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Abstract 

 

Organic chemistry has its foundations in the 19th century; since, it has grown into a number of 

industries affecting our daily lives such as the manufacture of goods and life saving 

pharmaceuticals. The need for new and increasingly efficient synthetic methods has grown in 

response to the consumerism and industry of the 20th century. Some of the existing methods in 

synthetic organic chemistry are inefficient processes despite the explosive development over the 

last 60 years. Currently, there is a search for new, mild and efficient methods to produce 

common chemical functionality found in many of the goods and drugs used by people every day.  

 

Arylboronic acids are a modular and stable class of compounds and may provide an answer to 

the replacement of some classical synthetic protocols. Boronic acids in general have an affinity 

for oxygen acting as Lewis acids through alcohol activation. This thesis investigates boronic 

acids as viable alternatives to classical catalysts and reagents using alcohols, a ubiquitous 

functional group, as substrates. 

 

Elimination of alcohols has been a difficult task in organic chemistry for nearly a century 

requiring harsh conditions and stoichiometric activating agents. Transformation of an 

inexpensive alcohol, especially a primary alcohol, to an alkene in a mild and catalytic manner 

would simplify synthetic chemistry providing an alternative to what are harsh and toxic 

stoichiometric reactions. Chapter 2 will discuss investigations into the dehydrative elimination of 

alcohols. 
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Amide bonds are a stable linkage found in all biological systems. Interest in their formation is 

founded in researching the effect of new peptides and various pharmaceuticals. It is useful to 

form these linkages in a mild and catalytic manner. Currently, amides are predominately formed 

by coupling a carboxylic acid with an amine using various coupling reagents and a few catalytic 

methods; an alternate disconnection such as an alcohol and a nitrile could provide an alternate 

pathway to synthesize this functionality. The Ritter reaction, an amide formed from an alcohol 

and a nitrile, lacks wide-spread adoption due to the lack of mild, efficient and general methods. 

Chapter 3 will discuss an attempt to develop a mild boronic acid catalyzed Ritter reaction. 

 

The Friedel-Crafts alkylation is one of the oldest ways of making bonds with aryl compounds but 

still enjoys widespread use to this day. Unfortunately, despite the advancement over the last 

decade, the Friedel-Crafts reaction is still plagued by high temperatures, low functional group 

tolerance and excessive substrate waste. Chapter 4 will discuss the activation of free benzyl 

alcohols for the formation of diarylmethanes using Friedel-Crafts chemistry and a novel boronic 

acid catalyst. 
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1 Introduction: Investigations into Catalysis Involving 
Boronic Acids and Derivatives 

1.1 The Catalytic Advantage 

1.1.1 Origins of Organic Synthesis 

Organic synthesis has its foundation in Germany, 1828, with the discovery of a simple reaction 

converting ammonium cyanate into urea, also known as the Wöhler synthesis (Scheme 1-1).1 

 

Scheme 1-1:  Wöhler synthesis. 

This work is cited as one of the first known syntheses of an organic compound.2 Although 

simplistic in nature, the idea of forming organic material from inorganic material would proceed 

to spawn further investigations disproving the common 19th century idea of Vitalism: the belief 

in an extra, vital force which was thought to be required for all organic syntheses.3 Wöhler laid 

the groundwork for Adolf von Baeyer to advance industrial chemistry due to his efforts in the 

synthesis of various organic dyes including indigo, which was a relatively unknown concept in 

the 19th century.4 

 

A number of years later, a young employee of the Friedrich Bayer & Company, a chemist by the 

name of Felix Hoffman sought to find a method of producing a less irritating salicylate. 

Following the previous work of chemists such as von Glim, and Kraut, Hoffman managed to 

improve the production of acetylsalicylic acid using a combination of the Kolbe Synthesis 

followed by refluxing salicylic acid with acetic anhydride. This work was a remarkable 

achievement for the year 1897 as it is commonly noted as one of the first industrial syntheses for 
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pharmaceutical purposes.5 Once acetylsalicylic acid was marketed as Aspirin, its effectiveness, 

improved tolerability and reliable synthesis drove it to become a landmark drug. The advent of 

the pharmaceutical industry provided a reason for scientists to study the synthesis of organic 

compounds.6 Industrial and commercial synthesis became an additional drive for this new 

research which advanced organic synthesis to new heights. 

 

Nearing the mid 20th century, larger synthetic targets were tackled, but without much success, 

with the exception being Paul Rabe’s synthesis of quinine in 1918.7 Synthesis of increasingly 

complex molecules followed over the next few decades, when a prodigy emerged: Robert 

Woodward, Nobel Laureate in 1965. His life was dedicated to solving problems such as 

designing synthetic routes to many molecules considered complex or previously unobtainable 

due to a lack of strategy.8 

 

The synthesis of strychnine was important due to its impact on the development of synthetic 

chemistry as a tool which facilitated organic structure determination at the time.9 On the other 

hand, reserpine was the most complex synthesis of that era, with seven asymmetric stereocentres, 

a remarkable advancement from the few years prior.10 Using his knowledge of physical organic 

chemistry, Woodward was the first chemist to inductively predict chemical reactivity and 

product outcome in the synthesis of a complex target, in many cases a natural product, with great 

success.11 Such conceptual advancement led to great organic syntheses like the synthesis of 

morphine,12 chlorophyll13 and vitamin B12,
14 followed by numerous other achievements by many 

chemists which are still grand achievements to this day (Figure 1-1). 
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Figure 1-1:  Early synthetic targets of the 20th century. 

Synthesis of many biologically active targets allowed both chemists and biologists to gain an 

understanding of their effects on humans and inspired the scientific community to produce new 

and interesting molecules such as cephalosporin15, which improved upon the antibacterial 

capabilities of the biologically obtained penicillin V. Syntheses became targeted as in the case of 

Chlorthiazide, which originated from a search for an effective antihypertensive agent.16 The post-

war consumerism pushed science to the edge of innovation and led to investigation into the 

synthesis of many pharmaceuticals and material products (Figure 1-2). 

 

Figure 1-2:  Early synthetic pharmaceuticals. 
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1.1.2 Stoichiometric Synthesis 

Increased demand for useful chemical and pharmaceutical compounds during World War I 

accelerated the need for new chemical reactions. Until this point, the vast majority of chemical 

reactions had been stoichiometric, meaning: an equal molar amount of reagent was used for a 

particular chemical transformation of a substrate, but in many cases an excess of reagent was 

added to push the reaction to consume all of the starting material (Scheme 1-2). Stoichiometric 

reactions may be broken down into a few different classes but two of the most basic 

transformations are those that provoke functional group inter-conversion and more importantly, 

coupling-type reactions that combine two molecular fragments into a larger molecule. 

 

Early efforts at functional group inter-conversion (FGI) included reactions such as the 

Finkelstein reaction for inter-conversion of various halides,17 Chugaev elimination as a method 

of dehydration,18 and transformations such as the Hoffmann elimination transforming a 

secondary amine into an olefin.19 The products of the aforementioned reactions could undergo 

further functionalization toward the desired synthetic target. 

 

Scheme 1-2:  Early methods of functional group inter-conversion. 
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Converting a chemical functionality to another is important to enable access to a diverse set of 

chemical moieties. Although, when it comes to increasing the complexity of a molecule, carbon-

carbon/carbon-heteroatom bond forming reactions are far more prevalent. 

 

Some of the early carbon-carbon bond forming reactions resulted in symmetric products by using 

sodium coupling, which was displayed by exploratory chemistry of Wurtz20 and Fittig21 who 

found that mixing sodium metal with either alkyl iodide or aryl bromide led to dimerized 

products. Following this discovery, many decades would pass until the emergence of a method 

for production of more useful asymmetric adducts. 

 

The Grignard reaction is a landmark carbon-carbon bond formation whereby a halo-alkyl 

magnesium salt is reacted with a carbonyl resulting in formation of an adduct combining the two 

organic moieties (Scheme 1-3).22 This reaction was a notable achievement since it expanded the 

functionality of carbonyls and increased chemists’ ability to create complex structures.23 

 

Scheme 1-3:  Grignard reaction. 

Expanding molecular complexity is also commonly achieved through the formation of amides. 

Amide formation is commonly found in the synthesis of biologically active molecules such 

penicillin V.24 A classical method of synthesizing amide moieties is the Schotten–Baumann 

reaction, which involves use of a reactive acid chloride and a primary or secondary amine 

(Scheme 1-4).25 This reaction has an advantage of combining two different moieties, although at 

the cost of producing one equivalent of acid, which reduces overall efficiency. 
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Scheme 1-4:  Schotten-Baumann reaction (1884). 

Despite their utility, the aforementioned reactions all have one common drawback: they are all 

stoichiometric. 

1.1.3 Transitioning to Catalysis 

Many stoichiometric reactions have yet to be replaced by general catalytic alternatives, although 

some chemical reactions already have a catalytic variant. Catalytic reactions can often be defined 

as having a sub-stoichiometric amount of a chemical compound, the catalyst, which increases the 

rate of the reaction by lowering the energy of activation without influencing the reaction 

equilibrium.26 The advantages of catalytic systems have become increasingly apparent over the 

years especially in the context of large scale industrial and pharmaceutical syntheses. Catalysts 

allow reactions to proceed that would not be otherwise possible (Figure 1-3).27 The recent field 

of Green Chemistry pushes for overall waste reduction; catalysis is but one method of pursuing 

this goal.28 

E
n
e
rg

y

 

Figure 1-3:  Catalysis – Energetics and rates. 
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Green Chemistry traditionally consists of twelve principles that can be simplified as the 

reduction of: waste, risk, impact and cost (Figure 1-4).29 Catalysis, one of the twelve principles 

of green chemistry, has a great opportunity to abide by many if not nearly all the other principles, 

if implemented in an appropriate manner. This ideal requires the development of catalysts for 

high-impact chemical reactions and transformations. 

 

Figure 1-4:  Twelve principles of Green Chemistry. 

An early example of a carbon-carbon bond forming reaction is known as the Friedel-Crafts 

reaction. Since its discovery in 1877, the Friedel-Crafts reaction has enabled numerous examples 

of alkylation and acylation of various aromatic compounds, traditionally using alkyl and acyl 

halides and harsh Lewis acids (aluminum trichloride and iron trichloride).30 Although Friedel-

Crafts reactions can function catalytically, in many cases a super-stoichiometric amount of Lewis 

acid is used to enhance reaction yield (Scheme 1-5).31 Furthermore, the Friedel-Crafts reaction 

does suffer from a few issues: use of toxic alkyl and acyl halides, various reaction side products, 

over-alkylation of the initial arene product, and many structural isomers due to issues with 

positional selectivity (ortho, meta and para).32 Finding a suitable catalytic variant can help old 

chemistry to abide by the principles of Green Chemistry. The Friedel-Crafts reaction can be 

scaled-up easily but is somewhat limited in application. Continued research and will lead to more 

active and tolerant transition-metal chemistry, a new field closely linked with many of the 

catalytic reactions used by chemists to this day. 
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Scheme 1-5:  Friedel-Crafts alkylation (1877). 

Catalytic cross-coupling with transition metals emerged due to the development of palladium 

chemistry in the mid-late 20th century. The first examples of catalytic coupling were observed by 

Meerwein (1939)33 and Kharasch (1941/1943)34 who were able to provide the first asymmetric 

sp2-sp2 cross-coupling reactions with the use of a deactivated sp2 centre which was reacted with 

nucleophilic diazonium salts or an aryl Grignard reagent. The significance of the studies by 

Meerwein and Kharasch is that transition metals could possibly promote the formation of 

carbon-carbon bonds, but are only required in a sub-stoichiometric amount. 

 

The arrival of palladium-based cross-coupling chemistry gave rise to what is the most widely 

used and popularized class of reactions: Mizoroki-Heck, Negishi, and Suzuki-Miyaura reactions, 

amongst others. The Nobel Prize for 2010 was awarded to Richard Heck, Ei-ichi Negishi and 

Akira Suzuki for these practical methods of carbon-carbon bond formation. While the Heck, 

Negishi and Suzuki-Miyaura reactions all occur in a similar manner, it was the latter that became 

most prevalent due to the nature of its starting materials (Scheme 1-6). The Suzuki-Miyaura 

cross-coupling consists of a palladium catalyst, an aryl halide, an aryl or alkyl boronate and a 

base.35 Suzuki-Miyaura cross coupling has been extended to include alkyl boronates following 

the development of various ligands which modulate the catalyst’s activity.35 
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Scheme 1-6:  The Suzuki-Miyaura cross-coupling reaction. 

Transition metal catalysts can produce some remarkable transformations, many of which are 

catalytic but are plagued with high cost and various levels of toxicity. Indeed, a large number of 

catalytic reactions used today by the chemical industry involve transition metal catalysts, but 

there is an increasing drive toward replacements that do not require their use.36 The push for an 

alternative to transition metals is driven by attempts to reduce cost while improving efficiency, 

and to reducing the environmental impact of reactions. One of the many methods of addressing 

these concerns comes in the form of organocatalysis. 

1.1.4 Organocatalysis 

Transition metals have been firmly rooted as efficient catalytic systems for decades, in many 

cases producing optically enriched products.37 The most widely accepted alternative to transition 

metals is organocatalysis. Organocatalytic reactions generally are performed using small, 

abundantly available or derived organic molecules.38 Organocatalysis generally proceeds through 

a few main mechanistic pathways: formation of temporary covalent bonds, acid/base catalysis 

and phase-transfer catalysis. 

 



  10 

One of the most commonly cited examples of organocatalysis is that of enamine catalysis 

(Scheme 1-7). Enamine catalysis usually enlists a proline derivative to form a temporary 

covalent bond via condensation with a carbonyl group as a way of priming a substrate to be the 

nucleophilic component of an aldol reaction.39 The temporary chiral amine moiety can 

subsequently transmit its stereochemical information through a Zimmerman-Traxler type 

transition-state thereby resulting in a chiral cross-aldol product.40 The mechanistic proposal is 

also supported by various computational theories supporting the observed product.41 

 

Scheme 1-7:  Covalent organocatalysis – Enamine catalysis of an aldol reaction. 

Organocatalysis is also encountered in the form of acid/base catalysis which may commonly be 

categorized as such: 

1. Specific catalysis – where the reaction rate is accelerated due to the aid of a specific acid 

in a pre-equilibrium step, usually a protonated form of the solvent. 

2. General catalysis – where an acid is directly involved in the rate determining step of a 

reaction as is the case with other catalytic reactions.42 

One famous example of an organic Brønsted acid is the thiourea-derived catalyst.43 One of the 

first uses of the organocatalytic thiourea-derivative was observed in the Strecker reaction, an 

addition of hydrocyanide to an imine yielding a chiral amine (Scheme 1-8).44 Thiourea catalysts 

owe their activity to hydrogen bonding with the imine or carbonyl substrate, which activates the 

substrate for nucleophilic attack. Including an appropriate chiral scaffold allowed additions to 

thiourea-activated imines and carbonyls to become highly enantioselective, a significant 

achievement considering the absence of any metal catalyst.45 
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Scheme 1-8:  Non-covalent catalysis – Thiourea catalyzed Strecker reaction. 

Phase-transfer catalysis (PTC) is a method that can enable a reaction between two substrates with 

vastly different polarities.46 One example of PTC is using non-polar alkyl halides, as substrates 

which could be subjected to a displacement reaction by use of a polar inorganic salt.46 The PTC 

reaction involves counter-ion exchange between the salt and a catalytic amount of a phase-

transfer agent; this strategy circumvents many solubility issues through use of this biphasic, 

aqueous-organic system. The phase-transfer agent facilitates movement of the nucleophilic anion 

from the aqueous phase into the organic phase where the reaction occurs.47 Traditionally, large 

alkyl ammonium or phosphonium cations are employed to make anionic species soluble in 

organic solvent; therefore, these nucleophilic anions are allowed to interact with the halide 

electrophile in non-polar organic solutions under mild conditions.48 It is not unusual for PTC to 

enable reactions that may not ordinarily occur under a given set of conditions, as is the case with 

cyanation of an alkyl halide using sodium cyanide.49 Even in the cases where the reaction is 

normally possible, PTC conditions sometimes enable higher yielding, milder and safer reaction 

conditions. Further application includes choosing a chiral, optically pure ammonium or 

phosphonium counter-ion, and subsequently, these reactions can yield enantiomerically enriched 

products increasing their utility.50 An alternative yet similar strategy to PTC is use of crown 

ethers, which can effectively render an anion hydrophobic, and therefore soluble in organic 

media allowing for reactivity with other organic compounds.51 
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Scheme 1-9:  Phase-transfer catalysis –Tetrabutylammonium catalyzed cyanation. 

