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CHAPTER 1. Alzheimer’s Disease and the Role of Soluble Oligomers of 

Aβ1-42 

 

1.1. Introduction to Alzheimer’s Disease 

 

Alzheimer’s disease (AD) is an age-related cognitive disorder associated with the 

decline of neuronal function.1-4 Currently, there is no efficient cure for this pathology. 

While the mechanisms leading to the neurotoxicity associated with these peptides are 

complex and their details remain to be elucidated, it is known that one of the primary 

neurotoxic species associated with this dementia involves the 40-42 amino acid-long 

amyloid peptides (Aβ), i.e., Aβ1-40 and Aβ1-42.1-4 The following discussion will only focus 

on the amyloid hypothesis and will not address other important AD pathological 

phenomena, such as tau protein-related theories of AD.5  

It is established that Aβ peptides originate from a much larger transmembrane 

protein, so called amyloid precursor protein, APP (Figure 1.1). Although the exact role of 

this protein is unknown, it is absolutely important for the normal function of an 

 
Figure 1.1. Origin of Aβ peptides. 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organism.6 Most of APP exists as an extracellular domain along with the smaller 

transmembrane and cytoplasmic domains. The proteases β- and γ-secretase cleave APP, 

and are ultimately responsible for the formation of the Aβ peptides.5 β-Secretase cleaves 

APP in the extracellular domain, and produces a fragment that enters the γ-secretase 

domain, where cleavage resulting in the formation of mostly Aβ1-40 and Aβ1-42 peptides is 

taking place.  

Several therapeutic strategies that attempted inhibiting/modulating these 

secretases have been met with limited success. Primarily, this is caused by the fact that γ-

secretase has a number of vital biological functions, and therefore, selective inhibition of 

the function that is just responsible for the amyloid cleavage presents a challenge. 

Once formed, Aβ peptides, usually irrespective of the length, i.e., 40 or 42, 

undergo an aggregation process, which ultimately leads to the formation of insoluble 

aggregates that are found postmortem in the forms of so-called Alzheimer’s plaques. It 

was originally believed that these insoluble aggregates of Aβ peptides, also known as 

amyloid fibrils, were the culprit for toxicity.7-10 However, the degree of amyloid 

deposition and the severity of AD have not found a strict correlation as amyloid fibrils 

were sometimes observed in non-demented older adults along with demented individuals 

that lacked noticeable amyloid deposition.11-13 Irrespective of the role that amyloid 

plaques might have played in the AD pathology, enormous efforts over the past several 

decades have been undertaken by numerous academic and industrial groups aimed at 

developing compounds that could inhibit the aggregation and subsequent fibril formation 

of amyloid peptides.5  
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Ultimately, it can be assumed that virtually any organic compound, at a high 

enough concentration, might interact and affect the aggregation of amyloid peptides. 

Noteworthy, no efficient drug has been produced as a result of all of these efforts. 

Therefore, it appears unlikely that fibrillar aggregates could be the sole neurotoxic 

species of AD.  

In late 1990s and early 2000s, a series of accounts from various laboratories put 

forward a hypothesis (and experimental evidence) that soluble, oligomeric amyloid 

aggregates are the main neurotoxic species that are responsible for the occurrence and 

progression of AD. For example, it has been demonstrated that soluble oligomeric forms 

of Aβ promote rapid and massive neuronal cell death while Aβ fibrils induce progressive 

and modest cell death in Human Cortical Neuron cell cultures.14,15 Soluble oligomers of 

Aβ have also been shown to disrupt neuronal synapses, inhibiting long term potentiation, 

and resulting in cognitive decline even before neuronal cell death.16  

From the structural stand-point, a number of studies have indicated that a 

conformational transition from a random coil to an ordered, β-sheet rich, yet still soluble, 

structure is directly linked to amyloid associated neurotoxicity.2-5 In this light, inhibition 

of conformational transitions as well as the aggregation of soluble amyloid peptides may 

prove to be a therapeutically significant approach.  
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1.2 Soluble Aβ  Oligomer Recognition 

 

1.2.1. Challenges with Soluble Aβ Oligomer Recognition 

 

Recognition of soluble oligomers of Aβ, both unordered and ordered, and the 

possibility for modulating the neurotoxicity associated with these oligomers should 

constitute a viable approach to designing therapeutic strategies to combat Alzheimer’s 

disease. Due to the accessibility and ease of modification, it is appealing to use small 

molecules that can target soluble oligomers of amyloid peptides and potentially inhibit 

their conformational transitions.  

Currently, recognition of soluble oligomers of amyloid peptides presents an 

enormous challenge. A number of structural studies rely on dye-binding assays in which 

the dyes exhibit distinct spectroscopic responses in the presence and absence of amyloid 

species. It is this differential response that can be used for estimating the aggregation 

state of the peptide. Although it is arguable whether structural information acquired 

during these in vitro studies can be directly applicable for in vivo systems, a fundamental 

understanding of the conformational transitions of amyloid peptides should aid in the 

design of viable, efficient therapeutic strategies. 

Dye binding assays have been extensively used for in vitro recognition of many 

misfolded proteins.17,18 With respect to Aβ peptides, Congo red (CR) and thioflavin T 

(ThT) are among the most widely utilized dyes for assessing aggregation propensity of 

insoluble, fibrillar forms of amyloid peptides (Figure 1.2).17-20 The interactions of 

amyloidogenic peptides and proteins with these dyes may be monitored by the 
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absorbance spectrum with CR or the fluorescence spectrum with ThT. A typical 

procedure involves the addition of a dye solution to a solution that contains Aβ peptides, 

followed by the acquisition of the absorbance or emission spectrum. The method relies on 

the ability of the dye to exhibit distinct spectroscopic responses in the absence and in the 

presence of the amyloids. It is understood that a change from a hydrophilic aqueous 

environment to a hydrophobic peptide environment is likely to contribute to the observed 

spectral shifts or enhancements of the dyes. Literature accounts illustrate that both CR 

and ThT exhibit large alterations of their respective spectra in the presence of amyloid 

fibrils. 

Circular dichroism (CD) is an in vitro spectroscopic technique that allows for the 

detection and determination of secondary structure conformations of biomolecules. 

Random coil, α-helix, and β-sheet structures all display distinct spectroscopic signals in 

CD spectra (Figure 1.3). In addition, conformational transitions between these secondary 

structures can also be easily monitored by CD.  

 

 

 

 

 
Figure 1.2. Structures of Congo Red (CR) and 
Thioflavin T (ThT). 
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Amyloid peptides exhibit spectroscopic CD signatures similar to those of a typical 

biomolecule. Hence, CD has been a widely utilized tool for assessing conformational 

transitions of amyloid oligomers.21 From the structural point of view, numerous studies 

indicated that secondary structure conformations of Aβ peptides could be directly linked 

to the neurotoxicity of the peptides.2-5 It has been established that Aβ peptides that 

exhibit a predominantly unordered conformation in CD spectra are benign to neurons, 

and hence exhibit low neurotoxicity. Conflicting reports on the toxicity of α-helical Aβ-

species can be found throughout the literature, while β-sheet type aggregates of Aβ are 

considered the most neurotoxic. Therefore, a conformational transition from a random 

coil to a β-sheet-rich, oligomeric species may be viewed as a change from a non-toxic to 

 
Figure 1.3. Representative CD spectrum displaying secondary structural conformations of peptides and 
proteins. Random coil (solid line), α‐helix (dashed line), β‐sheet (dotted line). 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toxic species. Time-wise, this transition typically involves an initial lag phase, a period 

where the conformation of amyloids remains largely unchanged (Figure 1.4).21 It is 

plausible that very small structural changes cannot be detected by CD. This initial phase 

is followed by a time dependent transition from a random coil rich to a β-sheet rich 

species. 

A small molecule that could interfere with either or all stages of the 

conformational transitions of Aβ species would be of great interest as an inhibitor of 

amyloid aggregation, and hence amyloid toxicity. Inhibition can occur by elongation of 

the transitional lag phase whereby the inhibitor may stabilize the random coil 

conformation of the peptide or by decreasing the rate of the transition to the β-sheet 

structure by binding to the β-sheet structure as it forms.21 The former may be viable in 

light of the fact that soluble β-sheet structured Aβ peptides are known to promote the 

transition of other Aβ peptides into β-sheet structures.21  

       
Figure 1.4. (A) Representative trend of the β‐sheet content increase over time for Aβ1-42 (50 
µM) monitored by the change in the CD spectrum at 216 nm.21 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The following three examples are representative. (-)-Tetracycline (Figure 1.5), at 

equimolar concentrations, was shown by CD spectroscopy to inhibit the secondary 

structural transition of Aβ1-42 from a random coil to the β-sheet.21 Subsequently, Airoldi  

 

et. al. used NMR spectroscopy to show that (-)-tetracycline can compete with ThT 

binding to soluble Aβ oligomers.29 Importantly, ThT does not give a significant 

fluorescence signal in the presence of soluble oligomers of Aβ,20,21 but the competitive 

binding with tetracycline should hold true for fibrillar forms of the peptide as well. 

Similar inhibition was also observed for CR (Figure 1.1) and memoquin (Figure 

1.5). All of these compounds were demonstrated to inhibit the β-sheet content of Aβ1-42 

by decreasing the rate of the peptide’s conformational change, albeit with no significant 

affect on the initial lag phase.21  

Although CD is a powerful technique, it does have several limitations that 

sometimes preclude the evaluation of amyloid conformational changes. Specifically, this 

relates to the proper choice of buffers. In order to evaluate the secondary structure 

conformations, the buffer has to be spectroscopically transparent in the far-UV region 

(250-190 nm). Also, small molecules that are to be tested as inhibitors of Aβ aggregation 

should not absorb in the peptide region.  

 
Figure 1.5. Structures of (-)-tetracycline and memoquin.  
 



 
 

9 

Therefore, dye binding assays are still viable, albeit not ideal, tools for monitoring 

aggregation of amyloid peptides as well as assessing the anti-aggregation ability of small 

molecules. The literature examples described herein will highlight some of the 

advantages and limitations of dye binding assays, and are meant to be representative, 

rather than comprehensive.  

 

1.2.2. Limitations of Dye Binding Assays to Study Amyloid – Inhibitor Interactions  

 

 It should be noted that the term “binding site” used here should be interpreted 

loosely in light of the dynamic self-assembly of the amyloid peptides. With soluble 

oligomers of Aβ peptides in particular, the oligomeric self-assembly can range anywhere 

from dimers to dodecamers and even higher order oligomers.26 

 

1.2.2.1. Dye – inhibitor interactions 

 

When assessing the ability of an inhibitor to affect the aggregation of amyloid 

peptides, it is important to consider the effect of the inhibitor on the fluorescence of the 

dye alone, i.e., in the absence of the peptide. This aspect is very often overlooked in 

 
Figure 1.6. Structures of curcumin and quercetin. 
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literature, and this may challenge reported claims about inhibitory ability of many small 

molecules. Specifically, curcumin and quercetin (Figure 1.6) were suggested to be 

efficient inhibitors of the amyloid aggregation, as reported based on ThT assays.23 

Hudson and coworkers recently showed that ThT assays are significantly biased in the 

presence of both curcumin and quercetin because the absorption spectra of the 

aforementioned phenols overlapped with that of ThT.24 Hence, upon excitation of ThT, 

the phenols quenched the fluorescence of ThT. The decreased fluorescence of ThT in the 

presence of amyloid-phenol mixtures is a false-positive read-out, rather than an indication 

of an anti-aggregation ability of the phenols. In addition, curcumin’s intrinsic 

fluorescence led to emission overlaps with that of ThT giving a false negative read-out 

via an additive effect of the fluorescence signals of both curcumin and ThT.  

Similarly, Necula et. al. reported the necessary background fluorescence 

measurements in the presence and absence of Aβ1-42 and found similar absorbance and 

fluorescence interference for a large number of compounds in the library that was 

screened including curcumin (Figure 1.6), β-cyclodextrin, melatonin, and phthalocyanine 

(Figure 1.7).25 

 
Figure 1.7. Structures of curcumin, β‐cyclodextrin, phthalocyanine, and melatonin. 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The dye-inhibitor interaction is also not surprising in light of the fact that ThT, at 

the concentrations used to monitor amyloid fibrillation (~ 5-20 mM), forms micelles 

which can bind hydrophobic compounds.24  

 

1.2.2.2. Dye – amyloid versus inhibitor – amyloid interactions 

 

Another important aspect of dye-binding assays that must be considered involves 

competitive binding of the dye and the inhibitors to the amyloidogenic peptides or 

proteins. If the potential inhibitor binds at the same site of the peptide or protein as that of 

a dye, the inhibitor will have to compete with the dye for the binding site. This might lead 

to a less efficient binding of the dye to the amyloid aggregates and is likely to reduce the 

intensity of the signal. As a result a false positive read-out would be observed.  

Schmuck’s group reported the ability of guanidiniocarbonyl pyrrole-based 

compounds to inhibit Aβ1-40 and Aβ1-42 fibril formation (Figure 1.8).27 Both CR and ThT 

 
Inhibitor AA1 AA2 AA3 R 

A Lys Tyr Lys H 
B Lys Lys Phe H 
C Val Val Val H 
D Val Val Val TEG 
E Lys Leu Lys H 
F Phe Glu Lys H 

Figure 1.8. Guanidiniocarbonyl pyrrole-based library.27  
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dyes were used to evaluate the inhibitors. It appeared that for only the tested compounds 

A and B (Figure 1.8) were spectral changes of both CR and ThT observed (Figure 1.8). 

All other compounds, C-F (Figure 1.8), were deemed to simply perturb the amyloid – dye 

interactions, rather than inhibit the formation of the fibrils.  

The polyphenol resveratrol (Figure 1.9) was shown to have no direct interaction  

with ThT and was able to inhibit Aβ1-42 fibril formation as judged by a gradual increase 

of ThT fluorescence with time-dependent monitoring.24 However, this inhibitory effect 

was absent when assessed by CR staining.24 This might suggest that resveratrol competes 

with ThT for binding to the Aβ1-42 fibrils. 

Considering that the structures of these two dyes, i.e. CR and ThT (Figure 1.1), 

are drastically distinct, one can anticipate that the dyes are binding at different parts of 

the amyloid assemblies. In this light, it was proposed that the use of two dyes is required 

for an unambiguous evaluation of the inhibitors’ ability to affect the fibril formation.27  

In light of the aforementioned study,24 it would be of interest to mention that 

addition of ThT to the amyloid oligomers/fibrils of Aβ1-40 produced a 6-8-fold increase of 

the corresponding fluorescence signal. This suggested that the peptide had indeed 

aggregated. On the other hand, when ThT was added to the solution that contained both 

Aβ1-40 fibrils and CR, no fluorescence enhancement was observed. Arguably, this result 

might have indicated that CR and ThT were competing for the same binding site. 

 
Figure 1.9. Structure of resveratrol. 
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However, because the effect of the direct interactions of these two dyes with each other 

had not been reported by the authors28 (nor has it been addressed in previous literature), it 

can not be determined whether this observation is due to competitive binding of the dyes 

at the same binding site of Aβ or whether the dyes are interacting with each other.28 

 

1.2.2.3. Potential Mechanistic Misinterpretations of the Current Dye Binding Assays 

 

In addition to limitations associated with assessing in vitro amyloid-inhibitor 

interactions using dye binding assays, it is important to recognize that the behavior of the 

inhibitor in a cellular environment may or may not be solely related to inhibiting the 

amyloid aggregation. Specifically, quercetin (Figure 1.6) and resveratrol (Figure 1.9) 

have been claimed as inhibitors of amyloid toxicity on the basis of dye binding assays.23 

However, polyphenols are known antioxidants that are capable of attenuating oxidative 

stress in biological systems caused by reactive oxygen species.31 Since amyloid peptides 

can promote generation of radicals, it could be anticipated that the presence of an 

antioxidant will reduce the amount of radicals produced; thus, reducing the amyloid-

associated toxicity. In addition, resveratrol has been shown to prevent Aβ accumulation 

via proteasome activation.30 If quercetin and resveratrol had not been shown to interfere 

with the ThT assay via direct binding to the dye and competitive binding to Aβ1-42, 

respectively, it could have been proposed that the mechanism of amyloid inhibition by 

both quercetin and resveratrol was by direct inhibition of Aβ1-42.  

Notably, CR has been reported to inhibit fibril formation of Aβ1-40 and Aβ1-42 in 

cell cultures.35 Contrastingly, CR was recently shown to accelerate β-sheet secondary 
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structural formation and promote amyloid fibrillation of Aβ1-40 and Aβ1-42 as assessed by 

CD spectroscopy and atomic force microscopy.28,36 These conflicting accounts suggest 

that Congo Red inhibits Aβ fibrillation in cell culture by a mechanistic pathway other 

than direct binding/inhibition to Aβ peptides. 

 

1.2.2.4. Effect of Dyes on the Integrity of Amyloid Self-Assembly  

 

In general, dye binding assays require a large dye to peptide ratio.8,18,23,32-34 This 

may not only enhance the competitive binding of the dye versus the inhibitor binding to 

the peptide, but may arguably compromise the integrity of the amyloid self assembly and 

alter the aggregation profile. Ideally, substoichiometric amounts of the dye with respect 

to peptide should neither perturb the structure of amyloid self-assemblies nor interfere 

with the amyloid – inhibitor interactions.  

Ran et al. reported the synthesis and amyloid binding of the curcumin derivative 

CRANAD-2 (Figure 1.10).19 This dye displays a seventy-fold fluorescence emission 

enhancement when bound to Aβ1-40 fibrils in vitro and can be used at a 0.06:1 

CRANAD-2: peptide ratio. CRANAD-2 was also shown to be effective in several in vivo 

studies.19 

 

 

Figure 1.10. Structure of CRANAD-2.19  
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In addition, a typical ThT fluorescence assay involves a solution of ThT being 

combined with a solution of peptide or protein. The peptide solution is often diluted 

significantly in the process,7,28,33,34,37 therefore potentially compromising the original 

structure of amyloid self-assembly in view of its non-covalent nature.  

   

1.2.3. The Importance of Targeting Soluble Amyloidogenic Peptides and Proteins 

 

As mentioned earlier, dye binding assays involving CR, ThT, CRANAD-2, and 

structurally related dyes recognize predominantly fibrillar forms of amyloid peptides and 

proteins.19,20 Therefore, novel structural motifs are required for targeting soluble 

oligomers of Aβ peptides.  

