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ABSTRACT 

     Carbonylation of aryl olefins and alcohols using homogeneous Pd catalysts has 

gained considerable interest due to their important applications in the synthesis the non-

steroidal anti-inflammatory drugs consisting of 2-arylpropionic acids (e.g. Ibuprofen
®
, 

Naproxen
®
). In this work, different homogeneous palladium catalysts were compared for 

their performances in the hydrocarboxylation of styrene to identify the best performing 

catalyst system using Pd(pyca)(PPh3)(OTs) as a precursor, which shows above 99% 

regio-selectivity to 2-phenylpropionic acid as well as high activity. Therefore, this work 

mainly investigated the kinetics of hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system. Particularly, parametric study 

was carried out to understand the effects of different reaction parameters on the rate of 

hydrocarboxylation in a batch reactor as well as the concentration-time profiles. For 

interpretation of the reaction kinetics, a molecular level description of the reaction 

mechanism (catalytic cycle) was proposed to explain the unique observation of induction 

period at lower pressures of CO. The experimental concentration-time data for styrene, 

water and acid products were used to simulate the intrinsic rate parameters using an 

optimization program. The proposed reaction mechanism based on a Pd-hydride complex 

as an intermediate active species well explains the experimental data at different 

temperatures. The approach of micro-kinetic modeling does not require assumption of a 

rate determining step and provides good description of the complex trends with respect to 

reaction and catalyst parameters over a wide range of conditions. The approach is also 

useful to discriminate different reaction mechanisms and obtain intrinsic kinetic 

parameters for design and scale-up of reactors. 



 iv 

 

 

 

 

 

DEDICATED TO 

 

My Family 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

ACKNOWLEDGEMENTS 

To my advisor, Professor Raghunath Vitthal Chaudhari, for his patience and 

encouragement when I met problems in my research, also for his feedback and guidance 

to my work. 

 

To my committee members, Professor Bala Subramaniam and Professor Daryle Busch 

for their critical evaluations and inputs in my research work. 

 

To Dr. Debdut Roy, for his assistance and guidance in building up the experimental 

apparatus and developing the analytical method for this work. 

 

To Dr. Fenghui Niu and Dr. William Kirk Snavely, for their kind assistance in 

instrumentation. 

 

To Faisal Baksh, Dr. Jing Fang, Dr. Bibhas Sarkar, Madhav Ghanta, Arely Torres and Dr. 

Juan Bravo for the wonderful experiences of collaborations. 

 

To my parents, my husband and my mother in-law, for their love and support. 

 

To my sources of funding, the University of Kansas and the Center for Environmentally 

Beneficial Catalysis.  

 

 



 vi 

LIST OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

CHAPTER 1 PROJECT BACKGROUND AND LITERATURE REVIEW 

1-1 Introduction………………………………………………………………………1 

1-2 Carbonylation Reactions…………………………………………………………4 

1-2-1 Carbonylation of Olefins………………………………………………………8 

1-2-1-1 Transition Metal Catalysts for Carbonylation of Olefins……………………9  

1-2-1-2 Hydrocarboxylation and Hydroesterification of Styrene and Derivatives….12 

1-2-2 Carbonylation of Aryl Alcohols……………………………………………….19 

1-3 Mechanism of Olefin/Alcohol Carbonylation……………………………………27 

1-4 Kinetic Modeling for Homogeneous Carbonylation of Aryl Olefins and 

Alcohols………………………………………………………………………….31 

1-5 Scope and Objectives…………………………………………………………….36 

References 

CHAPTER 2 HYDROCARBOXYLATION OF STYRENE USING PALLADIUM 

COMPLEX CATALYST: ACTIVITY AND SELECTIVITY STUDIES 

2-1 Introduction………………………………………………………………………42 

2-2 Experimental……………………………………………………………………..43 

2-2-1 Materials……………………………………………………………………….43 

2-2-2 Characterization of Pd(pyca)(PPh3)(OTs) Catalyst……………………………44 

2-2-3 Hydrocarboxylation Experiments……………………………………………...48  

2-3 Results and Discussion…………………………………………………………..53  

2-4 Heterogeneous Pd Complex Catalysts…………………………………………...65 



 vii 

2-5 Conclusions………………………………………………………………………68 

References 

CHAPTER 3 KINETIC MODELING OF HYDROCARBOXYLATION OF 

STYRENE USING PALLADIUM COMPLEX CATALYST 

3-1 Introduction………………………………………………………………………71 

3-2 Experimental……………………………………………………………………..73 

3-2-1 Reactor Set-up and Procedure…………………………………………………73 

3-2-2 Experimental Results…………………………………………………………..75 

3-2-2-1 Effect of Catalyst Concentration…………………………………………….76 

3-2-2-2 Effect of PPh3 Concentration………………………………………………..78 

3-2-2-3 Effect of Promoters………………………………………………………….78 

3-2-2-4 Effect of Styrene Concentration……………………………………………..80 

3-2-2-5 Effect of Water Concentration………………………………………………81 

3-2-2-6 Effect of Partial Pressure of Carbon Monoxide……………………………..82 

3-2-2-7 Effect of Temperature……………………………………………………….84 

3-3 Solubility of Carbon Monoxide in the Reaction Medium……………………….87 

3-3-1 Theoretical Calculations for CO Solubility……………………………………87 

3-3-2 Experimental Measurement for CO Solubility………………………………...91  

3-4 Reaction Mechanism……………………………………………………………..92 

3-5 Kinetic Modeling for Hydrocarboxylation of Styrene Using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl Catalyst System……………………………94 

3-6 Conclusions……………………………………………………………………..109 

References 



 viii 

LIST OF TABLES 

Table 1-1. Industrial applications of homogeneous catalysis………………………… 3 

Table 1-2. Industrial applications of carbonylation reactions…………………………7 

Table 1-3. Palladium-catalyzed carbonylation of styrene and derivatives…………...22 

Table 1-4. Palladium-catalyzed carbonylation of aryl alcohols……………………...25 

Table 2-1. IR spectroscopic data for Pd(pyca)(PPh3)(OTs) complex………………..45 

Table 2-2. 
1
H and 

31
P NMR data for Pd(pyca)(PPh3)(OTs) complex………………..48  

Table 2-3. Elemental analyses for Pd(pyca)(PPh3)(OTs) complex…………………..48 

Table 2-4. Analytical conditions of DB-FFAP GC column for styrene, 2-PPA and 3-     

PPA………………………………………………………………………………...51 

Table 2-5. Standard reaction conditions for hydrocarboxylation of styrene using different 

homogeneous  Pd  ca ta lys t s ………………………………………………….52 

Table 2-6. Performance of catalytic systems using Pd(OAc)2 or Pd(OAc)2(PPh3)2 as a 

precursor……………………………………………………………………………...54 

Table 2-7. Performance of catalytic systems using PdCl2 or PdCl2(PPh3)2 as a 

precursor……………………………………………………………………………...60 

Table 2-8. Performance of catalytic systems using Pd(pyca)(PPh3)(OTs) as a 

precursor……………………………………………………………………………...63 

Table 2-9. Performance of different homogeneous Pd catalyst precursors and TsOH/LiCl 

a s  p r o m o t e r s … … … … … … … … … … … … … … … … … … … … … … … . . 6 4 

Table 2-10. Results of hydrocarboxylation of styrene using Pd(pyca)(PPh3)(OTs)-PTA-Y/ 

PPh3/TsOH/LiCl catalyst………………………………………………………………...67 

Table 3-1. Ranges of reaction conditions in parametric study……………………….74 



 ix 

Table 3-2. Calculated solubility of carbon monoxide in methanol, water, styrene and 

MEK………………………………………………………………………………….89 

Table 3-3. Calculated CO solubility in MEK, styrene and mixtures………………...90 

Table 3-4. Measured CO solubility in water, MEK, styrene and MEK-styrene-water 

mixture……………………………………………………………………………….92 

Table 3-5. Simulated rate constants at different temperatures……………………….96 

Table 3-6. Calculated activation energies for reaction 2, 3 and 4……………………97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 x 

LIST OF FIGURES 

Figure 1-1. Carbonylation of olefins…………………………………………………8 

Figure 1-2. Boots and Hoechst-Celanese processes for synthesis of ibuprofen…….13 

Figure 1-3. Molecular structure of RHbinas and their ligated Pd catalysts…………15 

Figure 1-4. Chiral mono-phosphine ligands…………………………………………17 

Figure 1-5. Ossification methodology………………………………………………..19 

Figure 1-6. Effects of catalyst, styrene, water concentration on the initial rate of 

reaction……………………………………………………………………………….33 

Figure 1-7. Effects of catalyst, IBPE, water concentration, and partial pressure of 

CO……………………………………………………………………………………37 

Figure 2-1. FT-IR spectrum of Pd(pyca)(PPh3)(OTs) complex……………………...45 

Figure 2-2. 
1
H and 

31
P NMR spectra of Pd(pyca)(PPh3)(OTs) complex…………….47 

Figure 2-3. Schematic of 100 mL Parr reactor set-up………………………………..49 

Figure 2-4. Performance comparison of different homogeneous catalyst systems…..65 

Figure 2-5. Concentration-time profiles for hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)-PTA-Y/ PPh3/TsOH/LiCl catalyst system…………………....68 

Figure 3-1. Schematic of 300 mL Parr batch reactor set-up…………………………73 

Figure 3-2. Concentration-time profiles for hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system……………………………..76 

Figure 3-3. Effect of concentration of catalyst precursor on the initial rate of 

hydrocarboxylation of styrene………………………………………………………..77 

Figure 3-4. Concentration-time profiles for hydrocarboxylation of styrene at low catalyst 

concen t ra t ion ……………………………………………………………….. .77 



 xi 

Figure 3-5. Effect of PPh3 concentration on the initial rate of hydrocarboxylation of 

styrene………………………………………………………………………………..78 

Figure 3-6. Effect of TsOH concentration on the initial rate of hydrocarboxylation of 

styrene………………………………………………………………………………..79 

Figure 3-7. Effect of LiCl concentration on the initial rate of hydrocarboxylation of 

styrene………………………………………………………………………………..80 

Figure 3-8. Effect of styrene concentration on the initial rate of hydrocarboxylation of 

styrene………………………………………………………………………………..81 

Figure 3-9. Effect of water concentration on the initial rate of hydrocarboxylation of 

styrene……………………………………………………………………………… ..82 

Figure 3-10. Effect of CO pressure on the initial rate of hydrocarboxylation of 

styrene………………………………………………………………………………..83 

Figure 3-11. Concentration-time profiles for styrene under different CO pressure….84 

Figure 3-12. Effect of temperature at different catalyst loadings…………………….85 

Figure 3-13. Effect of temperature at different styrene concentrations……………...85 

Figure 3-14. Effect of temperature at different water concentrations………………..86 

Figure 3-15. Effect of temperature under different CO pressure…………………….86 

Figure 3-16. Standard reaction at 388 K……………………………………………..97 

Figure 3-17. Effect of styrene concentration at 388 K……………………………….98 

Figure 3-18. Effect of water concentration at 388 K…………………………………98 

Figure 3-19. Effect of CO pressure at 388 K………………………………………...99 

Figure 3-20. Effect of CO pressure at 388 K………………………………………...99 

Figure 3-21. Effect of CO pressure at 388 K……………………………………….100 



 xii 

Figure 3-22. Effect of styrene concentration at 378 K……………………………...100 

Figure 3-23. Effect of styrene concentration at 378 K……………………………...101 

Figure 3-24. Effect of water concentration at 378 K………………………………..101 

Figure 3-25. Effect of CO pressure at 378 K……………………………………….102 

Figure 3-26. Effect of CO pressure at 378 K……………………………………….102 

Figure 3-27. Standard reaction at 368 K……………………………………………103 

Figure 3-28. Effect of styrene concentration at 368 K……………………………...103 

Figure 3-29. Effect of styrene concentration at 368 K……………………………...104 

Figure 3-30. Effect of water concentration at 368 K………………………………..104 

Figure 3-31. Effect of water concentration at 368 K………………………………..105 

Figure 3-32. Effect of CO pressure at 368 K……………………………………….105 

Figure 3-33. Effect of CO pressure at 368 K……………………………………….106 

Figure 3-34. Effect of CO pressure at 368 K……………………………………….106 

Figure 3-35. Comparison of modeling predicted concentration of styrene with 

experimental data…………………………………………………………………...107 

Figure 3-36. Comparison of modeling predicted concentration of 2-PPA with 

experimental data…………………………………………………………………...108 

Figure 3-37. Typical simulated concentration-time profiles of catalyst species……108 

 

 

 



 1 

CHAPTER 1 

 

PROJECT BACKGROUND AND LITERATURE REVIEW 
 

1-1 Introduction 

Catalysis is the process in which the rate of a chemical reaction is either increased or 

decreased by means of a chemical substance called “catalyst”. Research in catalysis is a 

major field in applied science involving various multidisciplinary areas of chemistry, 

including organometallic chemistry, material science, spectroscopic and surface 

characterization and chemical engineering. Today, catalysis plays an important role in the 

growth of modern chemical industry, since it provides atom-effective and 

environmentally benign routes for the manufacture of various commodity chemicals, 

pharmaceuticals, specialties, etc. Developing catalytic reactions to replace stoichiometric 

processes is one of the important principles of green chemistry, facilitating waste 

minimization, maximizing atom economy and minimizing energy consumption. Indeed, 

catalysis has revolutionized chemical industry over the past hundred years by 

fundamentally transforming the processes for manufacture of chemicals. Soluble metal 

salts were used commercially as catalysts for reactions of acetylene as early as 1910, 

which led to the well-known Reppe Chemistry.
1
 Rapid development of catalysis was 

further stimulated by the impetus for new process technologies for the production of 

many new materials between 1940 and 1960. During this period, the Nobel prizes 

winners, Fischer, Wilkinson, Ziegler, and Natta made their outstanding contributions by 

providing the basis for homogeneous catalysis based on their fundamental research. 

Today, dozens of major industrial catalyzed processes are operating in practice based on 

their fundamental discoveries.
1
 With increasingly stringent environmental regulations 
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today, development of new catalytic processes has gained more and more attention for 

achieving sustainable development of modern chemical industries.  

Catalytic actions are generally classified into two types defined based on the physical 

nature of catalyst used: homogeneous and heterogeneous. Homogeneous catalysts 

essentially represent those catalysts which are soluble in the reaction medium. In contrast, 

in heterogeneous catalysis, the catalyst is present as a separate phase either in a solid state 

or as an immiscible liquid phase. The two families of catalysts have their unique features, 

advantages and disadvantages. Homogeneous catalysts in general have high activity and 

selectivity under relatively mild reaction conditions, with commercial applications in 

processes like carbonylation, hydroformylation, hydrogenation, isomerization, 

polymerization and oxidation.
1-3

 On the other hand, heterogeneous catalysts are easy to 

use in practice due to convenient separation from the products and effective recycle of 

catalysts. Heterogeneous catalysis is widely employed in industrial processes, but 

development of these catalysts involves challenges in achieving activity, selectivity and 

longer life of the catalysts. Since the success of homogeneous catalyzed 

hydroformylation process for the industrial synthesis of aldehydes/alcohols (oxo alcohols) 

from alkenes and CO/H2 based on the work of Otto Roelen in 1938, homogeneous 

catalysis by organometallic complexes gained significant interest for application to many 

industrial processes. Selected examples of applications of homogeneous catalysis in 

industry are shown in Table 1-1.  
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Table 1-1. Industrial applications of homogeneous catalysis 

No.  Process                                                              Catalyst                       Company 

1      Oxidation of ethylene to acetaldehyde             PdCl2/CuCl2                 Wacker and Hoechst
4
 

2      Oxidation of p-xylene to terephthalic                Co/Mn-salts                 Imhausen
5,6

 

        acid/ester 

3      Polymerization of ethylene to HDPE/LDPE     Ni-complex                  Shell
7
 

4      Asymmetric hydrogenation of acetamido         [Rh(diene)(solvent)]
+
   Monsanto

8
 

        cinnamic acid                                                     /DIPAMP 

                                                                                   NaCo(CO)4                   BASF
9
 

                                                                                   HCo(CO)3PBu3             Shell
10

 

5      Hydrocyanation of butadiene to adipic acid     Ni-complex                    Du Pont
11

 

6      Hydroformylation of propene to                        HRh(CO)(PPh3)3          Union Carbide
12

 

        butyraldehyde                                                     Rh/TPPTs                     Ruhrchemie  

                                                                                                                          Rhone-Poulenc
13

 

7      Carbonylation of methanol to acetic acid          CoI2                                BASF
14 

                                                                                                                             
    Rh/MeI                          Monsanto

14
 

                                                                                    IrCl3                              BP
15

 

8 Oxidative carbonylation of methanol to            PdCl2-CuCl2                  Assoreni
16

  

Dimethyl carbonate 

  

Several significant trends in the development of homogeneous catalysis have emerged 

since 1970s and continue to date.
17

 An important trend is to develop new cleaner and 

cheaper feedstocks and “hybrid catalysts” combining the practical advantages of 

homogeneous and heterogeneous catalysis to respond to the demand of the chemical 

industry for greener and more economical processes. Further enhancement in selectivity 

of homogeneous catalysis to meet the increasing competition in pharmaceutical and fine 

chemical industries is another important trend. The virtue of homogeneous catalysis with 

respect to high selectivity to certain organic compounds and especially the optically 

active compounds makes it particularly attractive for pharmaceutical as well as fine 

chemical industries, because most new products consisting of drugs, insecticides and food 

additives are expected to be the optically active  isomers.
18

 One important example is the 
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selective synthesis of the l isomer of 3,4-dihydroxyphenylalanine which is the active 

component in the treatment of Parkinson’s disease. The synthesis process was firstly 

commercialized by Monsanto in which the l-dopa is produced through hydrogenation of a 

prochiral olefin using a soluble rhodium catalyst with a chiral phosphine ligand.
19

 

Among various catalytic reactions, transition metal catalyzed carbonylation reactions  

have gained considerable attention because of numerous industrially important products 

produced directly from CO. Carbonylation reactions involve the insertion of carbon 

monoxide to form different carbonyl compounds such as carboxylic acids/esters, ketones, 

aldehydes, etc. Carbonylation of olefins, alkynes, alcohols and other unsaturated 

substrates provides environmentally benign and atom-economic routes for the synthesis 

of various chemicals with applications as bulk chemicals or pharmaceutical and fine 

chemicals.
20,21

 In the last few decades, considerable work has been done on the  

development of novel catalysts, kinetics and mechanism and fundamental aspects of 

isolation and characterization of catalytic species. While a large number of catalysts and 

reactions have been investigated, only a few of them are highly-selective and understood 

mechanistically. The aim of this thesis is to investigate Pd catalyzed hydrocarboxylation 

of styrene and derivatives, and develop intrinsic kinetic models to describe the overall 

rate and selectivity behavior of the homogeneous catalysts. The relevant literatures on the 

subject and scope of this thesis are presented in the following sections. 

