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ABSTRACT OF THE DISSERTATION 
Development of New Reaction Methodologies via  

Transition Metal Catalyzed Bond Activation Processes 

By 

Truong-Giang Hoang 

Professor Christopher J. Douglas, Advisor 

Chapter 1. This chapter provides an overview my research. The significance of the study 

towards the field of organic synthesis and the potential challenges are presented. Some 

examples of relevant achievements in the field of organic synthesis are presented as well. 

Chapter 2. Presented herein is the study of the ketone carboacylation process. Literature 

examples for related C–C sigma bond activation are discussed in detail. The isolation and 

characterization of a rhodium complex intermediate are presented. A hypothesis for acyl 

C–O bond activation is discussed.  

Chapter 3. Presented herein is the development of the rhodium catalyzed intramolecular 

oxyacylation reaction of alkenes with a quinoline directing group. Literature examples for 

acyl C–O sigma bond activation are discussed in detail. The reaction optimization, 

substrate scope investigation and a mechanistic proposal are presented. 

Chapter 4. Presented herein is the study of the intramolecular oxyacylation reactions of 

alkenes with new directing groups. The optimization for salicylate ester substrates is 

presented. Literature examples for phenol-directed hydroacylation reactions are discussed 

in detail. A preliminary substrate scope investigation and a mechanistic proposal are 

presented. 

Chapter 5.  Presented herein is the development of a novel aromatic ketone synthesis via 

a tandem C–O activation/C–H functionalization process. Literature examples for related 

reactions and mechanisms are discussed in detail. The reaction optimization progress and 

a mechanistic proposal are presented. 
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Chapter 1   
 

Methodology Developments in Organic Synthesis 
 

Organic synthesis is the science of constructing organic compounds from simple 

molecules. Because of its unique ability to create substances (new substances with novel 

properties or known substances in large amounts for usage) organic synthesis has an 

important role among all sciences and has the potential to impact everyday life. Organic 

compounds have been successfully used as medicines, materials and in agriculture, 

among many other applications.1,2 

The biggest challenge in contemporary organic synthesis is not just preparing a given 

target molecule, but doing so with a high level of efficiency. The desired materials 

should be synthesized selectively and in high yield, using a minimum number of reaction 

steps and incurring a minimal amount of waste.3,4  An efficient synthesis would allow 

quick access to a target molecule and its analogs. With the access to a broader substrate 

scope and larger amounts of substances, new material properties or biological properties 

could be discovered.  Through this discovery processes, efficiency in organic synthesis 

impacts and improves human life.   

One way to improve the efficiency in organic synthesis is by developing new reactions 

(methodologies); the development of new methodologies drives the manner in which 

organic synthesis is practiced.5 This statement was verified, for example, by how the 

development of coupling reactions6,7 or alkene metathesis8 have changed the way organic 

chemists doing synthesis.  

A notable achievement in recent methodology development could be Milstein’s direct 

synthesis of amides from alcohols and amines (Scheme 1.1).9 Given the widespread 

importance of amides in biochemical and chemical synthesis, many reactions have been 

developed to synthesize this functional group. Most reactions utilize carboxylic acid 
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derivatives (and amines), which require a stoichiometric amount of activating reagent 

and/or generate by-product waste .10 The Milstein group took a different approach and 

started with stable, easily accessible alcohols. This reaction proceeds under neutral 

conditions, the catalyst is highly efficient (0.1 mmol% loading) and the only by-product 

is hydrogen gas. This highly atom economical reaction is by far the most elegant method 

in amide synthesis and it demonstrates the creativity in selecting an unconventional 

starting material (and thus new reactivity) to approach a well-known target in organic 

synthesis.  

Scheme 1.1 Direct synthesis of amides from alcohols and amines 
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New methodologies can open up pathways to targets that are difficult to access by 

conventional reactions. For example, introducing a substituent into the meta-position of 

an electron-rich monosubstituted arene is a challenging task and usually involves multi-

step synthesis. Gaunt,11 among few others (Hartwig,12 Maleczka and Smith,13 Frost,14 etc) 

have successfully conquered this problem via direct syntheses. In 2009, the Gaunt group 

reported a selective arylation at the meta-position of an aromatic ring containing an 

amido-substituent (Scheme 1.2).11 The reaction was believed to proceed via an oxy-

cupration step (Scheme 1.3), which delivered the Cu(III)-aryl group to the meta-position 

exclusively. Re-aromatization followed by reductive elimination would then generate the 

final product.  

Scheme 1.2 Meta-selective copper catalyzed C–H bond arylation 
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Scheme 1.3 Proposed mechanism for meta-selective arylation 

 

An excellent demonstration of how new methodology can increase the efficiency in 

organic synthesis is illustrated in Sarpong’s total synthesis of (+)-complanadine A.15 This 

natural product is an important target for research in treatment of Alzheimer’s disease 

due to its potential for regenerating neurons. Synthetically, this molecule attracts organic 

chemists because it is an unsymmetrical dimer (via pyridine C2-C3’ linkage) 

(complanadine structure - Scheme 1.4). While the monomer can be recognized 

immediately, finding a method to unite the two units in an unsymmetrical way is highly 

challenging, if not impossible.3   

In Sarpong’s synthesis, the first half of the molecule (triflate, Scheme 1.4) was effectively 

converted into the second half (boronic ester) in two steps. First, the triflate group was 

removed by conventional palladium chemistry. Then, using an iridium-catalyzed 

borylation reaction recently developed by Hartwig’s group,16 the authors were able to 

introduce the Bpin group selectively to the 3-position of the pyridine ring (single product, 

75% yield). A coupling reaction between the triflate and the boronic ester followed by 

deprotection afforded the natural product.  As the result of this highly efficient late-stage 

derivation, the total synthesis of (+)-complanadine A was accomplished in only 8-steps 

from a known starting material. This synthesis clearly demonstrated how new 

methodology developments influence the efficiency in organic synthesis.  
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Scheme 1.4 Sarpong’s synthesis of (+)-complanadine A 

 

My doctoral research focuses on developing new reaction methodologies in organic 

synthesis via transition metal catalyzed bond activation processes. 

The reactivity of an organic compound is characterized by the types of functional groups 

it contains. The main framework of an organic compound, on the other hand, is made up 

by C–C and C–H bonds, which rarely participate in organic transformations (inert bonds). 

Gaining control of these bonds gives synthetic chemists a full power to transform organic 

molecules (both functional groups and the backbones). Target synthesis, therefore, can be 

designed more efficiently.  

Over the past few decades, chemists have made significant advances in using C–H bonds 

in synthesis.17–19 C–H bond functionalization has emerged as a powerful tool in organic 

synthesis, providing novel approaches to the target molecules. Total syntheses utilizing 

C–H functionalization to achieve great efficiency have been reported.20–22   
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In comparison with C–H functionalization, reactions involving C–C sigma bonds are very 

rare.23,24 A C–C sigma bond is stable and inert toward chemical reactions aside from 

combustion and the petroleum cracking process. This field, however, has received 

growing attention from the synthetic community due to its potential applications. 

Reactions involving strained C–C sigma bonds25,26 or C–CN bonds27–29 have been 

developed and the synthetic utility of these processes has been demonstrated. General 

methods to control the reactivity of C–C sigma bonds, however, remains challenging.23 

My research began with an investigation on the reactivity of C–C sigma bonds. We were 

interested in an oxidative addition process of a C–C sigma bond with a transition metal to 

create an organometallic intermediate (Scheme 1.5 C–C sigma bond activation). The 

intermediate could be used in organic reactions, as a result; the original inert C–C sigma 

bond could be used as a chemically active “functional group”.   

Because C–C sigma bonds are well-known for their lack of reactivity with transition 

metals, C–C sigma bond activation, undoubtedly, is a very challenging process in terms 

of both thermodynamics and kinetics.30 Our work, however, was inspired by earlier 

achievement in the field of organometallics, where  stoichiometric reactions a between 

C–C sigma bond and a transition metal have been reported.30,31 Our initial goal was to 

develop new catalytic reactions involving unstrained C–C sigma bonds. 

Scheme 1.5 Bond activations by transition metals 

 

The study of C–C sigma bond activation led us to the area of acyl C–O bond activation of 

esters and later, C–H bond functionalization. Strictly speaking, esters are not inert; 
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therefore, the definition “activation” in “acyl C–O bond activation” is slightly misused in 

a conventional sense. The term acyl C–O bond activation, which was coined by 

Yamamoto Aiko in 1980s,32 should be understood as an oxidative addition process of a 

transition metal (Mn) into an acyl C–O bond of an ester (analogous to a C–C sigma bond 

or a C–H bond activation).33 This definition differentiates this mode of reactivity from 

other methods of functionalizing esters (e.g. nucleophilic attack of a metal hydride or 

Grignard reagent) (Scheme 1.6).34 Early studies by Yamamoto indicated the acyl C–O 

bond activation may proceed via initial attack of an electron rich metal at the carbonyl 

group of an ester. A tetrahedral intermediate is possible, but not confirmed.35 

Scheme 1.6 Reaction of an ester with a metal complex 

 

Due to the abundance of C–C sigma bonds, C–H bonds and ester functional groups in 

organic compounds, selectivity is a major issue in reaction development. A directing 

group is typically employed for this purpose.18 An initial coordination to a directing 

group, such as quinoline, (Scheme 1.7) brings a transition metal, such as Rh(I), closer to 

the reacting center (i.e. C–R bond). Oxidative addition process is therefore, facilitated. 
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The directing group creates a bidentate chelation and stabilizes the oxidative addition 

product (Scheme 1.7).36–38 The use of a directing group, therefore, facilitates an activation 

process both thermodynamically and kinetically. This approach was utilized throughout 

our studies with the exception of C–H bond functionalization (Chapter 5).  

Scheme 1.7 Directing groups 

 

A second problem, which is associated with C–C and acyl C–O bond activations, but not 

C–H activation, is fragmentation (Scheme 1.8). Fragmentation may reduce the molecular 

complexity and the atom economy of the reaction. In fact, many reactions developed 

based on unstrained C–C sigma bond activations39,40 and acyl C–O bond activations37 are 

fragmentations, which limits their usage in synthesis.  

Scheme 1.8 Fragmentation 

 

Although we tried to exclude fragmentation, it was not always avoidable (one of our 

transformations involved the loss of an alkoxy-group from an ester). We did, however, 
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achieve an overall gain in molecular complexity (via C–C bond formation) in all 

reactions we developed.  

The next four chapters detail our efforts in reaction methodology development. Our aims 

were to develop reactions that can achieve novel transformation while targeting easily 

accessible starting materials with high synthetic efficiency. Chapter 2 describes our work 

on C–C sigma bond activation. Chapters 3 and 4 present our work on acyl C–O bond 

activation (the oxyacylation reaction of alkenes). C–H functionalization will be discussed 

in Chapter 5. Related literature precedence for each mechanism will be presented in the 

corresponding chapter.  
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Chapter 2   
 

Attempted Ketone Carboacylation via C–C Sigma Bond Activation 
 

2.1 Introduction 
 

Despite the advances in organic synthesis over the past few decades, reactions involving 

carbon–carbon (C–C) single bond have remained rare: C–C single bond remains virtually 

untouched and is typically considered an inert functionality.30,31,23 Transformations 

involving C–C single bonds, however, may provide the opportunity to reconstruct the 

main framework of organic molecules, thus, offering an unique and valuable synthetic 

transformation. For this reason, the field of C–C sigma (single) bond activation has 

attracted many chemists, not only due to fundamental scientific interest, but also due to 

its potential applications in organic synthesis. 

A common method to activate a C–C sigma bond is by reaction with a transition metal to 

generate reactive an organometallic intermediate.26 There are two general mechanisms: 

the first one is oxidative addition of a C–C sigma bond to a low-valent transition metal 

(C–C sigma bond activation) (Scheme 2.1, reaction 1). C–C sigma bond activation is the 

reverse process of C–C bond formation (reductive elimination). The main challenge 

associated with this process is thermodynamics: two weak metal–carbon bonds (20-30 

kcal mol-1) are formed at the expense of a relatively stable C–C sigma bond (90 kcal mol-

1).30 The energy difference shifts the equilibrium (1) strongly toward reductive 

elimination, making C–C sigma bond activation typically an unfavorable process. Highly 

strained starting materials (3- or 4- membered ring compounds), or stable intermediates/ 

products (involving chelation or aromatic compounds) have been reported to affect the 

equilibrium otherwise. 
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The second mechanism is β-alkyl elimination from intermediates of common structure 

M-X-C(α)-C(β). In this reaction, the metal center migrates to the β-C, creating a reactive 

organometallic intermediate with the extrusion of an X=C π bond. The formal oxidation 

state of the metal remains unchanged (Scheme 2.1, reaction 2). 

Scheme 2.1 Methods to activate a C–C sigma bonds 

 

An excellent example that illustrates both mechanisms is the reaction of spiro-

cyclobutanones reported by Murakami and Ito (Scheme 2.2).42 Ketone 2.1 undergoes C–

C sigma bond activation to give intermediate 2.2, which in turn, undergoes β-alkyl 

elimination to give an alkene-bound rhodium complex 2.3. The driving force for these 

two steps is the relief of strain energy from the cyclobutanone and the cyclobutane rings. 

Intermediate 2.3 undergoes reductive elimination, giving cyclohexanone 2.4. Double 

bond isomerization provides the α, β-unsaturated cyclohexenone product 2.5. This 

reaction also takes place with a spirocyclobutanone appended with a cyclopropane (2.6), 

giving a mixture two regioisomers, ketones 2.7 and 2.8 (Scheme 2.3). However, with 

other cyclobutanones, for example a spiro-substrate joined by a seven-membered ring 

2.9, double cleavage of C–C bonds fails to occur. Clearly, relief of structural strain of two 

small rings is the main contribution to the driving force of this catalytic reaction.* 

                                                 
* The main by-product observed is the decarbonylation of cyclobutanones, giving cyclopropane 



 

 12 

Scheme 2.2 Reactions of spiro-cyclobutanone 2.1 

 

 

Scheme 2.3 Reactions with other spiro-cyclobutanone systems 
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Research in our group focuses on developing new catalytic reactions involving unstrained 

C–C sigma bonds via the oxidative addition mechanism. As mentioned above, for an 

unstrained C–C sigma bond, oxidative addition is a highly unfavorable process. We 

therefore rely on chelating strategy to stabilize the metal complex intermediates. Suggs 

and co-workers have previously demonstrated the success of this strategy with a 

quinoline directing group.31,43 Our group has utilized this concept and developed a 

reaction between an unstrained C–C sigma bond and a C=C π bond (carboacylation of 

alkenes) (Scheme 2.4).24,44 This interesting transformation led to the formation of two 

new C–C bonds, and more importantly, a complex structural reorganization (e.g. from 

2.10 to 2.11 with a newly formed all-carbon quaternary center).  

Scheme 2.4 Carboacylation of alkenes 

 

 The aim of my project was to further explore the reactivity of C–C sigma bonds. In 

particular, we were interested in developing reactions between a C–C single bond and a 

ketone C=O π bond (carboacylation of ketones) (Scheme 2.5). This chapter will describe 



 

 14 

our efforts in this area. Our work has led to some interesting mechanistic understanding 

and has served as the background for our developments of the oxyacylation reaction of 

alkenes, which will be described in the subsequent chapters.  

In this chapter, I will start with our research proposal for the carboacylation of ketones, 

focusing on substrate design and the significance of the project (Section 2.2). This will be 

followed with a survey of literature precedence (Section 2.3). Some highlighted results 

will be presented in Section 2.4. Conclusion and future work will be presented in Section 

2.5.  

Scheme 2.5 Carboacylation of ketones 

 

2.2 Proposal 
 

Our objective was to develop a reaction between a C–C sigma bond and a ketone C=O π 

bond (carboacylation reaction of ketones). No prior examples have been reported for this 

process in the literature. 

At this early stage, we decided to investigate an intramolecular version. The starting 

material, 8-quinolinyl aryl ketone 2.12, was designed so that the reacting ketone and the 

target C–C sigma bond at a distance to form a 5-membered ring product, 2.15 (Scheme 

2.6). In our mechanistic proposal, the quinoline group would direct the Rh(I) catalyst to 

activate the acyl C–C sigma bond, giving intermediate 2.13. This step has been studied in 

detail by Suggs and co-workers.45,37 Rhodium (III) complexes similar to 2.13 have been 

isolated and characterized, allowing us to focus on the subsequent reaction with a ketone. 

Migratory insertion of the Rh(III)–aryl bond across the ketone C=O π bond could 

generate intermediate 2.14, which may undergo reductive elimination to give the final 

product, ester 2.15. 
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Scheme 2.6 Proposed intramolecular carboacylation of ketones 

 

This proposal aims primarily to investigate and understand the reactivity of C–C sigma 

bonds; however, it may also lead to potential applications. With this methodology, a C–C 

and a C–O bond could be formed in one reaction, leading to a net increase in molecular 

complexity (cyclic structure with a quartenary center). The directing group (8-acyl 

quinoline) is present in the product 2.15 as a fragment of an ester and could be removed 

by hydrolysis (Scheme 2.7). The product after hydrolysis, alcohol 2.17 can be used for 

any synthetic purpose, while the 8-quinoline carboxylic acid (2.16) can be used to 

synthesize the starting material 2.12 again. This feature provides an additional value to 

our proposal: we use a directing group to increase the molecular complexity and the 

directing group can be easily removed and recycled.  
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Scheme 2.7 Proposed recycling of the directing group 

 

2.3 Precedence 

2.3.1 Unstrained C–C sigma bond activation 
 

One of the pioneering studies on C–C sigma bond activation was reported with 8-

acylquinoline system by Suggs and co-workers in early 1980s. The sp-sp2 C–C sigma 

bond in 8-quinolinyl t-butylacetylenyl ketone (2.18) was activated by Wilkinson’s 

catalyst under relatively mild conditions (40 oC in CH2Cl2) (Scheme 2.8).45 Product 2.19, 

a rhodium (III) complex was obtained in quantitative yield. No reaction was observed 

when the sp-hybridized carbon was replaced by a sp2-hybridized carbon. Coordination to 

the quinoline nitrogen brought the Rh(I) in close proximity to the acyl C–C bond, 

facilitating the oxidative addition process. The stability of the 5-membered metallacycle 

in 2.19 was believed to be the driving force for this C–C sigma bond activation. This 
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stability was also the reason why the undesired decarbonylation process from 2.19 (loss 

of CO) could be suppressed.  

Scheme 2.8 Activation of sp-sp2 C–C sigma bond by Wilkinson’s catalyst 

 

Suggs and Jun later reported the activation of sp3-sp2 C–C sigma bonds (Scheme 2.9).37 

When 8-quinolinyl alkyl ketones 2.20 reacted with [Rh(C2H4)2Cl]2, a yellow, chlorine-

bridged polymer was obtained. This product was dissolved in pyridine to give 

acylrhodium complex 2.21. The structure of 2.21a (R=CH2Ph) was confirmed by 

spectroscopic and X-ray crystallographic analyses. This development generalized the 

activation process of α carbon-carbon sigma bond of 8-quinolinyl ketones. The authors 

also noted that a higher temperature was required for 2.20b (R = Me) and 2.20c (R = Et) 

(90 oC in benzene solvent).  

Interestingly, the addition of phosphines (PMe3, PPh3, P(OMe)3 etc.) promoted reductive 

elimination and converted 2.21 back to 2.20. This was attributed as the reason why 

Wilkinson’s catalyst could only activate the weaker sp2-sp C–C sigma bond (compound 

2.18) but not with the stronger sp2-sp2 or sp2-sp3 C–C sigma bonds (e.g. compound 2.20). 

In the reaction of 2.20 with Wilkinson’s catalyst, reductive elimination from 2.21 to 2.20 

was faster than C–C sigma bond activation, thus 2.21 could not be obtained (i.e. 

equilibrium shifted to the starting materials).  
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Scheme 2.9 C–C sigma bond activation with [Rh(C2H4)2Cl]2 

 

When an enantiomerically pure ketone 2.20d was used as starting material, a rhodium 

(III) complex, 2.21d was obtained (Scheme 2.10).46 Upon ligand promoted reductive 

elimination with P(OMe)3, ketone 2.23 was isolated. The optical rotation of 2.23 turned 

out to be similar to that of the starting material 2.20d. Since reductive elimination 

typically occurs with retention, the authors proposed that C–C sigma bond activation also 

proceeded with retention of stereochemistry. When rhodium complex 2.21d was heated, 

and subjected to reductive elimination condition with P(OMe)3, a racemized product, 2.26  

was obtained. This observation was explained by the thermal homolysis of the Rh-C bond 

of 2.21d, providing a bi-radical complex 2.24. Recombination of the bi-radical gave 2.25 

with loss of stereochemistry. Based on a kinetic study on the degree of the racemization, 

the Rh– C bond strength was measured to be 31 kcal/mol.  
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Scheme 2.10 Stereochemistry in C–C sigma bond activation 

 

Utilizing this concept, Suggs and Jun reported a method to convert 8-quinolinyl alkyl/aryl 

ketones to 8-quinolinyl ethyl ketone using rhodium catalyst.39 Thus, when 8-quinolinyl 

phenyl ketone 2.27 was allowed to react with ethylene in the presence of [Rh(C2H4)2Cl]2   

at elevated temperature (100 oC), the two products, 8-quinolinyl ethyl ketone 2.33 and 
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styrene were obtained in quantitative yields (Scheme 2.11). In their proposed mechanism, 

ketone 2.27 underwent bond activation to give 2.28. In excess amount, an ethylene 

molecule inserted into the Rh–Ph bond of 2.28, giving acylrhodium phenylethyl complex 

2.29. Coordination of the aromatic ring to the rhodium center in 2.29 was believed to 

provide additional stabilization and thus, enabling this insertion process. After β-hydride 

elimination; rhodium hydride complex 2.30 and styrene were formed. Ethylene insertion 

into the Rh–H bond led to intermediate 2.31. Reductive elimination afforded the final 

product 2.32.  Other group 9 transition metal complexes (i.e. [Rh(cod)Cl]2, Rh(PPh3)3Cl, 

[Ir(cod)Cl]2) could be used as a catalyst for this transformation while Pd(PPh3)4, 

Pt(PPh3)4, Pd(OAc)2, Ru(PPh3)2Cl2 were found to be ineffective.  
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Scheme 2.11 Ketone exchange reactions via C–C sigma bond activation 

 

This method cannot be applied to any alkenes other than ethylene. When R≠ H, 

intermediate 2.31 has a strong tendency to undergo β-hydride elimination, reversing to 

rhodium hydride intermediate (2.30), therefore, reductive elimination could not be 

achieved. 

This reaction, a simple ketone exchange with a net decrease in molecular complexity, has 

limited synthetic value. However, it proves that reactions involving C–C sigma bond 

activation can be performed under catalytic conditions. 
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In an extension of his and Suggs’ earlier work,47,48 Jun demonstrated that 2-amino-3-

picoline  can act as a co-catalyst for C–C sigma bond activation by forming imines from 

ketones in situ (Scheme 2.12).49 Reaction of benzylacetone (2.23) with 2-amino-3-

picoline (2.34) provides imine 2.35, which undergoes bond activation to give a 5-

membered metallacycle, 2.36. β-Hydride elimination yields 2.37 and styrene, the latter 

polymerizes under the reaction conditions. In the presence of excess olefin, 

hydrometallation and subsequent reductive elimination provide imine 2.39. This 

intermediate undergoes hydrolysis to give the ketone product 2.40. The entire process is 

reversible and the polymerization of styrene shifted the equilibrium toward the formation 

of product 2.40. Similar activation of secondary alcohols has also been reported. 50 

Mechanistically, this temporary chelating auxiliary is a notable achievement in this field 

because it proved that C–C sigma bond activation could be done with a simple structural 

requirement (e.g. any α C–C bond to a ketone could be activated without the need of a 

directing group to be installed within the molecule). However, in terms of synthetic 

applications, there is still room for development. 

Besides quinoline and 2-amino-3-picoline, two other directing groups that have been 

successfully applied in C–C sigma bond activation were the oxazoline system, developed 

by Chantani and Murai,40 and the pincer system, developed by the Milstein group.30 

Synthetic applications beyond substrate fragmentation, however, have not been 

accomplished.   
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Scheme 2.12 C–C sigma bond activation with 2-amino-3-picoline co-catalyst 

 

 

2.3.2 Carboacylation of alkenes 
 

Utilizing the concept of quinoline directed C–C sigma bond activation; our group has 

successfully developed intra- and intermolecular carboacylation reactions of alkenes. 

When quinolinyl ketone 2.41 is subjected to Rh(I) catalyst, C–C sigma bond activation 

occurs to give 5-membered metallacyle 2.42 (Scheme 2.13).24 The newly formed Rh(III)–
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C bond undergoes migratory insertion across the C=C π bond, forming 2.43. Reductive 

elimination from this intermediate provides product 2.44 in excellent yield.  

Scheme 2.13 Intramolecular carboacylation of alkenes 

 

Intermolecular reactions can be performed but with lower efficiency (Scheme 2.14).44 

Bridged bicyclic alkenes (such as 2.47) are required in order to avoid possible β-hydride 

elimination. Thus, 8-quinolinyl phenyl ketones 2.45 undergoes bond activation to give 

intermediate 2.46, which reacted with alkene 2.47 to afford the carboacylation product 

2.48  in moderate yield.  

A competing pathway that was observed during the optimization process was the C–H 

activation via intermediate 2.49. By carefully examining the reaction conditions, the 

authors reported the use of cationic rhodium catalyst Rh(cod)2OTf in combination with 

polar solvent THF favored C–C sigma bond activation exclusively. Meanwhile, the use of 

more coordinating counterion chloride in the catalyst (e.g. [Rh(C2H4)Cl)]2) in 

combination with less polar solvent, toluene, favored the C–H activation pathway, giving 

product 2.50 exclusively. While it is known that C–H activation is the major competing 
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pathway of C–C sigma activation, this is a rare example where both pathways can be 

controlled exclusively. 

Scheme 2.14 Intermolecular carboacylation of alkenes 

 

Alkene carboacylation reactions demonstrate C–C bond activation can be used 

constructively in synthesis: the reaction is 100% atom economic with a net gain in 

molecular complexity. However, quinoline groups are rarely found in target molecules 

and removal of this group from ketones like 2.44 or 2.48 proved to be a daunting task. 

The mechanism of the intramolecular carboacylation reaction has been studied by 

Johnson and co-workers.51,52 Rate laws, kinetic isotope effects, substituent effects on the 
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aromatic ring and the alkene group were examined with Wilkinson’s catalyst and 

[Rh(C2H4)Cl)]2, independently. A striking difference between the two catalyst systems is 

the rate law: with Rh(PPh3)3Cl, the reaction rate displays zero-order dependence upon 

substrate concentration and first order dependence upon catalyst concentration (eq. 1).   

-d[P]/dt = k[Rh(PPh3)3Cl]1[SM]0      (1) 

The rate law of the reaction with [Rh(C2H4)Cl)]2 catalyst, however, display a first order 

dependence upon concentration of both catalyst and substrate (eq. 2) 

-d[P]/dt = k[[Rh(C2H4)Cl)]2]1[SM]1     (2) 

These observations may be explained by a fast equilibrium between quinolynyl ketones 

(both substrate and product) with Wilkinson’s catalyst giving rhodium-bound complexes 

A and B (Scheme 2.15). Complex A is the resting stage of the catalytic cycle. Exogenous 

triphenyl phosphine affected the equilibrium to promote the formation Rh(PPh3)3Cl from 

A, thus slowing down the rate. This was confirmed experimentally. Fast formation of A 

makes all the rhodium catalyst sites saturated (the starting material is presented in excess 

amount compared to the catalyst), thus the rate law only depends upon the rhodium 

catalyst and not the starting material 2.41. This explanation is also supported by a 

negligible activation entropy (ΔS‡ = -4.3 ± 2.4 eu), which indicates a pre-assembled 

organization of catalyst and substrate. 

In the reaction with [Rh(C2H4)Cl)]2, coordination of the rhodium catalyst with the 

quinoline group is not fast, thus the resting stage is the rhodium catalyst. The rate law 

thus depends on both catalyst and substrates. This is also confirmed by a negative 

activation entropy (ΔS‡ = -26.4 ± 2.6 eu), which indicates an associative process. 

Investigation on substitution on the benzene ring indicates: the reaction rate is accelerated 

by electron donating substituents and is decelerated by electron withdrawing substituents. 

Although electron donating substituents would be expected to strengthen the carbon–

carbon bond to be activated, the greater effect most likely come from stabilization of 

rhodium(III) intermediate C. The stabilization of this intermediate indicates the 
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stabilization of the preceding transition state, thus leading to more rapid C–C sigma bond 

activation. 

The reaction rate depends on the alkene substituents: a bulky substituent slows down the 

rate significantly. Therefore, the turnover limiting step in this catalytic cycle was believed 

to be the migratory insertion. Exception was found when the substituent of the alkene 

group is methyl; in this case, C–C sigma bond activation is the turnover limiting step. 

             Scheme 2.15 Kinetic studies of the intramolecular carboacylation of alkenes 
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2.3.3 Hydroacylation of ketones 
 

A closely related process to carboacylation is hydroacylation. In 2008, Dong and co-

workers reported a Rh(I) catalyzed carbonyl hydroacylation reaction as a new 

enantioselective approach to lactones (Scheme 2.16).53 A Rh(I) catalyst was used to 

activate the C–H bond of the aldehyde group in 2.51, giving rhodium complex 2.52. 

Chiral bidentate phosphine ligands were employed to achieve enantioselective C=O 

addition, giving intermediate 2.53. Reductive elimination of this intermediate provided 

lactone 2.54  in excellent yield and enantioselectivity. In their later study on mechanism 

of this reaction, the Dong group reported that the C=O addition was likely the turnover 

limiting step.54  The same group subsequently demonstrated that similar reactions can be 

applied to synthesize phthalides55 and other medium ring structures.56 
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Scheme 2.16 Enantioselective ketone hydroacylation reactions 
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2.4 Results and Discussion 

2.4.1 Substrate synthesis  
 

For our initial investigation, we decided to use compound 2.55a and 2.55b (Figure 2.1) as 

starting materials. Phenol 2.59, a direct precursor to 2.55a and 2.55b was synthesized 

according to a known procedure (Scheme 2.17).24 8-Bromoquinoline 2.56 first underwent 

a lithium halogen exchange. The resulting organolithium then attacked the p-methoxy 

benzyl protected salicylaldehyde 2.57. IBX oxidation of the crude secondary alcohol 

product afforded 8-quinolinyl ketone 2.58 (63% over 2 steps). Deprotection of p-methoxy 

benzyl ether group under acidic conditions afforded 2.69 (72%)  

Figure 2.1 Substrates for carboacylation of ketones 

 

Scheme 2.17 Synthesis of phenol 2.59 
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Initial attempts to convert phenol 2.59 to substrate 2.55a by SN2 reaction indicated that 

ketone 2.55a, once formed, underwent aldol reaction to form product 2.60 even when 

mild base such as K2CO3 was employed (Scheme 2.18). After a brief optimization, we 

decided to use a sub-stoichiometric amount of base (NaH 0.95 eq) and carefully 

monitored the formation of the SN2 and aldol product by TLC. Product 2.55a could be 

obtained in moderate yields (50%) along with aldol product (31%). The aldol reaction 

with methyl ketone 2.55b was slower and the SN2 reaction could be stopped without the 

formation of by-product (Scheme 2.19). 

