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ABSTRACT 

To better understand the relationship between the structure and electronic 

properties of the iron center and the functions of heme proteins, both naturally occurring 

heme proteins and synthetically prepared heme models have been studied. The reduction 

potential (E°') and the pH dependence of E°' of nitrophorin 1 (NPl) and myoglobin (Mb) 

were determined by spectroelectrochemical techniques. The difference in the electrostatic 

interaction of the Fe(III) center with buried charged groups in the heme pocket of Mb and 

NP1 is the major factor that causes the 3CX) mV difference in E°'. The pH dependence of 

the E°' determined between pH 5.5 and 7.5 is small for both Mb and NPl because they 

have the same axial ligands. Three meso-ort/zo-phenyl substituted porphyrins, (o-F), (o-

CF3) and (2,6-Cl2)(p-OCH3)3TPP and one meso-para-phenyl substituted porphyrin, (p-

0CH3)4TPP, were synthesized as models of cytochrome bf. Cyclic voltammetry was 

used to measure their reduction potentials. The overall formation constants, logp2"' and 

logPi'^ have been calculated based on the reduction potentials of the iron(Iir)/(n) couple 

as a function of N-methyUmidazole concentration. The values of logP2'" are in the order 

of o-F > o-CFj > P-OCH3 = 2,6-Cl2, indicating that the electron-donating ability is in the 

order of o-F < 0-CF3 < P-OCH3 = 2,6-Cl2. The overlap and direct transfer of electron 

density from the halogen to the iron in the product reduces the Lewis acidity of iron(III), 

resulting in decreased logP2"'- The order of logP2'^ for N-methylimidazole complexed 

Fe(II) porphyrinates is similar to that of the Fe(in) complexes, indicating no major 

difference in the Lewis acidity of Fe(II) as compared to Fe(III). Basket handle 

porphyrinates with covalently bound methionine and aliphatic amine model ligands 
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(RCH2SCH3, RCH2SCH3 and RNH2, RNH2) were chosen as precusor of cytochrome c 

and f. The Fe(III) complexes were to be prepared and investigated by electrochemical 

and spectroscopic techniques. The precursor porphyrin was synthesized. Several 

schemes were investigated for the synthesis of the handles having methylthioether and 

aliphatic amine without success, and it was decided not to continue this project. 

Therefore, no final basket handle porphyrin was available for further characterization. 
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Chapter 1 

INTRODUCTION 

HEME PROTEINS 

Heme proteins are the proteins in which one or more heme groups are attached to 

a folded polypeptide chain or chains and are surrounded by many hydrophobic side 

chains (Figure 1.1).' The heme group consists of a porphyrin ring and an iron atom. In 

a naturally occurring heme b, two propionate groups, four methyl groups and two vinyl 

groups, are attached to the porphyrin ring. The iron atom in a heme center can form six 

bonds, four bonds with four nitrogens in the center of the porphyrin ring, two other 

bonds on the two sides of the heme plane. These two coordination positions are called 

the fifth and sixth axial binding sites. The structure of heme b and the iron binding sites 

are shown in Figure 1.2. The fifth and/or sixth binding sites are usually bound by one or 

two amino acid residues through the nitrogen or sulfur atoms of the protein residues. 

These amino acid residues can be histidine, methionine, cysteine, tyrosine, carboxylate 

groups, amine groups, etc. (Figure 1.3). 

Myoglobin (Mb) is a heme-containing protein. It is found in muscle and has the 

function of oxygen storage. The structure of sperm whale Mb has been determined in the 

1960s and 1970s (Figure 1.1).2-6 it consists of one heme group and one folded 

polypeptide chain. The folded polypeptide chain contains 153 amino acid residues and 



Figure 1.1 Structure of sperm whale myoglobin' 



has a mass of about 16,700 D.^ Seventy percent of the chain is a-helix. One histidine is 

direcdy bonded to the iron center at the fifth coordination position and the other is at the 

sixth binding site near the iron center but not bonded to it. It is the sixth coordination 

position to which oxygen binds (Figure 1.4 (a)).' It has been reported that all Mbs, 

including sperm whale Mb, horse heart Mb and horse skeleton muscle Mb, have very 

similar secondary and tertiary structures.^ 

Nitrosylheme proteins are heme proteins which have the function of nitric oxide 

storage and delivery. Four nitrosylheme proteins, nitrophorin 1, 2, 3 and 4 (NPl, NP2, 

NP3 and NP4), have been found in the salivary glands of the blood-sucking insect 

Rhodnius prolixus in 1992.^ Among those four nitrophorins, NPl is the most abundant 

one and has been studied the most since its discovery.^"'' 

Because of the limited source of native NPl, recombinant NPl has been used for 

most of the studies. Native and recombinant NPl have a mass of 20,274 D. The 

previous studies have shown that native NPl and recombinant NPl have identical 

properties in nuclear magnetic resonance spectroscopy (NMR), optical spectroscopy and 

kinetics of nitric oxide release.^-1° The structure of recombinant NPl has been 

determined by X-ray crystallography (Figure 1.5)." NPl is composed of only one 

heme group and one folded polypeptide chain. This folded polypeptide chain consists of 

eight p-strands folded into a P-barrel, three a-helices and two disulfide bonds. In terms 

of similarity, both NPl and myoglobin are heme-based gas transport proteins and are 

pentacoordinate with one histidine as the protein-provided axial ligand (Figure 1.4. (a)). 
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Figure 1.2 Structure of a heme group and the iron binding sites 
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Cytochromes (a, b, c, and f) are electron-transfer heme proteins. They are found 

in the respiratory chains of bacteria, plants and animals. In the case of cytochrome c, the 

iron center is coordinately bonded to the sulfur atom of a methionine residue at the fifth 

position and to the nitrogen atom of a histidine residue at the sixth position (Figure 1.4 

(b)).' E. coli cytochrome bsei has the same axial ligand binding as cytochrome c does.'2 

Cytochrome f is another mixed bis-ligated heme protein. The iron center of cytochrome f 

is coordinately bound to the nitrogen atom of a histidine residue and the nitrogen atom of 

the terminal amine group of the N-terminal tyrosine residue (Figure 1.4 (c)).'. Other 

cytochromes such as cytochrome a, bs, bg, mitochondrial b562» bsee and C3 are bis-

histidine ligated at the fifth and sixth coordination positions. A summary of heme 

proteins involved in or related to this study, their axial ligation of the iron center and their 

functions in biological systems is tabulated in Table l.l.'^ 

STUDIES USING NATURALLY OCCURRING HEME PROTEINS 

To understand the relationship between the structure and electronic properties of 

the iron center and the functions of the heme proteins, a large number of investigations 

have been carried out using X-ray crystallography, NMR and electron paramagnetic 

resonance (EPR) spectroscopy. • 2 Many studies have also been carried out using 

electrochemical techniques to measure the reduction potentials of the heme proteins and 

investigate the relationship between the reduction potentials and the protein/heme 



Figure 1.5 Structure of nitrophorin I'' 
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Table 1.1 Summary of heme proteins involved in/related to this study 

HEME PROTEIN AXIAL LIGATION FUNCTION 

Myoglobin I Histidine, O2, 
CO or H2O 

O2 storage in muscles 

Nitrosylheme proteins 1 Histidine 
NO or histamine 

Reversible NO-carrying 
proteins (FeUI) and 
Guanylate Cyclase (Fell) 

Cytochrome a 2 Histidines Electron transfer in 
mitochondrial Complex IV 
(cytochrome oxidase) 

Cytochrome b5 2 Histidines Electron transfer in liver 
microsomes, erythrocytes, 
outer mitochondrial 
membrances 

Cytochrome bg 2 Histidines Electron transfer in 
chloroplasts 

Cytochrome b562 
and b566 

2 Histidines Electron transfer in 
mitochondrial Complex HI 

Cytochrome c3 2 Histidines Electron transfer in bacteria 

E. coli Cytochrome I Histidine, 
1 methionine 

Electron transfer in E. coli 
periplasm 

Cytochrome c 1 Histidine, 
1 methionine 

Electron transfer in 
mitochondria 

Cytochrome f 1 Histidine, 
1 terminal RNH2 

Electron transfer in 
Photosystem II 



interaction. The reduction potentials have been found to vary over a large range, about 

200 mV for cytochromes b and about 600 mV for cytochromes c.'^ A comprehensive 

explanation has not been achieved yet even though there have been some factors which 

were found to affect the reduction potentials. 

A major factor which has been found to have a significant effect on the reduction 

potential is the nature of the axial ligands bound to the iron center of the heme proteins. 

In general, heme proteins with nitrogenous ligands have much lower reduction potentials 

than those with sulfur containing ligands.''^'"' For example, the native cytochrome c has 

two axial ligands, one methionine and one histidine. The reduction potential has been 

determined as +262 mV vs. SHE at pH 7 and 25 °C. If one of the axial ligands, 

methionine, is replaced by a histidine, the reduction potential has been found as +41 mV 

vs. SHE, shifted over 221 mV from the native cytochrome c.'^ 

The other factors which affect the reduction potential to some extent are 

conformational changes in heme proteins and electrostatic interactions of the iron center 

with charged groups in the interior and on the surface of the heme protein,'or even 

with charged groups buried within the heme protein.^o It has also been found that the 

reduction potential of the heme protein is pH''*-2i and temperature^^ dependent even 

though the temperature dependence is very small. 

As described earlier, there is no single comprehensive explanation which can 

correlate the diverse experimental data. This is the reason why many scientists are still 

interested in this area of study. To date, there has been no electrochemical study of NPl. 

In order to better understand this protein, NPl has been investigated by 
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speciroelectrochemistry. Since NPl is pentacoordinate heme protein lilce myoglobin, 

horse heart myoglobin has been studied for comparison. Spectroelectrochemical 

techniques have been employed to measure the pH dependence of the reduction potential 

of these two heme proteins. The detailed description of this study will be presented in 

chapter 2. 

STUDIES USING SYNTHETICALLY PREPARED HEME MODELS 

In addition to the studies using naturally occurring heme proteins, many studies 

have been carried out using synthetically prepared heme models to investigate the 

electronic effects between various points on the porphyrinate ring and the central iron via 

the a and n orbitals of the four porphyrin nitrogens. To mimic bis-histidine ligated 

cytochrome bs, bg, etc., a variety of substituted tetraphenylporphyrins and their metal 

complexes have been studied using NMR, EPR and/or electrochemical 

techniques.'-•'3.22-25 Most of the systems investigated so far were symmetrically 

substituted tetraphenylporphyrins having either meta or para substituents on the phenyl 

rings. It has been found that the electron-withdrawing groups favor the formation of the 

complex for a wide range of symmetrically substituted tetraphenylporphyrinatometal(n) 

complexes in non-coordinating solvents (benzene, toluene or chlorofonn).^^ In contrast, 

the studies of a series of symmetrically tetrakis-(/7-substituted phenyl) 

porphyrinatoiron(Iir) chloride complexes in chloroform or dichloromethane solution have 



shown that electron-donating groups favor the formation of the complex.^'^-^s However, 

the formation constants measured by Brewer and Brewer for the same set of ;7-substituted 

(tetraphenyiporphyrinato)iron(III) chlorides with N-methylimidazole in dimethylsulfoxide 

(a coordinating solvent^^) indicated that the electron-withdrawing groups favor the 

formation of the complex-^*^ These contradictory results suggest that two effects should 

be considered to better understand the effects of substituents on the formation constants 

for binding axial ligands to substituted TPPFeCl derivatives, the effects of these 

substituents on the ability to break the Fe+Cl" ionic bond and create the charge separated 

ion pair and the ability to stabilize the positive charge on Fe(III) in the product. 

Previous studies have shown that tetrakis-(2,6-disubstituted phenyl) 

porphyrinatoiron(in) and-(II) complexes have very large axial ligand binding constants 

(logP2).-^ In addition to an electronic effect, a steric effect should be considered. It has 

been found that all other ligands can cause extreme ruffling of the porphyrinate ring.3i-33 

For N-substituted imidazole complexes, there is some evidence suggeting that the 

porphyrinate ring may be slightly ruffled.'2.23.34,35 Therefore, it is possible that part of 

the stabilization of the symmetrical tetrakis-(2,6-phenyl substituted) complexes of the 

previous study is due to ruffling. 

To avoid the ruffling of the porphyrinate ring occurs in symmetrical tetrakis-

(orf/io-phenylsubstituted)porphyrins and their complexes and to facilitate 

chromatographic separation of the desired isomer, unsymmetrically substituted TPPs 

having one ortho- substituted phenyl ring and three para-substituted phenyl rings have 

been synthesized as the models of cytochrome bs, be, etc. in this study. For 



comparison, one synunetrically para-substitued TPP has also been synthesized in this 

study (Figure 1.6). The redox and ligand binding properties of these porphyrins and 

their Fe(in) complexes have been investigated. The synthesis and electrochemical 

studies of these model hemes will be discussed in detail in chapter 3. 

All the synthetically prepared model hemes described above, symmetrically and 

unsymmetrically substituted TPPs and their complexes, have been investigated using 

added ligands in the solution. In other words, the axial ligand is added into the solution 

when the study is performed. This has made the synthesis of these two types of 

porphyrinates much easier than those where the axial ligands have to be covalently 

attached to the porphyrin ring as described later for some porphyrinates. 

Cytochrome c is a histidine-methionine ligated heme protein and cytochrome f is a 

histidine-amine ligated heme protein. In order to better understand why nature chooses 

different types of ligations to perform electron transfer functions in different biological 

systems, the models with mixed axial ligands (Rim, NH2R' and Rim, CH3SCH2R') are 

needed. Some studies have shown that it is difficult to keep bis-aliphatic amine 

complexes stable due to their autoreduction in the presence of excess amine,^®-^^ and this 

may also be a problem for mono-aliphatic amine complexes. Mixed ligation system are 

even more difficult to study because it is not easy to find conditions under which the 

mixed ligand complexes can be stabilized and the dynamics of exchange of the two types 

of axial ligands could complicate the interpretation of the experimental data. The best 

way to model these types of heme proteins is to covalently attach the mixed ligands to the 

model heme. The best strategy for covalent attachment is to employ the basket handle 



porphyrinate models (Figure 1.6). The first step in synthesizing the basket handle 

porphyrinate with built-in mixed ligands (Rim, NH2R' and Rim, CH3SCH2R') is to 

synthesize the symmetrical RNH2, NH2R and RCH2SCH3, CH3SCH2R analogs. In 

this study, basket handle porphyrinates with covalently bound methionine and aliphatic 

amine model ligands (RCH2SCH3, CH3SCH2R and RNH2, NH2R) have been chosen 

as precusors to the models of cytochrome c and f. The Fe(III) complexes were then to be 

prepared and investigated by electrochemical and spectroscopic techniques. The details 

will be described in chapter 4. The representative syn±etic model hemes involved in this 

study are schematically shown in Figure 1.6. 
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Chapter 2 

SPECTROELECTROCHEMICAL STUDY OF 

NITROPHORIN 1 AND MYOGLOBIN 

INTRODUCTION 

Nitrophorin 1 (NPl) is the most abundant one of four nitrosylheme proteins in 

the saliva of the blood-sucking insect, Rhodnius prolixus. During the blood sucking, the 

parent molecules (NPl-NO) release nitric oxide (NO) when they are diluted in the 

tissues of the host.^ It has been reported that NO has a function of regulating blood 

pressure in higher animals.'^O-'^' Release of NO by the parent NPl-NO molecules may 

cause vasodilation and help inhibit platelet aggregation to enhance blood-feeding 

success.The studies of NO binding could provide an approach for preventing and 

curing some cardiovascular diseases such as hypertension, heart attack and 

atheroscleorosis.'^3 

Previous studies on transport of NO by a heme center have shown that there is a 

difference between NPl and myoglobin (Mb). NO binding to MbFe(Iir) has been found 

irreversible because MbFe(in) is readily reduced to MbFe(II) by excess NO (equation 

2.1).'^-'*5 In contrast, NO binding to NPl has been found reversible and the rate of 

reduction is relatively slow compared to myoglobin (equation 2.2).^-'0 The difference in 

reduction by NO is probably related to the different functions of NPl and Mb in 
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biological systems. As described in chapter 1, Mb has the function of oxygen transport 

and storage. Mb serves this function using ferrous heme to bind to oxygen. NPl serves 

as a NO carrier. It transports NO using ferric heme, which is the more stable oxidation 

state for NPl. How does NPl stabilize the ferric heme? By a decreased redox potential 

relative to Mb, or by some other factors? Previous studies have found that NO binding to 

NPl is also pH dependent: NO is tightly bound to NPl at low pH (pH 5.5) and released 

at high pH (pH>7). The binding is approximately 280-fold tighter at pH 5 than above 

pH 7.'o These results are consistent with the process of blood-sucking of the insect 

where NO is stored as NPlFe(ni)NO in the saliva of the insect at pH 5.5 and released 

into the tissue when the saliva is diluted in the bloodstream of the victim (pH 7.4). Is this 

pH dependence related to the reduction potential of the heme protein? To better 

understand the reasons that could cause the difference in behavior of NPl and Mb, 

MbFe(in) + excess NO 
rapid reduction 

• \ MbFe(IDNO + NO+ 
(EPR) i 

decomposition 

(2.1) 

NPlFe(in) + excess NO NPlFe(in)NO 
(EPR silent) 

slow reduction 
^ NPlFe(II)NO 

NO (EPR) 
(2.2) 
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the reduction potendai and the pH dependence of the potential have been investigated for 

both NP1 and Mb. 

One of the most widely used techniques for the determination of the reduction 

potential of naturally occurring heme proteins is the spectroelectrochemical technique."^ 

This technique combines the electrochemistry and visible spectrophotometry. Using 

this technique, the absorbance of the protein species at certain wavelengths is measured at 

each applied potential. The concentration ratio of the oxidized and reduced species at 

each applied potential, [ox]/[red], can be calculated from the absorbances measured as 

follows: 

^ Aobs - Aox 

= — Ared - Aox (2.3) 
Aob.s - Aox [Red] 
Ared - Ao 

Aobs = the observed absorbance of the protein at certain wavelength at the 
applied potential 

Aox = the absorbance of the fully oxidized protein at certain wavelength 
at the applied potential 

Ared = the absorbance of the fully reduced protein at certain wavelength at 
the applied potential 

A-obs - Aox = the absorbance of the reduced protein present at the applied 
potential 

Ared - Aox = the absorbance when all the protein is reduced 

Aobs - Aox 

Ared - Ai 
= the fraction of the protein reduced at each applied potential 

OX 

1 - = the fraction of the protein oxidized at each applied potential 
Ared "" Aox 
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Based on the Nerast equation (2.4), a plot of the applied potentials vs. logarithm of the 

concentration ratios is constructed and the intercept of the plot is determined as the formal 

reduction potential of a specific redox center. The advantage of this method is the ability 

to measure die formal reduction potential at a very low concentration. 

E = + — In (2.4) 
nF [Red] 

Myoglobin has an irreversible redox behavior. It undergoes very slow 

heterogeneous electron transfer at conventional electrodes such as mercury,^^ gold,^^ or 

silver^'^ electrodes. There are two reasons found to be responsible for this irreversible 

behavior, the poisoning of the electrode surface caused by the adsorption of the biological 

species onto the electrode surface and the inaccessibility of the electroactive center of the 

protein because of the extended three-dimensional structure of these biological 

macromolecules.5^-^^ There are two ways to solve this problem. One way is to employ 

one or more electroactive species, called redox mediators, in the solution studied.^^-^^"^' 

A redox equilibrium between a heme protein and an electrode in the solution can be 

established by the use of these redox mediators. A redox mediator functions as a 

reducing or oxidizing titrant which couples a heme protein to an electrode. In other 

words, a redox mediator undergoes electron transfer at the electrode and in turn transfers 

an electron to the heme protein in the solution (Figure 2.1).57 There are several 
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properties that an ideal redox mediator should have.^'^-^^ First of all, a mediator has to 

have a well-defined electron stoichiometry (numbers of electron transferred) and a known 

formal potential, E"'. Secondly, it should easily dissolve in an aqueous medium and be 

stable in bo± oxidized and reduced forms over the pH range studied. Also, it should 

undergo fast heterogeneous and homogeneous electron transfer; not interact with the 

heme protein studied and affect the reduction potential of it and be optically transparent in 

the optical monitoring range of a protein. Finally, a redox mediator chosen for a specific 

heme protein should have a formal potential which is close to that of the heme protein 

studied. For the mediator having a one-electron transfer, the formal potential should be 

within ±118 mV (vs. SHE) of the protein.^^-^^ Many redox mediators have been 

reported.5^'^' The potential range they can cover is from -0.69 to +1.27 V (vs. SHE).^^ 

Figure 2.1 Diagram depicting the mediated electron transfer from an electrode to a 
protein56 

Mediator 

Mediator Protein 

Protein 

Electrode 
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An alternative approach to avoid the irreversible electron transfer at a conventional 

electrode for the determination of the reduction potential of the naturally occurring heme 

proteins is the use of a chemically modified electrode. This approach is a logical 

extension of the solution-phase mediator method discussed above. A chemically 

modified electrode can be constructed by adsorption of a proven solution-phase mediator 

onto the surface of a conventional metal electrode such as a gold or silver electrode. A 

mediated response toward a specific heme protein at the redox potential of the mediator 

can be achieved by the use of the modified electrode without addition of the mediator into 

the sample solution. This method is found useful in the studies where a high protein 

concentration is required and no proper added mediators can be found for the specific 

heme protein without optical interference in the monitoring range. There have been 

several chemically modified electrodes constructed for the studies of myoglobin. They 

are a methyl viologen modified gold minigrid electrode,^0-53.62 methylene blue modified 

gold minigrid gold,^® glassy carbon^^ and platinum^ electrodes, and brilliant cresyl blue 

modified platinum^^ and gold minigrid^o electrodes. In this study, addition of mediators 

into the protein solution has been utilized to achieve the homogeneous electron transfer 

between the surface of the electrode and the proteins. Two mediators, methyl viologen (-

440 mV vs SHE) and hexaamineruthenium(in) chloride (+51 mV vs SHE), have been 

used to cover the potential range of 0 to -500 mV (vs. SHE) of the study. 

