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Abstract

Porphyrinoids are robust heterocyclic dyes studied extensively for their applications in medicine 

and as photonic materials because of their tunable photophysical properties, diverse means of 

modifying the periphery, and the ability to chelate most transition metals. Commercial applications 

include their use as phthalocyanine dyes in optical discs, porphyrins in photodynamic therapy, and 

as oxygen sensors. Most applications of these dyes require exocyclic moieties to improve 

solubility, target diseases, modulate photophysical properties, or direct the self-organization into 

architectures with desired photonic properties. The synthesis of the porphyrinoid depends on the 

desired application, but the de novo synthesis often involves several steps, is time consuming, and 

results in low isolated yields. Thus, the application of core porphyrinoid platforms that can be 

rapidly and efficiently modified to evaluate new molecular architectures allows researchers to 

focus on the design concepts rather than the synthesis methods, and opens porphyrinoid chemistry 

to a broader scientific community. We have focused on several widely available, commercially 

viable porphyrinoids as platforms: meso-perfluorophenylporphyrin, perfluoro-phthalocyanine, and 

meso-perfluorophenylcorrole. The perfluorophenylporphyrin is readily converted to the chlorin, 

bacteriochlorin, and isobacteriochlorin. Derivatives of all six of these core platforms can be 

efficiently and controllably made via mild nucleophilic aromatic substitution reactions using 

primary S, N, and O nucleophiles bearing a wide variety of functional groups. The remaining 

fluoro groups enhance the photo and oxidative stability of the dyes and can serve as spectroscopic 

signatures to characterize the compounds or in imaging applications using 19F NMR. This review 

provides an overview of the chemistry of fluorinated porphyrinoids that are being used as a 

platform to create libraries of photo-active compounds for applications in medicine and materials.
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1. Introduction

Porphyrinoids e.g. porphyrins (Pors), phthalocyanines (Pcs), corroles (Cors), chlorins (Chls), 

bacteriochlorins (Bacs) and isobacteriochlorins (Ibacs) have applications in diverse fields 

such as medicine,1 solar energy conversion,2 optical sensors,3 electronic devices,4 

supramolecular systems,5 photovoltaic cells,6 and catalysis.7,8 Porphyrinoids are large 

aromatic dyes that are 1–1.5 nm in diameter. The Por core has 11 π bonds (Fig. 1) and the 

Pc has an additional 8 in the fused isoindole structure (Fig. 1), Cor and Chl have 10 while 

Ibac and Bac have 9 each. These macromolecules are the focus of research because of their 

stability under a wide range of environmental conditions, absorption in the visible and near 

infra-red (NIR) ranges of the electromagnetic spectrum (400–1000 nm), many derivatives 

possess long lived triplet excited states that sensitize singlet oxygen (1O2) formation to 

potentiate phototoxicity as anticancer and antibiotic agents, and the redox properties of 

metalloporphyrinoids are used in catalysis.9–12 These macro-cycles can chelate with nearly 

every metal in the periodic table which results in variable functional properties such as 

tuneable excited state lifetimes, redox potentials, catalytic activities, molar absorption 

coefficients, and molecular dynamics. Functional groups on the periphery of structurally 

rigid porphyrinoids provide topological diversity, making these dyes well suited for the 

engineering of supramolecular materials.9

Fluorous porphyrinoids are usually more stable towards oxidative degradation,13-15 have 

different excited state dynamics because of changes in the HOMO–LUMO energy gap, and 

exhibit different pharmacokinetics.16 The perfluorophenyl-porphyrin (TPPF20), 

fluorophthalocyanine (PcF16) and perfluoro-phenylcorrole (CorF15) are now commercially 

available. TPPF20 is converted to the corresponding Chl (CF20), Ibac (IF20), and Bac (BF20) 

compounds (Fig. 1) using Diels–Alder and 1,3-dipolar cycloaddition reactions.17–19 

Compared to Por, Chl, Ibac, and Bac have NIR absorbance but still show high 1O2 yield for 

PDT.17 These fluorinated porphyrinoids can be used as 19F magnetic resonance imaging 

(MRI) agents for in vivo imaging in combination with fluorescence spectroscopy.20–22 

These molecules are strongly stabilized due to the high electro-negativity of fluorines 

(Pauling electronegativity23 for F = 3.98). For Pcs, in particular, the electron-withdrawing 

halogens tend to lower the LUMO, which makes the molecule more stable to ambient 

oxidation.24

Despite the aforementioned advantages of fluorous porphyrinoids, many applications are 

hampered by poor solubility and/or processability. For example, insolubility in water and no 

selectivity towards disease hamper their use as therapeutics, while amorphous aggregation 

limits photonics applications. De novo synthesis of all but the simplest porphyrinoids results 

in low yields, which impedes facile assessments of derivatives in materials and medicine.

N,N-Dimethylformamide (DMF), acetonitrile, chloroform, and toluene are common solvents 

for metallation of the free base Por.25 In 1990, Kadish et al.,26 in an attempt to metallate 

meso-TPPF20 in DMF, obtained meso-tetrakis(2,3,5,6-tetra-fluoro-4-

(dimethyamino)phenyl)porphinato metal complexes. Refluxing TPPF20 in DMF without the 

metal salt also resulted in the dimethylamino substituted Por. The trace dimethylamine 

formed at high temperatures is nucleophilic enough to replace the p-fluoro group via a 

Bhupathiraju et al. Page 2

Org Biomol Chem. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nucleophilic aromatic substitution reaction. This opened a new avenue for research using 

fluorinated porphyrinoids as platforms to develop new dyes for diverse applications.

In 1991, Mansuy and co-workers27 studied the nucleophilic substitution reaction on the free 

base and metal analogues of TPPF20 including one with bromine on β-pyrrolic positions. 

They used S, N and O nucleophiles with electron donating functionality and observed higher 

yields of tetra substituted products with selective substitution on all four p-fluoro positions. 

But in the case of nucleophiles with electron withdraw-ing functional groups they observed 

complex mixtures. Later, lithium organic compounds were used by Kalisch and Senge to 

successfully substitute the Por core using the same reaction.28,29 This substitution usually 

takes place via a two-step addition–elimination reaction mechanism in aprotic solvent using 

amine,26,30 thiol,31–34 or hydroxy35–38 groups as nucleophiles. Boyle and co-workers 

reported the substitution chemistry of mono-( pentafluorophenyl)porphyrin containing 

different thiol functional groups. Both one step and two step reactions were reported. Thiols 

were added to mono-( penta-fluorophenyl)-porphyrin in DMF/Et3N (one step reaction)32 or 

mono-( pentafluorophenyl)porphyrin was reacted first with Na2S and then with a range of 

electrophiles, where a transient thiolate intermediate was obtained in situ to give a thio tether 

link (two step reaction).34 For TPPF20 the p-fluorine atom is selectively substituted prior to 

the o-or m-fluorines,22 but the m-position can be substituted with greater equivalents of the 

nucleophile and elevated temperatures. Thiols result in high yields and take less time 

compared to amines and hydroxyls. The nucleophile softness dictates the efficiency of the 

substitution in the order: S > N > O (Fig. 2).39,40 Both the free base and the metallo 

fluorinated porphyrinoids are suitable for substitution chemistry, or the dyes can be 

metallated post modification. By controlling the stoichiometry and reaction conditions, the 