Scheme 2.18 By-product in the synthesis of 2.55a 
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Scheme 2.19 Synthesis of substrates 2.55 

 

2.4.2 Carboacylation of ketones 
 

With substrates 2.55a and 2.55b in hand, we started to investigate the key step: the 

ketone carboacylation reaction. A general reaction scheme is shown in Scheme 2.20; the 

desired product is ester 2.63. 
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Scheme 2.20 Ketone carboacylation reactions 

 

Using 2.55a as a substrate, various Rh(I) catalysts were examined for ketone 

carboacylation reaction. In reaction with rhodium bis-ethylene chloride dimer, 

[Rh(C2H4)2Cl]2, (5-20 mol%) new compounds were observed in 1H NMR of the crude 

product mixture. The yields of these compounds were low and dependent on the catalyst 

loading. Upon increasing the loading of rhodium to 1 equivalent (50% of the catalyst), 

two compounds were isolated. To our surprise, neither of the two compounds contained 

the quinoline directing group. They were later identified to be alcohol 2.64 and alkene 

2.65 (Scheme 2.21). It should be noted here that a control experiment (without any 

rhodium catalysts) indicates 2.55a undergoes aldol reaction to a small extent (< 10%) at 

high temperature (Scheme 2.18). Thus the aldol by-product 2.60a was observed in most 

reactions.  

Scheme 2.21 Ketone carboacylation reaction with [Rh(C2H4)2Cl]2 

 

The formation of 2.64 and 2.65 may be explained by the mechanism in Scheme 2.22. 

Upon heating, [Rh(C2H4)2Cl]2 undergoes oxidative addition (C–C bond activation) with 
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2.55a to form an alkyl rhodium complex 2.66 with the loss of 1 eq of ethylene. The 

Rh(III)–C bond in 2.66 can undergo migratory insertion across the ketone C=O π bond or 

the C=C π bond, forming 2.67 and 2.68 respectively. Both pathways are intramolecular 

and thus occur readily. Rhodium complex 2.68 undergoes β-hydride elimination, giving 

alkene 2.65 (40%), whereas complex 2.67 decomposes to form alcohol 2.64 (18%). An 

alternate explanation for the formation of alcohol 2.64 may be via the formation of ester 

2.63 (our desired product); however, we found no evidence indicating the formation of 

this ester. On the contrary, decomposition of alkoxo rhodium (III) complexes (analogous 

to 2.67) to alcohols has been reported in the literature.57 While the styrene formation 

pathway has been observed by Suggs and Jun,39 the formation of intermediate 2.67 via C-

C sigma bond activation and migratory insertion across C=O π bond has never been 

reported. 
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Scheme 2.22 Proposed mechanism for reaction between 2.55a and  [Rh(C2H4)2Cl]2
 

 

A promising idea to intercept with the by-product formation was to employ phosphine 

ligand. A phosphine ligand could replace the ethylene molecule bound to the rhodium 

center (in intermediate 2.66), thus migratory insertion across ethylene would be slowed 

down or be prevented. In addition, phosphine  ligands may promote reductive 

elimination,37 thus the formation of 2.63 from 2.67 would be favored instead of 

decomposition pathway to give 2.64.  Experimental results, however, were disappointing 
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as the desired product 2.63 was never observed. Some phosphine ligands (e.g. 

tricyclohexyl phosphine, (R)-MONOPHOS) effectively catalyzed the aldol reaction to 

give 2.60a. Others (t-butyl X-PHOS, biphenyl dicyclohexyl phosphine, X-PHOS etc.) 

showed no improvements, a mixture of 2.64 and 2.65 were obtained. 

Interestingly, by using Wilkinson’s catalyst as the rhodium source, the alkoxo rhodium 

(III) intermediates analogous to 2.67 (Scheme 2.22) could be isolated. In the reaction of 

2.55b with Rh(PPh3)3Cl, rhodium complex 2.70  was obtained (Scheme 2.23).  

 

Scheme 2.23 Isolation of rhodium complex 2.70 

 
 

In the 1H NMR spectrum of the isolated product 2.70, there are two doublets at 4.36 ppm 

(d, J = 15.6, 1H) and 3.97 ppm (d, J = 15.6, 1H). These are the two hydrogens in the 5-

membered ring, next to the quaternary center. The large coupling constant is due to the 

germinal coupling (2J = 15.6 Hz). The IR spectrum indicates the disappearance of one 

ketone group (in the starting material 2.55b 1721, 1661 cm-1, in the product 2.70 1714 

cm-1). The data indicate cyclization has occurred to form the 5-membered ring alkoxo-

ligand. In the 1H NMR, the signal belong to the hydrogen at C2 of the quinoline group 

(9.02 ppm, 1H) is broaden. For an uncoordinated quinoline group, this signal should be a 

doublet of doublets (in the starting material 2.55b 8.81ppm (dd, J = 4.2 Hz, 1.8 Hz). This 

broadening effect indicates that the quinoline group is bound to a rhodium center. (Rh has 

nuclear spin quantum number I = 1/2). Coupling between the rhodium nuclei and this 

hydrogen (3JRh-H) is the reason why the normal doublet of doubles is not observed.  
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Only 1 diastereomer is obtained; however, we are not certain of the stereochemistry of 

the product 2.70. The 31P NMR spectrum shows two separate signals at 15.85 ppm (dd, 
1JRh-P = 128.2, 2JP-P = 32.0 Hz) and 13.46 ppm (dd, 1JRh-P = 115.3, 2JP-P = 32.0 Hz). The 

small coupling 2JP-P suggests the two triphenylphosphine ligands are likely cis to one 

another.58 Characterization of similar rhodium (III) complexes by Suggs and Jun indicate 

the preference for the chloride group to be trans to the acyl group.59 Attempts to grow 

crystals of 2.70 were not successful due to the instability of this rhodium complex at 

room temperature. 

 

Similar reaction between 2.55a and Wilkinson’s catalysts gave rhodium complex 2.69 

(Scheme 2.23). Reaction with 2.55a was typically less efficient because the starting 

material 2.55a underwent competing aldol reaction. In addition, the product 2.69 was not 

as stable as 2.70. Compound 2.69 was not isolated or characterized.  

 

Reaction between 2.55b  and 1 equivalent of Wilkinson’s catalyst in toluene at 90 °C 

provided 2.70 in 72% yield along with 10% starting material (NMR yield). 

Serendipitously, the NMR sample was stored at –20 oC overnight and when the 1H NMR 

was re-taken to check the stability of the product, we observed a change in the spectrum. 

The remaining starting material was consumed and the product 2.70 was obtained in an 

82% yield (Scheme 2.24). The result clearly indicated a conversion of 2.55b to 2.70 had 

occurred at –20 °C. To the best of our knowledge, no C–C sigma bond activation has 

been reported at such a low temperature. 
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Scheme 2.24 Formation of rhodium complex 2.70 

 
 

We then decided to investigate this transformation in chlorinated solvents. Apart from 

temperature, solubility could be an important factor that affected the product formation. 

Both 2.70 and the Wilkinson’s catalyst are soluble in dichloromethane and 

dichloroethane, but only sparingly soluble in toluene. As expected, product 2.70 was 

observed in both trial runs with 0.2 eq of Wilkinson’s catalyst in dichloromethane and 

dichloroethane at room temperature (Table 2.1 entries 4 and 5), but not when toluene was 

the solvent. At 90 °C, the reaction in dichloromethane gave the recovered starting 

material 2.55b (entry 3) while the one in dichloroethane resulted in decomposition (entry 

2). Thus, we decided to investigate the system in dichloromethane. Interestingly, as the 

reaction temperature decreases, the yield of the product (and thus product: starting 

material ratio) increases (entries 6 and 7).  The best conditions to obtain the rhodium 

complex 2.70 were to perform the reaction in CH2Cl2 for 4 h; the solvent was then 

removed under vacuum. The mixture was taken in CH2Cl2 or CDCl3 and was kept in a 

freezer overnight. Rhodium complex 2.70 was obtained in 82% isolated yield.  
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Table 2.1 Reactions of 2.55b with Wilkinson’s catalyst 

Entry Condition Results 

 Rh (eq) Solvent Temp oC Time (h) % 2.70 % SM 

1 1 PhCH3 90 5 72 10 

2 0.2 C2H4Cl2 90 24 - - 

3 0.2 CH2Cl2 90 24 - Only 

4 0.2 C2H4Cl2 16a 7 trace Major 

5 0.2 CH2Cl2 16 7 trace Major 

6 1 CH2Cl2 16 60 48 26 

7 1 CH2Cl2 40 60 35 40 

8 1 CH2Cl2 then 

CDCl3 

rt then 

-20 oC 

24 82 - 

a) Ambient temperature inside the nitrogen-filled glovebox  

 

Interestingly, when a pure sample of 2.70 was kept at room temperature, it slowly 

changed back into the starting material 2.55b. 

 

Reactions between 2.55b and Wilkinson’s catalyst only went to completion at –20 °C, at 

higher temperature; mixtures of starting material and product were obtained. In contrast, 

when the reaction was carried out at 90 °C; only the starting material was observed.  

The evidence clearly indicates there is an equilibrium between the ketone starting 

material, 2.55b and the rhodium complex 2.70. In the forward sense, the equilibrium 

starts with a C–C sigma bond activation, followed by a migratory insertion across a 

ketone C=O π bond. In the backward reaction, it starts with a β-aryl elimination, followed 

by a reductive elimination (C–C bond formation) (Scheme 2.25). The starting material is 

favored (2.55b) at high temperature and the rhodium complex (2.70) is favored at low 

temperature.  

We believe there is a pre-coordination between the Wilkinson catalyst and the substrate 

2.55b, creating a rhodium bound complex (2.55b-Rh). This rhodium species is the one 
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that equilibrates with 2.70.*  Attempts to observe intermediate 2.71 by NMR were not 

successful. It is assumed that this intermediate quickly converts into 2.55b-Rh or 2.70 

and therefore, is not present significantly in the mixture.  

Scheme 2.25 Two step equilibrium involving C–C sigma bond activation 

 

It is also interesting to note that rhodium complexes 2.70 can be obtained in toluene at   

90 oC (Table 2.1 entry 1). We believe this is due to the insolubility of rhodium complexes 

in toluene. Because the product precipitates out of the solution, the reverse reaction is 

much slower, thus 2.70 can be observed. With CH2Cl2 as the solvent, the reaction mixture 

is homogeneous, which makes the equilibrium occurs much faster. Rhodium complex 

2.70, which is not favored at 90 oC, therefore, cannot be obtained. 

Several attempts were made to induce reductive elimination of 2.70 (base promoted by 

DMAP; Lewis acid promoted using Zn(II), Li(I), PhB(OH)2 etc. high temperature (130 
oC), phosphine ligand), however, none were successful (Scheme 2.26). Most of the 

attempts were hindered by the fact that above room temperature, 2.70 reverted back to the 

starting material 2.55d.  

                                                 
* We believed that the removal of solvent from reaction mixture facilitated the complete conversion to 
2.55b-Rh therefore, was a necessary step to obtain full conversion to 2.70.  
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Scheme 2.26 Reductive elimination of rhodium complex 2.70 

 

Silver (I) salt can remove the chloride ligand of rhodium complex 2.70 to give 2.72 

(tentatively assigned structure) (Scheme 2.27).  Attempts to perform reductive 

elimination from 2.72 (crude mixture) led to decomposition. 

Scheme 2.27 Reaction of rhodium complex 2.70 with AgBF6 

 

We turned our attention back to the ketone substrate 2.55b and attempted ketone 

carboacylation reactions with different catalysts (Rh(cod)2BF4, Rh(cod)2OTf, 

[Rh(cod)OH]2, Rh(acac)(CO)2, etc), but again, the desired product was never observed 

(Scheme 2.28). 
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Scheme 2.28 Attempts carboacylation of ketones 

 

At this point, we re-examined our design: a quinoline group was used to direct C–C 

sigma bond activation of 2.55b, migratory insertion across C=O π bond, leading to 

intermediate 2.70. This intermediate was stable for isolation and characterization. 

Attempts to induce reductive elimination from 2.70 to 2.63b were not successful. From 

these data, a hypothesis was made: if the quinoline group can direct C–C sigma bond 

activation in 2.55b, it may be possible to direct acyl C–O sigma bond activation of ester 

2.63b, leading to intermediate 2.70. And since 2.70 was a stable intermediate, it may be 

the thermodynamic product (at least at low temperature) (Scheme 2.39). 

According to this hypothesis the acyl C–O bond activation from 2.63b may be the 

dominant process, making reductive elimination unfavorable with rhodium catalyst.    

Scheme 2.29 The acyl C–O bond activation hypothesis 
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Evidence to support our hypothesis was the acyl C–O bond activation of 2-

((diphenylphosphino)methyl)quinolin-8-ol acetate 2.73 reported by Grotjahn and 

Jourbran.60 Oxidative addition of Rh(I) into the acyl C–O bond of ester 2.73 occurred 

readily at room temperature to give rhodium complex 2.74 in excellent yield (Scheme 

2.30).*  

Scheme 2.30 An example of acyl C–O bond activation 

 

We decided to examine the hypothesis by synthesizing ester 2.63b independently and 

investigating its reaction with Wilkinson’s catalyst. If complex 2.70 is obtained then acyl 

C–O bond activation is possible. The independent synthesis of 2.63b turned out to be 

very challenging and ultimately unsuccessful (Scheme 2.31). Tertiary alcohol 2.75 was 

synthesized by cerium chloride-mediated Grigand addition of methyl magnesium 

bromide into ketone 2.75. The use of organocerium ensured that the reaction conditions 

were not too basic; otherwise, deprotonation at the alpha carbon to the ketone group was 

the major pathway. Esterification of this tertiary alcohol, however, was not successful. 

Under various esterification conditions (DCC coupling with 8-quinoline carboxylic acid, 

reaction with acid chloride, etc) the only product obtained was the elimination product 

2.77. Aromatic stabilization of 2.77 provided a strong driving force for the elimination 

processes from 2.76 or 2.63b. Ester 2.63b was not obtained and thus, we were not able to 

investigate its reaction with Wilkinson’s catalyst.  
                                                 
* Detailed discussion can be found in Chapter 3 (Section 3.2). 



 

 44 

Scheme 2.31 Attempts to synthesize ester 2.63b 

 

About the same time when this synthesis was attempted, we started another project based 

on the hypothesis of acyl C–O bond activation38 (the oxyacylation of alkenes, which will 

be discussed in the next chapter). Initial results from that project proved our hypothesis: 

quinoline group could direct a rhodium catalyst to activate an acyl C–O bond of an ester. 

Thus, the synthesis 2.63b was no longer significant. My subsequent work was directed 

toward the development of next project: developing an intramolecular oxyacylation 

reaction of alkenes.   

2.5 Conclusion 
 

Carboacylation reactions of ketones were not successful as we designed. But through this 

work, some understanding about reactivity of C-C sigma bond activation was obtained. 

The most important conclusions are: 

1. C-C sigma bond activation can be performed under very mild conditions (-20 oC) 

2. An intermediate in the designed carboacylation of ketones, rhodium complex 2.70 

was isolated and characterized.  

3. A two-step equilibrium involving a C–C sigma bond activation, followed by a 

migratory insertion of rhodium–aryl bond across a ketone C=O π bond was 

observed. This is an unprecedented process in C–C sigma bond activation. 
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4. The unsuccessful attempts for reductive elimination of rhodium complex 2.70 led 

us to develop the hypothesis about acyl C–O bond of an ester. This idea was 

subsequently developed into 2 novel reactions: the oxyacylation of alkenes and 

the synthesis of aromatic ketones via a tandem C–O activation/C–H 

functionalization processes – both will be discussed in the subsequent chapters of 

this thesis. 
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2.6 Experimental section 
 

General Details: All reactions involving moisture/air sensitive components were carried 

out using flame-dried glassware under a nitrogen atmosphere using freshly distilled 

solvents. Dry solvents are freshly distilled before use. * Toluene, dichloromethane and 

1,2-dichloroethane were distilled  and further degassed by bubbling a stream of argon 

through the liquid in a Strauss flask and then stored in a nitrogen-filled glove box. 

Rhodium catalysts were purchased from Strem or Acros. All rhodium-catalyzed reactions 

were carried out in a Vacuum Atmospheres nitrogen filled glove box in 1 dram vials with 

PTFE lined caps and heating was applied by aluminum block heaters. All other chemicals 

were purchased from commercial sources (Sigma-Aldrich, Acros, TCI etc) and used as 

received.   

 

Analytical thin layer chromatography (TLC) was carried out using 0.25 mm silica plates 

from Silicyle.  Eluted plates were visualized first with UV light and then by staining with 

ceric sulfate/molybdic acid or potassium permanganate/potassium carbonate. Flash 

chromatography was performed using 230–400 mesh (particle size 0.04–0.063 mm) silica 

gel purchased from Silicyle unless otherwise indicated. 1H NMR (300, 400 and 500 

MHz) and 13C NMR (75, 100 and 125 MHz) spectra were obtained on Varian FT NMR 

instruments.  Chemical shifts are reported as δ in units of parts per million (ppm) 

downfield from tetramethylsilane using the residual solvent signal as an internal standard: 

chloroform-d, (1H NMR  δ 7.26, singlet; 13C NMR δ 77.0 triplet); methanol-d4, (13C 

NMR δ 49.15 septet). 1H NMR coupling constants were reported in Hz; multiplicity was 

indicated as follows: s (singlet); d (doublet); t (triplet); q (quartet); quint (quintet); m 

(multiplet); dd (doublet of doublets); ddd (doublet of doublet of doublets); dddd (doublet 

of doublet of doublet of doublets); dt (doublet of triplets); td (triplet of doublets); ddt 

(doublet of doublet of triplets); app (apparent); br (broad).  Infrared (IR) spectra were 

obtained as films from CH2Cl2. Low-resolution mass spectra (LRMS) in EI or CI 

experiments were performed on a Varian Saturn 2200 GC-MS system, and LRMS and 
                                                 
* Argamengo W. L. F.; Chai C. L. L. Purification of laboratory chemicals, 5th ed.; Elsevier, 2003.  
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high-resolution mass spectra (HRMS) in electrospray (ESI) experiments were performed 

on a Bruker BioTOF II. 

 

 

The phenol 2.59 was synthesized according to a procedure published by our group.* 

 1H NMR (300 MHz, CDCl3) δ  8.92 (dd, J = 4.2, 1.8, 1H), 8.26 (dd, J = 8.4, 1.5, 1H), 

8.01 (dd, J = 7.8, 1.5, 1H), 7.75-7.64 (m, 2H), 7.52-7.46 (m, 2H), 7.17 (dd, J = 8.1, 1.5, 

1H), 7.09 (dd J = 8.4, 0.9, 1H), 6.73 (dt 8.1, 1.2, 1H); 13C NMR (75 MHz, CDCl3) δ 

203.6, 162.9, 151.1, 145.7, 137.6, 136.6, 136.1, 134.0, 130.0, 128.1, 128.0 125.8, 121.8, 

120.7,118.7, 118.2.  

 

 

 

                                                 
* Dreis, A. M.; Douglas, C. J. J. Am. Chem. Soc. 2008, 131, 412–413. 



 

 48 

Synthesis of ketone 2.55a 

 

To a solution of 2-hydroxyphenyl 8-quinolinyl ketone 2.69 (0.249 g, 1 mmol) in DMF (4 

mL) at 0 oC was added NaH (23 mg, 0.095 mmol), the mixture was stirred for 10 

minutes. Potassium iodide (0.166 g, 1 mmol) and 2-bromoacetophenone (0.4 g, 2 mmol) 

were added. The formation of products was monitored by TLC.  After 2 h, NH4Cl (sat.) 

was added and the mixture was extracted with EtOAc (3 x15 mL). The combined organic 

layers were washed with 2M LiCl  (2 x 20 mL), brine, dried over Na2SO4 and 

concentrated. The crude mixture was purified by flash column chromatography to 

provide 2.55a (185 mg,* 0.5 mmol, 50%) and the aldol product 2.60a (113 mg, 0.31 

mmol, 31%).† The remaining starting material was determined by 1H NMR of the crude 

mixture to be 10%. Data for 2.55a Rf = 0.21 (40% EtOAc/Hex); 1H NMR (300MHz, 

CDCl3) δ 8.76 (dd, J = 4.2, 1.8, 1H), 8.10 (dd, J = 8.4, 1.8, 1H), 7.9 (dd, J = 7.8, 1.8, 1H), 

7.82-7.75 (m, 2H), 7.66-7.63 (m, 2H), 7.56-7.44 (m, 3H), 7.39-7.32 (m, 3H), 7.13 (t, J = 

7.5, 1H) 6.83 (d, J = 8.4, 1H), 4.73 (s, 2H) ; IR (film) 3064, 2922, 1701, 1646, 1595, 

1451, 1291, 1215 cm-1. Data for 2.60a Rf = 0.38 (40% EtOAc/Hex); 1H NMR (300 MHz, 

CDCl3) δ 9.88 (s 1H, D2O exchange), 8.53 (dd, J = 6.3, 1.8, 1H), 8.27 (dd, J = 8.4, 1.8, 

1H), 7.84 (dd, J = 8.4, 1.2, 1H), 7.77 (dd, J = 6.3, 2.1, 2H),  7.53-7.36 (m, 5H), 7.36-7.24 

(m, 3H), 7.15 (d, J = 7.8, 1H), 7.05 (dt, J = 7.5, 0.9, 1H); IR (film) 3414, 1695, 1598, 

1476, 1226 cm-1 

 

 

                                                 
* After correcting solvent (ethyl acetate) 
† Yields are calculated based the starting material 2.59. The limiting agent however is NaH (maximum 
theoretical yield is 95%) 
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Synthesis of compound 2.55b 

To a solution of 2-hydroxyphenyl 8-quinolinyl ketone 2.69 (0.249 g, 1 mmol) in DMF (4 

mL) at 0 oC was added NaH (23 mg, 0.095 mmol), the mixture was stirred for 10 

minutes. Potassium iodide (0.166 g, 1 mmol) and chloroacetone (0.32 mL, 4 mmol) were 

added. The formation of products was monitored by TLC.  After 4hr, NH4Cl (sat.) was 

added and the mixture was extracted with EtOAc (15 mL x 3). The combined organic 

layers were washed with 2M LiCl  (20 mL x 2), brine, dried over Na2SO4 and 

concentrated. The crude mixture was purified by flash column chromatography to give 

2.55b (87 mg, 0.28 mmol, 28%) and starting material 2.59 (158 mg, 0.63 mmol, 63%).* 

Data for product 2.55b Rf = 0.16 (40% EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 

8.81(dd, 4.2, 1.8, 1H), 8.19 (dd, 8.4, 1.8, 1H), 7.95 (dd, 8.1, 1.5, 1H), 7.85 (dd, 6.9, 1.5, 

1H), 7.81(dd, 7.8, 1.5, 1H), 7.62 (dd, J = 8.1, 7.2, 1H), 7.52-7.38 (m, 2H), 7.11 (dt, J=7.8, 

0.9, Hz 1H), 6.78 (dd, J = 8.4 0.9, 1H), 4.14 (s, 2H), 1.63(s, 3H); 13C NMR (75 MHz, 

CDCl3) δ 205.9, 197.6, 156.9, 150.8, 146.0, 140.8, 136.1, 133.8, 131.9, 130.6, 130.2, 

129.2, 128.2, 126.1, 121.9, 121.6, 112.9, 73.7, 26.27; IR (film) 3068, 2922, 1721, 1661, 

1595, 1451, 1294, 1266 cm-1; LRMS (CI) m/z  306 (M+H)+  

 

Procedure for ketone carboacylation reaction with [Rh(C2H4)2Cl]2 

Inside the nitrogen-filled glove box, a 1 dram reaction vial (PTFE-lined cap) containing 

2.55a (18.3 mg, 0.05 mmol) was added [Rh(C2H4)2Cl]2 (10 mg, 0.025 mmol) and toluene 

(0.5 mL). The mixture was maintained at 90 oC for 24 hr. The reaction mixture was 

                                                 
* Yields are calculated based the starting material 2.59. The limiting agent, however is NaH (maximum 
theoretical yield is 95%) 
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removed from the glove box and transferred to a 4 dram vial containing p-

methoxyacetophenone (internal standard, 6 mg, 0.04 mmol, pre-dried in a dessicator) 

with the aid of CH2Cl2. The mixture was concentrated. 1H NMR was taken for the crude 

mixture with extended relaxation time (t1 = 20 s) for yield determinations. The yields for 

2.64 and 2.65 were 18% and 39%, respectively, by comparing to the amount of p-

methoxyacetophenone in the sample. Data for compounds 2.64 and 2.65 have been 

published in the literature.* Compound 2.65 was also isolated by preparative thin layer 

chromatography. 1H NMR (300 MHz, CDCl3) δ 8.11 – 7.94 (m, 2H), 7.64 (t, J = 7.4 Hz, 

1H), 7.52 (t, J = 7.5 Hz, 3H), 7.19 (m, 2H), 6.99 (t, J = 6.8 Hz, 1H), 6.82 (d, J = 8.2 Hz, 

1H), 5.82 (dd, J = 17.7, 1.4 Hz, 1H), 5.43 – 5.22 (m, 3H). 

 

 
Rhodium complex 2.70:  

 

A 1 dram reaction vial with PTFE lined cap was added 2.55b (15.3 mg, 0.05 mmol) and 

the vial was taken into the glove box. Wilkinson’s catalyst (46.1 mg, 0.05 mmol) and 

CH2Cl2 (0.5 mL) were added. The mixture was stirred at room temperature for 4 hr. The 

reaction mixture was removed from the glove box and concentrated. The crude mixture 

was dissolved in CDCl3 or CH2Cl2 (1 mL) and kept at -20 °C (in a freezer) overnight. 

The mixture was concentrate. The crude mixture was purified by flash column 

chromatography to afford 2.70 as a yellow solid (39.65 mg, 0.041 mmol, 82%) . Rf = 0.45 

                                                 
* For 2.64 see Liu, C.; Lu, X. J. Am. Chem. Soc. 2006, 128, 16504-16505. For 2.65, see Wang et. al. Tet. 
Lett. 2009, 50, 5748-5750   
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(100% EtOAc); 1H NMR (300 MHz, CDCl3) δ 8.99 (broad, 1H), 7.87 (dd, J = 8.1, 1.4 

Hz, 1H), 7.76 – 6.69 (m, 36H), 6.50 (ddd, J = 8.1, 5.2, 1.4 Hz, 1H), 4.34 (d, J = 15.7 Hz, 

1H), 3.96 (d, J = 15.7 Hz, 1H), 1.26 (s, 3H); 31P NMR (121 MHz, CDCl3) δ 15.85 (dd, J 

= 128.2, 32.0 Hz), 13.46 (dd, J = 115.3, 32.0 Hz); IR (film) 3055, 1714, 1483, 1435, 

1191, 1118 cm-1 

 

 
 

Inside the nitrogen-filled glove box, a 1 dram reaction vial (PTFE lined cap) containing 

2.70 (42.27 mg, 0.044 mmol) was added AgSbF6 (15 mg, 0.044 mmol) and CH2Cl2 (0.5 

mL). The mixture was stirred at room temperature for 4 h and then removed from the 

glove box. The mixture was filtered through a pad of celite with excess CH2Cl2. The 

solution was concentrated to afford 2.72 (51 mg, 0.044 mmol, 100%). 1H NMR (300 

MHz, CDCl3) δ 8.77 (b, 1H), 8.04 (d, J = 7.3 Hz, 1H), 7.80 (d, J = 8.1 Hz, 1H), 7.62– 

6.81 (m, 36H), 6.65 – 6.58 (m, 1H), 4.62 (d, J = 18.0 Hz, 1H), 3.53 (d, J = 18.0 Hz, 1H), 

1.66 (s, 3H); 31P NMR (121 MHz, CDCl3) δ 18.35 (dd, J = 121.2, 32.6 Hz), 16.64 (dd, J 

= 124.8, 32.6 Hz). 
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The cerium chloride was dried under vacuum prior to use according to a known 

procedure.* A round bottom flask containing CeCl3.7H2O (2.45 g, 6.6 mmol) and a large 

stir-bar was placed under high vacuum (Welch vacuum pump, approx. 0.05 Torr). The 

solid was maintained at 70 oC for 1 h with constant stirring. The temperature was then 

increased to 100 oC and the mixture was maintained at this temperature for additional 1 h. 

The temperature was again increased to 140 oC and the solid was allowed to dehydrate at 

this temperature overnight.  The reaction mixture was allowed to cool to room 

temperature under nitrogen atmosphere. THF (7 mL) was transferred and the 

heterogeneous mixture was stirred for 3 h before a solution of MeMgBr 3M in THF (2 

mL, 6 mmol) was added. A solution of 2.75 (0.4 g, 3 mmol) in THF (5 mL) was 

transferred and the mixture was maintained at room temperature overnight. NH4Cl (sat.) 