It is clear that organocatalysis has become a powerful and effective synthetic tool for organic 

chemists. Currently, catalytic organic molecules have shown that despite their promising uses, 

they haven not yet become replacements for transition metals. The determination of researchers 

is leading them to pursue increasingly benign but effective catalytic reactions; one area of this 

research has led to investigzation of boron as a pseudo-metal surrogate with unique properties. 

1.2 Properties of Boronic Acids and Esters 

Boron is known as a relatively benign, non-metallic element.52 Clever exploitation of the vacant 

p-orbital present in boron has allowed boron-containing molecules to be capable of gaining some 

of the reactivity of transition-metals.53 The Lewis acidity of some boron compounds has a 

profound effect on its reactivity, in some cases allowing them to perform chemistry ordinarily 

observed via transition metal species.54 Although boron may exist in many forms, some of the 

most common are boranes, boronic acids and boronate esters. Their structure can be varied to 

moderate their Lewis acidity and even affect their stability. 

 

Figure 1-5:  Common boranes, boronic acids, and boronic esters. 
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The stability of various boron species is a major reason for their popularity with modern 

chemists. In general, boranes and borinic acids are readily oxidized, which lead to one of the 

more stable classes of boron compounds, boronic acids.55 Boronic acids and esters are extremely 

useful, appearing in many synthetic transformations, the most famous of which is the Suzuki-

Miyaura cross-coupling reaction.56 

 

As the utility of boronic acids increased, some researchers have initiated investigations into how 

their activity can be adjusted and controlled (Figure 1-6). The attractiveness of boronic acids in 

any role lies in their modularity, particularly the aryl derivatives.57 There are a number of sites 

that can be adjusted to affect the Lewis acidity of aryl boronic acids and they include: 

• Functional groups on the arene: particularity the electronic nature of any functional group 

on said arene, EWG or EDG may influence the acidity of boron through resonance or 

induction.58 

• The ortho-group of the arene: this has a cooperative effect with substrate binding and 

activation.55  

• The ester derivative of the boronic acid: this unit can affect the electronics of the boronic 

acid as well; in general the pKa of the boronic ester is lower than pKa of the boronic 

acid.59 

 

Figure 1-6:  Reactivity of arylboronic acids. 
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Boron chemistry relies upon the vacant or occasionally filled p-orbital to allow a ligand 

exchange and activation of a newly bound substrate; this allows the activated species to become 

susceptible to further reactivity. The degree to which this will occur depends upon the Lewis 

acidity of the boron species, the steric properties of the molecule and the nature of nucleophile 

complexed with boron. Some of these properties of boron can be observed in the Matteson 

homologation,60 allylboration reactions,61 and some Friedel-Crafts reactions.57 

 

As chemists studied boronic acids, in many cases a clear trend emerged, the affinity of boron 

with oxygen. The reversibility of this boron-oxygen bond is an important virtue of boronic acids 

such that this unique element can exploit available oxygen atoms and activate them to undergo 

various synthetic transformations. 

1.3 Boronic Acid Catalysis 

The relationship between boron and oxygen blossomed into various catalytic reactions where 

boron-containing compounds are used in stoichiometric and eventually catalytic application. 

 

One of the first noted examples of a catalytic boron compound is in the Corey-Bakshi-Shibata 

(CBS) reduction, which affords a chiral alcohol in high enantioselectivity when reduced from its 

ketone counterpart (Scheme 1-10).62 A CBS reduction was groundbreaking at the time due to it 

functioning without harsh reducing agents such as lithium aluminum hydride;63 only the ketone 

substrate, CBS reagent and borane are required for asymmetric reduction.64 Here boron acts as a 

Lewis acid aiding in the activation of the ketone and priming it for a subsequent reduction. 



  15 

 

Scheme 1-10:  Generalized CBS-reduction. 

This robust CBS catalyst has seen use in the synthesis of many natural products and was 

incorporated in large scale production of pharmaceuticals.65 Effective catalysts in the 

pharmaceutical industry are considered to be safe and capable of efficiently producing large 

quantities of useful synthetic products.66  

 

The unique properties of mild boron-containing molecules allow for many organocatalytic 

reactions and replacement of some reagents with associated toxicity or low atom-economy. 

Transformations resulting in formation of amide functionality are a great example. Amide bond 

formation is prominent in synthesis and the pharmaceutical industry.67 Amide formation is a 

transformation which in some cases is still catalyzed via toxic metal catalysts68 but the main 

issue is the use of toxic and stoichiometric peptide coupling reagents.69 Many boronic acids such 

as 3,4,5-trifluorophenylboronic acid,70 bifunctional derivatives like) 2-(dimethylamino 

methylphenylboronic acid,71 and even 2-iodo-5-methoxyphenylboronic acid72 can catalyze amide 

formation directly from a carboxylic acid and an amine in a mild and efficient manner with 

minimal generation of waste (Scheme 1-11). 
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Scheme 1-11:  Boronic acid catalyzed amide bond formation. 

Boronic acid catalysis is also a simple yet effective form of alcohol activation to provoke what is 

traditionally mediated by metal and harsh stoichiometric reactions. One example of boronic acid 

catalyzed alcohol activation can be observed in the direct carbo- and heterocyclizations of allylic 

alcohols (Scheme 1-12).73 The Meyer-Schuster rearrangement and the 1,3-transposition of allylic 

alcohols constitute other examples of reactions that may be catalyzed by boronic acids (Scheme 

1-13).74 Reactions involving the activation of allylic alcohols were previously predominated by 

strong acids and transition metals such as rhenium. These have now become accessible via 

organocatalysis following the discovery of tetrafluorophenylboronic acid.  

 

Scheme 1-12:  Boronic acid catalyzed carbo- and heterocyclizations. 
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Scheme 1-13:  Boronic acid catalyzed migration of activated alcohols. 

Advancements such as these aid synthetic efforts by providing mild alternatives that are more 

tolerant of various functional groups and can avoid many of the safety concerns associated with 

some older chemistry. As will be discussed in this thesis, it is important to note, that arylboronic 

acids are not simple Lewis acids; their activity is not always explainable by conventional 

methods. 

 

Figure 1-7:  Various arylboronic acid catalysts. 

Increasingly, it is clear that the ortho-substituent of arylboronic acids plays a role in not only the 

Lewis acidity of this species but with its reactivity as well. More complex catalysts such as 

bifunctional boronic acid derivatives have been observed, one of which was N,N-di-

isopropylbenzylamineboronic acid also used in amide coupling71 and another variant bifunctional 
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catalyst that is capable of catalyzing the condensation of carboxylic acids.75 These examples 

provide an obvious example that the optimized catalysts where several modes of activation are 

possible. The aforementioned observations warrant investigation into the activity of arylboronic 

acids in various catalytic reactions. 

1.4 Thesis Objective 

Uncovering the catalytic activity of arylboronic acids is a step in advancing organocatalysis and 

avoiding harsher conditions involving transition metals. The ability to fine-tune the reactivity of 

the pseudo-metallic arylboronic acid is paramount in achieving mild yet catalytic processes. 

Investigation of new catalytic transformations involving arylboronic acids has the potential to 

find intriguing and informative chemical reactivity of these recently discovered organocatalysts. 

Thus, the overall goal of this thesis is to further expand the available portfolio of transformations 

which can be catalyzed by boronic acids. 

 

Looking through classical literature and textbooks, it is clear that some of the most difficult 

chemical transformations are sometimes the simplest. One example is the elimination of a 

primary aliphatic alcohol. Although there are exceptional circumstances in which elimination of 

an alcohol can be achieved, all current methods employ either harsh conditions, or a two-step 

method involving a functional group interconversion of the alcohol followed by subsequent 

elimination. Existing methods often use toxic reagents and/or lack atom-economy. Chapter 2 

discusses the search for an oxophilic boronic acid to catalytically eliminate a primary alcohol 

leaving only an alkene in its place. 
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Amides, ubiquitous in modern pharmaceuticals are a desirable linkage; and most catalytic amide 

forming reactions involve the condensation between an amine and a carboxylic acid. Alternative 

disconnections would allow further masking of the amide functionality and new synthetic routes 

to target molecules; this suggests new catalytic reactions to form amides would be useful to 

synthetic chemists. The Ritter reaction is one such alternative disconnection, facilitating the 

coupling of an alcohol and a nitrile with subsequent hydrolysis into an amide. Chapter 3 will 

discuss modifications to the Ritter reaction in an attempt at finding a catalytic variant. 

 

Friedel-Crafts reactions have enjoyed widespread use since their discovery in 1877. The search 

for a modern catalytic Friedel-Crafts reaction has seen much success although with a few major 

drawbacks: the inclusion of transition metals as the active catalyst and harsh reaction conditions. 

Chapter 4 will discuss a new Friedel-Crafts alkylation protocol involving a tetra-ionic 

arylboronic acid catalyst with alcohols as substrates as one method of providing mild and 

functional-group tolerant reaction conditions. 

 

Although arylboronic acids have been well known as coupling partners in the Suzuki-Miyaura 

reaction for nearly half a century, it is clear that their potential catalytic activity have left much to 

be discovered. Probing for new and interesting reactions involving arylboronic acids is just one 

method of understanding a little more about this unique and emerging class of catalysts. 
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2 Investigations into the Dehydrative Elimination of 
Alcohols 

2.1 Introduction & Objective 

Alcohols are ubiquitous chemical precursors to a large number of synthetic targets in organic 

synthesis. This stems from the abundance of alcohol containing molecules used as raw materials, 

many of which usually derived from easily obtainable starting materials or a myriad of natural 

sources including: petroleum, sugars,1 biomass,2 and fermentation products.  

 

Figure 2-1:  Potential transformations of an alcohol. 

The presence of an alcohol is often a prelude to a number of other chemical transformations 

(Figure 2-1). The oxidation of alcohols is common where they are converted to their 

corresponding aldehyde or ketone using pyridinium chlorochromate (PCC)3 but this has largely 

been replaced by more modern equivalents such as the Swern oxidation,4 and the Dess-Martin 

periodinane (DMP) reagent.5 It is also possible to completely oxidize the alcohol to the 

carboxylic acid using potassium permanganate.6 Asymmetric coupling is also possible by using 

the Williamson ether synthesis.7 A number of functional group interconversions (FGIs) are 

possible subsequently converting the alcohol into either a halide8 or pseudo-halide, useful for 
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further cross-coupling or alternative transformations. Also, it is possible to reduce the alcohol to 

its alkane equivalent by use of the Barton-McCombie reaction.9 One other transformation of an 

alcohol is its elimination into an alkene. Alkene chemistry is well-developed and there are a 

myriad of reactions which alkenes may undergo making them a versatile functional group 

(Figure 2-2). 

 

Alkenes may yield a variety of oxidized products such as alcohols using hydroboration10 and 

oxymercuration,11 and vicinal diols using osmium tetroxide.12 Alkenes are susceptible to 

oxidative fragmentation, when desired, using ozonolysis13 and potassium permanganate14 giving 

fragments in various forms including aldehydes, ketones and carboxylic acids. Some interesting 

reactions exclusive to alkenes such as epoxidation15 and cyclopropanation16 may also be 

achieved using these precursors. Classic hydrogenation17 and hydro-halogenation reactions18 are 

also possible. Alkenes are also an entry route to direct Heck coupling products19, cross-

metathesis reactions20 and allow introduction of a boronic ester handle for Suzuki-Miyaura cross-

coupling.21  
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Figure 2-2:  Reactions and transformations involving an alkene precursor. 

Masking an alkene as an alcohol would allow for some advantageous reactivity. Unfortunately, 

methods for conversion of an alcohol directly into an alkene are rather limited (Scheme 2-1). 

Classical one-step transformations include use of concentrated sulphuric acid22 or aluminum 

oxide23 but these methods are quite harsh due to high temperatures and extremely acidic 

conditions. A milder and more useful method is dehydration by use of phosphoryl chloride; 24 

unfortunately, it requires a toxic phosphorus-containing compound.25 Some two-step dehydration 

reactions include the elimination of a tosylate,26 which may lengthen syntheses unless previously 

installed as a protecting group and the Chugaev reaction which uses harsh reagents such as 

sodium hydroxide, and sensitive reagents such as carbon disulfide and iodomethane for 

preparation.27 
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Scheme 2-1:  Alkene formation through known elimination reactions. 

The Burgess reagent is a more interesting and purely organic derivative which results in a milder 

reaction, but it is applicable only to secondary or tertiary alcohols.28 The Grieco elimination is 

one of the better reactions for the elimination of alcohols;29 it is good for eliminating difficult 

primary alcohols but requires the use of a toxic selenium species.30  

 

Scheme 2-2:  Elimination of alcohols using Grieco and Burgess reactions. 

These more advanced dehydration reactions are synthetically useful given their tolerance to other 

functional groups, but they are not perfect (Scheme 2-2). Despite their milder reactivity, the 
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Burgess and Grieco eliminations are not catalytic, provide poor atom economy and lack 

generality. 

 

It is desirable to have a clean and efficient route to alkenes from the ubiquitous alcohol, 

preferably with the following attributes: 

• Mild conditions 

• Single-step, direct without intermediary leaving group 

• Good functional group tolerance 

• Catalytic reaction protocol 

Harsh, multi-step and multi-component reactions have become the norm when it comes to 

dehydration reactions. Due to the sheer diversity of reactions that may be used to transform an 

alkene, it is worth investigating new and more efficient methods for their synthesis.  

2.2 Design and Strategy 

Design of a new reaction for the dehydration of alcohols must take into account both the acidity 

of the β-hydrogen as well as the electronic nature of the alcohol and therefore its ability to be a 

good leaving group. Unfortunately, alcohols tend to have a strong bond with carbon, which is 

evident by their bond dissociation energy (BDE) of 391 kJ mol-1; in an alkane, a carbon-carbon 

BDE is approximately 357 kJ mol-1 and a carbon-hydrogen BDE is 384 kJ mol-1.31 Additionally, 

a good proportion of the existing methods for eliminating alcohols occur through intramolecular 

syn elimination (Ei) (Scheme 2-3). 
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Scheme 2-3:  Ei mechanism of common dehydration reactions. 

Taking the existing dehydration reactions and relevant bond strengths into account, it is obvious 

that there are two main requirements for a new reaction to induce the elimination of alcohols: 

pre-activation of the alcohol and pre-organization of the activated substrate. Pre-activation of the 

alcohol is necessary as alcohols are naturally a terrible leaving group unless subjected to strong 

acids and high temperatures. Pre-organization of the activated substrate is important as it enables 

the breaking of many strong bonds in a rapid manner while avoiding long-lived charges. 

 

The activating agent ideally should have a vacant orbital or exchangeable group to accept the 

alcohol and able to be made sufficiently electron poor such that it activates the alcohol. As a 

secondary measure, either an internal or external base should be available to remove the β-

hydrogen thereby inducing the elimination of the activated alcohol 

 

Recently, there has been a report defining the activity of tetrafluorophenylboronic acid (TFBA) 

as the active catalyst in the 1,3-transposition of allylic alcohols and the Meyer-Schuster 

rearrangement of propargylic alcohols.32 This also included an interesting report of elimination 

of an allylic alcohol from the substrate (Scheme 2-4). 
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Scheme 2-4:  Elimination of an allylic alcohol using TFBA. 

Another study has found that TFBA (pKa 6.0) has an increased ability to activate alcohols over 

Lewis acids of a lower pKa such as pentafluorophenylboronic acid (pKa 3.5).33 Secondary 

effects from the ortho substituents on the catalyst provide enhanced reactivity such that it is more 

active over what is seemingly a much stronger catalyst, based on expected Lewis acid strength 

(Figure 1-7; Figure 4-1). TFBA provides many of the characteristics desired for an ideal 

reaction to eliminate alcohols and appears to be an excellent initial catalyst for this 

transformation. 

