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Derivatized Porphyrins and Multiporphyrin Assemblies 

Hongping Yuan 

Major Professor: L. Keith Woo 
Iowa State University 

Porphyrin-containing multi-component systems have served a key role in the study 

of molecular assembly and supramolecular chemistry. These systems, however, are often 

very difficult to prepare and new synthetic strategies towards their preparation are of 

great interest. 

This work describes a series of thiol-derivatized porphyrins and the corresponding 

Co and Zn complexes which have been synthesized from 5-(p-aminophenyl)-10,15,20-

triphenylporphyrin, 5a,15a-bis(o-aminophenyl)porphyrin, and a,a,a,a-tetrakis(o-

aminophenyl)porphyrin. These derivatized porphyrins have varying numbers of thiol 

appendages attached via amide linkages at different locations. Thiol-derivatized 

porphyrins have been demonstrated to form oriented monomolecular coatings on gold 

surfaces. Accordingly, gold electrodes that have been chemically modified with cobalt 

thiol porphyrins exhibit electrocatalytic potencies for the reduction of O2 which vary as a 

function of the number and location of the thiol appendages. The monolayer formed by 

bis thiol-porphyrins, in which the porphyrin rings are mostly parallel to the gold surface, 
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has a higher electrocatalytic activity compared with that from the monolayer formed by 

mono thiol porphyrins where the porphyrin rings are approximately perpendicular to the 

gold surface. These metalloporphyrin monolayers wiU allow an investigation of the 

influence of surface architecture on chemical properties. 

A series of mono-, bis- and tetra-porphyrin assemblies from 

monopyridylporphyrins and Pd(n) or Pt(n) ions has also been prepared. By utilizing the 

well defined and versatile chemistry of square planar Pt(n) and Pd(n) coordination 

complexes, we have been able to place porphyrin subunits at chosen positions and fixed 

distances around the central metal ions. The molecular structure of one bisporphyrin 

assembly has been determined. This straightforward synthetic strategy provides an easy 

metiiod to prepare porphyrin-containing multi-component systems. This dissertation 

focuses on the synthesis and characterization of thiol-derivatized porphyrins and metal 

ion-template multi-porphyrin supramolecular assemblies. 
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GENERAL INTRODUCTION 

Dissertation organization 

This dissertation contains two chapters of literature review. Chapter 1 discusses 

recent advances in the synthesis of porphyrins and multi-porphyrin arrays. Chapter 4 

deals with the design of porphyrin-containing multi-component systems as models for the 

photosynthetic reaction center. Non-covalently bonded systems are discussed. The 

remaining chapters constitute individual papers that have been published, or are being 

prepared for submission. General conclusion follows the last paper. 

What is a porphyrin? 

Porphyrins are macrocyclic compounds which consist of four pyrrole groups 

bridged in the two and five (a) positions by methine units. The methine bridges are 

designated as the meso position and the two non-bridged carbon positions (C3 and C4) of 

the pyrroles are the P-pyrrole positions. A variety of functional groups can be placed at 

these positions without affecting the basic structural parameters of the macrocycle. The 

porphyrin framework has 11 conjugated double bonds and 22 7C electrons. It obeys 

Huckel's 4n+2 rule and is aromatic. Porphyrins are semi-rigid, planar molecules with an 

inner hole diameter of 4 A. The porphyrin macrocyle is thermally stable and can be 

sublimed at approximately 350 °C. When the two internal protons are removed from the 

free base porphyrin, it becomes a tetradentate chelating dianion, with the ability to 

coordinate a variety of different metal ions in the central cavity. 
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In this work, five porphyrins were used exclusively, 5,15-bis(o-aminophenyl)-

2,8,12,18- tetxaethyl-3,7,13,17-tetramethylporphyrin (DPE-(NH2)2 — aminodiphenyl-

etioporphyrin II), 5-(p-aminophenyl)-10,15,20-triphenylporphyrin (TPP-NHj), 5,10,15,20-

tetrakis(o-aminophenyl)porphyrin (TPP-(NH2)4), 5-(4-pyridyl)-10,15,20-triphenylporphyrin 

(pyPP) and 5-(4-pyridyl)-10,15,20-tritolylporphyrin (pyTP). In pyPP or pyTP (Figure 1), 

the pyridyl group and the three aryl groups (phenyl for MpyPP, p-tolyl for pyTP) are 

located in the meso positions and hydrogens are at the P-pyrrole positions. Figure 2a 

shows the bis(aminophenyl)porphyrin, DPE-(NH2)2. This molecule has two aminophenyl 

groups situated at opposing meso positions, and hydrogens at the other two meso 

positions. Ethyl and methyl groups occupy the P-pyrrole positions such that the 

porphyrin has symmetry. TPP-NH2 (Figure 2b) has hydrogens at the P-pyrrole 

positions and phenyl groups at each of the meso positions, one of which bears an amino 

group in the para position. The amino groups in these porphyrins can be employed to 

make porphyrin derivatives or porphyrin containing multi-component systems. 

R 

R 

Figure 1: Mono-pyridyl triarylporphyrin (R= H, pyPP; R= Me, pyTP) 
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NH N=^ 

HN 
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NH 
NH. 
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Figure 2: a) Aminodiphenyl etioporphyrin (DPE-(NH2)2) 
b) Aminophenyl triphenylporphyrin (TPP-NHj) 
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Porphyrins are excellent spectroscopic tags in both UV-vis and 'H NMR 

spectroscopies. Because of the aromaticity of the porphyrin core, strong absorptions are 

observed in the near UV and visible regions of the electromagnetic spectrum. A typical 

UV-vis spectrum exhibits an intense absorption band between 350 and 500 nm known as 

the Soret band, with a molar absorptivity on the order of 10^ M'^cm *. Several less 

intense peaks called Q-bands can be observed from 450 nm to 700 nm with molar 

absorptivities of 10'-10"* M''cm \ Proton NMR spectroscopy can reveal much about the 

molecular symmetry of the porphyrin complexes. When the 2-fold symmetry of the 

bis(o-aminophenyl)porphyrin (DPE-(NH2)2) is maintained on the NMR timescale, the 'H 

NMR spectrum exhibits a single resonance for the meso protons. However, in the lower 

symmetry compounds TPP-NHj, pyPP and pyTP, the p-pyrrole protons split into 

multiplets. 

Why study porphyrins? 

Porphyrin chemistry encompasses a rich and diverse research field. It spans the 

areas of organic, inorganic, physical, biochemistry and materials science. All transition 

metals and many metalloid elements in a wide range of oxidation states can form 

metalloporphyrin complexes. The organometallic chemistry of metalloporphyrins and 

catalytic systems using metalloporphyrins have been studied extensively. Also, 

metalloporphyrins provide a good system for the study of group transfer reactions. 

Porphyrin and porphyrin related structures play a very important role in biological 
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systems. The most predominant are iron hemes. The heme group is iron protoporphyrin 

DC. It is found in the hemoglobin-myoglobin and cytochrome families. In many 

organisms, Oj transport, storage, and activated are frequently mediated by heme proteins. 

In mammals, oxygen is transported by the hemoglobin and stored by myoglobin. In the 

terminal step of respiration involving reduction of oxygen to water, electrons are 

transported via a series of cytochrome to cytochrome oxidase transfer steps. 

Cytochrome oxidase contains two iron porphyrins and two copper ions. The heme group 

is also found in peroxidases and catalases, which are involved in the oxidation of organic 

compounds with HjOj. The active site of vitamin utilizes a corrin, a related structure 

to porphyrin, which plays an important role in biological systems. Chlorophyll consists 

of a chlorin, a reduced porphyrin, which captures sunlight for photosynthesis. This 

process is the important light-harvesting phenomenon that converts solar energy to 

support the whole ecosystem in the planet. Extensive work has been done to mimic the 

above systems using synthetic porphyrins. 

The research presented here focuses on the preparation of thiol-derivatized 

porphyrins and the applications of these porphyrins to construct monolayers on gold 

surfaces with special chemical properties. Also, studies on assembling pyridyl porphyrin 

subunits around metal ions to build multi-porphyrin assemblies is presented. 
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CHAPTER 1: PORPHYRIN SYNTHESES AND MODIHCATIONS: 

A LITERATURE REVIEW 

Synthesis of /neso-tetra-substituted porphyrins 

Synthesis of /ne,s£>-substituted porphyrins was reported by Rothemund' in 1936. 

Early procedures involved treating benzaldehyde with pyrrole in pyridine in a sealed 

bomb at 140 to 220 °C over a period of 24 to 48 hours. This method jdelded 4 to 5% of 

HjTPP, Awe50-tetraphenylporphyrin, with variable amounts of tetraphenylchlorin. 

However, the reactions conditions were so severe that few only a substituted 

benzaldehydes could be converted to the corresponding porphyrins. Improved synthetic 

procedures have been developed over the years, and are reviewed in The Porphyrins? 

One of the most important modifications of the Rothemund reaction was reported 

by Adler and Longo.^ This modification involved the aerobic condensation of 

benzaldehyde and pyrrole in refluxing propionic acid (141 °C). Under these relatively 

mild conditions, a wider selection of substituted benzaldehydes have been converted to 

the corresponding porphyrins in multigram quantities with yields of up to 20%. Some 

disadvantages are still inherent in this method. For example, attempts at making 

porphyrins from benzaldehydes bearing sensitive functional groups such as hydroxyl, 

thiol, and amino groups failed under these reaction conditions. Moreover, tar-like side 

products cause purification problems especially with porphyrins that do not readily 

crystallize or precipitate at the end of the reaction. 
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Recently, Lindsey and co-workers developed a more general procedure for the 

synthesis of /ne^o-substituted porphyrins.'' In this method, pyrrole and aldehyde undergo 

acid-catalyzed condensation to form a porphyrinogen under equilibrium conditions. 

Porphyrin is produced upon addition of 2,3-dichloro-5,6-dicyano-l,4-benzoquinone 

(DDQ) or 2,3,5,6-tetrachloro-l,4-benzoquinone (p-Chloranil, TCQ) as an oxidant. This 

strategy, based on the examination of equilibrium cyclization and biomimetic studies of 

porphyrin biosynthesis, is centered around three hypotheses: 1) Tetraphenylporphyrinogen 

should be the thermodynamicaUy favored product when benzaldehyde and pyrrole are 

condensed under appropriate conditions. Thus, reaction conditions which reach 

equilibrium prior to oxidation should favor high yields of the porphyrin. 2) High 

temperature is not necessary since benzaldehyde and pyrrole are reactive molecules. 3) 

SjTithetic conditions sufficiendy mild for equilibrium to be achieved should also be 

compatible with an unprecedented variety of substituted benzaldehydes, thereby allowing 

new functionalized porphyrins to be obtained in good yield. In general, Lindsey's 

procedure is compatible with a wide variety of substituted benzaldehydes and porphyrin 

yields are around 30-40%. When this procedure is applied to synthesize porphyrins with 

2,6-disubstituted benzaldehydes, a co-catalyst, BFj-OEtj-ethanol, is needed to overcome 

steric barriers. However, diis method can not be used for in the synthesis of porphyrins 

with aldehydes bearing large ortho substitutents such as 9-anthraldehyde, 2,4,6-triphenyl 

benzaldehyde. Also, very electron poor groups such as 2,6-dinitrobenzaldehyde and 2,6-

bis(trifluoromethyl)benzaldehyde fail to undergo condensation under these conditions. 
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Moreover, the optimal yields are obtained with low concentrations (0.01 M pyrrole and 

aldehyde), requiring large volumes of solvent for gram-scale preparations. Lindsey et 

al? subsequently found that by increasing the concentration of the acid catalyst, 

porphyrins coxild be synthesized in yields of 20-30% by condensation of pyrrole and 

benzaldehyde at 0.1 M concentrations. For example, reaction mixtures with 0.1 M 

mesitaldehyde and pyrrole with BFj-ethanol as a cocatalyst afforded HjTMP in yields up 

to 15%. Lindsey's method is complementary in nature to the Adler-Longo procedure. 

Therien et alf" have found a method for the synthesis of mejo-substituted 

porphyrins which bear strong electron withdrawing groups such as perfluoroalkyl for 

which conventional methods faUed. The mechanism of porphyrin formation is shown in 

Figure 1, where represents the perfluoroalkyl groups. The intermediate 2,2,3,3,4,4,4-

heptafluoro-l-(2-pyrrolyl)-l-butanol was condensed in benzene using p-TsOH as catalyst 

During the reaction, water was removed by azeotropic distillation with a Dean-Stark trap 

to shift the equilibrium towards porphyrinogen formation. DDQ was added to oxidize the 

porphyrinogen to the final porphyrin product in an overall yield of 37%. 

Synthesis of porphyrin precursor dipyrromethanes 

5,15-Substituted porphyrins have important applications in building multi-

porphyrin arrays.^ Mixed aldehyde condensations can be used as a synthetic process for 

5,15-substituted porphyrins, but isolating the desired product from other isomers and 

other side products is usually difficult and sometimes impossible. Direct approaches to 
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HO OH H 

K * ^ 

H -HP .N i 
•= \\ // 

+ H20 
-HjO. 

+ HjO II pyaole 

-H,0 

+ HjO. 
R,CH(0H)2 

+ 2H20 - 2 H20.2 {pyrrole. R,CH(0H)2) 

t! 'l*\ H "(Py™WH(0H)2) polymeric 
-2nH;0 product 

V V /v V (Ihermodynamic 
+ 2n H2O produci) 

*iyc 

R, + HjO 

B, 

porphyrinogen 

Figure 1. Mechanism of porphyrin formation (reprinted with permission from 
J. Org. Chem. 1994, 59, 6943. Copyright © 1993 ACS) 
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5,15-disubstituted porphyrins are provided by condensation of dipyrromethanes with 

aldehydes. There are four different methods currently available for the synthesis of 

dipyrromethanes, each distinguished by the position of substituents on dipyrromethane. 

The synthesis of 2,2'-dipyrromethane involves a two-step procedure starting from 

pyrrole and thiophosgene.® Treatment of pyrrole with thiophosgene produces 2,2'-

dipyrrothione. Subsequent reduction of 2,2'-dipyrrothione with sodium borohydride 

provides 2,2'-dipyrromethane. 

Preparation of dipyrromethanes with substitutents on the P-pyrrole positions (p-

substituted dipyrromethanes) have often required laborious syntheses.® Verkade and 

Tang have developed a relatively simple route for synthesizing p-substituted 

dipyrromethanes in high yield."" In the presence of the strong, nonionic super-base 

PCMeNCHjCHj^aN, 3,4-disubstituted pyrrole-2-esters can be made &om p-acetoxy-a-

nitroalkanes (or a-nitroalkenes) and isocyanoacetates at low temperatures and in 

quantitative yield. Since superbase salts are virtually insoluble in nonpolar and weakly 

polar solvents, the pyrrole product can be easily isolated by filtration. The 3,4-

disubstituted pyrrole-2-esters are coupled with paraformaldehyde to form dipyrromethane 

di-esters. Subsequent decarboxylation of the esters produced P-substituted 

dipynomethanes. This procedure provides easy access to P-substituted dipyrromethanes. 

Lindsey and Lee reported that the reaction of an aldehyde with a large excess of 

pyrrole (1; 30-70) at room temperature produces a //le^o-substituted, P-unsubstituted 

dipyrromethanes." The reaction is catalyzed with trifluoroacetic acid or BF3-OEt2. The 



www.manaraa.com

11 

dipyrromethane is purified by crystallization or by flash chromatography and isolated in 

47-86% yield. The reaction is compatible with aliphatic or aromatic aldehydes, including 

2,6-disubstituted benzaldehyde. 

Rose et al. found that condensation of 2,6-dinitrobenzaldehyde with substituted 

pyrroles in a 2:1 ratio does not produce the meso-zxy\ dipyrromethane. Instead, the 

reaction afforded the one-to-one condensation product.^^ However, they have used a 

similar strategy in condensing 2,6-diacetamidobenzaldehyde with a ^-substituted pyrrole 

to form the meso-dtxyl dipyrromethane. Condensation of this me^o-substituted 

dipyrromethane in CH2CI2 with HC(0Me)3 in the presence of a catalytic amount of 

CCI3COOH affords 5,15-bis(2,6-diacetanudophenyl)octaa]kylporphyTin. The 5,15-bis(2,6-

diaminophenyl)porphyrin can be made by hydrolysis of this acetamidophenylporphyrin." 

Synthesis of |3-octa-substituted porphyrins 

Octamethylporphyrin (HjOMP) was first prepared by Fischer and Walach in 1926 

by heating 3,4-dimethylpyrrole in formic acid." Treibs and Haberele'" reported a 77% 

yield of HjOMP from the reaction of 3,4-dimethylpyrroie with formaldehyde in acetic 

acid and pyridine. 

Octaethylporphyrin (HjOEP) is one of the most important and widely used 

synthetic porphyrins because of its high symmetry and good solubility. It has been 

prepared by self-condensation of 2-N,N'-diethylaminomethyl-3,4-diethylpyrrole,'® ethyl 

5-N,N'-diethylaminomethyl-3,4-diethylpyTrole-2-carboxylate,'^ or 3,4-diethyl-5-
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hydroxymethylpyiTole-2-carboxylic acid under oxidative conditions.'® It has also been 

prepared by direct condensation of 3,4-diethylpyrrole with aqueous formaldehyde on a 

small scale.'® All of these syntheses derive from the same ethyl 3,4-diethyl-5-

methylpyrrole-2-carboxylate. This precursor is prepared from a "reverse Knorr" reaction 

of ethyl propionylacetate with 2,4-pentanedione, and requires several steps. 

Recentiy, several groups^ have developed a new method for the synthesis of 

ethyl 3,4-diethyl-5-methylpyrrole-2-carboxylate. Starting from p-acetoxy-a-nitroalkanes 

(or a-nitroalkenes) and isocyanoacetates in the presence of a nonionic base such as DBU 

or guanidine, the pyrrole ester could be synthesized in high yield (80-90%). Verkade and 

Tang'° improved this procedure further by using the superbase P(MeNCH2CH3)3N in 

place of DBU or guanidine. The product forms in quantitative yield and is easy purified. 

Verkade and Tang have also found that the reaction of 5,5'-bis(methoxycarbonyl)-

3,3',4,4'-tetraethyldipyrromethane witii LiCl, (CHjO)^, HjO in DMSO at 200-210°C for 2 

hours produced HjOEP in 67% yield. This one-pot procedure greatiy simplifies the 

synthesis of H2OEP. 

Porphyrin modification 

Kruper and coworkers developed alternative synthetic routes to unsymmetrically 

functionalized porphyrins. They synthesized mono(p-nitrophenyl)triphenylporphyrin 

through regiospecific aryl nitration of readily available tetraphenylporphyrin.^' The 

mono(p-nitrophenyl)triphenylporphyrin can be easily reduced to mono(p-aminophenyl)-
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triphenyl porphyrin. This aminoporphyrin can be employed as the starting material to 

make different derivatized porphyrins such as thiol-derivatized porphyrins^ and 

halogenated porphyrins.^^ 

Tetraarylporphyrins have been used to make novel structures such as the "picket 

fence", "pocket", and "picnic-basket" porphyrins,^ the "capped" porphyrins,^ the 

"bridged" porphyrins,^ the "baskethandle" porphyrins,^^ and the "gyroscope" 

porphyrin." These derivatives have been studied as models of natural hemoproteins. 

