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ABSTRACT 

 

Optimization of an Efficient and Sustainable 

Sonogashira Cross-Coupling Portocol  

Philipp Emanuel Walter 

 

Cross coupling reactions are a well-established tool in modern organic synthesis and 

play a crucial role in the synthesis of a high number of organic compounds. Their 

importance is highlighted by the Nobel Prize in chemistry to Suzuki, Heck and Negishi in 

2010. The increasing importance of sustainability requirements in chemical production 

has furthermore promoted the development of cross-coupling protocols that comply 

with the principles of “Green Chemistry”1. The Sonogashira reaction is today the most 

versatile and powerful way to generate aryl alkynes, a moiety recurring in many 

pharmaceutical and natural products. Despite many improvements to the original 

reaction, reports on generally applicable protocols that work under sustainable 

conditions are scarce. Our group recently reported an efficient protocol for a copper-

free Sonogashira cross-coupling at low temperature, in aqueous medium and with no 

addition of organic solvents or additives2. 

The goal of this work was to further investigate the effects of different reaction 

parameters on the catalytic activity in order to optimize the protocol. Limitations of the 
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protocol were tested in respect to reaction temperature, heating method, atmosphere, 

base type and amount, catalyst loading, reaction time and work up procedure.  

The reaction worked successfully under air and results were not affected by the 

presence of oxygen in the water phase. Among a variety of bases tested, triethylamine 

was confirmed to give the best results and its required excess could be reduced from 

nine to four equivalents. Catalyst loading could also be reduced by up to 90%: Good to 

near quantitative yields for a broad range of substrates were achieved using a catalyst 

concentration of 0.25mol% and 5 eq of Et3N at 50°C while more reactive substrates 

could be coupled with a catalyst concentration as low as 0.025mol%. Filtration 

experiments showed the possibility of a simplified work up procedure and a protocol 

completely free of organic solvents. 

This optimized protocol can be applied to a broad range of substrates, delivers high 

yields, avoids formation of toxic byproducts, works under air and aqueous conditions, 

allows for simple product isolation and thus meets not only the criteria of “Green 

Chemistry” but also those of  “Click-Chemistry”  



6 
 

 

ACKNOWLEDGEMENTS  

I am first and foremost grateful to Dr. Jörg Eppinger for the opportunity of being part of 

the Biological and Organometallic Catalysis Laboratories (BOCL): I am honored to have 

been entrusted with this project. 

I would also like to thank all my colleagues for their critical and supportive input: You 

spurred me to become a better scientist. I am especially indebted to my mentor 

Jothibasu Ramasamy for being both a guide and an example in my work: Your door was 

always open for me. A special thank goes to my graduate program coordinators Ann 

Macauley and Leigh Kilpert for being a point of reference for all my academic concerns. 

You spared no efforts. 

Last but not least I want to thank Andrea and "i 3 cavalieri" Alessandro, Christian e 

Valerio because "no man is the whole of himself; his friends are the rest of him" 

I would like to dedicate this work to my parents: I am where I am because I am 

"standing on the shoulders of giants".  

Grazie.  



7 
 

 

TABLE OF CONTENTS 

EXAMINATION COMMITTEE APPROVALS FORM 2 

COPYRIGHT PAGE 3 

ABSTRACT 4 

ACKNOWLEDGEMENTS  6 

TABLE OF CONTENTS 7 

LIST OF ABBREVIATIONS 9 

LIST OF ILLUSTRATIONS 12 

LIST OF TABLES 13 

1. INTRODUCTION 14 

1.1. Green chemistry 14 

1.2. Catalysis 18 

1.3. Cross-coupling reactions 20 

1.4. Organic synthesis in water 23 

1.5. Sonogashira cross-coupling 25 

 

2. RESULTS AND DISCUSSION 28 

2.1. Foreword 28 

2.2. Scope of this work 30 

2.3. Discussion 30 

2.3.1. Base screening and comparison 30 

2.3.2. Microwave irradiation 32 

2.3.3. System limits screening 33 

2.3.4. Atmosphere comparison: Inert versus Air 36 



8 
 

 

2.3.5. Reaction time optimization 38 

2.3.6. Influence of alkyne loading 40 

2.4. Results 43 

2.4.1. Substrate range of the optimized protocol 43 

2.4.2. Filtration 48 

 

3. CONCLUSIONS 50 

 

4. EXPERIMENTAL PROCEDURES: 52 

4.1. General techniques 52 

4.1.1. Schlenk technique 52 

4.1.2. Solvent degasification 52 

4.1.3. Microwave technique 53 

4.1.4. Gas chromatography and mass spectroscopy 53 

4.1.5. GC-MS sample preparation 53 

4.1.6. Internal standard calibration 54 

4.1.7. Column chromatography 55 

4.1.8. NMR spectrometry 55 

4.2. Synthetic procedures 56 

4.2.1. Catalyst synthesis 56 

4.2.2. General reaction procedure 59 

 

REFERENCES 62 

  



9 
 

 

LIST OF ABBREVIATIONS 

atm   Atmosphere 

bp   Boiling point 

c   Concentration 

   Chemical shift 

CDCL3   Deuterated chloroform 

CD3CN   Deuterated acetonitrile 

CD3OD   Deuterated methanol 

ClPiPr2   chlorodiisopropylphosphine 

conv.   Conversion 

Cu   Copper 

DMSO   Dimethyl sulfoxide 

EI   Electron Ionization 

eq   Equivalent(s) 

ESI   Electrospray ionization 



10 
 

 

Et   Ethyl 

Et3N   Triethylamine 

Et2O   Diethyl ether 

EtOAc   Ethyl acetate 

G   Gram 

GC   Gas chromatography 

H   Hours 

Hz   Hertz (1/s) 

iPr   Isopropyl 

irrad.   Irradiation 

J   Coupling constant in NMR spectroscopy 

L   Liter 

   Micro 

M   Molarity (mol/liter) 

Me   Methyl 

MeOH   Methanol 



11 
 

 

min.   Minute(s) 

mol   Moles 

mol%   Percent molarity 

MS   Mass spectroscopy 

MW   Microwave 

NMR   Nuclear magneti resonance 

Pd   Palladium 

pH   -log10c(H+) 

Ph   Phenyl 

ppm   Parts per million 

R   Coefficient of determination 

r.t.   Room temperature 

t   Time 

T   Temperature  



12 
 

 

LIST OF ILLUSTRATIONS 
 
 

Figure 1: Effect of catalyst on the activation energy of a reaction ................................................ 19 

Figure 2: General Pd catalyzed coupling scheme10 ........................................................................ 20 

Figure 3: Overview of Pd catalyzed cross-coupling reactions10 ..................................................... 21 

Figure 4: General catalytic cycle of Pd catalyzed cross-coupling reactions ................................... 22 

Figure 5: Sonogashira reaction scheme ......................................................................................... 26 

Figure 6: Glaser homocoupling scheme ........................................................................................ 26 

Figure 7: Palladacycle pre-catalyst ................................................................................................ 28 

Figure 8: Identified side products and suggested origin ............................................................... 41 

Figure 9: Diethylene glycol diethyl ehter [8] ................................................................................. 54 

Figure 10: Synthesis scheme of catalyst [4]. .................................................................................. 56 

Figure 11: 2-Phenylphenol diisopropylphosphinite [10] ................................................................ 57 

Figure 12: [[Pd(μ-Cl)[κ2-P,C-P(iPr)2(OC6H3-2-Ph)]]2] [4] ................................................................. 58 

