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Abstract 

 Innovation towards new agents for combined positron emission tomography/optical 

imaging is of significance for making advances in patient diagnosis. As of recent, boron-

dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, BODIPY) dyes have shown promise 

as bimodal imaging agents serving as a fluorescent tag with capability to act as a fluorine-18 

radiotracer. However, due the sensitivity of these molecules their chemical transformations are 

poorly understood. In this thesis, I address the synthetic challenge of near-infrared, “clickable” 

BODIPY dyes with complex functionality in order to identify reliable syntheses.  

 Early investigation was concentrated on understanding the intricacies of BODIPY 

synthesis; in particular, the low yielding incorporation of boron difluoride. Conventional one-pot 

procedures were revised, and it was found that isolating the dipyrromethene scaffold followed by 

boron complexation improved the yield overall. In addition, aqueous work up procedures were 

modified to avoid the decomplexation of boron difluoride from the BODIPY product by vacuum-

assisted removal of excess boron trifluoride. Robust synthetic procedures were established to 

afford the azido- functionalized BODIPY, which is valuable for tagging novel BODIPY dyes to 

disease-targeting vectors using “Click Chemistry”. 

The latter of the thesis focused on improving the water-solubility of the conjugated 

BODIPY dyes by addition of ionizable groups which can also partake in hydrogen bonding, 

making them suitable for biological application. It was found that the BODIPY molecule could 

not withstand ester hydrolysis conditions needed to produce diacid BODIPY derivatives. 

Alternatively, a Knoevenagel-like condensation provided two near-infrared BODIPY dyes, one 

bearing dihydroxy (phenolic) functionality demonstrating partial water-solubility. The dyes were 

characterized as long wavelength dyes to compliment future Price group studies.  
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Chapter 1 

Introduction 
________________________________________________ 

1.1. Molecular Imaging  

Molecular imaging is a group of imaging techniques that allow for a better understanding of 

the underlying mechanisms of processes at a cellular and molecular level. Common molecular 

imaging modalities used in clinical applications include nuclear imaging using radiotracers such 

as Positron Emission Tomography (PET), Single Photon Emission Computed Tomography 

(SPECT), optical imaging, and emerging techniques of targeted Magnetic Resonance (MR) 

imaging and targeted sonography.

1,2
 These techniques can provide disease-specific information, 

with a major example being a diagnostic strategy for early detection and treatment of cancer.

1
 

These imaging methods can aid to visualize and distinguish between healthy and abnormal cells 

in biological systems.

1  

Molecular imaging techniques provide more than just anatomical and structural information 

(e.g. location/size of tumour) and are often referred to as functional imaging, as their cellular or 

sub-cellular targeting can provide biological/biochemical information. Molecular imaging 

techniques can also be considered as 4D imaging because in addition to generating 3D images they 

can be used longitudinally (multiple time points) and/or dynamically (real-time). The diagnostic 

information collected from these analyses is critical in early detection of abnormalities, thus 

enabling further advances in treatment. These techniques are attractive because they allow for a 

non-invasive approach in comparison to traditional methods such as a biopsy or surgical 

procedure. The combination of these factors explains why molecular imaging modalities are 

critical personalized medicine tools. They are perhaps the best available diagnostic tools to non-



   2 

invasively characterize a patients unique disease biology/biochemistry so that precise treatment 

can be planned and administered (e.g. breast cancer vs triple negative breast cancer). 

Each technique has strengths and limitations when it comes to producing images for diagnosis. 

These factors must be considered when matching an imaging modality with a disease or tissue, 

including the intensity of the signal, sensitivity, resolution, depth of penetration, and exposure 

time.

3
 More specifically, PET imaging has accurate signal quantification and high sensitivity, 

requiring only a small amount of injected radioactivity to produce non-invasive images with 

acceptable resolution (~1-2 mm) for deep tissue imaging.

2,4 
Although PET is an established 

imaging technique, it is very costly, patients are exposed to ionizing radiation, and sub-millimeter 

sized features cannot be resolved.

2,4
 Conversely, optical imaging provides subcellular resolution 

and contrast; however, optical imaging has poor deep tissue penetration and less accurate signal 

quantification than PET.

2,4 
Additionally, fluorescent tracers must be injected at larger doses 

making pharmacological toxicity of concern.  Therefore, a single modality cannot provide all 

necessary information to draw conclusions for diagnosis.

2
  

Bimodal imaging is the amalgamation of two imaging modalities with complementary 

features, where images can be acquired either simultaneously or in sequence. The most common 

mating of imaging techniques is the use of 3D-Xray tomography (computed tomography, CT) to 

provide anatomical reference with SPECT or PET. A more cutting-edge example is the 

combination of nuclear and optical methods, where a compound of interest can be dual-labeled 

with a dye and radionuclide to utilizes the strengths of each technique and account for the 

disadvantages of either as shown below (Table 1.1.).2 However, as a burgeoning field of research 

and diagnostic medicine, application of optical/PET imaging lacks in the number and type of 



   3 

available imaging probes. The design of new probes that can be used simultaneously for optical 

and PET imaging is of significance both clinically and to aid in drug discovery efforts. 

 

Table 1.1. PET and optical imaging technique comparison, with green backgrounds indicating 

strengths and red indicating weaknesses (adapted from Long, N.).

2,5   

PET Imaging Optical Imaging 

Provides acceptable resolution (~1-2 

mm) and deep tissue imaging  

Subcellular resolution and contrast 

(~20-100 µm) 

Very high sensitivity Moderate sensitivity 

Accurate signal quantification in tissue Approximate signal quantification in 

tissue 

Exposes patients to ionizing radiation Low cost 

Costly Poor depth penetration (15-1000 nm) 

 

1.1.1. Positron Emission Tomography  

PET is a prevalent nuclear molecular imaging technique developed to study, characterize, 

and visualize physiology by tracking and recording the spatial and temporal information produced 

by decaying radionuclides. These medically useful radionuclides, such as fluorine-18, are tethered 

to molecules of interest (radiopharmaceuticals) and injected into patients. Positron-emitting 

radionuclides are harnessed for PET imaging, where the ejected positrons travel through tissue and 

annihilate after losing their kinetic energy and meeting an electron.

5 
This positron-annihilation 

process emits gamma rays, which are detected by a circular ring of PET detectors. This interaction 

produces two gamma (g) rays at 511 keV energy that emit 180° from each other, pass through 
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tissue with minimal attenuation, and finally make contact with the ring of PET detectors to yield 

coincidence events to be recorded and later reconstructed into 3D and quantitative images. PET 

provides moderate resolution for deep tissue imaging; however, a more complete biological picture 

can be obtained when combined with the sub-cellular resolution of optical imaging and can even 

enable fluorescence-guided surgical procedures and tissue staining for ex vivo microscopy.

2,4 

 

1.1.2. Fluorophores and Optical Imaging  

Optical imaging is widely used for in vivo studies and provides contrast in tissue which is 

dependent on the interaction of photons with cells.

5
 Fluorescence in particular is very useful in 

studying cellular components, their structure, and functions.

5
 The process of fluorescence is a 

result of the emission of light. When a substance absorbs energy, an electron is excited into a 

higher electronic state. Consequently, the electron returns to ground state and through this 

relaxation process energy is lost as photons (fluorescence). This process can be described by a 

Jablonski diagram (Figure 1.1.).5,6,7 
 

 

Figure 1.1. Jablonski diagram illustrating fluorescence (adapted from Lakowicz, N.D.).

6  

 

Where PET requires a radioactive probe, optical imaging requires an imaging probe that 

exhibits fluorescence, which means the imaging probe must either be tagged with a fluorogenic 

molecule (fluorophore) or have intrinsic fluorescence properties. There is a need for the design 
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and synthesis of new or optimized fluorophores with fluorescent properties in the optimal 

biological window (650-1000 nm) to be incorporated into new molecular imaging agents.

8
 

Structural changes can be made to a fluorophore that result in a longer wavelength absorbed and 

emitted (redshift). A class of near-infrared (NIR) fluorophores, Boron-dipyrromethene dyes, have 

been promising to this area of research due to their structural versatility, rigidity, and high 

fluorescence quantum yield.

8,9 

 

1.2. Boron-dipyrromethene Dyes  

Boron-dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, BODIPY), first 

described by Treibs and Kreuzer in 1968, are a group of fluorescent, small molecules which have 

the potential to behave as bimodal imaging agents.

8,10
 The core of a BODIPY dye is made up of a 

boron difluoride moiety bound by the dipyrromethene scaffold, which uniquely can be 

radiolabelled with fluorine-18 for PET imaging while simultaneously acting as a fluorophore 

(Figure 1.2.).11
  

 

Figure 1.2. BODIPY core (adapted from Loudet et al, 2007).

11  

 

The dipyrromethene core illustrates the BODIPY molecule as an analogue of porphyrin, 

consisting of a quasi-aromatic backbone coordinated through boron in a rigid planar 

conformation.

8,12 
The BODIPY presents similar properties as aromatic-pi systems: conjugated, 
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planar, and cyclic.

8 
They exhibit exceptional spectral properties arising from their conjugated N-

C scaffold: high fluorescence quantum yield, high photostability, small Stokes shift, and sharp 

absorption and emission spectra.

8,9,11,13 
They are relatively insensitive to the pH and polarity of 

their environment.

11,13
 Their photophysical properties can be tuned to be red-shifted by 

functionalization of the BODIPY core.

13,14
 There are strategies presented throughout literature to 

modify for a red-shifted dye towards the biological window. The BODIPY class of dyes show 

great versatility in functionalization of the core which allows for modifications to be made with 

certain applications in mind.

8
 

 

1.2.1. Near-infrared BODIPY Dye Design  

The boron-dipyrromethene core can be modified to create a more red-shifted dye; as 

mentioned previously, fluorophores that absorb and emit in the near-infrared region are of interest 

in research because of their significant reduction of tissue autofluorescence and improved depth 

penetration in comparison to traditional dyes used for microscopy or in vivo studies (Table 1.2.).14
 

Reactions to modify the BODIPY core are possible, demonstrating its chemical- and photo-

stability.

14
 Paired with their exceptional spectral and structural characteristics, the BODIPY dye is 

a useful case study in understanding the consequence of modifying functionality or pi-conjugation 

with the design of red-shifted dye in mind. Presently, there are limited studies to identify reliable 

structural and synthetic trends that aid in the design of near-infrared BODIPY dyes.

15,16 
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Table 1.2. Examples of biological molecules that give rise to background fluorescence in 

imaging

15,16,17,18,19,20 

Biomolecule Absorbance (nm) Emission (nm) Interference (region) 

porphyrin precursors (heme) 400-450 630-700 yellow-red 

flavins and flavoproteins 450-500 520-540 green-yellow 

nicotinamide adenine 

dinucleotide (NAD(P)H) 

310-370 450-500 blue-green 

aromatic amino acids, 

nucleic acids 

- - UV (100-400 nm) 

 

Designing red BODIPY dyes or modifying green-yellow BODIPY molecules to generate 

a bathochromic shift towards the red region is a result of the manipulation of their molecular 

orbitals through structural changes; therefore, the electronic effects must be understood in detail.

21
 

Three strategies, described by Molecular Orbital Theory, are primarily used in the design of red 

BODIPY dyes: increasing the pi conjugation of the dye, generating an intramolecular charge 

transfer (ICT), or creating a push-pull molecule.

21,22
 

 

1.2.2. Molecular Orbital Theory  

Molecular orbital (MO) theory is a bonding model which can be used to describe the 

electronic structure of molecules and can give insight into the tuning of their frontier molecular 

orbitals.

8
 By a recombination of atomic orbitals, molecular orbitals are formed via constructive 

and destructive interference to give bonding and antibonding molecular orbitals respectively.

23
 

This can be described by an energy diagram (Figure 1.3.).  
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Figure 1.3. General example of an MO diagram describing the lowest energy transition between 

HOMO and LUMO. 

 

Modifications to the BODIPY molecule , such as extending pi conjugation or substitution, 

can be made to tune the energy of their frontier molecular orbitals: the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).

8
 This results in either 

increasing the energy of the HOMO or decreasing the energy of the LUMO, thus narrowing the 

HOMO-LUMO gap.

8
 The relationship between energy (E) and wavelength (λ), described by 

E=hc/λ, confirms that as the energy gap between the frontier orbitals decreases wavelength 

increases. 

 

1.2.3. Extended Conjugation 

Electronic conjugation has a direct influence on absorption and emission of a compound; 

hence, extension of conjugation is most commonly used for design of red BODIPY molecules.

24
 

As discussed in 1.1.2. and 1.2.2., the more extensive conjugation, the smaller energy gap between 

the HOMO and LUMO which translates to a longer wavelength. There are several strategies to 

design expanded delocalized pi systems: extending pi conjugation and enhancing rigidity.

8,25
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Incorporating aryl, styryl, or similar functionality can effectively extend pi conjugation at the 

1-, 3-, 5- , 7- positions of the BODIPY core.

8,26
 For synthetic simplicity, conjugation is often 

extended exclusively at the 3- and 5- positions of the BODIPY core.

8
 Extending conjugation by 

increasing the number of pi electrons within a delocalized system, thus the number of molecular 

orbitals, reduces the HOMO-LUMO gap (Figure 1.4.).8,26
 Consequently, there is an increase in 

absorbance and emission wavelengths of the molecule. An example of this effect is reported by 

Zhang and colleagues, synthesizing a star-shaped BODIPY with extensive pi delocalization at the 

1-, 3-, 5-, and 7- positions exhibiting an absorption/emission of 728/755 nm.

27
 It can be concluded 

that there is evidence that extending the pi system with respect to the BODIPY core will lend to a 

near-infrared dye.   

 

Figure 1.4. Narrowing of the HOMO-LUMO gap due to an increase in conjugation. 

 

Another method to extend pi conjugation is to improve the rigidity of the BODIPY derivative.

25
 

If there is free rotation about the bonds between the BODIPY and an adjoined pi spacer, this can 

cause misalignment of the p orbitals which lessens the effect of pi conjugation.

28,29
 As previously 

discussed, bulky groups can be introduced on the core to increase steric hinderance, restricting 

rotation of the pi spacer.

28
 In addition, torsion angles can be minimized through aromatic ring 
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fusion or by incorporating five membered heterocycles in place of aryl functionality.

25,30,31
 For 

example, thiophene has been shown to improve coplanarity with the BODIPY core, increasing the 

bathochromic shift.

25,30,31
 Ring fusion with aromatic substituents improves rigidity which results 

in expanding the delocalized pi system of the BODIPY core by minimizing torsion angles of 

substituents to the core.

25,30,31
 This extended conjugation stemming from the core consequently 

increases the absorption and emission wavelength of the BODIPY molecule.

8
 

 

1.2.4. Intramolecular Charge Transfer 

A small band-gap chromophore can also be achieved by introducing intramolecular charge 

transfer (ICT) properties to the molecule.

32
 An ICT molecule undergoes a transfer of electron 

density of an electron (rich) donor group (EDG) through a pi-conjugated linker to an electron 

(poor) withdrawing group (EWG).

32,33
 Depending on the nature of the pi linker, it can act as an 

insulator or conductor, participating in the charge transfer process.

34
 The introduction of a charge 

transfer is an effective way to modulate the excited state by altering the emission geometry.

