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ABSTRACT 

       The unique properties of porphyrins, such as intense light absorption and 
emission, electron and oxygen transporting ability, make porphyrins desirable targets to 
incorporate into conjugated polymers for potential applications as semiconductors, or 
optic-electronic devices. However, low solubility and the lack of efficient polymerization 
methods have hampered the exploitation of monomeric porphyrins. The focus of this 
research is design and synthesis of highly soluble porphyrin monomers, and investigation 
of polymerization methods for constructing highly conjugated, high quality porphyrin 
materials. The accomplishments in this work include (1) study of solubility-structure 
relationships in porphyrins; (2) structure design to increase porphyrin solubility in 
organic solvents; (3) synthesis of a group of novel porphyrin molecules with specific 
structure design; (4) structure analysis of soluble porphyrin molecules by X-ray 
crystallography; (5) synthesis of monomers for porphyrin polymerization; (6) 
development and comparison of polymerization methods, including palladium mediated 
oxidative coupling, acyclic diyne metathesis (ADIMET) and acyclic diene metathesis 
(ADMET). Porphyrin solubility has been increased by tens to thousands of times when 
compared to other alkylporphyrins in this work. Alkene and alkyne metatheses reactions, 
which are applied for the first time to porphyrin polymerizations, show promising results 
for the preparation of defect-free conjugated porphyrin polymers.  
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CHAPTER I 

INTRODUCTION 

1.1 Organic polymer materials and π−conjugated polymers 

Organic polymer materials have been studied, prepared and applied in countless 

technological fields since the commercial development of nylon in 1940. These materials 

are commonly classified as adhesives, fibers, paints, plastics and rubbers according to 

their applications in past years.1 Due to the tremendous and ever growing demands for 

unprecedented or improved properties, advanced organic materials are continuously 

desired, invented and incorporated to our daily lives, as well as to many industries such 

as aerospace, automobile and electronics. After the discovery of metallic conductivity in 

iodine-doped polyacetylene, organic materials, with applications in electronic and optical 

devices, have become one of the most exciting and innovative branches of materials 

science. For instance, the new TFT (Thin Film Transistor) LCD (Liquid Crystal Display) 

monitors display pictures with better quality and higher resolution than conventional 

displays but in super thin panels. Novel ultra-thin batteries in cell phones and laptops, and 

much smaller and lighter computers doing more complex work in spacecraft are also 

some good examples of semiconductors made from organic polymers or polymer blends. 

These applications are all especially demanding with respect to density and complexity 

increases in semiconductor chip circuits and other functional units. Such demands have 

already promoted rapid development of new revolutionary semiconductor technologies.2 

Conventional inorganic materials can no longer meet all of these demands since further 
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modifications of size, diversity and related properties have met some unavoidable 

limitations. Consequently, the exploitation of a totally different class of materials has 

become the new trend in electronics, photonics and other related fields.  

Organic polymers have become one of the most promising classes of materials 

that can meet the above trends for enhancing density and complexity in various electronic 

and optical devices as “plastic” conductors and semiconductors at the molecular level. In 

organic materials used in the electronics industry (termed molecular electronics), the 

electronic and optical properties are locked into the molecular structure by molecular 

engineering, instead of being produced by processing techniques, as in the fabrication of 

inorganic electronics. This unique molecular engineering provides the possibility of 

establishing predictive structure–function relationships between chemical structures and 

materials properties, and ensures suitable and flexible control on the electronic and 

optical properties of a resulting device by altering or modifying the organic molecular 

structure before fabricating the actual device. Therefore, organic polymer materials can 

offer viable alternatives to the traditional inorganic materials in many applications 

because of their extremely small size, abundance, diversity, ease of production and 

fabrication, tunable properties, potential high performance and low cost. Sophisticated 

semiconducting, insulating, and conducting polymers enable many of the electrical 

functionalities of conventional silicon materials without the vacuum deposition and 

photolithography steps required by silicon electronics manufacturing processes. 

The most important organic polymeric materials used in molecular electronics are 

π-conjugated organic polymers, the polymers with spatially extended π-bonding systems. 

The intensive exploration of π-conjugated organic polymers as advanced electronic 
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materials began in the late 1970s with the discovery of metallic conductivity in iodine-

doped polyacetylene.3,4 Since then, a vast array of conjugated polymers with many 

desirable properties have been synthesized and found applications in many industrial 

fields.  For example, the transparent coatings in thin layers with color and color change in 

chemical or electrolytic environments, or materials with high specific conductivity that 

shield against electromagnetic interference (EMI) are entirely prepared from π-

conjugated organic polymers.  Examples of conjugated organic polymers that have been 

intensively studied include polydiacetylenes (PDAs) 1,5 polyacetylene 2,4 poly(p-

phenylene vinylene)s 3,6-9 aromatic poly(azomethine)s 4,10,11 polythiophenes 

(polypyrroles and polyfurans) 5,12-21 polyaniline 6,22,23 or copolymers with alternating 

π−structured building blocks 7-924-28 (Fig. 1-1 and 1-2). 

Most of the aforementioned conjugated polymers are semiconducting in their 

neutral (undoped) form with band gaps of HOMO-LUMO energy levels roughly between 

1-3 eV. They can be used as semiconductors in polymer light-emitting diodes(LEDs),6,29-

33 polymer lasers,34-36 photovoltaic cells,37 field-effect transistors,38 solid-state 

rechargeable batteries39,40 and supercapacitors,41,42 etc. After redox or acid-base doping, 

the doped conjugated polymers (10-11, Fig. 1-3) exhibit great changes of their structural, 

spectroscopic and electronic properties. Most importantly, the band gap of these materials 

decreases and they can become conductive polymer materials or organic “metals”.4,19,43,44 

However, when a conjugated  polymer  is  doped  with  oxidants  like  I2,  FeCl3,  or  with 
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        Figure 1-1. Conjugated  Organic Polymers 
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Figure 1-2. Conjugated Organic Copolymers 
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Figure 1-3. Doped Conjugated Polymers 
 

 

acid (HA) or base (B), the introduction of charge carriers into polymers is inevitably 

accompanied by the introduction of counter-ions (Ox –, A- or B+). In Figure 1-3, I2 grabs 

electrons from π−conjugated polyacetylene during I2 redox doping and leaves the 

polymer main chain carrying positive charges with I3
- as the counter-ion (10). Similarly, 

the loss of electrons resulted in the polyaniline chain carrying positive charges with A- as 

the counter-ion (the upper part of 11).  For acid doping of oxidized polyaniline, protons 

in the acid are captured by the electron pair of nitrogen, thus making the polymer chain 
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carry positive charges with A- (the conjugate base of the acid HA, the lower part of 11) as 

the counter-ion. These charged species go through a reorganization of π−electrons in the 

benzenoid rings attached to the two neighboring nitrogen atoms to form unpaired 

electrons, which then delocalize along the chain to yield semiquinoid units. While the 

charge carriers can be delocalized along the conjugated main chain, the counter-ions are 

not delocalized.45 This lack of mobility can influence the electronic properties of 

polymers and may even destabilize the conjugated polymers. 

To overcome these limitations, current research efforts are largely directed toward 

the synthesis of intrinsically conductive organic polymers, materials that do not require 

redox or acid-base doping. Intrinsic conductivity is very critical and desirable for many 

specific applications. For example, intrinsically conductive organic materials show 

considerable promise for the simple fabrication of the conductive films for 

electromagnetic shielding or antistatic protection.  

π−Conjugated organic polymers are one of the organic materials that can be 

further developed to become conductive organic materials. Since organic polymers allow 

virtually endless control on their structures, π−conjugated organic polymers can be 

designed to increase their electron transport ability within the π−system by manipulation 

of their π−orbitals. By comparing to or imitating real metals, scientists have determined 

that the π−orbitals in a polymer must fully overlap to form energy bands. This can be 

achieved by increasing π−conjugation length over the polymer chain. With the π−system 

in conjugated polymers getting bigger or the polymer chain becoming longer, more π 

orbitals are produced in the HOMO and LUMO region and the energy difference between 
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adjacent levels decreases. After a point, the discrete energy levels eventually form 

conduction and valence bands as shown in Fig.1-4.   

 

 

 

 

 

 

 

 

           

         Figure 1-4. Molecular Orbital (MO) Diagram for Polyacetylene 

 

Another important design requirement for intrinsically conducting organic 

polymers as analogs of metals is to minimize the band gap between the conduction band 

and the valence band, which in π−conjugated polymers still approach those of 

semiconductors, while the band gap in metals is zero or close to zero. Only after the band 

gap between the HOMO and LUMO bands in an organic polymer approaches zero to 

form one partially filled valence band, can the conjugated polymer become a true organic 

metal with intrinsic conductivity (Fig. 1-5). Structure manipulation and high conjugation 

in polymer chains can be two of the key factors to reduce the band gap. 
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Figure 1-5. Conductivity Changes with Band Gap 

 

While some conjugated polymers with high molecular weight have been obtained, as we 

see in Fig. 1-1 and 1-2, both experimental and theoretical efforts have focused on band 

gap reduction engineering. Well-known approaches are mainly aimed at making 

π−orbitals further delocalized, obtaining equal bond lengths along the polymer chain, or 

increasing the double bond character between aromatic chromophores to form quinoid 

structures. In this way, the band gap between a “bonding” ground state and “anti-

bonding” excited state will be zero or close to zero due to the equivalence of both 

structures.45 For instance, the band gap of polyisothianaphthenes (PITNs, Fig. 1-6) is 

greatly reduced by making the quinonoid structure energetically more favorable through 

fused six-membered rings gaining aromaticity. Ladder polymers (Fig. 1-7) were designed  
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Figure 1-7. Ladder Polymers 

 

 

 

 

 

 

 

Figure 1-8. Alternation of Electron-Donors and Acceptors 
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to have a small band gap by reducing the structural deformations to avoid localization of 

alternating double-single bonds. And donor-acceptor polymers were also synthesized to 

reduce the band gap by alternating electron-donors and acceptors in the main chain to 

give rise to increased double bond character between these donor-acceptor units and 

reduce the difference of alternating double-single bond length (Fig. 1-8). Although the 

first narrow band gap polyisothianaphthene (Fig. 1-6) with Eg = 1.1 eV and dozens of its 

derivatives have been prepared, a conjugated polymer with a vanishing band gap has not 

yet been synthesized.34 According to the “Peierls effect”,45  bond length alternation is a 

result of structure deformation that keeps a rigid linear polymer chain stable. This 

electronic energy gain overcompensates the loss of ‘elastic’ energy and determines the 

finite band gap existing in linear conjugated polymers. Therefore, we believe that it will 

be very difficult to achieve zero band gaps in linear conjugated polymer system through 

only minimization of bond length alternation. More effort on elaborate molecular designs 

and structure modifications for conjugated polymers are required to make the band gap 

smaller or close to zero. Consequently, the search for other strategies such as applying 

novel building blocks with unique electronic and photonic properties or having different 

electron transfer mechanisms into the conjugated polymer may be necessary to further 

reduce the band gap. 

 

1.2 Porphyrin-based organic materials 

1.2.1 Monomeric porphyrin   

Porphyrins are one of the most attractive building blocks for the construction of 

conjugated and conductive organic polymers due to their unique chemical and physical 
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properties.46-56 It has been recognized for almost one century that porphyrins play an 

extremely important role in life. The energy processes, photosynthesis and cellular 

metabolism, that make life on Earth possible, are mainly driven by the high efficiency of 

electron and energy transfer processes in porphyrin systems.57 Since nature has selected 

and utilized porphyrins for their outstanding electronic and optical properties, it is 

reasonable to consider porphyrins as excellent building blocks in the search for new 

organic materials. 

Great effort has been devoted to elucidate the basis for the chemical, physical, and 

spectroscopic properties that porphyrins display. It has been demonstrated that the 

monomeric porphyrin, an aromatic macrocycle composed of 20 carbon atoms and 4 

nitrogen atoms (Fig. 1-9), exhibits many interesting properties that may be useful in 

organic materials, including (1) chemical and thermal stability; (2) rigid planar geometry 

(Fig. 1-9); (3) intense UV-Visible absorption, fluorescence and phosphorescence 

emission (Fig. 1-10); (4) the ability to coordinate metals (Fig. 1-11); (5) rich substitution 

chemistry; (6) heteroatom-containing aromatic system; (7) through-space electron 

transfer between porphyrin molecules; and (8) small HOMO-LUMO energy band gap of 

monomeric porphyrin molecules. 

                          

         

 

 

           Figure 1-9. The Core Structure of Porphyrins 
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Chemical and thermal stability are the basic requirements for organic materials to 

maintain functions under various work conditions. Rigid planar geometry (Fig. 1-9) can 

contribute to good mechanical properties, and may help to extend the conjugation of the 

polymeric materials. Intense UV-Visible absorption, fluorescence and phosphorescence 

emission (Fig. 1-10) are the properties most widely utilized in electronic and optical 

devices. The ability to coordinate over 50 metals can produce flexibly tunable electronic, 

optical and redox properties in porphyrin materials upon appropriate metalation (Fig. 1-

11).  Furthermore, it is well known that metals in the centers of porphyrins can perform 

metal-to-metal or metal-to-ligand electron transfer.58 When metalloporphyrins are 

incorporated into polymer chains, the electron or charge transporting ability in each 

chromophore can help to increase conductivity along the porphyrin polymer chains. The 

insertion of different metals can be used to tune the conductivity or band gaps of these 

materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-10. Absorption and Emission Spectra of 5,15-bis(2,4,6-

triisopropylphenyl)-10H, 20H-porphyrin  
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Figure 1-11.   Metals Suitable in the Metalation of Porphyrins 
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π−π interaction. There are more positions or different ways to attach solubilizing groups 

to interrupt π−π interactions between molecules or polymer chains. We can construct 

Li

Rb

Cs

Ca

Sr

Ba

Sc

Y

La

Ti

Zr

Hf

Th

Nb

Ta

Pr

W

Mo

Cr

Tc

Re

Ru

Os

Rh

Ir

Na

K

Ce

U

Eu

Pd

Pt

Ag

Au

Gd

Cd

Hg

Al

Ga

B

Tl

In

Ge

Pb

Si

Sn

As

Bi

Sb

Yb

Mg*

V* Mn* Fe* Co* Ni* Cu* Zn*

* found in nature

- 2 H+

   M n+

Free base porphyrin Metalloporphyrin 

(n-2)+

N N

NN
M

N

N

N

N
H

H

Metalation



 15

N N
N NM N N

N NM

trans-strapped porphyrin cis-strapped porphyrin

straps above and below the porphyrin plane to prevent the porphyrin from interacting 

with each other (Fig. 1-12). In addition, with many substitutable sites of substitution on 

the periphery, porphyrin molecules can offer more possibilities and easier access to add 

electron donating and accepting groups to increase intramolecular charge transfer (ICT) 

to make small band gap polymers. ICT can result in consecutive zwitterion-like 

interactions with high double bond character between the repeat units for stabilizing the 

quinoid forms (Fig. 1-13),59 which will further delocalize π−conjugation in polymers and 

result in a smaller band gap. 

              

 

 

 

 

 

Figure 1-12. Strapped Porphyrins for Increasing Solubility 

 

 

 

 

 

 

Figure 1-13. Donor-Acceptor Structure for Small Band Gap Polymers 
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Porphyrins are also heteroatom-containing compounds (Fig. 1-9). Having 

heteroatoms in the conjugated polymer chain can help to further minimize the band gap. 

Though the π−system of hydrocarbon polymers is formed by the overlapping of carbon pz 

orbitals, the orbitals of nitrogen atoms can also contribute to the conjugation in porphyrin 

polymers. Despite the fact that the effects of these contributions on band gap 

minimization are not well understood, polarizable heteroatoms support the formation of 

radicals and cations, and in some cases contribute pz and d electrons to conjugation.  Each 

of these contributions can be used to tune the band gap of corresponding materials. 

Through-space electron transfer between porphyrin molecules, which does not often 

occur in other organic materials, introduces a different conducting mechanism and 

provides another path to further increase the conductivity of porphyrin materials. This is 

one of the unique features that make porphyrins very useful in photosynthesis and other 

energy conversion activities. Since the proper orientation of porphyrin molecules in the 

system is necessary for through-space electron transport, this through-space electron 

transfer ability can be controlled for different application purposes by linking porphyrin 

molecules in the desired orientation along the polymer chain. Finally, given that the 

average HOMO-LUMO energy band gap (Eg) of the porphyrins is about 2.2 eV,50  the 

monomeric porphyrin already approaches the band gap of some conjugated polymers, 

such as polythiophene (Eg is around 2.1 eV).34 The intense color and the ability of 

porphyrins for photosynthesis and electrical transportation originate from their easy 

π−π∗ and n−π* electron transitions due to the small energy band gap. Considering the 

general trend that the energy band gap is always reduced in conjugated oligomers and 

polymers compared to monomers, this already small band gap of porphyrin monomers 
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should result in conjugated polymers with much smaller band gaps than most of other 

conjugated polymer systems. These chemical, physical and spectroscopic properties in 

free base porphyrins and metalloporphyrins demonstrate that they are not only one of the 

most interesting building blocks for organic materials, they also provide great potential 

for the synthesis of intrinsically conductive polymers. 

The extraordinary richness of synthetic porphyrin chemistry can offer hundreds of 

porphyrin molecules and many sophisticated methodologies to synthesize novel 

porphyrin molecules as building blocks for the construction of organic materials. During 

the past years, the study of porphyrin complexes and arrays has been a rapidly expanding 

research field. It has not only helped in our understanding of photosynthetic processes 

and other related properties in various porphyrin systems, such as enzyme catalysts, 

optical switches, molecular photonic or electronic wires, and light-harvest arrays, but also 

laid the foundation for the future development of advanced porphyrin materials including 

conjugated and conductive porphyrin polymeric materials. The unique properties and 

electronic and photonic communication in porphyrin oligomers and polymers can be 

deduced from the properties and behavior exhibited in porphyrin complexes and arrays.  

Some porphyrin complexes, such as diad 13, triad 14 or tetrad 15 (Fig. 1-14), 

have been prepared to mimic natural reaction center complexes where basically one 

porphyrin and one quinone molecule are embedded in a protein for the conversion of 

light to chemical energy, as in biological systems. In these photosynthetic complexes, one 

or two porphyrins are electron donors and one or two quinones are electron acceptors. 

The photo-induced electron transfer (PET) takes place within about 3 ps after singlet 

excitation of porphyrins and the initial energy conversion proceeds with a quantum yield 
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of nearly unity owing to the strong photon absorbing and energy transporting ability of 

porphyrins. These porphyrins-quinone model systems are of fundamental importance for 

the study of electron transfer (ET) in many organic materials applications, such as 

photovoltaics,60 solar energy conversion,61 and ET processes in DNA.62 Porphyrin array  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-14. Porphyrin Complexes 
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16 (Fig. 1-15) is used as a photosynthetic light-harvesting system or antenna system for 

probing the effects of molecular organization on electronic communication.63,64 These 

excellent experimental observations provide sound foundations for further study and 

investigation of porphyrin oligomers and polymers. 

 

 

 

 

 

 

 

 

 

 

Figure 1-15. A Porphyrin Light-harvesting System 

 
 

1.2.2 Porphyrin oligomers and polymers 

As mentioned above, porphyrin arrays are often used as model systems for their 

corresponding porphyrin polymers. These precise models provide specific information on 

various properties for polymeric systems. Studies have demonstrated that when 

monomeric porphyrins are incorporated into oligomeric and polymeric materials, the 

resulting materials exhibit many properties different or beyond the performance of 

monomeric porphyrins. For example, preliminary research has indicated promising 
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results that extended π−conjugation in porphyrins can greatly reduce the HOMO-LIUMO 

energy band gap. As an example shown in Fig. 1-16, ZnDPP (Zn-tetraphenylporphyrin) 

(17) has a band gap Eg = 2.29 eV, but the band gap of the dimer (18) of ZnDPP (17) is 

dropped to Eg = 1.81 eV.50 The reduction of band gap in the conjugated porphyrin system 

is very efficient. Since porphyrin systems offer many possibilities for manipulating 

             

               

 

 

 

 

 

Figure 1-16. Structures of ZnTTP and its Dimer 

 

monomers, it is predictable that the band gap of porphyrin polymers will be further 

reduced through the achievement of a high degree of polymerization or fully extended 

π−conjugation with the help of designed construction strategies. The absorption and 

emission spectra of conjugated polymeric or oligomeric porphyrins are red-shifted and 

the Q-band absorption intensity increases (Fig. 1-17). The red shift of maximum 

absorption is due to the extended conjugation in the polymer or oligomer chain, reflecting 

a decreased energy band gap. The absorption intensity increase is due to the structure 

changes such as symmetry changes, resulting in switches between allowed and forbidden 
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excitations. The increased absorption maximum wavelength and intensity are greatly 

desirable  for  applications in light-emitting  devices (LEDs) or  photodynamic therapy  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Figure 1-17.  Absorption Spectra of Two Porphyrin Polymers47 

 

(PDT). In LEDs, the emitting light color can be tuned from near-infrared to blue by 

adjusting different degrees of polymerization or conjugation length. In PDT applications, 

longer wavelength (red light) is more desirable for the irradiating light to travel a long 
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way through tissue and helps to produce highly toxic singlet oxygen inside tumors. Low 

energy (long wavelength) light travels further through tissue than does high-energy light 

(which gets scattered). Substantial π-electron delocalization along the conjugated 

porphyrin polymer backbone also leads to large third-order electronic polarizability, 

which is useful in unique nonlinear optical (NLO) devices.47,48,50 Metalloporphyrins 

incorporated into electrochemically polymerized polymer electrodes have also been 

developed as efficient electrocatalysts for chemical as well as for photochemical 

applications, or used directly as chemical and biological sensors.50 

Tremendous efforts have been dedicated to obtain a wide variety of porphyrin-

based polymeric materials for their interesting properties and potential applications. The 

porphyrin materials systems that have been prepared and studied intensively include 

porphyrin oligomers,47,50,51,65-67 porphyrin dendrimers,68 porphyrin copolymers,8,12,15,24-

28,30,69-75 porphyrin polymers46-48,50,52-56,76-83  and other porphyrin-containing materials. 

 

 

 

 

 

 

 

 

Figure 1-18. Steric Hindrance Prevents Coplanar Conjugation of Porphyrins84 
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Since steric hindrance between directly bonded porphyrin units often disturbs the 

formation of an extended π−conjugated system (Fig. 1-18), the common strategy to make 

a conjugated porphyrin polymer is to incorporate π−structured spacing groups between 

aromatic porphyrin units. The most commonly used spacing groups are shown in Fig. 1-

19. 