Figure 13: General reaction scheme for the optimized Sonogashira protocol ............................. 59 

 

  



13 
 

 

LIST OF TABLES 
 

 
Table 1:  EcoScale penalty points reflecting divergence from ideal conditions3 ........................... 17 

Table 2:  Previously published Sonogashira cross-coupling products2 .......................................... 29 

Table 3: Previously published base screening2 .............................................................................. 30 

Table 4: Extended base screening ................................................................................................. 31 

Table 5: Microwave irradiation and conventional heating comparison........................................ 33 

Table 6: System limit screening at progressively lower catalyst and base loadings ..................... 34 

Table 7: System limit screening for selected conditions at 30°C and 50°C ................................... 35 

Table 8: Comparison between inert atmosphere and air ............................................................. 36 

Table 9: reduced catalyst and base loadings substrate screening in air atmosphere ................... 37 

Table 10: 48 hour reaction time screening .................................................................................... 39 

Table 11: 4 hour reaction time screening ...................................................................................... 39 

Table 12: Influence of alkyne loading on conversion and yield ..................................................... 42 

Table 13: Substrate range after protocol optimization ................................................................. 44 

Table 14: Reactivity comparison of tested substrates .................................................................. 47 

Table 15: decrease in yields due to side reactions ........................................................................ 48 

Table 16: Isolation of products via filtration ................................................................................. 49 

Table 17: calibration of 1,2- diphenylethyne versus diethylene glycol diethyl ether [8] .............. 54 

Table 18: Sonogashira cross-coupling optimized protocol products ............................................ 60 

 

  



14 
 

 

Chapter I  

1. Introduction 

1.1. Green Chemistry 

The Pollution Prevention Act that passed in the US in 1990 shifted the attention on 

pollution from treatment of pollutants to their direct prevention. This change in 

philosophy set the stage for a new, sustainable approach to chemistry. In 1998 Paul 

Anastas and John Warner defined “Green Chemistry” as “the design, development, and 

implementation of chemical products and processes to reduce or eliminate the use and 

generation of substances hazardous to human health and the environment.”1 Anastas 

and Warner furthermore provided practical guidelines to this definition by developing 

twelve fundamental principles of green chemistry1: 

1. Prevention 

It is better to prevent waste than to treat or clean up waste after it has been 

created. 

2. Atom Economy 

Synthetic methods should be designed to maximize the incorporation of all 

materials used in the process into the final product. 
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3. Less Hazardous Chemical Syntheses 

Wherever practicable, synthetic methods should be designed to use and 

generate substances that possess little or no toxicity to human health and the 

environment. 

4. Designing Safer Chemicals 

Chemical products should be designed to effect their desired function while 

minimizing their toxicity. 

5. Safer Solvents and Auxiliaries 

The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be 

made unnecessary wherever possible and innocuous when used. 

6. Design for Energy Efficiency 

Energy requirements of chemical processes should be recognized for their 

environmental and economic impacts and should be minimized. If possible, 

synthetic methods should be conducted at ambient temperature and pressure. 

7. Use of Renewable Feedstocks 

A raw material or feedstock should be renewable rather than depleting 

whenever technically and economically practicable. 

8. Reduce Derivatives 
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Unnecessary derivatization (use of blocking groups, protection/ deprotection, 

temporary modification of physical/chemical processes) should be minimized or 

avoided if possible, because such steps require additional reagents and can 

generate waste. 

9. Catalysis 

Catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents. 

10. Design for Degradation 

Chemical products should be designed so that at the end of their function they 

break down into innocuous degradation products and do not persist in the 

environment. 

11. Real-time analysis for Pollution Prevention 

Analytical methodologies need to be further developed to allow for real-time, in-

process monitoring and control prior to the formation of hazardous substances. 

12. Inherently Safer Chemistry for Accident Prevention 

Substances and the form of a substance used in a chemical process should be 

chosen to minimize the potential for chemical accidents, including releases, 

explosions, and fires. 
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A general metric to assess the efficiency and sustainability of a chemical process 

according to the principles of green chemistry is the EcoScale3. The Ecoscale is a yield-

based scale that also factors in technical set up, environmental and operational safety, 

energy, price of reaction components and workup procedures. The EcoScale assignes a 

value of 100 to the ideal reaction between two inexpensive components giving 100% 

yield at r.t. and involving no risks for either the operator or the environment. Penalty 

points are assigned to reflect divergence from ideal conditions [Table 1] 

Table 1:  EcoScale penalty points reflecting divergence from ideal conditions
3
 

Parameter Penalty Points  Parameter Penalty Points 

1. Yield (100-%yield)/2 5. Temperature/time  

2. Price of reaction components  
to obtain 10mmol of end product 

   Room temperature, <1h 0 

   Room temperature, <24h 1 

   Inexpensive (< $10) 0    Heating, <1h 2 

   Expensive (10<$<50) 3    Heating, >1h 3 

   Very expensive (>$50) 5    Cooling to 0°C 4 

3. Safetya     Cooling to <0°C 5 

   N  (dangerous for environment)             5 

 

6. Workup and purification  

   T   (toxic) 5    None 0 

   F   (highly flammable) 5    Cooling to room temperature                 0 

   E   (explosive) 10    Adding solvent 0 

   F+ (extremely flammable) 10    Simple filtration 0 

   T+ (extremely toxic) 10    Removal of solvent with bp <150°C       0 

4. Technical setup     Crystallization and filtration                    1 

   Common setup 0    Removal of solvent with bp >150°C       2 

   Instruments for controlled     
   addition of chemicalsb 

1    Solid phase extraction 2 

    Distillation 3 

   Unconventional activation  
   techniquec 

2    Sublimation 3 

    Liquid-liquid extraction 3 

   Pressure equipment, >1atmd                   3    Classic chromatography 10 

   Additional special glassware                    1 

1 

a
Based on the hazard warning symbols.

b
Dropping funnel, 

syringe pump etc. 
c
Microwave irradiation,ultrasound or 

photochemical activation, etc. 
d
scCO2, high pressure 

hydrogenation equipment, etc.  

   (Inert) gas atmosphere 1 

   Glove box 3 
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Assessing the EcoScale value for a reaction protocol provides a general overview of the 

reaction conditions and highlights parameters that need to be further improved. 

The twelve principles and the EcoScale reflect not only the environmental benefits of 

pursuing a sustainable chemistry but also its economic and social benefits. These three 

benefits are known as the “Triple Bottom Line”4 and form the three pillars of sustainable 

business. 

 

1.2. Catalysis 

Catalysis is one of the twelve principles of green chemistry. It is not only an intrinsic 

value of green chemistry but its implementation also positively affects atom economy, 

derivative reduction and energy efficiency.  

Catalysis is defined as an increase in the rate of a chemical reaction induced by a 

material chemically unchanged at the end of the reaction5. The first report of a catalytic 

reaction dates back to 1823 when Döbereiner observed the reaction of hydrogen and 

oxygen in presence of metallic platinum.6 It is however only in 1835 that Swedish 

scientist Berzelius proposed the term “catalysis” to define the property of some 

compounds to facilitate novel reaction pathways.7 The modern definition as we know it 

derives from the work of Wilhelm Ostwald who, in 1984, described as a catalyst any 

substance which accelerates a chemical reaction without being altered in the process.8 
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According to its current definition a catalyst influences the kinetic of a reaction leaving 

its thermodynamic equilibrium unaffected. It does so by stabilizing the reaction 

intermediate [Z] and leaving the relative energy content of substrates and products 

unchanged [Figure 1]. 

