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ABSTRACT OF THE THESIS 

 

Transition-Metal Catalyzed Decarbonylative Cross-Coupling of  
Esters and Enolizable Carbonyls 

 

by 

 

Alyssa Jones 

Master of Science in Chemistry 

University of California, San Diego, 2018 

Valerie Schmidt, Chair 

 

Cross-coupling strategies have been transformative in the field of complex molecule 

synthesis providing new ways to construct C-C and C-heteroatom bonds. Transition-metal 

mediated cross-coupling typically uses nickel or palladium-based precursors to couple
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organohalide, or pseudohalide, electrophiles with organometallic nucleophiles. 

Recent advancements have expanded cross-coupling partners beyond organohalides to 

include aldehydes, esters, and amides via C(acyl)-heteroatom bond activation. The work shown 

in this present thesis, examines the transition-metal mediated decarbonylative cross-coupling 

method of esters and enolizable carbonyl nucleophiles. Investigations were conducted to 

examine the electronic, coordinating, and steric effects of substituents of the aryl ester group in 

order to gain insight into optimal properties for future reaction development. Additionally, a rare 

example of nucleophilic acyl substitution was observed that is the formal result of acetophenone 

decomposition into phenol. Mechanistic experiments support this type of mechanism and 

indicate that this process is not transition-metal-catalyzed. 
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Chapter 1: Cross-Coupling Methods and Decarbonylation 

1.1 Background & Significance: Cross-Coupling  

Carbon-carbon bond formation is a central theme in the field of synthetic organic 

chemistry. Carbon frameworks are the basic building blocks of organic compounds and natural 

products.1 Transition-metal-mediated cross-coupling has emerged as a prevailing strategy for 

chemical synthesis, transforming simple molecules into value-added compounds. From an 

industrial approach, cross-coupling processes have significantly expanded possibilities for 

materials chemistry, pharmaceuticals, and bioactive compounds.2 Direct coupling processes 

have reported homocouplings, along with catalysts driven carbon-heteroatom bond formations 

as developments.3 Catalysts, not limited to transition-metals, have proven to mediate reactivity 

and selectivity of cross-coupling reactions. Advances in cross-coupling methods have been 

made to reduce toxic, or unwanted, byproduct waste, increase selectivity, and improve overall 

reaction efficiency.2  As a testament to the impact cross-coupling methods have made, the 2010 

Nobel prize in Chemistry was awarded to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki for 

their parts in the development of palladium catalyzed cross-coupling reactions which bear their 

names.2  

Transition-metal catalyzed cross-coupling typically uses palladium or nickel-based 

precursors2, to mediate the coupling of the nucleophilic and electrophilic partners. Traditionally, 

organometallic species have served as efficient nucleophiles and organohalides, or 

psuedohalides as the electrophilic partners. Negishi and co-workers4, expanded transition metal 

catalyzed cross-coupling through the introduction of organozinc nucleophiles 1-2 and 

organohalide 1-1, or triflate, electrophiles.2 Transmetallation between the organozinc compound 

and palladium(II) intermediate occurs, illustrated in Scheme 1.1, Pathway B. This facilitates sp3-

sp2 carbon-carbon bond formation to synthesize biaryl compounds 1-3. Similar to the Negishi 
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cross-coupling, the Suzuki-Miyaura uses organoboron reagents 1-5 as the nucleophilic partner.  

  

 

 

Figure 1.1 Negishi, Suzuki-Miyaura, and Heck Cross-Coupling Reactions 

 

 In 1972, Heck5, 6, along with the work of Mizoroki7, reported a powerful pathway for 

palladium-catalyzed arylation and alkylation of olefins 1-9 through the use of organic bromides 

and iodides 1-7 in the presence of a base8 under mild reaction conditions as illustrated in Figure 

1.1. Notably, this work doesn’t call for organometallic nucleophiles, however was still significant 

work regarding previously developed cross-coupling methods.  
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Scheme 1.1 Catalytic Cross-Coupling Pathways 

 

These particular cross-coupling methods both propose various reagents allowing for 

different mechanistic pathways as seen in Scheme 1.1. Further mechanistic studies regarding 

the cross-coupling methods proposed by Heck, Negishi, and Suzuki-Miyaura determined initial 

palladium(0) generation that is then followed by oxidative addition of the organohalide. In the 

presence of an alkene nucleophile, migratory insertion, occurs creating the syn-addition product 

(Scheme 1, Pathway A).  In the presence of an organometallic nucleophile, transmetallation 

occurs (Scheme 1.1, Pathway B) followed by isomerization that yields the cross-coupled 

product upon reductive elimination. 

1.2 Cross-Coupling Methods: Nucleophilic Advancements 

Recent work has shown the broad scope of cross-coupling methods, many of which 

have become industrially useful. Methods using additional nucleophile substrates have 

expanded the scope of these types of reactions. Traditional nucleophiles include 

organomagnesium9, -zinc4, and -mercury5 compounds. Organomagnesium compounds, such as 

Grignards, are highly reactive reagents. They are susceptible to decomposition at high 
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temperatures10, have poor functional group tolerance due to their high basicity, and reactions 

are typically cleaner/more efficient when Grignards are freshly prepared. To address these 

limitations, additional nucleophiles have been developed.  

1.2.1 Suzuki-Miyaura Cross-Coupling 

 Boronic acids have become popular reagents in cross-couplings, and are the 

nucleophilic partner component of the Suzuki-Miyaura Coupling.11 Significantly, organoboron 

reagents 1-5 have low toxicity, are stable at ambient temperature, and many are commercially 

available.12 The Suzuki-Miyaura cross-coupling, as illustrated in Figure 1.1, has a significantly 

improved functional group tolerance with respect to Kumada13 couplings and able to form 

C(sp3)-C(sp3) 1-6, C(sp3)-C(sp2), as well as C(sp2)-C(sp2) bonds. The organoboron reagents 

used include boronic acids, boronic esters, and organotrifluoroborates.2 Although these 

organoboron reagents are neutral, the use of alkoxide and hydroxide bases create anionic 

organoboron compounds which likely facilitate the activation of the organoboron reagent in 

cross-coupling reactions.  
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Scheme 1.2 Suzuki-Miyaura Cross-Coupling Catalytic Pathways 

 

The mechanism of the Suzuki-Miyaura Coupling is similar to that of the Negishi, however 

the transmetallation step can vary. In the presence of base, boronic acids participate in 

transmetallation, however there are multiple ways that this mechanism is understood, with 

respect to transmetallation, as illustrated in Scheme 1.2. In the presence of a hydroxide base, 

hydroxide can attack the boronic acid to form a more reactive boronate anion (Scheme 1.2, 

Pathway 1).14 This key intermediate, studied through electrospray mass spectroscopy15, then 

undergoes transmetallation with the palladium(II) intermediate to form the L2PdR(R’’) 
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intermediate shown. Although many studies have shown that the presence of an activated 

boronic acid is necessary for transmetallation, Suzuki14 proposes another pathway (Scheme 

1.2, Pathway 2) in which, the alkoxide undergoes a halogen exchange14 with the L2PdXR 

intermediate prior to transmetallation with the boronate anion.  

 

   

Figure 1.2 Suzuki-Miyaura: “Head-to-Head” and “Head-to-Tail” Coupling 

 

The proposed mechanistic pathways, indicate that the addition of base is needed to 

facilitate transmetallation. It also highlights that the type of base is important. Suzuki and 

Miyuara16 showed that hydroxide bases efficiently promote reactions using boronic acids while 

Lewis bases, such as triethyl amine, do not. They showed that stronger alkoxide bases, such as 

sodium ethoxide, yielded “head-to-head” 1-12 cross-coupling where Lewis bases, or 

triethylamine, produced “head-to-tail” 1-13 cross coupling as illustrated in Figure 1.2. Through 

these mechanistic studies, this clear regio-controlled16 cross-coupling gave a further 

understanding to the cross-coupling of 1-alkenylborones and halides.  

1.2.2 Enolate Cross-Coupling  

Enolates have also been explored as cross-coupling nucleophiles yielding α-arylation 

and vinylation protocols. Studies by Buchwald17 and Hartwig18 have demonstrated the ability of 
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the palladium-catalyzed monoarylation and monovinylation of ketones and esters in basic 

conditions. The arylation and vinylation of enolates lend a way to synthesize these structural 

motifs that are inaccessible using polar enolate alkylation strategies. Within these reactions, the 

enolate nucleophile is formed in-situ by the deprotonation of an α-proton with a strong base, 

which can then undergo transmetallation with a Pd(II) intermediate. Alternatively, the enolate 

can be generated prior to adding other reagents.  

 

 

Figure 1.3 α-Arylation of Acetone 

 

While in principle this process is straightforward, multiple side reactions can occur 

yielding undesired byproducts resulting in diarylation due to the acidic protons present in the 

monoarylated product19, or enolate homo-coupling. Stradiotto et al overcomes this challenge 

regarding the selective α-monoarylation of acetone 1-15, Figure 1.3, where they were 

successful in developing selective mono α-arylation methods where the product ketones 1-16 

have similar pka values as the ketone substrates. Selectivity and reactivity for this particular 



8 
 

method was specifically sensitive to the catalytic system. With a fine-tuned catalytic system of 

doctored phosphine ligands and NHC ligands, more bulky phosphine ligands fostered mono α-

arylated products with great selectivity.20  

Substrate sterics also play a challenging role because due to the lack of steric 

hindrance, reductive elimination from the Pd(II)aryl(enolate)3 intermediate is deemed a slower 

process. Other issues regarding reaction conditions, are additional challenges for enolate cross-

coupling. For example, some tertiary phosphine ligands undergo thermal degradation which are 

difficult to remove from the reaction.21 Recent research has investigated palladium and nickel-

catalyzed selective α-arylation and vinylation in mild reaction conditions.  