35
 This 

process stabilizes the LUMO, ultimately impacting the emission wavelength (Figure 1.5.).35
 In 

general, an ICT is dependent on the strength of the donor/acceptor groups and pi spacer.

32,33 
The 

significance of functionality and pi conjugation with respect to the BODIPY core will be discussed 

in detail. 

 

Figure 1.5. Illustration of the resulting ICT state causing reduction of the LUMO. 
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1.2.5. Push-pull Chromophores 

Due to the electron deficient four-coordinate boron, the BODIPY core itself is electron 

withdrawing; therefore, the addition of electron donating groups (EDG) is known to introduce a 

push-pull effect that can influence and alter optical and electronic properties through an electron 

transfer, impacting the absorption and emission of the dye.

36 
The addition of an electron 

withdrawing group (EWG) to an EDG-substituted BODIPY core is known to enhance the effect 

of the intramolecular charge transfer.

37 
Consequently, the strength and position with reference to 

the BODIPY core of the electron donor and acceptor units is known to have an impact on the 

absorption and emission through stabilization of the HOMO and LUMO.

36
 Although there is 

limited research of the push-pull effect with relation to the substituted BODIPY core; studies have 

been done by varying the placement of substitution on the core (Figure 1.6.).36,37
 

 

Figure 1.6. Push-pull pattern types of the BODIPY molecule (adapted from Bonnier et al, 

2013).

36,37,38 

 

The electronic structures of the BODIPY core have been extensively studied to reveal nodal 

patterns that suggest ideal placement of EDG and EWG on the core.

8
 The unsubstituted BODIPY 

model was calculated to have a large MO coefficient at position 8- in the LUMO and large MO 

coefficients at the 3-, 5- positions in the HOMO.

.7,37
 Therefore, incorporating EDG at 3-, 5- and 

EWG at 8- should narrow the HOMO-LUMO gap making for a red-shifted dye (Figure 1.7.).37 
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Figure 1.7. Summary of substitution on the BODIPY core to significantly increase bathochromic 

shift. 

 

There is correlation between EDG at position 3-, 5- with red-shifted (longer wavelength) 

absorption and emission as this addition should raise the HOMO energy level.

8 
Studies have 

provided evidence for this, as well as identifying trends within groups of the periodic table. For 

example, a chalcogen (O, Se, S, Te) substituted BODIPY will have a longer wavelength absorption 

and emission when employed in the 3-, 5- positions; this effect increases the bathochromic shift 

down the group of chalcogens.

14,39 
 From this it can be concluded that the stronger the electron 

donating species, the greater energy of the HOMO.

39
 EDG can be placed at 1-,7- positions as well 

which has a similar effect on the electronics of the dye because there are nodal planes in the HOMO 

near these positions.

8
 Generally, it can be concluded that EDG have a stabilizing effect on the 

HOMO by raising its energy when appropriately substituted on the BODIPY core.  

EWG can effectively lower the LUMO when placed at the meso-position (-8) of the 

dipyrromethene core.

8,40
 There are limited studies incorporating EWG at the meso-position; 

however, the addition of aryl functionality to the BODIPY core is useful for the structural design 

of a red-shifted dye.

8,40,41
 Notably, aryl groups at the meso-position aid in functionalizing the dye 

or appending other molecular scaffolds with the BODIPY molecule due to their well-known 

reactions while having little effect on the overall electronics of the BODIPY dye.

41
 Due to its 
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parallel alignment with the core, pi conjugation can extend further to the meso-aryl functionality. 

However, there is free rotation about the meso-aryl group which sets limitations on the extended 

pi conjugation and may have a negative impact on the fluorescence quantum yield.

41,42,43
 Yu and 

coworkers observed BODIPY derivatives with free rotation about the meso-aryl group had 

significantly lower fluorescence quantum yield.

43
 It is possible to design a BODIPY in which a 

substituent is installed flanking from the 1- and 7- positions on the ortho positions of the aryl group 

to sterically hinder this rotation and promote pi orbital alignment (Figure 1.8.).41,43,44
 In contrast, 

substituents flanking from the 1- and 7- positions cause the aryl functionality to be restricted 

perpendicular to the core limiting the pi orbital overlap.

8
 Alternately, aryl functionality is often 

incorporated at the 3-, 5- positions as a pi spacer between the core and an EDG.

8 

 

Figure 1.8. Aryl substituted BODIPY core with key positions identified. 

 

1.2.6. Pi Spacers 

Pi spacers contain non-hybridized p-orbitals that are arranged to extend the pi conjugation 

from the BODIPY core. The pi spacers play an essential role on the push-pull effect of the 

BODIPY dye aiding in the electron transfer. As the EDG and EWG can vary to alter the 

electronics, so can the strength and position of a pi spacer.

36
 The spacers length, type, and planarity 

with respect to the core can be manipulated; however, the direct effect of the bathochromic shift 
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is not well understood due to difficult and lengthy syntheses.

45
 These electron rich pi spacers are 

most commonly positioned in the 1-, 3-, 5-, and 7- positions on the BODIPY core, consequently 

raising the energy of the HOMO.

8
 Extended pi spacers and improving rigidity lend to a near 

infrared dye as previously discussed.

40,45
 In general, pi spacers extend the pi delocalization 

originating from the BODIPY core while participating in electronic transfer mechanisms.

46
 

 

1.2.7. Core Modification 

There are changes that can be made directly to the BODIPY core for a bathochromic shift 

towards the near-infrared region. In recent literature, there are studies dedicated to the aza-

BODIPY: a nitrogen substituted at the meso-carbon of the BODIPY core (Figure 1.9.).8,11
 By 

introducing a heteroatom substitution at the meso-carbon, BODIPY dyes can be designed to 

exhibit absorption and emission in the 650 nm range towards the near-infrared.

47 
The effect of the 

substitution can be explained by the electronegativity of the nitrogen atom having an impact in 

stabilizing the LUMO consequently reducing the HOMO-LUMO gap.

8,46,47
  

 

Figure 1.9. Aza-BODIPY core. 

 

1.3. Synthesis and 18F-labelling Processes for BODIPY Dyes  

Synthesis of BODIPY dyes with additional chemical functionality are found to be challenging 

due to the presence of the boron difluoride moiety of the core.

11
 Reaction procedures must occur 

under inert conditions; therefore, appropriate precautions with air and moisture sensitive 

compounds must be taken.

48
 Following a series of light sensitive reactions, BODIPY compounds 

N
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must be purified through careful chromatography. Furthermore, BODIPY dyes with extended 

conjugation and unique functionality are typically synthesized with low yielding reactions. 

Further, BODIPY dyes are often poorly soluble and can aggregate. BODIPY molecules can 

undergo structural modifications to be suitable for biological applications, such as introducing 

water-solubilizing functionality.

49,50
 Following a boron difluoride complexation, an isotopic 

exchange with fluorine-18 allows for them to act as a PET radiotracer.

51
 There is a desire to 

understand the efficient synthetic methods of BODIPY molecules as well as the limitations of 

chemical transformations.   

 

1.3.1. Synthetic Approach 

The classic synthetic route to the BODIPY molecule is a condensation reaction of either 

an aldehyde or an acyl chloride with a substituted pyrrole compound (Scheme 1.1.).

11
 An aldehyde 

is commonly used as a starting material to avoid the use of highly sensitive reagents or when the 

corresponding acid chloride is not commercially available. Complex substitution of the aldehyde 

(or acid chloride) can influence the reactivity and consequently the yield; whereas, substituted 

pyrroles avoid the possibility of polymerized byproducts.

52
  

 

Scheme 1.1. Synthetic route to yield the BODIPY molecule (adapted from Loudet et al, 2007).

11
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 When using an acyl chloride, a one-pot procedure consisting of two consecutive reactions 

can generate the BODIPY molecule. Two equivalents of a substituted pyrrole are reacted with one 

equivalent of an acyl chloride to form an unstable dipyrromethene, which is immediately treated 

with a base, commonly triethylamine (TEA), and a source of boron to produce the BODIPY 

molecule (Scheme 1.2.).11
 In some cases, the dipyrromethene can be isolated as a salt and utilized 

for further chemical transformations.

53
 These reactions require attentiveness to minimize exposure 

to moisture; in these circumstances, the acid chloride precursor can form the unwanted carboxylic 

acid byproduct.  

 

Scheme 1.2. Proposed mechanism of the condensation reaction between an aryl acyl chloride 

and a substituted pyrrole (adapted from Loudet et al, 2007).

11 
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An aldehyde can be used in place of the acyl chloride; however, it is required to oxidize 

the subsequent dipyrromethene before proceeding with boron complexation, yielding the BODIPY 

molecule. DDQ (3-dichloro-5,6-dicyano-1.4-benzoquinone) and p-chloranil (tetrachloro-1,4-

benzoquinone) are commonly used oxidants for BODIPY synthesis and are chosen based on the 

reactivity and sensitivity of the dipyrromethene (Scheme 1.3.).11
 DDQ is a harsher oxidant and is 

used in cases where the dipyrromethene is highly substituted, whereas p-chloranil is used when 

sensitivity is of concern.

54,55
 

 

Scheme 1.3. Proposed mechanism for the condensation reaction between an aryl aldehyde and a 

substituted pyrrole compound (adapted from Gu et al, 2015).

52  

 

Complexation of the BODIPY scaffold with boron trifluoride diethyl etherate is the most 

crucial step of BODIPY synthesis. It must be noted that efforts to avoid photodegradation must be 

made to maximize reaction yields.

56
 Additionally, synthesis must be performed using Schlenk 

technique under an inert atmosphere. Reactions yields are dependent not only on chemical 

reactivity, but the technique used during synthetic procedures. Further chemical modifications to 

the BODIPY framework are necessary to shift the absorption and emission in order to make 

suitable for biological application.  
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1.3.2. Water-solubilizing Strategies  

Partially water-soluble dyes are of significance for biological application and enhancing 

bioconjugation reactions.

49,50
 Ionizable functional groups such as the carboxylic acid (COOH), 

hydroxy (OH), and sulfonate (SO3-
) functionality are the most typically used to yield water-soluble 

dyes.

49,57,52,53
 Secondary to this, the incorporation of PEG-type (polyethylene glycol) chains can 

improve solubility of fluorophores.

52,53
 Strategies to afford water-soluble, near-infrared BODIPY 

dyes and their use in application are limited. Several BODIPY dyes functionalized with carboxylic 

acids are available commercially; however, these dyes lack bifunctionality or do not demonstrate 

a red-shift emission (Figure 1.10.).  

 

Figure 1.10. Examples of commercially available BODIPY dyes.

60  

 

The BODIPY core is hydrophobic; to increase water solubility synthetic modifications to 

include ionizable groups must be made. Transformations of chemical functionality adjoined to the 

core remains a challenge due to the fragility of the boron difluoride moiety; for example, the 

BODIPY molecule has a limited resistance to acid and base conditions (Scheme 1.4.).55,56
 It is 

useful to understand methods to increase the hydrophilic character of BODIPY dyes for their use 

in biological applications.  
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Scheme 1.4. Proposed degradation products as a consequence of strong acid/base conditions.

62 

 

1.3.3. Fluorine-18 Radiolabelling Methods 

Following synthesis, BODIPY dyes can undergo radiofluorination to provide an additional 

mode of imaging, PET, for in vivo analysis.

63
 The BODIPY fluorophore is an ideal candidate for 

bimodal imaging given its accessible fluorine atoms for exchange with fluorine-18.

63
 Cyclotron 

produced [

18
F]F

-
, by the 

18
O(p,n)

18
F reaction from [

18
O]H2O heavy water, is purified using an 

anion exchange resin aided by phase transfer catalyst followed by azeotropic dry-down with 

acetonitrile.

64,65
 Once purified and anhydrous, [

18
F]F

-
 can be utilized for isotopic exchange or non-

exchange reactions with a BODIPY molecule of choice.

63
  

For the non-exchange fluorination method, a hydroxy substitution is needed for 

radiofluorination of BODIPY dye to proceed (Scheme 1.5.).66
 In this case, manipulation of the 

precursory dipyrromethane can yield the desired BODIPY molecule which can complicate 

synthesis.

51,53
 However, radiofluorination via a non-exchange is described to be low yielding 

amongst literature. Using an activated precursor with a good leaving such as a triflate was shown 

to enhance radiolabelling, although this method was unsuccessful when employed to dyes with 

varying chemical functionality.

66
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Scheme 1.5. Conversion of the hydroxy-BODIPY to the fluorine-18 labelled product (adapted 

from Hudnall et al, 2010).

66 

 

Further developments using a direct exchange with fluorine-18 have been sought after.

63
 

Activation through a non-isolated triflate intermediate, as shown by Hendricks and coworkers, can 

provide the radiolabelled BODIPY product in reasonable radiochemical yield.

63,67
 Moreover, 

isotope exchange of a fluorine-19 with a fluorine-18 atom is of interest and was demonstrated by 

Liu et al through assistance of a variety of Lewis acids, where SnCl4 proved to be most successful 

(Scheme 1.6.).63,68
 Direct exchange with fluorine-18 is an attractive radiofluorination method 

because this avoids modification to the structure of the dye and reliably provides the radiolabelled 

product.

55,56
 

 

Scheme 1.6. Direct isotopic exchange between 

19
F/

18
F of the BODIPY molecule (adapted from 

Liu et al, 2013).

68
 

 
1.4. BODIPY “Click” Conjugation  

Incorporating reactive functional groups into the design of BODIPY fluorophores is essential 

to perform bioconjugation or “click”-type reactions for added functionality. For example, 

conjugation of a BODIPY dye to a cancer-targeting peptide would yield a new imaging agent by 
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providing fluorescence and potentially positron/PET signal to the peptide. “Click” chemistry can 

be a valuable tool, as this family of reactions is known to be fast, high yielding, and 

biorthogonal.

70,71
 The required functionality for a standard copper-catalyzed “click” reaction is an 

azide and alkyne, occupying either of the small molecules of interest.

71
 

 

1.4.1. Azide-alkyne Cycloaddition of BODIPY Dyes 

BODIPY molecules have been established to participate in successful “click” reactions 

amongst academic literature, therefore utilizing these methods should allow for the further 

functionalization of these dyes or conjugation to biomolecules. It is common to utilize the meso-

position as a point of connection to another unit for rational design and synthetic simplicity.

72
 For 

example, azide-alkyne “click” reactions can be accomplished with an aryl azide meso-

functionalized BODIPY dye mediated by copper (Scheme 1.7.).73–76 
 It must be noted in some 

cases that the newly formed triazole ring can activate the fluorescence of a low fluorescent 

BODIPY precursor, enhancing their optical properties.

74
 “Click” conjugation to tissue or disease-

targeting molecules will allow for BODIPY dyes to act as a reporting fluorescent unit in biological 

applications. Of specific interest to the Price lab, utilizing the known affinity of bisphosphonates 

for bone minerals, a design for bone-targeting BODIPY fluorophores is possible.

77,78
 Ultimately, 

these modifications allow for functionalization or conjugation of the BODIPY core to a plethora 

of molecules depending on the application in mind.  
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Scheme 1.7. Azide-alkyne copper catalyzed cycloaddition of azido-BODIPY molecules. 