 

Figure 1: Effect of catalyst on the activation energy of a reaction 

 

By decreasing the activation barrier of a given process a catalyst reduces the energy 

requirement of a reaction (energy efficiency) and increases selectivity and yield (atom 

economy). Finally, remaining unaltered or being regenerated at the end of the reaction 

a catalyst can be recycled or further taken advantage of. (reduction of derivatives) 
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1.3. Cross-coupling reactions 

Catalysts can be divided into homogeneous or heterogeneous catalysts according to 

their mode of action: homogenous catalysts are in the same phase as the reactants 

whereas heterogeneous catalysts are not. Among homogeneous catalysts, soluble 

organometallic compounds and especially Palladium complexes can be applied to a 

broad scope of reactions and tolerate a vast range of functional groups and reaction 

conditions9.  

Cross-coupling reactions are the most used and studied palladium-catalyzed reactions 

forming a vast range of Carbon-Carbon bonds: In cross-coupling reactions, electrophilic 

organic substrate R-X, R being an alkyl-, aryl- or allyl-residue, react with organometallic 

reagents R’-M, alkenes or acetylenes to form a novel carbon-carbon bond between the 

two residues10 [Figure 2] 

 

Figure 2: General Pd catalyzed coupling scheme
10 

 

The controlled formation of carbon- carbon or carbon-heteroatom bonds enables the 

synthesis of large and complex carbon frameworks. The broad scope of cross coupling 

reactions is outlined in Figure 3
10  
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Figure 3: Overview of Pd catalyzed cross-coupling reactions
10

 

 

All palladium catalyzed coupling reactions follow a common catalytic cycle or variations 

thereof. This cycle [Figure 4] can be divided into three fundamental steps: 

 Oxidative addition:  

 Transmetallation 

 Reductive elimination 
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Figure 4: General catalytic cycle of Pd catalyzed cross-coupling reactions 

 

 Oxidative addition: The active catalyst is the fourteen electron Pd0L2 species [1]. 

It is formed in situ through reduction of the palladium(II) precatalyst. This 

activation step can be responsible for potential induction periods. The resulting 

undercoordinated palladium(0) species [1] reacts with the aryl or vinyl halide to 

produce intermediate complex [2]. This oxidative step is usually considered to be 

the rate limiting step and can be favored by catalysts with electron rich ligands 

which can stabilize the partial loss of electron density at the metal center.  

 Transmetallation:  The second reactant is added to the palladium(II) metal 

center of complex [2] expelling the metal halide.  For this step to be successful, 
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the bounding enthalpy HB of the halide to the palladium(II) species must be 

lower compared to that of the halide to the substituting metal center. 

 Cis-trans isomerization: If complex [3] is quadratic planar the two reactants have 

to assume a cis configuration. 

 Reductive elimination: In the final step the two reactants are effectively coupled 

and expelled. This returns the metal center to its active zero valent status and 

effectively regenerates the catalyst. Contrary to their effect on the oxidative 

addition step, electron rich ligands hinder the reductive elimination as electron 

density is being restored and bulky ligands favor it due to steric relief. 

 

Despite having been discovered over thirty years ago, these reactions remain at the 

peak of scientific interest11. Cross coupling reactions are nowadays a well established 

tool in modern organic synthesis and play a crucial role in the synthesis of a high 

number or organic compounds12. In 2010 the Nobel price was awarded to Heck, Negishi 

and Suzuki in recognition of their groundbreaking work in cross coupling catalysis. 

 

1.4. Organic synthesis in water 

When evaluating the sustainability of a reaction, The twelve principles of Green 

Chemistry and the EcoScale also take into account the use of potentially problematic 
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solvents: Common organic reaction media are often toxic or harmful, flammable and 

have a high environmental impact. Furthermore their production and disposal is not 

negligible in the overall cost of the process.  

For decades the general belief was that water is a contaminant in organic synthesis. 

Elaborate measures were taken to avoid even traces of water in reaction setups. Water 

has, however, some definite advantages over organic solvents as it is non flammable, 

non toxic, environmentally friendly, cheap and generally available. Use of water in 

organic reactions not only comes with a clear environmental benefit but also increases 

the general efficiency of a process: Lipophilic products form an insoluble layer that can 

be easily separated from the reaction medium and eventual catalysts can be recycled 

for further use13. These factors are especially important in pharmaceutical processes 

where metal contaminants are limited to trace amounts (less than five parts per 

million)14 

On the other hand, several intrinsic disadvantages have to be overcome when using 

water as a solvent: Despite many proteins and natural products being soluble in water, 

most organic compounds are not. Moreover its amphoteric and nucleophilic nature can 

limit its use in certain reactions.  To overcome these limitations several strategies have 

been developed: 
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 Organic co-solvents: allow solubility of organic compounds and decrease 

polarity. Their addition obviously decreases the environmental sustainability of 

pure water. 

 Surfactants: Amphiphilic molecules that will lower the interfacial tension 

between the water and the solutes and thus favor solubility. The reaction kinetic 

is limited by the adsorption dynamics of the micelle. 

 Hydrophilic Auxiliaries and Ionic Derivatization: Addition of hydrophilic groups 

or charges to otherwise insoluble compounds. 

Water has nowadays successfully substituted organic solvents in many organic 

reactions15 and has established itself as a valid alternative in cross coupling reactions16. 

Nevertheless, most coupling protocols either require high catalyst loadings17 or suffer 

from elevated temperatures18. If the reaction is furthermore run in water, organic co 

solvents, surfactants and phase transfer catalysts are often still required to improve the 

solubility of reactants. 

 

1.5. Sonogashira Cross-coupling 

The Sonogashira reaction is the coupling of sp2-sp carbon atoms between a terminal 

alkyne and aryl or vinyl halide [Figure 5].  
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Figure 5: Sonogashira reaction scheme 

 

The Sonogashira reaction was first published in 1975 by Kenkichi Sonogashira and is an 

extension of the Heck reaction. While the Heck reaction necessitated high temperature 

to be carried out, Sonogashira discovered that addition of a Cu(I) co-catalyst increased 

the reactivity of the reagents and allowed the reaction to be carried out at room 

temperature19. It is today the most versatile and powerful way to generate arylalkynes 

and is extensively used in the synthesis of pharmaceuticals and natural products where 

arylalkynes are a recurring moiety20. 

One of the major improvements of the original protocol towards a greater sustainability 

and selectivity has been the exclusion of copper as a co-catalyst21. Cu(I) is known to 

induce Glazer type homocoupling of arylalkynes in presence of air and other oxidative 

agents [Figure 6] thereby reducing yields and increasing unwanted side products22. 

 

Figure 6: Glaser homocoupling scheme 
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The development of reaction protocols for Sonogashira cross coupling in aqueous 

medium has marked one further important step towards minimizing the environmental 

impact of this reaction. 

Despite the great progress that has been made since the original version of the reaction 

was published in 1975, examples of a truly general and sustainable protocol remain 

scarce23,24: Up to date, many protocols still suffer from high palladium loadings25, 

elevated reaction temperatures23 or use of co-catalysts. Moreover, when the reaction is 

conducted in water, phase-transfer catalyst26 or surfactants27 are additionally required. 
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Chapter II 

2. RESULTS AND DISCUSSION 

2.1. Foreword 

Our group recently reported an efficient protocol for Sonogashira cross-coupling 2at low 

temperature using palladacycle [4] 28 [Figure 7]as pre-catalyst. 