Our group has developed a series difunctionalized porphyrin ligands based on 5,15-bis(o-

aminophenyl)porphyrin, which were used to prepare multinuclear transition-metal 

complexes.^ 

Synthesis of porphyrins via metal-mediated cross-coupling 

The attachment of unusual organic moieties to the porphyrin periphery often 

involves elaborate synthetic strategies and tedious separation procedures.^' Typical 

routes to porphyrins bearing one or more different meso- or p-substitutents involve 

condensation of appropriate aldehydes with various monopyrroles,^" substituted 

dipyrromethanes,^' or prefabricated 1,19-dideoxybiladieries.^^ In addition to 

purification and separation problems, other limitations include: 1) the sensitivity of the 

cyclization step in a porphyrin synthesis to the steric and electronic features of 

substitutents at the meso and the P-pyrrole positions and 2) the potential incompatibility 

of the reactants with the condensation condition (i.e. protic or Lewis acid catalysts'* or 
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high temperature^^). 

Some researchers have utilized metal-mediated cross-coupling methodologies to 

put special appendages on readily available porphyrins. This strategy has provided an 

alternative method for the synthesis of substituted porphyrins. Therien et al?* reported 

the synthesis of new substituted porphyrins based on Pd-catalyzed coupling of 

halogenated porphyrins and organometallic reagents. For example, Pd(PPh3)4 can 

catalyze the coupling of (5,15Tdibromo-10,20-diphenylpoiphyinato)zinc (DBDPP-Zn) or 

(2-bromo-tetraphenylporphinato)zinc (BTPP-Zn) with organozinc chloride or 

organotributyltin. Pd(dppf)Cl2 (dppf = l,r-bis(diphenylphinofeiTocene)) was also used as 

a catalyst. Figure 2 outlines the proposed reaction sequence and lists the variety of alkyl, 

vinyl, and aryl moieties coupled to BTPP-Zn. The authors found that: 1) the complete 

conversion of reactants to products took place for each organometallic reagent; 2) the 

reaction time depended only on the catalyst used; and 3) the reaction is not sensitive to 

such factors as steric constraints, the basicity of the organometallic reagent, or electronic 

properties of substituted groups on the organometallic reagent. Catalytic conversion of 

DBDPP-Zn to 5,15-disubstituted-10,20-diphenylporphinato zinc complexes 

provides a facile route to a wide range of mixed /neso-substituted porphyrins. 

Dolphin et al. have synthesized mixed /nej:o-substituted porphyrins.They 

found that the treatment of 5,15-diphenylporphyrin with 1.5 equivalents of 

bis(trifluoroacetoxy)-iodobenzene-iodine (1.2:1) gave 10-iodo-5,15-diphenylporphyrin in 

yields greater than 70%. These conditions are designed to avoid multiple iodination since 
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Figure 2. M^-mediated porphyrin synthesis (reprinted with permission from 
J. Org. Chem. 1993, 55, 5983. Copyright © 1993 ACS). 
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subsequent addition occurs at a P-pyrrole position and leads to a mixture of regioisomers. 

The 10-iodo-5,15-diphenyl-porphyrinato zinc complex was treated with a range of 

monosubstituted alkynes in the presence of a catalytic amount of Pd(PPh3)2Cl2 and 

copper(I) iodide to produce the corresponding 10-alkynyl-5,15-diphenylporphyrinato 

zinc(II) complexes in 50-90% yield. This coupling reaction was carried out under 

ambient temperature and pressure, making it a practical method for tethering biologically 

active moieties to porphyrins. For example, 17a-ethynyltestosterone and 17a-

ethynylestradiol have been linked to 5,15-diphenylporphyrin in this manner. This method 

offers a powerful tool for attaching substitutents to a porphyrin through a common 

acetylenic linkage to give isomerically pure products. 

Lier and Ali^® reported that a variety of Ni, Cu, and Zn complexes of P-

monohalosubstituted porphyrins, such as 2-bromo-tetraphenylporphyrin, 2-bromo-

3,7,8,12,13,17,18-heptaethyl-porphyrin, and 3-iodo-deuteroporphyrin IX dimethylester, 

undergo palladium(n)-catalyzed carbon-carbon coupling reactions with a series of 

terminally substituted acetylenic derivatives to form the corresponding mono acetylenic 

porphyrins. They have also synthesized a few disubstituted porphyrins by using the 

corresponding dihalogentated porphyrin precursors. These reactions are usually heated to 

80-85 °C for 10 to 48 hours and the yields are around 60-90%. The reaction between 5-

(p-iodophenyl)-10,15,20-triphenylporphyrinato zinc(II) and terminally alkynes was fast 

and quantitative at room temperature, yielding the corresponding 5-[(p-acetylenic)phenyl]-

10,15,20-triphenylporphyrinato zinc(n). 
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Chan et alF reported the synthesis of p-aryl substituted porphyrins by 

employing the Suzuki cross coupling reaction^® with P-bromoporphyrins. 2-Bromo-

5,10,15,20-tetraphenylporphyrin (HjTPPBr), 2,3,12,13-tetrabromo-5,10,15,20-

tetraphenylporphyrin [H2TPP(Br)J and 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-

tetraphenylporphyrin [H2TPP(Br)g] all underwent smooth cross-coupling reactions with 

aryl boronic acids to give p-aryl tetraphenylporphyrins in moderate to high yields (50-

88%) in the presence of a catalytic amount of Pd(PPh3)4. This method can also be 

employed to prepare sterically hindered P-octasubstituted tetramesitylporphyrins 

H2TMP(R)8 (R= Me, AT) from H2TMP(Br)8. One advantage of this method is that it can 

be directly applied to free-base porphyrins. 

The above examples show that the metal-mediated, cross-coupling method 

provides several important advantages to the fabrication of elaborate porphyrins: 1) 

catalytic, quantitative conversion of reactants to products allows efficient derivatization of 

the porphyrin periphery, 2) mild reaction conditions permit the incorporation of organic 

groups that are sensitive to heat and acid, 3) purification and isolation of products is fast, 

and, 4) the procedure is generally suitable for the construction of a wide range of 

porphyrin compounds. 

Synthesis of porphyrin dimers and oligomers via metai-mediated cross-coupiing 

Lindsey et al?^ have synthesized pentameric porphyrins arrays. Tetra(4-iodo-

2,6-dimethylphenyl)porphyrin was employed as the core unit and was coupled to 5-(4-



www.manaraa.com

18 

ethynylphenyl)-10,15,20-tris(mesityl)porphyrinato zinc with a catalytic amount of 

Pd(PPh3)4 to afford the pentamer as the major product (Figure 3). In the pentamer, 

fluorescence excitation and emission studies on Zn4Fbl and 21n4Cul indicate that the 

energy is funneled from the peripheral zinc porphyrins to the central porphyrin such that 

the fluorescence quantum yield of the zinc porphyrins are reduced 12- to 14-fold. The 

energy transfer from zinc porphyrin to free base porphyrins was shown to have greater 

than 90% efficiency. 

Sanders and coworkers have synthesized cyclic porphyrin oligomers using the 

Glaser coupling (eq. 1).''® This coupling reaction oxidatively combines two terminal 

M = Zn. M' = 2H. Zn4Fbl; M = Zn. M' = Cu. Zn4Cul 

Figure 3. Porphyrin pentamer (adopted from J. Am. Chem. Soc. 1993,115, 
7519). 
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acetylenes to give a butadiyne linkage in essentially a quantitative yield. Under Glaser 

Ar-OC-H + H-C^-Ar + [0] AT-C^-CHC-AT + H^O (1) 

coupling conditions, 5,15-bis(w-ethynylphenyl)porphyTin or its Zn complex produced a 

complex mixture of porphyrin oligomers. Using templates to organize the reactants 

allows preparation of cyclic dimers, trimers and tetramers (Figure When 4,4'-

bipyridine (bipy) was used as the template, the yield of the cyclic dimer was tripled. The 

&st step in this template reaction is the combination of two porphyrin units to yield a 

linear dimer. Then either intramolecular cyclization occurs to provide cyclic dimer or 

reaction with a further monomer porphyrin yields a linear porphyrin trimer.^^ The bipy 

template aligns the reactive ends of the intermediate to increase the rate of intramolecular 

cyclization. 

Similarly, /we5o-tetra-(4-pyridyl)porphyrin, Py4P0R, was found to enhance the 

cyclization of linear porphyrin dimers to form a cyclic tetramer in yields greater than 

70%. Conversion of a linear porphyrin tetramer to the cyclic tetramer by Py4P0R occurs 

in yields greater than 90%. 

Tripyridyltriazine, PyaT, was used as a template for the cyclic trimer. Under 

Glaser coupling conditions, 5,15-bis(m-ethynylphenyl)porphyrin could be converted to 

cyclic trimer in yields of 50% in the presence of PyaT. An analogous trimer which 

incorporated a platinum spacer between the alkynes, was synthesized by condensation of 

an acetylenic porphyrin with trans-Pt(PR3)2Cl2.'*^ This cyclic porphyrin trimer with 

platinum spacers has a larger cavity than the butadiyne-linked cyclic porphyrin trimer. 
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The formation of cyclic porphyrin oligomers by template, (adopted 
from Angew. Chem. Int. Ed. Engl. 1990, 29, 1400 and Acc. Chem. 
Res. 1993, 26, 469). 
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The cyclic poq)hyrin trimer has been shown to accelerate an intermolecular Diels-

Alder reaction exo-selectively, makiiig the exo-isomer the only detectable product (Figure 

5).'" In addition, it has the ability to catalyze acyl transfer reactions."*^ This chemistry 

represents an important step in the development of enzyme mimics, because its major 

role is in recognition and orientation events that are decoupled from the reaction itself/^ 

Accordingly, it should be possible to bring together a wide range of different reactive 

pairs by changing the substituents on the amine ligand; or by changing the geometry of 

the host and the nature of the recognition event Rational changes in synthetic design 

could allow a systematic study of the importance of such factors as host flexibility and 

quality of fit in supramolecular catalysis. 

only product 

Figure 5. exo-Selective Diels-Alder reaction catalyzing by porphyrin terimer 
(adopted from J. Chem. Soc., Chem. Commun. 1993, 458). 
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The following two chapters discuss our work on the synthesis of thiol-derivatized 

porphyrins and the study of thiol-derivatized porphyrin monolayers on gold. 
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF THIOL-DERIVATIZED 

PORPHYRIN AND METALLOPORPHYRIN COMPLEXES 

A paper to be submitted to Tetrahedron 

Hongping Yuan and L. Keith Woo*' 

Abstract 

A series thiol-derivatized porphyrins and the corresponding Co and Zn complexes 

were synthesized from 5-(p-aminophenyl)-10,15,20-triphenylporphyrin (H2TPP-NH2), and 

5a,15a-bis(o-aminophenyl)porphyrin (H2DPE-(NH2)2). These derivatized porphyrins have 

a different number of thiol appendages attached via amide linkages at different locations. 

The thiol-derivatized porphyrins made from H2TPP-NH2, H2TPP-NHC(0)(CH2)nSH (n = 

2, 4, 5, 10), have one alkyl-thiol appendage attached to the porphyrin through an amide 

linkage on the p-aminophenyl position. The derivatives made from H2DPE-(NH2)2 have 

two alkyl-thiol appendages attached to the porphyrin through amide linkages on the o-

aminophenyl positions on the same face of the porphyrin ring. These thiol-derivatized 

porphyrins are important adsorbates for the preparation of thiol-porphyrin monolayers on 

gold. 
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Introduction 

Thiol-derivatized porphyrins have been studied as model systems for cytochrome 

P-450.^ Recendy, thiol-derivatized porphyrins have captured attention in the application 

of porphyrin monomolecular layers on gold surfaces and the study of the electrocatalytic 

properties of the these monolayers.^ "* A key feature in these studies was the design of 

derivatized porphyrins in which the numbers and locations of alkyl thiol appendages on 

the porphyrin ring could be manipulated readily. 

The aldehyde-pyrrole condensation reaction can not be used to directiy prepare 

these compounds since the thiol group is incompatible with the normal procedures for 

porphyrin synthesis.^ Thiol-derivatized porphyrins must be synthesized indirectly by 

attaching a functional group to the porphyrin and subsequently converting it into a thiol. 

We report here the full details for the preparation of thiol-derivatized porphyrins 

and metalloporphyrins in which only one specific isomer is present. The pure 

atropisomer, 5a,15a-bis(o-aminophenyl)porphyrin (H2DPE-(NH2)2)' was used as a starting 

material. Also mono thiol-derivatized porphyrins with two, four, five and ten methylene 

units in the thiol appendage were synthesized and characterized. 

Experimental 

General All reagents were analytical grade. CHjClj and CHCI3 were distilled 

from CaH2. All the NMR solvents were dried with molecular sieves. Literature 

procedures were used to prepare 6-(tritylthio)hexanoic acid, 6-(tritylthio)hexanoyl 
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chloride,^ 5-(o-aminophenyl)-10,15,20-txiphenylporphyTin (HjTPP-NHj) (1)'^ 5a,15a-

bis(o-aininophenyl)-2,8,12,18-tetraethyl-3,7,13,17-tetramethylporphyrin, or 

aminodiphenyletioporphyrin H2DPE-(NH2)2 (2)7 The acylating reagents 3-(tritylthio)-

propionyl chloride and ll-(trirylthio)undecanoyl chloride were prepared from the 

corresponding acid by standard methods® and used in situ. 

UV-visible data were obtained using a Hewlett-Packard HP 8452A diode-array 

spectrophotometer. 'H NMR spectra were recorded on a Nicolet NT300 spectrometer or 

on a Varian VXR 300-MHz spectrometer. IR spectra were recorded from KBR pellets on 

a BIO-RAD Digilab FTS-7 spectrometer. Elemental analyses were performed by Atlantic 

Microlabs, Norcross, Georgia. 

Preparations 

3-(tritylthio)propionic acid (Ph3CSCH2CH2COOH). 3-Mercaptopropionic acid 

(0.53 g, 5.0 mmol) and triphenyl methanol (1.30 g, 5.00 mmol) were dissolved by gentle 

shaking in trifluoroacetic acid (9.0 mL). The clear solution was set aside for 15 minutes 

at ambient temperature and the trifluoroacetic acid was removed under reduced pressure. 

The residue was washed with water and dried in vacuo to produce 1.65 g of white solid 

(mp 150-151 °C, 90%). ^H NMR (CDCI3, ppm): 10.15 (bs, IH, COOH), 7.42-7.14 (m, 

15H, Cfi/Zs), 2.44 (t, 2H, J = 12 Hz, 111 (t, 2H, J = 12 Hz, 

ll-(trityIthio)undecanoic acid. Trityl mercaptan (5.4 g, 20 mmol) was dissolved 

in 100 mL of HjO and EtOH (1:1, v/v) in a 250-mL, three-necked flask fitted with a gas 
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inlet. After the system had been flushed with Nj, KjCO, (2.76 g, 20.0 mmol) was added, 

and the mixture was stirred until gas evolution had ceased (about 2 hours). A solution of 

ll-bromoundecanoic acid (3.96 g, 15.0 mol) and K2CO3 (2.07 g, 15.0 mol) in 50 mL of 

HjO and EtOH (1:1, v/v) was added, and the resulting mixture was heated at reflux for 

12 hours. The solution was cooled to ambient temperature and the pH of the solution 

was adjusted to 6 by adding concentrated hydrochloric acid, resulting in the precipitation 

of a small amount of a yellow solid. The slurry was transferred to a separatory funnel 

and extracted with CHjClj (3 x 50 mL). The organic fractions were combined and 

washed with HjO (2 x 100 mL) and brine (2 x 100 mL). After drying the solution over 

MgS04 and filtering, solvent was removed under reduced pressure to produce a yellow 

oil. Recrystallization of the product from CH2Cl2/hexane gave a yellow crystalline 

material: mp 68-69 °C, yield 5.90 g (86%). NMR (CDCI3, ppm): 10.1 (bs, IH, 

COOH), 7.41-7.16 (m, 15H, C^^), 2.33 (t, 2H, J = 7.5 Hz, 2.11 (t, 2H, J = 12 

Hz, -CH2-), 1.61 (m, 2H, 1.40-1.1 (m, 14H, 

/neso-{p-[3-(TrityIthio)propionaniido]phenyl}triphenyIporphyrin, HjTPP-

NHC(0)(CH2)2SCPh3 (3). The aminophenylporphyrin H2TPP-NH2, 1, (315 mg, 0.500 

mmol) was dissolved in 50 mL of CH2CI2 containing 0.5 mL of pyridine. To this 

mixture was added a solution of 3-(tritylthio)propionyl chloride (385 mg, 1.05 mmol) in 

CH2CI2 (50 mL). The mixture was stirred at ambient temperature for 12 h and quenched 

with 10% NH4OH (100 mL). The organic layer was removed and the aqueous phase was 

extracted with CH2CI2 (3 x 20 mL). The combined organic fractions were washed with 
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IM NaOH solution (1 x 100 mL), saturated NaCl solution (2 x 100 mL), and water (2 x 

100 mL), dried over MgS04, filtered, and evaporated to dryness. The residue was eluted 

from a silica gel flash column (25 x 2.5 cm) with CH2CI2. The first band was collected. 

Solvent was removed under reduced pressure to yield 400 mg of purple powder (87%). 

A slight amount of contamination with Ph3CSCH2CH2C02H often occurs but does not 

interfere with subsequent reactions. Silica TLC analysis shows one spot in: CHjClj, 

CHiClj/hexane (1:1) and CHCI3. 'H NMR (CD2CI2, ppm): 8.86 (m, 8H, p-pyrrole H), 

8.22 (d, 6H, J = 6.0 Hz, phenyl-HJ, 8.16 (d, 2H, J = 7.8 Hz, aminophenyl-H^), 7.87 (d, 

2H, J = 7.8 Hz, aminophenyl-HJ, 7.79 (m, 9H, phenyl-H^^), 7.55-7.20 (m, 16H, trityl, 

N//CO), 2.70 (t, 2H, J = 6.9 Hz, 2.34 (t, 2H, J = 6.9 Hz, -2.77 (s, 2H, 

internal pyrrole H). IR (KBr): Vco = 1695 cm"^ (broad). UV-vis (CH2CI2, nm): 420 

(Soret), 516, 552, 592, 648. 

/ne5;o-[p-(5-Broinopentanamido)phenyl]triphenylporphyrin, HjTPP-

NHC(0)(CH2)4Br (4). Aminophenylporphyrin 1 (250 mg, 0.400 mmol) was dissolved in 

100 mL of CH2CI2. A solution of 5-bromovaleryl chloride (200 mg, 1.00 mmol) and 

pyridine (0.5 mL) in 50 mL CH2CI2 was added and the resulting mixture was stirred at 

ambient temperature for 8 h. After quenching the reaction with 10% NH4OH (80 mL), 

the organic phase was separated, washed with saturated NaCl solution, dried by MgS04, 

and filtered. Solvent was removed under reduced pressure and the residue was 

recrystallized from CHjCyether/hexane to give 275 mg of 4 (87%). Silica TLC analysis 

shows one spot in; CH2CI2, CH2Cl2/hexane (1:1) and CHCI3. 'H NMR (CDCI3, ppm): 
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8.82 (m, 8H, P-H), 8.18 (m, 8H, phenyl-H^, aminophenyl-HJ, 7.89 (d, 2H, J = 8.1 Hz, 

aminophenyl-H„), 7.75 (m, 9H, phenyl-H„^), 7.45 (s, IH, N//CO), 3.53 (t, 2H, J = 6.0 

Hz, -C//2-), 2.56 (t, 2H, J = 6.8 Hz, 2.04 (m, 4H, -2.79 (s, 2H, internal 

N//). UV-vis (CH2CI2, nm): 420 (Soret), 516, 552, 592, 648. MS {EI} Calcd. (found) 

nVe: 792.78 (793.6) [MHf. 

me5o-I/7-I(5-tritylthio)pentanainido]phenyl]triphenylporphyrin, HjTPP-

NHC(0)(CH2)4SCPh3 (5). Trityl mercaptan (550 mg, 2.00 mmol), HjTPP-

NHC(0)(CH2)4Br, 4, (160 mg, 0.200 mmol), and K2CO3 (300 mg, 2.20 mmol) were 

mixed in 100 mL acetonitrile and the nfiixture was stirred at ambient temperature for 12 h 

under Nj. To this solution, water (100 mL) and CH2CI2 (100 mL) were added. The 

organic phase was separated, washed with water (3 x 100 mL), and dried over MgS04. 

