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ABSTRACT

 Organic synthesis relies on improving catalyst designs and understanding reaction 

mechanisms for the advancement of the field. This dissertation will describe projects in 

both of these areas. First it will cover new photocatalysts in the aim of maintaining 

reactivity while increasing solubility in less polar solvents, and second understanding the 

importance of intermolecular interactions between new nucleophilic catalysts and 

substrates.  

Photocatalysis has become a major focus as a sustainable pathway for chemical 

reactions with visible light photocatalysts performing a large range of reactions such as 

redox reactions, cyclization reactions, and energy transfer reactions. Chapter 1 will discuss 

classes of organic photocatalysts commonly used in the field and the goals for developing 

future catalysts. Silicon phthalocyanines have been largely ignored as photocatalysts in 

photocatalytic reactions, despite their low energy excitation, long triplet lifetimes, and their 

ability to form singlet oxygen. In chapter 2, we will discuss three silicon phthalocyanine 

catalysts we developed for photocatalysis. Using cyclic voltammetry and Stern Volmer 

quenching studies, we have shown silicon phthalocyanines can act as electron donors or 

acceptors with appropriate substrates. We have successfully used silicon phthalocyanines 

in a reductive quenching reaction and in energy transfer reactions utilizing singlet oxygen 

as a reactant. These reactions, as well as the photophysical and electrochemical 

experiments will be discussed.  
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In asymmetric catalysis, intra- and intermolecular interactions can be important for 

influencing catalyst/substrate arrangements to obtain selective reactions. Cation-pi 

interactions are one such interaction, that is frequently suggested to aid in reaction control. 

Isothiourea catalysts are nucleophilic catalysts that tend to form a cationic intermediate 

during the reaction and are hypothesized to participate in cation-pi interactions. Chapter 3 

will directly focus on the cation-pi interaction we believe is occurring during an alcohol 

silylation reaction by analyzing electron rich and electron poor nonchiral isothiourea 

catalysts to understand how changes in the catalyst affect interactions with substrates. 

Competition studies with electron-rich and electron-poor substrates are used as a tool to 

probe this interaction and the results obtained will be discussed. 
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CHAPTER 1 

BACKGROUND ON PHOTOCATALYSIS 

1.1.  Photocatalysis in organic synthesis 

In the past fifteen years, synthetic chemists have increasingly employed 

photocatalysis, specifically using visible-light, for unique organic transformations, 

including photo-cycloadditions and C-H bond activations, just to name two.1 

Photocatalysts provide mild, sustainable pathways for reactions to occur by producing 

excited species (commonly singlet or triplet state species) that achieve intricate molecular 

transformations not always possible by established protocols or traditional reagents. The 

two processes most accepted for photocatalysis are electron and energy transfer.2,10 In these 

processes, a photocatalyst absorbs energy from light, to reach an excited singlet state. This 

excited species can then undergo intersystem crossing to its excited triplet state. The triplet 

state is where photochemistry occurs and is the species that can either undergo an energy 

 

Figure 1.1 Simplified Jablonski diagram of photocatalytic process. 
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or electron transfer to produce other reactive species in the reaction (Figure 1.1).7,8,10 The 

MacMillan, Yoon, and Stephenson research groups were fundamental in initiating the 

boom photoredox catalysis has had in organic synthesis.2,3,4,5,6,7,8 Their research employed 

Ru(bpy)3
2+ (bpy is 2,2`-bipyridine as shown in Figure 1.2) or derivatives of Ru(bpy)3

2+, to 

achieve what were synthetically challenging transformations, such as the enantio-selective 

intermolecular α-alkylation of aldehydes,2 [2+2] cycloaddition of enones,3 and reductive 

dehalogenation,4 all using visible light photocatalysis. These groups were able to perform 

very different reactions with essentially the same catalyst, expanding its application to a 

wide set of reactions. What made this catalyst so versatile was its ability to efficiently 

undergo single electron transfer (SET) and energy transfer (ET) processes, both 

photocatalytic pathways.9,10 In these reactions, the excited Ru(bpy)2+ would accept an 

electron from a sacrificial donor, then donate the electron to a different substrate that would 

then perform the desired chemistry. Since then, numerous studies have incorporated 

ruthenium-based photocatalysts to continue expanding the application of these catalysts in 

various types of reactions.6,7,8  

 

Figure 1.2 Structure of Ru(bpy)3
2+ 
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While ruthenium-based photocatalysts have shown to be valuable photocatalysts, a 

push for more sustainable catalysts, specifically organic-based photocatalysts, emerged to 

reduce the use of these precious metals and limit metal waste.11,12,13 Porphyrinoids,14 

acridinium salts,15 (thio)xanthene dyes,16 pyriliums,17 benzophenones,18 phenalenones,19 

thiazines,20 and BODIPY21,30 (Boron-dipyrromethene) are just a few of the many classes 

of organophotocatalysts that have developed in hopes of replacing metal-based 

photocatalysts (Figure 1.3).21 These compounds have desirable qualities, including simple 

structural modifications for tuning of physical properties, photostability, and redox 

properties similar to ruthenium-based catalysts. While significant strides have been made 

in developing organic photocatalysts with these families, there are still several issues to 

 

Figure 1.3 Examples of different organocatalysts 
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address, including solubility in diverse solvents, tolerance towards changes in pH, and 

achieving redox potentials competitive with metal-based photocatalysts. In this 

dissertation, a select few of these families will be further discussed and analyzed in terms 

of their contribution to photocatalysis.  

1.2 Organic Photocatalysts 

1.2.1 Eosin Y 

In 2010, the Zeitler group investigated various organic dyes in hopes of developing 

an efficient photocatalyst for organic transformations.22 They began their study with 

organic dyes (Figure 1.4) that displayed similar properties to ruthenium- and iridium-based 

catalysts, specifically their absorbance max wavelengths and redox potentials. The Zeitler 

group modeled Stephenson and coworker’s dehalogenation of α-bromoacetophenone to 

 

Figure 1.4 Organic dyes investigated by Zeitler group. 

 

Figure 1.4 Organic dyes investigated by Zeitler group. 
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analyze each dye’s potential for photoredox processes (Scheme 1.1A).4,22 They saw most 

dyes were successful in achieving full conversion under a variety of light sources, but 

noticed the brominated derivative of eosin Y provided very clean product and suffered 

minimum photo-bleaching (when photo-induced damage occurs that prevents 

fluorescence) when using higher powered LEDs.22 They also analyzed eosin Y’s 

performance in MacMillan’s asymmetric α-alkylation reaction to test its ability to produce 

enantioselective products (Scheme 1.1B).2,22 They saw comparable conversion and 

selectivities to MacMillan’s use of Ru(bpy)3
2+, and concluded eosin Y is similar to 

ruthenium-based catalysts where both serve as electron acceptors. The success of this 

 

Scheme 1.1 Model reactions to test eosin Y as organophotocatalyst. A. Photoredox 

dehalogenation reaction. B. Asymmetric α-alkylation reaction. 

 

Scheme 1.1 Model reactions to test eosin Y as organophotocatalyst. A. Photoredox 

dehalogenation reaction. B. Asymmetric α-alkylation reaction. 
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catalyst has provided more sustainable methods for organic transformations and lead to an 

upsurge of eosin Y derivatives to continue enhancing and developing its photochemical 

and photophysical properties for more diverse applications.28,29 

Eosin Y derivatives have been employed in various reactions, including 

reductions,23 oxidations,24 brominations,25 and arylation reactions,26 just to name a few. 

While eosin Y and its derivatives seem to be a great solution to replace metal 

photocatalysts, there are limitations that prevent it from being a truly universal catalyst. 

One is the dependence on pH and solvent, preferring solutions with pH > 4.27,28 Scheme 

1.2 depicts the acid-base behavior eosin Y can undergo, where the deprotonated forms (1.8 

 

Scheme 1.2 Tautomerization equilibrium of eosin Y. 
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and 1.9) are catalytically active.27,28 The closed form 1.7 tautomer does not absorb visible 

light because the closed form (also known as spirocyclic) interrupts the conjugation of the 

ring system and 1.1b has weak absorbance of visible light. Because of this sensitivity to 

pH, the literature agrees that more basic organic solvents, such as DMSO, show better 

performance with eosin Y compared to other solvents such as acetonitrile unless base is 

added to the reaction.28 Also, since eosin Y is a salt in its active form, it does not tolerate 

nonpolar solvents and has issues with solubility in reactions. Even derivatives of eosin Y, 

including addition of organic moieties in place of the core bromines to increase its 

solubility in organic solvents, have limited success.29 Therefore, photocatalysts that are 

more tolerant to different environmental conditions are needed to address these limitations 

of eosin Y. 

1.2.2 BODIPY-based photocatalysts 

BODIPY (boron-dipyrromethene)-based photocatalysts have also attracted much 

attention for photocatalysis due to their easily tunable photophysical and photochemical 

properties through derivatization, strong absorption of visible light, and good 

dphotostability.21,30 Additionally, BODIPY derivatives are more tolerable to pH and 

temperature changes and modifications to the boron can enhance the chemical stability of 

these structures, which addresses concerns seen with eosin Y derivatives discussed 

previously.31,32,33 The structural modifications that BODIPY can undergo to enhance its 

photochemical and electrochemical properties has made these structures favorable for 
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photocatalysis. For example, the addition of two iodine atoms to the BODIPY core 

(Scheme 1.3), greatly enhances the triplet state lifetime to over 57 µs whereas its 

unsubstituted core has a feeble triplet state lifetime of 0.02 µs.34.35,36 This is very impressive 

considering photocatalyst Ru(bpy)3Cl2 has a reported triplet state lifetime of only 1.1 µs.37 

The length of a triplet state lifetime can be very valuable for photocatalysis. As mentioned 

above, the triplet state is an excited state produced from the excitation of a photocatalyst, 

through the absorption of light, and is what actively participates in the electron or energy 

transfer in photocatalytic cycles.2,10 The extended triplet state lifetime is due to the heavy 

atom effect (in this case iodine), which is well-known to promote intersystem crossing and 

extend triplet state lifetimes, allowing more time for the excited species to react.38 In 2013, 

Huang and Zhao utilized this iodo-derivatized BODIPY catalyst to undergo photoredox 

processes and saw the catalyst was able to act as both an electron donor and electron 

acceptor in three separate photoredox reactions.39 Traditionally, BODIPY derivatives 

primarily act as photooxidants (electron acceptors) and have limited applications in acting 

as electron donors.21 While the dual capability of this catalyst was significant, the iodo-

BODIPY catalyst also outperformed favored Ru(bpy)3Cl2, Ir(ppy)3, and eosin Y catalysts, 

becoming a formidable organic photocatalyst.39 However, despite these advantages, the 

iodo-BODIPY derivative also experience limitations. While the iodine atom increases the 

triplet state lifetime due to the heavy atom effect, halogenation on the BODIPY core 

 

Scheme 1.3 Synthesis of iodo-BODIPY derivative. 
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decreases the reduction values to less negative potentials, limiting its ability to interact with 

diverse substrates.40 More recently, several groups have employed metal complexes with 

BODIPY derivatives to further enhance its triplet state lifetime and retain favorable 

electrochemistry, generating dual catalysis systems.21,41,42,43,44 While this can improve 

catalyst performance, whether that be through increased product yields or further 

manipulation of the heavy atom effect to enhance triplet lifetimes, this technique also 

counteracts the goal of reducing the use of metal-based catalysts, specially complexes 

containing ruthenium and iridium.42 It would be beneficial to generate photocatalysts 

where tuning the structure would enhance the catalyst properties instead of adding 

additional catalysts, further complicating the reaction cycle. 

1.3  Silicon Phthalocyanines 

To address the limitations mentioned above with commonly used photocatalysts, 

we proposed silicon phthalocyanines (Figure 1.5) as a viable option for 

organophotocatalysis. Commonly used in dyes and pigments,45 silicon phthalocyanines 

have the desired properties, such as structural tunability for solubility,45 visible light 

 

Figure 1.5 Silicon phthalocyanine structure 

 

Figure 1.1.1.1 Synthesis of iodo-Bodipy derivative. 

 

Figure 1.5 Structure of silicon phthalocyanine 
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absorption (~700 nm),46 and are organic based. The structural tunability of these 

compounds, specifically the ability to substitute any ligand in the axial (denoted as X in 

Figure 1.5) and peripheral (denoted as Y in Figure 1.5) positions allow these structures to 

have limitless potential in any field. Cancer phototherapy,47 organic photovoltaic devices,48 

supramolecular organic thin films,49 solar cells,50 and polymer chemistry51 are just a few 

fields silicon phthalocyanines have been utilized in. The axial ligands influence the 

solubility in two ways. The axial position to the phthalocyanine ring allows the ligands to 

disrupt any π-π stacking that can occur between the planar phthalocyanine molecules, 

increasing the solubility of these structures. Since potentially any type of ligand can be put 

in the axial position, the polarity of the ligands can be modified for these structures to be 

soluble in different types of solvent systems, whether that be organic or aqueous.46 

Therefore, these structures are valuable for organic photocatalysis because they are not 

limited to polar or nonpolar solvents, rather the structures can be tuned for any reaction 

system required. 

 Substitution in the axial position as well as the peripheral positions can also impact 

the redox properties of these structures.52 A majority of the literature on the electronic 

properties of these structures focuses on the application of photovoltaic devices with 

limited data utilizing these compounds in photoredox processes in organic systems.46 These 

studies have mostly centered around solar energy conversion and homogeneous 

photocatalysis.46 The consensus of these studies appear to agree that the sterics of the axial 

ligands have little influence on the electrochemical potentials but did influence the 

solubility of the structures which lead to increased device performance.53 Reports of 

incorporating electron-withdrawing groups on the axial positions have impacted the 
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electron donating and accepting properties of these structures with improved device 

performance reported.54 However, one study by Yang and Peng investigated 

electrochemical behaviors of silicon phthalocyanines with aryl benzyl ether dendrimer 

ligands containing nitro, cyano, or ether terminal groups on the axial positions using cyclic 

voltammetry (Figure 1.6).55 While high negative reduction potentials were seen for the 

derivatives, producing structures that require higher energy to reduce, little difference was 

seen between the redox values for the different axial ligands.55 This conflicts with the idea 

that electron-withdrawing groups improve the electron transfer process as stated in 

literature with photovoltaic devices. Therefore, further research is needed to better 

 

Figure 1.1.6 Structure of derivatized silicon phthalocyanine dendrimer. 
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understand how the axial and peripheral ligands participate in the stabilization of 

electrochemical processes for silicon phthalocyanines.  

