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Abstract 
 

Transition metal catalyzed cross-coupling reactions represent one of the most employed 

and useful tools in organic synthesis for the carbon-carbon (C-C) bond formation and have 

a prominent role in both the academic and pharmaceutical segments. Among them, 

palladium catalyzed cross-coupling reactions, which were first discovered in the 1970s, are 

currently the most versatile. The main reasons behind the success of these reactions are 

the very high chemo- selectivity and flexibility in terms of substrates, solvents, catalysts, 

and reaction conditions. However, considering the increasing growth in the price of 

palladium during the last years, attempts to reduce its loading and to perform its recycling 

and recovering represent an inescapable necessity, especially if the final outlook is to apply 

reactions at industrial level. Nowadays, the development process must therefore respect 

principles of greenness and sustainability such as the selection of green solvents and 

reagents. Among the palladium-catalyzed cross-coupling methodologies, the Heck-Cassar-

Sonogashira (HCS) coupling between terminal acetylenes and aryl/alkyl halides is one of 

the most useful reactions in the pharmaceutical segment and making it greener would offer 

notable productive advantages in terms of cost and sustainability. Solvents represent the 

main source of waste in chemical industrial processes and their selection is critical in Pd-

catalyzed cross-couplings, because of their strong influence in the coordination sphere of 

the metals and their ability to stabilize the catalyst complexes. For this reason, the 

replacement of the most common used toxic solvents such as N,N-Dimethylformamide 

(DMF) and N-methylpyrrolidone (NMP) in the HCS cross-coupling reaction with greener 

alternatives represent an important challenge (Chapter 1).  

 

Chapter 2 highlights how longer N-alkylpyrrolidones could offer novel opportunities since 

their metabolites are less toxic than formaldehyde and related compounds typically 

deriving from N-Me oxidation in DMF and NMP. Among them, 1-(2-Hydroxyethyl)-2-

pyrrolidone (HEP) in combination with N,N,N,N-tetramethyl guanidine (TMG) as base 

showed the best performance in terms of reaction time and yield. HEP is a biogenic solvent 

that have very high affinity for water that allows a quantitative product extraction during 

work up using standard organic solvents. 



 

 

In Chapter 3, the identification a sustainable protocol to recycle and recover the palladium 

catalyst in the HCS coupling was evaluated exploiting the solubility and polarity of HEP. The 

HCS protocol using HEP/water/TMG as green solvent/base mixture and sulfonated 

phosphine ligands, allowed to recycle the catalyst, always guaranteeing high yields and fast 

conversion under mild conditions, with aryl iodides, bromides, and triflates. No catalyst 

leakage or metal contamination of the final product were observed during the HCS 

recycling. 

 

Chapter 4 discusses the Heck-Cassar and the Suzuki-Miyaura cross-coupling reactions on 

different unactivated aryl chlorides in the sustainable mixture HEP/water giving excellent 

results in terms of yield, TON, TOF and Process Mass Intensity (PMI), without any 

purification and nucleophile excess. The identification of the side reaction that generates 

the enyne derivatives byproducts with the copper-free Heck-Cassar protocol was limited 

by the simple control of the alkyne addition rate to optimize the stoichiometry. 

 

Although its great success, the mechanism of the HCS coupling is still under discussion. In 

Chapter 5, to clarify the copper free HCS reaction mechanism, stoichiometric and catalytic 

reactions were carried out and monitored by 31P/1H NMR spectroscopy, HPLC, and GC 

chromatography. In particular, the role of the base was deeply investigated, highlighting 

the key role of the secondary amines that are able to strongly induce a fast reduction of 

the pre-catalyst and a decrease in the energy required for the alkyne coordination.  

 

In Chapter 6 the development of a cross-coupling reaction to form aryldifluoronitriles in 

the presence of copper is discussed, highlighting the importance of inserting fluorine atoms 

within biological structures and the use of readily available metals such as copper as an 

alternative to palladium.
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1.1 Introduction 

Transition metal catalyzed reactions represent among the most versatile and useful tools 

in organic synthesis for the carbon-carbon (C-C) bond formation and have a prominent role 

in both the academic and pharmaceutical segments. The main reasons behind the success 

of these reactions consist largely in the fact that they have very high flexibility and 

selectivity in terms of substrates, solvents, catalysts, and reaction conditions, which 

allowed them to become increasingly popular within the scientific community.1–5 Cross-

coupling reactions represent one of the most important classes of metal catalyzed 

transformations in modern organic chemistry, providing a powerful tool for the 

construction of C–C and carbon–heteroatom (C–X) bonds. Among them, palladium-

catalyzed cross-coupling reactions, which were first discovered in the 1970s, are currently 

the most versatile ones. The popularity of the field reached the pick in 2010 with Nobel 

Prizes in Chemistry to Professors Richard F. Heck (University of Delaware), Akira Suzuki 

(University of Hokkaido) and Ei-ichi Negishi (Purdue University) for their remarkable 

contributions within the Pd-catalyzed cross-coupling reactions.6,7  

Generally, all these reactions need a transition metal to initiate the catalytic cycle. Although 

several metals have been used and developed, there is no doubt that palladium is the metal 

that has dominated the field for most of the years. Recently, attempts have been made to 

replace palladium, because of its cost and rarity, with cheaper and more abundant metals 

such as iron, cobalt, copper and nickel, but, because of its high reactivity and selectivity, it 

still remains the metal of choice, especially in the industrial segment. 

Although the mechanisms for the various Pd catalyzed cross-coupling reactions differ in 

some details, the general accepted catalytic cycle is depicted in Figure 1.1.  
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Figure 1.1: General catalytic cycle for Pd cross-coupling reaction 

 
The elementary steps involved in the mechanism are represented by the oxidative addition 

(OA), transmetallation (TM) and the reductive elimination (RE). The cycle starts with a Pd0 

species usually formed in situ from a PdII precursor that undergoes oxidative addition of 

aryl halides (or pseudohalides), affording the R-PdII-X intermediate. Usually, palladium (II) 

species are chosen as starting material because of their higher stability. Such compounds 

are then reduced in situ to palladium (0) active catalyst which initiates the catalytic cycle. 

The OA step of an aryl/alkyl halide to the Pd0 complex is common to all type of cross 

coupling. At this point, if the reaction involves an organometallic partner (Figure 1.1, left), 

the TM step generates the PdII complex bearing two organic groups R-PdII-R1.  
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The choice of the organometallic partner depends on the reaction typology. For example, 

organoboranes are used in the Suzuki coupling, organozinc compounds in the Negishi, 

organostannanes in the Stille, Grignard reagents in the Kumada, organosilicones in the 

Hiyama, and copper acetylides formed in situ in the Sonogashira cross-coupling. Finally, the 

RE step provides the product and the regeneration of the Pd0 catalyst.  

In the Mizoroki-Heck coupling a different catalytic cycle is involved (Figure 1.1, right). After 

the OA, the reaction proceeds with the alkene coordination to the R-PdII-X intermediate, 

followed by a syn migratory insertion. This step determinates the regioselectivity of the 

reaction, which depends on the nature of the alkene, the catalyst, and the reaction 

conditions. Then, the newly formed organopalladium species undergoes syn β-hydride 

elimination, to form the alkene product and the Pd0 catalyst by a base-assisted elimination 

of HX. 

These reactions have a very rich history that started in the 19th century. However, despite 

the positive characteristics of organometallic catalysis, a literature review of the main 

cross-coupling reactions reveals that it took decades before these methodologies became 

popular in the scientific community (Figure 1.2). 8–16 
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Figure 1.2: Growth in publications and patents a) and only patents b) related to cross-
coupling reactions 

 

The first discoveries were made by Ullmann and Glaser with the metal mediated 

homocoupling of two identical fragments. At that time, these discoveries inspired other 

chemists of the time to ponder the possibility to build up C-C compounds starting from 

different fragments. The 1970 was ripe of discoveries and innovations in the field of 
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transition metal catalyzed reactions with several contributions from Kharasch, Corriu, 

Kumada, Kochi, Murahashi, Sonogashira, Stille, Trost, Tsuji, and Yamamoto, Heck, Negishi, 

and Suzuki. These authors demonstrated that carbon atoms in all hybridization states can 

undergo C-C bond formation through palladium catalysis, initiating therefore a new era in 

organic chemistry. In addition, the increasing development of ligands, especially bulky 

electron rich trialkylphosphines, allowed to expand the scope to substrates, such as the 

less expensive but otherwise unreactive aryl chlorides, which up to that point had only 

rarely been used.17 This led to the development of new molecular frames with a flexibility 

and a variability that is especially useful in medicinal chemistry and during drug discovery 

process design (Figure 1.3).18 

 
Figure 1.3: Examples of versatility of palladium catalyzed reactions 

 
As a consequence of these results, new cross-coupling reactions requiring milder 

conditions with lower Pd loadings were developed. In fact, due to the high price and low 
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to technologically advanced industrial processes. Indeed, the rapid increment of the 

palladium price in the last 10 years, from 29$/g to 84$/g (Figure 1.4), made the 

pharmaceutical industry the sector of choice for the application of palladium cross-coupling 

reactions. That, along with the limited earth abundance of the platinum group’s metals, 

made palladium catalysis especially employed in those sectors that can afford an increase 

in the production process price, such as the drugs and fine chemicals manufacture. 

 

 
Figure 1.4: Palladium prices trend in the last 10 years  

https://www.investing.com/commodities/palladium-streaming-chart 
 
The purity of the final product plays also an important role for the application of palladium 

catalysis in the pharmaceutical industry. Regulation on residual metals in APIs are 

particularly strict and for palladium catalysis, according to ICH guidelines, the metal 

contamination in the final product must be lower than 10 ppm for orally administered drug, 

1 ppm for parenteral drug, and 0.1 ppm for inhalation route of administration (Table 1.1). 

Hence, the development of catalytic processes with a high turnover number (TON), a low 

catalyst loading and a high catalyst recycling yield is beneficial not only from an economical 

point of view, but also to prevent metal contamination in the final product. For this reason, 

the study of a highly active catalytic system, which allows the use of mild conditions and 
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the recovery of the catalyst, without the need of environmentally and economically 

demanding purification steps, represents an increasingly active field of research. 

 

Table 1.1: Permitted concentrations of metal impurities ICH Q3D(R1) Guideline 

 
element 

 
class 

oral 
concentration 

(µ/g) 

parental 
concentration 

(µ/g) 

inhalation 
concentration 

(µ/g) 
     

Cd 1 0.5 0.2 0.3 
Pb 1 0.5 0.5 0.5 
As 1 1.5 1.5 0.2 
Hg 1 3 0.3 0.1 
Co 2A 5 0.5 0.3 
V 2A 10 1 0.1 
Ni 2A 20 2 0.5 
Tl 2B 0.8 0.8 0.8 
Au 2B 10 10 0.1 
Pd 2B 10 1 0.1 
Ir 2B 10 1 0.1 

Os 2B 10 1 0.1 
Rh 2B 10 1 0.1 
Ru 2B 10 1 0.1 
Se 2B 15 8 13 
Ag 2B 15 1 0.7 
Pt 2B 10 1 0.1 
Li 3 55 25 2.5 
Sb 3 120 9 2 
Ba 3 140 70 30 
Mo 3 300 150 1 
Cu 3 300 30 3 
Sn 3 600 60 6 
Cr 3 1100 110 0.3 

 

 
1.2 The Origins of Cross-Coupling Reactions 

The discovery of cross-coupling reactions was facilitated by the observation in the 1940s 

that simple first-row transition metal salts, such as CoCl2, FeCl3, NiCl2, CuCl2, or CrCl2, could 

be used as catalysts for the C-C bond formation.19 Despite the simplicity of the reactions, 

the synthetic utility was quite limited before the 60s. Historically, the first discoveries in 

the field raised with organocopper chemistry through the homocoupling of metallic 

acetylides reported by Glaser in 1869.20,21  
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Scheme 1.1: The Glaser reaction 

 
In this study, Glaser described the oxidative dimerization of phenylacetylide to give 

diphenyldiacetylene through copper and silver catalysis (Scheme 1.1). These initial studies 

greatly attracted the scientific community and were considered valid approaches for the 

construction of new C-C bonds. After the development of C(sp)-C(sp) homocoupling, the 

copper protocol was extended to C(sp2)-C(sp2) bond formation. In 1901, Ullmann reported 

the dimerization of 2-halogen-nitrobenzene promoted by stoichiometric amount of copper 

(Scheme 1.2).22  

 

 
Scheme 1.2: The Ullmann reaction 

 
Since the Glaser and the Ullman organocopper reactions required harsh conditions, their 

development was rather limited. However, the Ullman coupling differentiated the Glaser 

one from one important aspect, that will be considered a must in cross-coupling reactions: 

the carbon dimerization in the presence of halogen groups instead of unfunctionalized 

carbon systems. This topic of using carbon atoms bearing halogens for coupling reactions 

opened the world to the areas of organo-magnesium (Grignard) and organo-sodium 

(Wurtz–Fittig) chemistry and later, of course to catalysis.23–25 However, the development 

of alkyl and aryl halides, because of the drastic conditions, were limited and subjected to 

numerous side reactions. The first report using Grignard reagents to couple sp2-sp2 carbon 

bound is related to Bennet and Turner who described the dimerization of 

phenylmagnesium bromide through the use of stoichiometric quantities of chromium(III)  
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chloride26 (Scheme 1.3) and a few years later by Krizewsky and Turner through a CuCl2 

promoted protocol.27 Despite these important achievements, the early metal promoted 

cross coupling reactions were limited for several reasons, the most important of which 

regards the insolubility of these super stoichiometric reactants and the limited selectivity 

and applicability. In fact, the transformations were limited to homocoupling and often led 

to various side reactions and undesired byproducts. 

 

 
Scheme 1.3: Chromium chloride promoted dimerization of Grignard reagents 

 
The first example of transition-metal-catalyzed C(sp2)-C(sp2) coupling was reported by 

Kharasch in 194128 with the cross-coupling between Grignard reagents and aryl halides, a 

reaction further described in general terms in his book on Grignard substrates.19 In 1943,29 

and in subsequent studies, this protocol was applied to the cross-coupling of vinyl bromides 

with aryl organo-magnesium species using cobalt chloride as catalyst. These studies 

represent the earliest reports in which a metal was used for C-C bond formation between 

to different reaction partners (Scheme 1.4). 

 

 
Scheme 1.4: The first examples of catalysis in couplings for C-C bond formation: Kharasch 
coupling 
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In 1955, Cadiot and Chodkiewicz reported the copper-catalyzed coupling of alkynes with 

bromoalkynes,30 followed by the Castro–Stephens reaction involving aryl or vinyl halides 

with alkynes derivatized as copper salts (Scheme 1.5).31 

From this point in time there was a turning point in the development of cross coupling 

reactions. In the broadest sense, all coupling procedure required three components to 

achieve a selective reaction: 1) an organohalide, usually aryl or alkynyl, as a coupling 

partner; 2) a stoichiometric organometallic partner to avoid the halide homocoupling side 

reaction; 3) a transition metal, in stoichiometric or catalytic quantities to perform the C-C 

coupling. These components would represent a constant in coupling chemistry throughout 

the next 50 years. 

 

 
Scheme 1.5: The Cadiot–Chodkiewicz and the Castro–Stephens reactions 

 
The introduction of palladium represented a breakthrough in the history of cross-coupling 

reactions. In 1968 Richard Heck reported for the first time the use of palladium as catalyst 

for the arylations of alkenes by using an organomercury nucleophile reagent (Scheme 

1.6a).32 A modification of this reaction was reported by Moritani and Fujiwara who 

demonstrated the possibility to couple directly arenes with alkenes with catalytic amounts 

of palladium.33 This represented an important discovery because, up to that moment, all 

the cross-coupling reactions involved the use of pre-functionalized coupling partners in 

terms of organometallic reagents as nucleophiles and aryl halides as electrophiles. In rapid 

succession, the independent and almost concurrent discoveries by Mizoroki 34,35 and 

Heck36,37 reported the coupling reactions of aryl halides and alkenes with catalytic amounts 
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of palladium catalyst, introducing then what will be called as Mizoroki-Heck reaction 

(Scheme 1.6b-c). Over the following decades, a vast number of groups demonstrated the 

high functional group tolerance and wide applicability of this reaction protocol. With this 

reaction they introduced a new reaction system, opening the future of palladium as an 

important metal for catalysis. Mechanistically, the Mizoroki–Heck reaction differs from 

most of the previously reported cross-coupling reactions on one crucial point: the lack of 

an obligatory preformed organometallic species as one of the coupling partners. 

However, together with the discoveries of Heck and Mizoroki, protocols that still involved 

the use of Grignard reagents continued to improve and develop, to allow selective aryl–

aryl bond formation through this reaction system. 

 

 

Scheme 1.6: The first palladium(II)-catalyzed cross-coupling reactions 

 
In 1972, Kumada38,39 and Corriu40 independently reported the nickel catalyzed coupling of 

Grignard reagents with alkenyl and aryl halides partners (Scheme 1.7). These works 

represented a remarkable development from Kharasch’s coupling in which selectivity 

problems and homocoupling byproducts prevailed. Significantly, Kumada introduced the 

use of phosphine ligands to modulate the reactivity of the metal, a result that would initiate 

a continuing and powerful trend in future cross-coupling research.  
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Scheme 1.7: The Corriu–Kumada reaction 

 
Until the 1970s, cross-coupling reactions had been dominated by three main metals, 

copper for coupling with acetylenes, nickel for solving the selectivity problems associated 

with the use of Grignards, and palladium for coming powerfully onto the scene thanks to 

the new system developed by the Mizoroki-Heck coupling. In the following years, 

palladium's role in coupling reactions will grow exponentially, becoming the absolute 

“master” of the field despite the other two metals. 

The use of palladium in the reaction of aryl halides and acetylenes was reported 

independently by three different research groups in 1975: Cassar,8 Heck9 and 

Sonogashira.11 The protocol presented by Sonogashira had the advantage of making the 

reaction condition milder than Cassar and Heck thanks to the use of a catalytic amount of 

copper as cocatalyst (Scheme 1.8). This system represents a remarkable development from 

the coupling described by Castro-Stephens, who performed the reaction between 

acetylenes and aryl bromides with stoichiometric amount of copper, high temperature and 

therefore a notable formation of Glaser-Hay byproduct.  
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Scheme 1.8: The Heck-Cassar-Sonogashira coupling 

 
The disclosure of the palladium-catalyzed Sonogashira reaction opened the world to C(sp2)-

C(sp) coupling reactions. The advantageous effects of palladium catalysis became 

increasingly recognized by the scientific community and transferring these benefits to 

protocols previously established through nickel catalyzed processes became an attractive 

prospect. Contributions by Murahashi41,42 and Jutand43 demonstrated how palladium 

chemistry could be applied to the previous reported nickel Corriu-Kumada coupling 

showing a stronger selectivity and a broader substrate scope (Scheme 1.9).  

 

 
Scheme 1.9: The palladium-catalyzed Corriu–Kumada cross-coupling reaction 

Br
Pd(PPh3)4 (6 mol%)

a) Cassar: July 1975

MeONa, DMF, 80°C, 4h

Br
Pd(OAc)2(PPh3)2 (2 mol%)

b) Heck: July 1975

Et3N, 100°C, 30 min

88%

88%

I

c) Sonogashira: October 1975

CuI (1 mol%)
90%

Pd(OAc)2(PPh3)2 (0.5 mol%)

Et2NH, RT, 3h

Pd(PPh3)4  (0.03-1 mol%)

a) Murahashi 1975

benzene, RT, 3h

I

b) Jutand 1976

Me
THF, reflux, 1h

98%

85%

MeBr

MeMgBr

MeR

Pd(PPh3)4  (2 mol%)

R = Li, MgBr



Chapter 1 

 15 

Until 1976, the development of cross-coupling reactions had focused on the use of 

magnesium-based Grignard reagents as nucleophiles, with the exceptions of the 

discoveries of Mizoroki, Heck, Cassar and Sonogashira. However, in 1976, Negishi showed 

that other organometallic reagents could be used as coupling partners. First by a nickel and 

palladium coupling performed with organoaluminium reagents as nucleophiles (Scheme 

1.10a),44,45 followed by the use of arylzinc reagents in the so-called Negishi reaction 

(Scheme 1.10b).14 In this context, Negishi demonstrated the possibility of arylaluminum 

and arylzinc species to substitute the previously used arylmagnesium and aryllithium 

nucleophiles to perform the transmetalation of the cross-coupling process. Moreover, 

Negishi created a library to identify other possible organometallic reagents as coupling 

partners.46 In the hands of Negishi and his students, the field of palladium- and nickel-

catalyzed coupling reactions of unsaturated organic halides with organozinc reagents 

evolved into a general reaction which now stands out as a mild route with impressive 

functional-group compatibility.  

 

 
Scheme 1.10: The Negishi cross-coupling 

 
In 1976, Eaborn published the first palladium cross-coupling reaction of organodistannane 

reagents with aryl iodides (Scheme 1.11a),47 followed by Migita and Kosugi who reported 

the coupling of organotin reagents with aryl bromides (Scheme 1.11b).48,49 Subsequently, 

Stille and Milstein performed, in 1978, the synthesis of ketones by the coupling of aroyl 
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chlorides with organostannanes16 applying milder conditions than those previously 

reported by Migita and Kosugi (Scheme 1.11c). 

 

 
Scheme 1.11: The discoveries of stannane cross-coupling reactions 

 
In 1979 Suzuki reported the palladium-catalyzed cross-coupling between 1-alkenylboranes 

and aryl halides (Scheme 1.12a).50 The Suzuki–Miyaura coupling developed into an 

extremely powerful and general method for the formation of C-C bonds, displaying several 

advantageous features: 1) easily handled and usually air stable organoboron starting 

materials; 2) mild and convenient reaction conditions and 3) the facile removal of less-toxic 

inorganic byproducts. These aspects made the Suzuki–Miyaura coupling reaction especially 

useful for the industrial segment and, as the date reported in Figure 2 demonstrate, the 
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Scheme 1.12: Suzuki and Hiyama C-C bond formation couplings 

 
After the introduction of organoboron reagents as cross-coupling partners, in 1988 Hiyama 

reported efficient cross-coupling reactions of arylsilanes using fluoride additives (Scheme 

1.12b).51 By 1989, it was already possible to achieve C–C bond formation through cross-

coupling reactions using a wide variety of organometallic reagents. Although in 1983 Migita 

and co-workers disclosed the first palladium-catalyzed formation of C-N bonds through a 

protocol requiring the use of stoichiometric amounts of a heat- and moisture-sensitive 

tributyltin amide reagent,52 the real breakthrough came with the independent discoveries 

by Buchwald and Hartwig. They claimed that C–N bond formation could also be efficiently 

accomplished through palladium-catalyzed cross-coupling reactions of free amines with 

aryl halides (Scheme 1.13).53–55  
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Despite the many significant discoveries and developments since the first reports of cross-

coupling reactions, enormous progresses have been made in the field during the last 30 

years trying to make these reactions even more efficient, mild and sustainable. This signed 

the beginning of a new period called the 3rd wave of cross-coupling resulting in the 

continuous improvement and extension of each reaction type through ligand variation, 

expanding the substrate scope, by reaction optimization and fine tuning. 

 

1.3 Recent advances in Cross-Coupling Reactions 

Even though cross-coupling reactions now represent a mature technology, there is still a 

significant amount of research in this area that aims to improve the scope of these 

reactions, develop more efficient catalysts and make reactions more practical.  

Since the palladium catalyzed cross-coupling find their application principally in the 

industrial segment, small improvements in catalyst efficiency can lead to significant 

economic advantages.56–59 For this reason, there is always the necessity for the 

development of new and efficient catalysts, especially in the fine chemical industries. In 

addition, for both industrial and academic applications, it is useful to have catalytic systems 

that are not air sensitive and can easily be handled. Surprisingly, despite the extensive 

research on palladium catalyzed cross-coupling, there is still a variety of sp2 and bulky 

substrates that are difficult to couple and require drastic conditions to have good yields. 

Over the last 20 years, the development and the focus have been on expanding the scope 

of substrates and make the reaction more general, for example using less activated sp2 

electrophiles such as amide or esters60–62 as well as sp3 hybridized substrates.63,64 Usually, 

in these reactions, palladium is replaced by more abundant and cheaper metals such as 

nickel, copper and iron and other more available first-raw transition metals.65–71 Finally, 

traditional cross-coupling reactions have directly inspired more modern types of reactions, 

such as cross-electrophile coupling,72–75 conjunctive coupling,76 and metallaphotoredox 

chemistry,77 which still requires time to be fully optimized.  

In the following section we describe recent advances that are designed to solve some of 

the problems associated with palladium catalyzed reactions and the optimization of new 

methods for cross coupling. 
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1.3.1 Development of new ligands 

One of the greatest advances in palladium catalyzed cross-coupling reactions over the last 

years, was the development of specialized classes of ligands to improve the reactivity of 

the elementary steps of the catalytic cycle. Especially, phosphines were found to have 

beneficial effect on the stability of palladium complexes together with steric and electronic 

properties that enhance the activity of the catalyst. Historically, the most common used 

ligands in the cross-coupling reactions were represented by triphenylphosphines, but 

seminal works reported by several research groups showed that more sterically bulky 

phosphine ligands generated catalytic systems with increased efficiency and substrate 

tolerance.78  At the turn of the century, the development of new phosphines ligands with 

unprecedented properties that enabled a facile activation of difficult substrates such as aryl 

chlorides, tosylates and mesylates, were introduced by Beller,79 Buchwald,80,81 Fu82 and 

Hartwig83 (Figure 1.5). These new classes of ligands with a variable backbone that allows 

the tuning of the properties of the catalyst complex, could be applied to numerous cross-

coupling reactions.84  

 

 

Figure 1.5: Phosphines introduced by Beller, Buchwald, Fu and Hartwig 

 
The dialkylbiarylphosphine ligands of Buchwald, for example, enabled the development of 

mild reaction conditions such as Suzuki-Miyaura coupling at room temperature with 

inactivated aryl chlorides85  and new efficient Buchwald Hartwig amination couplings.86 

Currently a wide number of Buchwald ligands are commercially available and the general 
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improvement in the catalytic activities for conversion of specific classes of substrates.87,88 

It is also possible now to predict which type and class of ligand fits perfectly and is more 

efficient for each type of cross coupling reaction (Figure 1.6). 

 

 
Figure 1.6: Generic advantages and design principles of Buchwald-type 
dialkylbiarylphosphine ligands 

 
Distinct effect of the ligands was noted for the oxidative addition, the reductive elimination 

and the stabilization of the catalyst.  

The active catalyst species for the OA in the case of bulky phosphines was recently reported 

to be PdL1.89 In fact, the bulkiness of a ligand is supposed to shift the equilibrium PdL2 = 

PdL1 + L1 to the right side, increasing the concentration of the monoligated active species. 

For this reason, the ratio between Pd and the ligand is very important in order to have 

PCy2
OMeMeO

SPhos

PtBu2

JohnPhos

PCy2

MePhos

PCy2

OiPriPrO

RuPhos

PR2
Me2N

R = Cy (DavePhos)
R = tBu (tBuDavePhos)

PR2

Alphos

iPriPr

iPr

PtBu2
iPriPr

iPr

PAd2
iPriPr

iPr

MeO MeO
PAd2
iPriPr

iPr

F

F
F

nBu

F

OMe

R = Cy (XPhos)
R = tBu (tBuXPhos)

R = Cy (BrettPhos)
R = tBu (tBuXBrettPhos)

AdBrettPhos

R2R1

R3

PR2

R4

R1 and R2  = H prevent 
cyclometalation

R3 = H for synthetic reason

Promote RE and increase 
stability of ligand

Electron donating groups 
promote OA

Control of conformation and 
promote RE



Chapter 1 

 21 

effective cross-coupling reactions: Fu noted that more than 1.5 eq of PdtBu3 led to a 

significant decrease in the Suzuki coupling.90  However, Brown and Jutand reported that 

the OA with less bulky phosphines (such as Cy2PtBu, or PPh3) is performed with a PdL2 

complex generating a four coordinated intermediate that is not formed with bulky 

phosphines. Indeed, the question of which of the two active species PdL2 or PdL1 is acting 

in the OA depends on the nature of the ligand and the reaction conditions.91 

Subsequently, Hartwig reported a study claiming that the number of ligands coordinated 

to a phosphine depends more on the halide leaving group than on the nature of the 

phosphine.92 When the OA occurs with Ph-I, the active catalyst is always Pd(PR3)2 in all 

cases. The reaction is zero order in added ligands (PtBu3, AdPtBu2, CyPtBu2) with Pd(PR3)2, 

but it is negative order for ligand Pd(PCy3)3 and added PCy3. For Ph-Cl, the step of the OA 

occurs with the monoligated PdPR3, as demonstrated by an inverse dependence of the rate 

constant on the concentration of added ligand while with Ph-Br there is a competition of 

the two pathways depending on the reaction conditions. 

The importance of electron-rich phosphines consists also in their ability to stabilize the 

active catalyst by a strong binding and preventing the formation of palladium black 

precipitate.93 Consequently, the use of more equivalents of ligand enhances the stability of 

the Pd0 catalyst. On the contrary, as written above, depending on the reaction conditions, 

an excess of phosphine can decrease the activity of the catalyst. For this reason, the ideal 

balance between enough ligand to stabilize the catalyst on one side and an equilibrium 

favoring the formation of the active species PdL1 or PdL2 on the other side is crucial to have 

an efficient cross-coupling reaction and is different for each phosphine and reaction 

condition.  

Regarding the RE step, Hartwig summarized the effect of the steric and electronic 

properties of the ligands to make the process effective.94 It is not surprising that a major 

steric hindrance of the phosphine ligand slows down the energy barrier of the RE step in 

contrast to less hindered phosphines. Nonetheless, another study demonstrated that 

electron-rich phosphines, that have a beneficial effect on the OA, are responsible to make 

the RE step slower than with electron-deficient ones.95 

In general, the improvement of reactions through ligands in recent years has been minimal, 

in the sense that there are now ligands that are so efficient that only small improvements 
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can be made. Probably the most efficient improvement that can be made from now on is 

to develop more stable and less expensive ligands with the same catalytic activities. 

Over the past decade, N-heterocyclic carbene (NHC) ligands have become increasingly 

popular in cross-coupling reactions.96–98 In general, NHC ligands were first viewed as 

phosphines mimics, but subsequently were discovered to have better sigma donating 

properties compared to phosphines. For this reason, they could be useful for bulky and 

challenging substrates. The simples NHC ligands developed are represented by IMes and 

IPr,96,97 but other more complicated ligands were rapidly synthetized98 (Figure 1.7). In 

general, these types of ligands are more commonly used with cross coupling reaction with 

copper where, the OA is more challenging. Unfortunately, at the moment there is often 

relatively little understanding about whether a phosphine or NHC ligand would be more 

effective for a particular reaction, and experimental testing is generally required. 

 

 
Figure 1.7: NHC ligands commonly used in cross-coupling reactions 
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limitations: palladium is not an abundant metal in nature and therefore, for both 

environmental and economic reasons it would be desirable to find alternatives, particularly 

for large-scale transformations. In addition, the International Conference of Harmonization 

Guidelines Q3D (ICH Q3D) set very low limits for elemental impurities in medicines99 and 

the quantity of palladium that is permissible in drugs must be tightly controlled at low 

(ppm) levels. It can be expensive to reduce the amount of palladium to such levels, 

especially if the coupling is used at a late stage in the synthesis of an active pharmaceutical 

ingredient. To avoid these problems, recently, cross-coupling reaction with new earth-

abundant first raw metals have been developed. Studies about first-row transition metal 

complexes has focused primarily on iron, nickel, and copper systems, although recently 

cobalt-based catalysts have also been developed. 65–71 Although new systems have been 

developed recently, these first-row protocols generally give lower activity than palladium 

for traditional cross-coupling reactions and require significantly higher catalyst loadings 

and more drastic reaction conditions. The difference in reactivity between palladium and 

first raw transition metals can be exploited by using these abundant metals in reactions 

where the use of palladium catalysis is more challenging and differ therefore from the 

common sp2 cross-coupling. It is difficult to say now if first raw transition metals are going 

to replace palladium, what is sure is that palladium is still very used both at industrial and 

academic level. The reason of that is also because palladium catalysis has been studied for 

more than 50 years and during all these years several improvements have been done, such 

as development of new ligands and new pre catalysts. If the first raw transition metal has 

to substitute palladium as catalyst, many of the same improvements that have occurred 

for palladium systems, would be required. Finally, given the high efficiency of palladium-

based systems and the opportunity to recycle and recover the catalyst at the end of 

reactions, it could be advantageous to focus the research on developing new 

methodologies using systems based on earth-abundant metals rather than replacing 

palladium in conventional reactions. 

 

1.3.3 The development of new substrates for Cross-Coupling reactions 

The extension to other types of cross-coupling substrates different from the traditional sp2 

electrophiles has represented a new trend in metal catalysis in recent years. The aim of this 
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type of research was to develop more versatile, atom efficient and sustainable cross-

coupling reactions by extending the range of potential substrates. Recent articles and the 

latest research have shown that for these kinds of substrates, palladium chemistry is not 

the most suitable and therefore the use and experimentation of new metals with different 

properties could offer novel opportunities to make these reactions more efficient. 

 

Cross-Coupling Reactions using sp3 -hybridized substrates 

For many years the field of cross-coupling has been dominated by the sp2 hybridized 

substrates. Although sp2-sp2 carbon bonds are quite common in nature, it is a fact that 

there is an even larger percentage of natural substances that contain sp3-sp3 bonds. 63,64 

For this reason, the coupling between sp3-sp3 represent a very important discovery for 

transition metal catalysis. The main challenge for this coupling is represented by the β-

hydride elimination and the slow oxidative addition that occurs with alkyl electrophiles 

(Scheme 1.14).  

 
Scheme 1.14: Competition between β-hydride elimination and transmetallation in cross-
coupling with sp3-hybridized substrates 
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conditions and toxic nucleophiles, whereas in this case the reaction was carried out at room 

temperature and using organoboranes (Scheme 1.15). 

 

 

Scheme 1.15: Palladium-catalyzed alkyl−alkyl Suzuki−Miyaura reported by Fu 
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electron chemistry is that nickel catalysts more readily undergo oxidative addition via a 

radical pathway than analogous palladium systems. Inspired by the work of Knochel on 

primary alkyl halide electrophiles,101,102 Fu developed a nickel-based Negishi and 

Suzuki−Miyaura reaction involving secondary alkyl halide electrophiles.103,104  
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Reactions employing secondary alkyl substrate opened the world also to enantioselective 

sp3-sp3 cross coupling reactions. The use of a chiral nickel catalyst makes it possible to 

generate a single enantiomer of the product starting from a racemic starting material 

(Scheme 1.16)105,106.  Even if tertiary radicals are more stable than the respective primary 

and secondary ones, the number of examples of cross-coupling reactions utilizing tertiary 

alkyl electrophiles to generate quaternary carbon centers is much lower. A rare example 

was reported in 2013, when unactivated tertiary alkylbromides were used in the nickel-

catalyzed Suzuki−Miyaura107 (Scheme 1.17). 

 

 
Scheme 1.17: Nickel-catalyzed Suzuki−Miyaura coupling with tertiary alkyl bromides 
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Figure 1.8: Phenol derivatives that are used as electrophiles in cross-coupling 

 

Garg reported in 2009 the nickel catalyzed Suzuki coupling of aryl carbamates and 

monodentate phosphine ligands109 (Scheme 1.18). This seminal work was found very 
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Initially these reactions necessitated harsh conditions such as high temperature to allow 
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Scheme 1.18: Nickel catalyzed cross-coupling involving carbamates, carbonates and 
sulfamates 
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Cross-Coupling Reactions Using Amides, Aziridines and Nitroarenes 

Amides are common functional groups in organic chemistry and their use as electrophiles 

can bring notable advantages. Traditionally, the use of amides was limited because the N-

C bond activation and cleavage required harsh conditions as consequence of its high 

stability. Strong acids or bases and pyrophoric reagents are sometimes necessary to 

perform the rupture of the bond. In 2015, Garg and co-workers reported the first coupling 

reaction of amides involving both alkyl and aryl amides as electrophiles115 (Scheme 1.20a). 

Methods for the C-C bond formation after the cleavage of the C-N bond have also been 

reported. Initially, Garg and co-workers described nickel-catalyzed Suzuki−Miyaura 

reactions of Boc-protected amides to furnish ketones in high yields116 (Scheme 1.20b). 

Subsequently, other groups reported the same reaction with palladium catalyst 

demonstrating that also palladium is suitable for this type of chemistry.117,118  

 

 
Scheme 1.20: Cross-coupling reactions involving alkyl and aryl amides 
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Scheme 1.21: Examples of coupling reactions involving aziridines a) and nitroarenes b) 
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Figure 1.9: Twelve Principle of Green Chemistry 
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community. The reason for the slow development of cross-coupling reactions is particularly 

manifested in the industrial segment. In our opinion, this is also due to the fact that in the 

industrial sector the pharmaceutical industry is divided by users with entirely different 

aims: the medicinal chemist and the process development chemist. The medicinal chemist 

is focused on identifying the molecular space in order to optimize the interactions with the 

biological target.129 For this reason, the synthetic methods should be simple to use and 

flexible to allow a rapid development in the molecular diversity. In contrast, the process 

chemist, focused on the chemical space, is interested in the synthesis of pure and high-

quality products in the shortest time possible and with the lowest costs, not caring about 

the greenness of the process. Only in the late stage of the clinical development, aspects 

related to the environmental impact are fully established. As a result, Roger Sheldon in 

2017 complained the poor attention to green chemistry principles in the industrial process 

development and called on the entire scientific community to pay more attention as it is 

now representing an inescapable necessity.130 Our research group proposed a translation 

of the twelve green chemistry principles (Figure 1.10) into practical suggestions for the 

implementation of catalytic methods to facilitate the development of pharmaceutical-

industry synthetic methodologies that will be presented in the following section starting 

from the explanation of the main green metrics to respect in order to develop a sustainable 

and efficient reaction process. 

 
Figure 1.10: Translation guide of the Twelve Principle of Green Chemistry for Cross-Coupling 
reactions 
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1.4.1 Green metrics 

Many green metrics have been introduced starting from the seminal work on the 

Environmental Factor (E-Factor) by Sheldon.131,132 In our opinion, the most useful one for 

the optimization of a methodology is the Process Mass Intensity (PMI) that is the sum of all 

the chemical used to produce 1 kg of final product and comprises water and solvents 

(Figure 1.11a). However, the evaluation of the recovery of all the possible chemicals is 

critical to define the bottom line of raw material cost (RMC) at industrial level. Therefore, 

the PMI recalculated after recovery of all the chemicals (PMIr), that has a direct impact on 

the production costs, is the best metrics for methodology evaluation (Figure 1.11b). A 

strong impact on the final increase of the PMI is given by the protection and deprotection 

steps in a chemical process. Since the palladium catalyzed cross-coupling reactions are 

highly chemoselective, efficient and tolerate several functional groups, they can be 

considered advantageous in the chemical process design without a significant deviation 

from the ideality score reported by Baran (Figure 1.11d). 

 

 
Figure 1.11: Green metrics that must be considered to develop efficient metal-catalyzed 
reactions 

 

Lipshutz highlighted that the recycling and recovery of precious metals catalysts like 

palladium, considering its relatively low abundancy, is fundamental for the process 

sustainability.133 Therefore, for the development of a new methodology inspired by the 

twelve principles of green chemistry the key parameters to be considered are: i) PMIr that 

considers the recovery of chemicals comprising the metal catalyst; ii) reaction time and 

Σ m (all input materials)
m Product

Σ m (all input materials) - Σ (all recovered chemicals)
m Product

 [(no. of construction rxns) + (no.of strategic redox rxns)] 
(Total no. of steps)

ideality % =

PMIr =PMI =

a) b)

c)
Σ m (waste)
m ProductE-Factor =  = Σ m (all materials) - m Product)

m Product

d)

x 100



Overview of Cross-Coupling reactions: from early discoveries to modern approaches 

 34 

temperature; iii) catalyst performances using the turn over number (TON) and turnover 

frequency (TOF) (Figure 1.12a-b). 

 

 
Figure 1.12: Parameters that evaluate the efficiency of a reaction 

 

1.4.2 The Twelve Green Principles Translation Guide for Catalytic Reactions 

The twelve principles of green chemistry should inspire the chemists during the 

development of new processes or methodologies for API synthesis and, in fact, all the 

critical aspects of sustainability have been considered by Anastas and Wagner, namely 

environment (No. 1,2,3,5,7,8,10), health (No. 3,4,5), safety (No. 5,11,12) and energy 

optimization (n. 6). In addition, the overall synthetic strategy (No. 3) and the product design 

(No. 4) have been considered while the only methodology taken into consideration was 

catalysis (No. 9). Regarding principle No. 9 concerning catalysis, in our opinion, the 

efficiency of the reaction and the possibility to recycle and recover the catalyst is a crucial 

parameter for industrial applications and green methodologies. In this context, TON and 

TOF are standard parameters that should be increased during the process development in 

order to enhance the efficiency of the reaction. Therefore, a translation guide of the twelve 

principles could be useful to inspire the development of efficient and sustainable catalytic 

protocols applicable at industrial level (Table 1.2). Palladium catalyzed cross coupling 

reactions fits perfectly in this context: the high selectivity and the stoichiometry allow to 

control the atom economy (No. 2), catalytic transformations are generally based on the use 

of less hazardous technologies (No. 3) and high chemoselectivity allows to reduce 

functional groups manipulation and protective groups (No. 8). All the other principles 

should guide the methodology design and development. In particular, the solvent and 

auxiliaries’ selection, while maintaining the catalyst efficiency, is a key target. 
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Table 1.2: The Twelve Principles of Green Chemistry: a translation guide for cross coupling 
reactions 

THE TWELWE PRINCIPLES OF GREEN CHEMISTRY A TRANSLATION GUIDE FOR CATALYSIS 

1. Prevention. It is better to prevent waste than to 
treat or clean up waste after it has been created. 

Low PMI and PMIr are preferable. The catalytic 
reaction should be performed at very high 
concentration and the recovery of solvent, 
chemicals and catalysts should be one of the 
targets of the process design.  

2. Atom Economy. Synthetic methods should be 
designed to maximize incorporation of all materials 
used in the process into the final product. 

The catalytic reaction should be optimized by a fine 
tuning of the reaction conditions to minimize 
reagents excess and to get high chemo-regio and 
stereoselectivity.  

3. Less Hazardous Chemical Synthesis. Wherever 
practicable, synthetic methods should be designed 
to use and generate substances that possess little or 
no toxicity to human health and to the environment. 

Catalytic reactions should be chosen to design 
syntheses based on nontoxic and unreactive 
substrates. High reactivity is generally associated 
with high toxicity.  

4. Designing safer chemicals. Chemical products 
should be designed to preserve efficacy of function 
while reducing toxicity. 

Catalysts, solvents, starting materials and 
auxiliaries should be designed and combined in 
order to get high reaction performances while 
minimizing their toxicity. 

5. Safer Solvents & Auxiliary. The use of auxiliary 
substances (e.g., solvents, separation agents, etc.) 
should be made unnecessary wherever possible and, 
innocuous when used. 

Catalytic reactions should be performed using 
green and when possible biogenic sustainable 
solvents and auxiliaries.  

6. Design for Energy Efficiency. Energy 
requirements should be recognized for their 
environmental and economic impacts and should be 
minimized. Synthetic methods should be conducted 
at ambient temperature and pressure. 

The best energy efficiency should be achieved by 
the use of highly reactive catalysts to get fast 
reactions under mild conditions. The reaction 
temperature should be always <100°C. 

7. Use of Renewable Feedstocks. A raw material or 
feedstock should be renewable rather than 
depleting whenever technically and economically 
practicable. 

Use of renewable and/or biogenic materials should 
be the preferred choice. For what concern metal 
catalyst, the recovery is a must to guarantee 
sustainability for precious metals.  

8. Reduce Derivatives. 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. 

The reaction should be highly chemoselective in 
order to avoid the introduction of stable and/or 
temporary protective groups or functional group 
manipulation. 

 

9. Catalysis. Catalytic reagents (as selective as 
possible) are superior to stoichiometric reagents. 

The catalytic reaction must be efficient and score 
high TON and TOF using only a relatively small 
amount (ppm) of catalyst. 
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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. 

Chemicals used in the catalytic reaction should not 
accumulate in the environment generating 
nontoxic metabolites. 

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. 

The real time monitoring to control the formation 
of hazardous substances is based on the complete 
understanding of the mechanism and side product 
formation of the catalytic reaction.  

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. 

The catalytic reaction should be focused on the use 
of mild conditions avoiding the use of solvents with 
high flash point and sensitive to oxygen.  

 

1.4.3 The development of green solvents 

Solvents represent the main source of waste in chemical industrial processes, constituting 

80−90% of the total process mass.134 Recently, several legislative restrictions tried to 

reduce the usage of solvents in the chemical industry such as the Clean Air Act of 1990 and 

the European Union Solvents Emission Directive 1999/13/EC or regulate the use of 

damaging chemical substances through the Registration, Evaluation, Authorization and 

Restriction of Chemicals (REACH).135 However, most of the chemical processes still use 

harmful and toxic solvents and some developing countries have increased their production 

because of the high availability and low prices. In addition, it was estimated that solvents 

constitute 50% of greenhouse gas emissions of pharmaceutical manufacture.136 Therefore, 

both the solvent selection and the concentration of the reaction have a great impact on 

the overall greenness of an industrial catalytic process.137 Furthermore, in a cross-coupling 

reaction, different types of reactants are involved, and the reaction medium must be able 

to dissolve lipophilic reactants, as well as organometallics, inorganic metal complexes, and 

sometimes salts.138 These requirements make polar aprotic solvents the solvents of choice 

for metal-catalyzed cross-coupling reactions. However, the safety and environmental 

hazards of this solvent class have long been known, with N,N-Dimethylformamide (DMF)139 

and other aprotic polar solvents such as N-Methyl-2-pyrrolidone (NMP) and N-N 

dimethylacetamide (DMAc) being classified as substances of very high concern for 

authorization (SVHC), due to their reproductive toxicity.140 From a pharmaceutical point of 
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view, the use of solvents such as DMF must be avoided for even more reasons, since it can 

be the source of N-dimethylnitrosamine (NDMA), which have been detected in several 

drugs.141 N-nitrosamine, and particularly NDMA, are considered to be highly genotoxic and 

cancerogenic to humans, and their established daily limit of exposure is very low,142 in the 

range of ppb (Table 1.3). For this reason, their detection and regulation are an active 

problem in the pharmaceutical manufacture. 

