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ABSTRACT 

Linear oligopyrroles are degradation products of heme, which is converted in the presence 

of heme oxygenase to bile pigments, such as biliverdin and bilirubin. These tetrapyrrolic 

oligopyrroles are ubiquitously present in biological systems and find applications in the 

fields of catalysis and sensing. These linear tetrapyrrolic scaffolds are further degraded into 

linear tripyrrolic and dipyrrolic fragments. Although these lower oligopyrroles are 

abundantly present, their coordination chemistry requires further characterization. This 

dissertation focuses mainly on two classes of bioinspired linear oligopyrroles, 

propentdyopent and tripyrrindione, and their transition metal complexes, which present a 

rich ligand-based redox chemistry. 

Chapter 1 offers an overview of heme degradation to different classes of linear 

oligopyrroles and properties of their transition metal complexes. Chapter 2 is focused on 

the tripyrrin-1,14-dione scaffold of the urinary pigment uroerythrin, which coordinates 

divalent transition metals palladium and copper with square planar geometry.  Specifically, 

the tripyrrin-1, 14-dione ligand binds Cu(II) and Pd(II) as a dianionic organic radical under 

ambient conditions. The electrochemical study confirms the presence of ligand based redox 

chemistry, and one electron oxidation or reduction reactions do not alter the planar 

geometry around the metal center. The X-Ray analysis and the electron paramagnetic 

resonance (EPR) studies of the complexes in the solid and solution phase reveals 

intermolecular interactions between the ligand based unpaired electrons and therefore 

formation of neutral π-π dimers. 

In Chapter 3, the antioxidant activity and the fluorescence sensor properties of the tripyrrin-

1,14-dione ligand in the presence of superoxide are described. We found that the 

tripyrrindione ligand undergoes one-electron reduction in the presence of the superoxide 
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radical anion (O2
●–) to form highly fluorescent H3TD1●– radical anion, which emits at 635 

nm. This reaction also explains the antioxidant properties of the linear tripyrrin-1,14-dione 

ligand, which acts as a scavenger of O2
●–. 

In Chapter 4, the zinc binding properties of the tripyrrin-1,14-dione ligand are described. 

The tripyrrolic ligand coordinates as a dianionic ligand with the divalent Zn(II) ion in both 

organic and aqueous buffered conditions. The complex formed is highly fluorescent with 

a long wavelength emission band at 648 nm. The X-Ray crystallography analysis indicates 

the existence of dinuclear complex [Zn(TD1●)(H2O)]2, featuring a distorted square planar 

geometry around the Zn(II) center.  

In Chapter 5, the coordination chemistry of the dipyrrin-1,9-dione fragment of 

propentdyopent ligand is shown with a series of transition metals like (e.g., Co(II), Ni(II), 

Cu(II) and Zn(II)), which form homoleptic tetrahedral complexes. The spectroscopic and 

electrochemical characterization confirms that the complexes shows ligand-based redox 

chemistry and acts as reservoirs for unpaired electrons.  

Chapter 6 describes the formation of the fluorescent BODIPY complex of propentdyopent 

ligand. The dipyrrin-1,9-dione scaffold of heme metabolite propendyopent undergoes a 

one-pot reaction with borontrifluoride etherate in toluene to form a green fluorescent 

[(pdp)BF2] complex. Spectroscopic studies reveal that the meso-unsubstituted [(pdp)BF2] 

complex is stable in tetrahydrofuran and has a quantum yield of 0.13. Electrochemical 

studies confirm that the complex undergoes ligand-based reduction and acts as a host for 

an unpaired electron.  
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 Introduction to oligopyrrolic fragments from heme 

metabolism 

Heme is a vital pigment of life and plays a critical role in oxygen transport and storage in 

hemoglobin and myoglobin. The biological degradation of hemoglobin produces almost 

300 mg of bile pigments per individual on a daily basis. 1, 2 and 80% of these pigments is 

acquired from the hemoglobin of senescent red blood cells or erythrocytes. Figure 1.1 gives 

an overview of heme biosynthesis and degradation. Enzymes like heme oxygenase-1 (HO-

1) and biliverdin reductase are key in heme catabolism. Heme oxygenase-1 causes 

demetallation of heme and oxidative cleavage at a meso α-methene position of the cyclic 

porphyrin macrocycle to give linear tetrapyrrole biliverdin IXα, ferrous ions (Fe2+) and 

carbon monoxide. The biliverdin obtained is further reduced in the presence of NADH+-

dependent enzyme biliverdin reductase to give linear oligopyrrole bilirubin. In addition to 

natural factors, the activity of heme oxygenase (HO-1) is also induced by several other 

factors such as presence of reactive oxygen species (ROS) that causes oxidative stress 3, 4 

heavy metals, and hemolysis in wounds.5 

Although bile pigments are typically referred to as linear oligopyrroles, solution and solid-

state studies of oligopyrroles indicated that most of these compounds possess ridge-tile 

shaped conformations. 6, 7 Linear oligopyrroles occur extensively in nature and a brief 

summary of their occurrence, formation and role in biological systems is provided in this 

chapter.  
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Figure 1.1 Overview of biosynthesis and metabolism of tetrapyrroles 

1.1 Introduction to linear oligopyrroles in biological systems 

1.1.1 Occurrence of linear oligopyrroles 

In biological systems, bile pigments and other linear oligopyrroles play important roles and 

are largely associated to the following functions:  

(i) Biosynthesis of cyclic oligopyrroles8: During heme biosynthesis, the precursor 

protoporphyrin-IX ligand in the presence of enzyme ferrochelatase undergoes insertion of 

Fe2+ and forms iron-protoporphyrin IX or iron-protoheme IX. 8, 9 Linear oligopyrroles are 

the basic components of cyclic oligopyrroles such as porphyrin. Porphyrins form a class of 

cyclic macrocycles that consists of four pyrrole rings bridged together by carbon atoms. 

Porphyrins with various substituents and upon metal coordination play a vital role in a 

variety of enzymes (cytochrome, hemoglobin, and myoglobin) that carry out significant 

biochemical processes in living organisms. Other biologically relevant macrocycles with 

tetrapyrrolic scaffold has been shown in figure 1.2 and it includes chlorins (in 

chlorophylls), bacteriochlorins (in bacteriochlorophyll) and corrin (in vitamin B12). 
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Figure 1.2 Chemical structures of different tetrapyrrole families 

 (ii) Biodegradable excretion product: Linear oligopyrroles like bilirubin and biliverdin 

are formed during metabolism of heme and are therefore the degradation product of cyclic 

oligopyrroles. These products are normally ejected from the organism. 

(iii) Deposition and pigmentation: In some cases, linear oligopyrroles get deposited in 

soft tissues or bones and provide pigmentation.  

1.1.2 Heme catabolism to tetrapyrrolic bile pigments bilirubin and biliverdin 

Early in the 18th century, bile was recognized as a yellowish green, alkaline fluid with a 

taste varying from bitter to sweet. Bile was found to be heavier than water and highly 

miscible with it in all proportion. The basic nature and fat composition of bile supports the 

fact that at times bile was used as a soap.  

Between 18th and 19th century, several attempts were made to isolate, purify and 

characterize the components of bile by supplementing them with additives such as acid 

(acetic acid, hydrochloric acid and nitric acid), alcohol, ether and salts (BaCl2, Pd(OAc)2). 

These attempts led to the isolation of fatty substances that constitute the major component 

of bile and was less focused on bile pigments. Nowadays, these fatty substances are known 

to be cholesterol and fatty acids. In one of several experiments to investigate the 

constituents of bile, a pulverized gallstone was partially dissolved in warm alcohol and 

upon filtration the filtrate exhibited a yellow color. This has been deemed as the first 
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chemical isolation of a bile pigment from gallstone but no further exploration of bile 

pigments was conducted until the 19th century. During this time period Georg Heuermann 

(1753), von Haller (1764) and Marabelli (1794) observed that bile undergoes a prompt 

color change from light yellow to green in presence of acid and upon exposure to air or 

oxygen. Later in early 19th century, Tiedemann10 and Gmelin 11 reported after detailed 

analysis that the color change in bile from yellow to green does not occur in de-aerated 

acid or in absence of oxygen and any introduction of oxygen causes prompt color change. 

The progress in the study of bile pigments suffered various controversies and obstacles. It 

was during this time that Pregl was awarded the Nobel Prize in 1923 for his contribution 

in the development of the novel and revolutionary technique of quantitative combustion 

analysis. Soon after the development of this new technique for organic analysis, Thenard 

(France), Berzelius (Sweden) and Gmelin (Germany) initiated examining the chemical 

composition of bile and gallstones. The bile of many different animals was heated to 

dryness and quantified.  

1.1.3 Bilirubin 

Pure bilirubin was crystallized from chloroform as yellow orange crystalline plates. Pure 

bilirubin is insoluble in water and acid and forms salt in alkali condition. It is highly soluble 

in chloroform and sparingly soluble in alcohols. In 1915, Fischer identified the empirical 

formula of bilirubin to be C33H36O6N4. Bilirubin can be detected by certain chemical tests 

through a color change.  

Gmelin’s Test:  This reaction was introduced by Leopold Gmelin and is used for the 

detection of bilirubin in urine samples. In this reaction bilirubin is oxidized in presence of 

nitric acid and a mixture of colored products are formed. The major product formed in this 
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reaction is biliverdin, which has a characteristic green color. Thus, a color change from 

yellow to blue, violet and green indicates the presence of bilirubin in the sample.  

Diazo Reaction: 12 This reaction was introduced by W. Kufer and H. Scheer in 1983. Here 

bilirubin reacts with an aromatic diazonium salt in presence of ethanol to form a 1:1 

mixture of 9-azopyrromethenone (pH<2, blue; pH 2-5.5, red; and pH>5.5, green) and 9-

alkoxymethylpyrromethenone (λmax ͌ 420 nm).  

The chemical composition, structure, and stereochemistry of bilirubin have been elucidated 

through the initial study performed concerning degradation of bilirubin by Kuster and 

through the synthetic work by Hans Fischer and his coworkers. 13 

1.1.4 Biliverdin 

It is a dark green pigment and is formed upon oxidation of bilirubin. It is insoluble in 

chloroform but highly soluble in ethanol. Biliverdin does not undergo a coupling reaction 

with diazotized sulphanilic acid.  Since biliverdin is oxidation product of bilirubin, 

therefore it contains two less hydrogen atom per molecule compared to bilirubin. The 

biliverdin, in the presence of biliverdin reductase, gets reduced to bilirubin. During the 

catalytic antioxidant cycle, bilirubin gets oxidized to biliverdin by hydrogen peroxide.  

1.1.5 Potential applications of linear oligoopyrroles  

Some linear oligopyrroles are currently investigated for various applications: 

a) Photosensitizers: Certain linear oligopyrroles can absorb visible light and form 

high-energy excited singlet state. This event is followed by transition to a lower-

energy triplet excited state. The first photosensitizer that was studied in 1970s by 

Dougherty was a blend of porphyrins called as haematoporphyrin. The purified 

version of haematoporphyrin later came to be known as porfimer sodium or 
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Photofrin. Photofrin is an FDA-approved photosensitizing agent and is used for the 

treatment of esophageal sarcoma and lung cancer. It also helps in the treatment of 

precancerous sores. Hence, the photosensitizer property of linear oligopyrroles is 

being widely investigated  

b) Metal ion sensors: Linear oligopyrroles also find application in the field of metal 

sensing. Several compounds are under investigation for the detection of essential 

elements like Ca2+, K+, Na+, Fe2+, Cu2+ and Zn2+. These elements are required for 

the normal biological functions of the human body. Deviation in the concentration 

of these metal ions leads to various diseases, like cancer, diabetes, 

neurodegenerative disorders, etc. Several studies are also aimed at the detection of 

heavy metals like Hg2+ and Pb2+, which are toxic even at low concentrations. 

Conjugated linear dipyrrolic and tripyrrolic compounds have been used to 

coordinate these two classes of metals. Most commonly, the luminescent properties 

of these metal complexes are utilized for detection and/or quantification. The 

fluorescent properties of these complexes can be largely influenced by changes in 

the metal center, substituents on the oligopyrrolic ligand and coordination mode. 

Several dipyrrolic and tripyrrolic linear oligopyrroles have been studied for zinc 

sensing, wherein they show enhanced fluorescence upon coordination with 

Zn(II).14, 15 

c) Anion recognition: Detection of anions in the complex biological milieu is more 

challenging compared to metal ions due to their large size and low charge density. 

In spite of these complications, several linear conjugated oligopyrroles have been 

shown to be promising candidates for anion detection and transport. 16, 17 The 
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dipyrrolic and tripyrrolic decomposition product of bilirubin and biliverdin display 

promising properties for anion sensing. 

d) Antioxidant property: Both bilirubin and biliverdin are waste products of heme 

degradation. It was considered for a long time that they are simply excreted from 

the body but several later studies indicate that they play role of natural antioxidants 

and scavenges free radicals.18 Bilirubin, is considered to have higher antioxidant 

potential compared to biliverdin.  

1.2 Transition metal complexes of linear bilindiones 

Octaethyl-21H,24H-bilin-l,19-dione (with full name 2,3,7,8,12,13,17,18-octaethyl-2lH, 

24H-bilin-1,19-dione) is the most common model compound used as an analog to study 

the chemistry of linear tetrapyrroles.19 The initial synthesis of octaethylbilindione was 

reported in 1972 by oxidative degradation of iron porphyrin.20 Later in 1981, 

octaethylbilindione was synthesized from 3,4-diethylpyrrole with 90% yield.21 

The first synthetic transition metal complex of biliverdin analog octaethylbilindione (OEB) 

was synthesized by reaction of octaethylporphyrin complex [(OEP)FeII(py)2] in pyridine 

with a reductant (hydrazine or ascorbic acid) in presence of atmospheric oxygen (Figure 

1.3).  

 

Figure 1.3 Oxidation of (OEP)FeII(py)2 to octaethyloxaporphyrin complex [(OEOP)FeII(py)2]C1 

and [(OEB)FeIII(py)2], an analog of verdoheme 
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This reaction leads to the formation of dark green, diamagnetic [(OEOP)FeII(py)2]Cl, 

which is an analog of verdohemochrome or verdoheme,22 and Fe(III) complex of 

octaethylbilindione, [(OEB)FeIII(py)2] (Figure 1.3).23 The latter can also be obtained by 

reacting [(OEOP)FeII(py)2]Cl with H2O2
 in pyridine under inert atmospheric condition.26 

The structure of [(OEB)FeIII(py)2] was analyzed by 1H NMR in pyridine-d5 and EPR which 

confirms presence of C2 symmetry that passes through Fe(III) center and  high spin Fe(III) 

(S=5/2).   Removal of pyridine from [(OEB)FeIII(py)2] gives dimeric [(OEB)FeIII]2, which 

was characterized by X-Ray crystallography (Figure 1.4).21 

 

Figure 1.4 Interconversion of monomeric and dimeric [(OEB)FeIII(py)2] in presence and absence 

of pyridine and formation of free Octaethylbillidione (OEBH3) 

Several other transition metal complexes of octaethylbilindiones as shown in the figure 1.5, 

have been synthesized.  

 

Figure 1.5 Transition metal complexes of octaethylbilidione with Ni(II),24  Pd(II),25  Co(II),26  

Cu(II), Mn(III),32 Zn(II)27 and BF2
30 and formylbilinone with Co(II),28 Ni(II), 34 Cu(II),34 Zn(II)33 
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In 1993, Balch and coworkers reported the copper(II) complex of octaethylbilindione. 29, 

34 The copper(II) center coordinates to a tetrapyrrole radical anion and has the following 

formula CuII(OEB●). The 1H NMR data and presence of an absorption band at 802 nm 

indicated the presence of a ligand-based radical. This species was also formed when the 

reaction was performed under and inert atmosphere. This indicates that any excess Cu(II) 

salt acts as an oxidant for the octaethylbilindione ligand in the reaction. Because of 

presence of two terminal carbonyl groups in the ligand, bilindione and its analogues cannot 

attain planar geometry. The crystal structure revealed a helical geometry of CuII(OEB●), 

where the terminal group point away from each other. Complex CuII(OEB●) is not stable 

in air or oxygen and treatment of the copper complex of octaethylbilidione (CuII(OEB●)) 

with oxygen at -80°C in dichloromethane and hexane give copper complex with two linear 

dipyrrolic propentdyopent ligand with 40% yield.30 These findings indicate that 

tetrapyrrolic linear oligopyrroles can coordinate transition metals like Mn(III), Fe(II), 

Co(II), Ni(II), Cu(II), Zn(II), and BF2. In addition to complexing with these transition 

metals, it has been observed that these linear oligopyrroles upon complexation, at times, 

act as a host for unpaired electron on its tetrapyrrolic scaffold.  

