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Abstract 

Carboxylate C–O bonds are atom-economical, robust in synthesis, and easily accessible, 

but have traditionally been ineffective synthetic handles for Pd catalysis. In this thesis the utility 

of these cross-coupling handles in Pd catalysis has been established. As global climate issues 

necessitate an alternative to oil-based processes, the development of Pd-catalyzed C–O bond 

activation chemistry, such as the chemistry explored in this thesis, has the potential to aid in 

biomass becoming a common future feedstock.  

This thesis is divided into three research chapters. Firstly, we evaluated the mechanism 

of an air-stable, base-free, Pd-catalyzed cross coupling of enol carboxylates and aryl boronic acids 

that was first developed within the Leitch Lab. This experimental evaluation uncovered key 

intermediates that allowed us to propose a cationic Pd(II)-only mechanism. Secondly, the 

knowledge gained in evaluating the mechanism was applied to Miyaura borylation of various enol 

carboxylates. In this study we uncovered that the nature of the enol carboxylate and the boron 

source greatly impacted the reactivity in the initial synthesis as well as any future desired 

reactivity of the enol boronate. Finally, by identifying active pharmaceutical ingredients, 

specifically pyrido[1,2-a]pyrimidin-4-ones, that could be used in future C–O activation chemistry, 

we  systematically approached their synthesis to create and characterize a library of substituted 

molecules. We demonstrated that we could functionalize these molecules with both pivalate and 

tosylate synthetic handles. Because the fundamental reactivity of these carboxylate C–O bonds 

is established, these three chapters have created myriad potential research projects that are 

discussed in Chapter 5.  
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Chapter 1: Introduc9on 

1.1: Pd-Catalyzed Cross-Coupling Chemistry 

1.1.1 History of Cross-coupling 

Cross-coupling, the chemistry of covalently joining two distinct molecular entities through 

a reaction involving their respective synthetic handles,1 can be seen throughout the chemical 

literature today. Although often thought of as transition metal-catalyzed,2 these reactions can 

also be organo-catalyzed,3,4 photo-redox catalyzed,5,6 or even stoichiometrically metal 

mediated.7,8 While all cross-coupling has utility, this thesis will focus on group 10 transition metal-

catalyzed cross-coupling reactions.  

Transition metal-catalyzed cross-coupling are generally thought of as the metal-catalyzed 

reactions of carbon-based nucleophiles and organo(pseudo-)halide electrophiles to form carbon-

carbon and carbon-heteroatom bonds. Originating in the 1970’s with seminal work from Kochi 

who reported the use of iron salts facilitating the combination of Grignard reagents and alkenyl 

halides.9,10 This work was inspired by observations from the 1940’s where first-row transition 

metal salts act as catalysts for homocoupling of Grignard reagents in the presence of aryl or alkyl 

halides.11 Despite the small progression in those 30 years, the field of cross-coupling would soon 

balloon to be the considered one of the most important synthetic chemistry methods, being 

utilized in industrial quantities for production of pharmaceuticals,12 agrochemicals,13 and organic 

materials manufacturing.14 While many metals have facilitated these reactions,15–18 palladium 

(Pd), located in group 10 on the periodic table, quickly rose to prominence as the ease of use and 

high productivity surpassed other studied metals.2 This is principally due to the well-behaved 
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two-electron organometallic reactivity of Pd that enables catalytic reaction mechanisms.19 Pd is 

also reluctant to engage in radical one-electron processes which often complicate reliability and 

mechanism elucidation. The proliferation of these Pd-catalyzed reactions resulted in the just 

awarding of the Nobel prize to Richard Heck, Ei-ichi Negishi, and Akira Suzuki in 2010.20  

Pd has become the catalysis workhorse of industrial chemistry. Although there has been 

considerable effort to divert production to more earth-abundant metals such as nickel,21–23 

iron,24–26 cobalt,27,28 and copper,29–31 Pd continues to dominate the industrial and academic 

catalyst landscape as it continues to be ubiquitous in number of reactions. These include the 

Suzuki-Miyaura reaction,32 Mizoroki-Heck reaction,33,34 Sonogashira coupling,35 Buchwald-

Hartwig amination,36–38 Miyaura borylation reaction,39 Stille coupling,40,41 Negishi coupling,42 

Kumada coupling,43,44 Hiyama coupling,45 and Murahashi coupling (Figure 1.1).46 These cross-

coupling reactions are defined by the synthetic handle they utilize to react with a suitable 

organo(pseudo-)halide reactant. For instance, the Suzuki reaction is when an organo(pseudo-

)halide reacts with a boronic acid or ester to form a new carbon-carbon bond. Since Suzuki and 

Miyaura’s discovery of this reaction in 1981, the reaction has become (as of 2014) the second 

most utilized reaction in medicinal chemistry as it can reliably add pre-functionalized aryl groups 

to a number of organo(pseudo-)halides.47 This reliability has influenced molecular design, as the 

ease of use has prompted the addition of aryl groups to be used for convergent reaction design 

for a number of molecules.48 Diversification of coupling partners is now being addressed by a 

number of groups as molecular designers create cross-coupling reactions for bioisosteres such as 

bicyclo-containing fragments.49–51  
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Figure 1.1: Common Pd-catalyzed cross-coupling reac:ons 

1.1.2 Mechanisms of Pd-Catalyzed Cross-Coupling Reac>ons 

Mechanisms of Pd-catalyzed cross-coupling reactions have been studied extensively 

throughout the literature.52–57 Generally, once the precatalyst is initiated through an activation 

step, these catalytic reactions proceed through three fundamental organometallic steps: 

oxidative addition, transmetalation, and reductive elimination in a Pd(0)/Pd(II) catalytic cycle 

(Figure 1.2).  The electrophile oxidatively adds to the unsaturated Pd(0) catalyst, followed by the 

nucleophile transmetalating, and finally reductively eliminating the product and regenerating the 

unsaturated Pd(0) catalyst. 
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Figure 1.2: Common Pd(0)/(II) Cataly:c Cycle involving oxida:ve addi:on, transmetala:on, and reduc:ve 

elimina:on 

Oxidative addition plays a central role in many catalytic reactions.58 Generally, the step 
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metal complex has a relatively low oxidation state.59,60 The resulting complex has an oxidation 

state two units higher than before, the metal complex coordination number increases by two, 
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addition. Both the ability of the metal centre and the affinity of the respective substrate can be 

tuned to increase or decrease the rate of oxidative addition. While oxidative addition and 

reductive elimination are often seen as equal and opposite processes, another intervening step 

is required to create a productive catalytic cycle.  

Transmetalation is the process where substituents are exchanged between two metal 

centres.66,67 Commonly, these reactions are thermodynamically driven as negatively charged 

ligands tend to prefer electropositive metals and alkyl/aryl groups tend to prefer larger metals.60 

These reactions can involve neutral metals, but a large subset of transmetalations are metathesis 

reactions, where one of those metals is bonded to a (pseudo-)halide. When these reactions 

generate a salt, they are called salt metathesis reactions. Transmetalations can proceed through 

a four-centered transition state,60 but Denmark and coworkers have put considerable effort into 

identifying key short-lived intermediates in Suzuki chemistry that proceed through tri- or tetra-

substituted boron complexes.68–70   

Reductive eliminations are the opposite of oxidative addition reactions, where the 

oxidation state decreases by two units, the metal complex coordination number decreases by 

two, and the metal’s electron count decreases by two.60,71,72 Due to the principle of microscopic 

reversibility, the factors that affect reductive elimination are the same as oxidative addition, 

except now these factors have the opposite effect.  

The key to creating a viable catalytic cycle is having a system where oxidative addition 

and reductive elimination are both viable.73 If oxidative addition is too favoured, the catalyst may 

not effectively reductively eliminate, and vice versa. Therefore, the goal remains to create 
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systems that allow the catalytic cycle to effectively turn over through tailoring of the metal centre 

and substrates involved. Four cross-coupling reactions are of particular importance to this thesis, 

the Pd-catalyzed Suzuki reaction, oxidative Heck reaction, conjugate addition reaction, and 

Miyaura borylation reaction (Figure 1.3).  

 

Figure 1.3: Pd-catalyzed cross-coupling mechanisms 
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also been found to accelerate the reductive elimination through a hydroxide bound Pd 

intermediate.74  

The oxidative Heck reaction (Figure 1.3b) begins with a transmetalation of the boron 

containing species to the neutral Pd(II) centre, before binding the alkene in a migratory 

insertion.75 At this point the cationic Pd(II) substrate beta-hydride eliminates to form the product 

and a neutral Pd(II) product. This Pd(II) product then reductively eliminates HX, before an external 

oxidant regenerates the active Pd(II) catalyst. Oxidants commonly used are silver salts,76,77 copper 

salts,78,79 and dioxygen,80,81 while many other exist as well.82–84  

Pd-catalyzed conjugate addition reactions (Figure 1.3c) begin similarly to the oxidative 

Heck in that they start with a transmetalation of the boron containing species to the Pd centre, 

but differ in that they utilize a cationic Pd species throughout the reaction. The alkene then 

performs a migratory insertion that, in this case, may be assisted via substrate association by the 

carbonyl.85 The Pd-containing product is then in equilibrium between the C-bound and O-bound 

tautomer, where the O-bound tautomer can be protonated to form the product and the active 

on-cycle cationic Pd(II) catalyst. 

Miyaura borylation reactions begin with an oxidative addition involving a Pd(0) source 

(Figure 1.3d). A ligand substitution by the base then creates a Pd(II) intermediate with a ligand 

that can undergo transmetalation with the diboron source.86 This step may also involve an 

associative precomplexation of the diboron species.87 The low energy boron byproduct formed 

again helps to drive the reaction forward. Once that boron handle is installed, the Pd reductively 

eliminates to give the desired product and the active Pd(0) catalyst.  
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These reactions share many of the same fundamental organometallic steps, while 

differing in order as well as the charge on the Pd centre with respect to the reactive components. 

Ultimately, they all achieve the goal of forming new carbon-carbon or carbon-heteroatom bonds 

through Pd-catalyzed cross-coupling reactions. Many of the seminal publications for these 

reactions began with investigations of coupling organohalides to other components, but 

economics, molecular-stability, and green chemistry principles have prompted chemists to 

search for suitable alternatives that are termed pseudohalides.88   

1.2 C–O Bond Ac?va?on with Pd  

1.2.1 Pseudohalides as Efficient, Green, and Economic Alterna>ves 

Pseudohalides, as the name suggests, act in cross-coupling as an alternaVve to the well-

studied halides. Unfortunately, many of these pseudohalides form toxic waste that would be ideal 

to avoid.89 Specifically, fluorinated sulfonates, although olen seen as a very reacVve subsVtute, 

are the worst culprits for waste stream toxicity.90 C–O bond acVvaVon has habitually been defined 

by reacVons with triflates, but other groups such as nonaflates, fluorosulfonates, tosylates, and 

mesylates can also be referred to as pseudohalides.90 These funcVonal groups have been uVlized 

catalyVcally with Pd and highlighted by a 2020 review by Zhou and Szostak.90 Figure 1.4 

summarizes the reacVvity trends; notably, as of 2020 carboxylate esters were considered as “inert 

under Pd catalysis.” Although the Leitch group had demonstrated oxidaVve addiVon of aryl C–O 

bonds was possible with Pd in 2020,91 establishing broad reacVvity had yet to be achieved and 

therefore became the subject of this thesis.  
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Figure 1.4: Pd reac:vity of C–O bond containing pseudohalides, originally published in 2020. 
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barrier to unacVvated C–O cleavage. While this reacVvity has been expanded thoroughly to react 

in an enanVospecific way, termed Asymmetric Allylic AlkylaVon (AAA chemistry),101 this reacVon 

is beyond the scope of this thesis and will not be reviewed.  

Alkenyl carboxylates are a compelling subsecVon of C–O bonds, as they had been thought of 

as near unreacVve in cross-coupling. However, alkenyl carboxylates – acetates and pivalates 

specifically – are an economic, less toxic, mass efficient source of non-aromaVc funcVonality that 

can be easily accessible by O-acylaVon of ketones.89,90,102 Some reacVvity could be jusVfied by the 

inherent electronic properVes of the carboxylate subsVtuent where the handle’s carbonyl group 

would pull electron density away from the desired C–O bond. This can be quanVfied through the 

pKa of the funcVonal group’s acid-conjugate which has been recently used as a significant 

indicator of affinity for oxidaVve addiVon,64,103 and the carboxylate group’s acid conjugate has a 

suitably comparable pKa to other pseudohalides.  

Several research groups have used alkenyl carboxylates in cross-coupling reacVons; however, 

these reacVon require sensiVve organometallic nucleophiles or bases (Figure 1.5a).104–107 To get 

around these procedural drawbacks, other groups began coupling alkenyl carboxylates with 

boron-based compounds with the aid of a base (Figure 1.5b).108–110 The Larhed Group – with the 

help of high temperatures – and later the Leitch Group – at room temperature – explored this 

further using base-free condiVons with palladium (Figure 1.5c).102,111 The Leitch group had 

already demonstrated that the oxidaVve addiVon of palladium sources into these C–O bonds was 

possible, and selecVve.91  
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Figure 1.5: Previous methods of ac:va:on for carboxylate C–O bonds102,104–111 
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from June of 2020 to August of 2024 will therefore be conducted in order to demonstrate the 

posiVon of this work within the academic literature.  

1.2.2 Review of Recent Literature 
C–O acVvaVon by Pd has been dominated by the use of the triflate funcVonal group 

despite problems with its stability as well as notable downsides to its atom and fiscal economic 

costs.114 Cross-coupling using triflate handles is a well-established field on its own,115–121 as they 

have become ubiquitous subsVtutes for halides as their slight difference in reacVvity allows for 

mulV-funcVonalizaVon of single aromaVc rings.122–124 Phenols or other alcohol derivaVves are the 

natural precursor to these triflates,125 which could be funcVonalized by a surplus of procedures 

to form less toxic, less fluorinated, and more stable cross-coupling handles.126 The use of these 

other C–O handles such as phosphates, sulfamates, esters, and ethers in Ni catalyzed reacVons is 

well established,96,126–131 but these syntheVc handles have not seen the immense spotlight in Pd 

chemistry.90 This secVon will expand on the review done by Zhou and Szostak covering all Pd 

catalyzed C–O acVvaVon reacVons applicable to this thesis: Suzuki, Heck, Buchwald-Hartwig, 

Sonogashira, and borylaVon chemistry for the period of June of 2020 to August of 2024. The 

review will be formahed by funcVonal group handle (Figure 1.6). 
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Figure 1.6: Func:onal groups discussed in this sec:on 
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Figure 1.7: a) Ligand exchange reac:on on mesylate containing OAC, b) Microwave assisted Suzuki coupling of aryl 

mesylate and phenylboronic acid. 
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across the scope evaluated, although modest yields were sVll achieved (27 – 74 %). The authors 

revealed incomplete reacVons and homocoupling as the dominant issues of this funcVonal group.   

 

Figure 1.8: a) Novel Suzuki cross-coupling of aryl nosylates and phenyl diethanolamine boronates, b) Compara:ve 

reac:vity of aryl oxysulfones when reacted in a Suzuki reac:on with aryl boronic acids. 
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arylated the C5 posiVon effecVvely with 16 unique aryl boronic acids using both the methyl and 

ethyl sulfamate derivaVves and demonstrated that this is an effecVve methodology for late stage 

funcVonalizaVon. In 2023, the Nicasio group expanded the sulfamate reacVvity to Buchwald-

Hartwig coupling using their recently reported Pd precatalyst (Figure 1.9b).145,146 In their report 

they found that 1:1 (v/v) mixture of t-BuOH and H2O was a necessary polar proVc solvent system 

to achieve high yields. With this procedure they were able to couple aryl sulfamates to anilines, 

primary alkyl amines, primary amides, secondary amines, heteroaryl amines, and N-heterocycles. 

Using DFT studies they found the rate-limiVng step to be the oxidaVve addiVon of the Pd source 

into the desired C–O bond, reaffirming that this syntheVc handle has its limitaVons.  

 

Figure 1.9: Expanded Suzuki reac:vity to sulfamate func:onalized oxazoles, b) Buchwald-Hartwig coupling of aryl 

sulfamates and anilines, alipha:c amines, and amides. 
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towards hydrolysis.147 Recent developments include a Suzuki method published by the Jeon group 

where 1-(t-butyldimethylsilyl)-2,2-difluoroethenyl tosylate or 1-aryl-2,2-difluoroethenyl 

tosylates, were reacted with subsVtuted arylethenylboronic acids to produce aryl and fluorine 

subsVtuted dienes.148 Where work with this handle has expanded considerably in the recent past 

is with cross-electrophile, either tosylate/tosylate, or tosylate/triflate, coupling reacVons 

facilitated by bimetallic Ni/Pd catalyVc systems.149–151 The Weix group in 2020 published a report 

detailing a cross-Ullmann coupling reacVon where the Pd inserts into the triflate C–O bond and 

the Ni inserts on the tosylate C–O bond to create two separate catalyVc systems connected 

through a Zn reductant cycle (Figure 1.10).149 This was followed up in 2022 by Zhang and Lian who 

expanded the reacVvity to include vinyl triflates and tosylates, again with both Ni and Pd with a 

Zn reductant.150 Most recently Zhang and Lian have followed their previous work with an 

aryl/vinyl coupling reacVon where in both cases the tosylate funcVonal group is uVlized.151 

Combining Pd catalysis with other transiVon metals that can more easily facilitate oxidaVve 

addiVon with difficult C–O bonds expands the scope of opVmizaVon for these reacVons and thusly 

may be an ahracVve field in the future.  
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Figure 1.10: Bimetallic Pd/Ni cross-Ullman reac:on of Aryl triflates and tosylates, hypothesized mechanism by Weix 

et al. 
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examples, the report details using both subsVtuted aryl fluorosulfonates and subsVtuted aryl 

boronic acids including gram scale reacVons.  

The Lipshutz group introduced a biodegradable surfactant synthesized from vitamin E and 

polysarcosine that they named Savie in 2023 that facilitates catalyVc reacVons in water.156 They 

went on to use this recently to perform an aqueous Buchwald-Hartwig coupling reacVon of aryl 

fluorosulfonates (Figure 1.11a).157 In addiVon to 18 examples of subsVtuted starVng materials, 

they funcVonalized 9 natural products to confirm that this methodology is suitable for late-stage 

funcVonalizaVon. Finally, they demonstrated the superiority of the fluorosulfonate handle to that 

of the triflate, bromine, or chlorine in this reacVon.  

 

Figure 1.11: a) Buchwald-Hartwig coupling with aryl fluorosulfonates in water, b) Tandem C–O/C–H ac:va:on of 

aryl fluorosulfonates with benzoxazoles and other heterocycles, c) Cyclopropana:on of aryl fluorosulfonates 
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Using benzoxazoles, they opVmized a reacVon that was also suitable for coupling subsVtuted 

phenylboronic acids with benzthiazole, benzimidazole, thiazole, and oxazole derivaVves. They 

then applied Suzuki methodology to these aryl fluorosulfonates to develop a cyclopropanaVon 

reacVon (Figure 1.11c).158 In this report they detail an in situ method where a phenol is 

funcVonalized with the fluorosulfonate funcVonal group before cyclopropanaVon in a one-pot 

method.  

 ConducVng C–O acVvaVon with phenol derivaVves has not yet been achieved with Pd. 

However, researchers are gezng around this issue by funcVonalizing the alcohol group in situ and 

immediately coupling that newly formed group using Pd. The Ding group achieved this using 

sulfuryl fluoride and trimethylboroxine (TMB) to effecVvely deoxymethylate phenols (Figure 

1.12a).160 Other methylaVng agents did not yield product. In addiVon to a large scope of 

subsVtuted aryl products, they also demonstrated the late-stage funcVonalizaVon of this method 

with 18 natural products. The Yavari group conducted a Heck cross coupling using a similar idea,161 

instead of using a oxysulfone derivaVve they used dichloroimidazolidinedione (DCID) to create a 

novel handle for cross-coupling (Figure 1.12b). This handle offers some promise as non-sulfur 

containing C–O acVvaVons sVll remain rare, unfortunately the handle retains a chlorine atom and 

is very atom inefficient.  
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Figure 1.12: a) deoxymethyla:on of phenols through a fluorosulfonate intermediate, b) Heck coupling of phenols 

with alkenes through a DCID func:onalized intermediate 
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in 2019, they have gone on to elaborate on the mechanism in 2022,163 and develop further 

precatalysts (Pd and Rh) for the reacVon in 2023.164 In their mechanism evaluaVon they uVlize 

DFT to describe a mulV-metal (Pd/Cu) acVve catalyst bridged through the acetoxy (μ–OAc) groups 

from the Cu(OAc)2. 

 Considerable effort has gone into furthering the field of C–O acVvaVon chemistry in the 

past four years. Most of this work has focused on tailoring the oxysulfonate groups to improve 

atom economy, and to reduce halogenated waste. This review has highlighted that considerable 

investment into developing these methodologies is yet to be done, and there are mulVple 

pathways forward when looking to develop C–O acVvaVon chemistry with Pd.   

1.3 Analysis Techniques 

1.3.1 Mass Spectrometry 

Mass spectrometry (MS) has become essenVal for understanding numerous facets of 

chemistry, this is due to the ability of the technique to combine sensiVve and accurate results 

with selecVve monitoring which can all be applied in a high-throughput manner.165  Across these 

fields, MS has been applied to the discovery of new molecules, structural elucidaVon and  

reacVon monitoring.166 Electrospray ionizaVon mass spectrometry (ESI-MS) in parVcular has been 

used successfully to monitor reacVons in both online and offline modes.167,168 ESI-MS is an ideal 

technique for monitoring metal-mediated catalyVc processes.169 Combining a sol ionizaVon 

process with a fast, high sensiVvity instrument with a high dynamic range lends itself extremely 

well to not only monitoring the formaVon and usage of small organic molecules, but also the 

heavy catalyVc metal centered intermediates that are indispensable for the reacVon.  
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In the offline mode, reacVons proceed for a desired period of Vme and aliquots are taken 

as necessary.170–172 These aliquots can be quenched, diluted and/or directly injected into the mass 

spectrometer. This technique has been used to discover new reacVon intermediates for years; as 

pioneering work with is exemplified by AlipranVs and Canary, who in 1994 discovered previously 

unknown reacVon intermediates in the Suzuki reacVon using ESI-MS.173 Since then, offline 

monitoring has remained an invaluable tool for discovering reacVon intermediates.174,175 

ReacVon intermediates can be so short lived that offline monitoring can be inadequate 

for detecVon. Online ESI-MS facilitates the direct injecVon of the sVrring reacVon soluVon into 

the mass spectrometer.176,177 Although undoubtedly useful, this methodology sVll remains less 

explored than its offline counterpart.  Most notably, the McIndoe group at the University of 

Victoria has popularized using pressurized sample injecVon (PSI), a modified Schlenk flask that 

pushes the reacVon soluVons into the mass spectrometer using an inert gas.179–181 This has 

proven extremely effecVve for the McIndoe group and others for monitoring reacVon 

intermediates of metal catalyzed reacVons.176,177,182–187   

1.3.2 Nuclear Magne>c Resonance  

Nuclear magneVc resonance (NMR) spectroscopy is an indispensable tool for the organic 

chemist. While 1D NMR (1H, 13C, 19F, 31P…) and standard 2D NMR (1H-13C) spectroscopies are 

ubiquitous throughout the literature, less common 2D experiments can serve an important role, 

especially in structure elucidaVon.188–190 The most common of these 2D experiments is 

heteronuclear mulVple bond correlaVon (HMBC). Developed in 1986 by Bax and Sommers,191 

these experiments exploit a pulse sequence that allow the user to see a correlaVon between spin-
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acVve nuclei two, three and someVmes four bonds apart from each other.192,193 While deciphering 

between these different bond distances is a hindrance to this method, it is sVll very useful when 

trying to establish how complexes have come together. In parVcular when using 1H-31P HMBC, 

correlaVons for phosphine ligands and nearby subsVtuents on the original metal complex can be 

observed.91,194  

1.3.2 High–Throughput Experimenta>on 

High-throughput experimentaVon (HTE) is an invaluable tool to the syntheVc chemist. The 

tradiVonal approach to screening in chemical synthesis is to alter one variable at a Vme, fixing all 

other variables, unVl a desired reacVvity is achieved. With this approach, much of the chemical 

space surrounding a reacVon remains unprobed. HTE allows for mulVple variables to be altered 

simultaneously, allowing for rapid development of a reacVvity map of the system in quesVon. This 

will reveal key trends across a large experimental space in a short period of Vme.  

Apart from sezng up the reacVon arrays, the most Vme-demanding aspect of HTE is the 

analysis.195 High- or ultra-high performance liquid chromatography (HP-LC, UP-LC) is olen the 

preferred method because reliable quanVficaVon is achieved with fast analysis Vmes (<3 minutes 

in most cases). While 1H-NMR would also be suitable for this analysis, the Vme associated with 

loading an NMR tube and conducVng the analysis (~5min), olen makes it more Vme-intensive 

compared to HPLC or UPLC.  

While commonplace in the industrial sezng,196 the cost associated to sezng up a 

laboratory for these types of experiments have undoubtedly been an impediment.197 However, 

modular, user-friendly, and cheaper systems have started being implemented into academic 
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labs.198 This has allowed academic labs to behave as mini-industrial labs, leading to numerous 

academic-industry partnerships.199 The Leitch Lab at the University of Victoria is now fully 

equipped to perform extensive HTE experimentaVon.  

1.4 Thesis Objec?ves 

As noted in the previous secVons, every aspect in a cross-coupling reacVon contributes to 

the efficiency of the desired transformaVon. The key to creaVng effecVve novel transformaVons 

is balancing these factors and criVcal to this is developing a thorough understanding. As we fixed 

one variable, the previously thought to be unreacVve aryl/alkenyl C–O bond in carboxylates, other 

factors had to compensate and therefore required ahenVon. PromoVng the use of an 

unconvenVonal funcVonal group for catalysis opens opportuniVes in numerous fields, but 

specifically, the development of C–O acVvaVon chemistry is garnering ahenVon as the world turns 

to biomass as a future common feedstock. In this context, the main objecVve of this thesis is to 

create a solid foundaVon as to how C–O acVvaVon of carboxylate groups can be understood.   

This thesis is divided into three research chapters. Firstly Chapter 2 is a mechanisVc 

evaluaVon of an air-stable, base-free, Pd-catalyzed cross-coupling reacVon that was first 

developed within the Leitch Lab.102 This would provide a solid base of understanding to acVvaVng 

C–O bonds of carboxylates. Chapter 3 will apply this mechanisVc understanding to developing 

novel Pd-catalyzed borylaVon reacVons with two boron-pinacol derivaVves. In this chapter we 

exploited the unfortunate stability of the synthesized molecules or canonically reacted a modified 

version of these synthesized molecules. Lastly in Chapter 4, we have developed a series of 
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pharmaceuVcally-relevant molecules that include our studied C–O bond and provided the iniVal 

screening of its reacVvity.  

 

Figure 1.13: Summary of Chapters 2-4. Chapter 2: An experimental evalua:on of an open to air, base-free, Pd-

catalyzed reac:on of enol carboxylates and aryl boronic acids. Chapter 3: Base-Free Palladium-Catalyzed Boryla:on 

of Enol Carboxylates and Further Reac:vity Toward Deborona:on and Cross-Coupling Chapter 4: The development 

of novel cross-coupling scaffolds for C–O ac:va:on chemistry.    

As menVoned in Chapter 1.1, tradiVonal Pd-cross-coupling reacVons go through a series 

of fundamental steps, and Suzuki reacVons typically react in the order of oxidaVve addiVon, salt 

metathesis, transmetalaVon, and reducVve eliminaVon (Figure 2). However, when looking at the 

Suzuki-like reacVon developed by the Leitch Lab, 1) there was no halide for the salt metathesis, 

2) there was no base present to conduct that salt metathesis, 3) the reacVon proceeded at 

temperatures unfavourable to oxidaVon addiVon of the strong C–O bond, and 4) the reacVon 

proceeded open to air – uncommon for this type of cross-coupling. Chapter 2 provides the 

understanding of how this reacVon could get around these seemingly evident factors. This 

chapter provides the comprehension for uVlizing these carboxylate groups in other cross-coupling 
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reacVons. Hetereo- and proteo-nuclear NMR experiments allowed us to probe the species 

created within our reacVons as well we monitor product formaVon with numerous Pd sources.  

ESI-MS granted us an ability to focus our view even smaller, and probe potenVal Pd intermediates. 

Together, these techniques allowed us to propose a mechanism that will educate future catalyst 

design.  