Myoglobin (Mb) is a well studied heme protein. Many studies have been carried 

out using spectroelectrochemical, voltammetric or even electrochemical titration 

techniques. The formal reduction potential of horse heart myoglobin has been first 
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determined by Taylor and Morgan in 1942 using an electrochemical titration technique.^i 

Protein solution of 0.017 mg/ml in phosphate buffer with 0.2 M of ionic strength was 

titrated with reduced anthraquinone-P-sulfonate. The potential was measured at each 

titration point using a three electrode system consisting of two platinum electrodes and 

one calomel electrode. The redox mediators added into the solution were toluylene blue 

(+115 mV vs. SHE) and cresyl blue (+47 mV vs. SHE). The percentage of the reduced 

myoglobin was calculated using the amount of anthraquinone-P-sulfonate titrated. The 

reduction potential for each titration point, Ei°', was calculated based on the Nemst 

equation (1). The formal reduction potential of myoglobin, E°', was determined as +46 

mV vs. SHE at pH 7 and 30 °C by averaging the E;"' values for all titration points. The 

pH dependence of the reduction potential of myoglobin in the pH range of 5.9 to 7.4 was 

investigated in the same way described above. With an increasing in pH, a negative shift 

of 7.5 mV/pH unit was found.-' 

Later, in 1971, the redox properties of sperm whale Mb was investigated by 

Brunori and co-workers using the same technique, electrochemical titration.^® Three 

mediators, toluylene blue (+115 mV vs. SHE), cvesyl blue (+47 mV vs. SHE) and 

methylene blue (+l I mV vs. SHE), have been added to the protein solution. The formal 

reduction potential was determined as +48 mV vs. SHE (pH 7.2, 30 °C). The 

temperature and pH dependence of the reduction potential was measured in the pH range 

of 6.2 to 10.4. Two linear regions were found, one between the pH range of 6.2 to 8 

with about -10 mV change per pH unit change and the other between the pH range of 9 to 

10.4 with -60 mV/pH unit change. The temperature dependence of the reduction 



potential between 30 °C and 40 °C was found to be 9 mV. This temperature dependence, 

-0.9 mVrc, is relatively small. 

The formal reduction potentials of sperm whale and wild-type human myoglobins 

have been determined as +59 mV (vs. SHE) using thin-layer spectroelectrochemical 

technique by Varadarajan et al. in phosphate buffer (pH 7.0 and 0.1 M of ionic strength) 

at 25 "C.^o Hexaamineruthenium(in) chloride (Ru(NH3)6Cl3), with reduction potential 

of +51 mV (vs. SHE), was used as a redox mediator. The temperature dependence of 

wild-type human myoglobin was also investigated in the range of 4 and 40 °C. Similar 

temperature dependence, -0.9 mV/°C was observed. 

Instead of using normal electrodes and added mediators in the solution, 

chemically modified electrodes have also been used for the studies of the heme proteins. 

In 1988, Ye and Baldwin did the cyclic voltammetric study of horse skeletal muscle 

m y o g l o b i n  u s i n g  a  m e t h y l e n e  b l u e  m o d i f i e d  g l a s s y  c a r b o n  e l e c t r o d e . t h e i r  

experiment, the surface of a graphite electrode was poUshed, chemically modified by 

immersing the electrode into a stirred solution of methylene blue in phosphate buffer (pH 

5.5) for one minute, and rinsed with water. It was reported that cathodic and anodic 

waves behaved exactly as expected for a reversible, surface-immobilized redox couple. 

The reduction potential was measured as +12 mV (vs. SHE) at room temperature.'^^ 

1989, the cyclic voltammetric study of horse skeletal muscle myoglobin was performed 

by Dong et al. using a brilliant cresyl blue modified platinum electrode. The formal 

reduction potential was determined as +2 mV vs. SHE at pH 7 and room temperature.^^ 



Later in 1992, cyclic voltammetric and spectroelectrochemical studies of the same 

protein, horse skeletal muscle myoglobin, was performed by Schlereth and Mantele.^o 

In their experiment, a methylene blue modified gold minigrid electrode was utilized for 

the determination of the formal reduction potential of this protein. It was found to be -17 

mV vs. SHE at pH 7 and room temperature using the cyclic voltammetric method and 

+18 mV vs. SHE at the same conditions using the spectroelectrochemical method.^® 

Also in 1992, the reduction potentials of horse skeletal muscle Mb and horse heart 

Mb were determined by Hawkridge and co-workers using cyclic voltammetric^^ and 

spectroelectrochemical^® techniques. Tin-doped indium oxide^^ and indium oxide^® 

electrodes were used for the measurements. The reduction potential determined for horse 

skeletal muscle Mb at pH 7 and 20 °C was +46 mV^^ vs. SHE. The reduction potential 

determined for horse heart Mb at pH 6.5 and 25 °C was +57 mV^® vs. SHE. 

Rusling and co-workers measured the reduction potential of horse skeletal muscle 

Mb using cyclic voltammetric technique and cetyltrimethylammonium bromide coated 

pyrolytic graphite electrode in 1993.^^ The potential was determined as -14 mV vj. SHE 

at pH 5.5 and 25 °C. The formal reduction potentials determined by different methods 

are tabulated in Table 2.1. They are in the range of -17 to +59 mV vs. SHE depending 

on the methods. 
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Table 2.1 The fromal reduction potential of myoglobin previously determined using 
various methods 

Mb E°' 
(mV V5. SHE) 

Temp 
m 

PH Method Ref. 

Horse heart +46 30 7 Electrochemical 
titration, cresyl 
blue and toluylene 
blue as mediators, 
Pt working electrode 

21 

Sperm whale +48 30 7.2 Electrochemical 
titration, cresyl 
blue, toluylene and 
methylene blue as 
mediators, Pt working 
electrode 

66 

Sperm whale +59 25 7 Spectroelectrochemical 
titration, Ru(NH3)6Cl3 
as mediator 

20 

wild-type human +59 25 7 Spectroelectrochemical 
titration, Ru(NH3)6Cl3 
as mediator 

20 

Horse skeletal 
muscle 

+ 12 Room 5.5 Cyclic voltammetry. 
Methylene blue 
modified glassy 
carbon electrode 

63 

Horse skeletal 
muscle 

+2 Room 7 Cyclic voltammetry, 
brilliant cresyl blue 
modified platinum 
electrode 

65 

Horse skeletal 
muscle 

-17 Room 7 Cyclic voltammetry, 
methylene blue 
modified gold 
minigrid electrode 

50 

Horse skeletal 
muscle 

+ 18 Room 7 Spectroelectrochemical 
titration, methylene blue 
modified gold 
minigrid electrode 

50 
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Table 2.1 The fromal reduction potential of myoglobin previously determined using 
various methods (continued) 

Mb E"' 
(mV V5. SHE) 

Temp 
CC)  

pH Method Ref. 

Horse skeletal 
muscle 

+46 20 7 Cyclic voltammetry, 67 
electrode: tin-doped 
indium oxide film 
deposited on glass 

Horse heart +57 25 6.5 Spectroelectrochemical 68 
titration, indium 
oxide electrode 

Horse skeletal 
muscle 

-14 25 5.5 Cyclic voltammetry, 69 
cetyltrimethylammonium 
bromide coated 
pyrolytic graphite 
electrode 

EXPERIMENTAL 

Materials 

Horse heart myoglobin (90%) was purchased from SIGMA and stored in the 

freezer (-20 °C). Methyl viologen (l,r-dimethyl-4,4'-bipyridinium dichloride, 98%) 

and hexaamineruthenium(III) chloride (Ru(NH3)6Cl3, 95%) were purchased from 

Aldrich chemical company and stored in the freezer. Anhydrous sodium phosphate 

dibasic was purchase from Mallinckxodt. Sodium phosphate monobasic was purchase 

from Curtin Matheson Scientific, Inc. All the chemicals were the stock in our laboratory. 
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All water used for the preparation of the samples was deionized using the ultrapure water 

system of Bamstead. 

All the materials for the construction of the optically transparent thin-layer 

electrochemical cell were available in our laboratory. The Ag/AgCl reference electrode 

(Ag wire in 3.0 M NaCl, +0.205 V vs. SHE) was from Bioanalytical systems. The gold 

minigrid optically transparent thin-layer electrodes (200 wires per inch, 70% 

transmittance) v/ere from Buckbee Mears Company. Quartz microscope slides 

(#6686U20) were from A. H. Thomas Company. Visible spectroscopic measurements 

were obtained using a Gary 14 spectrophotometer by On-line Instrument Systems, Inc. 

(OLIS) in the laboratory of Dr. Enemark. A CV-50W Voltammetric Analyzer 

(Bioanalytical Systems, Inc.) was used for application of potential to the sample studied. 

The experiments using the CV-50W Voltammetric Analyzer was also performed in the 

laboratory of Dr. Enemark. 

Optically transparent thin-layer electrochemical cell 

The optically transparent thin-layer electrochemical cell used for this study was 

assembled according to the previous procedure described by Emrick'^^-^o and the design 

by Balfe.'^' It was a modified form of a design by Hawkridge and co-workers^^ and 

Heineman and co-workers.The anaerobic spectroelectrochemical thin cell was 

composed of cell bodies, two quartz windows, a gold minigrid working electrode, a gold 

minigrid counter electrode, an aluminum bracket, a gasket, a reference electrode 

compartment, two Hamilton valves and four Luer fittings (Figure 2.2). The cell bodies 



was composed of two pieces, front face and back face and was made of Lucite 

(Piexiglas). The gasket was made of General Electric RTV 112 Silicon rubber and serves 

as a gas tight seal. Quartz windows, cut from quartz microslides, were mounted to the 

cell with General Electric RTV 112 Silicon rubber. The gold minigrid working and 

counter electrodes were connected to the potentiostat by aluminum foil (supermarket 

brands) outside of the measuring cell (Figure 2.3). The Ag/AgCl reference electrode was 

inserted into the reference compartment (glass, Kontes) which was connected to the cell 

by a 90° Hamilton valve and Luer fittings. The cell was hold together by an aluminum 

bracket. Sample was filled into the cell through a 180° Hamilton valve and Luer fittings 

(Figure 2.3). The cell mounted on a cell holder (Figure 2.4) was placed into the chamber 

of the spectrophotometer. 

Sample preparation and filling 

The stock buffer solution (ionic strength 0.1 M) with I mM of methyl viologen 

(pH 7.5) was prepared by dissolving 0.8784 g of Na2HP04, 0.1982 g of NaH2P04 and 

0.0525 g of methyl viologen in deionized water in a 200 ml volumetric flask and diluting 

to the mark. The stock buffer solutions of pH 6.5 and 5.5 with I mM methyl viologen 

were prepared in the same way as that for pH 7.5 buffer solution. Ru(NH3)6Cl3 was 

added to the buffer solution immediately before the degassing procedure. The buffer 

solution containing 1 mM methyl viologen and 0.2 mM Ru(NH3)6Cl3 was deoxygenated 

twice by the application of the vacuum for 2 minutes and blowing argon for a minute. 

The protein then was added to the deoxygenated buffer solution under argon. The 
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Figure 2.3 Assembling of thin cell viewed from different angles^® 
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protein solution was deoxygenated twice using die same procedure as that for the buffer 

solution. 

The anaerobic condition was achieved by the procedure described below. The 

cell was dried by passing air through the 90° Hamilton valve (see Figure 2.2) over night 

and then filling with argon in the same way. Sample was filled into the cell through the 

180° Hamilton valve by a gas dght syringe with argon continually blowing in from the 

90° Hamilton valve. When the sample solution reached the entrance of the 90° Hamilton 

valve, the 90° Hamilton valve was closed. The reference compartment was mounted to 

the 90° Hamilton valve through a Luer fitting. The Ag/AgCl reference electrode was 

placed into the compartment and sealed with a septum (Figure 2.2). After argon was 

blown into the compartment for a minute, the 90° Hamilton valve was opened. Sample 

filling was continued under argon until the Vycor frit of the reference electrode was 

immersed into the sample solution. The blowing of argon was controlled at 2 bubbles a 

minute. The filling of the sample was performed very slowly to avoid bubbles in die 

detection area. The sample volume used in this study was about 2.5 ml. The sample 

being measured in the optical window was about 1 mm in thickness. The 

spectroelectrochemical titration was performed immediately after the preparation and 

filling of the sample solution. 

Spectroelectrocheinical measurements 

The cell filled with sample solution and mounted on a cell holder was placed in 

the chamber of the spectrophotometer. The potentiostat was then connected to the cell. 
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The potentials described in the experimental section is all vs. Ag/AgCl. For horse heart 

myoglobin, the first visible spectrum was taken over the range of 350 to 650 nm after the 

sample solution was oxidized at 0 mV for 5 minutes. The second spectrum was taken in 

the same spectral range after the sample solution was ftilly reduced at -400 mV for 20 

minutes. The potential applied to the sample solution was then increased to -240 mV and 

the third spectrum was recorded after the sample solution was equilibrated at this potential 

for 15 minutes. The rest of the spectra was recorded at equilibrium after every 10 mV 

increase in potential from -240 to -120 mV. Equilibrium was achieved in 10 minutes for 

every 10 mV potential change. It was not a slow process because the diffusion path was 

short (about 0.5 mm) in the thin layer. The experiment was performed at three different 

pHs, 5.5, 6.5 and 7.5. 

For the NPl sample, the spectroelectrochemical measurements were performed in 

the same way and same pHs as described above. The only difference was the potential 

applied to the sample solution. Instead of -400 mV for myoglobin, the fully reduced 

spectrum of NPl sample was taken at -600 mV. The third spectrum was recorded at 

-530 mV after the sample solution was equilibrated at this potential for 15 minutes. The 

rest of the spectra was recorded at equilibrium after every 10 mV increasing from -530 to 

-410 mV. The equilibration time for 10 mV potential change was also 10 minutes. For 

both horse heart myoglobin and NPl samples, the measurements were done at room 

temperature. The temperature in the sample chamber was measured as 28 ± 1 °C. 
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RESULTS 

Myoglobin 

The representative visible spectra obtained for horse heart myoglobin is shown in 

Figure 2.5. The isosbestic points are relatively tight. This indicates that myoglobin was 

not denatured during the course of the measurements. The absorbances of fully oxidized, 

fully reduced and partially reduced myoglobin were measured. The concentration ratios 

of oxidized to reduced myoglobin were calculated based on the equation (2.3) as 

described earlier in this chapter. The Nemst equation (2.4) has been used to determine 

the formal reduction potential of myoglobin. A Nemst plot of measured potential vs. 

concentration ratio has been constructed (Figure 2.6). The slope of the Nemst plot has 

been determined as 61 ± 1, 59 ± 1 and 61 ± 1 mV for the solutions with pH 5.5, 6.5 and 

7.5. They are within ± 2 range of the theoretical value of 59 mV at 25 The 

reduction potential of horse heart myoglobin, determined from the intercept of the Nemst 

plot, was +28 ± 1, +12 ± 2, and 0 ± 2 mV vs. SHE at pH 5.5, 6.5 and 7.5 (Table 2.2). 

The pH dependence of the reduction potential is shown in Figure 2.7. With an increasing 

in pH, a negative shift of about 14 mV/pH unit was observed. 

Nitrophorin 1 

The representative visible spectrum obtained for NPl is shown in Figure 2.8. 

Relatively tight isosbestic points was also observed for the spectra measured, indicating 

no denaturation of NPl occurred during the measurements of these spectra. The analysis 
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of the data was the same as that for myoglobin. The absorbances of fiilly oxidized, fully 

reduced and partially reduced NP 1 measured were used to calculate the concentration 

ratios of oxidized to reduced NFL A Nemst plot (Figure 2.9) of measured potential vs. 

concentration ratio has been constructed based on Nemst equation (2.4). The slope of 

the Nemst plot was 60 ± 1, 59 ± 3 and 60 ± 2 mV for the solutions with pH 5.5, 6.5 and 

7.5. They are also very close to the theoretical value of 59 mV at 25 The reduction 

potential of NP 1 was determined from the intercept of the Nemst plot. They are -274 ± 

2, -284 ± 3, and -303 ± 4 mV vs. SHE at pH 5.5, 6.5 and 7.5 (Table 2.2). The pH 

dependence of the reduction potential is also shown in Figure 2.7. A negative shift of 

about 14 mV/pH unit was observed when pH is increased between pH 5.5 and 7.5. 

Table 2.2 Reduction potential measured for Mb and NP 1 

Heme protein pH E°' 
(mV V5:. SHE) 

Slope of the Nemst Plot 
(mV) 

Mb 5.5 +28 ± 1 61 ± 1 

6.5 +12 ±2 59 ± 1 

7.5 0 ± 2  61 ± I 

N P l  5.5 -274 ± 2 60 ± 1 

6.5 -284 ± 3 5 9  ± 3  

7.5 -303 ± 4 6 0  ± 2  
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DISCUSSION 

Reduction potential 

The previously determined formal reduction potential of myoglobin (Table 2.1) 

ranges from -17 to +59 mV v^. SHE. The values determined at pH 5.5, 6.5 and 7.5 in 

this study, +28, 12 and 0 mV vs. SHE, are within this range. This suggests that the 

method used for this study is reliable. The slope of the Nerast plot (Table 2.2) 

determined for Mb is close to the theoretical value, indicating homogeneous electron 

transfer has been achieved in the system studied. 

The same method as used for Mb has also been utilized to measure the formal 

reduction potential of NPl. As far as the reliability of the method is concerned, it should 

be similar with that of Mb. Homogeneous electron transfer has also been achieved in the 

NPl system indicated by the slope of the Nemst plot (Table 2.2). This is the first time 

the reduction potential of the NPlFe(in)/NPlFe(n) redox couple has been determined 

since its discovery in 1992, and no comparisons can be made. As described above, the 

measurements are believed to be reliable by the comparison of the results of Mb with that 

of previous Mb studies. 

Comparing the formal reduction potential of Mb with that of NP1, we have found 

that there is nearly 300 mV difference between these two heme proteins. The reduction 

potential of NPl at the same pH is about 300 mV more negative than that of Mb, 

indicating NPl has less driving force for reduction than does Mb. This result is 

consistent with the rate of autoreduction found by previous studies, where NPl has a 



lower rate than Mb does (equation 2.1 and 2.2). At this point, it is believed that the 

reduction potential is at least one of the factors that could cause the difference in the rate 

of autoreduction between these two heme proteins. 

It has been reported that a major factor that significantly affects the reduction 

potential is the nature of the axial hgand bound to the iron center of the heme protein.'3-16 

In the case of NPl and Mb, this is not the major reason why these two heme proteins 

have nearly 300 mV difference in reduction potential because the axial hgand bound to the 

iron center is the same for bodi of them. As described in chapter 1, Mb and NPl both are 

5-coordinate heme proteins with one histidine as an axial ligand (Figure 1.1 and l.S).'-" 

Previous studies on the cyclic voltammetric behavior of Mb have suggested an 

electrochemical-chemical reaction mechanism (equation 2.5 and 2.6). According to this 

mechanism, a water molecule occupies the sixth position of the iron center of Mb in the 

oxidized state and is released after MbFe(III) reduces to MbFe(II).^^ 

MbFe(in)H20+e- MbFe(II)H20 (2.5) 

MbFe(n)H20 MbFe(ID + H2O (2.6) 

It has been confirmed by NMR studies that a water molecule is also bound to the iron 

center of NPl.^5 Binding and releasing a water molecule by the oxidized and reduced 

heme protein leads to a change in the coordination number from 6 for MbFe(Iir) to 5 for 

MbFe(II). A small heme plane distortion is expected to be associated with the change in 



coordination number, resulting in a conformational change of the heme protein. Such a 

conformational change could alter the electrostatic interaction between the charged groups 

in the heme pocket and the iron center of the heme and therefore affects the reduction 

potential of the heme to a small extent. Since the coordination number change is similar 

for both Mb and NPl, this effect may be expected to be similar for both of them. 

