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Hydroesterification of 2-vinyl-6-methoxynaphthalene (VMN) to methyl ester of 6-methoxy naphthyl pro-
pionic acid (ester of naproxen) has been investigated using palladium complexes containing the chelating
N"0 and N"N ligands (pyridine-2-carboxylate, 2-acetylpyridine, 2-pyridine-carboxaldehyde, and bipyri-
dine) as catalysts. Palladium complex containing 2-acetylpyridine as the ligand was found to be superior
to other Pd-complexes. Both acid and halide promoters were necessary for high activity and selectivity.
As an acid promoter, benzenesulfonic acid was found to be more effective compared to p-toluenesulfonic
acid. Formation of ether 2-methoxy-6-(1-methoxyethyl)naphthalene and a polymer of VMN was observed
in all the reactions. It was observed that active catalytic species generated during carbonylation reaction
was responsible for the polymer formation. The effect of various parameters such as solvents, CO pressure,
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Naproxen and alcohols on the catalytic activity as well as the selectivity was investigated. The turnover frequency
Promoters using the complex Pd(acpy)(PPh3)(OTs), (acpy = 2-acetylpyridine) catalyst was found to be 42 h—1, which
Polymer of VMN is the highest for the hydroesterification of VMN.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The transition metal complex catalyzed hydroesterification of
olefins with CO and alcohol is of significant interest for the synthesis
of linear fatty acid esters and branched 2-arylpropionic acid esters.
Branched arylpropionic acid esters are industrially important as
antiinflammatory agents [1]. Various catalysts used for hydroes-
terification of olefins are cobalt [2] and palladium [3] compounds.
The synthesis of esters with Pd catalysts requires relatively lower
temperatures (50-125 °C) as compared to cobalt catalysts (>140°C).
However, mixtures of regio-isomers are often obtained and higher
CO pressure (100atm) is required [4]. Recently, improved palla-
dium catalysts have been developed which are effective at relatively
low pressures and selective for the generation of branched esters.
Jayasree et al. [5,6] have proposed catalyst system comprising of
Pd(pyca)(PPh3)(OTs) complex and TsOH and LiCl promoters, for
the carbonylation of a variety of olefins and alcohols. This cata-
lyst system showed significant advancement (TOF~2600h-! for
hydroxycarbonylation of styrene) in low pressure catalytic carbony-
lation (Pco ~ 5.4 MPa, 388 K) reactions. Seayad et al. [7] reported
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the hydrocarboxylation of various olefins using PdCl,(PPhs3), as a
catalyst along with TsOH and LiCl as promoters in which hydrocar-
boxylation of VMN is also demonstrated as one of the examples.
However, there are only a few reports on the hydroesterification
of important substrates such as VMN to the esters of naproxen
and there is no information on the detailed parametric effects
and quantitative details of the catalytic activity and selectivity.
The catalytic systems reported for the hydroesterification of VMN
include PdCl,(MDPP), [8] (MDPP=menthyldiphenylphosphine)
and silica-supported chitosan-palladium complex (CS-PdCl,/SiO,)
[9], which showed very low turnover frequencies (<10h-1).
There are also reports on asymmetric hydroesterification of
VMN in which Hiyama and co-workers [10] have used dicy-
cloalkylphosphinobinaphthalene as a chiral ligand along with
PdCl,, to show 53% enantioselectivity. This reaction was car-
ried in the absence of acid promoters and high yields were
obtained only after prolonged reaction times (24-144 h). Inoue and
co-workers [11] described asymmetric hydroesterification using
Pd(OAc), /(S)-(R)-BPPFA/p-toluenesulfonic acid as the catalytic sys-
tem ((S)-(R)-BPPFA =(S)-1-[(R)-1’,2-bis(diphenylphosphino) ferro-
cenyl]ethylenediamine). The reaction was carried out at room
temperature for a period of 24h, however, the reaction gave
very poor conversions (~13%) with three products consisting of
a branched ester, linear ester and ether (formed by the reac-
tion of starting olefin and methanol catalyzed by acid). It is
evident from these reports that the activity of Pd catalysts for
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hydroesterification of VMN is significantly lower than that of
styrene and more detailed study on the role of catalyst precursors
and promoters is necessary to explore improved catalysts with high
activity and regio-selectivity. Herein we report hydroesterification
of VMN using palladium complex catalysts having one hemi-labile
chelating ligand as catalyst precursors. Effect of various reaction
conditions on the activity and selectivity has been investigated.