 

  

Figure 1.4 Arylation of Tert-butyl Acetates and Oxindoles 
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The α-arylation of other enolates has been investigated, expanding the possible enolate 

nucleophiles. This type of enolate coupling has opened doors to alternative C(sp2)-C(sp3) bond 

formation. Studies have shown that the ligands play significant roles in the cross-coupling 

process in regards to the desired product yield. Nolan and co-workers22 reported the palladium 

catalyzed arylation of propiophenone and acetophenone derivatives using aryl chlorides. Willis 

and co-workers23 also reported palladium catalyzed α-arylation of oxindoles, and N-

methyloxindoles, with aryl halides using potassium bis(trimethylsilyl)amide, KHMDS, as a base. 

In 2013, Hartwig and co-workers24 disclosed an arylation of zinc enolates  1-19 derived from 

tert-butyl acetates 1-17 and protected amino acids using aryl bromides 1-18 as illustrated in 

Figure 1.4. Zinc enolates, or Reformatsky reagents25, 26, are created by the quenching of alkali 

metal enolates with zinc salts such as ZnCl2. Zinc enolates are milder bases compared to alkali 

metal enolates, and have better functional group tolerance.24  

Studies have shown that viable enolate nucleophile partners for cross-coupling are not 

restricted to those derived from ketones. Aldehydes27, esters28, and amides29 have also proved 

to be competent nucleophiles in cross-coupling reactions. Huang et al, demonstrated α-arylation 

of amide derived enolates 1-20 to access 3-methyloxindole derivatives 1-22, as illustrated in 

Figure 1.4. For most general enolate cross-coupling cases, the difference in pKa of the 

carbonyl, the base plays a significant role in forming the metal enolate.  

 

 

Figure 1.5 α-Vinylation of Propiophenone 
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 The vinylation of enolates produces β,γ-unsaturated carbonyls, providing alkene and 

carbonyl functionality that can participate in a diverse variety of subsequent reactions.30 This 

specific type of cross-coupling, however, presents significant challenges with respect to chemo-, 

regio-, and stereoselectivity. Further complications such as isomerization are also possible.31 

Recent studies by Helquist and co-workers report nickel32 and palladium-catalyzed30 

alkenylation 1-25 of lithium enolates 1-23 in the presence of 1-bromo-2-methylpropenes 1-24 

with high regioselectivity. Helquist studied the scope acetophenone derivatives and found that 

bulky, electron-rich monophosphine ligands, such as Q-Phos, resulted in high yields of the 

desired β,γ-unsaturated ketone 1-25 (Figure 1.5). In analogous Ni-mediated reactions, bulky, 

mono-dentate N-Heterocyclic carbene (NHC) ligands, such as IPr•HCl, proved optimal. 

Buchwald and co-workers have also reported the asymmetric palladium-catalyzed α-vinylation 

of enolates of cyclopentanone derivatives, with high levels enantioselectivity.33 Studies have 

demonstrated elegant cross-coupling methods for the α-vinylation of enolates in the presence of 

hexamethyldisilazine or alkoxide bases and bulky, electron-rich ligands using either Pd- or Ni-

precatalysts.  

1.3 Decarbonylative Cross-Coupling Methods: Electrophile Advancements 

Organohalides have served as traditional electrophiles in cross-coupling reactions. 

Advances in the electrophilic coupling partner, as displayed in Figure 1.6,  have significantly 

altered the possibilities in synthetic planning, functional group tolerance, and scope for various 

cross-coupling reactions.34 Triflates (OTf), specifically aryl triflates, have been used extensively 

in cross-coupling reactions due to presence of efficient leaving groups, reactivity, and 

availability.35 Various alternative phenol-derived pseudohalides, or activated esters, include 

tosylates (OTs)36, mesylates (OMs)37, and phosphates (OPO(OR)2)38, some of which are less 

expensive, more stable and undergo facile oxidative addition similar to traditional halides.39 

Buchwald displays this by developing an innovative Suzuki-Miyaura coupling of C(sp2) tosylates 



11 
 

and mesylates 1-26 with heteroarylboronic acids 1-27 (Figure 1.7) where organohalides were 

replaced with pseudohalides. 

  

Figure 1.6 Alternative Electrophilic Cross-Coupling Partners 

 

Additionally, carbamates and acetates, are accessible electrophiles with notable 

reactivity. Aldehydes40 and carboxylic acid derivatives such as esters,41,42 amides,43 and 

anhydrides44 have been investigated and are known to undergo oxidative addition with Pd(0) 

and Ni(0). 

Transition-metal catalyzed decarbonylative cross-coupling emerged as a reaction of 

interest in the late 1980s. These methods involve the activation of acyl C-N, C-O, and C-H 

bonds followed by loss of CO from the metal-acyl intermediate. In 1965 Jiro Tsuji45 reported one 

of the first decarbonylative coupling methods in which aldehydes and acyl chlorides were 

subjected to Wilkinson’s compound46, RhCl(PPh)3. Within these reaction conditions, Tsuji 

demonstrated how the decarbonylation of these respective compounds were effective ways to 

produce compounds such as styrenes, aryl chlorides, and other derivatives. However, 



12 
 

stoichiometric amounts of catalyst inspired the search for milder reaction conditions. 

Improvements and advancements in transition-metal catalyzed decarbonylative coupling, and 

cross-coupling, methods have significantly expanded the viability of these strategies for 

chemical synthesis.  

 

 

Figure 1.7 Buchwald Suzuki-Miyaura Coupling of Boronic Acids and Pseudohalides 

 

1.3.1 Aldehydes 

Aldehydes have proven to be viable electrophiles within decarbonylative cross-coupling 

reactions, as they are inexpensive and readily available. Transition-metal catalyzed 

decarbonylations of aldehydes have been reported using catalytic amounts of rhodium45, 

ruthenium, and iridium40 in mild conditions, as ways to produce alkanes and alkenes. The 

oxidative addition of C-H bonds produce the reactive intermediate acyl metal hydride21 as 

illustrated in Scheme 1.3. Advancements in aldehyde decarbonylations, introduced various 
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other coupling partners, such as alkenes,47 as nucleophilic partners to expand this cross-

coupling methodology.  

 

 

Scheme 1.3 General Decarbonylative Cross-Coupling Catalytic Cycle 

 

Yang et al reports extensive studies on the rhodium(I)-catalyzed decarbonylative cross-

coupling of aldehydes 1-29 and norbornene analogues 1-30 (Figure 1.8). Norbornenes proved 

efficient substrates in this reaction due their increased reactivity as a result of the ring-strain 

released upon reaction with Rh-intermediate.  
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Figure 1.8 Rhodium(I)-Catalyzed Decarbonylative Arylation of Norbornenes 

 

 1.3.2 Amides 

 Amide functional groups are vital building blocks in biochemical compounds such as 

proteins.48 However, amides are challenging electrophiles due to the resonance stability of the 

amide bond.49 Although C-N bond activation is difficult and comparatively underdeveloped, 

recent studies have demonstrated the possible cross-coupling abilities of amides. Various 

transition-metal catalyzed cross-coupling methods of amide derivatives have been reported in 

efforts to overcome the low reactivity of these groups.  Significantly, Garg and co-workers have 

reported the conversion of amides to esters47 and ketones43 using nickel-catalysis. Garg 

demonstrated the synthesis of esters from N-benyl-N-Boc benzamides 1-32 using various 

alcohols 1-33 as nucleophiles, with substantial functional group tolerance. Interestingly, they 

also reported the alkyation of amides with organozinc alkylating reagents to obtain desired 

ketone compounds (Figure 1.9). This particular synthetic route proves as an alternative route for 

the Weinreb amide50 acylating agents.  
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Figure 1.9 Nickel-Catalyzed Amide Conversion to Esters 

 

In the direction of decarbonylative cross-coupling, various advancements have also 

been made regarding amide electrophiles. A decarbonylative cross-coupling of amides and 

alkynes manifest the significant abilities of amides. Srimontree et al, portray the nickel-catalyzed 

decarbonylative cross-coupling of N-aryl benzamides with terminal, silylated alkynes to 

construct C(sp2)-C(sp) bonds. Bidentate phosphine ligands, in addition to copper iodide, 

facilitated a decarbonylative amide cross-coupling in good yields.51 Similar reaction conditions 

were used to also investigate the decarbonylative cross-coupling of napthyl amides52 and 

nucleophilic amines to synthesize complex napthyl amines. Lastly, a decarbonylative Suzuki-

Miyaura cross-coupling method of amides and di-boron reagents was developed by Hu et al 

which was also shown as a viable way to synthesize organoboronates.53 Significantly, this work 

overcame the challenges of selective C-N bond cleavage54 of N-boc activated amides along 

with avoiding further reactivity of the arylboronate cross-coupled products with unreacted amide 

starting material.  