TPPF20, CF20, IF20 and BF20 platforms can be appended with 1–4 groups.33,41 Note that 

asymmetric moieties appended onto the CF20, IF20 and BF20 platforms result in 

diastereomers at the bridge head positions. Because of the orthogonal geometry of the aryl 

groups and the barrier to rotation, substitution of more than one m-position results in 

atropisomers. The PcF16 can be appended with 1–16 groups.42

For example, several biomolecules such as sugars, polyamines, polyethylene glycols (PEG), 

peptides, amino acids, and boron clusters have been appended to one or more of the fluorous 

dyes for disease targeting.41,43–47 There are few examples where more than one 

biomolecular motif (e.g. cell targeting, hydrophilic, or chemotherapeutic) can be appended 

to a dye but the molecular topology of the porphyrinoids allows a range of substitutions.41,46 

For biotargeting and bio-sensing, the multiple valence significantly increases binding to the 

target. Other strategies that exploit the topological richness of the porphyrinoids are as drug 

carriers, e.g. boron clusters for boron neutron capture therapy (BNCT).41,46 A variety of 

alkanes can be appended to drive self-organization into nano-scale thin photonic films and/or 

to manipulate the photo-physical properties of the dyes leading to a more effective 

application in materials such as solar energy harvesting.42,48–51 Appending exocyclic motifs 

onto the redox active metalloporphyrinoids results in molecules and materials with improved 

catalytic properties for organic transformations.52,53 This review will focus mainly on the 

nucleophilic substitution of fluorine analogues belonging to Pors, Pcs, Chls, Cors, Bacs and 

Ibacs. We will discuss their physicochemical as well as biomedical and material properties 

and applications.
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2. Substituted fluorinated porphyrinoids for biological applications

Porphyrinoid based photosensitizers (PS) have been used in medicine for treating various 

types of diseases (oncology and non-oncology) such as bladder, brain, breast, skin, lung, 

esophagus, and bronchial cancers,54,55 age-related macular degeneration, cardiovascular 

disease, ophthalmic disease, hair growth, acne, and psoriasis using photodynamic therapy 

(PDT).56–62 These PS are presently studied for their application in treating microbial 

infections (bacterial, fungal, parasitic, and viral infections) using photodynamic 

antimicrobial chemotherapy (PACT).55,63–66 These PS have also been used to diagnose the 

above mentioned diseases and so are considered to be effective theranostic (imaging and 

treatment) agents.

PDT treatment involves three important elements: PS, which should accumulate specifically 

in the targeted site, triplet oxygen, and light. For PDT, the patient is administrated a non-

toxic PS dye. After sufficient time for maximum drug uptake by the cancer cells, the tumor 

is selectively irradiated with light to result in cytotoxic reactive oxygen species, which 

results in tumor destruction.54 Presently there are few approved PDT agents (Photofrin, 

protoporphyrin IX, meso-tetra-hydroxyphenylchlorin (m-THPC), and verteporfin) to treat 

several diseases.54,67 These porphyrinoid based PS have several disadvantages such as poor 

water solubility, poor light absorption in NIR, poor disease selectivity and light sensitivity 

after treatment. Other treatment methods such as BNCT involving carboranes and 

porphyrinoids were also studied, where por-phyrinoids were used both as imaging agents 

and as an adjunct treatment (PDT) method.68,69

Important ongoing approaches for improving the potency of PS are fluorinated derivatives 

that modulate pharmaco-kinetics, 1O2 production, photostability, and lipophilicity. In 

addition to the intrinsic fluorescence of the porphyrinoids, magnetic resonance of fluorinated 

compounds (19F-NMR),70–72 18F positron emission topology (PET) imaging,13,73 carbon– 

fluorine spectroscopy (CFR),16 and fluoro-Raman spectroscopy (FRS)74 are all enabled for 

sensitive and minimally invasive imaging of disease or as sensors.

Another advantage of these porphyrinoid platforms is the ease of substituting multiple 

copies of exocyclic biotargeting motifs to exploit multivalency effects, or several different 

motifs to direct the dyes to different targets.16 In this section we discuss the nucleophilic 

substitution of various bio-motifs on fluorinated porphyrinoids for medical applications.

2.1. Porphyrins

Marzilli and co-workers reported the synthesis of 5,10,15,20-tetrakis[2,3,5,6-tetrafluoro-4-

(2-trimethylammoniumethyl-amine)-phenyl]porphyrin via nucleophilic substitution of 

dimethyl-1,1-ethylenediamine for DNA binding studies.30 Boyle and co-workers reported a 

water soluble Por containing three glucose moieties substituted on para positions of the 

perfluorophenyl group and a positively charged N-alkyl-pyridyl moiety via nucleophilic 

substitution (see Fig. 3).75 These compounds were then studied on human colorectal 

adenocarcinoma (HT29) cells for their PDT activity. Comparison of LD90 (concentration 

required to kill 90% of cells) showed that 5-(N-octa-decyl-pyridyl)-10,15,20-tris(4-
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thioglycosyl-2,3,5,6-tetrafluoro-phenyl)porphyrin had the best phototoxicity (irradiated with 

red light) along with low dark toxicity (absence of light).

In 2001, we reported the synthesis of a symmetrical sugar substituted TPPF20 via 
nucleophilic substitution of thioglucose and thiogalactose to obtain PGlc4 and PGal4 (Fig. 

4)76 in high yield. These compounds were then tested on the cancer cell line (human breast 

cancer cells (MDA-MB-231), and rat fibro-blasts (normal (3Y1), partially transformed 

(3Y1c-Src), and fully transformed (3Y1v-Src))) for their uptake and PDT efficacy.31 Among 

the two conjugates PGlc4 showed high cell uptake and better PDT efficacy compared to 

PGal4. When PGlc4 was studied for its uptake in normal cells (rat fibroblast 3Y1) vs. cancer 

cells (rat fibroblast 3Y1c-Src and 3Y1v-Src) there was higher uptake in the 3Y1v-Src cell 

line, intermediate uptake in the 3Y1c-Src cell line and no uptake in the 3Y1 cell line. These 

studies suggested that sugar appended porphyrinoids show selectivity towards cancer cells 

compared to normal cells.

Hirohara and co-workers extended the study by comparing the Zn(II), Pd(II) and Pt(II) 

complexes of PGlc4 with the free base PGlc4 (Fig. 4) for their phototoxicity.77 Here, they 

started with the free base TPPF20 and metallated it with Zn, Pd and Pt before carrying out 

the nucleophilic substitution of acetyl protected thio-glucose in the presence of diethylamine 

(DEA) as base and DMF as solvent at room temperature. The final step was deprotection of 

acetate groups. The human epithelial (HeLa) cell line was used to test the phototoxicity of 

these com-pounds. Zn(II) and Pd(II)PGlc4 showed high phototoxicity due to the heavy-atom 

effect. Surprisingly, Pt(II)PGlc4 showed a low phototoxicity. The same group also studied 

the effect of substi-tution patterns on the phototoxicity of glycosylated Pors. They similarly 

carried out the synthesis of five possible S-glucose (mono-, 5,10-di-, 5,15-di-, tris-and 

tetrakis-) substituted Pors (Fig. 4).33 Cell uptake and phototoxicity studies of these 

conjugates were carried out using the HeLa cell line. Among these conjugates, the 5,15-di-

substituted glucose Por showed the highest cell uptake and phototoxicity.

Cavaleiro and co-workers reported several glycosylated Pors and studied their significance 

for antiviral activity against herpes simplex virus types 1 and 2 in Vero cells. They 

synthesized mono substituted O-galactosylPor (Fig. 5)78 via nucleophilic substitution of 

isopropylidene protected O-galacto-pyranose on TPPF20 using the NaH base, followed by 

de-protection of isopropylidene. This compound showed very good antiviral activity even at 

lower than maximum noncyto-toxic concentration.