The other factor that has been reported to have an effect on the reduction potential 

of a heme protein is the electrostatic interactions of the iron center with burned charged 

groups or the charged groups in the heme pocket.To investigate how the charged 

groups affect the reduction potential of Mb, some site-directed mutants of Mb have been 

created and used for the reduction potential studies.^o The structure of the heme pocket 

of Mb is shown in Figure 2.10.^ It has been found that the replacement of the residue 

valine (Val) in the heme pocket by a charged group or polar but uncharged group can 

shift the reduction potential negatively. For example, the mutant Mb with replacement of 

Val by a charged aspartate (Asp, Figure 2.11) decreased the potential of the protein by 

-191 mV. The change in the reduction potential for the mutant Mb with replacement of 

Val by a charged glutamate (Glu, Figure 2.11) was -196 mV. The effect of the polar but 

uncharged group on the reduction potential has been found to be much smaller than that 

of the charged groups. For the mutant Mb with the replacement of Val by a polar but 

uncharged asparagine (Asn, Figure 2.11), the potential is lowered by 83 mV.-O As 

shown in Figure 2.10 and Table 2.3, most of the residues in the heme pocket of Mb are 

non-polar except for the polar but uncharged histidine (His) and threonine (Thr) groups.^ 

There is no charged group found in the heme pocket of Mb. Compared to the structure of 



Figure 2.10 Amino acid residues on the distal side of the heme group in Mb heme 
pocket^ 
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Table 2.3 Amino acid residues in the heme pocket of NPl and Mb^-'' 

NPl Mb 

Proximal side Asp 70 His FG3 

Glu55 Ala E14 

Tyr40 Phe H14 

Tyr 105 Ueu G8 

Leu 05 

Distal side Asp 30 His E7 

Glu32 ThrC4 

Thrl21 Phe GDI 

Leu 123 PheCD4 

Leu 133 ValEll 



NPl (Figure 2.12 and Table 2.3), the difference can be found immediately. Except for 

the non-polar Leu residues, there are four charged groups in the heme pocket of NPl, 

Asp and Glu on both proximal and distal sides. ̂  ^ These charged groups could have 

strong electrostatic interactions with the iron center of the heme. As described earlier. 

Asp and Glu each can lower the reduction potential by nearly 200 mV. The effect of two 

Asp residues together could lower the potential of NPl by 400 mV. Other two Glu 

residues could affect the reduction potential to some extent even though they are farther 

from the heme iron center than Asp residues are. In addition to the charged groups, there 

are three polar but uncharged groups in the heme pocket of NPl, two Tyr groups and one 

Thr group. They could shift the reduction potential of NPl more negative (a typical shift 

for non-polar but uncharged Asn group is about -80 mV). The effect of total charged and 

polar but uncharged groups could lower the potential of NP 1 by at least 600 mV, which 

is at least 300 mV more than the difference in potential (300 mV) between NP I and Mb 

measured in this study. If the effect of three polar but uncharged groups (two His groups 

and one Thr group) in the Mb heme pocket is considered, they could lower the potential 

of Mb by about 250 mV and make the difference in potential between NPl and Mb 

around 300 mV. It is believed that die effect of polar but uncharged groups on the 

reduction potential of NP I and Mb may be similar because each NP 1 and Mb has three 

polar but uncharged groups in the heme pocket. The key factor that makes the potential 

of NPl 300 mV more negative than that of Mb is the electrostatic interactions of the iron 

center of the heme proteins with the charged Asp and Glu groups. Negative charges on 

the inner surface of the NPl heme pocket stabilize the positive iron(III) center and make 



NPl more difficult to reduce than Mb, where the inner surface of the heme pocket is 

neutrally charged (Figure 2.13) 

In addition to electrostatic interactions between the charged groups in the heme 

pocket and the iron center of the heme, the interaction of the surface charges with the iron 

center of a heme protein can also affect the reduction potential of a heme protein. This 

interaction is expected to be smaller than that of charged groups in the heme pocket 

because the surface charges are farther from the iron center and are well solvated by 

water. However, there could be a difference in this effect between NP 1 and Mb because 

the heme of NPl is very near the surface of the protein, and the heme propionates of NPl 

are facing the aqueous interface, while those of Mb are hurried in the interor of the 

protein. 

Finally, water molecules inside the heme pocket could solvate the inner surface 

charges and result in a change of electrostatic interactions between the charged groups 

and the heme center. These interactions could be different for Mb and NPl because they 

are different in structure, number of amino acid residues and their net charges, and 

consequently result in the different reduction potentials. 

pH dependence of E°' 

The pH dependence of the reduction potential determined in this study is about 

-14 mV/pH unit increase in the pH range of 5.5 to 7.5. Compared with the results 

determined in previous studies,2i-66 the direction of the shift is the same. In other 

words, the reduction potential is shifted negatively when the pH is increased. However, 



Figure 2.13 Difference in inner surface charge in heme pocket between NPl and Mb 



the degree of the shift is found to be more close to but a little larger than the result by 

Brunori and co-workers (-10 mV/pH unit)'^^ and almost two fold larger then the early 

results of Taylor and Morgan (-7.5 mV/pH unit increase) over a similar pH range.^^ The 

results in this study are in qualitative agreement with the results of Brunori and co

workers. 

According to the description by Dryhurst and Kadish et al, the pH dependence of 

the formal reduction potential for the reaction (2.7) can be described by equation (2.8)7^ 

aA + ne- bB + mH+ (2.7) 

dE°' _ 0.059 m 

d(pH) n 
(2.8) 

where m is the number of hydrogen ions lost or gained in the redox reaction and n is the 

number of electrons transferred in the redox reaction (2.5). For the system having one 

electron transferred and one hydrogen ion lost, the change of E°' should be -59 mV per 

pH unit change. Neither previous results nor the results of this study in the pH range of 

5.5 to 7.5 follows this relation. However, previous result in the pH range of 8 to 10.4 

(Figure 2.14) by Brunori and co-workers^^ followed this relationship (2.6). The 

potential decreases at the rate of -60 mV/pH unit between pH 8 and 10.4. The studies of 

transition between the acid and the alkaline forms of Mb have been carried out by the 

same research group. The pK values determined for horse skeletal and sperm whale Mb 

are both 8.9.^^ By looking at the intersection of the extrapolated linear regions of pH 



dependence graph (Figure 2.14), the approximate pK value can be found at around pH 

8.9, in good agreement with the pK value determined by spectroscopy7^ These studies 

confirm that the ionization of the water molecule coordinated at the sixth position of the 

iron center occurs at pH 8.9 as shown in equation 2.9. 

MbFe(H20) " MbFe(OH) + H+ (2.9) 

Since the present study did not cover the pH range above 7.5, no comparison can be 

made at this point. 

There should be another possible deprotonation process which involves the 

histidine bound to the iron center of Mb. It has been reported that non-metal-bound 

histidine or imidazole has pK value of 14.2-14.5.^®"®^ The pyrrole proton ionization in 

metal-bound imidazole (di- or trivalent metal ions of first transition series and divalent 

metal ions of the second transition series) takes place with pK>10. For example, binding 

imidazole to the iron center of Mb reduces the pK of imidazole to 10.4.8' pK value 

for the histidine bound to the iron center of Mb is around lO.S.^O"^^ This histidine 

should be deprotonated at a pH of around 10.5 (equation 2.10). Since the histidine that 

is bound at the fifth position of the iron center has the most influence on the reduction 

potential, it is predicted that the deprotonation of this histidine could have a large effect on 

the reduction potential. The curve should level off at pH>10.5 (Figure 2.15). Since the 

pH range investigated in this study is from 5.5 to 7.5, the conclusion that can be made is 

that the pH dependence of the potential in the pH range around 7 is small. 
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N—FeOH 

-N—^ 

N —FeOH + H"' 

H (2.10) 

The third possible deprotonation process could involve the propionate groups 

attached to the porphyrin ring (equation 2.11). The pK value determined for these 

groups is around 4.4.' This is also beyond the pH range measured in both previous 

studies (Figure 2.14) and this study (Figure 2.7). It has been reported that studies of the 

deprotonation processes is limited to pH range of 5 to 10 because unfolding of Mb occurs 

outside this pH range.^^ Therefore, it is not possible to investigate the effect of these 

groups on the pH dependence of the potential. 

The pH dependence of the reduction potential for NPl measured in this study has 

been found to be similar with that of Mb in the pH range of 5.5 to 7.5. As described for 

Mb, the dependence is very small in this range, which is in between the pK of the heme 

carboxylates and the Fe-bound water. Since the axial ligands bound at the fifth and sixth 

position are histidine and water, the same as those of Mb, the pH dependence of the 

reduction potential of NPl is expected to be similar with that of Mb (Figure 2.15). That 

is, the curve levels off when pH is below 8 and above 10.5 and at least two pK values 

-COOH -COO- + H+ (2.11) 
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Figure 2.14 The pH dependence of the reduction potential determined by Brunori and 
co-workers^® 
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Figure 2.15 Expected pH dependence of the reduction potential for the Mb system 



should be observed from the intersections of the extrapolated linear portions of the curve. 

These two pK values correspond to the proton dissociation of water molecule (pK around 

8.9) and bound histidine (pK around 10.5). 

CONCLUSION 

For both Mb and NPl, the same spectroelectrochemical method has been used. It 

is believed that homogeneous electron transfer has been achieved in both systems, as 

indicated by the slope of the Nemst plots. Relatively good agreement of the results from 

this study with the previous results for Mb suggests that the method used in this study is 

reliable. 

The formal reduction potential of myoglobin has been determined as +28, +12 

and 0 mV vs. SHE at pH 5.5, 6.5 and 7.5. Under the same conditions, the reduction 

potential of NPl has been determined as -274, -284, and -303 mV vj. SHE. Nearly 300 

mV difference in reduction potential has been found between these two heme proteins. 

The reduction potential of NPl at the same pH is about 300 mV more negative 

than that of Mb, indicating NPl has less driving force for reduction than does Mb. It is 

believed that at least the reduction potential could be one of the factors that cause the 

difference in the rate of autoreduction between these two heme proteins. 

The difference in structure in the heme pocket between NPl and Mb probably 

plays the most important role in the difference in reduction potential of these two 



proteins. The electrostatic interaction of the iron(III) center with buried charged groups 

in the heme pocket of Mb and NPl is believed to be the major factor that causes the 300 

mV difference in potential between these two proteins. Other factors that could affect the 

reduction potential to some extent are the pK of the water molecule that is bound to the 

iron(Iir) center of the heme, water molecules inside of the heme pocket, conformational 

changes due to the change of the coordination number of the iron resulting from binding 

and releasing of the water molecule by the oxidized and reduced heme protein, the 

interaction of the surface charges with the iron center of the heme protein and different net 

charges of the proteins. 

The pH dependence of the reduction potential determined in the pH range of 5.5 

to 7.5 in this study is about -14 mV/pH unit increase. The degree of the shift is found to 

be in qualitative agreement with the result by Brunori and co-workers over a similar pH 

range. The pH dependence of the reduction potential for NPl measured in this study is 

similar with that of Mb in the same pH range. The pH dependence of the potential in the 

pH range studied is small for both NPl and Mb because both of them have the same axial 

ligands, histidine and water, bound at the fifth and sixth position of the iron center. It is 

the axial ligands bound to the iron center that have the most effect on the pH dependence 

of the reduction potential. 
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Chapter 3 

SYNTHESIS AND ELECTROCHEMICAL STUDY 

OF UNSYMMETRICALLY SUBSTITUTED 

TETRAPHYNYLPORPHYRINS 

INTRODUCTION 

To investigate the electronic effects between various points on the porphyrinate 

ring and the central iron via the a and k orbitals of the four porphyrin nitrogens, a variety 

of substituted tetraphenylporphyrins and their metal complexes have been studied using 

NMR, EPR and/or electrochemical techniques.'2-'3 For a wide range of symmetrically 

substituted tetraphenylporphyrinatometal(II) complexes in non-coordinating solvents 

(benzene, toluene or chloroform), the electron-withdrawing groups favor the formation 

of the complex.26 In contrast, the studies of a series of symmetrically tetrakis-(/7-

substituted phenyl) porphyrinatoiron(III) chloride complexes in chloroform or 

dichloromethane solution have shown that binding of two neutrally-charged ligands to the 

metal requires dissociation of the chloride anion in these solvents and creates a net 

positive charge on iron(in), indicating that electron-donating groups favor the formation 

of the complex.-^-^^ Later Brewer and Brewer measured the formation constants for the 

same set of p-substituted (tetraphenylporphyrinato)iron(III) chlorides with N-

methylimidazole in dimethylsulfoxide (a coordinating solvent^^) and found the electron-
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withdrawing groups favor the formation of the complex.^® These contradictory results 

suggest that two effects should be considered to better understand the effects of 

substituents on the formation constants for binding axial ligands to substituted TPPFeCl 

derivatives, the effects of these substituents on the ability to break the Fe+Cl" ionic bond 

and create the charge separated ion pair, and the ability to stabilize the positive charge on 

Fe(III) in the product. 

Most of the systems investigated so far have been symmetrically substituted 

tetraphenylporphyrins having either meta or para substituents on the phenyl rings. The 

electronic effect of electron-donating or -withdrawing substituents on the redox properties 

has been investigated by polarography or voltammetry.22.83-104 j^e effect of electron-

donating or -withdrawing substituents on the formation constants of metalloporphyrinates 

with axial ligands have been determined usually using one of three methods, 

electrochemical methods,22.85.97-i04 spectrophotometric titration methods (UVA'^is),^^-

28.105,106 or NMR spectroscopy.'®^'"® 

For the determination of formation constants using the NMR method, the 

concentrations of compiexed and uncomplexed species in the solution are measured by 

integration of proton peaks. The problem with this method is that in many cases, rapid 

ligand exchange could preclude integration of coordinated ligand peaks at room 

temperature and cause inaccurate measurements of the concentration of complex. To 

avoid fast ligand exchange, the NMR experiment has to be done at temperatures much 

lower than room temperature. The spectrophotometric method is successful for 

determination of equilibrium constants in many cases. This method becomes difficult or 



impossible if the species of interest do not have reasonably separated absorption maxima 

or the metal is in a highly reactive oxidation state. In electrochemical methods, all the 

problems mentioned above can be overcome. In addition, the formation constants for 

both Fe(III) and Fe(II) can be determined in one set of experiments. 

It has been found that tetrakis-(2,6-disubstituted phenyl) porphyrinatoiron(ni) 

and-(II) complexes have very large axial ligand binding constants (logP2)-"^ Is this a 

steric effect or an electronic effect? Previous studies have found that all other ligands can 

cause extreme ruffling of the porphyrinate ring.^'-33 For N-substitedimidazole 

complexes, only one isomer of the 1-vinylimidazole complex of (2,6-Cl2)4TPPFe(in) 

has the axial ligands in perpendicular planes^s and may be slightly ruffled, while the 

other has the axial ligands in parallel planes and the porphyrin ring is planar. The EPR 

studies on [(2,6-Br2)4TPPFe(N-MeIm)2]''"C104' have suggested that the ligands are in 

perpendicular planes.Since perpendicular ligand planes tend to cause the porphyrinate 

ring to ruffle,34.35 jt is possible that part of the stabilization of the symmeuical tetrakis-

(2,6-phenyl substituted) complexes of the previous study^^ is due to ruffling. 

To avoid the ruffling of the porphyrinate ring that may have occurred in 

symmetrical tetrakis-(orf/io-phenylsubstituted)porphyrins and their complexes and 

facilitate chromatographic separation of desired isomer, unsymmetrically substituted 

t e t raphenylporphyr ins ,  5 ,10 ,15- t r i s (4 -methoxyphenyl ) -20- (2 ,6-

dichlorophenyl)porphyrin (o-Cl2)0?-OCH3)3TPPH2, 5,10,15-tris(4-methoxyphenyl)-20-

(2-fluorophenyl)porphyrin (o-F)(p-OCH3)3TPPH2, and 5,10,15-tris(4-methoxyphenyl)-

20-(2-trifluoromethylphenyl)porphyrin (o-CF3)(p-OCH3)3TPPH2, have been 



synthesized and purified in this study. The redox and ligand binding properties of these 

porphyrins and their Fe(in) complexes have been investigated. As comparison, one 

symmetr ica l ly  subs t i tu ted  te t raphenylporphyr in ,  meso- te t rak i s - (4-

methoxyphenyOporphyrin (p-OCH3)4TPPH2 and its Fe(Iir) complex, has also been 

synthesized. Cyclic voltammetry has been used to measure the redox potentials of these 

model hemes in N,N-dimethylformaraide (DMF) with 0. IM tetrabutylammonium 

perchlorate (TBAP) as electrolyte. The overall formation constants, logPi^^' and logP2'" 

for Fe(in) and log(3i'' and logp2'' for Fe(II), have been calculated based on the shift of 

the redox potential of the Fe(III)/Fe(II) couple as a function of N-methylimidazole 

concentration. 

Meso-substituted porphyrins were first synthesized by Rothemund in the 

1930s."The synthesis involved the reaction of pyrrole with aldehyde in the 

presence of pyridine. The reaction was performed in a sealed tube at 145-155 °C for 24 

hours. The yield was around 5%. To improve the reaction rate and yield, Adler et al. 

investigated the mechanism of porphyrin synthesis.""^ Since the yield and rate of the 

reaction were dependent on several factors, such as acidity, the temperature, the 

availability of atmospheric oxygen, and the concentration of the starting materials, Adler 

et al. improved the reaction conditions and yield. In their synthesis, pyrrole and 

benzaldehyde were refluxed in propionic acid or acetic acid under atmospheric oxygen for 

30 minutes. The yield they obtained was around 20%.xhe Adler method is 

summarized in Figure 3.1. 
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Figure 3.1 The Adler method' 

To search for more gentle reaction conditions and to make the synthesis applicable 

t o  d i v e r s e  a l d e h y d e s ,  L i n d s e y  e t  a l .  d e v e l o p e d  a  n e w  m e t h o d . I n s t e a d  o f  

oxidizing porphyrinogens to porphyrins by atmosphere oxygen at high temperature, they 

used chemical oxidants at room temperature or temperatures below 40 °C. In Lindsey's 

method, pyrrole, aldehyde and boron trifluoride etherate were mixed in dry methylene 

chloride and stirred at room temperature under nitrogen. Then, one of a choice of 

oxidants, such as 2,3,5,6-tetrachlorobenzoquinone, was added and the reaction mixture 

was refluxed for Ih. the yield of this method is from 30-40% depending on the 

aldehyde."^ Lindsey's two-step chemical oxidation method is summarized in Figure 

3.2. 

Basically, there are two methods, Adier's and Lindsey's, for synthesizing meso-

substituted porphyrins, even though later study showed some improvements on one of 

the following: solvent, oxidation reagent, or temperature."^ Adier's method is 
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Figure 3.2 The Lindsey two-step method' 
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straightforward and is most desirable when a large quantity of the porphyrin is needed to 

be synthesized. The disadvantage of this method is the limitation of use of diverse 

aldehydes. Lindsey's mild reaction conditions allow synthesis to be done using a wide 

scope of substituted aldehydes, especially those sensitive aldehydes. Since Lindsey's 

method involves the use of more chemicals, such as quinone oxidant, it makes the 

porphyrin synthesis more expensive. 

The methods used in this study were Adler's and Lindsey's, but mostly Adler's 

since relatively large quantities of porphyrins were desired. Three porphyrins, {o-C\2){p-

0CH3)3TPPH2, (o-F)(p-OCH3)3TPPH2, and (p-OCH3)4TPPH2 were synthesized 

following the Adier procedure. For the synthesis of (o-CF3)(p-OCH3)3TPPH2, both 

methods were used. 

The complexation equilibria between the metalloporphyrinate and the axial ligand 

in the solution can be expressed by equations (l)-(4). If K2 is larger than Ki for both 

[PFe(n)(DMF)] + L [PFe(ID(L)]+DMF (1) 

[PFe(n)(L)] + L — [PFe(ID(L)2] (2) 

ATii" 

[PFe(IID(DMF)2]+C104-+ L [PFe(IID(L)(DMF)]+C104-+ DMF (3) 
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[PFe(IID(L)(DMF)]+C104-+ L — [PFe(IID(L)2j+C104-+ DMF (4) 

oxidation states, the complexation equilibria in the solution can be described by equations 

(5) and (6). where Pi" = /STi", P2" = Pi'" = and po"' = 

P2" 

[PFe(nXDMF)] + 2 L [PFe(II)(L)2] + DMF (5) 

[PFe(in)(DMF)2]+CI04-+ 2 L — [PFe(in)(L)2]^CI04-+ 2 DMF (6) 

The redox reactions which occur in this system for the simple iron porphyrinate 

and the complexed iron porphyrinate are described in equations (7) and (8)'2°, where p is 

the number of ligands bound to the oxidized species [PFe(in)]+, q is the number of 

ligands bound to the reduced species [PFe(II)]. 

[PFe(IID]++ e- [PFe(ID] (7) 

[PFe(m)(L)p]+ + e- — [PFe(ID(L)q] + (p-q)L (8) 
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In the system studied, the maximum value for both p and q is 2. The general equation 

which relates the half wave potential of the Fe(III)/Fe(II) redox couple for the complexed 

iron porphyrinate and the overall formation constants is shown in equation (9).'2i Here 

(Ei/2)c is the half wave potential of complexed iron porphyrinate at any ligand 

concentration and (Ei/2)s is the half wave potential of ligand free iron porphyrinate. The 

shift of the half wave potential, (Ei/2)c - (Ei/2)s. is dependent upon not only the 

formation constants of the oxidized and reduced complexed iron porphyrinates but also 

the concentration of ligand. Therefore, the formation constants of the oxidized and 

reduced complexed iron porphyrinates can be determined based on the experimental 

measurements of the shifts on the half wave potential with change in ligand 

concentration. 