(20 mL) was added and the THF solvent was removed.  The mixture was taken into 

EtOAc (100 mL) and the layers were separated. The organic layer was washed with water 

(30 mL), brine, dried over Na2SO4 and concentrated. The crude mixture was purified by 

flash column chromatography to provide 2.76 (0.306 g, 2.03 mmol, 68%). Rf = 0.2 (20% 

EtOAc:Hex); 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.32 (m, 1H), 7.26 (td, J = 7.7, 1.4 

Hz, 1H), 6.96 (td, J = 7.4, 0.9 Hz, 1H), 6.88 (dd, J = 8.1, 0.6 Hz, 1H), 4.50 (d, J = 10.1 

Hz, 1H), 4.31 (d, J = 10.0 Hz, 1H), 1.70 (d, J = 9.9 Hz, 3H). The 1H NMR data matched 

with the literature known data for this compound.† 

                                                 
* Conlon, D. A.; Kumke, D.; Moeder, C.; Hardiman, M.; Hutson, G.; Sailer, L. Adv. Syn. Cat. 2004, 346, 
1307–1315. 
† Liu, C.; Lu, X. J. Am. Chem. Soc. 2006, 128, 16504-16505 
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Chapter 3   
 

Insertion of an Alkene into an Ester: an Intramolecular Oxyacylation 
Reaction of Alkenes via Acyl C–O Bond Activation 

 

3.1 Introduction 
 

When a transition metal undergoes oxidative addition into a carboxylic acid ester, it can 

either insert into the acyl C–O bond (Scheme 3.1 path a) or the alkyl, alkenyl or aryl C–O 

bond (path b R2 = alkyl, alkenyl or aryl).32,61 The alkyl C–O bond cleavage has been 

studied extensively and is most well known in the Tsuji-Trost asymmetric allylic 

substitution, (path b R2
 = allyl, R1= CH3).62,63 More recently, coupling reactions utilizing 

aryl/alkenyl C–O bond cleavage have been developed (path b, R2 = aryl or alkenyl).33, 64 

Such esters could be used as benign, easily accessible starting materials to replace the 

current halides or sulfonates in C–C bond formation reactions.65 

Scheme 3.1 Oxidative addition with esters 

 

Early studies in the 1980s demonstrated the challenge associated with acyl C–O bond 

(path a). When a low oxidation state transition metal underwent oxidative addition into 

the acyl C–O bond, the acyl metal product would undergo decarbonylation. For example, 

in the reaction between phenyl propionate and Ni(cod)2 (1:1) in the presence of 

triphenylphosphine (PPh3), the oxidative addition product  decomposed via 

decarbonylation followed by a β-hydride elimination (Scheme 3.2).35  The observed 
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products were phenol, Ni(CO)(PPh3)3 and ethylene. Because of the decarbonylation 

problem, acyl C–O bond activation has not received much attention, in fact, the first 

reaction methodology based on this process was not developed until 20 years later (2001) 

by the same group.66 To date, only few reactions involving this process have been 

reported.38,67–73 

Scheme 3.2 Reaction between Ni(cod) with phenyl propionate 

 

Acyl C–O bond activation, from a synthetic point of view, creates an acyl and an alkoxy 

bound to a transition metal. Either or both of them can be taken on to further chemical 

transformations. Esters are easily accessible; thus, if the decarbonylation pathway can be 

controlled or prevented, this could open up an exciting area for synthetic applications. 

As described in the previous chapter, when working with C–C sigma bond activation, we 

isolated an acyl rhodium complex containing an alkoxy group (Scheme 3.3). This result 

triggered our curiosity about acyl C–O bond activation. Two hypotheses were made: the 

quinoline group may be used as a directing group for acyl C–O bond activation and 

chelation with quinoline group may prevent the metal acyl complex from 

decarbonylation. Thus, there are opportunities to develop new chemical transformations.  
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Scheme 3.3 Acyl C–O bond activation hypothesis 

 

This chapter describes our efforts in developing an intramolecular oxyacylation reaction 

of alkenes utilizing a quinoline directing group (Scheme 3.4). This is a new, atom-

economical way to synthesize β-alkoxyketones. Section 3.2 introduces an overview of 

acyl C–O bond research. Our research proposal is discussed in Section 3.3. Reaction 

optimization and substrate scope are presented in Section 3.4, followed by a mechanistic 

discussion (Section 3.5). Conclusion and future work are presented in Section 3.6.  

Scheme 3.4 Oxyacylation of alkenes 

 

 

3.2 Acyl C–O bond activation 

3.2.1 Stoichiometric reactions 
 

As mentioned in Section 3.1, oxidative addition product in the reaction between phenyl 

propionate and Ni(cod)2/PPh3, underwent decarbonylation and β-hydride elimination to 

give phenol, ethylene and Ni(CO)( PPh3)3. To prevent the β-hydride elimination pathway, 

phenyl acetate was used as a substrate. In this reaction, the intermediate after 
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decarbonylation was isolated with the use of a bidentate ligand, 2,2’-bipyridine (bpy) 

(Scheme 3.5 reaction 1). Reaction of the methylnickel aryloxy and carbon monoxide at -

78 oC gave the CO insertion product (Scheme 3.5 reaction 2). Interestingly, this product 

was stable in solution at room temperature (Ar = p-C6H4CN). Further treatment of this 

acyl nickel complex with a π-acid ligand (CO or electron poor alkenes) promoted the 

reductive elimination to give the carboxylate esters. These results indicated that acyl C–O 

bond activation and reductive elimination were reversible.74 

Scheme 3.5 Acyl C–O bond activation with Ni(0) complexes 

 

Reactions between aryl acetates and RhH(PPh3)3 at elevated temperature (80-110 oC) 

were reported.75 The oxidative addition intermediate underwent decarbonylation, 

followed by reductive elimination between a methyl and a hydride group (eliminating a 

CH4 molecule) (Scheme 3.6). The reaction rate was accelerated by electron withdrawing 

group substituents on the aromatic ring. Reaction of alkyl carboxylates did not lead to 

acyl C–O bond activation under similar conditions. Similar processes have been reported 

with cobalt76 and ruthenium77 complexes. 
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Scheme 3.6 Acyl C–O activation with Rh(I) complexes 

 

Palladium complexes did not react with esters as readily as nickel complexes. To enhance 

the reactivity, the Yamamoto group examined esters with an electron withdrawing group. 

Interestingly, in the reaction with aryl trifluoroacetate, the acyl C–O bond activation 

product was isolated, without decarbonylation. Reaction between [Pd(styrene)(PMe3)2] 

and aryl trifluoroacetates proceeded at room temperature to give trans-

Pd(OAr)(CF3CO)(PMe3)2 complexes in 50-90% yield (Scheme 3.7).78 These acyl 

palladium complexes were thermally unstable and underwent slow decomposition in 

solution even at -20 oC.  

Scheme 3.7 Isolation of the acyl C–O activation product 

 

In order to facilitate the oxidative addition of a transition metal into an acyl C–O bond of 

an ester, Grotjahn and Jourbran decided to use a polydentate ligand to bring a transition 

metal into the vicinity of the ester. The substrate type 3.1 was designed due to the 

excellent coordinating ability of the quinoline group (Scheme 3.8).58  The authors 

envisioned that the bidentate complex 3.2 would bring the transition metal close to the 

ester group (complex 3.3). Acyl C–O bond activation would then occur to afford the acyl 
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metal complex 3.3. This complex would then undergo decarbonylation to give the hexa-

coordination complex 3.4. 

Scheme 3.8 Grotjahn and Jourbran’s polydentate ligand approach 

 

The experiment did not proceed as expected. Reaction between 3.5 and [Rh(coe)2Cl]2 in 

d6-benzene occurred rapidly at room temperature to afford 3.6  (2 molecules of 3.5 bound 

to 1 rhodium center, no decarbonylation) as a single product and a single diastereoisomer 

(Scheme 3.9).  

Both 1H NMR and COSY NMR spectra of the product showed four doublet of doublets 

in the region of 4.3 – 5.1 ppm, which were ascribed to the four diastereotopic protons of 

the CH2PPh2 units (two per molecule of 3.5). Each hydrogen couples with its germinal 

hydrogen (1JH-H ) and the adjacent P (2JP-H ), creating a doublet of doublets. 

 The 31P NMR showed two doublet of doublets, each with a large Rh-P coupling (134.4 

Hz and 146.7 Hz) and a small P-P coupling (27.3 Hz), indicating the cis-diphosphine 

complex. One IR absorption at 1765 cm-1 nearly coincided with that of the acetyl group 

in the starting material 3.5, whereas two signals at 1673 and 1656 cm-1
 indicated the 
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presence of acyl ligand.* These data were consistent with the structure of 3.6 which is the 

initial acyl C–O bond activation product. However, the difference between 3.6 and the 

expected product 3.3 was that complex 3.6 contained another, un-reacted molecule of 

starting material 3.5, which served as a phosphine ligand. The coordination sphere of the 

octahedral complex 3.6 was therefore complete and this complex showed exceptional 

stability. Thermolysis in d6-benzene at 120 oC for 1 week did not lead to any noticeable 

change. Exposure of this complex to benzyl amine (rt, 6h) left the acyl ligand untouched. 

Changing the 3.5:Rh ratio in the synthesis reaction did not alter the result. 

Scheme 3.9 Isolation of acyl rhodium complexes 

 

The same group subsequently reported acyl C–O bond activation with amino acid 

esters.79 Esters 3.7 were synthesized from the corresponding amino acids and phosphine-

containing phenol. A chelate-driven oxidative addition with substrate ester 3.7 to give 3.8 

was initiated by coordination of the rhodium complex to the phosphine ligand. The bulky 

bis-(o-tolyl)phosphine group (structure 3.7 PR2) was chosen because of the large cone 

angles†, which would maintain a 1:1 phosphine: rhodium ratio. Complexes 3.8 (a-c) were 

observed in solution (quantitative yield) but could not be isolated in pure form. The IR 

absorptions of 3.8a at 1726 cm-1 and 1584 cm-1 were consistent with the metal acyl and 

                                                 
* The author mentioned that the acyl C=O absorption in Rh(III) has been occasionally reported as a doublet 
in the literature 
† The cone angles of tris-(o-tolyl)phosphine and triphenylphosphine are 194o and 145o, respectively 
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the metal-coordinated amide, respectively. Upon standing in d6-benzene for 12-15 h, the 
1H NMR and 31P NMR of compound 3.8a showed degradation, with no identifiable 

products.  These were most likely five-coordinate rhodium acyl complexes; however, a 

cyclooctene might occupy the sixth site, making 3.8a-3.8c octahedral.     

Scheme 3.10 Acyl C–O bond activation with amino acid esters 

 

Addition of trimethyl phosphine to the reaction solutions gives complexes 3.9a-d. These 

complexes are stable for isolation and characterization. Although the geometry cannot be 

determined (square pyramidal vs. trigonal bipyramidal), elemental analysis and 

spectroscopic analyses indicate they are five-coordinated rhodium complexes, with the 

two phosphine ligands are trans to each other (large 2JP-P = 389 Hz) and the acyl group is 

mutually cis to both phosphines.* The use of other ligands such as PPhMe2, NH2NMe2 

and thioethers in place of trimethyl phosphine give products analogous to complex 3.9.80 

 

 

                                                 
* Many examples of stable five-coordinate rhodium complexes are known in the literature. 
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3.2.2 Catalytic reactions 
a. Coupling reactions 

In 2001, Yamamoto and co-workers reported a synthesis of trifluoromethyl ketones by a 

palladium catalyzed cross coupling reaction between trifluoroacetate esters and 

organoboron compounds (Scheme 3.11).73 This reaction was developed based on their 

earlier report on acyl C–O bond activation of trifluoroacetate esters78 (Scheme 3.7) and it 

was the first methodology developed in the field. Phenyl trifluoroacetate 3.10 underwent 

acyl C–O bond activation with Pd(0) catalyst to give intermediate 3.12. Transmetallation 

with phenyl boronic acid 3.11 afforded intermediate 3.13. Reductive elimination from 

this intermediate gave ketone 3.14 in 81% yield. This method was restricted to esters of 

perflouro-carboxylic acids (e.g. C2F5COOPh, C3F7COOPh). 

Scheme 3.11 Suzuki coupling with trifuoroacetate esters 

 

Chatani and Murai reported a ruthenium catalyzed reductive decarboxylation of esters via 

acyl C–O bond cleavage.41,70 Reaction between 2-pyridinylmethyl 2-

naphthalenecarboxylate 3.15 with Ru3(CO)12 (5 mol%) and ammonium formate 

(hydrogen source) afforded naphthalene 3.18  in 95% yield (Scheme 3.12). In their 

proposed mechanism, the acyl C–O bond activation was facilitated by initial coordination 

of the ruthenium catalyst to the pyridine group. Acyl C–O bond activation occurred to 
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afford 5-membered metallacycle 3.16. Decarbonylation from this intermediate gave 3.17; 

which underwent hydrogenation to give product 3.18. No reactions were observed with 

substrates 3.19 (no chelation) or 3.20 (6-membered chelation). The results highlighted the 

importance of the 5-membered chelation complex 3.16. 

 

Scheme 3.12 Reductive decarboxylation via acyl C–O bond activation 

 

An alternate mechanism for this reaction would be initial reduction of ester 3.15 to an 

aldehyde by HCOONH4. The aldehyde then underwent decarbonylation to give product 

3.18. This mechanism was ruled out by a control experiment. When 2-

naphthalenecarbaldehyde was subjected to the reaction conditions, a mixture of 

naphthalene (23%), 2-naphthlenemethanol (7%) and 2-methylnapthalene (61%) was 

obtained. Thus the reductive decarboxylation process did not involve an aldehyde 

intermediate.    
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Using the same class of substrates and catalyst, in 2004, Chatani and co-workers reported 

a coupling reaction with aryl boronates.70 Thus, reaction between ester 3.21 and boronate 

3.22 in the presence of Ru3(CO)12 produced ketone 3.25 in 83% yield (Scheme 3.13). The 

reaction was assumed to proceed via the 5-membered metallacycle 3.23. Transmetallation 

between this intermediate and phenyl boronate 3.22 gave 3.34. Reductive elimination 

from 3.34 gave the ketone product 3.25. The decarbonylation process (as can be seen in 

the previous reductive decarboxylation reaction) was prevented because the 

transmetallation with aryl boronate was the faster process. 

Scheme 3.13 Coupling reaction with 2-pyridinylmethyl esters 

 

A small amount of the product’s isomer, compound 3.25b was obtained (3.25a:3.25b = 

99:1). This undesired product increased when electron poor aryl boronates was used 
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(product: byproduct 4:1). The formation of 3.25b was believed to occur via reversible 

decarbonylation and β-H elimination processes (Scheme 3.14). If transmetallation 

between intermediate 3.23 and the boronate was slow (e.g. electron poor aryl boronate), 

3.23 may undergo decarbonylation to give intermediate 3.26. β-H elimination would 

proceed to give 3.27. The reverse process, an alkene insertion into the Ru–H bond, could 

give 3.26 or its isomer 3.28. The later intermediate underwent carbonyl insertion to give 

3.29, which participated in the coupling reaction to give the undesired product 3.25b.   

Scheme 3.14 Proposed pathway for the formation of by-product 3.25b 

 

The Chatani group subsequently released an improved procedure, using 2-pyridyl esters 

and palladium catalyst (Scheme 3.15).71 Reaction between ester 3.30 and phenyl boronic 
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acid 3.31 gave ketone 3.33 in 97% yield. The reaction was assumed to proceed via η3-

intermediate 5.32. Because 2-pyridyloxy group was a good leaving group, the coupling 

reaction occurred under milder condition and the isomerization could be suppressed. 

Reactions with esters of aliphatic carboxylic acid typically gave lower yield (e.g. 2-

pyridyl hexanoate 75%), possibly because of the decarbonylation pathway. Attempts to 

isolate the decomposition products were not successful.  

Scheme 3.15 Suzuki coupling with 2-pyridyl esters 

 

Taking advantage of the readiness of the activated acyl C–O bond to undergo 

decarbonylation, Sames and co-workers developed a decarbonylative arylation at sp3 

carbon centers in pyrrolidine and piperidine heterocycles.69 Reaction between ester 3.34 

and boronate ester 3.35 in the presence of a ruthenium catalyst afforded the 

decarbonylative coupling product 3.39 in 55% yield (Scheme 3.16). In their proposed 

mechanism, the amidine nitrogen effectively directed the Ru(0) to undergo oxidative 

addition into the ester, creating intermediate 3.36. This 6–membered metallacycle 

underwent decarbonylation, resulting in the formation of the more stable 5-membered 

metallacycle 3.37. Transmetallation and reductive elimination would then furnish the 

product 3.39. An alternate mechanism in which 3.36 underwent transmetallation to give 

3.40, then decarbonylation to give 3.38 was also possible and could not be ruled out. The 

formation of product 3.39 rather than the direct coupling product 3.41 (without 
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decarbonylation) demonstrated the preference for the formation a 5-membered ring 

metallacycle (e.g. intermediate 3.37 or 3.38 ). Similar intermediates have been proposed 

in their earlier work with C–H activation.81 This is a cleaver approach to target the 

challenge problem of cross-coupling reactions at sp3 carbon centers. 



 

 67 

Scheme 3.16 Decarbonylative coupling with boronate esters 

 

Aiming toward a waste-free Heck reaction, Gooβen and Paerzold developed a palladium-

catalyzed decarbonylative olefination of aryl esters.72  Esters of electron deficient phenols 
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(p-nitrophenyl and pentafluorophenol) were employed to facilitate the acyl C–O bond 

activation. Because the decarbonylative pathway was expected, chelation was not 

necessary. The Heck reaction between ester 3.42 and styrene afforded product 3.43 in 

excellent yield and selectivity (regioisomer 3.43:3.45 > 95:5). Because p-nitrophenol 

could be acylated again; the net by-products from this overall process were just CO and 

H2O. This reaction nicely demonstrated the advantages of using esters as starting 

materials. 

Scheme 3.17 Decarbonylative Heck coupling via acyl C–O bond activation 

 

b. Insertion of an unsaturated group into an ester 

When a transition metal inserts into an acyl C–O bond, a metal complex containing an 

acyl and an alkoxy is created. Either or both fragments can be taken into further chemical 

transformations. In a coupling reaction, the acyl fragment (or its decarbonylative product) 

proceeds. Esters are low cost, easily accessible starting materials, which could replace the 

acid chlorides or triflates that typically used in coupling reactions.  

In an insertion reaction, both the acyl and the alkoxy fragment can be utilized (Scheme 

3.18). This process is highly atom economical (100%) and could lead to important 

synthetic products. 
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Scheme 3.18 Insertion of an unsaturated group into an acyl C–O bond 

 

In 2009, while we were working on the alkene insertion (XY: C=C), two reports appeared 

in the literature utilizing this concept. Ohe and co-workers reported palladium catalyzed 

cyanide insertion into an ester (XY: C≡N) to synthesize 3-acyl-2-aminobenzofuranes.68 

Matsubara and co-workers reported a nickel catalyzed formal alkyne insertion into an 

ester (XY: C≡C).67 

The oxyacylation reaction of cyanides (insertion of a cyanide group into an ester) is 

shown in Scheme 3.19.68 In the presence of Pd catalyst, ester 3.46 is transformed into 

product 3.47 in moderate to excellent yield. Esters from a wide range of carboxylic acids 

(formic, acetic, benzoic acids etc.) can participate in this reaction, interestingly, chelation 

or strong electron withdrawing groups are not necessary.   

Scheme 3.19 Oxyacylation reaction of a cyanide group 

 

The mechanism for this transformation involves an extensive isomerization and is shown 

in Scheme 3.20. The authors believed that Zn(II), which was generated from the reaction 

of Pd(OAc)2 and zinc metal, accelerated the oxidative cleavage of the acyl C–O bond of 

3.46 by coordinating to the carbonyl group. As evidence, a combination of Pd(PCy)2 and 
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Zn(OAc)2 catalyzed the reaction with the same efficiency (96% yield). In the absence of 

zinc, product 3.47 was obtained in only 36% yield.  

Migratory insertion of intermediate 3.48 gave 3.49, which tautomerized (proton shift) to 

give 3.50. This η1-intermediate underwent isomerization to give the η3-intermediate 3.51. 

Subsequent reductive elimination afforded 3.51, which isomerized to furnish the final 

product 3.47. Aromatization provided a strong driving force for the isomerization process 

(3.49  3.50 and 3.52  3.47). Interestingly, the originally desired product 3.53, which 

would have been generated by a reductive elimination from intermediate 3.50, was not 

observed. The authors mentioned this type of structure may be unstable. 
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Scheme 3.20 Mechanism of oxyacylation reaction of cyanide 

 

The authors noted that 2-(cyanomethyl)phenol 3.54 was observed as a by-product in this 

reaction. They believed it was the hydrolysis (decomposition) of the acyl complex 3.48. 

Molecular sieves were added to the reaction mixture to prevent this decomposition 

pathway.  

A cross-over experiment was carried out but no crossover products were observed. This 

result indicated this reaction proceeded in an intramolecular fashion.  

Matsubara and co-workers reported a “formal” insertion of an alkyne into an ester.67 

Reaction between salicylic acid ketal 3.55 and 4-octyne in the presence of Ni(0) catalyst 
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afforded product 3.57 with the elimination of 1 equivalent of benzophenone 3.58 

(Scheme 3.21). Tricyclohexylphosphine was found to be the optimized ligand and 

addition of pyridine increased the yield from 42% to quantitative. The role of pyridine 

was unclear. Zinc chloride, on the other hand, inhibited this transformation completely. 

Unsymmetrical alkynes gave rise to regioisomers; the major products typically had the 

larger alkyne substituent placed next to the carbonyl group. Regioselectivity could only 

be achieved with a large difference in the two alkyne substituents (e.g. Me-C≡C-t-Bu 

single product 64% while Me-C≡C-i-Pr gave 1:1 mixture)  

Scheme 3.21 Nickel catalyzed cycloaddition of salicylic acid ketals to alkynes 

 

In their proposed mechanism, the ester group in 3.55 undergoes acyl C–O bond 

activation, giving 7-membered metallacycle 3.59 (Scheme 3.22). Elimination of a 

benzophenone molecule from this intermediate gives the 5-membered metallacycle 3.60. 

Coordination with the  alkyne takes place to give 3.61; in order to minimize steric 

repulsion, the bulkier group RL is placed away from the ligand (L = PCy3). The alkyne 

inserts into the acyl C–Ni bond, resulting in 3.62. This intermediate undergoes reductive 

elimination to give product 3.57 and regenerates the Ni(0) catalyst.  
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Scheme 3.23 Proposed mechanism for the Ni catalyzed cycloaddition of salicylic acid 

ketals to alkynes 

 

This reaction is not an insertion of an alkyne into an ester; however, it includes all the 

mechanistic steps (involving acyl C-O bond activation, alkyne insertion and reductive 

elimination), thus it is a useful development in acyl C-O bond activation.  

Subsequently, in 2011, the Matsubara group applied a similar strategy to develop a new 

method to synthesize indoles. Reaction between anthranilic acid derivative 3.63  and 4-

octyne 3.56  in the presence of Ni(0) catalyst afforded protected indole 3.64 (Scheme 

3.23). This compound could be isolated; however, the authors found that taking the crude 

mixture directly into an amide deprotection reaction with NaSMe typically gave higher 

yield (62% over the 2 steps).   
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Scheme 3.23. Synthesis of indoles via acyl C-O bond activation 

 

The proposed mechanism for this reaction is shown in Scheme 3.24. The mechanism 

starts with an acyl C-O bond activation of 3.63 to give intermediate 3.65. Unlike the 

previous cycloaddition mechanism, elimination of a small molecule such as 

benzophenone is not possible. Intermediate 3.65 undergoes decarbonylation to give 3.66. 

Coordination of the alkyne enables the migratory insertion step. An 8-membered 

metallacycle, 3.68 was formed. The medium ring strain in 3.68 allows the Ni-O bond to 

undergo a facile 1,3-acyl migration to give the thermodynamically more stable 6-

membered intermediate 3.69. Subsequent reductive elimination affords product 3.64 and 

regenerates the Ni(0) catalyst.  
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Scheme 3.24 Proposed mechanism for Matsubara’s indole synthesis 

 

3.3 Proposal 
 

We are interested in developing an insertion reaction of an alkene into an ester via acyl 

C-O bond activation. The product in this reaction is a β-alkoxyketone (Scheme 3.25). 

Scheme 3.25 The oxyacylation reaction of alkenes 

 

In terms of synthetic application, β-alkoxyketones are valuable synthetic intermediates. 

This class of substrate contains a 1,3-dioxygenated structural motif, which is commonly 
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found in many organic compounds (e.g. polyketide natural products).82–84 Classically, this 

structural motif is commonly synthesized by the aldol reaction.85,86  

Although aldol chemistry has undoubtedly enabled great achievements in synthesis, the 

oxyacylation of alkenes may open up an alternate pathway to this important structural 

motif.  Esters and alkenes are commonly found in organic compounds; they are stable 

and can be easily synthesized. Thus, the oxyacylation of alkenes, if successfully 

developed, will certainly find its own applications and provide novel strategies in 

synthesis.  

The oxyacylation reaction is 100% atom economical. Interestingly, in most reactions 

involving an ester functional group, the alkoxy group serves as a leaving group, thus 

100% atom economy is rarely obtained. An exception is Ohe’s oxyacylation reaction of 

cyanides, which was previously discussed. 

From a mechanistic point of view, this is an unprecedented transformation. This reaction 

represents a new method of ester functionalization. We hope to gain understanding of 

acyl C-O bond activation, thereby, finding a way to control it and bring about its 

application in organic synthesis. 

As seen previously, there is a high risk for decarbonylation and decomposition. The 

supporting evidence for our proposal came from our isolation of the acyl rhodium 

complex 3.70.* This result informed us that with a quinoline chelating group, acyl C–O 

bond activation may be possible and the decarbonylation pathway may be prevented. 

Taking inspiration from our group’s successes in developing carboacylation reactions of 

alkenes with a quinoline directing group,24, 44 we set out to start this project.  At an early 

stage, we decided to investigate an intramolecular reaction. Substrate 3.71 was chosen for 

reaction optimization, the product is a cyclic ketone 3.72 (Scheme 3.26) 

                                                 
* See Chapter 2 for more details 
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Scheme 3.26 An intramolecular oxyacylation reaction 

 

3.4 Reaction Optimization and substrate scope 
 

The substrate 3.71 was easily synthesized from 8-quinoline carboxylic acid 3.73 and 

phenol 3.74 (Scheme 3.27). The 8-quinolinecarboxylic acid could be obtained from 

commercial sources (Sigma-Aldrich or Matrix Scientific) or be synthesized from 8-

bromoquinoline. Compound 3.74 was synthesized from phenol via a Claisen 

rearrangement.87 Detailed syntheses are presented in the Experimental Section. 

Scheme 3.27 Synthesis of starting material 3.71 
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Initial screenings were carried out with different rhodium catalysts in toluene at 130 oC 

with no additional ligands (Scheme 3.28). The results are shown in Table 3.1. The 

oxyacylation product (3.72) was observed in the reaction with cationic rhodium 

complexes Rh(cod)2OTf or Rh(cod)2BF4 (entries 4, 5). A by-product observed in these 

reactions was the phenol 3.74, resulting from a formal hydrolysis of 3.71. Molecular 

sieves were added to the reaction mixture; however, the results did not improve.  

Scheme 3.28 Initial screening (without ligand) 

 

Because the rhodium catalysts were not soluble in toluene, the reactions were 

heterogeneous. We then sought other solvents that were more likely to give homogeneous 

mixtures. No product was observed in acetonitrile. On the other hand, 1,2-dichloroethane 

was a promising choice. The reaction mixture was homogeneous and the product was 

obtained in 40% yield in the reaction with Rh(cod)2BF4 along with the by-product 3.74 

(product: byproduct 1:1 ratio) (entry 8). On the contrary, reaction with Rh(cod) 2OTf led 

to decomposition (entry 7).  
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Table 3.1 Initial Optimization (without ligand) 

Entry Catalyst  

(20 mol%) 

Solvent Temp 

(oC) 

Yields (%)  

3.72 (3.74) 

1 Rh(PPh3)3Cl PhMe 130 - 

2 [Rh(C2H4)2Cl]2 PhMe 130 - 

3 Rh(cod)2OH PhMe 130 - 

4 Rh(cod)2OTf PhMe 130 20 (37) 

5 Rh(cod)2BF4 PhMe 130 Trace 

6 Rh(acac)(CO)2 PhMe 130 - 

7 Rh(cod)2OTf DCE 110 decomposition 

8 Rh(cod)2BF4 DCE 110 40 (40) 

Reaction conditions: Rh catalyst 20 mol%, 0.1 M 3.71, 24 h, yields were determined by 
1H NMR spectroscopy, DCE: 1,2-dichloroethane 

 

A ligand screen was then carried out with Rh(cod)2BF4 as the catalyst in DCE. During the 

initial screening period, we observed a concentration effect. The by-product 3.74 tended 

to form more in the reactions with a higher concentration of 3.71 or catalyst.  Thus in 

subsequent studies, reactions were run at more dilute concentration (0.05M) and the 

catalyst loading was decreased to 10 mol%.  

Bidentate phosphine ligands were found to favor the oxyacylation product; in particular, 

diphenylphosphine propane (dppp) was the most effective. Reaction using Rh(cod)2BF4 

and dppp in DCE at 130 oC gave the product in 82% (isolated yield) with minor amount 

of product 3.74 (<10%). (table 3.2 entry 7).  

Temperature had a great impact on the reaction results. With the Rh(cod)2BF4/dppp 

catalyst, the oxyacylation product 3.72 could be observed as low as 90 oC, however the 

reaction was incomplete after 24 h and the ratio of product:byproduct (3.72:3.74) was 1:1 

(entry 5). Further decreasing the temperature gave only the by-product 3.74.  Increasing 

the temperature led to complete conversion and also decreased the formation of the by-
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product significantly (entries 6-8). Reaction at 150 oC in mixture of PhMe:DCE (8:2) 

gave the optimized conditions (Scheme 3.29). The product was obtained in 85% isolated 

yield. A trace amount of 3.74  was observed. 

Table 3.2 Ligand Optimization 

Entry Catalyst  

(10 mol%) 

Ligand 

(12 mol%) 

Solvent Temp 

(oC) 

Yields (%)a 

3.72 (3.74) 

1 Rh(cod)2BF4 dppe DCE 130 - 

2 Rh(cod)2BF4 dppb DCE 130 40 (40) 

3 Rh(cod)2BF4 L1 DCE 130 - 

4 b Rh(cod)2BF4 L2 DCE 130 40 (11) 

5 b Rh(cod)2BF4 dppp DCE 90 25 (25) 

6 Rh(cod)2BF4 dppp DCE 110 65 (32) 

7 c Rh(cod)2BF4 dppp DCE 130 82 (10) 

8 c Rh(cod)2BF4 dppp PhMe/DCE 150 85 (trace) 

Reaction conditions: Rh catalyst 10 mol% ,ligand 12 mol%,  0.05M 3.71, 24 h;  a) yields 

were determined by 1H NMR spectroscopy unless otherwise indicated; b) starting 

material remained c) isolated yield,  dppe = 1,2-bis(diphenylphosphino)ethane, dppp = 

1,3-bis(diphenylphosphino)propane, dppb = 1,4-bis(diphenylphosphino)butane, DCE = 

1,2-dichloroethane, L1 = (2S,4S)-2,4-bis(diphenylphosphino)pentane, L2=(S)-Tol-

BINAP 

 

Scheme 3.29 Optimized conditions 
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Using the optimized conditions, we examined the scope of oxyacylation reaction of 

alkenes (Table 3.3). Both electron-donating and electron-withdrawing substituents on the 

aromatic linker gave the oxyacylation products in good yields (entries 1–6), although 

longer reaction times were required for electron donating groups (entries 1–2). In the 

presence of another ester group, acyl C–O bond activation occurred exclusively for the 8-

quinoline carboxylate ester, leaving the other ester untouched (entry 4). Substitution at 

the 6-position of the aromatic linker increased the product: by-product ratio. We reasoned 

this is due to the restricted rotation of the acyl group, which forced the reacting ester 

group closer to the alkene, facilitating the oxyacylation reaction (entries 5–6). 