 

The purpose of this investigation is to evaluate potential boron-based catalysts to afford an 

elimination product from an alcohol under mild reaction conditions. A primary alcohol is the 

ideal model substrate and is very desirable for dehydration, and unfortunately the most difficult. 

As described above, current state-of-the-art methodologies display poor atom-economy. If 

elimination can occur on a primary alcohol then the possibility of dehydrating a more stabilized 

alcohol would be much more likely. Good selectivity should be achievable by using an oxophilic 

boron activator but is desired in a catalytic quantity. The primary goal of this investigation is to 

afford the elimination of an alcohol would be catalyzed at mild temperatures using a boronic 

acid. 
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2.2.1 High-Throughput Screening of Fluorinated Arylboronic Acids 

The initial search for a boronic acid catalyst (BAC) that could afford the elimination product 

from an alcohol would be ideally served by high-throughput screening (HTS) of catalysts similar 

to TFBA. Each assay would test one catalyst in a variety of conditions and incorporate a number 

of different solvents, additives and temperatures (Scheme 2-5). Each assay assessed a chosen 

activator and took place in a grid of 10 solvents by four additives with a control. They were run 

in duplicate at two temperatures: room temperature (25 ºC) and an elevated temperature (50ºC) 

using teflon-lined screw-top vials (100 reactions per activator). Solvents of varying polarities 

were used including: diethyl ether (DEE), methanol, hexane, dichloromethane (DCM), 

acetonitrile, ethanol, toluene (Tol), tetrahydrofuran (THF) and dimethylformamide (DMF). The 

amount of activator was designated to be 0.2 equivalents such that if the dehydration were to 

occur, there would be enough of the boronic acid to produce a detectable quantity of product.  

 

There is a possibility that it is too difficult to deprotonate the β-hydrogen from an unactivated 

alcohol therefore, it is reasonable to propose inclusion of a base to assist in the elimination of an 

alcohol. Chosen bases provided a wide range in strength including: diethanolamine, 

triethylamine, sodium acetate and 1,8-diazabicycloundec-7-ene (DBU). A control without base 

was included in each trial to ensure the base was not the activating species.  

 

Finally, the model alcohol was selected such that it did not have any activating or stabilizing 

properties yet both model reactant (2-1) and product (2-2) are both easily visible by thin-layer 

chromatography (TLC). If any elimination were to occur, it would likely proceed through some 

variation of a step-wise sigmatropic rearrangement, based on avoidance of charge build up. 
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Analysis of crude product was completed with thin-layer chromatography (TLC) and compared 

with standards of the alcohol starting material (2-1), alkene product (2-2) and activator for each 

assay. Only the appearance of new spots warranted purification and analysis by nuclear magnetic 

resonance (NMR) spectroscopy. 
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Scheme 2-5:  Proposed HTS for elimination of alcohols using BACs. 

Building upon the success of TFBA activation of allylic alcohols, fluorine based boronic acids 

were amongst the first activators tested in this assay (Figure 2-3) with approximately 1,100 

reactions. Sadly, no elimination product was observed with any of the electron deficient 

fluorinated aryl boronic acids (2-3a – 2-3k). Despite the great activity of TFBA (2-3c) and its 

more potent derivative (2-3d) toward π-activated alcohols, its activity toward an unactivated 

alcohol was not significant. 



  36 

 

Figure 2-3:  HTS for elimination of alcohols using fluorinated BACs. 

Since the aforementioned polyfluorinated catalysts did not yield any product, a few tests were 

conducted with the most promising conditions matching the reported elimination of an allylic 

alcohol (Scheme 2-6). Despite high temperature conditions with the use of a Dean-Stark 

apparatus for azeotropic removal of water from the reaction mixture, TFBA (4-3c) and 

3,4,5,6,7,8-hexafluoronapthylboronic acid (4-3d) still did not give the desired product. 

 

Scheme 2-6:  Azeotropic test reaction for BA catalyzed dehydration. 

2.2.2 Screening of Bifunctional Boronic Acids 

Adjusting the HTS on the assumption that a base may assist the elimination of an alcohol, it was 

reasonable to propose that the increased proximity of an intramolecular base could be more 

likely to induce a reaction (Scheme 2-7). The assay for each bifunctional activator followed as 



  37 

before in duplicate at two temperatures with 10 solvents by four additives and one control (100 

reactions per activator). 

 

Scheme 2-7:  Refined HTS for elimination of alcohols using bifunctional BACs. 

The next set of chosen catalysts had some form of bifunctionality associated with them including 

ortho substituents (Figure 2-4). These potential catalysts contained either oxygen (2-4a – 2-4h) 

or a counter ion (2-4i)34 which could possibly assist in deprotonation and/or development of 

carbocation character for the dehydration through donation of electron density. Unfortunately, no 

alcohol elimination was observed. 

 

Figure 2-4:  HTS for elimination of alcohols using salt and oxygen-containing BACs. 

Assuming that a stronger intramolecular base was required, another screening using the 

aforementioned assay conditions (100 reactions per activator) was performed using various 

nitrogen- and sulphur containing arylboronic acids (Figure 2-5). Once again, there was no 

alkene formation despite the increased basicity of these alternative arylboronic acids (2-5a – 2-

5g). 
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Figure 2-5:  HTS for elimination of alcohols using heteroatom-containing BACs. 

The lack of activity from the aforementioned boronic acids and HTS method implies that another 

approach must be taken. The rationale behind using activators with direct boron-nitrogen bond 

was to allow for the possibility of a six-membered transition state, which can potentially favour 

the elimination product. Therefore, building upon the idea of an intramolecular-assisted 

dehydration, repurposing existing bifunctional boronic acids was an intriguing method (Scheme 

2-8). This truncated assay consisted of five solvents (DCM, THF, EtOH, Toluene and DMF), 

two additives (ammonium chloride and sodium acetate) with a control. Each activator was 

assayed in duplicate at 25 and 50 ºC for a total of 30 reactions each. The change from stronger 

bases to a weak acid and weak base was due to the hypothesis of a proton shuttle aiding in the 

reaction to hopefully make the newly formed boron-oxygen bond a better leaving group. 

 

This smaller assay involved use of a commercially available Corey-Bakshi-Shibata catalyst (2-

6a) and various derivatives (2-6b – 2-6c) which are used in the enantioselective reduction of 

ketones.35 Allowing for the possibility of a more flexible transition state, some boronic acids 

were tested where the basic site is located a few carbons away from the Lewis acidic site. The 

Whiting catalyst used in dehydration of a carboxylic acid resulting in amide formation (2-6d)36 
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and a derivative (2-6e) were tested as well. Again, none of the mentioned conditions gave any 

alkene product.  

 

Scheme 2-8:  HTS for elimination of alcohols using CBS and Whiting-type BACs. 

Further derivatization of this bifunctional approach can take advantage of both boron-oxygen 

bonds and may allow a more flexible system for elimination. This design involved an 

intermediate catalyst formed in situ by combination of a hydroxylamine with the boronic acid 

yielding a bifunctional site directly bound to boron as opposed to being bound to the arene 

(Scheme 2-9). Again, this assay involved 30 different reaction conditions for each potential 

catalyst. This should allow the proposed transition state to assume a number of conformations 

such that the optimal attack angle for dehydration may be adopted. A number of large and bulky 

arylboronic acids (2-7a – 2-7e) were used to effectively push the hydroxylamine arm toward the 

active site of the alcohol and perhaps facilitate the elimination reaction. 
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Scheme 2-9:  HTS for elimination of alcohols using bulky BACs with hydroxylamine. 

Unfortunately, this broad screening assay of bifunctional boronic acids and derivatives did not 

manage to find a catalyst that was able to dehydrate alcohol 2-1 and therefore alkene 2-2 was not 

observed. 

2.2.3 Pincer-Type Boronic Acids 

The next strategy aimed for a more organized transition state using a pincer-type catalyst. The 

premise of this approach was to simultaneously protonate the oxygen bound to boron making it a 

better leaving group and induce the elimination using a second functional arm (Scheme 2-10). 

The first pincer-type BAC came from 2,4,6-tris[(N,N-diethylamino)methyl]phenylboronic acid 

(2-8a) but yielded no alkene product.37 One pincer-type catalyst containing both a Lewis acid 

and Brønsted base moieties was used in the dehydrative intramolecular condensation of 

dicarboxylic acids was also tested (2-8b).38 Catalyst 2-8b was protonated to form a Lewis acid 
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with a pre-activated amine moiety to act as a Brønsted acid (2-8c). Despite the high temperature 

and azeotropic removal of water, in addition to the increased proximity of two different catalytic 

active sites, these complex hypotheses appeared insufficient to predict the required reactivity to 

afford the desired elimination product. 

 

Scheme 2-10:  Proposed reactions for elimination of alcohols using pincer-type BACs. 

2.2.4 Azeotropic Elimination 

Forgoing the constraint of mild temperature, a number of catalysts were examined for 

dehydration activity under conditions for azeotropic removal of water (Scheme 2-11). The use of 

diboronic acids came as an answer to a super activated alcohol that could possibly be eliminated 

under thermal conditions. This truncated assay once again made use of proton shuttles and a 

control reaction in only two different solvents leading to six reactions per catalyst. This involved 

a diboronic acid catalyst (2-9a
39 – 2-9b

40), which should activate an alcohol subsequently 

provoking elimination. This screening was performed with sodium acetate and 2,6-lutidine; 
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Here, lutidine was used as a proton shuttles to assist in the elimination, of course a control was 

also run but all to no avail, there was no reaction. 

 

Scheme 2-11:  Proposed reactions for elimination of alcohols using aryl diboronic acids. 

The final attempt at elimination of an alcohol was by use of a known dehydrating agent, 

trimethyl borate (2-10a) and derivatives (2-10b – 2-10c).41 After much effort, even at elevated 

temperature, azeotropic removal of water did not lead to the observation of an alkene as expected 

(Scheme 2-12). 

 
Scheme 2-12:  Proposed reactions for elimination of alcohols using borate compounds. 
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2.3 Discussion and Future Directions 

Despite the large number of approaches toward the proposed elimination of a primary alcohol, 

none have yielded the desired unsaturation. Why might this be the case? A brief analysis of the 

various bond energies may reveal some information as to why this transformation is so very 

difficult (Table 2-1).42 The carbon-hydroxy bond has dissociation energy of 391 kJ mol-1; 

therefore, without proper activation this bond is not likely to break. Neutral boron has a high 

boron-oxygen bond energy of 806 kJ mol-1 suggesting that its formation is favourable; and 

indeed, formation of a boronic ester does occur and is readily visible by NMR spectroscopy. This 

implies that if a boron-oxygen bond with an alcohol can be formed either partially (through 

Lewis acid activation) or completely (via deprotonation to form a boronic ester species) then it 

may be possible to make the carbon-oxygen bond electron deficient, enough that it would be 

possible to break this bond. One must also take into account the relatively strong carbon-

hydrogen bond of 384 kJ mol-1. This implies that the best way to eliminate an alcohol using 

temporary boron-oxygen bonds is by transforming the hydroxyl group into a good leaving group. 

 

If this elimination reaction can be achieved then two obstacles exist. The largest obstacle is 

breaking the β-hydrogen-carbon bond; therefore there is a requirement for a basic site or additive 

to deprotonate the thus initiating the dehydration. Although, the this could be avoided if the 

elimination system was provided more energy; this could be provided by either an extremely 

Lewis acidic boronic acid with a balanced amount of activating energy in the form of heat. 
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Table 2-1:  Selected BDEs of carbon, nitrogen and boron compounds. 

 

This then beckons a few approaches to achieve this transformation. Since this reaction requires 

the breaking of a number of bonds, taking an existing catalyst increasing the energy available to 

it by using higher temperature may make the reaction more favourable. Another option is to 

design a reagent with more internal energy that can be released. This could appear in a reagent 

designed to contain energy much like a compressed spring. This reagent may contain a ring with 

a boron-nitrogen bond such that the size of the ring can be correlated to the amount of energy 

embedded in the molecule;43 this energy could be released upon binding an alcohol substrate 

with a β-hydrogen (Scheme 2-13). Furthermore, such an activator could be regenerated by 

expelling water. 

 

Scheme 2-13:  Proposed activator and its reactivity toward the elimination of alcohols. 
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One final possibility is by using a catalytic leaving group like an embedded tosylate (Figure 

2-6). This system could form an unstable boronate species which could potentially undergo a 

boron-to-sulphur transfer leading to the desired activated alcohol. Elimination of an alcohol 

could possibly yield the desired alkene using a simple base as with commonly employed 

elimination of sulphonate.26 

 

Figure 2-6:  Possible catalytic leaving group based on a boronic acid scaffold. 

2.4 Conclusions 

Investigating a difficult transformation such as the dehydration of a primary alcohol does have its 

risk. The initial requirements for mild reaction conditions may have imposed too many 

restrictions far too early in development; it would be more beneficial to approach from a less 

desirable transformation and build upon its reactivity. 

 

Perhaps this could be addressed by backtracking and optimizing the initial literature findings for 

the elimination of a conjugated alcohol first (Scheme 2-14), followed by re-investigation of this 

reaction for more difficult substrates.32 

 

Scheme 2-14:  BAC induced alcohol elimination reaction. 
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Increasing our understanding of the elimination of an activated alcohol using a BAC can be 

augmented by using targeted experiments and computation. The final frontier would be to apply 

the literature dehydration toward the dehydration of neutral or deactivated alcohols. 

2.5 Experimental 

General Methods 

The following materials include representative experimental procedures and details for the 

synthesis and isolation of compounds. Unless otherwise stated, all reactions were performed in 

capped vials and glassware with no further precautions. Tetrahydrofuran (THF), 

dichloromethane (DCM), methanol, dimethylformamide (DMF) and toluene (Tol) were purified 

using a double cartridge solvent purification system prior to use. All other solvents were 

purchased as ACS reagents and used without further purification. Unless otherwise noted, all 

other chemicals were purchased from commercial sources and used as received. 

Chromatographic separations were performed on silica gel 60 using ACS grade hexanes and 

ethyl acetate as eluents. Thin layer chromatography (TLC) was performed on silica gel 60 F254 

plates, which were visualized under UV light and with KMnO4 or phosphomolybdic acid (PMA) 

stains. Commercial 4-phenylbutanol and 4-phenylbutene were used as standards in all 

observations. 1H NMR spectra were recorded on 400 MHz or 500 MHz instruments. The residual 

solvent protons (1H/CHCl3) or the solvent carbon (13C) were used as internal references. 1H 

NMR data is presented as follows: chemical shifts in ppm downfield from tetramethylsilane 

(multiplicity, integration, coupling constant). The following abbreviations are used in reporting 

NMR data: s, singlet; br s, broad singlet; d, doublet; t, triplet; q, quartet; quin, quintet; sext, 

sextet; sept, septet; dd, doublet of doublets; m, multiplet. The error of coupling constants from 

1H NMR spectra is estimated to be 0.3 Hz. 
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General Assay Procedure 

Into 2 mL screw top vials was placed 0.2 mmol of a corresponding boronic acid catalyst, 1.0 

mmol of additive, 1 mL of solvent, 1.0 mmol of 4-phenylbutanol and sealed. The reaction was 

reacted at 25 ºC in an agitator for 16 hours, or with 10 minutes of agitation followed by heating 

in a calibrated aluminum block at 50 ºC for 16 hours. No precaution was made to exclude 

moisture or oxygen from the reaction mixture. The reaction mixtures were visualized for the 

appearance of 4-phenyl butane (2-2) and co-spotted with the catalyst, 4-phenylbutanol (2-1) then 

checked using TLC and stained with either KMnO4 or PMA. If there was any observed reaction, 

the corresponding reaction mixture was concentrated under reduced pressure, then purified via 

silica plug using hexanes and further analyzed by 1H and 11B NMR spectroscopy. 