 

 

Figure 7: Palladacycle pre-catalyst 

 

The protocol does not require Copper as a cocatalyst and the reaction occurs in aqueous 

medium with addition of neither organic co-solvents nor additives. Good to near 

quantitative yields for a broad range of substrates were achieved using a catalyst 

concentration of 0.25mol% and 10 eq of Et3N at 40°C [Table 2]. 
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Table 2:  Previously published Sonogashira cross-coupling products2 

 

Entry Product  Yield (%)   
 R R’  water, X = I var. cond. e,f,g,  
1 H H  99 64  

2 4-CH3 H  87 96 e / 48 g  

3 4-OH H  75 c 93 e  

4 4-NO2 H  94 d 99 e  

5 2-Ph H  84 99 e  

6 2-Cl H  95 34 g  

7 4-CH3 4-CHO  87   

8 3-F 4-CHO  96   

9 H 3-Cl  42 95 e / 94 f  

10 4-CH3 3-Cl  86 93 f  

11 3-F 3-Cl  79 93 e / 96 f  

12 2-Cl 3-Cl  86   

13 2,4-F,F 3-Cl  94   

14 4-Cl H  91 c   

15 3,5-(CF3)2 H  83 c 95 e  

16 4-CH3 4-Br  90 c   

17 4-Cl 4-Br  88 d   

18 2-CH3 4-Br  89   

19 2-F 4-Br  91   

Reaction conditions: 1.0 equiv. aryl iodide, 1.0 equiv. aryl alkyne, 2ml water, [4]=0.25 mol%, reaction 
time 4h, argon atmosphere, yields were determined by GC analysis. c isolation by extraction 
(ethylacetate) and recrystallization (hexanes). d isolation by filtration. e 50% DMSO added. f [4]=1.0 
mol%. g The corresponding aryl bromide was coupled using 1.0 mol% of [4] 
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2.2. Scope of this work: 

Goal of our work was to further investigate the effects of different reaction parameters 

on the catalytic activity in order to optimize the protocol. The limitations of this protocol 

have been tested in respect to reaction temperature, heating method, atmosphere, 

base type and amount, catalyst loading, reaction time and work up procedure. 

 

2.3. Discussion: 

2.3.1. Base screening and comparison 

Bases are known to play a major role and strongly influence catalytic activities in cross 

coupling reactions29. Hence, we focused first on testing the protocol under a wide range 

of bases. Two organic and four inorganic bases in amounts ranging from 2.5 eq to 10 eq 

had already been previously tested2 [Table 3]. Good yields could only be achieved with 5 

to 10 equivalents of Et3N [entry 5]. (iPr)2NEt gave, even at 10 eq, only little conversion 

and the remaining bases gave no appreciable conversion at all. We thus focused first on 

trying to extend the protocol to a greater number and variety of bases. 

Table 3: Previously published base screening
2
 

 
Entry Base  Yield (%)   
   2.5 eq 5.0 eq 10.0 eq  
1 Na2CO3 2 1 2  

2 Ca2CO3 1 1 0   
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3 NaOH 0 6 9  

4 KOH 0 0 0  

5 NEt3N 27 71 81 / <1 b / 1 c 

6 (iPr)2NEt 0 11 23  

7 Na2CO3/NaOH (1.0 M) 3    

 Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, [4]=0.5 mol%,  
reaction time 12 h, yields were determined by GC analysis. b 1.0 mol% of CuI was added. 
c 1.0 eq of CuI was added  

 

Electron-rich substrates are generally challenging substrates to couple. Iodobenzene 

and para-nitro iodobenzene were therefore chosen for the screening in place of the 

more deactivated 4-hydroxyiodobenzene. 

Fourteen bases were tested under the reported reaction conditions [Table 4] 

As can be clearly seen from the results in Table 4 the outcome of the reaction was 

strongly dependent on the nature of the base: No base led to yields higher than 50% 

except for triethylamine, which was confirmed once again to give the best results [entry 

1]  

Table 4: Extended base screening 

 

Entry Base (10 eq) Yield (%)  

  
1 Et3N 84% 88%  

2 EtNH2 20% 14%  

3 NH2OH 42% 2%  
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4 (EtOH)NH2 33% 9%  

5 (EtOH)3N 35% 1%  

6 NH3 24% 8%  

7 Imidazole 0% 0%  

8 AMPSO/NaOH 48% 0%  

9 MOPS/NaOH 46% 0%  

10 TRIS/NaOH 30% 0%  

11 BIS-TRIS/NaOH 40% 0%  

12 MES/NaOH 37% 0%  

13 Glycine/NaOH 9% 1%  

14 Pyridine 0% 0%  

 Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, 
[4]=0.25 mol%, reaction time 4 h, yields were determined by GC analysis. 

 

  
 
Furthermore, iodobenzene proved to be more reactive than para-nitro iodobenzene 

and was adopted from this point on for further screenings. 

 

2.3.2. Microwave irradiation 

In order to decrease catalyst loadings alternative heating techniques were explored: 

Leadbeater and coworkers proved microwave irradiation as an effective strategy in 

cross-coupling as it allows for faster coupling on larger scales compared to conventional 

heating30-32. 

Palladium loading was reduced to 0.05 mol%, reaction temperature increased to 100°C 

and different reaction times were tested to compare the benefits of microwave heating 
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over conventional heating at a lower catalyst loading and higher reaction temperature 

[Table 5]. 

Table 5: Microwave irradiation and conventional heating comparison 

 

Entry Time 
(min.) 

Yield (%) 

 

MW 
Irrad. 

Conv. 
Heating 

1 15 64% 57% 

2 30 70% 75% 

3 60 77% 81% 

4 120 95% 98% 

Reaction conditions: 1.0 eq aryl halide, 
1.0 eq phenyl acetylene, 2 ml water, 
[4]=0.025 mol%, 10 eq Et3N. yields 
were determined by GC analysis. 

  

Results were comparable between microwave and conventional heating and showed no 

preference for the one over the other. Despite a tenfold decrease in catalyst loading 

almost quantitative yields could be obtained after two hours at 100°C.  

 

2.3.3. System limits screening 

Near quantitative yields could also be obtained with a reduced catalyst loading when 

the temperature was increased to 100°C. We thus wondered if lower catalyst and base 

loadings could be compensated by longer reaction times rather than higher 
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temperatures. Screenings were run at 40°C for 16 hours with progressively lower 

palladium and base concentrations [Table 6]. 

Table 6: System limit screening at progressively lower catalyst and base loadings 

 
Entry Pd (mol%) Base eq Yield 

1 0.5 10 85% 

2 0.5 5 89% 

3 0.5 2.5 86% 

4 0.5 Solvent b 80% 

5 0.05 10 94% 

6 0.05 5 92% 

7 0.05 2.5 80% 

8 0.05 Solvent b 30% 

9 0.005 10 83% 

10 0.005 5 61% 

11 0.005 2.5 36% 

12 0.005 Solvent b 0% 

Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, reaction time 
16h. b base was used instead of water as reaction medium. yields were determined by GC 
analysis. 

 

Good to excellent yields could be obtained with palladium and base loadings as low as 

0.005 mol% and 10 equivalents respectively [entry 9]. The amount of base could be 

reduced to 2.5 equivalents if palladium was not reduced beyond 0.05 mol% [entry 7]. 
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Using pure triethylamine as reaction medium did not improve yields and was an overall 

worst choice compared to water. 

Reductions in catalyst or base loading that still presented yields above 50% at 40°C were 

further tested at 30°C and 50°C [Table 7]. To account for slower reaction rates and 

ensure that maximum conversion could be reached, reactions were run for 16 as well as 

for 32 hours. 