            

 

 

 

 

Figure 1-19. Spacing Groups Used in Conjugated Porphyrin Polymers 

 

A variety of conjugated porphyrin oligomers and polymers or copolymers have 

been synthesized and studied intensively by bridging these spacing groups between 

porphyrins units. Examples of conjugated porphyrin materials recently developed are 

shown in Fig. 1-20 to 1-22.47,55,79,82,85 

 

 

 

 

                 

Figure 1-20. A Conjugated Porphyrin Dimer 
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Figure 1-21. Conjugated Porphyrin Oligomers 
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Figure 1-22. Conjugated Porphyrin Polymers 

 

In addition to properties related to their corresponding monomers and those 

property changes mentioned before, these porphyrin oligomers and polymers have also 



 26

exhibited many unique properties including photo-activity,37,86-91 conductivity,77,78,92,93 

luminescence,78,82 and especially remarkable nonlinear optical (NLO) behavior with high 

third-order susceptibilities χ(3).47,48 These properties are presumably due to large and 

polarizable π−systems, long conjugation lengths and small HOMO-LUMO energy band 

gaps. The potential applications of these porphyrin materials are mainly in solar energy 

conversion,61,94,95 organic metals,34 LEDs,64-66,96-105 ultra-fast switching technology,49 

catalysts,106-109 liquid crystals52,78 and so forth. 

For example, the porphyrin oligomer 350 (Fig. 1-21) can be an approach to 

porphyrin-based molecular wire, because such porphyrin systems can meet the criteria for 

the realization of molecular electronic devices: (1) It is electron conducting. (2) It has a 

defined length capable of spanning a supporting element such as a monolayer or bilayer 

lipid membrane. (3) It has porphyrins as termini to allow redox reactions. In this system, 

the electrical conductivity is achieved through porphyrin rings being bridged by coplanar 

aromatic systems and that porphyrin can be readily oxidized or reduced to π−cation 

radicals or π−anion radicals. This example demonstrates that the unique chemical 

property (redox reversibility) of porphyrins has contributed to the electrical conductivity 

of the materials. Therefore, it further demonstrates that porphyrin molecules are good 

building blocks for conducting materials not only due to their unique macro π−system 

structures but also due to their chemical or electronic properties. 

 

1.2.3 Current limitations of porphyrin materials 

Despite the remarkable properties exhibited by porphyrin-based materials, there 

are several limitations or difficulties in the field that prevent this group of advanced 
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materials from being fully explored and exploited. These limitations include low 

solubility of porphyrin monomers, oligomers and polymers, and lack of appropriate 

polycondensation or polymerization methods for constructing high molecular weight and 

high quality conjugated porphyrin polymers. 

 

1.2.3.1 The solubility of porphyrins 

Porphyrins are a class of compounds with intrinsically low solubility in both 

aqueous solutions and organic solvents, owing to their fundamentally hydrophobic 

aromatic rings and exceptionally strong π−π interactions among porphyrin molecules. 

The solubility of alkylporphyrins (with different alkyl chains substituted on either the 

meso−, or the β−position of porphyrin) ranges from 0.02 to18.40 mmol/L or from 0.01 to 

9.2 g/L.110  When such a large π−system is further extended through conjugation in 

porphyrin polymers, the π−π interaction between polymer chains becomes even stronger. 

As it has been recognized that π−π interaction is a major force to drive aggregation and 

precipitation of porphyrin molecules, the stronger π−π interaction in porphyrin oligomers 

and polymers will certainly cause the solubility of these systems to be even lower than 

porphyrin monomers. Among the porphyrin materials shown in Fig. 1-21 and 1-22, the 

solubility of “soluble porphyrin polymers” is only around 2 g/L, for other porphyrin 

polymers referred to as partially soluble or insoluble, the solubility is even lower.82  

As we see in Fig. 1-21 and 1-22, long-chained or branched side groups are 

utilized as solubilizing groups in almost every porphyrin oligomer or polymer. Since 

porphyrin materials are typically synthesized and processed in organic solvents, the 

application of long-chain or branched solubilizing groups in porphyrin polymers seems to 
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be the best way so far to increase solubility of porphyrin materials. However, the 

solubility of these porphyrin materials is still unsatisfactory. 

The low solubility of porphyrin molecules and materials will not only result in 

processing problems, but also limit the formation of higher molecular weight porphyrin 

polymers or conjugation length to obtain a small energy band gap. By structure analysis 

of porphyrin materials and our understanding of the major driving force in porphyrin 

systems, we believe that the low molecular weight of porphyrin materials is closely 

related to their low solubility. The authors, who made some of the porphyrin materials 

shown in Fig. 1-21 and 1-22, also mentioned that “these polymers prepared did not show 

high solubility, presumably due to a tendency to form a π−π stacked structure between 

the zinc porphyrin units.”82  The comparison between porphyrin polymer 4 and oligomer 

1 (Fig. 1-23) can be used to demonstrate the relationships between molecular weight 

(porphyrin units in polymer chains), extended conjugation (coplanar structures) and 

solubility. Polymer 4 contains about 32 monomer units while oligomer 1 has only 4 

monomer units (both calculated according to GPC) in the chain. They both have the same 

solubilizing group (−C6H13) and the same spacing group (thiophene). The only difference 

is in the position of the acetylene spacing group between the porphyrin and thiophene 

units in the chains of oligomer 1. This structural difference causes many differences for 

porphyrin-porphyrin intramolecular and intermolecular interactions, and the π−system. 

Polymer 4 has the thiophene group directly linked to porphyrins. The repulsion between 

the 4-proton on thiophene and the methyl group on the β−position of the porphyrin forces 

the thiophene plane away from a coplanar conformation with the porphyrin plane and 

results in decreased overlap of their π−systems. Oligomer 1 has an acetylene bridge 
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between the thiophene and the porphyrin. The separation of proton-4 on the thiophene 

from the methyl group on the β−position of the porphyrin eliminates the repulsion, and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-23. Structural Comparison of Polymer 4 and Oligomer 1 

 
allows these π−systems to remain coplanar over the entire length of the polymer 

backbone. Oligomer 1 therefore has a larger π−system, which introduces stronger π−π 

attraction between polymer chains. When the polymer chains grow, attractions between 

oligomer 1 chains increase and finally reach a point where the chains start aggregating 

and precipitating, therefore preventing further growth. In contrast, polymer 4, with less 

attraction between their growing chains, can maintain soluble in the solution and continue 
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to undergo chain growth. This explains why under the same polymerization conditions, 

polymer 4 grows to about 32 units in the chain, while oligomer 1 only reaches 4 

porphyrin units.82 

 

1.2.3.2 Current synthetic methodologies for porphyrin materials 

There are versatile synthetic routes for constructing organic polymers, such as 

stepwise polymerization through functional groups or coordination, or chain reaction 

polymerization through free radical or ring-opening processes. For the synthesis of 

conjugated organic polymers, the fundamental challenge is to use typical organic 

chemistry methodology to construct covalently linked (mostly C-C covalent bonding) 

polymer structures by formation of conjugated linkers between aromatic building blocks 

(unsaturated carbon linkers). There are various metal-catalyzed C-C coupling reactions to 

form covalent bonds between unsaturated carbon atoms. These include 

1. Heck reaction: Pd-catalyzed coupling of aryl and alkenyl halides with alkenes.  

2. Suzuki reaction: cross coupling of organoboron compounds with organic 

halides. 

3. Other cross coupling with organometals containing Zn, Mg, Al, Zr, Sn, etc. to 

build unsaturated C-C bond linkers.  

In the porphyrin-based materials field, most of the conjugated porphyrin materials 

are synthesized through these metal-catalyzed C-C coupling reactions, especially Pd 

(Cu)-catalyzed coupling among dihalogenated or diethynylated porphyrins and spacing 

groups to form an ethyne-linked porphyrin polymer, or oxidative homocoupling to form a 

butadiyne-linked porphyrin polymer (Scheme 1-2).34,55,82 
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Scheme 1-2.  Pd and Cu-mediated Coupling for the Preparation of Porphyrin 

Polymers 

 

According to some reports, there are several distinct shortcomings in the popular 

Pd and Cu-catalyzed coupling reactions: (1) Pd (or Cu) is one of the metals in the main 
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chain of transition metal-acetylide polymers (Fig. 1-24),111 which indicates that Pd (or 

Cu) can be very stably linked with acetylene groups that result not only in defects of  the 

porphyrin polymer chains, but also prevent further chain growth owing to the metal-

capping at the end of polymer chains. (2) Some butadiyne defects are produced in the 

ethyne-linked porphyrin 

 

 

 

 

 

Figure 1-24. Transition Metal-Acetylide Polymers 

polymers due to the homocoupling of alkyne monomers, which is promoted by Pd(II) in 

the presence of oxygen and the necessary reduction of the Pd (II) catalyst precursors. (3) 

The end groups in polymers are sometimes ambiguous due to the Pd-capping, 

dehalogenation or transfer of triphenylphosphine (PPh3) group to the end of the chain. (4) 

The complete removal of palladium and phosphorus-containing catalyst residues is not 

always facile.112 Therefore, the search for alternative polymerization methods is 

necessary to construct high quality conjugated porphyrin polymers. 

 

1.2.3.3 Molecular weights of porphyrin materials 

The molecular weights of porphyrin materials are relatively low compared to 

other conjugated polymers built from different building blocks. By searching the 
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literature about porphyrin materials, the longest porphyrin polymer made in Professor 

Aratani’s group in Kyoto University of Japan is a meso-meso coupled porphyrin 128-mer 

(Z128, C8192H10498N512O512Zn128),103 but it is not a conjugated porphyrin polymer because 

each porphyrin unit in this polymer chain is perpendicular to its neighboring porphyrin 

units (Fig. 1-25). Among conjugated porphyrin polymers published up to date, there are 

no polymers that have more than 32 units (by GPC calculation) in the chain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-25. The Porphyrin 128-mer 
 

Although some porphyrin materials are claimed to have molecular weights over 

10,000 Daltons (by GPC estimation), the number of porphyrin units in the polymer chain 

is still only around 10 due to the fact that most porphyrin monomers already have high 

molecular weights (about 1000 or more Daltons). In addition, according to our 

experimental observations, GPC (Gel Permeation Chromatography) overestimates the 

molecular weight of rigid polymers by 3-5 times due to the spatial size difference 

between rigid porphyrin polymers and the polystyrene standard.  
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The molecular weight limitation of conjugated porphyrin polymers is not only 

connected to the solubility problems as mentioned above, but also results from the 

limitation of polymerization methods.  Porphyrin polymerization is a stepwise reaction of 

the random union of monomer molecules to form dimers, trimers, and higher species 

anywhere in the monomer matrix. According to Carothers’ simple equation113 for relating 

the degree of polymerization (DP, the average number of repeating units in all polymer 

and oligomer chains) to percent conversion (p) of monomers: 

 

 

 

 

 

 

high reaction conversions (p) are necessary to generate high DP polymers or achieve 

practical molecular weights as polymeric materials. As shown in Table 1-1, only when 

the reaction conversion p approaches to almost completion, the average DP could reach 

higher values. In Pd (Cu) mediated coupling reactions, most of the yields are between 60-

90%.114 The conversion of polymerization reactions seldom reaches above 0.95, 

therefore, the DP is correspondingly low. In the synthesis of poly (p-

phenyleneethynylene)s (PPEs, Fig. 1-26), for example, the obtained degrees of 

polymerization almost never exceed 50-80 and more often are within the region of 20-

40.112 
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Table 1-1. Relationships between reaction conversion (p) and degree of     

polymerization (DP) 

             
           p                     DP 
              
                                                                0.90                  10             
         0.95                  20           

0.99                100   
 

 

 

 

 

Figure 1-26. Poly(p-phenyleneethynylene)s 

               

Considering the low solubility of the porphyrins, the coupling efficiency and 

compatibility of in Pd (Cu)-catalyzed coupling reactions, it is not surprising then that the 

DP obtained for conjugated porphyrin polymers has not exceeded 32 porphyrin units.46-

48,50,52-56,76-83,92 

 

1.3 Objectives of this project 

      1.3.1 Long-term objectives 

 The long-term objective of this research project is to push the development of 

porphyrin-based materials up to the next level by using novel and/or modified porphyrin 

monomers and polymerization methods to construct small band-gap conjugated 

DP  = 1 
1  - p 
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porphyrin polymers and intrinsically conducting porphyrin polymers, and to explore the 

novel chemical and physical properties of new organic materials which may be useful in 

various fields. The research topics and necessary collaborations include:  

(1) Design and synthesis of new porphyrin molecules 

(2) Study of the relationship between solubility and structure in porphyrins 

(3) Explore new polymerization methods to obtain high molecular weight porphyrin 

polymers 

(4) Routine characterization of porphyrin materials including measurements of 

conductivity and magnetism. 

 

1.3.2 Specific aims of the project 

As we have discussed above, the search for new porphyrin materials currently 

suffers from low solubility with limited synthetic methodologies for the fabrication of 

polymers. These limitations have prevented porphyrins from being fully explored as 

potential building blocks in the field of conjugated and conducting polymers. The 

specific aims of this project are to construct a solid foundation for the development of 

advanced porphyrin materials by synthesizing novel porphyrin molecules, study and 

increase porphyrin solubility, and investigate new polymerization methods for conjugated 

porphyrin materials.  To increase porphyrin solubility, it is necessary to better understand 

structure−solubility relations in porphyrin compounds, analyze major factors affecting 

porphyrin solubility and develop more efficient strategies to control these factors and 

obtain soluble porphyrin monomer and polymers.  In addition to enhanced solubility, the 

development of polymerization methods that are compatible with the synthesis of 
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conjugated porphyrin free-base and metalloporphyrin polymers is also very critical to 

obtain high degrees of polymerization and incorporate more porphyrin units into the 

conjugated polymer chain.  
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CHAPTER II 

SOLUBILITY-STRUCTURE STUDIES OF PORPHYRINS 

2.1 Monomeric porphyrin solubility in organic solvents 

 As we have discussed in Chapter I, low solubility of  building blocks results in 

low molecular weights of conjugated polymers and short overlapping π−systems. The 

purpose of this solubility-structure study is to increase porphyrin solubility by structural 

modification and achieve highly extended π-conjugation in porphyrin polymers. The 

paucity of data about monomeric porphyrin solubility, especially in organic solvents, is 

probably due to the low concentration needed in most studies or their applications in 

aqueous solutions, such as in catalysts or photosynthetic model systems. However, our 

solubility-structure studies must be conducted in organic solvents, since porphyrin 

materials are typically synthesized and processed in organic solvents.  

 

2.1.1 Solvation effect on monomeric porphyrin solubility 

It is generally believed that solvation effects and changes of crystalline lattice 

energy are the controlling factors for solubility. Compound solubility in low dielectric 

organic solvents is usually expected to increase as the attached alkyl chains get longer, 

due to the increased solvation effect. We have seen many successful examples to increase 

conjugated polymer solubility and processability by adding long-chain or branched 

solubilizing groups to the polymer backbone, such as the soluble PPV systems (Fig. 2-

1),1 where the solvation effect can be one of the controlling factors for solubility. 
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Figure 2-1. Soluble and Insoluble PPV systems 

 

In porphyrin systems, both the increase of solvation effects and decrease of 

crystalline lattice energy can only be achieved by changes of substituents on the 

periphery. The core structure of porphyrins already predominates their macrocyclic 

conformation. As we have seen in Chapter I, most of porphyrin molecules are substituted 

with long-chained or branched alkyl and alkoxyl groups to help to increase the solubility 

of porphyrin materials in organic solvents. A comprehensive study of the influence of 

alkyl substituents on porphyrin solubility has been conducted by Mamardashvili and 

coworkers.2,3 This study indicated that the solubility values for the majority of 

octalkylporphyrins with alkyl substituents on the β−positions (2, 3, 7, 8, 12, 13, 17, 18 

positions, Fig. 2-2) are approximately 10-3 mol/L in benzene (Fig. 2-2). By changing the 

alkyl group number, the length of the alkyl chains (from CH3 to C4H9) and the relative 

positions of alkyl groups on the β− and meso− positions, the solubility values are only 

changed   by   2-5 times  except   for   porphyrin  I  and  II,   which  have  extremely  low  
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Figure 2-2. Solubility of Alkylporphyrins in Benzene (mmol/L) 

solubility.2  The solubility of these alkylporphyrins is not increased as the attached alkyl 

chains get longer. For porphyrins I to V (Fig. 2-2), there are methyl groups on the eight 

β−positions, and substituents on meso−positions are gradually increased from H, CH3, 

C2H5, and C3H7 to C4H9. The solubility values of porphyrins I to V increase with the 

increasing length of the meso-alkyl chains from H, CH3, C2H5 to C3H7,  but decrease 

again when the meso-alkyl groups increase further to C4H9.  For porphyrins VI to IX, the 

solubility again decreases with the increase of the meso-alkyl chain length. This study of 

alkylporphyrin solubility provides us with some insight into the solvation effect of alkyl 



 52

substituents, as well as an understanding of the factors that control porphyrin solubility. 

Increasing the alkyl chains only helps to increase porphyrin solubility to a certain extent. 

It indicates that the solvation effect in porphyrins is not very efficient. According to the 

trend shown in Fig. 2-2, the solubility of most of alkylporphyrins decrease with 

increasing alkyl-chain, we believe that the van der Waals attractive interaction among 

these substituents is probably the controlling force responsible for the change in 

porphyrin solubility.  Since van der Waals’ interaction is proportional to the area of the 

interacting molecules, longer alkyl chains have stronger van der Waals attractive 

interactions among the chains, leading to more efficient porphyrin aggregation and lower 

alkylporphyrin solubility.  

 

2.1.2 Crystalline lattice energy of monomeric porphyrin  

Crystalline lattice energy in molecular crystals can affect the compound solubility 

in solutions. Molecular crystals consist of discrete molecules held together by 

intermolecular forces that are weaker than covalent bonding energies.  Generally, the 

lattice energy, Elatt, comprises three major intermolecular interactions: van der Waals 

(repulsive and attractive) forces (EvdW), electrostatic (Coulombic) forces (Eelectrostatic), and 

hydrogen-bonding energy (EH), as expressed in equation (1).4  Contributions  of the  three 

Elatt = EvdW + Eelectrostatic + EH      (1) 

forces to the whole lattice energy vary in different molecular systems. For example, in the 

free base ephedrine derivatives (Fig. 2-3), the van der Waals energy is the dominant 

intermolecular force in bases, where EvdW is between 15.7 – 19.9 kcal/mol,  Eelectrostatic is 

3.6 – 5.4 kcal/mol and  EH is 3.5 – 6.4 kcal/mol; In their salt form, however, these 
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energies change substantially with Eelectrostatic becoming 14.3 – 43.5 kcal/mol, which is the 

dominant force in some compounds.4 

 

 

 

 

 

 

 

Figure 2-3. Ephedrine Derivatives 

 

Although there is no such detailed data for the force distribution in porphyrin 

systems, the π−π interaction energy, through both computational and experimental 

observation, demonstrates that it may well be the dominant intermolecular interaction in 

porphyrin systems.5  It has been recognized for over half a century that ubiquitously 

existing π−π interactions affect or control diverse phenomena, such as complexation in 

many host-guest systems, the stable helical structure of DNA and the tertiary structure of 

proteins. Hunter and Sanders point out that porphyrin aggregation is mainly controlled by 

π−π interaction between porphyrins. With such a large aromatic system in porphyrins, the 

π−π  interaction energy between two unsubstituted porphyrins can reach 11.5 to 5.6 

kcal/mol according to both computational and experimental observation.5 Compared to 

the π−π interaction energy levels in smaller aromatic systems, such as the 1.4 kcal/mol 

interaction energy between two benzene units, or between a benzene and a naphthalene 
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unit, or between a benzene and an acridine,6  the π−π interaction energy in porphyrin 

systems is higher by a factor of 10 times. The structural comparison of porphyrins with 

ephedrine derivatives allows us to estimate that hydrogen bonding and van der Waals 

interaction in porphyrin systems will be much smaller than ephedrine derivatives, due to 

the rigid ring structure in porphyrins. Therefore the strong π−π interaction plays a very 

important and predominant role over other intermolecular forces in the crystalline lattice 

energy porphyrins.  

 

2.2 Strategies to reduce strong interaction between porphyrins  

According to our understanding of the controlling interaction forces among 

porphyrins, the strategy to increase solubility of porphyrin molecules and conjugated 

porphyrin polymers is to interrupt the strong π−π attractions. Hunter and Sanders have 

indicated that when two porphyrins adopt a face-to-face offset stacking geometry (Fig. 2-

4), the π−π interaction can reach the highest attraction energy level (15.6 kcal/mol). 

Crystallographic evidence in Cambridge Structural Database (CSD) has also shown the 

preferred face-to-face offset stacking geometry in many porphyrin systems. Examples of 

face-to-face offset stacking geometries are shown in Fig. 2-5.  

 

 

 

 

 

Figure 2-4. Face-to-Face Offset Stacking Modeling for Porphyrin Interaction 
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Figure 2-5. Face-to-Face Offset Stacking Geometries in Porphyrin Crystals7,8 
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Figure 2-6. T-shaped Stacking Geometry in the Porphyrin Crystal9 

 

There are also many porphyrin crystals that adopt a T-shaped stacking geometry, 

in which every two neighboring porphyrin molecules are perpendicular to each other as  

shown in Fig. 2-6.  Molecular modeling of porphyrin systems by Hunter and Sanders 

predict the π−π interaction as a function of the relative orientation of neighboring 

porphyrins as shown in Fig. 2-7 and 2-8.5   With  the  help  of  this  molecular  modeling, 

it is clearly demonstrated that the preferred face-to-face offset stacking and T-shaped 

stacking  geometries  are  the  consequences  of   the  strong  π−π  interaction  between 
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Figure 2-7. A Simple Model of Porphyrins 

 

 

 

      
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8. π−π Interaction Varies as a Function of Their Relative Orientation 
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neighboring porphyrins. These face-to-face offset stacking and T-shaped stacking 

geometries facilitate the strong attraction between porphyrin molecules. The simple 

model for porphyrins consists of a positively charged σ−framework, and two negatively 

charged π−electron clouds above and below the σ−frame (Fig. 2-7). Fig. 2-8 shows the 

repulsion areas and attraction areas for π−π interaction between neighboring porphyrin 

molecules, where the X-axis is the offset between the centers of two neighboring 

porphyrins; the Y-axis is the angle between two neighboring porphyrin planes. When two 

porphyrins are face-to-face stacking without any offset (X=0), their interaction belongs to 

the repulsion area. It is clearly shown in Fig. 2-8 that the negatively charged π−clouds on 

two porphyrins repel each other. When two porphyrins are offset with respect to each 

other by a distance of 2.5 - 6 Å the π−π interaction between them changes from repulsion 

to attraction, which is a result of an electrostatic attractive interaction between the 

positively  charged  σ−frame  and  the  negatively  charged  π−cloud.   Consequently, 

most of face-to-face stacked porphyrin crystals have their centers offset from 3 - 4 Å7,8  in 

the crystal state. And it can be presumed that this attraction holds porphyrins in this 

geometry and in solution as well. 

