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Abstract 

Organic halides, especially aryl halides, are versatile synthetic building blocks and are 

essential components of organic synthesis.  The synthesis and construction of aryl halides 

provide a strong foundation for the advancement of organic chemistry and related 

scientific fields.  This significance arises not only from the widespread use of the 

carbon-halogen (C–X) bond in various applications — such as the total synthesis of 

natural products, organic functional materials, the pharmaceutical industry, agriculture, 

pesticide development, and molecular recognition — but also from the highly polarized 

nature of the C–X bond.  This polarization allows for facile oxidative addition under 

transition metal catalysis.  Additionally, aryl halides can undergo single electron transfer 

(SET) to generate aryl radicals or organometallic reagents, or they can form high-valent 

halogen reagents that enhance late-stage transformations and modifications.  

Consequently, developing practical, convenient, efficient, and cost-effective methods for 

constructing aryl halides has become a decisive step in the progress of science and 

technology.   

The current methodologies for synthesizing aryl halides are still quite limited.  Most 

approaches focus on the electrophilic halogenation of aromatic compounds, which often 

involves highly toxic, strongly oxidizing, difficult-to-handle, and costly electrophilic 

halogenating agents.  As a result, many applications concentrate on the synthesis of aryl 

fluorides and chlorides, as these can be produced using high reactivity of highly 

electrophilic reagents.  However, the use of relatively less reactive electrophilic bromine 

and iodine reagents presents significant challenges, leading to a limited variety and high 

cost of commercially available aryl bromides and iodides.  Notably, aryl iodides make up 

only 2% of all commercially available aryl halides.  Given these issues, exploring 

nucleophilic halogenation appears to be an ideal alternative, as nucleophilic halogenation 

reagents are non-toxic and more readily available at a lower cost.  The nucleophilic 

halogenation process, particularly when catalyzed by transition metals, can greatly 

enhance efficiency.  However, there are two main challenges that have hindered the 

design of these transformations: 1) the weak nucleophilicity of the nucleophilic halogen 

reagents, and 2) the thermodynamically unfavorable nature of the reductive elimination 

process involving C–X bonds.  Fortunately, some studies have demonstrated that 
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palladium can mediate the reductive elimination of C–X bonds using relatively bulky 

ligands.  However, this approach has limited applicability for constructing C–Br and C–

Cl bonds, and it is inadequate for the formation of C–I bonds due to the extremely small 

equilibrium constant.  This limitation may also stem from the highly exothermic 

oxidative addition involving aryl iodides, which poses significant thermodynamic and 

kinetic challenges.  To address these intrinsic limitations and achieve the desired 

outcomes, the Author proposes exploring the concept of decarbonylation as a potential 

breakthrough.  The Author proposes that the CO generated after decarbonylation will 

make the transition metal center more electron-deficient.  This enhancement can 

theoretically accelerate the reductive elimination of C–X bonds, particularly the C–I bond.  

Therefore, this PhD Thesis focuses on the palladium-catalyzed decarbonylative 

nucleophilic halogenation process via the reductive elimination of C–X bonds, 

emphasizing nucleophilic iodination.  This research successfully constructs a variety of 

aryl iodides, bromides, and chlorides through the reductive elimination of C–I, C–Br, and 

C–Cl bonds, achieving high atom utilization and excellent efficiency.   

Chapter 2.  Palladium-Catalyzed Decarbonylative Nucleophilic Halogenation of 

Acyl Fluorides and Acyl Chlorides 

 

 

Carboxylic acid derivatives are inexpensive, readily available, air-stable, and 

easy-to-handle raw materials for organic synthesis.  Over the past two decades, they have 

emerged as new electrophilic reagents for transition-metal-catalyzed carbonyl-retentive or 

decarbonylative coupling, with a particular focus on the decarbonylative process.  In 

Chapter 2, the Author successfully developed a practical and versatile palladium-catalyzed 

decarbonylative nucleophilic halogenation method using acyl fluorides and chlorides.  
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The ligand Xantphos plays a dual role: it facilitates the challenging reductive elimination 

of Ar–I, Ar–Br, and Ar–Cl bonds due to its large bite angle, and it acts as a non-innocent 

additive that promotes unique outer-sphere nucleophilic substitutions by forming 

phosphonium halides.  Importantly, this protocol utilizes low-cost lithium and sodium 

halides as sources of halogen, making it both cost-effective and aligned with the principles 

of green and sustainable development, since these are inorganic salts with low toxicity.   

The Author conducted in-depth mechanistic studies and proposed that the coordination 

of released CO to the palladium center kinetically accelerates the reductive elimination of 

the C–X bond.  Additionally, the coordination of excess Xantphos to the Pd(0) center 

may hinder the over-oxidative addition of the aryl iodide, promoting the progression of the 

catalytic cycle in the desired direction.  The Author was pleased to discover highly 

reactive acyl iodides as unique reaction intermediates.  This discovery enabled the in-situ 

generation of acyl iodides using stable acyl fluorides as mediators, facilitating indirect 

unimolecular fragmentation coupling (UFC) through decarbonylation under mild and 

practical conditions.  Kinetic studies indicated that the rate of acyl iodide formation is 

crucial for the success of the transformation, with a slow and gradual formation helping to 

effectively prevent catalyst poisoning.  Therefore, the Author demonstrated that the 

concept of "gradual generation" — where highly reactive intermediates are generated and 

consumed simultaneously — serves as an effective transformation model in this system. 

 

Chapter 3.  Palladium-Catalyzed Decarbonylative Nucleophilic Halogenation of 

Acid Anhydrides 
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Acid anhydrides, often considered "activated carboxylic acid", have been developed by 

chemists as effective agents for acylation as well as arylation/alkylation, particularly in the 

decarbonylation process under transition metal catalysis.  This area of research currently 

encompasses four main dimensions: elimination, insertion and cyclization, C–H bond 

functionalization, and cross-coupling.  In the previous Chapter, the Author introduced an 

efficient palladium-catalyzed decarbonylative nucleophilic halogenation method for acyl 

fluorides and chlorides.  However, the high instability of acyl chlorides and the 

considerable cost of acyl fluorides raised concerns for the Author.  More importantly, 

substrates containing electron-donating substituents can be challenging to work with due 

to issues such as catalyst poisoning and the scrambling of phenyl groups that may occur 

after the oxidative addition of the C–P bond to the phosphorus–phenyl bond of Xantphos 

during outer-sphere nucleophilic substitution.  In Chapter 3, the Authors explored the use 

of stable, active, and cost-effective acid anhydrides as substrates for catalytic 

decarbonylative halogenation.  Importantly, the Authors managed to facilitate the 

spillover of a potential catalyst poison, molecular iodine (I2), in an open system.  This 

approach significantly reduced catalyst poisoning and enhanced catalytic efficiency, 

particularly when acid anhydrides with electron-donating substituents were employed as 

substrates.  As a result, the Author successfully synthesized a series of aryl iodides, 

bromides, and chlorides through the reductive elimination of C–I, C–Br, and C–Cl bonds, 

achieving high atom utilization in this process.  Mechanistic studies have revealed a 

Pd-catalyzed decarbonylative indirect unimolecular fragment coupling (IUFC) pathway.  

A key aspect of this process is the formation rate of acyl iodides, which is crucial for 

success.  Using acid anhydrides as the substrates generates an antagonistic carboxylate 

(specifically, lithium carboxylate) alongside the formation of acyl iodides.  This 

byproduct can slow down the generation rate of acyl iodides, ultimately ensuring high 

catalytic efficiency.   
 



  



 

 

CHAPTER 1 

 

General Introduction 
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1-1 Introduction 

The synthesis and application of aryl halides is one of the foundational research projects 

within the scientific research community, as it plays a critical role in various fields, 

including the total synthesis of natural products,1 pharmaceutical engineering,2 organic 

functional materials,3 and the agriculture and pesticide industry,4 as well as molecular 

recognition.5  This significance arises from the highly polarized C–X bond in aryl halides, 

which facilitates oxidative addition in the presence of low-valent transition metals,6 and 

allows for single electron transfer (SET) in reducing environments.  This process generates 

aryl radicals or constructs organometallic reagents.7  Additionally, aryl halides can be 

oxidized to form high-valent halogen reagents, thereby providing numerous opportunities 

for subsequent late-stage modifications and transformations.8  The C–X bond lengths of 

the simplest aryl halides, such as fluorobenzene, chlorobenzene, bromobenzene, and 

iodobenzene, are measured at 1.37, 174, 1.90, and 2.14 Å, respectively.9  As the atomic 

radius increases, both bond length and bond energy change accordingly, leading to a gradual 

increase in reactivity.  This characteristic makes aryl iodides particularly attractive to 

chemists due to their unique reactivity.  However, the current method for synthesizing aryl 

halides, especially aryl iodides, are somewhat limited.  In classical electrophilic 

halogenation, reagents such as F2 and XeF2 for fluorine, Cl2 for chlorine, and Br2 for 

bromine possess strong electrophilicity and oxidizing properties.  As a result, they are 

highly reactive and often produce a variety of halogenated products during reactions.10  

Even with strict dosage control, it is challenging to avoid unwanted byproducts, 

complicating subsequent purification processes.  Given these challenges, employing 

transition metal catalysis for the construction of carbon–halogen bonds presents an ideal 

approach.   

Despite the advancements in the field, challenges remain in the actual operation process.  

One significant issue is the thermodynamically and kinetically unfavorable reductive 

elimination of the C–X bond.11  Generally, for reductive elimination to occur, the two 

components bonded to the transition metal must have sufficient electron density overlap 

with the metal center.  However, highly polarized metal–halogen bonds exhibit more ionic 

character, which stabilizes the bond and inhibits subsequent reductive elimination.  

Nevertheless, due to the extensive use of aromatic halides in organic chemistry, chemists 
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continue to actively seek strategies to overcome these challenges.12  Over the past two 

decades, significant advancements have been made in catalytic halogenation through 

reductive elimination using highly oxidized transition metal complexes as intermediates.  

This process involves creating more electron-deficient transition metal central atoms.  

Since Ettorre first discovered the C–I bond reductive elimination promoted by PtIV in 

1969,13  various transition metals, including PtIV,14  PdIV,15  PdIII,16  NiIII,17  and NiIV,18 

have effectively facilitated the smooth reductive elimination of carbon–halogen bonds to 

synthesize a range of aromatic halides.  However, despite these breakthroughs in halogen 

chemistry, some critical issues remain unaddressed.  For instance, there is often a need for 

customized catalysts or expensive ligands, as well as highly reactive halogenating agents or 

oxidants.  These requirements limit the practicality of the processes and their compatibility 

with various functional groups.  In light of these challenges, the Author is highly motivated 

and seeks to overcome these limitations by developing a more inclusive, mild, and redox-

neutral methodology for nucleophilic halogenation.   

 

1-2 Reversibility of Palladium-Mediated Oxidative Addition of 
Aryl Halides 

The process of breaking old chemical bonds and forming new ones is effectively managed 

by transition metals through two essential reactions: oxidative addition and reductive 

elimination.  These reactions are fundamental to the field of catalysis.  In particular, 

oxidative addition—the initial step in reaction design—plays a crucial role in establishing 

new protocols.  Aryl (pseudo)halides are often key players in this process because their 

properties facilitate thermodynamically and kinetically favorable oxidative addition.  As a 

result, these transition-metal-catalyzed cross-coupling reactions have been developed over 

time by chemists and were recognized with the Nobel Prize in Chemistry in 2010.19  A 

series of innovative cross-coupling reactions have been continuously demonstrated in 

synthetic organic chemistry and related fields.  These reactions include, but are not limited 

to: Suzuki-Miyaura coupling reaction using boron reagents,20 Negishi coupling reaction 

using zinc or aluminum reagents, 21  Kumada-Tamao-Corriu coupling reaction using 

Grignard reagents, 22  Murahashi coupling reaction using lithium reagents, 23  Migita-

Kosugi-Stille coupling reaction using tin reagents, 24  Hiyama coupling reaction using 
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silicon reagents, 25  Sonogashira-Hagihara coupling reaction using terminal alkynes, 26 

Mizoroki-Heck coupling reaction using alkenes,27 Buchwald-Hartwig amination reaction 

using amines,28 and new orthogonal cross-coupling reactions using germanium reagents.29  

These advancements have significantly accelerated progress and breakthroughs in 

chemistry and other interdisciplinary fields.   

Currently, the mechanisms of nearly all coupling reactions have been fundamentally 

understood.  These mechanisms include: 1) oxidative addition of low-valent transition 

metals facilitated by aryl (pseudo)halides; 2) transmetalation mediated by nucleophiles; and 

3) reductive elimination, which releases the desired products and regenerates transition 

metal catalysts, particularly in the case of palladium-mediated oxidative addition of aryl 

halides.   

 

1-2-1  Palladium-Mediated Oxidative Addition of Aryl Halides 

This step involves the reaction of palladium(0) with an aryl halide (Ar–X, X is usually 

Cl, Br, or I) to form a palladium(II) intermediate (Ar–Pd–X).  During this process, the 

oxidation state of the palladium center increases from 0 to +2.  The palladium(0) species 

accept electrons from the aryl halide through its empty orbital, forming a coordination with 

the halogen in the C–X bond.  As this occurs, the C–X bond stretches and eventually 

breaks, resulting in the formation of an aryl radical or ion.  The palladium then establishes 

a new Pd–C σ-bond with the aryl group and a Pd–X σ-bond with the halogen.30  Once this 

step is completed, a stable aryl palladium(II) intermediate (Ar–Pd–X) is formed (Scheme 

1-1).  In general, factors such as electron-rich ligands, polar solvents, and elevated 

temperatures can significantly accelerate oxidative addition.  These factors enhance the 

reducibility of the transition metal palladium, stabilize the oxidative adduct, and facilitate 

the cleavage of the C–X bond, respectively.31  The likelihood of oxidative addition varies 

with the nature of different aryl halides.  Iodinated aromatics most readily undergo 

oxidative addition due to the relatively weak C–I bond and strong leaving ability.  This is 

followed by aryl bromides, while aryl chlorides are comparatively more challenging to react.  

Fluorinated aromatics rarely participate in oxidative addition because of the extremely 

strong C–F bond.  Due to the highly exothermic nature of the bonding process with metals, 
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when active aryl halides, such as aryl bromides and aryl iodides, participate in the reaction, 

the process is both thermodynamically and kinetically favorable.  Over the past few 

decades, aryl halide-mediated oxidative addition has been generally regarded as an 

irreversible process.  However, this seemingly accurate concept has been challenged and 

reevaluated over time.  

 

Scheme 1-1.  Palladium-mediated Oxidative Addition of Aryl Halides. 

 

 

1-2-2  Discovery of Palladium-mediated Reductive Elimination of C–Cl 
Bonds 

In 1987, Echavarren and Stille made an unexpected discovery while further investigating 

the well-known Migita-Kosugi-Stille cross-coupling reaction.32  Their initial goal was to 

broaden the applicability of coupling reactions involving tin reagents with aryl halides or 

triflates.  The protocol was successfully extended to incorporate various types of tin 

reagents, including alkyl, alkenyl, aryl, and alkynyl tin reagents as nucleophiles. This 

allowed for the efficient formation of a range of bonds, including C(sp2)–C(sp3), C(sp2)–

C(sp2), C(sp2)–C(sp) bonds.  However, when the team employed (TMSCH2)4Sn as the tin 

reagent and 4-nitrophenyl triflate as the electrophile, the desired cross-coupled product was 

not produced under the previously established Pd catalytic system.  Instead, they obtained 

4-nitrochlorobenzene as the final product, albeit in 25% yield (Scheme 1-2).  The research 
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team was puzzled because there was no doubt that the chlorine atom originated from the 

transmetalation activating reagent LiCl.  The formation of C–Cl bonds under these 

circumstances was quite remarkable at the time.  To clarify, the process began with 4-

nitrophenyl triflate, which triggered the palladium catalyst-mediated oxidative addition.  

This was followed by LiCl-mediated transmetalation, resulting in the formation of a 4-

nitrophenyl–Pd–Cl intermediate.  Remarkably, instead of undergoing further 

transmetalation with the tin reagent, this intermediate directly proceeded to a reductive 

elimination.  This step released 4-nitrochlorobenzene as the final product while 

simultaneously regenerating the Pd catalyst.  This finding caused quite a stir within the 

scientific community, which had generally believed that the Pd-mediated oxidative addition 

process of aryl (pseudo)halides was irreversible.  This discovery challenged this long-

standing assumption, prompting chemists to reconsider the reversibility of the process and 

initiate further studies.   

 

Scheme 1-2.  Unexpected Discovery on Palladium-mediated Reductive Elimination of C–Cl Bond. 

 

 

1-2-3  Palladium-Mediated Reductive Elimination of C–X bonds 

Based on previous speculation, chemists sought to determine the feasibility of the reverse 

reaction of palladium-mediated oxidative addition of aryl halides, specifically the reductive 

elimination of carbon–halogen (C–X) bonds.  In 2001, Hartwig and his co-workers 

conducted an in-depth investigation into the reductive elimination mechanism of aryl–Pd–

halide dimers.  They proposed a distinct reaction pathway facilitated by the coordination 
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of tri-tert-butylphosphine (P(t-Bu)3).  Traditionally, it has been thought that the reductive 

elimination of aryl halides is thermodynamically unfavorable.  However, this study 

confirms for the first time that this trend can be effectively reversed by introducing the 

strong electron-donating ligand P(t-Bu)3, thereby making reductive elimination a 

thermodynamic preference process (Scheme 1-3).33   

The research demonstrated that the ligand P(t-Bu)3 not only influences the electronic 

structure of the palladium (Pd) center through its strong electron-donating properties but 

also significantly alters the kinetic characteristics of the reaction due to its considerable 

steric hindrance.  In the experiments, the author systematically investigated the reaction 

behavior of different halides, including chloride, bromide, and iodide, under various ligand 

conditions.  Techniques such as nuclear magnetic resonance (NMR) were employed to 

monitor the rate constants and equilibrium constants of the reactions.  The findings 

indicate that both the electronic and steric effects of ligands are crucial factors affecting the 

efficiency of reduction elimination.  Furthermore, the experiments revealed that, during 

the dimer cleavage process, the addition of P(t-Bu)3 enhances the generation of monomers 

through ligand exchange, thereby facilitating reductive elimination.  Additionally, based 

on the calculations of the equilibrium constants, the author concluded that the tendency for 

reductive elimination of C–X bonds weakens progressively from chloride to iodide.  

Notably, the reductive elimination involving C–I was found to be the most challenging, with 

an equilibrium constant of only 3.7 * 10–5 (Scheme 1-3).  Through kinetic and mechanistic 

studies, the authors ruled out other possible pathways and ultimately confirmed that the 

reaction follows an unusual ligand dissociative mechanism.  This mechanism suggests that 

after P(t-Bu)3 coordinates too the Pd center, the significant steric crowding and electronic 

effects render the dissociation of the ligand an irreversible step.  This process leads to the 

formation of an active monomer that rapidly undergoes reduction and elimination.   
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Scheme 1-3.  Dimeric Pd(II) Complex-mediated Reductive Elimination of C–X (X = I, Br, Cl) Bonds. 

 

 

Two years later, Hartwig's group directly observed the reductive elimination of aryl 

halides from three-coordinated aryl–Pd–halide complexes for the first time.  They 

explored the key factors influencing the thermodynamics and kinetics of this reaction.34  

Their studies indicated that the thermodynamic favorability of reduction elimination is 

related to the strength of the carbon–halogen bond, whereas the reaction rate is more 

influenced by the energy of the transition state and the electronic properties of the halogen.  

Through experimental work, the equilibrium constants for oxidative addition and reductive 

elimination were determined again.  They found that the thermodynamics of reductive 

elimination involving chlorine is more favorable, although the reaction rate is slower.  In 

contrast, reactions involving bromine and iodide exhibit higher kinetic activity.  Notably, 

while the equilibrium constant for the reductive elimination of the C–I bond has improved 

significantly over previous findings, it still shows the lowest value among the halogens, with 

an equilibrium constant of 1.79 * 10–1 (Scheme 1-4).  Additionally, this research 

uncovered the distinct mechanism of the dissociation of the palladium central ligand, 

providing new theoretical insights and data that support the advancement of palladium-

catalyzed cross-coupling and halogen exchange reactions.   
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Scheme 1-4.  Monomeric Pd(II) Complex-mediated Reductive Elimination of C–X Bonds. 

 

 

Based on the findings from two in-depth studies, there is strong evidence supporting the 

role of the ligand in facilitating the Pd-mediated reductive elimination of the C–X bond due 

to steric effects.  Consequently, in 2004, the research group investigated how bulky ligands 

influence the reductive elimination of the C–X bond.35  They screened various ligands with 

significant steric hindrance, including monodentate and bidentate phosphine ligands, and 

N-heterocyclic carbene ligands.  The study revealed that the extremely bulky monodentate 

phosphine ligand, L5 (QPhos), had a pronounced effect on this process.  This ligand 

enabled the formation of products constructed from C–Br and C–Cl bonds, achieving yields 

of 87% and 69%, respectively (Scheme 1-5).  As a result, this research provides innovative 

insights into regulating the thermodynamics and kinetics of transition-metal-catalyzed 

reactions through the use of strong electron donors and bulky ligands.  It also broadens the 

potential applications of reductive elimination in Pd-catalyzed coupling reactions.  This 

mechanism may serve as a basis for designing new catalyst systems and developing more 

efficient methods for converting aryl halides in the future. 
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Scheme 1-5.  The Influence of Bulky Ligands on Pd-mediated Reductive Elimination of C–X Bonds. 

 

 

1-3 Palladium-Catalyzed Nucleophilic Halogenation Method 

The groundbreaking research on stoichiometry offers limitless possibilities for future 

halogenation modes.  With the reversibility of the Pd-mediated oxidative addition of the 

C–X bond now confirmed, a key focus is on utilizing the reduction elimination of the C–X 

bond to develop new halogenation techniques, particularly nucleophilic halogenation.  

This represents a breakthrough in the field.  Consequently, chemists have begun to explore 

and study catalysis derived from stoichiometric processes.   

1-3-1  Palladium-Catalyzed Nucleophilic Bromination and Chlorination 

Designing innovative ligands with palladium catalyst precursors to effectively facilitate 

the construction of C–X bonds and synthesize a variety of aryl halides via reductive 

elimination of C–X bonds is a highly sought-after research topic.  The significance of 

developing nucleophilic halogenation processes could be unprecedented.  However, 

chemists must select an electrophilic reagent to initiate the reaction, which is typically an 

aryl (pseudo)halide.  If successfully designed, the product will still be an aryl halide.  One 

of the key challenges in this protocol design is selecting a catalytic system that can 

simultaneously execute the oxidative addition of aryl (pseudo)halides and manipulate a 

similar or even identical reductive elimination of aryl halides after transmetalation.  This 

task appears daunting.  Remarkably, this research challenge was successfully tackled by 
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the Buchwald group, which feels akin to opening Pandora's box.  In 2010, the research 

group successfully designed BrettPhos-type ligands, which proved to be highly effective in 

the construction of C–X bonds (Scheme 1-6). 36   Consequently, they developed a 

palladium-catalyzed method for the direct conversion of aryl triflates to the corresponding 

aryl halides (bromides and chlorides) using relatively inexpensive halide salts as halogen 

sources, resulting in high yields.  Additionally, by optimizing catalysts, additives, and 

reaction conditions, the researchers were able to overcome the challenges associated with 

traditional methods, such as the need for high temperatures, high pressures, or multi-step 

operations.   

 

Scheme 1-6.  Pd-catalyzed Nucleophilic Halogenation of Aryl Triflates. 
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This methodology demonstrates strong adaptability to a variety of electron-poor and 

electron-rich aryl triflates, as well as to functionalized substrates such as heterocycles, esters, 

aromatic amines, and vinyl compounds.  This flexibility makes it an excellent option for 

the synthesis of complex and multifunctional molecules.  Based on the experimental 

results, the authors proposed a possible reaction mechanism (Scheme 1-6).  It involves the 

active Pd(t-BuBrettPhos) species A, which facilitates the oxidative addition of aryl triflates, 

leading to the formation of oxidative adduct B.  This is followed by a transmetalation 

process mediated by halide salts, resulting in the formation of a Pd intermediate C.  Finally, 

reductive elimination occurs, catalyzed by the ligand t-BuBrettPhos, while builds the C–Br 

and C–Cl bonds while regenerating the Pd catalyst.   

 

Scheme 1-7.  Improved Pd-catalyzed Nucleophilic Halogenation of Aryl Triflates. 
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The limitations of the reaction conditions in this protocol necessitate the use of various 

additives.  These include phase transfer catalysts, such as PEG3400, which enhance the 

solubility of the halide salts, and Lewis acid additives like i-Bu3Al, which chelate KOTf and 

inhibit the reaction.  These factors can limit the compatibility of the substrate.  

Consequently, the authors are eager to refine the reaction conditions to develop a more 

practical and easy-to-operate redox-neutral nucleophilic halogenation protocol.  In 2011, 

the authors successfully improved the reaction conditions of their previously developed 

Pd/t-BuBrettPhos catalytic system by using a sole potassium fluoride (KF) as a sole additive.  

This significantly enhanced the reaction efficiency and simplified the reaction steps 

(Scheme 1-7).37  The method demonstrated good applicability in reactions involving aryl 

triflate substrates, including those with various functional groups, both electron-donating 

and electron-withdrawing aromatic groups, and heterocyclic rings.  This highlights the 

versatility and practicality of the approach.   

 

1-3-2  Palladium-Catalyzed Nucleophilic Fluorination 

In the previous section, the authors discussed the nucleophilic bromination and 

chlorination of aryl triflates under palladium catalysis.  Remarkably, this catalytic system 

is also effective for the challenging task of nucleophilic fluorination.38  In 2009, Buchwald 

and his team pioneered the use of the Pd/t-BuBrettPhos catalytic system, enabling the 

nucleophilic fluorination of aryl triflates and bromides (Scheme 1-8).39  This methodology 

allowed for the conversion of aryl triflates into aryl fluorides under mild conditions, using 

CsF as the fluorine source.  This approach overcomes the limitations of traditional methods, 

which often require harsh reaction conditions —  such as strongly acidic or highly 

oxidizing environments — or rely on highly reactive electrophilic fluorinating agents that 

are poorly compatible with various functional groups.  A key innovation of this protocol is 

the introduction of the biaryl monophosphine ligand t-BuBrettPhos, which is notably bulky 

(with a cone angle θ = 244°).40   This ligand was crucial in demonstrating, for the first 

time, that palladium(II) complexes can efficiently carry out the reductive elimination of C–

F bonds.  Previous studies indicated that there is a significant energy barrier associated 

with the reductive elimination of Ar–F bonds.  The success of this study overcame this 

challenge and provided theoretical support and technical routes for the catalytic synthesis 
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of aryl fluorides.  Nevertheless, in the end, a plausible reaction mechanism was proposed: 

it mainly includes three steps: oxidative addition of aryl triflates, CsF-mediated 

transmetalation, and reductive elimination.   

 

Scheme 1-8.  Pd-catalyzed Nucleophilic Fluorination of Aryl Triflates. 

 

 

Nevertheless, Buchwald’s group found that when aryl triflates were linked to electron-

donating substituents, they always gave unsatisfactory regioselectivity, resulting in a 

mixture that was difficult to separate.  But they did not know the reason for the generation 

of this isomer.  In order to uncover the mystery, they began to further study the reaction 

mechanism of the proposal.41   Firstly, they used 4-butyl bromobenzene as a reaction 

substrate combined with Pd(CH2TMS)2(cod)/RockPhos for stoichiometric experiments and 

successfully obtained the oxidative adduct A in 76% yield.  Then the halogen exchange 

reaction was carried out.  When AgF was used as the fluorine source, the aryl–Pd–F 

complex B was obtained in 86% yield.  Finally, when they used it as a starting material to 
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verify whether it could undergo reductive elimination to release the desired aryl fluoride, 

however, unexpectedly, whether the corresponding ligand, aryl triflate or aryl bromide was 

added, the reductive elimination could not occur (Scheme 1-9).   

 

Scheme 1-9.  Mechanistic Study on Pd-catalyzed Nucleophilic Fluorination (first part). 

 

 

This result further proves that complex B may not be able to directly undergo reductive 

elimination to generate aryl fluoride.  Simultaneously, the group found that complex C, 

which is very similar to complex A, is unstable.  It will partially transform into Pd three-

membered ring complex D in deuterated dichloromethane (CD2Cl2) and is accompanied by 

the aromatic migration process from the Pd center to the benzene ring in the ligand, and 

there is a balance between the two complexes (Scheme 1-10(a)).  The discovery of this 

three-membered ring complex also further explains the reason for the generation of 

regioselective isomers in the catalytic nucleophilic fluorination protocol.  If 4-

butylbromobenzene is added to the system and DBU is used as a base, complex C will 

continuously form the three-membered ring Pd complex D and achieve complete C–H bond 

activation of the benzene ring in the ligand, and finally completely transform into a new 
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oxidized adduct F through intermediate E.  This complex was proved to have sufficient 

thermal stability by the Buchwald research group (Scheme 1-10(b)).   

 

Scheme 1-10.  Mechanistic Study on Pd-catalyzed Nucleophilic Fluorination (second part). 

 

 

Finally, after halogen exchange of complex F, a new aryl–Pd–F complex G was generated, 

which was proved to be able to undergo C–F bond reductive elimination of C–F bond to 

release the expected product 4-butylfluorobenzene in 15% yield (Scheme 1-11).  

Therefore, the results show that reductive elimination of the C–F bond is through the 

activation of C–H bonds and arylation of ligands to form new ligands to activate the 

seemingly impossible reductive elimination step.   
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Scheme 1-11.  Mechanistic Study on Pd-catalyzed Nucleophilic Fluorination (third part). 

 

 

Based on that, the mechanism of this prestigious protocol was basically revealed, so 

Buchwald hoped to break through the previous limitations, so they improved the catalytic 

system and replaced the original t-BuBrettPhos with a bulkier AdBrettPhos ligand.  A new 

Pd complex [Pd(AdBrettPhos)]2(cod) was synthesized as a catalyst to achieve nucleophilic 

fluorination of aryl triflates in 2013. 42   The catalytic system significantly improves 

reaction performance and reduces the generation of by-products.  Especially for aryl 

triflates and heteroaryl triflates with electron-donating substituents, the production of 

regioisomeric aryl fluorides can be effectively prevented (Scheme 1-12).   
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Scheme 1-12.  Improved Pd-catalyzed Nucleophilic Fluorination of Aryl Triflates. 

 

 

On the other hand, for the nucleophilic fluorination mode of aryl bromides, the group 

used AdBrettPhos, which had been arylated, as a ligand.  In other words, it was the first to 



19 

introduce 4-butylphenyl substituent into the benzene ring in the ligand of AdBrettPhos as a 

new monodentate phosphine ligand HGPhos, thereby synthesizing a new Pd catalyst 

[Pd(HGPhos)]2(cod) in 2014.43  At the same time, using AgF as the fluorine source and 

KF as the base can significantly improve the compatibility of electron-rich aryl bromides or 

heteroaryl bromides and effectively suppress the formation of regioselective isomers 

(Scheme 1-13).   

 

Scheme 1-13.  Improved Pd-catalyzed Nucleophilic Fluorination of Aryl Bromides. 
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What is impressive is that the fluorine source required in previous catalytic systems, 

especially CsF, is highly sensitive to moisture, and the reductive elimination of C–F bonds 

is also highly sensitive to water, because this will make the generation of hydrogen bonding 

with F atom, it continues to raise the already unattainable energy barrier, dramatically 

inhibiting the reductive elimination of C–F bonds.  Therefore, the CsF used for this 

conversion needs to be dried in a vacuum under high temperature for a long time before use, 

and the reaction needs to be operated in a glove box, which will undoubtedly affect the 

practicality and operability of this catalytic mode.  Interestingly, the author developed a 

capsule strategy, which is to quantitatively store the catalyst and fluoride salt matched with 

aryl triflate and aryl bromide respectively in capsules, thus effectively avoiding the reaction 

of each group in 2015 (Scheme 1-14).44  The parts are in contact with air, which can greatly 

improve the operability of this protocol, and all operations can be performed on the 

experimental bench.  Because as the capsule material dissolves in the organic solvent, the 

corresponding reaction components are released in the reaction system, triggering 

nucleophilic fluorination, and constructing a series of aryl fluorides with high yield and 

good substrate compatibility.   
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Scheme 1-14.  Capsule Strategy for Pd-catalyzed Nucleophilic Fluorination. 

 

 

In the same year, Buchwald's group made further breakthroughs in this research field.  It 

achieved the nucleophilic fluorination of aryl triflates under palladium catalysis at room 

temperature by further improving the HGPhos ligand.  This time, the improvement mainly 

focused on the modification of the newly introduced aromatic group, that is, the previous 4-

butylphenyl was changed to 2,3,5,6-tetrafluoro-4-butylphenyl, and the ligand was named 

AIPhos.45   The new palladium catalyst [Pd(AIPhos)]2(cod) was synthesized with this 

ligand and applied to the nucleophilic fluorination of aryl triflates (Scheme 1-15).  

Although this protocol is only more effective for substrates with electron-withdrawing 

substituents and requires a longer reaction time to complete the conversion, it is enough to 

show that reductive elimination of C–F bond can be full of unlimited potential in future 

synthetic chemistry and other related fields.   
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Scheme 1-15.  Pd-catalyzed Nucleophilic Fluorination of Aryl Triflates at Room Temperature. 

 

 

Finally, Buchwald and co-workers shifted their attention from the nucleophilic 

fluorination of aryl triflates to the nucleophilic fluorination of alkenyl triflates in an attempt 

to achieve palladium-mediated reductive elimination of C(alkenyl)–F bond.46  However, 

based on previous research experience, it was found that they were not compatible with 
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alkenyl systems.  In other words, they could only achieve the construction of alkenyl 

fluorides with poor regioselectivity, albeit after screening several rather bulky ligands L1–

L4.47  Fortunately, when the authors use TESCF3 as an additive, the regioselectivity of the 

product can be significantly improved.  The results show that when using L1 as the ligand, 

the addition of 30 mol % TESCF3 can increase the regioselectivity ratio from 1.8:1 to >99:1, 

and obtain the desired product alkenyl fluoride in 74% yield (Scheme 1-16).  This 

"TESCF3 effect" was revealed as a possible mechanism after the authors performed in-depth 

density functional theory (DFT) calculations (Scheme 1-16): Initially, TESCF3 releases 

CF3–, a portion of which decomposes into CHF3 or CF2CF2 without contributing to the 

reaction, while a smaller fraction interacts with the L1PdII species D to yield the 

dearomatized intermediates E.  The fluoride ion then engages with species E, producing 

intermediate F, which subsequently releases CF3– to form the cis-L1Pd(alkenyl)F complex 

G.  Subsequently, complex G undergoes reductive elimination, yielding the desired 

alkenyl fluoride A with good regioselectivity.  Throughout the fluorination process, 

intermediates F reversibly release and capture CF3– in the presence of F–, maintaining a 

relatively elevated CF3– concentration.  This promotes the preferential formation of E over 

G.   
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Scheme 1-16.  TESCF3-promoted Pd-Catalyzed Regioselectively Nucleophilic Fluorination of Vinyl 
Triflates. 
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1-4 Transition-Metal-Catalyzed Carbohalogenation of 
Unsaturated Bonds 

In the development of a model for the delicate nucleophilic halogenation of aryl 

(pseudo)halides using bulky ligands under palladium catalysis, chemists have successfully 

constructed a series of aryl bromides, aryl chlorides, and even aryl fluorides using a series 

of modified BrettPhos ligands.  However, the construction of aryl iodides remains a huge 

challenge, which is probably due to the inherent instability of aryl iodides, because the 

reductive elimination of C–I bonds is not only thermodynamically unfavorable but also 

kinetically difficult to stay in this state.  However, considering the important uses of 

organic iodides, chemists have also been exploring the construction of C–I bonds through 

the reductive elimination of C–I bonds.  So far, a lot of research has focused on the 

construction of corresponding alkyl iodides or alkenyl iodides through the intramolecular 

or intermolecular carboiodination mode of unsaturated bonds.  Next, the author will focus 

on the carboiodination of unsaturated bonds by the reductive elimination of C–I bonds under 

transition metal catalysis from two aspects.   