1.3 Heme catabolism to linear tripyrrolic and dipyrrolic units 

 

Figure 1.6 Oxidative decomposition of heme to tripyrrolic and dipyrrolic pigments 

The tetrapyrrolic bilirubin and biliverdin undergo oxidative degradation to give tripyrrolic 

and dipyrrolic pigments (Figure 1.6).  
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The initial tripyrrolic pigments discovered were biotripyrrin-a,31 biotripyrrin-b32 and 

uroerythrin.32 These three tripyrrolic bio-pigments were first isolated in 1975 along with 

five other unidentified compounds from the pool of pigments present in human urine.32 

The concentration of these bio-pigments is usually low in healthy individuals, but 

unusually high concentration have been observed in the serum of patients undergoing 

abdominal surgery. Therefore, these pigments have also been considered as biomarkers for 

the diagnosis and prognosis of certain diseases. Uroerythrin was first introduced in 1842 

by Simon as red colored urate sediments.33 Later in 1975, it was isolated from human urine 

in its trimethyl derivative form.34 Uroerythrin is ubiquitously present in human urine in all 

stages of life but the amount varies from minimum in healthy person to maximum in 

patients with metabolic disorders.35 The structure of uroerythrin was validated on the basis 

of NMR spectroscopy and mass spectrometry.37  

Bilirubin (that is, itself a breakdown product of heme) undergoes further photo-oxidation 

to form dipyrrolic compounds. The major dipyrrolic product of this breakdown was 

identified to be “propentdyopent adduct” (Figure 1.7). This propentdyopent, gets reduced 

in basic condition to give red color pigment with absorption maxima at 525 nm. This 

reaction is called as Stokvis reaction. Based on this reaction, Dobeneck gave the 

nomenclature “pentdyopent” for the red product of Stokvis reaction, and the precursor was 

referred to as “propentdyopent”.  

 

Figure 1.7 Three major isomeric methanol-propentdyopent esters isolated from bilirubin 
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The configuration of the tripyrrolic scaffolds and propentdyopent adducts have been well 

studied, but their coordination chemistry still needs to be further explored. 

1.4 Transition metal complexes of tripyrrolic scaffolds 

Tripyrrolic scaffolds serve as an excellent platform for complexation with transition metals 

for several reasons.  

1. The tripyrrolic scaffold with three pyrrolic rings in the same plane provides 

an electron-rich π-system for metal coordination. 

2. The substituents on the three pyrroles can be modulated to provide different 

electronics and donating property to the metal center.  

3. Similar to porphyrins and other tetrapyrroles, they are expected to 

coordinate to transition metals in different oxidation states. 

4. The reduced rigidity of the linear ligands (compared to the macrocycles) 

provides the advantage of an empty fourth coordination site for catalysis or further 

reactivity. 

Furthemore, a key property of oligopyrroles which is of our interest is their capacity to host 

unpaired electrons and act as a redox-active ligands.  

The tetrapyrrolic heme in catalase, heme peroxidase and cytochrome P450 monooxygenase 

hosts an unpaired electron on its π-conjugated system. This offers an additional site for 

redox activity along with the metal center. Thus tripyrrolic scaffold could be part of class 

of novel redox-active ligands,36 which could act as an electron reservoir and participate in 

ligand-based redox chemistry. This exploration into the redox chemistry of tripyrrolic 

scaffold could also open new avenues in the field of reactivity, similar to already 
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established and successful redox-active pincer ligands like (imino)pyridines37 and 

amidophenolates.38 

Nevertheless, past studies indicate that certain tripyrrolic ligands suffer from limited 

stability in the presence of metal ions, acids, bases, oxidizing agents and air.39 Exposure to 

these conditions leads to polymerization or oxidative degradation and therefore limits 

further investigation.  

The main families of tripyrroles whose metal complexation properties have been 

investigated include Prodigiosins and Pyrrolyldipyrrins, Tripyrrins, and Tripyrrin-1, 14-

diones and Tripyrrin-1-ones (Figure 1.8).  

 

Figure 1.8 Naturally occurring and synthetic analogs of tripyrrolic scaffold 

Prodigiosins and Pyrrolyldipyrrins: Naturally occuring prodigiosins are red pigments 

produced by strains of genus Serratia (gram negative), Streptomyces (gram positive) and 

Bacillus.40 It has been shown that in the presence of redox active metal cation like Cu(II), 

prodigiosins perform cleavage of both double and single stranded DNA.41 During this 
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event, the pyrrolyldipyrrin scaffold of prodigiosin gets oxidized to radical cation with 

simultaneous reduction of Cu(II) to Cu(I). Here molecular oxygen acts as a mild reductant 

and gets reduced to superoxide ion (O2
●–) and subsequently forms hydrogen peroxide 

(H2O2). This one electron redox chemistry of prodigiosin ligands upon binding with metal 

ions or in the presence of metal cation could be associated with its biological activity.  

The coordination chemistry of pyrrolyldipyrrins with metal ions and BF2 has been shown 

in previous studies where either all three or two of the pyrrolic nitrogen of the tripyrrolic 

scaffold complexes with the metal center. Selected complexes of pyrrolyldipyrrin ligands 

are of interest in the field of dye development for fluorescence bioimaging (boron 

difluoride complexes of pyrrolyldipyrrins) 42 and   fluorescent sensors (homoleptic Zn(II) 

complex).43 In BF2 and Zn(II) complexes of pyrrolyldipyrrins, the ligands coordinate in 

bindentate fashion, with only two of the three pyrrolic nitrogen participating in  

complexation. The first example of prodigiosin coordinating as a tridentate ligand (not fully 

conjugated) came when the Cu(II) complex of natural prodigiosin was synthesized (Figure 

1.9).44 

 

Figure 1.9 Selected transition metal complexes of prodigiosins synthetic analogs 



34 
 

Later in 2014, a pyrrolyldipyrrinato Cu(II) analog45 was synthesized with higher stability 

against oxidative degradation and improved binding affinity for transition metals. Similar 

tridentate fully conjugated Sn(II) complexes of dialkyl and diaryl pyrrolyldipyrrinato 

ligand were synthesized and shown to have high fluorescent quantum yield.46 

Thus several complexes of prodigiosin and its analogs have been synthesized and their 

biological activity has been investigated, but the redox chemistry of these metal complexes 

is still unexplored and needs to be elucidated further.  

Tripyrrins: Tripyrrins are the most extensively investigated tripyrroles. Despite low 

stability of tripyrrins upon exposure to metal cations or higher pH, a large number of 2nd 

and 3rd row transition metal complexes have been characterized. Some of these transition 

metal complexes are shown in Figure 1.10. 

 

Figure 1.10 Transition metal complexes of tripyrrins and its synthetic analogs 

The transition metal complexes of tripyrrins exhibit several ligand based redox event, 

indicating future potential for these complexes in the field of ligand based redox catalysis 

and reactivity.  
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Tripyrrin-1,14-diones and Tripyrrin-1-ones: The focus of this dissertation will be on the 

tripyrrin-1,14-dione ligand. This ligand features the structure of tripyrrolic pigment 

uroerythrin.  

Tripyrrin-1,14-diones and tripyrrin-1-ones consists of an array of three pyrroles bridged by 

methene meso carbon and one or two terminal ketones respectively. Tripyrrin-1-one shows 

two tautomerization modes, namely lactam-lactim and methene tautomers. This results in 

total 6 tautomers of tripyrrin-1-one as shown in Figure 1.11. The coordination chemistry 

of tripyrrin-1-one with transition metals has been studied primarily for application of this 

ligand as a carrier of metal ions across membrane (Figure 1.12).20 

 

Figure 1.11 Six tautomers of tripyrrind-1-one based on the two tautomerization mode: 1. Lactam-

Lactim and 2. Methene tautomers 

 

Cu(II) and Zn(II) complexes of numerous tripyrrinone with different substituents were 

synthesized and isolated.47 The binding affinity of tripyrrinone was higher for Cu(II) 

compared to Zn(II), and complexation with Zn(II) required presence of base (NH4OH). 

The complexes suffer limited stability and undergo partial decomposition due to 
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demetallation and oxidative degradation in presence of catalytic Cu(II)/Cu(I) redox cycle. 

Further tripyrrinones were obtained by Cu(II)-assisted oxygenolysis of N-confused 

tetraphenyl porphyrin (NCTPP) and their transition metal complexes with Cu(II), Zn(II), 

Pd(II), Pt(II) and Ni(II) were studied.48 In fact, the Cu(II) complex of NCTPP was the first 

synthesized phenyl substituted tripyrrinone derivative.49 In 2011, a highly fluorescent 

Zn(II) complex of meso-phenyl substituted tripyrrindione was synthesized and found to 

present a long wavelength intense emission band at 630 nm.50 This led to the development 

of a turn-on fluorescent sensor for Zn(II). 

Although extensive study has been done to explore the coordination chemistry of trypyrrin-

1-one ligands with the transition metal ions, investigation into the redox chemistry of this 

ligand and its transition metal complex still need to be explored.  

Similar to tripyrrin-1-one, the tripyrrin-1,14-dione ligand in organic solvents possess a syn-

Z configuration with the three pyrrolic nitrogens towards the center.51 Preliminary 

interaction studies with the metal ions indicated that the addition of Zn(II) salt to a 

methanolic solution of uroerythrin52 and hexaethyl tripyrrindione (H3TD1)53 causes an 

immediate color change from red to blue. The UV-vis absorption study showed formation 

of new long wavelength absorption band but no further investigation was performed. The 

monolactim methyl ether derivative of H3TD1 was complexed with the etherate form of 

boron difluoride to form highly fluorescent difluoroboryl tripyrrin (BOTIPY) complex.53 
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Figure 1.12 Selected transition metal complexes of tripyrrin-1,14-dione or tripyrrin-1-one ligands 

The earliest full characterization of the transition metal complexes of H3TD1 has been 

conducted as part of this doctoral dissertation work. The study indicated that hexaethyl 

tripyrrin-1,14-dione ligand coordinates Pd(II), Cu(II) and Zn(II). This metal complexation 

is followed by simultaneous one electron oxidation of the ligand and leads to a ligand-

based unpaired electron. This detailed study is discussed in Chapter 2 of this thesis.   

1.5 Transition metal complexes of dipyrrolic scaffolds 

Dipyrrolic compounds were observed upon degradation of bilirubin under photo-oxidation 

conditions.54 The major product isolated from the photo-oxidation conditions was 

determined to be “propentdyopent adducts”, as shown in Figure 1.7. 

In an effort to study the coordination chemistry of these compounds, synthetic 

methodologies in combination with degradation studies have been implemented to gain 

access to a variety of these types of pyrrolic species.  The substances were initially 

characterized by a color test (the Stokvis reaction) in which a red color was produced on 

reduction in alkaline solution. The pentdyopent nomenclature was introduced by Bingold 

and is based on the absorption maximum (525 nm) of the red pigment formed in the Stokvis 

reaction.55 It was von Dobeneck who later modified the nomenclature, using the term 
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pentdyopent to refer to the pigment molecule of the color test and propentdyopent to refer 

to its precursor.56 These propentdyopent pigments have a structural scaffold very similar 

to the bidentate dipyrrins.57 These dipyrrins coordinate to transition metals as monoanionic 

ligand and find applications in fluorescent sensors for bioimaging,58 catalytic systems,59 

and coordination polymer.60 Although the dipyrrin-1,9-dione scaffold of propentdyopent 

presents structural similarity with dipyrrins, the coordination of propentdyopent 

compounds with transition metals lacks full characterization and requires further 

investigation.  

The first transition metal complex of propentdyopent was synthesized in 1987, but it lacked 

full characterization.61 Later the Cu(II) and Co(II) complexes of tetraethylpropentdyopent 

(TEPD) were synthesized by oxidative degradation of metal complex of tetrapyrrolic 

bilindione complexes in aerobic condition (Figure 1.13).62 

 

Figure 1.13 Oxidation of tetrapyrrole complexes 

The redox chemistry of Co(II) complex Co(TEPD)2 indicated the presence of two 

reversible ligand-based reduction at potential -1.162 V and -1.355 V (vs Fc/Fc+). Two 

irreversible metal based reduction and oxidation event was also seen at -0.229 V and 

+0.679 V respectively. This work prompted us to study the coordination chemistry of 

propentdyopent ligand with late transition metals and explore its redox chemistry. 
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1.6 Outline of this dissertation 

1. (Chapter 2) Coordination and Redox chemistry of tripyrrin-1, 14-dione and its 

transition metal complexes - This chapter demonstrates that the tripyrrolic tripyrrin-

1, 14-dione provides a stable platform for Pd(II) and Cu(II) coordination, and 

ligand-based redox chemistry. The coordination and redox chemistry of the 

complex was characterized by different spectroscopic and computational methods. 

In addition to the parent paramagnetic complex, one electron oxidized and reduced 

complex has also been isolated and characterized by different spectroscopic 

techniques. The Pd(II) and Cu(II) complexes of tripyrrindione acts as an electron 

reservoir with ligand based unpaired electron and further engage in π –π interaction. 

The π-dimer formation has been characterized in both the solid and solution phase. 

2. (Chapter 3) Reactivity and emission property of tripyrrindione in presence of 

superoxide radical – This chapter demonstrates the fluorescent sensor property of 

free tripyrrindione ligand upon reaction with the superoxide radical anion. The 

product of reaction has been characterized by different spectroscopic methods. 

3. (Chapter 4) Chelation Enhanced Fluorescent Effect (CHEF) of tripyrrindione in 

presence of Zn(II) cation - This chapter mainly focuses on the coordination 

chemistry and chelation enhanced fluorescent sensor property of tripyrrin-1, 14-

dione ligand in the presence of  Zn(II) metal ion.  

4. (Chapter 5) Coordination and redox chemistry of dipyrrolic propentdyopent with 

transition metals Co(II), Ni(II), Cu(II) and Zn(II) – In this chapter detailed 

characterization of the dipyrrolic transition metal complexes and their ligand based 

redox chemistry has been studied.  
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5. (Chapter 6) Synthesis, characterization and properties of redox active BODIPY 

complex of propentdyopent – This chapter provides evidence for the formation of 

boron-bridged fluorescent BODIPY complex of dipyrrolic prodpentdyopent. The 

complex formed has been characterized for its fluorescent property and redox 

chemistry. 
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 Coordination chemistry, redox behavior and π-dimerization 

of tripyrrin-1-14-dione and its transition metal complexes 

Our initial work on the tripyrrin-1,14-dione ligand has been published in the papers 

referenced below, which are included in Appendix A:  

1. Gautam, R.; Loughrey, J. J.; Astashkin, A. V.; Shearer, J.; Tomat, E., Tripyrrindione as 

a Redox-Active Ligand: Palladium(II) Coordination in Three Redox States. Angew. Chem., 

Int. Ed. 2015, 54 (49), 14894-14897. 

 

2. Gautam, R.; Astashkin, A. V.; Chang, T. M.; Shearer, J.; Tomat, E., Interactions of 

Metal-Based and Ligand-Based Electronic Spins in Neutral Tripyrrindione π Dimers. 

Inorg. Chem. 2017, 56 (11), 6755-6762. 
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Project summary 

Late transition metal complexes of tetrapyrrolic scaffold, such as heme, are crucial to the 

function of several natural catalysts. Lower fragments of tetrapyrrole, with dipyrrolic and 

tripyrrolic scaffold, are abundantly present in nature, still their coordination chemistry is 

less studied. Compared to the tetrapyrrolic moieties, linear pyrroles with two or three rings 

offer greater flexibility for coordination with the metal ion and simultaneously provide easy 

access to any incoming ligand. Thus, these tripyrrolic and dipyrrolic scaffolds provide a 

platform that can be synthetically modified to change their electronics and redox properties. 

In this perspective, the capability of this class of ligand to act as redox-active ligands has 

not been discovered.  

 

Figure 2.1 Synthetic scheme for the complexation of H3TD1 with Pd(II) and Cu(II) 

We employed the tripyrrin-1,14-dione for the engineering of Pd(II) and Cu(II) complexes 

that feature ligand-based redox reactivity. In particular, we demonstrated that the tripyrrin-

1,14-dione scaffold of the urinary pigment uroerythrin coordinates divalent transition 

metals like Pd(II) and Cu(II) with square planar geometry. This ligand binds as a dianionic 

organic radical that is stable at room temperature as confirmed by electron paramagnetic 

resonance (EPR) spectroscopy. Electrochemical analyses indicated the occurrence of 

ligand-based redox events. One-electron oxidation and reduction reactions on the ligand 
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framework by electrochemical and chemical methods do not alter the planar coordination 

sphere of Pd(II). Unaffected by stability problems common to tripyrrolic fragments, the 

tripyrrindione ligand offers a robust platform for ligand-based redox chemistry.  