2. Experimental
2.1. Materials

Pd(OAc),, 2-acetylpyridine (acpy), pyridine-2-carboxylic acid
(pyca), 2,2’-bipyridyl (bipy), pyridine-2-carboxaldehyde (pycald),
triphenylphosphine, p-toluenesulfonic acid, benzenesulfonic acid,
methanesulfonic acid, trifloromethanesulfonic acid, trifloroacetic
acid, lithium chloride, methanol, 4-tert-butylcatechol and CO
(Matheson, USA) were used as-received without further purifica-
tion. Solvents and alcohols were of analytical grade purchased from
Merck or S.D. fine chemicals and were used as-received. 2-Vinyl-6-
methoxynaphthalene was prepared by the Heck arylation of ethy-
lene with 2-bromo-6-methoxynaphthalene using the NC pallada-
cycle catalyst [12]. The complexes Pd(pyca)(PPh3)(OTs)-H,O was
prepared according to the procedure in the literature [5]. The com-
plexes Pd(acpy)(PPhs)(OTs),-2H,0, Pd(pycald)(PPh3)(OTs),-2H,O0,
and Pd(bipy)(PPh3)(OTs),-3H,0 were prepared as per the proce-
dures described earlier [13].

2.2. Carbonylation reactions and analysis

Carbonylation! reactions were carried out in a 50ml Parr
autoclave reactor made of Hastelloy C-276 material, following a
procedure similar to that described previously [5]. In a typical reac-
tion, the palladium catalyst and the liquid phase reactants and
solvent were charged to the reactor and the reactor was sealed.
The contents were heated to the desired temperature, and then
the reactor was filled with CO to the desired pressure. Reaction
was started by setting agitation speed to 1000 rpm. The progress
of the reaction was followed up by observing the pressure drop in
CO reservoir as a function of time as well as by taking the inter-
mittent samples of reaction mixture. The reaction was stopped at
completion of CO absorption. Afterwards, the reactor was brought
to ambient temperature, and pressure was released. The reactor
was flushed thrice with N, and liquid phase samples were ana-
lyzed for reactant/products composition using HP GC 6890 fitted
with a HP-1 capillary column (30 m x 0.33 mm x 0.2 m). Products
were identified by comparison with authentic materials (calibra-
tion data obtained from authentic samples of VMN, product esters
and ether at four different concentrations). GC-MS analyses of
the samples were performed using Agilent 5973 N Mass Selective
Detector attachment.

Molecular weight of the polymer (obtained as a by-product
and separated from the reaction mixture) was determined by GPC
analysis with chloroform as an eluent having six Ultra Styragel
columns (50-10° A porosities) and UV-100 and RI-150 detec-
tors. Molecular weight (My) and polydispersities (Mw/M;,) were
determined using a calibration curve obtained by polystyrene
standards from PSS Germany. NMR was obtained from Bruker-
DRX-500 and Bruker-AV-200. FT-IR spectra were recorded on
a PerkinElmer FT-IR spectrum GX instrument by making KBr
pellets.

1 Hazardous CO involved, authors suggest safe and expert handling during exper-
iments.

3. Results and discussion
3.1. Preliminary experiments for the hydroesterification of VMN

The palladium complexes containing chelating nitrogen lig-
ands were examined for the first time for the hydroesterification
of 2-vinyl-6-methoxynaphthalene to obtain ester of naproxen.
Hydroesterification of VMN with methanol was carried out using
Pd(pyca)(PPh3)(OTs) as catalyst precursor, p-toluenesulfonic acid
and LiCl as promoters using methyl ethyl ketone as the solvent. The
GC-MS analysis showed the formation of methyl ester of naproxen
(methyl 2-(6-methoxy-2-naphthyl)propanoate) and its linear iso-
mer, methyl 3-(6-methoxy-2-naphthyl)propanoate and by-product
ether ([2-methoxy-6-(1-methoxyethyl)naphthalene] the product
of a simple etherification reaction between the starting olefin and
alcohol). But the concentration-time profile for the hydroesterifi-
cation reaction shown in Fig. 1, does not show equivalent amount
of products formed as compared to the reactant consumed. Mate-
rial balance of the reaction was found to be ~75%. This deviation
from material balance clearly indicates formation of other compo-
nents in the reaction mixture that could not be identified by GC
analysis. It may be noted that previous literature results do not
show any concentration-time profile or quantitative details for this
reaction.

