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Abstract 

Over the past decade, significant advancements in main group chemistry have led to an exciting 

renaissance in the field. The pioneering discoveries made in the mid 2000s by Dr. Stephan and Dr. Erker 

have paved the way for the flourishing field of frustrated Lewis pair (FLP) catalysis that we are familiar 

with today. Continued efforts have been made in the field to find alternative Lewis acids that are more 

robust, synthetically simple and air and moisture stable than the highly fluorinated aryl boranes 

commonly employed as FLP catalysts.  A variety of group 14-16 element Lewis acids have been 

examined, however, to date none offer a competitive alternative. Recently, there has been interest in using 

carbon-based Lewis acids, specifically pyridinium based salts as FLPs.  

This thesis describes our attempts to synthesize carbon-based pyridinium Lewis acids and their 

application as FLP reduction catalysts. We report the synthesis of two 1,4-dihydropyridines and their 

corresponding pyridinium salts: N-phenyl Hantzsch ester (HE) and N-(4-trifluoromethyl)phenyl HE. We 

examined the activity of both pyridinium salts for the hydrosilylation of many carbon-heteroatom double 

bonds and determined that N-(4-trifluoromethyl)phenyl HE pyridinium was the most active catalyst. 

However, a troubling induction period was observed in all catalytic reactions. Upon changing the reaction 

solvent to 1,4-dioxane, the reaction rate was dramatically increased and no induction period was 

observed.  

Subsequently, while employing a control reaction, it was determined that N-(4-trifluoromethyl) 

phenyl HE pyridinium may not be the catalytically active species. Instead, in situ generated cationic 

silylium species, may be the active catalyst. More research must be completed to identify the catalytically 

active species and determine how these species are generated.  

A brief study of the potential of N-(4-trifluoromethyl)phenyl HE pyridinium as a hydrogenation 

catalyst for the reduction of aldimines has been presented. It was observed that the desired amine was 

generated in low quantities. Furthermore, N-(4-trifluoromethyl)phenyl HE pyridinium has the potential to 

be an active catalyst however, further optimization of catalytic conditions must be accomplished.  
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The research described herein will detail the work completed to identify the potential of carbon-

based N-aryl HE pyridinium salts as Lewis acids for FLP-type reduction catalysis.  
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Chapter 1 

Introduction 

In the past decade, it has become increasingly clear that new sustainable synthesis 

methods must be developed and adopted. In 2015, the United Nations identified 17 goals in its 

2030 Agenda for Sustainable Development, ten of which are directly linked to material lifecycles 

of human existence1. Chemistry research and its practical application will play a fundamental role 

in the development of new and more sustainable methods of production, impacting healthcare, 

access to food and water, energy production and living space1. This thesis will explore the 

potential of catalysts that are abundant, renewable, and which utilize benign raw-materials, 

focusing primarily on Frustrated Lewis Pairs (FLPs)2,3. 

Hydrogenation4,5 and hydrosilylation6,7 of unsaturated chemical bonds are immensely 

important organic reactions for the bulk and fine chemical industry and natural product synthesis. 

These reduction reactions require a catalyst to achieve efficient speeds. Currently, transition metal 

complexes dominate this field of catalysis4. The most successful transition metal catalysts are 

platinum group metals (Pt, Pd, Ir, Rh, Ru)8.  These metals have significant drawbacks as they are 

expensive, toxic, a finite resource and their mining has a negative impact on the environment5. 

Accordingly, the development of efficient, cost effective and non-toxic catalysts is crucial to the 

production of sustainable industrial methods. 

In recent years, extensive research has been carried on in support of more sustainable 

chemical methods. A number of researchers have developed new catalysts using first row, 

abundant transition metals, such as Fe, Ni, Co etc8,9. In a more significant departure, a main group 

chemistry ‘renaissance’ has opened up the field of non-metal catalysis.  The discoveries made by 

Stephan in 200610 and Erker and Stephan in 200711, were ground-breaking findings that paved the 

way for significant growth in the field of FLP catalysts.  These complexes possess the ability to 
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split small molecule bonds, such as H-H, H-Si etc. and, as such, can be used in the catalysis of 

hydrogenation and hydrosilylation, among other reactions.  

Although, the FLP catalysts have shown much promise, research is still required to 

develop Lewis acids that are more robust, abundant, less expensive and that achieve better 

efficiencies. This thesis will detail advancements in the field of FLP chemistry and scientific 

research aimed at the investigation of carbon-centered Lewis acids for hydrofunctionalization of 

carbon-element multiple bonds.   

1.1 Lewis Acids and Bases 

In the 1900s, G. N. Lewis embarked on developing a definition for acidic compounds that 

could not be characterized by the Brønsted – Lowry – acid – base theory, as they do not possess 

protons. In 192312, the concept of Lewis acids and bases was established and was based on the 

redistribution of the compounds’ valence electrons13. With Lewis’s original definitions and 

contributions from collaborators13–15, definitions were refined as: “a Lewis acid is an electron-pair 

acceptor, that is, any atom, ion, or molecule that is capable of receiving an electron pair; a Lewis 

base is an electron-pair donor, that is, any atom, ion, or molecule that is capable of donating an 

electron pair.”13 An example of the classical adduct formation is shown below in Scheme 114.  As 

depicted, the Lewis acid and base have come in contact with each other, the Lewis base donates 

its electron density to the Lewis acid and the acid and base undergo a neutralization reaction to 

form an adduct.  

 

Scheme 1 Lewis acid-base adduct formation 
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In this case, the electron rich, relatively high energy HOMO of the Lewis base, 

trimethylamine donates both of its electrons to the empty, low energy, LUMO p-orbital of the 

Lewis acid borane to form a coordinate covalent bond. There is a redistribution in electron 

density in the newly formed adduct, resulting in a change to the geometry of both the Lewis acid 

and base components in the adduct16.    

 In 1938, Lewis published a second paper17 to provide experimental evidence of the 

interaction of these acids and bases in accordance with the theoretical description provided in his 

original report12,13. In the second report, he highlights the ability of Lewis acids and bases to 

function as catalysts. This concept can be explained by examining the distribution of electron 

density in Lewis adducts. In the case of Lewis acid catalysts, a molecule’s electrophilicity can be 

increased by complexation with the Lewis acid (Scheme 2). Alternatively, in the case of Lewis 

base catalysts, a molecule’s nucleophilicity can be increased by complexation with a Lewis base 

(Scheme 2). A number of Lewis acids and bases have proven valuable as catalysts. Over the past 

94 years, the Lewis acid – base concept has been a critical predictor of chemical reactivity. 

Numerous journal articles and books have been published on the topic18,19. Several examples of 

these Lewis acid and base catalysts will be highlighted in the next section and the extension of 

these catalysts will be explored throughout this thesis. 

 

Scheme 2 General activation by Lewis acids and bases 
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1.1.1 Lewis Acids and Bases as Catalysts 

Lewis acids have been used extensively in a variety of organic chemistry reactions, such 

as the Mukaiyama aldol reaction20 and Sharpless asymmetric epoxidation21. A group of well-

known Lewis acids catalysts are the oxazaborolidine compounds. These are the product of BH3 

(or methyl boronic acid) in combination with chiral amino alcohols, discovered by E. J. Corey 

and coworkers22,23. These Lewis acids are capable of highly active and enantioselective 

reductions of carbonyl containing compounds, known as Corey-Bakshi-Shibata Reaction (CBS).  

A general reaction course is shown in Scheme 3.  

 

Scheme 3 General reaction course for the enantioselective reduction of achiral ketones using 

catalytic oxazaborolidine22,23 
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It should be noted that cooperation between the Lewis acid and base components in the 

CBS catalyst is essential for successful catalysis.  Proposed intermediate II (Scheme 4) displays 

both Lewis-acidity with respect to the borane and Lewis-basicity with respect to the nitrogen 

within the ring. Both modes of activation are required to result in selective addition of the hydride 

to the prochiral ketone18. The oxazaborolidine catalysts (CBS reagents) offer substantial 

advantages for the reduction of carbonyl containing compounds, including ease of synthesis, 

stability of catalyst, and high reaction yields and enantioselectivities.  The mechanistic pathway 

of the CBS reaction is shown in Scheme 424.  

 

Scheme 4 Proposed mechanistic pathway of the CBS catalyst for the enantioselective 

reduction of ketones (R1 < R2) 24 

The first step of the reaction involves the coordination of BH3, Lewis acid, to the Lewis 

basic nitrogen atom in the catalyst, I. This coordination increases the hydricity of BH3, producing 

a stronger hydride donor. Thermodynamic hydricity can be defined as the free energy required to 

cleave the E-H bond, such that a hydride will be produced25. The next step involves the 

coordination of the oxygen atom in the carbonyl compound to the boron atom within the catalyst, 
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II. Steric bulk of the substituents in the carbonyl compound will determine which lone pair from 

the oxygen atom is used for coordination. The lone pair from the least sterically hindered side, 

will be selectively chosen providing stereochemical information, following which, a face-

selective hydride transfer will take place via a six-membered transition state to generate a reduced 

intermediate, III. The final step of the catalytic cycle involves removal of the reduced substrate 

still containing an O-B bond from III and regeneration of the catalyst. The desired alcohol 

product is then produced through work-up.  

Additionally, it should be noted that these oxazaborolidine catalysts have also been 

successfully used in diastereo- and enantioselective cycloaddition reactions, specifically Diels – 

Alder reactions24,26. In 2016, Corey developed two highly potent partially fluorinated second 

generation derivatives of the CBS catalyst capable of catalyzing many Diels – Alder reactions 

with > 95% yield and > 95% e.e. using 1 – 2 mol% of the catalyst27.   

An underrepresented carbon-based Lewis acid catalyst, triarylmethylium (trityl)-cation 

has shown the ability to achieve high selectivities with low catalyst loading for a variety of 

reactions28. The trityl cation Lewis acidity, like other Lewis acids, comes from its low lying pcarbon 

orbital28. The Lewis acidity of many trityl derivatives can be tuned by varying the electronic 

characteristics of the substituents on the phenyl rings. For instance, electron donating groups 

placed in the para position will increase the electron density at the carbon center, effectively 

stabilizing the carbocation. Alternatively, if a less electron donating substituent is placed in the 

para position of the benzene ring, such as H, then the carbocation will be less stable and more 

reactive28.  

In 2014, Franzen et al. reported the use of [Ph3C][BF4] as an extremely efficient catalyst 

for the Diels – Alder reaction of several dienes and dienophiles (Scheme 5)28,29.   
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Scheme 5 Tritylium tetrafluoroborate catalyzed Diels-Alder reaction of several dienes and 

dienophiles28,29 

Additionally, Franzen et al. utilized the same [Ph3C][BF4] catalyst for the efficient 

conjugate addition of un-activated 1,3-diketones and other carbon-based nucleophiles(Scheme 

6)28,29.  

 

Scheme 6 Tritylium tetrafluoroborate catalyzed conjugate addition of un-activated 1,3-

diketones28,29 

 Along with Lewis acid catalysts, there are many examples of highly active Lewis base 

catalysts for silyl allylation and silyl enol ether aldol reactions30.  A key example of a Lewis base 

catalyst is 4-dimethylaminopyridine (DMAP), which is employed for the acylation of alcohols, 

amines and thiols, first discovered by Kirichenko31 and Steglich32. The proposed catalytic 

pathway is shown in Scheme 7. DMAP acts as a catalyst by attacking the acyl donor II, 

displacing the X leaving group through a tetrahedral intermediate and producing III. The newly 

formed compound III now containing DMAP has an increase in electrophilicity at the carbonyl 
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carbon, allowing it to be more susceptible to nucleophilic attack, thereby decreasing the energy 

required for the catalytic pathway (Scheme 7). 

 

Scheme 7 Mechanism of DMAP catalyzed acylation32 

1.2 Historical Perspective: The Road to Frustrated Lewis Pairs 

Contrary to the initial definition of Lewis acids and bases, not all Lewis acids and bases 

are able to successfully form adducts. In 194233, H. C. Brown observed that when 2,6-lutidine 

was combined with the strong Lewis acid BF3, adduct formation was observed, however, when 

combined with the less acidic, bulkier BMe3 Lewis acid, no adduct formation was observed 

(Scheme 8a). Subsequently, Wittig (1959)34 and Tochtermann (1966)35 separately observed that 

when combining a Lewis acid and base incompatible for adduct formation, the pair was able to 

find an alternative pathway to quench their reactivity (Scheme 8b and c, respectively).  
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Scheme 8 Reactivity of non-classical Lewis acid and base pairs 

Wittig observed that PPh3 and BPh3 quench their reactivity by adding across the benzyne 

triple bond in a 1,2-addition reaction (Scheme 8b). Tochtermann observed no polymerization of 

butadiene when [Ph3C]Na and BPh3 were added to the reaction, but they were able to successfully 

add to butadiene, trapping the olefin (Scheme 8c).  Furthermore, both inter- and intramolecular 

incompatible Lewis acids and bases have been synthesized. Intermolecular Lewis acids and bases 

have their components in separate molecules, while intramolecular Lewis acids and bases have 

their components in one molecule2,3. The Lewis acid and base components of intramolecular 

species are typically linked together by bridging carbon units, typically aryl or alkyl chains.   

Additionally, some intramolecular Lewis acids and bases, were unable to form adducts. 

In 2006, Miqueu and Bourissou described an intramolecular Lewis acid and base that was an 

effective ligand for metal coordination chemistry (PdCl and Au), shown in Scheme 936. 

Additionally, in 201337 Fontaine reported a highly active catalyst for the hydroboration of CO2 to 

methanol. Interesting reactivity was observed in 200338, when Piers reported an intramolecular 

Lewis acid and base that was able to activate polar reagents such as HCl or H2O to produce 2-

Ph2N(H)C6H4B(Cl or OH)(C6F5)2 (Scheme 9). 
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Scheme 9 Intramolecular Lewis acid and base pairs not forming adducts 

In 200610, the Stephan group attempted to use compound 1-1 as a precursor to anionic 

phosphine ligands (Scheme 10). They found that a fluoride could easily be exchanged for a 

hydride by using Me2Si(H)Cl, producing compound 1-2. Although containing both a hydridic and 

protic moiety, 1-2 was found to be robust and air stable. Moreover upon heating to 150 oC, H2 

was released to yield 1-3.  Surprisingly, when exposing 1-3 to an atmosphere of H2 at 25 oC 

activation of hydrogen gas occurred producing 1-2, again. The field of Lewis acid and base 

chemistry was drastically changed by the discovery of this intramolecular Lewis acid and base 

pair, 1-3 that was capable of reversibly cleaving a H-H bond (Scheme 10).   

 

Scheme 10 First example of intramolecular Lewis acid and base capable of reversibly 

cleaving dihydrogen10 

Soon afterwards, the Stephan group also reported39 an intermolecular Lewis acid-base 

pair containing a bulky phosphine base and highly fluorinated aryl borane for the successful 

splitting of H2 (Scheme 11). In 2007, Erker and Stephan described11 an intramolecular Lewis 

acid-base pair  that was highly active for the heterolytic cleavage of H2 (Scheme 11). 
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Scheme 11 FLPs capable of activating dihydrogen 

The pioneering discoveries of Stephan and Erker played a fundamental role in 

contributing to the growth of research and applications in the field of “Frustrated Lewis Pair” 

(FLP) chemistry, coined in 200740. Since the early 2000s, FLP chemistry has been expanding 

rapidly, resulting in numerous journal and review articles, textbooks and symposia that detail the 

latest advances achieved in the field2,3,41,42.  

1.3 Frustrated Lewis Pairs 

Frustrated Lewis pairs can be described in simple terms as: the combination of a Lewis 

acid and a Lewis base that cannot form an adduct due to steric hindrance, leaving their reactivity 

unquenched41,43,44. A rudimentary definition for the successful synthesis of an FLP requires 

optimal steric congestion and the appropriate combination of Lewis acidity and basicity in each of 

its components41,45, however, it is now understood that steric frustration is not always required as 

long as there is a viable equilibrium concentration of the free pair46–52.  

Since the seminal discovery of FLPs, a variety of pairs have been synthesized and their 

reactivity has been studied2,3,41. Phosphorous bases, carbenes and nitrogen bases have been used 

as the Lewis base component in FLPs2. The most popular Lewis acids are highly fluorinated 

arylboranes, as they possess high Lewis acidities, are extremely electron poor due to the fluorine 

electron withdrawing groups and are still fairly sterically hindered2,3,41,44,53. However, in recent 

years many partially fluorinated54, chlorinated54 and trifluoromethylated55 aryl-boranes have been 

developed and are competitive alternatives to the highly fluorinated arylboranes.  
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1.3.1 Classifying Frustrated Lewis Pairs  

At the beginning of its discovery, it was understood that FLPs can only exist if there is no 

possibility of adduct formation. In a more modern explanation, FLP formation has been described 

as a continuum where the FLPs and adduct formation can exist in equilibrium46. Papai and 

coworkers developed a classification of FLPs based on a plot of the potential energy associated 

with the distance between the Lewis acid and base centers (E(dAD)) (Figure 1)52,56.  

 

Figure 1 The four types of frustrated Lewis pairs based on the potential energy of the 

species versus the distance between the acidic and basic centers52 

Through analysis of the potential energy curves, Papai and coworkers were able to 

identify four types of FLP species52,56. The two extremes species are: inherently frustrated and 

classic Lewis pairs. In the case of inherently frustrated FLPs (red), the Lewis acid and base pairs 

are extremely bulky resulting in the dative bond formation being too high in energy to achieve 

stable adduct formation, such as (tBu)3P/B(C6F5)3
2,11. In Figure 1, an inherently frustrated species 

is depicted by the red line, such that the global energy minimum of the curve is associated with 

the energy of the frustrated complex. The curve of the classic Lewis pairs (yellow) has a single 

low lying minimum for the stable adduct, eg. (CH3)3N/BH3
2,14. The next two classifications 
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possess an equilibrium between a frustrated complex and adduct, where formation of an FLP is 

either controlled thermally or kinetically. Thermally induced frustration (blue) is one of the most 

common forms of FLP. These FLPs have intermediate bulk resulting in the frustrated complex 

being only accessible with thermal activation of the strained dative bond, i.e. heating the 

species46–51. An example of a thermally induced FLP is 2,6-lutidine/B(C6F5)3
46. At -10 oC this 

Lewis acid-base pair forms a classic Lewis adduct however, at room temperature, an equilibrium 

exists between the adduct and frustrated complex46. Kinetically induced frustration (green) 

describes FLPs that have a large activation barrier between adduct and frustrated complex. 

Consequently, they require cold temperature for stability of the FLP52. An example of kinetic 

induced frustration involves the combination of carbene 1-4 and allene 1-5 at -78 oC52 (Scheme 

12).  

 

Scheme 12 Kinetically induced frustrated Lewis pair 

Although not shown in Figure 1, there is a fifth class of FLP that is described as solvent–

assisted frustration57, in which stabilization of the Lewis acid is required for activity in catalysis. 

The solvent will form a weak dative bond with the Lewis acid to increase stability during 

catalysis. For example, (Mes)3P/AlCl3 Lewis acid-base pair using C6H5Br as the solvent, in this 

case Br will form a dative bond with Al57. This class of FLP stands in stark contrast to the other 

classes that utilize external influences to destabilize the dative bond of the adduct.  

1.4 Applications of Frustrated Lewis Pairs 

Apart from investigating which Lewis acid and base combinations are capable of forming 

FLPs, many attempts have been made to harness the unquenched reactivity of these unique 
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species. Examples of this are shown in the previous sections: Stephan and Erker were able to 

demonstrate the activation of hydrogen gas by both, intra- and intermolecular FLPs. Since then, a 

variety of other small molecules have been activated by FLPs containing  H-B, H-Si, S-S bonds 

and may more2,3,44.  Previously, small molecule activation was dominated by transition metal 

catalysts, as these complexes have the ability to simultaneously accept and donate electron 

density4,58. The electron donor-acceptor capabilities of transition metals can be mimicked by the 

separate Lewis acid and base components of FLPs, suggesting the possibility of metal-free FLP 

hydrogenation catalysts41.  