 When examining the established mechanism of the Miyaura borylaVon, comparisons to 

the Suzuki reacVon are easy to ascertain as they both go through the same fundamental four 

steps (menVoned previously in Chapter 1.1.2). If the salt metathesis step could be avoided in the 

previous Suzuki-like reacVvity with carboxylate funcVonal groups, one could make the hypothesis 

that the same could occur if Miyaura borylaVon condiVons were applied to the same starVng 

materials. In Chapter 3, experimentally this was found this to be the case. With the help of high-

throughput experimentaVon numerous opVmized reacVon condiVons were established. The 

generated boronic pinacol ester derivaVves proved to have varying levels of stability to base, 

where the BPin derivaVves could be hydrolyzed with weak base to form the unsubsVtuted product 

and the BEPin derivaVves could be arylated through basic (both in pH and simplicity) Suzuki 

chemistry. This chapter established that C–O bonds in carboxylates act as an effecVve handle for 

Pd-catalyzed borylaVon.  

 Recently, an important scaffold within pharmaceuVcal development has been the 

pyrido[1,2-α]pyramid-4-one (PPD) moVf. In Chapter 4, a robust and solvent-free synthesis of 

subsVtuted 2-hydroxy-PPDs was explored. This work complemented previous reports that, in our 

hands, provided inconsistent yields. Our opVmized reacVon synthesized 16 derivaVves with 
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valuable alternaVve syntheVc handles at four different posiVons within the structure. Model PPD 

substrates were then funcVonalized with carboxylates in preparaVon for future high-throughput 

screening for reacVvity in Pd-catalyzed arylaVon.  

Together this thesis tackles the development of a syntheVc handle in Pd-catalyzed cross-

coupling chemistry. From thoroughly studying it mechanisVcally, to applying this knowledge to 

develop novel transformaVons, and finally recognizing that this uVlity could be applied to react 

pharmaceuVcally acVve molecular fragments, this thesis culminates in Chapter 5 where potenVal 

future research will be explored.  
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Chapter 2: An experimental evalua9on of an open to air, base-

free, Pd-catalyzed reac9on of enol carboxylates and aryl 

boronic acids.  

This chapter, excluding sections 2.1, and parts of 2.4.1 have been reproduced from a future 

publication coauthored by: Gaube, G.; Thomas, G.T.; McIndoe, J.S.; Leitch, D.C. 

2.1: Preface 

Dr. Gilian Thomas contributed ESI-MS data with help from Gregory Gaube. All other 

experimental and characterizaVon work was conducted by Gregory Gaube. 

2.2 Abstract 

We report an experimental study of the Pd-catalyzed coupling of enol carboxylates with 

arylboronic acids, and propose a mechanism involving caVonic Pd(II) intermediates. This reacVon 

proceeds under mild condiVons in the presence of O2 and even reacVve Pd(0) traps (phenyl 

triflate). Electrospray ionizaVon mass spectrometry studies using a charge-tagged substrate 

revealed structural informaVon on key intermediates. We propose an inserVon/eliminaVon 

mechanism operates under these condiVons, analogous to oxidaVve Heck and conjugate addiVon 

reacVons. 

2.3 Introduc?on 

Metal-catalyzed cross-coupling reacVons were discovered over 50 years ago,1 and now 

serve as one of the most important strategies for forming C–C bonds.2–4 One of these reacVons, 

the Suzuki-Miyaura coupling, is widely applied in synthesis, and was the subject of the Nobel prize 

in 2010.5 This reacVon involves the metal-mediated coupling of an organoboron nucleophile and 

an organohalide electrophile, usually in the presence of a base. Current work on further 
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developing this transformaVon focuses on expanding the scope of coupling partners, parVcularly 

new classes of electrophile.6 Aryl and alkenyl carboxylates, based on acetoxy (-OAc) and 

pivaloyloxy (-OPiv) leaving groups, are of interest as alternaVves to halide electrophiles to reduce 

our reliance on toxic/wasteful halogenaVon processes.7 However, selecVvely acVvaVng the 

desired but stronger aryl or alkenyl C–O bond over the weaker acyl C–O bond has proven difficult.8 

If this hurdle can be overcome through catalyst development, these funcVonal groups provide an 

economic, less-toxic, and mass efficient alternaVve that are easily accessible by O-acylaVon of 

ketones.9  

In contrast to the well-established reacVvity of allyl and benzyl carboxylates,10–13 aryl or 

alkenyl carboxylates are typically considered unreacVve in palladium-catalyzed cross-coupling 

reacVons, leading to use of other transiVon metals.6 Seminal work using Ni catalysts for aryl 

carboxylate coupling with organoboron nucleophiles was reported independently by the groups 

of Shi and Garg in 2008.14,15 Since then, this methodology has been expanded to alkenyl 

carboxylates by Kuwano (Rh catalysis),16 and Shi (Ni catalysis).17 AlternaVvely, non-boron 

organometallics have been used in carboxylate couplings with Fe,18 Co,19,20 and Cr21 based 

catalysts.  

Despite the general noVon that Pd catalysis is not suitable for Csp2–O acVvaVon (other than 

with reacVve pseudohalide leaving groups), there are several reports to the contrary. Larhead and 

co-workers disclosed a Pd-catalyzed coupling of vinyl acetate with aryl boronic acids in 2009, 

generaVng styrene derivaVves through microwave heaVng.22 In 2017, the Newman group 

reported Pd catalyzed synthesis of aryl ketones by coupling benzoate esters and aryl boronic acids, 

via C(acyl)–O acVvaVon.23 Most recently, the Gunnoe group also used Pd to generate styrenes 
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through a C–O/C–H acVvaVon process.24–26 Recent works from our group showed that palladium 

could selecVvely insert into aryl carboxylate C–O bonds,8 and that Suzuki-like cross-coupling 

reacVons are possible with a diverse scope of alkenyl carboxylates, even at room temperature 

open to air.27 This reacVvity was also expanded to Miyaura borylaVon (Chapter 3),28,29 and tandem 

C–O/C–H cross-coupling.30  

The generally accepted mechanism of the Suzuki reacVon involves a Pd(0)/Pd(II) catalyVc 

cycle, with oxidaVve addiVon, transmetallaVon, and reducVve eliminaVon steps. We evaluated 

this pathway for alkenyl carboxylate coupling in our iniVal publicaVon,27 isolaVng an oxidaVve 

addiVon intermediate using PCy3 supporVng ligands and demonstraVng that it undergoes direct, 

base-free transmetallaVon/reducVve eliminaVon (Figure 2.1A). However, we observed oxidaVve 

addiVon requires elevated temperatures and proceeds slowly, which is inconsistent with catalyVc 

condiVons. Nevertheless, Zhao, Zhang, and Wang reported a computaVonal study of a Pd(0)/(II) 

pathway, with catalyst acVvaVon through boronic acid-mediated reducVon (Figure 2.1B) and 

turnover limiVng oxidaVve addiVon.30 Another recent computaVonal report probed the 

possibility of Pd(0)/Pd(II) pathways, presenVng two potenVal routes starVng with Pd(0).31 
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Figure 2.14: Alkenyl carboxylate coupling and poten:al mechanisms, A) ‘Typical’ Pd(0)/(II) pathway with turnover-

limi:ng oxida:ve addi:on. B) Proposed reduc:on pathway for Pd(OAc)2 involving double transmetalla:on and 

reduc:ve elimina:on. C) Redox-neutral mechanism with turnover-limi:ng C=C inser:on. D) Established Pd-catalyzed 

conjugate addi:on mechanism involving ca:onic Pd(II) intermediates. 

Based on our iniVal observaVons, at the Vme we proposed a redox-neutral Pd(II) catalyVc 

cycle (Figure 2.1C). This alternaVve pathway begins with transmetallaVon to generate a Pd(II) aryl 

species. Syn-carbopalladaVon with the alkenyl carboxylate then produces a Pd-enolate, which 

undergoes stereochemical inversion to bring the Pd and OAc group into a syn arrangement before 
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β-acetoxy eliminaVon. While we did not speculate at the Vme, this proposed pathway could 

proceed through caVonic Pd(II) intermediates, analogous to Pd-catalyzed oxidaVve Heck 

reacVons,32 and conjugate addiVon reacVons (Figure 2.1D),33 with the laher studied in detail by 

Houk, Stoltz, and co-workers.34  

2.4 Results and Discussion 

2.4.1 Preliminary Studies 
 

Preliminary studies began with evaluaVng addiVonal boronic acids outside the scope of 

the Leitch Lab’s original publicaVon (Figure 2.2).27 We believed it was crucial to evaluate 

funcVonal groups at all locaVons around the phenyl group of the boronic acid because the 

difference in electronic and steric nature could drasVcally affect reacVvity. The reported reacVons 

were found to be complete well before the 18 hour duraVon, therefore these reacVons were 

monitored at three Vmepoints: 30 minutes, 2 hours, and 18 hours.  
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Figure 2.2: Monitoring of reac:ons between enol carboxylates and assorted aryl boronic acids. 1H NMR solu:on 

yields determined using 1,3,5-trimethoxybenzene as internal standard. 

InteresVngly, the less sterically hindered para-tolylboronic acid was the slowest of the 

tolyl derivaVves to finish reacVng. The ortho- and meta- derivaVves were essenVally complete at 

the first Vme-point. For the methoxyphenyl boronic acids, the para-derivaVve was complete at 

the first Vme-point, the ortho-derivaVve plateaued without full conversion, and the meta-
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derivaVve did not produce product at all. This strongly resonance donaVng funcVonal group (an 

ortho/para director in EArS chemistry) may aid in the reacVon when in the ortho or para posiVon. 

But with unsuitable placement on the ring, the desired reacVvity may be hindered because of the 

inducVvely electron-withdrawing ability of this funcVonal group. The ortho-

methoxyphenylboronic acid reacVvity contrasted to the 2,6-dimethoxyphenylboronic acid, which 

did not produce product. The addiVonal steric hindrance may have contributed to this reacVvity 

pahern. Finally, nitrogen containing boronic acids were evaluated. Para-pyridineboronic acid 

yielded no product, which could be due to the lone pairs on the nitrogen compeVVvely reacVng 

with the metal center, or it could be due to the electron-poor nature of the aryl group. Finally, 4-

cyanophenylboronic acid was slow to react, and we were able to monitor the reacVon proceeding 

over 18 hours. The electron withdrawing nature of this funcVonal group is the likely cause of the 

slow reacVvity, consistent with the prior observaVons.  

In our original report, a Pd : ligand raVo of 1 : 1.5 was used; this was empirically  

determined, and we sought to evaluate this ligand concentraVon in a similar manner as the nature 

of the boronic acid. Intriguingly, between 0.5 – 1.5 equivalents of ligand, the reacVon was close 

to complete at the first Vme point evaluated (Figure 2.3). However, at 2 and 2.5 equivalents, the 

iniVal reacVvity drops off substanVally, but in both cases by 18 hours the overall reacVvity is 

unperturbed. This may be due to phosphine oxide forming over Vme in the open-to-air system. 

The conVnuous generaVon of phosphine oxide will eventually lower the concentraVon of 

phosphine ligand accessible to the Pd center to the desired ligand raVo for reacVvity. Without 

ligand this reacVon is not producVve, but under 2 equivalents (to Pd) we observe the desired 
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reacVvity. These observaVons are consistent with a mono-phosphine Pd species as acVve, as we 

see detrimental reacVvity under condiVons that would favour a doubly ligated Pd center.   

 

Figure 2.3: Monitoring of reac:ons between enol carboxylates and 4-tolylboronic acid with varying ligand 

concentra:ons. 1H NMR solu:on yields determined using 1,3,5-trimethoxybenzene as internal standard. 

As these reacVons proceeded open to air, the nature of this relaVonship between 

atmosphere and Pd reacVvity was then explored (Table 2.1). We found in all cases, regardless of 

solvent, reacVons conducted open to air outperformed those under a N2 atmosphere at room 

temperature. In reacVons with Pd(PCy3)2, a Pd(0) source that readily oxidizes to Pd(II) when 

exposed to air, the same pahern was observed.   
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Table 2.1: Reac:ons between enol carboxylates and phenylboronic acid with varying solvents and atmospheres. 1H 

NMR solu:on yields determined using 1,3,5-trimethoxybenzene as internal standard. 

 
      

 Entry Solvent Atmosphere a yield / %  
 1 THF N2 33  
 2 THF open 39  
 3 d-benzene N2 12  
 4 d-benzene open 25  
 5 d-acetone N2 62  
 6 d-acetone open 84  
      
We then explored the possibility of aryl halides providing a compeVng reacVon pathway. 

If this reacVon indeed proceeded through a Pd(0)/Pd(II) reacVon mechanism, one would expect 

compeVVve reacVvity with aryl halides present within the system. Both the enol carboxylate and 

the phenylboronic acid were funcVonalized with a respecVve aryl halide. In reacVons with or 

without a halogenated phenylboronic acid, the funcVonalized enol carboxylate sVll performed 

the desired reacVon, albeit with lower yields (Table 2.2). Importantly, we observe no evidence of 

reacVon at the Ar-X units. The previous report found improved isolated yields by uVlizing an 

alternaVve solvent (toluene), but the reacVon was sVll conducted open to air.27  

 

  

O

OAc

B(OH)2

O

Pd(PCy3)2 (6.7 mol%)

solvent (0.4 M)
rt, N2 or under air

1 equiv. 1 equiv.
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Table 2.2: Reac:ons between func:onalized enol carboxylate and phenylboronic acid or 3-chlorophenylboronic acid. 

1H NMR solu:on yields and conversion determined using 1,3,5-trimethoxybenzene as internal standard. 

 
      

 Entry R  yield / % conversion / %  
 1 H 17 39  

 

2 Cl 29 54 
 

AhenVon was then turned to address the nature of the Pd center. We hypothesized that 

an arylated Pd center would turn-over in the presence of the enol carboxylate to produce product. 

The arylated Pd center was produced by reacVng phenyl triflate with Pd(PCy3)2 (EquaVon 2.1). 

This Pd center could also be produced by oxidaVve addiVon of Pd(PCy3)2 with bromobenzene 

followed by a ligand exchange using Ag(OTf) (Appendix A, SecVon A2). Our hypothesis proved 

false, as no product was produced when the enol carboxylate was introduced to the system 

containing the arylated Pd center. InteresVngly though, with the addiVon of both enol carboxylate 

and phenylboronic acid, the reacVon was producVve. This leads us to believe that the boronic 

acid funcVonal group is criVcal to this reacVon. It could either serve as a reducing agent to 

generate Pd(0) in a tradiVonal mechanism, or help to generate a Pd(II) caVon by acVng as a Lewis 

acid in a Pd(II)-only mechanism.  

 

O

OAc
Br

B(OH)2R

R = H, Cl
1.25 equiv.

O

Br R

Pd(OAc)2 (4 mol%)
P(o-OMePh)3 (6 mol%)

Acetone/H2O (10:1 v/v)
0.5 M, rt, under air

1 equiv.

OTf
Pd(PCy3)2

THF or d6-acetone
Pd

OTfCy3P

PCy3

O

OAc

B(OH)2

O

15 equiv.

15 equiv.

1.2 equiv.
1 equiv. N2 atm.

only formed upon addition 
of phenylboronic acid

(2.1)
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2.4.2 Analysis of Pd(II) vs Pd(0)/Pd(II) Mechanisms 
 

Given the feasibility of both mechanisVc types, especially in light of the reported 

computaVonal studies,30,31 and our own proposals of Pd(0)/(II) mechanisms in related 

reacVons,28,  we sought to assess the feasibility of a Pd(0) pathway. We assessed a number of 

catalyst systems for their ability to generate both the coupling product (3a) and biphenyl (4) as a 

byproduct (Table 2.3 – addiVonal data in Appendix A, Table A1). Biphenyl, as proposed by Zhao, 

Zhang, and Wang, would be generated upon reducVon of Pd(II), which may indicate a Pd(0)/(II) 

pathway. ReacVons were conducted under previously reported condiVons, open to air at room 

temperature in a mixed acetone/water solvent system. 

  



 55 

Table 2.3: Reactions between an enol carboxylate, phenyl boronic acid and various Pd precatalysts. 

 

Entry Pd Source Additive 3aa 4b 

1c Pd(OAc)2 - 29 3 
2 Pd(OAc)2 - 63 9 
3 Pd(OAc)2 PhOTfd 79 11 

4 [Pd(P(o-MeOPh)3)(μ-OAc)(Ph)]2 - 
87 6 

5 Pd2dba3•CHCl3 - 66 13 
6d Pd(OAc)2 - 0 5 
7e Pd(OAc)2 - - 7 
8 none - 0 0 

aYields of 3a are obtained by 1H NMR spectroscopy by relative integration vs. internal standard, 

1,3,5-trimethoxybenzene (TMB). bYields of 4 are obtained by GCMS analysis by comparison to a calibration 

curve generated using authentic 4. c1 hour reaction time. dNo P(o-MeOPh)3 added. eNo 1 added. 

Under standard condiVons, we observe the formaVon of 3a, with 29% formed aler 1 h 

and 63% aler 18 h. Alongside this cross-coupling product, we do observe 4 in small but significant 

amounts (entries 1-2). This is consistent with reducVon of Pd(II) by 2, generaVng 4 by oxidaVve 

homocoupling. To further probe the catalyVc efficacy of an in situ generated Pd(0) species, we 

added 1 equiv of phenyl triflate (PhOTf) as a Pd(0) trapping reagent (entry 3). PhOTf should 

undergo rapid oxidaVve addiVon to Pd(0),36 especially relaVve to the enol acetate, serving as a 

compeVVve inhibitor. This should slow/shut down the enol acetate cross-coupling, and/or 

produce significantly more biphenyl through compeVVve Suzuki coupling. To our surprise, PhOTf 

has essenVally no effect, with both 3a (79%) and 4 (11%) formed as observed with no PhOTf. We 

also tested the possibility of direct Suzuki coupling between 2 and PhOTf under the same reacVon 

condiVons, and observe <10% biphenyl. Furthermore, [Pd(P(o-MeOPh)3)(μ-OAc)(Ph)]2,37 which 
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has a bridging acetate X-type ligand, gives 87% of the cross-coupled product 3a, along with ~6% 

of 4. 

The persistent formaVon of biphenyl as a byproduct led us to examine the use of a Pd(0) 

source. With Pd2dba3•CHCl3 replacing Pd(OAc)2, we observe essenVally idenVcal results, including 

the formaVon of biphenyl (entry 5), despite the fact that no oxidaVve homocoupling would be 

required to reduce Pd(II) to Pd(0). Notably, we also observe biphenyl as a byproduct when 

Pd(OAc)2 is used without added phosphine, though there is no cross-coupling reacVvity (entry 6). 

Biphenyl is also generated in the absence of enol acetate 1 (entry 7),38 but neither 3a or 4 are 

observed with no added Pd (entry 8). 

While these experiments do confirm the presence of biphenyl, which is consistent with 

Pd(0) formaVon as proposed by Zhao, Zhang, and Wang,30 the retenVon of catalyVc acVvity in the 

presence of PhOTf led us to consider that a caVonic Pd(II) mechanism could sVll be operaVve. 

Ahempts to probe catalyst speciaVon by 31P NMR spectroscopy were inconclusive; therefore, we 

used electrospray ionizaVon mass spectrometry (ESI-MS) with a charge-tagged arylboronic acid 

to explore potenVal reacVon intermediates.39 This technique was chosen because it solly ionizes 

reacVon intermediates resulVng in minimal fragmentaVon. For these studies, a charge-tagged 

boronic acid was implemented to aid in the idenVficaVon of low concentraVon species. 

The reacVon was probed both sequenVal addiVon and in a single pot method. However, 

specific speciaVon was elucidated through sequenVal addiVon. These studies were conducted in 

the order of Pd, ligand, boronic acid and alkenyl carboxylate (Full reacVon scheme for ESI-MS 

experiments: EquaVon 2.2).  
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When Pd(OAc)2 was mixed with 1.5 equivalents of P(o-OMePh)3 in 10:1 (v/v) acetone/H2O 

soluVon, we observed a singly-charged double-ligated Pd species with a single acetate (Figure 

2.4).   

 

Figure 2.4: Sequen:al addi:on of P(o-OMePh)3 to solu:on containing Pd(OAc)2. Observed (trace) and calculated 

(bars) m/z isotope paherns. 

Upon addition of the aryl boronic acid, the single acetate group was replaced with 

the aryl group producing a double charged Pd species (Figure 2.5), likely forming 

(AcO)B(OH)2 as a result. When the boronic acid and alkenyl carboxylate were switched, 

we found that after the addition of alkenyl carboxylate the reaction did not proceed 

considerably, likely because an oxidative addition of these substrates have been seen to 

require elevated temperatures.8 Only with the addition of the boronic acid did we observe 

a significant change in speciation. 

O

OAc

B(OH)2

O
Pd(OAc)2 (20 mol%)

P(o-OMePh)3 (30 mol%)

Acetone/H2O (10:1 v/v)
5.5 mM, rt, under air2b

1.5 equiv.

Ph3P

PF6

PPh31 3b

PF6(2.2)



 58 

 

Figure 2.5: Sequen:al addi:on of a charge-tagged aryl boronic acid to a solu:on containing Pd(OAc)2 and P(o-

OMePh)3. Observed (trace) and calculated (bars) m/z isotope paherns. 

When the alkenyl carboxylate was added we observed the doubly charged singly-ligated 

Pd species bound to an alkenyl carboxylate and an aryl group (Figure 2.6a), we did not observe 

the single charged version of this complex. This structure was verified by using collision induced 

dissociaVon (CID) where a low voltage (5V) was applied. We observe dissociaVon of the alkenyl 

carboxylate to generate a doubly charged, mono-phosphine Pd aryl species (Figure 2.6b).  
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Figure 2.6: a) Sequen:al addi:on of an enol carboxylate to a solu:on containing Pd(OAc)2, P(o-OMePh)3, and a 

charge-tagged aryl boronic acid. Observed (trace) and calculated (bars) m/z isotope paherns. b) Collision induced 

dissocia:on of the formed intermediate. 

These findings allow us to propose a new catalyVc cycle (Figure 2.7) where Pd(OAc)2 

coordinates two phosphines, replacing a single acetate (I.), followed by the boronic acid 

transmetalaVng to remove the acetate (II.). This compound then coordinates to the alkene of the 

alkenyl carboxylate (III.), before syn-carbopalladaVon to produce a C-bound Pd-enolate (IV.). This 

then epimerizes to bring the Pd and OAc group into syn conformaVon (IV’.), which then eliminates 

to close the catalyVc cycle. We believe that the turnover limiVng steps are the coordinaVon and 
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syn-carbopalladaVon to the alkene, because the short-lived species IV and IV’ were not observed 

in the ESI-MS analysis.  

 

Figure 2.7: Proposed ca:onic Pd(II) cycle with observed (trace) and calculated (bars) m/z isotope paherns. 
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2.5 Conclusion  

In conclusion, we have proposed a caVonic Pd(II) only catalyVc cycle for a base-free, open 

to air, palladium cross-coupling reacVon through the use of hetero-nuclear NMR and in situ ESI-

MS. While the computaVonally-proposed Pd(0)/(II) could be occurring,30 we have shown 

experimental evidence of an alternaVve pathway that we believe dominates reacVvity. Using this 

mechanisVc informaVon to guide decisions on expanding the substrate scope and designing new 

Pd catalysts is ongoing within our group. 

2.6 Experimental 

2.6.1 General Considera>ons 
 

All solvents and common organic reagents were purchased from commercial suppliers and 

used without further purificaVon. Pd(OAc)2 and Pd(PCy3)2 was purchased from Strem Chemicals 

and used as received. PdPhBr(P(o-OMePh)3) and [PdPh(μ-OAc)(P(o-OMePh)3)]2 were prepared 

according to literature.37 Pd2dba3•CHCl3 was prepared using the Zalesskiy and Ananikov 

method.40  Phenyl trifluoromethanesulfonate was synthesized using literature procedures,41 and 

characterized.42 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate,43 (4-

Boronobenzyl)triphenylphosphonium hexafluorophosphate,39 and 3'-bromo-5-oxo-1,2,5,6-

tetrahydro-[1,1'-biphenyl]-3-yl acetate27 were synthesized using literature procedures. All 

phosphine ligands were purchased from Strem Chemicals and used as received. Anhydrous 

solvents (SureSeal) were purchased from MilliporeSigma and used as received.  

Isotope paherns were simulated using ChemCalc free-to-use solware (chemcalc.org),44 

and were overlayed with the experimental data. 
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All air-free manipulaVons were performed under a dry nitrogen atmosphere using an 

MBraun glovebox.  

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a 

Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C NMR chemical shils are calibrated to 

residual proVo-solvents and all 31P NMR chemical shils are calibrated to external standards. All 

NMR spectroscopic data is processed using Bruker TopSpin 4.07.  

Gas-Chromatography Mass-Spectrometry (GC-MS) analysis was conducted on a Finnigan 

Trace GC Ultra with DSQ mass spectrometer. 

Electrospray-IonizaVon Mass-Spectrometry (ESI-MS) analysis was conducted on a Waters 

Acquity triple quadrupole detector. The capillary voltage was held at 3 kV, cone voltage at 13 V, 

extracVon cone voltage at 2 V, and RF lens at 0.3 V. The desolvaVon gas flow rate 150 L/h, cone 

gas flow 150 L/h, source temperature 70 °C, desolvaVon temperature 150 °C. The mass range was 

set to m/z 50-1200; scan duraVon was 1 second; LM and HM resoluVon were set to 15.0. The 

mass range was narrowed and the LM and HM resoluVons increased to 17.0 to obtain isotope 

pahern informaVon. 

2.6.2 Preliminary Studies 
 
Monitoring of reacVons with various arylboronic acids: 

 

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (0.60 mmol, 

109.0 mg), aryl boronic acid (0.90 mmol), Pd(OAc)2 (0.012 mmol, 2.7 mg), P(o-OMePh)3 (0.018 

O

OAc

R
B(OH)2

O

R

Pd(OAc)2 (2 mol%)
P(o-OMePh)3 (3 mol%)

Acetone/H2O (0.5 M, 10:1 v/v)

1 equiv. 1.5 equiv.
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mmol, 6.3 mg) and 1,3,5-trimethoxybenzene (0.06 mmol, 10.1 mg). 1.2 ml of 10:1 (v/v) 

Acetone/H2O was added to each vial and the soluVon was allowed to sVr (500 rpm) at room 

temperature. At 0.5 h, 2 h, and 18 h 0.4 ml of the reacVon soluVon was removed to a separate 

vial and dried immediately using a Genevac EZ-2 (Aqueous sezng, 45C). Yield was determined 

using 1H-NMR in CDCl3 with 1,3,5-trimethoxybenzene as an internal standard: 1-(2’-tolyl)-5,5-

dimethylcyclohex-1-en-3-one,45 1-(3’-tolyl)-5,5-dimethylcyclohex-1-en-3-one,45 1-(4’-tolyl)-5,5-

dimethylcyclohex-1-en-3-one,45 1-(2’-methoxyphenyl)-5,5-dimethylcyclohex-1-en-3-one,27 1-(3’-

methoxyphenyl)-5,5-dimethylcyclohex-1-en-3-one,45 1-(4’-methoxyphenyl)-5,5-

dimethylcyclohex-1-en-3-one.45  

1-(4’-cyanophenyl)-5,5-dimethylcyclohex-1-en-3-one: 

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (0.64 mmol, 

116.3 mg), 4-cyanophenyl boronic acid (0.96 mmol, 140.7 mg), Pd(OAc)2 (0.013 mmol, 2.9 mg), 

and P(o-OMePh)3 (0.019 mmol, 6.7 mg). 1.2 ml of 10:1 (v/v) Acetone/H2O was added to the vial 

and the soluVon was allowed to sVr (500 rpm) at room temperature overnight. The compound 

was isolated using a Biotage Selekt instrument with a hexanes/ethyl acetate gradient (0 – 40%, 

eluVng at 30%).  

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.69 – 7.65 (m, 2H), 7.61 – 7.56 (m, 2H), 6.38 (t, J = 1.5 

Hz, 1H), 2.60 (d, J = 1.5 Hz, 2H), 2.33 (s, 2H), 1.11 (s, 6H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 

𝛿 199.48, 155.18, 143.56, 132.51, 126.80, 126.34, 118.32, 113.20, 50.85, 42.10, 33.83, 28.32. 