To account for this mass balance deviation; the reaction mix-
ture was taken and the solvent was removed. The residue obtained
was washed thoroughly with methanol (the Pd-complex, promot-
ers, ester product and ether are soluble in methanol). The residue
was further given soxhlet treatment in methanol for 8 h and dried
under vacuum. The resulting material was analyzed by 'HNMR, 13C
NMR, IR and GPC. These characterizations indicated the formation
of a polymer as discussed below.

Molecular weight of the produced polymers was determined by
gel permeation chromatography using chloroform as a solvent at
room temperature. The GPC analysis showed a single peak and the
weight average molecular weight was found to be 29,027. The poly-
merization can occur because of the high reactivity of the starting
material under the reaction conditions. The NMR spectrum of the
polymer is shown in Fig. 2. Comparing the NMR spectrum of pure
VMN and poly(VMN) indicates that olefin protons corresponding to
VMN have disappeared forming broad signals at § =6-8 ppm and at
§=1-2ppm.

The evidence for linear structure was given by the comparison of
integration ratio of methoxy group and aromatic group in '"H NMR
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Fig. 1. Concentration vs. reaction time for hydroesterification of VMN. Reaction
conditions: VMN, 4.89 mmol; Pd-complex, 0.035mmol; TsOH, 0.35mmol; LiCl,
0.35 mmol; Pco, 600 psi; T, 75°C; MeOH, 2 ml; methyl ethyl ketone, 23 ml; 4-tert-
butylcatechol, 0.03 mmol.



136 S.B. Atla et al. / Journal of Molecular Catalysis A: Chemical 307 (2009) 134-141

90

.00

8~ B8y
g9 ¥
M ). JUE
3.84 2.10 0.93 0.93 092 3.00
_ [ [=] =]
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
(a)
TN?S
T
i
f

L

LAl Ll i M s e M Sl B S L B L L e s B B b e s
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

(b)

Fig. 2. NMR spectrum of VMN and poly(VMN). (a) 'H NMR of 2-vinyl-6-methoxynaphthalene. (b) 'H NMR (500 MHz) spectrum of ploy(VMN) (M, = 12,360, My, /M, =2.347).

(Fig. 3). The integral ratio is 1:2, which indicates that the obtained
poly (VMN) is linear without any cross-linking.

The 13C NMR (Fig. 4) shows the peak values at § (ppm)=29.67
(-CH3), 40.34 (-CH), 55.13 (-OCH3), 105.59, 118.20, 126.40, 128.76,
132.85, 140.04, 156.93, and the *C-DEPT shows disappearance of
peaks at §(ppm)=132.85, 140.04, 156.93. 13C-DEPT shows peak

o)
H,C”

Fig. 3. Structure of poly-VMN.

at §=29.67 which corresponds to methylene (-CH,-) unit, this
together with TH NMR spectrum indicates the formation of polymer
(Fig. 3).

The IR (KBr) spectra shows absorption frequencies at 3438,
2926, 2839, 1635, 1604, 1506, 1482, 1391, 1264, 1159, 1031,
849, 806 and 751 cm~!. The IR spectra revealed the absence
of C=0 stretching vibrations, the peaks arising at 1635, 1604,
1506 cm~! are due to the C=C ring stretch. The aromatic C-H stretch
shows peak at 3438 cm~! and the methyl C-H stretch appears at
2926, 2839 cm~!. The absorptions at 1264 and 1031 cm~! can be
assigned as benzene ring C-0 stretch and the methyl C-O stretch,
respectively.