Aggregation of monomeric Aβ peptides into soluble oligomers is preceded by a 

secondary structure conformational transition of Aβ from a predominantly random coil or 

α-helical conformation into a β-sheet-rich species. Notably, small amounts of β-sheet 

structures (often added as seeds) can accelerate the conformational transition and speed 

up the formation of the aggregates. Thus, direct inhibition of Aβ peptide oligomerization 

can occur not only from small molecules binding to the β-sheet peptides and preventing 

their aggregation, but by preventing/delaying the secondary structural transition of the 

peptides into β-sheet rich conformations as well. Arguably, small molecules may also 

attenuate the cytotoxicity of soluble oligomeric forms of Aβ by actually promoting 

amyloid self-assembly, which would result in the formation of less toxic fibrils, as 

opposed to more neurotoxic, soluble oligomers.38  
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 However, it has been suggested that small molecules do not possess enough steric 

bulk to prevent peptide-peptide interactions. Therefore, affecting structural transitions of 

Aβ may be a more viable therapeutic approach.21 Although, in light of the fact that Aβ1-42 

has a much higher propensity to aggregate compared to Aβ1-40 due to the additional two 

hydrophobic residues at the C-terminus (Ile41 and Ala42),39,40 inhibition of peptide-

peptide interactions may also be a viable approach if targeted toward this region of the 

peptide. It can be proposed that perhaps a possible therapeutic method to arrest 

neurodegeneration would be to incorporate a dosage of compounds in conjunction, one or 

more that bind to α-helical or random coil structures of Aβ and inhibit the structural 

transition of the peptide and one or more that bind to β-sheet species of Aβ and promote 

fibrillation.  

Overall, a combination of dye-binding assays, thioflavin T-type dyes (Figure 1.1) 

along with dyes that are structurally unrelated to ThT, such as BODIPY dye 1.1, for 

example (Figure 1.11),41 coupled with CD spectroscopy (as a dye-free method) should 

provide unambiguous examination of amyloid self-assembly processes as well as aid in 

the design of better therapeutic strategies based on small molecule inhibitors of amyloid 

aggregation.  

 
Figure 1.11. Structure of BODIPY dye 1.1. 
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Chapter 2. Amphotericin B interactions with soluble oligomers of Aβ1-42 

peptide 

 

2.1. Introduction 

 

 It has been established that amyloid peptides Aβ1-40 and Aβ1-42 are implicated as the 

main neurotoxic components responsible for the occurrence and progression of 

Alzheimer’s disease.4 A number of in vitro studies suggested that the key neurotoxic 

events involve the secondary structure conformational changes from unordered to 

ordered, β-sheet-rich, soluble, pre-fibrillar oligomers of Aβ1-42.42–44  

 Aβ self-aggregation is known to be a dynamic, highly heterogeneous process.44 The 

investigation of key events and species that are responsible for the formation of Aβ 

aggregates is made possible by various spectroscopic tools. CD is the primary 

spectroscopic tool that allows for an unambiguous determination of protein secondary 

structure.45 With respect to amyloid peptides, CD proved to be invaluable for tracking the 

conformational transitions of Aβ1-42.46,47 However, the solutions used for CD 

spectroscopy have to be permeable to far-UV light, e.g., at least up to 190 nm.  

 In view of the complexity of amyloid oligomers’ structure, the recognition of 

soluble oligomers of amyloid peptides is challenging and not extensively studied. Due to 

accessibility and ease of modification, small molecules that can target soluble oligomers 

of amyloid peptides and modulate the structural transitions of the peptide and/or peptide-

peptide interactions are important not only as potential leads for therapeutic intervention, 

but as motifs that are of interest for structural studies on protein folding, in general. 
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 Although, the effect of various small molecules on amyloid peptide aggregation 

may also be monitored by CD,21,48,49 it should be kept in mind that the presence of 

various additives, especially those that absorb in the peptide region (190-240 nm), may 

interfere with the acquisition of reliable CD spectra. In light of this aspect, having a small 

molecule that has spectroscopic transitions away from the peptide absorption, i.e., above 

250 nm, is advantageous. Furthermore, if the small molecule is chiral, the changes that 

are occurring in both the chromophore and in the peptide spectral regions upon their 

mutual interaction may be monitored using CD. Overall, compounds that recognize 

amyloid aggregates may provide insight into the structural aspects of the amyloid species 

and supplement the design of efficient inhibitors of amyloid aggregation. 

 Several accounts recently reported that the polyene macrolide antibiotic 

amphotericin B, (2.1) (Figure 2.1), inhibits the formation of fibril-like species of Aβ25-35
50

 

and Aβ1-40
51,52 amyloid peptides. More specifically, Hartsel reported that AmB inhibits 

fibrillar formation of Aβ25-35 as assessed by Congo red binding.50 Even though the 

absorbance spectrum of 2.1 showed a direct interaction of 2.1 with the peptide, this report 

also showed that 2.1 and Congo red bind to one another. Therefore, one can argue that 

the inhibition of fibril formation of Aβ25-35 by 2.1 could not be confidently measured in 

                         
                          Figure 2.1. Structure of amphotericin B (2.1), AmB. 
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the presence of 1.1. Intuitively, it might be reasoned that simply because 2.1 binds to the 

peptide, it may not necessarily inhibit fibril formation.  

 In addition, Masuda, et. al. showed that 2.1 potently inhibited Aβ1-40 fibril 

formation, as well as α-synuclein filament formation, a key component of Parkinson’s 

disease pathology.51,52 To a much lesser degree, 2.1 was also shown to inhibit tau protein 

fibril formation.51,52 Efficacy of inhibition using 2.1 in this report was assessed by 

Thioflavin S (a dye that is structurally related to ThT) fluorescence and by filtration of 

protein fibrils followed by SDS-PAGE assays.  

 The ability of 2.1 to affect protein aggregation is not limited to peptides, as it was 

shown that the aggregation process of prion protein was also affected by 2.1.53 In this 

study, the AmB derivative known as MS-8209 (Figure 2.2) was shown to lower levels of 

prion protein measured in the spleens of mice. Albeit, no mechanistic details were 

provided.53 In addition, 2.1 was shown to be a suitable spectroscopic probe for 

monitoring the conformational integrity of albumins.54 In the report, AmB was 

discovered to bind to 2 of the 11 specific binding sites of Human Serum Albumin (HSA) 

as assessed by competitive binding studies with known HSA specific binding site ligands. 

Due to the distinct spectroscopic signal of the dimeric assembly of 2.1, along with the 

assumption that only monomeric forms of 2.1 bind to biomolecules,54 the absorbance and 

 
Figure 2.2. Structure of MS-8209. 
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CD spectra could be used to detect conformational variances of HSA at the binding sites 

of 2.1 upon changes in pH of the medium. Overall, 2.1 is a suitable molecule that is of 

interest and significance for studying various biomolecular processes. It should also be 

pointed out that no studies on the ability of 2.1 to control the conformational transitions 

of neurotoxic soluble oligomers of Aβ1-42 peptide had been reported.  

 Congo red (CR)50 and thioflavin T (ThT)51,52 dye-binding assays were used to 

assess the inhibitory effect of AmB on the Aβ aggregation process and subsequent fibril 

formation. As mentioned in Chapter 1, these assays are widely used for establishing the 

anti-aggregation potential of various small molecules with amyloid peptides by 

evaluating the aggregation profile of the peptides.17 It should be kept in mind that these 

dyes bind primarily to fibrillar aggregates of the amyloid peptides, and there are no or 

insignificant spectral changes that are displayed by these dyes in the presence of soluble 

oligomeric peptides.17 Additional accounts have also reported that these dye-binding 

assays are prone to false positive effects due to competitive binding between the amyloid 

inhibition candidate and the dye used to assess amyloid aggregation.27,55 Therefore, the 

unambiguous evaluation of anti-aggregation potential of 2.1 may be monitored directly 

without using dye-binding techniques. Because of this, CD becomes particularly 

important for evaluating the ability of small molecules to interact with soluble oligomers 

of amyloid peptides.21 

 Amphotericin B (2.1) has been suggested as a potent inhibitor of amyloid fibril 

formation.50 However, this assessment has been made using dye-binding assays and no 

effect of 2.1 on the conformational changes of soluble oligomers had been reported. 

Herein, the interaction of soluble oligomeric Aβ1-42 peptide with 2.1 using CD 
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spectroscopy was investigated.22 The results indicated that although 2.1 does have affinity 

towards both unordered and ordered soluble oligomers of Aβ1-42, it did not alter neither 

the secondary structure nor the time-dependent aggregation profile of the amyloid 

peptide. This indicated that 2.1 may serve as a molecular spectroscopic probe for various 

oligomeric forms of Aβ1-42 peptide. 

 

2.2. Results and Discussion 

 

2.2.1. Source of Aβ1-42  

 

 Synthetic, solid-phase preparations of Aβ1-42 as a trifluoroacetate salt from 

American Peptide, Anaspec, Inc, and Bachem, Inc., are widely used Ab-peptides for in 

vitro and in vivo studies.56 a-c However, pretreatment of the peptide with a basic solution 

is typically required. rPeptide, Inc., offers Aβ1-42 as a sodium hydroxide salt, which is 

believed to be void of any aggregates upon dissolution into a basic environmet.56 d,e This 

commercial peptide preparation of the Aβ1-42 has been utilized throughout our studies. 

Amino acid sequence of Aβ1-42: NH2-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-

Val-His-His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-

Ile-Gly-Leu-Met-Trp-Gly-Gly-Val-Val-Ile-Ala-COOH 
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2.2.2. Identification of reproducible Aβ1-42 conformational transition: effect of the 

medium  

 

 It is well known that the conformation of Aβ1-42 and the kinetics of its 

conformational transitions strongly depend on the composition and pH of the medium as 

well as on the peptide concentration.21 We have tested a number of literature protocols 

with the aim of reproducing a random coil to β-sheet transition. However, all our 

attempts failed. Therefore, it was decided to develop an alternate protocol that would 

allow for a reproducible random coil to β-sheet transition of Aβ1-42.  

 We found that TRIS buffer is one of the most suitable media for evaluating protein 

conformation using CD.45 In accord with literature accounts, the random coil of Aβ1-42 

could only be produced under basic conditions, as all our attempts to obtain a random coil 

conformation of Aβ1-42 at pH lower than 8.0 were unsuccessful.21  

 Within several days, we observed that 25 µM Aβ1-42 exhibited a conformational 

transition from unordered to ordered, β-sheet rich oligomers with the complete absence 

of insoluble amyloid species. Independent preparations of 25 µM Aβ1-42 were 

reproducible regarding the initial and final conformation of the peptide as well as the 

kinetics of the secondary structural conformation transition. Contrastingly, secondary 

structural conformation transitions of Aβ1-42 from unordered to β-sheet rich Aβ1-42 

species were prolonged to several weeks at concentrations below 25 µM while higher 

concentrations of Aβ1-42 (above 25 µM) tended to promote a rapid aggregation of the 

peptide, which led to the formation of insoluble aggregates. Thus, 25 µM Aβ1-42 

concentration was chosen and utilized throughout.   
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2.2.3. Role of Organic Solvents  

 

 In order to study the effect of the small molecules on the conformational transitions 

of amyloid peptides, the small molecule has to be solubilized in the medium. Hence the 

addition of organic solvents to the aqueous buffers is often required. Since, many organic 

solvents absorb in the far-UV region, the types of solvents that can be used for CD 

spectroscopy are restricted. In addition, the amounts of the organic solvents should be 

carefully controlled because they have also been shown to alter the aggregation behavior 

of amyloid peptides.21  

 DMSO and DMF are the only solvents that are capable of solubilizing 2.1. 

However, these solvents are not transparent to far-UV light, and thus interfere with the 

peptide absorption region. Therefore, the concentration of DMSO has to be kept to a 

minimum in all experiments to allow examination of the Aβ1-42 peptide secondary 

structural conformation transitions in the far-UV region. It was established that 0.015% 

v/v of DMSO in the TRIS buffer is the highest possible concentration that would allow 

for the acquisition of suitable CD spectra in the peptide region (190-250 nm). In addition, 

this amount of DMSO did not have a measurable effect neither on the time-dependent 

aggregation kinetics nor on the initial conformation of Aβ1-42.  

   

2.2.4. Peptide and 2.1 in Optimized Medium 

 

 With the conditions described above, freshly prepared 25 µM Aβ1-42 exhibited a CD 

spectrum indicative of an unordered, random coil-rich oligomeric species with a 
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characteristic minimum at ca. 195 nm (Figure 2.3). Within 48 hours, a transition to 

ordered β-structure-rich species with a characteristic minimum at 216 nm was noted. 

After 48 hours of incubation and up to 72 hours, no significant changes in the CD spectra 

occurred. Notably, an isosbestic point at ca. 207 nm was also observed confirming a two-

species conformational transition, i.e., unordered to ordered species.  

 

 

 

 

 

 

 

 

 

 

 Furthermore, the dynamic light scattering experiments (performed by Dr. Onofrio 

Annunziata, TCU) were used to monitor this aggregation process and showed a good 

correlation with CD data (Figure 2.4). The steady increase of both scattering intensity 

(Figure 2.4A) and hydrodynamic radius (Figure 2.4B) was observed within 72 hours. 

Importantly, no precipitation of the peptide was observed during this period of time. 

Thus, it was decided to carry on the aggregation of Aβ1-42 up to 72 hours.  

 

               
Figure 2.3. CD spectra of 25 µM Aβ1-42 from 0 (bold line) to 72 hours (dashed line); 
intermediate time points (thin lines). Buffer: 10mM TRIS/NH4OH (pH 8.7). 
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 With respect to AmB, we first examined the self-association of AmB by using 

absorbance and CD spectroscopy. The changes in the absorbance spectra of AmB proved 

to be fairly complex (Figure 2.5) and precluded an unambiguous determination of a self-

association constant. On the other hand, the CD spectrum of 2.1 appeared to be fairly 

 
Figure 2.5. Representative absorbance spectra of AmB titration from 1.00 µM (dotted line) to 
13.09 µM (thick solid line); intermediate concentrations (thin lines). Buffer: 10mM 
TRIS/NH4OH (pH 8.7) .   

 
Figure 2.4.  Time-dependent dynamic light scattering data: (A) scattered light intensity and 
(B) hydrodynamic radius. Buffer: 10mM TRIS/NH4OH (pH 8.7). 
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simple. Therefore, the self-association of 2.1 was determined exclusively by CD 

spectroscopy. Specifically, 2.1 exhibited an asymmetric couplet in the CD spectrum with 

a 328 nm maximum and 350 nm minimum (Figure 2.6) indicative of dimeric or 

oligomeric species.57–59 It was reported that monomeric 2.1 does not exhibit any CD 

transitions in the 300–400 nm range.58,59 This was verified experimentally by acquiring a 

CD spectrum of 2.1 in trifluoroethanol, a solvent which is known for its ability to 

destabilize intermolecular interactions, thus promoting the formation of monomeric 

species. As expected, no CD signal of 2.1 in trifluoroethanol was observed.  

 Furthermore, it was found that the dependence of the CD signals, at both 328 and 

350 nm as a function of 2.1 total concentration deviates from linearity as the 

concentration of 2.1 increased above 10 µM. This behavior is consistent with well-

documented 2.1 self-association phenomenon.57–59  

                   
Figure 2.6. Representative CD spectra of AmB titration from 1.00 µM to 13.09  µM into 10mM 
TRIS/NH4OH (pH 8.7) buffer (Inset: CD signal at 325 nm as a function of 2.1 concentration).  



 
 

27 

 In collaboration with Dr. Onofrio Annunziata, the self-association of 2.1 and its 

interaction with Aβ1-42 oligomers was evaluated. Based on literature accounts, we 

proposed that the self-association of 2.1 followed a dimer-monomer equilibrium.60,61 The 

dimeric structure is energetically favorable in aqueous solution not only because of the 

hydrophobic interactions of the polyene moieties of the two molecules, but also because 

of the intermolecular hydrogen bonding network of the hydroxyl substituents as well. At 

higher concentrations, 2.1 forms higher order aggregates. This dimeric complex exhibits 

structural asymmetry that is believed to be responsible for the observed CD signal.61  

 

2.2.5. AmB-Aβ1-42 interactions 

 

 In order to evaluate the affinity of 2.1 towards soluble Aβ oligomers, we assumed 

          
Figure 2.7. Molecular ellipticity of AmB in the absence of Aβ1-42 (), in the presence of unordered 
oligomeric 25 µM Aβ1-42 (), in the presence of ordered oligomeric Aβ1-42 (); the data are the 
average (± SD) of two independent preparations of Aβ1-42, all at 22oC. 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that only monomeric 2.1 would bind to the amyloid peptide. This assumption is 

consistent with a number of literature reports that studied the interaction of 2.1 with other 

biomolecules.54,62  

 In order to assess the ability of 2.1 to interact with soluble Aβ1-42 oligomers, it was 

decided to titrate 2.1 into solutions that contained distinct conformations of Aβ1-42 

oligomers and compared these titrations to the addition of 2.1 to the TRIS-buffer solution 

(Figure 2.7). Any changes at 328 and 350 nm, i.e., decrease of the CD signal, would be 

indicative of the interaction between 2.1 and Aβ1-42 oligomers.  

 First, 2.1 was titrated into the solution of the unordered conformation of 25 µM 

Aβ1-42 amyloid peptide (Figure 2.7). A significant decrease in CD signal intensity at 328 

nm maximum was noted. An even more pronounced decrease in the molar ellipticity of 

2.1 was displayed in the presence of the aggregated, β-sheet-rich, yet still soluble, 

oligomeric Aβ1-42 (Figure 2.7). This indicated a stronger interaction of 2.1 with ordered 

Aβ1-42 oligomers in comparison to that with unordered oligomers. 

 Importantly, 13 µM 2.1 did not have any measurable effect on either the initial 

conformation or the time-dependent aggregation profile (up to 36 h) of 25 µM Aβ1-42 

peptide as confirmed by CD spectra in the far-UV region indicating that 2.1 is not acting 

as an inhibitor of the Aβ1-42 aggregation process. 

 Two possible scenarios may explain the observation that titration of a solution of 

2.1 into a 25 µM solution of Aβ1-42, either in its unordered, random coil rich or β-sheet 

rich, oligomeric forms, led to distinct and substantial decreases of the dimeric 2.1 (Figure 

2.7):  

(i) the binding constant of 2.1 to the β-sheet oligomers of Aβ1-42, Kb, is higher 
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than the binding constant of 2.1 to the unordered, random coil conformation of 

Aβ1-42, Krc, or  

(ii) the number of soluble aggregates in the ordered, β-sheet-rich conformation, 

nb, is higher, thus providing more binding sites for 2.1 as compared to the 

number of soluble aggregates in the unordered, random coil conformation of 

Aβ1-42, nrc. 

 We were able to obtain binding constants for both 2.1-random coil and 2.1-β-sheet 

oligomers.22 It appeared that the binding constants of Krc = 0.32±0.22 µM-1 and Kb = 0.49 

± 0.13 µM-1 are very similar, indicating that the affinity of 2.1 towards both forms of 

soluble Aβ oligomers is virtually identical. Therefore, the second scenario must be in 

place, i.e., the number of binding sites is most likely responsible for the shift of 2.1’s 

monomer-dimer equilibrium towards the monomeric 2.1. This explanation is reasonable 

since the number of potential binding sites is likely to increase as the peptide is 

transitioning into a more ordered conformation during the aggregation process.  

 Using a Scatchard model,22,63 it was also estimated that a multiple of ca. 11 peptide 

molecules (more likely Aβ-aggregates) in the random coil rich conformation of Aβ1-42 is 

required to bind one molecule of 2.1. On the contrary, a multiple of ca. 4 Aβ1-42 

aggregates in a β-sheet rich conformation is sufficient to bind one molecule of 2.1. 