Table 7: System limit screening for selected conditions at 30°C and 50°C 

 

Entry Pd (mol%) Base eq Temperature Yield 

    16h. 32h. 

1 0.05 10 30°C 92% 94% 

2 0.05 5 30°C 84% 91% 

3 0.05 2.5 30°C 53% 72% 

4 0.005 10 30°C 30% 60% 

5 0.005 5 30°C 0% 34% 

6 0.05 10 50°C 98% 99% 

7 0.05 5 50°C 98% 98% 

8 0.05 2.5 50°C 92% 97% 

9 0.005 10 50°C 32% 98% 

10 0.005 5 50°C 0% 93% 

Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, yields were determined 
by GC analysis. 
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Excellent yields were obtained after 32 hours at 30°C when palladium and base loading 

were reduced up to 0.05mol% and 5 equivalents respectively. Further reduction of 

catalyst or base amount, however, only led to moderate yields. At 50°C, on the contrary, 

excellent to quantitative yields were obtained after 32 hours even at palladium and base 

concentrations as low as 0.005mol% and 5 equivalents respectively and, in most cases, 

yields were already above 90% after 16 hours. 

 

2.3.4. Atmosphere comparison: Inert versus Air 

Traditional Sonogashira cross-coupling reactions must be conducted in inert atmosphere 

and with degased solvents as the copper co-catalyst can induce a competing Glaser type 

homocoupling reaction in the presence of oxidizing agents [Figure 6]. Because our 

protocol encompasses copper we questioned the necessity to exclude oxygen from the 

water and the reaction atmosphere. Iodobenzene and phenylacetilene were tested 

again under air at 30°C and 50°C for 16 and 32 hours. The results were then compared 

to the same reactions run in inert atmosphere and with degased water [Table 8]. 

Table 8: Comparison between inert atmosphere and air 

 

Entry Pd (mol%) Base eq Temperature Time Yield 

     air inert atm. 

1 0.05 10 30°C 16h. 94% 92% 

2 0.05 10 30°C 32h. 98% 94% 
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3 0.05 10 50°C 16h. 99% 98% 

4 0.05 10 50°C 32h. >99% 99% 

5 0.05 5 50°C 32h. 94% 98% 

6 0.05 2.5 50°C 32h. 94% 97% 

7 0.005 5 50°C 32h. 95% 93% 

8 0.005 2.5 50°C 32h. 92% 90% 

Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, yields were determined 
by GC analysis. 

 

No differences could be observed when the reactions were run in presence of oxygen 

and reaction yields were comparable between the two protocols. Yields above 90% 

could still be reached with as little as 0.005mol% of palladium and 2.5 equivalents of 

base. To further validate the new results, the effects of reduced catalyst and base 

loadings in presence of air were tested on a broader range of substrates [Table 9] 

Table 9: reduced catalyst and base loadings substrate screening in air atmosphere 

 

Entry Pd (mol%) Base eq Product  Yield 

   R R’   

1 0.05 2.5 H H  91% 

2 0.005 5 H H  95% 

3 0.005 2.5 H H  92% 

4 0.05 2.5 4-OH H  0% 

5 0.005 5 4-OH H  0% 

6 0.005 2.5 4-OH H  0% 
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7 0.05 2.5 H 4-CHO  97% 

8 0.005 5 H 4-CHO  94% 

9 0.005 2.5 H 4-CHO  93% 

10 0.05 2.5 4-OH 4-CHO  0% 

11 0.005 5 4-OH 4-CHO  0% 

12 0.005 2.5 4-OH 4-CHO  0% 

13 0.05 2.5 H 3,5-F,F  74% 

Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, reaction time 32h. Yields 
were determined by GC analysis. 

 

Iodobenzene could be coupled to 4-ethynilbenzaldehyde also with excellent yields 

[entries 7-9] but only moderately so with 3,5-difluorophenylacetilene [entry 13]. The 

deactivated substrate 4-hydroxyiodobenzene, however, did not react at all under 

reduced catalyst and base loadings [entries 4-6, 10-12].  

  

2.3.5. Reaction time optimization 

In order to optimize reaction times product formation of iodobenzene and 

phenylacetilene with 0.05 mol% of palladium and 10 equivalents of base was monitored 

over time [Table 10]. Fluctuating activation times of the pre-catalyst cause deviations of 

experimental points from an ideal logistic curve and must therefore be taken into 

account when analyzing reaction times. 
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Table 10: 48 hour reaction time screening 

 

Entry Time Yield  

1 1h. 71% 

 

2 2h. 83% 

3 3h. 78% 

4 4h. 77% 

5 8h. 76% 

6 12h. 79% 

7 24h. 91% 

8 32h. 94% 

9 48h. 91% 

Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, [4]=0.025 mol%, 10 eq 
Et3N. Yields were determined by GC analysis.  

 

Yield reached 90% after 24 hours and did not improve significantly over the following 24 

hours. As a good yield could be observed already after one hour, the conversion of the 

aryl halide and the aryl alkine during the initial four hours of the reaction was studied 

closer [Table 11]: Samples were taken every 20 minutes for four hours from a single 

reaction batch to avoid fluctuations caused by catalyst induction periods. 

Table 11: 4 hour reaction time screening 
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1 20 46% 54% 

 

2 40 62% 71% 

3 60 70% 78% 

4 80 74% 84% 

5 100 77% 89% 

6 120 80% 93% 

7 140 81% 95% 

8 160 85% 98% 

9 180 86% 99% 

10 200 87% 99% 

11 220 87% >99% 

12 240 87% >99% 

Reaction conditions: 1.0 eq aryl halide, 1.0 eq phenyl acetylene, 2 ml water, [4]=0.025 mol%, 10 eq Et3N. 
Yields were determined by GC analysis.  

 

As illustrated in Table 11 conversion of the aryl halide close to 50% was reached after 20 

minutes [entry 1] and capped at 87% after a total of four hours. Noticeably, after four 

hours, the aryl benzene could still be detected but all the alkyne had been consumed 

[entry 12].  

 

2.3.6. Influence of alkyne loading 

Alkynes compete for polymerization and can produce several dimers and trimers along 

the desired cross coupling product. Figure 8 illustrates the identified byproducts of our 

reaction and their suggested formation. The principal alkyne dimers formed are 

conjugated diynes [5] and enynes [6a, 6b]. Enynes can be either internal [6a] or terminal 
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[6b]. Terminal enynes have a terminal sp2 Carbon atom that can further react with aryl 

or vinyl halides to yield Heck cross-coupling products [7a, 7b].  

 

Figure 8: Identified side products and suggested origin 

Consumption of one of the substrates as part of side reactions prevents de facto further 

formation of the desired product. As the amount of product formed appeared to be 

limited by the alkyne, we tested if we could push the reaction towards full conversion by 

adding a slight excess of alkyne.  
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1.1 and 1.2 equivalents of alkyne were tested at different catalyst and base loadings and 

results were compared to stoichiometric addition of the alkyne [Table 12]. 