1-4-1  Intramolecular Carbohalogenation 

In 2011, Lautens and co-workers disclosed a palladium-catalyzed reaction that forms 

carbon-carbon bonds between aryl iodides and alkenes via reductive elimination of the C–I 

bond.48  Unlike conventional cross-coupling methods, this process creates two new bonds 

while retaining all atoms from the starting materials in the final product.  The incorporation 

of a palladium catalyst paired with bulky phosphine ligands, QPhos, is essential for 

achieving effective reactivity and constructed a series of iodinated dihydro-benzofurans, 

indolines, and indolin-2-ones (Scheme 1-17(a)).   
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Scheme 1-17.  Pd-catalyzed Intramolecular Carboiodination of Alkenes. 
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In the same year, they also introduced a similar reaction mode, that is, using lower-priced 

aromatic bromides and KI as iodine sources to achieve Pd/QPhos-catalyzed intramolecular 

carbon iodination mode, thereby synthesizing a series of iodinated nitrogen-containing and 

oxygen-containing five-membered heterocyclic compounds (Scheme 1-17(b)).49   It is 

worth mentioning that this catalytic system can still be applied to the construction of six-

membered rings.  In order to further expand the construction of iodinated six-membered 

rings, in 2012, Lautens' group established a versatile method for the diastereoselective 

synthesis of isochroman and chroman scaffolds through a Pd-catalyzed carboiodination 

reaction (Scheme 1-17(c)).50  These processes generally deliver good to excellent yields 

with high diastereoselectivity and exhibit wide compatibility with various functional groups.  

The stereochemical outcome of these cyclizations is believed to result from minimizing A1,2 

strain and axial–axial interactions, and a stereochemical model has been proposed.   

 

Scheme 1-18.  A Plausible Mechanism. 
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Based on a large number of research results and experience, they used DFT calculations 

to conduct an in-depth study of the possible mechanism of this transformation.51  The 

group used the most classic aryl iodide tethered to an unsaturated bond moiety as a substrate 

for a detailed mechanism introduction (Scheme 1-18).  Initially, the aryl iodide with a 

remote C=C double bond binds to the activated palladium catalyst A to form intermediate 

B, and then the aryl iodine moiety triggers the oxidative addition of the palladium catalyst 

through the three-membered ring transition state C-TS to form an oxidative adduct 

intermediate C, which undergoes intramolecular isomerization and coordinates with the Pd 

catalyst to form a Pd species D.  Subsequently, migration insertion occurs to achieve 

cyclization and generate an alkyl–Pd–I intermediate E, which can be reductively eliminated 

under the acceleration of a relatively bulky ligand through the three-membered ring 

transition state F-TS to release the desired product and coordinate with the regenerated 

palladium catalyst A to form intermediate F.  Finally, the following ligand exchange 

produces the final product and the activated Pd catalyst A. 

Indeed, after a series of mechanistic studies, Lautens' team became more convinced that 

the oxidative addition initiated by aryl iodide in the developed carboiodination mode is 

reversible because their catalytic system can simultaneously manipulate oxidative addition 

and reductive elimination of C–I bonds.  Forasmuch, in the next phase, the research team 

tried to get a firm answer to their hypothesis.  So, they introduced two iodine atoms into 

the substrate, if one of the iodine atoms could undergo carboiodination whether the 

remaining iodine atom can be retained intact, it will undoubtedly be the best explanation for 

their postulation.  In 2013, they revealed a Pd-catalyzed protocol for the intramolecular 

carboiodination of diiodo-aryl compounds (Scheme 1-19(a)).52  Crucially, they found that 

the addition of 1,2,2,6,6-pentamethylpiperidine (PMP) as a weak base can significantly 

improve the catalytic efficiency, thereby promoting intramolecular carboiodination and 

allowing the other iodine atom to be completely retained.  This further supports the 

inference that the oxidative addition initiated by aryl iodides is reversible.  Interestingly, 

after mixing another molecule of terminal alkene into the system, two iodine atoms can 

perform intramolecular carboiodination and intermolecular Mizoroki-Heck cross-coupling 

respectively under the established Pd/QPhos/PMP system (Scheme 1-19(b)).   
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Scheme 1-19.  PMP-promoted Simultaneous Intramolecular Carboiodination and Intermolecular 
Mizoroki-Heck Reaction of diiodo-alkenes, and PMP-promoted Intramolecular Carboiodination of 
Alkenes with High Diastereoselectivity. 

 

 

On the other hand, the team in this study also found that tertiary amine PMP can 

dramatically improve the diastereomeric selectivity ratio of carboiodination conversion.  

Although Pd-catalyzed carboiodination reaction uses bulkier ligands to accelerate the 

reductive elimination of carbon–halogens mediated by Pd(II), which has become an 

effective strategy to build C–I bonds when the substrate has low stereoselectivity, however, 

catalyst optimization becomes challenging because the number of ligands that can 

effectively promote reductive elimination is very limited.  In 2014, they found that tertiary 

amines, as a weak coordination ligand, can significantly improve the diastereoselectivity of 

chiral N-allyl amides in Pd/QPhos-catalyzed carboiodination (Scheme 1-19(c)).53  This 

methodology is a promising protocol and provides a highly efficient route for the synthesis 

of enantiomerically enriched and highly functionalized dihydroisoquinolinones.   
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Several important research topics described above focus on the intramolecular 

carboiodination of alkenes via Pd(II)-mediated C(sp3)–I bond reductive elimination.  To 

further demonstrate the value of this catalytic system and synthetic strategy, Lautens and 

co-colleagues sought to further expand the application of this field, namely, whether the 

previous carbon–carbon double bond moiety can be replaced by a carbon–carbon triple bond 

moiety to achieve intramolecular carboiodination of alkynes to construct vinyl iodides 

through a more challenging reductive elimination process of C(sp2)–I bond.  In 2015, they 

developed a method for intramolecular carbohalogenation of hindered alkynes, which again 

used the previously constructed Pd/QPhos catalyst system (Scheme 1-20).54  The steric 

effect of the ligand and the substrate combined to improve the reaction efficiency.  By 

introducing a larger alkynyl substituent, the tendency of C(sp2)–X reductive elimination was 

enhanced, and the possibility of undesirable side reactions of the final vinyl halide product 

was effectively reduced.  Taken together, the synergistic spatial effect of the catalyst and 

the substrate plays a key role in achieving this transformation, and it is difficult to achieve 

the same effect by relying on any one of the strategies alone.   
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Scheme 1-20.  Pd-catalyzed Intramolecular Carboiodination of Alkynes. 

 

 

Crucially, they also found that temperature can promote the cis-trans interconversion of 

the alkenyl halide products.  In other words, when the reaction temperature is 50 degrees, 

the cis-product is the main product (Scheme 1-20(a)), but when the temperature is higher 

than 50 degrees, the trans-product becomes the main product (Scheme 1-20(b)).  Based 

on this phenomenon, the group proposed a corresponding mechanistic explanation (Scheme 

1-20(c)).55  There is no doubt that after the aryl halides undergo oxidative addition and 

migration insertion, Pd intermediate A is formed.  This Pd species directly affects the 
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isomerization process because the intermediate may appear as a zwitterionic Pd carbene 

species Int-1 or Int-2.  Related studies have shown that similar Pd carbene intermediates 

have been applied to the stereoisomerization process of vinyl Pd(II) complexes by research 

teams such as Lipshutz,56 Cook,57 Amatore, and Jutand.58  Either Int-1 or Int-2 may 

generate vinyl Pd species A or B through bond rotation, and finally release cis or trans 

products through reductive elimination, but higher temperature may accelerate the free 

rotation of intermediate Int-1 to Int-2.   

Along with the extensive experience in dealing with the intramolecular 

carbohalogenation of alkenes or alkynes under palladium catalysis, it is worth mentioning 

that the research group has also discovered a conceptually novel domino hydrohalogenation 

of intramolecular enynes to synthesize a series of halogenated pyridines with good yields 

and efficiency in 2017.59  Importantly, the facile catalytic conditions can also achieve 

reductive elimination of C(sp3)–I, C(sp3)–Br, and C(sp3)–Cl bonds via Pd(II) complexes.  

The reaction uses crystalline ammonium halide (Et3N · HX) as the source of hydro halide, 

replacing the traditional toxic and corrosive reagents, and can also use 1-iodobutane as an 

alternative source of non-ionic HI (Scheme 1-21).  By introducing strategically placed Ot-

Bu nitrogen-protecting groups, the target products can be generated with high selectivity, 

which contain C(sp3)–halogen groups and all-carbon quaternary centers located at the γ 

position of the carbonyl group.  In-depth mechanistic studies revealed that the reaction 

involves a key E-to-Z vinyl-Pd(II) isomerization that proceeds via a formal trans-alkyne 

hydrogenation step. 
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Scheme 1-21.  Pd-catalyzed Cyclohydrohalogenation of Enynes. 

 

 

From another perspective, to further enhance the application potential of this 

transformation, Lautens hopes to design a more inexpensive nickel catalyst to replace the 

expensive palladium catalyst to achieve Ni(II)-mediated reductive elimination of C–X 

bonds.  However, due to the high reducibility of Ni catalysts, it is inherently not conducive 

to reductive elimination, which may require more cumbersome or more harsh conditions to 

construct C–X bonds.  Nevertheless, to their surprise, in 2018, they designed a simple, 

practical, and easy-to-operate NiI2(PPh3)2 catalytic system to efficiently achieve the 

intramolecular carboiodination mode of aryl iodide tethered alkene moiety or aryl bromide 

tethered alkene moiety/KI, and successfully constructed a series of iodinated heterocyclic 
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compounds with good yields (Scheme 1-22).60  Surprisingly, the enantioselectivity of the 

benzylic position can be effectively controlled by introducing chiral BINAP-type ligands.   

 

Scheme 1-22.  Ni-catalyzed Intramolecular Carboiodination of Alkenes. 

 

 

In addition, the research team also found that the Ni catalytic system can also show 

enough charm in the dearomative carboiodination.  They also revealed a diastereoselective 

intramolecular carboiodination reaction achieved by a Ni/P(OEt)3 catalytic system.  

Through substrate design, they replaced the previous vinyl units with an indole unit.  

Surprisingly, the carboiodination can be successfully carried out on the indole moiety and 

realize dearomative 1,2-difunctionalization, and the synthesis of secondary benzyl iodides 

is completed with moderate to good yields and excellent diastereoselectivity (Scheme 1-
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23(a)).61  Meanwhile, the carboiodination transformation controlled by a similar Ni/P(Oi-

Pr)3 catalytic system can also be applied to the synthesis of 6-membered heterocyclic 

dihydroisoquinolones and tetrahydroquinolines derivatives (Scheme 1-23(b)).62  Crucially, 

the six-membered heterocyclic compounds constructed by this method have trans- 

stereoselective six-membered heterocyclic compounds, which can serve as a powerful 

supplement to the palladium catalytic strategy introduced in the previous article.53  This 

protocol can also efficiently obtain diastereomers of each iodinated dihydroisoquinolones 

product.  Moreover, these new iodinated tetrahydroquinolines skeletons have important 

application value due to their similarity with many key pharmaceutical-related compounds 

and the potential provided by the alkyl iodide sites for subsequent functionalization.  

However, they did not give a specific explanation for why the palladium-catalyzed and 

nickel-catalyzed systems gave opposite diastereomers, because they are still further 

exploring through DFT theoretical calculations.  The author believes that this mystery will 

be revealed shortly.   
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Scheme 1-23.  Ni-catalyzed Intramolecular Dearomative Carboiodination of Indoles, and Ni-catalyzed 
Diastereoselectively Intramolecular Carboiodination of Alkenes. 

 

 

Recently, with the resurgence of free radical chemistry, photoredox or photoinduced 

catalytic systems have been increasingly applied to the fields of synthesis and catalysis, and 

have also demonstrated their increasing value.  Lautens and co-workers recently found that 

combining the photoinduced system with the previous Pd-catalyzed system 63  or Ni-

catalyzed system64 can achieve intramolecular carbohalogenation of alkenes under milder 

conditions (Scheme 1-24(a) and (b)).  Especially, for palladium-catalyzed systems, 

previous successes mainly relied on extremely bulky and expensive ligands, such as QPhos.  

If combined with the photoinduced system, the inexpensive DPEphos can be used as a 

ligand and the desired carboiodination can be achieved at even room temperature, while a 

series of dihydrobenzofurans, indolines, indolin-2-ones, and indene skeletons are 

constructed with good yields and broad functional group compatibility.  Through in-depth 

mechanistic studies, especially isotope labeling experiments, they proposed the crucial 

concept: reversible single-electron reductive elimination of the C–I bond.   
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Scheme 1-24.  Photo-induced Pd/Ni-catalyzed Intramolecular Carboiodination of Alkenes. 

 

 

Here, the author uses the palladium catalytic system as an example to introduce the 

relevant mechanism (Scheme 1-24): Path A: Initially, the activated Pd catalyst A forms an 

excited state of Pd catalyst B under photo-irradiation, which can mediate the single electron 
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transfer (SET) of the substrate aryl iodide to generate an aryl radical intermediate C' and a 

Pd(I)–I complex, followed by intramolecular radical cyclization to form an alkyl radical 

intermediate D'.  Path B: Simultaneously, the activated Pd catalyst A can also trigger the 

oxidative addition of aryl iodide to form an oxidative adduct intermediate C, followed by 

intramolecular migration insertion to form a Pd(II) species D. Crucially, under 

photoexcitation conditions, the C–Pd bond will be homolytically cleaved, resulting in the 

mutual conversion of intermediates D and D'.  Finally, the alkyl radical intermediate D' 

will undergo a reversible single electron reductive elimination of the C–I bond with the 

Pd(I)–I complex to release the desired product and regenerate the activated Pd catalyst A.   

Moreover, intramolecular carboiodination patterns of alkenes can also use alkenyl iodides 

as initiating moiety.  In 2011, Tong's group built a Pd/dppf catalytic system to manipulate 

(Z)-1-iodo-1,6-diene to achieve a cycloisomerization reaction accompanied by the transfer 

of iodine atoms (Scheme 1-25(a)).65  This method provides a simple and efficient route to 

the synthesis of 1,2,3,6-tetrahydropyridine with a quaternary carbon center.  In addition, 

they also proved through mechanistic experiments that the construction of the C–I bond is 

stereoselective, thus indirectly proving that the construction of the C–I bond comes from 

Pd-mediated reductive elimination rather than the radical pathway.  Ten years later, their 

research team improved the catalytic conversion.  They proposed a hydrogen bond 

promotion strategy, that is, adding [Et3NH]+ salt to the catalytic system as a hydrogen bond 

donor (Scheme 1-25(b)).66  According to DFT theoretical calculations, it was shown that 

the assumed hydrogen bond interaction in the intermediate significantly enhanced the 

heterolytic dissociation of Pd(II)–halogen, which plays a crucial role in reducing the 

reaction barrier of reductive elimination of C(sp3)–I.  At the same time, this strategy can 

also be applied to the construction of C–Br bonds.  Importantly, they used modified chiral 

Ferrophos ligands to easily achieve asymmetric carboiodination and carbobromination with 

high reaction efficiency and enantioselectivity.   
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Scheme 1-25.  Pd-catalyzed Intramolecular Carboiodination of Dienes. 

 

 

Finally, it is worth mentioning that in addition to the widely developed intramolecular 

carbohalogenation mode, Tong and co-workers also developed a palladium-catalyzed 

intramolecular iminohalogenation of oxime ester tethered to carbon–carbon double bonds 

by using an exogenous halide salt as a halogen source (Scheme 1-26).67  They co-founded 

that the electron-deficient phosphine ligand used in this catalytic system is crucial for the 
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reductive elimination of the C–X bond, thereby ensuring that a series of dihydropyrroles 

were constructed with good efficiency.   

 

Scheme 1-26.  Pd-catalyzed Intramolecular Iminohalogenation of Oxime Ester. 

 

 

1-4-2  Intermolecular Carboiodination 

The second key halogenation mode is the intermolecular carboiodination mode.  It was 

first reported by the Lautens’ group as early as 2011.  They used the same catalytic system 

as the intramolecular strategy and were also eager to use aryl iodide as a bifunctional reagent 

with unsaturated compounds to achieve intermolecular carboiodination.48  In other words, 

aryl iodide can be used as both a carbon source and an iodine source.  However, only the 

special norbornene can perfectly interpret this perfect design (Scheme 1-27(a)).  To further 

expand the potential application and value of this protocol, Morandi and colleagues created 
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a Pd/dArFpe catalytic system in 2019 to manipulate the intermolecular carboiodination of 

aryl iodides and alkynes, thereby synthesizing a series of valuable cis-alkenyl iodides via 

reductive elimination of C–I bonds (Scheme 1-27(b)).68  Subsequently, the group also 

developed a unique intermolecular hydrogen iodination mode for alkynes, which uses a 

rhodium catalytic system to manipulate aromatic and aliphatic terminal alkynes to achieve 

anti-Markovnikov rule hydrogenation iodination.  Crucially, they used commercially 

available aliphatic iodides as HI substitutes to construct a series of olefin iodides with high 

chemoselectivity and fully retained stereoselectivity, further demonstrating the charm of C–

I bond reductive elimination.69   
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Scheme 1-27.  Pd-catalyzed Intermolecular Carboiodination of Alkenes or Alkynes. 

 

 

In addition, the intermolecular domino carboiodination of aryl iodides with alkynes was 

reported by Lautens and co-workers in 2012.70  They used the classic Pd/QPhos catalytic 

system to effectively suture iodoaryl alkenes and internal alkynes, and synthesize a series 

of iodine-substituted indene derivatives (Scheme 1-28).  Based on the experimental results, 
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they speculated a plausible mechanism: initially, the iodoaryl alkene coordinated with the 

activated Pd catalyst A to form intermediate B, and finally the aryl iodide moiety triggered 

the oxidative addition of the Pd center to generate the oxidative adduct Pd species C, which 

would undergo two migration insertions, including the intermolecular migration insertion 

with the alkyne to form intermediate D, and the intramolecular migration insertion with the 

alkene moiety, and finally form the alkyl–Pd(II)–I intermediate E, followed by the reductive 

elimination of C–I bond to release the final indene derivatives and regenerate the active 

palladium catalyst A.   

 

Scheme 1-28.  Pd-catalyzed Intermolecular Domino Carboiodination of Alkenes and Alkynes. 

 



44 

 

Finally, it is worth mentioning that the intermolecular iodination mode of iodoaniline 

derivatives with alkynes was reported by Xi’s group in 2014.71  Although this is not a 

typical intermolecular carboiodination mode, it is the first design of generating alkyl halides 

by reductive elimination in alkyl palladium(II) halides containing syn-b-hydrogen atoms 

(Scheme 1-29).  Through in-depth mechanistic studies, the research team found that the 

reductive elimination reaction of this type of alkyl palladium halide F can take precedence 

over β-hydride abstraction, and even become the only reaction path in some cases.  In 

addition, the reductive elimination of the C(sp3)–I bond unexpectedly becomes a favorable 

step only when triphenylphosphine (PPh3) is used as a ligand, which provides a fairly broad 

idea for subsequent research.   
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Scheme 1-29.  Pd-Catalyzed Intermolecular Cycloiodination of Anilines and Alkynes. 

 

 

1-5 Summary 

In summary, this chapter mainly focuses on the key points of using transition-metal-

mediated reductive elimination steps of the C–X bond to achieve efficient organic synthesis 

transformations.  Since the discovery of this step and its confirmation by stoichiometric 

experiments, chemists have built a series of Pd or Ni catalytic systems and synthesized a 

series of organic halides by screening and designing catalytic systems, especially ligands 

with both electronic and steric hindrance effects.  However, as Hartwig revealed in his 

pioneering research, the reductive elimination trends of different C(Ar)–X bonds can be 
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derived from the equilibrium constant.  Among them, the reductive elimination of C(Ar)–

I bonds is the weakest, and this conclusion has also been confirmed in a large number of 

subsequent studies.  Because the nucleophilic halogenation mode of aromatics perfectly 

integrates the formation of C–Br bonds, C–Cl bonds, and even C–F bonds, but only the 

construction of C(Ar)–I bonds remains a blank.  Simultaneously, intramolecular and 

intermolecular carboiodination strategies undoubtedly provide a wealth of experience in the 

reductive elimination of C–I bonds, but all breakthroughs focus only on the reductive 

elimination of C(alkyl)–I and C(alkenyl)–I, therefore, the reductive elimination of C(Ar)-I 

bonds, which is a thermodynamically and kinetically unfavorable process, is still in high 

demand for further exploration and development.  Therefore, the author's doctoral thesis 

focuses on how to achieve the nucleophilic iodination mode of aromatics through the design 

of catalytic systems, thereby breaking through the milestone of reductive elimination of 

C(Ar)–I bonds to build a series of aromatic iodides with good efficiency.   
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2-1 Introduction 

Indeed, after the introduction in the previous chapter, it goes without saying that the use 

of nucleophilic iodination to construct aryl iodides will be an urgent research topic.  

Therefore, due to many limitations, aryl iodide compounds are not only very limited in 

commercial types but also extremely expensive.  Looking at all the commercially 

available aryl halides, aryl iodide accounts for only 2%, closely related aryl bromide 

accounts for 21%, aryl chloride accounts for 38%, and aryl fluoride accounts for 39% 

(Scheme 2-1).1  However, in the previous large number of studies on nucleophilic 

halogenation of organic halides using reductive elimination of C–X bond, either aryl 

triflate and aryl bromide-mediated nucleophilic halogenation were developed,2 or aryl 

iodide-mediated intramolecular or intermolecular carbohalogenation was revealed. 3  

There is no doubt that these precious studies provide quite meaningful research experience 

and ideas for the subsequent reductive elimination of C(Ar)–I , but it must be mentioned 

that these extremely expensive starting materials and the rather bulky ligands and catalysts 

that require verbose routes to be designed and synthesized more or less limit future further 

applications. 

Scheme 2-1.  The Proportion of Aryl Iodides in all Commercially Available Aryl Halides. 
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Based on them, the Authors concluded that in addition to the research idea of using the 

electronic effect and steric hindrance effect of the ligand to accelerate the reductive 

elimination of the C–X bond, whether other modes can be used to change the electron 

density of the transition metal center because if the electron density of the catalytic central 

atom is further reduced, it will undoubtedly accelerate the subsequent reductive 

elimination.  Therefore, the Author wants to know whether a well-known 

decarbonylation strategy can be applied to this research proposal, because the Author 

postulates that in the transition-metal-catalyzed decarbonylation protocol, the carbon 

monoxide (CO) stripped from the reaction system will coordinate with the transition metal 

to some extent, making it more electron-deficient, which may achieve the seemingly 

impossible reductive elimination of C(Ar)–I bond (Scheme 2-2).4   

 

Scheme 2-2.  Reaction Design of Decarbonylative Iodination of Carboxylic Acid Derivatives. 

 

 

Focusing on the precursors for producing aryl iodides, carboxylic acid derivatives stand 

out as a cost-efficient and abundantly accessible group of chemical substances.  These 

compounds can be conveniently transformed into numerous molecular structures through 

the application of transition metal-catalyzed processes.5  Among the various approaches 

for converting carboxylic acid derivatives into high-value products, two key 

mechanisms—decarboxylation 6  and decarbonylation 7 —are commonly employed.  

Decarbonylation, in particular, has been identified as a crucial technique in contemporary 

research, and it has recently emerged as a simple yet effective alternative.  The binding of 

the carbon monoxide generated in situ to the metallic center produces an electron-poor, 
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sterically hindered intermediate that enhances the reductive elimination of the carbon–

halogen bond.  Consequently, combining palladium-catalyzed halogenation with 

decarbonylation holds promise for the development of a more economical and efficient 

route to synthesize aryl halides. 

Within this framework, the Author concentrates on acyl fluorides, a subset of carboxylic 

acid derivatives.  Recently, acyl fluorides have attracted the attention of chemists and 

attracted a lot of research interests due to their unique metastable advantages, which 

balance activity and stability.8  A considerable portion of these compounds is readily 

available on the market.  For those not commercially accessible, they can be obtained in 

a single synthetic step from corresponding carboxylic acids and used directly in 

subsequent steps with minimal processing or simple filtration.  Building on the 

groundbreaking discoveries of Schoenebeck and Keaveney in 2018,9 who demonstrated 

palladium-catalyzed trifluoromethylation of acyl fluorides, further studies by multiple 

research groups, 10 , 11  including the Author's group, 12  have showcased the diverse 

transformations achievable through decarbonylation of acyl fluorides, underscoring their 

unique chemical behavior (Scheme 2-3).   

 

Scheme 2-3.  Transition metal-catalyzed Decarbonylative Transformations of Acyl Fluorides. 
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In the quest for efficient methods to generate organic iodides from carboxylic acid 

derivatives, Morandi 13 , 14  and Arndtsen’s 15  palladium-catalyzed decarbonylative 

iodination of acyl chlorides is particularly noteworthy (Scheme 2-4).  Their innovation 

was celebrated for its significant advancement in forming aryl–iodine bonds via reductive 

elimination from Pd(II) intermediates.  The Xantphos ligand, characterized by a large 

bite angle (βn = 111°) and substantial steric bulk, was instrumental in accelerating the 

carbon–iodine bond formation.16  Furthermore, this ligand proved effective in facilitating 

distinctive outer-sphere nucleophilic transhalogenation processes mediated by 

phosphonium salts (Scheme 2-4).  To avoid dependence on organic iodides as iodine 

sources, the Author turns their attention to the use of more affordable inorganic halides.   

 

Scheme 2-4.  Pd-catalyzed Decarbonylative Iodination of Acyl Chlorides. 
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The Author postulates that employing LiI as the iodine source enables the in situ 

formation of acyl iodides from substrate-derived acyl fluorides.  These acyl iodides can 

then transform aryl iodides through a mechanism termed unimolecular fragment coupling 

(UFC), which includes palladium-catalyzed oxidative addition, decarbonylation, and 

reductive elimination steps.  Drawing inspiration from Sanford et al.'s prior study on the 

UFC of acyl chlorides,17 this strategy was effectively adapted for the bromination and 

chlorination of acyl fluorides, as well as their iodination, by utilizing corresponding alkali 

metal halides (Scheme 2-5).  This approach has demonstrated itself to be straightforward, 

efficient, versatile, and highly practical for synthesizing aryl chlorides, bromides, and 

iodides.   

 

Scheme 2-5.  Pd-catalyzed Decarbonylative Nucleophilic Halogenation of Acyl Halides (This Work). 

 

 

2-2 Results and Discussion 

2-2-1  Design of Reaction Protocol 

With strong confidence and passion for this research idea, the Author began to design 

the research proposal.  Firstly, based on previous research experience, the Author 

designed the [PdCl(cinnamyl)]2/Xantphos catalytic system and selected 1-naphthoyl 

fluoride (1a) as the reaction substrate, and used 3 equivalents of lithium iodide (LiI) with 

strong nucleophilicity as the iodine source and toluene as the solvent to start the 

exploration of reaction temperature.   
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2-2-2  Optimization of Reaction Condition for Acyl Fluorides 

To the Author's delight, the reaction at 60 °C obtained the expected decarbonylation 

nucleophilic iodination product 1-iodonaphthalene (2a) with a yield of 16% (Table 2-1, 

entry 1).  As the reaction temperature increased, the yield of the desired product 

continued to increase, until at 100 °C, the expected product 1-iodonaphthalene (2a) could 

be obtained with a yield of 95% (Table 2-1, entry 3).  This also proves that the 

decarbonylation process, a thermodynamic endothermic process, is significantly affected 

by the reaction temperature.  In addition, even if the temperature continues to rise to 

120 °C and 140 °C, it still does not significantly affect the over-reaction or decomposition 

of highly activated 1-iodonaphthalene (2a) (Table 2-1, entries 4 and 5).  Therefore, the 

appropriate temperature for the reaction was determined to be 100 °C.  Crucially, the 

decarbonylative reduction product naphthalene (3a) was almost undetectable, which also 

highlights the high chemoselectivity of the catalytic system.   

 

Table 2-1.  Effect of Temperature in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry temp (°C) 
 
1a (%)a 

yield (%)a 

2a 3a 

1 60 0 16 <1 
2 80 0 51 <1 
3 100 0 95 <1 
4 120 0 93 <1 
5 140 0 79 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), LiI (3 equiv), 

toluene (0.2 M), 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal 

standard. 

 



60 

Subsequently, to further improve the efficiency, the Author tried to screen the 

appropriate amount of LiI to match it.  Unexpectedly, LiI showed super high efficiency in 

this conversion mode.  As the amount of LiI continued to decrease, even when only 1 

equivalent of LiI was present, the desired product 1-iodonaphthalene (2a) could be 

released with a yield of 92% with 3% of the starting material 1a remaining (Table 2-2, 

entry 5).  To better ensure a high conversion rate, the Author used a slight excess of LiI 

(1.1 equiv) as an iodine source to completely consume the raw material and obtain 

1-iodonaphthalene (2a) with a yield of 96% (Table 2-2, entry 6).   

 

Table 2-2.  Effect of Amounts of LiI in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry LiI (x equiv) 
 
1a (%)a 

yield (%)a 

2a 3a 

1 3.0 0 95 <1 
2 2.5 0 97 <1 
3 2.0 0 97 <1 
4 1.5 0 96 <1 
5 1.0 3 92 <1 
6 1.1 0 96 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), toluene (0.2 M), 

100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

Based on them, the optimized LiI dosage was determined.  Subsequently, the Author 

investigated the effects of different nucleophilic iodine sources on the catalytic conversion.  

After a series of iodine sources were screened, including NaI, KI, tetrabutylammonium 

iodide (TBAI), and 1-iodobutane (Table 2-3, entries 2–5) in addition to LiI, the Author 

found that these iodine sources were completely unable to initiate the reaction, resulting in 
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the complete residue of 1-naphthoyl fluoride (1a).  This is probably due to the weak 

nucleophilicity of other iodine sources.  Therefore, LiI was confirmed as the only 

matching iodine source for subsequent optimization condition exploration.   

 

Table 2-3.  Effect of Iodine Sources in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry iodine source 
 
1a (%)a 

yield (%)a 

2a 3a 

1 LiI 0 96 <1 
2 NaI 98 <1  0 
3 KI 95 <1  0 
4 tetrabutylammonium iodide (TBAI) 92 <1  0 
5 1-iodobutane 99 <1 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), toluene (0.2 M), 

100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

In the next stage, the Author began to investigate the factors affecting the catalytic 

system.  The first is the effect of the ligand on the catalytic system (Table 2-4), and the 

specific structure of the ligands is shown in Scheme 2-6.  The Author first screened a 

series of bidentate phosphine ligands and found that except for bulky DPEphos and 

Ferrophos-type (including dppf and dtbpf) ligands with large bite angles, which can build 

decarbonylative iodination products 2a with low yields (Table 2-4, entries 4, 7 and 8), the 

remaining bidentate phosphine ligands have no obvious effect on the catalytic system.  

On the other hand, after screening monodentate phosphine ligands, the Author found that 

the extremely bulky BrettPhos and t-BuBrerrPhos can slightly give a small amount of the 

desired product 1-iodonaphthalene (2a), but they only show poor chemoselectivity, in 

other words, the decarbonylative reduction product 3a will also be generated with it, 
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simultaneously (Table 2-4, entries 12 and 13).  Other monodentate phosphine ligands are 

not suitable for this catalytic system.  In particular, tricyclohexylphosphine (PCy3) as a 

ligand can even give opposite chemoselectivity, that is, only 52% yield of decarbonylative 

reduction product naphthalene (3a) (Table 2-4, entry 10).  Based on the above results, 

Xantphos was determined to be the only suitable ligand for the expected catalytic 

transformation.   

 

Table 2-4.  Effect of Ligands in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry ligand 
 
1a (%)a 

yield (%)a 

2a 3a 

1 Xantphos (12.5 mol %) 0 96 <1 
2 CyXantphos (12.5 mol %) 0  1 <1 
3 t-BuXantphos (12.5 mol %) 0  3 <1 
4 DPEphos (12.5 mol %) 0 18  3 
5 dpppent (12.5 mol %) 19  0  3 
6 dcype (12.5 mol %) 0 <1 <1 
7 dppf (12.5 mol %) <1 21 <1 
8 dtbpf (12.5 mol %) 0 31 <1 
9 PPh3 (25 mol %) 0  0 <1 
10 PCy3 (25 mol %) 0  0 52 
11 P(t-Bu)3 (25 mol %) 0  3 <1 
12 BrettPhos (25 mol %) 0 20 32 
13 t-BuBrettPhos (25 mol %) 0 17 13 
14 SPhos (25 mol %) 0 11 12 
15 RuPhos (25 mol %) 0  7 21 
16 t-BuXPhos (25 mol %) 0  3 <1 
17 XPhos (25 mol %) 0  3  9 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), LiI (0.22 mmol), toluene (0.2 M), 100 °C, 

24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 
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Scheme 2-6.  Structure of Ligands. 

 

 

Meanwhile, when the Authors screened the catalyst precursors, they suggest that, except 

for [PdCl(cinnamyl)]2, Pd(0) species, Pd(dba)2 and Pd2(dba)3 can also perfectly fit the 

decarbonylative nucleophilic iodination mode and give excellent yields (Table 2-5, entries 

4 and 5).  However, other Pd(II) species, such as PdCl2 and Pd(OAc)2, are completely 

incompatible (Table 2-5, entries 2 and 3).  In addition, the Authors tried to use a more 

inexpensive Ni catalyst instead of a Pd catalyst, but the transformation was not achieved 

(Table 2-5, entry 6).  Finally, considering factors such as practicality, cost-effectiveness, 
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and experimental reproducibility, the Authors comprehensively considered 

[PdCl(cinnamyl)]2 as the optimized catalyst precursor.   

 

Table 2-5.  Effect of Transition Metal Precursors in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry catalyst 
 
1a (%)a 

yield (%)a 

2a 3a 

1b [PdCl(cinnamyl)]2 0 96 <1 
2c PdCl2 0  3 <1 
3c Pd(OAc)2 0  2 <1 
4c Pd(dba)2 0 94 <1 
5b Pd2(dba)3 0 95 <1 
6c Ni(cod)2 0  2 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), catalyst (2.5–5 mol %), Xantphos (12.5 mol %), LiI (0.22 mmol), toluene 

(0.2 M), 100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal 

standard.  b Catalyst (2.5 mol %).  c Catalyst (5 mol %). 