 In addition to ligand substitution, the use of silicon phthalocyanines as second 

generation photosensitizers in photodynamic therapy (PDT) also makes these structures 

attractive for photocatalysis.56,57 In a PDT process, when light irradiates on a 

photosensitizer, or photocatalyst in context with this dissertation, a photon is absorbed and 

excites the molecule from its ground state to its excited singlet state, undergoing 

intersystem crossing to the triplet state.56 Once in the triplet state, two accepted processes 

can occur to initiate PDT: an energy or electron transfer with molecular oxygen to produce 

highly reactive singlet oxygen or superoxide anions, respectively, which initiate cell 

death.56 This process is nearly identical to photocatalytic cycles where an excited 

photocatalyst in its triplet state transfers energy or an electron to a substrate during the 

reaction sequence (Figure 1.1). Therefore, since phthalocyanines are already used in the 

generation of reactive species in PDT, we assume that they can also be used in 

photocatalytic reactions.  

 One last application of silicon phthalocyanines is their ability to generate hydrogen 

from water splitting for an alternate energy carrier.58,59 Lu and coworkers developed a 

system that covalently linked a silicon phthalocyanine structure with a phenyl group 

linking it to graphene with Pt nanoparticles loaded on the graphene sheets as a cocatalyst.59 

In this system, the silicon phthalocyanine is excited with visible light, referred to as light 

harvesting, and accepts an electron from the sacrificial donor triethanolamine. This electron 

is then transferred to the graphene. The Pt cocatalyst then “traps” the electron and facilitates 

proton reduction to afford hydrogen.60 This system had poor performance due to π-π 
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stacking aggregation between hydrophobic graphene and the silicon phthalocyanine phenyl 

structures. To address the aggregation they added surfactants, which are known to prevent 

aggregation. The graphene interacts with the surfactant through either ionic or π-π 

interactions which helps distribute the graphene in different solvents and disrupts the 

intermolecular interactions that cause aggregation.61,62 Once the surfactants were added to 

the system, more than double the amount of hydrogen was produced versus without the 

surfactant. Additionally, the amount of hydrogen produced was four times higher than 

normal graphene. It was concluded that the strong absorbance of silicon phthalocyanines 

was responsible for the increase in performance and efficient charge transfer to the 

graphene. The Pt further enhanced the hydrogen production because it lowers the 

electrochemical proton reduction overpotential for water splitting and is able to collect the 

photoexcited electrons from the graphene to generate hydrogen.59 Several other systems 

have utilized silicon phthalocyanine/graphene combinations for hydrogen generation 

because of the optimal absorption properties and efficient electron transfer. Therefore, we 

believe these structures could also be extended to organic photocatalysts for photoredox 

processes.  

1.4  Conclusions 

Silicon phthalocyanines show great promise as photocatalysts for both electron and 

energy transfer reactions. Their absorption of visible light, structural tunability and ability 

to participate in PDT processes are desired traits for visible light photocatalysis in organic 

reactions. While the literature reports redox potentials for these structures, limited research 

is available on using them as photocatalysts in organic synthesis.46 In chapter 2, three 

silicon phthalocyanines (1.1, 1.2, and 1.3 in Figure 1.7) with pentoxy, trihexylsilyloxy, and 
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triphenylsilyloxy groups for axial ligands will be investigated. The electrochemical profile 

for each compound was measured to determine its redox potentials and how stable these 

compounds are for electron transfer processes, ideally for photoredox reactions. 

Fluorescence quenching studies analyzed how efficiently each catalyst transfers electrons 

with increasing concentration of a known fluorescence quencher. Finally, the performance 

of each catalyst in a photoredox reaction, specifically a reductive quenching reaction where 

the catalyst donates an electron, and energy transfer reaction is discussed. 

 

 

Figure 1.1.7 Proposed silicon phthalocyanine structures. 
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CHAPTER 2 

SILICON PHTHALOCYANINES AS PHOTOCATALYSTS 

2.1  Introduction 

With relevance to cancer therapy,63 biomedical applications,64,65 and waste water 

treatment,66 photocatalysis has proven to be a powerful, versatile tool. Within the last 

fifteen years, synthetic chemists have increasingly employed photocatalysis, specifically 

using visible-light, for unique organic transformations, including photo-cycloadditions and 

C-H bond activations, just to name two. 67,68,69,70,71 Photocatalysts provide mild, sustainable 

pathways for reactions to occur by producing excited species that achieve intricate 

molecular transformations not always possible by established protocols or traditional 

reagents. For example, selective activation of vinyl halides to generate alkyl radicals has 

been a key goal in modern organic synthesis but has been difficult to achieve due to high 

reduction potentials.72 However, common photocatalysts afford reduction potentials 

complementary to vinyl halides and allow new C-C bond forming routes under mild 

reaction conditions.73  

Many photocatalytic reactions are promoted by ruthenium- and iridium-based 

catalysts70,74 because of their long-lived triplet state lifetimes and large redox properties; 

however, a push towards reducing the use of these precious metals has led to a growing 

interest in organic photocatalysts75,76,77, such as Eosin Y78,79,80,81 and derivatives,82 

BODIPY derivatives83, acridinium salts84,85,  Rose Bengal,86 and some newer amine 
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heterocycles87,88,89,90 just to name a few. Despite the rapid growth of organic photocatalysts 

there are still limitations that need to be overcome.  For example, many of the organic 

photocatalysts are salts, therefore they have limited solubility in non-polar organic 

solvents. Additionally, there is a need to develop highly reducing catalysts that are 

competitive with ruthenium and iridium photocatalysts.75 The focus of this study is to 

develop two axially-substituted silicon phthalocyanine organocatalysts that are soluble in 

a wide range of organic solvents and are competitive with ruthenium- and iridium-based 

photocatalysts. Silicon phthalocyanines are neutral compounds, where the substituents in 

the axial positions can alter their solubility, stability, and photophysical and photochemical 

properties. We found our silicon phthalocyanines are soluble in a range of solvents and 

possess redox potentials competitive with existing organic photocatalysis. These catalysts 

were successfully employed in an energy transfer reaction and redox reaction where the 

silicon phthalocyanines were competitive or out-performed the original organic 

photocatalysts under similar conditions. 

Silicon phthalocyanines are porphyrin-based structures with phenyl rings fused on 

the porphyrin core and this class of compounds has great potential as visible-light mediated 

photocatalysts due to their ability to absorb long wavelengths and their high structural 

tunability.91 The extended conjugation of these molecules allows for long wavelength 

absorption, usually varying in the red region (600-800 nm range).92,93, The energy absorbed 

promotes the compound into an excited state, which allows for one of two processes: 

energy transfer or electron transfer, the two most common pathways for photocatalysis to 

occur. Most commonly, silicon phthalocyanines are known to participate in an energy 

transfer process when activated by light as shown by their use in photodynamic therapy.94 
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When the excited molecule interacts with molecular oxygen, energy is transferred to 

produce highly reactive singlet oxygen, which reacts with cancer cells and initiates cell 

death.95,96  While redox values for silicon phthalocyanines have been reported and are 

conducive for photoredox reactions,97,98,99 there are limited examples of their use in these 

reactions,100,101 i.e. the direct electron transfer from the photocatalyst to the substrate or a 

secondary catalyst to perform the desired catalytic reaction.102 It is known that the 

photophysical and photochemical properties of silicon phthalocyanines can be modulated 

by substituting the compounds in various positions,103 but there is a lack of data showing 

how these changes affect electron transfer efficiency and stability/reversibility of electron 

transfer in organic reactions.  Our research focused on variations in substitution in the axial 

position (R on 1.2, 1.2, and 1.3) and employing these catalysts in electron and energy 

transfer processes. The work herein analyzes how axially-substituting silicon 

phthalocyanines with pentyl (1.1), trihexylsilyl (1.2), and triphenylsilyl (1.3) groups on the 

silicon center influence the redox stability and the photophysical and photochemical 

properties of the silicon phthalocyanines (Figure 2.1). The ability of the catalysts to 

 

Figure 2.1 Silicon phthalocyanine derivatives. 
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promote two reactions were investigated: (1) an energy transfer cycloaddition reaction 

involving singlet oxygen and (2) an energy transfer dehalogenation reaction. Additionally, 

full characterization of the compounds was undertaken, including their electrochemical 

properties and their stabilities under these conditions.   

2.2  Synthesis of silicon phthalocyanines 

The synthesis and characterization of the silicon phthalocyanine catalysts were 

undertaken following literature procedures. The synthesis of pentoxy substituted catalyst 

1.1 followed the procedure outlined by Chen and coworkers, where deprotonated pentanol 

displaced two chlorides on the silicon center of silicon phthalocyanine dichloride 2.1 with 

moderate yields (Scheme 2.1).104 The synthesis of the silyl protected catalyst 1.2 and 1.3 

 

Scheme 2.1 Synthetic routes for silicon phthalocyanine catalysts 1.1-1.3. 
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were adapted from Lessard et al. starting with the dihydroxyl silicon phthalocyanine 2.2.98 

The hydroxyl groups were protected by reacting them with trihexylsilyl chloride to obtain 

1.2 in moderate yields or triphenylsilyl chloride to obtain 1.3 in higher yields with one step 

(Scheme 2.1). Regarding 1.3, issues with purification resulted in limited characterization 

of the compound and no reactivity was collected for this catalyst.  

2.3  Photophysical and photochemical properties of silicon 

phthalocyanines 

The absorption and emission profiles for 1.1 and 1.2 were collected and are shown 

in Figure 2.2. The absorbance spectra for silicon phthalocyanines commonly report 

distinctive Q band and Soret bands around 670-680 nm and 350 nm, respectively.109,105 

 

 
Figure 2.2 A. UV-vis absorption spectrum of 1.1 in CHCl3 at 0.005 mM. B. UV-vis 

absorption spectrum of 1.2 in CHCl3 at 0.002 mM. C. Emission spectrum of 1.1 at 0.8 µM 

with excitation at 670 nm in CHCl3. D. Emission spectrum of 1.2 at 0.3 µM with excitation 

at 670. 
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These bands refer to the transitions from the ground to the first excited state (Q band) and 

from ground state to the second excited state (Soret band).106 The absorption profiles for 

both 1.1 and 1.2 in chloroform include a maximum absorption (λmax) at 672.5 nm and 669 

nm with extinction coefficients (ε) of 1.01 x 105 M-1cm-1 and 3.16 x 105 M-1cm-1, 

respectively, and broad peaks around 355 nm and 358 nm, respectively. This fits where the 

Q bands and Soret bands are reported for silicon phthalocyanines.104,107 The maximum 

emission peaks for 1.1 and 1.2 (676.5 nm for both) produce Stokes shifts (difference 

between maximum absorbance wavelength and maximum fluorescence wavelength) of 4 

nm and 7.5 nm, respectively in chloroform. For the emission spectra, the excitation 

wavelengths used were the absorption maximum wavelengths (672.5 nm for 1.1 and 669 

nm for 1.2) gathered from the absorption profiles. Chloroform was the chosen solvent for 

all absorption and emission spectra because both catalysts were fully soluble in this system. 

Despite the alkyl chain of the pentoxy catalyst 1.1, this catalyst had difficulties dissolving 

in most nonpolar solvents and some polar solvents, such as acetonitrile to name one. 

Trihexylsilyl catalyst 1.2 was more soluble in various solvents, including nonpolar 

solvents, such as hexanes, but also had difficulties with acetonitrile and other polar 

solvents. We believe catalyst 1.2 was more soluble in nonpolar solvents because of its 

bulkier, alkyl ligands. It is expected that these nonpolar, branched alkyl groups would 

easily dissolve in nonpolar solvents, because they aid in disrupting any pi-pi stacking that 

could occur between phthalocyanine rings. It is possible that the ligand for 1.1 is too small 

to disrupt these interactions as efficiently as 1.2. Therefore, since both catalysts readily 

dissolved in chloroform, all initial characterization utilized chloroform as the solvent.   
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Voltammetric studies of the pentyl catalyst (1.1) and the trihexylsilyl catalyst (1.2) 

were carried out in chloroform with a 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) electrolyte (Figure 2.3). CV studies have been reported for 1.2 but to the best of 

our knowledge, 1.1 has not been reported. Based off the literature, we expect 1.1 to display 

similar responses to 1.2 since most cyclic voltammetry studies on silicon phthalocyanines 

in the literature show little variation in electrochemical studies.81,110 Therefore, we expect 

1.1 and 1.2 to have one reversible oxidation peak and two reversible reduction peaks.81,110 

Looking at Figure 2.3, 1.1 does have the expected oxidation peak and two reduction peaks. 

The oxidative peak at E1/2 = 0.9 V is quasi-reversible. Quasi-reversible is defined as having 

a cathodic to anodic peak current (ip,c/ip,a) at unity, but a peak to peak separation of greater 

than 100 mV. Multiple scan rates (20, 40, 60, 80, and 100 V/s) were used to analyze the 

linear dependence of peak current (Figure 2.4). Figure 2.5 shows the linear dependence 

graphs produced from the scans for 1.1 in chloroform. The oxidative peak of 1.1 did 

produce a linear correlation (Figure 2.5), indicating the process has reversibility; however, 

 
Figure 2.3 Oxidation and reduction cyclic voltammetries of 1.1 at 1.7 mM and 1.2 

at 2 mM at 0.1 Vs-1 in CHCl3/ TBAPF6. 