 

Table 12: Influence of alkyne loading on conversion and yield 

 
Entry Pd (mol%) Base 

eq 

Reagent eq Time (h.) Conversion Yield 

1 0.5 10 1.33 4 99% 91% 

2 0.5 10 1.1 4 89% 84% 

3 0.5 10 1.0 4 84% 79% 

4 0.5 5 1.2 4 96% 94% 

5 0.5 5 1.1 4 94% 88% 

6 0.5 5 1.0 4 89% 82% 

7 0.5 2.5 1.2 4 75% 69% 

8 0.5 2.5 1.1 4 73% 68% 

9 0.5 2.5 1.0 4 65% 60% 

10 0.05 10 1.2 8 81% 78% 

11 0.05 10 1.1 8 89% 86% 

12 0.05 10 1.0 8 88% 63% 

13 0.05 5 1.2 8 67% 64% 

14 0.05 5 1.1 8 80% 76% 

15 0.05 5 1.0 8 59% 59% 

16 0.05 2.5 1.2 8 39% 39% 

17 0.05 2.5 1.1 8 50% 48% 

18 0.05 2.5 1.0 8 34% 31% 

Reaction conditions: 1.0 eq aryl halide, varying eq aryl alkine, 2ml of water, Yields were determined by 
GC analysis.  
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As long as the palladium amount was not reduced beyond 0.5 mol% addition of excess 

alkyne could be directly correlated to an increase in yield. Decreasing the palladium 

loading to 0.05 mol% saw the catalyst’s fluctuating induction time strongly influence the 

outcome of the tests: Despite the increase in reaction time to 8 hours, full conversion of 

the alkyne could not always be observed and no conclusions could be made regarding 

the correlation between alkyne excess and reaction yield. Overall a slight excess of 

alkyne led, not only to higher conversion values but also, despite competing reactions, 

to higher yields. A yield above 90% could be achieved after four hours with 1.2 

equivalents of alkyne, 0.5 mol% [Pd] and 5 equivalents of base [Table 12 entry 4]. 

 

2.4. Results 

2.4.1. Substrate range of the optimized protocol 

So far, the optimization of the coupling reaction between Iodo benzene and phenyl 

acetylene had led to excellent yields with 50% reduction in base loading and no need for 

inert conditions. 

The substrate range of the new protocol was tested under the new conditions using a 

combination of seven different aryl iodides and seven aryl alkynes. Palladium loading 

was subsequently reduced to 0.05 mol% and the same set of substrates was tested 

under prolonged reaction time. Results are shown in Table 13. 
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Table 13: Substrate range after protocol optimization 

 
Entry Productc  GC-yield/%  

    [Pd]=0.5, 5h.a [Pd]=0.05, 10h.b  
1 

 
 74 64  

2 

 

 87 94  

3 

 

 88 67  

4 

 

 99 97  

5 

 

4-Br 

 90 73  

6 

 

 77 62  

7 

 

 82 99  

8 

 

 87 38  

9 
 

 88 0  

10 

 

 99 76  
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11 

 

 90 36  

12 
 

 77 17  

13 

 

 86 59  

14 

 

 97 >99  

15 

 

 75 99  

16 

 

 97 >99  

17 

 

 82 13  

18 

 

 93 89  

19 

 

 54 85  

20 

 

 63 85  

21 

 

 92 36  

22 

 

 82 94  
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23 

 

 87 88  

24 

 

 98 96  

25 

 

 82 86  

26 

 

 67 85  

27 

 

 88 9  

28 

 

 70 39  

29 

 

 80 30  

Reaction conditions: 1.0 eq aryl iodide, 1.2 eq aryl alkine, 5ew of Et3N, 2ml water, temperature 50°C. a 
[4]=0.25mol%, reaction time 5h., b [4]=0.025mol%, reaction time 10h. c left arene originates from aryl 
halide, right arene from acetylene substrate. yields were determined by GC analysis. 

 

Good to excellent yields could be obtained with 0.5 mol% Pd and 5 eq Et3N after five 

hours reaction. At 0.05 mol% Pd and 5eq Et3N, despite 10 hours reaction time, variable 

induction times affected the reproducibility of yields but good or even excellent yields 

could be achieved in most cases with the more active substrates [Table 13 entries 14-16, 

22-26]. The reactivity of 4 aryl iodides and 4 aryl alkynes is compared in Table 14  
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3-fluoro iodobenzene [entry A] and 2-cloro iodobenzene [entry B] generally appeared to 

be the more reactive aryl iodides and 2-bromo phenylacetylene [entry 1] the more 

reactive aryl alkyne. On the other side of the spectrum, 4-nitro iodobenzene [entry D] 

was generally less reactive and more subject to fluctuating induction times. 

Table 14: Reactivity comparison of tested substrates 

 

 

Entr

y 

 A B C D  

 Yielda(%)/Yieldb

(%) 
  

  
 

1 

 

97/>99 98/96 99/97 98/76  

2 

 

97/>99 82/94 87/94 82/38 

3 

 

82/13 82/86 90/73 85/36 

4 

 

75/99 87/88 88/67 60/0 

   Reactivity 

Reaction conditions: 1.0 eq aryl iodide, 1.2 eq aryl alkine, 5eq Et3N, 2ml water, 
temperature 50°C. a [4]=0.25mol%, reaction time 5h., b [4]=0.025mol%, reaction time 
10h., yields were determined by GC analysis. 
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Out of the seven alkynes tested Para-trifluoromethoxy phenylacetylene and 3,5-difluoro 

phenylacetylene were prone to side reactions and yields were slightly inferior to 

conversion values [Table 15].  

Table 15: decrease in yields due to side reactions 

 
Entry Product  [Pd]=0.5, 5h.a   [Pd]=0.05, 10h.b 
 R R’  Conver. Yield   Conver. Yield 
1 H 4-OCF3  93% 77%  62% 62% 

2 3-F 4-OCF3  79% 63%  91% 85% 

3 4-NO2 4-OCF3  91% 85%  17% 17% 

4 2-Cl 4-OCF3  78% 67%  88% 85% 

5 3-F 3,5-F,F  92% 54%  96% 85% 

Reaction conditions: 1.0 eq aryl iodide, 1.2 eq aryl alkine,, 5eq Et3N, 2ml water, temperature 
50°C. yields were determined by GC analysis. a [4]=0.025mol%, reaction time 5h., b 
[4]=0.0025mol%, reaction time 10h. 

 

2.4.2. Filtration  

In aqueous medium, the scarce solubility of organic reactants is a disadvantage that 

must be overcome to facilitate reaction among substrates. On the other hand it also 

represents a major advantage that can be capitalized on when separating reaction 

products. 

Biaryl coupling products form a lipophilic layer that can be easily separated through 

filtration of the water phase yet examples of this methodology are scarce33,34.  
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We tested the methodology already successfully applied by our group to Suzuki coupling 

in water35 on the Sonogashira cross-coupling. All three products tested could be isolated 

by simple filtration in good yields [Table 16]. 

Table 16: Isolation of products via filtration 

 
Entry Productb  GC-yield/% 

     
1 

 
 90 

2 
 

 92 

3 

 

 88 

Reaction conditions: 1.0 eq aryl iodide, 1.0 eq aryl alkine, 2ml water, 
temperature 40°C.  [4]=0.25mol%, reaction time 4h., b left arene originates from 
aryl halide, right arene from acetylene substrate. yields were determined by GC 
analysis. 

  

The residual water phase was subsequently extracted with ethyl acetate to ascertain the 

amount of product and substrates retained in the reaction medium: GC analysis of the 

organic phase showed no traces of either product or unreacted starting material and 

therefore confirmed that no coupling product was lost in the water phase during 

filtration. 

These preliminary results open up the possibility of a simplified work up procedure 

where coupling products could be isolated in high purity by simple filtration.   
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CHAPTER III 

3. CONCLUSIONS 

Our group recently reported an efficient protocol for a copper-free Sonogashira cross-

coupling at low temperature, in aqueous medium and with no addition of organic 

solvents or additives 2. We tested the limitations of this protocol in respect to reaction 

temperature, heating method, atmosphere, base type and amount, catalyst loading, 

reaction time and work up procedure. 

