
 

 
 

Faculty of Science and Technology 

Octaiodoporphyrin and Octaiodocorrole:  

Isolation of a Cis Porphyrin Tautomer 

— 
Ivar Kristian Thomassen 
A dissertation for the degree of Philosophiae Doctor – May 2018 

 



  



 

 

 

 

A dissertation for the degree of Philosophiae Doctor 

 

 

 

Octaiodoporphyrin and Octaiodocorrole:  

Isolation of a Cis Porphyrin Tautomer 

 

 

Ivar Kristian Thomassen 

 

 

 

Department of Chemistry 

Faculty of Science and Technology 

UiT – The Arctic University of Norway 

Tromsø, Norway  



 

 

  



 

 

Acknowledgements 

 

I would like to express my deepest gratitude and appreciation to my advisor and friend Prof. 

Abhik Ghosh for giving me the opportunity to conduct the research described herein, and for 

letting me pursue my exuberant ideas. His guidance and expertise has assisted and motivated 

me greatly during these past four years, and has sparked a keen interest for porphyrin and 

corrole chemistry within me. 

 

 My sincere thanks also go to the senior researchers in our group, Dr. Abraham 

Alemayehu and Dr. Thomas Kolle, for their unfaltering support and willingness to share their 

wealth of expertise. They are truly some of my best friends, and I have shared many 

wonderful conversations and laughs with them. I also want to extend my deepest thanks to my 

fellow group members, with whom I have also become close friends with during my years as 

a PhD fellow – Simon, Rune, Hans-Kristian, Sumit, Hugo, Jan and Harald. We have shared 

many laughs and great conversations, and together imbibed more beers than I can count! 

 

 I am also profoundly grateful to Prof. Tore Lejon, for introducing me to the wonders 

of chemistry when I was still working towards my BSc. I also wish to thank Truls, Jostein, 

Fred and Arnfinn for their help with spectroscopic analyses and administrative tasks, and for 

their friendship. I also wish to thank Yngve for his friendship during my years at the fourth 

floor of the Department of Chemistry. 

 

 I also wish to thank our collaborators, Dr. Laura J. McCormick, Dr. Kevin J Gagnon, 

Dr. Hugo Vasquez-Lima, and Prof. Sergey Borisov for their specific contributions to aspects 

of this work. 

 

 Lastly, I wish to thank my family, in particular my girlfriend Emilie, and friends for 

their steadfast support and encouragement. 

 

 

Ivar Kristian Thomassen 

Tromsø, May 14, 2018. 

 



 

 

  



 

 

Preface 

 

Iodinated aromatics are excellent starting materials for further elaboration via transition-

metal-catalyzed cross-coupling reactions such as the Suzuki, Heck, Stille, Kumada, Negishi, 

Hiyama and Sonogashira reactions. The synthetic potential of β-polyiodinated or 

octaiodinated porphyrins and corroles may thus be considerable. β-Iodinated porphyrins and 

corroles are expected to be more reactive compared with their β-brominated congeners, thus 

potentially allowing for new reactivity. 

 As part of my doctoral studies, I have synthesized and characterized the first examples 

of both β-octaiodinated porphyrins (Paper A) and β-octaiodinated corroles (Paper C). The 

syntheses required careful optimization, which ultimately led to products that were 

characterized by single-crystal X-ray structure determinations. Thus, Ni, Cu, and Zn -

octaiodoporphyrins and a Cu -octaiodocorrole were synthesized and structurally 

characterized. 

 I was also intrigued by the highly electron-rich character of Ir(III) corroles and their 

propensity to readily undergo -octabromination. Unfortunately, experiments aimed at 

polyiodination of six-coordinate Ir corroles failed to engender pure compounds within the 

time available to me. Nevertheless, several six-coordinate Ir(III) corroles with different 

nitrogen axial ligands were synthesized, of which three were structurally characterized. The 

phosphorescence behavior of a series of Ir(III) corroles was examined, but no major variation 

was found among the compounds examined.  

 While work on Ir(III) corroles was in progress, a fellow group member (Dr. Kolle E. 

Thomas) reported unambiguous structural evidence of the first cis tautomer of a free-base 

porphyrin in the form of the dihydrate of a highly saddled free-base -

heptakis(trifluoromethyl)-meso-tetraarylporphyrin. I was intrigued by the question whether 

additional cis tautomeric structures might eventuate when other highly saddled porphyrins are 

crystallized from appropriate amphiprotic solvents. This proved to be a long and tedious 

venture, but I was ultimately rewarded with discovering a second example of a cis porphyrin 

tautomer, this time in the form of a doubly hydrated, highly saddled, free-base -

octaiodoporphyrin (Paper B). 

 I was happy to steer the direction of my research entirely according to my own 

curiosity, with full support of my advisor and in the spirit of academic freedom embodied by 

the Research Council of Norway’s FRIPRO program, which supported me. This meant that I 



 

 

did not get a chance to investigate the synthetic potential of the polyiodinated macrocycles 

that I had synthesized. Other groups meanwhile have confirmed the considerable synthetic 

utility of polyiodinated porphyrinoid systems. 

 The main body of the thesis consists of three introductory chapters on (1) Introduction 

to Porphyrins and Corroles, (2) Synthesis of Porphyrins and Corroles, and (3) 

Functionalization of Porphyrins and Corroles, followed by brief introductions to and copies of 

my papers, and a report on my work on Ir(III) corroles. 
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Chapter 1 – Introduction to Porphyrins and Corroles 

 

1.1. General structure and properties of porphyrins 

Porphyrins are brightly colored tetrapyrrolic macrocyclic compounds that occur widely in 

biological systems. The word porphyrin derives from the ancient Greek word πορφύρα 

(porphyra), which translates to “purple”, the color of a typical uncomplexed porphyrin. 

Hemes are iron-coordinated porphyrins found in many proteins, which are called 

hemoproteins that play a critical role in a multitude of bioprocesses. Their key biological 

functions include oxygen transport and storage (hemo- and myoglobin), dioxygen activation 

and utilization (cytochrome P-450 and cytochrome oxidase), electron transport (cytochromes 

b and c), gas sensing (FixL, CooA and soluble guanylate cyclase), detoxification, signal 

transduction, microRNA (ribonucleic acid) processing and circadian clock management.1-3 

The green pigments responsible for the photosynthesis in plants and certain photosynthetic 

organisms, chlorophylls and bacteriochlorophylls, contains a magnesium coordinated to 

modified porphyrins called chlorin/bacteriochlorin (Figure 1). Chlorins are essentially 

porphyrins where one of the pyrrolic double bonds have been reduced. 

 

 

Figure 1. (a) Structure of heme b found in hemo- and myoglobin. (b) Structure of heme c 

found in cytochrome c. (c) Structure of chlorophyll a found in plants and photosynthetic 

organisms. 
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The four pyrrole rings of a porphyrin are bridged by four methine (=CH-) groups. The 

pyrrole carbons adjacent to the nitrogens are referred to as α-carbons, while the outer pyrrole 

carbons are called β-carbons. The methine carbons are called meso-carbons. Unsubstituted 

porphyrin or porphine has been widely studied theoretically, but is rather insoluble and 

therefore of limited interest to experimentalists (Figure 2).4 Porphyrins are clearly aromatic 

compounds and their aromaticity is often simply represented as arising out of an [18]-

annulene substructure (Figure 2). More sophisticated theoretical treatments suggest a 

somewhat different picture that includes the entire macrocyclic skeleton, but the simple 

picture should be sufficient for the present discussion.5 The aromaticity manifests itself both 

in the significant stability of porphyrins and in their intense colors and strong near-UV 

absorption.  

 

Figure 2. (a) Resonance structures of porphine. (b) Nomenclature and IUPAC atom 

numbering of porphyrins, the [18]-annulene substructure is marked in bold. 

 

Neutral free-base (nonmetalated) porphyrins are amphoteric, which means the core 

nitrogens may be either protonated or deprotonated. Deprotonated (dianionic) porphyrins are, 

as we have already seen, effective ligands. Thus, metal complexes of such compounds exist 

for a vast majority of the metals and semi-metals (Figure 3).6,7  
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Figure 3. The periodic table of the porphyrins. Greyed elements indicate that the 

corresponding metalloporphyrin has been successfully synthesized. 

 

Porphyrins are part of a much larger group of macrocycles known as porphyrinoids, 

which share structural, electronic, and optical characteristics to various extent. Examples 

include N-confused porphyrins,8 heteroatom-substituted porphyrins,9 cyclic oligopyrroles,10 

reduced porphyrins11 (porphyrinogens, chlorins, bacteriochlorins, isobacteriochlorins), 

oxidized porphyrins,12 expanded porphyrins13,14 (penta-, hexa-, heptaphyrins, etc.) and 

contracted porphyrins14-16 (triphyrins, subporphyrins, corroles, etc.). A selection of different 

porphyrinoids are depicted in Figure 4. 
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Figure 4. Examples of porphyrinoids. 

 

1.2. General structure and properties of corroles 

Amongst the porphyrinoids depicted in the preceding figure, corroles have been of particular 

interest in recent years due to their interesting coordination chemistry. Corroles are 

structurally similar to porphyrins, but lack one meso-carbon compared to their porphyrin 

analogues. While preserving aromaticity, this structural difference translates not only to a 

smaller molecular core but also three NH protons instead of the two that are found in 

porphyrins (Figure 5). The fully deprotonated corrole(3–) ligand can stabilize a variety of 
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transition metals in unusually high oxidation states. However, many formally high-valent 

metallocorroles are noninnocent, where the metal has a normal oxidation state and the corrole 

itself is partially or fully oxidized.17,18 

 

Figure 5. General structure of corroles with IUPAC numbering and the [18]-annulene 

structure in bold. 

 

Unsurprisingly, like porphyrins, corroles are generally also vividly colored. No 

naturally occurring corroles have been observed to date. The name corrole, however, derives 

from corrin, itself a contraction of “contracted porphyrin", which is the macrocycle present in 

the cobalt-containing cofactor B12 (Figure 6). The intriguing photophysical and electronic 

properties, the ability to bind metals in various oxidation states, the ability to adopt different 

conformations, and the possibility of modulating desired properties through structural 

modifications, has made porphyrins and corroles useful for many different applications. These 

applications include catalysis (chemical and biomimetic), gas sensing, as dye sensitized solar 

cells, as photosensitizers in photodynamic therapy, as near infrared dyes, as optical materials 

and in nonlinear optics, and in supramolecular chemistry among others.19-28 

 

 

Figure 6. The general structure of cobalamin (vitamin B12). 
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1.3. Nonplanarity in porphyrins 

As aromatic compounds, porphyrins are expected to exhibit a planar conformation. Indeed, 

some of them are planar, but others adopt nonplanar conformations, usually as a result of one 

or more of the following factors:29,30 

- Binding of an excessively small or large metal ion with a size mismatch to the 

porphyrin. 

- Steric or electronic effects involving an axial or nitrogen bound ligand. 

- Protonation of core nitrogens. 

- Bulky substituents at the meso- and/or β-carbons causing the porphyrin to contort due 

to steric effects. 

The four main types of nonplanar porphyrins (Figure 7) have been classified as being either 

domed, waved, ruffled or saddled (and combinations thereof).31,32  

 

Figure 7. The nonplanar conformations of porphyrins. Adapted with permission from ref 32. 

Copyright 1998 Elsevier. 

 

Domed conformations are often a result of the porphyrin coordinating a large metal 

ion, causing the metal to displace above the mean porphyrin plane while the β-carbons will be 

displaced below. Examples of porphyrins with domed conformations include β-octaethyl-

5,10,15,20-tetrakis(nitro)porphyrinatothallium(III) (Tl[(CH2CH3)8TpNO2P])33 and 5,10,15,20-

tetrakis(n-Pr)porphyrinatolead(II) (Pb[TPrP]).34 Porphyrins coordinated to other large metal 

ions like cadmium(II)35 and bismuth(II)36 have also been shown to exhibit domed 

conformations.  
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The uncommon waved conformation is characterized by the tilting of a pair of 

opposite pyrrole rings above or below the mean plane of the porphyrin, while the pair of 

opposite pyrroles are relatively unaffected. Examples of porphyrins with waved 

conformations are 5,10,15,20-tetrakis(2-thienylporphyrinato)zinc(II) (Zn[T(2-thienyl)P])37 

and β-octakis(4-fluorophenyl)-5,10,15,20-tetrakis(pentafluorophenyl)porphyrin 

(H2[(pFP)8TPFPP]).38  

A ruffled conformation typically is observed when a pophyrin coordinates to a very 

small ion. Examples of this scenario include nickel porphyrins,39 phosphorus(V) porphyrins40 

and certain low-spin iron(III) porphyrins,41 causing the ring to contract and thus distort when 

the metal binds to the core nitrogens. Bulky substituents at the meso-carbons are also known 

to promote ruffled conformations. Examples include derivatives of meso-tetraisopropyl- and 

tetrakis(t-butyl)porphyrin.42-44 

Saddling is characterized by alternate tilting of the pyrrole rings above and below the 

mean porphyrin plane. Saddling is mostly commonly observed for sterically hindered 

dodecasubstituted porphyrins such as β-octabromo-meso-tetraarylporphyrins and 

dodecaarylporphyrins.45,46 In Chapter 4 and Paper A, I will report β-octaiodo-meso-

tetraarylporphyrins, which are some of the most saddled porphyrin derivatives reported to 

date. The degree of ruffling or saddling is determined from the dihedral angles. The angle at 

which two planes intersect is defined as the dihedral angle. For porphyrins and corroles, the 

planes are defined by two sets of three atoms, where two of the atoms are common (Figure 

8). 

 

 

Figure 8. Ruffling (χ) and saddling (ψ) dihedrals. 