In addition, our X-ray diffraction and EPR studies on tripyrrindione Pd(II) and Cu(II) 

complexes revealed intermolecular interactions between planar ligand-based radicals in 

solution and formation of neutral π dimers. The reversible formation of π dimers for 

[Pd(TD1●)(H2O)] and [Cu(TD1●)(H2O)] was confirmed by variable temperature UV-

visible absorption spectroscopy and EPR spectroscopy, and the thermodynamic parameters 

of dimerization were characterized. These investigations have established the 

tripyrrindione scaffold as a redox-active ligand that can support reversible one-electron 

processes and is of potential interest in catalytic applications. 
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 Reactivity and emission properties of tripyrrindione in the 

presence of superoxide 

3.1 Introduction 

3.1.1 Importance of superoxide (O2
●−) and its detection methods 

           Oxygen is the most crucial factor for the existence of life. Oxygen exists in four 

different oxidation states: (O2)
n, n = 0 (O2); n = +1 (O2

+); n = −1 (O2
•−); n= −2  (O2

2−). The 

reactivity of oxygen leads to generation of reactive oxygen species (ROS) such as 

superoxide (O2
●−), which has gained considerable attention in recent years. Reactive 

oxygen species can be classified into two categories: (i) Non-radical oxidants like hydrogen 

peroxide (H2O2) and hypochlorous acid (HOCl), and (ii) Radical oxidants or free radicals 

like superoxide and nitric oxide (NO●). In spite of its short lifetime (0.5 h for a 48.8 µM 

solution at −196°C), the superoxide radical anion is of great importance in biological 

systems. The two key sources for the generation of O2
●− in biology are the electron 

transport chain reaction in mitochondria and NADPH oxidase (Nicotinamide Adenine 

Dinucleotide Phosphate Oxidase) in phagocytic cells. Superoxide is a side product of 

several biological processes and also an important component of immune defense system.63 

The concentration of O2
●− in cells is maintained by superoxide dismutase (SOD).64 The 

excessive O2
●− has been mainly responsible for age related neurodegenerative disorders 

(Parkinson’s), bronchopneumonia dysplasia, ageing, fibrous alveoli, and respiratory ache 

syndrome, and has been therefore widely studied for a long time as a target for therapeutic 

potentials.65 

The detection and measurement of superoxide have been widely studied throughout 

the past 50 years.66 A large number of these studies indicate that the reaction of superoxide 
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radical with organic and biological macromolecules such as proteins, nucleic acids, and 

lipids leads to cell death.67 However, the chemistry of O2
●−

 is still not fully understood. 

Superoxide is a paramagnetic species with one unpaired electron in the antibonding orbital 

and an O-O bond distance of 1.28 Ǻ. The UV-vis absorption spectra for superoxide 

presents a peak at 245 nm (aqueous) and 255 nm (acetonitrile). The reduction of oxygen to 

superoxide occurs at the reduction potential of ± -1.0 V (vs SCE) in aprotic solvents but 

any exposure to H2O or protic solvents causes disproportionation to form oxygen and 

hydroperoxide anion (HO2
−) (Scheme 3-1).  

 

    Scheme 3.1 Superoxide disproportionating to oxygen and hydroperoxide anion 

Thus, O2
●− is stable in the absence of any proton source. 68 The formation of the 

paramagnetic O2
●− radical can also be detected by Electron Spin Resonance (ESR) 

spectroscopy. Spin trapping compounds like DMPO (5,5-dimethyl-1-pyrroline-N-oxide) 

and BMPO (5-tert-butoxycarbonyl 5-methyl-1-pyrroline-N-oxide) can be used as they 

undergo chemical modification or form radical adducts in presence of superoxide and can 

be detected by EPR spectroscopy. 69 

Various detection methods are available for superoxide and have been summarized in the 

figure 3.1 below.  
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Figure 3.1 Flowchart for (O2
●−) detection methods70 

Although a large number of detection methods are available but a lot of controversies have 

been related to most of these techniques. Therefore a clear understanding of superoxide 

detection is still required.   

3.1.2 Synthetic advances in superoxide detection and quantification 

Some organic compounds that have been synthesized that act as sensors for superoxide are 

shown figure 3.2: 

1. Dihydroethidium (DHE) 71 

2. MCLA (2-methyl-6-(4-methoxyphenyl)imidazole-[1,2-a]pyrazin-3(7H)-one)72 

3. Triphenylphosphonium group (Lipophilic cationic compounds)73 

4. Luminol (5-amino-2,3-dihydro-1.4-phthalazinedione)74 

5. Lucigenin (bis-N-methyl-acridinium)75 most commonly used chemiluminescent 

probe 

6. Nitroblue tetrazolium salt76 
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 Figure 3.2 Chemical structure of previously established sensors for superoxide (O2 ●−) 

The major drawback of these synthetic probes is the lack of selectivity, specificity and 

sensitivity towards the superoxide radical, in the presence of other radicals (hydroxyl, 

peroxyl, singlet oxygen, etc). For instance, DMPO (5,5-dimethyl-1-pyrroline-N-oxide) and 

BMPO (5-methyl-1-pyrroline-N-oxide) are used as a spin trapping agent to trap radicals, 

and characterize them by EPR. But this method includes expensive instrumentation, 

absence of spin trap specificity, low stability of the radical and spin trap adduct and very 

troublesome to use. Similarly, UV-vis absorption method for the detection of O2
●− by the 

reduction of Cytc and monitoring the absorption band at 550 nm, suffered problem of 

reduction of Cytc in the presence of other cellular reductants like glutathione and ascorbate. 

Thus our current study in this chapter, about tripyrrindione as a sensor for O2
●− suggests 

that it might provide better specificity and selectivity compared to other available methods 

for superoxide detection. 
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3.1.3 Reactivity of heme metabolites with reactive oxygen species (ROS) and their 

antioxidant properties 

Bilirubin and biliverdin are the degradation products of hemoglobin, and bilirubin 

possesses both beneficial as well as harmful effects in the human body. The harmful effects 

can be seen in cases of jaundice, when increased concentration of bilirubins are excreted 

and identified in human urine. This elevation in concentration causes gallstones, 

cytotoxicity and brain damage. The bilirubins also cause photooxidation of biological 

macromolecules in presence of singlet oxygen.77 The beneficial effects of bilirubin include 

its antioxidant properties78 as a scavenger of peroxyl radical through single electron 

transfer from bilirubin to peroxyl radical forming an ion pair and further deactivating 

peroxyl radical by hydrogen atom transfer (HAT). These bile pigments therefore provide a 

constant natural source of antioxidants that can scavenge and deactivate free radicals in the 

blood stream.   

Lucigenin, a superoxide sensor undergoes one electron reduction and exhibits 

chemiluminescent property.75 Thus measurement of the intensity of radiation emitted upon 

reaction of Lucigenin with the superoxide gives the quantity of superoxide in the sample. 

A large number of transition metal complexes of Cu(II),79  Mn(III),80 and Fe(III)81 undergo 

one electron reduction by O2
●–. Superoxide also reduces ferrocenium ion, o-phenanthroline 

complex of Mn(IV) and Co(III) by one electron.82 Therefore, deriving our inspiration from 

the antioxidative properties of heme metabolites and single electron transfer (SET) 

reaction, we started investigating the reactivity of tripyrrinedione (H3TD1) with superoxide 

and establish its mechanism of action. 
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3.2 Reactivity of tripyrrindione with superoxide  

3.2.1 Spectroscopic characterization of the reaction product 

Our study started with the reactivity of tripyrrindione with O2
●− and characterization of the 

product thereof. The sequential formation of product for the reaction of tripyrrindione and 

O2
●− has been monitored and characterized by UV-vis absorption methods (Figure 3.3). 

The stock solution of KO2 was prepared by dissolving KO2
 in DMSO with excess 18-

crown-6-ether at room temperature. We started with a fixed concentration of H3TD1 (22 

µM) in acetonitrile (MeCN) in a cuvette and different aliquots of KO2
 (1-3.4 equiv) were 

added such that each equivalent of KO2 added is not more than 1 µL. This was done to 

minimize dilution effects on the final absorption spectra. 

  

Figure 3.3 UV/vis absorption spectra for titration of tripyrrindione ligand (22 uM) with KO2 (stock 

solution dissolved in DMSO with 18-crown-6 ether) in acetonitrile at room temperature (left). The plot of 

absorbance at 600 nm for the titration at room temperature (Right) 

It was observed that upon addition of each aliquot of KO2, the solution undergoes a rapid 

color change from red to deep purple. The addition of KO2 leads to disappearance of H3TD1 

ligand band at 471 nm in MeCN and this is accompanied by formation of new band at 600 

nm. The absorption band obtained is identical to the spectrum obtained upon Linear Sweep 

Spectroelectrochemistry in the potential range of 0 to -2 V (vs Fc/Fc+) of H3TD1 in MeCN, 
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to obtain reduced tripyrrindione and is discussed in detail later in this chapter. Therefore, 

the new species obtained upon addition of 1 equivalent of O2
●− can presumably be said to 

be reduced H3TD1. A very clear isobestic point was observed indicating formation of 

single species and saturation is reached after addition of 1-1.5 equiv of KO2. The species 

formed was stable for ~ 2 h and even after 6 h, mixture of free H3TD1 and reduced H3TD1 

is present in solution (Figure 3.4). The stability of the species formed is largely dependent 

on the solvent. Exposure to any aqueous condition causes immediate conversion of reduced 

ligand to parent H3TD1, accompanied with immediate color change from purple to red.  

 

Figure 3.4 UV/vis absorption spectra of H3TD1●− at different time interval and in presence of 

excess KO2 

At this point, addition of excess KO2 (5-10 equivalent), further reduces H3TD1. A new 

absorption band is immediately observed for this new species with absorption maxima at 

514 and 553 nm. This new species is highly unstable and immediately goes back to species 

with the absorption band at 600 nm. 
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3.2.2 Emission properties of reduced H3TD1 

 

Figure 3.5 (Left) Fluorescence emission spectroscopy for titration of H3TD1 and KO2 (stock 

solution prepared in DMSO with 18-crown-6 ether) in acetonitrile at room temperature (Excitation 

maxima: 600 nm; Emission maxima: 635 nm). (Right) The binding isotherm plot for the titration at room 

temperature 

Along with the colorimetric study, the emission properties of the product of reaction of 

H3TD1 and O2
●− was also studied by fluorescence spectroscopy (Figure 3.4). It was 

observed that the species formed upon reactivity of H3TD1 with KO2 emits at 635 nm (in 

MeCN) upon excitation at absorption maxima of 600 nm. As such, the H3TD1 ligand has 

the potential to act as a sensor for the detection of O2
●−.  

Chemiluminescence-based assays for the detection of the superoxide radical and other ROS 

have certain advantages over other methods because of their better sensitivity. Lucigenin- 

and luminol-based chemiluminescent assays are known for the detection of O2
●–, but these 

assays have certain drawbacks: for instance, luminol generates a fluorescent radical that 

shows very transient and short-lived fluorescence and lacks specificity, while lucigenin is 

used as a biosensor only for extracellular superoxide in cells.75 The major drawback that 

H3TD1 exhibits is limited stability in the aqueous condition as observed by UV-vis 

absorption spectroscopy.  
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Figure 3.6 Absorption and Emission Spectra of the product of reaction of H3TD1 and O2
●− in 

MeCN 

To analyze the emission properties of the product of the reaction of H3TD1 and O2
●−, a 

titration study was performed (Figure 3.5). We started with a fixed concentration of H3TD1 

(5 µM) in MeCN and different amounts (0-2.2 equiv) of KO2
 in DMSO (dissolved in 18-

crown-6-ether) were added. The species formed was excited at the absorption maxima of 

600 nm and the emission spectrum shows a maximum at 635 nm. The binding isotherm 

plot for the fluorescence intensity at 635 nm (excitation wavelength = 600 nm) vs 

equivalents of O2
●– shows a steep increase in fluorescence intensity till 1.5 equivalent of 

O2
●–  addition and thereafter, the curve starts to saturate. A stokes shift of 35 nm is observed. 

3.2.3 Electrochemical profile of H3TD1 in presence of superoxide (O2
●–) 

The electrochemical profile of free ligand H3TD1 is complicated. It consists of at least 

three irreversible redox events at potential lower than -1.5 V and several oxidation events. 

Thus, the redox chemistry of H3TD1 was studied by spectroelectrochemical methods, in 
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which linear sweep voltammetry was performed in the potential range of 0 to +2 V vs 

Fc/Fc+ (for oxidation) and 0 to -2 V Fc/Fc+ (for reduction) of H3TD1. 

Upon reduction in the potential range of 0 to -2 V vs Fc/Fc+, spectrum of free H3TD1 shifts 

bathochromically (red shift) and is consistent with the observed color change of the 

solution from red to purple. The absorption band at 471 nm for the parent ligand H3TD1 is 

fully depleted by the end and a major intense band is observed in the visible range at 600 

nm. This new band formed upon electrochemical reduction is very similar to what has been 

observed earlier for the chemical reaction of H3TD1 with O2
●–. This species formed upon 

electrochemical reduction and chemical addition of O2
●– show identical absorption profile 

and was further confirmed in our next section by EPR spectroscopy. 

Upon oxidation by linear sweep voltammetry  in the potential range of 0.0 to +2.0 V vs 

Fc/Fc+, the spectrum of free H3TD1 shifts hypsochromically (blue shift) forming oxidized 

H3TD1. The absorption band at 471 nm for the parent H3TD1 disappears and a new 

absorption band is formed at 445 nm.  

3.2.4 EPR investigation of the reaction of H3TD1 with O2
●–  

H3TD1 is a diamagnetic species and can be characterized by NMR spectroscopy. Upon 

reaction with KO2, EPR data indicate the presence of an organic radical at room 

temperature with g value centered at ~2. A titration study was performed by subsequent 

additions of 0.4, 0.8, 1.2 and 1.6 equiv of KO2. An increase in the radical signal was 

observed up to 0.8 equiv of KO2 addition, but further addition of KO2 decreases the signal 

intensity. Addition of excess O2
●–, decreases the EPR signal intensity and finally 

disappears, indicating loss of paramagnetic ligand based radical as shown in figure 3.8. 

This effect can be attributed to formation of a diamagnetic species such as the diamagnetic 
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dianion HTD12-. NMR results on this reaction mixture were found not to be very 

conclusive, likely due to trace amounts of paramagnetic species in solution, and this study 

requires further investigation. 

 

Figure 3.7 EPR spectra for the titration of H3TD1 with KO2 in THF 

EPR spectra for titration of H3TD1 (1 mM) with different equivalents of KO2 in the range of 0-1.3 

equivalent in THF at 77K (left) and 298K (Right). Experimental conditions: microwave (mw) frequency, 

9.652 GHz; mw power, 200 μW; magnetic field modulation amplitude, 30 μT. 

3.3 Conclusion and Future Directions 

Proposed Mechanism: Based on the results obtained, H3TD1 appears to undergo one- 

electron reduction upon addition of superoxide. The formation of this reduced species (Step 

1 of scheme 3.2) is consistent with EPR data showing the signal for an organic radical at 

g~2. This singly reduced H3TD1●– species obtained upon addition of 1 equivalent of 

superoxide has also been characterized by spectroelectrochemical methods with red shifted 

absorption band at 600 nm and by fluorescence spectroscopy with emission band at 635 

nm.   
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Scheme 3.2 Proposed mechanism for the reactivity of H3TD1 with superoxide 

In our proposed mechanism, further addition of superoxide radical anion leads to the 

formation of doubly reduced diamagnetic HTD12- and hydrogen peroxide (H2O2). In future 

studies, we will try to confirm this step by detection of H2O2 formation (Step 2) or NMR 

characterization of the doubly reduced HTD12-.  

Based on our study and the results obtained for the reactivity of H3TD1 with O2
●–, it can 

be said that tripyrrindione has potential application as  

1. An antioxidant that scavenges O2
●– generated regularly in our biological systems – 

Higher order linear oligopyrroles like bilirubin have been known to possess 

beneficial antioxidant properties against reactive oxygen species (ROS) since 1987. 

Our current reactivity study of tripyrrindione indicates that it is scavenger of O2
●–. 

2. A fluorescent sensor for the detection O2
●– with a long wavelength maximum at 

635 nm. Although a number of O2
●– sensors are known, H3TD1 has the advantage 

of long wavelength emission at 635 nm, a property that can help to effectively avoid 

autofluorescence from tissues. 

3. This oxidation can be performed on H3TD1 by chemical methods by an oxidants 

like AgBF4 and one electron oxidation product can be isolated and characterized. 

To support and establish these potential uses of H3TD1, further study is required 
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1. Specificity of H3TD1 towards different reactive oxygen species: A variety of 

reactive oxygen species are generated in our biological system (NO●, HO●, 

tBuOO●, HOO●), and in order to establish H3TD1 as a sensor, specific to O2
●–,   it 

is important to do the reactivity study in the presence of these ROS.  

2. Emission properties in the aqueous conditions: To establish H3TD1 as a 

fluorescent sensor for O2
●–, emission property should be studied in the biological 

relevant conditions 

3. Elucidation of mechanism: To further confirm the hypothesis of H3TD1 acting as 

a scavenger for O2
●–, stepwise analysis of the mechanism in scheme 3.2 is required. 

This analysis includes quantification of H2O2 generation and NMR characterization 

of diamagnetic HTD12‾ in step 2. 

