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Abstract 
 
 In the realm of optoelectronics and solar technology, the demand for efficient and cost-

effective materials has intensified. Squaraine dyes have emerged as a promising class of 

compounds for these applications, owing to their ability to absorb light and facilitate charge 

transport across different layers within materials. This thesis aims to present the synthesis and 

characterization of a novel donor-acceptor (DA) functionalized squaraine dye, featuring redox-

active phenols that can be oxidized to phenoxyl radicals. Our objective is to investigate the charge-

transfer (CT) properties of these compounds using spectroscopic techniques and computational 

modeling. 

 Chapter 1 provides an introduction to organic DA compounds, the probing of 

intramolecular charge-transfer (ICT) in such systems, and a background on stable free radicals and 

squaraine dyes. The chapter sets the context for the application of these molecules in materials and 

outlines the goals of the thesis. 

 Chapter 2 focuses on the synthetic methodology and nuclear magnetic resonance (NMR) 

spectroscopic characterization of a series of previously unreported DA compounds and squaraine 

dyes. The synthesis of compounds 2.14 and 2.15 is described using Suzuki-Miyaura chemistry, 

followed by the coupling of 2.14 to a known squaraine dye via Suzuki-Miyaura cross-coupling to 

form 2.25. The synthesis and NMR characterization of these compounds are presented, along with 

the proposal of a structural motif (2.31) and the discussion of attempts to synthesize it. Preliminary 

data supporting oxidative addition to form 2.30 are also provided. 

 Chapter 3 focuses on the photophysical and redox properties of compounds 2.14, 2.15, and 

2.25. UV-Visible and fluorescence spectrophotometry techniques are employed to demonstrate the 

CT characteristics of each compound. Cyclic voltammetry is used to investigate the oxidation 
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potentials of the phenols in 2.14 and 2.25, while the attempt to isolate stable free radicals is 

discussed. Computational data using density functional theory (DFT) and time-dependent DFT 

(TD-DFT) are used to support the experimental findings, including the plotting of frontier 

molecular orbitals (FMOs) and natural transition orbitals (NTOs). 

 Chapter 4 provides a comprehensive summary of the results presented in this thesis and 

suggests future experiments for further investigation. Additionally, preliminary computational 

results for compound 2.31 are briefly discussed. In conclusion, this thesis explores the CT 

properties of novel compounds, particularly focusing on the influence of donor character on the 

photophysical properties. This research contributes to the understanding and potential applications 

of DA functionalized squaraines in optoelectronics and solar technology.  
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Chapter 1 Introduction 

1.1  Organic Donor-Acceptor (DA) Systems  

Organic donor-acceptor containing molecules are an important class of compounds for a 

variety of applications across organic and materials chemistry. They are used as synthetic 

intermediates in organic synthesis,1 as building blocks for organic materials such as polymers,2–4 

and as catalysts5,6 and sensors in analytical chemistry.7,8 In addition, organic donor-acceptor 

containing molecules can be used in the development of drug delivery systems, such as 

nanoparticles9,10 and liposomes.11,12 These molecules can be used to modify the properties of the 

drug delivery system, such as its stability and its release profile. 

Organic donor-acceptor containing molecules are composed of two components: an 

electron donor group and an electron acceptor group. The donor group is typically an electron-rich 

moiety such as a phenoxyl, N-amine or thiophene, while the acceptor group is an electron-deficient 

moiety such as a carbonyl, nitrile, or imine. Some common examples of both donors and acceptors 

are shown in Figure 1-1. The groups are generally connected by a covalent bond and contain a 

high degree of π-conjugation to facilitate intramolecular communication between the two. These 

molecules can also form strong intermolecular interactions, such as hydrogen bonds and π-

stacking, between the donor and acceptor groups. This enables them to form highly stable 

complexes with other molecules. 
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Figure 1-1. Common electron donor and acceptor moieties. 
 
 
 

The photophysical properties of donor-acceptor (DA) systems are highly tunable. One 

example of this is from a study by Kumar and co-workers. The study probed the effect of extending 

π-conjugation between a triphenylamine donor and triazine acceptor, as shown in Figure 1-2. An 

increase in absorption and a redshift in the emission spectra of each compound was seen as a result 

of extending the conjugation.13 This is a demonstration of how simple extension of π-conjugation 

can have a strong effect on the photophysical properties of DA molecules. 
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Figure 1-2. DA molecules as published by Kumar et al. displaying increased absorption and red-

shifted emission as a function of extended p-conjugation. 

 
 
 

Another common application of DA systems are as thermally-activated delayed 

fluorescence (TADF) emitters. This type of fluorescence finds use in third-generation organic light 

emitting diode (OLED) technology due to their potential high internal quantum efficiencies 

(IQE).14–16 In traditional fluorescent emitters, singlet and triplet excitons exist in a 1:3 ratio, where 

only singlet excitons are utilized in fluorescence, and triplet excitons decay non-radiatively. TADF 

emitters are an attractive solution to this issue as they contain energy gaps between the S1 and T1 

states of around 0.3 eV, known as ∆EST. This energy gap is short enough such that ambient heat 

can repopulate the excited singlet state from the excited triplet state. This process is known as 

reverse intersystem crossing (RISC) and can be shown using a simple Jablonski diagram in Figure 

1-3.17,18  Through this mechanism, it is theoretically possible that emitters of this type could reach 

photoluminescent quantum yields (PLQY) of 100%.  
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Figure 1-3. Jablonski Diagram showing ISC and RISC of an electron from the singlet excited 
state to the triplet excited state. In the case of TADF, ∆EST is small enough that thermal energy 

can promote RISC. 
 
 
 

Examples of TADF are abundant and the literature on such compounds is expanding 

quickly. For example, earlier this year Hojo et al. published work on copolymers capable of TADF 

and through-space charge transfer (TSCT) shown in Figure 1-4.19 The copolymers feature nodes, 

which are breaks in conjugation, that still display charge-transfer (CT) characteristics by holding 

the donor and acceptor moieties in close spatial proximity to one another. Polymers such as these 

may find use in materials such as optoelectronics, by utilizing spin-coating and inkjet printing. 

These polymer-based materials have also given rise to flexible devices.20,21  Currently the best 

TSCT-TADF emitters have shown an efficiency of up to 12%, comparable to other less versatile 

DA systems used in similar devices.20  
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Figure 1-4. TADF-TSCT polymer as published by Hojo et al. 

 
 
 

Spatial separation of the frontier molecular orbitals is necessary in the design of TADF 

emitters. The general design of these molecules is therefore reliant on intramolecular DA 

connectivity as these ensure there exists such spatial separation between the HOMO and LUMO.22 

It is not enough to just spatially separate these orbitals, however, as there still exists electron 

exchange correlation energies which can increase ∆EST.23 The design of such structures should 

therefore also reduce the overlap between the spatially separated frontier molecular orbitals.24 A 

comprehensive review of such structures is beyond the scope of this chapter, and the interested 

reader can consult the literature for specific examples.25,12,13,14,29 What is important is that 

intramolecular interactions in molecules can have drastic effects on the photophysical properties 

of DA systems. 
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More recently, Stephenson et al. reported a catalytic cross-coupling method that utilizes 

intermolecular charge transfer. The process first involves photochemically generating a 

catalytically active DA complex. The acceptor containing a leaving group then generates a radical 

intermediate to form new carbon-carbon bonds between the leaving group and an aromatic 

heterocycle.30 The structures and overall mechanism of this process is shown in Figure 1-6. This 

type of catalysis is an attractive option in forming new carbon-carbon bonds as it bypasses the use 

of transition metal complexes that are often expensive, air-sensitive, and occasionally toxic. 

 
 
 

 

Figure 1-5. Mechanism of photocatalysis using EDA complex. 
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1.2  Intramolecular Charge-Transfer (ICT) 

One of the main advantages of DA compounds is their ability to facilitate CT between the 

electron-rich donor and the electron-poor acceptor. This can happen both intermolecularly and 

intramolecularly. When electrons are passed from donor to acceptor through conjugated bonds 

within the same molecule, the process is known as intramolecular charge-transfer (ICT). As 

mentioned to in the previous sub-chapter, CT in the absence of conjugation is TSCT.  Although 

both mechanisms are important, the remainder of this chapter will focus primarily on the former 

process; the interested reader is directed to the literature for examples of TSCT.31,32  

CT is an important mechanism of electron-transfer in both biology and materials science.33–

37 The mechanism of CT typically occurs under photoexcitation, where an electron is transferred 

from an electron-rich donor to an electron-poor acceptor. The charge distribution of this charge-

separated state is different than that of the ground state as shown in Figure 1-7, and can therefore 

be stabilized by polar solvents. For this reason, CT molecules typically exhibit solvatochromic 

fluorescence, where the emission of the molecule redshifts with increasing solvent polarity. It is 

therefore important to understand the mechanism of ICT when studying DA systems.    

 
 
 

 

Figure 1-6. Charge transfer upon excitation with light. 
 
 
 

The mechanism of ICT is still debated, and relies heavily on quantum theory. Systems of 

this type often display dual fluorescence resulting from different energies between the locally 
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excited (LE) state and the ICT state. This can be best shown using a Franck-Condon diagram as 

seen in Figure 1-8. Photoexcitation from the S0 to S1 state creates a LE which can undergo prompt 

fluorescence. This fluorescence is typically nearer in energy to the blue end of the visible spectrum 

and does not have a significant Stokes shift. To reach the ICT state, the system needs to overcome 

an activation energy. From here, there can be radiative decay from the ICT S1 state to a vibrational 

mode in the S0 state that is higher in energy than the ground vibrational state, before non-radiative 

relaxation back to the ground state. This will result in a red-shifted (lower energy) fluorescence.  

 
 
 

 

Figure 1-7. Franck-Condon diagram for ICT. 
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 One mechanistic insight into the excited state geometry leading to dual fluorescence can 

come from the twisted intramolecular charge-transfer (TICT) state theory. First described by 

Grabowski et al in 1973,38 a LE state can undergo an adiabatic rotation about the bond connecting 

the donor and acceptor. This twisting decouples the donor and the acceptor units by forming a 

radical cation and radical anion at the respective ends of the molecule. This twisted state is lower 

in energy than the LE state, and from here the exciton can relax to a twisted ground state structure 

before complete relaxation to the ground state geometry.39,40 This is best shown using a Jablonski 

diagram in Figure 1-9.  

 
 
 

 

Figure 1-8. Jablonski diagram showing TICT. 
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been countless studies done to try and find evidence for the TICT mechanism. The simplest way 

to do this is by structural modification to the DMABN structure as shown in Figure 1-10. The 

results of such studies were able to confirm that the TICT is the reason for seeing dual fluorescence 

in DMABN. A comprehensive review of the results of these structural modifications can be found 

in the literature.42 

 
 
 

 

 

Figure 1-9. Structural modifications made to DMABN. 
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There are several other models explaining the excited state geometries of CT systems. For 

example, planar intramolecular charge transfer (PICT), rehybridized intramolecular charge 

transfer (RICT) and wagging intramolecular charge transfer (WICT), all of which are detailed in 

the literature.39,43,44 Currently, TICT is considered the best representation of the excited state 

geometry leading to dual fluorescence.  

 

1.3  Organic Stable Free Radicals 

Much of the current literature on organic DA systems focuses on diamagnetic compounds. 

It is also possible for organic paramagnetic species to display CT characteristics. Open-shell 

molecules are key intermediates in many types of organic reactions and are ubiquitous in nature.45 

However, most of these examples are highly unstable due to their incomplete valence and 

corresponding electron-deficiency. Despite this, there are several examples of organic stable free 

radicals (SFRs). Since the early 1900s, there have been many examples of organic SFRs that have 

been isolated pure and characterized crystallographically in their open-shell states.46  

One of the first examples of an organic SFR was published in 1900 by Gomberg where he 

claimed to have isolated triphenylmethane as a carbon based free radical.47 This was disputed in 

the years following this publication and is currently known to exist as Gomberg’s dimer in solution 

seen in Figure 1-11.48 A comedic historical account of this research for those interested can be 

found in the literature.49 Gomberg’s publication paved the way for chemists interested in SFRs, as 

it gave insight to how open-shell molecules may be stabilized. Although rationally it would make 

sense to consider that a higher degree of saturation would better stabilize the trivalent carbon, here 

it is clear that the degree of unsaturation leads to delocalization of the lone electron over the entire 

system as shown in Figure 1-12. The system was also postulated to utilize the bulky phenyl rings 
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as protecting groups towards radical quenchers. However, it has since been proven that this system 

readily forms peroxide dimers in the presence of oxygen. 

 
 
 

 
 

Figure 1-10. Gomberg's dimer. 
 
 
 

 

Figure 1-11. Triphenylmethyl radical showing resonance at the para-position of aromatic rings. 
 
 
 

A more recent example of trivalent carbon is shown below in Figure 1-13. Reported  by 

Veciana et al., this substituted analog of the triphenylmethyl radical postulated by Gomberg 

features a perchlorotriphenylmethyl (PTM) appended to a tetrathiafulavene (TTF) donor. This 

open-shell compound was shown to be stable under ambient conditions, and when single crystals 

were exposed to high pressure displayed semiconductor behavior.50 More examples of stable PTM-

based radical DA systems can be found in the literature.51,52 
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Figure 1-12. PTM-TTF radical. 

 
 
 
 Another prominent example of an organic SFR that has been known for several decades is 

the tetramethylpiperidinoxyl (TEMPO) radical whose structure can be seen in Figure 1-14. This 

system contains an N-oxyl based radical with a high degree of saturation with four nearby methyl 
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subject of a recent review article.53 

 
 
 

 

Figure 1-13. TEMPO. 
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TEMPO and TCNQ, but this work was an important stepping stone in learning how paramagnetic 

DA systems might interact with one another.54 

SFRs have found use in organic semiconductors as DA systems,55 as pure organic 

magnets,56 donors in spintronics,57,58 energy storage,59 and in other applications. A recent example 

of a radical system for use in organic semiconductors was published in 2021 by Li et al.60 The 

work examined a pair of quinoid diradicals that formed preferentially under aggregation with a 

narrow bandgap as a result, whose structures are shown in Figure 1-15. The results highlight an 

insightful mechanism to the design of organic photovoltaic systems utilizing open-shell systems. 

 
 
 

 
 

Figure 1-14. Radicals reported by Li et al. 
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et al.61 published an article in 2018 on nitronyl nitroxide radicals appended to electron transport 

layers of gold or lanthanum strontium manganite (LSMO) as seen in Figure 1-16. An external 

magnetic field applied to the coated surface showed paramagnetic character up to 250 K with 

increased injection efficiency below 50 K. This work demonstrates the applications of hybrid 

materials in the field of spintronics. 

 
 
 

 

Figure 1-15. Organic spintronics device as published by Mannini et al. 
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focus specifically on phenoxyl radicals whose redox and EPR properties will be formally 

introduced in Chapter 3.  

 
1.4  Squaraine Dyes 

Due to the extensive research on open-shell systems over the decades, there are endless 

opportunities to functionalize SFR’s. Organic dyes in particular have potential for synergetic 

optoelectronic effects when couple to an SFR. Many organic dyes typically contain extensive p-

electron delocalization and in some cases may be charged or zwitterionic due to CT.  