 

1.4. Nonplanarity in corroles 

The classification used for nonplanar porphyrins may also be applied for corroles. Corroles, 

however, do not display the same structural diversity as porphyrins do because of the 

increased ring strain. In essence, almost all metallocorroles are either planar or mildly 
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domed.18 Curiously enough, some metallocorroles such as bis-trimethylamino-β-octabromo-

5,10,15-tris(pentafluorophenylcorrolato)iridium(III) (Ir[Br8TPFPC]tma2)
47 and β-octabromo-

5,10,15-tris(4-nitrophenylcorrolato)cobalt(III) (Co[Br8TNO2PC])48 are essentially still planar 

even with considerable steric crowding. Free-base corroles on the other hands display 

pronounced nonplanar distortions. The crystal structure of the free-base corrole from the 

preceding example (β-octabromo-5,10,15-tris(pentafluorophenyl)corrole) exhibits strong 

nonplanar distortions. Dispersion-corrected DFT calculations has revealed that the main 

driving force behind these distortions is most likely related to steric effects between internal 

NH protons, as the presence of additional β-substituents only marginally adds to the effect.49 

There are numerous examples of domed corroles reported. Examples include oxo-

complexes of Mo(V), Tc(V) and Re(V), in addition to nitrido-complexes of Os(VI) and 

Ru(VI).50-54 

Copper corroles are inherently saddled because of orbital interactions between corrole 

π-orbitals and metal d-orbitals. While peripheral steric crowding enhance this inherent 

nonplanar distortion,55 the distortion is pronounced even in the absence of peripheral 

substituents. This inherent property can be explained in terms of a noninnocent corrole ligand 

with an overall electronic structure best described as a Cu(II)-corrole•2-.56 The only known 

example of a metallocorrole other than a copper corrole displaying strong saddling is β-

octabromo-5,10,15-tris(4-methylphenylcorrolato)gold(II/III) (Ag[Br8TpMePC]),57 seemingly 

also because of a noninnocent corrole ligand. Interestingly, unhindered copper porphyrins 

with electron-donating substituents are also reported to be saddled.58 Slight saddling has also 

been observed for other metallocorroles such as 5,10,15-tris(4-

methylphenylcorrolato)silver(III) (Ag[TpMePC])59 and chloro-β-octamethyl-5,10,15-

tris(phenylcorrolato)iron(III) (Fe[OMTPC]Cl).60 In Chapter 6 and Paper C, I will report an 

example of a strongly saddled copper-β-octaiodo-meso-tetraarylcorrole. 

So far, the wave conformation has not yet been observed for corroles. 

Theoretical calculations indicate that the ruffled conformation in corroles is energetically 

unfavorable, and as such only mild ruffling could be expected.61 One of the few ruffled 

corroles reported to date, dimethoxo-β-heptabromo-5,10,15-tris(4-

methylphenyl)corrolato]phosphorus(V) (P[Br7TpMePC](OCH3)2),
62 is known to exhibit mild 

ruffling. 
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1.5. NH tautomerism in porphyrins and corroles 

Ever since the correct structural formula for the porphyrin nucleus was proposed and later 

proven,63 it became apparent that NH tautomerism, which involves the migration of NH 

protons in the central cavity of the macrocycle, is a possibility (Figure 9). Based on simple 

analytical techniques such as ultraviolet-visible spectroscopy (UV-vis) and infrared 

spectroscopy (IR) it was eventually proposed that the trans tautomer was the major porphyrin 

tautomer. This makes sense from a steric point of view, as one would assume the central 

protons to position themselves as far away from each other as possible to minimize 

electrostatic repulsion. This notion was later proven using various analytical techniques such 

as solution- and solid-state nuclear magnetic resonance (NMR), laser induced fluorescence 

spectroscopy (LIF) and finally X-ray crystallography.64 The interconversion between trans 

tautomers is rapid at room temperature and proceeds via the higher energy intermittent cis 

tautomer. It is now generally accepted, both theoretically and experimentally, that the 

tautomerization proceeds via consecutive single electron transfers, predominantly by direct 

electron tunneling between donor and acceptor.65  

 

 

Figure 9. NH tautomerism in porphyrins. 

 

NH tautomerism has also been documented for a number of other porphyrinoids. For 

example, for N-confused porphyrins, a tautomer with three central hydrogens predominates in 

nonpolar solvents, while one with two central hydrogens and an external NH hydrogen 

prevails in polar solvents (Figure 10).66 
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Figure 10. NH tautomerism in N-confused porphyrins. 

 

Corroles also exhibit tautomers of comparable stability (Figure 11). For corroles with 

symmetrical A3 or A2B frameworks, only two tautomers are possible, while unsymmetrical 

corroles (ABC) engender four possible tautomers.67 Given the nonplanarity resulting from 

electrostatic interactions between pyrrolic NH protons in a free-base corrole, the tautomers 

would be chiral as well. It is doubtful, however, that the enantiomers can be resolved.49 

 

Figure 11. NH tautomerization in free-base corroles. 

 

The study of proton transfer tautomerism in porphyrins and related macrocycles is of 

great interest because of their biological relevance. In Chapter 5 and Paper B, I will report 

the structure of a stable cis tautomer of a sterically hindered free-base porphyrin, the long-

sought intermediate of porphyrin tautomerism.  

 

1.6. Electronic absorption spectra of porphyins and corroles 

The conjugated π-system of porphyrins and corroles gives rise to strong absorptions in the 

near-UV and visible regions of the electromagnetic spectrum. A porphyrin or corrole 

generally produces a strong Soret (B) band in the near ultraviolet (~ 400 nm) and two to four 

weaker Q-bands absorbing in the visible region (~ 500-700 nm). Figure 12 shows the UV-vis 

spectrum of free-base tetraphenylporphyrin (H2[TPP]) while Figure 13 shows the UV-vis 

spectrum of free-base triphenylcorrole (H3[TPC]). 
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Figure 12. UV-vis spectrum of H2[TPP]. 

 

Figure 13. UV-vis spectrum of H3[TPC]. 

 

Peripheral β- and meso-substitutions of the macrocycle or metal coordination, may 

lead to red- (bathochromic) or blue- (hypsochromic) shifted Soret and Q-bands in the UV-vis 

spectrum. Metal coordination typically also reduces the number of Q-bands as the molecule 

attains higher symmetry. Figure 14 illustrates increasingly bathochromically shifted Soret and 

Q bands with increasing size of β-substituents for a series of nickel(II) -octasubstituted 

porphyrins. 
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Figure 14. UV-vis spectra of Ni[TpCF3PP], Ni[Br8TpCF3PP], and Ni[I8TpCF3PP]. 

 

 

Figure 15. Gouterman’s four orbital model for porphyrins (D4h). Adapted with permission 

from ref 68. Copyright 2014 Royal Society of Chemistry. 

 

The absorptions observed in the UV-vis spectra for porphyrins (D4h symmetry) can be 

rationalized using Gouterman’s “four orbital model”. In this model the absorptions arise from 

electronic transitions between two sets of frontier orbitals – two degenerate HOMOs, denoted 

b1 (a2u) and b2 (a1u), and two degenerate LUMOs, c1 (eg) and c2 (eg) (Figure 15).68 The relative 

size of the circles in the model signifies the orbital coefficient, which is the contribution from 

individual atomic orbitals making up the molecular orbital. As might be expected, the metal 

and the substituents on the porphyrin ring (meso- and β-substituents) affect the energies of the 

electronic transitions. Transitions between these molecular orbitals result in two pairs of 
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degenerate excited states, (both of 1Eu symmetry), which corresponds to the lowest-energy Q 

band and the higher-energy Soret or B-band. The energy levels and associated electronic 

transitions of a porphyrin are schematically depicted in Figure 16. 

 

 

Figure 16. Porphyrin energy levels and electronic transitions. Adapted with permission from 

ref 68. Copyright 2014 Royal Society of Chemistry.  

 

Quantum chemical calculations have shown that the “four orbital model” can also be 

applied for corroles.69,70 Corroles have lower symmetry (C2v) compared to porphyrins so the 

porphyrin a1u and a2u HOMOs transform as a2 and b1 for a corrole, while the porphyrin eg 

LUMOs also split into b1 and a2 corrole LUMOs. The shapes of corrole frontier MOs remain 

qualitatively similar to those of porphyrins. 

 

1.7. Fluorescence and phosphorescence in porphyrins and corroles 

Porphyrin-type molecules exhibit a rich array of photophysical properties, of which 

fluorescence and phosphorescence are the two most important. Photophysical properties are 

generally schematically represented by a Jablonski diagram, in which the states are ordered 

vertically by energy and horizontally by spin multiplicity. A simplified Jablonski diagram is 

illustrated in Figure 17. Nonradiative transitions are indicated by squiggly arrows and 

radiative transitions by straight arrows. For typical aromatic molecules, light absorption 

typically occurs in about 1 fs, while fluorescence emission occurs on a time scale of about 10 

ns. The significant lifetime of the fluorescent state allows for vibrational relaxation and, 

accordingly, the fluorescence emission nearly always has a lower energy than the absorption, 

the difference in energy (typically expressed in nm) is known as the Stokes shift. The singlet 

excited state may also transition to a triplet state, which typically has lower energy, in a 

process called intersystem crossing. Intersystem crossing is greatly accelerated in systems 

with large spin-orbit coupling, such as in heavy element compounds. Intersystem crossing 

may be followed by phosphorescence, which refers to the decay of the triplet state to the 
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singlet ground state. Because of its spin-forbidden nature, phosphorescence is much slower 

than fluorescence, with a time scale ranging from hundreds of s to days or even longer.71  

 

 

Figure 17. A simplified Jablonski diagram showing the excitation of a molecule from its 

singlet ground state (1A) to its singlet excited state (1A*) followed by intersystem crossing to 

the triplet state (3A) that relaxes to the ground state by phosphorescence. (Reproduced from 

the Wikipedia) 

 

Fluorescence in porphyrins and corroles is generally limited to the free bases and 

closed-shell metal and nonmetal complexes.72 Typical examples of fluorescent porphyrins are 

H2[TPP] and Zn[TPP].73-75 Figure 18 depicts the fluorescence spectrum of H2[TPP], showing 

emission in the red. Free-base meso-triarylcorroles typically display stronger fluorescence 

than analogous free-base porphyrins,18 while certain Ga(III) and Al(III) corroles exhibit even 

brighter fluorescence than free-base corroles.76 

 

 

Figure 18. Absorption and emission spectra of H2[TPP] (λex = 418 nm) showing fluorescent 

emission (red). Adapted with permission from ref 74. Copyright 2008 Elsevier. 
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 Classic examples metalloporphyrins exhibiting phosphorescence under ambient 

conditions include Pd(II) or Pt(II) porphyrins. Other examples include Ir(III) and even certain 

Zn(II) porphyrins.77-79 As for  Ir(III) porphyrins, phosphorescence has also been observed for 

Ir(III) corroles (Figure 19), as well as for Au(III) and Os(VI)-nitrido corroles.80-82 The 

phosphorescence of Ir(III) corroles is also one of the key studies of Chapter 7, where a series 

of six-coordinate Ir(III) corroles with different axial ligands were prepared, characterized and 

analyzed. 

 

 

 

Figure 19. Emission spectra of iridium corroles (λex = 496.5 nm) at (a) 298 K and (b) 77 K. 

Adapted with permission from ref 82. Copyright 2010 American Chemical Society 

 

 The ability of porphyrins and corroles to exhibit strong fluorescence and ambient-

temperature phosphorescence, in addition to the highly tunable properties by chemical 

functionalization of the macrocycles, makes them ideal for a number of biomedical 

applications, particularly fluorescence imaging/microscopy, photodynamic therapy (PDT),23,83 

and oxygen sensing.84,85 
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Chapter 2 – Synthesis of Porphyrins and Corroles 

 

2.1. Synthesis of porphyrins 

H. Fischer prepared the first porphyrins in 1929 by heating dipyrromethene salts with 

different organic acids to prepare many different porphyrins, albeit in meager yields (Figure 

20).86 In 1935, Rothemund reported a one-pot porphyrin procedure in which pyrrole was 

reacted with gaseous acetaldehyde or with formaldehyde in methanol. The mixture was either 

kept stirring for weeks, heated under reflux for 15-24 hours, or heated in a sealed tube at 85-

90°C for 10-24 hours to produce porphine or tetramethylporphine.87 The procedure was later 

found to be compatible with other aldehydes such as propionaldehyde, n-butyraldehyde, 

benzaldehyde and furfural.88 In 1941, Rothemund modified the procedure to prepare H2[TPP] 

and what he believed to be its cis tautomer; the latter was later found to be 

tetraphenylchlorin.89 The modified procedure consisted of heating pyrrole and benzaldehyde 

in sealed vessels containing pyridine at 220°C for 48 hours. A slightly modified procedure 

was later used to prepare a wide variety of meso-tetraarylporphyrins.90  

 

 

Figure 20. Fischer porphyrin synthesis starting from dipyrromethene salts. Adapted with 

permission from ref 91. Copyright 2016 Royal Society of Chemistry. 

 

In 1960, F. MacDonald reported a procedure where formyl-substituted 

dipyrromethanes could be cyclized to porphyrins in the presence of an acid catalyst (Figure 

21).91 The conditions were much milder than in Fischer’s procedure, and they subsequently 

laid the groundwork for the next half-decade of unsymmetrical porphyrin synthesis. 
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Figure 21. The MacDonald “2 + 2” method for synthesizing porphyrins from formyl-

substituted dipyrromethanes. Adapted with permission from ref 91. Copyright 2016 Royal 

Society of Chemistry. 

 

The one-pot procedure for synthesizing tetraarylporphyrins devised by Rothemund in 

the 1940s had several limitations such as low yield (4 – 5 %) and long reaction times (24 – 48 

hours). After some mechanistic studies, Adler and co-workers reported a greatly improved 

procedure for synthesizing tetraarylporphyrins. In this procedure, equal amounts of pyrrole 

and an aromatic aldehyde were dissolved in acetic acid and refluxed for 6 – 8 hours to give 

the corresponding tetraarylporphyrin after purification (Figure 22). Yields for H2[TPP] were 

reported to be 40 to 50 %.92 In the following years, they optimized the procedure in terms of 

reaction time and convenience by substituting the acetic acid with propionic acid. After 30 

minutes in refluxing propionic acid, the porphyrin would generally crystallize from the 

solution upon cooling, and could simply be filtered to give H2[TPP] in 20 % yield.93 This 

procedure has since been known as the Adler-Longo porphyrin synthesis. 

 

Figure 22. The Adler-Longo porphyrin synthesis. 
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The Adler-Longo method also has certain drawbacks, for example the procedure leads 

to significant tetraphenylchlorin contamination and is limited to aldehydes without sensitive 

functional groups, because of the harsh reaction conditions. 

During the 1960s, cyclisation of b-oxobilanes and b-bilenes and oxidative cyclisation 

of a,c-biladienes were used to synthesize many unsymmetrical porphyrins (some examples 

can be seen in Figure 23).91 In section 2.1, we shall see that a,c-biladienes were also used 

later to synthesize the first corroles.  

 

 

 

Figure 23. (a) Porphyrin synthesis via cyclisation of b-oxobilane. (b) Porphyrin synthesis via 

oxidative cyclisation of a,c-biladiene. Adapted with permission from ref 91. Copyright 2016 

Royal Society of Chemistry. 

 

One of the great advances in porphyrin synthesis came in 1986 when Lindsey reported 

a new procedure for pyrrole-aldehyde condensation. The procedure is mild, clean, gives 

unprecedentedly high yields, and tolerates a wide variety of functional groups (Figure 24).94 

The Lindsey method is a one-pot reaction with two steps. In the first step, equimolar amounts 

of pyrrole and aldehyde (10-2 M) are dissolved in anhydrous DCM under a nitrogen 

atmosphere. A catalytic amount (10-3 M) of BF3
.Et2O or TFA is then added and the solution is 

left to stir until the reversible reaction is in equilibrium (1 hour). In the second step p-chloranil 
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(1 hour, reflux) or DDQ (5 min, r.t.) is used to oxidize the intermediate porphyrinogen to the 

porphyrin. The purification is straightforward and yields relatively pure porphyrin. 