 Similarly, the T-shaped stacking geometry can also facilitate strong π−π attractive 

interactions between two neighboring porphyrin rings, as illustrated in Fig. 2-9. When 

one of the two neighboring porphyrin planes turns away from another and the porphyrin 

rings become perpendicular to each other (Y is about 90 0C), the π−π interaction 

gradually changes from the repulsion to the attraction area, which reflects again the 

electrostatic  attractive  interaction  between   the   positively  charged  σ−frame  and   the 
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Figure 2-9. T-shaped Geometry Favors π−π Attractive Interaction 

 

negatively charged π−could again. The fact that most porphyrin crystals adopt either 

face-to-face offset stacking or T-shaped stacking as preferred structures, demonstrates 

that the π−π interaction is probably the controlling force in most of the porphyrins’ 

intermolecular interactions. It also shows that the π−π attractive interactions in 

porphyrins come from electrostatic attraction between the positively charged σ−frame 

and the negatively charged π−electron clouds. Porphyrin crystallization, aggregation and 

precipitation are actually the results of π−σ attractions that overcome π−π repulsions.5 

 Strategies to reduce this major π−π interaction between porphyrins are now 

addressed to interrupt the face-to-face offset stacking and T-shaped stacking. Lindsey and 

co-workers10 first introduced the concept of facial-encumbrance to explain some 
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substitution effects on porphyrin properties. In this structure-solubility study, we 

introduce facial- and edge-encumbering substituents on porphyrin peripheries to interrupt 

porphyrin face-to-face offset and T-shaped stacking. The facial- and edge-encumbrance 

can be realized by attaching ortho-substituted phenyl rings to the meso-positions of 

porphyrins. The repulsion between the β-hydrogen on porphyrins and the ortho-

substituents on the phenyl rings cause the phenyl plane to turn away from a coplanar 

conformation with the porphyrin plane. These ortho-substituents thus project above and 

below the porphyrin ring. If the ortho-substituents are bulky and rigid enough, they will 

provide very good facial-encumbrance thus pushing adjacent porphyrin molecules apart 

from each other and preventing the porphyrins from their preferred face-to-face offset 

stacking. The para-substituents on the phenyl rings can also be used to interrupt edge-on 

stacking through steric hindrance. Therefore, the molecular design for improving 

porphyrin solubility through facial- and edge-encumbering groups in the arylporphyrins 

is defined using the meso-positions to attach both ortho- and para-substituents (Fig. 2-

10). 

. 

 

 

 

 

 

 

Figure 2-10. Facial and Edge Encumbrance in Porphyrins 
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2.3 Syntheses of designed porphyrin molecules 

 According to the molecular design for the synthesis of soluble porphyrin 

monomers for linear porphyrin polymers, the trans-A2B2 porphyrins with two aryl groups 

on two of the meso-positions and two linkers (A) on another two meso-positions, are our 

target molecules in this study as shown in Fig. 2-11. Several R groups were selected to 

build differently facial- and edge-encumbered porphyrins for the comparison of 

encumbrance efficiency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11. Trans-A2B2 Porphyrin Design for Soluble Porphyrins 
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2.3.1 Synthetic method for trans-A2B2 porphyrins 

 Since tetraphenylporphyrin (TPP) was first synthesized by Rothmund in 1936,11 

many synthetic methodologies have been developed and modified to make functionalized 

porphyrins with improved conditions, yields and quantities. Although Adler-Longo 

method, which uses milder conditions than Rothmund’s method to react benzaldehyde 

and pyrrole in refluxing propionic acid, can be scaled up to give multi-gram quantities, its 

drawbacks are the inevitable formation of mixtures of products and low yields. For the 

synthesis of trans-A2B2 porphyrins, for example, the condensation of equivalent amounts 

of A-aldehyde and B-aldehyde with pyrrole will afford six different porphyrin products in 

a binomial distribution (Fig. 2-12). This procedure causes purification problems, and also 

leads to low yields of the major product. According to the probability calculated by the 

binomial distribution in equation (2), the theoretical yield of the trans-A2B2 porphyrin is 

only 12.5% (Fig. 2-13). 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 2-12. The Traditional Procedure for Porphyrin Synthesis 
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Figure 2-13. The Probabilities of Porphyrins in the Mixture from Traditional 

Porphyrin-Forming Reaction 

 

Compared to other synthetic methods including porphyrin formation from 2-

substituted pyrroles, 2 + 2 porphyrin synthesis, 3 + 1 porphyrin synthesis, and cyclization 

from linear tetrapyrroles, Lindsey’s method is the most suitable procedure for the 

synthesis of trans-A2B2 porphyrins (Fig. 2-4). By further modification and 

optimization,12-14 Lindsey’s procedure affords improved yields, more facile reaction and 

better purification conditions. Most importantly, it facilitates the formation of ortho-

substituted tetraarylporphyrins, which are usually difficult to prepare with other methods 

due to their sterically hindered nature. Lindsey’s method requires high-dilution 

conditions (about 10-2 M) because it relies on the chain cyclization to form 

porphyrinogen and is therefore not amendable to scale up, but it is still a good synthetic 

methodology for research purpose. 

The general procedure for the synthesis of trans-A2B2 porphyrin includes two 

steps at room temperature: (1) Aldehyde A is condensed with excess pyrrole (25 to 40 
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equivalents), which is also used as a solvent, with 0.1 to 0.3 equivalents of TFA or boron 

trifluoride diethyl etherate to afford meso-substituted dipyrromethane, (2) 1 equivalent of 

aldehydes B is condensed with 1 equivalent of dipyrromethane using 0.1 to 0.3 

equivalent of boron trifluoride diethyl etherate to form an intermediate porphyrinogen, 

which is further oxidized by dichloro-dicyano-benzoquinone (DDQ) into the trans-A2B2 

porphyrin. (Fig. 2-14).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-14.  The General Procedure for trans-A2B2 Porphyrins (Lindsey’s method) 
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2.3.2 Syntheses of designed porphyrin molecules 
 
 A group of structurally related porphyrins were synthesized in our laboratory for 

the solubility-structure study (Fig. 2-15).  In this group, all of the novel porphyrin 

molecules are designed to explore the relationships between the solubility and 

encumbering effects. Two of unencumbered trans-A2B2 porphyrin molecules were also 

synthesized for the comparison between encumbered and unencumbered porphyrins (Fig. 

2-16). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

           
Figure 2-15. A Group of Novel Porphyrins Designed for Increasing Solubility 
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Figure 2-16. Porphyrins without Facial- and edge-Encumbrance 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-17. Synthesis of Porphyrins 1-10, 17 and 18 

 

Porphyrins 1-10 and 17, 18, which are unsubstituted at the 10- and 20-meso-

positions, were prepared by the condensation of dipyrromethane (1H, 1’H-2,2’-

methanel-bis-pyrrole, Fig. 2-17) with the corresponding benzadehyde following the 
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general procedure in Fig. 2-14. 1H NMR spectra for some of the porphyrins, 

benzaldehydes and dipyrromethanes are shown in Fig. 2-18 to Fig. 2-23. Detailed 

procedures for the synthesis of these porphyrin molecules and their precursors, 1H NMR, 

13C NMR data and elemental analysis data are described below. 

Dipyrromethane. A suspension of paraformaldehyde (1.73 g, 57.7 mmol) in 

pyrrole (96.7 mL, 1.49 mol) was heated to 70 0C in an oil bath with stirring. 

Trifluoroacetic acid (444 µL, 5.76 mmol) was added whereupon the suspension went 

partially into solution. The heating was maintained for an additional 30 min and the 

reaction mixture was allowed to cool slightly before addition to 100 mL of ethyl acetate. 

This solution was washed with two 50 mL portions of 5% aqueous sodium carbonate. 

The ethyl acetate and excess pyrrole were removed in vacuo and the brown oily residue 

was purified via Keugelrohr distillation (140-150 0C, 150 mtorr) to provide 4.15 g (49%) 

of the title compound as a white solid. MP: 75-76 0C. 1H NMR (400 MHz, CDCl3, 25 0C, 

Fig. 2-18) δ = 7.81 (br s, 2H), 6.80 (m, 2H), 6.17 (m, 2H), 6.02 (s, 2H), 3.98 (s, 2H);  13C 

NMR (100 MHz, CDCl3) δ = 129.06, 117.31, 108.31, 106.42, 26.33. 

5,15-diphenyl-10H, 20H-porphyrin (1). A solution of dipyrromethane (1.47 g, 

10.0 mmol) and benzaldehyde (purchased from Aldrich, 1.05 g, 10.0 mmol) in 1 L of 

CHCl3 was purged with argon for 15 min. BF3•Et2O (0.127 mL, 0.142 g, 1.0 mmol) was 

added and the reaction was protected from light with aluminum foil. The reaction was 

stirred for 30 to 50 minutes followed by the addition of DDQ (1.70 g, 7.5 mmol). The 

solvent was removed in vacuo and the crude product purified by silica gel column 

chromatography using dichloromethane:hexanes (2:1, v/v) as the eluant to provide 0.42 g 

wine-red solid of pure porphyrin (1) in 18% yield. 1H NMR (400 MHz, CDCl3, Fig. 2-19) 
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Figure 2-18. 1H NMR Spectrum of dipyrromethane 

 

δ = 10.34 (s, 2H), 9.41 (d, J = 4.56 Hz, 4H), 9.11 (d, J = 4.56, 4H), 8.30 (m, 4H), 7.83 

(m, 6H), -3.10 (s, 2H); 13C NMR (100 MHz, CDCl3) δ =147.42, 145.53, 141.78, 134.88, 

131.62, 131.05, 127.71, 126.97, 118.86, 105.50. 

 5,15-dimesityl-10H, 20H-porphyrin (2). A solution of dipyrromethane (0.63 g, 

4.32 mmol) and mesitaldehyde (purchased from Aldrich, 0.64 g, 4.32 mmol) in 430 mL 

of CHCl3 was purged with argon for 15 min. BF3•Et2O (0.016 mL, 0.43 mmol) was added 

and the reaction was protected from light with aluminum foil. The reaction was stirred for 
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Figure 2-19. 1H NMR Spectrum of 5,15-diphenyl-10H, 20H-Porphyrin (1)            

  

30 to 50 minutes followed by the addition of DDQ (1.38 g, 6.5 mmol). The solvent was 

removed in vacuo and the crude product purified by silica gel column chromatography 

using dichloromethane:hexanes (2:1, v/v) as the eluant to afford  0.22 g of 5,15-

dimesityl-10H, 20H-porphyrin (2) in 19% yield. 1H NMR (400 MHz, CDCl3, Fig. 2-20) 

δ = 10.25 (s, 2H), 9.35 (d, J = 4.56Hz, 4H), 8.91 (d, J = 4.56Hz, 4H), 7.35 (s, 4H), 2.67 

(s, 6H), 1.87 (s, 12H),  -3.05 (s, 2H). 13C NMR (100 MHz, CDCl3) δ = 145.67, 139.46, 

138.00, 137.88, 131.79, 129.99, 127.84, 117.50, 111.27, 96.11, 21.71, 21.50.  
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Figure 2-20. 1H NMR Spectrum of 5,15-dimesityl-10H, 20H-porphyrin (2) 

 

2, 4, 6-triisopropylbenzaldehyde.15 A 250-mL three-necked flask was equipped 

with a thermometer, reflux condenser, dropping funnel (protected with a calcium chloride 

drying-tube) and magnetic stirrer, and a gas absorption trap was attached to the top of the 

condenser. 12.1 mL (10.22 g, 0.05 mol) of 1, 3, 5-triisopropylbenzene and 50 mL of dried 

CH2Cl2 (distilled under Argon over CaH2) were added into the flask and cooled to 0 °C in 

an ice-bath. To the stirred solution, 11 mL (19 g, 0.1mol) of titanium (IV) chloride was 

added from a dropping funnel, and the solution turned brown. Then 4.5 mL (5.8 g, 0.05 

mol) of dichloromethyl methyl ether was slowly added over 30 minutes, the solution 

became more viscous and HCl was evolved and absorbed in a gas trap. The ice-bath was 
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Figure 2-21. 1H NMR Spectrum of 2,4,6-triisopropylbenzaldehyde 

removed and the temperature gradually increased to room temperature. Then the reaction 

was heated to about 35 0C, and stirred for 1 hour. The solution was poured into ice water 

and the organic layer was separated from aqueous layer. The organic layer was washed 

with water and the aqueous layer was washed with CH2Cl2. All organic extracts were 

combined, and dried with MgSO4. The solvent was removed in vacuo to afford a light-

brown and cloudy liquid. After silica gel chromatographic purification using 

dichloromethane:hexanes (2:1, v/v) as the eluant  to afford 11 g (yield 94%) of  2, 4, 6-

triisopropylbenzaldehyde. 1H NMR (400 MHz, CDCl3, 25 0C, Fig. 2-21) δ =10.67 (s, 

1H), 7.13 (s, 2H), 3.62 (p, J = 8Hz, 2H), 2.92 (p, J = 8Hz, 1H), 1.29 (d, J = 8Hz, 12H), 

1.28 (d, J = 8Hz, 6H). 

5,15-bis(2, 4, 6-triisopropylphenyl)-10H, 20H-porphyrin (3). A solution of 

dipyrromethane (1.46 g, 10.0 mmol) and 2, 4, 6-triisopropylbenzaldehyde (2.32 g, 10 
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mmol) in 1000 mL of CHCl3 was purged with argon for 15 min. BF3•Et2O (0.41 mL, 3.3 

mmol) was added and the reaction was protected from light with aluminum foil. The  

reaction was stirred for 30 to 50 minutes followed by the addition of DDQ (3.7 g, 15.0 

mmol). The solvent was removed in vacuo and the crude product purified by silica gel 

column chromatography using dichloromethane:hexanes (2:1, v/v) as the eluant to afford 

0.79 g (yield 22%) of 5,15-bis(2, 4, 6-triisopropylphenyl)-10H, 20H-porphyrin (3). 1H 

NMR (400 MHz, CDCl3, Fig. 2-22) δ = 10.27 (s, 2H), 9.35 (d, J = 4.56, 4H), 8.98 (d, J = 

4.56, 4H), 7.42 (s, 4H), 3.28 (m, 4H), 2.18 (m, 6H), 1.62 (d, 12H), 0.93 (d, 24H), -2.97 (s, 

2H). 13C NMR (100 MHz, CDCl3) δ = 150.16, 149.60, 147.84, 145.51, 135.16, 131.38, 

131.06, 120.43, 117.36, 34.82, 31.57, 24.65, 24.36. Elemental Analysis: C% 82.40 (83.9 

0), H% 8.21 (8.18), N% 7.59 (7.70) 

 

 
 

 

 

 

 

 

 

 

 

Figure 2-22. 1H NMR spectrum of 5,15-bis(2, 4, 6-triisopropylphenyl)-10H, 20H- 

porphyrin (3) 
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1, 3, 5-tri-t-butylbenzene.16-18 10 mL (0.113 mol) of benzene and 74 mL (0.678 

mol) of2-chloro-2-methylpropane were placed into a 250-mL three-necked flask attached 

with a gas absorption trap and cooled to −40 0C. 5 g of aluminum chloride was then 

added into the stirred solution in small portions. HCl was evolved and absorbed in gas 

trap. After all of the AlCl3 was added, the mixture was stirred at −40 °C for 30 minutes. 

Then the reaction was warmed slowly to room temperature and stirred continually for 2 

hours.  The solution was poured over ice water, separated, washed and dried to give the 

crude product. Under vacuum distillation, 7.7 g (0.04 mol, yield 36%) of di-t-

butylbenzene (mp 76~78 0C, distilled at 70 0C/0.5 mmHg) and 10 g (0.04 mol, yield 

36%) of 1,3,5-tri-t-butylbenzene (mp 69~71 0C) was obtained. 

1-bromo-2, 4, 6-tri-t-butylbenzene. 5 g (0.02 mol) of 1, 3, 5-tri-t-butylbenzene 

was dissolved in 172 mL of glacial acetic acid and 43 mL of dioxane, the solution of 

AgNO3 (5 g, 0.029 mol), HNO3 (concentrated, 1.43 mL) and H2O (22.5 mL) was then 

added. The mixture became cloudy and some white precipitate was formed. 5 g (0.032 

mol, 1.6 mL) of Br2 was added into the solution, which was stirred for 16 hours. 720 mL 

of H2O was added to dilute and Na2SO3 was added to decolorize the solution. The 

reaction was extracted with n-pentane, washed with 10% NaOH, and crystallized from 

ethanol to obtain 1.5 g (yield 23%) of 1-bromo-2, 4, 6-t-butylbenzene (mp 169-1710C). 

2, 4, 6-tri-t-butylbenzaldehyde.19 0.55 g of vacuum dried 1-bromo-2, 4, 6-tri-t-

butylbenzene (1.7 mmol) was added in 6.5 mL of dried THF (distilled in Na and 

benzophenone until it was blue) and cooled to –78 °C.  0.35 mL of n-butyllithium (10.0 

M in hexane, 3.5 mmol) was added over 10 minutes and the reaction was stirred 

overnight. The solution was then gradually warmed up to room temperature. 0.5 mL (6.2 
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mmol) of dried ethyl formate was added and the solution was stirred for 10 hours. The 

reaction was quenched by 10 mL of saturated NH4Cl solution. The crude product was 

extracted with diethyl ether, and purified by silica flash chromatographic column (1:1 

hexanes:CH2Cl2) to give 0.056 g (yield 12%) of 2, 4, 6-tri-t-butylbenzaldehyde (mp 

196~198 0C): 1H NMR (400 MHz, CDCl3, 25 0C, Fig. 2-23) δ =10.13 (s, 1H), 7.38 (s, 

2H), 1.38 (s, 18H); 13C NMR (400 MHz, CDCl3, 25 0C) δ = 196.1, 155.7, 149.9, 142.0, 

119.5, 35.2, 32.5, 31.6, 30.8. 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 2-23. 1H NMR spectrum of 2, 4, 6-tri-t-butylbenzadehyde 

 

5, 15-bis(2, 4, 6-tri-t-butylphenyl)-10H, 20H-porphyrin (4). A solution of 

dipyrromethane (0.29 g, 0.2 mmol) and 2, 4, 6-tri-t-butylbenzaldehyde (0.55 g, 0.2 mmol) 

in 200 mL of CHCl3 was purged with argon for 15 min. BF3•Et2O (0.8 uL, 0.006 mmol) 
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was added and the reaction was protected from light with aluminum foil. The reaction 

was stirred for 30 to 50 minutes followed by the addition of DDQ (0.068 g, 0.3 mmol). 

TLC showed no porphyrin spot in this reaction. So the procedure we used failed to give 

5,15-Bis (tri-t-butylphenyl)-10H, 20H-porphyrin (4). It is believed that t-butyl group is 

much more bulky than methyl and isopropyl group to hinder the condensation in the 

porphyrin formation reaction. 

1-bromo-2, 4, 6-triphenylbenzene. 12 mL (0.24 mol) of Br2 was added into a 

solution of 33 g of 1, 3, 5-triphenylbenzene (0.108 mol) in 250 mL of carbon disulfide. 

The mixture was stirred over night and left to evaporate to give crude yellow crystal, 

which was recrystalized in methanol to give 37.5 g (yield 90%) of 1-bromo-2, 4, 6-

triphenylbenzene (mp 130-132 0C). 

2, 4, 6-triphenylbenzaldehyde.20 3.53 g (9.2 mmol) of 2, 4, 6-

triphenylbromobenzene was added in 200 mL of dried diethyl ether in a 250 mL three-

necked flask with a dropping funnel. The solution was cooled to –78 0C. 7 mL of n-

butyllithium (1.6 M in hexane, 11 mmol) was added over 40 minutes and the solution 

became cloudy. After it was gradually warmed to room temperature, the solution became 

clear and light yellow. It was stirred for 17 hours. 2.7 mL (18.4 mmol) of DMF was 

added and the reaction was stirred for another 17 hours. By flash silica chromatographic 

separation using dichloromethane:hexanes (1:1, v/v) and recrystalization in 1:1 ether: 

hexanes, 1 g (yield 33%) of 2, 4, 6-triphenylbenzaldehyde was obtained (mp 133-134 

°C). 1H NMR (400 MHz, CDCl3) δ =10.01 (s, 1H), 7.64 (s, 2H), 7.75 ~ 7.27 (m, 15H), 

13C NMR (400 MHz, CDCl3) δ = 195.2,145.2, 139.7, 129.6 ~127.4. 
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5, 15-bis(2, 4, 6-triphenylphenyl)-10H, 20H-porpohyrin (5). A solution of 

dipyrromethane (0.29 g, 2 mmol) and 2, 4, 6-triphenylbenzaldehyde (0.67 g, 2 mmol) in 

200 mL of CHCl3 was purged with argon for 15 min. BF3•Et2O (8 uL, 0.2 mmol) was 

added and the reaction was protected from light with aluminum foil. The reaction was 

stirred for 30 to 50 minutes followed by the addition of DDQ (0.68 g, 3 mmol). The 

solvent was removed in vacuo and the crude product purified by silica gel column 

chromatography using dichloromethane:hexanes (2:1, v/v) as the eluant to afford  0.09 g 

(yield 2%) of 5,15-bis(2, 4, 6-triphenylphenyl)-10H, 20H-porpohyrin (5). 1H NMR (400 

MHz, CDCl3) δ = 10.31 (s, 2Η), 9.19 (d, 2H), 9.16 (d, 2H), 9.06 (d, 2H), 8.95 (d, 2H), 

8.29 (m, 2H), 8.10 (m, 2H), 8.04 (m, 2H), 8.00 (m, 2H), 7.98 (m, 2H), 2H), 7.78 (m, 2H), 

7.65 (m, 2H), 7.53 (m, 2H), 7.14 (m, 2H), 6.93 (m, 2H), 6.82 (m, 2H), 6.44 (m, 2H), 6.28 

(m, 2H), 6.24  (m, 2H), 6.07 (m, 2H). 13C NMR (100 MHz, CDCl3) δ = 140.21, 129.21, 

127.78, 127.41, 126.94, 126.54, 126.37. 

5,15-bis(2, 4, 6-trimethoxylphenyl)-10H, 20H-porphyrin (6). A solution of 

dipyrromethane (0.14 g, 1 mmol) and 2, 4, 6-trimethoxylbenzaldehyde (purchased from 

Aldrich, 0.21 g, 1 mmol) in 100 mL of CHCl3 was purged with argon for 15 min. 