A relevant example of a class of dyes exhibiting both properties are squaraines. First 

published in 1966 by Ziegenbein,65 these dyes are characterized by their cyclobutadienolate core 

derived from squaric acid as seen in Figure 1-17. Squaraines are zwitterionic at physiological pH 

and in some cases are soluble in aqueous media. This makes them suitable candidates for 

biomedical imaging in cells, tissue and organs.66–69 Their zwitterionic character can also lead to 

strong ion-dipole interactions which have been exploited to detect polar molecules.70  

 
 
 

 

Figure 1-16. First published squaraine dye. 
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Typical imaging techniques are insufficient for imaging these fine structures, and by use of a 

squaraine dye were able to achieve an image resolution of 35.2 nm using its fluorescent properties.  

The high photostability of the dye is crucial in this technique and demonstrates the versatility of 

this class of dyes.  

Another characteristic of squaraine dyes is their intense visible light absorbance, with 

extinction coefficients on the scale of 105 M-1 cm-1 and sharp emissions at low concentrations.71 

These properties are a result of their rigid planar structures, which leads to extensive electron 

delocalization. This results in absorbance and emission maxima reaching into the near-infrared 

(NIR) which falls between 780 nm and 2500 nm. Because of this, squaraines have found use in 

non-linear optics,72 light-emitting diodes,73 solar cells,74 phototransistors75 and other applications.  

In 2023 Al-Horaibi et al. synthesized two novel squaraine dyes for use in dye-sensitized 

solar cells (DSSCs). The cosensitized dye demonstrated significant photostability, strong NIR 

absorption, and a high photocurrent output of 22.3 mA cm-2 with an efficiency of 4.8%.76 

Efficiencies of squaraine dyes in DSSCs range from 0.06% to the highest being 8.9%.77,78 These 

dyes are typically adsorbed onto a TiO2 conducting surface, and the structures of these dyes can 

be symmetrical or unsymmetrical. In both cases they have been shown to effectively act as DSSC 

sensitizers. A select few structures demonstrating the highest PCEs for squaraine dyes can be seen 

in Figure 1-18.  

 
 
 

 

Figure 1-17. Squaraine structures with published application in DSSCs. 
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Squaraines are prone to aggregation due to their intermolecular p-p interactions and H-

bonding. Aggregation can have a significant effect on their ability to inject electrons. A study in 

2015 explored adding different surfactants to manipulate and interrupt the aggregation of a specific 

squaraine dye. The effect of this interruption leads to changes in the visible properties of the dye.79 

These results may have use in biological contexts as they could act as a quick and efficient way to 

detect the presence of such surfactants in human urine samples or water.  

In some cases, aggregation has been shown to improve efficiency in photovoltaics. Chen 

et al. were able to show that by use of different solvents, there can be control over the type of 

aggregation that occurs. By selectively choosing a solvent that promotes J-aggregation, the 

squaraine aggregate showed strong absorbance at 850 nm and significantly improved photocurrent. 

This property was determined to be a result of better intermolecular CT character for this type of 

aggregate.80 

Another photovoltaic application of squaraines are as components of organic solar cells 

(OSCs). First demonstrated in 1976,81 squaraines initially were not considered viable species for 

use in OSCs due to poor power-conversion efficiencies (PCEs). In 2008 Marks et al. published a 

study where a squaraine as part of a bulk heterojunction (BHJ) showed a  PCE of 1.24%, up from 

the 0.02% that was shown in 1976.82 BHJ-OSCs have since garnered a lot of attention, with one 

of the highest PCEs reaching 6.3% for a symmetrical squaraine,83 and 7.41% for an unsymmetrical 

squaraine.84 Squaraine dyes have also been shown to effectively act as cosensitizers in advanced 

solar cells and perovskite solar cells.85–88 
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1.5  Thesis Objectives and Scope 

The objective of this thesis is to build on the field of organic paramagnetic DA systems 

containing a strong chromophore core. First, chapter 2 covers the synthetic protocol towards two 

new DA functionalized squaraine dyes. The DA moiety was first synthesized using 4-bromo-2,6-

di-tert-butyl phenol as the electron-donor starting material, and then coupled via Suzuki-Miyaura 

chemistry to 4,7-dibromo-2,1,3-benzothiadiazole (BTD) as electron-acceptor. The resulting DA 

compound contains one bromine on the BTD acceptor as a coupling handle for downstream cross-

coupling.  

 A previously reported literature procedure is followed to form a pinacol boronate ester 

squaraine which is cross-coupled to our DA compound to form our first target squaraine dye. The 

results towards the second target squaraine dye are presented, and current synthetic troubles are 

discussed. The 1H NMR spectroscopy and 13C NMR spectroscopy of all novel compounds are 

assigned and discussed including isolated side products of interest. 

 Chapter 3 discusses the photophysical and redox properties of all novel compounds, as well 

as the computational results for these compounds. Ultraviolet-visible (UV-Vis) spectrophotometry 

and fluorimetry are used to characterize the absorbance and emission profiles of all compounds. 

Cyclic voltammetry is used to characterize the redox properties of the isolated phenol-containing 

dyes, and the results of oxidation reactions are also examined. Finally, computational studies 

investigate the orbital energies of all relevant compounds, and explore possible methods of 

oxidation towards the biradical DA squaraine dyes proposed in this thesis.  
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Chapter 2 Synthesis 
 
2.1 Introduction 
 
2.1.1  Catalysis in Chemical Synthesis 
 
 Catalysis is a crucial part of synthetic chemistry. Used to accelerate chemical reaction rates, 

catalysts enable new chemical transformations by providing a lower energy pathway from 

reactants to products. With respect to the actual form of the catalyst, there are two main branches 

– heterogeneous catalysis and homogeneous catalysis. Heterogeneous catalysis involves a catalyst 

that exists in a different phase than the reactants (usually a solid catalyst), where homogeneous 

catalysis involves a catalyst in the same phase as the reactants (usually a dissolved catalyst in the 

reaction medium).  

 One of the most useful and well exploited examples of a heterogenous catalyst is palladium 

on carbon (Pd/C), used predominantly in the hydrogenation of unsaturated hydrocarbons. In this 

example, both hydrogen gas and an unsaturated hydrocarbon such as an alkene or alkyne are 

adsorbed onto a palladium metal surface before undergoing a syn addition of the hydrogen atoms 

to the unsaturated bond. Hydrogenation was first described by Paul Sabatier in the late 19th century, 

and is still used industrially on a multi-ton scale today.89 This reduction method is possible with 

more catalysts than just Pd/C: other metals like platinum, rhodium, and nickel are also capable of 

catalyzing this reaction.   

 Catalytic converters are another widely employed heterogenous catalyst used in vehicles 

to break down toxic gases such as carbon monoxide and nitrogen oxides.90 Catalytic converters 

work by utilizing metals such as platinum or palladium to adsorb the toxic gas molecules. The 

adsorbed gases can then be converted to less toxic molecules through oxidation (e.g. CO to CO2) 
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or reduction (e.g. NO2 to N2) before exiting through the exhaust system. Both this and the previous 

hydrogenation mechanism rely on high surface areas to catalyze these reactions efficiently.  

 Heterogeneous catalysis oftentimes exploits the poor solubilities of transition metal 

elements and catalyst support materials in organic solvents containing organic reactants. This 

keeps the catalyst and reactants/products in different phases. Homogeneous catalysis on the other 

hand relies on both the catalyst and reactants being soluble in the same phase as one another. This 

enables alternative and (in principle) easier to control catalytic mechanisms, due to our ability to 

tune the electronic and steric properties of transition metals.91 This will then influence how these 

catalysts can react with other organic reagents.  

 It is important to recognize that homogeneous catalysis can involve metals or other non-

metal catalysts: from a simple proton to large organometallic complexes. An example of a 

homogenous metal-catalyzed reaction is the oxidation of iodide anions by use of iron(III) metal 

complexes.92 A non-metal case is the addition of alcohol functional groups onto olefins via a 

sulfuric acid catalyst, where all reagents are in the liquid phase.93 There are myriad examples of 

both metal and non-metal homogeneous catalysis and processes like these are ubiquitous in nature 

and industry. 

 

2.1.2 Palladium-Catalyzed Cross-coupling  
 
 One of the most prominent metals used in catalysis for organic synthesis is palladium. In 

particular, palladium-catalyzed cross-coupling is among the most frequently used reactions in 

organic synthesis. First pioneered by Prof. Richard Heck in 1972,94 palladium is used catalytically 

in his namesake Heck reaction, which involves the alkenylation of aryl halides. Other Pd-catalyzed 

carbon-carbon bond forming reactions include the Suzuki-Miyaura reaction, Sonogashira reaction, 
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Stille coupling, and more.95 The activity of palladium has found application in the formation of 

carbon-nitrogen as well as carbon-carbon bonds using aromatic hydrocarbons or other unsaturated 

systems. Palladium catalysis for cross-coupling is most often done homogeneously, but there are 

examples of cross-coupling by heterogeneous catalysts. For example, cross-coupling with 

palladium has been achieved by silica-supported catalysis,96 polymer supported catalysis,97 or even 

with simple Pd/C.98 

 Despite its relatively high cost, palladium remains the major catalytic metal for cross-

coupling. Palladium catalysts have repeatedly demonstrated high product yields and good turn 

over numbers (TON), which is the yield as a function of number of cycles. It is however understood 

that yields and high TON cannot truly describe the long-term recyclability of a catalyst, as the 

recyclability has more to do with the kinetics of catalysis that monitor the inductive periods of the 

active species.99 Recyclability is difficult to study and as such the literature on the topic to date is 

quite limited. 

 A general catalytic cycle for homogeneous palladium-catalyzed cross-coupling reactions 

is shown in Figure 2-1. The process generally begins with a palladium(II) or palladium(0) 

precursor, which is combined with an ancillary ligand to form a reactive LPd(0) or L2Pd(0) 

complex. This palladium(0) complex undergoes oxidative addition with an organohalide, where 

the organic R and halide X coordinate to the palladium(0) centre. Transmetallation involves 

addition of an electron rich R’ group and base, which substitutes R’ for X at the palladium centre. 

The final step is the reductive elimination of R and R’ to form the new cross-coupled product, and 

regenerate the catalytically active palladium(0) complex. The mechanism of catalysis for many 

specific reactions has been studied extensively, and although the catalytic cycle is generally well 
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understood, there exists much debate over the exact mechanisms of each step. The interested reader 

may consult the literature to learn more about the topic.100–104 

 

Figure 2-1. General catalytic cycle for palladium-catalyzed cross-coupling. 
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and triarylamines, some of which are used in light emitting materials, also improving previous 

synthetic methodology for such compounds.112 Such advancements in synthetic protocols continue 

to advance materials chemistry which can have outlasting positive effects on the environment. 

 

2.1.3 Suzuki-Miyaura Cross-Coupling 

 Perhaps two of the most well-known palladium catalyzed reactions are the Miyaura 

borylation and Suzuki-Miyaura cross-coupling reactions, the latter of which is often abbreviated 

as SMC. First published in 1979 by Miyaura and Suzuki,113 the SMC reaction utilizes electron-

poor organohalides with electron-rich organoborane compounds to create new aryl carbon-carbon 

bonds. Since then, it has become one of the most prolific palladium-catalyzed reactions which has 

found use in myriad fields of organic chemistry. For example, SMC has been used in the synthesis 

of pharmaceuticals,114–117 materials,118 total synthesis,119–122 and can be done in the presence of 

water and under generally ambient reaction conditions.123–125 It has become one of the most widely 

employed synthetic tools in organic chemistry thanks to its regio- and stereoselectivity,126–128 and 

low catalyst loadings.129,130  In some cases, SMC is possible in both solvent-free and ligand-free 

conditions.131,132 A full review of SMC can be found in the literature.133  

 Upon development of the synthetic plan towards the products presented in this thesis, it 

was clear the most efficient way to create the highly-conjugated systems would be via SMC 

chemistry. A publication from Kuster and Geiger utilized SMC in the synthesis of various 

squaraine dyes as shown in Figure 2-2. They were able to convert squaraines containing halides 

easily and efficiently into their corresponding boronic acid pinacol ester before coupling to other 

aryl groups.134 The work presented the compatibility between squaraine dyes and SMC conditions 

and is one of the primary motivators behind the research presented herein.  
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Figure 2-2. Various squaraine polymers synthesized via SMC. Reprinted with permission from 

Kuster S.; Geiger T. Strategies and Investigations on Bridging Squaraine Dye Units. Dyes and 

Pigments. 2012, 95 (3), 657-670. DOI: https://doi.org/10.1016/j.dyepig.2012.06.017 

 

 More recently, Würthner and coworkers presented an isoindigo-based phenoxyl 

biradical which was synthesized via SMC.135 By converting the readily available 4-bromo-2,6-di-

tert-butylphenol (DTP) into its respective pinacol boronate ester via Miyaura borylation, the 

phenol can be coupled to the halogenated isoindigo to produce the precursor to the radical. This 

was important for two reasons. First, it was shown that oxidation of the phenol into the radical 

could be done two different ways and using relatively mild oxidation conditions as shown in 

Figure 2-3. Second, the stability of the biradical when appended to a dye such as isoindigo 

supported our hypothesis of creating a squaraine-based radical. This work inspired us to investigate 

phenols as our precursor towards a SFR in the design of our target molecules.  

https://doi.org/10.1016/j.dyepig.2012.06.017
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Figure 2-3. Biradical as prepared by Würthner et al. 
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tunability of DTP when appended to different chromophores and shows the relevance of such work 
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BTD as our electron acceptor in the design of our target compounds. Much like DTP, there exist 

many current publications involving the use of BTD and SMC for materials chemistry.138–141 

 

 

 

Figure 2-4. DA compound reported by Junge et al., BTD acceptor highlighted in red. 

  

2.1.4 Synthetic Roadmap  

Considering the recent publications from Junge and Würthner, we decided to investigate 

the synthesis of a novel DA compound involving a DTP donor and BTD acceptor. We 

hypothesized the phenol would be readily oxidized to its corresponding SFR based on the 

surrounding tert-butyl groups and a para-attachment to a strong acceptor. By utilizing a remaining 

bromine handle on BTD akin to 2.03, we could then use SMC to couple our DA compound to a 

boronate squaraine dye whose synthetic procedure is already known.  

The full retrosynthetic analysis towards 2.25 is shown in Scheme 2-1. Access to DA 

compound 2.14 can be achieved from commercially available BTD, N-bromosuccinimide (NBS), 

and 4-bromo-2,6-ditertbutylphenol to access our DA compound 2.14. Procedures for the forward 

synthesis from 2.16/2.17 to 2.24 are published by Kuster and Geiger.134 Boronate squaraine 2.24 

can then be coupled to 2.14 through SMC to yield our first DA functionalized squaraine dye 2.25. 
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Scheme 2-1. Retrosynthetic analysis of target compound 2.25 back to commercially available 

starting materials. 
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 Based on the retrosynthesis in Scheme 2-1, we further proposed a retrosynthesis to 

previously unexplored squaraine dyes 2.29 and 2.31 shown in Scheme 2-2. The approach would 

be analogous to the known procedures towards 2.24, but use 2-bromophenylhydrazine 2.26 as a 

key starting material. We hypothesized that alkylation of 2.27 to form 2.28a-c would be difficult 

due to steric hindrance near the nucleophilic nitrogen on the indoline. Our approach involved 

testing three different iodoalkane reagents to form an N-alkyl-indolinium salt (2.28). From here, a 

base-catalyzed condensation is used to form squaraine dye 2.29. As for 2.25, borylation and 

subsequent coupling would form functionalized squaraine dye 2.31.  