Introducing and ester into this position, however, stopped the oxyacylation reaction. We 

did not have a clear explanation for this effect (entry 12). Replacing alkene substituents 

with Et and CH2OBn groups provided products 3.90 and 3.92 in good yield (entries 8–9). 

An alkene substituent is required for oxyacylation to occur; when R = H (3.85), 

oxyacylation product 3.88 was not observed, possibly due to facile β-hydride elimination 

(entry 7). Chromans could also be formed (entry 10). For allylic ether 3.95, we observed 

oxyacylation at 130 °C, but at higher temperatures (150 °C) the product from a Claisen 

rearrangement was formed predominantly (entry 11). 
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Table 3.3 Reaction scope a 

Entry Substrate Product Yield b 

1 c 
O

Me

O

N

Me

3.75  

O

O N

Me

Me

3.76  

79% 

2 c, d 
O

Me

O

N

3.77

MeO

 

O

O N

Me

3.78
MeO

 

60% 

3 
O

Me

O

N

Cl

3.79  

O

O N

CH3

Cl

3.80  

65% 

4 
O

Me

O

N

3.81

EtOOC

 

O

O N

Me

3.82
EtOOC

 

78% 
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5 
O

Me

O

N

3.83

Me

 

O

O N

Me

3.84

Me

 

90% 

6 O

Me

O

N

3.85

Me

Me

 

O

O N

Me

3.86

Me

Me
 

81% 

7 O

H

O

N

3.87  

O

O N

H

3.88  

-- 

8 O

Et

O

N

3.89  

O

O N

Et

3.90  

78% 

9 O

O

N

OBn

3.91  

O

O N

OBn

3.92  

51% 
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10 
O

O

CH3

N

3.93  

O
Me

O N

3.94  

85% 

11e 
O

O

O

CH3

N

3.95  

O

O
Me

O N

3.96  

25% 

12 O

Me

O

N

3.97

MeOOC

 

O

O N

Me

3.98

MeOOC

 

-- 

a) conditions: Rh(cod)2BF4 (10 mol %), dppp (12 mol %), PhMe/DCE = 8:2, 150 °C, 24 

h; b) yield after chromatography; c) 36 h; d) 14% recovered 3.77, 70% 3.78 brsm; e) 130 

°C, 50% recovered 3.95, 50% 3.96 brsm.  

3.5 Mechanistic considerations 
 

Based on the above results, we propose the following mechanistic rationale (Scheme 

3.30).  Coordination to the quinoline nitrogen directs rhodium to insert into the acyl C–O 

bond, forming intermediate 3.99. Migratory insertion of the alkene into the metal- oxygen 

bond, followed by reductive elimination provides 3.72. A by-product observed in this 

reaction was phenol 3.74, which we presume is a decomposition product from 

intermediate 3.99.  Similar decomposition of related rhodium alkoxide complexes have 
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been reported in the literature.68,57 When the reaction temperature was increased, 

oxyacylation product 3.72 was favored and the formation of 3.74 was minimized (Table 

3.2, entries 5–8), suggesting that migratory insertion to form 3.100 is the turnover-

limiting step. 

Scheme 3.30 Proposed mechanism 

 

To gain insight about the mechanism, we subjected phenyl 8-quinolinecarboxylate ester 

to a reaction with Wilkinson’s catalyst (1 eq) at room temperature in CD2Cl2 (Scheme 

3.31). The desired rhodium complex 3.102 could not be identified; however, we observed 

significant decomposition of the starting materials by 1H NMR after 24 h. In the absence 

of the rhodium complex, ester 3.101 was stable under the same condition.  We assumed 

the decomposition occurs via acyl C–O bond activation, which occurred at rather mild 



 

 86 

condition. It is likely that acyl C–O bond activation was a facile process and could not be 

the rate limiting step. How complex 3.102 decomposed requires further investigation. 

Scheme 3.31 Reaction between 3.101 and Rh(PPh3)3Cl 

 

When the bulkiness of the alkene substituent increases, the reaction rate slows down 

significantly. This is consistent with our hypothesis that alkene insertion is the turnover 

limiting step. Thus, in 5-member ring forming reactions, after 24 h, substrate 3.103 (R = 

Ph)* gave less than 40% conversion while reactions of substrates with a methyl or an 

ethyl substituent were complete (Scheme 3.32). In the corresponding 6-member ring 

forming reaction, substrate 3.104 gave only the Claisen rearrangement product; the 

oxyacylation product was not obtained.  

                                                 
* Due to the difficulty in obtaining the phenol needed to synthesize ester 3.103, (during the Claisen reaction 
to synthesize this phenol, it underwent double isomerization to give a more stable, conjugated alkene) this 
reaction was not optimized further. Longer reaction time may lead to a complete conversion.  
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Scheme 3.32 Effect of alkene substituents 

 

 

3.6 Conclusion and future work 
 

In conclusion, we have successfully demonstrated that β-alkoxy ketones can be 

synthesized by a direct insertion of an alkene into an acyl C–O bond. Esters and alkenes 

are benign, easily accessible starting materials. Our results also demonstrate that ester 

functionalization can be atom-economical. 
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The oxyacylation reaction of alkenes also demonstrates the synthetic utilities of acyl C–O 

bond activation. Decarbonylation was suppressed by the use of a chelating group and the 

intermediate after acyl C–O bond activation can be used constructively in organic 
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reactions. Our subsequent studies proved that the oxyacylation reaction could be 

performed with a more versatile directing group (Chapter 4) and chelation-stabilized 

acyl-metal intermediate could be used in another interesting organic transformation 

(Chapter 5).    
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3.7 Experimental Section 
 

General Details: All reactions involving moisture/air sensitive components were carried 

out using flame-dried glassware under a nitrogen atmosphere using freshly distilled 

solvents. Nitrobenzene was distilled over phosphorus pentoxide before use.* For the 

oxyacylation reaction, toluene and 1,2-dichloroethane were distilled  and further degassed 

by bubbling a stream of argon through the liquid in a Strauss flask and then stored in a 

nitrogen-filled glove box. Rhodium catalysts were purchased from Strem or Acros. All 

rhodium-catalyzed reactions were carried out in a Vacuum Atmospheres nitrogen filled 

glove box in 1 dram vials with PTFE lined caps and heating was applied by aluminum 

block heaters. All other chemicals were purchased from commercial sources (Sigma-

Aldrich, Acros, TCI etc) and used as received.   

 

Analytical thin layer chromatography (TLC) was carried out using 0.25 mm silica plates 

from Silicyle.  Eluted plates were visualized first with UV light and then by staining with 

ceric sulfate/molybdic acid or potassium permanganate/potassium carbonate. Flash 

chromatography was performed using 230–400 mesh (particle size 0.04–0.063 mm) silica 

gel purchased from Silicyle unless otherwise indicated. 1H NMR (300, 400 and 500 

MHz) and 13C NMR (75, 100 and 125 MHz) spectra were obtained on Varian FT NMR 

instruments.  Chemical shifts are reported as δ in units of parts per million (ppm) 

downfield from tetramethylsilane using the residual solvent signal as an internal standard: 

chloroform-d, (1H NMR  δ 7.26, singlet; 13C NMR δ 77.0 triplet); methanol-d4, (13C 

NMR δ 49.15 septet). 1H NMR coupling constants were reported in Hz; multiplicity was 

indicated as follows: s (singlet); d (doublet); t (triplet); q (quartet); quint (quintet); m 

(multiplet); dd (doublet of doublets); ddd (doublet of doublet of doublets); dddd (doublet 

of doublet of doublet of doublets); dt (doublet of triplets); td (triplet of doublets); ddt 

(doublet of doublet of triplets); app (apparent); br (broad).  Infrared (IR) spectra were 

obtained as films from CH2Cl2. Low-resolution mass spectra (LRMS) in EI or CI 

                                                 
* Argamengo W. L. F.; Chai C. L. L. Purification of laboratory chemicals, 5th ed.; Elsevier, 2003.  
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experiments were performed on a Varian Saturn 2200 GC-MS system, and LRMS and 

high-resolution mass spectra (HRMS) in electrospray (ESI) experiments were performed 

on a Bruker BioTOF II. 

 

8-Quinolinecarboxylic acid can be purchased from commercial sources or synthesized 

according to the following procedure: 

 

N
Br

1. BuLi, ether, -78 oC

2. CO2

3. HCl
N

COOH

S1 S2  
 

To a flame dried 3-necked 250 mL round bottom flask, 8-bromoquinoline* (6.20 g, 30.0 

mmol) and dry ether (60 mL) were added under N2. The mixture was cooled to -78 °C 

then n-BuLi 2.5M in hexane (14.4 mL, 36.0 mmol) was added. The mixture was 

maintained at -78 °C for 2 hr and then poured into a 600 mL beaker containing dry ice 

(approx 20.0 g, 0.454 mol). After all remaining dry ice had sublimed, the mixture was 

cooled in an ice bath and aqueous solution of HCl 1M was added until the reaction 

mixture became acidic (pH = 3). The mixture was extracted with chloroform (3 x 200 

mL). The combined organic layers were washed with brine, dried over anhydrous Na2SO4 

and then concentrated under vacuum. The crude product was dissolved in a minimum 

amount of hot CHCl3 (approx 100 mL). EtOAc was added slowly until the mixture 

became cloudy. The solution was allowed to cool to room temperature and then kept in a 

-20 °C freezer overnight. Crystallized product was collected by vacuum filtration and 

washed with hexane (2 x 150 mL) to yield 8-quinolinecarboxylic acid (3.18 g, 61% yield, 

tan crystals).  1H NMR (500 MHz, CDCl3) δ 8.91 (dd, J = 1.5, 4.5 Hz, 1H), 8.78 (dd, J = 

1.5, 7.5 Hz, 1H), 8.43 (dd, J = 1.5, 8.5 Hz, 1H), 8.10 (dd, J = 1.5, 8.0 Hz, 1H), 7.75 (dd, J 

= 7.5, 7.5 Hz, 1H), 7.63 (dd, J = 4.5, 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 167.2, 

                                                 
* For synthesis of 8-bromoquinoline see: Dreis A. M.; Douglas C. J. J. Am. Chem. Soc. 2009, 131, 412-413. 
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148.4, 145.2, 138.7, 135.3, 133.0, 128.2, 127.3, 124.6, 121.7. This material was identical 

by NMR to 8-quinolinecarboxylic acid purchased from Matrix Scientific. 

 

Overall scheme for synthesizing 5-membered ring products 

 

The substrates for the oxyacylation reaction were synthesized from the corresponding 

phenols in 3 steps: first, commercially available phenols S3 were converted to allylic 

ethers S4 based on a modified literature procedure.* Ethers S4 then underwent thermal 

Claisen rearrangement to afford phenols S5, which were purified or used directly in an 

esterification reaction to afford esters S6. Esters S5 were then subjected to the 

oxyacylation reaction to afford ketones S7.     

                                                 
* Bartz, Q. R.; Miller R. F.; Adams R.  J. Am. Chem. Soc. 1935, 57, 371-376. 
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Number of compounds in 5 membered-ring ketone syntheses 

 

R1
* R2 S3 S4 S5 S6 S7 

H Me S3a S4a S5a 3.71 3.72 

4-Me Me S3b S4b S5b 3.75 3.76 

4-OMe Me S3c S4c S5c 3.77 3.78 

4-Cl Me S3d S4d S5d 3.79 3.80 

4-COOEt Me S3e S4e S5e 3.81 3.82 

2-Me Me S3f S4f S5f 3.83 3.84 

2,4-dimethyl Me S3g S4g S5g 3.85 3.86 

H H S3a S4h S5h 3.87 - 

H Et S3a S4i S5i 3.89 3.90 

H CH2OBn S3a S4j S5j 3.90 3.91 
2-COOMe Et S3m S4m S5m 3.97 - 

 

                                                 
* Numbering system according to the parent phenols S1 
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Overall scheme for synthesizing 6-membered ring products 

 

Compound S5k was synthesized in 2 steps from 2-methoxybenzyl chloride, according to 

a known procedure.* Compound S5l was synthesized from catechol and 3-chloro-2-

methyl-1-propene.  The phenols were then converted to esters S6 under standard coupling 

reaction conditions with DCC and DMAP. Ester S9 were then oxyacylated to afford 

ketone S7 respectively. 

 

 
Number of compounds in 6 membered-ring ketone syntheses 

X S5 Ester (S6) product (S7) 

CH2 S5k 3.93 3.94 

O S5l 3.95 3.96 

 

                                                 
* Yate P.; Macas T.  Can. J. Chem. 1998, 66, 1-10. An alternate procedure, which was developed later and 
used to replace this one could be found in Chapter 4 Experimental Section 
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General procedure for the synthesis ethers 4a-j: 

 

 
 

A 250 mL round bottom flask was charged with phenol (20.0 mmol, 1 eq), K2CO3 (25.0 

mmol, 1.25 eq), KI (2.0 mmol, 0.1 eq) and acetone (technical grade, 60 mL). 3-chloro-2-

methyl-1-propene (25 mmol, 1.25 eq) was added and the mixture was maintained at 

reflux overnight. The mixture was allowed to cool to room temperature and the insoluble 

materials were removed by gravity filtration. The filtrate was concentrated to remove 

acetone.  The liquid residue was taken up into EtOAc (100 mL). The organic layer was 

washed with water (100 mL) and brine (30 mL).  The organic portion was dried over 

anhydrous Na2SO4 and concentrated. Flash column chromatography (Hex or gradient 

EtOAc/Hex) afforded the allylic ether product in 60-80% yield. 

 

For compound S4h allylic bromide was used instead of 3-chloro-2-methyl-1-propene. 

 

 
 

For ethers S4i or S4j corresponding tosylate* was used instead of 3-chloro-2-methyl-1-

propene. 2-Ethyl-2-propen-1-ol was prepared from propargyl alcohol and ethyl 

magnesium bromide according to Duboudin and Jousseaume.†  2-(benzyloxymethyl)-2-

propen-1-ol was prepared from 2-methylene-1,3-propanediol according to the literature 

                                                 
* Synthesized from corresponding alcohol  
† Deboudin, J. G.; Jousseaume, B. J. Organomet. Chem. 1979, 168, 1-6. 
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procedure.* These alcohols were converted into tosylates by reaction with TsCl/KOH. 

The crude mixtures of tosylate were used in the synthesis of S4i and S4j. 

 
 

Compound S4i: Started with phenol (0.94 g, 10.0 mmol) and tosylate (2.40 g, 10.0 

mmol), afforded S4i (1.05 g, 6.5 mmol, 65%) Rf = 0.55 (10% EtOAc/Hex);  1H NMR 

(300 MHz, CDCl3) δ 7.28-7.34 (m, 2H), 6.94-7.00 (m, 3H), 5.16 (s, 1H), 5.03 (s, 1H), 

4.50 (s, 2H), 2.20 (q, J = 7.5 Hz, 2H), 1.34 (t, J = 7.5 Hz, 3H); 13C NMR (75 MHz, 

CDCl3) δ 158.7, 146.4, 129.3, 120.6, 114.6, 110.7, 70.8, 25.8, 11.9; IR (thin film) 3071, 

2967, 1598, 1495, 1242; LRMS (CI) m/z 163 [M+H]+. 

 

OH O

CH2OBn
TsO+

S4j

CH2OBn K2CO3, KI

acetone, reflux
97%

 
 

Compound S4j: Started with phenol (0.38 g, 4 mmol) and tosylate (1.19 g, 3.6 mmol) 

afforded S 4j (0.898 g, 3.5 mmol, 97%); Rf = 0.62 (10% EtOAc/Hex);  1H NMR (300 

MHz, CDCl3) δ 7.27-7.38 (m, 7H), 6.94-7.00 (m, 3H), 5.39 (s, 1H), 5.34 (s, 1H), 4.61 (s, 

2H), 4.57 (s, 2H), 4.16 (s, 2H); 13C NMR (75 MHz, CDCl3) δ 158.6, 141.4, 138.0, 129.3, 

128.3, 127.7, 127.6, 120.8, 114.9, 114.7, 72.1, 70.8, 68.4; IR (thin film) 3063, 3030, 

2918, 2857, 1661, 1598, 1494, 1453, 1241; LRMS (ESI) m/z 277.12 [M+ Na]+. 

 

                                                 
* Russo F.; Wangsell F.; Savmarker J.; Jacobsson M.; Larhed M.; Tetrahedron, 2009, 65, 10047-10059 
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Claisen rearrangement: 

 

 
 

Compounds S4a-f and S4h were converted into phenol S5a-e and S5h according to 

literature procedure.* Compound 4g, 4i were used directly in a two step procedure to 

synthesize esters (General procedure B below). 

 
 

Synthesis of phenol S5j: a mixture of ether S4j (0.254 g, 1.0 mmol) and 2,6-

diethylaniline (0.25 mL) was heated at 230 oC. Complete consumption of starting 

material was indicated by 1H NMR after 3 hr. The reaction mixture was allowed to cool 

to room temperature and diluted with 50 mL of EtOAc. The mixture was washed with 

aqueous HCl 1M (2 x 10 mL), deionized water (20 mL) and brine (20 mL). The organic 

layer was dried over anhydrous Na2SO4 and concentrated. The crude mixture was 

purified by flash column chromatography (gradient, Hex: Et2O) to afford S5j (0.169 g, 

0.67 mmol, 67%). Rf = 0.40 (33% Et2O/Hex);  1H NMR (300 MHz, CDCl3) 7.32-7.38 (m, 

5H), 7.10-7.17 (m, 2H), 6.83-6.89 (m, 3H), 5.08 (s, 2H), 4.57 (s, 2H), 3.97 (s, 2H), 3.42 

(s, 2H); 13C NMR (75 MHz, CDCl3) 154.4, 144.4, 136.9, 130.8, 128.6, 128.1, 128.0, 

125.2, 120.5, 116.8, 114.9, 102.8, 72.7, 72.2, 34.2; IR (thin film) 3333, 3072, 3030, 2912, 

1648, 1587, 1486, 1453, 1260; LRMS (ESI) m/z 277.12 [M+ Na]+. 

 

                                                 
* Bartz, Q. R.; Miller R. F.; Adams R.  J. Am. Chem. Soc. 1935, 57, 371-376. 
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Synthesis of ester S6:  

General procedure A: 

 
 

In a flame-dried 25 mL round bottom flask, 8-quinolinecarboxylic acid (1 mmol, 1 eq), 

N,N’-dicyclohexylcarbodiimine (1.5 mmol, 1.5 eq), 4-(dimethylamino)pyridine (1 mmol, 

1 eq) and phenol S5 (1 - 2 mmol, 1 - 2 eq) and 4 mL of dichloromethane were added. The 

mixture was refluxed overnight. The mixture was allowed to cool to room temperature 

and diluted with 50 mL CH2Cl2. Insoluble by-products were removed by vacuum 

filtration using fritted glass funnel. The filtrate was washed with saturated aqueous 

NH4Cl (2 x 30 mL) followed by saturated aqueous NaHCO3 (1 x 30 mL). The organic 

portion was dried over anhydrous Na2SO4 and concentrated. The resulting crude product 

was purified by flash chromatography (gradient, EtOAc/Hex) to provide ester S6. 

 

General procedure B: (1 pot reaction: Claisen rearrangement followed by ester 

formation) 

 
In a dried 25 mL round bottom flask, ether S4 (3 mmol, 3 eq) and nitrobenzene (1.5 mL) 

were added. The reaction mixture was heated in sand bath to 200 – 230 oC. The formation 
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of phenol 3 was monitored by TLC and 1H NMR. When most of S4 had been consumed*, 

the reaction mixture was allowed to cool to room temperature and then dichloromethane 

(4 mL), 8-quinolinecarboxylic acid (1mmol, 1 eq), N,N’-dicyclohexylcarbodiimine (1.5 

mmol, 1.5 eq), 4-(dimethylamino)pyridine (1mmol, 1eq) were added. The reaction 

mixture was maintained at 45 °C overnight. The mixture was allowed to cool to room 

temperature and diluted with 50 mL CH2Cl2. Insoluble by-products were removed by 

vacuum filtration using fritted glass funnel. The filtrate was washed with saturated 

aqueous NH4Cl (2 x 30 mL) followed by saturated aqueous NaHCO3 (1 x 30 mL). The 

organic portion was dried over anhydrous Na2SO4 and concentrated. The resulting crude 

product was purified by flash chromatography (gradient, EtOAc/Hex) to provide ester S6. 

 

Compound 3.71: Prepared using general procedure A, starting with 

8-quinolinecarboxylic acid (0.692 g, 4.0 mmol) and phenol S5a 

(0.821 g, 5 mmol) N,N’-dicyclohexylcarbodiimine (1.24 g 6.0 

mmol), 4-(dimethylamino)pyridine (0.244 g, 2 mmol) afforded 3.70 

(0.807 g, 2.66 mmol, 66%). Rf = 0.40 (40% EtOAc/Hex);  1H NMR 

(500 MHz, CDCl3) δ 9.09 (dd, J = 1.5, 4.5 Hz, 1H), 8.24 (dd, J = 1.5, 

7 Hz, 1H), 8.22 (dd, J = 2.0, 8.5 Hz, 1H), 8.01 (dd, J = 1.5, 8.5 Hz, 1H), 7.64 (dd, J = 7.0, 

8.0 Hz, 1H), 7.49 (dd, J = 4.0, 8.0 Hz, 1H), 7.40-7.42 (m, 1H), 7.32-7.35 (m, 2H), 7.23-

7.26 (m, 1H), 4.81 (s, 1H), 4.70 (s, 1H), 3.53 (s, 2H), 1.73 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 166.0, 151.5, 149.6, 145.8, 144.0, 136.1, 131.9, 131.8, 131.0, 130.7, 130.6, 

128.4, 127.4, 126.0, 125.6, 122.8, 121.7, 112,2, 38.4, 22.3; IR (thin film) 3070, 2969, 

2912, 1749, 1650, 1594, 1575, 1494, 1451, 1195, 1126; HRMS (ESI) calcd for 

[C20H17NO2 + Na]+ 326.1151, found 326.1163. 

                                                 
* Longer reaction time often leads to double bond rearrangement and other by-products. Reactions are 
typically stopped when 1H NMR indicates about 70% conversion. 
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Compound 3.75: Prepared using general procedure A, starting 

with 8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol 

S5b (0.325 g, 2.0 mmol), N,N’-dicyclohexylcarbodiimine (0.31 

g, 1.5 mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) 

afforded 3.75 (0.188g, 0.59 mmol, 59%). Rf = 0.50 (40% 

EtOAc/Hex);  1H NMR (400 MHz, CDCl3) δ 9.08 (dd, J = 1.6, 

4.0 Hz, 1H), 8.21-8.23 (m, 2H), 8.01 (dd, J = 1.6, 8.4 Hz, 1H), 7.64 (dd, J = 7.0, 8.0 Hz, 

1H), 7.49 (dd, J = 4.4, 8.4 Hz, 1H), 7.25-7.27 (m, 1H), 7.11-7.13 (m, 2H), 4.81 (s, 1H), 

4.70 (s, 1H), 3.49 (s, 2H), 2.36 (s, 3H), 1.73 (s, 3H);13C NMR (100 MHz, CDCl3) δ 

166.2, 151.4, 147.3, 145.7, 144.2, 136.1, 135.5, 131.6, 131.4, 131.2, 131.1, 130.5, 128.3, 

127.9, 125.5, 122.4, 121.6, 112.0, 38.4, 22.3, 20.9; IR (thin film) 3072, 2969, 2918, 2852, 

1747, 1649, 1595, 1497, 1240; HRMS (ESI) calcd for [C21H19NO2 + Na]+ 340.1308, 

found 340.1318. 

 

Compound 3.77: Prepared using general procedure A, starting 

with 8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and 

phenol S5c (0.214 g, 1.2 mmol), N,N’-

dicyclohexylcarbodiimine (0.31 g, 1.5 mmol), 4-

(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.77 

(0.147 g, 0.49 mmol, 44%). Rf = 0.37 (40% EtOAc/Hex);  1H 

NMR (400 MHz, CDCl3) δ 9.08 (dd, J = 2.0, 4.0 Hz, 1H), 8.19-8.23 (m, 2H), 8.00 (dd, J 

= 1.2, 8.0 Hz, 1H), 7.62 (dd, J = 7.2, 8.4 Hz, 1H), 7.48 (dd, J = 4.0, 8.0 Hz, 1H), 7.29-

7.32 (m, 1H), 6.83-6.87  (m, 2H), 4.83 (s, 1H), 4.73 (s, 1H), 3.83 (s, 3H), 3.51 (s, 2H), 

1.74 (s, 3H);13C NMR (100 MHz, CDCl3) δ 166.5, 157.3, 151.4, 145.7, 143.8, 143.1, 

136.1, 132.9, 131.7, 131.1, 130.6, 128.4, 125.5, 123.3, 121.7, 115.6, 112.4, 112.3, 55.5, 

38.6, 22.2; IR (thin film) 3072, 3001, 2964, 2912, 2836, 1748, 1649, 1594, 1495; HRMS 

(ESI) calcd for [C21H19NO3 + Na]+ 356.1257, found 356.1260. 
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Compound 3.79: Prepared using general procedure A, starting 

with 8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol 

S5d (0.365 g, 2.0 mmol), N,N’-dicyclohexylcarbodiimine (0.31 

g, 1.5 mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) 

afforded 3.79 (0.25 g, 0.74 mmol, 74%). Rf = 0.44 (40% 

EtOAc/Hex);  1H NMR (300 MHz, CDCl3) δ 9.08 (dd, J = 2.4, 

3.3 Hz, 1H), 8.21-8.24 (m, 2H), 8.03 (d, J = 8.4 Hz, 1H), 7.64 (app t, J = 8.1 Hz, 1H), 

7.50 (dd, J = 4.2, 8.1 Hz, 1H), 7.30-7.36 (m, 1H), 7.26-7.28 (m, 2H), 4.85 (s, 1H), 4.72 

(s, 1H), 3.50 (s, 2H), 1.72 (s, 3H); 13C NMR (75 MHz, CD3OD)* δ 167.1, 152.7, 149.7, 

146.6, 144.7, 138.3, 135.7, 133.9, 132.6, 132.5, 131.7, 131.1, 130.2, 128.6, 127.1, 125.7, 

123.4, 113.3, 39.4, 22.6; IR (thin film) 3076, 2970, 2911, 1739, 1649, 1568, 1480; 

HRMS (ESI) calcd for [C21H16NO2Cl + Na]+ 360.0762, found 360.0750. 

 

Compound 3.81: Prepared using general procedure A, 

starting with 8-quinolinecarboxylic acid (0.173 g, 1.0 

mmol) and phenol S5e (0.22 g, 1.0 mmol), N,N’-

dicyclohexylcarbodiimine (0.31 g, 1.5 mmol), 4-

(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.81 

(0.252 g, 0.67 mmol, 67%). Rf = 0.42 (40% EtOAc/Hex); 
1H NMR (400 MHz, CDCl3) δ 9.08 (dd, J = 1.6, 4.0 Hz, 1H), 8.25 (dd, J = 1.6, 7.2 Hz, 

1H), 8.23 (dd, J = 1.6, 8.4 Hz, 1H), 8.00-8.05 (m, 3H),  7.64 (dd, J = 7.6, 8.4 Hz, 1H), 

7.47-7.52 (m, 2H), 4.83 (s, 1H), 4.68 (s, 1H), 4.39 (q, J = 7.2 Hz, 2H), 3.55 (s, 2H), 1.72 

(s, 3H), 1.40 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 166.1, 165.4, 153.2, 

151.6, 145.8, 143.3, 136.2, 132.4, 132.3, 132.2, 131.0, 130.3, 128.9, 128.4, 128.2,  125.5, 

122.9, 121.8, 112.5, 61.0, 38.4, 22.3, 14.3; IR (thin film) 3072, 2978, 2933, 2851, 1749, 

1713, 1596, 1574; HRMS (ESI) calcd for [C23H21NO4 + Na]+ 398.1363, found 398.1386. 

 

                                                 
* In CDCl3 only 19 signals are observed due to overlapping 
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Compound 3.83: Prepare using general procedure A, starting with 

8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol S5f 

(0.32 g, 2.0 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 

mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.83 

(0.24 g, 0.76 mmol, 76%). Rf = 0.52 (40% EtOAc/Hex); 1H NMR 

(300 MHz, CDCl3) δ 9.08 (dd, J = 2.1, 4.2 Hz, 1H), 8.21-8.25 (m, 

2H), 8.02 (dd, J = 1.2, 8.1 Hz, 1H), 7.65 (app t, J = 7.8 Hz, 1H), 7.50 (dd, J = 4.2, 8.4 Hz, 

1H), 6.45-7.19 (m, 3H), 4.82 (s, 1H), 4.71 (s, 1H), 3.55 (s, 2H), 2.43 (s, 3H), 1.66 (s, 3H); 

13C NMR (75 MHz, CDCl3) δ 165.7, 151.4, 148.3, 145.6, 144.2, 136.0, 132.0, 131.6, 

131.2, 130.8, 130.4, 129.1, 128.3, 128.2, 125.9, 125.5, 121.7, 112.1, 38.5, 22.3, 16.8; IR 

(thin film) 3068, 2971, 2856, 1746, 1650, 1595, 1498; HRMS (ESI) calcd for 

[C21H19NO2 + Na]+ 340.1308, found 340.1326. 