The 13C NMR and IR results do not show any resonance peaks
arising due to C=0 functionality indicating that the polymer prod-
uct is not formed in carbonylation reaction sequence but by direct
polymerization of the reactant, VMN.

Thus, four different products were identified in the hydroes-
terification of VMN as shown in Scheme 1. It was observed that
the formation of the polymer persists and could not be elimi-
nated by using tert-butylcatechol as the polymerization inhibitor.
Thus, there is loss of selectivity because of the polymerization of
the reactant VMN under reaction conditions. After confirmation
and detailed characterization of the polymer as a product, further
results obtained in the work are presented based on GC analysis.
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Fig. 4. >C NMR (500 MHz) spectrum of poly(VMN).
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Scheme 1. Hydroesterification of 2-vinyl-6-methoxynaphthalene.

The unaccounted material balance is assigned as the polymerized
product.

From the preliminary experiments formation of polymer and
ether as the side products was observed under the reaction con-
dition investigated. It is important to understand if palladium has
a role in the formation of these unwanted side products. For this
purpose few experiments were carried out and the results are pre-
sented in Table 1. Under standard reaction conditions (Table 1, entry
1) 84% conversion of VMN with 63.5% selectivity to branched ester,
10.8% selectivity to ether and 25% polymer formation was observed.
However, in the absence of palladium complex keeping other condi-
tions constant (Table 1, entry 2) polymer formation was completely
suppressed. In this reaction 20% conversion of VMN with ether
formation (100% selectivity) was observed. Also, in the reactions
carried out at atmospheric N, pressure (Table 1, entries 3 and 4)
polymer formation was not observed while ether formation (5%

Table 1
Preliminary investigations for the formation of side products in the hydroesterifica-
tion of VMN.

Entry Conversion (%) Pd co Selectivity (%)

1 2 3 4
1 84 Yes Yes 63.5 0.6 10.8 25
2 20 No Yes - - 100 -
3 5 Yes No - - 100 -
4 5 No No - - 100 -

Reaction conditions: VMN, 4.89 mmol; Pd(acpy)(PPhs3)(OTS),, 0.035 mmol; TsOH,
0.35 mmol; LiCl, 0.35 mmol; Pco, 600 psi,; T, 75 °C; MeOH, 2 ml; methyl ethyl ketone,
23 ml; 4-tert-butylcatechol, 0.03 mmol; time, 3 h.

conversion with 100% selectivity) was observed in both the reac-
tions. From the results it can be clearly seen that polymer formation
is observed under carbonylation conditions (Pd and CO pressure).
In the absence of CO pressure and in the presence of palladium
(Table 1, entry 3) polymer formation was not observed. Thus pal-
ladium complex formed under carbonylation conditions is active
for polymer formation, and also, probably palladium has no role in
ether formation.

3.2. Screening of palladium catalysts

Various Pd-complexes were screened for their catalytic activ-
ity in hydroesterification of VMN and the results are presented
in Table 2. The results show that all the reactions performed
are accompanied by the formation of a polymer as well as
ether (2-methoxy-6-(1-methoxyethyl)naphthalene). Best result
(84% conversion of VMN and 63.5% selectivity to 1) was obtained
using Pd(acpy)(PPh3)(OTs), as a catalyst precursor (Table 2, entry
3). Further work was carried out using Pd(acpy)(PPh3 )(OTs); as the
catalyst precursor and results are presented below.

3.3. Screening of acid and halide promoters

From the literature it was observed that acid and halide promot-
ers are essential for high activity and selectivity to the branched
isomer in the carbonylation of styrene [5,6]. The results are pre-
sented in Table 3. In the presence of only acid (p-toluenesulfonic
acid) promoter, ether (3) was formed as the major product (41.7%),
the conversion was poor (19%) and the selectivity towards the
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Table 2

Results of hydroesterification with different catalyst systems.