Considering that the size of the Aβ aggregates increases (Figure 2.4 A/B) as the peptide 

undergoes a conformational change, larger Aβ-assemblies will be providing more sites 

for interactions with monomeric 2.1. It should be kept in mind that the term “binding 

site” is used here for descriptive purposes only, due to the dynamic, not well-defined 

structure of Aβ-oligomers.  
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 As pointed out earlier, 2.1 had no measurable impact neither on the conformations 

of Aβ1-42 nor on the kinetics of Aβ1-42 aggregation. 2.1 may thus serve as a potential 

spectroscopic probe for estimating the nature of soluble Aβ1-42 oligomers due to the CD 

silent monomeric 2.1 versus CD active dimeric 2.1 equilibrium that is affected by Aβ1-42 

species. The ability of 2.1 to recognize soluble oligomers of Aβ1-42 is significant despite 

the complex structure and cytotoxic nature of 2.1.62 However, for structural, in vitro 

studies, the toxicity should not be a concern. For any other biological applications, 

synthetic analogues with reduced toxicity and increased functional utility may be easily 

obtained in light of the fact that this readily available macrolide antibiotic possesses 

numerous functional groups around the skeleton that can be selectively modified.64-67 

 

2.3. Conclusions 

 

 Herein, it has been demonstrated that 2.1 was able to bind to the soluble unordered 

oligomeric and ordered oligomeric secondary structural conformations of Aβ1-42. It was 

established that 2.1 binding constants are fairly similar for both conformations of Aβ 

peptide. However, a three-fold increase in the number of binding sites for 2.1 was also 

observed upon the transition from an unordered to a β-sheet rich, soluble oligomeric 

conformation of Aβ1-42. Arguably, this is associated with a 3-fold increase of the β-sheet 

rich conformation within the Aβ1-42 oligomers. 2.1 had no measurable effect on either the 

initial conformation of the peptide or on the kinetics of the amyloid oligomerization 

process. The developed here spectroscopic conditions allowed for the differentiation  
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between the binding of the small molecule to Aβ aggregates and the inhibition of amyloid 

aggregation by determining the chiroptical responses of both the ligand and the peptide.22 

 

2.4. Experimental 

 

2.4.1. Materials 

 

 Amphotericin B (2.1) (80% preparation from streptomyces), TRIS and NH4OH 

solution (>25%) were purchased from Sigma Chemical Co. (St. Louis, MO) and used as 

received. Milli-Q-system was used to purify water that was utilized throughout this work. 

Aβ1-42, NaOH-treated preparation, was from Recombinant Peptide, Inc. (Athens, GA).56d,e 

 

2.4.2. Methods 

 

 CD spectra were acquired on Jasco J-815. The far-UV spectra (190–250 nm) were 

recorded using 0.1 cm quartz cells; 2.1 CD transitions (250–400 nm) were recorded using 

1 cm quartz cell. Spectra were recorded at room temperature and 1 nm resolution with a 

scan rate of 100 nm/min. Usually two scans were acquired and averaged for each sample. 

Raw data were manipulated by subtraction of appropriate background spectra, followed 

by smoothing using manufacturer provided software. Data were expressed as a mean 

residue ellipticity, (deg dmol-1 cm2) for Aβ1-42, and either as CD intensity, θ (mdeg), or 

molar ellipticity, Δε (M-1 cm-1), for 2.1. Absorbance measurements were performed on 

Agilent UV–visible instrument using 1 cm quartz cells. Static and dynamic light 
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scattering measurements were performed at 23.0 °C on a light scattering apparatus built 

using the following main components: He–Ne laser (35 mW, 632.8 nm, Coherent 

Radiation), manual goniometer and thermostat (Photocor Instruments), multitau 

correlator, and APD detector and software (PD4042, Precision Detectors). All 

experiments were performed at the scattering angle of 90°. 

 

2.4.3. Stock solution preparation of 2.1 

 

 2.1 was dissolved in DMSO at 20 mg/ml, and subsequently diluted into 10 mM 

TRIS pH 7.4 buffer to obtain 0.04 mg/ml stock solution, which was used for all titration 

experiments. 2.1 stock solution was prepared fresh before each experiment. The handling 

of 2.1, that is, sample preparation and all spectroscopic measurements were done in a dim 

light environment. 

 

2.4.4. Aβ1-42 peptide solution preparation 

 

 Aβ1-42 was stored at - 20 °C; prior to experiments it was allowed to equilibrate at 

room temperature for 45 min to 1 h, and treated according to the manufacturer’s 

instructions. Briefly, the peptide was dissolved in 1% NH4OH at 1 mg/ml concentration, 

sonicated for 1 min to give Aβ1-42 stock solution. In order to obtain a random coil 

conformation, the freshly prepared peptide stock was diluted into 10 mM TRIS buffer 

(pH 7.4) and gently mixed by dispensing it with a pipette tip (vortexing, sonication and 

centrifugation were avoided) to obtain 25 µM Aβ1-42 solution, pH 8.7, which was 
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subsequently titrated with the 2.1 stock solution or 10 mM TRIS (1% v/v DMSO) as a 

control. The final concentration of DMSO in all cases was 0.015% (v/v). A β-structure 

soluble conformation of Aβ1-42 was obtained by incubating the above 25 µM Aβ1-42 

solution at room temperature for 48–72 h. Subsequently, this solution was titrated with 

freshly made solution of 2.1 to estimate the affinity of 2.1 towards the ordered, β-

structure-rich conformation of Aβ1-42 oligomers. 
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Chapter 3: Triazole-containing BODIPY dyes as novel fluorescent 

probes for soluble oligomers of amyloid Aβ1–42 peptide 

 

3.1. Introduction 

 

 Soluble oligomers of amyloid peptides are acknowledged as one of the predominant 

neurotoxic species responsible for impairment of neuronal function.1 These amyloid 

assemblies disrupt neuronal communication at the synapses, ultimately leading to 

neuronal cell death by inhibiting hippocampal long-term potentiation, thus retarding 

memory formation and learning as shown by a number of in vivo and in vitro studies.43 

The nature of these soluble oligomers remains to be clarified.68 Spectroscopic detection of 

secondary structural conformations of soluble amyloid species would be advantageous 

for discovery of inhibitors of Aβ aggregation. Although molecules known to target the 

insoluble aggregates of Aβ are well established, using small molecular probes for 

targeting soluble Aβ oligomers currently presents a challenge.  

 A fluorescent dye binding assay is an expedient technique used to examine the 

amyloid self-assembly processes.69 Upon binding to the amyloid assembly, the dye must 

exhibit distinct spectral characteristics as compared to the unbound state. Thioflavin T 

(ThT) (Figure 3.1) is a widely used dye for monitoring amyloid aggregation 

processes.69,70 Thioflavin T and its analogues offer ca.10-fold fluorescence enhancements 

upon binding to the fibrillar, insoluble amyloid aggregates of Aβ.69,70 Nonetheless, ThT 

based assays possess several drawbacks:  
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(i) in general, an excess of the dye relative to Aβ peptides is required in order to 

achieve adequate fluorescence enhancement;17,18,69,70  

(ii) ThT does not bind to soluble forms of amyloid peptides, i.e., a substantial 

increase of ThT fluorescence occurs only in the presence of protofibrils and 

fibrils, which exist in predominately β-sheet-rich conformations;69  

(iii) aggregation of Aβ peptides and the evaluation of the extent of Aβ aggregation 

using ThT are done under different conditions.70 Specifically, the peptide is 

allowed to aggregate in a particular buffer, while the detection of its 

aggregation is done in a completely different buffer. This is required 

primarily to assure the reproducibility of the ThT assays.18  

         These particular attributes of the ThT based assays may disrupt the integrity of the 

Aβ self-assembly and, therefore, more efficient fluorescent probes are warranted. Ideally, 

a fluorescent dye assay should not only avoid the deleterious aspects of the ThT dye 

binding method, but also needs to possess a fluorescent dye with a facile, high yielded 

synthesis in order to have widespread utility. 

 

 
Figure 3.1. Structures of fluorescent probes. 
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 BODIPY compounds (Fig. 3.1) are fluorescent dyes that have been receiving a lot 

of attention in light of their thermal stability, high fluorescence quantum yields, tunable 

solubility, pH insensitivity, stability under physiological conditions, and chemical 

robustness.71,72 Because of these characteristics, BODIPY dyes have become versatile 

fluorescent probes for examining numerous biological processes.  

 BODIPY synthesis may proceed by two different routes (Scheme 3.1):  

 (i) condensation of an aldehyde with two pyrrole molecules yielding a 

dipyrromethane intermediate, subsequent oxidation of this intermediate by 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) or p-chloranil forming a dipyrromethene 

intermediate, and subsequently reacting this intermediate with a base and boron 

trifluoride diethyl etherate; 

 (ii) condensation of an acid chloride with two pyrrole molecules leading directly to 

the dipyrromethene intermediate and subsequent addition of base and boron trifluoride 

diethyl etherate. 

 

 
Scheme 3.1. Possible routes for BODIPY dye synthesis. 
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The need for the presence or the lack of an oxidant may be explained mechanistically 

(Scheme 3.2). In the aldehyde condensation mechanism (Scheme 3.2A), acid catalysis 

allows for protonation of an alcohol intermediate, resulting in the elimination of water 

and the addition of the second pyrrole molecule, ultimately yielding a dipyrromethane 

intermediate that must be oxidized with DDQ or p-chloranil. However, the proposed 

mechanism of the acyl chloride condensation (Figure 3.2B) involves the removal of water 

at a later step after the nucleophilic attack of a second pyrrole molecule on a ketone 

intermediate (Scheme 3.2A). This sequence allows for the deprotonation of a positively 

 
Scheme 3.2. (A) Proposed mechanism of BODIPY formation via an aldehyde condensation approach. (B) 
Proposed mechanism of BODIPY formation via an acyl chloride condensation approach. 
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charged pyrrolic nitrogen, followed by the formation of a more energetically stable 

dipyrromethene intermediate possessing extended conjugation. In essence, the lack of a 

leaving group on the aldehyde starting material upon the first nucleophilic attack of a 

pyrrole, as opposed to the leaving ability of the chloride ion from the acyl chloride 

starting material, ultimately results in the formation of the dipyrromethane instead of the 

dipyrromethene.  

 Recent studies established that BODIPY dyes could be used as fluorophores for 

amyloid aggregates when linked to a pharmacophore.73,74 For example, Parhi et. al. took 

advantage of the known ability of stilbenes to bind to amyloid aggregates by synthesizing 

fluorescent stilbene analogues attached to a BODIPY (Scheme 3.3). The BODIPY-

fluorophore was tethered to the stilbene-pharmacophore using polyethylene glycols 

(PEG) (n = 3, 10) in overall yields of 20-21%.73 However, the BODIPY derivatives’ 

ability to act as fluorophoric/pharmacophoric probes for amyloid self-assembly has not 

been reported by the authors. In addition, Ojida et. al. reported that fluorescent binuclear 

zinc complexes of 2,2’-dipicolylamine were able to interact with phosphorylated peptides 

and proteins.74 Subsequently, the synthesis of a BODIPY analogue was carried out in a 

4% overall yield (Scheme 3.4). The polyethylene glycol moieties of this compound were 

added in order to increase water solubility for protein binding studies. The analogue was 

found to bind to insoluble aggregates of neurofibrillary tangles of hyperphosphorylated 

tau protein, another neurotoxic species associated with the Alzheimer’s disease 

neurodegenerative pathway.74  
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 Overall, the aforementioned selected examples from literature indicated that 

although the yields of BODIPY dye formations are generally good, the efficiency of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.3. Synthesis of stilbene conjugated to a PEG linker: Sonogashira coupling reaction 
of Iodo-BODIPY product (A) coupled to PEGylated stilbene product (B) using (C). 
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Scheme 3.4. Synthesis of bis(dipicolylamine)-BODIPY for detecting neurofibrillary tangles of 
hyperphosphorylated tau protein. 
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BODIPY syntheses tends to decrease as the structural complexity of the dyes increases.  

 Our goal was to synthesize BODIPY dyes in an expedient manner, circumventing 

lengthy and low yielding syntheses. The work was focused on design and synthesis of 

BODIPY-based dyes for the recognition of soluble oligomeric forms of Aβ1-42.  

 

3.2. Results and Discussion 

 

3.2.1 Aβ1-42 : Preparation and recognition with BODIPY dyes 

 

 We prepared distinct conformations of Aβ1-42 oligomers following our established 

procedure in order to evaluate the ability of BODIPY dyes to interact with soluble 

oligomers of Aβ peptides.22 Time-dependent CD observation of 25 µM Aβ1-42 verified a 

transition from an unordered to an ordered, β-sheet-rich conformation with an isosbestic 

point at ca. 207 nm and was evident by the increasing minimum at ca. 214 nm (Figure 

3.2). In order to obtain an unordered conformation of Aβ1-42, basic media were required 

 
Figure 3.2. Representative time-dependent CD spectra of a conformational transition of 25 µM Aβ1-42 in 
10 mM TRIS/NH4OH buffer (1.2% EtOH v/v), pH 8.6. 0 hours (dashed line), 80 hours (thick line), 
intermediate time points (thin lines). 
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(all of our attempts to produce a random coil conformation of Aβ1-42 at pH 7 or so failed). 

This observation was consistent with literature data.21 

  The ability of BODIPY dyes 3.1 and 3.2 (Figure 3.1) to distinguish between the 

distinct conformations of soluble Aβ1-42 oligomers was probed next. Solutions containing 

unordered and β-sheet-rich Aβ oligomers were titrated with solutions of 3.1 and 3.2 

revealing that in the presence of the unordered conformation of Aβ1-42, the emission 

A 

B  

        
Figure 3.3. Emission spectra of 3.1 (top, λex 512nm) and 3.2 (bottom, λex 525nm), 1.0 µM each, in 

the presence of unordered (open symbols), β-sheet-rich (closed symbols) and in the absence 
(solid line) of 25µM Aβ1-42 oligomers. Insets: Increase of the fluorescence intensity of the 
dyes as a function of the dyes' concentration, upon titration into 25 µM solutions of unordered 
(open symbols) and ordered (closed symbols) of Aβ1-42 oligomers. 
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intensity of dye 3.1 was nearly unchanged, while that of 3.2 was almost doubled (Figure 

3.3). Due to self-quenching of dye 3.1, and in order to obtain a measurable titration curve, 

the concentration of dye 3.1 was decreased 10-fold, as compared to dye 3.2. In the 

presence of an ordered, β-sheet-rich conformation of Aβ1-42, both dyes exhibited a higher 

fluorescence enhancement; dye 3.1 demonstrated a ca. 3-fold fluorescence increase, and 

dye 3.2 provided a 5-fold increase. Neither dye displayed any changes in the absorbance 

spectra in the presence of either random coil-rich or β-sheet rich conformations of Aβ1-42, 

underscoring the sensitivity of the fluorescence method. The increases in the fluorescence 

intensity are not particularly large, and are unlikely to be of any practical use. 

Nonetheless, these were the first examples showing that BODIPY dyes are able to 

recognize soluble amyloid oligomers. 

 

3.2.2. Triazole-containing BODIPY dyes as efficient Aβ1-42 recognition motifs 

 

 In order to enhance the recognition ability of BODIPY dyes towards amyloid 

oligomers, we considered modifying the structure of the BODIPY dyes. Although a 

number of syntheses for BODIPY dyes are known,71,72 they are rarely modular in nature. 

Since the BODIPY dyes are prepared via a condensation of an aldehyde (or an acid 

chloride) and a pyrrole as the starting materials in 3 steps (or as a 1 pot reaction) in 

moderate yields,71,72 it appeared reasonable to prepare one BODIPY scaffold that would 

be suitable for subsequent functionalization using a facile reaction(s).  

 To this end, we decided to take advantage of the facile, modular nature of the 

copper-catalyzed alkyne–azide cycloaddition reaction, widely known as “click-
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chemistry.”75,76 Revered for its high efficiency, this reaction proceeds under mild 

conditions and exhibits a high tolerance to many functional groups.75 The reaction was 

also shown to be biocompatible.76 

  We have synthesized alkyne-containing BODIPY scaffolds, i.e., 3.3 and 3.4, 

suitable for subsequent functionalization into the triazole-containing dyes 3.5 and 1.1 

(Scheme 3.5). In light of their ease of synthetic accessibility and structural simplicity, 3.5 

and 1.1 were prepared as proof-of-principle dyes.  

 It should be pointed out that several triazole-containing BODIPY dyes have been 

reported.77 For example, Burgess and colleagues reported sulfonated triazole-containing 

BODIPY dyes (Scheme 3.6).77 The sulfonates were introduced to increase water 

solubility for biological applications, although the BODIPY sulfonate purification was 

noted to be quite strenuous. The triazole was utilized as a linker for the carboxylic acid 

moiety that can potentially be further elaborated into an amide bond. The triazole-tether 

was formed from an azide BODIPY derivative that was synthesized from the reduced 

nitro BODIPY derivative. The authors denoted that the triazole linkage could not be  

 

 
Scheme 3.5. Synthesis of click-BODIPY dyes.  
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synthesized via an alkyne containing BODIPY due to hydrolysis of the alkyne moiety of 

the alkyne-containing BODIPY sulfonate derivative. 

 The lack of sulfonate moieties as well as the use of an alkyne-containing 

BODIPY dye, as opposed to the azide-containing BODIPY dye, constituted the major 

differences between our and Burgess’ click-BODIPY dyes. In addition, 3.5 and 1.1 were 

synthesized in fewer steps and higher overall yields (44% and 70% respectively) in 

comparison to the triazole-containing BODIPY sulfonate derivatives; 23% overall yield 

 

Scheme 3.6. Synthesis of water-soluble BODIPY dyes.77 
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of the triazole sulfonate derivative was reported starting from 4-nitro-BODIPY77 with the 

formation of 4-nitro-BODIPY known to be low yielded (40%).78 Furthermore, none of 

the aforementioned dyes were reported as probes for conformational changes of 

biomolecules. However, neither of our dyes was water soluble. 

  Compared to 3.1 and 3.2, the solubility of 3.5 and 1.1 in both aqueous and organic 

media was decreased but still sufficient to provide final µM-range concentrations. Both 

triazole-containing BODIPY dyes aggregate in the aqueous buffer as displayed by the 

emission spectra. A shoulder at ca. 600 nm for 3.5 and an additional transition around 

612 nm for 1.1 were observed in the aqueous buffer (Figure 3.4A/B). Suggesting the 

absence of aggregates, a single transition was observed for both dyes in EtOH matching 

the absorption spectra. The spectroscopic properties of BODIPY dyes are known to be 

pH insensitive.71,72 As expected, the emission spectra of the triazole-containing dyes 3.5 

and 1.1 were also unperturbed upon change of the pH. For example, the emission spectra 

of dye 1.1 were similar in a pH 7.4 buffer (10 mM phosphate, 0.135 M NaCl, 2.7 mM 

KCl) and in pH 2.0 solution (0.1 M NaCl, HCl) (Figure 3.4C).  