HRMS: Calc’d for C15H15NO [M+H]+: 226.12264; found: 226.12270. 
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Monitoring of reacVon with varying ligand concentraVons: 

 

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (0.60 mmol, 

109.0 mg), 4-tolylboronic acid (0.90 mmol, 122.0 mg), Pd(OAc)2 (0.012 mmol, 2.7 mg), P(o-

OMePh)3 (0.006 mmol, 2.1 mg; 0.012 mmol, 4.2 mg; 0.018 mmol, 6.3 mg; 0.024 mmol, 8.4 mg; 

or 0.030 mmol, 10.5 mg) and 1,3,5-trimethoxybenzene (0.06 mmol, 10.1 mg). 1.2 ml of 10:1 (v/v) 

Acetone/H2O was added to each vial and the soluVon was allowed to sVr (500 rpm) at room 

temperature. At 0.5 h, 2 h, and 18 h 0.4 ml of the reacVon soluVon was removed to a separate 

vial and dried immediately using a Genevac EZ-2 (Aqueous sezng, 45C). Yield was determined 

using 1H-NMR in CDCl3 with 1,3,5-trimethoxybenzene as an internal standard. 45  

Open to air vs inert atmosphere reacVons: 

 

In an air-free environment a NMR tube* was charged with 5,5-dimethyl-3-oxocyclohex-1-

en-1-yl acetate (41.0 mg, 0.22 mmol), phenyl boronic acid (27.4 mg, 0.22 mmol), Pd(PCy3)2 (10.0 

mg, 0.015 mol, 6.7 mol%), and solvent (0.4 M) (Table 2.1). The tube was either sealed and brought 

out of the glovebox or brought out of the glovebox and opened to expose the contents to air 

(Table 2.1). Aler 18 hours, the yield was determined using 1H-NMR in CDCl3 with 1,3,5-

trimethoxybenzene as an internal standard.27 

O

OAc

B(OH)2

O
Pd(OAc)2 (2 mol%)

P(o-OMePh)3 (x equiv. to Pd)

Acetone/H2O (0.5 M, 10:1 v/v)

1 equiv. 1.5 equiv.

O

OAc

B(OH)2

O

Pd(PCy3)2 (6.7 mol%)

solvent (0.4 M)
rt, N2 or under air

1 equiv. 1 equiv.
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*J-young tubes used for N2 atmosphere reacVons. 

CompeVng oxidaVve addiVon pathways: 

 

A 1-dram vial was charged with 3'-bromo-5-oxo-1,2,5,6-tetrahydro-[1,1'-biphenyl]-3-yl 

acetate (100.0 mg, 0.32 mmol), (3-chloro)phenyl boronic acid (0.40 mmol), Pd(OAc)2 (2.9 mg, 

0.013 mmol), P(o-OMePh)3 (6.8 mg. 0.019 mmol), and 10:1 acetone/water (v/v) (0.5 M). The vial 

was capped and allowed to sVr at room temperature for 18 h. The reacVon was dried on a 

Genevac EZ-2 (Low BP, 30 °C) before yield was determined using 1H-NMR in CDCl3 with 1,3,5-

trimethoxybenzene as an internal standard.27 

Air-free chemistry: 

All reacVons were performed air-free, as detailed in SecVon 2.6.1.  

 

A J-young tube was charged with phenyl triflate (4.1 mg, 0.018 mol) and Pd(PCy3)2 (10.0 

mg, 0.015 mol) in both THF and d-acetone (0.6 ml, 0.4 M). Subsequently 5,5-dimethyl-3-

oxocyclohex-1-en-1-yl acetate (41.0 mg, 0.22 mol) and (if desired) phenyl boronic acid (27.4 mg, 

0.22 mol) were added to the J-young tube in an air-free sezng and monitored over 18 h. Product 

was only observed in reacVon with phenyl boronic acid present.  

O

OAc
Br

B(OH)2R

R = H, Cl
1.25 equiv.

O

Br R

Pd(OAc)2 (4 mol%)
P(o-OMePh)3 (6 mol%)

Acetone/H2O (10:1 v/v)
0.5 M, rt, under air

1 equiv.

OTf
Pd(PCy3)2

THF or d6-acetone
Pd

OTfCy3P

PCy3

O

OAc

B(OH)2

O

15 equiv.

15 equiv.

1.2 equiv.
1 equiv. N2 atm.
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2.6.3 Analysis of Pd(II) vs Pd(0)/Pd(II) Mechanisms 
 
Monitoring of biphenyl (GC-MS): 

 
 

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (50.0 mg, 

0.27 mmol), phenyl boronic acid (50.2 mg, 0.41 mmol), [Palladium] (x mol%), P(o-OMePh)3 (y 

mol%), addiPve and solvent (0.5 M). The vial was capped and allowed to sVr for z h. At the 

appropriate Vme, an aliquot was taken for GC-MS analysis to determine the yield of b and the 

reacVon was dried on a Genevac EZ-2 (Low BP, 30 °C) before yield of a was determined using 1H-

NMR in CDCl3 with 1,3,5-trimethoxybenzene as an internal standard.  

Electrospray IonizaVon Mass Spectrometry (ESI-MS): 

 
 

To a sVrred soluVon of Pd(OAc)2 (2.5 mg, 0.011 mmol) in 7.0 mL solvent (10:1 

acetone/water (v/v)), sequenVally the following was added: P(o-OMePh)3 (5.8 mg, 0.017 mmol) 

in 1 mL solvent, (4-boronobenzyl)triphenylphosphonium hexafluorophosphate (44.6 mg, 0.082 

mmol) in 1 mL solvent, and finally 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (10.0 mg, 0.055 

mmol) in 1 mL solvent to obtain a final concentraVon of 5.5 mM in alkenyl carboxylate. AddiVons 

were only completed when new speciaVon formaVon had plateaued. Specific species (see 

O

OAc

B(OH)2

O
x mol% [Pd]

y mol% P(o-OMePh)3

solvent (0.5 M)
additive

rt, z h1 equiv. 1.5 equiv. a yield b yield

OAc

O

+

PPh3

B(OH)2
20 mol % Pd(OAc)2

30 mol % P(o-OMePh)3

Acetone/H2O (10:1 v/v, 5.5 mM)
rt, under air

O

PPh31 equiv
1.5 equiv
PF6
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Appendix A, Figure A3 for example) were subject to collision induced dissociaVon (CID) to aid in 

idenVficaVon.  
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Chapter 3: Base-Free Palladium-Catalyzed Boryla9on of Enol 

Carboxylates and Further Reac9vity Toward Deborona9on and 

Cross-Coupling 

This chapter, excluding section 3.1, have been reproduced from:  

Gaube, G.; Fernandez, N.P.; Leitch, D.C., An Evaluation of Palladium-Based Catalysts for the 

Base-Free Borylation of Alkenyl Carboxylates, New Journal of Chemistry, 2021, 45, 20095-

20098, (DOI: 10.1039/D1NJ04008A), and Gaube, G.; Miller, D.L.; McCallum, R.A.; Fernandez, 

N.P.; Leitch, D.C., Base-Free Palladium-Catalyzed Borylation of Enol Carboxylates and Further 

Reactivity Toward Deboronation and Cross-Coupling, ChemRxiv 2024, DOI: 10.26434/chemrxiv-

2024-5mlml.  

3.1 Preface 

ContribuVons: Douglas L. Miller conducted catalyst screening with substrates 2e-2g, aided 

in protodeboronaVon screening, and synthesized starVng materials under supervision of Gregory 

Gaube. Rowan A. McCallum conducted catalyst screening with substrates 2b and 2c, synthesis 

opVmizaVon of 3,4-diethylhexane-3,4-diol, and reacVons of 2b-2g with B2EPin2 under supervision 

of Gregory Gaube. Nahiane Pipaon Fernandez conducted synthesis of 4e-4g. All other 

experimental work and characterizaVon was conducted by Gregory Gaube. 

3.2 Abstract 

A series of base-free Pd-catalyzed borylaVon procedures are reported for a number of 

alkenyl carboxylates. High-throughput experimentaVon was used to discover and opVmize these 

reacVons using in situ generated catalyst systems. With lactone or lactam substrates, the resulVng 

alkenyl pinacol boronates are hydrolyVcally unstable, undergoing protodeboronaVon under acidic 
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and basic aqueous condiVons. OpVmizaVon of this protodeboronaVon resulted in a mild, two-

step reducVon of the C–O bond, achieving net-deoxygenaVon while leaving the alkene intact. In 

contrast, use of an alternaVve tetraalkoxydiboron source – B2EPin2 – was successful in catalysis, 

and offered improved stability of the resulVng organoboron species. This enables further 

reacVvity, such as cross-coupling, without compeVng protodeboronaVon. 

3.3 Introduc?on 

InstallaVon of boron-based funcVonal groups is a valuable methodology, parVcularly in 

the context of metal-catalyzed cross-coupling.1–7 Although numerous reacVons uVlize 

organoboron intermediates, Suzuki-Miyaura coupling is the most widespread, as it remains one 

of the most reliable methods for forming C–C bonds.8–16 Accordingly, a plethora of methods to 

install a suitable boron-based unit are known.17–21 Since seminal work from Miyaura,22 Pd-

catalyzed borylaVon of organohalides and pseudo halides (such as triflates) is olen used achieve 

this,23,24 typically with a tetraalkoxydiboron source (such as B2Pin2 or an alternaVve)25 and a weak 

base (such as KOAc or other carboxylate bases)26–28 to complete the catalyVc cycle. Importantly, 

the vast majority of these reacVons rely on the aforemenVoned halide or triflate electrophiles to 

accomplish this transformaVon. 

Two ways to improve Pd-catalyzed borylaVon are to uVlize alternaVve, non-halide 

electrophiles, and to eliminate the need for insoluble inorganic bases. For the former, simple 

oxygen based leaving groups such as alkoxyl or carboxyl are advantageous from an 

accessibility/installaVon standpoint;29,30 however, the required C–O acVvaVon is kineVcally 

difficult,31 limiVng the reported examples of C–O borylaVon to select systems based on Rh,32–34 

Ni,35–39 and Fe (Figure 3.1a).40,41 For the laher, condiVons that use homogeneous bases, or no 
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base at all, would greatly improve reliability and scalability of these reacVons, an important 

consideraVon in pharmaceuVcal process chemistry.42–44 

 

Figure 3.1: a) Prior cataly:c strategies for C–O boryla:on; b) C–O ac:va:on in C–C bond forma:on with arylboronic 

acids; c) an evalua:on of cataly:c systems for boryla:on involving C–O ac:va:on, including comparable reac:vity 

of two systems with both BPin and BEPin synthe:c handles. 

In both cases, carboxylate leaving groups offer several advantages.45 They are easily 

installed by simple acylation, and the intermediacy of a Pd(II) carboxylate after C–O oxidative 

addition means that exogenous base should not be required. However, since carboxylates 
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contain two C–O bonds for Pd(0) to react with, an additional selectivity hurdle needs to be 

overcome. Accordingly, to the best of our knowledge there is a single, Rh-based catalytic system 

able to effect borylation with carboxylate-based electrophiles.32  

While the Newman group has selectively activated the acyl C–O bond using Pd catalysis,31 

a 2020 publication by our lab has shown that Pd(0) can selectively insert into the desired 

aryl/alkenyl C–O bond in heteroaryl and alkenyl carboxylates.46 This was then applied to Pd-

catalyzed reactions of alkenyl carboxylates and phenyl boronic acids without the use of a base 

(Figure 3.1b).47 We have since expanded this reactivity to tandem C–O/C–H activation for base-

free direct alkenylation.48  

We have investigated several methods of Pd-catalyzed Miyaura borylation of alkenyl 

carboxylates (Figure 3.1c), including using an air-stable Pd precatalyst (DMPDAB–Pd–MAH) 

recently developed within our group.49 We have also investigated the protodeboronation of 

alkenyl boronate esters derived from γ-lactones and γ-lactams. Using the standard BPin group, 

protodeboronation is readily achieved using biphasic hydrolysis under mildly basic conditions. 

Optimization of this deboronation results in a net reductive deoxygenation of the precursor 

enols, using conditions that leave the C=C bond intact. In contrast, use of the recently reported 

B2EPin2 under our catalytic conditions gives stable organoboron compounds that can be used 

further.50 
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3.4 Results and Discussion 

3.4.1 Boryla>on Condi>ons for Mul>ple Substrate Classes  
 

Our prior work on Pd-catalyzed Suzuki coupling with alkenyl carboxylates yielded two 

viable catalyVc systems, both of which operate base-free.47 One in situ system with Pd(OAc)2 and 

tris(ortho-methoxyphenyl)phosphine funcVoned open to air, at room temperature, and in the 

presence of water, potenVally through a redox-neutral Pd(II)-based mechanism.51–53 The other 

system involves a single component Pd(0) catalyst, Pd(PCy3)2, which funcVoned at higher 

temperatures, through a more typical Pd(0)/(II) mechanism.47 To determine if addiVonal 

Pd/ligand combinaVons would yield product in a base-free Miyaura borylaVon, we conducted a 

series of microscale high-throughput screening experiments against mulVple classes of alkenyl 

carboxylate electrophiles (Figure 3.2).  



 77 

 

Figure 3.2: Catalyst screening for the boryla:on of 1a, 2b-2g. Yield determined by 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene internal standard. 
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product, but generally Pd(II) sources outperformed Pd(0) sources. Pd(OAc)2 and SPhos was the 

best in situ combinaVon (62% soluVon yield), and was taken forward in further opVmizaVon. The 

single component Pd(PCy3)2 also yielded comparable product formaVon.  

The second set of screens was done for six γ-lactone, and γ-lactam alkenyl pivalate 

substrates (2b-2g). The choice of pivalate as opposed to acetate was informed by further 

exploraVon of the dimedone-based system (vide infra). We opted to explore electronic effects by 

changing the para subsVtuent on the phenyl ring at the α posiVon. The aryl was either 

unsubsVtuted (-H) or subsVtuted with an electron-withdrawing (-CF3) or electron-donaVng (-

OMe) group. The resulVng 6 compounds were evaluated with the same twenty in situ 

combinaVons of Pd and ligands (Figure 3.2). Many combinaVons facilitated borylaVon; however, 

in contrast to 1a, the lactone and lactam substrates generally preferred Pd(0) over Pd(II) sources. 

Control experiments with no catalyst again yielded no borylated product. With respect to ligand 

effects, every Pd source when combined with PCy3 facilitated borylaVon to some extent. Notably, 

lactone substrates (2b-d) have generally higher reacVvity than their lactam counterparts (2e-g): 

XPhos and SPhos performed reasonably well with the former set, but were generally ineffecVve 

for the laher set. Taken holisVcally, these results reveal that the combinaVon of DMPDAB-Pd-MAH 

and PCy3 performed well among all six substrates, with soluVon yields of the organoboron 

products between 61–98%.  

Moving ahead, full factorial mulVvariate opVmizaVon was chosen to quickly obtain 

improved condiVons for the Pd(OAc)2/SPhos in situ system (Figure 3.3). Three variables were 

chosen for evaluaVon: concentraVon of Pd, concentraVon of ligand, and concentraVon of B2Pin2. 

Notably, excess ligand (3 equiv. to Pd) reduced yield with both the 4 and 10 mol% Pd(OAc)2 



 79 

reacVons. This is consistent with a monoligated Pd(0) species as the acVve catalyst. In all cases, 

increasing the B2Pin2 in the reacVon mixture improved yields of 3a, while only marginally 

increasing the conversion; the mass balance is dimedone, formed by hydrolysis of 1a. The best 

condiVons are with 0.2 M 1a, 10 mol% Pd(OAc)2, 15 mol% SPhos, and 2 equiv B2Pin2, giving 71% 

soluVon yield, but only 89% conversion. 

 

Figure 3.3: Mul:variate op:miza:on of the boryla:on of 1a. Conversion and yield determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene internal standard. 
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turnover number (TON = 7) and incomplete conversion were concerning. Furthermore, increasing 

[1a] while maintaining constant [catalyst] did lead to higher TON (up to 18), but also led to 

diminished yields of 3a due to increased hydrolysis of 1a to dimedone. To correct this, we 

evaluated the more sterically-hindered, electron-rich alkenyl pivalate derivate 2a at a 

concentraVon of 0.8 M. This greatly improved the yield of 3a (72% soluVon yield), the mass 

balance, and the TON (29).  

Full factorial mulVvariate opVmizaVon was also performed for substrates 2b-g with the 

DMPDAB-Pd-MAH/PCy3 in situ system. A simplified 2 factor, 2 level design, in catalyst loading and 

B2Pin2 equivalents was conducted (Figure 3.4). The Pd:PCy3 raVo was held steady at 2. We found 

that the best condiVons are dependent on the moVf. Consistent with iniVal screening, γ-lactams 

are less reacVve, requiring both higher catalyst loading (5 mol%) and 2.0 equiv. B2Pin2 (92–98% 

soluVon yields) (Method D). In an effort to reduce B2Pin2, an addiVonal data point (5 mol% [Pd] 

and 1.6 equiv. B2Pin2) was collected for 2e-g; however, this resulted in reduced yield for 2f. The γ-

lactones 2b-d had similar results with 2.0 mol% [Pd] and 2.0 equiv B2Pin2, and 3.5 mol% [Pd] and 

1.6 equiv B2Pin2; the laher was chosen as Method E because excess B2Pin2 has been found to 

hamper purificaVon in further steps.55 
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Figure 3.4: Full factorial op:miza:on of the boryla:on of 2b-2g. Yield was determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene internal standard. Grey cells indicate reac:ons not performed under 

these condi:ons. 
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Method C was previously used for Pd(0) catalyzed C–O acVvaVon cross-coupling, and Method D 

is the DMPDAB-Pd-MAH/PCy3 system (5 mol% loading) opVmized for 2e-2g. 

Overall, alkenyl pivalate substrates performed uniformly beher than their alkenyl acetate 

counterparts, which points to product decomposiVon back to the corresponding enol being a 

significant issue with the acetate leaving group. Among the moderate yields that were obtained 

with an acetate leaving group, Pd(0) sources generally fared beher than Pd(II) sources. 

For the formaVon of 3a, Method B proved to be best, which is consistent with our 

mulVvariate opVmizaVon; however, this method appears to be specific to the dimedone moVf, as 

these condiVons failed to borylate the similar cyclopentenone 1/2h, and provided low yields for 

the other moVfs. Method D proved to be best for the formaVon of 3b and 3e from the 

corresponding pivalates; however, Method C (which uses the same PCy3 ligand) gave similar, 

albeit slightly lower yields with higher catalyst loading. Furthermore, while Pd(PCy3)2 is 

commercially available, its air sensiVvity is a pracVcal limitaVon; DMPDAB-Pd-MAH is air stable. For 

the formaVon of 3h from the corresponding pivalate, Method A was best, which is again specific 

to this moVf. Finally, formaVon of 3i and 3j was best using Method C. Given the success of PCy3-

based systems, we also evaluated Pd(OAc)2(PCy3)2 as a single component Pd(II) source. This 

complex has been observed to reduce in situ to Pd(PCy3)2 in the presence of B2Pin2;54 however, 

this ulVmately proved inferior to Pd(PCy3)2 (Methods F & G, Appendix B - Figure B2).  

Although the specific mechanisVc reasons for the success/failure of these various 

methods for each substrate class are not yet clear, what is clear is the importance of including 

substrate idenVty as a variable when evaluaVng new syntheVc methods.56 Each of the alkenyl 

pinacol boronate compounds were characterized (NMR, HRMS) without purificaVon, as ahempts 
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to use column chromatography or selecVve extracVons led to product decomposiVon (vide infra) 

and/or pinacol-containing impuriVes remaining; this laher issue is a known problem when 

synthesizing BPin-containing molecules.1  

 

Figure 3.5: Comparison of Pd-catalyzed methods for base-free Miyaura boryla:on of alkenyl acetate and 

pivalate substrates. Substrate loading: 0.12 mmol for Methods A, C-D, 0.88 mmol for Method B. Yields determined 

by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene 
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As borylated compounds are usually targeted as syntheVc intermediates, we chose to 

assess the newly formed alkenyl pinacol boronates in preparaVve scale Suzuki cross-coupling 

reacVons. Enol pivalates 2a, b, e, h-j were first borylated at a 1 mmol scale via the best Method 

from Figure 3.5 (2b and 2e borylated using Method C) to obtain the respecVve organoboron 

compounds 3a, b, e, h-j. These were then subject to a typical (and unopVmized) Suzuki cross-

coupling protocol, allowing the isolaVon of the arylated product 5a, h-j in moderate yields (Figure 

3.6). However, coupling reacVons with 3b and 3e resulted in low yields of the respecVve arylated 

products: coupling of 3b resulted in a negligible yield (<2% isolated) and 4b observed as the major 

product, and 3e resulted as an inseparable mixture of arylated and deboronated products (49% 

yield of a 3.33 : 1 mixture of 5e and 4e). 

 

 

Figure 3.6: Suzuki cross-coupling of prepared alkenyl boronates. Yields are for isolated compounds over 

two steps ajer column chromatography. 
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3.4.2 Protodeborona>on as a Means of Net-Deoxygena>on  
 

ObservaVon of 4b and 4e led us to invesVgate the stability of the corresponding boronates 

3b and 3e to simple aqueous work-up procedures. We discovered that these alkenyl boronates 

are extremely sensiVve to even mild aqueous base, undergoing significant deboronaVon aler a 

saturated NaHCO3 wash. This is consistent with the deboronaVon observed during ahempted 

Suzuki coupling, which uses an aqueous base. 

Boronic ester funcVonal groups are olen used as a more robust alternaVve to the boronic 

acid.57–60 The Lloyd-Jones group has completed a thorough invesVgaVon of the 

protodeboronaVon of (hetero)arylboronic esters, where they conclude that factors leading to 

deboronaVon are mulV-faceted, with several operaVve mechanisms that depend on if the 

soluVon pH is close to the pKa of the boronic ester.57  

While the observed deboronaVon renders these compounds unsuitable for standard 

Suzuki cross-coupling, it does result in a net-deoxygenaVon process. Overall, the corresponding 

enol pivalates – readily generated by standard condensaVon chemistry – are acylated, borylated, 

and then deboronated to effecVvely replace –OH with –H. Furthermore, this reducVon is 

selecVve, leaving other reducible groups (C=C and C=O) intact. Aler reviewing the literature for 

other cases where alkenyl carboxylates were deoxygenated, we idenVfied a single report where 

a δ-lactone was deoxygenated through a process involving harsh acidic condiVons and mulVple 

steps.61 Others have uVlized the limited stability of boronic esters to deboronate selecVvely,62 but 

use of deboronaVon as a desired syntheVc method remains underdeveloped.  

This led us to opVmize the protodeboronaVon condiVons for the set of six γ-lactone and 

γ-lactam boronates, as many biologically acVve molecules contain the γ-lactone and γ-lactam 
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moVf.63–66 Furthermore, the resulVng deoxygenated γ-lactones would be valuable coupling 

partners in asymmetric allylic alkylaVon (AAA) chemistry,67 while the unsubsVtuted γ-lactams 

have been used in Michael addiVons.68  

Using Method D to borylate the 2b-g to generate 3b-g, five aqueous soluVons of varying 

pH and ionic strength were tested for protodeboronaVon under biphasic condiVons (toluene as 

the organic solvent) (Figure 3.7). The soluVons were basic (saturated Na2CO3, saturated NaHCO3), 

neutral (saturated NaCl, H2O), and acidic (5% HCl). Very lihle deboronaVon was found to occur 

with the saturated NaCl and 5% HCl soluVons, while neutral H2O led to increased formaVon of 

4b-g. Under basic condiVons, much higher extents of deboronaVon are observed, as measured 

by the raVo between 3 and 4 by NMR spectroscopy. However, when determining soluVon yields 

for all products with an internal standard, we observed a discrepancy with the mass balance. 

When using Na2CO3, the amount of product was significantly reduced for both the γ-lactones and 

lactams. Use of saturated NaHCO3 led to missing mass balance specifically for the γ-lactones, 

which we suspected was due to product parVVoning between the aqueous and organic phases. 

AcidificaVon of the aqueous soluVons and extracVon with ethyl acetate confirmed this, as we 

recovered addiVonal deboronated product. Accordingly, treatment with saturated NaHCO3 was 

found to yield the best deboronaVon results for both γ-lactones and γ-lactams, but required a 

back extracVon for the γ-lactones to achieve high yields.  
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Figure 3.7: Protodeborona:on of alkenyl boronates using aqueous solu:ons. Yields are represented as 

ra:os of protodeboronated product : alkenyl boronate star:ng material, determined by 1H NMR spectroscopy. 

Upon scaling up this procedure, we observed incomplete deboronaVon, likely due to the 

decreased interfacial surface area to volume raVo in this biphasic reacVon. We then decided to 

sVr the biphasic soluVon overnight at 40 °C, which remedied this problem. This two-step method 

was then applied to a scope of γ-lactones and γ-lactams which resulted in moderate isolated 

yields for the γ-lactones (37–52%) and good isolated yields for the γ-lactams (75–82%) (Figure 

3.8). 
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Figure 3.8: Protodeborona:on of alkenyl pivalate substrates. Yields are for isolated compounds over two 

steps ajer column chromatography. 

3.4.3 Achieving Stability with An AlternaVve Boronic Ester, B2EPin2  

 
The instability of the boronates 3b-g, while advantageous in the deoxygenaVon sequence, 

is clearly a liability for achieving other transformaVons of the organoboron group. To alleviate 

this, we sought alternaVve boronate groups that would be more robust toward 

protodeboronaVon. In parVcular, a recent account of arylboronic esters based on 3,4-diethyl-

hexa-3,4-diol (“ethylpinacol” EPin)50 caught our ahenVon due to improved stability during column 

chromatography. The ethyl groups (which replace the methyls of the standard BPin) are 

hypothesized to sterically block the empty 2p orbital on the boron, reducing the likelihood of 

deboronaVon due to ahack on the boron. Notably, while B2EPin2 is reported to funcVon in a 
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standard Pd-catalyzed Miyaura borylaVon, its reacVvity in more complex sezng has yet to be 

evaluated.  

We began by synthesizing B2EPin2, where we improved the reported literature yield with 

a revised work-up and isolaVon procedure for 3,4-diethyl-hexa-3,4-diol (See Appendix B). We then 

tested B2EPin2 as a drop-in replacement for B2Pin2 in our opVmized borylaVon methods for γ-

lactones and γ-lactams (2b-g) (Figure 3.9). In all cases, the desired product (6b-g) was generated 

in moderate to good soluVon yields. γ-Lactones 2b-d gave comparable yields (80–81%) to their 

BPin counterparts; however γ-lactams saw an overall decrease in yield (48-83%, 65% average). 

Importantly, all six alkenyl-BEPin products are more stable to aqueous work-up, and to column 

chromatography, which is a marked improvement on their BPin counterparts. We do note that 

while protodeboronaVon is suppressed for these compounds, it is not completely eliminated (see 

Appendix B). 

Finally, in an effort to test the reacVvity of the BEPin group for cross-coupling, γ-lactone 

6d was subjected to Suzuki-Miyaura coupling using the same generic procedure from Figure 6 

(eq. 1). This proved effecVve; however, two tetraethyl pinacol derived impuriVes remained in the 

crude reacVon mixture. We found that treaVng the crude mixture with B2(OH)4 enabled removal 

of tetraethyl pinacol itself through re-forming B2EPin2, which is separable by chromatography. The 

second impurity, which we suspect is a different boron-complexed EPin species, parVally coelutes 

during chromatography (resulVng in a reduced isolated yield). Further efforts are underway to 

develop stable boron reagents that are compaVble with this chemistry, while suppressing 

deboronaVon and enabling straigh�orward purificaVon. 
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Figure 3.9: Base-free Miyaura boryla:on of alkenyl pivalates. Yields determined by 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene as internal standard. 

 

3.5 Conclusion 

In summary, we have explored the base-free Pd-catalyzed borylaVon of several classes of 

alkenyl carboxylates. Depending on the substrate structure, different catalyst systems are 

required to achieve high yields. We also observe protodeboronaVon as a significant 

decomposiVon pathway for certain alkenyl boronates aler even mild aqueous base treatment. 
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For γ-lactone and γ-lactam substrates, this can be exploited in a mild, net-deoxygenaVon of the 

precursor enols, leaving the C=C and C=O bonds intact. Using a more sterically-encumbered boron 

source – B2EPin2 – leads to greater stability, enabling downstream reacVvity such as cross-

coupling. Further invesVgaVons on the reacVvity of these alkenyl boronates, and improved 

catalyVc systems for C–O acVvaVon, are currently underway. 

3.6 Experimental 

3.6.1 General Considera>ons: 
 

All solvents and chemicals were purchased from commercial suppliers and used without 

any further purificaVon. All air-free manipulaVons were performed under a nitrogen atmosphere 

using an MBraun glovebox. Palladium (II) acetate, bis(tricyclohexylphosphine) palladium (0), 

Dichloro 1,1'-bis(diphenylphosphino)ferrocene palladium (II) dichloromethane, P(o-OMePh)3, 

XPhos, SPhos, and dppf were purchased from Strem Chemicals and stored under inert 

atmosphere. B2Pin2 was purchased from AK ScienVfic and stored under inert atmosphere.  