 

 

Figure 2.3 Oxidation and reduction cyclic voltammetries of 2.1 at 1.7 mM and 2.2 

at 2 mM at 0.1 Vs-1 in CHCl3/ TBAPF6. 



22 

 

this peak is still quasi-reversible due to how long the time between the structure is oxidized 

and then reduced back to its neutral state. Catalyst 1.1 showed two reduction peaks E = -

0.96 V and E = -1.4 V, both being irreversible due to the lack of linear correlation in their 

linear dependence graphs (Figure 2.5). 

Interestingly, compared to 1.1 and the reported literature, 1.2 in chloroform is 

missing the second reduction wave the literature reports.81,110 One explanation for this 

could be the solvent system. In the literature the CV studies of 1.2 was conducted in 

dichloromethane and DMSO.81,110 It is possible that the radical produced in the first 

reduction is not stable enough in chloroform to allow the second reduction to occur. This 

is unexpected since we predicted the bulky trihexyl branches of 1.2 to stabilize the 

   

Figure 2.5 Linear dependence of peak current for 1.1 in chloroform. A) Oxidative Peak. B) 

First Reductive Peak. C) Second Reductive Peak. 

 

Figure 2.5 Linear dependence of peak current for 2.1 in chloroform. A) Oxidative Peak. B) 

First Reductive Peak. C) Second Reductive Peak. 

 

Figure 2.4 The oxidative (left) and reductive (right) scans of 1.1 at multiple scan 

rates (100, 80, 60, 40, and 20 V/s in chloroform. 

 

Figure 2.6 The oxidative (left) and reductive (right) scans of 2.1 at multiple scan 

rates (100, 80, 60, 40, and 20 V/s in chloroform. 
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complex. Multiple scan rates (20, 40, 60, 80, and 100 V/s) were used to analyze the linear 

dependence of peak current (Figure 2.6). Both oxidative (0.81 V) and reductive (-1.3 V) 

peaks are irreversible due to the lack of linearity from the data points with some data points 

stacking in one area of the linear dependence graphs (Figure 2.7). Regardless, we repeated 

  

Figure 2.7 Linear dependence of peak current for 1.2 in chloroform. A) Oxidative Peak. 

B) Reductive Peak. 

 

Figure 2.7 Linear dependence of peak current for 2.2 in chloroform. A) Oxidative 

Peak. B) Reductive Peak.  
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Figure 2.6 The oxidative (left) and reductive (right) scans of 1.2 at multiple scan 

rates (100, 80, 60, 40, and 20 V/s in chloroform. 

 

Figure 2.4 The oxidative (left) and reductive (right) scans of 2.2 at multiple scan 

rates (100, 80, 60, 40, and 20 V/s in chloroform. 
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the CVs of 1.1 and 1.2 in dichloromethane to reproduce the conditions of the literature.81,110 

Figure 2.8 shows the new scans for 1.1, 1.2, and 1.3 in dichloromethane, and we do see the 

second reductive wave for 1.2. Catalyst 1.3 also show redox properties reported in literature 

when using dichloromethane.81,110 

 

 

 

Figure 2.8 Oxidation and reduction cyclic voltammetries of 1.1 at 1.7 mM, 1.2 at 2 

mM, and 1.3 at 1 mM at 0.1 Vs-1 in CH2Cl2/ TBAPF6. 

 

Figure 2.8 Oxidation and reduction cyclic voltammetries of 2.1 at 1.7 mM, 2.2 at 2 

mM, and 2.3 at 1 mM at 0.1 Vs-1 in CH2Cl2/ TBAPF6. 
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Silicon phthalocyanine 1.1 exhibited one quasi-reversible oxidation process at E1/2 

= 0.95 V, labeled as R1. Figure 2.9 shows the multiple scan rates overlapped for the 

oxidation for 1.1 and Figure 2.10 shows the linear dependence graphs produced from the 

scans. The oxidative peak of 1.1 did produce a linear correlation (Figure 2.10), indicating 

the process has reversibility; however, this peak is still quasi-reversible due to how long 

the time between the structure is oxidized and then reduced back to its neutral state. For 

the reductive scan, 1.1 exhibited two primarily irreversible reduction processes labeled as 

R2 (E  = -0.8 V) and R3 (E  = -1.2 V). As shown below in Figure 2.6, both reduction waves 

for 1.1 do not follow the predicted linear dependence of peak current (ip) on the square root 

of scan rate (ν1/2) that occurs for reversible redox processes due to both having low R2 

 

Figure 2.9 The oxidative (left) and reductive (right) scans of 1.1 at multiple scan 

rates (100, 80, 60, 40, and 20 V/s in dichloromethane. 

 

Figure 2.9 The oxidative (left) and reductive (right) scans of 2.1 at multiple scan 

rates (100, 80, 60, 40, and 20 V/s in dichloromethane. 

 

Figure 2.10 Linear dependence of peak current for 1.1. A) Oxidative Peak. B) First 

Reductive Peak. C) Second Reductive Peak. 

 

Figure 2.10 Linear dependence of peak current for 2.1. A) Oxidative Peak. B) First 

Reductive Peak. C) Second Reductive Peak.  
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values and a lack of linear correlation.  This absence of electrochemical reversibility of 1.1 

indicates a deficiency of chemical stability upon reduction and is consistent with previous 

reports that show these class of silicon phthalocyanines complexes require extremely bulky 

axial groups to exhibit chemical stability.108,109  

Compound 1.2 does contain two, bulky trihexylsilyl groups int the axial position, 

which we predicted would better stabilize the structure for redox processes. The CVs of 

1.2 show both a quasi-reversible oxidation (R4, E1/2 = 0.95 V) and a fully reversible first 

reduction (R5, E1/2 = -0.93 V) followed by a quasi-reversible second reduction (R6, E1/2 = -

1.5 V) (Figure 2.12). The multiple scans rates (100, 80, 60, 40, and 20 V/s) overlap (Figure 

2.11) and linear dependence graphs (Figure 2.12) for 1.2 are shown. With significant R2 

 

Figure 2.11 Oxidation (left) and reduction (right) overlaps of multiple scan rates for 1.2 

in dichloromethane. 

 

Figure 2.11 Oxidation (left) and reduction (right) overlaps of multiple scan rates for 2.2 

in dichloromethane. 

 

Figure 2.12 Linear dependence of peak current for 1.2 in dichloromethane. A) 

Oxidative Peak. B) First Reductive Peak. C) Second Reductive Peak. 

 

Figure 2.12 Linear dependence of peak current for 2.2 in dichloromethane. A) 

Oxidative Peak. B) First Reductive Peak. C) Second Reductive Peak. 
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values closer to one and cathodic/anodic peak separations less than 100 mV, the CVs thus 

show that compound 1.2 is more stable towards one oxidative and two reductive processes, 

and this stability can likely be attributed to the bulkier axial groups when compared to 1.1.  

Compound 1.3 also contains two large, bulky ligands, so we expected to see similar 

reversibility as we did with 1.2. The CVs for 1.3 in Figure 2.4 resemble 1.2 in that it has 

one oxidative peak and two reductive peaks. Figure 2.13 shows the multiple rates overlaps 

(100, 80, 60, and 40 V/s) and the linear dependence for each peak is in Figure 2.14. The 

oxidative peak showed linear dependence, indicating it is quasi-reversible in combination 

with the difference between its cathodic and anodic peaks (E1/2 = 0.89 V), one irreversible 

reduction peak (E1/2 = -0.94 V), and one quasi-reversible reduction peak (E1/2 = -1.47 V). 

 

Figure 2.13 Oxidation (left) and reduction (right) scans of multiple rates (100, 80, 

60, and 40 V/s) overlap for 1.3 in dichloromethane. 

 

Figure 2.13 Oxidation (left) and reduction (right) scans of multiple rates (100, 80, 

60, and 40 V/s) overlap for 2.3 in dichloromethane. 

 

Figure 2.14 Linear dependence of peak current for 1.3 in dichloromethane. A) 

Oxidative Peak. B) First Reductive Peak. C) Second Reductive Peak. 

 

Figure 2.14 Linear dependence of peak current for 2.3 in dichloromethane. A) 

Oxidative Peak. B) First Reductive Peak. C) Second Reductive Peak. 
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Stability of compounds while undergoing one-electron redox processes is an important 

attribute of photoredox catalysts. It is also worth noting that the electrochemistry reported 

here for 1.2 and 1.3 in CH2Cl2 is consistent with previously reported data on 1.2 and 1.3.110  

Since photochemistry primarily occurs in the triplet state of silicon 

phthalocyanines, the excited state redox potentials were calculated to accurately depict the 

redox potentials used for catalysis. Therefore equations 2.1 and 2.22Error! Bookmark not defined. w

ere used to find the excited state potentials where 𝐸𝑟𝑒𝑑
∗  depicts the excited state reduction 

potential and 𝐸𝑜𝑥
∗  is the excited state oxidation potential. Absorption and emission profiles 

were measured for 1.1 and 1.2 and used to find the excitation energy E
0,0

 for each by finding 

the intersecting wavelength of the normalized absorption and fluorescence profiles (Figure 

2.15). Table 2.1 includes the excited state potentials of our catalysts and Eosin Y for 

comparison.111 Compared to Eosin Y, our silicon phthalocyanines have lower excited 

𝐸𝑟𝑒𝑑
∗  (cat*/cat

•−

) = E
red

(cat/cat
•−

) + E
0,0

 Equation 2.1 

𝐸𝑜𝑥
∗  (cat

•+

/cat*) = E
ox

(cat
•+

/cat) - E
0,0

  Equation 2.2 

 

 

Figure 2.15 A. Normalized absorbance and emission overlaps of 1.1. B. Normalized 

absorbance and emission overlaps of 1.2. Emission excitation was at 675 nm. 

 Figure 2.15 A. Normalized absorbance and emission overlaps of 2.1. B. Normalized 

absorbance and emission overlaps of 2.2. Emission excitation was at 675 nm. 
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oxidation potentials, limiting the substrates it can oxidize, but a larger range of excited 

reduction potentials for various substrates when considering all reduction potentials.  

The ability of photocatalysts 1.1, 1.2, and 1.3 to be reductively quenched by 

increasing amounts (0-0.5 M) of Hünig’s base, a commonly used sacrificial electron donor, 

was then explored with fluorescence quenching in CHCl3 and a Stern-Volmer analysis to 

determine if they could efficiently transfer an electron (Figure 2.16a and Figure 2.17b). 

Figure 2.17a and Figure 2.17b compares the quenching of 1.1, 1.2, and 1.3 by Hünig’s base 

where the linear correlation is indicative of effective electron transfer from Hünig’s base 

to the excited-state pentyl 1.1, trihexylsilyl 1.2, and triphenylsilyl 1.3 species.23  The 

increased slope for 1.1 compared to 1.2 and 1.3, indicates faster electron transfer kinetics, 

 

Figure 2.16 A. Stern-Volmer quenching study of 1.1 at 0.8 µM and iPr2EtN at 0-0.33 

M in CHCl3. The emission spectra from 630-800 nm, excitation at 675 nm. B. Stern-

Volmer quenching study of 1.2 at 0.3 µM and iPr2EtN at 0-0.31 M in CHCl3. The 

emission spectra from 630-800 nm, excitation at 675 nm. C. Stern-Volmer quenching 

study of 1.3 at 1.0 mM and iPr2EtN at 0-0.5 M in CHCl3. The emission spectra from 

630-800 nm, excitation at 675 nm. 
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Table 2.1 Ground state and excited state redox potentials of photocatalysts. 

 E1/2
OX 

(V) 

E1/2
RED 

(V) 

𝑬𝒐𝒙
∗  

(CAT•+/CAT*) 

(V) 

𝑬𝒓𝒆𝒅
∗  

(CAT*/CAT•−) 

(V) 

1.1 0.95 -0.8, -1.2 -0.89 1.04, 0.64 

1.2 0.95 -0.93, -1.5 -0.895 0.915, 0.345 

EOSIN Y 0.78 -1.06 -1.11 0.83 
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as shown in Figure 2.17. Figures 2.16b and 2.17b include the data for 1.3, but it should be 

noted the concentration for 1.3 did not have an absorbance below one. Therefore, it cannot 

be confirmed whether the quenching was due to electron transfer with the introduced 

quencher or due to self-quenching because the solution was very concentrated. The data 

for 1.3 should not be considered when evaluating its ability to transfer electron until it can 

be repeated with an absorbance less than one. Therefore, catalysts 1.1 and 1.2 effectively 

accept an electron to Hünig’s base and show potential to be effective photocatalysts in 

photoredox processes. For the remainder of this chapter, the reactivity of 1.1 and 1.2 will 

be further analyzed whereas 1.3 was not investigated due to purification issues, as 

mentioned above.  

2.4  Silicon phthalocyanines in an energy transfer reaction 

Next, the ability for photocatalysts 1.1 and 1.2 to promote an energy transfer 

reaction was investigated and compared to a literature standard (Table 2.2).112 The 

  

Figure 2.17 A (Left). Stern Volmer quenching studies of 1.1 (8 x 10-7 M) and 1.2 

(3 x10-7 M). B (Right). Stern Volmer quenching with 1.1, 1.2, and 1.3 (1.0 mM) 

with Hünig’s base in chloroform. Catalysts 1.1, 1.2, and 1.3 were excited at 675 nm 

and emission was collected from 630 – 800 nm. I0 is in reference to 676.5 nm. 
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photocatalytic reaction chosen was a [4+2]-cycloaddition of singlet oxygen with pyridine-

2(1H)-one (2.3) to form endo-peroxide 2.4. During the reaction, the excited photocatalyst 

transfers energy to molecular oxygen to form singlet oxygen, which reacts with the diene 

of 2.3.113 We chose to promote the reaction via a 100 watt, white LED light bulb, which is 

an affordable, readily available light source that fits the absorbance range of both 1.1 and 

1.2. Both silicon phthalocyanine catalysts promoted the formation of 2.4 using conditions 

similar to the literature,113 but with a lower intensity light source (Table 2.2, entries 1 and 

Table 2.2 The [4+2]-cycloaddition of pyridone 2.3 to endo-peroxide 2.4. 