 

Compound 3.85: Prepared using general procedure B, starting 

with ether S4g (0.529 g, 3.0 mmol), 8-quinolinecarboxylic acid 

(0.173 g, 1.0 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 

1.5 mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) 

afforded 3.85 (0.178 g, 0.54 mmol, 54%). Rf = 0.50 (40% 

EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 9.07 (dd, J = 1.8, 

4.2 Hz, 1H), 8.21-8.23 (m, 2H), 8.00 (dd, J = 1.5, 8.4 Hz, 1H), 7.63 (dd, J = 7.2, 8.1 Hz, 

1H), 7.49 (dd, J = 4.2, 8.4 Hz, 1H), 6.99 (s, 1H), 6.96 (s, 1H), 4.81 (s, 1H), 4.71 (s, 1H), 

3.50 (s, 2H), 2.37 (s, 3H), 2.23 (s, 3H), 1.73 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 166.1, 

151.4, 146.1, 145.7, 144.4, 136.0, 135.3, 131.6, 131.5, 131.4, 130.4, 130.3, 129.8, 128.7, 

128.3, 125.6, 121.7, 112.0, 38.5, 22.3, 20.9, 16.8; IR (thin film) 3072, 2968, 2919, 1745, 

1649, 1596, 1575, 1498, 1444; HRMS (ESI) calcd for [C22H21NO2 + Na]+ 354.1465, 

found 354.1480. 
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Compound 3.87: Prepared using general procedure A, starting with 

8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol S5h 

(0.237 g, 1.77 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 

mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.87 

(0.162 g, 0.56 mmol, 56%). Rf = 0.42 (40% EtOAc/Hex); 1H NMR 

(300 MHz, CDCl3) δ 9.09 (dd, J = 1.8, 4.2 Hz, 1H), 8.26 (dd, J = 

1.5, 7.2 Hz, 1H), 8.22 (dd, J = 1.8, 6.6 Hz, 1H), 8.01 (dd, J = 1.5, 8.4 Hz, 1H), 7.65 (app 

t, J = 8.1 Hz, 1H),  7.49 (ddd, J = 1.2, 4.2, 8.1 Hz, 1H), 7.22-7.39 (m, 4H), 6.05 (ddt, J = 

10.5, 17.1, 6.6 Hz, 1H), 5.06-5.13 (m, 2H), 3.60 (dd, J = 6.6 Hz, 2H); 13C NMR (75 

MHz, CDCl3) δ 166.0, 151.4, 149.1, 145.7, 136.2, 136.1, 132.2, 131.8, 130.8, 130.6, 

130.3, 128.3, 127.3, 126.1, 125.5, 122.6, 121.7, 116.1, 34.5; IR (thin film) 3073, 2977, 

1746, 1639, 1595, 1490, 1212; HRMS (ESI) calcd for [C19H15NO2 + Na]+ 312.0995, 

found 312.1018. 

 

Compound 3.89: Prepare using general procedure B starting with 

ether S4i (0.487 g, 3.0 mmol) 8-quinolinecarboxylic acid (0.173 g, 

1.0 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 mmol), 4-

(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.89 (0.165 g, 

0.57 mmol, 57%). Rf = 0.47 (40% EtOAc/Hex); 1H NMR (300 

MHz, CDCl3) δ 9.08 (dd, J = 1.8, 4.2 Hz, 1H), 8.22 (app dt, J = 1.5, 

7.2 Hz, 2H), 8.00 (dd, J = 1.5, 8.5 Hz, 1H), 7.63 (app dt, J = 1.2, 8.4 Hz, 1H), 7.48 (ddd, 

J = 1.5, 4.2, 8.4 Hz, 1H), 7.40-7.51 (m, 1H), 7.31-7.36 (m, 2H), 7.22-7.27 (m, 1H), 4.85 

(s, 1H), 4.72 (s, 1H), 3.56 (s, 2H), 2.05 (q, J = 7.5 Hz, 2H), 1.01 (t, J = 7.5 Hz, 3H); 13C 

NMR (75 MHz, CDCl3) δ 166.0, 151.4, 149.6, 149.4, 145.7, 136.1, 132.0 131.7, 130.9, 

130.7, 130.6, 128.3, 127.2, 125.9, 125.5, 122.7, 121.6, 110.0, 37.0, 28.4, 12.1; IR (thin 

film) 3072, 2965, 2933, 1748, 1647, 1595, 1575, 1495, 1210, 1188; HRMS (ESI) calcd 

for [C21H19NO2 + Na]+ 340.1308, found 340.1320. 
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Compound 3.91: Prepared using general procedure A, starting with 

8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol S5j 

(0.169 g, 0.66 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 

mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 

3.91 (0.194 g, 0.47 mmol, 72 %). Rf = 0.45 (40% EtOAc/Hex); 1H 

NMR (500 MHz, CDCl3) δ 9.04 (dd, J = 2.0, 4.5 Hz, 1H), 8.18-8.24 (m, 2H), 8.19 (dd, J 

= 2.0, 8.4 Hz, 1H), 7.97 (dd, J = 1.5, 8.5 Hz, 1H), 7.53 (dd, J = 7.5, 8.5 Hz, 1H), 7.42-

7.47 (m, 2H), 7.33-7.36 (m, 2H), 7.22-7.29 (m, 5H), 5.16 (s, 1H), 4.92 (s, 1H), 4.43 (s, 

2H), 3.97 (s, 2H), 3.64 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 165.9, 151.4, 149.6, 

145.7, 144.2, 138.3, 136.0, 131.7, 131.3, 130.9, 130.8, 130.8, 128.3, 128.2, 127.5, 127.4, 

127.3, 126.0, 125.5, 122.8, 121.6, 113.8, 72.7, 71.9, 34.0; IR (thin film) 3061, 2918, 

2850, 1748, 1649, 1595, 1574, 1495; HRMS (ESI) calcd for [C27H23NO3 + Na]+ 

432.1570, found 432.1570. 
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Compound 3.93: Prepared using general procedure A, starting with 

8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol S5k 

(0.195 g, 1.2 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 

mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.93 

(0.189 g, 0.60 mmol, 62%). Rf = 0.52 (40% EtOAc/Hex); 1H NMR 

(300 MHz, CDCl3) δ 9.04 (dd, J = 1.8, 4.2 Hz, 1H), 8.24 (dd, J = 

1.5, 7.2 Hz, 1H), 8.20 (app td, J = 1.5, 8.4 Hz, 1H), 7.99 (dd, J = 1.5, 8.4 Hz, 1H), 7.62 

(app dt, J = 1.2, 8.4 Hz, 1H), 7.47 (ddd, J = 1.5, 4.2, 8.4 Hz, 1H), 7.22-7.41 (m, 4H), 4.75 

(s, 2H), 2.96 (t, J = 8.4, 2H), 2.40 (t, J = 8.4, 2H), 1.77 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ 166.3, 151.4, 149.1, 145.6, 145.3, 136.0, 134.2, 131.6, 131.0, 130.3, 130.0, 

128.3, 126.9, 126.0, 125.4, 122.5, 121.6, 110.0, 38.0, 28.6, 22.5; IR (thin film) 3072, 

2965, 2933, 1747, 1648, 1595, 1575, 1494, 1452, 1213; HRMS (ESI) calcd for 

[C21H19NO2 + Na]+ 340.1308, found 340.1311. 

 

Compound 3.95: Prepared using general procedure A, starting with 

8-quinolinecarboxylic acid (0.173 g, 1.0 mmol) and phenol S5l 

(0.246 g, 1.5 mmol), N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 

mmol), 4-(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 

3.95 (0.177 g, 0.56 mmol, 56%). Rf = 0.30 (40% EtOAc/Hex); 1H 

NMR (300 MHz, CDCl3) δ 9.09 (dd, J = 1.8, 4.2 Hz, 1H), 8.36 

(dd, J = 1.2, 7.2 Hz, 1H), 8.21 (app d, J = 8.4 Hz, 1H), 7.99 (app d, J = 7.2 Hz, 1H), 7.63 

(app t, J = 8.1, 1H), 7.48 (dd, J = 4.2, 8.4 Hz, 1H), 7.36 (dd, J = 1.5, 8.1 Hz, 1H), 7.23 

(app dt, J = 1.5, 8.1 Hz, 1H), 6.99-7.04 (m, 2H), 5.11 (s, 1H), 4.93 (s, 1H), 4.51 (s, 2H), 

1.79 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 165.1, 151.6, 150.4, 145.8, 140.8, 140.2, 

136.1, 131.8, 131.3, 130.5, 128.4, 126.7, 125.5, 123.4, 121.6, 120.8, 113.5, 112.7, 72.2, 

19.3; IR (thin film)3070, 2975, 2917, 1756, 1657, 1598, 1574, 1498, 1456, 1184, 1124, 

993, 799, 749;  HRMS (ESI) calcd for [C20H17NO3 + Na]+ 342.1101, found 340.1105. 
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Compound 3.97: Prepared using general procedure B, 

starting with ether S4m (0.66 g, 3.0 mmol), 8-

quinolinecarboxylic acid (0.173 g, 1.0 mmol), N,N’-

dicyclohexylcarbodiimine (0.31 g, 1.5 mmol), 4-

(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.97 

(0.251 g, 0.67 mmol, 67%). Rf = 0.43 (40% EtOAc/Hex); 
1H NMR (500 MHz, CDCl3) δ 9.05 (dd, J = 4.1, 1.6 Hz, 1H), 8.49 – 8.44 (m, 1H), 8.21 

(d, J = 8.2 Hz, 1H), 8.01 (d, J = 8.1 Hz, 1H), 7.95 (dt, J = 8.0, 4.0 Hz, 1H), 7.72 – 7.61 

(m, 1H), 7.56 – 7.50 (m, 1H), 7.49 – 7.43 (m, 1H), 7.35 – 7.27 (m, 1H), 4.84 (s, 1H), 4.69 

(s, 1H), 3.83 (s, 3H), 3.69 (s, 2H), 2.02 (q, J = 7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C 

NMR (126 MHz, CDCl3) δ 165.6, 165.3, 151.3, 149.3, 149.1, 145.7, 136.0, 135.1, 134.9, 

134.5, 131.6, 131.2, 130.8, 129.8, 128.3, 125.7, 123.6, 121.6, 110.4, 52.1, 36.7, 28.4, 

12.1. 

Compound 3.101: Prepared using general procedure A, starting 

with 8-quinolinecarboxylic acid (0.5195 g, 3.0 mmol) and phenol 

(0.47 g, 5.0 mmol), N,N’-dicyclohexylcarbodiimine (0.928 g, 4.5 

mmol), 4-(dimethylamino)pyridine (0.366 g, 3.0 mmol) afforded 

3.101 (0.392 g, 1.57 mmol, 52%). Rf = 0.43 (40% EtOAc/Hex);  
1H NMR (500 MHz, CDCl3) δ 9.09 (dd, J = 4.1, 1.5 Hz, 1H), 8.26 

(dd, J = 7.1, 1.1 Hz, 1H), 8.21 (dd, J = 8.3, 1.5 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 7.63 (t, 

J = 7.7 Hz, 1H), 7.51 – 7.43 (m, 3H), 7.42 – 7.36 (m, 2H), 7.28 (dd, J = 14.0, 6.8 Hz, 

1H). 

 

Compound 3.103: Prepared using general procedure A, starting 

with 8-quinolinecarboxylic acid (52 mg, 0.3 mmol) and the 

corresponding phenol (63.1 mg, 0.3 mmol), N,N’-

dicyclohexylcarbodiimine (92.8 mg, 0.45 mmol), 4-

(dimethylamino)pyridine (36.5 mg, 0.3 mmol) afforded 3.103 
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(71.25 mg, 0.195 mmol, 65%). Rf = 0.46 (40% EtOAc/Hex); 1H NMR (400 MHz, CDCl3) 

δ 8.97 (dd, J = 4.0, 1.6 Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 8.16 (d, J = 7.2, 1H), 8.00 (d, J 

= 8.4, 1H)  7.59 – 7.19 (m, 12H), 5.54 (s, 1H), 5.02 (s, 1H), 4.07 (s, 2H). 

 

Compound 3.104: Prepared using general procedure A, starting 

with 8-quinolinecarboxylic acid (0.346 g, 2.0 mmol) and the 

corresponding phenol (0.677 g, 3.0 mmol), N,N’-

dicyclohexylcarbodiimine (0.62 g, 3.0 mmol), 4-

(dimethylamino)pyridine (0.122 g, 1 mmol) afforded 3.104 (0.457 

g, 1.2 mmol, 60%). Rf = 0.32 (40% EtOAc/Hex); 1H NMR (400 

MHz, CDCl3) δ 9.07 (dd, J = 4.2, 1.8 Hz, 1H), 8.20 (dd, J = 8.3, 1.8 Hz, 1H), 7.94 (ddd, J 

= 7.1, 5.9, 1.5 Hz, 2H), 7.55 – 7.41 (m, 4H), 7.37 (dd, J = 7.9, 1.6 Hz, 1H), 7.33 – 7.16 

(m, 4H), 7.15 – 6.99 (m, 2H), 5.55 (s, 1H), 5.48 (s, 1H), 5.00 (s, 2H). 
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Oxyacylation reaction of alkene: 

 
 

General procedure:  

In a nitrogen filled glove box, a 1 dram reaction vial (Chemglass, PTFE line cap) was 

added Rh(cod)2BF4 (0.01 mmol, 0.1 eq). A solution of 1,3-

bis(diphenylphosphino)propane (0.012 mmol, 0.12 eq) in DCE (0.4 mL) was transferred. 

The mixture was stirred at room temp for 1 hr and then transferred to a 1 dram vial 

containing ester S6 (0.1 mmol, 1 eq) and toluene (1.6 mL). The reaction mixture was 

maintained at 130 or 150 °C for 24 hr. The mixture was then removed from the glove box 

and concentrated. The crude product was purified by flash column chromatography 

(gradient, EtOAc/ Hex) to afford the oxyacylation product S7.       
 

Compound 3.72: Started with ester 3.71 (30.6 mg, 0.1 

mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 

mg, 0.012 mmol), 150 °C afforded 3.72 (26 mg, 0.085 

mmol, 85% yield).  Rf = 0.55 (40% EtOAc/Hex);  1H NMR 

(500 MHz, CDCl3) δ 8.92 (dd, J = 2.0, 4.0 Hz, 1H), 8.19 

(dd, J = 1.5, 8.5 Hz, 1H), 7.92 (dd, J = 1.5, 8.0 Hz, 1H), 7.79 (dd, J = 1.5, 7.0 Hz, 1H), 

7.54 (dd, J = 7.5, 8.0 Hz, 1H), 7.43 (dd, J = 4.5, 8.5 Hz, 1H), 7.15 (dd, J = 1.0, 7.5 Hz, 

1H), 7.06 (app dt, J = 1, 7..5 Hz, 1H), 6.82 (app dt, J = 1, 7.5 Hz, 1H), 6.59 (d, J = 8.0 

Hz, 1H), 3.96 (s, 2H), 3.46 (d, J = 16.0 Hz, 1H),  3.18 (d, J = 16.0 Hz, 1H), 1.67 (s, 3H); 
13C NMR (125 MHz, CDCl3) δ 203.8, 158.2, 150.4, 145.4, 140.0, 136.1, 131.1, 129.0, 

128.1, 127.8, 127.1, 126.0, 125.1, 121.4, 120.0, 109.3, 87.4, 54.5, 41.5, 26.7; IR (thin 
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film) 3049, 2970, 2928, 1683, 1596, 1570, 1480, 1239; HRMS (ESI) calcd for 

[C20H17NO2 + Na]+ 326.1151, found 326.1149. 

 

Compound 3.76: Started with ester 3.75 (30.4 mg, 0.095 

mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 

mg, 0.012 mmol), 150 °C, 36 hr, afforded 3.76 (24 mg, 

0.076 mmol, 79% yield).  Rf = 0.63 (40% EtOAc/Hex);  
1H NMR (400 MHz, CDCl3) δ 8.91 (dd, J = 1.6, 4.0 Hz, 

1H), 8.17 (dd, J = 1.6, 8.0 Hz, 1H), 7.91 (dd, J = 1.2, 8.0 Hz, 1H), 7.79 (dd, J = 1.2, 7.2 

Hz, 1H), 7.54 (app t, J = 7.2 Hz, 1H), 7.43 (dd, J = 4.0, 8.0 Hz, 1H), 6.96 (s, 1H), 6.86 (d, 

J = 8.0 Hz, 1H), 6.49 (d, J = 8.0 Hz, 1H), 3.94 (s, 2H), 3.42 (d, J = 16.0 Hz, 1H),  3.13 (d, 

J = 16.0 Hz, 1H), 2.27(s, 3H), 1.63 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 203.9, 156.1, 

150.4, 145.4, 140.0, 136.1, 131.0, 129.3, 129.0, 128.2, 128.1, 127.1, 126.0, 125.7, 121.3, 

108.8, 87.3, 54.5, 41.6, 26.7, 20.7; IR (thin film) 3053, 2968, 2925, 1681, 1569, 1491, 

1254; HRMS (ESI) calcd for [C21H19NO2 + H]+ 318.1489, found 318.1467. 

 

Compound 3.78 Started with ester 3.77 (17.1 mg, 0.051 

mmol) and Rh(cod)2BF4 (2.0 mg, 0.005 mmol), dppp 

(2.5 mg, 0.006 mmol), 150 °C, 36 hr afforded 3.78 (10.3 

mg, 0.031 mmol, 60% yield) plus 14% 3.77 (based on 
1H NMR ratio of crude product mixture).  Rf = 0.43 

(40% EtOAc/Hex);  1H NMR (400 MHz, CDCl3) δ 8.91 (dd, J = 1.6, 4.0 Hz, 1H), 8.18 

(dd, J = 1.6, 8.0 Hz, 1H), 7.91 (dd, J = 1.2, 8.0 Hz, 1H), 7.78 (dd, J = 1.2, 7.2 Hz, 1H), 

7.54 (app t, J = 7.6 Hz, 1H), 7.43 (dd, J = 4.0, 8.0 Hz, 1H), 6.74 (d, J = 2.4 Hz, 1H), 6.60 

(dd, J = 2.4, 8.8 Hz, 1H), 6.47 (d, J = 8.8 Hz, 1H), 3.94 (s, 2H), 3.75 (s, 3H), 3.43 (d, J = 

16.0 Hz, 1H),  3.14 (d, J = 16.0 Hz, 1H), 1.64 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

203.9, 153.8, 152.4, 150.4, 145.4, 140.0, 136.1, 131.1, 129.0, 128.1, 126.0, 121.4, 112.8, 

111.3, 109.7, 99.7, 87.5, 56.0, 54.5, 41.9, 26.7; IR (thin film) 3050, 2922, 2851, 1681, 

1569, 1486, 1211, 1139, 1031, 794; HRMS (ESI) calcd for [C21H19NO3 + Na]+ 356.1257, 

found 356.1263. 
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Compound 3.80: Started with ester 3.79 (18.2 mg, 0.054 

mmol) and Rh(cod)2BF4 (2.0 mg, 0.005 mmol), dppp (2.5 

mg, 0.006 mmol), 150 °C afforded 3.80 (11.8 mg, 0.035 

mmol, 65% yield).  Rf = 0.50 (40% EtOAc/Hex);  1H 

NMR (400 MHz, CDCl3) δ 8.91 (dd, J = 1.6, 4.0 Hz, 1H), 

8.19 (dd, J = 1.6, 8.0 Hz, 1H), 7.93 (dd, J = 1.6, 8.4 Hz, 1H), 7.80 (dd, J = 1.2, 7.2 Hz, 

1H), 7.56 (app t, J = 7.6 Hz, 1H), 7.44 (dd, J = 4.0, 8.4 Hz, 1H), 7.10 (s, 1H), 7.00 (d, J = 

8.0 Hz, 1H), 6.49 (d, J = 8.0 Hz, 1H), 3.96 (s, 2H), 3.45 (d, J = 16.0 Hz, 1H),  3.16 (d, J = 

16.0 Hz, 1H), 1.64 (s, 3H); 13C NMR (100 MHz, CDCl3)* δ 203.5, 156.9, 150.4, 145.4, 

139.7, 136.2, 131.3, 129.2, 128.1, 127.6, 126.0, 125.1, 124.6, 121.4, 88.3, 54.3, 41.4, 

26.7; IR (thin film) 3063, 2971, 1682, 1568, 1475, 1350, 1297, 1259; HRMS (ESI) calcd 

for [C21H16NO2Cl + Na]+ 360.0762, found 360.0754 

 

 

Compound 3.82: Started with ester 3.81 (27.7 mg, 

0.077 mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), 

dppp (5.0 mg, 0.012 mmol), 130 °C, afforded 3.82 

(21.6 mg, 0.065 mmol, 78% yield).  Rf = 0.475 (40% 

EtOAc/Hex);  1H NMR (400 MHz, CDCl3) δ 8.90 (dd, 

J = 1.6, 4.0 Hz, 1H), 8.19 (dd, J = 1.6, 8.0 Hz, 1H), 7.93 (dd, J = 1.6, 8.4 Hz, 1H), 7.78-

7.85 (m, 3H), 7.55 (app t, J = 7.6 Hz, 1H), 7.44 (dd, J = 4.0, 8.4 Hz, 1H), 6.59 (d, J = 8.0 

Hz, 1H), 4.33 (q, J = 7.2 Hz, 2H), 3.99 (s, 2H), 3.48 (d, J = 16.0 Hz, 1H),  3.18 (d, J = 

16.0 Hz, 1H), 1.64 (s, 3H), 1.37 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

203.3, 166.5, 162.3, 150.4, 145.4, 139.7, 136.2, 131.3, 130.9, 129.2, 128.1, 127.6, 126.9, 

126.0, 122.6, 121.4, 108.9, 89.1, 60.5, 54.4, 40.9, 26.8, 14.3; IR (thin film) 3062, 2976, 

1703, 1674, 1568, 1490, 1263; HRMS (ESI) calcd for [C23H21NO4 + Na]+ 398.1363, 

found 398.1381. 

 

                                                 
* Only 19 carbon  signals are observed due to overlapping, similar to 1d 
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Compound 3.84: Started with ester 3.83 (32.8 mg, 0.1 

mmol), Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 mg, 

0.012 mmol), 150 °C afforded 3.84 (29.5 mg, 0.092 mmol, 

90% yield).  Rf = 0.63 (40% EtOAc/Hex);  1H NMR (500 

MHz, CDCl3) δ 8.91 (dd, J = 2.0, 4.5 Hz, 1H), 8.17 (dd, J = 

2.0, 8.5 Hz, 1H), 7.90 (dd, J = 1.5, 8.0 Hz, 1H), 7.67 (dd, J = 1.5, 7.5 Hz, 1H), 7.51 (dd, J 

= 7.5, 8.5 Hz, 1H), 7.43 (dd, J = 4.5, 8.5 Hz, 1H), 6.96 d, J = 7.5 Hz, 1H), 6.84 (d, J = 7.5 

Hz, 1H), 6.71 (t, J = 7.5 Hz, 1H), 3.94 (d, J = 15.5 Hz, 1H),  3.90 (d, J = 15.5 Hz, 1H), 

3.44 (d, J = 15.5 Hz, 1H),  3.15 (d, J = 15.5 Hz, 1H), 1.90 (s, 3H), 1.65 (s, 3H); 13C NMR 

(125 MHz, CDCl3) δ 204.4, 156.8, 150.4, 145.5, 140.4, 136.1, 130.8, 128.9, 128.8, 128.1, 

126.2, 126.0, 122.4, 121.3, 119.8, 119.4, 86.8, 54.8, 41.8, 27.1, 15.0; IR (thin film) 3056, 

2961, 2921, 1680, 1595, 1569, 1467, 1261; HRMS (ESI) calcd for [C21H19NO2 + Na]+ 

340.1308, found 340.1289. 

 

Compound 3.86: Started with ester 3.85 (26.7 mg, 0.08 

mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 

mg, 0.012 mmol), 150 °C afforded 3.86 (21.6 mg, 0.065 

mmol, 81% yield).  Rf = 0.60 (40% EtOAc/Hex);  1H 

NMR (500 MHz, CDCl3) δ 8.91 (dd, J = 1.5, 4.0 Hz, 1H), 

8.17 (dd, J = 1.5, 8.0 Hz, 1H), 7.89 (dd, J = 1.5, 8.0 Hz, 1H), 7.67 (dd, J = 1.5, 7.0 Hz, 

1H), 7.51 (dd, J = 7.5, 8.0 Hz, 1H), 7.43 (dd, J = 4.0, 8.5 Hz, 1H), 6.78 (s, 1H), 6.60 (s, 

1H), 3.90 (d, J = 15.5 Hz, 1H),  3.88 (d, J = 15.5 Hz, 1H), 3.40 (d, J = 16.0 Hz, 1H),  3.10 

(d, J = 16.0 Hz, 1H), 2.29 (s, 3H), 1.87 (s, 3H), 1.63 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 204.5, 154.7, 150.4, 145.5, 140.4, 136.1, 130.7, 129.5, 129.1, 128.8, 128.0, 

126.2, 125.9, 122.8, 121.3, 118.9, 86.8, 54.8, 41.8, 27.1, 20.6, 15.0; IR (thin film) 3034, 

2968, 2917, 1680, 1594, 1482, 1371, 1325; HRMS (ESI) calcd for [C22H21NO2 + Na]+ 

354.1465, found 354.1482. 

 

O

O N

Me

3.84

Me

O

O N

Me

3.86

Me

Me



 

 111 

 

Compound 3.90: Started with ester 3.89(15.5 mg, 0.049 

mmol) and Rh(cod)2BF4 (2.0 mg, 0.005 mmol), dppp (2.5 

mg, 0.006 mmol), 150 °C afforded 3.90 (12.1 mg, 0.038 

mmol, 78% yield).  Rf = 0.25 (20% EtOAc/Hex);  1H NMR 

(400 MHz, CDCl3) δ 8.90 (dd, J = 1.6, 4.0 Hz, 1H), 8.17 (dd, 

J = 2.0, 8.4 Hz, 1H), 7.89 (dd, J = 1.6, 8.4 Hz, 1H), 7.69 (dd, J = 1.2, 6.8 Hz, 1H), 7.51 

(dd, J = 7.2, 8.0 Hz, 1H), 7.43 (dd, J = 4.0, 8.4 Hz, 1H), 7.12 (dd, J = 0.8, 7.2 Hz, 1H), 

7.03 (t, J = 8.0 Hz, 1H), 6.79 (dt, J = 0.8, 7.2 Hz, 1H), 6.52 (d, J = 8.0 Hz, 1H), 3.93 (s, 

2H), 3.41 (d, J = 16.4 Hz, 1H),  3.20 (d, J = 16.4 Hz, 1H), 2.00 (q, J = 7.2 Hz, 2H), 0.99 

(t, J = 7.2 Hz, 3H); ); 13C NMR (125 MHz, CDCl3) δ 204.2, 158.7, 150.3, 145.4, 140.2, 

136.1, 130.9, 128.9, 128.1, 127.7, 127.2, 126.0, 124.9, 121.3, 119.9, 109.0, 89.9, 52.3, 

39.3, 32.3, 8.1; IR (thin film) 3045, 2968, 2919, 1681, 1595, 1569, 1481, 1246; HRMS 

(ESI) calcd for [C21H19NO2 + Na]+ 340.1308, found 340.1298. 

 

Compound 3.92: Started with ester 3.91 (39.8 mg, 0.097 

mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 mg, 

0.012 mmol), 150 °C afforded 3.92 (20.3 mg, 0.05 mmol, 

51% yield).  Rf = 0.54 (40% EtOAc/Hex);  1H NMR (500 

MHz, CDCl3) δ 8.90 (dd, J = 1.5, 4.0 Hz, 1H), 8.17 (dd, J = 1.5, 8.0 Hz, 1H), 7.90 (dd, J 

= 1.5, 8.5 Hz, 1H), 7.75 (dd, J = 1.5, 7.0 Hz, 1H), 7.51 (dd, J = 7.5, 8.0 Hz, 1H), 7.43 (dd, 

J = 4.0, 8.0Hz, 1H),7.24-7.29 (m, 5H), 7.15 (d, J = 7.0 Hz, 1H),  7.07 (t, J = 8.0 Hz, 1H), 

6.83 (t, J = 7.0 Hz, 1H), 6.68 (d, J = 7.5 Hz, 1H), 4.62 (d, J = 12.5 Hz, 1H),  4.54 (d, J = 

12.5 Hz, 1H), 4.13 (d, J = 16.5 Hz, 1H),  4.04 (d, J = 16.5 Hz, 1H), 3.88 (d, J = 10.0 Hz, 

1H),  3.81 (d, J = 10.0 Hz, 1H), 3.46 (d, J = 16.0 Hz, 1H),  3.25 (d, J = 16.0 Hz, 1H); 13C 

NMR (125 MHz, CDCl3) δ 203.6, 158.5, 150.4, 145.4, 139.9, 138.1, 136.1, 131.0, 129.1, 

128.2, 128.1, 127.8, 127.5, 127.4, 126.7, 125.9, 124.9, 121.3, 120.2, 109.5, 88.8, 74.1, 

73.4, 49.9, 37.5; IR (thin film) 3064, 2920, 1680, 1596, 1569, 1481, 1244; HRMS (ESI) 

calcd for [C27H23NO3 + Na]+ 432.1570, found 432.1587. 
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Compound 3.94: Started with ester 3.93 (28.0 mg, 0.088 

mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 

mg, 0.012 mmol), 150 °C afforded 3.94 (23.8 mg, 0.075 

mmol, 85% yield).  Rf = 0.30 (20% EtOAc/Hex);  1H NMR 

(500 MHz, CDCl3) δ 8.81 (dd, J = 1.5, 4.2 Hz, 1H), 8.15 

(dd, J = 1.5, 8.1 Hz, 1H), 7.91 (dd, J = 1.5, 8.1 Hz, 1H), 7.82 (dd, J = 1.5, 7.2 Hz, 1H), 

7.58 (dd, J = 7.2, 8.1 Hz, 1H), 7.38 (dd, J = 4.2, 8.1 Hz, 1H), 7.01 (d, J = 7.5 Hz, 1H), 

6.91 (app dt, J = 1.2, 8.1 Hz, 1H), 6.75 (app dt, J = 1.2, 7.5 Hz, 1H), 6.33 (d, J = 8.1 Hz, 

1H), 3.98 (d, J = 15.0 Hz, 1H), 3.58 (d, J = 15.0 Hz, 1H), 2.72-2.83 (m, 2H), 2.17-2.26 

(m, 1H), 1.93-2.03 (m, 1H), 1.54 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 204.8, 153.2, 

150.2, 145.3, 140.9, 136.0, 130.7, 129.2, 128.7, 128.1, 127.0, 126.0, 121.3, 121.0, 119.6, 

116.9, 75.8, 52.4, 31.2, 25.5, 22.1; IR (thin film) 3036, 2973, 2928, 1680, 1571, 1487, 

1452, 1347; HRMS (ESI) calcd for [C21H19NO2 + Na]+ 340.1308, found 340.1315. 