 

 

Scheme 2-2. Retrosynthetic analysis towards target compound 2.31. 

 

 
 
2.2  Donor Acceptor Compound 2.14 

2.2.1 Synthesis and Purification  
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borylation shown in Figure 2-5 and electrophilic aromatic substitution shown in Figure 2-6, 

respectively. These procedures were carried out following previous reports, giving compounds 

2.13 and 2.12 in isolated yields of 64% and 99% respectively. Compound 2.13 was purified by 

column chromatography, while 2.12 was easily carried forward without purification. 

 

 

Scheme 2-3. Retrosynthesis towards 2.14. 
 
 

 

Figure 2-5. Synthesis of 2.13. 
 
 
 

 

Figure 2-6. Synthesis of 2.12. 
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Suzuki cross coupling reactions are extremely sensitive to almost all components of the 

reaction conditions and procedure. This means that careful choice of base, palladium (0) source, 

ligand and solvent is needed. To best determine which conditions would favor the synthesis of 

2.14 in highest yields, a 24-well screening experiment was conducted. A test reaction shown in 

Scheme 2-4 using Pd(dppf)Cl2 showed evidence of successful coupling via NMR spectroscopic 

analysis and was used as a benchmark reaction.  

 

 

Scheme 2-4. Pilot reaction of 2.14. 

 

Table 2-1 shows the design of the screening experiment along with the quantitative results. 

THF is a polar aprotic solvent and was chosen as the organic phase for this reaction. Additionally, 

since 2.13 is a boronic acid pinacol ester, it is possible that water may be necessary to hydrolyze 

the pinacol ester a boronic acid. Formation of the boronic acid is crucial in the transmetallation 
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step of the catalytic cycle,143 so the inclusion of water as a co-solvent was a further factor in the 

experiment design.  

Two palladium sources were used in the reaction screen; palladium (II) acetate and a 

palladium (0) precatalyst previously reported by our group.144 Potassium acetate was used as a 

base as well as six commonly used ligands shown in Figure 2-7.  

Results from this screening reaction highlight the necessity for water to be present in these 

reactions. We also were able to identify by 1H NMR spectroscopy the formation of 2.15. As seen 

below, only reaction vials containing water showed successful formation of the new cross-coupled 

product based on the appearance of two doublets in the 1H NMR spectroscopy. Reactions 

containing DAB-Pd-MAH showed much higher yields than the corresponding reactions containing 

Pd(OAc)2. From this screening, we determined that 6 mol% DAB-Pd-MAH with P(o-tol)3 in a 4:1 

mixture of THF and water to be the best reaction conditions to form 2.14 with as little 2.15 as 

possible.  
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Table 2-1. 24-well reaction screening setup. The green cells indicate successful reaction and the 

corresponding yields of both 2.14 and 2.15 from left to right, respectively. Red cells indicate no 

evidence of successful reaction, and yellow cells indicate inconclusive results. Yields calculated 

using NMR spectroscopy with 1,3,5-trimethoxybenzene as an internal standard and a 

measurement error of 10%. 
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Figure 2-7. Ligands used in HTS experiment. 

 
With the reaction conditions now optimized, several purification methods were explored. 

The crude solid was fully soluble in every solvent tested except water, so recrystallization was not 

attempted. Column chromatography using solvent mixtures containing various combinations of 

ethyl acetate, dichloromethane, hexanes, pentane, petroleum ether, toluene, methanol, acetic acid, 

and diethyl ether were tested in different ratios. A 1:1 v/v mixture of dichloromethane and light 

petroleum ether gave the apparent best separation by TLC analysis, as shown in Figure 2-8. 

Despite extensive testing, these very similar Rf values for three separate components represents 

the best separation observed. Although it was not possible to spot it on the TLC plate, 2.13 is 

present as an impurity. 

 

Figure 2-8. TLC Plate showing Rf values of the crude reaction mixture in synthesizing 2.14 

using DCM and light petroleum ether as eluent. The compounds corresponding to the points are 

labeled. 
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A sample containing 2.14, 2.15 and 2.12 was isolated after rigorous column 

chromatography in a 22% crude yield in a ratio of 1 : 0.33 : 1.5, removing any remaining 2.13 

(Scheme 2-5). This mixture could be carried forward to the next reaction step, as only 2.14 

contains the reactive bromine handle for cross-coupling. Over-reacted product 2.15 could then be 

removed by purification of 2.25, and there was no evidence of 2.12 coupling to 2.24 based on 

NMR spectroscopic analysis. 

Still, it was necessary to isolate both 2.14 and 2.15 to fully characterize both molecules. 

First, a basic extraction using 1 M aqueous NaOH was attempted to extract 2.14 out of solution. 

This would allow separation of 2.14 into the aqueous phase, leaving 2.15 in the organic phase. The 

results of this were not successful, so we turned to a recrystallization from hot ethanol using water 

as anti-solvent. This also led to a mixture of starting materials and product as none of the materials 

are water soluble. However, it was found that taking the mixture from the first column attempt and 

subjecting it to a second column with 100% dichloromethane as eluent led to isolation of 2.14 and 

2.15 in 14% and 2% yields respectively to use for analysis. This product was used to fully 

characterize both molecules using the full suite of NMR spectroscopy spectroscopy experiments, 
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mass spectrometry, along with UV-Visible and fluorescence spectroscopies. The complete 

reaction scheme can be seen in Scheme 2-6. 

 

Scheme 2-5. Crude reaction mixture carried forward in the synthesis towards 2.25. 

 

 

Scheme 2-6. Optimized conditions to synthesize 2.14. 
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experiment yielded no correlation between these two protons. Consequently, the assignments for 

these protons, along with the remaining carbons, were determined by leveraging resonance 

structures and heteronuclear multiple bond correlation (HMBC) correlations. 
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Table 2-2. 1H and 13C assignments for 2.14, including 2D and NOESY correlations. Bolded 

entries indicate 1H-13C HSQC correlations. 
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Figure 2-9. Resonance structures showing shielded carbons in 2.14. 

 

Figure 2-9 illustrates how the resonance in 2.14 leads to shielding effects at specific sites, 

consistent with the observed upfield shifts for C7 and C2 in comparison to C5 and C3. This 

phenomenon also accounts for the nearly 0.4 ppm separation between H3 and H4 in the 1H NMR 

spectrum. In Table 2-3, the HMBC correlations provide further insights. The electron-deficient 

nature of C1 and C6 enables clear assignment through 3J correlations with H3 and H4, respectively. 

Notably, C5 exhibits 3J correlations with both H3 and H8 and is shifted to higher chemical shifts 

due to its deshielding effect, as depicted in the resonance scheme. Consequently, the assignments 

of C9 and C10 were relatively straightforward, leveraging resonance considerations and HMBC 

correlations. 

Compound 2.15 possesses an internal mirror plane, simplifying the NMR signal 

assignments, as indicated in Table 2-3. The singlet resonance observed in the 1H NMR spectrum 

at 7.82 ppm was unequivocally assigned to H5, given its relative integration value of 4. Likewise, 

the singlet resonance observed at 7.71 ppm, with a relative integration of 2, was assigned as H1. 

Once again, no NOESY correlations were observed between protons on the phenol and 

benzothiadiazole rings. However, notable NOESY correlations were observed between H9 and 

H5, as well as between H9 and the phenolic proton, as depicted in Figure 2-10. 
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Table 2-3. 1H and 13C assignments for 2.15. 

 

Figure 2-10. 1H-1H NOESY correlations in 2.15. 
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Consistent with previous findings, the 1H-13C HSQC correlations, highlighted in bold, 

facilitated the assignments of H1, H5, and H9 to their respective carbons. The remaining 

assignments were accomplished employing 1H-13C HMBC experiments. Notably, the correlation 

between C3 and H1, combined with its pronounced downfield shift, led to its assignment as 

depicted. The resonance at 129.10 ppm was attributed to C2. Surprisingly, this chemical shift 

appears slightly upfield compared to the corresponding C5 resonance in 2.14. However, this 

observation can be rationalized by the symmetry of 2.15, whereby it becomes evident that C2 

experiences shielding relative to its counterpart carbon in 2.14, as illustrated in the resonance 

scheme presented in Figure 2-11. The remaining 13C resonances were successfully assigned based 

on their respective HMBC correlations. 

 

 

Figure 2-11. Resonance structure showing shielding at C3. 

 
2.3  Squaraine Dye Target Compound 2.25 

2.3.1 Synthesis and Purification 

Having successfully optimized the synthesis of the desired DA building block 2.14, we 

next approached one of the two envisioned final dye compounds detailed in this thesis. To chart 

the synthetic path towards 2.25, an excerpt of the previously described retrosynthetic analysis is 

shown in Scheme 2-7. The forward synthesis begins with readily accessible 4-

bromophenylhydrazine (2.17) and 3-methyl-2-butanone (2.16) and follows previous reports.134,145   
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Scheme 2-7. Retrosynthetic analysis towards the synthesis of the final dye compound 2.25. 

 

This initial stage of the synthesis involved the Fischer indole synthesis, as depicted in 

Scheme 2-8, between compounds 2.16 and 2.17. Refluxing both compounds in acetic acid for 4 

hours followed by isolation generated a red oil product in 90% yield. The nitrogen in the indolenine 

moiety can then be alkylated using standard SN2 substitution, seamlessly progressing from the 

Fischer indole synthesis product. 

 

 

Scheme 2-8. Synthesis of 2.19. 

 

Initially, we postulated that the target squaraine dye 2.25 could suffer from poor solubility. 

To enhance the solubility of the target dye compound in organic solvents, we sought to incorporate 

a long alkyl chain. To achieve this, a well-established method from the literature was employed to 

N+

C8H17

N
C8H17

-O

O

HO
N

SN

OH
N

S N

HO

N
S

N

Br

N+

C8H17

N
C8H17

-O

O  B

B
O

O

O
O

N+

C8H17

N
C8H17

-O

O Br

Br

N+

C8H17

Br

O

OHHO

O
I-

N

Br C8H17I
Br

N
H

NH2

O

N+

C8H17

N
C8H17

-O

O Br

Br

2.17 2.162.182.192.21 2.20
2.22

2.23

2.24

2.25

2.14

Br

N
H

NH2

O

2.17 2.16

N

Br

2.19

AcOH

90%
reflux 4h



 

 
 

43 

install a hexadecyl chain through substitution with the corresponding iodoalkane, as illustrated in 

Scheme 2-9.146 The quaternization process involved refluxing compound 2.19 with 

iodohexadecane (2.32) in acetonitrile for 4 hours, resulting in a 46% yield of the desired product. 

Isolation of the product was achieved by washing with diethyl ether to remove soluble impurities 

including unreacted 2.32.  

 
 

 

Scheme 2-9. Synthesis of 2.33. 

 
 
 

Subsequently, a condensation reaction between 2.33 and 2.20 to form squaraine dye 2.23 

would be performed by refluxing overnight in a 1:1 mixture of toluene and 1-butanol shown in 

Scheme 2-10. In the literature procedure, a Dean-Stark apparatus was utilized to drive the reaction 

towards the product by removing water from the reaction flask. However, in our experiments, it 

was determined that the use of the Dean-Stark apparatus was unnecessary, as our yields were 

comparable to those reported in the literature without its use. 

 

 Scheme 2-10. Synthesis of 2.23.  
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As anticipated, compound 2.23 exhibited good solubility in a wide range of organic 

solvents, expanding its potential applications. However, this high solubility posed challenges 

during the purification process. To address this, we employed column chromatography over silica 

gel using a 3:1 mixture of light petroleum ether and ethyl acetate as the eluent. After successfully 

isolating the pure compound, we noted that it exists as a sticky blue solid rather than a crystalline 

solid, likely due to the presence of the long alkyl chains. This led to challenges in material handling 

of this compound.  

Considering these handling challenges, we explored the use of iodooctane as an alternative 

alkylating agent following the synthetic route described in Scheme 2-11, as previously reported 

by Kuster and Geiger.133 The yields achieved using iodooctane were comparable to those obtained 

with the hexadecyl chain in both the quaternization and condensation steps. Notably, during the 

condensation reaction depicted in Scheme 2-12, we discovered that purification could be 

conveniently accomplished by employing a mixture of ethanol and a 10% aqueous citric acid 

solution, which facilitated the precipitation of the solid product. The resulting compound was 

isolated an iridescent green powder, rendering it easier to handle, while demonstrating similar 

solubility properties to 2.23. Consequently, this variant was selected as the squaraine core for the 

synthesis of the final dye compounds. 
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Scheme 2-11. Synthesis of 2.21. 

 
 

 

Scheme 2-12. Synthesis of 2.22. 

 
 

The installation of pinacol boronate esters at both ends of the squaraine framework was 

achieved through Pd-catalyzed Miyaura borylation reaction, following the synthetic procedure 

outlined in Scheme 2-13. The literature protocol was executed without any modifications,133 

resulting in the isolation of compound 2.24 in 77% isolated yield. 

 

 

Scheme 2-13. Synthesis of 2.24. 
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 After successfully isolating 2.24, we proceeded to investigate the feasibility of the Suzuki 

cross-coupling reaction using the previously described mixture of 2.14 and 2.15 (Scheme 2-14). 

To achieve this, we used 10 mol% of Pd(P(tBu)3)2 catalyst in a mixture of THF and water with a 

1:1 ratio, while potassium acetate served as the base. The reaction mixture was heated to reflux 

and allowed to proceed overnight under an inert atmosphere. Subsequently, the crude reaction 

mixture was subjected to filtration, followed by concentration and recrystallization in ethanol at -

4°C. Through this process, compound 2.25 was obtained in a satisfactory yield of 52% and the 

chemical formula was confirmed using high-resolution electron-spray ionization mass 

spectrometry (HRESI-MS). 

 
 

 

Scheme 2-14. Synthesis of final dye compound 2.25. 
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2.3.2 NMR Spectroscopy Characterization of 2.25 
 

The NMR spectroscopy assignments for 2.25 are presented Table 2-4, obtained using a 

comprehensive range of NMR spectroscopy experiments. While the symmetry of the compound 

facilitated straightforward assignments of the 1H NMR spectroscopy spectrum, the 13C NMR 

spectroscopy assignments necessitated the utilization of 1H-13C HMBC and 1H-13C HSQC NMR 

spectroscopy techniques. 

Compound 2.25 contains 33 distinct carbon atoms. Notably, resonance structures 

associated with the cyclobutenolate core, as depicted in Scheme 2-15, illustrates equivalence  of 

the two carbonyl groups. Thus, these two carbons appear as one signal at 179.84 ppm in the 13C 

NMR spectrum. Additionally, resonance between the two indolenine nitrogens, as illustrated in 

Scheme 2-16, leads to a high degree of symmetry, and therefore simplifies NMR spectroscopy 

assignments. 

 

Scheme 2-15. Resonance structure between the two oxygens on the cyclobutenolate core of 2.25. 
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Scheme 2-16. Resonance structure between the two indolenine nitrogens in 2.25. 
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Table 2-4. 1H, 13C and 2D NMR spectroscopy assignments for 2.25. Bolded entries indicate 

HSQC correlations. 
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2.4  Toward the Synthesis of a Sterically-Hindered Squaraine Dye 

To assess the effect of substitution pattern on the properties of our dye compounds, we 

sought access to an unreported squaraine dye 2.29, as depicted in Scheme 2-17. Building upon the 

synthetic protocol used for the synthesis of compound 2.22, we reasoned that the formation of 

compound 2.29 can be achieved through a similar condensation reaction involving quaternized 

indolinium compounds 2.28 and compound 2.20. The synthesis of compounds 2.28a-c can be 

achieved using an SN2 reaction with an electrophilic iodoalkane, while the precursor compound 

2.27 can be prepared using readily available starting materials 2.26 and 2.16. From 2.29, we 

hypothesized that 2.31 would be accessible via Suzuki-Miyaura chemistry using 2.14 and boronate 

pinacol ester 2.30, as shown in Scheme 2-18. 