1.3.3 Esters 

Decarbonylative cross-coupling methods have advanced to include esters as usable 

electrophiles as well. However, challenges confirming aryl C-O bond cleavage and 

decarbonylation have called for further investigations.55 Previously, the decarbonylation of 

formate esters by amines and phosphines was reported to produce various types of alcohols.56 

Recent studies by Itami et al, have demonstrated the nickel-catalyzed decarbonylative cross-
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coupling of phenyl esters 1-36 and aryl boronic acids 1-37 (Figure 1.10). The use of electrophilic 

esters in this Suzuki-Miyaura type coupling opened further avenues for biaryl and heterobiaryl, 

compound synthesis in which esters are present as leaving groups.57 Under mildly basic 

reaction conditions, monodentate phosphine ligands were determined to promote the most 

efficient reaction. Further DFT mechanistic studies, support the theory that the base plays no 

role in oxidative addition, and the turnover limiting step is the decarbonylation of the proposed 

Ni-acyl intermediate. The utility of this coupling was used to synthesize flavone derivatives 

which are natural products found in various plants with potent biological activity.58 

 

 

Figure 1.10 Suzuki-Miyaura Coupling of Boronic Acids and Phenyl Esters 

 

Other decarbonylative cross-couplings provide access to additional molecular motifs 

other than biaryl or alkyl structures. Itami et al, also reports a nickel-mediated decarbonylative 

arylation of 1,3-azoles42, maintaining the azole functional group. They also have reported an 

decarbonylative, intramolecular coupling of esters as a method of diaryl ether synthesis.59 This 

innovative method displays great functional group tolerance as an advancement from the Chan-

Lam-Evans diaryl synthesis.60 Decarbonylative methods have also been developed for the 

synthesis of organometallic reagents that are useful in subsequent cross-coupling reactions. A 

nickel-catalyzed decarbonylative borylation and silylation of esters55 was established as an 

unconventional way to synthesize organoboron and -silicon compounds.  
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1.4 Outlook on Field 

 Developments in cross-coupling methods have been transformative due to the central role 

of carbon-carbon and carbon-heteroatom bond formation in chemical synthesis. Many obstacles, 

such as functional group tolerance, undesired byproduct formation, and selectivity have been 

overcome with the efforts to expand viable electrophilic and nucleophilic coupling partners. 

Despite significant progress, challenges for efficient cross-coupling protocols persist. Studies 

currently aim to not only gain more mechanistic insight, they also look to develop alternative 

catalytic systems and expand possible nucleophilic and electrophilic cross-coupling partners.  
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Chapter 2: Transition-metal Catalyzed Decarbonylative Cross-Coupling of Esters & 

Boronic Acids 

2.1 Background and Significance 

 Transition-metal catalyzed cross-couplings are privileged reactions in chemical 

synthesis. Advancements in cross-coupling methods have expanded possible bond formations, 

yielding carbon-carbon bonds, along with carbon-heteroatom bonds, for complex molecule 

synthesis. Much of these developed methods focus on variation of the nucleophile, straying 

away from traditional organometallic compounds. However, the range of feasible electrophiles 

has remained limited to traditional organohalides, or pseudo-halides. 

 Although known cross-coupling methods are broad, limitations lie within the possible 

type of bond formations made, due to substrate scope and reaction conditions. Recent studies 

have investigated ways to expand these cross-coupling methods by straying away from 

traditional halides and organometallic substrates. Notably, recent investigations have proposed 

alternative carbonyl electrophiles including aldehydes1, amides2, and ester3 substrates which 

have lead to various unconventional types of syntheses. Studies with acid halides4 bridged the 

gap between traditional and non-traditional acyl electrophiles due to their halogen presence. 

Although activation of acyl C-H, C-N, and C-O bonds of aldehydes, amides, and esters have 

been investigated, they present challenges, as compared to the facile oxidative addition of 

organohalides, previously noted in Chapter 1.  

This pathway occurs through C(acyl) - hetereoatom oxidative addition by a metal 

catalyst forming an acyl metal intermediate.5 This difficult oxidative addition is not only due to 

competing resonance between the carbonyl carbon and heteroatom, but also due to relative 

bond strength6, rendering certain substrates as poor electrophiles.7  However, carbonyl 

electrophiles have not only provided many strategic benefits, but have also introduced various 
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functionality and types of bond formation due to introduction of carbonyls motifs. Specifically, 

Garg and co-workers developed a nickel catalyzed method demonstrating C-N bond activation 

to transform N-benzyl-N-Boc amides into esters (Figure 1.9).8 Within this work, amides, which 

are known to be thermodynamically stable, were transformed into more reactive ester 

substrates through a decarbonylative pathway with great selectivity.  

Carboxylic acid derivatives as alternative electrophiles has also been investigated via 

decarboxylative and decarbonylative cross-coupling methods.9, 10 Itami et al. has presented a 

Suzuki-Miyaura decarbonylative cross-coupling pathway in which pyridyl phenyl esters are 

coupled with organoboron nucleophiles. This pathway was proposed to proceed via C-O bond 

oxidative addition with nickel(0). Upon transmetallation of the boronic acid and the phenolic 

motif of the ester electrophile, decarbonylation occurs, where the ester functional group is 

present as a leaving group, yielding boronic anionic esters as byproducts.11 Through 

decarbonylation, CO is also lost as a byproduct, yielding the cross-coupled biaryl product upon 

reductive elimination (Scheme 1.2). Esters are ideal electrophiles due to their abundance, 

stability, and facile production under acidic, or basic conditions. Esters have also been proven to 

be  alkenylating5 and arylation12 agents in other well-developed cross-coupling methods.   

Decarbonylative pathways have been under investigation for quite some time. DFT 

methods along with intermediate syntheses has provided proof of this pathway.13, 14 Studies 

have shown alternative modes of C-O bond activation of the ester substrate.15 C(acyl) - O bond 

cleavage versus C(aryl) - O bond cleavage is dependent on the metal precursor and ligand of 

the catalytic system. In recent studies, Houk and co-workers claim that bulky NHC ligands with 

palldium16, along with bidentate phosphine ligands with nickel17, promote C(acyl) - O bond 

activation through a 3-centered transition state. Notably, Houk also showed how bulky NHC 

ligands prevented decarbonylation in spite of the correct oxidative addition due to high energy 

barriers. However, Itami and co-workers demonstrated C(acyl) - O bond cleavage through a 5-
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centered transition state of pyridyl aryl esters with alkyl, monodentate phosphines, in the 

presence of nickel. Significantly, decarbonylation occurs in the presence of this catalytic system 

due to production of the acyl metal intermediate. DFT studies demonstrate that these attributes, 

along with energy barriers and substrate distortion, play key roles in this chemeoselective 

system. Although decarbonylative cross-coupling methods of carboxylic acid derivatives have 

been developed, there are still many challenges to overcome and ways these methods could be 

improved. Outside of high reaction temperatures, current research looks improve expand the 

scope of possible ester electrophilic partners, specifically looking to improve the desired product 

yield.  

2.2 Decarbonylative Cross-Coupling of Esters and Boronic Acids 

 The Itami group developed a nickel-catalyzed decarbonylative cross-coupling method of 

esters and boronic acids (Figure 1.10). As previously discussed in Chapter 1, this Suzuki-

Miyaura-type coupling uses heteroaryl esters in place of organohalide electrophiles to 

synthesize biaryl compounds. Specifically, pyridyl esters were used as model substrates, 

overcoming the challenges presented with these functional group regarding traditional palladium 

catalytic systems. This advancement, uses the alcohol fragment of the ester as the leaving 

group that transmetallates with the boronic acid nucleophile. In order to achieve oxidative 

addition of the C(acyl) – O ester bond, previous research determined phenyl esters to be 

excellent substrates. 18,19 As carbonate bases and monodentate phosphine ligands in the 

presence of nickel (II) proved to be a great catalytic system, this decarbonylative pathway 

displayed an alternative way to synthesize biaryl, and heterobiaryl compounds. With this 

system, the phenolic ester functional group tolerance was explored. Significantly, the research 

discussed in this chapter, looks to use reactions conditions previously discussed as a way to 

determine which type of phenyl ester serves as the optimal electrophilic coupling partner. This 

electrophile, in turn, will serve as the model substrate for the ultimate goal in developing a 
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transition-metal catalyzed decarbonylative cross-coupling method of esters and enolizable 

carbonyls which will be discussed in Chapter 3.  

 2.2.1 Purpose 

 This research looks to use a Suzuki-Miyaura decarbonylative cross-coupling of esters 

and boronic acids to further understand the effect that the alcohol component on the ester plays 

in the overall coupling process. Initial inspiration for this research stems from the previous 

studies completed by Itami et al. where phenyl esters were coupled with boronic acids in a 

Suzuki-Miyaura type reaction. With respect to the research discussed in this chapter, 

strategically substituted phenyl esters were subjected to analogous reaction conditions 

previously proposed to assess the steric and electronic influence on oxidative addition. 

Optimization of reaction conditions were investigated to increase the yield of the desired 

product. Research completed in this chapter was conducted with the intent to translate to 

couplings with alternative nucleophiles, not known to be previously coupled with esters in 

Chapter 3. 