 

Standard Azeotropic Procedure 

Into a 5 mL round bottom flask was placed 0.2 mmol of a corresponding boronic acid catalyst, 

1.0 mmol of additive, 1 mL of high boiling point solvent, 1.0 mmol of 4-phenylbutanol and 

connected . The reaction was heated in an oil bath while connected to a Dean-Stark apparatus 

filled with a corresponding solvent for 16 hours. The reaction mixtures were visualized for the 

appearance of 4-phenyl butane (2-2) and co-spotted with the catalyst, 4-phenylbutanol (2-1) then 

checked using TLC and stained with either KMnO4 or PMA. If there was any observed reaction, 

the corresponding reaction mixture was concentrated under reduced pressure, purified via silica 

plug using hexanes and further analyzed by 1H and 11B NMR spectroscopy. 
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Synthesized Catalysts 

B(OH)2

F

F

F

F

 

2,3,4,5-Tetrafluorophenylboronic acid (2-3c): This compound was synthesized as per a 

previous report in 76% yield.32  

B(OH)2

F

F

F

F

F

F

 

3,4,5,6,7,8-Hexafluoronapthylboronic acid (2-3d): This was synthesized as per a previous 

report in 43% overall yield.32  

 

Fe III
B(OH)2

SbF6  

Ferroceniumboronic acid hexafluoroantimonate salt (2-4i): This compound was synthesized 

as per a previous report in 72% yield. 

 

B(OH)2

N

OMe

 

(E)-(2-((4-Methoxybenzylidene)amino)phenyl)boronic acid (2-5g): This compound was 

synthesized in situ, by pre-mixing 0.2 mmol of 2-aminophenylboronic acid with 0.2 mmol of 4-

methoxybenzaldehyde in the appropriate assay solvent.  
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NMe2Me2N

NMe2

B(OH)2

 

2,4,6-Tris[(N,N-diethylamino)methyl]phenylboronic acid (2-8a): 2,4,6-Tris[(N,N-

dimethylamino)methyl]benzene was prepared according to the literature in 82% yield.37 To a 

flame dried flask under nitrogen was added 1.0 mmol of 2,4,6-tris[(N,N-

dimethylamino)methyl]benzene and 5 mL of dry THF using anhydrous technique. The reagent 

was stirred and allowed to homogenize then cooled to 78°C using a dry-ice/acetone bath. To the 

mixture was added 1.1 mmol of tert-butyl lithium in pentanes (1.7 M) in a dropwise manner and 

it was stirred at 78°C for 1 hour. Then 3.0 mmol of distilled trimethyl borate was added and 

allowed to stir for an additional hour before being allowed to warm to room temperature 

overnight while stirring under a nitrogen atmosphere. This reaction was quenched using 10 mL 

of 1M HCl and extracted using ethyl acetate (2 x 20mL) concentrated under a reduced 

atmosphere. This crude mixture was purified on silica gel using hexanes:ethyl acetate (4:1) and 

gave 2-8a in 72% yield. 

 

N

B(OH)2

N

 

2,6-Bis[(N,N-diisopropylamino)methyl]phenylboronic Acid (2-8b): This was synthesized as 

per a previous report in 30% overall yield.38  
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N

B(OH)2

N

H
Cl

 

2-(N-Diisopropylamino)methyl-6-[(N,N’-diisopropylaminohydrochloride)methyl] 

phenylboronic Acid (2-8c): This was synthesized in situ using 0.1 mmol of 2-8b and 0.1 mL of 

1.0 M hydrogen chloride in dry diethyl ether into the assay flask and mixing in the appropriate 

assay solvent. 

 

(HO)2B B(OH)2

 

Naphalene-1,8-diboronic acid (2-9a): This compound was synthesized as per a previous 

report.39  

 

B(OH)2

B(OH)2

F

F

F

F

 

3,4,5,6-Tetrafluorophenyl-1,2-diboronic acid (2-9b): This compound was synthesized as per a 

previous report.40  
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3 An Attempt to Develop a Mild Boronic Acid Catalyzed 
Ritter Reaction 

3.1 Introduction & Objective 

Amides are ubiquitous throughout nature; they are the foundation of life being present as key 

components of proteins. The inherent stability of amides can justify their incorporation in 

biological systems. As a result, in vivo environments react to a myriad of amide-containing 

molecules; this is made apparent by the large portion of currently available herbicides, pesticides 

and pharmaceuticals containing the amide functional group (Figure 3-1).1  

 

Figure 3-1:  Some commercial amide-containing compounds. 

Accordingly, synthetic routes to amide moieties are continually being pursued for the synthesis 

of peptides and other amide-containing organic molecules. The most obvious and simplest amide 

disconnection sought is that of an amine and a carboxylic acid.  

 

Thermal dehydration is one of the simplest and oldest synthetic methods for production of 

amides (Scheme 3-1). The advantage is that no other activating reagents are necessary but after 



  57 

proceeding through the initial ammonium carboxylate salt, high temperatures are necessary to 

dehydrate the resulting species to form an amide.2 Such harsh conditions are far from ideal and 

in some cases may cause decomposition of the product. 

 

Scheme 3-1:  Amide formation through condensation of a carboxylic acid and amine. 

Modern alternatives have been developed involving activation by use of various reagents 

allowing milder reaction conditions. However, since some of these reagents such as 

carbodiimides, and uranium or phosphonium salts are toxic and generate excessive waste; 

finding safer and more efficient alternatives should be a priority. 3 A number of researchers have 

begun to investigate catalytic methods for production of amides. 

 

Catalytic methods help to ensure mild and clean formation of amides. It is methods such as these 

which coincide with the views and priorities of the ACS Green Chemistry Institute Roundtable 

(Scheme 3-2).4 Notably, boronic acids play a crucial role in these reactions using various classes 

such as electron deficient and bifunctional derivatives (3-1a
5, 3-1b

6, 3-1c
7 and 3-1d

8). Until the 

appearance of 5-methoxy-2-iodophenylboronic acid (MIBA), boronic acids for the catalytic 

synthesis of amides have only been active at temperatures of 80 ºC or higher. On the other hand, 

for many substrates MIBA is active at mild, ambient temperatures.8  
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Scheme 3-2:  Direct amide formation using catalytic boronic acids. 

Although the disconnection of amides through carboxylic acid and amine building blocks are 

most common in the formation of amides, alternate disconnections are useful as they expand the 

possible synthetic routes toward a specific amide product. An alternative pathway which is less 

obvious than the traditional carboxylic acid and amine condensation to make an amide bond is 

by use of the Ritter reaction.  

 

The Ritter reaction produces amides using a slightly different approach, primarily by combining 

an alkene or alcohol with a nitrile, which subsequently undergoes hydrolysis (Scheme 3-3).9  

 

Scheme 3-3:  Classical Ritter reaction of alkenes and alcohols to form amides. 

This reaction proceeds first through formation of a carbocation by use of sulphuric acid, 

followed by nucleophilic addition of a nitrile and subsequent hydrolysis of the nitrilium 

intermediate to produce the desired amide (Scheme 3-4).  
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Scheme 3-4:  Reaction mechanism of the Ritter reaction from an alcohol substrate. 

Ritter reactions have been modified such that sulphuric acid could be replaced by other, more 

accessible and catalytic acid sources (Figure 3-2). Ritter reactions between acetonitrile and 

secondary benzylic alcohols were achieved with catalytic amounts of Brønsted acids such as 2,4-

dinitrobenzenesulfonic acid (DNBSA)10; although, o-benzenedisulfonimide; has shown that it is 

more general allowing formation of alkyl-alkyl amides.11  

 

Figure 3-2:  Common activators and catalysts used in the Ritter reaction. 

The Ritter reaction is not limited simply by one class of acids but rather, are also able to be 

effectively catalyzed using many metal-based Lewis acids such as cobalt dichloride,12 

cobalt(III),13 bismuth triflate,14 iron trichloride15 and boron trifluoride.16 

 

The Ritter reaction has also been expanded to involve tertiary alkanes as electrophiles allowing 

direct C-N bond formation using copper-based C-H activation (Scheme 3-5).17 Other variations 
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have appeared including alternative reaction conditions which allow Ritter-type substitution 

reactions18 and even photo-Ritter variants.19  

 

Scheme 3-5:  Intermolecular Ritter-type C−H amination of unactivated sp3 carbons. 

Indeed, amide formation through the Ritter reaction has evolved since its infancy replacing 

activation by use of sulphuric acid with various catalysts and more general reaction conditions.20 

Many modified Ritter reactions rely upon metal-based Lewis acids for their activity, suitable 

replacements would be desirable. Although the appearance of DNBSA, o-benzenedisulfonimide 

and boron trifluoride do provide organocatalytic alternatives, they all have inherently low pKa 

and high reaction temperatures which suggest that development of more benign conditions would 

be a useful endeavour. 

3.2 General Design and Methods 

The novelty of the Ritter reaction is clear in its use of a non-obvious amide disconnection such as 

an alcohol and a nitrile compound. This is advantageous within synthetic organic chemistry and 

can aid in the masking and production of amides containing compounds. The goal of this 

research is to investigate the possibility of a mild and boronic acid catalyzed version of the Ritter 

reaction using alcohols as common, inexpensive and non-toxic substrates. 
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Scheme 3-6:  Mechanism of the boron trifluoride catalyzed Ritter reaction. 

Understanding the elucidated mechanistic cycle of an analogous Lewis acid such as boron 

trifluoride should allow prediction of how a boronic acid would also behave under similar Ritter 

reaction conditions (Scheme 3-6).16. Since the reaction using boron trifluoride was found to 

function best in refluxing 1,2-dichloroethane (DCE), a number of alterations enabling use of 

milder catalysts such as boronic acids or replacement of chlorinated solvents was desired. 

 

Following boron trifluoride catalyzed Ritter reaction as a model reaction, a benzyl alcohol and a 

nitrile were used to yield a standard product (Scheme 3-7). It is desirable to replace DCE with a 

solvent that is more able to stabilize intermediate cationic species; so, a number of alternatives 

were proposed such as dichloromethane (DCM), methanol, nitromethane and a nitromethane-

hexafluoroisopropanol mixture similar to previously developed reactions using boronic acid 

catalysts.21,22 Temperature was to be kept mild and ideally at ambient temperature but not to 

exceed 80 ºC. Additives were also included to shuttle protons around the solvent to possibly 

reduce the reaction’s energy barrier. Finally, potential boronic acid activators were tested for 

catalytic activity. As with previously developed reactions, the array of boronic acids tested were 
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electron poor such that they can reasonably activate an alcohol for substitution by the nitrile 

when subjected to Ritter reaction conditions in small screw-top vials. The crude reaction was 

analyzed by thin-layer chromatography (TLC) and compared with reference standards or the 

starting material (3-1), product (3-2a), and catalyst. 

 

Scheme 3-7:  Assay screening for a boronic acid catalyzed Ritter reaction. 

3.3 Results and Discussion 

This investigation proceeded through collaboration with an undergraduate research assistant 

named Yibai Sun who was involved in all facets of this research but primarily running the high-

throughput screening (HTS) and targeted assay (Scheme 3-7; Table 3-1). Traditional high-

throughput screening (Scheme 3-7) did not yield any desired product so a more targeted 

approach was taken. This targeted screening involved the two boronic acids which have the best 

ability to catalyze reactions with π-activated alcohols, namely ferroceniumboronic acid 

hexafluoroantimonate salt (FBAHA; 3-3a) and tetrafluorophenylboronic acid (TFBA; 3-3b).21 

This revised screen also eliminated any additive and restricted the solvents to nitromethane or a 
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nitromethane-hexafluoroisopropanol mixture (Table 3-1), the solvents where the aforementioned 

catalysts were most active in previous works on alcohol activation.21,22  

Table 3-1:  Probing for a catalytic Ritter reaction using electron deficient boronic acids. 

(3.0 equiv.)
Catalyst (0.2 equiv.)

Additive (1.0 equiv.)
Solvent, 16 h, Temp.

N BnOH

N
H

O

O

3-1 3-2a 3-2b

Catalyst

3-3a
3-3a
3-3a
3-3a
3-3b
3-3b
3-3b
3-3b
3-3a
3-3a
3-3b
3-3b
3-3b
3-3b
BF3

BF3

3-3b

Conditions

---
---
---
---
---
---
---
---

INV
H2O (3 equiv.); INV

INV
H2O (3 equiv.); INV

INV
H2O (3 equiv.); INV

Ref . 16
---
---

Solvent

MeNO2

MeNO2:HFIP (1:1)
MeNO2

MeNO2:HFIP (1:1)
MeNO2

MeNO2:HFIP (1:1)
MeNO2

MeNO2:HFIP (1:1)
MeNO2

MeNO2

MeNO2

MeNO2

MeNO2:HFIP (1:1)
MeNO2:HFIP (1:1)

DCE
MeNO2:HFIP (1:1)

DCE

Temp (ºC)

40
40
80
80
40
40
80
80

reflux
reflux
reflux
reflux
reflux
reflux
reflux

80
reflux

Products

3-2a (<5%), 3-2b (34%)
3-2a (<5%), 3-2b (20%) + other
3-2a (<5%)
3-2a (<5%)
3-2a (<5%)
3-2a (<5%), 3-2b (<5%)
3-2a (<5%), 3-1 (0%)
3-2a (<5%), 3-1 (52%)
3-2a (<5%), styrene, other
3-2a (<5%), other
3-2b (37%), 3-1 (63%)
3-2b (53%), 3-1 (46%), other
3-2a (21%), 3-2b (77%), other
3-2a (<5%), 3-2b (<5%), 3-1 (90%)
3-2a (85%)
3-2a (<5%)
3-2a (<5%)

Note: 3-1 = Starting Material, 3-2a = Amide Product, 3-2b = Homo-Coupling Product

INV = Procedure performed by inverse addition of the alcohol over 2 hours
† Trace amounts are <5% as determined using an NMR internal standard (trichloroethylene)

Entry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

†

 
 

The first few tests (entries 1-8) used the most active catalysts (3-3a and 3-3b) under standard 

one-pot conditions but to only a trace amount of the desired amide (3-2a) or a homo-coupling 

product (3-2b). It is obvious that activation of the alcohol did occur due to formation of the 

benzyl ether (3-3b). The actual appearance of this homo-coupling product (3-2b) does suggest 

that the benzyl alcohol (3-1) is the best available nucleophile, not the desired nitrile, since the 

homo-coupling product is formed faster than the amide (3-2a). 
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Reducing the severity of this homo-coupling issue was achieved by slowly adding the benzylic 

alcohol (3-1) into the reaction mixture; these conditions discourage a high concentration of 

activated substrate in the reaction mixture but also keeps the concentration of free alcohol low 

and diminishes the chance of self-condensation (entries 9-15). Water was added to various trials 

(entries 10, 12 and 14) to retard the reaction and hopefully reduce the amount of homo-coupling, 

unfortunately to no effect. These later trials actually managed to increase the homo-coupling 

product dramatically in yields of 5-77%, a result opposite to what was desired. 

 

It is interesting to note that a single test reaction conducted at reflux using nitromethane-

hexafluoroisopropanol as solvent and inverse addition (entry 13) does give the amide product (3-

2a) in 21% yield but with a large proportion of the homo-coupling product. Reproducing the 

literature reaction was possible using boron trifluoride giving the desired amide product in 85% 

yield (entries 14 and 15).16 Although in the initial assay screen, boronic acids were not active in 

DCM, the higher boiling point allowed by DCE may permit a boronic acid to catalyze the Ritter 

reaction based on the example with boron trifluoride.  

3.4 Conclusions 

Thus far, this investigation suggests that the formation of an amide from an alcohol and nitrile 

using a boronic acid can indeed form the desired product but not yet in an efficient manner. The 

main issue encountered with a boronic acid catalyzed Ritter reaction is the low nitrile 

nucleophilicity, which is not enough to give a decent yield of the desired amide product (3-2a). 

Unfortunately, this issue became increasingly apparent when the more nucleophilic alcohol (3-1) 

favourably forms a homo-coupling product (3-2b) despite a competing substrate, the nitrile. 

Slowing the alcohol addition would decrease its concentration in solution; theoretically, this 
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could allow the nitrile more time to react with the activated species but without competition from 

other potential substrates. There is also a possibility that the formation of the nitrilium species is 

reversible, and in order to facilitate amide formation, hydrolysis must be fast enough to occur in 

the lifetime of the intermediate nitrilium species. 

 

Currently, arylboronic acids are not suitable candidates to replace current catalytic Ritter reaction 

protocols. With additional research on boronic acid catalysis and reaction optimization, a viable 

catalytic alternative may eventually be found to afford a milder Ritter reaction. 