 

Table 1.3: Limits established for some N-nitrosamines. Those limits are applicable only if a 
finished product contains a single N-nitrosamine (EMA/369136/2020) 

N-Nitrosamine ng/day 

N-dimethylnitrosamine (NDMA) 96.0 

N-diethylnitrosamine (NDEA) 26.5 

N-ethyl-isopropylnitrosamine (EIPNA) 26.5 

N-diisopropylnitrosamine (DIPNA) 26.5 

N-methylnitrosamine butanoic acid (NMBA) 96.0 

N-nitrosomethylpiperazine (MeNP) 26.5 

N-dibuthylnitrosamine (NDBA) 26.5 

 

Generally, the formation of N-nitrosamines is possible in the presence of a secondary or 

tertiary amine and nitrite, and under acidic reaction conditions (Figure 1.13). NDMA derives 

from dimethylamine (DMA), which is formed from the decomposition of DMF at high 

temperature. It can be present as an impurity in DMF, since it is a precursor in the industrial 

synthesis of DMF or can be a degradation product formed during the storage of the 

solvent.143 

 
Figure 1.13: Formation of NDMA from DMF 
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Other solvents commonly employed in cross-coupling reactions have also serious safety 

and environmental drawbacks. Ethereal and aromatic solvents, such as 1,4-dioxane, methyl 

tert-butyl ether (MTBE), 1,2-dimethoxyethane (DME) are classified as hazardous in many 

solvent guides, including the one realized in 2014 by the Innovative Medicines Initiative 

(IMI)-Chem21 comparing the data of several already published guides, while 

tetrahydrofuran (THF), 2-methyl-tetrahydrofuran (2-MeTHF) and toluene, are classified 

either as problematic, or problematic or hazardous. The majority of the already discussed 

aprotic polar solvents are instead classified as Hazardous (DMF, DMAc, NMP), with only 

dimethyl sulfoxide (DMSO) and acetonitrile (ACN) classified as problematic. (Figure 

1.14).144 

 

 
Figure 1.14: Classification of some of the most commonly used solvents 

Therefore, the replacement of these toxic solvents with greener alternatives in the 

industrial process have represented an important challenge in the last decades. The 

introduction of the green principles has inspired the chemists worldwide to develop 

reaction conditions that can be used in combination with green solvents.  

With the aim to reduce the usage of organic solvents, ionic liquids have been introduced as 

a more sustainable alternative.145,146 Several works where ionic liquids have been used 

efficiently in cross-coupling reactions instead of common organic solvents have been 
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reported.146,147 Also supercritical CO2 offers a more sustainable alternative and offers 

advantages such as availability and low toxicity.148,149 The supercritical CO2 is commonly 

used as extraction solvent, but its use in cross-coupling reactions recently have attracted 

the scientific community.150–152 Another alternative to traditional organic solvents in C-C 

catalyzed reactions is represented by Deep Eutectic Solvents (DES), a homogenous mixture 

of Lewis or Brønsted acids and bases, that have recently become extremely popular.153,154 

The employment of these solvents could be advantageous because of their high boiling 

point and low flashpoint. Water, being considered by many to be the least toxic solvent, 

has also been tested in metal-catalyzed cross-coupling.155,156 One of the major limitations 

related to the use of water in cross-coupling is represented by the poor solubility of organic 

compounds in the reaction mixture. To get around the solubility problems, a technique that 

has become increasingly successful is micellar catalysis, in which reactants can be 

solubilized within the surrounding aqueous phase by the addition of surfactants.157 One of 

the leading exponents of micellar catalysis in water, is certainly Lipshutz who utilized the 

amphiphile DL-α-tocopherol methoxypolyethylene glycol succinate (TPGS-750-M) 

surfactant in several cross-coupling reactions.158–161  

Despite the efforts of the scientific community to avoid the use of organic solvents or 

reduce their quantities, there are still several reactions that need the presence of an 

organic solvent to be highly efficient. Bio-based solvents derived from biological sources 

have therefore been launched as alternatives to the classic organic dipolar aprotic solvents 

like DMF and THF162–164 (Figure 1.15). Glycerol, for example, which has a high boiling point 

and is a product from biodiesel production, has been considered a valid alternative in the 

last decades.165 The large availability, thanks to the high production of biodiesel worldwide 

and its non-toxic nature has enhanced the popularity of this solvent in organic synthesis. 

Ethyl lactate, which is traditionally made from carbohydrates166,167 with a boiling point 

similar to DMF has become more and more attractive in the industrial and academic sector. 

In addition, 2-MeTHF, even though it has been classified as a potentially problematic 

solvent, has gained increasing popularity as a more sustainable alternative in metal 

catalyzed cross-coupling reactions.168–170 In contrast to THF, the production of 2-MeTHF 

utilizes renewable lignocellulosic biomass, which is fundamental to decrease waste 

generation in chemical industry and pharmaceutical manufacturing.171 
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Another sustainable solvent that has recently been used to replace the most common polar 

aprotic ones such as DMF, DMAc and NMP in organometallic chemistry is γ-Valerolactone 

(GVL),172–175 that is typically made by hydrogenation of lignocellulosic biomass derived 

levulinic acid.176 It has been proven that GVL is not only a more sustainable, safer and non-

toxic chemical, but has also some interesting properties that minimize metal leaching from 

a heterogeneous catalyst, enhancing the reactivity and recyclability in metal catalyzed 

reaction. Another potential replacement for toxic dipolar aprotic solvents is cyrene 

(dihydrolevoglucosenone), which is synthetized from a variety of biomass starting material 

that converge to levoglucosenone (LGO) and finally gives cyrene.177 The properties of 

cyrene as biogenic solvent have increasingly intrigued the scientific community and it was 

finally used for the first time in a metal catalyzed reaction by Watson and coworker178 in 

2016 in a Sonogashira and Cacchi-type annulation reactions demonstrating the 

compatibility of the solvent in metal-catalyzed reactions. Even dialkyl carbonates such as 

dimethylcarbonate (DMC) and diethylcarbonate (DEC) has been used successfully as 

sustainable solvents for palladium catalyzed reactions.179–181 Finally, also our research 

group contributed recently with the development of greener and more sustainable 

palladium cross-coupling reactions introducing a new category of solvents: N-alkyl-

pyrrolidones.182,183 They represent a valid alternative to NMP and DMF because they 

display a similar polarity profile but develop fewer toxic metabolites and could therefore 

represent a novel and more sustainable alternative. 
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Figure 1.15: Examples of Bio-based solvents suitable for metal-catalyzed reactions 

 

 

1.5 Heck-Cassar-Sonogashira Cross-Coupling 

Among the Palladium cross-coupling reactions, the coupling between an aryl halide and a 

terminal acetylide represents a powerful tool in organic synthesis because it is the most 

straightforward method for the construction of sp-sp2 carbon-carbon bonds opening access 

to subsequent transformations.  

The reaction was independently reported in 1975 by Heck9 and Cassar8 as a copper-free 

procedure.  

Heck’s procedure was based on the use of a phosphane-palladium complex as catalyst and 

triethylamine or piperidine as base and solvent, while Cassar used a phosphane-palladium 

catalyst with sodium methoxide as base and DMF as solvent. In both cases a high 

temperature was required. Their work was followed a few months later by Sonogashira and 

Hagihara,11 who reported the realization of the same coupling reaction but using a Pd0/CuI 

catalytic system and working at room temperature. Because of the milder reaction 

HO
OH

OH

OH
O

O

O O
O

HO O

O
O

O

O

O N O

R

O O

O
RR

Glycerol
bp 290°C

Ethyl lactate
bp 154°C

Dialkyl carbonate
bp 90 125°C

2-MeTHF
bp 80°C

γ-Valerolactone
bp 207°C

Glycerol carbonate
bp 354°C

p-Cymene
bp 177°C

Limonene
bp 176°C

Cyrene
bp 227°C

N-alkyl pyrrolidones
bp > 240°C



Overview of Cross-Coupling reactions: from early discoveries to modern approaches 

 42 

conditions required, the Sonogashira protocol became the favorite procedure for the 

alkynylation of aryl or alkenyl halides.  

Since then, the Heck−Cassar−Sonogashira (HCS) reaction was successfully applied for 

industrial production. Several studies have investigated the influence of leaving groups, 

palladium ligands, cocatalyst, and bases.184,185 However, the addition of copper as 

cocatalyst, even if it has some beneficial effects in terms of reactivity, has also some 

drawbacks associated with the necessity to avoid completely the presence of oxygen to 

suppress the formation alkyne homocoupling side product through a copper-mediated 

Glaser/hay reaction. In addition, copper represents another environmentally unfriendly 

reagent, which is also difficult to separate from the palladium at the end of the reaction, 

complicating the recovery of the catalyst. To overcome these issues, the complete 

elimination of copper could represent a solution from both an environmental and a 

selectivity perspective.  

Regarding the Pd/Cu Sonogashira mechanism, it is generally supposed to take place 

through two independent catalytic cycles (Figure 1.16). The Palladium cycle is the same as 

the classic C-C bond cross-coupling cycle in which the first step is the oxidative addition of 

an aryl/alkyl halide to the Pd0 complex, which can be of PdL2 specie or a low-ligated Pd0 

complex stabilized by weak ligands, including base and solvent molecules. This step highly 

depends on the characteristics of the Ar-X substrate, with its reactivity increasing in the 

order of ArI > ArBr > ArCl.17 Furthermore, the presence of an electron-withdrawing group, 

reduces the electronic density on the C-X bond, thus facilitating the oxidative addition step. 

The formed LnPdIIR1X B intermediate in Figure 1.16a is then transformed into a 

LnPdIIR2CCR1 C complex after the transmetallation with a copper acetylide F formed in the 

copper-cycle. The copper is believed to assist the deprotonation step of the acetylene 

favoring the formation of a π complex E, which would make the alkyne terminal proton 

more acidic and make the transmetallation step more efficient. Although some specifics of 

the transmetallation step and the Cu cycle are not fully established, the mechanism of the 

Pd/Cu catalysed Sonogashira reaction is generally accepted in the scientific community.186–

189 Since the formation of the intermediate neutral copper acetylide F has never been 

proven, an alternative anionic mechanism for the Cu cycle (Figure 1.16b) was reported in 

2017 following a computational study.186  In this study, for the first time, it has been 
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proposed the anionic-coordinate CuI acetylide G as the active species of the Cu cycle, based 

on the observation that the formation of the anionic copper acetylide is more favorable, 

both kinetically and thermodynamically, than the neutral copper acetylide. Furthermore, 

this proposed mechanism explained the observed effect of the copper salt on the reactivity, 

with CuI > CuBr > CuCl, while the neutral mechanism is incapable. 

 

 
Figure 1.16: Pd/Cu Sonogashira catalytic cycle 

 
Although the copper free Sonogashira was reported for the first time more than 4 decades 

ago, the mechanism in absence of copper is still not clearly understood. Initially two 

different mechanisms had been proposed: the deprotonation step reported by Solehili190 

and the carbopalladation step by Heck191 (Figure 1.17). Both mechanisms share the 

oxidative addition of the aryl halide to the Pd0 complex followed by the insertion of the 

acetylene that replaces one of the ligands forming complex H. The two mechanisms differ 

in the next steps to give the final product of the Sonogashira reaction. In mechanism 17a, 

the deprotonation of the acetylene and the coordination of the ligand brings to a square 

planar Pd complex C with the two organic groups in cis disposition, from which the coupled 

product is expelled by reductive elimination. On the other hand, in the carbopalladation 
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mechanism 17b, intermediate H undergoes the addition of the organic group R2 to the 

terminal alkyne, followed by the coordination of the ligand L and subsequent base-

mediated reductive elimination to give the coupling product.  

 

 
Figure 1.17: Proposed reaction mechanisms for the copper-free Sonogashira reaction: 
deprotonation a) and carbopalladation b) mechanisms 

 
Although a great effort has been undertaken in support of these mechanisms,192–200 

numerous questions are still open, and the copper free mechanism is not completely clear 

yet. A recent study by Jutand and coworkers, underlined the decelerating effect of alkynes 

in the oxidative addition201 and the multiple roles of the base in the copper free reaction.200 

The base is not involved only in the deprotonation step but can also interfere in the 

oxidative addition complex increasing its reactivity by replacing one of the phosphine 

ligands. Depending on the rate of reactivity of the amine to substitute the ligand, another 

mechanism could also operate, together with the more classic one reported by Solehili in 

Figure 1.17a. The mechanism proposed in Figure 1.18 is preferred when the amine is a 

better ligand then the alkyne and replaces the phosphine in the PdII complex giving 

intermediate K. On the other hand, when the amine is a worst ligand then the alkyne, the 

insertion is performed on the classic PdII complex B reported in Figure 1.17a.  
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Figure 1.18: Copper-free Sonogashira mechanism proposed by Jutand when the amine is a 
better ligand compared to the acetylene 

 

Subsequently, Martenson et al,198 demonstrated experimentally that the carbopalladation 

pathway can be discarded and proposed two different alternatives mechanisms to the 

deprotonation one: a cationic and an anionic mechanism that differs only for the order in 

which the steps occur (Figure 1.19). In the cationic mechanism (Figure 1.19a), the halide 

group is substituted by the ligand in H giving the cationic intermediate N, which undergoes 

the deprotonation of the acetylene by an external base followed by the final reductive 

elimination. On the contrary, in the anionic mechanism (Figure 1.19b), the deprotonation 

of the acetylene occurs first giving the anionic intermediate O that undergoes the 

replacement of the halide by the ligand and then the reductive elimination to give the final 

product. The authors claimed that the choice of the mechanism depends on the nature of 

the different substituent groups on the alkyne. They suggested that the cationic pathway 

is favored with alkynes bearing electron donating groups (EDG) while electron withdrawing 

groups (EWG) accelerate the anionic mechanism.  

OARE

Pd cycle

R2 R1
LnPd0 R2X

LnPd
R2

X
B

R1H

R2-Pd-X

R1H
L

L

amine

amine

R2-Pd

amine

2L

L
R2-Pd-X

K

M

L

amine

R1

amine

A



Overview of Cross-Coupling reactions: from early discoveries to modern approaches 

 46 

 

Figure 1.19: Cationic a) and anionic b) alternatives for the deprotonation mechanism 

 

An alternative mechanism recently proposed, hypothesized that the Heck-Cassar copper-

free cross-coupling proceeds through a tandem Pd/Pd double-cycle (Figure 1.20).202 This 

pathway is similar to the Pd/Cu catalyzed mechanism already discussed for the Sonogashira 

copper co-catalyzed reaction, but here the role of the copper co-catalyst is played by a Pd 

complex. The key step is the transmetallation between two palladium species: the product 

of the oxidative addition B, and the bisalkynylpalladium complex P. After the 

transmetallation step, the obtained compound C undergoes reductive elimination, 

releasing the desired product, while complex P is restored to close the Pd cycle II, by a 

reaction between Q and the base. The tandem Pd/Pd catalytic cycle was confirmed by the 

authors with experimental P31 studies and DFT (Density Functional Theory) calculations, 

emphasizing the importance of complex P in the transmetallation process. 

Although several studies have gained insight to the Heck-Cassar-Sonogashira cross 

coupling, this reaction is still far from being clearly understood. All the papers reporting a 

critical study of the mechanism, underlined how it depends on the operating conditions 

including the solvent, the base, the ligand and the nature of the catalyst, suggesting that 

there is still room for further studies and developments. 
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Figure 1.20: The tandem Pd/Pd mechanistic cycle proposed by Kosmrlj 
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2.1 Introduction 

The wide applicability of the HCS cross-coupling reaction (Scheme 2.1) to complex and 

sensitive structures has increased its use in many relevant industrial protocols, especially 

in the multistep synthesis of active pharmaceutical ingredients (API).1–9 

 

 

Scheme 2.1: General scheme for HCS cross-coupling 

 

The greenness of industrial processes to preserve the environment and to ensure health 

and safety of workers has evolved from an ethic approach to an inescapable necessity.10 

Since organic solvents and water represent the main source of waste in chemical industrial 

processes,11–14 the identification of green and biogenic alternatives and the decrease of the 

Process Mass Intensity (PMI) are important drivers for the development of sustainable, 

efficient and mild protocols applied to palladium catalyzed industrial reactions.15 In 

addition, the solvent selection is critical in Pd-catalyzed cross-couplings, because it can 

affect the stability of the catalyst, the equilibrium, the rate and selectivity of the process.16 

In particular, stable PdII precatalysts and ligands are necessary to guarantee high yields, 

high selectivity and design efficient synthetic strategies avoiding the use of protective 

groups. The reaction must also be efficient under mild conditions in order to decrease 

energy consumption and guarantee compatibility with complex and sensitive chemical 

structures. Concerning the palladium fate, there must be no leakage of the catalyst during 

the process to avoid product contamination,17 and the metal must be fully recovered also 

for environmental reasons. The reaction protocol must guarantee a rapid, easy, and 

efficient scale up. 

In the last decades, almost 40% of the published HCS reactions were performed in N,N-

Dimethylformamide (DMF),18 which is known to be a highly reprotoxic solvent.19 In fact, it 

is classified as a substance of very high concern (SVHC) and is a potential source of 

genotoxic N-dimethylnitrosamines.20 Other common solvents used in the HCS coupling are 

R-X H R1 R R1

Heck-Cassar Pd
Sonogashira Pd/Cu

X = I, Br, Cl, OTf…
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tetrahydrofuran (THF), dimethylsulfoxide (DMSO), 1,4-dioxane, toluene, dimethoxyethane 

(DME), and amines,21–24 but still not represent a real greener alternative as they share with 

DMF several drawbacks in terms of environmental health and safety (EHS).25–28 The 

investigation of alcohols, water, ionic liquids, and bio-based solvents such as 

dimethylisosorbide, γ-valerolactone, and Cyrene were also reported.14,29–33 

DMF has been successfully replaced in many processes by N-methylpyrrolidone (NMP), 

which displays a similar polarity profile. However, also NMP has limitations, because of the 

potential development of toxic metabolites, such as formaldehyde and oxidized 

derivatives.34 

For this reason, longer N-alkylpyrrolidones could offer novel opportunities, since their 

metabolites are less toxic than formaldehyde and related compounds typically deriving 

from N-Me oxidation in DMF and NMP. Their lower toxicity allowed their use as surfactants 

and their addition in cosmetic formulations.35 

Among them, N-butylpyrrolidone (NBP) has been already successfully used in Heck and 

Suzuki cross-coupling reactions,36 while pyrrolidones with longer alkyl chains (N-

octylpyrrolidone (NOP), N-benzylpyrrolidone (NBnP), N-cyclohexylpyrrolidone (NCP) and 

N-hydroxyethylpyrrolidone (HEP)) have not been extensively studied. In addition, anisole 

(An) and tert-butyl acetate (tBuOAc) have been included, since they are considered 

sustainable dipolar aprotic solvents.37,38 

 

2.2 Results and discussion 

The target of this study was to identify a versatile protocol able to perform fast and efficient 

HCS cross-coupling reactions under mild conditions using green and sustainable solvents. 

We selected the model reaction between iodobenzene 1a and phenylacetylene 2a, 

triethylamine (TEA) as base in the presence of Pd(PPh3)2Cl2 as catalyst and CuI as co-

catalyst, at 30°C to test the efficiency of new greener solvents, by screening several 

parameters such as acetylene equivalents, the amount of Cu co-catalyst and the role of the 

base (Table 2.1). A high-performance liquid chromatography ultraviolet (HPLC-UV) signal at 

210 nm was used to follow the transformation of the reagents into diphenylacetylene 3a 

product considering the Relative Response Factor (RRF) of the different compounds to 

evaluate the correct conversion. The reactions were stopped when no further evolution in 
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time was observed. Experiments with DMF and Cyrene were performed as reference 

reactions in order to have a comparison with the data available in literature.33 Under the 

standard selected conditions, neither of the solvents reached a complete conversion (Table 

2.1, entries 1−10).  

 

Table 2.1: HCS model reaction screening in green solvents 

 
 

 
 

I

Pd(PPh3)2Cl2 (2 mol%)
CuI

base (1.1 eq)

solvent, 30°C

1a 2a 3a

N

O

H N O

DMF NMP

Common toxic solvents

N O

7

N O

3

N O N O N O

OH

O

O

O

NOP NBP NBnP HEP An tBuOAcNCP

Proposed green alternatives

Entryb solvent 2a equiv CuI mol%base

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

DMF
Cyrene
NMP
HEP

NBnP
NCP
NBP
NOP
An

tBuOAc
NOP
NOP
NOP
NBP

NBnP
NCP
HEP
An

tBuOAc
HEP
HEP

1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.5
1.05
1.05
1.05
1.05
1.05
1.05
1.5
1.5
1.05
1.05

4
4
4
4
4
4
4
4
4
4
4
4
1
1
1
1
1
1
1
-
-

TEA
TEA
TEA
TEA
TEA
TEA
TEA
TEA
TEA
TEA
TEA
TMG
TMG
TMG
TMG
TMG
TMG
TMG
TMG
TEA
TMG

time h

1
1
1
1
1
1
1
1
1
1
1

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1
1

conversion %
(yield %)a

  90
  91
  86
  96 (90)
  83
  66
  65
  72
  86
  92
  92
>99 (92)
>99 (93)
  95 (90)
>99 (90)
>99 (94)
>99 (97)
>99 (94)
>99 (95)
  49
   9

c

aConversion monitored with HPLC-UV at 210 nm. The product was isolated only when the 
conversion was >95%. bAll the reactions were performed with 0.5 mmol scale and a 
concentration of 0.5 M. cThis reaction was performed in 10 mmol scale with similar results
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One of the worst performing solvents, NOP, was selected to optimize the reaction 

conditions in further experiments. An excess of 2a increased the conversion to 92% (Table 

2.1, entry 11). Nevertheless, the strongest effect was observed when the reaction was 

performed by using N,N,N,N-tetramethyl guanidine (TMG) as base, in place of the most 

commonly used TEA. Under these conditions, the conversion was complete in 30 min, even 

in presence of 1 mol% of copper co-catalyst (Table 2.1, entries 12 and 13). Since the 

reaction was particularly efficient and performed in mild conditions, no excess of 2a was 

required, and therefore no byproducts such as homocoupling coming from the Glaser-Hay 

side reaction or other enyne byproducts were detected. These conditions were successfully 

applied to all of the other green solvents (Table 2.1, entries 14−19) affording 3a in 90%− 

95% isolated yield. Copper-free conditions were also attempted but did not reach 

satisfactory results at room temperature (Table 2.1, entries 20 and 21). The best results 

were achieved with HEP as solvent, allowing an easy recovery of product 3a (97% isolated 

yield), because of the complete migration of the solvent in water during the workup. 

Finally, with the optimized conditions in hand, the model reaction between 1a and 2a in 

HEP was also performed on 10 mmol scale increasing the concentration from 0.5 M, used 

in the standard reaction, to 1 M, giving comparable results, in order to verify the recovery 

of HEP and to enhance the sustainability of the process. At the end of the process, 

distillation of the HEP/water phase was attempted, achieving the pyrrolidone in >90% yield. 

The PMIr of the overall process, considering also the solvents used for the work up, is 

around 20 while the E-Factor has a value of 3, comparable to the one achievable in DMF, 

as it does not consider the water used for extraction. HEP is a biogenic solvent that is 

already available in large quantities, being an intermediate for the synthesis of N-vinyl-

pyrrolidone (Scheme 2.2).39 Since it is considered only as an intermediate for synthesis, HEP 

is not included in any solvent database. However, we have used for its classification the 

CHEM21 selection guide for classical and less classical solvents (Table 2.2).28 From an EHS 

point of view, this solvent has interesting properties, displaying a flash point close to 212°C 

and a rat oral LD50 > 14400 mg kg-1.40 Although HEP is a biogenic solvent with a good 

toxicological and ecotoxicological profile, it is penalized in the EHS criteria classification for 

green solvents by the fact that it has a boiling point > 200°C, which by definition increases 

also the cumulative energy demand (CED). Most of the recently reported biogenic solvents 
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such as cyrene, DES (that contain glycerol), dimethylisosorbide, and γ-valerolactone have 

boiling points > 200°C. However, in our opinion, with the actual distillation technologies, 

especially when the product does not require any rectification, the impact of the boiling 

point is mitigated at industrial level.13 

 

Scheme 2.2: Schematic process of the industrial synthesis of HEP 

 
Moreover, HEP is not genotoxic, not reprotoxic, and does not raise any environmental 

concern. The main concern on the use of DMF is related to workers exposure since it is 

reprotoxic, has a rat oral LD50 of 3010 mg kg-1, and can lead to damages to various organs 

in humans, among which the liver is the primary target. 40,41 

 

Table 2.2: Solvents ranking according to CHEM21 selection guide 

 
 

Since the metabolic fate of a solvent is a critical parameter to define its EHS impact and 

greenness, we decided to study this aspect that was not reported in literature for HEP. 

Therefore, the metabolism of HEP in comparison to the parent NMP (LD50 4100 mg kg-1) 

was explored, since the hypothesis was that the lower LD50 of HEP could be related to a 
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different metabolic pathway.42 Both in rat and human liver microsomes, HEP turned out to 

be more stable than NMP (Figure 2.1a). Under these in-vitro experimental conditions, NMP 

was converted by hydroxylation to 5-hydroxy-N-methyl-2-pyrrolidone (5-HNMP) and, 

barely, to 2-pyrrolidone (2-P) via N-demethylation (Figure 2.1b). In fact, 5-HNMP is a well- 

known biomarker of environmental exposure to NMP43 and it is a major in-vivo urinary 

metabolite in rats44,45 and humans,46 while 2-P has been reported as a minor in-vivo 

metabolite both in rats and humans.43,47 

 
Figure 2.1: In vitro metabolism of NMP and HEP in rat (RLM) and human (HLM) liver 
microsomes. Comparison of metabolic stability under the same experimental conditions. 
Error bars correspond to one standard deviation a). Proposed metabolic pathways b) 

 

HEP revealed a different metabolic pathway from NMP, since it was converted into the 

corresponding acid (HEP-COOH) by oxidation of the hydroxy group on the N-hydroxyethyl 

side chain, via an aldehyde intermediate. The metabolites 5-HNMP, 2-P and HEP-COOH 
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were identified by comparison of their liquid chromatography and high-resolution mass 

spectrometry features with those of synthetic reference standards, and all the 

experimental data supporting these findings are available in the experimental section. 

Finally, not only HEP is more stable toward microsomal oxidation than NMP, but it also 

gives a polar acidic metabolite that can be easily eliminated by the kidneys. Therefore, HEP 

could represent a valid green, sustainable and non-toxic alternative to the dipolar solvents 

in organometallic catalysis. Our data clearly indicate that the primary metabolic oxidation 

site of HEP is the hydroxyethyl side chain. The glycine derivative can then undergo a further 

pyrrolidone ring degradation, generating a succinyl-glycine derivative in analogy with NMP 

ring oxidation/hydrolysis.  

The reaction was then extended to substituted aryl iodides and acetylenes (Table 2.3). For 

each couple of substrates, the mildest conditions to reach complete conversion were 

investigated, starting from the best conditions identified in the model reaction between 1a 

and 2a. Thus, all of the reactions were performed in HEP, using Pd(PPh3)2Cl2 (2 mol %) as 

precatalyst, CuI (1 mol %), and TMG (1.1 eq).  

 

 

Table 2.3: Scope of the HCS reaction with substituted aryl iodides 

 

Ar I

Pd(PPh3)2Cl2 (2 mol%)
CuI (1 mol%)
TMG (1.1 eq)

R1
HEP (0.5 M), T°C

1 2 3

R1Ar

O2N
NO2 OMe

MeO
Cl

S

OH
NMe2 OH

3b 3c 3d 3e 3f 3g

3g 3i 3j 3k 3l
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The presence of electron-withdrawing and electron-donating groups and the nature of the 

aromatic ring of the iodide (1b−1g) did not affect the reactivity, since all different reagents 

allowed complete conversions to 3b−3g at 30 °C in 30 min (Table 2.3, entries 1−6). 

In contrast, the transformation of differently substituted acetylenes required a 

modification of the reaction conditions, mainly as a consequence of a variable tendency to 

afford dimerization and because the electron-donating properties of the alkyl substituents 

make the acetylene less reactive through the transmetallation step. The cross-coupling of 

2-methyl-3-butyn-2-ol 2h with 1a resulted in a complete conversion to 3h under the 

standard conditions in 1 h (Table 2.3, entry 7). In a similar way, 3-dimethylamino-1-propyne 

2i and 3-phenyl-1-propyne 2j reacted with 1a at 30 °C to give 3i and 3j in 1 h and 30 min, 

respectively (Table 2.3, entries 8 and 9). In both cases, an excess of acetylene reagent (1.5 

eq) was required to reach >99% conversion. 

Propargyl alcohol 2k and 1-hexyne 2l showed a lower reactivity and the increase of reaction 

temperature to 50°C, together with an excess of reagent, was required. Under these 

conditions, products 3k and 3l were obtained in 30 min and 1h, respectively (Table 2.3, 

entries 10 and 11).  

Moving from iodides to aryl bromides, stronger reaction conditions were needed because 

of the slower oxidative addition of the Ar-Br species. In fact, using the best protocol 

reported in Table 2.1 (entry 17), bromobenzene 4a did not react with phenylacetylene 2a 

(Table 2.4, entry 1). Satisfactory conversion was observed after 21h at 60°C with an excess 

of 2a in the presence of copper (Table 2.4, entry 2), while the copper-free protocol allowed 

complete conversion to be attained within 14h always at 60°C highlighting the fact that at 

Entry 1 2 T
°C

1
2
3
4
5
6
7
8
9

10
11

4-nitroiodobenzene, 1b
3-nitroiodobenzene, 1c
3-methoxyiodobenzene, 1d
4-methoxyiodobenzene, 1e
3-chloroiodobenzene, 1f
2-iodothiophene, 1g
iodobenzene, 1a
iodobenzene, 1a
iodobenzene, 1a
iodobenzene, 1a
iodobenzene, 1a

phenylacetylene, 2a
phenylacetylene, 2a
phenylacetylene, 2a
phenylacetylene, 2a
phenylacetylene, 2a
phenylacetylene, 2a
2-methyl-3-butyn-2-ol, 2h
3-dimethylamino-1-propyne, 2i
3-phenyl-1-propyne, 2j
propargyl alcohol, 2k
1-hexyne, 2l

30
30
30
30
30
30
30
30
30
50
50

1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.5
1.5
1.5
1.5

time
 h

0.5
0.5
0.5
0.5
0.5
0.5
1
1
1

0.5
1

conversion %a

(yield %)

>99 (96)
>99 (95)
>99 (98)
>99 (98)
>99 (95)
>99 (98)
>99 (94)
>99 (96)
>99 (98)
>99 (95)
>99 (95)

aConversion monitored with HPLC-UV at 210 nm

product

3b
3c
3d
3e
3f
3g
3h
3i
3j
3k
3l

2
equiv
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higher temperatures and under more drastic conditions the presence of copper can have 

some drawbacks because it enhances the formation of byproducts (Table 2.4, entry 3). To 

increase the reaction speed and reach a more efficient protocol in terms of sustainability 

and turn over number, the inexpensive Pd(PPh3)2Cl2 had to be replaced with better 

performative catalysts such as Pd(ACN)2Cl2/XPhos or Pd(DPPF)Cl2. 

Since its first use in HCS reactions in 2003 by Gelman and Buchwald,48 Pd catalyst containing 

XPhos ligand has been reported to give extraordinary results in several applications 

because of its high electron-donating properties that enhance the rate of the oxidative 

addition step with more challenging substrates. Complete conversion of 4a into 3a was 

achieved within 2h with Pd(ACN)2Cl2/XPhos, with or without copper (Table 2.4, entries 4 

and 5). The use of Pd(DPPF)Cl249 did not produce comparable results, since 98% conversion 

was observed in the Heck-Cassar copper-free reaction only after 7 h (Table 2.4, entry 7), 

while the presence of the copper co-catalyst completely inhibited the reaction (Table 2.4, 

entry 6).48  

 

Table 2.4: HCS reaction on aryl bromides 

 

 

Br

X

R

Pd precatalyst (2 mol%)
TMG (1.1 eq)

HEP (0.5 M), T°C
X

R

4a  X = H

4b  X = NH2

2a  R = Ph

2h  R = OH

3a  X = H, R = Ph

5b  X = NH2, R = OH

Entry aryl bromide alkyne
 (equiv)

T
°C

Pd precatalyst

1
2
3
4
5
6
7
8
9

10
11
12
13

4a
4a
4a
4a
4a
4a
4a
4b
4b
4b
4b
4b
4b

2a (1.05)
2a (3)
2a (3)
2a (3)
2a (3)
2a (3)
2a (3)
2h (3)
2h (3)
2h (3)
2h (3)
2h (3)
2h (3)

30
60
60
60
60
60
60
60
60
80
60
80
60

Pd(PPh3)2Cl2
Pd(PPh3)2Cl2
Pd(PPh3)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(DPPF)Cl2
Pd(DPPF)Cl2
Pd(PPh3)2Cl2
Pd(PPh3)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(DPPF)Cl2
Pd(DPPF)Cl2

time
 h

21
21
14
2
2
7
7

22
22
22
14
22
3

conversion %a

(yield %)

-
91

>99 (93)
>99 (95)
>99 (95)

25
98 (95)

50
95 (80)

17
>99 (85)

86
>99 (86)

aConversion monitored with HPLC-UV at 210 nm. The product was isolated only when conversion was >95%. 
bConversion was 94% after 7h. cYield was calculated after telescoping transformation into 6b

product

3a
3a
3a
3a
3a
3a
3a
5b
5b
5b
5b
5b
5b

L

-
-
-

XPhos
XPhos

-
-
-
-

XPhos
XPhos

-
-

CuI 
mol%

1
1
-
1
-
1
-
1
-
1
-
1
-
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In order to have a further demonstration of the general applicability of the protocol, we 

selected an industrially relevant process requiring a Sonogashira reaction step. As an 

example, the synthesis of an intermediate of the pharmacologically active molecule 

Erlotinib resulted in being suitable for our scope. Erlotinib hydrochloride is an oral 

antitumor drug that acts by reversibly and selectively inhibiting epidermal growth factor 

receptor (EGFR)50 type 1 tyrosine kinase activity in many types of human cancers affecting 

lung, pancreas, ovary, kidney, stomach, liver, and breast tissue. 

The industrial process for its production (Scheme 2.3),51–53 requires a HCS reaction to 

convert 3-bromoaniline 4b to 3-ethynylaniline 6b. Thus, the reaction between 4b and 2-

methyl-3-butyn-2-ol 2h in HEP was studied. As reported in Table 2.4, the 

Pd(ACN)2Cl2/XPhos catalytic system allowed to achieve complete conversion into 

intermediate 5b only after 14h through a Heck-Cassar copper-free protocol (Table 2.4, 

entry 11). The comparison of entries 5 and 11 in Table 2.4 shows a decreased efficiency of 

the Pd catalyst in giving the Erlotinib intermediate 5b rather than product 3a from the 

model reaction between bromobenzene 4a and phenylacetylene 2a that allowed a 

complete conversion in 2h in the same conditions. The reason lies in the fact that the free 

amine in compound 4b interferes with the catalyst by decreasing its activity in the 

Sonogashira reaction. 

The best catalytic system for the reaction of 4b resulted in being Pd(DPPF)Cl2 under copper-

free HC conditions, which allowed complete conversion to be attained within 3h (Table 2.4, 

entry 13). 

Finally, intermediate 5b was not isolated and directly transformed under telescoping 

conditions with toluene/NaOH to afford product 6b in 86% yield. 

 

 

Scheme 2.3: Retrosynthetic Approach to the Synthesis of Erlotinib 

N

N

HN
O
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O
O HCl
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N
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O
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OH
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2.3 Conclusions 

In summary, several green solvents have been tested to replace toxic DMF and NMP in the 

HCS cross-coupling between aryl halides and substituted acetylenes. 

HEP has been shown to be the most suitable candidate, allowing to find mild conditions for 

poorly reactive alkynes and aryl bromides. The PMIr value of 20 encourages to exploit the 

solubility and the polarity of HEP to recycle and recover the catalyst and create a 

completely green and sustainable protocol. The versatility of the solvent is particularly 

important when complex molecules are synthesized via multistep procedures. The 

excellent results achieved in the synthesis of an intermediate of the drug Erlotinib 

encourage the application of HEP on a large scale and in industrial processes. 

 
 
2.4 Experimental  
 
General information 
 
Commercial reagents (reagent grade, >99%) were used as received without additional 

purification. Solvents DMF, Cyrene, NBP, NBnP, HEP, NOP, NCP, An, tBuOAc are 

commercially available and were used after degasification. 
1H NMR and 13C NMR spectra were recorded with an Agilent-Technologies-Varian INOVA 

400 MHz and 100 MHz instrument 1H/19F/X 5 mm PFG ATB Broadband Probe, VT, single, 

double and triple resonance, z-axis pulsed field gradients, serves broadband probe and 

customized variable temperature – 5 mm Broadband probe. NMR multiplicities are 

abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, spt = septet, m = 

multiplet, bs = broad signal. Coupling constants J are given in Hz. All 1H and 13C chemical 

shifts are calibrated to residual protic-solvents. 

HPLC-UV analysis were recorded with an Agilent 1260 InfinityLab instrument. Column: 

Zorbax® SB-C18; particle size 5 µm; pore size 100 Å; length 250 mm, internal diameter: 4.6 

mm. Mobile phase A: H2O, mobile phase B: ACN. Gradient (Time(min), %B): 0, 30; 8, 80; 22, 

80; 24, 10; 30, 10; flow 0.5 mL min-1column temperature 30°C; injection volume: 20 µL. 

HPLC-UV analysis of Erlotinib product 5b: Column:Hypersil BDS C18; particle size 5 µm; 

length 150 mm, internal diameter: 4.6 mm. Mobile phase A: ACN:MeOH 1:1; Mobile phase 
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B: H2O:MeOH 1:1. Gradient (Time(min), %B): 0, 35; 40, 60; 50, 75; 51, 35; 60, 35; flow 1.0 

mL min-1; column temperature 25°C; injection volume: 10 µL. 

GC-MS analysis were recorded with a Hewlett-Packard 5971 spectrometer with GC 

injection and EI ionization at 70 eV coupled with an Agilent Technologies MSD1100 single-

quadrupole mass spectrometer, reported as: m/z (rel. intensity). 

Mass Spectrometry analysis were recorded on a QTRAP 3200 mass spectrometer in ESI+ 

mode. 

 

General procedure for the synthesis of 3a from 1a 

To an oven-dried 10 mL schlenk purged under N2 atmosphere, Pd(PPh3)2Cl2 (7.0 mg, 0.01 

mmol, 2%) and CuI (from 1% to 4%, see entries in Table 2.1), were dissolved in 1 mL of the 

desired degassed solvent (DMF, Cyrene, NBP, NBnP, HEP, NOP, NCP, An and tBuOAc), (see 

Table 2.1). The other reagents were then added in the following order: base (TEA or TMG, 

0.55 mmol, 1.1 eq, see Table 2.1), iodobenzene 1a (56 µL, 0.5 mmol, 1.0 eq) and 

phenylacetylene 2a (from 1.05 to 1.5 eq, see Table 2.1). The reaction mixture was heated 

to 30°C with an oil bath and maintained at this temperature under stirring. Samples for 

HPLC monitoring were taken at set time intervals (30 min, 60 min), after a mini quenching 

with H2O and dilution with CH3CN. Conversions of limiting iodobenzene 1a into 

diphenylacetylene 3a were monitored at set time intervals (30 min, 60 min) through HPLC-

UV analysis at 210 nm, after correction with the appropriate RRF (see following section on 

RRF calculation). In reactions with conversions >99%, after 1 h the mixture was quenched 

with H2O (3 mL) and extracted with cyclohexane (3 x 5 mL). The collected organic phases 

were washed with brine, dried over anhydrous Na2SO4 and concentrated under reduced 

pressure to give a yellow oil, which was purified by flash chromatography (silica gel, 100% 

cyclohexane) to afford compound 3a as a white solid (see Table 2.1). 

The synthesis of 3a was optimized using the following conditions: Pd(PPh3)2Cl2 (7.0 mg, 0.5 

mmol, 2%), CuI (1.0 mg, 0.005 mmol, 1%), TMG (69 µL, 0.55 mmol, 1.1 eq), iodobenzene 

1a (56 µL, 0.5 mmol, 1.0 eq), phenylacetylene 2a (58 µL, 0.525 mmol, 1.05 eq), HEP (1 mL), 

30°C, 30 min (see Entry 17, Table 2.1). 
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General procedure for the synthesis of 3b-l from 1b-l 

To an oven-dried 10 mL schlenk purged under N2 atmosphere, Pd(PPh3)2Cl2 (7.0 mg, 0.01 

mmol, 2%) and CuI (1.0 mg, 0.005 mmol, 1%), were dissolved in 1 mL of degassed HEP. The 

other reagents were then added in the following order: TMG (69 µL, 0.55 mmol, 1.1 eq), 

aryl iodide (0.5 mmol, 1.0 eq, see entries in Table 2.3) and acetylene (from 1.05 to 1.5 eq, 

see entries in Table 2.3). The reaction mixture was heated to 30°C or 50°C (according to 

what reported in Table 2.3) with an oil bath and maintained at this temperature under 

stirring. Samples for HPLC monitoring were taken at set time intervals (30 min, 60 min), 

after a mini quenching with H2O and dilution with CH3CN. After 1 h, the mixture was 

quenched with H2O (3 mL) and extracted with cyclohexane (3 x 5 mL). The collected organic 

phases were washed with brine, dried over anhydrous Na2SO4 and concentrated under 

reduced pressure to give a yellow oil, which was purified by flash chromatography to afford 

compounds 3b-l (see Table 2.3). 

 

General procedure for the synthesis of 3a and 5b from 4a-b 

To an oven-dried 10 mL schlenk purged under N2 atmosphere, Pd catalyst (0.01 mmol, 2%, 

see entries in Table 2.4), CuI (1.0 mg, 0.005 mmol, 1%, if specified in Table 2.4) and the 

desired ligand (0.02 mmol, 4%, if specified in Table 2.4) were dissolved in 1 mL of degassed 

HEP. The other reagents were then added in the following order: TMG (69 µL, 0.55 mmol, 

1.1 eq), aryl bromide 4a or 4b (0.5 mmol, 1.0 eq, see entries in Table 2.4) and acetylene 2a 

or 2h (1.5 mmol, 3.0 eq, see entries in Table 2.4). The reaction mixture was heated (see 

temperatures in Table 2.4) with an oil bath and maintained at this temperature under 

stirring. Samples for HPLC monitoring were taken at set time intervals (see entries in Table 

2.4), after a mini quenching with H2O and dilution with CH3CN.  

Conversions of limiting bromobenzene 4a into diphenylacetylene 3a were monitored at set 

time intervals through HPLC-UV analysis at 210 nm, after correction with the appropriate 

RRF (see following section on RRF calculation). In reactions with conversions >99% (see 

times in Table 2.4), the mixture was quenched with H2O (3 mL) and extracted with 

cyclohexane (3 x 5 mL). The collected organic phases were washed with brine, dried over 
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anhydrous Na2SO4 and concentrated under reduced pressure to give a yellow oil, which was 

purified by flash chromatography (silica gel, 100% cyclohexane) to afford compound 3a.  

 

Conversions of limiting 3-bromoaniline 4b into 1-amino-3-ethynyl-benzene 5b were 

monitored at set time intervals through HPLC-UV analysis at 210 nm. For reactions with 

conversions >99% (see Table 2.4), the work-up for compound 5b was performed in toluene. 

The collected organic toluene layers were concentrated under reduced pressure to the final 

volume of 5 mL and NaOH (0.5 mmol, 20 mg) was added and the mixture was refluxed for 

3h with an oil bath. The reaction was cooled to rt and washed with water. The organic 

phase was dried over anhydrous Na2SO4. After filtration, the solution was concentrated 

under reduced pressure to give 1- amino-3-ethynyl-benzene 6b as a yellowish oil. 

The synthesis of 3a was optimized using the following conditions: Pd(ACN)2Cl2 (2.6 mg, 0.01 

mmol, 2%), XPhos (10 mg, 0.02 mmol, 4%), TMG (69 µL, 0.55 mmol, 1.1 eq), bromobenzene 

4a (52 µL, 0.5 mmol, 1.0 eq), phenylacetylene 2a (165 µL, 1.5 mmol, 3.0 eq), HEP (1 mL), 

60°C, 2h (see Entry 4 Table 2.4).  

The synthesis of 5b was optimized using the following conditions: Pd(DPPF)Cl2·CH2Cl2 (8.1 

mg, 0.01 mmol, 2%), TMG (69 µL, 0.55 mmol, 1.1 eq), 3-bromoaniline 4b (54 µL, 0.5 mmol, 

1.0 eq), 2-methyl-3-butyn-2-ol 2h (145 µL, 1.5 mmol, 3.0 eq), HEP (1 mL), 60°C, 3h (see 

Entry 10, Table 2.4). 

 

Compounds characterization 

1,2-diphenylethyne (3a) 

 
 
White solid (97% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.58 – 7.41 (m, 4H), 7.40 – 7.35 (m, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.59, 128.33, 128.24, 123.27, 89.37. 

Anal. Calcd. for C14H10: C, 94.34; H, 5.66; found: C, 94.68; H, 5.65; 

GC-MS:  m/z: 178 (100 %), 152 (13%), 126 (7%). 
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1-nitro-4-(phenylethynyl)benzene (3b) 

 
 
Yellow solid (96% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.19 – 8.17 (m, 2H), 7.64 – 7.62 (m, 2H), 7.56 – 7.53 (m, 

2H), 7.38 – 7.36 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 146.95, 132.27, 131.84, 130.22, 129.28, 128.57, 123.58, 

122.10, 94.75, 87.59. 

Anal. Calcd. for C14H9NO2: C, 75.33; H, 4.06; N, 6.27; found: C, 75.26; H, 4.06; N, 6.27 

GC-MS: m/z: 223 (100%), 193 (33%), 176 (83%), 165 (40%), 151 (25%). 

 

1-nitro-3-(phenylethynyl)benzene (3c) 

 
 
Yellow solid (95% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.36 – 8.35 (m, 1H), 8.17 – 8,15 (d, 1H, J = 8.2 Hz), 7.82 

– 7.80 (d, 1H, J = 7.7 Hz), 7.53 – 7.49 (m, 3H), 7.40 – 7.38 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 148.11, 137.19, 131.77, 129.35, 129.06, 128.53, 126.28, 

125.10, 122.84, 122.19, 91.92, 86.91. 

Anal. Calcd. for C14H9NO2: C, 75.33; H, 4.06; N, 6.27; found: C, 75.14; H, 4.06; N, 6.26.  

GC-MS: m/z: 223 (100%), 176 (91%), 165 (10%), 151 (33%) 

 

1-methoxy-3-(phenylethynyl)benzene (3d) 

 
 
White solid (98% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 (m, 2H), 7.36 (m, 3H), 7.27 (m, 1H), 7.16 (m, 1H), 

7.09 (m, 1H), 6.91 (m, 1H), 3.84 (s, 3H);  

O2N

O2N

MeO
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13C NMR (100 MHz, CDCl3) δ (ppm) 159.6, 131.4, 129.3, 128.4, 128.3, 124.4, 124.2, 123.0, 

116.3, 114.9, 89.3, 89.1.  

Anal. Calcd. for C15H12O: C, 86.51; H, 5.81; found: C, 86.72; H, 5.81  

GC-MS: m/z: 208 (100), 178 (34%), 165 (40%) 

 

1-methoxy-4-(phenylethynyl)benzene (3e) 

 
 
White solid (98% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 – 7.49 (m, 4H), 7.38 – 7.33 (m, 3H), 6.91 – 6.89 (m, 

2H), 3.84 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 159.60, 133.03, 131.43, 128.28, 127.90, 123.59, 115.37, 

113.98, 89.36, 88.06, 55.27. 

Anal. Calcd. for C15H12O: C, 86.51; H, 5.81; found: C, 86.72; H, 5.81; 

GC-MS: m/z: 208 (100%), 193 (55%), 165 (58%). 