 

1.4.2. Photo-chemical Conjugation of BODIPY Dyes 

Alternative to “click”-type reactions, a photo-induced conjugation of BODIPY dyes has 

been demonstrated. A photo-activation of aryl-azides can generate singlet nitrenes, which in turn 

can react with protein functional groups exclusively.

79
 Fay and coworkers report efficient 

fluorescent labeling of protein conjugates with BODIPY dyes (Scheme 1.8.).80
 These findings 

further showcase the versatility of aryl azide-based conjugations to the BODIPY core and its range 

of applications.  

 

Scheme 1.8. Proposed photo-activated protein labeling with aryl-azide functionalized BODIPY 

molecules.
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1.5. Thesis Objectives  

Creating a library of near-infrared BODIPY fluorophores is of interest for studying 

advanced diagnostics, as they are natively fluorescent and can be fluorine-18 labelled to create 

bimodal agents. Synthesizing BODIPY molecules has proven to be a grueling task as attested to 

in the literature and this thesis, requiring careful attention and working under inert conditions while 

limiting photodegradation. Following synthesis, tedious chromatography is needed to remove 

impurities, which is typically complicated by poor solubility and aggregation. Further still, after 

the boron-difluoride core is installed, the molecules become quite sensitive to acid and strong base, 

limiting the options for chemical transformations. There is a desire to understand the rational 

design of near-infrared fluorescent probes, such as BODIPY dyes, because of their advantages in 

application over known long-wavelength dyes. 

Most of the commercially available BODIPY dyes lack the appropriate functionality for 

conjugation to biomolecules and may only be purchased in limiting quantities costing upwards of 

$300(CAD)/100 mg. Commercially available NIR-dyes with conjugation-ready functionality (e.g. 

activated ester, azide), which are comparable to the BODIPY derivatives being studied here cost 

upwards of $1000(CAD)/10 mg. Strategically functionalizing the BODIPY core at a sizeable scale 

would allow for the conjugation and study of biomolecules in large scale processes. 

 This thesis aims to synthesize and characterize a series of styryl BODIPY dyes according 

to their spectral properties. The following derivatives are considered due to their extended pi-

conjugation, commercial availability of starting reagents, and required functionality towards 

conjugation or transformation (Figure 1.11.). This project will focus on identifying a modular 

platform for efficient synthesis of near-infrared BODIPY fluorophores with conjugation-ready 
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functionality. In addition, this thesis will summarize findings that contribute to an increased yield 

for the overall synthesis of the BODIPY molecules. 

 

Figure 1.11. Proposed BODIPY dyes with extended pi-conjugation and aryl-azide functionality 

to be synthesized.  

 

The second part of this project intends to demonstrate methods of incorporating water-

solubilizing functionality, and consequently bifunctionality, to the BODIPY molecule (Figure 

1.12.) with the purpose of making them biologically compatible for use in in vivo studies. The 

designed fluorophores have the potential to behave as bimodal imaging agents, allowing for dual-

modal PET/optical imaging as they can be radiolabelled by isotopic exchange with fluorine-18. It 

is hypothesized that the designed BODIPY molecules will provide emission above 600 nm while 

maintaining partial water solubility. Developing a synthetic strategy to produce dihydroxy or 

diacid, “clickable” BODIPY dyes is ongoing. 
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Figure 1.12. Design concept of BODIPY dyes for bimodal imaging. 
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Chapter 2 

The Design Concept and Synthesis of Custom, Near-infrared BODIPY Fluorophores    
________________________________________________ 

Preamble  

Two novel fluorophores were designed to begin the investigation of BODIPY dye synthesis 

based on the potential for conjugation to biomolecules using reactive functionality (COOH, NH2, 

N3) and their extended pi systems (Figure 2.1.). For example, reduction of a nitro group at the 

meso-position results in amine functionality, or ester hydrolysis liberates carboxylic acid 

functionality that is suitable for conjugation and also improves water solubility. 

 

Figure 2.1. Structure of 4a and 4b.  

 

The approach to synthesizing the dyes was initially developed by Dr. Elaheh Khozeimeh 

Sarbisheh and undergraduate student, Bryden Hughton, with inspiration from several academic 

sources presenting 3-, 5-distyryl BODIPY fluorophores.

81,82
 It was proposed that the BODIPY 

dyes could be accessed by preparing substituted pyrrole molecules then further reacting them with 

4-nitrobenzaldehyde (Scheme 2.1.). This route presents the synthesis of highly modifiable 
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BODIPY fluorophores that harness protected, conjugation-ready functionality using inexpensive 

and accessible starting materials. 

 

Scheme 2.1. Synthetic pathway to pyrrole compounds 2a and 2b. 

 

2.1. Results and Discussion 

2.1.1. Synthesis of Substituted Pyrroles for BODIPY Synthesis  

Synthesis of 2a and 2b involves a classic Michaelis Arbuzov reaction where 

triethylphosphite was reacted with benzyl bromide or 4-bromomethylbenzoate, under inert 

conditions, since water reacts rapidly and degrades tritheylphosphite to diethylphosphite and 

ethanol. The reaction was stirred for 4 hours at 160 °C according to literature procedure.

83,84
 

Initially, the reaction was done at 130 °C with a slight excess of triethylphosphite (1.3 eq); 

however, it was found that increasing the temperature and using 1 mole equivalent of 

triethylphosphite provided the best cumulative yield for the synthesis. The excess triethylphosphite 

was removed under high vacuum at 40 °C. The following reaction mechanism is proposed for the 

Michaelis Arbuzov reaction (Scheme 2.2.). 

 

N
H

2a R = H (52%)
2b R = COOEt (60%)

R

O

OO

R

P

R

Br

1a R = H
1b R = COOEtR = H, COOMe

i ii, iii

Reaction Conditions: (i) triethylphosphite, 160 °C, 4 h; (ii) tBuOK, dry THF, 0 °C, 45 min; 
(iii) 2-pyrrolecarboxyaldehyde, dry THF, RT, overnight.
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Scheme 2.2. Michaelis Arbuzov reaction mechanism. 

 

Following the reaction, a 

1
H NMR spectrum was recorded under nitrogen and crude 

mixture of 1a and 1b were used without further purification for the next step (Figure A.2. and 

A.3.). Synthesis of 2-styryl-1H-pyrrole (2a) and 4-[2-(1H-pyrrole-2-yl)ethenyl]-methyl ester (E) 

benzoic acid (2b) followed a literature procedure involving the Hans-Emmons-Wadsworth 

reaction, which favoured the formation of the (E)-alkene product (Scheme 2.3.).84
 The synthesis 

was continued in the same reaction vessel (one pot) under inert conditions, practicing careful 

Schlenk technique and covered in aluminium foil to avoid photodegradation.  

 

Scheme 2.3. Hans-Emmons-Wadsworth reaction to form substituted styryl-pyrrole compounds. 
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Potassium tert-butoxide (tBuOK) in tetrahydrofuran (THF) was added dropwise to 1a (or 

1b) in THF at 0 °C, stirred for 45 minutes and the resulting solution was yellow. Pyrrole 2-

carboxaldehyde in THF was added dropwise to the reaction solution at 0 °C. After 1 hour of stirring 

at 0 °C, the reaction solution was stirred overnight at room temperature and a dark orange solution 

was observed. The reaction was quenched with water and THF was removed via rotary evaporation 

under reduced pressure. The crude product was extracted with dichloromethane (DCM), washed 

with water and brine, and dried with sodium sulfate which resulted in a yellow crude solid. 

Purification required column chromatography providing consistent yields for 2b of ~60%, while 

2a was isolated in approximately 50% yield. Nuclear magnetic resonance (NMR) spectroscopy 

confirmed 2a and 2b; however, the spectrum of 2b revealed the presence of both the methyl-ester 

and ethyl-ester versions that could not be further separated (Figure A.5.). It is understood this may 

occur due to excess base, tBuOK, reacting with remaining triethylphosphite producing an ethoxide 

that substitutes the methyl ester. Nonetheless, this mixture is brought forward in synthesis because 

ester deprotection will transform both methyl and ethyl ester compounds to carboxylic acid groups.  

Varying amounts of tBuOK were attempted in order optimize the reaction to increase the 

yield of 2b (Table 2.1.). The base tBuOK is extremely moisture sensitive as it violently reacts with 

water to produce tert-butanol and potassium hydroxide; therefore, it is used in small quantities and 

can be purified by heating causing sublimation. It was found that 3 equivalents of tBuOK was 

optimal with a 60% yield of 2b. These changes were made to the synthesis of 2a as well providing 

the substituted pyrrole in 52% yield.   
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Table 2.1. Optimization of tBuOK for Hans-Emmons-Wadsworth reaction. 

Compound 1  
(mole eq) 

tBuOK  
(mole eq) 

pyrrole 2-carboxaldehyde 
(mole eq) 

Actual Yield (%) 
 

1.2 2 1 56 (reported by 

Hughton) 

1.2 3 1 60 

 

2.1.2. One-pot Synthesis of BODIPY Dyes  

Compound 2b was taken further to replicate the previous work performed by Price group 

members and to establish a reliable synthesis of the BODIPY molecule. The next step in 

synthesizing BODIPY fluorophores follows a one-pot procedure, which is common amongst 

synthetic methods in academic literature, depicted in Scheme 2.4.

82,84
 The procedure involves 

dissolving compound 2b and 4-nitrobenzaldehyde in dry dichloromethane under an inert gas using 

a Schlenk bomb and stirring the solution overnight at room temperature under acidic conditions. 

After stirring overnight, an oxidant, DDQ or p-chloranil, is added to the dark purple solution and 

stirred for another hour at ambient temperature. Triethylamine (TEA) and boron trifluoride diethyl 

etherate (BF3OEt2) are added carefully by dropwise addition, as BF3OEt2 is extremely moisture 

sensitive, and the reaction solution is stirred for another 2 hours. The reaction is quenched with 

water, extracted with dichloromethane, and dried with sodium sulfate. The Price group had 

previously reported 4.7% crude yield following the one-pot procedure. Due to previous 

purification challenges, a purified yield was not available.  
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Scheme 2.4. Proposed one-pot procedure to synthesize BODIPY 4b. 

 

Varying mole equivalents of each reagent for the BODIPY reaction were studied 

previously by Bryden Hughton, an undergraduate student with the Price group. However, many 

problems arose with reaction conditions, work up, and chromatography. This one-pot procedure 

was repeated as reported by Hughton suggesting a 1:2 or 1:4 ratio of 2b to 4-nitrobenzaldehyde 

and using p-chloranil as an oxidant to complete the synthesis of 4b. According to referenced 

literature, in addition to Hughton’s findings, a 1:4 ratio of the pyrrole 2b to the aldehyde was used 

to synthesize 4b, however no product formation was observed.

82
 Porphyrin chemistry suggests a 

2:1 ratio is required to yield the dipyrromethane precursor; it is known the yield of the reaction 

increases as you increase the mole equivalents of the pyrrole compound.
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of starting materials were adjusted in agreement, ultimately owing to the optimized 2:1 pyrrole to 

aldehyde ratio. 

Following the BODIPY reaction, column chromatography is needed to isolate the final 

product. The Price lab had previously found that alumina degraded the crude product, possibly for 

the known affinity of fluoride for aluminum. It was described that the product could be delivered 

using a composition of polar solvents, dichloromethane and methanol; however, this proved to be 

problematic when replicating synthetic procedures. After numerous attempts with different solvent 

systems, such as combinations of dichloromethane, methanol, ethyl acetate, and toluene, the 

product could not be isolated. This may be due to the accumulation of byproducts throughout the 

synthesis causing a low yielding reaction with the final addition of BF3OEt2, making for 

complicated chromatography.  

 

2.1.3. Revisions to the BODIPY Synthesis 

Our procedure needed to be revised and it was determined that moving away from a one-

pot synthesis and isolation of the dipyrromethane intermediate may aid in BODIPY formation, 

minimizing the formation of byproducts in the following steps of the synthesis. A procedure to 

synthesize the desired dipyrromethane scaffold was developed based on work by Shin, Patrick, 

and Dolphin where the dipyrromethane was formed in a 3-hour reaction, rather than overnight, 

using 2:1 ratio of pyrrole to aldehyde (Scheme 2.5.). The crude reaction solution was washed with 

dilute NaOH, dried, and was isolated in 92% yield as a red solid by chromatography (alumina, 

2:98 MeOH/DCM).

86
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Scheme 2.5. Formation of the dipyrromethane scaffold 3b. 

 

 To successfully make the series of proposed dyes, it was hypothesized that using p-

chloranil to oxidize the dipyrromethane would minimize any possible side reactions caused by the 

much harsher oxidant DDQ.

87
 The dipyrromethane was oxidized to the corresponding 

dipyrromethene using 1 mole equivalent of p-chloranil and the reaction was monitored by thin-

layer chromatography (TLC). Next, 6 mole equivalents of TEA were added to the blue reaction 

solution dropwise under nitrogen at room temperature and stirred for 15 minutes. An excess 

amount of BF2OEt2, 14 mole equivalents, was slowly added dropwise to the reaction solution and 

was stirred for an additional 2 hours. TLC indicated the reaction had gone to completion and was 

quenched with water. The product was extracted with dichloromethane and isolated using column 

chromatography (silica, DCM) in 13% yield.  

To further improve our method from the original reported reaction yield by Price members, 

we had learned through trial and error that quenching the BODIPY reaction with water could cause 

decomposition to the parent dipyrromethene salt. The reasoning behind this can be described by 

the activation of the BODIPY B-F bond by excess BF3 present in the reaction solution followed 
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by nucleophilic attack by water to displace B-F producing the unstable hydroxy substituted (B-

OH) BODIPY, resulting in deprotection or decomposition products (Scheme 2.6.).88
 Although not 

universal to BODIPY synthesis, this holds true for a variety of BODIPY molecules including 

simple B-F and B-Cl BODIPY dyes.

88
 For these reasons the reaction workup procedure was 

modified in order to increase the yield of the reaction, according to suggestive literature.

53,88
 

 

Scheme 2.6. General reaction scheme depicting deprotection of the BODIPY molecule in the 

presence of BX3 and water.

88 

 

 After the BODIPY reaction was complete, instead of quenching the reaction the solvent 

was carefully removed under high vacuum to ensure the removal of remaining BF3 in the reaction 

mixture. The BODIPY crude solution was then redissolved in dichloromethane, extracted from 

water, and dried with sodium sulfate. After completing purification, 24% yield was reported for 

BODIPY 4b (Scheme 2.7.), nearly doubling from the previously reported 13% yield.  
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Scheme 2.7. Complete reaction scheme of 4b with associated reaction yields. 

 

 To summarize, improvements to the original synthetic method were made: the 

dipyrromethane precursor was synthesized with a 2:1 ratio of pyrrole to aldehyde and isolated prior 

to reaction with boron trifluoride, improving the cumulative yield of the now three step synthesis 

by 6%. Furthermore, the removal of the reaction solvent and excess volatile reagents before 

aqueous extraction of the dye avoided deprotection of the BODIPY product to the dipyrromethene 

salt or other decomposition products improving the cumulative reaction yield by another 11%. It 

can be concluded that the BODIPY fluorophore can be efficiently synthesized through pyrrole-

aldehyde condensations reactions with careful consideration of potential side reactions and taking 

the appropriate measures to minimize degradation (Table 2.2.).  
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Table 2.2. Optimization of a three step BODIPY syntheses to yield dye 4b. 