 

 
 

Scheme 2-17. Retrosynthesis towards 2.29. 

 

 

Scheme 2-18. Synthetic proposal towards 2.31. 
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To access compound 2.27, we conducted a Fischer indole synthesis, as illustrated in 

Scheme 2-19. This synthetic transformation yielded a deep red oil with an isolated yield of 85%. 

The resulting compound 2.27 was subsequently characterized using both 1H and 13C NMR 

spectroscopy techniques to confirm its structural identity. 

 
 

 

Scheme 2-19. Synthesis of 2.27. 

 

The obtained product was subsequently used in the quaternization reaction. Our aim in 

synthesizing compound 2.31 was to enhance the steric interaction between the substituent at the 

7-position of the squaraine core and the appended substituent. We hypothesized that the alkylation 

of this nitrogen would pose challenges due to the use of alkyl chains ranging from 8 to 16 carbons 

in length, and our experimental results confirmed this hypothesis. Scheme 2-20 illustrates the 

attempted reaction conditions employed for this alkylation process. 

 
 

 

Scheme 2-20. Synthetic scheme for synthesis of 2.28a-c. 
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 The optimization of the quaternization reaction was conducted by undergraduate research 

student Max Strasser, as depicted in Table 2-5. Three different alkylating agents, namely 

iodooctane, iodoethane, and iodomethane, were explored. Initially, acetonitrile with R1 was tested 

but did not yield any desired product. Subsequently, THF and DMSO were tested, considering 

their varying polarities and boiling points, yet they also failed to produce the desired compound. 

Among the electrophilic candidates, iodomethane proved to be the only successful reagent. 

Refluxing the reaction mixture in THF resulted in the formation of compound 2.28a with a yield 

of 31%. Initially, it was speculated that the volatility of iodomethane might be affecting the 

reaction yield. To mitigate this issue, the reaction was performed in an air-tight vial, but the yields 

remained unaffected. Ultimately, it was discovered that increasing the equivalents of MeI and 

heating the reaction overnight neat (without solvent) allowed for the isolation of a significant 

quantity of 2.28a, facilitating its further use in the synthesis process (Scheme 2-21).   

 

 

Table 2-5. Optimization screen for synthesis of indolinium 2.28a-c.  
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Scheme 2-21. Optimized synthesis of 2.28a. 
 
 

Clearly, the positioning of the bromine proved to have a significant impact on the alkylation 

of the indolenine nitrogen. Fortunately, this positioning did not affect the condensation reaction of 

2.28a with squaric acid, enabling the production of compound 2.29 with a yield of 92% (Scheme 

2-22). 

 

Scheme 2-22. Synthesis of 2.29. 

 

 Considering the difficulties encountered in methylating the nitrogen, we anticipated 

challenges in borylating this position using B2pin2. Initial attempts, following the conditions used 

in the synthesis of 2.24 (Scheme 2-23), proved unsuccessful as observed by 1H NMR 

spectroscopy. Subsequently, we explored alternate ligands. SPhos, known for its high catalytic 

activity and air stability in Suzuki cross-coupling reactions, was chosen.147,148 However, after 

conducting two reactions in dioxane and THF, no evidence of reaction was observed by 1H NMR 

spectroscopy. We also investigated PCy3, known for its large cone angle,149 but once again, 1H 

NMR spectroscopy revealed no signs of reaction. 
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Scheme 2-23. Synthetic pilot reactions towards 2.30.  

 
 

 Based on the outcomes of the four attempted Miyaura borylations, a high-throughput 

screening experiment was conducted. This involved testing two Pd sources, six ligands, two bases, 

and one solvent. The layout and results of this screening are presented in Table 2-6 including the 

structures of all ligands used in Figure 2-13. Surprisingly, no evidence of the borylated compound 

2.30 was observed. However, in two cases, we observed 100% conversion of the starting materials 

to the protodehalogenated compound 2.35 (Figure 2-12). While this does indicate that oxidative 

addition can occur at this hindered position, there are clearly further challenges to installing the 

boronic pinacol ester group. Due to time constraints, this avenue was not pursued further, though 

additional screening and optimization could reveal successful conditions. 

 
 
 

 

Figure 2-12. Compound 2.35 as the protodehalogenated product of the Miyaura borylation 

reaction from Scheme 2-21. 
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Table 2-6. Optimization conditions used for the synthesis of 2.30. 1H NMR spectroscopy yields 

are referring to yields of 2.35. All red cells indicate no change from starting materials. 

 

 

Figure 2-13. Ligands used in HTS experiment outlined in Table 2-6. 
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towards 2.31. The increased steric hindrance arising from the position of the bromine in compound 

2.27 had a pronounced negative effect on compound yields. Still, we were able to isolate and 

characterize 2.28a and carry this compound forward to synthesize squaraine 2.29 in high yield.  

Our subsequent attempts to install a boronate ester were unsuccessful using B2(pin)2, 

resulting in the protodehalogenated species 2.35. We propose that by use of a HTS experiment 

utilizing B2(Epin)2 as a boron source based on the current literature, it may be possible to 

successfully synthesize the boronate ester required for Suzuki-Miyaura cross coupling to afford 

2.31.  

 We were also able to successfully isolate 2.14 and 2.15 in sufficient yields for complete 

characterization. Full NMR spectroscopic assignments were made, and the synthetic protocol was 

discussed in-depth. Further optimization is required to increase product yields, and further 

characterization of these compounds are discussed in Chapter 3. 
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Chapter 3 Properties of Key Compounds 
 
3.1  Introduction  

This aims of this chapter is to conduct comprehensive examination of the pivotal 

compounds, specifically 2.14, 2.15, and 2.25, whose syntheses were outlined in Chapter 2. The 

primary objective was to delve into the characterization of CT character within these molecules, 

employing advanced photophysical techniques such as UV-Visible (UV-Vis) and fluorescence 

spectrophotometry. Building upon the discussions in Chapter 1, these experiments served as a 

powerful tool to monitor and analyze the changes in emission behavior as we explored solvents 

with varying polarities. Consequently, we aimed to observe the phenomenon of solvatochromic 

fluorescence, gaining valuable insights into CT properties. 

In addition, our investigation delved into the redox properties of the key compounds. By 

employing cyclic voltammetry, we quantitatively assessed the oxidation and reduction potentials 

of our molecules to observe a change in the oxidation potentials with increasing acceptor strength. 

These experimental findings were pivotal in selecting an appropriate oxidant with the necessary 

strength to facilitate the oxidation of our compounds, enabling their transformation into their 

respective open-shell counterparts. The characterization of these open-shell forms could be further 

examined through techniques such as electron paramagnetic resonance spectroscopy. 

To augment and reinforce our experimental observations, we employed density-functional 

theory in conjunction with cyclic voltammetry to investigate the electronic structures of our key 

compounds. This approach provided invaluable insights into the frontier molecular orbitals, 

including their respective energies, offering a deeper understanding of the electronic structure and 

properties of the investigated molecules. 
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3.1.1 General Analysis of DA Compounds 

To characterize compounds 2.14, 2.15, and 2.25, we sought to examine the photophysical 

data supporting CT. Characterization of CT properties in such compounds is done using 

photophysical techniques such as UV-Vis and fluorescence spectrophotometry. When used in 

conjunction, these methods can demonstrate solvent effects on either the ground or excited states. 

The key characteristics that are attributed to ICT character are solvent-dependent red-shifting and 

emission intensity.150,151  Concentration-dependent fluorescence experiments can be used to show 

aggregation, or decreased fluorescence intensity as a function of solvent polarity.152,153 These 

results may be supported qualitatively by time-dependent density functional theory (TD-DFT). 

We additionally aimed to characterize the change in CT after oxidation of these key 

compounds. Hence, we further aim to explore the redox properties of 2.14, 2.15, and 2.25 by cyclic 

voltammetry (CV). The resulting oxidation potentials are used to better understand the oxidation 

potentials of these compound. Using this, we can test different oxidants and employ the 

photophysical techniques discussed in the previous paragraph to monitor for oxidation. These are 

used to benchmark how ICT characteristics change with the loss of electron density on the donor 

or otherwise oxidized species. Again, these results can be compared the TD-DFT results to give a 

qualitative view of how the frontier molecular orbitals (FMOs) are affected. 

As our aim was to isolate a phenoxyl radical, we sought to characterize these oxidized 

compounds using a variety of experiments. One of such experiments is proton NMR spectroscopy. 

In the case of closed-shell molecules, oxidation will lead to distinct changes in the proton NMR 

spectra. Key evidence for paramagnetism using this method is line-broadening. Line-broadening 

arises from perturbations of the Larmor frequency by the fluctuating local magnetic fields of 

nearby magnetic nuclei or unpaired electrons.154 This method has been used in the literature to 
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monitor the presence of free radical intermediates.155 By this method, one can easily conduct a 

single-electron oxidation experiment and check its success by proton NMR spectroscopy. 

However, it is not always the case that one will see line-broadening as the relaxation time for single 

electrons can occur outside of the NMR spectroscopy time-scale, resulting in NMR spectroscopy-

silent radicals.156  In this case, it is best to use the appearance of new absorption peaks together 

with EPR spectroscopy to confirm the presence of such NMR spectroscopy-silent paramagnetic 

species. 

Using TD-DFT in tandem with experimental results, the natural transition orbitals (NTOs) 

where excited state transitions and energy levels lie can be determined. The highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) can give insight to 

where oxidation and reduction occur, allowing us to better understand experimental CV results. 

 

3.1.2 Cyclic Voltammetry of Phenolic Compounds and Squaraine Dyes 
 

CV is a technique used to measure the redox potentials of redox active molecules. The 

general principle involves passing current through a solution containing pure analyte with a 

supplementary electrolyte. Solvent is an important parameter as it is necessary to examine all 

molecules within a redox window that does not lead to the deterioration of solvent or electrolyte. 

As the potential is scanned, any redox events will lead to a change in the current and thus leads to 

a potential versus current plot that gives information on the molecule such as chemical and 

electrochemical reversibility, each important for redox active molecules. A full review on the 

technique can be found in the literature.157 

Specifically, the redox potentials of phenols have been studied at great lengths over the 

past century. Richards et al. showed the redox potentials of 2,4,6-tri-tert-butyl phenol in the polar 
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aprotic acetonitrile and polar protic ethanol/water mixture.158 Using an alkaline ethanol and water 

mixture, it was shown that the oxidation of the phenoxide anion to the phenoxyl radical is highly 

reversible, where the resulting species are shown in Figure 3-1. This reversibility disappears at 

pH values lower than 10 due to the reactivity of the phenoxonium cation with water and eventual 

downstream reactivity to form 2,6-di-tert-butylquinone shown in Figure 3-2.  

The radical species shown in Figure 3-1 is destabilized due to the para-substituent being 

electron donating. This species has been examined in great depth, where stability of the tri-tert-

butylphenoxy radical containing 35 different substituents was further examined in 1991 by 

Bordwell and Cheng.159 The oxidation potential of this species has been officially characterized at 

+1.07 V with respect to Fc/Fc+ at pH below 10. 

 
 

 

Figure 3-1. Redox activity of 2,4,6-tri-tert-butylphenoxide at pH 10 vs. SCE. 
 
 
 

 

Figure 3-2. Redox activity of 2,4,6-tri-tert-butylphenol below pH 10 vs. SCE 
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Phenolate anions are more electron rich than their neutral counterparts. Subsequently, 

phenoxyl radicals have been reported to be accessed primarily in alkaline conditions.  The 

oxidation potential of tri-tert-butylphenol for example has been reported to be -0.68 V in the 

presence of sodium hydroxide,160 a 1.39 V difference compared to the oxidation potential under 

neutral conditions. Mechanistically, electron transfer from the anion to become the neutral radical 

is far simpler and does not involve the intermediate and reactive radical cation. When accessing 

the phenoxyl radical from the neutral phenol, the radical cation will tend to undergo another one 

electron oxidation to preferentially form the phenoxonium cation and a release proton as shown in 

the example above. It is therefore advantageous to utilize basic conditions when attempting to 

oxidize phenols. 

The redox activity of squaraines has also been studied extensively. The cyclic 

voltammogram of non-functionalized indolenine-containing squaraine dyes has been reported to 

have two reversible oxidation events, one reversible reduction event and one irreversible reduction 

event. These oxidation and reduction events are not described in the literature, but the hypothetical 

oxidations and reductions are shown in Figure 3-3.161 This can be used as a benchmark for 

understanding the redox properties of 2.25 which contains a indolenine squaraine core.  

 

 

Figure 3-3. Two hypothetical reversible oxidation events (top) and two hypothetical reduction 
events (bottom) for unsubstituted bisindolenine squaraine dyes. 
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3.1.3 Electron Paramagnetic Resonance (EPR) of Phenoxyl Radicals 
 

Phenoxy radicals are paramagnetic species with S = ½. In general, most phenoxyl radicals 

show isotropic g-tensor values between 2.003 and 2.007.162 The EPR spectrum of 2,4,6,-tri-tert-

butylphenoxy radical is reported to have three principal g-tensor components equal to 2.0072, 

2.0043 and 2.0024 which can be resolved at frequencies higher than 95 GHz.163 In solution the 

isotropic g-value is reported as 2.00495.164 These values do not shift much in semiquinone like 

structures as reported by Prabhananda and this allows for easy characterization of such radicals by 

EPR spectroscopy.  

 
3.2  Photophysical Studies 

3.2.1 UV-Visible and Fluorescence Spectroscopy of 2.14 
 

 After isolating and purifying 2.14, we proceeded to perform UV-Visible and fluorescence 

spectroscopy experiments to detect any signs of charge transfer. Initially, we dissolved a small 

quantity of the compound in various solvents, which were then arranged in order of increasing 

polarity. Subsequently, the samples were exposed to UV light. The resulting qualitative 

fluorescence profile, captured in Figure 3-4, is presented below illustrative purposes. 
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Figure 3-4. 2.14 illuminated with UV light displaying solvatochromic fluorescence. 
 
 
 
   

To measure the absorption and emission characteristics, we gathered absorption and 

emission spectra for each of the solvents mentioned earlier. The absorption profile exhibited a 

consistent λmax across varying solvent polarities, as depicted in Figure 3-5. However, the 

fluorescence profile revealed a noticeable redshift, providing compelling evidence of charge 

transfer taking place. These findings imply that solvent polarity has minimal impact on the stability 

of the ground state, but significantly influences the energetic behavior of the relaxation mechanism 

in the excited state. 
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Figure 3-5. Absorbance spectra overlay of 2.14 in various solvents. 
 
 
 The emission profile of 2.14 was normalized to highlight the evident redshift in emission. 

Unfortunately, technical difficulties during the emission measurements in acetonitrile resulted in 

the loss of the curve's tail, as illustrated in Figure 3-6. Both the absorption and emission 

wavelengths can be found in Table 3-1. While the precise concentrations of the samples were not 

recorded due to a shortage of the compound, their estimated values were approximately in the 

range of 10-1 mM. This, coupled with the observed solvation effect, holds great promise as it 

indicates CT character. 