In 2006, our group studied the substitution of aminoPEG, ethylenediamine, and lysine 

groups on to TPPF20 (Fig. 6) under microwave irradiation, yielding the symmetric tetra 

substituted Por in quantitative yields.79 In this study, we used N-methylpyrrolidine (NMP) as 

solvent without any base. Conventional heating at 60–70 °C takes more than 20 hours with 

six different possible products while microwave reaction took less than 30 minutes with only 

tetra substituted products.

Král and co-workers reported the synthesis, cell uptake and phototoxicity studies of glycol 

Pors (Fig. 7).45 In their study they substituted O-glycols and aminoethanol on the TPPF20. 

The DMF solvent and the NaH base were used to substitute the O-glycols. They obtained 
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moderate yields of tetra substituted products as the reaction was carried out at low 

temperatures and hard nucleophiles such as oxygen require heating for better yields. Then 

for the substitution of aminoethanol they used dioxane as solvent with no base at 150 °C to 

obtain the tetra amino substituted product with the free –OH group in high yields. This 

shows that soft nucleophiles preferentially substitute the fluorine in the presence of harder 

nucleophiles. The hydroxy terminated Pors exhibited a better intracellular uptake and 

phototoxicity compared to methoxy terminated derivatives when tested in vitro on human 

promyelocytic leuke-mia (HL60) and mouse mammary carcinoma (4T1) cell lines and in 
vivo on NuNu mice bearing human breast carcinoma MDA-MB-231.

Boyle and co-workers reported the synthesis of metallated Ni(II) and Ga(III) and free base 

tetra substituted thioPEG conjugates in high yields (Fig. 7).80 These conjugates were 

evaluated with a human Caucasian colon adenocarcinoma (Caco2) cell line for their 

phototoxicity efficacy and it was found that PEGs containing higher chain length showed 

high phototoxicity due to better water solubility compared to Por derivatives containing 

shorter PEGs. For the Ga(III)Por derivatives, those with longer PEG chains bearing an –OPh 

axial ligand showed the best phototoxicity results among the nine derivatives studied.

Cavaleiro and co-workers reported the synthesis, cellular uptake, subcellular localization and 

phototoxicity of mono and tetra substituted O-chalconePor derivatives (Fig. 7).81 In this 

study, O-chalcone was reacted with TPPF20 in the presence of K2CO3 as base and DMSO as 

solvent at 100 °C to obtain derivatives in moderate yields. These compounds were tested on 

the monkey kidney cell line (COS-7). The tetra substituted derivative showed significant 

uptake compared to the mono substituted derivative, neither compound was phototoxic, and 

they localize in the nucleus and/or perinuclear loci. The same group reported the synthesis of 

porphyrin–quinolone conjugates where they synthesized five Zn(II) complexes (mono-, 

5,10-di, 5,15-di, tri, and tetra). O-propargyl groups were appended on to TPPF20 via 

nucleophilic substitution followed by metallation (Fig. 8).36 Then using 1,3-dipolar 

cycloaddition reaction, they conjugated 6-azidoquinoline on to preformed Zn(II) complexed 

O-propargylPors to yield five Por– quinoline derivatives in quantitative yields.

Král and co-workers reported the synthesis of Por–β-cyclodextrin (β-CD) or γ-cyclodextrin 

(γ-CD) conjugates (Fig. 9). They also conducted binding studies of several chemotherapy 

drugs with cyclodextrin (CD) for versatile drug delivery and in vitro and in vivo studies.82 

Binding studies revealed that doxorubicin has good binding affinity towards Por–γ-CD 3 

and paclitaxel has good binding affinity towards Por–β-CD conju-gates 1, 2 and 4. 

Supramolecular carrier–chemotherapy drug complexes were then tested in vitro using 4T1 

and human chronic myelogenous leukemia K562 cell lines, and in vivo using BALB/c mice 

transplanted with 4T1 cells. These studies reveal that combination therapy (PDT and 

chemotherapy) can be used as an efficient method to treat cancers.

Cavaleiro and co-workers reported the synthesis and 1O2 studies of Por–phosphoramidate 

conjugates (Fig. 10).83 They carried out nucleophilic aromatic substitution of aminoalkyl 

phosphoramidates (different alkyl chain lengths) onto TPPF20 to obtain mono and tetra 

substituted porphyrin–phosphorami-date conjugates. Among these conjugates tetra 

substituted porphyrin–phosphoramidates showed higher 1O2 values and among the tetra 
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substituted derivatives, the porphyrin–phosphoramide with a butyl chain (n = 4) showed the 

highest 1O2 value.

Tomé and co-workers reported the synthesis of tetra cat-ionic Pors (Fig. 11) and studied their 

activity against fungal conidia (antifungal activity).84 In this study, 4-mercapto-pyridine was 

substituted on TPPF20 using DEA as base at room temperature to yield tetra substituted 

mercaptopyridylPor. Sulphur, being a softer nucleophile than nitrogen, undergoes 

nucleophilic substitution under these mild conditions. Additionally, iodomethane and 1-

iodopentane were reacted respectively to obtain tetra cationic Por derivatives. Com-pounds 

were tested on Penicillium chrysogenum conidia strain. Among these cationic derivatives 

tetramethylpyridyl cationic Por showed better photodynamic inactivation. Recently, they 

reported cationic Pors with inverted pyridinium groups (Fig. 11)85 where they reacted 4-

hydroxypyridine with TPPF20. Nitrogen, being a softer nucleophile than oxygen, is observed 

to undergo substitution and tautomerize to the pyridone form. On further reaction with 

DMSO, cationic methoxypyridyl-porphyrin was obtained.

Recently, Vicente and co-workers published the synthesis and in vitro studies of 

carboranePor derivatives containing three p-carborane and cancer targeting units such as 

polyamines, glucose, peptide and amino acid. In addition, symmetric Pors containing four p-

carborane units for applications in BNCT and/or PDT (Fig. 12) were reported.41,46 

Symmetric tetra substituted porphyrin–p-carborane was obtained in quantitative yields. The 

PEG derivative was further conjugated to peptide (YRFA) and amino acid (lysine) via an 

amide coupling reaction. Phototoxicity, dark toxicity, cell uptake, localization and in vitro 

BBB studies were carried out on all these conjugates. None of the conjugates showed dark 

toxicity when tested on the human glioma T98G cell line and the polyamine, spermine, 

conjugates are the most taken up by these cells and the most phototoxic. Human carcinoma 

HEp2 cell line studies showed that polyamine conjugates were mainly localized in the Golgi, 

endoplasmic reticulum, and mitochondria while the glucose conjugate was localized in 

mitochondria and lysosomes. Arginine and peptide (YRFA) localize in the Golgi, lysosomes, 

and mitochondria. Moderate permeability of these compounds was observed when in vitro 
blood brain barrier (BBB) studies on human brain capillary endothelial hCMEC/ D3 cells 

were conducted. The low dark toxicity and good phototoxicity for some of the polyamine 

conjugates reveal that these compounds could be promising agents for treating cancers with 

BNCT and PDT combined.

2.2. Chlorins, isobacteriochlorins and bacteriochlorins

One way to improve the cancer diagnostics potential and PDT efficacy of porphyrinoids (e.g. 

by treating deep tumor tissues) is to enhance the NIR absorption bands.86-88 Chl, Ibac, and 

Bac are considered promising PS due to a strong NIR absorption and minimal dark toxicity. 