Entry Catalyst precursor Conversion (%) Time (h) Selectivity (%) TOF (h~1)
1 2 3 4

1 Pd(pyca)(PPhs )(OTs) 74 3 63 0.51 10.8 25 21

2 Pd(pycald)(PPh3)(OTs), 69 3 54.4 0.25 15.2 30 17

3 Pd(acpy)(PPh3)(OTs), 84 3 63.5 0.6 10.8 25 24

4 Pd(bpy)(PPh3)(OTs), 63 3 53.6 0.51 18.7 27 15

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; TsOH, 0.35 mmol; LiCl, 0.35 mmol; Pco, 600 psi; T, 75°C; MeOH, 2 ml; methyl ethyl ketone, 23 ml; 4-tert-

butylcatechol, 0.03 mmol.

Table 3

Results of effect of promoter on the hydroesterification reaction.

Entry Promoter Conversion (%) Time (h) Selectivity (%) TOF (h~1)
1 2 3 4

1 TsOH 19 3 31.4 6.7 41.7 20 2

2 LiCl 17 3 90.4 - 9.5 - 7

3 TsOH +LiCl 84 3 63.5 0.6 10.8 25 24

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; TsOH, 0.35 mmol; LiCl, 0.35 mmol; Pco, 600 psi; T, 75°C; MeOH, 2 ml; methyl ethyl ketone, 23 ml; 4-tert-

butylcatechol, 0.03 mmol.
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Scheme 2. The formation of ether by the acid-catalyzed reaction of VMN and alcohols.

branched ester was 31.4%. The acid catalyzed formation of the ether
can be explained as shown in Scheme 2. While using only the halide
promoter there is exclusive formation of the branched ester with
90.4% selectivity, polymer was not observed but some ether was
formed (9.5%) and the conversion was lower (17%). The simulta-
neous presence of both acid and halide promoters showed high
conversion (84%) with the selectivity of 63.5% towards the branched
ester.

3.3.1. Effect of different acid promoters
Since the hydroesterification reaction requires the combina-
tion of both the acid and halide promoters, it is necessary to

probe the effect of different promoters for their activity and selec-
tivity. For this purpose, various acid promoters were screened
keeping the halide promoter LiCl constant. The results of differ-
ent acidic promoters on the hydroesterification are presented in
Table 4. Though the conversion with benzenesulfonic acid as a pro-
moter (96% conversion) was significantly higher, there is not much
difference in the selectivity with different promoters. Other sul-
fonic acids viz. methanesulfonic acid, trifloromethanesulfonic acid
also gave good conversions (80-88% conversion). Since high con-
version was obtained using benzenesulfonic acid as a promoter,
further work was carried using benzenesulfonic acid as the pro-
moter.

Table 4

Results of effect of acid promoter on the hydroesterification reaction.

Entry Promoter Conversion (%) Time (h) Selectivity (%) TOF (h-1)
1 2 3 4

1 p-Toluenesulfonic acid 84 3 63.5 0.6 10.8 25 24

2 Methanesulfonic acid 88 3 57.3 0.52 7 35 23

3 Benzenesulfonic acid 96 3 63 0.5 5.9 30 28

4 Trifloromethanesulfonic acid 80 3 54.7 0.71 9.5 35 20

5 Trifloroacetic acid 72 3 68.6 14 1.7 28 23

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; acid promoter, 0.35 mmol; LiCl, 0.35 mmol; Pco, 600 psi; T, 75°C; MeOH, 2 ml; methyl ethyl ketone, 23 ml;

4-tert-butylcatechol, 0.03 mmol.
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Table 5

Results of effect of halide promoter on the hydroesterification reaction.

Entry Promoter Conversion (%) Time (h) Selectivity (%) TOF (h™1)
1 2 3 4

1 LiCl 96 3 63 0.5 5.9 30 28

2 BuyNBr 58 3 45.7 2.9 243 27 12

3 BuyNI 29 3 19.6 5.6 54.7 20 2

4 NaCl 72 3 68.8 2.25 3.7 25 23

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; benzene sulfonic acid, 0.35 mmol; halide promoter, 0.35 mmol; Pco, 600 psi; T, 75 °C; MeOH, 2 ml; methyl

ethyl ketone, 23 ml; 4-tert-butylcatechol, 0.03 mmol.

Table 6

Effect of promoters in the hydroesterification of 2-vinyl-6-methoxynaphthalene.