 2.2.2 Results and Discussion 

 To study the cross-coupling reactions of esters and boronic acids, the ester electrophiles 

were synthesized via a 2-step sequence beginning from cinnamic acid (Scheme 2.1). Cinnamic 

acid was converted to cinnamoyl chloride and addition of substituted phenol of interest afforded 

the corresponding aryl cinnamate. Phenyl cinnamates, according to the data of Itami et al, were 

substrates that provided moderate cross-coupling yields with phenyl boronic acid.  
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Scheme 2.1 Synthesis of Phenyl Cinnamate Esters 

 

A series of reactions with cinnamic esters with various substituents were coupled with 

phenyl boronic acid. Initial hypotheses proposed that electron deficient phenyl cinnamates 

would may increase the rate of C(acyl)-O bond oxidative addition.20  With a variety of substituted 

aryl cinnamates in hand, esters with substituents in various positions on the phenolic motif were 

tested against each other, illustrated in Table 2.1. Substituents were strategically chosen to 

obtain electron-donating and electron-withdrawing characteristics in various places to 

simultaneously investigate if position have any effects on overall coupling. An H substituent was 

chosen as an electron-donating group, rendering the entire ester electron-rich. Other electron-
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withdrawing groups including 2 and 4-nitro groups were chosen, along with 3,5-

bis(trifluoromethyl), providing more electron-poor ester substrates. Initial hypotheses also 

determined that electron-donating, or electron-withdrawing groups in the 2-position would create 

optimal environments for facile oxidative addition. Therefore, 2-methyl, 2-methoxy, and 2-

trifluoromethyl were also synthesized. 

Phenyl cinnamates, obtaining an H and methyl substituents on the phenolic portion, 

provided those lowest yields of (E)-stilbene, where only trace amounts were observed (Table 

2.1, entries 1-2). However, 2-methoxy phenyl cinnamate (Table 2.1, entry 3) provided an 

observable cross-coupling yield of 21% of (E)-stilbene, indicating that the electron-rich 

substrates undergo very slow oxidative addition. Although, placing an electron-withdrawing 

trifluoromethyl group in the 2-position (Table 2.1, entry 4) didn’t affect the overall yield, the 3,5-

bis(trifluoromethyl) group only slightly improved the yield to 34% (Table 2.1, entry 5). 

Significantly, 4-nitrophenyl cinnamate provided a moderate yield of 53%, indicating that 

coordinating, electron-withdrawing groups provided a more optimal environment for oxidative 

addition. Ultimately, 2-nitrophenyl cinnamate, produced the highest yield of 76% isolated yield of 

(E)-stilbene (Table 2.1, entry 7), indicating that the electron-withdrawing nature of the nitro 

group in the 2-position provided optimal conditions for quick oxidative addition.    

Ultimately, initial hypotheses were correct. Electron-poor phenyl cinnamates, with 

substituents the 2-position of the ester motif provide the highest yields in the presence of nickel 

(II). Although oxidative addition isn’t the rate determining step, these groups directly affect the 

initial oxidative addition step in this decarbonylative pathway. The electron-withdrawing nature in 

the 2-position, along with sterics of the substituent, play roles in the ability to promote oxidative 

addition, promoting electron transfer form the metal to the ligand.21  
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Table 2.1 Substituent Effects of Ester Electrophilesa 

 

Notably, in every case, where the cross-coupled product (E)-stilbene was observed, the 

respective phenol was also observed by GC-MS and TLC, however these were not isolated. 

Presence of the phenol was a key indication, affirming of the hypothesis that oxidative addition 

had occurred in order to produce phenol as a byproduct.   

Multiple avenues were taken in attempts to expand ester substrate scope. Various 

substituents, including 4-nitro and 4-methoxy groups, were placed on the cinnamoyl portion of 
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2-nitrophenyl cinnamates (Appendix B, Scheme 1B) with attempts to couple with phenyl boronic 

acid. Unfortunately, homo-coupling outcompeted the decarbonylative cross-coupling with these 

esters, where only trace amounts of biphenyl was observed. To further expand the scope, 

esters with alternative acyl functional groups were investigated. Non-cinnamic, enoic derived 2-

nitrophenyl esters with were tested, however reactivity was not observed (Appendix B, Scheme 

2B). Due to these results, it was concluded that conjugation and aromaticity was required for 

reactivity.  

 

  

Table 2.2 Optimization of Reaction Conditionsa 
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Further reaction conditions were optimized with 2-nitrophenyl cinnamate. Alternative 

ligands were tested. Triphenylphosphine was investigated, introducing aryl groups on the 

phosphine. As expected, triphenyl phosphine (Table 2.2, entry 2) resulted in no detection of 

product. Analogous results were observed in the absence of ligand as well (Table 2.2, entry 1). 

This suggested that alkyl monodentate phosphine ligands were more efficient ligands due to 

their lack of bulkiness and sigma donation.22, 23 Other nickel metal precursors were investigated 

as well. Nickel (II) bromide (Table 2.2, entry 3) produced similar yields of (E)-stilbene as nickel 

(II) acetate tetrahydrate. All experiments were conducted under an inert atmosphere. However, 

it was hypothesized that these reactions could occur in the presence of air with reduced yields. 

An inert atmosphere was exchanged for air, providing a 42% yield of (E)-Stilbene indicating that 

this reaction could be run on the benchtop (Table 2.2 ,entry 5). Initial reaction conditions 

proposed by Itami et al proved to be optimized where the temperature was only altered from 

150 °C to 140 °C. All reactivity observed provided only (E)-stilbene, where cis-stilbene was 

never observed.  

 2.2.3 Summary and Outlook 

 Phenolic motifs of aryl esters were investigated in regards to the nickel-catalyzed 

decarbonylative cross-coupling of esters and boronic acids proposed by Itami and co-workers. 

Various electron-donating and electron-withdrawing substituents, including H, Me, OMe, CF3, 

and NO2 were placed on the phenolic portion of phenyl cinnamates to investigate their effects 

on the overall cross-coupling with phenyl boronic acid. Electron poor phenyl cinnamates posed 

as moderate yielding electrophiles, where 2-Nitrophenyl cinnamates was determined to be the 

optimal phenoxyl ester group substituent when coupled with phenyl boronic acid. Electron-rich 

esters portrayed low yields, or trace amounts of (E)-stilbene, indicating slow oxidative addition. 

Nickel (II) sources along with alkyl phosphine ligands in the presence of carbonate bases 

provided great catalytic systems as shown by Itami et al. Reaction conditions were optimized 
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where the absence of ligand or base resulted in the absence of cross-coupled product. Aryl 

phosphine ligands were poor ligands, where alkyl monodentate phosphine were optimal ligands 

in the presence of nickel (II) sources.  

Although these aryl cinnamates demonstrated abilities to alkenylate phenyl boronic acid 

with good efficiency and stereochemical fidelity, limitations were observed. Any alterations to 

the acyl backbones to non-cinnamic enoic derivatives resulted in no reactivity. Further studies to 

determine the reason for this specificity are underway. Future work looks to develop a transition-

metal catalyzed decarbonylative cross-coupling method in which phenyl cinnamates, specifically 

2-nitrophenyl cinnamates, are coupled with enolizable carbonyls as alternative nucleophilic 

partners.   

 2.2.4 Experimental 

  General Information 

            All reactions were assembled using oven-dried glassware within an inert 

atmosphere of nitrogen using a vacuum glovebox. Tetrahydrofuran and toluene were obtained 

from a solvent purification system and stored over Type 4A,8-12 Mesh molecular sieves 

(Spectrum Chemicals and Laboratory). Dichloromethane, hexanes, and ethyl acetate were 

obtained from Fisher Scientific. Analytical TLC was completed on Merck Millipore silica gel (60, 

F2569) coated aluminum sheets and visualized by irradiation by UV254. Flash column 

chromatography was performed using silica gel P60 (SiliaFlash®). Catalytic reactions were 

analyzed by GC-MS (Agilent 5977B GC/MSD). 1H NMR and 19F NMR spectra were obtained 

using a 300 Bruker AVA. 13C NMR spectra were collected on a 500 MHz JEOL ECA.  

  Ester Synthesis: Method A 

            To a round bottom flask, the corresponding carboxylic acid (1 equiv) was added 

along with a magnetic stir bar. The carboxylic acid was then dissolved in 0.75 M CH2Cl2 dried 
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with Na2SO4. The round bottom flask was then capped with a rubber septum and sparged with a 

nitrogen filled balloon. The reaction mixture was cooled to 0 °C. Oxalyl chloride (2 equiv) was 

added, along with a few drops of DMF, to the cooled mixture and the reaction was stirred for 24 

hours. Consumption of carboxylic acid starting material was determined by TLC. The mixture 

was concentrated under a stream of air. The crude reaction mixture was reconstituted in dried 

0.75 M CH2Cl2 and the corresponding phenol (1.1 equiv) was added. The reaction was closed 

off using a rubber septum and inserted with a nitrogen filled balloon. Once cooled to 0 °C, 

triethylamine (2 equiv) was injected into the reaction mixture and stirred for 24 hours. The 

mixture was further diluted with CH2Cl2 (50 mL) and the organic layer successively washed with 

distilled H2O, brine, and saturated NaHCO3. All combined organic layers were dried with 

Na2SO4, filtered, and concentrated. The crude mixture was purified via flash column 

chromatography (25% EtOAc in Hexanes). 