Notably, no indication of dual fluorescence was observed in the compound's emission 

profile, suggesting that TICT may not be occurring. Furthermore, no emission was detected in 

DMSO or ethanol. It is well-known that polar solvents like water or alcohols can significantly 

reduce the fluorescent quantum yields (FQYs) of emitters due to the prevalence of nonradiative 

decay pathways.165,166 
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Figure 3-6. Normalized emission profile of 2.14 in various solvents. 
 

Table 3-1. Absorption and emission wavelengths of 2.14 in various solvents. 

Solvent labs (nm) lem (nm) 

hexanes 404 491 

toluene 400 508 

diethyl ether 402 512 

ethyl acetate 397 536 

acetone 400 557 
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acetonitrile 398 567 
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The lack of dual fluorescence can be a result of a few factors. The TICT state results from 

the decoupling of the donor and acceptor through a radical cation and anion. The strength of the 

donor and acceptor are therefore important in determining the likelihood of TICT occurring. This 

can be described using the following equations put forth by Rettig et al.167,168 

 
  

𝐸!" − 𝐸#$%# > 0  

 

(1) 

 𝐸#$%# = 𝐼𝑃(𝐷) − 𝐸𝐴(𝐴) + 𝐶 + 𝐸&'()  (2) 

 

 

The equation (2) considers the ionization potential of the donor (IP(D)) and electron 

affinity of the acceptor (EA(A)); C is the Coulombic attraction between the radical cation and 

anion; Esolv is the energy of the solvent stabilization and is typically negative. The energy of the 

LE (ELE) state and TICT (ETICT) state must be greater than zero described in equation (1). The 

IP(D) and EA(A) of 2.14 is not known but is presumably weaker than that of DMABN where 

TICT is well understood.42 This is consistent with theory as alcohol p-donors are weaker than 

methylamine donors.  

Another possible reason TICT may not be occurring is due to hydrogen bonding. The 

radical anion can end up on the nitrogen nearest the proton on the positively charged donor portion 

of the molecule as seen in Figure 3-7. This hydrogen bond may be interfering with the ability for 

the donor to rotate out of plane with the acceptor which would keep the two parts coupled through 

the planarity. 
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Figure 3-7. Plausible H-bonding restricting C-C bond rotation. 
  

 

 

Experimental determination of molar absorptivity coefficients was conducted, and the 

results are presented in Figure 3-8. Notably, two prominent absorption peaks were observed at 

305 nm and 317 nm, exhibiting a relatively sharp profile in comparison to the λmax at 400 nm. 

According to the Frank-Condon Principle, this distinct behavior could be attributed to a certain 

degree of rigidity in the ground state, which more precisely defines the absorptions at these higher-

energy wavelengths.169 Intriguingly, when excited at these particular wavelengths, the resulting 

emission spectra matched that of the 400 nm excitation-emission wavelength corroborating a 

similar decay pathway to that of the aforementioned excitation wavelength. 
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Figure 3-8. Concentration-dependent absorption profile of 2.14. 
 
 
 
 The absorption characteristics of 2.15 were examined in DCM, revealing a peak 

absorbance at 415 nm, as illustrated in Figure 3-9. However, due to the limited yield of this 

compound and the challenges associated with isolating it in its pure form, there was an insufficient 

amount of material remaining to conduct additional absorption and emission measurements. As 

this particular compound did not hold substantial interest for our study, we decided against further 

exploration beyond its redox properties. 
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Figure 3-9. Absorption spectrum of 2.15 in DCM. 
 

3.2.2 UV-Visible and Fluorescence Spectroscopy of 2.25 
  

 The isolated squaraine dye 2.25 is a deep blue crystalline solid, while in solution displays 

a distinctive turquoise hue, as seen in Figure 3-10. UV-Vis measurements conducted on the 

compound in different solvents are presented in Figure 3-11. The molar extinction coefficient for 

the absorption peak around 675 nm is determined to be 1.65x105 M-1 cm-1, which aligns with 

previously reported values for squaraine dyes in the literature. There also exists an absorption band 

at 410 nm with relatively weak compared to its maximum absorption, with an extinction coefficient 

of 9.52x103 M-1 cm-1.  

Notably, these measurements yield slightly varying outcomes compared to those of the 

precursor compound 2.14. In the case of DMSO and toluene, a solvent-induced effect is evident, 

causing a redshift in absorbance up to 685 nm. For example, DMSO being a polar aprotic solvent 

with hydrogen bond acceptor properties, may engage in intermolecular hydrogen bonding with the 

dye molecules in solution leading to a redshifted absorption. Additionally, a secondary absorption 
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peak is observed towards the blue end of the spectrum, potentially arising from conformational 

barriers present in the ground state.  

 
 

 

Figure 3-10. Solutions of 2.25 in various solvents. 
 

 

 

Figure 3-11. Normalized absorption spectra of 2.25 in various solvents. 
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The emission of the compound was subsequently monitored at concentrations of 2.0x10-3 

mM using an excitation wavelength of 685 nm shown in Figure 3-12. In all tested solvents, a 

fluorescence band was observed at 708 nm, exhibiting a Stokes shift of approximately 20 nm. The 

results of this experiment revealed that the most intense fluorescence occurred in non-polar 

solvents such as diethyl ether and toluene. As the solvent polarity increased, there was a noticeable 

quenching of fluorescence at these concentrations matching the trend observed in the fluorescence 

profile of 2.14. There is no indication of CT behavior in this compound, as no solvatochromism 

was observed in its fluorescence profile. To show the change in absorption with increased 

conjugation, Figure 3-13 shows the absorbance profiles of 2.14, 2.22, 2.24 and 2.25.  

 

 

Figure 3-12. Emission of 2.25 at 0.002 mM in various solvents. 
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Figure 3-13. Absorption of 2.14, 2.22, 2.24 and 2.25 in DCM. 
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3.3  pH Dependence of Absorption and Emission 
  

 We conducted an investigation into the absorbance profiles of both 2.14 and 2.25 as 

varying equivalents of base were added. Due to solubility issues in methanol, 2.14 was dissolved 

in ethanol, and a 1M solution of NaOH in methanol was prepared (Figure 3-14). The base 

additions were carried out stoichiometrically in a quartz cuvette, starting with 0.25 equivalents and 

increasing in 0.25 increments. We did not observe a one-to-one reaction between the phenolic 

proton and the base; in other words, excess NaOH was required to observe all of the spectral 

changes that we attribute to deprotonation.  

Upon the addition of base, 2.14 underwent a transformation from its fluorescent yellow 

color in solution to a deep blue opaque solution. The absorption profile of this compound exhibited 

a decrease in the absorbance band at 400 nm and the emergence of a new absorbance band at 564 

nm (Figure 3-15). An isosbestic point, indicating a point of no change in absorbance, was observed 

at 460 nm. This indicates there are no intermediates observed in this transformation. Furthermore, 

we observed an increase in absorbance at 305 nm and 317 nm, which corresponds to the CT band. 

This increase is consistent with a strengthening of the donor moiety as the anionic charge becomes 

more pronounced. 

 
 

 

Figure 3-14. Deprotonation of 2.14. 
 

N
S

N

BrHO

N
S

N

BrO

NaOH/MeOH

EtOH



 

 
 

74 

 

Figure 3-15. Absorption spectra of 2.14 in ethanol with additions of sodium hydroxide in 
methanol as base. Arrows indicate appearance or disappearance of absorption bands. 
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same experimental setup on compound 2.25, as illustrated in Figure 3-16. For this investigation, 

we employed three different bases: sodium hydroxide, DBU, and a 1 M solution of sodium 

bis(trimethylsilyl)amide in THF (NaHMDS). Among these bases, only NaHMDS exhibited any 

reactivity towards the phenolic protons, as confirmed through UV-Vis spectroscopic analysis. The 

resulting absorption profile, with successive base additions, is presented in Figure 3-17.  
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Figure 3-16. Deprotonation of 2.25. 

 
 
 

 

Figure 3-17. Absorption profile in THF of 2.25 with additions of NaHMDS. 
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support the notion that this absorption band corresponds to the escalating anionic character within 

the donor phenols. 

No new absorption bands were observed between 682 nm and 900 nm. The anticipated 

augmentation of anionic character should lead to a destabilization of the HOMO relative to the 

LUMO, resulting in a red-shifted absorption band. Based on these findings, it is conceivable that 

2.25-A may absorb light in the NIR range, surpassing the detection limit of the employed 

spectrophotometer. A more detailed analysis of this aspect will be presented in Chapter 3.5.4, 

where the computational examination of 2.25-A will be discussed.  

3.4 Redox Properties 

3.4.1  Cyclic Voltammetry 

The redox properties of 2.14 and 2.25 were investigated using cyclic voltammetry. The 

voltammogram depicting the behavior of 2.14 can be observed in Figure 3-18. Within the anodic 

trace, two irreversible oxidations were observed. Of particular significance is the first oxidation 

occurring at 0.76 V, which is presumed to be the oxidation of the phenolic OH to the phenoxyl 

radical, as illustrated in Figure 3-19. Notably, this potential closely resembles the literature 

example of butylated hydroxytoluene (BHT), where the first oxidation to the phenoxyl radical 

occurs at 1.082 V relative to Fc/Fc+.170 The lower voltage observed in our experiment supports 

the notion of stabilized oxidized species attributable to the BTD acceptor.  
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Figure 3-18. Cyclic voltammogram of 2.14 in ACN versus Fc/Fc+. 
 
 
 

 

Figure 3-19. Irreversible oxidation of 2.14 to become 2.14-A occurring at 0.76 V. 
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unattainable, and no residual material was retained for subsequent analysis. Consequently, the 

interpretation of subsequent oxidations or reductions following the initial anodic signal proves 

challenging, necessitating additional experiments to comprehensively characterize the redox 

properties of this compound. 

The voltammogram of 2.25 unveils two reversible redox events at -1.70 V and -2.14 V, as 

illustrated in Figure 3-20. Additionally, an irreversible oxidation is observed at -0.69 V, 

presumably originating from the oxidation of the phenolic OH group to form the phenoxyl radical. 

Notably, there has been a remarkable shift of approximately 1 V compared to the precursor 

compound 2.14. This shift can be attributed to the extension of conjugation, resulting in a lowered 

energy level of the HOMO and facilitating electron removal. Regrettably, due to challenges in the 

purification process, further data acquisition on this compound was unfeasible, impeding a 

comprehensive understanding of the nature of the redox events occurring above 0.5 V. 
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Figure 3-20. Voltammogram of 2.25 in THF versus Fc/Fc+. 
  

 

 
 

3.4.2 Oxidation of 2.14, 2.15, and 2.25 
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Scheme 3-1. Oxidation of 2.15. 

 
 

 

Figure 3-21. Absorption spectrum of 2.36 in DCM. 
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Figure 3-22. Franck-Condon diagram showing vertical transitions for structurally rigid 
polyaromatic hydrocarbons. 

 

In cases where the atomic coordinates experience minimal changes between the ground 

and excited states, the most probable energetic transition occurs from the lowest vibrational state 

in E0 to the lowest vibrational state in E1, as depicted by the red arrow. Consequently, the 

subsequent likely transitions involve v = 0 to v' = 1, and so forth. As a result, the resulting 

absorbance spectrum exhibits a prominent absorbance band at the lowest energy level, gradually 

decreasing in intensity for the subsequent bands. 

Taking into account the apparent rigidity inferred from the compound's absorption 

spectrum, we proceeded to analyze the NMR spectra of the compound. Proton NMR spectroscopy 

revealed a distinct symmetry change in the resulting oxidized molecule. Within the aromatic 

region, three resonances emerged, each corresponding to an integration of two protons. Notably, 

the signal attributed to the phenolic proton vanished, while the singlet for the tert-butyl groups 



 

 
 

82 

resolved into two separate singlets at 1.41 ppm and 1.40 ppm. These findings led to the proposal 

of the structure depicted as 2.36 in Figure 3-23. 

 

 

Figure 3-23. Compound 2.36. 
 

Over-addition of oxidant introduced uncertainty regarding the extent of oxidation. 

However, the reactivity of 2.15 under oxidative conditions showed promise. It was evident that 

there was no decomposition of the compound, and importantly, no peroxide-like side products 

were isolated. This is particularly noteworthy, as the oxidation of phenols under atmospheric 

conditions can often lead to the formation of such undesired byproducts.171 

In an effort to obtain 2.14-A, oxidation of 2.14 was conducted using 0.9 equivalents of 

K3Fe(CN)6 in DCM with aqueous 1 M NaOH, as illustrated in Scheme 3-2. The initial yellow 

solution underwent a rapid color transformation from yellow to a deep red hue. After removal of 

solvent and all insoluble residue, the resulting red solid was subjected to analysis. 

 
 

 

Scheme 3-2. Oxidation of 2.14. 
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To investigate the potential oxidation of the compound to the quinoidal form adjacent to 

2.15, 1H NMR spectroscopy was conducted. Surprisingly, the obtained NMR spectrum displayed 

an identical profile to that of the starting material, suggesting that no significant structural changes 

occurred. Further analysis of the sample using UV-Vis spectroscopy revealed the emergence of 

two new absorption bands at 502 nm and 540 nm, accompanied by a slight broadening of the 

absorption at 400 nm, as depicted in Figure 3-24. For comparison, the absorption maximum for 

tri-tertbutylphenoxyl radical in acetonitrile is 626 nm.172 

 
 

 

Figure 3-24. Absorption spectrum of 2.14-A in DCM. 
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A small aliquot of the sample in DCM was utilized to obtain an EPR spectrum. The 

resulting spectrum exhibited the presence of a paramagnetic compound, indicated by a distinct 

singlet near g = 2.003. By adjusting the modulation and power settings, slight indications of 

coupling were observed in the spectrum, as depicted in Figure 3-25. This coupling could 

potentially arise from interaction with the ortho-substituted protons or a nitrogen atom on the 

acceptor unit. Unfortunately, due to limited resolution, precise coupling constants could not be 

extracted. 

Confirmation of the chemical formula was obtained through HRMS analysis, albeit limited 

to negative ion mode. It is important to note that the observation of the radical species is not 

definitive, as reducing the radical to an anion would yield the same results as deprotonating 2.14 

to form the anion. However, it is worth mentioning that no evidence of 2.14 was observed in 

positive mode. 

 
 

 

Figure 3-25. EPR spectrum of 2.14-A. 
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An attempt was made to oxidize 2.25 into its corresponding SFR using the same conditions 

employed for the previous oxidations of the precursor compounds. There was no observable 

change in color, and the absorbance spectrum of the compound appeared identical to that of the 

neutral compound. To gain further insight, 1H NMR spectroscopy was performed on the sample, 

revealing distinct line-broadening indicative of paramagnetism. However, subsequent analysis 

using EPR spectroscopy did not provide evidence of any paramagnetic species in solution. 

Based on the electrochemical studies conducted on 2.25, it was determined that an oxidant 

such as K3Fe(CN)6 possesses sufficient strength to remove an electron from the compound's 

HOMO. In acetonitrile, the reversible reduction event for [Fe(CN)6]3- to [Fe(CN)6]4- occurs at -

1.397 V relative to ferrocene. However, no data regarding the redox potential in DCM is available, 

as the electrochemical window of the solvent does not encompass the redox potential of 

ferricyanide. The results of this experiment suggest that the oxidized species of 2.25 may be 

unstable in solution. Further investigations under anaerobic conditions would be necessary to shed 

light on this matter. 