 

Entrya Catalyst: Time Light 

Source/Watta

ge 

Isolated 

Yields (%) 

1 1.1 18 h LED/100 25 

2 1.2 18 h LED/100 67 

3 TPP 18 h LED/100 36 

4b TPP 45 min Sodium Vapor 

Lamp/800 

97 

aAll reactions were performed at 0.11 M concentration with respect to 2.3 in 

toluene at -78 °C for 18 h.  bLiterature conditions from reference 51. 

 

 

Figure 2.18 Tetraphenylporphyrin (TPP) 
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2). Trihexylsilyl catalyst 1.2 provided higher yields compared to pentyl catalyst 1.1. We 

believe the low yields with 1.1 was a result of catalyst decomposition during the reaction, 

due to the inability to recover the catalyst during work up. This result is consistent with the 

irreversible redox properties discovered in the cyclic voltammetry studies shown in Figure 

2.4. Therefore, we believe the bulkiness of the trihexylsilyl group on 1.2 is important in 

the overall stability of these structures. Bach and coworkers had originally employed the 

photocatalyst tetraphenylporphyrin (TPP) and an 800 watt sodium vapor lamp, resulting in 

significantly higher yields than our catalysts in less time (Entry 4). Employing TPP as the 

catalyst with the LED light source, resulted in a significant drop in yield to 36% (Entry 3), 

which is also dramatically lower than the yield with catalyst 1.2. This suggests that 1.2 

does a better job of activating oxygen versus TPP with this simple light source.  

2.5  Silicon phthalocyanines in an electron transfer reaction 

The photocatalysts 1.1 and 1.2 were then examined in a photoredox catalysis 

reaction, specifically a reductive dehalogenation reaction (Table 2.3).114 This reaction was 

chosen to compare the performance of our organic photocatalysts against the popular Eosin 

Y catalyst, again using a commercially-available LED bulb with the literature’s reaction 

conditions. The excited photocatalyst accepts an electron by reducing 2.5 and breaking the 

bromine-carbon bond to produce an electron-deficient radical on the 𝛼-carbon, which picks 

up a hydrogen radical to form 2.6.115 We believe pentyl catalyst (1.1) resulted in no yield 

due to instability of 1.1. Once the reaction was completed, we were unable to recover the 

catalyst. We believe this lack of stability suggests the solvent is possibly interacting with 

1.1, or the light source was too high energy and 1.1 decomposed during the reaction. 

Trihexylsilyl catalyst 1.2 successfully promoted the reaction with just under 40% yield 
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(entry 2). This is lower than the literature yield of 83% with Eosin Y and a different light 

source (entry 11).  We also noticed while performing the reaction with trihexylsilyl catalyst 

1.2, that the solution was dark black in color, suggesting that the reaction was too 

concentrated for the light to penetrate, limiting the amount of catalyst being excited. 

Therefore, we diluted the reaction to 1.25 mM (with respect to the catalyst) and the yield 

increased to 59% (entry 3), closing the gap in yield with published Eosin Y results (entry 

11).  The literature utilized a blue LED light source, which is optimal for Eosin Y, and we 

again wanted a more representative comparison using Eosin Y with our 100 watt, white 

LED bulb (entry 10). The light source decreased Eosin Y’s yield (entry 10) and resulted in 

Table 2.3 Dehalogenation Reaction 

 

Entrya Catalyst Catalyst (mM) LED Light 

Source 

Solvent Yield (%) 

1 1.1 6.25 White DMF 0 

2 1.2 6.25 White DMF 38 

3 1.2 1.25 White DMF 59 

4 1.1 1.25 Red DMF 25 

5 1.2 1.25 Red DMF 27 

6 1.1 1.25 Red Chloroform 31 

7 1.2 1.25 Red Chloroform 22 

8 1.1 1.25 White Chloroform 31 

9 1.2 1.26 White Chloroform 21 

10 Eosin Y 6.25 White DMF 55 

11b Eosin Y 6.25 Blue DMF 83 
aAll reactions were performed at 0.05 M concentration with respect to 2.5 in 

specified solvent at room temperature for 18 h using specified LED light 

source.  bLiterature conditions from reference 117. 
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a similar yield compared to our catalyst 1.2 (entry 3). Since catalysts 1.1 and 1.2 absorb 

red light between ~600-700 nm, with a maximum at 675 nm, we employed a commercially-

available red LED source to investigate the effect on the reaction (entries 4 and 5). Because 

the red LED has a wavelength range of 615-630 nm, we did expect to see lower than 

optimal yields, since the light source does not include the maximum absorbance 

wavelength for 1.1 and 1.2. To our surprise, under these conditions, catalyst 1.1 generated 

25% product.  We contributed this new reactivity to less degradation of catalyst 1.1 with 

the less intense red LEDs compared to our white LED (a comparison of 24 W to 100 W). 

Catalyst 1.2 had a decrease in yield (entry 5) with the red light compared to the white LED 

(entry 3), and we attribute this to the lower wattage light source and the light wavelength 

falling outside of the maximum wavelength absorbance of 1.2.  

Since our CV studies showed irreversible and reversible reductions for 1.1 and 1.2, 

respectively, in chloroform and we were concerned that DMF could be reacting with our 

catalysts, the dehalogenation reaction was run in chloroform with both catalysts (Table 2.3, 

entries 6-9).  Both the red and the white LED light sources were employed, showing a 

slight increase in product with catalyst 1.1 over DMF with no difference between the two 

light sources in chloroform (31% yield, entries 6 and 8). Catalyst 1.2 resulted in a decrease 

in yield versus reactions run in DMF, again resulting in the same yield regardless of the 

light source (entries 7 and 9).  The redox potentials of 1.1 and 1.2 suggest they should have 

similar reactivity, but solvent and the wattage of the light source can have a negative effect 

on these catalysts, especially 1.1, since there is evidence that it is less stable. Changing the 

solvent from DMF, increased the yield of 1.1 but had a negative effect on catalyst 1.2. 
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DMF is used exclusively in the literature for this reaction, suggesting it could have a 

stabilizing effect on the reaction intermediates.  

Table 2.4 Large Scale of Dehalogenation Reaction and Catalyst Stability Study. 

 

Entrya % Yield % Recovered Catalyst 

1 53 100 

2 55 100 

3 64 76 
aAll reactions were performed at 0.05 M concentration with respect to 2.5 in specified 

solvent at room temperature for 18 hr using specified LED light source, recycling the 

same sample of 1.2. 

Finally, we performed a large-scale reaction with catalyst 1.2 as well as a catalyst 

recyclability study. The goal was to recycle the catalyst over three reactions to determine 

stability, starting with close to half a gram of starting material. Table 2.4 shows the yield 

of the reaction does not decrease with the scale up nor does it change if the catalyst is 

recycled, suggesting 1.2 is stable to undergo the electron transfer for several cycles for the 

first two reactions. Entry 3 showed that while the yield is not affected, we did start to see 

decomposition of 1.2 since less was recovered from the reaction. 

2.6  Conclusions and outlook 

In conclusion, silicon phthalocyanines are viable options for photocatalysis. We 

have shown silicon phthalocyanines are able to undergo electron and energy transfer 

processes competitive with existing photocatalysts. The redox potentials of our silicon 

phthalocyanines are competitive with known organocatalysts, such as Eosin Y.  
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 One study that could be insightful is a solvent study for the photoredox processes 

using cyclic voltammetry for redox potentials and Stern Volmer quenching studies for 

efficiency of electron transfer. With our study, we saw solvent had an effect on the 

performance of catalysts 1.1 and 1.2. While 1.2 had better performance in DMF, it was less 

efficient in chloroform whereas 1.1 was able to participate and have a conversion. This 

could give better insight to which solvents/ligands are more stabilizing for electron transfer. 

These catalysts were very particular in terms of solubility and preferred relatively nonpolar 

solvents. While the literature seems to show predominately polar solvents (acetonitrile, 

DMF, etc.) for photochemistry, exploring moderately polar solvents (hexanes, 

dichloromethane, chloroform, tetrahydrofuran, etc.) that increase in polarity could show a 

trend where solvent polarity is important for these processes. One potential study we could 

analyze is the dehalogenation reaction with 1.2 which was run in dichloromethane. 

Looking at the CVs, we see better stabilization in chloroform compared to 

dichloromethane. I think we would have seen better yields in this solvent system compared 

to what we did with chloroform. While 1.1 did not have reversible reduction peaks in either 

solvent, it maintained its electrochemical profile between solvent systems. Therefore, I do 

not think we will see a significant change in yield for 1.1 in chloroform; however, 1.2 did 

change its electrochemistry. By performing a solvent study, we might see more solvents 

that improve the electrochemistry and efficiency in the photoredox reactions. Looking at 

the Stern Volmers, we could see if solvent also has an influence on the rate or efficiency 

of electron transfer, in combination with the CV study, and whether solvents can improve 

the rate of electron transfer. For example, our Stern Volmer studies were conducted in 

chloroform, and we saw 1.1 was faster than 1.2. Would this be true in different solvents? 



37 

 

Performing a solvent study for CVs and Stern Volmers could provide better solvent 

conditions to maximize the performance of the catalysts that will be more competitive with 

popular photocatalysts. 

 For future catalyst designs, the bulkier axial ligands clearly help with stabilizing 

the catalysts for purification and electron transfer. I include purification because 1.1 could 

not tolerate chromatography or multiple purification methods on the same sample. Catalyst 

1.2 was able to undergo chromatography and even recyclability as shown in the scale up 

dehalogenation reaction. It was very disappointing 1.3 was difficult to purify and was only 

used for half the characterization experiments for this project. Looking at the CVs and 

Stern Volmer experiments, it had great potential for photocatalysis and might have been 

competitive with 1.2. When running TLCs, there was never separation in any of the various 

solvent system combinations that were tried. It would be interesting to try varying the 

ligands with more polar groups would have allowed for better separation during column 

chromatography or would have been more amenable to another purification method 

(recrystallization, filtration, etc). For example, would substituting a methoxy group on the 

phenyl rings of the triphenylsilyl chloride starting material have impacted the polarity 

enough to allow separation between product and unreacted starting material? Would having 

a strong withdrawing group on the phenyl ring, such as trifluoromethyl, increased the 

reactivity of the reaction by producing a better electrophile for the deprotonated silicon 

phthalocyanine dihydoxide to attack? Instead of just having two completely nonpolar 

structures, there might be a minor difference between the two when adding substituents on 

the aryl rings to afford better separation.  
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 Another advantage to derivatizing the axial ligands is to explore the 

electrochemistry of ligands varying in electronics. We see a difference in redox potentials 

between 1.1 and 1.2/1.3 where the only difference is the size of the substituent and an 

additional silicon. For 1.2 and 1.3, there is not much variation between their potentials. 

However, I think adding electron donating or withdrawing groups would impact the 

electrochemistry. While substitution on the peripheral ligands of the phthalocyanine rings 

would have a greater impact on the redox potentials since that is what is participating in 

the redox processes, I think the ease of synthesis for adding axial ligands is worth 

investigating first. This theory is supported by research done on silicon phthalocyanines 

with fluorinated axial ligands (pentafluorophenoxy, pentafluoro, and fluorophenoxy),116,117 

where incorporating fluorines on the axial positions had significant changes in the 

electrochemistry, generating better electron-accepting catalysts.  

 To help determine which ligands would best impact electrochemistry, 

computational models can help predict the redox properties of future potential 

photocatalysts.118,119,120 Using the ground state redox potentials, the excited state potentials 

are calculated because the excited state is where the chemistry is occurring. Using 

computations, the redox properties of structures varying in axial and peripheral ligands can 

be predicted to analyze how these variations directly influence the electronic properties. 

Again, the electrochemistry might not change when varying the axial ligands, but 

ultimately we believe these changes will help the structure stability and purification of the 

compounds. I would expect to see greater changes when the peripheral ligands are 

substituted with a variety of substituents. Analyzing these structures computationally 

would be more interesting than looking at the axial ligands. While looking at the difference 
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substitution has on these structures would be very useful, we can also use the predicted 

redox properties to explore which derivatives would be compatible with future substrates. 

While there can be variabilities between computations and wet chemistry, ideally the 

computational models could better predict the redox properties of potential photocatalysts 

without undergoing the complex synthesis to obtain the photocatalysts. This method could 

also help explore derivatives of future photocatalysts and improve the efficiency in 

developing better photocatalysts.  

2.7  Experimental 

General Information 

All reactions were carried out under a N2 atmosphere using oven dried glassware. 

Amyl alcohol and pyridine were distilled prior to use. Toluene was dried by passing 

through a column of activated alumina before use and stored over molecular sieves. All 

other solvents and chemicals were obtained from commercial sources and used without 

further purification. Flash column chromatography was performed on silica gel (32–63 

microns). 1H NMR spectra were recorded on a Bruker Avance III (400 or 300 MHz). 