2b 
(mole eq) 

4-nitrobenzaldehyde 
(mole eq) 

Remove 
excess 
BF3 

Cumulative Yield (%) 
reported over 3 steps 

Reaction Method 

1 2 No 4.7 crude yield (reported 

by Bryden) 

One pot 

procedure 

1 4 No 0  One pot 

procedure 

1 2 No 0 One pot 

procedure 

2 1 No 0 One pot 

procedure 

2 1 No 11 Isolate 

dipyrromethane 

2 1 Yes 22 Isolate 

dipyrromethane  

 

2.1.4. Investigation of the Condensation Reaction using Acid Chlorides 

As an alternative synthetic scheme, the use of an acid chloride in place of an aldehyde, and 

a substituted pyrrole 2a was explored in an attempt to conclude with a higher yielding BODIPY 

reaction. In addition, this synthesis route could bypass some of the transformations to achieve 

amino- or azido- functionality that are suitable for conjugation. In this case, 4-azidobenzoyl 

chloride was used as an aryl acid chloride to react with compound 2a described in Scheme 2.8., 

adapted from reactions studied by Beh and coworkers.

53
 

  

Scheme 2.8. Acid chloride synthetic route to compound 6a. 
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The starting material 4-azidobenzoyl chloride was formed in situ where 4-azidobenzoic 

acid was reacted with either thionyl chloride or oxalyl chloride under inert conditions.

89
 The 

conversion to the desired acid chloride went to completion, verified by 

1
H NMR, and was carried 

over to the following step of the BODIPY synthesis assuming a quantitative yield (Scheme 2.9.).89
 

 

Scheme 2.9. Reaction of thionyl chloride with 4-azidobenzoic acid. 

 

The BODIPY reaction was carried out in a one-pot procedure, adapted from literature, 

where 4-azidobenzoyl chloride was added dropwise at 0 °C to 2a in dry dichloromethane.

90
 After 

stirring 12-64 hours at room temperature, TEA was added to the dark purple solution dropwise 

and was stirred for 15 minutes turning the solution red. BF3OEt2 was carefully added dropwise, 

and the dark purple reaction solution was stirred (Table 2.3.). The reaction was quenched with 

water, extracted with dichloromethane, and dried with sodium sulfate.   

 

Table 2.3. Reaction attempts to isolate dye 6a using an aryl acid chloride. 

2a 
(mole eq) 

4-azidobenzoyl chloride 

(mole eq) 

Reaction time Temperature  Yield (%) 

2 1 12 RT 0 

2.2 1 64 RT 0 

2.5 1 48 Reflux 0 

 

After several attempts varying time, temperature, and mole equivalents of reagents, only 

trace amounts of product could be detected by 

1
H NMR and low-resolution MS. Isolating the free 

base dipyrrin was also attempted, however, could not be completed. The outcome of this reaction 
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is thought to be heavily dependent on the low reactivity of the ketone intermediate that is formed 

during the reaction (Figure 2.2.), impacting the formation of product. For these reasons, this 

synthetic route could not provide a substantial amount of dye for further applications. Ultimately, 

the original aldehyde route to the BODIPY molecule was utilized from 4b and applied to 4a.  

 

Figure 2.2. Proposed ketone intermediate of the condensation reaction mechanism. 

 

 2a was reacted with 4-nitrobenzaldehyde in a 2:1 ratio with a catalytic amount of 

trifluoroacetic acid in dry dichloromethane under an inert gas to form the corresponding 

dipyrromethane 3a in 80% yield. The dipyrromethane was oxidized to the dipyrromethene using 

p-chloranil (Scheme 2.10.). TEA and BF3OEt2 were added in a similar fashion according to the 

procedures previously described for dye 4b. The product was crystallized out of a DCM and 

hexanes mixture and further purified by column chromatography (silica, DCM) to give 33% 

product yield, with a cumulative yield of 26% over three steps. 
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Scheme 2.10. Complete reaction scheme of 4a with associated reaction yields. 

 

2.1.5. Functionalization of Conjugated BODIPY Dyes 

After isolating dyes 4a and 4b, there was intention to study simple transformations of the 

meso- nitro- functionality to the equivalent amino- and azido- dyes. 4a was chosen as a model 

compound to determine and optimize reactions conditions. First, nitro-reduction of the 4a was 

employed to yield the amino- version of the dye shown by the following schematic (Scheme 2.11.). 
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Scheme 2.11. Transformations to yield dye 6a. 

 

Dye 4a was reduced following a procedure published by Zhang et al using zinc powder in 

acetic acid; however, these conditions gave poor reactions yields of up to 29% and needed to be 

optimized.

81
 The reaction involves dissolving 4a in glacial acetic acid and initiating the reaction 

by the addition of zinc powder. After 30 minutes of stirring at room temperature, presence of the 

amino- product is indicated by TLC though the reaction would not go to completion. The zinc was 

removed by filtration and the reaction solution was extracted out of dichloromethane, washed with 

water, and dried with sodium sulfate.  

The nitro- and amino- dyes were isolated through column chromatography (silica, DCM) 

and 35% of starting material was recovered while the amino- product was obtained in 29% yield. 

Longer reaction times proved to be problematic with low conversion to the amino- product; the 

reaction time was increased from 30 minutes to 6 hours and this did not have significant effect on 

the yield as the reaction never went to completion. 

These observations led investigation of the nitro reduction using iron and NH4Cl in ethyl 

acetate and water, suggested by Wang.

91
 4a was dissolved in ethyl acetate and HCl; iron powder 

was added to the reaction solution and was heated to reflux. The reaction was monitored closely 

over a 3-hour period, never going to completion. The solution was extracted with ethyl acetate, 
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washed with saturated NaHCO3, and dried with sodium sulfate. The product was isolated by 

column chromatography using the same conditions as previous. Despite using a different reductive 

agent, we obtained the amino- dye in 13% yield. 

 Other modes of reduction were attempted in order to determine the best approach, 

including hydrogenation. Although the presence of the styryl functionality may fall fatal to these 

conditions, it was described in literature by S. Mula et al that such dyes could withstand 

hydrogenation.

92
 The dye was dissolved in an ethanol/acetonitrile solution and 5 drops of water 

were added to the reaction flask. Palladium (10%) on carbon was added to the reaction and the 

flask was subject to hydrogen gas (balloon) at 70 °C. After subjecting the dye to these conditions, 

rapid decomposition was observed possibly initiated by the reduction of trans alkene functionality. 

Knowing this, it was determined the best approach would be to further optimize the use of zinc 

and acetic acid.  

 Since it was found that reaction time did not influence the yield of amino- product, it was 

determined that changing the solvent may aid and increase the reaction yield. Due to the known 

solubility of 4a in chlorinated solvents, dichloromethane was used as a solvent for the reaction and 

acetic acid was solely used as a catalyst. Dye 4a was dissolved in dichloromethane in a round-

bottom flask. Glacial acetic acid and zinc dust were added rapidly to the reaction vessel and the 

reaction was stirred vigorously for 30 minutes. TLC was closely monitored and revealed complete 

consumption of the starting material and a concentrated spot indicative of the expected amino- 

product. The crude mixture was filtered, removing the zinc powder to stop the reaction.  

 The reduction of 4a was ultimately accomplished after thorough optimization by using an 

acid catalyzed zinc reduction in a chlorinated solvent. This can be described by the following 

schematic which depicts the formation of the intermediate, hydroxyamine, preceding the final 
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amino- product. As the nitro- functionality is reduced to the corresponding amino- the zinc powder 

is oxidized by a loss of two electrons and recognized as Zn(CH3COO

-
)2 (Scheme 2.12.). The 

modified Béchamp reduction using zinc gave the desired amino- compound in 62%, a comparable 

yield to other reduction procedures of BODIPY dyes found in literature.   

 

Scheme 2.12. Proposed nitro reduction scheme for reducing nitro-containing aromatics in 

BODIPY molecules. 

 

 Table 2.4. accounts all major findings amongst this series of nitro-reduction reactions, 

including the execution of a zinc-mediated reduction. The optimized nitro-reduction reaction 

conditions are intended to be applied to additional BODIPY derivatives. It can be understood that 

tin was not considered as a reducing agent due to the known affinity of fluoride for tin. The 

summarized table describes the conclusions drawn from experiments in order to obtain a 

reasonable yield.   

 

Table 2.4. Optimization for the nitro reduction of dye 4a. 

Reducing 
agent 

Catalyst  Solvent Reaction 
Time 

Temperature 
(°C) 

Yield 
(%) 

Zinc HAc HAc 30 min RT 29 

Zinc  HAc HAc 6 h RT <5% 

Iron HCl EA/H2O 3 h 87 13 

H2 10% Pd/C EtOH/ACN 4 h 70 0 

Zinc HAc  DCM 30 min RT 62 
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Following the isolation of the amino- version, 5a, it is of interest to determine the 

appropriate reaction conditions to synthesize the azido- derivative. The planned synthesis in order 

to achieve azido- functionality follows through the formation of the diazonium salt and, thereafter, 

addition of sodium azide. The final reaction conditions were adapted from Cheng’s procedure 

where sodium nitrite is carefully added to the amine in an aqueous acid solution at 0 °C followed 

by dropwise addition of sodium azide, consequently forming the azide dye (Scheme 2.13.).73
  

 

Scheme 2.13. Azido transformation reaction scheme to yield 6a. 

 

The syntheses described in Table 2.5. were performed in order to isolate dye 6a. First, the 

amino precursor was dissolved in a THF and 0.1 M HCl mixture in a round bottom flask. Sodium 

nitrite in water was added dropwise to the blue-red reaction solution at 0 °C and was left to stir for 

1 hour. Immediately following, sodium azide in water was added dropwise at 0 °C and was stirred 

overnight at room temperature. The starting material decomposed and there was no indication of 

product formation by TLC.  
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Table 2.5. Optimization of the azido transformation reaction towards synthesizing 6a. 

NaN3 (eq) Solvent Reaction Time Yield 
(%) 

Comment 

10 THF/0.1 M HCl 16 h 0 decomposition 

7 MeOH/1.0 M HCl - 0 low solubility 

4 THF/1.0 M HCl 1 h 73 - 

 

The procedure was then revised with reference to Cheng’s procedure where a higher molar 

concentration of HCl was used in a solvent combination with MeOH.

73,93
 However, dye 5a 

appeared to have low solubility in this solvent mixture and therefore the reaction did not proceed. 

With this understanding, the reaction was attempted in THF/1.0 M HCl and TLC was monitored 

closely. After the reaction was complete the organic solvent was removed using a rotary evaporator 

and the remaining solution was extracted with dichloromethane, washed with brine, and dried with 

sodium sulfate. After filtration, the crude product solution was concentrated and purified using 

column chromatography (DCM, silica) to obtain dye 6a in 73% yield as a deep blue powder.  

Collectively, these transformations to a conjugated BODIPY dye are possible and can be 

achieved in relatively high-yielding reactions. Certain factors, such as solubility, were contributing 

to reactivity which consequently impacted overall reaction yield. Literature procedures had to be 

modified to see fit for styryl BODIPY dyes such as 4a (Scheme 2.14.).  

 

Scheme 2.14. Azido transformation with associated reaction yields. 
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2.1.6. Spectral Characterization  

To classify dyes 4a and 4b as long wavelength dyes the absorption and emission spectra 

were obtained as confirmation to the design of the red-shifted fluorophores. It was determined that 

the nitro- functionalized 4a exhibited a maximum absorbance at 646 nm and emitted at 677 nm in 

dichloromethane. However, in comparison to the amino- equivalent, 5a, a blue-shift in the 

maximum absorption and emission was observed at 629 nm and 644 nm respectively, owing to the 

electron-donating ability of the amino- group. In contrast, the transformed azido- form reported 

maximum absorbance at 638 nm with emission at 658 nm as a reflection of the weakly electron-

withdrawing azide functionality of 6a (Figure 2.3.). It is of significance to report an increase of 

electron-withdrawing functionality at the meso- position provided a bathochromic shift of the 

fluorescence emission in comparison to the electron-donating derivative.  

 

Figure 2.3. Absorbance and emission spectra collected for dyes 4a, 5a, and 6a (DCM). 

 

Compound 4b is a structural analogue of 4a which additionally contains two methyl/ethyl 

ester groups. As a result, 4b absorbed at 653 nm and emitted at 679 nm demonstrating the 

consequence of the push-pull effect between the nitro- and ester functionality in addition to the 
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extended pi conjugated framework. Figure 2.4. illustrates that each absorbance wavelength of 4b 

gave the same emission profile and therefore either of these excitation wavelengths can be used to 

obtain the same fluorescence emission in the near infrared. This demonstrates that the fluorescence 

process obeys Kasha’s rule describing photon emission.

6 

 

(a)        (b) 

 

 

Figure 2.4. (a) Combined absorbance and emission spectra of 4b (DCM); (b) Fluorescence 

intensity recorded from different absorption wavelengths for compound 4b (DCM). 

 

All dyes were fully characterized by nuclear magnetic resonance and high-resolution mass 

spectrometry (HR-MS) as reported in 2.2. and are proven as model candidates for long wavelength, 

near-infrared BODIPY fluorophores according to their spectral properties. It is expected for styryl 

BODIPY dyes to exhibit red-shifted emission above 600 nm, as well as a narrow Stokes’ shift to 

which is characteristic of the dye. The change in functionality allows for tuning of the electronic 

properties of the dye as was observed with nitro-, amino-, and azido- groups situated at the meso- 

position which agrees with theory reviewed in Chapter 1.  
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2.1.7. Concluding Remarks  

 This chapter concludes the discussion of the optimal conditions found to produce styryl 

BODIPY dyes enhanced with chemical functionality (Figure 2.5.). Dye 4a and 4b syntheses were 

accomplished through challenging pyrrole-aldehyde condensation reactions. Minimizing 

byproduct formation by isolating the dipyrromethane scaffold was found to be crucial in isolating 

the final dyes in moderate yields. Transformations to the synthesized nitro- dyes to the analogous 

azido-dyes can be done; however, considerations towards reactivity and chemical stability must 

be taken.   

 

Figure 2.5. Synthesized dyes with associated absorbance and emission wavelengths (DCM). 

 

 The continued investigation of 4b involves hydrolysis of the ester functionality. To make 

use of these dyes in biological systems, water solubilizing functionality must be introduced by 

either conjugation to another molecule with substantial polarity for water solubilization, or by 

altering the existing functionality of the dye. Chapter 3 will focus on synthetic efforts to improve 

water solubility through introduction of hydroxy or carboxylic acid functionality. 
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2.2. Experimental  

General Comments 

Procedures using air or moisture sensitive reagents were carried out under inert nitrogen 

conditions using standard Schlenk techniques. Solvents used for column chromatography were 

used as purchased and standard grade. All other reagents were used as received and stored under 

an inert nitrogen atmosphere if necessary. A majority of characterization was performed at the 

Saskatchewan Structural Sciences Centre (SSSC). NMR spectra were recorded on a Bruker 

Avance NMR Spectrometer at 500.33 MHz (

1
H, 

13
C). 

1
H and 

13
C chemical shifts were referenced 

according to the residual protons of the deuterated solvent reported (chloroform-d and methanol-

d4 at !7.26 and !3.31 respectively). Deuterated methanol used for characterization was found to 

contain an impurity as shown in Figure A.1. at !1.73. Coupling constants are rounded to the 

nearest integer value in Hz. High resolution mass spectra (HR-MS) were obtained using a JEOL 

AccuTOF GCv 4G using field desorption ionization (FDI). Low resolution mass spectrometry was 

performed in the Price Lab using an Advion Expression-L ESI-MS with a mass range up to 2000 

amu. The mass peak with the highest natural abundance is reported. Absorbance and fluorescence 

emission spectra were collected using the Duetta Fluorescence and Absorbance Spectrometer 

(HORIBA Scientific) in the Kahan lab. The maximum absorbance and emission peak are given to 

the nearest integer number in nm.  