The most obvious disadvantage of the Lindsey procedure is the rather small concentrations of 

reagents employed. A multi-gram scale preparation is inconvenient because of the large 

volume of chlorinated solvent required. Lindsey later published a modified procedure where 

larger concentrations of pyrrole and aldehyde (10-1 M) were condensed using a higher 

concentration of boron trifluoride etherate (10-2 M).95 

 

 

Figure 24. The Lindsey porphyrin synthesis. 

 

Momenteau developed an interesting variety of the MacDonald “2 + 2” method in 

1996. The synthesis involves acid catalyzed cyclisation of tripyrranes with 1-H-pyrrole-2,5-

dicarbaldehyde (Figure 25).96 

 

 

Figure 25. The MacDonald “3 +1” method as devised by Momenteau (substituents not 

shown).  

 

Another noteworthy porphyrin synthesis employs higher-valent transition metal salts 

to synthesize tetraarylporphyrins in higher yields than those typically obtained by the Lindsey 

procedure. The reaction is thought to proceed by a radical mechanism (Figure 26).97 



21 

 

Other methods worth mentioning are microwave-assisted synthesis of porphyrins with 

corresponding microwave assisted metal insertion,98 using ionic liquids99 and solvent-free 

conditions.100 

 

 
Figure 26. Synthesis of tetraarylporphyrins by high-valent metal salts. Adapted with 

permission from ref 97. Copyright 1969 Royal Society of Chemistry. 

 

2.2. Synthesis of corroles 

Johnson and Kay synthesized the first corroles in 1965 by photocyclisation of a,c-biladiene 

dihydrobromides in alkaline methanol solutions (Figure 27).101 The methodology was later 

expanded to include cobalt assisted cyclisation of a,c-biladienes to the corresponding cobalt 

corroles and acidic condensations of dipyrromethanes and dipyrroles followed by 

complexation to cobalt.102 The oxidative metal-assisted cyclisations of a,c-biladienes was 

later used to prepare iron, manganese and rhodium metallocorroles.103  

 

 

 

Figure 27. Photocyclisation of a,c-biladienes to corroles. 
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Ring contractions of porphyrins to the corresponding corroles have also been 

observed. In one example, rhenium insertion to an electron deficient porphyrin, 5,10,15,20-

tetrakis(trifluoromethyl)porphyrin, instead led to the metallocorrole (Figure 28). It was 

postulated that the rhenium salt utilized in the reaction, reduced the porphyrin via a 

cyclopropane intermediate to the analogous corrole through detrifluoromethylation and ring 

contraction.104 

 

 

Figure 28. Rhenium-assisted ring contraction of a porphyrin to a corrole. Adapted with 

permission from ref 104. Copyright 1969 Royal Society of Chemistry. 

 

Apart from a few odd examples, corroles received little attention and were mostly 

considered by-products of porphyrin synthesis until the end of the millennium. The first direct 

syntheses of A3 free-base corroles from pyrrole and aldehyde were reported in 1999 by two 

different groups, the Gross and Paolesse groups (Figure 29). The one-pot synthesis reported 

by Paolesse was in essence a modified Rothemund reaction, where reaction conditions had 

been fine-tuned to increase the yield of triphenylcorrole (H3[TPC]) relative to 

tetraphenylporphyrin (H2[TPP]). Pyrrole and benzaldehyde (3 : 1 molar ratio) were refluxed 

in acetic acid for 4 hours, after which purification led to a 6 % yield of H3[TPC] along with an 

equal amount of H2[TPP].105 

Gross’s method, on the other hand, was a solvent-free, solid-supported, one-pot 

corrole synthesis. Equimolar amounts of pyrrole and pentafluorobenzaldehyde were adsorbed 

on basic alumina and subsequently heated for 4 hours at 100°C. After removal of the solid 

support, the reaction mixture was oxidized with DDQ and purified. By this method, Gross 

prepared tetrapentafluorophenylcorrole (H3[TPFPC]) in a then-unprecedented 11 % yield.106 

Gross’s method was thought to only work with aldehydes bearing strongly electron-

withdrawing substituents, but it was later found that the method also works for electron-rich 



23 

 

aldehydes, although with comparably lower yields.107 It was also assumed that Gross’s 

method does not require any acid catalyst, but it has since been discovered that trace acid 

present with the aldehydes acts as the catalyst.108 

 

Figure 29. (a) One-pot free-base A3 corrole synthesis by Paolesse. (b) One-pot free-base A3 

corrole synthesis by Gross. 

 

Shortly afterwards, a two-step, one-pot method for synthesizing trans-A2B corroles by 

MacDonald type (2+ 2) condensations of equimolar amounts of dipyrromethanes and 

electron-withdrawing aldehydes was reported by Gryko et al. Like Gross’s method, this 

method does not require a catalyst and is reliant on a second step for the irreversible oxidation 

to corrole.109 An optimized procedure, applicable to a wide range of different aldehydes and 

with higher yields, was published the same year. In the new procedure dipyrromethane and 

aldehyde (2:1 molar ratio) was dissolved in dichloromethane with added TFA, and stirred for 

5 hours (Figure 30). It was found that sterically hindered DPMs required less TFA than 

unhindered ones. Oxidation with DDQ and subsequent purification gave a whole range of 

different corroles in yields ranging from 6 – 25 %.110 

 

Figure 30. Condensation of DPMs and aldehydes to trans-A2B corroles. Adapted with 

permission from ref 109. Copyright 2001 American Chemical Society. 
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The following year, Gryko also published a two-step general procedure for the 

preparation of ABC corroles by reaction of dicarbinoldipyrromethanes and pyrrole (1:50 or 

1:145 molar ratio) in the presence of TFA or BF3
.Et2O.111 The bilanes formed in the reaction 

was oxidized by DDQ and purified to obtain the ABC-type corroles (Figure 31). The method 

is also applicable for synthesizing trans-A2B corroles in respectable yields. Gryko and co-

workers soon reported a refined procedure for the preparation of A3 and trans-A2B corroles, 

following a lengthy optimization study conducted on a large number of different aldehydes. 

Three general sets of reaction conditions were prescribed depending on the reactivity and 

steric bulk of the aldehydes employed in the study.112 

 

 

Figure 31. Condensation of dicarbinol-DPMs and pyrrole to ABC corroles. Adapted with 

permission from ref 111. Copyright 2002 American Chemical Society. 

 

The possibility of dipyrromethane formation in water inspired the Gryko group to 

devise what has now become the bread and butter technique for A3 and trans-A2B corrole 

preparation (Figures 32 and 33).113 They determined that by modulating the solvent ratios, 

such that the bilane precipitated instead of forming higher oligomers, they could increase the 

yield drastically. By optimizing the different reaction parameters such as the molar ratio of 

reactants, different solvent combinations, reaction time, and acid and oxidant concentration, 

they devised general reaction conditions that were applicable to a wide range of aldehydes. 

For the preparation of A3 corroles, the procedure involves mixing pyrrole and aldehyde (2:1 

molar ratio) in a water/methanol mixture (1:1) and stirring for three hours. Extraction and 

purification of the bilane followed by oxidation in p-chloranil and subsequent column 

chromatography afforded the corroles in yields ranging from 20 - 30 %. 
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Figure 32. Gryko’s method for synthesizing corroles from pyrroles and aldehydes. 

 

Figure 33. Gryko’s method for synthesizing corroles from DPMs and aldehydes. Adapted 

with permission from ref 112. Copyright 2006 American Chemical Society. 

 

More recent corrole syntheses include synthesis of (i) cis-A2B corroles using 

MacDonald type “2 +2” condensations of monocarbinol-DPMs and dipyrromethanes,114 (ii) 

microwave-assisted corrole synthesis,115 (iii) and the use of ionic liquids.116 
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Chapter 3 – Functionalization of Porphyrins and Corroles 

  

A wide range of reactions have been exploited to accomplish functionalizations and structural 

modifications of porhyrins and corroles. While a full review is impractical for reasons of 

space,117,118 a brief overview is presented here as background to my own contributions. Some 

of the major approaches include:  

- Functionalization of the nitrogens via metalation, demetallation and N-alkylation. 

- Functionalization of the periphery via electrophilic aromatic substitutions such as 

halogenation, formylation, carboxylation, nitration, sulfo-/chlorosulfonation, 

borylation, fluoroalkylation, and aminomethylation, as well as by other reactions such 

as hydrogenation and Diels-Alder cycloadditions. 

- Post-functionalization of peripheral substituents via nucleophilic aromatic substitution, 

metal-catalyzed cross-couplings (Suzuki-Miyaura, Sonogashira, Heck, Buchwald-

Hartwig, Stille, etc.), oxidations and reductions, Wittig reactions, etc. 

Most relevant to this work are functionalizations of the β-positions on porphyrins and 

corroles. In principle, β-positions on porphyrins and corroles can be functionalized by typical 

electrophilic aromatic substitution reactions either on the pyrrole, prior to macrocyclization, 

or on the macrocycle itself. Although the latter is more common, both approaches are 

represented in this thesis. β-Iodination has been intentionally left out of this chapter, as it will 

be discussed in depth in Chapters 4 and 6, where the first syntheses of β-octaiodoporphyrin 

and β-octaiodocorrole derivatives are described. 

 

3.1. Formylation 

The Vilsmeier-Haack reagent, dimethylformamide and phosphoryl chloride (DMF/POCl3), 

provides a convenient route to β-formylated porphyrins and corroles. For porphyrins with 

open meso positions, the reaction can be made regioselective for β-carbons as opposed to the 

more reactive meso carbons via the use of a sterically hindered Vilsmeier reagent such as 

N,N-diisobutylformamide/POCl3
119 or by using trimethyl orthoformate in TFA.120 

Interestingly, the reaction of these reagents with triphenylphosphine-

(octamethylcorrolato)cobalt(III) (Co[OMC]PPh3) led to 3- and 3,17-formylated 

metallocorroles;121 most likely via oxidation of two methyl-groups.102 Gross and co-workers 

also formylated the gallium-complex of TPFPC using the same conditions, which resulted in 

the 2- and 2,17-formylated species (Figure 34).122 
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Figure 34. β-formylation of a gallium corrole. Adapted with permission from ref 122. 

Copyright 2002 American Chemical Society. 

 

3.2. Carboxylation 

Direct β-carboxylation has at the time of writing not been reported for porphyrins. If such 

moieties are desired, there are many other available options for acquiring them (e.g. during 

synthesis or by post-functionalization). A couple of examples include asymmetric synthesis123 

and oxidation of β-formylated porphyrins to the corresponding β-carboxylated porphyrins 

(Figure 35).124 

 

Figure 35. Synthesis of β-carboxy tetraarylporphyrins. Adapted with permission from ref 

124. Copyright 2010 Elsevier. 

 

A single example of the direct β-carboxylation of a gallium corrole was reported by 

the Gross group, but the method involves the use of highly toxic phosgene for the 

carboxylation (Figure 36).125 
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Figure 36. Direct β-monocarboxylation of a gallium corrole. 

 

3.3. Nitration 

β-Nitration of porphyrins and corroles can be achieved in numerous ways. Nitration using 

typical conditions such as fuming nitric acid on Zn[TPP] gave a regiomeric mixture of the β-

di-nitrated metalloporphyrin,126 while the same conditions applied to free-base 5,10,15,20-

tetrakis(dichlorophenyl)porphyrin (H2[TDCPP]) primarily gave the β-hexanitrated porphyrin 

(Figure 37).127 A related procedure employing red fuming nitric acid, triflic acid and triflic 

anhydride was later used to successfully octanitrate Zn[TDCPP].128 Treatment of several 

metalloporphyrins with nitrogen dioxide led to β-mononitration for the porphyrins complexed 

to the more electronegative metals (Cu, Ni and Pd), while it induced meso-attack on the more 

electropositive metal complexes (Mg, Zn, Fe and Co).129 β-Mononitration of zinc porphyrins 

has also been achieved using iodine and silver nitrite in DCM/MeCN generated in situ via the 

porphyrin π-cation radicals.130 

 

 

Figure 37. β-Hexanitration of a free-base porhyrin using fuming nitric acid. Adapted with 

permission from ref 127. Copyright 1969 Royal Society of Chemistry. 
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Nitration of corroles is not as straightforward as for porphyrins. The use of fuming 

nitric acid and nitrogen dioxide leads to decomposition of the corrole macrocycle instead of 

affording nitration.117 Current progress in this area primarily involves the use of NaNO2 as the 

nitration agent. Gross and co-workers first nitrated the gallium complex of TPFPC using 

NaNO2 in the presence of a one-electron oxidant, yielding a mixture of the β-mono-, di- and 

trinitrated corrole.122 Paolesse and co-workers later reported using AgNO2 for the 

regioselective preparation of a β-mononitrated silver corrole directly from the free-base 

corrole.131 The Paolesse group has since explored the field further and one of their latest 

protocols for nitration is based on the use of NaNO2 as the nitration reagent and AgNO2 as the 

oxidant. Careful adjustment of the molar ratios of reactants allowed for the regioselective β-

mono and di-nitration of selected free-base and metallocorroles (Figure 38).132,133 

 

Figure 38. Regioselective β-nitration of a free-base corrole. Adapted with permission from 

ref 132. Copyright 2012 American Chemical Society. 

 

3.4. Sulfo-/chlorosulfonation 

Sulfonations or chlorosulfonations of meso-arylporphyrins predominantly lead to substitution 

on the meso aryl groups.134,135 In one example, sulfonation of 5,15-diphenylporphyrin using 

concentrated sulfuric acid yielded mixtures of products displaying substitutions of both 

phenyl para positions and β-positions.136 
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β-Sulfonation of corroles has been achieved by the Gross group by stirring H3[TPFPC] 

in concentrated sulfuric acid at room temperature (Figure 39). The reaction proved very 

regioselective, and despite many possible outcomes, only generated two isomers, 2,17- and 

3,17-bis(sulfonic acid), in a 9 to 1 ratio.137 Chlorosulfonation of the same corrole gave a 

quantitative yield of the β-2,17-(chlorosulfonyl) corrole.138 Recently, Paolesse published a 

study investigating the effects of chlorosulfonation on H3[TPC], which resulted in β-mono 

and disubstituted corroles. The main product, however, was the β-2-(chlorosulfonyl) 

corrole.139 

 

 

Figure 39. Preparation of β-sulfonic acid corroles using sulfuric acid at ambient temperature. 