Chemical shifts are reported in ppm with TMS or chloroform as an internal standard (TMS 

0.00 ppm for 1H and 13C or CHCl3 7.26 ppm and 77.16 for 1H and 13C, respectively). 13C 

NMR spectra were recorded on a Bruker Avance III (101 or 75 MHz) with complete proton 

decoupling. The data reported for 1H NMR are as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet, td = triplet of doublets, 

dt = doublet of triplet, sept = septet, m = multiplet). Steady-state emission spectra were 

acquired on an Edinburgh FS5 fluorescence spectrometer equipped with a 150 W 
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Continuous Wave Xenon Lamp source for excitation. Absorbance scans were taken on a 

Shimadzu UV-2600 UV-Vis Spectrophotomer using 1 cm quartz cuvette at 25 °C. Cyclic 

voltammetry (CV) performed on a CH Instruments 601D potentiostat with a 3 mm diameter 

glassy carbon working electrode, a Pt wire (99.99%) counter electrode, and a saturated 

calomel electrode (SCE). The glassy carbon electrode was manually prepared by polishing 

the surface with a 0.05 µm Alumnia suspension. Solutions for electrochemical 

characterization contained 100 mM tetrabutylammonium hexfluorophosphate (TBAPF6) 

which was further purified by recrystallization in ethanol, dried under vacuum at 80 °C 

over 24 hours. Dichloromethane was purged with N2 prior to any measurements taken and 

between measurements.  

Bis-pentyloxy silicon phthalocyanine (1.1) 

The synthesis of 1.1 was adapted from the literature.104 In a flame-dried four-dram 

vial equipped with a stir bar, sodium hydride (2 equiv, 0.33 mmol) was added under 

nitrogen and washed with pentane (3 X 5 mL). Amyl alcohol (2 equiv, 0.33 mmol) was 

added to the vial with sodium hydride, and the solution stirred in 3 mL of dry toluene for 

15 minutes. The solution was then added to a 50 mL round bottom flask with 2.1 (1 equiv, 

0.165 mmol) and a stir bar under nitrogen. The mixture was diluted with 12 mL of dry 

toluene and refluxed overnight under nitrogen. The mixture was then concentrated via 

rotary evaporation and filtered with cold chloroform. The filtrate was collected and 

concentrated via rotary evaporation to afford 1.1 as a dark blue solid without further 

purification. Yield: 48%. 1H NMR (300 MHz, CDCl3) δ (ppm): 9.658 (m, J = 2 Hz, 8 H), 

8.352 (m, J = 3 Hz, 8 H), -0.117 (t, J = 15.1 Hz, 6 H), -0.377 (m, J = 7.6 Hz, 4 H), -1.401 

(m, J = 14.8 Hz, 4 H), -1.677 (m, J = 13.8 Hz, 4 H). 
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Bis(tri-n-hexylsiloxy)-silicon phthalocyanine (1.2) 

The synthesis of 1.2 was adapted from the literature. To a flame-dried 5 mL round 

bottom flask equipped with a stir bar, under nitrogen was added 2.2 (1 equiv, 0.072 mmol), 

trihexylsilylchoride (2 equiv, 0.145 mmol), and 2.5 mL of distilled pyridine. A reflux 

condenser was added, and the mixture refluxed for 48 hours under nitrogen. The reaction 

was then concentrated via rotary evaporation and the resulting blue solid was purified by 

column chromatography (silica gel, 1% CHCl3/hexane) to give 1.2 as a blue solid. Yield: 

56%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 9.656 (m, J = 3 Hz, 8 H), 8.335 (m, J = 9 Hz, 

8 H), 0.850 (m, J = 14.9 Hz, 12 H), 0.731 (t, J = 6.6 Hz, 18 H), 0.383 (m, J = 15.2 Hz, 12 

H), 0.043 (m, J = 15.2 Hz, 12 H), -1.26 (m, J = 16.4 Hz, 12H), -2.421 (m, J = 18 Hz, 12 

H). 

General Procedures for Photocatalytic Reactions 

Synthesis of Endoperoxide 2.4 

The synthesis of endoperoxide 2.4 was adapted from the literature.113 In a flame-

dried four-dram vial equipped with a stir bar, pyridone 2.3 (1 equiv, 1.4 mmol) was added 

with 0.1 mol% of photocatalyst and 10 mL of dry toluene under nitrogen and then sealed 

with a septa vial cap. The solution was then bubbled with oxygen and placed in a -78 °C 

bath for 18 hours and irradiated by a 100 W LED lamp. The solution was then warmed to 

room temperature, and the solid was filtered and washed with diethyl ether. The combined 

organic layers were dried over NaSO4, filtered, and concentrated via rotary evaporation.  

The solid was collected without further purification to afford endoperoxide 2.4.  1H NMR 

(300 MHz, CDCl3) δ (ppm): 6.864 (dd, J = 2.4 Hz, 13.2 Hz, 7.9 Hz, 1 H), 6.497 (dd, J = 
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1.8 Hz, 1.8 Hz, 7.9 Hz, 1 H), 5.764 (td, J = 1.8 Hz, J = 1.9 Hz, J = 1.8 Hz, J = 8.0 Hz, 1 

H), 1.645 (s, 3 H). 

Reductive Dehalogenation of 𝛼-Halogenated Carbonyl 2.6 

The synthesis of 2.6 was adapted from the literature.114 In a flame-dried four-dram 

vial equipped with a stir bar, 2.5 (1 equiv, 0.5 mmol) was added under nitrogen. DMF (10 

mL), Hünig’s base (2 equiv, 1 mmoL), Hantzsch ester (1.1 equiv, 0.55 mmol), and 

photocatalyst (1.25 mM, 0.0125 mmol) were added under nitrogen to the vial and sealed 

with a septa vial cap. The solution was degassed by “freeze- pump-thaw” cycles (x3) via 

syringe needle. The vial was then irradiated by a 100 W LED lamp for 18 hours at room 

temperature. The reaction was then diluted with diethyl ether, washed (3x) with water and 

the water layer was washed (2x) with diethyl ether. The combined organic layers were 

dried over NaSO4, filtered, and concentrated via rotary evaporation. Purification of 2.6 was 

achieved by column chromatography (silica gel, 25% Et2O/hexanes). 1H NMR (300 MHz, 

CDCl3) δ (ppm): 8.337 (d, J = 8.8 Hz, 2 H), 8.133 (d, J = 8.8 Hz, 2 H), 2.702 (s, 3 H)
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CHAPTER 3 

INVESTIGATING THE ELECTRONIC EFFECT ON ISOTHIOUREA-

BASED CATALYSTS IN COMPETITION STUDIES WITH TRANS-2-

PHENYLCYCLOHEXANOLS 

3.1  Introduction 

Small molecule organocatalysis offers various advantages over traditional metal or 

enzyme-based catalysis, including easy availability, low toxicity, and they are 

inexpensive.121 Organocatalysis is defined as “the use of small organic molecules to 

catalyze organic transformations” and have played large roles in the highly selective 

synthetic development of Tamiflu, Ibuprofen,122 and many other chiral natural 

products.121,123,124,125 Many of these organocatalysts, such as enamine- and iminium-based 

catalysts, are nucleophilic, where upon nucleophilic attack with a reagent, a charged, 

cationic catalyst intermediate is generated during the reaction.129 These charged, cationic 

species are believed to be involved in intermolecular interactions with substrates containing 

pi systems, known as a cation-pi interactions, and these interactions are often implicated in 

how these catalysts achieve highly enantioselective reactions.126,127,128 Within the last 30 

years, a large focus on how organocatalysts achieve enantioselectivity has centered around 

the importance of cation-π interactions.129 These interactions between chiral charged 

catalyst intermediates and pi systems of substrates can be manipulated to aid in 

enantioselective reactions by either blocking one face of a reactive substrate or 
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positioning a reactive functional group near the reaction site, resulting in high 

selectivities.125 In 2004, the Birman research group began analyzing a series of chiral 

nucleophilic amidines and bicyclic isothioureas as catalysts for the kinetic resolution of 

chiral alcohols in hopes to achieve selective acyl transfer catalysts (Scheme 3.1).130 A 

kinetic resolution is a separation process of two enantiomers in a racemic mixture where 

one enantiomer is selectively transformed into a different compound.131 At the time, 

enzymatic processes were the primary tool used in kinetic resolutions but can be difficult 

to synthesize.122,130 For the next several years, the Birman group developed three 

generations of nucleophilic amidine catalysts, which are imine derivatives of amides that 

allow resonance between two nitrogens, achieving moderate to excellent enantioselectivity 

in the resolution of various secondary alcohols.130,132,133,134,135 Figure 3.1 shows two 

isothiourea catalysts, tetramisole (3.1) and benzotetramisole (3.2) that provided the highest 

selectivity and conversions seen at that time, especially with benzotetramisole.133,134 

Birman hypothesized that the success of these catalysts depended on the transition state. 

This transition state contains the cationic catalyst intermediate formed after 

 

Figure 3.1 Structures for tetramisole (3.1) and benzotetramisole (3.2). 

 

Scheme 3.1 Birman’s kinetic resolution of secondary alcohols. 

 

Scheme 3.1 Birman’s kinetic resolution of secondary alcohols. 
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nucleophilically attacking the acylating reagent and its attraction to the π system of the 

alcohol, which is modeled after the transition state theorized with an amidine catalyst 

(Figure 3.2). With the chiral phenyl group blocking one side of the catalyst, the attraction 

to the substrate can only occur on one side and the bulky alkyl group of the alcohol only 

allows one position, or alcohol enantiomer, for acylation to occur. This suggested cation-π 

interaction allowed the Birman group to selectively resolve many substrates that contained 

pi systems. The Birman group noted that to achieve the desired selectivity, the placement 

of the alcohol π system was important for interaction with the catalyst cation. In the library 

of alcohols that the Birman group tested (Table 3.1) with these amidine and isothiourea 

 

Figure 3.2 Transition state of the cation- π and π-π interaction suggested by the Birman 

group in the resolution of chiral alcohols for amidine-based catalysts. Adapted with 

permission from Birman, V. B.; Jiang, H. Kinetic Resolution of Alcohols Using a 1,2-

Dihydroimidazo[1,2-a]quinoline Enantioselective Acylation Catalyst, Org. Lett., 2005, 

7, 3445-3447. Copyright 2021 American Chemical Society. 

 

Figure 3.3 Transition state of the cation- π and π-π interaction suggested by the 

Birman group in the resolution of chiral alcohols for amidine-based catalysts. 

 

Figure 3.3 Birman catalyst development for better pi overlap. Adapted with 

permission from Birman, V. B.; Jiang, H. Kinetic Resolution of Alcohols Using a 

1,2-Dihydroimidazo[1,2-a]quinoline Enantioselective Acylation Catalyst, Org. 

Lett., 2005, 7, 3445-3447. Copyright 2021 American Chemical Society. 

 

Figure 3.4 Birman catalyst development for better pi overlap.  



46 

 

catalysts, if the placement of the alcohol π system was too far from the alcohol (Figure 

3.3), then it cannot interact with the catalyst to form the cation-π interaction.134 This 

Table 3.1 Alcohol study by Birman for catalysts with different pi systems. 
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strengthened the theory that the electrostatic interaction between the catalyst cation and 

substrate π system is extremely important for selectivity. 

To add to this theory of cation-π interactions directing selectivity, Smith and 

coworkers have investigated kinetic resolutions where multiple π systems are present, 

determining if the suspected cation-π interaction has a preference when more than one π 

system is available.136,137 At the time, limited research had been done on chiral catalysts 

distinguishing between two planar or two sp2 groups. Using a derivative of 

benzotetramisole (3.2), Smith and coworkers utilized HyperBTM (3.3) to selectively 

acylate enantiomers of secondary containing aryl-alkenyl (sp2 vs. sp2) substituents 

(Scheme 3.2). Using HyperBTM, Smith and coworkers studied a large library of alcohols, 

modifying the aryl and alkenyl systems of the alcohol and saw incredible selectivities as 

high as about 2000 even though the alcohol was surrounded on two sides by pi systems.136 

 

Scheme 3.2 Smith’s kinetic resolution of secondary alcohols with HyperBTM. 

 

Scheme 3.3 Proposed transition states by Smith and coworkers for multiple possible 

cation-π interactions.136,137 

 

Scheme 3.4 Proposed transition states by Smith and coworkers for multiple possible 

cation-π interactions. 
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Smith and coworkers presented two potential transition states that explained where the 

selectivity originated as seen in Scheme 3.3.136 One possibility is the acyl ammonium 

intermediate formed by the catalyst forms a cation-π interaction with the π system of the 

phenyl group, or the acyl ammonium intermediate is forming a cation-π interaction with 

the π system of the alkene. To elucidate which transition state was occurring, the Smith 

group performed several kinetic resolutions, derivatizing the electronics and sterics of the 

aryl and alkenyl systems individually. They saw increasing the electron density of the aryl 

Table 3.2 Conversions and selectivities of substituted aryl alcohols in acylation 

kinetic resolution by Smith. 

 

Figure 3.# Conversions and selectivities of substituted aryl alcohols in acylation 

kinetic resolution by Smith. 
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group by electron-donating groups (Table 3.2) gave significantly higher selectivities, 

whereas increasing the electron density of the alkenyl group (Table 3.3) with additional 

alkyl groups, lowered the selectivity. From this, they theorized the aryl group is the 

dominating π system in the transition state that participates in the cation-π interaction. 

Therefore, the Smith group was able to produce a system where the cation-π interaction is 

selective even when provided multiple π “binding sites.”  

Table 3.3 Conversion and selectivities of substituted alkenyl group in acylation 

kinetic resolution by Smith. 

 



50 

 

The Wiskur group is also interested in how the selectivity is obtained with 

isothiourea catalysts. They have employed tetramisole (3.1) and benzotetramisole (3.2) in 

their kinetic resolution silylation reactions to selectively resolve a large library of 

secondary alcohols, including cyclic alcohols, β-hydroxyl lactones and lactams, 2-ester 

cyclohexanols, and 2-arylcyclohexanols, achieving selectivities as high as 100.138,140,139 

The nucleophilic catalysts (3.1 or 3.2) attack the silyl chloride, displacing the chloride to 

form the charged catalyst intermediate. The alcohol then attacks the silicon, generating the 

silylated alcohol and restoring the nucleophilic catalyst. In these reactions, our group 

noticed a π system was imperative to achieving high selectivity, as evident in Scheme 3.4 

where the difference between a phenyl group or cyclohexane significantly impacted the 

selectivity, and strongly indicated a cation-π interaction is critical to the selective outcomes 

of the reactions. Figure 3.4 shows this hypothesized transition state.140 In our studies, we 

 

Scheme 3.4 Previous silylation-based kinetic resolutions performed by the Wiskur 

group. 
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analyzed how sterics and electronics of the aryl alcohols influence selectivity, with both 

playing pivotal roles. In one study, we analyzed a series of ester substrates with varying 

sterics and electronics, incorporating electron-donating or -withdrawing groups and saw 

significant changes in selectivity (Table 3.4).140 We saw increased sterics on the ester can 

lower the selectivity, which is possibly preventing the pi system on the alcohol from 

 

Figure 3.4 Predicted cation- π interaction in transition state in the Wiskur group’s 

silylation reactions. 