 
3.5  Computational Studies 

3.5.1 TD-DFT of 2.14 

Computational studies were conducted on 2.14, 2.15, 2.25, and 2.31, with a specific focus 

on modeling the frontier orbitals of these compounds. Additionally, we aimed to investigate the 

energy gaps between the singlet and triplet excited states, as we hypothesized the potential for 

these luminescent materials to exhibit TADF.  
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The calculations involved a two-step process. Initially, a simple geometry optimization was 

performed using the def2-SVP basis set, followed by further optimization using the larger def2-

TZVP basis set. The B3LYP and ωB97X-3D functionals were predominantly employed. The 

ωB97X-3D functional, a range-separated hybrid generalized gradient approximation, has been 

known to enhance accuracy in singlet excited state calculations.173 However, in most cases, the 

B3LYP functional demonstrated better agreement with the experimental absorption profiles of all 

the molecules investigated. 

Our initial focus was on examining the frontier molecular orbitals (FMOs) of 2.14. Using 

the B3LYP functional and def2-TZVP level of theory, the HOMO was found to be primarily 

localized on the donor phenol, with some electron density observed on the BTD acceptor. 

Conversely, the LUMO was predominantly located on the BTD acceptor, consistent with 

theoretical predictions. The HOMO-LUMO energy gap was calculated to be 3.19 eV, and the 

distribution of electrons can be visualized in Figure 3-26. 
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Figure 3-26. HOMO and LUMO of 2.14 calculated at the B3LYP/def2-TZVP level of theory. 
  

 

The gas-phase absorption spectrum of 2.14 was modeled using TD-DFT, and the resulting 

Natural Transition Orbitals (NTOs) were visualized. The lowest energy transition to the singlet 

excited state (S1) was observed at a transition energy of 2.780 eV, equivalent to 446 nm. These 

vertical energy transitions represent the energy gaps between the ground state and excited states, 

which were found to be slightly lower than the HOMO-LUMO gap of the ground state. It is 

noteworthy that this transition is spin-allowed. However, relaxation to the triplet excited state (T1) 

can occur through ISC, which exhibits a transition energy of 2.13 eV or 583 nm from the HOMO 

(S0) and is spin-forbidden. Nevertheless, under certain conditions, such as fluorescence 

monitoring, relaxation via ISC can be observed as the computational results are consistent with 

the experimental emission profile. The comparison of the calculated S0-T1 energy gap with the 
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emission profile of 2.14 reveals that both transitions correspond to π-π* transitions, demonstrating 

satisfactory agreement with experimental UV-Vis and fluorescence results. 

Furthermore, the excited-state geometry of 2.14 was computed. The analysis revealed a 

rotation about the C-C bond between the phenol donor and BTD acceptor, resulting in a nearly 

planar geometry. While this geometry does not support TICT, it supports the coupling between the 

donor and acceptor coming from alignment of π-orbitals, thereby substantiating the CT character. 

The NTOs and excited-state geometries can be observed in Figure 3-27. Additionally, the 

experimental absorbance spectrum compared to the computational spectrum is depicted in Figure 

3-28. 

 
 

 

Figure 3-27. Jablonski diagram for excited state NTOs of 2.14 calculated at the B3LYP/def2-
TZVP level of theory. 
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Figure 3-28. Experimental (blue) and computational (B3LYP/def2-TZVP, red bars) UV-Vis 
data. The bars indicate wavelengths with calculated absorption maxima. 

 

 Computational investigations were conducted on 2.14-A employing the B3LYP functional 

and the 6-311G* basis set. The resultant alpha and beta molecular orbitals were visualized, and 

the absorption spectrum of the compound was predicted under gas phase conditions. A vertical 

energy gap between the α-SOMO and β-LUMO was computed, measuring 1.91 eV. 

Comprehensive insights into the electron distributions and corresponding energies of these ground 

state orbitals are provided in Figure 3-29. Notably, upon analyzing the distributions of the α-

SOMO and β-LUMO, it is evident that the charge transfer (CT) character no longer prevails, 

assuming that the orbital transitions responsible for this characteristic arise from these specific 

orbitals. The oxidation of the phenol to the phenoxyl radical results in the creation of an electron-
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deficient system, thus it is unsurprising that the CT character has been eliminated.

 

Figure 3-29. Alpha and beta SOMO and LUMO orbitals of 2.14-A calculated at the 
B3LYP/6-311G* level of theory. 

 
 
 
   

3.5.2 TD-DFT of 2.15 

Utilizing identical computational parameters as those employed for 2.14, the frontier 

molecular orbitals (FMOs) of 2.15 were computed. The ground state HOMO and LUMO energies 

were determined to be -5.28 eV and -2.37 eV, respectively, resulting in an energy gap of 2.91 eV. 

The electron distribution reveals a substantial presence of HOMO density on the donor phenols, 

while the LUMO density predominantly resides on the BTD acceptor. For a visual representation 

of the electron distribution, please refer to Figure 3-30. 
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Figure 3-30. HOMO and LUMO of 2.15 calculated at the B3LYP/def2-TZVP level of theory. 
 
 
 
 In addition, we obtained the excited state NTOs to further explore the electronic transitions. 

Notably, Figure 3-31 showcases the HOMO-LUMO transition, which corresponds to a vertical 

energy gap of 2.54 eV, equivalent to a wavelength of 487 nm. It is important to note that these 

computational results cannot be directly compared to the experimental data, highlighting the 

necessity for methodological refinements. In particular, the computed ∆EST value using this 

approach was determined to be 0.68 eV, indicating that this compound is unlikely to exhibit 

thermally activated delayed fluorescence (TADF). This observation is further supported by the 

results obtained using the wB97X-3D/def2-TZVP method, which yielded an even higher ∆EST 

value of 1.37 eV. 
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Figure 3-31. Jablonski diagram for excited state NTOs of 2.15 calculated at the B3LYP/def2-

TZVP level of theory. 
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red-shift in the absorption of 2.36, suggesting the need for further investigation and refinement of 

our computational approach. 

 

 

  

 

Figure 3-32. HOMO and LUMO of 2.36 calculated at the B3LYP/def2-TZVP level of theory. 
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 The gas-phase FMOs of 2.25 were calculated, revealing the HOMO density primarily 

localized on the cyclobutenolate core of the compound. Additionally, the LUMO density was 

observed to occupy both the core and the BTD acceptors, as depicted in Figure 3-33. The 
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be 2.05 eV. Notably, this combination of functional and basis set yielded results that exhibited 

better agreement with experimental values compared to wB97X-3D/def2-TZVP. The vertical 

energy gap between the singlet ground state (S0) and the first singlet excited state (S1) was 

determined to be 1.85 eV or 667 nm, consistent with the experimental absorption findings. The 

calculated ∆EST value of 0.73 eV corresponds to an emission wavelength of 1.12 eV or 1105 nm. 

However, due to the limitations of the detection instruments, it is not currently possible to validate 

these results experimentally. Nevertheless, the computational analysis does predict a T2 to S0 

energy gap of 1.73 eV or 718 nm, which aligns with the observed experimental outcomes. 

 

 

Figure 3-33. HOMO and LUMO of 2.25 calculated at the B3LYP/def2-TZVP level of theory. 
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determined to be 2.51 eV or 495 nm. Unfortunately, these computational results exhibited poor 

agreement with the experimental measurement of 675 nm, rendering the functional and basis set 

combination unsuitable for accurately modeling 2.25. As a result, we opted to rely on the 

B3LYP/def2-TZVP approach for all calculations concerning this compound. The excited state 

NTOs of 2.25 are depicted in the Jablonski diagram found in Figure 3-34. 

  

 

Figure 3-34. Jablonski diagram for excited state NTOs of 2.25 calculated at the B3LYP/def2-
TZVP level of theory. 

 
  

We further explored the FMOs of 2.25-A using the B3LYP/def2-TZVP level of theory. As 

shown in Figure 3-35, the HOMO is located on the phenolate tails, while the LUMO exists on the 

∆E = 1.86 eV

∆E = 1.12 eV

∆EST = 0.73 eV

T1

Absorption

Fluorescence

charge 
transfer

Non
-ra

dia
tiv

e

rel
ax

ati
on

Flu
ore

sc
en

ce

E

S1

S0



 

 
 

96 

cyclobutenolate core of the squaraine moiety. These results are in support of our hypothesis, where 

we proposed deprotonating 2.25 to form 2.25-A prior to oxidation will allow us to access the 

phenoxyl biradical squaraine dye due to the HOMO density exising on the phenolate tails.  

 

Figure 3-35. HOMO and LUMO of 2.25-A calculated at the B3LYP/def2-TZVP level of theory. 

 

 TD-DFT results at the B3LYP/def2-TZVP level of theory predicts a S0 to S1 transition 

energy of 1.08 eV equal to 1147 nm corresponding to a HOMO to LUMO transition as shown by 

the excited state NTOs in Figure 3-36. The calculation also predicts a strong absorption at 690 nm 

consisting of 68% HOMO to LUMO and 22% HOMO-1 to LUMO excited state NTO transitions. 

The predicted UV-Vis absorption spectrum can be seen in Figure 3-37. 
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Figure 3-36. Jablonski diagram for excited state NTOs of 2.25-A calculated at the B3LYP/def2-
TZVP level of theory. 

 
 

 
Figure 3-37. Predicted absorption spectrum of 2.25-A calculated at the B3LYP/def2-TZVP level 

of theory. 
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3.6 Conclusion 

 In conclusion, the photophysical properties, along with the redox and computational studies 

of 2.14, 2.15, and 2.25 were examined. Compound 2.14 displays distinct CT character based on 

the solvatochromic fluorescence of the compound. The voltammogram of 2.14 displays an 

irreversible oxidation event at 0.76 V corresponding to the oxidation of 2.14 to 2.14-A and the loss 

of a proton. Compound 2.14-A was isolated by oxidation using K3Fe(CN)6 as oxidant. The 

resulting red compound displayed paramagnetism as shown using EPR spectroscopy. We also 

observe the appearance of two new absorbance bands in the UV-Vis spectrum. Computationally, 

with respect to 2.14, a HOMO-LUMO gap of 3.19 eV was calculated using B3LYP/def2-TZVP, 

and the resulting predicted UV-Vis spectrum was in moderate agreement with the experimental. 

Conversely, the predicted a-SOMO–b-LUMO gap for 2.14-A was predicted 1.91 eV. These 

results require further corroboration using TD-DFT.  

 2.15 was examined using UV-Vis spectroscopy and TD-DFT, and displayed an 

experimental lmax of 410 nm. Computationally, the predicted maximum absorption was 

determined to be 487 nm requiring further optimization of our computational methods. Compound 

2.15 underwent oxidation to form 2.36 as the two-electron oxidation product assuming a quinoid 

structure. This compound was characterized using TD-DFT as well as NMR and UV-Vis 

spectroscopy. The computational method used predicted a maximum absorption of 436 nm, 

compared to the experimental value of 540 nm. Again, further optimization of our computational 

methods are required to better validate these results.  

 Compound 2.25 was characterized using UV-Vis and fluorescence spectroscopy, along 

with CV and TD-DFT. The UV-Vis spectrum showed a solvent-dependent maximum absorption 

band between 665 nm and 690 nm with a molar extinction coefficient of 1.65x105 M-1 cm-1. A 
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secondary absorption band at 410 nm with a molar extinction coefficient of 9.52x103 M-1 cm-1. 

Based on the fluorescence spectroscopy results, 2.25 does not have CT characteristics, however, 

does display increased fluorescence in non-polar solvents.  

 The voltammogram of 2.25 shows an oxidation event occurring at -0.69 V which is not 

possible to assign based on the data available to us. Computationally it is shown that the HOMO 

resides primarily on the cyclobutenolate core of the compound which indicates oxidation would 

not first occur at the phenol moieties as hoped. Attempts to oxidize 2.25 to a SFR were 

unsuccessful using the methods tried. We aimed instead to isolate the dianion 2.25-A and carry 

out our oxidation using the product of this experiment. We characterized the deprotonation of 2.25 

with sequential additions of NaHMDS by UV-Vis spectroscopy in THF. Disappearance of the 

main absorption band at 682 nm following the appearance of a strong absorption in the UV region 

showed increased CT character due to increased anionic character. Computational studies of 2.25-

A predict a lmax of 690 nm and a second strong absorption at 1147 nm. Further absorption studies 

of 2.25-A are necessary to confirm the validity of these results.   
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Chapter 4 Conclusions, and Future Work 

4.1 Conclusions  

  As discussed in Chapter 1, the objective of this thesis was to synthesize two target squaraine 

dyes, 2.25 and 2.31, functionalized with DA groups. The synthetic methodologies and 

characterization procedures were described in Chapter 2. The synthesis of 2.25 involved the use 

of SMC from precursors 2.14 and 2.24. Surprisingly, the isolation of 2.14 and 2.15 proved to be 

challenging despite their relative synthetic simplicity as outlined in the retrosynthesis towards 

2.25. Nonetheless, compounds 2.14 and 2.15 were successfully isolated and characterized using 

UV-Vis, fluorimetry, CV, a comprehensive suite of 1H/13C NMR spectroscopy experiments, and 

TD-DFT. The subsequent synthesis of 2.25 was carried out without purifying the mixture of 2.14 

and 2.15, as compound 2.15 demonstrated inertness under the SMC conditions. Compound 2.25 

was isolated and characterized using UV-Vis, fluorimetry, CV, 1H/13C NMR spectroscopy, 

HRMS, and TD-DFT. 

 A synthetic pathway towards the synthesis of compound 2.31 was proposed, analogous to 

the synthesis of 2.25. From the available literature, only the synthesis of 2.27 has been published. 

With the assistance of undergraduate student Max Strasser, we succeeded in isolating 2.28a with 

a yield of 31%, which was subsequently utilized for the synthesis of 2.29 with a yield of 92%. 

However, attempts to synthesize 2.30 using Miyaura borylation conditions were unsuccessful 

based on a 24-plate HTS experiment. Analysis revealed that only 3 out of the 24 conditions 

exhibited activity, each resulting in the formation of 2.35 as the protodeboronated squaraine. 

Further optimization of this reaction is required.  

Chapter 3 provides a comprehensive discussion of the characterization of all relevant 

compounds. Both 2.14 and 2.15 exhibited qualitative fluorescence, although only 2.14 was 
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subjected to quantitative analysis due to its poor yields. Compound 2.14 displayed pronounced 

solvatochromic fluorescence characteristics typical of CT compounds. Consequently, an oxidation 

reaction was performed to produce SFR 2.14-A using a mild oxidant, potassium ferricyanide. The 

resulting product was characterized using UV-Vis, EPR spectrometry, and TD-DFT. The 

absorption profile exhibited the emergence of two new bands at 500 nm and 540 nm. The EPR 

spectrum confirmed the presence of a paramagnetic species, while HRMS provided evidence of 

the radical in negative ion mode. However, these HRMS results do not confirm the presence of the 

radical, as the anion formed in negative ion mode can be accessed from 2.14 by deprotonating the 

phenolic proton. Notably, no evidence of 2.14 was found in the sample.  

Compound 2.25 was obtained as a dark blue solid with an extinction coefficient of 1.65x105 

M-1 cm-1 in DCM. Excitation at wavelengths of 400 nm and 675 nm resulted in strong emission 

below 700 nm in both cases. Furthermore, the emission intensity increased in non-polar solvents, 

with a reduction in intensity as polarity increased. Unfortunately, the emission spectra of the 

compound in various solvents did not exhibit any solvatochromism, indicating a loss of CT 

character.  