3.5 Experimental 

The following materials include representative experimental procedures and details for the 

synthesis and isolation of compounds. Unless otherwise stated, all reactions were performed in 

capped regular glassware with no further precautions. Dichloromethane (DCM), and methanol 

were purified using a cartridge solvent purification system prior to use. All other solvents were 

purchased as ACS reagents and used without further purification. Unless otherwise noted, all 

other chemicals were purchased from commercial sources and used as received. 

Chromatographic separations were performed on silica gel 60 using ACS grade hexanes and 

ethyl acetate as eluents. Thin layer chromatography (TLC) was performed on silica gel 60 F254 

plates, which were visualized under UV light and with KMnO4 or phosphomolybdic acid (PMA) 

stains. Commercial dichloroethane (DCE) were used as standards in all observations. 1H NMR 

spectra were recorded on 400 MHz or 500 MHz instruments. The residual solvent protons 

(1H/CHCl3) were used as internal references. 1H NMR data is presented as follows: chemical 

shifts in ppm downfield from tetramethylsilane (multiplicity, integration, coupling constant). The 

following abbreviations are used in reporting NMR data: s, singlet; br s, broad singlet; d, 
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doublet; t, triplet; q, quartet; quin, quintet; sext, sextet; sept, septet; dd, doublet of doublets; m, 

multiplet. The error of coupling constants from 1H NMR spectra is estimated to be 0.3 Hz. The 

amide product, 1-phenylethyl benzamide (3-2a) was categorized by comparison with its 1H 

NMR spectrum as previously reported. 23 

 

General Assay Procedure 

The general assay procedure follows conditions described in Scheme 3-7. To a srew-top vial, a 

mixture of 1-phenylethanol (0.25 mmol; 31 mg) and benzonitrile (0.75 mmol; 77 mg) was added. 

The mixture was diluted in 1.0 mL of solvent (MeNO2, MeNO2:HFIP (1:1), DCM, or MeOH). 

As required, the following additives were added: hydrogen chloride (0.25 mmol, 0.25 mL of a 1 

M solution), sodium hydroxide (0.25 mmol, 9.7 mg in 0.25 mL of water), hydrogen chloride 

(0.25 mmol; 0.25 mL of a 1 M ether solution) and DBU (0.25 mmol; 38 mg). Finally the catalyst 

(3-3a – 3-3e; 0.05 mmol) was added, and the mixtures were reacted at ambient temperature. The 

vial was capped and no precautions were taken to exclude oxygen or moisture. After reacting for 

16 hours with stirring at the appropriate temperature, TLC analysis of crude products was 

compared with standardized products then the mixture was concentrated under reduced pressure. 

The crude products were then diluted in DCM (5 mL) and washed with water twice (10 mL) then 

with brine (10 mL) and concentrated. Finally, the products were purified on silica gel using 1:1 

of DCM:hexane with 2% triethylamine and observed by 1H NMR to show product distribution as 

described. 
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Targeted Reaction Procedure 

This targeted reaction procedure follows the reactions outlined in Table 3-1.To a dried 25 mL 

round bottom flasks was added a mixture of 1-phenylethanol (1.0 mmol; 120 mg), benzonitrile 

(3.0 mmol; 230 mg) and catalyst 3-3a or 3-3b (0.1 mmol) in 4 mL of solvent (MeNO2:HFIP 

(1:1) and MeNO2). Water (3.0 mmol; 21 mg) was added as required. The reaction vessel was 

equipped with a condenser and the mixture was stirred for 16 hours at the designated 

temperature. The mixture was concentrated under reduced pressure. The crude products were 

then diluted in DCM (5 mL) and washed with water twice (10 mL) then with brine (10 mL) and 

concentrated. Finally, the products were purified on silica gel chromatography using 

DCM:hexane (1:1) with 2% triethylamine and compounds were characterized by 1H NMR 

spectroscopy to show product distribution as described. 

 

Targeted Reaction Procedure (with inverse addition) 

This targeted reaction procedure follows the reactions outlined in Table 3-1. To a dried 25 mL 

round bottom flask was added a mixture of benzonitrile (3.0 mmol; 230 mg) and catalyst 3-3a or 

3-3b (0.1 mmol) in MeNO2:HFIP (1:1) or MeNO2 (3.0 mL). Water (3.0 mmol; 54 mg) was 

added as required. The reaction vessel was equipped with a condenser and by syringe pump 1-

phenylethanol (1.0 mmol; 120 mg) in matching solvent (1.0 mL) was added over 2 hours during 

which time the mixture was stirred and allowed to react for a further 14 hours at the designated 

temperature. The mixture was concentrated under reduced pressure. The crude products were 

then diluted in DCM (5 mL) and washed with water twice (10 mL) then with brine (10 mL) and 

concentrated. Finally, the products were purified on silica gel using DCM:hexane (1:1) with 2% 
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triethylamine and compounds were characterized by 1H NMR spectroscopy to show product 

distribution as described. 

 

Synthesized Catalysts 

Fe III
B(OH)2

SbF6  

Ferroceniumboronic acid hexafluoroantimonate salt (3-3a): This compound was prepared as 

per a previous report.22  

B(OH)2

F

F

F

F

 

2,3,4,5-Tetrafluorophenylboronic acid (3-3b): This compound was prepared as per a previous 

report.24 

N

F

F

B(OH)2

Me
Cl  

2,3-Difluoro-4-methylpyridiniumboronic acid (3-3e): This compound was prepared as per a 

previous report.24 
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4 Activation of Benzylic Alcohols for the Formation of 
Diarylmethanes using Friedel-Crafts Chemistry 

4.1 Introduction & Objective 

The Friedel-Crafts alkylation is a versatile method of carbon-carbon bond formation, dating back 

to 1877.1 Despite its age, this reaction is still relevant today due to its relatively broad scope and 

application in the synthesis of many aryl-alkyl containing compounds. Unfortunately, to this day 

the Friedel-Crafts alkylation still suffers from a few disadvantages. 

 

Traditional Friedel-Crafts alkylations (Scheme 4-1) tend to require a stoichiometric amount of a 

harsh activating agent such as aluminum trichloride.2 Unfortunately, toxic benzyl halides are 

required for this classic reaction yielding the expected product with a harmful and corrosive 

haloacid by-product.3  

 

Scheme 4-1:  Classical Friedel-Crafts alkylation. 

Recently, due to its importance in industry, the Friedel-Crafts reaction has been noted as a top 

priority in synthetic methodology by the ACS Green Chemistry Institute Roundtable.4  

 

The drawbacks of classical Friedel-Crafts reactions have not gone unnoticed.5 Efforts toward 

catalytic variants have been pursued using alternative Lewis acids such as scandium triflate,6 

iron(III) chloride,5,7 and bismuth triflate.8 Elimination of the halide starting material has the 

consequent effect of preventing haloacid formation. In the case of benzylation, this was 
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accomplished through investigation of alcohol-based electrophiles to supplant the more harmful 

and less environmentally friendly benzylic halides. In this manner, the only by-product produced 

is water. Use of these carefully chosen transition-metal activators allowed the development of 

reliable catalytic Friedel-Crafts variations for the benzylation of arenes (Scheme 4-2). 

 

Scheme 4-2:  Catalytic Friedel-Crafts of benzyl alcohols using transition metals. 

Despite these recent improvements to the Friedel-Crafts alkylation, there are some remaining 

weaknesses to the new protocols:  

• A large excess of an arene nucleophile is required, usually as a co-solvent 

• High reaction temperatures 

• Somewhat limited substrate scope, typically only with electron-rich arenes 

The idea of boronic acid catalysis involving alcohols has emerged due to their oxophilic nature 

but is also supported by the mild and modular properties of many arylboronic acids. Arylboronic 

acids have now become entrenched in the activation of allylic and benzyl alcohols to promote 

various transformations.9 

 

One ground-breaking transformation utilizing boronic acid catalysis was a variation of the 

Friedel-Crafts reaction with allylic alcohols using the electron deficient 2,3,4,5,6-

pentafluorophenylboronic acid (PFBA; 4-1) in a catalytic quantity (Scheme 4-3).10 This reaction 

afforded arene-heterocycle adducts at room temperature, which is strikingly milder than 

previously reported variants (80-120 ºC). This relatively benign catalyst is a good alternative to 

the previous Brønsted and Lewis acids with the additional benefit of avoiding transition metals. 
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Despite the advantages, the substrate scope of PFBA in Friedel-Crafts reactions is limited to 

stabilized secondary and tertiary allylic alcohols as well as very electron rich arene nucleophiles. 

 

Scheme 4-3:  Pentafluorophenylboronic acid catalyzed Friedel-Crafts alkylation. 

Building upon the discovery of pentafluorophenylboronic acid,10 2,3,4,5-

tetrafluorophenylboronic acid (TFBA; 4-2) was subsequently discovered to be superior in a 

number of reactions involving activation of an allylic or benzylic alcohol. It is surprising that the 

removal of a single ortho fluoride from PFBA (pKa 3.5) can afford a more active catalyst; this is 

counter-intuitive due to the decreased pKa of TFBA (pKa 6.0).11  

 

Development of the TFBA catalyst (4-2) began with allylic and propargylic alcohol activation 

subsequently resulting in the formation of transposed products.12 The discovery of this altered 

catalyst marked new organocatalytic activity previously unobtainable by use of 

pentafluorophenylboronic acid. This advancement suggested that improvement of boronic acid 

catalyzed Friedel-Crafts reaction was possible, if somewhat unpredictable (Scheme 4-4).11  

 

Scheme 4-4:  Tetrafluorophenylboronic acid catalyzed Friedel-Crafts alkylation. 
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Thus far, boronic acid catalyzed Friedel-Crafts alkylation has improved to the point of requiring 

only a small amount of the arene nucleophile, reduced reaction temperature and removing the 

need for a transition metal catalyst. Progress toward a general organocatalytic Friedel-Crafts 

reaction requires further optimization of the catalyst enabling improvement of the substrate scope 

as the final stride. 

4.2 Experimental Design & Methods 

Surveying the current boronic acids used in the Friedel-Crafts alkylation, it is clear that to 

improve the catalytic reactivity and substrate scope while maintaining a mild Lewis acid catalyst, 

other structural aspects of the arylboronic acid scaffold must be taken into consideration (Figure 

4-1).9 Since the Friedel-Crafts reaction is reliant upon formation of a carbocation, this variation 

requires a catalyst with a greater ability to ionize a benzyl alcohol. The obvious method of 

increasing the reactivity of the arylboronic acid would be to follow the trend of decreasing 

catalyst pKa;13 unfortunately, aforementioned research has also uncovered that increased 

catalytic activity was not dependant on pKa alone.11 Comparison of PFBA and TFBA led to the 

consideration of a unique ionic boronic acid: ferroceniumboronic acid hexafluoroantimonate salt, 

with potential as an air- and moisture-tolerant catalyst for Friedel-Crafts alkylations. 

 

Figure 4-1:  Current boronic acid catalysts for use in the Friedel-Crafts reaction. 
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The proposed catalyst, ferroceniumboronic acid hexafluoroantimonate (FBAHA), offers a 

decreased pKa of 5.8 over its ferroceneboronic acid precursor with a pKa of 10.8 (Scheme 

4-5).14 The main purpose of searching for a new catalyst is to increase the scope of boronic acid 

catalyzed Friedel-Crafts alkylations. 

 

Scheme 4-5:  Friedel-Crafts alkylation using ferroceniumboronic acid. 

The reactivity of FBAHA was probed using increasingly electron deficient substrates to push the 

boundaries of boronic acid catalyzed Friedel-Crafts alkylations. The optimized reaction 

conditions were previously determined by a former lab mate, Julien Dansereau.15 The optimized 

solvent was an unusual mixture of 1,1,1,3,3,3-hexafluoroisopronol with nitromethane in a 4:1 

ratio, which was previously found to be the highest yielding solvent with TFBA, the predecessor 

of FBAHA.11 A current lab mate, Xiaobin Mo, has researched possible mechanistic explanations 

for the improved reactivity of FBAHA over its predecessor, TFBA.16 My role in this broad 

project consisted of identifying the boundaries of suitable substrates, in particular, deactivated 

benzylic alcohols, neutral arenes and the synthesis of a small pharmaceutical compound, 

beclobrate. 

4.3 Results and Discussion 

4.3.1 Reactivity of Primary Alcohols 

The FBAHA based Friedel-Crafts alkylations of primary alcohols are higher yielding than those 

catalyzed by TFBA (Figure 4-2). Particularity, FBAHA reacted with electron deficient primary 
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benzylic alcohols (4-4d – 4-4i) where TFBA was restricted to neutral or slightly activated 

alcohols.11  
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Figure 4-2:  Scope of primary alcohols in the Friedel-Crafts alkylation using FBAHA. 

Slightly deactivated substrates such as of 4-bromobenzyl alcohol (4-4a) proceed to form the 

Friedel-Crafts product in excellent yield, while the yield of a neutral substrate such as 2-

hydroxymethylnaphthalene (4-4b) was moderate, due to solubility issues. Unfortunately, 

extremely electron deficient substrates such as 4-cyanobenzyl alcohol (4-4c) gave no detectable 

product as the resulting primary carbocation would be too unstable. 
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Improved catalyst reactivity of boronic acid 4-3 has provided the means to activate the hydroxyl 

group of some highly electron deficient species including polychlorinated and polyfluorinated 

benzyl alcohols toward Friedel-Crafts alkylations (4-4d – 4-4i). An expected trend was revealed 

such that as the number of fluorine atoms increase, and subsequently the electron deficiency of 

the arene, the propensity of the benzylic alcohol to ionize decreases. It is important to compare 

the 3,5-difluorobenzyl alcohol (4-4i) where the lone-pair provided by fluorine atoms in the 

conjugated arene compensates for the negative inductive effect and likely accounts for the 

drastically improved reactivity over the latter, 3,5-bis(trifluoromethyl)benzyl alcohol (4-4j), 

which has no such electronic stabilization. Fortunately, when a single trifluoromethyl substituent 

is removed (4-4k), the desired reactivity is restored.  

4.3.2 Reactivity of Secondary Alcohols 

The expected increased reactivity of secondary alcohol substrates is immediately noticeable for 

this Friedel-Crafts reaction. Reaction with much more electron deficient substrates is possible 

with greater ease than with the primary alcohols (Figure 4-3). This observation is not surprising 

considering the known stabilizing effect enabled by secondary and tertiary carbocation centres, 

which results in a lower energy transition state when compared to their primary counterparts.17 
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Figure 4-3:  Scope of secondary alcohols in the Friedel-Crafts alkylation using FBAHA. 

The Friedel-Crafts reaction of secondary benzyl alcohols substituted with various halides (4-5a – 

4-5c) has lead to good yields. Moving from a primary alcohol to a secondary alcohol allows 

reaction of the bis(trifluoromethyl) benzylic alcohol to give product 4-5d. This result is not 

surprising due to the greater carbocation stabilization provided by this secondary alcohol and 

subsequently afforded a greater yield. Following this expected trend, more electron deficient 

benzylic alcohols involving cyano (4-5e) and nitro groups (4-5f) also proceeded with moderate 

to excellent yields. Not all attempts were successful such as the creation of a triarylmethane (4-

5g), which yields a complex mixture of inseparable products. Attempted destabilization of the 

secondary benzyl alcohol with a trifluoromethyl substituent (4-5h) resulted in no reaction; this 

result lends evidence to an SN1-type mechanism. 
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4.3.3 Reactivity of Arenes 

The resulting Friedel-Crafts reaction of various arenes gave results much like that of the benzyl 

alcohol where the electron rich arenes gave better reactivity than their deficient counterparts 

(Figure 4-4). 
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Figure 4-4:  Scope of arenes in the Friedel-Crafts alkylation using FBAHA. 
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4.3.4 Synthesis of Beclobrate 

As mentioned before, several pharmaceutical drugs and natural products contain the 

diarylmethane framework. As an application of the FBAHA-based Friedel-Crafts alkylation, 

beclobrate, a lipoprotein regulator, was synthesized under the standard reaction conditions. 

Br2, PCl3 (cat.)

neat, 12 h, 85 °C

H

O

OH
Br

O

OH

4-7 (69%)

Phenol, NaOH

MEK [0.4M] 8 h, 50 °C

Williamson Ether Synthesis

O

O

OH

4-8 (72%)

1. K2CO3, DMF

2. EtI, 50 °C

4-3 (0.1 equiv.)