Entry H*:Cl- ratio Conversion (%) Time (h) Selectivity (%) TOF (h—1)
1 2 3 4

1 0.175:0.35 89 3 59.5 1 4.3 35 24

2 0.7:0.35 95 3 71.7 0.9 2.1 25 31

3 0.35:0.35 96 3 63 0.5 5.9 30 28

4 0.35:0.7 96 2 63 0.9 5.9 30 42

5 0.35:0.175 82 3 68.4 2.9 3.6 25 26

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035mmol; Pco, 600psi; T, 75°C; MeOH, 2ml; methyl ethyl ketone, 23 ml; 4-tert-butylcatechol, 0.03 mmol.

H* =benzenesulfonic acid, ClI~ =LiCl.

3.3.2. Effect of different halide promoters

Having found benzenesulfonic as the promoter of choice, differ-
ent halide promoters were screened and the results are presented
in Table 5. The use of NaCl was also found to be suitable for this
reaction though the reaction was slower compared to LiCl. Quater-
nary ammonium salts such as BuyNBr and BuyNI favored significant
formation of the ether (3) (24-55%) and gave poor conversions.
Quaternary ammonium salts are phase transfer catalysts and their
applications in the etherification reactions have been demonstrated
for other substrates [14] previously. Excellent conversions of 96%
and selectivity of 63% were observed using LiCl as the promoter.
Further work was carried out using LiCl as the promoter.

3.3.3. Effect of benzenesulfonic acid:LiCl ratio

The perfect combination of benzenesulfonic acid and lithium
chloride is of considerable importance to tune the reaction to the
desired product (excess of the acid promoter can lead to the unde-
sired side reactions such as formation of ether and polymerization).
Effect of benzenesulfonic acid:LiCl ratio on hydroesterification of
VMN was investigated and the results are presented in Table 6.
It was found that with excess of acid promoter (Table 6, entry 2)
the ether formation was marginally reduced (<3%); and observed
results can be explained as shown in Scheme 2 (the last step to form
ether by the removal of proton from the oxonium ion is not favorable
in presence of excess acid promoter). Thus, increase in the selectiv-
ity towards the branched ester was observed. The conversion of
95% was obtained in 3 h. With excess of lithium chloride (Table 6,
entry 4) the conversion of 96% could be achieved in a shorter time
of 2 h. There was no large difference in the selectivity pattern for
the reaction. Thus best results (96% conversion of VMN with 63%

selectivity to branched ester) were obtained using benzenesulfonic
acid:LiCl ratio of 0.35:0.7 and further work was carried out using
this ratio.

3.4. Effect of different alcohols

Various alcohols were screened to investigate the hydroesterifi-
cation reaction and the results are presented in Table 7. Methanol
was found to be the alcohol of choice for hydroesterification
because of its high polarity and low bulkiness. With increase in
the carbon length of the alcohol (decreasing the polarity of alco-
hol), the selectivity towards the branched ester decreased and ether
formation increased. With styrene as substrate ether formation
was not reported in the previous literature [15]. The substantial
ether formation observed with 2-vinyl-6-methoxynaphthalene as a
substrate could be explained by the resonance effect of the electron-
donating methoxy group that stabilizes carbocation intermediate
(Scheme 2). The carbocation then reacts with the alcohol giving
ether [16]. Use of sterically hindered t-butylalcohol gave lower con-
version of 16%. On increasing the carbon length of alcohol from
methanol to n-propanol the selectivity of 1 decreased from 63%
to 55%, whereas the selectivity to ether increased from 5.9% to
12.6%.

3.5. Effect of different solvents

The hydroesterification was investigated using a variety of
organic solvents and the results are outlined in Table 8. The reaction
is faster in solvents like toluene and methyl ethyl ketone, while reac-
tion did not proceed using N,N-dimethylformamide as a solvent.

Table 7

Effect of alcohols in the hydroesterification of 2-vinyl-6-methoxynaphthalene.