The reaction worked successfully under air and results were not affected by the 

presence of oxygen in the water phase. Among a variety of bases tested, triethylamine 

was confirmed to give the best results and its required excess could be reduced from 

nine to four equivalents. Catalyst loading could also be reduced by up to 90%: Good to 

near quantitative yields for a broad range of substrates were achieved using a catalyst 

concentration of 0.25mol% and 5 eq of Et3N at 50°C while more reactive substrates 

could be coupled with a catalyst concentration as low as 0.025mol%. Filtration 

experiments showed the possibility of a simplified work up procedure and a protocol 

completely free of organic solvents. These results underline the potential of palladacycle 

[4] in cross coupling reactions and in particular in pharmaceutical processes where 
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metal contaminants are limited to trace amounts and low catalyst loadings are 

especially important. Preliminary filtration experiments were successful in isolating a 

small number of coupling products and open up the possibility of a simplified work up 

procedure and a protocol completely free of organic solvents.  

This optimized protocol can be applied to a broad range of substrates, delivers high 

yields, avoids formation of toxic byproducts, works under air and aqueous conditions 

and allows for simple product isolation. It thus meets not only the criteria of “Green 

Chemistry” as mentioned before but also those of  “Click-Chemistry” as defined by 

Sharpless and co-workers36,37. 
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CHAPTER IV 

4. EXPERIMENTAL PROCEDURES: 

4.1. General Techniques: 

4.1.1. Schlenk Technique: 

Experiments needing exclusion of oxygen and air were carried out with degased water 

and under an inert atmosphere of argon (welding argon 4.6). Standard Schlenk 

technique was used to create an inert atmosphere in the reactors. The Schlenk line had 

a two-way system connected to an argon inlet and to a rotatory vane pump. Two liquid 

nitrogen cold traps were used to prevent damage to the pump and increase vacuum 

efficiency. Air stable reagents were added to the reactor under a counter flow of argon 

to preserve inert atmosphere. 

 

4.1.2. Solvent degasification: 

When necessary, dissolved oxygen was removed from water by applying a minimum of 

three vacuum degasification and argon flushing cycles under constant vigorous stirring 

for one hour total in a Schlenk apparatus.  
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4.1.3. Microwave technique:  

Microwave samples were prepared in a glove-box (MBraun 200B) under an atmosphere 

of argon (welding argon 4.6). Up to ten minutes cooling time before quenching had to 

be taken into account when experiments were run at 100°C. 

4.1.4. Gas chromatography and mass spectroscopy: 

GC-MS analysis was performed on an Agilent 7890A GC System with a DB-5MS 30m x 

0.250mm x 0.5m column. Mass spectroscopy was performed with an Agilent 5975C XL 

EI/CI MSD with Triple-Axis Detector. All crude reaction mixtures where analyzed 

according to the following temperature protocol: 

 Initial temperature: 80°C, hold time: 3 minutes, run time: 3 minutes  

 Ramp1: Rate 25°C/min, final temperature 280°C, hold time: 6 minutes, run time: 

17 minutes 

4.1.5. GC-MS sample preparation: 

The separated organic phase was run through a bed of magnesium sulfate (1 g) in a 

Pasteur pipette to eliminate any traces of water. Diethylen glycol diethyl ether [8] (35.7 

L, 0.2 mmol, 1.0 equiv.) was added to the resulting dry organic phase as internal 

standard. The sample (1.0 ml) was filtered prior to injection (0.45 m membrane) to 

eliminate any possible insoluble particles. 
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4.1.6. Internal standard calibration: 

 

Figure 9: Diethylene glycol diethyl ehter [8] was used as internal standard 

 

Diethylene glycol diethyl ether [8] was used as internal standard. It was calibrated 

against samples with known product to standard ratio. Samples were prepared by 

adding a constant amount of internal standard and varying the amount of product 

added to the standard between 0.1 and 1.0 eq. Resulting data was plotted and a trend 

line was established according to the highest coefficient of determination R2 [Table 17]. 

Table 17: calibration of 1,2- diphenylethyne versus diethylene glycol diethyl ether [8] 

Entry Product/Standard 

  Theoretical Measured 

1 10% 0.214501 

 

2 20% 0.467473 

3 30% 0.720503 

4 40% 0.989187 

5 50% 1.327291 

6 60% 1.679426 

7 70% 1.999789 

8 80% 2.431878 

9 90% 2.824841 

10 100% 3.175529 

 

y = -0.0365x2 + 0.425x 
R² = 0.99822 
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4.1.7. Column chromatography: 

Flash column chromatography (Interchim Puriflash 430) was used to isolate coupling 

products.  

Elution protocol: Silica column (15 m), liquid injection, flow rate: 5.0 mL min-1 

 00:00 to 25:00 min. 100% Hexane 

 25:00 to 35:00 min. 100% Hexane to 100% Ethyl Acetate (gradient: 10% min) 

 35:00 to 50:00 min. 100% Ethyl Acetate 

 

4.1.8. NMR spectrometry:  

For NMR measurements, the following spectrometers were used:  

 Bruker Avance III 400 (1H NMR 400.13 MHz, 13C NMR 100.53 MHz). NMR Signals were 

calibrated to the residual proton resonance respectively the natural abundance 13C 

resonance of the solvent (DMSO-d6, δH = 2.50 and δC = 39.52 ppm; CDCl3, δH = 7.26 

and δC = 77.16 ppm; CD3OD, δH = 3.31 and δC = 49.00 ppm; CD3CN, δH = 1.97 and δC = 

1.32 ppm / 118.26 ppm; H2O δH = 4.79 ppm). 31P NMR spectra were calibrated to an 

external standard (phosphoric acid). Signal multiplicities are abbreviated as: s (singlet), d 

(dublet), t (triplet), m (multiplet), br (broad), “q” (quartet / pseudo quartet), “quint” 

(quintet / pseudo quintet). 



56 
 

 

 

4.2. SYNTHETIC PROCEDURES: 

4.2.1. Catalyst Synthesis10: 

 

Figure 10: Synthesis scheme of catalyst [4]. Conditions: (i) NEt3, ClPiPr2, toluene, reflux, 16h. (ii) PdCl2, 

toluene, reflux, 16h. 10
 

 

 First step [Figure 10 step i]: Synthesis of 2-Phenylphenol Diisopropylphosphinite [10] 

2-Phenylphenol [9] (1.70 g, 10.0 mmol, 1.0 eq.) was added in a Schlenk tube and 

dissolved in toluene. Triethylamine (1.51 g, 14.9 mmol, 1.5 eq.) was subsequently 

added. The solution was stirred for 15 min at r.t. and chlorodiisopropylphosphine (1.51 

g, 9.9 mmol, 0.95 eq.) was added. The reaction mixture was refluxed overnight. After 

cooling to room temperature pentane was (50 mL) added. A solid white precipitate was 

filtered through a pad of Celite and washed with pentane (3 × 10 mL). The combined 

organic fractions were then dried in vacuo yielding the phosphinite product. The desired 

ligand was then used without further purification. 

Yield: 5.21 g (18.2 mmol, 92%). 
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Ligand Analytics: 

 

Figure 11: 2-Phenylphenol diisopropylphosphinite [10] 

 

Anal. calc. for C18H23OP (286.35): C, 75.50; H, 8.10. Found: 75.08; H, 8.70. 