The solvent was removed under reduced pressure and the residue was eluted down a 

silica flask column (25 cm x 2.5 cm) with CHoClj. The first band was collected and 

taken to dryness under reduced pressure to yield 130 mg (66%) of 5. Silica TLC 

analysis shows one spot in: CH2CI2, CH2Cl2/hexane (1:1) and CHCI3. 'H NMR (CD2CI2, 

ppm): 8.88 (m, 8H, P-H), 8.22 (d, 6H, J = 4.5 Hz, phenyl-HJ, 8.15 (d, 2H, J = 8.0 Hz, 

aminophenyl-Ho), 7.89 (d, 2H, J = 8.0 Hz, aminophenyl-HJ, 7.78 (m, 9H, phenyl-H^^), 

7.56 (s, IH, N//CO), 7.50-7.15 (m, 15H, trityl), 3.54 (t, 2H, J = 6.2 Hz, -C//2-), 2.50 (t, 

2H, J = 6.8 Hz, -CH2-), 2.05 (m, 4H, -CHj-), -2.79 (s, 2H, internal N/f). IR (KBr): Vco 

= 1668 and 1695 cm"'. UV-vis (CH2CI2, nm): 420 (Soret), 516, 552, 592, 648. 



www.manaraa.com

34 

/neso-{p-[(TrityIthio)hexanainido]phenyI}tripheny!porphyrin, HjTPP-

NHC(0)(CH2)5SCPh3 (6). This compound was prepared from aminophenylporphyrin 1 

(220 mg, 0.350 mmol) and 6-(tritylthio)hexanoyl chloride (385 mg, 1.05 mmol) according 

to the same procedure for the preparation of H2TPP-NHC(0)(CH2)2SCPh3, 3. Silica TLC 

analysis shows one spot in: CH2CI2 (Rf = 0.65), CH2Cl2/hexane (1:1) and CHCI3. Yield: 

300 mg (85%). 'H NMR (CD2CI2, ppm): 8.87 (m, 8H, (3-H), 8.22 (m, 6H, phenyl-H„), 

8.15 (d, 2H, J = 8.4 Hz, aminophenyl-HJ, 7.86 (d, 2H, J = 8.4 Hz, aminophenyl-H„), 

7.77 (m, 9H, phenyl-H^^), 7.46 (d, 6H, J = 7.2 Hz, trityl-H„), 7.35-7.21 (m, lOH, trityl-

H„^, NHCO), 2.40 (t, 2H, J = 7.4 Hz, -CHj-), 2.23 (t, 2H, J = 7.1 Hz, -CH^-), 1.70 (m, 

2H, -C//2-), 1.48 (m, 4H, -2.82 (s, 2H, internal NH). IR (KBr): Vco = 1695 cm ' 

(broad). UV-vis (CH2CI2, nm): 420 (Soret), 516, 552, 592, 648. 

»ieso-{/;-[(Trity!thio)undecanainido]phenyI}triphenylporphyrin, H^TPP-

NHC(0)(CH2)ioSCPh3 (7). This compound was prepared from aminophenylporphyrin 1 

(250 mg, 0.400 mmol) and Ph3CS(CH2)ioC(0)Cl (410 mg, 0.800 mmol) by the method 

used for the preparation H2TPP-NHC(0)(CH2)2SCPh3, 3. Yield: 350 mg (82%). Silica 

TLC analysis shows one spot in: CHjClj, CHjCli/hexane (1:1) and CHCI3. 'H NMR 

(CD2CI2, ppm): 8.87 (m, 8H, p-H), 8.22 (d, 6H, J = 6.3 Hz, phenyl-H„), 8.17 (d, 2H, J = 

8.1 Hz, aminophenyl-HJ, 7.92 (d, 2H, J = 8.1 Hz, aminophenyl-H„), 7.79 (m, 9H, 

phenyl-H„^), 7.55 (s, IH, N//CO), 7.43-7.19 (m, 15H, trityl), 2.49 (t, 2H, J = 7.5 Hz, -

C//2-), 2.16 (t, 2H, J = 7.2 Hz, 1.80 (m, 2H, -CH^-), 1.40-1.15 (m, 14H, -CH.-), -

2.83 (s, 2H, internal N//). UY-vis (CH2CI2, nm): 418 (Soret), 514, 550, 590, 646. 
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meso-[p-(3-Mercaptopropionamido)phenyntriphenylporphyrin, HjTPP-

NHC(0)(CH2)2SH (8). H2TPP-NHC(0)(CH2)2SCPh3, 3, (96 mg, 0.10 mmol) and 

mercuric acetate (105 mg, 0.330 mmol) were placed in a 250-mL side-arm, round-

bottomed flask. Under a stream of argon, CH2CI2 (50 mL) and absolute EtOH (50 mL) 

were added and the mixture was stirred at ambient temperature for 4 h. Over this time, 

the solution turned dark green in color. Hydrogen sulfide was then bubbled through the 

mixture at a moderate rate for 0.5 hour and the mixture was stirred for another hour 

under a HjS atmosphere. The murky brown suspension was filtered through a Celite pad 

and rinsed with CH2CI2 to remove precipitated HgS. The solution was washed with 

saturated NaCl solution (2 x 200 mL), dried over MgS04, filtered, and evaporated to 

dryness under reduced pressure to produce a purple oil. The residue was eluted down a 

silica gel column (25 x 2.5 cm) by CH2CI2. The first band was collected and dried under 

reduced pressure. The product was isolated as a black-purple powder (40 mg, yield = 

56%). Silica TLC analysis shows one spot in: CH2CI2, CHjClz/hexane (1:1) and CHCI3. 

NMR (CDCI3, ppm): 8.83 (s, 8H, P-H), 8.18 (m, 8H, phenyl-H^, aminophenyl-HJ, 

7.89 (d, 2H, J = 8.1 Hz, aminophenyl-HJ, 7.75 (m, 9H, phenyl-H„p, 7.57 (s, IH, 

NHCO), 3.03 (dt, 2H, J = 8.4, J = 6.2 Hz, -CH^-SR), 2.84 (t, 2H, J = 6.2 Hz, -CHj")' 

1.84 (t, IH, J = 8.4 Hz, SH), -2.80 (s, 2H, internal NH). UV-vis (CH2CI2, nm): 418 

(Soret), 514, 550, 588, 644. 

m'^so-[p-(5-Mercaptopentainido)phenyl]triphenylporphyrin, HjTPP-

NHC(0)(CH2)4SH (9). This compound was synthesized according to the procedure for 
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H2TPP-NHC(0)(CH2)2SH, 8 except that H2TPP-NHC(0)(CH2)4SCPh3, 5, (98 mg, 0.10 

mmol) was used in the place of H2TPP-NHC(0)(CH2)2SCPh3, 3. Yield: 49 mg (65%). 

Silica TLC analysis shows one spot in: CHjClj, CHjClj/hexane (1:1) and CHClj. 'H 

NMR (CDCI3, ppm): 8.87 (m, 8H, p-H), 8.22 (m, 6H, phenyl-H„), 8.16 (d, 2H, J = 8.2 

Hz, aminophenyl-Ho), 7.90 (d, 2H, J = 8.2 Hz, aminophenyl-H„,), 7.79 (m, 9H, phenyl-

H„,p), 7.57 (s, IH, N//CO), 3.55 (t, 2H, J = 6.2 Hz, 2.52 (t, 2H, J = 6.0 Hz, -CH^-

), 2.02 (m, 4H, -2.81 (s, 2H, internal N//). The SH resonance was not observed. 

IR (KBr): Vco = 1660 cm"^ (broad). UV-vis (CH^Cl^, nm): 420 (Soret), 516, 552, 588, 

646. MS {EI} Calcd. (found) m/e: 745.94 (745.9) [M]^ 

//ieso-[p-(6-Mercaptohexanamido)phenyl]triphenylporphyrin, HjTPP-

NHC(0)(CH2)sSH (10). The same procedure for synthesizing H2TPP-NHC(0)(CH2)2SH, 

8 was adopted, using H2TPP-NHC(0)(CH2)5SCPh3, 6, (150 mg, 0.150 mmol) in place of 

H2TPP-NHC(0)(CH2)2SCPh3, 3. Yield: 96 mg (84%). Silica TLC analysis shows one 

spot in: CHjCl^ (Rf = 0.55), CHjCl^/hexane (1:1) and CHa3. 'H NMR (CDCI3, ppm): 

8.83 (m, 8H, p-H), 8.20 (d, 6H, J = 6.4 Hz, phenyl-HJ, 8.15 (d, 2H, J = 8.2 Hz, 

aminophenyl-HJ, 7.89 (d, 2H, J = 8.2 Hz, aminophenyl-HJ, 7.74 (m, 9H, phenyI-H„,p), 

7.43 (s, IH, N//CO), 2.61 (dt, J = 7.8 Hz, J = 7.0 Hz, 2H, -C//2-SH), 2.53 (t, 2H, J = 7.2 

Hz, -C//,-), 1.88 (m, 2H, 1.73 (m, 2H, 1.61 (m, 2H, 1.40 (t, IH, J 

= 7.8 Hz, S>H), -2.80 (s, 2H, internal N//). IR (KBr): = 1695 cm"' (broad). UV-vis 

(CH2CI2, nm): 420 (Soret), 516, 552, 588, 646. MS {EI} Calcd. (found) m/e: 759.97 

(760.1) [Mf. 
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meso-|j7-{ll-Mercaptoundecanainido)phenyl]triphenylporphyrin, HjTPP-

NHC(0)(CH2)ioSH (11). H2TPP-NHC(0)(CH2),oSH, 11 was prepared in an analogous 

manner as H2TPP-NHC(0)(CH2)2SH, 8 using H2TPP-NHC(0)(CH2),oSCPh3, 7 (107 mg, 

0.100 mmol) instead of H2TPP-NHC(0)(CH2)2SCPh3, 3. Yield; 47 mg (57%). SiUca 

TLC analysis shows one spot in: CH2CI2, CH2Cl2/hexane (1:1) and CHCI3. 'H NMR 

(CDCI3, ppm): 8.82 (br, 8H, P-H), 8.18 (m, 8H, phenyl-H^,, aminophenyl-HJ, 7.90 (d, 

2H, J = 7.8 Hz, aminophenyl-HJ, 7.75 (m, 9H, phenyl-H„p, 7.43 (s, IH, N//CO), 2.52 

(t, 2H, J = 7.2 Hz, -C//2-), 1.86 (m, 2H, 1.62-1.20 (m, 16H, -2.81 (s, 2H, 

internal NH). The SH resonance was not observed. UV-vis (CH2CI2, nm): 418 (Soret), 

514, 550, 590, 646. MS{EI} Calcd. (found) m/e; 829.38 (829.3) [Mf. 

[mefo-{j7-[(6-Tritylthio)propionainido]phenyl}triphenylporphyrinato]cobalt(U), 

Co[TPP-NHC(0)(CH2)2SCPh3] (12). H2TPP-NHC(0)(CH2)2SCPh3, 3, (195 mg, 0.200 

mmol) was dissolved in CHCI3 (20 mL) and MeOH (2 mL). A solution of 

C0(OAc)2*4H2O (100 mg, 0.400 mmol) and NaOAc (33 mg, 0.40 mmol) dissolved in 

5 mL MeOH was added and the reaction was stirred at ambient temperature. After four 

hours, the mixture was washed with water (3 x 100 mL), dried over MgS04, and 

concentrated to 2 mL under reduced pressure. Hexane was added to precipitate red 

crystals which were filtered, washed with ether, hexane and dried in vacuo (190 mg, 

yield = 93%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and CHClj/ethyl 

acetate (5:1). UV-vis (CH2CI2, nm): 412 (Soret), 528. 
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[»ieso-{p-[(6-Tritylthio)hexanainido]phenyl}triphenylporphyrinato]cobalt(n), 

Co[TPP-NHC(0)(CH2)sSCPh3] (13). Compound 13 was prepared from H2TPP-

NHC(0)(CH2)5SCPh3, 6, (200 mg, 0.200 mmol) and Co(OAc)2-4H,0 (250 mg, 0.400 

mmol) by the same method used for the preparation of Co[TPP-NHC(0)(CH2)2SCPh3], 

12. Yield: 185 mg (87%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and 

CHClj/ethyl acetate (5:1). IR (KBr): Vco = 1695 cm"' (broad). UV-vis (CH2CI2, nm); 

410 (Soret), 528. 

[meso-{p-[(ll-Tritylthio)undecanainido]phenyl}triphenylporphyrinato] 

cobalt(n), Co[TPP-NHC(0)(CH2)ioSCPh3] (14). This complex was prepared from 

H2TPP-NHC(0)(CH2),oSCPh3, 7 (220 mg, 0.200 mmol) and Co(OAc)24H20 (250 mg, 

0.400 mmol) by the same method used for the preparation of Co[TPP-

NHC(0)(CH2)2SCPh3], 12. Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and 

CHCVethyl acetate (5:1). Yield: 205 mg (91%). UV-vis (CH2CI2, nm): 412 (Soret), 

528, 580. 

[»ieso-{p-[(6-Tritylthio)hexanainido]phenyI}triphenylporphyrinato]zinc(n), 

Zn[TPP-NHC(0)(CH2)5SCPh3] (15). The synthesis of this compound was similar to the 

procedure used for Co[TPP-NHC(0)(CH2)5SCPh3], 13. Zn(0Ac)2-2H20 (220 mg, 1.00 

mmol) was used in place of Co(OAc)2-4H20. Red crystals were isolated (180 mg, 85%). 

Silica TLC analysis shows one spot in: CH2CI2 (Rj = 0.60), CHCI3 and CHjClj/hexane 

(1:1). NMR (CD2CI2, ppm): 8.93 (m, 4H, p-H), 8.91 (d, 2H, J = 4.6 Hz, p-H), 8.84 

(d, 2H, J = 4.6 Hz, P-H), 8.22 (d, 6H, J = 8.0 Hz, phenyl-HJ, 7.95 (d, 2H, J = 8.4 Hz, 
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aminophenyl-H„), 7.76 (m, 9H, phenyl-H„p, 7.41 (m, 6H, trityl-HJ, 7.31-7.20 (m, 9H, 

trityl-H„p, 6.95 (s, IH, N//CO), 6.92 (d, 2H, J 8.4 Hz, aminophenyl-HJ, 2.11 (t, 2H, 

J = 7.2 -C//2-), 1.51 (s, 4H, H2O), 1.25 (m, 4H, 1.01 (m, 2H, 0.86 (m, 

2H, -C//2-). JR (KBr): Vco = 1655 and 1695 cm"'. UV-vis (CH2CI2 nm): 420 (Soret), 

548, 592. Anal. Calcd. (found) for C69H45N50SZn-2H20: C, 75.23 (75.44), H, 5.21 

(4.78), N, 6.36 (6.62). 

{ME50-[p-(3-Mercaptopropionainido)phenyl]triphenylporphyrinato}cobaU(II), 

CO[TPP-NHC(0)(CH2)2SH] (16). Compound Co[TPP-NHC(0)(CH2)2SCPh3], 12 (100 

mg, 0.100 mmol) and mercuric acetate (100 mg, 0.320 mmol) were placed in a 250-mL 

side-arm, round-bottomed flask. Under a stream of argon, CH2CI2 (50 mL) and absolute 

EtOH (50 mL) were added, and the mixture was stirred at ambient temperature for 4 h. 

Hydrogen sulfide was then bubbled through the mixture at a moderate rate for 0.5 hour. 

After stirring for another hour under a H2S atmosphere, the brown suspension was filtered 

through a Celite pad, and rinsed with CH2CI2 to remove precipitated HgS. The CH2CI2 

solution was washed several times with saturated NaCl solution (2 x 200 mL), dried over 

MgS04, and filtered. Solvent was removed under reduced pressure and the residue was 

recrystallized from CH2Cl2/Hexane to produce a brown powder. Yield; 55 mg (71%). 

Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and CHClj/ethyl acetate (5:1). 

UV-vis (CH2CI2, nm); 412 (Soret), 528. MS {EI} Calcd. (found) m/e: 774.22 (774.2) 

[M]^ 
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{[/7ieso-[p-(6-Mercaptohexanainido)phenyl]triphenylporphyrinato}cobaIt(n), 

CO[TPP-NHC(0)(CH2)SSH] (17). This compound was synthesized by a route analogous 

to the method used for the preparation of Co[TPP-NHC(0)(CH2)2SH], 16. Co[TPP-

NHC(0)(CH2)5SCPh3], 13, (80 mg, 0.076 mmol) and Hg(0Ac)2 (80 mg, 0.25 mmol) were 

used. Yield: 45 mg (73%). SUica TLC analysis shows one spot in: CH2CI2, CHCI3 and 

CHCyethyl acetate (5:1). JR (KBr): Vco = 1694 cm ' (broad). UV-vis (CH2CI2, nm): 

412 (Soret), 526, 580. MS{EI} Calcd. (found) m/e: 816.22 (816.2) [M]^ 

{meso-[p-(ll-Mercaptoun(iecanamido)phenyl]triphenylporphyrinato}cobalt(n), 

Co[TPP-NHC(0)(CH2)ioSH] (18). The compound was prepared from Co[TPP-

NHC(0)(CH2)ioSCPh3], 14 (170 mg, 0.150 mmol) and Hg(0Ac)2 (150 mg, 0.480 mmol) 

by an analogous method used for the preparation of Co[TPP-NHC(0)(CH2)2SH], 16. 

Yield: 87 mg (66%). Silica TLC analysis shows one spot in: CHjClj, CHCI3 and 

CHCyethyl acetate (5:1). UV-vis (CH2CI2, nm): 412 (Soret), 528, 580. MS{EI} Calc. 

(found) m/e: 886.30 (886.3) [M]^ 

[»ieso-ljE;-(6-Mercaptohexanamido)phenyl]triphenylporphyrinato]zinc(II), 

Zn[TPP-NHC(0)(CH2)5SH] (19). This complex was prepared from Zn[TPP-

NHC(0)(CH2)5SCPh3], 15 (105 mg, 0.100 mmol) by the same route used for the 

preparation of Co[TPP-NHC(0)(CH2)2SH], 16. Yield: 62 mg (75%). Silica TLC 

analysis shows one spot in: CH2CI2 (Rf = 0.40), CHCI3 and CHCyethyl acetate (5:1). 

'H NMR (CDCI3, ppm): 8.92 (m, 8H, p-H), 8.19 (d, 6H, J = 6.8 Hz, phenyl-H,), 8.11 (d, 

2H, J = 8.0 Hz, aminophenyl-Ho), 7.75 (m, IIH, phenyl-H„p, aminophenyl-HJ, 7.37 (s. 
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IH, N//CO), 2.54 (dt, J = 8.0 Hz, J = 7.2 Hz, 2H, -C//rSH), 2.28 (m, 2H, 1.68 

(m, 4H, -C//2-), 1.51 (br, 6H, 2H2O, -C/Zj-), 1.37 (t, IB, J = 8.0, SH). JR (KBr): Vco = 

1656 cm ' (broad). UV-vis (CH^Cl^, nm): 422 (Soret), 548, 586. MS {EI} Calcd. 