Chls are derivatives of Pors with one double bond on the pyrrole missing, Ibac are missing 

two double bonds on adjacent pyrroles and Bacs are missing two double bonds on opposite 

pyrroles. CF20, IF20 and BF20 (Fig. 1) synthesis from TPPF20 was reported by Cavaleiro and 

co-workers.17

Vicente and co-workers utilized the CF20 to substitute 1-mercapto-o-carborane (Fig. 13).68 

This compound showed no dark toxicity and was localized in cell lysozymes when tested 
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using the HEp2 cell line. Fluorescence microscopy studies revealed that this compound is 

mostly found in the cyto-plasmic membrane when tested using B16F1 melanotic mela-noma 

cells. In vitro and in vivo results suggest that this compound can be used as a PDT agent in 

conjunction with BNCT.69 Kalinin and co-workers reported the synthesis of boronated Chls 

and Pors via the regioselective substitution of lithiocarboranes onto TPPF20 and CF20 (Fig. 

13).89

We reported the synthesis of three nonhydrolysable tetra-thioglycosylated porphyrinoids 

(CGlc4, IGlc4, and BGlc4).90 Hir-ohara and co-workers reported the synthesis and in vivo 
studies of S-glucose and S-galactose substituted Chl derivatives (Fig. 14).91 These glucose 

and galactose chlorin derivatives were synthesized via nucleophilic aromatic substitution of 

acetyl protected S-glucose or acetyl protected S-galactose onto CF20 followed by 

deprotection. In vitro studies of CGlc4 and CGal4 are compared with previously reported 

PGlc4 and PGal4 31 using the HeLa cell line. Both CGlc4 and PGlc4 showed continuous 

uptake up to 24 hours while the other two compounds reached a plateau after 12 hours.

We reported the photophysical properties and in vitro studies of CGlc4, IGlc4, and BGlc4 

(Fig. 14).92 CGlc4 and IGlc4 have stronger and redder absorption bands compared to PGlc4 

and increased fluorescence quantum yield by 6-and 12-fold, respectively, in phosphate 

buffered saline (PBS). BGlc4 has the lowest energy Q-band and is considerably red shifted 

to 730 nm with nearly 50-fold greater absorbance but the fluorescence quantum yield is 

similar to PGlc4. Fluorescence imaging studies of these conjugates using MDA-MB-231 and 

mouse embryonic fibroblast cells K:Molv NIH 3T3 reveal that these compounds are taken 

up by cancer cells. These com-pounds were also studied for two photon fluorescence 

imaging on Chinese hamster ovary cells and we found that IGlc4 has good two photon 

absorption (TPA) between 760 and 880 nm, and the cross section is 24.5 GM at 860 nm.93

Hirohara and co-workers then reported the synthesis of Pd(II) complexes of CGlc4 and 

studied the in vitro photocytotoxicity (Fig. 14).94 As expected from numerous prior studies,
95,96 the presence of the heavy atom Pd(II) enhances the singlet oxygen quantum yield. 

However, they found that the free base CGlc4 has higher in vitro photocytotoxicity 

compared to the Pd(II) complex using HeLa, metastatic B16-BL6, weakly metastatic B16F1, 

and metastatic 4T1 cell lines. Then, Morita and co-workers used xenograft tumor models to 

compare the PDT efficacy of CGlc4, the non-glycosylated conjugate (CF20), and aspartyl 

chlorin (NPe6) using several different human cancer cell lines.97 CGlc4 showed a better PDT 

efficacy and suppressed tumor growth with no side effects.98

Recently, Brückner and co-workers reported the nucleo-philic substitution reaction of 

thioPEG with different chain lengths onto meso-tetrakis( pentafluorophenyl) 

oxazolochlorins to obtain tetra substituted pegylated oxazoloChl.99

2.3. Corroles

Cors are porphyrinoids with potential use as PS. Cors are tetra-pyrrolic macrocycles with 18 

π conjugated electrons but with one less meso carbon and stabilize +3 metal ions.100 Cors 

have larger optical cross sections in the red compared with Pors due to stronger Q absorption 

bands between 450 nm and 650 nm. Cors can have high 1O2 generation quantum efficacy,101 
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thermal and photochemical stability,101 and can be metabolized faster in vivo.101,102 Cors 

are extensively studied as new generation PS for applications in PDT.39,103

The first synthesis of fluorinated Cor and water soluble pyridyl substituted fluorinated Cor 

derivatives was reported by Gross and co-workers.100,104 In 2007, our group explored the 

substitution chemistr on fluorinated Cor (CorF15) with acetate protected glucose, xylose and 

thiopyridine.39 When thio-glucose and thio xylose were mixed with CorF15 a library of six 

different products was observed as expected. An attempt to make a library of 18 compounds 

by mixing CorF15 with thio-glucose, thioxylose and thiopyridine resulted in only 17 (Fig. 

15). From this study, we also observed that due to an increase in the acidity of Cor compared 

to Por, the substitution is somewhat slower and the NMP solvent is best for the substitution 

of nucleophiles on Cor. The higher acidity is because of three NH pyrroles compared to two 

in Por. Barata and co-workers reported the substitution of the protected O-glycosyl moiety 

on CoF15,105 resulting in mono substituted products with two positional isomers (Fig. 15). 

In vitro uptake and phototoxicity studies of these compounds using human acute T cell 

leukaemia cells (Jurkat cells) were carried out. There was good cell uptake but a low 

phototoxicity.

Osuka and co-workers reported the synthesis of both mono and tri substituted derivatives of 

fluorinated Cor via nucleo-philic substitution of several amines ( primary and secondary) 

with moderate to high yields (Fig. 16).106 Recently, Schoefberger and co-workers reported 

both metallated and free base amino acid conjugates of CoF15 (Fig. 17).107 Thiazine ring 

formation was observed when CoF15 was reacted with cysteine. This is due to the presence 

of nucleophiles S and N on the amino acid. The reaction was carried out using a strong base 

(NaH) and heat in DMSO. Due to these harsh conditions the softer S nucleophile reacts first, 

replacing the p-fluoro group, followed by N reacting at meta position, forming a stable six 

membered thiazine ring.

2.4. Phthalocyanines

Pcs are chemically stable, and have a strong absorption peak in the NIR region of the optical 

spectra (λmax ≈ 670 nm, ε ≈ 105 L mol−1 cm−1) where light penetrates deeper into tissues 

and have good 1O2 quantum yields.108–110 Due to these properties, extensive research has 

been conducted on their synthesis and functionalization to tune their photochemical and 

photophysical properties.111 The disadvantages of these porphyrinoids include difficulties in 

purification, formation of isomeric mixtures, and strong aggregation. To solve these issues, 

presently research studies focus on fluorinated ana-logues.16 Several bio-motifs containing 

S, N, and O groups can be easily substituted using click substitution chemistry to obtain pure 

Pcs with better water solubility. Our group was the first to report the synthesis of a zinc 

phthalocyanine (ZnPc) appended with eight nonhydrolysable thioglucose units obtained via 
nucleophilic substitution of acetyl protected thio-glucose onto commercially available 

ZnPcF16 (Fig. 18).112 Fluore-scence microscopy of this compound on the MDA-MB-231 

cell line showed a very good uptake but the compound aggregated, resulting in quenching of 

fluorescence. Slow disaggregation of the glycolPc inside the cell or tissue may allow these 

compounds to be used diagnostically or therapeutically.67
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Tomé and co-workers reported the synthesis and photophysical properties of glycodendritic 

conjugates of Pors and Pcs bearing eight and sixteen Dgalactopyranose units on triazine 

linkers, respectively (Fig. 18).113 When 1O2 studies were conducted, high quantum yields 

were observed, suggesting the potential as PDT agents. Recently, in vitro studies of a hexa-

deca-galactoPc dendrimer (Fig. 18) were carried out on two different human bladder cancer 

cell lines, UM-UC-3 and HT-1376, for their PDT efficacy.114 They observed no dark 

toxicity, high cell uptake, and high phototoxicity. These results were attributed to the 

presence of galectin-1 and GLUT1 receptors on the two aforementioned bladder cell lines. 