High-throughput screening experiments were performing using sealable aluminum 

reacVon blocks obtained from AnalyVcal Sales Inc. HeaVng/sVrring was achieved using rare-earth 

magneVc tumble sVrrers obtained from V&P ScienVfic. 

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a 

Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C chemical shils are calibrated to 

residual proVo-solvents. All data is processed using Bruker TopSpin 4.07. HRMS data was acquired 

on a Thermo ScienVfic UlVmate 3000 ESI-Orbitrap ExacVve Plus. 
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3.6.2 Screening Procedures: 
 
Catalyst Screening (Figure 3.2) 

Pd catalyst dispensing: Catalyst precursors were added to 1 mL glass shell vials according 

to the screening design. Pd(OAc)2 and Pd2(dba)3•CHCl3 were dispensed as stock soluVons (0.06 or 

0.03 M respecVvely ) in dichloromethane into 5 x 1 mL vials (1.3 mg, 0.0057 mmol and 2.6 mg, 

0.0029 mmol respecVvely). DMPDAB-Pd-MAH and [Pd(acetanilide)OAc]2 were dispensed as stock 

soluVons (0.06 or 0.03 M respecVvely) in acetone into 5 x 1 mL vials (2.7 mg, 0.0057 mmol and 

1.7 mg, 0.0029 mmol respecVvely). Solvent was then evaporated using a Genevac EZ-2 (Medium 

BP sezng, no heat). These vials were then brought in the glovebox. Pd(PCy3)2 (3.8 mg, 0.0057 

mmol) was added as a solid inside the glovebox. 

Ligand, substrate, reagent, and standard dispensing: A 100 µL aliquot of toluene stock 

soluVons of each ligand (P(o-OMePh)3, SPhos and XPhos: 0.114 M, or dppf: 0.057 M) was 

dispensed to each vial as required. A 100 µL aliquot of toluene stock soluVons containing 

substrate (one of 1a, 2b-2g) (0.57 M) and 1,3,5-trimethoxybenzene (0.057 M) was dispensed to 

each vial as required. A 100 µL aliquot of a toluene stock soluVon of B2Pin2 (0.90 M) was dispensed 

to each vial, followed by an addiVonal 100 µL of toluene. 

Therefore, the reacVons are performed at 0.145 M in substrate (1a, 2b-2g) and 0.218 M 

in B2Pin2, and (with respect to substrate 1a, 2b-2g) 10 mol% Pd,a 2:1 P to Pd raVo, and 10 mol% 

1,3,5-trimethoxybenzene (internal standard) in 400 µL toluene.  

The reacVon plate was sealed, removed from the glovebox, and sVrred for 18 hours at 100 

°C. The yields are determined by 1H NMR spectroscopy via relaVve peak integraVons versus the 

internal standard. AddiVonal control experiments can be found in Figure B1.  
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Full Factorial Screening 1a (Figure 3.3) 

Pd(OAc)2 was dispensed as a stock soluVon (0.08 M) in dichloromethane into 9 x 2 mL vials 

(1.8 mg, 0.008 mmol, or 3.4 mg, 0.015 mmol, or 4.6 mg, 0.02 mmol). Dichloromethane was then 

evaporated using a Genevac EZ-2 (Medium BP sezng, no heat). These vials were then brought 

into the glovebox. A stock soluVon of SPhos (0.081 M, or 0.046 M) in toluene was dispensed to 

each plate (150, 300, 375, 750 μL οr 500 μL respecVvely). A stock soluVon of 1a (2.0 M) and 1,3,5-

trimethoxybenzene (0.2 M, internal standard) in toluene was dispensed to each vial (100 μL). A 

stock soluVon of B2Pin2 (2.23 M, 1.52 M, or 1.62 M) in toluene was dispensed to each vial (100, 

200, or 250 μL respecVvely) . Toluene was then dispensed to each vial to reach a total volume of 

1.1 mL. The vials were sealed using Teflon-lined aluminum crimp caps, removed from the 

glovebox, and sVrred for 18 hours at 100 °C. The conversion and yield are determined by 1H NMR 

spectroscopy via relaVve peak integraVons versus the internal standard. 

Substrate ConcentraPon Study 1a (Figure 3.3) 

Inside the glovebox, 4 x 1 dram vials were charged with Pd(OAc)2 (4.9 mg, 0.022 mmol) 

and SPhos (13.5 mg, 0.033 mmol). A separate set of 4 x 1 dram vials were charged with 1a (40 

mg, 0.22 mmol; 80 mg, 0.44 mmol; 120 mg, 0.66 mmol; or 160 mg, 0.88 mmol) and 1,3,5-

trimethoxybenzene (internal standard; 3.7 mg, 0.022 mmol; 7.4 mg, 0.044 mmol; 11.1 mg, 0.066 

mmol; 14.8 mg, 0.088 mmol). 4 x 2 mL vials were charged with B2Pin2 (111.5 mg, 0.44 mmol; 

223.0 mg, 0.88 mmol; 334.5 mg, 1.32 mmol; or 445.9 mg, 1.76 mmol). The solids in the 

Pd(OAc)2/SPhos vials were dissolved in 1.1 mL toluene, and transferred to the vials with 1a and 

1,3,5-trimethoxybenzene. DissoluVon was ensured prior to transfer of these soluVons to the 2 mL 

vials containing B2Pin2. Therefore, the reacVon concentraVons are 0.2 M, 0.4 M, 0.6 M, and 0.8 
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M with respect to 1a, with 2.0 eq. B2Pin2, 0.1 equiv 1,3,5-trimethoxybenzene, Pd(OAc)2 (2.5 mol%, 

3.33 mol%, 5 mol%, and 10 mol%), and SPhos (3.75 mol%, 5.00 mol%, 7.5 mol% and 15 mol%). 

The reacVon vials were sealed using Teflon-lined aluminum crimp caps, removed from the 

glovebox, and sVrred for 18 hours at 100 °C. The conversion and yield are determined by 1H NMR 

spectroscopy via relaVve peak integraVons versus the internal standard.  

Full Factorial Screening 2b-2g (Figure 3.4) 

Under ambient atmosphere, for 2b - 2d: five 2 mL vials, and 2e - 2g: six 2 mL vials were 

charged with DMPDAB-Pd-MAH (2.0, 3.5, 5.0 mol%; 2.5, 4.3, 6.1 μmol; 1.2, 2.0, 2.9 mg respecVvely) 

by dispensing as an acetone soluVon (0.03 M). The soluVons were evaporated to dryness using a 

Genevac EZ-2 (Low BP sezng, no heat) before bringing the vials into the glovebox. Under N2 

atmosphere, vials were charged with 300 μL stock soluVon (pre-mixed: 6.5 equiv of 0.12 mmol 

substrate 2b – 2g, and 6.5 equiv of 0.012 mmol 1,3,5-trimethoxybenzene in 1.950 mL). For each 

B2Pin2 concentraVon level (1.2, 1.6, and 2.0 equiv; 0.15, 0.20, 0.25 mmol; 37.5, 50.0, 62.4 mg 

respecVvely) were dispensed as 200 μL stock soluVons (0.75, 1.00, or 1.25 M respecVvely). Finally, 

PCy3 (4.0, 7.0, 10.0 mol%; 5.0, 8.6, 12.2 μmol; 1.4, 2.4. 3.4 mg respecVvely) was dispensed as 100 

μL stock soluVons (0.05, 0.86, 1.22 M respecVvely). The vials were sealed with crimp caps, 

removed from N2 atmosphere, and sVrred for 18 hours at 100 °C. Final yields were determined 

by 1H NMR via relaVve peak integraVons versus the internal standard. 

EvaluaPon of Methods A-G (Figure 3.5 and Figure B2) 

Method A: 

Under ambient atmosphere, a 1 dram vial was charged with the respecVve alkenyl 

carboxylate precursor (0.120 mmol), B2Pin2 (33.5 mg, 0.132 mmol), Pd(OAc)2 (0.7 mg, 0.003 
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mmol), P(o-OMePh)3 (1.6 mg, 0.005 mmol), 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol), and 

10:1 acetone:water (v/v) (0.6 M in alkenyl carboxylate). The reacVon mixture was sVrred at room 

temperature, open to air for 18 hours. The soluVons were then evaporated to dryness, and NMR 

spectroscopic analysis conducted in CDCl3 (0.6 mL). 

Method B:  

In the glovebox, a 2 mL vial was charged with the respecVve alkenyl carboxylate precursor 

(0.878 mmol), B2Pin2 (245.3 mg, 0.966 mmol), Pd(OAc)2 (4.9 mg, 0.022 mmol), SPhos (13.5 mg, 

0.033 mmol),  1,3,5-trimethoxybenzene (14.8 mg, 0.088 mmol), and toluene (0.8 M in alkenyl 

carboxylate). The reacVon mixture was sVrred at 100 °C for 18 hours. The soluVons were then 

evaporated to dryness, and NMR spectroscopic analysis conducted in CDCl3 (0.6 mL). 

Method C:  

In the glovebox, a J. Young NMR tube was charged with the respecVve vinyl carboxylate 

precursor (0.120 mmol), B2Pin2 (33.5 mg, 0.132 mmol), Pd(PCy3)2 (8.0 mg, 0.012 mmol), 1,3,5-

trimethoxybenzene (2.0 mg, 0.012 mmol), and d8-toluene (0.2 M in alkenyl carboxylate). The 

tubes were immersed in an oil bath set to 100 °C for 18 hours. 1H NMR spectra were then 

obtained. These samples were then evaporated to dryness and NMR spectroscopic analysis was 

conducted in CDCl3 (0.6 mL) for consistency with Methods A and B.  

Method D:  

In the glovebox, a 1 dram vial was charged with the respecVve alkenyl carboxylate 

precursor (0.120 mmol), B2Pin2 (60.9 mg, 0.240 mmol), DMPDAB-Pd-MAH (2.8 mg, 0.006 mmol), 

PCy3 (3.4 mg, 0.012 mmol), 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol), and toluene (0.6 M 



 96 

in alkenyl carboxylate). The reacVon mixture was sVrred at 100 °C for 18 hours. The soluVons 

were then evaporated to dryness, and NMR spectroscopic analysis conducted in CDCl3 (0.6 mL). 

Method F & G:  

In the glovebox, a 1 dram vial was charged with Pd(PCy3)2(OAc)2 (17.3 mg, 0.022 mmol), 

B2Pin2 (61.5 mg, 0.242 mmol) and toluene (1.1 mL, 0.2 M in alkenyl carboxylate). The vials were 

removed from the glovebox and sVrred for 10 minutes at 100 °C (Method F), or 16 hours at 70°C 

(Method G). The vials were returned to the N2 atmosphere and charged with the respecVve 

substrate (0.22 mmol) and 1,3,5-trimethoxybenzene (3.7 mg, 0.022 mmol). The vials were then 

removed from the glovebox and sVrred for 18 hours at 100 °C. The conversion and yield are 

determined by 1H NMR spectroscopy. 

ProtodeboronaPon Screening (Figure 3.7) 

Compounds 2b-2g were borylated at 0.5 mmol scale using the opVmal borylaVon 

condiVons detailed in SecVon 2.4. Only those with substrate conversions >95% were taken 

forward.  

The alkenyl boronates were diluted in toluene (5.0 mL, 0.1 M), and 1.0 mL of the reacVon 

soluVon was dispensed into 5 separate 1-dram vials. Into these vials 1.0 mL of either saturated 

Na2CO3, saturated NaHCO3, saturated NaCl, H2O, and 5% aqueous HCl were dispensed. These vials 

were sealed and sVrred vigorously for 1 hour. The aqueous layer was removed using a Pasteur 

pipehe, and the organic layer was dried with MgSO4. The soluVons were filtered and evaporated 

to dryness before 1H NMR spectroscopy analysis conducted in CDCl3. %Conversion is reported as 

[deboronated product] / [deboronated product + starVng material] * 100%. 
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3.6.3 Synthesis of Star>ng Materials: 
 

StarPng Materials: Compounds prepared using literature procedures: 1a (1-acetyloxy-5,5-

dimethylcyclohex-1-en-3-one),69 1b (5,5-dimethyl-3-oxocyclohex-1-en-1-yl pivalate),69 2i (4- 

pivalyloxybenzopyran-2-one),70  

General Synthesis 1: (Lactones) 

 

Figure 3.16: General Synthesis 1 (Lactones) 

Step 1: A round bohom flask was charged with subsVtuted phenyl aceVc acid (1.0 equiv, 

[12.0 mmol]), triethyl amine (1.0 equiv, [1.22 g, 1.68 mL]), and THF (0.65 M [18.5 mL]). To the 

sVrred soluVon ethyl bromoacetate (1.0 equiv, [2.01 g, 1.33 mL]) was added dropwise via syringe. 

The reacVon was then sVrred at 70 °C overnight. The reacVon mixture was transferred to a 

separatory funnel and diluted with ethyl acetate (~2x (v/v) diluVon [40 mL]), and H2O (~2x (v/v) 

diluVon [40 mL]). The organic phase is washed 3x with H2O [40 mL]. The collected organic phase 

is dried with MgSO4, filtered, and evaporated to dryness.  

Step 2: We found in order to optimize the yield of this reaction, that the maximum scale 

this step could be performed at was 3.5 mmol scale. Thusly this reaction was performed at larger 

scale in multiple 4-dram vials. Potassium tert-butoxide (1.2 equiv) was evenly divided among the 
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appropriate number of 4-dram vials. THF (0.375 M) was dispensed into each vial. The 

esterification product synthesized in Step 1 was dissolved in THF (1/4 of previous amount in 

solution – net result is 0.3 M solution) and added dropwise evenly to the 4-dram vials. The 4-

dram vials were sealed (with Teflon lined lids) and allowed to stir vigorously at 110 °C for 48 

hours. The reaction mixtures were evaporated to dryness and resuspended in 1 M NaOH. The 

combined reaction mixtures were washed twice with hexanes. The aqueous phase was acidified 

slowly using 1 M HCl, until the product had fully precipitated out of solution. The product was 

collected by filtration, washing with hexanes. DMSO-d6 used for 1H NMR spectroscopy analysis.  

Step 3: A round bottom flask was charged with the cyclized product from Step 2 (1.0 

equiv), DIPEA (1.2 equiv), and DCM (0.3 M). Trimethylacetyl chloride (1.1 equiv) was added 

dropwise to the stirred solution and allowed to stir overnight at room temperature. The resulting 

organic phase was washed 3x with 1M HCl, 3x with saturated sodium bicarbonate, and dried with 

MgSO4, before filtering and evaporating to dryness. The resulting oil was then triturated with 

hexanes to yield a colourless solid that can be analyzed by 1H NMR spectroscopy in CDCl3.  

 

2b (4-pivalyloxy-3-phenylpyran-3-en-2-one) 

 

2b was synthesized using General Synthesis 1, detailed above. Step 1 was performed at 

16.5 mmol scale [phenylacetic acid: 2.25 g], to produce 1.66 g, 39 % yield after Step 3.   
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1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.84 (d, J=7.3 Hz, 2H), 7.46 (t, J=7.7 Hz, 2 H), 7.39 

(t, J=7.6 Hz), 5.29 (s, 2H), 1.37 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 174.0, 170.8, 

163.9, 128.7, 128.4, 128.2, 127.9, 110.6, 67.6, 39.6, 26.9. HRMS: Cal’d for C15H17O4 [M+H]+: 

261.11269; found: 261.11212.  

2c (4-pivalyloxy-3-(4-trifluoromethyl)phenylpyran-3-en-2-one) 

 

2c was synthesized using General Synthesis 1, detailed above. Step 1 was performed at 

12.0 mmol scale [4-(trifluoromethyl)phenylacetic acid: 2.45 g], to produce 1.89 g, 48 % yield after 

Step 3.   

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.95 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 

5.31 (s, 2H), 1.35 (s, 9H).13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 173.8, 170.4, 165.6, 131.6, 

130.5 (q, J = 32.7 Hz), 128.6, 125.4 (q, 3.7 Hz), 124.0 (q, J = 272.7 Hz), 109.1, 67.8, 39.7, 26.9. 19F 

NMR (282 MHz, CDCl3, 292 K, ppm): 𝛿 -62.9. HRMS: Calc’d for C16H15F3O4 [M+Na]+: 351.08146; 

found: 351.08148. 

2d (3-(4-methoxyphenyl)-4-pivalyloxypyran-3-en-2-one) 

 

2d was synthesized using General Synthesis 1, detailed above. Step 1 was performed at 

12.0 mmol scale [4-(methoxy)phenylacetic acid: 2.0 g], to produce 1.35 g, 39 % yield after Step 

3. 

O

O

OPiv

CF3

O

O

OPiv

O



 100 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.66 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 9.0 Hz, 2H), 

5.01 (s, 2H), 3.63 (s, 3H), 1.20 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 173.8, 170.8, 

162.6, 159.5, 129.3, 120.4, 113.6, 109.4, 67.3, 55.0, 39.3, 26.7. HRMS: Calc’d for C16H18O5 

[M+Na]+: 313.10464; found: 313.10466. 

 

General Synthesis 2: (Lactams) 

 

Figure 3.17: General Synthesis 2 (Lactams) 

Step 1: A round bottom flask was charged with N-benzyl glycine ethyl ester (1.0 equiv 

[1.74 g, 1.64 mL]), DIPEA (1.5 equiv [1.74 g, 2.35 mL]), and toluene (0.5 M [18.0 mL]). The 

substituted phenylacetyl chloride (1.0 equiv [9.0 mmol]),71 was dissolved in toluene (equal 

amount to what is previously in solution – net result is 0.25 M solution [18.0 mL]), and added 

dropwise to the stirred reaction. The stirred solution was then heated to 60 °C for 2 hours, then 

allowed to stir overnight at room temperature. The reaction mixture was washed with a solution 

of 50% saturated NH4Cl and 50% H2O [30 mL], then H2O [30 mL], and then saturated aqueous 
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NaCl solution [30 mL]. The organic layer was dried with MgSO4, filtered and evaporated to 

dryness. The crude product was taken forward in the next step.  

Step 2: We found in order to optimize the yield of this reaction, that the maximum scale 

this step could be performed at was 3.5 mmol scale. Thusly this reaction was performed at larger 

scale in multiple 4-dram vials. Potassium tert-butoxide (1.2 equiv) was evenly divided among the 

appropriate number of 4-dram vials. THF (0.375 M) was dispensed into each vial. The alkylated 

amine synthesized in Step 1 was dissolved in THF (1/4 of previous amount in solution – net result 

is 0.3 M solution) and added dropwise evenly to the 4-dram vials. The 4-dram vials were sealed 

(with Teflon lined lids) and allowed to stir vigorously at 110 °C for 48 hours. The reaction mixtures 

were evaporated to dryness and resuspended in 1 M NaOH. The combined reaction mixtures 

were washed twice with hexanes. The aqueous phase was acidified slowly using 1 M HCl, until 

the product had fully precipitated out of solution. The product was collected by filtration, 

washing with hexanes. DMSO-d6 used for 1H NMR spectroscopy analysis.  

Step 3: A round bottom flask was charged with the cyclized product from Step 2 (1.0 

equiv), DIPEA (1.2 equiv), and DCM (0.3 M). Trimethylacetyl chloride (1.1 equiv) was added 

dropwise to the stirred solution and allowed to stir overnight at room temperature. The collected 

organic phase was washed 3x with 1M HCl, 3x with saturated sodium bicarbonate, and dried with 

MgSO4, before filtering and evaporating to dryness. The resulting oil was then triturated with 

hexanes to yield a colourless solid that can be analyzed by 1H NMR spectroscopy in CDCl3.  
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2e(4-pivalyloxy-1-benzyl-3-phenylpyrrolidin-3-en-2-one) 

 

2e was synthesized using General Synthesis 2, detailed above. Step 1 was performed at 

15.0 mmol scale [phenylacetyl chloride: 2.32 g], to produce 4.46 g, 63 % yield after Step 3.   

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.83 (d, J=7.6 Hz, 2H), 7.46-7.29 (m, 8H), 4.73 

(s, 2H), 4.27 (s, 2H), 1.30 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 174.8, 168.9, 157.1, 

137.1, 129.4, 128.8, 128.6, 128.3, 128.2, 128.1, 127.7, 117.8, 49.2, 45.9, 39.4, 26.9. HRMS: Cal’d 

for C22H24NO3 [M+H]+: 350.17562; found: 350.17489.  

 

2f (1-benzyl-4-pivalyloxy-3-(4-trifluoromethylphenyl)pyrrolidin-3-en-2-one) 

 

2f was synthesized using General Synthesis 2, detailed above. Step 1 was performed at 

9.0 mmol scale [4-(trifluoromethyl)benzeneacetyl chloride: 2.0 g], to produce 1.65 g, 44 % yield 

after Step 3.   

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.96 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 

7.33 (m, 5H), 4.71 (s, 2H), 4.30 (s, 2H), 1.29 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 

174.5, 168.4, 158.8, 136.9, 133.2, 129.9 (q, J = 32.6 Hz), 129.0, 128.9, 128.3, 127.9, 125.2 (q, J = 

3.8 Hz), 124.2 (q, J = 272.3 Hz), 49.5, 46.0, 39.6, 27.0. 19F NMR (282 MHz, CDCl3, 292 K, ppm): 𝛿 

-62.7. HRMS: Calc’d for C23H22F3NO3 [M+Na]+: 440.14440; found: 440.14441. 
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2g (1-benzyl-4-pivalyloxy-3-(4-methoxyphenyl)pyrrolidin-3-en-2-one ) 

 

2g was synthesized using General Synthesis 2, detailed above. Step 1 was performed at 

9.0 mmol scale[4-(methoxy)benzeneacetyl chloride: 1.66 g], to produce 2.13 g, 62 % yield after 

Step 3.   

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.85 (d, J = 8.8 Hz, 2H), 7.27 (m, 5H), 6.95 (d, J 

= 8.8 Hz, 2H), 4.67 (s, 2H), 4.21 (s, 2H), 3.77 (s, 3H), 1.27 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 

K, ppm): 𝛿 174.4, 168.9, 159.2, 155.8, 136.9, 129.7, 128.5, 127.9, 127.4, 121.8, 117.0, 113.4, 

54.9, 48.9, 45.6, 39.1, 26.7. HRMS: Calc’d for C23H25NO4 [M+H]+: 380.18564; found: 380.18571. 

 

2h 1-pivalyloxycyclopent-1-en-3-one: 

 

A 250 mL round bohom flask was charged with 1,3-cyclopentandione (3.0 g, 30.58 mmol), 

and DCM (60 mL). While sVrring, DIPEA (10.65 mL, 61.16 mmol) was added. The round bohom 

flask was then submerged in an ice bath and trimethylacetyl chloride (3.84 mL, 31.19 mmol) was 

added dropwise over 20 minutes. The round bohom flask was removed from the ice bath and 

allowed to sVr at room temperature overnight. The soluVon was filtered through a frit, washed 

three Vmes with 1M HCl and reduced to dryness resulVng in a brown oil. The crude product was 

then isolated by column chromatography using a hexanes/ethyl acetate solvent system on a 
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Biotage Selekt instrument. A dark orange oil was collected that solidified upon freezing. Dark 

orange oil (3.98 g, 73% yield). 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 6.23 (s, 1H), 2.80-2.76 (m, 2H), 2.50-2.46 (m, 

2H), 1.33 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 206.8, 180.1, 174.0, 116.4, 39.6, 33.3, 

28.7, 26.8. HRMS: Cal’d for C10H15O3 [M+H]+: 183.10212; found: 183.10157.  

 

2j 4-pivalyloxy-6-methyl-2-pyrone: 

 

A 500 mL round bohom flask was charged with 6-methyl-4-hydroxypyrone (10 g, 79.3 

mmol) and DCM (150 mL). While sVrring, DIPEA (18.0 mL, 103 mmol) was added. The round 

bohom flask was then submerged in an ice bath and trimethylacetyl chloride (10.0 mL, 81.3 

mmol) was added dropwise over 10 minutes. The round bohom flask was removed from the ice 

bath and allowed to sVr at room temperature for two hours. The reacVon mixture was washed 

with 1M HCl, dried using MgSO4, filtered, and evaporated to dryness. A colourless oil was 

collected that solidified upon freezing. Colourless oil, (15.0 g, 90% yield). 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 5.93 (dd, J=2.0, 0.5, 1H), 5.86-5.84 (m, 1H), 2.19 

(s, 3H), 1.25 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 174.7, 163.8, 163.6, 163.2, 101.4, 

101.1, 39.5, 26.8, 20.1. HRMS: Cal’d for C11H15O4 [M+H]+: 211.09704; found: 211.09647. 
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3.6.4 Palladium Precatalysts 
Compounds prepared using literature references: Pd2(dba)3·CHCl3,72 DMPDAB-Pd-MAH,49 

Pd(PCy3)2(OAc)2,54 [Pd(acetanilide)OAc]2.73 

 

3.6.5 3,4-Diethylhexane-3,4-diol Synthesis 
 

CauPon: Read appropriate SDS before conducVng this synthesis. ReacVon should be 

performed in a fume hood. HCl gas is formed, the open neck of the flask should point towards 

the back of the fume hood. 

This synthesis was adapted from literature,74 with some modificaVons.  

 

A two-necked round bohom flask was charged with Mg turnings (1.92 g, 78.95 mmol, 2 

equiv), this was flushed with N2 thoroughly before 60 mL anhydrous THF added to flask. The flask 

was then cooled to 0 °C. While under constant N2 flow (through septum on one neck of flask – 

other neck of flask open and poinVng into back of fume hood) TiCl4 (5.2 mL, 47.37 mmol, 1.2 

equiv) was added dropwise (through septum with N2). Once complete, another 30 mL anhydrous 

THF was used to wash contents down in flask. Aler 30 mins, 0 °C was maintained, and 3-

pentanone (4.2 mL, 39.48 mmol, 1 equiv) was added dropwise slowly. The reacVon mixture was 

allowed to sVr overnight and allowed to reach room temperature. The reacVon was then 

quenched slowly with saturated Na2CO3 soluVon (~150 mL). Once gas evolving ceased, the 

reacVon mixture was filtered through a pad of silica under vacuum. Dichloromethane (~400 mL) 

HO OHO Mg (2 equiv.)
TiCl4 (1.2 equiv.)

THF (0.4 M)
0 to rt, 18 h



 106 

was used to wash product through while constantly manually sVrring with a spatula. The eluent 

was then extracted with diethyl ether, creaVng a triphasic mixture. Both organic layers were 

removed, dried with MgSO4, filtered and evaporated to dryness to yield the final product (1.88g, 

55% yield).  

B2EPin2 was then synthesized according to the literature protocol.50 

3.6.6 Synthesis of Alkenyl Pinacol Boronates 
 
General Synthesis 3: (Borylation) 

Method D: 

In the glovebox, a 1 dram vial was charged with the respecVve lactam alkenyl carboxylate 

precursor (0.50 mmol), B2Pin2 (253.9 mg, 1.00 mmol), DMPDAB-Pd-MAH (11.7 mg, 0.025 mmol), 

PCy3 (14.0 mg, 0.05 mmol), and toluene (2.5 mL, 0.2 M in alkenyl carboxylate). The reacVon 

mixture was sVrred at 100 °C for 18 hours. The soluVons were then evaporated to dryness, and 

NMR spectroscopic analysis conducted in CDCl3 (0.6 mL). 

Method E: 

In the glovebox, a 1 dram vial was charged with the respecVve lactone alkenyl carboxylate 

precursor (0.50 mmol), B2Pin2 (203.2 mg, 0.80 mmol), DMPDAB-Pd-MAH (8.2 mg, 0.018 mmol), 

PCy3 (9.8 mg, 0.035 mmol), and toluene (2.5 mL, 0.2 M in alkenyl carboxylate). The reacVon 

mixture was sVrred at 100 °C for 18 hours. The soluVons were then evaporated to dryness, and 

NMR spectroscopic analysis conducted in CDCl3 (0.6 mL). 

Characterization data 

The following are known compounds; spectroscopic data matches previous reports:  

3a (1-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-5,5-dimethylcyclohex-1-en-3-one)75  
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3h (1-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)cyclop ent-1-en-3-one)76  

The following were synthesized using Methods C, D, or E: 

3b (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3-en-2-one): 

Method C was performed. 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.74-7.69 (m, 2H), 7.42-7.37 (m, 3H), 4.98 (s, 

1H), 1.30 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 173.4, 144.4, 140.2, 130.5, 129.2, 

127.9, 84.9, 72.8, 24.7. HRMS: Cal’d for C16H19BO4 [M+H]+: 287.14547; found: 287.14511.  