RT 

(Ei/2)c- (Ei/2)s= In 

nF 

0 

N 
S Pq»[LF 
0 

RT I + |3i'"[L] + p2'"[L]2 
or (Ei/2)c = (E i /2)s In 

nF  1+pi" [L]  +  p2"[L]2  

(9) 
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EXPERIMENTAL 

Materials 

Pyrrole (98%), 4-methoxybezaldehyde (98%), a,a,a-trifluoro-o-tolualdehyde 

(98%), 2-fluorobenzaIdehyde (97%), 2,6-dichlorobenzaldehyde (99%), boron trifluoride 

diethyl etherate (in sure-seal bottle), tetrachloro-l,4-benzoquinone (99%), N-

methylimidazole, boron trifluoride dimethyl etherate (purified, redistilled and in sure-seal 

bottles) and propionic acid (99%) were purchased from Aldrich Chemical Company. 

Pyrrole was distilled immediately before use. Ferrous chloride (anhydrous) and silver 

perchlorate mono-hydrate (99.9%) were purchased from Johnson Matthey. Toluene 

(99.9%) and methanol (99.9%) were purchased from Mallinckrodt. Methylene chloride 

(99.9%) was purchased from Fisher Scientific. Silver nitrate was purchased from 

Bioanalytical Systems. Dimethylformanfiide was purchased from J. T. Baker. 

Silica gel (60-200 mesh) and TLC plates (silica gel IB) were purchased from J. 

T. Baker. A Hewlett-Packard 8451A Diode Array Spectrophotometer was used for 

obtaining UVA^is absorption spectra. The proton NMR spectra were obtained on a 

Gemini 200 (Varian). 

Synthesis of 5,10,lS-tris(4-methoxyphenyI)-20-(2-trifluoromethyl 
phenyOporphyrin 

The synthetic procedures used for 5,10,15-uis(4-methoxyphenyl)-20-(2-trifluoro 

methylphenyl) porphyrin were the Adler's and Lindsey's procedures. In the synthesis 



using Lindsey's method, a predryed 1000 ml 3-neck round bottom flask was purged with 

nitrogen for a couple of minutes before any reagent was added. To the flask was added 

500 ml of methylene chloride which was freshly dried by refluxing it over calcium 

chloride (CaH2) under the protection of a nitrogen atmosphere. The solution was heated 

to reflux, and then, 0.456 ml of 4-methoxybenzaldehyde and 0.165ml of a,a,a-

trifluoro-o-tolualdehyde were added. After stirring and refluxing the mixture for 5 

minutes, 0.350ml of freshly distilled pyrrole was added. The molar ratio of added 4-

methoxybenzaldehyde, a,a,a-trifluoro-o-tolualdehyde and pyrrole was 3:1:4. At the 

time pyrrole was added, the flask was covered with aluminum foil. After the stirring and 

refluxing were continued for another 5 minutes, 0.185 ml (0.0015 mole) of boron 

trifluoride diethyl etherate was added. The mixture was refluxed with stirring for 1 hour, 

followed by the addition of 0.922 g of tetrachloro-l,4-benzoquinone and another 1 hour 

refluxing. The whole reaction was done under nitrogen. 

After repeating Lindsey's method four times, Adler's method was chosen to 

produce more porphyrin. To a 1000 ml 3-neck round bottom flask was added 600 ml of 

propionic acid. When propionic acid was heated to the boiling point, 14.71 ml (0.1208 

mole) of 4-methoxybenzaldehyde and 5.30 ml (0.0403 mole) of a,a,a-trifluoro-o-

tolualdehyde were added. The mixture was refluxed with stirring for 5 minutes. Stirring 

and refluxing were continued for 30 more minutes after 11.20 ml (0.2611 mole) of 

freshly distilled pyrrole was added to the mixture. The whole reaction was done under 

normal atmosphere. 



Synthesis of 5,10,15-tris(4-inethoxyphenyI)-20-(2-fluorophenyl) 
porphyrin 

Considering that a large amount of sample was needed for the electrochemical 

study, only Adler's method was used for the synthesis of 5,10,15-tris(4-

methoxyphenyl)-20-(2-fluorophenyl)porphyrin. The procedure was the same as the one 

described above. A 2000 ml 2-neck; round bottom flask was equipped with a dropping 

funnel, a reflux condenser opened to the air and a magnetic stirrer. To the flask was 

added 1200 ml of propionic acid and the solution was brought to boiling, followed by the 

addition of 29.41 ml (0.2417 mole) of 4-methoxybenzaldehyde and 8.49 ml (0.0806 

mole) of 2-fluoroben2aldehyde. After 5 minutes refluxing, 22.38 ml (0.3223 mole) of 

freshly distilled pyrrole was added and then the reaction mixture was refluxed for 30 min. 

Synthesis of 5,10,15-tris(4-methoxyphenyI)-20-(2,6-dichIoro 
phenyi)porphyrin 

5,10,15-tris(4-methoxyphenyl)-20-(2,6-dichlorophenyl) porphyrin was 

synthesized using Adler's procedure. The same equipment and experimental conditions 

described in the synthesis of 5,10,15-tris(4-methoxyphenyl)-20-(2-

fluorophenyOporphyrin were followed. The molar ratio of all the reagents was kept the 

same. 

Synthesis of meso-tetrakis-(4-niethoxyphenyl)porphyrin 

Meso-tetrakis-(4-methoxyphenyl)porphyrin was also synthesized using the 

Adler's procedure as described above. A 1000 ml 2-neck round bottom flask was 
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equipped widi a dropping funnel, a reflux condenser opened to the air and a magnetic 

stirrer. To the flask was added 600 ml of propionic acid and the solution was heated to 

boiling. Then 10.3 ml (0.161 mole) of 4-methoxybenzaldehyde was added to the 

solution. After 5 minutes refluxing, 11.2 ml (0.161 mole) of freshly distilled pyrrole 

was added and the reaction mixture was refluxed for 30 min. 

Purification 

Propionic acid was washed off from the crude reaction mixture following the 

procedure described below. The washing procedure was the same for all four 

porphyrins. The crude reaction mixture was dissolved in methylene chloride. To a 

separation funnel was added distilled water and the crude reaction mixture in methylene 

chloride. After gentle shaking, porphyrin and organic impurities went to 

dichloromethane phase, while propionic acid went to aqueous phase. This washing 

procedure was repeated until the aqueous phase reached pH 7. The organic layer was 

collected and concentrated for the following purification. 

Purification of three unsymmetrically substituted tetraphenylporphyrins was 

carried out by using a silica gel column with methylene chloride as eluent. At this stage, 

the black impurities (tar) stayed on the top of the column and all isomers were eluted and 

collected together. This was done only one time to get rid of a large part of the 

impurities. For the symmetrically substituted tetraphenylporphyrins, meso-tetrakis-(4-



methoxyphenyl)porphyrin, this procedure was continued until all the tar was removed, 

usually 2 to 3 times. 

Separation of isomers 

Each unsymmetrically substituted tetraphenylporphyrin contains six isomers. 

Their Rf values on TLC plate are listed in Table 3.1 (a). Out of six isomers, only one 

isomer was needed for electrochemical study (Figure 3.3). Separation of this isomer 

from the other five isomers was done by using the same silica gel column. The eiuent 

was methylene chloride for (o-F)(p-OCH3)3TPPH2 and (o-CF3)(p-OCH3)3TPPH2 and 

toluene for (o-Cl2)(p-OCH3)3TPPH2. TLC and NMR were used to monitor the purity of 

the isomer wanted. Column separation was continued until only one spot shown on the 

TLC plate. Usually, it took about five columns to get the isomer separated from others. 

The proton NMR specunm was used to trace the ratio of the pyrrole protons (a) and the 

protons on the methoxy group (b). The ratio of these protons should be 8:9 (Figure 

3.4a-c). The pattern of pyrrole-H resonances is tabulated in Table 3.2. 

For the symmetrically substituted porphyrin, (p-OCH3)4TPPH2, there was only 

one product produced. Its Rf value is also listed in Table 3.1 (a). The proton NMR 

spectrum was obtained and the ratio of the pyrrole protons (a) and the protons on the 

methoxy group (b) was 8:12 (Figure 3.4d). 
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Table3.1(a) Rf values of isomers of ( o - F ) ( p - O C H 3 ) 3 T P P H 2 ,  ( o - C F 3 ) ( p -
0CH3)3TPPH2 and (o-Cl2)(p-OCH3)3TPPH2, and the value of (p-OCH3)4TPPH2 

Rf values 

Component (o-F) (0-CF3) (2,6-Cl) (P-OCH3) 

1 , 2  0.93 0.95 0.93 

3 0.82 0.86 0.86 

4 0.78 0.78 0.63 

5 0.57 0.54 0.50 

6 0.16 0.17 0.16 

Table 3.2 The pattern of pyrrole proton resonances for three unsymmetrically 
substituted TPP 

Pyrrole proton 

(2,6-Cl2) 8.88 8.86 8.83 8.64 8.62 

(0-CF3) 8.86 8.84 8.83 8.56 8.54 

(o-F) 8.90 8.87 8.86 8.80 8.78 



( 1 )  

OCHg 

(2) 

HgCO-^J 0ch3 

(3) 

HsCO-^J 
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Figure 3.3 Isomers of unsymmetrically substituted tetraphenylporphyrin 
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Figure 3.4 (a). 'H NMR spectra of (o-F)(/?-OCH3)3TPP 



Figure 3.4 (b). NMR spectra of (o-CF3)(p-OCH3)3TPP 



Figure 3.4 (c). NMR spectra of (2,6-Cl2)07-OCH3)3TPP 



91 

Figure 3.4 (d). NMR spectra of (p-OCH3)4TPP 
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Iron insertion into porphyrins 

The procedure of iron insertion into the purified porphyrin isomer used for this 

study was the one developed by Walker, Simonis, et al. 122-124 fj-om earlier methods.'25 

Ferrous chloride was used as iron source. 

To a 2-neck round bottom flask was added 1 mole equivalent of porphyrin in a 

minimum amount of methylene chloride and 10 mole equivalent of ferrous chloride in a 

minimum amount of 3:1 methylene chloride:methanol (v/v). The reaction mixture was 

refluxed under nitrogen till completion. 

The completion of the iron insertion was monitored by UltraVioletA'^isible 

Absorption Spectroscopy (UV-Vis) and Thin Layer Chromatography (TLC) techniques. 

Usually, in a visible absorption spectrum, metal-free porphyrins have a Soret band and 

four visible bands, while metalloporphyrins have a Soret band and one or two visible 

bands. 126 In the experiment, the completion of the iron insertion was monitored until the 

four visible bands collapsed to two bands. The Soret band was at the same position for 

both iron free and iron porphyrinates. All four iron porphyrinates studied followed the 

same absorption pattern as shown in Figure 3.5. Their peak values are listed in Table 

3.3. TLC was also used for checking the completion of the iron insertion. The TLC 

plate with spotted reaction mixture was developed in methylene chloride. The insertion 

reaction was continued until the spot near the solvent front totally disappeared and only 

one spot near the starting point was observed. For all four porphyrins studied, the 

reaction mixture was refluxed overnight to make sure the iron insertion was complete. 
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(b) 

Figure 3.5 Visible absorption spectra of (o-F)(p-OCH3)3TPP (a) and (o-F)(p-
OCH3)3TPPFe(m)Cl (b). 
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Table 3.3 Absorption maxima (nm) for both iron free porphyrinate and iron 
porphyrinate 

Porphyrin 
Soret 

Band 

I n m rv 

(O-F)(P-OCH3)3TPPH2 422 516 552 592 648 

(O-CF3)(/7-OCH3)3TPPH2 422 516 552 592 648 

(2,6-Cl2)(p-OCH3)3TPPH2 422 518 554 594 650 

(P-0CH3)4TPPH2 

(o-F)(p-OCH3)3TPPFeCl 422 510 682 

(o-CF3)(p-OCH3)3TPPFeCl 418 512 686 

(2,6-Cl2)(p-OCH3)3TPPFeCl 422 514 660 

(/j-OCH3)4TPPFeCl 420 514 680 
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The reaction mixture was poured into a separation funnel and washed with 

distilled water to get rid of excess iron. The washing procedure continued until no 

yellow color appeared in the aqueous phase. 

A silica gel column was used to separate iron(ni) porphyrin from left over iron-

free porphyrin. Iron-free porphyrin was eluted with methylene chloride. Iron(in) 

porphyrin was eluted with 10% methanol in methylene chloride. Solvent was removed 

by rotary evaporator. 

After iron insertion, the porphyrin exists in the solution as a dinmier. The 

dimmer needs to be broken and the anion needs to be converted from hydroxyl ion (OH") 

to chloride ion (CI"). This can be achieved by bubbling hydrogen chloride gas into the 

iron(III) porphyrin solution. 

In the experiment, the residue was redissolved in methylene chloride and dried 

over anhydrous sodium sulfate. After removal of sodium sulfate by filtration, hydrogen 

chloride gas was bubbled into the iron(in) porphyrin solution for one minute and then 

nitrogen was bubbled into the solution to get rid of excess hydrogen chloride gas. 

Removal of solvent by rotary evaporation produced iron(lir) porphyrin chloride. 

Conversion of iron(III) porphyrin chloride to iron(III) porphyrin 
perchlorate 

The general procedure for chloride to perchlorate conversion involves boiling the 

solution of 1 mole equivalent of iron(III) porphyrin chloride and 0.9 mole equivalent of 



silver perchlorate in tetrahydrofuran for 20 nninutes, filtering off the silver chloride 

precipitate and drying the filtrate.22.127 7^5 completion of conversion of iron(in) 

porphyrin chloride to iron(Iir) porphyrin perchlorate was monitored by NMR. 

Iron(III) porphyrin chloride was dissolved in a minimum amount of 

tetrahydrofuran in an Erlenmeyer flask. A silver perchlorate solution in tetrahydrofuran 

(44.5 mM) was mixed with above porphyrin solution. The molar ratio of porphyrin to 

silver perchlorate was 1:0.9. The reason for using the ratio of 1:0.9 instead of 1:1 is that 

there is usually solvent in the crystals and it makes the real porphyrin amount less than 

what it should be. The mixture was simmered on a hot plate for 20 minutes with fume 

hood window almost closed After it was cooled to room temperature, the mixture was 

filtered using a fine frit to get rid of the silver chloride precipitate. The filtrate was 

collected and transferred to a round bottom flask. An equal volume of toluene was added 

to the filtrate and the solution was rotary evaporated to dryness under reduced pressure. 

The purpose of adding toluene to the filtrate is to prevent tetrahydrofuran from possible 

binding to the iron center as an axial ligand. Since toluene has higher boiling point than 

tetrahydrofuran does, tetrahydrofuran was the first component to be removed during 

rotary evaporation. After the porphyrin was dry on the rotary evaporator, argon was 

blown into the flask for about 5 minutes until the iron porphyrin perchlorate was cooled 

to room temperature. During the rotary evaporation, caution should be taken by wearing 

safety goggles and using the explosion shield to prevent from potential explosion caused 

by the existance of peroxide in THF. 

Iron porphyrin perchlorate soUd was collected and stored in a desiccator. Before 



the electrochemical study, the sample was placed into a vacuum chamber with drying 

agent and dried over night. 

Proton NMR spectra were obtained for all three porphyrin samples to make sure 

that all iron(in) porphyrin chloride was converted to iron(III) porphyrin perchlorate. 

This was characterized by the complete disappearance of the pyrrole proton peak at about 

82 ppm (Figure 3.6). 

Cyclic voltammetric study 

The solvent used for die electrochemical experiment was DMF. It was purchased 

from J. T. Baker, Inc. and stored in a nitrogen atmosphere in a glove bag. Water can 

react with DMF and form formic acid, which has a reduction potential at about -1.4 V 

versus Ag/Ag"*". To make sure that water content was very low, every time before an 

electrochemical titration, the cyclic voltammogram was obtained for the solvent in the 

presence of 0.1 M TBAP electrolyte. TEA? was purchased from Southwestern 

Chemical, Inc. and dried under vacuum overnight before the use. N-methylimidazole 

was the only ligand used for this study and was purchased from Aldrich Chemical 

Company. 

The electrodes used for this study were a platinum disk working electrode, a 

platinum wire counter electrode and a silver/silver ion reference electrode (+0.452 V 

versus SCE). Before use, the working electrode was polished with 0.05 n alumina 

polish, rinsed with distilled water and reagent grade methanol. The silver/silver ion 

reference electrode was composed of two parts, a silver wire and silver ion solution. The 
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Figure 3.6 NMR spectra of (2,6-Cl2)(p-OCH3)3TPPFeCl (a) and (2,6-Cl2)07-
0CH3)3TPPFe(IIDC104 (b). 
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silver wire was polished with sand paper before each experiment. The silver ion solution 

was 0.01 M silver nitrate and 0.1 M TBAP in DMF. Silver nitrate was purchased from 

Bioanalytical System, Inc. All the electrodes and 0.05|i alumina polish were purchased 

from Bioanalytical System, Inc. 

The bulk electrolyte solution in the electrochemical cell was 0.1 M TBAP in 

DMF. The concentration of iron porphyrin was 0.001 M. The concentration of 

electrolyte TBAP was ten time that of the iron porphyrin concentration. 

The cyclic voltammetric study was carried out using a Princeton Applied Research 

(PAR) model 175 potentiostat. The potentiostat was controlled by a PAR model 276 

Computer Interface Module and Headstart system software. The CVs were obtained 

using the Headstart cyclic voltammogram command sequence. The data obtained from 

the headstart system were converted and imported into the Quatro Pro spreadsheet 

program for analysis. 

All cyclic voltammograms were obtained at a scan rate of 50 mv/s at 25 °C in the 

range of 0 V to -1.9 V. This range covered both Fe(in)/Fe(II) and Fe(II)/Fe(I) redox 

couples for all the iron porphyrinates studied. Before titration of any N-methylimidazole 

axial ligand, a CV was obtained for iron porphyrinate. Then, the axial ligand was added 

stepwise into the iron porphyrinate solution. After passing argon through the solution for 

10 minutes, a CV was obtained for iron porphyrinate/N-methylimidazoIe complex. This 

ligand addition procedure was repeated until a constant potential for Fe(III)/Fe(n) redox 

couple was observed. At the end of titration, 2 mg of ferrocene was added and its 

reduction was measured to make sure that the different sets of experimental results were 
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comparable. The scan range for ferrocene was from -1 V to I V. The E1/2 value of 

ferrocene was +12 ± 3 mv. 

RESULTS 

A typical cyclic voltammogram (CV) is shown in Figure 3.7. The shape of all 

other CVs is similar with this one. The redox couple around -0.5 V is for the reduction 

of PFe(III) to PFe(II) (equation (11)). The redox couple around -1.5 V is for the 

reduction of PFe(n) to PFe(I) as shown in equations (13). 

For all the iron porphyrinates studied, both sets of redox peaks shifted 

cathodically when N-methylimidazole axial ligand was titrated into the solution. Figure 

3.8 shows the redox couple shift during titration of N-methylimidazole. After the 

concentration of N-methylimidazole increased to a certain level, PFe(in)/PFe(n) redox 

peak was no longer shifting. This happened when the concentrations of N-

methylimidazole was around 1x10-- M. For the PFe(II)/PFe(I) redox couple, the peak 

shifted with the addition of N-methylimidazole and finally disappeared at high 

concentration of N-methylimidazole. 

The half wave potentials (E1/2) of the Fe(in)/Fe(II) and Fe(II)/Fe(I) redox 

couples for all four iron porphyrinates studied and their fully N-methylimidazole 

complexed iron porphyrinates were measured and are listed in Table 3.4. The difference 

in potential, (delta E1/2) = (Ei/2)c - (Ei/2)s. for all iron porphyrinates studied are also 
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(0-CF3)(p-0CH3)3TPPFe(III)C104 
1 mM, 100 mM TBAP, DMF, 25 °C, 50 mv/s 

4 

*^0.1 0^3 O!5 0.7 0.9 1.1 1^3 ' 1.5 1.7 1.9 
neg. potential (-V) 

Figure 3.7 Cyclic Voitammogram of perchloratoironCDI) tetraphenylporphyrinate in 
the absence of N-methylimidazole. 
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(o-CF3)(p-OCH3)3TPPFe(in) 
1 mM, 100 mM TBAP, DMF, 25 "C, 50 mv/s 

no N-Melm 

1.5e-3 

3.5e-3 

0.7 0.9 1.1 1.3 
neg. potential (-V) 

Figure 3.8. Redox couple shifts of perchloratoiron(Iir) tetraphenylporphyrinate during 
titration of N-methylimidazole. 
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tabulated in the last column of Table 3.4. 

The peak separation of the Fe(in)/Fe(n) redox couple obtained for all iron 

porphyrinates in the absence of ligand was from 59 to 63 mv. The peak separation of the 

Fe(n)/Fe(r) redox couple for all ligand free iron porphyrinates was between 80 and 110 

mv as shown in Table 3.5. The last column In Table 3.5 shows the peak separation of 

the fully N-methylimidazole complexed Fe(III)/Fe(II)redox couple for all iron 

porphyrinates studied. 