1-2 Carbonylation Reactions 

Carbonylation is a class of catalytic reaction involving the insertion of CO in C-O, C-

N, C-Cl or C-H bonds in substrates consisting of olefins, alcohols, amines, and halides to 

form various carbonyl compounds (aldehydes, carboxylic acids, amides, etc). These 
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transformations are catalyzed by transition metal such as Rh, Pd, Co or Ir complexes 

coordinated with different ligands and provide a fundamental basis for developing 

environmentally friendly routes for the synthesis of numerous commercially important 

chemical products.  

The carbon-carbon bond-forming reactions were discovered several decades ago and 

became the foundations of modern synthetic organic chemistry. The CO based reactions 

still attract myriad of attention from the organic chemists because of the versatile 

functionalities of the carbonyl group.
22

 In carbonylation reactions, transition metal 

complex catalysts are used to activate carbon monoxide and facilitate further reactions 

with various organic compounds. Since the carbonyl group has inherent reactivity 

enabling both nucleophilic attack at carbon and electrophilic attack at oxygen, and 

polarity effect on neighboring atoms or functional groups in the presence of catalysts
20

, it 

can be directly introduced into different sites in an organic molecule leading to  good 

yields and high selectivity to end products.   

The first well-developed catalytic carbonylation reaction was discovered eighty years 

ago by Otto Roelen during investigations of the mechanism of cobalt catalyzed Fischer-

Tropsch synthesis of hydrocarbons from carbon monoxide and hydrogen.
23,24

 In his 

research, he observed that the addition of ethene to the usual syngas mixture led to the 

formation of propanal in high yield (see Eq. 1-1).  

CHOCHCH    H  CO  CHCH 23
HCo(CO)

222
4                       Eq.1-1 

The work of Reppe and co-workers at IG Farben quickly followed Roelen’s discovery 

and extended it to catalytic synthesis of many types of organic carbonyl compounds from 
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unsaturated hydrocarbons.
25

 These researchers developed an effective nickel carbonyl 

catalyst Ni(CO)4 carbonylation of acetylene to acrylic acid as shown in Eq.1-2.  

             

In the following twenty five years, the initial discoveries of Roelen and Reppe still 

remained the essential foundations of the carbonylation chemistry with diverse 

applications to industrial products.
26

 However, most of the carbonylation reactions still 

require high temperature (373 ~ 573 K) and pressure (10 ~ 100 MPa). The use of severe 

conditions and in some cases corrosive promoters or co-catalysts often required 

expensive reaction equipment, and handling of toxic, volatile and unstable catalysts 

[Ni(CO)4, Fe(CO)5, HCo(Co)4, etc.]. The generation of byproducts and toxic wastes 

requiring tedious removal from major products also posed serious difficulties in their 

applications. In recent years, outstanding advances in developing stable but highly active 

catalysts have been achieved based on the work of Wilkinson, Heck, and Tsuji on 

organophosphine complexes of rhodium and palladium.
27-29

 In addition, the application of 

new techniques such as phase transfer catalysis to existing catalytic systems based on 

cobalt or iron also gained significant developments.
30,31

 Based on these advances, 

numerous carbonylation processes were developed under mild conditions (below 373 K 

and close to atmospheric pressure) using only traces of non-volatile, air-stable catalyst 

precursors such as PdCl2(PPh3)2 or RhCl(CO)(PPh3)2 which are in situ converted to the 

corresponding active species. To date, the understanding of carbonylation chemistry has 

developed to a significant level that makes it one of the generally useful techniques of 

synthetic organic chemistry.  Table 1-2 shows the applications of different types of 

carbonylation reactions in industrial processes.     
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Table 1-2.  Industrial applications of carbonylation reactions 

No.   Process                                                         Catalyst                       Company 

1      Carbonylation of methanol to                       CoI2                             BASF
14 

             
 acetic acid

  
                                                   Rh/MeI                       Monsanto

14
 

                                                                               IrCl3                            BP
15

 

2      Carbonylation of methyl acetate                   Rh/MeI                        Eastman Chemical
32

  

        to acetic anhydride 

3      Carbonylation of ethylene to                         Ni(OCOC2H5)2            BASF
33

  

        propionic acid 

4      Carbonylation of acetylene to                       Ni-salts/carbonyls        BASF
34

  

        acrylic acid 

5      Carbonylation of benzyl chloride                 Co2(CO)8                      Montedison
35,36

 

        to phenyl acetic acid 

6      Carbonylation of 1-(4-isobutyl                     PdCl2(PPh3)2/HCl         Hoechst-Celanese
37

 

phenyl)ethanol to Ibuprofen 

7      Oxidative carbonylation of methanol           PdCl2-CuCl2                  Assoreni
38

 

to dimethyl carbonate 

8      Carbonylation of propyne to MMA              Pd(OAc)2/2-PyPPh2     Shell
39

 

9      Oxidative carbonylation of phenol to           Pd
II 

ammonium salt       GE
40 

        diphenyl carbonate                                        /co-catalysts 

10    Carbonylation of butadiene to                      Co2(CO)8/ Pyridine        BASF
41 

         adipic acid                                                                       

 

Although carbonylation chemistry has significantly advanced over the last few decades, 

its full potential in synthetic chemistry and chemical industry has not yet been realized. 

Many new perspectives of carbonylation chemistry are emerging specially using 

palladium-based catalyst systems, expanding the scope to new substrates and products, 

developing heterogeneous catalysts, and studying the fundamental catalytic reaction 

mechanism. In the following sections, the syntheses of carboxylic acids especially 2-
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arylpropionic acids via carbonylation of olefins or alcohols are reviewed, which is 

relevant to the specific topic and test reaction chosen for this thesis.  

1-2-1 Carbonylation of Olefins 

Carbonylation of olefins leads to a myriad of saturated and unsaturated carbonyl 

compounds such as carboxylic acids/esters, unsaturated carboxylic acids/esters, 

diacids/diesters, amides, amino acids, ketones, poly ketones and anhydrides. Figure 1-1 

shows the examples of syntheses of different carbonyl compounds through various 

carbonylation reactions. Depending on the types of substrates and products, the olefin 

carbonylation reactions can be classified as hydrocarboxylation/hydroesterification, 

dicarboxylation, amidocarbonylation, oxidative carbonylation, copolymerization, etc.  

Fig. 1-1. Carbonylation of olefins
42
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The important developments in carbonylation reactions have been facilitated by the 

advances in transition metal catalysis. Since the early development of Co and Ni catalysts 

by Roelen and Reppe respectively, several efforts have been made to improve the 

catalytic activity and selectivity of Ni, Co, Pd, Pt, Rh, Ir catalysts in carbonylation of 

olefins.
42

 Pd complex catalysts were found to be very effective for a variety of 

carbonylation reactions, and hence, palladium-catalyzed hydrocarboxylation of aryl 

olefins is highlighted in the following sections.   

1-2-1-1 Transition Metal Catalysts for Carbonylation of Olefins 

After initial discovery of Reppe using nickel carbonyl catalyzed carbonylation of 

acetylene for synthesis of acrylic acid, several Ni-complex catalytic systems have been 

developed to broaden the application of nickel catalysts to carbonylation of olefins.
43-50

 

As early as 1943, a catalyst using NiCl2 as a catalyst precursor was patented for 

carbonylation of ethylene to propionic acids and its esters.
51

 With the requirement of 

industrial application, a halogen-free nickel catalyst was developed using in situ formed 

Ni(OCOC2H5)2 as a precursor for hydrocarboxylation of ethylene.
33, 52

 However, this Ni-

catalytic system had a major drawback of severe operating conditions (high temperature 

543K~593K, and high pressure 20 ~ 24 MPa). Carbonylation of both alpha-olefins  and  

internal olefins  using an unpromoted nickel catalyst was also reported to give 43% ~ 

70% yield to branched acids products at 573 K and 41 MPa.
43,44, 45-50

  In 1971, the nickel 

complexes of the type NiX2(PPh3)2 (where X represents a halide) were reported for 

hydrocarboxylation of propylene giving a total yield of 76.1% to both butyric and 

isobutyric acids with  n/i ratio of 1:1 under 0.2 ~ 2.5 MPa of CO pressure.
53

 In recent 
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years, several other nickel catalyst systems were also reported to perform at relatively 

mild conditions.
54-55

  

Cobalt carbonyl, Co2(CO)8 , has been reported as catalyst for carbonylation of 

olefins to carboxylic acids/esters.
56, 57

 In fact, most commercial carbonylation processes 

until 1970s used cobalt carbonyl catalysts.
58

 The cobalt carbonyl precursors along with 

pyridine as a co-catalyst led to linear acid/ester isomers as the main products, and the 

selectivity was observed to increase with addition of pyridine. However, using the cobalt 

carbonyl/pyridine catalytic system, severe reaction conditions (433 K and 16~18 MPa) 

were required in the carbonylation of higher olefins such as 1-octene and 1-dodecene to 

obtain the desired activity and selectivity.  

Since nickel and cobalt based catalysts showed poor performance under mild 

conditions, and they are also sources of toxic wastes, later research in the field of olefin 

carbonylation was focused on investigations of noble metals such as Pd, Pt, Rh, Ru and Ir 

as catalysts. Among these, a few reports addressed the use of Rh, Ru, Ir as catalysts in 

carbonylation of olefins. In 1971, Iridium
59

 and Rhodium
60

 complexes along with iodide 

promoters were patented as catalysts for carbonylation of propylene.  Ir complex 

Ir(PPh3)2(CO)Cl with aqueous HI in acetic acid gave 99% butyric acids with i:n ratio of 

5:1 at 1.3 MPa CO pressure (4.8 MPa total pressure) and 448 K. Similarly, Rh complex 

gave an i:n ratio of 1.6:1. Later, a non halide Rh complex, Rh (acac) (CO)2, in the 

presence of Bu3P as a ligand, was reported to give 80% selectivity to methyl propionate 

at 4.7 MPa and 448K in carbonylation of ethylene.
61,62

 In 1999, BASF patented a halogen 

free Rh catalyst system using Rh(acac)(CO)2 as a catalyst precursor with nitrogen-

containing heterocycle as a ligand for carbonylation of ethylene, which showed high 
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activity (TOF= 200 ~ 1280 h
-1

) as well as selectivity (> 95%) to propionic acid at 373 K 

and 10 MPa.
63

 A very recent report described an immobilized rhodium catalyst 

[Rh(cod)(4-picoline)2](PF6)/P(4-VP) to catalyze conversion of C6-C8 olefins in naphtha, 

to 91% selectivity of the carbonylation products at 383K and 2.2 MPa.
64

 Ruthenium 

catalysts received very little attention for their application in olefin carbonylation 

reactions. K. Asenaratne et al. have reported a RuCl3/aqueous HCl system in n-butanol 

solvent for carbonylation of poly alpha olefins at 373 K and 13.6 MPa.
65

 However, the 

reaction showed very low catalytic activity.  A platinum halide salt together with an 

alcohol-soluble Sn or Ge salt was patented by Du Pont as early as 1959 to catalyze 

carbonylation of lower olefins (C2 – C6) at below 623 K.
66

  

The demand for developing catalysts with higher activity and selectivity at mild 

operating conditions finally led to the development of palladium based catalysts.
67

 Initial  

reports described PdCl2(PPh3)2 catalyzed synthesis of esters by olefin carbonylation in 

alcoholic medium.
68

 Independent discoveries were reported by Tsuji et al. to show that 

PdCl2 in an alcoholic solution of HCl catalyzes formation of saturated or unsaturated 

esters via carbonylation of corresponding olefins at 353 K and 10 MPa.
69-72

 Later, Reis 

and co-workers also reported carbonylation of ethylene and styrene with PdCl2(PPh3)2 

catalyst with 10% HCl in ethanol with 90% and 95% yields of ethyl propionate and ethyl-

2-phenyl propionate respectively at 368 K and 30 ~ 70 MPa.
67

 In 1973, Fenton reported 

hydrocarboxylation of higher alpha-olefins using PdCl2/PPh3 catalyst at 399 ~ 448 K and 

low CO pressure of 0.7 ~ 5.4 MPa.
73 

 Alper et al. reported a bi-metallic catalyst consisting 

of  PdCl2-CuCl2 with aqueous HCl and molecular oxygen for carbonylation of alpha-

olefins to  branched isomers at room temperature and atmospheric pressure.
74

 In 1992, 
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Elali and Alper reported a catalyst system Pd(OAc)2/dppb/PPh3 in presence of formic 

acid for hydrocarboxylation of mono- or disubstituted olefins to yield 45 ~ 98% 

carboxylic acids.
75, 76

  Xu et al. reported their study on a Pd (I) carbonyl cation ( [c-Pd2(μ-

CO)2]
2+

) / 96% H2SO4 system for carbonylation of alpha- and cyclo- olefins to tert-

carboxylic acids in high yield at room temperature and atmospheric pressure.
77

  

In the last ten years, a number of new palladium catalyst systems with specific 

ligands, promoters and solvents have been reported for their performances in 

hydrocarboxylation of styrene and derivatives. These developments are presented in the 

next section.  

1-2-1-2 Hydrocarboxylation and Hydroesterification of Styrene and Derivatives 

         Palladium catalyzed hydrocarboxylation or hydroesterification of aryl-substituted 

olefins to both linear and branched acid/ester isomers have attracted considerable 

attention. The catalytic reactions provide environmentally benign and atom-effective 

alternative routes for synthesizing industrially important chemicals, especially the 

branched isomers, 2-arylpropionic acids/2-arylpropionates, which have significant 

applications as a class of nonsteriodal anti-inflammatory drugs (NSAIDs), such as 

ibuprofen, naproxen, ketoprofen, etc. The most important commercial example is the 

Hoechst Celanese Process
37

 for ibuprofen production using palladium catalyzed 

carbonylation of 1-(4-isobutylphenyl) ethanol (IBPE). It is important to note that even 

though the initial substrate is an alcohol, the reaction proceeds through 

hydrocarboxylation of isobutyl styrene formed as an intermediate. The catalytic 

hydrocarboxylation route has condensed the conventional multistep production of 

ibuprofen to three steps, and significantly reduced the toxic wastes and byproducts. Thus 
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the Hoechst Celanese Process is a significant technological advance compared to the 

stoichiometric Boots Process
78

 for the production of ibuprofen with high atom efficiency 

and environmental compatibility. Figure 1-2 briefly shows the two industrial processes. 

Boots Process has six steps to produce ibuprofen, and each step is stoichiometric 

synthesis which generates large amount of wastes or byproducts. In contrast, the Hoechst 

Celanese Process has only three steps including two catalytic syntheses: hydrogenation of 

p-isobutylacetophenone to IBPE and hydrocarboxylation of IBPE to ibuprofen. In the 

hydrocarboxylation step, PdCl2(PPh3)2/10% aqueous HCl catalyst system was used. 