3.4 Materials and Methods  

(4Z,10Z)-2,3,7,8,12,13-hexaethyl-(15H,17H)-tripyrrin-1,14-dione (H3TD1) was 

synthesized following the literature procedure.83 Acetonitrile (MeCN) and 

dichloromethane (CH2Cl2) were dried by passage through a solvent purifier. 

Dimethylsulfoxide (DMSO) was dried overnight over 3Ǻ molecular sieves. All other 

reagents were obtained commercially and were used as received. UV/visible spectra were 

recorded on an Agilent 8453 UV/Vis spectrophotometer.  

3.4.1 Cyclic voltammetry and Spectroelectrochemistry measurements 

Cyclic voltammetry (CV) and controlled potential electrolysis (CPE) for the 

spectroelectrochemical measurements were was performed with a Gamry potentiostat 

(Reference 600 model) bought from Gamry Instruments Inc. (Warminster, PA). The 

absorption spectra were collected on an Agilent 845 spectrophotometer bought from 
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Agilent Technologies (Santa Clara, CA). All potentials have been referenced vs Fc/Fc+. 

The supporting electrolyte [Bu4N][PF6] was recrystallized three times from absolute 

ethanol before being used.  Cyclic voltammetry set-up consists of three-electrode cell 

configuration (i). Glassy carbon as working electrode (ii) an Ag/AgCl wire as quasi-

reference electrode and (iii) a coiled Pt wire (23 cm) as the counter electrode.  

For the spectroelectrochemical measurements, a three electrode electrochemical quartz 

cuvette with a 1.0 mm path length was used with an Au gauze working electrode, a Ag 

wire of 0.5 mm diameter is used as a quasi-reference electrode. It is contained in a glass 

tube with a tip made of Porous CoralPor™, and the third is a Platinum (Pt) wire wire of 

1.0 mm diameter and is used as the counter-electrode (BASi EF-1356).  All solutions were 

degassed with nitrogen or argon gas for 5-10 minutes before performing experiment. The 

controlled potential electrolysis was applied for a period of 300 s to 500 s until the change 

in current and absorption spectrum was negligible.   

3.4.2 Electron Paramagnetic Spectroscopy: 

The continuous-wave (CW) EPR experiments were performed at the University of Arizona 

EPR Facility on an X-band EPR spectrometer Elexsys E500 (Bruker) well-furnished with 

a rectangular TE102 resonator and an ESR900 flow cryostat (Oxford instruments). Four 

samples of H3TD1 (1 mM) were prepared in THF and different equivalents of KO2 in 18-

crown-6 ether were added. The samples were allowed to react for 1 min and were further 

transferred to an EPR tube to collect continuous-wave (CW) EPR spectrum at 298 K and 

77 K. 
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 Reactivity and emission properties of tripyrrindione in the 

presence of zinc(II) 

4.1 Introduction: Linear oligopyrroles as metal ion sensors 

This chapter will focus mainly on the use of tripyrrindione as a molecular probe for Zn(II) 

ions. This element is ubiquitous in biological systems and plays a significant role in several 

processes, therefore the detection of this biologically relevant species is of interest in 

bioinorganic chemistry and cell biology.  

4.1.1 Significance of metal ion sensing 

The intracellular concentration of metal ions is maintained at an optimum narrow range 

and it is achieved by uptake of metal ions by proteins and small molecules chelators, 

storage in different compartments in the intracellular milieu and efflux to the extracellular 

environment. Extreme increase or decrease of these metal ions from equilibrium 

concentration leads to improper functioning of biochemical processes and typically cell 

death. Well-studied examples of diseases caused by deficiency of metal ions includes, 

pernicious anemia (Fe2+ deficiency),84  growth retardation, skin alterations, loss of appetite, 

fall of body hair (Zn2+ deficiency),85 heart disease in infants and anemia (Cu2+ deficiency), 

86 and bone deterioration (Ca2+ deficiency).  

Excess of these metal ions also leads to toxicity. Wilson’s disease (Cu2+ overload), 87 

hemochromatosis and generation of reactive oxygen species (Fe2+ overload)88 and tissue 

calcification (excess Ca2+) are some major diseases caused by excess metal ions. In 

addition, other metal ions like Hg2+, Cd2+ and Pb2+ cause heavy metal poisoning and affects 

kidney, neurons and gastrointestinal system. 
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 Zinc is the second most abundant transition metal found in human brain (especially 

hippocampus and neocortex)89 therefore the neurophysiology of zinc has attracted 

significant attention in the recent past.90 Biological zinc ion exists both in labile form as 

well as bound to proteins as an essential cofactor. Zn2+ ions have been recognized to have 

effect on inhibition of Ca2+ ion channels, regulation of N-methyl D-aspartate receptors and 

glutamate-gated ion channels. Although various protein transporters are present to 

maintain the concentration of Zn2+ ion, the disregulation of Zn2+ under pathological 

conditions is associated to seizures, strokes, and neurodegeneration. 91 

4.1.2 Pyrrole-based sensors 

The detection of metal ions in biological settings provides significant information to 

understand their roles in human health and develop new avenues in the field of biomedical 

research. 92, 93 

A large number of sensors have been developed to target metal ions, anions, reactive 

oxygen species (e.g., hydroxyl radical, superoxide, nitric oxide, nitrosyl, peroxide, etc.). In 

this context, important sensor attributes are long wavelength emission band, high stability 

in the environment of study, selectivity and specificity for the target analyte.94 In this 

regard, the advancement of pyrrole-based conjugated linear oligopyrroles as metal ion 

sensors has been promising and advantageous for several reasons: 

a) The pyrrolic NH moieties can undergo hydrogen-bonding interactions that alter the 

colorimetric and emission properties of the complex being analyzed. 

b) The dipyrrolic and tripyrrolic scaffold of linear oligopyrroles possess multiple heteroatoms 

like nitrogen and oxygen that can chelate metal ions. 
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c) The freedom to modify substituents at the peripheral pyrrolic positions can change 

specificity and selectivity towards target analyte. Such modulations can affect the binding 

affinity of linear oligopyrroles towards the metal ion of interest. 

d) The conjugated system of linear oligopyrroles gives near-IR (long wavelength) emission 

bands and therefore avoids interference due to autofluorescence emission from biological 

tissues.95 

4.1.3  Methods for detection of metal ions 

Initial methods for metal ion detection in the complex intracellular environment were 

primarily colorimetric. Over time, additional detection methods were developed including 

atomic absorption spectroscopy,96 inductively coupled plasma mass spectrometry (ICP-

MS),97 and fluorescence emission spectroscopy. Among all different available sensing and 

detection methods, fluorescence emission spectroscopic method is particularly appropriate 

for biological samples due to high sensitivity and low detection limit.98 During last two 

decades, several porphyrins, expanded porphyrins,99 N-confused porphyrins,100 

heteroporphyrin, corrole101 and linear oligopyrroles and their analogues have shown high 

binding affinity towards metal ions and therefore can be utilized for various applications102, 

103 especially for the development of intracellular metal ion sensors based on photoinduced 

electron transfer (PET), intramolecular charge transfer (ICT), Forster resonance energy 

transfer (FRET), aggregation induced emission (AIE), and chelation-enhanced 

fluorescence (CHEF) effect.104 The focus of this chapter will be on tripyrrolic linear 

oligopyrroles as fluorescent sensors for zinc ion.  
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4.1.4  Conjugated linear oligopyrroles for zinc sensing 

Tripyrrolic and dipyrrolic fragments tend to be very flexible thus they are not fluorescent 

due to non-radiative energy loss. Upon coordination to metal ions, linear oligopyrroles can 

become highly fluorescent with near IR emission band.105 Alterations in the molecular 

scaffold of linear oligopyrroles can be utilized for “turn-on” chemosensor development 

upon chelation to target metal ion. Figure 4.1 provides chemical structures of some 

representative dipyrrolic and tripyrrolic linear oligopyrroles that show chelation enhanced 

fluorescence effect (CHEF) in presence of Zn2+ ion.  

 

Figure 4.1 Chemical structure of Zn(II) conjugated oligopyrrolic chemosensors (free ligands) 

These conjugated oligopyrrolic chemosensors are based on chelating enhancement of fluorescence (CHEF) 

effect. Note that the emission wavelength refers to the corresponding Zn(II) complexes of these free ligands 

A series of meso-pentafluorophenyl substituted dipyrrolic and tripyrrolic linear conjugated 

oligopyrroles were synthesized by Xie et al,106 which show CHEF upon Zn2+ ion chelation. 

It was realized that modification of substituents at α and β position is a valuable approach 

to change the electronics, emission, selectivity and specificity of ligands and their 

corresponding Zn2+ complexes.107 So far, a large number of zinc sensors has been 

developed108 but stable linear tripyrroles that show turn-on fluorescence upon Zn2+ 

chelation (CHEF) and emit at wavelength longer than 600 nm are still rare.  
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In this chapter, (4Z,10Z)-2,3,7,8,12,13-hexaethyl-(15H,17H)-tripyrrin-1,14-dione 

(H3TD1) is shown to exhibit CHEF turn-on emission in the presence of Zn2+ and to emit 

in the near-IR wavelength range. 

4.2 Coordination chemistry of tripyrrindione with Zn2+ ions 

4.2.1 Synthesis 

 

                          Figure 4.2 Synthesis of Zn(II) complex of H3TD1 in tetrahydrofuran (THF) 

(4Z,10Z)-2,3,7,8,12,13-hexaethyl-(15H,17H)-tripyrrin-1,14-dione (H3TD1) was 

synthesized according to the published method by Lightner et al.109 Our recent studies have 

identified tripyrrindione as a redox-active ligand which stabilizes an unpaired electron on 

its tripyrrolic scaffold upon coordination to transition metals like Pd(II) and Cu(II). 110 

Later studies performed by Broring and coworkers showed similar ligand-based redox 

behavior in the case of an analogous Ni(II) complex of H3TD1.111 In all the cases, the 

crystal structures featured a square planar geometry, where each metal ion center was 

bound to one tridentate ligand and the fourth coordination site is occupied by a water 

molecule. In the present work, we elucidate the formation of Zn(II) complexes of H3TD1. 

Addition of 1.0-1.2 equivalent of Zn(OAc)2 to H3TD1 in THF causes immediate color 

change from bright red to dark blue under ambient condition. Because Zn(II) is a redox-

inactive d10 system, initial efforts were made to characterize the complex by 1H and 13C 

NMR spectroscopy; however, broadened peaks were observed indicating the presence of 

one or more paramagnetic species. 
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Figure 4.3 UV-vis absorption plot of freshly prepared [Zn(TD1●)H2O] in dimethylformamide 

(DMF), Acetonitrile (MeCN) and Tetrahydrofuran (THF). 

The structural characterization was conducted by X-ray crystallography after single 

crystals were obtained by Dr. Michelle Chang. Unlike the previous crystal structures of 

square planar Pd(II), Cu(II) and Ni(II) complexes, the Zn(II) complex of tripyrrindione 

exists as a dinuclear species, where two Zn(II) complexes of H3TD1 are connected by two 

bridged water molecules.  
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4.2.2 Crystal structure analysis of [Zn(TD1●)(H2O)]2 

 

 

Figure 4.4 X-Ray crystal structure of [Zn(TD1●)H2O]2 showing 50% thermal ellipsoids. 

Solvent molecules (CHCl3), carbon-bound hydrogen atoms and hydrogen bonds were omitted for clarity. 

The crystals were grown by slow evaporation of hexane into a dichloromethane solution 

of the complex at 5°C and analyzed by X-ray diffraction studies. In the refined structure, 

each Zn(II) center is bound to three pyrrolic nitrogen atoms and two bridging water 

molecules thereby exhibiting a distorted square pyramidal geometry. The Zn2+ ion binds to 

the tripyrrolic ligand in 1:1 binding mode, which is consistent with the absorption and 

fluorescence titration study performed later. The three pyrrolic nitrogen atoms of the ligand 

and the Zn2+ ion remain approximately in the same plane, but the fourth coordination 

moiety, i.e. H2O acts as a bridging ligand for two ZnTD1 scaffold. Regarding the geometry 

around Zn(II) center, the complex exhibits distorted square planar geometry with τ value 

0.466. The tau (τ) parameter [(β-α)/60, β = first largest angle and α = second largest angle] 

calculated for this complex, indicates that the geometry around Zn(II) center is a 

significantly distorted trigonal bipyramidal. 
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4.2.3 Spectroscopic characterization in solution  

We investigated the presence of mononuclear or dinuclear species in different solvents like 

tetrahydrofuran (THF), acetonitrile (MeCN) and dichloromethane (CH2Cl2). A series of 

solutions of the Zn(II) complex of H3TD1 were prepared in the concentration range of 0-

50 µM. The absorption spectra present mild solvatochromic effects as shown in Figure 4.3. 

Preliminary results indicate that at lower concentration between 0-50 µM, the absorbance 

has linear dependence on concentration, which could indicate that the Zn(II) complex of 

tripyrrindione exists as mononuclear species [Zn(TD1●)(H2O)]. However, upon removal 

of solvent or at higher concentration above 50-100 µM, they exists as dinuclear species, 

[Zn(TD1●)(H2O)]2 (as presented in the crystal structure with the bridged water molecule).  

A red shift in the absorption band for H3TD1 upon addition of Zn(OAc)2 has been 

observed previously by Fisher et al 112 but no further spectroscopic study or isolation of the 

complex were performed. During our UV-Vis spectroscopy titration studies, it was 

observed that in organic solvents like THF, MeCN, MeOH and DMF, addition of Zn(II) 

causes a rapid color change from dark red to deep blue. With each addition, a decrease in 

absorption band was seen for H3TD1 at 468 nm and a new band appeared at 620 nm as 

shown in figure 4.5. New long-wavelength absorption bands were also observed at 826 and 

925 nm, which have been attributed to π-π* transitions characteristic of ligand-based 

radicals in this class of ligands. The absorption band at 620 nm increases up to 1-1.2 equiv 

of Zn(II) ion, and reaches saturation thereafter. Presence of an isosbestic point indicates a 

very clear conversion from free ligand to the zinc complex without any detectable 

intermediate formation.  
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Figure 4.5 UV-vis spectral changes during the titration of H3TD1 with Zn2+ 

UV-vis spectral changes during the titration of H3TD1 (35.57 µM) with Zn2+ (0-1.35 equiv) in THF. Inset 

shows the binding isotherm for Zn(II) complex of H3TD1 with absorbance at 620 nm vs equivalents of 

Zn(II) salt added in  THF at room temperature 

In order to test zinc coordination in an aqueous medium, binding studies were also 

performed in 30% aqueous buffer solution (pH 7.4, 20 mM PIPES) in methanol. It was 

observed that H3TD1 undergoes complexation in these conditions, but it takes much longer 

(15-20 min) compared to the reactions in organic solvents (for which we observed 

immediate binding). The slow reaction kinetics prevented us from performing titration 

studies in aqueous conditions. Nevertheless, similar to the spectra of the complex in organic 

solvents, a new absorption band is observed at 581 nm and long-wavelength absorption 

bands are also observed at 726, 826 and 929 nm (Figure 4.6). 
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Figure 4.6 UV-vis absorption spectra of ZnTD1 in 30% aqueous buffer solution (pH 7.4, 20 mM 

PIPES) in methanol. Absorbance maxima for [Zn(TD1●)H2O] was 579 nm 

4.2.4 Emission properties of [Zn(TD1●)(H2O)] 

Upon addition of Zn(II) to H3TD1 in several organic solvents (DMF, THF, MeOH and 

MeCN), a fluorescence emission could be easily observed by the naked eye. When the 

Zn(II) complex is excited at the absorption maximum of 620 nm in THF, a strong emission 

is observed at 648 nm. This fluorescence emission can be attributed to CHEF and is related 

to the increase in rigidity upon Zn(II) binding. 

Many sensors have been developed in the last few decades but turn-on sensors with 

emission wavelengths longer than 600 nm are still rare. In order to investigate the potential 

of H3TD1 for Zn(II) detection, fluorescence emission titrations were performed. The 

complex formed upon addition of Zn(II) (0-1.5 equiv) in THF was excited at 618 nm and 

the corresponding emission spectra were collected. Increases in fluorescence intensity were 

observed up to 1.0 equiv and further addition of Zn(II) did not cause any significant 

changes.  
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Figure 4.7 Titration of a solution of H3TD1 (74 μM) in THF with Zn(OAc)2 (0.1−1.5 equiv.) at 25 

°C as monitored by fluorescence emission spectroscopy. (λex 620 nm) 

The emission spectra was collected in THF at 25 °C. H3TD1 was titrated with Zn(OAc)2 

(stock solution in MeOH) (Figure 4.7). The inset in figure 4.7 shows isotherm for 

fluorescence monitored at 648 nm as a function of added Zn(II) ion (molar ratio plot). The 

fluorescence quantum yield of [Zn(TD1●)(H2O)] was determined in THF with excitation 

at the absorption maxima (also excitation maxima) of 620 nm. Fluorescein in 0.1 M 

aqueous NaOH with quantum yield of 0.95 was used as a standard. The fluorescence 

emission spectra was integrated in the wavelength range of 480 to 700 nm. The formula 

used for the calculation of quantum yield is shown below.113 

∅ [(Zn(TD1●)(H2O)]=∅ (Fluorescein)(
Gradient of [Zn(TD1●)(H2O)]

Gradient of Fluorescein
) (

(η of solvent (THF)for  [Zn(TD1●)(H2O)]2

η of solvent (0.1 N NaOH)for Fluorescein)2
) 

Equation 1. 1 Equation for calculation of quantum yield of [Zn(TD1●)(H2O)] 

Gradient is the plot of integrated fluorescence intensity and absorbance 

Figure 4.7 shows the emission spectra of [Zn(TD1●)(H2O)] in tetrahydrofuran and the 

corresponding linearity plot for the area under the fluorescence curve at different 
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concentration vs the absorbance at the excitation maxima of 620 nm. The quantum yield 

calculated for [Zn(TD1●)(H2O)] is 0.65. The quantum yield is largely dependent on solvent 

and concentration. Preliminary observations indicate that the quantum yield is highest in 

DMF.  