The dependence of reduction potential on the concentration of N-methylimidazole 

axial ligand can also be seen in the plot of half wave potential versus logarithmic 

concentration of N-methylimidazole (Figure 3.9). The overall formation constants were 

obtained by fitting the experimental data to equation (9). The curve fitting program was 

written by Dr. Nikolai Shokhirev, a scientist in our laboratory. At the beginning of the 

fitting process, a set of estimated formation constants were input into the curve fitting 

program. Then, the curve fitting program utilized the least-squares method to calculate 

the half wave potential and minimize the difference between calculated and measured 

potential by changing the formation constants. As comparison, a fitting curve is also 

shown in Figure 3.9. The overall formation constants of iron porphyrinates for both 

oxidation states are listed in Table 3.6. 
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Table 3.4. Half wave potentials of Fe(III)/Fe(II) and Fe(n)/Fe(I) redox couples 
obtained for three unsymmetrically substituted TPPFe and the ^-OCH3)4TPPFe parent 
in the absence of N-methylimidazole (£1/2)5, those of Fe(II)/Fe(I) redox couple for the 
fully N-methylimidazole complexed iron porphyrinates (Ei/2)c.f and the difference in 
potential (delta E1/2) between (£1/2)5 and (Ei/2)c.f (V, vs SCE) 

(£1/2)5 (Ei/2)s (Ei/2)c.f delta Ei/2 

Porphyrin Fe(Iir)/Fe(II) Fe(II)/Fe(I) Fe(III)/Fe(n) Fe(III)/Fe(n) 

(2,6-Cl2)(p-OCH3)3TPP -0.065 

(o-F)(p-OCH3)3TPP -0.068 

(o-CF3)(p-OCH3)3TPP -0.072 

(p-OCH3)4TPP -0.079 

-1.038 -0.097 -0.031 

-1.038 -0.111 -0.044 

-1.054 -0.114 -0.043 

-1.063 -0.135 -0.055 
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Table 3.5. Peak separation of Fe(in)/Fe(II) and Fe(II)/Fe(I) redox couples obtained 
for the three unsymmetrically substituted TPPFe complexes and the (/?-OCH3)4TPPFe 
parent in the absence of N-methylimidazole and peak separation of Fe(III)/Fe(n) redox 
couple for the fully N-methylimidazole complexed iron porphyrinates 

Peak separation (mv) 

Porphyrin In the absence of ligand Fully complexed 

Fe(in)/Fe(II) Fe(II)/Fe(I) Fe(in)/Fe(II) 

(o-F)(P-OCH3)3TPP 60 95 73 

(O-CF3)(P-OCH3)3TPP 63 89 68 

(2,6-Cl2)(;7-OCH3)3TPP 59 80 63 

(p-OCH3)4TPP 60 110 69 
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(0-F)(p-OCH3)3TPPFe(in) 
1 mM, 100 mM TBAP, DMF, 25 °C, 50 mv/s 

-0.525 

-0.53 

-0.535 

-0.54 

-0.545 

-0.55 

-0.555 

-0.565 
-4.5 -4.1 -3.7 -3.3 

log (N-Melm) 

-2.9 -2.5 

+ experimental data fitting curve 

Figure 3.9 N-methylimidazole concentration dependence of Fe(in)/Fe(n) reduction 
wave for the unsymmetrically substituted TPPFe complexes and the (o-CF3)(p-
OCH3)3TPPFe parent. 
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Table 3.6. Overall formation constants obtained for the three unsymmetrically 
substituted TPPFe complexes and the (p-OCH3)4TPPFe parent. 

Porphyrin logPa'" logPi" logpi''' logPi'' 

(o-F)(P-OCH3)3TPP 7.2±0.2 6.3±G.4 1.6±0.2 2.3±0.5 

(o-CF3)(P-OCH3)3TPP 6.6±0.1 5.7±0.1 1.9±0.2 2.6±0.2 

(2,6-Cl2)(/7-OCH3)3TPP 6.3±0.1 5.7±0.I 2.6±0.i 2.5±0.1 

(p-OCH3)4TPP 6.5±0.1 5.5±0.1 3.0±0.3 l.5±0.7 
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DISCUSSION 

Cyclic voltammograms 

All the cyclic voltammograms obtained are similar to the typical cyclic 

voltammograms of other iron porphyrinates previously studied.-2.85.86.93,ioo xhe 

Fe(in)/Fe(n) wave for the ligand free iron porphyrinates behaves as a reversible redox 

reaction. This can be illustrated by the shape of the wave being basically symmetrical. 

The anodic and the cathodic peak currents have similar magnitudes. The peak separation 

of the Fe(in)/Fe(n) wave for the ligand free iron porphyrinates is 61±2 mv (first column 

in Table 3.4) which is very close to the theoretical value of 57 mv for a one electron 

reduction.'-^ The peak separation of the Fe(ni)/Fe(II) wave for the fully N-

methylimidazole complexed iron porphyrinates is 68±5 mv (last column in Table 3.4) 

which is slightly larger than theoretical value but is still typical for iron 

porphyrinates. 

Cathodic shifts of the Fe(III)/Fe(II) redox peaks upon the addition of N-

methylimidazole were observed for all the iron porphyrinates studied. The Fe(III)/Fe(ir) 

redox peaks were no longer shifting when the concentrations of N-methylimidazole 

reached around IxlQ-^ M. This shift of half wave potential by complex formation is 

quantitatively related to the formation constants of the oxidized and reduced complexed 

iron porphyrinates and the concentration of ligand (equation (9)). 

Shift of the Fe(II)/Fe(I) redox waves upon the addition of N-methylimidazoIe was 

also observed for all the iron porphyrinates studied (see a typical CV in Figure 3.8). 
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Unlike the shift of the Fe(in)/Fe(n) redox couple, the peaks of the Fe(II)/Fe(I) redox 

couple shifted cathodically upon the addition of N-methylimidazole and finally 

disappeared at high concentration of N-methylimidazole. This is similar to the results 

observed previously by Walker et al .'^*22 The peak separation of the Fe(ir)/Fe(I) wave 

for the ligand free iron porphyrinates is from 80 to 110 mv depending on the individual 

iron porphyrinate studied (second column in Table 3.4), which is much larger than the 

theoretical value of 57 mv for one electron reduction.'28 The unsymmetrical wave shape 

and the large peak separation indicates the irreversible behavior. This is because of the 

slow on/off exchange rate of the axial ligands at the Fe(II) center, and the face that Fe(I) 

does not bind axial ligands over the concentration range used.22 This shift has not been 

used for any determination of formation constant because of the irreversibility of the 

Fe(n)/Fe(I) redox couple. 

Half wave potentials 

As shown in the first two columns of Table 3.3, the half wave potentials of both 

Fe(III)/Fe(II) and Fe(II)/Fe(I) redox couples for three unsymmetrically substituted 

uncomplexed TPPFe are less negative than that of the symmetrically substituted TPPFe 

parent. The order is 2,6-Cl2 > o-F > 0-CF3 > /7-OCH3 from most easily reduced to most 

difficult reduced. The half wave potentials for the fully complexed iron porphyrinates 

(third column in Table 3.3) follow the same order. A similar trend is also observed for 

the difference in potential (delta E1/2) (last column in Table 3.3), where the order is 2,6-

CI2 > o-F = 0-CF3 > P-OCH3 from most easily reduced to most difficult reduced. This 
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indicates that for both Fe(in)/Fe(II) and Fe(n)/Fe(I) redox couples, unsymmetrically 

substituted TPPFe in this study are more easily reduced than the symmetrically 

substituted TPPFe parent, and that in all cases the Fe(in) bis-NMelm complex is more 

stable than the Fe(II) bis-NMelm complex. 

Among the three unsymmetrically substimted iron porphyrinates, 2,6-Cl2 has the 

least negative potential, o-F the next and 0-CF3 has most negative one, though all the 

potentials are very similar. Therefore, 2,6-Cl2 is the most easily reduced, o-F the next 

and 0-CF3 is the most difficult reduced one. 

Equation (9) quantitatively describes the relationship between the half wave 

potential ((Ei/2)c) and the ligand concentration ([L]). Equation (10) is another form of 

equation (9). The dependence of half wave potential on the concentration of ligand 

obtained experimentally has been depicted in Figure 3.9. 

l + |3ii"[L] + p^i»[Lp 
(Ei/2)C = (E,/2)S - 0.059 log (10) 

I + |3,i' [L] + P2" [LP 

At the beginning part of the titration, (Ei/2)C does not depend on [L]. The slope 

of this part of the curve in Figure 3.9 is zero. This means that both Fe(III) and Fe(II) are 

not ligated. The logrithm term in equation (10) is zero and (Ei/2)c is equal to (Ei/2)s, the 

half wave potential for the ligand free iron porphyrinate. 

At the end of the titration, (Ei/2)c shows again no dependence on [L]. The slope 
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of this part of the curve is again zero. This is possible if the number of ligands bound 

to Fe(in) (p) and Fe(n) (q) is the same, either 1 or 2 in equation (16). Early studies 

showed that at this time, both Fe(III) and Fe(II) are bisligated (p=q=2)22. Equation (10) 

simplifies to 

P2I" 
(Ei/2)c.f = (Ei/2)s - 0.059 log (11) 

P2" 

At this time, the half wave potential for fully complexed iron porphyrinate, (Ei/2)c.f, is 

governed by the ratio of the overall formation constants Only the ratio 

P2"VP2" can be determined based on (Ei/2)c.f and (£1/2)5. 

In the middle part of the titration, (Ei/2)c is dependent on [L]. This is a mixed 

case where 0, 1 or 2 bound ligands is possible for each oxidation state. This can be seen 

by the slope of the middle portion of the curve being around -70 mV, neither -59 mV for 

the pattern of p-q=l nor -118 mV for the pattem of p-q=2. The overall formation 

constants can only be solved using the complete equation (9) or (10). 

Formation constants 

The overall formation constants for both Fe(III) and Fe(n) porphyrinates are 

determined by fitting the experimental data into equation (9) or (10). Since DMF is a 
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coordinating solvent28.i29 shown in equation (5) and (6), the formation constants 

measured are ligand replacement constants. The overall formation constant for N-

methylimidazole complexes of the porphyrinates studied is in the order of o-F > 0-CF3 > 

/7-OCH3 = 2,6-Cl2. 

Recent study in our group has evaluated Hammett (To constants for the ortho 

-phenyl substituents^^ (Table 3.7). Like para-phenyl substituents (/?-OCH3=-0.27), all 

ortho-phenyl substituents have negative GQ values (o-F=-0.05, o-CF3=-1.62 and 2,6-

Cl2=-3.10). In terms of the electron donating ability, the order is o-F < 0-CF3 < 2,6-

CI2. The electron-donating ability indicated by the formation constants measured in this 

study has the order of o-F < 0-CF3 </?-0CH3 = 2,6-Cl2. Considering only 

unsymmetrically substituted PFe(III), the Oq order is the same as that of overall formation 

constants measured in this study. 

The formation constant of the symmetrical (p-OCH3)4TPPFe(in) complex in this 

study is similar to that of the (2,6-Cl2)(p-OCH3)3TPPFe(in) complex. This means that 

2,6-Cl2 has an electron-donating ability similar to P-OCH3. This could be explained in 

terms of direct electron overlap between porphyrin (tc) and chlorine (p) orbitals. Recent 

studies using EPR and resonance Raman by Bocian and coworkers have shown the 

evidence of direct porphyrin (7c)-chlorine (p) orbital overlap in the 7C-cation radicals of 

Zn(II) and Mg(II) tetrakis-(2,6-dichlorophenyl)porphyrin, [(2,6-Cl2)4TPPZn]+ and 

[(2,6-Cl2)4TPPMg]+ .'30 The possibility of this overlap has also been suggested by 

Bruice and coworkers.The overlap and direct transfer of electron density from 
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the halogen to the iron in the product decreases the Lewis acidity of iron(in) of the 

product, resulting in a decrease in the complex formation constant. 

The same analysis could be used to explain the electron-donating order of o-F < 

0-CF3 < 2,6-Cl2. The bigger size of CF3 than F could reduce the Lewis acidity of the 

product more, resulting in a smaller complex formation constant. 

The overall formation constants for N-methylimidazole complexed Fe(II) 

porphyrinates are fairly close to each other. The order of the constants is similar to that 

of Fe(III) complexes, indicating no major difference in the Lewis acidity of Fe(n) as 

compared to Fe(in). 

Comparing the overall formation constant logp2"' to those previously determined 

by spectrophotometric methods, the order is reversed^^ (Table 3.7). This is probably 

because different solvents have been used for the two different studies, DMF in this 

study and chloroform for the previous study. The difference between these two solvents 

is that coordinating DMF is readily removed by the ligands but binding of two ligands to 

iron in chloroform requires dissociation of the chloride ion first. The formation constant 

measured in the chloroform system contains two parts, dissociation of chloride ion and 

association of ligand. In the DMF system, the anion has already been dissociated by the 

coordinating solvent, and the energy used to dissociate DMF is very small and probably 

fairly constant among the complexes studied. The formation constant measured in DMF 

is mainly a measure of the ligand binding. 

Comparing the formation constants of unsymmetrically substituted TPPFe(III)(N-

Melm)2 and complexes from this study to those obtained for symmetrical tetrakis(2,6-
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X2)TPPFe(III)(N-MeIm)2 ones,-^ larger constants (logP2^") has been found for the 

symmetrical ones (7.7 (Br), 7.1 (CI), 7.0 (OCH3)). This suggests that both steric and 

electronic effects exist in the symmetrical system and part of the stabilization of the 

complexes is due to ruffling of the porphyrin ring in the symmetrically substituted 

system. 

CONCLUSION 

The Fe(E[I)/Fe(II) redox couple for the ligand free iron porphyrinates studied has 

a reversible redox behavior indicated by the peak separation (around 61 mV) which is 

close to the theoretical value (57 mV). The peak separation of the Fe(III)/Fe(II) wave for 

the fully N-methylimidazole complexed iron porphyrinates is 68 mV, indicating a quasi 

reversible redox behavior. 

The order of half wave potentials for Fe(ni)/Fe(II) redox couple of non-

complexed and fully N-methylimidazole is 2,6-Cl2 > o-F > 0-CF3 > P-OCH3 from most 

easily reduced to most difficult reduced. Unsymmetrically substituted TPP iron 

porphyrinates studied are more easily reduced than the symmetrically substituted one. 

The overall formation constant for N-methylimidazole complexes of the 

porphyrinates studied is in the order of o-F > 0-CF3 > /7-OCH3 = 2,6-Cl2. The electron-

donating ability indicated by the formation constants has the order of o-F < 0-CF3 < p-

OCH3 = 2,6-Cl2. In terms of the electron withdrawing ability, the order is reversed: o-F 
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> 0-CF3 > P-OCH3 ~ 2,6-Cl2. The formation constant of P-OCH3 in this study is 

similar to 2,6-Cl2, indicating similar electron-donating ability between these two 

porphyrinates. It is believed that direct electron overlap between porphyrin (TC)-chlorine 

(p) orbitals plays an important role. The overlap and direct transfer of electron density 

from the halogen to the iron in the product decreases the Lewis acidity of iron(III) of 

product, resulting in a decrease in the formation constant. The same analysis could be 

used to explain the electron-donating order of o-F < 0-CF3 < 2,6-Cl2. The bigger size of 

CF3 than F could reduce the Lewis acidity of the product more, resulting in a smaller 

formation constant. 

The overall formation constants for N-methylimidazole complexed Fe(II) 

porphyrinates are fairly close to each other. The order of the constants is similar to that 

of Fe(in) complexes, indicating no major difference in the Lewis acidity of Fe(n) as 

compared to Fe(III). 

Comparing the overall formation constant to those previously determined by 

spectrophotometric methods^^, the order is reversed due to the different solvents used in 

two studies., DMF in this study and chloroform for previous study. The formation 

constant measured in the chloroform system contains dissociation of chloride ion and 

association of ligand, while in the DMF system, the formation constant is mainly a 

measure of the ligand binding. 

Comparing the formation constants of unsymmetrically substituted TPPFe(III)(N-

Melm) complexes from this study to those obtained for symmetrical ones, larger 

constants found in the synmietrical system suggests that part of the stabilization of the 
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complexes is due to ruffling of the porphyrinate ring in the symmetrically substituted 

system. 

Table 3.7. Comparison of electrochemical results in this study with those previously 

studied by spectrophotometric method^^ 

E-chem results in this study Results by UV-VIS^^ 

Porphyrin log log ^2" logPa"' <^0 

(o-F) 7.2 6.3 3.52 -0.05 

(0-CF3) 6.6 5.7 3.92 -1.62 

(2,6-Cl2) 6.3 5.7 4.02 -3.10 

(P-0CH3)4 6.5 5.5 3.56'33 -0.27'34-i36 
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Chapter 4 

SYNTHESIS AND CHARACTERIZATION OF 

BASKET-HANDLE PORPHYRINS 

INTRODUCTION 

As described in Chapter 1, the active site of cytochrome c and f is six coordinated 

at the iron center with mixed axial ligands. Cytochrome f has one histidine and one 

terminal amine group from the tyrosine residue as the axial ligands, while cytochrome c is 

histidine and methionine ligated. To mimic cytochrome c and f, a variety of models have 

been synthesized and studied. Most of these studies have been carried out using 

metalloporphyrins with added ligands in the solution. It has been known since die 1960s 

that iron(Iir) porphyrins can autoreduce to iron(n) porphyrins in the solution containing 

excess ligands such as aliphatic amine, thiols or imidazolates. 137-139 xhis made it 

difficult to study a desired iron(III) porphyrin. To avoid this autoreduction, effort has 

been made on the synthesis of iron(III) porphyrins with fixed ligands since the late 

1970s. In this kind of porphyrin, ligands were covalendy attached to the iron porphyrin. 

To our knowledge, the first model with one covalently bound ligand was 

synthesized by Mashiko and co-workers in 1979 (Figure 4.1).^'^ This model, called tail 

porphyrin, had two different axial ligands, tetrahydrothiophene and bound imidazole. 

Imidazole was covalently bound to a chain attached to the phenyl rings of meso-
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substituted tetraphenylporphyrins (TPP). The axial ligand tetrahydrothiophene was not 

covalently bound to the porphyrin and was added when the study was performed, the 

Fe(III)/Fe(II) redox potential of this model was measured by cyclic voltammetry,'"^ and 

bond angles and bond lengths were determined by X-ray crystallography. 

Later, in 1985, another model, a basket handle porphyrin with one covalently 

bound ligand, was synthesized by Momenteau et al. (Figure 4.2).xhis model had 

two handles diagonally stretching over the top and the bottom face of the porphyrin ring. 

The two handles were anchored to the ortho positions of meso-substituted phenyl ring by 

amide linkages. The axial ligand, pyridine or imidazole, was covalently bound to the 

middle of one handle. The o±er handle was composed of an aliphatic chain or aliphatic 

chain with phenyl ring in the middle. Similar basket handle porphyrins with ether 

linkages were also synthesized by the same research group (Figure but the 

synthetic method used in the case of ether likage was never reported. NMR peak 

assignments have been made for both amide^'^^ and ether'^^^ linked basket handle 

porphyrins. For the porphyrin with the amide linkages, studies have been also carried 

out using cyclic voltammetry''*^ and EPR spectroscopy.''^® The advantage of the basket 

handle porphyrins with the ether linkage over those with the amide linkage is that 

possible H-bonding properties of the amide-linked basket handle porphyrins can be 

avoided if the ether linkage is employed. 

There are two methods to synthesize the ether-linked basket handle 

porphyrins.'"^3 jhe first method involves the synthesis of tetrakis-orr/io-methoxy 

substituted TPP using pyrrole and starting with the o/t/jo-anisaldehyde, demethylation of 
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it to the tetrakis-orr/io-hydroxy substituted TPP, anchoring the handles (dibromoalkyl 

derivatives) to the porphyrin and insertion of iron into the porphyrin (Figure 4.4 (a)). In 

the second method, dialdehydes are formed by condensation of the aldehydes with 

handles first. The second step involves the formation of porphyrin by condensation of 

the dialdehydes with pyrrole, and the last step was the iron insertion (Figure 4.4 (b)). 

In 1987, Staubli and co-works synthesized a basket handle porphyrin using a 

similar procedure to that described in Figure 4.4 (a). Their porphyrin had two different 

handles, one handle with an aliphatic chain and the other containing a thiophenol-carrying 

ligand (Figure 4.5).'^® NMR study has been carried out for this porphyrin.'^o 

It was reported in 1995 that a kinetic study was carried out on another basket 

handle porphyrin with fixed thiolate ligand. The structure of this porphyrin is shown in 

Figure 4.6. 

In order to model cytochrome c and f and to better understand why nature 

chooses different types of ligations to perform electron transfer functions in different 

biological systems, the models with mixed axial ligands (Rim, NH2R' and Rim, 

CH3SCH2R') are needed. To avoid the autoreduction of iron(III) porphyrins to iron(II) 

porphyrins by excess ligands in the solution and to avoid possible H-bonding of the 

amide-linked basket handle porphyrins, the best strategy is to employ the basket handle 

porphyrinate models with covalently attached mixed ligands and the ether linkage. As 

described in chapter 1, the first step to synthesize the basket handle porphyrinate with 

built in mixed ligands (Rim, NH2R' and RIm, CH3SCH2R') is to synthesize the 

symmetrical RNH2, NH2R and RCH2SCH3, CH3SCH2R analogs. In this study, basket 



120 

handle porphyrinates with covalently bound methionine and aliphatic amine model 

ligands (RCH2SCH3, CH3SCH2R and RNH2, NH2R) have been chosen as the precusor 

models of cytochrome c and f (Figure 4.7). The Fe(III) complexes were then to be 

prepared and investigated by electrochemical and spectroscopic techniques. 
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Figure 4.1 Tail porphyrin synthesized by Mashiko and co-workers'"^ 
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Figure 4.2 Basket handle porphyrins with aniide linkages synthesized by 
Momenteau^'^^ (continued on next page) 
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Figure 4.2 Basket handle porphyrins with amide linkages synthesized by 
Momenteau''^^ 
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Figure 4.3 Basket handle porphyrins with ether linkages synthesized by Momenteau 
and CO-workers'"^3.144 
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Figure 4.4 (a) Synthetic scheme 1 of basket handle porphyrin synthesized by 
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SH 

Figure 4.5 Basket handle porphyrin synthesized by Staubli and co-workers'^o 

Figure 4.6 Basket handle porphyrin synthesized by El-Kasmi and co-workers 
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Basket handle porphyrins expected to be synthesized in this study 
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SYNTHESIS OF PRECURSOR PORPHYRIN 

Materials 

Propionic acid (99%), pyrrole (98%), 2-niethoxybenzaldehyde (98%), and 

sodium hydrogen carbonate (99.7%), manufactured by Aldrich Chemical Company, 

were available in our laboratory. Pyrrole was distilled immediately before use. Pyridine 

hydrochloride (98%) was purchased from Aldrich Chemical Company and was used as 

received. Hydrogen bromide (30 wt. % solution in acetic acid), also manufactured by 

Aldrich Chemical Company, was obtained from Dr. Polt's laboratory. Ethyl acetate was 

purchased from EM Science. Chloroform, methylene chloride (99.9%) and Florisil 

powder, manufactured by Fisher Scientific, were available in our laboratory. Acetic acid 

(99.9%), hydrochloric acid (37%) and anhydrous sodium sulfate (99.8%), 

manufactured by Malinckrodt, were also available in our laboratory. Silica gel (60-200 

mesh) and TLC plates were purchased from J. T. Baker. All proton and carbon NMR 

spectra obtained in this dissertation research were taken on a Varian Gemini 200 NMR 

spectrometer. 