 

3c (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-(trifluoromethyl)phenyl)furan-2(5H)-

one): 

Method E was performed. 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.81 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 

4.99 (s, 2H), 1.27 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 173.07, 139.20, 134.05, 

131.09 (q, J = 32.6 Hz), 129.78, 126.75, 124.90 (q, J = 3.6 Hz) 85.24, 73.16, 24.78. 19F NMR (282 
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MHz, CDCl3, 292 K, ppm): 𝛿 -62.78. HRMS: Calc’d for C17H18BF3O4 [M+H]+: 355.13230; found: 

355.13223. 

 

3d (3-(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2(5H)-one) 

Method E was performed. 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.71 – 7.67 (m, 2H), 6.90 – 6.87 (m, 2H), 4.92 

(s, 2H), 3.81 (s, 3H), 1.27 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 173.82, 139.68, 

130.82, 128.40, 123.17, 113.42, 84.85, 72.86, 55.33, 24.78. HRMS: Calc’d for C17H21BO5 [M+H]+: 

317.15548; found: 317.15528.  

 

3e (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-1-benzyl-3-phenylpyrrolidin-3-en-2-one):  

Method C was performed. 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.75-7.70 (m, 2H), 7.45-7.29 (m, 8H), 4.73 (s, 

2H), 4.00 (s, 2H), 1.26 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 170.0, 137.4, 129.5, 
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128.7, 128.6, 128.4, 128.3, 128.1, 127.6, 127.0, 84.2, 53.1, 46.8, 24.6. HRMS: Cal’d for 

C23H27BNO3 [M+H]: 376.20840; found: 376.20806.  

 

3f (1-benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-(trifluoromethyl)phenyl)-1,5-

dihydro-2H-pyrrol-2-one): 

Method D was performed. 

 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.84 (d, J = 8.1 Hz, 2H), 7.64 (d, J = 8.2 Hz, 2H), 

7.38 - 7.24 (m, 5H), 4.73 (s, 2H), 4.04 (s, 2H), 1.25 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, 

ppm): 𝛿 169.96, 146.26, 137.5, 137.12, 135.94, 130.37 (q, J = 32.3 Hz), 130.02, 128.87, 128.40, 

127.78, 124.56 (q, J = 3.8 Hz), 84.58, 53.47, 46.93, 24.73. 19F NMR (282 MHz, CDCl3, 292 K, 

ppm): 𝛿 -62.59. HRMS: Calc’d for C24H28BF3NO3 [M+H]+: 444.19524; found: 444.19512. 

 

3g (1-benzyl-3-(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,5-dihydro-

2H-pyrrol-2-one): 

Method D was performed. 
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1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.73 – 7.70 (m, 2H), 7.35 – 7.23 (m, 5H), 6.93 – 

6.89 (m, 2H), 4.71 (s, 2H), 3.97 (s, 2H), 3.84 (s, 3H), 1.25 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 

K, ppm): 𝛿 170.65, 137.37, 131.02, 128.78, 128.74, 128.33, 128.14, 127.58, 125.07, 113.12, 

84.19, 55.27, 53.14, 46.83, 24.71. HRMS: Calc’d for C24H28BNO4 [M+H]+: 406.21842; found: 

406.21816. 

 

3i (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)benzopyran-2-one): 

Method C was performed. 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 8.21 (dd, J=8.0, 0.7 Hz, 1H), 7.51 (t, J = 7.6 Hz 

1H), 7.29 (q, J = 8.1 Hz, 2H), 6.91 (s, 1H), 1.41 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 

160.2, 153.8, 131.3, 128.8, 125.5, 124.3, 120.6, 116.8, 85.1, 24.9. HRMS: Cal’d for C15H17BO4 

[M+H]+: 273.12982; found: 273.12928.  

 

3j (4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)-6-methyl-2H-pyran-2-one): 

Method C was performed. 
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1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 6.59 (s, 1H), 6.20 (s, 1H), 2.24 (s, 3H), 1.34 (s, 

12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 162.4, 161.3, 120.5, 105.8, 85.0, 24.5, 19.7. 

HRMS: Cal’d for C12H18BO4 [M+H]+: 237.12982; found: 237.12931. 

3.6.7 Deborona>on Products 
 
General Synthesis 4: (Deboronation – Figure 3.8) 

Method D or E (SecVon 3.4) was performed before the DeboronaPon Procedure: 

Deboronation Procedure 

The appropriate alkenyl boronate 3 (generated using Method D or E) was resuspended in 

a 4-dram vial with toluene (2.5 mL, 0.2 M in substrate). Saturated aqueous NaHCO3 (2.5 mL, (1:1 

v/v to toluene)) was dispensed into the vial. The reaction mixture was allowed to stir vigorously 

at 40 °C overnight. The reaction mixture was then transferred to a separatory funnel using 

toluene and H2O. The aqueous phase was acidified using 5% HCl solution to pH = 2, extracted 

with ethyl acetate (~10 mL) twice. The combined organic fractions were dried using MgSO4 and 

evaporated to dryness before column chromatography using Biotage Selekt instruments (details 

in Appendix B). Isolated yields are given in Figure 3.8. 

Characterization data 

The following are known compounds; spectroscopic data matches previous reports:  

4b (3-phenyl-phenylfuran-2(5H)-one),77  
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4c (3-(4-trifluoromethyl)phenylfuran-2(5H)-one),77 

4d (3-(4-methoxyphenyl)-phenylfuran-2(5H)-one),77  

4e (1-benzyl-3-phenyl-1,5-dihydro-2H-pyrrol-2-one).66  

 

4f (1-benzyl-3-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 8.06 (d, J = 8.1 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 

7.38 – 7.35 (m, 2H), 7.32 – 7.29 (m, 4H), 4.74 (s, 2H), 3.96 (d, J = 2.1 Hz, 2H). 13C NMR (126 MHz, 

CDCl3, 292 K, ppm): 𝛿 169.48, 137.53, 137.14, 136.00, 135.30, 130.38 (q, J = 32.4 Hz), 128.94, 

128.19, 127.82, 127.39, 125.44 (q, J = 3.8 Hz), 124.24 (q, J = 272.1 Hz), 50.02, 46.54. 19F NMR 

(282 MHz, CDCl3, 292 K, ppm): 𝛿 -62.65. HRMS: Calc’d for C18H14F3NO [M+H]+: 318.11003; 

found: 318.10980. 

 

4g (1-benzyl-3-(4-methoxyphenyl)-1,5-dihydro-2H-pyrrol-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.98 – 7.86 (m, 2H), 7.38 – 7.33 (m, 2H), 7.32 – 

7.28 (m, 3H), 7.07 (t, J = 2.2 Hz, 1H), 6.97 – 6.91 (m, 2H), 4.73 (s, 2H), 3.88 (d, J = 2.2 Hz, 2H), 

3.85 (s, 3H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 170.26, 159.90, 137.45, 136.27, 133.44, 

N

O
CF3

H

N

O O

H



 113 

128.81, 128.34, 128.13, 127.61, 124.60, 113.90, 55.35, 49.76, 46.44. HRMS: Calc’d for 

C18H17NO2 [M+Na]+: 302.11515; found: 302.11507. 

3.6.8 Synthesis of Alkenyl Ethylpinacol Boronates  
 
General Synthesis 5: (Ethylpinacol Borylation – Figure 3.9) 

For isolaVon, Method D or E (SecVon 3.6.6) was performed, subsVtuVng B2EPin2 for B2Pin2 

at 0.25 mmol scale. (Method D: B2EPin2: 183.9 mg, 0.50 mmol; Method E: B2EPin2: 147.1 mg, 

0.40 mmol).  

For yield (Figure 3.9), Method D or E (SecVon 3.6.6) was performed, subsVtuVng B2EPin2 

for B2Pin2 at 0.20 mmol scale (Method D: B2EPin2: 147.1 mg, 0.40 mmol; Method E: B2EPin2: 117.7 

mg, 0.32 mmol). 

Products were isolated by column chromatography on Biotage Selekt instruments 

(chromatograms can be found in Appendix B). Single fracVons were uVlized to acquire 

characterizaVon data as co-eluVon of starVng material, deboronated product and ethylpinacol 

was a persistent issue. Further purificaVon ahempts led to deboronaVon.  

Characterization data 

6b (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3-en-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.74 – 7.71 (m, 2H), 7.39 – 7.36 (m, 3H), 4.98 

(s, 2H), 1.74 – 1.63 (m, 8H), 0.88 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 
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173.69, 140.48, 130.78, 129.45, 129.27, 127.96, 90.15, 73.15, 26.34, 8.83. HRMS: Calc’d for 

C20H27BO4 [M+H]+: 343.29752; found: 343.29743. 

 

6c (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-trifluoromethyl)phenylpyran-3-en-2-

one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.86 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 

5.01 (s, 2H), 1.75 – 1.63 (m, 8H), 0.88 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 K, 

ppm): 𝛿 173.17, 139.40, 134.21, 131.09 (q, J = 32.8 Hz) 129.91, 124.87 (q, J = 3.8 Hz), 124.18 (q, 

J = 271.9 Hz) 90.46, 73.34, 26.36, 8.82. 19F NMR (282 MHz, CDCl3, 292 K, ppm): 𝛿 -62.82. HRMS: 

Calc’d for C21H26BF3O4 [M+H]+: 411.19490; found: 411.19477. 

 

6d (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-methoxy)phenylpyran-3-en-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.76 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 

4.94 (s, 2H), 3.83 (s, 3H), 1.74 – 1.64 (m, 8H), 0.89 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCl3, 

292 K, ppm): 𝛿 174.01, 160.49, 139.78, 131.00, 123.37, 113.41, 90.06, 73.11, 55.43, 26.37, 8.88. 
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HRMS: Calc’d for C21H29BO5 [M+H]+: 373.21808; found: 373.21795. 

 

6e (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-phenylpyrrolidin-3-en-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.73 – 7.70 (m, 2H), 7.42 – 7.27 (m, 8H), 4.72 

(s, 2H), 4.00 (s, 2H), 1.75 – 1.58 (m, 8H), 0.84 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 

K, ppm): 𝛿 170.59, 147.62, 137.58, 132.64, 129.71, 128.91, 128.54, 128.36, 127.66, 127.16, 

89.47, 53.47, 46.89, 26.29, 8.85. HRMS: Calc’d for C27H34BNO3 [M+H]+: 432.27045; found: 

432.27037. 

 

6f (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-

trifluoromethyl)phenylpyrrolidin-3-en-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.83 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H), 

7.37 – 7.28 (m, 5H), 4.72 (s, 2H), 4.03 (s, 2H), 1.75 – 1.58 (m, 8H), 0.83 (t, J = 7.4 Hz, 12H). 13C 

NMR (126 MHz, CDCl3, 292 K, ppm):   170.10, 146.50, 137.32, 136.13, 130.33 (q,  J = 32.4 Hz), 

130.12, 128.92, 128.38, 127.78, 124.55 (q, J = 3.7 Hz), 124.4 (q, J = 271.9 Hz), 89.75, 53.64, 
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46.94, 26.30, 8.81. 19F NMR (282 MHz, CDCl3, 292 K, ppm): 𝛿 -62.67. HRMS: Calc’d for 

C28H33BF3NO3 [M+H]+: 500.25784; found: 500.25744. 

 

6g (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-methoxy)phenylpyrrolidin-3-

en-2-one): 

 

1H NMR (500 MHz, CDCl3, 292 K, ppm): 𝛿 7.77 - 7.74 (m, 2H), 7.36 – 7.27 (m, 5H), 6.91 – 

6.88 (m, 2H), 4.71 (s, 2H), 3.97 (s, 2H), 3.83 (s, 3H), 1.71 – 1.59 (m, 8H), 0.86 (t, J = 7.4 Hz, 12H). 

13C NMR (126 MHz, CDCl3, 292 K, ppm): 𝛿 170.84, 146.88, 137.61, 131.18, 130.03, 128.82, 

128.42, 127.61, 125.32, 113.12, 89.37, 55.39, 53.40, 46.87, 26.31, 8.89. HRMS: Calc’d for 

C28H36BNO4 [M+H]+: 462.28102; found: 462.28077. 

3.6.9 Suzuki Coupling 
 
Suzuki Cross-Coupling of Alkenyl Boronates: (Figure 3.6) 

Cross-coupling products were prepared by borylaVon using one of Method A, B, or C (1.0 

mmol scale with respect to alkenyl pivalate precursor unless otherwise noted), followed by 

evaporaVng the reacVon mixture to dryness, and then subjecVng the crude product to ArylaPon 

Procedure 1. 
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O
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ArylaPon Procedure 1: 

The crude boronate ester was dissolved in toluene [10 ml], filtered through a pad of Celite, 

washed three Vmes with saturated NaCl [10 ml], dried with MgSO4, filtered, and then evaporated 

to dryness in a 20 mL vial with a septum cap. The vial was brought into the glovebox, and charged 

with Pd(OAc)2 (4.5 mg, 0.02 mmol), XPhos (14.3 mg, 0.03 mmol), K3PO4 (425.7 mg, 2.0 mmol), 

bromobenzene (157.0 mg, 1.0 mmol) and toluene (5 mL, 0.2 M in alkenyl carboxylate). The vial 

was brought outside the glovebox, degassed H2O [1 mL] was injected through the septum, and 

the reacVon mixture sVrred at 80 °C for 18 hours. The soluVon was then filtered through a pad of 

celite and evaporated to dryness. The crude product was then isolated by column 

chromatography using hexanes/ethyl acetate on a Biotage Selekt instrument (see Appendix B). 

5a 1-phenyl-5,5-dimethylcyclohex-1-en-3-one 

 

This product is prepared by borylaVon via Method B (3.3 mmol scale) followed by the 

cross-coupling procedure described above. NMR spectral data is consistent with that previously 

reported.47 Yield: 297.8 mg (45%, yellow oil).  

 

5h 1-phenylcyclopent-1-en-3-one 

 

O

O



 118 

This product is prepared by borylaVon via Method A followed by the cross-coupling 

procedure described above. NMR spectral data is consistent with that previously reported.47 

Yield: 48.9 mg (24%, yellow solid).  

 

5i 4-phenylbenzopyran-2-one 

 

This product is prepared by borylaVon via Method C followed by the cross-coupling 

procedure described above. NMR spectral data is consistent with that previously reported.47 

Yield: 35.1 mg (16%, brown solid). The protodeboronaVon product (i.e. coumarin) was also 

obtained.78 Yield: 46.7 mg (32%). 

 

5j 4-phenyl-6-methyl-2H-pyran-2-one 

 

This product is prepared by borylaVon via Method C followed by the cross-coupling 

procedure described above. NMR spectral data is consistent with that previously reported.79 

Yield: 59.0 mg (32%, beige solid).  

 

 

O

O

O

O



 119 

5e 4-phenyl-1-benzyl-3-phenylpyrrolidin-3-en-2-one 

 

This product was attempted to be prepared by borylation via Method C followed by the 

cross-coupling procedure described above. Upon isolation using automated chromatography, 

we observe a 3.33 : 1 mixture of 5e and 4e. NMR spectral data for 5e is consistent with that 

previously reported.47 Yield: 151.7 mg (49% based on observed product ratio, yellow oil). 

 

4b 3-phenylfuran-2(5H)-one 

 

This product was prepared by borylaVon via Method C (0.500 mmol scale), followed by 

filtraVon of the crude reacVon soluVon through Celite. The organic phase [5 mL total volume 

toluene] was then washed with 3 x 5 mL saturated NaHCO3, and the organic layer dried over 

MgSO4 before concentraVon in vacuo. The crude product was then isolated by column 

chromatography using hexanes/ethyl acetate on a Biotage Selekt instrument. NMR spectral data 

is consistent with that previously reported.67 Yield: 52.8 mg (66%, yellow solid).  
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4e 1-benzyl-3-phenylpyrrolidin-3-en-2-one 

 

This product was prepared by borylaVon via Method C (0.500 mmol scale), followed by 

filtraVon of the crude reacVon soluVon through Celite. The organic phase [5 mL total volume 

toluene] was then washed with 3 x 5 mL saturated NaHCO3, and the organic layer dried over 

MgSO4 before concentraVon in vacuo. The crude product was then isolated by column 

chromatography using hexanes/ethyl acetate on a Biotage Selekt instrument. NMR spectral data 

is consistent with that previously reported.66 Yield: 53.9 mg (43%, yellow oil).  

 

Synthesis of 5d (Equation 1): 

Method E (SecVon 3.4) was performed subsVtuVng B2EPin2 for B2Pin2 at 0.25 mmol scale (Method 

E: B2EPin2: 147.1 mg, 0.40 mmol), before the ArylaPon Procedure 2: 

ArylaPon Procedure 2: 

Under a N2 atmosphere, a 1 dram vial was charged with the borylated (EPin) lactone from 

Methods E, Pd(OAc)2 (1.1 mg, 0.005 mmol), XPhos (3.6 mg, 0.008 mmol), K3PO4 (106.9 mg, 0.50 

mmol) and bromobenzene (39.4 mg, 26.8 μL, 0.25 mmol). Toluene (1.25 mL, 0.2 M) was 

dispensed into the vial and sealed with a septum cap. On the bench, 1.25 mL degassed H2O was 

dispensed into the vial and the reacVon mixture was allowed to sVr vigorously at 80°C for 18 

hours. The reacVon mixture was then transferred to a separatory funnel using toluene and H2O, 

the aqueous layer was extracted with toluene twice [10 mL]. The combined organic fracVons were 

dried using MgSO4, filtered, and evaporated to dryness. To remove the ethylpinacol generated in 
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this reacVon, B2EPin2 was reformed by the crude product being combined with B2(OH)4 (18.0 mg, 

0.20 mmol), NaOAc (18.5 mg, 0.23 mmol), and a scoop of sodium sulfate as a drying reagent in a 

50 mL round bohom flask. Toluene (3.0 mL, 0.08 M) was used to resuspend the reacVon mixture, 

and the round bohom flask was fihed with a condenser and swept with N2. Under N2, the reacVon 

mixture was allowed to sVr vigorously overnight at 120 °C. The reacVon mixture was allowed to 

cool before filtering and evaporaVng to dryness before column chromatography using a Biotage 

Selekt instrument (chromatogram in Appendix B) to yield 5d (36.7 mg, 55% yield). Spectroscopic 

data matches that previously reported.80 
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Chapter 4: The development of novel cross-coupling scaffolds 

for C–O ac9va9on chemistry 

This chapter, excluding sections 4.1 and 4.5, have been reproduced from: 

Gaube, G.; Mutter, J.; Leitch, D.C. A “Neat” Synthesis of Substituted 2-Hydroxy-pyrido[1,2-

a]pyrimidin-4-ones, Canadian Journal of Chemistry, 2024, 102, 206-213, (DOI: 10.1139/cjc-

2023-0150), and adapted with permission from Canadian Science Publishing. 

4.1: Preface  

Contributions: James Mutter conducted initial evaluation of three methods as well as the 

synthesis of 2d under supervision of Gregory Gaube. All other experimental work and 

characterization was conducted by Gregory Gaube. 

4.2 Abstract 

We report the synthesis of a series of subsVtuted 2-hydroxy-pyrido[1,2-a]pyrimidin-4-

ones through a condensaVon of 2-aminopyridines and diethyl malonate. This method is 

contrasted with three reported general procedures for the preparaVon of these compounds, 

revealing that simple, neat synthesis condiVons are suitable for a number of derivaVves, including 

halogenated compounds suitable for further funcVonalizaVon. Environmental, safety, and 

economic factors were considered in exploring this effecVve and robust syntheVc method.  

4.3 Introduc?on 

Nitrogen-containing heterocycles are an indispensable component of many funcVonal 

organic compounds.1–3 Both saturated and unsaturated nitrogen-containing heterocycles are not 

only ubiquitous in agrochemicals,4 and natural products,5 but they are criVcal moieVes in many 

biologically acVve compounds for anVcancer,6 anVbacterial,7 and anVviral purposes,8,9 conferring 
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significant pharmacological value.10 This is reflected in the number of FDA approved small 

molecule pharmaceuVcals that contain N-heterocycles. A 2014 review stated that 59% of FDA 

approved pharmaceuVcals contained at least one N-heterocycle,11 with a more recent 2020 

review revealing a significant jump to 75%.12 Thus, methods to prepare and funcVonalize N-

heterocycles remain an important part of organic synthesis research.  

Pyrido[1,2-a]pyrimidin-4-ones (PPDs) are a specific class of N-heterocycle, with an 

aromaVc bicyclic structure containing nitrogens at the 1 and 5 posiVons, as well as a carbonyl at 

the 4 posiVon. They were first synthesized in 1924,13 but have only been recognized as an 

important scaffold more recently.14–22 Specific examples of approved acVve pharmaceuVcal 

ingredients based on a PPD pharmacophore include permirolast,23 an anV-allergen medicaVon, 

and risdiplam,24 a treatment for spinal muscular atrophy (Figure 4.1). AddiVonal studies indicate 

PPDs have potenVal as compounds for cancer treatment,25 and diabetes.26 
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Figure 4.1: Current and poten:al ac:ve pharmaceu:cal ingredients containing a  

pyrido[1,2-a]pyrimidin-4-one subunit (highlighted in blue).23–26 

Herein we evaluate three literature syntheses for subsVtuted 2-hydroxy-PPDs, and report 

a simple and generally applicable neat synthesis of these compounds using commercially 

available subsVtuted 2-aminopyridines and diethyl malonate without the need for 

chromatography. While numerous methods have been reported in the literature for a given target 

2-hydroxy-PPD, there are relaVvely few reports detailing procedures applicable to the synthesis 

of mulVple 2-hydroxy-PPD molecules. When we applied these literature syntheses to a series of 

subsVtuted 2-aminopyridines, we found the product yields to be inconsistent. In addiVon, the 

poor solubility, high polarity, and high boiling points of these compounds means typical 

purificaVon methods, such as recrystallizaVon, column chromatography, and disVllaVon, are olen 

unsuitable. The method reported herein, building from specific prior reports of using neat diethyl 
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malonate,13,19-21 proceeds without the need for such addiVonal purificaVon, relying instead on 

simple reslurrying of the isolated solid to dissolve soluble impuriVes. As a result, we have accessed 

various subsVtuted 2-hydroxy-PPDs with potenVal for further funcVonalizaVon. 

4.4 Results and Discussion: 

As part of our efforts to develop new catalyVc methods for heterocycle funcVonalizaVon, 

we sought a versaVle and robust method to access various 2-hydroxy-PPDs. When synthesizing 

the otherwise unsubsVtuted 2-hydroxy-PPD 2a, literature reports are consistent that using 2-

aminopyridine and a malonate derivaVve to effect two successive amidaVon reacVons is an 

efficient method.25,28,30–33 However, in our hands we found yields to be inconsistent when we 

applied these methods to access 2-hydroxy-PPDs beyond the scope explored in the original 

reports, especially for subsVtuted derivaVves with potenVal for further funcVonalizaVon through 

SNAr and/or cross-coupling. With a goal to establish condiVons that could be broadly applied to a 

library of commercially available 2-aminopyridine building blocks, we began by evaluaVng three 

methods (A-C) to access five 2-hydroxy-PPDs (2a-c, 2g, 2i; Figure 4.2).  
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Figure 4.2: Three reported methods (A-C) applied to the synthesis of five subs:tuted 2-hydroxy-PPDs; reac:ons 

performed at 2.0 g scale (mass of 2-aminopyridine substrate). 

IniVally, we explored a reported two-step method for the formaVon of 2a, similar to 

Method A shown above (step 2 reacVon temperature = 160 °C, and open to atmosphere);28 

however, we observed inconsistent results with respect to yield of desired product. A common 

issue when performing the second step is lihle/no cyclizaVon to generate 2a. To overcome this, 

we modified the procedure to run under N2 (Appendix C – Figure C1) and then also at an elevated 

reacVon temperature. We only observe appreciable cyclizaVon when performing the second step 

≥200 °C (Appendix C – Figure C2). With these modificaVons, Method A was then applied to 

convert all five 2-aminopyridines. While this method provided sufficient yield for the 

unsubsVtuted (2a) and tolyl derivaVves (2b-2c), no halide containing species (2g or 2i) was 

2a 2b 2c 2g 2i

A 21 54 34 0 0
B 23 0 0 0 15
C 62 52 12 21 29

Isolated yield (%)
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successfully synthesized using this method. Furthermore, the use of high-boiling diphenyl ether 

as solvent (b.p. = 258 °C) complicated isolaVon once the reacVon was complete. 

Method B, which uses ethanol as a polar proVc solvent at reflux, was then ahempted.31 

However, we again observed incomplete or no cyclizaVon, with the iniVal monoamidaVon 

product as the major/sole species. While we were able to successfully isolate the unsubsVtuted 

(2a) and the 6-chloro product (2i), Method B was not able to furnish the other three 2-hydroxy-

PPD products.  

Method C, which employs a more elaborate malonate ester substrate bis(2,4,6-

trichlorophenyl)malonate (BTCM), was the most broadly successful approach.17 Originally 

reported by Kappe,34 this procedure enables the difficult second amidaVon by replacing the ethyl 

esters with acVvated 2,4,6-trichlorophenol esters; the higher reacVvity of BTCM also enables the 

cyclizaVon to occur at room temperature. However, BTCM is considerably more expensive and 

mass inefficient compared to diethyl malonate. Its synthesis uses phosphorus oxychloride (POCl3) 

to acVvate malonic acid. POCl3 is highly hazardous, with safety incidents involving reacVon 

quenching reported in the literature.35 While Method C does provide the best results across the 

five 2-hydroxy-PPD targets, we sought a more economical and safe method to access these 

compounds that is consistent with the principles of green chemistry.36 In parVcular, the reacVon 

mass intensiVes ([mass of input reagents and solvents] / [mass of product]) for PPD formaVon of 

Methods A-C in our hands are 45, 36, and 18, respecVvely (note this does not include the 

synthesis of BTCM). Industry targets for step mass intensity are 10-30, with lower values being 

preferred. For a reacVon mass intensity, which does not include the mass of solvents used for 

workup or purificaVon, an ideal value is < 10. 
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Our experience with Methods A-C inspired us to explore an alternaVve pathway for 

preparaVon of 2-hydroxy-PPDs. With respect to Method A, elevated temperatures (>200 °C) and 

N2 atmosphere were required to facilitate the second amidaVon. Rather than use diphenyl ether 

as a solvent for the second amidaVon, we simply used a larger excess of diethyl malonate (5 equiv) 

and directly heated the reacVon mixture to high temperature. Notably, the original synthesis of 

2a, reported by Chichibabin, employed a similar approach of using malonate esters as both 

reactant and solvent.13 More recent efforts have used neat reacVon condiVons to access specific 

PPD derivaVves,19-21 but there is no comprehensive assessment of this approach for a wide array 

of subsVtuted derivaVves. 

With reactor block temperatures of 230 °C (diethyl malonate b.p. = 199 °C), we 

standardized the reacVon Vme to 3 h to compare reacVvity across the set of 2-aminopyridines 

(1a-q). This also enabled reacVon set-up, execuVon, and clean-up to be completed within a single 

day, and avoided the need to run high temperature reacVons unahended (i.e. overnight). Diethyl 

malonate proves to be an effecVve solvent as well as reactant, providing syntheVcally useful yields 

of 2-hydroxy-PPDs 2a-q on (mulV)gram scale (Figure 4.3). This includes halogenated derivaVves 

2f-q, which provide syntheVc handles for further funcVonalizaVon via SNAr or metal-catalyzed 

coupling. Notably, we do observe diminished yield in the case of 2e, 2i, and 2q, all of which have 

a subsVtuent at the 6-posiVon. This is likely due to increased steric hindrance adjacent to the 

pyridyl nitrogen slowing the rate of cyclizaVon. Importantly, on larger scale the excess diethyl 

malonate disVlled at the end of the reacVon can be reused in future experiments, significantly 

improving the overall mass efficiency of this process. We demonstrated this by synthesizing 2b 

using recycled diethyl malonate without compromising the yield (Appendix C – Figure C4).   
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Figure 4.3: Synthesis of 2a-q (except 2l and 2o) from 1a-q using diethyl malonate. All reac:ons performed at 18.5 

mmol scale rela:ve to (subs:tuted) 2-aminopyridine, isolated yields. aOpen to air. 