  Next, we investigated the ability of the triazole-containing BODIPY dyes 3.5 and 

1.1 to interact with various conformations of soluble oligomers of Aβ1-42 peptide. As 

compared to dyes 3.1 and 3.2, 3.5 and 1.1 both allowed much improved sensitivity with 

the recognition of the unordered, random coil-rich amyloid oligomers as displayed by 

their emission intensities (Figure 3.5). With an 8-fold increase of fluorescence intensity, 

dye 1.1 appears to be superior to dye 3.5 in terms of recognizing the unordered 

conformation of Aβ1-42 soluble oligomers. As expected, the triazole-containing BODIPY  
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C 

 

Figure 3.4. Normalized emission spectra of dyes 3.5 (A) and 1.1 (B and C) in various 
media: pH 8.6 – 10 mM TRIS/ NH4OH; pH 7.4 – 10 mM phosphate, 0.137 M NaCl, 2.7 
mM KCl; pH 2.0 – 0.02 M HCl, 0.1 M NaCl. 
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 A 

 
B 

 
C 

dye ε, M-1 cm-1 λabs
max, nm λem

max, nm Φ 

3.5 29100 520 550 0.03 

1.3 28900 529 540 0.01 

Figure 3.5. Representative fluorescence spectra of 3.5 (A, λex 520nm) and 1.1 (B, λex 529nm), 1.0µM 
each, in the presence of unordred oligomeric (open symbols), β-sheet-rich oligomeric (closed symbols) 
and in the absence (solid line) of Aβ1–42, Insets: titration of the dyes into the solutions of Aβ1–42; data 
are the average of two independent preparations of Aβ1–42 ± SD. (C) Spectroscopic properties of dyes 3.5 
and 1.1. Conditions: 10mM TRIS-NH4OH, pH 8.7 (EtOH 0.23-1.16% v/v). 
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dyes offered a much higher fluorescence enhancement in the presence of ordered β-sheet-

rich Aβ1-42 soluble oligomers, similar to 3.1 and 3.2 (Figure 3.3). Approximately 25-fold 

and 35-fold emission increases were detected for 3.5 and 1.1, respectively. Importantly, 

substoichiometric ratios of 3.5 and 1.1 with respect to Aβ peptide, i.e., 25–50 molar 

excess of Aβ1-42, afforded significant enhancements of the fluorescence signal. This 

should arguably assure that the integrity of the amyloid self-assembly is retained upon 

addition of the dyes. Therefore, triazole-containing BODIPY dyes are favorably 

distinguished from widely used Thioflavin T-type dyes that generally require a large 

excess of the dye,18 which arguably might lead to perturbation of the aggregation state of 

the peptide. In addition, dyes 3.5 and 1.1 allowed for monitoring time-dependent changes 

of the amyloid peptide conformational transition (Figure 3.6). As the β-sheet-content of 

the Aβ1-42 oligomers was increasing, the emission intensity of both 3.5 and 1.1 also 

steadily increased. The time-dependent fluorescence data correlated with the CD time-

dependent spectra (Figure 3.2) and dynamic light scattering data over the same time 

period.   

 It is important to note that a lag-phase is usually observed with ThT assays17,18,69,70 

during the early stage of protein aggregation because soluble oligomers are not 

recognized by ThT (Figure 3.7).33 This lag-phase, during which no fluorescence  

enhancement of ThT is observed indicates that ThT does not recognize early, soluble Aβ 

oligomers. Notably, no lag-phase was observed with neither dye 3.5 nor 1.1 in the 

presence of Aβ1-42 species, implying that the triazole-containing BODIPY dyes can 

indeed recognize soluble conformations of Αβ1–42 oligomers.  
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Figure 3.6. Time-dependent changes of fluorescence intensity of dye 3.5 (left panel, λem 534nm, 0.53µM) 
and 1.1 (right panel, λem 540nm, 0.53µM), in the presence (closed symbols) and absence (open symbols) of 
Aβ1–42 oligomers. Data are from two independent preparations (□/■ and ◇/◆) of Aβ1–42.  
 

     
Figure 3.7. Representative time dependent Thioflavin T fluorescence spectrum in the presence of an 
amyloidogenic peptide.  
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 Our data highlighted the importance of the triazole moiety, even though its specific 

role requires further investigation. It is also noteworthy that a number of Alzheimer’s 

disease related compounds possess a triazole moiety, although the mechanism of action 

involves secretase inhibition and not direct binding to Aβ.79–81 To the best of our 

knowledge, there are no precedents that indicate that a triazole group is the major 

contributor in the recognition of amyloid oligomers. 

 We may tentatively suggest that a triazole group, which is isostructural and similar 

in planarity and distance with respect to a peptide bond (Figure 3.8),82–84 may be 

responsible for the enhanced recognition of amyloid oligomers by providing an amino 

acid–amino acid type interaction. In order to test this hypothesis, we have synthesized 

amino-acid conjugated BODIPY dyes such as N-acetyl-(D)- and N-acetyl-(L)-proline 

derivatives 3.6 and 3.7, respectively (Scheme 3.7), (L)-tryptophan derivative 3.8, and (L)-

leucine derivative 3.9 (Scheme 3.8) in moderate to high yields.  

 Preparation of the proline-containing BODIPY dyes appeared to be somewhat 

distinct from the aforementioned amino acids. The acetylated proline derivatives and 4-

amino BODIPY (Scheme 3.7) were synthesized according to literature protocols.77,85,86  

 
Scheme 3.7. Synthesis of (L)- and (D)-proline functionalized BODIPY dyes.  
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The acetylation of the proline was chosen after some experimentation, as it was found 

that (i) the amide bond forming reaction of N-(Boc)-proline BODIPY was very  

inefficient; (ii) the deprotection of both N-Boc and N-Fmoc protected proline derivatives  

failed using several general proline deprotection approaches (Scheme 3.9).87,88  

 

Scheme 3.8. Syntheses of (L)-tryptophan- and (L)-leucine-BODIPY derivatives. 

             
Figure 3.8. Isostructural properties of a triazole and an amide/peptide bond. 
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 Conversion of (L)-proline-acid chloride into the proline-BODIPY 3.10 similar to a 

reported procedure also proved unsuccessful (Scheme 3.10).89 An amide bond forming 

reaction utilizing a base will be attempted in the due course. Each of the failed reactions 

described yielded a complex mixture of non-fluoresent products.  

  Unlike the (L)-proline BODIPY derivative, the amide bond formation and 

deprotection proved quite successful for both 3.8 and 3.9 under similar conditions as 

those for the attempted deprotection of the N-protected-(L)-proline BODIPY derivatives 

(Scheme 3.8).90 In addition, the free amine of the deprotected proline-BODIPYs may act  

as a strong H-bond donor/acceptor for biomolecules, thus compromising binding 

selectivity. Because of this, acetylated (L)-tryptophan and (L)-leucine derivatives may 

also require synthesis in the future. The interactions of the amino-acid containing dyes 

with Aβ1-42 will be tested in the due course. 

 

 

 

 

 

 

3.3. Conclusions 

 

 In conclusion, we have demonstrated that the addition of the triazole moiety onto 

the BODIPY scaffolds gives dyes with the ability to unambiguously differentiate between 

a relatively benign, unordered conformation, and a neurotoxic, ordered conformation of 

  
Scheme 3.10. Unsuccessful conversion of (L)-proline-acyl chloride into BODIPY amide 3.10. 
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Aβ1-42 soluble oligomers.41 Therefore, these dyes are of potential interest as in vitro 

probes for monitoring conformational transitions of amyloid species. Notably, the 

syntheses of these triazole-containing BODIPY dyes were achieved in a facile and 

modular manner.  

 

3.4. Experimental 

 

3.4.1. Materials and methods 

 

 All chemicals and solvents were from commercial sources (Sigma-Aldrich, Acros 

or Matrix Scientific), they were of highest grade possible, and were used as received. 

Aβ1-42 (NaOH-treated preparation, was from Recombinant Peptide, Inc. (Athens, GA).91 

Milli-Q-system was used to purify water that was utilized throughout this work. Stock 

solutions of the dyes for spectroscopic measurements were prepared in EtOH (0.214 mM) 

and subsequently diluted into the aqueous buffer. For time dependent measurements the 

concentration of the EtOH-stock solutions was 0.0428 mM. 

 Absorbance and fluorescence measurements were performed on Agilent 8453 UV–

vis instrument and Shimadzu RF-5301PC, respectively, using 1 cm quartz cells with a 

resolution of 1 nm. 

 Fluorescence measurements were carried out as follows: excitation and emission 

slit widths were 3 nm and 3 nm. Samples were excited at the absorption maxima. Spectra 

were smoothed using manufacture provided software. Relative quantum yields for click-

BODIPY dyes were calculated according to the following equation: Φx = Φs 
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(As/Ax)(Fx/Fs) (nx
2/ns

2), where Φs – quantum yield of the standard; A – the absorbance 

(0.005 – 0.1 au range), F – the area under the emission curve, n – refractive index, the 

subscripts s and x are the standard and the unknown, respectively. For the quantum yield 

measurements, the dyes were excited at 490 nm, excitation and emission slits were both 

set at 3 nm. Dye 3.2 was used as a reference (Φ = 0.78, EtOH).92 

 CD spectra were acquired on a Jasco J-815 using 0.1 cm quartz cells; spectra were 

recorded at room temperature and 1 nm resolution with a scan rate of 100 nm/min; four 

scans were acquired and averaged for each sample; raw data were manipulated by 

subtraction of appropriate background spectra, followed by smoothing using 

manufacturer provided software, and the data expressed as CD intensity, mdeg. 

 NMR spectra were recorded on a Varian Mercury-300 spectrometer and chemical 

shifts are reported in part per million: 1H NMR spectra are reported relative to internal 

tetramethylsilane (δ = 0.00 ppm), chemical shifts for 13C NMR spectra are reported 

relative to CDCl3 (δ = 77.0 ppm), chemical shifts for 19F NMR spectra are not referenced. 

 Time-dependent fluorescence monitoring of Aβ1-42 aggregation: a freshly prepared 

solution of 25 µM Aβ1-42 was incubated at room temperature. Periodically, the solution 

was mixed by dispensing it with a pipette tip, and 50 µM aliquots were withdrawn and 

placed into a fluorescence cell. A dye stock solution was added (final concentration 0.26 

µM), gently mixed with the pipette and the emission spectra were recorded. The 

respective emission spectra of the dyes in the same buffer, but in the absence of Aβ1-42, 

were taken at the same time as a control. 
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Preparation of Aβ1-42 oligomers: 

 

 Aβ1-42 (NaOH-treated preparation) was stored at – 20oC; prior to experiments it was 

allowed to equilibrate at room temperature for about 45 min. Next, the peptide was 

dissolved in 1% NH4OH at 1 mg/ml concentration, sonicated for 1 min to give the Aβ1-42 

stock solution. A random coil conformation of Aβ1-42 was obtained by diluting freshly 

prepared stock into 10mM TRIS buffer (pH 7.4) followed by gentle mixing by dispensing 

it with a pipette tip (vortexing, sonication and centrifugation were avoided), to obtain 

25µM Aβ1-42 solution, pH 8.7. An ordered, β-structure-rich soluble conformation of Aβ1-

42 was obtained by incubating the above 25µM Aβ1-42 solution at room temperature for 

72-80 hours. 

 

Synthesis of 3.1: 

 

2-Ethylpyrrole (0.892 ml, 8.712 mmol), benzaldehyde (0.4 ml, 3.96 

mmol) and CH2Cl2 (57 ml) were charged into a round bottom flask, 

followed by 3 drops of TFA. The mixture was stirred under N2 at 

room temperature for 12 h. The progress of the reaction was 

monitored by TLC (silica gel, EtOAc/hexane – 3/7 v/v). DDQ (1.35 g, 5.94 mmol) was 

added in small portions. The reaction mixture was stirred under N2 at room temperature 

for 12 hours, before Et3N (3.86 ml, 27.7 mmol) and BF3•Et2O (4.9 ml, 39.6 mmol) were 

added, and the mixture was continued stirring at room temperature, under N2, for 9 hours. 

The reaction mixture was diluted with CH2Cl2 (40 ml) and washed consecutively with 
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1M HCl (2 x 80 ml), brine (100 ml) and water (2 x 100 ml). The organic layer was 

separated, dried (MgSO4) and volatiles removed in vacuo. The residue was subjected to 

column chromatography (silica gel, EtOAc/hexane – 1/4 v/v) to give the product 3.1 as 

an orange solid (0.653 g, 51% yield). 1H NMR (300MHz, CDCl3): δ = 7.47 (m, 5H), 6.73 

(d, J = 4.1Hz, 2H), 6.34 (d, J = 4.1Hz, 2H), 3.08 (q, J = 7.6Hz, 4H), 1.34 (t, J = 7.6Hz, 

6H); 13C NMR (75MHz, CDCl3): δ = 163.8, 143.1,134.5, 130.7, 130.6, 130.1, 129.6, 

129.3, 128.4, 117.5, 22.3, 13.0; 19F NMR (282MHz, CDCl3): δ = - 145.47 – -145.82 (m). 

HRMS (ESI+): calc for C19H19BF2N2Na m/z 347.1502, found: 347.1478. 

 

Synthesis of 3.2: 

 

Krypto-BODIPY 3.2 was prepared according to literature 

procedure.93 1H NMR (300MHz, CDCl3): δ = 7.50-7.47 (m, 

3H), 7.29-7.27 (m, 2H), 2.54 (s, 6H), 2.30 (q, J = 7.5 Hz, 4H), 

1.28 (s, 6H), 0.98 (t, J = 7.5 Hz , 6H);  13C NMR (75MHz, 

CDCl3): δ =  153.7, 140.2, 138.4, 135.8, 132.7, 130.8, 128.9, 128.7, 128.3, 17.1, 14.5, 

14.1, 12.5, 11.6. 19F NMR (282MHz, CDCl3): δ = -146.05 - -146.40 (m). 

 

Synthesis of 3.3: 

 

2-Ethylpyrrole (0.861 ml, 8.4 mmol), 4-ethynylbenzaldehyde 

(0.497 g, 3.82 mmol) and CH2Cl2 (55 ml) were charged into a 

round bottom flask, followed by 3 drops of TFA. The mixture 
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was stirred under N2 at room temperature for 12 h. The progress of the reaction was 

monitored by TLC (silica gel, EtOAc/hexane – 1/4 v/v). DDQ (1.73 g, 7.64 mmol) was 

added in small portions. The reaction mixture was stirred under N2 at room temperature 

for 12 h, before Et3N (3.7 ml, 26.7 mmol) and BF3•Et2O (4.7 ml, 38.2 mmol) were added, 

and the mixture was continued stirring at room temperature, under N2, for 12 hours. The 

reaction mixture was diluted with CH2Cl2 (40 ml) and washed consecutively with 1M 

HCl (2 x 80 ml), brine (100 ml) and water (2 x 100 ml). The organic layer was separated, 

dried (MgSO4) and volatiles removed in vacuo. The residue was subjected to column 

chromatography (silica gel, EtOAc/hexane – 1/4 v/v) to give the product 3.3 as an orange 

solid (0.610 g, 46% yield). 1H NMR (300MHz, CDCl3): δ = 7.60 (d, J = 7.6Hz, 2H), 7.46 

(d, J = 7.6Hz, 2H), 6.72 (d, J = 4.1Hz, 2H), 6.36 (d, J = 4.1Hz, 2H), 3.21 (s, 1H), 3.08 (q, 

J = 7.6Hz, 4H), 1.35 (t, J = 7.6Hz, 6H); 13C NMR (75MHz, CDCl3) δ = 164.2, 141.9, 

134.8, 134.2, 132.1, 130.6, 130.5, 124.1, 117.8, 83.0, 79.5, 22.3, 13.0; 19F NMR 

(282MHz, CDCl3): δ = -145.5 – -145.9 (m). HRMS (ESI+): calc for C21H19BF2N2Na m/z 

371.1502, found: 371.1481. 

 

Synthesis of 3.4: 

 

3-Ethyl-2,4-dimethylpyrrole (0.50 ml, 3.70 mmol), 4-

ethynylbenzaldehyde (241 mg, 1.85 mmol) and CH2Cl2 (53 ml) 

were charged into a round bottom flask, followed by a drop of 

TFA. The mixture was stirred under N2 at room temperature for 

12 h. The progress of the reaction was monitored by TLC (silica gel, EtOAc/hexane – 1/4 
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v/v). DDQ (630 mg, 2.78 mmol) was added in small portions. The reaction mixture was 

stirred under N2 at room temperature for 12 hours, before Et3N (1.81 ml, 12.9 mmol) and 

BF3•Et2O (2.28 ml, 18.5 mmol) were added, and the mixture was continued stirring at 

room temperature, under N2, for 6 hours. The reaction mixture was diluted with CH2Cl2 

(40 ml) and washed consecutively with 1M HCl (2 x 80 ml), brine (100 ml) and water (2 

x 100 ml). The organic layer was separated, dried (MgSO4) and volatiles removed in 

vacuo. The residue was subjected to column chromatography (silica gel, EtOAc/hexane – 

1/9 v/v) to give 3.4 as an orange solid (583 mg, 78% yield), whose spectral properties 

were consistent with proposed structure.94 1H NMR (300MHz, CDCl3): δ = 7.62 (d, J = 

8.3Hz, 2H), 7.27 (d, J = 8.3Hz, 2H), 3.19 (s, 1H), 2.53 (s, 6H), 2.27 (q, J = 7.4Hz, 4H), 

1.30 (s, 6H), 0.98 (t, J = 7.2Hz, 6H); 13C NMR (75MHz, CDCl3) δ = 154.3, 139.2, 138.4, 

136.7, 133.2, 133.0, 130.7, 128.7, 122.9, 83.3, 78.7, 17.3, 14.8, 12.8, 12.1; 19F NMR 

(282MHz, CDCl3): δ = -146.0 – -146.5 (m). 

 

Synthesis of 3.5: 

 

3.3 (18.2 mg, 0.05 mmol) and benzyl azide (7.7 mg, 0.058 mmol) 

were dissolved in DMSO (1.7 ml), and CuSO4•5H2O (1.3 mg, 

0.005 mmol) in 17 mL of water was added, followed by sodium 

ascorbate (3.1 mg, 0.016 mmol) in 16 mL of water. The reaction 

mixture was vigorously stirred for 16 h at room temperature, 

before being diluted into CH2Cl2 (20 ml), and washed consecutively with brine (2 x 20 

ml) and water (2 x 20 ml). The organic layer was dried (MgSO4), and volatiles removed 
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in vacuo to give 3.5 as an orange solid (24.4 mg, 96% yield). 1H NMR (300MHz, 

CDCl3): δ = 7.90 (d, J=7.9Hz, 2H), 7.77 (s, 1H), 7.52 (d, J=7.9Hz, 2H), 7.35 (m, 5H), 

6.75 (d, J=4.1Hz, 2H), 6.34 (d, J=4.1Hz, 2H), 5.60 (s, 2H), 3.07 (q, J=7.3Hz, 4H), 1.33 

(t, J=7.6Hz, 6H); 13C NMR (75MHz, CDCl3): δ = 163.8, 147.5, 142.5, 134.75, 134.3, 

134.1, 132.5, 131.2, 130.5, 129.5, 129.2, 128.3, 125.6, 120.3, 117.6, 54.6, 22.3, 13.0; 19F 

NMR (282MHz, CDCl3): δ = -145.4 – -145.7 (m); HRMS (ESI+): calc for 

C28H26BF2N2Na m/z 504.2142, found: 504.2143. 