TD-DFT calculations revealed that the HOMO of 2.25 predominantly localized on the 

cyclobutenolate core of the compound rather than the phenols. This prompted an investigation into 

deprotonation to form 2.25-A, which would shift the HOMO to the phenolate peripheries. DFT 

analysis confirmed this hypothesis. The addition of NaHMDS resulted in the disappearance of the 

main absorption band between 672 nm and 692 nm, accompanied by the appearance of an 

absorption band at 324 nm. Based on TD-DFT, it is likely that absorbance also occurs in the NIR 

region beyond 1000 nm. Unfortunately, measurements beyond 1000 nm were unattainable due to 

the LOD of the spectrophotometer used. 
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 Squaraine 2.29 was characterized using UV-Vis, fluorimetry, 1H/13C NMR spectroscopy, 

and HRMS. The λmax in DCM was observed at 636 nm, with an extinction coefficient of 2.49x105 

M-1 cm-1. Excitation at this wavelength led to emission at 646 nm. The complete assignments of 

proton and carbon NMR spectroscopy, as well as HRMS data, are provided in Appendix 1. 

 

4.2 Future Work 

 Due to the limitations imposed by time constraints, further optimization endeavors 

pertaining to the synthesis of compound 2.31 could not be pursued. Building upon the outcomes 

derived from our primary screening in the synthesis of compound 2.30, we propose the adoption 

of B2(Epin)2 as our preferred borylating agent to facilitate the formation of compound 2.30-2, as 

depicted in Figure 4-1. This proposal is substantiated by previous literature that showcases 

improved stability during silica gel chromatography and higher yields.174 Subsequently, we 

anticipate that the Suzuki cross-coupling reaction employed for the synthesis of compound 2.31 

may encounter similar challenges as the borylation step and will necessitate careful optimization.  

Should the isolation of compound 2.30-2 prove to be more intricate than that of compound 

2.30, modifications to reaction parameters such as temperature, reaction duration, or solvent choice 

hold promise in achieving the desired products. Additionally, as a final contingency, we suggest 

alternative cross-coupling methods, such as Stille coupling utilizing organotin reagents, as 

depicted in Figure 4-2. 
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Figure 4-1. Proposed conditions towards 2.30-2. 

 

Figure 4-2. Proposed alternate synthetic route to 2.31. 
 

To capitalize on the promising properties of compounds 2.14 and 2.15 for potential material 

applications, further optimization in their synthesis is warranted based on our findings. A 

comprehensive characterization of 2.14-A should involve quantitative EPR spectroscopy and 

stoichiometric addition of oxidant to monitor the conversion from its neutral counterpart. 

Currently, crystals of 2.14-A have been cultivated, and we eagerly await the results from X-ray 

diffractometry, which will provide conclusive evidence confirming the isolation of SFR 2.14-A. 

Computational optimization is imperative, taking into account the outcomes obtained from 

our TD-DFT experiments. While experimental UV-Vis data aligns favorably with computational 

results in the case of 2.25, discrepancies are apparent between computational and experimental 

findings for 2.14, 2.14-A, 2.15, and 2.36. Nevertheless, the distributions and energies of the 

HOMO and lowest unoccupied molecular orbital LUMO correspond harmoniously with those 

determined experimentally through CV and UV-Vis analysis. 
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Comprehensive characterization of all compounds presented in this thesis necessitates the 

determination of their FQYs and lifetime measurements. For compounds 2.14, 2.15, 2.25, and 

2.31, computational evidence does not suggest the presence of TADF based on the calculated 

energy gap ∆EST. We propose employing single-photon measurements to ascertain fluorescence 

lifetimes at various temperatures for each compound. If TADF manifests in these compounds, a 

decrease in fluorescence lifetime is expected with decreasing temperature, as thermal energy 

required for RISC diminishes. 

Finally, the comprehensive examination of the compounds presented in this thesis would 

benefit from additional CV experiments. Regrettably, due to the limited yields obtained for 

compounds 2.14 and 2.15, it was not feasible to gather additional data beyond what has been 

presented in Chapter 3. Moreover, the solubility challenges encountered during the analysis of 

compound 2.25 further impeded our ability to fully characterize its redox properties. Consequently, 

we encourage future researchers to delve deeper into the investigation of compound 2.25-A since 

computational evidence indicates that the HOMO is prominently located on the phenolic moieties, 

thereby facilitating easy accessibility to the corresponding SFR. 

 

4.3 Preliminary Computational Results on 2.31 

 Our ongoing research focuses on the comprehensive investigation of compound 2.31 using 

DFT and TD-DFT. To achieve optimization, we have employed the ωB97X-3D functional and 

def2-TZVP level of theory, substituting the N-octyl chains with N-methyl substituents. Initial 

findings reveal that the HOMO predominantly resides within the cyclobutenolate core, while the 

LUMO extends across the indolenine and the BTD acceptor. The calculated HOMO energy is -

6.53 eV, the LUMO energy is -0.97 eV, and the corresponding energy gap measures 5.56 eV. A 
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graphical representation of the energy diagram is illustrated in Figure 4-3. Similar to the 

observations made for 2.25, this functional and basis set combination exhibits a relatively large 

HOMO-LUMO energy gap, rendering its reliability questionable despite its expected strong light 

absorption capabilities. 

 

Figure 4-3. HOMO and LUMO for N-methylated analogue of 2.31 at the wB97X-3D/def2-

TZVP level of theory.  
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Appendices 

Appendix 1 Experimental 

General Methodologies  

Unless otherwise stated all reactions were performed in dried glassware. All solvents and 

reagents were used as purchased with no further purification. Air-sensitive reactions were prepared 

in the glovebox under a nitrogen atmosphere and sealed before removal from the glovebox. Thin 

layer chromatography was performed on MACHEREYNAGEL pre-coated POLYGRAM® SIL 

G/UV254 TLC plates. TLC plates were visualized using UV light (254 nm). 

 All NMR spectra were recorded at room temperature (298 K). The 1H NMR spectra were 

recorded on either a Bruker AVANCE 300 spectrometer or a Bruker AVANCE NEO 500 

spectrometer as noted under the spectra. All 13C and 2D NMR were performed solely on the Bruker 

AVANCE NEO 500 spectrometer. All chemical shifts are reported in ppm relative to 

tetramethylsilane and referenced to solvent peaks (CDCl3, MeOD, or DMSO-d6). Infrared spectra 

were obtained using neat compounds on a Agilent 630 FTIR. Accurate masses were obtained by 

electrospray ionization (ESI) high-resolution mass spectrometry (HRMS) using a Thermo 

Scientific™ Exactive™ Plus Orbitrap Ultimate 3000 LC-MS system. EPR measurements were 

done using a Magnettech ESR5000 at 298 K. 

 Cyclic voltammetry was done using a Gamry Interface1010 potentiostat. All experiments 

were done in anhydrous solvent using a glassy carbon working electrode, silver wire pseudo-

reference electrode, and platinum counter-electrode. All cyclic voltammograms are referenced 

versus ferrocene/ferrocenium with tetrabutylammonium hexafluorophosphate as electrolyte.  
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4,7-dibromo-2,1,3-benzothiadiazole (2.12) 

 

 

A 250 mL round bottom flask was charged with 5.17 g (0.037 mol) 2.10, 13.54 g (0.076 

mol) N-bromosuccinimide (NBS), and 50 mL concentrated sulfuric acid. The reaction was heated 

to 60 °C and left to stir overnight. After reaction, the mixture was cooled in an ice bath and 250 

mL of distilled water was added dropwise to form a white precipitate. The aqueous solution was 

then extracted with 1 L toluene in five additions to yield 11.095 g 2.12 in 99% crude yield.  

1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm): 7.72 s (2H). 
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2,6-di-tert-butyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (2.13) 

 

A 250 mL round bottom flask was charged with 90 mL of dioxane, 2.04 g (7.015 mmol) 

2.11, 2.4213 g (9.535 mmol) bis(pinocolato)diboron, 0.2347 g Pd(dppf)Cl2 (5 mol%), and 1.866 g 

(19 mmol) KOAc. The solution was degassed and then heated to 90 C under inert atmosphere and 

left to stir overnight. The crude reaction mixture was filtered and the solvent was removed on the 

rotary evaporator to yield a black solid. The mixture was purified using column chromatography 

over silica gel using a 2:1 mixture of pentane to DCM to yield 1.5077 g (4.537 mmol) 2.13 in 64% 

yield.  

1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm): 7.63 s (2H), 5.45 s (1H), 1.46 s (18H), 

1.31 s (12H) 
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4-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)-2,6-di-tert-butylphenol (2.14)  

4,4'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(2,6-di-tert-butylphenol) (2.15) 

 

 A 50 mL round bottomed flask was charged with 2.13 (1.0119 g, 1 eq), 2.12 (0.8209 g, 0.9 

eq), DAB-Pd-MAH (0.1229 g, 10 mol%), P(o-tol)3 (0.0599 g, 20 mol%), KOAc (0.8000 g), 1.4 

mL water and 7 ml THF. The solution was heated to reflux and left to stir overnight. After cooling, 

the resulting solution was filtered and concentrated on the rotary evaporator. The resulting solid 

was subjected to column chromatography over silica gel using a 1:1 mixture of light petroleum 
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ether and DCM to yield a mixture of 2.14, 2.15 and 2.12 in a 1 : 0.33 : 1.5 ratio in a crude yield of 

22% (0.2310 g). Crude NMR is shown below.  

 

 

 
A 100 mL round bottomed flask was charged with DAB-Pd-MAH (0.0291 g, 0.062 mmol, 

6 mol%) and P(o-tol)3 (0.0377 g, 0.124 mmol, 12 mol%) 5 mL THF. The solution was degassed 
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and then 2.13 (0.6243 g, 1.879 mmol), 2.12 (0.2670 g, 0.908 mmol), and 1.5 mL 1 M aqueous 

KOAc were added. The solution was heated to 85 °C and left to stir overnight under inert 

atmosphere. The crude reaction mixture was extracted using DCM and washed with 3 x 50 mL 

water before being dried over anhydrous MgSO4 and then filtered and dried under vacuum. The 

crude solid was purified using column chromatography over silica gel using 100% DCM as eluent. 

Compounds 2.14 and 2.15 were collected as yellow solids in 14% and 2% yields respectively.  

 
2.14 

1H NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 7.89 d (1H, 3J = 8 Hz), 7.75 s (2H), 

7.52 d (1H, 3J = 8 Hz), 5.44 s (1H), 1.52 s (18H) 

 

13C NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 154.66, 153.93, 153.45, 136.12, 

134.95, 132.35, 127.75, 127.35, 126.31, 111.77, 34.54, 30.35 

 

 HR-MS: calculated for C20H23BrN2OS [M]+: 419.07873. Found: 419.07884 
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2.15 

1H NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 7.82 s (4H), 7.71 s (2H), 5.39 s (2H), 

1.53 s (36H) 

 

13C NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 154.41, 154.22, 135.91, 133.24, 

128.76, 127.37, 126.29, 34.54, 30.39 

 

 HR-MS: calculated for C34H44N2O2S [M]+: 545.31963. Found: 545.31979 
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5-bromo-2,3,3-trimethyl-3H-indole (2.19) 

 

A 250 mL round bottomed flask was charged with 160 mL acetic acid, 32 mL (0.3 mol) 

2.16 and 25.00 g (0.11 mol) 2.17. The solution was heated to 130 °C and stirred for 4 hours. The 

red reaction mixture was cooled to room temperature and the solvent was removed on the rotary 

evaporator. The crude reaction mixture was dissolved in 120 mL diethyl ether, and washed with 3 

x 50 mL water before being dried over anhydrous MgSO4 and filtered. The remaining solvent was 

evaporated on the rotary evaporator to yield 24.00 g 2.19 as a red oil in 90% yield.  
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1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) = 7.41 m (2H), 7.39 d (1H, 3J = 8 Hz), 

2.27 s (3H), 1.29 s (6H) 

 

5-bromo-1-hexadecyl-2,3,3-trimethyl-3H-indol-1-ium iodide (2.33) 

 

In a 100 mL round bottom flask, 5.0214 g 2.19, 7.715 g 2.32 and 15 mL acetonitrile were 

combined and heated to reflux and left for 4 hours. The dark red solution was cooled after reaction. 

Solvent was removed on the rotary evaporator and the resulting solid was washed with hexanes to 

yield 2.33 in 46% yield.  

 

N

Br

2.19
N+

Br

2.33
46%

C16H33

I-

CH3CN
reflux 4h

I-C16H33

2.32
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1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) = 7.72 dd (1H, 3J = 8 Hz, 4J = 2 Hz), 

7.69 d (1H, 4J = 2 Hz), 7.54 d (3J = 8 Hz), 4.67 t (2H, 3J = 8 Hz), 3.08 s (3H), 1.88 – 0.87 m (37H), 

1.67 s (6H) 

 

5-bromo-2,3,3-trimethyl-1-octyl-3H-indol-1-ium (2.21) 

 

 

A 100 mL round bottomed flask was charged with 10 mL acetonitrile, 19.69 g (0.08 mol) 

2.19 and 31.22 g (0.13 mol) 2.18. The reaction was heated to reflux and left to stir for 4 hours. 

N

Br

2.19

N+

Br

2.21
50%

I
2.18

C8H17

I-

CH3CN
reflux 4h
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After reaction, the crude reaction mixture was added to 1 L diethyl ether and the residual 

precipitate was filtered to yield 19.13 g (50%) of pure 2.21 as a reddish-purple solid.  

 

1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) = 7.72 dd (1H, 3J = 8 Hz, 4J = 2 Hz), 

7.69 d (1H, 4J = 2 Hz), 7.53 d (3J = 8 Hz), 4.66 t (2H, 3J = 8 Hz), 3.08 s (3H), 1.88 – 0.87 m (17H), 

1.68 s (6H) 

 

4-((5-Bromo-3,3-dimethyl-1-octyl-3H-indolium-2-yl)methylene)-2-((5-bromo-3,3- dimethyl-1-

octylindolin-2-ylidene)methyl)-3-oxocyclobut-1-enolate (2.22) 

 
 

N+

Br

2.21
C8H17

I- N+

C8H17

N
C8H17

-O

O Br

Br

2.22
65%

quinoline

1-butanol/toluene
N2

reflux, 16h

O O

HO OH
2.20
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A 250 mL round bottomed flask was charged with 50 mL of a 1:1 mixture of toluene and 

1-butanol, 7.9633 g (0.0167 mol) of 2.33, 10 mL (0.084 mol) quinoline, and 0.9496 g (0.0083 mol) 

of 2.20. The reaction mixture was purged and backfilled with nitrogen. The mixture was then 

heated to reflux and left overnight. The reaction mixture turned from red to dark blue after 30 

minutes. The residue of the reaction was dissolved into 50 mL ethanol which was then added to 

250 mL of a 5% aqueous citric acid solution and stirred for 30 minutes. The precipitate was then 

filtered and dissolved into 50 mL chloroform. The organic solution was washed with 50 mL 10% 

aqueous citric acid, and then 50 mL 10% aqueous potassium carbonate before being dried over 

anhydrous magnesium sulfate and filtered. The solvent was then removed in vacuo to yield 7.2013 

g 2.22 in 65% yield as a iridescent green solid.  