Compounds 1a, 1b, 2a, and 2b were referenced by 

1
H NMR with corresponding literature. 

13
C NMR could not be obtained for Compounds 4a, 5a, and 6a due to solubility issues. All novel 

dyes were confirmed with 

1
H NMR and HR-MS.  
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Synthesis of diethyl benzylphosponate (1a). This compound was prepared according to 

literature procedure.

83,84
 Triethylphosphite (0.70 mL, 4.09 mmol, 1 eq) was added to benzyl 

bromide (0.49 mL, 4.09 mmol, 1 eq) in a Schlenk flask under inert conditions. The reaction was 

refluxed for 4 h at 160 °C under nitrogen. The excess triethylphosphite was removed under high 

vacuum. The crude material was used without further purification assuming quantitative yield. 

Crude yield: 1.1605 g, quantitative yield, colourless oil. 

1
H NMR (CDCl3): !7.27 (m, 4H), 

!7.21(m, 1H), !3.97 (m, 4H), !3.11(d, j=22, 2H), !1.20 (t, j=7, 6H).  

 

Synthesis of diethyl[4-(methyoxycarbonyl)benzyl]phosphate (1b). Methyl 4-

bromomethylbenzoate is used following the same literature procedure as compound 1a.

83,84 

Triethylphosphite (0.38 mL, 2.18 mmol, 1 eq) was added to methyl 4-bromomethylbenzoate 

(0.5005 g, 2.18 mmol, 1 eq) in a Schlenk flask under inert conditions. The reaction was refluxed 

for 4 h at 160 °C under nitrogen. The excess triethylphosphite was removed under high vacuum. 

The crude material was used without further purification. Crude yield: 0.457 g, quantitative 

yield, colourless oil. 

1
H NMR (CDCl3): !7.95 (d, j=8, 2H), !7.34 (dd, j1=2, j2=8, 2H), !3.98 (m, 

4H), !3.87 (s, 3H), !3.17 (d, j=22, 2H), !1.20 (t, j=7, 6H) ppm.   

 

Synthesis of E-2-styryl-1H-pyrrole (2a). The synthesis of this compound was adapted from a 

literature procedure.

83,84,94 
Potassium tert-butoxide (1.4306 g, 12.74 mmol, 3 eq) in dry THF was 

added dropwise to diethyl[4- (methyoxycarbonyl)benzyl]phosphate (1a, 1.1337 g, 4.967 mmol, 

1.2 eq) in dry THF and was stirred for 45 min at 0 °C, turning yellow upon addition. Pyrrole 2-

carboxaldehyde (0.3953 g, 4.157 mmol, 1 eq) in dry THF was added to the reaction solution 

dropwise and stirred for 1 h at 0 °C. The reaction solution was left to stir at room temperature 
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overnight and was observed to form a red-orange solution. The reaction was quenched with 

water, extracted with dichloromethane, washed with water and brine, dried with Na2SO4, and 

filtered. The remaining crude material was purified using column chromatography (alumina, 

DCM, Rf = 0.65) and further crystallized out of DCM/Hex. Yield: 0.3681 g, 52%, white powder. 

1
H NMR (CDCl3): !8.33 (bs, 1H), !7.44 (d, j=7, 2H), !7.34 (m, 2H), !7.22 (m, 1H), !6.99 (d, 

j=16, 1H), !6.82 (m, 1H), !6.67 (d, j=16, 1H), !6.37 (m, 1H), !6.27 (m, 1H) ppm.  

 

Synthesis of 4-[2-(1H-pyrrole-2-yl)ethenyl]-methyl ester (E) benzoic acid (2b). This synthesis 

follows a similar literature procedure to that of compound 2a.

83,84,94
 Potassium tert-butoxide 

(0.6388 g, 6.26 mmol, 3.2 eq) in dry THF was added dropwise to 1b (0.6142 g, 2.14 mmol, 1.2 

eq) in dry THF at and was stirred for 45 min at 0 °C, turning yellow upon addition. Pyrrole 2-

carboxaldehyde (0.1724 g, 1.79 mmol, 1 eq) in dry THF was added to the reaction solution 

dropwise and was stirred for 1 h at 0 °C. The reaction solution was left to stir at room 

temperature overnight and was observed to form a red-orange solution. The reaction was 

quenched with water, extracted with dichloromethane, washed with water and brine, dried with 

Na2SO4, and filtered. The crude was purified with column chromatography (40:60 EA/Hex, Rf = 

0.61). Yield: 0.245 g, 60%, white powder. 

1
H NMR (CDCl3): !8.53 (bs, 1H),  !7.99 (d, j=8, 2H), 

!7.44 (d, j=8, 2H), !7.08 (d, j=16, 1H), !6.85 (s, 1H), !6.68(d, j=16, 1H),	!6.43 (m, 1H), !6.28 

(m, 1H), !4.38 (q, j=7, 2H),  !3.92(s, 3H), !1.40	(t, j=7, 3H) ppm.  

 

Synthesis of 8-(4-nitrophenyl)-3,5-di((E)-styryl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

(4a). Compound 2a (0.6413 g, 3.79 mmol, 2 eq) and 4-nitrobenzaldehyde (0.2850 g, 1.89 mmol, 

1 eq) were dissolved in dry DCM (60mL) in a Schlenk flask under an inert atmosphere and 
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reacted with conditions adaptations from a literature procedure.

84
 A catalytic amount of TFA (30 

uL) was added and the reaction solution was stirred over 3 h, turning deep red. The reaction was 

monitored by TLC (alumina, 2:98 MeOH/DCM, Rf = 0.89), low-resolution MS confirmed 

formation of dipyrromethane 3a. The reaction was quenched with dilute NaOH (30 mL, 0.2 M). 

The crude product was extracted with DCM, washed with water, and dried with Na2SO4. The 

dipyrromethane was isolated as a red powder by column chromatography in 80% yield (alumina, 

2:98 MeOH/DCM). Next, p-chloranil (0.1068 g, 0.434 mmol, 1 eq) was added to 3a (0.2088 g, 

0.443 mmol, 1 eq) in dry DCM (30 mL) under Schlenk conditions and was stirred for 1 h. The 

reaction solution turned blue over time and TLC indicated formation of the corresponding 

dipyrromethene. TEA (370 uL, 2.65 mmol, 6 eq) was added dropwise and the reaction was 

stirred for 15 min. BF3OEt2 (0.77 mL, 6.19 mmol, 14 eq) was carefully added dropwise to the 

reaction solution and left to stir for an additional 2 h at room temperature. The solvent was 

removed on high vacuum and the crude was redissolved in DCM. The crude product was 

extracted out of DCM and dried with Na2SO4. The crude dye was crystalized using a DCM/Hex 

solution and further purified by column chromatography (silica, DCM, Rf = 0.71). Yield: 0.4094 

g, 26%, blue powder. 

1
H NMR (CDCl3): !8.39 (d, j=9, 2H), !7.79 (d, j=16, 2H), !7.73 (d, j=9, 

2H), !7.68 (d, j=7, 4H), !7.40 (m, 8H), !6.98 (d, j=5, 2H), !6.72 (d, j=4, 2H) ppm. UV-Vis 

(nm, CH2Cl2): 356, 598, 646. Fluorescence (nm, CH2Cl2): 677. HRMS (FDI): m/z calculated for 

12
C311

H2211
B119

F214
N316

O2 = 517.17731[M]+; found = 517.1774. 

 

Synthesis of 8-(4-nitrophenyl)- 3,5-bis-((E)-4-ethoxycarbonylstyryl)-4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (4b). Dye 4b was synthesized in similar fashion to Compound 4a. 2b 

(0.5986 g, 2.48 mmol, 2 eq) and 4-nitrobenzaldehyde (0.1876 g, 1.24 mmol, 1 eq) were 
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dissolved in dry DCM (60 mL) under a nitrogen atmosphere. TFA (28.5 uL) was added to the 

reaction solution and stirred for 3 h at room temperature. The red solution was quenched with 

dilute NaOH (30 mL, 0.2 M), extracted with DCM, and dried with Na2SO4. The crude 

dipyrromethane was purified by column chromatography (alumina, 2:98 MeOH/DCM, Rf = 

0.86) as a red powder in 92% yield. p-chloranil (0.0647 g, 0.26 mmol, 1 eq) was added to 3b 

(0.1501 g, 0.24 mmol, 1 eq) in dry DCM (24 mL) and was stirred for 1 h. TEA (204 uL, 1.46 

mmol, 6 eq) was added dropwise and the reaction was stirred for 15 min. BF3OEt2 (0.42 mL, 

3.38 mmol, 14 eq) was carefully added dropwise to the reaction solution and left to stir for 2 h at 

room temperature. The solvent was removed on high vacuum and the crude was redissolved in 

DCM. The crude product was extracted out of DCM and dried with Na2SO4. The crude dye was 

purified by column chromatography (silica, DCM, Rf = 0.35). Yield: 0.039 g, 22%, blue powder. 

1
H NMR (CDCl3): !8.39 (d, j=9, 2H), !8.09 (d, j=8, 4H), !7.86 (d, j=16, 2H), !7.72 (m, 6H), 

!7.40 (d, j=16, 2H), !7.00 (d, j=5, 2H), !6.75 (d, j=4, 2H), !4.41 (q, j=7, 3H), !3.95 (s, 1H), 

!1.43 (t, j=7, 5H) ppm. 

13
C NMR (CDCl3): !166.3, !155.5, !148.8, !140.6, !140.5, !140.4, 

!136.7, !136.6, !136.2, !136.2, !131.4, !131.0, !129.5, !127.7, !123.8, !121.2, !117.7, 

!61.3, !14.5 ppm. UV-Vis (nm, CH2Cl2): 365, 603, 653. Fluorescence (nm, CH2Cl2): 679. 

HRMS (FDI): m/z calculated for 

12
C371

H3011
B119

F214
N316

O6 = 661.21957[M]+; found = 

661.22111. 

 

Synthesis of 8-(4-aminophenyl)-3,5-di((E)-styryl)-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (5a). The synthesis was adapted from a literature procedure.

81
 The nitro- dye (4a, 90.9 

mg, 0.18 mmol, 1 eq) was dissolved in DCM in a round-bottom flask. At 0 °C, acetic acid (0.50 

mL, 7.93 mmol, 50 eq) and zinc powder (0.1853 g, 2.83 mmol, 15 eq) were added rapidly to the 
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reaction vessel. The teal-blue solution was stirred vigorously for 30 min at room temperature and 

a blue spot was observed to be concentrated on TLC (silica, DCM, Rf = 0.51). The zinc was 

removed by gravity filtration and the crude product was extracted out of DCM, washed with 

water, and dried with Na2SO4. The crude was purified by column chromatography (silica, DCM, 

Rf = 0.51) to obtain the amino- dye. Yield: 53.1 mg, 62%, deep blue powder. 

1
H NMR (CDCl3): 

!7.79 (d, j=16, 2H), !7.65 (d, j=7, 4H), !7.37 (m, 10H), !6.94 (m, 4H), !6.88 (d, j=4, 2H) ppm. 

UV-Vis (nm, CH2Cl2): 342, 580, 629. Fluorescence (nm, CH2Cl2): 644. HRMS (FDI): m/z 

calculated for 

12
C311

H2411
B119

F214
N3 = 487.20313[M]+; found = 487.20470. 

 

Synthesis of 8-(4-azidophenyl)-3,5-di((E)-styryl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

(6a). The synthesis was adapted from a literature procedure.

73,93
 The amino- dye (5a, 15.5 mg, 

0.032 mmol, 1 eq) was dissolved in 1:1 THF/1 M HCl (5 mL) and cooled to 0 °C. NaNO2 (5.8 

mg, 0.084 mmol, 2 eq) in 0.25 mL H2O was added dropwise to the solution and was stirred at 0 

°C for 1 h. TLC indicated the diazonium salt was formed. NaN3 (8.3 mg, 0.128 mmol, 4 eq) in 

0.35 mL H2O was added dropwise at 0 °C to the blue solution and the reaction was stirred at 

room temperature for 1 h. The diazonium salt was consumed as indicated by TLC with formation 

of a blue spot at Rf = 0.84 (silica, DCM). The reaction solution was diluted with DCM and water 

followed by extraction, washed with brine, and dried with Na2SO4. The product was purified by 

column chromatography (silica, DCM, Rf = 0.84) to obtain a deep blue powder. Yield: 12.0 mg, 

72%, deep blue powder. See section 3.2. for characterization.  
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Chapter 3 

Methods to Achieve Partially Water-soluble BODIPY Dyes for Biological Application  
 ________________________________________________ 

Preamble 

Incorporation of water-solubilizing functionality into the design of near infrared BODIPY-

based molecular imaging probes is necessary for their use in biological systems.

49,50
 As with 

traditional drug molecules, the hydrophilic character of imaging probes will influence their 

pharmacokinetics and biological properties, including membrane permeability, tissue uptake and 

retention, and mode of excretion (e.g. renal, liver).

95
 Given that imaging probes are typically 

injected intravenously, and living systems are water based, we must achieve at least partial water 

solubility. In addition, the use of water-soluble precursors for bioconjugation are needed to make 

it more feasible for reactions to be completed in aqueous media. It is worthy to mention isotopic 

exchange conditions for fluorine-18 radiolabeling of BODIPY dyes are anhydrous; however, the 

formulation must be considered as an aqueous injectable.

63,95
 

The addition of ionizable groups is known to increase the hydrophilicity of molecules, 

including BODIPY.

49
 Modifications to the BODIPY molecule can be challenging as well as 

disrupt the electronics of the dye, complicating syntheses. The four-coordinate boron centre is 

notoriously sensitive to acidic and basic conditions, often required for transformations throughout 

syntheses. This chapter will suggest synthetic routes to achieve partially water-soluble BODIPY 

dyes followed by full characterization.   
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3.1 Results and Discussion 

3.1.1.  Base-catalyzed Efforts for Hydrolysis of Ester BODIPY Dyes 

Dye 4b was synthesized with the intention of hydrolyzing the ester groups, flanking the 3- 

and 5- positions, to reveal carboxylic acid functionality. Traditionally, ester hydrolysis is 

accomplished under basic or acidic conditions. The base-catalyzed ester hydrolysis is initiated by 

nucleophilic attack of 

-
OH to generate the carboxylate salt and alcohol leaving group, which is 

followed by acidification. Initial efforts were made towards the base-promoted hydrolysis of the 

ester groups using lithium hydroxide, as there is evidence of the BODIPY core surviving these 

conditions. Lu and coworkers report the efficient hydrolysis of the similar meso-ester BODIPY 

molecule in high yield using an excess amount lithium hydroxide.