 

Fig. 1-2. Boots and Hoechst-Celanese processes for synthesis of ibuprofen 

 The Hoechst Celanese process successfully achieved above 95% regio-selectivity 

to ibuprofen at CO pressure of 16 ~ 35 MPa. However, there are some limitations of this 

process in that the high selectivity can be obtained only at high pressure.  At lower 

pressure of 6.8 MPa, only less than 70% regio-selectivity can be achieved and the catalyst 

system showed lower activity (TOF=50~70 h
-1

) even at higher pressure of 35 MPa.
78

 

(Boots Process) 
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While the carbonylation route is generally applicable, it has not been commercialized for 

the production of other important NSAIDs such as naproxen.  

Numerous efforts have been made to develop more advanced catalysts by 

modifying ligands, promoters and reaction media to achieve more effective 

hydrocarboxylation or hydroesterification of aryl olefins to synthesize 2-ayrlpropionic 

acids/esters. Among the various aryl-substituted olefins, styrene is the simplest substrate 

with which most studies on metal catalyzed aryl olefin carbonylation were initiated. This 

subsection mainly presents important developments in the last ten years in 

hydrocarboxylation and hydroesterification of styrene and derivatives (Table 1-3).  

Hydrocarboxylation of styrene 

 

   Hydroesterification of styrene 

 

Scheme 1-1. Hydrocarboxylation and hydroesterification of styrene 

 

Scheme 1-1 presents hydrocarboxylation and hydroesterification of styrene to the 

desired branched products, 2-phenylpropionic acid and 2-phenylpropionate (ester). In 

1999, Ruiz et al. reported thiol-thioether atropisomeric ligated palladium catalysts in the 

presence of triphenylphosphine and oxalic acid showing up to 97% regio-selectivity to 2-

phenylpropionic acid at 373 K and 3.0 MPa CO pressure.
79

  These researchers prepared 
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the S, S'-heterotopic atropisomeric ligands (RHbinas) which have a thioether and a thiol 

group as sulfur containing arms. The ligands were reacted with PdCl2(PhCN)2 to form the 

new structured catalyst complexes (Figure 1-3). 

 

 

 

 

 

Fig. 1-3. Molecular structure of RHbinas and their ligated Pd catalysts 

In the same year, Brugat et al. synthesized mononuclear [PdCl(SC2H4PPh2)PPh3] and 

binuclear [Pd2Cl2(µ-SC3H6PPh2)2] catalysts and applied them in hydroesterification of 

styrene. Both complexes could perform at mild conditions (T=353K, Pco=3.0MPa) in the 

absence of any promoter to yield relatively high selectivity to methyl 2-phenylpropionate, 

but showed very low activity (TOF=0.3 ~ 1.0 h
-1

).
81

 In 2000, Seayad et al. reported a 

highly effective catalyst system using Pd(pyca)(PPh3)(OTs) complex as a precursor, 

TsOH and LiCl (molar ratio of 1:1) as promoters for hydrocarboxylation of different 

substrates.
83

 Above 99% regio-selectivity to 2-phenylpropionic acids along with high 

TOF in range of 800 h
-1

~2600 h
-1

 was obtained in hydrocarboxylation of styrene at 388 K 

and 5.4 MPa CO pressure. The same regio-selectivity to ibuprofen along with high TOF 

of 1313 h
-1

 was also obtained in hydrocarboxylation of 4-isobutyl styrene at the same 

moderate conditions. Recently, Aguirre et al. reported high regio-selective palladium 

complexes bearing P, N-donor ligands.
97

 The palladium complex PdCl2(Ph2PNHpy) with 

[PdCl(Mebinas)]2 

or  

[PdCl(
i
Prbinas)]2 

RHbinas 

R=Me or 
i
Pr 

PdCl(Mebinas) (PPh3) 

or 

PdCl(
i
Prbinas)(PPh3) 
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TsOH and PPh3 was found to give 97% regio-selectivity to methyl-2-phenylpropionate at 

348K and 5.0 MPa.  

 

        Developing bulky ligands with specific steric structures is an important direction to 

achieve highly selective, especially the enantio-selectively catalytic synthesis. It will be 

another focus for hydrocarboxylation and hydroesterification of aryl olefins, since most 

useful anti-inflammatory agents have chiral structure. In 2004, Nozaki et al. reported their 

observation about dialkymonoaryl- and monoalkyldiarylphosphines for palladium 

catalyzed hydroesterification of aryl olefins.
90

 In their study, menthyldiphenylphosphine 

(MDPP) and neomenthyldiphenylphosphine (NMDPP) as ligands were found to favor the 

regio-selectivity to branched ester methyl-2-phenylpropionate (100%) in PdCl2 catalyzed 

hydroesterification of styrene at 323 K and 2.0 MPa CO pressure. More importantly, the 

researchers successfully prepared asymmetric ligands as shown below to achieve 

enantioselective syntheses of methyl-2-phenylpriopionate (up to 51% ee) and (S)-

naproxen methyl ester (up to 53% ee).  

 

R= c-C6H11, c-C5H9 or i-Pr; 

R
’
=OMe, O

i
Pr, OBn, NMe2, OTMS or O

i
Bu 
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In 2007, based on their preliminary research on chiral ligands for asymmetric 

hydroesterification of styrene,
 102

 Claver et al. reported their important observations about 

using chiral monodentate phosphetanes and phospholane ligands to achieve asymmetric 

Pd-catalyzed hydroesterification of styrene derivatives.
98

 The chiral ligands used in their 

study are shown in Figure 1-4. The synthesized new palladium complexes PdCl2(L)2 

(L=ligang 1, 2, 3 or 4 in Fig. 1-5) showed above 95% regio-selectivity to the branched 

ester and up to 29% ee value for R chiral product in hydroesterification of styrene at 343 

~ 363 K and CO pressure of 3.5 MPa. Moreover, these researchers further investigated 

the hydroesterification of other styrene derivatives such as 4-methoxystyrene, 4-

methylstyrene, 4-florostyrene and 2-vinylnaphthalene using PdCl2(2)2 (2=chiral ligand  2 

P(S) in Fig. 1-4). Above 92% regio-selectivity to branched esters was observed, wherein, 

50% ee value for S product was obtained in hydroesterification of 4-methoxystyrene.  

 

Fig. 1-4.  Chiral mono-phosphine ligands
98 

With the demand for easy organic product–catalyst separation and effective 

recyclability of catalysts, many researchers dedicated to explore heterogeneous catalysts 

for carbonylation of styrene and derivatives. A number of heterogeneous palladium 

catalyst systems have been developed via modification of ligands, immobilization 

technology, and employment of ionic solvent for the catalytic reactions. In 2000, a water-

soluble palladium catalyst for hydrocarboxylation of aryl olefins was reported by 
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Jayasree et al.
85

 They modified a palladium complex Pd(pyca)(PPh3)(OTs) by replacing 

the ligand PPh3 with a water soluble tris(m-sulfophenyl)phosphine trisodium salt 

(TPPTS). In the presence of coordinated TPPTS, the palladium catalyst could perform 

under biphasic conditions. Above 92% regio-selectivity to the branched acids along with 

good activity (TOF=147~550 h
-1

) were observed for the biphasic hydrocarboxylation of 

aryl olefins. Recycle experiments showed good reusability of the biphasic palladium 

catalyst at lower temperatures of 373 ~ 378 K. Xia et al. reported their study on polymer-

supported palladium-copper/nickel bimetallic catalyst systems for hydroesterification of 

aryl olefins and alcohols.
86

 They presented a PVP-PdCl2-CuCl2 catalyst which showed 

high regio-selectivity (83% ~ 100%) to the branched esters in presence of PPh3 at mild 

conditions (T=353K, Pco= 2.5MPa). Ooka et al. published their important study on 

palladium catalyst promoted by polymeric sulfonic acids for hydroesterification of 

styrene.
93

 Using the Pd/polymeric CH3SO3H/DTBPMP catalyst system, the 

hydroesterification of styrene could even be carried out at room temperature and nearly 

atmospheric pressure to give up to 89% regio-selectivity to the branched ester. Good 

activity and selectivity were maintained after three recycles.  

In 2002, Chaudhari’s group
87

 reported new anchored palladium complex in highly 

ordered mesoporous silica MCM-41 and MCM-48 synthesized following the method 

previously presented by Shephard et al.
103

 The anchored catalysts along with 

PPh3/TsOH/LiCl showed above 99% regio-selectivity to 2-aryl propionic acids with high 

activity (TOF=260 ~ 470 h
-1

) in hydrocarboxylation of aryl olefins (styrene, 4-

methylstyrene, 4-t-butylstyrene) at 388 K and 3.1 MPa CO pressure. The high activity 

and selectivity of these anchored catalysts remained even after three recycles, and the 
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structure of the catalytic complex was also found to be intact. Both observations proved 

good stability of these anchored palladium catalysts. More recently, Sarkar and 

Chaudhari reported a new immobilization technology, ossification
94

 (Figure 1-5), to 

synthesize heterogeneous palladium catalysts for hydrocarboxylation of olefins and 

alcohols. The complex Pd(pyca)(PPh3)(OTs) was modified to water-soluble 

Pd(pyca)(TPPTS) complex which has -SO3H group. Then the aqueous-soluble complex 

was added to a solution of Ba
2+

 or Sr
2+

 to form the so-called ossified catalysts. The 

ossified-Pd(pyca)(TPPTS) showed above 99.2% regio-selectivity to 2-ayrlpropionic acids 

as well as high activity (TOF = 180 ~190 h
-1

) for hydrocarboxylation of aryl olefins at 

mild conditions. High activity and selectivity of the ossified catalysts remained no 

variation even after four recycles.  

 

Fig. 1-5. Ossification methodology
94

 

 

            Developing biphasic reaction medium is another way to achieve heterogeneously 

metal-catalyzed synthesis. Several groups have reported different biphasic media for 

carbonylation of styrene.
91,92

  

1-2-2 Carbonylation of Aryl Alcohols 

Carbonylation of aryl alcohols provides another route for synthesis of 2-

arylpropionic acids. As mentioned in the beginning of section 1-2-1-2, the commercial 
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ibuprofen process (Hoechst Celanese Process) applied the palladium catalyzed 

carbonylation of 1-(4-isobutylpenyl) ethanol (IBPE) to achieve effective synthesis of 

ibuprofen.
37

 The important developments on palladium catalysts for carbonylation of aryl 

alcohols are summarized in Table 1-4. Seayad et al. reported a 

PdCl2PPh3/PPh3/TsOH/LiCl system for carbonylation of aryl alcohols.
104,105

 In 

carbonylation of  p-IBPE, the catalyst system showed 96.2% regio-selectivity to 

ibuprofen along with high activity (TOF=850 h
-1

) at 388 K and 5.4 MPa. They also 

observed 82% selectivity to naproxen and TOF of 600 h
-1

 in carbonylation of 6-methoxy-

2-naphthyl ethanol using the same catalyst system. Good performing 

Pd(pyca)(PPh3)(OTs)/TsOH/LiCl system for hydrocarboxylation of aryl olefins also 

showed high regio-selectivity (99%) as well as activity (TOF=804 h
-1

) in carbonylation of 

p-IBPE at moderate conditions (T=388 K, Pco=5.4 MPa).
83

  

Most study focus on develop heterogeneous palladium catalysts for the 

carbonylation of aryl alcohols. Jayasree et al. reported a series supported palladium 

catalysts (Pd/C, Pd/r-alumina, etc) for carbonylation of p-IBPE to obtain above 99% 

regio-selectivity as well as very high activity (TOF=550 ~ 3400 h
-1

).
106

 The drawback of 

these supported catalysts is their poor stability. High leaching (37% for Pd/C case) 

occurred after reaction. In 2000, Park et al. reviewed their work on preparing 

heterogeneous catalysts for carbonylation of aryl alcohols.
107

 They has found a catalyst 

(C6H5CN)2PdCl2 anchored on montmorillonite showed high selectivity to ibuprofen 

(92.3%) and naproxen (83.3%) in the presence of ligand (C2H5O)3Si(CH2)3NH2 and HCl 

under mild conditions. In carbonylation of p-IBPE, all the immobilized 

Pd(pyca)(PPh3)(OTs) catalysts reported by Chaudhari’s group showed outstanding 
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performance.
87, 94, 99

 Above 97% regio-selectivity to ibuprofen was obtained in presence 

of appropriate promoters at mild conditions (T=388K, Pco=3.1~5.4MPa). Moreover, all 

the immobilized catalysts showed good stability in the reaction.  



 22 

     

T
ab

le
 1

-3
. 
P

al
la

d
iu

m
-c

at
al

y
ze

d
 c

ar
b
o
n
y
la

ti
o
n
 o

f 
st

y
re

n
e 

an
d
 d

er
iv

at
iv

es
 



 23 

 

T
ab

le
 1

-3
. 
P

al
la

d
iu

m
-c

at
al

y
ze

d
 c

ar
b
o
n
y
la

ti
o
n
 o

f 
st

y
re

n
e 

an
d
 d

er
iv

at
iv

es
 (

co
n
ti

n
u
ed

) 



 24 

 

T
ab

le
 1

-3
. 
P

al
la

d
iu

m
-c

at
al

y
ze

d
 c

ar
b
o
n
y
la

ti
o
n
 o

f 
st

y
re

n
e 

an
d
 d

er
iv

at
iv

es
 (

co
n
ti

n
u
ed

) 



 25 

 

T
ab

le
 1

-4
. 
P

al
la

d
iu

m
-c

at
al

y
ze

d
 c

ar
b
o
n
y
la

ti
o
n
 o

f 
ar

y
l 

al
co

h
o
ls

  



 26 

 

T
ab

le
 1

-4
. 

P
al

la
d
iu

m
-c

at
al

y
ze

d
 c

ar
b
o
n
y
la

ti
o
n
 o

f 
ar

y
l 

al
co

h
o
ls

 (
co

n
ti

n
u
ed

) 



 27 

1-3 Mechanism of Olefin/Alcohol Carbonylation  

The good performance of palladium-based catalyst systems for carbonylation of 

olefins and alcohols under mild reaction conditions attracted considerable interest in 

exploring the catalytic reaction mechanism. This section briefly reviews the important 

studies on the mechanism of Pd-catalyzed olefin/alcohol carbonylation reactions.  

The hydroesterification reaction has been extensively studied and two mechanisms 

have been suggested (Scheme 1-2) .
109-113

 One explains that the catalytic cycle is initiated 

by a hydrido-metal complex. In this mechanism, the olefin insertion into a Pd-H bond has 

been considered followed by the migratory insertion of CO into an alkyl-metal bond to 

form an acyl-metal complex. With further alcoholysis of the acyl-metal species, the ester 

is formed and the Pd hydride complex is regenerated. Another mechanism considers that 

the catalytic cycle is initiated with an alkoxycarbonyl-metal complex. The olefin inserts 

into a Pd-carbon bond followed by alcoholysis to produce the ester and the alkoxymetal 

species. The alkoxycarbonylmetal complex is regenerated by the insertion of CO into the 

alkoxylmetal species.  

  

Scheme 1-2. Mechanisms proposed for the hydroesterification of olefins
114
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        Both the mechanisms have been generally accepted as the basis for palladium- 

catalyzed carbonylation of olefins. Knifton
110

 has proposed a hydride mechanism for 

hydroesterification of olefins using a PdCl2(PPh3)2/SnCl2 catalyst system, which is 

supported by study on isolation of a hydrido palladium complex HPd(PPh3)2(SnCl3) from 

a stoichiometric reaction of PdCl2(PPh3)2 with SnCl2·2H2O in benzene-ethanol solvent 

under CO atmosphere.  

 

L=SnCl3
-
, PPh3, CO or Cl

-
 

Scheme 1-3. Proposed mechanism for carbonylation of alpha-olefin using 

PdCl2(PPh3)2/SnCl2 catalyst system
110

 

       Noskov et al. have carried out detailed studies on the mechanism and kinetics of 

hydrocarboxylation of olefins using PdCl2(PPh3)2 as a catalyst precursor.
115

 A hydride 

mechanism was proposed for the hydrocarboxylation of styrene using PdCl2(PPh3)2 in 

wet-dioxane as a solvent. The hydride mechanism was confirmed by the in situ IR study 

by detection of Pd-acyl complex which is one of the key intermediates in the proposed 

hydride route.
115c
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         Using 
1
H and 

31
P NMR, Sheldon and co-workers have observed a water soluble Pd-

H species in the form of [HPd(TPPTS)3]
+
 from a mixture of Pd(OAc)2 and TPPTS in 

aqueous triflouroacetic acid.
116

 They studied the reaction of the aqueous Pd-H complex 

with ethene and CO, and have identified the Pd-alkyl and Pd-acyl intermediates which 

were supposed to be the crucial complexes formed in the hydride route. Hence, these 

observations provide strong evidences for the hydride mechanism for the biphasic 

hydrocarboxylation of olefins under acidic conditions. 