5,10,15,20-Tetrakis(o-methoxyphenyI)porphyrin 

Method 

The synthesis of 5,10,15,20-tetrakis(o-methoxyphenyl)porphyrin ((o-
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0CH3)4TPPH2) followed the Adler method."'^-"^ This method involves refluxing 

pyrrole and aldehyde in propionic acid for 30 minutes under atmosphere. The detailed 

description of this method and the comparison with the other synthetic methods will be 

discussed in next chapter. 

A 3000 ml 2-neck; round bottom flask was equipped with a dropping fumiel, a 

reflux condenser opened to the air and a magnetic stirrer. To the flask was added 1500 

ml of propionic acid. After refluxing had begun, 55.57 g (0.4 mole) of 2-

methoxybenzaldehyde was added. The solution was refluxed for 5 minutes and 28 ml 

(0.4 mole) of freshly distilled pyrrole was added. The reaction mixture was refluxed for 

30 more minutes and left to cool in the hood. The same synthesis was repeated two more 

times to get enough porphyrin for this study. 

Purification 

The reaction mixture was dissolved in methylene chloride. In a separation funnel, 

the propionic acid was removed by repeated washing using distilled water until the 

aqueous phase reached pH 7. The organic layer was collected and concentrated on a 

rotary evaporator. A Florisil column was used for the first purification. The rest of the 

purification was done on silica gel columns until the porphyrin was completely separated 

from the impurities, mostly tar. The eluent used for both florisil and silica gel columns 

was methylene chloride. Tar was left on the top of the column and the porphyrin was 

eluted with methylene chloride. The purity of the porphyrin was checked by TLC and 'H 

NMR spectroscopy. With methylene chloride as eluent, tar was near the starting point 
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and the porphyrin was near the solvent front. The yield was about 20%. 

Results and discussion 

The Proton NMR spectrum of (o-OCH3)4TPPH2) was recorded in chloroform-d. 

It is shown in Figure 2.8. The singlet at 8.7 ppm was the resonance of pyrrole proton 

and the triplet at about 3.6 ppm was the resonance of methoxy protons. The ratio of 

pyrrole protons to the protons on the methoxy groups was 8:12. The peaks in the range 

of 7.2 to 8.1 ppm were the aromatic proton resonances. The Soret band in UV-Vis 

specmam was at 420 nm and other four bands were at 520, 545, 590 and 645 nm. 

5,10,15,20-Tetrakis(o-hydroxyphenyI)porphyrin 

Method 

The title compound, 5,10,15,20-tetrakis(o-hydroxyphenyl)porphyrin ((o-

0H)4TPPH2), was synthesized by the demethylation of (o-OCH3)4TPPH2. The 

methoxy groups on the phenyl rings were cleaved by either hydrogen bromide'^2.153 or 

pyridine hydrochloride'^"*. 

Into a 25 ml round bottom flask was placed 0.055 g of 5,10,I5,20-tetrakis(<7-

methoxyphenyl)porphyrin, 5 ml of 30 wt. % hydrogen bromide solution in acetic acid 

and 5 ml of acetic acid. The mixture was refluxed for 20 hours and was rotary 
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evaporated to dryness. The residue was dissolved in 10 ml of chloroform. In a 

separatory funnel, the chloroform solution was washed with saturated sodium hydrogen 

carbonate solution and distilled water successively, and dried over anhydrous sodium 

sulfate. After the filtration and the rotary evaporation, the purple solid was obtained. 

Demethylation of (o-OCH3)4TPPH2) using pyridine hydrochloride was 

performed by adding 2.04 g of pyridine hydrochloride in a 100 ml of round bottom flask 

and heating it to the melting point (222-225 °C). After pyridine hydrochloride was 

melted, 0.1 g of (o-OCH3)4TPPH2 was added, and the mixture was refluxed for 2 

hours. After the reaction mixture was cooled to room temperature, 30 ml of distilled 

water was added and the solution was extracted with ethyl acetate. The organic layer was 

washed with 0.1 M hydrochloric acid twice and distilled water twice, and dried over 

anhydrous sodium sulfate overnight. Removal of chloroform by rotary evaporation 

produced the purple solid. 

Separation 

Separation of (o-OH)4TPPH2 from unreacted and partially reacted (o -

0CH3)4TPPH2 was performed using a silica gel column and 5% methanol in chloroform 

as eluent. The first band, almost eluting with the solvent front, was (£?-OCH3)4TPPH2. 

The rest of the bands, the isomers of (o-OH)4TPPH2, were collected together for the 

following isomer separation. 

The Rf values of the isomers of (o-OH)4TPPH2 were 0.85, 0.71, 0.45 and 0.10 

when 5% methanol in chloroform was used as developing solvent (Figure 4.9). The 
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isomer with Rf 0.85 was the one needed for the further basket handle porphyrin 

synthesis. Since the energy barriers between these four isomers were so small that the 

exchanges between isomers occurred at room temperature, the possible separation of 

isomer (Rf 0.85) from others could be done only at low temperature. 

Separation at low temperature was performed either using a jacketed silica gel 

column with water circulation temperature controller or a normal silica gel column 

operated in a refrigerator. Using a jacketed silica gel column, the temperature was 

controlled at about 5 °C. The first band was collected with a flask in an ice bath. 

Immediate checking with TLC showed only one spot on the plate with Rf 0.85. The 

same result was obtained when a normal silica gel column was used in a refrigerator. 

Results and discussion 

TLC and 'H NMR spectrum were obtained for the raw product prepared by both 

methods. The yield was estimated based on the intensities of the dots on the TLC plate 

and the proton ratio of the pyrrole protons to the methoxy protons in 'H NMR spectrum. 

The yield was about 20% for the hydrogen bromide method and about 75% for the 

pyridine hydrochloride method. The isomer with Rf 0.85 was needed for the further 

synthesis. The Soret band in UV-Vis spectrum and other four bands were at similar 

positions compared to those of (o-OCH3)4TPPH2, 420, 520, 545, 590 and 645 nm. 

The proton NMR spectrum of (o-OH)4TPPH2 is shown in Figure 4.10. 

Compared to that of (o-OCH3)4TPPH2 (Figure 4.9), the methoxy proton peak at 3.6 

ppm had disappeared. The singlet at 8.7 ppm, the resonance of pyrrole proton, was 
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similar to that of (o-OCH3)4TPPH2. The peaks in the range of 7.2 to 8.1 ppm were the 

aromatic proton resonances, similar to those of (o-OCH3)4TPPH2. 

SYNTHESIS OF HANDLE HAVING METHYLTHIO ETHER LIGAND 

The synthetic scheme proposed for the handle having methylthlo ether is shown 

in Figure 4.11. It involves the synthesis of 6-ketohendecanedioic acid from methyl 

adipyl chloride, the reduction of 6-ketohendecanedioic acid to 1,6,11-hendecantriol by 

lithium aluminum hydride, the protection of the two primary hydroxyl groups of 1,6,11-

hendecantriol using rerr-butyldimethylsilyl chloride, the etherification of the secondary 

hydroxyl group of 1,1 l-bis(/e/t-butyldiphenylsilyloxy)-6-hendecanol using 2-chloroethyl 

methyl sulfide, the deprotection of 1,1 l-bis(ferr-butyldimethylsilyloxy)-6-[2-

(mediylsulfide) ethyl]hendecane and the tosyladon of two primary hydroxyl groups by p-

toluenesulfonyl chloride. 

Materials 

Methyl adipyl chloride (96%) and triethylamine (99%) were purchased from 

Lancaster. Methyl adipyl chloride was used as received. Triethylamine was distilled 

immediately prior to use. Benzene (99%) and hexane, manufactured by EM Science, 

were available in our laboratory. Benzene was distilled prior to use. Tetrahydrofuran 



Figure 4.10 NMR spectra of 5,10,15,20-tetrakis(o-hydroxyphenyl)porphyrin 



138 

CH300C(CH2)4C0CI 

I NCCHaCHalj, KOH, HCI 

0 
II 

H00C(CH2)4C(CH2)4C00H 

UA1H4 

OH 
H0(CH2)5CH(CH2)50H 

1 (CH3)3C(CH3)2SiCI 

OH 
I 

(CH3)3C(CH3)2SiO(CH2)5CH(CH2)50Si(CH3)2C(CH3)3 

NaH, CICHaCHaSCHa 
1 r 

OCH2CH2SCH3 

(CH3)3C(CH3)2SiO(CH2)5CH(CH2)50Si(CH3)2C(CH3)3 

OCH2CH2SCH3 

H0(CH2)5CH(CH2)50H 

TsCI 
I r 

OCH2CH2SCH3 

TS0(CH2)5CH(CH2)50TS 

Figure 4.11 Synthetic scheme 1 of handle having methyithio ether 



139 

(99.9%), potassium hydroxide (88%) and anhydrous magnesium sulfate were 

manufactured by Mallinckrodt and were available in our laboratory. Tetrahydrofuran was 

dried by refluxing it over sodium-benzophenone under the protection of a nitrogen 

atmosphere prior to use. Lithium aluminum hydride (95%), 4-dimethylaminopyridine 

(99%), sodium hydride (60% dispersion in mineral oil), heptane and sodium carbonate 

(99%) were from Aldrich Chemical Company and were available in our laboratory. 

Tetrabutylammonium hydrogen sulfate (97%), ten- butyldimethylsilyl chloride (97%), 2-

chloroethyl methyl sulfide(97%), 2-(methyIthio) ethanol (99%), sodium boronhydride 

(99%), and p-toluenesulfonyl chloride (99+%) were purchased from Aldrich Chemical 

Company and were used as received, rerr-butylchlorodiphenylsilane (98%) was 

purchased from ACROS Organics and was used as received. N,N-dimethylfonnamide 

was purchased from J. T. Baker, and was used as received. Sodium hydroxide and 

concentrated ammonia were also from J. T. Baker and were available in our laboratory. 

6-ketohendecanedioic acid 

Method 

The synthetic procedure used for the tide compound followed that by Durham and 

co-workers without any modification.a 500 ml 3-neck round bottom flask was 

equipped with a thermometer, a dropping funnel, a drying tube filled with calcium 
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chloride and a magnetic stirrer. To the flask was added 252 ml of freshly distilled 

benzene and 45 g of methyl adipyl chloride. After the mixture was cooled to about 5 °C 

in an ice bath, 35.1 ml of triethylamine was added through the dropping fennel in a 

couple of minutes. During the addition, the temperature was controlled below 25 °C. 

The ice bath was then removed and the reaction mixture was warmed to 35 °C in a warm 

water bath. After warming for 15 minutes, the warm water bath was removed and the 

mixture was stirred for 30 minutes at room temperature. The mixture was then filtered 

with suction filtration. The residue on the top of filter paper was washed with 100 ml of 

benzene. The washings and the filu^ate were collected together into a 500 ml round 

bottom flask. Benzene was removed by rotary evaporation. Aqueous potassium 

hydroxide (252 ml, 2M) was added to the brownish residue and the mixture was 

nonhomogeneous. After refluxing for 4 hours, the mixture become homogeneous with 

light brown color. The solution was cooled to room temperature and extracted three 

times with 70 ml of ether. The ether layer was discarded. Concentrated hydrochloric 

acid was added dropwise with stirring to the aqueous solution until pH 3 (total about 45 

ml of HCl added). When the pH reached 3, the pale yellow solid precipitated out 

immediately. The solution was placed in an ice bath for 1 hour to allow more solid to 

precipitate. The pale yellow solid was isolated by suction filtration and washed with 

distilled water. Recrystallization from a minimum amount of hot water produced the pale 

yellow scale crystals with 50% of yield. The melting point measured was 109-110 °C 

which is in agreement with the literature value of 108-109 
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Results and discussion 

Both 'H and NMR spectra were obtained in deuterium acetone. The 

structure, NMR spectra and peak assigimients of 6-ketohendecanedioic acid are shown in 

Figure 4.12 (a) and (b). 

In the 'H NMR spectrum (Figure 4.12 (a)), the peaks at about 2.3 ppm (a) were 

the resonances of the protons on the methylene groups next to the carboxylate groups. 

The peaks at about 2.5 ppm (b) were the resonances of the protons on the methylene 

groups next to the carbonyl group. The peaks in the range of 1.5-1.6 ppm (c) were due 

to the methylene protons in the middle of the chain. The proton ratio of different 

methylene protons a, b, and c was 4:4:8. 

In the '^C NMR spectrum (Figure 4.12 (b)), there were six different carbon 

peaks. The peak at about 210 ppm (a) was due to the ketone carbonyl group. The peak 

at about 174 ppm (b) was the resonance of the quaternary carbons on the carboxylate 

groups. The peaks at 42, 34, 25, and 24 ppm (c-f) were the resonances of the methylene 

carbons in the middle of the chain. 

1,6,11-hendecantriol 

Method 

The compound, 1,6,11-hendecantriol, was synthesized by reduction of 6-

ketohendecanedioic acid with lithium aluminum hydride in tetrahydrofuran. The 
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Figure 4.12 (a) Proton NMR spectrum and their peak assignments of 6-
ketohendecanedioic acid 



o^" 
!"§ 

R 
i CD 
& o 
1^* o 

K 

to 
cr 

UJ 
n 

o 
II 

HOOCCH2CH2CH2CH2CCH2CH2CH2CH2COOH 

b d f e c a 

2: 
S 
50 
(/) 

TJ CP o rt 
»-| 
c 
3 
p 
a 
D. 

cr o 

TJ fo p 
?r 
p t/i (/) 

Oq' 
3 
3 f® 3 

a 

Acguisnim DtC. K VI 
tH 13.000 D»l l.bOb 
SM 1.199?. 5 (lU -300.0 
*T 1.001 HM *vr fir 30016 PIIH s 
I'H 10.0 rff eeoo 
PI  0 niip :.o 
Di 0 [ILP ?D 
02 0 IIOHD II 
!0 0 

102< pnocfssiiic 
CT 1024 jf 0.310 PNIU le.o in 1.000 
fB 7500 S!l 35 
BS 64 HATH I 
SS 0 
11 II IIISPLAV 
IH Y EP ?B 3 
PC (1 Kr ijsni.s 
Al OCK II i? 

SC 5 KC 395 
IS 10000 flfL latos.-t 
HFI' 10.359.6 TH 30 Ills 1 not) 

-^Tn I M ri pri 111 tvr) 111111 I 11111T I I n f I r I TI 11 1111111 1111 I 11 1111 11 n I 11 n 111 I 111 1111 11 I 11111T11^ l i t  IT I rr 111111 (II111 11 n r'Trrf 
240 220 200 180 160 140 120 lUO 80 60 40 20 PPH 0 

On 
6 



144 

synthetic procedure used for this compound followed those for the similar 

compounds. 

A 500 ml 2-neck round bottom flask was equipped with a dropping funnel, a 

reflux condenser and a magnetic stirrer. To the flask, was added 4.0 g of lithium 

aluminum hydride (0.105 mole) and 250 ml of dried tetrahydrofuran under nitrogen. The 

amount of lithium aluminum hydride was six times excess. After the mixture was stirred 

and heated to refluxed for 5 minutes, 9.7 g of 6-ketohendecanedioic acid (0.042 mole) in 

tetrahydrofuran was added dropwise through the addition funnel. During the addition, 

heating was stopped. The reaction mixture was refluxed for an additional 30 minutes and 

cooled to room temperature. The reaction was quenched by adding 10 ml of distilled 

water, 10 ml of 4 N sodium hydroxide solution and 40 ml of distilled water cautiously 

with stirring. The stirring was continued until the gray color had completely disappeared. 

Suction filtration was used to separate the solid and tetrahydrofuran solution. The solid 

was extracted with tetrahydrofuran and separated by suction filtration again. The filtrate 

was collected together and dried over anhydrous magnesium sulfate. Removal of 

tetrahydrofuran by rotary evaporation produced a white solid in 60% yield. This product 

was soluble in water and tetrahydrofuran but not soluble in most organic solvents like 

methylene chloride and chloroform. 

Results and discussion 

Both 'H and NMR spectra were obtained using deuterium oxide as the 
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solvent. The •H and '^C NMR spectra and the peak assignments of 1.6.11-

hendecantriol are shown in Figure 4.13 (a) and (b). 

The proton NMR spectrum (Figure 4.13 (a)) showed the peaks in two regions, 

3.4-3.5 ppm and 1.0-1.4 ppm. The peaks at the range of 3.4-3.5 ppm were due to two 

different sets of protons, one proton on the methine group (a) and four equivalent 

protons on the methylene groups next to the hydroxyl group (b). The proton on the 

methine group (a) was probably buried under the methylene proton peaks (b). The peaks 

in the range of 1.0-1.4 ppm (c) were the resonances of the protons on the middle 

methylene groups. The proton ratio of three different expected sets of protons a, b and c 

were 4:1:16 (5:16 showed in the spectrum). 

The '^c NMR spectrum (Figure 4.13 (b)) showed six peaks corresponding to six 

different carbons. The peak at 74 ppm (a) was due to the methine carbon. The peak at 

65 ppm (b) was the resonance of the methylene carbons next to the hydroxyl groups. 

The peaks at 39, 35, 28, and 27 ppm (c-f) were due to the methylene carbons between a 

and d. 

l,ll-Bis(fer/-butyIdimethylsiIyloxy)-6-hendecanoI 

Method 

The title compound was synthesized by selectively protecting the two primary 

hydroxyl groups of 1,6,11-hendecantriol and keeping the secondary hydroxyl group free 
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of protection. The protective group first used for this study was one of the most widely 

used protecting agent, the r^rr-butyldimethylsilyl group. 

The most popular method for the silylation of alcohols involves the reaction of an 

alcohol with rerr-butyldimethylsilyl chloride in the presence of imidazole in N,N-

dimethylformamide.^5^-^60 According to Chaudhary and Hernandez's study, the above 

method was not effective on selective protection of primary alcohol in the presence of a 

secondary alcohol.'6' Instead, they used 4-dimethylaminopyridine as a group transfer 

agent (catalyst) and triethylamine to regenerate the catalyst. The reaction was performed 

in methylene chloride. Their result showed the preference for primary over secondary 

alcohol. In this study, Chaudhary and Hernandez's method was used. Since the starting 

material was not soluble in methylene chloride, tetrahydrofiiran was used as the solvent. 

To a 100 ml 2-neck round bottom flask equipped with a reflux condenser and a 

magnetic stirrer, was added 0.3 g (1.5 mmole) of 1,6,11-hendecantriol and a minimum 

amount of dried tetrahydrofuran, enough for dissolving 1,6,1 l-hendecantriol (about 30 

ml). To the solution, was added 0.0147 g (0.12 mmole) of 4-dimethylaminopyridine, 

0.5 ml (3.3 mmole) of triethylamine, and 0.4974 g (3.3 mmole) of rerf-butyldimethylsilyl 

chloride. The reaction mixture was stirred at room temperature for 18-24 hours under 

nitrogen and filtered through buchner funnel by suction filtration. Tetrahydrofuran was 

removed by rotary evaporation. The residue was dissolved in methylene chloride and 

washed with distilled water two times. The organic phase was dried over anhydrous 

magnesium sulfate. Removal of methylene chloride by rotary evaporation produced a 

pale yellow oily liquid. The product was soluble in most organic solvents. 
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The above synthetic procedure produced more than one protected compounds. 

This could be seen from at least two spots on the TLC plate with intensity ratio of 1 to 2. 

The first spot (Rf = 0.91) was believed to be the product desired (see the results and 

discussion part). The second spot (Rf = 0.47) remained uncharacterized. There were 

two possible reasons to explain why there was more than one product produced. The 

first reason was that the amount of the protecting agent was probably not enough to 

protect all primary hydroxyl groups on both ends. The second reason was probably that 

the protecting group was not hindered enough so that the secondary alcohol was also 

protected. To improve the protecting function, two methods were tried, adding more 

excess of rerf-butylchlorodimethylsilane and changing the protecting agent to a more 

hindered one such as rerf-butylchlorodiphenylsilane. Protection by tert-

butylchlorodiphenylsilane will be discussed separately. 