 

Synthesis of 1.1: 

 

3.4 (21.9 mg, 0.054 mmol) and benzyl azide (7.9 mg, 0.06 

mmol) were dissolved in DMSO (2 ml), and CuSO4•5H2O 

(1.4 mg, 0.0054 mmol) in 19 ml of water was added, followed 

by sodium ascorbate (3.2 mg, 0.016 mmol) in 16 ml of water. 

The reaction mixture was vigorously stirred for 12 h at room 

temperature, before being diluted into CH2Cl2 (10 ml), and washed consecutively with 

brine (2 x 10ml) and water (2 x 10 ml). The organic layer was dried (MgSO4), and 

volatiles removed in vacuo. The residue was subjected to column chromatography 

(EtOAc/hexane – 1/1 v/v) to give 1.1 as a red solid (27 mg, 90% yield): 1H NMR 

(300MHz, CDCl3): δ = 7.93 (d, J = 7.9 Hz, 2H), 7.76 (s, 1H), 7.35 (m, 7H), 5.61 (s, 2H), 

2.53 (s, 6H), 2.24 (q, J = 7.3 Hz, 4H), 1.25 (s, 6H), 0.97 (t, J = 7.3 Hz, 6H); 13C NMR 

(75MHz, CDCl3): δ = 154.1, 147.8, 139.8, 138.5, 135.9, 134.7, 133.1, 131.3, 130.8, 

129.5, 129.2, 129.1, 128.4, 126.5, 120.0, 54.6, 29.9, 17.3, 14.8, 12.1; 19F NMR (282MHz, 
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CDCl3): δ = -145.9 – -146.6 (m); HRMS (ESI+): calc for C32H34BF2N5 m/z 537.2870, 

found: 537.2862. 

 

Synthesis of 3.6: 

 

A screw-cap vial was charged with p-Amino BODIPY (16 mg, 0.047 

mmol), CH2Cl2 (7 ml), and a stirring bar. Subsequently, N-acetyl-

(D)-proline (10 mg, 0.062 mmol) was added, followed by N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (18 mg, 

0.093 mmol), followed by 4-(dimethylamino)pyridine (11 mg, 0.091 mmol). The vial 

capped and stirred vigorously at room temperature for 20 h. The volatiles were removed 

in vacuo, and the residue was subjected to column chromatography (silica gel, 8:1 DCM: 

EtOH) to give 3.6 as a red solid (12 mg, 54 %). 1H NMR (300MHz, CDCl3): δ = 9.98 (s, 

1H), 7.68 (d, J = 8.25 Hz, 2H), 7.19 (d, J = 8.25 Hz, 2H), 5.96 (s, 2H), 4.80 (d, J = 7.43 

Hz, 1H), 3.4-3.7 (m, 2H), 2.6-2.75 (m, 2H), 2.54 (s, 6H), 2.19 (s, 3H), 1.9-1.81 (m, 2H), 

1.42 (s, 6H); 13C NMR (75MHz, CDCl3): δ = 172.4, 169.1, 155.6, 143.4, 141.7, 139.4, 

131.8, 130.4, 128.9, 121.4, 120.3, 60.8, 48.9, 26.5, 25.4, 22.9, 14.9, 14.8; 19F NMR 

(282MHz, CDCl3): δ = -146.6 – -146.9 (m). 

 

Synthesis of 3.7: 

 

A screw-cap vial was charged with p-Amino BODIPY (15 mg, 0.044 

mmol), CH2Cl2 (7 ml) and a stirring bar. Subsequently, N-acetyl-(L)-
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proline (9 mg, 0.057 mmol) was added followed by N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (17 mg, 0.088 mmol), followed by 4-

(dimethylamino)pyridine (11 mg, 0.091 mmol). The vial was capped and stirred 

vigorously at room temperature for 20 h. The volatiles were removed in vacuo, and the 

residue was subjected to column chromatography (silica gel, 8:1 DCM: EtOH) to give 3.7 

as a red solid (13 mg, 62 %). 1H NMR (300MHz, CDCl3): δ = 9.98 (s, 1H), 7.68 (d, J = 

8.25 Hz, 2H), 7.19 (d, J = 8.25 Hz, 2H), 5.96 (s, 2H), 4.80 (d, J = 7.43 Hz, 1H), 3.4-3.7 

(m, 2H), 2.6-2.75 (m, 2H), 2.54 (s, 6H), 2.19 (s, 3H), 1.9-1.81 (m, 2H), 1.42 (s, 6H); 13C 

NMR (75MHz, CDCl3): δ = 172.4, 169.1, 155.6, 143.4, 141.7, 139.4, 131.8, 130.4, 

128.9, 121.4, 120.3, 60.8, 48.9, 26.5, 25.4, 22.9, 14.9, 14.8; 19F NMR (282MHz, CDCl3): 

δ = -146.6 – -146.9 (m). 

 

Synthesis of 3.8: 

 

N-Fmoc-(L)-tryptophan BODIPY was dissolved in DMF 

(2 mL) followed by drop wise addition of piperidine (50 

mL) with stirring. After 1 hour, the reaction mixture was 

diluted with ethyl acetate (10 ml), and washed with brine 

(2 x 10 mL), 1M HCl (2 x 10 mL), saturated sodium 

bicarbonate (2 x 10 mL), and water (2 x 10 mL). Aqueous phases extracted with ethyl 

acetate (2 x 10 mL). Next, the organic phases were combined, dried with MgSO4, and the 

volatiles were removed in vacuo. The residue was subjected to column chromatography 

(silica gel, 8:1 DCM: EtOH) to yield 3.8 as a red solid (37 mg, 81%). 1H NMR (300MHz, 
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CDCl3): δ = 8.3 (s, 1H), 7.72 (d, J = 7.4 Hz, 2H), 7.17 – 7.46 (m, 6H), 4.08 (t, J = 4.95 

Hz, 1H), 3.4 (d, J = 4.95, 2H), 2.53 (s, 6H), 2.29 (q, J = 7.43 Hz, 4 H), 1.41 (s, 2 H), 1.3 

(s, 6 H), 0.97 (t, J = 7.43, 6 H); 13C NMR (75MHz, CDCl3): δ = 175.2, 154.3, 139.2, 

138.5, 137.2, 136.5, 135.6, 133.2, 133.0, 129.5, 129.4, 128.1, 123.9, 122.5, 120.0, 119.3, 

111.5, 110.5, 59.3, 29.9, 17.3, 14.8, 12.8, 12.0; 19F NMR (282MHz, CDCl3): δ = - 145.9 

– - 146.3 (m). 
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Chapter 4: Synthesis of iodo-triazole-containing BODIPY dyes and 

their interactions with Aβ1-42 

 

4.1. Base and concentration effects on the product distribution in 

copper-promoted alkyne azide cycloaddition: additive-free route to 5-

iodo-triazoles. 

 

4.1.1. Introduction 
 

 
  Commonly referred to as “click-chemistry,” copper-promoted and copper-catalyzed 

alkyne azide cycloaddition has become a widely utilized tool in the synthetic repertoire, 

finding numerous applications in organic, biomolecular and materials areas of 

chemistry.75,95-97 Synthetically, these cycloadditions are characterized by tolerance for 

many functional groups, high yields, and mild conditions.75,95-97 For CuI-promoted alkyne 

azide cycloadditions, a base is required in order to facilitate the formation of copper 

acetylides, the active precursor for reaction with the azides.98 In general, Et3N or i-Pr2EtN 

(Hünig’s base) have been the bases utilized for these cycloadditions performed under 

non-aqueous conditions resulting in 1,4-disubstituted 1,2,3-triazoles as major or exclusive 

cycloaddition products.99-102 Although this reaction is quite robust, varying the reaction 

conditions may sometimes alter the outcome of the reaction. For example, additives such 

as tris(benzyltriazolylmethyl)amine (TBTA) and N,N’-dimethylethylene diamine 

(DMEDA), which act as copper ligands, have a pronounced effect on the rate of this 



 
 

65 

reaction.103-105 In addition, α-hydroxy azide starting materials are noted to form 5-

alkynyl-1,4-triazole products in good yields (Scheme 4.1).105  

 

  Although the product distribution is generally believed to be insensitive to the nature 

of the base, inorganic bases such as K2CO3 and KOH have been shown to form 5-

alkynyl-1,4-triazole and 5,5’-bis-1,4-triazole products (Scheme 4.2).106 The authors also 

observed very small, not isolable, amounts of these byproducts under standard click 

reaction conditions as assessed by LC-MS. Varying the reaction conditions, such as the 

use of Cu/CuSO4 redox pair in place of CuSO4/Na ascorbate pair as well as the 

introduction of alkali bases, such as K2CO3, to the reaction mixture, afforded 5,5’-

bistriazoles as the major product. K2CO3 appeared to be the most efficient base for the 

formation of 5,5’-bistriazole products, while NaHCO3 and alkali hydroxides afforded 

predominantly 5-H-1,4-triazoles under the conditions reported. Interestingly, the 

                
Scheme 4.1. 5-alkynyl-1,4-triazole formation with α-hyroxy azide starting material. 

 
Scheme 4.2. Synthesis of 5,5’-bis-1,4-triazole and 5-alkynyl-1,4-triazole products using 
alkali bases. 
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concentration of the base was also shown to be a key factor with concentrations of K2CO3 

above 1-2 M yielding mostly 5-alkynyl-1,4-triazole products instead of 5,5’-bistriazoles, 

while concentrations of K2CO3 in the range of 1-2 M led to almost exclusive formation of 

5,5’-bistriazoles.  

 

4.1.2. Unexpected formation of 5-I-triazole under nonaqueous click reaction conditions 

 

  During the course of our studies on copper-promoted alkyne azide cycloadditions 

involving alkyne-containing BODIPY dye 4.1, we observed that when Hünig’s base was 

substituted with 4-dimethylaminopyridine (DMAP), the formation of a small amount of 

another fluorescent BODIPY product was observed in addition to the expected 5-H-1,4-

triazole product (Scheme 4.3). Interestingly, the aromatic region of the 1H NMR 

spectrum showed the absence of a 5-H singlet resonance, but possessed every other 

resonance for the 5-H triazole BODIPY. Mass spectrometric analysis revealed that the 

identity of this byproduct was the 5-iodo-1,4-triazole containing BODIPY 4.3. This 

byproduct was obtained regardless of the substitution pattern of the BODIPY core, i.e. 

tetramethyl alkyne BODIPY 4.1 or tetramethyl diethyl alkyne BODIPY 3.4. 

  From the biological and supramolecular point of view, interactions featuring C-

halogen compounds are important in modulating various recognition processes via 

halogen bonding.107 Iodine is particularly susceptible to halogen bonding compared to 

other halogens due to its large polarizability.107 Collectively, these aspects further 

increase the value of 5-iodo-triazoles.  
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   This concept made us interested in probing whether a 5-I-1,4-triazole BODIPY 

dye could engage in more efficient interaction with amyloid oligomers as well as other 

biomolecules as compared to the corresponding 5-H-congener 1.3.  

As a proof-of-principle experiment, we examined the ability of the benzyl 5-iodo-

triazole BODIPY 4.4 (Figure 4.1) to interact with Human serum albumin (HSA), insulin, 

and poly-L-lysine (MW 1-5kDa). These particular biomolecules were chosen based on 

their immediate availability and, in the case of insulin and poly-L-lysine, the similar 

molecular weight to Aβ1-42. In addition, HSA is known to have high affinity towards 

many hydrophobic organic compounds.108  

 

 

 

 
Scheme 4.3. Byproduct formation with alkyne-azide cycloaddition with DMAP as base.  
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The titration curves (Figure 4.1) show that the benzyl 5-iodo-triazole-BODIPY 

4.4 had different affinities towards the unordered, random coil-rich oligomers of Aβ1-42 

and poly-L-lysine (which also exhibited a random coil conformation). In addition, the 

fluorescence enhancement upon binding of the dye with the unordered Aβ1-42 oligomers 

was higher than the fluorescence enhancement upon interaction of the dye with insulin 

oligomers (which showed an α-helical conformation). The fluorescence of 4.4 in the 

presence of HSA (which exhibited an α-helical conformation) was similar to that of the 

ordered, β-sheet rich Aβ1-42. Some differentiation was obtained between the two at lower 

concentrations of 4.4, i.e., at 0.2 µM.  

Relatively high affinity of 4.4 toward HSA is not surprising because HSA is 

known to bind an array of hydrophobic small molecules.108 Considering that the primary 

 
Figure 4.1. Interaction of 5-I-triazole 4.4 with various biomolecules; Conditions: 25µM of each 
biomolecule; Buffer: 10mM TRIS/NH4OH (pH 8.6). 
 

HSA 

Insulin 

poly-L-lysine 

Aβ1-42 ordered 

Aβ1-42 unordered 

4.4 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use of these triazole-containing BODIPY dyes will be for structural, in vitro-type 

spectroscopic applications, a high affinity of the dyes to HSA should not be a concern. In 

addition, the fluorescence enhancement provided by 4.4 upon binding to unordered and 

ordered conformations of Aβ1-42 oligomers was found to be higher as compared to the 5-

H analogue 1.1 (Figures 3.5 and 4.1).   

   Furthermore, we probed whether the formation of 5-I-triazole was a general 

phenomenon, i.e., non-specific for the BODIPY-type substrates. Initial screening using 

model compounds revealed that DMAP was indeed responsible for the formation of the 

5-iodo-triazoles (Scheme 4.4). The ratio of the 5-H and 5-I triazoles was easily 

determined by the 1H NMR of the crude mixture. Specifically, the CH2-protons of the 5-

iodo-containing triazole appeared as a singlet at 5.8 ppm, which was found downfield 

relative to the CH2-protons of 5-H-1,4-triazole (5.7 ppm). The NMR data were in 

agreement with the spectroscopic data published for similar compounds.109 These results 

obtained with the 5-I-BODIPY 4.3 (Scheme 4.3) and the possibility of controlling the 5-

iodo-triazole formation by simply changing the base, prompted us to investigate the 

formation of 5-iodo-triazole in more detail. 

 

 

 
Scheme 4.4. Base-specific distribution of 5-R-triazoles. Conditions: [alkyne] = 1.0 M; 

ratios: alkyne/azide/base/CuI – 1.0/1.0/1.0/1.0 
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4.1.3. Literature reported syntheses of 5-iodo-triazoles 

 

  Survey of the literature110 revealed that there are no reports on the ability of DMAP, 

or any other nitrogenous organic base, to control the product distribution in the alkyne-

azide cycloadditions. However, DMAP was shown to accelerate 1,4-triazole formation 

catalyzed by copper-carbene ligands without resulting in the formation of any other 

cycloaddition products (Figure 4.2).111 In addition, iodo-triazoles are occasionally 

reported as minor byproducts in various copper-promoted alkyne azide cycloadditions.112 

  5-Iodo-triazoles are valuable synthons for a variety of reactions including Suzuki, 

Heck, and Sonogashira cross coupling products (Scheme 4.5A).113 The iodo-group is also 

suitable for lithiation and subsequent reaction with various electrophiles (Scheme 

4.5B).114  

  Reported syntheses of iodotriazoles feature an in situ iodination of the triazole 

moiety using hazardous and strongly corrosive iodine monochloride as the source of 

electrophilic iodine (I+) (Scheme 4.6).115 Such an approach is not feasible if the substrates 

of interest possess multiple nucleophilic moieties. Another alternative involves a 

combination of N- bromosuccinimide (NBS), a source of Br2, and CuI, which led to the  

 
Figure 4.2. 1,4-triazole formation catalyzed by copper-carbene ligands accelerated by 
DMAP. 
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formation of 5-iodo-1,4-triazoles (Scheme 4.7A).109 b Iodination was proposed to follow 

two possible mechanistic pathways: the first involving the formation of an electrophilic 

iodine species with  subsequent attack by the copper-complexed triazole species, and the 

second pathway involving an in situ nucleophilic aromatic substitution of 5-bromo-1,4-

triazole by I- (Scheme 4.7B).109 b Interestingly, a separate report noted that a 5-iodo-

triazole byproduct is formed from the cycloaddition of azides with bromo-alkynes to 

 
Scheme 4.6. 5-Iodo-1,4-triazole formation using ICl.115 

 

Scheme 4.5. (A) Palladium catalyzed C-C bond forming reactions from Iodotriazole starting materials.113 (B) 
Functionalization of iodo-triazole.114  
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form a mixture of 5-bromo-triazoles and 5-iodo-triazoles under similar conditions to 

those of the terminal alkyne azide cycloaddition in the presence of Br2 (Scheme 4.7C).114 

This observation suggests that both mechanisms are possible. Nonetheless, the presence 

of Br2 can potentially have undesired outcomes on substrates being utilized, such as 

alkenes. 

 Another way towards 5-iodo-triazoles involves the [3+2] cycloaddition of azides with 

 

Scheme 4.7. A) Iodo-triazole formation utilizing NBS; B) proposed mechanisms for iodo-triazole 
formation; C) Formation of a mixture of 5-iodo- and 5-bromo-1,4-triazoles using a 
bromoalkyne.109 b,114,116  
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preformed iodo-alkynes (Scheme 4.8).116 Iodo-alkynes can be synthesized from terminal 

alkynes in the presence of N-iodo-morpholinium iodide.116 However, iodo-alkynes have 

been noted to be relatively unstable species,111 potentially limiting the scope of the 

reaction. 

  Hence, an additive-free approach to the formation of the 5-iodo-triazoles from 

terminal alkynes and azides by simply switching the base, i.e., from iPr2EtN to DMAP, 

might present an interesting and potentially useful approach. 

 

 

4.1.4. Results and Discussion 

 

  In order to aid in identifying the conditions that could result in the exclusive 

formation of 5-iodo-triazoles, we decided to use 1-ethynyl-4-fluorobenzene as the alkyne  

component due to non-overlapping fluorine resonances in 19F NMR spectra. For example, 

a reaction of the alkyne with the azide produced three products, i.e., 4.5 (-113.7ppm; s), 

4.6 (-112.9ppm; s) and 4.7 (-108.9ppm; s), and evaluation of the 19F NMR spectra 

allowed for an unambiguous identification of product distributions (Table 4.1). The use  

    

 

Scheme 4.8. 5-Iodo-1,4-triazole formation from preformed iodo-alkyne starting material.116  
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Table 4.1. Base and concentration effects on the 5-iodo-triazole formation.a 

                   

Product distribution, %b Entry Base [alkyne], mM 
4.5 4.6 4.7 

1 DMAP 1000 88 12 - 

2 DMAP 35 64 30 6 

3 DMAP 3.5 21 58 21 

4 DMAPc 3.5 - 23 77 

5 DMAPd 3.5 - 44 56 

6 DMAPe 3.5 - 96 4 

7 Pyridine 1000 84 16 - 

8 Pyridine 3.5 76 24 - 

9 DMA 1000 100 - - 

10 DMA 35 100 - - 

11 DMA 3.5 36 64 - 

12 iPr2EtN 1000 100 - - 

13 iPr2EtN 35 100 - - 

14 iPr2EtN 3.5 100 - - 

a Ratios: alkyne/azide/base/CuI – 1.0/1.0/1.0/1.0; b Determined by 19F NMR on a crude reaction 
mixture; c Ratios: alkyne/azide/base/CuI – 1.0/1.5/1.0/1.0; d Ratios: alkyne/azide/base/CuI – 
1.0/3.0/1.0/1.0; e Ratios: alkyne/azide/base/CuI – 1.0/3.0/0.3/1.0. 
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of 4-Br substituted benzyl azide, along with the p-substituted phenyl acetylene, allowed 

for the simplification of the 1H NMR aromatic region. 