 

Finally, the Authors explored the effect of solvent on the decarbonylative transformation 

(Table 2-6).  Based on this, common solvents used for reductive elimination of carbon–

halogen bond and nucleophilic halogenation solvents were considered, including hexane, 

1,2-dichloroethane (DCE), 1,4-dioxane, tetrahydrofuran (THF), and 

N,N-dimethylformamide (DMF), and they were respectively applied to the 

decarbonylative iodination of 1-naphthoyl fluoride (1a).  The results indicated that ether 

solvents THF and 1,4-dioxane are more suitable for the designed catalytic system and can 

obtain the desired product in moderate yield (Table 2-6, entries 4 and 5), but they are 

accompanied by solvent ring-opening reaction as a side reaction, which may be one of the 
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reasons for the unsatisfactory yield.  On the contrary, other solvents are not suitable for 

this transformation system.   

 

Table 2-6.  Solvent Effect in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry solvent 
 
1a (%)a 

yield (%)a 

2a 3a 

1 toluene 0 96 <1 
2 hexane 0 9 <1 
3 DCE 54 6 <1 
4 THF 3 41 <1 
5 1,4-dioxane 9 39 <1 
6 DMF 49 <1 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), LiI (0.22 mmol), 

100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

In summary, the optimized reaction conditions can be basically determined: 

[PdCl(cinnamyl)]2 (2.5 mol %)/Xantphos (12.5 mol %) is used as a satisfactory catalytic 

system, 1-naphthoyl fluoride (1a) is used as a substrate, LiI (1.1 equiv) is used as an 

iodine source, and toluene is used as a solvent.  The reaction is carried out at 100 °C for 

24 h to obtain the expected decarbonylative nucleophilic iodination product 

1-iodonaphthalene (2a) with nearly quantitative yield and good chemical selectivity.  

2-2-3  Optimization of Reaction Condition for Acyl Chlorides 

Based on the suitable reaction conditions explored in this way, the Authors explored the 

matching of other carboxylic acid derivatives.  Through the screening of acyl chlorides, 
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acyl fluorides, esters, and amides (Scheme 2-7), the Authors were surprised to find that 

only acyl fluorides could be good substrate candidates.  Acyl chlorides with better 

reactivity could only afford 1-iodonaphthalene (2a) with a yield of 22%.  In addition, 

even the use of activated twisted amides18 only gave a yield of 9%.  Indeed, it is 

reasonable that stable and inert esters and amides cannot complete the expected catalytic 

design under this system.  However, what puzzles the Authors is why acyl chlorides are 

not compatible with this catalytic system.  After all, if inexpensive acyl chlorides can be 

used as candidates for substrates, it will undoubtedly greatly enhance the prospects and 

industrial applications of this protocol.   

 

Scheme 2-7.  Decarbonylative Iodination of Several Classical Carboxylic Acid Derivatives. 

 

 

Although, the study of Morandi et al.,14 also proved that LiI is not a good partner with 

acyl chlorides, meanwhile, the Author also checked the details of this transformation and 

showed that this transformation stopped only 15 min after the reaction started.  To further 

explore the decarbonylative nucleophilic iodination conditions suitable for 1-naphthoyl 

chloride (1a'), the Author conducted a brief investigation of the reaction condition for this 

transformation of acyl chlorides (Table 2-7).  Interestingly, when the Author used NaI 

instead of LiI as the iodine source, the catalytic iodination was efficiently achieved, and 

the desired 1-iodonaphthalene (2a) was obtained in 94% yield (Table 2-7, entry 2).  

Moreover, even if the Author shortened the reaction time to 12 h, there was no effect on 

the conversion efficiency (Table 2-7, entry 5).  Therefore, through the investigation and 
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exploration of the above series of reaction conditions, the Authors suggested that the 

combination of different substrates, acyl fluorides or chlorides, and the countercation of 

alkali metal iodides is crucial for the implementation of the expected catalytic 

decarbonylative iodination.   

 

Table 2-7.  Effect of Iodine Salts in Decarbonylative Iodination of 1a’. 

 

 

entry iodine source 
yield (%)a 

2a 3a 

1 LiI 22 <1 
2 NaI 94 <1 
3 KI 79 <1 
4 tetrabutylammonium iodide (TBAI) 24  0 
5b NaI 95 <1 

Reaction condition: 1a’ (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), toluene (0.2 M), 

100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard.  b 

12 h. 

 

2-2-4  Substrate Scope of Decarbonylative Iodination 

The reactivity of various acyl fluorides and chlorides was thoroughly evaluated under 

the established optimal conditions, as detailed in Scheme 2-8.  Electron-neutral 

substrates, such as benzoyl fluoride (1b) and 2-naphthoyl fluoride (1c), displayed 

outstanding performance, producing the anticipated products 2b and 2c in high yields.  

Next, a variety of benzoyl fluorides containing electron-donating groups—including 

4-t-Bu, 4-cyclohexyl, 3-OMe, 3-OPh, 4-SMe, 4-Ph, and 3-Ph—were tested.  Due to the 

lower propensity of these electron-rich substrates for oxidative addition, elevated reaction 

temperatures were necessary, resulting in enhanced yields of the target compounds 2d−2j. 
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Interestingly, the preparation of sterically hindered 2-iodobiphenyl (2k) was achieved in 

an open reaction setup, which promoted decarbonylation and mitigated the undesired 

formation of fluorenone via intramolecular C−H activation.  Investigation of substrates 

with halogen substituents at the 4-position of the phenyl ring revealed compatibility with 

all halogens, producing dihaloarenes 2l−2o with moderate to good efficiency.  Although 

2n showed a minor side product, 1,4-diiodobenzene (2o), these polyhalogenated arenes 

are particularly valuable as precursors for selective synthesis of complex structures 

utilizing the diverse reactivity of multiple halogens.   
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Scheme 2-8.  Substrate Scope for Decarbonylative Nucleophilic Iodination of Acyl Fluorides 1 and 

Acyl Chlorides 1’. 
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Condition A: acyl fluorides 1 (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), LiI (1.1 

equiv), toluene (0.2 M), 100 °C, 24 h.  Condition B: acyl chlorides 1’ (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 

mol %), Xantphos (12.5 mol %), NaI (1.1 equiv), toluene (0.2 M), 100 °C, 12 h.  Isolated yields were shown unless 

otherwise indicated.  GC yields were determined by using n-dodecane as an internal standard.  a 140 °C, 12 h.  b 

Open system, toluene (0.1 M), 120 °C, 12 h.  c Yields were determined by 1H NMR, using dibromomethane as an 

internal standard.  d 140 °C, 24 h.  e Corresponding acyl chloride (0.4 mmol, 1 equiv).   

 

Substrates containing electron-withdrawing groups, such as carbonyl, cyano, or nitro 

functionalities, proceeded smoothly to give products 2p−2t in satisfactory yields.  

Additionally, 1-iodo-9H-fluorene (2u) was synthesized in an excellent yield.  However, 

certain heterocyclic substrates, including benzofuran and benzo[b]thiophene, proved 

unsuitable in this system.  The high electron density of these heterocycles significantly 

hindered iodination efficiency, leading to decarbonylative hydrogenation at the reactive 

2-position as the predominant side reaction.   

Remarkably, despite the presence of fluoride ions in the reaction, the silylethynyl group 

remained unaffected, enabling the isolation of product 2x with moderate yield.  To 

further expand the scope of this method, acyl fluorides derived from natural products and 

pharmaceutical compounds were tested.  This effort successfully yielded iodo-flavonoid 

2y, a probenecid derivative 2z, and an adapalene derivative 2aa, all with moderate to good 

efficiency.   

Importantly, both the acyl fluoride/LiI and acyl chloride/NaI systems delivered 

comparable outcomes (Scheme 2-x), offering flexibility to select between the more 

chemically stable acyl fluorides or the more accessible acyl chlorides based on specific 

experimental needs.   

2-2-5  Substrate Scope of Decarbonylative Bromination 

To further expand the potential of the constructed catalytic system, the Authors also 

wondered whether the decarbonylation strategy could be applied to decarbonylative 

nucleophilic bromination.  Therefore, after a brief investigation of optimizing the 

reaction conditions by using 1-naphthoyl fluoride (1a) as the substrate and the 

corresponding LiBr (1.1 equiv) as the bromine source, the Authors were delighted that 

decarbonylative nucleophilic bromination could be efficiently achieved simply by 
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increasing the reaction temperature (Table 2-8).  After screening the reaction temperature, 

the results suggested that when the temperature was above 160 °C, the highest efficiency 

could be afforded and the expected product 1-bromonaphthalene (4a) was obtained in 87% 

yield (Table 2-8, entry 4).  Crucially, when 1-naphthoyl chloride (1a') was used as the 

substrate, the desired decarbonylative bromination product could still be obtained in 79% 

yield.   

 

Table 2-8.  Effect of Temperature for Decarbonylative Bromination. 

 

 

entry temp (°C) 
 
1a (%)a 

yield (%)a 

4a 3a 

1 100 82 <1 <1 
2 120 30  7 <1 
3 140 9 42 <1 
4 160 0 87 <1 
5 170 0 88 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), LiBr (0.22 mmol), 

24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

Subsequently, considering the broad range of substrates anticipated to be compatible, a 

selection of compounds was investigated to verify their applicability to this bromination 

method.  As anticipated, all tested substrates, regardless of the presence or absence of 

substituents, produced the desired products 4a−4k with yields ranging from moderate to 

good (Scheme 2-9).  Notably, the efficiency of bromination followed a pattern similar to 

that observed for iodination, where both the type and position of substituents were 

influential in determining the reaction outcome.  However, in the case of acyl chlorides, 
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the current bromination method was predominantly effective only for substrates 

containing electron-donating groups.  For instance, acyl chlorides with substituents like 

3-OMe, 3-OPh, and 4-Ph exhibited moderate to high yields in the bromination reaction 

(4c−4e).  In contrast, other acyl chlorides often resulted in a mixture of brominated and 

chlorinated products.   

 

Scheme 2-9.  Substrate Scope for Decarbonylative Nucleophilic Bromination of Acyl Fluorides 1 and 

Acyl Chlorides 1’. 

 

Condition A: acyl fluorides 1 (0.2 mmol, 1 equiv) were used as the substrates.  Condition B: acyl chlorides 1’ (0.2 

mmol, 1 equiv) were used as the substrates.  [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), LiBr (1.1 equiv), 

toluene (0.2 M), 160 °C, 24 h.  Isolated yields were shown. a Yields were determined by 1H NMR, using 

dibromomethane as an internal standard.   

 

In conclusion, acyl fluorides were determined to be the more suitable substrates for 

achieving efficient and selective bromination under these conditions.   
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2-2-6  Substrate Scope of Decarbonylative Chlorination 

Finally, after a brief investigation of the optimization of the reaction conditions by using 

1-naphthoyl fluoride (1a) as substrate and corresponding LiCl as chlorine source, 

surprisingly, the developed Pd-catalyzed system can still be applied to decarbonylative 

nucleophilic chlorination (Table 2-9).  Although the UFC of acyl chloride 1' has been 

documented before,17 the Author’s research focuses on the use of acyl fluoride 1.  

However, considering the low solubility and weak nucleophilicity of LiCl, the protocol 

requires not only an increase in temperature but also an increase in the amount of LiCl, 

which can afford the highest efficiency and obtain the desired product 

1-chloronaphthalene (5a) in 79% yield (Table 2-9, entry 5).   

 

Table 2-9.  Effect of Temperature and Equivalents of LiCl for Decarbonylative Chlorination. 

 

 

entry temp (°C) 
 
LiCl (x equiv) 

 
1a (%)a 

yield (%)a 

5a 3a 

1 150 1.1 37 42 <1 
2 160 1.1 24 56 <1 
3 170 1.1 26 57 <1 
4 160 2  2 73 <1 
5 160 3  6 79 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), 24 h, under N2.  a 

NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

Subsequent substrate screening revealed that a diverse array of compounds, both 

electronically and structurally, were compatible, delivering the corresponding chloroarenes 

5 with moderate to good yields (Scheme 2-10).  Although decarbonylative fluorination 
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remains a significant hurdle, the robust catalytic methodology established here enables the 

systematic synthesis of halogenated products from the same starting materials.  This 

process utilizes cost-effective and user-friendly lithium and sodium salts while 

maintaining consistent reaction conditions, underscoring its practical and versatile 

application.   

 

Scheme 2-10.  Substrate Scope for Decarbonylative Nucleophilic Chlorination of Acyl Fluorides 1. 

 

Reaction conditions: 1 (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (2.5 mol %), Xantphos (12.5 mol %), LiCl (3 equiv), 

toluene (0.2 M), 160 °C, 24 h.  Isolated yields were shown.   

 

2-2-7  Mechanistic Study 

To gain deeper insights into the mechanism of Pd-catalyzed decarbonylative 

nucleophilic halogenation of acyl fluorides (1) and chlorides (1’), the Author conducted 

mechanistic investigations using iodination as a representative reaction.  Initially, the 

decarbonylative iodination of benzoyl fluoride (1b) was monitored at room temperature, 

50 °C, and 100 °C via 31P{1H} NMR spectroscopy (Scheme 2-11).   
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Scheme 2-11.  Monitoring the Catalytic Iodination of 1b at Room Temperature, 50, and 100 °C by 
31P{1H} NMR. 

 

 

Three palladium intermediates were identified: (Xantphos)Pd(II)(COPh)I (6) at −0.3 

ppm, (Xantphos)2Pd(0) at 3.5 and 5.2 ppm (two broad multiplets), and 

(Xantphos)Pd(II)(Ph)I (7) at 10.0 ppm.  In parallel, the Authors also performed 

stoichiometric time-course studies to monitor possible intermediates during the 

experiment (Scheme 2-12).  The results also suggested the same results as in the catalytic 

time-course studies.  The signals for these intermediates were assigned by either 

preparing authentic samples or by comparison with previously reported data.13,14,19   
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Scheme 2-12.  Monitoring the Stoichiometric Iodination of 1b at Room Temperature, 50, and 75 °C 

by 31P{1H} NMR. 

 

 

 

Complex 6 appeared to be a plausible resting state, while the other intermediates were 

predominantly observed during the initial stages of the reaction.  To confirm the 

involvement of complexes 6 and 7 in the catalytic cycle, both were synthesized according 

to established methods and tested as catalysts for the iodination of acyl fluoride 1b (Table 

2-10).  The expected product 2b was obtained in all cases, regardless of the presence of 

an additional Xantphos ligand, confirming the intermediacy of complexes 6 and 7 in the 

reaction. 
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Table 2-10.  Catalytic Reaction with Pd Complexes 6 and 7. 

 

 

entry Pd complex additional ligand yield of 2b (%)a 

1  6 Xantphos (7.5 mol %) 92 
2 6 none 77b 
3 7 Xantphos (7.5 mol %) 92 
4 7 none 41b 

Reaction conditions: 1b (0.2 mmol, 1 equiv), Pd complex (5 mol %), LiI (1.1 equiv), toluene (0.2 M), 100 °C, 24 h.  a 

Yields were determined by GC, using n-dodecane as an internal standard.  b Average values of two experiments. 

 

However, a lower yield of 2b was observed in the absence of an external Xantphos 

ligand, suggesting that the ligand enhances catalytic turnover (Table 2-10, entry 2). 

Furthermore, while the yield of 2b was similar with or without added Xantphos in the case 

of complex 7 (Table 2-10, entry 3), the yield was lower for complex 7 than for complex 6 

without external Xantphos.  This indicates that, in the absence of added Xantphos, CO 

eliminated from complex 6 coordinates with the palladium center, stabilizing the catalyst.  

It is proposed that both added Xantphos and the carbonyl ligands stabilize Pd(0) species 

formed after reductive elimination of Ar−I, enhancing the catalytic cycle's 

efficiency.4,13,14,15,20   
  



78 

Scheme 2-13.  Catalytic Reaction with Pd Complex (Xantphos)PdI2. 

 

 

Additionally, the (Xantphos)Pd(II)I2 complex, observed at 3.8 ppm, was found to be 

completely inactive with or without additional Xantphos as the ligand (Scheme 2-13).   

 

Scheme 2-14.  Reaction details of 4-Methoxybenzoyl Fluoride as the Substrate. 

 

 

Suspiciously, when 4-methoxybenzoyl fluoride (1ab) was used as the substrate, the 

desired product, 4-methoxyiodobenzene (2ab), was scarcely formed, with iodobenzene 

(2b) being obtained in a 21% yield (Scheme 2-14(a)).  Moreover, under standard 

reaction conditions, 2ab itself was consumed, resulting in the formation of 2b in a 34% 

yield (Scheme 2-14(b)).  These findings, consistent with previous observations, suggest 

a phosphonium-mediated reversible mechanism involving reductive elimination and 

oxidative addition of the C(aryl)−P bond.14   
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Scheme 2-15.  Possible Mechanism on Xantphos-mediated Scrambling Aryl and Phenyl Group. 

 

 

As depicted in Scheme 2-15, oxidative addition of 2ab to (Xantphos)Pd(0) generates 

intermediate Int-I.  Reductive elimination, driven by the electron-rich p-anisyl group and 

the formation of a carbon–phosphorus bond, then produces phosphonium salt-ligated Pd 

complex Int-II.  Subsequent oxidative addition of the less electron-rich Ph group forms 

intermediate Int-III.  This intermediate undergoes reductive elimination, creating a 

carbon−iodine bond and yielding 2b.  This proposed mechanism explains the lower 

yields of target products when using electron-rich substrates.   

The presence of phosphonium salts is further supported by 31P{1H} NMR spectra 

shown in Scheme 2-11, where a signal at −22 ppm corresponds to phosphine and a signal 

around 24 ppm is attributed to phosphonium, observed in approximately a 1:1 ratio.  It is 

plausible that the scrambling of aryl groups proceeds through an outer-sphere nucleophilic 

substitution pathway, consistent with the mechanism proposed by Morandi.13,14   
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Scheme 2-16.  Control Experiment on the Formation of Acyl Iodide without Catalyst and Ligand.  

 

 

From another perspective, intermediate complex 6 is noteworthy, as it forms not only 

via the rapid oxidative addition of benzoyl fluoride followed by halogen exchange 

between fluorine and iodine but also through the oxidative addition of acyl iodides 

generated in situ, as evidenced by subsequent experiments.  The reaction pathway 

proposed involves acyl iodides as transient intermediates, which then undergo 

decarbonylative UFC to establish aryl iodides.  Control experiments conducted without 

[PdCl(cinnamyl)]2 and Xantphos revealed that 1-naphthoyl fluoride (1a) reacts with LiI, 

yielding 1-naphthoyl iodide (11a) at 69% NMR efficiency (Scheme 2-16).   

 

Scheme 2-17.  Pd-catalyzed Decarbonylative Unimolecular Fragment Coupling (UFC) of Acyl 

Iodides.   

 

 

Similarly, when 1-naphthoyl iodide (11a) and benzoyl iodide (11b) were utilized as 

starting materials under standard conditions but without additional LiI, the products 

1-iodonaphthalene (2a) and iodobenzene (2b) were obtained in 90% and 88% GC yields, 

respectively (Scheme 2-17).  These findings strongly support the hypothesis that aryl 

iodides are generated through Pd-catalyzed UFC of the acyl iodides formed during the 

reaction, with acyl fluorides acting as facilitators.  In contrast to conventional methods 

requiring elevated temperatures and catalysis by Wilkinson’s catalyst,21 this new approach 
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offers milder conditions and more stable starting materials, marking a significant 

improvement in aryl iodide synthesis.   

 

Table 2-11.  Stepwise Experiments on Acyl Fluorides or Chlorides with Different Iodine Salts. 

 

 

Reaction conditions: 1 (0.2 mmol, 1 equiv), MI (0.22 mmol), [PdCl(cinnamyl)]2 (5 mol %), Xantphos (12.5 mol %), 

toluene (0.2 M), 100 °C, 24 h.  a Yields were determined by GC, using n-dodecane as an internal standard.   

 

Interestingly, 11a was also generated from 1-naphthoyl chloride (1a’) in the presence of 

both LiI and NaI.  However, under standard reaction conditions, the combination of 1a’ 

and LiI produced significantly lower yields of 2a compared to 1a’/NaI (Table 2-7, entries 

1 and 2).  To clarify this discrepancy, sequential experiments were carried out where acyl 

halides 1 and alkali metal iodides were heated at 100 °C for 2 h before catalyst 

introduction (Table 2-11).  The expected outcomes were observed: acyl fluoride/LiI and 

toluene (0.2 M), 100 °C, 24 h

[PdCl(cinnamyl)]2 (2.5 mol %)
Xantphos (12.5 mol %)

1b , 1a' or 1b' 2a or 2b
(0.2 mmol)

Ar

O

Y
Ar I+ MI

M = Li or Na
(1.1 equiv)

toluene (0.4 M), 100 °C, 2 h

Y = F, Cl
Ar = 1-Naph, Ph

entry acyl halide MI 
yield of 2 

(%)a 

cf.) 
yield of 2 under 

standard conditions (%) 

cf.) 
yield of 2 under 

UFC conditions (%) 

1 
benzoyl 
fluoride (1b) 

LiI 82 83 88 

2 
1-naphthoyl 
chloride (1a’) 

NaI 96 90 84 

3 
benzoyl 
chloride (1b’) 

NaI 77 86 88 

4 
1-naphthoyl 
chloride (1a’) 

LiI  2 22 84 

5 
benzoyl 
chloride (1b’) 

LiI  3 45 88 
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acyl chloride/NaI combinations yielded high amounts of the desired product 2 (Table 2-11, 

entries 1−3), while the acyl chloride/LiI system produced only negligible quantities (Table 

2-11, entries 4 and 5).   

 

Scheme 2-18.  Monitoring Experiments on the Effect of Different Iodine Salts on the Decarbonylative 

Iodination of Benzoyl Chloride (1b’). 

 

 

 

Notably, yields from the stepwise approach were even lower than those obtained using 

standard conditions (22% and 45% for 2a and 2b, respectively) (see Table 2-11, entries 4 

and 5, for details).  This suggests the formation of a catalyst poison during the reaction of 

acyl chlorides with LiI.  Supporting this, the reaction of 1b’ with LiI under standard 

conditions significantly reduced the active (Xantphos)Pd(II)(COPh)I (6), whereas 6 

remained unaffected in the 1b’/NaI system (Scheme 2-18).   
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Scheme 2-19.  Stepwise Experiments with Vacuum Procedures. 

 

 

As shown in the scheme above (Scheme 2-18), the only inactive species identified in 

the acyl chloride 1’/LiI reaction system is (Xantphos)PdI2, therefore, this means a 

reasonable speculation: molecular iodine (I2) may be a catalyst poison.  On this basis, the 

Authors performed a stepwise reaction of 1-naphthoyl chloride (1a’) with LiI using a 

vacuum process (Scheme 2-19).  Surprisingly, the yield of desired product 2a was 

significantly improved compared to that without vacuum operation, which further 

confirmed this hypothesis.  

 

Scheme 2-20.  Controlled Experiments on Iodine (I2) as a Possible Catalyst Poison. 

 

 

Additionally, small amounts of added iodine almost completely inhibited the UFC of 

1-naphthoyl iodide (11a) (Scheme 2-20).  31P{1H} NMR analysis with benzoyl iodide 

(11b) as the substrate showed that iodine completely deactivated the Pd catalyst, leaving 

no trace of active species 6 (Scheme 2-21). 
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Scheme 2-21.  Monitoring Experiments on the Effect of Iodine (I2) as a Possible Catalyst Poison on 

Pd-catalyzed UFC of Benzoyl Iodide (11b). 

 

 

 

Furthermore, the possibility of (Xantphos)PdI2 forming via disproportionation of the 

potential intermediate (Xantphos)Pd(Ph)I (7) is unlikely, as no biaryl formation was 

detected.   
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Table 2-12.  Time-course Study of 1-Naphthoyl Fluoride (1a)/LiI Combination. 

 

 

entry time (h) yield of 1a (%)a yield of 11a (%)a 

1 0 >99 <1 
2 0.5 87 13 
3 1 71 29 
4 2 46 44 
5 3 31 47 
6 6 4 65 
7 12 0 68 
8 24 0 69 

Reaction conditions: 1a (0.1 mmol, 1 equiv), LiI (0.11 mmol), toluene-d8 (0.2 M), 100 °C.  a Yields were determined by 

1H NMR, using dibromomethane as an internal standard.   
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Table 2-13.  Time-course Study of 1-Naphthoyl Chloride (1a')/NaI Combination. 

 

 

entry time (h) yield of 1a’ (%)a yield of 11a (%)a 

1 0 >99 <1 
2 0.5 87 13 
3 1 75 27 
4 2 60 44 
5 3 48 52 
6 6 37 67 
7 18 27 81 

Reaction conditions: 1a’ (0.1 mmol, 1 equiv), NaI (0.11 mmol), toluene-d8 (0.2 M), 100 °C.  a Yields were determined 

by 1H NMR, using dibromomethane as an internal standard.   
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Table 2-14.  Time-course Study of 1-Naphthoyl Chloride (1a')/LiI Combination. 

 

 

 

entry time (h) yield of 1a’ (%)a yield of 11a (%)a 

1 0 >99 <1 
2 0.5 67 33 
3 1 42 54 
4 2 17 74 
5 3 12 78 
6 6 11 76 
7 18 12 78 

Reaction conditions: 1a’ (0.1 mmol, 1 equiv), LiI (0.11 mmol), toluene-d8 (0.2 M), 100 °C.  a Yields were determined 

by 1H NMR, using dibromomethane as an internal standard. 

 

To explore the mechanism behind the formation of the catalytic inhibitor iodine, several 

time-dependent studies were performed to assess the rate of acyl iodide production using 

different combinations of acyl halides and iodide salts.  The data revealed that the 

formation rates of acyl iodide were similar (approximately 28% after 1 hour) in the 

systems of 1-naphthoyl fluoride (1a) with LiI and 1-naphthoyl chloride (1a’) with NaI.  

However, the combination of 1-naphthoyl chloride (1a’) and LiI led to a much faster 

production of 11a, reaching about 54% within 1 hour (Tables 2-12, 13 and 14, and 

Scheme 2-22).   
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Scheme 2-22.  Comparison of the Formation Rates of 1-Naphthoyl Iodide (11a). 

 

 

 

 

 

These observations suggest that a gradual formation of acyl iodides is crucial for 

effective catalysis.  Conversely, a rapid accumulation of acyl iodides results in the 

creation and build-up of a catalytic inhibitor.  Since the catalytic reaction was not halted 

by acyl iodide alone (Scheme 2-17), it was hypothesized that the catalyst poison could 

form from a combination of halide salts and acyl iodide.   
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Table 2-15.  Effect of Li Salts on Pd-catalyzed Decarbonylative UFC of Acyl Iodides. 

 

 

entry LiX 
yield of 2a 

(%)a 
yield of 2b 

(%)a 

cf.) yield of 2a 
under standard 
conditions (%) 

cf.) yield of 2b 
under standard 
conditions (%) 

1 none 73 87 

22 
(1-naphthoyl 
chloride/LiI 

system) 

45 
(benzoyl 

chloride/LiI 
system) 

2 LiF 82 82 
3 LiCl 85 86 
4 LiI 52 95 

5 
LiF (0.5 equiv) + 
LiI (0.5 equiv) 

38 97 

6 
LiCl (0.5 equiv) + 
LiI (0.5 equiv) 

41 96 

Reaction conditions: 11 (0.2 mmol, 1 equiv), LiX (0.2 mmol), [PdCl(cinnamyl)]2 (5 mol %), Xantphos (12.5 mol %), 

toluene (0.2 M), 100 °C, 16 h.  a Yields were determined by GC, using n-dodecane as an internal standard.   

 

To test this, the impact of additional lithium halide on the UFC of acyl iodides was 

evaluated (Table 2-15).  When the Authors screened different lithium salts as exogenous 

additives, it was suggested that when 1-naphthoyl iodide (11a) was used as the reaction 

substrate, the addition of exogenous lithium iodide would significantly weaken the 

efficiency of decarbonylative iodination (Table 2-15, entries 4–6).  This is consistent with 

previous reaction results.  Because if the formation rate of acyl iodide is too fast, it will 

accumulate, so that it can fully coexist with the remaining LiI, thus forming a large 

number of catalytic poisons and deactivating the catalytic system.  The findings indicate 

that LiI plays a significant role in reducing yield.   
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Table 2-16.  Effect of Catalyst Poisoning Process on Preheating Experiments of Pd-catalyzed UFC. 

 

 

 

entry preheating yield of 2b (%)a 

1 benzoyl iodide (11b) 89 
2 LiI 91 
3 benzoyl iodide (11b) and LiI 15 
4 none 87 

Reaction conditions: 11b (0.2 mmol, 1 equiv), LiI (0.2 mmol), [PdCl(cinnamyl)]2 (5 mol %), Xantphos (12.5 mol %), 

toluene (0.2 M), 100 °C, 16 h.  a Yields were determined by GC, using n-dodecane as an internal standard.   

 

This deactivation effect was especially evident when acyl iodide and LiI were heated 

together prior to initiating the catalytic reaction, causing a marked decrease in efficiency 

(Table 2-16, entry 3).  However, preheating either benzoyl iodide (11b) or LiI alone did 

not negatively affect the desired transformation (Table 2-16, entries 1, 2 and 4). 

These results imply that heating a mixture of acyl iodide and LiI leads to the formation 

of a catalytic inhibitor, likely I2, via a complex pathway, which in turn deactivates the 

catalytic system.  In conclusion, the experiments suggest that in the non-catalytic 

reaction between acyl chloride and LiI, rapid accumulation of acyl iodide and LiI results 

in the production of a substantial amount of the catalytic inhibitor I2.  On the other hand, 

reactions involving acyl fluoride with LiI or acyl chloride with NaI proceed more slowly, 

allowing the acyl iodide to be efficiently consumed by the Pd catalyst as it forms.   

2-2-8  Proposed Mechanism 

Based on the experimental results discussed above, the Author logically proposes two 

possible mechanisms for decarbonylative nucleophilic halogenation (Scheme 2-x).  In 
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pathway A, Pd(0) species A initiates oxidative addition with acyl fluoride 1 or chloride 1’, 

forming the acyl−Pd(II)−Y complex B (where Y represents F or Cl).  This complex 

undergoes reductive elimination of the C−P bond, similar to the mechanism shown in 

Scheme 2-23, producing the phosphonium halide intermediate C.22  Next, C undergoes 

halogen exchange through an outer-sphere nucleophilic substitution reaction with lithium 

or sodium halide, yielding the corresponding phosphonium halide D.  This leads to the 

formation of acyl−Pd−X complex E via oxidative addition of the C−P bond.  The 

Xantphos ligand, acting as a hemilabile monodentate ligand in the square planar Pd(II) 

species F, facilitates partial CO deinsertion, promoting the reductive elimination of the 

C−X bond.  This step produces the desired halogenated products 2, 4, and 5, while 

simultaneously regenerating the Pd(0) catalyst A.  The steric bulk of the Xantphos 

bidentate ligands hinders the Pd center, delaying reverse oxidative addition of the products 

2, 4, and 5.  Additionally, the acyl−Pd−X complex E is thermodynamically more stable 

than the aryl−Pd−X complex F according to the DFT calculation, indicating that E may 

serve as a resting state within the catalytic cycle.   
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Scheme 2-23.  Two Plausible Reaction Mechanisms. 

 

 

In pathway B, acyl fluoride 1 or chloride 1’ reacts directly with alkali metal halides, 

gradually forming the corresponding acyl halides G (notably acyl iodides) in situ.  These 

reactive species undergo oxidative addition with Pd(0), forming the acyl complex E.  

Subsequent CO deinsertion generates the aryl complex F, followed by reductive 

elimination of the C−X bond to produce the desired halogenated products.  An 

alternative mechanism could involve direct oxidative addition of acyl fluoride 1 or 

chloride 1’ to palladium, followed by halogen exchange on the palladium center.  

However, as demonstrated in Scheme 2-11, no palladium−fluoride species were detected 

in the 31P{1H} NMR spectrum.  Furthermore, the stoichiometric reaction of acyl fluoride 



93 

1 with the palladium complex in the absence of iodine did not yield any oxidative adduct.  

Thus, this pathway can be excluded at this stage. 
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2-3 Summary 

In summary, the Authors have successfully established a practical and adaptable 

palladium-catalyzed method for decarbonylative nucleophilic halogenation of acyl 

fluorides and chlorides.  This catalytic system, utilizing palladium and the 

large-bite-angle ligand Xantphos, effectively facilitated the challenging reductive 

elimination of Ar−I, Ar−Br, and Ar−Cl bonds, enabling the efficient synthesis of a wide 

range of aryl halides.  The use of inexpensive lithium and sodium halides as halogen 

sources not only enhances economic feasibility but also adheres to green chemistry 

principles, as these inorganic salts are low-cost and exhibit minimal toxicity. 

From a mechanistic perspective, Xantphos served dual functions: acting as a ligand to 

promote the reductive elimination of C−X bonds and as an active additive facilitating 

unique outer-sphere nucleophilic substitution through the formation of phosphonium 

halides.  Decarbonylation was a critical component of this process, with the coordination 

of CO released during the reaction to Pd accelerating the reductive elimination step.  

Furthermore, the interaction of surplus Xantphos with the Pd(0) species likely inhibited its 

reversion to (Xantphos)Pd(Ar)X, favoring progression through the catalytic cycle.   
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Scheme 2-24.  Summary of Palladium-catalyzed Decarbonylative Nucleophilic Halogenation of Acyl 

Halides.   

 

 

The identification of acyl iodides as key intermediates is a noteworthy advancement.  

Using stable acyl fluorides and chlorides as precursors, acyl iodides were generated in situ, 

enabling indirect UFC under mild and practical conditions.  The principle of “controlled 

generation,” where highly reactive intermediates are formed and consumed simultaneously, 

proved to be an effective approach to maintaining catalyst activity and preventing 

deactivation (Scheme 2-24).  This synthetic framework offers valuable insights for future 

studies aimed at tackling complex chemical transformations.   
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2-4 Experimental Section 

2-4-1  General Instrumentation and Chemicals 

Instrumentation 

Unless otherwise stated, all reactions were carried out under an N2 atmosphere using 

standard Schlenk techniques or a glovebox.  Solvents employed as eluents for routine 

operations, as well as dehydrated solvents, were purchased from commercial suppliers and 

used without any further purification.  Glassware was dried in an oven at 130 °C and 

evacuated before use.  Merck precoated TLC plates (silica gel 60 F254, 0.25 mm) were 

used for thin-layer chromatography (TLC) analyses throughout this work.  Silica gel 

column chromatography was carried out using Silica gel 60 N (spherical, neutral, 40–100 

μm) from Kanto Chemicals Co., Ltd.  NMR spectra (1H, 13C{1H}, 19F{1H}, and 31P{1H}) 

were recorded on Mercury-400 (400 MHz) or Mercury-600 (600 MHz) spectrometers.  