Phenyl cinnamate (2-1) (2757-04-2). The named compound was 

synthesized based on Method A from trans-cinnamic acid and phenol. This compound 

was synthesized by Valerie Schmidt and her efforts are greatly appreciated. All spectral 

and physical data of this compound is in correspondence with literature.24   

3,5-bis(trifluoromethyl)phenyl cinnamate (2-2). The named compound was 

synthesized based on Method A from trans-cinnamic acid and 3,5-bis(trifluoromethyl) 

phenol. The overall yield from the two-step synthesis was 56% and was isolated as a 

white-crystalline solid.  

1H NMR (300MHz, CDCl3) δ 7.98 (d, 1H, J = 16.Hz), 7.80 (s, 1H), 7.72 (s, 2H), 

7.65 – 7.62 (m, 2H), 7.49 – 7.47 (m, 3H), 6.68 (d, 1H, J = 16.0Hz); 

13C NMR (500MHz, CDCl3) δ 164.5, 151.4, 148.4, 133.8, 131.4, 129.2, 128.6, 

124.0, 119.7, 119.6, 115.9; 
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19F NMR (300MHz, CDCl3) δ –62.93 (m, 6F); 

GC-MS (EI) m/z (M+) calcd for C17H10F6O2: 360, found 360. 

4-nitrophenyl cinnamate (2-3). The named compound was based on Method A 

from trans-cinnamic acid and 4-nitrophenol. This compound, however, is insoluble in this 

particular solvent system. Due to this circumstance, this compound was loaded onto the 

column for purification using a dry loading method. The overall yield from the two-step 

synthesis was 76% and was isolated as an off-white powder. All spectral and physical 

data of this compound is in correspondence with literature.25, 26 

2-nitrophenyl cinnamate (2-4). The named compound was based on Method A 

from trans-cinnamic acid and 2-nitrophenol. The overall yield from the two-step synthesis 

was 73% and was isolated as an off-white powder. 

1H NMR (300MHz, CDCl3) δ 8.13 (dd, 1H, J = 8.4 Hz), 7.920 (d, 2H, J = 16.0Hz), 

7.68 (t, 1H), 7.65 - 7.62 (m, 2H), 7.48 – 7.45 (m, 4H), 7.35 (dd, 1H, J = 8.4Hz), 6.67 (d, 

1H, J = 16.0Hz); 

13C NMR (500MHz, CDCl3) δ 164.5, 148.3, 134.8, 131.2, 129.1, 128.6, 125.9, 

125.4, 116.0; 

GC-MS (EI) m/z (M+) calcd for C15H11NO4: 268, found 268. 

o-tolylphenyl cinnamate (2-5). The named compound was based on Method A 

from trans-cinnamic acid and o-tolylphenol. The overall yield from the two-step synthesis 

was 82% and was isolated as viscous-clear liquid. All spectral and physical data of this 

compound is in correspondence with literature.27 

2-(trifluoromethyl)phenyl cinnamate (2-6). The named compound was based 

on Method A from trans-cinnamic acid and 2-(trifluoromethyl)phenol. The overall yield 
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from the two-step synthesis was 62% and was isolated as viscous-clear liquid. All 

spectral and physical data of this compound is in correspondence with literature.28 

2-methoxyphenyl cinnamate (2-7). The named compound was based on 

Method A from trans-cinnamic acid and 2-methoxyphenol. The overall yield from the 

two-step synthesis was 66% and was isolated as a sticky-white solid. All spectral and 

physical data of this compound is in correspondence with literature.27 

1H NMR (300MHz, CDCl3) δ 7.89 (d, 1H, J = 16Hz), 7.64 – 7.61 (m, 2H), 7.47 – 

7.44 (m, 3H), 7.23 (d, 1H, J = 2.0Hz), 7.05 - 6.98 (m, 2H), 6.68 (d, 1H, J = 16.0Hz), 3.87 

(s, 3H) 

13C NMR (500MHz, CDCl3) δ 165.1, 151.4, 146.7, 139.9, 134.4, 130.7, 129.1, 

128.4, 127.0, 123.1, 120.9, 117.1, 112.5, 56.0; 

GC-MS (EI) m/z (M+) calcd for C16H14O3: 254, found 254. 

2-nitrophenyl (E)-3-(4-nitrophenyl)acrylate (2-8). The named compound was 

synthesized based on Method A from 4-nitro trans-cinnamic acid and 2-nitrophenol. This 

compound was synthesized by Valerie Schmidt and her efforts are greatly appreciated. 

1H NMR (500MHz, CDCl3) δ 8.28 (d, 2H, J = 9Hz), 8.13 (d, 1H, J = 9.0Hz), 7.92 

(d, 1H, J = 16.0Hz), 7.77 – 7.69 (m, 3H), 7.44 (t, 1H), 7.33 (d, 1H, J = 8.0Hz), 6.77 (d, 

1H, J = 16.0Hz); 

13C NMR (500MHz, CDCl3) δ 164.5, 148.3, 134.8, 131.2, 129.1, 128.6, 126.6, 

125.9, 125.4, 116.0; 

GC-MS (EI) m/z (M+) calcd for C15H10N2O6: 314, found 314. 

2-nitrophenyl (E)-3-(4-methoxyphenyl)acrylate (2-9). The named compound 

was synthesized based on Method A from 4-methoxy trans-cinnamic acid and 2-
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nitrophenol. This compound was synthesized by Valerie Schmidt and her efforts are 

greatly appreciated. 

1H NMR (500MHz, CDCl3) δ 8.09 (d, 1H, J = 8.0Hz), 7.85 (d, 1H, J = 16.0Hz), 

7.67 (t, 1H), 7.55 (d, 3H, J = 9.0Hz), 7.39 (t, 1H), 7.32 (d, 1H, J = 8.0Hz), 6.93 (d, 3H, J = 

9.0Hz), 6.51 (d, 1H, J = 16.0Hz); 

13C NMR (500MHz, CDCl3) δ 164.8, 162.1, 148.0, 144.4, 134.7, 130.5, 126.7, 

126.5, 125.8, 125.4, 114.6, 113.3, 55.5; 

GC-MS (EI) m/z (M+) calcd for C16H13NO5: 299, found 299. 

2-nitrophenyl (E)-2-methylbut-2-enoate (2-10). The named compound was based 

on Method A from tiglic acid and 2-nitrophenol. The overall yield from the two-step 

synthesis was 67% and was isolated as a white powder. 

1H NMR (300MHz, CDCl3) δ 8.25 (d, 2H, J = 5.0Hz), 7. 29 – 7.25 (m, 2H), 7.18 – 

7.14 (m, 1H), 1.95 (s, 3H), 1.89 (d, 3H, J = 7.0Hz); 

13C NMR (500MHz, CDCl3) δ 165.5, 156.2, 145.2, 141.3, 127.6, 125.2, 122.7, 

12.9, 12.2; 

GC-MS (EI) m/z (M+) calcd for C11H11NO4: 221, found 221. 

2-nitrophenyl cyclohex-1-ene-1-carboxylate (2-11). The named compound 

was based on Method A from cyclohex-1-ene-1-carboxylic acid and 2-nitrophenol. The 

overall yield from the two-step synthesis was 51% and was isolated as an light-yellow 

powder. 

1H NMR (300MHz, CDCl3) δ 8.08 (dd, 2H, J = 10.0Hz), 7.70 – 7.641 (m, 2H), 

7.43 – 7.38 (m, 2H), 7.33 – 7.29 (m, 3H); 
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13C NMR (500MHz, CDCl3) 165.0, 144.7, 144.0, 142.2, 134.6, 129.1, 126.4, 

125.5, 26.2, 24.2, 22.0, 21.3; 

GC-MS (EI) m/z (M+) calcd for C13H13NO4: 247, found 247. 

2-nitrophenyl 2-naphthoate (2-12). The named compound was based on 

Method A from 2-naphthoic acid and 2-nitrophenol. This compound was synthesized by 

SangHyun Lee and her efforts are greatly appreciated 

1H NMR (500MHz, CDCl3) δ 8.81 (s, 1H), 8.16 (t, 2H), 8.02 – 7.92 (m, 3H), 7.71 

(t, 1H), 7.57 (dt, 2H, J = 30.5Hz); 

13C NMR (500MHz, CDCl3) δ 164.7, 144.5, 142.1, 136.2, 134.9, 132.7, 132.5, 

129.7, 129.1, 128.7, 128.0, 127.1, 126.8, 126.0, 125.7, 125.6; 

GC-MS (EI) m/z (M+) calcd for C15H11NO4: 293, found 293. 