HFIP:MeNO2 (4:1)
[1.0M], 24 h, 50 °C

4-9 (85%)

O

O

O

Cl

Beclobrate ( lipoprotein regulator)
4-10 (89%, p:o = 63:37)

Cl

OH

O

O

O

O

O

O

4-9

Separable isomers  

Scheme 4-6:  Synthesis of Beclobrate. 

Beclobrate was synthesized using simple methods and basic starting materials. First, 2-

methylbutanoic acid was subjected to the Hell-Volhard-Zelinsky reaction giving the brominated 

product 4-7.18 A subsequent Williamson ether synthesis (4-8) followed by protection of the 

carboxylic acid gave the beclobrate precursor 4-9.19 When 4-9 was finally subjected to the new 

Friedel-Crafts alkylation protocol, beclobrate (4-10) was successfully synthesized in 89% yield 

(p:o 63:37) without decomposition and with successful separation of the two isomers by column 

chromatography. 
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4.4 Proposed Mechanism 

The mechanistic proposal was established based upon a number of observations. It has already 

been established that boronic acid catalysts activate allylic and benzylic alcohols by generating 

transient carbocations that can undergo the Friedel-Crafts alkylation.10 The ferroceniumboronic 

acid hexafluoroantimonate is a more complex variation of many other arylboronic acids; 

fortunately, a number of controls performed by collaborators have confirmed that the boronic 

acid is indeed the active site of this catalyst where the ferrocenium moiety simply modulates the 

pKa of the boronic acid (Table 4-1).16,20  

Table 4-1:  Control experiments examining the role of the boronyl unit. 

*This work was the result of a collaboration with Xiaobin Mo and Julien Dansereau.20 

 

As previously discussed, the reactivity of the various trifluoromethane-containing species (4-4j, 

4-4k, and 4-5g) suggests a SN1-type mechanism. Scission of the carbon-oxygen bond becomes 

increasingly difficult as the number of trifluoromethyl moieties increase along with their 

proximity to the carbocation site. Collaborative work by Xiaobin Mo has also shown that unlike 

TFBA, FBAHA will racemize a chiral deuterated primary alcohol suggesting complete 

ionization of the benzylic alcohol (Scheme 4-7).21 This information allows a collective proposal 
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for a plausible catalytic cycle for this FBAHA Friedel-Crafts alkylation to be collectively 

proposed with all the contributors to this research (Scheme 4-8).22 

 

Scheme 4-7:  Ionization of optically enriched, deuterated alcohol. 

*This work was the result of a collaboration with Xiaobin Mo.21 

The FBAHA catalyzed Friedel-Crafts reaction likely begins with alcohol activation to form a 

tetra-ion species (4-3a) and a benzylic carbocation. It is not unreasonable to suggest that there is 

formation of a contact ion-pair followed by dissociation with the anionic boronate species (4-3b). 

The concept of ion-pairing in catalysis is not new, it is reasonable to propose something of that 

effect in this process.23 Given that antimony hexafluoride is a non-coordinating counter-ion,24 it 

is likely that there is a further dissociation of the ion-pair into a solvated anion thereby exposing 

the carbocation and allowing it to be more reactive in the context of a Friedel-Crafts alkylation. 

Finally, it is proposed that the arene can nucleophilically attack the carbocation with subsequent 

elimination of water and recycling of the FBAHA catalyst. 
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Scheme 4-8:  Mechanistic proposal of FBAHA based Friedel-Crafts alkylation. 

Taking the stated substrate scope into account, arene nucleophilicity is consistent with 

electrophilic substitution as the rate-determining step. The next step to solidifying this 

mechanism is isolation of an intermediate species. Although difficult, the strongest evidence can 

come from isolating a crystal structure of the tetra-ion species (4-3a), this would the proposed 

activity of FBAHA. 

4.5 Summary 

The FBAHA based Friedel-Crafts alkylation has two major avenues for improvement. The first 

target for improvement is to reduce reliance upon hexafluoroisopropanol as the solvent. 

Although hexafluoroisopropanol is useful for stabilizing the ionic species in this reaction, it is 

rather expensive when the reaction is conducted on a large scale. The second target is creating a 

more active catalyst (Figure 4-5). Moving to bulkier counter-ions such as 

tetrakis(pentafluorophenyl)borate may further expose the carbocation leading to a more reactive 

complex (4-11). On the other hand, more stable complexes may be synthesized by using 
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ruthenium (4-12) or cobalt (4-13) in the metallocene, which have a lower redox potential and 

therefore different reactivity by being less susceptible to coordination and subsequently, 

deactivation.25 Another improvement may result by use of pentamethylcyclopentadiene to 

effectively force the counter-ion closer to the boronic acid, and therefore possibly promote a 

faster or more effective ion-pair disproportionation (4-14). There is also a possibility that 

addition of more electron withdrawing groups such as a pyridinium salt (4-15) could also afford 

a more active catalyst, and one less susceptible to deactivation which plagues the ferrocenium 

scaffold. 

 

Figure 4-5:  Potentially active FBAHA derivatives. 

Herein lies a new boronic acid, ferroceniumboronic acid hexafluoroantimonate salt, with 

distinguished potential as an air- and moisture-tolerant catalyst for Friedel-Crafts alkylations of 

neutral to slightly activated arenes and remarkable compatibility with a wide range of benzylic 

alcohols. 

4.6 Experimental 

General Methods 

The following materials include representative experimental procedures and details for the 

synthesis and isolation of compounds. Full characterisation of all new compounds and partial 

characterisation of known compounds presented in this thesis are described. Acetone was dried 

with magnesium sulfate before use. Unless otherwise stated, all reactions were performed in 

capped regular glassware with no further precautions. Dichloromethane (DCM) and 
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tetrahydrofuran (THF) were purified using a double cartridge solvent purification system prior to 

use. All other solvents were purchased as ACS reagents and used without further purification. 

Unless otherwise noted, all other chemicals were purchased from commercial sources and used 

as received. Chromatographic separations were performed on silica gel 60 using ACS grade 

hexanes, ethyl acetate, dichloromethane, diethyl ether and toluene as eluents. Preparative thin-

layer chromatography (PTLC) was performed on silica gel 60 F 254 plates. Chromatographic 

separations were performed on silica gel 60 using ACS grade hexanes and ethyl acetate as 

eluents. Thin layer chromatography (TLC) was performed on silica gel 60 F254 plates, which 

were visualized under UV light and with KMnO4 or phosphomolybdic acid (PMA) stains. 1H 

NMR spectra were recorded on 400 MHz or 500 MHz instruments. The residual solvent protons 

(1H/CHCl3) or the solvent carbon (13C) were used as internal references. 1H NMR, 13C NMR, and 

19F NMR data is presented as follows: chemical shifts in ppm downfield from tetramethylsilane 

(multiplicity, integration, coupling constant). The following abbreviations are used in reporting 

NMR data: s, singlet; br s, broad singlet; d, doublet; t, triplet; q, quartet; quin, quintet; sext, 

sextet; sept, septet; dd, doublet of doublets; m, multiplet. The error of coupling constants from 

1H NMR spectra is estimated to be 0.3 Hz. The error of coupling constants from 1H NMR spectra 

is estimated to be 0.3 Hz. High-resolution mass spectra were recorded on an oaTOF analyzer. 

Infrared (IR) spectra were obtained using cast-film technique with frequencies expressed in cm-1; 

the intensity of the band is indicated as s (strong), m (medium) and w (weak). The resolution of 

the IR instrument is 4 wavenumbers. Melting points (m. p.) were measured on a melting point 

apparatus and uncorrected. 
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General Procedure for the Synthesis of Ferroceniumboronic Acid 

Hexafluoroantimonate salt (4-3). 

Fe
III

B(OR)2

SbF6  

Synthesis for this compound was synthesized as per a previous report.26 

 

General Procedure for the Synthesis of Benzylic Alcohols 

 

1-(3,5-Bis(trifluoromethyl)phenyl)ethan-1-ol (4-5d’): Prepared by dissolving 3’,5’-

Bis(trifluoromethyl)acetophenone (786 mg, 3.00 mmol) in 12 mL of THF:MeOH (1:1) then 

cooling to 0 °C. While stirring, sodium borohydride (150 mg, 4.00 mmol) was added in portions 

and the solution reacted for 1 h. The crude mixture was concentrated under reduced pressure then 

diluted in ethyl acetate (20 mL) and water (20 mL). The organic layer was washed with water 

(20 mL × 2) then brine (20 mL × 1). The organic layer was dried over anhydrous magnesium 

sulphate then filtered. The organic layer was concentrated under reduced pressure and the 

product isolated as a white solid (243 mg, 94%; M.p. 67.8-68.2 °C). 

1
H NMR (CDCl3, 500 MHz): δ 7.87 (s, 2H), 7.82 (s, 1H), 5.07 (qd, J = 6.5, 3.8 Hz, 1H), 2.0 (d, 

J = 3.8 Hz, 1H), 1.58 (d, J = 6.5 Hz, 1H). 

13
C NMR (CDCl3, 125 MHz): δ148.2, 131.8 (q, J = 33.3 Hz), 125.6, 124.4, 121.3, 69.2, 25.6. 

19
F NMR (CDCl3, 476 MHz): δ -62.2 (s, 6F). 
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IR (Microscope, cm-1): 3238.11 (br s), 2978.93 (m), 2937.07 (m), 2899.97 (m), 1818.85 (w), 

1802.39 (w), 1623.49 (w), 1456.61 (m), 1434.74 (m), 1383.68 (s), 1383.68 (m),1373.88 (w), 

1339.31 (w), 1320.43 (s), 1295.78 (s), 1279.12 (s), 1115.04 (s), 1024.95 (m), 922.91 (w), 896.02 

(s), 842.07 (m), 725.25 (w), 705.02 (s), 683.88 (s). 

HRMS (EI) for C10H8F6O: Predicted: 258.0479; Found: 258.0483. 

 

General Procedure for Friedel-Crafts Benzylations 

 

To a vial equipped with a stir bar, containing the benzyl alcohol and the arene in a solvent 

mixture of 4:1 hexafluoroisopropanol and nitromethane, was added the ferrocenium boronic acid 

catalyst. The vial was capped and stirred at the stated temperature for the indicated time. Upon 

completion as monitored by TLC, the crude reaction mixture was concentrated under reduced 

pressure and subjected to flash column chromatography using ethyl acetate/hexane as the eluent 

to afford the product. Only the structures of the major products are shown. The ratio of 

regioisomer mixtures (where present) was assigned by 1H NMR spectroscopic analysis of crude 

reaction mixtures. Only the major products are characterized for mixtures where the 

regioisomeric ratios are > 90:10. For product mixtures that contain regioisomers, assignment of 

the peaks corresponding to the major products in the 13C NMR spectra was performed by 

comparison with those from existing literature reports. No assignment was made if neither the 

major nor the minor products have been previously reported. 
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2-(2,5-Dimethylbenzyl)naphthalene (4-4b): Prepared using 2-napthylmethyl alcohol (79 mg, 

0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by flash column 

chromatography (hexane) and isolated as a yellow oil (76 mg, 62%). 

1
H NMR (CDCl3, 500 MHz): δ 7.80 (dd, J = 7.6, 1.3 Hz, 1H), 7.75 (t, J = 8.6 Hz, 2H), 7.53 (s, 

1H), 7.43 (m, 2H), 7.30 (dd, J = 8.4, 1.7 Hz, 1H), 7.08 (d, J = 7.5 Hz, 1H), 6.99 (d, J = 7.7 Hz, 

1H), 6.97 (s, 1H), 4.12 (s, 2H), 2.30 (s, 3H), 2.24 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 138.5, 138.1, 135.4, 133.6, 133.5, 132.0, 130.8, 130.2, 127.9, 

127.6, 127.5, 127.5, 127.2, 126.8, 125.9, 125.2, 39.6, 21.0, 19.2. 

IR (Microscope, cm-1): 3050.92 (m), 3016.29 (w), 2921.14 (m), 2859.66 (w), 1632.73 (w), 

1600.80 (m), 1505.55 (s), 1442.88 (m), 1377.88 (m), 1269.74 (w), 1154.50 (w), 1154.50 (w), 

1124.06 (w), 958.70 (w), 886.36 (w), 852.04 (m), 811.21 (s), 777.78 (s), 739.18 (m). 

HRMS (EI) for C19H18: Predicted:  246.1409; Found: 246.1409. 

 

 

1,2-Dichloro-4-(2,5-dimethylbenzyl)benzene (4-4d): Prepared from 3,4-dichlorobenzyl alcohol 

(89 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by flash 

column chromatography (hexane) and isolated as a colorless oil (102 mg, 77%). 
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1
H NMR (CDCl3, 500 MHz): δ 7.32 (d, J = 8.2 Hz, 1H), 7.19 (d, J = 8.2 Hz, 2.1 Hz, 1H), 7.10 

(d, J = 7.6 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 6.94 (dd, J = 8.2, 2.1 Hz, 1H), 6.89 (s, 1H), 3.89 (s, 

2H), 2.30 (s, 3H), 2.17 (s, 3H) 

13
C NMR (CDCl3, 125 MHz): δ 140.9, 137.3, 135.7, 133.3, 132.3, 130.7, 130.5, 130.4, 130.2, 

129.9, 128.1, 127.6, 38.6, 21.0, 19.2. 

IR (Microscope, cm-1): 2999.73 (w), 2921.07 (m), 2863.23 (w), 1561.92 (w), 1503.91 (m), 

1469.76 (s), 1131.13 (m), 1030.99 (m), 810.56 (m). 

HRMS (EI) for C15H14Cl2: Predicted: 264.0472; Found: 264.0472. 

 

2-(2,4-Difluorobenzyl)-1,4-dimethylbenzene (4-4e): Prepared from from 2,4-difluorobenzyl 

alcohol (72 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by 

flash column chromatography (hexane) and isolated as a colorless oil (78 mg, 67%).  

1
H NMR (CDCl3, 500 MHz): δ 7.09 (d, J = 7.6 Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.92 (td, J = 

8.6, 1.9 Hz, 1H), 6.91 (s, 1H), 6.83 (tdt, J = 9.1, 2.6, 0.9 Hz, 1H), 6.78 (ddd, J = 8.5, 2.6, 0.9, 

1H), 3.92 (s, 2H), 2.31 (s, 3H), 2.23 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 161.5 (dd, J = 244.8, 10.2 Hz), 160.7 (dd, J = 248.0, 12.0 Hz), 

137.0, 135.5, 133.3, 131.0 (dd, J = 9.3, 6.2 Hz), 130.5, 130.3, 127.4, 123.3 (dd, J = 16.1, 3.8 Hz), 

111.0 (dd, J = 20.8, 3.7 Hz), 103.5 (t, J = 25.8 Hz), 31.4, 20.9, 18.9. 

19
F NMR (CDCl3, 476 MHz): δ -114.4 (q, J = 8.3 Hz, 1F), -114.6 (app. Quin., J = 7.4 Hz, 1F). 

IR (Microscope, cm-1): 3077.08 (w), 3044.83 (w), 3002.64 (w), 2923.45 (m), 2864.22 (w), 

1620.13 (s), 1602.94 (s), 1503.13 (s), 1439.21 (m), 1427.56 (m), 1379.91 (w), 1280.97 (m), 
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1263.84 (m), 1165.87 (w), 1136.59 (s), 1086.35 (s), 966.45 (s), 849.25 (s), 809.24 (m) 727.33 

(w). 

HRMS (EI) for C15H14F2: Predicted: 232.1064; Found: 232.1064. 

 

 

2-(3,4-Difluorobenzyl)-1,4-dimethylbenzene (4-4f): Prepared from 3,4-difluorobenzyl alcohol 

(72 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by flash 

column 

chromatography (hexane) and isolated as a colorless oil (103 mg, 89%). 

1
NMR (CDCl3, 500 MHz): δ 7.08 (t, J = 8.1 Hz, 2H), 7.03 (t, J = 10.0 Hz, 1H), 6.93 (s, 1H), 

6.90 (d, J = 9.2 Hz, 1H), 6.87-6.84 (m, 1H), 3.92 (s, 2H), 2.33 (s, 3H), 2.19 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 150.5 (dd, J = 190.0, 12.7 Hz), 148.6 (dd, J = 188.2, 12.7 Hz), 

137.7, 137.6, 135.6, 133.3, 130.7, 130.4, 127.5, 124.3, 117.4 (d, J = 17.1 Hz), 117.0 (d, J = 17.0 

Hz), 38.6, 20.9, 19.1. 