NMR δH (399.8 MHz, CDCl3, r.t., [ppm]): 7.59 (2H, m, CHaromat.), 7.51-7.43 (3H, m, 

CHaromat.), 7.39-7.32 (3H, m, CHaromat.), 7.10 (1H, t, 3J(H,H) = 7.5 Hz, CHaromat.), 1.86 (2H, dvt, 

2J(P,H) = 2.9 Hz, 3J(H,H) = 9.1 Hz, PCH), 1.06 (6H, dd, 3J(P,H) = 11.4 Hz, 3J(H,H) = 7.0 Hz, 

PCH(CH3)2), 1.05 (6H, dd, 3J(P,H) = 15.4 Hz, 3J(H,H) = 7.1 Hz, PCH(CH3)2). 

δC (100.6 MHz, CDCl3, r.t., [ppm]): 156.2 (d, 2J(P,C) = 8.5 Hz, Caromat.), 138.9 (s, Caromat.), 

132.6 (s, Caromat.), 130.8 (s, Caromat.), 130.0 (s, Caromat.), 128.6 (s, Caromat.), 127.8 (s, Caromat.), 

126.9 (s, Caromat.), 121.7 (s, Caromat.), 118.2 (s, Caromat.), 28.3 (d, 2J(P,C) = 17.7 Hz, PCH(CH3)2), 

17.7 (d, 2J(P,C) = 19.2 Hz, PCH(CH3)2), 17.1 (d, 2J(P,C) = 8.5 Hz, PCH). 

δP (161.8 MHz, CDCl3, r.t., [ppm]): 151.4 (s, PiPr2). CI-MS: m/z = 286.7 ([M]+). 

 

 Second step [Figure 10 stepii]: Synthesis of [Pd(μ-Cl)[κ2-P,C-P(iPr)2(OC6H3-2-Ph)]]2] [4] 

The phosphinite ligand [10] (401 mg, 1.40 mmol, 1.0 eq.) and palladium dichloride (250 

mg, 1.40 mmol, 1.0 eq.) were added in a Schlenk tube and dissolved in toluene (30 mL). 
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The reaction mixture was refluxed overnight. After cooling to r.t. the solvent was 

removed in vacuo. The residue was extracted with dichloromethane (30 mL) and filtered 

through a pad of Celite. Adding ethanol to the organic solution caused the precipitation 

of the product and collected through filtration. The desired catalyst was recrystallized 

from CH2Cl2/EtOH. 

Two isomers were obtained in a ratio of 1/1.49. Only the major isomer is interpreted. 

Yield: 0.74 g (0.86 mmol, 43%). 

 

Catalyst Analytics: 

 

Figure 12: [[Pd(μ-Cl)[κ2-P,C-P(iPr)2(OC6H3-2-Ph)]]2] [4] 

 

Anal. calc. for C36H44Cl2O2P2Pd2 (854.43): C, 50.61; H, 5.19. Found: 50.20; H, 5.76. 

NMR δH (399.8 MHz, CD2Cl2, r.t., [ppm]): 7.63 (1H, t, 3J(H,H) = 6.0 Hz , CHaromat.), 7.56-7.48 

(5H, m, CHaromat.), 7.42-7.36 (4H, m, CHaromat.), 7.31-7.29 (2H, m CHaromat.), 7.10-7.06 (2H, 

t, 3J(H,H) = 6.9 Hz, CHaromat.), 6.93-6.83 (2H, m, CHaromat.), 2.45 (4H, m, 2J(P,H) = 13.3 Hz, 3J(H,H) 

= 7.0 Hz, PCH(CH3)2), 1.28 (12H, dd, 3J(P,H) = 16.2 Hz, 3J(H,H) = 7.0 Hz, PCH(CH3)2). 
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δC (100.6 MHz, CD2Cl2, r.t., [ppm]): 161.8 (d, 2J(P,C) = 6.2 Hz, Caromat.), 139.0 (s, Caromat.), 

136.3 (s, Caromat.), 135.9 (s, Caromat.), 135.8 (s, Caromat.), 129.0 (s, Caromat.), 128.1 (s, Caromat.), 

126.9 (s, Caromat.), 125.6 (d, 3J(P,C) = 16.1 Hz, Caromat.), 122.5 (d, 3J(P,C) = 10.8 Hz, Caromat.), 

29.7 (d, 1J(P,C) = 29.2 Hz, CH(CH3)2), 17.4 (d, CH(CH3)2), 16.4 (d, CH(CH3)2). 

δP (161.8 MHz, CD2Cl2, r.t., [ppm]): 202.8 (s, 100%, PiPr2), 201.71 (s, 67%, PiPr2). CI-MS: 

m/z = 391.04 ([M/2-Cl]+); 426.01 ([M/2]+); 817.1 ([M-Cl]+); 851.9 ([M]+). 

 

4.2.2. General reaction procedure: 

 

Figure 13: General reaction scheme for the optimized Sonogashira protocol 

 

0.01 ml of a catalyst stock solution (0.005 mol L-1) containing palladacycle [4] (30.0mg, 

3.525mol) in 7.5ml of CH2Cl2 was added to a Schlenk tube and the solvent was 

removed in vacuo. 0.20mmol (1.0 equiv.) of the appropriate aryl halide, 0.1793 ml (1.0 

mmol, 5.0 equiv.) Et3N and 2 ml distilled water were added. The mixture was stirred 

vigorously for 15 min at room temperature. Finally, 0.24 mmol (1.2 equiv.) of the 

respective aryl alkine were added. The reaction mixture was stirred vigorously for 5 

hours at 50°C. To quench the reaction 3 ml HCl 10% in aqueous solution were added. 

The water phase was extracted with 4 ml EtOAc and the layers separated. The resulting 



60 
 

 

crude reaction mixture was either further diluted (4ml EtOAc) for GC-MS analysis or 

desiccated for flash chromatography purification.  

 

 

Table 18: Sonogashira cross-coupling optimized protocol products 

 
Entry Product  GC-yield/%  

 R R’  [Pd]=0.5, 5h.a [Pd]=0.05, 10h.b  
1 H H  74 64  

2 H 2-COH  87 94  

3 H 4-COH  88 67  

4 H 2-Br  99 97  

5 H 4-Br  90 73  

6 H 4-OCF3  77 62  

7 4-N2O H  82 99  

8 4-N2O 2-COH  87 38  

9 4-N2O 4-COH  88 0  

10 4-N2O 2-Br  99 76  

11 4-N2O 4-Br  90 36  

12 4-N2O 4-OCF3  77 17  

13 3-F H  86 59  

14 3-F 2-COH  97 >99  

15 3-F 4-COH  75 99  

16 3-F 2-Br  97 >99  

17 3-F 4-Br  82 13  

18 3-F 3-Cl  93 89  
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19 3-F 3,5-F,F  54 85  

20 3-F 4-OCF3  63 85  

21 2-Cl H  92 36  

22 2-Cl 2-COH  82 94  

23 2-Cl 4-COH  87 88  

24 2-Cl 2-Br  98 96  

25 2-Cl 4-Br  82 86  

26 2-Cl 4-OCF3  67 85  

27 4-Cl H  88 9  

28 4-CH3 H  70 39  

29 4-OH H  80 30  

Reaction conditions: 1.0 eq aryl iodide, 1.2 eq aryl alkine, 2ml water, temperature 50°C. a 
[4]=0.25mol%, reaction time 5h., b [4]=0.025mol%, reaction time 10h., yields were determined by GC 
analysis. 
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