Finally, we do observe some limitaVons of the current method. Firstly, 8-fluoro-2-hydroxy-

4H-pyrido[1,2-a]pyrimidin-4-one (2o) results in a complex mixture. We suspect the reason for this 

is that the starVng material 2-amino-4-fluoropyridine (1o) is an excellent candidate for SNAr 

chemistry; however, we note we can synthesize the analogous chloro (2g) and bromo (2k) 

products using the general procedure. Secondly, in an ahempt to prepare 7-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one (2l) from the corresponding 2-amino-5-bromopyridine (1l), we 

observe a mixture containing 2l (Appendix C – Figure C27 for 1H NMR spectrum). Ahempts to 

separate these materials via column chromatography were unsuccessful due to the poor solubility 
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and high polarity of 2l. To circumvent these purificaVon issues, we derivaVzed the generated 2l 

with p-toluenesulfonyl chloride. A simple workup allowed us to remove the major impurity and 

isolate the desired tosylated product (3l) with 30% overall yield over two steps without the need 

for chromatography (Figure 4.4). Notably, the general method is successful in the synthesis of the 

analogous 5-chloro (2h) and fluoro (2p) products. 

 

 

Figure 4.4: Synthesis of 2l from 1l using diethyl malonate and subsequent tosyla:on to yield 3l. 

We also note that the low solubility and high melVng points contributes to the limited 

characterizaVon of the products. This has been evident in literature as characterizaVon of any 

previously reported compounds is generally limited to 1H NMR spectroscopy.15,28,30,32 While we 

report 1H NMR spectra for all compounds, we have had limited success acquiring 13C NMR spectra 

(see SI, SecVon 4 for more details). These products also generally have melVng points higher than 

standard melVng point apparatuses can reach.37 Despite these barriers, we report 1H NMR 

spectra, and HR-MS data for all compounds synthesized, which includes 5 new compounds (2g, 

2i, 2k, 2m, 2q).  

4.5 Func?onaliza?on of PPDs 

In order to evaluate the acVvity of these PPD compounds in Pd catalyzed C–O acVvaVon 

chemistry we needed to install the required funcVonal groups for screening. Literature syntheses 
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of risdiplam uVlize a tosylate funcVonal group to funcVonalize the 2 posiVon and then uVlizes a 

halide to funcVonalize the backbone 7 posiVon separately.24 Future screening work on this moVf 

should include the tosylated PPD structure, 3a, with Pd(OAc)2 and PCy3 as a 1 : 2 in situ Pd catalyst 

system (with 2 equivalents K2CO3 base) as a posiVve control. We have demonstrated in Eq. 1 that 

3a can be synthesized at the gram scale. As carboxylates are the primary consideraVon of this 

thesis, it was imperaVve to demonstrate that these PPD moVfs could be funcVonalized 

accordingly. Eq. 2 demonstrates that we were also able to synthesize the pivalated unsubsVtuted 

PPD 4a at the gram scale. Both 3a and 4a are novel compounds, full characterizaVon can be found 

in SecVon 4.7. 

 

 By synthesizing 3a and 4a we have demonstrated that the library of PPD molecules 

generated in SecVon 4.4 can be funcVonalized for screening in the future. 3a and 4a will provide 

the basis for iniVal screening experiments (detailed in SecVon 5.2.4).   

4.6 Conclusions 

By exploiVng the use of diethyl malonate as both solvent and reactant, we have 

demonstrated the synthesis of subsVtuted 2-hydroxy-PPDs, several of which are new compounds. 

By evaluaVng three reported methods and taking inspiraVon from Chichibabin’s original 
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preparaVon, we have shown that neat reacVon condiVons are suitable as a generally applicable 

method. This procedure provides syntheVcally useful yields in a short turnaround Vme, with 

excellent mass efficiency (reacVon mass intensity < 10) and a straigh�orward method to recover 

and reuse the unreacted diethyl malonate. We then demonstrated that these molecules could be 

funcVonalized in order to add them to our screening library. As the importance of nitrogen-

containing heterocycles and PPDs in parVcular conVnues to grow, robust methods to access key 

scaffolds will remain criVcal. 

4.7 Experimental 

4.7.1 General Considera>ons:  
 
Unless otherwise noted, all reacVons were performed using standard Schlenk techniques under 

N2. All starVng materials were purchased from commercial suppliers and used without further 

purificaVon. All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer 

or a Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C NMR chemical shils are calibrated 

to residual proVo-solvents (d6-DMSO: 2.50 ppm, CDCl3: 7.26 ppm). All NMR spectroscopic data is 

processed using Bruker TopSpin 4.10. High-resoluVon mass spectrometry (HRMS) were obtained 

using a Bruker maXis Impact Quadrupole Time-of-Flight LC/MS System, or Thermo ScienVfic 

UlVmate 3000 ESI-Orbitrap ExacVve Plus. All spectra associated with this work can be found in 

Appendix C.  
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4.7.2 Method A-C Procedures: 
 
Method A:  

This procedure was adapted from the literature with modificaVons.28 These reacVons 

were run at 2.0 g scale relaVve to the (subsVtuted) 2-aminopyridine, masses are shown below 

relaVve to the unsubsVtuted 2-aminopyridine (1a).  

A round-bohom flask was charged with diethyl malonate (8.5 g, 8.1 ml, 53 mmol, 2.5 

equiv) and 2-aminopyridine (2.0 g, 21.2 mmol, 1 equiv). The reacVon was lel to sVr overnight at 

140 oC for 24 h. The mixture was then cooled to room temperature and purified via flash 

chromatography. Diphenyl ether (22.5 g, 21.0 mL) was added to a round bohom flask along with 

the intermediate product to sVr at 200 oC for 24 h. Diphenyl ether was removed via disVllaVon 

under reduced pressure. The crude product was suspended in hot hexanes and then washed with 

diethyl ether to yield the cyclized product (0.722 g, 21% yield). ReacVon mass intensity = [mass 

of input materials] / [mass of product] = 45. 

  

Figure 4.5: General reac:on procedure for Method A 

Method B:  

This procedure was adapted from the literature.31 These reacVons were run at 2.0 g scale 

relaVve to the (subsVtuted) 2-aminopyridine, masses are shown below relaVve to the 

unsubsVtuted 2-aminopyridine (1a).  
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An round bohom flask was charged with diethyl malonate (10.2 g, 9.7 ml, 63.6 mmol, 3 

equiv) and 2-aminopyridine (2.0 g, 21.2 mmol, 1 equiv) and suspended in ethanol (16.6 g, 21.0 

mL, 1 M). The reacVon was fihed with a sVll head to conVnuously extract the ethanol and refluxed 

for 3 – 6 h. The mixture was then cooled to obtain the crude precipitate, which was washed with 

hexanes to yield the cyclized product (0.795 g, 23% yield). ReacVon mass intensity = [mass of 

input materials] / [mass of product] = 36.  

  

Figure 4.6: General reac:on procedure for Method B 

Method C:  

This procedure was adapted from literature.17 These reacVons were run at 2.0 g scale 

relaVve to the (subsVtuted) 2-aminopyridine, masses are shown below relaVve to the 

unsubsVtuted 2-aminopyridine (1a).  

A round bohom flask was charged with bis(2,4,6-trichlorophenol)malonate (19.6 g, 42.4 

mmol, 2 equiv), a (subsVtuted) 2-aminopyridine (2.0 g, 21.2 mmol, 1 equiv), and acetone (16.5 g, 

21.0 mL, 1 M). The soluVon was lel to sVr for 18 h at room temperature. Under reduced pressure, 

the soluVon was concentrated. The crude product was suspended in hot hexanes to yield the 

cyclized product (2.14 g, 62% yield). ReacVon mass intensity = [mass of input materials] / [mass 

of product] = 18. 
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Figure 4.7: General reac:on procedure for Method C 

4.7.3: Synthesis of Subs>tuted 2-hydroxy-PPDs 
 
CauPon: This procedure requires very high temperatures, please refrain from using oil-based 

heaVng as the temperatures required for this reacVon exceed the flash point of standard oil-based 

heaVng mediums.  

A round bohom flask was charged with diethyl malonate (5 equiv) and the desired 2-

aminopyridine derivaVve (1 equiv). A condenser fihed to an N2 line was ahached to the reacVon 

flask. The reacVon mixture was then brought to reflux using an aluminum heat block (Tblock = 230 

°C) and sVrred for 3 h. At this point, the reacVon flask was removed from the aluminum heat block 

and allowed to cool below the boiling point of diethyl malonate. Once reflux had ceased, the 

condenser was replaced with a disVllaVon apparatus, the reacVon flask returned to the heat 

block, and excess diethyl malonate disVlled from the flask at ambient pressure. The reacVon 

mixture was then allowed to cool to room temperature. Once cool, hexanes was added to the 

reacVon mass, and brought to reflux with vigorous sVrring. The residual solid was suspended in 

refluxing hexanes for 1-18 h. The resulVng solid was filtered, washed with diethyl ether, and dried 
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in vacuo, giving the desired 2-hydroxy-PPD product as a solid. All NMR spectroscopy on 2-hydroxy-

PPDs was conducted in d6-DMSO.  

Poor solubility of these compounds hindered the acquisiVon of 13C NMR spectra with 

acceptable signal-to-noise in several cases. Notably, this is a common issue with 2-hydroxy-PPDs, 

as to the best of our knowledge there is only one known compound with reported 13C NMR 

chemical shils.27  

2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a). 2-Aminopyridine 1a (1.74 g, 18.5   

mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the general 

procedure to form 2a as a beige solid. Isolated yield: 2.35 g, 78%.28 1H NMR (300MHz, (CD3)2SO, 

292 K, ppm): δ 12.03 (s, 1H), 8.93 (dd, J = 6.9, 0.7 Hz, 1H), 8.09 (dtd, J = 8.7, 6.9, 1.6 Hz, 1H), 7.41 

(dt, J = 8.8, 1.3, 0.8 Hz, 1H), 7.33 (td, J = 6.9, 1.3 Hz, 1H), 4.97 (s, 1H).28 HRMS: Calc’d for C8H7N2O2 

[M+H]+: 163.05020; found: 163.04973. ReacVon mass intensity = [mass of input materials] / [mass 

of product] = 7. 

2-Hydroxy-9-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2b). 2-Amino-3-methylpyridine 

1b (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using 

the general procedure to form 2b as a pale yellow solid. Isolated yield: 2.39 g, 73%. 1H NMR 

(500MHz, (CD3)2SO, 292 K, ppm): δ 11.48 (s, 1H), 8.80 (d, J = 7.0, 1.6 Hz, 1H), 7.84 (d, J = 6.9 Hz, 

1H), 7.17 (t, J = 7.0 Hz, 1H), 5.40 (s, 1H), 2.44 (s, 3H). HRMS: Calc’d for C9H9N2O2 [M+H]+: 

177.06585; found: 177.06539. 

2-Hydroxy-8-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2c). 2-Amino-4-methylpyridine 

1c (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2c as a beige solid. Isolated yield: 1.82 g, 56%.29 1H NMR (300MHz, 
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(CD3)2SO, 292 K, ppm): δ 11.97 (s, 1H), 8.85 – 8.77 (d, 1H), 7.24 – 7.13 (m, 2H), 4.84 (s, 1H), 2.46 

(s, 3H).30 13C NMR (126 MHz, (CD3)2SO, 292 K, ppm): δ162.9, 155.8, 154.1, 147.3, 128.3, 117.7, 

115.0, 80.8, 21.1. HRMS: Calc’d for C9H9N2O2 [M+H]+: 177.06585; found: 177.06602. 

2-Hydroxy-7-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2d). 2-Amino-5-methylpyridine 

1c (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2c as a pale yellow solid. Isolated yield: 2.49 g, 76%. 1H NMR (300MHz, 

(CD3)2SO, 292 K, ppm): δ 11.92 (s, 1H), 8.77 (s, 1H), 7.97 (dd, J = 8.9, 2.1 Hz, 1H), 7.35 (d, J = 8.9 

Hz, 1H), 4.95 (s, 1H), 2.37 (s, 3H). HRMS: Calc’d for C9H9N2O2 [M+H]+: 177.06585; found: 

177.06582. 

2-Hydroxy-6-methyl-4H-pyrido[1,2-a]pyrimidin-4-one (2e). 2-amino-6-methylpyridine 

1e (2.00 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using 

the general procedure to form 2e as a brown solid. Isolated yield: 1.05 g, 32%. 1H NMR (300MHz, 

(CD3)2SO, 292 K, ppm): δ 10.59 (s, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.67 (t, J = 7.9 Hz, 1H), 6.98 (d, J = 

7.4 Hz, 1H), 3.60 (s, 1H), 2.41 (s, 3H). HRMS: Calc’d for C9H9N2O2 [M+H]+: 177.06585; found: 

177.06559. 

9-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2f). 2-Amino-3-chloropyridine 1f 

(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2f as a beige solid. Isolated yield: 2.13 g, 59%. 1H NMR (300MHz, 

(CD3)2SO, 292 K, ppm): δ 11.90 (s, 1H), 8.85 (dd, J = 7.1, 1.5 Hz, 1H), 8.18 (dd, J = 7.4, 1.5 Hz, 1H), 

7.19 (t, J = 7.3 Hz, 1H), 5.54 (s, 1H). HRMS: Calc’d for C8H6ClN2O2 [M-H]-: 194.99668; found: 

194.99669. 
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8-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2g). 2-amino-4-chloropyridine 1g 

(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using a 

modified general procedure (open to air instead of N2 atmosphere) to form 2g as a brown solid. 

Isolated yield: 1.53 g, 42%. 1H NMR (300MHz, (CD3)2SO, 292 K, ppm): δ 12.02 (s, 1H), 8.87 (d, J = 

7.5 Hz, 1H), 7.49 (d, J = 2.2 Hz, 1H), 7.36 (dd, J = 7.5, 2.3 Hz, 1H), 5.15 (s, 1H). 13C NMR (126 MHz, 

(CD3)2SO, 292 K, ppm): δ 165.3, 156.5, 149.1, 145.4, 130.0, 118.3, 116.1, 82.3. HRMS: Calc’d for 

C8H6ClN2O2 [M+H]+: 197.01123; found: 197.01035. 

7-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2h). 2-Amino-5-chloropyridine 1h 

(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using a 

modified general procedure (open to air instead of N2 atmosphere) to form 2h as a pale yellow 

solid. Isolated yield: 2.83 g, 78%.30 1H NMR (300MHz, (CD3)2SO, 292 K, ppm): δ 12.07 (s, 1H), 8.89 

(d, J = 2.4 Hz, 1H), 8.10 (dd, J = 9.4, 2.5 Hz, 1H), 7.44 (dd, J = 9.4, 0.7 Hz, 1H), 5.19 (s, 1H). HRMS: 

Calc’d for C8H6ClN2O2 [M+H]+: 197.01123; found: 197.01068. 

 6-Chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2i). 2-Amino-6-chloropyridine 1i 

(2.38 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2i as a brown solid. Isolated yield: 1.40 g, 39%. 1H NMR (300MHz, 

(CD3)2SO, 292 K, ppm): δ 10.98 (s, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.86 (t, J = 8.0 Hz, 1H), 7.23 (dd, J 

= 7.8, 0.7 Hz, 1H), 3.63 (s, 1H). HRMS: Calc’d for C8H6ClN2O2 [M+H]+: 197.01123; found: 

197.01049. 

9-Bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2j). 2-amino-3-bromopyridine 1j 

(3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2j as a brown solid. Isolated yield: 1.64 g, 37%. 1H NMR (300MHz, 
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(CD3)2SO, 292 K, ppm): δ 11.79 (s, 1H), 8.89 (d, J = 7.0 Hz, 1H), 8.34 (d, J = 7.3 Hz, 1H), 7.11 (t, J = 

7.2 Hz, 1H), 5.53 (s, 1H). HRMS: Calc’d for C8H6BrN2O2 [M-H]-: 238.94616; found: 238.94626 . 

8-Bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2k). 2-amino-4-bromopyridine 1k 

(3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2k as a beige solid. Isolated yield: 1.46 g, 33%. 1H NMR (300MHz, 

(CD3)2SO, 292 K, ppm): δ 12.00 (s, 1H), 8.77 (d, J = 7.4 Hz, 1H), 7.64 (d, J = 2.1 Hz, 1H), 7.47 (dd, J 

= 7.4, 2.1 Hz, 1H), 5.15 (s, 1H). HRMS: Calc’d for C8H6BrN2O2 [M+H]+: 240.96072; found: 

240.96112. 

6-Bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2m). 2-amino-6-bromopyridine 

1m (3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using 

the general procedure to form 2m as a pale yellow solid. Isolated yield: 2.00 g, 45%. 1H NMR 

(300MHz, (CD3)2SO, 292 K, ppm): δ 11.00 (s, 1H), 8.07 (d, J = 8.2 Hz, 1H), 7.75 (t, J = 7.9 Hz, 1H), 

7.36 (d, J = 7.7 Hz, 1H), 3.63 (s, 1H). HRMS: Calc’d for C8H6BrN2O2 [M-H]-: 238.94616; found: 

238.94632. 

9-Fluoro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2n). 2-Amino-3-fluoropyridine 2n 

(2.07 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2n as a beige solid. Isolated yield: 1.77 g, 53%. 1H NMR (500MHz, 

(CD3)2SO, 292 K, ppm): δ 11.99 (s, 1H), 8.70 (d, J = 7.1 Hz, 1H), 7.87 (t, J = 8.7 Hz, 1H), 7.29 – 7.08 

(m, 1H), 5.51 (s, 1H). 19F-NMR (283 MHz, (CD3)2SO, 298 K) δ -126.7. HRMS: Calc’d for C8H6FN2O2 

[M+H]+: 181.04079; found: 181.04073. 

7-Fluoro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2p). 2-Amino-5-fluoropyridine 2p 

(2.07 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 



 147 

general procedure to form 2p as a beige solid. Isolated yield: 2.07 g, 65%. 1H NMR (500MHz, 

(CD3)2SO, 292 K, ppm): δ 11.97 (s, 1H), 8.92 – 8.87 (m, 1H), 8.19 – 8.11 (m, 1H), 7.49 (dd, J = 9.6, 

5.0 Hz, 1H), 5.20 (s, 1H). 19F-NMR (283 MHz, (CD3)2SO, 298 K) δ -135.1. HRMS: Calc’d for C8H6FN2O2 

[M+H]+: 181.04079; found: 181.04072. 

6-Fluoro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2q). 2-Amino-6-fluoropyridine 2q 

(2.07 g, 18.5 mmol), was coupled with diethyl malonate (14.8 g, 14.0 mL, 92.5 mmol) using the 

general procedure to form 2q as a beige solid. Isolated yield: 1.26 g, 38%. 1H NMR (500MHz, 

(CD3)2SO, 292 K, ppm): δ 10.85 (s, 1H), 8.16 – 7.72 (m, 2H), 7.04 – 6.65 (m, 1H), 3.64 (s, 1H). 19F-

NMR (283 MHz, (CD3)2SO, 298 K) δ -69.5. HRMS: Calc’d for C8H6FN2O2 [M+H]+: 181.04079 ; found: 

181.04076. 

4.7.4 Synthesis of Func>onalized PPDs 
 
Procedure for synthesis of 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-methylbenzenesulfonate 

(3a): 

2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a, 1g, 6.17 mmol) was charged in a round 

bohom flask with 30 mL DCM. Triethylamine (1.37 g, 1.89 mL, 13.57 mmol) was then added via 

syringe and the soluVon was allowed to sVr. 4-Toluenesulfonyl chloride (1.29 g, 6.78 mmol) was 

dissolved in 10 mL DCM, and transferred to an addiVon funnel ahached to the previously charged 

round bohom flask. The 4-toluenesulfonyl chloride soluVon was allowed to add dropwise, and 

the reacVon was allowed to sVr overnight at room temperature. The reacVon was quenched with 

H2O [20 mL], and the aqueous layer was extracted three Vme with DCM [20 mL]. The combined 

organic fracVons were dried with MgSO4 and filtered before evaporaVng to dryness. The resulVng 

brown oil was then triturated with cold hexanes to yield a beige powder that was filtered and 
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washed again with cold hexanes [40 mL] to yield the final product 3a (1.90 g, 97% yield). 1H NMR 

(500MHz, CDCl3, 292K, ppm): δ 9.04 (d, J = 7.0 Hz, 1H), 7.98 (d, J = 8.3 Hz, 2H), 7.86 – 7.81 (m, 

1H), 7.57 (d, J = 8.6 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H) 7.22 (t, J = 7.0 Hz, 1H), 6.11 (s, 1H), 2.46 (s, 

9H). 13C NMR (126 MHz, (CDCl3, 292 K, ppm): δ 162.15, 159.32, 150.50, 145.88, 138.21, 133.79, 

129.90, 128.97, 128.06, 126.09, 116.39, 91.69, 21.91. HRMS: Calc’d for C15H12N2O4S [M+H]+: 

317.05906; found: 317.05883. 

Procedure for synthesis of 7-bromo-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-

methylbenzenesulfonate (3l): 

A mixture containing 7-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one was 

synthesized using the general procedure above for synthesis of subsVtuted 2-hydroxy-PPDs. This 

was completed using 2-amino-4-bromopyridine 1l (3.20 g, 18.5 mmol), and diethyl malonate 

(14.8 g, 14.0 mL, 92.5 mmol). The collected solid (2.58 g, see Appendix C: Figure C30 for 1H NMR) 

was charged into a round bohom flask with 53 ml DCM and triethylamine (2.2 equiv, 3.31 mL) 

was added dropwise. 4-Toluenesulfonyl chloride (1.0 equiv, 2.04 g) was added slowly to the sVrred 

soluVon and allowed to sVr overnight. The soluVon was washed with H2O and subsequently dried 

with MgSO4 and dried in vacuo. The resulVng solid was resuspended in toluene, and dried on a 

Genevac EZ-2 to produce a light-brown solid 3l (2.20 g, 30% yield over two steps).  1H NMR 

(500MHz, CDCl3, 292K, ppm): δ 9.16 (d, J = 2.2 Hz, 1H), 8.01 – 7.92 (m, 2H), 7.85 (dd, J = 9.4, 2.2 

Hz, 1H), 7.45 (d, J = 9.3 Hz, 1H), 7.38 (d, J = 8.1 Hz, 2H), 6.13 (s, 1H), 2.47 (s, 3H). 13C NMR (126 

MHz, (CDCl3, 292 K, ppm): δ 162.2, 158.4, 149.1, 146.1, 141.6, 133.7, 130.1, 129.0, 128.3, 127.1, 

111.8, 92.5, 22.0. HRMS: Calc’d for C15H11BrN2O4S [M+H]+: 394.96957; found: 394.96962. 
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Procedure for synthesis of 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl pivalate (4a): 

2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a, 1.5 g, 9.25 mmol) was charged in a round 

bohom flask with 4-dimethylaminopyridine (113.0 mg, 0.925 mmol) and 70 mL DCM. 

Triethylamine (1.12 g, 1.55 mL, 11.1 mmol) was then added via syringe and the soluVon was 

allowed to sVr. Pivaloyl chloride (1.34 g, 1.37 mL, 11.1 mmol) was then added slowly dropwise 

and the reacVon was allowed to sVr overnight at room temperature. The reacVon was quenched 

with saturated sodium bisulfite [20 mL], washed with H2O [40 mL], and the aqueous fracVons 

were extracted three Vme with DCM [20 mL]. The combined organic fracVons were dried with 

MgSO4 and filtered before evaporaVng to dryness. The resulVng brown oil was then triturated 

with cold hexanes to yield a colourless powder that was filtered and washed again with cold 

hexanes [40 mL] to yield the final product 4a (1.79 g, 61% yield). 1H NMR (500MHz, CDCl3, 292K, 

ppm): δ 9.10 (d, J = 7.1 Hz, 1H), 7.86 – 7.82 (m, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.23 (dt, J = 0.9, 7.8 

Hz, 1H), 6.19 (s, 1H), 1.41 (s, 9H). 13C NMR (126 MHz, (CDCl3, 292 K, ppm): δ 175.64, 163.94, 

159.57, 150.94, 137.62, 127.99, 126.15, 116.00, 94.23, 39.55, 27.09. HRMS: Calc’d for C13H14N2O3 

[M+H]+: 247.10772; found: 247.10754. 
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Chapter 5: Conclusions and Future Outlook 

5.1: Conclusions 

The objecVve of this thesis was to create a foundaVonal understanding of C–O acVvaVon 

of carboxylates with Pd. Alkenyl carboxylates served as a suitable starVng point for these studies 

as they are less toxic, mass efficient and economic sources of non-aromaVc funcVonality that can 

be easily accessible by O-acylaVon of ketones. As every aspect of a reacVon affects the efficiency 

of a desired outcome, this thesis tackled this problem via three routes. Firstly, in Chapter 2, I 

invesVgated the mechanism behind a Suzuki-like reacVon previously reported by the Leitch Lab. 

Pd sources, ligaVon, and solvents were all found to alter the outcome of the reacVon. Specifically, 

through this mulV-pronged invesVgaVon previously unseen intermediates were idenVfied. A 

singly ligated Pd centre bound to the alkene of the substrate was uncovered, leading to a 

proposed hypotheVcal mechanism. This chapter provides the blueprint as to how future reacVons 

with alkenyl carboxylates can be developed.   

 
Figure 5.1: Graphical abstract for Chapter 2 - An Experimental Evalua:on of a Base-Free, Open to Air, Pd Cross-

Coupling Reac:on 
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Secondly, Chapter 3 expanded on this known reacVvity of alkenyl carboxylates, taking 

inspiraVon from the work developed in Chapter 2. MechanisVcally, Miyaura borylaVon was a 

raVonal next phase in C–O acVvaVon chemistry as many of the same fundamental steps are 

shared with the Suzuki-like chemistry developed by the Leitch Lab. This proved frui�ul, and 

several borylaVon reacVons were developed and opVmized using high-throughput 

experimentaVon. The generated alkenyl pinacol boronates proved to be variably stable and 

therefore undependable coupling partners. This was taken advantage of to develop a two-step 

deoxygenaVon procedure through this borylaVon chemistry. By altering the pinacol ester used, 

this stability issue could be overcome, which allowed for the reacVvity one would desire from a 

boron subsVtuent (such as cross-coupling).  

 
Figure 5.2: Graphical Abstract for Chapter 3 - Base-Free Palladium-Catalyzed Boryla:on of Enol Carboxylates and 

Further Reac:vity Toward Deborona:on and Cross-Coupling 
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four different posiVons within the structure. As these molecules demonstrate solubility issues, 

non-standard 1H and 13C NMR sezngs were uVlized to characterize these molecules. The 

unsubsVtuted PPD molecule was then successfully funcVonalized as a criVcal first step towards 

using this moVf as a model structure to demonstrate C–O acVvaVon chemistry with Pd.  

 
Figure 5.3: Graphical Abstract for Chapter 4 - The Development of Novel Cross-Coupling Scaffolds for C–O Ac:va:on 

Chemistry 

Overall, this thesis has furthered the development of C–O acVvaVon of carboxylates in Pd-
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of the next steps.  
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5.2 Future Direc?ons 

5.2.1 Suzuki Like Chemistry 
 

Aler our experimental evaluaVon of the Suzuki-like chemistry created by the Leitch Lab, 

the next step in understanding this reacVon would be to compute our hypothesized mechanism. 

ComputaVons are olen used as an addiVonal point of validaVon for mechanisVc studies;1–5 

however we were unable to complete these as they require a trained user. Special care would 

need to be taken in order to incorporate solvaVon effects as the co-solvent system 

(acetone/water) is experimentally a key feature of this reacVon.  

In addiVon to recreaVng our mechanism, one would also like to see specific experiments 

computed. As the main issue with this reacVon is that it is excepVonally quick, examining specific 

steps in isolaVon would allow for a more complete understanding. One such example would be 

deuterium incorporaVon at the α posiVon of the dimedone substrate. This would likely cause a 

change visible through a secondary kineVc isotope effect (KIE),6,7 as we hypothesize that the 

either of the changes in hybridizaVon from sp2 to sp3 and then back to sp2 (Figure 5.4) would likely 

be the principal factor causing a change in rate. IsolaVon of the deuterated dimedone substrate 

proved to be an elusive task, but something a future researcher could execute. Comparison of 

observed to calculated KIE values would help support our proposed mechanism.  

 

Figure 5.4: Addi:on of Pd to alkenyl carboxylate resul:ng in sp2 to sp3 hybridiza:on: k1 [H] / k1 [D], epimeriza:on,  

then hybridiza:on from sp3 to sp2: k2 [H] / k2 [D]. 
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 In addiVon to computaVonal studies, further syntheVc experiments could be performed. 