 

Figure 4.8 Quantum yield measurement for [Zn(TD1●)(H2O)] 

Solvent of study is THF, excitation wavelength 620 nm, emission maximum 648 nm 

This photophysical properties of this new complex was also investigated in aqueous 

conditions. We determined by UV-vis absorption spectroscopy that Zn(II) binding is slow, 

but the complex is stable in 30% aqueous buffer (pH = 7.4, 20 mM PIPES) in methanol. 

When excited at 579 nm (excitation maxima) the complex emits at 602 nm, with a Stokes 

shift of 23 nm, similar to what has been observed in THF (28 nm). Figure 4.9 shows the 

absorption and emission spectra for the complex in aqueous condition.  
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Figure 4.9 Absorption (max 579 nm) and emission (max 602 nm) spectra of ZnTD1 in 30% 

aqueous buffer (pH = 7.4, 20 mM PIPES) in methanol stokes shift = 23 nm 

4.2.5 Selectivity of H3TD1 towards Zn(II)  

In the field of sensor development for biological applications, the selectivity of sensors 

towards different cations present in the complex intracellular milieu is a significant 

parameter. In order to determine the selectivity of H3TD1 sensor towards Zn(II) ion, the 

turn-on fluorescence response was examined for H3TD1 in presence and absence of 

different metal cations.114 In this selectivity assay, the relative fluorescence intensity of 30 

uM H3TD1 was determined in 25% aqueous buffer (pH 7.4, 50 mM PIPES) in MeOH upon 

excitation at 579 nm in the presence of various metal ions and cations. It was observed that 

in presence of cations (100 equiv of Na+ and K+, 10 equiv of Ca2+) that are abundantly 

present in cells, only Zn(II) could successfully enhance the fluorescence intensity of 

H3TD1 (Figure 4.10).  
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Figure 4.10 Effect of different metal ions on the fluorescence emission of H3TD1 

Relative fluorescence intensity of 29.69 µM H3TD1 in 75% aqueous buffer solution (pH 7.4, 50 mM PIPES 

in methanol upon excitation at 579 nm (also the absorption maxima), in the presence of different metal 

ions. The plot also includes the effect of various metal ions on the relative fluorescence emission intensity 

of Zn(II) complex of H3TD1 (Excitation λmax = 579 nm and Emission λmax = 602 nm) 

 

Metal ions such as Co2+, Cu2+, Mg2+, Pb2+, Na+, K+ and Ca2+ do not interfere with the 

emission response of H3TD1 in presence of Zn2+. Some interference is seen in the presence 

of Ni2+ ion, where no fluorescence emission is observed. In case of Hg2+ metal ion, two 

emission bands have been observed, one corresponding to the Zn2+ complex (604 nm) and 

the other likely corresponding to a Hg(II) complex (636 nm). The competition experiments 

also showed that the fluorescence intensity of the Zn2+ complex of H3TD1 is unaffected in 

presence of different biologically relevant metal ions (Figure 4.11). 
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Figure 4.11 Effect of competing metals ions on the emission properties of H3TD1 

The bars represents the addition of 1 equiv of different metal ions (in case of Na+ and K+, 100 equiv and 

for Ca2+, 10 equiv) to 29.69 µM solution of H3TD1 in 25% aqueous buffer solution (pH 7.4, 50 mM PIPES) 

in methanol 

 

4.2.6 EPR characterization of Zn(II) complex of H3TD1 

The hypothesis of ligand based unpaired electron of Zn(II) complex of H3TD1 was 

confirmed by EPR spectroscopy. The continuous wave EPR spectrum was collected for the 

freshly prepared Zn(II) complex of H3TD1 in the concentration range of 100 µM to 10 mM 

in MeCN, THF and DMF at room temperature gives singlet EPR signal at g~2. This single 

line is the characteristic of ligand based radical as in the formula [Zn(TD1●)(H2O)x]. As 

we go lower in temperature (77K), it was observed that concentrations below 100 µM, EPR 

spectrum of freshly prepared Zn(II) complex of H3TD1 in MeCN, THF and DMF shows a 

singlet with g value centered at ~2, but as we go higher in concentration (1 mM and above) 

in MeCN, the EPR spectrum for triplet state of the binuclear complex is observed , 

corresponding to formula [Zn(TD1●)(H2O)]2 (Figure 4.12). This triplet state was not 
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observed at the room temperature likely because of fast relaxation. This dinuclear species 

is also crystallized and diffracted by X-Ray crystallography.  

 

Figure 4.12 EPR spectrum of the Zn(II) complex of H3TD1in liquid acetonitrile solution at room 

temperature (top) and frozen glassy acetonitrile solution at 77 K (bottom). Experimental conditions: mw 

frequency, 9.650 GHz (top) and 9.447 GHz (bottom); mw power, 2 mW; 
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The dipole interaction between the two unpaired electrons on the dinuclear species is 

largely dependent on 

i. the distance between the unpaired electrons present on the tripyrrolic scaffold, 

ii. the shape of the tripyrrolic scaffold, and,  

iii. the extent of their delocalization. 

The distance between the two unpaired electrons on the tripyrrolic scaffold of the dinuclear 

species can be calculated by the point dipolar interaction method. This is an approximation 

method where the two unpaired electrons on each tripyrrolic scaffolds are considered to be 

a point/localized charge. If we neglect the delocalization of unpaired electron on the 

tripyrrolic scaffold and assume the unpaired electrons to be localized points, then one can 

use the dipole interaction constant found from the EPR spectrum and estimate the effective 

distance. In our case, the major components have a splitting of 60 G, which corresponds in 

this case to the dipole interaction constant D = 40 G = 112 MHz. Such a constant 

corresponds to the distance R ~ 7.8 Å, which is slightly larger than the distance between 

the nitrogens of the middle rings. 

The EPR study confirms that at lower concentrations of 0-100 µM, Zn(II) complex of 

H3TD1 exists as a mononuclear species with the molecular formula [Zn(TD1●)(H2O)x], 

and at the higher concentrations above ~200 µM (this concentration is solvent dependent), 

the complex exists as a dinuclear species with molecular formula [Zn(TD1●)(H2O)]2. 

4.3 Conclusion and future directions 

For the fluorescent sensing of Zn(II) ion by H3TD1, the emission peak is centered at 648 

nm in THF, 647 nm (17% aqueous buffer solution (pH 7.4, 20 mM PIPES) in DMF) and 
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602 nm (25% aqueous buffer solution (pH 7.4, 20 mM PIPES) in methanol). Such a long-

wavelength near-IR band is of interest for applications in the field of biomedical imaging.  

Based on the colorimetric, emission and selectivity assay performed, H3TD1 appears as a 

promising candidate for sensing Zn(II) based on CHEF. EPR study indicates presence of 

mononuclear species at the lower concentration and formation of dinuclear species at the 

higher concentration (> 200 µM) This equilibrium between dinuclear and mononuclear 

Zn(II) complex of H3TD1 requires further exploration. 

To further elucidate the equilibrium chemistry of dinuclear and mononuclear species of in 

solution phase, the following studies should be performed 

1. The magnetic moment for the Zn(II) complex of H3TD1 at lower and higher 

concentration should be determined. The Evans method can be used to calculate the 

effective magnetic moment by NMR and thereafter an estimate of the number of 

unpaired electrons in the system.  

2. To further confirm the existence of mononuclear species [Zn(TD1●)(H2O)x] at 

lower concentrations and dinuclear species [Zn(TD1●)(H2O)]2 at the higher 

concentration, Beer linearity plot study could be performed.  

4.4 Methods and Materials: 

 (4Z,10Z)-2,3,7,8,12,13-hexaethyl-(15H,17H)-tripyrrin-1,14-dione (H3TD1) was 

synthesized according to the literature procedure.115 Tetrahydrofuran (THF) and 

acetonitrile (MeCN) were dried from a solvent purifier. Methanol (MeOH) was freshly 

distilled from CaH2. All other reagents were obtained commercially and used as received. 

UV/visible spectra were recorded on an Agilent 8453 UV/Vis spectrophotometer. Low- 

and high-resolution mass spectra were obtained at the University of Arizona Mass 
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Spectrometry Facility.  Elemental analyses were collected by Numega Resonance Labs, 

San Diego, CA.  

4.4.1 Synthesis of [Zn(TD1●)(H2O)]2.  

Zinc acetate dehydrate (7.8 mg, 0.035 mmol) was added to a stirred solution of H3TD1 

(15.0 mg, 0.035 mmol) in THF (10 mL). The reaction mixture was stirred under ambient 

conditions for 1 h in air as its color gradually gets darkened and changes from red to blue. 

The reaction progress was monitored by UV-visible absorption spectroscopy. The reaction 

proceeds very slowly under argon atmosphere and does not proceed using dry anhydrous 

Zn(OAc)2 condition. Upon completion, the solvent was removed under vacuum and the 

solid was redissolved in dichloromethane (1 mL). The crude solution was filtered through 

a Celite pad to remove any unreacted Zn(OAc)2. 2H2O. The product obtained was 

crystallized by slow evaporation of dichloromethane/hexane at low temperature (283 K), 

yielding a dark red microcrystalline material.  Slow evaporation of 2:1:1 mixture of CDCl3, 

Et2O, and n-hexane yielded dark orange/brown plates for X-ray diffraction analysis. 

HRMS-MALDI (m/z): [M/2 + Na]+ calcd for [C26H32N3NaO2ZnNa], 505.16837; found, 

505.16782. 

Anal. Calcd. for [C26H34N3O3Zn]●1.5(H2O): C, 55.5; H, 6.5; N, 7.4%; found: C, 55.5; H, 

6.7; N, 7.0%. 

4.4.2 Selectivity experiment 

All the measurements were conducted in 30% aqueous buffer solution (pH 7.4, 20 mM 

PIPES) in methanol. The concentration of H3TD1 was kept constant at 29.69 µM. With the 

addition of Zn(II) ion, emission peak is observed at 602 nm.  Different metal ions were 
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added to observe the interference or competition. The slit width of the fluorimeter was kept 

3 mm.  

4.4.3 Structure refinement of [Zn(TD1●)(H2O)]2.  

Crystals grew as dark red plates from a slow evaporation of 2:1:1 mixture of CDCl3, Et2O, 

and n-hexane. Data were collected, solved and refined in the monoclinic space group P21/c. 

No higher symmetry could be found using the ADDSYMM routine incorporated into 

PLATON. The asymmetric unit was found to contain one complex molecule.  All wholly 

occupied non-H atoms were located in the Fourier map and refined anisotropically. The 

hydrogen atoms in the whole crystal were calculated in ideal locations with isotropic 

displacement factors fixed to 1.2Ueq of the attached atom (1.5Ueq for methyl hydrogen 

atoms) and then their locations were refined using a riding model. No restraints or 

constraints were used in the final model. The highest residual Fourier peak found in the 

model was +0.50 e.Å-3 approx. 0.83 Å from N(3) and the deepest Fourier hole was found 

to be -0.60 e.Å-3 approx. 0.63 Å from Zn(1). 

      Table 4.1 Crystal data collection parameters for [Zn(TD1●)(H2O)]2 

 [Zn(TD1●)(H2O)]2 

Molecular formula C54D2Cl6H68N6O6Zn2 

Formula weight [g.mol-1] 1244.61 

Temperature [K] 119.99 

Crystal class monoclinic 

Space group P21/c 

a [Å] 11.6102(4) 

b [Å] 15.0671(5) 

c [Å] 16.2897(6) 

α [°] 90.00 

β [°] 96.564(2) 

γ [°] 90.00 

Volume [Å3] 2830.91(17) 
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Z 2 

ρcalc [g/cm3] 1.460 

μ  [mm-1] 1.184 

F(000) 1292.0 

Crystal size [mm] 0.4 × 0.35 × 0.3 

Measured reflections 18966 

Independent reflections, 

I > 2σ[I] 
5374 

Rint 0.0678 

Goodness-of-fit on F2 1.018 

R1, I > 2σ[I]a 
R1 = 0.0456, 

wR2 = 0.0999 

wR2, all datab 
R1 = 0.0814, 

wR2 = 0.1126 

peak/hole [e Å-3] 0.50/-0.60 

CCDC 1438445 

 

Table 4.2 Selected bond lengths (Å) in the crystal structures of the [Zn(TD1●)(H2O)]2 

complexes. 

 [Zn(TD1●)(H2O)]2 

M1−N1 2.016(3) 

M1−N2 2.022(3) 

M1−N3 2.021(3) 

M1−O3 2.062(3) 

C1−O1 1.251(4) 

C1−N1 1.376(4) 

C4−N1 1.395(4) 

C6−N2 1.355(5) 

C9−N2 1.365(4) 

C11−N3 1.395(4) 

C14−N3 1.375(4) 

C14−O2 1.254(4) 
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Table 4.3: Hydrogen bonding parameters (donor−acceptor distance (Å) and donor-

hydrogen-acceptor angle (°)) for the aqua ligand in the crystal structures of complexes 

[Zn(TD1●)(H2O)]  

 [Zn(TD1●)(H2O)]2 

OH2O•••OTD1 2.580 

 2.591 

OH2O−H•••O TD1 161.461 

 
160.910 
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 Coordination and redox chemistry of the propentdyopent 

ligand with late transition metals 

Our initial work on the dipyrrin-1,9-dione ligand has been published in the paper 

referenced below, which is included in Appendix B: 

Gautam, R.; Chang, T. M.; Astashkin, A. V.; Lincoln, K. M.; Tomat, E., Propentdyopent: 

the scaffold of a heme metabolite as an electron reservoir in transition metal complexes. 

Chem. Commun. 2016, 52 (39), 6585-6588. 

 

Project summary 

We studied the coordination chemistry of dipyrrolic scaffold of a heme degradation product 

known as propentdyopents. In particular, we reported the full characterization of the 

complexes with late transition metal cations Co(II), Ni(II), Cu(II) and Zn(II). The crystal 

structures showed distorted tetrahedral geometries, in which the metal center is coordinated 

to two monoanionic bidentate ligands. The redox chemistry of these transition metal 

complexes shows two quasi reversible ligand-based one electron redox events. The 

sequential one-electron reductions of the Zn(II) complex were characterized by 

spectroelectrochemical methods performing controlled potential electrolysis and UV-
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visible absorption spectroscopy simultaneously. The products of the chemical reduction of 

this zinc(II) complex were characterized by electron paramagnetic resonance spectroscopy. 

This study established that dipyrrolic propentdyopent ligands can host unpaired electrons 

in transition metal complexes and act as platforms for reversible ligand-based redox 

chemistry. 
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 Synthesis and characterization of a redox-active 

dipyrrindione analog of BODIPY dyes 

6.1 Introduction 

The discovery of dipyrrinones dates back to 1912 when Piloty first reported the degradation 

of bilirubin. In 1914, Fischer noted that bilirubin reacts with hydrogen iodide (HI) and 

acetic acid under reflux condition, and further treatment with phosphonium iodide (PH4I), 

forms a new acid termed bilirubinic acid. Therefore, bilirubinic acid is the first discovered 

dipyrrinone obtained from reductive decomposition of bilirubin. The photo-oxygenation of 

pyrromethenone or dipyrrinone forms “propentdyopent” or “dipyrrindione”. Figure 6.1 

shows the structures of several naturally occurring and synthetic analogs of dipyrrinones 

and dipyrrindiones.  

 

Figure 6.1 Bilirubinic acid derived from bilirubin and related fragments 

The dipyrrin-1,9-dione scaffold characterizes propentdyopent pigments, which were first 

observed in the urine of patients suffering from jaundice and could also be synthesized 

from the oxidation of bile degradation products. The reduction of propentdyopent 

compounds in alkaline conditions gives a red product.116 This observation was termed 
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Stokvis reaction and in 1934 Bingold further characterized the red product with an 

absorption maximum at 525 nm.117 Von Dobeneck designated this red product as 

pentdyopent and therefore the precursor was referred to as propentdyopent.118 Under acidic 

conditions, propentdyopent exist in protonated form as a cationic species, but any exposure 

to water or methanol gives corresponding aqua or methanolic adducts.119 Fischer and 

Muller, initially illustrated that propentdyopent was the dihydroxy derivative of 

pyrromethenes, but later studies on the adducts and on metal complexes suggested 

existence of propentdyopent as a more stable lactam ring rather than lactim.120,121 The 

methanolic adduct of propentdyopent is an off-white solid and provides a platform for 

coordination and redox chemistry. 

