R)-BINAP (RR)-DIOP 

(R,S)-BINAPHOS 

Scheme I 
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Table 1 
Hydroesterification of styrene catalyzed by montmorillonite-diphenylphosphosphinepalladium(II) chloride in the presence of different chiral 
phosphines a 

Entry Ligand Conv. (%) b 

1 None 0 
2 PPh, 100 
3 NMDPP 77 (73) 
3A’ NMDPP 33 
4 (RI-MeO-MOP 78 (72) 
5 (S,Sl-Phospholane 49 
6 WBNPPA 0 
7 (R)-BINAP 22 
8 ( R,R)-DIOP 12 
9 (RI-New ligand e 23 

10 (R,S)-BINAPHOS 52 

Branched/linear 

100/o 
100/o 
100/o 
100/o 
98/2 

- 

50/50 
< lO/> 90 

100/o 
86/14 

% ee (Config) 

_ 

1.8 (S) 
1.2 W 
5.0 (R) 
2.4 (R) 

NDd 

12.0 W 
6.0 (R) 

a Styrene (0.11 ml, 1 .O mmol) in benzene (10 ml) was treated with methanol (0.24 ml, 6.0 mmol) at 125°C for 24 h under 45 atm of CO in 
$e presence of Pd-clay (20.0 mg, 0.0020 mmol of Pd), ligands (0.010 mmol), and cont. HCl (0.10 ml). 

Isolated yields are shown in parentheses. 
’ Reaction with a used catalyst. 
d Not determined. Complexity of the reaction mixture prevented purification of the product and HPLC analysis. 
e (R)-7,7’-bis(diphenylphosphinomethyl)-2,2’-dimethoxy-l,l’-binaphthyl. 

Similar regioselectivities with chelating bispho- 
sphines are reported in homogeneous conditions 
[5]. Neverthele ss, it is noteworthy that the reac- 
tion proceeded with the bulky bidentate ligands 
in this Pd-clay system and this is against the 
observation by Lee and Alper that no reaction 
has taken place with dppp [1,3_bis(diphenyl- 
phosphino)propane] and dppb [ 1,4_bis(diphenyl- 
phosphino)butane] in their Pd(OAc), immobi- 

lized on montmorillonite [29]. This may be ex- 
plained that the basal (001) ospacings in the 
present clay complex is 18 A [?I] which is 
higher than the clay complex (15 A) they used. 
Higher enantioselectivity, 12% ee has been 
achieved with a new ligand 2 as well as com- 
plete regioselectivity (run 9). Larger bite angle 
of this ligand may be advantageous to this 
reaction. The phosphine-phosphite ligand BI- 

Table 2 
Effect of acid additives on the hydroesterification of styrene a 

Entry Acid (amount) Conv. (%) b Branched/linear % ee (Config) 

2 
3 
4 
5c 
6 
7 
8 
9 

10 

None 0 

HCl(O.1 ml) 77 (73) 
HCl(O.05 mI) 58 
HCl(O.02 ml) 30 
HCl(O.l ml) 50 
CFsCOOH (0.1 ml) 0 
CF,COOH (0.02 ml) 0 

TsOH d (0.02 mmol) 0 

HBF, e (0.15 ml) 67 f 

CuCl, (0.01 mmol) 0 

_ 

100/o 
100/o 
100/o 
100/o 

- 
- 
_ 
- 

1.8 (S) 
1.8 (Sl 

racemic 
3.0 (Sl 

_ 

a Styrene (0.11 ml, 1 .O mmol) in benzene (10 ml) was treated with methanol (0.24 ml, 6.0 mm011 at 125°C for 24 h under 45 atm of CO in 
$e presence of Pd-clay (20.0 mg, 0.0020 mmol of Pdl, NMDPP (0.010 mmol), and additives. 

Isolated yields are shown in parenthesis. 
’ Methanol was used as a solvent. 
d p-Toluenesulfonic acid. 
e 48 wt% in water. 
f The product was PhCH(CH,)OCH,. No ester was obtained. 
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NAPHOS, which has been shown to be an 

Reusability is an important feature of hetero- 

excellent ligand for enantioselective carbonyla- 
tion such as hydroformylation and copolymer- 

geneous catalysis. Since no precipitation of pal- 

ization with olefins [30,32], was also used as a 
ligand. In this reaction, BINAPHOS complex 

ladium metal was observed when the reaction 

showed higher activity than those with other 
bidentate ligands, but the obtained regio- and 

was completed in run 3, the catalyst was recov- 

enantioselectivity were inferior to the new lig- 
and (run 10). It is possible that BINAPHOS 

ered, washed, and subjected for the same reac- 

worked as a monodentate ligand because hydro- 
lysis of the phosphite site might have taken 

tion (run 3A). Reused catalyst maintained the 

place under the acidic reaction condition. 

selectivity, albeit with lower activity (run 3Al. 
Loss of palladium at the washing may be the 
reason for the lower catalytic activity. When 
water was used instead of methanol in an at- 
tempt to produce the acid directly, there is no 
reaction and the catalyst precursor decomposed 
to inactive palladium metal. 

Table 2 summarizes the effect of various acid 
additives using neomenthyldiphenylphosphine as 
the standard chiral ligand. No reaction has oc- 
curred without acid (run 1). Among the addi- 
tives tested, only HCl was found to be effective 
(run 2). At lower concentration of HCl, the 
catalyst partially decomposed to palladium metal 
during the reaction, and the yield was lowered 
(runs 3-4). Other acid additives caused deposi- 

Table 3 
Effect of pressure on the hydroesterification of styrene a 

Entry Pressure Cow. Branched see - 
(atm) (“/cl /linear (Config) 

I 4s 77 100/O 1.8 (S) 
2 35 100 100/O racemic 
3 5 .33 h _ _ 

” Styrene (0.11 ml, I.0 mmol) in benzene (10 ml) was treated 
with methanol (0.24 ml, 6.0 mmol) at 125°C for 24 h under CO in 
the presence of Pd-clay (20.0 mg, 0.0020 mmol of Pd), NMDPP 
(0.010 mmol). and cont. HCI (0.10 ml). 
’ The product was ethylbenzene. 