Instead of using 1.1 times molar excess of ferr-butylchlorodimethylsilane for one 

primary hydroxyl group, the protection reaction was tried using 1.5 times excess. The 

molar amount of 4-dimethylaminopyridine and triethylamine was also changed to 1.5 

times of the amount described earlier. In addition to that, white solid starting material 

1,6,11-hendecantriol, was dried under vacuum overnight in the presence of drying agent, 

phosphorous pentoxide (P2O5). This time the ratio of the intensities of two spots on 

TLC plate was close to 8:2, which meant most of the product was the desired one. 

Separation of the first spot from the second was done using silica gel column with 1:1 

hexane : ethyl acetate as eluent. 
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Results and Discussion 

The Rf value of the desired product on the TLC plate was 0.91 when 1:1 

hexane:ethyl acetate was used as the developing solvent. Both 'H and '^C NMR spectra 

were obtained for the purified product using deuterium chloroform as the solvent. Proton 

and '^C NMR spectra and peak assignments of 1,1 l-bis(rer^-butyldimethylsilyloxy)-6-

hendecanol are shown in Figure 4.14 (a) and (b). 

In the 'H NMR spectrum of the pure product (Figure 2.14 (a)), the peaks at 3.5 

ppm (a & b) and 1.3-1.5 ppm region (c) were the same as those for 1,6,11-hendecantriol 

(Figure 2.13 (a)). Additional peaks were found at 0.9 and 0 ppm, due to the protons on 

the protection groups. The peak at 0.9 ppm (d) was the resonance of the protons on /err-

butyl group and the peak at 0 ppm (e) was the resonance of the protons on methyl 

groups. The proton ratio of different protons a, b, c, d, and e was 4:1:16:18:12 or 

5:16:18:12 if a and b protons are counted together. 

Compared with the NMR spectrum of 1,6,11-hendecantriol (Figure 2.13 

(b)), three extra peaks were found in the NMR spectrum of 1,1 l-bis(rerr-

butyldimethylsiIyloxy)-6-hendecano{ (Figure 2.14 (b)), due to the carbons on the 

protection groups. The peak at 26 ppm (g) corresponded to the mediyl carbon on the rert-

butyl groups. The peak at 18 ppm (h) was due to the tertiary carbon on the ferf-butyl 

groups. The resonance of the carbon on the methyl groups which is directly connected to 

silicon was found at -5 ppm (i). 
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Figure 4.14 (b) (B) NMR spectrum and peak assignments of 1,1 l-bis(rerr-
butyldimethylsilyloxy)-6-hendecanol 
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l,ll-Bis(ferr-butyldiphenylsilyloxy)-6-hendecanol 

Method 

To improve the protecting function, ferr-butylchlorodiphenylsilane was used as 

another option for the protecting group. The silylation of 1,6,1 l-hendecantriol using tert-

butylchlorodiphenylsilane was performed following the same proceduredescribed for 

the synthesis of 1,1 l-bis(ferf-butyldimethylsilyloxy)-6-hendecanol. The molar amount of 

/err-butylchlorodiphenylsilane for one primary hydroxyl group was kept at 1.5 times 

excess. The molar amount of all other reagents, diethylaminopyridine and triethylamine, 

was also kept at 1.5 times the normal amount. The same work-ups produced a pale 

yellow oily liquid. 

Results and Discussion 

NMR spectra of the raw product were obtained using chloroform-d as the 

solvent. The spectra and peak assignments of 1,1 l-bis(^err-butyldiphenylsilyloxy)-6-

hendecanol are shown in Figure 4.15 (a) and (b). 

In the proton NMR spectrum, the multiplet at 3.5 ppm (a) was the resonance of 

the proton on the methine group. The resonance at 3.7 ppm (b) was due to the protons 

on the methylene groups next to the protection groups. The peaks in the region of 1.3-

1.5 ppm (c) were the resonances of the protons on the middle methylene groups. The 

singlet at about 1 ppm (d) was the resonance of the protons on re/t-butyl group. The 

peaks in the region of 7.3-7.7 ppm (e) were due to the protons on the phenyl rings. 
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Instead of the theoretical ratio of 20:4:1:16:18, the proton ratio of different sets of protons 

a, b, c, d, and e was 26:4:1:16:22. This meant that in addition to the protected product 

desired, the reaction probably produced a by-product, rerr-butylhydroxyldiphenylsilane. 

In the '^C NMR spectrum, the peak at 72 ppm (a) was the resonance of methine 

carbon. The resonance at 64 ppm (b) was due to the methylene carbon next to the 

protection groups. The resonance at 28 ppm (c) was due to the methyl carbon on the tert-

butyl group. The peak at 20 ppm (d) was due to the quaternary carbon on the tert-h\xiy\ 

group. The peaks in the range of 128-137 ppm (e) were due to the aromatic carbons on 

the protecting groups. All other peaks were the resonances of methylene carbons in the 

middle of the chain. 

The starting material was a liquid. TLC was carried out for the starting material 

and two spots were found on the TLC plate. This indicated that the starting material was 

very sensitive to moisture. This is probably the reason why there were more than one 

component found in the raw product. Since this protecting agent did not show any 

advantage over re/t-butylchlorodimethylsilane, it was not used for the further syntheses. 
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Figure 4.15 (b) ^^NMR spectrum and part peak assignments of 1,1 l-bis(ferr-
butyldiphenylsiIyIoxy)-6-hendecanol 
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l,ll-Bis(ferr-butyldimethylsilyIoxy)-6-[2-(methylsulfide)ethyI]hendecane 

Three methods were used for the synthesis of the title compound. They are 

shown in Figure 4.16. The first method was the etherification of 1,1 l-bis(/^rr-

butyldimethylsilyloxy)-6-hendecanoI by 2-chloroethyl methyl sulfide in the presence of 

sodium hydride. In the second method, etherification was performed in an aqueous 

sodium hydroxide solution using 2-chIoroethyl methyl sulfide and a phase transfer 

catalyst, tetrabutylanrmionium hydrogen sulfate. The third method composed of two 

reactions, the tosylation of 1,1 l-bis(rerf-butyldimethylsilyloxy)-6-hendecanol first and 

then making the ether using 2-(methylthio) ethanol in the presence of pyridine. 

Method 1 

The title compound was synthesized by the etherification of 1,1 l-bis(/^rr-

butyldimethylsilyIoxy)-6-hendecanol using 2-chloroethyl methyl sulfide and sodium 

hydride. The method used for this synthesis was the one used by Erickson for a different 

compound with similar functional groups. 

In a typical procedure, about 0.563 g (around 23.5 mmole) of sodium hydride 

(60% dispersion in mineral oil) was placed in a dry 2-neck round bottom flask under 

nitrogen and washed three times with heptane to free of of mineral oil.'®3 jt was found 

that the amount of sodium hydride was not easy to measure accurately. The remaining 

heptane was removed by purging nitrogen through the flask. Before the use, the starting 

material 1,1 l-bis(re/t-butyldimethylsilyloxy)-6-hendecanol was dried under vacuum 
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(CH3)3C(CH3)2SiO(CH2)5CH{CH2)50Si(CH3)2C(CH3)3 

Method 1 
NaH, CICH2CH2SCH3 

Method 2 
NaOH, CICH2CH2SCH3 
Phase transfer catalyst 

Method 3 

TsCI, HOCHaCHjSCHa 

ir 

OCH2CH2SCH3 

(CH3)3C(CH3)2SiO(CH2)5CH(CH2)50Si(CH3)2C(CH3)3 

Figure 4.16 Methods for the synthesis of 1,1 l-bis(rerr-butyldimethylsilyloxy)-6-[2-
(niethylsuifide)ethyl]hendecane 

overnight in the presence of drying agent phosphorous pentoxide (P2O5). To the flask, 

was added 0.2775 g (6.515 mmole) of the starting material in the minimum amount of 

N,N-dimethylformamide (25 ml). The mixture was stirred at 40 °C for 24 hours. After 

the mixture was cooled to room temperature, 2.3 ml (23.5 mmole) of 2-chloroethyl 

methyl sulfide was added. The molar ratio of 1,1 l-bis(rerr-butyldimethylsilyloxy)-6-

hendecanol, 2-chloroethyl methyl sulfide was 1:3.5. The reaction mixture was stirred at 
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about 40 °C for another 24 hours, followed by cooling, quenching the reaction with 

water and filtering. Solvent was removed by rotary evaporation. The residue was 

dissolved in methylene chloride and washed twicc with saturated sodium chloride and 

distilled water once. The organic phase was dried over anhydrous magnesium sulfate. 

Magnesium sulfate was removed by fdtration. A pale yellow oily liquid was obtained by 

removing the solvent by rotary evaporation. 

Later, same reaction was performed at room temperature, while all other 

experimental conditions were kept the same. The product looked the same as above. 

Results and discussion 

The proton NMR spectrum was obtained for the raw product using chloroform-d 

as solvent (Figure 4.17). The spectrum looked just like that of the starting material, 

1,1 l-bis(rerr-butyldimethylsilyloxy)-6-hendecanol (see Figure 4.14 (a)). No new peak 

appeared in the proton NMR spectrum, suggesting that the methylthio ether was not 

attached to the middle of the chain as expected. The problem is probably the degradation 

of the starting material, 2-chloroethyl methyl sulfide. In other words, before the 

substitution reaction started, the elimination reaction of 2-chloroethyl methyl sulfide 

might occur in the presence of a strong base. 

Method 2 

The second method used for the etherification was the one used by Freedman et 

a/.'^ and Merz'^^ for unsymmetrical ethers. In this method, etherification was done by 
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using a phase transfer catalyst, tetrabutylammonium hydrogen sulfate, in an aqueous 

sodium hydroxide solution. It was reported that good to excellent yield for a variety of 

unsymmetrical ethers were obtained without using the rigorous conditions required for 

the standard Williamson etherification. This method was successful for the alcohols 

which did not dissolve readily in 50% sodium hydroxide solution. It was reported that in 

this method, primary alcohols were easily and completely alkylated by an aliphatic 

chloride.'^ For secondary alcohols, it took longer time (3-4 hours) and needed more 

catalyst.'^ 

In a typical procedure, 0.2238 g (0.329 mmole) of 1,1 l-bis(rerr-

butyldimethylsilyloxy)-6-hendecanol, 0.0257 g (0.076 mmole) of tetrabutylanmionium 

hydrogen sulfate (catalyst) and 0.08 ml of 50% of aqueous sodium hydroxide solution 

were added to a round bottom flask. The mixture was equilibrated by rigorous stirring 

for 30 minutes and then 0.131 ml (1.317 mmole) of 2-chloroethyl methyl sulfide was 

added dropwise. After the reaction mixture was stirred at room temperature for 4 more 

hours, concentrated ammonia was added and stirring was continued at room temperature 

for another 30 minutes. The amount of anmionia was controlled as 10 ml/0.5 mole of 

alcohol. The mixture was poured into water and the organic phase was separated using 

separation funnel. The organic phase was washed with water and dried over anhydrous 

sodium sulfate. A pale yeUow oily liquid was obtained. 

Results and discussion 

Proton NMR spectrum of the raw product by method 2 (Figure 4.18) was similar 
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Proton NMR spectrum of the raw product from the etherification reaction 
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to that of etherification raw product by first method (Figure 4.17). There was no extra 

peak found in the proton NMR spectrum. The reason for the failure to obtain the desired 

product could be the same reason as discussed for the first method. 

Method 3 

This method involves the tosylation of 1,1 l-bis(tert-butyldimethylsilyloxy)-6-

hendecanol by p-toluenesulfonyl chloride first, and then the etherification of the tosylate 

using 2-(methylthio) ethanol. The tosylation procedure followed that used by Kabalka 

and co-workers. The procedure used for etherification of the tosylated compound was 

that by Reynolds and Kenyon.'^'^ 

Tosyiation In a typical procedure, 1.476 g of 1,1 l-bis(tert-

butyldimethylsilyloxy)-6-hendecanol ( 3.41 mmole) was dissolved in 3.5 ml of 

chloroform, and then 0.827 ml of pyridine (10.24 mmole) was added. Following the 

addition of 1.301 g of p-toluenesulfonyl chloride (6.83 mmole), the reaction mixture 

was stirred for 3 hours at room temperature. To the crude product, 50 mi of chloroform 

and 50 ml of water were added. The organic layer was washed with 2 N HCl, 5% 

NaHCOs and water successively, and dried over anhydrous magnesium sulfate. After 

the filtration, the solvent was removed by rotary evaporation. The crude product was 

chromatographed on a silica gel column using 1:3 of ethyl acetate;hexane as eluent. The 

product was pale yellow oil. 
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Etherification To a round bottom flask, was added 0.188 g (0.33nimole) 

of tosylated alcohol (see Figure 2.20 for its structure), 0.0304 g (0.33 mmole) of 2-

(methylthio) ethanol and 0.165 ml (about 6 times of 0.33 mmole) of pyridine. The 

reaction mixture was stirred at 100 °C for half an hour. To the reaction mixture was 

added dichloromethane. The organic phase was washed 3 times with water. 

Dichloromethane was removed by rotary evaporation. The product was a light brown 

oil. 

Results and discussion 

Product from tosylation reaction was characterized by and NMR using 

CDCI3 as solvent. The product from the etherification reaction was characterized by 'H 

NMR. 

In the proton NMR spectrum of the tosylate (Figure 4.19 (a)), four singlets 

between 7.2 and 7.8 ppm (a) were the resonances of four aromatic protons. A multiplet 

at 4.5 ppm (b) was the resonance of the methine proton next to the p-toluenesulfonyl 

group. At about 3.5 ppm (c), there should be a triplet due to four methylene protons next 

to the protection groups. Instead of a triplet, the spectrum showed a multiplet with a 

higher proton ratio than expected. The singlet at 2.4 ppm (d) was the resonance of the 

methyl protons on the toluene group. The multiplets between 1.1 and 1.6 ppm(e) were 

the resonances due to the methylene protons in the middle of the chain. The peaks at 

0.85 ppm (f) and 0 ppm (g) were the methyl protons on the protection groups. The 

proton ratio for the peaks (e), (f) and (g) were also higher than expected. This indicated 



165 

that the product was not isolated completely after one column separation. It was a 

mixture of tosylate and unreacted starting material. This could also be seen from the'^C 

NMR spectrum. 

In the NMR spectrum of the tosylate (Figure 4.19 (b)), the peaks in the range 

of 127 to 144 ppm (a) were the resonances of the aromatic carbons. The peak at 84 ppm 

(b) was the resonzmce of the methine carbon next to the p-toluenesulfonyl group. The 

peak at 64 ppm (c) was the resonance of methylene carbons next to the protection groups. 

The doublet at 64 ppm indicated the uncompleted isolation. The presence of the starting 

material in the product was also indicated by the presence of a peak at 72 ppm, which 

was the methine carbon to which the hydroxyl group was bound. This suggested that 

there were at least three components in the raw product. The peaks at 26, 18 and -5 ppm 

(d-f) were the resonances of the carbons on the protecting groups, the methyl carbons of 

rerf-butyl groups, the quatemary carbon and the methyl carbons directly bound to silicon. 

In the proton NMR spectrum of the raw etherification product (Figure 4.20), the 

multiplet at 4.5 ppm (b), corresponding to the resonance of the methine proton next to the 

p-toluenesulfonyl group, had disappeared. Two new peaks appeared at about 2.0 (c) and 

5.4 (a) ppm, whose identities were not known at the time this experiment was performed. 

The proton ratio of these two peaks was 2 to 1. Later, it was realized that they were 

probably due to the elimination product (see structure and assignments in Figure 4.20). 

At the time this experiment was performed, it was realized that both silylation and 

tosylation reactions produced more than one product, making the separation and 
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purification more difficult. To reduce the chance of separation, another synthetic route 

without using the protection step was designed (Figure 4.21). 

6-Hydroxyihendecanedioic acid 

Method 

The carbonyl group of the starting material, 6-ketohendecanedioic acid, was 

selectively reduced to the hydroxyl group by sodium borohydride. Sodium borohydride 

is a mild reducing reagent which can selectively reduces the carbonyl group in the 

presence of a carboxylate group or an ester group. 

In the procedure, 0.3 g (1.303 mmole) of 6-ketohendecanedioic acid was 

dissolved in 20 ml of methanol. To the solution was added 0.274 g (3.257 mmole) of 

sodium hydrogen carbonate and 0.247 g (6.515 mmole) of sodium borohydride. The 

reaction mixture was stirred at 70 °C for one hour. After it cooled to room temperature, 

the pH of the solution was adjusted to pH 1 using concentrated HCl. The white solid 

was filtered off. The solvent was removed by rotary evaporation. The reduction of the 

carbonyl group to the hydroxyl group by sodium boronhydride was found to be complete 

when 5 times excess of sodium boronhydride was used. 



167 

00 _J I-

n 
X 
o 

n 
X 

n 
X 

O 

O-CO-O 
4 
X o CM 
X 
o OJ 
X o CVJ 
X 
o 

CM 

X o •O •< -
X /==\ " X 

o o CM 
X 
o 

CM 

X 
o 

CM 

X 
o 

CM 

X 
o o CO 

X 
0-55-0 

u 

u 

00 

o n 
O tn 
X 

o; 
•OZ IS 

<n o) ruoj cB o <43 o i/i o • 'in oir- • 
otoicw mu^o 9 iTi 

o <*1 «0 O O <d O <-» O ̂ r*** O V O 
o .«eo • (0(Ni 

5eo(Oocw otn 
•o •<« — 

N- (n 

en 

^ Co OlOO^ S S < 

?~CT> 

t 
u u 
t 
h2 

Figure 4.19 (a) Proton NMR spectrum and peak assignments of tosylated product 
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Figure 4.21 Synthetic scheme 2 for handle having methylthio ether 
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Results and discussion 

Proton and '^c NMR spectra were recorded in CDCI3 (Figure 4.22 (a) and (b)). 

In the proton NMR spectrum (Figure 4.22 (a)), the multiplet at 3.8 ppm (a) was the 

resonance of the metliine proton. The appearance of this new peak was due to the change 

of the functional group from the carbonyl group (Figure 4.12 (a) to the hydroxy I group. 

The triplet at 2.3 ppm (b) was the resonances of the methylene protons next to the 

carboxylic acid groups, same as that for 6-ketohendecanedioic acid (Figure 4.12 (a)). 

The multiplets between 1.4 and 1.8 ppm were the resonances due to the methylene 

protons between the methine group and the carboxylic acid groups. The proton ratio of 

the resonances (a), (b) and (c) was 1:4:12. 

In the '3c NMR spectrum (Figure 4.22 (b)), the resonance at 187 ppm was due 

to the carbonyl carbons on the carboxylic acid group. This peak had changed from 174 

ppm for 6-ketohendecanedioic acid (Figure 4.12 (a) to 187 ppm probably because two 

side groups were the carboxylate anions (or the sodium carboxylate salt) instead of 

carboxylic acid. A new peak, resonance of the methine carbon, was found at 74 ppm 

because of the change of the functional groups from the carbonyl group to the hydroxyl 

group. Four resonances between 28 and 40 ppm were due to the methylene carbons 

between the methine group and the carboxylic acid groups. 
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Figure 4.22 (b) '^C NMR spectrum and peak assignments of 6-
hydroxyihendecanedioic acid 
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6-HydroxyldimethyIhendecaoate 

Method 

The title compound was synthesized by the esterification of 6-

hydroxylhedecanedioic acid. This methyl ester was made in methanol in the presence of 

concentrated The procedure included dissolving 1.2347 g (5.32 mmole) of 6-

hydroxylhendecanedioic acid in 1.5 ml (31.94 mmole) of methanol, the addition of about 

0.5 ml of concentrated HCl and stirring the reaction mixture at 45 °C for 18 hours. In 

work-up procedure, the white solid in the reaction mixture was filtered off. The pale 

yellow solution was allowed to stand for 12 hours. To the solution was added 2 ml 

water and 2 ml benzene. The aqueous layer was extracted twice with 2 ml benzene. The 

organic phase was washed with 2 ml of 10% sodium carbonate solution, 2 ml of diluted 

sulfuric acid and water successively. Removal of organic solvent by rotary evaporation 

produced a pale yellow oily liquid. Complete esterification was indicated by both 'H and 

'^C NMR spectra. 

Results and discussion 

Proton and '^c NMR spectra were obtained for the esterification product in 

CDCI3. The spectra and peak assigimients are shown in Figure 4.23 (a) and (b). 

In the proton NMR spectrum (Figure 4.23 (a)), the singlet at 3.6 ppm (a) 

corresponded to the methyl ester protons. The peak at 3.5 ppm (b) was the resonance of 

the methine proton. The triplet at 2.3 ppm (c) was the resonance of the methylene 
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protons next to the ester groups. The multiplets between 1.3 and 1.7 ppm (d) were the 

resonances due to the methylene protons between the methine group and the ester groups. 

The small peak at 2.0 ppm (e) was probably the hydroxyl proton. The proton ratio of the 

peak a, b, c, d and e was 6:1:4:12:1. 

In the NMR spectrum (Figure 4.23 (b)), the resonance at 174 ppm (a) was 

due to the carbonyl carbon on the ester group. The resonance of the methine carbon was 

found at 72 ppm (b). Peak at 51 ppm (c) was the resonance of the methyl carbon on the 

ester group. Four other resonances between 24 and 38 ppm were due to the methylene 

carbons between the methine group and the ester groups. 