19
F NMR (CDCl3, 476 MHz): δ -138.2 (ddd, J = 20.6, 11.2, 8.8 Hz, 1F), -142.1 (m, 1F). 

IR (Microscope, cm-1): 3042.57 (w), 3001.05 (w), 2923.62 (m), 2864.85 (w), 1607.81 (m), 

1517.17 (s), 1432.79 (m), 1380.05 (w), 1283.54 (m), 1208.45 (m), 1115.36 (m), 955.31 (w), 

864.73 (w), 811.35 (m), 763.83 (m), 750.94 (w). 

HRMS (EI) for C15H14F2: Predicted: 232.1064; Found: 232.1067. 
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2-(2,5-Dimethylbenzyl)-1,3-difluorobenzene (4-4h): Prepared from 2,6-difluorobenzyl alcohol 

(72 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by flash 

column chromatography (hexane) and isolated as a white solid (78 mg, 67%). M.p. 51.2-52.3 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.23 (tt, J = 8.3, 6.5 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H), 6.96-6.90 

(m, 3H), 6.79 (s, 1H), 3.98 (s, 2H), 2.38 (s, 3H), 2.25 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 161.7 (dd, J = 247.3, 8.7 Hz), 136.8, 135.4, 132.9, 130.0, 128.9, 

127.9, 127.0, 116.2 (t, J = 20.1 Hz), 111.2 (dd, J = 20.3, 6.1 Hz), 25.5, 21.0, 19.2; 19
F NMR 

(CDCl3, 476 MHz): δ -114.1 (t, J = 6.5 Hz, 2F). 

IR (Microscope, cm-1): 3004.97 (w), 2924.52 (m), 2864.13 (w), 1624.80 (s), 1592.29 (m), 

1502.2 (m), 1469.43 (s), 1379.92 (w), 1266.61 (m), 1237.58 (m), 1206.15 (w), 1155.51 (w), 

1105.72 (w), 1062.59 (w), 1012.29 (s), 808.66 (m), 790.01 (m), 770.44 (m), 726.00 (w), 706.06 

(w), 682.98 (w). 

HRMS (EI) for C15H14F2: Predicted: 232.1064; Found: 232.1064. 

 

 

2-(3,5-Difluorobenzyl)-1,4-dimethylbenzene (4-4i): Prepared from 3,5-difluorobenzyl alcohol 

(72 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by flash 

column chromatography (hexane) and isolated as a colorless oil (93 mg, 80%). 
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1
H NMR (CDCl3, 500 MHz): δ 7.10 (d, J = 7.7 Hz, 1H), 7.03 (d, J = 8.5 Hz, 1H), 6.94 (s, 1H), 

6.67-6.64 (m, 3H), 2.34 (s, 3H), 2.19 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 164.1 (dd, J = 260.8, 12.9 Hz), 144.7, 137.0, 135.6, 133.3, 

130.8, 130.5, 127.7, 111.4 (dd, J = 19.2, 5.7 Hz), 101.4 (t, J = 25.4 Hz), 39.1, 20.9, 19.1. 

19
F NMR (CDCl3, 476 MHz): δ -110.6 (t, J = 9.7 Hz, 2F). 

IR (Microscope, cm-1): 3084.97 (w), 3002.31 (w), 2923.25 (m), 2861.94 (w), 1624.86 (s), 

1594.80 (s), 1504.46 (m), 1458.85 (s), 1441.29 (m), 1379.84 (w), 1321.81 (m), 1155.66 (w), 

1117.81 (s), 991.19 (s), 969.42 (w), 921.98 (w), 846.79 (s), 811.52 (m), 765.33 (w), 676.70 (w), 

651.82 (w). 

HRMS (EI) for C15H14F2: Predicted: 232.1064; Found: 232.1065. 

 

 

 

1,4-Dimethyl-2-(3-(trifluoromethyl)benzyl)benzene (4-4k): Prepared from 3-(trifluoromethyl) 

benzyl alcohol using 3-trifluoromethylbenzyl alcohol (88 mg, 0.50 mmol) and p-xylene (265 mg, 

2.50 mmol). Crude product was purified by flash column chromatography (hexane) and isolated 

as a yellow oil (128 mg, 97%). 

1
H NMR (CDCl3, 500 MHz): δ 7.45 (d, J = 7.7 Hz, 1H), 7.41 (s, 1H), 7.37 (t, J = 7.7 Hz, 1H), 

7.27 (d, J = 7.9 Hz, 1H), 7.07 (d, J = 7.7 Hz, 1H), 6.99 (d, J = 7.7 Hz, 1H), 6.91 (s, 1H), 4.00 (s, 

2H), 2.30 (s, 3H), 2.18 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 141.5, 137.5, 135.6, 133.3, 132.0, 130.8, 130.7, 130.5, 130.4, 

128.7, 127.5, 124.1 (dq, J = 319.4, 3.7 Hz), 123.1, 39.2, 20.9, 19.1. 
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19
F NMR (CDCl3, 476 MHz): δ -62.9 (s, 3F). 

IR (Microscope, cm-1): 3042.57 (w), 3001.22 (w), 2924.02 (w), 2865.54 (w), 1614.20 (w), 

1596.79 (w), 1504.08 (m), 1448.13 (m), 1332.43 (s), 1261.43 (w), 1163.85 (s), 1125.64 (s), 

1093.74 (m), 1074.52 (s), 995.20 (w), 811.34 (m), 762.64 (w), 729.69 (m), 664.77 (w). 

HRMS (EI) for C16H15F3: Predicted: 264.1126; Found: 268.1125. 

 

 

2-(1-(4-Fluorophenyl)ethyl)-1,4-dimethylbenzene (4-5a): Prepared from 1-(4-fluorophenyl) 

ethan-1-ol (70 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified 

by flash column chromatography (hexane) and isolated as a pale yellow solid (84 mg, 74%). 

M.p. 52.6-53.8 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.14-7.11 (m, 2H), 7.06 (s, 1H), 7.05 (d, J = 8.7 Hz, 1H), 6.97 

(d, J = 6.97 Hz, 1H), 6.98-6.94 (m, 2H), 4.29 (q, J = 7.2 Hz, 1H), 2.34 (s, 3H), 2.19 (s, 3H), 1.60 

(d, J = 7.2 Hz, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 162.0, 160.1, 143.5, 141.9, 135.4, 132.8, 130.3, 129.0, 127.3, 

126.8, 115.0, 114.9, 40.2, 22.2, 21.2, 19.2. 

19
F NMR (CDCl3, 476 MHz): δ -117.85. 

IR (Microscope, cm-1): 2967.64 (m), 2926.37 (m), 2873.70 (w), 1602.58 (w), 1507.95 (s), 

1457.33 (m), 1373.54 (w), 1222.00 (s), 1158.04 (m), 1096.13 (w), 1050.86 (w), 1015.03 (w), 

834.85 (s), 810.94 (m), 762.85 (w), 731.18 (w). 

HRMS (EI) for C16H17F: Predicted: 228.1314; Found: 228.1315. 
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2-(1-(4-Chlorophenyl)ethyl)-1,4-dimethylbenzene (4-5b): Prepared from 1-(4-chlorophenyl) 

ethan-1-ol (78 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified 

by flash column chromatography (hexane) and isolated as an off-white solid (88 mg, 72%). M.p. 

70.4-71.7 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.23-7.21 (m, 1H), 7.09-7.07 (m, 2H), 7.02 (d, J = 7.39 Hz, 2H), 

6.95 (d, J = 7.8 Hz, 1H), 4.25 (q, J = 7.2 Hz, 1H), 2.32 (s, 3H), 2.17 (s, 3H), 1.57 (d, J = 7.2 Hz, 

3H). 

13
C NMR (CDCl3, 125 MHz): δ 144.8, 143.1, 135.4, 132.8, 131.4, 130.4, 129.0, 128.3, 127.3, 

126.9, 40.3, 22.0, 21.2, 19.2. 

IR (Microscope, cm-1): 3086.56 (w), 2065.04 (w), 3049.06 (w), 2964.43 (s), 2927.11 (m), 

2871.13 (m), 1901.64 (w), 1783.49 (w), 1610.28 (w), 1495.35 (s), 1486.46 (s), 1454.77 (s), 

1379.27 (m), 1370.69 (w), 1091.19 (m), 1049.48 (w), 1013.84 (m), 997.95 (w), 892.48 (w), 

831.65 (s), 824.08 (s), 789.33 (m), 718.20 (w). 

HRMS (EI) for C16H17
35Cl: Predicted: 244.1019; Found: 244.1021. 

 

 

2-(1-(4-Bromophenyl)ethyl)-1,4-dimethylbenzene (4-5c): Prepared using 1-(4-bromophenyl) 

ethan-1-ol (100 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified 
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by flash column chromatography (hexane) and isolated as isolated as an off-white solid (116 mg, 

80%). M.p. 59.4-60.5 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.40-7.38 (m, 2H), 7.06-7.04 (m, 4H), 4.26 (q, J = 7.18, 1H), 

2.34 (s, 3H), 2.19 (s, 3H), 1.59 (d, J = 7.2 Hz, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 145.4, 143.0, 135.4, 132.8, 131.3, 130.4, 129.4, 127.3, 126.9, 

119.5, 40.4, 21.9, 21.2, 19.2. 

IR (Microscope, cm-1): 3040.98 (w), 3018.47 (w), 2967.77 (s), 2922.36 (m), 2873.58 (w), 

1896.21 (w), 1613.08 (w), 1590.01 (w), 1498.85 (s), 1486.31 (s), 1453.74 (m), 1401.50 (w), 

1373.51 (w), 1325.22 (w), 1291.24 (w), 1181.28 (w), 1157.34 (w), 1074.10 (m), 1049.02 (w), 

1010.30 (s), 884.50 (w), 824.35 (m), 811.16 (m), 786.05 (w), 737.82 (w). 

HRMS (EI) for C16H17Br: Predicted: 290.0493; Found: 290.0499. 

 

 

 

2-(1-(3,5-Bis(trifluoromethyl)phenyl)ethyl)-1,4-dimethylbenzene (4-5d): Prepared using 1-

(3,5-bis(trifluoromethyl)phenyl)ethan-1-ol (129 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 

mmol). Crude product was purified by flash column chromatography (hexane) and isolated as a 

yellow oil (135 mg, 78%). 

1
H NMR (CDCl3, 500 MHz): δ 7.73 (s, 1H), 7.62 (s, 2H), 7.08 (d, J = 8.1 Hz, 1H), 7.01 (s, 1H), 

4.44 (q, J = 7.2 Hz, 1H), 2.35 (s, 3H), 2.21 (s, 3H), 1.67 (d, 3H, J = 7.2 Hz). 

13
C NMR (CDCl3, 125 MHz): δ 148.9, 141.6, 135.9, 132.6, 131.5 (q, J = 33.0 Hz), 130.7, 127.5, 

127.3, 124.5, 122.3, 120.0, 40.8, 21.8, 21.2, 19.2. 
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19
F NMR (CDCl3, 476 MHz): δ -62.3 (s, 6F). 

IR (Microscope, cm-1): 2973.66 (w), 2928.64 (w), 2878.03 (w), 1622.11 (w), 1502.23 (w), 

1465.54 (w), 1370.36 (m), 12779.22 (s), 1173.54 (s), 1134.72 (s), 1051.97 (w), 979.04 (w), 

896.49 (m), 865.52 (w), 844.96 (w), 812.30 (w), 726.89 (w), 706.98 (m), 682.89 (m). 

HRMS (EI) for C18H16F6: Predicted: 346.1156; Found: 346.1154. 

 

 

4-(1-(2,5-Dimethylphenyl)ethyl)benzonitrile (4-5e): Prepared using 1-(4-cyanophenyl)ethan-1-

ol (74 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Crude product was purified by flash 

column chromatography (hexane:ethyl acetate, 90:10) and isolated as a dark yellow solid (64 

mg, 54%). M.p. 89.3-90.0 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.55-7.54 (m, 2H), 7.25-7.24 (m, 2H), 7.03 (t, J = 7.6 Hz, 1H), 

7.03 (s, 1H), 6.98 (d, J = 7.8 Hz, 1H), 4.33 (q, J = 7.2 Hz, 1H), 2.32 (s, 3H), 2.14 (s, 3H), 1.60 

(d, J = 7.2 Hz, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 152.0, 142.1, 135.6, 132.8, 132.2, 130.5, 128.4, 127.3, 127.3, 

119.0, 109.7, 41.1, 21.7, 19.2. 

IR (Microscope, cm-1): 3018.47 (w), 2968.60 (s), 2926.40 (s), 2873.33 (m), 2227.38 (s), 1719.16 

(w), 1605.75 (s), 1500.84 (s), 1454.88 (s), 1410.51 (m), 1377.92 (w), 1270.52 (w), 1157.46 (w), 

1111.20 (w), 1060.53 (w), 1019.20 (w), 1000.27 (w), 884.86 (w), 839.58 (s), 810.77 (s), 761.76 

(w), 733.1 (w). 

HRMS (EI) for C17H17N: Predicted: 235.1361; Found 235.1363. 
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1,4-Dimethyl-2-(1-(4-nitrophenyl)ethyl)benzene (4-5f): Prepared from 1-(4-nitrophenyl)ethan-

1-ol (84 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol) at 80 °C. Crude product was 

purified by flash column chromatography (hexane:ethyl acetate, 90:10) and isolated as a yellow 

solid (117.36 mg, 92%). M.p. 105.4-106.2 °C. 

1
H NMR (CDCl3, 500 MHz): δ 8.15-8.14 (m, 2H), 7.34-7.32 (m, 2H), 7.06 (t, J = 7.6 Hz, 1H), 

7.05 (s, 1H), 7.01 (d, J = 7.6 Hz, 1H), 4.41 (q, J = 7.2 Hz, 1H), 2.35 (s, 3H), 2.18 (s, 3H), 1.66 

(d, J = 7.2 Hz, 3H); 

13
C NMR (CDCl3, 125 MHz): δ 154.2, 146.2, 142.0, 135.7, 132.7, 130.6, 128.4, 127.4, 127.3, 

123.6, 41.0, 21.7, 21.2, 19.2. 

IR (Microscope, cm-1): 2970.27 (m), 2931.75 (w), 2873.75 (w), 1602.90 (m), 1519.17 (s), 

1453.94 (m), 1346.05 (s), 1182.90 (w), 1157.56 (w), 1110.02 (w), 1049.03 (w), 1014.22 (w), 

855.57 (s), 813.24 (m), 784.69 (w), 734.60 (w), 698.20 (m). 

HRMS (EI) for C16H17NO2 : Predicted: 255.1259; Found: 255.1261. 

 

 

1-(4-Bromobenzyl)-2,3,4-trimethoxybenzene (4-6a): Prepared from 4-bromobenzyl alcohol 

(94 mg, 0.50 mmol) and 1,2,3-trimethoxybenzene (420 mg, 2.50 mmol). Crude product was 

purified by flash column chromatography (hexane:ethyl acetate, 90:10) and isolated as colorless 

oil (152 mg, 90%). 
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1
H NMR (CDCl3, 500 MHz): δ 7.41-7.40 (m, 2H), 7.10-7.08 (m, 2H), 6.79 (d, J = 8.5 Hz, 1H), 

6.63 (d, J = 8.5 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 2H), 2.87 (s, 3H), 3.76 (s, 3H). 

13
C NMR (CDCl3, 125 MHz): δ 152.5, 151.8, 142.4, 140.5, 131.3, 130.5, 126.6, 124.4, 119.6, 

107.1, 60.7, 60.7, 56.0, 35.3. 

HRMS (ESI) for C16H17BrO3 [M+Na]+ : Predicted: 359.0253; Found: 359.0253 

 

 

2-(4-Bromobenzyl)-1,3,5-trimethylbenzene (4-6b): Prepared from 4-bromobenzyl alcohol (94 

mg, 0.50 mmol) and 1,3,5-trimethylbenzene (300 mg, 2.50 mmol). Crude product was purified 

by flash column chromatography (hexane) and isolated as a white solid (89 mg, 85%). M.p. 72.6-

73.9 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.35-7.33 (m, 2H), 6.89 (s, 2H), 6.89-6.87 (m, 2H), 3.95 (s, 2H), 

2.29 (s, 3H), 2.18 (s, 6H). 