BF3•Et2O (4 uL, 0.1 mmol) was added and the reaction was protected from light with 

aluminum foil. The reaction was stirred for 30 to 50 minutes followed by the addition of 

DDQ (0.68 g, 3 mmol). The solvent was removed in vacuo and the crude product purified 

by silica gel column chromatography using dichloromethane:hexanes (2:1, v/v) as the 

eluant to afford 0.05 g of 5,15-bis(2, 4, 6-trimethoxylphenyl)-10H, 20H-porphyrin (6) in 

yield 14%. 1H NMR (400 MHz, CDCl3) δ = 10.16 (s, 2H), 9.30 (d, J = 4.56, 4H), 9.00 (d, 

J = 4.56, 4H), 6.63 (s, 4H), 4.14 (s, 6H), 3.53 (s, 12H), -3.03 (s, 2H). 13C NMR (100 
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MHz, CDCl3) δ= 144.61, 130.73, 131.44, 123.45, 91.00, 56.00. Elemental Analysis: C% 

70.70 (71.01), H% 5.83 (5.33), N% 8.43 (8.70). 

2, 4, 6-tribenzoxybenzaldehyde.21 1.54 g (10.00 mmol) of phloroglucinaldehyde 

(purchased from Lancaster Synthesis Inc.) and 5.64 g (3.90 mL, 33.00 mmol) of benzyl 

bromide were dissolved in 40 mL of DMF, 12.44 g (9.0 eq.) of potassium carbonate was 

added as a base and a few crystals of potassium iodide as catalyst. The reaction 

proceeded for about 3 days. The organic layer was extracted by ethyl acetate. The product 

was precipitated from ethyl acetate and washed by hot ethanol to give 2.14 g of 2, 4, 6-

tribenzoxybenzaldehyde (yield 50%, mp = 129-1320C). 1H NMR (400 MHz, CDCl3) 

δ = 10.47 (s, 1H), 7.50 m, 15H), 6.64 (s, 2H), 5.31 (s, 6H). 

5,15-bis(2, 4, 6-tribenzoxyphenyl)-10H, 20H-porphyrin (7). A solution of 

dipyrromethane (0.30 g, 2 mmol) and 2, 4, 6-tribenzoxybenzaldehyde (0.85 g, 2 mmol) in 

200 mL of CHCl3 was purged with argon for 15 min. BF3•Et2O (8 uL, 0.1 mmol) was 

added and the reaction was protected from light with aluminum foil. The reaction was 

stirred for 30 to 50 minutes followed by the addition of DDQ (0.68 g, 3 mmol). The 

solvent was removed in vacuo and the crude product purified by silica gel column 

chromatography using dichloromethane:hexanes (2:1, v/v) as the eluant to afford 55 mg 

of 5,15-Bis (2, 4, 6-tribenzoxyphenyl)-10H, 20H-porphyrin (7) in 5% yield. 1H NMR 

(400 MHz, CDCl3) δ = 10.24 (s, 2H), 9.36 (d, J = 4.48, 4H), 9.10 (d,  J = 4.48, 4H), 7.61 

(m, 4H), 7.52 (m, 4H), 7.46 (m, 2H), 7.38 (s, 4H), 6.88 (m, 4H), 6.78 (m, 8H), 6.73 (s, 

4H), 6.60 (m, 8H), 5.25 (s, 4H), 4.88 (s, 8H). 13C NMR (100 MHz, CDCl3) δ = 159.89, 

136.75, 128.77, 127.91, 127.05, 126.34, 94.04, 70.20, 29.69. Elemental Analysis: C% 

81.02 (80.85), H% 5.64 (5.32), N% 5.32 (5.10). 
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5,15-bis(2,6-dimethylphenyl)-10H, 20H-porphyrin (8). A solution of 

dipyrromethane (0.59 g, 4.02 mmol) and 2,,6-dimethylbenzaldehyde (0.54 g, 4 mmol) in 

400 mL of CHCl3 was purged with argon for 15 min. BF3•Et2O (31 uL, 0.24 mmol) was 

added and the reaction was protected from light with aluminum foil. The reaction was 

stirred for 30 to 50 minutes followed by the addition of DDQ (1.36 g, 6 mmol). The 

solvent was removed in vacuo and the crude product purified by silica gel column 

chromatography using dichloromethane:hexanes (2:1, v/v) as the eluant to afford 0.12 g 

of 5,15-bis(2,6-dimethylphenyl) -10H, 20H-porphyrin (8) in 12% yield.  1H NMR (400 

MHz, CDCl3) δ = 10.24 (s, 2H), 9.35 (d, 4H), 8.87 (d, 4H), 7.64 (m, 2H), 7.51 (m, 4H), 

1.89(s, 12H). 13C NMR (100 MHz, CDCl3) δ = 146.60, 145.28, 140.51, 139.67, 136.16, 

133.00, 131.94, 131.22, 129. 90, 129.28, 128. 35, 127.07, 117.12, 104.75, 29.36, 22.69. 

5,15-bis(p-tolyl)-10H, 20H-porphyrin (9). A solution of dipyrromethane (0.58 g, 

4.02 mmol) and p-tolualdehyde (0.48 g, 4 mmol) in 400 mL of CHCl3 was purged with 

argon for 15 min. BF3•Et2O (31 uL, 0.24 mmol) was added and the reaction was protected 

from light with aluminum foil. The reaction was stirred for 30 to 50 minutes followed by 

the addition of DDQ (1.36 g, 6 mmol). The solvent was removed in vacuo and the crude 

product purified by silica gel column chromatography using dichloromethane:hexanes 

(2:1, v/v) as the eluant to afford 0.21 g of 5,15-bis(p-tolyl)-10H, 20H-porphyrin (9) in 

20% yield. 1H NMR (400 MHz, CDCl3) δ = 10.32 (s, 2H), 9.40 (d, J = 4.60, 4H), 9.12 (d, 

J = 4.60, 4H), 8.18 (d, J = 7.84, 4H), 7.63 (d, J = 7.84, 4H), 2.75 (s, 6H). 13C NMR (100 

MHz, CDCl3) δ = 134.77, 131.04, 127.71, 21.53. Elemental Analysis: C% 82.44 (83.24), 

H% 5.24 (5.34), N% 10.62 (11.02).  
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5, 15-bis(p-isopropylphenyl)-10H, 20H-porphyrin (10). A solution of 

dipyrromethane (0.58 g, 4.02 mmol) and p-isopropylbenzaldehyde (purchased from 

Aldrich, 0.59 g, 4 mmol) in 400 mL of CHCl3 was purged with argon for 15 min. 

BF3•Et2O (31 uL, 0.24 mmol) was added and the reaction was protected from light with 

aluminum foil. The reaction was stirred for 30 to 50 minutes followed by the addition of 

DDQ (1.36 g, 6 mmol). The solvent was removed in vacuo and the crude product purified 

by silica gel column chromatography using dichloromethane:hexanes (2:1, v/v) as the 

eluant to afford 0.17 g of  5, 15-bis(p-isopropylphenyl)-10H, 20H- porphyrin (10) in 15% 

yield. 1H NMR (400 MHz, CDCl3) δ = 10.32 (s, 2H), 9.44 (d, 4H), 9.20 (d, 2H), 8.19 (m, 

4H), 7.66 (m, 4H), 3.33 (m, 2H), 1.60 (s, 12H). Elemental Analysis: C% 75.06 (74.81), 

H% 5.06 (5.29), N% 8.99 (9.12) 

5, 15-diisopropyl-10H, 20H-porphyrin (17): A solution of dipyrromethane (0.58 

g, 4.02 mmol) and isobutyraldehyde (purchased from Aldrich, 0.29 g, 4 mmol) in 400 mL 

of CHCl3 was purged with argon for 15 min. BF3•Et2O (31 uL, 0.24 mmol) was added 

and the reaction was protected from light with aluminum foil. The reaction was stirred for 

30 to 50 minutes followed by the addition of DDQ (1.36 g, 6 mmol). The solvent was 

removed in vacuo and the crude product purified by silica gel column chromatography 

using dichloromethane:hexanes (2:1, v/v) as the eluant to give 0.17 g of 5, 15-

diisopropyl-10H, 20H-porphyrin (17) in 21% yield. 1H NMR (400 MHz, CDCl3) 

δ = 10.21(s, 2H), 9.74 (d, 4H), 9.42 (d, 4H), 5.71 (m, 2H), 2.50 (s, 12H). 13C NMR (100 

MHz, CDCl3) δ = 175.03, 147.10, 131.93, 124.75, 104.407, 34.44, 28.88. Elemental 

Analysis: C% 80.45 (79.16), H% 6.36 (6.64), N% 14.40 (14.20). 



 80

5, 15-dihexyl-10H, 20H-porphyrin (18): A solution of dipyrromethane (0.58 g, 

4.02 mmol) and hexanal (purchased from Aldrich, 0.4 g, 4 mmol) in 400 mL of CHCl3 

was purged with argon for 15 min. BF3•Et2O (31 uL, 0.24 mmol) was added and the 

reaction was protected from light with aluminum foil. The reaction was stirred for 30 to 

50 minutes followed by the addition of DDQ (1.36 g, 6 mmol). The solvent was removed 

in vacuo and the crude product purified by silica gel column chromatography using 

dichloromethane:hexanes (2:1, v/v) as the eluant to give 0.12 g of 5, 15-dihexyl-10H, 

20H-porphyrin (18) in 15% yield. 1H NMR (400 MHz, CDCl3) δ = 10.13 (s, 2H), 9.54 (d, 

J = 2.56, 4H), 9.38 (d, J = 2.56, 4H), 4.97 (m, 4H), 2.56 (m, 4H), 1.81 (m, 4H), 1.58 (m, 

4H), 1.33 (m, 4H), 1.02 (m, 6H). 13C NMR (100 MHz, CDCl3) δ = 147.37, 144.10, 

131.80, 127.72, 118.74, 38.32, 34.54, 32.73, 22.80, 14.19. Elemental Analysis: C% 79.70 

(79.96), H% 7.40 (7.61), N% 12.88 (12.43). 

 The syntheses of porphyrins 11-16 are outlined in Fig. 2-24. The yields and 

reaction conditions are very similar. The 1H NMR spectra for some porphyrins, 

benzaldehydes and dipyrromethane used in the synthesis of porphyrins 11-16 are shown 

in Fig. 2-25 to Fig. 2-27.  Detailed procedures for these syntheses are described below. 

Trimethylsilylpropynal.22 To a magnetically stirred solution of 0.13 mol of 

EtMgBr, 10.5 g of trimethylsilyacetylene (0.11 mol) was added and dissolved in 75 mL 

dried THF. The temperature was maintained at 10-15 0C using an ice-water bath. After 

stirring for 1 hour, the mixture was transferred into a dropping funnel and added to a 

mixture of 28.2 mL of DMF and 50 mL of diethyl ether at –25 0C over a period of 45 

minutes. The white suspension was allowed to reach RT, stirred for 1 hour, heated at 30 

0C for 15 minutes and poured into 200 mL of 5% H2SO4 at 0 0C. The organic layer was  
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Figure 2-24. Syntheses of Porphyrins 11-16 

 

separated and washed with saturated NH4Cl solution and dried. Distillation of the organic 

layer (trace of hydroquinone added) at 44-45 0C at 20 mmHg afforded 9.0 g of 
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trimethylsilylpropynal in 65% yield. 1H NMR (250 MHz, CDCl3, 25 0C) δ = 9.11 (s, 1H), 

0.14 (s, 9H). 13C NMR (62.5 MHz, CDCl3, 25 0C) δ = 177.24, 103.38, 102.76. 

5-(trimethylsilylethynl)dipyrromethane. 1.0 g (8.0 mmol) of 

trimethylsilylpropynal was added into 22.2 mL (320 mmol, 40 eq.) of pyrrole. The 

solution was purged with argon for 30 minutes. 0.34 mL (2.64 mmol, 0.33 eq.) of 

BF3•Et2O was added at RT. After 30 minutes, the solution was extracted with ethyl 

acetate, washed with 10% NaCO3 solution, dried with MgSO4 and evaporated in vacuo to  

remove solvent. Excess pyrrole was removed by distillation to leave oily mixture, which 

was purified by silica chromatography using cyclohexane:ethyl acetate:triethylamine 

(20:1:0.1) to obtain 0.6 g (yield 31%) of 5-(trimethylsilylethynl)dipyrromethane. 1H 

NMR (400 MHz, CDCl3, 25 0C) δ = 8.05 (br s, 2H), 6.71 (d, 2H), 6.22 (d, 2H), 6.19 (d, 

2H), 5.19 (s, 1H), 0.29 (s, 9H). 13C NMR (100 MHz, CDCl3, 25 0C) δ = 128.90, 117.90, 

117.77, 108.78, 108.65, 108.28, 106.73, 106.55, 103.55, 103.36, 88.01, 31.26, 0.20. 

5-phenyldipyrromethane. 0.85 g (8.0 mmol) benzaldehyde was added into 22.2 

mL (320 mmol) of pre-distilled pyrrole. The solution was purged with argon for 30 

minutes then 0.34 mL (2.64 mmol) of BF3•Et2O was added. After 40 minutes,  the 

reaction was extracted with ethyl acetate, washed with 10% NaCO3 solution, dried with 

MgSO4 and evaporated in vacuo to remove solvent. Excess pyrrole was removed by 

distillation to leave a yellow semisolid, which was purified by using chromatography 

(silica) with cyclohaxane:ethyl acetate:triethylamine (20:1:0.1) to afford 1.18 g of 5-

phenyldipyrromethane in 67% yield. 1H NMR (400 MHz, CDCl3, Fig. 2-25) δ = 7.91 (br 

s, 2H), 7.36-7.23 (m, 5H), 6.69 (d, 2H), 6.19 (d, 2H), 5.94 (d, 2H), 5.49 (s, 1H). 13C NMR 

(100 MHz, CDCl3) δ = 141.5, 134.7, 128.2, 127.1, 121.9, 107.1, 102.9, 101.0 
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5-mesityldipyrromethane. 2.94 g (20 mmol) mesitaldehyde was added into 55.8 

mL (800 mmol) of pre-distilled pyrrole. The solution was purged with argon for 30 

minutes then 1.2 mL (9.5 mmol) of BF3•Et2O was added. After 40 minutes,  the reaction 

was extracted with ethyl acetate, washed with 10% NaCO3 solution, dried with MgSO4 

and evaporated in vacuo to remove solvent. Excess pyrrole was removed by distillation to 

leave a yellow semisolid, which was purified by using chromatography (silica) with 

cyclohaxane:ethyl acetate:triethylamine (20:1:0.1) to afford 1.8 g of 5-

mesityldipyrromethane in 34% yield. 1H NMR (400 MHz, CDCl3) δ = 7.96 (br s, 2H), 

6.89 (s, 2H), 6.68 (d, 2H), 6.20 (d, 2H), 6.03 (d, 2H), 5.94 (s, 1H), 2.30 (s, 6H), 2.08 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ = 137.6, 136.6, 134.5, 131.2, 130.3, 116.1, 108.6, 

106.5, 38.3, 20.8, 20.6 

 

 

 

 

 

 

 

 

 

 

 

        Figure 2-25. 1H NMR spectrum of 5-phenyl-dipyrromethane 
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5-(2,4,6-triisopropylphenyl)dipyrromethane. 1.86 g (8 mmol) 2,4,6-

triisopropylbenzaldehyde was added into 22.2 mL (320 mmol) of pre-distilled pyrrole. 

The solution was purged with argon for 30 minutes then 0.09 mL (0.66 mmol) of 

BF3•Et2O was added. After 40 minutes, the reaction was extracted with ethyl acetate, 

washed with 10% NaCO3 solution, dried with MgSO4 and evaporated in vacuo to remove 

solvent. Excess pyrrole was removed by distillation to leave a yellow semisolid, which 

was purified by using chromatography (silica) with cyclohaxane:ethyl 

acetate:triethylamine (20:1:0.1) to afford 1.5 g of 5-(2,4,6-

triisopropylphenyl)dipyrromethane in 31% yield. 1H NMR (400 MHz, CDCl3) δ = 7.96 

(br s, 2H), 7.06 (s, 2H), 6.67(m, 2H), 6.20 (m, 2H), 6.14(m, 2H), 6.08 (s, 1H), 2.92 (m, 

3H), 1.28(m, 18H). 13C NMR (100 MHz, CDCl3) δ = 136.6, 135.4, 132.1, 125.8, 124.3, 

113.1, 102.6, 101.5, 64.2, 33.9, 20.1, 19.7. 

 5-(2,4,6-trimethoxyphenyl)dipyrromethane. 2.0 g (10.2 mmol) 2,4,6-

trimethoxybenzaldehyde (purchased from Aldrich) was added into 27.5 mL (408 mmol) 

of pre-distilled pyrrole. The solution was purged with argon for 30 minutes then 0.64 mL 

(5.1 mmol) of BF3•Et2O was added. After 40 minutes, the reaction was extracted with 

ethyl acetate, washed with 10% NaCO3 solution, dried with MgSO4 and evaporated in 

vacuo to remove solvent. Excess pyrrole was removed by distillation to leave a yellow 

semisolid, which was purified by using chromatography (silica) with cyclohaxane:ethyl 

acetate:triethylamine (10:8:1) to afford 0.6 g of 5-(2,4,6-

trimethoxyphenyl)dipyrromethane in 19% yield. 1H NMR (400 MHz, CDCl3) δ = 7.51 

(br s, 2H), 7.04 (m, 2H), 6.82 (m, 2H), 6.26 (m, 2H), 6.10 (m, 2H), 6.02 (s, 1H), 3.82 (s, 
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9H). 13C NMR (100 MHz, CDCl3) δ = 143.6, 139.6, 136.5, 134.2, 133.3, 126.1, 118.1, 

116.3, 68.3, 50.8, 50.2 

 5-(2,4,6-tribenzoxyphenyl)dipyrromethane. 1.0 g (2.4 mmol) of 2,4,6- 

tribenzoxybenzaldehyde was added into 6.5 mL (96 mmol) of pre-distilled pyrrole. The 

solution was purged with argon for 30 minutes then 0.076 mL (0.6 mmol) of BF3•Et2O 

was added. After 40 minutes, the reaction was extracted with ethyl acetate, washed with 

10% NaCO3 solution, dried with MgSO4 and evaporated in vacuo to remove solvent. 

Excess pyrrole was removed by distillation to leave a yellow semisolid, which was 

purified by using chromatography (silica) with cyclohexane:ethyl acetate:triethylamine 

(80:20:1) to afford 0.77 g of 5-(2,4,6-tribenzoxyphenyl)dipyrromethane in 71% yield.  1H 

NMR (400 MHz, CDCl3) δ = 8.40 (br s, 2H), 7.40 (m, 15H), 6.84 (s, 2H), 6.42 (s, 1H), 

6.32 (s, 2H), 6.15 (s, 2H), 5.96 (s, 2H), 5.15 (s, 4H), 5.07 (s, 2H); 13C NMR (100 MHz, 

CDCl3) δ = 159.2, 157.8, 136.7, 133.2, 128.7, 128.6, 128.2, 127.6, 117.7, 116.1, 112.9, 

108.1, 107.8, 106.0, 94.4, 71.0, 70.3, 32.6, 26.9 

5, 15-diphenyl-10, 20-bis(trimethylsilylethynl)porphyrin (11). 0.32 g (1.44 

mmol) of 5-phenyldipyrromethane and 0.178 g (1.4 mmol) of trimethylsilyl-propynal was 

added to 144 mL of CHCl3 and degassed by bubbling argon for 15 minutes. 55 uL (0.06 

g, 0.042 mmol, 0.3 eq.) of BF3•Et2O was added and the reaction vessel was wrapped in 

aluminum foil. The reaction was quenched after 30 minutes with addition of 0.49 g (2.16 

mmol) of DDQ and left to stir for one hour, whereupon the reaction mixture was washed 

with 50 mL of H2O, dried with Na2SO4 and filtered. The resultant crude product was 

subjected to silica column chromatography (CH2Cl2: hexanes, 2:1, v/v) to yield 0.05 g 

(10%) of porphyrin (11). 1H NMR (400 MHz, CDCl3, Fig. 2-26) δ = 9.69 (d, 4H), 8.88 
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(d, 4H), 8.22 (m, 4H), 7.80 (m, 6H), 0.69 (s, 18H), -2.16 (s, 2H). 13C NMR (100 MHz, 

CDCl3) δ = 141.5, 134.7, 128.2, 127.1, 121.9, 107.1, 102.9, 101.0 

  

 

 

 

 

 

 

 

 

 

Figure 2-26. 1H NMR Spectrum of 5,15-diphenyl-10, 20-bis 

(trimethylsilylethynl)porphyrin (11) 

 

 5,15-dimesityl-10, 20-bis(trimethylsilylethynl)porphyrin (12): 0.5 g (1.89 

mmol) of 5-mesityl-dipyrromethane along with 0.240 g (1.89 mmol)  of 

trimethylsilylpropynal were added to 189 mL of CHCl3 and degassed by bubbling with 

argon for 15 minutes. 53.4 mg (47.6 µL, 0.376 mmol) of BF3•Et2O was added and the 

reaction vessel was wrapped in aluminum foil. The reaction was quenched after 30 

minutes with addition of 0.74 g (0.282 mmol) of DDQ and left to stir for one hour, 
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whereupon the reaction mixture was washed with 50 ml of H2O, dried with Na2SO4 and 

filtered.   The  resultant  crude  product  was  subjected  to silica column chromatography 

using dichloromethane:hexanes (1:2, v/v) to yield 262 mg (23.3%) of 5,15-dimesityl-10, 

20-bis(trimethylsilylethynl)porphyrin. 1H NMR (250 MHz, CDCl3) δ = 9.54 (d, 4H), 8.65 

(d, 4H), 7.29 (s, 4H), 2.65 (s, 6H), 1.94 (s, 12H), 0.57 (s, 18H), -2.06 (s, 2H). 13C NMR 

(100 MHz, CDCl3) δ =139.2, 138.0, 137.5, 129.8, 98.9, 85.1, 84.4, 29.7, 23.8, 21.5, 21.4, 

19.5, 13.5. 