 

Figure 3.5 Predicted cation- π interaction in transition state in the Wiskur group’s 

silylation reactions. 
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interacting with the catalyst intermediate. Because of the impact sterics and electronics 

have on the stereochemical outcome of these reactions, it is important to continue further 

studies to understand this interaction and how it can be manipulated to further develop 

selective reactions. With electron-withdrawing groups, the selectivity increased, while 

electron-donating decreased selectivity. This is counterintuitive because if a cation-pi 

interaction was occurring, increasing the electron density on the ester pi system should 

Table 3.4 Conversions and selectivities seen with ester derivatives in kinetic resolution 

of chiral secondary alcohols. 
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enhance the electrostatic interaction with the catalyst cation intermediate. To further 

investigate, linear free energy relationships were used to determine how the ester 

substituents were influencing the selectivity, and it was seen that these structures were very 

sensitive to inductive effects. This led our group to believe a π-π interaction instead of 

cation-pi was determining the selectivity between the carbonyl of the ester and aryl group 

of the catalyst or triphenylsilylchloride.140 We concluded an electrostatic interaction is 

responsible for positioning the alcohol to allow selective reactions.  

With our previous studies, we see electrostatic interactions have significant 

influence over substrates, however, there is still much to learn about the role these catalysts 

play in these interactions, and it is not given that a cation-pi interaction will dominate in 

each scenario. With the electrostatic study of ester derivatives, we saw an electrostatic 

interaction is dictating the selectivity of reactions however not necessarily the cation-pi 

interaction we expected but a pi-pi interaction. If the electronics of the aryl system of the 

catalyst were modified, would that also inspire a different interaction other than cation-pi? 

We propose looking at nonchiral isothiourea-based catalysts to give further insight in the 

interaction occurring between the cation catalyst intermediate and pi systems of aryl 

alcohols. To simplify the catalyst, we will remove the chiral aryl system and derivatize the 

core aryl structure to see how this pi system is able to interact with the alcohol. Also, we 

will analyze how modifying the electronics by adding electron-donating or electron-

withdrawing groups also influence the ability of these catalyst to act as nucleophiles in 

these reactions. Using linear free energy relationship diagrams, we can try to see what 

interaction is occurring and what effect, resonance, electrostatic, or sterics has on these 

reactions.  
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3.2  Experimental Design 

This study will focus on nonchiral isothiourea catalyst derivatives with varying 

electronic substituents to see if there is an impact on their nucleophilicity and the suspected 

cation-π interaction (Figure 3.5) seen in the literature.138,140 We will implement these 

catalysts in competition studies with two alcohols, also differing in electronics, to analyze 

whether these catalysts have preferences for one alcohol over the other. By increasing the 

electron density in the pi system of the catalysts, we believe an electron-donating group, 

such as methoxy, would increase the nucleophilicity of the catalyst to generate faster rates 

but weaken the electrostatic interaction in the cation pi intermediate, lowering the 

sensitivity of the catalyst. For an electron-withdrawing catalyst, such as chloro, we 

anticipate stronger electrostatic interactions in the cation pi intermediate since the 

withdrawing group is pulling electron density out of the pi system, increasing the 

sensitivity of the catalyst. 

 

Figure 3.5 Predicted cation-pi intermediate of nonchiral isothiourea catalysts and 

secondary alcohols. 

 

Figure 3.6 Predicted cation-pi intermediate of nonchiral isothiourea catalysts and 

secondary alcohols. 
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Therefore, we synthesized novel catalysts containing an electron-donating group, 

3.5a methoxy and one catalyst with an electron-withdrawing group, 3.5c chloro, to 

compare with known unsubstituted catalyst 3.5b (Figure 3.6). As mentioned above for the 

methoxy catalyst 3.5a, we anticipate faster reaction rates since an electron-donating group 

would increase the nucleophilicity of the catalyst but weaken the electrostatic interaction 

of the cation pi intermediate whereas chloro catalyst 3.5c would generate slower reactions 

as it removed electron density from the catalyst but would strengthen the electrostatic 

interaction of the cation-pi intermediate.  

In this study, we wanted to understand the rate of each alcohol reacting with the 

catalyst and modified the silylation reaction developed by the Wiskur group by using two 

different substituted alcohols in a competition-based reaction.138,139,140 In these reactions, 

two different 2-arylcyclohexanols, one substituted with either an electron withdrawing or 

electron donating group, and one with just a plain phenyl group were added in the presence 

 

Figure 3.6 Derivatized isothiourea-based catalysts. 

 

Figure 3.7 Derivatized isothiourea-based catalysts. 

 

Scheme 3.5 Reaction for competition studies. 

 

Scheme 3.6 Reaction for competition studies. 
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of our isothiourea catalysts to see which alcohol would react faster (Scheme 3.5). Based 

off previous work by the Wiskur group, the nucleophilic catalyst attacks the silicon of the 

triphenylsilylchloride (Ph3SiCl), displacing the chloride from the silicon to form the 

silylated catalyst cation intermediate. The alcohol then approaches this charged 

intermediate, forming the cation pi interaction, and attacks the silicon, forming the silylated 

product and regenerating the catalyst. To see the difference in rate for the alcohols, only a 

half equivalent of the silylating reagent is added in reference to the total alcohol added, 

meaning full conversion of the alcohols is not possible. By limiting the conversion, we 

have a more accurate representation of how much “faster” or “slower” one alcohol is 

compared to another. Once the rate ratios of the products are determined from the 

conversion of each alcohol, the log of these ratios will be used to generate linear free energy 

relationship diagrams. The slope from these diagrams will provide more insight to how the 

electronics of these catalysts influence their substrate interactions or how sensitive each 

catalyst is to electronics on the substrates.  

3.3  Synthesis of isothiourea catalysts and alcohol derivatives  

The synthesis and characterization of the isothiourea catalysts 3.5a-c (a = OMe, b 

= H, and c = Cl) were adapted from literature procedures.134 Scheme 3.6 depicts a general 

strategy for synthesizing the various catalyst derivatives. The synthesis of 3.5a-c followed 

the procedure outlined by Birman with ethanolamine displacing the chloride from the 

appropriate 2-chlorobenzothiazole (3.6a-c) to generate the non-cyclized isothiourea 

derivatives 3.7a-c in moderate yields.134 The resulting alcohol is then protected with 

methanesulfonyl chloride, converting the alcohol into a better leaving group. The lone pair 

on the alkyl amine will form a carbon-nitrogen double bond, allowing the pi electrons from 
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the imine double bond in the ring to perform a nucleophilic substitution to displace the 

methanesulfonate, forming the third ring to afford 3.5a-c moderate yields134  

After the catalysts were obtained, the 2-aryl cyclohexanol derivatives (OMe (3.8a), 

Me (3.8b), iPr (3.8c), Cl (3.8d), CN (3.8e), CF3 (3.8f)) were then synthesized following 

 

Scheme 3.7 Synthesis of alcohol derivatives. 

 

Scheme 3.8 Synthesis of alcohol derivatives.  

 

Scheme 3.6 Synthesis of catalysts 3.5a-c. 

Scheme 3.7 Synthesis of catalysts 3.5a-c. 
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literature procedures (Scheme 3.7).141,142 For electronic donating groups (OMe (3.8a), Me 

(3.8b), iPr (3.8c)), the Grignard reagent was prepared from the appropriate para 

substituted-bromobenzene (3.9a-c). The Grignard reagent was then reacted with 

epoxycyclohexane to nucleophilically open the epoxide and generate the desired trans 

substituted alcohol in moderate yields. For electron-withdrawing groups (Cl (3.8d), CN 

(3.8e), CF3 (3.8f)), a lithium halogen exchange was performed with the appropriate para 

substituted-bromobenzene to prepare the organo-lithium reagent that nucleophilically 

opens the epoxycyclohexane to generate the corresponding 2-aryl cyclohexanols with 

electron-withdrawing groups in moderate yields While the Grignard method can be used 

for the electron-withdrawing alcohols, higher yields were observed when using the 

organolithium. 

3.4  Competition studies of isothiourea catalysts 

 Once the catalysts and alcohols were obtained, silylation reactions were performed 

in the presence of two different 2-arylcyclohexanols, one substituted with either an electron 

withdrawing or electron donating group, and one with just a plain phenyl group to see 

which alcohol would react faster (Scheme 3.5). Because the electronics of the alcohols 

varied for each study, we expected to see a difference in the electrostatic interactions 

between the alcohol π system and the silylated catalyst intermediate, which would translate 

to differences in rates for each alcohol. With electron-donating alcohols and electron-

withdrawing chloro catalyst 3.5c, we expect more attractive interactions, increasing the 

rate of electron rich alcohols compared to electron-withdrawing alcohols, which would be 

less attracted to the cation intermediate. While catalysts 3.5a and 3.5b are not withdrawing, 

we still expect to see similar trends where electron-donating alcohols are faster, but these 
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catalysts should show smaller changes in rates. To obtain the rates from the reactions, we 

needed a method to determine the amount of each silylated product generated and the 

overall conversion. To accurately measure the conversion in the reactions, we wanted to 

rely on an analytical method. There are a number of different techniques that can measure 

conversion, including HPLC, GC, and NMR. We tried a number of these methods, which 

will be further discussed below.  

3.4.1 Using HPLC to determine reaction conversion 

 To determine the product ratios for the reactions, and ultimately the rate ratios, we 

first intended to use HPLC with a silica gel column (normal phase) to determine the 

concentration of each silylated ether product and each remaining alcohol. Based off 

previous work conducted by the Wiskur group,138,139,140 we know the alcohols directly 

convert to the silyated ether with no side reactions. Therefore, we assume the amount of 

alcohol consumed in the reaction directly correlates to product generated and we can use 

 

Figure 3.7 HPLC trace of competition study. 
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the four peaks, two silylated products and two unreacted alcohols, to determine the overall 

conversion of the reaction as well as the individual conversion for each alcohol. However, 

our initial HPLC runs showed the silylated ethers of both alcohols overlapped whereas the 

unprotected alcohols separated (Figure 3.7). Since the alcohols separated nicely, we 

decided to ascertain the concentration of the unreacted alcohols in attempts to back-

calculate the concentration of the silyl ether products. For each alcohol, we generated 

calibration curves using the peak area of various concentrations. Using the equation 

produced by the calibration curve, we could input the peak area of the alcohols from our 

competition studies to determine the final concentration of the alcohols at the end of the 

reaction. From there, we could back calculate the concentration of each silylated product 

and determine reaction conversions. Using this method, we calculated conversions higher 

than 50% in our reactions, which is not valid since we limit the silyl chloride to 0.5 

equivalence to the alcohols. Therefore, we wanted to implement an internal standard to see 

if this would improve the accuracy of the data. We wanted compounds with higher polarity 

to have peaks at longer retention times to prevent the internal standard from overlapping 

with the alcohol and product peaks. Figure 3.8 shows different compounds we attempted 

to use as an internal standard; however, the internal standard either streaked on the HPLC, 

 

 

Figure 3.8 Select compounds investigated for HPLC internal standard. 

 

Figure 3.9 Select compounds investigated for HPLC internal standard. 
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overlapped with our alcohol peaks, or they were not soluble in our HPLC solvent system. 

When we tried to change the polarity of the solvent system, we lost the separation of our 

two alcohol peaks. Therefore, we decided to try Gas Chromatography (GC) to overcome 

these issues. 

3.4.2 Using GC to determine reaction conversion 

 Using GC, we then analyzed the peaks for our unprotected alcohols and silylated 

ether products. Similar to HPLC, we saw clean peaks for the unreacted alcohols, however 

there were no peaks representative of the products (Figure 3.9). The silyl ethers either 

fragmented or did not show up on the GC. We again generated calibration curves with the 

GC using only the unreacted alcohols at known concentrations in an attempt to back-

calculate the product concentration. Equation 3.1 was used to determine the concentration 

of the recovered starting material. 

[𝐴𝑙𝑐𝑜ℎ𝑜𝑙] =  𝑆𝑙𝑜𝑝𝑒 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑢𝑟𝑣𝑒 ∗ 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎  

 

Figure 3.9 GC trace of competition study. 

 

Figure 3.10 GC trace of competition study. 
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 Using the alcohol concentration, we could determine how many mmoles of alcohol was 

converted to the silyl ether product. Since the exact amount of alcohol added in the system 

was known, we could subtract the amount of alcohol remaining to determine the mmol of 

silyl ether product formed. Table 3.1 details the results for several competition study trials 

using the 3.11 and methoxy alcohol derivative 3.8a with only data for the methoxy alcohol 

and product shown. For each reaction, 0.2 mmol of each alcohol is added in the reaction, 

meaning 0.2 mmol is the most of each alcohol we could recover. The limiting reagent in 

Table 3.5 Competition study results using the methoxy alcohol with 3.8a to 

determine the amount of methoxy alcohol remaining and methoxy product generated 

in the reaction. 