(found) m/e: 821.22 (821.2) [M]\ Anal. Calcd. (found) for C5oH32N50SZn-2H20: C, 

69.88 (69.58), H, 5.04 (4.97), N, 8.15 (7.95). 

Bis-[o-(3-bromopropionainido)]phenylporphyrin, H2DPE-[NHC(0)(CH2)2Br]2 

(20). Compound 20 was synthesized from H2DPE-(NH2)2, 2, (330 mg, 0.500 mmol) and 

3-bromopropionyl chloride (345 mg, 2.01 mmol) by a method similar to that used for the 

preparation of H2TPP-NHC(0)(CH2)4Br, 4. Yield; 440 mg (95%). Silica TLC analysis 

shows one spot in: CHjClj, CHCI3 and CH2Cl2/hexane (1:1). 'H NMR (CDCI3, ppm): 

10.29 (s, 2H, meso-E), 8.80 (d, 2H, J = 8.1 Hz, phenyl-Hg), 7.88-7.82 (m, 4H, 

phenyl-H5.3), 7.54 (t, 2H, J = 12 Hz, phenyl-H^), 6.93 (s, 2H, N//CO), 4.02 (m, 8H, 

-C//2-CH3), 3.05 (t, 4H, J = 6.3 Hz, -QHr\ 2.53 (s, 12H, -CH3), 1.85 (t, 4H, J = 6.3 Hz, 

-C//2-), 1.77 (t, 12H, J = 7.5 Hz, -CH2-C//3), -2.47 (s, 2H, intemal N//). IR (KBr): Vco 

= 1675 cm"' (broad). UV-vis (CH2CI2, nm): 406 (Soret), 506, 542, 574, 626, 656. 

5a,15a-Bis-[o-(6-bromohexanamido)]phenylporphyriii, H2DPE-

[NHC(0)(CH2)sBr]2 (21). This compound was synthesized from H2DPE-(NH2)2, 2, (330 

mg, 0.500 mmol) and 6-bromohexanoyl chloride (427 mg, 2.00 mmol) by a similar 

method as described for the preparation of H2TPP-NHC(0)(CH2)4Br, 4. Yield: 450 mg 

(89%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and CH2Cl2/hexane (1:1). 

'H NMR (CDCI3, ppm): 10.28 (s, 2H, meso-H), 8.75 (d, 2H, J = 8.4 Hz, phenyl-Hg), 
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7.88-7.82 (m, 4H, phenyl-Hj^), 7.52 (t, 2H, J = 7.2 Hz, phenyl-H4), 6.84 (s, 2H, N//CO), 

4.04 (m, 8H, -CH2-CH3), 2.58 (t, 4H, J = 6.6 Hz, 2.53 (s, 12H, -C//3), 1.77 (t, 

12H, J = 7.5 Hz, -CH2-C//3), 1.34 (t, 4H, J = 7.2 Hz, -C//,-), 1.07 (m, 4H, 0.85 

(m, 4H, -C//2-). 0.62 (m, 4H, -CH^-), -2.48 (s, 2H, internal N//). UV-vis (CH^Clz, nm): 

408 (Soret), 506, 540, 574, 626, 658. 

Bis-[o-(3-trityIthio)propionaniido]phenylporphyrin, HjDPE-

[NHC(0)(CH2)2SCPh3]2 (22). This compound was prepared from H2DPE-(NH2)2, 2, 

(220 mg, 0.330 mmol) and 3-(tritylthio)propionyl chloride (730 mg, 2.00 mmol) by the 

same method used for the preparation of H2TPP-NHC(0)(CH2)2SCPh3, 3. Yield: 385 mg 

(87%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and CH2Cl2/hexane (1:1). 

'H NMR (CD2CI2, ppm): 10.24 (s, 2H, meso-H), 8.74 (d, 2H, J = 8.1 Hz, phenyl-Hg), 

7.78 (m, 4H, phenyl-H53), 1.41 (t, 2H, J = 12 Hz, phenyl-H4), 6.81 (m, 12H, trityl-HJ, 

6.71 (s, 2H, N//CO), 6.57-6.42 (m, 18H, trityl-H„^), 4.00 (m, 8H, -C//2-CH3), 2.50 (s, 

12H, -C//3), 2.12 (t, 4H, J = 6.9 Hz, -C//2-), 1.74 (t, 12H, J = 7.6 Hz, -CH2-C//3), 1.25 

(br, 4H, -C//2-), -2.35 (s, 2H, internal N//). ER. (KBr): Vco = 1695 cm"' (broad). UV-vis 

(CH2CI2, nm); 402 (Soret), 508, 542, 574, 626, 656. 

5a,15a-Bis-[o-(6-trityIthio)hexanamido]phenylporphyrin, HjDPE-

[NHC(0)(CH2)sSCPh3]2 (23). This compound was synthesized from H2DPE-(NH2)2, 2 

(220 mg, 0.330 mmol), and 6-(tritylthio)hexanoyl chloride (820 mg, 2.00) by a similar 

method as described for the preparation of H2TPP-NHC(0)(CH2)2SCPh3, 3. Yield: 420 

mg (90%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and CH2Cl2/hexane 
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(1:1). 'H NMR (CD2CI2, ppm): 10.29 (s, 2H, meso-W\ 8.74 (d, 2H, J = 8.4 Hz, phenyl-

Hfi), 7.84 (t, 2H, J = 8.1 Hz, phenyl-Hj), 7.81 (d, 2H, J = 7.5 Hz, phenyl-Hj), 7.52 (t, 2H, 

J = 7.2 Hz, phenyl-H4), 7.30-7.04 (m, 30H, trityl-H), 6.88 (s, 2H, NWCO), 4.04 (m, 8H, -

C//2-CH3), 2.53 (s, 12H, -C//3), 1.77 (t, 12H, J = 7.5 Hz, -CH2-C//3), 1.57 (t, 4H, J = 7.2 

Hz, -CH2-), 1.19 (t, 4H, J = 7.2 Hz, -CH^-), 0.60 (m, 8H, -CH^-), 0.45 (m, 4H, -C//^-), -

2.48 (s, 2H, internal N//). IR (KBr): Vco = 1696 cm"' (broad). UV-vis (CHjClj, nm): 

408 (Soret), 506, 540, 574, 626, 658. 

5a,15a-Bis-[o-(6-mercaptohexanainido)]phenylporphyrin, HjDPE-

[NHC(0)(CH2)sSH]2 (24). Compound 24 was synthesized from H2DPE-

[NHC(0)(CH2)5SCPh3]2, 23 (150 mg, 0.110 mmol) and mercuric acetate (220 mg, 0.680 

mmol) by a similar method as described for the preparation of H2TPP-NHC(0)(CH2)2SH, 

8. Yield: 60 mg (60%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and 

CH2Cl2/hexane (1:1). 'H NMR (CDCI3, ppm): 10.28 (s, 2H, meso-W), 8.74 (d, 2H, J = 

7.8 Hz, phenyl-Hg), 7.81 (m, 4H, phenyl-Hs^), 7.52 (t, 2H, J = 7.2 Hz, phenyl-H^), 6.85 

(s, 2H, N//CO), 4.02 (m, 8H, -C//2-CH3), 2.53 (s, 12H, -C//3), 1.77 (t, 12H, J = 6.6 Hz, -

CH2-C//3), 1.57 (t, 4H, J = 6.0 Hz, 1.36 (m, 4H, -C//^-), 0.80-0.40 (m, 12H, -

Q.H2-), -2.48 (s, 2H, internal NH). IR (KBr): v^o = 1694 cm"' (broad). UV-vis (CH2CI2, 

nm); 408 (Soret), 506, 540, 574, 626, 658. MS{FAB} Calcd. (found) m/e: 920.5 (919.5) 

[M-H]^ 

{5cx,15a-Bis-[o-(6-tritylthio)hexananiido]phenylporphyrinato}coba!t(n), 

Co{DPE-[NHC(0)(CH2)sSCPh3]2} (25). H2DPE-[NHC(0)(CH2)5SCPh3]2, 23 (280 mg, 
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0.200 mmol) was dissolved in CHCI3 (50 mL) and MeOH (5 mL). A solution of 

Co(OAc)2-4H20 (200 mg, 0.800 mmol) and NaOAc (33 mg, 0.40 mmol) in 5 mL MeOH 

was added and the reaction was stirred at ambient temperature. After 4 hours, the 

mixture was washed with water (3 x 100 mL) and dried over MgS04. The solution was 

concentrated to 2 mL under reduced pressure. Hexane was layered over the solution and 

the mixture was cooled to -20 °C for 6 hours to yield red crystals (175 mg, yield = 60%). 

Silica TLC analysis shows one spot in: CHjClj, CHCI3 and CHClj/ethyl acetate (5:1). 

UV-vis (CH2CI2, nm): 404 (Soret), 532, 560. 

{5a,15a-Bis-[o-(6-tritylthio)hexanamido]phenylporphyrinato}zinc(n), Zn{DPE-

[NHC(0)(CH2)5SCPh3]2} (26). This complex was prepared from HjDPE-

[NHC(0)(CH2)5SCPh3]2, 23 (280 mg, 0.200 mmol) and Zn(0Ac)2-2H20 (176 mg, 0.800 

mmol) by the same method used for the preparation of Co{DPE-

[NHC(0)(CH2)5SCPh3]2}, 25. Red crystals (275 mg, 94%) were isolated. Silica TLC 

analysis shows one spot in: CH2CI2, CHCI3 and CHClj/ethyl acetate (5:1). 'H NMR 

(CD2CI2, ppm): 10.24 (s, 2H, meso-U), 8.65 (d, 2H, J = 8.7 Hz, phenyl-H^), 7.81 (t, 2H, 

J = 8.1 Hz, phenyl-Hj), 7.64 (d, 2H, J = 7.5 Hz, phenyl-H3), 7.47 (t, 2H, J = 8.0 Hz, 

phenyl-H^), 7.02-6.90 (m, 30 H, trityl-H), 6.79 (s, 2H, N//C0), 4.00 (m, 8H, -C//2-CH3), 

2.49 (s, 12H, -Ci/3), 1.75 (t, 12H, J = 7.5 Hz, 1.53 (s, 2H, H^O), 1.25 (m, 

4H, -C//2-), 0.94 (m, 8H, 0.49 (m, 4H, -CHr), 0.26 (br, 4H, IR (KBr): 

Vco = 1663 and 1696 cm"'. UV-vis (CHjCIj, nm): 412 (Soret), 540, 576. Anal. Calcd. 

(found) for C94H94N502S2Zn-H20: C, 75.91 (75.54), H, 6.51 (6.41), N, 5.65 (5.99). 
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{5(x,15a-Bis-[o-(6-mercaptohexanaiiiido)]phenylporphyrinato}cobaIt(n), 

Co{DPE-[NHC(0)(CH2)5SH]2} (27). This complex was prepared from Co{DPE-

[NHC(0)(CH2)5SCPh3]2}, 25 (150 mg, 0.100 mmol) and Hg(0Ac)2 (210 mg, 0.660 

mmol) by the same route used for the preparation of H2DPE-[NHC(0)(CH2)5SH]2, 24. 

Yield: 60 mg (61%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and 

CHClj/ethyl acetate (5:1). IR (KBr): v^o = 1694 cm ' (broad). UV-vis (CH2CI2, nm): 

402 (Soret), 528, 562. MS {FAB} Calcd. (found) m/e: 977.40 (975.4) [M-2H]^. 

{5oc,15a-Bis-[o-(6-mercaptohexanainido)]phenylporphyrinato}zinc(n), 

Zn{DPE-[NHC(0)(CH2)5SH]2} (28). Compound 28 was synthesized by the same 

method used for preparing H2DPE-[NHC(0)(CH2)5SH]2, 24 except Zn{DPE-

[NHC(0)(CH2)5SCPh3]2}, 26 (60 mg, 0.040 mmol) replaced DPE-[NHC(0)(CH2)5SCPh3]2, 

23. Yield: 30 mg (74%). Silica TLC analysis shows one spot in: CH2CI2, CHCI3 and 

CHCyethyl acetate (5:1). NMR (CD2CI2, ppm): 10.21 (s, 2H, meso-n), 8.66 (d, 2H, 

J = 8.4 Hz, phenyl-Hg), 7.82 (m, 4H, phenyl-Hj j), 7.50 (t, 2H, 7.5 Hz, phenyl-H4), 6.90 

(s, 2H, N//CO), 4.00 (m, 8H, -C//2-CH3), 2.48 (s, 12H, -C/fj), 1.76 (t, 12H, J = 7.1 Hz, -

CH2-C//3), 1.51 (s, 2H, //2O), 1.30 (t, 4H, J = 6.6 Hz, 1.12 (t, 4H, J = 6.6 Hz, -

C//2-), 0.84 (m, 4H, 0.56 (m, 4H, 0.29 (m, IR (KBr); Vco = 

1663 and 1696 cm"'. UV-vis (CH2CI2, nm): 412 (Soret), 542, 576. Anal. Calcd. 

(found) for C56H66N602S2-H20: C, 67.08 (67.11), H, 6.85 (7.10), N, 8.38 (8.36). 

MS{FAB} Calcd. (found) m/e: 982.40 (982) [M]^ 
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Results 

Synthesis and characterization of mono thiol-derivatized porphyrins 

PorphjTins with a single thiol-appendage can be synthesized readily from 5-(p-

aminophenyl)-10,15,20-triphenylporphyrin (HjTPP-NHj), 1. Two convenient synthetic 

routes are shown in Scheme 1. Alkylation of H2TPP-NH2 with Ph3CS(CH2)„C(0)Cl 

produces an appended porphyrin with the thiol protected by a trityl group. Removal of 

the trityl group by treatment with Hg(0Ac)2 and H2S generates the final mono thiol-

derivatized porphyrin in good yields (60-85 % isolated yields). Alternatively, the 

treatment of aminophenylporphyrin, 1, with Br(CH2)nC(0)Cl produced bromo-tailed 

porphyrins which could be converted into the trityl-protected thiol porphyrins with 

PhjCSH in the presence of K2CO3. 

The resulting mono thiol-derivatized porphyrins were characterized by 'H NMR, 

UV-vis (Table 1), and MS. The free base porphyrins H2TPP-NHC(0)(CH2)„SH (n = 2, 8; 

n = 4, 9; n =5, 10; n = 10, 11) and ZnGI) metalloporphyrin, Zn[TPP-NHC(0)(CH2)5SH], 

19, have easily assignable proton NMR spectra. The (3-pyrrole protons are split into 

multiplets and appear at 8.8 to 9.0 ppm. The phenyl protons appears at 7.5 to 8.3 as 

doublets and multiplets, and the methylene proton signals resonate at 1.0 to 4.0 ppm. 

The thiol proton is observed by 'H NMR in many of these compounds. Assignments of 

these resonances were confirmed with D20-exchange experiments. For example, in 

H2TPP-NHC(0)(CH2)2SH, 8, the thiol proton appears as a triplet at 1.84 ppm. On 

treatment with D2O, this signal, as well as peaks at 7.57 ppm (N//CO) and -2.81 ppm 
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(internal N H )  disappear. The corresponding Co(II) metalloporphyrins 16, 17,18 have 

very broad NMR resonances which are difficult to assign because of the paramagnetism 

of the complex. The solid state IR spectrum of H2TPP-NHC(0)(CH2)nSH (n = 4, 9; n = 

5, 10) exhibits an amide carbonyl stretch at 1660 cm ' (broad) for 9, and 1695 cm"' 

(broad) for 10. The Co(n) complex Co[TPP-NHC(0)(CH2)sSH], 17 shows a carbonyl 

stretch at 1694 cm"' (broad), and the Zn(II) complex Zn[TPP-NHC(0)(CH2)5SH], 19, 

exhibits a carbonyl stretch at 1656 cm"' (broad). Satisfactory parent ions in the MS were 

observed for all the thiol-derivatized porphyrins. 

Changing the number of methylene units in the alkyl linkage from two to ten 

results in insignificant electronic perturbation on the porphyrin ring. In the UV-vis 

spectra, all the free base mono thiol-derivatized porphyrins have very similar absorption 

bands compared to that of the parent aminophenylporphyrin 1. The Soret bands for 

H2TPP-NHC(0)(CH2)„-SH range from 418 nm (n = 2, 10) to 420 nm (n = 4, 5). 

Pure mono thiol-tail porphyrins are odorless brown-purple solids, and are soluble 

in organic solvents such as CHjClj, CHCI3, acetone, QHg, and toluene, but are not 

soluble in MeOH, EtOH, ether and hexane. They are mildly sensitive to the combination 

of light and air. When organic solutions of these compounds are exposed to air, 

decomposition occurs over a period of a few months. Thus, these thiol-tail porphyrins 

are best stored in the solid state under an inert atmosphere in the dark. Under these 

conditions, they are stable for years. 
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Scheme 1 

NH. 

M[TPP-NHC(0)(CH2)nSH 

M= Co, n = 2, 16; n = 5 , 17; n = 10, 18. M = Zn, n = 5,19. 
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Table 1. UV for mono thiol-derivatized porphyrins (nm) 

Porphyrin 

H2TPP-NH2, 1 

H2TPP-NHC(0)(CH2)2SCPh3, 3 

H2TPP-NHC(0)(CH2)4Br, 4 

H2TPP-NHC(0)(CH2)4SCPh3, 5 

H2TPP-NHC(0)(CH2)5SCPh3, 6 

H2TPP-NHC(0)(CH2)ioSCPh3, 7 

H2TPP-NHC(0)(CH2)2SH, 8 

H2TPP-NHC(0)(CH2)4SH, 9 

H2TPP-NHC(0)(CH2)5-SH, 10 

HjTPP-NHCCOXay.o-SH, 11 

Co[TPP-NHC(0)(CH2)2SCPh3], 12 

Co[TPP-NHC(0)(CH2)5SCPh3], 13 

Co[TPP-NHC(0)(CH2)ioSCPh3], 14 

Zn[TPP-NHC(0)(CH2)5SCPh3], 15 

Co[TPP-NHC(0)(CH2)2SH], 16 

CO[TPP-NHC(0)(CH2)5SH], 17 

Co[TPP-NHC(0)(CH2)IOSH], 18 

Zn[TPP-NHC(0)(CH2)5-SH], 19 

UV-Vis nm 

418 (Soret), 516, 552, 592, 648 

• 420 (Soret), 516, 552, 592, 648 

420 (Soret), 516, 552, 592, 648 

420 (Soret), 516, 552, 592, 648 

420 (Soret), 516, 552, 592, 646 

418 (Soret), 514, 550, 590, 646 

418 (Soret), 514, 550, 588, 644 

420 (Soret), 516, 552, 588, 646 

420 (Soret), 516, 552, 588, 646 

418 (Soret), 514, 550, 592, 646 

412 (Soret), 528 

410 (Soret), 528 

412 (Soret), 526, 580 

420 (Soret), 548, 592 

412 (Soret), 526 

412 (Soret), 526, 580 

412 (Soret), 528, 580 

422 (Soret), 548, 586 
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Synthesis and characterization of bis thiol-derivatized porphyrins 

Bis thiol-derivatized porphyrins were prepared from bis(o-aminophenyl)porphyrin 

H2(DPE-(NH2)2), 2, by utilizing the same procedure used for the preparation of mono 

thiol-derivatized porphyrins. The purified a,a-atropisomers were used. The synthesis of 

a,a-bis thiol-derivatized porphyrins is shown in Scheme 2. The treatment of a,a-H2DPE-

(NH2)2 with excess 6-(tritylthio)hexanoyl chloride produced the bis acylated product, 

H2DPE-[NHC(0)(CH2)5SCPh3]2, 23. The corresponding Co(n) and Zn(n) complexes, 

Co{DPE-[NHC(0)(CH2)5SCPh3]2}, 25 and Zn{DPE-[NHC(0)(CH2)5SCPh3]2}, 26, were 

prepared from 23 by treatment with Co(n) and Zn(n) acetate, respectively. UV-vis 

spectra of the reaction mixtures showed that the four Q bands of 23 collapsed to a two-

band pattern (Table 2). Removal of the trityl group by treatment with Hg(0Ac)2 and H2S 

generated the bis thiol-derivatized porphyrins H2DPE-[NHC(0)(CH2)5SH]2, 24, Co{DPE-

[NHC(0)(CH2)5SH]2} 27, and Zn{DPE-[NHC(0)(CH2)5SH]2}, 28. 