 5,15-bis(2,4,6-triisopropylphenyl)-10,20-bis(trimethylsilylethynl)porphyrin 

(13). 0.5 g (1.44 mmol) of 5-(2,4,6-triisopropylphenyl)-dipyrromethane along with 0.178 

g (1.44 mmol) of trimethylsilylpropynal were added to 144 mL of CHCl3 and degassed 

by bubbling with argon for 15 minutes. 60 mg (55 µL, 0.432 mmol) of BF3•Et2O was 

added and the reaction vessel was wrapped in aluminum foil. The reaction was quenched 

after 30 minutes with addition of 0.49 g (2.16 mmol) of DDQ and left to stir for one hour, 

whereupon the reaction mixture was washed with 50 ml of dH2O, dried with Na2SO4 and 

filtered. The resultant crude product was subjected to silica column chromatography 

(CH2Cl2:hexanes 1:2) to yield 243 mg (19%) of 5,15-bis(2,4,6-triisopropylphenyl)-10,20-

bis(trimethylsilylethynl)porphyrin. 1H NMR (400 MHz, CDCl3, Fig. 2-27) δ = 9.54 (d, 

4H), 8.72 (d, 4H), 7.39 (s, 4H), 3.26 (m, 2H), 2.20 (m, 4H), 1.58 (m, 12H), 0.90 (m, 

24H), 0.61 (s, 18H), -2.02 (s, 2H). 13C NMR (100 MHz, CDCl3) δ =151.0, 149.8, 141.8, 

136.1, 132.8, 123.3, 121.1, 119.2, 34.6, 31.5, 24.4, 17.5. 

5, 15-bis(2,4,6-tribenzoxylphenyl)-10, 20-bis(trimethylsilylethynl)porphyrin 

(15): 1.018 g (1.88 mmol) of 5-(2,4,6-tribenzoxylphenyl)-dipyrromethane and 0.238 g 

(1.88 mmol) of trimethylsilylpropynal were added to 188 mL of CHCl3 and degassed by 
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Figure 2-27. 1H NMR Spectrum of 5,15-bis(2,4,6-triisopropylphenyl)-10, 20-

bis(trimethylsilylethynl)porphyrin (13) 

 

bubbling with argon for 15 minutes. 53.4 mg (47.6 µL, 0.376 mmol) of BF3•Et2O was 

added and the reaction vessel was wrapped in aluminum foil. The reaction was quenched 

after 1 hour with the addition of 0.74 g (0.282 mmol) of DDQ and left to stir for one hour 

whereupon the reaction mixture was washed with 50 ml of dH2O, dried with Na2SO4 and 

filtered. The resultant crude product was subjected to silica column chromatography 

(ethyl acetate:hexanes 1:2) to afford 146 mg of porphyrins (5) in 12% isolated yield. 1H 

NMR (250 MHz, CDCl3) δ = 9.55 (d, 4H), 8.85 (d, 4H), 7.57-7.48 (m, 10H), 6.92-6.81 

(m, 12H), 6.65 (m, 8H), 6.62 (s, 4H), 5.21 (s, 4H), 4.87 (s, 8H), 0.62 (s, 18H), -2.08 (s, 
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2H). 13C NMR (100 MHz, CDCl3) δ = 160.6, 159.9, 151.9, 136.8, 136.7, 131.9, 130.8, 

128.8, 128.2, 128.0, 127.9, 127.1, 126.5, 114.8, 113.9, 98.0, 93.8, 87.3, 82.3, 77.5, 70.4. 

Metalation of porphyrins 1-18 (Fig. 2-28).  Porphyrins 1-18 were metalated 

with Zn2+ in the following procedure. The free base porphyrin was dissolved into a 

minimal amount of dichloromethane:methanol (9:1, v/v) solution. The solution was 

degassed for 10 minutes, then 1.2 equivalents of Zn(AcO)2 was added, and stirred 

overnight at RT. NMR spectroscopy (Fig. 2-29, proton changes on nitrogen atoms) and 

UV-Vis spectroscopy (Fig. 2-30, shifted absorption maximum wavelength) were used to 

monitor the completion of the metalation reaction. The reaction mixture was washed with 

50 mL of NaHCO3 and 50 mL of H2O three times, then dried over MgSO4. The solvent 

was removed to obtain Zn-metalloporphyrins in 95~98% yield. For the insertion of Ni2+ 

into porphyrins, this metalation procedure was changed by increasing reaction 

temperature to 140 0C and refluxing the reaction in DMF. 

 

 

 

 

 

   

 

 

 

Figure 2-28. Insertion of Zn(II) and Ni(II) into Porphyrins 1-18 
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Figure 2-29. 1H NMR Spectra of Freebase and Ni-Porphyrin (2) 
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As shown in Fig. 2-30, the difference in the UV-Visible spectra of free base 

porphyrin and metalloporphyrin is mainly in the Q-band region, where the peaks at 502 

nm, 536 nm, 574 nm, and 650 nm in the free base porphyrins were replaced by peaks at 

557 nm and 595 nm in the metalloporphyrin. The difference is even more obvious by the 

NMR spectra shown in Fig. 2-29. The free base porphyrin has two protons inside of the 

porphyrin ring, which are shifted greatly to negative chemical shift (around -2.0 ppm) 

owing to the ring current of large aromatic system in porphyrins. This peak disappeared 

after metal insertion.  

 

 

 

 

 

 

 

 

 

Figure 2-30. UV-Vis Spectra of Freebase and Metalloporphyrin (1) 

 

2.4 Solubility-structure relationships in designed porphyrins 

       2.4.1. Solubility measurements 

The measurement of porphyrin solubility is based on Lambert-Beer’s Law in 

equation (2) for the light absorption.  
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I0
I

A = lg = ε c l

where
A = UV-Vis absorbance
ε  = molar extinction coefficient
c = concentration
l = cell thickness

(2) 
 

 

 

 

 

In most situations, the molar extinction coefficients of porphyrins are close to 5 x 

105. Therefore, we used this value as ε  for some porphyrins’ solubility calculations. For 

important porphyrin compounds, the actually measured molar extinction coefficients are 

used for the solubility calculations (see Table 1). The steps shown in Fig. 2-31 were taken 

to measure porphyrin solubility by meeting following requirements. 

 

 

 

 

 

 

 

 

             Figure 2-31. Five Steps for the Solubility Measurement 

 

1. The porphyrins in solution are in equilibrium with the porphyrins in the solid 

state. This is achieved by stirring a saturated solution for 24 hours before taking 

samples for solubility measurements. 

Stirring Filtering

Diluting

Measuring
UV-Visible 
Absorption
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concentration 
by A = ε c l
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2. Only porphyrins dissolved in the solution are used to determine their solubility, so 

filtration is necessary. 

3. The saturated porphyrin solution is diluted until its concentration is within the 

range where Lambert-Beer’s law is applicable, i.e. the linear region. 

 To compare the solvent effect, porphyrin solubility was measured in several 

organic solvents, including chloroform (CHCl3), dichloromethane (CH2CL2), 

tetrahydrofuran (THF), ortho-dichlorobenzene (o-DCB), methanol, hexane and benzene 

(Bz). CHCl3, CH2Cl2 and THF were used because they are the most common solvents. o-

DCB was the solvent used for many coupling reactions in the construction of porphyrin 

polymers. Methanol and hexane are two solvents in which porphyrin compounds are 

usually insoluble. For comparison with literature data obtained in benzene,2,3 we also 

measured one sample (porphyrin 3) in benzene. 

The solubility data for our designed porphyrin molecules in different solvents are 

shown in Table 1 (Item 1-16, 20-25). We have also measured non-encumbered 

porphyrins’ solubility including trans-A2B2-porphyrins (17-19), tetraphenylporphyrins 

(26-29) and an alkylporphyrin (30, Aldrich Chemicals) for comparison. 

 
 
Table 2-1. Porphyrin Solubility (mmol/L) in Different Solvents 

 
Porphyrins CHCl3 CH2Cl2  THF o-DCB MeOH Hexa-

ne 
Bz 

5,15-diphenyl-10H, 
20H-porphyrin (1) 
(ε = 3.88 x 105) 

 
25.0* 

 
14.6* 

 
20.0 

 
18.0 

 
0.1 

  

Zn (II)-5,15-diphenyl-
10H, 20H-porphyrin 
(1’) 
(ε = 4.45 x 105) 

 
10.1* 

 
6.9* 
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5,15-dimesityl-10H, 
20H-porphyrin (2) 
(ε = 4.75 x 105) 

 
59.9* 

 
14.4* 

 
3.0 

 
23.0 

 
0.1 

  

Zn (II)-5,15-dimesityl-
10H, 20H-porphyrin 
(2’) 
(ε = 5.84 x 105) 

 
105.7* 

 
30.2* 

     

5,15-bis(2,4,6-
triisopropylphenyl)-
10H, 20H-porphyrin (3) 
(ε = 5.02 x 105) 

 
192.9* 

 
81.6* 

 
110. 

 
113.2 

 
1.0 

 
2.3 

 

Zn (II)-5,15-bis(2,4,6-
triisopropylphenyl)-
10H, 20H-porphyrin 
(3’)(ε = 6.00 x 105) 

 
294.2* 

 
200.0* 

 
89.0 

  
3.6 

 
13.5 

 
206.0* 

Ni (II)-5,15-bis(2,4,6-
triisopropylphenyl)-
10H, 20H- porphyrin 
(3”) 

 
184.0 

 
108.0 

     

5,15-bis(2,4,6-
triphenylphenyl)-10H, 
20H-porpohyrin (5) 

 
13.8 

      

Zn (II)-5,15-bis(2,4,6-
triphenylphenyl)-10H, 
20H-porpohyrin (5’) 

 
5.8 

      

5,15-bis(2,4,6-
trimethoxylphenyl)-
10H, 20H-porphyrin (6) 

 
2.0 

  
0.8 

    

5,15-bis(2,4,6-
tribenzoxylphenyl)-
10H, 20H-porphyrin (7) 

 
5.0 

  
2.0 

 
3.2 

 
0.1 

  

5,15-bis(2,6-
dimethylphenyl) -10H, 
20H-porphyrin (8) 

2.5       

Zn (II)-5,15-bis(2,6-
dimethylphenyl)-10H, 
20H-porphyrin (8’) 

3.6       

5,15-bis(p-tolyl)-10H, 
20H-porphyrin (9) 

6.0 17.0      

5,15-bis(p-
isopropylphenyl) -10H, 
20H-porphyrin (10) 

47.0 22.8      

Zn (II)-5,15-bis(p-
isopropylphenyl)-10H, 
20H- porphyrin (10’) 

62.0       
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5,15-dihexyl-10H, 20H-
porphyrin (18) 

41.0 35.7      

Zn (II)-5,15-dihexyl-
10H, 20H-porphyrin 
(18’) 

2.0 4.6      

5,15-diisopropyl-10H, 
20H-porphyrin (17) 

22.5       

Zn (II)-5, 15-dimesityl-
10, 20-
diethynylporphyrin 
(12’) 

19.4       

Zn (II)-5, 15-bis(2,4,6-
triisopropylphenyl)-10, 
20-diethynylporphyrin 
(13’) 

28.4       

Zn (II)-5, 15-bis(2,4,6-
triisopropylphenyl)-10, 
20-
bis(trimethylsilylethyny
l)porphyrin (13) 

86.7       

Zn (II)-5, 15-bis(2,4,6-
tribenzoxylphenyl)-10, 
20-diethynylporphyrin 
(15’) 

6.0       

Zn (II)-5, 15-bis(2,4-
didecoxylphenyl)-10, 
20-diethynylporphyrin 

13.0       

Zn (II)-5, 15-bis(2,4-
didecoylphenyl)-10, 20-
bis(trimethylsilylethyny
l)porphyrin 

47.0       

5,10,15,20-
tetraphenylporphyrin 

37.5 10.0      

Zn (II)-5,10,15,20-
tetraphenylporphyrin 

23.5 19.3      

5,10,15,20-
tetramesitylporphyrin 

7.7 19.2      

Zn (II)-5,10,15,20-
tetramesitylporphyrin 

1.5 5.5      

2,3,7,8,12,13,17,18-
octaethyl-21H, 23H-
porphyrin 

3.5       

 
* Adjusted according to their measured extinction coefficient, others are obtained 
according to the extinction coefficient as 5.0 x 105 for most porphyrins.  
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2.4.2 Solubility-structure studies  

 The solubility values in chloroform (CHCl3) for all the porphyrin molecules in 

table 1 are shown in Fig. 2-32, which gives an entire picture for the solubility differences 

among this group of porphyrins. One can see that the bars corresponding to solubility of 

porphyrins 2, 3 and 13 in Fig. 2-32 are significantly higher than their neighbors. 

Porphyrin 3, which is designed with isopropyl groups in the ortho-, and para-positions of 

the phenyl ring to act as facial- and edge-encumbrance, has the highest solubility in each 

organic solvent (Fig. 2-32 to 2-37). Its solubility shows an increase of 3 to 15,000 times 

compared to all of  the other porphyrins in this study.  

 

 

 

 

 

   

 

 

 

 

 

Figure 2-32. Porphyrin Solubility in CHCl3 
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Figure 2-33. Porphyrin Solubility in CH2Cl2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Figure 2-34. Porphyrin Solubility in THF 
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Figure 2-35. Porphyrin Solubility in o-DCB 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          

Figure 2-36. Porphyrin Solubility in methanol 
 
 



 99

0

50

100

150

200

250

300

3

mmol/L
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        
Figure 2-37. Porphyrin Solubility in hexanes 

  

To further analyze and understand structure-solubility relations of these 

porphyrins, we divided them into several groups for discussion according to their 

structural features as follows.  

1. Facial- and edge-encumbered porphyrins vs. non-encumbered porphyrins (Fig. 2-

38).  

The solubility and structure comparison in this group indicates that (1) facial- and 

edge-encumbered porphyrins (2 and 3) have higher solubility than non-encumbered 

porphyrins (17, 18 and octaethylporphyrin). Fig. 2-39 also shows the big solubility 

difference between facial- and edge-encumbered porphyrin 3 and non-encumbered 

alkylporphyrins; (2) when comparing porphyrin 3 with solubility being 192.9 mmol/L to 

porphyrin 17 with solubility being 22.5 mmol/L, while both having the same isopropyl 

groups as substituents, the isopropyl groups in facial- and edge-encumbered structure 
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(porphyrin 3) can increase the porphyrin solubility by 10 times from non-encumbered 

porphyrin 7. Therefore, it indicates that the substitution position can affect porphyrin 

solubility significantly; (3) since porphyrins 17 and 18 (meso-substituted A2B2-

porphyrin) are more soluble than octaethylporphyrin (β-substituted porphyrin), even 

though they have less alkyl groups on the periphery of porphyrins, it demonstrates that 

meso-substituted A2B2-porphyrins can achieve higher solubility than β-substituted 

porphyrins. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2-38. Solubility Comparison of Facial and edge-encumbered and non-

encumbered Porphyrins in CHCl3 (mmol/L) 
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Figure 2-39. Solubility of Zn-porphyrin 3 and alkylporphyrins in Benzene 

2. Alkoxyl group vs. alkyl group as facial- and edge-encumbrance (Fig. 2-40).  

Alkoxyl groups in the ortho- and para- positions of a phenyl ring were 

presumably to have the same facial- and edge-encumbering effect as alkyl groups. They 

seemed even more bulky than alkyl encumbrance, but the measured solubility is 

surprisingly disappointing and much lower (30 to 40 times less!) than alkyl-encumbered 

porphyrins. 

From the crystal structure analysis of tetra(2,4,6-trimethoxyphenyl)porphyrin with 

a similar structure as A2B2-bis(2,4,6-trimethoxyphenyl)porphyrin (porphyrin 6) in Fig. 2-

41, we can find an explanation for such low solubility of alkoxy-encumbered porphyrins. 

The structural difference between tetra(2,4,6-trimethoxyphenyl)porphyrin and A2B2 

bis(2,4,6-trimethoxyphenyl)porphyrin (porphyrin 6) is that there are four 

trimethoxyphenyl groups on all meso-positions of tetra(trimethoxyphenyl)porphyrin but 

two trimethoxyphenyl groups in porphyrin 6. Although this difference may probably 
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Figure 2-40. Comparison of Porphyrins Solubility (CHCl3, mmol/L) with Alkoxyl 

and Alkyl Groups as Facial- and edge-encumbrance 

 

affect crystal packing, the single molecule structure and orientation should be similar. 

The special structural feature in this crystal is that those ortho- and para-substituted 

alkoxy groups are flipped away from the porphyrin core structure at the position of the 

oxygen-linker. The presence of oxygen in this porphyrin gives the following two possible 

reasons why alkoxy-encumbrance failed to increase porphyrin solubility by preventing 

π−π interactions (Fig. 2-41).  (a) The realization of facial- and edge-encumbrance is 

based on the ortho-, and para-substituents of the phenyl rings pointing out above and 

below the porphyrin plane. When these substituents cannot stay steadfast in proper 

positions, they will not be able to efficiently prevent porphyrins from attracting each 

other through strong π−π attractive interaction. As demonstrated in Fig. 2-40, those 
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alkoxy or benzyloxy groups in porphyrins 6 and 7 are turned away from the porphyrin 

plane, while the methyl and isopropyl groups in porphyrin 2 and 3 are steadily sticking 

toward the porphyrin plane.  Therefore, the flexible structure of alkoxy groups cannot 

provide rigid encumbrance to  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-41. Crystal Structure of Tetra (trimethoxyphenyl)porphyrin23 

 

push the porphyrin molecules away from each other. The face-to-face offset stacking is 

only tilted a certain degree (approximately 20 to 30 degree) by these substituents, so the 

π−π interaction is still in the attractive area (Fig. 2-8). (b) The strong polarity of the C-O 

bonds has also increased the electrostatic attraction between the alkoxy-substituted 

porphyrins. With so many polar C-O bonds around the porphyrin periphery, the total 

electrostatic interaction, as well as the dipole-dipole interaction, is not negligible. This 

strong attractive interaction between porphyrin molecules will certainly have significant 

consequence for porphyrin’s solubility.  
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3. Aromatic groups vs. alkyl groups as facial- and edge-encumbrance (Fig. 2-42).   

As we have shown from the alkoxy-encumbering porphyrins, the ortho- and para-

substituents need be very bulky and rigid to perform effective facial- and edge-

encumbering. When we designed and synthesized porphyrin 5, in which the rigid phenyl 

groups are in the ortho- and para-positions of phenyl rings attached to the porphyrin, it 

was believed  that these  facial- and  edge-encumbrances  should be very rigid  and  bulky 

 

 

 

 

 

 

 

 

Figure 2-42. Solubility Comparison of aryl-encumbered and alkyl-

encumbered Porphyrins in CHCl3 (mmol/L) 

 

owing to the rigid phenyl ring, and therefore porphyrin 5 should be very soluble. 

However, the solubility of this porphyrin is again very disappointing compared to alkyl-

encumbering porphyrins, although porphyrin 5 has a little higher solubility than alkoxy-

encumbering porphyrins.  Strouse and co-workers pointed out by the analysis of 

molecular packing in over 200 tetraarylporphyrin-based clathrates, that there are 

interactions between these phenyl groups on adjacent porphyrin molecules. “The 

interaction  is  similar  to that seen in solid benzene.”24 The crystal structure of 

tetraphenylporphyrin (TTP)’s (Fig. 2-43) also shows  us  that  these phenyl  groups  are in  

face-to-face offset stacking geometry. According to the function of π−π interactions 
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Figure 2-43. Molecular Packing of Tetraphenylporphyrin(TPP)’s Crystal24  

 

vs. their relative orientations, these face-to-face offset geometries will lead to attractive 

interactions between these aromatic side groups. Considering that there are so many 

aromatic side groups in porphyrin 5, the π−π interaction between these aromatic systems 

will also play an important role in porphyrin’s interactions. As illustrated in Fig. 2-44, in 

addition to the major interactions between porphyrin π−systems, those side aromatic 

systems also have interactions with each other and even with porphyrin molecules as 

well. Therefore, the total π−π interaction in porphyrin 5 includes porphyrin-to-porphyrin 

interactions 1, porphyrin to aromatic side group interactions 2, and aromatic side group to 

aromatic side group interactions 3. The increased total π−π attractive interaction between 

porphyrin molecules can be the cause for the low solubility of porphyrin 5. The 
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comparisons of alkoxyphenyl-porphyrin and arylphenyl-porphyrin with 

alkylphenylporphyrin have shown us that the substituents not only need to be bulky and 

rigid, but also need to be those groups which do not introduce strong attractive molecular 

interactions including π−π interaction, electrostatic interaction and dipole-dipole 

interaction, etc. 

 

 

 

 

 

 

 

 

Figure 2-44. Total π−π Ιnteraction in Porphyrins with Aromatic Side Groups. 
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solubility.  
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porphyrin systems has resulted in weakened solute-solute (porphyrin–porphyrin) 

interactions, therefore, solute-solvent interaction becomes relatively strong to lead 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-45. Porphyrin Solubility in Different Solvents (mmol/L) 
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strong, while the solvent–solute interaction is not strong enough to interrupt the 

aggregation of porphyrins.  

By comparison among porphyrins 1 to 3, the fact that solubility increases with the 

alkyl group size, clearly demonstrates the facial- and edge-encumbering effect for 

interrupting facial- and edge-on stacking. The bulkier the ortho- and para-substituents 

are, the more efficient their encumbering ability. Porphyrin 3 is the most soluble 

porphyrin in all solvents. Even in methanol, a solvent that normally does not solvate 

porphyrins, the solubility of porphyrin 3 still reaches 1.0 mmol/L, ten times higher than 

other porphyrins. This data further supports the idea that we have found a better method 

to interrupt solute-solute interactions and increase porphyrin solubility. 

5. Comparison of solubility for freebase porphyrin and metalloporphyrin 

According to experimental observations, porphyrin solubility is generally 

decreased after the insertion of a metal to form a metalloporphyrin.5 This solubility 

decrease can be easily explained by the π−π interaction shown in Fig. 2-8 and Fig. 2-9. 

Since metalation places a large positive charge (+0.4 in the case of zinc)5 in the central 

cavity of the porphyrin π−system, when two neighboring porphyrins are in either face-to-

face offset or T-shaped stacking, the attraction between the negatively charged 

π−electron cloud and the positively charged σ−frame becomes greater because the 

increased positive charges on the σ−frame. However, this situation only applies to 

porphyrins that do not have efficient facial- and edge-encumbrance (Fig. 2-46). 

According to the discussions above, we have shown that porphyrins without 

facial- and edge-encumbrance mostly adopt face-to-face offset or edge-on geometry. In 

metalloporphyrin molecules, face-to-face offset geometry will not only help to increase 
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the electrostatic attraction between π−electrons and σ−frames due to the increased 

positive charge in the central cavity of the porphyrin π−systems, but also help the 

coordination interactions between metals and nitrogen atoms as shown in Fig. 2-47. 