96
 It was of interest to use these 

conditions in order to accomplish the double hydrolysis producing the diacid BODIPY dye 

(Scheme 3.1.).  

 

Scheme 3.1. Ester hydrolysis of 4b, advancing to the diacid BODIPY dye. 

 

This reaction was attempted with 6 mole equivalents of lithium hydroxide dissolved in 

water and added dropwise to dye 4b in THF at room temperature. The reaction solution was left 
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to stir and was closely monitored by TLC. After 17 hours, the initial teal blue reaction solution 

was brown-blue, however, TLC indicated the presence of starting material. Some decomposition 

was observed and the reaction, although not completed, was stopped and acidified with 0.5 M HCl 

to pH 3-4. The reaction solution was extracted using dichloromethane, washed with water, and 

dried with sodium sulfate.  

1
H NMR analysis and evaluation of low-resolution mass spectrometry gave no indication 

of product formation and therefore a second attempt using 4 mole equivalents of lithium hydroxide 

was carried out for 48 hours. Following similar procedure to that of the previous, it was found that 

decreasing the amount of lithium hydroxide and increasing the reaction time led to the complete 

decomposition of dye 4b.  

Decomposition of the BODIPY molecule in an alkaline environment, proposed by E.V. 

Rumyantsev et al, lends to the unstable anionic scaffold and ultimately the decay to mono pyrrole 

products as discussed in Chapter 1 (Scheme 3.2.).62
 This suggests that basic conditions can result 

in complete decomposition of the BODIPY core; however, few publications provide further 

reasoning of the degradation. 

 

Scheme 3.2. Proposed base decomposition of the BODIPY core.

62 

 

To avoid the use of strong bases, such as lithium hydroxide, another alternative to provide 

a mild ester hydrolysis was studied. A procedure reported by Han and coworkers was exclusive to 

the use of potassium trimethylsilanolate (KOTMS) to complete hydrolysis reactions of the 
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BODIPY molecule (Scheme 3.3.).97
 In addition, this publication highlights these hydrolysis 

conditions to a diester BODIPY with similarities to dye 4b.

97
 It is understood that KOTMS is 

commonly used for mild saponification of methyl esters. Nucleophilic attack of 

-
OTMS followed 

by deprotection of the ester under acidic conditions to the resulting carboxylic acid can provide a 

synthetic route for sterically hindered esters that are somewhat resistant to saponification. 

 

Scheme 3.3. Predicted saponification of 4b using potassium trimethylsilanolate. 

 

Dye 4b was dissolved in dry THF in a Schlenk flask under an inert gas. KOTMS in dry 

THF was added to the dye at ambient temperature. The initial teal blue solution turned deep green 

within minutes of starting the reaction. The reaction solution was monitored by TLC over the 

course of a 6-hour period according to Hans’ procedure.

97
 After 6 hours, 0.1 M HCl was added to 

the reaction, followed by extraction with 1:2 isopropyl alcohol/dichloromethane, and dried with 

sodium sulfate. After workup TLC was closely examined and after analysis by low-resolution mass 

spectrometry the product was found as 605 amu, along with 585 amu indicating a loss of HF. Still 

yet, the reaction did not go to completion as indicated by 

1
H NMR and therefore the starting 

material, 4b, was recovered. Further investigation using KOTMS as a reagent was thoroughly 
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studied since encouragingly the product was observed via mass spectrometry. The following table 

describes the optimization of basic conditions that were considered to complete the ester hydrolysis 

reaction of 4b (Table 3.1.). 

 

Table 3.1. Summary of basic conditions employed towards ester hydrolysis of dye 4b. 

Base Mole 
equivalents 

of base 

Solvent Reaction 
Time 

Temperature Result 

LiOH 6 THF/H2O overnight RT some decomposition 

LiOH 4 THF/H2O 48 h RT complete decomposition 

KOTMS 6 THF 6 h RT reaction not complete 

KOTMS 6 THF overnight RT complete decomposition 

KOTMS 4 THF 8 h RT reaction not complete 

KOTMS 2.2 DCM 6 h RT reaction not complete 

KOTMS 2.2 THF - reflux complete decomposition 

 

 In order to isolate enough of the hydrolyzed product and ensure reaction completion a 

second attempt increasing the reaction time was done. The reaction was set up according to the 

same specifications as per literature procedure with increased reaction time.

97
 After allowing the 

reaction to stir overnight at room temperature, analysis of 

1
H NMR and TLC confirmed complete 

degradation resulting in a deep blue reaction solution and absence of 4b. It is of interest to evaluate 

and identify the appropriate reaction time and mole equivalents to avoid decomposition to obtain 

the hydrolyzed dye in high yield. 

In response to this finding, reducing the molar amount of KOTMS with respect to 4b and 

increasing the reaction time were considered. The reaction was prepared accordingly using 4 mole 

equivalents of KOTMS to minimize byproduct formation. Over 8 hours the reaction was monitored 

by TLC and did not go to completion, similarly to the initial set of conditions employed. In this 
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instance, the remaining starting material was recovered and other variables, such as solvent and 

reaction temperature, were studied for the further optimization of the hydrolysis.  

It was thought that changing the reaction solvent may aid in conversion to product, 

enhancing solubility. Since BODIPY reactions are typically done in dry chlorinated solvent, 

dichloromethane was chosen to further optimize the reaction to suit 4b. In addition, Cox and 

coworkers recommend reacting 1 mole equivalent of KOTMS per ester for rapid hydrolysis of the 

ester group and an additional equivalent was shown to not have an effect.

98
 Considering these 

changes, the reaction was carried out as such using 2.2 mole equivalents of KOTMS to 1 mole 

equivalent of dye 4b in dry dichloromethane. After 6 hours it was noted that decomposition of the 

starting material occurred at a faster rate than previous.  

In a last attempt to modify the hydrolysis of 4b, temperature was considered as a significant 

contributing factor to the yield of the reaction. A reaction was prepared similar to previous attempts 

and set to reflux at 70 °C. Shortly after initiating the reaction and increasing the temperature, rapid 

decomposition was observed. It can be concluded from this study that BODIPY dyes cannot 

withstand heat under basic conditions. On the contrary, hydrolysis by aid of KOTMS provides 

evidence of the hydrolyzed product shown by mass spectrometry characterization.  

The hydrolysis reaction was re-evaluated with reference to Han’s literature procedure. It 

can be determined that 4b is a combination of methyl ester and ethyl ester functionality due to side 

reactions that occurred early on in synthesis. To match ester functionality to that of Han’s BODIPY 

dye transesterification of the dipyrromethane was considered due to the instability of dye 4b 

(Scheme 3.4.). It was also determined that hydrolysis prior to BODIPY complexation would not 

be successful as outlined in various publications suggesting that protecting groups are required. 
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Scheme 3.4. Transesterification of dipyrromethane 3b. 

 

In order to obtain the dimethyl ester version of the dye, compound 3b underwent 

transesterification by using LiOH and methanol. Dipyrromethane 3b was dissolved in 

dichloromethane to which an excess amount of LiOH in methanol was added dropwise. The 

reaction was stirred for 2 days at room temperature. A colour change from red to blue of the 

reaction mixture was observed. 27% of the product was recovered and 

1
H NMR was taken to verify 

the modification to produce the dimethyl ester product. The reaction was repeated varying time 

and mole equivalents and it was found that 2.6 mole equivalents of LiOH would suffice over a 5-

day reaction period to transform the majority of the compound to the dimethyl ester derivative as 

shown in Table 3.2.. The dimethyl ester dipyrromethane was extracted out of dichloromethane, 

washed with brine, and dried with sodium sulfate. The crude product mixture was purified on a 

silica column to obtain 3b in 71% yield (silica, 5:96 MeOH/DCM).  
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Table 3.2. Transesterification optimization to dipyrromethane 3b. 

Base Mole 
equivalents of 

base 

Solvent Reaction 
Time 

Temperature Yield (%) 

LiOH >10 DCM/MeOH 2 d RT 27 

LiOH 3.3 DCM/MeOH 5 d RT 71 

LiOH 2.6 DCM/MeOH 5 d RT 71 

 

The dimethyl ester dipyrromethane was brought through the same reaction pathway as the 

ethyl ester version of 4b, under the optimized conditions to incorporate BF2 by the dropwise 

addition of p-chloranil to the dipyrromethene in dry dichloromethane. After 1 hour, TEA and 

BF3OEt2 were added and work up followed as according to the identical procedure as 4b. After 

isolating the dimethyl ester version of 4b the dye was put through hydrolysis using KOTMS. The 

dye was dissolved in THF to which KOTMS was added dropwise and the reaction was left to stir 

for 6 hours as per Han’s procedure.

97
 TLC provided some encouraging evidence to suggest an 

increase in hydrolyzed product; ultimately, the hydrolyzed product could not be isolated due to 

complicated column chromatography.  

 

3.1.2. Attempted Acid Hydrolysis of Ester BODIPY Dyes 

It is noted by Ni and coworkers that strong basic conditions in polar solvents lead to the 

decomposition of a styryl functionalized BODIPY molecule which discouraged the substitution of 

LiOH with other strong bases, in an attempt to hydrolyze 4b.

99
 It is recognized by few publications 

that the BODIPY core can tolerate aqueous acidic conditions better than basic, as an alternative 

route to complete ester hydrolysis.

99,100
 It is of interest to study the acidic hydrolysis of 4b to obtain 

the diacid BODIPY as an alternative to basic hydrolysis. As described in Table 3.3., reactions 

under acidic hydrolysis conditions were assessed thoroughly. 
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Table 3.3. Acidic conditions employed for the hydrolysis of 4b. 

Acid Mole 
equivalents of 

acid 

Solvent Reaction 
Time 

Temperature Result 

H3PO4 - THF/H2O 5 days reflux slow decomposition 

HCl - THF/H2O 24 h reflux slow decomposition 

LiI 40 EA overnight reflux no conversion 

LiI 40 THF overnight reflux no conversion 

 

 The classic ester hydrolysis via acid catalysis can be described as nucleophilic acyl 

substitution as protonation occurs followed by nucleophilic attack of a water molecule to yield the 

parent carboxylic acid. In this instance, HCl and phosphoric acid (H3PO4) were used as acid 

catalysts with reference to work published by Meltola and coworkers.

100
 In response to the 

understanding that BODIPY dyes can tolerate acid more than base, Meltola reports fast and high 

yielding hydrolysis using dilute HCl. While the use of phosphoric acid results in less 

decomposition, longer reaction time are needed (~5 days). It is understood that efforts made toward 

accessing the final product by hydrolyzing the dipyrrin intermediate prior to BODIPY 

complexation were unsuccessful.

100
 

 The continued investigation of the acid catalyzed hydrolysis of BODIPY molecules were 

attempted at a small scale (30 mg) using dilute HCl or phosphoric acid. Dye 4b was dissolved in 

a THF/water solvent mixture and HCl (2 M added to make a 0.5 M solution) or phosphoric acid 

(85%, 0.9 mL) were added to the reaction flask. The reaction was set to reflux, stirred, and was 

monitored by TLC (silica, 20:80 MeOH/DCM) over several hours. To our dismay both reactions 

demonstrated slow decomposition, while using HCl caused decomposition of 4b faster than the 

addition of phosphoric acid. 

 An alternative of these acids was explored; with promise from Ni et al, the use of lithium 

iodide can act as a Lewis acid catalyst.

99
 After much optimization, Ni reported using lithium iodide 
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in dry ethyl acetate gave moderate yields of the desired carboxylic acid BODIPY derivative.

99
 The 

lithium iodide promoted hydrolysis is facilitated by polar aprotic solvents such as THF and ethyl 

acetate (Scheme. 3.5.).101
 These conditions are known to be used for saponification for a variety 

of hindered ester groups.

101
 Lithium can effectively coordinate with the oxygen atom of the ester 

to activate the ester group promoting hydrolysis.

101
 

 

Scheme 3.5. Lithium coordination with oxygen (adapted from Fisher et al, 1994).

101 

 

 To evaluate Ni’s procedure, dye 4b was dissolved in either dry ethyl acetate or THF and 

lithium iodide was added in excess.

99
 The reaction was stirred at reflux under a nitrogen 

atmosphere and monitored by TLC for several hours. No significant change to 4b was observed 

after 16 hours had passed, suggestive of the decreased lability of the ester functionality. Despite 

this, the work up procedure was carried through and a small amount of concentrated HCl was 

added. The reaction mixture was dried using sodium sulfate, filtered, and the organic solvent was 

evaporated. This approach to the diacid BODIPY was unsuccessful, and it was determined either 

a more labile ester would have to be incorporated into the reaction scheme, such as a tert-butyl 

ester, or an entire redesign of the synthesis.  

 

3.1.3. Synthetic Redesign towards Partial Water-Soluble BODIPY Dyes 

A complete rework of the BODIPY synthesis was needed in order to generate BODIPY 

dyes with water-soluble functionality, such as carboxylic acid or hydroxy groups. Hydrolysis by 

issue of basic or acid conditions in the presence of the boron difluoride core remains an unsolved 
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challenge. Although not fully understood, hydrolysis prior to BF2 complexation has proven to be 

unsuccessful, and noted by several publications, as carboxyl or hydroxyl protecting groups are 

required to avoid unwanted side products.

99,100
 In this case, it was necessary to devise a syntheses 

to avoid ester hydrolysis yet still incorporate water-solubilizing functionality into the design of the 

dyes.  

 Loudet reviews the preparation of 3, 5-styryl BODIPY dyes by condensation reactions with 

3, 5- dimethyl BODIPY dyes and benzaldehydes.

11
 A modular platform was designed with 

intention of a diverging syntheses from a simple BODIPY core to produce a family of custom, 

near-infrared BODIPY dyes. In order to complete these reactions, the synthesis of an azido- 

BODIPY core with 3,5-dimethyl functionality needed to be established (Scheme 3.6.).  

 

Scheme 3.6. Planned syntheses for the azido- BODIPY core. 
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The syntheses outlined in Scheme 3.6. considers the methods attempted and lessons 

learned from Chapter 2, such as isolating the dipyrromethane prior to BF2 complexation and 

transformations that follow, allowing for the production of a modular BODIPY core for 

development towards novel derivatives. Once synthesized, the BODIPY core can undergo 

controlled Knoevenagel-like reactions with a substituted benzaldehyde providing red-shifted 

BODIPY molecules (Scheme 3.7.). In this study, there is a focus to isolate disubstituted product 

with little attention to the mono-substituted byproduct.  

 

Scheme 3.7. Divergent syntheses from a common modular BODIPY core to yield a family of 

near-IR styryl BODIPY dyes with improved water solubility.  
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3.1.4. Synthesis of Conjugated Dyes via the Knoevenagel Reaction 

Sourcing the appropriate starting materials was of concern as typically 2,4-dimethylpyrrole 

is used. However, 2,4-dimethylpyrrole must be stored under an inert gas and used in a timely 

manner as it darkens in colour and degrades under storage leading to yield variability. Owing to 

the original design of the dyes, 2-methylpyrrole was purchased and fortuitously demonstrated 

exceptional shelf stability.  