Entry Alcohol Conversion (%) Time (h) Selectivity (%) TOF (h~1)
1 2 3 4

1 Methanol 96 2 63 0.9 5.9 30 42

2 Ethanol 96 2 60.2 2.8 6.9 30 40

) n-Propanol 91 2 55 2.1 12.6 30 34

4 n-Butanol 97 2 47.6 1.1 21 30 32

5 t-Butylalcohol 16 2

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; Benzene sulfonic acid, 0.35 mmol; LiCl, 0.7 mmol; Pco, 600 psi; T, 75 °C; alcohol, 2 ml; methyl ethyl ketone,

23 ml; 4-tert-butylcatechol, 0.03 mmol.
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Table 8

Effect of solvents in the hydroesterification of 2-vinyl-6-methoxynaphthalene.

Entry Solvent Conversion (%) Time (h) Selectivity (%) TOF (h~1)
1 2 3 4

1 Toluene 98 2 62.9 1 20.2 15 439

2 Methyl ethyl ketone 96 2 63 0.9 5.9 30 42

3 Acetone 84 2 58.2 13 52 35 40.6

4 Methanol 65 2 10.4 10.4 54 25 7.2

5 N,N-dimethylformamide No reaction 2 - - - - -

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; benzene sulfonic acid, 0.35 mmol; LiCl, 0.7 mmol; Pco, 600 psi; T, 75 °C; MeOH, 2 ml; solvent, 23 ml; 4-tert-

butylcatechol, 0.03 mmol.

Table 9

Effect of temperature in the hydroesterification of 2-vinyl-6-methoxynaphthalene.

Entry Temperature (°C) Conversion (%) Time (h Selectivity (%) TOF h!
1 2 3 4

1 55 50 3 88 - 12 - 20

2 65 90 2 67.8 0.75 71 25 42

3 75 96 2 63 0.9 5.9 30 42

4 85 98 2 62.1 1 6.6 30 42

5 95 70 2 58.4 2.2 14.1 25 28

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; benzene sulfonic acid, 0.35 mmol; LiCl, 0.7 mmol; Pco, 600 psi; MeOH, 2 ml; methyl ethyl ketone, 23 ml;

4-tert-butylcatechol, 0.03 mmol.

Toluene as a solvent gave substantial amounts of ether (20.2%) and
marginally lower polymer formation. The differences in selectivity
upon changing the solvent are difficult to rationalize at this point.
Using methanol as the solvent the activity was lower (65% conver-
sion) with significant amount (54% selectivity) of ether formation
and 10% selectivity to branched and linear ester each. The substrate
VMN was found to be insoluble in methanol as well as acetone at
room temperature. Best results were obtained using methyl ethyl
ketone as the solvent.

3.6. Effect of temperature

The hydroesterification was studied in the temperature range
of 55-95°C (Table 9). At 55 °C there was exclusive formation of the
branched ester (88% vs. 60-65% at other temperatures) and without
forming any polymer, but the conversion was 50%. For the tem-
perature range 65-85 °C, the conversion increased but there was
no significant difference in the selectivity pattern for the products
obtained. However, further increase in the temperature above 85 °C,
caused the decrease in activity, indicating the lower stability of the
catalytically active species at higher temperatures. We chose the
temperature of 65°C and further studies were carried out at this
temperature.

3.7. Effect of amount of methanol

With methanol as a solvent (Table 8), substantial formation of
ether was observed, therefore the effect of methanol concentra-
tion was investigated for the hydroesterification reaction and the

results are presented in Table 10. It can be seen that with decrease
in the concentration of the methanol, the formation of ether was
reduced (7.1-0.44%) with increase in the selectivity of the branched
ester (67.8-87.5%). As the amount of methanol was reduced from 2
to 0.25 ml it was found that the activity of carbonylation reaction
decreases, 98% conversion of VMN was achieved in 2 h using 2 ml
of methanol while only 70% conversion was achieved using 0.25 ml
of methanol in 3.5 h (Table 10).