 

 

 

 

 

 

 

Figure 2-46. Solubility of Metalloporphyrins without Facial- and edge-encumbrance 

in CHCl3 (mmol/L) 

 

 

 

 

 

 

Figure 2-47. Coordinative Interaction in Metalloporphyrins 
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disturbed. Even though the net charge was increased with the metal insertion, the 

electrostatic attractive interaction was not reinforced in metalloporphyrins. When the 

 

 

 

 

 

 

 

 

 

Figure 2-48. Metalloporphyrin Solubility with Facial- and edge- 

encumbrances in CHCl3 (mmol/L) 

 

metalloporphyrin does not adopt face-to-face offset stacking or T-shaped stacking, the 

porphyrin-porphyrin (or solute-solute) interaction is much weaker, while the solute-

solvent interaction became stronger. Metal insertion can increase polarity of porphyrin 

molecules or deform porphyrin planar structures. Increased polarity in porphyrins can 

increase interactions between solute molecules (porphyrins) and solvent molecules 

through dipole-dipole interactions in polar organic solvent such as CHCl3. Changed 

symmetry or conformation resulted from metalation can also increase the difficulty for 

porphyrin molecules to line-up and stack together. Therefore, the solubility of 

metalloporphyrins with facial- and edge-encumbrance is increased, and a 

metalloporphyrin becomes more soluble than its freebase. 
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2.4.3 Crystal structure of the highly soluble porphyrin 3 

The crystal structure of porphyrin 3, the most soluble porphyrin obtained in these 

studies, shows unique structural properties including the successful interruption of both 

face-to-face stacking and edged-on stacking (Fig. 2-49 and 2-50, other structure data are 

listed in Table 2-2). It is confirmed through the crystal structure of the porphyrin (Fig. 2-

49), that the porphyrin ring and the phenyl rings are not co-planar but perpendicular to 

each other. This structure conformation results in isopropyl groups pointing above and 

below the porphyrin plane owing to the repulsion between β−protons on porphyrin and 

isopropyl groups on phenyl rings, as we have predicted for the design of facial and edge-

encumbrance. The unit cell (Fig. 2-50) further shows the unique packing geometry of the 

porphyrin molecules in that there is no face-to-face offset stacking or edge-on stacking 

between two neighboring porphyrin molecules in the unit cell. As we discussed above, 

when porphyrins do not adopt geometries that facilitate the strong π−π interactions, the 

attraction between porphyrins molecules is reduced dramatically and therefore the 

solubility of the porphyrin increases greatly. 

 

 

 

 

 

 

 

Figure 2-49. Crystal Structure of 5,15-bis(2,4,6-triisopropylphenyl)- 

10H, 20H-porphyrin (3) 
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Figure 2-50. Molecular Packing of 5,15-bis(2,4,6-triisopropylphenyl) 

-10H, 20H-porphyrin (3) 

 

Table 2-2.  Crystal Data* and Structure Refinement for Porphyrin (3) 

* See other data in Appendices 2-1 to 2-6 

Identification code      5,15-bis(2,4,6-triisopropylphenyl) 

                                          -10H, 20H-porphyrin (3) 

Empirical formula  C52 H62 Cl4 N4 

Formula weight  884.86 

Temperature  100(2) K 

Wavelength  1.54178 Å 
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Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 21.1820(4) Å α= 90°. 

 b = 18.1384(4) Å β= 128.7640(10)°. 

 c = 16.2986(3) Å γ = 90°. 

Volume 4882.71(17) Å3 

Z 4 

Density (calculated) 1.204 mg/m3 

Absorption coefficient 2.488 mm-1 

F(000) 1880 

Crystal size 0.20 x 0.09 x 0.08 mm3 

Theta range for data collection 3.62 to 30.98°. 

Index ranges -14<=h<=14, -12<=k<=12, -10<=l<=10 

Reflections collected 3186 

Independent reflections 768 [R(int) = 0.0398] 

Completeness to theta = 30.98° 100.0 %  

Absorption correction SADABS 

Max. and min. transmission 1.000 and 0.837163 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 768 / 0 / 137 

Goodness-of-fit on F2 1.077 

Final R indices [I>2sigma(I)] R1 = 0.0734, wR2 = 0.1986 

R indices (all data) R1 = 0.0762, wR2 = 0.2009 
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Largest diff. peak and hole 0.445 and -0.304 e.Å-3 

 
 

2.5 Conclusions 

By comparisons among all of the porphyrins synthesized in our laboratory and 

some of commercially available porphyrin molecules, it is clearly demonstrated that π−π 

attractive interactions are the major driving force for the porphyrin’s low solubility. 

Facial and edge-encumbrance can efficiently interrupt face-to-face stacking and T-shaped 

stacking to reduce π−π interactions in both freebase and metalated porphyrins. The 

strategy of adding facial- and edge-encumbrances to the meso-positions of trans-A2B2 

porphyrins is highly efficient in its ability to increase porphyrin solubility. This structure-

property study indicates that branched alkyl groups that are rigid and bulky provide the 

best facial- and edge-encumbrance. The substituents including aromatic rings, long chain 

alkyl groups, and electronegative atoms, such as oxygen, are not effective for facial- and 

edge-encumbrance. In fact, they may even strengthen the interactions between porphyrins 

by additional π−π interactions (aromatic side-groups), van der Waals interactions (long-

chain alkyl groups) and electrostatic interactions (electronegative atoms to form polar 

bonding). 

 In conclusion, we have successfully designed and synthesized highly soluble 

porphyrins. Porphyrin 3 has achieved the highest solubility in CHCl3 among all of the 

porphyrins in this study. Compared to other porphyrins (solubility from 0.02 to 60 

mmol/L), the solubility of porphyrin 3 has been increased by 3 to 15000 times in mmol/L 

or 25 ~ 23 000 times in g/L. 
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CHAPTER III 

INVESTIGATION ON PORPHYRIN POLYMERIZATION METHODS 

3.1 Palladium-mediated polymerization 

With highly soluble porphyrin molecules having been synthesized, the focus of 

this project shifted toward the search for polymerization methods for the synthesis of 

porphyrin polymers. Porphyrin polymerization is a step-wise reaction involving 

porphyrin molecules that have at least two reactive functional groups substituted on the 

periphery. It occurs via a sequence of reactions to incorporate porphyrin units into the 

main chain. Carbon-carbon bond-forming reactions are necessary for this step-wise 

polymerization. As discussed in previous Chapters, π−structured linkers or spacing 

groups are required in the polymer chain to maintain the π−conjugation. Furthermore, 

small band-gap conjugated porphyrin polymers or intrinsically conductive polymers 

require linkers without steric hindrance between neighboring units in the chain to avoid 

the interruption of π−conjugation. Therefore, the search for polymerization methods was 

focused on those reactions that can produce acetylene, ethylene or butadiyne linkers 

between porphyrin units.  

Over the past 30 years, a wide variety of cross coupling methods have been 

developed for carbon-carbon bond-formation between unsaturated species such as vinyl, 

aryl and alkynyl moieties. These methods have emerged among the most powerful 

synthetic tools that are useful in the synthesis of complex compounds, supramolecular 

chemistry and materials science.1 Among many of the metal-mediated cross coupling 

reactions, palladium (Pd) or copper (Cu)-mediated reactions are most widely used.  They 
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follow a generally acknowledged mechanistic scheme involving an oxidative addition-

transmetalation-reductive elimination sequence.2-5 In the Heck-Cassar-Sonogashira 

reaction (Scheme 3-1), an aryl halide 2 (bromide or iodide) is coupled with a terminal 

alkyne 1 in the presence of a homogeneous palladium catalyst, a copper(I) species, and an 

amine as solvent or co-solvent. Scheme 3-1 shows both the general reaction of forming 

an alkyne linkage and the presumed mechanism. Through an oxidative addition, the aryl 

halide forms intermediate 4, which after transmetalation with a molecule of 3 forms the 

organometallic species 5. This species is reductively eliminated from the palladium to 

form product 7 and regenerate the active palladium catalyst 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3-1. Heck-Cassar-Sonogashira Reaction and Mechanism 
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The active catalyst-Pd(0) species 6 is produced in situ through self-coupling of 

terminal alkynes as shown in Scheme 3-2. The source of homogeneous palladium catalyst 

is usually the commercially available bis-triphenylphosphine palladium(II) chloride 

[Pd(PPh3)2Cl2], which is initially less active until it reacts with cuprated alkyne 4 to form 

palladium catalyst precursor 5 through transmetalation, This bis-alkyne palladium species 

5 is unstable and reductively eliminates to form a symmetrical butadiyne 8 and the active 

catalyst 6. 

 

 

 

 

 

 

 

 

 

Scheme 3-2.  Generation of Active Catalyst 6 (L2Pd0) 

From the mechanism of the cross coupling reaction between an aryl halide and a 

terminal alkyne as shown in Scheme 3-1 and 3-2, one disadvantage of this method can be 

seen. The inclusion of several percent butadiyne linked compound (8), which is formed 

during the activation step of the palladium catalyst, along with the expected product (7) 

indicates that there will inevitably be some butadiyne defects in the resulting ethyne-

linked polymer.  
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Pd-mediated coupling reactions are the most widely used methods in the synthesis 

of porphyrin materials.  Despite the disadvantages of the Pd-mediated reaction for 

polymer synthesis, we initially presumed that the low DPs in porphyrin polymers 

produced by this method were due to the low solubility of the reactants. We decided to 

re-investigate the Pd(II) catalyzed coupling method to synthesize conjugated porphyrin 

polymers with high molecular weights by using highly soluble porphyrin monomers. A 

Pd(II)-mediated self-coupling reaction between terminal alkynyl porphyrins was 

employed in the presence of oxygen to build butadiyne linkages in the porphyrin polymer 

chains (Scheme 3-3 and 3-4). 

 

 

 

 

 

 

 

 

 

 

              

Scheme 3-3. Pd(II)-Catalyzed Self-coupling of Terminal Alkynyl Porphyrins 
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  Scheme 3-4. Production of Butadiyne Linkages for Porphyrin Materials 

 

3.1.1 Synthesis of monomer I 

The synthesis of monomer I (5, 15-diethynyl-porphyrin) for this Pd-mediated 

polymerization method was described in Chapter II (See 2.3.2 Synthesis of designed 

porphyrin molecules) and it is again summarized in Scheme 3-5. NMR spectra for 5, 15-

diethynyl-10,20-bis(2,4,6-triisopropylphenyl)porphyrin in its protected freebase 

(porphyrin 13), metalated and deprotected forms (porphyrin 13’, monomer I) are shown 

in Fig. 3-1 to Fig. 3-3.  
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                 (a) 0.25 eq BF3O(Et) 2, Na2CO3; (b) 0.1 eq BF3O(Et) 2, CHCl3, DDQ; (c) 2 eq 

Zn(OAc) 2, 9:1 CH2Cl2: MeOH; (d) 2.1 eq TBAF, 1: 1 THF: CHCl3 

 

Scheme 3-5. Synthesis of 5, 15-diethynyl-10, 20-bis(2,4,6-trialkylphenyl)porphyrin 

(monomer I) 
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Figure 3-1. 1H NMR spectrum for 5, 15-bis(trimethylsilylethynyl)-10, 20-bis 

(2,4,6-triisopropylphenyl)porphyrin Freebase  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2. 1H NMR Spectrum of Zn-5, 15-bis(trimethylsilylethynyl)-10, 20-bis 

(2,4,6-triisopropylphenyl)porphyrin 
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Figure 3-3. 1H NMR Spectrum of Zn-5, 15-diethynyl-10, 20-bis(2,4,6-

triisopropylphenyl)porphyrin (monomer I, porphyrin 13’) 

 

The structural difference of monomer I between its freebase and metalated forms 

can be easily characterized by NMR spectroscopy. As shown in Fig. 3-1 to Fig. 3-3, the 

β−pyrrole protons (signal 1 and 2),  meta-proton on phenyl rings (signal 3), methine 

protons in the isopropyl groups (signal 4 and 5), and methyl protons of the isopropyl 

groups (signal 6 and 7) in either freebase, metalated or deprotected 5, 15-bis(2,4,6-

triisopropylphenyl)-10, 20-bis(trimethylsilylethynyl)porphyrin are practically unchanged. 

The major difference of metalated porphyrin 13 and its freebase form is the 

disappearance of signal 9 (protons on nitrogen atoms inside of the porphyrin ring) when 

Zn was inserted into porphyrin 13. The difference after the terminal alkyne is deprotected 

is the disappearance of signal 8 (protons in the trimethylsilyl group) and appearance of 
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signal 10, the protons on the terminal alkyne groups. This deprotected Zn-5, 15-

diethynyl-porphyrin is the desired monomer I for further Pd-mediated polymerization.  

 

3.1.2 Pd-mediated Polymerization  

General procedure for Pd-mediated polymerization. Porphyrin monomer I 

was dissolved in o-dichlorobenzene (o-DCB) to afford a 5 mM solution. A small amount 

of triethylamine (TEA) (1:9 v/v TEA:o-DCB) was added as base, as well as co-solvent to 

help increase solubility. One equivalent of (PPh3)2PdCl2 was added as catalyst. The 

reaction proceeded at room temperature for several days, and GPC (Gel Permeation 

Chromatography) was used to monitor the progress  of the reaction (Fig. 3-4 to Fig. 3-7). 

    

            

 

 

 

 

Figure 3-4. GPC of Porphyrin Monomer I 

 
 

 
 
 
 
 
 
 
 

Figure 3-5. GPC of Pd-mediated Polymerization of 5, 15-diethynyl-10, 20-bis(2,4,6-

triisopropylphenyl)porphyrin after 2 hours 



 127

0

20

40

60

80

100

0 10 20 30 40

monomer I

minute

0

10

20

30

40

50

0 10 20 30 40

monomer

 

 

 

 

 

 

 
Figure 3-6. GPC of Pd-mediated Polymerization of 5, 15-diethynyl-10, 20-bis(2,4,6-

triisopropylphenyl)porphyrin after 12 hours 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3 -7. GPC of Pd-mediated Polymerization of 5, 15-diethynyl-10, 20-bis(2,4,6-

triisopropylphenyl)porphyrin after 12 days 

 

Although the resolution of GPC (HP Series 1100, Phenogel 5 u 500 A → 

Phenogel 5 10^4A → Phenogel 5 10^3A) is not sufficient to provide baseline separation 

of the porphyrin oligomers, the profile of the chromatogram still shows us that the Pd-

mediated polymerization produces conjugated porphyrin dimer, trimer, tetramer and 

other higher oligomers. By comparison with polystyrene standards using in the same 
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GPC conditions (Fig. 3-8), the molecular weights of peaks at retention time 28.80, 27.60, 

and 25.50 minutes (counted as monomer, dimer and pentamer by peak positions, Fig. 3-

7) can be estimated to be 2,700, 3,700, and 13,700 Daltons, respectively. Since the 

molecular weight of the monomer is 826.5 Daltons, the molecular weights corresponding 

to those peaks with retention times at 28.80, 27.60, and 25.50 can be estimated by this 

GPC spectrum as 3, 4 and 16 repeating units (DP) in the porphyrin chains. However, the 

molecular weight estimated by GPC is higher than the actual value if we consider the 

monomer as an internal standard. At 826.5 Da., the molecular weight of the monomer is 

overestimated by more than three times of the known value. Other research groups have 

also noted that molecular weight comparisons using polystyrene standards is 

overestimated by a factor of 3 to 5, especially for the rigid-rod type polymer classes.6  

MALDI mass spectral analysis for the Pd-mediated porphyrin polymerization reaction 

indicates that there are about 8 porphyrins units in the polymer (Fig. 3-9). 

 

  

 

 

 
 
 

 

 

 

 

 

Figure 3 -8. GPC of Polystyrene Standard Series  
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Figure 3-9. MALDI Mass Spectral Analysis of Pd-mediated Polymerization of 5,15-

diethynl-bis(2,4,6-tribenzoxyphenyl)porphyrin 

 

3.1.3 Discussion 

One significant phenomenon in the Pd-mediated porphyrin polymerization (Fig. 

3-4 to Fig. 3-8) is that the monomer remains the most abundant species in the reaction 

mixture. This indicates that a large number of monomers do not participate in the 

polymerization. The mass difference between the measured value and the actual value of 

the monomer, dimer or other oligomers (measured monomer mass is 1463 and formula 

mass is 1211) suggests that there is something attached to the terminal alkyne. We 

considered some possible species as shown in Fig. 3-10 where Pd or P(Ph)3 groups are 

the likely groups that have been transferred to the porphyrin monomer. Both Pd(II) and 

Pd(0) species can attach to the terminal end of the porphyrin with different ligands.  
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Figure 3-11. End-capped Porphyrin Monomer I in Pd-mediated Polymerization 

 

Of these suggested examples, some intermediates may still undergo condensation 

reactions to form oligomers but with metal defects in the chain, others may remain as 

monomer-like species in the solution without further reaction. GPC shows the monomer-

like species are left in the reaction in a large percentage. This end capping may have 

inhibited monomer activity and terminated chain growth. This problem can also occur at 

the dimer, trimer or any higher oligomer stages. Therefore, Pd-mediated polymerizations 

may not only introduce structural defects and end group ambiguities, but also stop chain 

growth and result in low molecular weight materials. 
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3.2 Acyclic diyne metathesis (ADIMET) polymerization 

To search for different polymerization methods with more efficient and less 

interfering catalyst systems, we sought to study and apply the acyclic diyne metathesis 

(ADIMET) polymerization method to conjugated porphyrin systems. As Bunz and co-

workers pointed out, “the chemistry of the C-C triple bond has been dominated almost 

exclusively by the admittedly extremely effective Pd-catalyzed couplings of the Stille or 

Heck-Cassar-Sonogashira-Hagihara type.”7 It is the same situation in the synthesis of 

porphyrin polymers that almost all the polymerization methods employed for the 

construction of triple bond linkage are the Stille or Heck-Cassar-Sonogashira-Hagihara 

type coupling reactions. 

Alkyne metathesis has never received as much attention as its cousin, alkene 

metathesis. Bunz and co-workers are among a relatively few number of research groups 

that have successfully prepared high molecular weight poly(p-phenyleneeethynylene)s by 

alkyne metathesis utilizing “instant” catalysts (Scheme 3-6). The acyclic diyne metathesis 

(ADIMET) polymerization of 1,4-dipropynyl benzenes has produced defect free 

polyphenyleneethynylenes (PPEs) polymers of very high DP.7-16 

 

 

 

 

Scheme 3-6. Alkyne Metathesis for (p-phenyleneethynylene)s ( Bunz’ reaction) 

 
Inspired by Bunz’s reaction for the construction of defect-free PPEs with acyclic 

diyne metathesis, we sought to synthesize a trans-bispropynylporphyrin (monomer II) in 
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order to explore the applicability of analogous ADIMET type chemistry towards the 

production of high DP ethyne-linked porphyrin polymers (Scheme 3-7).    

     

 

 

                

Scheme 3-7. Alkyne Metathesis for Ethyne-linked Porphyrin Polymers 

 

3.2.1 Synthesis of porphyrin monomer II for acyclic diyne metathesis (ADIMET) 

We first attempted to prepare monomer II via a Stille coupling of dibromo-

porphyrin with tributyl(1-propynyl)tin. This reaction did not afford satisfactory yields for 

the desired 5,15-dipropynyl-porphyrin. Based on similar reactions reported by Therien 

and co-workers,17 the reaction of propyne with 5,15-dibromo-porphyrin was expected to 

afford the trans-bispropynylporphyrin designed for use in the ADIMET reaction. Scheme 

3-8 shows the total synthesis of monomer II.  

 Synthesis of porphyrin monomer II.  Two different porphyrin molecules were 

synthesized as the monomer II (Scheme 3-8). One is the dipropynyl-dimesitylporphyrin 

derived from porphyrin 2 and the other is the dipropynyl-bis(2,4,6-

triisopropylphenyl)porphyrin derived from porphyrin 3. The procedures for the synthesis 

of dipropynyl-bis(2,4,6-triisopropylphenyl)porphyrin is described as following. 
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(a) (CH2O)n, TFA, 70°C, 30 min; (b) 2, 4, 6-trimethylbenzaldehyde or 2, 4, 6-

triisopropylbenzaldehyde, BF3•Et2O, DDQ, CHCl3, 30 min; (c) N-bromosuccinimide, 

pyridine (trace), rt, 3 hrs; (d) Zn(OAc)2, methanol : CHCl3 (5:1 v/v), 3hrs; (e) 

(Ph3P)2PdCl2, propyne (1.0 M in THF), CuI, TEA, 70 °C, 2 hrs. 

Scheme 3-8. Total Synthesis of Porphyrin Monomer II 

  The synthesis of porphyrin monomer II began with the preparation of 5,15-

bis(2,4,6-triisopropyl)-10H,20H-porphyrin (see synthesis of porphyrin 3 in Chapter II). 

0.67 g (0.844 mmol) of 5,15-bis(2,4,6-triisopropyl)-10H,20H-porphyrin was dissolved in 

186 mL of CHCl3 and chilled to 0 0C.  2.2 eq. of NBS (0.33 g, 1.86 mmol) and 0.5  mL of 

pyridine were added and the mixture was stirred for 1 hour. TLC analysis showed only 

one product spot and spots corresponding to the starting materials and mono-brominated 

porphyrin had almost completely disappeared. Acetone was added to quench the reaction 

and the solvent was removed in vacuo. The crude product was crystallized from methanol 
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to provide 0.70 g (0.74 mmol) 5,15-dibromo-porphyrin in 88% yield. The 5,15-dibromo-

porphyrin was metalated using Zn(OAc)2 in order to prevent Cu or other metal insertion. 

95.2 mg (0.1 mmol) of Zn-dibromoporphyrin, 1.16 mL (10 eq., 1 mmol, 1.2 M in THF) 

of propyne solution, 17.5 mg (0.25 eq.) of (Ph3P)2PdCl2 and 5 mg of CuI were combined 

in 15 mL of deoxygenated TEA and left to stir for 48 hours. Whereupon TLC showed the 

reaction had proceeded to completion, the reaction mixture was poured into 0.1 N HCl 

(50 mL) and extracted into CH2Cl2. The extract was dried over anhydrous Na2SO4, 

filtered and concentrated to dryness. The residue was purified using a flash silica gel 

chromatography (dichrolomethane:hexanes, 2:1, v/v) to produce 68 mg of 5, 15-

dipropynyl porphyrin (monomer II) in 88% yield. 1H NMR (400 MHz, CDCl3, 25 0C) 

and 13C NMR (100 MHz, CDCl3, 25 0C) spectra for both monomers are shown in Fig. 3-

9, 3-10 and 3-11. 

 

 

 

 

 

 

 

 

 

 

Figure 3-9. 1H NMR Spectrum of dipropynyl-dimesitylporphyrin 
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Figure 3-10. 1H NMR Spectrum of dipropynyl-bis(2,4,6-

triisopropylphenyl)porphyrin 

 

 

 

 

 

 

 

Figure 3-11. 13C NMR Spectrum of dipropynyl-bis(2,4,6-

triisopropylphenyl)porphyrin 
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3.2.2. ADIMET reactions for porphyrin polymerization 

We performed both homo- and co-polymerization experiments to investigate 

applicability of the alkyne metathesis (ADIMET) reaction to the synthesis of conjugated 

porphyrin polymers.   