The same group synthesized the cationic octa substituted thiopyridyl Pc (Fig. 18) via 
nucleophilic substitution of thiopyridine on ZnPcF16 followed by methylation. The product 

was obtained in quantitative yields.115 Antiviral PDT activity was studied on this compound 

but did not show promising results.

Recently, Tomé and co-workers reported Pc–CD conjugates (Fig. 19) for cancer PDT.116 

Three such derivatives, Pc–α-CD, Pc–β-CD and Pc–γ-CD, were synthesized via 
nucleophilic substitution of cyclo-maltohexaose (α-CD), cyclo-maltoheptaose (β-CD) and 

cyclo-maltooctaose (γ-CD) on two fluorine atoms of PcF16. Then, they tested these 

compounds on the UM-UC-3 bladder cancer cell line for phototoxicity and the results 

revealed that Pc–α-CD and Pc–γ-CD exhibited higher phototoxi-city compared to Pc–β-

CD.

2.5. Triply bridged fused porphyrin

Current FDA approved PS have one-photon absorption peaks in the visible region (400 nm 

to 650 nm).54 Dyes that have stronger absorption cross section in the NIR region such as 

Chl, Bac, IBac, Pc, and Por dimers were also prepared90,112,117 for the treatment of deeper 

seated tumors.118 Recently, research has been carried out on two-photon absorption (TPA) 

dyes that absorb two lower energy photons simultaneously to arrive at the same excited state 

as single photon absorptions. These TPA dyes have absorption bands in the NIR or infrared 

region (800–1100 nm), so scattering of these wavelengths in tissues is much less than for 

higher energy photons.

Osuka and co-workers reported that hexakis( pentafluorophenyl) substituted meso–meso-

linked Zn(II) diporphyrin has little fluorescence, but a good TPA and good 1O2 quantum 

yield.119 However, this compound is neither soluble in aqueous media nor specific towards 

diseased tissues for medical applications. Our group recently reported the synthesis and 

phototoxicity of the hexathioglucose derivative of the triply bridged fused Por dimer (Fig. 

20).47 This compound showed good 1O2 quantum yield (0.78 ± 0.03) in DMSO. In vitro 
phototoxicity studies carried out on the MDA-MB-231 breast cancer cell line showed 

significant cell death (IC50 = 13 µM), in agreement with 1O2 results when white light was 

exposed for 20 min, and after 24 hours 75% of the cells were necrotic. No dark-toxicity was 

observed.

3. Substituted fluorinated porphyrinoids for application in materials

The tremendous potential applications of Por, Pc and Cor derivatives come from their 

photophysical and electrochemical properties, remarkable stability, and ability to chelate to 
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nearly every metal to further diversify the chemical properties. These applications include 

catalysis,52,120–125 solar energy harvesting dyes,
3,35,71,127-130 sensors,

38 and tracers. The 

multifunctional properties are modulated by appending various chemical moieties on the 

periphery of the macrocycles using nucleophilic aromatic substitution chemistry and by 

varying the core metal. As photonic materials, the exocyclic motifs can be used to dictate the 

supramolecular organization of the dyes, which determines the efficiency of energy or 

electron transfer, determines the hierarchical order of films, and affords opportunities for 

molecular recognition of analytes. While metalloPors can be good catalysts and excellent 

sensors, Cors have been employed as environmental tracers. Porphyrinoid based solar energy 

harvesting devices have also been extensively studied.

3.1. Catalysis

Over the last few decades, many research groups have reported that synthetic metalloPors 

can be efficient and selective catalysts for various oxidation and reduction reactions.
120,131–134 Pors with Fe, Mn, Co, and other metal ions have been used as catalysts in 

laboratory-scale reactions using a variety of oxygen sources.135 Such catalytic reactions can 

mimic the activity of cytochrome P450 monooxygenation reactions.52 The efficiency and 

catalytic activity of metalloPors depend on a few variables: the temperature, pressure, 

solvent, source of oxidant, axial ligand, and the structure of the substrate. These catalysts are 

observed to be effective in homogeneous systems. Hydrocarbon epoxidation and 

hydroxylation are typical products of these reactions.120 A variety of oxygen donors ranging 

from molecular oxygen to peroxides, peracids, and iodosylbenzene are used for these 

reactions.136 Due to ease, availability, cost and a greener approach, molecular oxygen in air 

is preferable as an oxygen donor because no energy is used to manufacture and store it.

However, there are a few drawbacks of these catalysts as secondary reactions deactivate the 

catalytic species, often leading to low turnover number (TON). Self-oxidative degradation 

during the catalytic process is a key issue that limits the use of metalloPor as catalysts. To 

overcome this, electron withdrawing groups such as fluorines or bulky substituents are often 

appended to the Por macrocycle.137,138 The fluorous porphyrinoid platforms allow facile 

substitution chemistry to append exocyclic moieties that modulate catalysis. Supramolecular 

Por catalysts are designed to prevent self-oxidative degradation and to enhance substrate 

selectivity for quicker catalysis and better TON.52,53 To minimize oxidative damage and to 

develop metalloPors139–143 with more robust structures, our group prepared aggregated 

metalloPors into organic nanoparticles (ONP).52,53

McKeown and co-workers124 have reported that hydroquinone oxidation catalytic activity is 

enhanced in a spiro-linked porphyrinoid polymer network. There was a significant difference 

seen in comparison to the small molecular mass derivative for H2O2 decomposition, 

cyclohexene oxidation and hydroquinone oxidation. These materials mimic the biological 

systems in which the rigid spiro-linked network creates space around the active sites which 

allows the substrate to gain access and the reaction to take place. There is definitely a 

potential for heterogeneous catalysis of network polymers of intrinsic microporosity (PIMs) 

with catalytically active units incorporated within.
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Breslow and co-workers125 used the simple click-type chemistry to append β-CD onto the 

TPPF20 macrocycle (Fig. 21). In this case the β-CD behaves as an artificial binding pocket 

for catalysis while the natural Por core catalytic properties are retained. They reported that 

fluorines on the phenyl rings stabilize the Por against autooxidative destruction. This 

stability results in a high TON and the appended β-CD provides substrate and regio/

stereoselectivity in the hydroxylation of steroid substrates.

George and co-workers122 reported Por derivatized with fluorous ‘ponytails’ as biphasic 

catalysts (Fig. 21) to achieve photo-oxidations in supercritical carbon dioxide with 1O2. This 

study revealed that the fluorinated Por photocatalyst can be recycled 10 times. This is a 

dramatic increase in catalyst stability compared to previous studies.

Nakagaki and co-workers121 have reported ethylene glycol substitution onto the core 

TPPF20 platform (Fig. 21) and found that p-fluorines on the meso-aryl groups substitute 

preferentially. After metallation of the free-base macrocycles with iron and manganese, 

these materials were immobilized on layered double hydroxide (LDH) and silica supports. 

These materials are found to be catalytically active in the oxidation of (Z)-cyclooctene and 

cyclohexane by iodosylbenzene. The stability of the materials allowed their reuse for at least 

three additional cycles of (Z)-cyclooctene oxidation. Earlier this year, the same group120 

reported on substituting galactodendritic moieties onto the core TPPF20 platform (Fig. 21). 