 

1-chloro-3-(phenylethynyl)benzene (3f) 

 
 
Colourless oil (95% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 (m, 3H), 7.42 (m, 1H), 7.37 (m, 3H), 7.30 (m, 2H); 
13C NMR (100 MHz, CDCl3) δ (ppm) 134.2, 131.6, 131.3, 129.7, 129.5, 128.9, 128.6, 128.4, 

125.0, 122.9, 91.0, 87.8.  

Anal. Calcd. for C14H9Cl: C, 79.07; H, 4.27; found: C, 78.83; H, 4.27  

GC-MS: m/z: 212 (100), 176 (45%), 151 (17%) 

 

2-(phenylethynyl)thiophene (3g) 

 
 
White solid (98% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 

MeO

Cl

S
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1H NMR (400 MHz, CDCl3) δ (ppm) 7.54 (m, 2H), 7.37 (m, 3H), 7.31 (m, 2H), 7.02 (m, 1H); 
13C NMR (100 MHz, CDCl3) δ (ppm) 132.0, 131.1, 128.4, 128.3, 127.2, 127.0, 123.1, 123.0, 

93.5, 82.4. 

Anal. Calcd. for C12H8S: C, 78.22; H, 4.38; found: C, 78.31; H, 4.39  

GC-MS: m/z: 184 (100%), 152 (13%), 139 (23%) 

 
 
2-methyl-4-phenylbut-3-yn-2-ol (3h) 

 
 
Yellow oil (94% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.40 (m, 2H), 7.30 (m, 3H), 2.01 (bs, 1H), 1.62 (s, 6H).  
13C NMR (100 MHz, CDCl3) δ (ppm) 131.6, 128.3, 128.2, 122.7, 93.9, 82.0, 65.6, 31.4. Anal. 

Calcd. for C11H12O: C, 82.46; H, 7.55; found: C, 82.78; H, 7.54  

GC-MS: m/z: 160 (22%), 145 (100%), 129 (10%), 115 (20%) 

 

N,N-dimethyl-3-phenylprop-2-yn-1-amine (3i) 

 
 
Colourless liquid (96% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 

 1H NMR (400 MHz, CDCl3) δ (ppm) 7.44 (m, 2H), 7.31 (m, 3H), 3.50 (s, 2H), 2.40 (s, 6H). 13C 

NMR (100 MHz, CDCl3) δ (ppm) 131.8, 128.3, 128.2, 128.1, 85.6, 84.3, 49.0, 44.3. Anal. 

Calcd. for C11H13N: C, 82.97; H, 8.23; N, 8.80; found: C, 82.99; H, 8.22; N, 8.77;  

GC-MS: m/z: 159 (75%), 143 (9%), 115 (100%), 89 (15%), 82 (15%). 

 

prop-1-yne-1,3-diyldibenzene (3j) 

 
 
Yellow oil (98% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.45 (m, 4H), 7.31 (m, 6H), 3.84 (s, 2H);  

OH

NMe2
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13C NMR (100 MHz, CDCl3) δ (ppm) 136.8, 131.6, 128.7, 128.6, 128.4,128.2, 127.9, 126.4, 

123.7, 88.0, 82.7, 25.4.  

Anal. Calcd. for C15H12: C, 93.71; H, 6.29; found: C, 93.81; H, 6.27  

GC-MS: rt 15.8 m/z: 192 (100%), 165 (30%), 115 (15%) 

 

3-phenylprop-2-yn-1-ol (3k) 

 
 
Yellow oil (95% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.43 (m, 2H), 7.33 (m, 3H), 4.50 (s, 2H), 1.84 (bs, 1H); 13C 

NMR (100 MHz, CDCl3) δ (ppm) 131.8, 128.7, 128.4, 122.7, 87.4, 85.6, 51.4.  

Anal. Calcd. for C9H8O: C, 81.79; H, 6.10; found: C, 81.97; H, 6.09  

GC-MS: m/z: 131 (100), 115 (20%), 103 (60%), 77 (53%) 

 

hex-1-yn-1-ylbenzene (3l) 

 
 
Yellow oil (75 mg, 95% yield);  
1H NMR (400 MHz, CDCl3) δ (ppm) 7.39 (m, 2H), 7.26 (m, 3H), 2.41 (t, J = 7.0 Hz, 2H), 1.59 

(m, 2H), 1.49 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H);  
13C NMR (100 MHz, CDCl3) δ (ppm) 131.5, 128.2, 127.8, 123.0, 89.9, 80.6, 30.6, 22.2, 20.9, 

13.4.  

Anal. Calcd. for C12H14: C, 91.08; H, 8.92; found: C, 91.22; H, 8.92  

GC-MS: rt m/z: 158 (26%), 143 (41%), 129 (80%), 115 (100%) 

 

4-(3-aminophenyl)-2-methylbut-3-yn-2-ol (5b) 

 
 
Pale yellow solid (96%); Purification by flash chromatography (Cy/EtOAc = 9/1) 

OH

OH

H2N
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1H NMR (400 MHz, CDCl3) δ (ppm) 7.08 (t, J = 7.8 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H), 6.75 (s, 

1H), 6.64 (d, J = 8.0 Hz, 1H), 3.67 (s, NH2), 2.21 (s, OH), 1.61 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 146.13, 129.15, 123.38, 122.03, 117.91, 115.28, 93.17, 

82.26, 65.53, 31.47. 

Anal. Calcd for C11H12NO: C, 75.40; H, 7.48; N, 7.99; found: C, 75.51; H, 7.42; N, 7.97; 

GC-MS: m/z: 175 (65%), 160 (100%), 144 (9%), 132 (14%), 118 (31%). 

 

1-amino-3-ethynyl-benzene (6d) 

 
 
Yellow oil (99%, calculated on the deprotection step); Purification by flash chromatography 

(Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ 7.11 (t, J = 7.8 Hz, 1H), 6.91 (d, J = 7.6 Hz, 1H), 6.82 (s, 1H), 6.68 

(dd, J = 8.0, 1.1 Hz, 1H), 3.69 (s, NH2), 3.03 (s, 1H). 
13C NMR (100 MHz, CDCl3) δ 146.21, 129.23, 122.73, 122.46, 118.28, 115.77, 83.88. 

Anal. Calcd for C8H7N: C, 82.02; H, 6.02; N, 11.96; found: C, 82.19; H, 6.00; N, 11.96; 

GC-MS: 9.42 m/z: 117 (100%), 89 (53%), 74 (8%). 

 

Calculation of the Relative Response Factor (RRF) 

In HPLC with UV-DAD, the response of the detector is the absorbance of the compound at 

a fixed wavelength. Exploiting the Lambert-Beer law, it is possible to evaluate the RRF.  

 

 
Where: 

- ε is the molar attenuation coefficient or absorptivity (corresponding to the 

absorbance of a 1M solution).  

- c is expressed in molarity (mol/L). 

The response factor, in analytical chemistry, is defined as the ratio between the molar 

concentration of a compound being analyzed and the response of the detector to that 

compound. In this way, the calculation of RRF is described below: 

H2N

A = l  c   ε
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Thus, considering two substances in which one is the product (B) and the second is the 

reagent (A), the RRF is: 

 

 
 
 
RRF between iodobenzene 1a and diphenylacetylene 3a 
 
 

Table S2.1: Calculation of iodobenzene RRF at several concentrations 

 
 
 

 
Figure S2.1: HPLC-UV spectrum of equimolar mixture of iodobenzene 1a and 
diphenylacetylene 3a at 0.0005 M concentration 
 
 
 
 
 
 
 
 

Response Factor (RF) =
Peak Area

Concentration (M)

RF =
RFA

RFB
=

Peak AreaA / ConcentrationA

Peak AreaB / ConcentrationB
=

Peak AreaA

Peak AreaB

ConcentrationA

ConcentrationB

0.0025
0.0005

0.00025
0.000025

Concentration
 (M)

84178.0
22370.1
11189.9
1121.3

3.05

34305.7
7315.2
3682.1
365.5

Iodobenzene area
 (mAu) RRF ∆RRF

Diphenylacetylene 
(mAu)

2.45
2.06
3.04
3.07
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RRF between bromobenzene 4a and diphenylacetylene 3a 
 

Table S2.2: Calculation of bromobenzene RRF at several concentrations 

 
 

 

 
Figure S2.2: HPLC-UV spectrum of equimolar mixture of bromobenzene 4a and 
diphenylacetylene 3a at 0.0005 M concentration 

 
 
Calculation of PMI and E-Factor 
 
The calculation of the green metrics (Chapter 1) parameters was performed on the model 

reaction between iodobenzene 1a and phenylacetylene 2a applying the optimized 

conditions described above with 10 mmol scale and considering 1M concentration. 

After the work up, HEP and cyclohexane were recovered through distillation giving crude 

product 3a 

 

0.0025
0.0005

0.00025
0.000025

Concentration
 (M)

8557.5
22536.4
11310.3
1138.9

2.68

39286.7
8516.1
4240.3
418.1

Bromobenzene area
 (mAu) RRF ∆RRF

Diphenylacetylene 
(mAu)

2.18
2.65
2.67
2.72
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Table S2.3: PMI and E-Factor calculations on the model reaction performed with 10 mmol 
scale 

 
 
 

In vitro metabolism of NMP and HEP 

Reagents. Pooled Wistar rat liver microsomes (RLM, pooled from 50 donors) and Xtreme 

human liver microsomes (HLM, pooled from 200 donors) were purchased from Xenotech, 

LLC (Cambridge, USA). Glucose-6-phosphate, β-nicotinamide adenine dinucleotide 

phosphate (NADP+), magnesium chloride, glucose-6-phosphate-dehydrogenase were 

purchased from Sigma-Aldrich (St. Louis, USA). 85% formic acid was provided by ACEF Spa 

(Piacenza, Italy); LC-grade acetonitrile (ACN) was supplied by Sigma Aldrich (Milan, Italy). 

Ultra-pure Millipore water was prepared by Milli-Q purification system (Millipore Corp., 

Bedford, MA, USA) and employed for LC mobile phase and sample preparations. All other 

chemicals and reagents were of analytical grade and commercially available. 

 

LC-HRMS analytical conditions for NMP and HEP metabolite profiling. LC-HRMS analyses 

were carried out on a Thermo LTQ-Orbitrap mass spectrometer (Thermo, USA) interfaced 

to a Dionex Ultimate 3000 LC system (Thermo, USA) through an electrospray ionization 

(ESI) source. HILIC chromatographic separation occurred on a Waters BEH Amide column 

Reagents Quantities (g)c Quantities with
recovery (g)

Iodobenzene 1a
Phenylacetylene 2a

TMG
Pd(PPh3)2Cl2

CuI
HEP

Water
Cyclohexane

Diphenylacetylene 3a

2.0
1.0
1.2

0.14
0.02
11.4
30

23.3
1.75

aPMI calculated considering all the reagents used. bPMI and EF calculated 
considering the 90% of recovery of HEP and 95% of recovery of cyclohexane. 
cReaction performed using 1M of concentration

2.0
1.0
1.2

0.14
0.02
1.1
30
1.2

1.75

Recovery
%

-
-
-
-
-

90
-

95
-

PMIa

PMIrb

EFb

40
-
-

-
21
3.8



Fast Heck−Cassar−Sonogashira (HCS) Reactions in Green Solvents 

 85 

(150 x 2.1 mm, 1.7 µm particle size). Mobile phases consisted of 0.2% formic acid in water 

(A) and acetonitrile (B) with a linear gradient as follows: 0 min 99%B, 0–10 min 99-90% B, 

10–15 min 90–10% B, 15–20 min 10% B, 20-21 min 99% B, 21-30 min 99%B. The flow rate 

was 0.20 ml/min. ESI source was operated in positive and negative ion mode with the 

optimized source parameters as follows: capillary voltage 3.0 kV (ESI+) 2.1 kV (ESI-); capillary 

temperature 275°C; sheath gas (nitrogen gas) flow rate 20 arb; auxiliary gas (nitrogen gas) 

flow rate 5 arb. The data were obtained in the mass range of m/z 50–300 with resolution 

of 60,000 FWHM. The collision energy was set at 35 V for obtaining the MS/MS spectra. 

Xcalibur software (Version 2.3.1, Thermo Fisher Scientific, USA) was employed for 

instrument control and data acquisition and processing 

 

LC-ESI-MS/MS analytical conditions for NMP and HEP metabolic stability assays. An 

Accela UHPLC system (Thermo, USA), equipped with a Phenomenex Luna HILIC column (2.0 

x 100 mm, 3 µm; Phenomenex, USA) was employed for LC-ESI-MS/MS analysis in multiple 

reaction monitoring acquisition mode (MRM). Mobile phases A and B were acetonitrile and 

ultra-pure water respectively, both containing 0.1% v/v formic acid. The following gradient 

was applied for elution: 95% A between 0 and 0.5 min; linear gradient to 50% A to 7 min; 

returning to 95% A in 1 min with 7-min reconditioning time. Total run time: 16 min. The 

flow rate was maintained at 0.28 ml/min and injection volume was 10 µL. A TSQ Quantum 

Access Max Triple Quadrupole mass spectrometer (Thermo, USA), equipped with a heated 

electrospray (H-ESI) ion source, was employed for compound detection. All analyses were 

performed by setting ion source voltage at 4000 V and capillary temperature at 270 °C. 

Nitrogen served both as sheath and auxiliary gas at 35 psi and 15 psi, respectively; argon 

with a pressure of 1.5 mtorr was employed as collision gas. ESI ion source operated in 

positive ion mode (ESI+). Tube lens voltages (TL) and collision energies (CE) for each parent-

product ion transition were optimized by Flow Injection Analysis (FIA) of 10 µM solutions 

in MeOH. NMP: m/z = 100.1 [M+H]+→ m/z = 69.3, 58.4, 41.6 [Tube Lens (TL) = 59 V; Collision 

Energies (CE) = 16, 22, 32 eV, respectively); HEP: m/z = 130.1 [M+H]+→ m/z = 112.2, 84.3, 

69.2 (TL = 52 V; CE = 8, 14, 15 eV). Xcalibur software version 2.2 (Thermo, USA) was 

employed for both data acquisition and processing. 
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Table S2.4: NMP, HEP and their metabolites identified in rat (RLM) and human liver 
microsomes (HLM) by LC-HRMS. 
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3.1 Introduction 

Catalysis has been listed by the fathers of green chemistry as a fundamental tool to shift 

the paradigm of chemical processes from classical to sustainable methodologies.1,2 Green 

metrics parameters can rapidly reveal that the use of stoichiometric technologies and large 

volume of solvents are the primary source of concern regarding waste output (Chapter 1.4).  

We have already contributed with our preliminary results on the use of several green 

solvents for the HCS coupling, namely, N-octylpyrrolidone (NOP), N-benzylpyrrolidone 

(NBnP), N-cyclohexylpyrrolidone (NCP), N-hydroxyethylpyrrolidone (HEP), anisole (An), and 

tert-butyl acetate (tBuOAc).3 However, with the exception of Lipshutz’s micellar approach 

in water [Turnover number (TON) of 1740; Turnover frequency (TOF) of 217 h-1; Process 

mass intensity (PMI) of 15],4 the amount of catalyst used in green alternative solvents, the 

reaction conditions, yields and PMI are not in line with the design of versatile, efficient, 

green, sustainable, and low-cost reactions.5–10 In addition, the metal must be readily 

separated and removed from the product, especially for pharmaceutical applications, since 

the International Conference of Harmonization Guidelines Q3D (ICH Q3D) set very low 

limits for elemental impurities in medicines.11 Consequently, there is a need for a user-

friendly, sustainable, efficient, and flexible protocol for the Heck-Cassar-Sonogashira (HCS) 

cross-coupling that could be easily used by chemists and easily optimized to design an 

industrial process. Finally, the identification of recycling and recovering conditions for the 

palladium catalysts remains a key goal to decrease costs while increasing reaction 

greenness and industrial potential.12 

The target of this study was the identification of a flexible and sustainable procedure that 

can be applied in parallel synthesis for drug discovery and that allows to easily optimize the 

reaction conditions in order to achieve high yields, high TON/TOF values and competitive 

PMI recalculated considering solvent, base, and palladium recovery. 

 

3.2 Results and discussion 

In Chapter 2, an efficient HCS protocol based on the use of 2 mol% of Pd(PPh3)2Cl2 as pre-

catalyst, 1 mol% of CuI as co-catalyst, and N,N,N,N-tetramethyl guanidine (TMG)13 as base 

in several green and biogenic solvents was described.3 Among them, HEP in combination 

with TMG showed the best performance in terms of reaction time and yield.  
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In order to create a completely green protocol, we decided to exploit the solubility and 

polarity of HEP to recycle and recover the catalyst in the HCS cross coupling process. It was 

seen in fact that, by adding a certain percentage of water, the solvent formed a perfect 

separation with various organic solvents. To achieve our purpose, we had to substitute the 

common Pd(PPh3)2Cl2 catalyst and use phosphine ligands that could transfer the catalyst in 

the HEP/H2O phase. 

Hence, with the aim to identify the best reaction conditions to recycle the catalyst with 

different substrates, the effect of water using simple and commercially available sulfonated 

phosphines as ligands was explored.14 The model reaction between phenylacetylene 2 and 

aryl derivatives 1a–c was performed in HEP using TMG as organic base, following both the 

Heck-Cassar and the Sonogashira protocols (Chapter 1.5) with PdII pre-catalysts. The 

beneficial effect of TMG to the HCS coupling can be ascribed to its very high pKa (15.2 in 

water and 23.3 in acetonitrile)15 that favors a rapid rearrangement from a π to a σ complex 

between the alkyne and the metal, generating complex C (Figure 3.3, Pd cycle I) in the 

copper-free protocol and the suitable species for the transmetalation step in the Pd/Cu 

cycle (Chapter 1.5). 

 

 
Figure 3.2: Sulfonated phosphines used in the HCS coupling 
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The coupling between phenylacetylene 2 and 1a–c was studied as a model reaction in order 

to identify the optimal conditions (concentration, cocatalyst, temperature, and 

stoichiometry) to be used in the recycling protocols. The results reported in Table 3.1 

showed that using the Sonogashira conditions, the conversion was always complete within 

1h, independently from the presence of water and from the nature of the phosphine 

(entries 1–5). The study was focused on readily available sulfonated ligands (Figure 3.2), 

namely sodium 3-(diphenylphosphino)benzenesulfonic acid sodium salt (TPPMS), 4,4’-

(phenylphosphinidene)bis(benzenesulfonic acid) dipotassium salt hydrate (TPPDS), and 

3,3’,3’’-phosphanetriyltris-(benzenesulfonic acid) trisodium salt (TPPTS). Since TPPTS is the 

cheapest and largely available water-soluble phosphine, being employed in the biphasic 

hydroformylation with rhodium catalysts (Ruhrchemie/Rhône-Poulenc process),16,17 and it 

induces a faster conversion using only 5 % excess of 2 (entry 3), we did not consider TPPMS 

and TPPDS for further studies. Interestingly, the Sonogashira coupling still provided 

excellent results decreasing the CuI cocatalyst amount down to 0.1 mol% (entries 6 and 7). 

In addition, the reactions performed with CuI, CuBr, and CuCl gave comparable results 

(entries 6–9). The Pd0/TPPTS catalyst proved to be efficient even in the absence of CuI, 

being able to smoothly generate diphenylacetylene 3 at 60°C in 1h (Entry 10) and at 30 °C 

in 14h (entry 11). However, the process can be accelerated by increasing the amount of 

acetylene (entry 12). 

 

Table 3.1: Screening of HCS cross-coupling in HEP/TMG/H2O system 

 

H PhPh-X

21a X = I
1b X = Br
1c X = OTf

PdII (2 mol%)
TMG (1.1 eq)

Ligand

HEP/water(20%)
Ph Ph Ph

Ph

3 5
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Moving to bromobenzene 1b, the Pd0/TPPTS catalyst was able to induce complete 

conversion at 60°C in 4h (entry 13) with a copper-free HC protocol. The homocoupling 

product 4 (Figure 3.4) was not detected, but, on the contrary, 12 % of [(E)-4-phenylbut-1-

en-3-ynyl]benzene] 5 was found in the final reaction mixture. The side product was 

suppressed by a slow addition of phenylacetylene 2 in 4h (entry 14), which also allowed to 

decrease the need for alkyne excess. The catalyst generated with Buchwald’s ligand, 

sodium 2’- dicyclohexylphosphino-2,6-dimethoxy-1,1’-biphenyl-3-sulfonate (sSPhos) 

(Figure 3.2),18 afforded product 3 in high yield without copper at 60°C (entry 15). The 

formation of enyne 5 was again controlled by decreasing the excess of 2 and using the slow 

addition mode (entry 16). 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

1a
1a
1a
1a
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1a
1a
1a
1a
1a
1a
1b
1b
1b
1b
1b
1b
1b
1c
1c
1c

Pd(PPh3)2Cl2
Pd(PPh3)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
Pd(ACN)2Cl2
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-
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TPPTS (4)
TPPMS (4)
TPPDS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
TPPTS (4)
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-
-
-
-
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30
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0.5
0.5
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1
1

0.5
1
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1

14
3
4
4
2
2
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2
3
1
3
4

>99 (97)c
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aDetermined by HPLC. bThe products were isolated after cyclohexane extraction and purification by flash 
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obtaining the same reaction yield. ePhenylacetylene 2 was added using a syringe pump over the reaction 
time
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Figure 3.2: HC copper-free mechanism (Pd cycle I); Mechanism of the Pd0 catalyzed self-
hydroalkynylation of phenylacetylene 2 (Pd cycle II) 

 
Only the Sonogashira protocol could be successfully performed at 30°C and the reaction 

afforded selectively the coupling product 3 in a few hours even with 0.1 mol% of CuI 

(entries 17–19). Phenyl triflate 1c behaved similarly to the corresponding bromide 1b. In 

fact, the copper free reaction at 60 °C selectively afforded 3 in 1h with the rapid addition 

of 2 and in 3h with the slow addition of the acetylene to suppress the byproduct formation 

(entries 20 and 21), while with the Pd0/CuI catalytic system the reaction was completed in 

4h at 30°C (entry 22).  
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Figure 3.4: Mechanisms for the formation of the homocoupling product 4 

 

The formation of the homocoupling product 4 is considered the main side reaction of the 

HCS coupling reaction,19 and it can be generated by both pathways described in Figure 3.4. 

Specifically, 4 could arise from the dimerization of complex I catalyzed by CuI salts (Glaser-

Hay coupling) 20–23 or from a reductive elimination originated by PdII complex H. However, 

in our case, all the reactions were performed under nitrogen atmosphere with degassed 

solvents and the Glaser-Hay coupling, which would require oxidative conditions, was 

completely suppressed. On the other hand, when the copper-free HC coupling with 

HEP/water/TMG protocol was applied, the homocoupling byproduct 4 was never observed 

in the operative conditions with sulphonated phosphines. These observations are 

inconsistent with the mechanism proposed by Kosmrlj24 who describes the copper-free 

reaction via a Pd-Pd transmetallation through complex H where the homocoupling 4 is the 

major byproduct (Chapter 1.5) 

The different experimental evidence could be attributed to the matched effect of protic 

solvents, base and phosphine on the reaction mechanism.  For this reason, the direct 

coordination of the acetylene on complex B in the copper-free protocol cannot be totally 

ruled out and requires further investigations.25–27 
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In a few reactions (entries 13, 15, 20), the presence of compound 5 was observed instead 

of the homocoupling product 4, coming from self-hydroalkynylation of phenylacetylene 2 

(Figure 3.3, Pd cycle II).28,29 When the HCS coupling is inefficient and the reaction requires 

high temperature and a large excess of acetylene, the formation of enyne 5 can become a 

competitive process.28,29 

This is observed only for coupling reactions performed using the Heck-Cassar protocol with 

bromides and triflates as leaving groups. The reaction outcome is related to the efficiency 

of the oxidative addition of the Pd0 complex on the aryl halide 1 versus the one on the 

acetylene 2. With iodide 1a the HCS is fast and selective, while with less efficient 1b and 

1c, where the OA is slow and probably the rate determining step of the reaction, the 

competition with alkyne 2 was emerging generating variable amount of enyne byproduct 

5. However, the simple slow addition of the acetylene allowed to suppress this side reaction 

and selectively afford diphenylacetylene 3 in high yield. When the reaction was performed 

using deuterated phenylacetylene 2D in the absence of aryl halide and copper cocatalyst, 

the corresponding deuterated enyne 5D was isolated, thus confirming that the vinylic 

hydrogens are coming exclusively from the acetylene moiety. In fact, enyne 5 is the first 

step toward acetylene oligomerization.30 

It is also important to stress that the reactions of Table 3.1 (entries 10 and 16) carried out 

using 0.2 mol % of catalyst instead of 2 mol % under Heck-Cassar conditions did not reach 

complete conversion after 14 h. These observations supported the idea to recycle the 

catalyst using sulfonated phosphines with short reaction time, thus opening the possibility 

to increase the TON of the HCS reaction in HEP/water. 

Since the HCS cross-coupling and, in general, Pd0-catalyzed reactions are compatible with 

several functional groups on the aromatic ring, we decided to explore the substrate scope 

by performing the reaction on bromides and triflates bearing electron-donating 

substituents that could potentially decrease the efficiency of the oxidative addition step. 

In addition, as highlighted by our recent results, the HCS outcome is mainly affected by the 

nature of the alkyne, and the attention was therefore focused on differently substituted 

acetylenes. The results reported in Table 3.2 show that the catalyst, generated in the 

HEP/water/TMG system, could be easily recycled independently from the leaving group, 

the electron-donating moiety on the aryl derivative, the sulfonated phosphine ligand and 
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the protocol used. The simple extraction with an immiscible solvent such as cyclohexane 

(Cy) allows to easily recover the final product, leaving the catalyst intact in the HEP/water 

phase. The catalyst solution was then used in the following reaction cycle by simply adding 

the two reagents and the TMG base (Figure 3.5). The recycling time was fixed (0.5, 1, 2, or 

3h) according to the reaction rate, and the conversion, measured after each cycle workup, 

was > 95 % in all cases. 

It is worth noting that the Sonogashira iterative protocol was stopped after 10 recycles with 

1a even if in many cases the catalyst was still active (Table 3.2, entries 1–8), whereas the 

copper-free protocol of the reaction between 2 and aryl iodide 1a at 60°C was recycled 15 

times (entry 9). 

 

Table 3.2: HCS catalyst recycling: effect of ligand, leaving group and alkyne substitution 

 

H R1Ar-X

1a, b, c  
11b   
11c
12b
12c
13b

PdII (2 mol%)
TMG (1.1 eq)

Ligand

HEP/water(20%)
Ar R1

 3 - 20Ar = Ph
Ar = 4MePh, X = Br
Ar = 4MePh, X = OTf
Ar = 4MeOPh, X = Br
Ar = 4MeOPh, X = OTf
Ar = 3NH2Ph, X = Br

2
6
7
8
9

10

R1 = Ph
R1 = Me2(OH)C
R1 = Me2NCH2
R1 = PhCH2
R1 = HOCH2
R1 = CH3(CH2)2CH2

OH
NMe2 OH

MeO

OH

NH2

3 14 15 16 17

18 19 20 21

2221

NH2
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Moving to aryl bromides and triflates 1b-c, the catalyst was easily recycled more then 10 

times in all cases excluding the reactions containing 1-hexyne 10 as starting alkyne (Table 

3.2, entries 15 and 21). Moreover, in order to suppress the formation of the enynes and 

enhance the selectivity and the atom economy of the protocol, some reactions required 

the slow addition of the acetylene (entries 10, 12, 13, 17, 18, 19).  

To further confirm the robustness of the procedure, the key intermediate for the synthesis 

of Erlotinib, 22, was successfully isolated with an average yield of 94 % after 8 cycles and 

quantitative deprotection from 21 (entry 16). The HEP/water system allowed to completely 

recycle the catalyst avoiding any leakage. In fact, the combined crude materials coming 

from the reactions, obtained by extraction/solvent distillation, were analyzed by 

inductively coupled plasma optical emission spectrometry (ICP-OES) and contained < 0.25 

ppm of palladium metal and < 0.02 ppm of copper when Sonogashira protocol was applied, 

hence satisfying an essential requirement for pharmaceutically industrial applications. 
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Figure 3.4: General recycling protocol  

 

The recycling sequence (10 cycles) normally took 2–3 days overall in the lab, and the 

catalyst solution in HEP/water was stored overnight at room temperature under nitrogen 

without any loss in the catalytic activity. Furthermore, in order to increase the flexibility of 

the protocol, alternative solvents for final product extraction were also tested, repeating 

the reaction reported in entries 1 and 9 of Table 3.2. Toluene, CH2Cl2, 2-methyl 

tetrahydrofuran (2-MeTHF), methyl tert-butyl ether (MTBE), ethyl acetate (EA), and the 

greener isobutyl acetate (IBA) were explored to test work-up efficiency. With the only 

exception of CH2Cl2 and EA, all the solvents were efficient in extracting the product from 

the reaction mixture and the possible organic solvent residue in the HEP/water phase did 

not affect the catalyst recycling. The extraction, phase separation and catalyst recycling can 

be easily scaled up in a continuous process at industrial level with currently available 

technologies. Finally, with the optimized conditions in hand, we scaled up 10 times the 

substrate amount reaching a 5 mmol scale and increased the reaction concentration from 

1 to 2.5 M. The catalyst amount was decreased to 0.2 mol% still giving complete 

conversions in a few hours (3–4 h) independently from the leaving group and the protocol 

applied, allowing up to 5 recycles (Table 3.3). TON and TOF ranged between 1380–2375 

and 110–158 h-1, respectively, while the PMI ranged from 7 to 8. 
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Table 3.3: HCS coupling with optimized condition: evaluation of TON, TOF, PMI and PMIr 

 

 
 

In order to increase the sustainability, the spent catalyst solution was treated with sodium 

formate to generate palladium black that was filtered out with the aid of charcoal (90% 

palladium recovery). The remaining mixture was then treated with solid NaOH and distilled 

to recover TMG and HEP with a 95% yield. The PMI after recovery was close to 3 in all 

entries of Table 3.3. 

 

 
Scheme 3.1: Erlotinib synthesis. Pd(ACN)2Cl2 (0.2 mol%), sSPhos (0.6 mol%), 6 (2 eq), 
HEP/H2O/TMG, 80°C 10h; 3 recycles a) Toluene:NaOH (1.5 eq), 1h reflux b) 23 (0.9 eq), 
Toluene:IPA 1:1, 4h, 55°C, 75% yield c). 
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The protocol was successfully applied to the telescoped synthesis of Erlotinib 24 (Scheme 

3.1). The HCS was carried out following a procedure similar to the ones in Table 3.3 (3 

recycles; TON: 1380; TOF: 46 h-1) and using toluene for the extraction of 21 since it was the 

reaction solvent of step b). 

The limited amount of recycles is related to the presence of the aniline moiety that 

interferes with the palladium catalyst. The toluene solution of intermediate 21 was treated 

with NaOH at reflux for 1 h to get 22, washed with water, concentrated to 0.5 M solution, 

and immediately used in the coupling with 23 (toluene/isopropanol) to get Erlotinib 24 with 

a 75% overall yield from 13b. 

 

3.4 Conclusions 

The palladium-catalyzed HCS cross-coupling using sulfonated phosphines in HEP/water as 

solvent mixture and TMG as base, proved to be applicable on aryl iodides, bromides, and 

triflates. The catalyst, being stable and perfectly soluble in HEP/water, could be recycled, 

and the product, after a simple extraction and solvent evaporation, recovered free from 

metal contamination. 

The process was further optimized to drastically decrease the required amount of Pd 

catalyst and increase the TON and TOF up to 2375 and 158 h-1, respectively.31 

Palladium metal, TMG, and HEP were recovered from the exhausted catalyst solution, and 

the recalculated process mass intensity was close to 3 based on the crude mixture. 

The identification of the side reaction that generates the enyne derivatives with the 

copper-free Heck-Cassar protocol was limited by the simple control of the alkyne addition 

rate to optimize the stoichiometry. Concerning the transmetalation process, 

HEP/water/TMG system plays an important role on the copper-free reaction mechanism; 

nevertheless, the occurrence of the alkyne direct coordination on the oxidative addition 

complex or the transmetallation process between two PdII complexes cannot be 

ascertained by our study and deserves further investigations. Tyrosine kinase inhibitor 

Erlotinib 24 was obtained in high yield from 13b via a three-step telescoping process 

starting from a sustainable HCS coupling procedure. 
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3.5 Experimental 
 
General information 
 
Commercial reagents (reagent grade, >99%) were used as received without additional 

purification. Aryl triflates 11c and 12c32 were synthesized as reported in literature, and 

phenylacetylene 2D33 as reported in literature. 

Solvents (Cy, DCM, MTBE, HEP, toluene, 2-MeTHF, IBA, IPA) are commercially available and 

were used after degassing. 
1H NMR, 13C NMR and 31P NMR spectra were recorded with an Agilent-Technologies-Varian 

INOVA 400 MHz and 100 MHz instrument 1H/19F/X 5 mm PFG ATB Broadband Probe, VT, 

single, double and triple resonance, z-axis pulsed field gradients, serves broadband probe 

and customized variable temperature – 5 mm Broadband probe. NMR multiplicities are 

abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, spt = septet, m = 

multiplet, bs = broad signal. Coupling constants J are given in Hz. All 1H and 13C chemical 

shifts are calibrated to residual protic-solvents. 

HPLC-UV analysis were recorded with an Agilent 1260 InfinityLab instrument. Column: 

Zorbax® SB-C18; particle size 5 µm; pore size 100 Å; length 250 mm, internal diameter: 4.6 

mm. Mobile phase A: H2O, mobile phase B: ACN. Gradient (Time(min), %B): 0, 30; 8, 80; 22, 

80; 24, 10; 30, 10; flow 0.5 mL min-1column temperature 30°C; injection volume: 20 µL. 

HPLC-UV analysis of Erlotinib product 24: Column:Hypersil BDS C18; particle size 5 µm; 

length 150 mm, internal diameter: 4.6 mm. Mobile phase A: ACN:MeOH 1:1; Mobile phase 

B: H2O:MeOH 1:1. Gradient (Time(min), %B): 0, 35; 40, 60; 50, 75; 51, 35; 60, 35; flow 1.0 

mL min-1; column temperature 25°C; injection volume: 10 µL. 

GC-MS analysis were recorded with a Hewlett-Packard 5971 spectrometer with GC 

injection and EI ionization at 70 eV coupled with an Agilent Technologies MSD1100 single-

quadrupole mass spectrometer, reported as: m/z (rel. intensity). 

Mass Spectrometry analysis were recorded on a QTRAP 3200 mass spectrometer in ESI+ 

mode. 

Spectrometer ICP-OES AGILENT 5110 was used to determine the concentration of Pd and 

Cu in the solution. Power: 1200 W; Auxiliary gas: Argon (1.0 L min−1); nebulizer gas: nitrogen 

(0.7 L min−1); peristaltic pump speed: 12 rpm. Samples for ICP-OES were digested with 8 mL 
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HNO3/HCl (1:3) using a microwave digestion system held at 175 °C for 10 minutes. The 

volume of the digests was then made up to 50 mL with de-ionized water before analysis by 

ICP-OES. Calibration standards for the quantification of the digested samples were 

prepared in 5% HNO3. Palladium standards from FaggiEnrico and copper standards from 

Exaxol Italia. 

Step c) of Erlotinib 24 synthesis and characterization (Scheme 3.1) performed with the 

collaboration of FKOL team in Gurgaon (India). 

 

General procedure for Sonogashira cross-coupling 
 
Reaction with aryl iodides 1a 
 
To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.01 

mmol, 2%, 2.6 mg), phosphine ligand (TPPTS, TPPDS, TPPMS, 0,02 mmol, 4%) and CuX co-

catalyst (CuI, CuBr, CuCl, in different amounts: 1%, 0.5 %, 0.25%, 0.1%, see Table 3.1), were 

dissolved in 1 mL or 0.5 mL of HEP and water as co-solvent. The other reagents were then 

added in the following order: TMG (93 mg, 69 µL, 0.55 mmol, 1.1 eq), iodobenzene 1a (102 

mg, 56 µL, 0.5 mmol, 1.0 eq) and alkyne (from 1.05 to 1.5 eq, see Table 3.1). The reaction 

mixture was heated to 30°C with an oil bath and maintained at this temperature under 

stirring; the conversion was evaluated through HPLC-UV analysis at 210 nm considering the 

appropriate Relative Response Factor (RRF) (see Experimental section of Chapter 2 for RRF 

calculation). At reaction completion, the mixture was quenched with H2O (3 mL) and 

extracted with an appropriate organic solvent (3x5 mL). The collected organic phases were 

washed with brine, dried over anhydrous Na2SO4 and concentrated under reduced 

pressure. The reaction crude was purified by flash chromatography (eluents and isolated 

yields specified below in Compound Characterization section). 

 

Reaction with aryl bromides 1b 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.01 

mmol, 2%, 2.6 mg), TPPTS or sSPhos, (0.4% to 0.6%) and CuX co-catalyst (CuI, CuBr, CuCl, 

in different amounts: 1%, 0.5 %, 0.25%, 0.1%, see Table 3.1), were dissolved in HEP and 

water as co-solvent. The other reagents were then added in the following order: TMG (93 
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mg, 69 µL, 0.55 mmol, 1.1 eq), bromobenzene 1b (102 mg, 56 µL, 0.5 mmol, 1.0 eq) and 

phenylacetylene 2 (from 1.05 to 1.5 eq, see Table 3.1). The reaction mixture was heated to 

30°C with an oil bath and maintained at this temperature under stirring; the conversion 

was evaluated through HPLC-UV analysis at 210 nm considering the appropriate RRF (see 

Experimental section of Chapter 2 for RRF calculation). At reaction completion, the mixture 

was quenched with H2O (3 mL) and extracted with an appropriate organic solvent (3x5 mL). 

The collected organic phases were washed with brine, dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The reaction crude was purified by flash 

chromatography (eluents and isolated yields specified below in Compound 

Characterization section). 

 

Reaction with aryl triflates 1c 
 
To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.01 

mmol, 2%, 2.6 mg), sSPhos (from 4 to 6%) and CuI co-catalyst (from 0.25 to 1%), were 

dissolved in HEP and water as co-solvent. The other reagents were then added in the 

following order: TMG (93 mg, 69 µL, 0.55 mmol, 1.1 eq), phenyl trifluoromethanesulfonate 

1c (113 mg, 81 µL, 0.5 mmol, 1.0 eq) and phenylacetylene 2 (54 mg, 0.525 mmol, 1.05 eq). 

The reaction mixture was heated to 30°C with an oil bath and maintained at this 

temperature under stirring; the conversion was evaluated through HPLC-UV analysis at 210 

nm considering the appropriate RRF (see Experimental section for RRF calculation). After 

reaction completion, the mixture was quenched with H2O (3 mL) and extracted with an 

appropriate organic solvent (3x5 mL). The collected organic phases were washed with 

brine, dried over anhydrous Na2SO4 and concentrated under reduced pressure. The 

reaction crude was purified by flash chromatography (eluents and isolated yields specified 

below in Compound Characterization section). 

 
General procedure for Heck-Cassar cross-coupling 
 
The procedure for the Heck-Cassar protocol is analogue to that described for the 

Sonogashira cross-coupling, with the same classification for aryl iodide, bromide and 

triflate. Anyway, the reactions were conducted at 60°C or 30°C in absence of CuX as co-

catalyst. An excess of alkyne was required to make the reaction faster, when necessary. 
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Slow addition of alkyne 2 was performed to completely supress the formation of by-

product 5. 

 

Recycling protocol 

After complete conversion of the desired reaction (monitored with HPLC-UV at 210 nm), 

the mixture was extracted three times under N2 with an appropriate organic solvent, not 

miscible with the HEP/water solution. The organic layer was removed with a syringe, 

another portion of TMG, aryl halide and alkyne were added to the HEP/water phase and 

another catalytic cycle was performed at 30 or 60°C. The conversion of the new cycle of 

reaction was monitored by the previously mentioned analysis. The organic phases obtained 

from the different cycles were combined, distilled to recover the organic solvent, and the 

residue purified if necessary by flash chromatography (yields and recycles are reported in 

Table 3.2 and Table S3.1. 

 

Table S3.1: HCS catalyst recycle, TON and TOF of entries reported in Table 3.2 
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Recovery of HEP, TMG and Pd 
 
Protocol applied on the optimized reaction condition (Entries of Table 3.3) 

At the given time, the reaction was cooled at rt, extracted with cyclohexane and the 

HEP/water phase containing the catalyst was recycled. 

After the final cycle, product 3 was again extracted with cyclohexane and the combined 

organic extracts were distilled and the product could be recovered without further 

purification. It was also possible to distil the cyclohexane after each cycle. The reaction 

mixture, containing HEP/water, conjugated TMG acid and the catalyst complex, was 

treated with sodium formate (0.04 mmol, 2.8 mg) for 1h at 60°C in order to generate 

palladium black. At reaction completion, the mixture was filtered out with the aid of 

charcoal (60 mg) and the palladium metal was recovered. The filtrate was basified with 

NaOH (3.0 eq to the total amount of TMG) to achieve a pH around 13-14 and then distilled 

under reduced pressure to recover HEP and TMG with a 95% yield. 

 

Table S3.2: Example of PMI calculation on the optimized HCS reaction (Entry 1, Table 3.3) 

 

Reagents Single run (mg) 5 cycles (mg)a

Iodobenzene 1a
Phenylacetylene 2a

TMG
Pd(ACN)2Cl2

TPPTS
CuI
HEP

Water
Sodium formate

NaOH
Charcoal

Cyclohexane
Diphenylacetylene 3ad

1020
536
633
2.6

17.1
0.5

1943
300

-
-
-

3510
875

5100
2680
3165
2.6

17.1
0.5

1943
300

-
-
-

17550
4233

Recovery %

-
-

95
90
-

95
-

95
-
-
-

95
-

5 cycles and 
final recovery (mg)b

5100
2680
158
0.26
17.1
0.5
97

300
2.8

3000
60

877c

4233

PMI

PMI after Pd/TPPTS
and HEP/water recycle

PMI after final recovery
of Pd, HEP, TMG and Cy

9.0

7.3

2.9

- - -

- --

- - -

aPMI calculated after 5 cycles and recycle of Pd complex and HEP/water. bPMI calculated after 5 
cycles and recycle of Pd complex, HEP/water and final recovery of Pd metal, TMG, HEP and 
cyclohexane. cThe organic phases obtained from the different cycles were combined and distilled to 
recover 95% of cyclohexane. It is possible to distill the cyclohexane also after each cycle. dProduct 
3a obtained without purification.



Palladium Catalyst Recycling for Heck-Cassar-Sonogashira Cross-Coupling in Green Solvent/Base Blend 
 

 108 

Table S3.3: HCS catalyst recycle and TON, TOF and PMI calculations of entries reported in 
Table 3.3 

 
 

 
General procedure for the synthesis of 11c and 12c 
 
 

 
 

The preparation of 11c/12c was adapted from literature.32 To a solution of a general 

substituted phenol (4.0 mmol) and pyridine (1.7 eq, 6.8 mmol) in CH2Cl2 (6 ml), Tf2O (1.2 

eq, 4.8 mmol) was added dropwise at 0°C. After stirring for 2 h at room temperature, the 

reaction mixture was quenched with 10% aqueous HCl. The organic layer was washed with 

saturated aqueous NaHCO3 and then with brine. The combined organic phases were dried 

over anhydrous Na2SO4 and filtered. The filtrate was concentrated under reduced pressure 

and the residue was purified with flash chromatography on silica gel) to give the desired 

product (eluents and isolated yields specified below in Compound Characterization 

section). 

 

 

 

 

 
 

OH

R

Tf2O (1.2 eq)
Pyridine (1.7 eq)

DMC, 0°C - rt

OTf

R

R = Me  11c
R = OMe  12c
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Synthesis of Erlotinib 24 
 

 

 

The intermediate 21 was prepared according to the general procedure for Heck-Cassar 

cross-coupling carried out in Table 3.3 (5 mmol scale) and using toluene as extraction 

solvent. After 3 recycles (10h for each cycle, 92% overall yield) the combined organic phases 

were transferred into a 100 mL round-bottom flask, and directly treated with NaOH (1.5 

eq) to carry out the deprotection step of the masked acetylene.34 The mixture was refluxed 

for 1h, and the acetone byproduct was removed periodically through a Dean-Stark trap. 

Upon completion, the reaction was cooled to 25°C, 10 mL of water was added and 

intermediate 22 was extracted with fresh toluene (3x20 mL) and transferred into 250 mL 

round-bottom flask. The volume of the mixture was then decreased to 30 mL after 

concentration under vacuum to reach a concentration 0.5 M. 4-chloro-6,7-bis(2-

methoxyethoxy)quiniazoline 23 (0.9 eq) was dissolved in 30 mL of IPA and charged to the 

solution containing 22. The reaction mixture was then stirred for 4h at 55°C. After reaction 

completion, monitored with TLC, the solution was cooled to room temperature and filtered 

to obtain product 24 with an overall yield of 75%. 

 

 

 

 

NH2

OH

NH2

NaOH

Toluene, reflux

21 22

HCS

HEP/water(30%)
80°C

Br

NH2

6

13b

N

N

HN
O

O

O
OIPA, Toluene

55°C

24

N

N

Cl
O

O

O
O

23
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Mechanistic studies 

Formation of byproduct 5 with aryl bromides (relative percentages are reported in Table 

3.2) 

 

 

 
Figure S3.1: HPLC chromatogram of HCS cross-coupling (a, entry 18; b, entry 19; c, entry 15, 
Table 3.2). Diphenylacetylene product (3) at 24.427 min (a), 24.063 min (b), 22.786 min (c) 
and formation of byproduct 5 at 26.101 min (c). No trace of 5 in Sonogashira condition with 
1.0% and 0.1% of copper salt at 30°C).  
 
 
 

 

 

 

Ph Ph
HEP/water(20%), 60°C

PdII 2 mol%, TMG 1.1eq,
Ligand

Ph-Br Ph H
Ph

Ph
21b 3 5
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Formation of byproduct 5 with different aryl halides (relative percentages are reported in 

Table 3.2) 

 

 

 
Figure S3.2: HPLC chromatogram of HC cross-coupling reaction between aryl halides and 
phenylacetylene 2 in HEP/water solution at 60°C. a) peak at 15.129 min = residual 
phenylacetylene 2; peak at 23.205 min = product 3 (entry 10, Table 3.2); b) peak at 15.011 
min = residual phenylacetylene 2; peak at 22.786 min = product 3; peak at 26.101 min = 
byproduct 5 (entry 15, Table 3.2); c) peak at 15.007 min = residual phenylacetylene 2; peak 
at 22.746 min = product 3; peak at 26.028 = byproduct 5 (entry 20, Table 3.2). 
 
 
Synthesis of byproduct 5 
 

 
 

Ph Ph
HEP/water(20%), 60°C

PdII 2 mol%, TMG 1.1eq,
Ligand

Ph-X Ph H
Ph

Ph
2X = I, Br, OTf 3 5

HEP/water(20%), 60°C

TMG (1.1 eq)
Pd(ACN)2Cl2 (2 mol%) 

TPPTS (4 mol%) Ph
Ph

5

Ph H

2
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To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.01 

mmol, 2%), TPPTS (0.02 mmol, 4%) (mmol calculated from the mmol of aryl halide in 

standard HCS cross-coupling) were dissolved in HEP and water as co-solvent. Then, the 

other reagents were added in the following order: TMG (93 mg, 69 µL, 0.55 mmol, 1.1 eq) 

and phenylacetylene 2 (153 mg, 164 µL eq, 1.5 mmol, 3.0 eq). The reaction mixture was 

heated to 60°C with an oil bath and maintained at this temperature under stirring for 14 h. 