          Seayad et al. have reported their detailed investigation on the mechanism and 

kinetics of hydroesterification of styrene using an in situ formed cationic palladium 

complex Pd(OTs)2(PPh3)2 from Pd(OAc)2, PPh3 and TsOH in methanol as a solvent.
117

 

The authors proposed a mechanism (Scheme 1-4) through a cationic hydrido palladium 

complex [HPd(CO)(PPh3)2]
+
(TsO

-
) which has been successfully isolated and identified. 

The formation of Pd-H species was also confirmed by 
1
H NMR characterization. The 

results of 
31

P NMR analyses also supported the formation of Pd-alkyl complexes of the 

type [(n-Styrene)Pd(CO)(PPh3)2]
+
(TsO)

-
 and [(iso-Styrene)Pd(CO)(PPh3)2]

+
(TsO)

-
 which 

were essential intermediates following the hydride mechanism. Moreover, the authors 

found drastic increase of TOF under 0.34 MPa hydrogen,
118

 also indicating the Pd-H 

mechanism. 
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Scheme 1-4. Proposed mechanism for hydroesterification of styrene using 

Pd(OAc)2/4PPh3/10TsOH catalyst system in methanol
117

 

Seayad et al. have also carried out a detailed study on the kinetics and mechanism 

of carbonylation of p-IBPE using an effective PdCl2(PPh3)2/TsOH/LiCl catalyst 

system.
119, 120

 The authors proposed a mechanism in which an anionic Pd
0
 complex 

[Pd
0
(PPh

3
)
2
Cl]

-
 was postulated to act as the active intermediate that initiates the catalytic 

cycles (Scheme 1-5). As shown in Scheme 1-5, in the presence of TsOH and LiCl, the 

active substrate involved in the main carbonylation is IBPCl which is formed from 

reductive elimination of initial IBPE to IBS, thereby oxidative addition of IBS to IBPCl. 

It is well known that the organic halide substrates are activated by their oxidative addition 

to a low-valent metal complex,
121

 Pd
0
 complex in the case of palladium.

122,123
 The 
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presence of weakly coordinating TsO
-
 favors the formation of Pd

0
 from the Pd

II
 catalyst 

precursor through a water-gas shift reaction. Besides, the presence of halide anion Cl
-
 

leads to the low ligated Pd
0
 species in the form of an anionic Pd species as 

[Pd
0
(PPh

3
)
2
Cl]

-
.
124, 125 

 

Scheme 1-5. Proposed mechanism for carbonylation of IBPE using 

PdCl2(PPh3)2/TsOH/LiCl as catalyst system
120

 

 

1-4 Kinetic Modeling for Homogeneous Carbonylation of Aryl Olefins and Alcohols 

Kinetic modeling of catalytic reactions is one of the important aspects investigated in 

order to understand the rate behavior of catalytic reactions as well as reaction mechanism. 

Study on intrinsic reaction kinetics and development of rate equations are most essential 

for optimal reactor design.
126

 Since homogeneous catalysis provides highly effective 
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routes for the synthesis of several fine chemicals and pharmaceuticals, development of 

kinetic models for homogeneously catalytic reactions is especially essential for their 

practical applications. Today, only limited information is available on the subject of 

kinetic modeling for homogenous catalysis.
1, 127-131

 In this section, the procedure for 

carrying our kinetic modeling is presented through several specific examples.  

 In the kinetic modeling, the first step is to explore the reaction pathways and catalytic 

reaction mechanism. As presented in Section 1-3, the mechanism of the homogenous 

carbonylation reactions is generally complex since the catalytic cycle always consists of 

several stoichiometric reactions. In the presence of co-catalysts or promoters, more steps 

will be associated with the catalytic cycle making the mechanism more complicate. 

Consider the complexities, the kinetics of the catalytic reactions are often described by 

non-linear rate equations. These equations could be empirical developed from the 

experimental observations of effects of catalyst, substrate, CO pressure, etc. The rate 

equations could also be derived based on a proposed mechanism.  

Chaudhari’s group has carried out a number of studies on the kinetic modeling of 

catalytic reactions. In 1998, the group reported their kinetic study for 

methoxycarbonylation of styrene using a Pd(OAc)2/PPh3/TsOH catalyst system.
132

 A 

series of experiments were carried out to investigate the effects of catalyst, styrene, water, 

partial pressure of CO and temperature on the initial rate (Figure 1-6).  
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Fig. 1-6. Effects of catalyst, styrene, water concentration on the initial rate of reaction
132

 

Based on the results, the authors proposed a non-linear overall rate equation involving all 

the reaction parameters (Eq. 1-3). 

2

2

1

)1)(1(

)1(

DkPk

CDBkPk
R

DcoCO

Bco
A




                                                    Eq. 1-3 

Where RA is the initial reaction rate, kmol/m
3
/s; B, the concentration of styrene, kmol/m

3
, 

C, the concentration of catalyst, kmol/m
3
; D, the concentration of water, kmol/m

3
;
 
k1, a 

reaction rate constant, (m
3
/kmol)

2
/s; kco, kB, kD, the respective equilibrium constants.  By 
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solving the rate equation with the experimental data, the kinetic constants at different 

temperature were evaluated. Besides, the activation energy was also calculated from the 

Arrhenius plots for temperature-dependent rate constants. The error between the 

predicted and observed rates was less than 8% indicating goodness of fit. The satisfactory 

match of predicted values with experimental data also confirmed the empirical rate 

equation. 

      Several years later, Chaudhari’s group reported extensive kinetic modeling of 

carbonylation of p-IBPE using a homogeneous PdCl2(PPh3)2/TsOH/LiCl catalyst 

system.
121

 They also investigated the effects of all reaction parameters on the average rate 

of carbonylation. Here, the average rate was taken instead of initial rate for further kinetic 

determination. Because the reaction was found to involve multiple steps, initial rate might 

not precisely reflect the reaction kinetics. The results of these effects are shown in Figure 

1-7. Then, the average rate equation was proposed based on the observed trends 

(Equation 1-7).  

        They also proposed a mechanism for the whole catalytic reaction which has been 

demonstrated in Section 1-3. For kinetic modeling, the whole reactions were simplified to 

three steps (Eq 1-4, 1-5 and 1-6) which can interpret the kinetics of the various reactions. 
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Fig. 1-7.  Effects of catalyst, IBPE, water concentration, and partial pressure of CO
120

 

       The rate equations for substrate IBPE (B), intermediate substrate IBS (D), active 

substrate IBPCl (E), product IBN + 3-IPPA (P) were derived based on the reaction steps 

and the empirical rate equation for the main carbonylation reaction. The rate equations 

were then solved by a fourth-order Runge-Kutta method with given guess values of the 

rate constants and initial conditions. An optimization program using Marquart’s method 
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was developed to optimize the rate constants for different temperature by minimizing the 

deviations between the simulations and experimental data.  

1-5 Scope and Objectives 

  It is well-known from the literature reviews that transition metal catalyzed 

carbonylation of olefins and alcohols are industrially important reactions which provide 

greener and more efficient routes for the synthesis of carboxylic acids or esters. The study 

on these catalytic reactions has gained considerable attention. The challenge is in 

evolving commercially attractive catalyst systems which can achieve high activity as well 

as selectivity under mild operating conditions. Also, to develop heterogeneous catalysts 

to approach convenient catalyst-product separation is another important aspect. Besides, 

kinetic study is necessary to understand the reaction mechanism and for further optimal 

design of reactor. In this context, the objectives of this work are as follows 

 Investigation of different Pd catalyst systems for hydrocarboxylation of styrene 

and derivatives to identify the best performing catalyst system. 

 Detailed kinetic modeling for hydrocarboxylation of styrene and derivatives using 

the best performing catalyst system including the following steps. 

1) Investigation for the effects of different reaction parameter such as catalyst 

loading, substrate concentration, water concentration, partial pressure of CO, 

etc. 

2) Proposal of reaction mechanism based on the parametric study. 

3) Development and calculation of rate equations.  

4) Optimization of the rate constants to obtain good match of simulated results 

with experimental data. 
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CHAPTER 2 

HYDROCARBOXYLATION OF STYRENE USING PALLADIUM 

COMPLEX CATALYST: ACTIVITY AND SELECTIVITY STUDIES 

2-1 Introduction 

The review of literature presented in Chapter 1 indicates that Pd catalysts are among 

the best candidates for hydrocarboxylation of olefins considering both overall efficiency 

and economic utilization. In recent years, a number of Pd complex catalysts with different 

promoters and ligands have been reported to show high activity as well as selectivity for 

carbonylation of styrene and derivatives, and aryl alcohols for the synthesis of 2-

arylpropionic acids/esters under mild reaction conditions. Some of these catalyst systems 

show high regioselectivity (> 90%) to the branched isomers under low partial pressures 

of carbon monoxide (2.5-5.0MPa) and moderate temperatures (348-388K).
1-9

 Ooka et al.
 

10
 even reported that Pd(OAc)2 and Pd2(dba)3 catalysts as precursors with polymeric 

CH3SO3H as an acidic promoter in DTBPMB solvent can perform at room temperature 

and 0.6 MPa partial pressure of carbon monoxide yielding 86-89% of the branched 

phenyl propionate product. Del R´ıo et al.
 3

 reported a PdCl2(PhCN)2/ PPh2(o-Tol)/ 

H2C2O4 catalyst in DME solvent giving 100% selectivity to the branched product in 

carbonylation of styrene.  Among the various catalyst systems, palladium acetate and 

palladium chloride are the most common commercial homogeneous catalyst precursors 

which also show desirable activity and selectivity for carbonylation reactions in the 

presence of appropriate ligands and promoters. A lab synthesized homogeneous catalyst, 

Pd(pyca)(PPh3)(OTs), has been reported 
4
 to give high activity (TOF=800 ~ 2600 h

-1
) as 

well as regio-selectivity (>99%) to 2-arylpropionic acids with TsOH and LiCl as 
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promoters. It is also demonstrated that this Pd(pyca)(PPh3)(OTs) complex is an ideal 

homogeneous catalytic precursor for synthesis of a heterogeneous catalyst  for 

carbonylation of aryl olefins and alcohols, which facilitates catalyst-product separation 

and hence has a broader potential in many applications.
11

  

In this chapter, experimental results on the catalytic performance of three different 

homogeneous catalysts, Pd(OAc)2, PdCl2, and Pd(pyca)(PPh3)(OTs) are discussed with 

respect to their activity and regio-selectivity in hydrocarboxylation of styrene. From the 

previous studies, it was observed that the roles of these catalyst precursors, ligands and 

promoters in activity and selectivity of hydrocarboxylation reactions are not well 

understood. Considering the importance of this class of reactions in the synthesis of 

pharmaceutically active products like Ibuprofen
®

 and Naproxen
®
, it is thought important 

to undertake a systematic study on the performance of these catalysts. Such a study will 

also be valuable in understanding the catalytic reaction mechanism in carbonylation 

reactions and propose catalytic cycle consistent with the effects of promoters and catalyst 

precursors. The details of experimental methods used and results of catalyst performance 

are discussed in the following sections. 

 

2-2 Experimental 

2-2-1 Materials  

The catalyst precursors, PdCl2, Pd(OAc)2 and PdCl2(PPh3)3 were ordered from Alfa 

Aesar. The complex catalyst, Pd(pyca)(PPh3)(OTs) was synthesized following a route
12

 

shown in Scheme 2-1.  
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Scheme 2-1. Synthesis of Pd(pyca)(PPh3)(OTs) complex catalyst 

     In synthesis of Pd(pyca)(PPh3)(OTs), desired amount of Pd(OAc)2, pyridine-2-

carboxylic acid, TsOH and PPh3 in the molar ratio of 1:1:2:2 were added to the least 

amount of chloroform. The solution was vigorously stirred for a few minutes until all the 

solid chemicals were completely dissolved and the solution turned yellow. Then, the 

product was isolated as a yellow oily mass by addition of sufficient n-hexane. The 

product was washed several times with n-hexane and then by diethyl ether and kept under 

vacuum in a desiccator to obtain a yellow fluffy solid, which is the Pd(pyca)(PPh3)(OTs) 

complex. For further characterization, the synthesized catalyst was purified through re-

precipitation from chloroform several times.  

         The other homogeneous palladium catalysts, dppbPd(II), dppfPd(II)acetone, dppp 

Pd(II)acetone, Pd(BINAP)Br2, dcppPdCl2, (XANTPHOS)PdCl2 were supplied by 

Johnson Matthey Company. 

2-2-2 Characterization of Pd(pyca)(PPh3)(OTs) Catalyst 

      The synthesized Pd(pyca) complex was characterized by FT-IR, NMR(
1
H,

31
P) and 

elemental analyses. Figure 2-1 shows the FT-IR spectrum for the KBr sample pellet of 

Pd(pyca)(PPh3)(OTs). 

   In the catalyst complex containing an anionic chelating N-O ligand, the 

coordination of pyca ligand was confirmed by the characteristic carbonyl absorption peak 
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at 1668 cm
-1

 with a shift of 50 cm
-1

 as compared to the free ligand (1718 cm
-1

). The IR 

spectrum also showed the O=C-O
-
s stretching vibration at 1335 cm

-1
, and Pd-N stretching 

vibration
13

 at 569 cm
-1

. The absorption peaks for C=N and C=C in the hetero-cyclic ring 

of the chelating ligand appeared at 1601 cm
-1

 and 1583 cm
-1

, respectively. In addition, the 

absence of broad absorption peak of free carboxylic acid (-COOH) group in the free 

ligand at 3000 cm
-1

 indicated the loss of the proton due to the coordination of this group 

in the synthesized catalyst complex. Table 2-1 lists selected IR spectroscopic data of the 

absorption peaks of essential functional groups in Pd(pyca)(PPh3)(OTs) complex. 
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Fig. 2-1. FT-IR spectrum of Pd(pyca)(PPh3)(OTs) complex 

 

Table 2-1. IR spectroscopic data for Pd(pyca)(PPh3)(OTs) complex 

vas C=O 

cm
-1

 

vs O=C-O 

cm
-1

 

v C=N 

cm
-1

 

v C=C 

cm
-1

 

v Pd-N 

cm
-1

 

1668 1335 1601 1583 569 
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1
H and 

31
P NMR analysis was carried out in a Bruker DRX-400 NMR (400MHz) for the 

Pd(pyca)(PPh3)(OTs) sample in chloroform-D. The NMR spectra are shown in Figure 2-

2, and the analytical data are listed in Table 2-2. In the 
1
H NMR spectrum, the aromatic 

protons corresponding to phenyl and pyridyl rings in the complex were observed between 

 = 7 to 8 ppm. The tosyl CH3 protons in TsO
-
 ligand were shown at  =2.28 ppm.  

           The PPh3 coordinating ligand in the complex was confirmed by 
31

P NMR analysis. 

In stead of a single signal, the 
31

P NMR spectrum of Pd(pyca) complex showed two 

unequal signals. The strong signal was at  =34.31 ppm, and the weak one was at 

 =35.99 ppm. This analytical result might be due to the existence of cis (P cis N) and 

trans (P trans to N) isomers in the CDCl3 liquid sample, which also indicated the 

coordination of PPh3 to the metal center. 

            Dry solid sample of Pd(pyca)(PPh3)(OTs)  was sent to Columbia Analytical 

Service for elemental analysis of C, H, N, S in the complex. The analytical data were 

compared with the calculated data for the complex with molecular formula 

C31H26NO5PPdS (Table 2-3). The analytical results were found to be in satisfactory 

agreement with the calculated data for the formula of Pd(pyca)(PPh3)(OTs) complex. 
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Fig. 2-2. 
1
H and 

31
P NMR spectra of Pd(pyca)(PPh3)(OTs) complex 
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Table 2-2. 
1
H and 

31
P NMR data for Pd(pyca)(PPh3)(OTs) complex* 

NMR Type 
1
H, CDCl3 

 , ppm 

31
P, CDCl3 

 , ppm 

Atom 2.28 s (tosyl CH3, 3H); 

7-8 (aromatic H, 23H) 

34.31 s; 

35.99 w 

* s is strong, w is weak. 