3.2.2.1. Porphyrin Homopolymerization  

In this polymerization method, the metathesis reaction occurs between trans-

dipropynyl porphyrins (Scheme 3-11). 

 

 

 

 

 

Scheme 3-11: ADIMET Reaction for Porphyrin Homopolymerization 

 

 Procedures for porphyrin homopolymerization. 0.1 g (0.117 mmol) of 

porphyrin monomer II – the dipropynyl-bis(2,4,6-triisopropylphenyl)porphyrin was 

dissolved in 5 mL of o-dichlorobenzene at 150 0C, degassed and stirred for 15 minutes. 

Then 10 mol% (3.2 mg, 0.012 mmol) Mo(CO)6 and 100 mol% (19.5 mg, 0.12 mmol) 4-

(trifluoromethyl)phenol were added. A slow stream of argon gas was passed through the 

reaction solution to help in the removal of one of the products, the butyne, and further 

push the reaction to the right side. Aliquots were taken periodically and analyzed by GPC 

to measure the progress of the polymerization. GPC chromatograms at different reaction 

times for this porphyrin homopolymerization are shown in Fig. 3-12.  
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Figure 3-12. GPC of Homopolymerization of dipropynyl-bis(2,4,6-

triisopropylphenyl)porphyrin 
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3.2.2.2 Porphyrin Copolymerization 

In this polymerization process the metathesis reaction occurs between trans-

dipropynylporphyrins (A) and di(ethylhexyl)-dipropynylbenzene(B) to form an AB 

copolymer (Scheme 3-12). For the metathesis reaction among trans-

dipropynylporphyrins and di(ethylhexyl)-dipropynylbenzene (Bunz’s monomer) as 

shown in Scheme 3-12, we first synthesized di(ethylhexyl)-dipropynylbenzene according 

to Bunz’s procedure.7 

Synthesis of di(ethylhexyl)-dipropynylbenzene. 

a. 20 g (136 mmol) of 1,4-dichlorobenzene was coupled with 2.1 equivalents of 

ethylhexylmagnisium bromide (50 g, 286 mmol) using 0.05 mol% 1,3-

bis(diphenylphosphino)propane-nickel(II) Chloride (dpppNiCl2) as catalyst to produce 24 

g of di(ethylhexyl) benzene in 60% yield.  

b. 10 g (34 mmol) of di(ethylhexyl) benzene was iodinated in a mixture of  3.85 g 

( 17 mmol) of KIO4, 26 mL of acetic acid, 8.5 mL of sulfuric acid, 22 mL of CHCl3, 8.5  

mL of H2O and 8.6 g of I2 at 90 0C to obtain diiodo-di(ethylhexyl)benzene in almost 

quantitative yield.  

c. Propyne was first bubbled into dried THF to form 1.2 M of solution. 16 g (29 

mmol) of diiodo-di(ethylhexyl)benzene was dissolved in 250 mL of THF, then 61 mL of 

1.2 M of propyne THF solution, 0.05 eq. of Pd(Ph3P)2Cl2, 0.1 eq. of CuI and 1 mL of 

TEA were added. The reaction solution became grey to brown. After stirred overnight, 

1:1 (v/v) hexane:H2O was added. The organic layer was extracted with hexanes three 

times and concentrated in vacuo to yield a brown oil, which was crystallized from ethanol 
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twice to afford 9.3 g of pure white crystals of di(ethylhexyl)-dipropynylbenzene in 85% 

yield. 1H NMR (400 MHz, CDCl3, 250C) is shown in Fig. 3-13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3-12. ADIMET Reaction between Porphyrin Monomer II and 

di(ethylhexyl)-dipropynylbenzene (Porphyrin Copolymerization) 

 
 
 To verify the feasibility of the catalyst and reaction conditions for the metathesis 

of the dipropynylaromatic system, we first duplicated Bunz’s reaction for the AIMET 

polymerization of di(ethylhexyl)-dipropynylbenzenes. The GPC chromatogram (Fig. 3-

14) shows us that a good degree of polymerization has been achieved in this reaction. 
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From the NMR spectrum of poly[p-di(ethylhexyl)phenyleneethynylene] (Fig. 3-15), 

however, we believe the DP of this reaction is not as high as it was reported in the 

literature.7      According     to    Fig.  3-14,     the     average     retention     time    for  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13. 1H NMR Spectrum of di(ethylhexyl)-dipropynylbenzene  
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Figure 3-14. GPC of di(ethylhexyl)-dipropynylbenzene Polymerization 
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Figure 3-15. 1H NMR Spectrum of di(ethylhexyl)-dipropynylbenzene 

Polymerization 

poly(p- phenyleneethynylene) is around 23 minutes, which corresponds to polystyrene 

standard molecular weight of 28,000 Daltons. While the molecular weight of monomer 

di(ethylhexyl)-dipropynylbenzene is 378.6 Daltons, GPC gave an estimated average DP 

(degree of polymerization or units number in polymer chains) of 74 (DP = 28,000/378.63 

= 74) for this poly(p-phenyleneethynylene). The integrated ratio of the 4 protons at the 

two methylene group directly attached to benzene (chemical shift around 2.8) to the 6 

protons at two methyl groups at the end of chains (chemical shift is 2.1) in the NMR 

spectrum (Fig. 3-15), gave an estimated DP of 12 (DP = 2.504/0.312 x 6/4 = 12). We 

have already suggested that GPC estimation for the molecular weight determination of a 

rigid polymer (especially a rod-like long chained polymer) is overdone by 2 to 5 times. 

The big difference of molecular weights estimated by GPC and NMR spectroscopy 
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further demonstrates the molecular weight overestimation by the GPC method for 

porphyrin materials systems. 

Copolymerization of trans-dipropynyl porphyrins (A) and di(ethylhexyl)-

dipropynylbenzene (B, Bunz’s monomer). After the success of di(ethylhexyl)-

dipropynylbenzene polymerization under Bunz’s metathesis conditions, we tried the 

ADIMET copolymerization for 10%, 25% and 50% porphyrin monomer II with 90%, 

75% and 50% di(ethylhexyl)-dipropynylbenzene, or in AB ratios 1:9, 1:3 and 1:1, 

respectively.  

 General procedure for porphyrin copolymerization. The desired amount and 

AB ratio of porphyrin monomer II (dipropynylporphyrin) and di(ethylhexyl)-

dipropynylbenzene were added into o-dichlorobenzene at 150 0C, and the solution was 

degassed and stirred.  10 mol% Mo(CO)6 and 100 mol% 4-(trifluoromethyl)phenol were 

added and a slow stream of argon gas was passed through the solution to help with the 

removal of butyne. Aliquots of the reaction mixture were taken periodically and analyzed 

by GPC to measure the progress of the polymerization. GPC chromatograms for the 

porphyrin copolymerizations after 24 hours with different monomer ratios are shown in 

Fig. 3-16 to 3-19.  

 

 

 

 

 

Figure 3-16. GPC of ADIMET Copolymerization of 10% of 5,15-dipropynl-10,20-

dimesitylporphyrin with 90% of di(ethylhexyl)-dipropynylbenzene 
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Figure 3-17. GPC of ADIMET Copolymerization of 10% of 5,15-dipropynl-10,20-

bis(2,4,6-triisopropylphenyl)porphyrin with 90% of di(ethylhexyl)-

dipropynylbenzene 

 

 

 

 

 

 

 

Figure 3-18. GPC of ADIMET Copolymerization of 25% of 5,15-dipropynl-10,20-

bis(2,4,6-triisopropylphenyl)porphyrin with 75% of di(ethylhexyl)-

dipropynylbenzene 

 

 

 

 

 

 

 

 

Figure 3-19. GPC of ADIMET Porphyrin Copolymerization of 50% of 5,15-

dipropynl-10,20-dimesitylporphyrin with 50% of di(ethylhexyl)-dipropynylbenzene 
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3.2.3 Discussion 

 The GPC chromatograms for both the ADIMET porphyrin homopolymerization 

and copolymerization (Fig. 3-12, 3-16 to 3-19) clearly shows us that the ADIMET 

reaction does work for porphyrin systems where metathesis occurs between porphyrin 

monomers, and mixed systems where metathesis occurs between porphyrins and 

di(ethylhexyl)-dipropynylbenzene. Based on the GPC estimation for molecular weight, 

the degrees of polymerization for 10%, 25% and 50% dipropynylporphyrin and 

di(ethylhexyl)-dipropynylbenzene copolymerization are all very high (over  75).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-20. 1H NMR Spectrum for 10% of 5,15-dipropynyl-10,20-

dimesitylporphyrin and 90% of di(ethylhexyl)-dipropynylbenzene Copolymer 
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 The NMR spectrum for 10% of dipropynylporphyrin and 90% of di(ethylhexyl)-

dipropynylbenzene copolymer was also obtained after workup and precipitation in 

methanol (Fig. 3-20). The calculated DP for 10% porphyrin copolymerization by NMR 

spectrum is about 16 units.  It appears that the metathesis reaction between porphyrins 

(Fig. 3-12) is slower and less efficient than that between di(ethylhexyl)-

dipropynylbenzene (Fig. 3-14). The degree of polymerization in porphyrin 

homopolymerization reaction is lower than copolymerization between porphyrins and 

di(ethylhexyl)-dipropynylbenzenes  (Fig. 3-16 to 3-19). The difference in ADIMET 

reactivity for different alkyne systems is determined by the monomers’ electrical 

properties, spatial conformations, or interactions between monomers, etc.  What is more 

important in this preliminary investigation is that the ADIMET polymerization method 

can be used to produce more porphyrin oligomers than in the Pd-mediated method.  

According to the generally accepted mechanism for the metathesis reaction, this method 

avoids structural defects and end group ambiguities in polymer or oligomer chains. From 

the lower monomer peaks in the GPC chromatograms for porphyrin homopolymerization 

compared to polymerization method with Pd-mediated cross coupling reactions, 

especially the almost complete disappearance of the porphyrin monomer peaks in the 

porphyrin copolymerizations, it indicates that there is almost no end capping on 

porphyrin monomers in this reaction. If enough active species (reactive carbynes) are 

produced in the reaction, all of the porphyrin monomers can gradually undergo 

metathesis to form oligomer and polymer chains. Although metathesis polymerization 

between porphyrins seems slow and is not as efficient as the metathesis polymerization 

between di(ethylhexyl)-dipropynylbenzenes, it is believed that by improving and 
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optimizing reaction conditions or other strategies to keep abundant active species for 

porphyrins, we will be able to accelerate the porphyrin metathesis reaction and push the 

metathesis polymerization to completion.  

Some special experiments were performed to understand the alkyne metathesis 

process in an effort to optimize the reaction of porphyrin systems. For example, since the 

metathesis between di(ethylhexyl)-dipropynylbenzenes is faster and more efficient, the 

active species- metal carbyne(s) in such a system should be produced more quickly and 

abundantly, which will presumably help to speed up porphyrin metathesis reactions when 

porphyrin is added in the same reaction system. This metathesis reaction was started by 

adding only di(ethylhexyl)-dipropynylbenzenes and catalysts first, after the active 

catalytic carbynes were produced in large amount (the reaction has been developed fully), 

porphyrin was added to fulfill the copolymerization with di(ethylhexyl)-

dipropynylbenzenes. GPC and NMR spectrum for this metathesis reaction by adding A, 

B monomers in sequence are shown in Fig. 3-21 and 3-22. The  similarity  of  the G P C  

 

 

 

 

 

 

 

 

 

 

Figure 3-21. GPC of ADIMET Copolymerization by adding  

dipropynylbenzenes and 10% of dipropynylporphyrin in Sequence 
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Figure 3-22.  1H NMR spectrum for 10% ADIMET Copolymerization by adding 

dipropynylbenzenes and Dipropynylporphyrin in Sequence 

 

chromatogram in Fig. 3-21 and NMR spectrum in Fig. 3-22 to those in Fig. 3-17 and 3-20 

for 10% ADIMET porphyrin copolymerization indicates that the metal carbynes 

produced in dipropynylbenzene ADIMET reaction are possibly better active catalyst 

species than the initial catalysts (Mo(CO)6 and phenol) to catalyze porphyrin metathesis 

reaction. After the dipropynylbenzene ADIMET reaction has fully developed, most 

dipropynylbenzene monomers have been involved in ADIMET reaction. When the 

porphyrin monomer is added at this stage, the porphyrin monomer concentration is 

relatively high. If there are no carbyne species produced in dipropynylbenzene ADIMET 

reactions but only the initial catalysts, porphyrin metathesis is slow and incomplete as we 
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see in the ADIMET porphyrin homopolymerization. The complete involvement of 

porphyrin monomers in this type of copolymerization shows that the porphyrin 

metathesis is fast and efficient. So it indicates that the carbyne species produced in 

dipropynylbenzene ADIMET reactions can accelerate porphyrin metathesis reaction. This 

presumption and the critical controlling factors involving the concentration of “catalyst-

assistant” (carbynes produced from other monomer’s metathesis), the reaction time or 

sequences for adding porphyrin monomer need to be further investigated.  

 

3.3  Acyclic diene metathesis (ADMET) polymerization method 

Compared to alkyne metathesis, alkenes or olefin metathesis reactions have been 

more comprehensively studied over the last decades. Many sophisticated catalyst systems 

have been discovered.7,10,18-32 Considering that the ADIMET reaction utilizes a catalyst 

system that performs metathesis at internal alkynes, it is possible that this catalyst 

continues to cleave the already formed internal alkyne-linked oligomers as well as the 

monomer, therefore resulting in tempered chain growth. We thus started to investigate an 

acyclic diene metathesis (ADMET) polymerization method with a bulky catalyst, which 

has been shown to perform the metathesis only at the external alkene of the monomer and 

oligomer chains (Scheme 3-13), thus avoiding the chain cleavage.  

 

 

 

 

Scheme 3-13. Porphyrin Acyclic Diene Metathesis (ADMET) Polymerization 
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3.3.1 Experiments in the synthesis of porphyrin monomer III for ADMET 

The synthesis of 5,15-divinylporphyrin (monomer III) is similar to the synthesis 

of 5,15-dipropynylporphyrin (monomer II). 5,15-meso-unsubstituted porphyrin and 5,15-

dibromoporphyrin are the necessary precursors. The difference between monomer II and 

III is that the attachment of vinyl groups in monomer III can be achieved by Stille 

reaction, while Stille reaction did not work for the attachment of propynyl groups to the 

meso-positions of porphyrins in monomer II. The multi-step synthesis of porphyrin 

monomer III is shown in Scheme 3-14. 

Synthesis of tri-n-butylvinyltin. 61 g (0.57 mol) of vinyl bromide (bp 16 0C) was 

added into 500 mL of freshly dried and distilled THF in a three-neck round bottom flask 

with dry-ice condenser. 15g (0.62mol) of magnesium turnings were added next. To 

accelerate the Grignard reaction, less than 1 mL of MeI was added. At this time, the 

reaction became very dramatic and the solution turned brown. The reaction proceeded for 

6 hours to ensure that the conversion of vinyl bromide to vinylmagnesium bromide was 

complete. 100 g (0.31 mol) of tri-n-butyltin chloride in 120 mL dried THF was added 

into the vinylmagnesium bromide solution, which became green-brown with formation of 

some precipitates. The reaction was allowed to proceed for 15 hours, and then the 

solution was washed with 100 mL of saturated NH4Cl. The top layer was separated, the 

slurry was washed with DEE. The combined organic layers were concentrated in vacuo to 

remove solvent and distilled at 110-115 0C at 5 mmHg to obtain 86 g (88% yield) of tri-

n-butylvinyltin. 1H NMR (400 MHz, CDCl3, 25 0C, Fig. 3-23) δ = 6.47 (dd, 1H), 6.18 (d, 

1H), 5.69 (d, 1H), 1.52 (m, 6H), 1.32 (m, 6H), 0.90 (m, 15H).  
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(a) (CH2O)n, TFA; (b) mesitaldehyde or 2,4,6-triisopropylbenzaldehyde, BF3•Et2O, 

DDQ, CHCl3; (c) N-bromosuccinimide, pyridine (trace); (d) Zn(OAc)2, methanol:CHCl3 

(5:1); (a’) Mg, THF; (b’) (nBu)3SnCl, MeI, THF; (e) Pd2(dba)3, As(Ph)3,THF 

Scheme 3-14. Synthesis of Porphyrin Monomer III for ADMET Polymerization 

 

 

 

 

 

 

 

Figure 3-23. 1H NMR Spectrum of tri-n-butylvinyltin 
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Figure 3-24. 1H NMR Spectrum of 5, 15-divinyl-10,20-dimesitylporphyrin 

(monomer III) 

 

Synthesis of porphyrin monomer III. 0.61 g (0.8 mmol) of 5,15-dibromo-Zn-

dimesitylporphyrin and 2.5 equivalents of tri-n-butylvinyltin (2.0 mmol) were added in 

200 mL of dry and deoxygenated THF. 0.05 Equivalents of  Pd2(dba)3 (0.04 mmol) and  

0.2 equivalents of As(Ph)3 (0.16mmol) were then added. TLC analysis was used to 

monitor the reaction progress until the starting material and mono-bromo porphyrin spots 

had disappeared. Only one spot remained after 48 hours. Recrystallization from CH2CL2 

and ethanol solution and SEC (size exclusion chromatography using 200-400 mesh S-X3 

bio-beads from BioBrad®) using toluene as the eluent produced 0.36 g (0.54 mmol) of  5, 

15-divinyl dimesitylporphyrin (monomer III) in 67% yield. 1H NMR (400 MHz, CDCl3, 

25 0C) (Fig. 3-24) � = 9.53 (s, 4H), 9.23 (dd, 2H), 8.83 (s, 4H), 7.29 (s, 4H), 6.49 (d, 
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2H), 6.12 (d, 2H), 2.67 (s, 6H), 1.86 (s, 12H). Elemental analysis: C% 75.96 (76.18), H% 

5.34 (5.48), N% 8.39 (8.46).  

 

3.3.2 ADMET reaction for porphyrin polymerization 

 Fig. 3-26 shows the recently used active carbene catalysts employed for 

intermolecular olefin metathesis polymerization. Since there have been ADMET 

reactions applied to porphyrin polymerizations, the selection of the catalysts and reaction 

conditions for this specific system follows some similar reactions. We believe that among 

many different types of acyclic diene metathesis for polymerizations,33-56 ADMET for 

divinylbenzenes most closely models the characteristic properties of a porphyrin ADMET 

reaction.  

 

 

 

 

 

 

 

 

Figure 3-26. Typical Active Carbene Catalysts in Olefin Metathesis for 

polymerization 

 

Two types of Schrock carbene initiator − Mo catalysts  

[Mo(=NAr)(=C(H)CMe3)(OCMe(CF3)2)2] (Ar = 2,6-dimethyl-phenyl, Mo-1 or Ar = 2,6-

diisopropyl-phenyl, Mo-2) (see structures in Fig. 3-27), are highly active and most 
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widely used in polymerization of divinylbenzenes. Mo-1 or Mo-2 have been reported as 

one of the fastest catalysts among the series of molybdenum catalysts for ADMET 

polymerization of divinylbenzenes.55,57-60 For example, in the ADMET reaction shown in 

Scheme 3-15, the fluorinated Schrock catalyst can be used to produce high molecular 

weight (DP = 20-50 by GPC) polymers or copolymers.41,61 For the reaction shown in 

Scheme 3-16, the units in the polymer chain reach as high as 52 (by GPC).55 

 

 

 

 

 

 

Figure 3-27.  Schrock-type Mo-catalyst: Mo-1 and Mo-2 

 

 

 

 

Scheme 3-15. Poly(p-phenylenevinylene) (PPV)s Synthesized via ADMET 

 

 

 

 

 Scheme 3-16.  Poly(9,9-di-n-octyl-fluorene-2,7-vinylene) Synthesized via ADMET 
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Schrock’s report62 indicates that since Mo(CHR’)(NAr)(OR)2 complexes are 

electron-deficient 14 electron species, they react bimolecularly with themselves in many 

ways, such as ligand redistribution reactions, therefore, bulky NAr and OR ligands are 

imperative to sterically protect the initiator. Consequently, we selected Mo-2, which is 

also commercially available, as the porphyrin ADMET reaction catalyst. Although some 

papers reported that Mo-1 can afford higher molecule weight materials,55 we believe the 

reaction activity will depend on the substrate and the higher reactivity may also cause an 

increase in the number of by-products.62  

General procedure for porphyrin ADMET. Porphyrin monomer III was 

thoroughly dried for 6 days. Toluene was predried over lithium aluminum hydride, 

distilled over sodium and deoxygenated four times using a freeze-pump-thaw process. 

The reaction was performed in a glove box. When 0.119 g of porphyrin monomer III was 

dissolved in a minimal amount of toluene, the freeze-pump-thaw cycle was applied again 

to remove oxygen. 2.4 mg of Mo-2 (monomer/Mo molar ratio = 20) was added, and the 

solution was vacuum pumped intermittently to allow the escape of ethylene. GPC 

analysis shows that porphyrin oligomers were produced after one week at 80 0C (Fig. 3-

28). 

 

 

 

 

 

Figure 3-28. GPC of ADMET Porphyrin Polymerization of 5,15-divinyl-

10,20-dimesitylporphyrin 
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3.3.3 Discussion 

At the beginning of the ADMET reaction, we kept the reaction at room 

temperature for several days since some papers mentioned that catalyst would decompose 

when the temperature is higher than 50 0C. GPC showed us that almost no reaction 

occurred at room temperature (Fig. 3-29). Even when we added double, triple and four-

fold of the amount of the required catalyst, the room temperature reaction still did not 

occur. Only when the reaction was heated to 80 0C, did the reaction finally initiate. After 

7 days, GPC chromatogram showed that porphyrin dimer, trimer and other higher 

oligomers were produced. This result indicates that the ADMET reaction for porphyrin 

systems has higher activation energy requirement than divinylbenzenes or other olefin 

systems, which normally undergo ADMET reaction using the same catalyst at lower 

temperatures. 