  We screened a range of conditions, including common aromatic bases that are 

structurally related to DMAP, such as pyridine and N, N-dimethylaniline (DMA) (Table 

4.1). It was found that the formation of the iodo-triazole 4.6 correlated with the alkyne 

concentration in the reactions using DMAP. 5-I-triazole 4.6 became the major 

cycloaddition product as the concentration of the alkyne decreased from 1.0 M to 3.5 

mM) (Table 4.1, entries 1-3). Although iodine in CuI is non-electrophilic, one of the 

possible routes for the formation of 5-I-triazoles could involve iodination of 5-H-triazole 

by CuI. To eliminate this possibility, we investigated the distribution between 4.5 and 4.6 

as a function of time. Using equimolar amounts of the azide, DMAP and CuI at both 1 M 

and 3.5 mM concentrations of the alkyne, the ratio of these triazoles was found to be time 

independent. At 3.5 mM, no 5-H-triazole was detected at any time point. In addition, 4.5 

treated with an equimolar mixture of DMAP and CuI for 20 h gave no 5-I-triazole 4.6 

and 4.5 was recovered unchanged. Based on these results, we can speculate that the 

formation of 5-I-triazole may take place via a distinct Cu-intermediate that is stabilized 

by DMAP due to the strong coordination ability and reduced steric bulk in comparison to 

i-Pr2EtN. 

  The effect of both pyridine and DMA resembled that of DMAP, although neither 

was as efficient in advancing the formation of 5-I-triazole 4.6 (Table 4.1, entries 7-11). 

For example, DMA afforded 5-I-triazole as the major cycloaddition product at 3.5 mM 

concentration. However, an appreciable amount of 5-H-triazole still formed and the 

conversions with DMA and pyridine were inferior to those of DMAP. Consistent with the 
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fact that both DMA and pyridine are weaker bases than DMAP, neither DMA nor 

pyridine promoted the formation of diyne 4.7. iPr2EtN was completely insensitive to any 

concentration variations (Table 4.1, entries 12-14). Therefore, DMAP was the base of 

choice for promoting the formation of 5-I-triazoles. Notably, CuI-mediated cycloaddition 

between phenylacetylene and benzyl azide, i.e., non-electronically biased substrates, 

correlated well with the trends observed in Table 4.1. 

  Next, we varied the CuI content, while using DMAP as the base. Not surprisingly, 

decreasing the amount of CuI led to inferior conversions. An increase of CuI to 2.0 eq. 

had no apparent impact on the rate of formation of the iodo-triazole 4.6. Substituting CuI 

with CuCl proved to be inefficient in advancing the cycloaddition.  

  Furthermore, varying the solvent, while using DMAP as the base, had a negligible 

effect on the distribution between 4.5 and 4.6. After performing the reaction in CH3CN, 

THF, and DMSO, it appeared that CH3CN was the most efficient solvent in terms of the 

product distribution and conversion. 

  We were then able to identify that the concentration of the azide was an additional 

factor in aiding the formation of the 5-iodo-triazole product. In dilute solution (3.5 mM 

alkyne) with 1.5 eq. of the azide, the formation of 4.5 was suppressed entirely, yielding 5-

I-triazole 4.6 as the exclusive cycloaddition product (Table 4.1, entry 4).  

  Unfortunately, these conditions also promoted the homocoupling of the alkyne 

yielding the diyne 4.7 as the major product (entry 4). This side reaction has been reported 

for some Cu-catalyzed and Cu-promoted alkyne azide cycloadditions,100,117 although the 

effect of the base and/or concentration was not examined. Since the diyne formation is 

promoted by oxygen-rich atmosphere,123 we performed reactions using degassed CH3CN 
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and/or under inert atmosphere (N2). However, the amount of the diyne produced was 

largely unaffected under these alternate conditions.  

  Nonetheless, increasing the amount of the azide to 3.0 eq. (Table 4.1, entry 5) 

increased the amount of 4.6, while the amount of the diyne 4.7 was decreased.118-121 

Interestingly, in the absence of the azide, DMAP promoted a clean formation of the  

diynes 4.8 and 4.9 in high yields (Scheme 4.9). Even though the rates of this 

transformation were slower as compared to literature examples, fewer reagents as well as 

conditions that do not require an oxygen-rich atmosphere and/or strong electrophile may 

prove useful in certain cases. For example, terminal alkynes may be efficiently coupled 

over 24-36 hours using 2 mol% CuCl, the nitrogenous base 1,8-diazabicyclo[5.4.0]undec-

7-ene, and 1.5 mol% TMEDA under air or oxygen-rich atmosphere.119 As mentioned 

earlier, under our conditions the diyne 4.7 was formed even in oxygen-free atmosphere.  

 

  In addition, the reaction conditions involving CuI, NBS, and DIPEA for the 

formation of 5-iodo-1,4-triazoles also reported to readily form alkyne homocoupled 

products in the absence of azide (Scheme 4.10).118 Again, the presence of Br2 may be 

unfavorable for certain terminal alkynes possessing other functionalities such as alkenes, 

for example.  

                            
Scheme 4.9. DMAP promoted diyne formation 
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  In order to suppress the formation of 4.7, we varied the amount of DMAP. Higher 

concentrations of DMAP led to the increased amounts of 4.7. This was expected due to 

an enhanced rate of deprotonation of 4-fluorophenylacetylene. Contrastingly, 0.3 eq. of  

DMAP significantly reduced the formation of 4.7 (Table 4.1, entry 6). Although the rate 

of the reaction was inhibited, 5-I-triazole 4.6 was able to form as the major product and 

as the only cycloaddition product.  

  Even though the exact mechanism of a typical CuI-catalyzed/promoted alkyne azide 

cycloaddition remains debatable,75,98 our optimization studies (Table 4.1), taken together 

with literature reports, provide  some mechanistic insight regarding the formation of 5-I-

triazoles (Scheme 4.11). It is established that copper-complexes form aggregates of 

varying degrees.122 Therefore, it is likely that at higher concentrations, aggregates A may 

be responsible for the 5-H triazole formation. It is plausible that with dilution, the Cu-

acetylide complexes disaggregate and form a bis-copper acetylide species B (Scheme 

4.11). Complex B may in fact be the culprit for the formation of diyne 4.7 (Table 4.1), 

leading to diyne 4.7 as the major product in dilute media. This mechanistic step is 

supported by the proposed mechanism for terminal alkyne homocoupling, known as the 

      

  
Scheme 4.10. Diyne formation using Cu(I)/N-bromosuccinimide .118  
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Glaser alkyne homocoupling (Scheme 4.11).123 It appears that DMAP, a strongly 

coordinating, sterically unbiased ligand compared to iPr2EtN, assists in stabilization of 

B.124 In agreement with this proposal, a decrease in alkyne homocoupled product 

formation was aided by decreasing the amount of DMAP. It is likely that due to the  

increased steric bulk of iPr2EtN compared to DMAP, the stabilization of complex B is 

not very efficient, which prevents diyne 4.7 formation. 

  It is also known that azides may act as ligands for copper complexes.125 The azide 

complexation is more sterically demanding than DMAP ligation and, therefore, an 

increase in the amount of azide may disrupt complex B, advancing the formation of 

complex C. The relative inability of both pyridine and DMA to stabilize complex B 

allows the azide to compete more readily for the coordination site and thus leading to C. 

Because similar types of bis-copper complexes have been proposed in the formation of 

 
Scheme 4.11. Proposed mechanism for 5-H- and 5-I-1,4-triazole formation.  
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triazoles, perhaps complex C is a bis-copper complex as well.75,98 The ensuing cascade 

from complex D to E to F would lead to the formation of the 5-I-triazoles. Each of these 

three complexes is very similar to complexes suggested for the formation of the 5-H 

triazoles.75,98 Lastly, DMAP, pyridine and DMA may provide extra stabilization of all or 

any of complexes D, E and F resulting in a possible intramolecular delivery of iodine 

yielding 5-iodo-triazole 4.6. Apparently, iPr2EtN does not possess the same ability as the 

aforementioned bases to stabilize D, E, and/or F, thus leading exclusively to 5-H-triazole 

4.5.  

  Utilizing the optimized conditions, we examined the scope of DMAP-controlled 

alkyne azide cycloaddition (Table 4.2). Expectedly, the reaction rates were slow because 

of the low concentrations required in order to achieve an exclusive 5-I-triazole formation. 

However, the product distribution was found to be time-independent, and therefore, we 

Table 4.2. Syntheses of 5-I-1,4-triazoles.a 

                              
 

Entry Compound R1 R2 Isolated yield, % 

1b 4.10 H C6H5 77 

2 4.11 Br 4-F-C6H4 24 

3 4.12 4-MeO C6H5 37 

4 4.13 4-NO2 C6H5 65 

5c 4.14 4-NO2 C6H5 78 

6 4.15 H iPr 0 

7 4.16 Br iPr 0 

a Conditions: [alkyne] = 3.5 mM, ratios: alkyne/azide/DMAP/CuI – 1.0/2.0/0.3/1.0; b Reaction 
time 48 h; c 3.0 eq of azide. 
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increased the reaction times to 3 days, which resulted in appreciable conversions in some 

cases. The chromatography-free removal of the unreacted starting materials and reagents 

gave the iodo-triazoles in low to moderate yields (Table 4.2, entries 1-4). Increasing the 

amount of the azide from 2.0 eq. to 3.0 eq. had a minor influence on the yield (Table 4.2, 

entries 4 and 5). In addition, 3-methyl-1-butyne failed to react, and only the unreacted 

starting materials were recovered (Table 4.2, entry 6 and 7). Preliminarily, it can be 

suggested that this reaction is not suitable for aliphatic alkynes, although the steric effects 

of the i-Pr group could not but ruled out, and an extended scope of alkynes should be 

investigated. 

  We subsequently examined whether the above conditions would be suitable for 

propargyl-containing substrates (Table 4.3). These reactions turned out to be less efficient 

in comparison to the arylacetylene series (Table 4.2). Nonetheless, the unreacted starting 

Table 4.3. Syntheses of 5-iodo-1,4-triazoles from propargyl-containing substratesa 

                   
Entry Compound R1 R2 Isolated Yield, %a 

1 4.17 NO2 H 22 

2 4.18 MeO H 12 

3 4.19 tBu NO2 34 

4 4.20 H MeO 39 

5 4.21 NO2 MeO 23 

6 4.22 MeO MeO 33 

a [alkyne] = 3.5 mM, ratios: alkyne/azide/DMAP/CuI – 1.0/1.0/1.0/1.0 



 
 

82 

materials may be easily recovered using flash column chromatography. DMAP along 

with a low alkyne concentration were still the determining factors for the iodo-triazole 

formation. Interestingly, no alkyne homocoupling products were observed throughout 

this series. The effects of solvent as well as the concentrations of DMAP and CuI were 

virtually identical to the results obtained with 4-fluoro-phenylacetylene.  

  Overall, the identity of the organic base and the concentration of the alkyne in the 

CuI-promoted alkyne azide cycloaddition reaction were identified as the key factors in 

determining the product distribution. 5-I-triazoles were obtained as the only 

cycloaddition products by using an excess of the azide, low concentrations of the alkyne, 

and DMAP as a base.  

 

4.2. Aβ1-42 interactions with 5-iodo-triazole containing BODIPY dyes 

  
4.2.1. Introduction 
 
 
 We have discovered the ability of triazole-containing BODIPY dyes to recognize 

soluble oligomeric forms of Aβ1-42.41 BODIPY dyes 3.5 and 1.1 afforded approximately 

25-fold and 35-fold fluorescence increases, respectively, in the presence of Aβ1-42 (Figure 

3.5). Substoichiometric ratios of 3.5 and 1.1 with respect to Aβ1-42, i.e., 25–50 molar 

excess of Aβ1-42, were sufficient for drastic fluorescence signal enhancements. It is 

plausible that small amounts of dyes added to the solution containing Aβ oligomers, 

would not perturb the structural integrity of the amyloid self-assembly, and would 

therefore be useful in assessing the aggregation of amyloid oligomers. 
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Furthermore, during the syntheses of triazole-containing BODIPY dyes 3.5 and 

1.1, it was observed that under non-aqueous conditions with DMAP as the base, a small 

amount of 5-iodo-1,4-triazole BODIPY dye 4.4 was obtained. This iodo-click-BODIPY 

dye exhibited strong interaction with a variety of amyloidogenic species (Figure 4.1). 

Optimization of reaction conditions using model compounds revealed that using DMAP 

and low concentrations of the alkyne resulted in the exclusive formation of 5-iodo-

triazoles.  

Based on these preliminary results, a more extensive investigation of the structure 

activity relationship of triazole-containing BODIPY dyes with amyloid oligomers was 

undertaken. 

 

4.2.2. Results and Discussion 

 

 In search of more sensitive click-BODIPY dyes, we set out to explore the effect 

of 5-H vs 5-I substitution on the triazole-containing dyes (Figure 4.3). This would ensure 

that any difference in the fluorescence intensity upon interaction with Aβ1-42 would be 

attributed to the presence/absence of an iodo-group, which might be due to the possibility 

of additional I-π-interactions, for example. Amyloidogenic conformations of 

biomolecules contain a high β-sheet content, which is hydrophobic in nature, and thus it 

was envisioned that incorporation of hydrophobic, aromatic residues onto the BODIPY 

scaffold would aid in the interaction with ordered, β-sheet-rich amyloid oligomers. This 

concept guided our choice of phenyl, naphthyl, anthracyl and pyrenyl moieties to be 

incorporated onto the alkyne BODIPY scaffold (Figure 4.3).  
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Using our established methodology,126 we envisioned that the synthesis of these 

dyes could be executed by first preparing the alkyne-containing BODIPY dyes, followed 

by a reaction with various aralkyl azides using the copper-promoted/catalyzed [3+2] 

cycloaddition reaction. The scaled-up alkyne-containing BODIPY 4.1 (Scheme 4.12) 

synthesis was carried out using 9.7 mmol of 2,4-dimethylpyrrole and 4.35 mmol of 4-

ethynylbenzaldehyde in a similar manner as that for alkyne containing BODIPY dyes 3.3 

and 3.4. 2,4-Dimethylpyrrole was chosen for the potential subsequent  

 

 

                         
 
Figure 4.3. Target BODIPY dyes for synthetic and Aβ1-42 binding studies. 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functionalization of the 2 and 6 positions of the pyrrolic moieties on the BODIPY core 

via iodination followed by cross-coupling sequences (Scheme 4.13).127 

The aralkyl azides (RCH2N3) were prepared from the corresponding benzyl, 

naphthalenylmethyl, anthracenylmethyl, and pyrenylmethyl halides and NaN3 according 

to a standard protocol.109 a In view of the successful incorporation of an iodo-group onto 

the triazole in modest to good yields by simply adjusting the concentration and the nature 

of the base in a set of model substrates,126 we anticipated that similar conditions could be 

applied for the formation of 5-iodo-click BODIPY dyes.  

Utilizing DMAP as a base under non-aqueous conditions, we attempted to 

synthesize the 5-I-click-BODIPY dye 4.3 via the reaction between alkyne 4.1 and benzyl 

azide. It was previously described that CH3CN afforded the best conversions of 5-iodo-

 
Scheme 4.13. Potential Iodination and cross-coupling sequence for triazole containing 
BODIPYs using an established methodology. 

 
Scheme 4.12. Synthesis of alkyne BODIPY 4.1. 
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triazoles for the Cu-mediated synthesis. Because the solubility of BODIPY dyes was 

limited in many organic solvents, including CH3CN, the highest concentration of the dye 

in CH3CN that may be utilized was set to 0.3 M. At this concentration, with Et3N as a 

base, the formation of only 5-H-1,4-triazole BODIPY dyes was observed. On the other 

hand, when DMAP was used as a base, a mixture of the 5-I-1,4-triazole BODIPY 4.3 and 

5-H-1,4-triazole BODIPY 4.2 was obtained.  

In contrast to conditions for the reaction of benzyl azide with the acetylene-

containing substrates in our model study (Table 4.1, entry 3),126 the alkyne-containing 

BODIPY 4.1 gave exclusively the alkyne homocoupled product 4.29 and no 

cycloaddition products were detected (Scheme 4.14, Top). Based on the mechanistic 

proposal (Scheme 4.11), it is plausible that the size of the BODIPY prevented the 

approach of the azide to the dimeric copper-acetylide, thus producing the diyne.109 b 

However, increasing the reaction concentration to 35 mM and amount of benzyl azide to 

1.5 eq. produced dye 4.3 as the only product (Scheme 4.14, Bottom).  

 Similar reactions of alkyne 4.1 at 35 mM CH3CN and 1 eq. of DMAP with 1.5 eq. 

of corresponding azide were carried out in order to synthesize 5-I-1,4-triazole-containing 

dyes 4.24, 4.26 and 4.28 as shown in Schemes 4.15, 4.16, and 4.17, respectively. 

Interestingly, only the benzyl azide (Scheme 4.14) and pyrenylmethyl azide  
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(Scheme 4.17) resulted in 5-iodo-containing dyes as the only cycloaddition products, 

with the yields of the benzyl dye 4.3 and pyrenylmethyl dye 4.28 being 72% and 21%, 

respectively; the remainder of the reaction mixture being unreacted starting material.  

 Notably, the solubility of 4.28 was significantly decreased in organic solvents, 

including ethanol, CH3CN, acetone, and ethyl acetate, with exception to dichloromethane 

 
Scheme 4.15. Synthesis of naphthalenylmethyl 5-I-1,4-triazole BODIPY 4.24 and naphthalenylmethyl 5-
H-1,4-triazole BODIPY 4.23. 
 

 
Scheme 4.14. Synthesis of BODIPY diyne 4.29 (top) and synthesis of benzyl 5-I-1,4-triazole BODIPY 
4.3 (bottom).  
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and dimethylsulfoxide, albeit still at low mM-range concentrations. Nonetheless, the poor  

solubility of 4.28 allowed for a chromatography-free purification of the dye by simply 

washing the crude reaction mixture with hot ethanol.  