To begin, 2 mole equivalents of 2-methyl pyrrole were added to 4-nitrobenzaldehyde in 

dry dichloromethane under nitrogen gas. A catalytic amount of trifluoroacetic acid was added and 

the reaction was stirred at ambient temperature for 3 hours according to our previous work. The 

yellow solution turned orange over time and TLC indicated product formation. Then 0.5 M NaOH 

was added to the reaction mixture dropwise and the dipyrromethane product was extracted with 

dichloromethane. The organic layer was dried with sodium sulfate, filtered, and purified via 

column chromatography (alumina, DCM). 

The dipyrromethane scaffold was obtained in 65% yield and was carried through BODIPY 

synthesis in agreement with methods developed in Chapter 2. Next, p-chloranil was added to the 

dipyrromethane in dry dichloromethane and stirred for 1 hour at room temperature. TEA and 

BF3OEt2 were added subsequently, turning the orange reaction mixture red over time. Two hours 

after addition the solvent was removed on high vacuum, redissolved in dichloromethane, and 

washed with water. The dye was purified using column chromatography (silica, DCM) in 43% 

yield (Scheme 3.8.).  
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Scheme 3.8. Three step synthesis to the nitro- BODIPY core. 

 

 Ultimately, the nitro- BODIPY core 8 was synthesized with accordance to literature 

procedures coupled with learned practices.

86
 The synthesis and purification of compound 8 did not 

need further optimization and was confirmed with high performance liquid chromatography 

(HPLC). The HPLC trace of compound 8 was completed for use of the dye in radiochemistry 

experiments, in collaboration with Price group members, towards making improvements of the 

19
F/

18
F isotopic exchange. The resulting HPLC chromatogram attests to the purity of the dye after 

column chromatography as shown in Figure A.37.. listed in the Appendices.  HPLC 

characterization and purification is currently underway for other derivatives.  

 The purified nitro- BODIPY core was transformed by nitro reduction and azido synthesis 

from the diazonium salt with reference to optimized conditions from Chapter 2. The amino- 

BODIPY was isolated in 75% yield as an orange powder by identical procedure to that of 

compound 5a. Similarly, Fedeli reports nitro reduction of a BODIPY molecule using iron and HCl 

although typically smaller BODIPY molecules have been reported to survive hydrogenation 

conditions.

76,92
 The amino- dye was easily separated from any remaining nitro- starting material 

by column chromatography (silica, DCM) due to the significant change in the polarity.  
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 Transformation to the azido- derivative was completed by the stepwise conversion to the 

diazonium salt and reaction with sodium azide alike to the synthesis of compound 6a. The reaction 

was monitored closely by TLC to follow product formation as there was not a noticeable colour 

change. The azido- BODIPY core was purified using column chromatography (silica, 30:70 ethyl 

acetate/hexanes) in 76% yield as an orange powder (Scheme 3.9.).  

 

Scheme 3.9. BODIPY core transformations with associated yields. 

 

Collectively, this method has proven to be reliable as several small-scale reactions have 

provided a sufficient amount of the azido- product, compound 10, with a cumulative yield of 16% 

yield over 4 steps. The azido- dye 10, as a common intermediate, was reacted in a modular fashion 

with several substituted benzaldehydes thus increasing the efficiency of the synthesis in 

comparison to derivatizing from the pyrrole molecules as per Chapter 2 syntheses. The 

Knoevenagel-like reaction can be described as a condensation process between 3-, 5- dimethyl 

BODIPY dyes and a benzaldehyde.

11,102
 The 3-, 5- methyl protons are acidic enough for the 

reaction to proceed forming the activated methylene.

11,102
 This reaction is catalyzed by an amine 

base, typically piperidine or pyrrolidine, in the presence of acetic acid and undergoes an E1cB 

elimination mechanism (Scheme 3.10.).11,102,103
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Scheme 3.10. Proposed reaction mechanism for the E1cB elimination for conjugated BODIPY 

dyes.

103 

 

 The reactivity of the benzaldehyde plays a role in product formation as substituent effects 

can activate with a para- relationship to the electrophilic aldehyde.

102
 For example, electron-poor 

aldehydes have been shown not to react under these conditions.

102
 However, a variety of 

benzaldehydes have been demonstrated to produce the disubstituted product in low yields.

102
 In 

addition, this reaction can be controlled to produce the mono- or di- substituted product.

11
 The 

following aromatic aldehydes were chosen to produce a family of styryl BODIPY dyes via the 

Knoevenagel-like reaction (Figure 3.1.) with the purpose of synthesizing partial water-soluble 

dyes.  
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Figure 3.1. Aldehyde derivatives considered for the condensation reaction with dye 10. 

 

 The azido- BODIPY core 10 was dissolved in dry acetonitrile in a Schlenk flask under an 

inert atmosphere. Benzaldehyde was dissolved in dry acetonitrile and was added to the reaction 

flask in an excess of 4 mole equivalents. Piperidine and acetic acid were added simultaneously to 

the reaction vessel. The reaction was heated to 80 ºC and stirred for 1 hour; however, the reaction 

was monitored carefully to observe the formation of the mono- or di-substituted products. A teal-

blue spot at Rf = 0.69 (silica, 50:50 DCM/hexanes) appeared quickly after 30 min and became 

more concentrated over the 1-hour period. The solvent was removed on vacuum and the crude 

reaction mixture was assessed for column chromatography. TLC showed evidence of a high 

yielding reaction with suggestion of minimal byproduct formation. Purification was completed 

using a silica column (50:50 DCM/hexanes) to isolate dye 6a in 84% yield (Scheme 3.11.).  

 

Scheme 3.11. Synthesis of dye 6a. 
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 With confidence, the Knoevenagel reaction was under trial using 4-hydroxybenzaldehyde 

with compound 10. Alike the reaction with benzaldehyde, this reaction was carefully followed by 

TLC to trace the formation of the mono- and disubstituted products over the 1-hour reaction period. 

Believed to be the monosubstituted product, a purple spot at Rf = 0.55 (silica, DCM) appeared 15 

min into the reaction time. Over the next 45 min, a teal-blue spot was concentrated at Rf = 0.20 

and was identified as the desired, disubstituted, phenolic product. The dye was diluted with ethyl 

acetate and the organic phase was washed with 0.05 M HCl and dried with sodium sulfate. Due to 

the complexity of the polar substituents, column chromatography was done carefully by adjusting 

the solvent system to isolate the teal-blue dye 11 in 38% yield (silica, 92:8 to 80:20 DCM/ethyl 

acetate) (Scheme 3.12.). The phenolic dye is in the process of being purified by reverse-phase 

HPLC (C18) to remove any minor impurities that may hamper further radiochemical or photo-

physical experiments. In addition, this dye demonstrated excellent solubility in a variety of 

solvents: DCM, ACN, DMF, and partial water solubility.   

 

Scheme 3.12. Synthesis of dye 11. 
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conditions with intention to synthesize the diacid BODIPY dyes 12 and 13 (Figure 3.2.).76
 The 

aldehyde was dissolved in dry acetonitrile and was added to BODIPY 10 followed by additions of 

piperidine and acetic acid. Over time the reaction solution was observed to turn from orange-red 

to blue-purple, producing a insoluble blue solid. After 1 hour, the reaction was cooled to room 

temperature in preparation for the work up of the crude mixture.  

 

Figure 3.2. Proposed diacid azido- BODIPY dyes 12 and 13. 

 

 It was found that acidifying these solutions with methanolic HCl generated fumes, assumed 

to be HF gas. Other methods of acidifying the dye were attempted, such as washing the crude 

product with dilute acid. However, neither means of acidification was successful. The 

1
H NMR 

was recorded for crude products. Compound 12 could not be identified amongst the NMR signals, 

although the crude product does exhibit fluorescence when surrendered to long wave UV light. 

Much optimization is required for the electron poor 4-carboxybenzaldehyde to react for the 

condensation reaction.  

The NMR analysis of crude product 13 gave evidence of trans alkene formation, identified 

by a coupling constant of 16 Hz to which is characteristic of the trans bond. The observed doublet 
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demonstrates a roofing effect similar to the previously synthesized dyes in Chapter 2 and 3. We 

predict the condensation reaction of 4-formyl-2-thiophenecarboxylic acid may have proceeded for 

these reasons, nonetheless synthetic improvements are necessary for the efficiency of synthesizing 

diacid BODIPY dyes. It is possible that these compounds are not suitable for silica 

chromatography and instead should be directly purified by preparative RP-HPLC. 

 

3.1.5. Spectral Characterization 

 The maximum absorbance and fluorescence emission were found for compounds 8, 9, 10, 

and 11 to confirm the long-wavelength dyes as suitable for biological application. As expected, 

BODIPY core molecules 8, 9, and 10 spectra were collected and is influenced by their electron-

donating or withdrawing functionality (Figure 3.3.). Dye 8 was observed to have a maximum 

absorbance at 520 nm and emission at 553 nm. Whereas a blue-shift for amino- dye 9 in 

comparison to its nitro- equivalent was observed to absorb at 509 nm and emit at 522 nm. 

Ultimately, the azido- functionality of dye 10 produced a bathochromic shift from the amino- with 

absorbance at 515 nm and emission at 535 nm (Figure 3.3.).   
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Figure 3.3. Absorbance and emission spectra collected for dyes 8, 9, and 10 (DCM). 

 

 Similar to dye 6a, the absorbance and emission of conjugated, phenolic dye 11 fell within 

the optimal near-IR biological window with a maximum absorbance of 654 nm and fluorescence 

emission at 678 nm (DCM). It was of significance to collect the absorption and emission spectra 

in an array of solvents to demonstrate the positive solvatochromic effect 3,5-styryl BODIPY dyes 

are known to exhibit.

6,11
 Dye 11 was dissolved in polar solvents, such as DMF and water, and the 

maximum absorbance and emission were determined (Figure 3.4.). It was observed that the more 

polar solvent, water, gave a red-shift in the absorbance of dye 11. Photophysical studies to 

determine the emission of 11 in water are currently underway.  
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 (a)                                                                        (b) 

 

Figure 3.4. (a) Combined absorbance spectra of dye 11 in several solvents (DCM, DMF, H2O); 

(b) Fluorescence emission spectrum collected for dye 11. 

 

3.1.6. Concluding Remarks  

 This completes the story of this Master’s thesis and the major progress achieved towards 

the design and synthesis of partially water-soluble BODIPY dyes with extended conjugation, near-

IR fluorescence emissions, and conjugation-ready functional groups. It was found that diacid 

BODIPY dyes could not be accessed through base or acid hydrolysis of the ester BODIPY 

counterpart. A new synthetic pathway needed to be established, avoiding hydrolysis conditions, 

that has potential to provide BODIPY dyes in moderate yields. The Knoevenagel-like syntheses, 

influenced by Fedeli’s procedure, provided a route to conjugated dyes 6a and 11 (Figure 3.5.).76
 

There is promise in the continued investigation to provide diacid dyes 12 and 13, with evidence of 

a trans alkene bond formation by 

1
H NMR, and could segue into innovation efforts towards new 

derivatives.  
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Figure 3.5. Final synthesized dyes with associated absorbance and emission wavelength. 

 

 After careful synthetic iteration and extensive troubleshooting, the conjugated dye 6a was 

easily synthesized; with added functionality, phenolic dye 11 proved to be much more challenging. 

Dye 11 features dihydroxy functionality, providing partial water-solubility for applications. Dyes 

6a and 11 mutually exhibit long wave absorbance and emission, and are prepared for further 

“click” conjugation reactions and radiolabelling development.  

 

3.2. Experimental  

General Comments 

 All experimental procedures and characterization were completed with reference to details 

reported in section 2.2. Experimental. Absorbance and fluorescence emission spectra for dye 11 

were collected using a Varian Cary 6000i UV-Vis Spectrophotometer and a PTI QuantaMaster 

double-grating Spectrofluorometer respectively, with assistance from the Stevens group. 
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Synthesis of 8-(4-nitrophenyl)- 3,5-dimethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (8).  

2-methyl pyrrole (1.00 g, 12.32 mmol, 1 eq) was added rapidly to 4-nitrobenzaldehyde (0.9315 

g, 6.16 mmol, 2 eq) in DCM (50 mL) under dry conditions. TFA (28.3 uL, 0.37 mmol) was 

added to initiate the reaction and the solution immediately turned pale orange. The reaction 

mixture was stirred for 3 h at room temperature. The reaction was quenched with 0.2 M NaOH 

(30 mL) at 0 °C and the crude product was extracted with DCM, washed with brine, and dried 

with Na2SO4. The crude was purified by washing with small amounts of cold DCM and was 

filtered under vacuum to obtain the dipyrromethane as a powder in 65% yield. The 

dipyrromethane (0.3349 g, 1.13 mmol, 1 eq) was then dissolve in dry DCM (35 mL) in a 100 mL 

Schlenk flask. Next, p-chloranil (0.2733 g, 1.13 mmol, 1 eq) in dry DCM (35 mL) was added to 

the reaction mixture and was stirred for 1 h at room temperature. TEA (955 uL, 6.78 mmol, 6 eq) 

was added dropwise and the reaction was stirred for 15 min. BF3OEt2 (1.95 mL, 15.82 mmol, 14 

eq) was added drop wise to the reaction mixture and was stirred for 2-3 h. The solvent was 

carefully removed on high vacuum and the reaction mixture was dried down to a crude. The 

crude was redissolved in DCM and the product was extracted, washed with water, and dried with 

Na2SO4. The crude was purified by column chromatography (silica, DCM, Rf = 0.58). Yield: 

0.1659 g, 43%, deep red powder. 

1
H NMR (CDCl3):  !8.35 (d, j=9, 2H), !7.68 (d, j=9, 2H), 

!6.61 (d, j=4, 2H), !6.31 (d, j=4, 2H), !2.66 (s, 6H). 

13
C NMR (CDCl3): !159.1, !148.7, 

!140.4, !138.9, !134.0, !131.2, !129.9, !123.5, !120.3, !15.1 ppm. UV-Vis (nm, CH2Cl2): 

331, 520. Fluorescence (nm, CH2Cl2): 553. HRMS (FDI): m/z calculated for 

12
C171

H1411
B119

F214
N316

O2 = 341.11437[M]+; found = 341.11488. 
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Synthesis of 8-(4-aminophenyl)- 3,5-dimethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

(9). The nitro- dye (8, 42.0 mg, 0.12 mmol, 1 eq) was dissolved in DCM (10 mL) in a 25 mL 

round bottom flask. At 0 °C, glacial acetic acid (337 uL, 5.90 mmol, 50 eq) and zinc powder 

(0.1292 g, 1.77 mmol, 15 eq) were added rapidly to the reaction mixture. The orange solution 

was stirred vigorously (1000 rpm) for 30 min at room temperature. The reaction was stopped by 

filtering out the zinc via gravity filtration. The product was extracted out of dichloromethane, 

washed with water, and dried with sodium sulfate. The crude was purified by column 

chromatography (DCM, silica, Rf = 0.25) to obtain a red-orange powder. Yield: 27.6 mg, 75%, 

red-orange powder. 