             General Catalytic Cross-Coupling Procedure: To a 1 dram vial, Ni (1 mol%) 

source was placed into a 1 dram vial with a magnetic stir bar all present in a vacuum glovebox 

under an inert nitrogen atmosphere. Ester (0.40 mmol, 1.0 equiv) was then added along with 

phenyl boron acid (0.60 mmol) and base (2 equiv). Phosphine ligand (4 mol%) was added along 

with 1.6ml (0.25M) of dried toluene. The reaction vial was then taken out of the glovebox heated 

to 140 °C for 12 hours. An aliquot was then taken and placed into a GC vial diluted with CH2Cl2 

for GC-MS analysis. The rest of the reaction was filtered through a short column of celite and 

concentrated. The residue was purified by silica gel chromatography to afford the cross coupled 

product (E)-stilbene. All spectral and physical data of this compound is in correspondence with 

literature.29    
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 Chapter 3: Transition-Metal Catalyzed Cross-Coupling of Esters & Enolizable Carbonyls 

3.1 Background and Significance 

 Advancements in transition-metal cross-coupling methods have introduced many 

synthetic pathways for carbon-carbon bond formation. Recent investigations have expanded 

these important methods, with the majority of this work focused on the nucleophilic coupling 

partner. Traditional coupling methods use organometallic compounds as efficient nucleophiles, 

however, these reagents are not without limitations.1 Recent work has developed alternative 

methods, using various other substrates to expand the scope of possible nucleophiles. Enolates 

have been explored as sufficient coupling partners, where these substrates are generated from 

carbonyl compounds such as ketones2, esters3, and aldehydes.4 Recent advancements have 

expanded carbonyl enolates to challenging substrates such as oxindoles, generated from amide 

derivatives.5  

Under basic conditions, enolates are generated via deprotonation of the acidic α-proton. 

Notably, strong bases complete this deprotonation selectively, allowing for monoarylation, or 

monovinlyation. Strong lithium bases, such as lithium diisopropylamide (LDA) and lithium 

bis(trimethylsilyl)amide (LHMDS), are known to yield lithium enolate nucleophiles.6 However, 

alkoxide bases demonstrate efficient deprotonation as well. Although alkali metal enolates7 are 

most commonly used, zinc enolates, also known as Reformatsky reagents, have been 

investigated as alternatives with more functional tolerance.8   

Previous cross-coupling methods have explored methods in which the enolate is formed 

in-situ, or prior to the addition of other reagents. Traditionally, enolates have been cross-coupled 

with vinyl and aryl halide electrophiles. The α-arylation and vinylation of enolates provide 

pathways to mediate C(sp2)-C(sp3) bond formation while maintaining the carbonyl motif. 

Advancements in palladium and nickel catalysis, along with substrate scope, have improved 
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selective monoarylation and vinylation of carbonyl compounds. These improvements have 

overcome such challenges such as enolate homo-coupling and di-arylated, or di-vinylated 

products, along with lack of stereochemical control. Although many enolate cross-coupling 

pathways have been developed, current investigations look to establish arylation and vinylation 

methods using non-halogenated electrophile partners.     

3.2 Cross-Coupling of Esters and Carbonyls 

 Previous studies have created various methods, expanding the possible electrophilic 

and nucleophilic cross-coupling partners. Recent studies, however, aim to combine these 

studies, investigating methods of possible combinations of electrophiles and nucleophiles not 

yet attempted. Esters have served as ideal electrophiles, not often used as electrophilic 

coupling partners, as previously discussed in Chapter 1. Itami and co-workers demonstrated a 

transition-metal catalyzed decarbonylative cross- coupling of esters and boronic acids. As 

discussed in Chapter 1, enolates, formed form carbonyls, serve as model nucleophiles. Sabelle 

and co-workers report an intermolecular cross-coupling of esters and ketones to synthesize 

conjugated compounds.9 Further research looks to create alternative cross-coupling methods of 

esters and carbonyls, forming carbon-carbon bonds that synthesize various other compounds, 

such as complex carbonyls. 

 3.2.1 Purpose  

The purpose of this present research is to develop a transition-metal catalyzed 

decarbonylative cross-coupling method of esters and enolizable carbonyls in order to expand 

the classes of nucleophilic coupling partners. Previous research completed in Chapter 2, with 

respect to substituted phenyl esters, was used to introduce the electrophilic cross-coupling 

partner. The aim was to expand the nucleophilic coupling partner where, phenyl cinnamate 

esters and enolizable carbonyls were subjected to various catalytic conditions in pursuit of the 
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desired reactivity. A variety of enolizable carbonyls with pKa values ranging from 2 to 36, were 

surveyed in our efforts. Reaction conditions, substrate scope, and reactivity was investigated. 

Analyses completed and data obtained were used to determine plausible mechanistic pathways 

of observed products.  

 3.2.2 Results and Discussion 

  To study the cross-coupling of enolizable carbonyls and esters, esters previously 

synthesized in Chapter 2 were subjected to catalytic conditions in the presence of 

acetophenone, illustrated in Figure 3.1. Acetophenone was chosen as a model nucleophile due 

to its ability to readily form enolates under basic conditions. Notably, acetophenone obtains only 

one site of enolization, eliminating issues of regioselectivity.10 Initially, ester starting material 

was not detected by GC-MS, however 2-nitrophenol was detected. Production of 2-nitrophenol 

suggested that decarbonylation may have occurred, however, a significant new peak indicated 

the presence of a new compound which lead to the further optimization of reaction conditions 

and control experiments. In the events where metal precursors, ligands, solvents, and carbonyl 

nucleophiles were altered, the same peak was observed by GC-MS (Appendix B, Table 2B). 

Significantly, in the absence of ester or tert-butoxide base (Appendix B, Table 2B, entry 8), the 

unknown compound peak was no longer detected. Upon small compound separation and 

characterization by NMR, the compound was determined to be tert-butyl cinnamate.  

 

 

Figure 3.1 Cross-Coupling of Phenyl Cinnamate and Acetophenone 
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The presence of tert-butyl cinnamate was conclusive data that the base was 

participating in an esterification process, or nucleophilic acyl substitution with 2-nitrophenyl 

cinnamate 2-4. This nucleophilic acyl substitution11 indicated that the phenyl cinnamate ester 

was too electrophilic in the presence of the very nucleophilic alkoxide (KOtBu) base, producing 

the tert-butyl cinnamate. Ultimately, production of tert-butyl cinnamate fully explained the 

consumption of starting material ester 2-4 and detection of 2-nitrophenol.  

From the presented data, alkoxide bases acted more as nucleophiles, opposed to acting 

as bases, initially intended to deprotonate the present carbonyl. With this conclusion, reaction 

conditions were altered where butoxide bases were avoided in order to prevent nucleophilic acyl 

substitutions from occurring. Lithium bases such as lithium bis(trimethylsilyl)amide (LHDMS) 

and lithium diisopropylamide (LDA), were chosen as these are known to generate lithium 

enolates. Lithium enolates have been demonstrated as viable nucleophiles in cross-coupling 

reactions as previously discussed in Chapter 1. Phenyl esters and fluorinated phenyl esters, 

lacking cinnamoyl motifs were synthesized and chosen as model substrates (Appendix B, 

Scheme 4B). Fluorinated phenyl esters were chosen due to the fact that fluorinated compounds 

have clear identifiable characteristics.  

Upon introduction of phenyl, and fluorinated phenyl esters, unexpected reactivity was 

observed by GC. When acetophenone and fluorinated phenyl esters were subjected to catalytic 

conditions, Figure 3.2, a new peak was detected by GC-MS. Data obtained by MS analysis and 

TLC analysis was obtained to identify the unknown compound. The compound was isolated 

through small compound isolation and characterized by 1H and 19F NMR. Based off the data 

obtained, I determined the unknown compound to be phenyl 4-phenylbenzoate 3-7 (Figure 3.2), 

in 80% isolated yield. Analogous, reactivity was observed with other phenyl esters and pivalate 

esters (Appendix B, Scheme 5B), where the ester portion was transformed from a 3,5-

bis(trifluoromethyl) motif to an electron-rich phenol. Unfortunately, the desired decarbonylated 
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cross-coupled product, 1,2-diphenylethan-1-one, was not detected in these reactions. To 

provide plausible evidence for this transformation, further data was obtained.  

 

 

Figure 3.2 Cross-Coupling of Acetophenone and 3-8 

 

Based on initial findings, we hypothesized that the phenyl observed on the product ester 

was derived from the acetophenone nucleophile. Based on the hypothesis, control experiments 

were performed to interrogate a plausible mechanisms to rationalize the observed ester 

products. As seen in Figure 3.3, in the absence of nickel(0), the phenyl 4-fluorobenzoate 

byproduct is still formed in moderate yield (54%) along with the corresponding phenol. Although 

the use of a nickel(0) source resulted in a higher isolated yield of phenyl 4-fluorobenzoate, it 

was not required for product formation to occur. While yields of 3,5-bis(trifluoromethyl)phenol 

weren’t recorded, it was detected via GC-MS, indicating that the phenyl 4-fluorobenzoate was 

not likely the result of a bis-detrifluoromethylation.12  
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Figure 3.3 Control Experiment Without Nickel (0) 

 

The absence of added ligands, as seen in Table 1 (entry 7), phenyl 4-fluorobenzoate 

was still observed, albeit in diminished yields. This again, suggested that the phosphine ligands 

did not play an essential mechanistic role. Although, not vital, ligand screenings revealed that 

there was an effect on the isolated yield, as illustrated in Table 3.1. Bulky, bidentate ligands 

(Table 3.1, entries 2-3, and 5) produced isolated yields below 30% of phenyl 4-fluorobenzoate. 