The formation of 5 was monitored by HPLC-UV. The mixture was then quenched with H2O 

(3 mL) and extracted with cyclohexane (3x5 mL). The collected organic phases were washed 

with brine, dried over anhydrous Na2SO4 and concentrated under reduced pressure. The 

reaction crude was purified by flash chromatography (eluent and isolated yield specified 

below in Compound Characterization section). 

 

 
Figure S3.3: a) HPLC chromatogram of the reaction of phenylacetylene 2 in HC condition in 
HEP/water: peak at 15.101 min = residual phenylacetylene 2; peak at 26.249 = 1,4-diphenyl-
1-buten-3-yne byproduct 5; b) HPLC chromatogram of isolated byproduct 5. 
 
 
 
Synthesis of 2D33 
 
 

 

Ph H

2

Ph D

2D

1) n-BuLi, THF
-78°C, 30 min

2) D2O, R.T, 12h
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To a solution of phenylacetylene 2 (510 mg, 550 µL, 5.0 mmol) in dry THF (10 ml), n-BuLi 

(1.5 eq, 2.5 M in hexane solution) was added dropwise at −78˚C under N2 atmosphere. The 

mixture was stirred at -78°C for 30 min, then warmed to room temperature. D2O (2.5mL) 

was added under N2 atmosphere, and the mixture was stirred at rt for 12 h. The organic 

layer was separated and the aqueous phase was extracted with CH2Cl2 (3x5 mL). The 

combined organic layers were washed with CH2Cl2 (3x20 mL), dried over anhydrous Na2SO4 

and filtered. The filtrate was concentrated in vacuo to afford 2D (490 mg, 95%, D% = 98%). 

 

Synthesis of 5D35,36 
 

 
 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.01 

mmol, 2%), and TPPTS (0,02 mmol, 4%) were dissolved in HEP/water mixture. Then, the 

other reagents were added in the following order: TMG (93 mg, 69 µL, 0.55 mmol, 1.1 eq) 

and 2D (153 mg, 164 µL eq, 1.5 mmol, 3.0 eq). The reaction mixture was heated to 60°C 

with an oil bath and maintained at this temperature under stirring for 14h. The formation 

of 5D was monitored by HPLC-UV. The mixture was then quenched with H2O (3 mL) and 

extracted with cyclohexane (3x5 mL). The collected organic phases were washed with 

brine, dried over anhydrous Na2SO4 and concentrated under reduced pressure. The 

reaction crude was purified by flash chromatography (Cy 100%). 

 

Compound characterization 

The yields are calculated considering the single run of HCS reaction 

 

1,2-diphenylacetylene (3) 

 
 
White solid (98% yield); Purification by flash chromatography (Cy 100%) 

HEP/water(20%), 60°C

TMG (1.1 eq)
Pd(ACN)2Cl2 (2 mol%) 

TPPTS (4 mol%) Ph
Ph

5D

Ph D

2D

D

D
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1H NMR (400 MHz, CDCl3) δ (ppm) 7.58 – 7.41 (m, 4H), 7.40 – 7.35 (m, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.59, 128.33, 128.24, 123.27, 89.37. 

Anal. Calcd. for C14H10: C, 94.34; H, 5.66; found: C, 94.68; H, 5.65; 

GC-MS: rt m/z: 178 (100 %), 152 (13%), 126 (7%). 

 

2-methyl-4-phenylbut-3-yn-2-ol (14) 

 
 
Yellow oil (94% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.42 – 7.39 (m, 2H), 7.28 – 7.26 (m, 3H), 2.50 (s, OH), 

1.61 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.54, 128.15, 128.12, 122.68, 93.81, 82.01, 65.49, 

31.40.  

Anal. Calcd. for C11H12O: C, 82.46; H, 7.55; found: C, 82.78; H, 7.54; 

GC-MS: rt 10.1, m/z: 160 (22%), 145 (100%), 129 (10%), 115 (20%). 

 

N,N-dimethyl-3-phenylprop-2-yn-1-amine (15) 

 
 
Colourless liquid (96% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.45 – 7.42 (m, 2H), 7.30 – 7.28 (m, 3H), 3.47 (s, 2H), 

2.37 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.58, 128.13, 127.91, 123.12, 85.18, 84.45, 48.47, 

44.13. 

Anal. Calcd. for C11H13N: C, 82.97; H, 8.23; N, 8.80; found: C, 82.99; H, 8.22; N, 8.77; 

GC-MS: rt 10.9 m/z: 159 (75%), 143 (9%), 115 (100%), 89 (15%), 82 (15%). 

 

Prop-1-yne-1,3-diyldibenzen (16) 

 

OH

NMe2
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Yellow oil (98% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.48 – 7.43 (m, 4H), 7.38 – 7.27 (m, 6H), 3.86 (s, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 136.73, 131.61, 128.52, 128.20, 127.93, 127.78, 126.61, 

123.65, 87.49, 82.63, 25.73. 

Anal. Calcd. for C15H12: C, 93.71; H, 6.29; found: C, 93.81; H, 6.27; 

GC-MS: 15.8 m/z: 192 (100%), 165 (30%), 115 (15%). 

 

3-phenylprop-2-yn-1-ol (17) 

 
 
Yellow oil (97% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.44 – 7.41 (m, 2H), 7.31 – 7.28 (m, 3H), 4.48 (s, 2H), 

2.45 (s, OH). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.59, 128.38, 128.22, 122.47, 87.22, 85.52, 51.41. 

Anal. Calcd. for C9H8O: C, 81.79; H, 6.10; found: C, 81.97; H, 6.09; 

GC-MS: rt 10.4 m/z: 131 (100), 115 (20%), 103 (60%), 77 (53%). 

 

Hex-1-yn-1-ylbenzen (18) 

 
 
Yellow oil (95% yield); Purification by flash chromatography (Cy 100%) 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.43 – 7.41 (m, 2H), 7.31 – 7.27 (m, 3H), 2.43 (t, J = 7.0 

Hz, 2H), 1.66 – 1.56 (m, 2H), 1.56 – 1.45 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.50, 128.13, 127.40, 124.09, 90.37, 80.52, 30.84, 

22.00, 19.08, 13.62. 

Anal. Calcd. for C12H14: C, 91.08; H, 8.92; found: C, 91.22; H, 8.92; 

GC-MS: rt m/z: 158 (26%), 143 (41%), 129 (80%), 115 (100%). 

 

 

 

OH
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1-methyl-4-(phenylethynyl)benzene (19) 

 
 
White solid (98% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.57 – 7.55 (m, 2H), 7.45 (d, J = 8.1 Hz, 2H), 7.40 – 7.33 

(m, 3H), 7.17 (d, J = 7.9 Hz, 2H), 2.40 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 138.36, 131.53, 131.48, 129.09, 128.29, 128.04, 89.55, 

88.71, 21.49. 

Anal. Calcd. for C15H12: C, 93.79; H, 6.21; found: C, 93.57, H: 6.23; 

GC-MS: rt 16.10 min m/z: 192 (100%), (165 (18%). 

 

1-methoxy-4-(phenylethynyl)benzene (20) 

 
 
White solid (98% yield); Purification by flash chromatography (Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 – 7.49 (m, 4H), 7.38 – 7.33 (m, 3H), 6.91 – 6.89 (m, 

2H), 3.84 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 159.60, 133.03, 131.43, 128.28, 127.90, 123.59, 115.37, 

113.98, 89.36, 88.06, 55.27. 

Anal. Calcd. for C15H12O: C, 86.51; H, 5.81; found: C, 86.72; H, 5.81; 

GC-MS: rt 17.8 min m/z: 208 (100%), 193 (55%), 165 (58%). 

 

2-Methyl-4-(3-aminophenyl)-3-butyn-2-ol (21) 

 
 
Pale yellow solid (96%); Purification by flash chromatography (Cy/EtOAc = 9/1) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.08 (t, J = 7.8 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H), 6.75 (s, 

1H), 6.64 (d, J = 8.0 Hz, 1H), 3.67 (s, NH2), 2.21 (s, OH), 1.61 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 146.13, 129.15, 123.38, 122.03, 117.91, 115.28, 93.17, 

82.26, 65.53, 31.47. 

MeO

OH

H2N
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Anal. Calcd for C11H12NO: C, 75.40; H, 7.48; N, 7.99; found: C, 75.51; H, 7.42; N, 7.97; 

GC-MS: rt 14.4 m/z: 175 (65%), 160 (100%), 144 (9%), 132 (14%), 118 (31%). 

 

1-amino-3-ethynyl-benzene (22) 

 
 
Yellow oil (99%, calculated on the deprotection step); Purification by flash chromatography 

(Cy/EtOAc = 95/5) 
1H NMR (400 MHz, CDCl3) δ 7.11 (t, J = 7.8 Hz, 1H), 6.91 (d, J = 7.6 Hz, 1H), 6.82 (s, 1H), 6.68 

(dd, J = 8.0, 1.1 Hz, 1H), 3.69 (s, NH2), 3.03 (s, 1H). 
13C NMR (100 MHz, CDCl3) δ 146.21, 129.23, 122.73, 122.46, 118.28, 115.77, 83.88. 

Anal. Calcd for C8H7N: C, 82.02; H, 6.02; N, 11.96; found: C, 82.19; H, 6.00; N, 11.96; 

GC-MS: rt 9.42 m/z: 117 (100%), 89 (53%), 74 (8%). 

 

N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)quinazolin-4-amine (24) 

 
White solid (75% overall yield) 
1H NMR (400 MHz, DMSO-d6) δ (ppm) 11.57 (s, NH), 8.84 (s, 1H), 8.46 (s, 1H), 7.88 (s, 1H), 

7.78-7.81 (d, J = 8.8 Hz, 1H), 7.46-7.50 (t, 1H), 7.41 (s, 1H), 7.39 (d, J = 8.4 Hz, 1H), 4.30-

4.33, 4.38-4.40 (t, 4H), 4.27 (s, 1H), 3.76-3.78 (t, 4H), 3.35 (s, 6H). 
13C NMR (400 MHz, DMSO-d6) δ (ppm) 158.11, 155.64, 149.35, 148.63, 137.26, 135.43, 

129.27, 129.08, 127.61, 125.31, 121.97, 107.34, 105.16, 100.58, 82.90, 81.28, 69.87, 69.74, 

69.73, 69.07, 58.39, 58.34. 

Anal. Calcd for C22H23N3O4: C, 67.16; H, 5.89; N, 10.78; O, 16.27; found: C, 66.82; H, 6.23; N, 

10.60; O, 16.51 

ESI+: rt 11.20 m/z: 394 (100%), 416 (6%), 338 (5%). 

 

H2N

N

N

HN
O

O

O
O
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E-1,4-diphenyl-1-buten-3-yne (5) 

 

 
White solid (85% yield); Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.50-7.48 (m, 2H), 7.46-7.43 (m, 2H), 7.34 (dtd, J = 10.8, 

8.5, 7.8 Hz, 6H), 6.64 (d, J = 8.0 Hz, 1H), 7.06 (d, J = 16.2 Hz, 1H), 6.40 (d, J = 16.2 Hz, 1H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 141.23, 136.30, 131.48, 128.70, 128.58, 128.30, 128.15, 

126.27, 123.38, 108.10, 91.70, 88.84. 

Anal. Calcd for C16H12: C, 94.08; H, 5.92; found: C, 94,11; H, 5.88; 

GC-MS: rt 18.14 m/z: 204 (100%), 203 (94%), 202 (90%). 

 

4-Tolyl trifluoromethanesulfonate (11c) 

 
 
Colourless oil (91%). Purification by flash chromatography (Cy/EtOAc = 9/1) 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.26 – 7.23 (m, 2H), 7.19 – 7.14 (m, 2H), 2.39 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ (ppm) 147.55, 138.48, 130.64, 123.52, 120.94, 120.33, 117.15, 

113.97, 20.78. 

Anal. Calcd for C8H7F3O3S: C, 40.00; H, 2.94; found: C, 40.23; H, 2.99; 

GC-MS: rt 7.02 m/z: 240 (51%), 77 (100%), 107 (96%), 69 (58%). 

 

4-Methoxyphenyl trifluoromethanesulfonate (12c) 

 
 
Colourless oil (93%). Purification by flash chromatography (Cy/EtOAc = 9/1) 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.26 – 7.12 (m, 2H), 7.02 – 6.83 (m, 2H), 3.83 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ (ppm) 159.09, 142.99, 123.53, 122.26, 120.34, 117.16, 114.97, 

113.98, 55.55. 

Anal. Calcd for C8H7F3O4S: C, 37.51; H, 2.75; found: C, 37.58; H, 2.71; 

GC-MS: rt 9.16 m/z: 256 (28%), 123 (100%), 95 (40%); 69 (33%). 

OTf

MeO OTf
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Calculation of the RRF 

The RRF between iodobenzene 1a, bromobenzene 1b and diphenylacetylene 3 have 

already been discussed in the Experimental section of Chapter 2. 

 

RRF between aryl triflate 1c and diphenylacetylene 3 

Table S3.4: RRF between 1c and 3 at several concentrations 

 
 

 
Figure S3.4: HPLC-UV spectrum of equimolar mixture of phenyl triflate 1c and 
diphenylacetylene 3 at 0.0005 M. 
 

 

RRF between diphenylacetylene 3 1,4-diphenyl-1-buten-3-yne 5 

Table S3.5: RRF calculation between 3 and 5 at several concentrations 

 
 
 

Concentration (M)

0.0025
0.0005

0.00025
0.000125

Phenyl triflate (mAu) Diphenylacetylene (mAu)

18273.0
3767.6
2249.5
1141.0

87537.6
18123.9
11124.1
5550.8

4.79
4.81
4.95
4.86

RRF

4.85

∆RRF

Concentration (M)

0.0025
0.0005

0.00025
0.000025

Diphenylacetylene (mAu) 1,4-diphenyl-1-buten-3-yne  (mAu)

75423.4
17645.2
7982.4
3426.5

59859.8
13573.2
6597.0
2879.4

1.26
1.30
1.21
1.19

RRF

1.24

∆RRF
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Figure S3.5: HPLC-UV spectrum of equimolar mixture of diphenylacetylene 3 and 1,4-
diphenyl-1-buten-3-yne 5 at 0.0005 M concentration 
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4.1 Introduction 

The Heck-Cassar-Sonogashira (HCS) 1–3 and Suzuki-Miyaura (SM)4 cross-coupling reactions, 

allowing the installation of a triple bond and a biaryl motif, are among the most powerful 

methods for the synthesis of active pharmaceutical ingredients (API).5–17 

Compared to common precursors such as aryl iodides, bromides and triflates, aryl chlorides 

represent an interesting alternative as they are less active but more attractive due to their 

relatively low cost and broad availability. In this context, Plenio and co-workers were one 

of the first to report the coupling of aryl chlorides with alkynes using Ad2P(n-Bu) as ligand 

in presence of CuI as cocatalyst.18 However, the state of the art in the area is still 

represented by the work of Buchwald that proposed a complete copper free HC coupling 

using XPhos in conjunction with Pd(ACN)2Cl2.19 Even regarding the SM cross-coupling 

reaction, the breakthrough in the field was disclosed by Buchwald and coworkers in 1999, 

when they reported the coupling of different boronic compounds with aryl bromides and 

chlorides with ppm loadings of Pd catalyst.20 From that moment, several studies have 

investigated the influence of leaving groups, palladium ligands, co-catalysts, solvents, and 

bases but, to date, only limited success has been achieved in the HCS cross-coupling of 

alkynes with aryl chlorides,21,22 while several examples have been reported for SM.23–28  For 

the SM reaction very high turnover number (TON) and turnover frequency (TOF) have been 

recently obtained with aromatic rings bearing electron withdrawing groups in water.29 

Although these methods are highly effective, there is still much room for improvement. In 

particular, most of the reactions require drastic conditions, toxic organic solvents, 

excessively long reaction times and a large excess of acetylene, in the case of HCS, which 

inevitably leads to the formation of by-products. In addition, there is a need to develop 

more robust and practical catalyst systems that allow to perform cross-coupling reactions 

with a large library of compounds. The target of this study was the identification of a flexible 

and sustainable procedure for HCS and SM cross-coupling reactions allowing selective high 

yield synthesis of a wide range of compounds, with the target to achieve high TON/TOF and 

competitive PMI values considering solvent and palladium recovery, avoiding product 

metal contamination. The minimization of the reagent excess is a critical item for the 

process mass intensity (PMI) and to limit the formation of side products in particular in the 
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HCS cross coupling. The easy recovery of the palladium metal is also a critical aspect that 

needs to be evaluated. 

 

4.2 Results and discussion 

Taking advantage of our experience in the HCS reaction using aryl iodides, bromides and 

triflates based on the use of a green protocols,30,31 we explored the application of 

commercially available Buchwald’s palladium ligand, sSPhos, in the N-

hydroxyethylpyrrolidone (HEP)/water mixture for the HCS and SM coupling using aryl 

chlorides.   

The coupling between phenylacetylene 2a and chlorobenzene 1a in a complete HC protocol 

was studied as a model reaction in order to identify the optimal conditions (concentration, 

temperature, stoichiometry and slow-addition) to perform fast cross-coupling reactions 

and to recycle the catalyst. The results reported in Table 4.1 demonstrate that applying the 

standard protocol starting from 2 mol% of Pd pre-catalyst, sSphos as ligand, N,N,N,N-

tetramethyl guanidine (TMG) as base at 60°C with aryl chloride 1a, the reaction is not 

complete (Entry 1). In addition, as for bromobenzene and triflate, the reaction with 

substrates that have a slow oxidative addition leads to the formation of an already 

characterized and studied by-product (E)-4-phenylbut-1-en-3-ynyl]benzene 4 in 77%, 

compared to the product 3a, coming from self-hydroalkynylation of phenylacetylene 2a 

(see Chapter 3), proving that it remains quite challenging to perform HC couplings in 

absence of copper on aryl chlorides. Even increasing the temperature, so as to facilitate the 

oxidative addition, it is noted that the presence of the by-product remains in the majority 

compared to the product (Entries 2-3). Our previous study showed that with aryl iodides 

the HCS is fast and selective, while with less efficient aryl bromides and triflates the 

competition with alkyne 2a emerged, generating variable amount of enyne 4. However, 

while with aryl bromides and triflates the simple slow addition of alkyne 2a over the course 

of the reaction allowed to suppress the side-product formation and selectively affords 

diphenylacetylene 3a in high yield, with aryl chloride 1a, the detection of 4 was reduced, 

but remained however in a relevant percentage (Entries 4-5). Raising the temperature to 

80°C and with a slow addition of 1.5 eq of phenylacetylene 2a in 4h, the reaction reached 

complete conversion in 3h, but with 10% of enyne 4 still in solution (Entry 6). 
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Finally, combining the increase of temperature, concentration and slow addition, it was 

possible to find the ideal condition to transform efficiently aryl chloride 1a in 

diphenylacetylene 3a in 3-4h suppressing completely the side product and reducing the 

amount of acetylene from 1.5 eq to only 1.05, allowing a complete control of the reaction 

stoichiometry (Entries 7-8). 

 

Table 4.1: Screening for the HCS in HEP/water/TMG system conditions 

 
 

 

Since the goal of the study was to create a completely green and sustainable protocol, 

performing efficient and fast reactions under mild conditions even using a low percentage 

of palladium catalyst, we started from the optimal conditions just found to try to recycle 

the catalyst from 2 mol% and find exactly the TON and TOF to be able to perform the 

reaction directly with a lower amount of catalyst. After a complete conversion of aryl 

chloride 1a in diphenylacetylene 3a, the simple extraction with an immiscible solvent (see 

Chapter 3) allows to easily recover the final product, leaving the catalyst intact in the 

HEP/water phase. The catalyst solution was then used in the following reaction cycle by 

simply adding the two reagents and the TMG base. The results reported in Table 4.2 show 

that the catalyst, generated in the HEP/water/TMG system, could be easily recycled five 

times, always maintaining a conversion over 95% (Entry 1). It was also possible to perform 

the reaction in a termomorphic way exploiting the immiscibility of the HEP/water solution 

H PhPh-Cl

Pd(ACN)2Cl2 (2 mol%)
sSPhos (6 mol%)

TMG (1.1 eq)
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3
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at room temperature with organic solvents such as toluene and isobutyl acetate (IBA), 

while a homogeneous solution appears at higher temperatures. In this way, 

phenylacetylene 2a is added slowly over the course of the reaction through toluene and 

when the reaction is complete, it is possible to remove directly toluene containing the 

product 3a by syringe instead of adding an organic solvent at the end. The reaction was 

extended to substituted aryl chlorides and acetylenes to demonstrate the robustness of 

the protocol. For each couple of substrates, the mildest conditions to reach complete 

conversion were investigated, starting from the best conditions identified in the model 

reaction between 1a and 2a. While the presence of electron-withdrawing groups on the 

aromatic ring did not affect the reactivity (entries 2-4), the transformation of differently 

substituted acetylenes and electron-donating substrates required to apply different 

conditions, mainly as a consequence of a more complicated transmetallation in one case 

and stronger by-product competition in the other. In this case, raising the temperature to 

90°C and slowing down the acetylene addition to 4h, it was still possible to get 3 recycles 

maintaining conversions higher than 95% and good yields (Entries 5-10). 

 
Table 4.2: HC reaction scope and catalyst recycling 

 

OH
N OH

MeO

3a 3b 3c 3e3d

3f 3g

O2N

3h 3i

NC

3j

NO2

O2N O2N

H R2Ar-Cl

1a
1b
1c
1d
1e
1f

Pd(ACN)2Cl2 (2 mol%)
sSPhos (6 mol%)

TMG (1.1 eq)

HEP/water(30%)
1.0 M

Ar R2

Ar = Ph
Ar = 4O2NPh
Ar = 3O2NPh
Ar = 4NCPh 
Ar = 4MeOPh
Ar = 4MePh

2a
2b
2c
2d
2e

R2 = Ph
R2 = C(OH)Me2
R2 = CH2NMe2
R2 = CH2OH
R2 = CH2(CH2)3CH3

3a-j
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With the optimized conditions in hand and finding the minimum amount of catalyst to be 

used directly, we performed the HC cross-coupling reaction with 0.4 mol% with the 

substrates able to make 5 cycles and 0.6 mol% with the less reactive substrates that only 

allowed 3 catalytic cycles. Aryl chlorides 1a and 1e were selected as model examples to 

assess the validity of the study. Unfortunately, applying the optimized protocol of Table 

4.2, satisfactory conversions could not be achieved because of the decomposition of TMG 

over the course of the reaction (Table 4.3, Entries 1-2). However, it was sufficient to 

substitute TMG with Cs2CO3 as base to achieve complete conversions (Entries 3-4). The 

process was then further optimized to decrease the required amount of Pd catalyst, to 

enhance the TON and to decrease the PMI of the protocol by increasing the concentration 

from 1 to 2.5 M. The catalyst amount was therefore decreased to 0.2 mol% still giving 

conversion higher than 95% for the model reaction and for the substrates containing 

electron-withdrawing groups (Entries 5-8), while 0.4 mol% was necessary for the more 

difficult substrates (Entries 9-14).  
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Table 4.3: Direct HC reaction with decreased amount of catalyst   

 

 
 

In order to demonstrate the versatility of the HEP/water system with sulphonated 

phosphines, we selected the Suzuki-Miyaura cross-coupling as a further proof. The main 

advantage of the SM reactions over other cross-coupling protocols is the use of boron-

compounds as coupling partners, which are readily available, and provide high yields and 

good selectivity with a broad functional group tolerance.32,33 For this reason, using our 

protocol to make it greener could offer several advantages in terms of cost and 

sustainability. Driven by the excellent results achieved with the HC protocol, the coupling 

reaction between phenylboronic acid 5a and chlorobenzene 1a was investigated. The 

reaction was performed in the HEP/water system with Cs2CO3 as base at 90°C starting from 

0.05 mol% Pd(ACN)2Cl2 as catalyst loading (Table 4.4). As for the HC coupling reactions, also 

in this case, water has a crucial role as it not only increases the solubility of the sulphonated 

phosphines, but also speeds up the reaction. In our opinion and referring to studies 

available in literature,34 the combination of base and water allow to convert rapidly the 

H R1Ar-Cl

Pd(ACN)2Cl2 
sSPhos 

base (1.1 eq)

HEP/water(30%)
90°C, 16h

Ar R1

3a-j1a-f 2a-e
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boronic acid into the active “ate”-complex which can then easily perform the 

transmetallation step (Figure 4.1). Without the presence of a percentage of water, the base 

is not able to form the boronate complex and therefore the reaction is considerably slowed 

down (Table 4.4, Entry 1). 

 

 

Figure 4.1: Mechanism of the Suzuki-Miyaura cross-coupling reaction in HEP/H2O/Cs2CO3 

system 

 
Although water is fundamental, the presence of an organic solvent is still essential to create 

a more flexible protocol and allow a complete solubilization of compounds that are not 

soluble in a pure water system. The results in Table 4.4 show that by adding 40% of water 

compared to the total volume of solvent, it was possible to reach a complete conversion in 

4h with 0.05 mol% of catalyst achieving competitive TON and TOF values (Entry 2).  

Using the optimized reaction conditions, we investigated the coupling with different 

substituents on both the aromatic rings. The reaction of phenylboronic acid 5a with aryl 

chlorides bearing electron-donating substituents such as –CH3 and –OCH3 at the para 

position gave the desired products in excellent yields (Entry 3-4). 

The reaction of aryl chlorides bearing electron-withdrawing groups such as –NO2, was also 

tolerated in the cross-coupling reaction with phenylboronic acid 5a and gave the desired 

products in good yields under the optimized reaction conditions (Entry 5-6). This catalyst 

protocol allowed also to perform the reaction with different substituted phenyl boronic 

acids allowing a complete conversion in all cases (Entry 7-9).  
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Table 4.4: SM optimization and reaction scope 

 
 

 

 
To validate the applicability of our methodology, the synthesis of the most commonly 

applied fungicides containing a biaryl-motive, namely Boscalid and Fluxapyroxad was 

Ar-Cl

1a
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attempted. The industrial process for their production (Scheme 4.1), requires a SM reaction 

to convert 1g in 6i in one case and in 6j in the other. Because of the high production volume 

of these compounds,35,36 the development of greener methodologies, together with the 

reduction in Pd loading for their production, is highly desirable and would have a significant 

impact on the environment. The reaction between 1g and 5d/5e in HEP/water was studied 

and carried out following a procedure similar to the one described in Table 4.4 giving 

complete conversions in the desired product after 6h. In addition, ICP-OES studies 

demonstrated no metal contamination in the final product, satisfying an essential 

requirement for pharmaceutically industrial applications. Finally, in order to enhance the 

sustainability of both the HC and SM protocols, the recovery of the palladium metal and 

HEP solvent were performed, following the procedure of Chapter 3, achieving PMIr values 

of 3-4 for the Heck-Cassar coupling and 5 for the Suzuki-Miyaura (see Experimental section 

for PMI calculation). 

 

 
Scheme 4.1: General sequence for the industrial synthesis of Boscalid and Fluxapyroxad 

 
Selectivity tests: To have further evidence of the reaction efficiency, selectivity tests for 

the HC and the SM reactions were performed (Scheme 4.2). To achieve our purpose, we 

selected 1-cloro-3-iodobenzene 7 as model substrate and performed a one pot HC-HC 

reaction in one case (Scheme 4.2a) and a one pot HC-SM in the other (Scheme 4.2b), 

exploiting the different reactivity of the iodide leaving group in respect to the chloride. 

The reaction between 7 and alkyne 2b with 2 mol% of palladium catalyst and TMG as 
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base afforded selectively product 8 with complete conversion in 2h. At this point, without 

the need of any work up, the direct slow addition of phenylacetylene 2a together with 

TMG achieved pure product 9 without any purification procedure. The same thing can be 

done by adding in the second step, after achieving product 8, phenyl boronic acid 5a and 

Cs2CO3 instead of phenylacetylene 2a and TMG, performing a one pot HC-SM cross-

coupling reaction and affording product 10 with 99% of conversion and no need of 

further purification (Scheme 4.2b). 

 

 
 

Scheme 4.2: One-pot reactions: a) HC coupling to obtain 8 with 99% conversion in 2h. Direct 
slow-addition of phenylacetylene 2a to achieve 9 with 99% conversion in 3h. b) HC coupling 
to obtain 8 with 99% conversion in 2h. Direct addition of phenylboronic acid 5a to obtain 10 
with 99% conversion in 1h. 

 
4.3 Conclusions 
 
The Heck-Cassar and the Suzuki-Miyaura cross-coupling reactions on different aryl 

chlorides were performed in the sustainable mixture HEP/water giving excellent results in 

terms of yield, TON, TOF and PMI. The protocol proved to be suitable for activated and 

unactivated chlorides increasing the library of compounds to be used in these cross-

coupling reactions. Both the HC and the SM are completely selective, achieving the 

product with high yield without any purification, avoiding an excess of nucleophile to be 

used. This concept is important if the final target is to use this protocol at industrial level, 

where the purification of the final product is one of the most problematic steps. 

Regarding the HC reactions, if sensitive substrates are used, the coupling can be 

I

Cl

Pd(ACN)2Cl2 (2 mol%)
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TMG (1.1 eq)

HEP/water(40%)

OH

Cl

OH
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OH
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TMG (1.1 eq)
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OH
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OH
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performed with 2 mol% in order to have fast reactions and the possibility to recycle and 

recover the catalyst at the end of the final cycle. On the other hand, it is also possible to 

perform the reaction directly with lower amount of catalyst achieving the product with 

high yield, but with longer reaction times. The SM protocol allowed to obtain pure 

products with 0.05 mol% of catalyst loading with fast and selective reactions. The 

applicability of this system was also demonstrated in the synthesis of agrochemical active 

ingredients such as Boscalid and Fluxapyroxad with excellent yields proving the efficacy 

and the flexibility of the protocol. 

 
4.4 Experimental 
 
General information 

Commercial reagents (reagent grade, >99%) were used as received without additional 

purification.  

Solvents (cyclohexane (Cy), dichloromethane (DCM), methyl-tert-butyl ether (MTBE), N-

hydroxyethylpyrrolidone (HEP), toluene, 2-methyltetrahydrofuran (2-MeTHF), 

isobutylacetate (IBA), isopropyl alcohol (IPA)) are commercially available and were used 

after degassing. 
1H NMR and 13C NMR spectra were recorded with an Agilent-Technologies-Varian INOVA 

400 MHz and 100 MHz instrument 1H/19F/X 5 mm PFG ATB Broadband Probe, VT, single, 

double and triple resonance, z-axis pulsed field gradients, serves broadband probe and 

customized variable temperature – 5 mm Broadband probe. NMR multiplicities are 

abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, spt = septet, m = 

multiplet, bs = broad signal. Coupling constants J are given in Hz. All 1H and 13C chemical 

shifts are calibrated to residual protic-solvents. 

HPLC-UV analysis were recorded with an Agilent 1260 InfinityLab instrument. Column: 

Zorbax® SB-C18; particle size 5 µm; pore size 100 Å; length 250 mm, internal diameter: 4.6 

mm. Mobile phase A: H2O, mobile phase B: ACN. Gradient (Time(min), %B): 0, 30; 8, 80; 22, 

80; 24, 10; 30, 10; flow 0.5 mL min-1column temperature 30°C; injection volume: 20 µL. 

NE-1010 Higher Pressure Syringe Pump used to perform slow-addition of acetylenes in the 

Heck-Cassar-Sonogashira cross-coupling reactions. 
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Mass Spectrometry analysis were recorded on a QTRAP 3200 mass spectrometer in ESI+ 

mode. 

Spectrometer ICP-OES AGILENT 5110 was used to determine the concentration of Pd in the 

solution. Power: 1200 W; Auxiliary gas: Argon (1.0 L min−1); nebulizer gas: nitrogen (0.7 L 

min−1); peristaltic pump speed: 12 rpm. Samples for ICP-OES were digested with 8 mL 

HNO3/HCl (1:3) using a microwave digestion system held at 175 °C for 10 minutes. The 

volume of the digests was then made up to 50 mL with de-ionized water before analysis by 

ICP-OES. Calibration standards for the quantification of the digested samples were 

prepared in 5% HNO3. Palladium standards from FaggiEnrico and copper standards from 

Exaxol Italia. 

 

General Procedures 

General procedure for the HC coupling with aryl chlorides 

Heck-Cassar reactions with 2 mol% of catalyst 

 

 
 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.02 

mmol, 2 mol%, 5.2 mg), sSPhos, (0.06 mmol, 6 mol%, 30.8 mg) were dissolved in HEP and 

water as co-solvent. The other reagents were then added in the following order: TMG 

(126.9 mg, 138.0 µL, 1.1 mmol, 1.1 eq) and aryl chloride (1.0 mmol, 1.0 eq). The reaction 

mixture was heated to 80-90°C with an oil bath and alkyne (from 1.05 to 1.5 eq) was added 

slowly with a syringe pump over the course of the reaction; the conversion was evaluated 

through HPLC-UV analysis at 210 nm considering the appropriate Relative Response Factor 

(RRF) (see RRF calculation section). At reaction completion, the mixture was extracted with 

an appropriate organic solvent (3x1 mL) and the collected organic phases were 

concentrated under reduced pressure. The reaction crude was purified when necessary by 

H R1Ar-Cl

Pd(ACN)2Cl2 (2 mol%)
sSPhos (6 mol%)

TMG (1.1 eq)

HEP/water(30%)
Ar R1

31 2
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flash chromatography (eluents and isolated yields specified below in Compound 

Characterization section). 

 

Heck-Cassar reactions with 0.2-0.4 mol% of catalyst 

 
 

Preparation of stock solution of catalyst A 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst 

Pd(ACN)2Cl2 (0.04 mmol, 10.4 mg) and ligand sSPhos, (0.12 mmol, 61.6 mg) were dissolved 

in 4 mL of HEP/water(30%) solution. The mixture was stirred for 5 min at room 

temperature. A yellow-orange solution was obtained for subsequent HC reactions (stock 

solution is stable and can be used even after one week) 

 

Procedure: 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, 200 - 400 µL of stock solution 

A (0.2-0.4 mol% of palladium catalyst) was added along with the amount of 

HEP/water(30%) solution needed to achieve the desired concentration. The other reagents 

were then added in the following order: Cs2CO3 (358 mg, 1.1 mmol, 1.1 eq) and aryl chloride 

(1.0 mmol, 1.0 eq). The reaction mixture was heated to 80-90°C with an oil bath and alkyne 

(1.05-1.2 eq) was added slowly with a syringe pump over the course of the reaction; the 

conversion was evaluated through HPLC-UV analysis at 210 nm considering the appropriate 

RRF. At reaction completion, the mixture was extracted with an appropriate organic solvent 

(3x1 mL). The collected organic phases were concentrated under reduced pressure. The 

reaction crude was purified when necessary by flash chromatography (eluents and isolated 

yields specified below in Compound Characterization section) 

 

 

 

H R1Ar-Cl

Pd(ACN)2Cl2 
sSPhos 

Cs2CO3 (1.1 eq)

HEP/water(30%)
2.5 M

Ar R1

1 2 3
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General procedure for Suzuki-Miyaura cross-coupling with aryl chlorides 

 

 

Preparation of stock solution of catalyst B 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst 

Pd(ACN)2Cl2 (0.04 mmol, 10.4 mg) and ligand sSPhos, (0.12 mmol, 61.6 mg) were dissolved 

in 4 mL of HEP/water(40%) solution. The mixture was stirred for 5 min at room 

temperature. A yellow-orange solution was obtained for subsequent SM reactions (stock 

solution is stable and can be used even after one week) 

 

Procedure: 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, 50 µL of stock solution B 

(0.05 mol% of palladium catalyst) was added along with the amount of HEP/water(40%) 

solution needed to achieve the desired concentration. The other reagents were then added 

in the following order: Cs2CO3 (358 mg, 1.1 mmol, 1.1 eq), aryl chloride (1.0 mmol, 1.0 eq) 

and boronic acid (1.05 mmol, 1.05 eq). The reaction mixture was heated to 90°C with an oil 

bath and maintained at this temperature under stirring; the conversion was evaluated 

through HPLC-UV analysis at 210 nm considering the appropriate RRF. At reaction 

completion, the mixture was extracted with an appropriate organic solvent (3x1 mL). The 

collected organic phases were concentrated under reduced pressure. The product was 

isolated without need of purification (yields specified below in Compound Characterization 

section). 

 

 

 

 

 

Ar-Cl

Pd(ACN)2Cl2 (0.05 mol%)
sSPhos (0.15 mol%)

Cs2CO3 (1.1 eq)

HEP/water(40%)
90°C, 4h

Ar

6

R1-B(OH)2 R1
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PMI calculation 

Recovery of HEP and Pd in the HC cross-coupling with 2 mol% 

At the given time, the reaction was cooled at rt, extracted with cyclohexane and the 

HEP/water phase containing the catalyst was recycled (see Chapter 3 for the recycling 

protocol). 

After the final cycle, product 3a was again extracted with cyclohexane and the combined 

organic extracts were distilled and the product could be recovered without further 

purification. The reaction mixture, containing HEP/water, conjugated TMG acid and the 

catalyst complex, was treated with sodium formate (0.03 mmol, 2.0 mg) for 1h at 60°C to 

generate palladium black. At reaction completion, the mixture was filtered out with the aid 

of charcoal (30 mg) and the palladium metal was recovered. The filtrate was distilled under  

reduced pressure to recover HEP in 95% yield 

 

Table S4.1: Example of PMI calculation on the optimized HC reaction (Entry 1, Table 4.2) 

 
 

Reagents Single run (mg) 5 cycles (mg)a

Chlorobenzene 1a
Phenylacetylene 2a

TMG
Pd(ACN)2Cl2

sSPhos
HEP

Water
Sodium formate

Charcoal
Cyclohexanec

Diphenylacetylene 3ad

112.6
107.2
126.7

5.1
30.8
800
300

-
-

2337
174.6

563
536
633
5.1

30.8
800
300

-
-

11685
802

Recovery %

-
-
-

90
-

95
-
-
-

95
-

5 cycles and 
final recovery (mg)b

563
536
633
0.5

30.8
40

300
2

30
584
802

PMI after Pd/sSPhos
and HEP/water recycle

PMI after final recovery
of Pd, HEP and Cy

21

18.1

3.3

- - -

- --

- - -

PMI

aPMI calculated after 5 cycles and recycle of Pd complex and HEP/water bPMI calculated after 5 cycles 
and recycle of Pd complex, HEP/water and final recovery of Pd metal, HEP and cyclohexane. cThe 
organic phases obtained from the different cycles were combined and distilled to recover 95% of 
cyclohexane. dProduct 3a obtained without need of purification.
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Recovery of HEP and Pd in the HC cross-coupling with 0.2 mol% 

At the given time, the reaction was cooled at rt, extracted with cyclohexane achieving 

product 3a with 93% yield with no need of purification. The reaction mixture, containing 

HEP/water, conjugated Cs2CO3 acid and the catalyst complex, was treated with sodium 

formate (0.01 mmol, 1.0 mg) for 1h at 60°C in order to generate palladium black. At 

reaction completion, the mixture was filtered out with the aid of charcoal (6.0 mg) and the 

palladium metal was recovered. The filtrate was distilled under reduced pressure to 

recover HEP in 95% yield 

 

Table S4.2: Example of PMI calculation on the direct HC reaction (Entry 5, Table 4.3) 

 
 

Recovery of HEP and Pd in the SM cross-coupling with 0.05 mol% 

At the given time, the reaction was cooled at rt, extracted with cyclohexane achieving 

product 6a with 95% yield with no need of purification. The reaction mixture, containing 

HEP/water, conjugated Cs2CO3 acid and the catalyst complex, was treated with sodium 

Reagents Single run (mg)

Chlorobenzene 1a
Phenylacetylene 2a

Cs2CO3
Pd(ACN)2Cl2

sSPhos
HEP

Water
Sodium formate

Charcoal
Cyclohexanec

Diphenylacetylene 3ad

112.6
107.2
358
0.5
3.0
320
120

-
-

930
174.6

Recovery %

-
-
-

90
-

95
-
-
-

95
-

Single run and 
final recovery (mg)b

PMI after final recovery
of Pd, HEP and Cy

11.1

4.6

- -

- -

PMIa

aPMI calculated considering all the reagents used without recovery bPMI calculated 
after final recovery of Pd metal, HEP and cyclohexane. cThe organic phases 
obtained from the different cycles were combined and distilled to recover 95% of 
cyclohexane. dProduct 3a obtained without need of purification.

112.6
107.2
358
0.05
3.0
16

120
1
6

46
165
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formate (0.01 mmol, 1.0 mg) for 1h at 60°C in order to generate palladium black. At 

reaction completion, the mixture was filtered out with the aid of charcoal (6.0 mg) and the 

palladium metal was recovered. The filtrate was distilled under reduced pressure to 

recover HEP in 95% yield 

 

Table S4.3: Example of PMI calculation on the direct SM reaction of Scheme 4.1a 

 

 

Selectivity studies 

One-pot HC-HC cross-coupling reactions 

 
To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.02 

mmol, 2 mol%, 5.2 mg), sSPhos, (0.06 mmol ,6 mol%, 30.4 mg) were dissolved in HEP and 

Reagents Single run (mg)

 1g
5e

Cs2CO3
Pd(ACN)2Cl2

sSPhos
HEP

Water
Sodium formate

Charcoal
Cyclohexanec

 6id

157
164
358
0.1
0.7
685
400

-
-

2337
224

Recovery %

-
-
-

90
-

95
-
-
-

95
-

Single run and 
final recovery (mg)b

PMI after final recovery
of Pd, HEP and Cy

18.1

5.5

- -

- -

PMIa

aPMI calculated considering all the reagents used without recovery bPMI calculated 
after final recovery of Pd metal, HEP and cyclohexane. cThe organic phases 
obtained from the different cycles were combined and distilled to recover 95% of 
cyclohexane. dProduct 6i obtained without need of purification.

157
164
358
0.01
0.7
34

400
1
6

116
224

I

Cl

Pd(ACN)2Cl2 (2 mol%)
sSPhos (6 mol%)

TMG (1.1 eq)

HEP/water(30%)

OH

Cl

OH

HEP/water(30%)

Ph 2a (1.05 eq)

OH
TMG (1.1 eq)

Ph
7 2b (1.05 eq) 8 9

HC HC
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water as co-solvent. The other reagents were then added in the following order: TMG 

(126.7 mg, 138.0 µL, 1.1 mmol, 1.1 eq), 1-chloro-3-iodobenzene 7 (238.4 mg, 123.8 µL, 1.0 

mmol, 1.0 eq) and alkyne 2b (92.5 mg, 106.6 µL, 1.1 mmol, 1,1 eq). The reaction mixture 

was heated to 70°C with an oil bath and the conversion was evaluated through HPLC-UV 

analysis at 210 nm. After 2h, intermediate 8 was achieved with a complete conversion and 

a selectivity >99%. The mixture was then heated to 90°C, TMG (1.1 eq) was directly added 

and phenylacetylene 2a was added slowly in 4h with a syringe pump in order to achieve 

product 9 with 95% of conversion. The mixture was extracted with IBA (3x5 mL). The 

collected organic phases were concentrated under reduced pressure. The collected organic 

phases were concentrated under reduced pressure to achieve compound 9 without need 

of purification 

 

One-pot HC-SM cross-coupling reactions 

 

 
To an oven-dried 10 mL Schlenk purged under N2 atmosphere, palladium pre-catalyst (0.02 

mmol, 2 mol%, 5.2 mg), sSPhos, (0.08 mmol ,8 mol%, 40.1 mg) were dissolved in HEP and 

water as co-solvent. The other reagents were then added in the following order: TMG 

(126.7 mg, 138.0 µL, 1.1 mmol, 1.1 eq), 1-chloro-3-iodobenzene 7 (238.4 mg, 123.8 µL, 1.0 

mmol, 1.0 eq) and alkyne 2b (92.5 mg, 106.6 µL, 1.1 mmol, 1,1 eq). The reaction mixture 

was heated to 70°C with an oil bath and the conversion was evaluated through HPLC-UV 

analysis at 210 nm. After 2h, intermediate 8 was achieved with a complete conversion and 

a selectivity >99%. The mixture was then heated to 90°C, Cs2CO3 (358.4 mg, 1.1 mmol, 1.1 

eq) and phenyl boronic acid 5a (128.0 mg, 1.05 mmol, 1.05 eq) were directly added to the 

solution. The reaction was complete in 2h giving product 10 with a complete conversion. 

The mixture was extracted with IBA (3x5 mL). The collected organic phases were 

concentrated under reduced pressure in order to achieve compound 10 without need of 

purification. 

I

Cl

Pd(ACN)2Cl2 (2 mol%)
sSPhos (6 mol%)

TMG (1.1 eq)

HEP/water(40%)

OH

Cl

OH

HEP/water(40%)

Cs2CO3 (1.1 eq)
Ph B(OH)2 5a (1.05 eq)

Ph
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Compound characterization 

The yields are calculated considering the single run of HC and SM reactions 

 

1,2-diphenylacetylene (3a) 

 
White solid (98% yield) 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.58 – 7.56 (m, 4H), 7.39 – 7.36 (m, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.27, 128.00, 127.91, 122.94, 89.04. 

Anal. Calcd. for C14H10: C, 94.33; H, 5.67; found: C, 94.62; H, 5.69. 

 

1-nitro-4-(phenylethynyl)benzene (3b) 

 
Yellow solid (97% yield) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.19 – 8.17 (m, 2H), 7.64 – 7.62 (m, 2H), 7.56 – 7.53 (m, 

2H), 7.38 – 7.36 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 146.95, 132.27, 131.84, 130.22, 129.28, 128.57, 123.58, 

122.10, 94.75, 87.59. 

Anal. Calcd. for C14H9NO2: C, 75.33; H, 4.06; N, 6.27; found: C, 75.26; H, 4.06; N, 6.27.  

 

1-nitro-3-(phenylethynyl)benzene (3c) 

 

Yellow solid (96% yield) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.36 – 8.35 (m, 1H), 8.17 – 8,15 (d, 1H, J = 8.2 Hz), 7.82 

– 7.80 (d, 1H, J = 7.7 Hz), 7.53 – 7.49 (m, 3H), 7.40 – 7.38 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 148.11, 137.19, 131.77, 129.35, 129.06, 128.53, 126.28, 

125.10, 122.84, 122.19, 91.92, 86.91. 

Anal. Calcd. for C14H9NO2: C, 75.33; H, 4.06; N, 6.27; found: C, 75.14; H, 4.06; N, 6.26.  

 

O2N

O2N
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4-(phenylethynyl)benzonitrile (3d) 

 

Yellow solid (96% yield). 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.66– 7.61 (m, 4H), 7.57 – 7.55 (m, 2H), 7.40 – 7.38 (m, 

3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 132.05, 132.02, 131.77, 129.10, 128.49, 128.23, 122.21, 

118.50, 111.45, 93.76, 87.70. 

Anal. Calcd. for C14H9N: C, 88.64; H, 4.46; N, 6.89; found C, 88.69; H, 4.38; N, 6.92. 