Table 4 
Effect of ligand/Pd ratio on the hydroesterification of styrene a 

Entry Ligand/Pd Cow. (9%) Branched/linear % ee (Config) 

1 0 0 _ 

2 2 24 100/o 3.0 (S) 
3 5 II 100/o 1.8 (S) 
4 10 100 loo/O racemic 

’ Styrene (0.11 ml, 1.0 mmol) in benzene (10 ml) was treated 
with methanol (0.24 ml, 6.0 mmol) at 125°C for 24 h under 45 
atm of CO in the presence of Pd-clay (20.0 mg. 0.0020 mmol of 
Pd), ligand (NMDPP), and cont. HCI (0.10 ml). 

tion of Pd metal, and styrene was recovered 
quantitatively (runs 6-8). These results form a 
striking contrast to those with homogeneous 
catalyst reported by Cometti and Chiusoli, in 
which CF,COOH acted as the only effective 
promoter and the conversion and asymmetric 
induction were very low with other acids such 
as CH,COOH, HCOOH, HCl and HBr [ 191. 
With HBF,, no CO insertion has occurred and 
l-methoxyethylbenzene was obtained (run 9). 
Addition of CuCl, which is reported to be 
effective in homogeneous condition [ 141 re- 
sulted in no reaction. 

It was reported that the CO pressure has a 
great influence on the catalytic activity and 
selectivity. Consiglio and coworkers increased 
the CO pressure from 50 to 700 atm to obtain 
better optical purity [ 171 while Cometto and 
Chiusoli reported that lower pressure around 1 
atm resulted in higher ee [19]. We also exam- 
ined the pressure effect on the reaction and the 
results are shown in Table 3. When CO pressure 
was lowered from 4.5 to 3.5 atm, higher conver- 
sion has been achieved with slight loss of ee 
(runs 1 and 2). This is in sharp contrast to the 
observation reported in homogeneous conditions 
where higher CO pressure afforded better con- 
versions [[9,14]]. On the other hand, only hydro- 
genation has proceeded to give ethylbenzene at 
5 atm of CO (run 3). Methanol is reported to act 
as a hydrogen donor in the presence of transi- 
tion metal catalysts [33]. 

Table 4 shows the effect of ligand/Pd ratios 
on the catalytic activities. The catalytic activity 
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Table 5 
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Hydroesterification of styrene by homogeneous or heterogeneous catalysts a 

Entry Catalyst Press (atm) Conv. (%) b Branched/linear % ee (Config) 

lC Pd(dba),/NMDPP 
2 Pd(dba),/NMDPP 
3 Pd-clay/NMDPP 
4’ Pd(dba),/(R,S)-BINAPHOS 
5 Pd(dba),/(R,S)-BINAPHOS 
6 Pd-clay/(R,S)-BINAPHOS 
7’ Pd(dbalz/New ligand 
8 Pd-clay/New ligand 

1 
45 
45 

1 
45 
45 

1 
45 

20 94/6 
40 100/o 

ll(73) 100/o 
0 _ 

6 60/40 
52 86/14 

trace o/100 
23 100/o 

12.0 (Sl 
racemic 

1.8 (Sl 

racemic 
6.0 (R) 

12.0 (S) 

a Styrene (0.11 ml, 1 .O mmol) in benzene (10 ml) was treated with methanol (0.24 ml, 6.0 mmol) at 125°C for 24 h under 45 atm of CO in 
the presence of Pd-clay (20.0 mg, 0.0020 mmol of Pd) or Pd(dba1, (0.0020 mmoll, ligands (0.010 mmol), and cont. HCl (0.10 ml). 
b Isolated yield is shown in parenthesis. 
’ The reactions were carried out under the same condition as reported in Ref. 1191. Styrene (0.15 ml, 1.3 mm011 in methanol (10 ml) at 50°C 
for 5 h under 1 atm of CO in the presence of Pd(dbal2 (0.00695 mmol), NMDPP (0.020 mmoll, and cone CFsCOOH (0.03 ml). 

significantly decreased with decreasing concen- 
tration of phosphine, but enantioselectivity was 
slightly improved. In the absence of phosphine 
ligand, no reaction has taken place. These re- 
sults show the importance of the excess ligand 
for stabilizing the Pd complex. 

The comparison between homogeneous and 
heterogeneous catalysts are displayed in Table 
5. The products from heterogeneous reaction 
conditions are clean and easy to separate. On 
the other hand, homogeneous catalysts were less 
active and gave mixtures of esters. 

Racemization of the product during the reac- 
tion may be a possible explanation for the poor 
enantioselectivities. However, no racemization 
has taken place when the optically pure ester 
was treated under the same reaction conditions. 
Thus it seems that the enantiofacial selection by 
the catalyst was not sufficient to afford satisfac- 
tory ee. The reaction pathway is considered to 
be similar to that reported by Lee and Alper 
1291. 

4. Conclusion 

The Pd anchored clay catalyzed hydroesteri- 
fication of styrene in the presence of chiral 
phosphine ligands afforded the branched acid 
esters with excellent regioselectivity, but the 
enantioselectivity was not satisfactory. The new 

observation in this catalyst system is that the 
bulky ligands were also effective because of the 
higher interlamellar spacings of the catalyst. 
This will allow us for further ligand design to 
the goal of enantioselectivity. 
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