A number of researchers have discovered substrates that can be catalytically 

hydrogenated using an assortment of FLPs41,59. Additionally, catalytic FLP hydrosilylation60,61 

and hydroboration62,63 have been achieved by activating silanes and boranes, respectively.  FLP-

based catalysts have activated many olefins and alkynes2,3. As well, FLPs have been used to 

capture other small molecules, such as CO2, N2O and SO2
2,3 and there have been some successful 

attempts to reduce CO2 to methanol37.  As further research is being completed in the field, more 

potential applications of FLPs as catalysts have been realized. Applications of FLPs as catalysts 

will be discussed in greater detail in the next sections.  

1.5 Catalytic Hydrogenation  

Catalytic hydrogenation of unsaturated organic compounds is one of the most 

fundamental reactions in the bulk and fine chemical industries (e.g. petrochemical, agriculture, 

pharmaceutical etc.)4. Remarkably, the hydrogenation of alkenes is a thermodynamically favored 

reaction64.  However, due to molecular hydrogen’s high bond dissociation energy (103 

kcal/mol)65, energy of heterolytic bond cleavage (128.8 kcal/mol)66 and activation energy barrier, 

the concerted addition of hydrogen to an alkene is forbidden at moderate temperature and 

pressure. Catalysts can be used to circumvent these problems, break the dihydrogen bond and 
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employ hydrogen in chemical reactions at an increased speed. The most successful catalysts for 

hydrogenation are the d-block transition metals67.  

Over the last few decades, there have been important developments in the design of 

catalysts for homogenous hydrogenation. Many ligands have been designed and produced to aid 

in the catalysts’ stability, selectivity and activity. The most successful catalysts belong typically 

to a group of late transition metals with phosphine or N-heterocycle carbene ligands and with 

partially filled d-orbitals4. While there are great benefits to these transition metal homogeneous 

hydrogenation catalysts there are also some major disadvantages. As these metals are expensive, 

a finite resource, toxic and their mining has a negative impact on the environment8. Fortunately, 

the growing progress in the field of main group chemistry has led to development of a promising 

alternative to homogeneous transition metal catalysis. 

1.5.1 Frustrated Lewis Pair Catalyzed Hydrogenation  

As briefly mentioned in section 1.2, the reversible splitting of H2 was completed using 

the intramolecular FLP 1-3 (Scheme 10)10. Accordingly, in 2006, hydrogenation of a variety of 

carbon – heteroatom double bond, was attempted using 1-3 as a catalyst leading to the successful 

reduction of imines, aziridines and tris(pentafluorophenyl)borane (BCF)-protected nitriles10,68.  

Analysis of the results from the above hydrogenation reactions by Stephan et al. provided 

two main limitations of FLP hydrogenation: 1) the basicity of the N-centered substrate was 

imperative to the catalytic success. Proton donation from the Lewis base to the substrate (P-center 

to N-center) had a large impact on the success of the reaction. If the Lewis base is more basic than 

the substrate, proton donation would not be an energetically favourable process and would be 

unlikely to occur. Therefore, the substrate must be slightly more basic than the Lewis base to 

allow for proton donation. 2) Steric bulk or lack thereof can greatly influence the success of the 

reaction. A relatively non-bulky N-substituent of the substrate would risk the potential of amine-

borane adduct formation, limiting turnover to only stoichiometric reduction, while bulky N-
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substituents will not allow for formation of adducts. Additionally, bulky R-substituents on the 

carbon of the imine can cause difficulty in the hydride transfer in the reduction step2,68.  

Soon after the pioneering discoveries by Erker and Stephan, Erker reported an 

intermolecular phosphine/boron FLP69, 1-6 (Scheme 13). Containing two sterically hindered 

phosphine donors and exhibiting characteristics of a proton sponge. At 25 oC the pair was able to 

heterolytically cleave H2 producing 1-7 (Scheme 13). When 1-7 was heated to 60 oC, H2 was 

released. Studying 1-7 by variable temperature 31P NMR provided evidence of rapid proton 

exchange between the two phosphines and analysis of the solid state depicted the P-H. . .H-B 

centers oriented toward each other with a distance of 2.08 Å. 

 

Scheme 13 Intermolecular phosphine/borane FLP capable of heterolytically splitting H2
69 

A very successful boron Lewis acid component in an FLP is B(C6F5)3 due to its high 

Lewis acidity and optimal steric crowding, however, it is susceptible to nucleophilic attack in the 

para position in the aryl rings by certain Lewis bases, limiting the selection of compatible Lewis 

bases for successful FLP formation2. In light of this, Ulrich and Stephan employed B(p-C6F4H)3 

(1-8) as the Lewis acid with P(o-C6H4Me)3 (1-9) as the Lewis base to attempt the formation of an 

FLP48,70. The combination of these two components successfully produced an FLP (1-10), capable 

of splitting H2 at room temperature. However, due to lower Lewis acidity of the borane the FLP 

lost H2 when heated to 80 oC for only 12 h (Scheme 14).  

 

Scheme 14 B(p-C6F4H)3 1-8 with P(o-C6H4Me)3 1-9 as FLP 1-1048,70 
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Since the seminal discovery of FLP hydrogenation by Stephan and coworkers, many 

intra-11,71,72 and intermolecular39,69,73,74 FLP catalysts have been synthesized and shown to display 

high catalytic activity (Scheme 15). A variety of inter- and intramolecular FLPs are capable of 

reducing nitriles, aziridines, diimines, silyl enol ethers, enamines, 1,1-disubstituted olefins, 

electron poor alkenes, alkynes, arenes2,3, disubstituted alkynes75, activated alkenes74,76 and 

heteroaromatics77. 

 

Scheme 15 FLP hydrogenation catalysts 

Developments that add to the understanding of FLP hydrogenation are constantly being 

reported.  For example, Stephan78 and Klankermayer59 discovered concurrently that an external 

Lewis base was not necessary for catalysis. Catalytic hydrogenation was possible with the 

combination of a strong Lewis acid and an “internal” Lewis basic substrate, such as a bulky imine 

or N-heterocycle79. This illustrated that the Lewis basic substrate can act as the bulky Lewis base 

in combination with a Lewis acid to form an FLP.  

Remarkably, the highly fluorinated Lewis acid, B(C6F5)3 is capable of catalyzing the 

transfer hydrogenation of a variety of imines. The reaction is completed in toluene at 125 oC and 

1,5-dimethyl 1,4-cyclohexadiene is used as the hydrogen source, producing m-xylene as a by-

product (Scheme 16)80. The driving force for this particular hydrogen source, is through 

restoration of aromaticity.   
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Scheme 16 Example of FLP catalyzed transfer hydrogenation80 

1.5.2 The Mechanistic Pathway of FLP Catalyzed Hydrogenation 

The first step of hydrogenation catalysis is the most energetically expensive and involves 

the activation of H2
66. Both the Papai and Grimme research groups have studied this process in 

great detail. There are three postulated mechanisms for the heterolytic activation of H2 by FLPs, 

two of which behave in a stepwise manner and one that undergoes a concerted pathway39,81. The 

two stepwise pathways are shown in Scheme 17.  

 

Scheme 17 Two proposed stepwise methods for FLP dihydrogen activation2 

The first pathway (Scheme 17a), involves a side – on attack of the H2 bond to the electron 

poor Lewis acid. The Lewis base will then act as a nucleophile and attack H2, resulting in 

hydrogen activation. This pathway is quite similar to the hydrogen activation process of transition 

metals, where the transition metal complex will be attacked by dihydrogen to make a  - 

complex, followed by either insertion or oxidative addition of the metal into the H-H bond25.  

However, in the case of FLPs, the donor and acceptor portions are in separate molecules. A 

comparison of these mechanisms of hydrogen activation is shown in Scheme 18.  
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Scheme 18 A comparison between transition metal and FLP dihydrogen activation82 

Although this first stepwise mechanism is highly intuitive, there has been no successful attempts 

to observe the  - FLP complexes experimentally66.  

The second stepwise method (Scheme 17b), suggests that the Lewis base attacks H2 using 

an end – on approach and is followed by electron donation to the Lewis acid. DFT calculations 

simulating this approach suggest that it is too energetically demanding of a process to be 

feasible81.  

The last suggested mechanism of H2 activation and currently widely accepted, involves a 

concerted pathway (Scheme 19)81.  

 

Scheme 19 Proposed concerted method for FLP dihydrogen activation2,81 

The Papai group suspected that in the concerted pathway there are secondary interactions 

that can orient the Lewis acid and base centers towards an optimal position and distance for 

interaction as a reactive intermediate with H2
81. This configuration has been coined: “Frustrated 

Complex” or “Encounter Complex” and is reasonable computationally, but has not yet been 

observed experimentally81. In this orientation, the Lewis acid and base are only held together by 

weak dispersion forces and hydrogen bonding provides limited stability. The acidic and basic 

centers “are aligned for dative bond formation, but their overlap is prevented by the steric 

congestion of the FLP members”81, such that their reactive sites are left unquenched. The weak 

bonding in the frustrated complex allows for flexibility between the Lewis acid and base sites and 
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it is postulated that the H2 molecule is able to move into this void space, interact with the donor 

and acceptor centers accordingly, and undergo heterolytic splitting66,81.   

The scarce experimental evidence of stepwise or concerted FLP hydrogen splitting has 

yielded increased uncertainty in the mechanistic understanding of FLPs. In 2011, Wang et al.83 

utilized deuterium isotopic labeling experiments to monitor the H/D exchange of ArF
2BD (where 

ArF is 2,4,6-tris(trifluoromethyl)-phenylborane) with H2 (4 bar) at 50 oC. The exchange was 

monitored over 4 h by 19F NMR spectroscopy. During the course of the reaction, the ortho-CF3 of 

the ArF
2BD singlet decreased in size, while the ortho-CF3 of ArF

2BH increased in size, to become 

the major product (Figure 2). This suggests that H2 can coordinate to the Lewis acid, ArF
2BD, and 

undergo bond-to-bond rearrangement to form ArF
2BH and HD, although H2 activation was not 

possible in benzene-d6.  

 

Figure 2 19F spectra of D/H exchange between ArF
2BD and H2 (4 bar) at 50 oC in benzene-d6. 

*: ortho-CF3 of ArF
2BH, : ortho-CF3 of ArF

2BD83 

Furthermore, computational experiments predicted that when a somewhat sterically 

encumbered Lewis base (NEt3) was used, a step-wise H2 activation mechanism was likely. 
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However, in the case of a smaller Lewis base (DABCO or NMe3) a concerted pathway was 

predicted83. This proposed change of mechanism was attributed to the large steric repulsion 

between the ethyl group in the triethylamine and the trifluoromethyl groups in the Lewis acid, 

which prevents the interaction of triethylamine and H2, such that a concerted pathway would be 

too sterically hindered and a stepwise pathway must occur instead83. Still more research must be 

completed to fully understand the mechanism of hydrogenation by FLPs. 

While the concerted pathway yielding a ‘frustrated or encounter’ complex is the most 

widely supported mechanism, the model for hydrogen activation is still highly debated. There are 

two proposed reactivity models that differ in the mode of activation: synergistic electron 

transfer81 and polarization by an induced electric field84. The electron transfer proposal, first 

presented by Papai and coworkers81 involves transfer of electrons cooperatively from the Lewis 

base to the *(H2) followed by electron transfer (ET) from the (H2) to the Lewis acid. A 

molecular orbital (MO) diagram of this process is provided in Scheme 2066,81. This is inherently 

similar to the dative bond formation between a classic unhindered Lewis pair, but in this case H2 

acts as a bridge, donating its  bond.  

 

Scheme 20 Molecular orbital representation of electron transfer model in the tBu3P/B(C6F5)3 

and H2 system2 
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The alternative model, polarization by electric field proposed by Grimme et al. in 201084 

suggests that all FLPs possess an electric field within the void space of the encounter complex. If 

the polarization in the homogenous electric field is sufficiently strong, it is believed that H2 can 

undergo a barrierless process to be cleaved heterolytically, independent of the particular FLP 

used. Grimme et al. reported that any energetic barriers observed in the H2 activation were due to 

the formation of encounter complex and entrance of H2 into the void space. The proposed 

required electric field strength is calculated as 0.05 – 0.06 a.u.84. The electric field H2 splitting 

mode was based on high level computational calculations that do not account for solvent effects 

(Figure 3). 

 

Figure 3 Electric field based model for H2 cleavage84 

Figure 3 displays the process of H2 splitting using the electric field (EF) model. Initially, 

hydrogen bonding interactions allow for the formation of the FLP. Non-directional dispersion 

forces provide flexibility to the FLP allowing H2 to enter into the void space between the Lewis 

acid and base, yielding the prepared Lewis pair. Finally, after H2 enters the void space, it becomes 

polarized resulting in cleavage and the desired products.  

The electric field model of H2 activation has been commonly accepted by many FLP 

research groups as the most likely model of activation, with the exception of the Papai group82.  

Their fundamental issue with the EF model is its “divergence from other non-radical H2 cleaving 
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systems”82, such as transition metals, carbenes, silyenes etc. in which, electron donation is the key 

mechanistic element for activation. Utilizing the results from the computational mechanistic study 

of six FLPs they were able to examine the probability of the two H2-activation models82. It was 

observed that EFs were surrounding the donor/acceptor centers of the Lewis base and acid, 

respectively instead of being centered within the void space. Additionally, computations suggest 

that the EFs generated in the void space may reduce the energy barrier for H2 cleavage but were 

too weak to independently facilitate barrierless cleavage. Along with other conclusions from the 

computational study, Papai et al. determined that the “electric-field based model provided 

predictions in stark contrast to the actual computed features even for the initial stages of the 

reaction”82. Until more concrete experimental evidence is provided to support a particular model, 

the mode of FLP hydrogen activation will continue to be an evolving topic of research. 

1.5.3 Mechanistic Cycle of FLP Catalyzed Hydrogenation of Imines 

Section 1.5.2 provided a brief description of the mechanistic elements for H2 activation, 

however the complete cycle of FLP-hydrogenation of unsaturated compounds has not yet been 

detailed. Accordingly, the catalytic cycles of FLP hydrogenation of an imine is depicted in 

Scheme 21 and Scheme 22 utilizing an external and internal Lewis base, respectively68. Both 

catalytic cycles are initiated by hydrogen activation, utilizing an encounter complex and one of 

the modes of H2 cleavage. In Scheme 21, hydrogen activation is followed by the transfer of the 

proton from the Lewis base to the substrate. As mentioned previously, success of catalysis is 

dependent on the Lewis basicity of the substrate to ensure that proton transfer is energetically 

favourable. In Scheme 22, the proton transfer step is not required as the proton has already 

coordinated to the internal Lewis basic substrate during hydrogen activation. The next step for 

both mechanistic pathways is hydride transfer from the Lewis acid to the substrate. The Lewis 

acid donates its bound hydride to the substrate and produces an imine-borane adduct. The final 
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step involves the release of the amine product and the Lewis acid is regenerated to continue the 

catalytic cycle.  

 

Scheme 21 FLP hydrogenation using an external Lewis base2 

 

Scheme 22 FLP hydrogenation using an internal Lewis base2 
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1.6 Hydrosilylation 

Hydrosilylation involves the activation of a H-Si bond and addition of these elements to 

an unsaturated molecule, resulting in reduction of the substrate. Hydrosilylation is also a pivotal 

reaction in organic chemistry6,7. The bond energy of a H-Si bond is slightly weaker than a H-H 

bond (90 kcal/mol vs 103 kcal/mol)65 and the activation energy is still quite large, such that a 

catalyst is necessary for fast reactivity. Not surprisingly, the most successful hydrosilylation 

catalysts are late stage transition metals: heterogeneous metal surfaces or homogenous well-

defined molecular complexes6,85,86. If reduction is the desired outcome, hydrosilylation is less 

atom economic when compared to hydrogenation, but hydrosilylation is widely employed in 

industry for the preparation of silicones.  In addition, silanes are inexpensive, reasonably air and 

moisture stable, easier to use, and are typically the by-products of industrial processes86,87. 

Accordingly, hydrosilylation can be used as an alternative reduction reaction to hydrogenation as 

hydrolysis or functionalization of the silylated intermediate can yield the desired fully 

hydrogenated product6. Developments in FLP chemistry have offered a new potential catalyst for 

small molecule activation. Witnessing the success of FLP catalysts in hydrogenation reactions, 

one can deduce that H-Si activation and the subsequent hydrosilylation by FLPs should be 

relatively straight forward. 

1.6.1 Frustrated Lewis Pair Catalyzed Hydrosilylation 

 In the late 1990’s60 and early 2000’s88 Piers and coworkers discovered that 

tris(pentafluorophenyl)borane, B(C6F5)3 was a highly active catalyst for the hydrosilylation of 

carbonyl compounds and imines. The 199660 report of B(C6F5)3 catalyzed hydrosilylation of 

carbonyl compounds garnered interest due to the unique mechanism by which it was proposed to 

function. Piers observed that the weakest binding and least basic substrates delivered the highest 

turnovers and that an increase in substrate concentration inhibited the rate of reaction. Both of 

these observations are in stark contrast to the well-understood mechanistic view of typical Lewis 



 

26 

 

acid catalyzed hydrosilylations20. Typically these reactions involve activation of the oxygen atom 

of the carbonyl moiety by the Lewis acid prior to reduction20. However, Piers and co-workers 

concluded that the Lewis acidic borane activates the H-Si bond rather than the carbonyl substrate. 

Although not labeled as such, this was the first account of frustrated Lewis pair catalyzed 

hydrosilylation65. The mechanism of B(C6F5)3 catalyzed hydrosilylation of a ketone is outlined in 

Scheme 2365,89. 

 

Scheme 23 Proposed mechanism of B(C6F5)3 catalyzed hydrosilylation of carbonyls65,89 

The cycle begins with an equilibrium existing between the free form of B(C6F5)3 and the 

carbonyl compound and adduct I. In small concentrations, B(C6F5)3 will form an adduct with Si-

H, II, in which B(C6F5)3 is coordinating to the hydride II.  The Lewis basic carbonyl can then 

approach the Si center X1, form a bond and activate the Si-H bond, yielding III. The final step of 

the process is the donation of the hydride from [HB(C6F5)3]
- to the electrophilic carbon atom in 
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the carbonyl compound, yielding the desired reduced product and regenerating the B(C6F5)3 

catalyst. It should be noted that imine substrates can have competing reaction pathways that can 

lead to by-product formation and lower enantioselectivity89. 

Since its initial discovery, the substrate scope of FLP catalyzed hydrosilylation has been 

greatly expanded. B(C6F5)3 has been able to act alone without the assistance of an external Lewis 

base to perform hydrosilylation of carbonyl compounds60,88,90, thioketones91, alkenes92, enones, 

enals, silyl enol ethers93, enamines94, carboxylic acids95 and numerous other substrates. In 

addition, it has been reported that B(C6F5)3 can perform the deoxygenation of alcohols96 and 

carbonyl compounds97,98.  

Remarkably, in 2016 Oestreich and coworkers were able to find an enantioselective 

alternative to the highly fluorinated B(C6F5)3 catalyst, 1-1199. Catalyst 1-11 is capable of highly 

selective hydrosilylation of carbonyl compounds using PhSiH3 as the reducing agent. 1-11 has a 

single perfluoroaryl group, a high functional group tolerance and does not require an external 

Lewis base. A brief substrate scope for this enantioselective variant of Piers’ B(C6F5)3 catalyst is 

presented in Table 1, a larger substrate scope can be found in the report99.  

 

Table 1 Enantioselective hydrosilylation of ketones99 

 Research has been dedicated to understanding the mechanistic aspects of FLP 

hydrosilylation. Specifically, the pathway of silyl transfer in the transition state interaction, X1 of 

the silane-borane adduct I and the Lewis base substrate, carbonyl compound has been of interest 
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(Scheme 23) and was investigated by Oestreich in 2008100. Previously, little experimental 

evidence had been provided to explain this transfer. Some posited that if B(C6F5)3 is Lewis acidic 

enough to activate the Si-H and abstract the hydride independently, a silylium cation intermediate 

would be produced and would have potential to be the active catalyst in the reaction. However, 

there is strong evidence against the SN1-type silylium catalyzed reaction101,102. 

Conversely, an SN2-type displacement at the silicon center of the boron-hydride by the 

carbonyl compound was a suspected mode of Si-H bond activation, resulting in inversion of 

configuration on Si when an enantiopure silane is used. This proposed mechanistic pathway is 

shown in Scheme 24103.  