The supported Cu(II) and Zn(II) complexes are catalytically active towards the oxidation of 

alkenes, alcohols, and catechol and can be reused.

Our group52,53 has published a green chemistry approach to develop ONP from substituted 

metalloPors for oxidative catalysis of olefins and alkenes. These 10–30 nm ONP are easily 

formed by injecting the metalloPor into a host solvent such as DMSO or DMF into water 

while vigorously mixing. Since water is the primary solvent (ca. 95%) and the ONP activate 

molecular oxygen in air, these catalysts avoid halogenated solvents or toxic oxygen sources 

such as iodosylbenzene. The energy requirements are minimal because the reactions are run 

at ambient temperature and pressure. We appended highly fluorinated alkyl groups on the 

para positions of the core TPPF20 (Fig. 21). Oxidative catalysis studies on cyclohexene with 

various Fe(III) and Mn(III) metalloPors show that the rate of oxidation by the ONP is much 

slower than the solvated compounds, but the TONs are 10–50-fold greater. An onion peel 

mechanism was proposed to explain the slow reactivity and increased TON for these ONP, 

where only the outer layer of Por is available for the oxidative process, and when these are 

oxidatively compromised, they exfoliate to expose the next catalytically active layer.

Superoxide (SO) anion radical has dramatic damaging effects on living organisms. The main 

biological defence system to mitigate SO is superoxide dismutase (SOD) enzymes.144,145 

SODs are enzymes that catalyse the dismutation of SO to hydrogen peroxide and oxygen 

very efficiently. SOD contains a redoxactive metal with the capability of oxidizing and 

reducing SO. The endogenous SOD may not be sufficient to remove the highly produced SO 

under some therapeutic conditions, but direct injection of these enzymes as pharmaceutical 

agents has problems in terms of stability, immunogenicity and bioavailability.134 These 

problems invite research to develop stable and non-toxic low molecular weight SOD mimics 

for therapeutic applications.
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Gross and co-workers134 reported that metal complexes such as Mn(III) or Fe(III) 

Cors146,147 (Fig. 22) catalyze the dismutation of SO. Fe(III) and Mn(III) complexes of the 

3,17-bis-sulfonated Cor have been found to be excellent catalysts for the decomposition of 

peroxynitrite.134 The p-fluorines have been substituted with methoxy groups to enhance the 

stability and solubility of these Cors.134 The Fe(III) Cor derivative is found to be more 

reactive than the Mn(III) complex. The reactions of metalloCors start with the reduction of 

SO rather than oxidation

3.2. Sensors

The last 40 years have witnessed an explosive growth in developing sensors and biosensors 

as portable and economical tools in analytical chemistry. The strong colours, fluorescence, 

electrochemical activity, stability, and ligation properties of fluorinated porphyrinoids enable 

them to be the functional heart of sensors.130 The fluorous porphyrinoid platforms facilitate 

substitution chemistry to append ligands of choice onto the macrocycle to recognize and 

report on a diverse array of analytes.

Anions play crucial roles in a number of chemical, biological and environmental processes.
148,149 Diseases such as osteoporosis, Alzheimer’s, and cystic fibrosis are caused by 

perturbations in anion fluxes across cell membranes.150-152 Anions including cyanide and 

arsenate are considered a threat when present in the environment, which leads to a need for 

systems capable of controlling and monitoring these species.153 MetalloPors with metals 

such as zinc, rhodium, silver, gold or copper can be used as cyanide sensors because of the 

essential affinity of cyanide to these metals.130

The environmental and biological importance of anions accounts for the critical need for a 

sensor design to effectively detect these species. Amines and polyamines,154 calix-pyrroles,
155 subphthalocyanines,156 Cors,157 and Pors158 are used to create anion receptors. Anion 

recognition involves the NH groups of the pyrrole units in Pors. However, with the discovery 

of substitution chemistry on these macrocycles, recognition can take place outside the 

macrocycle. Due to sterics, the inner NH groups are less effective hydrogen bond donors 

compared to the substituents on the periphery of the macrocycle. For instance, several Pors 

bearing NH groups at the ortho positions of meso-aryl substituents have been demonstrated 

to be effective anion sensors.158 Pors bearing substituents at the para position of the meso-

aryl groups can also be used for anion recognition. TPPF20 can be used as a platform to 

build new polyamine anion hosts that are effective receptors for dihydrogen phosphate in 

organic media.152 Tomé and co-workers152 have substituted various diamines onto the core 

TPPF20 platform for the development of phosphate anion sensors (Fig. 23). These sensors 

are reported to interact prefer-entially with phosphate anions both in organic solutions and in 

basic aqueous media when coated on gold piezoelectric quartz crystals.

Recently, Bruckner and co-workers130 showed pyrrole-modified Pors bearing a lactone 

functional group at the macrocycle periphery as optical cyanide sensors. Nucleophilic attack 

of the cyanide onto the lactone moiety is proved to be the sensing mechanism. A change in 

the hybridization of the carbonyl carbon couples electronically to the macrocycle and results 

in a 100 nm red-shifted absorbance band and the Soret band decreases in intensity upon 

cyanide addition. Substitution of the p-fluorine on the pentafluorophenyl moiety with PEG 
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groups leads to water-soluble derivatives allowing for cyanide sensing in purely aqueous 

solutions.

Dissolved oxygen (DO) is related to water quality, medicine, food freshness, respiration and 

metabolism in living organisms, and many other biological applications.159–161 Mechanism 

such as fluorescence quenching, oxygen pressure and electrochemistry are used to develop 

oxygen sensors.35,160–164 Pt(II) and Pd(II) Pors156,166 are typical chemical materials acting 

as fluorescence-based oxygen sensors because of their long triplet state, variable lifetimes 

from a few to tens of micro-seconds and respectable triplet–triplet energy transfer from these 

compounds to oxygen molecules. When this energy transfer takes place, the emission 

intensities and the lifetimes of these sensors are shortened. Pt(II)TPPF20 is an excellent 

sensor because of its good response to oxygen concentrations and high photostability 

compared to other chromo-phores.167,168 Meldrum and co-workers35 reported the synthesis 

of a new sensor for DO. Simple click-type substitution chemistry was used on the 

Pt(II)TPPF20 platform. The resulting sensor carries four cross-linkable methylacrylate 

functional moieties (Fig. 23) which can be polymerized and cross-linked with other 

monomers for polymer sensing films. The sensor was then linked to hydrophilic poly(2-

hydroxyethyl-methacrylate)-co-polyacrylamide (PHEMA) and hydrophobic polystyrene 

(PSt) films. The long fluorescence life time and sufficient triplet–triplet energy transfer 

between the porphyrinic based sensors and oxygen molecules result in a decrease of the 

oxygen sensors’ emission intensities and a shortening of their lifetimes.

Recently, Pcs, coumarin derivatives,169 and naphthalo-cyanines170 have been used as 

fluorescent markers for petroleum fuel derivatives. These compounds are not visible with the 

naked eye under visible light. However, because of the large optical cross sections and 

fluorescent properties, they can be easily detected by UV light. In this case, some 

characteristics of efficient fluorescent markers include (1) good fuel solubility; (2) ambient 

light invisibility; (3) prolonged shelf-life and stabi-lity; (4) fluorescence emissions in the 

regions other than those of the fuel itself; (5) cost effective and efficient synthesis on a large 

scale.38,171 Porphyrinoids, Pors in particular, are excellent sensor dyes that possess intrinsic 

photophysical properties that match the requirements for a fuel labelling marker. The desired 

characteristics for a good fuel labelling system are obtained by substituting non-polar 

moieties on the commercially available TPPF20 platform resulting in “invisible” fluorescent 

biodiesel markers.38 Serra and co-workers38 have reported the substitution of 1-

hexadecyloxy-and ethoxy-substituents onto the p-fluoro positions of TPPF20 (Fig. 23). The 

developed sensor dyes are soluble in both hydrophobic and hydrophilic environments. The 

compounds were found to be stable in a biodiesel environment for up to three months. 