 

3.5. Borylation 

Peripheral borylation of β-carbons has been achieved through typical metal-catalyzed cross-

coupling schemes (Figure 40)140,141 and more recently via iridium-catalyzed C-H bond 

activation. The latter protocol is versatile and applies to both porphyrins and corroles (Figure 

41).142,143 Porphyrin or corrole is reacted with bis(pinacolato)diborane and a catalytic amount 

of Ir[(cod)OMe]2 in the presence of 4,4’-di-tert-butyl-2,2’-bipyridyl (dtbpy) to produce β-

monoborylated corroles or β-mono, di-, tri- or tertborylated porphyrin. Some of these 

borylated products have been utilized in transition-metal-catalyzed cross-coupling reactions to 

prepare porphyrin-porphyrin and corrole-porhyrin β-β linked dimers, while others were used 

for introducing β-hydroxyl moieties through oxidation of the boryl group. 
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Figure 40. Synthesis of a β-monoborylated porphyrin via metal-catalyzed cross-coupling. 

 

 

 

 

Figure 41. (a) Iridium-catalyzed borylation of corroles. Adapted with permission from ref 

143. Copyright 2005 John Wiley and Sons. (b) Iridium-catalyzed borylation of porphyrins. 

Adapted with permission from ref 142. Copyright 2005 American Chemical Society. 
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3.6. Perfluoroalkylation 

Methods for the preparation of β-perfluoroalkylated porphyrins include condensations of 

mono-perfluoroalkylated pyrroles144 and substitutions of existing functionalities such as 

bromine via nucleophilic trifluoromethylation145 or metal-catalyzed cross-coupling 

reactions.146 Direct β-monoperfluoroalkylation of various free-base tetraarylporphyrins has 

been achieved using perfluoroalkyl iodides in the presence of sodium dithionite 

(Na2S2O4)/sodium bicarbonate (NaHCO3) in a DMSO-DCM mixture (Figure 42).147 A 

slightly modified procedure has been shown to facilitate both meso- and β-perfluoroalkylation 

on free-base and zinc complexes of 5,15-diphenylporphyrin.148 The procedure was also used 

to synthesize, depending on the solvents employed, β-perfluoroalkylated metallochlorins and 

metalloporphyrins in the presence of copper powder. It was hypothesized that a SET 

mechanism was at play in the formation of β-perfluoroalkylated chlorins, while 

perfluoroalkylcopper intermediates facilitated the formation of β-perfluoroalkylated 

porphyrins.149 This protocol has since been adapted to also allow for β-perfluoroalkylation of 

H3[TPFPC] and the preparation of fluorinated ring fused corroles using α,ω-

diiodoperfluoroalkanes (I(CF2)3/4I).
150 

 

 

Figure 42. Direct β-perfluoroalkylations of free-base porphyrins. Adapted with permission 

from ref 147. Copyright 2003 American Chemical Society. 
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3.7. Aminomethylation 

The available literature on peripheral aminomethylations on porphyrins is scarce. Bis(N,N-

dimethylamino)methane has been found to be an effective reagent for the aminomethylation 

of the vinyl and carbon-carbon double bond in the enol groups of metal-free 

methylpheophorbide a (chlorophyll a derivative),151 while tetrakis(4-

aminomethylphenyl)porphyrin has been synthesized from a pre-functionalized aldehyde.152 

There are no reports of direct β-aminomethylations of porphyrins for the time being. 

Unexpectedly, during experiments aimed at synthesizing cycloadducts from pyridine-tris-

5,10,15(pentafluorophenylcorrolato)gallium(III) (Ga[TPFPC]py) using paraformaldehyde and 

sarcosine, two β-aminomethylated corrole isomers were obtained instead (Figure 43).153 

 

Figure 43. β-aminomethylated corrole isomers obtained from the reaction of Ga[TPFPC]py 

with paraformaldehyde and sarcosine. Adapted with permission from ref 153. Copyright 2012 

John Wiley and Sons. 

 

3.8. Hydrogenation 

The reaction of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (H2[TPFPP]) using Pd/C and 

H2 in different solvent mixtures and in the presence or absence of trimethylamine, led to the 

formation of chlorins, bacteriochlorins and isobacteriochlorins in varying ratios.154 In contrast, 

catalytic hydrogenation of uroporphyrin conducted in a methanol/water mixture gave the 

corresponding porphyrinogen.11 Dihydrogen donors such as diimides generated from p-

toluenesulfonylhydrazine have also been employed for hydrogenations of porphyrin β-β 

double bonds, leading to chlorins, bacteriochlorins and isobacteriochlorins (Figure 44).155,156 

The reaction of H3[TPFPC] with p-toluenesulfonylhydrazine and potassium carbonate in 

pyridine at 110 °C for 2 hours results in the selective formation of the 7,8-dihydrocorrole. 

Interestingly, the 2,3-dihydrocorrole isomer is not formed in this reaction (Figure 45).157 
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Figure 44. Hydrogenation of porphyrins via diimides to bacteriochlorins. Adapted with 

permission from ref 156. Copyright 2012 Royal Society of Chemistry. 

 

 

 

 

Figure 45. Hydrogenation of H3[TPFPC] via diimides to the 7,8-dihydrocorrole. Adapted 

with permission from ref 157. Copyright 2002 Elsevier. 
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3.9. Cycloadditions 

An extensive study on porphyrins has revealed that they participate in many different 

cycloadditions acting as either the 2π or the 4π component, i.e., as either the diene or 

dienophile in [4 + 2] cycloadditions or as the 1,3-dipole or dipolarophile in dipolar 

cycloadditions.158 The same group also conducted a similar study on H3[TPFPC] and 

determined that it also could react as both the 2π or 4π component, in both [4 + 2] 

cycloadditions and in thermal [4 + 4] cycloadditions, depending on temperature and reaction 

time (Figure 46).159 

 

Figure 46. [4 + 2] cycloaddition products obtained from the reaction of pentacene and 

H3[TPFPC].  

 

3.10. Fluorination 

β-Fluorinated porphyrins and corroles are relatively rare, in large part due to the 

inconvenience of obtaining such compounds. No direct protocol for β-fluorination exists for 

obtaining these compounds, and therefore all synthetic methods rely on the condensation of a 

fluorinated pyrrole and an aldehyde. Ogoshi et al. prepared the first β-tetrafluorinated 

porphyrin in 2 % yield by tetramerization of 3-methyl-4-fluoro-3-methylpyrrole-2-carboxylic 

acid, which had been prepared by a tedious multi-step protocol.160 Other early syntheses 

include the preparation of 1-fluoro-1-methylmesoporphyrin-IX via a MacDonald type “2 + 2” 
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condensation of dipyrromethenes and copper-mediated cyclization of an a,c-difluorobiladiene 

(Figure 47).161 

 

Figure 47. Synthesis of a β-fluorinated porphyrin via an a,c-difluorobiladiene. Adapted with 

permission from ref 161. Copyright 2008 John Wiley and Sons. 

 

Coincidentally, the first β-octafluorinated porphyrins were simultaneously reported in 

1997 by two different groups, both utilizing 3,4-difluoropyrrole, an aromatic aldehyde and 

typical Lindsey conditions (Figure 48).162,163 An easier and more straightforward procedure 

for synthesizing 3,4-difluoropyrrole was published in 1998 and is still today the most widely 

used protocol.164 However, quite recently, a much simplified procedure involving the double 

lithiation of the readily accessible 1-triisopropylsilyl-3,4-dibromopyrrole and subsequent 

reaction with N-fluorobenzenesulfonimide (NFSI), leading to the N-protected 3,4-

difluoropyrrole was reported.165 

 

 

Figure 48. Synthesis of β-octafluorinated porphyrins via 3,4-difluoropyrrole. Adapted with 

permission from ref 161. Copyright 2008 John Wiley and Sons. 
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The first synthesis of a β-octafluorinated corrole, and also the first perfluorinated 

corrole, was reported in 2006 by Chang et al., and utilized 3,4-difluoropyrrole under solvent-

free conditions.166 Shortly thereafter, Ghosh and co-workers synthesized several other β-

octafluoro tetraarylcorroles using the same conditions (Figure 49).167 More recently, β-

octafluorocorroles have also been synthesized from 3,4-difluoropyrroles using modified 

Lindsey conditions.168 

 

Figure 49. β-octafluoro tetraarylcorroles synthesized by the Ghosh group. Adapted with 

permission from ref 167. Copyright 2003 American Chemical Society. 

 

3.11. Chlorination 

The first synthesis of β-octachlorinated porphyrins was accomplished by the slow bubbling of 

chlorine gas through a hot (140 °C) o-dichlorobenzene solution of 5,10,15,20-tetrakis(2,6-

dichlorophenylporphyinatio)iron(III) (Fe[2,6-TDCPP]) and anhydrous iron chloride. 

Treatment of chloro-5,10,15,20-tetrakis(pentachlorophenylporphyrinato)iron(III) 

(Fe[TPCPP]Cl) under the same conditions gave the corresponding perchlorinated 

metalloporphyrin (Figure 50). In addition, it was found that the reaction of Ni[TPP] with just 

over 8 equivalents of N-chlorosuccinimide (NCS) in hot (140 °C) o-dichlorobenzene readily 

yielded the β-octachlorinated nickel porphyrin, which could then be demetallated to the free 

base.169 Reactions of NCS with free-base 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin 

unexpectedly resulted in the chlorination of both the β-positions and the 3- and 5-positions on 

the phenyl ring, giving a highly chlorinated porphyrin.170 More recent syntheses have used an 

excess thionyl chloride (SOCl2) as the chlorination agent.171,172 
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Figure 50. Products obtained by β-chlorination of iron porphyrins. Adapted with permission 

from ref 169. Copyright 2003 John Wiley and Sons. 

 

Maes et al. synthesized the first β-octachlorinated corrole using the conditions devised 

by Dolphin et al. for porphyrins. The copper complex of 5,15-bis(mesityl)-10-(2,6-

dichloropyrimidin-5-yl)corrole was treated with excess NCS in hot o-dichlorobenzene to yield 

the corresponding β-octachlorinated copper corrole, which could then be demetallated to the 

free-base β-octachlorocorrole (Figure 51).173 Gross and co-workers prepared bis-pyridine-β-

octachloro-5,10,15-tris(pentafluorophenylcorrolato)cobalt(III) (Co[Cl8TPFPC]py2) by 

bubbling chlorine gas through a solution of benzene and the parent metallocorrole, followed 

by the addition of pyridine and NaBH4.
174 

 

 

 

Figure 51. Synthesis and demetallation protocol for a copper corrole. Adapted with 

permission from ref 173. Copyright 2008 Royal Society of Chemistry. 
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3.12. Bromination 

β-Bromination of porphyrins and corroles is commonly done with liquid bromine or N-

bromosuccinimide (NBS). Methods developed by the Traylor and Krishnan groups laid the 

groundwork for much of the research in this area. Traylor reported the successful β-

octabromination of 5,10,15,20-tetrakis(2,6-dichlorophenylporphyrinato)zinc(II) using NBS in 

refluxing carbon tetrachloride,175 while the Krishnan group later accomplished the β-

octabromination of Cu[TPP] using liquid bromine in a chloroform/carbon tetrachloride 

solution at ambient temperature. The copper complex was demetallated and the resulting free 

base was used to prepare several additional β-octabrominated metalloporphyrins (Figure 

52).176 A more recent publication details the use of 3,4-dibromopyrrole and aromatic 

aldehydes for the preparation of free-base β-octabromo porphyrins by standard Lindsey 

conditions, eliminating the need for copper insertion and subsequent demetallation (Figure 

53).177 

 

Figure 52. β-octabrominated free-base and metalloporphyrins prepared by Krishnan et al. 

Adapted with permission from ref 176. Copyright 1991 American Chemical Society. 

 

 

 

Figure 53. Synthesis of β-octabrominated porphyrins from 3,4-dibromopyrrole.  
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Paolesse reported the initial formation of a β-octabrominated isocorrole from the 

reaction of TPC and an excess NBS in chloroform at ambient temperature. The isocorrole 

formation was hypothesized to occur due to steric strain induced by the central NH protons, 

causing one of the protons to migrate to the 10-meso carbon. Cobalt complexation of the 

isocorroles using cobalt(II)acetate and triphenylphosphine led to re-aromatization and the 

corresponding cobalt β-octabromocorroles.48 Another group found that by controlling the 

amount of NBS carefully, it was possible to regioselectively obtain β-di-, tri- and 

tetrabrominated corroles in good yields. The β-mono-brominated corrole, however, was 

obtained as an inseparable mixture of two isomers.150 Paolesse found that by reacting either 

the free-base isocorrole or the silver complex of 3-NO2-TpMePC with NBS in chloroform, the 

β-monobrominated 2-Br or 3-Br isomer could be obtained, respectively. The driving force 

behind the regioselective formation of the 2-Br isomer is thought to be the isocorrole 

intermediate (Figure 54).178 Paolesse has since published many similar studies.179,180 Gross 

and co-workers have also reported several β-octabrominated metal complexes of TPFPC 

prepared by both NBS and liquid bromine.181-183 Quite recently, Ghosh and co-workers 

reported a simplified procedure for the purification of β-octabromocorroles, and the synthesis 

of previously inaccessible sterically hindered 5,10,15-tris(2,6-dichlorophenyl)corrole. In the 

modified procedure, crystallization is utilized in lieu of tedious column chromatography for a 

wide range of β-octabromo derivatives.184 

 

 

 

Figure 54. Different reaction pathways for the bromination of 3-NO2-TpMePC derivatives. 

Adapted with permission from ref 178. Copyright 2011 Royal Society of Chemistry. 
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3.13. Alkylation 

We have already seen a few examples of β-alkylated porphyrins and corroles synthesized by 

various methods based on pre-alkylated reactants prior to macrocyclization. Examples include 

the Fischer and MacDonald (2 + 2) and (3 + 1) syntheses and condensations of alkyl-

substituted b-bilenes, b-oxobilanes, a,c-biladienes, DPMs and pyrroles. Attempts at direct 

alkylations of porphyrins using nucleophiles such as organolithiums or Grignard reagents 

preferentially lead to attack on meso-positions and formation of chlorins through subsequent 

β-attacks.185 In one study, reaction of chloro-N-phenyl-5,10,15,20-

tetrakis(phenylporphyrinato)zinc(II) with butyl- and methyllitium led to monobutylated and 

monomethylated porphyrin, respectively (Figure 55). The reaction was thought to proceed via 

nucleophilic addition to the β-β double bond.186 

 

Figure 55. Direct β-alkylation of a metalloporphyrin. Adapted with permission from ref 186. 

Copyright 1999 John Wiley and Sons. 