In the presence of these ligands, 4,4’-difluoro-1,1’-biphenyl and ester starting material 3-8 was 

detected. With competition from the 4,4’-difluoro-1,1’-biphenyl and 3,5-bis(trifluoromethyl)phenol 

byproducts, it wasn’t surprising why the yield of phenyl 4-fluorobenzoate decreased when an 

additional product, derived from the same starting material, is also observed. produced low 

yields as compared to NHC, mono- and bidentate phosphine ligands (Table 3.1, entries 1,4, and 

6).  

N-heterocyclic carbene (NHC) ligands along with and bidentate phosphine ligands, 

produced yields above 50% of phenyl 4-fluorobenzoate. Specifically, IMes HCl and 4,5-

Bis(diphenylphosphino)-9,9-dimethylxanthene (Xant Phos) selectively yield the phenyl 4-

fluorobenzoate phenyl 4-fluorobenzoate product (Table 3.1, entries 3,4) without the presence of 

4,4'-difluoro-1,1'-biphenyl or ester 3-8 starting material.   
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Table 3.1 Ligand Screening Effectsa 

 

The absence of nickel and ligand, as illustrated Table 3.2 (entry 4), still generated phenyl 

4-fluorobenzoate which indicated that ligand, along with metal precursor, are/were not required 

for product formation. Initial hypotheses state that the phenyl observed on the product ester was 

derived from the acetophenone, however one could hypothesize that the phenyl was somehow 

derived from the solvents toluene and THF. Solvent control experiments where conducted 

where only toluene or tetrahydrofuran were used, still provided the ester product (Appendix B, 

Table 3B). This not only showed that solvent didn’t alter yields, but also wasn’t a factor within 

the mechanism, as this ester phenyl motif, in no way was due to toluene.  
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Initial hypotheses proposed that base was vital for this transformation. Significantly, the 

absence of base showed zero production of phenyl 4-fluorobenzoate indicating its necessity 

(Table 3.2, entry 1). Lack of acetophenone gave the same results indicating that these reagents 

were mechanistically vital to the production of the phenyl 4-flurobenzoate ester product (Table 

3.2, entry 2).  

Lastly, it was hypothesized that there would be a substantial decrease in phenyl 4-

fluorobenzoate production. When an excess of ester was used instead of an excess of 

acetophenone (Table 3.2 (entry 3), the isolated yields of phenyl 4-fluorobenzoate decreased 

from 48% to 15% This data supports the hypothesis that the phenyl motif on the product phenyl 

4-fluorobenzoate is in fact acetophenone derived.  
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Table 3.2 Acetophenone and Base Control Experimentsa 

 

Many bases, Table 3.3, with different alkali-metal counter ions, were screened to 

determine whether or not their identity effected the yield of phenyl 4-fluorobenzoate. These 

conjugate acid of the present bases obtained a range of pka values and were used to compare 

to that of acetophenone. This evidence was used to rationalize that these bases were all 

sufficient enough to deprotonate acetophenone, and that this mechanistic step was in fact 

occurring.  
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Table 3.3 Base Screening and pKa Comparisona, 13, 14 
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 Carbonate bases (Table 3.3, entries 1-3) produced only trace amounts of phenyl 4-

fluorobenzoate indicating that these bases weren’t sufficient. Where the pKa of acetophenone is 

24.7, the pKa value of carbonates is only 6.35, indicating that these aren’t strong bases when 

considering the acid/base equilibrium. Phosphate bases were moderate, where sodium as a 

counter ion, showed slightly higher yields, 45%, of phenyl 4-fluorobenzoate than when 

potassium was a counter ion, 39%. (Table 3.3, entry 8-9). The pKa value of phosphate is 2.15 

which is pretty acidic, not only in comparison to acetophenone, but also to the previous 

carbonates. Unexpectedly, phosphate bases act as stronger bases in the presence of 

acetophenone.  

Ultimately, lithium amide bases (Table 3.3, entry 11-12) were the most efficient bases, resulting 

in similarly high yields of about 50% of phenyl 4-fluorobenzoate. LHMDS has a pka value of 

30.0 where LDA has a value of 36.0. These values are significantly high than the pKa value of 

acetophenone rationalizing them as strong bases, obtaining the ability to efficiently deprotonate 

it. This corresponds with previous studies that lithium enolates are optimal nucleophiles as 

opposed to other alkali-metal enolates. Alkoxide bases (Table 3.3, entries 4-5) showed no 

production of the phenyl 4-fluorobenzoate as they only produced tert-butyl 4-fluorobenzoate 

along with 3,5-bis(trifluoromethyl) phenol as expected. This was anticipated in analogy to the 

reactivity observed and reported earlier in this chapter with phenyl cinnamate esters. Despite the 

favorable acid/base equilibrium with acetophenone, experiments using metal hydride bases 

such as sodium and calcium hydride, did not result in good yields of phenyl ester. Rather, 

calcium hydride use resulted in 30% yield of fluorinated phenyl ester and sodium hydride use 

resulted in the isolation of the acetophenone aldol dimer.15    

 With this data in hand, the next goal was to further investigate whether the phenyl ester 

group in the product benzoate was derived from acetophenone or not. Thus we set out to test 

other acetophenone derivatives that would serve as mimics for parent acetophenone with 
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minimally perturbing the electronics of the substrate. It was hypothesized that the substituent on 

the phenyl of the proposed acetophenone would participate mechanistically, producing the 

corresponding substituted phenyl 4-fluorobenzoate. 4-tolyl, 2-methoxy, and 4-methoxy 

acetophenone, illustrated in Scheme 3.1, were chosen where these electron-donating groups 

were determined to not alter reactivity. The placements of these substituents were strategically 

chosen in order to track the phenyl motif to the expected, corresponding phenyl 4-

fluorobenzoate product. 

 

  

Scheme 3.1 Cross-Coupling of 3-8 With Acetophenone Derivatives 

 

 When a tolyl group was placed on the 4-position of the acetophenone, the 4-tolylphenyl 

4-fluorobenzoate was the expected product based off previous reactivity, however, this product 

was never observed. Unfortunately, this same reactivity was not observed for the 2- and 4-
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methoxy acetophenones. This reactivity may have been due to the electronic nature of the 

acetophenone derivatives. It was also hypothesized that the conditions in which the parent 

acetophenone was prepared was specific and after collaboration with other lab colleagues, it 

was determined that the acetophenone had been rigorously dried over calcium hydride and 

vacuum transferred. Although this process was completed with the acetophenone derivatives, 

reactivity wasn’t altered.  

 

 

Figure 3.4 Cross-Coupling of Phenol and 3-8 

 

 With all of the previous data obtained and hypotheses drawn, we looked to propose a 

mechanistic pathway to explain the observed transformation to phenyl 4-fluorobenzoate from 

the ester starting material 3-8 with acetophenone. Since it was determined that acetophenone 

played a role, we hypothesized that it was, in some way, transformed into phenol after 

deprotonation. To provide evidence for this hypothesis, a control experiment was conducted 

where phenol was present as the nucleophile in place of acetophenone, illustrated in Figure 3.4. 

With phenol present as the nucleophile, phenyl 4-fluorobenzoate was detected with a 49% yield, 

compared to the original 54% with acetophenone as the nucleophile.   
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Scheme 3.2 Proposed Mechanistic Pathway 

 

Our proposed pathway began with initial deprotonation of acetophenone followed by the 

formation of the acetophenone enolate. That enolate was then transformed into phenol under 

reductive conditions. Based on current data, it is not fully understood how acetophenone 

becomes phenol. One possible way this could occur was through a Baeyer-Villager oxidation. 

However, this is counter-intuitive because this reaction could only occur in oxidative conditions 

where the conditions present are strictly reductive. Based on control experiments with phenol 

present as the nucleophile, its production has yet to be understood. With that, once phenol was 

produced, it would then participate in a nucleophilic acyl substitution with the ester electrophile 

3-8, resulting in phenyl 4-fluorobenzoate.  

 3.2.3 Summary and Outlook 

 Although the transition-metal catalyzed decarbonylative cross-coupling of esters and 

enolizable carbonyls was attempted, desired decarbonylative coupling was not observed. 

However, the unexpected product, phenyl 4-fluorobenzoate, was obtained in high yields. Control 
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experiments were completed in addition to significant screenings to aid in proposing a plausible 

mechanism that accounts for the unanticipated reactivity. From these experiments we 

concluded that metal salts and added ligands were not essential for phenyl ester formation, 

rather they served to increase isolated yields to ~80%. This indicated that this reaction was in 

way occurring through a catalytic process. Observation of 3,5-bis(trifluoromethyl) phenol 

suggested against a mechanism that simply removed the trifluoromethyl groups of the starting 

material. Acetophenone, present in the correct amount, along with strong base was essential for 

the production of phenyl 4-fluorobenzoate. Similar reactivity was observed with respect to 

various other phenyl esters. Unfortunately, this reactivity wasn’t observed in the presence of 

acetophenone derivatives although there were prepared in rigorously dry conditions analogous 

to parent acetophenone.   