Chemical shifts (δ) are reported in parts per million relative to CDCl3 at 7.26 ppm for 1H 

and at 77.16 ppm for 13C{1H}, respectively.  The 19F{1H} NMR spectra were referenced 

using CCl3F (δ = 0.00 ppm) as an external standard.  GC yields were determined by 

analyzing the crude mixture using n-dodecane as an internal standard on a Shimadzu 

GC-14A equipped with a flame ionization detector, using Shimadzu Capillary Column 

(CBP1-M25-025) and Shimadzu C-R6A-Chromatopac integrator.  Infrared spectra were 

recorded on a Shimadzu IR Prestige-21 spectrophotometer.  Elemental analyses were 

carried out with a Perkin-Elmer 2400 CHN elemental analyzer at Okayama University.  

High-resolution mass spectra were obtained on a JEOL JMS-700 spectrometer in the 

electron ionization (EI) mode. 

Chemicals 

Unless specified otherwise, materials obtained from commercial suppliers were used 

without further purification.  Palladium(II)(π-cinnamyl) chloride dimer 

([PdCl(cinnamyl)]2) (purity > 97%) was purchased from Tokyo Chemical Industry Co., 

Ltd. and Sigma-Aldrich Co. LLC.  4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene 

(Xantphos) (purity > 98%) was purchased from Tokyo Chemical Industry Co., Ltd.  

Lithium iodide (purity > 97%) and sodium iodide (purity > 99.5%) were purchased from 

FUJIFILM Co., Ltd.  Lithium bromide (purity > 95%) was purchased from Kanto 
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Chemical Co., Inc.  Lithium chloride (purity > 98%) was purchased from Tokyo 

Chemical Industry Co., Ltd.  Toluene (super dehydrated) was purchased from FUJIFILM 

Co., Ltd.  Benzoyl fluoride (1b) (purity > 98%), benzoyl chloride (1b’) (purity > 98%) 

and 1-naphthoyl chloride (1a’) ((purity > 98%) were purchased from Tokyo Chemical 

Industry Co., Ltd. 
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2-4-2  Experimental Procedures of Synthesis of Starting Materials 

Aroyl fluorides, aroyl chlorides, an ester, and an amide were purchased from 

commercial suppliers or synthesized according to the methods described below (Schemes 

2-25, 26, and 27).   

Scheme 2-25.  Commercially Available or Synthesized Aroyl Fluorides (1). 
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Scheme 2-26.  Commercially Available or Synthesized Aroyl Chlorides (1’). 
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Scheme 2-27.  Synthesized Ester and Amide. 
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Procedure A: General Procedure for the Synthesis of 1a–1f, 1h–1o, 1q–1t, 1w, and 1z23 

 

 
 

On the bench-top, carboxylic acid S1 (1 equiv, 3 mmol), PPh3 (2 equiv, 6 mmol, 1.57 g), 

and anhydrous dichloromethane (DCM) (10 mL, 0.3 M) were added to an oven-dried flask 

equipped with a magnetic stir bar.  The flask was sealed with a rubber septum and cooled 

to 0 °C using an ice-bath.  N-Bromosuccinimide (NBS) (2.1 equiv, 6.3 mmol, 1.12 g) was 

then added in one portion.  After stirring for two min, the ice-bath was removed, and the 

solution was allowed to reach room temperature over the course of 15 min.  To the 

reaction mixture, Et3N·3HF (2 equiv, 6 mmol, 961 µL) was added dropwise via a syringe 

and stirred for 2 h at room temperature.  Upon completion of the reaction, the mixture 

was diluted with hexane (250 mL) and stirred for 10 min to precipitate large amounts of 

succinimide and triphenylphosphine oxide.  The solids were removed by filtration 

through a short pad of silica gel (3–5 cm thick x 3 cm diameter) using dichloromethane 

and hexane as eluents.  All volatiles were evaporated under reduced pressure to afford 

pure acyl fluorides 1, which were utilized in the catalytic reactions without further 

purification.   

 

Procedure B: General Procedure for the Synthesis of 1g, 1p, 1u, 1v, 1y, and 1aa24 

 

 

 

In a nitrogen-filled glovebox, an oven-dried Schlenck tube containing 

diethylaminodifluorosulfinium tetrafluoroborate (XtalFluor-E) (1 equiv, 3 mmol, 687 mg) 

and a magnetic stir bar was sealed with a rubber septum.  The tube was then taken out 
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from the glovebox and connected to nitrogen pipeline.  Subsequently, carboxylic acid S1 

(1 equiv, 3 mmol) and anhydrous dichloromethane (15 mL, 0.2 M) were added to the tube, 

followed by sequential dropwise addition of Et3N·3HF (1 equiv, 3 mmol, 480 µL) via a 

syringe.  The resulting mixture was stirred for 12 h at room temperature.  Afterward, the 

mixture was transferred into a flask containing hexane (250 mL) and stirred for 15 min.  

The precipitates were removed by filtration through a short pad of silica gel (3–5 cm thick 

x 3 cm diameter) using dichloromethane and hexane as eluents.  All volatiles were 

evaporated under reduced pressure to afford pure acyl fluorides 1, which were employed 

in the catalytic reactions without further purification.   

 

Procedure C: Procedure for the synthesis of 1x23,25 

 

 
 

In a Schlenk tube, 4-iodobenzoic acid (S1o) (1 equiv, 6 mmol, 1.49 g), PdCl2(PPh3)2 (4 

mol %, 0.24 mmol, 169 mg), and CuI (2 mol %, 0.12 mmol, 22.9 mg) were dissolved in a 

mixture of Et3N (8 mL) and N,N-dimethylformamide (DMF, 4 mL).  Then, 

trimethylsilylacetylene (2.4 equiv, 14.4 mmol, 2 mL) was added to the tube.  The mixture 

was heated at 70 °C for 24 h.  After cooling to room temperature, the resulting 

suspension was filtered through a short pad of celite and rinsed with ethyl acetate (EtOAc) 

(20 mL) and dichloromethane (20 mL).  The solvents were removed by rotary 

evaporation, and the obtained slurry was dissolved in EtOAc (20 mL), washed with water 

(2 x 10 mL) and brine (2 x 10 mL), dried over anhydrous MgSO4, and filtered.  The 

organic layer was concentrated in vacuo, and the crude product was purified by column 
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chromatography on silica gel (dichloromethane:methanol = 100:0 to 95:5) to yield the 

desired product S1x as a yellow solid (840 mg, 64%).   

The obtained S1x was employed as a substrate for procedure A, affording 1x as a beige 

solid (441 mg, 53%).   

 

Procedure D: General Procedure for the Synthesis of Aroyl Chlorides13 

 

 

 

In the presence of air, an oven-dried round-bottomed flask equipped with a stirring bar 

was charged with carboxylic acid S1 (1 equiv, 3 mmol), dichloromethane (9 mL), and 

N,N-dimethylformamide (DMF, 1 mol %, 0.03 mmol, 2.3 μL).  Oxalyl chloride (3 equiv, 

9 mmol, 772 μL) was added dropwise using a syringe.  A rubber stopper was placed over 

the flask to release pressure.  The reaction mixture was stirred at room temperature for 12 

h.  The solvent and unreacted oxalyl chloride were removed under reduced pressure.  

The obtained aroyl chlorides 1’ were used without further purification.   

 

Procedure E: Procedure for the Synthesis of 1y’26 

 

 
 

In the presence of air, an oven-dried round-bottomed flask equipped with a stirring bar 

was charged with 3-methylflavone-8-carboxylic acid (S1y) (1 equiv, 3 mmol, 841 mg) and 

benzene (15 mL).  Thionyl chloride (2 equiv, 6 mmol, 433 μL) was added dropwise using 

a syringe.  A reflux condenser was placed over the flask.  Then, the reaction mixture 
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was refluxed for 2 h.  The solvent and unreacted thionyl chloride were removed under 

reduced pressure.  The obtained acyl chloride 1y’ (891 mg, quantitative) were used 

without further purification.   

 

Procedure F: Procedure for the Synthesis of Ester27 

 

 
 

To a Schlenk tube equipped with a stirring bar, 1-naphthoic acid (S1a) (1 equiv, 5 mmol, 

861 mg), phenol (1 equiv, 5 mmol, 471 mg), 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) (1.1 equiv, 5.5 

mmol, 1.05 g), N,N-dimethyl-4-aminopyridine (DMAP) (0.25 equiv, 1.25 mmol, 153 mg), 

and dichloromethane (10 mL, 0.5 M) were added.  After stirring the mixture for 12 h at 

room temperature, the reaction was quenched with saturated sodium bicarbonate 

(NaHCO3) (aq.) and extracted three times with EtOAc.  The combined organic layer was 

dried over anhydrous MgSO4, filtrated, and concentrated under reduced pressure.  The 

residue was purified by flash column chromatography on silica gel (EtOAc/hexane = 1:5) 

to afford the desired product (1.21 g, 98%) as a white solid.   

 

Procedure G: Procedure for the Synthesis of Amide28 
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To a round-bottomed flask equipped with a magnetic stirrer were added 1-naphthoic 

acid (S1a) (1 equiv, 5 mmol, 861 mg) and dichloromethane (DCM) (10 mL).  Oxalyl 

chloride (2 equiv, 10 mmol, 858 µL) was then added dropwise at 0 °C.  A couple of 

drops of DMF were added, and the reaction mixture was allowed to reach room 

temperature.  Stirring was continued until gas evolution ceased (typically 3 h).  After 

this period, the mixture was concentrated under reduced pressure to remove hydrogen 

chloride (HCl) and excess oxalyl chloride, yielding the corresponding 1-naphthoyl 

chloride (1a’), which was used in the next step without further purification.   

In a separate round-bottomed flask, a mixture of glutarimide (S2) (1 equiv, 5 mmol, 566 

mg), Et3N (2 equiv, 10 mmol 1.39 mL), DMAP (25 mol %, 1.25 mmol, 153 mg), and 

DCM (10 mL) was cooled to 0 °C, and 1a’ was added dropwise.  The reaction mixture 

was allowed to reach room temperature and stirred for 16 h.  After this period, the 

mixture was diluted with DCM (20 mL) and washed with HCl (1 M aq., 25 mL), water 

(25 mL), and brine (25 mL).  The organic layer was then dried with anhydrous MgSO4, 

filtered, and concentrated under reduced pressure to afford the crude product, which was 

purified by recrystallisation from toluene to afford the desired product (1.08 g, 80%) as a 

beige solid.   
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1-Naphthoyl Fluoride (1a) 

 
Prepared according to procedure A (376 mg, 72%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 9.02 (dt, J = 8.7, 1.0 Hz, 1H), 

8.35 (d, J = 7.4 Hz, 1H), 8.19–8.16 (m, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.74–7.70 (m, 1H), 

7.64–7.54 (m, 2H); 19F{1H} NMR (376 MHz, CDCl3): δ 29.89. 

These data align with previously published reports in the literature.29 

 

2-Naphthoyl Fluoride (1c) 

 
Prepared according to procedure A (385 mg, 74%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.64–8.64 (m, 1H), 8.02–7.91 (m, 

4H), 7.69 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.61 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H); 19F{1H} 

NMR (376 MHz, CDCl3): δ 18.05.   

These data align with previously published reports in the literature.12b 

 

4-tert-Butylbenzoyl Fluoride (1d) 

 
Prepared according to procedure A (442 mg, 82%) as a colorless liquid.  Rf = 0.55 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.00–7.96 (m, 2H), 7.56–7.52 (m, 

2H), 1.36 (s, 9H); 19F{1H} NMR (376 MHz, CDCl3): δ 17.63.   

These data align with previously published reports in the literature.30 
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4-Cyclohexylbenzoyl Fluoride (1e) 

 

Prepared according to procedure A (477 mg, 77%) as a white solid.  Rf = 0.55 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 7.96 (dt, J = 8.4, 2.0 Hz, 2H), 

7.37–7.33 (m, 2H), 2.64–2.57 (m, 1H), 1.91–1.84 (m, 4H), 1.80–1.75 (m, 1H), 1.49–1.35 

(m, 4H), 1.32–1.23 (m, 1H); 19F{1H} NMR (376 MHz, CDCl3): δ 17.43. 

These data align with previously published reports in the literature.31 

 

3-Methoxybenzoyl Fluoride (1f) 

 
Prepared according to procedure A (242 mg, 52%) as a colorless liquid.  Rf = 0.4 

(DCM/hexane = 1/5).  1H NMR (400 MHz, CDCl3): δ 7.66–7.63 (m, 1H), 7.53–7.52 (m, 

1H), 7.45–7.41 (m, 1H), 7.23 (ddd, J = 8.3, 2.7, 1.0 Hz, 1H), 3.87 (s, 3H); 19F{1H} NMR 

(376 MHz, CDCl3): δ 18.57.   

These data align with previously published reports in the literature.30 

 

3-Phenoxybenzoyl Fluoride (1g) 

 
Prepared according to procedure B (586 mg, 90%) as a colorless oil.  Rf = 0.5 

(DCM/hexane = 1/5).  1H NMR (400 MHz, CDCl3): δ 7.79–7.76 (m, 1H), 7.63–7.62 (m, 

1H), 7.51–7.46 (m, 1H), 7.43–7.37 (m, 2H), 7.34 (ddd, J = 8.3, 2.6, 1.1 Hz, 1H), 7.22–

7.18 (m, 1H), 7.07–7.03 (m, 2H); 19F{1H} NMR (376 MHz, CDCl3): δ 19.11.   

These data align with previously published reports in the literature.24 
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4-(Methylthio)benzoyl Fluoride (1h) 

 
Prepared according to procedure A (308 mg, 60%) as a white solid.  Rf = 0.4 

(DCM/hexane = 1/5).  1H NMR (400 MHz, CDCl3): δ 7.92–7.89 (m, 2H), 7.30–7.28 (m, 

2H), 2.53 (s, 3H); 19F{1H} NMR (376 MHz, CDCl3): δ 16.59.   

These data align with previously published reports in the literature.32 

 

[1,1'-Biphenyl]-4-carbonyl Fluoride (1i) 

 
Prepared according to procedure A (431 mg, 72%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.12 (dt, J = 8.0, 2.0 Hz, 2H), 

7.76–7.73 (m, 2H), 7.66–7.63 (m, 2H), 7.53–7.42 (m, 3H); 19F{1H} NMR (376 MHz, 

CDCl3): δ 18.12.   

These data align with previously published reports in the literature.31,32 

 

[1,1'-Biphenyl]-3-carbonyl Fluoride (1j) 

 
Prepared according to procedure A (423 mg, 70%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.28 (t, J = 1.8 Hz, 1H), 8.03 (dt, 

J = 7.8, 1.5 Hz, 1H), 7.93 (ddd, J = 7.8, 1.9, 1.2 Hz, 1H), 7.63–7.59 (m, 3H), 7.52–7.40 (m, 

2H), 7.45–7.39 (m, 1H); 19F{1H} NMR (376 MHz, CDCl3): δ 18.64.   

These data align with previously published reports in the literature.12b 
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[1,1'-Biphenyl]-2-carbonyl Fluoride (1k) 

 
Prepared according to procedure A (412 mg, 69%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.05 (dd, J = 7.9, 1.4 Hz, 1H), 

7.68 (td, J = 7.6, 1.4 Hz, 1H), 7.51 (tt, J = 7.7, 1.3 Hz, 1H), 7.47–7.42 (m, 4H), 7.35–7.33 

(m, 2H); 19F{1H} NMR (376 MHz, CDCl3): δ 34.99. 

These data align with previously published reports in the literature.31, 32 

 

4-Fluorobenzoyl Fluoride (1l) 

 
Prepared according to procedure A (52.6 mg, 12%) as a colorless liquid.  Rf = 0.55 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.11–8.06 (m, 2H), 7.24–7.18 (m, 

2H); 19F{1H} NMR (376 MHz, CDCl3): δ 17.68 (s, 1F), –100.84 to –100.91 (m, 1F).   

These data align with previously published reports in the literature.31 

 

4-Chlorobenzoyl Fluoride (1m) 

 
Prepared according to procedure A (258 mg, 54%) as a white solid.  Rf = 0.55 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.00–7.96 (m, 2H), 7.53–7.49 (m, 

2H); 19F{1H} NMR (376 MHz, CDCl3): δ 18.39.   

These data align with previously published reports in the literature.31 
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4-Bromobenzoyl Fluoride (1n) 

 
Prepared according to procedure A (382 mg, 63%) as a white solid.  Rf = 0.55 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 7.91–7.88 (m, 2H), 7.70–7.66 (m, 

2H); 19F{1H} NMR (376 MHz, CDCl3): δ 18.41.   

These data align with previously published reports in the literature.32 

 

4-Iodobenzoyl Fluoride (1o) 

 
Prepared according to procedure A (408 mg, 54%) as a white solid.  Rf = 0.55 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 7.92–7.89 (m, 2H), 7.75–7. 72 

(m, 2H); 19F{1H} NMR (376 MHz, CDCl3): δ 18.27.   

These data align with previously published reports in the literature.32 

 

4-Benzoylbenzoyl Fluoride (1p) 

 

Prepared according to procedure B (621 mg, 91%) as a white solid.  Rf = 0.4 

(DCM/hexane = 1/2).  1H NMR (400 MHz, CDCl3): δ 8.16 (dt, J = 8.4, 1.6 Hz, 2H), 

7.91–7.88 (m, 2H), 7.82–7.79 (m, 2H), 7.66–7.62 (m, 1H), 7.54–7.49 (m, 2H); 19F{1H} 

NMR (376 MHz, CDCl3): δ 19.94.   

These data align with previously published reports in the literature.12b 
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4-Acetylbenzoyl Fluoride (1q) 

 

Prepared according to procedure A (256 mg, 51%) as a yellow solid.  Rf = 0.3 

(DCM/hexane = 1/2).  1H NMR (400 MHz, CDCl3): δ 8.13–8.10 (m, 2H), 8.07–8.04 (m, 

2H), 2.65 (s, 3H); 19F{1H} NMR (376 MHz, CDCl3): δ 20.15.   

These data align with previously published reports in the literature.33 

 

Methyl 4-(Fluorocarbonyl)benzoate (1r) 

 
Prepared according to procedure A (325 mg, 60%) as a white solid.  Rf = 0.6 

(EtOAc/hexane = 1/5).  1H NMR (400 MHz, CDCl3): δ 8.18–8.15 (m, 2H), 8.11–8.08 (m, 

2H), 3.96 (s, 3H); 19F{1H} NMR (376 MHz, CDCl3): δ 20.00.   

These data align with previously published reports in the literature.12b 

 

4-Cyanobenzoyl Fluoride (1s) 

 
Prepared according to procedure A (221 mg, 49%) as a white solid.  Rf = 0.6 

(EtOAc/hexane = 1/5).  1H NMR (400 MHz, CDCl3): δ 8.18–8.15 (m, 2H), 7.86–7.83 (m, 

2H); 19F{1H} NMR (376 MHz, CDCl3): δ 20.20.   

These data align with previously published reports in the literature.12b 
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4-Nitrobenzoyl Fluoride (1t) 

 
Prepared according to procedure A (220 mg, 43%) as a beige solid.  Rf = 0.4 

(DCM/hexane = 1/2).  1H NMR (400 MHz, CDCl3): δ 8.40–8.37 (m, 2H), 8.27–8.24 (m, 

2H); 19F{1H} NMR (376 MHz, CDCl3): δ 21.31.   

These data align with previously published reports in the literature.31 

 

9H-Fluorene-1-carbonyl Fluoride (1u) 

 

Prepared according to procedure B (593 mg, 93%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 7.6 Hz, 1H), 7.96 (dd, 

J = 7.8, 1.0 Hz, 1H), 7.82–7.79 (m, 1H), 7.62–7.59 (m, 1H), 7.53 (t, J = 8.0 Hz, 1H), 

7.44–7.37 (m, 2H), 4.21 (s, 2H); 19F{1H} NMR (376 MHz, CDCl3): δ 25.17.   

These data align with previously published reports in the literature.12a 

 

Benzofuran-2-carbonyl Fluoride (1v) 

 
Prepared according to procedure B (441 mg, 90%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 7.77–7.74 (m, 2H), 7.62 (dq, J = 

8.5, 1.0 Hz, 1H), 7.58–7.54 (m, 1H), 7.38 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H); 19F{1H} NMR 

(376 MHz, CDCl3): δ 17.35.   

These data align with previously published reports in the literature.10a 
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Benzo[b]thiophene-2-carbonyl Fluoride (1w) 

 
Prepared according to procedure A (284 mg, 52%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/10).  1H NMR (400 MHz, CDCl3): δ 8.20 (s, 1H), 7.95 (dt, J = 8.0, 1.1 

Hz, 1H), 7.91 (dq, J = 8.2, 0.9 Hz, 1H), 7.55 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 7.48 (ddd, J = 

8.1, 7.1, 1.1 Hz, 1H); 19F{1H} NMR (376 MHz, CDCl3): δ 25.10.   

These data align with previously published reports in the literature.12a 

 

4-((Trimethylsilyl)ethynyl)benzoyl Fluoride (1x) 

 

Prepared according to procedure C (441 mg, 53%) as a beige solid.  mp: 66–68 °C.  Rf = 

0.5 (DCM/hexane = 1/10).  1H NMR (600 MHz, CDCl3): δ 7.98–7.96 (m, 2H), 7.58–7.57 

(m, 2H), 0.27 (s, 9H); 13C{1H} NMR (151 MHz, CDCl3): δ 157.0 (d, 1JC–F = 344.3 Hz), 

132.5, 131.3 (d, 3JC–F = 3.6 Hz), 130.5, 124.4 (d, 2JC–F = 61.9 Hz), 103.4, 100.2, –0.1; 
19F{1H} NMR (376 MHz, CDCl3): δ 18.41.  FT-IR (cm–1): 2956 (s), 2160 (s), 1805 (s), 

1604 (s), 1410 (s), 1251 (m), 1175 (s), 1032 (s), 1010 (s), 858 (m), 759 (s).  Anal. Calcd 

for C12H13FOSi: C, 65.42; H, 5.95%; Found: C, 65.45; H, 6.09%.  
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3-Methyl-4-oxo-2-phenyl-4H-chromene-8-carbonyl Fluoride (1y) 

 

Prepared according to procedure B (786 mg, 93%) as a white solid.  mp: 128–130 °C.  

Rf = 0.4 (DCM/hexane = 1/1).  1H NMR (400 MHz, CDCl3): δ 8.57 (ddd, J = 7.9, 1.8, 1.0 

Hz, 1H), 8.31 (dd, J = 7.6, 1.7 Hz, 1H), 7.82–7.76 (m, 2H), 7.56–7.48 (m, 4H), 2.25 (s, 

3H); 13C{1H} NMR (101 MHz, CDCl3): δ 177.1, 161.1, 155.7 (d, 3JC–F = 3.1 Hz), 153.5 (d, 
1JC–F = 345.5 Hz), 137.9 (d, 4JC–F) = 2.1 Hz), 134.0, 132.5, 130.9, 129.4, 128.6, 124.3, 

123.6 (d, 4JC–F = 2.2 Hz), 118.3, 114.6 (d, 2JC–F = 62.7 Hz), 11.9; 19F{1H} NMR (376 MHz, 

CDCl3): δ 32.93.  FT-IR (cm–1): 1824 (s), 1790 (s), 1649 (s), 1622 (s), 1598 (s), 1477 (s), 

1442 (s), 1390 (s), 1371 (s), 1271 (m), 1061 (m), 1018 (s), 754 (m), 695 (m).  Anal. 

Calcd for C17H11FO3: C, 72.34; H, 3.93%; Found: C, 72.40; H, 3.85%. 

 

4-(N,N-Dipropylsulfamoyl)benzoyl Fluoride (1z) 

 
Prepared according to procedure A (615 mg, 71%) as a white solid.  Rf = 0.3 

(DCM/hexane = 1/2).  1H NMR (400 MHz, CDCl3): δ 8.17–8.14 (m, 2H), 7.96–7.93 (m, 

2H), 3.12–3.08 (m, 4H), 1.54 (hept, J = 7.4 Hz, 4H), 0.85 (t, J = 7.4 Hz, 6H); 19F{1H} 

NMR (376 MHz, CDCl3): δ 20.16. 

These data align with previously published reports in the literature.10a 
  



115 

6-(3-(Adamantan-1-yl)-4-methoxyphenyl)-2-naphthoyl Fluoride (1aa) 

 

Prepared according to procedure B (224 mg, 90%) (0.6 mmol scale) as a white solid.  Rf 

= 0.5 (DCM/hexane = 1/5).  1H NMR (400 MHz, CDCl3): δ 8.64 (s, 1H), 8.05–7.97 (m, 

4H), 7.86 (dd, J = 8.6, 1.8 Hz, 1H), 7.614–7.608 (m, 1H), 7.56 (dd, J = 8.4, 2.4 Hz, 1H), 

7.01 (d, J = 8.4 Hz, 1H), 3.92 (s, 3H), 2.192–2.185 (m, 6H), 2.11 (t, J = 2.8 Hz, 3H), 1.81 (t, 

J = 3.1 Hz, 6H); 19F{1H} NMR (376 MHz, CDCl3): δ 17.64.   

These data align with previously published reports in the literature.34 

 

4-Cyclohexylbenzoyl Chloride (1e’) 

 

Prepared according to procedure D (666 mg, quantitative) as a colorless oil.  1H NMR 

(600 MHz, CDCl3): δ 8.05–8.03 (m, 2H), 7.35–7.33 (m, 2H), 2.62–2.58 (m, 1H), 1.91–

1.84 (m, 4H), 1.80–1.75 (m, 1H), 1.47–1.37 (m, 4H), 1.32–1.23 (m, 1H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 168.2, 156.6, 131.8, 130.9, 127.6, 44.9, 34.0, 26.7, 26.0.   

 

3-Phenoxybenzoyl Chloride (1g’) 

 
Prepared according to procedure D (697 mg, quantitative) as a colorless liquid.  1H NMR 
(600 MHz, CDCl3): δ 7.87–7.85 (m, 1H), 7.72 (t, J = 2.4 Hz, 1H), 7.47 (t, J = 8.0 Hz, 1H), 
7.42–7.39 (m, 2H), 7.32 (ddd, J = 8.2, 2.5, 1.0 Hz, 1H), 7.20 (tt, J = 7.3, 1.1 Hz, 1H), 
7.07–7.04 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 167.9, 158.2, 156.1, 134.9, 130.3, 
130.2, 126.0, 125.3, 124.5, 120.6, 119.5.    
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4-(Methylthio)benzoyl Chloride (1h’) 

 
Prepared according to procedure D (566 mg, quantitative) as a beige solid.  1H NMR 

(400 MHz, CDCl3): δ 8.00–7.97 (m, 2H), 7.28–7.25 (m, 2H), 2.53 (s, 3H); 13C{1H} NMR 

(101 MHz, CDCl3): δ 167.6, 149.9, 131.7, 128.9, 124.9, 14.7.   

These data align with previously published reports in the literature.35 

 

[1,1'-Biphenyl]-3-carbonyl Chloride (1j’) 

 

Prepared according to procedure D (655 mg, quantitative) as a colorless oil.  1H NMR 

(600 MHz, CDCl3): δ 8.34–8.33 (m, 1H), 8.11 (ddd, J = 7.9, 1.9, 1.1 Hz, 1H), 7.91 (ddd, J 

= 7.7, 1.9, 1.1 Hz, 1H), 7.63–7.58 (m, 3H), 7.51–7.48 (m, 2H), 7.44–7.41 (m, 1H); 13C{1H} 

NMR (151 MHz, CDCl3): δ 168.6, 142.4, 139.3, 134.0, 133.9, 130.3, 130.0, 129.6, 129.2, 

128.4, 127.3.   

These data align with previously published reports in the literature.36 

 

[1,1'-Biphenyl]-2-carbonyl Chloride (1k’) 

 
Prepared according to procedure D (659 mg, quantitative) as a colorless oil.  1H NMR 

(600 MHz, CDCl3): δ 8.04 (dt, J = 7.9, 1.3 Hz, 1H), 7.63 (tt, J = 7.6, 1.1 Hz, 1H), 7.50 (tt, 

J = 7.6, 1.1 Hz, 1H), 7.47–7.40 (m, 4H), 7.37–7.35 (m, 2H); 13C{1H} NMR (151 MHz, 

CDCl3): δ 168.5, 142.8, 139.8, 134.5, 133.2, 131.4, 131.2, 128.8, 128.6, 128.1, 127.6.   

These data align with previously published reports in the literature.37 
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4-Benzoylbenzoyl Chloride (1p’) 

 

Prepared according to procedure D (738 mg, quantitative) as a white solid.  1H NMR 

(600 MHz, CDCl3): δ 8.24–8.22(m, 2H), 7.89–7.87 (m, 2H), 7.81–7.79 (m, 2H), 7.64 (tt, J 

= 7.2, 1.2 Hz, 1H), 7.53–7.50 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 195.4, 168.0, 

143.4, 136.5, 135.9, 133.5, 131.3, 130.22, 130.15, 128.7.   

These data align with previously published reports in the literature.38 

 

4-Acetylbenzoyl Chloride (1q’) 

 

Prepared according to procedure D (570 mg, quantitative) as a yellow solid.  1H NMR 

(600 MHz, CDCl3): δ 8.19–8.17 (m, 2H), 8.05–8.03 (m, 2H), 2.65 (s, 3H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 197.1, 167.9, 141.8, 136.5, 131.6, 128.7, 27.1.   

These data align with previously published reports in the literature.35 

 

9H-Fluorene-1-carbonyl Chloride (1u’) 

 
Prepared according to procedure D (702 mg, quantitative) as a white solid.  1H NMR 

(400 MHz, CDCl3): δ 8.19 (dd, J = 7.9, 1.0 Hz, 1H), 8.03 (d, J = 7.6 Hz, 1H), 7.80–7.78 

(m, 1H), 7.59–7.53 (m, 2H), 7.43–7.35 (m, 2H), 4.15 (s, 2H); 13C{1H} NMR (151 MHz, 

CDCl3): δ 167.6, 146.5, 143.6, 143.3, 139.7, 131.8, 129.8, 128.0, 127.9, 127.1, 126.2, 

125.2, 120.2, 40.0.   

These data align with previously published reports in the literature.39 
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Benzofuran-2-carbonyl Chloride (1v’) 

 
Prepared according to procedure D (535 mg, quantitative) as a white solid.  1H NMR 

(400 MHz, CDCl3): δ 7.86 (d, J = 7.6 Hz, 1H), 7.76 (dt, J = 7.6, 1.2 Hz, 1H), 7.63–7.55 

(m, 2H), 7.38 (ddd, J = 8.0, 6.8, 1.3 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 157.4, 

157.2, 146.7, 130.1, 126.6, 124.8, 123.9, 120.7, 112.9.   

These data align with previously published reports in the literature.40 

 

Benzo[b]thiophene-2-carbonyl Chloride (1w’) 

 
Prepared according to procedure D (582 mg, quantitative) as a white solid.  1H NMR 

(600 MHz, CDCl3): δ 8.24 (s, 1H), 7.93 (dt, J = 8.1, 1.1 Hz, 1H), 7.85 (dq, J = 8.2, 1.0 Hz, 

1H), 7.54 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H), 7.46 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H); 13C{1H} 

NMR (151 MHz, CDCl3): δ 161.2, 144.1, 138.1, 136.6, 136.0, 128.9, 126.8, 125.8, 123.0.   

These data align with previously published reports in the literature.41 

 

4-((Trimethylsilyl)ethynyl)benzoyl Chloride (1x’) 

 

Prepared according to procedures C (step 1) and D (909 mg, quantitative) (3.8 mmol scale) 

as a yellow solid.  1H NMR (600 MHz, CDCl3): δ 8.05–8.03 (m, 2H), 7.57–7.55 (m, 2H), 

0.27 (s, 9H); 13C{1H} NMR (151 MHz, CDCl3): δ 167.8, 132.5, 132.4, 131.3, 130.5, 103.4, 

100.5, –0.1.   

These data align with previously published reports in the literature.13 
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3-Methyl-4-oxo-2-phenyl-4H-chromene-8-carbonyl Chloride (1y’) 

 

Prepared according to procedure E (891 mg, quantitative) as a white solid.  1H NMR 

(600 MHz, CDCl3): δ 8.53 (dd, J = 7.9, 1.7 Hz, 1H), 8.47 (dd, J = 7.7, 1.7 Hz, 1H), 7.79–

7.76 (m, 2H), 7.56–7.52 (m, 3H), 7.50 (t, J = 6.0 Hz, 1H), 2.24 (s, 3H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 177.6, 162.9, 161.1, 154.0, 138.6, 133.5, 132.4, 130.9, 129.4, 128.6, 

124.2, 123.4, 123.1, 118.3, 11.9.   

 

4-(N,N-Dipropylsulfamoyl)benzoyl Chloride (1z’) 

 
Prepared according to procedure D (908 mg, quantitative) as a white solid.  1H NMR 

(600 MHz, CDCl3): δ 8.23–8.21 (m, 2H), 7.94–7.92 (m, 2H), 3.12–3.09 (m, 4H), 1.53 (h, 

J = 7.4 Hz, 4H), 0.85 (t, J = 7.4 Hz, 6H); 13C{1H} NMR (151 MHz, CDCl3): δ 167.5, 

146.5, 136.1, 131.9, 127.5, 50.0, 22.0, 11.2.   

These data align with previously published reports in the literature.13 
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6-(3-(Adamantan-1-yl)-4-methoxyphenyl)-2-naphthoyl Chloride (1aa’) 

 

Prepared according to procedure D (255 mg, quantitative) (0.6 mmol scale) as a white 

solid.  1H NMR (600 MHz, CDCl3): δ 8.75 (d, J = 2.2 Hz, 1H), 8.07–8.04 (m, 3H), 7.95 

(d, J = 8.7 Hz, 1H), 7.87 (dd, J = 8.5, 1.8 Hz, 1H), 7.62 (d, J = 2.4 Hz, 1H), 7.56 (dd, J = 

8.4, 2.4 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 3.92 (s, 3H), 2.192–2.187 (m, 6H), 2.11 (quint, J 

= 3.1 Hz, 3H), 1.81 (t, J = 3.1 Hz, 6H); 13C{1H} NMR (151 MHz, CDCl3): δ 168.5, 159.4, 

143.2, 139.3, 137.1, 134.8, 132.1, 131.1, 130.5, 129.9, 129.0, 127.3, 126.2, 126.0, 125.9, 

124.8, 112.3, 55.3, 40.7, 37.4, 37.2, 29.2.   

These data align with previously published reports in the literature.13 

 

Phenyl 1-naphthoate (Ester) 

 

Prepared according to procedure F (1.21 g, 98%) as a white solid.  1H NMR (400 MHz, 

CDCl3): δ 9.09 (d, J = 8.4 Hz, 1H), 8.51 (dd, J = 7.3, 1.3 Hz, 1H), 8.12 (dt, J = 8.2, 1.1 Hz, 

1H), 7.95 (ddt, J = 8.2, 1.3, 0.6 Hz, 1H), 7.68 (ddd, J = 8.6, 6.8, 1.5 Hz, 1H), 7.61–7.57 (m, 

2H), 7.53–7.48 (m, 2H), 7.36–7.31 (m, 3H); 13C{1H} NMR (101 MHz, CDCl3): δ 165.9, 

151.1, 134.4, 134.0, 131.8, 131.3, 129.7, 128.8, 128.3, 126.5, 126.1, 126.0, 125.9, 124.6, 

122.0.   