Because of the high stability, solubility and ease of preparation, these markers are reported 

to be efficient and cost effective.

Cosnier and co-workers128 have shown the substitution of p-fluoro groups on zinc and 

manganese TPPF20 macrocycles with electropolymerizable pyrrole groups (Fig. 23). The 

electro-oxidation of these metalloPors with functionalized pyrrole groups leads to 

electrogeneration of polypyrrole films and the electrochemical behaviour of the Pors is 

retained. The catalytic properties of these materials are associated with the advan-tages 
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conferred by the electrochemically formed polymers and allow use as a new oxidase based 

biosensor involving a reduc-tive detection of H2O2.

3.3. Solar

Porphyrinoid molecules have great potential applications because of their light absorbing 

properties. Their stability in harsh environments makes them suitable for applications such 

as solar energy harvesting. In addition, many of these dyes are low-cost, which makes them 

suitable for photovoltaic (PV) devices. Pc organic dyes have energy band gaps that are well-

matching the incident solar spectrum.9 However, the use of Pcs in low-cost solar cells faces 

complications because of poor solubility in organic solvents and narrow absorption 

bandwidths in the red (Q-band) and ultraviolet (B-band) wave-lengths.9 Pcs have been used 

in bulk heterojunction (BHJ) solar cells.49,126,172,173 Some solar cell designs contain Zn(II) 

and Cu(II) Pc complexes and also contain various C60 derivatives, where vapour-deposition 

techniques are used to make specified layers.126 Soluble dyes have also been used in layered 

devices or BHJ solar cells.126,174 The commercially available fluorinated Pc platforms allow 

for click-type alkylation chemistry and the design of a series of robust, chemically 

compatible dyes with tuneable optical band gaps and energy levels.42,48,49,126 The resulting 

dyes absorb a different portion of the solar spectrum in these devices. The semiconductor 

active layer is composed of a blend of Pc derivatives having different optical band gaps in 

order to capture a larger fraction of the solar spectrum. Substitution of peripheral fluoro 

groups on hexadecafluorophthalocyaninatozinc(II) (ZnPcF16) by thioalkanes allows for 

better solubility. The frontier molecular orbitals (HOMO and LUMO) are primarily 

delocalized on the ring periphery. Substitution of electron-withdrawing groups with 

electron-donating groups outside the macrocycle affects the orbital energy levels.126 The 

destabilization of the HOMO is more than the LUMO which results in decreased optical 

band gaps and the corresponding absorption wavelengths shift toward longer wavelengths in 

the NIR.48,49,126 This substitution chemistry is used to cover a different and larger portion of 

the solar spectrum.

We have reported the substitution of thioalkyl substituents onto the ZnPcF16 platform for 

fine-tuning the absorbance of this dye (Fig. 24).126 The number of thioalkane versus fluorine 

substituents directly dictates the red-shift in the absorbance spectrum, especially of the Q-

bands. There is a ca. 6.5 nm red shift for every fluorine substituted by thioalkane. 

Furthermore, solar cells made of blends of three dyes result in better efficiency than 

expected from individual dye performance because of broader coverage of the solar 

spectrum and synergistic charge migration. We also reported49 on substituting the core 

ZnPcF16 platform with diverse thioalkanes to control the morphology and the packing of 

dyes in BHJ devices (Fig. 24). Charge migration is not hindered because the Pc molecules 

have substantially overlapping HOMO–LUMO gaps. Similarly, from ZnPcF16 we have 

synthesized48 a dye bearing long alkane moieties on all 16 positions (Fig. 24). This 

promotes self-organization into nanoparticles and nano-films on indium tin oxide (ITO) and 

glass surfaces. The particles are highly mono-disperse and changing the concentration of the 

chromophores in solution can control their size upon surface deposition. We report the 

substitution of some thioalkyl groups but any primary thiolated moiety can be appended to 

investigate the role of exocyclic motifs in the properties of nanomaterials.
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Por is also robust enough to be incorporated into light harvesting devices. Plants use various 

chlorophylls to cover as much of the solar spectrum as possible.175. Natural dyes are not 

robust enough to be incorporated into devices because they are typically not stable for 

prolonged times, such as the span of years for a solar energy device. A useful solar cell 

would be expected to have 15–20 years of life. The TPPF20 and PcF16 may be able to 

withstand these conditions, and so are considered to be good candidates for light harvesting. 

The maximum absorption of Por is a B (Soret) band at 390–430 nm with high molar 

coefficients and several Q-bands between 500 and 650 nm. Thus, TPPF20 and its derivatives 

can be used to cover the blue end of the solar spectrum, while derivatives of PcF16 cover the 

red end. These macrocycles combined have good optical densities in the middle of the solar 

spectrum and afford a range of dyes to be incorporated into various devices.

We have done studies42 using the TPPF20 platform to put fluoroalkanes on the macrocycle to 

investigate the self-organization of the chromophore with C60 via a co-deposition process 

into thin-films (Fig. 25). We observed a significant quenching of the Por fluorescence 

because of electron transfer to the C60 electron acceptor. Král and co-workers176 have also 

reported functionalizing the Por macrocycle with highly fluorous groups (Fig. 25). The 

authors suggest that the compounds have potential for drug delivery, transport of gases, and 

solar cells if mor-phological packing is appropriate.

For a PV device to work efficiently and properly there has to be a continuous conductive 

medium between the light absorbing dye and the electron acceptor to transfer the electron 

and create a charge separation. Our group has recently developed a Por dimer linked by a 

flexible dithiol tether (Fig. 26).51 Upon mixing the dimer with C60 and C70 we discovered 

that it preferentially binds with fullerene C70 over C60 in toluene solution. The dimer–

fullerene complex also forms stable aggregates when casted on glass. This type of binding 

study can open up opportunities for future research where the electron acceptor is kept in 

close proximity to the dye for a more efficient charge transfer without modification of the 

C60, which is usually detrimental to the system.

We have shown50,177 that click chemistry can be used to append thioalkyl tethers which can 

be attached to the Au surface for rapid assessment of chain length and dye association (Fig. 

27). Free base and Zn(II) Por complexes were studied and both were found to bind near the 

edges of alkane thiol layer. Zn(II) complexes were observed to form small aggregates held 

together via π–π stacking or pyridyl–Zn interactions. Among these two the free base acts as 

a stochastic switch and the Zn(II) complex aggregates show evidence of a quantum cascade. 

The effective overlap of frontier orbitals favours charge transfer in the Zn(II) complex while 

minimal charge transfer was observed for the free base Por.