 

1-methoxy-4-(phenylethynyl)benzene (3e) 

 
White solid (96% yield). 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 – 7.49 (m, 4H), 7.37 – 7.33 (m, 3H), 6.91 – 6.89 (m, 

2H), 3.84 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 159.60, 133.02, 131.42, 128.28, 127.90, 123.58, 115.36, 

113.98, 89.35, 88.05, 55.26. 

Anal. Calcd. for C15H12O: C, 86.51; H, 5.81; found: C, 86.72; H, 5.81. 

 

1-methyl-4-(phenylethynyl)benzene (3f) 

 

White solid (95% yield). 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.57 – 7.54 (m, 2H), 7.47 – 7.45 (d, J = 8.1 Hz, 2H), 7.38 

– 7.34 (m, 3H), 7.19 – 7.17 (d, J = 7.9 Hz, 2H), 2.40 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 138.36, 131.53, 131.48, 129.09, 128.29, 128.04, 89.55, 

88.71, 21.49. 

Anal. Calcd. for C15H12: C, 93.79; H, 6.21; found: C, 93.57, H: 6.23. 

 

 

 

NC

MeO



Chapter 4 

 

 144 

2-methyl-4-phenylbut-3-yn-2-ol (3g) 

 
Yellow oil (93% yield); Purification by flash chromatography (Cy/EtOAc = 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.44 – 7.42 (m, 2H), 7.31 – 7.29 (m, 3H), 2.53 (s, OH), 

1.64 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.23, 127.83, 127.81, 122.37, 93.50, 81.69, 65.17, 

31.08.  

Anal. Calcd. for C11H12O: C, 82.46; H, 7.55; found: C, 82.78; H, 7.54. 

 

N,N-dimethyl-3-phenylprop-2-yn-1-amine (3h) 

 
Colourless liquid (94% yield); Purification by flash chromatography (Cy/EtOAc = 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm) 7.45 – 7.43 (m, 2H), 7.30 – 7.28 (m, 3H), 3.47 (s, 2H), 

2.37 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 131.27, 127.82, 127.59, 122.80, 84.86, 84.13, 48.15, 

43.81. 

Anal. Calcd. for C11H13N: C, 82.97; H, 8.23; N, 8.80; found: C, 82.99; H, 8.22; N, 8.77. 

 

3-(4-nitrophenyl)prop-2-yn-1-ol (3i) 

 
Yellow oil (95% yield); Purification by flash chromatography (Cy/EtOAc = 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.21 – 8.18 (dd, J = 8.0, 4.0 Hz, 2H), 7.60 – 7.57 (dd, J = 

8.0, 4.0 Hz, 2H), 4.55 (s, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 147.25, 132.39, 129.41, 123.57, 92.46, 83.81, 51.49. 

Anal. Calcd. for C9H7NO3: C, 61.02; H, 3.98; N, 7.91; O, 27.09; found: C, 61.11; H, 3.95; N, 

7.87; O, 28.1. 

 

 

OH

NMe2

OH
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1-(hept-1-yn-1-yl)-4-nitrobenzene (3j) 

 

Yellow oil (94% yield); Purification by flash chromatography (Cy 100%). 

1H NMR (400 MHz, CDCl3) δ (ppm) 8.16 – 8.14 (dd, J = 8.0, 4.0 Hz, 2H), 7.52 – 7.50 (dd, J = 

8.0, 4.0 Hz, 2H), 2.46 – 2.43 (t, J = 12.0 Hz, 2H), 1.66 – 1.60 (m, 2H), 1.48 – 1.34 (m, 4H), 

0.95 – 0.91 (t, J = 12.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 146.53, 132.19, 131.20, 123.43, 96.79, 79.25, 31.08, 

28.08, 22.16, 19.50, 13.93. 

Anal. Calcd. for C13H15NO2: C, 71.87; H, 6.96; N, 6.45; O, 14.73; found: C, 71.93; H, 6.92; N, 

6.50; O, 14.69. 

 

1,1'-biphenyl, 6a 

 
White solid (98% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.69 – 7.66 (m, 4H), 7.54 – 7.49 (m, 4H), 7.44 – 7.40 (m, 

2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 141.28, 128.80, 127.29, 127.21. 

Anal. Calcd. for C12H10: C, 93.46; H, 6.54; found: C, 93.37; H, 6.62. 

 

4-methoxy-1,1'-biphenyl, 6b-6e 

 
White solid (97% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.58 – 7.52 (m, 4H), 7.45 – 7.41 (m, 2H), 7.33 – 7.29 (m, 

1H), 7.00 – 6.98 (m, 2H), 3.87 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm)159.11, 140.81, 133.76, 128.68, 128.12, 126.71, 126.62, 

114.17, 55.32. 

Anal. Calcd. for C13H12O: C, 84.75; H, 6.57; O, 8.68; found: C, 84.77; H, 6.51; O, 8.70. 

 

OMe
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4-methyl-1,1'-biphenyl, 6c-6f 

 
White solid (95% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.68 – 7.66 (m, 2H), 7.60 – 7.58 (m, 2H), 7.53 – 7.49 (m, 

2H), 7.43 – 7.39 (m, 1H), 7.35 – 7.33 (d, J = 7.8 Hz, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 141.22, 138.44, 137.06, 129.57, 128.79, 127.04, 127.02, 

21.14. 

Anal. Calcd. for C13H12: C, 92.81; H, 7.19; found: C, 92.75; H, 7.23. 

 

3,4,5-trifluoro-1,1'-biphenyl, 6d 

 
White solid (94% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.53 – 7.42 (m, 5H), 7.22 – 7.18 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 152.72 – 152.58 (dd, JF = 9.9, 4.2 Hz), 150.25 – 150.11 

(dd, JF = 10.1, 4.4 Hz), 140.63 – 140.32 (t, JF = 15.1 Hz), 138.17 – 137.43 (m), 137.45 – 137.25 

(m), 129.06, 128.37, 126.81, 111.10 – 110.88 (dd, JF = 16.1, 6.0 Hz). 

Anal. Calcd. for C12H7F3: C, 69.23; H, 3.39; F, 27.38; found: C, 69.20; H, 3.45; F, 27.44.  

 

2-nitro-1,1'-biphenyl, 6g 

 
Yellow oil (96% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.89– 7.87 (dd, J = 8.0, 1.3 Hz, 1H), 7.65 – 7.61 (td, J = 

7.6, 1.3 Hz, 1H), 7.52 – 7.44 (m, 5H), 7.38 – 7.35 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 149.32, 137.42, 136.32, 132.31, 131.97, 128.70, 128.24, 

128.20, 127.91, 124.06. 

Anal. Calcd. for C12H9NO2: C, 72.35; H, 4.55; N, 7.03; O, 16.06; found: C, 72.39; H, 4.52; N, 

7.01; O, 16.09. 

F

F

F

NO2
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4-nitro-1,1'-biphenyl, 6h 

 
Yellow solid (94% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 8.32 – 8.30 (m, 2H), 7.76 – 7.74 (m, 2H), 7.65 (m, 2H), 

7.54 – 7.46 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 147.61, 147.07, 138.75, 129.16, 128.89, 127.80, 127.36, 

124.08. 

Anal. Calcd. for C12H14: C, 72.35; H, 4.55; N, 7.03; O, 16.06; found: C, 72.25; H, 4.61; N, 7.07; 

O, 15.9. 

 

4'-chloro-2-nitro-1,1'-biphenyl, 6i 

 
Yellow solid (97% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.90 – 7.87 (dd, J = 8.1, 1.3 Hz, 1H), 7.65 – 7.61 (td, J = 

7.6, 1.3 Hz, 1H), 7.53 – 7.49 (m, 1H), 7.43 – 7.39 (m, 3H), 7.27 – 7.25 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 149.03, 135.95, 135.15, 134.41, 132.55, 131.85, 129.30, 

128.89, 128.61, 124.25. 

Anal. Calcd. for C12H8ClNO2: C, 61.69; H, 3.45; Cl, 15.17; N, 5.99; O, 13.69; found: C, 61.74; 

H, 3.38; Cl, 15.13; N, 6.04; O, 13.74. 

 

3',4',5'-trifluoro-2-nitro-1,1'-biphenyl, 6j 

 

Yellow solid (95% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.96 – 7.93 (dd, J = 8.1, 1.3 Hz, 1H), 7.69 – 7.65 (td, J = 

7.5, 1.3 Hz, 1H), 7.60 – 7.55 (dt, J = 7.8, 1.5 Hz, 1H), 7.41 – 7.39 (dd, J = 7.6, 1.5 Hz, 1H), 6.97 

– 6.94 (m, 2H). 

O2N

Cl

NO2

F

F

FNO2
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13C NMR (100 MHz, CDCl3) δ (ppm) 152.41 – 152.27 (dd, JF = 10.3, 4.2 Hz), 149.92 – 149.77 

(dd, JF = 10.1, 4.4 Hz), 148.68, 141.19 – 140.89 (t, JF = 15.1 Hz), 138.68 – 138.38 (t, JF = 15.1 

Hz), 133.51 – 133.46 (m), 132.79, 131.63, 129.37, 124.49, 112.68 – 112.46 (dd, JF = 16.1, 

6.0 Hz). 

Anal. Calcd. for C12H6F3NO2: C, 56.93; H, 2.39; F, 22.51; N, 5.53; O, 12.64; found: C, 56.98; 

H, 2.35; F, 22.46; N, 5.61; O, 12.60. 

 

2-methyl-4-(3-(phenylethynyl)phenyl)but-3-yn-2-ol, 9 

 
Yellow oil (92% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.63 (s, 1H), 7.56 – 7.53 (m, 2H), 7.49 – 7.47 (m, 1H), 

7.40 – 7.30 (m, 5H), 1.65 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 134.68, 131.62, 131.29, 128.47, 128,37, 123.53, 123.08, 

122.98, 94.39, 89.94, 88.47, 81.35, 65.58, 31.43. 

Anal. Calcd. for C19H16O: C, 87.66; H, 6.20; O, 6.15; found: C, 87.61; H, 6.29; O, 6.14. 

 

4-([1,1'-biphenyl]-3-yl)-2-methylbut-3-yn-2-ol, 10 

 
Yellow oil (96% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.72 – 7.55 (m, 4H), 7.49 – 7.38 (m, 5H), 1.70 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 141.34, 140.32, 130.45, 128.89, 128.79, 127.66, 127.11, 

123.30, 94.13, 82.21, 65.70, 31.57. 

Anal. Calcd. for C17H16O: C, 86.40; H, 6.82; O, 6.77; found: C, 86.44; H, 6.74; O, 6.81. 

 

 

HO

HO
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Calculation of the RRF 

RRF between chlorobenzene 1a and diphenylacetylene 3a 

Table S4.4:  RRF between 1a and 3a at several concentrations 

 
 

 
Figure S4.1:  HPLC-UV spectrum of equimolar mixture of phenyl triflate 1a and 
diphenylacetylene 3a at 0.0005 M 

 

RRF between chlorobenzene 1a and biphenyl 6a 

Table S4.5: RRF calculation between 1a and 6a at several concentrations 

 
 

 
Figure S4.2: HPLC-UV spectrum of equimolar mixture of chlorobenzene 1a and biphenyl 6a 
at 0.0025 M concentration 

Concentration (M)

0.0025
0.0005

0.00025

Chlorobenzene area (mAu)

2142.2
438.7
256.0

Diphenylacetylene area (mAu)

5633.3
1126.4
658.6

RRF

2.63
2.57
2.57

∆RRF

2.59

Concentration (M)

0.0025
0.0005

0.00025

Chlorobenzene area (mAu)

1923.8
496.3
351.0

Biphenyl area (mAu)

4230.5
1124.2
790.1

RRF

2.19
2.26
2.25

∆RRF

2.23
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5.1 Introduction 

The general mechanism of the copper-free HC protocol is known (Chapter 1.5), but the 

coordination of the acetylene is still a matter of investigation for several research groups.  

The first step in the HCS reaction mechanism, as for all palladium cross-coupling reactions, 

is the oxidative addition of the Ar-X onto the Pd0 complex. This step has been extensively 

studied by several research groups and for this reason it was not investigated in this study.1–

7 Harvey, Fu and Hartwig have reported studies in which they demonstrated that the active 

species in the Oxidative Addition (OA) step, depending on the ligand and the reaction 

conditions, could be Pd0L or Pd0L2.1,5,7 Moreover, the presence of anionic palladium species, 

postulated by Amatore and coworkers, such as [Pd0L2X]-, can also play a role in the presence 

of halides.3 Several hypothetical mechanisms have been proposed, passing through the 

carbopalladation mechanism reported by Heck in 1975,8 the direct insertion protocol 

hypothesized by Soheili9 and the cationic and anionic pathways of Mårtensson and 

coworkers10,11 (Chapter 1.5). 

Subsequently, scientific efforts devoted to understand the Heck–Cassar protocol 

mechanism were mainly centered on the nature of the π/σ switching, and, in addition to 

the anionic and cationic coordination-insertion process, an ionic pathway was also 

proposed (Figure 5.1).12 On examination of the density functional theory (DFT) data, the 

energy barriers did not look very different considering the standard operational conditions 

in polar aprotic solvents at a temperature of >60°C. In addition, the different coordination–

insertion processes appear to be a function of several factors, such as the nature of the 

leaving group, the pKa of the alkyne, the solvent, and the strength and nucleophilicity of 

the base. In 2018, Košmrlj and coworkers proposed a general mechanism for the Heck–

Cassar protocol based on a second cycle of palladium, as shown in Figure 5.2.13 Based on 

the PdII–PdII transmetallation (TM) in Figure 5.2, the main side product should be the 

homodimer 4 generated from complex M via a simple reductive elimination process. 

However, this hypothesis was not in line with our findings already described in Chapter 3 

where the homocoupling product was never observed, even by GC-MS.14  
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Figure 5.1: Heck–Cassar protocol based on direct coordination of alkyne, via cationic, 
anionic and ionic routes 

 

When the oxidative addition step to generate B was inefficient, the corresponding enyne 

originating from a self-hydroalkynylation was observed. However, the formation of this 

side product was easily controlled by the slow addition of the alkyne. These observations 

triggered this investigation on the Heck–Cassar protocol, which focuses the attention on 

the fate of the alkyne under both stoichiometric and catalytic conditions. Several 

parameters have to be considered in order to control the reaction, such as the ligand, base, 

solvent, leaving group, concentration, and temperature. The highly reactive palladium 
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species that are generated under the cross-coupling operative conditions can also promote 

parallel side reactions that could completely change the outcome. Monitoring the reaction 

through 31P NMR, HPLC, GC and DFT calculations, the target of this study was to shed light 

on the Heck–Cassar protocol mechanism under operative conditions. 

 

 
Figure 5.2: Heck–Cassar protocol based on PdII–PdII transmetalation mechanism 

 

5.2 Results and discussion 

PdII Pre-catalyst Reduction. A rapid and complete pre-catalyst reduction is critical for an 

efficient process. Therefore, we investigated base, ligand and solvent effects on the 

reduction of Pd(PPh3)2Cl2. The stoichiometry of the reaction requires one molecule of water 

and generates one molecule of triphenylphosphine oxide. Three bases used in the HCS 

reaction, i.e., N,N,N’,N’-tetramethyl guanidine (TMG), pyrrolidine (PYR), and triethylamine 

(TEA), were tested in two different solvents, CDCl3 and DMF-d7 (Table 5.1).15 PYR and TEA 

are standard bases for the HCS reaction, while TMG was introduced by Cabri et al. only in 

1998.16 Using 31P NMR, we observed that the nature of the base affects the reduction 

process. TMG, with a high pKa (23.3 in acetonitrile),17 was more efficient than PYR in 
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reducing the pre-catalyst (entries 1 and 2 versus entries 3 and 4, respectively, Table 5.1) at 

room temperature, while TEA was not able to reduce PdII. Interestingly, in the presence of 

an excess of PPh3 for entries 1–4, the conversion of Pd(PPh3)2Cl2 into Pd0 complexes was 

completed in a few minutes. These experiments showed that the base affects the reduction 

process and probably increases the phosphine mobility, and when extra quantities of PPh3 

are present, the process is more efficient.  

 

Table 5.1: Evaluation of base and ligand effect on Pd(PPh3)2Cl2 reduction to Pd0 

 

 
 

Alkyne Direct Coordination versus PdII-PdII Transmetalation: Catalytic and Stoichiometric 

Reactions. The Heck–Cassar copper-free reaction was studied using the model protocol: 4-

NO2PhX 1, 1.1 eq of phenylacetylene 2a, 2.0 eq of base and 20 mol% of pre-catalyst 

Pd(PPh3)2Cl2. The presence of the electron-withdrawing (EWG) nitro substituent on the 

aromatic ring of aryl iodide 1 was chosen because of its capability to slow down the 

Reductive Elimination (RE) step and increases the chances to detect intermediate 

complexes of the catalytic cycle. The PdII complexes B, C, M, and L (Figure 5.2) were 

individually synthetized according to previously reported procedures.13 For this purpose, 

only TMG and PYR were screened as base, while TEA was not tested, because of its 

inefficiency in generating Pd0 species at room temperature. Independently from the bases 

PdII(PPh3)2Cl2H2O Pd0(PPh3)
+ PPh3

- PPh3

Pd0(PPh3)2
+ PPh3

- PPh3

Pd0(PPh3)n

n = 3,4

base 2 base HCl

OPPh3

AI A

1
2
3
4
5
6

Entrya Conv % PPh3 additionb

Conv %

DMF-d7

CDCl3
DMF-d7

CDCl3
DMF-d7

CDCl3

TMG
TMG
PYR
PYR
TEA
TEA

64
85
31
65
0
0

100
100
100
100

0
0

Base Solvent

aReactions were carried out at rt with 0.013 mmol of pre-
catalyst and 0.026 mol of base in 600 µl of solvent for 10 
minutes. Conversions of PdII into Pd0 were calculated by 
31P NMR. bTwo equivalents of PPh3 were added.
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or solvents used, it is possible to observe the formation of a small amount of M. 

Nonetheless, with the addition of PPh3, which accelerates the PdII reduction, complex M 

was not detected by 31P NMR, regardless of the organic base (TMG, PYR) and solvent (DMF-

d7, CDCl3) used (Figure 5.3b). In Figure 5.3, the 31P NMR of the reaction with TMG as base 

in DMF-d7, with and without additional quantities of PPh3, is described. Complex M was 

formed and detected only when the reduction of the PdII pre-catalyst was inefficient (Figure 

5.3a). Accordingly, when using palladium tetrakis triphenylphosphine as catalyst, M was 

never detected (see Experimental section). In addition, to evaluate the role of M in the 

transmetallation process, kinetic experiments were performed (Figure 5.4). Considering 

the stoichiometric reactions described in Figure 5.4, performed in CDCl3 because of the 

scarce solubility of M in other solvents, it is possible to observe that the reaction carried 

out between B and M at room temperature in CDCl3 (Figure 5.4, green dotted line) was 

slower than the coupling between B and 2a (Figure 5.4, red dotted line). Complex M was 

able to promote the cross-coupling, but this pathway was significantly less efficient than 

the direct reaction between the oxidative addition complex B and the alkyne 2a. The 

reaction between B and 2a did not require the formation of complex M. 

 

 

Figure 5.3: 31P NMR of the HCS reaction carried out with TMG as base in CDCl3.  Complex R 
is the OA complex with TMG coordinated to palladium (see below) 

O2N I
Pd(PPh3)2Cl2 (20 mol%)

TMG (2 eq)
DMF-d7, rt, 1h

O2N

1 2a 3a

O2N I

Pd(PPh3)2Cl2 (20 mol%)
PPh3 (40 mol%)

TMG (2 eq)
DMF-d7, rt, 1h

O2N

1 2a 3a
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Figure 5.4: HCS reaction between the oxidative addition complex B with 2a and with M. The 
formation of 3a was monitored by 1H NMR 

 

Parallel Side Reactions. A series of stoichiometric experiments were designed to clearly 

identify the palladium catalyzed side reactions that could interfere with the HCS cross-

coupling process. In particular, the target was to evaluate the stability of the key 

intermediate PdII complexes, monitoring the formation of the coupling product 3a and the 

homocoupling of the alkyne 4a after 30 min, see Table 5.2. Complex M resulted very stable 

at room temperature at 25°C in CDCl3 and in DMF-d7 (entry 1 and 2). However, at 60°C in 

CDCl3 (entry 3), complex 4a was detected. It is worth noting that at 40°C, the conversion of 

M into 4a in DMF-d7, with concomitant formation of the Pd0L2 complex A, was completed 

within 30 min (entry 4). On the other hand, complex B in the presence of M in CDCl3 

generated only a small amount of cross-coupling product 3a (entry 5) at 25°C, while at 60°C, 

95% of M was transformed into the homocoupling product 4a (entry 6). This data showed 

that at 60°C, the RE process of M to give Pd0 and 4a was much faster than the PdII-PdII TM 

step. On the contrary, the cross coupling between the oxidative addition complex B and 2a 

generated the target product 3a only. 

 



New Mechanistic Insights into the Copper-free Heck–Cassar–Sonogashira cross-coupling reaction 

 

 160 

Table 5.2: HCS side reactions and stoichiometric studies 

 
 

Alkyne Direct Coordination versus PdII-PdII Transmetalation: Stoichiometric Competitive 

Reactions. The direct competition between the direct coordination process and the PdII–

PdII transmetallation was studied at 60°C in DMF-d7 with an equimolecular amount of the 

complexes B, M and 4-methyl-phenyl acetylene 2b (Scheme 5.1). The different substituents 

on the aromatic rings allowed all potential products of the reaction to be distinguished. The 

only cross-coupling product found in the reaction mixture was 3b, derived from the 

reaction between B and 2b, while complex M generated the homocoupling product 4a 

only. Compounds 3a, 4b, 4c, 5a, and 5b were not detected. In fact, based on the results in 

Table 5.2, if complex P or Q were the key intermediates of the reaction mechanism, the 

homocoupling products 4b and/or 4c should have also been detected in the final mixture. 

These data support the direct coordination mechanism hypothesis, which deserves further 

investigation to establish the role of both the base and the leaving group in directing the 

reaction towards an anionic, cationic, or ionic mechanism (Figure 5.1). Finally, based on the 

data described, it is possible to exclude any contribution of the PdII–PdII transmetallation 

process to the out-come of the HCS reaction. 

 

1
2
3
4
5
6
7
8

Entrya 2a

25
25
60
40
25
60
25
60

CDCl3
DMF-d7
CDCl3
DMF-d7
CDCl3
DMF-d7
CDCl3
DMF-d7

-
-
-
-
1
1
1
1

-
-
-
-
-
-
1
1

Solvent T°C B

1
1
1
1
1
1
-
-

M Conv (%)

M (0)b

M (0)b

M (30)b

M (100)c

B (5)b

M (100)c

B (36)b

B (42)b

3a/4ab

0/0
0/0

0/100
0/100
100/0
21/79d

100/0
100/0

aAll reactions were carried out for 30 min in deuterated solvents with 0.024 M. 
For entries 7 and 8, 1.1 eq of TMG were added. bThe mixture was analyzed after 
30 min by 1H NMR. cThe mixture was analyzed after 30 min and the conversion 
was calculated using 31P NMR. dThe ratio 3a/4a was determined by HPLC.
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Scheme 5.1: Competition between M and 2b in reacting with oxidative addition complex B 

 

Oxidative Addition Complex B: Role of the Base. In order to understand the behavior of 

the different PdII complexes under operative conditions, we carried out 31P analysis of the 

oxidative addition complexes B with several leaving groups X, namely, I, Br, Cl, or OTf, in 

the presence of TMG, PYR and TEA in DMF (Table 5.3). The base effect was studied using 

50/20/10 equivalents of base with respect to the PdII complex B to reproduce the operative 

conditions. In fact, when using a 1 mol% concentration of the catalyst, the data showed the 

impact of 1.1 equivalents of base on the oxidative addition catalyst at different conversion 

(60, 90 and 99 %). The 31P spectra clearly showed that complexes R were the dominant PdII 

species with TMG and PYR (entries 1–6), regardless of the excess of base, while the tertiary 

base TEA was not able to enter the metal coordination sphere (entries 7–9). 

 

Table 5.3: Base effect on the oxidative addition complexes B, X = I, Br, Cl, OTf 
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The value of the equilibrium constant K is generally low and in line with the studies of 

Jutand and coworkers.18 It is clear that the presence of a large excess of base pushes the 

equilibrium toward the formation of the R complexes. Interestingly, with the exception of 

the chloride complex (entries 3 and 6), TMG was always more efficient than PYR in replacing 

PPh3 in the PdII coordination sphere (entries 1,2 and 4,5). The introduction of a methoxy 

group at position 4 of the phenyl iodide favored the formation of complex R (entry 10). The 

results showed that the exchange between the base and the halide does not take place 

because the strength of the PdII–I,Br,Cl bonds is very high.19,20 In fact, the formation of 

complexes R is perfectly balanced by the release of free PPh3 in solution (see Figure 5.6a 

BBr + 20 equivalents of TMG). With oxidative addition complexes coming from aryl halides, 

triphenylphosphine release begins upon the addition of the first equivalent of TMG or PYR 

into the mixture. 

 

1
2
3
4
5
6
7
8
9

10
11

Entrya X base

I
Br
Cl
I

Br
Cl
I

Br
Cl
I

OTf

NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
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100/0
96/4
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0/100
0/100
0/100
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100/0

85/15
78/22
82/18
97/3

85/15
71/29
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0/100
0/100
99/1

100/0

68/32
68/32
70/30
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74/26
63/37
0/100
0/100
0/100
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100/0

0.182
0.099
0.134
0.910
0.122
0.074

-
-
-

0.306
-b

R2 KR/B ratio

50 eq 20eq 10 eq

aRatios of the complexes and equilibrium constants were calculated using 31P 
NMR. bIt was not possible to calculate K since the formation of the R2 
complex is efficient even with a low amount of base.
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Figure 5.5: Gibbs energies (ΔG, kcal mol-1) for isomers of complexes BOTf and R at 298 K 

 

The 31P NMR spectra showed two or three peaks related to complexes Ra–c (see the 

Experimental section). With aryl halides, we carried out DFT calculations with TMG as the 

base, and the data supported the hypothesis that among the different isomers, Ra was the 

most stable (Figure 5.5). However, the energy difference between Ra and Rb (3.2–4.8 kcal) 

is smaller than the one between Rb and Rc (7.0–7.5 kcal), independent of the halide (Figure 

5.5a). Considering the oxidative addition complex generated with triflate as the counterion 

BOTf, the formation of complexes Rd–g is even more efficient than the corresponding aryl 

halide (Figure 5.5b-d). Complex BOTf is completely dissociated in DMF and with the addition 

of the first equivalent of TMG, the formation of two peaks was observed at 27.78 and 19.32 

ppm in the 31P NMR spectrum (Figure 5.6b). With the excess of base, only the peak at 27.78 

ppm is detected along with the corresponding amount of PPh3. The complex at 19.32 ppm 

has only one TMG attached to the palladium (Rd,e), while the complex at 27.78 ppm has 

two molecules of TMG (Rf,g). The cationic complexes Rd,e generated from BOTf and one 

Fr
ee

 E
ne

rg
y 

(k
ca

l/m
ol

)

Fr
ee

 E
ne

rg
y 

(k
ca

l/m
ol

)

Pd
TMG

PPh3Ar

Ph3P Pd
PPh3

TMGAr

TMG

ΔGRd  = 0.7 kcal/mol 
ΔGRe = 0.0 kcal/mol

Pd
PPh3

PPh3Ar

TMG
Pd

TMG

PPh3Ar

TMG

b)

Fr
ee

 E
ne

rg
y 

(k
ca

l/m
ol

)

ΔGRg  = 2.3 kcal/mol 
ΔGRf = 0.0 kcal/mol

c)

Rd

Re

Rg

Rf

a)

ΔGb  = 4.5 kcal/mol 
ΔGa = 0.0 kcal/mol

Pd
DMF

PPh3Ar

Ph3P

Pd
PPh3

PPh3Ar

DMF

BOTf
1

BOTf
2

Fr
ee

 E
ne

rg
y 

(k
ca

l/m
ol

)

Ra

Rb

Rc

ΔGRc = 10.2 kcal/mol 
ΔGRb  = 3.2 kcal/mol 
ΔGRa  = 0.0 kcal/mol

Pd
X

PPh3Ar

TMG

Pd
TMG

PPh3Ar

X

Pd
PPh3

XAr

TMG

ΔGRc = 11.6 kcal/mol 
ΔGRb = 4.2 kcal/mol 
ΔGRa = 0.0 kcal/mol

ΔGRc = 12.3 kcal/mol 
ΔGRb = 4.8 kcal/mol 
ΔGRa = 0.0 kcal/mol

X = I

X = Br

X = Cl

d)
X = OTf X = OTf X = OTf



New Mechanistic Insights into the Copper-free Heck–Cassar–Sonogashira cross-coupling reaction 

 

 164 

TMG in the coordination sphere of the palladium had almost the same energy, while for 

those generated with two molecules of TMG, Rf was more stable than Rg by 2.3 kcal. 

 

Alkyne coordination step. The intermediate complexes described in Table 5.3 and in Figure 

5.5 support a coordination-insertion process of the alkyne that is very close to the one 

described by Jutand for the HCS and Cabri for the Heck-type reaction.18,21 The reaction 

mechanism, via neutral (Ra-c) or cationic (Rd-g) complexes, is mainly related to the nature 

of the counterion in the oxidative addition complex B.  

 

 
Figure 5.6: 31P NMR spectra of the Heck–Cassar copper-free protocol at room temperature, 
starting from BBr a) and BOTf b) 

 

The coordination of the base and then the alkyne took place in a neutral complex with the 

halide counterion (Ra-c) and in a cationic complex with the triflate (Rd-g). To the reactions 

with 20 equivalents of base described in Table 5.3, 20 equivalents of 2a were added. 

Regardless of the counterion, the formation of complex C that preceded the RE step is a 

fast process, see the Experimental section. In Figure 5.6a, the 31P NMR spectra showed that 

starting from BBr, the addition of the base generated a mixture of two main peaks at 27.71 

and 31.03 ppm (Ra-c), which disappeared after 10 min from the addition of 2a, forming 

only complex C at 28.03 ppm. Using the BBr complex, we studied the effect of the alkyne 

on the reaction outcome. Complex C is rapidly generated after 10 minutes at room 

temperature (see Figure 5.6a) and, after 5h, complex C was not present anymore and the 

corresponding HCS products 3a-q were detected by HPLC (Figure 5.7). These results further 

support the observation that the different excess of alkyne necessary to achieve complete 
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conversions under standard conditions is not determined by the alkyne reactivity in the 

HCS coupling. The alkyne coordination and the π/σ switching necessary to generate C is 

very fast, and we were unable to detect any intermediate. Therefore, the only possibility 

was to take advantage of DFT calculations. 

 

 
Figure 5.7: Alkyne insertion into complex BBr 

 

DFT Calculations. Density functional theory calculations of the HC reaction coordinate were 

performed with PBE/def2-TZVP level of theory22–25 starting from the oxidative addition 

complexes, namely BI and BOTf, phenylacetylene 2a, and TMG as a model system to gain 

molecular-level insight into the mechanism of the alkyne insertion step.   
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Figure 5.8: DFT-calculation-computed reaction profile and solution-state Gibbs free 
energies (ΔG, kcal mol-1) PBE/def2-TZVP level of theory at 298 K for stationary points of the 
Heck–Cassar protocol mechanism using aryl halides 5.8a and aryl triflates 5.8b 

 

According to the experimental data on the effect of the TMG base, two different 

mechanisms were studied using the iodide and the triflate as counterions: the 

neutral/anionic pathway via Ra–c for the halide species and the cationic/neutral pathway 

via Rd–g for the triflate as the leaving group (Figure 5.8). The computed Gibbs energy 
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shown in Figure 5.8a.  The energy of the transition state of the direct insertion of the 

acetylene on complex BI, without passing through TS0I, was found to be 26.8 kcal/mol 

(TS1PPh3). This is the energy required for the mechanism involving tertiary amines. With 

secondary amines like TMG the key step of the process is the transformation of BI into 

intermediate Ra, through the displacement of one equivalent of PPh3 by the base. Our 

calculations found a barrier of 16.9 kcal/mol (TS0I), a difference in energy offset by the 

excess base that is used in the process. The reaction coordinate was based on Ra because 

it was the most stable isomer, see Figure 5.5a. The ability of the secondary amine to enter 

in the coordination sphere of the metal is critical because it lowers the energy required for 

the acetylene insertion step. The energy required to go from Ra to G through TS1I is only 

18.6 kcal/mol, a process favored by 8.2 kcal over the direct passage from TS1PPh3. The 

calculations reinforce therefore the concept that the insertion step is much faster when 

passing through complex Ra, instead of going directly from complex BI. The step from Ra 

to G through TS1I is the rate determining step of the alkyne insertion process. All 

subsequent energy barriers from G to C are lower than the previous transition state from 

R to G. The deprotonation of the acetylene is also favored because the base, having just 

left the complex to make room for the alkyne, remains near the intermediate, facilitating 

the formation of the anionic complex N with an energy barrier of 8.4 kcal/mol. The rupture 

of the Pd–I bond from the anionic complex N requires a lower activation energy and the 

replacement with PPh3 is therefore very efficient. In fact, the ΔG between N and TS3I is only 

6.4 kcal/mol, affording the neutral complex C that rapidly undergoes reductive elimination 

with a free energy of 8.4 kcal/mol giving rise to the coupling product 3 and regenerating 

the catalyst.  

In contrast to the neutral/anionic mechanism that occurs with halides as leaving group, the 

HC reaction with triflates is characterized by a cationic/neutral mechanism, see Figure 5.8b. 

Currently there are no data in literature on DFT calculations for aryl triflates in copper-free 

HCS reactions. The Pd–OTf bond is weaker than the Pd–I bond and easily dissociates even 

in the presence of a ligand such as DMF. For this reason, we started the Gibbs energy profile 

of the mechanism from B1
OTf (more stable than the correspondent B2

OTf isomer by 4.5 

kcal/mol) with DMF instead of TfO- as the PdII ligand. Based on experimental 31P NMR data, 

the key initial step was the formation of complex Rg with two TMGs coordinated to the 

metal. The coordination of the first TMG stabilized the cationic complex by −2.3 kcal/mol 
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(ΔG between B1
OTf and Rd). Similar to the previous mechanism, the second TMG replaced 

one of the PPh3 ligands, with a Gibbs free energy of 17.5 kcal/mol, to give isomer Rg, 

corresponding to the rate determining step of the process (TS0OTf). The insertion of the 

acetylene into Rg takes place with an energy barrier of 14.3 kcal/mol. This transition state 

energy barrier from Rg to TS1OTf is consistently lower that the one previously calculated for 

the corresponding mechanism step from the iodide complex Ra. Interestingly, the average 

distance between the sp carbons of the alkyne and the palladium complex in TS1I was 2.40–

2.47 Å, while for TS1OTf a distance of 2.62–2.92 Å was sufficient to activate the C–H bond, 

creating a lower stressful steric interaction. Analogous to mechanism outlined for the 

iodide, after TS1OTf, all the other reaction steps required very low activation energies: the 

TMG base, which had just come out of the coordination sphere in TS1OTf, deprotonates the 

acetylene favoring the switch from the π complex S to the σ complex T with an activation 

energy of only 2.9 kcal. This process is highly favored because it leads to the more stable 

complex T and subsequently to intermediate C through the displacement of TMG by the 

phosphine with ΔG energy of 8.4 kcal/mol.  

Concerning the overall reaction rate determining step, with iodides the oxidative-addition 

and the coordination of the alkyne transition states have very similar energy requirements, 

around 15-17 kcal.12,26 On the contrary, for bromides, chlorides and triflates the oxidative 

addition is by far the most demanding step, with an energy higher than 30 kcal27 and higher 

than that of the acetylene insertion TS1Br, Cl, OTf, which in our calculations turns out to be 

just 14-18 kcal/mol. 
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Figure 5.9: Heck–Cassar–Sonogashira reaction mechanisms according to neutral a) or 
cationic b) route 

 

5.3 Conclusions 

A critical evaluation of the fate of the palladium complexes under real catalytic conditions 

was required, to have a clear understanding of the copper free HCS reaction mechanism. 

With highly reactive palladium species it is necessary to consider the contribution of side 

reactions that can completely change the outcome. In this work, we explored the 

fundamental role of the secondary organic amines in the Heck-Cassar copper free protocol, 

being able to promote the pre-catalyst reduction and enter in the coordination sphere of 

the metal. Under catalytic conditions, the large excess of the secondary amines respect to 

the palladium metal and the phosphine ligand is proved to affect the PdII complexes and 

their fate. Theoretical calculations together with experimental results pointed out the 

presence of two catalytic cycles based on the different counterions. With halides, the 

mechanism goes via dissociation of the ligand through a neutral ᴨ alkyne-PdII complex G 

that rapidly evolves into the negatively charged σ complex N and then to C (Figure 5.9a). 

Whereas, if the leaving group on the aromatic ring is the triflate, which is completely 

dissociated from the metal, two molecules of the secondary amine enter in the palladium 

coordination sphere favoring the formation of a cationic ᴨ alkyne-PdII complex S (Figure 

5.9b). We have reported for the first time a DFT calculation on the aryl triflate reactivity in 

HCS coupling.  This mechanism, which highlights the critical role of the counterion, resulted 

similar to the coordination-insertion step of the alkene in the Heck reaction.21  
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Further investigations are under way to evaluate the role of the secondary base complexes 

in other cross-coupling reaction mechanisms. 

 

5.4 Experimental 

General information 

Commercially available reagents (reagent grade, >99%) were purchased from Sigma 

Aldrich, Fluorochem and TCI Chemicals and used without any further purification.  

Solvents (dichloromethane (DCM), Tetrahydrofuran (THF), toluene, deuterated N,N-

Dimethylformamide (DMF-d7), deuterated chloroform (CDCl3), are commercially available 

and were used after degassing. 

Tetrakis(triphentlphosphine)palladium Pd(PPh3)4 and bis(triphenylphospine)palladium 

chloride PdCl2(PPh3)2 from FaggiEnrico (Italy). 
1H NMR, 13C NMR and 31P NMR spectra were recorded on Varian 400-MR (400 MHz) 

(equipped with autoswitchable PFG probe) and Bruker Avance Neo 600 MHz (equipped 

with CryoProbe Prodigy Broadband 5mm) spectrometers. NMR multiplicities are 

abbreviated as follows: s = singlet, d = doublet, t =triplet, q = quartet, spt = septet, m = 

multiplet, bs = broad signal. Coupling constants J are given in Hz. All 1H and 13C chemical 

shifts are calibrated to residual protic-solvents and all 31P chemical shifts are referenced to 

external 85% phosphoric acid (δ = 0 ppm). 

HPLC-UV analysis were recorded with an Agilent 1260 InfinityLab instrument. Column: 

Zorbax® SB-C18; particle size 5 μm; pore size 100 Å; length 250 mm, internal diameter: 4.6 

mm. Mobile phase A: H2O, mobile phase B: ACN. Gradient (Time(min), %B): 0, 80; 25, 80; 

28, 10; 30, 10; flow 0.5 mL min-1column temperature 30°C; injection volume: 10 μL. 

GC-MS analysis were recorded with a Hewlett-Packard 5971 spectrometer with GC 

injection and EI ionization at 70 eV coupled with an Agilent Technologies MSD1100 single-

quadrupole mass spectrometer, reported as: m/z (rel. intensity). 

HRMS spectra were obtained with a G2XS QTof mass spectrometer using either ESI. 

Room temperature (rt) refers to the ambient temperature of the laboratory, ranging from 

22 °C to 26 °C. 
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Chemical shift of Pd species 

 
 
 
Synthesis of palladium complexes 
 
Synthesis of OA complex BI28 

 

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 1-Iodo-4-

nitrobenzene 1 (423 mg, 1.7 mmol, 2.46 eq) and Pd(PPh3)4 (798 mg, 0.69 mmol, 1.0 eq) was 

stirred in degassed toluene (13 mL), in the dark for 1 h at room temperature. The reaction 

mixture was filtered out and the crude was washed with diethyl ether (Et2O) to obtain the 

pure product (564 mg, 93 %) as a white solid. 
1H NMR (600 MHz, CDCl3): δ 7.56-7.53 (m, 12H, Hb-Hf); 7.36-7.33 (m, 6H, Hd); 7.27-7.25 

(m, 12H, Hc-He); 7.02-7.01 (d, J = 6 Hz 2H, Hc’-He’); 6.85-6.84 (m, 2H, Hb’-Hf’) 
13 C NMR (151.2 MHz, CDCl3): δ 177.07 (s, Cd’); 143.84 (t, J=1.51 Hz, Ca’); 135.96 (t, J=4.53 

Hz, Cb’-Cf’), 134.94 (t, 6.05 Hz, Cb-Cf), 131.49 (t, J=24.2 Hz, Ca), 130.37 (s, Cd), 128.10 (t, 

J=4.53, Cc-Ce), 120.95 (t, Cc’-Ce’). 
31P NMR (242.4 MHz, CDCl3): δ +23.17 (s) 
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Synthesis of OA complex BI
OMe

28
 

 
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 4-

Iodoanisole 1OMe (397 mg, 1.7 mmol, 2.46 eq) and Pd(PPh3)4 (798 mg, 0.69 mmol, 1.0 eq) 

was stirred in degassed toluene (13 mL), in the dark for 2 h at room temperature. The 

reaction mixture was filtered out and the crude was washed with Et2O to obtain the pure 

product (543 mg, 91 %) as a white solid. 
1H NMR (400 MHz, CDCl3): δ 7.52-7.48 (m, 12H, Hb-Hf); 7.33-7.30 (m, 6H, Hd); 7.26-7.21 

(m, 12H, Hc-He); 6.42-6.40 (d, J=4 Hz 2H, Hb’-Hf’); 6.08-6.07 (m, 2H, Hc’-He’); 1.92 (s, 3H, 

Hg’). 
13 C NMR (100.8 MHz, CDCl3): δ 152.90 (s, Ca’); 135.59 (t, J=5.04 MHz, Cb’-Cf’); 135.04 (t, 

J=7.06 MHz, Cb-Cf); 132.33 (t, J=23.18 MHz, Ca); 131.08 (s, Cd’); 129.74 (s, Cd); 129.07 (s, 

Cc’-Ce’); 127.82 (t, J=5.04 MHz, Cc-Ce); 22.24 (s, Cg’). 
31 P NMR (161.6 MHz, CDCl3): δ +23.43 (s) 

 

Synthesis of OA complex BBr28
 

 

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 1-Bromo-4-

nitrobenzene 1Br (274 mg, 1.35 mmol, 2.46 eq) and Pd(PPh3)4 (634 mg, 0.55 mmol, 1.0 eq) 

was stirred in degassed toluene (13 mL). The reaction mixture was heated to 60°C with an 

oil bath and stirred for 5 h. The reaction mixture was filtered out and the crude was washed 

with Et2O to obtain pure product (411 mg, 90 %) as a white solid.   
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1H NMR (600 MHz, CDCl3): δ 7.56-7.53 (m, 12H, Hb-Hf); 7.36-7.34 (m, 6H, Hd); 7.28-7.25 

(m, 12H, Hc-He); 7.02-7.00 (d, J=12 Hz, 2H, Hc’-He’); 6.87-6.86 (m, 2H, Hb’-Hf’)  
13 C NMR (151.2 MHz, CDCl3): δ 174.27 (s, Cd’); 143.67 (t, J=1.51 Hz, Ca’); 136.06 (t, J=4.54 

Hz, Cb’-Cf’), 134.66 (t, 6.05 Hz, Cb-Cf), 130.69 (t, J=24.2 Hz, Ca), 130.26 (s, Cd), 128.07 (t, 

J=4.54, Cc-Ce), 120.80 (t, Cc’-Ce’). 
31 P NMR (242.4 MHz, CDCl3): δ +24.08 (s) 

 

Synthesis of OA complex BCl29 

 

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 

Pd(PPh3)2(PhNO2)I BI (105 mg, 0.12 mmol, 1.0 eq) and Et4NCl (40 mg, 0.24 mmol, 2.0 eq) 

was stirred in DCM (1.2 mL) for 12 h at room temperature. The reaction mixture was 

filtered, washed with toluene (1 mL) and concentrated to 1 mL under reduced pressure. 