Compounds 24 and 28 have easily assignable proton NMR spectra. The meso-

protons appear at 10.20 to 10.30 ppm as a singlet. The phenyl protons appear at 7.5 to 

8.8 ppm as doublets and multiplets. The amide protons resonate at 6.8 to 6.9 ppm and 

the methylene proton exhibit signals at 0.2 to 1.6 ppm. IR spectra (KBr) of H2DPE-

[NHC(0)(CH2)5SH]2, 24 and Cn{DPE-[NHC(0)(CH2)5SH)]2}, 27 present an amide 

carbonyl stretch at 1694 cm"' (broad). Zn{DPE-[NHC(0)(CH2)5SH]2}, 28, shows amide 

stretches at 1663 and 1696 cm"'. The expected molecular ion peaks are observed in the 

FAB mass spectra of these three complexes. 
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Scheme 2 

Ph3CS(CH2)5COCI 

M{DPE-[NHC(0)(CH2)5SH]2} 

M= 2H, 24; M = Co, 27; M = Zn, 28 

(CH2)5SCPh; ,(CH2)5SCPh; 

a) Hg(OAc)2 

b) H2S 

(CHJ.SH 
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Table 2. UV for bis and tetra thiol-derivatized porphyrins (nm) 

Porphyrin 

H2DPE-(NH2)2, 2 

H2DPE-[NHC(0)(CH2)2Br]2, 20 

H2DPE-[NHC(0)(CH2)5Br]2, 21 

H2DPE-[NHC(0)(CH2)2SCPh3]2, 22 

H2DPE-[NHC(0)(CH2)5SCPh3]2, 23 

H2DPE-[NHC(0)(CH2)5SH]2, 24 

Co{DPE-[NHC(0)(CH2)5SCPh3]2}, 25 

Zn{DPE-[NHC(0)(CH2)5SCPh3]2}, 26 

Co{DPE-[NHC(0)(CH2)5SH]2}, 27 

Zn{DPE-[NHC(0)(CH2)5SH]2}, 28 

UV-Vis nm 

408 (Soret), 506, 540, 574, 626, 654 

406 (Soret), 506, 542, 574, 626, 656 

406 (Soret), 506, 540, 574, 626, 658 

402 (Soret), 508, 542, 574, 626, 656 

408 (Soret), 506, 540, 574, 626, 658 

408 (Soret), 506, 540, 576, 626, 658 

404 (Soret), 532, 560 

410 (Soret), 540, 576 

402 (Soret), 528, 562 

410 (Soret), 540, 578 
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These bis thiol-tail porphyrins have higher solubility than the mono thiol-tail 

porphyrins in common organic solvents such as CH2CI2, CHCI3, acetone, and 

toluene. They also have limited solubility in ether, hexane and MeOH. The bis thiol-tail 

porphyrins are less robust than the mono tail analogues. They gradually decompose in 

solution in a few weeks on exposure to air and light. 

Discussion 

Self-assembled aUcanethiolate monolayers on gold surfaces provide an important 

method for the modification of electrode surfaces.' Studies of electroactive monolayers 

may lead to the discovery of new catalysts, information storage devices and bio-sensors. 

We have examined thiol-derivatized porphyrin monolayers on gold' and found thiol-

derivatized porphjrrins form oriented monomolecular coatings on gold surfaces. Gold 

electrodes that have been chemically modified with cobalt thiol porphyrin exhibit 

electrocatalytic potencies for the reduction of Oj which vary as a function of the number 

and location of the thiol appendages. 

For controlling the porphyrin monolayer architecture on the gold surface, we have 

synthesized mono-, and bis-thiol-tailed porphyrins from 5-(p-aminophenyl)-10,15,20-

triphenylporphyrin 1 and 5a,15a-bis(o-aminophenyl)-porphyrin 2. The structural integrity 

of the latter porphyrin is particularly important. The a,a-atropisomer of H2DPE-(NH2)2 is 

nonfluxional and only under prolonged heating at > 100 °C could atropisomerization be 

observed.^ The activation energy needed for thermal interconversion of the two isomers 
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was measured to be 26.2 kcal/mol for the a,a-bis(o-aminophenyl)porphyrin, 2. 

Consequently, all reactions employed for the preparation of thiol-tailed porphyrins from 

a,a-DPE-(NH2)2 were performed at ambient temperature to prevent atropisomerism. 

Only a few methods exist for the synthesis of alkyl thiols.'" Nucleophilic 

substitution of an alkyl halide by HS" or H2S results in the formation of alkane thiols 

(Scheme 3). Alkane thiols can also be prepared from the treatment of an alkyl halide 

with thiourea, followed by alkaline workup (Scheme 3). 

Scheme 3 

RX + HgS • RSHg"^ RSH + or RX + HS" RSH 

S NH2 

RX + •*" R S NH2 X" 
+ OH" 

> RS" 
H+ 

> RSH 

X = Br 

Murray et al. reported" that the treatment of 5,10,15,20-ted:akis[o-(2-

bromoethoxy)phenyl]porphyrin with sodium thioacetate in refluxing CHCI3/CH3CH2OH 

yielded 5,10,15,20-tetrakis[o-[(s-acetyl-2-thio)ethoxy]phenyl]porphyrin. Conversion to 
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5,10,15,20-tetrakis[o-(2-thioethoxy)phenyl]porphyrin was accomplished by acidic 

hydrolysis in CH3OH/HCI followed by NaHCOj workup. However, this tetra-thiol tailed 

product is a mixture of atropisomers. 

Attachment of bromo appendages to the aminophenylporphyrins 1 and 2 was 

accomplished with Br(CH2)„C(0)Cl (for mono(p-aminophenyl)porphyrin 1; n = 4; for 

bis(o-aminophenyl)porphyrin 2: n = 2, 5). However, attempts at converting these bromo-

tailed porphyrins to the thiol analogues using methods shown in Scheme 3 resulted in the 

cleavage of the amide linkages. Consequently, we sought other methods for the 

preparation of thiol-tailed porphjnins. 

In order to circumvent amide cleavage problems, attachment of protected thiol 

appendages was examined. The trityl group was found to be a good protecting agent for 

thiols by Hiskey et al}^ Heavy-metal ions such as Hg(II) are efficient regents for 

removal of this protecting group. Attachment of S-trityl appendages to the 

aminophenylporphyrins (1, and 2) was accomplished with Ph3CS(CH2)nC(0)Cl under 

ambient temperature. Alternatively, the treatment of bromo-tailed porphyrins with 

PhjCSH in the presence of KjCOj also produced the trityl-protected thiol porphyrins 

Detritylation was initiated by treatment of the trityl-protected thiol-tailed porphyrin with 

Hg(II), which results in the formation of a Hg-SR complex. Subsequent treatment with 

H2S gave the desired thiol-tail porphyrin. 

For the bis(<?-aminophenyl)porphyrin thiol derivatives, HjDPE-

[NHC(0)(CH2)5SH]2 24 and Zn{DPE-[NHC(0)(CH2)5SH]2} 28, purity is readily 
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ascertained by the presence of a single meso-proton resonance in the NMR spectrum. In 

H2DPE-[NHC(0)(CH2)5SH]2 24, this signal appears at 10.28 ppm. For the corresponding 

Zn complex 28, it occurs at 10.21 ppm. The Co(II) complex 27 is paramagnetic. 

However, TLC analysis of 27 shows that only the a,a-atropisomer was present in the 

final product. 

The treatment of bis-(o-aminophenyl) porphyrin 2 with 3-(tritylthio)propionyl 

chloride at room temperature under prolonged stirring produced the desired bis acylated 

product. However, we found that it is very difficult to remove the two trityl protecting 

groups in this compound. A possible explanation for this observation derives from 

spectroscopic information. The UV-vis spectrum for H2DPE-[NHC(0)(CH2)2SCPh3]2, 22, 

exhibits a slight blue shifting of the Soret band relative to that in DPE-(NH2)2, 2 and 

H2DPE-[NHC(0)(CH2)5SCPh3]2, 23 (Table 2). In addition, the 'H NMR signals for the 

trityl group in 22 are shifted significandy upfield about 0.6 ppm relative to 

Ph3CS(CH2)2COOH. In H2DPE-[NHC(0)(CH2)5SCPh3]2, 23, the upfield shift of the trityl 

resonance is only about 0.2 ppm relative to Ph3CS(CH2)5COOH. Trityl group resonances 

in Ph3CS(CH2)2COOH and Ph3CS(CH2)5COOH are almost identical and appear at 7.42-

7.14 ppm. This suggests that the trityl groups in compound 22 are much closer to the 

porphyrin ring and this proximity may block Hg(n) attack at the sulfur atom. 

Standard procedures were employed to metalate the porphyrin core with Co(II) 

and Zn(II). In order to eliminate complications from the presence of thiol groups, the 
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trityl-protected precursors were used. Subsequent deprotection produced the desired 

thiol-tailed metal complexes. 

Conclusion 

We have synthesized a series of thiol-derivatized porphyrins which have different 

numbers of thiol appendages which are located at different positions of the porphyrin. 

By utilizing the trityl protecting group, a series mono- and bis-thiol-derivatized 

porphyrins have been prepared. These thiol-derivatized porphyrins have been used to 

construct porphyrin monolayers and should have important applications in the area of 

new bio-sensors and catalysts. 
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CHAPTER 3. THIOL-DERIVATIZED METALLOPORPHYRINS: 

MONOMOLECULAR FILMS FOR THE ELECTROCATALYTIC REDUCTION OF 

DIOXYGEN AT GOD ELECTRODES 

A paper published in Langmuir' 

Jerzy Zak, Hongping Yuan, Mankit Ho, L. Keith Woo, and Marc D. Porter 

Abstract 

This paper describes preliminary results in the design, construction, and 

characterization of cobalt(n) porphyrins derivatized with alkanethiol appendages. The 

use of the thiol appendages leads to the formation of a chemisorbed monolayer of the 

corresponding thiolate at gold electrodes. Our findings suggest that this approach may 

serve as a beginning for fabricating electrocatalytic monolayers with a preselected 

architecture through the manipulation of the number and location of the appendages. 

Voltammetric data indicate that monolayers from both I(Co) and n(Co) catalyze the two-

electron reduction of O2 to HjOj. The monolayer from I(Co), however, has a lower 

electrocatalytic activity. Infrared, X-ray photoelectron, and visible spectroscopic data are 

presented that argue the difference in reactivity arises from a difference in interfacial 

architecture. The results from attempts to metalate monolayers from ICHz) and n(H2) 

support this interpretation. Findings are also reported that indicate the preparation of 
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mixed monolayers (e.g., two-component monolayers from I(Co) and CH3(CH2)3SH) may 

prove valuable to this area of research. 

Introduction 

Recent findings point to the electrocatalytic reduction of Oo via immobilized 

metallomacrocycles as an attractive reaction for use in fuel cells.^'^ We report herein 

the creation and characterization of monolayers forrned by chemisorption'' of the thiol-

derivatized cobaU(II) porphyrins I(Co) and n(Co) at gold electrodes. A key feature of 

I(Co) and n(Co) is the number and location of the thiol-containing "legs". Our findings 

suggest that this approach can serve as an effective starting point for controlling 

systematically the spatial orientation and coverage of the adsorbate (Chart I). We show 

that monolayers from I(Co) and n(Co) exhibit different electrocatalytic activities. 

Results from infrared (IRS), X-ray photoelectron (XPS), and visible (VS) spectroscopic 

data as well as from various chemical manipulations of the surface structure indicate that 

the differences in activity arise from differences in interfacial architecture. 

Experimental 

Preparation of the free-base thiol-derivatized porphyrins ICHj) and HCHj) followed 

modifications of earlier procedures.® Of paramount importance is the placement of both 

thiol appendages of I^Hj) on the same side of the porphyrin plane. This was achieved 

using the ds-amine isomer of 5,15-bis[o-aminophenyl]etioporphyrin as the precursor, 
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II(H2) M = H2 

ll(Co) M = Oo 

HS 

o\ 

1(H2) M = H2 

l(Co) M = Co 

SH 
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which was chromatographically separated from its //•a«5-amine isomer.'' Alkylation of 

the a'j-amine isomer with 6-(tritylthio)hexanoyl chloride, followed by removal of the 

trityl protecting groups with Hg(OAc)2 ^nd HjS,^ produced 5a,15a-bis[o-(6-

mercaptohexylamido)phenyl]-etioporphyrin, n(H2). The meso-[p-(6-

mercaptohexylamido)phenyl]triphenylporphyrin, KHj), was prepared in a similar manner 

from (p-aminophenyl)triphenylporphyrin ® The metal complexes, I(Co) and n(Co), were 

synthesized by insertion of Co(II) before removal of the trityl groups.' Monolayers were 

constructed by the immersion of annealed mica-supported gold"* into 10 |J.M CH2CI2 

solutions of the thiol derivatives for ~ 12 h. Samples were rinsed extensively with 

CH2CI2 and CH3CH2OH upon emersion. The subsequent findings are representative of 

the testing of more than ten samples of each type of monolayer. 

Results and Discussion 

Evidence of the reactivities of the monolayers from I(Co) and II(Co) is provided 

by the voltammograms in Oj-saturated solutions of 0.1 M HCIO4 in Figure 1. Curve a is 

for uncoated gold. Curves b and c are for I(Co) and n(Co), respectively, as chemisorbed 

monolayers at gold. A comparison of the positions and magnitudes of the curves reveals 

that the monolayer from n(Co) is a more effective electrocatalyst for the reduction of O2 

to H2O2.'' Control experiments,'^ which used analogs of I(Co) and n(Co) in which all 

the SH groups are replaced by CH3 groups, indicate that the differences in curves b and c 

do not arise from differences in the electronic structures of the absorbate precursors. We 
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Figure 1. Voltammetric curves obtained for different Au electrodes: (a) 
uncoated Au; (b) I(Co) chemisorbed at Au; (c) II(Co) chemisorbed 
at Au; (d) mixed monolayer from CH3(CH2)3SH and I(Co) 
chemisorbed at Au. The supporting electrolyte was an Oj-saturated 
solution of 0.1 M HCIO4. The scan rate was 50 mV/s geometric 
electrode area was of 0.63 cm\ 
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therefore attribute our observations to differences in the architecture of the two 

monolayers as directed by the chemisorption at gold via the thiol-containing appendages. 

Figure 2 presents IRS' data that provides insight into the structures of the two 

monolayers. The absolute magnitudes of the bands for I(Co) and n(Co) at gold and the 

similarities of their positions with respect to the precursors in KBr point to the formation 

of a monomolecular film of each complex. In addition, these data reveal general 

qualitative details about the architecture of the two monolayers.'^ The details develop 

from considerations of the infrared surface selection rule which results from a preferential 

excitation of vibrational modes with dipoles normal to a highly reflecting metal 

surface.*'* Thus, the differences in the relative absorbances of the bands for I(Co) and 

n(Co) at gold relative to in KBr are diagnostic of a preferentially as opposed to 

randomly oriented surface structure for both types of monolayers. At this time, however, 

an analysis of the orientation of the porphyrin ring from these data awaits completion of 

an in-depth band assignment study.'^ 

Characterizations using XPS, in addition to substantiating the composition of both 

types of monolayers, confirm chemisorption at gold through sulfur. For I(Co) at gold, 

bands only for sulfur as a gold-bound thiolate were observed: S(2py} at 163.1 eV and 

S(2p3/2) at 161.9 eV.'*' Features diagnostic of unreacted SH groups as well as the more 

highly oxidized forms of sulfur (e.g., disulfides and sulfonates), which are all found at 

higher binding energies,'^ were not detected. The XPS data for II(Co) are in agreement 

with the data for I(Co) at gold, though we are unable in this case to rule out the presence 
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Figure 2. Infrared spectra for I(Co) (A) and II(Co) (B) in KBr aad at gold. 
S is 4.0 X 10'^ and 4.0 x 10"^ AU for the KBr and the monolayers 
spectra, respectively. The reflection spectra were collected using p-
polarized light incident at 82° with respect to the surface normal. 
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of a trace amount of polysulfide.^® 

The VS data reveal another feature of the two monolayers. Upon chemisorption, 

the B band of I(Co) undergoes an exitonic splitting to yield a doublet with blue- (394nm) 

and red-shifted (448 nm) components (Figure 3, spectrum e), as also found at related 

Langmuir-Blodgett films.^' On the other hand, only a weakly absorbing red-shifted 

(436 nm) B band was observed upon chemisorption of n(Co). The positions of the B 

bands in CH2CI2 are 412 and 402 nm for I(Co) and n(Co), respectively. These spectral 

changes suggest a difference in the electronic dipolar interactions between the adsorbates 

in the two monolayers. The red shift for the monolayer from n(Co) is typical of head-

to-tail dipolar interactions between the u-systems of neighboring adsorbates.^^ In 

contrast, the spectrum for the monolayer from I(Co) reveals the presence of coplanar, 

inclined'®" (as opposed to face-to-face^) tc-tc electronic interactions between neighboring 

adsorbates. Based on these data, we infer that the structure of the monolayer from n(Co) 

is in-line with that depicted in Chart I, whereas that from I(Co) is more consistent with 

representation in Chart II. 

Chart n 

s s s s s 

GoJd 
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Figure 3. Visible spectra for I(Co). (a) I(Co) in CH2CI2. (b-d) mixed 
monolayers formed by exchanging a butanethiolate monolayer at 
gold with 10 iiM of I(Co) in CHjClj'. (b) butanethiolate only; (c) 2 
h exchange; (d) 18 h exchange, (e) I(Co) at gold as a pure 
monolayer. S is 0.1 AU for (a) and 0.01 AU for (b-e). The VS 
measurements were made using a Hewlett-Packard 8452A diode 
array spectrometer. The reflection spectra were collected using p-
polarized light incident at 60° with respect to the surface normal. 
An uncoated gold substrate served as a reference. The spectra in 
(b-e) were smoothed using an 11-point Savitsky-Golay algorithm. 
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To assess the influence of the jt-tc interactions for the monolayer from I(Co), a 

mixed monolayer was prepared by a partial exchange with I(Co) at a previously formed 

monolayer from CH3(CH2)3SH.^' Curve d in Figure 1 exemplifies the improvement in 

the electrocatalytic response. We attribute the improvement to an isolation of porphyrin 

moieties within the matrix of the short chain thiolate. The VS data in Figure 3 confirm 

the effect of the short chain thiolate on the coplanar, inclined 7t-stacking of the 

monolayer from I(Co). Spectrum b is for the monolayer from CH3(CH2)3SH. The 

spectra in c and d are for exchange times of 2 and 18 h, respectively. Exitonic splitting 

of the B band is detectable only at long exchange times, consistent with the general 

architecture in Chart 11. Voltammetric experiments revealed that the electrocatalytic 

potency of these samples decreased upon extensive exchange. These findings argue that 

the lower electrocatalytic current for the monolayer from I(Co) results from the coplanar, 

inclined n-n interactions between adsorbates, which hinders accessibility to catalytic sites. 