 

 

Entry Alcohol Mmol Recovered 

OMe Alcohol 

Mmol OMe 

Product 

1 OMe 0.116 0.2 

2 OMe -0.03 0.07 

3 OMe 0.13 0.3 

4 OMe -0.03 0.08 

5 OMe -0.05 0.05 

6 OMe -0.02 0.10 

7 OMe 0.02 0.15 
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the reaction was always the triphenylsilyl chloride, where we only added 0.2 mmol of 

silylating agent (0.5 equiv to total alcohol), meaning we can only produce 0.2 mmol of 

total product.  Analyzing the data, we do not see very consistent results. Specifically, 

Entries 2-6 show too much methoxy alcohol recovered or too much methoxy silylated 

product produced. We theorized several possible sources of error with this method. We 

wondered if errors were present in the workup procedure after the reaction was quenched 

or in the preparation of the GC samples. Since the experiment is concentration-dependent, 

we wondered if the concentration of the GC samples were consistent since another lab 

prepared and ran the samples on the instrument.  Originally, we were going to see if an 

internal standard would address these inconsistencies but then we turned our attention to 

19F NMR instead.  

 3.4.3 Using 19F NMR to determine reaction conversion 

 NMR is an attractive method because minimal workup is necessary and it also 

avoids the use of sensitive columns like with HPLC and GC. The reaction simply needs to 

 

Figure 3.10 Competition study crude 1H NMR of reaction mixture in CDCl3. 

1H NMR: 
Both alcohols 

overlap
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be quenched and concentrated down, avoiding techniques such as extractions where 

material could be lost through multiple transfers. 1H NMR could not be used because the 

unreacted alcohols and silylated ether peaks all overlap (Figure 3.10). 19F NMR is a 

sensitive, quantitative technique, that can provide distinct fluorine peaks even with small 

changes in structure.143,144 We hypothesized that we could use fluorine NMR to 

quantitatively determine the conversion of each alcohol to product if we could introduce 

fluorine quantitatively into either the unreacted alcohols or the products. Trifluoroacetic 

anhydride is reagent that esterifies alcohols and reacts quickly and quantiatively at room 

temperature. We hypothesized that we could use trifluoroacetic anhydride 3.14, to acylate 

the remaining alcohols at the end of our competition reaction to introduce fluorine into the 

molecule for 19F NMR (Scheme 3.8). Therefore, we took alcohols 3.11 and 3.18a-f, 

acylated them with 3.14 to produce fluorinated esters 3.15 and 3.16a-f and took 19F NMRs 

of 3.15 with each alcohol derivative to determine whether two distinctive peaks were seen 

for each acylated ester. Before running experiments, we also needed to verify full 

conversion of the alcohols to esters to ensure we would calculate accurate conversions. 

Therefore, we used 1H NMR to observe the singlet for alcohol 3.11 at 3.4 ppm before 

acylating and then after acylating. Figure 3.11 shows the peak at 3.4 ppm for the alcohol is 

not present after acylation, confirming full conversion of the alcohol to ester and showed a 

new peak at 5.1 ppm representing the acylated ester.  

 

Scheme 3.8 Scheme of acylating alcohol derivatives to generate fluoro esters for 19F 

NMR. 

 

Scheme 3.10 Scheme of acylating alcohol derivatives to generate fluoro esters for 19F 

NMR. 
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 Once we verified the acylation of the alcohols to esters was quantitative under our 

reaction conditions, we did several control runs to observe the accuracy and reliability of 

the method. As mentioned above, the Wiskur group has thoroughly investigated the 

performance of chiral catalyst benzotetramisole (3.2).138139140 Using previous studies and 

an internal standard, we could predict the conversion expected using this catalyst with our 

reaction conditions (Scheme 3.9). We choose 7-fluoro-1-tetralone (3.17) as an internal 

standard because it has a singular fluorine peak that does not overlap with the acylated 

products or side products of the acylation. Since we limit the amount of Ph3SiCl added and 

 

Figure 3.11 1H NMR comparison of crude reaction mixture before (bottom) and after 

(top) acylating unreacted alcohols in CDCl3.  

 

Scheme 3.9 Controlled kinetic resolution with benzotetramisole catalyst 3.2 to generate 

acylated fluorinated esters. 
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the reaction time (19 h), we anticipated conversions between 30-45%. Table 3.6 depicts 

the results of two control runs 3.17 as a reference, achieving conversions within our 

expected ranges. Since only one alcohol is present, we could use both 1H NMR and 19F 

NMR to determine conversions and see that both are in close agreement. Therefore, we 

determined this method was reliable and consist for actual reaction runs. We proceeded 

with our competition studies, again adding 3.17 for an internal standard (Table 3.7).  

 Looking at reaction rates, the methoxy 3.5a and unsubstituted 3.5b catalysts 

reflected consistently higher yields for each alcohol while chloro 3.5c had consistently 

lower yields. Potentially, the electronics of the catalyst substituent could be influencing the 

nucleophilicity of the nucleophilic nitrogen with the electron withdrawing substituent (Cl) 

pulling electron density away from the nitrogen, reducing the yields. Therefore, the 

electron-donating methoxy catalyst has an increase in electron density, strengthening its 

nucleophilicity and generating higher yields. 

Table 3.6 Control kinetic resolution runs with benzotetramisole catalyst. 

 

Experiment Catalyst 1H NMR 

conv 

19F NMR 

conv 

1 BTM 18% 18% 

2 BTM 30% 25% 
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 Table 3.7 shows there was a general trend of donating groups on the alcohol having 

faster conversions and withdrawing groups on the alcohol having slower conversions. As 

the alcohol substituents become more electron-withdrawing, we see slower rates compared 

to alcohol 3.11, resulting in rate ratios less than one for each catalyst except for methoxy 

catalyst 3.5a. We did expect this trend seen with 3.5b and 3.5c because we expected faster 

rates for the electron-donating alcohols because they contribute more electron density in 

the pi system, strengthening the expected cation pi interaction. However, we did not expect 

methoxy catalyst 3.5a to show the opposite trend, where the more electron-withdrawing 

the alcohol, the greater the rate ratio. This suggested a cation pi interaction might not be 

the dominating or only interaction present in the reaction system. Although the catalyst has 

an electron-donating group, we should still see a decrease in rate ratio as the alcohols 

become less electron-donating because the pi system is more electron deficient in the cation 

pi interaction. If the cation pi interaction was the major contributing interaction, then we 

should still see similar trends as 3.5b and 3.5c, just a slower decrease in the rates. To 

Table 3.7 Results of competition study for catalyst and alcohol derivatives. 

 

aConversions representative of two runs. 
bAverage of two runs. 
cCyano data average of four runs. 
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account for this difference in trend, we started looking at how the catalyst substituent could 

be interacting with the pi system of the alcohol, not just the cation, theorizing a pi-pi 

interaction could be more important in dictating the rate of the reaction. Using linear free 

energy relationship (LFER) diagrams, we started to explore alternate interactions to help 

explain this deviation from our hypothesis.  

 

 

 

Figure 3.12 Linear free energy relationship diagrams for 3.5a-c using sigma plus 

constants. 

 

Figure 3.13 Linear free energy relationship diagrams for 3.5a-c using sigma plus 

constants. 
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3.4.4 LFER studies 

 Using the rate ratios in Table 3.3, linear free energy relationship diagrams were 

generated for each of the three catalysts with sigma para constants for methoxy 3.5a and 

sigma plus constants for unsubstituted (3.5b) and chloro (3.5c) catalysts and shown in 

Figure 3.12. As mentioned previously, linear free energy relationship diagrams help 

suggest what interaction (electrostatic, resonance, sterics, etc.) is most prevalent in a 

reaction.145 In Figure 3.12, plus constants were used for 3.5b and 3.5c linear free energy 

diagrams, which are relevant for stabilizing cations through delocalization by resonance of 

the substituent.146 Both catalysts showed a linear correlation with different electron-

donating and -withdrawing groups, suggesting the delocalization by resonance in the 

phenyl group of the catalyst contributes to stabilizing the cation formed. For 3.5b and 3.5c, 

both catalysts showed similar slopes, suggesting the chloro substituent on the catalyst is 

not withdrawing enough to cause a major difference on the electrostatic interaction when 

compared to unsubstituted 3.5b, which is validated by their similar sigma plus constants 

(H = 0, Cl = 0.11).147 The negative slope reflects a buildup of positive charge in the 

reaction, which supports the theory that a positive charge is present in the reaction.148 

Looking at 3.5a, the methoxy catalyst was plotted using sigma para constants, which are 

related to how the electron-withdrawing or -donating nature influence the resonance in the 

phenyl group. Interestingly, a bend was seen in the linear free energy relationship, which 

suggested a change in the reaction was occurring. For electron-donating alcohols and the 

chloro alcohol, we saw a positive slope, which indicates negative charge is present and can 

be explained by the strong electron-donating methoxy group on the catalyst aryl system. 

We believe the more electron-donating the alcohols became, a stronger repulsive 
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interaction was generated between the aryl groups of the alcohols and catalysts. Then, when 

the alcohols became increasingly withdrawing, a negative slope was generated, indicating 

a positive charge was present as seen with catalysts 3.5b and 3.5c. Therefore, the more 

electron-withdrawing the alcohols became, a repulsion between the cation and electron-

deficient alcohols occurred. Consequently, we suggest two competing interactions are 

occurring: a cation pi interaction and a pi-pi interaction. The alcohol phenyl groups can 

interact with either the phenyl group the methoxy group is bonded to for the pi-pi 

interaction or the cation generated in the reaction to generate the cation pi interaction. The 

performance of the catalyst is then dependent on the compatibility of the electronics of the 

alcohol where we see the chloro alcohol provided the greatest ratio. We believe the weakly 

electron-withdrawing group can remove enough electron density from the alcohol pi 

system to minimize the repulsion of the catalyst aryl group but not with-drawing enough 

to generate a repulsion with the cation charge (Figure 3.13).  

Additionally, we analyzed the electrostatic potential maps in Spartan16 software 

for the three catalysts as cations with trimethylsilyl in place of triphenylsilyl to analyze the 

charge distribution in the structure when the cation is formed (Table 3.8). Table 3.8 shows 

the electrostatic potential map for each catalyst cation and lists the values seen for the 

indicated alkene carbon adjacent to the positive nitrogen and the aryl ring of the catalysts. 

As expected, we see the alkene carbon adjacent to the cationic nitrogen increase in value 

 

Figure 3.13 Proposed interactions between methoxy catalyst and chloro alcohol 

in competition study. 
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as the substituent on the catalyst became more electron-withdrawing with the methoxy 

catalyst 3.5a having the lowest value for electron density. This suggested the substituents 

do affect the electronics near the cation but most likely not enough to suppress the charge 

of the cation to avoid a repulsive interaction between the cation and an electron-

withdrawing alcohol. We also see an increase in electron density in the aryl group the more 

electron-donating the substituent is on the catalyst, which is also expected. This could also 

support the idea of an increased repulsion between the aryl group of the catalyst and the pi 

system of the alcohols or a potential pi pi interaction between the alcohol substrates and 

catalyst intermediate, especially the alcohols that are more electron-donating.  

Overall, the trends for all three catalysts, especially the methoxy catalyst, do 

suggest electronics of the substituents on the catalyst have major influence in these 

reactions. Comparing the linear free energy relationships of methoxy catalysts with the 

other two catalysts, we see a significant difference in how the catalysts interact with the 

substrates. Instead of an attractive interaction, such as cation pi, we believe repulsive 

Table 3.8 Electrostatic potential maps for each catalyst cation intermediate and the 

values for the indicated alkene carbon adjacent to the nitrogen and the aryl system. 

 

*Units are in kJ 
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interactions are dictating how these reactions proceed. The electronics of the catalysts are 

extremely sensitive, as seen with the methoxy catalyst, and a delicate balance of 

minimizing the repulsive interactions that can occur with the aryl system and the cation of 

the catalyst intermediate is necessary for favorable outcomes in these reactions. 

 3.5 Conclusions and outlook 

 In conclusion, electrostatic interactions are very important for these isothiourea 

catalysts for asymmetric catalysis. We see varying responses comparing the methoxy 

catalyst to the other two catalysts when the electronics of alcohol derivatives are modified, 

directly influencing the electrostatic interactions we believe are forming between the 

cationic catalyst intermediate and the pi system of the alcohols. Additionally, we see a 

change in slope for electron-donating methoxy catalyst versus the other catalysts, 

suggesting the believed cation-pi interaction is not the dominating interaction, or only 

interaction, dictating the selectivity in these reactions. Instead, we believe the methoxy 

catalyst is sensitive to the repulsive interactions that can occur between its pi system and 

the pi system of electron-donating alcohols as well as the repulsion between the catalyst 

intermediate cation and electron-withdrawing alcohols.   

 Future studies to continue analyzing these interactions should include electronically 

stronger catalysts. For example, a stronger electron-withdrawing group than chloride, such 

as nitro, trifluoromethyl, or cyano, is needed to more accurately see how this influences 

the reaction. Chlorine is very similar to hydrogen when looking at the sigma plus constants 

for the two, so a larger difference would be beneficial to better analyze electron-

withdrawing effects on the catalyst. In theory, a larger difference in the linear free energy 
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relationship slopes would be seen with the electron-withdrawing catalyst having a larger, 

steeper slope.  

 Another question is would similar trends in selectivity be seen if chiral versions of 

electronically-diverse catalysts were used (Figure 3.14). For many years, our lab has 

accepted the idea a cation pi interaction dictates the selectivity in our kinetic resolutions. 

If we used the chiral version of the methoxy catalyst, would we also see a bend as we did 

in this study? If so, this would change future catalyst designs where more focus would be 

placed on compatible electronics between the alcohol and catalyst intermediate instead of 

a cation pi interaction. As seen with our methoxy catalyst 3.5a, we would expect to see 

weakly electron-withdrawing alcohols, such as chloro, would generate better selectivities 

than electron-donating alcohols because the compatible electronics minimize the repulsive 

interactions between the two species.  