3.8. Effect of catalyst loading and carbon monoxide pressure

Effect of catalyst loading and carbon monoxide pressure was
studied at a temperature of 65 °C and 0.5 ml of methanol (Table 11).
The selectivity towards the linear ester and ether was low under
these reaction conditions. When the catalyst loading was doubled
keeping the reaction conditions constant, the conversion increased
however the polymerization could not be reduced. Similarly with
increase in CO partial pressure from 600 to 1000 psi polymer for-
mation was not reduced and 95% conversion of VMN with 68%
selectivity to branched ester was obtained in 1h. Under similar
reaction charge but at lower temperature 55 °C (Table 11, entry 6)
99% conversion was achieved in 4.3 h and formation of polymer still
takes place. Comparison of this result with that of previous result in
Table 9 (entry 1), shows polymer is formed at higher catalyst load-
ing and CO pressures. This again indicates that palladium has a role
in the polymerization reaction.

All the reactions have been performed by charging the reactor
with the requisite amount of reagents and the gas was filled after
the temperature was attained, in this process the reactant VMN

Table 10

Effect of amount of methanol at 65 °C.

Entry Methanol (ml) Conversion (%) Time (h) Selectivity (%) TOF (h~1)
1 2 3 4

1 2 98 2 67.8 0.75 7.1 25 30

2 1 95 3 71.8 0.3 2.7 25 31

3 0.8 95 35 72 0.75 2.2 25 27

4 0.5 80 35 78 0.72 1.0 20 25

5 0.25 70 3.5 87.56 - 0.44 12 24

Reaction conditions: VMN, 4.89 mmol; Pd-complex, 0.035 mmol; benzene sulfonic acid, 0.35 mmol; LiCl, 0.7 mmol; Pco, 600 psi; methyl ethyl ketone, 23 ml; 4-tert-

butylcatechol, 0.03 mmol.
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Table 11

Effect of catalyst loading and pressure on the hydroesterification.

Entry Catalyst (mmol) Pressure (psi) Conversion (%) Time (h) Selectivity TOF (h™1)
1 2 3 4

1 0.035 600 80 35 78 0.7 1 20 25

2 0.07 600 92 2.5 62 1 2 35 17.3

3 0.07 800 92 2 67 1 2 30 234

4 0.07 1000 95 1 68 1 1 30 475

5 0.072 600 94 3.5 67 1 2 30 13.37

6 0.07° 1000 99 4.3 70 0.5 0.5 29 11.3

Reaction conditions: VMN, 4.89 mmol; benzene sulfonic acid, 0.35 mmol; LiCl, 0.7 mmol; MeOH, 0.5 ml; methyl ethyl ketone, 23 ml; 4-tert-butylcatechol, 0.03 mmol.

2 CO was filled at room temperature and reaction started.
b The reaction was carried at 55 °C.

which is having an electron-donating methoxy group is exposed
under the reaction conditions of benzenesulfonic acid and lithium
chloride till the reaction temperature is attained. There are chances
that proton can serve as the initiator for the polymerization. So,
in one experiment we filled the CO gas at room temperature
and the reactor was heated to the desired temperature. The reac-
tion was monitored by withdrawing samples at regular intervals
of time and analyzing by gas chromatography immediately. The
results showed 94% conversion of VMN and the selectivity of the
desired branched ester was 67%. Thus under our reaction conditions
the formation of polymerization could not be completely rooted
out.

4. Conclusions

Hydroesterification of VMN has been investigated using palla-
dium complexes containing different nitrogen ligands. Presence of
acid and halide promoters was necessary for high catalytic activity
and good selectivity to branched ester. Best results were obtained
using benzenesulfonic acid and LiCl as promoters. Effect of various
reaction conditions on the activity and selectivity was investigated
and it was observed that ether and polymer formed as by-products
under all reaction conditions. Ether formation was suppressed with
decrease in methanol concentration. Polymer formed was charac-
terized by GPC and NMR analysis; experiments revealed polymer
formation was catalyzed by palladium under reaction conditions.
Various alcohols were screened and with t-butanol product forma-
tion was not observed. Selectivity to branched ester was found to
decrease with increase in chain length of the carbon for alcohols
screened. Temperature was found to have significant effect on the
reaction and polymer formation was not observed at 55°C with
88% selectivity to iso ester. Selectivity to iso ester decreased with
increase in temperature of the reaction. This is the first report on

the use of palladium complexes containing nitrogen ligands for
hydroesterification of VMN.
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