 

3.14. Arylation 

Like alkylation, β-arylation of porphyrins and corroles can be accomplished via condensations 

of pre-arylated pyrroles187-190 with aldehydes, or by transition-metal-catalyzed cross-couplings 

on the brominated macrocycles.191,192 In an important development, a protocol for the 

regioselective, direct β-di-arylation of 5,10,15-tris(3,5-di-tert-

butylphenylporphyrinato)nickel(II) has been reported by Osuka and coworkers.193 
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Metalloporphyrins and different aryl halides were reacted in the presence of pivalic acid, 

potassium carbonate, catalytic amounts of palladium acetate and a bulky ligand (DavePhos) in 

DMA (Figure 56). Applying the same procedure to 5,10,15-tris(3,5-di-tert-butylphenyl)-20-

(formylporphyrinato)nickel(II) displayed similar regioselectivity, albeit with slower reaction 

rates.194 No similar protocol has been reported for corroles yet. 

 

 

 

Figure 56. Scope of the palladium-catalyzed direct β-arylation of porphyrins. Adapted with 

permission from ref 193. Copyright 2011 John Wiley and Sons. 
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Chapter 4. Introduction to Paper A: Octaiodoporphyrin. 

 

Porphyrins enjoy applications in diverse fields as solar cells,22 photodynamic therapy,23,83 NIR 

dyes,25 nonlinear optics,26 gas sensing,84 catalysis,195 and light emitting materials196 among 

others. The ease of modulating properties through chemical transformations of the macrocycle 

is undoubtedly a major factor underlying the versatility of the compounds, and as such, the 

functionalization of porphyrins has been extensively studied.197 Of great importance are β-

octabrominated porphyrins, in large part due to the ease of replacing the bromines by other 

functionalities through typical organometallic reactions.118 The most extensively developed of 

these reactions is the Suzuki-Miyaura cross-coupling, which is the palladium-catalyzed cross-

coupling of an aryl halide with a boronic acid or ester (Figure 57).198 The reaction proceeds 

via oxidative addition of Pd(0) to the aryl halide, resulting in an organopalladium(II)-complex 

(A). The complex reacts with base to form (B), which reacts through transmetalation with a 

boronate complex to produce (C). Reductive elimination of the cross-coupled species (D) 

restores the Pd(0) catalyst. 

 

Figure 57. Catalytic cycle depicting the mechanism of the Suzuki-Miyaura cross-coupling 

reaction. 

 

It is commonly accepted that the rate-determining step in the Suzuki-Miyaura reaction is the 

oxidative addition step, and the rate of reaction depends on the bond dissociation energy of 

the carbon-halogen bond. The relative rate of reaction thus typically proceeds in the order of 

R−I > R−Br > R−Cl > R−F.199 In addition, there are numerous similar transition-metal-
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catalyzed cross-coupling reactions including the Heck-,200 Stille-,201 Kumada-,202 Negishi-,203 

Hiyama-204 and Sonogashira reactions,205 enabling a wide array of different 

functionalizations.  

The idea of synthesizing a β-octaiodoporphyrin, which would be more reactive and 

might permit reactions that are impossible with β-octabromoporphyrins, intrigued me. From 

my literature searches, it became evident that despite almost 100 years of porphyrin research, 

not a single example of a β-octaiodinated porphyrin has been reported. In fact, very few 

iodinated porphyrin species have been reported at all. The few examples I encountered 

included the mono- and diiodination of a 5,15-diphenylporphyrin using bis(trifluoroacetoxy-)-

iodobenzene-iodine in chloroform/pyridine. This led to a regiomeric mixture where the first 

iodination happens at one of the free meso positions, and the second happens at one of the β-

positions. On applying the same conditions to a 5,15-diarylporphyrin with bulky aryl groups 

(3,4,5-trimethoxyphenyl), diiodination happens selectively at the free meso-positions. The 

zinc-complex of this porphyrin was subsequently used successfully in a Sonogashira-type 

coupling to produce the meso-5,15(phenyl)-10,20-(diethynyl)porphyrin.197 There is a similar 

example of the synthesis of a porphyrin bearing iodine in the meso-position,206 and of others 

where iodine is situated on the phenyl rings,207,208 but β-iodination is almost unprecedented.209 

Inspired by the absence of β-polyiodoporphyrin derivatives, I set my sights on the synthesis of 

β-octaiodoporphyrin. Direct β-iodination seemed unpromising, since electrophilic iodination 

is generally rather sluggish compared to electrophilic bromination or chlorination. My efforts 

instead focused on synthesizing 3,4-diiodopyrrole for subsequent condensation to the β-

octaiodinated porphyrin. An early synthesis of 3,4-diiodopyrrole was achieved using a bulky 

N-protecting group (triisopropylsilyl or TIPS) to direct the electrophilic attack. However, the 

protocol relied on using stoichiometric amounts of highly toxic mercuric acetate and iodine.210 

I decided to utilize the 1-TIPS-pyrrole for obtaining regioselective iodination, but started 

searching for a new iodination protocol. NIS worked reasonably for my purpose, but the 

reaction proved time-consuming and led to mixtures of mono and diiodinated products. 

During my efforts to optimize the procedure, I found an old method for direct periodination of 

unactivated aromatics employing a mixture of iodine (I2) and periodic acid (H5IO6) in 

concentrated sulfuric acid.211 Initial experiments using this procedure led to nearly explosive 

sublimation of iodine. However, upon substituting the sulfuric acid for Et2O or THF, the 

reaction was complete in one hour with good yields.  

Finding the conditions that ultimately led to the β-octaiodinated porphyrin was a 

painfully long and troublesome affair involving adjustment of acid catalyst used, solvent, 
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aldehyde, amount and type of oxidant, reaction time and temperature. By careful 

optimizations of the parameters, I eventually found the conditions leading to exclusively β-

octaiodinated porphyrin. Thus, condensation of 3,4-diiodopyrrole and 4-

trifluoromethylbenzaldehyde using typical Lindsey conditions (BF3 • Et2O in DCM) at -10 °C 

resulted in a 10 % yield of the expected H2[I8TpCF3PP] – the first β-octaiodoporphyrin. The 

free-base β-octaiodoporphyrin could be complexed to Ni(II), Cu(II) and Zn(II), and the 

products structurally characterized. The crystal structure of the Zn(II) complex exhibits the 

most saddled distortion of any simple metalloporphyrin, known to date.  

β-Octaiodinated porphyrins have clear synthetic potential and may pave the way for 

novel and faster chemical transformations than analogous β-octabrominated porphyrins. 

Exploring these ligands by means of transition-metal-catalyzed cross-couplings remains a key 

goal for future research.  
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Chapter 5. Introduction to Paper B: Molecular Structure of a β-Octaiodo-

meso-tetraarylporphyrin. A Rational Route to Cis Porphyrin Tautomers? 

 

The location and dynamics of the central NH protons of porphyrins has been the subject of 

many in-depth studies over the years.212 Early X-ray crystal structures213-216 and ab initio 

calculations indicated a linear N−H···H−N arrangement, where each NH proton participates 

in symmetric, bifurcated hydrogen bonding with two adjacent nitrogen.217-219 Subsequently, 

elaborate kinetic studies revealed that the NH tautomerism in free-base porphyrins occurs in a 

stepwise manner, most likely via a cis porphyrin tautomer.220-223 Early density functional 

theory calculations confirmed that the cis tautomer is a true minimum-energy structure with 

exact C2v symmetry in the absence of symmetry-lowering substituents. The calculations also 

indicated an energy of 7-8 kcal/mol for the cis tautomer relative to the ground-state trans 

tautomer.65,224  

 

Interestingly, as early as 1941, Rothemund erroneously believed to have isolated the 

cis tautomer as a by-product of his eponymous tetraphenylporphyrin synthesis.89 Later work 

showed that this product is actually tetraphenylchlorin. Aside from an cis-N,N´-dimethylated 

porphyrin,225 no genuine cis porphyrin tautomer has been reported, until very recently.226 

Single crystal X-ray analysis of free-base β-heptakis(trifluoromethyl)-meso-tetrakis(4-

fluorophenyl)porphyrin (H2[(CF3)7TpFPP]), a compound synthesized by my colleague Dr. 

Kolle E. Thomas, revealed the first ever cis porphyrin structure. The unique stability of the cis 

tautomeric structure reflected the combined effects of strong macrocycle saddling, which 

relieved electrostatic repulsion between the two neighboring NH protons, and two 

polarization-enhanced transannular N−H···O−H···N hydrogen bond chains, each involving a 

molecule of water (Figure 58). DFT calculations indicated that the dihydrated cis tautomer 

should have a lower energy than the dihydrated trans tautomer by some 8.3 kcal/mol. 
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Figure 58. Potential hydrogen bond chains in trans and cis tautomers of a free-base 

porphyrin. 

 

From water structure theory, we know that each water molecule can form up to four 

hydrogen bonds in a tetrahedral arrangement – two via the oxygen lone pairs and two via the 

hydrogens.227,228 An important feature of hydrogen bonds is the so-called cooperative effect, 

which allows large clusters of hydrogen-bonded water to form. The essence of this effect is 

that a water molecule that acts as a hydrogen bond acceptor also becomes a better hydrogen 

bond donor. This effect is clearly displayed in cyclic water pentamers where the hydrogen 

bond network can be classified as either homodromic (donor-acceptor), antidromic (acceptor-

acceptor), or heterodromic (donor-donor), depending on the orientation of the hydrogens 

(Figure 59). Homodromic networks, where the hydrogens all point in the same direction 

(clockwise or anticlockwise), are more stable than antidromic networks, where only some 

hydrogens point in a given direction. The heterodromic system is the least stable with only 

two hydrogens in a cooperative alignment. Studies of β-cyclodextrin has also revealed 

homodromic hydrogen-bonding networks within the cavity of the molecule (Figure 60).229,230 
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Figure 59. Arrangements of cyclic hydrogen bonds: (a) homodromic, (b) antidromic or (c) 

heterodromic. Adapted with permission from ref 227. Copyright 2010 John Wiley and Sons. 

Participation of individual water molecules as either (d) donor-acceptor, (e) acceptor-acceptor 

or (f) donor-donor. Adapted with permission from ref 228. Copyright 2000 Elsevier. 

 

 

Figure 60. Calculated minimum energy homodromic hydrogen bonded network in β-

cyclodextrin. Adapted with permission from ref 229. Copyright 2007 Elsevier. 
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The X-ray structure of the previously mentioned cis porphyrin tautomer shows two 

adjacent central NH protons pointing above and below the mean porphyrin plane.226 Each NH 

proton acts as a hydrogen bond donor to a molecule of water, which in turn acts as a hydrogen 

bond donor to an opposite unprotonated nitrogen, forming homodirectional polarization-

enhanced N−H···O−H···N hydrogen bond chains. The homodirectional hydrogen-bonded 

chains also explain the increased stability of the cis tautomer compared to the trans tautomer, 

for which a homodirectional hydrogen bond network is impossible. Although the structure 

fully made sense, the question remained whether the observed structure was just a one-off, or 

whether additional cis porphyrin tautomers would be discovered in the future. As it happens, I 

was destined to answer this question. 

 

 Crystallization of free-base β-octaiodoporphyrin was something I worked on 

continuously ever since we published our first synthetic paper on the subject (Paper A). I 

crystallized the free base porphyrin from a variety of different solvents, but every time the X-

ray diffraction analysis proved inadequate in terms of quality. After numerous attempts over a 

year, I finally managed to obtain high-quality crystals by vapor diffusion of methanol into a 

concentrated toluene solution of the free-base porphyrin. The X-ray structure revealed only 

the second known example of a cis porphyrin tautomer. The details of the structure proved 

entirely analogous to the first one – namely a strongly saddled cis β-octaiodoporphyrin 

tautomer with a homodirectional N−H···O−H···N strap across each face. The only significant 

difference was that the bridging unit was a mixture of methanol and water. 

 Based on the two cis porphyrin structures, it seems likely that additional such 

structures might be discovered in the future. The requirements appear to be two-fold: a free-

base porphyrin with a strongly saddled conformation due to steric factors and the presence of 

an amphiprotic solvent. Whether β-octabromoporphyrins and dodecaarylporphyrins might 

exhibit a cis tautomeric structure under suitable conditions remains a key question in this area.    
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Chapter 6. Introduction to Paper C: Synthesis and Molecular Structure of a 

Copper Octaiodocorrole. 

  

Ever since the development of convenient and simple one-pot synthetic routes,112,113 the 

chemistry of corroles has grown exponentially. Qualitatively, corroles share many of the same 

intriguing electronic, photophysical, metal-coordinating and catalytic properties of 

porphyrins; many details, however, are very different. The differences largely reflect two 

factors, a significantly smaller N4 core than porphyrins and trianionic character (compared 

with dianionic porphyrins). In addition, corroles are generally more electron-rich and 

oxidation-prone than porphyrins. Corroles engender a variety of high oxidation state transition 

metal complexes.18 However, because of the electron-richness of the ring, many of the 

complexes are noninnocent and have significant corrole dianion-radical character. 

 

 

Figure 61. Two uses of -octabromocorroles to synthesize Au undecaarylcorroles. Adapted 

with permission from ref 231. Copyright 2016 Elsevier. 
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As for porphyrins, β-octabromination of corroles affords a stepping stone to a plethora 

of available transition-metal-catalyzed transformations.117 Figure 61 provides a good 

illustration of this chemistry, which provided two routes to a gold undecaarylcorrole.231 A 

series of undecasubstituted corroles were synthesized some time ago by Suzuki coupling on a 

β-octabrominated free-base corrole.232 The reaction, however, took between 1½ and 2½ days 

to complete. The potential of a β-octaiodinated corrole would thus be immense, given the 

higher facility of the rate-limiting oxidative addition step in reactions like the Suzuki-Miyaura 

coupling.199 Thus, I set out on a quest to synthesize an octaiodocorrole. The literature on the 

field was sparse, with only a handful of examples. Gross reported the partial β-tri- and 

tetraiodination of aluminum and gallium corroles using an excess of iodine and NIS, 

respectively (Figure 62). Reaction of the aluminum complex with 1,3-diiodo-5,5-

dimethylhydantoin (NIH) also yielded the tetraiodinated species, albeit in lower yields.233,234 

Interestingly, all the iodines in the tetraiodinated aluminum species added regiselectively to 

two of the pyrrole rings (positions 2, 3, 17, and 18). They also applied the same protocol to 

cobalt corroles, in which case a mixture of β-tri- and tetraiodinated products were obtained. In 

this case as well, the iodines added regioselectively to the same two pyrrole rings.235 Finally, 

they reported obtaining the β-tetraiodinated metallocorroles (Cu, Ag, Au) by a one-pot 

conversion of H3[TPFPC] using a metal acetate and NIS in pyridine.236 Paolesse has also 

prepared a β-diiodinated silver corrole complex by treatment with NIS in a 

dichloromethane/acetonitrile mixture.180 
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Figure 62. Two routes for obtaining partially β-iodinated Ga(III) and Al(III) corroles. 