 It has also been shown that these benzotetramisole catalysts decompose during 

reactions and expanding the five membered ring containing the nucleophilic nitrogen (or 

imidazoline-based structure) to a six-membered ring (or tetrahydropyrimidine-based 

structure) has shown to better stabilize these catalysts, as seen in Hyperbenzotetramisole 

 

Figure 3.14 Suggested chiral isothiourea catalysts for future kinetic resolutions. 

 

Figure 3.15 Suggested isothiourea catalyst derivatives with ring containing 

nitrogens expanded from five- to six-membered. 
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as discussed previously (Figure 3.15).149 Therefore, it would be worth investigating 

expanded forms of our derivatized benzotetramisole derivatives to see if improved 

conversions could be seen. Differences in selectivities have been reported between 

benzotetramisole and Hyperbenzotetramisole.149 It would be informative to also conduct 

competition studies that studied the electronic interactions of these structures in addition 

to derivatizing the electronics to see if any differences are observed.  

 Since we predict two areas on the catalyst are influencing the responses seen with 

methoxy catalyst 3.5a, it would be interesting to analyze how alcohols with multiple pi 

systems and varying electronics would respond. For example, if we used a secondary 

alcohol as shown in Figure 3.16 where two aryl groups are on either side of the secondary 

alcohol and had differing electronics, could we manipulate the electronics of the catalyst 

intermediate and alcohol to enhance their interactions as Smith did in his group’s research 

on competing pi systems.136 With the methoxy catalyst 3.5a, we believe the catalyst 

intermediate has the two areas where repulsion can occur: the aryl system and the cation. 

Could we modify the two pi sites of the suggested alcohol in Figure 3.16 to where both 

aryl groups had attractive interactions with both sites on the catalyst intermediate was 

generated? For example, what if one ring had an electron-withdrawing group to interact 

with the catalyst intermediate aryl group and one had an electron-donating group to interact 

with the catalyst intermediate cation? Would the strength of these groups also produce 

 

Figure 3.16 Dual pi system of secondary alcohol for future competition studies 
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varying results? For 3.5a, we saw the chloro alcohol had the most favorable electronics for 

the competition study, and we believe the alcohol is weakly withdrawing to where it 

removes enough electron density from its pi system without perturbing the catalyst cation. 

With a stronger electron-withdrawing group on the alcohol, a decrease in performance 

could result because the more positive charge produced from the decrease in electron 

density of the aryl ring could be large enough to repulse the cation. The bend seen with 

methoxy catalyst 3.5a has raised many questions for how these catalysts interact with 

substrates and future studies will continue to explore these interactions to continue 

developing more efficient catalysts. 

3.6 Experimental 

General Information 

All reactions were carried out under a N2 atmosphere using oven dried glassware. 

Tetrahydrofuran and dichloromethane were dried by passing through a column of activated 

alumina before use and stored over molecular sieves. All other solvents and chemicals were 

obtained from commercial sources and used without further purification. Flash column 

chromatography was performed on silica gel (32–63 microns). 1H NMR spectra were 

recorded on a Bruker Avance III (400 or 300 MHz). Chemical shifts are reported in ppm 

with TMS, chloroform, or methanol as an internal standard (TMS 0.00 ppm for 1H and 13C, 

CHCl3 7.26 ppm and 77.16 for 1H and 13C, and MeOH 3.31 ppm and 49.3 ppm for 1H and 

13C respectively). 13C NMR spectra were recorded on a Bruker Avance III (101 or 75 MHz) 

with complete proton decoupling. 19F NMR spectra were recorded on a Bruker Avance III 

(400 or 300 MHz). Chemical shifts are reported with 7-fluoro-1-tetralone as an internal 

standard when stated. The data reported for 1H NMR are as follows: chemical shift, 
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multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet, td = 

triplet of doublets, dt = doublet of triplet, sept = septet, m = multiplet).  

General Procedure A for substituted benzothiazole addition of aminoalcohol (3.7a-c) 

To a 100 mL pressurized tube, the substituted benzothiazole (3.6a-c) was added (1 

mmol) with stir bar, ethanol amine (1.1 equiv), diisopropylethylamine (2 equiv), and dry 

THF (3 mL) under N2. The tube was sealed under N2 and stirred at 130 °C for 24 h, unless 

specified below. The solution was cooled to room temperature and washed with brine (1x, 

3 mL) and dichloromethane (2x, 3 mL). The combined organic layers were dried with 

NaSO4 and concentrated under vacuum to obtain the resulting product that was further 

purified by column chromatography.  

General Procedure B for ring-closure of benzothiazole (3.5a-c) 

To a 15 mL round bottom flask, the purified product of Procedure A (3.7a-c) was 

added to a solution of methylene chloride (5 mL) and triethylamine (4.3 equiv) under N2 

and cooled to 0 °C. After 20 minutes at 0 °C, methane sulfonyl chloride (2.5 equiv) was 

added under N2 and the solution stirred at 0 °C for 1 hour. Once the solution warmed to 

room temperature, triethylamine (10 equiv) was added under N2 and the solution refluxed 

at 40 °C for 24 hours. The solution cooled to room temperature and was washed with 

saturated sodium hydroxide (1x, 3 mL) and methylene chloride (2x, 3 mL). The collected 

organic layer was dried with NaSO4 and concentrated under vacuum. The resulting solid 

was purified by column chromatography. 
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Methoxy step 1, 3.7a 

Procedure A was followed for 3.7a, with the tube stirring at 130 °C for 48 h. 

Purification was achieved by column chromatography (silica gel, gradient of 15% 

iPrOH/hexanes) to give a white solid. Yield: 68%. %. 1 H NMR (300 MHz, CDCl3) δ 

(ppm): 7.8939 (d, 1 H), 7.1772 (d, 1 H), 6.8950 (dd, J = 11.4, 1 H), 3.7853 (s, 3 H), 3.7545 

(t, 2 H), 3.5207 (t, 2 H). 

Methoxy step 2, 3.5a 

Procedure B was followed for 3.5a. Purification was achieved by column 

chromatography (silica gel, 1% NH3 saturated MeOH/CHCl3) to give a light yellow solid. 

Yield: 83%. %. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.4623 (d, 1 H), 7.2501 (dd, J = 

10.4, 1 H), 4.2705 (t, 2 H), 3.9197 (t, 2 H), 3.7845 (s, 3 H). 

Hydrogen step 1, 3.6b 

Procedure A was followed for 3.6b. Purification was achieved by column 

chromatography (silica gel, gradient of 100% CH2Cl2 to 50% iPrOH/CH2Cl2) to give a 

white solid. Yield: 81%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.5207 (d, 1 H), 7.3848 (d, 

1 H), 7.2034 (t, 1 H), 7.0057 (t, 1 H), 3.7346 (t, 2 H), 3.5162 (t, 2 H). 

Hydrogen step 2, 3.5b 

Procedure B was followed for 3.5b. Purification was achieved by column 

chromatography (silica gel, 1% NH3 saturated MeOH/EtOAc) to give a light yellow solid. 

Yield: 66%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.4140 (d, 1 H), 7.2724 (t, 1 H), 7.0335 

(t, 1H), 6.8957 (d, 1 H), 4.3081 (t, 2 H), 3.9730 (t, 2 H). 
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Chloro step 1, 3.7c 

Procedure A was followed for 3.7c. Purification was achieved by column 

chromatography (silica gel, gradient of 30% iPrOH/hexanes) to give a white solid. Yield: 

83%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.5723 (d, 1 H), 7.3525 (d, 1 H), 7.7172 (dd, 

J = 8.6, 1 H), 3.7786 (t, 2 H), 3.5608 (t, 2 H).  

Chloro step 2, 3.5c 

Procedure B was followed for 3.5c. Purification was achieved by column 

chromatography (silica gel, 10% THF/CHCl3) to give a white solid. Yield: 61%. %. 1 H 

NMR (300 MHz, CDCl3) δ (ppm):7.4649 (d, 1 H), 7.2527, (dd, J = 10.5, 1 H), 6.8438 (d, 

1 H), 4.3124 (t, 2 H), 3.9494, (t, 2 H).  

General Procedure C for alcohols 3.8a-c 

Magnesium turnings (1.8 equiv) was weighed on weigh paper and transferred and 

crushed with pestle and mortar. The magnesium was then transferred to a flame-dried 100 

mL round bottom flask and then flame-dried again with the magnesium in the flask. The 

round was capped with a rubber stopper and 10 mL of dry THF was added under nitrogen. 

The substituted bromoalcohol (1.5 equiv) was added to the round bottom under nitrogen. 

The solution stirred at 40 °C for one hour and was then cooled to room temperature. A 

solution of copper (I) iodide (0.15 equiv) and cyclohexane oxide (1 equiv) was prepared in 

10 mL of THF under nitrogen in a 4-dram vial, and the resulting slurry was added to the 

round bottom flask dropwise under nitrogen. The solution stirred at room temperature 

overnight. The reaction was quenched with saturated ammonium chloride (15 mL) and 

stirred for 30 minutes when no solid was seen at the bottom of the flask. The organic layer 
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was removed, dried with sodium sulfate, and concentrated to a solid. The solid was then 

purified by column chromatography (silica gel, on a gradient from 5% EtOAc/Hexanes to 

25% EtOAc/Hexanes). 

Methoxy alcohol 3.8a 

Yield: 59%. %. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.33-7.15 (m, 2 H), 6.94-

6.87 (m, 2 H), 3.82 (s, 3 H), 3.68-3.56 (m, 1 H), 2.47-2.33 (m, 1 H), 2.18-2.05 (m, 1 H), 

1.95-1.70 (m, 3 H), 1.63-1.23 (m, 5 H). 

Methyl alcohol 3.8b 

Yield: 56%. %. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.26-7.14 (d, 4 H), 3.74-3.60 

(m, 1 H), 2.49-2.30 (m, 4 H), 2.22-2.08 (m, 1 H), 1.94-1.72 (m, 3 H), 1.58-1.25 (m, 4 H). 

Isopropyl alcohol 3.8c 

Yield: 53%. %. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.2107 (s, 4 H), 3.6633 (m, 

1 H), 3.01-2.81 (m, 1 H), 2.51-2.35 (m, 1 H), 2.20-2.06 (m, 1 H), 1.98-1.71 (m, 3 H), 1.69-

1.17 (m, 10 H). 

General Procedure D for alcohols 3.8d-f 

In a flame-dried flask, the substituted bromobenzene (1.2 equiv) was added with 10 

mL of dry THF with stir bar under nitrogen. The solution stirred for 15 minutes in a dry 

ice/acetone bath to cool -78 °C. Once at -78 °C, n-BuLi (1 equiv) was added under nitrogen 

and the solution stirred for one hour. Cyclohexane oxide (1 equiv) was added under 

nitrogen with the flask still at -78 °C. Then BF3·OEt2 was added drop-wise, and the solution 

stirred for 4 hours at -78 °C. The reaction was quenched with NH4Cl solution (15 mL) and 
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stirred for 30 minutes. The organic layer was collected, dried with sodium sulfate, and 

concentrated to a solid. The solid was then purified by column chromatography (silica gel, 

on a gradient from 5% EtOAc/Hexanes to 25% EtOAc/Hexanes). 

Chloro alcohol 3.8d 

Yield: 40%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.33-7.19 (m, 4 H), 3.71-3.58 

(m, 1 H), 2.49-2.36 (m, 1 H), 2.15-2.02 (m, 1 H), 1.92-1.69 (m, 3 H), 1.61-1.26 (m, 4 H). 

Cyano alcohol 3.8e 

Yield: 15%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.65 (d, 2 H), 7.39 (d, 2 h), 3.79-

3.65 (m, 1 H), 2.60-2.49 (m, 1 H), 2.19-2.10 (m, 1 H), 1.95-1.76 (m, 3 H), 1.59-1.29 (m, 4 

H). 

Trifluoromethyl alcohol 3.8f 

Yield: 57%. 1 H NMR (300 MHz, CDCl3) δ (ppm): 7.63-7.57 (d. 2 H), 7.45-7.35 

(d, 2 H), 3.80-3.66 (m, 1 H), 2.62-2.48 (m, 1 H), 2.21-2.09 (m, 1 H), 1.98-1.75 (m, 3 H), 

1.53-1.24 (m, 4 H). 

General Procedure E for competition studies 

A flame-dried 1 dram vial with oven-dried stir bar and activated 4Å molecular 

sieves was purged with nitrogen and sealed with a septa. A stock solution of tran-2-

phenylcyclohexanol (1.6 mmol in 1 mL) was prepared under nitrogen and 0.125 mL was 

transferred to the 1-dram vial under nitrogen. A stock solution was prepared for the 

substituted alcohol (1.6 mmol in 1 mL), and 0.125 mL was transferred to the 1-dram vial 

under nitrogen. A stock solution of 7-fluoro-1-tetralone (1 mmol in 1 mL) was prepared 
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and 0.1 mL was transferred to the 1-dram vial under nitrogen A stock solution of the 

catalyst was prepared and 0.1 mmol was transferred to the 1-dram vial. 

Diisopropylethylamine was added to the 1-dram vial under nitrogen. THF was added 

under nitrogen to reach a total volume of 0.7 mL. The sides and top of the 1-dram were 

sealed with electric tape, and the 1-dram was placed in a isopropanol bath and cooled to -

78 °C for 30 minutes. The cooled mixture was treated with a 0.67 M solution of triphenyl 

silylchloride in THF (0.3 mL, 0.20 mmol) and was left to react for 19 hours at -78 °C, 

then quenched with 0.5 mL of methanol. The solution was left to warm to room 

temperature and then concentrated under vacuum. Crude 1H NMRs in deuterated 

chloroform were taken of the resulting solid, and the NMR solution was placed back in 

the 1-dram vial and concentrated under vacuum again. Trifluoroacetic anhydride (1 mL) 

was added to the 1-dram, and the solution stirred at room temperature for 30 minutes. 

The solution was concentrated under vacuum for 1H and 19F NMRs in deuterated 

chloroform without purification. 
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