 

Scheme 24 Proposed SN2-type displacement of silicon center in a hydrosilylation reaction103 

Oestreich and Rendler100 attempted to elucidate the mechanism of activation by 

examining the stereochemistry of the reaction products when using an enantiopure silane. If a 

racemic mixture is observed, a silylium catalyst must be propagating the reaction, as no chiral 

information will be retained in an SN1 like mechanism. Conversely, if inversion of 

stereochemistry is observed following Walden inversion104, then an SN2-type displacement is 

occurring. A prochial acetophenone 1-12 and chiral silane 1-13 were used to monitor the 

stereochemistry of the reaction (Scheme 25).  
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Scheme 25 Mechanistic study to elucidate the transition state pathway of a hydrosilylation 

reaction100 

The silane 1-13 was recovered in high chemical yield with inverted absolute 

configuration, confirming a concerted SN2-type displacement mechanism. Furthermore, B(C6F5)3 

did not independently abstract a hydride from the Si-H bond of the silane source.  

 Developments in the understanding of the mechanism of activation of the Si-H bond by 

B(C6F5)3 were also provided by Piers and Tuononen in 2014105, in which they qualitatively 

observed a borane-silane complex. Initially, they synthesized 1,2,3-tris(pentafluorophenyl)-

4,5,6,7-tetrafluoro-1-boraindene (1-14) (Scheme 26), a borane that is very Lewis acidic and 

soluble in many non-donating solvents. This borane was chosen to ensure that the equilibrium 

between the borane and silane was pushed in the direction of adduct formation. As well, this 

borane was chosen such that low temperature spectroscopic studies could be completed, as 

donating solvents would interfere with the success of these studies. Combining borane 1-14 and 

Et3SiH in d8-toluene at room temperature resulted in no change to the vibrant red colour of borane 

1-14; however, upon cooling to 195 K, a red to yellow colour change was observed. This colour 

change was indicative of adduct formation, since the forbidden transition involving the empty p 

orbital of the boron center of the Lewis acid was no longer present. During adduct formation, the 
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absorption transition was disrupted and a yellow colour was observed, effectively providing a 

qualitative certainty of adduct formation. This qualitative result was accompanied by variable-

temperature IR spectroscopy, and 19F and 1H NMR spectroscopy experiments. X-ray diffraction 

data was collected and the Si-H and B-H bond lengths were calculated as 1.51(2) and 1.46(2) Å, 

while a typical Si-H bond is 1.48 Å and a B-H bond is 1.14 Å106,107. Accordingly, further evidence 

was provided for formation of an adduct and not the ion pair, since the bond lengths were 

reasonably similar to their theoretical values. 

 

Scheme 26 Qualitatively observed borane-silane complex 1-15105 

1.7 Disadvantages of FLP Systems  

With increased research, the potential of frustrated Lewis pair chemistry as a viable 

alternative to transition metal catalysis is steadily coming closer to being realized; however, some 

significant hurdles remain. Some of the most active Lewis acids in FLPs are highly fluorinated 

aryl boranes, which have a low functional group tolerance88,108, require careful handling during 

synthesis and catalysis, such as scrubbing gases and solvents to ensure that water and aldehydes 

have no detrimental influence on reactivity58. The required inert experimental techniques are 

expensive, time consuming and problematic to the development of large-scale industrial catalytic 

methods. The high molecular complexity of these Lewis acids requires time intensive synthetic 

approaches to achieve small derivatization to the motif, which again are difficult to streamline, 

bringing challenges to fast paced, large-scale industrial processes.    
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Fluoroaryl borane Lewis acids are very sensitive to moisture. The oxophilic nature of 

these Lewis acids can have a negative influence on the catalytic hydrogenation of many carbonyl 

and nitro group containing unsaturated substrates, as the borane will coordinate to the oxygen 

atoms in the substrate, inhibiting catalytic turnover58.   

1.8 Redesigned Lewis Acids and Bases for FLP Catalysis 

Since the seminal discovery of frustrated Lewis pair catalysis, chemists have dedicated 

time to research alternatives to the efficient perfluorinated aryl borane Lewis acids109,110 including 

a report by Stephan in 2012111, in which borenium ions were used as the Lewis acid in the 

hydrogenation of imines. Three-coordinate borocations containing diisopropyl imidazolylidene 

(iPr2Im) as the two electron donor ligand, 9-borabicyclo[3.3.1]nonane (9-BBN) as the boron 

source and paired with a bulky weakly coordinating anion B(C6F5)4
-, were employed with 

phosphine bases for hydrogenation of imines (Scheme 27)112,113. Later in 2015, our group reported 

a mesoionic carbene (MIC) borenium Lewis acid114 (Scheme 27), which was capable of 

stabilizing a borenium ion that then catalyzed the hydrogenation of imines and N-heterocycles 

under milder experimental conditions and without the need for extensive scrubbing of the H2 gas, 

as was the case for the NHC-borenium catalysts.  

 

Scheme 27 NHC- and MIC-borenium Lewis acids 

The MIC –borenium ions have several advantages over the NHC – borenium ions and 

B(C6F5)3. They have a more versatile and modular synthesis involving a simple Cu-catalyzed 

click reaction between an azide and alkyne. The electronic influence of the C-C-N bonding 
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provides stronger -bonding capabilities and stability to the C-B bond, yielding a more robust 

complex and greater hydricity to the borane after hydride splitting115. Based on the Gutmann 

Becket Lewis acidity test116–119 both the borocations and B(C6F5)3 have similar Lewis acidities. 

However, the experimental hydride ion affinities (HIA) of both NHC- and MIC-borenium ions 

are lower than B(C6F5)3, since B(C6F5)3 can be used to produce the borenium ions through 

hydride abstraction114.  Hydride ion affinity is defined as the enthalpy (Ho) of the reaction for 

RH dissociating into R+ and H-, producing a cation and hydride. HIA can be used as a measure of 

stability for the cation, such that a large HIA implies a less stable cation120.  The observation of a 

lower HIA for the borenium cation compared to B(C6F5)3 suggests that the hydride delivery step 

from the boron catalyst to the substrate will be more facile for the borenium catalysts. 

1.8.1 Air and Moisture Tolerant Lewis Acid Boranes 

 B(C6F5)3 is a strong Lewis acid that can easily form an adduct with water producing 

H2O•B(C6F5)3. This adduct is a strong Brønsted acid (pKa is comparable to HCl) that can easily 

be irreversibly deprotonated by a base, such as the Lewis bases that are used in many FLP 

reactions, leading to Brønsted acid catalyzed reactions28,121–123. The resulting deprotonated 

product is unreactive to hydrogenation catalysis (Scheme 28).  

 

Scheme 28 Deactivation of B(C6F5)3 by H2O
123 

Variations to the prototypical Lewis acid borane, B(C6F5)3 to increase stability were made 

in 2011 by Ashely and coworkers124. They developed a more robust, air stable Lewis acid borane 

for FLP chemistry, B(C6F5)2(C6Cl5) (1-16). The addition of the perchloro aryl group increased the 

electrophilicity but did decrease the Lewis acidity due to an increase of steric bulk.   
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The typical solvents used for FLP hydrogenations are non-polar and chlorinated solvents. 

However, both are undesirable, many unsaturated polar substrates are not soluble in the non-polar 

solvents and the chlorinated solvents are harmful to the user and the environment. Alternatively, 

the use of donor solvents in FLP chemistry has been uncommon as it was assumed that donor 

solvents would impede FLP reactivity. In 201454, Ashley attempted to use 1-16 as a Lewis acid 

catalyst in donor solvents for FLP hydrogenation. Due to the increased steric bulk of 1-16, it was 

suspected that the donor solvent tetrahydrofuran would be unable to form an adduct with 1-16. 

Analysis of NMR studies displayed that at room temperature adduct formation between 1-16 and 

tetrahydrofuran was observed, however, once the temperature was increased to 60 oC, an FLP 

was formed. When hydrogen gas was added to the mixture at room temperature, 1H and 11B NMR 

spectroscopy revealed a reversible FLP activation of H2, in which tetrahydrofuran was acting as 

the Lewis base (Scheme 29).  

 

Scheme 29 Dihydrogen splitting using a chlorofluoroaryl borane and tetrahydrofuran54 

The combination of 5 mol% B(C6F5)2(C6Cl5) (1-16) with 4 bar H2 in tetrahydrofuran-d8 at 

60 oC for 3 hours resulted in the hydrogenation of many bulky, electron poor imines54. Catalysis 

was carried out open to air with pre-dried distilled solvents and reagents. Additionally, less bulky 

substrates were successfully hydrogenated, however adduct formation with 1-16 and the imine 

slowed reactivity. As a result, when using 1-16 as the Lewis acid catalyst and tetrahydrofuran as 

the Lewis basic donor solvent the substrate scope is not limited by steric hindrance of imine. In 

comparison, when hydrogenation of the less bulky substrates was performed with 1-16 in a non-

donor solvent, no reactivity was observed. Lewis acid 1-16 has been successfully utilized as a 

solvent promoted FLP, in which 1-16 is quite air stable.  
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Additionally, in 2010125 our group reported the FLP hydroboration of olefins using 

[Rh(COD)(DPPB)]BF4, pinacolborane (HBPin), B(C6F5)3 and tetrahydrofuran as the solvent. It 

was observed that both B(C6F5)3 and the donating solvent, tetrahydrofuran were required for 

increased activity and selectivity.  

Development of a moisture tolerant Lewis acid is dependent on experimental reagents 

that lack bases capable of deprotonating the water-Lewis acid adduct (Scheme 28). Both 

Stephan126 and Ashley127 independently reported the B(C6F5)3-catalyzed hydrogenation of ketones 

and aldehydes to alcohols, utilizing ethereal solvents as the Lewis base. These systems were 

tolerant of the reduced alcohol products, as a strong base was not present to irreversibly 

deprotonate HOR•B(C6F5)3, the adduct of B(C6F5)3 and the alcohol product.  

Later in 2015, Ashely et al.123 postulated that FLP systems could utilize the reversible 

water-Lewis acid adduct concept to develop water tolerant FLP catalysis. The combination of a 

pre-formed adduct H2O•B(C6F5)3 and acetone with H2 in 1,4-dioxane at 100 oC cleanly yielded 2-

propanol with a good turnover number. It should be noted that the rate of reaction is reduced 

when compared to catalysis with B(C6F5)3, suggesting that H2O acts as a poison to the catalyst but 

the deprotonation is reversible. The proposed mechanistic cycle is shown in Scheme 30. 
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Scheme 30 Water tolerant hydrogenation of a carbonyl by B(C6F5)3 and 1,4-dioxane123 

Using these same conditions, many weakly basic carbonyl and non-carbonyl substrates 

were hydrogenated under non-inert conditions using untreated solvents. A small modification to 

the experimental conditions when using the prototypical Lewis acid, B(C6F5)3 for FLP chemistry, 

has allowed for a moisture tolerant catalysis process.  

1.8.2 Alternative Element Frustrated Lewis Pairs  

The first examples of non-boron/phosphorous elements capable of splitting small 

molecules were discovered in the mid-2000s by Power128 and Bertrand129. In 2005, Power 

discovered that digermyne, Ar’GeGeAr’ can react directly with H2 at room temperature and 

pressure to successfully activate the H-H bond and yield a mixture of digermene 

(Ar’HGeGeHAr’), digermane (Ar’H2GeGeH2Ar’) and a primary germane (Ar’GeH3), where the 
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percentage of these compounds in the reaction was dependent on the equivalence of H2 used128. 

Two years later, Bertrand reported that acyclic and cyclic (alkyl)(amino)carbenes could 

effectively split H2 and NH3. Mechanistic studies suggested that a nucleophilic attack by the 

carbene initiated the reaction, polarizing the H-H bond and allowing the hydridic hydrogen atom 

to transfer to the carbon atom. This mechanistic approach is in stark contrast to hydrogenation 

exhibited by late transition metal catalysts as they undergo electrophilic activation, followed by 

proton transfer129.  

These first examples of alternative elements capable of splitting small molecules have 

suggested new opportunities for expansion to the scope of frustrated Lewis pair catalysis. With 

these successes, there has been a push for element diversity in FLPs specifically group 13-16. A 

variety of FLPs are being developed in an attempt to try to circumvent the problems associated 

with the fluoroaryl borane FLPs and to expand the chemical reactivity potential of the field3,109.  

Lewis acids have been chosen based on electron poor elements in group 13 and 14 such as 

Al130,131 and Si132. Examples of these compounds are shown in Scheme 31.   

 

Scheme 31 Examples of alternative Lewis acids2 
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The most successful Lewis bases other than phosphorus containing bases are a variety of 

nitrogen containing bases (2,6-lutidine, amines and enamines), as well as ylides. Ylides have the 

potential to be excellent Lewis bases for FLP chemistry, as they are more basic than many other 

sterically hindered Lewis bases, including phosphines. Scheme 32 shows the intermolecular 

carbodiphosphorane ylide and B(C6F5)3 FLP capable of splitting H2, Si-H, lactone and 

phenylacetylene133.  

 

Scheme 32 Applications of an intermolecular carbodiphosphorane ylide and B(C6F5)3 FLP2 

1.8.3 Carbon-Based Frustrated Lewis Pairs 

 Another large group of alternative frustrated Lewis pairs is group 14 carbon Lewis acids 

and bases3. The most obvious choice for a carbon atom replacement for B(C6F5)3 is the 

isoelectronic trityl cation, C(C6H5)3
+

 the result of the combination of trityl cation with two 

phosphine bases is shown in Scheme 33134. It was observed that when a non-bulky phosphine 

base, Me3P was combined with trityl cation, the Lewis acid and base formed a classic adduct as 
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the pair did not experience enough steric hindrance. However, when trityl cation was combined 

with a bulky phosphine, (iPr)3P, an FLP was again not produced. The bulky phosphine was 

unable to form an adduct with the center carbon but it was able to nucleophilically add to the para 

position of one of the phenyl rings. This type of reactivity was due to the inherent ability for the 

cationic charge of trityl cation to delocalize through the phenyl rings and be susceptible to 

nucleophilic attack. The resonance structures of the trityl cation are shown in Scheme 33134.  

 

Scheme 33 Above: reactivity of trityl cation with different phosphine bases. Below: 

resonance forms of trityl cation2,134 

Modification were made to the trityl cation in 2015 by Stephan et al.135 in which they 

synthesized the methoxy-derived salt [(MeOC6H4)CPh2][BF4] (1-17). Analysis of the crystal 

structure of this trityl cation displayed a trigonal planar orientation and reactivity studies showed 

that it was air stable, due to its inherent resonance. 1-17 was capable of performing Markovnikov 

hydrothiolation of 1,1- disubstituted and trisubstituted olefins under non-inert conditions at 50 oC 

and no need for further purifications of solvents or reagents (Table 2). However, 1-17 was unable 

to perform the hydrothiolation of furan, dihydrofuran or trans-stilbene likely due to the low 

Lewis acidity of the carbon center.  
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Table 2 Brief substrate scope of hydrothiolation reaction using [(MeOC6H4)CPh2][BF4] (1-

17)135
  

The combination of allene 1-18 and NHC 1-4 (Scheme 34)52,136 has led to the successful 

synthesis of an all carbon-based FLP. Unlike the trityl cation, the Lewis acid allene has an 

intrinsic charge separation, where the central carbon has a partial positive charge and a negative 

charge is delocalized on the fluorene rings, resonance structures are shown in Scheme 34. This 

zwitterionic nature of the allenes ensures that the molecule will not be susceptible to nucleophilic 

attack. Unfortunately, the Lewis acidity of these allenes is not large enough to split H2
137, 

however, the FLP was able to successfully split disulfide bonds (RS-SR) (1-19 Scheme 34)3. 

More work could be completed to increase the Lewis acidity of these allene by introducing 

electron withdrawing group substituents.  
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Scheme 34 Above: resonance structures of allene (1-18) Below: activation of disulfide bond 

using allene (1-18) and NHC (1-4)52,136 

 Still more research must be completed to synthesize FLPs that achieve the high 

efficiencies of transition metals. For example the Crabtree’s Ir catalyst ([Ir(cod)PCy3(py)]PF6) at 

0 oC in dichloromethane has a TOF of 6400 h-1 and 4000 h-1 for the hydrogenation of hexene and 

tetramethyethylene, respectively138. A Ru catalyst ([RuHCl(PPh3)3]) has a TOF of 9000 h-1 at 25 

oC in benzene for the hydrogenation of hexene138. Additionally, Morris et al. developed a highly 

efficient Fe catalyst for the hydrogenation of ketones and imines, ([Fe(PR2-CH2NH-

PPh2)(H)(CO)(OR’”)]. At 50 oC in tetrahydrofuran this Fe catalyst can achieve TOF of 2000 h-1 

139. By comparison, the FLP [2-dimesitylphosphino)ethyl]bis(pentafluorophenyl)borane] is 

capable of hydrogenating tert-butylbenzaldime at 25 oC and under 13.8 bar of H2 gas with a TOF 

of 66 h-1 140. Although, the efficiencies of FLPs are not yet competitive with transition metals, 

FLPs offer the sustainability of main group elements and utilize mild experimental conditions for 

greener and cheaper industrial processes.  
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1.9 Research Outlook  

In the last decade, the field of main group chemistry has flourished. Environmental 

concerns are likely to become more urgent in the future, increasing interest and research into 

main group catalysis. The use of frustrated Lewis pairs as catalysts for hydrogenation and 

hydrosilylation reactions has been extremely important for the chemical community2,3,41,89. As 

highlighted in this chapter, FLP catalysis offers an alternative to the expensive, toxic and non-

environmentally friendly transition metal catalysts. However, the popular main group, frustrated 

Lewis pairs comprising of phosphorous containing bases and highly fluorinated aryl boranes, do 

not meet the requirements for robust, larger-scale, sustainable industrial processes, as they offer 

synthetic challenges, are unstable to air and moisture and do not have a large functional group 

tolerance58,88,108.  

Research has been ongoing to find alternatives to the highly fluorinated Lewis acids. The 

Ingleson group has discovered Lewis acid pyridinium based salts capable of activating H2 and 

catalyzing the hydrosilylation and hydroboration of imines141. The details of these pyridinium 

based salts will be discussed in the next chapter.  

It is the purpose of this thesis to further investigate the potential carbon-based alternative 

Lewis acids for FLP-type reduction catalysis. Pyridinium-based salts will be used as the Lewis 

acid catalysts108,141–143. Specifically, we are interested in developing N-aryl Hantzsch ester (HE) 

pyridinium derivatives (1-20) (Scheme 35). HE complexes have the ability to reversibly undergo 

oxidation (producing 1-20) and reduction (producing 1-21). This unique characteristic allows then 

to be effective models for the oxidation and reduction pathway of the biological NAD+/NADH 

systems144 (Scheme 35). They have also been used in the literature as hydrogen sources for 

transfer hydrogenation reactions, when paired with an organic phosphoric acid catalyst145. We 

aim to utilize the reversibility of the oxidation/reduction pathway of these HE pyridinium salts, 
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such that they can be used as Lewis acids to activated dihydrogen and donate this hydride to the 

desired unsaturated compound.  

 

Scheme 35 Oxidation and reduction pathway of N-aryl Hantzsch ester derivatives (1-20 and 

1-21) 

If this hypothesis is successful we hope to synthesize and develop a library of N-aryl 

Hantzsch ester pyridinium derivatives (1-20).  The catalytic activity of these derivatives will be 

assessed, by means of Lewis acidity and hydride ion affinity (HIA) studies. The most active 

variants will be used for FLP-type hydrosilylation and hydrogenation of imines and carbonyl 

containing compounds and these catalytic procedures will be optimized (Scheme 36).  