1
H NMR (CD3OD):  !5.73 (d, j=9, 2H), !5.26 (d, j=4, 2H), !5.19 (d, j=9, 

2H), !4.74 (d, j=4, 2H), !0.98 (s, 6H).

 13
C NMR (CD3OD): !153.8, !149.6, !142.7, !132.4, 

!130.6, !128.2, !120.8, !116.7, !112.1, !11.8 ppm. UV-Vis (nm, CH2Cl2): 432, 509. 

Fluorescence (nm, CH2Cl2): 522. HRMS (FDI): m/z calculated for 

12
C171

H1611
B119

F214
N3 = 

311.14434[M]+; found = 311.14171. 

 

Synthesis of 8-(4-azidophenyl)- 3,5-dimethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

(10). The amino- dye (9, 22.7  mg, 0.073 mmol, 1 eq) was dissolved in 1:1 MeOH:1 M HCl (1 

mL:1 mL) and cooled to 0 °C. Sodium nitrite (30.7 mg, 0.44 mmol, 6 eq) in 0.25 mL H2O was 

added dropwise to the solution, the solution immediately turned deep red-purple, and was stirred 

at 0 °C for 1 h. TLC indicated the diazonium salt was formed. Sodium azide (28.8 mg, 0.44 

mmol, 6 eq) in 0.50 mL H2O was added dropwise at 0 °C, the solution immediately turned 

orange, and the reaction was stirred at room temperature for 2 h and the diazonium salt was 

consumed as indicated by TLC. The reaction was diluted with DCM and water followed by 

extraction, washed with brine, and dried with sodium sulfate. The product was purified by 
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column chromatography (silica, 30:70 EA/Hex, Rf = 0.51) to obtain a bright orange powder. 

Yield: 18.7 mg, 76%, orange powder. 

1
H NMR (CDCl3):  !7.50 (d, j=9, 2H), !7.14 (d, j=9, 2H), 

!6.70 (d, j=4, 2H), !6.28 (d, j=4, 2H), !2.65 (s, 6H). 

13
C NMR (CDCl3): !157.8, !142.1, 

!141.4, !134.4, !131.9, !130.7, !130.1, !119.6, !118.9, !14.9 ppm. UV-Vis (nm, CH2Cl2): 

363, 515. Fluorescence (nm, CH2Cl2): 535. HRMS (FDI): m/z calculated for 

12
C171

H1411
B119

F214
N5 = 337.13103[M]+; found = 337.13102. 

 

Synthesis of 8-(4-azidophenyl)-3,5-di((E)-styryl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

(6a). Dye 10 (22.6 mg, 0.067 mmol, 1 eq) and benzaldehyde (27.4 uL, 0.26 mmol, 4 eq) were 

dissolved in dry ACN under an inert atmosphere with 4 Å molecular sieves. Piperidine (66.2 uL, 

0.67 mmol, 10 eq) and acetic acid (23.0 uL, 0.40 mmol, 6 eq) were added to the orange-red 

reaction solution. The reaction was stirred at reflux (80 °C) and monitored closely over 1h 

turning teal-blue over time (silica, DCM/Hex, Rf = 0.69). The reaction solution was brought to 

room temperature and the solvent was removed by rotary evaporator. The crude was purified by 

column chromatography (silica, DCM/Hex, Rf = 0.69). Yield: 29.0 mg, 84%, blue powder. 

1
H 

NMR (CDCl3): !7.79 (d, j=16, 2H), !7.66 (d, j=8, 4H), !7.54 (d, j=8, 2H), !7.42 (m, 4H), !7.35 

(m, 4H), !7.17 (d, j=8, 2H),  !6.95 (d, j=4, 2H), !6.80 (d, j=4, 2H). UV-Vis (nm, CH2Cl2): 367, 

588, 638. Fluorescence (nm, CH2Cl2): 658. HRMS (FDI): m/z calculated for 

12
C311

H2211
B119

F214
N5 = 513.19363[M]+; found = 513.19394. 

 

Synthesis of 8-(4-azidophenyl)-3,5-bis-((E)-4-hydroxystyryl)-4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene (11). Dye 10 (14.0 mg 0.042 mmol, 1 eq) and 4-hydroxycarboxaldehyde (22.1 

mg, 0.18 mmol, 4 eq) were dissolved in dry ACN (4 mL) under an inert atmosphere with 4 Å 
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molecular sieves. Piperidine (24.6 uL, 0.25 mmol, 6 eq) and acetic acid (14.2 uL,0.25 mmol, 6 

eq) were added to the reaction solution. The orange-red reaction mixture was stirred at reflux (80 

°C) and monitored closely over 1 h turning purple-blue over time (silica, DCM, Rf = 0.20). The 

reaction was cooled to room temperature and the crude was diluted with ethyl acetate. The crude 

was washed with 0.05 M HCl, dried with Na2SO4, and the product was isolated by column 

chromatography (silica, 92:8 to 80:20 DCM/EA). Yield: 8.69 mg, 38%, blue powder. 

1
H NMR 

(CD3OD):  !5.97 (m, 8H), !5.83 (d, j=16, 2H), !5.66 (d, j=8, 2H), !5.47 (d, j=4, 2H), !5.26 (d, 

j=8, 4H), !5.23 (d, j=4, 2H). UV-Vis (nm, CH2Cl2): 377, 603, 654. Fluorescence (nm, CH2Cl2): 

678. UV-Vis (nm, DMF): 386, 448, 615, 667. Fluorescence (nm, DMF): 693. UV-Vis (nm, 

H2O): 674. HRMS (FDI): m/z calculated for  = 545.18346 [M]+; found = 545.18552.  
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Chapter 4 

Conclusions and Future Directions 
 ________________________________________________ 

 The work presented in this M.Sc. thesis constitutes the first major effort in the Price group 

towards the synthesis and applications of BODIPY dyes, following part-time efforts of previous 

undergraduate students. The primary objective of this thesis was to gain insight into the complex 

design and synthesis of conjugated BODIPY dyes, as they exhibit excellent spectral properties and 

can behave as agents for bimodal near-infrared/positron emission tomography imaging. Very 

specific BODIPY dyes were designed for this project, as they required near-IR fluorescence 

emission for ideal molecular imaging properties, suitable water solubility for applications in living 

systems, and special functional groups to accommodate bioconjugation with disease-targeting 

molecules.  

 Several styryl BODIPY dyes were considered as potential long wavelength dyes due to 

their extensive conjugation and it was of interest to develop a reliable synthetic pathway. The 

designed dyes lack 1-, 7- methyl groups, enhancing pi orbital alignment of the aryl substituent with 

the core of the BODIPY, which contributed to a bathochromic shift of approximately 20-30 nm as 

compared to their methylated equivalent reported in literature.

73,76
 Dyes 4b and 11 were intended 

to utilize a “push-pull” design to modulate the frontier orbitals, inducing a charge transfer, in order 

to achieve red-shifted absorption and emission with electron withdrawing functionality from the 

meso- position and electron donating functionality from the 3- and 5- positions. These practices to 

shift the absorption and emission towards the near-infrared were the basis for the design of the 

finalized dyes reported in this thesis.  

Synthesis and purification of BODIPY dyes is notoriously challenging, and a full re-

optimization of synthetic procedures was necessary for this project to be successful. Several major 
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optimizations and improvements were made to the synthesis of large near-IR BODIPY dyes as 

outlined in this thesis. Alternative to traditional, low yielding one-pot procedures, the BODIPY 

dyes were best synthesized by isolating the dipyrromethane scaffold followed by oxidation and 

BF2 complexation to minimize byproduct formation and improve yields. Removal of excess BF3 

prior to aqueous workup substantially increased reaction yields. Nitro reduction and 

transformation to the corresponding azido-BODIPYs were achieved in moderate yields after 

optimization. Further, after an extensive literature search and synthetic experiments, it was 

determined that deprotecting ester groups to yield carboxylic acids is not feasible in most BODIPY 

dyes. To obtain BODIPY dyes with hydrogen-bonding/ionizable functional groups for improved 

water solubility, a synthetic strategy that did not involve late-stage functional group deprotection 

reactions was required.  

A modular platform has been developed to synthesize styryl-BODIPY dyes bearing 

ionizable groups to improve water solubility, and a p-azido-phenyl moiety as a “clickable” handle 

for conjugating with a variety of molecules. The final dyes were synthesized through a modified 

Knoevenagel reaction between a 3,5-dimethyl BODIPY core and an aryl aldehyde. This synthetic 

strategy involves the synthesis of a small BODIPY “core” with a p-azido-phenyl moiety ready for 

conjugation, and a structure amenable for facile Knoevenagel reaction with a large variety of aryl 

aldehyde molecules. As such, many different BODIPY derivatives with different physiochemical 

and spectroscopic properties can be quickly synthesized using this modular strategy (Table 4.1.). 

Two azido- BODIPY derivatives, 6a and 11, were synthesized and fully characterized, providing 

red-shifted emission suitable for biological application. Notably, dye 11 has phenolic groups that 

improve the water soluble of the conjugated network. Either dye can behave as a bimodal imaging 

agent if successfully labeled with fluorine-18. Using this strategy, progress was made to directly 
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synthesize carboxylic acid bearing BODIPY dyes without any protecting groups, but this must be 

further investigated. 

 

Table 4.1. Summary of synthesized dyes with reported absorbance and emission wavelength 

(DCM).  

Compound Abs (nm) Em (nm) 
4a 646 677 

4b 653 679 

5a 629 644 

6a 638 658 

8 520 553 

9 509 522 

10 515 535 

11 654 678 

 

 

 The synthesized dyes were provided as precursor molecules in collaborative efforts 

amongst Price group members to develop fluorine-18 radiolabeling methods. In addition to their 

ability to be radiotracers, the designed BODIPY molecules have the functionality to participate in 

“click” conjugation reactions. In particular, from a synthesized BODIPY, phosphonate 

functionality will be introduced to promote bone-targeting through copper-catalyzed “click” 

chemistry in future studies. These dyes could also be conjugated to cancer-targeting peptides 

bearing alkyne functional groups. There is also potential in utilizing the synthesized long-

wavelength BODIPY dyes in photo-induced conjugation to protein conjugates.  

 Due to the challenging chemistry needed to produce BODIPY molecules there is room for 

synthetic improvement. The synthetic route devised from this M.Sc. project to deliver new 

BODIPY derivatives with water-solubilizing functionality is reproducible and will enable the Price 

group to create many interesting derivatives in the future. Continuation of this project will be 
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carried out by Price lab members, including photo-physical studies and determination of the 

partition coefficient to measure hydrophilicity/lipophilicity. As the BODIPY dye serves as a 

fluorescent tag with fluorine-18 radiolabeling potential, their use in application is theoretically 

unlimited. 

 



 

   

 

Figure A.1. 1H NMR spectrum of methanol-d4 with main residue at !3.31 ppm, containing an impurity at !1.73 ppm.  
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Figure A.2. 1H NMR spectrum of compound 1a in CDCl3. 
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Figure A.3. 1H NMR spectrum of compound 1b in CDCl3. 
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Figure A.4. 1H NMR spectrum of compound 2a in CDCl3. Peaks associated with residual dichloromethane are denoted by the 

symbol (!". 
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Figure A.5. 1H NMR spectrum of compound 2b in CDCl3. Peaks associated with residual silicone grease are denoted by the 

symbol (#". 
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Figure A.6. 1H NMR spectrum of compound 4a in CDCl3. Peaks associated with residual silicone grease are denoted by the 

symbol (#". Peaks associated with residual hexanes are denoted by the symbol ($). Peaks associated with residual hexanes are 

denoted by the symbol ($). Peaks associated with residual water are denoted by the symbol (%).  
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Figure A.7. 1H NMR spectrum of compound 4b in CDCl3. Peaks associated with residual silicone grease are denoted by the 

symbol (#". Peaks associated with residual water are denoted by the symbol (%). 
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Figure A.8. 13C NMR spectrum of compound 4b in CDCl3. 
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Figure A.9. 1H NMR spectrum of compound 5a in CDCl3. Peaks associated with residual silicone grease are denoted by the 

symbol (#". Peaks associated with residual hexanes are denoted by the symbol ($). Peaks associated with residual ethyl acetate 

are denoted by the symbol (&). Peaks associated with residual acetone are denoted by the symbol (').  
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Figure A.10. 1H NMR spectrum of compound 6a in CDCl3. Peaks associated with residual water are denoted by the symbol (%
). Peaks associated with residual hexanes are denoted by the symbol ($). 
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Figure A.11. 1H NMR spectrum of compound 8 in CDCl3. Peaks associated with residual silicone grease are denoted by the 

symbol (#". 
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Figure A.12. 13C NMR spectrum of compound 8 in CDCl3. 

96
 



 

   

 
Figure A.13. 1H NMR spectrum of compound 9 in CD3OD.  
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Figure A.14. 13C NMR spectrum of compound 9 in CD3OD. 
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Figure A.15. 1H NMR spectrum of compound 10 in CDCl3. Peaks associated with residual ethyl acetate are denoted by the 

symbol (&). Peaks associated with residual dichloromethane are denoted by the symbol (!". 

99
 



 

   

 
Figure A.16. 13C NMR spectrum of compound 10 in CDCl3. 
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Figure A.17. 1H NMR spectrum of compound 11 in CD3OD with solvent impurities at !1.07 and !0.44. 
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Figure A.18. Combined absorbance and emission spectra of 4a (DCM). 

 

 
 Figure A.19. Fluorescence intensity recorded at different wavelengths for compound 4a 
(DCM). 
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Figure A.20. Combined absorbance and emission spectra of 4b (DCM). 

 

Figure A.21. Fluorescence intensity recorded at different wavelengths for compound 4b (DCM). 
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Figure A.22. Combined absorbance and emission spectra of 5a (DCM). 

 

Figure A.23. Fluorescence intensity recorded at different wavelengths for compound 5a (DCM). 
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Figure A.24. Combined absorbance and emission spectra of 6a (DCM). 

 

Figure A.25. Fluorescence intensity recorded at different wavelengths for compound 6a (DCM). 
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Figure A.26. Combined absorbance and emission spectra of 8 (DCM). 

 

Figure A.27. Fluorescence intensity recorded at different wavelengths for compound 8 (DCM), 
noting the nitro- functionality quenching fluorescence. 
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Figure A.28. Combined absorbance and emission spectra of 9 (DCM). 

 

Figure A.29. Fluorescence intensity recorded at different wavelengths for compound 9 (DCM). 
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Figure A.30. Combined absorbance and emission spectra of 10 (DCM). 

 

Figure A.31. Fluorescence intensity recorded at different wavelengths for compound 10 (DCM). 
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Figure A.32. Combined absorbance and emission spectra of 11 (DCM). 

 

Figure A.33. Fluorescence intensity recorded at different wavelengths for compound 11 (DCM). 
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Figure A.34. Combined absorbance and emission spectra of 11 (DMF). 

 

Figure A.35. Fluorescence intensity recorded at different wavelengths for compound 11 (DMF) 
with an overtone at 751 nm. 
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Figure A.36. Absorbance spectra of 11 (H2O). 
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Figure A.37. HPLC chromatogram of compound 8. Chromatogram was obtained using a 
Thermo Fisher Vanquish UHPLC system equipped with a UV-Vis detector set to measure at 254 
nm. Peak 22 (12.028 min) is associated with the compound 8. 
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