6.1.1  Coordination chemistry of propentdyopent with transition metals 

From a structural standpoint, propentdyopent consists of two pyrrole rings that are oxidized 

to carbonyl groups at both α-positions. Propentdyopent is a monoanionic bidentate ligand 

receptor for various transition metals. Our previous study of propentdyopent in the 

presence of transition metals confirms that it binds Co(II), Ni(II), Cu(II) and Zn(II).128  The 

resulting pseudo-tetrahedral complexes are either non-fluorescent or weakly fluorescent. 

In this study, we sought to synthesize a fluorescent complex by bridging the two pyrrolic 

N atoms to a difluoroboryl group and thereby preparing a fluorescent difluorylboryl 

derivative (BODIPY).  

6.1.2 Fluorescent difluorylboryl derivative (BODIPY) of dipyrrin moiety 

The first member of the BODIPY class of dipyrrin complexes was synthesized by Treibs 

and Kreuzer in 1968.122 Since then, a large assembly of highly fluorescent compounds 

based on 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (abbreviated as BODIPY, boron 
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dipyrrin or boron dipyrromethene) has been synthesized.123  The IUPAC numbering of 

BODIPY core is shown in figure 6.2  

 

Figure 6.2 BODIPY core and its IUPAC numbering system 

In general, BODIPY complexes present intense UV-visible absorption and sharp 

fluorescence emission peaks with high quantum yield. Small alteration or modification in 

the structure of the complex leads to large variations in fluorescent properties. BODIPY 

complexes find broad application as labeling reagents in drug delivery and fluorescent 

switches, and as fluorescent indicators, biological labels, and probes for bio-imaging. 

BODIPY analogs were synthesized for bile pigments such as biliverdin and 2, 3-

dihydrobiliverdin. At room temperature, the difluoroboryl complex of biliverdin was found 

to be highly fluorescent. 124 BODIPY complexes of heme metabolites with a tripyrrolic 

scaffold have been synthesized as well (Figure 6.3) 

 

Figure 6.3 Known difluoroboryl derivatives of dipyrrinone and tripyrrinone ligands 
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6.2 Boron Difluoride (BODIPY) complex of propentdyopent 

6.2.1  Synthesis 

In this study, we report the synthesis and characterization of a BODIPY complex of 

heme metabolite propentdyopent (aka difluoroboryl tetraethyldipyrrindione, 

pdpBF2). An all-ethyl analog of naturally occurring propentdyopent was 

synthesized according to the previously published literature as the methanollic 

adduct Hpdp•MeOH.125, 126, 127 Initial attempts to synthesize (pdp)BF2 were 

conducted by reaction of Hpdp•MeOH in tetrahydrofuran with boron trifluoride 

etherate in the presence of bases such as triethylamine, pyridine and 1,8-

diazabicyclo[5.4.0]undec-7-ene at room temperature. The progress of the reaction 

was monitored by thin layer chromatography and no product formation was 

observed overnight in these conditions. Higher temperatures caused complete 

decomposition of the ligand and formation of a polymeric slurry occurred in the 

reaction flask. In the following attempts, various conditions with different solvents, 

bases and temperatures were tested. Eventually, we were able to synthesize the 

fluorescent difluoroboryl complex of propentdyopent through the reaction of 

Hpdp•MeOH with BF3•OEt2 in toluene at reflux for 15 minutes. The reaction forms 

a greenish yellow product. Any increase in the reflux time causes partial 

decomposition of the product. Toluene was removed under vacuum and slow 

diffusion of hexane into the crude mixture dissolved in ethyl acetate at 5°C formed 

crystalline, fluorescent [(pdp)BF2] complex in 42% yield. The product can also be 

purified by performing silica gel column chromatography with 50% ethyl acetate in 

hexane as an eluting solvent. 
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6.2.2  Nuclear Magnetic Resonance (NMR) characterization 

The 1H and 13C NMR characterization of [(pdp)BF2] indicates symmetry with 

respect to a C2 axis going through the meso carbon C(8) and the boron center.  

 

 

Figure 6.4 1H NMR spectra of free ligand Hpdp•MeOH and complex [(pdp)BF2] (500 MHz, 

CDCl3, 27 ºC). 

It is noteworthy that a strong deshielding effect is seen on coordination of two 

pyrrolic nitrogen atoms with electron-deficient boron, and the chemical shift of the 

meso proton shifts downfield from 4.73 ppm to 5.91 ppm. The CH2 and CH3 proton 

in the terminal ethyl group are also shifted downfield upon coordination with BF2.  

The 11B NMR gives triplet due to coupling between 19F (I = 1/2) and 11B (I= 3/2). 

The coupling constant for B-F is largely dependent on the ligand coordinated to the 

B nuclei. Thus, the 11B and 19F NMR confirmed that each boron is bound to two 

fluorines and one monoanionic propentdyopent ligand. 
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Figure 6.5 19F (400 MHz, CDCl3, 27 ºC), 13C and 11B NMR spectra of complex [(pdp)BF2] (500 

MHz, CDCl3, 27 ºC). 

6.2.3 X-Ray Crystallography Characterization 

The structure of [(pdp)BF2] has also been analyzed by X-Ray crystallography 

(Figures 6.6 and 6.7). A single crystal was obtained by slow diffusion of hexane into 

a solution of [(pdp)BF2] in ethyl acetate at 5°C. The crystal structure reveals that the 

boron center is bound to the two nitrogen atoms of the propentdyopent ligand with 

a distorted tetrahedral geometry. The bond lengths are B1-F1: 1.3881(12), B1-F2: 

1.3801(12) and B1-N1: 1.5524(13), B1-N2: 1.5549(13), and the angles at the boron 

center range between 104.02(8) and 110.92(9)°.  The dihedral angle for the 

tetrahedral [(pdp)BF2] complex is very close to orthogonality at 89.53(4)°. 
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Figure 6.6 Crystal structure of [(pdp)BF2] complex 

Crystal structure of [(pdp)BF2] with labelled heteroatoms (left) and is the view highlighting the 

dihedral angles between the planes containing fluorine atoms and the propentdyopent ligand (right). (The 

ethyl substituent have been omitted) Thermal ellipsoids are scaled to the 50% probability level.  CCDC: 

1518389 

Propentdyopent and its transition metal complexes128 do not exhibit any 

fluorescence at room temperature in the solvents studied (THF, DMF and MeCN). 

In contrast, [(pdp)BF2] is fluorescent in most of the organic solvents similarly to 

what has been observed for the boron difluoride complex of higher family of 

oligopyrroles, like biliverdin and tripyrrindiones.129  

 

Figure 6.7 Crystal packing of [(pdp)BF2] 

Crystal packing of [(pdp)BF2] and overlay of two symmetry independent molecules. The black 

dotted line shows the Van der Waals interaction between adjacent molecules. 

6.2.4 UV-vis spectroscopic and photophysical characterization of the complex 

The complex was found to be highly soluble in most common organic solvents but 

insoluble in aliphatic hydrocarbons like pentane and hexane. The aqueous solubility 
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of [(pdp)BF2] is found to be moderate and no precipitate formation is observed in 

20% MeCN in aqueous buffer solution (pH 7.4, 50 mM PIPES) at a concentration 

of 100 µM).  

 

Figure 6.8 UV-visible absorption plot for [(pdp)BF2] 

UV-visible absorption plot for [(pdp)BF2] in THF at room temperature 

The absorption spectrum of [(pdp)BF2] was studied in a series of solvents with 

different polarity index. Most of the BODIPY dyes possess two absorption bands. 

The first transition (S0-S1) corresponds to an absorption band in the range of 465-

515 nm and the second transition (S0-S2) corresponds to an absorption maxima or 

band at around 400 nm. It was seen that [(pdp)BF2] exhibits little solvatochromism 

and shows a small hypsochromic shift (~ 5 nm) in the absorption spectra as we 

increase the solvent polarity index. This is in agreement with other BODIPY 

complexes studied previously. 130, 131, 132, 133 This small change in the wavelength 

with the change in the solvent polarity is consistent with a small change in the dipole 

moment of [(pdp)BF2] between the ground state and the excited state. This 

solvatochromic Stokes shift, ∆v (generally represented in wavenumbers), is deduced 
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by Lippert-Mataga equation. This equation defines solvatochromic Stokes shifts as 

a function of the change in the dipole moment between the ground state and the 

excited state upon excitation. 139, 140 

Maximum stability for the complex was seen in tetrahydrofuran, therefore the 

quantum yield study was performed in this solvent. The electronic absorption 

spectrum in tetrahydrofuran features two bands at 371 and 448 nm. The 448 nm 

band can be attributed to the S0-S1 transition while the maxima at 371 nm towards 

lower wavelength (higher energy) can be attributed to the S0- S2 transition. 

The emission study indicates that [(pdp)BF2] is a green light emitter at room 

temperature in non-polar solvents like toluene, dichloromethane, tetrahydrofuran; 

however, both fluorescence and stability drop drastically in polar solvents like 

dimethylformamide and methanol. 

 

Figure 6.9 UV/Vis absorption spectrum and normalized fluorescence emission spectrum of 

[(pdp)BF2] 

UV/vis absorption spectra for [(pdp)BF2] (left) and fluorescence emission spectra for [(pdp)BF2] (right) at 

490 nm (excitation wavelength – 371 nm) and at 500 nm (excitation wavelength – 448 nm) in 

tetrahydrofuran. 

The quantum yield also showed significant dependence on the solvent nature. When 

excited at 371 nm, [(pdp)BF2] gives an emission band at 490 nm in THF. A 

significant Stokes shift of 119 nm is seen, which is much larger than what has been 

typically observed for symmetrical BODIPYs. Upon excitation at the second 



91 
 

absorption maxima of 448 nm, [(pdp)BF2] give emission spectra with maxima at 

500 nm (Stokes Shift 52 nm). A detailed study done by Boens and coworkers 

indicated that symmetrical BODIPY complexes have higher quantum yield and 

smaller Stokes shift compared to the unsymmetrical BODIPYs. 138 The greater 

degree of conformational flexibility of ethyl groups in [(pdp)BF2] can be the possible 

reason for the large stokes shift. BODIPYs with large stokes shift were not known 

until recently when Chang et.al. synthesized MegaStokes BODIPY dyes with a 

Stokes shift up to 160 nm.137 The quantum yield of [(pdp)BF2] is found to be 19% 

(excitation 371 nm) and 8-10% (excitation 448 nm) in THF. This is comparable to 

the quantum yield of dipyrrinone-BF2 and dipyrrin-BF2 derivatives. 134, 135, 136 The 

reference standard chosen for quantum yield study was Coumarin 151 in ethanol 

(ɸF= 0.79, λexc = 385 nm). The complex [(pdp)BF2] was found to be highly soluble 

in aqueous buffered condition but we limited our study to the organic solvent due to 

lower stability of the complex in the aqueous solutions. 

6.2.5 Electrochemical characterization 

The electrochemical profile of [(pdp)BF2] was studied by cyclic voltammetry in 

MeCN and potentials were referenced to the ferrocene/ferrocenium couple (Fc/Fc+). 

Complex [(pdp)BF2] showed a well-defined reversible reduction and a subsequent 

quasi-reversible reduction at a more cathodic potential. The full scan in the potential 

window of MeCN did not show any oxidation event.  The first reversible reduction 

event occurs at -0.509 V (vs Fc/Fc+) and second reversible event occurs with anodic 

potential -1.511 V and cathodic potential -1.441 (vs Fc/Fc+). The complex was found 

stable initially, but upon repeated scans decomposition occurs in the potential range 
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between -1.2 and -1.4V. The reversibility of the first redox event was confirmed by 

the plot of peak current vs square root of scan rate (V).  

Bard and coworkers showed that fully substituted BODIPY compounds form stable 

radical anions, whereas the reduction products of BODIPY dyes with unsubstituted 

positions tend to dimerize.141 In [(pdp)BF2], the meso position is unsubstituted and 

therefore any radical formed on reduction could undergo dimerization or 

polymerization. The decomposition of [(pdp)BF2] with the increase in the number 

of scan and appearance of many new small events is tentatively attributed to this 

type of reactivity. 

 

Figure 6.10 Cyclic voltammograms of [(pdp)BF2] in MeCN 

Cyclic voltammograms of [(pdp)BF2] at a glassy carbon electrode in acetonitrile with (n-

Bu4N)(PF6) as a supporting electrolyte. Data collected at a 100 mV s−1 scan rate using a Ag/AgCl quasi-

reference electrode and a platinum wire auxiliary electrode. 

The low reduction potential for boron can be attributed to the electron withdrawing 

nature of the two carbonyl groups at the α-position. The Zn(II) complex of 
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propentdyopent has been shown previously to stabilize ligand-based radical 

anions.142 No redox event is seen in the positive potential indicating that there is 

formation of stable [(pdp●)BF2]
– but no formation of any radical [(pdp●)BF2]

+ upon 

oxidation of the complex. 

 

Figure 6.11 Linear plot for reversibility of first redox event of [(pdp)BF2] 

Cyclic voltammogram of first redox event at-0.509 V with different scan rate in the range of 150 – 400 

mV/sec (left) and plot of measured anodic peak current vs square root of applied scan rate for first 

reduction redox event at scan rate in the range of 150-400 mV/sec. 

The formation and stabilization of ligand-based reduction product [(pdp●)BF2]
– has 

also been observed and confirmed by spectroelectrochemical methods in 

dimethylformamide. The potential was kept steady at -1.5 V for 200 sec. A long 

wavelength band appears at 732 nm, which is characteristic of the radical anion 

featuring ligand-based unpaired electron.  
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Figure 6.12 UV-visible absorption spectral changes observed upon reduction of [(pdp)BF2] (22 µM, DMF, 

0.1 M [NBu4][PF6]) by controlled potential electrolysis at −1.5 V (200 s) to give [(pdp●)BF2]‾. 

Multiple isobestic points were seen indicating clear conversion of [(pdp)BF2] to 

[(pdp●)BF2]‾. Upon re-oxidation, 90-95% of the complex is recovered indicating 

that the electrochemical reduction forms a single stable reduction product in DMF.  

6.2.6 Chemical Reduction of [(pdp)BF2]  

The electrochemical profile of BODIPY prompted us to attempt the isolation of the 

reduction products by chemical methods. Addition of 1 equiv of reductants like 

Na(Hg) or CoCp2 in THF gives the singly reduced [(pdp●)BF2]‾ complex and this 

stable product was characterized by EPR spectroscopy in THF. The continuous-

wave EPR spectrum shows a single line with g value centred at g ̴ 2.003, 

characteristic of an organic ligand-based radical. This is consistent with the formula 

proposed for one-electron reduction product. 
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Figure 6.13 EPR spectrum of [(pdp●)BF2]‾ in THF at 298 K 

Continuous wave EPR spectrum of the [(pdp●)BF2]‾ in liquid THF solution at room temperature. 

Experimental conditions: mw frequency, 9.650 GHz (top); mw power, 2 mW; magnetic field modulation 

amplitude, 0.5 mT 

6.3 Conclusions and future directions 

In this study, a new redox-active meso-unsubstituted fluorescent BODIPY complex of 

dipyrrolic heme metabolite propentdyopent has been synthesized. The [(pdp)BF2] complex 

is moderately fluorescent when compared to highly fluorescent species like fluorescein and 

has a large Stokes shift (~80 nm). The complex shows two quasi-reversible redox events 

and the onset and offset of the fluorescence should be studied in THF or acetonitrile with 

the change in the redox state. The [(pdp)BF2] complex  This ON/OFF fluorescent property 

can lead to application in the field of redox sensing. The stability and emission properties 

of [(pdp)BF2] complex is required to be investigated to find relevance in the biological 

conditions. Further change in the substituent at terminal carbonyls can change the 

electronics of the [(pdp)BF2] complex, this can affect the redox chemistry and reactivity of 

the complex. 
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6.4 Materials and Instruments 

Acetonitrile (CH3CN), dimethylformamide (DMF), tetrahydrofuran (THF), and 

dichloromethane (CH2Cl2) were dried by passage through a solvent purifier. Methanol 

(MeOH) was freshly distilled from CaH2. All other reagents were obtained commercially 

and used as received. 1H NMR and 13C NMR spectra were recorded at the University of 

Arizona NMR Facility on Bruker DRX−600, DRX−500 or AVIII-400 instruments and 

calibrated using residual undeuterated solvent as an internal reference. Low- and high-

resolution mass spectra were acquired at the University of Arizona Mass Spectrometry 

Facility. Elemental analyses were performed by Numega Resonance Labs, San Diego, CA.  

UV/visible spectra were recorded on an Agilent 8453 UV/Vis spectrophotometer. 