Hexane (1 mL) was added dropwise and the precipitated was filtered. To give the pure 

product as white solid, the precipitate was washed with hexane and ethanol and dried 

under vacuum (94 mg, 80%). 
1H NMR (600 MHz, CDCl3): δ 7.55-7.52 (m, 12H, Hb-Hf); 7.36-7.34 (m, 6H, Hd); 7.27-7.25 

(m, 12H, Hc-He); 7.01-6.99 (d, J=12 Hz, 2H, Hc’-He’); 6.87-6.86 (m, 2H, Hb’-Hf’) 
13 C NMR (151.2 MHz, CDCl3): δ 172.56 (s, Cd’); 143.77 (t, J=1.51 Hz, Ca’); 136.40 (t, J=4.53 

Hz, Cb’-Cf’), 134.68 (t, 6.05 Hz, Cb-Cf), 130.52 (t, J=24.2 Hz, Ca), 130.41 (s, Cd), 128.27 (t, 

J=4.53, Cc-Ce), 120.85 (t, Cc’-Ce’). 
31 P NMR (242.4 MHz, CDCl3): δ +24.18 (s) 
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Synthesis of OA complex BOTf30 

 
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 

Pd(PPh3)2(PhNO2)I BI (60 mg, 0.068 mmol, 1.0 eq) and silver trifluoromethanesulfonate 

(AgOTf) (18 mg, 0.072 mmol, 1.06 eq) was stirred in THF (2 mL) for 1 h at room temperature 

in the dark. The reaction mixture was filtered through a pad of celite, washed with THF and 

concentrated to 0.5 mL of solvent under reduced pressure. The THF solution was layered 

with hexane and allowed to rest at -24°C overnight. The precipitated was filtered to obtain 

the pure product as white solid (13 mg, 20%).  
1H NMR (400 MHz, DMF-d7): δ 7.60-7.53 (m, 30H, Hb-Hc-Hd-He-Hf); 7.32-7.30 (m, 6H, Hd); 

7.32-7.15 (m, 4H, Hb’-Hc’-He’-Hf’). 
31P NMR (161.6 MHz, DMF-d7): δ +22.53 (s). 
19F NMR (377 MHz, DMF-d7): δ -74.37  

 

Synthesis of complex L13 

 

 

The reaction was performed in presence of I2 (2.80 g, 11 mmol, 1.1 eq) and morpholine 

(2.62 mL, 30 mmol, 3 eq) in toluene (12 mL) for 30 min at room temperature. After the 

formation of an orange solution, phenylacetylene 2a (1.10 mL, 10 mmol, 1.0 eq) diluted in 

toluene (18 mL) was added dropwise and the mixture was stirred at 45°C for 24 h. After the 

filtration and washing with diethyl ether, the organic phase was washed with NH4Cl(aq), 

NaHCO3(aq) and water. After drying with Na2SO4, the solvent was removed under reduce 

pressure to obtain 6 (1.35 g, 60%) as a brown oil. 
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1H NMR (600 MHz, CDCl3): δ 7.47-7.46 (m, 2H, Hb’-Hf’); 7.35-7.32 (m, 3H, Hc’-Hd’-He’) 
13 C NMR (151.2 MHz, CDCl3): δ 132.39 (s, Cb’-Cf’); 128.88 (s, Cd’); 128.32 (s, Cc’-Ce’); 127.48 

(s, Ca’), 123.43 (s, Cg’); 94.23 (s, Ch’) 

To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of 6 (675 mg, 

2.96 mmol, 1.1 eq) and Pd(PPh3)4 (3.11 mg, 2.69 mmol, 1.0 eq) was stirred in degassed 

toluene (25 mL), in the darkness for 24h at room temperature. The reaction mixture was 

filtered off and the crude was washed with diethyl ether to obtain pure product (2.15 mg, 

80 %) as a white solid. 
1H NMR (600 MHz, CDCl3): δ 7.78-7.76 (m, 12H, Hb-Hf); 7.41-7.35 (m, 18H, Hc-Hd-He); 6.91-

6.89 (m, 1H, Hd’); 6.86-6.83 (m, 2H, Hc’-He’); 6.09-6.08 (m, 2H, Hb’-Hf’) 
13 C NMR (151.2 MHz, CDCl3): δ 135.16 (t, J= 6.05 Hz, Cb-Cf); 132.79 (t, J=24.2 Hz, Ca); 130.66 

(t, J=1.51 Hz, Cb’-Cf’); 130.27 (s, Cd); 127.97 (t, J= 4.53, Cc-Ce); 127.34 (s, Ca’); 127.17 (s, 

Cc’-Ce’); 125.27 (s, Cd’); 109.67 (t, J=6.05 Hz, Cg’); 101.57 (t, J=13.61 Hz, Ch’) 
31 P NMR (242.4 MHz, CDCl3): δ +23.43 (s) 

 

Synthesis of complex M13 

 

 
To an oven-dried 20 mL Schlenk purged under argon atmosphere, a mixture of complex L 

(240 mg, 0.28 mmol, 1.0 eq) and phenylacetylene 2a (396 µL, 3.57 mmol, 12.78 eq) and 0.2 

M NaOH in methanol (7 mL) was stirred for 16 h at room temperature. The reaction mixture 

was filtered out and the crude was washed with water and methanol to obtain pure 

product (207 mg, 89 %) as a white solid.  
1H NMR (600 MHz, CDCl3): δ 7.84-7.81 (m, 12H, Hb-Hf); 7.41-7.38 (m, 6H, Hd); 7.36-7.33 

(m, 12H, Hc-He); 6.92-6.91 (m, 6H, Hc’-Hd’-He’); 6.34-6.32 (m, 4H, Hb’-Hf’) 
13C NMR (151.2 MHz, CDCl3): δ 135.14 (t, J= 6.05 Hz, Cb-Cf); 132.66 (t, J=24.2 Hz, Ca); 130.91 

(s, Cb’-Cf’); 130.09 (s, Cd); 128.23 (t, J= 1.51 Hz, Ca’); 128.02 (t, J=4.54 Hz, Cc-Ce); 127.20 (s, 

Cc’-Ce’); 124.86 (s, Cd’); 114.90 (t, J=4.53 Hz, Cg’); 113.74 (t, J=16.63 Hz, Ch’)  
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31P NMR (242.4 MHz, CDCl3): δ +26.56 (s) 

 

Synthesis of complex C13 

 

 
To an oven-dried 20 mL Schlenk purged under argon atmosphere, Pd(PPh3)4  (578 mg, 0.5 

mmol, 1.0 eq) was dissolved in degassed DMF-d7. The other reagents were added in the 

following order: 1-Iodo-4-nitrobenzene 1 (249 mg, 1.0 mmol, 2.0 eq), phenylacetylene 2a 

(142.8 µL, 1.3 mmol, 2.6 eq) and sodium methoxide (70 mg, 1.3 mmol, 2.6 eq). After 3 

minutes, an aliquot was collected and immediately analyzed by 31P NMR.  
31P NMR (242.4 MHz, CDCl3): δ +27.56 (s) 

 

PdII pre-catalyst reduction 

PdII-Pd0 reduction with base and triphenylphosphine 

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst 

PdCl2(PPh3)2 (9.12 mg, 0.013 mmol, 1.0 eq) was dissolved in the degassed solvent (0.6 mL). 

The base (0.026 mmol, 2.0 eq), PPh3 (6.81 mg, 0.026 mmol, 2.0 eq) and triethyl 

phosphonoacetate as internal standard (0.0065 mmol, 0.5 eq) were added. The reaction 

was stirred at room temperature and after 10 minutes, the 31P NMR spectra were collected 

(Yields of the reduction reported in Table 5.1). 
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Example of the reduction of PdII with TMG in CDCl3 (Entry 2, Table 5.1) 

 

 
Figure S5.1: 31P NMR spectra of the reduction of PdCl2(PPh3)2 in CDCl3 with TMG 2.0 eq. The 
peak labelled in green represents (TMG)Pd0(PPh3) (a); with TMG 2.0 eq and PPh3 2.0 eq (b); 
with TMG 2.0 eq, PPh3 2.0 eq and the reagent 4-NO2PhI 1 1.0 eq (c) to show that the 
reduction of PdII was complete 
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Example of the reduction of PdII with TMG in DMF-d7 (Entry 1, Table 5.1) 

 

 
Figure S5.2: 31P NMR spectra of the reduction of PdCl2(PPh3)2 in DMF-d7 with TMG 2.0 eq. 
The peak labelled in green represents (TMG)Pd0(PPh3) (a); with TMG 2.0 eq and PPh3 2.0 eq 
(b); with TMG 2.0 eq, PPh3 2.0 eq and 4-NO2PhI 1 1.0 eq (c) to show that the reduction of 
PdII was complete.  
 

 

PdII-Pd0 reduction in the presence of phenylacetylene with or without PPh3 

To an oven-dried 20 mL Schlenk purged under argon atmosphere, the pre-catalyst 

PdCl2(PPh3)2 (9.12 mg, 0.013 mmol, 1.0 eq) was dissolved in the degassed CDCl3 (0.6 mL). 

Pyrrolidine (53.38 µL, 0.65 mmol, 50 eq), phenylacetylene 2a (71.38 µL, 0.65 mmol, 50 eq) 

and PPh3 (6.81 mg, 0.026 mmol, 2 eq) were added to the solution. Triethyl 

phosphonoacetate (0.0065 mmol, 0.5 eq) was used as internal standard. The reaction was 

Pd(PPh3)2Cl2 + TMG (2 eq)
DMF-d7
rt, 10min

Pd(PPh3)2Cl2 + TMG (2 eq)
DMF-d7
rt, 10min

+ PPh3 (2 eq)

Pd(PPh3)2Cl2 + TMG (2 eq)
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+ PPh3 (2 eq)
+ NO2PhI
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stirred at room temperature and 31P NMR spectra were collected after 10 minutes. This 

experiment was performed to demonstrate that the formation of M is achieved only when 

the reduction is not effective and the alkyne intervenes in the reduction step forming M 

(Figure S5.3a). With the addition of PPh3 the reduction is efficient and the alkyne doesn’t 

intervene in the reduction and M is not formed (Figure S5.3b). 

 

 
Figure S5.3:  31P NMR spectra of PdCl2(PPh3)2 in CDCl3 with pyrrolidine 50 eq and 2a 50 eq 
(a) and with PPh3 2.0 eq (b) 
 

 

Heck-Cassar reaction with PdII and Pd0 

General procedure for the HC reaction with PdII 

 

 
To an oven-dried 10 mL Schlenk purged under N2 atmosphere, PdCl2(PPh3)2 (20% mmol) 

and PPh3 (40% mmol) were dissolved in the degassed solvent. After the addition of 1-Iodo-

4-nitrobenzene 1 (124.5 mg, 0.5 mmol, 1.0 eq), phenylacetylene 2a (60 µL, 0.55, 1.1 eq) 
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and the base (2.0 eq), the reaction mixture was stirred at room temperature. After a given 

time, the 31P NMR spectra were collected to detect the different species. 

 

 
Figure S5.4: Stacking of 31P NMR spectra after 1 h of the reaction between 1 and 2a in DMF-
d7, with TMG 2.0 eq (a); with TMG 2.0 eq and 40 mmol% of PPh3 (b) 
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Figure S5.5: Stacking of 31P NMR spectra after 1 h of the reaction between 1 and 2a in CDCl3, 
with TMG 2.0 eq (a); with TMG 2.0 eq and 40 mmol% of PPh3 (b) 

 

 

General procedure for the HC reaction with Pd0 

 

 
To an oven-dried 10 mL Schlenk purged under N2 atmosphere, Pd(PPh3)4 (20% mmol) was 

dissolved in degassed DMF-d7. After the addition of 1-Iodo-4-nitrobenzene 1 (124.5 mg, 0.5 

mmol, 1.0 eq), phenylacetylene 2a (60 µL, 0.55, 1.1 eq) and the base (2.0 eq), the reaction 

mixture was stirred at room temperature. After a given time, the 31P NMR spectra were 

collected to detect which species were formed.  

This experiment was performed to demonstrate that when you use Pd0, M complex is never 

formed (Figure S5.6). This is the proof that M is formed only when the reduction to form 

the active Pd0 species from PdII is not effective and the alkyne intervenes in the reduction. 
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Figure S5.6:  Stacking of 31P NMR spectra of the reaction between 1 and 2a in DMF-d7 using 
TMG after 15 min (a); 1 h (b); 4 h (c). 
 

 

Direct coordination versus transmetallation 
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Procedure for the transmetallation step 

 

 
The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complexes BI (15.82 mg, 0.018 mmol, 1.0 eq) and M (15 mg, 0.0.18 mmol, 

1.0 eq) were dissolved in CDCl3 (0.750 mL). The mixture was let at room temperature and 

it was monitored by 1H and 31P NMR spectroscopy at intervals of 20 minutes for 7 hours 

using tert-butyl methyl ether (TBME) as internal standard. 

 

 
Figure S5.7: Stacking of 1H NMR spectra of the stoichiometric reaction between B and M in 
CDCl3 at several times. 
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Procedure for the Direct Coordination step 

 

 

The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complex BI (15.82 mg, 0.018 mmol, 1.0 eq) was dissolved in CDCl3 (0.750 

mL), followed by the addition of 2a (29 µL from a stock solution of 0.66 M, 0.018 mmol, 1.0 

eq) and TMG (32.5 µL from a stock solution of 0.66 M, 0.02 mmol, 1.1 eq). TBME (1.0 eq) 

was used as internal standard. The mixture was let at room temperature and il was 

monitored by 1H and 31P NMR spectroscopy at intervals of 20 minutes for 7 hours.  

 

 
Figure S5.8: Stacking of 1H NMR spectra of the stoichiometric reaction between B and 2a 
with TMG in CDCl3 at several times. 
 
As evidenced by the integrations of the product areas (0.81/1.92 for the direct coordination 

and 0.34/1.92 for the Pd/Pd transmetallation), the direct insertion of the alkyne to form 

product 3 is faster than the transmetallation (see the kinetics in Figure 5.4 in the main text). 
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Parallel side reactions 

Stability of complex M (Entries 1-4, Table 5.2) 

 

 
 

General procedure: 

To an oven-dried NMR tube purged under nitrogen atmosphere, complex M was dissolved 

in deuterated solvent (0.75 mL) at room temperature or at 60°C. TBME was used as internal 

standards. After 30 minutes of stirring, the samples were analyzed using 1H NMR, 31P NMR, 

HPLC-UV or GC-MS techniques 

 

Stability of M in DMF-d7 at room temperature (Entry 2, Table 5.2) 

 
Figure S5.9: 1H NMR spectrum of M in DMF-d7 at room temperature after 30 minutes. M is 
stable at room temperature. 
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Stability of M in DMF-d7 at 60°C (Entry 4, Table 5.2) 

 
Figure S5.10: 31P NMR spectrum of M in DMF-d7 at t=60°C after 30 minutes. M completely 
decomposes in homocoupling byproduct 4 and Pd(PPh3)2 

 

 
Figure S5.11:  HPLC chromatogram of complex M at 60°C in DMF-d7 after 30 minutes 

 

Reaction between BI and M (Entries 5-6, Table 5.2) 

 

 
General procedure: 

The reaction was performed in an oven-dried NMR tube purged under nitrogen 

atmosphere. Complexes BI (15.82 mg, 0.018 mmol, 1.0 eq) and M (15 mg, 0.0.18 mmol, 1.0 

eq) were dissolved in solvent (0.750 mL). It was let at room temperature or at 60°C for 30 
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minutes using TBME as internal standard. The mixture was analyzed with 1H NMR or 31P 

NMR spectroscopy 

 

Reaction between BI and M in CDCl3 at room temperature (Entry 5, Table 5.2) 

 
Figure S5.12: 1H NMR spectrum of the stoichiometric reaction between B and M in CDCl3 
after 30 minutes at rt. 

 

Reaction between BI and M in DMF-d7 at 60°C (Entry 6, Table 5.2) 

 
Figure S5.13: 31P NMR spectrum of the stoichiometric reaction between B and M in DMF-d7 
after 30 minutes at 60° C. 
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Figure S5.14: HPLC chromatogram of the crude of the reaction between complexes B and 
M in DMF at 60°C after 30 minutes. The crude was extracted with cyclohexane. The 
Relative Response Factor (RRF) between 3a and 4 is 0.21. 

 

Reaction between BI and 2a (Entries 7-8, Table 5.2) 

 

 
 

General procedure: 

The reaction was performed in an oven-dried NMR tube purged under nitrogen 

atmosphere. The complex BI (15.82 mg, 0.018 mmol, 1.0 eq) was dissolved in solvent (0.750 

mL) followed by the addition of 2a (29 µL from a stock solution of 0.66 M, 0.018 mmol, 1.0 

eq) and TMG (32.5 µL from a stock solution of 0.66 M, 0.02 mmol, 1.1 eq). Tert-butyl methyl 

ether (TBME) was used as internal standard. The mixture was stirred at room temperature 

and it was monitored by 1H and 31P NMR spectroscopy at several times. 
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Reaction between BI and 2a in CDCl3 at room temperature (Entry 7, Table 5.2) 

 
Figure S5.15: 1H NMR spectrum of the stoichiometric reaction between B and 2a with 
TMG in CDCl3 after 30 minutes at rt. 

 
Reaction between BI and 2a in DMF-d7 at 60° (Entry 8, Table 5.2) 

 

Figure S5.16: 1H NMR spectrum of the stoichiometric reaction between B and 2a with TMG 
in DMF-d7 after 30 minutes at 60°C 
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Simultaneous competition reaction 

Procedure: 

To an oven-dried 10 mL Schlenk purged under N2 atmosphere, BI (87.9 mg, 0.1 mmol, 1.0 

eq), M (83 mg, 0.1 mmol, 1.0 eq), and 2b (13 µL, 0.1 mmol, 1.0 eq) were dissolved in DMF 

(0.750 mL). After the addition of TMG (14 µL, 0.11 mmol, 1.1 eq), the reaction stirred at 

60°C and it was monitored by GC-MS technique.  

 

 
Figure S5.17: GC-chromatogram of the stoichiometric reaction B + M + 2b with TMG, in 
DMF at 60°C after 30 minutes. 
 

 

Base effect on AO-complex Bx 

General Procedure:  

The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complex Bx (0.026 mmol, 1.0 eq) was dissolved in DMF-d7 (0.60 mL) 

followed by the addition of the base (10-20-50 eq). The base effect was evaluated using 31P 

NMR technique. The spectra were collected as soon as after the addition and after 30 

minutes and provided the same results. 
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Example of reaction between BBr and TMG (Entry 5, Table 5.3) 

 

 

 
Figure S5.18: 31P NMR spectra in DMF-d7 of BBr with TMG 10 eq (a); TMG 20 eq (b) and TMG 
50 eq (c). 
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Evaluation of the Kinetic Constant 

General procedure31 (The results are reported in Table 5.3) 

The equilibrium constant Keq = [Ligand][ƩR]/[B][base] was determined in DMF-d7 by 31P 

NMR spectroscopy.  

To evaluate Keq for the compounds BBr and BCl, the amine was added in the range of 10-50 

eq, whereas the amount of base was lowered in case of BI, due to the high tendency to 

produce R. By considering [Ligand] = [ƩR], the formula becomes Keq= x2/(1-x)(n-x) where n 

is the number of equivalents of base added to B, x is the molar fraction of R in the 

equilibrium x=2zL/(zB + 2zL) and zL and zB are the magnitude of the ligand and B respectively. 

Keq was determined from the slope of the straight line obtained by the plot of x2 versus (1-

x)(n-x). All experiments were repeated three times. 

 

Base effect on AO-complex BOTf 

General Procedure: 

The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complex BOTf (11.7 mg mg, 0.013 mmol, 1.0 eq) was dissolved in DMF-d7 

(0.60 mL) followed by the addition of the base. The base effect was evaluated using 31P 

NMR technique 
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Figure S5.19: Stacking of 31P NMR spectra in DMF-d7 of BOTf (a); with the addition of TMG 
1.0 eq (b); 2.0 eq (c); TMG 4.0 eq (d); TMG 8.0 eq (e); TMG 14 eq (f); TMG 20 eq (g). 
 

 

Phenylacetylene addition to Bx complexes 

General Procedure: 

 

 
The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complex Bx (0.026 mmol, 1.0 eq) was dissolved in DMF-d7 (0.60 mL) 

followed by the addition of the base (20-50 eq). The 31P NMR were collected as soon as 

after the addition of 2a (20-50eq) and after 10 minutes. 
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Example of reaction between BBr and 2a to form C 

 
Figure S5.20: Stacking of 31P NMR spectra in DMF-d7 of BBr after the addition of TMG 20 eq 
(a), immediately after the following addition of 2a 20 eq (b) and after 10 minutes (c). 
 

 

Scope of alkynes as substrates for the direct coordination step 

General Procedure (Figure 5.7): 

The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complex BBr (21.6 mg, 0.026 mmol, 1.0 eq) was dissolved in DMF-d7 (0.60 

mL) followed by the addition of TMG (65 µL, 0.52 mmol, 20 eq). The 31P NMR were collected 

as soon as after the addition of 2a-l (0.052 mmol, 20 eq). After 24h of stirring, the mixture 

was quenched with H2O (1 mL) and extracted with cyclohexane or ethyl acetate (3x1 mL). 

Then, the collected organic phases were washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure. Finally, the crude was purified by flash 

chromatography (the eluent is specified below in the Compound characterization section) 
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Direct coordination step with BOTf 

General Procedure: 

 

 
The reaction was performed in an oven-dried glass NMR tube purged under nitrogen 

atmosphere. The complex BOTf (11.7 mg mg, 0.013 mmol, 1.0 eq) was dissolved in DMF-d7 

(0.60 mL) followed by the addition of TMG (33 µL, 0.26 mmol, 20 eq) and the following 

addition of 4-ethynylanisole 2c (34 µL, 0.26 mmol, 20 eq). 2c was chosen in this case, rather 

than phenylacetylene 2a as in previous cases, to obtain a better separation between the 

peaks related to C and Rg. The 31P NMR were collected immediately after the addition of 

2c.  

 

 
Figure S5.21: Stacking of 31P NMR spectra in DMF-d7 of BOTf (a); after the addition of TMG 
20 eq, (b); immediately after the following addition of 2c 20 eq (c) and after 10 minutes (d). 
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 Compound characterization 

1-nitro-4-(phenylethynyl)benzene (3a) 

 

 
Yellow solid; Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.19 – 8.17 (d, J = 9.0 Hz, 2H), 7.64 – 7.62 (d, J = 9.0 Hz, 

2H), 7.56 – 7.53 (m, 2H), 7.38 – 7.36 (m, 3H). 
13C NMR (100.8 MHz, CDCl3): δ (ppm) 146.95, 132.27, 131.84, 130.22, 129.28, 128.57, 

123.58, 122.10, 94.75, 87.59. 

 

1-methyl-4-((4-nitrophenyl)ethynyl)benzene (3b) 

    

   
Yellow solid; Purification by flash chromatography (Cy 100%) 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.23-8.20 (d, J= 9 Hz, 2H); 7.66-7.64 (d, J= 9 Hz, 2H); 

7.39-7.36 (m, 1H); 7.30-7.28 (m, 1H); 7.22-7.20 (m, 1H), 2.38 (s, 3H). 
13C NMR (100.8 MHz, CDCl3): δ (ppm)147.02, 138.42, 132.52, 132.36, 130.33, 129.07, 

128.57, 125.92, 123.76, 122.54, 122.01, 95.12, 87.38, 21.38. 

 

1-Methoxy-4-((4-nitrophenyl)ethynyl)benzene (3c) 

 

 

Yellow solid; Purification by flash chromatography (Cy/EtOAc 95/5) 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.22-8.20 (d, J= 9 Hz, 2H); 7.64-7.62 (d, J= 9 Hz, 2H); 

7.51-7.49 (d, J=8.9 Hz, 2H), 6.92-6.90 (d, J=8.9 Hz, 2H); 3.85 (s, 3H) 
13C NMR (100.8 MHz, CDCl3): δ (ppm) 160.54, 146.81, 133.59, 132.13, 130.84, 123.78, 

114.35, 95.28, 86.78, 55.52. 

 

 

O2N
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O2N OMe
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1-Chloro-3-((4-nitrophenyl)ethynyl)benzene (3d) 

 

 
Yellow solid; Purification by flash chromatography (Cy/EtOAc 90/10) 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.24-8.22 (d, J= 8.8 Hz, 2H); 7.67-6.65 (d, J= 8.8 Hz, 2H); 

7.54 (s, 1H); 7.45-7.43 (m, 2H) 7.38-7.30 (m, 2H). 
13C NMR (100.8 MHz, CDCl3): δ (ppm) 147.33, 134.54, 132.51, 131.78, 130.07, 129.91, 

129.77, 129.65, 123.92, 123.82, 93.09, 88.61 

 

3-methyl-1-(4-nitrophenyl)dodec-1-yn-3-ol (3e) 

 

 
Orange oil; Purification by flash chromatography (Cy/EtOAc 90/10) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.20 – 8.18 (d, J = 9.0 Hz, 2H), 7.57 – 7.55 (d, J = 9.0 Hz, 

2H), 1.80 – 2.75 (m, 2H), 1.50 (s, 3H), 1.32 – 1.28 (m, 14H), 0.90 – 0.87 (m, 3H). 
13C NMR (100.8 MHz, CDCl3) δ (ppm) 146.99, 132.36, 129.78, 123.50, 98.51, 83.12, 81.49, 

68.67, 67.37, 43.53, 29.65, 29.53, 29.42, 29.27, 24.69, 22.64, 14.08 

 

1-(hept-1-yn-1-yl)-4-nitrobenzene (3f) 

 

 
Yellow oil; Purification by flash chromatography (Cy/EtOAc = 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.21 – 8.18 (d, J = 9.0 Hz, 2H), 7.60 – 7.57 (d, J = 9.0 Hz, 

2H), 4.55 (s, 2H). 
13C NMR (100.8 MHz, CDCl3) δ (ppm) 147.25, 132.39, 129.41, 123.57, 92.46, 83.81, 51.49. 
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2-methyl-4-(4-nitrophenyl)but-3-yn-2-ol (3g) 

 

 

Yellow solid; Purification by flash chromatography (Cy/EtOAc 90/10) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.20 – 8.18 (d, J = 9.0 Hz, 2H), 7.58 – 7.56 (d, J = 9.0 Hz, 

2H), 1.65 (s, 3H). 
13C NMR (100.8 MHz, CDCl3) δ (ppm) 147.02, 132.34, 129.70, 123.46, 99.08, 80.38, 65.61, 

31.20. 

 

1-((4-nitrophenyl)ethynyl)cyclohexan-1-ol (3h) 

 

 
White solid; Purification by flash chromatography (Cy/EtOAc 90/10) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.19 – 8.17 (d, J = 9.0 Hz, 2H), 7.58 – 7.56 (d, J = 9.0 Hz, 

2H) 2.19 (s, 1H), 2.04 – 2.03 (m, 2H), 1.78 – 1.55 (m, 8H). 
13C NMR (100 MHz, CDCl3) δ (ppm) 147.02, 132.70, 129.81, 123.55, 98.29, 82.54, 69.12, 

39.74, 25.04, 23.25 

 

1-(hept-1-yn-1-yl)-4-nitrobenzene (3i) 

 

 
Yellow oil; Purification by flash chromatography (Cy 100%). 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.16 – 8.14 (d, J = 9.0 Hz, 2H), 7.52 – 7.50 (d, J = 9.0 Hz, 

2H), 2.46 – 2.43 (t, J = 12.0 Hz, 2H), 1.66 – 1.60 (m, 2H), 1.48 – 1.34 (m, 4H), 0.95 – 0.91 (t, 

J = 12.0 Hz, 3H). 
13C NMR (100.8 MHz, CDCl3) δ (ppm) 146.53, 132.19, 131.20, 123.43, 96.79, 79.25, 31.08, 

28.08, 22.16, 19.50, 13.93. 
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6-(4-nitrophenyl)hex-5-ynenitrile (3j) 

 

 
Yellow oil; Purification by flash chromatography (Cy/EtOAc 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.19 – 8.17 (d, J = 9.0 Hz, 2H), 7.55 – 7.53 (d, J = 9.0 Hz, 

2H), 2.69 – 2.66 (t, J = 6.8 Hz, 2H), 2.59 – 2.56 (t, J = 7.1 Hz, 2H), 2.04 – 1.97 (p, J = 7.0 Hz, 

2H). 
13C NMR (100.8 MHz, CDCl3) δ (ppm) 146.87, 132.32, 130.12, 123.52, 118.88, 92.84, 80.82, 

24.21, 18.63, 16.3 

1-(6-chlorohex-1-yn-1-yl)-4-nitrobenzene (3k) 

 

 
Yellow solid; Purification by flash chromatography (Cy/EtOAc 95/5) 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.16-8.14 (d, J= 8.9 Hz, 2H); 7.52-7.50 (d, J= 8.89 Hz, 

2H); 3.62-3.59 (J=6.5 Hz, 2H); 2.52-2.49 (7 Hz, 2H); 1.99-1.92 (m, 2H); 1.83-1.76 (m, 2H). 
13C NMR (100.8 MHz, CDCl3): δ (ppm) 146.80, 132.39, 130.95, 123.63, 95.61, 44.55, 31.73, 

25.71, 19.03 

 

1-(4-bromobut-1-yn-1-yl)-4-nitrobenzene (3l) 

 

 
Yellow solid; Purification by flash chromatography (Cy/EtOAc 95/5) 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.21 – 8.18 (d, J = 9.0 Hz, 2H), 7.60 – 7.57 (d, J = 9.0 Hz, 

2H), 6.08 – 6.01 (dd, J = 17.5, 11.2 Hz, 1H), 5.87 – 5.82 (dd, J = 17.6, 2.0 Hz, 1H), 5.70 – 5.66 

(dd, J = 11.2, 2.0 Hz, 1H). 
13C NMR (100.8 MHz, CDCl3) δ (ppm) 132.24, 130.06, 129.09, 123.57, 116.45, 93.15, 87.97 
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Computational studies 

Computational Methods 

DFT calculations were conducted through the Molecular Graphics and Computation Facility 

(MGCF) at the University of California, Berkeley using the Gaussian 16 software package.32 

Geometry optimizations for all reported structures were performed using the PBE0 

functional (the hybrid functional based on the Perdew-Burke-Ernzerhof functional 

[PBE])23,24 with Grimme’s D3 dispersion correction with Becke Johnson damping (GD3-BJ)33 

and the basis sets def2-TZVP25 (with effective core potential) for Pd, I, Br, Cl and def2-SVP 

for all the other atoms. Frequency calculations were performed on all optimized structures 

to ensure that each local minimum lacked imaginary frequencies and that each transition 

state contained exactly one imaginary frequency. Single point energies of all reported 

structures were calculated using the dispersion corrected PBE0 with def2-TZVP for all 

atoms. The reported Gibbs free energies were corrected considering the thermal correction 

computed at 298 

 

Alternative pathways 

Dissociation of PPh3 from complex BI 

 
Figure S5.22: Dissociation of PPh3 from BI to form complex B-PPh3 has an energy of 27.4 
kcal/mol, therefore unfavored over the formation of TS0I where the TMG displaces the 
phosphine giving intermediate Ra 
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Reductive elimination from complex T 

 
Figure S5.23: Reductive elimination from complex T to give C through TS3OTf a) and 
reductive elimination from T to give directly the final product passing through TS3OTfbis b).
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6.1 Introduction 

The incorporation of fluorine atoms is a common strategy to improve the physical and 

biological properties of agrochemicals and drug candidates.1–4 Aryl fluorides and 

trifluoromethylarenes are the most common fluorinated motifs present in 

pharmaceuticals, but there has been increasing interest in the incorporation of other types 

of fluorine-containing functional groups to tune molecular properties such as metabolic 

stability, lipophilicity, and binding specificity for an enzymatic target. Many of the desirable 

effects of incorporating fluorine atoms can be attributed to the combination of fluorine’s 

high electronegativity, small size and its capacity to form strong and highly polarized C-F 

bonds. Since the van der Waals radius of fluorine (1.47 Å) is intermediate between the one 

of hydrogen (1.2 Å) and oxygen (1.52 Å),5 it has often been used to replace both in the drug 

development process.6 

In medicinal chemistry, fluorinated compounds often display differences in lipophilicity, 

metabolic stability, and overall activity relative to their non-fluorinated analogs.7–10 

Modulating the lipophilicity of biological compounds, it is possible to control bioavailability, 

absorption and membrane permeability. In fact, an average increase in the logP has been 

observed in the substitution of a hydrogen atom with a fluorine one.11 The incorporation 

of fluorine can modulate the pKa of neighbor functional groups like amines or acids12–14 and 

can suppress the metabolic oxidation pathways increasing the half-life of drug candidates 

and preventing the formation of potentially toxic metabolites.15–18 

While the installation of CF3 groups have been extensively studied by several research 

groups, the incorporation of a benzylic CF2 motif is less known and has rapidly attracted the 

scientific community as they serve as bioisostere of carbonyl groups and ethers.16 In 

addition, difluoroester, -amide, -nitrile, and -acid groups can be further transformed to 

generate amines, alcohols, ketones, esters, amides, and acids and represent therefore an 

advantageous building block in drug development. 

Despite the biological and synthetic value of aryldifluorocarbonyl compounds, current 

methods for their synthesis are limited. 

Aryldifluoroesters and -amides can by prepared by deoxyfluorination of the corresponding 

a-keto amide or ester with diethylaminosulfur trifluoride (DAST) or related aminosulfur 

trifluorides (Figure 6.1a).19–21 However, the functional group compatibility of these 
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reactions is often limited. In addition, DAST and related fluorinating agents release toxic HF 

upon contact with water and can undergo explosive decomposition by heating. 

Alternatively, fluorodesulfurization reactions of benzylic thioketals allow the gem-

difluoronation at the benzylic position (Figure 6.1b).22 Although the yield of this procedure 

is often higher than the deoxyfluorination protocol, this strategy requires additional 

synthetic steps for the synthesis of the 1,3-diothiolane starting material and has therefore 

a low atom economy. 

Fluorination reactions a to esters, amides or nitriles through an electrophilic fluorinating 

agent have also been reported, but the yields and selectivity for the difluorinated product 

over monofluorinated byproducts are often low (Figure 6.1c).23–27 

Similarly, radical-based benzylic fluorinations reactions, requiring high excess of 

fluorinating reagents, are not so common because of the difficulty to obtain selectivity the 

difluoroarylarene rather than the corresponding monofluorinated byproduct (Figure 

6.1d).28,29 

 

 

Figure 6.1: Methods to prepare ArCF2COR compounds by C-F bond formation 

 

Cross-coupling reactions to form aryldifluoromethyl carboxylic acid derivatives are 

desirable because they can allow variation of both the arene and difluoroenolate coupling 

partner, thereby enabling access to a wide range of products. The general catalytic cycle 

for cross-coupling difluorination with aryl halides and boronic acids is depicted in Figure 
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methods to generate a-aryl carbonyl compounds,30,31 several challenges are associated 

with the development of analogous reactions of fluorinated enolates. 

 
Figure 6.2: General catalytic cycles for transition metal-catalyzed syntheses of 
aryldifluorocarboxylic acid derivatives from aryl halides a) and arylboronic acids b) 

 

First, the alkali metal enolates of difluorocarbonyl compounds are often unstable at the 

required reaction conditions of cross-coupling protocols.32,33 Indeed, the presence of a 
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electrophiles can be performed. This strategy allows the direct generation of a metal 
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potentially unstable difluoroenolate anion (Figure 6.2a). 
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increases the barrier of the RE step.37 The rate of the RE can be improved by using 

appropriates ligands that can decrease the barrier of the process or using metals, such as 

copper, where the RE may be more accessible. 

Cross-coupling reactions of aryl electrophiles with α-iododifluoroacetates mediated by 

super stoichiometric amounts of copper were first reported by Kobayashi in 1986 (Scheme 

6.1a).38 Subsequently, Sato and coworkers coupled in similar conditions aryl iodides with 

bromodifluoroacetate39, which is more stable and readily available, while the first reductive 

coupling of aryl and vinyl iodides with iododifluoroacetamides were reported by Hu in 2010 

(Scheme 6.1a).40 

 

 
Scheme 6.1: Summary of copper-mediated and -catalyzed methods to prepare 
aryldifluoroesters and -amides. 
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aryl iodides mediated by catalytic amount of CuI (20 mol%) but with low yields and limited 
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More recently, Zang reported the coupling of arylboronic acids with halodifluoro esters and 

amides through palladium- and nickel-catalyzed reactions for the synthesis of 

aryldifluorocarboxylic acid derivatives.42,43 The reaction proceeds in high yield with both 
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groups including esters, ketones, and aldehydes (Scheme 6.2). 
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Scheme 6.2: Pd- and Ni-catalyzed coupling reactions of arylboronic acids for the synthesis 
of arylldifluoroesters, -amides, and -ketones 

 

Cross-coupling reactions of aryl halides with difluoroamide and -ester enolates have also 

been developed. Hartwig reported a palladium-catalyzed coupling of aryl bromides with α 

-silyldifluoroacetamides in the presence of a palladacyclic pre-catalyst and PtBu2Cy as 

ligand (Scheme 6.3a)44 and later a copper mediated reaction of the same nucleophile with 

both bromo- and iodoaryles (Scheme 6.3b).45 

 

 
Scheme 6.3: Pd- and Cu-catalyzed methods for the synthesis of aryldifluoroamides 
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harsh reaction conditions, poor functional group tolerance and the formation of 

byproducts. Cross-coupling methods present an attractive alternative because they enable 

facile variation of both the aryl and difluorocarbonyl coupling partners.  Copper and 

palladium mediated couplings of aryl iodides with XCF2CO2Et or TMSCF2CO2Et and 

TMSCF2CONR2 are well-established, but broadly applicable Cu and Pd catalyzed reaction 

protocols for the synthesis of aryldifluoroacetonitriles still need to be investigated. 

In fact, despite the growing interest in aryldifluoronitrile compounds in materials science 

and drug discovery, cross-coupling strategies to synthetize this class of derivatives have not 

been reported. 

Aryldifluoronitriles possess interesting biological and physical properties, although 

relatively few compounds have been reported. For example, compounds containing 

aryldifluoronitriles have been studied as NSAIDs,46 prostaglandin D2 receptor 

antagonists,47 CHK1 inhibitors,48 herbicides,49 and liquid crystals50 (Figure 6.3). 

 

 

Figure 6.3: Examples of compounds containing aryldifluoronitrile groups 
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bonding interactions between the nitrogen atom of a bioactive nitrile and an amino acid 

residue or water molecule present in the binding pocket of an enzymatic target.53,54 The 

incorporation of fluorine alpha to a nitrile substituent allows to modulate the strength of 

these hydrogen-bonding interactions, as difluoronitriles are likely to be much weaker 

hydrogen-bond acceptors than their non-fluorinated analogs (Figure 6.4a).  

 

 
Figure 6.4: Comparison between fluorinated and non-fluorinated arylacetonitriles: 
hydrogen bonding interactions a) and reactivity through nucleophilic attack b) 

 

Nitrile-containing compounds can serve as reversible covalent inhibitors of serine and 

cysteine proteases.55–57 In these compounds, attack of a nucleophilic amino acid side chain 

on the carbon atom of the nitrile reversibly forms an imidate or thioimidate linkage.58–60 

Relative to their non-fluorinated counterparts, difluoronitriles are likely to be more reactive 

to nucleophilic attack and may form stronger covalent linkages to amino acid residues in 

an enzyme active site (Figure 6.4b).  

 
Figure 6.5: Modulating the metabolic degradation by incorporation of fluorine atoms 
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In addition, incorporating an electron-withdrawing difluoronitrile group onto an aromatic 

ring would deactivate the ring toward metabolic oxidation, and could also enable new polar 

interactions, even in sterically congested environments.61,62 However, alkylnitriles 

containing a-hydrogen atoms are rare in drugs because a-oxidation to form the 

corresponding cyanohydrin can occur, followed by the release of toxic cyanide (Figure 

6.5a).51,63 For this reason, benzylic nitriles are particularly problematic in this respect due 

to the metabolic lability of benzylic C-H bonds. On the other hand, the presence of two 

fluorine atoms alpha to the nitrile group would block this pathway for metabolic 

degradation and suppress the cyanide formation (Figure 6.5b).  

 

 
Figure 6.6: Reported methods to synthesize aryl-α,α-difluoroacetronitriles 

 

Traditional routes to aryldifluoronitriles require multi-step syntheses. The most common 

routes typically begin with either copper-mediated reductive coupling of an aryl iodide with 

a bromodifluoroester or deoxofluorination of an aryl 2-oxo-acetate to form an aryl-α,α-

difluoroester (Figure 6.6a-b). Subsequent addition of ammonia and dehydration of the 

resulting amide afford the desired aryldifluoromethylacetonitrile.64,65 These routes are 

typically low-yielding, intolerant to sensitive functional groups, and are impractical for the 

rapid diversification of the aryl substituent. Approaches for the synthesis of 

aryldifluoronitriles by C-F bond formation have also been explored, but suffer from a 

combination of poor yields, limited scope and functional group tolerance, and the 

requirement of harsh conditions and dangerous or toxic reagents, such as DAST,50 N-

fluorobenzenesulfonamide (NFSI),27 or IF5
66
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difluorofunctionalization of trifluoromethylarenes.67 This methodology allows access to 

diverse benzylic difluorides, but still requires multiple steps to access the corresponding 

aryldifluoromethylacetonitrile (Figure 6.6f). 

To address the lack of a suitable method to rapidly synthesize aryl-α,α-

difluoromethylacetonitriles and to provide access to compounds of potential biological 

interest, we have developed a copper-mediated coupling of (hetero)aryl iodides and 

electron-poor (hetero)aryl bromides with 2,2-difluoro-2-(trimethylsilyl)acetonitrile 

(TMSCF2CN). This method delivers several products in high yields while tolerating a wide 

range of functional groups and complex, drug-like molecules. 

 

6.2 Results and discussion 

Copper-mediated and copper-catalyzed fluoroalkylation reactions have been developed 

for the synthesis of trifluoromethylarenes,68–73 aryldifluoroesters,41,74 and 

aryldifluoroamides.45 The oxidative addition of electron-poor copper (I) species is known 

to be challenging, while the reductive elimination of fluoroalkyl ligands from high-valent 

copper (III) species should be more facile.75,76 

 

 
Figure 6.7: Proposed catalytic cycle for copper-catalyzed synthesis of aryldifluoronitriles 
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In copper-mediated trifluoromethylation reactions, the active copper reagent is often 

formed by transmetallation of the trifluoromethyl group from TMSCF3.76 Similarly, 2,2-

difluoromethylacetonitrile nucleophiles, such as TMSCF2CN, could undergo 

transmetallation to copper. The resulting species could then go through an oxidative 

addition to form a copper (III) intermediate that rapidly undergo the reductive elimination 

to deliver the desired product (Figure 6.7). To investigate this hypothesis, we selected the 

model reaction between 1-n-butyl-4-iodobenzene 2a and TMSCF2CN 1 and screened 

several parameters to find the ideal cross-coupling conditions to form product 3a (Table 

6.1).  

 

Table 6.1: Selected optimization studies for the copper-mediated coupling of aryl iodides 
and TMSCF2CN (1). 

 
 

 
 

After evaluating a variety of copper(I) salts (Table 6.1, entries 1-2 and Experimental 

section), we found that both copper(I) diphenylphosphinate (CuDPP) and copper(I) 

thiophenecarboxylate (CuTC) mediated the difluorocyanation reaction (entries 9 and 13). 

However, CuTC is less expensive than CuDPP ($1,300/kg vs. $12,000/kg, Ambeed), and 
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reactions with CuTC generally delivered the products in similar or superior yields to those 

with CuDPP. In addition, CuTC is less air sensitive than CuDPP and can be stored on the 

benchtop.  

When ligands that are common in copper-mediated transformations, such as 1,10-

phenanthroholine, bipyridine and oxalamide were explored to render the transformation 

catalytic in copper, no product was observed (see Experimental section). The addition of 

various fluoride salts to activate the nucleophile and decrease the amount of copper 

caused decomposition of the nucleophile 1 under the reaction conditions. In fact, stirring 1 

with CsF and no added copper or aryl halide resulted in the complete decomposition of 1 

in few minutes (see Experimental section). Further optimization studies on the solvent, 

concentration and reaction time, with DMF and NMP being equally effective, allowed to 

decrease the amount of copper and the excess of 1 to 1.0 eq and 2.0 eq, respectively 

(Entries 3-9). Using 0.5 equivalents of CuDPP decreased the yield to 48%, and addition of 

product to the reaction mixture was discovered to reduce reaction yield (Entry 10). 

Reactions conducted at concentrations above 0.4 M occurred in similar yields (Entry 11) 

but were not considered in further studies because of the poor solubility of CuTC and 

CuDPP. With the optimized conditions, product 3a was able to be formed in just 1h instead 

of 16h as the model reaction (Entry 12). 

 

Table 6.2. Model reaction under various conditions 

 

 

 
 

I

nBu

[Cu] (1.0 eq)

DMF (0.4 M)
80°C, 16h nBu

CN

F F

TMS CN

F F

2a 1 3a

Entry Conditions Yield w/ CuDPP

1
2
3
4
5
6

Standard conditions
under air

Schlenck technique
under Air + N2 purge

rt, 48 h
rt, 1 equiv 1, 48 h

aDetermined using 19F NMR spectroscopy with PhCF3 as 
internal standard

Yield w/ CuTC

99
25
99
91
99
96

99
45
93
36
99
99

CuO

O
S

CuO
P
O

Ph
Ph

CuTC

CuDPP
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While our studies were conducted in an N2 glovebox, the reaction also proceeded smoothly 

when using a Schlenk manifold or when assembled under air and flushed using an N2-filled 

balloon (Table 6.2, entries 3-4). However, the reaction is sensitive to air due to the 

oxidation of the active CuI species (Entry 2). The reaction also proceeds at room 

temperature with both CuTC and CuDPP (Entry 5); no decomposition of the nucleophile 

was observed by 19F NMR spectroscopy at this temperature allowing the complete 

conversion in product 3a also with stoichiometric amount of 1 (Entry 6). The TMSCF2CN 

nucleophile (1) can be synthesized rapidly on multi-gram scale and stored for extended 

periods of time in the freezer (see Experimental section for the synthesis of 1). 

 

Product Functionalization and Bioconjugation. We sought to explore the reactivity of the 

aryl-α,α-difluoromethylacetonitrile group, especially because they are uncommon in the 

chemical literature. As mentioned above, fluorination is expected to modulate the 

electronic effects of the nitrile, possibly enabling reactions uncommon for non-fluorinated 

nitriles analogs or under more mild conditions. We have found that the aryl-α,α-

difluoromethylacetonitrile products are amenable to further reactions to yield biologically 

relevant molecules containing a benzylic difluoromethylene unit (Figure 6.8). Conversion 

to the corresponding Boc-protected β,β-difluoromethylamine (12a), α,α-

difluomethylrtetrazole (12b), aryl-α,α-difluoromethylpyridine (12c),31 and α,α-

difluoromethylamide (12d) was accomplished. Dipolar cycloaddition reactions with 

cysteine (12e), and ortho-substituted anilines (12f-h) afforded products in high yields, as 

does the nickel-catalyzed hydrogenative coupling with amines (12i) reported by Beller and 

coworkers.77 Hydrolysis to form the hydroxyformamide 12j, which can be further 

elaborated, proceeds in 75% yield. Finally, reactions with Grignard reagents to form α,α-

difluoromethylketones (12k, 12l) and synthesis of α,α-difluoromethylimidothioate 12m 

also proceed smoothly. The difluoromethylene unit is a known bioisostere for carbonyl 

units and ethers, and further expanding the synthetic chemist’s toolbox for the 

construction of these privileged motif represents an increasingly interesting research topic. 
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Figure 6.8: Functionalization reactions of aryl-α,α-difluoroacetonitriles 

 

 
Reaction Scope. Having established conditions to achieve the model reaction in high yield, 

we explored the scope of the copper-mediated α,α-difluoromethylcyanation reaction with 

a diverse array of aryl and heteroaryl iodides (Table 6.3 and 6.4) and bromides (Table 6.5). 

Products of the difluomethylcyanation reaction with low molecular weights were often 

instable and not able to be isolated; these products were functionalized in a telescoped 

procedure to more tractable derivatives for purification. 
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Table 6.3: Scope of the aryldifluoronitrile cross-coupling between (hetero)aryl iodides and 
TMSCF2CN (1).a,b 

 

 
A wide range of aryl iodides are tolerated under the reaction conditions, including electron-

neutral (3a), electron-poor (3b-d) and electron-rich arenes (3e-f). Other common 

functional groups are compatible, including esters (3g), nitro groups (3h) and 

trifluoromethyl groups (3i). Aryl iodides bearing ortho-bromo (3j), phenyl (3k), and 

isopropyl (3l) substituents reacted, as did those with 2,6-dichloro (3p) and 2-methyl-6-ethyl 

groups (3q). Meta-substituted arenes (3m-o, 3w) also reacted. Heterocycles, such as 4-

iododibenzofuran (3r), naphthalene functional groups (3s, 3v) and a water-soluble pyridine 

FFCl

Cl

MeO

FF

FF

FF

3l (7l)
93%c (65%)

iPr

2-Nap CN

FFFF
N

FF

1-Nap

FF

F

FF

FF
tBu

FF

3a (6a)
 99% (88%)

nBu

Ar

Ar

CN

FF

FFO

Cl

FF

Br

FF

FF

Br PhMeO2C

BocHN

O2N

O

3e (6e)
91% (74%)

3q (8q)
 86% (68%)

3v
 76% (76%)

3u
 72% (59%)

3b (6b)
 81%c (69%)

3n (7n)
 93% (74%)

3f (6f)
 71%c (41%)

3k (7k)
 94% (74%)

3m (7m)
 79% (68%)

3d (6d)
 88%c (55%)

3c (6c)
 86%c (84%)

3i (7i)
 93%c (58%)

3j (7j)
 80% (35%)

3p (8p)
 93%c (66%)

3w 
 72% (64%)

Ar = 2,6-difluorophenyl

3s (8s) 
 75% (68%)

3o (7o)
 82%c (53%)

F F

F F

F F F F

F FF F

3r (8r)
 94% (82%)

3h (6h)
 45% (38%)

3g (6g)
 70% (58%)

Ph

CN

FF

3t
 58%d (36%)

MeO2C

BocNH

aYields were determined using 19F NMR spectroscopy with PhCF3 as internal standard and yields in parenthesis 
represent those of the isolated compounds. bCompounds in parenthesis were isolated as the denoted difluoromethylene 
due to stability concerns of the difluoromethylacetonitrile. cCuDPP (1.0 eq) used instead of CuTC. d2.0 eq CuDPP, 4.0 eq 
1 used.