Adapted with permission from ref 234. Copyright 2014 American Chemical Society. 

 

 My initial efforts to synthesize a β-octaiodocorrole focused on the utilization of 3,4-

diiodopyrrole via a variety of different synthetic methods, which unfortunately resulted in 

only traces of the expected corroles. The attempted iodination of iridium corroles using NIS, 

led to mixtures of partially β-iodinated corroles and decomposition products. It occurred to 

me that copper corroles – known for their inherent saddling – might be better suited sterically 

to sustain -octaiodination. I therefore prepared a series of copper corroles Cu[TpXPC], 

where X = OMe, Me and CF3. Iodination using the same protocol I applied for the preparation 

of 1-TIPS-3,4-diiodopyrrole (Paper A),237 proved too harsh and resulted in complete 

destruction of the corroles. Attempts at metal-halogen exchange of β-octabrominated copper 

corroles with BuLi or Rieke Magnesium238 followed by the addition of suitable electrophiles 

like NIS, NIH and ICl were also fruitless. The interaction of Cu[TpOMePC] and 

Cu[TpMePC] with TFA-activated NIS failed, but Cu[TpCF3PC] yielded the desired β-

octaiodocorrole, albeit with significant amounts of inseparable impurities. Accordingly, I 

chose to examine the performance of another electron-deficient Cu corrole Cu[TpCNPC]. 

Stirring the said Cu corrole with an excess of NIS in the presence of TFA in 4:1 
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toluene/dicloromethane for several hours indeed produced moderate yields of the expected β-

octaiodocorrole. By varying experimental conditions such as the amount of iodinating agent 

(10 – 100 eq.) and the solvent (acetonitrile, dichloromethane, toluene and mixtures thereof), I 

was able to zero in on a convenient protocol for preparing the β-octaiodinated corrole in 

yields of around 20 %. Crystals suitable for X-ray analysis were obtained by vapor diffusion 

of heptane into a concentrated solution of the corrole in o-dichlorobenzene, revealing the first 

example of a β-octaiodinated corrole. Future work will concentrate on developing additional, 

more general routes to these delicate compounds, and exploring their use as pre-cursors to 

other β-octafunctionalized corroles through transition-metal-catalyzed coupling reactions. 

Exploiting the stability and reactivity of Cu[TpCNPC] is also worth exploring vis-à-vis other 

synthetic transformations, perhaps for obtaining β-octafluorinated and β-octanitrated corroles 

under conditions that were previously deemed too harsh.  
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Chapter 7. Synthesis, Characterization and Photophysical Properties of a 

Series of Six-Coordinated Iridium(III) Corroles. 

 

7.1. Introduction 

Iridium(III) porphyrins exhibit a rich chemistry, particularly as catalysts of key 

transformations such as olefin cyclopropanation, four-electron reduction of dioxygen, 

hydrogen generation from water splitting, hydroxylation, insertions into S-H bonds, and C-O 

bond cleavage.239-244 Iridium(III) porphyrins are also known to exhibit strong ambient-

temperature phosphorescence with quantum yields of up to 30 %. These photophysical 

properties are tunable with regard to the axial ligands as iridium(III) porphyrins are typically 

six-coordinate, unlike their square-planar Pd(II) and Pt(II) counterparts, which are also known 

for their strong ambient-temperature phosphorescence.78 Iridium was first inserted into 

corroles by Gray and co-workers with a view of replicating the strong room-temperature 

phosphorescence of iridium porphyrins. Iridium corroles were indeed found to exhibit 

ambient-temperature phosphorescence, with a more bathochromically shifted character than 

most other Ir(III) complexes and less impressive lifetimes and quantum yields.82,245 In contrast 

to Ir(III) porphyrins, Ir(III) corroles are stabilized even by weakly donating axial ligands.246 

Furthermore, cyclic voltammetry has revealed Ir(III) corroles to be very electron rich, as Ir(II) 

is not electrochemically accessible and Ir(IV) is accessible only at low potentials.47  

 

The relative rarity of iridium corroles in literature and their intriguing photophysical 

and electronic properties prompted me to investigate these compounds further, in particular, 

whether the electron rich character of Ir(III) corroles could be exploited to obtain novel β-

octaiodinated corroles. For this purpose, a series of Ir(III) corroles, Ir[TpXPC]L2, where 

TpXPC3- is the trianion of meso-tris(p-X-phenyl)corrole, X = OMe, CH3, H and CF3 and L = 

trimethylamine (tma), pyridine (py), were prepared. For X = CF3, Ir(III) complexes with L = 

4-dimethylaminopyridine (dmap), 4-picolinic acid and isoquinoline were also prepared 

(Figure 63).  
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Figure 63. Synthesis of Ir(III) corroles. 

 

Despite many attempts at iodinating the compounds using various electrophilic 

iodinating reagents (NIS, NIH, ICl), only complex mixtures of partially β-iodinated 

compounds (1-4 iodines) were observed. Nevertheless, the synthesis, purification and 

characterization of the new iridium corroles were not a complete waste of time. Armed with 

the fact that Ir(III) compounds tend to be phosphorescent, we also carried out a 

phosphorescence analysis on the most stable series – Ir[TpCF3PC]L2, where L = tma, py, 

dmap, 4-picolinic acid and isoquinoline. I wanted to see whether the phosphorescence varied 

among simple Ir(III) corroles and particularly whether the axial ligand would affect this. 

Somewhat disappointingly, all the compounds examined exhibited comparably weak 

phosphorescence in the NIR region. The complexes with pyridine and isoquinoline ligands 

displayed higher quantum yields, while the dmap complex exhibited a surprisingly long 

decaying component both at room temperature and at 77 K. Thus, to a large extent, the current 

work is a relatively small extension of our existing knowledge of Ir corroles. The remainder 

of the chapter describes the characterization of the various Ir corroles prepared. 

 

7.2. Nuclear magnetic resonance spectroscopy 

Most of the 1H spectra display sharp resonances indicative of diamagnetism, while a few, in 

particular some β-Hs, show broadening. The latter is likely because of a non-optimal 

deuterated solvent, as the solubility varies greatly across the synthesized Ir(III) corroles. 

Furthermore, the tma protons resonate upfield at around −3 ppm, as is expected for a planar, 

aromatic macrocycle and small shielded ligands above and below. The same effect is seen on 

the ortho-protons of pyridine, 4-dimethylaminopyridine, 4-picolinic acid, and isoquinoline. 

Complete 1D 1H-NMR spectra with assignments and supplementary 2D 1H-NMR spectra can 

be found in the Supporting Information at the end of this Chapter. 
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7.3. Ultraviolet-visible spectroscopy 

The UV-vis spectra for the six-coordinate Ir(III) corroles display intense and split Soret and Q 

bands, most likely reflecting ligand-to-metal charge transfer states.47 The exact nature of the 

excited states still needs to be clarified. The UV-vis spectra of the new compounds 

synthesized are shown in Figures 64 - 74, while Table 1 summarizes the absorption maxima.  

 

 

Figure 64. UV-vis spectrum of Ir[TPC]tma2 (1a). 
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Figure 65. UV-vis spectrum of Ir[TPC]py2 (1b). 

 

Figure 66. UV-vis spectrum of Ir[TpMePC]tma2 (2a). 
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Figure 67. UV-vis spectrum of Ir[TpMePC]py2 (2b). 

 

 

Figure 68. UV-vis spectrum of Ir[TpOMePC]tma2 (3a). 
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Figure 69. UV-vis spectrum of Ir[TpOMePC]py2 (3b). 

 

Figure 70. UV-vis spectrum of Ir[TpCF3PC]tma2 (4a). 
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Figure 71. UV-vis spectrum of Ir[TpCF3PC]py2 (4b). 

 

Figure 72. UV-vis spectrum of Ir[TpCF3PC]dmap2 (4c). 



64 

 

 

Figure 73. UV-vis spectrum of Ir[TpCF3PC]4-picolinic acid2 (4d). 

 

Figure 74. UV-vis spectrum of Ir[TpCF3PC]isoquinoline2 (4e). 
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Table 1. Absorption maxima (λ, nm) for Ir(III) corroles. 

 

Complex Bmax Qmax 

Ir[TPC]tma2 416 596 

Ir[TPC]py2 414 602 

Ir[TpMePC]tma2 417 598 

Ir[TpMePC]py2 417 603 

Ir[TpOMePC]tma2 417 600 

Ir[TpOMePC]py2 416 605 

Ir[TpCF3PC]tma2 418 595 

Ir[TpCF3PC]py2 416 602 

Ir[TpCF3PC]dmap2 418 606 

Ir[TpCF3PC]4-picolinic acid2 414 602 

Ir[TpCF3PC]isoquinoline2 417 603 

 

7.4. Electrochemistry 

Cyclic voltammograms show two redox processes at positive potentials relative to SCE for all 

the synthesized corroles. Representative cyclic voltammograms are depicted in Figure 75 and 

Figure 76, while Table 2 summarizes the redox potentials. The first redox process may be 

tentatively assigned as a metal-centered oxidation (IrIII/IrIV) based on literature precedence,47 

but the nature of the second oxidation is not clear. Ongoing spectroelectrochemical studies 

(which are not complete at this time) may shed some light on the exact nature of these redox 

processes. The absence of observable redox processes at negative potentials correlates well 

with previous literature and is indicative of the highly electron-rich character of these 

metallocorroles.47  
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Figure 75. Cyclic voltammogram of Ir[TPC]py2 (1b). 

 

 

 

Figure 76. Cyclic voltammogram of Ir[TpMePC]py2 (2b). 
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Table 2. List of redox potentials for Ir(III) corroles.  

 

Complex E½ox1 E½ox2 

Ir[TPC]tma2 0.31 1.09 

Ir[TPC]py2 0.28 1.00 

Ir[TpMePC]tma2 0.26 1.02 

Ir[TpMePC]py2 0.52 1.02 

Ir[TpOMePC]tma2 0.23 0.94 

Ir[TpOMePC]py2 0.20 0.89 

Ir[TpCF3PC]tma2 0.44 1.18 

Ir[TpCF3PC]py2 0.41 1.11 

 

 

7.5. Absorption and emission spectroscopy 

The emission spectra of the new Ir corroles were determined in the laboratory of Prof. Sergey 

M. Borisov at the Graz University of Technology in Austria. All the complexes were found to 

exhibit weak phosphorescence in the near-infrared part of the spectrum in anoxic solutions 

(Figure 77). The phosphorescence is almost quenched in the presence of molecular oxygen. 

The excitation spectra (Figure 78) match the absorption spectra very well. As expected, the 

emission spectra are much narrower at 77 K (Figure 79), which enables more precise 

determination of the triplet state energies from the edge of the emission spectra. The 

phosphorescence quantum yields are very weak, which makes their precise estimation 

challenging. Estimations indicate quantum yields of around 0.02 – 0.04 % at ambient 

temperature with about a 2-fold increase at 77 K. The phosphorescence of the bis-pyridine 

and bis-isoquinoline complexes were found to be stronger than that of bis-tma and bis-dmap 

complexes. Furthermore, the emission spectra for the bis-pyridine, isoquinoline, and 4-

picolinic acid are almost identical (Figure 77, Table 3). The decay time profiles for these 

complexes are mono-exponential (Figure 80). The fits provide very similar values of ~ 5 µs 

at 295 K and ~ 10 µs at 77 K. Interestingly, in the case of the bis-dmap complex, a relatively 

long decaying component was observed both at ambient temperature and at 77 K. 
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Figure 77. Emission spectra of selected Ir(III) corroles in solutions at 295 K. The bis-4-

picolinic acid complex was measured in ethanol, all other complexes in toluene; ex 595-605 

nm in the maximum of the Q-band. 
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Figure 78. Excitation spectra of the Ir(III) corroles in anoxic solutions at 295 K. The bis-4-

picolinic acid complex was measured in ethanol, all other complexes in toluene. The emission 

was detected in the maximum of the emission spectra. RG9 long-pass filter was used in the 

emission channel to eliminate the artefacts. 
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Figure 79. Emission spectra of the selected Ir(III) corroles in frozen glasses. The bis-4-

picolinic acid complex was measured in 4:1 ethanol:methanol, while all other complexes in 

2:3 toluene:tetrahydrofuran; ex 595-605 nm in the maximum of the Q-band. 

 

Table 3. Photophysical properties of Ir(III) corroles. 1) In toluene for all complexes except 

Ir[TpCF3PC]4-picolinic acid2. 
2) In ethanol. 3) In toluene/tetrahydrofuran (4:6 v/v) for all 

complexes except Ir[TpCF3PC]4-picolinic acid2. 
4) In ethanol/methanol (4:1 v/v). 5) Estimated 

at the edge of the emission spectra and acquired at 77 K. 

 

Complex 295 K(1) 77K(3)  

max,em, 

nm 
, µs QY, % 

max 

em, nm 
, µs QY, % 

ET, cm-1 

(5) 

Ir[TpCF3PC)]py2 836 5.6 0.04 823 9.8 0.04 12560 

Ir[TpCF3PC]isoquinoline2 836 4.9 0.04 821 10.4 0.06 12560 

Ir[TpCF3PC]tma2 828 0.6 (38%); 

5.1 (62%) 
0.02 818 4.2 0.06 12630 

Ir[TpCF3PC]dmap2 846 2.3 (78%); 

8.1 (22%) 
0.02 835 5.2 (61%); 

36 (39%) 
0.03 12410 

Ir[TpCF3PC]4-picolinic acid2 836(2) 4.8(2) 0.02 818(4) 10.7(4) 0.04 12630 
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Figure 80. Phosphorescence decay for the selected Ir(III) corroles in anoxic solutions at 295 

K (up) and in frozen glass at 77 K. The solvents are the same as stated in Figure 77 and 

Figure 79. 

 

7.6. X-ray crystallography 

Single-crystal X-ray structure determinations were carried out for three six-coordinate Ir 

corroles – Ir[TPC]tma2 (1a), Ir[TpMePC]tma2 (2a), and Ir[TpCF3PC]py2 (4b). The analyses 

were carried out by our collaborator Dr. Laura J. McCormick at Beamline 11.3.1 at the 

Advanced Light Source at Lawrence Berkeley National Laboratory. Side and top views of 

these compounds are depicted in Figure 81 - 83, while crystallographic data for these 

compounds are presented in Table 4. 
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 The metrical parameters of the structures are relatively unremarkable. The Ir-N 

distances involving the corrole are approximately 1.96 ± 0.02 Å and those involving the axial 

ligands are considerably longer at 2.066 Å for the bis-pyridine complex and 2.17 ± 0.03 Å for 

the bis-tma complex. These short equatorial Ir-N distances are a testament to the sterically 

constrained nature of the corrole macrocycle. Despite the steric mismatch between 5d 

transition metals and the corrole N4 cavity, it is remarkable that the majority of 5d 

metallocorroles are quite rugged, both chemically and photochemically.    