Table 2-3. Elemental analyses for Pd(pyca)(PPh3)(OTs) complex 

C31H26NO5PPdS 

Elemental 

content 
C,  wt% H,  wt% N,  wt% S,  wt% 

Theoretical 55.18 4.23 1.91 4.38 

Analytical 55.47 4.49 1.07 4.39 

 

2-2-3 Hydrocarboxylation Experiments 

          The hydrocarboxylation experiments for catalyst performance tests were carried 

out in a 100 mL high pressure (up to 3000 psi), high temperature (573K) Parr autoclave 

reactor. The batch reactor was equipped with a heating arrangement, overhead stirrer, 

thermo well, pressure gauge as well as a pressure transducer, gas inlet, gas outlet, 

sampling valve and a rupture disc. The schematic of the 100 mL Parr reactor set-up is 

shown in Figure 2-3.  
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Fig. 2-3. Schematic of 100 mL Parr reactor set-up  1. Reactor; 2. stirrer shaft with 

impeller; 3. thermal well; 4. sampling and gas inlet tube; 5. sampling valve; 6. gas vent; 

PR1. reactor pressure indicator; TR1. reactor temperature indicator; PR2. reservoir 

pressure indicator. 

 

 In order to achieve easier and safer control of inlet gas and supply of CO as the 

reaction progressed, the autoclave was connected to a 150 mL CO gas reservoir. A 

constant pressure regulator was equipped between the autoclave and reservoir to control 

the required pressure inside the reactor. In these experiments, carbon monoxide was fed 

to reservoir from gas cylinder up to pressure such that even after the completion of 

reaction, the pressure in the reservoir was higher than that in the reactor. The real time 

data of temperature, reservoir pressure, reactor pressure and agitation speed were 
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monitored and recorded by a Labview software. In a typical carbonylation reaction, the 

standard operation procedure was as follows: 

1) Desired quantities of styrene, catalyst precursor, promoters were dissolved in 

MEK and charged into the autoclave, and the contents were flushed with N2 

followed by CO for 2 to 3 times. 

2) Autoclave was heated to a desired temperature under very low stirring (50 rpm). 

3) When the desired temperature was reached, the autoclave was pressurized with 

CO quickly to the required pressure. Then, the reaction was initiated by starting 

agitation up to 900 rpm. 

4) During the reaction, CO was fed through a constant-pressure regulator from a 

reservoir vessel to maintain a constant desired pressure in the autoclave. The 

pressure drop in the reservoir was then monitored and recorded in the Labview. 

The pressure drop in reservoir gives the CO consumption as a function of time, 

while keeping the pressure in reactor constant. 

5) Samples were withdrawn at different times and analyzed by GC (Column: DB-

FFAP 30m×0.32mm×0.25μm) to determine the changes in concentrations of 

reactants and products.  

6) These experimentally measured concentration-time profiles at constant CO 

pressures were used to evaluate the material balance and the activity as well as 

regio-selectivity for each catalytic system and experiment. 

For the analysis of the liquid samples, the GC column was installed to an automatic 

Agilent GC analytical instrument, equipped with an autosampler. In order to set the 

appropriate analytical conditions, a mixture of styrene, 2-phenylpropionic acid and 3-
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phenylpropionic acid was injected into the column for standardization and calibration of 

the system. The conditions set are shown in Table 2-4. The standard samples of solution 

of substrate and products in reaction solvent with different concentration were prepared 

and analyzed for calibration. Finally, the correlation between the peak area of each 

compound and its corresponding concentration was obtained for further quantitative 

analysis.  

         In catalyst performance tests for hydrocarboxylation of styrene, three Pd catalyst 

precursors, Pd(OAc)2, PdCl2, and synthesized Pd(pyca)(PPh3)(OTs) complex, were 

initially investigated for their performance (activity and regio-selectivity) with addition of 

different promoters. In addition, some Pd catalysts from Johnson Matthey Company were 

also investigated. Table 2-5 shows the standard reaction conditions for each 

hydrocarboxylation reaction. 

 

Table 2-4. Analytical conditions of DB-FFAP GC column for styrene, 2-PPA and 3-PPA 

Injector (split) temperature 250 ° C 

Inlet pressure 9.1436 psi 

Total inlet flow 105 ml/min 

Septum purge flow 3 ml/min 

Split ratio 50:1 

Carrier gas (He) flow 2 ml/min 

Initial oven temperature 40 ° C 

Ramp 1 condition 20 ° C/min to 100 ° C 

Ramp 2 condition 30 ° C/min to 200 ° C 

Ramp 3 condition 10 ° C/min to 240 ° C 

Total run time 16.333 min 
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Table 2-5. Standard reaction conditions for hydrocarboxylation of styrene using different 

homogeneous Pd catalysts 

 

Reaction parameter Condition 

Pd catalyst precursor 2.4 mol/m3 

Pd/PPh3 (molar ratio)  1:4 

Pd:TsOH:LiCl (molar ratio) 1:10:10 

Styrene 30.5 mmol 

Water 1.3 ml 

Pco 6.0 MPa 

Temperature 388 K 

Solvent MEK 

Total volume 50 ml 

Agitation speed 1000 rpm 

Reaction time 3 h 

 

The hydrocarboxylation reaction is shown in Scheme 2-2. 

 

Scheme 2-2. Hydrocarboxylation of styrene 

In order to evaluate the activity of each catalyst system, turnover number (TON) and 

turnover frequency (TOF) were defined and calculated as follows. The conversion, regio-

selectivity and i/n ratio were also calculated. The real time for complete reaction with 

styrene conversion > 99 % was taken for TOF calculation. For catalytic systems with low 

activity which can not achieve complete styrene conversion in the reaction time, the total 

reaction time was used for the TOF calculation.  

kmolkmol
catalystofmolesofNumber

convertedstyreneofmolesofNumber
TON /,

  

    
  



 53 

)/(,
  

    
, 1 hkmolkmol

timecatalystofmolesofNumber

convertedstyreneofmolesofNumber
hTOF 


  

,%100
   

      
, 




styreneofionconcentratInitial

styreneofionconcentratFinalstyreneofionconcentratInitial
%Conversion  

,%100
)(    

)(  
, 

kmolconvertedstyreneofmolesofNumber

kmolformedproducttheofmolesofNumber
%yselectivit  

formedproductlineartheofmolesofNumber

formedproductbranchedtheofmolesofNumber
rationi

       

       
 /   

2-3 Results and Discussion  

       In the catalyst performance tests, Pd(OAc)2 and PdCl2, and their complexes, 

Pd(OAc)2(PPh3)2, PdCl2(PPh3)2 were investigated for hydrocarboxylation of styrene as a 

first step. The results for Pd(OAc)2 and Pd(OAc)2(PPh3)2 as catalyst precursors are shown 

in Table 2-6. The reaction conditions for each catalytic reaction are presented in Table 2-

5. Comparing catalyst systems 1 and 2, it was found that the catalytic activity (TOF from 

20 h
-1

 to 246 h
-1

) as well as regio-selectivity to the desired 2-phenylpropionic acid 

(selectivity to 2-PPA from 31% to 89%, and i/n ratio from 0.42 to 22.25) was 

significantly improved with the addition of lithium chloride as a promoter. When the 

concentration of LiCl was reduced to half (system 5) of that in system 2, both activity and 

selectivity were clearly decreased. These observations indicate the important role of LiCl 

in the rate limiting steps that govern the activity and regioselectivity. However, the results 

from system 12 without the acidic promoter TsOH, also showed negligible activity even 

in the presence of LiCl. The limited styrene consumed was almost totally converted to the 

branched isomer, 2-PPA. This observation is plausible due to the generation of active 

catalyst species was favored in the presence of acidic promoter under the reaction 

conditions.
14
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Table 2-6. Performance of catalytic systems using Pd(OAc)2 or Pd(OAc)2(PPh3)2 as a 

precursor 

Item Catalyst system 
Conversion  

(%) 

Selectivity 

TON 
TOF      

(h
-1

) 
2-

PPA   

(%) 

3-

PPA   

(%) 

i/n 

1 Pd(OAc)2/PPh3/TsOH 24.97  31 74 0.4 60.4 20.1 

2 Pd(OAc)2/PPh3/TsOH/LiCl 99.80  89 4 22.2  246.4 246.4 

3 Pd(OAc)2/PPh3/TsOH/LiCl
a
 99.85  94 8 11.8  253.2 126.6 

4 Pd(OAc)2/PPh3/TsOH/LiCl
b
 80.20  71 14 5.1  197.6 65.9 

5 Pd(OAc)2/PPh3/TsOH/LiCl
c
 98.17  96 12 8.0  267.9 160.7 

6 Pd(OAc)2(PPh3)2/TsOH/LiCl 85.75  99 1 99.0  237.3 79.1 

7 
Pd(OAc)2/Pyridine-2-carboxylic 

acid/TsOH
d 0.00  0 0 - 0.0 0.0 

8 
Pd(OAc)2/Pyridine-2-carboxylic 

acid/PPh3/TsOH
d 21.78  37 82 0.4  55.8 18.6 

9 Pd(OAc)2/PPh3/TsOH/NaCl
e 

99.20  83 19 4.4  242.7 161.8 

10 Pd(OAc)2/PPh3/TsOH/Na(OAc)
f 

3.67  2.1 4.4 0.5  - - 

11 Pd(OAc)2/PPh3/TsOH/Li(OAc)
g 

10.01  0.1 1.4 0.1  - - 

12 Pd(OAc)2/PPh3/LiCl 1.26  82.7 0.0    - - - 

a
 molar ratio of Pd to TsOH and LiCl equaled to 1:5:5; 

b
 molar ratio of Pd to TsOH and LiCl 

equaled to 1:2:2; 
c
 molar ratio of Pd to TsOH and LiCl equaled to 1:10:5; 

d
 pyridine-2-carbonylic 

acid was used instead of PPh3; 
e
 NaCl was used as promoter instead of LiCl; 

f
 Na(OAc) was used 

as promoter instead of LiCl; 
g
 Li(OAc) was used as promoter instead of LiCl. 

 

The results also suggest that the regio-selectivity-determining step (olefin activation) is 

significantly favored by LiCl rather than TsOH. When the concentrations of TsOH and 

LiCl were decreased simultaneously in the same ratio as shown in catalytic system 3 and 

4, TOF as well as selectivity steadily decreased. In another words, both TsOH and LiCl 
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played important roles in the formation of active species for generation of 2-phenylpionic 

acid (2-PPA) as an end product.  

In system 7 and 8, pyridine-2-carboxylic acid (pycaH) was used as a free ligand. 

There was no reaction in the absence of triphenylphosphine (system 7). System 8 with the 

addition of triphenylphosphine gave comparable TOF as well as selectivity to that 

obtained in system 1. Both the results showed that the pycaH cannot facilitate the 

formation of an effective catalyst complex from Pd(OAc)2 for the hydrocarboxylation 

reaction. In order to understand the role of the LiCl, some other alkali promoters were 

investigated for the hydrocarboxylation reaction. Using NaCl as the alkali promoter, 

relatively good activity (TOF=162 h
-1

) as well as regio-selectivity (83%) was obtained. 

But the performance was not as good as the catalytic system 2 with LiCl as a promoter. 

Using sodium acetate or lithium acetate as a promoter, the reactivity was not improved 

but even inhibited with a drastic decrease in the regio-selectivity. These observations 

indicated the influence of the promoters on reactivity was based on the halide ion.  

Seayad et al. have proposed a mechanism of hydroesterification of styrene using 

Pd(OAc)2 as a precursor and TsOH as a promoter in methanol solution.
14

 They proposed 

a hydride mechanism based on previous work on the similar reactions
15, 16 

and confirmed 

through successful isolation of a palladium hydridocarbonyl species. Several years later, a 

mechanism for carbonylation of 1-(4-Isobutylphenyl) ethanol (IBPE) using a 

homogeneous PdCl2(PPh3)2/TsOH/LiCl catalyst system in MEK solution was also 

proposed.
17

 An anionic Pd(0) species containing coordinated Cl
-
 was suggested as a likely 

active species in the catalytic cycle in the presence of TsOH and LiCl. According to some 

of the observations for hydrocarboxylation of styrene using Pd(OAc)2/PPh3/TsOH/LiCl 
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as catalyst precursors, and the review for the information of similar reaction systems, the 

possible catalyst species formed in hydrocarboxylation reaction are shown in Scheme 2-3.  

 

Scheme 2-3.  Possible catalyst species in reaction system 

When starting from Pd(OAc)2, a Pd(OAc)2(PPh3)2 (C2) complex could be formed 

in situ.
14

  Then, the weak coordinated anionic ion OAc
-
 is replaced by much stronger OTs

-
 

and Cl
-
 to form [PdCl(PPh3)2]

+
(OTs)

-
 (C3). The coordination of CO and water molecule 

to the palladium center followed by reductive elimination is likely to give an anionic 

species, [Pd(0)Cl(PPh3)2]
-
 (C5), generated along with a palladium hydride species (C9). 

With further addition of CO, the species [Cl(CO)Pd(0)(PPh3)2]
-
 (C6) is formed. This 

proposal for the active species could explain experimental observations on the effects of 

TsOH and LiCl on catalytic activity. The presence of TsOH and Cl
-
 from LiCl 

significantly improved the formation of the anionic active catalyst species. In absence of 

LiCl, a palladium hydride (C9) might be formed,
14

 but the catalyst activity was ten times 
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lower than that in presence of LiCl, further indicating that the reaction is not likely to go 

through the hydride intermediate species. Very low activity without TsOH indicates a 

unique role of the acidic promoter in the formation of active species. It is plausible that 

the formation of species C3 is a necessary step for the formation of C4 thereby the 

formation of active species C5.  

The observation about the important effects of alkali halide promoter, especially 

the anionic halide ion, on the regio-selectivity of the catalyst system can be explained by 

the regioselectivity-determining step, which is proposed to be the transition from a  -

olefin complex (II) to  -alkyl complexes (IV or V) as shown in Scheme 2-4. After 

coordination of styrene to the active Pd(0) center, a relatively stable  -benzylic complex 

(III) is believed to be formed.
18,19

 Complex III could be in equilibrium with IV and V. 

Because the active catalyst species C6 is ligated with electron withdrawing Cl which 

decreases the electron density around the palladium center, the formation of complex IV 

and finally the branched isomer product is favored. On the other hand, the much lower 

regio-selectivity observed for catalyst systems 10 and 11 using alkali acetate as a 

promoter also supports the proposed regioselectivity-determining step, since acetate ion 

has very weak electron withdrawing ability than Cl
-
.  

The promoting effect of the cationic alkali ion, Li
+
 or Na

+
, is believed to be due to 

their strongly stabilizing ability to the anionic catalyst species.
20,21

 Possible explanation 

about the similar promoting effects of Li
+
 on halide promoted carbonylation of alcohols  

using Rh and Ni complexes has been reported earlier on the basis of proposed 

involvement of anionic complexes stabilized by Li
+
 counter ion.

22-24
 The lower activity 

with Na
+
 comparing to Li

+
 is due to its weaker power for abstracting Cl

-
.  
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L=PPh3, TsO
-
, CO or H2O; n=3, or 4; m=-1 or 0 

Scheme 2-4. Possible formation route for styrene coordinated catalyst intermediates 

Based on all these considerations, a possible reaction mechanism is proposed as shown in 

Scheme 2-5. Actually, more vigorous work including catalyst species isolation, 

characterization or kinetic study is required to further understand the reaction mechanism 

and the roles of different catalyst components. At this moment, the macroscopic effects of 

promoters have been investigated and the proposed mechanism can reasonably explain 

the experimental observations very well, also consistent with the work by other 

researchers on the similar reaction systems.  
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Scheme 2-5. Proposed catalytic cycle for hydrocarboxylation of styrene using  

Pd(OAc)2/PPh3/TsOH/LiCl as catalyst system
14,17 

 

Experimental results for hydrocarboxylation of styrene using PdCl2 or 

PdCl2(PPh3)2 as a catalyst precursor are presented in Table 2-7. The reaction conditions 

are similar to that in Table 2-5. In experiments using PdCl2/PPh3/TsOH as a catalyst 

system, 98.84% conversion of styrene was obtained in 2.5 h. But the regio-selectivity to 

2-PPA was only 61%, and the catalytic activity was also lower (TOF=98.9 h
-1

) compared 
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to that observed for catalyst system 2 (TOF=246.6 h
-1

).  More importantly, the addition of 

LiCl in system 2 drastically enhanced the regio-selectivity up to about 100% along with 

achievement of 99.54% conversion in 1 h, indicating the important promoting effect of 

LiCl on the activity and regio-selectivity-determining step in the hydrocarboxylation 

reaction. 