Data led to the hypothesis that phenol was produced in-situ for the transformation to 

phenyl 4-fluorobenzoate. A control with phenol present as the nucleophile instead of 

acetophenone produced the expected phenyl 4-fluorobenzoate product in about 50% yield. With 

that, the proposed mechanism suggested phenol was produced after subsequent deprotonation 

of acetophenone. Phenol then participated in nucleophilic acyl substitution, producing the 

phenyl 4fluorobenzoate product. Although it is not understood how phenol is produced within 

reductive conditions, this research looks to gain more insight as to how this process occurs.  

 3.2.4 Experimental  

  General Information 

  All reactions were assembled using oven-dried glassware within an inert 

atmosphere of nitrogen using a vacuum glovebox. Tetrahydrofuran and toluene were obtained 

from a solvent purification system and stored over Type 4A,8-12 Mesh molecular sieves 

(Spectrum Chemicals and Laboratory). Dichloromethane, hexanes, and ethyl acetate were 
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obtained from Fisher Scientific. Analytical TLC was completed on Merck Millipore silica gel (60, 

F2569) coated aluminum sheets and visualized by irradiation by UV254. Flash column 

chromatography was performed using silica gel P60 (SiliaFlash®). Catalytic reactions were 

analyzed by GC-MS (Agilent 5977B GC/MSD). 1H NMR and 19F NMR spectra were obtained 

using a 300 Bruker AVA. 13C NMR spectra were collected on a 500 MHz JEOL ECA. 

  Ester Synthesis: Method B 

To a 50 ml round bottom flask, the corresponding acyl chloride (1 equiv) was 

added along with a magnetic stir bar. The acyl chloride was then dissolved in 0.75 M 

CH2Cl2 dried with Na2SO4. The reaction was closed off using a rubber septum and 

topped with a nitrogen filled balloon. Once cooled to 0 °C, triethylamine (2 equiv) was 

injected into the reaction mixture and stirred for 24 hours. The mixture was further 

diluted with CH2Cl2 (50 mL) and the organic layer successively washed with distilled 

H2O, brine, and saturated NaHCO3. All combined organic layers were dried with Na2SO4, 

filtered, and concentrated. The crude mixture was purified via flash column 

chromatography (25% EtOAc in Hexanes). 

Phenyl benzoate (3-1) (93-99-2). The named compound was synthesized based 

on Method B from benzoyl chloride and phenol. The overall yield from the two-step 

synthesis was 90% and was isolated as a white-crystalline solid. All spectral and 

physical data compound is in correspondence with literature.16  

3,5-bis(trifluoromethyl)phenyl benzoate (3-2). The named compound was 

synthesized based on Method B from benzoyl chloride and 3,5-

bis(trifluoromethyl)phenol. The overall yield from the two-step synthesis was 53% and 

was isolated as a clear oil.  



54 
 

1H NMR (300MHz, CDCl3) δ 8.22 (d, 2H, J = 8.0Hz), 7.84 (s, 1H) 7.83 – 7.70 (m, 

3H), 7.60 – 5.5 (m, 2H); 

13C NMR (500MHz, CDCl3) δ 164.4, 151.6, 134.4, 133.5, 133.2, 132.9, 132.6, 

130.4, 128.9, 128.4, 126.2, 124.0, 122.8, 121.8, 119.8, 119.7; 

19F NMR (300MHz, CDCl3) δ –62.94 (m, 6F);  

GC-MS (EI) m/z (M+) calcd for C15H8F6O2: 334, found 334. 

2-(trifluoromethyl)phenyl benzoate (3-3). The named compound was 

synthesized based on Method B from benzoyl chloride and 2-(trifluoromethyl)phenol. 

The overall yield from the two-step synthesis was 69% and was isolated as a light-yellow 

oil. All spectral and physical data compound is in correspondence with literature.17 

2-nitrophenyl benzoate (3-4). The named compound was synthesized based on 

Method B from benzoyl chloride and 2-nitrophenol. The overall yield from the two-step 

synthesis was 60% and was isolated as a light, yellow oil. All spectral and physical data 

compound is in correspondence with literature.18  

2-methylphenyl benzoate (3-5). The named compound was synthesized based 

on Method B from benzoyl chloride and 2-methylphenol. The overall yield from the two-

step synthesis was 87% and was isolated as a clear oil. All spectral and physical data 

compound is in correspondence with literature.16  

2-methoxyphenyl benzoate (3-6). The named compound was synthesized 

based on Method B from benzoyl chloride and 2-methylphenol. The overall yield from 

the two-step synthesis was 85% and was isolated as a white-crystalline solid. All 

spectral and physical data compound is in correspondence with literature.16  
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Phenyl 4-fluorobenzoate (3-7). The named compound was synthesized based 

on Method B from 4-fluorobenzoyl chloride and phenol. The overall yield from the two-

step synthesis was 91% and was isolated a white solid. All spectral and physical data 

compound is in correspondence with literature.16  

3,5-bis(trifluoromethyl)phenyl 4-fluorobenzoate (3-8). The named compound 

was synthesized based on Method B from 4-fluorobenzoyl chloride and 3,5-

bis(trifluomethyl)phenol. The overall yield from the two-step synthesis was 85% and was 

isolated a clear oil.  

1H NMR (300MHz, CDCl3) δ 8.23 (dd, 2H, J = 5.4, 9.0Hz), 7.84 (s, 1H), 7.76 (s, 

2H), 7.27 - 7.22 m, 2H); 

13C NMR (500MHz, CDCl3) δ 167.7, 165.6, 163.4, 151.4, 133.5, 133.2, 133.2, 

133.0, 132.7, 126.1, 124.6, 123.9, 122.7, 121.8, 119.9, 119.6, 166.2, 116.1; 

19F NMR (300MHz, CDCl3) δ – 63.0 (m, 6F), -102.8 (s, 3F); 

GC-MS (EI) m/z (M+) calcd for C15H7F7O2: 352, found 352. 

Phenyl pivalate (3-9). The named compound was synthesized based on Method 

B from pivaloyl chloride and phenol. The overall yield from the two-step synthesis was 

72% and was isolated an white solid. All spectral and physical data compound is in 

correspondence with literature.19  

Phenyl 3,5-bis(trifluoromethyl)phenyl pivalate (3-9). The named compound 

was synthesized based on Method B from pivaloyl chloride and 3,5-

bis(trifluomethyl)phenol. The overall yield from the two-step synthesis was 80% and was 

isolated a clear oil.  

1H NMR (300MHz, CDCl3) δ 7.77 (s, 1H), 7.58 (s, 2H), 1.41 (s, 9H). 
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13C NMR (500MHz, CDCl3) δ 176.2, 151.8, 133.3, 133.0, 132.8, 132.5, 126.1, 

124.0, 122.5, 121.8, 119.4; 

19F NMR (300MHz, CDCl3) δ –62.97 (m, 6F). 

GC-MS (EI) m/z (M+) calcd for C13H12F6O2: 314, found 314. 

General Catalytic Cross-Coupling Procedure: To a 1 dram vial, Ni (1 mol%) 

source was placed into a 1 dram vial with a magnetic stir bar all present in a vacuum 

glovebox under an inert nitrogen atmosphere. Ligand (2 or 4 mol%) was added along 

with 0.4ml (0.25 M) of dried THF and stirred for 15 minutes. Ester (0.40 mmol, 1.0 equiv) 

was then added along and stirred for an additional 15 minutes. To a separate 1 dram 

vial, base (2 equiv) was added along with 0.4ml (0.25 M) of dried toluene. The 

temperature was then lowered to about -32°C by placing the reaction vial in a freezer for 

15 minutes. Carbonyl (0.60 mmol, 1.5 equiv) was then placed into the reaction mixture. 

The mixture was stirred and then pipetted into the vial containing previous catalytic 

mixture. The reaction vial was then taken out of the glovebox heated to 130 °C for 16 

hours. An aliquot was then taken and placed into a GC vial diluted with CH2Cl2 for GC-

MS analysis. The rest of the reaction was filtered through a short column of celite and 

concentrated. The residue was purified by silica gel chromatography to afford any 

product. 

tert-butyl cinnamate (7042-36-6). To a 100mL round bottom flask with a 

magnetic stir bar, tert-butanol (2.49 mmol) was added to 1 equiv (2.49 mmol, 59.7g) of 

NaH in 5 mL of THF (0.5 M) at 0°C. The mixture was then warmed to ambient 

temperatures. Cinnamoyl chloride (2.49 mmol, 415mg) was added and stirred overnight. 

The mixture was then quenched with 15mL of water and extracted 3 times with Et2O. 

organic layers were combined and washed twice with saturated NaHCO3 and washed 
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with brine. All combined organic layers were dried with Na2SO4, filtered, and 

concentrated.20 All spectral and physical data compound is in correspondence with 

literature.21  
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Appendix A: 1H NMR and 13C NMR Spectra of Selected Compounds  
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Appendix B: Supplemental Schemes and Tables 
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Scheme 1B. Para-Substituted 2-nitrophenyl Cinnamates 

 

 

Scheme 2B. Enoic and Aryl 2-nitro Esters 
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Scheme 3B. Alternative Boronic Acids (FIX FIGURE) 
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Table 2B. Reaction Optimization for tert-butyl Cinnamate Detectiona 
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Scheme 4B. Phenyl Ester and Fluorinated Phenyl Ester Substrates 
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Scheme 5B. Phenyl and Pivalate Ester Coupling with Acetophenone 

 

 

Table 3B. Solvent Control Experimentsa,b 