 

Scheme 36 FLP-type reduction of an unsaturated bond using an N-aryl Hantzsch ester 

pyridinium derviative (1-20) as the Lewis acid 

The main objectives of this thesis are as follows:  

1. Synthesize N-aryl Hantzsch Esters (1-21) and their pyridinium salts (1-20) and assess 

the potential of the pyridinium salts as catalysts  

2. Use these N-aryl Hantzsch Ester pyridinium salts (1-20) as catalysts for the 

hydrosilylation and hydrogenation of unsaturated compounds 
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Chapter 2 

Progress Towards Pyridinium-Based Lewis Acid Salts for Frustrated 

Lewis Pair-Type Hydrosilylation and Hydrogenation Catalysis 

2.1 Introduction  

As illustrated in the previous chapter, the most frequently used Lewis acids in FLP 

reduction catalysis are highly fluorinated aryl boranes, in particular, B(C6F5)3
2,3. Unfortunately, 

the use of B(C6F5)3 and its derivatives is not without some clear disadvantages: B(C6F5)3 is 

expensive, challenging to modify synthetically and highly oxophilic58,88,108. The extreme 

oxophilicity is particularly problematic since traces of water or oxygen containing functional 

groups will negatively impact the catalytic activity of the fluoroaryl boranes58,88,108. Aluminum, 

silicon and phosphorous-centered Lewis acids have been considered as potential alternatives to 

B(C6F5)3
3,130–132,146–148. However, in most cases, these alternatives are also oxophilic and the 

hydride delivery step from the Lewis acid intermediates to the desired substrates is typically quite 

challenging, due to the large hydride ion affinity (HIA) of these Lewis acids129. Thus, there is a 

need for further research into development of air and moisture stable, synthetically accessible, 

and less expensive metal-free Lewis acids for FLP catalysis.   

Pyridinium-based salts would fit these requirements141,142. These salts are carbon-based, 

considerably easier to prepare than the highly fluorinated boranes and are typically air and 

moisture stable141,142. Pyridinium salts and their corresponding dihydropyridines, produced from 

H2 activation, have been used as models of the oxidation and reduction pathway of NADH/NAD+ 

systems (Scheme 37), in which the dihydropyridines can act as hydrogen sources for the 

reduction of organic electrophiles144. This bio-inspired behavior of the pyridinium-based salts 

offers an advantage over more moisture and functional-group sensitive catalysts, since 
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pyridinium-based salts are expected to operate as Lewis acids under physiological conditions, 

such as near ambient temperature, neutral pH, and non-inert conditions144. 

 

Scheme 37 Interconversion of NADH and NAD+144  

One of the first examples of a pyridinium-based Lewis acid, N-methylacridinium salt 2-1+ 

(Scheme 38), was reported in 2014 by Ingleson et al. for use in FLP reduction catalysis141. This 

pyridinium-based salt was described as an air and moisture stable Lewis acid that was easy to 

synthesize149,150. Additionally, it was experimentally observed that 2-1+ had a low tendency to 

form a bond with H2O. Calculations of the hydride ion affinity (HIA) of 2-1+ predicted a larger 

negative value of -53.3 kcal/mol when compared to the HIA of B(C6F5)3, -41.0 kcal/mol141, 

suggesting that H2 activation would be a thermodynamically favoured process.  

Since hydride ion affinity refers to the enthalpy (Ho) of the reaction shown in Equation 

1, using Et3B as the reference, HIA can be used as a measure of stability for the cation, such that 

a large negative HIA implies a less stable cation120. It should be noted that the predicted HIAs are 

dependent on the particular Lewis acid used as the reference.  

 

Equation 1 
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The low oxophilicity and large HIA of 2-1+ suggests that it could be an active pyridinium 

Lewis acid for FLP-type reduction catalysis. The dihydrogen activation potential of 2-1+ was 

tested by combining 2-1+ with a strong Lewis base, 2,6-lutidine (2-2) in 1,2-dichlorobenzene at 

100 oC under H2 pressure. After 23 h, dihydrogen activation was observed (Scheme 38). 

 

Scheme 38 Dihydrogen activation by N-methylacridinium salt (2-1+) tetra(3,5-

dichlorophenyl) borate and 2,6-lutidine (2-2)141 

A stoichiometric combination of imine 2-3 with catalyst 2-1+ resulted in slow activation 

of dihydrogen (H2, 4 atm) at 100 oC, only reaching 25% conversion to the desired amine in 72 

hours (Table 3, entry 1). Although dihydrogen activation was possible when combining 2-1+ and 

imine 2-3, the inherently high predicted HIA for 2-1+ likely prevented it from being an effective 

reductant such that catalytic hydrogenation was not possible141. Catalytic hydroboration and 

hydrosilylation of many imines 2-(3, 4a, 5, 6) using 2-1+ (5 mol%) were successful, however high 

temperatures were required (Table 3).  
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Table 3 Reduction of aldimines using N-methylacridinium (2-1+) tetra(3,5-dichlorophenyl) 

borate141 

  

When compared to B(C6F5)3, 2-1+ possesses a lower binding affinity for nitrogen Lewis 

bases, which limits the occurrence of adduct formation with non-bulky imine 2-6. Thus, when 5 

mol% of 2-1+ was used in the hydrosilylation of 2-6, only moderate conversion to the desired 

amine was observed (45%, Table 3, entry 7)141.  

In an attempt to produce a carbon-based Lewis acid with a lower HIA, Ingleson 

employed N-methyl-benzothiazolium salts as Lewis acids for FLP-type chemistry108. When 

compared to Et3B, the HIA of N-methyl-2-phenylbenzothiazolium, 2-7+ was calculated to be -

45.0 kcal/mol108, significantly smaller than 2-1+, -53.3 kcal/mol108. This smaller value for 2-7+ 

suggested that the hydride delivery step in the catalytic reduction cycle may be more facile for N-

methyl-benzothiazolium salts when compared to 2-1+. 
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The Lewis acidity of 2-7+ was initially studied by the Gutmann-Beckett test. 

Unfortunately, only a small downfield shift in the 31P NMR spectrum was observed ( = 4.4 

ppm).  This observation suggested that 2-7+ was not reactive with hard Lewis bases such as 

Et3PO, which was employed in the Gutmann-Beckett test. Thus, an alternative method was 

required to determine the experimental HIA of 2-7+ (Scheme 39).  

  

Scheme 39 Experimental HIA testing of N-methyl-2-phenylbenzothiazolium (2-7+)108 

It was observed that when 2-7 was combined with B(C6F5)3 (HIA = -41.0 kcal/mol)108
 

(Scheme 39, right), the hydride was abstracted by the stronger Lewis acid, B(C6F5)3, however 

when 2-7 was combined with BPh3 (HIA = -10.5 kcal/mol)151 (Scheme 39, left) no hydride 

transfer was observed. These observations suggest that the experimental HIA of 2-7+ (-45.0 

kcal/mol)108 is intermediate between B(C6F5)3  and BPh3.  

 Subsequently, the activity of 2-7+ as a small molecule activating agent was tested and the 

results are depicted in Scheme 40. When 2-7+[BPh4
-] or 2-7+[BArCl-] was combined with a strong 

Lewis base (tBu3P or Verkade’s base152) and 4 atm of H2 gas, no dihydrogen activation was 

observed (Scheme 40, right). However, when 2-7+[BPh4
-] or 2-7+[BArCl-] was combined with a 

mixture of Et3SiD and PhMe2SiH and heated to 80 oC in acetonitrile or 60 oC in dichloromethane, 

H/D scrambling was observed (Scheme 40, left). This suggests that 2-7+[BPh4
-] and 2-7+[BArCl-] 

are capable of activating the Si-H bond. Consistent with this result (Scheme 40), 2-7+ proved to 

be an active catalyst (5 mol%) for the hydrosilylation of aldimines and carbonyl compounds 

(Table 4)108.  
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Scheme 40 Attempts at activation of H-H or H-Si bonds using N-methyl-2-

phenylbenzothiazolium (2-7+)108 

Table 4 Catalytic reduction of aldimines using N-methyl benzothiazolium salts [2-

7+][BArCl-]and [2-9+][BArCl-]108 

 

An alternative pyridinium-based salt, N-mesylated pyridinium salt, 2-10, was developed 

by Pfaltz et al. in 2015142. In the presence of LiHMDS, 2-10 could be deprotonated to produce an 

active pyridylidene intermediate, 2-11. In this case, the pyridylidene intermediate was a carbene-

like compound with the carbene carbon in the ortho position of the pyridinium ring (Scheme 41, 
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step 1). When exposed to 50 bar of H2 gas, addition of H2 to the pyridylidene 2-11 was observed, 

producing 2-12 (Scheme 41, step 2). 

   

Scheme 41 Proposed mechanistic pathway of pyridinium 2-10/pyridylidene 2-11 toward H2 

activation142 

Pyridinium 2-10 was reported to catalyze the hydrogenation of imine 2-13 to amine 2-14 

using stoichiometric base (Table 5, entries 1-3). However, sub-stoichiometric amounts of base led 

to less reproducible results (Table 5, entry 5). A control reaction with excess LiHMDS in the 

absence of pyridinium catalyst showed no conversion to the desired amine (Table 5, entry 4). 

However, after many attempts to reproduce this mechanistic control reaction, two years after the 

original publication, Pfaltz reported143 that under carefully controlled conditions, LiHMDS was 

capable of fully reducing 2-13 to the desired amine without the pyridinium 2-10, in a purely base-

mediated process. Moreover, there is precedent in the literature for base-mediated hydrogenation, 

reported by Walling and Bollyky in 1964153. In this case, the base, tBuOK could catalyze the 

hydrogenation of benzophenone utilizing a heterolytic H2 activation pathway153,154. 
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Table 5 Catalytic hydrogenation of imine 2-13 using N-mesylated pyridinium salt 2-

10(a)142,143 

 

 Thus to date, there are no examples in the literature where pyridinium-based salts have 

provided a competitive alternative to the most successful boron-centered Lewis acids. However, 

the desirable characteristics of these pyridinium-based salts still offer the potential for an active 

carbon-based moisture and air stable catalyst. Accordingly, in an attempt to find a more suitable 

pyridinium-based Lewis acid, the predicted HIAs of a variety of pyridinium salts were compared 

and are provided in Table 6. These HIAs were obtained from computational calculations relative 

to Et3B completed by Dr. Patrick Eisenberger155 and Ingelson et al.141. 
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Table 6 Calculated hydride ion affinities (HIA) of a variety of pyridinium salts 

 

Comparison of the predicted HIAs suggests that H2 bond activation by N-arylated 

Hantzsch ester (HE) pyridinium derivatives 2-(15-18) should be a thermodynamically viable 

process when compared to B(C6F5)3.  Moreover, the HIAs of these pyridinium derivatives are 

large enough such that H2 activation should be possible but small enough that hydride donation 

from the Lewis acid to the substrate is probable.  

Bio-inspired developments144,145,156,157 in the field of organocatalysis have led to the 

discovery of highly active chiral Brønsted acid phosphate catalysts that, when combined with 

NADH analogues (such as HE (2-17, 2-19)), are capable of enantioselective reduction of ,-

unsaturated aldehydes158, ,-unsaturated ketones159 and imines160,161, as well as reductive 

aminations145,162.   
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Moreover, HEs are able to donate a proton/hydride from their N-H and C4-H positions, 

respectively and reduce substrates, two desirable characteristics for Lewis acid FLP 

hydrogenation catalysts. Thus, we hypothesized that N-aryl HE pyridinium derivatives could be 

utilized as Lewis acid catalysts for FLP-type reductions.  Preliminary research completed by Dr. 

Patrick Eisenberger155 demonstrated that 10 mol% of N-phenyl HE pyridinium salt (2-20+) is 

capable of slowly hydrosilylating aldimine 2-3 under comparatively mild conditions (Scheme 42). 

After 4 days, silylated amine 2-21 was generated in 90% conversion. 

   

Scheme 42 Preliminary catalytic hydrosilylation using N-phenyl HE pyridinium salt (2-20+) 

Observation of this proof-of-principle result provided evidence that N-aryl HE 

pyridinium reduction catalysis could be possible. Throughout the course of the reaction, the 

reduced form of the pyridinium cation (N-phenyl HE, 2-20) was not observed in the 1H NMR 

spectra. This suggests that the H-Si bond activation is the turnover limiting step, such that once 

activation occurs, the hydride can be quickly delivered to the imine to complete reduction. 

Therefore, we hypothesized that while the HIA of 2-20+ might be sufficient, the Lewis acidity 

was likely too weak. As a result, I embarked on developing a more strongly Lewis acidic 

derivative of the N-aryl HE pyridinium, N-(4-trifluoromethyl) phenyl HE pyridinium (2-22+), and 

optimizing reaction conditions for the hydrosilylation.  

2.2 Results and Discussion 

2.2.1 Synthesis of N-Aryl Hantzsch Ester Pyridinium Salts (2-20+, 2-22+)  

We first examined the synthesis and purification of N-(4-trifluoromethyl) phenyl HE 
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pyridinium (2-22+). This HE derivative was chosen due to its larger HIA and postulated higher 

Lewis acidity, when compared to 2-20+, attributed to the 4-trifluoromethyl group. The synthesis 

of the pyridinium precursor, N-(4-trifluoromethyl) phenyl HE (2-22) is based on a report by 

Singh et al.163 (Scheme 43).  

 

Scheme 43 First attempted preparation of N-(4-trifluoromethyl) phenyl Hantzsch ester 2-22 

In the first step of the synthesis, 3-aminopropanol (2-23a) was combined with 

formaldehyde (2-24a) in a condensation/cyclization reaction to produce 1,3-oxazinane (2-25a) in 

63% yield. The second step involved the combination of 4-trifluoromethylaniline (2-26a) and 

ethylacetoacetate (2-27) followed by the addition of acetic acid to produce the condensation 

product ethyl-3-(4-trifluoromethylphenylamino)crotonate (2-28a), 20% yield. Acetic acid was 

then used in the final step to promote the attempted cyclization of 2-25a and 2-28a to produce the 

desired 2-22.  



 

54 

 

Although the procedure was effective, isolation of 2-22 proved challenging. Neither 

column chromatography, sublimation, recrystallization nor trituration were successful. In an 

effort to overcome the issues associated with purification, we embarked on a search for an 

alternative synthetic pathway that would be simpler, more direct and produce a cleaner product.   

 We hypothesized that a modular synthetic approach to 2-22 would involve C-N coupling 

techniques. Structural diversification would be achieved in one simple step from the 

commercially available Hantzsch ester (2-19). A comprehensive literature search provided two 

possible C-N coupling techniques, the Chan Lam164 and the Goldberg165 reactions.  

The Chan Lam reaction involved the use of stoichiometric Cu(OAc)2 in combination with 

a base, the desired organic boronic acid (2-29) and 2-19, under ambient conditions (Scheme 

44)164. This was unsuccessful as it yielded the oxidized form of the HE (HE pyridine, 2-31) and 

no desired product. 

 

Scheme 44 Chan Lam coupling reaction 

For the second attempt at C-N coupling, we utilized the Goldberg reaction164. This is a 

similar coupling technique to Ullman coupling166 but involves C-N coupling instead of a C-C 

coupling process. Again, a copper complex was required to promote this reaction, however a 

catalytic amount and different oxidation state, Cu (I) iodide were used. Two attempts of the 

Goldberg reaction were completed under different conditions using 10 mol% CuI, a base, 2-19 

and the desired organic halide (2-30) (Scheme 45). Both attempts of the reaction were completed 
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in an argon-purged, flame-dried pressure tube, ensuring an air and moisture free environment. 

Unfortunately, both attempts were unsuccessful as starting material and oxidized HE (2-31) were 

identified and no desired product was produced.  

 

Scheme 45 Reaction conditions for attempted Goldberg coupling  

We then turned to an N-arylation method reported by You, Gao et al.167 This coupling 

technique involved the combination of a nitrogen source, HE pyridine (2-31) and an arylating 

agent, diaryliodonium salt (2-32) with catalytic CuSO4 in N,N-dimethylformamide at 100 oC 

(Scheme 46). If successful, this reaction would yield the desired 2-22+ directly, instead of 

producing the 2-22 precursor.  However, all attempts of N-arylation were unsuccessful. 

 

Scheme 46 Proposed N-arylation using Hantzsch ester pyridine (2-31) 
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 With the failed attempts to produce 2-22, I then embarked on the synthesis of N-phenyl 

HE (2-20), which had been previously synthesized and isolated by a past group member168, 

without optimization of the purification. The synthesis of 2-20 was quite similar to 2-22; 

however, 3-phenyloxazolidine (2-25b) was used instead of 1,3-oxazinane (2-25a) in combination 

with ethyl-3-(phenylamino)crotonate (2-28b) to yield 2-20. The detailed synthetic pathway and 

respective yields are shown in Scheme 47.  

 

Scheme 47 Synthetic procedure for N-phenyl Hantzsch ester (2-20) 

Attempts to purify 2-20 employing silica gel column chromatography led to 

decomposition of 2-20, likely due to a sensitivity to acid. As a result, recrystallization of the 

crude mixture was attempted using a minimum amount of ethyl acetate and an excess of cold 

pentane at -25 oC, which yielded 2-20 as red needle-like crystals in 36% yield. Utilizing the same 

procedure for 2-20, the synthesis of 2-22 was revisited, employing 2-25b as the one carbon 

source instead of 2-25a and the reaction time for the final step was decreased from 3 days to 3.5 h 

(Scheme 48).   
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Scheme 48 Revised synthetic procedure for N-(4-trifluoromethyl) phenyl Hantzsch ester (2-

22) 

With help from Dr. Luiza Freitas, a postdoctoral fellow in the group, purification of 2-22 

was accomplished by silica gel column chromatography however, some decomposition of the 

product occurred, which could be removed by recrystallization at -25 oC. This procedure provided 

thin needle-like orange crystals of 2-22 in 21% yield.  

The final step of the synthesis of both N-aryl HE pyridinium salts involved the use of the 

trityl cation [Ph3C][B(C6F5)4], as a hydride abstracting agent to produce the active pyridinium 

salt. Trityl cation has a large HIA = -75.3 kcal/mol141 allowing it to be a very effective hydride 

abstracting agent114,169. Thus, hydride abstraction from the C4 position of N-aryl HE derivatives 2-

20 and 2-22 was accomplished using [Ph3C][B(C6F5)4], producing the desired HE pyridinium 

salts (2-20+ and 2-22+) and Ph3CH (Scheme 49). Rather than isolate the cation, we chose to 

generate the N-aryl HE pyridinium salts in situ in the catalytic hydrogenation or hydrosilylation 

of various substrates114.  
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Scheme 49 Hydride abstraction reaction to produce N-aryl Hantzsch ester pyridinium salts 

2-(20+, 22+) 

2.2.2 Hydrosilylation Studies Using N-Phenyl Hantzsch Ester Pyridinium (2-20+) 

To test the catalytic potential of the N-arylated HE pyridinium family, we first attempted 

the hydrosilylation of a ketimine using 2-20+ as the Lewis acid catalyst. Hydrosilylation was used 

as the benchmark reduction reaction since the H-Si bond energy is 90 kcal/mol compared to the 

H-H bond energy of 103 kcal/mol, making it a more facile bond to activate65.  

The first reaction tested was the hydrosilylation of ketimine 2-33. Ketimines are more 

difficult substrates to reduce relative to aldimines because of an increase in steric bulk at the C-

position of the imine. Ketimine 2-33 was chosen due to its intermediate steric bulk and relativity 

neutral electronic properties. In the glove box, 2-20+ (25 mol%) was combined with 1.6 eq. of 

phenyl silane and 1.0 eq. of 2-33. The results of this study are presented in Table 7. 
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Table 7 Initial catalytic hydrosilylation of ketimine 2-33 with pyridinium 2-20+ 

   

Under a variety of conditions (see Table 7, entry 1-3), no desired product was observed 

despite the complete conversion of starting material. With increased reaction time (Table 7, entry 

4) a small amount of desired product was produced at 65 oC. These preliminary attempts to 

perform a catalytic hydrosilylation of 2-33 using 2-20+ provided two key observations: firstly, 

there was always an induction period before any starting material was consumed; and secondly, 

complex reaction mixtures were always observed with minimal desired product.  

We also examined the catalytic activity of 2-20+ for the hydrosilylation of aldehydes. 