Support of our interpretation is provided by the results of attempts to metalate 

ICHj) and IICHj) using Co(OAc)2 (~ 2 mM in CH3OH, 1 h immersion) after monolayer 

formation. With such treatment, monolayers from IICHj) displayed a response like curve 

c in Figure 1. Similarly treated monolayers from I(H2) failed to catalyze O2 reduction at 

a detectable level. Finally, Co(OAc)2 treatment of a mixed monolayer from I(H2) and 

CH3(CH2)3SH produced an electrode with an activity similar to that in Figure 1, curve d. 

Work in progress is addressing further the fundamental aspects of these types of 

monolayers. The goal is to establish a clear connection between the molecular 
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architecture of the interfacial structures and electrocatalytic potency and to improve 

electrocatalytic performance. Of particular interest is unraveling how the interplay of the 

chemisorption of sulfur at gold and the n-iz interactions between neighboring porphyrins 

controls the interfacial structure. 
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CHAPTER 4: PORPHYRIN-CONTAINING MULTI-COMPONENT SYSTEMS AS 

MODELS FOR PHOTOSYNTHESIS REACTION CENTER: A LITERATURE REVIEW 

Overview 

Photosynthesis is a key process in biological energy transduction that converts 

sunlight into stored chemical energy. Recorded scientific studies on natural 

photosynthetic systems date as far back as 1772' and interest in photosynthesis remains 

at an extremely high level as exemplified by several recent reviews.^ It is clear that the 

ability to mimic this natural process in the laboratory would have great technological 

significance in terms of solar energy conversion and storage. Despite intensive efforts 

and dramatic progress in the past decade, the goal of achieving artificial photosynthesis 

remains elusive. Nonetheless, vital aspects of our knowledge of photosynthesis on a 

fundamental level has increased tremendously as a result of new investigations over the 

past few years. Important findings have evolved from the advancement of 

photochemistry from the "molecular" level to the "supramolecular" level. 

The reaction centers that are responsible for the conversion of light energy into 

chemical potential in plants and other photosynthetic organisms consist of several 

molecular components held together in a protein environment in a well-organized 

macromolecular structure. Verification of the intricate structural features of bacterial 

photosynthetic reaction centers has been achieved through single crystal X-ray diffraction 

studies.^ Unfortunately, it is difficult to obtain detailed information on this system in its 
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natural environment because it is a complex structure that can not be easily subjected to 

chemical and environmental modification to methodically examine energetics, nuclear, 

and electronic factors that contribute to determining rates of electron transfer. As a 

means of understanding the function of this macromolecular assembly, a great deal of 

effort has been directed towards copying structural features of natural reaction centers 

with small molecule analogues. Many elegant models have been devised for 

photoinduced electron transfer between covalently linked subunits in arrangements related 

to those found in bacterial photosynthetic centers. These studies have shown that the 

molecular components must be arranged precisely in order to exhibit the desired 

properties. 

Porphyrin derivatives have found notable and extensive use as components for the 

energy and electron transfer subunits in artificial photosynthesis constructs. The types of 

supramolecular assemblies that have appeared in the literature now span a large range of 

sophistication and complexity. The simplest of these model systems contain two 

covalently linked donor/acceptor chromophores. Significant examples include porphyrin 

dimers,'* porphyrin-quinone systems,^ or chlorophyll-porphyrin molecules.® A number 

of approaches and types of spacers have been used to link the subunits together in these 

two-component arrays (dyads). The spacers perform a structural function as well as serve 

as an intervening medium through which the subunits interact. Thus, the spacers partially 

fulfill the role of the protein in natural reaction centers. Noteworthy spacers include 

phenylene,^ vinyl,® spirocyclic,® naphthyl,'° as weU as direct linkage of the two 
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subunits with a single bond.® Porphyrin-based structures constructed in this manner have 

been found to be valid in modelling primary processes involved in natural photosynthetic 

reaction centers. 

In the dyad assemblies, the geometrical relationship of the two components has 

been varied from linear (edge-to-edge),' stacked (face-to-face)," as well as intermediate 

arrangements.^^ Studies of molecular dyads have increased the knowledge of the 

d i s t a n c e  a n d  o r i e n t a t i o n  f a c t o r s  t h a t  i n f l u e n c e  p h o t o i n d u c e d  e l e c t r o n  t r a n s f e r . I n  

general, molecules that exhibit a better defined structural relationship between the donor 

and acceptor subunits yield more intricate insights into the photoinduced electron transfer 

process. However, the two-component models suffer from short lifetimes of the charge-

separated states as the factors that favor efficient photoinduced electron transfer also 

result in extremely facile charge recombination. 

The problem of rapid charge recombination is minimized in nature by the 

utilization of a sequence of multi-step electron transfer reactions that eventually result in 

charge separation over long distances. A similar strategy in artificial systems is 

successful in producing longer lived charge-separated states. For example, in multi-

component models containing linearly linked carotene-porphyrin-quinone (C-P-Q) 

subunits, two tandem electron transfer steps occur after photoexcitation to produce a 

charge-separated state, C-P-Q". Subsequent lifetimes of this state as long as 2 fis have 

been observed.'"''^'" This is in comparison to the 100 ms lifetimes achieved by 

bacterial reaction centers'^ and the 100 ps lifetimes in two-component assemblies. 



www.manaraa.com

Unfortunately, the increases in lifetimes in three-component systems over those 

observed in two-component assemblies is realized at the expense of quantum yields (eg. 

about 4%). Clearly, subtle factors are involved. An important aspect involves the 

efficiency of electron transfer processes to the final charge-separated state relative to the 

rates of charge recombination. Incorporation of additional electron acceptors that 

effectively compete with recombination has been shown to improve quantum yields. 

Thus, in a carotene-porphyrin-quinonea-quinonet tetrad (C-P-Q,-Qb), the fmal charge 

separated state forms with a quantum yield of 0.5 at 240 K and has a lifetime of 460 

ns.'® 

Although many clever and ingenious models have been prepared, the maximum 

efficiencies for charge separation and the lifetimes of the charged-separated states 

obtained to date are still well below those achieved by green plants and photosynthetic 

bacteria. Nonetheless, remarkable progress has been made in achieving these objectives. 

For example, in an amine/zinc porphyrin/quinone three-component assembly, a quantum 

yield of 675 and a lifetime of 4 ms has been realized in generating a charge-separated 

state that stores 1.85 eV of energy." 

It is clear that the sophistication of synthetic multi-component species that mimic 

primary events of natural photosynthesis has increased tremendously. Although 

impressive progress has been made towards assembliag efficient artificial reaction center 

models, this field has still not reached maturity. Greater variability is still possible by 

changing the number and nature of subunits and spacers, distances, and orientations. 
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Thus, it is should be feasible to tailor systems with desired properties. This should allow 

closer mimicking of natural photosynthesis and in addition, investigating cooperative and 

competitive processes. However, as the types and numbers of components are increased, 

the level of complexity also expands and model systems become more difficult to 

prepare. To a large extent, progress in this area is still significantly synthesis limited. 

Nonetheless, previous studies indicate that new strategies for designing sequential multi-

step electron transfer processes will continue to be a fruitful area of study. 

Non-covalent bond linkage: hydrogen-bonded model systems 

To avoid the difficulty of synthesis and separation of multi-component 

photosynthesis reaction center models, new strategies have been developed for the 

preparation of donor-acceptor model systems. One alterative employs hydrogen bonds to 

link photoactive chromophore subunits together in a self-assembled multi-chromophore 

structure. 

Hamilton and coworkers'® have used this strategy to make porphyrin-electron 

acceptor assemblies. A barbiturate moiety, attached to the porphyrin through a peptide 

linkage, was used as a hydrogen-bonding site to link the porphyrin with an electron 

acceptor. One of the complexes they prepared was the porphyrin-dansyl complex shown 

in Figure 1. 

The distance between the chromophore centers in this assembly is estimated to be 

23 A. The association constant for formation of this complex is = 1.0 X 10® M"'. 
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Figure 1. Porphyrin-danyl receptor assembly 

Time resolved fluorescence measurements using single photon counting detection shows 

that the excited state of this complex decays with a lifetime of x = 0.4 ns. The 

fluorescence lifetime of the dansyl receptor by itself is x = 16.3 ns. The fluorescence 

study indicates that the porphyrin and dansyl receptor do communicate through the 

hydrogen-bonding. 

Nocera et al}^ has studied photoinduced electron transfer kinetics for the 

hydrogen-bonded complex 2 (Figure 2) which was formed from Zn^PCOOH porphyrin 

(PCCOH = 13,17-<iiethyl-3,7,8,12,18-pentamethylporphin-2-acetic acid) and 3,4-

dinitrobenzoic acid (DNBCOOH). The association constant for complex 2 is 552 M'\ 
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O- - - H 

O—H- - - O 

Figure 2. Complex 2 ZnPCOOH-DNBCOOH 

In complex 2, electron transfer (ET) is channeled through a dicarboxylic acid 

interface from a photoexcited Zn°PCOOH porphyrin donor to the electron acceptor 3,4-

dinitrobenzoic acid. Photoexcitation of ZnPCOOH produces an emissive 'jtK* excited 

state with a characteristic absorption band at 660 nm. The singlet decays to form a long-

lived triplet state (Xq = 40 |is). The ZnPCOOH donor is a powerful one-electron 

reductant from its state and is capable of reacting with the organic acceptor 

DNBCOOH. The driving forces for forward and back electron transfer are -0.73 and -

1.37 V, respectively. Experimental observations show that ET through hydrogen-bonded 

interfaces is fast The forward electron transfer rate constant is 5.0 x 10^° s"' and the rate 

constant for charge recombination is 1.0 x 10'° s"'. These rates are slighdy slower than 

those of covalently linked Zn(II) porphyrin/acceptor systems of similar separation and 

driving force (k^ = 2.5 x 10" s"', k^ = 1.2 x 10" s"').^ Nonetheless the ET rates are of 
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similar orders of magnitude, thereby establishing that hydrogen-bonded ET pathways can 

be competitive with ET through covalently bonded linkages. The deuterium isotope 

effect for the charge separation (CS) and recombination (CR) rates of complex 2 is kfj/ko 

= 1.7 and 1.6, respectively. This study shows that hydrogen-bonding interfaces not only 

are important in the supramolecular preorganization of the acceptor/donor pair for energy 

and electron transfer but also may directiy mediate the electron-transfer event. 

Ogoshi et al. reported the construction of face-to-face porphyrin-quinone 

architectures by utilizing a hydrogen-bonding strategy.^' They have synthesized 5a, 15a-

bis(2-hydroxynaphthyl)octaethylporphyrin and /ne5o-tetra(a,a,a,a)-2-hydroxy-1 -naphthyl)-

porphyrin. These porphyrins form face-to-face complexes with variety of p-quinones 

through hydrogen-bonding in a host-guest arrangemenL The binding constants range 

from 10^ to 10* M'\ The stability of an adduct is determined not only by the strength of 

hydrogen bonds involved but also by porphyrin-quinone electrostatic or charge-transfer 

interactions. Thus, electron donating or electron-withdrawing substituents in a guest 

quinone promote host-guest complexation. Furthermore, the enforced proximity of the 

porphyrin and quinone rings in the complexes results in significant n-TC electronic 

interactions. Fluorescence quenching studies on these complexes show that the porphyrin 

fluorescence of the adducts is completely quenched by an efficient, intracomplex electron 

transfer from the excited host porphyrin to the bound quinone. 

Sessler and coworkers have developed a novel approach to the assembly of 

supramolecular donor-acceptor systems.^^ In these systems, nucleic acid bases 
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(nucleobases) have been covalently bound to porphyrins and self-association of nucleic 

acid base pairs via multiple hydrogen-bonding generates a macromolecular ensemble 

upon mixing in aportic solvents. Several different supramolecular assemblies have been 

reported and are shown in Figure 3. 

In ensemble 3 (Figure 3), the supramolecular complexes were constructed from 

Watson-Crick-type nucleobase pairing interactions between guanine and cytosine. The 

association constant for complex 3 is 1220 M \ Photoinduced triplet-triplet energy 

transfer was observed within the hydrogen-bonded complex following illumination. 

However, because of the high flexibility of this complex, no singlet-singlet energy 

transfer was observed. Also, the mechanistic details of the energy-transfer process 

remained indeterminate because an intracomplex diffusional encounter between the donor 

and acceptor, rather than through hydrogen bond energy-transfer process, could account 

for the observed triplet-triplet energy transfer. 

In ensembles 4 and 5 (Figure 3), the donor (2dnc(n) porphyrin) and acceptor (a 

free-base porphyrin) are connected via a phenyl ring to guanosine and cytidine, 

respectively. The two porphyrins are arranged in a side-by-side orientation with an 

interplanar dihedral angle of ca. 90°. The porphyrin-to-porphyrin center-to-center 

distance was estimated to be ca. 22.5 A from CPK models. The association constants are 

around 2.2 x KX* M"'. In these model systems, singlet energy transfer occurs with a rate 

constant of ca. 9 x 10® s'^ and with 60% efficiency. Triplet energy transfer from the zinc 

porphyrin to the free-base porphyrin in the guanosine-cytidine base-paired linked 
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Figure 3. Porphyrin ensembles via multiple hydrogen bonding (Reprinted 
with permission from /. Am. Chem. Soc. 1995, 117, 704. Copyright 
© 1995 ACS). 
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assembly needs ca. 1 |is to cross the hydrogen-bonded network in an unimolecular 

processes, and occurs with almost quantitative efficiency. 

These studies demonstrate that hydrogen-bonding interactions can be used both to 

generate photoactive aggregates that are different from traditional systems and to provide 

an effective pathway for mediating donor-to-acceptor triplet-energy transfer. This non-

covalent approach to constructing donor-acceptor model systems could also be used to 

assemble higher-order arrays without lengthy synthetic procedures. 

Porphyrin assemblies organized by metal ion templates 

Another strategy for the synthesis of supramolecular arrays was developed in 

recent years. In this strategy, the key aspect is using metal coordination environments as 

a structural feature that serves to organize the entire assembly. 

Sauvage et al. has designed a bis-porphyrin system which uses 1,10-

phenanthroline as a spacer.^^ In these bis-porphyrin phenanthroline systems, either 

gold(in) or zinc(n) cations have been inserted into each porphyrin cavity. This 

arrangement holds the porphyrin rings at an average center-to-center separation distance 

of 13.4 A and an approximate interplanar angle of 77°.^ The photophysical properties 

of an assembly containing gold(in) and zinc(ll) porphyrins (Figure 4), have been 

studied.^ Upon selective excitation of either porphyrin, the system undergoes rapid 

intramolecular electron transfer between the zinc porphyrin and the appended gold 

porphyrin. Return to the ground-state occurs by a relatively slow reverse electron 
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M1 = Au ; n = 1; M2 = 2n 

Figure 4. Zinc(II)-gold(in) bisporphyrin (adapted from Tetrahedron 1991, 47, 
5123). 

transfer process. Both the zinc porphyrin excited singlet and triplet states transfer an 

electron to the appended gold porphyrin. Excitation of the gold(III) porphyrin generates 

a triplet excited state which abstracts an electron from the zinc(II) porphyrin (77%) or 

transfers electronic energy to it (15%). The rates of various electron transfer steps 

correlate with reaction exergonicity and temperature, but only poorly with the solvent 

polarity. The magnitude of electronic coupling between the reactants depends on the 

energy gap between relevant orbitals on the porphyrin and the spacer group, in agreement 

with through-bond interaction.^ The process involving the zinc porphyrin excited 

singlet and triplet states proceeds via electron transfer through the LUMO of the spacer, 

while the gold porphyrin triplet excited states reacts via hole transfer through the HOMO 
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of the spacer moiety. The reverse electron transfer shows no preferred pathway and may 

involve through-space electron transfer." 

Two of these bis-porphyrins phenanthroline units coordinate to a single copper(I) 

cation through the 1,10-phenanthroline spacer groups to form a robust tetrameric 

porphyrin ensemble.^ In the tetra gold(III) porphyrin ensemble, triplet excition 

annihilation is accomplished with electron transfer from the copper(I) complex to a gold 

porphyrin triplet. A mixed multicomponent array, comprised of gold(III) and zinc (II) 

bisporphyrins covalently-linked to a copper(I) bis( 1,10-phenanthroline) complex, 

undergoes a variety of electron-transfer reactions depending on which porphyrin absorbs 

the photon energy. The copper® complex participates in these electron-transfer 

processes via both direct (redox) and indirect (superexchange) mechanisms. The 

complexes and the results of photophysical studies are shown in Figures 5 and 6. 

Ml = M2 = Au: n = 5 
Ml = Au: M2 = Zn: n = 3 

Figure 5. Cu-porphyrin tetramer (adapted from Tetrahedron Lett. 1991, 197). 
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Figure 6. a) Cu-tetra gold porphyrin; b) Cu-gold porphyrin-zinc porphyrin 
(adapted from J. Am. Chem. Soc. 1992,114, 4632). 

In these multicomponent systems, the central copper(I) complex plays an active 

role in; 1) assembling the tetrameric porphyrin ensemble, 2) catalyzing the forward 

electron transfer steps, and 3) functioning as an electron donor. 

The bis-porphyrin 1,10-phenanthroline ligand has been used to synthesize 

rotaxanes built around copper(I) or zinc(n) cations or widi no metal template as shown in 

Figure 1?^ The photoinduced electron transfer between porphyrinic subunits in these 

rotaxanes has been studied.^ Upon selective excitation of either porphyrin, rapid 
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electron transfer occurs from the zincQI) porphyrin to the appended gold(I]I) porphyrin, 

generates zinc porphyrin 7t-radical cation and gold porphyrin neutral radical. In the 

copper(I) rotaxane, the copper(l) complex donates an electron to the resultant zinc 

porphyrin Jt-radical cation. The ground-state system is restored by relatively slow 

electron transfer from the gold porphyrin neutral radical to the copper(n) complex. The 

copper(I) complex mediates photoinduced electron transfer between the terminal 

porphyrinic subunits but not the reverse reaction. The coordinating cation modifies the 

energy of the orbitals on the spacer and affects the rate of electron transfer. The central 

Cu ion may be involved as a real intermediate in the electron-transfer pathway. 

Compared to the corresponding bis-porphyrin, rates of electron transfer and the 

magnitude of electronic coupUng between the porphyrins are significantly lower in the 

rotaxanes. 

Figure 7. Structures of the rotaxane (reprinted with permission fi-om J. Am. 
Chem. Soc. 1993,115,7419. Copyright © 1993 ACS) 
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Sauvage et al. have also prepared 5-(terpyridine)-10,15,20-triarylporphyrin and 

5,15-bis(terpyridine)porphyrin. By using the coordinating properties of the terpy group 

towards transition metal like Rh and Ru, multicomponent systems with geometrically 

controlled linear arrays could be formed.^^ The photophysical properties of these 

systems have been studied.^^ 

One of the linear arrays is a triad in which a central ruthenium(II) bis(terpy) 

complex is used as spacer for a zinc(II)-gold(in) bisporphyrin (Figure 8).^°® In this 

complex, the center-to-center distance of the two porphyrin subunits is about 30 A. 

Selective excitation of the zinc porphyrin subunit results in rapid electron transfer, first to 

the adjacent ruthenium(II) bisterpy complex and subsequently to the distant gold(in) 

porphyrin. The ruthenium(II) bisterpy complex is a real intermediate in the electron-

transfer pathway. The ultimate charge-separated state, which is formed with a quantum 

yield of 0.6, retains approximately 1.2 eV of the photonic energy input of 2.1 eV. The 

system exhibits a relatively small reorganization energy (0.45 eV). Electron transfer 

occurs at relatively low thermodynamic driving force and favors rapid forward but slow 

reverse electron-transfer steps. The central ruthenium(n) bisterpy complex does not 

appear to enhance the rate of charge recombination between the final redox pairs, hence 

helping to ensure a long-lived charge-separated state. 