 

Table 2-7. Performance of catalytic systems using PdCl2 or PdCl2(PPh3)2 as a precursor 

Item Catalyst system 
Conversion 

(%) 

Selectivity 

TON 
TOF      

(h
-1

) 
2-PPA   

(%) 

3-PPA   

(%) 
i/n 

1 PdCl2/PPh3/TsOH 98.84  61 31 2.0  247.1 98.9 

2 PdCl2/PPh3/TsOH/LiCl 99.54  105 3 35.0  246.6 246.6 

3 PdCl2(PPh3)2/TsOH/LiCl 98.63  96 2 48.0  267.8 321.3 

4 
PdCl2(PPh3)2/PPh3/TsOH

/LiCl
a 99.41  100 4 25.0  256.4 307.7 

5 PdCl2/pycaH/TsOH/LiCl 0.19  84 0 - 0.5 0.02 

6 
PdCl2/PPh3/pycaH/TsOH

/LiCl
b 99.74  98 3 32.7  282.2 282.2 

a. Molar ratio of PdCl2(PPh3)2 to PPh3 =1:2 

b. Molar ratio of PdCl2:PPh3:pycaH = 1:4:4 

 

Since it is considered that a palladium chloride complex, PdCl2(PPh3)2, can be 

formed in situ by coordination of a free ligand PPh3 to PdCl2, two catalyst systems 3 and 

4 using PdCl2(PPh3)2 as a precursor were also tested for their performance and the 

performance compared to that for system 2. As shown in Table 2-7, the catalyst complex 

showed better but still comparable activity and regio-selectivity with respect to PdCl2 

under the same reaction conditions. Possible reason for this marginal enhancement is the 

rapid formation of active species from PdCl2(PPh3)2 since its in situ formation is 

eliminated. Another reason may be that there is no or less excess free ligand in systems 3 
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and 4. The excess free ligand may hinder formation of active species or direct to generate 

other inactive palladium species. This inhibition effect of the free ligand also explains 

why system 4 with addition of twice equivalent amount of the free ligand showed a slight 

decrease of TOF and i/n ratio compared to system 3 without PPh3. 

Catalyst system 5 using pycaH as a ligand instead of PPh3 did not show any 

activity for the hydrocarboxylation reaction. However, with the addition of molar 

equivalent amount of PPh3, catalyst system 6 showed very similar activity and regio-

selectivity as that shown by system 2. These observations indicated the negligible 

coordination effect of pycaH as a ligand.  

The reaction mechanism for PdCl2/PPh3/TsOH/LiCl catalyst system is proposed as 

shown in Scheme 2-6.
17

 Similar to the Pd(OAc)2/PPh3/TsOH/LiCl system, the catalytic 

cycle is also initiated by an anionic Pd(0) complex (Cv). The presence of TsOH and LiCl 

is necessary for the formation of the active anionic palladium intermediate. Also, LiCl 

plays a significant role in the regioselectivity-determining step for the formation of 2-

phenylpropionic acid.  
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Scheme 2-6. Proposed catalytic cycle for hydrocarboxylation of styrene using  

   PdCl2/PPh3/TsOH/LiCl catalyst system 

 

Performance of the synthesized Pd(pyca)(PPh3)(OTs) complex in 

hydrocarboxylation of styrene was investigated with different promoters as shown in 

Table 2-8. In the absence of LiCl, system 1 showed very low activity. The addition of 

LiCl significantly improved the activity of catalyst system 2 and achieved very high 
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regio-selectivity (~100%). With the addition of excess PPh3, slight decrease in TOF and 

regio-selectivity was observed. The reaction mechanism will be discussed in Chapter 3 

along with the interpretation of kinetic data.   

Table 2-8. Performance of catalytic systems using Pd(pyca)(PPh3)(OTs) as a precursor 

Item Catalyst System 
Conversion 

(%) 

Selectivity 

TON 
TOF      

(h
-1

) 2-PPA   

(%) 

3-PPA   

(%) 
i/n 

1 
Pd(pyca)(PPh3)(OTs)/

TsOH  
5.85 61 10 6.1  14.8 4.9 

2 
Pd(pyca)(PPh3)(OTs)/

TsOH/LiCl  
100 101 1 101.0  250.2 250.2 

3 
Pd(pyca)(PPh3)(OTs)/

PPh3/TsOH/LiCl  
95.01 95 3 31.7  231.5 231.5 

 

         The performance of other homogeneous catalyst systems using diphosphine or 

bulky ligand ligated catalyst supplied by Johnson Matthey as a precursor, TsOH and LiCl 

as promoters was also investigated and compared with previously studied catalyst 

systems. The experimental results for all the similar catalyst systems in the presence of 

same promoting agents are presented in Table 2-9, and a comparison of selected systems 

is shown in Figure 2-4. The comparison showed that the 

Pd(pyca)(PPh3)(OTs)/TsOH/LiCl gave the best regio-selectivity along with high activity 

for hydrocarboxylation of styrene under the same reaction conditions. Actually, this 

catalyst system is also the best one among all the known catalyst systems for this kind of 

catalytic reaction reported to date.  

Diphosphine ligated palladium catalysts, dppb Pd(II), dppf Pd(II)acetone, dppp 

Pd(II)acetone and dcpp PdCl2 showed much lower activity and regio-selectivity even in 

the presence of TsOH and LiCl. The lower regio-selectivity may be due to the nature of 

the diphosphine ligand coordinated to the palladium center. As reported in previous 
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literature, regio-selectivity in the alkoxycarbonylation of alkenes has essential 

dependence on the nature of the phosphorous ligands. Pd/monophosphine complexes 

favor the formation of branched isomers, whereas Pd/diphosphine systems favors the 

formation of linear isomers.
25,26

 (XANTPHOS)PdCl2 /TsOH/LiCl catalyst system showed 

good activity but lowest regio-selectivity (32%) for the branched product. This 

observation can be explained by the steric hindrance of the bulky ligand coordinated to 

palladium center which disfavors the formation of branched isomer. 

Table 2-9. Performance of different homogeneous Pd catalyst precursors and TsOH/LiCl 

as promoters 

 

Catalyst System 
Conversion 

(%) 

Selectivity 

TON 
TOF      

(h
-1

) 

Time       

(h) 
2-

PPA   

(%) 

3-

PPA   

(%) 

i/n 

a 

PdCl2/PPh3/TsOH 98.84 61 31 2.0  247.1 98.85 2.5 

PdCl2/PPh3/TsOH/LiCl  99.54 105 3 35.0  246.6 246.6 1.0 

Pd(OAc)2/PPh3/TsOH  24.97 31 74 0.4  60.4 20.1 3.0 

Pd(OAc)2/PPh3/TsOH/LiCl 99.8 89 4 22.2  246.4 246.4 1.0 

b 

Pd(pyca)(PPh3)(OTs)/TsOH  5.85 61 10 6.1  14.8 4.9 3.0 

Pd(pyca)(PPh3)(OTs)/TsOH/

LiCl  
100 101 1 101.0 250.2 250.2 1.0 

Pd(pyca)(PPh3)(OTs)/PPh3/Ts

OH/LiCl  
95.01 95 3 31.7  231.5 231.5 1.0 

c 

dppb Pd(II)/TsOH/LiCl 0.9 90 28 3.2  0.2 0.1 3.0 

dppf 

Pd(II)acetone/TsOH/LiCl 
59.68 15 31 0.5  165.8 52.4 3.0 

dppp 

Pd(II)acetone/TsOH/LiCl 
- 0 0 - 0.0 0.0 3.0 

(S-BINAP)PdBr2 /TsOH/LiCl 10.73 6 2 3.0  10.6 3.8 3.0 

dcpp PdCl2 /TsOH/LiCl 0 - - - 0.0 0.0 2.6 

(XANTPHOS)PdCl2 

/TsOH/LiCl 
95.54 32 47 0.7  209.7 209.7 1.0 
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Fig. 2-4. Performance comparison of different homogeneous catalyst systems 

2-4 Heterogeneous Pd Complex Catalysts 

Most of the pharmaceutical products are thermally unstable and consist of non-

volatile organic compounds, hence they are difficult to be separated by conventional 

means like distillation. This demands an efficient catalyst-product separation technology, 

particularly when expensive homogeneous catalysts are used in their production. A 

possible solution to this problem is developing heterogeneous catalysts by immobilizing 

the active homogeneous catalysts to form supported catalysts or the so-called biphasic 

catalysts based on the principles of phase differentiation.
27,28

 Immobilization of the 

homogeneous catalysts on inert organic materials (polymers) or inorganic supports (silica, 

alumina oxide, NaY zeolite, etc) can be achieved using anchoring, tethering or 

encapsulation techniques.
29

 In this work, two heterogeneous Pd complex catalysts, Fiber 

Cat 1032 (Johnson Matthey) and tethered Pd(pyca)(PPh3)(OTs)-PTA-Y were investigated 

to evaluate their performance in hydrocarboxylation of styrene. Using a similar tethering 
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technique
30

, Pd(OAc)2(PPh3)2 and PdCl2(PPh3)2 were also heterogenized. However, these 

two complexes were found difficult to be tethered to the phosphotungstic acid 

functionalized zeolite NaY, because of their limited solubilities. Thus, only the results of 

two catalysts, namely, Fiber Cat 1032 (JMC supplied) and tethered Pd(pyca)(PPh3)(OTs) 

will be discussed here. 

         The Fiber catalyst 1032 supplied by Johnson Matthey Company was tested for 

carbonylation styrene with TsOH and LiCl (TsOH:LiCl=1:1) as promoters. At relatively 

mild conditions (T=388K, Pco=6.0MPa), 65.7% conversion of styrene was achieved in 3 

h with a regio-selectivity (to 2-PPA) of 77% and i/n ratio of 5.9. The average turnover 

frequency was only 58.3 h
-1

.  During the reaction, it was found that there was no CO 

consumption in the initial twenty minutes showing an induction period, but gradually the 

rate increased thereafter. The color of the fiber catalyst was bright yellow after the 

reaction with no black palladium precipitation, indicating the stability of the fiber catalyst 

during the hydrocarboxylation reaction. Although, the activity as well as selectivity of 

this fiber catalyst was not good compared to that of the homogeneous Pd complex 

catalysts, it showed good stability and recyclability. However, further work is needed to 

verify the potential of this fiber catalyst for its application in hydrocarboxylation of 

styrene. 

Tethered Pd(pyca)(PPh3)(OTs) catalyst was prepared following the literature 

procedure. 
30, 31

 There were two main steps in the preparation: 1) Functionalization of 

zeolite material NaY by attaching phosphotungstic acid (PTA) to zeolite surface; 2) 

Tethering Pd(pyca)(PPh3)(OTs) complex to functionalized NaY (PTA-Y) through 

grafting the complex molecule to soluble PTA through some ionic interactions. The 
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performance of this tethered catalyst in the presence of PPh3, TsOH and LiCl was 

investigated in hydrocarboxylation of styrene. The results of conversion, TOF and 

selectivity at different times are presented in Table 2-10.  The concentration-time profiles 

for each component in the reaction were determined as shown in Figure 2-5. Nearly 

complete conversion of styrene with 95% regio-selectivity to 2-PPA was observed using 

this tethered catalyst along with promoters, which is comparable to that shown by the 

homogeneous analogues. However, the average TOF was only 18 h
-1

 which is about one 

tenth of that shown by the homogeneous catalyst system. Even though the tethered 

catalyst showed lower activity, it has potential to be further developed since it has good 

stability in carbonylation reactions and can also work without addition of any acidic 

promoter.
30

 

 

Table 2-10. Results of hydrocarboxylation of styrene using Pd(pyca)(PPh3)(OTs)-PTA-Y/ 

PPh3/TsOH/LiCl catalyst 

 

Catalyst 

system 

Conversion 

(%) 

Styrene 

consumption 

(mmol) 

CO 

consumption 

(mmol) 

Selectivity 

TOF     

(h
-1

) 

Time 

(h) 
2-

PPA 

(%) 

3-

PPA 

(%) 

i/n 

Pd(pyca)-

PTA-Y 

/PPh3/TsO

H/LiCl=0.7

:4:10:10 

41.30  7.19 6.30 98  1  98.0  29.0 3.0 

61.81  10.76 10.51 99  1  99.0  26.0 5.0 

78.48  13.66 12.61 100  2  50.0  23.6 7.0 

88.18  15.04 15.13 95  3  31.7  20.6 9.0 

94.77  16.49 16.81 97  3  32.3  18.2 11.0 

 

        The work on heterogeneous catalysts for hydrocarboxylation is still very preliminary. 

Considering the increasing importance of the heterogeneous catalysts in achieving 

greener and more economic synthesis of 2-arylpropionic acids through carbonylation of 

aryl olefins, there is real potential for developing new immobilized palladium catalysts. 

This will also be one of the focuses of my future work on the project. 
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Figure 2-5. Concentration-time profiles for hydrocarboxylation of styrene using            

Pd(pyca)(PPh3)(OTs)-PTA-Y/ PPh3/TsOH/LiCl catalyst system 

 

2-5 Conclusions 

Performance (activity and regio-selectivity) of different homogeneous catalyst 

systems in hydrocarboxylation of styrene has been studied. It has been found that the 

presence of TsOH and LiCl promoted the performance of the catalyst system using 

Pd(OAc)2, PdCl2 or Pd(pyca)(PPh3)(OTs) as precursor. The regio-selectivity to 2-

phenylpropionic acids was significantly increased with the addition of LiCl. The possible 

reaction mechanism of hydrocarboxylation of styrene using Pd(OAc)2/PPh3/TsOH/LiCl 

or PdCl2/PPh3/TsOH/LiCl catalyst system has been proposed.  

Among all the catalyst systems, Pd(pyca)(PPh3)(OTs) along with TsOH and LiCl as 

promoters showed the best regio-selectivity along with desirable high activity for the 

hydrocarboxylation of styrene. It is worthy to note that this complex has been also 
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reported to be a very desirable homogeneous precursor candidate for synthesis of 

heterogeneous catalysts.
30,32,33

 The immobilized catalyst precursor showed very good 

stability in hydrocarboxylation of aryl olefins, indicating the good recyclability of these 

heterogeneous catalysts. Consider the potential for industrial application of the desired 

homogeneous catalyst system, it is important to study the reaction kinetics to understand 

the reaction mechanism and develop appropriate rate equations. The work on kinetic 

study for hydrocarboxylation of styrene using Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl will 

be illustrated in details in Chapter 3. 
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CHAPTER 3 

KINETIC MODELING OF HYDROCARBOXYLATION OF 

STYRENE USING PALLADIUM COMPLEX CATALYST  

3-1 Introduction 

       Palladium-catalyzed carbonylation of vinyl aromatics provides atom-effective and 

eco-friendly routes for the synthesis of industrially important pharmaceutical products 

such as 2-arylpropionic acids/esters, a class of non-steroidal anti-inflammatory drugs 

(NSAIDs).
1-3

 The hydrocarboxylation reaction has gained considerable interest as one of 

the best examples of the role of catalysis in developing greener routes replacing 

stoichiometric organic syntheis.
4,5

 A typical example is the commercial Hoechst-Celanese 

process for the manufacture of Ibuprofen
®
 which involves carbonylation of 1-(4-

isobutylphenyl) ethanol PdCl2(PPh3)2 catalyst as a key step.
6
 In this process, high regio-

selectivity to Ibuprofen
®
 (> 95%) can be obtained only at high pressure (16 ~ 35 MPa) of 

CO in the presence of the aqueous HCl as a promoter. However, the selectivity reduces to 

67% with a low TOF (50 ~ 70 h
-1

) at lower pressure of 6 ~ 7 MPa. In Chapter 1, a 

literature review on this subject has been presented specifically using palladium based 

catalysts for the hydrocarboxylation of styrene and derivatives. Most studies reported to 

date were focused on improving the catalytic performance (activity and selectivity), 

exploring novel catalyst systems, or developing heterogeneous catalysts from the design 

and synthesis perspective. Only limited reports have been published on the kinetics of 

hydrocarboxylation of styrene and derivatives. Knowledge of the intrinsic kinetics of the 
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catalytic reaction and development of suitable rate equations are essential for 

understanding the mechanism and also the optimal design of reactors.
7
  

       As demonstrated in Chapter 2, the Pd(pyca)(PPh3)(OTs)/TsOH/LiCl catalyst system 

showed the best performance in hydrocarboxylation of styrene (Scheme 3-1). This 

catalyst system has shown high activity (TOF= 1313 ~ 2600 h
-1

) as well as regio-

selectivity (99%) to the 2-arylpropionic acids in hydrocarboxylation of aryl olefins.
8
 

However, no report on the kinetics of carbonylation of olefins using this best performing 

catalyst system has been published so far. Interpretation of intrinsic kinetics and 

developing rate equations for the complex multi-step reaction systems is a real challenge. 

In this chapter, the detailed kinetic study for hydrocarboxylation of styrene using the 

Pd(pyca)(PPh3)(OTs)/TsOH/LiCl catalyst system is presented, in which, investigation of 

effects of reaction parameters, determination of solubility, proposal of a mechanism, and 

micro-kinetic modeling is illustrated extensively. The stoichiometric reaction is given 

below:  

 

Scheme 3-1. Hydrocarboxylation of styrene using Pd(pyca)(PPh3)(OTs)/TsOH/LiCl  

       It is shown that the micro-kinetic model based on a catalytic reaction mechanism 

explains all the parametric effects and particularly the induction period observed under 

certain conditions. The model predictions were compared with experimental data 

obtained at different sets of initial conditions to demonstrate that the model is applicable 
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over a wide range of conditions. Intrinsic kinetic parameters have been determined at 

different temperatures. 