6.4.1 Synthesis of [(pdp)BF2] 

Hpdp•MeOH (15 mg, 0.047 mmol) was dissolved in toluene (10 mL) and BF3.OEt2 (1 

equiv) was added dropwise. An immediate color change was observed from off-white to 

bright yellow. The reaction mixture was refluxed for 20-25 min and the progress of reaction 

was monitored by thin layer chromatography. The reaction was then allowed to cool to 

room temperature. The solvent was evaporated under vacuum and the resulting product 

was purified by silica gel column chromatography using 50:50 ethyl acetate/hexane as an 

eluting solvent. The residue obtained after evaporation of the solvent can also be purified 

by slow diffusion of hexane into ethyl acetate at 4°C to give a crystalline yellow solid (6.6 

mg, 42%). 

UV−Vis (THF) λmax (ε) 358 (8,774), 458 nm (11,646 M−1cm−1). UV−Vis (Toluene) λmax 

(ε) 360 (9,638), 458 nm (13,818 M−1cm−1).  

HRMS-ESI+ (m/z): [M+Na]+ calcd for [C17H21N2O2BF2Na], 357.15564; found, 357.15567.  
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Anal. Calcd. for [C17H21N2O2BF2]•0.7(C6H14)•0.2(H2O): C, 63.96; H, 7.90; N, 7.04%; 

found: C, 63.63; H, 8.02; N, 7.58%.  

1H NMR (500 MHz, CDCl3, δ): 5.91 (s, 1H), 2.60 (q, J = 7.4 Hz, 4H), 2.50 (q, J = 7.4 Hz, 

4H), 1.27 (t, J = 7.7 Hz, 6H), 1.20 (t, J = 7.7 Hz, 6H); 13C NMR (500 MHz, CDCl3) δ = 

13.48, 14.38, 17.53, 17.73, 87.79, 141.81, 145.53, 171.72, 173.72, 11B NMR (96 MHz, 

CDCl3) δ = 0.91 (t); 19F NMR (282 MHz, CDCl3) δ = -140.45 (q). 

6.4.2 X-ray Diffraction Analysis 

Data were collected at the University of Arizona Department of Chemistry and 

Biochemistry X-ray Diffraction Facility.  Crystals were mounted onto a MiTeGen 

micromount under a protective film of Paratone® oil and diffraction data for all crystals 

were measured using a Bruker Kappa APEX II DUO diffractometer, with graphite-

monochromated Mo-Kα radiation (λ = 0.71073 Å) generated by a sealed tube, and an 

APEX II CCD area detector. The diffractometer was fitted with an Oxford Cryostream 

low-temperature device and data sets were collected using the APEX2 software package 

(Bruker AXS Inc., Madison, WI, 2007).  The data were corrected for absorption effects 

using a multi-scan method in SADABS (Sheldrick, G. M. University of Göttingen, Germany 

1997).  All structures were solved by direct methods (SHELXS-97), and developed by full 

least-squares refinement based upon F2 (SHELXL)143 interfaced via X-Seed144 and 

OLEX2.145 

Structure refinement of [(pdp)BF2]. Crystals grew as bright greenish yellow plates by 

slow diffusion of hexane into ethyl acetate at 4 °C. Data were collected, solved and refined 

in the triclinic space group P2(1)/c. The asymmetric unit was found to contain one complex 

molecule. All wholly occupied non-H atoms were located in the Fourier map and refined 
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anisotropically. The H-atoms in the asymmetric unit were analysed in ideal position with 

isotropic displacement factors kept constant at 1.2Ueq of the attached atom (1.5Ueq for 

methyl hydrogen atoms) and then their positions were refined using a riding model. No 

restraints or constraints were used in the final model. The highest residual Fourier peak 

found in the model was +0.34 e.Å-3 approx. 0.73 Å from C4 and the deepest Fourier hole 

was found to be -0.22 e.Å-3 approx. 0.68 Å from B1. 

Table 6.1 Crystal data collection parameters for [(pdp)BF2] 

 [(pdp)BF2] 

Molecular formula C17H21BF2N2O2 

Formula weight [g.mol-1] 334.17 

Temperature [K] 99.96 

Crystal class monoclinic 

Space group P21/c 

a [Å] 15.4682(9) 

b [Å] 8.1007(4) 

c [Å] 13.6937(8) 

α [°] 90 

β [°] 107.3830(10) 

γ [°] 90 

Volume [Å3] 1637.50(16) 

Z 4 

ρcalc [g/cm3] 1.355 

µ [mm-1] 0.103 

F(000) 704.0 

Crystal size [mm] 0.38 × 0.14 × 0.11 

Measured reflections 25850 

Independent reflections, I > 2σ[I] 4102 

Rint 0.0201 

Goodness-of-fit on F2 1.075 

R1, I > 2σ[I]a R1 = 0.0364, wR2 = 0.0971 

wR2, all datab R1 = 0.0401, wR2 = 0.1004 

peak/hole [e Å-3] 0.34/-0.22 

CCDC Number 1518389 
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Figure 6.14 Crystal structure of [(pdp)BF2] showing the full labeling scheme. 

Atoms are displayed as thermal ellipsoids at 50% probability. All hydrogen atoms 

were omitted for clarity. 

Table 6.2 Selected bond lengths (Å) in the crystal structure of the [(pdp)BF2] complex 

 [(pdp)BF2] 

B1-F1 1.3881(12) 

B1-F2 1.3801(12) 

B1-N1 1.5524(13) 

B1-N2 1.5549(13) 

C1-O1 1.2097(12) 

C9-O2 1.2074(12) 

 

Table 6.3 Comparison of selected angles (°) in the crystal structure of the [(pdp)BF2] 

complex 

 [(pdp)BF2] 

Dihedral angle 89.53(4) 

F1-B1-F2 110.30(9) 

F1-B1-N2 110.91(9) 

F1-B1-N1 110.15(9) 

F2-B1-N2 110.39(9) 

F2-B1-N1 110.92(9) 

N2-B1-N1 104.02(8) 
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6.4.3 Electrochemical Measurements 

Cyclic voltammograms (CV) were performed out on a Gamry Reference 600 potentiostat 

employing a single-compartment cell and a three-electrode setup containing a glassy 

carbon working electrode, a coiled platinum wire auxiliary electrode and Ag/AgCl pseudo-

reference electrode. Measurements were conducted at room temperature under an inert 

atmosphere in CH2Cl2 containing 0.1 M (n-Bu4N)(PF6) (triply recrystallized) as an 

auxiliary electrolyte. Concentration of [(pdp)BF2] were 1−2 mM. All electrochemical data 

were referenced to the ferrocene/ferrocenium couple at 0.00 V. 

For the spectroelectrochemical study, a three-electrode electrochemical quartz cell with a 

1.0-mm path length was used with a Au gauze working electrode, Ag wire (quasi-reference 

electrode) and a Pt wire (1.0 mm dia.) as the counter electrode. A stock solution of 

[(pdp)BF2] (42 µM) was prepared in DMF containing 0.1 M (n-Bu4N)(PF6). All solutions 

were degassed with nitrogen or argon for 5-10 minutes prior to experimentation and 

maintained under argon during electrolysis. For investigation, a linear sweep scan was 

performed between –0 V to –2.5 V (vs Fc/Fc+). This linear sweep helped us determine the 

potentials to be applied for electrolysis. A fresh aliquot from the stock solution was used 

for controlled potential electrolysis (CPE) (UV-visible absorption data acquisition was 

acquired until constant absorbance and current was obtained: 200 s for the one-electron 

reduction at −1.5 V. 
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Table 6.4 Electrochemical data for the [(pdp)BF2] complex 

 [(pdp)BF2] 

E1/2
a vs Fc/Fc+ (∆E) / V 

 

First reversible redox event -0.508945 

(69.91 mV)  

Second redox event       Cathodic -1.51091  

                                    Anodic – 1.44098 
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APPENDIX A. COORDINATION CHEMISTRY, REDOX 

BEHAVIOR AND Π-DIMERIZATION OF TRIPYRRIN-1-14-DIONE 

AND ITS TRANSITION METAL COMPLEXES 

 

 

Article 1. Tripyrrindione as a Redox-Active Ligand: Palladium(II) Coordination in 

Three Redox States 

Authors: Ritika Gautam, Dr. Jonathan. J. Loughrey, Dr. Andrei. V. Astashkin, Dr. Jason 

Shearer and Dr. Elisa Tomat 

Journal: Angewandte Chemie International Edition 

Year of publication: 2015 

Volume: 54 

Issue 49 

Page numbers: 14894-14897 

 

 

Article 2. Interactions of Metal-Based and Ligand-Based Electronic Spins in Neutral 

Tripyrrindione π Dimers 

Ritika Gautam, Dr. Andrei. V. Astashkin, Dr. Tsuhen. M. Chang, Dr. Jason Shearer and 

Dr. Elisa Tomat 

Journal: Inorganic Chemistry 

Year of publication: 2017 

Volume: 56 

Issue 11 

Page numbers: 6755-6762 
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APPENDIX B. COORDINATION AND REDOX CHEMISTRY OF THE 

PROPENTDYOPENT LIGAND WITH LATE TRANSITION METALS 

 

 

 

 

 

 

 

 

Article 1. Propentdyopent: the scaffold of a heme metabolite as an electron reservoir 

in transition metal complexes 

Authors: Ritika Gautam, Dr. Michelle. M. Chang,, Dr. Andrei. V. Astashkin, Dr. 

Kimberly. M. Lincoln and Dr. Elisa Tomat 

Journal: Chemical Communication 

Year of publication: 2016 

Volume: 52 

Issue 39 

Page numbers: 6585-6588 
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APPENDIX C.  METAL CHELATION PROPERTY OF SIRTUIN INHIBITOR 

SIRTINOL 

This project includes study of sirtinol, is one of the first reported inhibitors of sirtuin 

proteins. Situin protein is a family of class III deacetylases that are crucial for survival of 

cells in response to stress conditions. From a structural standpoint, sirtinol shares several 

characteristics of effective metal-coordinating species. Sirtinol thus presents a tridentate 

O,N,O donor set similar to the binding units of several established iron scavengers such as 

deferasirox (Exjade), a clinically approved chelator for the treatment of iron overload.. 

Our investigation by UV-visible absorption, mass spectrometry, elemental analysis and X-

ray diffraction data indicate that sirtinol binds Cu(II),  Zn(II), Fe(II) and Fe(III) cations in 

organic solvents and in buffered aqueous solutions (pH 7.40). In addition, intracellular 

scavenging of iron in Jurkat cells was determined by whole-cell EPR and by fluorescence 

measurements using calcein as a probe of iron binding. Our findings demonstrate the 

transition metal binding ability of sirtinol, which behaves as a high-affinity tridentate 

chelator in organic solvents. The intracellular metal chelation affects cell growth and 

proliferation, and could thus influence overall readouts in cell-based assays involving 

sirtinol. In addition to this, sirtinol and its transition metal complexes also affect 

ribonucleotide reductase activity, an enzyme responsible for DNA synthesis. The detailed 

study of this project has been elucidated in the following two articles:  
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Article 1. Sirtuin inhibitor sirtinol is an intracellular iron chelator  

Authors: Ritika Gautam, Eman. A. Akam, Dr. Jonathan.J. Loughrey, and Dr. Elisa Tomat 

Journal: Chemical Communication 

Year of publication: 2015 

Volume: 51 

Page numbers: 5104-5107 

 

 

 

 

 

Article 2. Metal-binding effects of sirtuin inhibitor sirtinol 

Authors: Eman. A. Akam, Ritika Gautam and Dr. Elisa Tomat 

Journal: Supramolecular Chemistry 

Year of publication: 2016 

Volume: 28 

Page numbers: 108-116 
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APPENDIX D. PERMISSIONS 
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From the Royal Society of Chemistry website: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



109 
 

References 

1. Hoffman, H. N., II; Whitcomb, F. F., Jr.; Butt, H. R.; Bollman, J. L., Bile 

pigments of jaundice. J. Clin. Invest. 1960, 39, 132-42. 

2. Gollan, J. L., Pathobiology of bilirubin and jaundice - foreword. Seminars in 

Liver Disease 1988, 8, 103-104. 

3. Platt, J. L.; Nath, K. A., Heme oxygenase: protective gene or Trojan horse. Nat. 

Med.  1998, 4, 1364-1365. 

4. Novotny, L.; Vitek, L., Inverse relationship between serum bilirubin and 

atherosclerosis in men: A meta-analysis of published studies. Exp. Biol. Med. 

2003, 228, 568-571. 

5. Okubo, S.; Xi, G.; Keep, R. F.; Muraszko, K. M.; Hua, Y., Cerebral hemorrhage, 

brain edema, and heme oxygenase-1 expression after experimental traumatic 

brain injury. Acta Neurochir Suppl. 2013, 118, 83-7. 

6. Falk, H. The Chemistry of Linear Oligopyrroles and Bile Pigments; Springer-

Verlag: Wien, 1989. 

7. Person, R. V.; Peterson, B. R.; Lightner, D. A., Bilirubin conformational analysis 

and circular dichroism. J. Am. Chem. Soc. 1994, 116, 42-59. 

8. Leeper, F. J., The biosynthesis of porphyrins, chlorophylls, and vitamin B12. Nat. 

Prod. Rep. 1989, 6, 171-203. 

9. Layer, G.; Reichelt, J.; Jahn, D.; Heinz, D. W., Structure and function of enzymes 

in heme biosynthesis. Protein Sci. 2010, 19, 1137-1161. 



110 
 

10. Lightner, D. A., Bilirubin: Jekyll and Hyde pigment of life; pursuit of its structure 

through two world wars to the new millenium. Prog Chem Org Nat Prod 2013, 

98, 1-776. 

11. Lightner, D. A., Bilirubin: Jekyll and Hyde pigment of life; pursuit of its structure 

through two world wars to the new millenium. Prog Chem Org Nat Prod 2013, 

98, 1-776. 

12. Kufer, W.; Scheer, H., Studies on plant bile pigments - 14. The diazo reaction of 

bilirubin: structure of the yellow products. Tetrahedron 1983, 39, 1887-92. 

13. Fischer, H.; Plieninger, H.; Weissbarth, O., Bile pigments. XXX. On the structure 

of bilirubin and on bilirubinoid pigments. Z. physiol. Chem. 1941, 268, 197-226. 

14. Ding, Y.; Li, X.; Li, T.; Zhu, W.; Xie, Y., α-Monoacylated and α,α'- and α,β'-

Diacylated Dipyrrins as Highly Sensitive Fluorescence "Turn-on" Zn2+ Probes. J. 

Org. Chem. 2013, 78, 5328-5338. 

15. Ding, Y.; Xie, Y.; Li, X.; Hill, J. P.; Zhang, W.; Zhu, W., Selective and sensitive 

"turn-on" fluorescent Zn2+ sensors based on di- and tripyrrins with readily 

modulated emission wavelengths. Chem. Commun. 2011, 47, 5431-5433. 

16. Srinivasan, A.; Furuta, H., Confusion Approach to Porphyrinoid Chemistry. Acc. 

Chem. Res. 2005, 38, 10-20. 

17. Ko, S.-K.; Kim, S. K.; Share, A.; Lynch, V. M.; Park, J.; Namkung, W.; Van 

Rossom, W.; Busschaert, N.; Gale, P. A.; Sessler, J. L.; Shin, I., Synthetic ion 

transporters can induce apoptosis by facilitating chloride anion transport into 

cells. Nat. Chem. 2014, 6, 885-892. 



111 
 

18. Kaufmann, C. H. P.; Garloff, H., Pro- und Antioxydantien auf dem Fettgebiet II: 

Über natürlich vorkommende Antioxydantien, 1. Mitteilung. Fette, Seifen, 

Anstrichmittel 1961, 63, 334-344. 

19. Bonnett, R.; Stephenson, G. F., Meso-reactivity of porphyrins and related 

compounds. I. Nitration. J. Org. Chem. 1965, 30, 2791-8. 

20. Bonnett, R.; Dimsdale, M. J., Meso reactivity of porphyrins and related 

compounds. V. Meso oxidation of metalloporphyrins. J. Chem. Soc., Perkin 

Trans. 1 1972, 20, 2540-8. 

21. Bonnett, R.; Buckley, D. G.; Hamzetash, D., Octaethyl-21H,24H-bilin-1,19-

dione (octaethylbilatriene-abc). J. Chem. Soc., Perkin Trans. 1 1981, 1, 322-5. 

22. Balch, A. L.; Latos-Grazynski, L.; Noll, B. C.; Olmstead, M. M.; Szterenberg, L.; 

Safari, N., Structural characterization of verdoheme analogs. Iron complexes of 

octaethyloxoporphyrin. J. Am. Chem. Soc. 1993, 115, 1422-9. 

23. Balch, A. L.; Latos-Grazynski, L.; Noll, B. C.; Olmstead, M. M.; Safari, N., 

Isolation and characterization of an iron biliverdin-type complex that is formed 

along with verdohemochrome during the coupled oxidation of iron(II) 

octaethylporphyrin. J. Am. Chem. Soc. 1993, 115, 9056-61. 