 

1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) = 7.44 d (2H, 4J = 2 Hz), 7.42 dd (2H, 

3J = 8 Hz, 4J = 2 Hz), 6.83 d (2H, 3J = 8 Hz), 5.94 s (2H), 3.93 s br (4H), 1.78 – 0.85 m (46H)  
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4-((5-Bromo-3,3-dimethyl-1-octyl-3H-indolium-2-yl)methylene)-2-((5-bromo-3,3- dimethyl-1-

hexadecylindolin-2-ylidene)methyl)-3-oxocyclobut-1-enolate (2.23) 

 

A 50 mL round-bottomed flask was charged with 5 mL of a 1:1 toluene/1-butanol mixture, 

2.33 (1.0280 g, 1.74 mmol), 2.20 (0.1214 g, 1.06 mmol), and quinoline (0.0728 g, 0.56 mmol). 

The solution was sparged with N2 and then heated to reflux for 16 hours. After cooling to room 

temperature, the solvent was removed on the rotary evaporator. The resulting mixture was purified 

via column chromatography over silica gel using a 0.75:0.25 mixture of petroleum ether and ethyl 

acetate to yield 2.23 in 66% yield (0.5705 g, 0.86 mmol) as a sticky reddish/blue solid.  

 
1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) = 7.44 d (2H, 4J = 2 Hz), 7.41 dd (2H, 

3J = 8 Hz, 4J = 2 Hz), 6.83 d (2H, 3J = 8 Hz), 5.94 s (2H), 3.93 s br (4H), 1.78 – 0.85 m (97H)  

N+

Br

2.33 C16H33

I- N+

C16H33

N
C16H33

-O

O Br

Br
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N2

reflux, 16h

O O

HO OH
2.20
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4-((3,3-Dimethyl-1-octyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3Hindolium-2-
yl)methylene)-2-((3,3-dimethyl-1-octyl-5-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)indolin-
2-ylidene)methyl)-3-oxocyclobut-1-enolate (2.24) 

 

A 100 mL round bottomed flask was charged 50 mL dioxane, 2.22 (0.9979 g, 1.28 mmol), 

bis(pinacolato)diboron (0.9770 g, 3.84 mmol), Pd(dppf)Cl2 (0.04800 g, 5 mol%), and KOAc 

(0.6292 g, 6.4 mmol). The solution was heated to reflux and stirred overnight. The resulting 

solution was cooled to room temperature, filtered, and the solvent was removed on the rotary 

evaporator to yield 2.24 in 77% (0.8603 g) yield as a shiny bright green solid. 

N+

C8H17

N
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O Br
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O

O
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77%

B2pin2
5 mol% Pd(dppf)Cl2

KOAc
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N2

reflux, 18h
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1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) = 7.78 d (2H, 4J = unresolved), 7.78 

dd (2H, 3J = 8 Hz , 4J = unresolved), 6.97 d (2H, 3J = 8 Hz), 5.99 s (2H), 3.98 s br (4H), 1.78 – 

0.85 m (46H), 1.36 s (24H) 
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(E)-4-((5-(7-(3,5-di-tert-butyl-4-hydroxyphenyl)benzo[c][1,2,5]thiadiazol-4-yl)-3,3-dimethyl-1-

octyl-3H-indol-1-ium-2-yl)methylene)-2-(((E)-5-(7-(3,5-di-tert-butyl-4-

hydroxyphenyl)benzo[c][1,2,5]thiadiazol-4-yl)-3,3-dimethyl-1-octylindolin-2-ylidene)methyl)-3-

oxocyclobut-1-en-1-olate (2.25) 

 

To a 100 mL two-neck round bottomed flask, 2.0 mL THF and 2.0 mL water was added 

with Pd(P(tBu)3)2 (0.0148 g, 10 mol%). The solution was degassed, and 2.24 (0.0990 g, 0.113 

mmol), 2.14 (0.0970 g, 0.231 mmol) and KOAc (0.0940 g, 0.959 mmol) was added under inert 

atmosphere. The solution was heated at 85 °C for 18 hours. The green solution was concentrated 

under vacuum and the product was purified by recrystallization in ethanol to yield 2.25 in 52% 

yield (0.0765 g) as a greenish-blue iridescent solid.  
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1H NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 8.02 dd (2H, H8, 3J8,9 = 8 Hz, 4J8,6 = 

1 Hz) 7.92 d (2H, H6 4J6,8 = 1 Hz) 7.84 s (4H, H15), 7.79 d (2H, H11, 3J11,12 = 7 Hz) 7.74 d (2H, 

H12, 3J12,11 = 7 Hz) 7.15 d (2H, H9, 3J9,8 = 8 Hz) 6.05 s, br (2H, H3), 5.42 s (2H, OH), 4.05 s, br 

(4H, H20), 1.90 s (12H, H5a), 1.54 s (36H, H19), 1.50 – 1.25 m (24H, H21-26) 0.89 t (3H, H27, 3J27,26 

= 7 Hz)

 

 

13C NMR spectroscopy (500 MHz, CDCl3, 298K) d (ppm) = 179.84 (C1), 170.11 (C4), 154.61 

(C14), 154.58 (C17), 154.33 (C10a), 142.95 (C5b), 142.70 (C9a), 136.20 (C16), 134.33 (C13), 133.56 

(C7), 132.52 (C2), 131.90 (C10), 129.35 (C8), 128.68 (C13a), 128.06 (C11), 127.43 (C12), 126.53 

(C15), 123.31 (C6), 109.56 (C9), 87.42 (C3), 49.61 (C5), 44.16 (C20), 34.74 (C18), 31.96 (C21), 30.56 

(C19), 30.51 (C22), 29.56 (C23), 29.37 (C24), 27.39 (C5a), 27.33 (C25), 22.80 (C26), 14.27 (C27)  
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HR-MS: calculated for C82H100N6O4S2 [M]+: 1297.73203. Found: 1297.73239 

 

7-bromo-2,3,3-trimethyl-3H-indole (2.27) 
 

 

 A 100 mL round-bottomed flask was charged with 15 mL acetic acid, 2.26 (2.03 g, 0.0109 

mol), and 2.16 (1.24 g, 0.0144 mol). The solution was heated to reflux and left overnight. The 

N

Br

N
H

Br

NH2
O

2.27
85%

2.26 2.16

AcOH
reflux

18 h
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resulting reaction mixture was then cooled to room temperature and extracted with 3 x 100 mL 

diethyl ether. The ether was removed on the rotary evaporator to afford 2.27 as a red oil in 85% 

(2.20 g) yield. 

1H NMR spectroscopy (300 MHz, CDCl3, 298 K) d (ppm) 7.44 dd (1H, 3J = 7 Hz, 4J = 1 Hz), 

7.19 dd  (1H, 3J = 7 Hz, 4J = 1 Hz), 7.06 t (1H, 3J = 7 Hz), 2.32 s (3H), 1.29 s (6H) 

 

7-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (2.28a) 

 
 
 

N

Br 2.27

N+

Br
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N2
18 h

I-

CH3I
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31%



 

 
 

155 

 A 4 dram vial was charged with 2.27 (1.0098 g, 4.2 mmol) and CH3I (5.0014 g, 35 mmol, 

12 eq), sealead and then heated at 80 °C overnight. After cooling, the resulting brown solid was 

washed with ice-cold THF to yield 2.28a in 31.4% (0.5060 g) yield. 

 

1H NMR spectroscopy (500 MHz, d6-dmso, 298 K) d (ppm) = 7.87 d (1H, H4 3J4,5 = ), 7.83 d (1H, 

H6, 3J6,5 = ), 7.53 t (1H, H5, 3J5,4,6 =), 4.18 s (3H, H8), 2.79 s (3H, H2a), 1.54 s (6H, H3b) 

 
 
 

\13C NMR spectroscopy (500 MHz, CDCl3, 298K) d (ppm) = 198.71 (C2), 145.21 (C3a), 139.03 

(C7a), 134.74 (C6), 130.71 (C5), 123.04 (C4), 107.50 (C7), 53.76 (C3), 40.13 (C8), 21.73 (C3b), 14.76 

(C2a) 
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4-((7-Bromo-3,3-dimethyl-1-methyl-3H-indolium-2-yl)methylene)-2-((7-bromo-3,3- dimethyl-1-

methylindolin-2-ylidene)methyl)-3-oxocyclobut-1-enolate (2.29) 

 

 
 

To a 250 mL round-bottomed flask, 2.28a (8.000 g, 22.2 mmol), 2.20 (1.09 g, 9.5 mmol), 

10 mL quinoline and 50 mL of a 1:1 mixture toluene and 1-butanol. The solution was heated to 

120 °C after which it quickly began to turn dark blue. The reaction was left to stir overnight. After 

cooling to room temperature, the reaction mixture was added to a 250 mL 5% aqueous citric acid 

N+

Br CH3

I-

O O

HO OH N+

N-O

OBr

Br

2.29
92%

2.28a 2.20

quinoline
toluene/1-butanol

120 ºC

N2
18 h
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solution to yield a shiny blue precipitate. The solid was filtered and oven-dried to yield 2.29 in 

93% yield (5.68 g) as a shiny blue solid. 

 

1H NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 7.45 d (2H, 3J2,7 = 8 Hz), 7.27 d (2H, 

3J2,7 = 8 Hz, H7), 6.98 t (2H, 3J = 8 Hz, H7), 5.98 s (2H, H3), 4.00 s (6H, H6), 1.76 s (12H, H5a) 

 

13C NMR spectroscopy (500 MHz, CDCl3, 298K) d (ppm) = 182.13 (C1), 172.34 (C4), 140.03 

(C9a), 134.20 (C8), 128.13 (C2), 125.10 (C7), 121.63 (C6), 121.56 (C5b), 103.48 (C9), 88.20 (C3), 

49.04 (C5), 27.75 (C5a) 
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HR-MS: calculated for C28H26Br2N2O2 [M]+: 583.04134. Found: 583.04135 

4,4'-(benzo[c][1,2,5]thiadiazole-4,7-diylidene)bis(2,6-di-tert-butylcyclohexa-2,5-dien-1-one) 
(2.36) 
 

 
 
 To a 1-dram vial, 1 mg 2.15, 50 mg potassium ferricyanide, 1 mL DCM and 0.3 mL 1 M 

NaOH were added and stirred under regular atmosphere. The yellow solution turned to an 

opaque magenta after 30 seconds. The organic phase was separated, and solvent was removed on 

the rotary evaporator to yield a purple solid in quantitative yield.  
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1H NMR spectroscopy (500 MHz, CDCl3, 298 K) d (ppm) = 9.35 s, br (2H, H5), 7.86 s (2H, H12), 

7.74 s, br (2H, H3), 1.41 s (18H, H10), 1.40 s (18H, H8) 

 

13C NMR spectroscopy (500 MHz, CDCl3, 298K) d (ppm) = 186.60 (C1), 156.30 (C13), 151.27 

(C2), 150.08 (C6), 134.99 (C4), 131.59 (C11), 130.98 (C5), 127.85 (C12), 126.46 (C3), 36.52 (C9), 

36.34 (C7), 30.13 (C10 or C8), 30.05 (C10 or C8) 
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(2.14-A) 
 

 
 

 A 1-dram vial was charged with 2.14 (52.2 mg, 0.12 mmol), K3Fe(CN)6 (38.8 mg, 0.12 

mmol, 1 eq), DCM (2 mL), and 1 M NaOH (0.12 mL, 1.2 mmol, 10 eq). The vial was sealed and 

then stirred without nitrogen. After moments, the solution changed color from yellow to red. After 

5 minutes, the solution was filtered to remove any remaining inorganic components. The resulting 

organic phase was concentrated to isolate 2.14-A in an unknown yield. 

FT-IR (vmax/cm-1): 3350, 2039, 1439.  

N
S

N

BrHO

N
S

N

BrO

0.9 eq K3Fe(CN)6
1M NaOH

DCM
Stir, 5 min

2.14 2.14-A
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HR-MS: calculated for C20H22BrN2OS• [M]-: 417.06362. Found: 417.06476 

 

 

Appendix 2 2D NMR Spectroscopy 

 

Appendix 2.10. 1H-1H NOESY NMR spectroscopy for 2.14. 
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Appendix 2.11. 1H-1H COSY NMR spectroscopy for 2.14. 



 

 
 

163 

 

Appendix 2.12. 1H-13C HMBC NMR spectroscopy for 2.14. 
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Appendix 2.14. 1H-13C HSQC NMR spectroscopy for 2.14. 
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Appendix 2.15 1H-1H COSY NMR spectroscopy for 2.15. 
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Appendix 2.16 1H-1H NOESY NMR spectroscopy for 2.15. 
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Appendix 2.17. 1H-13C HMBC for 2.15. 
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Appendix 2.18. 1H-13C HSQC for 2.15. 
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Appendix 2.19. 1H-1H NOESY NMR Spectrum for 2.25. 

 
 

 
Appendix 2.20. 1H-1H COSY NMR Spectrum for 2.25. 



 

 
 

170 

 
Appendix 2.21. 1H-13C HMBC NMR Spectrum for 2.25. 

 
Blow-up HMBC 2.25. 
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Blow-up HMBC 2.25. 

 

Appendix 2.22. 1H-13C HSQC NMR Spectrum for 2.25. 
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Appendix 2.23. 1H-1H COSY NMR Spectrum for 2.28a. 

 
Appendix 2.24. 1H-1H NOESY NMR Spectrum for 2.28a.  



 

 
 

173 

 

 
Appendix 2.25. 1H-13C HMBC NMR Spectrum for 2.28a.  

 
Blow-up HMBC 2.28a. 
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Appendix 2.26. 1H-13C HSQC NMR Spectrum for 2.28a.  

 
Appendix 2.27. 1H-1H NOESY NMR Spectrum for 2.29.  
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Appendix 2.28. 1H-1H COSY NMR Spectrum for 2.29.  

 

 
Blow-up COSY 2.29 
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Appendix 2.29. 1H-13C HSQC NMR Spectrum for 2.29.  

 
 

 
Appendix 2.30. 1H-13C HMBC NMR Spectrum for 2.29.  
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Appendix 2.31. 1H-1H NOESY NMR Spectrum for 2.36.  

 

 
Appendix 2.32. 1H-1H COSY NMR Spectrum for 2.36.  
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 Appendix 2.33. 1H-13C HSQC NMR Spectrum for 2.36  
 

 
Appendix 2.34. 1H-13C HMBC NMR Spectrum for 2.36 
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Appendix 3 UV-Visible spectroscopy, IR spectroscopy, and HRMS 

 

 

 

Appendix 3.01. Beer-Lambert plots for 2.14 in DCM. 
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Appendix 3.02. Beer-Lambert plots for 2.25 in DCM. 
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Appendix 3.03. HRESI-MS spectrum for 2.14. Top – experimental; Bottom – Predicted 
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Appendix 3.04. HRESI-MS spectrum for 2.15. Top – experimental; Bottom – Predicted 
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Appendix 3.05. HRESI-MS spectrum for 2.25. Top – experimental; Bottom – Predicted 



 

 
 

184 

 

Appendix 3.06. HRESI-MS spectrum for 2.29. Top – experimental; Bottom – Predicted 
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Appendix 3.07. HRESI-MS spectrum for 2.14-A. Top – experimental; Bottom – Predicted 
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Appendix 3.08. FT-IR spectrum of 2.14-A. 

 

Appendix 3.09. FT-IR spectrum of 2.14. 
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Appendix 3.10. FT-IR spectrum of 2.36.  

 

Appendix 3.11. FT-IR spectrum of 2.25 .  
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