13
C NMR (CDCl3, 125 MHz): δ 139.1, 136.9, 135.9, 133.1, 131.3, 129.5, 128.9, 119.4, 34.1, 

20.9, 20.0. 

IR (Microscope, cm-1): 2972.36 (m), 2930.50 (m), 1899.65 (w), 1612.63 (w), 1577.41 (w), 

1486.04 (s), 1447.34 (m), 1401.33 (w), 1373.20 (w), 1265.16 (w), 1177.54 (w), 1071.26 (w), 

1010.56 (m), 877.61 (w), 859.26 (w), 813.17 (m), 800.78 (m), 784.79 (s), 740 .35 (m), 721.47 

(w). 

HRMS (EI) for C16H17Br: Predicted: 290.0493; Found: 290.0499. 
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1-Bromo-4-(4-chlorobenzyl)benzene (4-6c): Prepared from 4-bromobenzyl alcohol (94 mg, 

0.50 mmol) and chlorobenzene (306 mg, 2.50 mmol). Crude product was purified by flash 

column chromatography (hexane) and isolated as a colorless oil (112 mg, 77%, 58:42 mixture of 

regioisomers). 

1
H NMR (CDCl3, 500 MHz): δ 7.44-7.42 (m, 1.91H), 7.41-7.39 (m, 0.41H), 7.29-7.27 (m, 

1.24H), 7.23-7.20 (m, 0.88H), 7.17-7.15 (m, 0.42H), 7.11-7.04 (m, 3.11H), 4.08 (s, 0.83H, 

minor), 3.92 (s, 1.17H, major). 

13
C NMR (CDCl3, 125 MHz): δ 139.5, 138.9, 138.5, 138.0, 134.2, 132.2, 131.7, 131.6, 131.0, 

130.7, 130.6, 130.2, 129.7, 128.7, 128.0, 127.0, 120.2, 120.1, 40.6, 38.7. 

IR (Microscope, cm-1): 3024.81 (w), 2912.27 (w), 2844.18 (w), 1594.19 (w), 1572.27 (w), 

1487.73 (s), 1442.86 (m), 1403.87 (m), 1071.27 (m), 1012.14 (m), 783.31 (m), 751.01 (m). 

HRMS (EI) for C13H10BrCl: Predicted: 279.9655; Found: 279.9658. 

 

 

 

1-(4-Bromobenzyl)-4-fluoro-2-methoxy-5-methylbenzene (4-6d):  Prepared from 4-

bromobenzyl alcohol (94 mg, 0.50 mmol) and 3-fluoro-4-methylanisole (350 mg, 2.50 mmol) 

and isolated as a colorless oil (111 mg, 72%, 57:43 mixtures of regioisomers). 
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1
H NMR (CDCl3, 500 MHz): δ 7.35-7.30 (m, 1.62H), 7.11-7.09 (m, 0.51H), 7.03-7.00 (m, 

1.23H), 6.81-6.79 (m, 0.57H), 6.57-6.51 (m, 1.11H), 3.79 (s, 1.17H), 3.76 (s, 0.75H), 3.74 (s, 

0.48H), 3.72 (s, 1.68H), 2.16 (d, J = 2.3 Hz, 1.26 H), 2.12 (d, J = 1.9 Hz, 1.71H). 

13
C NMR (CDCl3, 125 MHz): δ 161.3, 160.6, 159.3, 158.7, 156.4, 156.4, 156.1, 156.1, 140.1, 

139.7, 132.3, 132.3, 131.3, 131.2, 130.5, 130.3, 128.9, 128.8, 124.1, 124.1, 119.6, 119.5, 117.0, 

116.8, 116.2, 116.0, 115.7, 115.5, 105.9, 105.9, 98.9, 98.7, 55.8, 55.6, 34.7, 29.7, 28.0, 28.0, 

14.1, 14.1, 13.6, 13.6. 

19F NMR (CDCl3, 476 MHz): δ -117.5 (t, 0.57F, J = 10.6 Hz), -120.0 (d, 0.43F, J = 8.7 Hz). 

IR (Microscope, cm-1): 3001.90 (w), 2927.92 (m), 2854.18 (m), 1732.20 (w), 1626.70 (m), 

1595.98 (m), 1508.68 (s), 1487.90 (s), 1465.42 (m), 1444.74 (m), 1326.35 (m), 1265.21 (m), 

1193.55 (m), 1101.96 (s), 1071.58 (m), 1012.54 (s), 892.55 (w), 832.77 (w), 795.04 (m), 724.21 

(w). 

HRMS (EI) for C15H14BrFO: Predicted: 308.0212; Found: 308.0210. 

 

 

Prepared from 3,4-dichlorobenzyl alcohol (89 mg, 0.50 mmol) and bromobenzene (392 mg, 2.50 

mmol). Crude product was purified by flash column chromatography (hexane) as a colorless oil 

(115 mg, 73%, 1.4:1 mixtures of regioisomers). 

4-(4-Bromobenzyl)-1,2-dichlorobenzene (4-6g-para): 

1
H NMR (CDCl3, 500 MHz): δ 7.46-7.44 (m, 2H), 7.38 (d, J = 8.2 Hz, 1H), 7.38 (d, J = 1.8 Hz, 

1H), 7.06-7.04 (m, 2H), 7.01 (dd, J = 8.2, 1.9 Hz, 1H), 3.90 (s, 2H). 
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13
C NMR (CDCl3, 125 MHz): δ 140.6, 138.7, 132.5, 131.8, 130.7, 130.5, 130.4, 130.4, 128.2, 

120.5, 40.9. 

IR (Microscope, cm-1): 3060.58 (w), 3023.33 (w), 2924.02 (s), 2851.34 (m), 1897.97 (w), 

1731.67 (w), 1688.84 (w), 1593.21 (w), 1562.58 (w), 1487.69 (s), 1470.51 (s), 1433.67 (w), 

1397.33 (w), 1236.94 (w), 1132.17 (m), 1071.84 (m), 1031.81 (m), 1012.16 (m), 925.50 (w) 

875.12 (w), 840.85 (w), 809.13 (m) 792.35 (m), 729.47 (w), 685.56 (w). 

HRMS (EI) for C13H9BrCl2: Predicted: 313.9265; Found: 313.9261. 

4-(2-Bromobenzyl)-1,2-dichlorobenzene (4-6g-ortho): 

1
H NMR (CDCl3, 500 MHz): δ 7.01 (d, J = 7.9 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.29 (t, J = 7.8 

Hz, 2H), 7.18 (d, J = 7.3 Hz, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.05 (d, J = 8.2 Hz), 1H, 4.10 (s, 2H). 

13
C NMR (CDCl3, 125 MHz): δ 139.7, 139.0, 133.1, 132.4, 131.0, 130.7, 130.3, 130.3, 128.4, 

128.3, 127.7, 124.8, 40.9. 

IR (Microscope, cm - 1 ): 3056.87 (w), 2924.83 (w), 2852.16 (w), 1589.72 (w), 1567.57 (w), 

1470.12 (s), 1439.70 (m), 1397.14 (m), 1193.57 (w), 1132.53 (m), 1029.53 (s), 948.91 (w), 

924.19 (w), 880.78 (w), 830.05 (w), 803.12 (m), 756.00 (m), 734.27 (m), 685.03 (w). 

HRMS (EI) for C13H9BrCl2: Predicted: 313.9266; Found: 313.9266. 

 

 

Prepared from 4-bromobenzyl alcohol (94 mg, 0.50 mmol) and diphenylether (436 mg, 2.50 

mmol). Crude product was purified by flash column chromatography (hexane) and Isolated as a 

colorless oil (110 mg, 65%, 57:43 mixtures of regioisomers). 
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1-Bromo-4-(4-phenoxybenzyl)benzene (4-6-h-para): isolated as a colorless oil. 

1
H NMR (CDCl3, 500 MHz): δ 7.43-7.41 (m, 2H), 7.33 (t, J = 7.5 Hz, 2H), 7.13-7.11 (m, 2H), 

7.08 (t, J = 5.5 Hz, 3H), 7.01-6.59 (m, 2H), 6.95-6.94 (m, 2H), 3.91 (s, 2H). 

13
C NMR (CDCl3, 125 MHz): δ 157.3, 155.6, 140.1, 135.3, 131.5, 130.6, 130.0, 129.7, 123.1, 

120.0, 119.0, 118.7, 40.6. 

IR (Microscope, cm -1): 3037.62 (m), 2919.75 (m), 1730.33 (w), 1590.09 (s), 1505.41 (s), 

1487.23 (s), 1166.42 (m), 1102.85 (w), 1071.48 (m), 10112.00 (s), 871.35 (m), 794.41 (m), 

748.20 (m), 691.52 (s). 

HRMS (EI) for C19H15OBr: Predicted: 338.0306; Found: 338.0309. 

1-(4-Bromobenzyl)-2-phenoxybenzene (4-6h-ortho): isolated as an off-white solid. M.p. 71.4-

71.9 °C. 

1
H NMR (CDCl3, 500 MHz): δ 7.37-7.35 (m, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.18 (dd, J = 9.3, 6.4 

Hz, 1H), 7.19 (dd, J = 10.8, 4.9 Hz, 1H), 7.08 (s, 1H), 7.08-7.07 (m, 2H), 7.06 (m, 1H), 6.89-

6.86 (m, 3H), 3.94 (s, 2H). 

13
C NMR (CDCl3, 125 MHz): δ 157.5, 154.5, 139.5, 132.1, 131.3, 130.9, 130.7, 129.7, 127.9, 

123.9, 122.8, 119.8, 119.4, 117.9, 35.5. 

IR (Microscope, cm-1): 3084.84 (w), 3041.33 (w), 3027.49 (w), 2921.61 (w), 2852.13 (w), 

1951.97 (w), 1905.24 (w), 1581.41 (w), 1581.12 (m), 1482.92 (s), 1451.61 (m), 1439.42 (w), 

1331.11 (w), 1291.46 (w), 1233.50 (s), 1206.40 (m), 1170.01 (w), 1113.94 (w), 1091.11 (w), 

1010.02 (w), 917.54 (w), 878.93 (w), 787.50 (m), 758.36 (s), 720.16 (w), 689.09 (m). 

HRMS (EI) for C19H15OBr: Predicted: 338.0306; Found 338.0304. 
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Ethyl 2-(4-(4-chlorobenzyl)phenoxy)-2-methylbutanoate (Beclobrate; 4-10): Prepared from 

4-chlorobenzyl alcohol (71 mg, 0.5 mmol) and ethyl 2-phenoxy-2-methylbutanoate (556 mg, 2.5 

mmol). Product was obtained with yield of 89% (63:37 mixtures of regioisomers). 

Characterization matches that from a previous report as per Beller et al.27 
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5 Conclusions and Future Perspectives 

These last few years have been an exciting time for boronic acids as they begin to display more 

activity than they was previously thought to be possible. Boronic acids are most well known as 

stoichiometric reagents in reactions such as the Suzuki-Miyaura cross-coupling but increasingly 

their versatility as catalysts is coming to light.  

 

Chapter 2 discussed investigations toward boronic acid catalyzed dehydration reactions with the 

goal of replacing current state-of-the-art transformations, such as the Grieco and Burgess 

eliminations, which lack atom economy and use harsh conditions. It was previously found that 

tetrafluoroboronic acid (TFBA) could easily eliminate an activated allylic alcohol under ambient 

conditions. Extending this activation to discover if there could be any activity with non-allylic 

alcohols did not yield any successful dehydration. Despite a large number of conditions and 

potential boronic acid activators with a number of different properties, it is clear that elimination 

of an alcohol is a very difficult process. Indeed, a brief analysis of the corresponding bond 

strengths in a substrate such as a primary alcohol shows that transformation of an alcohol into an 

alkene is thermodynamically unfavourable. There is still a need for catalytic reactions to fill this 

void, and efforts are ongoing. Analysis of various bond dissociation energies within a model 

primary alcohol has lead to a theoretical reagent with built in energy primed for a six-membered 

Ei-type dehydration (Scheme 2-13). Currently, the most obvious approach is currently 

backtracking to known literature dehydrations and finding new ways of increasing their 

reactivity in alcohols of moderate difficulty such as isolated allylic systems before attempting 

more challenging substrates like primary non-allylic alcohols. Hopefully, there is a boronic acid 
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with a specific set of conditions such that it will one day serve as an activator or possibly a 

catalyst in a general reaction for the elimination of alcohols. 

 

Chapter 3 described the first stages of finding milder Ritter reaction conditions to form an amide 

bond. Initial results were not as successful as desired but this prompted a more direct evaluation 

of highly activated boronic acid catalysts: TFBA and ferroceniumboronic acid 

hexafluoroantimonate salt (FBAHA). Isolated results have determined that activation by boronic 

acids could potentially provide an alternative to much harsher acids traditionally required for the 

Ritter reaction. Unfortunately, research has also revealed that under the vast majority of 

conditions, the alcohol is more nucleophilic than the nitrile complicating the observed product 

distribution. Much work remains to be done to elucidate optimal conditions to enable a mild 

boronic acid catalyzed Ritter reaction to be viable alternative to other well-established methods 

of amide bond formation. 

 

Finally, the research of Chapter 4 has shown that boronic acids can be general catalysts for the 

Friedel-Crafts reaction. FBAHA has enabled activation of benzylic alcohols under mild 

conditions enabling the Friedel-Crafts reaction to occur catalytically and more efficiently than 

previously possible. This Friedel-Crafts variation has been able to catalyze alkylation of neutral 

to slightly deactivated arenes and show compatibility with a wide variety of benzylic alcohols. 

The appearance of FBAHA and other bifunctional boronic acids have solidified secondary 

effects as a viable research branch in the area of boronic acid catalysis. Perhaps this research 

could provide new insight and enable new, useful and unusual transformations. 
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Arylboronic acids have shown remarkable activity being able to induce a wide variety of 

transformations through their activation of alcohols. As a result, boronic acids, esters and 

derivatives are now appearing at the forefront of innovation. Current challenges are to increase 

boronic acid catalyzed reaction scope and decrease loadings with a more active boronic acid 

catalyst. Only time will show how this class of compounds can contribute to synthetic methods 

for industrial and academic settings alike. 
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Appendix – Selected NMR Spectra 

NMR spectroscopic analysis of 2-(2,5-Dimethylbenzyl)naphthalene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1,2-Dichloro-4-(2,5-dimethylbenzyl)benzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(2,4-Difluorobenzyl)-1,4-dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(3,4-Difluorobenzyl)-1,4-dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(2,5-Dimethylbenzyl)-1,3-difluorobenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(3,5-Difluorobenzyl)-1,4-dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1,4-Dimethyl-2-(3-(trifluoromethyl)benzyl)benzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(1-(4-Fluorophenyl)ethyl)-1,4-dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(1-(4-Chlorophenyl)ethyl)-1,4-dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(1-(4-Bromophenyl)ethyl)-1,4-dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(1-(3,5-Bis(trifluoromethyl)phenyl)ethyl)-1,4-

dimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 4-(1-(2,5-Dimethylphenyl)ethyl)benzonitrile. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1,4-Dimethyl-2-(1-(4-nitrophenyl)ethyl)benzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1-(4-Bromobenzyl)-2,3,4-trimethoxybenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 2-(4-Bromobenzyl)-1,3,5-trimethylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1-Bromo-4-(4-chlorobenzyl)benzene and 1-Bromo-4-(2-

chlorobenzyl)benzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1-(4-Bromobenzyl)-4-fluoro-2-methoxy-5-methylbenzene 

and 1-(4-Bromobenzyl)-6-fluoro-2-methoxy-4-methylbenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 4-(4-Bromobenzyl)-1,2-dichlorobenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 4-(2-Bromobenzyl)-1,2-dichlorobenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1-Bromo-4-(4-phenoxybenzyl)benzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 
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NMR spectroscopic analysis of 1-(4-Bromobenzyl)-2-phenoxybenzene. 

Top:  
1
H NMR spectra (CDCl3, 500 MHz).  Bottom:  

13
C NMR spectra (CDCl3, 125 MHz). 

 

 