One specifically is the alteraVon from the in situ Pd(OAc)2 and P(o-OMePh)3 (1 : 1.5 equiv.) 

combinaVon to a single component Pd(P(o-OMePh)3)2 source (Figure 5.5). This Pd precatalyst is 

not currently available commercially; however, a recent publicaVon from MilliporeSigma detailed 

the synthesis of a series of doubly ligated Pd(0) complexes,8 all of which contain phosphine based 

ligands. While the P(o-OMePh)3 complex was not detailed, PtBu3, PCy3, and P(o-tol)3 complexes 

were synthesized - leading one to believe that this could be an adequate starVng point for this 

synthesis. The change in equivalents of Pd and ligand may affect the reacVon outcome 

detrimentally as we found in Chapter 2, however if the yield is only minorly perturbed in favour 

of a single-component catalyst, that may prove acceptable.  

 

Figure 5.5: Pd(OAc)2, Pd(P(o-OMePh)3)2, and Pd(TFA)2 
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F present would also allow for supplementary 19F NMR studies that may help to uncover 

decomposiVon pathways or unknown by-products.  

5.2.2 Oxida>ve Addi>on of Alkenyl Carboxylates 
 

One route in understanding mechanisms is to break down the mechanism into single 

steps, studying each step individually, before piecing together the complete picture. Much work 

has gone into understanding fundamental organometallic steps,9–15 and oxidaVve addiVon is an 

accessible reacVon to address as we olen begin our reacVons with this step. During work with 

Dr. Nahiane Pipaon Fernandez, it was discovered that the oxidaVve addiVon of an alkenyl 

carboxylate and Pd(PCy3)2 was reversible (Figure 5.6).16 This spurred efforts to synthesize the 

oxidaVve addiVon products of numerous alkenyl carboxylates.  

 
Figure 5.6: Reversible oxida:ve addi:on of alkenyl carboxylate and Pd(PCy3)2. 
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3-en-2-one (1d),17 4-pivalyloxy-1-benzyl-3-phenylpyrrolidin-3-en-2-one (1e),17 4-pivalyloxy-6-

methyl-2-pyrone (1f),17 2-oxo-2H-chromen-4-yl pivalate (1g).19 These reacVons were conducted 

in J-Young tubes and monitored for up to seven days by 31P NMR (SecVon 5.3.1).  
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Figure 5.7: Oxida:ve addi:on experiments conducted using Pd(PCy3)2 on a series of alkenyl carboxylates. Reac:ons 

were monitored using 31P NMR. 
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Figure 5.8: a) Oxida:ve addi:on condi:ons for 4-pivalyloxy-3-phenylpyran-3-en-2-one with Pd(PCy3)2 in d8-toluene. 

b) Solid-state molecular structure of lactone oxida:ve addi:on complex. Ellipsoids plohed at 50% probability 

(cyclohexyls shown as wireframe). Hydrogens and toluene solvate not shown for clarity. 
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diagnosVc. Finally, determining whether these formed compounds were all catalyVcally acVve in 

Suzuki chemistry, and at what temperatures, would also aid in verifying a more-tradiVonal Pd(0) 

/ Pd(II) pathway that these compounds may promote.  

5.2.3 Boryla>on of Alkenyl Carboxylates 
 

The dominant issue in borylaVon chemistry, as uncovered in Chapter 3, is that the boron 

handle that is essenVal for cross-coupling olen becomes an impediment during isolaVon. While 

cross-coupling with new boron handles such as B2EPin2 is successful,20 these isolaVon issues 

persist and form a logical next step in this project; namely, designing new B2X2-type compounds 

for Miyaura borylaVon. One soluVon is to ahempt to synthesize a B2PPin2, B2CPPin2, and/or 

B2CHPin2 (Figure 5.9). For all cases, where ethyl pinacol was reacted with tetrahydroxydiboron to 

make B2EPin2,20 the propyl, cyclopentyl, or cyclohexyl pinacol derivaVves,21 would be reacted 

instead. These pinacol derivaVves are all known compounds, and their synthesis does not deviate 

from what was conducted for the ethyl pinacol in B2EPin2. B2PPin2, and B2CHPin2 are unreported 

compounds. B2CPPin2 has been reported;22 however, its use as a B2Pin2 replacement in Miyaura 

borylaVon has not been reported (to the best of my knowledge).  

 

Figure 5.9: Poten:al B2X2 compounds to synthesize: B2PPin2, B2CPPin2, B2CHPin2.  
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could alter where the problemaVc by-product eluted for column chromatography, however one 

could anVcipate streaking on the column as a persistent issue. B2CPPin2 and B2CHPin2 would be 

bulky alternaVves to B2EPin2, however without the linear alkyl chains, the tendency to block the 

open p-orbital of the boron may be diminished. However, these may be more suitable to 

overcome the coeluVon issue. Not only would one think that this difference of a closed chain 

would alter the eluVon on the column, but diminished solubility may enable removal by filtraVon.  

We have successfully synthesized B2CHPin2 using literature precedent.20 We have isolated 

the compound at gram scale. Full characterizaVon can be found in SecVon 5.3.2. We have also 

confirmed its structure by X-ray crystallography (Figure 5.10).  

 

Figure 5.10: a) Synthesis of B2CHPin2, a novel B2X2 compound, b) Solid-state molecular structure of B2CHPin2. 

Ellipsoids plohed at 50% probability. One of two disordered rota:onal orienta:ons shown. Hydrogens not shown for 

clarity. 
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 Once these B2X2 compounds are synthesized, catalyVc reacVons would need to be 

performed. The DMPDAB-Pd-MAH and PCy3 in situ system (detailed in Chapter 3) would be a clear 

place to begin catalyVc studies, as this system has been amenable to two B2X2 compounds so far.   

5.2.4 High Throughput Screening of Pivalated PPD for Suzuki Reac>vity  
 

Chapter 4 concludes with the synthesis of unsubsVtuted PPD molecules funcVonalized 

with tosylate and pivalate groups. These molecules could serve as an iniVal pla�orm for 

expanding the Leitch Lab’s C–O acVvaVon of carboxylate chemistry. As these molecules can be 

considered aromaVc, iniVal screening should focus more on the 100 °C reacVvity highlighted in 

the Leitch Lab’s iniVal report.23 This is likely due to these compounds undergoing coupling through 

a more tradiVonal Pd(0) / Pd(II) Suzuki catalyVc cycle, with the oxidaVve addiVon of these 

aromaVc C–O carboxylate bonds requiring higher temperatures.24 The arylated product of the 

unsubsVtuted PPD scaffold is a known structure,25 and could be accessed via the chemistry used 

to synthesize risdiplam from the tosylated structure,26 or from the unfuncVonalized starVng 

material as well.25 Pd(OAc)2 and PCy3 that are used to synthesize risdiplam would likely be 

screening candidates, but expanding the screened ligand scope would be favourable. One 

parVcular set of ligands that we have under screened in previous years is the phenanthroline 

ligands (Figure 5.11). The Larhed group have uVlized these phenanthroline ligands for oxidaVve 

Heck chemistry,27–29 but they have also completed some mass spectrometry work that highlights 

that diphosphine ligands (such as dppp – Figure 5.11), as well as the aforemenVoned 

phenanthroline ligands, are capable of forming caVonic Pd complexes in the presence of alkenes 

and pseudo-halides.30 These ligands are olen di-subsVtuted typically at the 2, 9 posiVons or the 

4, 7 posiVons, offering tunability of these nitrogen based ligands. These phenanthroline ligands, 
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along with mono- (such as tri(o-tolyl)phosphine – Figure 5.11) and diphosphine ligands would 

make an excellent start for a screening ligand set.  

 

Figure 5.11: Unsubs:tuted phenanthroline ligand, 1,3-bis(diphenylphosphino)propane - a diphosphine ligand, and 

tri(o-tolyl)phosphine a monophosphine ligand. 

5.2.5 Sonogashira Coupling 
 

Aler Miyaura borylaVon, we sought other reacVons where C–O acVvaVon of carboxylates 

could be feasible. One opVon is Sonogashira coupling,31–33 where if oxidaVve addiVon to the 

correct C–O bond could be ensured, the rest of the reacVon mechanisms could be viable. 

However, complicaVng this was the two different types of Sonogashira coupling, either with, or 

without a Cu source (Figure 5.12a and b).34  

 
Figure 5.12: a) Sonogashira reac:on mechanism with Cu, b) Sonogashira reac:on mechanism without Cu 
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Based on both these mechanisms, iniVal screening should start with either temperatures 

high enough to ensure the required oxidaVve addiVon, or an oxidaVve addiVon complex where a 

ligated Pd source is already part of the starVng material. While the Leitch Lab has used the 

cyclohexanone oxidaVve addiVon product because of  its  ease of use,16,24 perhaps a product that 

strictly reacted under more tradiVonal Pd(0) / Pd(II) condiVons in the Suzuki-like chemistry, such 

as the subsVtuted γ-lactone (isolated in SecVon 5.2.2), would be a more suitable choice.  

One issue with this reacVon would be choosing a base. Since the carboxylate handle has 

a built-in leaving group, the bases tested must not be nucleophilic. Amine bases also have a 

number of side reacVvity issues that will need to be outcompeted if chosen.35 This will limit the 

toolbox of the bases used in tradiVonal Sonogashira coupling, likely causing us to turn to bases 

such as N,N-diisopropylethylamine (DIPEA), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) or 1,5-

diazabicyclo[4.3.0]non-5-ene (DBN).   

J-Young tube experiments could be an accessible place to start with this reacVon 

combining alkynes, bases, copper sources and the aforemenVoned oxidaVve addiVon complex. 

One could also use high throughput experimentaVon to screen for product formaVon, altering 

many factors at the same Vme in order to find a suitable combinaVon.  

5.2.6 Expansion of Suzuki-like Chemistry 
 
 Expanding the Suzuki-like reacVvity that the Leitch Lab uncovered in 2020 to alternaVve 

alkenyl carboxylate electrophiles would be an excellent addiVon to this chemistry. Through 

Chapter 2 we have demonstrated that at room temperature this reacVon likely goes through a 

caVonic Pd(II) only mechanism. At elevated temperatures a more tradiVonal Pd(0) / Pd(II) catalyVc 

cycle is more likely. Both types of reacVvity are valid and require evaluaVon. With this in mind, a 
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screening project was designed with mulVple electrophiles that may exhibit different reacVvity to 

the electrophiles detailed in that seminal paper. Two classes of electrophiles were created to 

group electrophiles with similar structures within the scope. Those two categories are: 1) acyclic 

electrophiles which either have a terminal or linear alkene or 2) cyclic electrophiles which have 

an internal alkene in a ring (Figure 5.13). These starVng materials have all been sourced or 

synthesized (SecVon 5.3.3). 

 

Figure 5.13: Acyclic and cyclic electrophiles sourced or synthesized for future screening project 

To explore the effect of ligand structure on catalysis, a series of both phosphorus and 

nitrogen-based ligands that will stabilize a caVonic Pd(II) center are suggested. While our previous 

studies indicate that monodentate phosphines are effecVve,23 the Larhed group observed 

reacVvity with both bidentate and nitrogen-containing ligands.30,36 A key aspect of this 

mulVvariate design is that we can correlate ligand idenVty to successful reacVons with our 

mulVple electrophiles. With this knowledge we hope to be able to correlate class selecVvity 

between variables.  
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5.3 Experimental 

5.3.1 Oxida>ve Addi>on of Alkenyl Carboxylates 
 

All air-free manipulaVons for this secVon were performed in a nitrogen-atmosphere using 

a MBraun Glovebox. Pd(PCy3)2 was purchased from Strem Chemicals and stored under inert 

atmosphere at -30 °C. Solvents were purchased from Sigma-Aldrich. All NMR spectra were 

acquired on a Bruker AVANCE Neo 500 MHz spectrometer. All applicable NMR spectra for this 

secVon can be found in Appendix D.  

General Procedure: 

An alkenyl carboxylate (0.020 mmol or 0.072 mmol – see table 5.1 for specific masses) 

was charged into a 1 dram vial and brought into the glovebox. The same vial was charged with 

Pd(PCy3)2 (12.0 mg, 0.018 mmol) and 0.6 mL (0.03 M) of either d8-toluene or C6D6. The reacVon 

mixture was transferred to a J-Young tube, sealed and brought out of the glovebox. A 1H and 31P 

NMR was acquired at Vme = 0, as well as every 24 hours for up to 7 days. Between analysis the J-

Young tube was submerged in an oil bath set to the desired temperature.  
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Table 5.1: Reac:on condi:ons for oxida:ve addi:on monitoring experiments 

 
  

Pd(PCy3)2 
(0.018 mmol, 1 equiv.)

Solvent (0.03 M (to Pd))
rt - 80 °C
1 - 168 h

O

OPiv

O

Pd
OPiv

PCy3

Cy3P1a - 1g
1.1 or 4 equiv.
O

OPiv

O

OPiv

O

OPiv

O

O

OPiv

N

O

OPiv

O

O

OPiv

O

O

OPiv

1a 1b 1c 1d

1e 1f 1g

Entry

Alkenyl 
carboxylate

Alkenyl 
Carboxylate 

/mmol

Alkenyl 
Carboxylate 

/mg
Solvent Temperature

Experiment 
Duration 

/days
1 1a 0.072 13.1 d-Tol rt - 80 °C 5
2 1a 0.020 3.3 d-Tol rt - 80 °C 6
3 1a 0.072 13.1 d-Tol rt 5
4 1a 0.072 13.1 C6D6 rt - 100 °C 7

5 1a 0.020 3.3 C6D6 rt - 100 °C 7
6 1b 0.072 14.1 d-Tol rt - 80 °C 5
7 1c 0.072 16.1 d-Tol rt - 80 °C 5
8 1c 0.020 4.0 d-Tol rt - 80 °C 7
9 1d 0.072 18.7 d-Tol rt - 80 °C 5

10 1d 0.020 5.1 d-Tol rt - 80 °C 5
11 1d 0.072 18.7 d-Tol rt 5
12 1e 0.072 26.1 d-Tol rt - 80 °C 5
13 1e 0.020 7.2 d-Tol rt - 80 °C 5
14 1f 0.072 15.1 d-Tol rt - 80 °C 5
15 1g 0.072 17.7 d-Tol rt - 80 °C 5
16 1g 0.020 4.4 d-Tol rt - 80 °C 6
17 1g 0.072 17.7 d-Tol rt 6
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5.3.2 Boryla>on of Alkenyl Carboxylates 
 
1-(1-hydroxycyclohexyl)cyclohexan-1-ol was synthesized according to the procedure detailed in 

SecVon 3.6.5 from cyclohexanone (3.86 g, 39.33 mmol) and characterized according to 

literature.37 

  Synthesis of B2CHPin2: 

 

 

A round bohom flask was charged with 1-(1-hydroxycyclohexyl)cyclohexan-1-ol (1.6 g, 

8.1 mmol), tetrahydroxydiboron (362.9 mg, 4.05 mmol), sodium acetate (863.5 mg, 10.53 

mmol), and 40 mL toluene. The round bohom flask was fihed to a Dean-Stark apparatus and 

flushed with N2. Under constant N2 atmosphere, the flask was lowered into an oil bath set to 

130 °C and allowed to sVr overnight. The reacVon mixture was then filtered through celite, and 

dried under reduced pressure to yield the product as a colourless powder. 1H NMR (500MHz, 

CDCl3, 292K, ppm): δ 1.82 – 1.39 (m, 32H), 1.29 – 1.05 (m, 12H), HRMS: Cal’d for C24H40B2O4 

[M+H]+: 415.31855; found: 415.31873. 

5.3.3 Expansion of Suzuki-like Chemistry 
 

The following compounds were purchased commercially from Sigma-Aldrich: 1-

methylvinyl acetate. 

B
O

O
B

O

O
B2(OH)4

NaOAc (2.6 equiv.)

Toluene (0.2 M)
N2 atm.

Dean-Stark App.2 equiv.1 equiv.

OH

HO
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The following compounds were synthesized according to literature: 1-phenylvinyl 

acetate,38 styryl acetate,39 1-acetyloxycyclohex-1-en-3-one,39 1-acetyloxycyclopent-1-en-3-one,40 

cyclohex-1-en-1-yl acetate.41   

The following compounds were synthesized according to literature by David C. Leitch: 

ethyl 2-acetoxycyclohex-1-ene-1-carboxylate,39 (E)-3-oxobut-1-en-1-yl pivalate.42  
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Appendix A: An experimental evalua9on of an open to air, 

base-free, Pd-catalyzed reac9on of enol carboxylates and aryl 

boronic acids. 

A1 General Informa?on 

All solvents and common organic reagents were purchased from commercial suppliers and 

used without further purificaVon. Pd(OAc)2 and Pd(PCy3)2 was purchased from Strem Chemicals 

and used as received. PdPhBr(P(o-OMePh)3) and [PdPh(μ-OAc)(P(o-OMePh)3)]2 were prepared 

according to literature.1 Pd2dba3•CHCl3 was prepared using the Zalesskiy and Ananikov method.2  

Phenyl trifluoromethanesulfonate was synthesized using literature procedures,3 and 

characterized.4 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate,5 (4-

Boronobenzyl)triphenylphosphonium hexafluorophosphate,6 and 3'-bromo-5-oxo-1,2,5,6-

tetrahydro-[1,1'-biphenyl]-3-yl acetate7 were synthesized using literature procedures. All 

phosphine ligands were purchased from Strem Chemicals and used as received. Anhydrous 

solvents (SureSeal) were purchased from MilliporeSigma and used as received.  

All air-free manipulaVons were performed under a dry nitrogen atmosphere using an 

MBraun glovebox.  

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a 

Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C NMR chemical shils are calibrated to 

residual proVo-solvents and all 31P NMR chemical shils are calibrated to external standards. All 

NMR spectroscopic data is processed using Bruker TopSpin 4.07.  

Gas-Chromatography Mass-Spectrometry (GC-MS) analysis was conducted on a Finnigan 

Trace GC Ultra with DSQ mass spectrometer. 
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Electrospray-IonizaVon Mass-Spectrometry (ESI-MS) analysis was conducted on a Waters 

Acquity triple quadrupole detector. The capillary voltage was held at 3 kV, cone voltage at 13 V, 

extracVon cone voltage at 2 V, and RF lens at 0.3 V. The desolvaVon gas flow rate 150 L/h, cone 

gas flow 150 L/h, source temperature 70 °C, desolvaVon temperature 150 °C. The mass range was 

set to m/z 50-1200; scan duraVon was 1 second; LM and HM resoluVon were set to 15.0. The 

mass range was narrowed and the LM and HM resoluVons increased to 17.0 to obtain isotope 

pahern informaVon. 

A2 Preliminary Studies  

 
 

In an N2 atmosphere, a 1-dram vial was charged with Pd(PCy3)2 (0.015 mmol, 10.0 mg) 

and bromobenzene (0.018 mmol, 1.88 μL). The solvent was dispensed into the 1-dram vial and 

transferred to a J-Young tube. The reacVon was monitored overnight. Aler 18 h Ag(OTf) (0.018 

mmol, 5.0 mg) was weighed into a 1-dram vial, and the contents of the J-young tube was 

transferred into the 1-dram vial, and transferred back into the J-Young tube, the reacVon was 

analyzed using 1H and 31P NMR. Where the dominant 31P NMR peak matched that of the product 

of phenyl triflate and Pd(PCy3)2 detailed in 2.6.2. 

Br
Pd(PCy3)2

THF or d6-acetone Pd
BrCy3P

PCy3
1.2 equiv. 1 equiv.

N2 atm.
Pd

OTfCy3P

PCy3

Ag(OTf)
1.2 equiv.
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Figure A1: Comparison of Pd speciaVon by 31P NMR spectroscopy: a) phenyl triflate in d6-

acetone, b) reacVon of phenyl triflate with Pd(PCy3)2 in d6-acetone, c) two-step reacVon of 

bromobenzene and Pd(PCy3)2, followed by ligand exchange with Ag(OTf) in d6-acetone. 

A3 Analysis of Pd(II) vs Pd(0)/Pd(II) Mechanisms 

A3.1 Addi>onal GC MS data 

 
 

A 1-dram vial was charged with 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (50.0 mg, 

0.27 mmol), phenyl boronic acid (50.2 mg, 0.41 mmol), [Palladium] (x mol%), P(o-OMePh)3 (y 

mol%), addiPve and solvent (0.5 M). The vial was capped and allowed to sVr for z h. At the 

appropriate Vme, an aliquot was taken for GC-MS analysis to determine the yield of b (shown as 

mol% relaVve to 1 equivalent of starVng material) and the reacVon was dried on a Genevac EZ-2 

O

OAc

B(OH)2
x mol% [Pd]

y mol% P(o-OMePh)3

solvent 0.5 M 
additive

rt, z h

O

1 equiv. 1.5 equiv. a yield b yield

OTf
Pd(PCy3)2

d6-acetone
Pd

OTfCy3P

PCy31.2 equiv. 1 equiv.
N2 atm.

18 h

OTf

Br
Pd(PCy3)2

d6-acetone
Pd

BrCy3P

PCy3
1.2 equiv. 1 equiv.

N2 atm.
18 h

Pd
OTfCy3P

PCy3

Ag(OTf)
1.2 equiv.
N2 atm.

1 h
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(Low BP, 30 °C) before yield of a was determined using 1H-NMR in CDCl3 with 1,3,5-

trimethoxybenzene as an internal standard.  

 
Table A1: Yields of a and b determined using 1H-NMR with 1,3,5-trimethoxybenzene as an internal standard and 
GCMS respec>vely. a1 equiv. phenyl triflate added, bNMR tube experiment, N2 atmosphere, performed at 0.24 
mmol (0.4 M), 1 equiv. phenyl boronic acid. c[Pd] formed in situ using Ag(OTf). dno alkenyl carboxylate added. 

 

A3.2 Addi>onal ESI MS data 

 
 

To a sVrred soluVon of Pd(OAc)2 (2.5 mg, 0.011 mmol) in 7.0 mL solvent (10:1 

acetone/water (v/v)), sequenVally the following was added: P(o-OMePh)3 (5.8 mg, 0.017 mmol) 

in 1 mL solvent, (4-boronobenzyl)triphenylphosphonium hexafluorophosphate (44.6 mg, 0.082 

mmol) in 1 mL solvent, and finally 5,5-dimethyl-3-oxocyclohex-1-en-1-yl acetate (10.0 mg, 0.055 

mmol) in 1 mL solvent to obtain a final concentraVon of 5.5 mM in alkenyl carboxylate. AddiVons 

were only completed when new speciaVon formaVon had plateaued. Specific species (see Figure 

A3 for example) were subject to collision induced dissociaVon (CID) to aid in idenVficaVon.  

Entry [Pd]
x mol% 

[Pd]
y mol% 

P(o -OMePh)3
Solvent z h

a yield / 
%

b yield / 
mol%

1 Pd(OAc)2 4 6 10:1 Acetone/water (v/v) 1 29 2.8

2 Pd(OAc)2 4 6 10:1 Acetone/water (v/v) 18 63 9.4

3a Pd(OAc)2 4 6 10:1 Acetone/water (v/v) 1 0 0.3

4a Pd(OAc)2 4 6 10:1 Acetone/water (v/v) 18 79 10.7

5b Pd(P(o -OMePh)3(Br)(Ph) 6.7 – THF 18 0 0.3

6b Pd(P(o -OMePh)3(Br)(Ph) 6.7 – d-acetone 18 0 0.1

7b,c Pd(P(o -OMePh)3(OTf)(Ph) 6.7 – THF 18 0 0.4

8b,c Pd(P(o -OMePh)3(OTf)(Ph) 6.7 – d-acetone 18 0 0.3

9 Pd2(P(o-OMePh3)2(Ph)2(μ-OAc)2 2.5 – 10:1 Acetone/water (v/v) 18 87 6.1

10 Pd2dba3 4 6 10:1 Acetone/water (v/v) 18 66 12.8

11 Pd(PCy3)2 6 – Acetone 1 67 3.4

12 Pd(PCy3)2 6 – Acetone 18 90 3.1

13 Pd(OAc)2 4 – 10:1 Acetone/water (v/v) 18 0 5.2

14 – – – 10:1 Acetone/water (v/v) 18 0 0

15d Pd(OAc)2 4 6 10:1 Acetone/water (v/v) 18 – 6.6

16d – – – 10:1 Acetone/water (v/v) 18 – 0

OAc

O

+

PPh3

B(OH)2
20 mol % Pd(OAc)2

30 mol % P(o-OMePh)3

Acetone/H2O (10:1 v/v, 5.5 mM)
rt, under air

O

PPh31 equiv
1.5 equiv
PF6
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Figure A2: Mass spectrum of the reacVon mixture aler 24 h with relevant peaks idenVfied. 

Inset: magnified porVon of the spectrum (m/z 450-510). 
 

 
Figure A3: Collision-induced dissociaVon of m/z 496 results in observaVon of [LPd(Ar)]+ species 

at a collision energy of 8 V. 
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A3.3 Simulated Spectra 
Isotope paherns were simulated using ChemCalc free-to-use solware (chemcalc.org),8 

and were overlayed with the experimental data (Figure A4).  

 
 

Figure A4: Proposed catalyVc cycle displaying three overlay spectra of simulated (green) and 
collected isotope paherns (blue). 
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A4 Characteriza?on Data 

1-(4’-cyanophenyl)-5,5-dimethylcyclohex-1-en-3-one: 
1-(4’-cyanophenyl)-5,5-dimethylcyclohex-1-en-3-one was synthesized as detailed in 

SecVon 2.6.2. 

 
Figure A5: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 1-(4’-cyanophenyl)-5,5-

dimethylcyclohex-1-en-3-one 
 

 

Figure A6: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 1-(4’-cyanophenyl)-5,5-
dimethylcyclohex-1-en-3-one 

O

CN

O

CN
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1-phenyl-5,5-dimethylcyclohex-1-en-3-one: 

1-phenyl-5,5-dimethylcyclohex-1-en-3-one was synthesized and characterized in CDCl3 

according to literature.7 1H NMR spectra are presented in both THF and acetone-d6 below. Oxygen 

adjacent CH2 of THF calibrated to 3.05 ppm.  

1H-NMR: (500 MHz, THF, 292 K, ppm): δ 6.94-6.90 ((dd, 3JH-H = 8.1, 4JH-H = 1.5), 2H), 6.74-6.69 (m, 

3H), 5.66 (s, 1H), 2.00 (s, 2H), 1.58 (s, 2H), 0.43 (s, 6H). 

1H-NMR: (500 MHz, acetone-d6, 292 K, ppm): δ 7.63-7.59 (m, 2H), 7.44-7.38 (m, 3H), 6.28 (s, 1H), 

2.69 (s, 2H), 2.25 (s, 2H), 1.09 (s, 6H).  

 
Figure A7: 1H NMR spectrum of 1-phenyl-5,5-dimethylcyclohex-1-en-3-one  

(500 MHz, THF, 292 K) 
 
 

O
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Figure A8: Enlarged 1H NMR spectrum of 1-phenyl-5,5-dimethylcyclohex-1-en-3-one  
(500 MHz, THF, 292 K) 

 
 

 
Figure A9: 1H NMR spectrum of 1-phenyl-5,5-dimethylcyclohex-1-en-3-one  

(500 MHz, acetone-d6, 292 K) 
 
 

  

O
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Appendix B: Base-Free Palladium-Catalyzed Boryla9on of Enol 

Carboxylates and Further Reac9vity Toward Deborona9on and 

Cross-Coupling 

B1 General Informa?on 

All solvents and chemicals were purchased from commercial suppliers and used without 

any further purificaVon. All air-free manipulaVons were performed under a nitrogen atmosphere 

using an MBraun glovebox. Palladium (II) acetate, bis(tricyclohexylphosphine) palladium (0), 

Dichloro 1,1'-bis(diphenylphosphino)ferrocene palladium (II) dichloromethane, P(o-OMePh)3, 

XPhos, SPhos, and dppf were purchased from Strem Chemicals and stored under inert 

atmosphere. B2Pin2 was purchased from AK ScienVfic and stored under inert atmosphere.  

High-throughput screening experiments were performing using sealable aluminum 

reacVon blocks obtained from AnalyVcal Sales Inc. HeaVng/sVrring was achieved using rare-earth 

magneVc tumble sVrrers obtained from V&P ScienVfic. 

All NMR spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a 

Bruker AVANCE Neo 500 MHz spectrometer. All 1H and 13C chemical shils are calibrated to 

residual proVo-solvents. All data is processed using Bruker TopSpin 4.07. HRMS data was acquired 

on a Thermo ScienVfic UlVmate 3000 ESI-Orbitrap ExacVve Plus. 
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B2 Addi?onal Experimental Data 

 

 
 

 
Figure B1: AddiVonal data for Pd(PCy3)2 and no catalyst borylaVon experiments 

 
 

 
Figure B2: Methods F and G using Pd(PCy3)2(OAc)2. Method C: (10 mol% Pd(PCy3)2,  

toluene (0.2M), 18h, 100 °C) shown for reference) 
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B3 Purifica?on Chromatograms 

All column chromatography was conducted on Biotage Selekt instruments uVlizing Biotage 

Sfär prepacked columns. Hexanes and ethyl acetate were used as the mobile phase.  