 

 

 

Figure 81. Top and side views of Ir[TPC]tma2 (1a). Selected bond distances (Å) for labelled 

atoms: Ir-N1 1.9543(16), Ir-N2 1.9728(16), Ir-N3 1.9745(16), Ir-N4 1.9489(17), Ir-N5 

2.1795(18), Ir-N6 2.1672(18). 
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Figure 82. Top and side view of Ir[TpMePC]tma2 (2a). Selected bond distances (Å) for 

labelled atoms: Ir-N1 1.953(2), Ir-N2 1.9746(19), Ir-N3 1.978(2), Ir-N4 1.948(2), Ir-N5 

2.178(3), Ir-N6 2.176(3). 
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Figure 83. Top and side view of Ir[TpCF3PC]py2 (4b). Selected bond distances (Å) for 

labelled atoms: Ir-N1 1.946(2), Ir-N2 1.9702(18), Ir-N3 1.902(18), Ir-N4 1.946(2), Ir-N5 

2.066(2), Ir-N6 2.066(2). 
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Table 4. Crystallographic data for Ir(III) corroles. 

 

Compound IrIII[TPC]tma2 IrIII[TpMePC]tma2 IrIII[TpCF3PC]py2 

Chemical formula C43H41IrN6 C54.25H66.25IrN6 C50H30F9IrN6 

Formula mass 834.02 994.58 1078.00 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P 21/n P 21/n C 2/c 

λ [Å] 0.7749 0.7293 0.7749 

a [Å] 11.4814(5) 12.8383(7) 18.1543(9) 

b [Å] 21.7131(10) 15.3802(8) 16.8434(7) 

c [Å] 13.7137(6) 24.6017(13) 14.2251(7) 

α [o] 90 90 90 

β [o] 94.371(2) 92.934(2) 112.321(2) 

ϒ [o] 90 90 90 

Z 4 4 4 

V [Å] 3408.8(3) 4851.4(4) 4023.8(3) 

Temperature [K] 100(2) 150(2) 100(2) 

Density [g cm-3] 1.625 1.362 1.779 

Meas. reflections 46872 91185 40581 

Unique reflections 10433 16047 10326 

Parameters 457 612 324 

Restraints 0 52 6 

Rint 0.0478 0.0599 0.0431 

θ range [o] 1.919-33.659 3.206-64.748 1.867-41.256 

R1, wR2 all data 0.0276, 0.0551 0.0407, 0.1113 0.0463, 0.0935 

S (GooF) all data 1.049 0.828 1.039 

Max/min res. dens. 

[e Å-3] 

1.123/-1.092 0.90/-1.74 3.436/-2.876 

 

7.7. Conclusion 

Eleven new Ir(III) corroles were synthesized and characterized by 1H-NMR, mass 

spectrometry, UV-vis spectroscopy, and cyclic voltammetry, while three of the compounds 

also proved amenable to single-crystal X-ray structure determination. Five compounds were 

analyzed for phosphorescence, but unfortunately all were found to be rather weakly 

phosphorescent. Future work on the Ir(III) corroles will focus on determining the nature of 

electrochemical oxidation processes and exploring the corroles as precursors for obtaining β-

polyiodo derivatives. 
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7.8. Experimental section 

(a) Materials. Chloro(1,5-cyclooctadiene)iridium(I) dimer was obtained from Sigma-

Aldrich. Silica gel 60 (0.04-0.063 mm particle size, 230-400 mesh, Merck) was employed for 

flash chromatography. Silica gel 60 preparative thin-layer chromatographic plates (20 cm x 20 

cm, 0.5 mm thick, Merck) and aluminum oxide 60 preparative thin-layer chromatographic 

plates (20 cm x 20 cm, 1.5 mm thick, Merck) were used for final purification of all 

complexes. Unless otherwise mentioned, all other chemicals were obtained from Sigma-

Aldrich. 

(b) Instrumental methods. UV−visible spectra were recorded on an HP 8453 

spectrophotometer. 1H NMR spectra were recorded on a 400 MHz Bruker Avance III HD 

spectrometer equipped with a 5 mm BB/1H SmartProbe in CDCl3 and referenced to residual 

CHCl3 7.26 ppm, C6D6 and referenced to residual C6H6 7.16 ppm, C3D6O and referenced to 

residual C3H6O 2.05 ppm or CD3OD and referenced to residual CH3OH 3.31 ppm. High-

resolution electrospray-ionization (HR-ESI) mass spectra were recorded from methanolic 

solution on an LTQ Orbitrap XL spectrometer. 

Cyclic voltammetry was performed at 298 K using an EG&G model 263A potentiostat 

with a three-electrode system, comprising a glassy carbon working electrode, a platinum wire 

counterelectrode, and a saturated calomel reference electrode (SCE), in CH2Cl2 (distilled from 

CaH2) as solvent. The reference electrode was separated from the bulk solution by a fritted-

glass bridge filled with the electrolyte solution. The electrolyte solution was purged with 

argon for several minutes, and electrochemical measurements were conducted under an argon 

blanket. All potentials are referenced to the SCE. 

 General procedure for the synthesis of Ir[TpXPC]L2 (X = OMe, CH3, H, CF3, L = 

tma, py, dmap, 4-picolinic acid, isoquinoline). The free-base corroles were prepared 

according to previously reported procedures.112,113 The iridium complexes were prepared 

according to a previously reported procedure with slight modifications.47 Bis(1,5-

cyclooctadiene)diiridium(I) dichloride (2 eq.) and potassium carbonate (10 eq.) was dissolved 

in an anhydrous solution of tetrahydrofuran (150 mL) containing the free-base corrole (~0.1 

mmol, 1 eq.) The solution was degassed with argon for a few minutes and then brought to a 

reflux under inert atmosphere. After 1 hour and 30 minutes, tma N-oxide (15 eq.) was added 

all at once and the solution was left to reach room temperature (1 hour). In the case of 

compounds 1b to 4b, pyridine (15 eq.) was used instead of tma N-oxide, while for compounds 

4c to 4e, 4-dimethylaminopyridine (15 eq.), 4-picolinic acid (15 eq.) and isoquinoline (15 eq.) 
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were used, respectively. The purification details and characterization for each case are as 

follows. 

 Ir[TPC]tma2 (1a). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (silica, CH2Cl2:pentane, 1:1) to afford 1a as a dichroic purple-green solid. 

Yield 37.5 mg (30 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 384 (3.65, sh), 416 

(5.58), 468 (1.59, sh), 596 (2.67). 1H NMR (400 MHz, acetone-d6, δ): 8.88 (d, J = 4.1 Hz, 2H, 

β-H), 8.62 (d, J = 4.7 Hz, 2H, β-H), 8.39 (d, J = 4.8 Hz, 2H, β-H), 8.24 – 8.19 (m, 4H, 5,15 -

o-Ph), 8.15 – 8.11 (m, 2H, 10 -o-Ph), 8.01 (s, 2H, β-H), 7.78 (dt, J = 14.9, 7.5 Hz, 6H, 5,10,15 

-m-Ph), 7.69 – 7.63 (m, 3H, 5,10,15 -p-Ph), -2.86 (s, 18H, tma-CH3). MS (ESI): M+ = 

834.3017 (expt), 834.3019 (calcd for IrC43H41N6). 

 Ir[TPC]py2 (1b). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (silica, CH2Cl2:pentane, 1:1) to afford 1b as a dichroic purple-green solid. 

Yield 83.4 mg (63.6 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 414 (5.30), 459 

(2.66, sh), 562 (0.86, sh), 602 (3.37). 1H NMR (400 MHz, acetone-d6, δ): 8.82 – 8.78 (m, 2H, 

β-H), 8.62 (dd, J = 4.8, 1.1 Hz, 2H, β-H), 8.38 (d, J = 4.7 Hz, 2H, β-H), 8.28 – 8.22 (m, 4H, 

5,15 -o-Ph), 8.17 (d, J = 4.1 Hz, 2H, β-H), 8.05 – 8.00 (m, 2H, 10 -o-Ph), 7.77 (dd, J = 8.3, 

6.8 Hz, 4H, 5,15 -m-Ph), 7.70 – 7.59 (m, 5H, 5,15 -p-Ph and 10 -p,m-Ph), 6.30 (tt, J = 7.6, 1.5 

Hz, 2H, p-Py), 5.42 – 5.33 (m, 4H, m-Py), 1.85 (dt, J = 5.4, 1.5 Hz, 4H, o-Py). MS (ESI): M+ 

= 874.2403 (expt), 874.2393 (calcd for IrC47H33N6). 

 Ir[TpMePC]tma2 (2a). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (silica, CH2Cl2:pentane, 1:2)  to afford 2a as a brightly green solid. 

Yield 75.7 mg (49.6 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 384 (3.28, sh), 417 

(4.88), 468 (1.54, sh), 598 (2.36). 1H NMR (400 MHz, chloroform-d, δ): 8.88 – 8.82 (m, 2H, 

β-H), 8.66 (d, J = 4.7 Hz, 2H, β-H), 8.39 (d, J = 4.6 Hz, 2H, β-H), 8.03 (dd, J = 47.5, 7.5 Hz, 

8H 5,10,15 -o-Ph + β-H, 8H), 7.57 (dd, J = 14.0, 7.6 Hz, 6H, 5,10,15 -m-Ph), 1.28 (s, 9H, Ph -

p-CH3), -2.88 (s, 18H, tma-CH3). MS (ESI): M+ = 876.3488 (expt), 876.3489 (calcd for 

IrC46H47N6). 
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 Ir[TpMePC]py2 (2b). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (silica, CH2Cl2:pentane, 1:1) to afford 2b as a dichroic purple-green solid. 

Yield 36 mg (30.1 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 417 (6.40), 460 (2.75, 

sh), 562 (0.98, sh), 603 (3.49). 1H NMR (400 MHz, benzene-d6, δ): 9.14 (dd, J = 4.5, 3.0 Hz, 

4H, β-H), 8.97 (d, J = 4.8 Hz, 2H, β-H), 8.80 (d, J = 4.2 Hz, 2H, β-H), 8.46 – 8.41 (m, 4H, 

5,15 -o-Ph), 8.30 (d, J = 7.9 Hz, 2H, 10 -o-Ph), 7.42 (d, J = 7.7 Hz, 4H, 5,15 -m-Ph), 7.37 (d, 

J = 8.0 Hz, 2H, 10 -m-Ph), 4.79 (t, J = 7.6 Hz, 2H, p-Py), 4.17 – 4.11 (m, 4H, m-Py), 2.42 (d, 

J = 4.2 Hz, 9H, Ph -p-CH3), 2.06 (dt, J = 5.3, 1.5 Hz, 4H, o-Py). MS (ESI): M+ = 916.2873 

(expt), 916.2863 (calcd for IrC50H39N6). 

 Ir[TpOMePC]tma2 (3a). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1 followed by CH2Cl2 then CH2Cl2 

:EtOAc, 9:1). Subsequent purification by preparative thin-layer chromatography (silica, 

EtOAc:CH2Cl2, 4:1) afforded 3a as a brightly green solid. 

Yield 35.2 mg (29.2 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 384 (0.74, sh), 417 

(1.05), 468 (0.36, sh), 600 (0.48). 1H NMR (400 MHz, chloroform-d, δ): 8.89 (d, J = 3.8 Hz, 

2H, β-H), 8.68 (d, J = 4.7 Hz, 2H, β-H), 8.32 (d, J = 4.6 Hz, 2H, β-H), 8.06 (d, J = 8.0 Hz, 

4H, 5,15 -o-Ph), 7.92 (d, J = 7.9 Hz, 2H, 10 -o-Ph), 7.83 (s, 2H, β-H), 7.33 (dd, J = 11.7, 8.2 

Hz, 6H, 5,10,15 -m-Ph), 4.09 (d, J = 3.6 Hz, 9H, Ph -p-OCH3), -2.86 (s, 18H, tma-CH3). MS 

(ESI): M+ = 924.3358 (expt), 924.3336 (calcd for IrC46H47O3N6). 

 Ir[TpOMePC]py2 (3b). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2) followed by preparative thin-layer chromatography 

(silica, CH2Cl2) to afford 3b as a brightly green solid.  

Yield 31.2 mg (24.5 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 416 (3.98), 458 

(2.14, sh), 563 (0.77, sh), 605 (2.36). 1H NMR (400 MHz, benzene-d6, δ): 9.19 – 9.15 (m, 4H, 

2 β-H), 8.98 (d, J = 4.9 Hz, 2H, β-H), 8.76 (s, 2H, β-H), 8.42 (d, J = 8.0 Hz, 4H, 5,15 -o-Ph), 

8.08 (d, J = 8.5 Hz, 2H, 10 -o-Ph), 7.20 (d, J = 8.8 Hz, 4H, 5,15 -m-Ph), 7.11 – 7.07 (m, 2H, 

10 -m-Ph), 4.81 (ddd, J = 7.7, 6.2, 1.5 Hz, 2H, p-Py), 4.20 – 4.16 (m, 4H, m-Py), 3.55 (d, J = 

2.0 Hz, 9H, Ph -p-OCH3), 2.11 – 2.07 (m, 4H, o-Py). MS (ESI): M+ = 964.2724 (expt), 

964.2711 (calcd for IrC50H39O3N6). 
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 Ir[TpCF3PC]tma2 (4a). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (silica, CH2Cl2:pentane, 1:3) to afford 4a as a dark green solid. 

Yield 14.7 mg (11.8 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 418 (2.13), 595 

(0.68). 1H NMR (400 MHz, chloroform-d, δ): 8.89 (d, J = 4.2 Hz, 2H, β-H), 8.64 (d, J = 4.8 

Hz, 2H, β-H), 8.48 (d, J = 4.8 Hz, 2H, β-H), 8.38 (d, J = 7.8 Hz, 4H, 5,15 -o-Ph), 8.29 (d, J = 

7.8 Hz, 2H, 10 -o-Ph), 8.20 (d, J = 4.2 Hz, 2H, β-H), 8.01 (d, J = 7.9 Hz, 4H, 5,15 -m-Ph), 

7.98 (d, J = 7.9 Hz, 2H, 10 -o-Ph), -2.93 (s, 18H, tma-CH3). MS (ESI): M+ = 1038.2654 

(expt), 1038.2641 (calcd for IrC46H38F9N6). 

 Ir[TpCF3PC]py2 (4b). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (silica, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (silica, CH2Cl2:pentane, 1:2) to afford 4b as a dark green solid. 