These data align with previously published reports in the literature.27,42 
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1-(1-Naphthoyl)piperidine-2,6-dione (Amide) 

 

Prepared according to procedure G (1.08 g, 80%) as a beige solid.  1H NMR (400 MHz, 

CDCl3): δ 9.09–9.06 (m, 1H), 8.09 (d, J = 8.0 Hz, 1H), 7.91–7.89 (m, 1H), 7.84 (dd, J = 

7.4, 1.2 Hz, 1H), 7.71 (ddd, J = 8.6, 6.9, 1.4 Hz, 1H), 7.59 (ddd, J = 8.0, 6.8, 1.6 Hz, 1H), 

7.47 (dd, J = 8.2, 7.3 Hz, 1H), 2.76 (t, J = 6.6 Hz, 4H), 2.12 (quint, J = 6.4 Hz, 2H); 
13C{1H} NMR (101 MHz, CDCl3): δ 172.3, 170.8, 136.1, 134.1, 132.0, 131.4, 129.4, 

128.8, 128.6, 127.1, 125.9, 124.5, 32.6, 17.5. 

These data align with previously published reports in the literature.43 
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2-4-3  Experimental Procedures of Catalytic Decarbonylative Halogenation 

 

2-4-3-1  General Procedure for Screening of the Reaction Conditions 

An oven-dried 5-mL microwave vial, fitted with a magnetic stirring bar, was loaded 

with Pd or Ni catalysts (2.5 or 5 mol %), a ligand (12.5 or 25 mol %), and either 

1-naphthoyl fluoride (1a), 1-naphthoyl chloride (1a’), or other carboxylic acid derivatives 

(amide or ester) (0.2 mmol, 1 equiv) under ambient air.  A halogen source (0.2–0.6 

mmol, 1–3 equiv) and anhydrous solvent (1 mL, 0.2 M) were added inside a 

nitrogen-filled glovebox.  The vial was sealed securely and heated in a preheated block at 

100–170 °C for 12–24 h with constant stirring.  After cooling to room temperature, the 

reaction mixture was transferred to an oven-dried round-bottom flask.  The vial was 

rinsed with dichloromethane (5 × 2 mL), and the combined solution was concentrated 

under reduced pressure.  Dibromomethane (CH2Br2) was then added as an internal 

standard, and product yields were quantified using 1H NMR spectroscopy. 
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2-4-3-2  General Procedure for Experimental Procedures and Spectroscopic Data 

for the Products 

Procedure H (closed system):  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 μmol, 2.6 mg), Xantphos (12.5 mol %, 0.025 mmol, 

14.5 mg), and either acyl fluorides 1 or acyl chlorides 1 (0.2 mmol, 1 equiv) under 

ambient air.  Lithium iodide (for 1) or sodium iodide (for 1’) (0.22 mmol, 1.1 equiv, 29.4 

mg or 33.0 mg, respectively) and anhydrous toluene (1 mL, 0.2 M) were added in a 

nitrogen-filled glovebox.  The vial was securely sealed and heated in a preheated block at 

100–140 °C for 12–24 h with continuous stirring.  After the reaction mixture cooled to 

room temperature, it was purified by silica gel column chromatography using ethyl acetate 

or dichloromethane/hexane as the eluent to obtain the desired product 2.  Yields of 

volatile products (2b and 2l) were determined via GC analysis of the reaction mixture, 

using n-dodecane as an internal standard.   
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Procedure I (open system): 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 μmol, 2.6 mg), Xantphos (12.5 mol %, 0.025 mmol, 

14.5 mg), and either [1,1'-biphenyl]-2-carbonyl fluoride (1k, 0.2 mmol, 1 equiv, 40.0 mg) 

or [1,1'-biphenyl]-2-carbonyl chloride (1k’, 0.2 mmol, 1 equiv, 43.3 mg) under ambient air.  

Lithium iodide (for 1k, 0.22 mmol, 1.1 equiv, 29.4 mg) or sodium iodide (for 1k’, 0.22 

mmol, 1.1 equiv, 33.0 mg) and anhydrous toluene (2 mL, 0.1 M) were introduced in a 

nitrogen-filled glovebox.  The vial was securely sealed, and the septum was pierced with 

a needle for pressure equilibration (a depiction of the reaction setup is provided below). 

The vial was then placed in a preheated heating block at 120 °C and stirred for 12 h.  

After cooling to room temperature, the reaction mixture was purified by silica gel column 

chromatography using hexane as the eluent, yielding the desired product 2k.   
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Procedure J:  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 μmol, 2.6 mg), Xantphos (12.5 mol %, 0.025 mmol, 

14.5 mg), and either acyl fluorides 1 or acyl chlorides 1’ (0.2 mmol, 1 equiv) under 

ambient air.  Lithium bromide (0.22 mmol, 1.1 equiv, 19.1 mg) and anhydrous toluene (1 

mL, 0.2 M) were added to a nitrogen-filled glovebox.  The vial was securely sealed and 

heated in a preheated block at 160 °C for 24 h with continuous stirring.  (Safety Note: 

The reaction must be conducted in a fume hood.  Due to the high reaction temperature 

exceeding toluene's boiling point and the generation of CO gas, there is a potential risk of 

the reaction cap detaching under pressure.)  Once the reaction mixture cooled to room 

temperature, it was purified by silica gel column chromatography using a 

dichloromethane/hexane mixture as the eluent to obtain the desired product 4.   

 

Procedure K:  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 μmol, 2.6 mg), Xantphos (12.5 mol %, 0.025 mmol, 

14.5 mg), and acyl fluorides 1 (0.2 mmol, 1 equiv) under ambient air.  Lithium chloride 
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(0.6 mmol, 3 equiv, 25.4 mg) and anhydrous toluene (1 mL, 0.2 M) were added inside a 

nitrogen-filled glovebox.  The vial was securely sealed and heated in a preheated block at 

160 °C for 24 h with continuous stirring.  (Safety Note: This procedure must be 

performed in a fume hood.  The high reaction temperature exceeds the boiling point of 

toluene, and the reaction generates CO gas, increasing the potential risk of cap 

detachment due to pressure buildup.)  After cooling the reaction mixture to room 

temperature, it was purified using silica gel column chromatography with a 

dichloromethane/hexane eluent to isolate the desired product 5.   

 

Procedure L (Scale-up Experiment):  

Synthesis of 1-Iodo-9H-fluorene (2u) on 2 mmol Scale 

 

An oven-dried 20-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (2.5 mol %, 0.05 mmol, 25.9 mg), Xantphos (12.5 mol %, 0.25 

mmol, 144.7 mg), and 9H-fluorene-1-carbonyl fluoride (1u, 2 mmol, 1 equiv, 424.4 mg) 

under ambient air. Lithium iodide (2.2 mmol, 1.1 equiv, 294.5 mg) and anhydrous toluene 

(5 mL, 0.4 M) were added inside a nitrogen-filled glovebox.  The vial was securely 

sealed and heated in a preheated block at 140 °C for 24 h with stirring.  After allowing 

the reaction to cool to room temperature, the mixture was purified by silica gel column 

chromatography using hexane as the eluent, yielding 1-iodo-9H-fluorene (2u) as a white 

solid with a 73% yield (0.43 g).   

 

  



127 

Spectroscopic Data for the Products 

1-Iodonaphthalene (2a) 

 
Prepared according to procedure H as a colorless oil.  Rf = 0.60 (hexane).  Isolated 

yields were 92% (46.6 mg) from 1a, and 90% (45.5 mg) from 1a’, respectively.  1H 

NMR (400 MHz, CDCl3): δ 8.16–8.10 (m, 2H), 7.85 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 7.9 

Hz, 1H), 7.64–7.58 (m, 1H), 7.57–7.52 (m, 1H), 7.19 (t, J = 7.8 Hz, 1H); 13C{1H} NMR 

(101 MHz, CDCl3): δ 137.5, 134.4, 134.2, 132.2, 129.1, 128.6, 127.8, 126.9, 126.8, 99.7.   

These data align with previously published reports in the literature.14 

 

2-Iodonaphthalene (2c) 

 

Prepared according to procedure H as a white solid.  Rf = 0.60 (hexane).  Isolated yields 

were 67% (33.9 mg) from 1c and 62% (31.4 mg) from 1c’, respectively.  1H NMR (400 

MHz, CDCl3): δ 8.25 (d, J = 1.4 Hz, 1H), 7.82–7.78 (m, 1H), 7.74–7.70 (m, 2H), 7.59–

7.57 (m, 1H), 7.52–7.48 (m, 2H); 13C{1H} NMR (101 MHz, CDCl3): δ 136.7, 135.1, 134.5, 

132.2, 129.6, 128.0, 126.9, 126.8, 126.6, 91.6.   

These data align with previously published reports in the literature.14 

 

1-tert-Butyl-4-iodobenzene (2d) 

 

Prepared according to procedure H as a colorless oil.  Rf = 0.80 (hexane).  Isolated 

yields were 57% (29.7 mg) from 1d and 60% (31.3 mg) from 1d’, respectively.  1H NMR 

(400 MHz, CDCl3): δ 7.63–7.60 (m, 2H), 7.16–7.13 (m, 2H), 1.30 (s, 9H); 13C{1H} NMR 

(101 MHz, CDCl3): δ 151.0, 137.2, 127.7, 90.8, 34.7, 31.3.   

These data align with previously published reports in the literature.44 
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1-Cyclohexyl-4-iodobenzene (2e) 

 
Prepared according to procedure H as a colorless oil.  Rf = 0.80 (hexane).  Isolated 

yields were 31% (17.6 mg) from 1e and 62% (35.2 mg) from 1e’, respectively.  1H NMR 

(400 MHz, CDCl3): δ 7.63–7.59 (m, 2H), 6.99–6.96 (m, 2H), 2.49–2.42 (m, 1H), 1.89–

1.81 (m, 4H), 1.78–1.73 (m, 1H), 1.44–1.33 (m, 4H), 1.30–1.21 (m, 1H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 147.8, 137.4, 129.1, 90.8, 44.2, 34.4, 26.9, 26.2.   

These data align with previously published reports in the literature.45 

 

1-Iodo-3-methoxybenzene (2f) 

 

Prepared according to procedure H as a colorless oil.  Rf = 0.40 (DCM/hexane = 1/10).  

Isolated yields were 42% (19.6 mg) from 1f and 38% (17.8 mg) from 1f’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.29 (ddd, J = 7.7, 1.6, 0.9 Hz, 1H), 7.26–7.25 (m, 1H), 

7.00 (t, J = 8.0 Hz, 1H), 6.87 (ddd, J = 8.4, 2.5, 1.0 Hz, 1H), 3.78 (s, 3H); 13C{1H} NMR 

(101 MHz, CDCl3): δ 160.3, 130.9, 129.7, 123.1, 113.9, 94.5, 55.5.   

These data align with previously published reports in the literature.14 

 

1-Iodo-3-phenoxybenzene (2g) 

 

Prepared according to procedure H as a colorless oil.  Rf = 0.40 (hexane).  Isolated 

yields were 71% (42.1 mg) from 1g and 60% (35.6 mg) from 1g’, respectively.  1H NMR 

(600 MHz, CDCl3): δ 7.45–7.43 (m, 1H), 7.39–7.36 (m, 3H), 7.18–7.14 (m, 1H), 7.07–

7.02 (m, 3H), 7.00–6.97 (m, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 158.1, 156.5, 132.3, 

131.1, 130.0, 127.7, 124.0, 119.4, 118.1, 94.4.   

These data align with previously published reports in the literature.46 
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4-Iodophenyl methyl sulfide (2h) 

 

Prepared according to procedure H as a white solid.  Rf = 0.50 (DCM/hexane = 1/10).  

Isolated yields were 44% (22.1 mg) from 1h and 37% (18.6 mg) from 1h’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.59–7.56 (m, 2H), 7.00–6.97 (m, 2H), 2.46 (s, 3H); 
13C{1H} NMR (101 MHz, CDCl3): δ 138.8, 137.8, 128.4, 89.3, 15.8.   

These data align with previously published reports in the literature.14 

 

4-Iodo-1,1'-biphenyl (2i) 

 

Prepared according to procedure H as a white solid.  Rf = 0.55 (hexane).  Isolated yields 

were 70% (39.4 mg) from 1i and 65% (36.7 mg) from 1i’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.79–7.76 (m, 2H), 7.57–7.54 (m, 2H), 7.47–7.42 (m, 2H), 7.39–7.32 (m, 

3H); 13C{1H} NMR (101 MHz, CDCl3): δ 140.9, 140.2, 138.0, 129.2, 129.0, 127.8, 127.0, 

93.2.   

These data align with previously published reports in the literature.14 

 

3-Iodo-1,1'-biphenyl (2j) 

 

Prepared according to procedure H as a colorless oil.  Rf = 0.55 (hexane).  Isolated 

yields were 78% (43.9 mg) from 1j and 69% (38.7 mg) from 1j’, respectively.  1H NMR 

(400 MHz, CDCl3): δ 7.97–7.95 (m, 1H), 7.71–7.67 (m, 1H), 7.57–7.54 (m, 3H), 7.48–

7.43 (m, 2H), 7.41–7.36 (m, 1H), 7.18 (t, J = 7.8 Hz, 1H); 13C{1H} NMR (101 MHz, 

CDCl3): δ 143.6, 139.8, 136.31, 136.28, 130.5, 129.0, 128.0, 127.2, 126.5, 94.9.   

These data align with previously published reports in the literature.47 
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2-Iodo-1,1'-biphenyl (2k) 

 

Prepared according to procedure I as a colorless oil.  Rf = 0.55 (hexane).  Isolated yields 

were 32% (18.2 mg) from 1k and 61% (34.4 mg) from 1k’, respectively.  1H NMR (600 

MHz, CDCl3): δ 7.97 (dd, J = 7.9, 1.2 Hz, 1H), 7.46–7.43 (m, 2H), 7.42–7.39 (m, 2H), 

7.37–7.35 (m, 2H), 7.32 (dd, J = 7.6, 1.8 Hz, 1H), 7.05 (ddd, J = 7.9, 7.3, 1.7 Hz, 1H); 
13C{1H} NMR (151 MHz, CDCl3): δ 146.7, 144.3, 139.6, 130.2, 129.4, 128.9, 128.2, 

128.1, 127.8, 98.8.   

These data align with previously published reports in the literature.44 

 

1-Chloro-4-iodobenzene (2m) 

 

Prepared according to procedure H as a white solid.  Rf = 0.80 (hexane).  Isolated yields 

were 44% (21.0 mg) from 1m and 28% (13.5 mg) from 1m’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.62–7.59 (m, 2H), 7.10–7.07 (m, 2H); 13C{1H} NMR (101 MHz, 

CDCl3): δ 138.9, 134.3, 130.7, 91.3.   

These data align with previously published reports in the literature.14 

 

1-Bromo-4-iodobenzene (2n) 

 

Prepared according to procedure H as a white solid.  Rf = 0.80 (hexane).  Isolated yields 

were 46% (26.1 mg) from 1n and 50% (28.4 mg) from 1n’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.56–7.53 (m, 2H), 7.25–7.21 (m, 2H); 13C{1H} NMR (151 MHz, 

CDCl3): δ 139.2, 133.6, 122.3, 92.2.   

These data align with previously published reports in the literature.14 

 



131 

1,4-Diiodobenzene (2o) 

 

Prepared according to procedure H as a white solid.  Rf = 0.80 (hexane).  Isolated yields 

were 50% (32.7 mg) from 1o and 65% (42.9 mg) from 1o’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.41 (s, 4H); 13C{1H} NMR (101 MHz, CDCl3): δ 139.5, 93.5.   

These data align with previously published reports in the literature.44 

 

4-Iodobenzophenone (2p) 

 

 
Prepared according to procedure H as a white solid.  Rf = 0.40 (DCM/hexane = 1/1).  

Isolated yields were 63% (38.7 mg) from 1p and 68% (41.7 mg) from 1p’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.86–7.83 (m, 2H), 7.79–7.76 (m, 2H), 7.60 (ddt, J = 8.1, 

6.9, 1.4 Hz, 1H), 7.54–7.46 (m, 4H); 13C{1H} NMR (101 MHz, CDCl3): δ 196.0, 137.7, 

137.2, 137.0, 132.8, 131.6, 130.1, 128.5, 100.3.   

These data align with previously published reports in the literature.48 

 

1-(4-Iodophenyl)ethan-1-one (2q) 

 
Prepared according to procedure H as a yellow solid.  Rf = 0.30 (DCM/hexane = 1/1).  

Isolated yields were 58% (28.6 mg) from 1q and 62% (30.4 mg) from 1q’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.84–7.81 (m, 2H), 7.67–7.64 (m, 2H), 2.57 (s, 3H); 
13C{1H} NMR (101 MHz, CDCl3): δ 197.5, 138.0, 136.4, 129.9, 101.3, 26.6.   

These data align with previously published reports in the literature.14 
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Methyl 4-Iodobenzoate (2r) 

 

Prepared according to procedure H as a white solid.  Rf = 0.40 (DCM/hexane = 1/1).  

Isolated yields were 67% (35.0 mg) from 1r and 68% (35.9 mg) from 1r’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.81–7.78 (m, 2H), 7.75–7.72 (m, 2H), 3.90 (s, 3H); 
13C{1H} NMR (151 MHz, CDCl3): δ 166.7, 137.8, 131.2, 129.7, 100.9, 52.4.   

These data align with previously published reports in the literature.14 

 

4-Iodobenzonitrile (2s) 

 

Prepared according to procedure H as a white solid.  Rf = 0.30 (DCM/hexane = 1/1).  

Isolated yields were 80% (36.7 mg) from 1s and 63% (28.9 mg) from 1s’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.86–7.83 (m, 2H), 7.38–7.35 (m, 2H); 13C{1H} NMR 

(101 MHz, CDCl3): δ 138.6, 133.3, 118.3, 111.8, 100.4.   

These data align with previously published reports in the literature.14 

 

1-Iodo-4-nitrobenzene (2t) 

 

Prepared according to procedure H as a white solid.  Rf = 0.50 (DCM/hexane = 1/1).  

Isolated yield was 81% (40.6 mg) from 1t’.  1H NMR (600 MHz, CDCl3): δ 7.95–7.90 

(m, 4H); 13C{1H} NMR (151 MHz, CDCl3): δ 147.9, 138.8, 125.0, 102.8.   

These data align with previously published reports in the literature.49 
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1-Iodo-9H-fluorene (2u) 

 
Prepared according to procedure H as a white solid.  Rf = 0.55 (hexane).  Isolated yields 

were 87% (50.7 mg) from 1u and 83% (48.5 mg) from 1u’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.76–7.73 (m, 2H), 7.68 (dd, J = 7.8, 1.0 Hz, 1H), 7.59–7.56 (m, 1H), 

7.42–7.32 (m, 2H), 7.14–7.09 (m, 1H), 3.81 (s, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 

147.9, 142.5, 142.2, 141.7, 135.9, 128.8, 127.5, 127.1, 125.1, 120.7, 119.7, 94.1, 42.5.   

These data align with previously published reports in the literature.50 

 

2-Iodobenzofuran (2v) 

 

Prepared according to procedure H as a colorless oil.  Rf = 0.60 (hexane).  Isolated 

yields were 30% (14.5 mg) from 1v and 37% (36.0 mg) from 1v’, respectively.  1H NMR 

(600 MHz, CDCl3): δ 7.53–7.50 (m, 1H), 7.50–7.46 (m, 1H), 7.24–7.20 (m, 2H), 6.96 (s, 

1H); 13C{1H} NMR (151 MHz, CDCl3): δ 158.3, 129.3, 124.4, 123.3, 119.8, 117.4, 111.0, 

96.0.   

These data align with previously published reports in the literature.51 

 

2-Iodobenzo[b]thiophene (2w) 

 

Prepared according to procedure H and bulb-to-bulb distillation to remove 

benzo[b]thiophene, as a colorless oil.  Rf = 0.60 (hexane).  Isolated yields were 24% 

(12.4 mg) from 1w and 31% (32.7 mg) from 1w’, respectively.  1H NMR (600 MHz, 

CDCl3): δ 7.78–7.76 (m, 1H), 7.72–7.71 (m, 1H), 7.54 (s, 1H), 7.33–7.27 (m, 2H); 13C{1H} 

NMR (151 MHz, CDCl3): δ 144.5, 140.9, 133.9, 124.7, 124.5, 122.4, 121.4, 78.6.   

These data align with previously published reports in the literature.51 
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((4-Iodophenyl)ethynyl)trimethylsilane (2x) 

 
Prepared according to procedure H as a white solid.  Rf = 0.65 (hexane).  Isolated yields 

were 58% (34.8 mg) from 1x and 47% (28.3 mg) from 1x’, respectively.  1H NMR (600 

MHz, CDCl3): δ 7.65–7.63 (m, 2H), 7.19–7.17 (m, 2H), 0.25 (s, 9H); 13C{1H} NMR (151 

MHz, CDCl3): δ 137.5, 133.6, 122.8, 104.1, 96.0, 94.6, 0.0.   

These data align with previously published reports in the literature.14 

 

8-Iodo-3-methyl-2-phenyl-4H-chromen-4-one (2y) 

 
Prepared according to procedure H as a white solid.  Rf = 0.20 (DCM/hexane = 2/1).  

Isolated yields were 55% (39.8 mg) from 1y and 84% (61.0 mg) from 1y’, respectively.  
1H NMR (600 MHz, CDCl3): δ 8.22 (dd, J = 7.9, 1.5 Hz, 1H), 8.11 (dd, J = 7.6, 1.5 Hz, 

1H), 7.79–7.77 (m, 2H), 7.57–7.52 (m, 3H), 7.15 (t, J = 7.7 Hz, 1H), 2.23 (s, 3H); 13C{1H} 

NMR (151 MHz, CDCl3): δ 178.7, 161.3, 155.1, 143.2, 133.0, 130.6, 129.5, 128.6, 126.5, 

126.3, 123.2, 117.6, 85.1, 12.1.   

These data align with previously published reports in the literature.14 
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4-Iodo-N,N-dipropylbenzenesulfonamide (2z) 

 

Prepared according to procedure H as a white solid.  Rf = 0.40 (DCM/hexane = 2/1).  

Isolated yields were 76% (55.8 mg) from 1z and 75% (54.8 mg) from 1z’, respectively.  
1H NMR (400 MHz, CDCl3): δ 7.86–7.81 (m, 2H), 7.52–7.48 (m, 2H), 3.07–3.03 (m, 4H), 

1.59–1.48 (m, 4H), 0.88–0.83 (m, 6H); 13C{1H} NMR (101 MHz, CDCl3): δ 140.0, 138.3, 

128.6, 99.5, 50.1, 22.1, 11.3.  

These data align with previously published reports in the literature.14 

 

1-(5-(6-Iodonaphthalen-2-yl)-2-methoxyphenyl)adamantane (2aa) 

 
Prepared according to procedure H as a white solid.  Rf = 0.50 (CH2Cl2/hexane = 1/10).  

Isolated yields were 32% (31.4 mg) from 1aa and 47% (46.3 mg) from 1aa’, respectively.  
1H NMR (600 MHz, CDCl3): δ 8.24 (s, 1H), 7.94 (s, 1H), 7.77–7.71 (m, 3H), 7.62 (d, J = 

9.0 Hz, 1H), 7.59 (d, J = 2.4 Hz, 1H), 7.52 (dd, J = 8.4, 2.4 Hz, 1H), 6.99 (d, J = 8.4 Hz, 

1H), 3.91 (s, 3H), 2.20 (d, J = 3.0 Hz, 6H), 2.12 (t, J = 3.0 Hz, 3H), 1.82 (t, J = 3.0 Hz, 

6H); 13C{1H} NMR (151 MHz, CDCl3): δ 158.9, 139.7, 139.1, 136.5, 134.8, 133.9, 132.8, 

132.6, 129.7, 127.3, 126.6, 126.0, 125.7, 125.0, 112.2, 91.0, 55.3, 40.7, 37.32, 37.26, 29.2.   

These data align with previously published reports in the literature.14 
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1-Bromonaphthalene (4a) 

 

Prepared according to procedure J as a colorless oil.  Rf = 0.60 (hexane).  Isolated yields 

were 86% (35.5 mg) from 1a and 79% (32.6 mg) from 1a’, respectively.  1H NMR (400 

MHz, CDCl3): δ 8.31–8.29 (m, 1H), 7.87–7.81 (m, 3H), 7.66–7.61 (m, 1H), 7.58–7.54 (m, 

1H), 7.34 (t, J = 7.6 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 134.7, 132.1, 130.0, 

128.4, 128.1, 127.5, 127.2, 126.8, 126.3, 123.0.   

These data align with previously published reports in the literature.52 

 

2-Bromonaphthalene (4b) 

 

Prepared according to procedure J as a white solid.  Rf = 0.60 (hexane).  Isolated yield 

was 61% (25.2 mg) from 1b.  1H NMR (400 MHz, CDCl3): δ 8.02–8.01 (m, 1H), 7.84–

7.79 (m, 1H), 7.78–7.74 (m, 1H), 7.73–7.70 (m, 1H), 7.55 (dd, J = 8.7, 2.0 Hz, 1H), 7.53–

7.47 (m, 2H); 13C{1H} NMR (101 MHz, CDCl3): δ 134.6, 131.9, 130.0, 129.7, 129.4, 

128.0, 127.1, 127.0, 126.4, 119.9.   

These data align with previously published reports in the literature.53 

 

1-Bromo-3-phenoxybenzene (4d) 

 

Prepared according to procedure J as a colorless oil.  Rf = 0.40 (hexane).  Isolated yields 

were 70% (34.7 mg) from 1d and 61% (30.5 mg) from 1d’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.40–7.35 (m, 2H), 7.25–7.19 (m, 2H), 7.18–7.14 (m, 2H), 7.05–7.01 (m, 

2H), 6.94 (ddd, J = 7.7, 2.4, 1.4 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 158.5, 

156.4, 130.9, 130.1, 126.2, 124.1, 123.0, 121.8, 119.5, 117.3.   

These data align with previously published reports in the literature.54 
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4-Bromo-1,1'-biphenyl (4e) 

 

Prepared according to procedure J as a white solid.  Rf = 0.55 (hexane).  Isolated yields 

were 64% (29.7 mg) from 1e and 65% (30.5 mg) from 1e’, respectively.  1H NMR (400 

MHz, CDCl3): δ 7.59–7.55 (m, 4H), 7.48–7.43 (m, 4H), 7.40–7.36 (m, 1H); 13C{1H} 

NMR (101 MHz, CDCl3): δ 140.3, 140.1, 132.0, 129.0, 128.9, 127.8, 127.1, 121.7.   

These data align with previously published reports in the literature.52 

 

3-Bromo-1,1'-biphenyl (4f) 

 

Prepared according to procedure J as a colorless oil.  Rf = 0.55 (hexane).  Isolated yield 

was 74% (34.5 mg) from 1f.  1H NMR (400 MHz, CDCl3): δ 7.76 (t, J = 1.8 Hz, 1H), 

7.59–7.55 (m, 2H), 7.54–7.51 (m, 1H), 7.50–7.44 (m, 3H), 7.41–7.37 (m, 1H), 7.32 (t, J = 

7.8 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 143.5, 139.8, 130.4, 130.34, 130.30, 

129.0, 128.0, 127.2, 125.9, 123.0.   

These data align with previously published reports in the literature.55 

 

4-Bromobenzophenone (4g) 

 
Prepared according to procedure J as a white solid.  Rf = 0.40 (DCM/hexane = 1/1).  

Isolated yield was 70% (36.9 mg) from 1g.  1H NMR (400 MHz, CDCl3): δ 7.79–7.76 (m, 

2H), 7.69–7.66 (m, 2H), 7.64–7.58 (m, 3H), 7.51–7.46 (m, 2H); 13C{1H} NMR (101 MHz, 

CDCl3): δ 195.8, 137.3, 136.4, 132.8, 131.73, 131.69, 130.1, 128.5, 127.6.   

These data align with previously published reports in the literature.56 
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4-Bromobenzonitrile (4h) 

 

Prepared according to procedure J as a white solid.  Rf = 0.25 (DCM/hexane = 1/1).  

Isolated yield was 59% (21.5 mg) from 1h.  1H NMR (400 MHz, CDCl3): δ 7.65–7.61 (m, 

2H), 7.54–7.51 (m, 2H); 13C{1H} NMR (101 MHz, CDCl3): δ 133.5, 132.8, 128.1, 118.2, 

111.3.   

These data align with previously published reports in the literature.52 

 

Methyl 4-Bromobenzoate (4i) 

 

Prepared according to procedure J as a white solid.  Rf = 0.40 (DCM/hexane = 1/1).  

Isolated yield was 41% (17.6 mg) from 1i.  1H NMR (400 MHz, CDCl3): δ 7.91–7.88 (m, 

2H), 7.59–7.56 (m, 2H), 3.91 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3): δ 166.5, 131.9, 

131.3, 129.2, 128.2, 52.4.   

These data align with previously published reports in the literature.52 

 

1-Bromo-9H-fluorene (4j) 

 
Prepared according to procedure J as a white solid.  mp: 64–67 °C.  Rf = 0.55 (hexane).  

Isolated yield was 84% (41.3 mg) from 1j.  1H NMR (400 MHz, CDCl3): δ 7.77–7.75 (m, 

1H), 7.71 (dd, J = 7.5, 0.9 Hz, 1H), 7.58 (ddt, J = 7.1, 1.7, 0.9 Hz, 1H), 7.46 (dd, J = 7.9, 

0.9 Hz, 1H), 7.41 (tdt, J = 7.4, 1.4, 0.7 Hz, 1H), 7.36 (td, J = 7.3, 1.3 Hz, 1H), 7.27 (tt, J = 

7.8, 0.8 Hz, 1H), 3.87 (s, 2H); 13C{1H} NMR (101 MHz, CDCl3): δ 143.53, 143.46, 142.5, 

141.4, 129.7, 128.7, 127.5, 127.1, 125.2, 120.5, 120.3, 118.9, 38.8.  FT-IR (cm–1): 3049 

(s), 2889 (s), 1560 (s), 1446 (s), 1424 (s), 1130 (s), 1031 (s), 1014 (s), 751 (s), 727 (s), 659 

(s).  Anal. Calcd for C13H9Br: C, 63.70; H, 3.70%; Found: C, 63.98; H, 3.88%.   
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4-Bromo-N,N-dipropylbenzenesulfonamide (4k) 

 

 

Prepared according to procedure J as a white solid.  Rf = 0.40 (DCM/hexane = 2/1).  

Isolated yield was 68% (43.4 mg) from 1k.  1H NMR (400 MHz, CDCl3): δ 7.67–7.61 (m, 

4H), 3.08–3.04 (m, 4H), 1.54 (hept, J = 7.4 Hz, 4H), 0.86 (t, J = 7.4 Hz, 6H); 13C{1H} 

NMR (101 MHz, CDCl3): δ 139.4, 132.3, 128.7, 127.2, 50.1, 22.1, 11.3.   

These data align with previously published reports in the literature.57 
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1-Chloronaphthalene (5a) 

 
Prepared according to procedure K as a colorless oil.  Rf = 0.55 (hexane).  Isolated yield 

was 75% (24.3 mg).  1H NMR (400 MHz, CDCl3): δ 8.30–8.28 (m, 1H), 7.88–7.86 (m, 

1H), 7.78 (d, J = 8.0 Hz, 1H), 7.63–7.53 (m, 3H), 7.42–7.38 (m, 1H); 13C{1H} NMR (101 

MHz, CDCl3): δ 134.7, 132.1, 130.9, 128.4, 127.3, 127.2, 126.8, 126.3, 125.9, 124.5.    

These data align with previously published reports in the literature.17 

 

1-Chloro-3-phenoxybenzene (5b) 

 

Prepared according to procedure K as a colorless oil.  Rf = 0.60 (DCM/hexane = 1/10).  

Isolated yield was 62% (25.4 mg).  1H NMR (600 MHz, CDCl3): δ 7.39–7.36 (m, 2H), 

7.25 (t, J = 8.4 Hz, 1H), 7.17–7.15 (m, 1H), 7.07 (ddt, J = 8.0, 1.7, 0.7 Hz, 1H), 7.05–7.02 

(m, 2H), 6.99 (t, J = 2.2 Hz, 1H), 6.90 (ddt, J = 8.2, 2.4, 0.7 Hz, 1H); 13C{1H} NMR (151 

MHz, CDCl3): δ 158.5, 156.4, 135.2, 130.6, 130.1, 124.1, 123.3, 119.6, 118.9, 116.8.   

These data align with previously published reports in the literature.58 

 

3-Chloro-1,1'-biphenyl (5c) 

 

Prepared according to procedure K as a colorless oil.  Rf = 0.55 (hexane).  Isolated yield 

was 61% (23.1 mg).  1H NMR (600 MHz, CDCl3): δ 7.60–7.57 (m, 3H), 7.49–7.45 (m, 

3H), 7.40–7.37 (m, 2H), 7.33 (ddd, J = 8.0, 2.1, 1.2 Hz, 1H); 13C{1H} NMR (151 MHz, 

CDCl3): δ 143.2, 139.9, 134.8, 130.1, 129.0, 128.0, 127.43, 127.39, 127.3, 125.4.   

These data align with previously published reports in the literature.55 
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4-Chlorobenzophenone (5d) 

 
Prepared according to procedure K as a white solid.  Rf = 0.30 (DCM/hexane = 1/1).  

Isolated yield was 80% (34.6 mg).  1H NMR (600 MHz, CDCl3): δ 7.78–7.74 (m, 4H), 

7.61–7.58 (m, 1H), 7.50–7.45 (m, 4H); 13C{1H} NMR (151 MHz, CDCl3): δ 195.6, 139.0, 

137.3, 136.0, 132.8, 131.6, 130.0, 128.7, 128.5.   

These data align with previously published reports in the literature.17 

 

1-Chloro-9H-fluorene (5e) 

 

Prepared according to procedure K as a white solid.  Rf = 0.55 (hexane).  Isolated yield 

was 70% (28.2 mg).  1H NMR (600 MHz, CDCl3): δ 7.78 (d, J = 7.5 Hz, 1H), 7.68 (d, J 

= 7.5 Hz, 1H), 7.58 (dt, J = 7.3, 1.0 Hz, 1H), 7.41 (td, J = 7.5, 1.0 Hz, 1H), 7.37–7.33 (m, 

2H), 7.30–7.29 (m, 1H), 3.92 (s, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 143.6, 142.8, 

141.29, 141.27, 131.2, 128.6, 127.5, 127.1, 126.8, 125.3, 120.5, 118.3, 36.7.   

These data align with previously published reports in the literature.59 

 

4-Chloro-N,N-dipropylbenzenesulfonamide (5f) 

 

Prepared according to procedure K as a colorless oil.  Rf = 0.40 (DCM/hexane = 2/1).  

Isolated yield was 83% (46 mg).  1H NMR (600 MHz, CDCl3): δ 7.74–7.72 (m, 2H), 

7.47–7.45 (m, 2H), 3.07–3.05 (m, 4H), 1.54 (hept, J = 7.2 Hz, 4H), 0.86 (t, J = 7.4 Hz, 

6H); 13C{1H} NMR (151 MHz, CDCl3): δ 138.9, 138.7, 129.4, 128.6, 50.1, 22.1, 11.3.   