 

Compound 3.96: Started with ester 3.95 (32.6 mg, 0.1 

mmol) and Rh(cod)2BF4 (4.0 mg, 0.01 mmol), dppp (5.0 

mg, 0.012 mmol), 130 °C for 24 hr afforded 3.96 (8.2 mg, 

0.025 mmol, 25% yield) along with 3.95 (50% by 1H NMR 

of the crude mixture).  Rf = 0.55 (60% EtOAc/Hex);  1H 

NMR (300 MHz, CDCl3) δ 8.84 (dd, J = 1.8, 4.2 Hz, 1H), 8.16 (dd, J = 1.8, 8.4 Hz, 1H), 

7.92 (dd, J = 0.9, 8.1 Hz, 1H), 7.86 (dd, J = 1.5, 7.2 Hz, 1H), 7.58 (app t, J = 7.5 Hz, 1H), 

7.40 (dd, J = 4.2, 8.1 Hz, 1H), 7.84 (dd, J = 2.1, 7.5 Hz, 1H), 6.67-6.86 (m, 2H), 6.52 (dd, 

J = 1.8, 7.8 Hz, 1H), 4.38 (d, J = 10.8 Hz, 1H), 4.12 (d, J = 16.2 Hz, 1H), 4.05 (d, J = 

10.8 Hz, 1H), 3.58 (d, J = 16.2 Hz, 1H), 1.56 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 

203.7, 150.4, 142.3, 142.0, 140.0, 136.1, 131.2, 129.1, 128.1, 126.0, 121.6, 121.4, 120.8, 

117.3, 116.8, 105.4, 74.0, 70.5, 49.3, 21.5; IR (thin film) 3049, 2984, 1680, 1593, 1569, 

1493, 1044; HRMS (ESI) calcd for [C20H17NO3 + Na]+ 342.1101, found 340.1110. 
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Chapter 4   
 

Intramolecular Alkene Oxyacylation with Salicylate Esters 
 

4.1 Introduction 
 

With the alkene oxyacylation reaction conceptually developed, our next aim was to 

expand the utility of this reaction.38  Even though quinoline is an excellent directing 

group, its utility in organic synthesis is rather limited. From previous experience in our 

group, removal of this directing group is a challenging task. While the ultimate goal is to 

develop a reaction without a directing group, we are aware of the challenge associated 

with this goal presented by decarbonylation.88 At this stage, our plan was to search for a 

more versatile directing group that could be easily removed or incorporated into target 

compounds.  

As discussed in previous chapter, formation of a stable metallacycle intermediate is the 

key success for oxidative addition into an acyl C–O bond.  While special cases have been 

reported (Ohe: no directing group,89 Chatani proposed η3- palladium intermediate 4.271), 

most acyl C–O bond activation reactions proceed via 5-membered metallacycle 

intermediates.90,91 Interestingly, the Sames group demonstrated that when the acyl C–O 

bond in ester 4.3 was activated, the 6-membered metallacycle product 4.4 immediately 

underwent decarbonylation to give a new 5-membered ring intermediate 4.5 (Scheme 

4.1).92 Detailed discussion of these examples can be found in Chapter 3 (Section 3.2.2). 
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Scheme 4.1 Chelation assisted acyl C–O bond activation 

 

Recognizing the importance of 5-membered metallacycle intermediates in acyl C–O bond 

activation, two intermediates were envisioned: 4.6 and 4.8 (Scheme 4.2). In the first 

intermediate, metallacycle 4.6, chelation was constructed by the acyl group and a 

pyridine ring. This intermediate could be obtained by an acyl C–O bond activation of 2-

pyridinyl acetate ester 4.7. In the second intermediate (4.8) chelation was generated by 

the acyl group and a heteroatom (N, S, P or O) at the ortho position to the acyl group. 

This intermediate could be obtained by reaction of a transition metal with 2-substituted 

benzoate ester 4.9. The oxyacylation reaction were therefore investigated with these two 

new classes of substrates (2-pyridine acetates and 2-substituted benzoate esters). 
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Scheme 4.2 New substrates for acyl C–O bond activation 

 

A quick investigation revealed that 2-pyridinyl acetate esters, such as compound 4.10, 

were unstable at elevated temperature. Compound 4.10 decomposed at 130 oC, thus it 

was unlikely a suitable substrate for oxyacylation reactions.  

 

On the other hand, with different ortho- substituents, 2-substituted benzoate esters (i.e. 

compound 4.9 in Scheme 4.2) represent a large group of substrates for us to explore. For 

our initial study, three substrates were selected each containing a different directing 

group: -NH2 (4.11), -SCH3 (4.12) and -PPh2 (4.13) (Figure 4.1). While the amino 

directing group was closely related to our quinoline substrate, examples of thioether93 and 

phosphine94,95 directing transition metal catalyzed reactions have been well documented 

in the literature.  
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Figure 4.1 Initial substrates for oxyacylation reactions 

 

Esters 4.12 and 4.13 were synthesized from the commercially available 2-

(methylthio)benzoic acid, 4.15 and 2-(diphenylphosphino)benzoic acid, 4.16 under 

standard esterification conditions (DCC coupling). Ester 4.11 was obtained from reaction 

between phenol 4.14 and isatoic anhydride 4.17 according to a known procedure96 

(Scheme 4.3).  

Scheme 4.3 Synthesis of esters 4.11 – 4.13 

 

Initial attempts to promote oxyacylation reactions with these substrates using Rh(I) 

catalysts, gave no desired products. The 1H NMR of the crude mixtures indicated two 

different competing pathways: with amine and thioether directing groups, the substrates 
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underwent alkene isomerization to give the more stable, conjugated compounds 4.18 and 

4.19 (up to 100% conversion in certain cases). With the phosphine directing group, 

compound 4.13 reacted to give phenol 4.14 as the major by-product (Scheme 4.4). 

Isomerization occurred to a lesser extent with this substrate. 

Scheme 4.4 Attempted oxyacylation reactions with 2-substituted benzoate esters 

 

While the formation of phenol 4.14 might be explained by different pathways, based on 

our previous experience,* this phenol was likely the decomposition product of an alkoxo-

rhodium(III) complex. In other words, acyl C–O bond activation likely occurred with 

substrate 4.13.  

Scheme 4.5 summarizes possible competing pathways to the oxyacylation reaction with 

substrate 4.13.  As mentioned before, we believed that acyl C–O bond activation did 

occur with this ester, leading to the alkoxo-rhodium(III) complex 4.22. The conversion of 

4.22 to 4.23 through a migratory insertion was likely unsuccessful; the oxyacylation 

product 4.21 was therefore, not observed. Intermediate 4.22, instead, decomposed to give 

phenol 4.14. Attempts to prevent this decomposition by increasing the reaction 

                                                 
* See Chapter 2 (Scheme 2.22) and Chapter 3 for detail. A control experiment without rhodium catalysts 
indicated ester 4.13 is stable at the reaction conditions. 
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temperature, which was successful with the quinoline directing group,38  did not improve 

the outcome. The diphenyl phosphine might be too bulky for migratory insertion to be 

feasible.    

The other competing pathway with oxyacylation is the double bond isomerization, 

leading to product 4.24. This process is also mediated by the rhodium catalysts.97 When a 

strong coordinating group was available (phosphine or quinoline), acyl C–O bond 

activation becomes the faster process. However, when a strong coordinating group is not 

available (substrate 4.11 (NH2 group) and 4.12 (SMe group)), isomerization is the 

dominant process.  

Ester 4.24 may undergo acyl C–O bond activation; however, the migratory insertion step 

would lead to a 4-membered oxetane analogous to 4.23 and thus is not likely to happen. 

If ester 4.24 undergoes acyl C–O bond activation, it will likely decompose to phenol 

4.25. Although isomerization and subsequent decomposition are minor pathways for ester 

4.13, they are major competing pathways with other directing groups (NH2, SMe, OH). 

While the purpose of chelation is to stabilize the metal acyl complex, decarbonylation, in 

theory, could happen with intermediates such as 4.22 and 4.23, thereby providing the last 

competing pathway with oxyacylation. Unfortunately, the products from decarbonylation 

are not easily predicted.  
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Scheme 4.5 Competing pathways with the oxyacylation reaction 
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To further increase the coordination strength and accelerate the acyl C–O bond 

activation, we decided to explore covalent bonding between the directing group and 

metal center (X-Rh). A simple design would be to incorporate a phenol or a thiol group in 

the substrate and performed the reaction in the presence of a base (Scheme 4.6) While 

this idea has never been explored in acyl C–O bond activation, phenol-directed C–H bond 

activation of salicylaldehydes has been studied extensively (see Section 4.2 below).95  

A trial run with salicylate ester 4.26 and Rh(I) catalyst in the presence of a base indicated 

the formation of oxyacylation product, ketone 4.28 (Scheme 4.6). The starting material 

4.26 can be easily synthesized from the corresponding phenol and salicylic acid. 

Scheme 4.6 Oxyacylation reaction with salicylate esters 

 

The simplicity of the directing group (phenol) and how commonly the starting material 

(2-hydroxy benzoate esters) was found in organic compounds were strong inspirations for 

us to further develop this transformation.  

This chapter describes our effort in developing the intramolecular oxyacylation reaction 

of alkenes with a phenol directing group. The major challenge is to prevent the 
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isomerization (decomposition) pathway. Section 4.2 introduces some related literature 

precedence, focusing on phenol directed C–H activation. Reaction optimization and 

substrate scope investigation are presented in Section 4.3, which is followed by a 

mechanistic discussion (Section 4.4). A conclusion and future work are presented in 

Section 4.5. 

4.2 Precedence 
 

Although the phenol directing group is an unexplored concept in acyl C-O bond, it has 

been studied extensively in C–H bond activation. This section highlights some important 

research in this area.  

In 1999, Miura and co-workers reported the first intermolecular hydroacylation reaction 

of salicylaldehydes with alkynes, allenes and selected alkenes (Scheme 4.7).98 In the 

presence of Rh(I) catalyst, salicylaldehyde (4.29) reacts with 4-octyne to afford ketone 

4.33. The mechanism involves an initial coordination of 4.29 with chlororhodium(I) 

species to form a phenolate complex 4.30. C–H activation of 4.30 gives a 5-membered 

rhodium hydride complex 4.31. Insertion of the alkyne leads to intermediate 4.32, which 

undergoes reductive elimination to give ketone 4.33, in quantitative yield. 
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Scheme 4.7 First example of intermolecular hydroacylation with salicylaldehydes 

 

In comparison with the intramolecular version, intermolecular hydroacylation is much 

more challenging; the main difficulty being the prevention of decarbonylation pathways. 

In an intramolecular reaction, coordination with the alkene (or alkyne) site completes the 

bidentate chelation and thus stabilizes the acyl metal intermediate (Figure 4.2). The 

requirement of alkene chelation typically limits the intramolecular hydroacylation to the 

preparation of 5- or 6-membered rings. In an intermolecular reaction, similar chelation is 

not possible, thus a donor atom (X) is typically required to complete the bidentate 

chelation. This idea remains the guiding principle for most of the intermolecular 

hydroacylation reactions. 
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Figure 4.2 Chelation in C–H activation 

 

In the previous example (Scheme 4.7), the success of this reaction is attributed to the 

chelation intermediate 4.31 which prevents decarbonylation and favors the 

hydroacylation pathway. In their reports, Miura and co-workers also examined the same 

reactions with 4-hydroxybenzaldyde 4.34 and 2-methoxybenzaldehyde 4.35. No 

hydroacylation products were obtained. These results highlight the importance of the 

chelation (i.e. intermediate 4.31) in an intermolecular hydroacylation reaction.  

 

The Miura group noted a remarkable rate acceleration effect by bases. In the presence of 

5 mol% Na2CO3, the reaction was completed within 0.5 hours. In the absence of any 

additive, it took 24 hours to complete the reaction. The yields were quantitative in both 

cases.  

Hydroacylation reactions with alkenes were much more challenging, under similar 

reaction conditions, no products was obtained in the reactions between salicylaldehyde 

and styrene or 1-octene. When the alkene was norbornene, the hydroacylation product 

was obtained in 6% yield.     

In order to increase the efficiency of alkene hydroacylation, Suemune and Tanaka 

decided to exploit the chelation strategy further by using chelation for both aldehyde and 

alkene fragments.99
’
100 The reaction between salicylaldehyde and 1,5-hexadiene affords a 
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mixture of branched and linear products (4.37 and 4.38) in quantitative yield (branch: 

linear 4:1) (Scheme 4.8). This reaction was assumed to proceed via double chelation 

intermediate 4.36. The reaction worked well with 1,4-diene  but not 1,6-heptadiene (4 % 

yield) due to the inability of this diene to chelate effectively. The authors also noted a rate 

acceleration effect with sodium acetate.  

Scheme 4.8 Suemune and Tanaka’s double chelation strategy 

 

In 2005, Tanaka and Suemune reported a π-facial selective intermolecular hydroacylation 

reactions of norbornene using saliclaldehydes.101 In the reaction between salicylaldehyde 

and norbornadiene 4.38, the endo- product 4.39 was the major product (Scheme 4.9 

reaction 1). When norbornene 4.40 was employed as the alkene, the exo-product 4.41 was 

the only product (Scheme 4.9 reaction 2). The variation in selectivity was explained by 

the bidentate binding mode of norbornadiene, which delivers the metal from the endo-

face. On the other hand, the selectivity in the norbornene systems is a result from steric 

control (exo-attack).  
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When reaction (1) was performed without K3PO4, the product 4.39 was obtained in only 

16% yield (in contrast to quantitative yield in the presence of the base). Reaction (2), on 

the other hand, can proceed to completion without any additive but only at elevated 

temperature (80 oC). The addition of AgClO4 (which created a rhodium cation) made the 

reaction proceed smoothly at room temperature. An asymmetric version for this reaction 

was subsequently reported by Bolm and Stemmler in 2007.102 Moderate 

enantioselectivities (50 – 80% ee) could be achieved.       

Scheme 4.9 Facial selective intermolecular hydroacylation reactions 

 

In further development of this double chelation concept, in 2010, the Dong group 

reported a regio- and enantio-selective intermolecular hydroacylation reaction with 

homoallylic sulfides.103 Reaction between salicylaldehyde and homoallylic sulfide 4.42 in 

the presence of [Rh(cod)Cl]2 catalyst and (R)-SIPHOS-PE ligand provided the branched 

ketone product 4.45 in excellent yield and enantioselectivity (Scheme 4.10). In their 

proposed mechanism, a double-chelation intermediate 4.43 was formed. Migratory 

insertion of the Rh–H bond across the alkene π bond created a 5-membered intermediate 
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4.44. This pathway was favored over the formation of 6-membered ring intermediate 

4.46. Reductive elimination from intermediates 4.44 and 4.46 led to the branched product 

4.45 and linear product 4.47, respectively. Due to the preference for the 5-membered ring 

intermediate, the branched product is the major product.    

To support this hypothesis, reaction with allylic sulfide 4.48 was examined. As expect, 

the linear product 4.49, which came from a 5-membered ring intermediate, was obtained 

instead of the branched product (which came from a 4-membered ring intermediate) 

(Scheme 4.11). Similar reactions with homoallylic alcohols104 and allylic alcohols105 have 

been reported by the same group. 
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Scheme 4.10 Intermolecular hydroacylation reactions with homoallylic sulfides 
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Scheme 4.11 Reaction of salicylaldehyde with an allylic sulfide 

 

The 5-membered metallacycle intermediate can be isolated and characterized. In 2007, 

Hirano and Komiya reported a reaction between Ru(η4-1,5-cod)( (η6-1,3,5-cot) (cod = 

cyclooctadiene, cot = cyclooctatriene) 4.50 and salicylaldehyde (4.29), giving the 

ruthenium complex 4.51 in 31% yield (Scheme 4.12).106 Reaction with 5-

nitrosalicylaldehyde 4.52 afforded ruthenium complex 4.53 in 78% yield. The structure 

of 4.53 was confirmed by X-ray crystallography.      

Scheme 4.12 Isolation of metallacycle intermediates 

 

The authors also examined reaction of ruthenium complex 4.50 with methyl salicylate. 

The intended phenol directed acyl C–O activation to afford a 5-membered metallacycle 

similar to 4.51 did not occur. Surprisingly, a 6-membered metallacycle, 4.55 was isolated 
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in 19% yield (Scheme 4.13). This product indicated the Me–O bond was cleaved instead 

of the acyl C–O bond. 

 A careful examination of the reactions revealed the by-product was methyl 2-

methoxybenzoate 4.58 along with the formation of hydrogenated COT (mixture). No 

other product containing the cleaved methyl group was observed. The methyl group, after 

breaking from the ester group, was transferred to a phenol group, indicating a likelihood 

of a metal-assisted SN2 process. As evidence, the rate for C-O cleavage in isopropyl 

salicylate was significantly slower due to steric hindrance.  

However, unlike the usual SN2 reaction, the reaction rate was not affected by the 

concentration of methyl salicylate, solvent polarity or the strength of the phenol 

nucleophile (different substituents on the aromatic ring of salicylaldehyde). To account 

for this observation, the authors proposed an intramolecular methyl transfer process in the 

coordination sphere of a ruthenium complex. Reaction of 4.50 and 4.54 (2 eq) gave the 

divalent diaryloxo complex 4.56. Intramolecular methyl transfer preceded via a concerted 

transition state 4.57, giving product 4.55 and 4.58. The authors reasoned that due to the 

reaction’s intramolecular nature, the concentration methyl salicylate or solvent polarity 

had no effect toward the reaction rate. In addition, since the nucleophile is a ruthenium 

phenolate, not phenol, substituents on the aromatic ring of salicylaldehyde had little 

influence toward the nucleophilic strength and reaction rate.  This reaction was an 

interesting alternate to our proposed acyl C–O bond activation in salicylate esters. 
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Scheme 4.13 Me–O bond cleavage in methyl salicylate 

 

 

4.3 Reaction optimization 
 

The starting material, ester 4.26 was synthesized from phenol 4.1487 and salicylic acid 

4.58 via a DCC coupling (Scheme 4.14). Cheap and commercially available salicylic acid 

was used in excess (1.2 eq) to ensure full conversion. Similarly, homologated substrate 

4.60 can be obtained from phenol 4.59107 in 68% yield.  
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Scheme 4.14 Synthesis of starting materials 

 

Initial studies of intramolecular oxyacylation reaction were carried out with substrate 

4.26, the desired product is ketone 4.28 (Scheme 4.15). The by-products, as observed in 

the 1H NMR spectra of the crude reaction mixtures, were ester 4.61 (double bond 

isomerization), phenol 4.14 (decomposition of alkoxo-rhodium intermediate) and phenol 

4.62 (double bond isomerization followed by decomposition).  
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Scheme 4.15 Oxyacylation reactions with substrate 4.26 

 

Before examining external ligands, optimization was performed with four variables: 

catalyst, base, solvent and temperature. The catalyst was selected from group 9 transition 

metal complexes, rhodium(I): Rh(cod)2OTf, Rh(cod)2BF4, Rh(PPh3)3Cl, [Rh(C2H4)2Cl]2, 

Rh(acac)(CO)2 , [Rh(cod)OH]2 and iridium(I): [Ir(cod)OMe]2. After some preliminary 

screenings, a few trends were observed: 

1. No product was observed unless a full equivalent of a mild base (NaHCO3 or 

Na2CO3) was added into the reaction. In the presence of a base, trace amounts of 

the product was observed with Rh(cod)2OTf, [Rh(cod)OH]2 and [Ir(cod)OMe]2 . 

Catalytic turnover was not achieved.  

2. Strong bases (NaOt-Bu, Cs2CO3, and K3PO4) catalyzed the hydrolysis of the ester 

starting material, thus were not examined further. 

3. The oxyacylation product was only observed at a reaction temperature of 150 oC 

or above 
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4. Hydrocarbon solvents (toluene, m-xylene) were the best for the oxyacylation 

reaction. 1,2-dichloroethane was not compatible (underwent SN2 reaction with 

phenol group). Polar solvents (DMF, NEt3) led to ester cleavage. 

From these results, a combination of [Rh(cod)OH]2 (5 mol%)/NaHCO3 (0.5 eq)/m-xylene 

(0.1 M) /170 oC was selected for further optimization studies with phosphorous 

containing ligands.  Bidentate ligands, which were applied successfully in quinoline-

directed oxyacylation reactions, turned out to be ineffective. In most cases, phenol 4.14 

was the only product observed. Monodentate ligands were examined. The structures of 

the ligands used for screening are shown in Figure 4.3.   

Figure 4.3 Ligands used in the study of the oxyacylation reaction with salicylate esters 

a) Bidentate phosphine ligands 
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b) Monodentate phosphine or phosphoramidite ligands 
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While the yields were still not satisfying, phosphine ligands did improve the yield of the 

reaction, the best being (R)-MOP (L10) (30% yield). The main by-products were ester 

4.61 and phenol 4.62 (> 50%), which resulted from double bond isomerization (see 

Scheme 4.15). Also, less than 10% of the starting material was not consumed. 

Interestingly, a side by side comparison indicated that NaHCO3 was not necessary for this 

reaction. The yield of the product remained the same in the reaction without any 

exogenous bases. 

It is known in the literature that hydrogenating 1,5-cyclooctadiene (cod) ligands bound to 

a transition metal catalyst may suppress double bond isomerization.108, 53 Following this 

approach, we attempted hydrogenation with our best catalyst combination ([Rh(cod)OH]2 

+ (R)-MOP) (Scheme 4.16). Up to 47% yield was obtained, however, the reaction 

conditions were tedious, and in particular transferring the rhodium catalyst (2-5 mg) into 

the Schlenk flask (for hydrogenation) was operationally challenging.* The reaction yields 

fluctuated with different runs. Attempt to use mixture of solvents (e.g. m-xylene + THF) 

to facilitate transferring, gave lower yields of 4.28. 

Scheme 4.16 Hydrogenation of the rhodium catalyst 

 

In the reaction with the second substrate, 4.60 the yield of the 6-membered ring product 

4.61 was not improved; however, the majority of material was recovered as starting 

material (50%) (Scheme 4.17). The double bond isomerization by-products were still 

                                                 
* The catalyst is not soluble in m-xylene solvent, thus transferring via solution is not possible 
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observed but much less than in the reaction with 4.26.   Longer reaction time (48 h) did 

not alter the results significantly. Two conclusions were drawn from these results: 

1. Substrate 4.60 has lower tendency to undergo double bond isomerization than 

substrate 4.26. This can be easily understood in term of conjugation: the 

isomerization product from compound 4.26, ester 4.61 is conjugated – thus double 

bond isomerization is more favorable (Scheme 4.15).   

2. It is likely that the active catalyst decomposes at an early stage of the reaction (e.g. 

about 2-3 catalytic turnovers).  

Scheme 4.17 Oxyacylation reactions with substrate 4.60 

 

Rationalizing that the hydroxyl group in [Rh(cod)OH]2 may be important for this reaction 

(e.g. [Rh(cod)OH]2 was the most effective among all rhodium catalysts examined ), we 

decided to examine an iridium analog of [Rh(cod)OH]2, catalyst [Ir(cod)OMe]2. To our 

delight, reaction of 4.60 with [Ir(cod)OMe]2/(R)-MOP mixture yielded product 4.63 in 

61% (by 1H NMR). The starting material was consumed and the isomerization by-

products were minimized. 

Ligand effects were then examined with this new catalyst. Interestingly, we observed a 

similar trends between the two catalysts: ligands that were effective in reactions with 

[Rh(cod)OH] 2 were also performed well reactions with [Ir(cod)OMe]2 . Representative 

results are shown in Scheme 4.18. (R)-MOP remained the best ligand (61%). Product 

yields were determined by 1H NMR with p-methoxy-acetophenone as an internal 

standard. 
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Scheme 4.18 Ligand screening with [Ir(cod)OMe]2 catalyst 

 

The 1H NMR spectrum of the isolated product, compound 4.63 is shown in Figure 4.4a. 

The phenol signal appears at 12.43 ppm (due to hydrogen bonding). There are two 

doublets at 3.40 ppm and 3.20 ppm (J = 15 Hz), they belong to two diastereotopic 

hydrogens adjacent to the ketone group.  
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The 1H NMR spectra of the crude mixture obtained from the reaction of 4.60 with 

[Ir(cod)OMe]2 and (R)-MOP is shown in Figure 4.4b. Examination of this crude mixture 

revealed interesting information 

1. In the phenolic region, (10-13 ppm) there were 3 unidentified signals: 10.78 ppm, 

12.33 ppm and 12.10 ppm, indicating three possible new by-products. 

2. The signal at 10.78 ppm and a singlet at 3.96 ppm are likely belonged to methyl 

salicylate. We believed this product results from a transesterification process 

between the methoxy group bound to the iridium catalyst and the starting 

material. This product, however, was obtained in a very small amount (~3% yield 

by 1H NMR integration).  

3. The other 2 signals at 12.33 ppm and 12.10 ppm (>20% yields) were not observed 

in previous studies with rhodium complexes. They were, however, observed 

occasionally in reactions using the iridium catalyst. This signified a different, 

competing pathway(s) that we have not accounted for. With some phosphine 

ligands (e.g. L13 in Figure 4.3), these by-products were obtained even in higher 

quantity than the desired product. 
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Figure 4.4 

a. 1H NMR spectrum of the isolated oxyacylation product 4.63 

 

b. 1H NMR spectrum of the crude reaction mixture 

 

 

Methyl salicylate 

New by-products 

Oxyacylation product 
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We set out to isolate and characterize these two by-products. The two compounds, 

unfortunately, were not separable even with preparative thin-layer chromatography.    

The spectrum of the mixture clearly indicated one major and one minor compound 

(Figure 4.5a). The major compound had 7 aromatic hydrogens (2 of them are overlapped 

or identical) along with 1 singlet at 2.39 ppm (6 Hs). We deduced the major by-product to 

be 4.64, the structure was confirmed by independent synthesis (Figure 4.5b)*. The minor 

product was tentatively assigned as the regioisomer of 4.64, ketone 4.65 (Scheme 4.19) 

 

The results indicated that a reaction happened between salicylate ester 4.60 and m-xylene. 

This is a rather unusual transformation, which we believe to involve both acyl C–O bond 

activation and C–H functionalization. This transformation was subsequently developed 

into a new reaction methodology and will be discussed in Chapter 5.  

                                                 
* The independent synthesis is presented in Chapter 5 Experimental Section 



 

 141 

Scheme 4.19 Formation of by-products 
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Figure 4.5 

a. 1H NMR spectrum of the by-product mixture isolated from the oxyacylation 

reaction in m-xylene 

 

b. 1H NMR of compound  4.64 obtained by independent synthesis 

 

4.64 + regioisomer 
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With the isolation and characterization of the by-products, we learned that m-xylene was 

not an optimal solvent for the oxyacylation reaction. Other high boiling point solvents 

(DMF, mesitylene, decalin) were therefore examined. Fortunately, mesitylene (1,3,5-

trimethyl benzene b.p. 163-166 oC) was a good solvent for this reaction. By-products 

were minimized. Some fine adjustment of catalyst loading (to minimize methyl salicylate 

by-product) indicated that at 4% catalyst loading, the reaction was completed after 48 h.  

Thus, under the optimized conditions, the reaction was carried out with 4 mol% 

[Ir(cod)OMe]2 catalyst and 12 mol% (R)-MOP in mesitylene (0.1 M) at 170 oC. The 

oxyacylation product 4.63 was obtained in 78% isolated yield (Scheme 4.20). This 

condition was chosen for substrate investigation. The enantiomer of the ligand (S)-MOP 

could be used with the same efficiency; enantio-induction, however, has not been 

achieved. 

Scheme 4.20 Optimized conditions 

 

The investigation of substrate scope is currently in progress. Initial results are shown in 

Table 4.1. With the p-trifluoromethyl salicylate esters, 4.66 and 4.68, the reactions can be 

performed at lower temperature (150 oC) to provide products 4.67 and 4.69 in 82% and 

74%, respectively.  

Reaction with 4.70 provided product 4.71 in moderate yield (50%). Significant amount of 

isomerization by-products were observed in the 1H NMR spectrum of the crude product 

mixture. Similarly, product 4.28 was obtained in 41% yield. 
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Table 4.1 Reaction scopea 

Entry Substrate Product Yieldb 

1c 

Me

O

O

OH

CF3

4.66  

O
Me

O OH

CF3

4.67
 

82% 

2c 

Et

O

O

OH

CF3

4.68  

O
Et

O OH

CF3

4.69
 

74% 

3 

Et

O

O

OH

4.70  

O
Et

O OH

4.71  

50% 

4 
Me

O

O

OH

4.26  

O

O

Me

HO

4.28  

41% 

a) Reaction conditions: [Ir(cod)OMe]2 (4 mol %), S-MOP (12 mol %), mesitylene 0.1M 

of substrate, 170 °C, 48 h; b) yields after chromatography; c) Reaction at 150 oC.  



 

 145 

We will continue to test the methodology with different salicylic acids and alkene 

substituents. Some commercially available salicylic acids (or related carboxylic acids) 

that we plan to investigate are shown in Figure 4.6.  

Figure 4.6 Commercially available salicylic acids and related acids 

 

 

4.4 Mechanistic considerations 
 

It was reported in the literature that in the presence of a phosphine ligand (L), the 

methoxy bridged iridium dimer complex, [Ir(cod)OMe]2 reacted with phenol to give 

square planar complex [Ir(cod)(L)OPh] (Scheme 4.21).109 A similar reaction was also 

reported for the rhodium analog [Rh(cod)OMe]2. 
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Scheme 4.21 Reaction between [Ir(cod)OMe]2 and phenol 

 

We believe this alkoxy-exchange is the first step in the catalytic cycle. In the presence of 

a phosphine ligand (e.g. (R)-MOP), the iridium catalyst reacts with the phenol group of 

salicylate esters 4.60, giving intermediate I-1 (Scheme 4.22). Through this process, the 

iridium catalyst is introduced into the substrate at the close proximity to the ester group. 

Acyl C–O activation (oxidative addition) is therefore enabled; providing intermediate I-2. 

The 5-membered chelation prevents I-2 from undergoing decarbonylation. Migratory 

insertion from this intermediate leads to intermediate I-3, which undergoes reductive 

elimination to give I-4. Intermediate I-4 underwent proton exchange with the starting 

material to form the final product 4.63 and regenerates I-1, completing the catalytic 

cycle.  
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Scheme 4.22 Proposed mechanism 

 

Reaction between substrate 4.63 and [Ir(cod)OMe]2 (without ligand) gave a trace 

amounts of the desired product; most of the starting material underwent isomerization.  

We believe in the presence of (R)-MOP ligand, the binding process of the iridium catalyst 
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and the substrate effectively converts most of the catalysts into intermediate I-1 (before 

alkene isomerization took places). Thus the oxyacylation reaction is the dominant 

pathway.  Without an effective ligand, the catalyst remains in solution. At high 

temperature, these unbound iridium complexes catalyze isomerization, leading to the 

formation of by-products.110 The effective formation of I-1 in the presence of (R)-MOP 

ligand may also be the reason why a base (e.g. NaHCO3) was not necessary for this 

reaction. A detailed mechanistic study will be needed in order to examine this hypothesis. 

Our preliminary results indicate that electron withdrawing groups on the salicylic esters 

facilitate the oxyacylation reaction. When a strong electron withdrawing group is placed 

in the aromatic ring, the ester group is more electron-deficient, thus, is more susceptible 

to the nucleophilic attack by Ir(I).  Acyl C–O bond activation was therefore facilitated. 