24. Bonfiglio, J. V.; Bonnett, R.; Hursthouse, M. B.; Malik, K. M. A., Crystal 

structure of the nickel complex of 2,3,7,8,12,13,17,18-octaethyl-1,19(21H,24H)-

bilindione (octaethylbilatriene-abc). J. Chem. Soc., Chem. Commun. 1977, 3, 83-

84. 



112 
 

25. Lord, P. A.; Olmstead, M. M.; Balch, A. L., Redox Characteristics of Nickel and 

Palladium Complexes of the Open-Chain Tetrapyrrole Octaethylbilindione: A 

Biliverdin Model. Inorg. Chem. 2000, 39, 1128-1134. 

26. Balch, A. L.; Mazzanti, M.; St. Claire, T. N.; Olmstead, M. M., Production of 

Oxaporphyrin and Biliverdin Derivatives by Coupled Oxidation of Cobalt(II) 

Octaethylporphyrin. Inorg. Chem. 1995, 34, 2194-200. 

27. Struckmeier, G.; Thewalt, U.; Fuhrhop, J. H., Structures of zinc octaethyl 

formylbiliverdinate hydrate and its dehydrated bis-helical dimer. J. Am. Chem. 

Soc. 1976, 98, 278-9. 

28. Balch, A. L.; Mazzanti, M.; Noll, B. C.; Olmstead, M. M., Coordination Patterns 

for Biliverdin-Type Ligands. Helical and Linked Helical Units in Four-

Coordinate Cobalt and Five-Coordinate Manganese (III) Complexes of 

Octaethylbilindione. J. Am. Chem. Soc. 1994, 116, 9114-21. 

29. Balch, A. L.; Mazzanti, M.; Noll, B. C.; Olmstead, M. M., Geometric and 

electronic structure and dioxygen sensitivity of the copper complex of 

octaethylbilindione, a biliverdin analog. J. Am. Chem. Soc. 1993, 115, 12206-7. 

30.  

a. Bonnett, R.; Dimsdale, M. J.; Stephenson, G. F., Propentdyopents [5-(2-oxo-2H-

pyrrol-5-ylmethylene)pyrrol-2(5H)-ones] and related compounds. Part 1. The 

structure of the propentdyopent alkanol adducts. J. Chem. Soc., Perkin Trans. 1 

1987, 2, 439-43. 



113 
 

b. Bonnett, R.; Ioannou, S.; Swanson, F. J., Propentdyopents and related 

compounds. Part 4. Propentdyopent-alkanol adducts by the photo-oxygenation of 

pyrromethenones. J. Chem. Soc., Perkin Trans. 1 1989,  4, 711-14. 

31. Yamaguchi, T.; Shioji, I.; Sugimoto, A.; Komoda, Y.; Nakajima, H., Chemical 

structure of a new family of bile pigments from human urine. J. Biochem. 1994, 

116, 298-303. 

32. Berueter, J.; Colombo, J. P.; Schlunegger, U. P., Isolation and identification of 

the urinary pigment uroerythrin. Eur. J. Biochem. 1975, 56, 239-44. 

33. Simon, J. F. Anthropochemie (Berlin), 1842, 41, 343. 

34. Berueter, J.; Colombo, J. P.; Schlunegger, U. P., Isolation and identification of 

the urinary pigment uroerythrin. Eur. J. Biochem. 1975, 56, 239-44. 

35. Hansen, S. E., Studies on urinary pigments. II. Fractionation of the pigments by 

chromatography. Acta Chem Scand 1969, 23, 3466-72. 

36.  

a. Chirik, P. J.; Wieghardt, K., Radical ligands confer nobility on base-metal 

catalysts. Science (Washington, DC, U. S.) 2010, 327, 794-795. 

b. Lyaskovskyy, V.; de Bruin, B., Redox Non-Innocent Ligands: Versatile New 

Tools to Control Catalytic Reactions. ACS Catal. 2012, 2, 270-279. 

c. Luca, O. R.; Crabtree, R. H., Redox-active ligands in catalysis. Chem. Soc. Rev. 

2013, 42, 1440-1459. 

d. Eisenberg, R.; Gray, H. B., Noninnocence in Metal Complexes: A Dithiolene 

Dawn. Inorg. Chem. 2011, 50, 9741-9751. 

37.  



114 
 

a. Sugiyama, H.; Korobkov, I.; Gambarotta, S.; Moeller, A.; Budzelaar, P. H. M., 

Preparation, Characterization, and Magnetic Behavior of the Ln Derivatives (Ln 

= Nd, La) of a 2,6-Diiminepyridine Ligand and Corresponding Dianion. Inorg. 

Chem. 2004, 43, 5771-5779. 

b. Bouwkamp, M. W.; Bowman, A. C.; Lobkovsky, E.; Chirik, P. J., Iron-Catalyzed 

[2π + 2π] Cycloaddition of α,ω-Dienes: The Importance of Redox-Active 

Supporting Ligands. J. Am. Chem. Soc. 2006, 128, 13340-13341 

c. Bart, S. C.; Lobkovsky, E.; Bill, E.; Chirik, P. J., Synthesis and Hydrogenation of 

Bis(imino)pyridine Iron Imides. J. Am. Chem. Soc. 2006, 128, 5302-5303. 

38.  

a. Zarkesh, R. A.; Ziller, J. W.; Heyduk, A. F., Four-electron oxidative formation of 

aryl diazenes using a tantalum redox-active ligand complex. Angew. Chem., Int. 

Ed. 2008, 47, 4715-4718. 

b. Heyduk, A. F.; Zarkesh, R. A.; Nguyen, A. I., Designing Catalysts for Nitrene 

Transfer Using Early Transition Metals and Redox-Active Ligands. Inorg. Chem. 

2011, 50, 9849-9863. 

c. Broere, D. L. J.; Metz, L. L.; de Bruin, B.; Reek, J. N. H.; Siegler, M. A.; van der 

Vlugt, J. I., Redox-Active Ligand-Induced Homolytic Bond Activation. Angew. 

Chem., Int. Ed. 2015, 54, 1516-1520. 

d. Broere, D. L. J.; de Bruin, B.; Reek, J. N. H.; Lutz, M.; Dechert, S.; van der Vlugt, 

J. I., Intramolecular Redox-Active Ligand-to-Substrate Single-Electron Transfer: 

Radical Reactivity with a Palladium(II) Complex. J. Am. Chem. Soc. 2014, 136, 

11574-11577. 



115 
 

39.  

a. Broring, M.; Brandt, C. D., Tripyrrin: the missing link in the series of 

oligopyrrolic ligands. Chem. Commun. (Cambridge, U. K.) 2001, 499-500. 

b. Broering, M.; Prikhodovski, S.; Tejero, E. C., Free-base tripyrrins. Chem. 

Commun. (Cambridge, U. K.) 2007, 876-877. 

c. Jauma, A.; Farrera, J. A.; Ribo, J. M., Reactivity of pyrrole pigments. Part XX. 

On the structure of Cu(II) and Zn(II) tripyrrin-1-one chelates in solution. 

Monatsh. Chem. 1996, 127, 935-946. 

40.  

a. Bennett, J. W.; Bentley, R., Seeing red: the story of prodigiosin. Adv. Appl. 

Microbiol. 2000, 47, 1-32. 

b. Fuerstner, A., Chemistry and biology of roseophilin and the prodigiosin alkaloids: 

a survey of the last 2500 years. Angew. Chem., Int. Ed. 2003, 42, 3582-3603. 

41.  

a. Melvin, M. S.; Tomlinson, J. T.; Saluta, G. R.; Kucera, G. L.; Lindquist, N.; 

Manderville, R. A., Double-Strand DNA Cleavage by Copper·Prodigiosin. J. Am. 

Chem. Soc. 2000, 122, 6333-6334.  

b. Melvin, M. S.; Wooton, K. E.; Rich, C. C.; Saluta, G. R.; Kucera, G. L.; 

Lindquist, N.; Manderville, R. A., Copper-nuclease efficiency correlates with 

cytotoxicity for the 4-methoxypyrrolic natural products. J. Inorg. Biochem. 2001, 

87, 129-135. 



116 
 

c.  Fuerstner, A.; Grabowski, E. J., Studies on DNA cleavage by cytotoxic pyrrole 

alkaloids reveal the distinctly different behavior of roseophilin and prodigiosin 

derivatives. ChemBioChem 2001, 2, 706-709.  

d. Melvin, M. S.; Calcutt, M. W.; Noftle, R. E.; Manderville, R. A., Influence of the 

A-ring on the redox and nuclease properties of the prodigiosins: importance of 

the bipyrrole moiety in oxidative DNA cleavage. Chem. Res. Toxicol. 2002, 15, 

742-748. 

42.  

a. Rao, M. R.; Tiwari, M. D.; Bellare, J. R.; Ravikanth, M., Synthesis of BF2 

Complexes of Prodigiosin Type Oligopyrroles. J. Org. Chem. 2011, 76, 7263-

7268. 

b. Zhang, M.; Hao, E.; Xu, Y.; Zhang, S.; Zhu, H.; Wang, Q.; Yu, C.; Jiao, L., One-

pot efficient synthesis of pyrrolylBODIPY dyes from pyrrole and acyl chloride. 

RSC Adv. 2012, 2, 11215-11218.  

c. Zhang, M.; Hao, E.; Zhou, J.; Yu, C.; Bai, G.; Wang, F.; Jiao, L., Synthesis of 

pyrrolyldipyrrinato BF2 complexes by oxidative nucleophilic substitution of 

boron dipyrromethene with pyrrole. Org. Biomol. Chem. 2012, 10, 2139-2145. 

43. Hong, T.; Song, H.; Li, X.; Zhang, W.; Xie, Y., Syntheses of mono- and 

diacylated bipyrroles with rich substitution modes and development of a 

prodigiosin derivative as a fluorescent Zn(ii) probe. RSC Adv. 2014, 4, 6133-

6140. 



117 
 

44. Park, G.; Tomlinson, J. T.; Melvin, M. S.; Wright, M. W.; Day, C. S.; 

Manderville, R. A., Zinc and Copper Complexes of Prodigiosin: Implications for 

Copper-Mediated Double-Strand DNA Cleavage. Org. Lett. 2003, 5, 113-116. 

45. Chang, T. M.; Sinharay, S.; Astashkin, A. V.; Tomat, E., Prodigiosin Analogue 

Designed for Metal Coordination: Stable Zinc and Copper Pyrrolyldipyrrins. 

Inorg. Chem. 2014, 53, 7518-7526. 

46. Crawford, S. M.; Al-Sheikh Ali, A.; Cameron, T. S.; Thompson, A., Synthesis 

and characterization of fluorescent pyrrolyldipyrrinato Sn(IV) complexes. Inorg. 

Chem. 2011, 50, 8207-8213. 

47. Jauma, A.; Farrera, J. A.; Ribo, J. M., Reactivity of pyrrole pigments. Part XX. 

On the structure of Cu(II) and Zn(II) tripyrrin-1-one chelates in solution. 

Monatsh. Chem. 1996, 127, 935-946. 

48.  

a. Furuta, H.; Maeda, H.; Osuka, A., Regioselective Oxidative Liberation of Aryl-

Substituted Tripyrrinone Metal Complexes from N-Confused Porphyrin. Org. 

Lett. 2002, 4, 181-184.  

b. Furuta, H.; Maeda, H.; Osuka, A., Crystal structures of palladium(II) and 

copper(II) complexes of meso-phenyl tripyrrinone. Inorg. Chem. Commun. 2003, 

6, 162-164. 

c.  Pawlicki, M.; Kanska, I.; Latos-Grazynski, L., Copper(II) and Copper(III) 

Complexes of Pyrrole-Appended Oxacarbaporphyrin. Inorg. Chem. 2007, 46, 

6575-6584. 



118 
 

49. Furuta, H.; Maeda, H.; Osuka, A., Regioselective Oxidative Liberation of Aryl-

Substituted Tripyrrinone Metal Complexes from N-Confused Porphyrin. Org. 

Lett. 2002, 4, 181-184. 

50. Ding, Y.; Xie, Y.; Li, X.; Hill, J. P.; Zhang, W.; Zhu, W., Selective and sensitive 

"turn-on" fluorescent Zn2+ sensors based on di- and tripyrrins with readily 

modulated emission wavelengths. Chem. Commun. 2011, 47, 5431-5433. 

51. Roth, S. D.; Shkindel, T.; Lightner, D. A., Intermolecularly hydrogen-bonded 

dimeric helices: Tripyrrindiones. Tetrahedron 2007, 63, 11030-11039. 

52. Berueter, J.; Colombo, J. P.; Schlunegger, U. P., Isolation and identification of 

the urinary pigment uroerythrin. Eur. J. Biochem. 1975, 56, 239-44 

53. Dey, S. K.; Datta, S.; Lightner, D. A., Tripyrrindiones and a red-emitting 

fluorescent derivative. Monatsh. Chem. 2009, 140, 1171-1181. 

54. Bonnet, R.; Stewart, J. C., Photo-oxidation of bilirubin in hydroxylic solvents. J 

Chem Soc Perkin 1 1975, 224-31. 

55. Bingold, K., The fate of hemoglobin in the organism. Klin. Wochenschr. 1934, 

13, 1451-2. 

56. Von, D. H., Stokvis reaction (pentdyopent reaction). Z Klin Chem Klin Biochem 

1966, 4, 137-41. 

57. Wood, T. E.; Thompson, A., Advances in the Chemistry of Dipyrrins and Their 

Complexes. Chem. Rev. 2007, 107, 1831-1861. 

58. Kowada, T.; Maeda, H.; Kikuchi, K., BODIPY-based probes for the fluorescence 

imaging of biomolecules in living cells. Chem. Soc. Rev. 2015, 44, 4953-4972. 

59.  



119 
 

a. Sakamoto, R.; Hoshiko, K.; Liu, Q.; Yagi, T.; Nagayama, T.; Kusaka, S.; 

Tsuchiya, M.; Kitagawa, Y.; Wong, W.-Y.; Nishihara, H., A photofunctional 

bottom-up bis(dipyrrinato)zinc(II) complex nanosheet. Nat. Commun. 2015, 6, 

6713.  

b. Matsuoka, R.; Toyoda, R.; Sakamoto, R.; Tsuchiya, M.; Hoshiko, K.; Nagayama, 

T.; Nonoguchi, Y.; Sugimoto, K.; Nishibori, E.; Kawai, T.; Nishihara, H., 

Bis(dipyrrinato)metal(II) coordination polymers: crystallization, exfoliation into 

single wires, and electric conversion ability. Chem. Sci. 2015, 6, 2853-2858.  

c. Stork, J. R.; Thoi, V. S.; Cohen, S. M., Rare Examples of Transition-Metal-Main-

Group Metal Heterometallic Metal-Organic Frameworks from Gallium and 

Indium Dipyrrinato Complexes and Silver Salts: Synthesis and Framework 

Variability. Inorg. Chem. 2007, 46, 11213-11223. 

60. Hennessy, E. T.; Liu, R. Y.; Iovan, D. A.; Duncan, R. A.; Betley, T. A., Iron-

mediated intermolecular N-group transfer chemistry with olefinic substrates. 

Chem. Sci. 2014, 5, 1526-1532. 

61. Bonnett, R.; Dimsdale, M. J.; Stephenson, G. F., Propentdyopents [5-(2-oxo-2H-

pyrrol-5-ylmethylene)pyrrol-2(5H)-ones] and related compounds. Part 1. The 

structure of the propentdyopent alkanol adducts. J. Chem. Soc., Perkin Trans. 1 

1987, 439-43. 

62. Koerner, R.; Olmstead, M. M.; Van Calcar, P. M.; Winkler, K.; Balch, A. L., 

Carbon Monoxide Production during the Oxygenation of Cobalt Complexes of 

Linear Tetrapyrroles. Formation and Characterization of 

CoII(tetraethylpropentdyopent anion)2. Inorg. Chem. 1998, 37, 982-988. 



120 
 

63. Su, J.; Groves, J. T., Mechanisms of peroxynitrite interactions with heme 

proteins. Inorg. Chem. 2010, 49, 6317-6329. 

64. Symons, M. C. R., Long-lived superoxide radicals. Nature 1987, 325, 659-660. 

65.  

a. Vanella, A.; Digiacomo, C.; Sorrenti, V.; Russo, A.; Castorina, C.; Campisi, A.; 

Renis, M.; Perezpolo, J. R., Free-radical scavenger depletion in postischemic 

reperfusion brain-damage. Neurochemical Research 1993, 18, 1337-1340. 

b. Kontos, H. A.; Wei, E. P. Superoxide Production in Experimental Brain Injury. 

J. Neurosurg. 1986, 64, 803−807. 

66.  

a. Sawyer, D. T.; Valentine, J. S. How Super Is Superoxide? Acc. Chem. Res. 1981, 

14, 393−400. 

b. Wilshire, J.; Sawyer, D. T. Redox Chemistry of Dioxygen Species. Acc. Chem. 

Res. 1979, 12, 105−110.   

67.  
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