These data align with previously published reports in the literature.60 
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2-4-4  Experimental Procedures of Mechanistic Study 

 

2-4-4-1  Catalytic and Stoichiometric Time-Course Experiments 

 

Catalytic reaction 

 

 

An oven-dried J. Young NMR tube was loaded with [PdCl(cinnamyl)]2 (2.5 mol %, 5 

µmol, 2.6 mg), Xantphos (12.5 mol %, 0.025 mmol, 14.5 mg), lithium iodide (0.22 mmol, 

1.1 equiv, 29.4 mg), benzoyl fluoride (1b, 0.2 mmol, 1 equiv, 22 µL), and benzene-d6 (0.5 

mL, 0.4 M) in a nitrogen-filled glovebox.  The tube was securely sealed and kept at room 

temperature for 1.5 h before being heated at 50 °C for 1.5 h, followed by an additional 

heating step at 100 °C for 1.5 h in an oil bath, with manual shaking every 5 min.  31P{1H} 

NMR spectra were recorded at each stage to monitor the reaction progress, as reported in 

Scheme 2-11.   

 

Stoichiometric reaction 

 

 

An oven-dried J. Young NMR tube was loaded with Pd(dba)2 (0.01 mmol, 1 equiv, 5.2 

mg), Xantphos (0.01 mmol, 1 equiv, 5.8 mg), and benzene-d6 (0.5 mL, 0.2 M) inside a 
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nitrogen-filled glovebox.  The tube was securely sealed, and a 31P{1H} NMR spectrum 

was immediately recorded.  After the tube was kept at room temperature for 3 h, benzoyl 

fluoride (1b, 0.03 mmol, 3 equiv, 3.2 µL) was added in the glovebox.  The reaction 

mixture was then left at room temperature for 1 hour and subsequently heated at 50 °C for 

1 hour.  Following this, lithium iodide (0.03 mmol, 3 equiv, 4.0 mg) was added in the 

glovebox.  The reaction tube was kept at room temperature for 1 hour, then heated 

sequentially at 50 °C for 1 hour, 75 °C for 1 hour, and finally for 12 h with manual 

shaking every 5 min.  31P{1H} NMR spectra were recorded at each stage to monitor the 

reaction progress, as reported in Scheme 2-12. 
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2-4-4-2  Synthesis of Pd Complexes 6 and 7 

 

Trans-(Xantphos)Pd(COPh)I (6): 

 

 

Following a procedure reported in the literature,14,19 an oven-dried 50-mL Schlenk tube 

equipped with a magnetic stirring bar was loaded with Pd(dba)2 (0.5 mmol, 1 equiv, 287.5 

mg), Xantphos (0.5 mmol, 1 equiv, 289.3 mg), iodobenzene (2b, 9.5 mmol, 19 equiv, 1.1 

mL), and anhydrous benzene (10 mL, 0.05 M) inside a nitrogen-filled glovebox.  The 

tube was sealed with a glass stopper and stirred at room temperature for 3 h.  

Subsequently, the sidearm of the Schlenk tube was connected to a carbon monoxide (CO) 

balloon, and the reaction mixture was stirred continuously at room temperature for an 

additional 3 h.  Upon completion, the solvent was reduced to approximately 2 mL under 

vacuum, and diethyl ether (10 mL) was added to the residue.  The resulting mixture was 

filtered, and the solid was washed with diethyl ether (3 × 10 mL).  The collected solid 

was dissolved in dichloromethane (10 mL) and passed through a short Celite column.  

The filtrate was concentrated under reduced pressure, yielding complex 6 as a red powder 

(289 mg, 63%).   

 
1H NMR (600 MHz, CDCl3): δ 7.71–7.70 (m, 2H), 7.55 (dd, J = 7.8, 1.5 Hz, 2H), 7.40–

7.37 (m, 8H), 7.25 (t, J = 7.0 Hz, 4H), 7.18 (tt, J = 7.2, 1.3 Hz, 1H), 7.13 (t, J = 7.8 Hz, 

8H), 7.05 (dt, J = 16.3, 7.6 Hz, 4H), 6.78–6.74 (m, 2H), 1.67 (s, 6H); 13C{1H} NMR (151 

MHz, CDCl3): δ 154.8 (t, J = 5.1 Hz), 140.7 (t, J = 11.9 Hz), 134.4 (t, J = 6.2 Hz), 133.5, 

132.5, 131.9 (t, J = 19.6 Hz), 131.0, 130.8, 129.7, 128.1 (t, J = 4.8 Hz), 127.4, 127.3, 

124.3, 121.1 (t, J = 15.7 Hz), 35.9, 28.7; 31P{1H} NMR (162 MHz, CDCl3): δ 0.50 (s).    

These data align with previously published reports in the literature.19 
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Trans-(Xantphos)Pd(Ph)I (7): 

 

 

 

Following the procedure described in the literature,14 an oven-dried 50-mL Schlenk tube 

equipped with a magnetic stirring bar was loaded with Pd(dba)2 (0.5 mmol, 1 equiv, 287.5 

mg), Xantphos (0.5 mmol, 1 equiv, 289.3 mg), iodobenzene (2b, 9.5 mmol, 19 equiv, 1.1 

mL), and anhydrous benzene (10 mL, 0.05 M) inside a nitrogen-filled glovebox.  The 

tube was sealed with a glass stopper and stirred at room temperature for 3 h.  After 

stirring, the solvent was concentrated to approximately 2 mL under vacuum, and diethyl 

ether (10 mL) was added to the residue.  The resulting mixture was filtered, and the 

collected solid was washed with diethyl ether (3 × 10 mL).  The solid was then dissolved 

in dichloromethane (10 mL) and passed through a short column of Celite.  The filtrate 

was concentrated under reduced pressure to yield complex 7 as an orange powder (285 mg, 

64%).   

 
1H NMR (600 MHz, CDCl3): δ 7.61 (d, J = 7.6 Hz, 2H), 7.40–7.32 (m, 8H), 7.26–7.21 (m, 

6H), 7.16 (t, J = 7.8 Hz, 2H), 7.13 (t, J = 7.8 Hz, 8H), 6.52–6.51 (m, 2H), 6.30 (t, J = 7.2 

Hz, 1H), 6.14 (t, J = 7.6 Hz, 2H), 1.80 (s, 6H); 13C{1H} NMR (151 MHz, CDCl3): δ 158.5, 

155.6 (t, J = 5.6 Hz), 135.3 (t, J = 6.2 Hz), 134.8 (t, J = 2.4 Hz), 134.2 (t, J = 2.9 Hz), 

131.7 (t, J = 22.5 Hz), 131.2, 129.7, 127.9 (t, J = 5.1 Hz), 127.1, 126.6, 124.3 (t, J = 3.0 

Hz), 123.3, 121.1, 36.2, 28.4; 31P{1H} NMR (162 MHz, CDCl3): δ 9.49 (s).   

These data align with previously published reports in the literature.14 
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2-4-4-3  Catalytic Activity of Complexes 6 and 7 

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with Pd complex 6 or 7 (5 mol %, 0.01 mmol, 9.2 mg or 8.9 mg, respectively) and 

Xantphos (7.5 mol %, 0.015 mmol, 8.7 mg) under ambient air.  Lithium iodide (0.22 

mmol, 1.1 equiv, 29.4 mg) and anhydrous toluene (1 mL, 0.2 M) were introduced in a 

nitrogen-filled glovebox.  The vial was tightly sealed, and benzoyl fluoride (1b, 0.2 

mmol, 1 equiv, 22 µL) was added via syringe through the septum of the cap.  The sealed 

vial was placed in a preheated block at 100 °C and stirred for 24 h.  After cooling to 

room temperature, n-dodecane was added as an internal standard.  The yield of 

iodobenzene (2b) was quantified through GC analysis of the reaction mixture, as reported 

in Table 2-10.   
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2-4-4-4  Catalytic Inactivity of (Xantphos)PdI2  

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged 

with (Xantphos)PdI2 (5 mol %, 0.01 mmol, 9.4 mg), prepared according to a reported 

method,19 and Xantphos (7.5 mol %, 0.015 mmol, 8.7 mg) under ambient air.  

1-Naphthoyl fluoride (1a, 0.2 mmol, 1 equiv, 34.8 mg), lithium iodide (0.22 mmol, 1.1 

equiv, 29.4 mg), and anhydrous toluene (1 mL, 0.2 M) were then added in a nitrogen-filled 

glovebox.  The vial was securely sealed and heated in a preheated block at 100 °C for 16 

h with stirring.  After cooling to room temperature, n-dodecane was introduced as an 

internal standard.  GC analysis of the reaction mixture revealed that no 

1-iodonaphthalene (2a) was detected, irrespective of the presence of Xantphos, as reported 

in Scheme 2-13. 
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2-4-4-5  Synthesis of Acyl Iodides (11)  

 

 

 

Following the reported method,61 an oven-dried 5-mL microwave vial equipped with a 

magnetic stirring bar was loaded with sodium iodide (10 mmol or 12 mmol, 2 equiv, 1.5 g 

or 1.8 g, respectively) and freshly distilled 1-naphthoyl chloride (1a’, 5 mmol, 1 equiv, 

751 µL) or benzoyl chloride (1b’, 6 mmol, 1 equiv, 691 µL) inside a nitrogen-filled 

glovebox.  The vial was securely sealed and heated in a preheated block at 60 oC (for 1a’) 

or 70 oC (for 1b’) for 12 h with continuous stirring.  After cooling to room temperature, 

the vial was brought back into the glovebox.  The reaction mixture was filtered through a 

0.2 μm PTFE filter, and the filtrate was further filtered through a fresh filter to yield the 

desired product, 11a or 11b, as an orange-red liquid in quantitative yield.  Compounds 

11a and 11b were stable when stored in a light-protected vial inside the glovebox for over 

one month without any noticeable changes in appearance or reactivity.   
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1-Naphthoyl chloride (1a’) 

 
1H NMR (400 MHz, CDCl3): δ 8.79–8.76 (m, 1H), 8.58 (dd, J = 7.5, 1.2 Hz, 1H), 8.14 (d, 

J = 8.0 Hz, 1H), 7.94–7.92 (m, 1H), 7.70 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H), 7.62–7.56 (m, 

2H); 13C{1H} NMR (101 MHz, CDCl3): δ 167.6, 136.4, 135.5, 133.8, 130.8, 129.64, 

129.61, 129.0, 127.2, 125.2, 124.7. 

This reagent was purchased from TCI. 

 

1-Naphthoyl iodide (11a) 

 
1H NMR (400 MHz, CDCl3): δ 8.58 (d, J = 8.7 Hz, 1H), 8.37 (d, J = 7.5 Hz, 1H), 8.11 (d, 

J = 8.2 Hz, 1H), 7.92 (d, J = 8.1 Hz, 1H), 7.72–7.67 (m, 1H), 7.65–7.58 (m, 2H); 13C{1H} 

NMR (101 MHz, CDCl3): δ 158.9, 139.5, 136.2, 133.6, 132.9, 129.8, 128.6, 127.6, 127.4, 

124.7, 124.6.  

 

Benzoyl chloride (1b’) 

 
1H NMR (600 MHz, CDCl3): δ 8.13–8.11 (m, 2H), 7.69 (tt, J = 7.8, 1.3 Hz, 1H), 7.54–

7.50 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 168.6, 135.5, 133.4, 131.6, 129.1.  

This reagent was purchased from TCI. 
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Benzoyl iodide (11b) 

 
1H NMR (600 MHz, CDCl3): δ 7.93–7.91 (m, 2H), 7.68 (td, J = 7.5, 2.2 Hz, 1H), 7.49–

7.46 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 160.2, 137.0, 135.8, 132.5, 129.0.  

These data align with previously published reports in the literature.62 
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2-4-4-6  Pd-Catalyzed Unimolecular Fragment Coupling (UFC) of Acyl Iodides  

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 µmol, 2.6 mg) and Xantphos (12.5 mol %, 0.025 

mmol, 14.5 mg) under ambient air.  Acyl iodide (11a, 0.2 mmol, 1 equiv, 56.4 mg) or 

(11b, 0.2 mmol, 1 equiv, 46.4 mg) and anhydrous toluene (1 mL, 0.2 M) were introduced 

in a nitrogen-filled glovebox.  The vial was securely sealed and heated in a preheated 

block at 100 °C for 24 h with continuous stirring.  After cooling to room temperature, 

n-dodecane was added as an internal standard.  The yields of aryl iodides 2a and 2b were 

quantified using GC, resulting in 90% and 88% yields, respectively, as reported in Scheme 

2-17.   
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2-4-4-7  Stepwise Reaction of Acyl Chlorides and Metal Iodides  

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with benzoyl fluoride (1a, 0.2 mmol, 1 equiv, 22 µL), 1-naphthoyl chloride (1a’, 0.2 mmol, 

1 equiv, 30 µL), or benzoyl chloride (1b’, 0.2 mmol, 1 equiv, 23 µL), along with lithium 

iodide (0.22 mmol, 1.1 equiv, 29.4 mg) or sodium iodide (0.22 mmol, 1.1 equiv, 33.0 mg) 

and toluene (0.5 mL, 0.4 M) in a nitrogen-filled glovebox.  The vial was securely sealed 

and heated in a preheated block at 100 °C for 2 h with stirring.  Once the reaction 

mixture cooled to room temperature, the vial was returned to the glovebox.  The reaction 

mixture was then transferred to a new oven-dried 5-mL microwave vial containing a 

magnetic stirring bar, [PdCl(cinnamyl)]2 (2.5 mol %, 5 µmol, 2.6 mg), and Xantphos (12.5 

mol %, 0.025 mmol, 14.5 mg), using an additional 0.5 mL of toluene.  The vial was 

tightly sealed and heated again at 100 °C for 24 h with continuous stirring.  After cooling 

to room temperature, n-dodecane or n-pentadecane was added as an internal standard, and 

the yield of 1-iodonaphthalene (2a) or iodobenzene (2b) was determined using GC 

analysis of the reaction mixture, as reported in Table 2-11.   

 

  

toluene (0.2 M), 100 °C, 24 h

[PdCl(cinnamyl)]2 (2.5 mol %)
Xantphos (12.5 mol %)

1b , 1a' or 1b' 2a or 2b
(0.2 mmol)

Ar

O

Y
Ar I+ MI

M = Li or Na
(1.1 equiv)

toluene (0.4 M), 100 °C, 2 h

Y = F, Cl
Ar = 1-Naph, Ph
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2-4-4-8  Stepwise Reaction of 1-Naphthoyl Chloride (1a’) and Lithium Iodide 

Including Vacuum Process  

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with 1-naphthoyl chloride (1a’, 0.2 mmol, 1 equiv, 30 µL), lithium iodide (0.22 mmol, 1.1 

equiv, 29.4 mg), and anhydrous toluene (0.5 mL, 0.4 M) inside a nitrogen-filled glovebox.  

The vial was tightly sealed and heated in a preheated block at 100 °C for 2 h with 

continuous stirring.  After the reaction mixture cooled to room temperature, it was 

filtered through a syringe filter in the glovebox.  The filtrate was concentrated under 

reduced pressure at 65 °C for 1 hour.  The residue was redissolved in toluene (0.5 mL) 

and filtered again through a syringe filter, and the solid on the filter was washed with an 

additional 0.5 mL of toluene.  The combined filtrates were transferred to a new 

oven-dried 5-mL microwave vial containing a magnetic stirring bar, [PdCl(cinnamyl)]2 

(2.5 mol %, 5 µmol, 2.6 mg), and Xantphos (12.5 mol %, 0.025 mmol, 14.5 mg).  The 

vial was securely sealed and heated in a preheated block at 100 °C for 16 h with stirring.  

After the reaction cooled to room temperature, n-dodecane was added as an internal 

standard.  GC analysis of the reaction mixture revealed a 52% yield of 1-iodonaphthalene 

(2a), as reported in Scheme 2-19.   
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2-4-4-9  31P{1H} NMR Monitoring of Decarbonylative Iodination of Acyl Chloride 

 

 

 

An oven-dried J. Young NMR tube was loaded with [PdCl(cinnamyl)]2 (2.5 mol %, 5 

µmol, 2.6 mg), Xantphos (12.5 mol %, 0.025 mmol, 14.5 mg), lithium iodide (0.22 mmol, 

1.1 equiv, 29.4 mg) or sodium iodide (0.22 mmol, 1.1 equiv, 33.0 mg), benzoyl chloride 

(1b’, 0.2 mmol, 1 equiv, 23 µL), and benzene-d6 (0.5 mL, 0.4 M) inside a nitrogen-filled 

glovebox.  The tube was tightly sealed and heated in an oil bath at 100 oC for 4 h, with 

manual shaking every 5 min.  After the reaction, 31P{1H} NMR spectra were recorded.  

Subsequently, n-dodecane was added as an internal standard.  GC analysis of the reaction 

mixture showed that the yield of iodobenzene (2b) was 63% when LiI was used and 86% 

when NaI was employed, as reported in Scheme 2-18.   
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2-4-4-10  Control Experiment of Iodine as a Catalyst Poison 

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 µmol, 2.6 mg) and Xantphos (12.5 mol %, 0.025 

mmol, 14.5 mg) under ambient air.  1-Naphthoyl iodide (11a, 0.2 mmol, 1 equiv, 56.4 

mg), iodine in toluene (0.02 M, 5 mol %, 0.01 mmol, 0.5 mL), and anhydrous toluene (0.5 

mL, 0.2 M) were added inside a nitrogen-filled glovebox.  The vial was securely sealed 

and heated in a preheated block at 100 °C for 24 h with stirring.  After cooling to room 

temperature, the reaction mixture was transferred to an oven-dried round-bottom flask.  

The vial was rinsed with dichloromethane (5 × 2 mL), and the combined solution was 

concentrated under reduced pressure.  Dibromomethane was added as an internal 

standard, and the yield of 1-iodonaphthalene (2a) was determined to be 4% using 1H NMR 

analysis, as reported in Scheme 2-20.  
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2-4-4-11  31P{1H} NMR Monitoring the Decarbonylation of Acyl Iodide for the UFC 

Process 

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 μmol, 2.6 mg) and Xantphos (12.5 mol %, 0.025 

mmol, 14.5 mg) under ambient air.  Benzoyl iodide (11b, 0.2 mmol, 1 equiv, 46.4 mg) 

and benzene-d6 (0.5 mL, 0.4 M) or iodine in benzene-d6 (0.02 M, 5 mol %, 0.01 mmol, 0.5 

mL) were added in a nitrogen-filled glovebox.  The vial was securely sealed and heated 

in a preheated block at 100 °C for 4 h with stirring.  After cooling to room temperature, 

the reaction mixture was transferred to an NMR tube inside the glovebox.  31P{1H} NMR 

analysis was performed (as reported in Scheme 2-21), followed by the addition of 

n-dodecane as an internal standard.  GC analysis of the reaction mixture revealed that the 

yield of iodobenzene (2b) was 16% in the presence of I2 and 87% in its absence.  
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2-4-4-12  Time-Course Study of the Formation of Acyl Iodide from Acyl Fluoride 

and Acyl Chloride 

 

 

 

An oven-dried J. Young NMR tube was loaded with 1-naphthoyl fluoride (1a, 0.1 mmol, 

1 equiv, 17.4 mg) or 1-naphthoyl chloride (1a’, 0.1 mmol, 1 equiv, 15.0 µL), lithium 

iodide (0.11 mmol, 1.1 equiv, 14.7 mg) or sodium iodide (0.11 mmol, 1.1 equiv, 16.5 mg), 

toluene-d8 (0.5 mL, 0.2 M), and dibromomethane as an internal standard in a 

nitrogen-filled glovebox.  The tube was sealed and heated in a preheated oil bath at 

100 °C.  After the reaction mixture cooled to room temperature, it was analyzed by ¹H 

NMR at various time points, as detailed in Tables 2-12, 13, and 14.   
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2-4-4-13  Effects of Li Salts on Pd-Catalyzed UFC of Acyl Iodide 

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged 

with [PdCl(cinnamyl)]2 (2.5 mol %, 5 µmol, 2.6 mg) and Xantphos (12.5 mol %, 0.025 

mmol, 14.5 mg) under ambient air.  The corresponding lithium salt (0.2 mmol, 1 equiv), 

1-naphthoyl iodide (11a, 0.2 mmol, 1 equiv, 56.4 mg) or benzoyl iodide (11b, 0.2 mmol, 1 

equiv, 46.4 mg), and anhydrous toluene (1 mL, 0.2 M) were added in a nitrogen-filled 

glovebox.  The vial was securely sealed and heated in a preheated block at 100 °C for 16 

h with continuous stirring.  After cooling to room temperature, n-dodecane or 

n-pentadecane was added as an internal standard.  The yield of each product (2a or 2b) 

was determined by GC analysis, as reported in Table 2-15.   
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2-4-4-14  Effects of Lithium Iodide on Pd-Catalyzed UFC of Benzoyl Iodide (11b) in 

a Stepwise Procedure 

 

 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with benzoyl iodide (11b, 0.2 mmol, 1 equiv, 46.4 mg) and/or lithium iodide (0.2 mmol, 1 

equiv, 26.8 mg), along with toluene (0.5 mL, 0.4 M) in a nitrogen-filled glovebox.  The 

vial was securely sealed and heated in a preheated block at 100 °C for 2 h with stirring.  

After cooling to room temperature, the vial was brought back into the glovebox, and the 

reaction mixture was transferred to a second oven-dried 5-mL microwave vial containing a 

magnetic stirring bar, [PdCl(cinnamyl)]2 (2.5 mol %, 5 µmol, 2.6 mg), and Xantphos (12.5 

mol %, 0.025 mmol, 14.5 mg) using an additional 0.5 mL of toluene.  The vial was 

tightly sealed and heated again at 100 °C for 16 h with stirring.  After cooling to room 

temperature, n-dodecane was added as an internal standard, and GC analysis revealed the 

yield of iodobenzene (2b) was 15% when lithium iodide was present.  Under the same 

conditions, the yield increased to 89% in the absence of lithium iodide, as reported in 

Table 2-16.   
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2-4-5  Copies of NMR Charts for All the Compounds 
 

 

 
1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1a (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1c (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1d (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1e (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1f (rt, CDCl3). 



165 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1g (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1h (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1i (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1j (rt, CDCl3). 



169 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1k (rt, CDCl3). 



170 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1l (rt, CDCl3). 



171 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1m (rt, CDCl3). 



172 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1n (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1o (rt, CDCl3). 



174 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1p (rt, CDCl3). 



175 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1q (rt, CDCl3). 



176 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1r (rt, CDCl3). 



177 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1s (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1t (rt, CDCl3). 



179 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1u (rt, CDCl3). 



180 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1v (rt, CDCl3). 



181 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1w (rt, CDCl3). 
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1H NMR (600 MHz), 13C{1H} NMR (151 MHz) and 19F{1H} NMR (376 MHz) spectra 
of 1x (rt, CDCl3). 
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1H NMR (400 MHz), 13C{1H} NMR (101 MHz) and 19F{1H} NMR (376 MHz) spectra 
of 1y (rt, CDCl3). 
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1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1z (rt, CDCl3). 



187 

 
 

 
 

1H NMR (400 MHz) and 19F{1H} NMR (376 MHz) spectra of 1aa (rt, CDCl3). 



188 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1e’ (rt, CDCl3). 



189 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1g’ (rt, CDCl3). 



190 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 1h’ (rt, CDCl3). 



191 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1j’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1k’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1p’ (rt, CDCl3). 



194 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1q’ (rt, CDCl3). 
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1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 1u’ (rt, CDCl3). 
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1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 1v’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1w’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1x’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1y’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1z’ (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1aa’ (rt, CDCl3). 



202 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of Ester (rt, CDCl3). 



203 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of Amide (rt, CDCl3). 



204 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2a (rt, CDCl3). 



205 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2c (rt, CDCl3). 



206 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2d (rt, CDCl3). 



207 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 2e (rt, CDCl3). 



208 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2f (rt, CDCl3). 



209 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2g (rt, CDCl3). 
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1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2h (rt, CDCl3). 



211 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2i (rt, CDCl3). 



212 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2j (rt, CDCl3). 



213 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2k (rt, CDCl3). 



214 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2m (rt, CDCl3). 



215 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 2n (rt, CDCl3). 



216 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2o (rt, CDCl3). 



217 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2p (rt, CDCl3). 



218 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2q (rt, CDCl3). 



219 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 2r (rt, CDCl3). 



220 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2s (rt, CDCl3). 



221 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2t (rt, CDCl3). 



222 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 2u (rt, CDCl3). 



223 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2v (rt, CDCl3). 



224 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2w (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2x (rt, CDCl3). 



226 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2y (rt, CDCl3). 



227 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2z (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2aa (rt, CDCl3). 
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1H NMR (400 MHz) and 13C{1H} NMR (151 MHz) spectra of 4a (rt, CDCl3). 



230 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4b (rt, CDCl3). 



231 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4d (rt, CDCl3). 



232 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4e (rt, CDCl3). 



233 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4f (rt, CDCl3). 



234 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4g (rt, CDCl3). 
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1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4h (rt, CDCl3). 



236 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4i (rt, CDCl3). 



237 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4j (rt, CDCl3). 



238 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4k (rt, CDCl3). 



239 

 
 

 
 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 5a (rt, CDCl3). 



240 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 5b (rt, CDCl3). 



241 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 5c (rt, CDCl3). 



242 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 5d (rt, CDCl3). 



243 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 5e (rt, CDCl3). 



244 

 
 

 
 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 5f (rt, CDCl3). 
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1H NMR (600 MHz), 13C{1H} NMR (151 MHz) and 31P{1H} NMR (162 MHz) spectra 
of 6 (rt, CDCl3). 
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1H NMR (600 MHz), 13C{1H} NMR (151 MHz) and 31P{1H} NMR (162 MHz) spectra 
of 7 (rt, CDCl3). 
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1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 11a (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 11b (rt, CDCl3). 
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Anhydrides 
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3-1    Introduction 

Undoubtedly, the Author's in-depth exploration of the nucleophilic halogenation mode 

in the previous chapter will open up a new era for subsequent transition metal-catalyzed 

nucleophilic halogenation.  After all, carboxylic acids and their derivatives, which are 

inexpensive, air-stable, and highly operable, have been used as candidates for the 

synthesis of aromatic halides decades ago.1  However, the halogenation mode in the 

classical category focuses on the decarboxylation electrophilic halogenation of carboxylic 

acids.  On this basis, a series of decarboxylation halogenations of carboxylic acids have 

been reported, including the renowned Hunsdiecker−Borodin decarboxylation 

electrophilic halogenation. 2   Highly active electrophilic halogen reagents (including 

nucleophilic halogen reagents + oxidants) have shown great potential to directly assemble 

halogen atoms on the carboxylic acid moiety with the realization of decarboxylation 

(Scheme 3-1).3,4  In addition, due to the nature of the transformation, carboxylic acids 

can be considered as traceless activating groups and meet the atom economy requirements 

of modern organic synthesis.  Nevertheless, many deep-rooted limitations and challenges 

remain difficult to overcome.  In particular, unlike aliphatic carboxylic acids, relatively 

stable aromatic carboxylic acids are difficult to achieve electrophilic decarboxylation 

halogenation.  Simultaneously, many halogenation decarboxylation schemes are based on 

stepwise processes,5 using heavy or toxic metals and highly toxic, corrosive or strongly 

oxidizing reagents, 6  using complicated electrophilic halogenating agents or 

environmentally un-friendly halogenated solvents,7 and involving tedious separation of 

the final organic halide,4 wherein directly leads to a limited substrate scope.  Although 

similar protocols carried out under transition metal catalysis can improve these stubborn 

problems to some extent, they cannot fundamentally overcome these inherent challenges.8  

In addition, the utilization of bespoke catalysts,9 and challenges related to suboptimal 

selectivity also led to the formation of undesirable byproducts. 10   In contrast, the 

transition metal-catalyzed decarbonylative nucleophilic halogenation strategy of 

carboxylic acid derivatives can significantly improve this relatively embar-rassing 

situation.  Unfortunately, there are two insurmountable gaps based on this design.  One 

is the weak nucleophilicity of the nucleophilic halogen reagent, and the other is the 
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thermodynamically unfavorable reductive elimination of C–X bond mediated by transition 

metals.11 

Scheme 3-1.  Two Halogenation Modes of Carboxylic Acids and Carboxylic Acid Derivatives. 
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Excitedly, after the Author's in-depth mechanistic study of the palladium-catalyzed 

decarbonylation nucleophilic halogenation of acyl halides in the previous stage, we have 

gained a fairly deep understanding of this catalytic transformation.  Therefore, it is urgent 

to continue to expand the application potential and value of this research field.  

Nevertheless, there are several insuperable gaps in the research in the previous chapter that 

need to be overcome and broken through.  Especially, the stability of acyl chlorides, the 

high cost of acyl fluorides, and the incompatibility of substrates with electron-donating 

groups (such as 4-anisyl).  Therefore, in order to further develop a more practical, easier 

to operate and more cost-effective decarbonylation mode, the author is eager to find a new 

unique trick to break through this obstacle and dilemma.   

Scheme 3-2.  Transition Metal Catalyzed Decarbonylative Transformations of Acid Anhydrides. 
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Acid anhydrides as “activated carboxylic acids” open new doors for organic synthesis 

as active, inexpensive and stable electrophiles after umpolung from corresponding acid.  

The simplest acid anhydride, acetic anhydride (Ac2O), has reached a production scale of 

about 3 million tons/year due to its industrial application.12  More importantly, acid 

anhydrides can undergo facile oxidative addition and decarbonylation under transition 

metal catalysis, thus providing endless possibilities for subsequent transformations.13  

Indeed, transition metal-catalyzed decarbonylation of carboxylic acid derivatives has been 

systematically developed by chemists in recent years.14  Nevertheless, considering the 

worrying stability of acyl chlorides and the inertness of esters and amides, chemists have 

developed acyl fluorides as new electrophiles with both reactivity and stability, and 

recently.15  However, the relatively expensive synthesis cost of acyl fluorides has also 

limited the appreciation they have won to a certain extent.  Therefore, in order to balance 

the reactivity, stability and cost, anhydrides are a potential candidate with their unique 

characteristics.  Since Blum and Lipshes reported the intramolecular decarbonylative 

cyclization protocol of acid anhydrides under transition metal catalysis in 1969 by using 

Wilkinson's catalyst, 16  the decarbonylative transformation of acid anhydrides under 

transition metal catalysis has been involved in four-dimensional research modes, including 

elimination, 17  insertion and annulation, 18  C–H bond functionalization, 19  and 

cross-coupling reactions.  Especially the decarbonylative cross-coupling reaction mode, a 

series of Mizoroki-Heck coupling,20 Negishi coupling,21  Suzuki-Miyaura coupling,22 

Sonogashira-Hagihara coupling, 23  Miyaura borylatioin, 24  thioetherification, 25  and 

reduction26  of acid anhydrides have been revealed successively, and a variety of new 

nucleophilic reagents have been constructed.  How to use the decarbonylation mode of 

acid anhydrides to construct new electrophilic reagents, especially aryl halides, still needs 

to be developed (Scheme 3-2).  Therefore, combined with the Author's research 

experience in the previous chapter, 27  we tried to develop inexpensive and stable 

anhydrides as perfect reaction substrate candidates for palladium-catalyzed 

decarbonylation nucleophilic halogenation.  To the author's delight, after a series of 

explorations, the author developed a protocol for Pd-catalyzed decarbonylative 

nucleophilic halogenation of acid anhydrides, among which the bulky Xantphos once 

again demonstrated the high compatibility and universality of Pd-mediated reductive 

elimination of C–I, C–Br and C–Cl bonds using inexpensive lithium halides (LiX) as the 
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halogen sources (Scheme 3-3).  Crucially, we successfully allowed the removal of 

generated CO, which shifts the equilibrium toward product formation, through the design 

of a simple open system, significantly improving reaction efficiency, especially for 

substrates with electron-donating substituents, and constructed a series of aryl iodides, aryl 

bromides and aryl chlorides with good yields.   

 

Scheme 3-3.  Pd-catalyzed Decarbonylative Nucleophilic Halogenation of Acid Anhydrides. 

 

 
  



262 

3-2   Results and Discussion 

3-2-1  Optimization of Reaction Condition for Acid Anhydrides 

Based on previous experience, the Author first built a [PdCl(cinnamyl)]2/Xantphos 

catalytic system to verify its catalytic activity.  Meanwhile, the Author selected 

1-naphthoic anhydride (1a) as a substrate and lithium iodide (LiI) as an iodine source 

partner, using toluene as a solvent and reacting at 100 °C for 24 h.  To the excitement of 

the Author, the expected decarbonylative nucleophilic iodination product 

1-iodonaphthalene (2a) was obtained in a yield of 57% with 25% of the raw material 

remaining (Table 3-1, entry 1).  Subsequently, in order to improve the conversion rate of 

the starting material, the Author increased the amount of LiI.  When LiI (1.5 equiv) was 

added as an iodide source, the acid anhydride 1a was completely consumed and the yield 

of the desired product 1-iodonaphthalene (2a) was increased to 87% (Table 3-1, entry 2).  

However, further increasing the amount of LiI did not further improve the yield of 

decarbonylative iodination.  To the Author’s delight, when the catalyst loading was 

slightly increased, the catalytic efficiency almost reached the highest level, and the 

decarbonylative iodination product 2a was obtained with a yield of 97% (Table 3-1, entry 

4).  In addition, if the catalyst loading was further increased, the reaction yield would not 

be significantly affected (Table 3-1, entries 5 and 6).  Based on this, the appropriate 

catalyst loading (3 mol %) and LiI dosage (1.5 equiv) were determined for further 

investigations to optimize the reaction conditions.   
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Table 3-1.  Effect of the Amount of LiI and Pd catalyst in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry LiI (x equiv) Pd/Xantphos (1:5) (y/z mol %) 
 

1a (%)a 
yield (%)a 

2a 3a 

1 1.1 2.5/12.5 25 57 <1 

2 1.5 2.5/12.5 0 86 <1 

3 2 2.5/12.5 0 83 <1 

4 1.5 3/15 0 97 <1 

5 1.5 3.5/17.5 0 95 <1 

6 1.5 4/20 0 96 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (y mol %), Xantphos (z mol %), LiI (x equiv), toluene 

(0.2 M), 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

On the other hand, the author tried to screen out a matching iodine source, so a series of 

nucleophilic iodine reagents were considered, including NaI, KI, tetrabutylammonium 

iodide (TBAI) and 1-iodobutane in addition to LiI (Table 3-2, entries 2–5).  However, 

other iodine sources were not compatible with the catalytic system due to their weak 

nucleophilicity.  Therefore, LiI was once again used as the only nucleophilic iodine 

source for the decarbonylation iodination of anhydrides with its excellent properties.   
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Table 3-2.  Effect of Iodine Sources in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry iodine source 
 

1a (%)a 
yield (%)a 

2a 3a 

1 LiI 0 97 <1 

2 NaI 87 <5 <1 

3 KI 91 <5 <1 

4 tetrabutylammonium iodide (TBAI) 80 <5 <1 

5 1-iodobutane 86 <5 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), toluene (0.2 M), 

100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

In the next stage, the authors started to explore and investigate the anti-interference 

ability of the catalytic system.  The first thing to be considered was different ligands, 

especially bidentate phosphine ligands with large bite angles similar to Xantphos.  