The sequence to add functional groups on porphyrin precursors during the multi-

step synthesis of 5, 15-divinylporphyrin (monomer III) is very important for reducing 

purification steps probably owing to the specific chemical reactivity of dibromoporphyrin 

and divinylporphyrin. The brominating reaction of unsubstituted porphyrin works better 

when the porphyrin is in its freebase state, which gives less byproduct. But the 

dibromoporphyrin must be metalated prior to the Stille reaction to afford a higher yield 

and cleaner product. The product cannot be purified via silica gel chromatography, in 

which the impurities are very close to the major product band. And also the active silica 

gel may catalyze some side reactions between vinylporphyrins, so the major product band 

became broader and resulted in poor separation. Instead, we recrystallized the product 

from the reaction to first remove most of impurities. Then we used size exclusion 
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chromatography (in a bio-beads column) to separate the rest of the impurities from the 

desired product. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-33. GPC of ADMET Reaction for 5,15-divinyl-10,20-dimesityl 

Polymerization at RT 

 

3.4 Conclusions to the polymerization methods investigation  

Three different polymerization methods have been investigated for the synthesis 

of conjugated porphyrin materials. From highly soluble porphyrin molecules obtained in 
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this project, we have successfully made each monomer (porphyrin monomer I, II and III) 

corresponding to the Pd-mediated cross coupling reaction, acyclic diyne metathesis 

(ADIMET) and acyclic diene metathesis (ADMET) reactions. We are the first group that 

synthesized these porphyrin monomers for ADIMET and ADMET reactions, and perform 

these reactions to construct conjugated porphyrin materials. Based on our experimental 

observation, we have following conclusions for these different methodologies used for 

porphyrin polymerization: 

1. The Pd-mediated cross coupling reaction is almost exclusively applied for 

porphyrin polymerizations, but the degree of polymerization is limited. The 

highest DP from published results is around 10-15. Since this method has been 

utilized by many different groups for a wide variety of porphyrin substrates, we 

believe that most of conditions have been possibly optimized. Therefore, there is 

little room for this method to be improved to achieve better results for porphyrin 

materials. More importantly, this method may possibly cause structure defects and 

ambiguous end groups according to the reaction mechanism and our experimental 

results. Structure defects and end group ambiguities are sometimes serious 

problems for certain specific applications of porphyrin materials, such as 

conducting materials or anti-electrostatic materials in integrated circuits or 

computers for precise control.  

2. Acyclic diyne metathesis (ADIMET) is a recently re-discovered method used for 

polymerization. The most outstanding advantage of this method is that its catalyst 

system is very simple. The initial catalyst system - Mo(CO)6 and p-

trifloromethylphenol, are common chemicals and commercially available. They 
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are much less sensitive to oxygen and moisture because the active catalytic 

species is produced in situ. Therefore, this method can be scaled up easily and 

applied in an industrial setting. According to its mechanism verified by many 

experimental observations, this method avoids structure defects. It has been 

successfully applied in synthesis of PPEs with high molecular weight. We have 

also demonstrated that this method can be used for porphyrins in either 

homopolymerization or copolymerization reactions. Since this is a brand new 

method for porphyrin systems, there are many parameters in the reaction yet to be 

optimized, such as the choice of different catalysts to verify if the internal alkyne 

is cleaved again after it is formed from monomers’ metathesis reaction. 

3. Acyclic diene metathesis (ADMET) is a relatively old method in the production 

of materials, but it has only recently been applied to porphyrin systems. We have 

demonstrated that this method can be used to produce porphyrin oligomers, the 

units in porphyrin oligomers (4 to 5, estimated by GPC) have almost reached the 

same level for other polymer systems, such as poly(dialkoxy-divinylbenzene) 

with 5 units in the polymer chain.18 The conditions for the application of this 

reaction to porphyrin polymerizations must be further optimized. Shrock’s 

catalyst Mo-2 works for porphyrin ADMET reaction but the initial monomer 

concentration, catalyst types, temperatures, and reaction times are all variables 

that can be further investigated and optimized.  The problem of the Schrock-type 

catalyst for ADMET is the availability (special order) and its high sensitivity to 

air, moisture and impurities. 
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CHAPTER IV 
 

CONCLUSIONS 
 

4.1 Achievements in this project 

The objectives in this project as mentioned in Chapter I include 

      Short-term goals: 

(1) Design and synthesis of novel porphyrin molecules to achieve high solubility  

(2) Study of solubility-structure relationships in porphyrin molecules  

(3) Investigation for suitable and efficient polymerization methods for the 

construction of conjugated porphyrin materials. 

      Long-term goals: 

(1) Design and synthesis of new porphyrin molecules 

(2) Study of the relations of solubility-structure in porphyrin 

(3) Exploration of new polymerization methodology to obtain high molecular 

weight porphyrin polymers 

(4) Physical characterization of porphyrin materials including measurements of 

conductivity and magnetism. 

This dissertation presents the experimental data and study results to indicate that 

the short-term objectives for this project have been completed. The goals to obtain highly 

soluble porphyrin monomers and explore better polymerization methods, then to 

construct a solid foundation for the development of advanced porphyrin materials are 

fulfilled. 
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Through structure-property studies, we have acquired a deeper insight into 

porphyrin intermolecular interactions, and employed an efficient strategy to increase 

porphyrin solubility − by adding facial and edge encumbrance to interrupt the strong 

π−π interaction between porphyrins. Facial and edge-encumbrance can effectively 

increase porphyrin solubility in organic solvents by tens, hundreds and even thousands of 

times compared to peripherally substituted porphyrins. The highest solubility achieved in 

this research is 294 mmol/L or 229 g/L, while the solubility for other porphyrins range 

from 0.02 −18.4 mmol/L or 0.01 − 9.2 g/L. 

We have also investigated Pd-mediated coupling reactions for porphyrin 

polymerizations, which are the most popular methods used in this field. Its limitations 

include structure defects, end group ambiguities and monomer inactivation due to the end 

capping.  We have also pioneered two novel polymerization methods – alkene metathesis 

(ADMET) and alkyne metathesis (ADIMET) to synthesize porphyrins materials. We are 

the first group to apply ADMET and ADIMET polymerization methods to porphyrin 

systems. These methods show us very promising results for the construction of 

conjugated porphyrin polymers with higher quality and higher molecular weights than 

porphyrin materials obtained in Pd-mediated coupling reactions. 

 
4.2 Directions of this project in the future 

It has been demonstrated that ADMET and ADIMET can be viable alternatives of 

polymerization methods in porphyrin materials field.  However, these metathesis 

reactions must be thoroughly investigated and further optimized. The behaviors of the 

porphyrin under these metathesis conditions need to be studied and understood. The 

results from these studies can be used to direct the selection of reaction conditions and 
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catalyst systems. The analysis of porphyrin materials such as the molecular weight 

estimation needs to be further improved. Other physical characterization of new 

porphyrin materials including measurements of conductivity and magnetism also need to 

be performed in collaboration with other research groups.  
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Appendix 2-1. Crystal Structure Analysis 

A suitable crystal of porphyrin 3 was coated with Paratone N oil, suspended in a 

small fiber loop and placed in a cooled nitrogen gas stream at 100 K on a Bruker D8 

SMART 1000 CCD sealed tube diffractometer with graphite monochromated CuKα 

(1.54178 Å) radiation.  Data were measured using a series of combinations of phi and 

omega scans with 10 second frame exposures and 0.3o frame widths.  Data collection, 

indexing and initial cell refinements were all carried out using SMART1 software. Frame 

integration and final cell refinements were done using SAINT2 software.  The final cell 

parameters were determined from least-squares refinement on 5577 reflections.  The 

SADABS3 program was used to carry out absorption corrections.   

The structure was solved using Direct methods and difference Fourier techniques 

(SHELXTL, V5.10).4   Hydrogen atoms were placed their expected chemical positions 

using the HFIX command and were included in the final cycles of least squares with 

isotropic Uij ‘s related to the atom’s ridden upon.  The C-H distances were fixed at 0.93 

Å(aromatic and amide), 0.98 Å (methine), 0.97 Å (methylene), or 0.96 Å (methyl). All 

non-hydrogen atoms were refined anisotropically. Scattering factors and anomalous 

dispersion corrections are taken from the International Tables for X-ray 

Crystallography5.   Structure solution, refinement, graphics and generation of publication 

materials were performed by using SHELXTL, V5.10 software.  Additional details of 

data collection and structure refinement are given in Table 2. 

Details: The lattice contained two molecules of dichloromethane per molecule of 

porphyrin. 
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Appendix 2-2  Atomic coordinates (x 104) and equivalent isotropic displacement     
parameters (Å2x 103) for Porphyrin (3). 
U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________   
Cl(1S) 480(2) 1374(2) 1829(3) 89(1) 
Cl(2S) 1789(2) 2130(2) 3691(3) 117(2) 
C(1S) 1514(6) 1649(6) 2612(8) 47(4) 
N(1) 1909(4) 1523(4) 9371(5) 7(2) 
N(2) 3304(4) 2146(4) 9754(5) 6(2) 
C(4) 3255(5) 1496(5) 9268(6) 2(3) 
C(8) 974(5) 587(5) 8783(6) 13(3) 
C(21) 3376(5) -2311(5) 7724(7) 22(3) 
C(2) 4292(5) 2183(5) 9599(6) 15(3) 
C(3) 3888(5) 1542(5) 9191(6) 12(3) 
C(7) 1492(5) 363(5) 8640(6) 12(3) 
C(24) 938(5) 406(5) 5916(7) 29(3) 
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C(9) 1240(5) 1314(5) 9256(6) 4(3) 
C(22) 4089(5) -1418(5) 7384(7) 27(3) 
C(20) 3325(5) -1567(5) 7248(7) 14(3) 
C(6) 2079(5) 943(5) 8989(6) 6(3) 
C(12) 2406(5) 197(5) 7415(7) 15(3) 
C(15) 3550(5) -868(5) 8768(7) 16(3) 
C(23) 1766(5) 759(5) 6628(6) 16(3) 
C(11) 2836(5) 258(5) 8497(6) 4(3) 
C(17) 3864(5) -216(6) 10360(7) 22(3) 
C(5) 2709(5) 928(5) 8932(6) 4(3) 
C(13) 2574(4) -405(5) 7037(7) 5(3) 
C(16) 3416(5) -288(5) 9200(7) 15(3) 
C(14) 3143(5) -937(5) 7693(7) 11(3) 
C(19) 4745(5) -321(6) 10999(7) 47(4) 
C(25) 1984(5) 1124(5) 6000(7) 32(3) 
C(1) 3928(5) 2583(5) 9970(6) 9(3) 
C(18) 3534(7) -741(7) 10700(10) 96(5) 
C(10) 872(5) 1729(5) 9554(6) 7(3) 
________________________________________________________________________
________  
 
 
Appendix 2-3.   Bond lengths [Å] and angles [°] for porphyrin (3). 
_____________________________________________________  
l(1S)-C(1S)  1.781(10) 
Cl(2S)-C(1S)  1.705(11) 
C(1S)-H(1S1)  0.9900 
C(1S)-H(1S2)  0.9900 
N(1)-C(9)  1.363(10) 
N(1)-C(6)  1.380(10) 
N(2)-C(1)  1.383(10) 
N(2)-C(4)  1.387(10) 
N(2)-H(1)  1.0292 
C(4)-C(5)  1.381(11) 
C(4)-C(3)  1.426(12) 
C(8)-C(7)  1.321(11) 
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C(8)-C(9)  1.453(11) 
C(8)-H(8)  0.9500 
C(21)-C(20)  1.527(11) 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(2)-C(3)  1.348(11) 
C(2)-C(1)  1.438(12) 
C(2)-H(2)  0.9500 
C(3)-H(3)  0.9500 
C(7)-C(6)  1.446(11) 
C(7)-H(7)  0.9500 
C(24)-C(23)  1.511(11) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(9)-C(10)  1.371(11) 
C(22)-C(20)  1.514(12) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(20)-C(14)  1.525(12) 
C(20)-H(20)  1.0000 
C(6)-C(5)  1.395(11) 
C(12)-C(11)  1.393(11) 
C(12)-C(13)  1.405(11) 
C(12)-C(23)  1.531(11) 
C(15)-C(16)  1.390(12) 
C(15)-C(14)  1.392(11) 
C(15)-H(15)  0.9500 
C(23)-C(25)  1.514(12) 
C(23)-H(23)  1.0000 
C(11)-C(16)  1.429(11) 
C(11)-C(5)  1.514(12) 
C(17)-C(19)  1.474(11) 
C(17)-C(18)  1.479(15) 
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C(17)-C(16)  1.499(12) 
C(17)-H(17)  1.0000 
C(13)-C(14)  1.384(10) 
C(13)-H(13)  0.9500 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(1)-C(10)#1  1.389(11) 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(10)-C(1)#1  1.389(11) 
C(10)-H(10)  0.9500 
 
Cl(2S)-C(1S)-Cl(1S) 110.9(6) 
Cl(2S)-C(1S)-H(1S1) 109.5 
Cl(1S)-C(1S)-H(1S1) 109.5 
Cl(2S)-C(1S)-H(1S2) 109.5 
Cl(1S)-C(1S)-H(1S2) 109.5 
H(1S1)-C(1S)-H(1S2) 108.1 
C(9)-N(1)-C(6) 105.5(8) 
C(1)-N(2)-C(4) 110.6(8) 
C(1)-N(2)-H(1) 126.0 
C(4)-N(2)-H(1) 122.4 
C(5)-C(4)-N(2) 127.3(9) 
C(5)-C(4)-C(3) 127.5(9) 
N(2)-C(4)-C(3) 105.2(8) 
C(7)-C(8)-C(9) 106.5(9) 
C(7)-C(8)-H(8) 126.8 
C(9)-C(8)-H(8) 126.8 
C(20)-C(21)-H(21A) 109.5 
C(20)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
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C(20)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
C(3)-C(2)-C(1) 107.5(9) 
C(3)-C(2)-H(2) 126.2 
C(1)-C(2)-H(2) 126.2 
C(2)-C(3)-C(4) 110.3(9) 
C(2)-C(3)-H(3) 124.8 
C(4)-C(3)-H(3) 124.8 
C(8)-C(7)-C(6) 108.2(9) 
C(8)-C(7)-H(7) 125.9 
C(6)-C(7)-H(7) 125.9 
C(23)-C(24)-H(24A) 109.5 
C(23)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(23)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
N(1)-C(9)-C(10) 124.9(9) 
N(1)-C(9)-C(8) 110.5(9) 
C(10)-C(9)-C(8) 124.6(9) 
C(20)-C(22)-H(22A) 109.5 
C(20)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(20)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(22)-C(20)-C(14) 111.2(7) 
C(22)-C(20)-C(21) 110.8(7) 
C(14)-C(20)-C(21) 112.3(8) 
C(22)-C(20)-H(20) 107.4 
C(14)-C(20)-H(20) 107.4 
C(21)-C(20)-H(20) 107.4 
N(1)-C(6)-C(5) 125.1(8) 
N(1)-C(6)-C(7) 109.3(9) 
C(5)-C(6)-C(7) 125.6(9) 
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C(11)-C(12)-C(13) 118.2(8) 
C(11)-C(12)-C(23) 122.8(9) 
C(13)-C(12)-C(23) 119.0(8) 
C(16)-C(15)-C(14) 122.9(9) 
C(16)-C(15)-H(15) 118.5 
C(14)-C(15)-H(15) 118.5 
C(24)-C(23)-C(25) 111.4(7) 
C(24)-C(23)-C(12) 110.7(7) 
C(25)-C(23)-C(12) 111.9(8) 
C(24)-C(23)-H(23) 107.5 
C(25)-C(23)-H(23) 107.5 
C(12)-C(23)-H(23) 107.5 
C(12)-C(11)-C(16) 120.8(9) 
C(12)-C(11)-C(5) 119.3(8) 
C(16)-C(11)-C(5) 119.8(8) 
C(19)-C(17)-C(18) 109.9(9) 
C(19)-C(17)-C(16) 113.6(9) 
C(18)-C(17)-C(16) 110.0(8) 
C(19)-C(17)-H(17) 107.7 
C(18)-C(17)-H(17) 107.7 
C(16)-C(17)-H(17) 107.7 
C(4)-C(5)-C(6) 123.9(9) 
C(4)-C(5)-C(11) 115.8(9) 
C(6)-C(5)-C(11) 120.3(8) 
C(14)-C(13)-C(12) 122.8(9) 
C(14)-C(13)-H(13) 118.6 
C(12)-C(13)-H(13) 118.6 
C(15)-C(16)-C(11) 117.7(8) 
C(15)-C(16)-C(17) 122.4(8) 
C(11)-C(16)-C(17) 119.9(9) 
C(13)-C(14)-C(15) 117.6(9) 
C(13)-C(14)-C(20) 120.8(8) 
C(15)-C(14)-C(20) 121.6(8) 
C(17)-C(19)-H(19A) 109.5 
C(17)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
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C(17)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(23)-C(25)-H(25A) 109.5 
C(23)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(23)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
N(2)-C(1)-C(10)#1 124.5(9) 
N(2)-C(1)-C(2) 106.4(8) 
C(10)#1-C(1)-C(2) 129.1(9) 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(9)-C(10)-C(1)#1 130.4(9) 
C(9)-C(10)-H(10) 114.8 
C(1)#1-C(10)-H(10) 114. 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,-y+1/2,-z+2   
 
Appendix 2-4.   Anisotropic displacement parameters  (Å2 x 103) for porphyrin (3).  
The anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 
h k a* b* U12 ] 
________________________________________________________________________
______  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________
______  
Cl(1S) 79(2)  85(3) 99(3)  6(2) 53(2)  -6(2) 
Cl(2S) 126(3)  109(4) 98(3)  -26(3) 61(2)  -12(3) 
________________________________________________________________________
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Appendix 2-5.   Hydrogen coordinates ( x 104) and isotropic  displacement 
parameters (Å2x 10 3) for porphyrin (3). 
________________________________________________________________________
________  
 x  y  z  U(eq) 
________________________________________________________________________
________  
  
H(1S1) 1861 1207 2840 56 
H(1S2) 1595 1960 2186 56 
H(8) 517 324 8611 15 
H(21A) 3823 -2304 8483 34 
H(21B) 3471 -2701 7395 34 
H(21C) 2866 -2408 7599 34 
H(2) 4736 2343 9636 18 
H(3) 4008 1172 8893 15 
H(7) 1481 -99 8357 15 
H(24A) 945 3 5521 43 
H(24B) 537 775 5424 43 
H(24C) 795 211 6341 43 
H(22A) 4035 -947 7049 40 
H(22B) 4173 -1815 7054 40 
H(22C) 4552 -1394 8135 40 
H(20) 2866 -1594 6476 17 
H(15) 3936 -1234 9228 19 
H(23) 1745 1153 7040 19 
H(17) 3769 294 10497 26 
H(13) 2286 -448 6300 6 
H(19A) 4857 -826 10908 71 
H(19B) 5004 -236 11742 71 
H(19C) 4961 28 10770 71 
H(25A) 2524 1345 6483 47 
H(25B) 1587 1509 5551 47 
H(25C) 1983 754 5561 47 
H(18A) 2943 -695 10238 144 
H(18B) 3760 -631 11426 144 
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H(18C) 3680 -1245 10661 144 
H(10) 405 1510 9411 9 
H(1) 2861 2308 9798 9 
________________________________________________________________________
________  
 
 
Appendix 2-6.  Torsion angles [°] for porphyrin (3). 
________________________________________________________________  
C(1)-N(2)-C(4)-C(5) -179.7(8) 
C(1)-N(2)-C(4)-C(3) 0.2(8) 
C(1)-C(2)-C(3)-C(4) 0.3(9) 
C(5)-C(4)-C(3)-C(2) 179.6(8) 
N(2)-C(4)-C(3)-C(2) -0.4(9) 
C(9)-C(8)-C(7)-C(6) -1.4(9) 
C(6)-N(1)-C(9)-C(10) 179.0(8) 
C(6)-N(1)-C(9)-C(8) -0.5(9) 
C(7)-C(8)-C(9)-N(1) 1.2(9) 
C(7)-C(8)-C(9)-C(10) -178.2(8) 
C(9)-N(1)-C(6)-C(5) 178.4(8) 
C(9)-N(1)-C(6)-C(7) -0.4(8) 
C(8)-C(7)-C(6)-N(1) 1.2(9) 
C(8)-C(7)-C(6)-C(5) -177.6(8) 
C(11)-C(12)-C(23)-C(24) -115.6(10) 
C(13)-C(12)-C(23)-C(24) 65.0(11) 
C(11)-C(12)-C(23)-C(25) 119.5(10) 
C(13)-C(12)-C(23)-C(25) -59.9(10) 
C(13)-C(12)-C(11)-C(16) -1.8(13) 
C(23)-C(12)-C(11)-C(16) 178.8(8) 
C(13)-C(12)-C(11)-C(5) 175.8(8) 
C(23)-C(12)-C(11)-C(5) -3.7(13) 
N(2)-C(4)-C(5)-C(6) 3.4(13) 
C(3)-C(4)-C(5)-C(6) -176.6(8) 
N(2)-C(4)-C(5)-C(11) -175.7(7) 
C(3)-C(4)-C(5)-C(11) 4.3(12) 
N(1)-C(6)-C(5)-C(4) 0.9(13) 
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C(7)-C(6)-C(5)-C(4) 179.5(8) 
N(1)-C(6)-C(5)-C(11) 180.0(7) 
C(7)-C(6)-C(5)-C(11) -1.4(12) 
C(12)-C(11)-C(5)-C(4) -95.2(10) 
C(16)-C(11)-C(5)-C(4) 82.4(11) 
C(12)-C(11)-C(5)-C(6) 85.7(11) 
C(16)-C(11)-C(5)-C(6) -96.7(10) 
C(11)-C(12)-C(13)-C(14) 0.5(13) 
C(23)-C(12)-C(13)-C(14) 179.9(8) 
C(14)-C(15)-C(16)-C(11) -0.3(14) 
C(14)-C(15)-C(16)-C(17) -179.4(9) 
C(12)-C(11)-C(16)-C(15) 1.7(13) 
C(5)-C(11)-C(16)-C(15) -175.8(8) 
C(12)-C(11)-C(16)-C(17) -179.2(8) 
C(5)-C(11)-C(16)-C(17) 3.3(13) 
C(19)-C(17)-C(16)-C(15) 47.2(13) 
C(18)-C(17)-C(16)-C(15) -76.4(11) 
C(19)-C(17)-C(16)-C(11) -131.8(10) 
C(18)-C(17)-C(16)-C(11) 104.6(11) 
C(12)-C(13)-C(14)-C(15) 0.9(13) 
C(12)-C(13)-C(14)-C(20) -178.0(8) 
C(16)-C(15)-C(14)-C(13) -0.9(14) 
C(16)-C(15)-C(14)-C(20) 177.9(8) 
C(22)-C(20)-C(14)-C(13) 99.8(9) 
C(21)-C(20)-C(14)-C(13) -135.4(8) 
C(22)-C(20)-C(14)-C(15) -79.0(11) 
C(21)-C(20)-C(14)-C(15) 45.8(11) 
C(4)-N(2)-C(1)-C(10)#1 179.5(8) 
C(4)-N(2)-C(1)-C(2) 0.0(9) 
C(3)-C(2)-C(1)-N(2) -0.2(9) 
C(3)-C(2)-C(1)-C(10)#1 -179.7(8) 
N(1)-C(9)-C(10)-C(1)#1 -0.9(15) 
C(8)-C(9)-C(10)-C(1)#1 178.4(8) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,-y+1/2,-z+2      