These carbon-oxygen double bonds have been challenging substrates to reduce for the oxophilic 

boron Lewis acids, as the boron Lewis acids form adducts with the oxygen atom and limit 

catalytic turnover89. Results are presented in Table 8. Similar to the results with ketimines, no 

catalytic hydrosilylation occurred but the aldehyde substrates were fully consumed in all cases 

but one and complex 1H NMR spectra were observed. 
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Table 8 Catalytic hydrosilylation of aldehydes using 2-20+ 

 

2.2.3 Control Reactions and Lewis Acidity Studies  

In an effort to understand the results from the previous section, several control reactions 

were carried out. The first control reaction performed involved testing the pyridinium 2-20+ for 

thermal stability. Initially, 2-20 was combined with [Ph3C][B(C6F5)4] to abstract a hydride and 

generate 2-20+ in situ.  This mixture was then heated to 85 oC for four days in dichloroethane 

(Scheme 50). No change to the reaction mixture was observed over this time by 1H NMR 

spectroscopy, leading to the conclusion that the pyridinium salt 2-20+ was stable to moderate 

heating.   

 

Scheme 50 Thermal stability of 2-20+ 
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 The second control reaction performed involved combining an imine (2-3 or 2-33) with 

phenyl silane in dichloromethane and heating the mixture to 65 oC (Scheme 51). This experiment 

was performed to probe the possibility of background hydrosilylation or decomposition of the 

imines under the reaction conditions. Neither reaction nor decomposition were observed.  

 

Scheme 51 Study of background hydrosilylation and decomposition of imine substrates 

 In a third control reaction (Scheme 52), imine 2-4a was combined with [Ph3C][B(C6F5)4] 

and phenyl silane in dichloromethane and heated to 65 oC. This reaction was performed to assess 

whether trityl cation was initiating the reaction and propagating silylium catalysis. It was 

observed by 1H NMR spectroscopy that Ph3C
+ was able to abstract a hydride from phenyl silane 

producing Ph3CH, however, silylium cation species were not observed by 29Si NMR 

spectroscopy. Despite the likely generation of silylium ions, the silylated amine was not observed 

in solution, suggesting that silylium catalyzed hydrosilylation is not occurring. The reported 

instability of silylium cations in dichloromethane, which are quenched by chloride ions to 

produce R3SiCl is likely responsible for this result89.  

 

Scheme 52 Control reaction of trityl cation promoted hydrosilylation of imine 2-4a in 

dichloromethane 

 The final control reaction involved combining 2-20+ with phenyl silane in 

dichloromethane at room temperature (Scheme 53). This reaction was carried out to determine if 

2-20+ was capable of directly abstracting a hydride from the silane, effectively producing silylium 
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cations. No reaction occurred in dichloromethane at room temperature, allowing us to conclude 

that 2-20+ was not capable of stoichiometric abstraction of a hydride from phenyl silane under 

these conditions. However, since Piers and Ingleson have shown that silylium generation is 

typically not observable in the absence of a species that can intercept the silylium ion, we 

performed a cross over experiment as described below105,108.  

 

Scheme 53 Hydride abstracting potential of 2-20+ with phenyl silane 

Following the procedure by Ingleson et al.141, 2-22+ was combined with Ph3SiH and 

Et3SiD in dichloromethane and the reaction was monitored by both 1H and 2H NMR (Scheme 54). 

In the 1H NMR recorded immediately after the reaction was set up, the peaks accounting for 

Ph3SiH and a very small septet were observed. The septet at 3.63 ppm was attributed to the Si-H 

resonance of Et3SiH, indicating that some H/D scrambling is taking place at a rapid rate. At the 

same time, in the 2H NMR spectrum a singlet was observed at 3.77 ppm, accounting for Et3SiD, 

however no peak was observed for Ph3SiD. Integration of the septet peak showed that at room 

temperature in dichloromethane, only 1.3% H/D scrambling was promoted by pyridinium 2-22+. 

While compared to Ingleson’s pyridinium salt 2-7+[BArCl-], no scrambling was observed 

between Et3SiD and Ph3SiH at 60 oC in dichloromethane for 24 h141. After 20 h, no changes were 

observed in the 1H and 2H NMR spectra for the 2-22+ scrambling experiment, with the exception 

of a new singlet present at 0.77 ppm in the 2H NMR spectrum that has not yet been identified. 

Thus, 2-22+ catalyzed hydrosilylation of imines may be possible, however the low level of H/D 

scrambling was a concern.  
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Scheme 54 H/D scrambling of triethyl silane and triphenyl silane using pyridinium 2-22+ 

In order to gain a better understanding of the Lewis acidity and specifically, the Lewis 

acidic site of the pyridinium salt, 1.1 eq. of 2-22+ was combined with 1.0 eq. of 4-

dimethylaminopyridine (DMAP), a strong Lewis base, yielding a yellow to red colour change 

(Figure 4). The 1H NMR spectrum (Figure 4) of pyridinium 2-22+ and DMAP displayed broad 

peaks for the CH2 and CH3 resonances, suggesting an equilibrium existing between the free Lewis 

acid, 2-22+ and free DMAP and the DMAP-Lewis acid adduct (2-37). Additionally, a CH3 

resonance for the methyl groups on the 2-22+ shifted from 2.6 ppm to 1.9 ppm, corresponding to a 

change from pyridinium salt 2-22+ to 2-37. These observations were consistent with the study 

performed by Ingleson et al.141 in which a dynamic equilibrium existed between frustrated and 

adduct form, such that DMAP resonances were less sensitive to this equilibrium. Therefore, the 

Lewis acid site is centered at the C4 position of the pyridinium 2-22+. This study confirms our 

hypothesis for the location of Lewis acidic site of the N-aryl HE pyridinium salts and suggests 

that these salts will undergo reduction and oxidation similarly to the NAD+/NADH model, 

respectively during the hydrosilylation and hydrogenation reactions.  
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Figure 4 1H NMR spectrum of DMAP and pyridinium 2-22+ 

Although these results suggest that the pyridinium salts should be capable of 

hydrosilylating imines, they did not provide insight into the mass balance or induction period 

issues and the H/D scrambling amounts were very small. 

2.2.4 Optimization of Catalytic Hydrosilylation Using N-Aryl HE Pyridinium Salts 

We thus returned to aldimine reactions focusing on less hindered systems and varying the 

electronics to determine whether or not there were subtle effects we missed in our previous 

studies, and to determine whether product decomposition was an issue, as this was not thoroughly 

investigated. 

Aldimines 2-3, 2-4b and 2-4c were chosen to probe the influence of steric and electronic 

factors on catalysis and to determine which pyridinium catalyst was the most active. 

Dichloroethane was used as the solvent to ensure that all reagents were soluble and 65 oC was 
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chosen as the temperature to promote Lewis acid reactivity (Scheme 55). In all experiments, an 

internal standard (1,3,5-trimethoxybenzene) was used to determine the in situ NMR yields. 

 

Scheme 55 General reaction course for activity comparison study 

Figure 5 depicts the reaction using 2-3 as the substrate, with the bulky tert-butyl group 

used to probe the influence of steric bulk on the reaction. Both pyridinium catalysts (2-20+ and 2-

22+) achieved 100% conversion of aldimine 2-3, with 65% and 73% yield, respectively of the 

silylated amine. Although, this was the first example of a significant amount of silylated amine 

being produced, a mass balance issue and induction period were clearly still occurring in these 

two reactions. The kinetic results from the hydrosilylation reactions of 2-3 with 2-20+ and 2-22+ 

(Figure 5) show that 2-22+ was faster.  
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Figure 5 Comparison of N-aryl HE pyridinium activity in the hydrosilylation of aldimine 2-

3  

Aldimines 2-4b (Figure 6) and 2-4c (Figure 7) were chosen to probe the effect of electron 

donating groups on the reaction. In these cases, full conversion of imine was achieved, however 

the silylated amine yield was roughly 60% in all cases, highlighting the issue of mass balance. 

Pyridinium 2-22+ was the most successful catalyst. 
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Figure 6 Comparison of N-aryl HE pyridinium activity in the hydrosilylation of aldimine 2-

4b 

 

Figure 7 Comparison of N-aryl HE pyridinium activity in the hydrosilylation of aldimine 2-

4c 
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Figure 8 displays the NMR yield of silylated amine (2-(21, 38b, 38c)) after 17 h for these 

six reactions, using an internal standard (1,3,5-trimethoxybenzene) as a reference. Overall, the 

most reactive substrate was aldimine 2-4b and for all three aldimines tested, pyridinium 2-22+ 

was more active than 2-20+. Although an obvious imperfect mass balance and induction period 

are occurring for all substrates tested, pyridinium 2-22+ was still able to achieve 62% yield of 

silylamine 2-38b. 

 

Figure 8 Comparison of N-aryl HE pyridinium activity in the hydrosilylation of three 

aldimines 2-(3, 4b, 4c) after 17 h  

 The reduction of less hindered N-substituted imines with boron-based Lewis acids is 

typically less efficient due to adduct formation between the product amine and the Lewis acid 

catalyst58,108. As mentioned previously (Table 4, entries 5 and 6), Ingleson’s N-methyl-

benzothiazolium salts (2-9+) were able to catalyze the hydrosilylation of the less hindered imines 

N-benzylidene-benzylamine (2-5) and N-benzylidene-methylamine (2-6), albeit slowly and only 
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achieving 43% and 22% conversion, respectively108. Thus, we probed steric requirements for 

imine hydrosilylation using N-aryl HE pyridinium salts by reacting methylated aldimine 2-6 with 

10 mol% of the two N-aryl pyridinium salts and 1.1 eq. of phenyl silane. The results from each 

catalyst are presented in Figure 9.  

 

Figure 9 Comparison of N-aryl HE pyridinium activity in the hydrosilylation of aldimine 2-

6 

Both reactions using aldimine 2-6 displayed an initial vibrant colour change from light 

yellow to dark red upon the combination of the pyridinium salt with 2-6 in solution, suggesting 

the formation of a charge transfer species or adduct between the pyridinium 2-(20+, 22+) and 2-6. 

At this time, the 1H NMR spectrum depicted very broad catalyst peaks, while the imine peaks 

remained the same and no desired product was observed. Over the course of the reaction a second 

colour change from dark red to a transparent orange/red was observed and after 43 h, roughly 

50% of the desired product was present for both pyridinium catalysts 2-(20+, 22+), while all of the 

substrate had been consumed.  

 To examine the influence of electron withdrawing groups on the imine hydrosilylation, 
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N-aryl pyridinium salts 2-(20+, 22+) were combined with 2-4d and phenyl silane in dichloroethane 

at 65 oC. The results of these two hydrosilylation reactions are presented in Figure 10.  

 

Figure 10 Comparison of N-aryl HE pyridinium activity in the hydrosilylation of aldimine 

2-4d 

In all the catalytic studies thus far, aldimine 2-4d was the only substrate to reach close to 

100% yield of silyl amine and the rate of reaction was much faster than any other substrate, such 

that only 2 h and 5 h were required for the hydrosilylation using pyridinium 2-22+ and pyridinium 

2-20+, respectively. The unexpected speed of these hydrosilylation reactions, likely due to the 

increased electrophilicity of the imine, resulted in limited data points. A more detailed kinetic 

study of aldimine 2-4d is presented later in this chapter. As observed previously, pyridinium 2-

22+ was more active than 2-20+.  

 We next carried out a silane optimization study. We began by varying the number of 

equivalents of silane (1.1, 1.6 and 3.0 eq.) used in the hydrosilylation of aldimine 2-4b with 2-22+ 

as the catalyst. As shown in Figure 11, 1.1 eq. of silane resulted in the highest conversion in the 
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shortest amount of time.  

 

Figure 11 Comparison of silanes equivalence on the hydrosilylation of aldimine 2-4b using 

pyridinium 2-22+ 

 Despite the fact that imine 2-4d reacted quickly by comparison to other substrates, 

typically the N-aryl HE pyridinium-catalyzed hydrosilylation reactions we have examined thus 

far, have been characterized by mass balance issues and are often characterized by an induction 

period. In an attempt to speed up catalysis and limit the occurrence of an induction period, we 

examined the effect of Lewis base additives, which are known to facilitate Si-H or H-H bond 

cleavage53,170. Using 1.0 eq. of aldimine 2-4a, 1.0 mol% of pyridinium 2-22+ and 1.1 eq. of phenyl 

silane in dichloromethane at room temperature, the following additives were tested at 10 mol% 

loading: 1,4-diazabicyclo[2.2.2]octane (DABCO), tricyclohexylphosphine, 

tetramethylethylenediamine (TMEDA), phenanthroline, triphenylphosphine, di(1-adamantyl)-n-

butyl phosphine and 2,6-lutidine. Unfortunately, in all cases no hydrosilylation occurred and a 

vibrant light yellow to red colour change was observed for most of the additives tested. Again, the 

observation of this colour change is suggestive of the formation of a charge transfer species or an 
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adduct between pyridinium 2-22+ and the Lewis base additive, which may inhibit catalysis.  

We next optimized the solvent. The results of this solvent optimization study are 

presented in Figure 12, which highlights NMR yield (%) of silyl amine in various solvents after 

3.5 h, with reference to 1,3,5-trimethoxybenzene as the internal standard. It is clear from this 

study that 1,4-dioxane was the most effective solvent and was not characterized by an obvious 

induction period.  

 

Figure 12 Bar graph representation of solvent study of the hydrosilylation of aldimine 2-4b 

using pyridinium 2-22+ in various solvents. 

The use of a Lewis basic solvent for FLP reduction catalysis using boron-based catalysts 

has been described by Stephan126 and Ashely127 employing ethereal solvents such as diethyl ether, 

1,4-dioxane and even tetrahydrofuran.54 Initial attempts to optimize the catalysis while using 1,4-

dioxane as the solvent were completed by varying the solvent and catalyst loading in the reaction 

of aldimine 2-4d catalyzed by pyridinium 2-22+ (Table 9).  
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Table 9 Study of hydrosilylation of aldimine 2-4d using pyridinium 2-22+ while varying 

solvent and catalyst loading 

 

As expected, reaction times increased at lower catalyst loadings and induction periods 

were also observed when the catalyst loading was dropped (entries 2 and 4). Remarkably, when 

using 1 mol% of 2-22+ in 1,4-dioxane at room temperature, the reaction was complete in less than 

10 minutes (entry 3).   

In order to gain a better understanding of the functional group tolerance of the reaction, 

2-22+ was employed as the catalyst for the hydrosilylation of a variety of aldimines with different 

functional groups. The catalytic reactions involved the combination of 1 mol% of 2-22+ with 1.1 

eq. of phenyl silane and 1.0 eq. of the respective imine in 1,4-dioxane at room temperature, 

followed by column chromatography to isolate the product either as the free amine, or as the 

acetamide if required (Scheme 56). 
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Scheme 56 Substrate scope for the hydrosilylation of aldimines using pyridinium 2-22+ 

isolated yields are given in parentheses and times represent full conversion   

As can be seen in Scheme 56, pyridinium 2-22+ is able to catalyze the hydrosilylation of 

many functionalized aldimines. It should be noted that substrates -C(O)OMe (2-40g) and -OMe 

(2-40c) were sparingly soluble in 1,4-dioxane, which had a detrimental effect on the reaction rate. 

The use of 1,4-dioxane as a solvent resulted in quantitative NMR yields for all substrates, solving 

the issue of mass balance. However, in most of these cases an unexplained induction period was 

still observed.  
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Due to the extraordinary speed of the reaction with aldimine 2-4d, control reactions were 

re-evaluated specifically for this substrate (Scheme 57). As shown, after 14 days no reaction was 

observed between phenyl silane and 2-4d in 1,4-dioxane ruling out the possibility of uncatalyzed 

hydrosilylation with this substrate.  

 

Scheme 57 Background control reaction in 1,4-dioxane 

2.2.5 Investigations into the Induction Period  

In order to understand the source of the induction period, we began by examining the 

effect of 1,4-dioxane concentration on the reaction. Table 10 displays the results from two 

hydrosilylation experiments that were completed using a 1:1 ratio of 1,4-dioxane to 

dichloroethane or dichloromethane (entry 2 and 3).  

Table 10 Analysis of 1,4-dioxane concentration used for hydrosilylation of 2-4a using 

pyridinium 2-22+ 

 

As shown in entry 2 and 3, it was observed that decreasing the concentration of 1,4-

dioxane slowed the reactions, such that the reaction time was increased to 5 h when 1,4-dioxane 



 

76 

 

and dichloroethane were used and to 2 h when 1,4-dioxane and dichloromethane were used. 

Subsequent reactions were carried out with a 1:1 ratio of 1,4-dioxane to dichloromethane to 

ensure that the reaction was not completed too quickly and to guarantee that it could be 

effectively monitored by 1H NMR spectroscopy.  

Postdoctoral fellow Dr. Luiza Freitas assisted in a wide study of aldimine 

hydrosilylations in the hopes of gaining a better understanding of the induction period. As shown 

below (Table 11), all the aldimines tested displayed an induction period, with the exception of 2-

4h, which did not show any reactivity. The results from the reaction in entry 1 using aldimine 2-

4d are graphically represented in Figure 13. 

Table 11 Kinetic study of hydrosilylation of a variety of aldimines using pyridinium 2-22+ 
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Figure 13 Kinetic study of hydrosilylation of aldimine 2-4d by pyridinium 2-22+. 

The speed of the reaction after the induction period was concerning since we did not 

believe the N-aryl HE pyridinium-based catalysts would display such fast kinetics. Thus, we 

examined the reaction for the possibility of autocatalysis, in which the product catalyzes its own 

production. To test this hypothesis, Dr. Freitas extracted 12 L of the crude reaction mixture 

(reaction 1, Scheme 58), which accounted for roughly 2 mol% of the silyl amine product (2-38d) 

and added this aliquot to a new reaction (reaction 2) utilizing identical experimental conditions 

(Scheme 58). 
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Scheme 58 Testing autocatalysis 

Reaction 1 took 2 h to reach completion with a 1 h induction period (Table 9, entry 4). 

With the addition of the aliquot of the crude reaction mixture, reaction 2 (Scheme 58) took only 

40 min to reach completion and displayed no obvious induction period. This observation suggests 

that some type of autocatalysis was occurring in the reaction. A full kinetic analysis of additives, 

including amine 2-40d (green), silyl amine 2-38d (red), and addition of crude aliquot (blue) on 

the hydrosilylation of 2-4d is presented in Figure 14.  

The addition of 2 mol% of the product amine (2-40d) to a hydrosilylation reaction 

resulted in an increase in the reaction time from 2 h (no additive) to 2.5 h (with additive), and an 

induction period was observed, suggesting that 2-40d may inhibit conversion (Scheme 59 and 

Figure 14 (green)).  
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Scheme 59 Influence of amine additive 2-40d on hydrosilylation of imine 2-4d using 

pyridinium 2-22+  

 As amines are not direct products of the reaction, we then examined the effect of adding 

the silylated amine (pure silyl amine Figure 14 (red) or crude mixture Figure 14 (blue)). In both 

cases no induction period occurred and a shorter reaction time was observed. 

 

Figure 14 Kinetic study of different amine additives on hydrosilylation of aldimine 2-4d 



 

80 

 

 The remarkable influence of silyl amine additive on the rate of hydrosilylation lead us to 

conduct two more control reactions. Firstly, we tested the ability of 2-38d to catalyze the 

hydrosilylation itself, we combined 2 mol% of 2-38d with 1.0 eq. of 2-4d and 1.1 eq. of phenyl 

silane in 1,4-dioxane at room temperature (Scheme 60). After 15 h, no reaction occurred, leading 

us to conclude that 2-38d was not acting as the catalyst.  

 

Scheme 60 Silyl amine 2-38d control reaction 

The second control reaction completed involved the combination of 1 mol% of 

[Ph3C][B(C6F5)4], 1.0 eq. of 2-4d and 1.1 eq. of phenyl silane in 1,4-dioxane at room temperature 

(Scheme 61). Remarkably, this reaction was completed in 10 minutes, the same amount of time 

required when 1 mol% of 2-22+ was used under the same conditions. As a reminder, pyridinium 

2-22+ was generated in situ from the combination of [Ph3C][B(C6F5)4] and 2-22 and this reaction 

mixture was then used for catalysis directly. These facts lead to the conclusion that trace amounts 

of Ph3C
+ present in the reaction due to imperfect stoichiometry may in fact catalyze the reaction. 