Therefore, after a series of screening of bidentate phosphine ligands, it was found (Table 

3-3, entries 1–11) that, similar to the decarbonylation iodination of acyl halides, only 

DPEphos and dtbpf could give moderate yields in the designed catalytic transformation 

(Table 3-3, entries 4 and 11), and the remaining bidentate ligands were not suitable for the 

expected transformation.  In addition, after screening different monodentate phosphine 

ligands, the author found (Table 3-3, entries 12–19) that neither bulky nor normal 

monodentate phosphine ligands were compatible with the catalytic system.  On this basis, 

Xantphos deserves to be named as the only suitable ligand due to its strong charm, which 

not only relies on its steric hindrance effect, but also may be related to its non-innocence, 

in other words, it is helpful to generate the phosphonium salts, to some extent, to mediate 

the outer-sphere nucleophilic substitution step and accelerate nucleophilic iodination.   

 



265 

Table 3-3.  Effect of Ligands in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry ligand 
 

1a (%)a 
yield (%)a 

2a 3a 

1 Xantphos (15 mol %) 0 97 <1 

2 CyXantphos (15 mol %) 54 <1 <1 

3 t-BuXantphos (15 mol %) 62 <1 <1 

4 DPEphos (15 mol %) 46 34 <1 

5 dpppent (15 mol %) 46 <1 <1 

6 dppb (15 mol %) 64 <1 <1 

7 dppp (15 mol %) 58 <1 <1 

8 dppe (15 mol %) 38 <1 <1 

9 dcype (15 mol %) 53 <1 <1 

10 dppf (15 mol %) 43 13 <1 

11 dtbpf (15 mol %) 10 37 <1 

12 PPh3 (30 mol %) 68  <1 <1 

13 PCy3 (30 mol %) 94  <1 <1 

14 P(t-Bu)3·HBF4 (30 mol %) 7  <1 <1 

15 BrettPhos (30 mol %) 23  5 <1 

16 SPhos (30 mol %) 40  <1 <1 

17 RuPhos (30 mol %) 30  4 <1 

18 t-BuXPhos (30 mol %) 60  <1 <1 

19 XPhos (30 mol %) 51  3  2 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), LiI (0.3 mmol), toluene (0.2 M), 100 °C, 24 h, 

under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

Regularly, the Author also investigated different Pd catalyst precursors.  The results 

indicated that the remaining Pd(II) catalyst precursors, PdCl2 and Pd(OAc)2, are 

completely incompatible with this transformation (Table 3-4, entries 2 and 3).  Precisely, 

two common Pd(0) species, Pd(dba)2 and Pd2(dba)3, can be used for the designed catalytic 

decarbonylative transformation, but they are less efficient than [PdCl(cinnamyl)]2, 
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affording the desired product 1-iodonaphthalene (2a) in 57% and 68% yields, respectively 

(Table 3-4, entries 4 and 5).  Finally, the Author also wondered whether the Pd catalyst 

could be replaced by a more inexpensive but similar Ni catalyst, so the Author screened 

several common Ni(0) or Ni(II) species and suggested that they were completely 

unsuitable for catalyzing decarbonylative iodination (Table 3-4, entries 6–8).  Therefore, 

the [PdCl(cinnamyl)]2/Xantphos catalytic system was selected as a suitable catalytic 

system.   

 

Table 3-4.  Effect of Transition Metal Precursors in Catalytic Decarbonylative Iodination of 1a. 

 

 

entry catalyst 
 

1a (%)a 
yield (%)a 

2a 3a 

1b [PdCl(cinnamyl)]2 0  97 <1 

2c PdCl2 45  <1 <1 

3c Pd(OAc)2 60  <1 <1 

4c Pd(dba)2 8  57 <1 

5b Pd2(dba)3 1  68 <1 

6c Ni(cod)2 49  <1 <1 

7c NiCl2 48  <1 <1 

8c Ni(acac)2 48  <1 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), catalyst (3–6 mol %), Xantphos (15 mol %), LiI (0.3 mmol), toluene (0.2 

M), 100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal 

standard.  b Catalyst (3 mol %).  c Catalyst (6 mol %). 

 

In addition, the Author also explored the effect of solvent on decarbonylative 

nucleophilic iodination of acid anhydrides.  By investigating four solvents other than 

toluene, namely THF, 1-4-dioxane, 1,2-dichloroethane (DCE), and 

N,N-dimethylformamide (DMF), the results indicated that although ether solvents can 
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construct the desired product 1-iodonaphthalene (2a) with moderate yields (Table 3-5, 

entries 3 and 4), their own ring-opening reaction as a side reaction in this system will 

dramatically reduce the chemoselectivity.  The remaining DCE and DMF as solvents are 

completely inconsistent with the transformation mode (Table 3-5, entries 2 and 5).  

Therefore, the appropriate solvent was determined to be toluene.   

 

Table 3-5.  Solvent Effect in Catalytic Decarbonylative Iodination of 1a. 

 

 

 

entry solvent 1a (%)a 
yield (%)a 

2a 3a 

1 toluene 0 97 <1 

2 DCE 65 3 <1 

3 THF 0 30 <1 

4 1,4-dioxane 0 33 <1 

5 DMF 45 0 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), LiI (0.3 mmol), 100 °C, 

24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

In summary, the optimized reaction conditions can be basically determined: 

[PdCl(cinnamyl)]2 (3 mol %)/Xantphos (15 mol %) is used as a satisfactory catalytic 

system, 1-naphthoic anhydride (1a) is used as a substrate, LiI (1.5 equiv) is used as an 

iodine source, and toluene is used as a solvent.  The reaction is carried out at 100 °C for 

24 h to obtain the expected decarbonylative nucleophilic iodination product 

1-iodonaphthalene (2a) with nearly quantitative yield and good chemoselectivity.   



268 

Finally, in order to investigate the sensitivity and influencing factors of the established 

reaction conditions, the authors conducted several control experiments (Table 3-6): 

Initially, the Author found that reducing the amount of the ligand Xanphos from 15 mol % 

to 6 mol % would lead to a significant decrease in the yield of the decarbonylative 

iodination product 1-iodonaphthalene (2a) (Table 3-6, entry 2).  This once again 

emphasizes that the catalytic system is sensitive to the amount of ligand used.  Excessive 

ligand helps to form tetracoordinated (Xantphos)2Pd(0) species, thereby improving the 

stability of the catalytic system and inhibiting the reverse reaction of the formed aryl 

iodide.  In addition, the authors found that reducing the reaction temperature from 100 °C 

to 80 °C also caused a dramatic decrease in conversion efficiency (Table 3-6, entry 3).  

Moreover, the Author also wondered the necessity of using symmetrical acid anhydrides.  

Therefore, the authors synthesized a mixed anhydride with good activity, 1-naphthoic 

pivalic anhydride (1o), as a substrate to verify its reactivity (Table 3-6, entry 4).  The 

results indicated that only 25% of the decarbonylative iodination product 

1-iodonaphthalene (2a) was obtained.  Therefore, the addition of symmetrical acid 

anhydrides is necessary in the designed catalytic system.  Finally, the reaction did not 

proceed at all in the absence of [PdCl(cinnamyl)]2/Xantphos (Table 3-6, entry 5).   
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Table 3-6.  Control Experiments in Catalytic Decarbonylative Iodination of 1a. 

 

 

 

entry deviations from standard conditions 
yield (%)a 

2a 3a 

1 none  97 <1 

2 Xantphos (6 mol %) instead of Xantphos (15 mol %)  70 <1 

3 80°C instead of 100°C  55 <1 

4 1-naphthoic pivalic anhydride (1o) instead of 1a  25 <1 

5 w/o [PdCl(cinnamyl)]2 and Xantphos  0 0 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), LiI (0.3 mmol), 

toluene (0.2 M), 100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the 

internal standard.   

 

Subsequently, after establishing a suitable catalytic system, the Author tried to measure 

its compatibility first, especially for substrates with electron-donating groups, which were 

proven to be difficult to be compatible with in the previous chapter.  Therefore, the 

Author selected 3-methoxybenzoic anhydride (1d) as the reaction substrate to verify its 

reactivity under standard conditions (Table 3-7, entry 1).  Unfortunately, the designed 

catalytic system can only afford the expected product 3-methoxyiodobenzene (2d) in a 

yield of 36%.  In order to further overcome this limitation, the Author briefly optimized 

the protocol.  Firstly, the Author empirically increased the reaction temperature due to the 

sluggish oxidative addition of acid anhydrides with electron-donating substituents, but this 

change did not effectively improve the reaction yield (Table 3-7, entry 2).  Crucially, 

when the Author slightly increased the amount of catalyst/ligand, the desired nucleophilic 

iodination product could be dramatically improved, and 2d was obtained in 53% yield 

(Table 3-7, entry 3).  Based on this, the Author postulated that the cause of this result 
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might be due to catalyst poisoning.  Therefore, in order to further weaken the catalyst 

deactivation, an open system was introduced into the protocol, which was expected to 

promote the escape of possible catalyst poisons, molecular iodine (I2), due to the volatility 

of iodine.  To the Author's delight, this measure effectively improved the catalytic 

efficiency, and the desired decarbonylative iodination product 2d was obtained in 71% 

yield (Table 3-7, entry 4).   

 

Table 3-7.  Optimized Reaction Condition for Decarbonylative Iodination of 3-Methoxybenzoic 

Anhydride (1d).   

 

 

 

entry deviations from standard conditions yield of 2d (%)a 

1 none  36 

2 140 °C instead of 100 °C  29 

3 [PdCl(cinnamyl)]2 (3.5 mol %)/Xantphos (17.5 mol %)   53 

4b [PdCl(cinnamyl)]2 (3.5 mol %)/Xantphos (17.5 mol %)  71 

Reaction condition: 1b (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), LiI (0.3 mmol), 

toluene (0.2 M), 100 °C, 24 h, under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the 

internal standard.  b Open system.   

 

From another perspective, the Author tried to further investigation whether the 

established Pd-catalyzed decarbonylative iodination system could still be extended to 

decarbonylative bromination and chlorination when acid anhydride was used as a substrate.  

Therefore, the Authors once again used 1-naphthoic anhydride (1a) as a substrate and LiBr 

as a bromination partner to explore the optimized reaction conditions (Table 3-8).  To the 

authors' delight, the Pd-catalyzed system can be perfectly applied to the decarbonylative 
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bromination mode by simply increasing the reaction temperature (Table 3-8, entry 4), and 

the expected decarbonylative bromination product 1-bromonaphthalene (4a) can be 

obtained in nearly quantitative yield.   

 

Table 3-8.  Effect of Temperature for Catalytic Decarbonylative Bromination of 1a. 

 

 

entry temp (°C) 
 

1a (%)a 
yield (%)a 

4a 3a 

1 100 >99 <1 <1 

2 120 41 33 <1 

3 140 2 77 <1 

4 160 0 95 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), LiBr (0.3 mmol), 24 h, 

under N2.  a NMR yields were determined by 1H NMR using dibromomethane as the internal standard. 

 

However, for decarbonylation chlorination, although it can be achieved with high 

chemoselectivity, the conversion rate of this protocol is relatively low due to the weak 

nucleophilicity and low solubility of LiCl.  When LiCl (3 equiv) is added, the 

decarbonylative chlorination product 1-chloronaphthalene (5a) can be afforded in 56% 

yield with 41% of the starting material remaining (Table 3-9, entry 2).  However, even 

the continuous increase in the amount of LiCl still does not improve the efficiency of 

decarbonylative conversion (Table 3-9, entries 3–6).  Nevertheless, although further 

increasing the temperature to 180 °C leads to a slight increase in yield (Table 3-9, entry 7), 

it will make the reaction operation impractical and therefore not ideal.  Therefore, the 

Author still kept the reaction temperature at 160 °C and changed the concentration of LiCl, 

but even diluting the catalytic system would not affect the expected decarbonylative 



272 

nucleophilic chlorination (Table 3-9, entries 8–10).  Therefore, the authors determined 

the amount of LiCl to be 3 equivalents and kept the temperature and concentration 

unchanged, thus taking this as the optimal reaction condition.   

 

Table 3-9.  Effect of Temperature, Concentration, and the Amount of LiCl for Catalytic 

Decarbonylative Chlorination of 1a. 

 

 

entry 
 

LiCl (x equiv) 

 

1a (%)a 
yield (%)a 

5a 3a 

1 1.5 47 49 <1 

2 3 41 56 <1 

3 4 40 56 <1 

4 6 40 58 <1 

5 8 39 55 <1 

6 10 39 56 <1 

7b 3 29 64 <1 

8c 3 42 53 <1 

9d 3 40 53 <1 

10e 3 34 39 <1 

Reaction condition: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), 160 °C, 24 h, under N2.  

a NMR yields were determined by 1H NMR using dibromomethane as the internal standard.  b 180 °C.  c Toluene (0.5 

mL).  d Toluene (2 mL).  e Toluene (3 mL).   

 

3-2-2  Substrate Scope of Decarbonylative Halogenation 

In the subsequent phase, the author initiated a comprehensive study on the substrate 

compatibility for decarbonylative iodination (Scheme 3-4).  Initially, several 

redox-neutral anhydrides demonstrated excellent compatibility with the optimized 
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conditions, such as 1-naphthoic anhydride (1a), benzoic anhydride (1b), and 2-naphthoic 

anhydride (1c).  These substrates yielded the corresponding decarbonylative iodination 

products, namely 1-iodonaphthalene (2a), iodobenzene (2b), and 2-iodonaphthalene (2c), 

in satisfactory yields. 

Next, attention was directed towards evaluating the influence of electronic effects on 

substrate performance in this reaction.  Specifically, the focus was on the applicability of 

anhydrides bearing electron-donating substituents within this catalytic framework, such as 

3-methoxy (1d) and 4-methoxy-benzoic anhydrides (1e).  Under the optimized 

conditions, these substrates only produced the desired iodinated products in low yields due 

to catalyst deactivation caused by poisoning.  To mitigate this adverse effect, an 

unexpected yet effective solution was discovered—employing an open reaction system.  

This adjustment significantly improved the yields of 3-methoxy-iodobenzene (2d) and 

4-methoxy-iodobenzene (2e), resulting in yields of 71% and 32%, respectively.  This 

improvement is attributed to the open system allowing the removal of generated CO, 

which shifts the equilibrium toward product formation. 

Furthermore, the compatibility of additional electron-donating substituents was 

explored, including 4-t-Bu, 4-Ph, and 3-Ph groups.  Notably, raising the reaction 

temperature enabled these substrates to undergo decarbonylative transformation with high 

efficiency, delivering the corresponding iodinated products—4-tert-butyl iodobenzene (2f), 

4-iodobiphenyl (2g), and 3-iodobiphenyl (2h)—in yields of 60%, 55%, and 81%, 

respectively.  The enhanced reactivity observed at elevated temperatures is likely due to 

the increased energy requirement for facilitating the thermodynamically less favorable 

oxidative addition of anhydrides containing electron-donating groups.     
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Scheme 3-4.  Substrate Scope for Decarbonylative Nucleophilic Halogenation of Acid Anhydrides 1. 

 

 

Reaction conditions: acid anhydrides 1 (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol%), Xantphos (15 mol%), LiI (1.5 

equiv), toluene (0.2 M), 100 °C, 24 h.  Isolated yields are shown unless otherwise indicated. a GC yield was determined 

using n-dodecane as an internal standard.  b open system; toluene (0.1 M).  c NMR yield was determined by 1H NMR, 

using dibromomethane as an internal standard.  d [PdCl(cinnamyl)]2 (3.5 mol%), Xantphos (17.5 mol%).  e 120 °C, 12 

h.  f 140 °C, 12 h.  g 160 °C, LiBr (0.3 mmol, 1.5 equiv).  h 160 °C, LiCl (0.6 mmol, 3 equiv).   

Conversely, the Author examined the influence of electron-withdrawing substituents on 

this catalytic decarbonylation system.  To our satisfaction, benzoic anhydrides containing 
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highly reactive bromine and iodine substituents proved unexpectedly suitable for this 

reaction. Specifically, they successfully delivered the corresponding decarbonylative 

iodinated products, 4-bromoiodobenzene (2i) and 1,4-diiodobenzene (2j), with moderate 

yields and high chemoselectivity.  Moreover, anhydrides bearing strong 

electron-withdrawing groups, such as 4-CN and 4-CO₂Me, did not hinder the nucleophilic 

iodination process.  These substrates afforded 4-iodobenzonitrile (2k) and methyl 

4-iodobenzoate (2l) in yields of 82% and 43%, respectively, further underscoring the 

remarkable efficiency of this catalytic system.   

Next, the Author tested the compatibility of heteroaromatic anhydrides, including 

benzofuran-2-carboxylic anhydride, with this decarbonylative transformation.  Although 

the reaction proceeded, the yield of the corresponding iodinated product was somewhat 

reduced due to the simultaneous formation of decarbonylative reduction byproduct 

benzofuran.  Finally, to illustrate the practical utility of this method in pharmaceutical 

synthesis, we explored Probenecid derivatives and found that they could still undergo 

successful nucleophilic iodination, delivering product 2m in 57% yield.   

Importantly, the Author discovered that this newly developed Pd-catalyzed system 

could be further adapted for constructing C–Br and C–Cl bonds by simply increasing the 

reaction temperature, owing to the highly endothermic nature of C–X bond reductive 

elimination.  Notably, decarbonylative bromination produced 1-bromonaphthalene (4a) 

in an excellent 89% yield.  However, the analogous chlorination reaction yielded 

1-chloronaphthalene (5a) in only 51%, even when using 3 equivalents of LiCl as the 

chlorine source.  Despite this lower yield, the catalytic system exhibited robust 

performance, with a conversion rate of 59%, likely limited by the weak nucleophilicity 

and poor solubility of LiCl.   

3-2-3  Mechanistic Study 

The Author conducted mechanistic studies based on their hypotheses to gain a deeper 

un-derstanding of the catalytic transformation. First of all, the Author performed 

time-course studies and monitored the 31P{1H} NMR spectra for the stoichiometric 

Pd-mediated decarbonylative nucleophilic iodination process to identify potential 

intermediates (Scheme 3-5).  
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Scheme 3-5.  Monitoring the Stoichiometric Iodination of 1b at Room Temperature, 50, and 75 °C by 

31P{1H} NMR. 

 

-30-25-20-15-10-5051015202530
ppm  

6.7.07.58.08.59.09.510.010.511.01.5
ppm  
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Initially, when Pd(dba)2 and Xantphos were mixed, the previously reported 

(Xantphos)2Pd (two broad singlets at −0.1 and 3.1 ppm) and (Xantphos)Pd(dba) (two 

doublets at 8.1 and 10.2 ppm) were observed.28  Upon the addition of benzoic anhydride 

(1b), the mixture was monitored to determine whether the expected oxidative addition had 

occurred.  However, no significant changes were observed even when the temperature 

was increased from room temperature to 50 °C. Subsequently, upon adding LiI into the 

reaction mixture, the oxidative adduct trans-(Xantphos)Pd(II)(COPh)I29 was detected at 

room temperature after 1 h. As the temperature was further increased (from 50 °C to 

75 °C), the decarbonylative complex, trans-(Xantphos)Pd(II)(Ph)I,29 was detected via the 

carbonyl de-insertion process.  Based on the identification of these two key intermediates, 

we proposed a unimolecular fragment coupling (UFC) mechanism.30  The core of this 

mechanism involves the in situ formation of acyl iodide, a transient intermediate, via 

nucleophilic substitution of the acid anhydride 1 with LiI.  Crucially, as they have 

previously discussed,27 the key to the success of this pathway lies in the rate of acyl iodide 

formation, which must occur slowly and gradually to ensure efficient conversion and 

avoid catalyst poisoning. Therefore, the Author monitored the reaction using 1H NMR 

spectroscopy at room temperature, 50 °C, and 100 °C to investigate whether acyl iodide 

forms from the mixture of 1-naphthoic anhydride (1a) and LiI (Tables 3-9–11).   
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Table 3-9. Time-Course Study for the Reaction of 1-Naphthoic Anhydride (1a) with LiI at rt.   

 

 
 

entry time (h) yield of 1a (%)a yield of 6 (%)a 

1 0  >99 0 

2 1 >99 0 

3 2 >99 0 

4 3 >99 0 

5 6 >99 0 

Reaction conditions: 1a (0.05 mmol, 1 equiv), LiI (0.075 mmol), toluene (0.2 M), rt, under N2.  a NMR yields were 

determined by 1H NMR using dibromomethane as an internal standard. 

 

 

Table 3-10. Time-Course Study for the Reaction of 1-Naphthoic Anhydride (1a) with LiI at 50 °C.   

 

 
 

entry time (h) yield of 1a (%)a yield of 6 (%)a 

1 0  >99 0 

2 1 >99 <1 

3 2 >99 <1 

4 3 >99 <1 

5 6 >99 <1 

Reaction conditions: 1a (0.05 mmol, 1 equiv), LiI (0.075 mmol), toluene (0.2 M), 50 °C, under N2.  a NMR yields 

were determined by 1H NMR using dibromomethane as an internal standard. 
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Table 3-11. Time-Course Study for the Reaction of 1-Naphthoic Anhydride (1a) with LiI at 100 °C.   

 

 

 

entry time (h) yield of 1a (%)a yield of 6 (%)a 

1 0 >99  0 

2 1 96  4 

3 2 90 10 

4 3 81 13 

5 6 61 25 

6 12 27 42 

7 24 <1 47 

Reaction conditions: 1a (0.05 mmol, 1 equiv), LiI (0.075 mmol), toluene (0.2 M), 100 °C, under N2.  a NMR yields 

were determined by 1H NMR using dibromomethane as an internal standard.   

However, no acyl iodide (6) was detected at room temperature (Tables 3-9), and only 

trace amounts were observed at 50 °C (Tables 3-10).  At 100 °C, only 4% of 1-naphthoyl 

iodide (6) was formed after 1 h, and the yield remained low at 47% even after 24 h. 

Additionally, a white solid, identified as lithium 1-naphthoate (7), precipitated due to its 

low solubility in toluene (Tables 3-11). 

Nevertheless, this result contradicts the experimental observation that no reaction 

occurred when benzoic anhydride (1b) was added to the Pd(dba)2/Xantphos mixture.  Yet, 

upon subsequent addition of LiI, the trans-(Xantphos)Pd(II)(COPh)I signal was detected 

even at room temperature.  To investigate further, we added LiI to the Pd(dba)2/Xantphos 

mixture and recorded the 31P{1H} NMR spectrum (Scheme 3-6).  After 1 h at room 

temperature, the signal for (Xantphos)2Pd remained largely unchanged, while the signal as 

signable to (Xantphos)Pd(dba) disappeared, and two new singlets at 7.4 and 11.0 ppm 

emerged.  Furthermore, when benzoic anhydride (1b) was added to this mixture, the 

trans-(Xantphos)Pd(II)(COPh)I signal appeared at room temperature after 1 h.  These 

results suggest that LiI does not react with acid anhydride 1 at room temperature without 
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the catalyst, but in the presence of the catalyst, an apparent oxidative addition of the acyl 

iodide occurs. 

Scheme 3-6.  Monitoring the Stoichiometric Iodination of 1b at Room Temperature, 50, 75, and 

100 °C by 31P{1H} NMR. 

 

Pd(dba)2 + Xantphos (rt, 5 min)

Pd(dba)2 + Xantphos (rt, 1 h)

w/ Benzoic anhydride (1b) (rt, 1 h)

w/ Benzoic anhydride (1b) (50 oC, 1 h)

w/ LiI (rt, 1 h)

31P{1H} NMR (243 MHz, C6D6)

w/ Benzoic anhydride (1b) (75 oC, 1 h)

w/ Benzoic anhydride (1b) (100 oC, 1 h)

Li [(Xantphos)PdI]

-30-25-20-15-10-5051015202530
ppm  

 

6.7.07.58.08.59.09.510.010.511.01.5
ppm  
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3-2-4  Proposed Mechanism 

Based on a brief mechanistic study, we propose two possible mechanisms (Scheme 3-7). 

The first mechanism follows a decarbonylative unimolecular fragment coupling (UFC) 

pathway (Path A).  Initially, LiI-mediated nucleophilic substitution of the acid anhydride 

1 generates acyl halide intermediate B.  This acyl halide then undergoes oxidative 

addition with the active Pd(0) complex A, forming the acyl–Pd–X intermediate C.  

Subsequent carbonyl de-insertion and reductive elimination generate the desired 

decarbonylative halogenated product 2 while regenerating the active Pd(0) catalyst A.  In 

an alternative mechanism (Path B), the palladium catalyst is converted into the anionic 

palladate complex E in the presence of lithium halide.31  This anionic complex E, being 

electron-rich, facilitates the facile oxidative addition of acid anhydride 1, leading to the 

formation of the common intermediate C.  The subsequent steps proceed similarly to 

Path A.   

 

Scheme 3-7.  Two Plausible Reaction Mechanisms. 

 

Finally, regarding the outer-sphere nucleophilic substitution mechanism mentioned in 

the previous chapter,32 according to the current experimental results, this does not seem to 

be the most likely reaction mechanism.  Although when 1-naphthoic anhydride (1a) is 

used as a reaction substrate for decarbonylative nucleophilic halogenation, we can detect 

the corresponding iodobenzene, bromobenzene and chlorobenzene by GC-MS under 
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standard conditions, their sources may be either the scrambling of the phenyl group in the 

outer-sphere nucleophilic substitution step or the over-reaction.  Considering that the 

nucleophilicity of the iodine anion in LiI seems to be sufficient for transmetalation, it 

seems unnecessary to generate the phosphonium salts through C–P bond reductive 

elimination and then perform outer-sphere nucleophilic substitution.  Therefore, we are 

currently unable to determine the identity of the phosphonium salts, whether it is a 

reaction intermediate or an over-reaction product.  Based on this, we will not discuss and 

introduce this postulation in detail in this chapter.   
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3-3   Summary 

In summary, the Author have disclosed an efficient Pd-catalyzed decarbonylative 

nucleophilic halogenation model for acid anhydrides, in which anhydrides, with their 

unique metastable advantages, avoid the inconvenience caused by the instability of acyl 

chlorides and the high cost of expensive acyl fluorides, demonstrating their great potential 

in the future of synthetic chemistry and related fields.  In addition, the bulky and 

low-cost Xantphos is once again proposed as a highly universal and compatible ligand for 

thermodynamically and kinetically unfavorable processes – Pd(II)-mediated reductive 

elimination of C–X bond – and can facilely mediate the palladium-catalyzed reductive 

elimination of C–Cl bonds, C–Br bonds, and even C–I bonds and efficiently mediate a 

series of decarbonylative nucleophilic chlorinations, brominations, and even iodinations 

and the construction of a series of aryl chlorides, aryl bromides, and even aryl iodides with 

good efficiency.  Crucially, this protocol uses an open system, to some extent, to 

accelerate the removal of generated CO, which shifts the equilibrium toward product 

formation, then improving the compatibility of substrates with electron-donating 

substituents, especially anise substrates.  Finally, through the study of the mechanism, the 

Author described two plausible mechanisms, including indirect unimolecular fragment 

coupling (IUFC) mechanism via decarbonylation (path A) and palladate-mediated facile 

oxidative addition of acid anhydrides (path B).  The rate of generation of the transient 

intermediate acyl iodide in the process is the key to the success of the protocol in path A.  

The unique characteristics of the anhydride can form corresponding lithium carboxylates 

with the iodine salt, thereby significantly reducing the formation rate of acyl iodide to 

ensure high catalytic efficiency.  The Author is convinced that this research model will 

provide strong support and help for the subsequent development of related fields.   
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3-4   Experimental Section 

3-4-1  General Instrumentation and Chemicals 

Instrumentation 

Unless otherwise stated, all reactions were carried out under an N2 atmosphere using 

standard Schlenk techniques or a glovebox.  Solvents employed as eluents for routine 

operations, as well as dehydrated solvents, were purchased from commercial suppliers and 

used without any further purification.  Glassware was dried in an oven at 130 °C and 

evacuated before use.  Merck precoated TLC plates (silica gel 60 F254, 0.25 mm) were 

used for thin-layer chromatography (TLC) analyses throughout this work.  Silica gel 

column chromatography was carried out using Silica gel 60 N (spherical, neutral, 40–100 

μm) from Kanto Chemicals Co., Ltd.  NMR spectra (1H, 13C{1H}, 19F{1H}, and 31P{1H}) 

were recorded on Mercury-400 (400 MHz) or Mercury-600 (600 MHz) spectrometers.  

Chemical shifts (δ) are reported in parts per million relatives to CDCl3 at 7.26 ppm for 1H 

and at 77.16 ppm for 13C{1H}, respectively.  The 19F{1H} NMR spectra were referenced 

using CCl3F (δ = 0.00 ppm) as an external standard.  GC yields were determined by 

analyzing the crude mixture using n-dodecane as an internal standard on a Shimadzu 

GC-14A equipped with a flame ionization detector, using Shimadzu Capillary Column 

(CBP1-M25-025) and Shimadzu C-R6A-Chromatopac integrator.  Infrared spectra were 

recorded on a Shimadzu IR Prestige-21 spectrophotometer.  Elemental analyses were 

carried out with a Perkin-Elmer 2400 CHN elemental analyzer at Okayama University.  

High-resolution mass spectra were obtained on a JEOL JMS-700 spectrometer in the 

electron ionization (EI) mode. 

Chemicals 

Unless specified otherwise, materials obtained from commercial suppliers were used 

without further purification.  Palladium(II)(π-cinnamyl) chloride dimer 

([PdCl(cinnamyl)]2) (purity > 97%) was purchased from Tokyo Chemical Industry Co., 

Ltd. and Sigma-Aldrich Co. LLC.  4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene 

(Xantphos) (purity > 98%) was purchased from Tokyo Chemical Industry Co., Ltd.  

Lithium iodide (purity > 97%) was purchased from FUJIFILM Co., Ltd.  Lithium 

bromide (purity > 99%) and lithium chloride (purity > 98%) were purchased from Tokyo 
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Chemical Industry Co., Ltd.  Toluene (super dehydrated) was purchased from FUJIFILM 

Co., Ltd.  Benzoic anhydride (1b) (purity > 97%) weas purchased from Tokyo Chemical 

Industry Co., Ltd. 
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3-4-2  Experimental Procedures of Synthesis of Starting Materials 

Acid anhydrides were purchased from commercial suppliers or synthesized according to 

the methods described below (Scheme 3-6).   

 

Scheme 3-6.  Commercially Available or Synthesized Acid Anhydrides (1). 
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Procedure A: General Procedure for the Synthesis of 1a–1j and 1l–1n33 

 

 

 

In a Schlenk tube, carboxylic acid (S1) (2 equiv, 6 mmol) was dissolved in super 

dehydrated THF (20 mL).  Then the reaction tube was cooled to 0 °C.  Methanesulfonyl 

chloride (1 equiv, 3 mmol, 232 μL) and Et3N (3.5 equiv, 10.5 mmol, 1.5 mL) were then 

added dropwise at 0 °C via syringes.  The resulting mixture was stirred for 3 h at room 

temperature.  Subsequently, the reaction was quenched with saturated sodium 

bicarbonate (NaHCO3) (aq.) and extracted three times with EtOAc (3 x 30 mL).  The 

combined organic layer was dried over anhydrous MgSO4, filtrated, and concentrated 

under reduced pressure.  The residue was purified by filtration through a short pad of 

silica gel (3–5 cm thick x 3 cm diameter) using dichloromethane and hexane as eluents.  

All volatiles were evaporated under reduced pressure to afford pure acid anhydrides 1, 

which were employed in the catalytic reactions without further purification.    

 

Procedure B: General Procedure for the Synthesis of 1k34 

 

 

 

4-Cyanobenzoyl chloride (S1k, 2 equiv, 6 mmol, 993.5 mg) and water (1 equiv, 3 mmol, 

54 μL) were added into an oven-dried flask equipped with a magnetic stir bar, and than 

mixed in 15 ml of acetone.  Triethylamine (2 equiv, 6 mmol, 0.84 mL) was gradually 

introduced over a period of 1–2 min.  The resulting mixture was stirred for 12 h at room 

temperature.  Upon completion of the reaction, the resulting triethylamine hydrochloride 

precipitate was removed by filtration.  The collected triethylamine hydrochloride was 
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rinsed with an additional 3 x 15–20 ml of acetone.  The combined filtrates were dried 

over anhydrous MgSO4, filtrated, and concentrated under reduced pressure.  The residue 

was purified by filtration through a short pad of silica gel (3–5 cm thick x 3 cm diameter) 

using dichloromethane and hexane as eluents.  All volatiles were evaporated under 

reduced pressure to afford pure 4-cyanobenzoic anhydride 1k as the white solid with the 

yield of 28% (235.6 mg), which was employed in the catalytic reactions without further 

purification.    

 

Procedure C: Procedure for the synthesis of 1o35 

 

 

 

In a Schlenk tube, 1-naphthoic acid (S1a) (1 equiv, 5 mmol, 861 mg) was dissolved in 

super dehydrated THF (20 mL).  Then the reaction tube was cooled to –15 °C.  Freshly 

distilled pivaloyl chloride (1 equiv, 5 mmol, 0.61 mL) and Et3N (1 equiv, 5 mmol, 0.7 mL) 

were then added dropwise at –15 °C via syringes.  The resulting mixture was stirred for 

12 h at room temperature.  Subsequently, upon completion of the reaction, the resulting 

triethylamine hydrochloride precipitate was removed by filtration.  The collected 

triethylamine hydrochloride was rinsed with an additional 3 x 20–25 ml of 

dichloromethane.  The residue was purified by filtration through a short pad of neutral 

silica gel (3–5 cm thick x 3 cm diameter) using dichloromethane and hexane as eluents.  

All volatiles were evaporated under reduced pressure to afford pure mixed acid anhydrides 

1o as a colorless oil (1.0524 g, 82%), which were employed in the catalytic reactions 

without further purification.   

 

 

  



290 

1-Naphthoic anhydride (1a) 

 

Prepared according to procedure A (1.6207 g, 90%) (5.5 mmol scale) as a white solid.  Rf 

= 0.5 (DCM/hexane = 1/1).  1H NMR (600 MHz, CDCl3): δ 9.19 (d, J = 8.7 Hz, 2H), 

8.44 (dd, J = 7.4, 1.3 Hz, 2H), 8.13 (d, J = 8.2 Hz, 2H), 7.93 (dd, J = 8.2, 1.4 Hz, 2H), 

7.71 (ddd, J = 8.5, 6.8, 1.4 Hz, 2H), 7.61 (t, J = 7.5 Hz, 2H), 7.55 (t, J = 7.7 Hz, 2H); 
13C{1H} NMR (151 MHz, CDCl3): δ 163.02, 135.65, 134.00, 132.22, 131.94, 128.91, 

128.89, 126.83, 125.69, 124.86, 124.54.   