On the other hand, an electron withdrawing group may weaken the acyl C–Ir bond, thus 

destabilizing intermediate I-2. However, iridium is a third row transition metal and it is 

known to form stable complexes in a higher oxidation state (+5). Intermediate I-2 is a 

Ir(III) complex , an electron withdrawing group in the ligand therefore may not necessary 

lead to destabilization. Thus the overall effect is attributed to the more reactive ester 

center. 

4.5 Conclusion and future work 
 

The immediate work is to finish the substrate scope investigation for this phenol directing 

group project. Mechanistic studies will then be performed in order to provide a better 

understanding about the rate limiting step and other factors that influence this reaction. 

The aim may be to achieve similar conversion but under milder reaction conditions 

(lower temperature and/or shorter reaction time). 

The next step would be to investigate the asymmetric version of this reaction. 

Oxyacylation products (e.g. 4.63) contain a chiral center; however, enantioselectivity has 

not been achieved yet (i.e. reaction with [Ir(cod)OMe]2/(R)-MOP in m-xylene afforded 
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3% ee). Two directions can be taken toward this goal: the first is to lower the reaction 

temperature and the second is to modify the ligand structure.  

Modification of the (R)-MOP ligand can be done at both the methoxy group and the 

diphenyl phosphino group. In their work on the MOP ligand series (e.g. (2-

diphenylphosphino)-2’-alkoxy-1,1’-binaphthyls), Hayashi and co-workers reported a 

number of related structures that can be easily synthesized from R or S-BINOL.111
’
112 

(Scheme 4.23) These ligands may retain similar reactivity toward the oxyacylation 

reaction, however, they are bulkier, thus may  improve enantioinduction. Zhang and co-

workers reported electron-rich MOP type ligands (R2 = Cy or t-Bu),113 opening up more 

options for our ligand screening.         

Scheme 4.23 Chiral ligands in (R)-MOP series 

 

In summary, the oxyacylation of alkenes represents a novel method to manipulate esters 

to synthesize β-alkoxy ketones. The advantage of oxyacylation associates with its atom 

economy (100%) and the use of easily accessible starting materials. With the precedence 

of Ohe’s method for oxyacylation reaction of cyanides,89 we strongly believe that with 

continuing research, directing groups (quinoline, phenol) will no longer be necessary; 

making reactions involving acyl C–O bond activation applicable for any esters. 
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While oxyacylation of alkenes target at 1,3 dioxygenated compounds by incorporating 

two carbon units into an ester, our vision (and hope) is that the method can be expanded 

for the synthesis of 1,4 or 1,5 dioxygenated compounds by inserting three or four carbon 

units into an ester (Scheme 4.24). This will broaden the synthetic application of the 

methods. 

Scheme 4.24 Future oxyacylation processes 
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4.6 Experimental section 
 

General Details: All reactions involving moisture/air sensitive components were carried 

out using flame-dried glassware under a nitrogen atmosphere using freshly distilled 

solvents. Dichloromethane was distilled over calcium hydride before use. * Solvents for 

the oxyacylation reaction (anhydrous m-xylene, mesitylene, decalin, DMF) were 

degassed by bubbling a stream of argon through the liquid in a Strauss flask and then 

stored in a nitrogen-filled glove box. Rhodium catalysts and phosphine ligands were 

purchased from commercial vendors unless otherwise noted. All rhodium- or iridium 

catalyzed reactions were carried out in a Vacuum Atmospheres nitrogen filled glove box 

in 1 dram vials with PTFE lined caps and heating was applied by aluminum block 

heaters. All other chemicals were purchased from commercial sources (Sigma-Aldrich, 

Acros, TCI etc) and used as received.   

 

Analytical thin layer chromatography (TLC) was carried out using 0.25 mm silica plates 

from Silicyle.  Eluted plates were visualized first with UV light and then by staining with 

ceric sulfate/molybdic acid or potassium permanganate/potassium carbonate. Flash 

chromatography was performed using 230–400 mesh (particle size 0.04–0.063 mm) silica 

gel purchased from Silicyle unless otherwise indicated. 1H NMR (300 and 500 MHz) and 
13C NMR (75 and 125 MHz) spectra were obtained on Varian FT NMR instruments.  

Chemical shifts are reported as δ in units of parts per million (ppm) downfield from 

tetramethylsilane using the residual solvent signal as an internal standard: chloroform-d, 

(1H NMR  δ 7.26, singlet; 13C NMR δ 77.0 triplet); methanol-d4, (13C NMR δ 49.15 

septet). 1H NMR coupling constants were reported in Hz; multiplicity was indicated as 

follows: s (singlet); d (doublet); t (triplet); q (quartet); quint (quintet); m (multiplet); dd 

(doublet of doublets); ddd (doublet of doublet of doublets); dddd (doublet of doublet of 

doublet of doublets); dt (doublet of triplets); td (triplet of doublets); ddt (doublet of 

doublet of triplets); app (apparent); br (broad).  Infrared (IR) spectra were obtained as 

films from CH2Cl2. Low-resolution mass spectra (LRMS) in EI or CI experiments were 
                                                 
* Argamengo W. L. F.; Chai C. L. L. Purification of Laboratory Chemicals, 5th ed.; Elsevier, 2003.  
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performed on a Varian Saturn 2200 GC-MS system, and LRMS and high-resolution mass 

spectra (HRMS) in electrospray (ESI) experiments were performed on a Bruker BioTOF 

II. 

[Ir(cod)OMe]2 catalyst was synthesized from IrCl3 in 2 steps, according to a known 

procedure. * S-MOP was synthesized from S-BINOL in 5 steps. †  Both chemicals could 

be purchased from Sigma-Aldrich or Strem Chemicals.  

Carboxylic acids (2-pyridine acetic acid hydrochloride, 2-(methylthio)-benzoic acid, 2-

(diphenylphosphino)benzoic acid, salicylic acid and its derivatives) were purchased from 

commercial sources (Sigma-Aldrich, Oakwood Chemical, AK Scientific, etc.)  

The synthesis of phenol 4.14 can be found in Chapter 3 Experimental Section. 

Synthesis of phenol S4 and 4.59 via Heck coupling and Wittig reaction: 

 

 

 

                                                 
* Herde, J.L.; Lambert, J. C.; Senoff, C. V. Cushing, M. A. Inorg. Synth. vol 15, 18-20. Uson R.; Oro L. A.; 
Cabeza J. A.; Bryndza H. E.; Stepro M. P. Inorg. Synth. vol 23, 126-128. 
† Uozumi, Y.; Tanahashi, A.; Lee, S.-Y.; Hayashi, T. J. Org. Syn. 1993, 58, 1945-1948 
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Heck coupling to synthesize S3:*  

To a 20 mL reaction vial with PTFE lined cap, 2-iodophenol (1.10 g, 5.0 mmol), 

palladium acetate (34 mg, 0.15 mmol), cesium carbonate (0.651 g, 2.0 mmol) and freshly 

distilled acetonitrile (7.2 mL) were added. Alcohol S2 (0.68 mL, 6.5 mmol) was added 

and the reaction vessel was purged with argon gas for 3-5 minutes. The cap was replaced 

tightly and the reaction mixture was maintained at 100 oC for 24hr using metal heating 

block.  The reaction mixture was transferred to a 250 mL beaker and saturated aqueous 

NH4Cl solution (20 mL), water (50 mL) and ethyl acetate (20 mL) were added (if 

insoluble particles remained, the mixture could be first filtered through celite). The 

organic layer was separated, washed with brine, dried over sodium sulfate and 

concentrated. The crude mixture was purified by flash column chromatography to afford 

S3 (colorless liquid, 0.5064 g, 2.84 mmol, 57%). Rf = 0.22 (10% EtOAc/Hex); 1H NMR 

(500 MHz, CDCl3) δ 7.79 (s, 1H), 7.14 – 7.09 (m, 1H), 7.04 (dd, J = 7.5, 1.7 Hz, 1H), 

6.90 (dd, J = 8.1, 1.2 Hz, 1H), 6.84 (td, J = 7.4, 1.2 Hz, 1H), 2.92 – 2.86 (m, 2H), 2.86 – 

2.81 (m, 2H), 2.44 (q, J = 7.3 Hz, 2H), 1.04 (t, J = 7.3, 3H). 

Note:  The 1H NMR of S3 shows a trace amount of an inseparable compound, this 

compound was no longer observed after the next Wittig step. We believed it is the 

hemiketal form of ketone S3.  

 

 

 

 

                                                 
* Adapted from: Briot, A.; Baehr, C.; Brouillard, R.; Wagner, A.; Mioskowski, C. J. Org. Chem. 2004, 69, 
1374–1377 
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Wittig reaction to synthesize S4:* 

In a dry round bottom flask, PPh3PCH3Br (4.28 g, 12 mmol) was suspended in freshly 

distilled toluene (10 mL). The mixture was cooled in an ice bath and potassium tert-

butoxide (1.34 g, 12 mmol) was added slowly. The reaction mixture was maintained at 

room temperature for 2 hours under nitrogen atmosphere. Upon which, it was cooled 

again to 0 oC before a solution of S3 (0.534 g, 3.0 mmol) in 5 mL toluene was added. The 

reaction was maintained at room temperature overnight. Upon the completion of the 

reaction was confirmed by TLC, saturated aqueous NH4Cl solution (10 mL) was added. 

Aqueous HCl 1M was added drop-wise until pH= 6. The mixture was filtered through a 

pad of celite with excess EtOAc. The layers were separated and the aqueous phase was 

washed with EtOAc (2x20 mL). The combined organic phase was washed with brine, 

dried over sodium sulfate and concentrated. The product was purified by flash column 

chromatography to afford S4 (colorless liquid, 0.423 g, 2.4 mmol, 80%). Rf = 0.6 (20% 

EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 7.18 – 7.02 (m, 2H), 6.88 (t, J = 7.4 Hz, 

1H), 6.76 (d, J = 7.9 Hz, 1H), 4.79 (s, 2H), 4.67 (s, 1H), 2.76 (m, 2H), 2.40 – 2.26 (m, 

2H), 2.09 (q, J = 7.5 Hz, 2H), 1.05 (t, J = 7.5 Hz, 3H);13C NMR (75 MHz, CDCl3) δ 

153.4, 151.4, 130.1, 128.2, 127.1, 120.8, 115.2, 107.9, 36.2, 29.0, 28.8, 12.3; IR (thin 

film) 3065, 2967, 1643, 1590, 1327, 1233. HRMS (ESI) calcd for [C12H16O – H]– 

175.1128, found 175.1133. 

  

This procedure can be applied to the synthesis of phenol 4.59 (56% overall yield, 2 steps 

from 2-iodophenol S1) 

                                                 
* Adapted from: Trend, R. M.; Ramtohul, Y. K.; Stoltz, B. M. J. Am. Chem. Soc. 2005, 127, 17778–17788 
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Compound S5: Prepared using Heck coupling procedure, starting with 2-iodophenol 

(1.10 g, 5.0 mmol), palladium acetate (34 mg, 0.15 mmol), cesium carbonate (0.651 g, 

2.0 mmol) and 3-butene-2-ol* (0.7 ml, 8.0 mmol) to afford S5 (0.4578 g, 2.78 mmol, 

56%).  Rf = 0.23 (20% EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 7.68 (s, 1H), 7.16 – 

7.00 (m, 2H), 6.92 – 6.75 (m, 2H), 2.95 – 2.86 (m, 2H), 2.82 (dd, J = 7.1, 4.7 Hz, 2H), 

2.17 (s, 3H).†   

 

Compound 4.59: Prepared using Wittig procedure, starting with ketone S5 (0.4578 g, 

2.78 mmol) and   PPh3PCH3Br (4.28 g, 12 mmol), potassium tert-butoxide (1.34 g, 12 

mmol) to afford 4.59 (0.450 g, 0.278 mmol, quantitative yield). Rf = 0.5 (10% 

EtOAc/Hex); 1H NMR (500 MHz, CDCl3) δ 7.13 (dd, J = 7.5, 1.5 Hz, 1H), 7.09 (td, J = 

7.7, 1.7 Hz, 1H), 6.87 (td, J = 7.4, 1.1 Hz, 1H), 6.76 (dd, J = 7.9, 1.0 Hz, 1H), 4.76 (s, 

1H), 4.75 (d, J = 0.9 Hz, 1H), 4.71 (d, J = 1.5 Hz, 1H), 2.84 – 2.67 (m, 2H), 2.36 – 2.28 

(m, 2H), 1.79 (s, 3H). ‡ 

                                                 
* Purchased from Sigma-Aldrich 
† See note in the synthesis of S3 
‡ See Chapter 3 Experimental Section for an alternate route of synthesizing 4.59 
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Synthesis of ester 4.11: To a 25 mL round bottom flask containing commercially 

available isatoic anhydride S7 (0.489 g, 3.0 mmol), 4-(dimethylamino)pyridine (0.0366 g, 

0.3 mmol, 0.1 eq), 2 mL DMF was transferred a solution of  phenol 4.14 (0.4446 g, 3.0 

mmol, 1 eq) in 1 mL DMF. The reaction mixture was maintained at 60 oC and monitored 

by TLC. After 1 h, 50 mL H2O and 30 mL of EtOAc were added. The aqueous layer was 

separated and washed with additional EtOAc (20 mL x 2). The combined organic layers 

was washed with LiCl 2M (20 mL x 2), brine, dried over Na2SO4 and concentrated. The 

crude mixture was purified by flash column chromatography to afford ester 4.11 (0.6048 

g, 2.26 mmol, 75%). Rf = 0.68 (40% EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 8.13 

(dd, J = 8.2, 1.4 Hz, 1H), 7.49 – 7.09 (m, 5H), 6.85 – 6.61 (m, 2H), 5.80 (s, 2H), 4.82 (s, 

1H), 4.69 (s, 1H), 3.34 (s, 2H), 1.72 (s, 3H).  

General procedure for ester synthesis  

 

In an oven-dried 25 mL round bottom flask, 2-carboxylic acid (1.2 mmol, 1.2 eq), N,N’-

dicyclohexylcarbodiimine (1.8 mmol, 1.8 eq), 4-(dimethylamino)pyridine (0.2 mmol, 0.2 

eq) and phenol (1.0 mmol, 1 eq) and 4 mL of dichloromethane were added. The mixture 

was maintained at reflux overnight (oil bath, 42 oC). The mixture was allowed to cool to 

room temperature and diluted with 50 mL CH2Cl2. Insoluble materials were removed by 

vacuum filtration with the aid of celite. The filtrate was washed with saturated aqueous 



 

 157 

NH4Cl (2x30 mL) followed by saturated aqueous NaHCO3 (30 mL). The organic portion 

was dried over anhydrous Na2SO4 and concentrated. The resulting crude product was 

purified by flash chromatography (gradient, CH2Cl2/Hex or EtOAc/Hex) to provide the 

ester. 

 

Ester 4.10: Prepared using general procedure, starting with 2-

pyridine acetic acid hydrochloride (0.43 g, 2.5 mmol) and phenol 

4.14 (0.4446 g, 3 mmol) N,N’-dicyclohexylcarbodiimine (0.619 g, 

3.0 mmol), 4-(dimethylamino)pyridine (0.366 g, 3.0 mmol) 

afforded 4.10 (0.6002 g, 2.24 mmol, 90%). 1H NMR (300 MHz, 

CDCl3) δ 8.60 (d, J = 4.2 Hz, 1H), 7.70 (td, J = 7.8, 1.8 Hz, 1H), 7.39 (d, J = 7.5 Hz, 1H), 

7.24 – 7.14 (m, 3H), 7.07 (d, J = 7.8, 1H), 4.77 (s, 1H), 4.62 (s, 1H), 4.09(s, 2H), 3.19 (s, 

2H), 1.62 (s, 3H).  

 

Ester 4.12: Prepared using general procedure, starting with 2-

(methylthio)benzoic acid (0.168 g, 1.0 mmol) and phenol 4.14 (0.178 

g, 1.2 mmol) N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 mmol), 4-

(dimethylamino)pyridine (0.122 g, 1.0 mmol) afforded 4.12 (0.1858 

g, 0.62 mmol, 62%). Rf = 0.45 (33% Et2O/Hex); 1H NMR (300 MHz, 

CDCl3) δ 8.25 (dd, J = 7.8, 1.4 Hz, 1H), 7.64 – 7.49 (m, 1H), 7.40 – 7.14 (m, 6H), 4.78 (s, 

1H), 4.64 (s, 1H), 3.32 (s, 2H), 2.48 (s, 3H), 1.67 (s, 3H) 

 

Ester 4.13: Prepared using general procedure, starting with 2-

(diphenylphosphino)benzoic acid (0.306 g, 1.0 mmol) and phenol 

4.14 (0.296 g, 2.0 mmol) N,N’-dicyclohexylcarbodiimine (0.31 g, 1.5 

mmol), 4-(dimethylamino)pyridine (0.122 g, 1.0 mmol) afforded 4.13 

(0.31 g, 0.71 mmol, 71%). Rf = 0.47 (10% EtOAc/Hex); 1H NMR 
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(300 MHz, CDCl3) δ 8.34 – 8.22 (m, 1H), 7.52 – 7.39 (m, 2H), 7.38 – 7.23 (m, 10H), 

7.23 – 7.09 (m, 3H), 7.03 – 6.94 (m, 1H), 6.91 – 6.81 (m, 1H), 4.72 (s, 1H), 4.57 (s, 1H), 

3.13 (s, 2H), 1.57 (s, 3H). 

 

Salicylate ester syntheses: 

 
 

Ester 4.26: Prepared using general procedure, starting with salicylic 

acid (0.166 g, 1.2 mmol) and phenol 4.14 (0.148 g, 1 mmol) N,N’-

dicyclohexylcarbodiimine (0.371 g, 1.8 mmol), 4-

(dimethylamino)pyridine (0.024 g, 0.2 mmol) afforded 4.26 (0.2035 g, 

0.76 mmol, 76%). Rf = 0.65 (10% EtOAc/Hex);   1H NMR (300 MHz, 

CDCl3) δ 10.52 (s, 1H), 8.07 (dd, J = 8.0, 1.7 Hz, 1H), 7.55 (ddd, J = 

8.6, 7.3, 1.7 Hz, 1H), 7.39 – 7.22 (m, 3H), 7.19 – 7.12 (m, 1H), 7.05 (dd, J = 8.4, 0.9 Hz, 

1H), 6.98 (ddd, J = 8.2, 7.3, 1.1 Hz, 1H), 4.77 (s, 1H), 4.62 (s, 1H), 3.31 (s, 2H), 1.67 (s, 

3H); 13C NMR (75 MHz, CDCl3) δ 168.7, 162.1, 148.6, 143.2, 136.4, 131.8, 131.1, 

130.2, 127.5, 126.5, 122.4, 119.4, 117.8, 112.4, 111.8, 38.8, 22.1; IR (thin film) 3234, 

3076, 3293, 1694, 1650, 1615, 1448, 1249; HRMS (ESI) calcd for [C17H16O3 + Na]+ 

291.0992, found 291.0981. 
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Ester 4.60: Prepared using modified general procedure, starting with 

salicylic acid (0.49 g, 3.5 mmol) and phenol 4.59 (0.38 g, 2.3 mmol) 

N,N’-dicyclohexylcarbodiimine (0.86 g, 4.2 mmol), 4-

(dimethylamino)pyridine (0.14 g, 1.2 mmol) afforded 4.60 (0.441 g, 

1.56 mmol, 68%). Rf = 0.53 (10% EtOAc/Hex); 1H NMR (500 MHz, 

CDCl3) δ 10.54 (s, 1H), 8.10 (dd, J = 8.0, 1.7 Hz, 1H), 7.56 (ddd, J = 

8.7, 7.3, 1.7 Hz, 1H), 7.35 – 7.29 (m, 1H), 7.29 – 7.23 (m, 2H), 7.15 (dd, J = 7.8, 1.4 Hz, 

1H), 7.06 (dd, J = 8.4, 1.0 Hz, 1H), 7.01 – 6.96 (m, 1H), 4.69 (s, 1H), 4.64 (s, 1H), 2.74 – 

2.69 (m, 2H), 2.33 – 2.28 (m, 2H), 1.69 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 168.9, 

162.2, 148.3, 144.8, 136.5, 134.0, 130.4, 130.2, 127.2, 126.6, 122.2, 119.5, 117.9, 111.7, 

110.7, 38.2, 28.8, 22.2; IR (thin film) 3227, 3074, 2932, 1683, 1651, 1583, 1247; HRMS 

(ESI) calcd for [C18H18O3 + Na]+ 305.1146, found 305.1162. 

 

Ester 4.66: Prepared using general procedure, starting with 4-

trifluoro salicylic acid (0445 g, 2.16 mmol) and the phenol 4.59 

(0.288 g, 1.78 mmol) N,N’-dicyclohexylcarbodiimine (0.668 g, 

3.24 mmol), 4-(dimethylamino)pyridine (0.048 g, 0.4 mmol) 

afforded 4.66 (0.4752 g, 1.35 mmol, 76%). Rf = 0.57 (40% 

CH2Cl2/Hex);  1H NMR (500 MHz, CDCl3) δ 10.67 (s, 1H), 8.31 

– 8.09 (m, 1H), 7.34 (dt, J = 11.4, 3.1 Hz, 2H), 7.30 (m, 2H), 7.25 – 7.21 (m, 1H), 7.16 

(dd, J = 7.7, 1.5 Hz, 1H), 4.70 (s, 1H), 4.64 (s, 1H), 2.74 – 2.68 (m, 2H), 2.34 – 2.28 (m, 

2H), 1.70 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 168.1, 162.1, 148.0, 144.6, 137.6 (q, 2JF-

C = 33.0 Hz), 133.8, 131.0, 130.4, 127.3, 126.9, 123.0 (q, 1JC-F = 273 Hz), 122.0, 115.8 

(q, 3JC-F = 3.5 Hz), 115.37 (q, 3JC-F = 3.9 Hz), 114.3, 110.7, 38.1, 28.7, 22.3; IR (thin 

film) 3082, 2941, 1702, 1645, 1583, 1322; HRMS (ESI) calcd for [C19H17F3O3 + Na]+ 

373.1022, found 373.1023. 
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Ester 4.68: Prepared using general procedure, starting with 4-

trifluoro salicylic acid (0.495 g, 2.4 mmol) and the corresponding 

phenol (0.352 g, 2.0 mmol) N,N’-dicyclohexylcarbodiimine 

(0.743 g, 3.6 mmol), 4-(dimethylamino)pyridine (0.122 g, 1.0 

mmol) afforded 4.68 (0.582 g, 1.6 mmol, 80%). Rf = 0.58 (33% 

CH2Cl2/Hex);  1H NMR (300 MHz, CDCl3) δ 10.68 (s, 1H), 8.23 

(d, J = 8.3 Hz, 1H), 7.40 – 7.20 (m, 5H), 7.20 – 7.12 (m, 1H), 4.73 (s, 1H), 4.68 (s, 1H), 

2.72 (dd, J = 9.4, 6.7 Hz, 2H), 2.39 – 2.24 (m, 2H), 2.01 (q, J = 7.3 Hz, 2H), 0.99 (t, J = 

7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 168.0, 162.1, 150.1, 148.0, 137.6 (q, 2JF-C = 

33.0 Hz), 133.9, 130.9, 130.4, 127.2, 126.8, 123.0 (q, 1JF-C = 273.2 Hz), 122.0, 115.8 (q, 
3JF-C = 3.5 Hz), 115.30 (q, 3JF-C = 3.9 Hz), 114.3, 108.4, 36.5, 29.0, 28.7, 12.1; IR (thin 

film) 3194, 3078, 2964, 1698, 1650, 1600, 1508, 1325; HRMS (ESI) calcd for 

[C19H17F3O3 – H]– 363.1214, found 363.1218. 

 

Ester 4.70: Prepared using general procedure, starting with salicylic 

acid (0.166 g, 1.2 mmol) and the corresponding phenol (0.176 g, 1 

mmol) N,N’-dicyclohexylcarbodiimine (0.371 g, 1.8 mmol), 4-

(dimethylamino)pyridine (0.024 g, 0.2 mmol) afforded 4.70 (0.122 g, 

0.41 mmol, 41%). Rf = 0.44 (33% CH2Cl2/ Hex);  1H NMR (300 MHz, 

CDCl3) δ 10.56 (s, 1H), 8.11 (dd, J = 8.0, 1.7 Hz, 1H), 7.63 – 7.50 (m, 

1H), 7.38 – 7.21 (m, 3H), 7.16 (dd, J = 7.5, 1.6 Hz, 1H), 7.10 – 7.04 (m, 1H), 7.03 – 6.94 

(m, 1H), 4.71 (s, 1H), 4.68 (s, 1H), 2.72 (dd, J = 9.6, 6.7 Hz, 2H), 2.39 – 2.26 (m, 2H), 

2.00 (q, J = 7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 168.9, 

162.2, 150.3, 148.2, 136.5, 134.1, 130.4, 130.1, 127.1, 126.5, 122.2, 119.5, 117.8, 111.6, 

108.4, 36.6, 29.1, 28.6, 12.2; IR (thin film) 3215, 3069, 2933, 1698, 1644, 1582, 1488, 

1129; HRMS (ESI) calcd for [C19H20O3 + Na]+ 319.1305, found 319.1306. 
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General procedure for intramolecular oxyacylation reaction 
 
In a nitrogen filled glove box, a 1 dram vial containing salicylate ester substrate (0.1 

mmol) was charged with a freshly prepare solution of [Ir(cod)OMe]2 (2.65 mg, 0.004 

mmol) in 0.4 mL mesitylene. A solution of R-or S-MOP (5.6 mg, 0.012 mmol) in 0.4 mL 

mesitylene was added. Additional 0.2 mL mesitylene* was added and the mixture was 

maintained at 170 °C for 48 hr. The reaction vial was then removed from the glove box 

and solvent was removed under high vacuum. The crude mixture was purified by flash 

column chromatography (gradient, EtOAc/Hex or CH2Cl2/Hex) to afford the 

oxyacylation product. 

 

Compound 4.28: Prepared using general procedure, starting 

with 4.26 (26.8 mg, 0.1 mmol), [Ir(cod)OMe] (2.65 mg, 0.004 

mmol) and (R)-MOP  (4.68 mg, 0.01 mmol), 170 oC, 48 h, 

afforded 4.28 (11.0 mg, 0.041 mmol 41%). Rf = 0.37 (1:9 

EtOAc: Hex);  1H NMR (300 MHz, CDCl3) δ 12.25 (s, 1H), 

7.75 (dd, J = 8.1, 1.6 Hz, 1H), 7.53 – 7.40 (m, 1H), 7.20 – 7.06 (m, 2H), 6.96 (d, J = 8.5 

Hz, 1H), 6.87 (dt, J = 15.9, 4.8 Hz, 2H), 6.70 (d, J = 8.0 Hz, 1H), 3.54 (d, J = 15.9 Hz, 

1H), 3.40 (d, J = 15.9 Hz, 1H), 3.35 (d, J = 16.0 Hz, 1H), 3.17 (d, J = 16.0 Hz, 1H), 1.61 

(s, 3H); IR (thin film) 3054, 1642, 1598, 1447, 1242; HRMS (ESI) calcd for [C17H16O3 + 

Na]+ 291.0992, found 291.0989. 

Compound 4.63: Prepared using general procedure, starting 

with 4.60 (28.2 mg, 0.1 mmol), [Ir(cod)OMe] (2.65 mg, 0.004 

mmol) and (R)-MOP (4.68 mg, 0.01 mmol), 170 oC, 48 h, 

afforded 4.63 (22.0 mg, 0.078 mmol 78%). Rf = 0.50 (10% 

EtOAc/Hex); 1H NMR (500 MHz, CDCl3) δ 12.41 (s, 1H), 

7.77 (dd, J = 8.1, 1.6 Hz, 1H), 7.47 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H), 7.13 – 7.04 (m, 2H), 

6.97 (dd, J = 8.4, 1.0 Hz, 1H), 6.91 – 6.81 (m, 2H), 6.77 – 6.66 (m, 1H), 3.40 (d, J = 14.9 

                                                 
* Can be used for rinsing purpose when applicable 
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Hz, 1H), 3.20 (d, J = 14.9 Hz, 1H), 2.89 – 2.72 (m, 2H), 2.13 (dt, J = 13.6, 6.7 Hz, 1H), 

2.07 – 1.92 (m, 1H), 1.48 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 204.5, 162.6, 152.9, 

136.5, 131.3, 129.4, 127.4, 120.7, 120.2, 120.1, 118.6, 118.3, 117.3, 75.5, 46.6, 31.1, 

24.9, 21.9; IR (thin film) 2916, 2848, 1632, 1581, 1487, 1350, 1244; HRMS (ESI) calcd 

for [C18H18O3 + Na]+ 305.1146, found 305.1161. 

 

Prepared using general procedure, starting with 4.66 (35.0 

mg, 0.1 mmol), [Ir(cod)OMe] (2.65 mg, 0.004 mmol) and 

(R)-MOP  (5.66 mg, 0.012 mmol), 150 oC, 48 h, afforded 

4.67 (28.7 mg, 0.082 mmol 82%). Rf = 0.40 (10% 

EtOAc/Hex); 1H NMR (500 MHz, CDCl3) δ 12.43 (s, 

1H), 7.90 (d, J = 8.4 Hz, 1H), 7.24 (d, J = 1.1 Hz, 1H), 7.13 – 7.05 (m, 2H), 6.87 (td, J = 

7.5, 1.1 Hz, 1H), 6.68 (d, J = 8.0 Hz, 1H), 3.43 (d, J = 14.6 Hz, 1H), 3.20 (d, J = 14.6 Hz, 

1H), 2.89 – 2.75 (m, 2H), 2.10 (ddd, J = 13.8, 7.6, 6.2 Hz, 1H), 2.01 (dt, J = 13.5, 6.6 Hz, 

1H), 1.47 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 204.6, 162.5, 152.8, 137.3 (q, 2JC-F = 

32.9 Hz), 132.3, 129.5, 127.58, 124.7 (q, 1JC-F = 271 Hz ), 122.18, 120.60, 120.44, 

117.31, 115.8 (q, 3JC-F = 3.9 Hz), 114.9 (q, 3JC-F = 3.6 Hz), 75.58, 47.44, 31.38, 24.86, 

21.92; IR (thin film) 2981, 2927, 1656, 1573, 1507, 1457, 1216; HRMS (ESI) calcd for 

[C19H17F3O3 + Na]+ 373.1022, found 373.1028. 