Note that this control reaction was previously conducted, but in dichloromethane as a solvent 

(Scheme 52). The effect of solvent on the viability of a silylium pathway is significant since 

chlorinated solvents will eliminate any silylium catalysis but 1,4-dioxane will not. Furthermore 

there is evidence in the literature that Ph3C
+ can initiate silylium catalysis by hydride abstraction 

from silanes169,171,172. Therefore, the results from this control reaction (Scheme 61) provide 

evidence that the N-aryl HE pyridinium salts may not be the active catalyst for the hydrosilylation 

of aldimines in 1,4-dioxane, but rather these reactions may be catalyzed by silylium species.  
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Scheme 61 Trityl cation control reaction 

2.2.6 Investigations into the Active Catalyst  

Oestreich has reported the use of silylium ions as effective catalysts for the 

hydrosilylation of aldimines and ketimines169,172,173. Deuterium labelling studies were utilized to 

propose a mechanistic pathway for silylium imine reduction, presented below in Scheme 62172. In 

the first step of the mechanistic cycle the silylium species will coordinate to the imine, producing 

a silyliminium species, V. Hydride transfer from silane to the silyliminium will then produce the 

silylamine, VII. Through aqueous work up, the desired fully reduced amine is generated, VIII.  

 

Scheme 62 Proposed mechanistic cycle of silylium catalyzed hydrosilylation of imines172 
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In light of the control reaction presented in Scheme 61 and the possibility of silylium 

catalysis presented above, Dr. Freitas and I embarked on a study exploring the extent of the 

influence of [Ph3C][B(C6F5)4] on the catalytic hydrosilylation reaction. Initially, we tested the 

effect of the concentration of [Ph3C][B(C6F5)4] on the hydrosilylation of aldimine 2-4d (Table 

12).  

Table 12 Study of trityl cation concentration on the hydrosilylation of imine 2-4d 

  

As shown in entries 1-3, decreasing the amount of trityl cation increased the reaction time 

(Table 12). In entry 4, 2 mol% of silyl amine 2-38d was added to the reaction and the reaction 

time was increased by 5 minutes. Therefore, this slight change in reaction time is indicative of the 

silyl amine additive having negligible effect on the trityl cation promoted hydrosilylation. This 

result is in stark contrast to the silyl amine additive effect observed with 2-22+ catalyzed 

hydrosilylation reactions.   

Next, we examined how the solvent affected the hydrosilylation of 2-4a using 0.1 mol% 

of [Ph3C][B(C6F5)4] (Table 13). 
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Table 13 Solvent study on hydrosilylation using trityl cation 

  

Using dichloromethane as the solvent had a detrimental effect on reactivity, such that 

after 2 days no reaction was observed, likely due to the quenching of silylium cations by 

chloride169 (entry 2). As shown in entries 3 and 4, hydrosilylation reactions completed in 

tetrahydrofuran and dimethoxyethane reached complete conversion, but with an overall slow 

reaction time. The slower reaction time with tetrahydrofuran and dimethoxyethane is suggestive 

of a stronger binding of the solvent to the silylium cation. These observations correspond with the 

enthalpy of complexation values (with BF3) of 1,4-dioxane and tetrahydrofuran: 1,4-dioxane: H 

= -74.09 kJ/mol174, tetrahydrofuran: H = -90.40 kJ/mol174.  

A limited substrate scope for silylium cation-promoted hydrosilylation was completed 

using 1 mol% of [Ph3C][B(C6F5)4] and 1.1 eq. of phenyl silane in 1,4-dioxane at room 

temperature (Table 14). Reduction was observed in all cases, although imine substrates were 

extremely slow.  
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Table 14 Examples of trityl cation-promoted hydrosilylation of aldehydes and imines 

 

 Subsequent experiments were employed to determine whether the suspected silylium 

catalysis was in fact occurring. Equimolar amounts of [Ph3C][B(C6F5)4] and phenyl silane were 

combined in 1,4-dioxane at room temperature and the resulting mixture was examined by NMR 

spectroscopy in hopes of identifying any silylium-1,4-dioxane complexes in solution. Although, 

the 1H NMR spectrum clearly displayed the C-H peak from Ph3CH, indicating successful hydride 

abstraction, no clear peak correlation was observed in the 1H-29Si HMBC spectrum to account for 

the silylium cation, making this reaction inconclusive.    

 In order to examine the reaction in the absence of [Ph3C][B(C6F5)4], the reaction was run 

in the presence of 1.5 eq. of N-aryl HE 2-(20, 22) to 1.0 eq. of [Ph3C][B(C6F5)4]. This mixture 



 

85 

 

was then used in two hydrosilylation reactions of aldimine 2-4d: 1) with no additive and 2) with 2 

mol% of silyl amine 2-38d (Scheme 63, Figure 15).  

 

Scheme 63 Kinetic study of additives on the hydrosilylation reaction using excess 2-22  
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Figure 15 Graphical representation of NMR yield of silyl amine (%) versus time (min) for 

the kinetic study of hydrosilylation with excess 2-22.  

In the case of no additive (Figure 15, blue) a 450 min induction period was observed and 

the reaction was completed after 490 min, giving 85% NMR yield of 2-38d. When the silyl amine 

additive was present (Figure 15, red), the induction period was decreased to 40 min and the 

reaction was completed shortly after that, achieving quantitative NMR yield of 2-38d. This result 

was in stark contrast to the reactivity of the trityl cation-promoted hydrosilylation of aldimine 2-

4d in the presence of silylamine additive (Table 12, entry 4), in which no increase in reaction rate 

was observed. This may suggest that the silyl amine additive promotes silylium catalysis in trityl 

cation-free environments. 

 Next, we revisited the effect of dichloromethane on the hydrosilylation reaction using 

equimolar amounts of 2-22 and trityl cation. As mentioned previously in Table 13, when 
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dichloromethane was used as the solvent for the hydrosilylation of aldimine 2-4a using 0.1 mol% 

[Ph3C][B(C6F5)4], no reaction was observed. This observation is highly indicative of a silylium-

catalyzed reaction pathway, as silylium reactivity is quenched by chloride ions. Therefore, we 

examined the influence of dichloromethane on the hydrosilylation of 2-4a using 1 mol% 2-22+ 

(Figure 16). An induction period was observed for roughly 30 h and the reaction achieved a 94% 

yield of silyl amine 2-38a. Therefore, hydrosilylation of aldimine 2-4a was possible in 

dichloromethane. This very long induction period was suggestive of increased concentration of 

silyl amine being very beneficial to the rate of reaction, such that silyl amine product may be 

initiating silylium catalysis even in dichloromethane. 

 

Figure 16 Catalytic hydrosilylation using pyridinium 2-22+ in dichloromethane  

 Based on the observation of hydrosilylation of 2-4a in dichloromethane, we next 

examined 1,4-dioxane as a stabilizing agent for silylium cations. Dr. Freitas embarked on 

investigating this by using different solvents for the hydride abstraction step and the actual 
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reaction. [Ph3C][B(C6F5)4] (1 mol%) was used in the hydrosilylation of 2-4a at room temperature 

and dissolved in dichloromethane and 1,4-dioxane (Table 15). 

Table 15 Effect of 1,4-dioxane on trityl cation promoted catalysis 

 

When using 1,4-dioxane for the hydride abstraction step, followed by addition of an 

equal amount of dichloromethane, the reaction reached completion in 20 min (entry 1). However, 

when dichloromethane was used for the hydride abstraction step and 1,4-dioxane was added 

afterwards, no reaction was observed (entry 2). Finally, when a 1:1 mixture of dichloromethane to 

1,4-dioxane was used for the whole reaction, the reaction was completed in 30 min. Thus, 1,4-

dioxane had a significant stabilizing effect on the silylium cations, such that the silylium cation 

was stable in the presence of room temperature dichloromethane when combined with 1,4-

dioxane.  

2.2.7 Air and Moisture Stability of N-(4-Trifluoromethyl) Phenyl Hantzsch Ester 

Pyridinium (2-22+) and Trityl Cations  

 To further understand the differences between trityl salt and 2-22+, we examined the 

reaction of both species to air and moisture.  Thus, we combined equimolar amounts of 2-22 and 

[Ph3C][B(C6F5)4]
 in dry dichloromethane and stirred the mixture at room temperature in a glove 

box until the solution became colourless, producing 2-22+. The solvent was then evaporated under 

reduced pressure, removed from the glove box and left on the laboratory bench in an unscrewed 
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vial. No decomposition of the pyridinium salt was observed by NMR after one week. Therefore, 

the pyridinium 2-22+ was found to be stable to the laboratory atmosphere for one week.  

 To further test the air and moisture stability, pyridinium 2-22+ was dissolved in 1,4-

dioxane and dichloromethane with varying amounts of water under different experimental 

conditions (Table 16) and then used in the catalytic hydrosilylation of 2-4a. It should be noted 

that 2-22+ was prepared as described above. 

Table 16 Air and moisture stability test on the hydrosilylation using pyridinium 2-22+ 

  

When the hydrosilylation was prepared in a fully air and moisture free environment, the 

reaction reached 100% yield in 2 h with no obvious induction period (entry 1). However, in all 

cases (entries 2-4) where the reaction was exposed to air and/or moisture an induction period was 

observed. The length of the induction period and the speed of the reaction was dependent on the 

amount of air and moisture that the reaction was exposed to, such that an increase in exposure 

lead to an increased induction period and decreased reaction speed. Overall, this preliminary air 
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and moisture sensitivity study provided evidence of the instability of 2-22+ or its catalytic 

intermediates to air and moisture while preforming the hydrosilylation of imines.  

 Next Dr. Luiza Freitas tested the effects of air and moisture on the hydrosilylation of 2-4a 

using 1 mol% of [Ph3C][B(C6F5)4]. The two experiments she performed are presented in Table 

17.  

Table 17 Influence of air and moisture on trityl cation promoted hydrosilylation of aldimine 

2-4a 

 

Initially, in the glove box Dr. Freitas combined [Ph3C][B(C6F5)4], phenyl silane and 2-4a 

in 1,4-dioxane. Then she removed this mixture from the glove box and added wet 1,4-dioxane. 

Surprisingly, the reaction reached completion in 5.5 h (entry 1), albeit at a much slower rate 

compared with the reaction set up in an inert environment. In the second experiment (entry 2), all 

components of the reaction were combined in wet 1,4-dioxane. This reaction only reached 

completion after 3 days and 2-38a, 2-40a and side product (2-43) were present in the reaction 

mixture. As a result, air and moisture have a detrimental effect on the success of hydrosilylation 

when using trityl cation as the initiator. Surprisingly, although the process is slow, hydrosilylation 

is still possible. The very electrophilic silylium cations are highly sensitive to moisture and it is 
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expected that they would not be active in the presence of wet solvent. Thus, Lewis basic 1,4-

dioxane must have a considerable stabilizing effect on the silylium cation.  

Based on the studies completed thus far, it is likely that silylium catalysis is the major 

contributor to the observed hydrosilylation activity. Upon addition of silyl amine additive to N-

aryl HE pyridinium catalyzed hydrosilylations of aldimines, reaction rates were increased and 

either no or a small induction period was observed. More detailed mechanistic experiments will 

need to be completed to definitively confirm silylium catalysis and the role of the silyl amine.  

2.2.8 N-(4-Trifluoromethyl) Phenyl Hantzsch Ester Pyridinium (2-22+) Catalyzed 

Hydrogenation  

To eliminate the involvement of silylium cations in the chemistry of N-aryl HE 

pyridinium salts, we set out to examine the use of 2-22+ for the hydrogenation of aldimines. Since 

the calculated HIA of pyridinium 2-15 (methoxy substituted, -42.9 kcal/mol155) is similar to that 

of B(C6F5)3 (-41.0 kcal/mol141), we suspected that it was energetically favourable for the 

pyridinium 2-22+ to be capable of abstracting a hydride from dihydrogen, effectively activating 

the H2 bond. Additionally, the HIA of 2-22+ should be weak enough for it to be capable of 

donating a hydride to the substrate with relative ease. The results of all catalytic optimization 

experiments are presented in Table 18.  
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Table 18 Trials of catalytic hydrogenation of aldimine 2-4a using pyridinium 2-22+  

 

The first three experiments utilized dichloromethane, high pressure hydrogen gas (at least 

1000 psi) and a high concentration of 2-4a (0.6 M) in the reaction. Both entries 1 and 2 were kept 

at room temperature, while entry 3 was increased to 120 oC. Unfortunately, none of these trials 

were successful, such that decomposition or no change in the 1H NMR was observed.  

In the next six experiments, 1,4-dioxane was used as the solvent and the concentration of 

the aldimine was lowered to 0.125 M. As well, there was an issue with H2 gas leaking from some 

of the Parr vessels during these trials, due to a faulty seal. To our surprise, in the first trial using 

these conditions (entry 4) a small product peak 2-40a was observed in the GC-MS spectrum. 

With this hopeful result, higher pressure and temperature were examined (entry 5), but only a 

small amount of 2-40a was observed. In hopes of circumventing the issues associated with very 

high temperature, the reaction temperature was decreased to 50 oC (entry 6). Again, a small 
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amount of the desired product 2-40a was observed in the GC-MS spectrum. Increasing the H2 

pressure to 1200 (entry 7) or 1500 psi (entry 8) did not seem to increase the amount of product.  

The last experiment (entry 9), utilized high hydrogen pressure (1300 psi) and a completely leak 

free system. Unfortunately, no desired product 2-40a was observed by GC-MS or 1H NMR. 

In all experiments a small amount of benzaldehyde was present in the reaction mixture. 

Overall, it was observed that the desired product was only present in the reaction mixture when a 

leak occurred in the Parr vessel, suggesting that a relief of H2 gas pressure was beneficially to the 

success of the reaction. Additionally, it was observed in the hydrosilylation additive study (Figure 

14) that addition of amine 2-40d to the reaction, increased the induction period and slowed 

reactivity. It is possible that in N-aryl pyridinium catalyzed hydrogenation reactions, the desired 

product amine 2-40a is also inhibiting catalytic turnover. However, more work must be 

completed to optimize the catalytic environment of pyridinium 2-22+ catalyzed hydrogenation of 

imines and further understand the mechanism of the reaction. The existence of small amine peaks 

observed in the GC-MS spectra provides confidence that given the appropriate experimental 

conditions, catalytic hydrogenation of aldimine 2-4a should be possible.  

In conclusion, the use of carbon-based pyridinium Lewis acids for FLP-type reduction 

catalysis has been probed. Hydrosilylation studies suggest that unstable silylium cations compete 

with any pyridinium-type chemistry. To address this, we have reported a limited study of 

hydrogenation of imines. Given the sufficient HIA and Lewis acidity of pyridinium 2-22+ it is 

suspected that upon further optimization studies hydrogenation of many unsaturated carbon-

heteroatom multiple bonds with pyridinium salts will be realized.  
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Chapter 3 

Conclusions and Future Work 

3.1 Conclusions 

During the two and a half years of my Master of Science Chemistry graduate degree at 

Queen’s University, I have been working towards the development of N-aryl Hantzsch ester-

based pyridinium salts as Lewis acids for FLP-type hydrogenation and hydrosilylation catalysis. 

In this thesis, we have described the successful synthesis of two N-aryl HE pyridinium based 

salts: N-phenyl HE (2-20+) and N-(4-trifluoromethyl) phenyl HE (2-22+) and the attempted use of 

these salts in catalysis. Comparison of the catalytic activity of these salts has identified 2-22+ as 

the more active species for hydrosilylation. Initial optimization studies identified two main issues 

with 2-22+ catalyzed hydrosilylation; an induction period and poor mass balance. Further 

optimization and analysis of the catalysis provided extraordinarily fast reactivity with the use of 

1,4-dioxane as the Lewis basic solvent. In these cases, the issue of mass balance was resolved and 

no obvious induction period was observed.  

Upon a more detailed analysis of the catalytic hydrosilylation reaction, a crucial control 

reaction revealed that in the absence of 2-22+, 1 mol% of [Ph3C][B(C6F5)4] catalyzed the 

hydrosilylation of aldimine 2-4d in 10 minutes. The same reaction time was observed when 2-22+ 

was used as the catalyst in identical experimental conditions, suggesting that [Ph3C][B(C6F5)4] 

and/or 2-22+ may be promoting silylium catalyzed hydrosilylation of imines.  

Early optimization studies for 2-22+ catalyzed hydrogenation reactions have been 

performed. Small amounts of the desired amine product have been identified in the reaction 

mixtures, suggesting that with further optimization, catalytic hydrogenation using 2-22+ may be 

possible. Consequently, under these conditions, successful development of a carbon-based Lewis 

acid for FLP-type reduction catalysis would be accomplished.  
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3.2 Future Work 

Analysis of the hydrosilylation research completed in this thesis has provided evidence of 

silylium cations acting as the active catalyst rather than the pyridinium salts. Further 

investigations into the underlying reaction remain to be completed. In chapter 2, it was shown 

that the additive effects were different when using 1 mol% 2-22+ versus 1 mol% [Ph3C][B(C6F5)4] 

(Figure 14, Table 12), such that 2-22+ experienced an increase in rate of reaction when exposed to 

silyl amine additive, while no change was observed for [Ph3C][B(C6F5)4]. Therefore, it is possible 

that these two catalyzed reactions proceed by different mechanisms. To test this hypothesis a 

chiral silane (3-1) can be used, similar to Oestreich100 to elucidate whether an SN1 (silylium 

catalysis) or SN2 (FLP-hydrosilylation) reaction mechanism is occurring, Scheme 64.  

 

Scheme 64 Proposed hydrosilylation using chiral silane 3-1 and pyridinium 2-22+ 

As highlighted in this thesis, triarylboranes are capable of activating Si-H bonds. 

Therefore, determining the stability of the [B(C6F5)4
-] counter ion and its potential of 

decomposing into a triarylborane in the hydrosilylation reaction is a necessary control reaction to 

examine. This can be studied by combining [K][B(C6F5)4] with Et3SiD and Ph3SiH in a variety of 

solvents and temperatures to observe whether H/D scrambling occurs, Scheme 65141.  

 

Scheme 65 Proposed control reaction of a weakly coordinating counter ion promoting 

possible H/D scrambling of silanes 
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The strength of the experimental HIA of 2-22+ can be tested by combining DABCO or 

another suitable Lewis base with 2-22+ in the presence of dihydrogen, Scheme 66. 

 

Scheme 66 Proposed H2 activation using pyridinium 2-22+ and DABCO  

It is necessary to perform additional hydrogenation reactions of imine 2-40a in a leak free 

environment to help understand the reactions presented in Table 18. Additionally, the 

hydrogenation of imines with varying steric bulk and electronics, such as 2-3 and 2-4d and others 

should be examined. Finally, optimization of experimental condition must be made by testing a 

variety of solvents, temperatures and H2 pressures to elucidate whether pyridinium salt 2-22+ 

catalyzed hydrogenation of imines is possible.  
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Chapter 4 

Experimental 

4.1 General Experimental Considerations 

4.1.1 Synthesis and Techniques 

All reactions in the synthetic pathway to produce the N-aryl Hantzsch ester (HE) 

derivatives were completed using bench top chemistry techniques in oven dried (140 oC) 

glassware and Teflon-coated magnetic stir bars. All synthetic procedures for the HE pyridinium 

salts and all catalytic experiments unless otherwise noted were prepared in a glove box under an 

atmosphere of dry dinitrogen (oxygen and water levels <6 ppm). Experiments on NMR tube scale 

were carried out in Teflon cap sealed NMR tubes (ø 5 mm J-young tubes). High pressure 

experiments were carried out in metal Parr vessels. Hexanes, pentane and tetrahydrofuran were 

distilled from sodium-benzophenone ketal. Dichloromethane, 1,4-dioxane, toluene, 1,2-

dichloroethane and dimethoxyethane were purified by stirring over CaH2 for at least 24 h 

followed by distillation. All solvents were degassed after purification by three cycles of freeze-

pump-thaw and were stored over 4 Å molecular sieves for use in a glove box. Toluene-d8, 

dichloromethane-d2 and acetonitrile-d3 were degassed by three freeze-pump-thaw cycles and 

stored over activated 4 Å molecular sieves. Chloroform-d1 was used as received and stored over 

activated 4 Å molecular sieves. Dimethylformamide and acetonitrile were of DriSolv-quality and 

used as received. Distilled water was provided by reverse osmosis and anhydrous ethanol was 

obtained from Commercial Alcohols and both were used as received. Silica gel 60 (particle size 

0.040 - 0.063 mm, 230 – 400 mesh), purchased from Silicycle, was used to purify indicated 

compounds by column chromatography. Thin-layer chromatography (TLC) was run on silica gel 

coated aluminum plates with UV indicator (F254) obtained by EMD Chemicals, Inc. and 

analyzed by UV/VIS. 
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4.1.2 Characterization  

Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker Avance 300 

(1H: 300.13 13C: 75.47; QXI probe), Bruker Avance 400 (1H: 400.13, 11B: 128.38, 13C: 100.62, 

19F: 376.5; BBI, BBFO and QNP probes), Bruker Avance 500 (1H: 500.19, 11B: 160.27, 13C: 

125.62; BBI and BBFO probes), or Bruker Avance 600 (1H: 600.17, 11B: 192.56, 13C: 150.93; 

TBI probe) instruments. Spectrometer frequencies are given in mega Hertz (MHz). The samples 

were dissolved in the stated solvent and measured at ambient temperature in non-spinning mode 

if not mentioned otherwise. The following abbreviations are used to identify signal multiplicity: s 

= singlet, d = doublet, t = triplet, q = quartet, qu = quintet, sept = septet, oct = octet, and m = 

multiplet; br. indicates a broad resonance. Shifts δ are reported in parts per million (ppm) relative 

to tetramethylsilane (TMS) as an external standard for 1H and 13C NMR spectra and calibrated 

against the solvent residual peak or in the case of proteo-solvents against known solvent 

resonances. 11B and 19F NMR signals are calibrated against external standard reference: BF3·OEt2 

and CFCl3, respectively. Coupling constants J are given in Hertz (Hz).  