  

3-2 Experimental 

3-2-1 Reactor Set-up and Procedure 

          For the kinetic study, it is necessary to carry out a series of experiments to 

understand the effects of the reaction parameters such as catalyst, styrene, and water 

concentrations, partial pressure of carbon monoxide, concentration of promoters and 

temperature. In these experiments, generally concentration-time profiles for different 

initial sets of parameters were measured. These data were used to identify all the major 

and minor product, material balance analysis and analysis of rate behavior with respect to 

different parameters, and determination of intrinsic kinetic parameters. These parametric 

experiments were carried out in a 300 ml Parr autoclave made of Hastalloy C-276 MOC, 

connected to a Cal controller (Figure 3-1) to achieve precise temperature control 

(setpoint±1°C) during the reaction.  
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Fig. 3-1. Schematic of 300 mL Parr batch reactor set-up  1. Reactor; 2. stirrer shaft 

with impeller; 3. thermal well; 4. sampling and gas inlet tube; 5. sampling valve; 6. gas 

vent; 7. cooling coil; PR1. reactor pressure indicator; TR1. reactor temperature indicator; 

PR2. reservoir pressure indicator. 

As shown in Figure 3-1, the reactor setup is very similar to that for catalyst 

performance test shown in Chapter 2 (Figure 2-3). The only difference is the 300 ml 

autoclave was also equipped with a cooling coil, and connected with a Cal controller.  

When the temperature inside the autoclave exceeds the setpoint, the controller will 

automatically switch on to cooling water to enable control of temperature at the setpoint. 

The experimental procedure for carbonylation experiments was the same as 

discussed in 2-3-1. More liquid samples were taken during the initial period (beginning 

10 min) of reaction to calculate the initial reaction rates and turnover frequency (TOF). 

The ranges of reaction conditions for each parameter are shown in Table 3-1. In these 

experiments, only one parameter was varied to investigate the effect by keeping other 

conditions unchanged. The agitation speed was set to > 900 rpm to eliminate the gas to 

liquid mass transfer resistance for CO dissolution in the liquid phase.  
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Table 3-1. Ranges of reaction conditions in parametric study 

Reaction parameter Condition 

Pd catalyst precursor 0.32 ~ 1.26 mol/m3 

PPh3  1.2 ~ 4.7 mol/m3 

TsOH:LiCl (molar ratio)=1:1 0 ~ 24.0 mol/m3 

Styrene 145.46 ~ 1163.71 mol/m3 

Water 694.4 ~ 5555.6 mol/m3 

Pco 1.5 ~ 7.5 MPa 

Temperature 368 ~ 388 K 

Solvent MEK 

Total volume 1.2 x 10
-4

 m
3
 

Agitation speed 900 rpm 

Reaction time 2 h 

 

 

3-2-2 Experimental Results 

The concentrations of styrene and products at different times were determined by 

quantitative GC analysis. The consumption of carbon monoxide at different times was 

also observed from the pressure drop in the reservoir vessel. The calculation method for 

the CO consumption is shown below in Equation 3-1. 

K reservoir,in  eTemperaturJ/K/mol ,

3m reservoir, of  volumeDead  Pa reservoir,in  drop Pressure
  mol CO, ofn Consumptio






R
 Eq. 3-1 

Where, R is the gas constant which equals to 8.314 J/K/mol. The total conversion of 

styrene and the formation of phenylpropionic acids were found to be consistent with the 

total consumption of carbon monoxide and the overall stoichiometry. The typical 

concentration-time profiles for the liquid components, styrene and acids obtained at 

standard reaction conditions are shown in Figure 3-2. It was found that styrene was 
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predominantly converted (~99%) to the desired 2-phenylpropionic acid (2-PPA) using the 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system at mild reaction conditions (388K 

and 6 MPa).  

In order to understand the effect of each parameter, initial rate of the 

hydrocarboxylation reaction was determined by Equation 3-2. 

 

Initial Reaction Rate [mol/m
3
/min] = Slope of {concentration of styrene [mol/m

3
] 

                                                             versus time [min] plot} at t=0                       Eq. 3-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-2. Concentration-time profiles for hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system 

Reaction conditions: catalyst Pd(pyca)(PPh3)(OTs), 0.64 mol/m
3
; Pd:PPh3, 1:4; 

TsOH:LiCl (1:1), 24 mol/m
3
; styrene, 581.85 mol/m

3
; water,1388.89 mol/m

3
; solvent, 

MEK; total volume, 1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388 K. 
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3-2-2-1 Effect of Catalyst Concentration 

             The effect of the concentration of catalyst precursor [Pd(pyca)(PPh3)(OTs)] on 

the activity of the catalytic system was investigated at different concentrations of PPh3. 

Figure 3-3 shows the effect of catalyst concentration at different PPh3 concentrations at 

388 K. It was found that, the initial reaction rate increased with the increase in catalyst 

concentration, but an induction period was found at the lower catalyst concentrations as 

shown in Figure 3-4. At the beginning of reaction (~ 10 min), the rate was quite low, 

indicating that the rate of formation of active catalyst species was very low at lower 

catalyst concentrations. It was also found that higher concentration of PPh3 disfavored the 

reaction rate. This observation was further confirmed by the experimental results shown 

in 3-2-2-2 about the effect of concentration of PPh3. The regio-selectivity showed no 

changes (~ 99%) at different catalyst concentrations. 
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Fig. 3-3. Effect of concentration of catalyst precursor on the initial rate of 

hydrocarboxylation of styrene. Reaction condition: PPh3(low), 2.34 mol/m
3
, 

PPh3(high), 9.31 mol/m
3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; temperature, 

388K. 
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Fig. 3-4. Concentration-time profiles for hydrocarboxylation of styrene at low 

catalyst concentration. Reaction condition: catalyst precursor, 0.32 mol/m
3
; PPh3, 2.34 

mol/m
3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; 

solvent, MEK; total volume, 1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388K. 

3-2-2-2 Effect of PPh3 Concentration  

 During the investigations on effect of catalyst concentration, it was found that the 

concentration of PPh3 also affected the reaction rate significantly. In order to further 

understand the influence of PPh3, separate experiments were carried out at constant 

catalyst concentration. As shown in Figure 3-5, the initial reaction rate gradually 

decreased with the increase in PPh3 concentration but no change in regio-selectivity to 2-

PPA was observed. The free PPh3 may compete with the reactant molecules for co-

ordination, causing decrease in the activity.
9 
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Fig. 3-5. Effect of PPh3 concentration on the initial rate of hydrocarboxylation of 

styrene. Reaction conditions: catalyst precursor, 0.64 mol/m
3
; TsOH:LiCl (1:1), 24 

mol/m
3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 

1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388K.  

 

3-2-2-3 Effect of Promoters 

As important components in the multicomponent catalytic system for 

hydrocarboxylation, the promoters TsOH and LiCl lead to significant enhancement of the 

catalytic activity as well as regio-selectivity. Therefore, investigation of the effects of 

these promoters on initial rate becomes important to understand their specific roles in the 

catalytic reaction. The initial rate was found to increase with the concentration of TsOH 

(Fig. 3-6) almost linearly. In the absence of TsOH, very low activity (TOF=52.7 h
-1

) was 

observed, indicating the positive influence of TsOH in the formation of active catalyst 

intermediates. However, the regio-selectivity showed no variation in the absence of 

TsOH. 
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Fig. 3-6. Effect of TsOH concentration on the initial rate of hydrocarboxylation of 

styrene. Reaction condition: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; LiCl, 24 

mol/m
3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 

1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388K. 

 

The initial rate was also found to increase with increase in the concentration of LiCl 

up to 12 mol/m
3
. When the concentration of LiCl was increased to 24 mol/m

3
, the initial 

reaction rate decreased. The observations indicate that LiCl favors the reaction step for 

the formation of active catalyst species up to a certain extent, but too much excess of LiCl 

may hinder the reaction rate by favoring the formation of some inactive species. The 

regio-selectivity was found to decrease with a decrease in the concentration of LiCl (i/n 

ratio from 100 to 1.1). In the absence of LiCl, 2-PPA was no longer the predominant 

product indicating the essential role of LiCl in the regioselectivity-determining step. 
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Fig. 3-7. Effect of LiCl concentration on the initial rate of hydrocarboxylation of 

styrene. Reaction condition: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH, 

24 mol/m
3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 

1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388K. 

 

3-2-2-4 Effect of Styrene Concentration  

             The effect of concentration of styrene on the initial reaction rate was observed to 

gradually increase with increase in styrene concentration (Figure 3-8). No induction 

period was observed even at the lowest styrene concentration, suggesting that the increase 

in substrate concentration favors the addition of olefin molecule to a possibly formed Pd-

H active catalytic complex to form the intermediate, Pd-alkyl complex. No obvious 

variation of regio-selectivity was observed at different styrene concentration.  
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Fig. 3-8. Effect of styrene concentration on the initial rate of hydrocarboxylation of 

styrene. Reaction condition: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; 

TsOH:LiCl (1:1), 24 mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 

1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388K. 

 

3-2-2-5 Effect of Water Concentration 

             Since water is also a reactant in the hydrocarboxylation of styrene, the effect of 

initial water concentration on the reaction rate was investigated. It was found that the 

initial reaction rate increased with water concentration up to 2.78 x 10
3
 mol/m

3
 beyond 

which the reaction rate decreased with increase in water concentration. This is due to the 

obvious phase change of the reaction system from homogeneous to a two phase system. 

The presence of aqueous phase will dissolve most of the acidic promoter TsOH and 

LiCl, thereby limiting the availability of the promoters in the organic phase to promote 

essential catalyst species. In addition, the solubility of carbon monoxide also 

significantly decreases in the biphasic medium, which will also reduce the reaction rate. 
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Under homogeneous conditions, no change of regio-selectivity (i/n=100) was found. 

However, in the biphasic medium, the regio-selectivity decreased (i/n=14), which could 

be due to limited availability of LiCl in the reaction phase.   
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Fig. 3-9. Effect of water concentration on the initial rate of hydrocarboxylation of 

styrene. Reaction condition: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; 

TsOH:LiCl (1:1), 24 mol/m
3
; styrene, 581.85 mol/m

3
; solvent, MEK; total volume, 

1.2×10
-4

 m
3
; Pco, 6.0 MPa; temperature, 388K.  

 

3-2-2-6 Effect of Partial Pressure of Carbon Monoxide 

             The effect of partial pressure of carbon monoxide on the initial reaction rate was 

investigated. The results (Figure 3-10) showed an interesting trend in which induction 

period was observed to be strongly pressure dependent. As a result, the initial rate was 

very low at lower CO pressures of 1.5 ~ 4.5 MPa (Figure 3-11) at the beginning of 

reaction. However, after the induction region, the reaction rate was found to be quite  
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Fig. 3-10. Effect of CO pressure on the initial rate of hydrocarboxylation of styrene.  
Reaction condition: catalyst precursor, 0.64 mol/m

3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl 

(1:1), 24 mol/m
3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; solvent, MEK; total 

volume, 1.2×10
-4

 m
3
; temperature, 388K. 

 

comparable at different CO pressures until complete consumption of the substrate was 

achieved. These observations show the important role of carbon monoxide in the 

formation of the active catalytic species. Lower regio-selectivity (i/n=30~50) was also 

found at lower CO pressures (1.5 MPa~3.0 MPa). 
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Fig. 3-11. Concentration-time profiles for styrene under different CO pressure. 
Reaction condition: catalyst precursor, 0.64 mol/m

3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl 

(1:1), 24 mol/m
3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; solvent, MEK; total 

volume, 1.2×10
-4

 m
3
; temperature, 388K.  

 

3-2-2-7 Effect of Temperature 

             Temperature is always considered as an important factor which influences the 

activity of catalyst and the reaction energy barriers of individual reaction steps. In this 

study, the effect of temperature was investigated at different concentrations of catalyst, 

styrene, water, and CO pressure (Figure 3-12, 3-13, 3-14, 3-15). It was found that higher 

temperature favored the reaction rate as expected. Moreover, the similar trends on the 

effects of concentrations of catalyst, styrene and water and CO pressure were also 

observed at different temperatures, indicating a similar reaction pathway. 
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Fig. 3-12. Effect of temperature at different catalyst loadings. Reaction condition: 

PPh3, 2.34 mol/m
3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 1388.89 

mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa. 
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Fig. 3-13. Effect of temperature at different styrene concentrations. Reaction 

condition: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 

mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa. 
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Fig. 3-14. Effect of temperature at different water concentrations. Reaction 

condition: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 

mol/m
3
; styrene, 581.85 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa.  
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Fig. 3-15. Effect of temperature under different CO pressure. Reaction condition: 

catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; 
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styrene, 581.85 mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 

m
3
.  

3-3 Solubility of Carbon Monoxide in the Reaction Medium 

       In order to interpret the kinetic data, it is necessary to know the CO solubility in the 

liquid reaction medium. Both theoretical calculations and experimental measurements 

were carried out to obtain the CO solubility, which are presented in the following 

subsections. 

3-3-1 Theoretical Calculations for CO Solubility 

          The theoretical calculation was attempted to obtain CO solubility at first. For 

calculating the CO solubility in MEK, styrene and their binary mixtures, a correlation (Eq. 

3-3) proposed by Prausnitz and Shair was used.
10

 The semi-empirical correlation, 

applicable for the solubility of gases in pure, nonpolar solvents at atmospheric pressure 

based on the theory of regular solutions, can be expressed as: 

RTVφffx AS

L

ASA

L

AA /)()/ln(ln 22                                         Eq. 3-3 

where xA represents the mole fraction of the dissolved gas phase solute in the solvent at 1 

atm pressure, L

Af  and Af  are the fugacity of hypothetical liquid of gas solute and 

fugacity of pure gas solute at atmospheric pressure respectively, Sφ is the volume fraction 

of the solvent which is assumed to be unity because volume of gas solute in the liquid can 

be neglected, L

AV  is the molar volume of hypothetical liquid of gas solute, S , A  are 

solubility parameters for solvent and gas solute, respectively.  

     In order to calculate L

Af , the following correlation (Eq. 3-4)  proposed by Yen et al. 

was applied,
11

  where 
Ac

P
,

 and 
Ac

T
,

 are the critical pressure and critical temperature of 

the gas solute, respectively.  
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The fugacity of pure CO gas fA (1 atm) at different temperatures can be calculated by the 

following correlation.
12
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                                           Eq. 3-5 

Where 
)0(

ln 








P

f
, 

)1(

ln 








P

f
can be obtained from Lee-Kesler Fugacity-Pressure ratio table 

listed in the literature.
12

 Volume fraction of the solvent S is considered as unity because 

the solubility of CO in the solvent is very low. L

AV , A  are considered as constants with 

change in temperature, the values of which can be found in the published paper.
11

  

The solubility parameter is the key parameter which can be calculated by:  

2/1]/)[( svS VRTHδ                                                   Eq. 3-6
13 

where vH  represents the heat of vaporization and Vs is the molar volume of the solvent. 

Two methods (Eq. 3-7, 3-8)
14

 for calculating vH for different solvents at different 

temperature were compared, where  represents the acentric factor of CO, Tr the reduced 

temperature of CO, Tr,T is reduced temperature when real temperature is T, Tr,T is reduced 

temperature at boiling point. 

])1(95.10)1(08.7[ 456.0354.0

rrcv TTRTH    , 0.10.6  rT             Eq. 3-7 

n

br

Tr

bvTv
T

T
HH )

1

1
( 

,

,

,,



 , 38.0  375.0 orn                                           Eq. 3-8  

The difference between the calculated values is less than 5%. In the further calculation of 

solubility, Eq. 3-7 was applied. The molar volume of different solvents, Vs was calculated 

from Peng-Robinson equation of state.
15

 Based on the calculated data for all the 
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parameters shown above, Henry’s constants, H, at different temperatures were calculated 

by the following equations. 

SAA VxC /                                                        Eq. 3-9 

MPaPPCH A 101325.0  ,/                                      Eq. 3-10 

Table 3-2 shows the calculated solubility of carbon monoxide in different pure solvents at 

different temperatures.  