These data align with previously published reports in the literature.36 

2-Naphthoic anhydride (1c) 

 

Prepared according to procedure A (790.1 mg, 81%) as a white solid.  Rf = 0.5 

(DCM/hexane = 1/1).  1H NMR (600 MHz, CDCl3): δ 8.78 (d, J = 1.8 Hz, 2H), 8.19 (dd, 

J = 8.5, 1.8 Hz, 2H), 8.03–7.92 (m, 6H), 7.67 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.60 (ddd, J 

= 8.1, 6.8, 1.2 Hz, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 162.86, 136.32, 132.91, 

132.53, 129.77, 129.35, 128.95, 128.03, 127.24, 126.16, 125.48.   

These data align with previously published reports in the literature.37 

3-Methoxybenzoic anhydride (1d) 

 

Prepared according to procedure A (714.5 mg, 45%) (5.5 mmol scale) as a white solid.  

Rf = 0.3 (DCM/hexane = 1/1).  1H NMR (600 MHz, CDCl3): δ 7.73 (dt, J = 7.7, 1.3 Hz, 

2H), 7.64 (dd, J = 2.7, 1.5 Hz, 2H), 7.42 (t, J = 7.9 Hz, 2H), 7.21 (ddd, J = 8.3, 2.7, 1.0 Hz, 

2H), 3.87 (s, 6H); 13C{1H} NMR (151 MHz, CDCl3): δ 162.34, 159.96, 130.13, 129.99, 

122.98, 121.14, 115.02, 55.64.   

These data align with previously published reports in the literature.37 
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4-Methoxybenzoic anhydride (1e) 

 

Prepared according to procedure A (1.3168 g, 84%) (5.5 mmol scale) as a white solid.  Rf 

= 0.3 (DCM/hexane = 1/1).  1H NMR (600 MHz, CDCl3): δ 8.11–8.05 (m, 4H), 6.99–

6.93 (m, 4H), 3.88 (s, 6H); 13C{1H} NMR (151 MHz, CDCl3): δ 164.67, 162.37, 132.89, 

121.28, 114.22, 55.67. 

These data align with previously published reports in the literature.36 

 

4-(tert-butyl)benzoic anhydride (1f) 

 

Prepared according to procedure A (971.8 mg, 96%) as a white solid.  Rf = 0.35 

(DCM/hexane = 1/2).  1H NMR (600 MHz, CDCl3): δ 8.12–8.08 (m, 4H), 7.56–7.51 (m, 

4H), 1.36 (s, 18H).; 13C{1H} NMR (151 MHz, CDCl3): δ 162.45, 158.42, 130.51, 126.15, 

125.86, 35.26, 31.03.   

These data align with previously published reports in the literature.36 

 

[1,1'-biphenyl]-4-carboxylic anhydride (1g) 

 

Prepared according to procedure A (956.3 mg, 84%) as a white solid.  Rf = 0.45 

(DCM/hexane = 1/1).  1H NMR (600 MHz, CDCl3): δ 8.28–8.23 (m, 4H), 7.79–7.74 (m, 

4H), 7.69–7.64 (m, 4H), 7.51 (dd, J = 8.5, 6.9 Hz, 4H), 7.46–7.42 (m, 2H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 162.45, 147.41, 139.65, 131.26, 129.17, 128.69, 127.64, 127.60, 

127.47.   

These data align with previously published reports in the literature.38 
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[1,1'-biphenyl]-3-carboxylic anhydride (1h) 

 

Prepared according to procedure A (604 mg, 53%) as a white solid.  Rf = 0.45 

(DCM/hexane = 1/1).  1H NMR (600 MHz, CDCl3): δ 8.41 (t, J = 1.9 Hz, 2H), 8.16 (dt, J 

= 7.8, 1.5 Hz, 2H), 7.91 (dt, J = 7.8, 1.5 Hz, 2H), 7.67–7.60 (m, 6H), 7.52–7.46 (m, 4H), 

7.44–7.39 (m, 2H).; 13C{1H} NMR (151 MHz, CDCl3): δ 162.52, 142.27, 139.75, 133.35, 

129.53, 129.51, 129.38, 129.33, 129.16, 128.19, 127.32.  FT-IR (cm–1): 1784 (s), 1724 

(s), 1477 (s), 1418 (s), 1289 (s), 1200 (m), 1088 (m), 1045 (s), 733 (m), 613 (s).  Anal. 

Calcd for C26H18O3: C, 82.52; H, 4.79%; Found: C, 82.40; H, 4.79%.   

 

4-Bromobenzoic anhydride (1i) 

 

Prepared according to procedure A (273 mg, 24%) as a white solid.  Rf = 0.4 

(DCM/hexane = 1/2).  1H NMR (600 MHz, CD2Cl2): δ 8.01–7.99 (m, 4H), 7.72–7.10 (m, 

4H).; 13C{1H} NMR (151 MHz, CD2Cl2): δ 161.8, 132.8, 132.3, 130.4, 128.0.   

These data align with previously published reports in the literature.36 

 

4-Iodobenzoic anhydride (1j) 

 

Prepared according to procedure A (183.9 mg, 13%) as a white solid.  Rf = 0.4 

(DCM/hexane = 1/2).  1H NMR (600 MHz, CDCl3): δ 7.92–7.88 (m, 4H), 7.84–7.81 (m, 

4H).; 13C{1H} NMR (151 MHz, CDCl3): δ 161.90, 138.54, 131.87, 128.22, 103.27.   

These data align with previously published reports in the literature.36 
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4-Cyanobenzoic anhydride (1k) 

 

Prepared according to procedure B (235.6 mg, 28%) as a white solid.  Rf = 0.3 

(DCM/hexane = 2/1).  1H NMR (600 MHz, CDCl3): δ 8.28–8.22 (m, 4H), 7.88–7.83 (m, 

4H).; 13C{1H} NMR (151 MHz, CDCl3): δ 160.34, 132.91, 132.13, 131.09, 118.39, 

117.53. 

These data align with previously published reports in the literature.19c 

 

4-(Methoxycarbonyl)benzoic anhydride (1l) 

 

Prepared according to procedure A (354.6 mg, 35%) a as a white solid.  Rf = 0.45 

(DCM/hexane = 3/1).  1H NMR (600 MHz, CDCl3): δ 8.30–8.04 (m, 8H), 3.96 (s, 6H).; 
13C{1H} NMR (151 MHz, CDCl3): δ 165.92, 161.35, 135.52, 132.27, 130.60, 130.11, 

52.75.   

These data align with previously published reports in the literature.36 

 

Benzofuran-2-carboxylic anhydride (1m) 

 

Prepared according to procedure A (747.7 mg, 81%) as a white solid.  Rf = 0.35 

(DCM/hexane = 1/2).  1H NMR (600 MHz, CDCl3): δ 7.81 (s, 2H), 7.75 (d, J = 7.9 Hz, 

2H), 7.62 (d, J = 8.5 Hz, 2H), 7.56–7.51 (m, 2H), 7.36 (t, J = 7.5 Hz, 2H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 156.70, 153.95, 143.49, 129.21, 126.69, 124.50, 123.52, 117.91, 

112.73.  FT-IR (cm–1): 1786 (s), 1724 (s), 1616 (s), 1557 (s), 1476 (s), 1445 (s), 1291 (s), 

1173 (m), 1087 (m), 739 (m).  Anal. Calcd for C18H10O5: C, 70.59; H, 3.29%; Found: C, 

70.72; H, 3.31%.   
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4-(N,N-dipropylsulfamoyl)benzoic anhydride (1n) 

 

Prepared according to procedure A (1.1805 mg, 71%) as a white solid.  Rf = 0.45 

(DCM/hexane = 10/1).  1H NMR (600 MHz, CDCl3): δ 8.27–8.25 (m, 4H), 7.97–7.95 (m, 

4H), 3.15–3.10 (m, 8H), 1.55 (q, J = 7.5 Hz, 8H), 0.87 (t, J = 7.4 Hz, 12H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 160.74, 146.21, 131.64, 131.31, 127.60, 50.03, 22.03, 11.25.   

These data align with previously published reports in the literature.39 

 

1-Naphthoic pivalic anhydride (1o) 

 

Prepared according to procedure C (1.0524 g, 82%) as a colorless liquid.  Rf = 0.45 

(DCM/hexane = 1/1).  1H NMR (600 MHz, C6D6): δ 9.37–9.29 (m, 1H), 8.04 (d, J = 7.3 

Hz, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.49 (d, J = 8.3 Hz, 1H), 7.32 (ddd, J = 8.4, 6.8, 1.5 Hz, 

1H), 7.18 (t, J = 7.5 Hz, 1H), 7.02 (dddd, J = 9.0, 6.4, 3.1, 1.5 Hz, 1H), 1.13 (s, 9H).; 
13C{1H} NMR (151 MHz, C6D6): δ 174.06, 163.25, 135.28, 134.24, 132.27, 131.83, 

128.96, 128.92, 128.35, 126.88, 126.11, 124.47, 40.12, 26.50.  FT-IR (cm–1): 1796 (s), 

1726 (s), 1576 (s), 1510 (s), 1479 (s), 1397 (s), 1370 (s), 1234 (m), 1052 (m), 962 (m), 

806 (m), 777 (m), 647 (s).  Anal. Calcd for C16H16O3: C, 74.98; H, 6.29%; Found: C, 

75.35; H, 6.30%.   
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3-4-3  Experimental Procedures of Catalytic Decarbonylative Halogenation 

 

3-4-3-1  General Procedure for Screening of the Reaction Conditions 

An oven-dried 5-mL microwave vial, fitted with a magnetic stirring bar, was loaded 

with Pd or Ni catalysts, a ligand, and acid anhydride (0.2 mmol, 1 equiv) under ambient 

air.  A halogen source and anhydrous solvent (1 mL, 0.2 M) were added inside a 

nitrogen-filled glovebox.  The vial was sealed securely and heated in a preheated block at 

100–180 °C for 24 h with constant stirring.  After cooling to room temperature, the 

reaction mixture was transferred to an oven-dried round-bottom flask.  The vial was 

rinsed with dichloromethane (5 × 2 mL), and the combined solution was concentrated 

under reduced pressure.  Dibromomethane (CH2Br2) was then added as an internal 

standard, and product yields were quantified using 1H NMR spectroscopy. 
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3-4-3-2  General Procedure for Experimental Procedures and Spectroscopic Data 

for the Products 

Procedure D (closed system):  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (3–3.5 mol %, 6–7 μmol, 3.1–3.6 mg), Xantphos (15–17.5 

mol %, 0.03–0.035 mmol, 17.4–20.3 mg), and acid anhydrides 1 (0.2 mmol, 1 equiv) 

under ambient air.  Lithium iodide (0.3 mmol, 1.5 equiv, 40.2 mg) and anhydrous toluene 

(1 mL, 0.2 M) were added in a nitrogen-filled glovebox.  The vial was securely sealed 

and heated in a preheated block at 100–140 °C for 12–24 h with continuous stirring.  

After the reaction mixture cooled to room temperature, it was purified by silica gel column 

chromatography using ethyl acetate or dichloromethane/hexane as the eluent to obtain the 

desired product 2.  Yields of volatile product (2b) was determined via GC analysis of the 

reaction mixture, using n-dodecane as an internal standard.   

 

Procedure E (open system): 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (3.5 mol %, 7 μmol, 3.6 mg), Xantphos (17.5 mol %, 0.035 mmol, 

20.3 mg), and acid anhydrides 1 (0.2 mmol, 1 equiv) under ambient air.  Lithium iodide 

(0.3 mmol, 1.5 equiv, 40.2 mg) and anhydrous toluene (2 mL, 0.1 M) were introduced in a 

nitrogen-filled glovebox.  The vial was securely sealed, and the septum was pierced with 

a needle for pressure equilibration (a depiction of the reaction setup is provided in 

Chapter 2).  The vial was then placed in a preheated heating block at 100–120 °C and 
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stirred for 12 h.  After cooling to room temperature, the reaction mixture was purified by 

silica gel column chromatography using a dichloromethane/hexane mixture or pure 

hexane as the eluent, yielding the desired products.   

 

Procedure F:  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded 

with [PdCl(cinnamyl)]2 (3 mol %, 6 μmol, 3.1 mg), Xantphos (15 mol %, 0.03 mmol, 17.4 

mg), and 1-naphthoic anhydride 1a (0.2 mmol, 1 equiv, 65.3 mg) under ambient air.  

Lithium bromide (0.3 mmol, 1.5 equiv, 26.1 mg) and anhydrous toluene (1 mL, 0.2 M) 

were added in a nitrogen-filled glovebox.  The vial was securely sealed and heated in a 

preheated block at 160 °C for 24 h with continuous stirring.  (Safety Note: The reaction 

must be conducted in a fume hood.  Due to the high reaction temperature exceeding 

toluene's boiling point and the generation of CO gas, there is a potential risk of the 

reaction cap detaching under pressure.)  Once the reaction mixture cooled to room 

temperature, it was purified by silica gel column chromatography using pure mixture as 

the eluent to obtain the desired product 4a.   

 

Procedure G:  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged 

with [PdCl(cinnamyl)]2 (3 mol %, 6 μmol, 3.1 mg), Xantphos (15 mol %, 0.03 mmol, 17.4 

mg), and 1-naphthoic anhydride 1a (0.2 mmol, 1 equiv, 65.3 mg) under ambient air.  

Lithium chloride (0.6 mmol, 3 equiv, 25.4 mg) and anhydrous toluene (1 mL, 0.2 M) were 
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added inside a nitrogen-filled glovebox.  The vial was securely sealed and heated in a 

preheated block at 160 °C for 24 h with continuous stirring.  (Safety Note: This 

procedure must be performed in a fume hood.  The high reaction temperature exceeds the 

boiling point of toluene, and the reaction generates CO gas, increasing the potential risk 

of cap detachment due to pressure buildup.)  After cooling the reaction mixture to room 

temperature, it was purified using silica gel column chromatography with hexane as the 

eluent to isolate the desired product 5a.   
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Spectroscopic Data for the Products 

1-Iodonaphthalene (2a) 

 

Prepared according to procedure D as a yellow oil.  Rf = 0.60 (hexane).  Isolated yield 

was 90% (45.9 mg) from 1a.  1H NMR (600 MHz, CDCl3) : δ 8.11 (t, J = 7.9 Hz, 2H), 

7.85 (d, J = 8.2 Hz, 1H), 7.81–7.75 (m, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.53 (t, J = 7.5 Hz, 

1H), 7.19 (t, J = 7.8 Hz, 1H).; 13C{1H} NMR (151 MHz, CDCl3): δ 137.53, 134.46, 

134.23, 132.23, 129.10, 128.67, 127.82, 126.96, 126.83, 99.72.   

These data align with previously published reports in the literature.27 

 

2-Iodonaphthalene (2c) 

 

Prepared according to procedure D as a white solid.  Rf = 0.60 (hexane).  Isolated yield 

was 40% (20.2 mg) from 1c.  1H NMR (400 MHz, CDCl3): δ 8.25 (d, J = 1.7 Hz, 1H), 

7.83–7.76 (m, 1H), 7.76–7.69 (m, 2H), 7.58 (d, J = 8.6 Hz, 1H), 7.50 (dt, J = 6.3, 3.5 Hz, 

2H); 13C{1H} NMR (101 MHz, CDCl3): δ 136.76, 135.11, .134.50, 132.22, 129.61, 128.00, 

126.93, 126.82, 126.60, 91.63.   

These data align with previously published reports in the literature.27 

 

1-Iodo-3-methoxybenzene (2d) 

 

Prepared according to procedure E as a colorless oil.  Rf = 0.40 (DCM/hexane = 1/10).  

Isolated yield was 57% (26.8 mg) from 1d.  1H NMR (600 MHz, CDCl3): δ 7.63–7.60 (m, 

2H), 7.16–7.13 (m, 2H), 1.30 (s, 9H); 13C{1H} NMR (151 MHz, CDCl3): δ 160.26, 130.90, 

129.96, 123.13, 113.91, 94.50, 55.52.   

These data align with previously published reports in the literature.27 
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1-Iodo-4-methoxybenzene (2e) 

 

Prepared according to procedure E as a colorless oil.  Rf = 0.40 (DCM/hexane = 1/10).  

Isolated yield was 32% (15.2 mg) from 1e.  1H NMR (600 MHz, CDCl3): δ 7.59–7.52 (m, 

2H), 6.72–6.65 (m, 2H), 3.78 (s, 3H).; 13C{1H} NMR (151 MHz, CDCl3): 159.59, 138.33, 

116.49, 82.82, 55.45.   

These data align with previously published reports in the literature.27 

 

1-(tert-butyl)-4-iodobenzene (2f) 

 

Prepared according to procedure D as a white solid.  Rf = 0.80 (hexane).  Isolated yield 

was 60% (31.1 mg) from 1f.  1H NMR (400 MHz, CDCl3): δ 7.66–7.57 (m, 2H), 7.18–

7.11 (m, 2H), 1.30 (s, 9H); 13C{1H} NMR (101 MHz, CDCl3): δ 150.98, 137.19, 127.71, 

90.76, 34.72, 31.29.   

These data align with previously published reports in the literature.27 

 

4-Iodo-1,1'-biphenyl (2g) 

2g

Ph

I

 

Prepared according to procedure D as a white solid.  Rf = 0.55 (hexane).  Isolated yield 

was 55% (31.7 mg) from 1g.  1H NMR (600 MHz, CDCl3): δ 7.82–7.72 (m, 2H), 7.58–

7.53 (m, 2H), 7.47–7.42 (m, 2H), 7.39–7.35 (m, 1H), 7.35–7.32 (m, 2H).; 13C{1H} NMR 

(151 MHz, CDCl3): δ 140.86, 140.19, 137.98, 129.15, 129.05, 127.83, 127.04, 93.17.   

These data align with previously published reports in the literature.27 
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3-Iodo-1,1'-biphenyl (2h) 

 

Prepared according to procedure D as a colorless oil.  Rf = 0.55 (hexane).  Isolated yield 

was 81% (45.1 mg) from 1h.  1H NMR (600 MHz, CDCl3): δ 7.95 (t, J = 1.7 Hz, 1H), 

7.68 (ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 7.57–7.53 (m, 3H), 7.48–7.43 (m, 2H), 7.40–7.35 (m, 

1H), 7.18 (t, J = 7.8 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 143.59, 139.77, 136.32, 

136.28, 130.55, 129.01, 127.97, 127.25, 126.55, 94.93.   

These data align with previously published reports in the literature.27 

 

1-Bromo-4-iodobenzene (2i) 

 

Prepared according to procedure D as a white solid.  Rf = 0.80 (hexane).  Isolated yield 

was 36% (20.3 mg) from 1i.  1H NMR (600 MHz, CDCl3): δ 7.58–7.51 (m, 2H), 7.25–

7.19 (m, 2H).; 13C{1H} NMR (151 MHz, CDCl3): δ 139.21, 133.59, 122.34, 92.16.   

These data align with previously published reports in the literature.27 

 

1,4-Diiodobenzene (2j) 

 

Prepared according to procedure D as a white solid.  Rf = 0.80 (hexane).  Isolated yield 

was 48% (31.1 mg) from 1j.  1H NMR (600 MHz, CDCl3): δ 7.41 (s, 4H); 13C{1H} NMR 

(151 MHz, CDCl3): δ 139.47, 93.49.   

These data align with previously published reports in the literature.27 
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4-Iodobenzonitrile (2k) 

 

Prepared according to procedure D as a white solid.  Rf = 0.30 (DCM/hexane = 1/1).  

Isolated yield was 82% (37.3 mg) from 1k.  1H NMR (600 MHz, CDCl3): δ 7.90–7.79 (m, 

2H), 7.40–7.33 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 138.64, 133.29, 118.34, 

111.87, 100.43.   

These data align with previously published reports in the literature.27 

 

Methyl 4-Iodobenzoate (2l) 

 

Prepared according to procedure D as a white solid.  Rf = 0.40 (DCM/hexane = 1/1).  

Isolated yield was 70% (36.9 mg) from 1l.  1H NMR (600 MHz, CDCl3): δ 7.82–7.77 (m, 

2H), 7.77–7.72 (m, 2H), 3.91 (s, 3H); 13C{1H} NMR (151 MHz, CDCl3): δ 166.75, 137.86, 

131.17, 129.75, 100.86, 52.44.   

These data align with previously published reports in the literature.27 

 

2-Iodobenzofuran (2m) 

 

Prepared according to procedure E as a colorless oil.  Rf = 0.60 (hexane).  Isolated yield 

was 24% (11.8 mg) from 1m.  1H NMR (600 MHz, CDCl3): δ 7.53–7.49 (m, 1H), 7.49–

7.46 (m, 1H), 7.23–7.19 (m, 2H), 6.96 (s, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 

158.35, 129.34, 124.37, 123.27, 119.81, 117.37, 110.96, 95.98.   

These data align with previously published reports in the literature.27 
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4-Iodo-N,N-dipropylbenzenesulfonamide (2n) 

 

Prepared according to procedure D as a white solid.  Rf = 0.40 (DCM/hexane = 2/1).  

Isolated yield was 57% (41.8 mg) from 1n.  1H NMR (400 MHz, CDCl3): δ 7.89–7.79 (m, 

2H), 7.55–7.45 (m, 2H), 3.09–3.02 (m, 4H), 1.54 (dq, J = 14.9, 7.4 Hz, 4H), 0.86 (t, J = 

7.4 Hz, 6H); 13C{1H} NMR (101 MHz, CDCl3): δ 140.03, 138.31, 128.58, 99.51, 50.11, 

22.11, 11.29.  

These data align with previously published reports in the literature.27 

 

1-Bromonaphthalene (4a) 

 

Prepared according to procedure F as a colorless oil.  Rf = 0.60 (hexane).  Isolated yield 

was 89% (36.7 mg) from 1a.  1H NMR (400 MHz, CDCl3): δ 8.28 (d, J = 8.4 Hz, 1H), 

7.89–7.78 (m, 3H), 7.62 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.56 (td, J = 7.5, 6.8, 1.4 Hz, 1H), 

7.34 (t, J = 7.8 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 134.73, 132.11, 130.01, 

128.42, 128.04, 127.44, 127.21, 126.81, 126.29, 122.94.   

These data align with previously published reports in the literature.27 
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1-Chloronaphthalene (5a) 

 

Prepared according to procedure G as a colorless oil.  Rf = 0.55 (hexane).  Isolated yield 

was 51% (16.5 mg) from 1a.  1H NMR (400 MHz, CDCl3): δ 8.38–8.24 (m, 1H), 7.88 (d, 

J = 8.0 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.68–7.52 (m, 3H), 7.44–7.37 (m, 1H); 13C{1H} 

NMR (101 MHz, CDCl3): δ 134.67, 132.04, 130.92, 128.34, 127.28, 127.16, 126.80, 

126.27, 125.84, 124.53.   

These data align with previously published reports in the literature.27 
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2-4-4  Experimental Procedures of Mechanistic Study 

2-4-4-1  Time-Course Experiment of Stoichiometric Reaction 

 

 

 
An oven-dried J.Young NMR tube was charged with Pd(dba)2 (1 equiv, 0.02 mmol, 11.5 

mg), Xantphos (1 equiv, 0.02 mmol, 11.6 mg), and benzene-d6 (0.7 mL) inside a 
nitrogen-filled glovebox.  The tube was tightly closed, and 31P{1H} NMR measurements 
were performed immediately.  After allowing the reaction tube to stand at room 
temperature for 1 h, benzoic anhydride (1b) (3 equiv, 0.06 mmol, 13.6 mg) was added in 
the glovebox.  The reaction tube was then left at room temperature for 1 h and heated at 
50 °C for 1 h.  Subsequently, lithium iodide (3 equiv, 0.06 mmol, 8.0 mg) was added in 
the glovebox.  The tube was left at room temperature for 1 h, followed by heating at 
50 °C for 1 h, at 75 °C for 1 h, then for 12 h, and finally for 24 h.  The 31P{1H} NMR 
measurements were performed at each time point (Scheme 3-5).   
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Stoichiometric reaction 2 

 
 

An oven-dried J.Young NMR tube was charged with Pd(dba)2 (1 equiv, 0.02 mmol, 11.5 
mg), Xantphos (1 equiv, 0.02 mmol, 11.6 mg), and benzene-d6 (0.7 mL) inside a 
nitrogen-filled glovebox.  The tube was tightly closed, and 31P{1H} NMR measurements 
were performed immediately.  After allowing the reaction tube to stand at room 
temperature for 1 h, lithium iodide (3 equiv, 0.06 mmol, 8.0 mg) was added in a glovebox.  
The reaction tube was then left at room temperature for 1 h.  Subsequently, benzoic 
anhydride (1b) (3 equiv, 0.06 mmol, 13.6 mg) was added in the glovebox.  The tube was 
left at room temperature for 1 h, followed by heating at 50 °C, 75 °C, and 100 °C for 1 h, 
respectively. The 31P{1H} NMR measurements were performed at each time point 
(Scheme 3-6). 
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2-4-4-2  Time-Course Study of the Formation of Acyl Iodide from Acid Anhydride 

 
 

 

 
An oven-dried J.Young NMR tube was charged with 1-naphthoic anhydride (1a) (1 

equiv, 0.05 mmol, 16.3 mg), lithium iodide (1.5 equiv, 0.075 mmol, 10.0 mg), toluene-d8 
(0.7 mL), and dibromomethane as an internal standard in a nitrogen-filled glovebox.  The 
NMR tube was sealed and placed in a preheated oil bath at rt, 50 °C, and 100 °C.  The 
reaction mixture was allowed to equilibrate to room temperature and analyzed by 1H NMR 
at various time points (Tables 3-9–11).   
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2-4-5  Copies of NMR Charts for All the Compounds 

 
1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1a (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1c (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1d (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1e (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1f (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1g (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1h (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1i (rt, CD2Cl2). 



316 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1j (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1k (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1l (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1m (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1n (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 1o (rt, C6D6). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2a (rt, CDCl3). 



323 

 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2c (rt, CDCl3). 
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1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2d (rt, CDCl3). 



325 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2e (rt, CDCl3). 



326 

 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2f (rt, CDCl3). 



327 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2g (rt, CDCl3). 



328 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2h (rt, CDCl3). 



329 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2i (rt, CDCl3). 



330 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2j (rt, CDCl3). 



331 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2k (rt, CDCl3). 



332 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2l (rt, CDCl3). 



333 

 

1H NMR (600 MHz) and 13C{1H} NMR (151 MHz) spectra of 2m (rt, CDCl3). 



334 

 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 2n (rt, CDCl3). 



335 

 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 4a (rt, CDCl3). 



336 

 

1H NMR (400 MHz) and 13C{1H} NMR (101 MHz) spectra of 5a (rt, CDCl3). 
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Summary and Future Perspective 
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4-1  Summary and Conclusion 

In this PhD thesis, the Author mainly focused on the Pd-catalyzed decarbonylative 

nucleophilic halogenation of a series of carboxylic acid derivatives through the reductive 

elimination pathway of the C–X bond and constructed a series of aryl iodides, aryl bromides 

and aryl chlorides with good efficiency and high atom utilization.  As we all know, 

supported by previous research experience, since the discovery of this step and its 

confirmation by stoichiometric experiments, chemists have built a series of Pd or Ni 

catalytic systems and synthesized a series of organic halides by screening and designing 

catalytic systems, especially ligands with both electronic and steric hindrance effects.  

However, as Hartwig revealed in his pioneering research, the reductive elimination trends 

of different C(Ar)–X bonds can be derived from the equilibrium constant.  Among them, 

the reductive elimination of C(Ar)–I bonds are the weakest, and this conclusion has also 

been confirmed in a large number of subsequent studies.  Because the nucleophilic 

halogenation mode of aromatics perfectly integrates the formation of C–Br bonds, C–Cl 

bonds, and even C–F bonds, but only the construction of C(Ar)–I bonds remain a blank.  

Simultaneously, intramolecular and intermolecular carboiodination strategies undoubtedly 

provide a wealth of experience in the reductive elimination of C–I bonds, but all 

breakthroughs focus only on the reductive elimination of C(alkyl)–I and C(alkenyl)–I, 

therefore, the reductive elimination of C(Ar)–I bonds, which is a thermodynamically and 

kinetically unfavorable process, is still in high demand for further exploration and 

development. 

Therefore, in order to further accelerate the reductive elimination of the C(Ar)–I bond, 

the Author expected to break through this dilemma by fundamentally regulating the electron 

density of the transition metal catalyst center.  In other words, the Author tried to use the 

decarbonylation strategy to regulate the electron density of the transition metal catalyst 

center.  Because we postulated that during the decarbonization process, the de-insertion of 

the carbonyl group will cause carbon monoxide (CO) to coordinate with the transition metal, 

which can make the transition metal more electron-deficient, so as to relatively weaken its 

electron density and thus, to some extent, promote the thermodynamically and kinetically 

unfavorable reductive elimination of C(Ar)–I bond.   
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Chapter 2. Palladium-Catalyzed Decarbonylative Nucleophilic Halogenation of Acyl 

Fluorides and Acyl Chlorides 

In the Chapter 2, the Author has developed a practical and versatile palladium-catalyzed 

method for the decarbonylative nucleophilic halogenation of acyl fluorides and chlorides.  

This catalytic system, employing palladium and the large-bite-angle ligand Xantphos, 

efficiently facilitated the challenging reductive elimination of Ar−I, Ar−Br, and Ar−Cl 

bonds, thereby enabling the high-yield synthesis of a broad array of aryl halides.  The use 

of inexpensive lithium and sodium halides as halogen sources not only improves economic 

viability but also aligns with green chemistry principles, as these inorganic salts are cost-

effective and exhibit low toxicity.   

From a mechanistic standpoint, Xantphos played a dual role: it acted as a ligand to 

promote the reductive elimination of C−X bonds and as an active additive facilitating a 

distinctive outer-sphere nucleophilic substitution via the formation of phosphonium halides.  

Decarbonylation was a pivotal step in the process, with the coordination of CO, released 

during the reaction, to Pd accelerating the reductive elimination.  Additionally, the 

interaction of excess Xantphos with the Pd(0) species likely suppressed its reversion to 

(Xantphos)Pd(Ar)X, favoring efficient turnover in the catalytic cycle.   

The identification of acyl iodides as crucial intermediates represents a significant 

advancement.  By employing stable acyl fluorides and chlorides as precursors, acyl iodides 

were generated in situ, enabling indirect UFC under mild and practical conditions.  The 

concept of “gradual generation,” wherein highly reactive intermediates are formed and 

consumed simultaneously, proved to be an effective strategy for sustaining catalyst activity 

and minimizing deactivation.  This synthetic framework offers valuable insights for future 

research aimed at addressing complex chemical transformations.   

 

Some content in Chapter 2 has been adapted with permission from the following paper:  

Tian, T.; Kashihara, M.; Yan, W.; Nishihara, Y. Palladium-Catalyzed Decarbonylative 

Nucleophilic Halogenation of Acyl Fluorides and Chlorides: Synthesis of Aryl Halides via 

Reductive Elimination of the C–X (X = I, Br, and Cl) Bond and Mechanistic Implications. 
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Chapter 3. Palladium-Catalyzed Decarbonylative Nucleophilic Halogenation of Acid 

Anhydrides 

In the Chapter 3, the Author has introduced an efficient Pd-catalyzed decarbonylative 

nucleophilic halogenation model for acid anhydrides.  By leveraging the unique metastable 

properties of acid anhydrides, this approach circumvents the challenges posed by the 

instability of acyl chlorides and the high cost of acyl fluorides, highlighting the great 

potential of anhydrides in synthetic chemistry and related fields.  Furthermore, the bulky 

and cost-effective Xantphos is once again demonstrated to be a highly versatile and 

compatible ligand for thermodynamically and kinetically unfavorable processes, 

specifically the Pd(II)-mediated reductive elimination of C–X bonds.  This ligand 

efficiently facilitates the palladium-catalyzed reductive elimination of C–Cl, C–Br, and even 

C–I bonds, enabling a range of decarbonylative nucleophilic chlorination, bromination, and 

iodination, and the construction of aryl chlorides, aryl bromides, and aryl iodides with high 

efficiency. 

Importantly, the use of an open system in this protocol accelerates the removal of 

generated CO, which shifts the equilibrium toward product formation, to significantly 

improves the catalytic efficiency.  This improvement enhances substrate compatibility, 

particularly for electron-rich substrates like anisole derivatives.  Mechanistic studies 

suggest a plausible decarbonylative unimolecular fragment coupling (UFC) pathway or an 

alternative route involving an anionic palladate complex.  The unique properties of acid 

anhydrides played a crucial role in enhancing catalytic performance by modulating the 

reactivity of iodide salts, thereby minimizing side reactions and improving overall efficiency. 

These findings provide valuable insights and a strong foundation for future advancements 

in transition-metal-catalyzed transformations.   

The Author is confident that this research model will offer strong support and valuable 

insights for future advancements in related fields. 

 

Some content in Chapter 3 has been adapted with permission from the following paper:  

Tian, T.; Uei, S.; Yan, W.; Nishihara, Y. Palladium-Catalyzed Decarbonylative 

Nucleophilic Halogenation of Acid Anhydrides. 
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4-2 Future Perspective 

Finally, regarding the future research direction of this research field, the author believes 

that the first question is whether we can use quite inexpensive, easy-to-operate and readily 

available esters as ideal candidates to achieve decarbonylative nucleophilic halogenation 

(Scheme 4-1).  Because esters are ubiquitous structural subunits in nature, if esters can be 

directly manipulated to carry out the desired decarbonylative transformation, the application 

potential can be greatly improved.  Simultaneously, the stability of esters is also quite 

advantageous compared to acyl chlorides, acyl fluorides and acid anhydrides.  Therefore, 

the Author proposed a palladium-catalyzed decarbonylative nucleophilic halogenation 

mode of esters, which can modularly construct a series of aryl iodides, aryl bromides and 

aryl chlorides with quite attractive value.   

 

Scheme 4-1.  Pd-catalyzed Decarbonylative Nucleophilic Halogenation of Esters. 

 

 

In addition, another highly anticipated breakthrough is fluorination, especially using acyl 

fluorides as substrates.  Indeed, the transition metal-catalyzed decarbonylative 

unimolecular fragment coupling (UFC) of acyl fluorides is a fairy tale that is quite efficient 

and convenient to construct aryl fluorides.  However, although palladium-mediated 

reductive elimination of C–F bond has been deeply revealed, the hysteresis of palladium-

mediated oxidative addition of acyl fluorides still hinders the implementation of this design.  

Therefore, the Author proposed a photoredox/nickel co-catalyzed decarbonylative 

fluorination mode (Scheme 4-2).  The design can directly obtain intermediate C by 

utilizing the facile oxidative addition and carbonyl de-insertion mode of acyl fluoride under 

nickel catalysis.  Subsequently, the excited state photoredox catalyst excited by visible 
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light can single-electron oxidize Ni(II) intermediate C to form Ni(III) intermediate D, a 

thermodynamically favorable intermediate for reductive elimination of C–F bond.  The 

subsequent reductive elimination of C–F bond occurs to release the desired aryl fluoride and 

form Ni(I) species E.  Finally, intermediate E is reduced by a low-valent photoredox 

catalyst to regenerate the Ni(0) catalyst and the ground state photoredox catalyst.  

 

Scheme 4-2.  Photoredox/Ni co-catalyzed Decarbonylative Fluorination of Acyl Fluorides.  

 

 

The realization of the Author's expected research results will thoroughly promote the 

development of related fields and provide a fairly wide range of research ideas and 

experience for subsequent research, and will exert great potential in the field of industrial 

application. 
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