 Under the aforementioned reaction conditions, cycloadditions leading to the 

formation of the naphthylenylmethyl BODIPY dye 4.24 and anthracenylmethyl BODIPY 

dye 4.26 were accompanied by the formation of 5-H-1,4-triazoles as well. The reaction of 

naphthylenylmethyl azide with the alkyne 4.1 gave a 2 to 1 mixture of 5-I-1,4-triazole 

4.24 and 5-H-1,4-triazole 4.23 (Scheme 4.15). On the other hand, the reaction of the 

anthracenylmethyl azide with the alkyne 4.1 produced a 1 to 1 mixture of 5-I-1,4-triazole 

 
Scheme 4.17. Synthesis of pyrenylmethyl 5-I-1,4-triazole BODIPY 4.28. 
 
 

 
Scheme 4.16. Synthesis of anthracenylmethyl 5-I-1,4-triazole BODIPY 4.26 and anthracenylmethyl 5-
H-1,4-triazole BODIPY 4.25. 
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4.26 and 5-H-1,4-triazole 4.25 (Scheme 4.16). Although the selectivity of the reaction 

was decreased, the efficiency of the reaction remained unchanged as in both cases the 

cycloaddition products were obtained in moderately high yields. 

It is apparent that our general procedure for 5-I-1,4-triazole formation appeared to 

be quite substrate-sensitive. It is plausible that by adjusting the concentration of the 

substrates, the 5-I-1,4-triazole-containing BODIPY dyes could be obtained as the 

exclusive cycloaddition products even with the naphthylmethyl and anthracenylmethyl  

azides. However, because the 5-I dyes were isolated (in case of 4.24 and 4.26 dyes via 

column chromatography) in quantities that were sufficient for the evaluation of their 

interactions with amyloid oligomers, no further optimization studies were carried out.  

The 5-H-containing BODIPY dyes 4.2 (Scheme 4.18) and 4.27 (Scheme 4.19) 

were synthesized with a method similar to the standard protocol originally reported by 

Sharpless and co-workers128 and were obtained in high yields after flash chromatography.  

 

 

 

 

 
Scheme 4.18. Synthesis of benzyl 5-H-1,4-triazole BODIPY 4.2. 
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Table 4.4. Absorbance and emission maxima of 5-H- and 5-I-triazole BODIPY dyes  

Dye Solvent λmax
ab, nm λmax

em, nm 

4.2 PBSa  503 506 

4.2 DMSO 501 509 

4.3 PBS 503 506, 608 

4.3 DMSO 501 510 

4.23 PBS 507 530, 600 

4.23 DMSO 505 509 

4.24 PBS 507 532, 607 

4.24 DMSO 505 509 

4.25 PBS 505 509, 559 

4.25 DMSO 506 531 

4.26 PBS 500 510 

4.26 DMSO 501 511 

4.27 PBS 507 532, 597, 657 

4.27 DMSO 501 510 

4.28 PBS 505 507, 601 

4.28 DMSO 501 510 
a – 10 mM PBS buffer (pH 7.4). 

 
Scheme 4.19. Synthesis of pyrenyl 5-H-1,4-triazole BODIPY 4.27. 
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 The spectroscopic properties of the entire series of click-BODIPY dyes were then 

assessed (Table 4.4). The 5-I-1,4-triazole-containing dyes possessed significantly lower 

solubilities as compared to the corresponding 5-H-triazole BODIPYs. In fact, the 

restricted solubility of benzyl-5-I-triazole BODIPY 4.3 and pyrenylmethyl-5-I-triazole 

BODIPY 4.28 dyes even prevented obtaining an unambiguous 13C NMR spectra in either 

CHCl3 or DMSO, because the long accumulation times led to the precipitation of the dye, 

resulting in low signal to noise ratios.  

 In order to assess the absorbance and fluorescence spectral properties, 5-H- and 5-

I-triazole-containing dyes were solubilized in DMSO at 0.1 mM concentration, followed 

by dilution into either PBS (10mM phosphate, pH 7.4) or DMSO to a final concentration 

in the range of 0.1 – 1 µM. Every dye exhibited a bathochromic shift in PBS buffer 

(λmax
abs ca. 510nm) with respect to DMSO (λmax

abs ca. 500nm) regardless of the identity 

of the R-group. Emission spectra also showed that the dyes exist as aggregates in PBS 

buffer. In general, if the absorbance and excitation spectra of a dye mimic the emission 

spectrum, it is believed that the dye is present in a non-aggregated form.72,129 A single 

transition in the emission spectrum was noted for all dyes in DMSO, similar to the 

absorbance spectra, signifying an absence of aggregates. Interestingly, even though the 

relationship of the excitation/emission spectra with the presence of aggregates is widely 

utilized in literature,72,129 fluorescence spectroscopy may not be used as the only test for a 

dye’s aggregation state. For example, even though the emission spectrum of 5-H-1,4-

triazole BODIPY dye 1.1 in EtOH exhibited a single transition, dynamic light scattering 

studies (performed by Dr. Onofrio Annunziata, TCU) showed that 1.1 is present in an 

aggregated form in EtOH.  
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 With the set of dyes at hand, we assessed their interactions with soluble Aβ1-42 

oligomers which were prepared according to our reported procedure.22 The ability of the 

dyes to interact with amyloid oligomers was assessed by measuring the fluorescence of 

the dye in the presence of unordered or ordered, Aβ1-42 species, i.e., F, and compared to 

the fluorescence of the dye in the absence of Aβ1-42, i.e., Fo. The data were displayed as 

F/Fo.  

In the case of the benzyl-containing click-BODIPY dyes, the 5-I-dye 4.3 

exhibited a 5-fold higher affinity toward both unordered and ordered conformations of 

soluble Aβ1-42 oligomers as compared to the 5-H-analogue 4.2.  

Upon examining the fluorescence spectra of both 5-H and 5-I benzyl-containing 

dyes (Figure 4.4), it became apparent that the fluorescence of the 5-I BODIPY dye 4.3 

was about 5 times lower than that of the 5-H analogues. In other words, the presence of  

the iodine-group decreases the quantum yield of the dye by about 5-fold. Nonetheless, 

 

Figure 4.4. Fluorescence spectra of 5-H-triazole BODIPY 4.2 (dotted line) and 5-I-triazole BODIPY 4.3 
(thick solid line). Inset: Interaction of 4.3 (squares/dashed lines) and 4.2 (diamonds/solid lines) dyes with 
unordered (open shapes) and ordered (solid shapes) oligomers of Aβ1-42 (25µM). 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halogens may provide additional recognition motifs with biomolecules due to halogen-π 

bonding interactions.107 Since both dyes bind equally well to the amyloid oligomers, the 

fluorescence increase (F/Fo) appeared larger for 4.3.  

 It was shown previously (Figure 4.4) that the benzyl 5-I-triazole 4.3 possesses an 

approximately 3-fold greater sensitivity towards ordered, β-sheet rich Aβ1-42 oligomers as 

compared to the 5-H analogue. On the other hand, naphthalenylmethyl 5-H- and 5-I dyes 

4.23 and 4.24, respectively, showed comparable affinity for ordered, β-sheet-rich soluble 

oligomers of Aβ1-42 (Figure 4.5). However, 4.24 did display a larger fluorescence 

response than the 5-H analogue 4.23 in the presence of an unordered, random coil-rich 

Aβ1-42 species.  

 The anthracenylmethyl triazole BODIPY dyes presented an interesting paradigm 

(Figure 4.6). While the anthracenylmethyl 5-H-triazole BODIPY 4.25 displayed a 

fluorescence saturation in the presence of both unordered and ordered Aβ1-42 

conformations (a phenomenon consistent with the spectroscopic data obtained for the 

                                

   

Figure 4.5. Interaction of 5-I- vs. 5-H-triazole containing BODIPY dyes 4.24 (circles/solid lines) and 
4.23 (diamonds/dashed lines), respectively, with unordered (open symbols) and ordered (solid symbols) 
oligomers of Aβ1-42 (25µM). 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benzyl- and the naphthalenylmethyl-containing dyes), the anthracenylmethyl 5-I-triazole 

dye 4.26 displayed a continuous, virtually linear increase of the fluorescence response, 

giving a 60-fold fluorescence enhancement in the presence of ordered, β-sheet rich Aβ1-42 

oligomers at a 25 to 1 amyloid to dye ratio.   

 Interaction of pyrene-containing click-BODIPY dyes appeared even more 

complex. The 5-H-BODIPY dye 4.27 displayed a typical fluorescence saturation between 

0.4 – 0.6 µM upon interaction with either random coil-rich or β-sheet oligomers (Figure 

4.7). However, the 5-I congener exhibited a linear response in the presence of the 

unordered oligomers. This behavior was reminiscent to that of 4.26. However, unlike 

4.26 – ordered Aβ1-42 oligomers display a linear profile, dye 4.28 exhibited a saturation 

behavior similar to other iodo-triazole-containing dyes. Also, in this pair of dyes, i.e., 

4.27 and 4.28, the 5-H-triazole 4.27 displayed a more pronounced affinity for both the 

unordered and ordered Aβ1-42 oligomers compared to the 5-I-triazole analogue 4.28. 

 

Figure 4.6. Interaction of 5-H- vs. 5-I-triazole containing BODIPY dyes 4.25 (diamonds/solid lines) and 
4.26 (squares, dashed lines), respectively, with unordered (open symbols) and ordered (solid symbols) 
oligomers of Aβ1-42 (25µM). 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Notably, 4.27 gave a greater fluorescence enhancement in the presence of the unordered 

Aβ1-42 oligomers than did 4.28 in the presence of the ordered, β-sheet rich Aβ1-42 

oligomers.  

 It should be pointed out that anthracene and pyrene are intrinsically fluorescent. 

Therefore, if the emission signals of these fluorescent moieties overlap with the 

excitation signal of BODIPY, a so-called through space energy transfer known as Förster 

resonance energy transfer (FRET) may be observed (Figure 4.8). If the two fluorophores 

                 
Figure 4.8. Fluorescent cassette potentially utilizing both energy transfer mechanisms. 
 

 

Figure 4.7. Interaction of 5-I- vs. 5-H-triazole containing BODIPY dyes 4.28 (diamonds, dashed lines) 
and 4.27 (circle/solid lines), respectively, with unordered (open shapes) and ordered (solid shapes) 
oligomers of Aβ1-42.    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are conjugated, then a through bond energy transfer may also be observed. This will lead 

to a fluorescence cassette system where upon excitation of one of the fluorophores, an 

emission of the BODIPY at 512 nm would occur.130  

The possibility of the energy transfer was evaluated for the pyrene-containing 

dyes, i.e., 4.27 and 4.28 (Figure 4.9). It should be noted that the excitation of the pyrene 

fluorophore was done at the absorbance maximum of the pyrene group, whereas the 

excitation of the BODIPY fluorophore was done ca. 30 nm away from the absorbance 

maximum. This was done due to the fact that BODIPY dyes have emission maxima in a 

fairly close proximity (about 10) away from the absorption maxima.  

In the case of the pyrenylmethyl 5-H click-BODIPY dye 4.27, an efficient FRET 

is observed, since the emission intensities of the BODIPY moiety were found to be very 

similar upon excitation of either pyrene or BODIPY fluorophores (Figure 4.9). On the 

contrary, FRET in the 5-I click BODIPY dye appeared to be less efficient as a 3 fold 

decrease in emission intensity at 510 nm was observed upon excitation of the pyrene 

fluorophore as compared to the direct excitation of the BODIPY. However, the situation 

 
Figure 4.9. Overlaid emission spectra of 5-I-triazole BODIPY 4.28 (solid lines) and pyrenylmethyl 5-H-
triazole BODIPY 4.27 (dashed lines) containing BODIPY dyes with excitation at A: the BODIPY, λex = 
475 nm, and B: the pyrene moiety, λex = 343 nm. 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drastically changed in the presence of the unordered amyloid oligomers (Figure 4.9). 

Irrespective of whether the iodo-substituent was present or not, the emission intensities at 

510 nm were closely matched, regardless of the excitation wavelength, i.e., 343 or 475 

nm. Qualitatively similar results were obtained in the presence of the ordered Aβ1-42 

oligomers. In order to rationalize the observed phenomena, qualitative evaluation of 

FRET is required. Although, these experiments were not performed here, due to the lack 

of facilities to obtain time-resolved measurements, our result clearly indicated that FRET 

is not suppressed by oligomeric forms of amyloid species. 

Overall, the benzyl 5-I-triazole BODIPY 4.3 displayed the greatest sensitivity 

towards soluble Aβ1-42 oligomers with a 60-fold F/Fo value at 0.5 µM. No general trend 

for 5-I- vs. 5-H-triazole analogues could be established as benzyl 5-I-triazole BODIPY 

4.3 possessed greater sensitivity towards Aβ1-42 oligomers than its 5-H analogue while 

the pyrenyl 5-H-triazole 4.27 displayed a greater fluorescence emission in the presence of 

Aβ1-42 oligomers than its 5-I-triazole analogue, with naphthalenylmethyl- and 

anthracenylmethyl-triazole-BODIPY dyes displaying similar affinities toward Aβ1-42 

oligomers regardless of the 5-H- or 5-I- group present. An affinity trend with respect to 

the aryl substituents on the triazole-containing BODIPY dyes was also difficult to 

establish for 5-H-triazole BODIPYs, although a trend was apparent for the 5-I-triazole 

BODIPYs with F/Fo values shown to decrease with increasing size of the aryl substituent 

at the 1-poisition on the triazole ring.   

 

 

 



 
 

98 

4.3. Conclusions 

 

 A novel methodology for the synthesis of 5-I-1,4-triazoles was developed.126 It was 

expanded and modified for the synthesis of 5-I-1,4-triazole-containing BODIPY dyes as 

fluorescent probes for Aβ1-42 oligomers. The benzyl 5-I-1,4-triazole containing BODIPY 

dye 4.3 displayed the greatest fluorescence enhancement of the entire series of 

compounds upon binding to the β-sheet rich conformation of Aβ1-42. These dyes, and 4.3 

in particular, may potentially be utilized as in vitro probes for monitoring conformational 

transitions of amyloidogenic peptides and proteins. 

 

4.4. Materials and Methods 

 

 All reagents and solvents were from commercial sources (Sigma-Aldrich, Acros, 

Matrix Scientific, or Alfa Aesar). They were of the highest grade possible and were used 

as received. Azides were prepared from the corresponding bromides upon reaction with 

NaN3 in DMSO. Reactions were monitored by TLC (silica gel 60 F254) and the spots 

were visualized by UV or I2. Column chromatography was performed using silica gel 

(230-400 mesh). NMR spectra were recorded on a Varian Mercury-300 spectrometer, and 

chemical shifts are reported in parts per million. For 1H NMR, spectra are reported 

relative to internal tetramethylsilane (δ = 0.00 ppm). Chemical shifts for 13C NMR 

spectra are reported relative to CDCl3 (δ = 77.0 ppm) or DMSO (δ = 39.52 ppm), and 

chemical shifts for 19F NMR spectra are not referenced. High-resolution mass spectra 

(HRMS) were measured under EI, direct probe conditions.
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Milli-Q-system was utilized to purify water that was used throughout this work. 

Stock solutions of the dyes for spectroscopic measurements were prepared in DMSO 

(0.10 mM) and subsequently diluted into the aqueous buffer.  

Absorbance and fluorescence measurements were performed on Agilent 8453 

UV-visible instrument and Shimadzu RF-5301PC, respectively, using 1 cm quartz cells 

with a resolution of 1 nm. Fluorescence measurements were carried out as follows: 

excitation and emission slit widths were 3 nm and 3 nm; samples were excited at the 

absorption maxima; spectra were smoothed using manufacture provided software.  

 CD spectra were acquired on Jasco J-815 using 0.1 cm quartz cells. Spectra were 

recorded at room temperature and 1nm resolution with a scan rate of 100 nm/min. Four 

scans were acquired and averaged for each sample, and raw data was manipulated by 

subtraction of appropriate background spectra followed by smoothing using manufacturer 

provided software. The data is expressed as CD intensity, mdeg.  

 NMR spectra were recorded on a Varian Mercury-300 spectrometer and chemical 

shifts are reported in part per million: 1H NMR spectra are reported relative to internal 

tetramethylsilane (δ = 0.00 ppm), chemical shifts for 13C NMR spectra are reported 

relative to CDCl3 (δ = 77.0 ppm), chemical shifts for 19F NMR spectra are not referenced. 

Aβ1-42 (NaOH-treated preparation, was from Recombinant Peptide, Inc.) (Athens, 

GA). Aβ1-42 (NaOH-treated preparation) was stored at – 20 oC; prior to experiments it 

was allowed to equilibrate at room temperature for about 45 min. Next, the peptide was 

dissolved in 1 % NH4OH at 1 mg/ml concentration, sonicated for 1 min to give the Aβ1-42 

stock solution. A random coil conformation of Aβ1-42 was obtained by diluting freshly 

prepared stock into 10mM TRIS buffer (pH 7.4) followed by gentle mixing by dispensing 
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it with a pipette tip (vortexing, sonication and centrifugation were avoided), to obtain 25 

µM Aβ1-42 solution, pH 8.7. An ordered, β-structure-rich soluble conformation of Aβ1-42 

was obtained by incubating the above 25 µM Aβ1-42 solution at room temperature for 72-

80 hours. All other biomolecules were weighed out and dissolved in the corresponding 

buffer to obtain 25 µM solutions, followed by a 30-second sonication. 

  

Synthesis of 5-iodo-containing triazoles 

 

General procedure A, Synthesis of 4.13 

                         

 A one neck round bottom flask was charged with a stirring bar, CH3CN (45 ml), 

4-nitrobenzyl azide (56.0 mg, 0.318mmol), phenylacetylene (17.6 ml, 0.159 mmol), and 

CuI (30.3 mg, 0.159 mmol) and stirring initiated. DMAP (5.8 mg, 0.0477 mmol) was 

added as a solid in one portion, the flask was capped, and stirred at room temperature for 

20 h in the dark. Subsequently, the reaction mixture was diluted with CH2Cl2 (50 ml) and 

extracted with 1M HCl (2 x 10 ml) and water (10 ml). Organic layer was dried over 

MgSO4 and volatiles removed in vacuo. The residue was redissolved in CH2Cl2 (2 ml) 

and hexane (25 ml) was gradually added. The cloudy solution was placed on ice, and 

product 4.13 was isolated as a light yellow solid upon filtration (42 mg, 65 %). 

1H NMR (300 MHz, DMSO-d6): δ = 8.25 (d, J = 8.8 Hz, 2H), 7.90 (d, J = 8.3 Hz, 2H), 

7.47 (m, 5H), 5.91 (s, 2H), 5.52 (s, 2H), 5.05 (s, 2H), 3.78 (s, 3H), 3.76 (s, 3H); 13C NMR 
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(75 MHz, CDCl3): δ = 149.86, 147.86, 143.59, 131.04, 129.40, 129.20, 127.61, 124.71, 

83.02, 53.49; HRMS (EI): [M]+ m/z calcd for C15H11IN4O2 405.9927, found 405.9937. 