4. Conclusions and future perspectives

One major issue with the synthesis of functional groups co-valently bound to porphyrinoids 

for application in medicine and materials is the cost and ease of production at multigram 

scales. To bring the synthesis costs in the ranges for potential commercialization, 

straightforward and high yield synthetic organic strategies are needed for the construction of 

substituted porphyrinoid conjugates. Thus, the fluorinated porphyrinoids (TPPF20, PcF16, 
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CF20, IF20, BF20 and CorF15) are used as platforms to obtain an array of porphyrinoid 

derivatives via straightforward nucleophilic aromatic substitution. Compared to non-

fluorinated porphyrinoid derivatives, fluorinated ones show an equally diverse range of 

physical and chemical properties. The presence of fluorines also improves the stability of 

these molecules to oxidative damage and brings further functionality. Various nucleophiles 

such as glycol, sugars, poly-amines, peptides, amino acids, and carboranes were substituted 

on fluorinated porphyrinoids in order to improve the biological efficacy, solar energy 

absorbance, molecular packing in thin films, catalytic activity and stability. Another 

advantage of this strategy is that various motifs such as disease targeting and for therapy can 

be readily tagged onto a fluorinated porphyrinoid. Lately, fused fluorinated porphyrinoids 

with NIR absorption and/or TPA have been investigated and showed potential as PS. These 

fluorinated porphyrinoid platforms continue to be exploited in designing drugs that can 

effectively target and treat diseases such as cancers, be the signal transducer in sensors, as 

catalysts, and to develop photonic films for solar cells. For the ZnPcF16, exchange of the 

fluorine group for a thioalkane leads to a systematic red-shift of the absorbance spectrum, 

thereby creating a family of closely related dyes with substantial alignment of the HOMO– 

LUMO gaps, which then facilitate charge transport in materials composed of these dyes. 

Since the aryl groups on TPPF20 are orthogonal to the macrocycle, substitution of the p-

fluorine has only small effects on the photophysics. The ability to chelate to most metals 

allows for the creation of molecular catalysts and sensors.

Many biomolecules are robust under the conditions used for the nucleophilic substitution on 

these porphyrinoids, but some proteins and peptides may not. To append sensitive bio-

molecules, e.g. antibodies, a tether can be appended on to the preformed fluorous 

porphyrinoid followed by conjugation of the sensitive biomolecule. The remaining fluorine 

groups present on these porphyrinoids after substitution (16 remaining on the TPPF20, CF20, 

IF20, BF20 platforms; 12 remaining on the CorF20 platform; and 1–15 remaining on the 

PcF16 plat-form) can be used as adjunct imaging modalities, e.g. 19F NMR imaging, carbon–

fluorine spectroscopy (CFR), and fluoro-Raman spectroscopy (FRS). Fluorines can be 

substituted with radio isotopes such as 18F (t1/2 = 110 min),178,123 I(t1/2 = 13.22 hours),179 

and 131I (t1/2 = 8 days)180 via reactions of fluorinated porphyrinoids with K18F/Na131I/

Na123I and crown ethers. The K+ and Na+ chelator, kryptofix, may allow F-18, I-123 and 

I-131 labelling at elevated temperatures. 18F porphyrinoids can be used as PET imaging 

agents without altering the photo-physics for fluorescence imaging, and 123I porphyrinoids 

as single photon emission computed tomography (SPECT) imaging agents. 131I can be used 

as radiotherapy and an imaging agent to treat cancers effectively as an adjuvant to PDT. The 

biomedical applications of fluorinated porphyrinoids have been reviewed.16

Por molecules have a propensity to bind with electron acceptors such as C60 and C70. This 

opens a new window of research for further development of these materials where the 

electron acceptor is trapped in the complex allowing for a better connection and charge 

transfer. These complexes may result in more efficient solar cells and devices. Various thio-

alkane nucleophiles have been substituted onto these core platforms, wherein the alkanes 

dictate nanostructure morphologies.52,181 The mechanism of nanoparticle (NP) formation, 

the size of the NPs, the stability, and the organization of the Pors in the NPs exquisitely 

depend on the exact structure of the Por and the methods for making the NPs181
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Recent advances in porphyrin-based metal–organic-frame-work (MOF) materials for 

catalysts, gas storage, and sensors build upon earlier work on the self-assembly of 

porphyrins by metal ion coordination.10,182,183 Clicking metal ion coordination groups to 

these core platforms may facilitate the discovery and development of new MOF and 

hierarchically structured porphyrinoid materials. Hierarchical structure is of paramount 

importance for photonic materials.184 As illustrated by the work described herein, these six 

and other fluorous porphyrinoid platforms enable the rapid, facile discovery of new 

theranostic, sensor, and photonic materials without complex, multistep reactions and tedious 

purifications.
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Fig. 1. 
Fluorinated porphyrinoid platforms.
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Fig. 2. 
Scheme of nucleophilic substitution on fluorinated porphyrinoids (substitution in the order 

of softness: S > N > O).
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Fig. 3. 
Thioglycosylated cationic porphyrin, see ref. 75.
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Fig. 4. 
Metallated and non-metallated S-sugar-porphyrins, see ref. 33, 76, and 77.
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Fig. 5. 
Mono substituted O-galactosyl porphyrin, see ref. 78.
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Fig. 6. 
Symmetric tetra amino substituted porphyrin, see ref. 79.
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Fig. 7. 
Symmetric metallated and metal free glycol porphyrins and free base chalcone porphyrin 

derivatives, see ref. 45, 80, and 81.
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Fig. 8. 
Zinc metallated porphyrin–quinolone conjugates, see ref. 36.
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Fig. 9. 
Porphyrin–CD conjugates, see ref. 82.

Bhupathiraju et al. Page 34

Org Biomol Chem. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 10. 
Porphyrin–phosphoramidate conjugates, see ref. 83.
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Fig. 11. 
Tetra cationic pyridyl porphyrins, see ref. 84 and 85.
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Fig. 12. 
Asymmetrical carborane–porphyrin conjugates for BNCT, see ref. 41 and 46.
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Fig. 13. 
Symmetrical tetra substituted carborane–chlorin conjugates, see ref. 68 and 89.
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Fig. 14. 
Pd and free base CGlc4, free base CGal4, free base IGlc4, and free base BGlc4. See ref. 91, 

92, and 94.
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Fig. 15. 
Combinatorial library of sugars and pyridyl substituted corroles, see ref. 39 and105.
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Fig. 16. 
Mono and tri amino substituted corrole derivatives, see ref. 106.
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Fig. 17. 
Mono and di substituted amino acid-corrole derivatives, see ref.107.
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Fig. 18. 
Symmetrical octa and hexadecaglycosyl-ZnPc, see ref. 112, 113, and 115.
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Fig. 19. 
Amphiphilic cyclodextrin–Pc conjugates, see ref. 116.
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Fig. 20. 
Hexathioglucose triply bridged fused porphyrin, see ref. 47.
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Fig. 21. 
Tetra substituted metallated and non-metallated porphyrin thio and oxy derivatives, see ref. 

52, 53, 120–122, 124, and 125.
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Fig. 22. 
Tri methoxy substituted bis-sulfonated corroles, see ref. 134.
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Fig. 23. 
Symmetric metallated and free base oxy and amino substituted porphyrin for application as 

sensors, see ref. 35, 38, 128, and 152.
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Fig. 24. 
Thio substituted phthalocyanines, see ref. 48, 49, and 126.
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Fig. 25. 
Highly fluorinated symmetric porphyrin, see ref. 42 and 176.
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Fig. 26. 
Zn porphyrin dimer connected via thio alkyl tether, see ref. 51.
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Fig. 27. 
(A) Porphyrin molecule with thiol tether (optimized structure from DFT calculations) (Zn or 

H2 is grey, carbon is aqua blue, hydrogen is white, nitrogen is blue, fluorine is pink, and 

sulphur is yellow). (B) Scheme showing the geometry of thioalkyl substituted porphyrin 

inserting between alkane thiols. See ref. 50 and 177. Reproduced with permission from ref. 

50. Copyright 2015 American Chemical Society.
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