Gas Chromatography-Mass Spectroscopy (GC-MS) measurements were performed on 

an Agilent Technologies GC 6850N/ MS 5975N VL MSD equipped with an Agilent 

Technologies HP-5MS column (length: 30 m, 0.25 mm inner diameter, 0.25 μm coating 

thickness) coupled to a quadrupole mass filter. Helium was used as the carrier gas with a constant 

flow of 1.2 mL/min. Retention times tR are given in minutes (min).  

High Resolution Mass-Spectra (HRMS) were measured by the Queen's Mass 

Spectrometry and Proteomics Unit (MSPU) at Queen's University, Kingston, Ontario, Canada. 

Mass spectra were measured on Applied Biosystems/MDS Sciex QStar XL QqTOF or Waters ZQ 

Single Quad. Electrospray ionization (ESI) was used in all cases. Fragment signals are given in 

mass per charge number (m/z).  
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4.2 N-Phenyl Hantzsch Ester Synthesis (2-20) 

 

 

Scheme 67 Synthesis of N-phenyl HE(2-20) 

 

3-Phenyloxazolidine-(2-25b) was prepared following literature procedures168,175. 

Paraformaldehyde (2-24b) (1.8 g, 60 mmol) was dissolved in distilled water (4.5 mL, 

13.3 M) in a 100 mL round bottomed flask producing a thick, white and opaque 

mixture. 2-Anilinoethanol (2-23b) (5 mL, 40 mmol) was then added to the mixture 

and the reaction was stirred at room temperature for 72 h. The reaction was then cooled to 0 oC, 

filtered through a Buchner funnel and washed with cold diethyl ether. Filtration was completed 

very quickly, as the product melting point was close to room temperature. The product was dried 

under reduced pressure overnight and recrystallized using a minimum amount of dichloromethane 

and excess cold pentane at -25 oC. After filtration, 2-25b was obtained as a pale yellow solid, 

which quickly melted to yield an oil (5.338 g, 35.8 mmol, 89%). NMR spectral data obtained 

were consistent with literature168,175. 
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1H NMR (400 MHz, CDCl3) δ (ppm): 3.41 (t, 3JH-H = 8 Hz, 2H, CH2), 4.15 (t, 3JH-H = 4 Hz, 2H, 

CH2), 4.86 (s, 2H, CH2), 6.53 (d, 3JH-H = 8 Hz, 2H, ArC-H), 6.77 (t, 3JH-H = 8 Hz, 1H, ArC-H), 

7.25 (t, 3JH-H = 8 Hz, 2H, ArC-H). 

 

Ethyl-3-(phenylamino)crotonate-(2-28b) was prepared following 

literature procedures168,176. Ethylacetoacetate (2-27) (2 mL, 15.7 

mmol), aniline (2-26b) (1.4 mL, 15.7 mmol) and indium (III) bromide 

(6 mg, 0.0169 mmol, 0.107 mol%) were combined in an argon-purged, 50 mL Schlenk tube and 

left to stir at room temperature for 16 h. The mixture was then heated to 75 oC under reduced 

pressure for 4 h to remove impurities. The resulting solution was dissolved in ethyl acetate and 

filtered through Celite to removed InBr3. The solution was concentrated and placed under reduced 

pressure overnight. The product, 2-28b was obtained as a pale yellow oil (3.17 g, 15.4 mmol, 

98%). NMR spectral data obtained were consistent with literature168,176. 

1H NMR (400 MHz, CDCl3) δ (ppm): 1.29 (t, 3JH-H = 8 Hz, 3H, CH2CH3), 2.00 (s, 3H, CH3), 

4.14 (q, 3JH-H = 8 Hz, 2H, CH2CH3), 4.69 (s, 1H, C=CH), 7.09 (d, 3JH-H = 8 Hz, 2H, ArC-H), 7.15 

(t, 3JH-H = 8 Hz, 1H, ArC-H), 7.32 (t, 3JH-H = 8 Hz, 2H, ArC-H), 10.38 (br. s, 1H, NH). 

 

Diethyl-2,6-dimethyl-1-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (N-phenyl HE)-(2-20) 

was prepared following literature procedures163,168. Ethyl 3-

(phenylamino)crotonate (2-28b) (821 mg, 4 mmol) and 3-

phenyloxazolidine (2-25b) (298 mg, 2 mmol) were dissolved in 

anhydrous acetonitrile (8 mL, 0.25 M) in a flame-dried, argon-purged, 

35 mL round bottomed flask. Acetic acid (0.8 mL, 7.0 eq., 10:1 MeCN:AcOH) was then added to 

the reaction, which was stirred for 3.5 h at room temperature and a change in colour from pale 

yellow to bright yellow was observed. Cold, saturated aqueous sodium carbonate solution was 
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added dropwise until neutral pH was achieved (assessed using pH indicator paper).  The mixture 

was extracted with chloroform (2 x 15 mL), the organic layers were combined and washed with 

distilled water (2 x 10 mL) and brine (1 x 10 mL), dried over Na2SO4, filtered, concentrated and 

left under reduced pressure overnight. After this, a red solid was observed. The solid was 

subjected to column chromatography (hexanes:ethyl acetate, 7:3), however decomposition was 

observed after collection and concentration of fractions. Modifications were made to the 

purification process by utilizing recrystallization from minimum ethyl acetate and excess cold 

pentane at -25 oC to yield 2-20  as red needle-like crystals after filtration (0.117 g, 0.355 mmol, 

36%). NMR spectral data obtained were consistent with literature163,168. 

1H NMR (400 MHz, CDCl3) δ(ppm): 1.29 (t, 3JH-H = 4 Hz, 6H, CH2CH3), 1.91 (s, 6H, CH3), 

3.38 (s, 2H, CH2), 4.18 (q, 3JH-H = 8 Hz, 4H, CH2CH3), 7.16 (d, 3JH-H = 8 Hz, 2H, ArC-H), 7.40 

(m, 3H, ArC-H).  

4.3 N-4-Trifluoromethyl Phenyl Hantzsch Ester Synthesis (2-22) 

Preparation of 2-22 was completed using the same literature procedure163,168 as used for 

the synthesis of 2-20, however, modification were required for the preparation of ethyl-3-(4-

trifluoromethylphenylamino)crotonate (2-28a) (Scheme 68). Specific synthetic procedures are 

provided below. 
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Scheme 68 Synthesis of N-4-trifluoromethyl phenyl HE (2-22) 

 

Scheme 69 Synthesis of 1,3-oxazinane (2-25a) 

1,3-Oxazinane-(2-25a): The first attempted synthesis of 2-22 utilized 2-25a as the 

one carbon source. Scheme 69 depicts the synthetic approach towards 2-25a, which 

follows a literature procedure177. A 250 mL flame-dried and argon-purged round 

bottomed flask was charged with 3-aminopropanol (2-23a)  (9.2 mL, 120 mmol) and 37- 41% 

w/v formaldehyde (2-24a) (9.6 mL, 126.5 mmol) and dissolved in anhydrous ethanol (160 mL). 

The reaction was stirred at room temperature with a flow of argon gas for 16 h. The reaction was 

then concentrated by rotary evaporation and distilled by kugelrohr distillation (80 oC, 0.6 Torr), 

producing 2-25a as a clear oil (6.642 g, 76.23 mmol, 63%). NMR spectral data obtained were 

consistent with literature177. 
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1H NMR (400 MHz, CDCl3) δ(ppm): 1.63 (m, 2H, CH2), 3.00 (t, 3JH-H = 4 Hz, 2H, CH2), 3.73 

(s, 1H, NH), 3.86 (t, 3JH-H = 4 Hz, 2H, CH2), 4.40 (s, 2H, CH2). 

 

Ethyl-3-(4-trifluoromethylphenylamino)crotonate-(2-28a) 

was prepared based on a literature procedure163. A 10 mL round 

bottomed flask was charged with ethylacetoacetate (2.55 mL, 

0.02 mol), 4-(trifluoromethyl)aniline (2.51 mL, 0.02 mol) and acetic acid (114 μL, 0.002 mol) 

and stirred at 65 oC for 3 days. The neat reaction mixture was subjected to column 

chromatography (hexanes:ethyl acetate, 10:1), the fractions containing product were collected, 

concentrated and dried under reduced pressure overnight. The product, 2-28a was obtained as a 

white solid (1.076 g, 3.94 mmol, 20% yield).  

1H NMR (CDCl3, 400 MHz) δ(ppm): 1.28 (t, 3JH-H = 8 Hz, 3H, CH2CH3), 2.09 (s, 3H, CH3), 

4.15 (q, 3JH-H = 8 Hz, 2H, CH2CH3), 4.78 (s, 1H, C=CH), 7.13 (d, 3JH-H = 8 Hz, 2H, ArC-H), 7.54 

(d, 3JH-H = 8 Hz, 2H, ArC-H), 10.62 (br. s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ(ppm): 

14.61, 20.65, 59.22, 88.97, 122.79, 125.88, 126.50, 135.24, 142.90, 157.37, 170.36. 19F NMR 

(CDCl3, 376.5 MHz) δ(ppm): -62.65 (s, CF3). HRMS(ESI): m/z calc. 274.10566, found 

274.10797 

 

Diethyl-2,6-dimethyl-1-(4-trifluoromethyl)phenyl-1,4-dihydropyridine-3,5-dicarboxylate 

(N-4-trifluoromethylphenyl HE)-(2-22) was synthesized based on a 

similar procedure by Singh et al.163  Using a flame-dried, argon-

purged, 35 mL round bottomed flask, 3-phenyloxazolidine 2-25b 

(224 mg, 1.5 mmol), ethyl-3-(4-trifluoromethylphenylamino)crotonate 

2-28a (819 mg, 3.0 mmol) and acetic acid (0.6 mL, 1:10 ratio with 

solvent) were combined and dissolved in anhydrous acetonitrile (6 mL) and stirred at room 
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temperature for 3.5 h under a flow of argon gas. The reaction mixture was quenched by adding 

cold, saturated aqueous sodium carbonate solution until pH 7 was reached. The aqueous phase 

was extracted with chloroform (2 x 15 mL) and the combined organic phases were washed with 

distilled water (2 x 10 mL) and brine (1 x 10 mL), dried over Na2SO4, filtered and concentrated. 

The crude material was purified by column chromatography (hexanes:ethyl acetate, 8:2-6:4) and 

fractions were collected, concentrated and dried under reduced pressure overnight. The resultant 

orange/red solid was then recrystallized from ethyl acetate and cold pentane at -25 oC.  The 

filtered, pure product, 2-22 was obtained as orange needle-like crystals (118 mg, 0.297 mmol, 

21% yield). 

1H NMR (CD2Cl2, 400 MHz) δ(ppm): 1.31 (t, 3JH-H = 8 Hz, 6H, CH2CH3), 1.92 (s, 6H, CH3), 

3.38 (s, 2H, CH2), 4.19 (q, 3JH-H = 8 Hz, 4H, CH2CH3), 7.37 (d, 3JH-H = 8 Hz, 2H, ArC-H), 7.75 

(d, 3JH-H = 8 Hz, 2H, ArC-H). 13C NMR (CD2Cl2, 100 MHz) δ(ppm): 14.17, 18.13, 24.99, 59.86, 

102.40, 125.17, 126.41, 130.16, 131.49, 144.42, 146.93, 167.92. 19F{1H}NMR (CD2Cl2, 376.5 

MHz) δ(ppm): -63.57 (s, CF3). HRMS(ESI): m/z calc. 398.15845, found 398.15951 

4.4 General Procedure for N-Aryl Hantzsch Ester Pyridinium Synthesis (GP1) 

GP1: In a glove box, the desired HE (2-(20, 22)) and trityl cation salt were individually 

weighed out in separate 1 dram vials. Dichloromethane or an alternative solvent  was obtained 

using a 1 mL syringe and then used to dissolve the trityl cation salt, producing a yellow solution. 

This solution was then added to the vial containing HE, resulting in an immediate colour change 

from bright yellow to pale yellow, yielding triphenylmethane and the desired HE pyridinium (2-

(20+, 22+)) (Scheme 70). 
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Scheme 70 Synthesis of pyridinium 2-(20+, 22+) from N-aryl HE 2-(20, 22) and trityl cation 

Diethyl-2,6-dimethyl-1-phenyl-1,4-dihydropyridinium-3,5-dicarboxylate (N-phenyl HE 

pyridinium)-(2-20+): Following GP1, 2-20 (13.0 mg, 0.0395 

mmol) and trityl tetrakis(pentafluorophenyl)borate 

[Ph3C][B(C6F5)4] (36.4 mg, 0.0395 mmol) were combined in 

CD2Cl2 (0.7 mL) to generate 2-20+. The product was characterized 

by NMR spectroscopy without isolation. 

1H NMR (400 MHz, CD2Cl2) δ(ppm): 1.46 (t, 3JH-H = 8 Hz, 6H, CH2CH3), 2.77 (s, 6H, CH3), 

4.53 (q, 3JH-H = 8 Hz, 4H, CH2CH3), 5.57 (s, 1H, Ph3CH), 7.16 - 7.31 (m, 15H, Ph3CH and NPh), 

7.83 (m, 3H, Ph3CH), 9.36 (s, 1H, CH). 13C NMR (100 MHz, CD2Cl2) δ(ppm): 13.69, 21.31, 

64.30, 124.51, 126.26, 128.26, 129.33, 129.87, 132.29, 132.71, 134.97 (br.), 136.96 (br.), 137.48 

(br.), 138.09, 139.40 (br.), 143.98, 146.83 (br.), 147.65, 149.30 (br.), 161.24, 161.77. 11B NMR 

(128.38 MHz, CD2Cl2) δ(ppm): -18.31 (s). 19F{1H} NMR (376.5 MHz, CD2Cl2) δ(ppm): -

169.60 (br. t, 3JF-F = 15 Hz, CFarom,), -165.63 (t, 3JF-F = 23 Hz, CFarom,) -135.04 (s, CFarom,) 

HRMS(ESI): m/z calc. 328.15506, found 328.15860 
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Diethyl-2,6-dimethyl-1-(4-trifluoromethyl)phenyl-1,4-dihydropyridinium-3,5-dicarboxylate 

(N-4-trifluoromethylphenyl HE pyridinium)-(2-22+): Following 

GP1, 2-22 (16.0 mg, 0.0395 mmol) and trityl 

tetrakis(pentafluorophenyl)borate [Ph3C][B(C6F5)4] (36.4 mg, 

0.0395 mmol) were combined in CD2Cl2 (0.7 mL) to generate 2-

22+. The product was characterized by NMR spectroscopy without 

isolation. Variations to the expected integration values are due to excess 2-22 and overlapping 

Ph3CH peaks in the spectrum. 

1H NMR (400 MHz, CD2Cl2) δ(ppm): 1.49 (t, 3JH-H = 8 Hz, 8H, CH2CH3), 2.79 (s, 9H, CH3), 

4.59 (q, 3JH-H = 8 Hz, 5H, CH2CH3), 5.60 (s, 1H, Ph3CH), 7.18 (br. d, , 3JH-H = 8 Hz, 7H, Ph3CH 

and NPh), 7.26 (t, 3JH-H = 8 Hz, 3H, Ph3CH and NPh), 7.33 (t, 3JH-H = 8 Hz,  7H, Ph3CH and 

NPh), 7.47 (br. d, 3JH-H = 8 Hz, 3H, Ph3CH and NPh), 8.15 (br. d, 3JH-H = 8 Hz, 3H, Ph3CH), 9.44 

(s, 1H, CH). 13C NMR (100 MHz, CD2Cl2) δ(ppm): 13.66, 21.43, 64.50, 118.61, 121.32, 

124.04, 125.75, 126.26, 128.26, 129.32, 129.74, 130.15, 135.06 (br.), 136.83 (br.), 137.39 (br.), 

139.38 (br.), 140.61, 143.98, 146.87, 148.32, 149.27, 160.92, 161.48. 11B{1H} NMR (128.38 

MHz, CD2Cl2) δ(ppm): -17.97 (s). 19F{1H} NMR (376.5 MHz, CD2Cl2) δ(ppm): -169.29 (br. s, 

CFarom.), -165.34 (t, 3JF-F = 23 Hz, CFarom), -135.80 (s, CFarom.), -65.25 (s, CF3). HRMS(ESI): m/z 

calc. 396.14304, found 396.14416 

 

4.5 Hydrosilylation 

General Hydrosilylation Procedure (GP2) 

GP2: In a nitrogen filled glove box, the desired N-aryl HE pyridinium (2-(20+, 22+)) was 

produced according to the general procedure outlined in GP1. Once the solution changed colour 

from bright yellow to pale yellow, the internal standard (1,3,5-trimethoxybenzene (TMB) or 

hexamethylbenzene (HMB)) and the electrophilic substrate  (imine or carbonyl compound) were 



 

107 

 

individually weighed out into separate 1 dram vials. The in situ pyridinium solution was then 

transferred sequentially into each 1 dram vial to dissolve both compounds. This solution, 

containing all reagents, was then transferred into a J-young NMR tube and phenyl silane was 

added using a μL pipette. The J-young NMR tube was removed from the glove box, heated to the 

desired temperature and monitored by NMR spectroscopy at intervals.  

4.5.1 Ketimine Hydrosilylation Study Using Pyridinium 2-20+ 

Pyridinium 2-20+ was used in GP2 to perform the hydrosilylation of ketimine 2-33 in 

dichloromethane or dichloroethane at varying temperatures. In all four trials, a complex 1H NMR 

spectrum was observed and an example of these spectra is provided below (Figure 17). 

 

Figure 17 1H NMR (400 MHz, CDCl3) of hydrosilylation of ketimine 2-33 using pyridinium 

2-20+ 
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4.5.2 H/D Scrambling of Ph3SiH and Et3SiD Using Pyridinium 2-22+ 

In a nitrogen filled glove box, 2-22 (10.75 mg, 0.01 mmol) was used according to GP1 

with dichloromethane to produce 2-22+. A 1 dram vial was charged with Ph3SiH (52.1 mg, 0.2 

mmol), then the solution containing the in situ pyridinium from GP1 was used to dissolve the 

contents of the vial. This solution was then transferred into a J-young NMR tube and Et3SiD (32 

μL, 0.2 mmol) was added using a μL pipette. The 1H and 2H NMR spectra of the reaction at 30 

min and 20 h are provided below (Figure 18-21).  