 

Compound 4.69: Prepared using general procedure, 

starting with 4.68 (38.0 mg, 0.104 mmol), [Ir(cod)OMe] 

(2.65 mg, 0.004 mmol) and (R)-MOP  (5.66 mg, 0.012 

mmol), 150 oC, 48 h, afforded 4.69 (28.0 mg, 0.077 mmol 

74%). Rf = 0.51 (10% EtOAc/Hex); 1H NMR (500 MHz, 

CDCl3) δ 12.42 (s, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.23 (d, J = 1.2 Hz, 1H), 7.12 – 7.03 (m, 

3H), 6.85 (td, J = 7.5, 1.1 Hz, 1H), 6.70 – 6.64 (m, 1H), 3.33 (d, J = 14.8 Hz, 1H), 3.28 

(d, J = 14.8 Hz, 1H), 2.87 – 2.71 (m, 2H), 2.12 – 2.00 (m, 2H), 1.90 – 1.77 (m, 2H), 1.01 
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(t, J = 7.5 Hz, 3H); IR (thin film) 2970, 1930, 1649, 1624, 1582, 1488, 1329, 1236; 

HRMS (ESI) calcd for [C20H19F3O3 – H] – 363.1214, found 363.1216. 

 

Compound 4.71: Prepared using general procedure, starting 

with 4.70 (29.6 mg, 0.1 mmol), [Ir(cod)OMe] (2.65 mg, 0.004 

mmol) and (R)-MOP (5.66 mg, 0.012 mmol), 170 oC, 48 h, 

afforded 4.71 (14.8 mg, 0.05 mmol 50%). Rf = 0.57(20% 

Et2O/Hex);  1H NMR (300 MHz, CDCl3) δ 12.41 (s, 1H), 7.79 (dd, J = 8.1, 1.5 Hz, 1H), 

7.52 – 7.40 (m, 1H), 7.13 – 7.01 (m, 2H), 6.96 (dd, J = 8.4, 0.9 Hz, 1H), 6.90 – 6.78 (m, 

2H), 6.72 (d, J = 8.1 Hz, 1H), 3.34 (d, J = 15.2 Hz, 1H), 3.25 (d, J = 15.2 Hz, 1H), 2.89 – 

2.66 (m, 2H), 2.16 – 2.01 (m, 2H), 1.86 (q, J = 7.4 Hz, 2H), 1.08 – 0.93 (m, 3H); IR (thin 

film) 2930, 1629, 1574, 1487, 1456, 1305. HRMS (ESI) calcd for [C19H20O3 + Na]+ 

319.1305, found 319.1308. 
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Chapter 5   
 

A Novel Approach to Aromatic Ketones via a Tandem Acyl C-O Bond 
Activation/C-H Functionalization Process 

 

5.1 From oxyacylation reactions to a new synthesis of ketone 

As discussed in the previous chapter, when we investigated  intramolecular oxyacylation 

reactions with salicylate ester 5.1 in m-xylene solvent (5.2), the desired product 5.3 was 

obtained along with two by-products, ketones 5.4 and 5.5 (Scheme 5.1). These by-

products were believed to arise from a reaction between salicylate ester 5.1 and m-xylene. 

The structure of the major compound, 5.4 was confirmed by independent synthesis (see 

Experimental Section). 

Scheme 5.1 Isolation of by-products from an oxyacylation reaction with ester 5.1 
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To gain a better understanding of this process, we decided to subject phenyl salicylate 5.6 

under the same reaction conditions (Scheme 5.2). To our delight, the mixture of ketones 

5.4 and 5.5 was observed, in low yields* but with a similar isomeric ratio (10:1).  

Scheme 5.2 Reaction between phenyl salicylate and m-xylene 

 

This transformation triggered our curiosity for two reasons: 

1. This is an unusual reaction between an ester and an aromatic hydrocarbon to give 

ketones.  

2. This transformation favors the 1,3,5 - trisubstituted benzene (compound 5.4), a 

regioisomer which is not favored in traditional electrophilic aromatic substitution 

reaction of m-xylene. 

This reaction could open up a new pathway to synthesize aromatic ketones from esters 

and an arenes. This chapter describes our work in developing this transformation. This 

work is still in an early stage, but some preliminary results have been obtained. A brief 

review of related ketone syntheses is introduced in Section 5.2. Reaction optimization 

progress is presented in Section 5.3. Section 5.4 discusses possible mechanisms for this 

transformation by comparing with the known, related processes in the literature.  A 

conclusion and future work are presented in Section 5.5.  

                                                 
* In both trial runs, the reaction lost solvent due to evaporation and led to decomposition, therefore, yields 
were not determined. The mixture might affect the PTFE line cap of the reaction vial which led to solvent 
loss. Reactions with other ligands were more stable and reproducible.  
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5.2 Related ketone syntheses 
 

Due to the importance of ketones in synthesis, extensive efforts have been made for 

efficient synthesis of this fundamental functional group.114  Transition metal catalyzed 

cross-coupling reactions of organometallic reagents with carboxylic acid derivatives 

represents a powerful and elegant approach to ketone synthesis (Scheme 5.3).  

Scheme 5.3 Coupling reactions with carboxylic acid derivatives 

 

While extensive efforts have been directed toward the coupling of reactive carboxylic 

derivatives such as acid chlorides115,116, acid anhydrides116 or thiol esters (Libeskind- 

Srogl coupling)117,118 – coupling reactions involving esters are rare.88,119 Yamamoto and 

co-workers reported a synthesis of trifluoromethyl ketones by palladium catalyzed cross 

coupling reaction of phenyl trifluoroacetate with organoboron compounds (Scheme 5.4 

reaction 1).66 Chatani and co-workers developed coupling reactions with 2-pyridyl 

methyl esters70 and later, 2-pyridyl esters120 (Scheme 5.4, reaction 2 and 3). A detailed 

discussion of these reactions can be found in Chapter 3 (section 3.2.2.a). 
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Scheme 5.4 Suzuki coupling with ester substrates 

 

In a report on cross-coupling reactions between organozinc reagents and acid fluoride 

using nickel catalysts, Rovis and Zhang demonstrated the procedure could be applied 

with other acid derivatives (acid chlorides, acid anhydrides and esters).121 Two esters, 2-

pyridyl benzoate 5.7a and phenyl benzoate 5.7b, were subjected to the reaction 

conditions, both were converted into benzophenone 5.8 in 95% and 50% yield 

respectively (Scheme 5.5). While reaction of 5.7a proceeded at room temperature, higher 

temperature is required for substrate 5.7b (60 oC). Unfortunately, no follow-up papers 

(methodology or mechanism) were reported on this interesting transformation. 



 

 168 

Scheme 5.5 Coupling reactions between esters and organozinc reagents 

 

As mentioned in Chapter 4, a phenol directing group has been well studied for C–H bond 

activation of salicylaldehydes. A method to synthesize aromatic ketones from 

salicylaldehydes via cross-coupling reaction with aryl iodides has been reported by the 

Miaura group in 1996.122 Reaction between salicylaldehyde 5.9 and aryl iodide 5.10 in 

the presence of Pd catalyst afforded ketone 5.11 in 81% yield (Scheme 5.9). A base (i.e. 

Na2CO3) was necessary for this reaction to proceed. Lithium chloride, on the other hand, 

reduced the reaction time (from 10 h to 3.5 h), but was not necessary. No mechanistic 

studies were carried out but the authors proposed that the reaction proceeded via an initial 

oxidative addition to aryl iodide to give 5.12. The phenol group would then replace the 

iodo-ligand, generating a palladium (II) complex 5.13. A second oxidative addition into 

the aldehyde C–H bond gave rise to a palladium (IV) complex 5.14. The authors assumed 

that a two-fold reductive eliminations from this intermediate would give product 5.8 and 

regenerate the Pd(0) catalyst. This report was the direct precedence for their subsequent 

reports on hydroacylation reaction with salicylaldehyde.98 
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Scheme 5.6 Coupling reactions between salicylaldehyde and aryl iodides 

 

An ester can react with an arene via a Friedel-Crafts reaction to give a ketone, however, 

harsh conditions are typically required.123,124 An exception may be the Friedel-Crafts 

reaction with esters of t-butyl alcohol reported by Baba and co-workers, using dimethyl 

chlorosilane and indium tribromide as activating agents.125 With 10 mol% InBr3 and 1.2 

eq HSiMe2Cl, the reaction between t-butyl benzoate 5.15 and anisole 5.16 afforded 

ketones 5.17  in 63% yield (Scheme 5.8). The authors believed that a combination of 

Lewis acid InBr3 and Me2SiHCl activated the carbonyl oxygen (Lewis base), generating 

5.18. Intramolecular hydride transfer of this intermediate gave 5.19 along with t-butane. 
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Intermediate 5.19, which the acyl group was activated by the InCl3, underwent Friedel-

Crafts with the arene to give intermediate 5.20. The oxygen bonded to silicon atom 

provided a good leaving group; thus facilitating the formation of ketone product 5.17. A 

build up of intermediate 5.19 was observed by 13C NMR along with benzoyl chloride 

(5.21 R = Ph). The authors believed they existed in an equilibrium and the indium bound 

acid chloride provided an alternate pathway for Friedel-Crafts reaction (from 5.21 to 

5.17).   

Scheme 5.7 Friedel-Crafts reactions with t-butyl esters 
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5.3 Reaction optimization 

From our work in oxyacylation reactions with salicylate esters, we noticed the formation 

of ketones 5.4 became dominant when reactions were carried out with bulky phosphine 

ligands. Based on this observation, selected phosphine ligands were examined for the 

ketone synthesis. Di(tert-butylphosphino)-1,1’-binaphthyl (L3) was identified as an 

excellent ligand for this reaction. Reaction of 5.6 with 5% [Ir(cod)OMe]2 and 12% of L3 

led to a ~ 87:13 of product 5.4:SM ratio (Scheme 5.8).* The regioisomeric ratio was 

about 12:1, favoring 5.4. Trace amount of methyl salicylate was observed (~2-3%). 

Similar observation has been noted in our previous studies of the oxyacylation reaction 

where [Ir(cod)OMe]2 was the catalyst (see Chapter 4 for details). 

Reactions with 2-di-tert-butylphosphino-2',4',6'-triisopropylbiphenyl (L2) led to 62% 

conversion (regioisomer ratio 6:1). Interestingly, 2,2’-bipyridine ligand (L1), an excellent 

ligand for borylation of arenes via C–H activation with iridium catalysts, did not work in 

our system, the starting material 5.6 was recovered unchanged.  

                                                 

* The mixture of products, unfortunately, could not be separated from the starting material by 
chromatography, thus isolated yields were not reported. Product:SM ratio was determined by 1H NMR 
integration of the crude product mixture. 
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Scheme 5.8 Ligand Optimization 

 

Ketone 5.4 was be observed in a reaction using [Ir(cod)OMe]2 /L3 combination at 130 oC; 

however, the conversion was low (~20% product). The minor 5.5 did not form in 

quantifiable amount, thus the regioisomeric ratio could not be determined. When the 

reaction temperature was increased to 180 oC, the regioisomer ratio decreased 

significantly (5.4:5.5 = 3.8:1). The conversion, on the other hand, did not.   

In terms of the leaving group, methyl salicylate 5.22 did not react under the same reaction 

conditions. Perhaps the methoxy group is a poor leaving group compare to the phenoxy 

group in 5.6. We then decided to investigate p-nitrophenyl salicylate (compound 5.23); 

unfortunately, only trace amounts of the product were obtained. More data is required in 
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order to understand the leaving group effect. Our plan is to study substrate type 5.24 in 

order to find the best leaving group for this reaction. 

 

 

5.4 Mechanistic considerations 
 

There are two possible mechanisms for this reaction: i) a metal-assisted Friedel-Crafts 

reaction and ii) a cross-coupling reaction involving a tandem C–O activation and C–H 

functionalization processes.  

In a Friedel– Crafts mechanism, the acyl group could be activated by the iridium catalyst 

via a bidentate coordination intermediate 5.25 or could go through acyl C–O bond 

activation intermediate 5.26 (Scheme 5.9). Electrophilic aromatic substitution of these 

activated acyl groups with m-xylene would lead to the ketone products.  
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Scheme 5.9 Proposed intermediates in the Friedel-Crafts mechanism 

 

This mechanism, however, cannot explain the unusual regioselectivity of the major 

product 5.4. Electrophilic aromatic substitution of m-xylene would give the 1,2,4-

product. For example, in the reaction between m-xylene with benzoylchloride 5.27, 

ketone 5.28 was obtained in 92% yield (Scheme 5.10).126 The 1,2,3-isomer 5.29 was 

obtained in minor quantity (8%); however, the 1,3,5-regioisomer product was not 

observed.  

Scheme 5.10 Friedel-Crafts reaction with m-xylene 
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When m-xylene reacts with t-butyl chloride (Friedel-Crafts alkylation reaction), the 1,3,5-

product is obtained as the major product,127 however, similar steric control has never 

been reported for an acylation reaction.  In fact, even with bulky acylating agents such as 

duroic acid 5.15, the 1,2,4-regioisomer, compound 5.16 is the only observed product 

(Scheme 5.11).128  

Scheme 5.11 Friedel-Crafts acylation of m-xylene and duroic acid 

 

The unusual regioselectivity of this reaction prompted us to look for alternate 

explanation. Interestingly, we found a great similarity between our transformation and the 

borylation of arenes catalyzed by iridium catalysts.129 

In 2002, Smith, Maleczka and co-workers reported a combination of (Ind)Ir(cod) (Ind = 

η5-C9H7) and trimethyl phosphine (L:Ir = 2:1) catalyzed the borylation reaction between 

arenes and HBpin.13 The reaction of benzene and HBpin occurred at 150 oC to give 

PhBpin (88%) after 18 h. Bidentate phosphine such as 1,2-bis(dimethylphoshino)ethane 

(dpme) or 1,2-bis(diphenylphosphino)ethane (dppe) (L: Ir = 1:1) were shown to be even 

more effective (95% after 2 h). Monosubstituted arenes gave a mixture of 1,3- and 1,4- 

products.  The borylation of 1,3-disubstituted arenes provided the 3,5-disubstituted aryl 

boronate estes in excellent yields (Scheme 5.12). 
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Scheme 5.12 Borylation of 1,3-disubstitured arenes with HBpin 

 

Also in 2002, Ishiyama, Miyaura and Hartwig reported the borylation of arenes catalyzed 

by [Ir(cod)Cl]2 or [Ir(cod)OMe]2 with bipyridine type ligands (2,2’-bipyridine or 4,4’-di-

tert-butyl-2,2’-bipyridine (dtbpy)). The iridium catalysts containing bipyridine 

derivatives were more reactive than those containing phosphine ligands. The combination 

of [Ir(cod)Cl]2 and 2,2’-bipyridine catalyzed the borylation reaction in the presence of 

excess arenes under mild conditions (80 oC).12 The regioselectivity for this reaction, 

similar to the reactions with phosphine ligands reported by Smith and Maleczka, were 

controlled by steric effects. Both electron-rich and electron-poor monosubstituted arenes 

underwent smooth reaction to produce a mixture of meta- and para- products in 

approximate 2:1 ratio (statistical ratio). The ortho- isomer was not detected. Borylation of 

1,3-disubstituted arenes as expected, gave the 3,5 disubstituted aryl boronate esters. The 

reaction with m-xylene is shown in Scheme 5.13. The product 5.32 was obtained in 86% 

yield. The regioselectivity corresponded to the major product in our acylation reaction.  

Scheme 5.13 Iridium catalyzed borylation reaction with m-xylene 
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The same group later reported the use of [Ir(cod)OMe]2 and dtbpy ligand allowed 

borylation reactions to be performed at room temperature with a 1:1 molar ratio of arene 

to boron reagent.16 The reactions were carried out in a non-polar solvent (hexane). 

The mechanism for this reaction has been studied by Hartwig and co-workers. Complex 

[Ir(dtbpy)(η2-coe)(Bpin)3] (5.33) was independently synthesized and was shown to 

effectively catalyze the borylation reaction. Mechanistic studies based on this complex 

led to proposed catalytic cycle as shown in Scheme 5.14. Dissociation of cycloctene from 

complex 5.33 gave to the 16-electron, trisboryl iridium complex 5.34. This complex was 

believed to be the active catalyst in the reaction. Coordination of the arene and 

subsequent oxidative addition of the aryl C–H bond create iridium (V) complex 5.35. 

Primary isotope effects were observed for reaction with benzene and 1,2-

dichlorobenzene, indicating C–H bond activation was the turn-over limiting step in this 

catalytic cycle. Reductive elimination from this Ir(V) intermediates forms the product 

(PhBpin) and iridium (III) complex 5.36. A combination of oxidative addition of B2pin2 

and reductive elimination to form B-Hpin would then regenerate the active catalyst. The 

authors also proposed a possibility of the sigma-bond metathesis between 

[Ir(dtbpy)(Bpin)3] and Ph-H as an alternate mechanism for C–H activation. No evidence 

was reported to differentiate between these two processes. 129,130,131 

Mechanistic studies by Smith and Maleczka on (Ind)Ir(cod)/phosphine system also 

indicated a similar finding:  C–H activation  is most likely to occur with an Ir(III) 

intermediate and not Ir(I).13 
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Scheme 5.14 Mechanism for iridium catalyzed borylation of arenes 

 

 Based on the similarity between the borylation of arenes and our reaction, our proposed 

mechanism is shown in Scheme 5.15. In the presence of a phosphine ligand, the catalyst 

reacts with phenol group in substrate 5.6 to create intermediate 5.37.109 This iridium (I) 

complex undergoes acyl C–O bond activation, giving intermediate 5.38.  It is most likely 

that this is a reversible step. Ligand exchange of 5.38 would bring a m-xylene molecule 

to coordinate to the iridium center. C–H bond functionalization could occur via C–H 

activation to give an iridium (V) intermediate, followed by reductive elimination to yield 

phenol and iridium (III) complex 5.40. An alternate mechanism would be sigma-bond 

metathesis, which directly gives phenol and intermediate 5.40. Reductive elimination 
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from this intermediate affords iridium (I) intermediate 5.41, which undergoes a proton 

exchange to give the final product 5.4 and regenerate the catalyst. The C–H 

functionalization step, as discussed in the borylation reaction, is controlled by steric 

effects, thus the 1,3,5-regioisomer is the major product. 
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Scheme 5.15 Proposed mechanism 
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5.5 Conclusion and future work 
 

Although in a very early stage of development, the reaction of salicylate esters with 

arenes represents a novel approach to aromatic ketones. The advantages of the method 

reside with its simple starting materials. Esters can be easily prepared and usually stable 

in reaction conditions without the need of protecting group. The directing group (OH) is 

simple and versatile in synthesis. This reaction also provides a pathway to the 3,5-

disubstituted aromatic ketones, which are typically inaccessible from Friedel-Crafts 

acylation reactions with electron neutral or electron rich aromatic compounds.    

The disadvantages of the current conditions are the reaction temperature (170 oC) and the 

need to use excess aromatic hydrocarbons. In the near future, we will focus on 

developing milder conditions which can be easily applied to a broad substrate scope. As 

can be seen in the case of borylation of arenes, C–H activation occurs at very mild 

conditions (room temperature) with a proper choice of ligand. Our plan is to continue 

searching for a new catalyst/ligand combination to achieve similar efficiency.  

For a long time, the acyl C–O bond activation of an ester has received little attention in 

the synthetic community due to the difficulty associated with the acyl metal complex 

intermediates. With the pioneering work by Yamamoto, Murai, Chatani and others, 

methodologies involving this process have been developed. Our work in the past five 

years have contributed two additional entries to the list of reactions:  the oxyacylation 

reaction of alkenes and the coupling reaction with arenes to synthesize aromatic ketones 

(Scheme 5.16). Our work clearly demonstrated that acyl C–O bond activation can be 

utilized in effective manners to afford valuable products (β-alkoxy ketones and aromatic 

ketones). We envision that these methodologies will find applications in target directed 

syntheses in the near future.   
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Scheme 5.16 Methodologies involving acyl C–O bond activation of an ester 
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5.6 Experimental Section 
 
General Details: All reactions involving moisture/air sensitive components were carried 

out using flame-dried glassware under a nitrogen atmosphere using freshly distilled 

solvents. Dichloromethane was distilled over calcium hydride before use. * Anhydrous m-

xylene was degassed by bubbling a stream of argon through the liquid in a Strauss flask 

and then stored in a nitrogen-filled glove box. Iridium catalyzed reactions were carried 

out in a Vacuum Atmospheres nitrogen filled glove box in 1 dram vials with PTFE lined 

caps and heating was applied by aluminum block heaters. Phosphine ligands and other 

chemicals were purchased from commercial sources (Sigma-Aldrich, Acros, TCI, etc) 

and used as received. [Ir(cod)OMe]2 catalyst was synthesized from IrCl3 in 2 steps 

according to a known procedure.† This complex is also available from Strem or Sigma-

Aldrich. 

 

Analytical thin layer chromatography (TLC) was carried out using 0.25 mm silica plates 

from Silicyle.  Eluted plates were visualized first with UV light and then by staining with 

ceric sulfate/molybdic acid or potassium permanganate/potassium carbonate. Flash 

chromatography was performed using 230–400 mesh (particle size 0.04–0.063 mm) silica 

gel purchased from Silicyle unless otherwise indicated. 1H NMR (300 and 500 MHz) and 
13C NMR (75 and 125 MHz) spectra were obtained on Varian FT NMR instruments.  

Chemical shifts are reported as δ in units of parts per million (ppm) downfield from 

tetramethylsilane using the residual solvent signal as an internal standard: chloroform-d, 

(1H NMR  δ 7.26, singlet; 13C NMR δ 77.0 triplet); methanol-d4, (13C NMR δ 49.15 

septet). 1H NMR coupling constants were reported in Hz; multiplicity was indicated as 

follows: s (singlet); d (doublet); t (triplet); q (quartet); quint (quintet); m (multiplet); dd 

(doublet of doublets); ddd (doublet of doublet of doublets); dddd (doublet of doublet of 

doublet of doublets); dt (doublet of triplets); td (triplet of doublets); ddt (doublet of 

doublet of triplets); app (apparent); br (broad).  Infrared (IR) spectra were obtained as 

                                                 
* Argamengo W. L. F.; Chai C. L. L. Purification of laboratory chemicals, 5th ed.; Elsevier, 2003.  
† Herde, J.L.; Lambert, J. C.; Senoff, C. V. Cushing, M. A. Inorg. Synth. vol 15, 18-20. Uson R.; Oro L. A.; 
Cabeza J. A.; Bryndza H. E.; Stepro M. P. Inorg. Synth. vol 23, 126-128. 
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films from CH2Cl2. Low-resolution mass spectra (LRMS) in EI or CI experiments were 

performed on a Varian Saturn 2200 GC-MS system, and LRMS and high-resolution mass 

spectra (HRMS) in electrospray (ESI) experiments were performed on a Bruker BioTOF 

II. 

 

Synthesis of salicylate esters:  

 

 
 

Synthesis of phenyl salicylate esters 5.6: Prepared using general procedure for 

synthesizing esters (Chapter 4 Experimental Section), starting with salicylic acid (0.552 

g, 4.0 mmol) and phenol (0.282 g, 3.0 mmol) N,N’-dicyclohexylcarbodiimine (1.03 g, 5.0 

mmol), 4-(dimethylamino)pyridine (0.049 g, 0.4 mmol) afforded 5.6 (0.413g, 1.92 mmol, 

64%). Rf = 0.65 (10% EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 10.57 (s, 1H), 8.11 

(dd, J = 8.0, 1.2 Hz, 1H), 7.61 – 7.52 (m, 1H), 7.48 (t, J = 7.7 Hz, 2H), 7.34 (dd, J = 10.7, 

4.2 Hz, 1H), 7.25 (dd, J = 8.2, 0.7 Hz, 2H), 7.08 (dd, J = 8.4, 0.5 Hz, 1H), 7.03 – 6.97 (m, 

1H); 13C NMR (75 MHz, CDCl3) δ 168.8, 162.1, 149.9, 136.3, 130.3, 129.5, 126.3, 

121.6, 119.4, 117.7, 111.7. This compound can also be purchased from commercial 

sources (i.e. Sigma-Aldrich). 
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Synthesis of p-nitrophenylsalicylate ester 5.8: Prepared using general procedure of 

synthesizing esters, starting with salicylic acid (0.552 g, 4.0 mmol) and p-nitro-phenol 

(0.417 g, 3.0 mmol) N,N’-dicyclohexylcarbodiimine (1.03 g, 5.0 mmol), 4-

(dimethylamino)pyridine (0.049 g, 0.4 mmol) afforded 5.8 (0.5352g, 2.06 mmol, 68% 

colorless solid). Rf = 0.44 (10% EtOAc/Hex); 1H NMR (300 MHz, CDCl3) δ 10.22 (s, 

1H), 8.36 (dd, J = 5.4, 3.8 Hz, 2H), 8.06 (dd, J = 8.0, 1.7 Hz, 1H), 7.65 – 7.53 (m, 1H), 

7.42 (d, J = 9.0 Hz, 2H), 7.07 (d, J = 8.4 Hz, 1H), 7.00 (t, J = 7.6 Hz, 1H); 13C NMR (75 

MHz, CDCl3) δ 167.9, 162.4, 154.7, 145.4, 137.2, 130.3, 125.4, 122.7, 119.7, 118.1, 

111.0. 

 

Procedure for synthesis of ketones 5.4 via C–O/C–H activation: 

 

In a nitrogen filled glove box, a 1 dram vial was charged with racemic di-tert-butyl-2-(di-

tert-butylphosphino)-1,1′-binaphthyl (4.8 mg, 0.012 mmol). A freshly prepared solution 

of [Ir(cod)OMe]2 (3.3 mg, 0.005 mmol) in 0.4 mL of xylene was transferred. A solution 

of phenyl salicylate ester (0.1 mmol, 21.4 mg) in 0.4 mL m-xylene was added followed 
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by 0.2 mL m-xylene*. The mixture was maintained at 170 °C for 24 h. The reaction vial 

was then removed from the glove box and the reaction mixture was concentrate. The 1H 

NMR of the crude mixture indicated a ratio of 5.4:5.6 = 87:13 (by integration of the 

aromatic H ortho to the ester in 5.6 (8.11 ppm) and corresponding H in 5.4 (7.61 ppm)). 

The regioisomeric ratio was estimated by the integrations of the phenol OH signals 

(5.4:5.5 ~ 12:1). Attempts to separate the mixture by column chromatography or prep 

TLC were not successful. A mixture of starting material 5.6 and the two products 5.4 and 

5.5 was obtained.  

Independent synthesis of ketone 5.4 

 

Synthesis of S2: To a solution of 1,3-dimethylbromobenzene (1.36 mL, 10 mmol)  in 20 

mL anhydrous THF was added n-butyl lithium 2.5M in hexanes (4.0 mL, 10 mmol) at -78 

°C under N2 atmosphere. The mixture was stirred for 10 minutes before a solution of 2-

methoxybenzaldehyde S1 (5.81 g, 24 mmol) in 5 mL dry THF was added. The solution 

was allowed to warm to room temperature and stirred for 24 h. The reaction mixture was 

cooled in an ice bath and was acidified by aqueous HCl 1M (till pH = 1-2). Organic 

                                                 
* For rinsing purpose when applicable 



 

 187 

solvent was removed. The resulting mixture was extracted with EtOAc (3 x 40 mL). The 

combined organic layers were washed with brine, dried over Na2SO4, and concentrated. 

The crude mixture product was purified by flash column chromatography (5% 

EtOAc/Hex) to afford S2 (1.04 g, 4.3 mmol, 86%). 1H NMR (300 MHz, CDCl3) δ 7.27 – 

7.19 (m, 2H), 6.99 (s, 2H), 6.94 (m, 2H), 6.92 – 6.84 (m, 2H), 6.00 (d, J = 5.2 Hz, 1H), 

3.83 (s, 3H), 2.94 (d, J = 5.2 Hz, 1H), 2.28 (s, 6H). 

 

Synthesis of S3: The alcohol S2 (1.04 g, 4.29 mmol) was dissolved in DMSO (30 mL). 

IBX (1.44 g, 5.2 mmol) was added and the resulting mixture was stirred at room 

temperature for 1 h. Isopropanol (0.4 mL) was added and the mixture was stirred for an 

additional 1 h to quench the excess IBX. H2O (200 mL) and EtOAc (50 mL) were added. 

The insoluble materials were removed by vacuum filtration. The layers were separated 

and the aqueous layer was extracted with additional EtOAc (2 x 30 mL). The combined 

organic layers were washed with brine, dried over Na2SO4 and concentrated. The crude 

mixture was purified by flash column chromatography (5% EtOAc/Hex) to afford S3 

(colorless liquid, 0.81 g, 3.38 mmol, 79%). Rf = 0.57(20% EtOAc/Hex);  1H NMR (300 

MHz, CDCl3) δ 7.50 – 7.39 (m, 3H), 7.32 (dd, J = 7.5, 1.7 Hz, 1H), 7.19 (s, 1H), 7.08 – 

6.96 (m, 2H), 3.74 (s, 3H), 2.34 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 196.7, 157.2, 

137.8, 137.7, 134.7, 131.5, 129.3, 129.1, 127.6, 120.3, 111.4, 55.6, 21.1. 

 

Synthesis of 5.4: To a solution of ethanethiol (0.3 mL, 4 mmol) in 2 mL DMF was added 

NaH (96 mg, 4 mmol) at 0 oC. The mixture was stirred for 10 minutes before a mixture of 

S2 (0.24g, 1 mmol) in 2 mL DMF was added. The reaction mixture was refluxed for 2 h 

(160 oC) under N2 atmosphere. The reaction mixture was cooled in an ice bath and 

aqueous HCl (1M) was added slowly until pH ~ 4. H2O (100 mL) and Et2O (20 mL) were 

added. The layers were separated and the aqueous layer was extracted with Et2O (2 x 20 

mL). The combined organic layers were washed with water (50 mL), aqueous LiCl 2M (2 

x 20 mL), brine, dried over MgSO4, and concentrated. The crude mixture was purified by 

flash column chromatography (5% EtOAc in Hex) to afford 5.4 (colorless liquid, 0.204 g, 

0.9 mmol 90%). Rf = 0.78 (20% EtOAc/Hex); 1H NMR (500 MHz, CDCl3) δ 12.07 (s, 
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1H), 7.61 (dd, J = 8.0, 1.7 Hz, 1H), 7.50 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H), 7.27 (d, J = 0.5 

Hz, 2H), 7.22 (d, J = 0.5 Hz, 1H), 7.07 (dd, J = 8.4, 1.0 Hz, 1H), 6.88 (ddd, J = 8.1, 7.3, 

1.2 Hz, 1H), 2.39 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 202.1, 163.11, 138.0, 137.9, 

136.1, 133.7, 133.5, 126.8, 119.2, 118.5, 118.2,  21.2; IR (thin film) 3052, 2918, 1626, 

1597, 1484, 1338, 1270; HRMS (ESI) calcd for [C15H14O2 + Na]+ 249.0886, found 

249.0889. 
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