The above examples show that assembling porphyrin subunits around a central 

metal ions is an attractive method for designing photosynthetic reaction center model 

systems. This method merits further exploration. 
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K A >—N N=^ 

Figure 8. Zinc(n) porphyrin-Ru(]I)-gold(III) porphyrin triad (reprinted with 
permission from J. Am. Chem. Soc. 1994,116, 5481. Copyright © 
1994 ACS). 

The following chapter presents our research involving the synthesis, 

characterization, and molecular structure of Pd(II)- and Pt(n)-linked multi-porphyrin 

assemblies. 
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CHAPTER 5: SYNTHESIS AND CHARACTERIZATION OF MONO-PYRIDYL 

TRIARYLPORPHYRIN Pd(n) AND Pt(n) COMPLEXES. MOLECULAR 

STRUCTURE OF A Pd-LINKED BISPORPHYRIN ASSEMBLY^ 

A paper to be submitted to J. Am. Chem. Soc. 

Hongping Yuan, Leonard Thomas and L. Keith Woo^ 

Abstract 

A series of mono-, bis- and tetra-porphyrin assemblies was synthesized from 5-

pyridyl-10,15,20-triphenylporphyrin (HjpyPP), 5-pyTidyl-10,15,20-tri(p-tolyl)porphyrin 

(HjpyTP), Zn(pyPP), Zn(pyTP) and Pt(n) and Pd(II) complexes. Porphyrin subunits 

assemble around the central metal ions through the pyridyl group. Treating trans-

Pd(DMSO)2Cl2 with two equivalents of the pyridyl porphyrins, results in the trans-

bisporphyrin assemblies Pd(H2pyPP)2Cl2, Pd(H2pyTP)2Cl2, Pd[Zn(pyPP)]2 and 

Pd[Zn(pyTP)]2. Treating cw-Pt(DMSO)2Cl2 with one equivalent of each pyridyl 

porphyrin produced the cfs-monoporphyrin complexes Pt(DMSO)(H2pyPP)Cl2, 

Pt(DMSO)(H2pyTP)Cl2, Pt(DMS0)[Zn(pyPP)]Cl2 and Pt(DMS0)[Zn(pyTP)]Cl2. The 

treatment of Pt(DMS0)(pyP0R)Cl2 with one more equivalent of pyridyl porphyrin, 

results in the formation of cw-bisporphyrin assemblies, Pt(H2pyPP)2Cl2, Pt(H2pyTP)2Cl2, 

Pt[Zn(pyPP)]2Cl2 and Pt[Zn(pyTP)]2Cl2. Also, the reaction of Pt(DMS0)(pyP0R)Cl2 and 
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4-pyridyl-4'-methyl pyridinium iodide (MQ) afforded czs-porphyrin-Pt-MQ assemblies. 

Treatment of M(DPPP)(0Tf)2 (M = Pt, Pd; DPPP = l,3-bis(diphenylphosphino)propane; 

OTf = triflate anion) with two equivalents of pyridyl porphyrin, results in cis-

bisporphyrin assemblies M(DPPP)(H2pyPOR)2(OTf)2 and M(DPPP)[Zn(pyPOR)]2(OTf)2. 

Synthesis of tetraporphyrin assembles M(H2pyTP)4X2 (M = Pt, Pd; X = BF4, OTf), was 

accomplished by the reaction of M(CH3CN)4X2 with H2pyTP. Solution NMR studies 

show that the four porphyrins are equivalent and the central metals have square planar 

geometry. The crystal structure of Pd(DPPP)(H2pyTP)2(OTf)2 was determined by single-

crystal X-ray diffraction analysis (monoclinic, P2i/n, a = 13.211(5) k, b = 36.741(19) A, 

c = 22.971(10) A, a = 90°, P = 91.54(3)°, y = 90°, V = 11145.8(86) A\ Z = 4, R = 

8.25%, Rw = 18.44%). 

Introduction 

Photosynthesis is a key process in biological energy transduction that converts 

sunlight into stored chemical energy. Interest in photosynthesis remains at an extremely 

high level as exemplified by several recent reviews.^ Understanding photoinduced 

electron transfer is a major objective of photosynthesis research and is of technological 

importance for the design of synthetic molecular devices.'* It is clear that the ability to 

mimic this natural process in the laboratory would have great technological significance 

in terms of solar energy conversion and storage. Synthetic porphyrin-based assemblies 
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have been extensively used as models for molecular organization and energy/electron 

transfer processes/'®*'"®'® 

Although many clever and ingenious models have been prepared, the maximum 

efficiencies for charge separation and the lifetimes of the charged-separated states 

obtained to date are still well below those achieved by green plants and photosynthetic 

bacteria. It is clear that the sophistication of synthetic multi-component species that 

mimic primary events of natural photosynthesis has increased tremendously. However, as 

the types and numbers of components are increased, the level of complexity also expands 

and model systems become more difficult to prepare. To a large extent, progress in this 

area is stUl significantly synthesis limited. Most of the existing model systems are 

linked through organic spacers.^' The synthetic methods for these systems typically are 

multistep processes and yields are often extremely low. Recently some attempts have 

turned to developing new strategies for designing assemblies that can achieve sequential 

multi-step electron transfer processes. Sessler et al. have prepared model systems that 

linked donors and acceptors through hydrogen-bonds."' Sauvage et al. have designed 

bis(terpyridyl)porphyrins, and utilized the terpyridyl group to build donor-acceptor 

arrays." 

We have developed new methods for utUizing transition metal coordination 

properties to place subunits at designated positions and at fixed distances. We report 

herein the synthesis of porphyrin and porphyrin-viologen assemblies linked by Pd(II) or 

Pt(II) ions. The porphyrins used here are monopyridyltriarylporphyrins and the 
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corresponding Zn complexes. Starting with Pd(n) and Pt(n) complexes, a series of bis-

porphyrin and tetra-porphyrin assemblies has been synthesized. With Pt(II), it is possible 

to replace labile ligands in a stepwise manner to form porphyrin-metal-viologen 

complexes. When l,3-bis(diphenylphosphino)propane (DPPP) was employed as an 

ancillary ligand around Pd(n) and Pt(II), bisporphyrin assemblies with the composition 

M(DPPP)(POR)2(OTf)2 (M= Pt, Pd; POR = HjpyTP, ZnpyTP), were synthesized. The 

molecular structure of Pd(DPPP)(H2pyTP)2(OTf)2 has been determined. This is the first 

example of a porphyrin assembly linked by a metal ion which has been characterized 

structurally by single-crystal X-ray diffraction. However, a related series of compounds 

recently appeared.^^ In particular, the assemblies, M(H2pyPP)2Cl2 and M[Zn(PyPP)]2Cl2 

(M = Pd, Pt), prepared by Drain and Lehn were also reported by us.' 

Experimental 

General. All reagents were analytical grade. THF and toluene were freshly 

distilled from purple solutions containing sodium and benzophenone. CH3CN, CHjClj 

and CHCI3 were distilled from CaHj. 5-Pyridyl-10,15,20-triphenylporphyrin (H2pyPP) 

and 5-pyridyl-10,15,20-tritolylporphyTin (HjpyTP) were synthesized according to a 

method reported elsewhere." The corresponding Zn metalloporphyrins were prepared 

by standard methods.^'* Ci5-Pt(DMSO)2Cl2'^, /ra«5-Pd(DMSO)2Cl2,'^ Pt(DPPP)Cl2,'® 

Pd(DPPP)Cl2,'® Pt(DPPP)(0Tf)2'® and Pd(DPPP)(OTf),'®, Pt(CH3CN)4(OTf)2 and 

Pd(CH3CN)4(OTf)2" were prepared according to literature procedures. 
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UV-visble data were obtained using a Hewlett-Packard HP 8452A diode-array 

spectrophotometer. 'H NMR spectra were recorded on a Nicolet NT300 spectrometer, on 

a Varian VXR 300-MHz spectrometer or on a Bruker DRX 400-MHz spectrometer. 

Proton peak positions are referenced to TMS and assignments were made with the aid of 

2D-C0SY experiments. ^'P NMR spectra were recorded on a Bruker AC 200-MHz 

spectrometer and aU phosphorus chemical shifts are reported in ppm relative to the 

external 85% H3PO4. IR spectra were recorded from KBR pellets on a IBM/Bruker IR-

98 or on a BIO-RAD Digilab FTS-7 spectrometer. Elemental analyses were performed 

by Atlantic Microlabs, Norcross, Georgia. 

Preparations 

5-Pyridyl-10,15,20-tritolylporphyrin (HjpyTP). H2pyTP was prepared according 

to a modified literature method" using p-tolualdehyde in place of benzaldehyde. Pyrrole 

(20.8 mL, 0.300 mol), p-tolualdehyde (23.6 mL, 0.200 mol), 4-pyridinecarboxaldehyde 

(6.6 mL, 0.080 mol) and 700 mL propionic acid were added to a two-liter 3-necked 

round bottom flask. The mixture was refluxed for 3 hours, cooled to ambient 

temperature, and allowed to sit over-night. Purple crystals (7.0 g) were filtered and 

washed with cold methanol. Two-gram batches of this mixture were loaded on a flash 

chromatography column packed with silica gel (30 x 5 cm). CH2CI2 was used to remove 

HjTTP. Chloroform was used next to wash HjpyTP off the column. The combined yield 

of HjpyTP was 1.26 g (2.4%). 'H NMR (CDCI3, 300 MHz, ppm): 9.00 (d, 2H, J = 5.7 
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Hz, py-HJ, 8.89 (d, 2H, J= 4.8 Hz, p-H), 8.85 (s, 4H, p-H), 8.75 (d, 2H, J = 4.8 Hz, p-

H), 8.14 (d, 2H, J = 5.7 Hz, py-HJ, 8.07 (d, 6H, J = 7.5 Hz, phenyl-H„), 7.54 (d, 6H, J = 

7.5 Hz, phenyl-HJ, 2.69 (s, 9H, Me), -2.82 (s, 2H, internal NH). UV-vis (CH2CI2, nm): 

418 (Soret), 482(s), 514, 548, 588, 646. 

5-Pyridyl-10,15,20-triphenyIporphyrinato zinc(II), Zn(pyPP). To a solution of 

HzpyPP (250 mg, 0.400 mmol) in chloroform (100 mL) was added a saturated solution of 

zinc acetate (175 mg, 0.800 mmol) in methanol (5.0 mL). After 30 min of heating at 

reflux, the mixture was concentrated to about 3 mL, diluted with 10 mL methanol, and 

cooled to -20 °C for 8 hours. Purple crystals were filtered and washed with cold 

methanol to afford 265 mg of product (yield = 96%). 'H NMR (CDCI3, 300 MHz, ppm): 

8.93 (s, 2H, p-H), 8.85 (m, 4H, p-H), 8.52 (d, 2H, J = 4.5 Hz, p-H), 8.20 (m, 2H, py-

HJ, 8.08 (d, 6H, J = 6.6 Hz, phenyl-H„), 7.77-7.62 (m, IIH, py-H„, phenyl-H„p, 7.42 

(bs, py-Ho from coordination oligomers), 6.24 (bs, py-H„ from coordination oligomers). 

(C5D5N, 300 MHz, ppm): 9.13 (d, 2H, J = 4.8 Hz, P-H), 9.10 (s, 6H, p-H, py-HJ, 9.03 

(d, 2H, J = 4.8 Hz, p-H), 8.34 (m, 6H, phenyl-H,), 8.24 (d, 2H, J = 5.7 Hz, py-H„), 7.74 

(m, 9H, phenyl-HJ. UV-vis (CH2CI2, nm): 418 (Soret), 560, 604. 

5-Pyridyl-10,15,20-tritolylporphyrinato zinc(II), Zn(pyTP). The same 

procedure for making Zn(pyPP) was employed using HjpyTP (265 mg, 0.400 mmol) in 

place of HipyPP. Yield: 275 mg (95%). 'H NMR (CDCI3, 400 MHz, ppm): 8.86 (m, 

6H, p-H), 8.55 (d, 2H, J = 4.4 Hz, P-H), 8.06 (d, 2H, J = 8.4 Hz, py-HJ, 7.97 (d, 6H, J 

= 7.2 Hz, phenyl-H„), 7.50 (d, 6H, J = 7.2 Hz, phenyl-HJ, 7.45 (d, 2H, J = 8.4 Hz, py-
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HJ, 2.71 (s, 6H, 10,20-phenyl-Me), 2.63 (s, 3H, 15-phenyl-Me). (C5D5N, 400 MHz, 

ppm): 9.21 (s, 2H, p-H), 9.19 (s, 6H, p-H). 9.10 (d, 2H, J = 5.3 Hz, py-H„), 9.04 (d, 2H, 

J = 5.3 Hz, py-HJ, 8.24 (d, 12 H, J = 6.9 Hz, phenyl-H„J, 2.54 (s, 9H, Me). UV-vis 

(CH2CI2, nm): 422 (Soret), 562, 610. 

Tra/is-Pd(H2pyPP)2Cl2. rra/w-Pd(DMSO)2Cl2 (17 mg, 0.050 mmol) and HjpyPP 

(62 mg, 0.10 mmol) were dissolved in 20 mL of CHCI3 in a 50-mL round-bottom flask 

and heated at reflux for 4 hours. The mixture was cooled to ambient temperature and 

solvent was removed under reduced pressure. The residue was loaded on a silica column 

(25 X 2.5 cm), and eluted with CHCI3. The first band was collected and solvent was 

removed under reduced pressure. The product was recrystallized from CHjCyhexane, 

filtered, washed with hexane and air dried to give 70 mg (95% yield) of purple solid. 

Rf = 0.80 (on silica gel TLC, in CHCI3). 'H NMR (CDCI3, 300 MHz, ppm): 9.39 (d, 

4H, J = 6.3 Hz, py-H,,), 8.94 (d, 4H, J = 4.8 Hz, P-H), 8.86(s, 8H, P-H), 8.83 (d, 4H, J = 

4.8 Hz, P-H), 8.29 (d, 4H, J = 6.3 Hz, py-HJ, 8.21 (d, 12H, J = 7.2 Hz, phenyl-HJ, 7.78 

(m, 18H, phenyl-H„^), 1.51 (s, 2H, Hfi), -2.81 (s, 4H, internal NH)- UV-vis (CH2CI2, 

nm): 420 (Soret), 484(s), 516, 552, 592, 646. IR (KBr): Vpd.c, = 367 cm'^ Anal. Calcd. 

(found) for QeCliHssNioPd-HjO; C, 72.40 (72.36), H, 4.24 (4.22), N, 9.82 (9.90). 

rra/is-Pd[Zn(pyPP)]2Cl2. rraAW-Pd(DMSO)2Cl2 (17 mg, 0.050 mmol) and 

Zn(pyPP) (68 mg, 0.10 mmol) were dissolved in 20 mL CHCI3 in a 50-mL round-bottom 

flask and heated at reflux for 2 hours. The mixture was cooled to ambient temperature 

and solvent was removed under reduced pressure. The residue is not soluble in most 
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organic solvents except pyridine. The product was air dried to give 70 mg (91% yield) 

of purple soUd. NMR (C5D5N, 300 MHz, ppm); 9.20-9.13 (m, 16H, P-H), 9.05 (d, 

4H, J = 6.0 Hz, py-HJ, 8.37 (br, 12H, phenyl-HJ, 8.27 (d, 4H, J = 6.0 Hz, py-HJ, 7.76 

(m, 18H, phenyl-H„p). UV-vis (pyridine, run): 428 (Soret), 562, 602. MS {ESI} Calcd. 

(found) m/e: 1619.7 (1620.6) [MH]\ 

rrans-Pd(H2pyTP)2Cl2. A similar method for preparation of Pd(H2pyPP)2Cl2 was 

used, replacing H2pyPP with HjpyTP (66 mg, 0.10 mmol). The product was isolated as a 

purple power (69 mg, 92%). 'E NMR (CDCI3, 300 MHz, ppm): 9.38 (d, 4H, J = 6.3 

Hz, py-HJ, 8.96 (d, 4H, J = 5.0 Hz, p-H), 8.88 (s, 8H, p-H), 8.81 (d, 4H, J = 5.0 Hz, p-

H), 8.28 (d, 4H, J = 6.4 Hz, py-HJ, 8.10 (d, 8H, J = 7.8 Hz, 10,20-phenyl-H„), 8.08 (d, 

4H, J = 7.8 Hz phenyl-HJ, 7.58 (d, 8H, J = 7.8 Hz, 10,20-phenyl-HJ, 7.55 (d, 4H, J = 

7.8H, 15-phenyl-HJ, 2.72 (s, 12H, 10,20-phenyl-Me) 2.70 (s, 6H, 15-phenyl-Me), -2.79 

(s, 4H, internal NH)- UV-vis (CH2CI2, nm): 422 (Soret), 484(s), 518, 554, 592, 648. 

MS {ESI} Calcd. (found) m/e: 1490.4 (1491.0) [MH]+. 

Cis-Pt(DMSO)(H2pyPP)Cl2. Cw-Pt(DMSO)2Cl2 (42 mg, 0.10 mmol) and H2pyPP 

(62 mg, 0.10 mmol) were dissolved in 20 mL CH2CI2 in a 50-mL round-bottom flask and 

stirred for 4 hours at ambient temperature. The solvent was removed under reduced 

pressure and the solid residue was loaded on a silica column (25 x 2.5 cm) and eluted 

with CHClj/ethyl acetate (5:1). The second band was collected and taken to dryness 

under reduced pressure. The product was recrystaUized from CHjClj/hexane to afford 92 

mg (95% yield) of pur^ le solid. Rf = 0.35 (silica gel TLC, in CHCI3). 'H NMR (CDCI3, 
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300 MHz, ppm): 9.17 (d, 2H, J = 6.5 Hz, py-HJ, 8.91 (d, 2H, J = 4.8 Hz, P-H), 8.84 (s, 

4H, p-H), 8.74 (d, 2H, J = 4.8 Hz, p-H), 8.28 (d, 2H, J = 6.5 Hz, py-HJ, 8.19 (d, 6H, J 

= 7.2 Hz, phenyl-Ho), 7.77 (m, 9H, phenyl-H^^), 3.60 (s, 6H, Me on DMSO), -2.83 (s, 

2H, internal NH). UV-vis (CHjClz, nm): 420 (Soret), 484(s), 516, 552, 590, 646. 

Cis-Pt(DMSO)(H2pyTP)Cl2. HjpyTP (66 mg, 0.10 mmol) was used in place of 

H^pyPP, in a similar method for the preparation of ds-Pt(DMSO)(H2pyPP)Cl2. Yield: 90 

mg (90%). 'H NMR (CDCI3, 300 MHz, ppm): 9.15 (d, 2H, J = 5.9 Hz, py-HJ, 8.92 (d, 

2H, J = 4.5 Hz, p-H), 8.86 (s, 4H, p-H), 8.72 (d, 2H, J = 4.5 Hz, p-H), 8.26 (d, 2H, J = 

5.9 Hz, py-HJ, 8.06 (d, 6H, J = 7 5 Hz, phenyl-HJ, 7.55 (d, 6H, J = 7.5 Hz, phenyl-HJ, 

3.60 (s, 6H. DMSO), 2.69 (s, 9H, Me), 1.50 (s, 2H, //2O), -2.82 (s, 2H, internal N//). 