 

Figure 18 1H NMR (400 MHz, DCM, Time 30 min) H/D scrambling with pyridinium 2-22+ 
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Figure 19 1H NMR (400 MHz, DCM, Time 20 h) H/D scrambling with pyridinium 2-22+ 

 

Figure 20 2H NMR (400 MHz, DCM, Time 30 min) H/D scrambling with pyridinium 2-22+ 
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Figure 21 2H NMR (400 MHz, DCM, Time 20 h) H/D scrambling with pyridinium 2-22+ 

4.5.3 Formation of an Lewis Adduct with DMAP and Pyridinium 2-22+ 

In a nitrogen filled glove box, four 1 dram vials were separately charged with 

[Ph3C][B(C6F5)4] (30.16 mg, 0.0327 mmol), 2-22 (14.3 mg, 0.036 mmol), DMAP (4.0 mg, 0.0327 

mmol) and 1,3,5-trimethoxybenzene (6.51 mg, 0.039 mmol). Dichloromethane (0.6 mL) was used 

to first dissolve [Ph3C][B(C6F5)4]
 then this solution was added to the vial containing 2-22 and the 

reaction was shaken until the yellow colour dissipated, according to GP1. This solution was then 

added to the vial containing DMAP and then 1,3,5-trimethoxybenzene and the solution containing 

all reagents was transferred to a J-young NMR tube. Upon addition of DMAP, a pale yellow to 

red colour change was observed. The reaction was left at room temperature for 48 h and 

frequently monitored by NMR spectroscopy.  
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4.5.4 Lewis Base Additive Study on the Hydrosilylation Reaction with Pyridinium 2-22+ 

N-aryl HE 2-22 was used in GP1 to produce 2-22+.  This in situ pyridinium solution was 

then employed to perform the hydrosilylation of 2-4a utilizing GP2 in dichloromethane at room 

temperature, such that the catalyst loading was 1 mol%. A 1 dram vial was charged with 10 mol% 

of the respective Lewis base additive (either by using an accurate balance or μL pipette) and the 

solution from GP2 was used to dissolve the contents of the vial. The reaction was transferred into 

a J-young NMR tube and monitored intermittently by NMR.  

4.5.5 Hydrosilylation of Various Aldimines Using Pyridinium 2-22+  

Using GP2, N-aryl HE 2-22 (1 or 10 mol%), [Ph3C][B(C6F5)4] (1 or 10 mol%), 1.1 eq. of 

PhSiH3, 1.0 eq. of aldimine (2-4(a,c-g)) and an internal standard were combined in 1,4-dioxane to 

complete the hydrosilylation of the respective aldimine. The reaction was monitored by 1H NMR 

spectroscopy. Isolation and purification of the reduced product was completed by column 

chromatography. Specific purification methods are described herein.  

Silyl-benzylphenylamine-(2-38a): Using GP2, 2-22 (1.43 mg, 0.0036 

mmol) was  combined with [Ph3C][B(C6F5)4] (3.32 mg, 0.0036 mmol) in 

1,4-dioxane (0.6 mL). Then aldimine 2-4a (65.25 mg, 0.36 mmol) and 

hexamethylbenzene (5.79 mg, 0.036 mmol) were weighed out and added to 

the solution. Finally, PhSiH3 (49 L, 0.396 mmol) was added and the NMR tube was removed 

from the glove box. After 15 minutes, full conversion was achieved and analysis of the 1H NMR 

spectrum with reference to hexamethylbenzene as the internal standard provided 2-38a in 

quantitative yield (Figure 22).  
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Figure 22 1H NMR (400 MHz, 1,4-dioxane) of hydrosilylation of aldimine 2-4a using 

pyridinium 2-22+ 

4-Methoxybenzyl(phenyl)amine-(2-40c): Using GP2, 2-22 (14.36 

mg, 0.036 mmol) was combined with [Ph3C][B(C6F5)4] (33.21 mg, 

0.036 mmol) in 1,4-dioxane (0.6 mL). Then aldimine 2-4c (76.70 mg, 

0.36 mmol) and hexamethylbenzene (6.38 mg, 0.040 mmol) were 

weighed out and added to the solution. Finally, PhSiH3 (48.8 L, 0.396 mmol) was added and the 

NMR tube was removed from the glove box. After 4 h, full conversion was achieved. The 

solution was concentrated by rotary evaporation and purified by column chromatography 

(hexanes:ethyl acetate, 9:1-5:1). Fractions containing product were collected, concentrated and 

dried under reduced pressure overnight to yield the amine 2-40c as a pale yellow solid (60 mg, 

0.281 mmol, 78%).  
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1H NMR (400 MHz, CDCl3) δ(ppm): 3.87 (s, 3H, OCH3), 4.02 (br. s, 1H, NH), 4.32 (s, 2H, 

CH2), 6.71 (d, 3JH-H = 8 Hz, 2H, ArC-H), 6.81 (t, 3JH-H = 8 Hz, 1H, ArC-H), 6.87 (t, 3JH-H = 8 Hz, 

2H, ArC-H), 7.26 (t, 3JH-H = 8 Hz, 2H, ArC-H), 7.37 (d, 3JH-H = 8 Hz, 2H, ArC-H). 13C NMR (100 

MHz, CDCl3) δ(ppm): 47.81, 55.33, 112.88, 114.06, 117.52, 128.85, 129.30, 131.46, 148.26, 

158.88. 

 

4-Trifluoromethylbenzyl(phenyl)amine (acetylated)-(2-41): Using 

GP2, 2-22 (1.47 mg, 0.0036 mmol) was combined with 

[Ph3C][B(C6F5)4] (3.34 mg, 0.0036 mmol) in 1,4-dioxane (0.6 mL). 

Then aldimine 2-4d (90.08 mg, 0.36 mmol) and 1,3,5-

trimethyoxybenzene (12.03 mg, 0.0715 mmol) were weighed out and added to the solution. 

Finally, PhSiH3 (48.8 L, 0.396 mmol) was added and the NMR tube was removed from the 

glove box. After 10 minutes, full conversion was achieved. The solution was concentrated and 

passed through a short silica gel plug (hexanes:ethyl acetate, 9:1), yielding a mixture of amine 2-

40d and 1,3,5-trimethyoxybenzene. The solution was concentrated, dried and solubilized in 

dichloromethane (2.5 mL), then 1.5 eq. of freshly distilled Et3N (75 L, 0.54 mmol) and 1.5 eq. 

of CH3COCl (38 L, 0.54 mmol) were added to the solution and the reaction mixture was stirred 

under argon for 16 h. The reaction was quenched with distilled water and the organic phase was 

extracted with dichloromethane (3 x 5 mL) and dried over Na2SO4. The reaction was concentrated 

by rotary evaporation and the acetylated product was purified by column chromatography 

(hexanes:ethyl acetate, 7:1 – 6:4). Fractions containing product were collected, concentrated and 

dried under reduced pressure overnight to yield the acetylated amine 2-41 as a white solid (87 

mg, 0.295 mmol, 82%). 

1H NMR (400 MHz, CDCl3) δ(ppm):1.90 (s, 3H, CH3), 4.93 (s, 2H, CH2), 7.01 (d, 3JH-H = 8 Hz, 

2H, ArC-H), 7.34 (apparent d, 3JH-H = 8 Hz, 5H, ArC-H), 7.52 (d, 3JH-H = 8 Hz, 2H, ArC-H). 
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4-[(Phenylamino)methyl]benzonitrile-(2-40e): Using GP2, 2-22 (1.43 

mg, 0.0036 mmol) was combined with [Ph3C][B(C6F5)4] (3.32 mg, 

0.0036 mmol) in 1,4-dioxane (0.6 mL). Then aldimine 2-4e (74.65 mg, 

0.36 mmol) and hexamethylbenzene (6.65 mg, 0.040 mmol) were 

weighed out and added to the solution. Finally, PhSiH3 (48.8 L, 0.396 mmol) was added and the 

NMR tube was removed from the glove box. After 3 h 10 min, full conversion was achieved. The 

solution was concentrated by rotary evaporation and purified by column chromatography 

(hexanes:ethyl acetate, 8:2). Fractions containing product were collected, concentrated and dried 

under reduced pressure overnight to yield the amine 2-40e as a white solid (63 mg, 0.302 mmol, 

84%). 

1H NMR (400 MHz, CDCl3) δ(ppm): 4.21 (br. s, 1H, NH), 4.43 (s, 2H, CH2), 6.58 (d, 3JH-H = 8 

Hz, 2H, ArC-H), 6.75 (t, 3JH-H = 8 Hz, 1H, ArC-H), 7.17 (t, 3JH-H = 8 Hz, 2H, ArC-H), 7.48 (d, 

3JH-H = 8 Hz, 2H, ArC-H), 7.62 (d, 3JH-H = 8 Hz, 2H, ArC-H). 13C NMR (100 MHz, CDCl3) 

δ(ppm): 47.81, 110.95, 112.89, 118.14, 118.90, 127.71, 129.38, 132.47, 145.39, 147.40.  

 

3-Nitro-N-phenylbenzenemethanamine-(2-40f): Using GP2, 2-22 

(1.43 mg, 0.0036 mmol) was combined with [Ph3C][B(C6F5)4] (3.37 

mg, 0.0036 mmol) in 1,4-dioxane (0.6 mL). Then aldimine 2-4f 

(81.41 mg, 0.36 mmol) and hexamethylbenzene (6.56 mg, 0.040 

mmol) were weighed out and added to the solution. Finally, PhSiH3 (48.8 L, 0.396 mmol) was 

added and the NMR tube was removed from the glove box. After 10 min, full conversion was 

achieved. The solution was concentrated by rotary evaporation and purified by column 

chromatography (hexanes:ethyl acetate, 7:1-3:1). Fractions containing product were collected, 

concentrated and dried under reduced pressure overnight to yield the amine 2-40f as an orange 

solid (70 mg, 0.306 mmol, 85%). 
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1H NMR (400 MHz, CDCl3) δ(ppm): 4.26 (br. s, 1H, NH), 4.47 (s, 2H, CH2), 6.61 (d, 3JH-H = 8 

Hz, 2H, ArC-H), 6.76 (t, 3JH-H = 8 Hz, 1H, ArC-H), 7.19 (t, 3JH-H = 8 Hz, 2H, ArC-H), 7.51 (t, 3JH-

H = 8 Hz, 1H, ArC-H), 7.72 (d, 3JH-H = 8 Hz, 1H, ArC-H), 8.12 (d, 3JH-H = 8 Hz, 1H, ArC-H), 8.25 

(s, 1H, ArC-H). 13C NMR (100 MHz, CDCl3) δ(ppm): 47.53, 112.98, 118.21, 122.07, 122.27, 

129.40, 129.59, 133.26, 142.07, 147.37, 148.58.  

 

p-Carbomethoxy-N-phenylbenzylamine-(2-40g): Using GP2, 2-

22 (1.48 mg, 0.0036 mmol) was combined with [Ph3C][B(C6F5)4] 

(3.35 mg, 0.0036 mmol) in 1,4-dioxane (0.6 mL). Then aldimine 2-

4g (86.03 mg, 0.36 mmol) and hexamethylbenzene (6.52 mg, 0.040 

mmol) were weighed out and added to the solution. Finally, PhSiH3 (48.8 L, 0.396 mmol) was 

added and the NMR tube was removed from the glove box. After 2 h, full conversion was 

achieved. The solution was concentrated by rotary evaporation and purified by column 

chromatography (hexanes:ethyl acetate, 6:1-3:1). Fractions containing product were collected, 

concentrated and dried under reduced pressure overnight to yield the isolated amine 2-40g as a 

white solid (78 mg, 0.324 mmol, 90%). 

1H NMR (400 MHz, CDCl3) δ(ppm): 3.92 (s, 3H, CH3), 4.17 (br. s, 1H, NH), 4.41 (s, 2H, CH2), 

6.62 (d, 3JH-H = 8 Hz, 2H, ArC-H), 6.74 (t, 3JH-H = 8 Hz, 1H, ArC-H), 7.18 (t, 3JH-H = 8 Hz, 2H, 

ArC-H), 7.45 (d, 3JH-H = 8 Hz, 2H, ArC-H), 8.02 (d, 3JH-H = 8 Hz, 2H, ArC-H). 13C NMR (100 

MHz, CDCl3) δ(ppm): 48.04, 52.16, 112.96, 117.90, 127.20, 129.13, 129.37, 130.02, 145.07, 

147.84, 167.02. 

4.5.6 Testing Autocatalysis in the Hydrosilylation of Aldimine 2-4d with Pyridinium 2-22+ 

In a nitrogen filled glove box, 2-22 (1.43 mg, 0.0036 mmol) and [Ph3C][B(C6F5)4] (3.32 

mg, 0.0036 mmol) were used in GP1 (600 L of 1,4-dioxane) to produce 2-22+. GP2 was then 

used for the hydrosilylation of aldimine 2-4d (89.72 mg, 0.360 mmol), such that 0.1 mol% 
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(0.00036 mmol) of 2-22+ was used in the reaction (60 L from GP1). Hexamethylbenzene (6.39 

mg, 0.0715 mmol) was used as the internal standard and 1,4-dioxane (540 L) was used as the 

solvent.  Finally, PhSiH3 (48.8 L, 0.396) was added to the NMR tube and the reaction was left at 

room temperature. After this reaction was completed (2 h), an aliquot (12 μL, 2 mol% silylated 

amine) from this reaction was added to a new reaction using the same conditions. The second 

reaction was monitored by 1H NMR spectroscopy and was completed in 30 minutes (Figure 23). 

 

Figure 23 1H NMR (400 MHz, 1,4-dioxane) of hydrosilylation of aldimine 2-4d using 

pyridinium 2-22+ and additive of crude reaction mixture 

4.5.7 Silylium Hydrosilylation Catalysis (GP3) 

GP3: In a nitrogen filled glove box, two 1 dram vials were separately charged with 

[Ph3C][B(C6F5)4] and aldimine 2-4d (1.0 eq.). A desired solvent was then used to sequentially 

dissolve both compounds and the solution containing both reagents was transferred into a J-young 
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NMR tube. 1.1 eq. of phenyl silane was then added to the J-young NMR tube using a μL pipette 

and the reaction was monitored by NMR spectroscopy. 

4.6 General Hydrogenation Procedure (GP4) 

GP4: In a nitrogen filled glove box, 2-22+ was produced according to GP1. Aldimine 2-

4a (1.0 eq.) was weighted out into a 0.5 dram vial and the in situ pyridinium (10 mol%) solution 

was added to the vial. Two 0.5 dram vials (one containing a stir bar and the reaction solution and 

one empty) were placed into a Parr vessel. The vessel was closed and tightened by hand and a 

septum was used to cover the aperture at the top of the vessel. The Parr vessel was removed from 

the glove box, the septum was then removed and the pressure gage was quickly attached to the 

vessel and all connections were tightened using a wrench. The Parr vessel was initially 

pressurized to 400 psi of H2 gas and the system was purged six times. If heating the reaction, the 

vessel was immersed in mineral oil and the temperature was increased at this point to ensure that 

no over pressurizing of the vessel would occur. Once the desired temperature was reached, the 

Parr vessel was fully pressurized and left to react. After the reaction, the H2 pressure in the vessel 

was relieved, the reaction was concentrated by rotary evaporation and the contents of the reaction 

were analyzed by NMR and GC-MS spectroscopy.  

The 1H NMR and GC-MS spectra for all trials have been provided in the appendix of this 

chapter (Figure 48-62). The NMR spectra are expanded in the 4.0 to 4.5 ppm region to highlight 

the formation (or lack thereof) of the CH2 resonance of the desired amine product 2-40a (4.3 

ppm). 
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4.7 Appendix – NMR of New Compounds and NMR and GC-MS of Hydrogenation 

Experiments 

 

 

Figure 24 1H NMR (400 MHz, CDCl3) of 2-28a 

 

Figure 25 13C NMR (100 MHz, CDCl3) of 2-28a 
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Figure 26 19F NMR, (376.5 MHz, CDCl3) of 2-28a 

 

Figure 27 1H-1H COSY NMR (400 MHz, CDCl3) of 2-28a 



 

120 

 

 

Figure 28 1H NMR (400 MHz, CD2Cl2) of 2-22 

 

Figure 29 13C NMR (100 MHz, CD2Cl2) of 2-22 
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Figure 30 19F NMR (376.5 MHz, CD2Cl2) of 2-22 

 

Figure 31 1H-1H COSY NMR (400 MHz, CD2Cl2) of 2-22 
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Figure 32 1H-13C HMBC NMR (CD2Cl2) of 2-22 

 

Figure 33 1H-13C HSQC NMR (CD2Cl2) of 2-22 
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Figure 34 1H NMR (400 MHz, CD2Cl2) of 2-20+ 

 

Figure 35 13C NMR (100 MHz, CD2Cl2) of 2-20+ 
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Figure 36 11B NMR (128.38 MHz, CD2Cl2) of 2-20+ 

 

Figure 37 19F{1H} NMR (376.5 MHz, CD2Cl2) of 2-20+ 
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Figure 38 1H-1H COSY NMR (400 MHz, CD2Cl2) of 2-20+ 

 

Figure 39 1H-13C HMBC NMR (CD2Cl2) of 2-20+ 
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Figure 40 1H-13C HSQC NMR (CD2Cl2) of 2-20+ 

 

Figure 41 1H NMR (400 MHz, CD2Cl2) of 2-22+ 
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Figure 42 13C NMR (100 MHz, CD2Cl2) of 2-22+ 

 

Figure 43 11B{1H} NMR (128.38 MHz, CD2Cl2) of 2-22+ 
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Figure 44 19F{1H} NMR (376.5 MHz, CD2Cl2) of 2-22+ 

 

Figure 45 1H-1H COSY NMR (400 MHz, CD2Cl2) of 2-22+ 
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Figure 46 1H-13C HMBC NMR (CD2Cl2) of 2-22+ 

 

Figure 47 1H-13C HSQC NMR (CD2Cl2) of 2-22+ 
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Figure 48 1H NMR (400 MHz, CDCl3, entry 1) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in DCM and 1000 psi H2 at room temperature 

 

Figure 49 1H NMR (400 MHz, CDCl3, entry 2) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in DCM and 1040 psi H2 at room temperature 
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Figure 50 1H NMR (400 MHz, CDCl3, entry 3) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in DCM and 1000 psi H2 at 120 oC 

 

Figure 51 GC-MS (entry 4) of hydrogenation of aldimine 2-4a using pyridinium 2-22+ in 

1,4-dioxane and 920 psi H2 at room temperature  
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Figure 52 1H NMR (400 MHz, CDCl3, entry 4) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in 1,4-dioxane and 920 psi H2 at room temperature 

 

Figure 53 GC-MS (entry 5) of hydrogenation of aldimine 2-4a using pyridinium 2-22+ in 

1,4-dioxane and 900 psi H2 at 100 oC 
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Figure 54 1H NMR (400 MHz, CDCl3, entry 5) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in 1,4-dioxane and 900 psi H2 at 100 oC 

 

Figure 55 GC-MS (entry 6) of hydrogenation of aldimine 2-4a using pyridinium 2-22+ in 

1,4-dioxane and 900 psi H2 at 50 oC 



 

134 

 

 

Figure 56 1H NMR (400 MHz, CDCl3, entry 6) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in 1,4-dioxane and 900 psi H2 at 50 oC 

 

Figure 57 GC-MS (entry 7) of hydrogenation of aldimine 2-4a using pyridinium 2-22+ in 

1,4-dioxane and 1200 psi H2 at room temperature 
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Figure 58 1H NMR (400 MHz, CDCl3, entry 7) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in 1,4-dioxane and 1200 psi H2 at room temperature 

 

Figure 59 GC-MS (entry 8) of hydrogenation of aldimine 2-4a using pyridinium 2-22+ in 

1,4-dioxane and 1500 psi H2 at room temperature 
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Figure 60 1H NMR (400 MHz, CDCl3, entry 8) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in 1,4-dioxane and 1500 psi H2 at room temperature 

 

Figure 61 GC-MS (entry 9) of hydrogenation of aldimine 2-4a using pyridinium 2-22+ in 

1,4-dioxane and 1300 psi H2 at room temperature 
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Figure 62 1H NMR (400 MHz, CDCl3, entry 9) of hydrogenation of aldimine 2-4a using 

pyridinium 2-22+ in 1,4-dioxane and 1300 psi H2 at room temperature 
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