6-p-toluenesulfonyldimethylhendecaoate 

Method 

The procedure for the tosylation of 6-hydroxyl-dimethylhendecaoate was the 

same as described before.In a typical procedure, 1 equivalent of 6-hydroxyI-

dimethylhendecaoate was dissolved in chloroform, and then about 3 equivalent of 

pyridine was added. Following the addition of 2 equivalent of p-toluenesulfonyl 

chloride, the reaction mixture was stirred for 3 hours at room temperature. To the crude 

product, chloroform and water were added. The organic layer was washed with 2 N 

HCl, 5% NaHC03 and water successively, and dried over anhydrous magnesium 

sulfate. After the filtration, the solvent was removed by the rotary evaporation. The 
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Figure 4.23 (a) Proton NMR spectrum and peak assignments of 6-hydroxyl-
dimethylhendecaoate 
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Figure 4.23 (b) '^C NMR spectrum and peak assignments of 6-hydroxyi-
dimethylhendecaoate 
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cmde product was column chromatographed on a silica gel column using 1:1 of ethyl 

acetaterhexane as the eluent. The product was pale yellow oily liquid. 

Results and discussion 

The raw product contained two components with Rf value of 0.49 and 0.18 when 

I : 3 ethyl acetaterhexane was used as developing solvent. The component with RfO.lB 

was identified as the desired product. The tosylated product was characterized by both 

'H and NMR using CDCI3 as solvent. Its NMR spectra are shown in Figure 4.24 

(a) and (b). 

In the proton NMR spectrum of tosylate (Figure 4.24 (a)), four singlets between 

7.2 and 7.8 ppm (a) were due to four aromatic protons. Compared to the proton NMR 

spectrum of 6-hydroxyI-dimethylhendecaoate (Figure 4.24 (a)), the methine proton peak 

at 3.5 ppm disappeared. Instead, a multiplet appeared at 4.5 ppm (b) because of the 

change of the functional group from -OH to -OTs. The singlet at 3.6 ppm (c) was the 

resonance of the methyl protons on the ester groups. The singlet at 2.4 ppm (d) was the 

resonance of the methyl protons on the toluene group. The triplet at 2.2 ppm (e) was the 

resonance of the methylene protons next to the ester group. The multiplets between 1.4 

and 1.6 ppm(f) were the methylene protons in the middle of the chain. The proton ratio 

of the peak a, b, c, d, e and f was 4:1:6:3:4:12. 

In the NMR spectrum of 6-hydroxyl-p-toluenesulfonyldimethylhendecaoate 

(Figure 4.24 (b)), the peak at 174 ppm (a) was the resonance of the quatemary carbon on 

the ester group. The peaks in the range of 127 to 145 ppm (b) were the resonances of the 
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Figure 4.24 (a) Proton NMR spectrum and peak assignments of 6-hydroxyI-/7-
toluenesulfonyldimethylhendecaoate 
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Figure 4.24 (b) '^C NMR spectrum and peak assignments of 6-hydroxyI-p-
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181 

aromatic carbons. The peak at 84 ppm (c) was the resonance of the methine carbon to 

which the p-toluenesulfonyl group was bound. The peak at 51 ppm (d) was the 

resonance of the methyl carbons on the ester groups. The peak at 22 ppm was the 

resonance of the methyl carbon on the toluene ring. The resonances of all other 

methylene carbons were found between 24 and 34 ppm. 

6-[2-(inethylsulfide)ethyl]diinethylhendecaoate 

Method 

The title compound was synthesized by the etherification of 6-hydroxyl-/7-

toluene-sulfonyldimethylhendecaoate using 2-(methyIthio) ethanol in the presence of 

pyridine. The method for the etherification was the same as described earlier.The 

molar ratio of 6-hydroxyl-p-toluene-sulfonyldimethylhendecaoate, 2-(methylthio) ethanol 

and pyridine was 1:1:6. No solvent was used for this reaction. The reaction mixture was 

stirred at 80 °C for half an hour, followed by the same work-up. The raw product was a 

pale yellow oily liquid. 

Results and discusston 

The proton NMR spectrum of the raw product was recorded in CDCI3 to see if a 

new product was formed. Like the product from the etherification of the protected 

tosylate, the major product for this etherification was still from the elimination reaction. 
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As shown in Figure 4.25, the multiplets at 5.4 ppm (a) were the resonance of the olefinic 

protons. The singlet at 3.6 ppm (b) was the resonance of the methyl protons on the ester 

group. The multiplet at 2.3 ppm (c) was due to the methylene protons next to the ester 

group, the multiplet at 2.0 ppm (d) was due to the methylene protons next to the double 

bond. The multiplets in the range of 1.3 to 1.8 ppm (e and f; were the resonances of the 

methylene protons in the middle of the chain as assigned in the structure. There were no 

peaks found in the proton NMR spectrum which indicating the substitution product. In 

other words, the methylthio ether was not attached to the middle of the chain as expected. 

SYNTHESIS OF HANDLE HAVING ALIPHATIC AMINE 

The handle having aliphatic amine was expected to be synthesized using the same 

11 carbon chain. The starting material was 6-ketohendecanedioic acid, an intermediate 

product in the synthesis of handle having methylthio ether (see Figure 4.11 and 4.12). 

Ethylenediamine was expected to be attached to the middle of the chain. There were three 

schemes designed for the synthesis of this handle. The first two synthetic schemes 

involved connection of ethylenediamine to the middle of the chain via an intermediate 

product, imine, which was then reduced to an aliphatic amine by LiAlH4. The synthesis 

of the imine was tried using either molecular sieves or LiAlftt to remove the product 

water. The difference between the first and the second scheme was the starting material, 

6-hendecanedioic acid in the first scheme (Figure 4.26) and l,Il-bis(rerr-
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butyldimethyisilyIoxy)-6-hendecanol in the second scheme (Figure 4.27). In the second 

scheme, I,lI-bis(ferr-butyldimethyIsiiyIoxy)-6-hendecanol was converted to 1,11-

bis(rerr-butyidimethylsiIyIoxy)-6-hendecanone first, and then ethylenediamine was 

expected to be connected to the middle of the chain. The third scheme designed for this 

handle started from 6-hydroxyldimethylhendecaoate, an intermediate product from the 

synthesis of handle having methylthio ether. The rest of the steps involved the 

bromination of 6-hydroxyldimethylhedecaoate, and then substitution of bromine by 

ethylenediamine (Figure 4.28). 

Materials 

Ethylenediamine (99+%), oxalyl chloride (98%) and phosphorous tribromide 

(99%) were purchased from Aldrich Chemical Company and used as received. Dimethyl 

sulfoxide (DMSO), manufactured by Aldrich Chemical Company, was obtained from Dr. 

Polt's laboratory. All the solvents used in this part of the study were from the same 

sources as described earlier. 

6-Hendecylideneethylenediaimne 

Method 1 

The first method carried out for the synthesis of the title compound was using the 
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Figure 4.26 Synthetic scheme 1 for the handle having aliphatic amine 
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Figure 4.27 Synthetic scheme 2 for the handle having aliphatic amine 
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CH300C(CH2)4CH(CH2)4C OOCH3 
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Br 
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CH300C(CH2)4CH(CH2)4C00CH3 

NHzCHaCHzNHz 
I r 

NHCH2CH2NH2 

CH300C(CH2)4CH(CH2)4C00CH3 

Figure 4.28 Synthetic scheme 3 for the handle having aliphatic amine 

molecular sieves to dehydrate the solution.Jq a round bottom flask was added 0.2 g 

(0.87 mM) of 6-hendecanedioic acid in dry tetrahydrofuran (THF), 0.233 ml (3.48 mM) 

of ethylenediamine and 1.5 g of molecular sieves (4 A) under No. The mixture was 

stirred at room temperature for 24 hours and then water was added. After stirring the 

mixture for one more minute, the molecular sieves were removed by filtration. Water and 

THF were removed by the rotary evaporation under the reduced pressure. The product 
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was a brownish yellow solid with good solubility in water and poor solubility in organic 

solvents. 

Results and discussion 

Proton and NMR spectra of the crude product were obtained in deuterium 

oxide (Figure 4.29 (a) and (b)). Both 'H and '^C NMR spectra were different from 

those of the starting material (Figure 4.12 (a) and (b)). Some small peaks appeared in 

both 'H and NMR spectra, indicating there had been a reaction. TLC and separation 

could not be carried out because of the crude product had poor solubility in organic 

solvents. 

Method 2 

The second method carried out for the synthesis of the title compound was using 

LiAlH4.''^' In this method, lithium aluminum amide was made from LiAlH4 and 

ediylenediamine first, and then 6-ketohendecanedioic acid was added to lithium aluminum 

amide and was expected to be transformed to an amide. 

To a 500 ml flask was added 0.0125 g (0.32 mM) of LiAlfLj and 0.5 ml of dried 

THF under nitrogen. Then, 0.086 ml (1.28 mM) of ethylenediamine was added with 

stirring at room temperature. To the mixture, was added 2 ml of tetrahydrofuran and the 

solution was stirred at room temperature for 30 minutes and was heated to about 70 °C. 

After the addition of 0.28 g (1.22 mM) of 6-ketohendecanedioic acid in about 300 ml of 

THF, the solution was stirred at 70 °C overnight. To the reaction mixture was added 0.3 
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ml of water, 0.3 ml of 10% NaOH and 10 ml of water successively. After stirring for a 

while, a brownish yellow precipitate was removed by filtration. The pale yellow filtrate 

was transfered to a round bottom flask. Removal of water and THF gave a brownish 

yellow solid with good solubility in water and poor solubility in chloroform, acetone and 

THF. 

Results and discussion 

Separation could not be performed due to the poor solubility of the raw product in 

organic solvents. Proton and '^C NMR spectra were obtained for the raw product in 

deuterium oxide (Figure 4.30 (a) and (b)). Compared with the proton NMR spestrum of 

the starting material (Figure 4.12 (a)), a new peak appeared at 2.9 ppm. In addition, the 

multiplet at 2.5 ppm, assigned to the methylene proton next to the carbonyl group (Figure 

4.12 (a)), had moved to 1.9 ppm, indicating the functional group change at the carbonyl 

position. Similar changes could also be observed from the NMR spectrum. In 

addition to the changes of the peak positions, one extra peak was found, indicating one 

additional carbon was attached to the chain. This could happen only when both ends of 

ethylenediamine were attached to the middle of the chain as shown in Figure 4.30 

(Structure 2). 

At the time when this experiment was done, it was thought that probably the 

caboxylate groups at the two ends of the molecule had reacted with ethylenediamine. 

Therefore, a second synthetic scheme (Figure 4.27) was designed primarily to protect the 

two ends. The other reason for using a protected molecule was to increase the solubility 
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of the compound in organic solvents. 

l,ll-bis(tert-butyldimethylsiIyioxy)-6-hendecanone 

Method 

The starting material for the synthesis of the title compound was 1,1 l-bis(tert-

butyldimethylsilyloxy)-6-hendecanol, an intermediate product from the synthesis of 

handle having methylthio ether (Figure 4.14). The secondary alcohol in the middle of the 

chain was oxidized to a carbonyl group by a naild oxidation reagent, oxalyl chloride. The 

oxidation reaction was carried out using the procedure described by Mancuso, Huang and 

Swem without any modification. 

To a 3-neck round bottom flask was added 0.1 ml (1.1 mM) of oxalyl chloride in 

2.5 ml of dried dichloromethane. The solution was cooled to -60 °C in a dry ice bath 

with stirring. To the cooled solution was added 0.17 ml (2.2 mM) of freshly distilled 

DMSO in 0.5 ml of dried dichloromethane. After the solution was stirred for 2 minutes, 

0.4326 g (I mM) of 1,1 l-bis(tert-butyldimethylsilyloxy)-6-hendecanol in 1 ml 

dichloromethane was added. The solution was stirred for 5 minutes and the temperature 

was raised to 10 °C during this time period. After the addition of 0.7 ml (5 mM) of 

triethylamine, the solution was stirred for another 5 minutes and warmed up to room 

temperature. Water (5 ml) was added to the reaction mixture and the solution was 

extracted with 5 ml of dichloromethane. The organic layer was washed with saturated 
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NaCl and water, and dried over anhydrous magnesium sulfate. The organic solvent was 

removed by the rotary evaporation. A raw product, a yellow oily liquid, was obtained. 

TLC of this raw product showed four spots with Rf values of 0.76, 0.53, 0.28 and 0.10. 

Separation of four components was done by preparative TLC using 1 : 3 of ethyl acetate : 

hexane as the developing solvent. 

Results and discussion 

Both 'H and NMR spectra were obtained in CDCis for each separated 

component. The first component (Rf = 0.76) was determined as the desired product. Its 

'H and '^C NMR spectra and peak assignments are shown in Figure 4.31 (a) and (b). 

Comparing to the NMR spectrum of the starting material (Figure 4.14 (a)), the 

peak at 3.5 ppm (c) was still there, due to the resonance of the methylene protons next to 

the protecting group (Figure 4.31 (a)). A new peak at about 2.4 ppm (b) is the resonance 

of methylene protons next to the carbonyl group. The appearance of this peak indicated 

that the secondary hydroxyl group in the middle of the chain was oxidized to a carbonyl 

group. In addition to this new peak, the pattern of the resonances between 1.2 and 1.6 

ppm (c) was different from that of the starting material, also due to the change of the 

functional groups. Two peaks at 0.9 and 0 ppm, due to the resonances of the methyl 

protons on the protecting group, were the same as those of the starting material. The 

proton ratio of the peaks a, b, c, d and e was 4:4:12:18:12. 

In the '^c NMR spectrum (Figure 4.31 (b)), a new peak appeared at about 211 

ppm (a), indicating the existence of the carbonyl carbon. Comparing to the '^C NMR 
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spectrum of the starting material (Figure 4.14 (b)), the peak at 72 ppm disappeared, 

indicating the disappearance of the secondary hydroxyl group. This further confirmed 

that the secondary hydroxyl group was oxidized to the carbonyl group by the Swem 

oxidation reaction. As described for the starting material, the peaks at 28 (g), 18 (h) and 

-5 (i) ppm were the resonances of the carbons on the protecting group. All the other 

resonances were due to the methylene carbons as shown under the structure in Figure 

4.31 (b). 

l,ll-bis(tert-butyldimethyIsiIyIoxy)-6-hendecyIicleneethyIenediamine 

Method 

The synthesis of the title compound attempted using the same method as 

described earlier in method 1 for the syndiesis of 6-hendecylideneethylenediamine.'^o 

The starting material was 1,1 l-bis(tert-butyldimethylsiIyloxy)-6-hendecanone. A typical 

procedure included dissolving the starting material into pentane, addition of 

ethylenediamine and molecular sieves (4 A) into the solution and stirring the solution at 

about 30 °C for 24 hours. Instead of THF, pentane was used as the solvent because it 

was the solvent in the cited literature. The work-up procedure involved washing the 

organic layer with water, drying the organic phase over anhydrous sodium sulfate and 

removing the organic solvent by rotary evaporation. The water layer was also dried by 

rotary evaporation under reduced pressure. The water layer was reserved because it was 
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not sure in which layer the product was in at the time when the experiment was done. 

Results and discussion 

Proton and '^c NMR spectra were obtained for the residues in the organic and 

the aqueous layer. There were no peaks which indicated the existence of either product 

or starting material in the ' H NMR spectrum of the residue in aqueous layer (not shown 

here). The proton and '^C NMR spectra of the residue in the organic layer are shown in 

Figure 4.32 (a) and (b). 

The proton NMR spectrum was similar to that of the starting material (Figure 

4.31 (a)). There were no extra peaks which could indicate the formation of the product. 

In the '^C NMR spectrum, all the peaks were the same as those of the starting material 

except for two extra little peaks at 198 and 30 ppm, which were unidentified. 

The synthesis described here was tried only one time due to the small amount of 

starting material available. Since there was no strong evidence that supported the 

formation of the product, the second scheme was stopped here and the third scheme was 

tried. 

6-Bromodimethylhendecaoate 

Method 

The title compound was synthesized by the bromination of the hydroxyl group of 
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Figure 4.32 (a) 'H NMR spectrum of the raw product for the synthesis of 1,11-
bis(tert-butyidiinethylsilyloxy)-6-hendecylideneethylenediamine 
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Figure 4.32 (b) NMR spectrum of the raw product for the synthesis of 1 
bis(tert-butyIdimethyIsilyloxy)-6-hendecylideneethylenedi amine 
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6-hydroxyldimethylhedecaoate followed the procedure described by Cason and 

Correia.'^^ To a round bottom flask was added 0.298 g (1.146 mmole) of 6-

hydroxyldimethylhedecaoate in 30 ml of ether under argon. The solution was cooled to 0 

°C. To the solution, 0.049 ml (0.521 mmole) of phosphorus tribromide was added 

dropwise. The temperature was maintained below 5 °C during the addition. After the 

addition was complete, the reaction mixture was warmed to room temperature and 

allowed to stand for 15 hours. Then, the reaction mixture was poured onto crushed ice. 

The organic layer was washed with 10% sodium carbonate solution and water 

successively and dried over anhydrous potassium carbonate. The product, a pale yellow 

oil, was obtained by removal of the organic solvent using the rotary evaporation. The 

proton and NMR spectra analysis showed that the bromination reaction was 

complete. 

Results and discussion 

Proton and '^C NMR spectra were obtained for the bromination product in 

CDCI3. The spectra and peak assignments are shown in Figure 4.33 (a) and (b). 

In the proton NMR spectrum (Figure 4.33 (a)), the multiplet at 3.8 ppm (a) was 

the resonance of the proton on the methine carbon to which bromine was attached. 

Comparing to the proton spectrum of 6-hydroxyl-dimethylhendecaoate (Figure 4.23 (a)), 

the methine proton peak at 3.5 ppm had disappeared and a new peak appeared at 3.8 

ppm. This is because the functional group attached to the methine carbon had changed 

from the hydroxyl group to bromine. All other peaks were similar to those for 6-
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hydroxyl-dimethylhendecaoate (Figure 4.23 (a)). The singlet at 3.5 ppm (b) 

corresponded to the methyl protons on the ester group. The triplet at 2.2 ppm (c) was the 

resonance of the methylene protons next to the ester groups. The multiplets between 1.3 

and 1.7 ppm (d) were the resonances due to the methylene protons between the methine 

group and the ester groups. The proton ratio of the peak (a), (b), (c) and (d) was 

1:6:4:12. 

In the NMR spectrum (Figure 4.33 (b)), the resonance at 174 ppm (a) was 

due to the carbonyl carbon on the ester group, the same as that for 6-hydroxyl-

dimethylhendecaoate (Figure 4.23 (b)). The resonance of the methine carbon was found 

to be moved from 72 ppm to 57 ppm (b) due to the functional group change from the 

hydroxyl to bromine. The peak at 51 ppm (c) was the resonance of the methyl carbon on 

the ester group, the same as that for 6-hydroxyl-dimethylhendecaoate (Figure 4.23 (b)). 

Four other resonances between 24 and 38 ppm were due to the methylene carbons 

between the methine group and the ester groups. Comparing to those of 6-hydroxyl-

dimethylhendecaoate, the positions were changed slightly due to the same change of the 

functional groups. 
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6-EthylenediaminedimethyIhendecaoate 

Method 

This reaction involved the functional group transfer from bromine (C-Br bond) to 

amine (C-N bond). The starting material was 6-bromodimethylhendecaoate. The method 

used for the synthesis of the title compound followed that by Momenteau et 

To a round bottom flask was added 0.622 ml (9.30 mmole) of ethylenediamine in 

10 ml of dried THF under argon. After the solution was brought to 0 °C, 2.906 ml (4.65 

mmole) of n-butyl-lithium (1.6 M in hexane) was added dropwise. The solution was 

stirred at 0 °C for 30 minutes and at room temperature for 15 minutes. To the solution 

was added 0.7507 g (2.32 mmole) of 6-bromodimethylhendecaoate in about 4 ml of 

dried THF. The solution was refluxed overnight under argon. The solid was filtered off 

and the solvent was removed by rotary evaporation. The raw product was a brownish 

yellow oily liquid. TLC of the raw product was done using 1:3 of ethyl acetateihexane. 

Four components were found with Rf values 0.57, 0.5,0.43 and 0.33. 

Results and discussion 

Proton and NMR spectra of the raw product were obtained in CDCI3 and are 

shown in Figure 4.34 (a) and (b). From the proton NMR spectrum, it could be 

concluded that at least one component in the mixture was the elimination by-product, 

indicated by the olefinic proton resonances at 5.3 ppm. The starting material was also 

present in the mixture, indicated by the peak at 4 ppm which was the resonance of the 
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methine proton next to the bromine substituent. 

The '^C NMR spectrum also showed the existence of the starting material by the 

appearance of the peak at 58 ppm which was the resonance of the carbon connected to 

bromide. The peaks around 130 ppm were the resonances of the olefinic carbons, 

indicating the existence of the elimination by-product. 

Since the separation of the raw product was not performed, the other two 

components in the raw product were left unidentified. This reaction was not repeated 

because at least two by-products were produced. 

CONCLUSION 

In sunraiary of this study, the precursory porphyrin was synthesized and 

purified. Lots of efforts were made to synthesize the handles having both methylthio 

ether and aliphatic amine. Several schemes were carried out for these synthesis without 

successful at the time it was decided not to continue this project. Therefore, there was no 

final product, the basket handle porphyrin, available for the further characterization. 
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