B3.1 Deoxygenated Compounds  
4b (3-phenyl-phenylfuran-2(5H)-one) 

  

 
Figure B3: Column chromatography results for 4b 
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O
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4c (3-(4-trifluoromethyl)phenylfuran-2(5H)-one) 

  

 
Figure B4: Column chromatography results for 4c 
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4d (3-(4-methoxyphenyl)-phenylfuran-2(5H)-one) 

  

 
Figure B5: Column chromatography results for 4d 
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4e (1-benzyl-3-phenyl-1,5-dihydro-2H-pyrrol-2-one) 

  

 
Figure B6: Column chromatography results for 4e 
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4f (1-benzyl-3-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one) 

 

 
Figure B7: Column chromatography results for 4f 
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4g (1-benzyl-3-(4-methoxyphenyl)-1,5-dihydro-2H-pyrrol-2-one)  

 

 
Figure B8: Column chromatography results for 4g 
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B3.2 Ethylpinacol Borylated Compounds  
6b (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3-en-2-one)  

 

 

Figure B9: Column chromatography results for 6b 
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6c (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-trifluoromethyl)phenylpyran-3-en-2-
one) 

  

 

Figure B10: Column chromatography results for 6c 
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6d (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-methoxy)phenylpyran-3-en-2-one) 

 

 

Figure B11: Column chromatography results for 6d 

 

  

O

O O

B
O

O



 196 

6e (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-phenylpyrrolidin-3-en-2-one) 

  

 

Figure B12: Column chromatography results for 6e 
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6f (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-
trifluoromethyl)phenylpyrrolidin-3-en-2-one) 

 

 

Figure B13: Column chromatography results for 6f 
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6g (1-(4,4,5,5-tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4-methoxy)phenylpyrrolidin-3-
en-2-ones) 

 

 
Figure B14: Column chromatography results for 6g 
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B3.3 Arylated Compounds 
5a 1-phenyl-5,5-dimethylcyclohex-1-en-3-one: 
 

 

 
Figure B15: Column chromatography results for 5a. 
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5h 1-phenylcyclopent-1-en-3-one: 
 

 

 
Figure B16: Column chromatography results for 5h. 

O
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5i 4-phenylbenzopyran-2-one: 
 

 

 
Figure B17: Column chromatography results for 5i. 
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5j 4-phenyl-6-methyl-2H-pyran-2-one: 
 

 

 
Figure B18: Column chromatography results for 5j. 
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5e 4-phenyl-1-benzyl-3-phenylpyrrolidin-3-en-2-one co-eluVon with 1-benzyl-3-
phenylpyrrolidin-3-en-2-one: 
 

 

 
Figure B19: Column chromatography results for 5e. 
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4b 3-phenylfuran-2(5H)-one: 
 

 

 
Figure B20: Column chromatography results for 4b. 
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4e 1-benzyl-3-phenylpyrrolidin-3-en-2-one: 
 

 
 

 
Figure B21: Column chromatography results for 4e. 
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5d (3-(4-methoxyphenyl)-4-phenylfuran-2(5H)-one) 

  

 
Figure B22: Column chromatography results for 5d 
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B4 NMR Spectra 

B4.1 Star>ng Materials  
 

 
Figure B23: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2b 

 

 
Figure B24: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2b 

O

OPiv

O

O

OPiv

O



 208 

 

 
 

Figure B25: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2c 

 

Figure B26: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2c 
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Figure B27: 19F NMR spectrum (282 MHz, CDCl3, 292 K) of 2c 

 

 

Figure B28: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2d 
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Figure B29: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2d 

 

 
Figure B30: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2e 
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Figure B31: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2e 

 

Figure B32: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2f 
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Figure B33: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2f 

Figure B34: 19F NMR spectrum (282 MHz, CDCl3, 292 K) of 2f 
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Figure B35: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2g 

Figure B36: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2g 
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Figure B37: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2h 

 

 
Figure B38: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2h 

 
 
 

O

OPiv

O

OPiv



 215 

 
Figure B39: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 2i  

 

 
Figure B40: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 2i 
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B4.2 Alkenyl Pinacol Boronates 
All borylated compounds were characterized without undergoing work-up or purificaVon. 

All efforts to purify these compounds results in substanVal deboronaVon. 

 
Figure B41: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3b 

 

 
Figure B42: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3b 
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Figure B43: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3c 

 

 
Figure B44: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3c 
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Figure B45: 19F NMR spectrum of 3c (282 MHz, CDCl3, 292 K) 

 
 

Aler borylaVon, 3d is isolated as a mixture with 4d in a 2.4 : 1 raVo. Efforts to purify further 
results in addiVonal deboronaVon (increase in 4d). 4d characterizaVon can be found in SecVon 

3.6.7.  

 
Figure B46: 1H NMR spectrum of 3d : 4d (2.4:1) (500 MHz, CDCl3, 292 K) 
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Figure B47: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3d : 4d (2.4:1) 

 
Aler borylaVon, 3e is isolated as a mixture with 4e in a 3.33 : 1 raVo. Ahempts to further purify 
3e resulted in addiVonal protodeboronaVon (increase in 4e). 4e characterizaVon can be found in 

SecVon 3.6.7.  
 

 
Figure B48: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3e : 4e (3.33:1) 

  
 

O

O

H

O

O O

B
O

O

O

N

O

B
O

O

N

O

H



 220 

 
Figure B49: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3e : 4e (3.33:1) 

 
 

Aler borylaVon 3f is isolated as a mixture with 4f in a 2.5 : 1 raVo. Efforts to purify further 
results in addiVonal deboronaVon (increase in 4f). 4f characterizaVon can be found in SecVon 

3.6.7.  
 

 
Figure B50: 1H NMR spectrum (300 MHz, CDCl3, 292 K) of 3f : 4f (2.5:1) 
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Figure B51: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3f : 4f (2.5:1) 

 

 
Figure B52: 19F NMR spectrum (282 MHz, CDCl3, 292 K) of 3f : 4f (2.5:1) 
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Aler borylaVon, 3g is isolated as a mixture with 4g in a 4.7 : 1 raVo. Efforts to purify further 
results in addiVonal deboronaVon (increase in 4g). 4g characterizaVon can be found in SecVon 

3.6.7.  
 

 
Figure B53: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3g : 4g (4.7:1) 

 

 
Figure B54: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3g : 4g (4.7:1) 
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Figure B55: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3i 

 

 
Figure B56: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3i 
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Figure B57: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3j 

 

 
Figure B58: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 3j 
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B4.3 Deboronated Compounds 

 
Figure B59: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 4f 

 

 
Figure B60: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 4f 
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Figure B61: 19F NMR spectrum (282 MHz, CDCl3, 292 K) of 4f 

 

 
Figure B62: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 4g 
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Figure B63: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 4g 

 

B4.4 Alkenyl Ethylpinacol Boronates 
Alkenyl BEPin compounds were subject to column chromatography to obtain purified 

samples for characterizaVon (SecVon B3).  

 

 
Figure B64: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 6b 
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Figure B65: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 6b 

 
 

 
Figure B66: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 6c 
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Figure B67: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 6c 

 

 
Figure B68: 19F NMR spectrum (282 MHz, CDCl3, 292 K) of 6c 
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Figure B69: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 6d 

 

 
Figure B70: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 6d 
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Aler borylaVon and column chromatography, 6e is isolated as a mixture with 4e in a 5.1 : 1 raVo 
(as well as co-eluVng ethylpinacol). Efforts to purify further results in addiVonal deboronaVon 

(increase in 4e). 4e characterizaVon can be found in SecVon 3.6.7.  
 
 

 
Figure B71: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 6e : 5e (5.1:1) 

 

 
Figure B72: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 6e : 5e (5.1:1) 
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Figure B73: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 6f (with co-eluVng ethylpinacol) 

 

 
Figure B74: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 6f (with co-eluVng ethylpinacol) 
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Figure B75: 19F NMR spectrum of 6f (282 MHz, CDCl3, 292 K) of 6f 

 
 

Aler borylaVon and column chromatography, 6g is isolated as a mixture with 2g in a 7.7 : 1 
raVo. Efforts to purify further results in deboronaVon to generate 4g. 2g characterizaVon can be 

found in SecVon 3.6.3.  
 

 
Figure B76: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 6g (+ 10% 2g) 
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Figure B77: 13C NMR spectrum (126 MHz, CDCl3, 292 K) of 6g (+ 10% 2g) 
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B4.5 Suzuki Coupling Products 
 

 
Figure B78: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 5a1 

 
 

 
Figure B79: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 5h1 
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Figure B80: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 5i1 

 

 
Figure B81: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 5j2 
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Consistent with the raVo of 3e to 4e aler borylaVon catalysis, we observe a 3.33 : 1 raVo of 5e 
to 4e aler Suzuki coupling. 4e characterizaVon can be found in SecVon 3.6.7. These two 

compounds co-elute during column chromatography. 
 

 
Figure B82: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 5e : 4e (3.33:1)1 

 
 
 

 
Figure B83: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 4b3 
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Figure B84: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 4e4 

 
 

 

 
Figure B85: RepresentaVve 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 5d5 
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Figure B86: RepresentaVve 1H NMR spectrum (500 MHz, CDCl3, 292 K) of recovered B2EPin2 

post reacPon  
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Appendix C: The Development of Novel Cross-Coupling 

Scaffolds for C–O Ac9va9on Chemistry – Supplementary 

Material 

C1. General Informa?on 

CauPon: This procedure requires very high temperatures, please refrain from using oil-based 

heaPng as the temperatures required for this reacPon exceed the flash point of standard oil-

based heaPng mediums.  

All reacVons were performed using standard Schlenk techniques under N2. All starVng materials 

were purchased from commercial suppliers and used without further purificaVon. All NMR 

spectra were acquired on either a Bruker AVANCE 300 MHz spectrometer or a Bruker AVANCE 

Neo 500 MHz spectrometer. All 1H and 13C NMR chemical shils are calibrated to residual proVo-

solvents. All NMR spectroscopic data is processed using Bruker TopSpin 4.10. High-resoluVon 

mass spectrometry (HRMS) were obtained using a Bruker maXis Impact Quadrupole Time-of-

Flight LC/MS System, or Thermo ScienVfic UlVmate 3000 ESI-Orbitrap ExacVve Plus. 

C2. Reac?on Op?miza?on: 

C2.1 Atmosphere Op>miza>on: 
In two separate round-bohom flasks, 2-aminopyridine (1 equiv) was suspended in diethyl 

malonate (5 equiv). One flask was exposed to air while the other was under inert N2 atmosphere 

using standard Schlenk techniques. The soluVons were brought up to reflux using an aluminum 

heat block (Tblock = 230 °C) and lel to sVr for 18 h. Excess diethyl malonate was removed via 

disVllaVon to obtain the crude solid which was suspended in hot hexanes, this was then filtered, 

and washed with diethyl ether to yield the cyclized product.  
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Figure C1: ReacVon dependence on atmosphere 

C2.2 Temperature Op>miza>on with Method A: 
A round-bohom flask (RBF) was charged with diethyl malonate (2.5 equiv) and a 

(subsVtuted) 2-aminopyridine (1 equiv). The reacVon was lel to sVr overnight at 140 oC for 24 

h. The mixture was then cooled to room temperature and purified via flash chromatography. 

Diphenyl ether (0.5 M) was then charged into an RBF along with the intermediate product to sVr 

at 160 oC for 24 h. In increments of 10 oC every 24 h, temperature was increased unVl product 

was formed. Yield was determined by 1H-NMR in d-dmso.   

 

Figure C2: Temperature opVmizaVon of Method A 
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C3. General Reac?on and Diethyl Malonate 

C3.1 General Reac>on: 
A round bohom flask is charged with diethyl malonate (5 equiv) and the desired 2-

aminopyridine derivaVve (1 equiv – see Figure C6 for all ahempted starVng materials). A 

condenser fihed to an N2 line was ahached to the reacVon flask. The reacVon mixture was then 

brought to reflux using an aluminum heat block (Tblock = 230 °C) and sVrred for 3 h. At this point, 

the condenser was replaced with a disVllaVon apparatus, and excess diethyl malonate was 

disVlled from the flask at ambient pressure. The reacVon mixture was then allowed to cool to 

room temperature before the residual solid was suspended in refluxing hexanes for 1-18 h.* The 

resulVng solid was filtered, washed with diethyl ether, and dried in vacuo, giving the desired 2-

hydroxy-PPD product as a solid. All NMR spectroscopy was conducted in d-DMSO. 

*ReacJons were refluxed in hexanes for 1 hour, except when the reacJon mixture solidified into 

one solid mass. In these cases, the reacJon was lei to sJr vigorously for up to 18 h unJl a 

suspension was obtained. 

 

Figure C3: All ahempted (subsVtuted) 2-aminopyridines 

N

NH2

N

NH2

N

NH2

N

NH2
N

NH2

N

NH2

N

NH2

N

NH2
N

NH2Cl
Cl

Cl
Cl

N

NH2

N

NH2

N

NH2
N

NH2Br
Br

Br
Br

N

NH2

N

NH2

N

NH2
N

NH2F
F

F
F

1a 1b 1c 1d 1e

1f 1g 1h 1i

1j 1k 1l 1m

1n 1o 1p 1q



 244 

Any successful reported 13C spectra were obtained using a Bruker AVANCE Neo 500 MHz 

spectrometer. UDEFT experiments were used with number of scans (ns) exceeding 2000, and J-

coupling between C and H (CNST2) set to 160.  

C3.2 Recycling Diethyl Malonate: 
Excess diethyl malonate is disVlled during the above general reacVon procedure. This 

diethyl malonate was collected and used instead of fresh starVng material in the same general 

reacVon procedure (see Figure C7).  

 

Figure C4: ReacVon yield using fresh and recycled diethyl malonate 
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C4. PPD Characteriza?on Data (1H, 13C, and 19F NMR) 

2a 2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C5: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2a: 2-hydroxy-4H-pyrido[1,2-

a]pyrimidin-4-one 
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2b 2-hydroxy-9-methyl-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C6: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2b: 2-hydroxy-9-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one 

 

 

 

 

 

N

N

O

OH



 247 

2c 2-hydroxy-8-methyl-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C7: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2c: 2-hydroxy-8-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one 
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Figure C8: 13C NMR spectrum (126 MHz, (CD3)2SO, 292 K) of 2c: 2-hydroxy-8-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2d 2-hydroxy-7-methyl-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C9: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2c: 2-hydroxy-7-methyl-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2e 2-hydroxy-6-methyl-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

 

Figure C10: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2e: 6-methyl-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2f 9-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 
 

 
Figure C11: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2f: 9-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2g 8-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C12: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2g: 8-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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Figure C13: 13C NMR spectrum (126 MHz, (CD3)2SO, 292 K) of 2g: 8-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2h 7-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C14: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2h: 7-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2i 6-chloro-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C15: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2i: 6-chloro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2j 9-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C16: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2j: 9-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2k 8-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C17: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2k: 8-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2m 6-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C18: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2m: 6-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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2n 2-hydroxy-9-fluoro-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 
Figure C19: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2n: 9-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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Figure C20: 19F NMR spectrum (283 MHz, (CD3)2SO, 292 K) of 2n: 9-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one  
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2p 2-hydroxy-7-fluoro-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 
Figure C21: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2p: 7-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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Figure C22: 19F NMR spectrum (283 MHz, (CD3)2SO, 292 K) of 2p: 7-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one  
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2q 2-hydroxy-6-fluoro-4H-pyrido[1,2-a]pyrimidin-4-one 

 

 

Figure C23: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 2q: 6-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one 
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Figure C24: 19F NMR spectrum (283 MHz, (CD3)2SO, 292 K) of 2h: 6-fluoro-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one  
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C5. Tosyla?on Characteriza?on Data (1H and  C NMR) 

3a 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-methylbenzenesulfonate  

2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a, 1g, 6.17 mmol) was charged in a round 

bohom flask with 30 mL DCM. Triethylamine (1.37 g, 1.89 mL, 13.57 mmol) was then added via 

syringe and the soluVon was allowed to sVr. 4-Toluenesulfonyl chloride (1.29 g, 6.78 mmol) was 

dissolved in 10 mL DCM, and transferred to an addiVon funnel ahached to the previously charged 

round bohom flask. The 4-toluenesulfonyl chloride soluVon was allowed to add dropwise, and 

the reacVon was allowed to sVr overnight at room temperature. The reacVon was quenched with 

H2O [20 mL], and the aqueous layer was extracted three Vme with DCM [20 mL]. The combined 

organic fracVons were dried with MgSO4 and filtered before evaporaVng to dryness. The resulVng 

brown oil was then triturated with cold hexanes to yield a beige powder that was filtered and 

washed again with cold hexanes [40 mL] to yield the final product 3a (1.90 g, 97% yield). 

 
Figure C25: 1H NMR spectrum (500 MHz, CDCl3, 292 K) of 3a: 4-oxo-4H-pyrido[1,2-a]pyrimidin-

2-yl 4-methylbenzenesulfonate  
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Figure C26: 13C NMR spectrum (126 MHz, (CD3)2SO, 292 K) of 3a: 4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl 4-methylbenzenesulfonate  

 
 
2l 7-bromo-2-hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one 

Using the above general procedure described in SecVon 4, 2-amino-5-bromopyridine 1l 

(3.20 g, 18.5 mmol), was coupled with diethyl malonate (14.0 g, 92.5 mmol) to form a mixture 

containing 2l (See Figure S28). The presence of the desired product 2l was confirmed with HRMS: 

Cal’d for C8H5BrN2O2 [M+H]+: 240.96072; found: 240.96053. 

 

 



 267 

 

Figure C27: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 1l and 2l: (7-bromo-2-hydroxy-4H-

pyrido[1,2-a]pyrimidin-4-one) 

3l 7-bromo-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl 4-methylbenzenesulfonate  

The collected solid (2.58 g, see Figure S28 for 1H-NMR) was charged into a round bohom 

flask with 53 ml DCM and triethylamine (2.2 equiv, 3.31 mL) was added dropwise. 4-

Toluenesulfonyl chloride (1.0 equiv, 2.04 g) was added slowly to the sVrred soluVon and allowed 

to sVr overnight. The soluVon was washed with H2O and subsequently dried with MgSO4 and dried 

in vacuo. The resulVng solid was resuspended in toluene, and dried on a Genevac EZ-2 to produce 

a light-brown solid 3l (2.20 g, 30% yield over two steps).   
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Figure C28: 1H NMR spectrum (300 MHz, (CD3)2SO, 292 K) of 3l: 7-bromo-4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl 4-methylbenzenesulfonate  
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Figure C29: 13C NMR spectrum (126 MHz, (CD3)2SO, 292 K) of 3l: 7-bromo-4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl 4-methylbenzenesulfonate  

C6. Pivala?on Characteriza?on Data (1H and 13C NMR) 

2-Hydroxy-4H-pyrido[1,2-a]pyrimidin-4-one (2a, 1.5 g, 9.25 mmol) was charged in a 

round bohom flask with 4-dimethylaminopyridine (113.0 mg, 0.925 mmol) and 70 mL DCM. 

Triethylamine (1.12 g, 1.55 mL, 11.1 mmol) was then added via syringe and the soluVon was 

allowed to sVr. Pivaloyl chloride (1.34 g, 1.37 mL, 11.1 mmol) was then added slowly dropwise 

and the reacVon was allowed to sVr overnight at room temperature. The reacVon was 

quenched with saturated sodium bisulfite [20 mL], washed with H2O [40 mL], and the aqueous 

fracVons were extracted three Vme with DCM [20 mL]. The combined organic fracVons were 
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dried with MgSO4 and filtered before evaporaVng to dryness. The resulVng brown oil was then 

triturated with cold hexanes to yield a colourless powder that was filtered and washed again 

with cold hexanes [40 mL] to yield the final product 4a (1.79 g, 61% yield). 

4a 4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yl pivalate  
 

 

Figure C30: 1H NMR spectrum (500 MHz, (CD3)2SO, 292 K) of 4a: 4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl pivalate 
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Figure C31: 13C NMR spectrum (126 MHz, (CD3)2SO, 292 K) of 4a: 4-oxo-4H-pyrido[1,2-

a]pyrimidin-2-yl pivalate  
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Appendix D: Conclusions and Future Work – Supplementary 

Material 

D1. Oxida?ve Addi?on Monitoring of Alkenyl Carboxylates 

General Procedure: 

 

On the bench, an alkenyl carboxylate (0.020 mmol or 0.072 mmol – see Table D1 for 

specific masses) was weighed into a 1 dram vial and brought into the glovebox. The same vial was 

charged with Pd(PCy3)2 (12.0 mg, 0.018 mmol) and 0.6 mL (0.03 M) of either d8-toluene or C6D6. 

The reacVon mixture was transferred to a J-Young tube, sealed and brought out of the glovebox. 

A 1H and 31P NMR was acquired at Vme = 0, as well as every 24 hours for up to 7 days. Between 

analysis the J-Young tube was submerged in an oil bath set to the desired temperature. 

 

Pd(PCy3)2 
(0.018 mmol, 1 equiv.)

Solvent (0.03 M (to Pd))
rt - 80 °C
1 - 168 h

O

OPiv

O

Pd
OPiv

PCy3

Cy3P1a - 1g
1.1 or 4 equiv.
O

OPiv

O

OPiv

O

OPiv

O

O

OPiv

N

O

OPiv

O

O

OPiv

O

O

OPiv

1a 1b 1c 1d

1e 1f 1g
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Table D1: ReacVon condiVons for oxidaVve addiVon monitoring experiments  

 

 
Figure D1: 31P NMR monitoring of Entry 1 (4:1 1a : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 

°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 24 h 
at 60 °C then 24 h at 80 °C 

Entry

Alkenyl 
carboxylate

Alkenyl 
Carboxylate 

/mmol

Alkenyl 
Carboxylate 

/mg
Solvent Temperature

Experiment 
Duration 

/days
1 1a 0.072 13.1 d-Tol rt - 80 °C 5
2 1a 0.020 3.3 d-Tol rt - 80 °C 6
3 1a 0.072 13.1 d-Tol rt 5
4 1a 0.072 13.1 C6D6 rt - 100 °C 7

5 1a 0.020 3.3 C6D6 rt - 100 °C 7
6 1b 0.072 14.1 d-Tol rt - 80 °C 5
7 1c 0.072 16.1 d-Tol rt - 80 °C 5
8 1c 0.020 4.0 d-Tol rt - 80 °C 7
9 1d 0.072 18.7 d-Tol rt - 80 °C 5

10 1d 0.020 5.1 d-Tol rt - 80 °C 5
11 1d 0.072 18.7 d-Tol rt 5
12 1e 0.072 26.1 d-Tol rt - 80 °C 5
13 1e 0.020 7.2 d-Tol rt - 80 °C 5
14 1f 0.072 15.1 d-Tol rt - 80 °C 5
15 1g 0.072 17.7 d-Tol rt - 80 °C 5
16 1g 0.020 4.4 d-Tol rt - 80 °C 6
17 1g 0.072 17.7 d-Tol rt 6
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Figure D2: 31P NMR monitoring of Entry 2 (1.1:1 1a : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 
°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 48 h at 60 °C, f) 72 h at 50 °C then 72 h 

at 60 °C, g) 72 h at 50 °C then 72 h at 60 °C then 24 h at 80 °C 
 
 

 
Figure D3: 31P NMR monitoring of Entry 3 (4:1 1a : Pd(PCy3)2, d8-toluene); a) t = 0, b) 24 h at rt, 

c) 48 h at rt, d) 72 h at rt, e) 96 h at rt, f) 120 h at rt 
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Figure D4: 31P NMR monitoring of Entry 4 (4:1 1a : Pd(PCy3)2, C6D6) ); a) t=0, b) 24 h at 50 °C, c) 

48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 24 h at 60 
°C then 24 h at 80 °C, g) 72 h at 50 °C then 24 h at 60 °C then 24 h at 80 °C then 24 h at 100 °C, 

h) 72 h at 50 °C then 24 h at 60 °C then 24 h at 80 °C then 48 h at 100 °C 
 

 
Figure D5: 31P NMR monitoring of Entry 5 (1.1:1 1a : Pd(PCy3)2, C6D6) ); a) t=0, b) 24 h at 50 °C, c) 
48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C then 24 h at 80 °C, f) 72 h at 50 
°C then 24 h at 60 °C then 24 h at 80 °C then 24 h at 100 °C, g) h) 72 h at 50 °C then 24 h at 60 °C 

then 24 h at 80 °C then 48 h at 100 °C 
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 Figure D6: 31P NMR monitoring of Entry 6 (4:1 1b : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 

°C, c) 48 h at 50 °C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C f) 48 h 
at 50 °C then 48 h at 60 °C then 24 h at 80 °C 

 
 

 
Figure D7: 31P NMR monitoring of Entry 7 (4:1 1c : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 

°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 24 h 
at 60 °C then 24 h at 80 °C 



 278 

 

 
Figure D8: 31P NMR monitoring of Entry 8 (1.1:1 1c : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 
°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 48 h at 60 °C, f) 72 h at 50 °C then 72 h 

at 60 °C, g) 72 h at 50 °C then 72 h at 60 °C then 24 h at 80 °C 
 

 
Figure D9: 31P NMR monitoring of Entry 9 (4:1 1d : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 

°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 24 h 
at 60 °C then 24 h at 80 °C 
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Figure D10: 31P NMR monitoring of Entry 10(1.1:1 1d : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 
50 °C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 

48 h at 60 °C  
 

 
 Figure D11: 31P NMR monitoring of Entry 11 (4:1 1d : Pd(PCy3)2, d8-toluene); a) t = 0, b) 24 h at 

rt, c) 48 h at rt, d) 72 h at rt, e) 96 h at rt, f) 120 h at rt 
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Figure D12: 31P NMR monitoring of Entry 12 (4:1 1e : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 
°C, c) 48 h at 50 °C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C, f) 48 h 

at 50 °C then 48 h at 60 °C then 24 h at 80 °C 
 

 
Figure D13: 31P NMR monitoring of Entry 13 (1.1:1 1e : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 
50 °C, c) 48 h at 50 °C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C, f) 

48 h at 50 °C then 48 h at 60 °C then 24 h at 80 °C 
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Figure D14: 31P NMR monitoring of Entry 14 (4:1 1f : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 
°C, c) 48 h at 50 °C, d) 48 h at 50 °C then 24 h at 60 °C, e) 48 h at 50 °C then 48 h at 60 °C, f) 48 h 

at 50 °C then 48 h at 60 °C then 24 h at 80 °C 
 

 
Figure D15: 31P NMR monitoring of Entry 15 (4:1 1g : Pd(PCy3)2, d8-toluene); a) t=0, b) 24 h at 50 
°C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 24 h at 60 °C, f) 72 h at 50 °C then 48 h 

at 60 °C  
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Figure D16: 31P NMR monitoring of Entry 16 (1.1:1 1g : Pd(PCy3)2, d8-toluene) ); a) t=0, b) 24 h at 
50 °C, c) 48 h at 50 °C, d) 72 h at 50 °C, e) 72 h at 50 °C then 48 h at 60 °C, f) 72 h at 50 °C then 

72 h at 60 °C, g) 72 h at 50 °C then 72 h at 60 °C then 24 h at 80 °C 
 

 
Figure D17: 31P NMR monitoring of Entry 17 (4:1 1g : Pd(PCy3)2, d8-toluene); a) t = 0, b) 24 h at 

rt, c) 48 h at rt, d) 72 h at rt, e) 120 h at rt, f) 144 h at rt, g) 168 h at rt 
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D2. Boryla?on of Alkenyl Carboxylates 

 

Figure D18: 1H NMR spectrum (300 MHz, CDCl3, (292 K) of B2CHPin2 

 

Figure D19: FT-IR spectrum of B2CHPin2 
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B
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Figure D20: Solid-state molecular structure of B2CHPin2. Ellipsoids plohed at 50% probability. 

One of two disordered rotaVonal orientaVons shown. Hydrogens not shown for clarity. 
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So the chemistry's set 

And I'm not the saddest cheerleader to forget the American word 

For the gang in the head 

That dwindles to no members when 

The mystery's met 

The sky looks threatened, heading home in the dust 

Singing, "Life is for ge?ng 

Good enough for the frivolous" 

 

-Gordon Edgar Downie, The Tragically Hip 

 