I CuTC (1.0 eq)

DMF (0.4 M)
80°C, 16h

CN

F F

TMS CN

F F

2a-w 1 (2.0 eq) 3a-w

various conditions

R1: 6a-h
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R3: 8p-s

Ar Ar
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(3u), are also compatible with the reaction conditions. Finally, N-boc-4-iodophenylalanine 

methyl ester underwent the title reaction to give the corresponding 

aryldifluoromethylacetonitrile in 58% yield (3t).  

 

Table 6.4: Scope of the aryldifluoronitrile cross-coupling between (hetero)aryl iodides and 
TMSCF2CN (1) for the synthesis of natural productsa 

 

 
 
We observed the difluoromethylcyano group to be susceptible to decomposition on silica 

or in the presence of water in some cases. In order to isolate these sensible products with 

high yields, a direct derivatization of product 3 was attempted with some of the protocols 

described in Figure 6.8 that could give almost complete conversion. The functionalization 

of the aryldifluoronitrile product with ortho-substituted anilines were performed giving the 

isolated product 6a-l, 7a-f and 8a-e in good yields (Table 6.3). The applicability of this 

method to late-stage diversification is demonstrated by examples with biologically active 

and drug-like molecules (Table 6.4). An analogue of the NSAID celecoxib (3x), a derivative 

O

O

O

N N
CF3

O

N

OtBuO

CN

F
F

OMe

F

O

CN

F F

MeO

O

N

N

HN

O

Cl

NC

F F

CN

F F

NC

FF

NC

FF

3ac
68% (68%)d

tocopherol derivative

3ad
 25% (23%)c

lapatinib analogue

3aa
92% (56%)

fluoxetine analogue

3ab
 82% (57%)

herbicide analogue

3z (8z)
94% (83%)b

estrone dervative

3x
 94% (75%)

colecoxib analogue

aYields were determined using 19F NMR spectroscopy with PhCF3 as internal standard and yields in parenthesis represent those 
of the isolated compounds. bYield in parenthesis are of the corresponding derivative 8z.  c1.0 eq of CuDPP instead of CuTC. d2.0 
eq of CuDPP

I CuTC (1.0 eq)

DMF (0.4 M)
80°C, 16h

CN

F F

TMS CN

F F

2x-ae 1 (2.0 eq) 3x-ae

Ar Ar

3

O

O

O

CNF
F

3y
 99% (93%)

ipriflavone derivative

F

O
O

N

CN
F F

3ae
53% (38%)

coumarin 1 derivative
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of ipriflavone (3y), a derivative of estrone methyl ether (3z) and an analogue of the SSRI 

fluoxetine (3aa), formed in high yield from their corresponding aryl or heteroaryl iodide. A 

pesticide bearing an alkyne (3ab), a derivative of the kinase inhibitor lapatinib (3ad), the 

laser dye coumarin 1 (3ae) and a derivative of vitamin E (3ac) also formed from the 

corresponding iodide. These examples demonstrate the broad functional group 

compatibility of this method and its suitability for the late-stage diversification of complex 

molecules. 

 

Table 6.5: Scope of the aryldifluoronitrile cross-coupling between (hetero)aryl bromides 
and TMSCF2CN (1).a,b 

 
Bromides of electron-poor arenes and heteroarenes also react under the above conditions 

to furnish aryl and heteroaryl difluoroacetonitriles in good yield (Table 6.5). The reaction 

tolerates various pyridines (5d-5i), as well as pyrazine (5j), pyrimidine (5k), quinoline (5l, 

N

S
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N
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CN
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N
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FF
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5r 
 70%c (62%)
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5l 
88% (56%)
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F F

CN

F F
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 39% (35%)
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5o (9o)
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aYields were determined using 19F NMR spectroscopy with PhCF3 as internal standard and yields in parenthesis represent 
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5n), quinoxaline (5m), thiophene (5o), and methylthiazole (5p, 5q) scaffolds. Brominated 

caffeine provided the difluorocyanated product in 62% isolated yield (5r). Again, 

decomposition-sensitive products were directly functionalized using the protocols 

previously described to give products 9a-q in good yields. 

   
 
DFT Calculations. Density functional theory (DFT) calculations of the reaction coordinate 

after transmetalation from TMSCF2R to CuTC to form complexes [(DMF)CuCF2R] were 

performed for R = CN, F. Unless otherwise noted, the energies are reported in kcal/mol as 

Gibbs free energies in DMF. For trifluoromethylation reactions of aryl halides mediated or 

catalyzed by copper, TM precedes OA. Additionally, computational and experimental 

studies suggest that complexes of type [(L)Cu(nucleophile)] are more active than those of 

type [(L)2Cu(nucleophile)].78 Therefore, the combined Gibbs free energies of 

[(DMF)CuCF2R] and PhI were set as zero. We chose to calculate an associative pathway, 

wherein DMF does not dissociate from copper. This has been previously shown to be lower 

in energy throughout the reaction coordinate than a dissociative pathway (wherein DMF 

can dissociate between elementary steps).78 Because the Hartwig group has previously 

investigated trifluoromethylation reactions of aryl halides mediated or catalyzed by 

copper,68,76,79,80 we decided to also probe the reaction coordinates for this transformation. 

The computed reaction coordinate(s) are depicted in Figure 6.9. Our calculations found 

barriers for the oxidative addition of [(DMF)CuCF2R] into iodobenzene of 12.9 and 14.1, 

kcal/mol for R = CN and F, respectively, with R = F having the highest barrier to oxidative 

addition. This is consistent with previous computational studies where R = F.78 

Subsequently, reductive elimination from the copper species [Cu] 2 proceeds with a barrier 

of 3.20 kcal/mol for R = CN and 4.7 kcal/mol for R = F. 
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Figure 6.9: Computed free energy diagram for the reaction of PhI with [(DMF)CuCF2R], 
where R = CN and F 

 

 
When compared to TS-1 for R = F, the Cu–Ph bond in TS-1 for R = CN is predicted to be 

longer (2.08 Å vs 2.05 Å), and the Ph–I bond shorter (2.31 Å vs. 2.34 Å). Oxidative addition 

forms complex [Cu]-2, which has slightly distorted square-planar geometry at copper, 

though less so for [(DMF)Cu(I)(Ph)CF2CN] than for [(DMF)Cu(I)(Ph)CF3]. Subsequently, [Cu]-

2 forms product by reductive elimination via TS-2. In TS-2, the forming Ph–CF2CN bond is 

shorter than the Ph–CF3 bond at 2.11 Å vs 2.14 Å.  

As mentioned previously, it is expected that as the fluoroalkyl ligand on copper becomes 

more electron-withdrawing, the barrier to oxidative addition for [(DMF)CuCF2R] into PhI 

should increase. However, in this study we find by DFT that the barrier to oxidative addition 

for [(DMF)CuCF2CN] into PhI is lower than that for [(DMF)CuCF3]. Given that we expect the 

difluoromethylcyano group to be more electron-withdrawing than the trifluoromethyl 

group, we attribute this unexpected result to stabilizing non-covalent interactions between 

the arene and nitrile π-systems in TS1 that are not present between the arene and 

trifluoromethyl group (Figure 6.10).  
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Figure 6.10: Volume and contour map of non-covalent interactions (NCI) in TS1 

 
To better understand the effect that α-fluorination has on the adjacent cyano group, we 

also computed various properties for benzonitrile, α-fluorobenzonitrile, and α,α-

difluorobenzonitrile (Table 6.6). Using the software package Vega, we also predicted LogP 

and total body elimination half-life (t1/2). Along this series, the partial charge on the benzylic 

carbon increases from +0.30 to +1.44 and the partial charge of the nitrogen atom increased 

from -0.23 to -0.19. Fluorination at the benzylic position causes lengthening of the C(R2)–

CN bond, contraction of the C(R2)–C–N bond angle, and a decrease in hydrogen bond 

acceptor ability at nitrogen. The lipophilicity is also predicted to increase with successive 

fluorination. Therefore, varying the degree of fluorination of such molecules should allow 

for the tuning of desired physiochemical properties. 

 

Table 6.6: Computed and predicted molecular properties for various degrees of α-
fluorination of benzonitrile.a 

 

 
 
 
 
 
 

Molecule dC-CN

PhCH2CN
PhCHFCN
PhCF2CN

1.46
1.47
1.49

dC-N

1.16
1.16
1.15

θPh-C-CN

112.4
112.8
112.2

θC-C-N

179.5
178.7
177.8

q(CR2)

+0.07
+0.12
+0.13

q(C)

+0.30
+0.94
+1.44

q(N)

-0.23
-0.22
-0.19

LogPb t1/2 (h)c

4.47
4.85
9.95

1.75
1.89
2.25

aPredictions made using packages in Vega 1.2.0 and with MolInspiration Chemoinformatics v2021.10;  
baverage value obtained from Vega and MolInspiration predictions; ctotal body elimination half-life. The 
experimental LogP value for PhCH2CN is 1.56



Chapter 6  

 225 

6.3 Conclusions 
 
We report the development of the first cross-coupling reaction for the synthesis of 

aryldifluoronitriles from reactions of α-silyldifluoroacetronitrile reagents with aryl halides. 

A copper-mediated coupling of aryl halides with TMSCF2CN was developed and found to be 

applicable to the coupling of electron-poor, electron-rich, and sterically hindered aryl 

iodide and heteroaryl bromide substrates. The reaction proceeds without the addition of 

an exogenous ligand and employs commercially available and stable copper(I) sources, 

CuTC and CuDPP, and a difluoronitrile nucleophile, TMSCF2CN, that is available in one step 

from commercially available starting materials. The copper-mediated coupling reaction 

offers an alternative to current methods for the synthesis of aryldifluoronitriles, which 

often require multiple steps, display poor functional group tolerance, require pre-

functionalization of substrates, or form mixtures of products. The aryldifluornitrile product 

proved to be suitable for further functionalization reactions representing therefore an 

advantageous building block in drug development. Future investigations include the 

development of alternative difluoronitrile nucleophile sources with increased stability that 

could allow to optimize the reaction to catalytic amount of copper. In addition, since there 

is an inescapable necessity for green and sustainable protocols applied to transition-metal 

catalysis, attempts to perform the reaction with biogenic solvents and sustainable additives 

would offer notable advantageous in terms of cost and sustainability. 

 

6.4 Experimental 

General information 

All reactions were conducted under inert atmosphere in a nitrogen-filled glovebox or with 

standard Schlenk techniques, unless otherwise specified. All reagents and solvents were 

purchased from commercial sources and used as received, unless otherwise noted. All 

glassware was flame-dried or dried overnight at 120 °C, allowed to cool under vacuum, and 

stored in a N2-atomsphere drybox until use unless otherwise noted. Tetrahydrofuran, 

toluene, and diethyl ether were purified by passing the degassed solvents (N2) through a 

column of activated alumina (solvent purification system purchased from Innovative 

Technologies, Newburyport, MA). All other solvents were stored over 4 Å molecular sieves 
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for at least 24 h prior to use. Compounds 2a-2g, 2i-2aa, 2ah, 2ad, and 4a-4r are 

commercially available, were stored on the benchtop, and were used as received. CuDPP 

was purchased from Ambeed. CuTC was purchased from either ChemScene or AA Blocks. 

All reagents purchased from commercial suppliers were stored in the glove box and used 

as received. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as 

received. 
1H, 13C, and 19F NMR spectra were recorded on Bruker AV-300, AVQ-400, AVB-400, AV-500, 

AV-600, NEO-500, and AV-700 spectrometers at the University of California, Berkeley NMR 

facility. Chemical shifts are reported relative to residual solvent peaks (CDCl3 = 7.26 ppm 

for 1H NMR spectra and 77.16 ppm for 13C NMR spectra, DMSO-d6 = 2.50 ppm for 1H NMR 

spectra and 39.52 ppm for 13C NMR spectra). For 19F NMR spectra, chemical shifts are 

reported relative to the δ –113.15 resonance of PhF used as an external reference. The 

following abbreviations are used in reporting NMR data: s, singlet; d, doublet; t, triplet; q, 

quartet; p, pentet; hept, heptet; m, multiplet. 

High-resolution mass spectra were recorded on an Agilent Time of Flight (Q-TOF) mass 

spectrometer in ESI mode operated by the Catalysis Center at the University of California, 

Berkeley. Analytical thin layer chromatography (TLC) was performed on Kieselgel 60 F254 

glass plates precoated with a 0.25 mm thickness of silica gel. The TLC plates were visualized 

with UV light and by staining with KMnO4. Column chromatography was generally 

performed on a Teledyne Isco Combiflash® Rf system with RediSep GoldTM columns. 

 

Optimization studies 

Initial investigation of reaction conditions 

In a nitrogen-filled glovebox, the copper salt (from 0.2 to 2.0 eq) was added to a 4 mL vial 

equipped with a stir bar. If applicable, the additive (from 0.0 to 1.2 eq) and the ligand were 

added, if solid at room temperature (0.11 mmol, 1.1 eq). The solvent (from 0.1 to 1.0 mL) 

was added, followed by 1-butyl-4-iodobenzene 2a (17.8 μL, 0.1 mmol, 1.0 eq) and 

TMSCF2CN 1 (from 1.2 to 5.0 eq). If applicable, the ligand was added if liquid at room 

temperature (0.11 mmol, 1.1 eq). The reaction was sealed with a Teflon-lined cap and 
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heated to 120°C  for 16 h. After 16 h, the reaction was allowed to cool to room temperature. 

The internal standard, α,α,α-trifluorotoluene (12.27 μL, 0.1 mmol, 1.0 eq), was added, and 

the yield of the reaction was determined by 19F NMR spectroscopy. 

 

Table S6.1: Full optimization studies for the copper-mediated coupling of aryl iodides and 
TMSCF2CN 

 

 

I

nBu

[Cu]

solvent
80°C, 16h nBu

CN

F F

TMS CN

F F

2a 1 3a

Entry [Cu] (eq) Equiv 1 Yield (%)asolvent (M)

1b

2b

3b

4b

5b

6b

7b

8b

9b

10b

11b

12
13
14
15
16
17
18
19
20
21
22
23c

24d

25e

26
27

CuI (0.2)
CuI (0.5)
CuI (1.0)
CuI (2.0)
CuI (5.0)

CuCl (2.0)
CuBr (2.0)

CuBr·SMe2 (2.0)
CuOAc (2.0)
CuTC (2.0)

CuDPP (2.0)
CuDPP (2.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuDPP (1.0)
CuTC (1.0)

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
2.5
2.0
1.2
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

0
6

19
27
48
65
41
50
65
72
84
91
73
79
76
64
67
70
96
96
94
93
86
95
99
99
99

DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DMSO (0.2)
DME (0.2)
DME (0.2)
DME (0.2)
DME (0.2)
DME (0.2)
DCE (0.2)
THF (0.2)
NMP (0.2)
DMF (0.2)
DMF (0.1)
DMF (1.0)
DMF (0.4)
DMF (0.4)
DMF (0.4)
DMF (0.4)
DMF (0.4)

aDetermined using 19F NMR spectroscopy with PhCF3 as 
internal standard; bReactions conducted with 1 that contained up 
to 5% TMSCN; cReaction conducted at rt; dReaction conducted 
at 65 °C; eReaction conducted at 100 °C.
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Table S6.2: Effect of ligands on the copper-mediated coupling of aryl iodides and TMSCF2CN 

 
 

Table S6.3: Evaluation of additives for the Cu-mediated synthesis of aryldifluoronitriles 

 

 
 

I

nBu nBu

CN

F F

TMS CN

F F

2a 1 3a

noneb

aYield determined by 19F NMR spectroscopy with PhCF3 as internal standard. bReaction 
conducted with 2 equivalents of CuDPP

84%
NN NN NMe2Me2N NHMeMeHN

24% 50% 12% 0%

N
OH

5%
MeHN NHMe

0%

O

OEt

O O

Me

O

10% 14%

tBu

O

tBu

O
N
H

CO2H
Me2N CO2H

HO OH

OH
4%

9% 1% 1%

CuDPP (1.0 eq)
Ligand (1.1 eq)

DCE (0.2 M)
80°C, X h

I

nBu nBu

CN

F F

TMS CN

F F

2a 1 3a

solvent (0.2 M)
80°C, 16h

CuDPP (2.0 eq)
KF (X eq)

18-crown-6 (Y eq)

Entry KF eq 18-crown-6 eq Yield (%)asolvent

1
2
3
4
5
6
7
8b

9b

10

-
0.5
0.5
1.2
1.2
5.0
5.0
1.2
1.2
1.2

-
-

0.5
-

1.2
-

5.0
1.2
1.2
1.2

84
61
52
74
61
64
10
56
41
55

DCE
DCE
DCE
DCE
DCE
DCE
DCE

toluene
dioxane
DMSO

aDetermined using 19F NMR spectroscopy with PhCF3 as 
internal standard; bReactions conducted at 100°C.
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Attempts at catalytic reactivity with various complexes of copper, ligands and additives 

Table S6.4: Effect of oxalamide or oxalhydrazide ligands on the difluorocyanation reaction 

 

 
 

I

nBu nBu

CN

F F

TMS CN

F F

2a 1 (5.0 eq) 3a

solvent (0.2 M)
T°C, 16h

[Cu] (20 mol%)
Ligand (20 mol%)
Additive (1.0 eq)

F N N
Cu

N

O O

N N
Cu

O O

O O

N N N
Cu

N

O O

N N
Cu

O O

N N

O O

Ph Ph

PhPh

K

K

NN

N N

N N

Cl-

[Cu 1] [Cu 2] [Cu 3]

[Cu 4]

L1

L2

L3

aDetermined using 19F NMR spectroscopy with PhCF3 as internal standard

Entry [Cu] / Ligand Solvent, T°C Yield (%)aAddiditive

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

[Cu 1]
[Cu 1]
[Cu 1]
[Cu 2]
[Cu 2]
[Cu 2]
[Cu 3]

CuDPP
CuDPP
CuDPP
[Cu 4]
[Cu 4]

CuDPP + L1
CuDPP + L2
CuDPP + L3

DMSO, 100°C
DMSO, 100°C
DMSO, 100°C
DMSO, 100°C
DMSO, 100°C
DMSO, 100°C
DMSO, 100°C

DME, 80°C
DME, 80°C
DME, 80°C
DME, 80°C
DME, 80°C
DME, 80°C
DME, 80°C
DME, 80°C

0
0
0
0
0
0
0

12
0
0
0
0
0
0
0

-
KF
CsF

-
KF
CsF

-
KF
CsF
RbF

-
CsF

-
-
-
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General procedures 

General Procedure 1: α,α-difluoromethylacetonitriles 

 
In the glovebox, a dry 4 mL vial equipped with a Teflon stir bar was charged with copper 

and aryl halide (if solid). Dry DMF was then added, followed by aryl halide (if liquid) and 1 

(2.0 eq). The vial was then capped, sealed with electrical tape, and stirred for 16 h at 80 °C. 

After this time, the crude reaction mixture was directly concentrated and subjected to FCC 

(SiO2, 5%-20% EtOAc in Hexanes) to afford pure product. If derivatized, the crude reaction 

mixture was subjected immediately to general procedures 2-4. 

 

General Procedure 2: α,α-difluoromethylaryl-1-N-methyl-1H-benzoimidazoles 

 
Aryl halide (0.1 mmol) was subjected to General Procedure 1. A dry 4 mL vial was charged 

with a stir bar and NH4Cl and, once cooled, the reaction mixture was passed through a 

syringe filter with dry MeOH as eluent (500 µL) into the vial. Freshly distilled N-

methylbenzene-1,2-diamine was then added, the headspace was flushed with nitrogen, 

and the resulting mixture was stirred at 65 C for 24 h. After this time, the reaction mixture 

was diluted with EtOAc, poured into a separatory funnel containing sat. aq. NH4Cl, and the 

aqueous extracted with EtOAc (3x). The combined organics were dried over magnesium 

sulfate, filtered, and the filtrate concentrated in vacuo. The crude residue was purified by 

column chromatography (SiO2, 10%-20% EtOAc in pentane) to afford the pure product 

 

 

X CuTC (1.0 eq)

DMF (0.4 M)
80°C, 16h

CN

F F

TMS CN

F F

1 (2.0 eq)

Ar Ar

X
CN

F F

TMS CN

F F

1 (2.0 eq)

Ar Ar

General 
Procedure 1

F F

Ar
N

N

MeHN

H2N
(5.0 eq)

NH4Cl (3.0 eq)

MeOH : DMF (2 : 1, 0.2 M)
65°C, 24h

pass through
syringe filter

with methanol
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General Procedure 3: α,α-difluoromethylaryl-benzooxazoles 

 
Aryl halide (0.1 mmol) was subjected to General Procedure 1. A dry 4 mL vial was charged 

with a stir bar and 2-aminophenol and, once cooled, the reaction mixture was passed 

through a syringe filter with dry MeOH as eluent (500 µL) into the vial. The headspace was 

flushed with nitrogen, and the resulting mixture was stirred at 65 C for 24 h. After this time, 

the reaction mixture was diluted with EtOAc, poured into a separatory funnel containing 

sat. aq. NH4Cl, and the aqueous extracted with EtOAc (3x). The combined organics were 

dried over magnesium sulfate, filtered, and the filtrate concentrated in vacuo. The crude 

residue was purified by column chromatography (SiO2, 10%-20% EtOAc in pentane) to 

afford pure product. 

 

General Procedure 4: α,α-difluoromethylaryl-benzothiazoles 
 

 
Aryl halide (0.1 mmol) was subjected to General Procedure 1. A dry 4 mL vial was charged 

with a stir bar and 2-aminobenzenethiol and, once cooled, the reaction mixture was passed 

through a syringe filter with dry MeOH as eluent (500 µL) into the vial. The headspace was 

flushed with nitrogen, and the resulting mixture was stirred at rt for 24 h. After this time, 

the reaction mixture was diluted with EtOAc, poured into a separatory funnel containing 

sat. aq. NH4Cl, and the aqueous extracted with EtOAc (3x). The combined organics were 

dried over magnesium sulfate, filtered, and the filtrate concentrated in vacuo. The crude 

X
CN

F F

TMS CN

F F

1 (2.0 eq)

Ar Ar

General 
Procedure 1

F F

Ar
N

O

HO

H2N
(5.0 eq)

MeOH : DMF (2 : 1, 0.2 M)
65°C, 24h

pass through
syringe filter

with methanol

X
CN

F F

TMS CN

F F

1 (2.0 eq)

Ar Ar

General 
Procedure 1

F F

Ar
N

S

HS

H2N
(5.0 eq)

MeOH : DMF (2 : 1, 0.2 M)
65°C, 24h

pass through
syringe filter

with methanol
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residue was purified by column chromatography (SiO2, 5%-15% EtOAc in pentane) to afford 

pure product. 

 

Synthesis of TMSCF2CN81 

2,2-difluoro-2-(trimethylsilyl)acetonitrile (1) 

 
A mixture of TMSCN (3.96 g, 40.0 mmol, 1.0 eq), TMSCF2Br (8.12 g 40.0 mmol, 1.0 eq), 

BnNEt3Cl (372 mg, 2.0 mmol, 5 mol%), and benzonitrile (15 mL) was heated at 110 °C for 

80 min. The mixture was cooled to 0 °C, styrene oxide (5.5 mL, 48.0 mmol, 1.2 eq) was 

added dropwise, and the mixture was stirred for 1 h at room temperature. The reaction 

flask was immersed into room temperature bath, and volatile components were distilled 

off under vacuum (1 Torr) collecting into a cold trap (−100°C). The collected liquid was 

filtered through cotton wool plug and fractionally distilled at atmospheric pressure at 110°C 

using Vigreux column to provide 2,2-difluoro-2-(trimethylsilyl)acetonitrile 1 as a colorless 

liquid (3.58 g, 24.0 mmol, 60% yield) 

 
1H NMR (500 MHz, CDCl3) δ 0.41 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ 116.44 (t, J = 264.9), 113.32 (t, J = 37.1), −5.79 (t, J = 1.5  
19F NMR (565 MHz, CDCl3) δ -115.42 

 

Decomposition of TMSCF2CN 

 

 
 

In the glovebox, a dry 4 mL vial equipped with a Teflon stir bar was charged with TMSCF2CN 

(14.9 mg, 0.1 mmol, 1.0 eq) and CsF (15.2 mg, 0.1 mmol, 1.0 eq). DMF (0.250 mL) was added 

and the vial was then capped, sealed with electrical tape, and stirred for 1h at 80°C. The 19F 

NMR spectrum was acquired with PhCF3 as internal standard to evalueate the 

decomposition of the nucleophile. 

CNTMS

F F

TMS CN

F F
F- TMSF CF2 -CN+ ++

80°C, DMF
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Figure S6.1: Decomposition of TMSCF2CN with CsF to give TMSF and :CF2 

 

Synthesis of aryl iodides 

2-(4-((tert-butyldimethylsilyl)oxy)phenyl)-2,2-difluoromethylacetonitrile (2h)82 

 
 
In a 20 mL vial, tert-Butyldimethylchlorosilane (616.5 mg, 4.1 mmol, 1.2 eq) was added to 

a solution of p-Iodophenol (750.0 mg, 3.4 mmol, 1.0 eq) and triethylamine (570 µL, 4.1 

mmol, 1.2 eq) in DCM (7.0 mL). The reaction mixture was stirred at rt for 16 h. The resulting 

biphasic mixture was poured into water and extracted with EtOAc (3x), the combined 

organic phases were dried over magnesium sulfate, filtered, and concentrated in vacuo. 

The crude residue was purified by column chromatography (100% hexanes) to provide tert-

butyl(4-iodophenoxy)dimethylsilane  2h as a colorless liquid (884.5 mg, 78 %). 

 
1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 8.7 Hz, 2H), 6.63 (d, J = 8.8 Hz, 2H), 0.97 (s, 9H), 0.22 

(s, 6H). 
13C NMR (126 MHz, CDCl3) δ 155.6, 138.3, 122.5, 83.7, 25.6, 18.2, -4.5 

-170-165-160-155-150-145-140-135-130-125-120-115-110-105-100-95-90-85-80-75-70-65-60-55-50
f1	(ppm)

-158.3-158.2-158.1-158.0-157.9-157.8-157.7-157.6
f1	(ppm)

Internal STD

Decomposition
product

TMSF

TBSO

I



Copper-Mediated formation of Aryldifluoronitriles 

 

 234 

(R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl 4-iodobenzoate 

(2ac)83 

 
To a solution of (R)-2,5,7,8 tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-ol 

(250.0 mg, 580.4 µmol, 1.0 eq) and triethylamine (81.0 µL, 580.4 µmol, 1.0 eq) in DCM (2.9 

mL) at 0 °C was added 4-iodobenzoyl chloride (154.7 mg,  580.4 µmol, 1.0 eq) in one 

portion. This was then stirred for 2 h at room temperature. The reaction mixture was then 

diluted with DCM, washed with 2 M NaOH (3x), and the combined organic phases 

concentrated in vacuo. The crude residue was purified by column chromatography (20/80 

ethyl acetate in hexanes) to provide (R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-

trimethyltridecyl)chroman-6-yl 4-iodobenzoate 2ac as a viscous yellow oil (77.7 mg, 20% 

yield). 

 
1H NMR (500 MHz, CDCl3) δ 8.02 – 7.94 (m, 2H), 7.88 (d, J = 8.5 Hz, 2H), 2.58 (t, J = 6.8 Hz, 

2H), 2.12 (s, 3H), 2.0 (s, 3H), 2.01 (s, 3H), 1.87 – 1.72 (m, 2H), 1.70 – 1.33 (m, 7H), 1.29 – 

1.20 (m, 11H), 1.18 – 1.01 (m, 6H), 0.93 (dd, J = 9.7, 6.5 Hz, 12H). 
13C NMR (126 MHz, CDCl3) δ 164.88, 155.27, 149.72, 140.61, 138.12, 131.69, 129.25, 

126.92, 125.17, 123.36, 117.68, 101.47, 75.28, 40.63, 39.53, 37.69, 37.54, 37.44, 32.93, 

31.38, 29.85, 28.13, 24.97, 24.60, 24.35, 23.83, 22.87, 22.78, 21.20, 20.78, 19.91, 19.84, 

19.75, 13.18, 12.34, 12.01. 

 
tert-butyl (3-hydroxy-3-phenylpropyl)(methyl)carbamate 

 
 
To a solution of 3-(methylamino)-1-phenylpropan-1-ol (500.0 mg, 3.0 mmol, 1.0 eq) and 

triethylamine (850 µL, 6.1 mmol, 2.0 eq) in DCM, was added Boc2O (750 µL, 3.3 mmol, 1.1 

eq) at room temperature; the resulting solution was stirred for 2 h. The reaction was then 

O

O

O

I

OH

N

OtBuO
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diluted with water, extracted with DCM (3x) and the combined organic phases 

concentrated in vacuo. The crude residue was purified by column chromatography (25/75 

ethyl acetate in hexanes) to provide tert-butyl (3-hydroxy-3-

phenylpropyl)(methyl)carbamate as a colorless oil (712.5 mg, 89% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.44 (dt, J = 15.0, 7.7 Hz, 5H), 4.65 (s, 1H), 3.91 (s, 1H), 3.03 (d, 

J = 13.2 Hz, 1H), 2.92 (s, 3H), 1.89 (dtd, J = 13.7, 6.2, 3.1 Hz, 1H), 1.80 (s, 1H), 1.47 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 157.2, 144.1, 128.3, 127.0, 125.6, 80.1, 69.9, 45.1, 37.2, 34.3, 

28.4. 

 

tert-butyl (3-(4-iodophenoxy)-3-phenylpropyl)(methyl)carbamate (2ae)84 

 
To a flame-dried round-bottom flask flushed with N2, p-iodophenol (230 µL, 1.9 mmol, 1.0 

eq), tert-butyl (3-hydroxy-3-phenylpropyl)(methyl)carbamate (500.0 mg, 1.9 mmol, 1.0 

eq), and triphenylphosphine (593.1 mg, 2.3 mmol, 1.2 eq) were added. THF (19 mL) was 

then added. This solution was cooled to 0 °C and DIAD (488 µL, 1.9 mmol, 1.0 eq) was added 

dropwise. The resulting mixture was stirred at room temperature overnight. Then, conc. 

H3PO4 was added (3mL) and gas evolution was observed; the resulting mixture was stirred 

for 3 h before diluting with water and extracting with EtOAc (3x). The combined organic 

phases were washed with 2M NaOH (3x), dried over magnesium sulfate, filtered, and 

concentrated in vacuo. The crude residue was purified by column chromatography (20/80 

ethyl acetate in hexanes) to provide tert-butyl (3-(4-iodophenoxy)-3-

phenylpropyl)(methyl)carbamate 2ae as a yellow oil (218.9 mg, 25% yield). 

 
1H NMR (500 MHz, DMSO) δ 7.52 (d, J = 8.6 Hz, 2H), 7.43 – 7.31 (m, 4H), 7.29 – 7.21 (m, 

1H), 6.74 – 6.68 (m, 2H), 5.31 (dd, J = 8.3, 4.4 Hz, 1H), 2.84 (s, 3H), 2.09 (dt, J = 10.7, 4.1 Hz, 

1H), 1.42 – 1.24 (m, 9H). 

O

N

OtBuO

I
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13C NMR (126 MHz, CDCl3) δ 157.8, 155.7, 141.0, 138.0, 128.7, 127.7, 125.7, 125.6, 118.2, 

82.9, 79.3, 45.7, 37.1, 28.4 

 

4-fluoro-2-methoxy-1-(prop-2-yn-1-yloxy)benzene85 

 
Under an inert atmosphere of nitrogen, 1,2-methoxy-4-fluorophenol (710 mg, 5.0 mmol, 

1.0 eq) was dissolved in anhydrous DMF (10 mL), followed by the addition of K2CO3 (1.40 g, 

10.0 mmol, 2.0 eq), before heating to 55 °C for 30 min. The reaction mixture was allowed 

to cool to room temperature and propargyl bromide (650 μL, 6.0 mmol, 1.2 eq) was added. 

The solution was stirred at room temperature for 6 h, monitoring for completion using TLC 

and then poured into ice-cold water. The aqueous layer was extracted with EtOAc (3 × 10 

mL) and the combined organic phases were dried over MgSO4 before removal of the 

solvent in vacuo. The crude residue was purified by column chromatography (10/90 ethyl 

acetate in hexanes) to provide 4-fluoro-2-methoxy-1-(prop-2-yn-1-yloxy)benzene as a 

colorless liquid (765 mg,  85% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.00-6.97 (dd, J = 8.9, 5.5 Hz, 1H), 6.66 (dd, J = 10.1, 3.0 Hz, 1H), 

6.62-6.58 (td, J = 8.4, 2.9 Hz, 1H), 4.72 (d, J = 2.4 Hz, 2H), 3.86 (s, 3H), 2.50 (t, J = 2.4 Hz, 1H). 
13C NMR (151 MHz, CDCl3) δ 158.52 (d, J = 240.4 Hz), 151.04 (d, J = 10.1 Hz), 143.06 (d, J = 

3.2 Hz), 116.17 (d, J = 10.1 Hz), 106.01 (d, J = 22.5 Hz), 100.55 (d, J = 27.6 Hz), 78.70, 75.94, 

57.76, 56.16. 
19F NMR (565 MHz, CDCl3) δ -118.74 

 

1-((3-(3-bromophenyl)prop-2-yn-1-yl)oxy)-4-fluoro-2-methoxybenzene86 

 

OMe

F

O

OMe

F

O

Br



Chapter 6  

 237 

In a nitrogen-filled glovebox, a 20 mL vial equipped with a Teflon magnetic stir bar was 

charged with Pd(PPh3)2Cl2 (0.1 mmol, 70.1 mg, 5 mol%), CuI (0.2 mmol, 38.0 mg, 10 mol%) 

and 4-fluoro-2-methoxy-1-(prop-2-yn-1-yloxy)benzene (360 mg, 2.0 mmol, 1.0 eq). 

Triethylamine (10 mL) was added to the vial and the reaction mixture was stirred for 10 

min at 65°C. After stirring for 10 minutes, 1-bromo-3-iodobenzene (622 mg, 2.2 mmol, 1.1 

eq) was added, and the mixture was stirred overnight. The resulting mixture was then 

poured into an aqueous saturated solution of NH4Cl (5 mL) and extracted twice with ethyl 

acetate (2 × 10 mL). The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4. The crude residue was purified by column chromatography (10/90 ethyl 

acetate in hexanes) to provide 1-((3-(3-bromophenyl)prop-2-yn-1-yl)oxy)-4-fluoro-2-

methoxybenzene as a beige powder (402 mg, 60% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.56 (m, 1H), 7.46 (m, 1H), 7.34 (m, 1H), 7.17 (t, J = 7.9 Hz, 1H), 

7.03 (dd, J = 8.9, 5.5 Hz, 1H), 6.68 (dd, J = 10.2, 2.9 Hz, 1H), 6.62 (td, J = 8.4, 2.9 Hz, 1H), 4.93 

(s, 2H), 3.88 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 158.53 (d, J = 240.4 Hz), 151.08 (d, J = 9.9 Hz), 143.18 (d, J = 

3.2 Hz) 134.61, 131.98, 130.47, 129.88, 116.19 (d, J = 10.0 Hz), 106.06 (d, J = 22.5 Hz), 

100.56 (d, J = 27.5 Hz), 86.04, 85.46, 58.46, 56.18. 
19F NMR (565 MHz, CDCl3) δ -118.78 

 

4-fluoro-1-((3-(3-iodophenyl)prop-2-yn-1-yl)oxy)-2-methoxybenzene (2af)87 

 
In a nitrogen-filled glovebox, a 20 mL vial equipped with a Teflon magnetic stir bar was 

charged with CuI (8.0 mg, 0.04 mmol, 5.0 mol%), 1-((3-(3-bromophenyl)prop-2-yn-1-

yl)oxy)-4-fluoro-2-methoxybenzene (285 mg, 0.9 mmol, 1.0 eq) and NaI (255 mg, 1.7 mmol, 

2.0 eq). Racemic trans-N,N’-dimethyl-1,2-cyclohexanediamine (12.1 mg, 0.08 mmol, 10 

mol%) and dioxane (1.0 mL) were added to the vial. The vial was sealed with a Teflon valve 

OMe

F

O

I
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and the reaction mixture was stirred at 110°C for 48 h. The resulting suspension was 

allowed to reach room temperature, diluted with 30% aq ammonia (5 mL), poured into 

water (20 mL), and extracted with dichloromethane (3×10 mL). The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4. The crude residue was 

purified by column chromatography (10/90 ethyl acetate in hexanes) to provide 4-fluoro-

1-((3-(3-iodophenyl)prop-2-yn-1-yl)oxy)-2-methoxybenzene 2af as a yellow oil (273 mg, 

84% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.77 (m, 1H), 7.66 (m, 1H), 7.37 (m, 1H), 7.05-7.01 (m, 2H), 6.68 

(dd, J = 10.2, 2.9 Hz, 1H), 6.64-6.60 (td, J = 8.4, 2.9 Hz, 1H), 4.92 (s, 2H), 3.88 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 158.49 (d, J = 240.4 Hz), 151.04 (d, J = 9.8 Hz), 143.17 (d, J = 

3.1 Hz) 140.41, 137.81, 131.00, 129.92, 116.15 (d, J = 9.8 Hz), 106.04 (d, J = 22.6 Hz), 100.53 

(d, J = 27.3 Hz), 93.67, 85.84, 85.47, 58.44, 56.16. 
19F NMR (565 MHz, CDCl3) δ -118.71 

 

2-iodo-3-Methoxy-1,3,5(10)-estratrien-17-one (2ag)88 

 
3-Methoxy-1,3,5(10)-estratrien-17-one (300 mg, 1.05 mmol, 1.0 eq) was dissolved in 

trifluoroacetic acid (10 ml) and N-iodosuccinimide (NIS; 236 mg, 1.05 mmol, 1.0 eq) was 

added. The mixture was stirred at room temperature for 2 h, and then poured into 100 ml 

water and extracted with dichloromethane. The organic phase was separated, neutralized 

with an ammonia solution and washed with a saturated solution of sodium thiosulfate and 

water. The organic phase was dried over anhydrous sodium sulfate, filtered and 

evaporated. The crude residue was purified by column chromatography (20/80 ethyl 

acetate in hexanes) to provide 2-iodo-3-Methoxy-1,3,5(10)-estratrien-17-one 2ag as a 

white solid (151 mg, 35% yield). 
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1H NMR (500 MHz, CDCl3) δ 7.66 (s, 1H), 7.56 (s, 1H), 3.86 (s, 3H), 2.90 (m, 2H), 2.53 (m, 

1H), 2.48 (m, 1H), 2.23 (m, 1H), 2.15 (m, 1H), 2.04 (s, 3H), 1.55, (m, 6H), 0.91 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 156.19, 138.25, 136.53, 134.47, 111.48, 82.83, 56.46, 50.40, 

48.06, 43.76, 38.74, 35.96, 31.59, 29.70, 26.48, 26.04, 21.69, 13.95. 

 

1-(4-iodophenyl)-5-phenyl-3-(trifluoromethyl)-1H-pyrazole (2ai) 

 
To a solution of 4,4,4-trifluoro-1-phenyl-1,3-butanedione (500.0 mg, 2.3 mmol, 1.0 eq) in 

DMA (7.7 mL) was added 1-(4-iodophenyl)hydrazine hydrochloride (625.7 mg, 2.3 mmol, 

1.0 eq) at room temperature, followed by 6 M hydrogen chloride (1.2 mL). The mixture was 

stirred at room temperature for 24 h, then cooled to 0°C; at this point, H2O was slowly 

added. After diluting with toluene, the organic phases were washed with H2O (2x), dried 

over magnesium sulfate, filtered, and the filtrate concentrated in vacuo. The crude residue 

was purified by column chromatography (15/85 ethyl acetate in hexanes) to provide 1-(4-

iodophenyl)-5-phenyl-3-(trifluoromethyl)-1H-pyrazole 2ai as an off-white solid (620 mg, 

65%). 

 
1H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.7 Hz, 2H), 7.42 – 7.33 (m, 3H), 7.21 (dd, J = 8.0, 

1.7 Hz, 2H), 7.10 (d, J = 8.7 Hz, 2H), 6.71 (s, 1H). 

 

Functionalization Reactions of Aryl-α,α-difluoromethylacetonitriles 

tert-butyl (2,2-difluoro-2-phenylethyl)carbamate (12a)89 

 
Step 1: In a nitrogen-filled glovebox, a dry 4 mL vial equipped with a Teflon magnetic stir 

bar was charged with lithium aluminum hydride (94.9 mg, 2.5 mmol, 5.0 eq) and dry and 

degassed diethyl ether (1.0 mL). The resulting suspension was cooled to –30 °C in the 
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glovebox freezer. Then, a solution of 2,2-difluoro-2-phenylacetonitrile (76.6 mg, 0.5 mmol, 

1.0 eq) in dry, degassed diethyl ether (1.0 mL) was prepared and cooled to –30 °C in the 

glovebox freezer. The solution containing the nitrile was transferred cold, and dropwise, to 

the suspension of lithium aluminum hydride with stirring. Diethyl ether (0.5 mL) was used 

to complete the transfer, the reaction vial was sealed, allowed to warm to room 

temperature, and stirred vigorously for 2 hours. After this time, the reaction mixture was 

cooled to 0°C and carefully diluted with water, dropwise. The resulting mixture was 

extracted with ethyl acetate, dried over sodium sulfate, and concentrated in vacuo in a 20 

mL vial. 

Step 2: In the 20 mL vial, the crude product was dissolved in dry DCM (2.0 mL) and treated 

with di-tert-butyl dicarbonate (105.0 mg, 0.5 mmol, 1.0 eq). The reaction vial was sealed 

and the reaction mixture was stirred at room temperature for 24 hours. After this time, the 

reaction mixture was concentrated in vacuo and the product was purified by column 

chromatography (2/98 to 10/90 ethyl acetate in hexanes) to provide tert-butyl (2,2-

difluoro-2-phenylethyl)carbamate 12a as a white powder (113.7 mg, 87% yield). Note: The 

product exists as a 5.5:1 mixture of amide E/Z isomers that interconvert more slowly than 

the NMR timescale 

 
1H NMR (600 MHz, CDCl3) δ 7.53 – 7.47 (both isomers, m, 2H), 7.47 – 7.39 (both isomers, 

m, 3H), 4.87 (major isomer, broad t, J = 6.3 Hz, 1H), 4.58 (minor isomer, broad s, 1H), 3.76 

(both isomers, td, J = 14.3, 6.4 Hz, 2H), 1.39 (major isomer, s, 9H), 1.30 (minor isomer, s, 

9H). 
13C NMR (151 MHz, CDCl3) δ 155.6, 134.9 (t, J = 25.5 Hz), 130.3, 128.6, 125.4 (t, J = 6.1 Hz), 

120.7 (t, J = 243.8 Hz), 80.1, 47.0 (t, J = 31.1 Hz), 28.4. 
19F NMR (565 MHz, CDCl3) δ -102.8 (major isomer, t, J = 14.3 Hz), -103.0 (minor isomer, 

broad t, J = 13.3 Hz) 
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5-(difluoro(phenyl)methyl)-1H-tetrazole (12b)90 

 
A 20 mL vial equipped with a Teflon magnetic stir bar was charged with 2,2-difluoro-2-

phenylacetonitrile (78.5 mg, 0.5 mmol, 1.0 eq) and DMSO (5.0 mL). Then, sodium azide 

(65.0 mg, 1.0 mmol, 2.0 eq) was added. The headspace was flushed with nitrogen, and the 

vial was sealed with a Teflon cap and heated at 80°C in a heating block for 20 hours. After 

this time, the reaction was cooled to room temperature, transferred to a separatory funnel, 

and diluted with 50 mL ethyl acetate and 40 mL 1.5 M HCl. The aqueous layer was extracted 

with ethyl acetate (4 x 50 mL), and the combined organic layers were concentrated in vacuo 

to provide the desired product as a mixture with DMSO. To remove residual DMSO, the 

product was taken up in ethyl acetate (20 mL) and washed with 1M HCl (8 x 5 mL). The 

organic layer was dried over sodium sulfate and concentrated in vacuo to provide a thick 

oil. This oil was stored at –10 °C for 24 hours, after which time it solidified. The resulting 

solid was crushed to a powder and dried under high vacuum to provide 5-

(difluoro(phenyl)methyl)-1H-tetrazole 12b as a white powder (97.5 mg, 97% yield). 

 
1H NMR (600 MHz, CDCl3) δ 7.66 (d, J = 7.8 Hz, 2H), 7.50 (m, 3H). 
13C NMR (151 MHz, CDCl3) δ 166.4 (t, J = 32.2 Hz), 133.5 (t, J = 26.4 Hz), 131.5, 128.9, 125.6 

(t, J = 6.0 Hz), 116.7 (t, J = 245.7 Hz). 
19F NMR (565 MHz, CDCl3) δ -92.17 

 

2-((4-butylphenyl)difluoromethyl)-4,5-dimethylpyridine (12c)91 

 
To a solution of Ni(COD)2 (6.6 mg, 23.90 µmol, 10 mol%), tricyclohexylphosphine (26.8 mg, 

95.6 µmol, 40 mol%), and 2-(4-butylphenyl)-2,2-difluoromethylacetonitrile (50.0 mg, 239 

µmol, 1.0 eq) in toluene (1.2 mL) was added 2,3-dimethyl-1,3-butadiene (108 µL, 956 µmol, 

4.0 eq). The vial was then capped, sealed with electrical tape, and heated to 130 °C for 48 

h. Upon cooling, the crude reaction mixture was concentrated and subjected directly to 
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preparatory TLC (20/80 ethyl acetate in hexanes) to afford pure 2-((4-

butylphenyl)difluoromethyl)-4,5-dimethylpyridine 12c as a colorless oil (10.4 mg, 15% 

yield). 

 
1H NMR (500 MHz, CDCl3) δ 8.4 (s, 1H), 7.54 – 7.42 (m, 3H), 7.21 (d, J = 7.9 Hz, 2H), 2.62 (t, 

J = 7.8 Hz, 2H), 2.31 (s, 3H), 2.28 (s, 3H), 1.7 (d, J = 13.5 Hz, 2H), 1.32 (h, J = 7.3 Hz, 2H), 0.93 

(t, J = 7.4 Hz, 3H). 
19F NMR (470 MHz, CDCl3) δ -93.82 

 

2-(4-butylphenyl)-2,2-difluoroacetamide (12d)81 

 
A 4 mL vial equipped with a Teflon magnetic stir bar was charged with 2,2-difluoro-2-

phenylacetonitrile (21.0 mg, 0.1 mmol, 1.0 eq) and phenol (19.0 mg, 0.2 mmol) in 33% 

HBr/AcOH (300 mg) and was stirred for 18 h at room temperature. After this time, the 

reaction mixture was extracted with diethyl ether, dried over sodium sulfate, and 

concentrated in vacuo to provide 2,2-difluoro-2-phenylacetamide 12d as a white solid (18.2 

mg, 80% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.53 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 7.4 Hz, 2H), 6.27 (d, 2H), 

2.65 (t, J = 7.7 Hz, 2H), 1.61 (m, 2H), 1.36 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). 
13C NMR (151 MHz, CDCl3) δ 166.67 (t, J = 32.4 Hz), 146.39, 130.01 (t, J = 25.3 Hz), 125.84, 

125.53 (t, J = 6.2 Hz), 114.97 (t, J = 252.3 Hz), 35.59, 33.48, 22.42, 14.03. 
19F NMR (565 MHz, CDCl3) δ -102.21 

 

2-(difluoro(phenyl)methyl)-4,5-dihydrothiazole-4-carboxylic acid (12e)92 
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A 20 mL vial equipped with a Teflon magnetic stir bar was charged with 2,2-difluoro-2-

phenylacetonitrile (76.6 mg, 0.5 mmol, 1.0 eq) and L-Cysteine (92.0 mg, 0.75 mmol, 1.5 eq). 