Table 3-2. Calculated solubility of carbon monoxide in methanol, water, styrene and 

MEK 

T, K 
H, kmol/m

3/
Mpa 

MeOH Water Styrene MEK 

298 1.45×10
-3 

1.51×10
-10

 2.72×10
-2

 3.41×10
-2

 

338 6.66×10
-3

 1.16×10
-8

 4.17×10
-2

 5.66×10
-2

 

348 9.32×10
-3

 3.09×10
-8

 4.59×10
-2

 6.32×10
-2

 

358 12.86×10
-3

 7.84×10
-8

 5.04×10
-2

 7.03×10
-2

 

388 31.38×10
-3

 1.02×10
-6

 6.56×10
-2

 9.44×10
-2

 

398 41.12×10
-3

 2.25×10
-6

 7.10×10
-2

 10.28×10
-2

 

448 66.48×10
-3

 7.52×10
-5

 10.05×10
-2

 14.46×10
-2

 

 

Examination of the published data for CO solubility in different solvents (methanol, 

water, toluene, etc),
16-18

 shows that Henry’s constant of CO in methanol is in the range of 

8×10
-2

 to 10.8×10
-2

 kmol/m
3
/Mpa when temperature varies between 293K to 448K;  CO 

in water, between 7×10
-3

 to 9×10
-3

 kmol/m
3
/Mpa when temperature varies from 298K to 

448K. For CO in other organic solvents like toluene, 1-octene, the solubility is of the 

order of 10
-2

 kmol/m
3
/Mpa. The calculated data in Table 3-2 for MEK and Styrene are 

reasonable compared to these reported data. However, the data for MeOH and water are 

not reliable. The possible reason is the correlation for calculating xA has some limitations: 

it is for the solubility of gases in pure, nonpolar solvents at 1 atm. Water and methanol 



 91 

cannot be approximated as non-polar solvents. To use these correlations, it is required to 

correct the solubility parameter of the solvents. In order to further calculate the CO 

solubility in MEK-styrene mixtures, the following correlation (Eq. 3-11)
19

 was used.  

 φφβVxφxφ)x ( L

AAAmixA 21122111 lnlnln                            Eq. 3-11 

where 1φ , 2φ  represent the volume fraction of solvent 1 and 2, respectively, and      

 )Vx/(Vx φ iiiii                                                  Eq. 3-12 

1Ax , 2Ax  are the molar fractions of gas in solvent 1 and 2, respectively. 12β  can be  

calculated by 

)/()( 2

2112 RTSS                                             Eq. 3-13 

where 1S , 2S  represent the solubility parameters of solvents 1 and 2, respectively. 

Finally, the CO solubility in MEK, styrene and mixtures with different concentration 

were obtained as shown in Table 3-3. Based on these calculations, it was found that the 

CO solubility decreased with the increase in styrene concentration in MEK, but increased 

with temperature. 

Table 3-3. Calculated CO solubility in MEK, styrene and mixtures 

Solvent 
Henry's Constant×10

2
,kmol/m

3
/Mpa 

338 K 348 K 358 K 388 K 398 K 

MEK 5.656 6.323  7.029  9.439  10.281  

1.92% w/w 

Styrene in MEK 
5.630  6.293  6.995  9.389  10.226  

3.84% w/w 

Styrene in MEK 
5.604  6.262  6.960  9.338  10.169  

7.65% w/w 

Styrene in MEK 
5.551  6.200  6.888  9.234  10.056  

15.3% w/w 

Styrene in MEK 
5.445  6.077  6.746  9.029  9.828  

Styrene 4.172  4.593  5.038  6.558  7.096  
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3-3-2 Experimental Measurement for CO Solubility 

          The theoretical calculation for CO solubility in the MEK-styrene binary medium is 

less reliable due to the limitation of the methods only for non-polar solvents. In order to 

obtain more reliable CO solubility for the kinetic study, experimental measurement was 

carried out. The measurement of CO solubility in water, MEK, styrene and mixtures was 

carried out in the 300 ml autoclave with precise temperature control (setpoint ±1°C) 

following the reported procedure
20

 with some modifications. In a typical experiment, a 

known volume of the solvent was introduced into the autoclave and the contents were 

heated to a desired temperature. After the desired temperature was reached, the void 

space in the autoclave was carefully flushed with carbon monoxide and pressurized to the 

level required (not exceed 200 psi). The contents were then stirred for about 10 min to 

equilibrate the liquid phase with CO gas. After stirring, the contents were kept still for 

another 5 min to attain stable saturation of the CO gas in the solvent. The change in the 

pressure in the autoclave was recorded on-line as a function of time until it remained 

constant. From the initial and final pressure readings, the CO solubility was calculated as: 

LgfiA RTVVPPC /)(                                            Eq. 3-14 

where CA represents the CO concentration in the solvent at partial pressure of Pf, Pi and Pf 

are the initial and final pressure readings in the autoclave, Vg and VL are the volumes of 

the gas and liquid phases, respectively, R is the gas constant, T is the temperature in the 

autoclave. Therefore, the Henry’s constant was calculated as: 

fA PCH /                                                 Eq. 3-15 

Table 3-4 shows the measured CO solubility in different solvents at various temperatures. 
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It was observed that the CO solubility decreased with styrene concentration as well as 

temperature.  

 

Table 3-4. Measured CO solubility in water, MEK, styrene and MEK-styrene-water 

mixture 

 

Solvent 
Henry's Constant×10

2
,kmol/m

3
/MPa 

294K 308K 318K 328K 338K 348K 358K 368K 378K 388K 

Water 0.785 0.782 0.778 0.764 0.762 0.684 0.683 0.681 0.678 0.661 

MEK 7.759 7.477 7.294 7.110 6.798 6.795 6.791 6.792 6.788 6.778 

3.84% 

w/w 

Styrene 

in MEK 

7.268 7.251 6.804 6.473 6.366 6.139 6.121 5.792 5.584 5.376 

7.65% 

w/w 

Styrene 

in MEK 

6.334 6.334 6.333 6.295 6.050 5.777 5.577 5.608 5.485 5.362 

15.3% 

w/w 

Styrene 

in MEK 

5.889 5.877 5.867 5.784 5.507 5.402 5.236 5.208 5.098 4.988 

Styrene 4.696 4.643 4.604 4.438 4.273 4.215 4.175 4.072 3.979 3.886 

 

3-4 Reaction Mechanism 

       As discussed in Chapter 1, the hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system in MEK medium, the catalytic 

cycle most likely follows the Pd-H mechanism.
21

 Similar to the analogous 

hydroesterification reaction,
22

 the hydrocarboxylation of styrene is assumed to follow the 

steps below: 1) the formation of Pd-H complex involving the PdCOOH fragment which is 

highly unstable and rapidly degrades to palladium hydride and carbon dioxide
23,24

; 2) the 
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insertion of olefin into the Pd-H bond; 3) the migratory insertion of CO into an alkyl-

metal bond to produce an acyl-metal complex; and 4) the hydrolysis of the acyl-metal 

species to regenerate the Pd-H complex and yield the carboxylic acids. Based on 

Seayad’s work
25

 on hydroesterification of styrene using the same catalyst system and the 

investigations about the effects of catalyst concentration, concentration of styrene and 

water, and partial pressure of carbon monoxide, the plausible reaction mechanism has 

been proposed as shown in Scheme 3-2.  

  

Scheme 3-2. Proposed reaction mechanism of hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system 

 

In the mechanism, the effects of free ligand PPh3, and promoters TsOH and LiCl are 

not taken into account since they were kept constants for kinetic study. Through addition 
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of CO and water, elimination of CO2, further addition of CO, the catalyst precursor C1 

converts to the active hydrido-palladium complex C2. The irreversible formation process 

of C2 is considered as the induction step in the whole reaction mechanism. Once the Pd-

H complex is formed, the main hydrocarboxylation is initiated and continues following 

the catalytic cycles to generate the acid products. 

More detailed studies are needed to further establish this reaction mechanism 

through characterization of the essential intermediates C2-C6 or micro-kinetic modeling 

of the experimental data at different reaction conditions. In the next section, a batch 

reactor model based on the catalytic cycle is presented along with details of evaluation of 

optimized rate parameters. In the catalytic cycle, no specific step has been assumed as a 

rate-determining step allowing the evaluation of rate parameters for the elementary 

reactions between various intermediate catalytic species.  

3-5 Kinetic Modeling for Hydrocarboxylation of Styrene Using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl Catalyst System 

            Based on the reaction mechanism presented above, the reaction pathways for the 

predominant product 2-PPA can be simplified to the following four steps:   

 

The reaction rate for each step can be expressed as: 

(E)C1(A)m

11 kr                                                        Eq. 3-16 

C2(B)22 kr                                                               Eq. 3-17 
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n

33 C3(A)kr                                                             Eq. 3-18 

C4(E)44 kr                                                               Eq. 3-19 

where m=2, and n=1 since carbon monoxide has significant effect on the  induction 

period of the reaction. The rate equations for change in concentrations of styrene, water, 

2-PPA, and the catalyst species (C1-C4) can be described as shown below. The initial 

conditions are also presented. For solving these ODEs, it is necessary to know the guess 

values of rate constants in each reaction step. From the concentration-time profiles, the 

reasonable guess values for all the four rate constants can be calculated. Combined with 

the initial conditions and guessed rate constants, the ODEs can be solved by a subroutine 

using the fourth-order Runge-Kutta algorithm.  

Rate Equations 

(E)(A)
t

m

11 C1
C1

kr
d

d
                                                              Eq. 3-20 

(E)(B)(E)(A)
t

42

m

1421 C4C2C1
C2

kkkrrr
d

d
           Eq. 3-21 

n

3232 (A)(B)
t

C3C2
C3

kkrr
d

d
                                        Eq. 3-22 

(E)(A)
t

4

n

343 C4C3
C4

kkrr
d

d
                                        Eq. 3-23 

(B)
t

B
22 C2kr

d

d
                                                                       Eq. 3-24 

(E)(E)(A)
t

E
4

m

141 C4C1 kkrr
d

d
                                         Eq. 3-25 

(E)
t

P
44 C4kr

d

d
                                                                     Eq. 3-26 

1n 2,m      
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where A, B, E, P represent the concentrations of CO, styrene, water, 2-PPA in liquid 

phase, mol/m
3
; C1, C2, C3, C4 represent the concentrations of the four catalyst species 

in liquid phase, mol/m
3
. 

      Initial Conditions 

0P ,EE ,BB 00   

        0 ,C0  C4C3C2C1  

where B0, E0 and C0 represent the initial concentrations of styrene, water, and catalyst, 

respectively.  

In order to optimize the rate constants to approach the real values, an optimization 

program using the Levenberg-Marquardt algorithm was coupled with the ODE solver. In 

this method, the optimal rate constants were achieved through minimizing the deviation 

between the simulated results and the experimental data (Eq. 3-27) at measured times 

during each cycle of iteration. Finally, the minimized deviation was converged at 

-810  1.49  which is above the machine precision.  


 


N

i

M

j

ijij YY
1 1

2

mod,exp,   )(                                   Eq. 3-27 

 

Table 3-5. Simulated rate constants at different temperatures 

T, K 
k1×10

10
, 

(m
3
/mol)

3
/min 

k2×10
2
,   

m
3
/mol/min 

k3×10
2
,   

m
3
/mol/min 

k4×10
2
,   

m
3
/mol/min 

368 6.416 5.372 3.131 1.800 

378 8.482 10.047 7.806 4.141 

388 9.145 13.815 24.252 7.392 
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The optimized values of rate constants are shown in Table 3-5. The constant k1 is 

much less than the other three, indicating that the induction period appears in the first 

reaction step. Each rate constant increases with temperature, showing consistency with 

the Arrhenius law. The activation energies for the single reaction steps 2, 3 and 4 

calculated from the rate constants at different temperatures are shown in Table 3-6. 

Table 3-6. Calculated activation energies for reaction 2, 3 and 4 

Ea2, kJ/mol Ea3, kJ/mol Ea4, kJ/mol 

56.21 121.37 83.96 

 

The comparison of simulated concentration-time profiles with the experimental 

data at different reaction conditions are shown in the following figures (Fig.3-16 ~ Fig.3-

34).  
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Fig. 3-16. Standard reaction at 388 K Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; T, 388 K; 

reaction time, 2 h. 
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Fig. 3-17. Effect of styrene concentration at 388 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 

145.46mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 

6.0 MPa; T, 388 K; reaction time, 2 h. 
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Fig. 3-18. Effect of water concentration at 388 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 

mol/m
3
; water, 2777.78 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; 

T, 388 K; reaction time, 2 h. 
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Fig. 3-19. Effect of CO pressure at 388 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 1.5 MPa; T, 388 K; 

reaction time, 2 h. 
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Fig. 3-20. Effect of CO pressure at 388 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 4.5 MPa; T, 388 K; 

reaction time, 2 h. 
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Fig. 3-21. Effect of CO pressure at 388 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 7.5 MPa; T, 388 K; 

reaction time, 2 h. 
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Fig. 3-22. Effect of styrene concentration at 378 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 145.46 

mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; 

T, 378 K; reaction time, 2 h. 
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Fig. 3-23. Effect of styrene concentration at 378 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 

1163.71mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 

6.0 MPa; T, 378 K; reaction time, 2 h. 
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Fig. 3-24. Effect of water concentration at 378 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 

mol/m
3
; water, 2777.78 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; 

T, 378 K; reaction time, 2 h. 
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Fig. 3-25. Effect of CO pressure at 378 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 1.5 MPa; T, 378 K; 

reaction time, 2 h. 
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Fig. 3-26. Effect of CO pressure at 378 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 4.5 MPa; T, 378 K; 

reaction time, 2 h. 
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Fig. 3-27. Standard reaction at 368 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; T, 368 K; 

reaction time, 2 h. 
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Fig. 3-28. Effect of styrene concentration at 368 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 287.34 

mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; 

T, 368 K; reaction time, 2 h. 
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Fig. 3-29. Effect of styrene concentration at 368 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 

1163.71mol/m
3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 

6.0 MPa; T, 368 K; reaction time, 2 h. 
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Fig. 3-30. Effect of water concentration at 368 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 

mol/m
3
; water, 694.44mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; 

T, 368 K; reaction time, 2 h. 
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Fig. 3-31. Effect of water concentration at 368 K. Reaction conditions: catalyst 

precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 

mol/m
3
; water, 2777.78mol/m

3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 6.0 MPa; 

T, 368 K; reaction time, 2 h. 
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Fig. 3-32. Effect of CO pressure at 368 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 3.0 MPa; T, 368 K; 

reaction time, 2 h. 
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Fig. 3-33. Effect of CO pressure at 368 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 4.5 MPa; T, 368 K; 

reaction time, 2 h. 
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Fig. 3-34. Effect of CO pressure at 368 K. Reaction conditions: catalyst precursor, 0.64 

mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 mol/m

3
; styrene, 581.85 mol/m

3
; water, 

1388.89 mol/m
3
; solvent, MEK; total volume, 1.2×10

-4
 m

3
; Pco, 7.5 MPa; T, 368 K; 

reaction time, 2 h. 
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   The excellent match between the experimental and predicted results at widely 

different conditions indicates that the reaction mechanism represents the 

hydrocarboxylation of styrene. The parity plots shown in Figure 3-35 and 3-36 clearly 

indicate the goodness of fit of the experimental data with model prediction. The proposed 

model also allows prediction of the concentrations of all the four catalyst species. As 

shown in the typical concentration-time profiles for the catalyst species in Figure 3-37, 

catalyst precursor C1 converts to the other three species C2-C4 during the reaction. In the 

end of the reaction, only the active Pd-H complex C2 exists in the system and has stable 

concentration which may achieve continuous reaction. 
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Fig. 3-35. Comparison of modeling predicted concentration of styrene with 

experimental data. 
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Fig. 3-36. Comparison of modeling predicted concentration of 2-PPA with 

experimental data. 
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Fig. 3-37. Typical simulated concentration-time profiles of catalyst species. Reaction 

conditions: catalyst precursor, 0.64 mol/m
3
; PPh3, 2.34 mol/m

3
; TsOH:LiCl (1:1), 24 

mol/m
3
; styrene, 581.85 mol/m

3
; water, 1388.89 mol/m

3
; solvent, MEK; total volume, 

1.2×10
-4

 m
3
; Pco, 6.0 MPa; T, 388 K; reaction time, 2 h. 
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3-6 Conclusions 

      A detailed kinetic study for hydrocarboxylation of styrene using 

Pd(pyca)(PPh3)(OTs)/PPh3/TsOH/LiCl catalyst system has been carried out. Effects of all 

the reaction parameters, including catalyst, styrene and water concentration, CO pressure, 

ligand and promoters concentrations were investigated. It is shown that a catalytic cycle 

based on Pd-H mechanism represents the kinetic data including the induction period 

observed under certain conditions (e.g. lower CO pressure and catalyst precursor 

concentration). It is further demonstrated that the complex rate behavior is well 

represented using the approach of micro-kinetic modeling in which no single step is 

assumed as a rate controlling step. Although, further work would be necessary to support 

the nature of active species, the present work and the approach of kinetic modeling is a 

significant step towards understanding the reaction mechanism using kinetic modeling as 

one of the tools. Besides, the present work provides the first kinetic study for 

hydrocarboxylation of styrene using the most active Pd-Pyca catalyst system.  
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