Yield 16.3 mg (13.7 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 416 (3.86), 602 

(1.48). 1H NMR (400 MHz, benzene-d6, δ): 9.12 (d, J = 4.3 Hz, 2H, β-H), 8.90 (d, J = 4.8 Hz, 

2H, β-H), 8.75 (d, J = 4.8 Hz, 2H, β-H), 8.54 (d, J = 4.3 Hz, 2H, β-H), 8.30 (d, J = 8.0 Hz, 

4H, 5,15 -o-Ph), 8.23 (d, J = 7.9 Hz, 2H, 10 -o-Ph), 7.76 (dd, J = 8.1, 6.6 Hz, 6H, 5,10,15 -m-

Ph), 4.84 (tt, J = 7.7, 1.5 Hz, 2H, p-Py), 4.23 – 4.17 (m, 4H, m-Py), 1.86 (dt, J = 5.6, 1.5 Hz, 

4H, o-Py). MS (ESI): M+ = 1078.2032 (expt), 1078.2015 (calcd for IrC50H30F9N6). 

 Ir[TpCF3PC]dmap2 (4c). The reaction mixture was evaporated to dryness on a rotary 

evaporator; the residue was dissolved in a small amount of dichloromethane and subjected to 

column chromatography (alumina, CH2Cl2:hexanes, 1:1) followed by preparative thin-layer 

chromatography (alumina, CH2Cl2:pentane, 1:1) to afford 4c as a green solid. 

Yield 31.7 mg (18.1 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 418 (1.79), 606 

(0.48). 1H NMR (400 MHz, benzene-d6, δ): 9.20 (d, J = 4.2 Hz, 2H, β-H), 8.99 (d, J = 4.8 Hz, 

2H, β-H), 8.86 (d, J = 4.8 Hz, 2H, β-H), 8.60 (d, J = 4.2 Hz, 2H, β-H), 8.45 (d, J = 7.9 Hz, 

4H, 5,15 -o-Ph), 8.40 (d, J = 7.9 Hz, 2H, 10 -o-Ph), 7.77 (dd, J = 8.3, 2.1 Hz, 6H, 5,10,15 -m-

Ph), 3.57 – 3.52 (m, 4H, m-Py), 1.76 – 1.69 (m, 4H, o-Ph), 1.07 (s, 6H, N-CH3), 1.00 (s, 6H, 

N-CH3). MS (ESI): M+ = 1164.2855 (expt), 1164.2860 (calcd for IrC54H40F9N8). 

 Ir[TpCF3PC]4-picolinic acid2 (4d). The reaction mixture was evaporated to dryness 

on a rotary evaporator; the residue was dissolved in a small amount of dichloromethane and 

subjected to column chromatography (alumina, CH2Cl2:EtOAc, 1:1) followed by preparative 

thin-layer chromatography (alumina, EtOAc:MeOH, 1:1) to afford 4d as a green solid.  
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Yield 29.6 mg (40.1 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 414 (1.71), 602 

(0.94). 1H NMR (400 MHz, methanol-d4, δ): 8.88 (d, J = 4.2 Hz, 2H, β-H), 8.61 (d, J = 4.8 

Hz, 2H, β-H), 8.43 – 8.41 (m, 6H, β-H + 5,15 -o-Ph), 8.28 (d, J = 8.0 Hz, 2H, 10 -o-Ph), 8.24 

(d, J = 4.3 Hz, 2H, β-H), 8.08 – 8.03 (m, 4H, 5,15 -m-Ph), 7.99 (d, J = 7.9 Hz, 2H, 10 -m-Ph), 

5.61 (d, J = 7.1 Hz, 4H, m-Py), 1.75 (d, J = 7.0 Hz, 4H, o-Py). MS (ESI): M- = 1165.1729 

(expt), 1165.1745 (calcd for IrC52H29F9N6O4). 

 Ir[TpCF3PC]isoquinoline2 (4e). The reaction mixture was evaporated to dryness on a 

rotary evaporator; the residue was dissolved in a small amount of dichloromethane and 

subjected to column chromatography (silica, CH2Cl2:hexanes, 1:3) followed by preparative 

thin-layer chromatography (silica, CH2Cl2:hexanes, 1:3) to afford 4e as a green solid.  

Yield 12.1 mg (7.9 %). UV-vis (CH2Cl2): λmax (nm) [ϵ x 10-4 (M-1cm-1)]: 417 (1.82), 603 

(1.02). 1H NMR (400 MHz, chloroform-d, δ): 8.88 (d, J = 4.2 Hz, 2H, β-H), 8.69 (d, J = 4.8 

Hz, 2H, β-H), 8.46 (d, J = 4.7 Hz, 2H, β-H), 8.43 (d, J = 7.9 Hz, 4H, 5,15 -o-Ph), 8.29 (s, 2H, 

β-H), 8.24 (d, J = 7.9 Hz, 2H, 10 -o-Ph), 8.05 – 7.99 (m, 4H, 5,15 -m-Ph), 7.93 (d, J = 7.9 Hz, 

2H, 10 -m-Ph), 7.07 (ddd, J = 8.2, 6.9, 1.2 Hz, 2H, isoquinoline -C7), 6.93 (ddd, J = 8.2, 6.9, 

1.1 Hz, 2H, isoquinoline -C6), 6.76 – 6.72 (m, 2H, isoquinoline -C8), 6.40 (d, J = 8.4 Hz, 2H, 

isoquinoline -C5), 5.58 – 5.54 (m, 2H, isoquinoline -C4), 2.36 (s, 2H, isoquinoline -C1), 1.68 

(d, J = 6.9 Hz, 2H, isoquinoline -C3). MS (ESI): M- = 1178.2351 (expt), 1178.2329 (calcd for 

IrC58H34F9N6). 

X-ray structure determinations. X-ray data for 1a, 2a and 4b were collected on 

beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley National Lab. Samples 

were mounted on MiTeGen kapton loops and placed in a 100(2) K (1a, 4b)/150(2) K (2a) 

nitrogen cold stream provided by an Oxford Cryostream 800 Plus low-temperature apparatus 

on the goniometer head of a Bruker D8 diffractometer equipped with a PHOTON100 CMOS 

detector operating in shutterless mode. Diffraction data were collected using synchrotron 

radiation monochromated using silicon(111) to a wavelength of 0.7293(1)Å (2a)/0.7749(1)Å 

(1a, 4b). An approximate full-sphere of data was collected using a combination of φ and ω 

scans with scan speeds of one second per degree for the φ scans and one and three seconds per 

degree for the ω scans at 2θ = 0 and −45, respectively. The structures were solved by intrinsic 

phasing (SHELXT)247 and refined by full-matrix least-squares on F2 (SHELXL-2014).248 All 

non-hydrogen atoms were refined anisotropically. Hydrogen atoms were geometrically 

calculated and refined as riding atoms. Additional crystallographic information has been 

summarized in Table 4. 
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1H proton NMR spectra 

 

 

 

Figure S1. 1H NMR spectrum of Ir[TPC]tma2 (1a). (c) Expanded view of the aromatic area. 
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Figure S2. COSY spectrum of 1a. 

 

 

 

Figure S3. Expanded view of the aromatic area of 1a.  
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Figure S4. 1H NMR spectrum of Ir[TPC]py2 (1b).   



85 

 

 

 

Figure S5. COSY spectrum of 1b. 

 

 

 

Figure S6. Expanded view of the aromatic area of 1b. 
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Figure S7. 1H NMR spectrum of Ir[TpMePC]tma2 (2a). 
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Figure S8. COSY spectrum of 2a. 

 

 

 

Figure S9. Expanded view of the aromatic area of 2b. 
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Figure S10. 1H NMR spectrum of Ir[TpMePC]py2 (2b). 
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Figure S11. COSY spectrum of 2b. 

 

 

 

Figure S12. Expanded view of the aromatic area of 2b. 
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Figure S13. 1H NMR spectrum of Ir[TpOMePC]tma2 (3a). 
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Figure S14. COSY spectrum of 3a. 

 

 

 

Figure S15. Expanded view of the aromatic area of 3a. 
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Figure S16. 1H NMR spectrum of Ir[TpOMePC]py2 (3b) in CDCl3. 
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Figure S17. 1H NMR spectrum of 3b in C6D6. 
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Figure S18. COSY spectrum of 3b. 

 

 

 

Figure S19. Expanded view of the aromatic area of 3b. 
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Figure S20. 1H NMR spectrum of Ir[TpCF3PC]tma2 (4a). 
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Figure S21. COSY spectrum of 4a. 

 

 

 

Figure S22. Expanded view of the aromatic area of 4a. 
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Figure S23. 1H NMR spectrum of Ir[TpCF3PC]py2 (4b). 
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Figure S24. COSY spectrum of 4b. 

 

 

 

Figure S25. Expanded view of the aromatic area of 4b. 
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Figure S26. 1H NMR spectrum of Ir[TpCF3PC]dmap2 (4c). 
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Figure S27. COSY spectrum of 4c. 

 

 

 

Figure S28. Expanded view of the aromatic area of 4c. 
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Figure S29. 1H NMR spectrum of Ir[TpCF3PC]4-picolinic acid2 (4d). 

  



102 

 

 

 

Figure S30. COSY spectrum of 4d. 

 

 

 

Figure S31. Expanded view of the aromatic area of 4d. 
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Figure S32. 1H NMR spectrum of Ir[TpCF3PC]isoquinoline2 (4e). 
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Figure S33. COSY spectrum of 4e. 

 

 

 

Figure S34. Expanded view of the aromatic area of 4e. 
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Mass spectra 

 

 

Figure S35. (a) Mass spectrum of Ir[TPC]tma2 (1a). 
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Figure S36. Expanded view of 1a. 
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Figure S37. Mass spectrum of Ir[TPC]py2 (1b). 
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Figure S38. Expanded view of 1b. 
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Figure S39. Mass spectrum of Ir[TpMePC]tma2 (2a). 
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Figure S40. Expanded view of 2a. 
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Figure S41. Mass spectrum of Ir[TpMePC]py2 (2b). 
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Figure S42. Expanded view of 2b. 
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Figure S43. Mass spectrum of Ir[TpOMePC]tma2 (3a). 
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Figure S44. Expanded view of 3a. 
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Figure S45. Mass spectrum of Ir[TpOMePC]py2 (3b). 
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Figure S46. Expanded view of 3b. 

 

  

960 962 964 966 968 970

m/z

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

964.2738

962.2723 965.2759

963.2751

966.2789

967.2825

964.2710

962.2684
965.2741

963.2718

966.2771

967.2803

NL:
8.58E7

p-OMe-py#6  RT: 0.14  AV: 1 
T: FTMS + p ESI Full ms 
[600.00-1200.00] 

NL:
8.88E3

C 50 H 39 N 6 O 3 Ir: 
C 50 H 39 N 6 O 3 Ir 1

p (gss, s /p:40) Chrg 1
R: 83000 Res .Pwr . @FWHM



117 

 

 

 

Figure S47. Mass spectrum of Ir[TpCF3PC]tma2 (4a). 

 

  

AGI_055_151_pos #1-5 RT: 0.02-0.13 AV: 5 NL: 1.32E7
T: FTMS + p ESI Full ms [600.00-1500.00]

900 950 1000 1050 1100 1150 1200

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

1038.2654

1011.2184
979.1915887.2035

1087.2567

1071.2614
1121.2987



118 

 

 

 

Figure S48. Expanded view of 4a. 
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Figure S49. Mass spectrum of Ir[TpCF3PC]py2 (4b). 
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Figure S50. Expanded view of 4b. 

 

  

1072 1074 1076 1078 1080 1082 1084 1086

m/z

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

1078.2032

1079.2067

1076.2007

1077.2049

1080.2107

1081.2149

1078.2015

1076.1989
1079.2044

1077.2020

1080.2075

1081.2106

NL:
1.71E7

AGI_068_170_pos#1-5  RT: 
0.01-0.12  AV: 5 T: FTMS + p 
ESI Full ms [600.00-1500.00] 

NL:
8.97E3

C 50 H 30 F 9 IrN 6: 
C 50 H 30 F 9 Ir 1 N 6

p (gss, s /p:40) Chrg 1
R: 82000 Res .Pwr . @FWHM



121 

 

 

 

Figure S51. Mass spectrum of Ir[TpCF3PC]dmap2 (4c). 
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Figure S52. Expanded view of 4c. 
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Figure S53. Mass spectrum of Ir[TpCF3PC]4-picolinic acid2 (4d). 
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Figure S54. Expanded view of 4d. 
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Figure S55. Mass spectrum of Ir[TpCF3PC]isoquinoline2 (4e). 
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Figure S56. Expanded view of 4e. 
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Conclusion 

The ease of modulating electronic and photophysical properties of porphyrins and related 

macrocycles via metal complexation and peripheral substitution is one of their major 

attractive features, indeed one that has promoted their use in such diverse fields as catalysis, 

solar cells, photodynamic therapy, gas sensors, supramolecules, and nonlinear optics, among 

many others. Of particular importance are β-octabrominated porphyrins and corroles, since 

they are excellent precursors for further elaboration through transition-metal-catalyzed cross-

coupling reactions such as the Suzuki reaction. The present thesis was inspired by the 

question whether polyiodinated porphyrin and corrole derivatives might be superior in this 

respect, reacting faster and affording products that are not obtainable from β-octabrominated 

porphyrins and corroles.  

 Toward that end, I synthesized the first examples of a β-octaiodinated porphyrin and a 

β-octaiodinated corrole, unique sterically encumbered molecules (characterized via 4 single-

crystal X-ray structure determinations) with remarkable spectroscopic properties. 

 As promising electron-rich substrates for electrophilic polyiodination, I also 

synthesized a series of six-coordinated Ir(III) corroles with a variety of nitrogen axial ligands, 

three of which were structurally characterized. Unfortunately, although the complexes indeed 

proved reactive, I could not isolate discrete Ir(III) polyiodocorroles as pure compounds. The 

iodine-free Ir(III) complexes were evaluated for their near-IR phosphorescence. Here too, the 

performance proved rather modest. 

 Toward the end of the allotted time for my degree, I obtained a single-crystal X-ray 

structure of a free-base β-octaiodo-meso-tetraarylporphyrin. Remarkably, the structure proved 

to be a cis porphyrin tautomer – only the second ever to be observed – stabilized as 

termolecular hydrogen-bonded complex with a pair of water/methanol solvent molecules. 

This discovery potentially opens the door for the synthesis and detailed spectroscopic studies 

of additional cis porphyrin tautomers. 

 Throughout my tenure as a PhD student, I was accorded full freedom to follow my 

nose and steer the project according to my own interests. Thus, although the original question 

as to whether polyiodinated porphyrins and corroles are superior synthons remains 

unanswered, I was able to structurally characterize several unique, fragile, and delicate 

molecules of great theoretical interest, which in my view, are no less of an intellectual 

achievement. 
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