Then methanol (5.0 mL) and the reaction mixture was stirred at 50°C for 15 min. After this 

time, the solvent was removed in vacuo and the resulting residue was dissolved in 

dichloromethane. The excess of L-cysteine was filtered out with a syringe to provide 2-

(difluoro(phenyl)methyl)-4,5-dihydrothiazole-4-carboxylic acid 12e as a colorless oil in 

quantitative yield (128.6 mg, 100% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.52 (d, J = 9.5 Hz, 2H), 7.34 (m, 3H), 7.05 (s, 1H), 3.50 (m, 2H). 
13C NMR (151 MHz, CDCl3) δ 175.35, 166.40 (t, J = 32.2 Hz), 133.90 (t, J = 26.4 Hz), 131.10, 

128.82, 125.57 (t, J = 6.0 Hz), 116.67 (t, J = 245.7 Hz), 80.65, 36.74. 
19F NMR (565 MHz, CDCl3) δ -93.08. 

 

2-(difluoro(phenyl)methyl)benzo[d]thiazole (12f) 

 
A 20 mL vial was charged with 2,2-difluoro-2-phenylacetonitrile (76.6 mg, 0.5 mmol, 1.0 

eq). Then, a solution of 2-aminobenzenethiol (93.9 mg, 0.75 mmol, 1.5 eq) in dry methanol 

(5.0 mL) was added, and a Teflon stir bar was added. The headspace was flushed with 

nitrogen, the vial was sealed, and the reaction mixture was stirred at room temperature 

for 1 hour. After this time, the solvent was removed in vacuo and the resulting residue was 

purified by column chromatography (1/99 to 10/90 ethyl acetate in hexanes) to provide 2-

(difluoro(phenyl)methyl)benzo[d]thiazole 12f as a colorless viscous liquid (121.6 mg, 93% 

yield) 

 
1H NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.75 – 7.70 (m, 

2H), 7.53 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 7.50 – 7.45 (m, 4H). 
13C NMR (151 MHz, CDCl3) δ 165.2 (t, J = 36.5 Hz), 153.0, 135.2, 135.1 (t, J = 26.5 Hz), 130.9 

(t, J = 1.5 Hz), 128.7, 126.8, 126.6, 126.0 (t, J = 5.8 Hz), 124.6, 122.0, 117.5 (t, J = 243.6 Hz). 
19F NMR (565 MHz, CDCl3) δ -87.01. 
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2-(difluoro(phenyl)methyl)benzo[d]oxazole (12g) 

 
A 20 mL vial was charged with 2,2-difluoro-2-phenylacetonitrile (76.6 mg, 0.5 mmol, 1.0 

eq). Then, a solution of 2-aminophenol (81.8 mg, 0.75 mmol, 1.5 eq) in dry methanol (5.0 

mL) was added, and a Teflon stir bar was added. The headspace was flushed with nitrogen, 

the vial was sealed, and the reaction mixture was heated in a heating block at 65 °C for 24 

hours. After this time, the solvent was removed in vacuo and the resulting residue was 

purified by column chromatography (1/99 to 10/90 ethyl acetate in hexanes) to provide 2-

(difluoro(phenyl)methyl)benzo[d]oxazole 12g as a colorless viscous liquid (107.1 mg, 87% 

yield). 

 
1H NMR (600 MHz, CDCl3) δ 7.82 (d, J = 7.6 Hz, 1H), 7.75 – 7.71 (m, 2H), 7.59 (d, J = 7.9 Hz, 

1H), 7.55 – 7.47 (m, 3H), 7.44 (td, J = 7.8, 1.4 Hz, 1H), 7.40 (td, J = 7.6, 1.2 Hz, 1H). 
13C NMR (151 MHz, CDCl3) δ 158.6 (t, J = 36.8 Hz), 150.9, 140.2, 133.7 (t, J = 26.0 Hz), 131.3 

(t, J = 1.4 Hz), 128.9, 126.9, 125.8 (t, J = 5.8 Hz), 125.4, 121.5, 114.6 (t, J = 243.8 Hz), 111.5. 
19F NMR (565 MHz, CDCl3) δ -95.30. 

 

2-(difluoro(phenyl)methyl)-1-methyl-1H-benzo[d]imidazole (12h) 

 
A 20 mL vial was charged with 2,2-difluoro-2-phenylacetonitrile (78.5 mg, 0.5 mmol, 1.0 

eq). Then, a solution of freshly vacuum distilled N1-methylbenzene-1,2-diamine (183.3 mg, 

1.5 mmol, 3.0 eq) in dry methanol (5.0 mL) was added, followed by ammonium chloride 

(26.7 mg, 0.5 mmol, 1.0 eq) and a Teflon stir bar. The headspace was flushed with nitrogen, 

and the vial was sealed with a Teflon cap and heated at 65 °C in a heating block for 24 

hours. After this time, the reaction was cooled to room temperature and concentrated in 

vacuo. The resulting residue was purified by column chromatography (5/95 to 15/85 ethyl 
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acetate in hexanes) to provide 2-(difluoro(phenyl)methyl)-1-methyl-1H-benzo[d]imidazole 

12h as a colorless oil (124.2 mg, 94% yield). 

 
1H NMR (600 MHz, CDCl3) δ 7.91 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 6.5 Hz, 2H), 7.53 – 7.42 (m, 

3H), 7.40 (m, 2H), 7.32 (m, 1H), 3.91 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -89.01 
13C NMR (126 MHz, CDCl3) δ 147.2 (t, J = 33.0 Hz), 141.2, 136.4, 134.5 (t, J = 25.6 Hz), 130.7 

(t, J = 1.9 Hz), 128.5, 125.9 (t, J = 5.6 Hz), 124.2, 122.7, 121.1, 117.1 (t, J = 240.0 Hz), 109.7, 

30.9 

 

(S)-2,2-difluoro-2-phenyl-N-(1-phenylethyl)ethan-1-amine (12i)77 

 
To a flame-dried glass vial in the glovebox equipped with stir bar was added nickel (II) 

triflate (4.50 mg, 12.5 μmol, 5 mol%), ((Phenylphosphinediyl)bis(ethane-2,1-

diyl))bis(diphenylphosphine) (8.0 mg, 15.0 μmol, 6 mol%), and degassed TFE (1.25 mL). This 

was stirred at rt in the glovebox for 15 minutes; then, 2,2-difluoro-2-phenylacetonitrile 

(38.3 mg, 0.25 mmol, 1.0 eq) was added followed by (S)-(-)-1-Phenylethylamine (161 μL, 

1.25 mmol, 5.0 eq). The vial was fitted with a septum cap and needle, then placed into a 

parr bomb. The bomb was sealed and the assembly was removed from the glovebox. The 

bomb was flushed with H2 (20 bar, 2x) then pressurized to with H2 (40 bar). This was stirred 

at 130°C (block temperature) for 16 h. After this time, the reaction mixture was cooled, and 

the resulting residue was purified by column chromatography (10/90 ethyl acetate in 

hexanes) to provide (S)-2,2-difluoro-2-phenyl-N-(1-phenylethyl)ethan-1-amine 12i as a 

colorless oil (62.1 mg, 95% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.64 – 7.59 (m, 2H), 7.52 – 7.48 (m, 1H), 7.44 (t, J = 7.5 Hz, 2H), 

7.40 – 7.33 (m, 2H), 7.30 – 7.27 (m, 3H), 6.64 (s, 1H), 5.10 (p, J = 7.2 Hz, 1H), 1.66 – 1.58 (m, 

5H). 
19F NMR (470 MHz, CDCl1) δ -102.32 (d, J = 43.7 Hz). 
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(Z)-2-(4-butylphenyl)-2,2-difluoro-N'-hydroxyacetimidamide (12j)93 

 
A 4 mL vial equipped with a Teflon magnetic stir bar was charged with 2,2-difluoro-2-

phenylacetonitrile (21.0 mg, 0.1 mmol, 1.0 eq) and a 50wt% aqueous hydroxylamine 

solution (7.92 mg, 0.12 mmol, 1.2 eq). EtOH (0.1 M) was added and the mixture was stirred 

at room temperature for 18 h. After this time, the reaction mixture was concentrated under 

reduced pressure and the residue was purified by flash column chromatography (10/90 

ethyl acetate in hexanes) to provide (Z)-2-(4-butylphenyl)-2,2-difluoro-N'-

hydroxyacetimidamide 12j as a white powder (18.2 mg, 75% yield). 

 
1H NMR (500 MHz, CDCl3) δ 7.87 (s, 1H), 7.44 (d, J = 8.3 Hz, 2H), 7.24 (d, J = 8.3 Hz, 2H), 4.79 

(s, 2H), 2.65 (t, J = 7.7 Hz, 2H), 1.61 (m, 2H), 1.36 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). 
13C NMR (151 MHz, CDCl3) δ 149.75 (t, J = 32.2 Hz), 145.85, 130.88 (t, J = 25.7 Hz), 128.51, 

125.90 (t, J = 5.8 Hz), 116.94 (t, J = 242.2 Hz), 35.69, 33.48, 22.40, 14.05. 
19F NMR (565 MHz, CDCl3) δ -97.32 

 

2,2-difluoro-1,2-diphenylethan-1-one (12k) 

 
The title compound was prepared according to the following procedure. In a nitrogen-filled 

glovebox, a 25 mL Schlenk flask with a Teflon plug was charged with 2,2-difluoro-2-

phenylacetonitrile (76.6 mg, 0.5 mmol, 1.0 eq) and dry, degassed THF (1.5 mL). The schlenk 

bomb was sealed and taken out of glovebox, where it was cooled in a dry ice/acetone bath 

(–78 °C) under nitrogen. Then, a solution of phenyl magnesium bromide (1.0 M, 0.52 mL, 

0.52 mmol, 1.05 eq) was added dropwise with a gas-tight syringe with stirring. After 

complete addition, the reaction mixture was transferred to a water ice bath (0°C) and 

stirred on ice for 4 h. After this time, 3 M HCl was added on ice dropwise (2 mL). The 

resulting mixture was heated to 65 °C for 20 hours. After this time, the reaction mixture 
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was extracted with DCM, dried over sodium sulfate, and concentrated in vacuo. The 

resulting residue was purified by column chromatography (1/99 to 4/96 ethyl acetate in 

hexanes) to provide 2,2-difluoro-1,2-diphenylethan-1-one 12k as a colorless liquid (99.7 

mg, 86% yield). 

 
1H NMR (600 MHz, CDCl3) δ 8.04 (d, J = 7.5 Hz, 2H), 7.62 (d, J = 6.6 Hz, 2H), 7.59 (ddt, J = 

8.7, 7.2, 1.3 Hz, 1H), 7.51 – 7.42 (m, 5H). 
13C NMR (151 MHz, CDCl3) δ 189.1 (t, J = 31.0 Hz), 134.3, 133.3 (t, J = 25.1 Hz), 132.3, 131.1 

(t, J = 1.5 Hz), 130.4 (t, J = 2.9 Hz), 129.0, 128.8, 125.8 (t, J = 6.0 Hz), 117.1 (t, J = 253.2 Hz). 
19F NMR (565 MHz, CDCl3) δ -97.5. 

 

2,2-difluoro-1-(4-methoxyphenyl)-2-phenylethan-1-on (12l) 

 

In a nitrogen-filled glovebox, a 25 mL Schlenk flask with a Teflon plug was charged with 2,2-

difluoro-2-phenylacetonitrile (76.6 mg, 0.5 mmol, 1.0 eq) and dry, degassed THF (1.5 mL). 

The Schlenk bomb was sealed and taken out of glovebox, where it was cooled in a dry 

ice/acetone bath (–78 °C) under nitrogen. Then, a solution of para-methoxy phenyl 

magnesium bromide (0.5 M, 1.0 mL, 0.52 mmol, 1.05 eq) was added dropwise with stirring. 

After complete addition, the reaction mixture was transferred to a water ice bath (0 °C) 

and stirred on ice for 4 h. After this time, 3 M HCl was added on ice dropwise (2 mL). The 

resulting mixture was heated to 60°C for 18 hours. After this time, the reaction mixture was 

extracted with diethyl ether, dried over sodium sulfate, and concentrated in vacuo. The 

resulting residue was purified by column chromatography (1/99 to 8/92 ethyl acetate in 

hexanes) to provide 2,2-difluoro-1-(4-methoxyphenyl)-2-phenylethan-1-one 12l as a 

colorless liquid (113.7 mg, 87% yield). 

 
1H NMR (600 MHz, CDCl3) δ 8.04 (d, J = 9.0 Hz, 2H), 7.64 – 7.59 (m, 2H), 7.50 – 7.42 (m, 3H), 

6.91 (d, J = 9.1 Hz, 2H), 3.85 (s, 3H). 
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13C NMR (151 MHz, CDCl3) δ 187.4 (t, J = 30.4 Hz), 164.5, 133.7 (t, J = 25.1 Hz), 133.0 (t, J = 

3.1 Hz), 130.9, 128.9, 125.7 (t, J = 6.0 Hz), 125.1, 117.2 (t, J = 252.9 Hz), 114.1, 55.7. 
19F NMR (565 MHz, CDCl3) δ -96.2. 

 

propyl 2,2-difluoro-2-phenylethanimidothioate (12m) 

 
A 50 mL round bottomed flask equipped with a magnetic stir bar was charged with 2,2-

difluoro-2-phenylacetonitrile (79.0 mg, 0.52 mmol, 1.0 eq), acetonitrile (4 mL), and water 

(1 mL). The headspace was flushed with nitrogen and propanethiol (464 µL, 5.0 mmol, 10 

eq) was added dropwise. The resulting solution was stirred at room temperature for 2 

hours. After this time, the solvent was removed in vacuo through a Schlenk line. The 

resulting residue was taken up in dichloromethane, dried over sodium sulfate, and 

concentrated. Purification by column chromatography (2/98 to 20/80 ethyl acetate in 

hexanes) provided propyl 2,2-difluoro-2-phenylethanimidothioate 12m as a colorless liquid 

(101.4 mg, 86% yield). 

 
1H NMR (600 MHz, CDCl3) δ 9.56 (br s, 1H), 7.57 (d, J = 7.4 Hz, 2H), 7.51 – 7.43 (m, 3H), 2.91 

(t, J = 7.3 Hz, 2H), 1.68 (h, J = 7.3 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H). 
13C NMR (151 MHz, CDCl3) δ 173.6 (t, J = 32.1 Hz), 133.9 (t, J = 26.6 Hz), 130.9, 128.7, 125.6 

(t, J = 6.0 Hz), 116.7 (t, J = 249.1 Hz), 31.7, 21.8, 13.6. 
19F NMR (565 MHz, CDCl3) δ -97.0. 
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Compound characterization 

The project is still ongoing and for this reason the characterization of some molecules is 

not complete. 

 

2-((4-butylphenyl)difluoromethyl)-1-methyl-1H-benzo[d]imidazole (6a) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 88% yield (yellow oil). 
1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.1 Hz, 1H), 7.52 (d, J = 8.0 Hz, 2H), 7.39 (m, 2H), 

7.31 (m, 3H), 3.99 (s, 3H), 2.70 (t, J = 7.8 Hz, 2H), 1.72 – 1.63 (m, 2H), 1.40 (q, J = 7.4 Hz, 

2H), 0.94 (t, J = 7.4 Hz, 3H). 
19F NMR (470 MHz, CDCl3) δ -88.3. 
13C NMR: (126 MHz, CDCl3) δ 146.10, 141.41. 136.52, 128.83, 126.11 (t, J = 6.3 Hz), 124.52, 

123.01, 121.40, 109.91, 35.72, 33.41, 31.31, 22.50, 14.14 

 

2-((4-chlorophenyl)difluoromethyl)-1-methyl-1H-benzo[d]imidazole (6b) 

 

The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 69% yield (yellow solid) 
1H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.2 Hz, 1H), 7.61 (d, J = 8.3 Hz, 2H), 7.54 (d, J = 8.3 

Hz, 2H), 7.40 (q, J = 8.4 Hz, 2H), 7.31 (m, 1H), 4.0 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -88.41. 
13C NMR (126 MHz, CDCl3) δ 146.91 (t, J = 33.2 Hz), 141.32, 137.1 (t, J = 2.5 Hz), 136.40, 

133.01 (t, J = 26.0 Hz), 128.94, 127.73 (t, J = 5.8 Hz), 124.61, 123.0, 121.42, 117.09 (t, J = 

239.7 Hz), 109.81, 31.18 (t, J = 3.9 Hz). 
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2-(difluoro(4-fluorophenyl)methyl)-1-methyl-1H-benzo[d]imidazole (6c) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 84% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.4 

Hz, 2H), 7.42 (m, 2H), 7.30 (ddd, J = 8.3, 6.6, 1.6 Hz, 1H), 3.98 (t, J = 1.2 Hz, 3H). 
19F NMR (470 MHz, CDCl3): δ -89.12. 

 

2-((4-bromophenyl)difluoromethyl)-1-methyl-1H-benzo[d]imidazole (6d) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 55% yield (yellow solid) 
1H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 8.1 Hz, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.4 

Hz, 2H), 7.41 (m, 2H), 7.33 (ddd, J = 8.3, 6.6, 1.6 Hz, 1H), 4.01 (t, J = 1.1 Hz, 3H). 
19F NMR (470 MHz, CDCl3) δ -88.63. 
13C NMR (126 MHz, CDCl3) δ 146.78 (t, J = 33.2 Hz), 141.31, 136.52, 133.47 (t, J = 26.0 Hz), 

131.84, 127.88 (t, J = 5.8 Hz), 125.50 (t, J = 2.5 Hz), 124.61, 122.91, 121.43, 117.07 (t, J = 

239.7 Hz), 109.80, 31.11 (t, J = 3.9 Hz). 

 

2-(difluoro(4-methoxyphenyl)methyl)-1-methyl-1H-benzo[d]imidazole (6e) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 74% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.1 Hz, 1H), 7.61 (d, J = 8.5 Hz, 2H), 7.43 (m, 2H), 

7.34 (ddd, J = 8.2, 6.4, 1.9 Hz, 1H), 7.01 (d, J = 8.6 Hz, 2H), 4.02 (s, 3H), 3.94 (s, 3H). 
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19F NMR (470 MHz, CDCl3) δ -87.23. 
13C NMR (126 MHz, CDCl3) δ 161.61, 150.50. 136.49, 127.81 (t, J = 5.1 Hz), 124.48, 123.11, 

121.43, 114.13, 109.87, 55.53, 31.35. 

 

tert-butyl (4-(difluoro(1-methyl-1H-benzo[d]imidazol-2-yl)methyl)phenyl)carbamate (6f) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 41% yield (yellow solid). 
1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 8.3 Hz, 1H), 7.62 (d, J = 8.8 Hz, 2H), 7.51 (m, 2H), 

7.30 (m, 1H), 7.01 (d, J = 8.6 Hz, 2H), 4.02 (s, 3H), 1.54 (s, 9H). 
19F NMR (470 MHz, CDCl3) δ -88.01. 
13C NMR: (126 MHz, CDCl3) δ 152.40, 147.55. 141.37, 135.41, 128.74 (t, J = 26.5 Hz), 127.08 

(t, J = 6.3 Hz), 124.31, 122.82, 121.30, 118.02, 109.69, 31.10 (t, J = 3.8 Hz), 28.32 

 

methyl 4-(difluoro(1-methyl-1H-benzo[d]imidazol-2-yl)methyl)benzoate (6g) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 58% yield (brown solid) 
1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.1 Hz, 2H), 7.80 (d, J = 8.2 Hz, 1H), 7.72 (d, J = 8.1 

Hz, 2H), 7.53 – 7.41 (m, 2H), 7.31 (t, J = 7.4 Hz, 1H), 3.98 (s, 3H), 3.94 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -89.43. 
13C NMR: (126 MHz, CDCl3) δ 165.20, 145.71 (t, J = 27.7 Hz), 140.32, 137.69 (t, J = 21.4 Hz), 

135.41, 131.42, 128.87, 125.31 (t, J = 5.0 Hz), 123.60, 121.91, 120.29, 116.01 (t, J = 200.1 

Hz), 108.80, 51.41, 30.08 (t, J = 2.5 Hz). 
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2-(difluoro(4-nitrophenyl)methyl)-1-methyl-1H-benzo[d]imidazole (6h) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 2 on the corresponding (hetero)Aryl Iodide: 38% yield (orange solid) 
1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 8.4 Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H), 7.82 (d, J = 8.2 

Hz, 1H), 7.44 (dt, J = 15.0, 8.0 Hz, 2H), 7.31 (t, J = 7.6 Hz, 1H), 4.10 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -89.10. 
13C NMR: (126 MHz, CDCl3) δ 149.40, 146.11 (t, J = 27.7 Hz), 141.22, 140.55 (t, J = 21.4 Hz), 

136.54, 127.77 (t, J = 5.0 Hz), 124.91, 123.62, 123.10, 121.36, 118.41, 116.95 (t, J = 200.3 

Hz), 109.91, 31.20 (t, J = 2.5 Hz). 

 

2-(difluoro(2-(trifluoromethyl)phenyl)methyl)benzo[d]oxazole (7i) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 53% yield (yellow solid) 
1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 7.9 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.80 (dt, J = 8.1, 

3.9 Hz, 2H), 7.72 (t, J = 7.8 Hz, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.40 (t, J 

= 7.7 Hz, 1H). 
19F NMR (470 MHz, CDCl3) δ -58.21 (t, J = 12.5 Hz), -90.61 (q, J = 12.7 Hz). 
13C NMR: 126 MHz, CDCl3) δ 158.21 (t, J = 27.0 Hz), 150.62, 140.00, 132.11, 131.21, 128.37 

(t, J = 6.3 Hz), 127.91 (q, J = 5.0 Hz), 127.02, 125.34, 124.18, 122.33, 121.41, 113.68 (t, J = 

204.1 Hz), 111.50. 

 

2-((2-bromophenyl)difluoromethyl)benzo[d]oxazole (7j) 
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The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 35% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 7.74 (m, 2H), 7.60 (m, 1H), 7.52 (t, J = 7.5 Hz, 1H), 7.51 – 7.40 

(m, 2H), 7.39 (m, 1H), 7.31 (m, 1H). 
19F NMR (470 MHz, CDCl3) δ -89.10. 
13C NMR: (126 MHz, CDCl3) δ 157.7, 150.5, 140.3, 134.6, 132.7, 128.9 (t, J = 7.7 Hz), 127.6, 

125.3, 121.5, 111.5. 

 

2-([1,1'-biphenyl]-2-yldifluoromethyl)benzo[d]oxazole (7k) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 74% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.01 – 7.92 (m, 1H), 7.6 (m, 1H), 7.64 – 7.55 (m, 2H), 7.42 – 7.34 

(m, 3H), 7.30 (d, J = 4.1 Hz, 1H), 7.11 (tt, J = 8.5, 4.0 Hz, 1H), 7.02 (d, J = 4.5 Hz, 4H). 
19F NMR (470 MHz, CDCl3) δ -88.29. 
13C NMR (126 MHz, CDCl3) δ 157.9 (t, J = 34.9 Hz), 149.7, 141.5 (t, J = 3.8 Hz), 139.6, 138.6, 

131.4 (t, J = 23.8 Hz), 131.2, 130.4, 128.7, 127.1,126.8, 126.8, 126.0, 125.4 (t, J = 7.8 Hz), 

124.5, 120.6, 113.8 (t, J = 243.0 Hz), 110.6. 

 

2-(difluoro(2-isopropylphenyl)methyl)benzo[d]oxazole (7l) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 65% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 7.9 Hz, 1H), 7.70 (dd, J = 7.9, 1.4 Hz, 1H), 7.63 (m, 

1H), 7.50 (t, J = 7.5 Hz, 1H), 7.50 – 7.41 (m, 2H), 7.39 (m, 1H), 7.31 (t, J = 7.6 Hz, 1H), 3.11 

(p, J = 6.9 Hz, 1H), 1.12 (d, J = 6.8 Hz, 6H). 
19F NMR (470 MHz, CDCl3) δ -90.90. 
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13C NMR: (126 MHz, CDCl3) δ 159.0 (t, J = 29.6 Hz), 150.7, 148.3 (t, J = 2.4 Hz), 140.1, 131.5, 

130.2 (t, J = 18.9 Hz), 127.3, 126.8, 125.9, 125.7 (t, J = 7.7 Hz), 125.3, 121.4, 114.9 (t, J = 

202.9 Hz), 111.4, 29.8, 24.1. 

 

2-([1,1'-biphenyl]-3-yldifluoromethyl)benzo[d]oxazole (7m) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 68% yield (yellow oil). 
1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 1.9 Hz, 1H), 7.81 (m, 1H), 7.73 (d, J = 7.8 Hz, 1H), 

7.70 (m, 1H), 7.6 – 7.5 (m, 4H), 7.52 – 7.34 (m, 5H). 
19F NMR (470 MHz, CDCl3) δ -95.24. 
13C NMR: (126 MHz, CDCl3) δ 158.5 (t, J = 30.2 Hz), 158.8, 142.0, 140.1, 140.0, 134.2 (t, J = 

21.4 Hz), 129.9, 129.2, 128.9, 127.9, 127.3, 126.8, 125.3, 124.4, 121.4, 116.3, 114.5 (t, J = 

204.1 Hz), 111.4. 

 

2-((3-(tert-butyl)phenyl)difluoromethyl)benzo[d]oxazole (7n) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 74% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 7.82 (d, J = 7.8 Hz, 1H), 7.70 (s, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.52 

(dd, J = 14.0, 7.8 Hz, 2H), 7.41 (dd, J = 11.7, 7.4 Hz, 3H), 1.32 (s, 9H). 
19F NMR (470 MHz, CDCl3) δ -95.02. 
13C NMR (126 MHz, CDCl3) δ 158.8 (t, J = 37.2 Hz), 152.1, 150.9, 140.3, 133.4 (t, J = 25.6 Hz), 

128.6, 128.4, 126.8, 125.4, 123.1 (t, J = 5.8 Hz), 122.4 (t, J = 5.9 Hz), 121.5, 114.8 (t, J = 243.8 

Hz), 111.5, 35.1, 31.4. 
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1-(3-(benzo[d]oxazol-2-yldifluoromethyl)phenyl)ethan-1-one (7o) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 3 on the corresponding (hetero)Aryl Iodide: 53% yield (orange solid). 
1H NMR (500 MHz, CDCl3) δ 8.30 (s, 1H), 8.13 (d, J = 7.8 Hz, 1H), 7.90 (d, J = 7.9 Hz, 1H), 7.83 

(d, J = 8.1 Hz, 1H), 7.59 (dd, J = 13.1, 7.6 Hz, 2H), 7.50 (t, J = 7.7 Hz, 1H), 7.42 (t, J = 7.5 Hz, 

1H), 2.71 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -95.22. 
13C NMR: (126 MHz, CDCl3) δ 196.9, 158.0 (t, J = 36.5 Hz), 150.8, 140.0, 137.6, 134.3, 130.9, 

130.2 (t, J = 5.1 Hz), 129.3, 127.0, 125.7 (t, J = 6.3 Hz), 121.5, 114.0 (t, J = 244.5 Hz), 111.5, 

26.7 

 

2-((2,6-dichlorophenyl)difluoromethyl)benzo[d]thiazolecarboxylate (8p) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl Iodide: 66% yield (yellow oil). 
1H NMR (500 MHz, CDCl3) δ 8.13 – 8.03 (m, 1H), 8.00 (m, 1H), 7.52 (m, 2H), 7.43 (q, J = 0.9 

Hz, 1H), 7.40 (d, J = 1.1 Hz, 1H), 7.32 (ddt, J = 8.5, 7.4, 0.9 Hz, 1H). 
19F NMR (470 MHz, CDCl3) δ -79.80. 
13C NMR (126 MHz, CDCl3) δ 164.3 (t, J = 34.7 Hz), 152.5, 135.6, 135.3 (t, J = 2.6 Hz), 131.7, 

130.9, 130.1 (t, J = 23.4 Hz), 126.8 (d, J = 9.7 Hz), 124.9, 122.1, 117.4 (t, J = 246.0 Hz). 

 

2-((2-ethyl-6-methylphenyl)difluoromethyl)benzo[d]thiazole (8q) 

 

F F

N

O
O

F F

N

S
Cl

Cl

F F

N

S



Copper-Mediated formation of Aryldifluoronitriles 

 

 256 

The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl Iodide: 68% yield (yellow oil). 
1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 8.1 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.53 – 7.42 (m, 

2H), 7.32 (t, J = 7.6 Hz, 1H), 7.20 (d, J = 7.7 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 2.82 – 2.74 (m, 

2H), 2.49 (t, J = 4.6 Hz, 3H), 1.24 (t, J = 7.5 Hz, 3H). 
19F NMR (470 MHz, CDCl3) δ -76.84. 
13C NMR (126 MHz, CDCl3) δ 165.8 (t, J = 36.1 Hz), 152.8, 144.4 (t, J = 2.8 Hz), 137.8 (t, J = 

3.1 Hz), 135.6, 131.3 (t, J = 22.7 Hz), 130.4 (d, J = 10.3 Hz), 129.2, 126.7 (d, J = 7.2 Hz), 124.9, 

122.0, 119.9 (t, J = 243.7 Hz), 28.5 (t, J = 5.2 Hz), 22.8 (t, J = 6.3 Hz), 16.9 (d, J = 2.2 Hz). 

 

2-(dibenzo[b,d]furan-4-yldifluoromethyl)benzo[d]thiazole (8r) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl Iodide: 82% yield (white solid). 
1H NMR (500 MHz, CDCl3) δ 8.21 (dd, J = 7.7, 1.1 Hz, 1H), 8.01 (d, J = 7.8 Hz, 1H), 7.69 (dd, J 

= 11.7, 7.6 Hz, 1H), 7.61 – 7.54 (m, 1H), 7.40 (dt, J = 21.4, 7.6 Hz, 2H). 
19F NMR (470 MHz, CDCl3) δ -85.10 
13C NMR (126 MHz, CDCl3) δ 156.6, 152.1 (t, J = 2.5 Hz), 128.5, 126.4, 125.2 (t, J = 1.3 Hz), 

123.7, 123.5 (t, J = 6.3 Hz), 122.8, 122.7, 120.9, 115.4 (t, J = 26.5 Hz), 112.3 (t, J = 244.5 Hz), 

107.0. 

 

2-(difluoro(naphthalen-1-yl)methyl)benzo[d]thiazole (8s) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl Iodide: 82% yield (yellow solid). 
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1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.6 Hz, 1H), 8.12 (d, J = 8.3 Hz, 1H), 8.04 (d, J = 8.2 

Hz, 1H), 7.92 (d, J = 7.3 Hz, 1H), 7.69 (ddd, J = 8.5, 7.0, 1.2 Hz, 1H), 7.63 (dd, J = 8.2, 6.8 Hz, 

1H), 7.51 (t, J = 7.8 Hz, 1H).  
13C NMR (151 MHz, CDCl3) δ 134.2, 133.9, 129.3, 128.7, 128.3, 127.2, 126.3 (t, J = 23.3 Hz), 

125.5 (t, J = 8.0 Hz), 124.4, 123.6 (t, J = 2.7 Hz), 112.9 (t, J = 47.8 Hz), 109.8 (t, J = 243.4 Hz). 
19F NMR (376 MHz, CDCl3) δ -81.7  

 

methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-(cyanodifluoromethyl)phenyl)propanoate 

(3t) 

 

The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl iodide: 36% (orange solid). 
1H NMR (500 MHz, CDCl3) δ 7.61 (t, J = 7.7 Hz, 2H), 7.32 (d, J = 8.2 Hz, 1H), 6.89 (d, J = 8.2 

Hz, 1H), 4.92 – 4.61 (m, 1H), 1.44 (s, 3H), 3.31 – 3.02 (m, 2H), 1.42 (s, 9H). 
19F NMR (470 MHz, CDCl3) δ -82.73. 
13C NMR (126 MHz, CDCl3) δ 171.8, 154.9, 141.5, 137.6, 135.7, 131,3, 130.3, 125.4, 54.1, 

52.4, 38.3, 28.2. 

 

2,2-difluoro-2-(5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)pyridin-2-yl)acetonitrile (3u) 

 

The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl iodide: 59% (white solid). 
1H NMR (500 MHz, CDCl3) δ 8.53 (s, 1H), 7.81 (dd, J = 8.7, 2.7 Hz, 1H), 6.90 (d, J = 8.9 Hz, 

1H), 4.51 (t, J = 5.0 Hz, 2H), 3.92 (t, J = 5.0 Hz, 2H), 3.70 – 3.62 (m, 10H), 3.51 (m, 2H), 3.39 

(s, 3H). 
19F NMR (470 MHz, CDCl3) δ -82.0. 
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13C NMR (126 MHz, CDCl3) δ 166.2, 145.2 (t, J = 6.3 Hz), 135.4 (t, J = 3.8 Hz), 120.7 (t, J = 

26.5 Hz), 112.1, 108.2 (t, J = 243.2 Hz), 71.9, 70.7 (t, J = 16.4 Hz), 69.3 

 

2,2-difluoro-2-(naphthalen-2-yl)acetonitrile (3v) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl iodide: 76% (white solid). 
1H NMR (500 MHz, CDCl3) δ 8.22 (s, 1H), 7.91-8.04 (m, 3H), 7.63-7.70 (m, 3H).  
19F NMR (376 MHz, CDCl3) δ -80.6. 
13C NMR (151 MHz, CDCl3) δ 134.77, 132.11, 129.62, 128.86, 128.59, 128.21, 127.89, 

127.53, 126.20 (t, J = 6.3 Hz), 120.62 (t, J = 4.1 Hz), 112.59 (t, J = 48.3 Hz), 109.15 (t, J = 

242.8 Hz). 

 

2,2-difluoro-2-(2,2'',6,6''-tetrafluoro-[1,1':3',1''-terphenyl]-5'-yl)acetonitrile (3w) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: 64% yield (white solid) 
1H NMR (500 MHz, CDCl3) δ 7.82 (d, J = 9.2 Hz, 3H), 7.43 (tt, J = 8.4, 6.2 Hz, 2H), 7.00 (t, J = 

8.0 Hz, 4H). 
19F NMR (470 MHz, CDCl3) δ -83.1, -114.21 (t, J = 6.9 Hz). 
13C NMR (126 MHz, CDCl3) δ 160.9 (d, J = 6.3 Hz), 158.9 (t, J = 6.3 Hz), 136.4, 131.6 (t, J = 

25.2 Hz), 130.8 (t, J = 10.1 Hz), 130.2, 126.9, 116.4 (t, J = 12.6 Hz), 112.0 (dd, J = 21.4, 5.0 

Hz), 108.5 (t, J = 244.5 Hz). 
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2,2-difluoro-2-(4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)acetonitrile (3x) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: 75% yield (white solid) 
1H NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.5 Hz, 2H), 7.19 (d, J = 7.9 

Hz, 2H), 7.12 (d, J = 8.2 Hz, 2H), 2.38 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -62.3, -83.11. 
13C NMR (126 MHz, CDCl3) δ 145.3, 144.3 (q, J = 38.6 Hz), 142.8 (t, J = 2.0 Hz), 140.0, 130.8 

(t, J = 25.6 Hz), 129.9, 128.9, 126.4 (t, J = 5.0 Hz), 125.9, 125.8, 121.2 (q, J = 269.1 Hz), 112.3 

(t, J = 48.0 Hz), 108.4, 106.5 (q, J = 2.0 Hz), 21.5. 

 

2,2-difluoro-2-(7-isopropoxy-4-oxo-3-phenyl-4H-chromen-8-yl)acetonitrile (3y) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: 93% yield (white solid) 
1H NMR (500 MHz, CDCl3) δ 8.52 (d, J = 11.1 Hz, 1H), 8.01 (s, 1H), 7.56 (dd, J = 8.3, 1.4 Hz, 

2H), 7.51 – 7.32 (m, 3H), 7.10 (d, J = 9.8 Hz, 1H), 4.91 (p, J = 6.1 Hz, 1H), 1.51 (d, J = 6.1 Hz, 

6H). 
19F NMR (470 MHz, CDCl3) δ -81.32. 
13C NMR (126 MHz, CDCl3) δ 174.6, 160.9 (t, J = 3.8 Hz), 154.9, 152.4, 132.6, 131.0, 128.9, 

128.6, 128.5, 125.6, 118.6, 112.9 (t, J = 46.6 Hz), 111.2, 106.9, 106.6, 73.7, 21.6 
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2,2-difluoro-2-(3-(3-(4-fluoro-2-methoxyphenoxy)prop-1-yn-1-yl)phenyl)acetonitrile (3ab)  

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: 57% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 7.68 (s, 1H), 7.63 – 7.58 (m, 2H), 7.49 (t, J = 7.8 Hz, 1H), 7.01 

(dd, J = 8.8, 5.4 Hz, 1H), 6.71 (dd, J = 10.1, 2.9 Hz, 1H), 6.63 (td, J = 8.4, 2.9 Hz, 1H), 4.90 (s, 

2H), 3.90 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -83.72, -118.31 (td, J = 9.0, 5.6 Hz). 
13C NMR (126 MHz, CDCl3) δ 159.3, 157.7, 151.1 (d, J = 8.8 Hz), 143.0, 135.6, 131.7 (t, J = 

21.4 Hz), 129.4, 128.5(t, J = 3.8 Hz), 125.1(t, J = 3.8 Hz), 123.9, 116.3 (d, J = 8.8 Hz), 112.2 (t, 

J = 40.3 Hz), 108.2 (t, J = 204.1 Hz), 106.0 (d, J = 12.6 Hz), 100.5 (d, J = 22.7 Hz), 86.3, 85.5, 

58.3, 56.0. 

 

(R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl 4-

(cyanodifluoromethyl)benzoate (3ac) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: 68% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.40 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.5 Hz, 2H), 2.62 (t, J = 6.9 

Hz, 2H), 2.10 (s, 3H), 2.1 (s, 3H), 2.01 (s, 3H), 1.93 – 1.71 (m, 2H), 1.70 – 1.01 (m, 24H), 0.91 

– 0.83 (m, 12H). 
19F NMR (470 MHz, CDCl3) δ -84.42 
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13C NMR (126 MHz, CDCl3) δ 163.7, 149.8, 140.4, 135.5 (t, J = 25.2 Hz), 133.7, 131.0, 126.6, 

125.7 (t, J = 5.0 Hz), 124.9, 123.4, 117.7, 112.1 (t, J = 47.9 Hz), 108.3 (t, J = 244.4 Hz), 75.2, 

39.4, 37.4, 37.3, 32.8, 28.0, 24.8, 24.5, 22.7, 22.6, 21.1, 20.7, 19.7, 13.1, 12.2, 11.9 

 

2-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)-2,2-

difluoromethylacetonitrile (3ad) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: 23% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H), 8.11 (s, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.96 (dd, J = 

8.8, 2.0 Hz, 1H), 7.82 (d, J = 2.7 Hz, 1H), 7.38 (dd, J = 8.8, 2.7 Hz, 1H), 7.31 (m, 2H), 7.23 – 

7.13 (m, 1H), 6.88 (d, J = 8.8 Hz, 2H), 5.12 (s, 2H). 
19F NMR (470 MHz, CDCl3) δ -82.72, -112.41. 

 

2-(7-(diethylamino)-4-methyl-2-oxo-2H-chromen-3-yl)-2,2-difluoroacetonitrile (3ae) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl Iodide: XX% yield (description) 
1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 9.3 Hz, 1H), 6.61 (dd, J = 9.2, 2.7 Hz, 1H), 6.52 (d, J 

= 2.6 Hz, 1H), 3.43 (q, J = 7.2 Hz, 4H), 2.61 (t, J = 3.3 Hz, 3H), 1.22 (t, J = 7.2 Hz, 6H). 
19F NMR (470 MHz, CDCl3) δ -78.31. 
13C NMR (126 MHz, CDCl3) δ 158.7, 156.1, 155.7, 152.4, 127.4, 112.6, 110.1, 109.7, 108.2, 

108.1, 97.0, 45.0, 14.9, 12.4. 
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2-(difluoro(4-nitrophenyl)methyl)benzo[d]thiazole (9a) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl bromide: 45% yield (yellow solid). 
1H NMR (500 MHz, CDCl3) δ 8.31 (d, J = 8.5 Hz, 2H), 7.88 (d, J =8.6 Hz, 2H), 7.82 (d, J = 7.9 

Hz, 1H), 7.62 (d, J = 7.9 Hz 1H), 7.49 (t, J = 7.3 Hz, 1H), 7.43 (t, J = 7.60 Hz, 1H). 
19F NMR (470 MHz, CDCl3) δ -89.14. 

 

1-(4-(benzo[d]thiazol-2-yldifluoromethyl)phenyl)ethan-1-one (9b) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl bromide: 30% yield (Yellow oil) 
1H NMR (500 MHz, CDCl3) 8.13 (d, J = 8.2 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 7.9 Hz, 

1H), 7.61 (d, J = 8.0 Hz, 1H), 7.48 (t, J = 7.7 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H), 2.64 (s, 3H) 
19F NMR (470 MHz, CDCl3) δ -88.10. 

 

ethyl 4-(benzo[d]thiazol-2-yldifluoromethyl)benzoate (9c) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl bromide: 35% yield (Yellow oil) 
1H NMR: 8.21 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 8.4 Hz, 3H), 7.64 (dd, J = 7.4 Hz, 1.0 Hz, 1H), 

7.53 (td, J = 7.6 Hz, 1.2 Hz, 1H), 7.39 (td, J = 7.6 Hz, 1.3 Hz, 1H), 4.41 (q, J = 7.1 Hz, 2H), 1.38 

(t, J = 7.1 Hz, 3H) 
19F NMR (470 MHz, CDCl3) δ -87.16. 
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methyl 6-(benzo[d]thiazol-2-yldifluoromethyl)picolinate (9e) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl bromide: 55% yield (Yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.32 (d, J = 7.92 Hz, 1H), 8.02 (t, J = 7.9 Hz, 1H), 7.91 (d, J = 7.8 

Hz, 1H), 7.83 (d, J = 8.1 Hz, 1H), 7.38 (m, 3H), 3.98 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -96.75. 

 

6-(benzo[d]thiazol-2-yldifluoromethyl)picolinonitrile (9h) 

 
The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl bromide: 23% yield (Yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.32 – 8.21 (m, 2H), 8.04 (t, J = 7.9 Hz, 1H), 7.91 (d, J = 7.8 Hz, 

1H), 7.82 (d, J = 8.1 Hz, 1H), 7.33 (m, 2H). 
19F NMR (470 MHz, CDCl3) δ -97.76. 

 

2-(difluoro(6-fluoropyridin-2-yl)methyl)benzo[d]thiazole (9i) 

 

The title compound was prepared by performing General Procedure 1 then General 

Procedure 4 on the corresponding (hetero)Aryl bromide: 68% yield (yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 7.7 Hz, 1H), 8.01 – 7.92 (m, 2H), 7.81 (dd, J = 6.7, 

2.2 Hz, 1H), 7.63 – 7.55 (m, 2H), 7.11 (dd, J = 8.2, 2.9 Hz, 1H). 
19F NMR (470 MHz, CDCl3) δ -65.02, -92.01. 
13C NMR (126 MHz, CDCl3) δ 163.8, 163.4, 162.2, 152.7, 142.4 (d, J = 7.6 Hz), 135.2, 126.6, 

124.4, 121.9, 118.3, 114.8, 112.1 (d, J = 30.1 Hz). 
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2,2-difluoro-2-(quinolin-2-yl)acetonitrile (5l) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl bromide: 56% yield (Yellow oil) 
1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 8.5 Hz, 1H), 8.31 (d, J = 8.6 Hz, 1H), 7.90 (d, J = 8.2 

Hz, 1H), 7.87 (t, J = 7.7 Hz, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H). 
19F NMR (470 MHz, CDCl3) δ -85.53. 

 

2,2-difluoro-2-(quinoxalin-2-yl)acetonitrile (5m) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl bromide: 45% yield (Yellow solid) 
1H NMR (500 MHz, CDCl3) δ 9.14 (s, 1H), 8.20 (t, J = 9.5 Hz, 2H), 7.92 – 7.81 (m, 2H). 
19F NMR (470 MHz, CDCl3) δ -88.51. 

 

2,2-difluoro-2-(2-methylquinolin-8-yl)acetonitrile (5n) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl bromide:40% yield (light yellow solid) 
1H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 8.5 Hz, 1H), 8.02 (dd, J = 7.7, 4.0 Hz, 2H), 7.62 (t, J = 

7.8 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 2.83 (s, 3H). 
19F NMR (470 MHz, CDCl3) δ -87.23 
13C NMR (126 MHz, CDCl3) δ 160.5, 144.5 (d, J = 3.6 Hz), 136.1, 132.4, 127.5 (t, J = 23.3 Hz), 

127.1 – 126.3 (m), 124.7, 123.5, 113.7 (t, J = 46.5 Hz), 107.4 (t, J = 242.0 Hz), 29.9, 25.5 
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2,2-difluoro-2-(1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)acetonitrile (5r) 

 
The title compound was prepared by performing General Procedure 1 on the 

corresponding (hetero)Aryl bromide: 62% yield (White solid) 
1H NMR (500 MHz, CDCl3) δ 4.21 (s, 3H), 3.62 (s, 3H), 3.41 (s, 3H) 
19F NMR (470 MHz, CDCl3) δ -82.91. 
13C NMR (126 MHz, CDCl3) δ 155.4, 151.2, 146.6, 138.8 (t, J = 30.2 Hz), 110.6, 109.9 (t, J = 

44.1 Hz), 104.3 (t, J = 243.2 Hz), 33.3, 30.0, 28.3 

 

Computational studies 

Computational Methods 

DFT calculations were conducted through the Molecular Graphics and Computation Facility 

(MGCF) at the University of California, Berkeley using the Gaussian 16 software package.94 

Geometry optimizations for all reported structures were performed using the PBE0 

functional (the hybrid functional based on the Perdew-Burke-Ernzerhof functional 

[PBE])95,96 with Grimme’s D3 dispersion correction with Becke Johnson damping (GD3-

BJ)97in DMF as solvent and the basis sets def2-TZVP98 (with effective core potential) for Cu 

and I and def2-SVP for all the other atoms. Frequency calculations were performed on all 

optimized structures to ensure that each local minimum lacked imaginary frequencies and 

that each transition state contained exactly one imaginary frequency. The reported Gibbs 

free energies were corrected considering the thermal correction computed at 298. 
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