 

General procedure B     

             

 A one neck round bottom flask was charged with a stirring bar, CH3CN (88 ml), 

4-methoxybenzyl azide (50 mg, 0.308 mmol), alkyne 4.30 (50 mg, 0.308 mmol) and CuI 

(59 mg, 0.308 mmol) and stirring initiated. DMAP (38 mg, 0.308 mmol) was added as a 

solid in one portion, the flask was capped, and stirred at room temperature for 72 h in the 

dark. Subsequently, the reaction mixture was diluted with CH2Cl2 (100 ml) and extracted 

with 1M HCl (2 x 50 ml), brine (2 x 50 ml) and water (50 ml). Organic layer was dried 

over MgSO4, and volatiles removed in vacuo. The residue was subjected to column 

chromatography (EtOAc / hexanes - 30 / 70) to give product 4.22 as a light yellow solid 

(46 mg, 33 %). 1H NMR (300 MHz, CDCl3): δ = 7.25 (d, J = 8.8 Hz, 2H, overlap with 

residual CHCl3), 6.95 (d, J = 9.4 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 9.1 Hz, 

2H), 5.52 (s, 2H), 5.05 (s, 2H), 3.78 (s, 3H), 3.76 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 

= 159.97, 154.53, 152.62, 148.13, 129.73, 126.37, 116.57, 114.83, 114.47, 80.55, 62.83, 

55.93, 55.54, 54.11; HRMS (EI): [M]+ m/z calcd for C18H18IN3O3 451.0393, found 

451.0392. 
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4.12 was prepared according to general procedure A as a 

yellow solid in 37 % yield; 1H NMR (300 MHz, CDCl3): δ = 

7.92 (d, J = 6.9 Hz, 2H), 7.46 (m, 3H), 7.29 (d, J = 8.5 Hz, 

2H), 6.88 (d, J = 8.8 Hz, 2H), 5.61 (s, 2H), 3.79 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 

159.93, 150.40, 130.44, 129.68, 128.82, 128.77, 127.69, 126.58, 114.46, 76.45, 55.55, 

54.23; HRMS (EI): [M]+ m/z calcd for C16H14IN3O 391.0182, found 391.0176. 

 

4.6 was prepared according to general procedure A as a 

yellow solid in 24 % yield; 1H NMR (300 MHz, CDCl3): δ = 

7.90 (m, 2H), 7.50 (d, J = 8.3, 2H), 7.16 (m, 4H), 5.62 (s, 2H); 

13C NMR (75 MHz, CDCl3): δ = 163.20 (d, JC-F = 248.8 Hz), 149.89, 133.40, 132.38, 

129.78, 129.687 (d, JC-F = 8.3 Hz), 126.45 (d, JC-F = 4.2Hz), 122.99, 115.87 (d, JC-F = 

21.8 Hz), 76.37, 54.05; 19F NMR (282 MHz, CDCl3): δ = -112.9 (m); HRMS (EI): [M]+ 

m/z calcd for C15H10BrFIN3 456.9087, found 456.9089. 

 

4.10 was prepared according to general procedure A as a 

yellow solid in 77 % yield; 1H NMR (300 MHz, CDCl3): δ = 

7.94 (d, J = 8.2 Hz, 2H), 7.44 (m, 8H), 5.69 (s, 2H).21a  

 

4.21 was prepared according to general procedure B as 

a light yellow solid in 23 % yield; 1H NMR (300 

MHz, CDCl3): δ = 8.22 (d, J = 8.8 Hz, 2H), 7.39 (d, J 

= 9.1 Hz, 2H), 6.97 (d, J = 9.1 Hz, 2H), 6.84 (d, J = 
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9.1 Hz, 2H), 5.70 (s, 2H), 5.10 (s, 2H), 3.77 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 

154.64, 152.40, 148.69, 148.24, 141.18, 128.82, 124.46, 116.62, 114.85, 81.03, 62.74, 

55.93, 53.56; HRMS (EI): [M]+ m/z calcd for C17H15IN4O4 466.0138, found 466.0136. 

 

4.31 was prepared according to general procedure B as a 

white solid in 34 % yield; 1H NMR (300 MHz, CDCl3): 

δ = 7.36 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H), 

6.96 (d, J = 9.4 Hz, 2H), 6.83 (d, J = 9.1 Hz, 2H), 5.55 (s, 2H), 5.06 (s, 2H), 3.76 (s, 3H), 

1.30 (s, 9H); 13C NMR (75 MHz, CDCl3): δ = 154.54, 152.64, 151.89, 148.06, 131.31, 

127.98, 126.07, 116.59, 114.84, 80.87, 62.87, 55.93, 54.21, 31.50; HRMS (EI): [M]+ m/z 

calcd for C21H24IN3O2 477.0913, found 477.0904. 

 

4.18 was prepared according to general procedure B as a 

pale yellow solid in 39 % yield; 1H NMR (300 MHz, 

CDCl3): δ = 7.35 (m, 3H), 7.23 (m, 2H), 6.97 (d, J = 6.7 Hz, 

2H), 6.82 (d, J = 9.1 Hz, 2H), 5.59 (s, 2H), 5.07 (s, 2H), 3.76 (s, 3H); 13C NMR (75 MHz, 

CDCl3): δ = 154.55, 152.59, 148.21, 134.30, 129.16, 128.81, 128.10, 116.61, 114.84, 

80.84, 62.86, 55.93, 54.51; HRMS (EI): [M]+ m/z calcd for C17H16IN3O2 421.0287, found 

421.0291. 

 

4.19 was prepared according to general procedure B as a 

yellow solid in 34 % yield; 1H NMR (300 MHz, DMSO-

d6): δ = 8.27 (d, J = 9.1 Hz,2H), 7.43 (d, J = 8.0 Hz, 2H), 
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7.32 (d, J = 9.4 Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 5.66 (s, 2H), 5.29 (s, 2H), 1.29 (s, 9H); 

13C NMR (75 MHz, DMSO-d6): δ = 163.97, 151.34, 147.02, 141.87, 132.88, 128.10, 

126.56, 126.26, 116.10, 87.12, 63.07, 31.71; HRMS (EI): [M]+ m/z calcd for 

C20H21IN4O3 492.0658, found 492.3102. 

 

4.21 was prepared according to general procedure B as a 

yellow solid in 23 % yield; 1H NMR (300 MHz, DMSO-

d6): δ = 8.21 (d, J = 9.1 Hz, 2H), 7.25 (d, J = 9.1 Hz, 

2H), 7.19 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 5.56 (s, 2H), 5.22 (s, 2H), 3.71 (s, 

3H); 13C NMR (75 MHz, DMSO-d6): δ = 163.98, 159.77, 147.04, 141.86, 129.91, 127.70, 

126.57, 116.07, 114.83, 86.79, 63.06, 57.25, 55.82; HRMS (EI): [M]+ m/z calcd for 

C17H15IN4O4 466.0138, found 466.0124. 

 
Synthesis of 4.1: 

 

2,4-dimethylpyrrole (1 ml, 9.7 mmol), 4-ethynylbenzaldehyde (517 

mg, 4.4 mmol) and CH2Cl2 (63 ml) were charged into a round bottom 

flask, followed by a drop of TFA. The mixture was stirred under N2 at 

room temperature for 12 h. The progress of the reaction was 

monitored by TLC (silica gel, EtOAc/hexane – 1/4 v/v). DDQ (1.5 g, 6.6 mmol) was 

added in small portions. The reaction mixture was stirred under N2 at room temperature 

for 12 hours, before Et3N (4.9 ml, 35.2 mmol) and BF3•Et2O (5.4ml, 43.8 mmol) were 

added, and the mixture was continued stirring at room temperature, under N2, for 6 hours. 

The reaction mixture was diluted with CH2Cl2 (50 ml) and washed consecutively with 

 

 



 
 

106 

1M HCl (2 x 100 ml), brine (100 ml) and water (2 x 100 ml). The organic layer was 

separated, dried (MgSO4) and volatiles removed in vacuo. The residue was subjected to 

column chromatography (silica gel, EtOAc/hexane – 1/9 v/v) to give 4.1 as an orange 

solid (402 mg, 27% yield), whose spectral properties were consistent with proposed 

structure.22  1H NMR (300MHz, CDCl3): δ = 7.621 (d, J = 8.2Hz, 2H), 7.259 (d, J = 8.3, 

2H), 5.983 (s, 2H), 3.184 (s, 1H), 2.549 (s, 6H), 1.393 (s, 6H); 19F NMR (282MHz, 

CDCl3): δ = -146.4 – -146.8(m). 

 

General procedure C : Synthesis of 5H-click-BODIPY dyes  

 

Synthesis of 4.2:  

 

4.1 (22.4 mg, 0.0644 mmol) and benzyl azide (9.4 mg, 0.0785 

mmol) were dissolved in DMSO (0.6 ml), and CuSO4•5H2O (1.6 

mg, 0.00644 mmol). 0.022 mL H2O was added, followed by sodium 

ascorbate (3.8 mg, 0.0193 mmol). The reaction mixture was 

vigorously stirred for 16 h at room temperature, before being diluted 

into CH2Cl2 (10 ml), and washed consecutively with brine (2 x 10 ml) and water (2 x 10 

ml). The organic layer was dried (MgSO4) and evaporated in vacuo, and the residue was 

subjected to column chromatography (20% EtOAc/Hex) to give 4.2 as an orange solid 

(29.2 mg, 95% yield). 1H NMR (300MHz, CDCl3): δ = 7.94 (d, J = 7.9Hz, 2H), 7.75 (s, 

1H), 7.42-7.32 (m, 7H), 5.98 (s, 2H), 5.61 (s, 2H), 2.56 (s, 6H), 1.42 (s, 6H); 19F NMR 
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(282MHz, CDCl3): δ = -146.9 – -146.5 (m); HRMS (EI): calc for C28H26BF2N5 m/z 

481.2249, found: 481.2239. 

 

Synthesis of 4.23, isolated from the same reaction mixture for the synthesis of 4.24  (35% 

yield) 

 

1H NMR (300MHz, DMSO-d6): δ = 8.70 (s, 1H), 8.21 (d, J = 

8.3Hz, 2H), 8.02-7.95 (m, 4H), 7.60-7.50 (m, 4H), 7.39 (d, J 

= 7.4Hz, 2H), 6.16 (s, 4H), 2.43 (s, 6H), 1.36 (s, 6H); 13C 

NMR (75 MHz, DMSO-d6): δ = 155.6, 146.5, 143.4, 142.3, 

134.1, 132.1, 132.0, 131.3, 129.8, 129.4, 129.1, 128.1, 127.6, 

126.9, 126.5, 126.3, 123.9, 122.9, 122.1, 51.8, 31.4, 14.9; 19F NMR (282MHz, DMSO-

d6): δ = -144.2 – -143.9 (m); HRMS (EI): calc for C32H28BF2N5 m/z 531.2406, found: 

531.2412. 

 

Synthesis of 4.25, isolated from the same reaction mixture for the synthesis of 4.26 in 

35% yield:  

 

1H NMR (300MHz, DMSO-d6): δ = 8.75 (s, 1H), 8.61 (d, J = 

8.8Hz, 2H), 8.50 (s, 1H), 8.17 (d, J = 8.3Hz, 2H), 7.95 (d, J = 

8.3Hz, 2H), 7.68-7.55 (m, 4H), 7.33 (d, J = 8.3Hz, 2H), 6.69 (s, 

2H), 6.13 (s, 2H), 2.41 (s, 6H), 1.32 (s, 6H); 13C NMR (75 MHz, 

DMSO-d6): δ = 155.6, 146.3, 143.4, 142.3, 134.8, 133.9, 131.9, 
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131.8, 131.3, 131.1, 129.9, 129.8, 129.0, 127.9, 126.5, 126.1, 124.7, 122.3, 122.1, 46.6, 

14.9, 14.8; 19F NMR (282MHz, DMSO-d6): δ = -144.3 – -143.9 (m); HRMS (EI): calc 

for C36H30BF2N5 m/z 581.2562, found: 581.2558.  

 

Synthesis of 4.27: prepared according to general procedure C in 93% yield:  

 

1H NMR (300MHz, CDCl3): δ = 8.300-8.025 (m, 10H), 7.819 

(d, J = 8.3, 2H), 7.549 (s, 1H), 7.216 (d, J = 8.25), 6.302 (s, 

2H), 5.923 (s, 2H), 2.523 (s, 6H), 1.332 (s, 6H) 13C NMR (75 

MHz, CDCl3): δ = 155.7, 147.5, 143.3, 141.4, 134.9, 132.5, 

131.5, 131.4, 130.8, 129.7, 129.5, 128.7, 128.1, 127.5, 126.8, 

126.5, 126.3, 126.2, 125.4, 125.2, 124.7, 122.1, 121.4, 120.1, 

52.9, 14.8; 19F NMR (282MHz, CDCl3): δ =-146.5 – -146.9 (m); HRMS (EI): calc for 

C38H30BF2N5 m/z 605.2562, found: 605.2557. 

 

General procedure D: Synthesis of 5I-click-BODIPY dyes 

 

Synthesis of 4.3:  

 

4.1 (20.9 mg, 0.0601 mmol), benzyl azide (12 mg, 0.0901 mmol), 

CuI (13.7 mg, 0.0721 mmol), and DMAP (8.8 mg, 0.0721 mmol) 

were added consecutively added to CH3CN (1.7 ml). The reaction 

mixture was vigorously stirred for 16 h at room temperature,  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before being diluted into CH2Cl2 (10 ml), and washed consecutively with brine (2 x 10 

ml) and water (2 x 10 ml). The organic layer was dried (MgSO4), and volatiles removed 

in vacuo and the residue subjected to column chromatography (30% EtAc/Hex) to give 

4.3 as an orange solid (26 mg, 72% yield). 1H NMR (300MHz, CDCl3): δ = 8.128 (d, J = 

8.5Hz, 2H), 7.422-7.306 (m, 6H), 5.987 (s, 2H), 5.704 (s, 2H), 4.340 (s, 1H), 2.559 (s, 

8H), 1.431 (s, 7H); 13C NMR: solubility in CDCl3 and DMSO-d6 was restricted, therefore 

a 13C NMR could not be obtained. 19F NMR (282MHz, CDCl3): δ = -146.5 – -146.8 (m); 

HRMS (EI): calc for C28H25BF2N5I m/z 607.1216, found: 607.1230. 

 

Synthesis of 4.24: prepared according to general procedure D in 61% yield:  

 

1H NMR (300MHz, DMSO-d6): δ = 8.28 (d, J = 8.0Hz, 1H), 

8.14 (d, J = 8.0Hz, 2H), 8.01 (d, J = 8.3Hz, 1H), 7.93 (d, J = 

8.0Hz, 1H), 7.72-7.44 (m, 5H), 6.93 (d, J = 6.9Hz, 1H), 6.23 (s, 

2H), 6.18 (s, 2H), 2.45 (s, 6H), 1.40 (s, 6H); 13C NMR (75 MHz, 

DMSO-d6): δ = 155.7, 148.8, 143.4, 142.1, 134.6, 133.9, 132.0, 

131.7, 131.3, 130.9, 129.4, 129.3, 129.0, 128.1, 127.5, 126.9, 126.2, 125.9, 123.9, 122.2, 

83.6, 52.4, 14.8; 19F NMR (282MHz, DMSO-d6): δ = -144.2 – -143.8 (m); HRMS (EI): 

calc for C36H27BF2N5I m/z 657.1372, found: 657.1370. 
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Synthesis of 4.26: prepared according to general procedure D in 35% yield:  

 

1H NMR (300MHz, CDCl3): δ = 8.60 (s, 1H), 8.31 (d, J = 8.3Hz, 

2H), 8.11-8.07 (m, 4H), 7.62-7.49 (m, 4H), 7.36 (d, J = 8.5Hz, 

2H), 6.53 (s, 2H), 5.98 (s, 2H), 2.56 (s, 6H), 1.42 (s, 6H); 13C 

NMR (75 MHz, CDCl3): δ = 155.8, 149.1, 143.3, 141.3, 135.4, 

131.7, 131.5, 131.3, 130.2, 129.7, 128.4, 128.3, 127.4, 125.4, 

123.9, 123.7, 121.5, 77.7, 77.5, 77.2, 76.8, 48.6, 29.9, 14.8; 19F 

NMR (282MHz, CDCl3): δ = -146.5 – -146.9; HRMS (EI): calc for C36H29BF2N5I m/z 

707.1529, found: 707.1523.  

 

Synthesis of 4.28, prepared according to general procedure D in 21% yield. 

 

1H NMR (300MHz, CDCl3): δ = 8.51 (d, J = 9.4Hz, 1H), 8.26-

8.24 (m, 3H), 8.23-8.04 (m, 6H), 7.31 (d, J = 8.0Hz, 1H), 7.37 

(d, J = 8.0Hz, 1H), 6.44 (s, 2H), 5.98 (s, 2H), 2.56 (s, 6H), 1.42 

(s, 6H); 13C NMR could not be obtained due to limited 

solubility of 4.28 in CDCl3 and DMSO. 19F NMR (282MHz, 

CDCl3): δ = -146.8 – -146.4 (m); HRMS (EI): calc for C38H29BF2N5I m/z 731.1529, 

found: 731.1536. 
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Senile plaques composed of aggregates of amyloid peptides are the hallmark of 

Alzheimer’s disease (Chapter 1). Recent studies indicated that soluble oligomers of the 

amyloid peptides are in fact the main neurotoxic species that impair neuronal function. 

The nature of these soluble oligomers still remains to be clarified, and spectroscopic 

detection of these soluble amyloid species using small molecular probes is currently an 

underdeveloped area of research. 

Dye-binding assays based on Congo red and thioflavin T dyes are the most widely 

used methods of assessing the aggregation of amyloid peptides. However, both dyes 

suffer from a number of disadvantages that often preclude the correct structural 

assessment of amyloid aggregates. In particular, when applied for the evaluation of the 

anti-aggregation ability of small molecules, these dyes often produce false-

positive/negative results.  
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Several recent accounts demonstrated that amphotericin B (AmB) could 

efficiently suppress amyloid aggregation. However, the inhibitory effect of AmB was 

established with one of the aforementioned dye-binding assays. Using circular dichroism 

spectroscopy as a dye-free tool, we were able to distinguish between the binding and 

inhibition of aggregation events (Chapter 2). It appeared that AmB could distinctly 

interact with both unordered and ordered β-structure-rich soluble amyloid oligomers, yet 

it had no measurable impact neither on the secondary structure nor on the time-dependent 

aggregation profile of the amyloid peptide. Thus, AmB could potentially be used as a 

CD-probe for studying conformational changes of soluble amyloid oligomers. 

 In order to take advantage of the sensitivity of fluorescence-based techniques, we 

sought to develop novel small molecule probes that would not be subject to the 

limitations of the currently used dyes. Toward this end, we explored the ability of so-

called BODIPY dyes to act as small molecule fluorescent probes for soluble amyloid 

oligomers. A straightforward functionalization of the BODIPY dyes via the incorporation 

of a triazole moiety produced fluorescent dyes that were capable of recognizing distinct 

conformations of soluble oligomeric species of amyloid peptides (Chapter 3). 

Subsequently, using the methodology developed in our laboratory, we prepared a series 

of iodo-triazole-containing BODIPY dyes that even further enhanced the sensitivity of 

these dyes towards various conformations of soluble amyloid oligomers (Chapter 4). 

Overall, our results demonstrate that these triazole-containing dyes could prove to be 

useful probes for monitoring conformational transitions of amyloid peptides in vitro. 

 