UV-vis (CH2CI2, nm): 422 (Soret), 484(s), 518, 554, 592, 648. Anal. Calcd. (found) for 

C4«Cl2H4,N50SPt-H20: C, 56.53 (56.25), H, 4.25 (4.20), N, 6.87 (6.86). MS {ESI} 

Calcd. (found) m/e: 1000.9 (1001.9) [MH]^ 

Cis-Pt(DMS0)[Zn(pyPP)]Ci2. A similar procedure for the preparation of 

Pt(DMSO)(H2pyPP)Cl2 was employed, using Zn(pyPP) (68 mg, 0.10 mmol) in place of 

HipyPP. Yield: 96 mg (93%). 'H NMR (CDCI3, 300 MHz, ppm): 9.14 (d, 2H, J = 6.8 

Hz, py-H„), 9.01 (d, 2H, J = 4.8 Hz, p-H), 8.94 (m, 4H, p-H), 8.84 (d, 2H, J = 4.8 Hz, 

p-H), 8.28 (d, 2H, J = 6.8 Hz, py-HJ, 8.19 (m, 6H, phenyl-HJ, 7.75 (m, 9H, phenyl-

H„^), 3.56 (s, 6H, DMSO). UV-vis (CH2CI2, nm): 420 (Soret), 548, 588. 

Cis-Pt(DMS0)[Zn(pyTP)]Cl2. A similar procedure for the preparation of 

Pt(DMSO)(H2pyPP)Cl2 was employed, using Zn(pyTP) (72 mg, 0.10 mmol) in place of 
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HjpyPP. Yield; 98 mg (92%). 'H NMR (CDCI3, 400 MHz, ppm): 9.14 (d, 2H, J = 5.8 

Hz, py-HJ, 9.02 (d, 2H, J = 4.4, p-H), 8.96 (s, 4H, p-H), 8.82 (d, 2H, J = 4.4 Hz, p-H), 

8.27 (d, 2H, J = 5.8 Hz, py-HJ, 8.07 (d, 6H, J = 7.4 Hz, phenyl-H„), 7.55 (d, 6H, J = 7.4 

Hz, phenyl-HJ, 3.58 (s, 6H, DMSO), 2.70 (s, 9H, Me), 1.50 (s, 2H, Hfi). UV-vis 

(CH2CI2, nm); 420 (Soret), 548, 588. Anal. Calcd. (found) for C48Cl2H39N50SPtZn-H20: 

C, 53.22 (52.98), H, 3.81 (3.77), N, 6.40 (6.47). MS {ESI} Calcd. (found) nVe: 1065.3 

(1066) [MH]^ 

Cis-Pt(H2pyPP)2Cl2. Method A. Cw-Pt(DMSO)2Cl2 (21 mg, 0.050 mmol) and 

H2pyPP (62 mg, 0.10 mmol) were dissolved in 20 mL toluene in a 50-mL round-bottom 

flask and heated at reflux for 36 hours. The mixture was cooled to ambient temperature 

and solvent was removed under reduced pressure. The residue was loaded on a silica 

column (25 x 2.5 cm) and eluted with CHCI3. The &st band was collected and taken to 

dryness under reduced pressure. The product was recrystallized from CH2Cl2/hexane to 

afford 72 mg (96% yield) of purple solid. Method B. Pt(DMSO)(H2pyPP)Cl2 (50 mg, 

0.050 mmol) was added to the solution of HjpyPP (32 mg, 0.050 mmol) in toluene (20 

mL) and heated at reflux for 36 hours. The product was isolated as described in mediod 

A to afford 65 mg (87% yield) of purple solid. = 0.84 (silica gel TLC, in CHCI3). 

'H NMR (CDCI3, 300 MHz, ppm): 9.47 (d, 4H, J = 6.2 Hz, py-HJ, 8.96 (d, 4H, J = 4.8 

Hz, p-H), 8.86 (m, 12H, p-H), 8.26 (d, 4H, J = 6.2 Hz, py-HJ, 8.22 (m, 12H, phenyl-

HJ, 7.78 (m, 18H, phenyl-H„p, -2.80 (s, 4H, internal N//). UV-vis (CHjCU, nm): 420 
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(Soret), 484(s), 516, 552, 590, 646. IR (KBr): Vp,.c, = 354, 324 cm"'. MS {ESI} Calcd. 

(found) m/e: 1495.4 (1496) [MH]\ 

Cis-Pt(H2pyTP)2Cl2. Method A for the preparation of Cw-Pt(H2pyPP)2Cl2 was 

used, except HjpyTP (66 mg, 0.10 mmol) was substituted for HjpyPP. Yield; 74 mg of 

purple product (93%). 'H NMR (CDCI3, 300 MHz, ppm): 9.46 (d, 4H, J = 6.3 Hz, py-

HJ, 8.96 (d, 4H, J = 4.8 Hz, p-H), 8.87 (s, 8H, p-H), 8.83 (d, 4H, J = 4.8 Hz, i3-H), 8.25 

(d, 4H. J = 6.3 Hz, py-HJ, 8.08 (d, 12H, J = 7.8 Hz, phenyl-HJ, 7.57 (m, 12H, phenyl-

HJ, 2.72 (s, 12H, 10,20-phenyl-Me), 2.70 (s, 6H, 15-phenyl-Me), -2.79 (s, 4H, internal 

N//). UV-vis (CH2CI2, nm); 422 (Soret), 484(s), 518, 554, 592, 649. Anal. Calcd. 

(found) for C^ClzHyoNioPt: C, 69.87 (69.38), H, 4.48 (4.38), N, 8.86 (8.58). MS {ESI} 

Calcd.(found) m/e: 1579 (1579) [M\\ 

Cis-Pt(H2pyPP)(MQ)Cl2. Cw-Pt(DMSO)(H2pyPP)Cl2 (37 mg, 0.037 mmol) was 

added to a boiling solution of 4-pyridyl-4'-methyl pyridinium iodide (MQ) (45 mg, 0.15 

mmol) in 25 mL of THF/EtOH (1:1 v/v). The mixture was heated at reflux under Nj for 

12 hours. After removing the solvent under reduced pressure, the residue was dissolved 

in CH2CI2 and filtered to remove excess 4-pyridyl-4'-methyl pyridinium iodide. This 

process was repeated twice to produce a purple solid (30 mg, 70%). 'H NMR (CDCI3, 

300 MHz, ppm): 9.51 (d, 2H, J = 5.4 Hz, py-H„), 8.97 (d, 2H, J = 5.6 Hz, MQ-HJ, 8.86 

(m, 2H, MQ-H„.), 8.84 (m, 6H, P-H), 8.77 (d, 2H, J = 5.1 Hz, p-H), 8.19 (m, 8H, py-H„, 

phenyl-H„), 8.14 (d, 2H, J = 5.6 Hz, MQ-HJ, 7.76 (m, 9H, phenyl-H„^), 7.61 (d, 2H, J = 
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6.0 Hz, MQ-H„.), 4.78 (s, 3H, MQ-Me), -2.84 (s, 2H, internal N//). UV-vis (CH^Clj, 

nm): 418 (Soret), 514, 548, 588, 644. 

Cis-Pt(HjpyTP)(MQ)Cl2. A similar method for the preparation of 

Pt(H2pyPP)(MQ)Cl2 was employed, using Pt(DMSO)(H2pyTP)Cl2 (37 mg, 0.037 mmol) in 

place of Pt(DMSO)(H2pyPP)Cl2. Yield: 23 mg (51%). 'H NMR (CDClj, 300 MHz, 

ppm): 9.42 (d, 2H, J = 6.3, py-H„), 8.97 (d, 2H, J = 5.4 Hz, MQ-HJ, 8.89 (d, 2H, J = 

5.6 Hz, MQ-HoO, 8.85 (m, 6H, p-H), 8.75 (d, 2H, J = 4.5 Hz, p-H), 8.19 (d, 2H, J = 5.4 

Hz, MQ-H„), 8.14 (d, 2H, J = 6.3 Hz, py-HJ, 8.07 (d, 6H, J = 7.8 Hz, phenyl-H„), 7.59 

(d, 2H, J = 5.6 Hz, MQ-H„.), 7.53 (d, 6H, J = 7.8 Hz, phenyl-HJ, 4.73 (s, 3H, MQ-Me), 

2.69 (s, 9H, Me), -2.83 (s, 2H, internal N//). UV-vis (CH2CI2, nm): 418 (Soret), 514, 

548, 588, 644. 

Cis-Pt[Zn(pyPP)](MQ)Cl2. This complex was prepared from 

Pt(DMS0)[Zn(pyPP)]Cl2 (29 mg, 0.028 mmol) and 4-pyridyl-4'-methyl pyridinium iodide 

(34 mg, 0.12 mmol) by the same method used for the preparation of Pt(H2pyPP)(MQ)Cl2. 

Yield: 25 mg (72%). ^H NMR (CDCI3, 400 MHz, ppm): 9.37 (br, 2H, py-HJ, 8.85 (m, 

6H, p-H), 8.54 (br, 2H, p-H), 8.37 (br, 2H, MQ-H,), 8.18 (d, 2H, J = 6.8 Hz, MQ-H„.), 

8.09 (d, 8H, J = 6.4 Hz, py-H„, phenyl-H„), 7.74-7.65 (m, IIH, MQ-H„., phenyl-H„^), 

7.43 (d, 2H, J = 4.8 Hz, MQ-HJ, 4.67 (s, 3H, MQ-Me). Peak assignments for MQ-H^ 

and MQ-H„ are less certain because cross peaks were too weak to be observed in the 2D-

COSY experiment. UV-vis (CHjCl,, nm): 418 (Soret), 550, 606. 



www.manaraa.com

109 

Cis-Pt[Zn(pyTP)](MQ)Cl2. A similar method for the preparation of 

Pt[Zn(pyPP)](MQ)Cl2 was employed, using Pt(DMS0)[Zn(pyTP)]Cl2 (30 mg, 0.028 

mmol) in place of Pt(DMS0)[Zn(pyPP)]Cl2. Yield: 22 mg (60%). NMR (CDCI3, 

400 MHz, ppm): 9.10 (d, 2H, J = 6.2 Hz, py-HJ, 8.88 (m, 8H, MQ-H„, p-H), 8.67 (d, 

2H, J = 4.8 Hz, p-H), 8.60 (br, 2H, MQ-H„.), 8.07 (d, 2H, J = 6.2 Hz, py-H J, 8.04 (d, 

6H, J = 7.6 Hz, phenyl-HJ, 7.98 (m, 2H, MQ-H„), 7.50 (m, 8H, phenyl-H„, MQ-H„.), 

4.55 (s, 3H, MQ-Me), 2.68 (s, 9H, phenyl-Me). Assignments for MQ-H,,. and MQ-H„. 

are less certain because cross peaks in the 2D-COSY spectrum were too weak to be 

observed. UV-vis (CHjClj, nm); 418 (Soret), 552, 606. Anal. Calcd. (found) for 

C57Cl2H44lN,PtZn: C, 53.47 (53.92); H, 3.65 (3.99); N, 7.98 (8.44). 

Ci;s-Pd(DPPP)(H2pyTP)2(OTf)2 PdpPPP)Cl2 (60 mg, 0.10 mmol) and 

Ag(0S02CF3) (53 mg, 0.21 mmol) were dissolved in 50 mL CH2CI2 and the mixture was 

stirred under argon in the dark for 3 hours. AgCl was removed by filtration and the 

filtrate was concentrated to 5 mL. H2pyTP (135 mg, 0.210 mmol) and 50 mL acetone 

were added to the filtrate and the mixture was stirred at room temperature for 5 hours. 

Solvent was removed under reduced pressure and the residue was recrystallized from 

CHjCyhexane. The production was a purple solid (196 mg, 92%). 'H NMR (CDCI3, 

300 MHz, ppm): 9.61 (d, 4H, J = 6.6 Hz, py-HJ, 8.83 (d, 8H, J = 4.8 Hz, p-H), 8.75 

(br, 4H, p-H), 8.22 (br, 4H, p-H), 8.08 (m, 24H, py-H„, porphyrin phenyl-H^, DPPP-

phenyl-HJ, 7.63 (t, 12H, J = 7.4 Hz, DPPP-phenyl-H„p, 7.55 (d, 12H, J = 7.8 Hz, 

porphyrin phenyl-H„), 3.47 (m, 4H, -C//2-P), 2.70 (s, 18H, Me), 2.49 (m, 2H, -
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2.88 (s, 4H, internal N//). NMR (acetone-dg, ppm): 6.91. UV-vis (CHjClj, nm): 

420 (Soret), 518, 554, 592, 648. 

Cis-Pd(DPPP)[Zn(pyTP)]2(OTf)2. Cw-Pd(DPPP)[Zn(pyTP)]2(OTf)2 was prepared 

analogously to Pd(DPPP)(H2pyTP)2(OTf)2, except that Zn(pyTP) (150 mg, 0.210 mmol) 

was added to the Pd(DPPP)(0Tf)2 solution. Yield: 203 mg of purple power (90%). 

NMR (CDClj, 400 MHz, ppm): 9.57 (d, 4H, J = 6.0 Hz, py-H„), 8.96 (s, 8H, p-H), 8.84 

(m, 4H, p-H), 8.54 (br, 4H, P-H), 8.11-7.90 (m, 24H, porphyrin phenyl-H^, DPPP-

phenyl-Ho, py-HJ, 7.66-7.35 (m, 24H, porphyrin phenyl-H„, DPPP-phenyl-H„p), 3.45 (m, 

4H, -O/j-P), 2.70 (s, 12H, 10,20-phenyl-Me), 2.66 (br, 2H, -O/j-), 2.63 (s, 6H, 15-

phenyl-Me). ''P NMR (CDCI3, ppm): 5.28. UV-vis (CH^Clj, nm): 422 (Soret), 550, 

592. MS {ESI} Calcd. (found) m/e: 2261.1 (2262) [MHf. 

Cis-Pt(DPPP)(H2pyTP)2(OTf)2. Cw-Pt(DPPP)(H2pyTP)2(OTf)2 was prepared 

analogously to Pd(DPPP)(H2pyTP)2(OTf)2. However, Pt(DPPP)Cl2 (68 mg, 0.10 mmol) 

was used. Yield: 195 mg of purple powder (86%). 'H NMR (CDCI3, 400 MHz, ppm): 

9.68 (d, 4H, J = 4.6 Hz, py-HJ, 8.86 (m, 8H, p-H), 8.75 (br, 4H, p-H), 8.24 (br, 4H, p-

H), 8.15 (d, 4H, J = 4.6 Hz, py-HJ, 8.07 (d, 20H, PPh2-H„, porphyrin phenyl-H„), 7.64 

(t, 12H, J = 7.2 Hz, PPh2-H„^), 7.54 (m, 12 H, porphyrin-phenyl H„), 3.54 (m, 4H, -C//2-

P), 2.70 (s, 18H, Me), 2.47 (m, 2H, -2.87 (s, 4H, interal NH). "P NMR 

(acetone-dg, ppm): -15.00 (Jp,.p = 3235 Hz). UV-vis (CH2CI2, am): 420 (Soret), 448, 

518, 550, 592, 650. MS {ESI} Calcd. (found) m/e: 960.8 (961) [(M-20Tf)]^^ 
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Cis-Pt(DPPP)[Zn(pyTP)]2(OTf)2. C/5-Pt(DPPP)[Zn(pyTP)]2(OTf)2 was 

synthesized analogously to Pt(DPPP)(H2pyTP)2(OTf)2, except that Zn(pyTP) (150 mg, 

0.210 mmol) was added to die Pt(DPPP)(OTf)2 solution. Yield: 213 mg of purple 

powder (90%). 'H NMR (CDCI3, 400 MHz, ppm): 9.63 (d, 4H, J = 6.0 Hz, py-HJ, 8.94 

(br, 8H, P-H), 8.80 (m, 4H, p-H), 8.54 (m, 4H, p-H), 8.15 (d, 4H, J = 6.0 Hz, py-HJ, 

8.09 (d, 20H, J = 7.8 Hz, PPh^-H,,, porphyrin phenyl-H„), 7.66 (m, 12H, PPh2-H„p, 7.49 

(m, 12H, porphyrin HJ, 3.55 (m, 4H, -C//2-P), 2.70 (s, 18H, Me), 2.63 (m, 2H, -CH^-). 

^'P NMR (CDCI3, ppm): -16.47. UV-vis (CH2CI2, nm): 422 (Soret), 552, 594. 

Pd(H2pyTP)4(BF4)2. Pd(CH3CN)4(BF4)2 (20 mg, 0.045 mmol) and HjpyTP (120 

mg, 0.180 mmol) were refluxed in toluene for 2 days under Ar. Solvent was removed 

imder reduced pressure and the residue was dissolved in minimum amount of CgHg. 

Diethyl ether and hexane were added and the mixture was cooled to -20 °C for eight 

hours. Filtration and washing the solid with diethyl ether produced a purple powder (112 

mg, 85%). 'H NMR (CD2CI2, 400 MHz, ppm): 10.35 (d, 2H, J = 6.0 Hz, py-H„), 8.89 

(m, 6H, p-H), 8.81 (d, 2H, J = 6.0 Hz, py-H„), 8.75 (d, J = 4.4, p-H), 8.11 (m, 4H, 

10,20-phenyl-H„), 7.87 (d, 2H, J = 7.5 Hz, 15-phenyl-HJ, 7.61 (m, 4H, 10,20-phenyl-HJ, 

7.25 (d, 2H, J = 7.8 Hz, 15-phenyl-HJ, 2.71 (s, 6H, 10,20-phenyl-Me), 2.43 (s, 3H, 15-

phenyl-Me), -2.78 (s, 2H, internal N//). UV-vis (CHjClj, nm): 420 (Soret), 484 

(shoulder), 518, 556, 592, 650. 

Pt(HjpyTP)4(OTf)2 Pt(CH3CN)4(OTf)2 (20 mg, 0.030 mmol) and H2pyTP (82 

mg, 0.12 mmol) were refluxed in toluene/CHjClj (v/v: 1:1) for 12 hours under Ar. The 
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solvent was removed under reduced pressure and the residue was dissolved in minimum 

amount of CHjClj. Diethyl ether and hexane were added and the mixture was cooled to -

20 °C for eight hours. Filtration and washing the solid with diethyl ether produced a 

purple powder (75 mg, 80%). NMR (CD^Clz, 300 MHz, ppm): 10.52 (d, 2H, J = 6.0 

Hz, py-HJ, 8.91 (m, 4H, p-H), 8.84 (d, 2H, J = 4.8 Hz, p-H), 8.79 (d, 4H, J = 6.0 Hz, 

py-H„, p-H), 8.13 (d, 2H, J = 8.0 Hz, 15-phenyl-H„), 7.91 (d, 4H, J = 7.7 Hz, 10,20-

phenyl-HJ, 7.61 (d, 2H, J = 8.0 Hz, 15-phenyl-HJ, 7.28 (d, 4H, J = 7.7 Hz, 10,20-

phenyl-HJ, 2.72 (s, 3H, Me on 15-phenyl), 2.45 (s, 6H, Me on 10,20-phenyl), 1.52 (s, 

2H, HjO), -2.76 (s, 2H, intemal NH). UV-vis (CH^Clz, nm): 422 (Soret), 518, 556, 592, 

650. Anal. Calcd. (found) for CigeFeHi^oNaoOgSzPt-HjO: C, 71.09 (70.89); H, 4.55 (4.45); 

N, 8.91 (8.67). MS {ESI} Calcd. (found) m/e: 1413 (1413) [M-20Tf]^. 

Pt[Zn(pyPP)]4(OTf)2. Pt(CH3CN)4(OTf)2 (20 mg, 0.030 mmol) and Zn(pyPP) (85 

mg, 0.12 mmol) were refluxed in toluene for 2 days under argon. The solvent was 

removed under reduced pressure and the residue was dissolved in minimum amount of 

CgHfi. Diethyl ether and hexane were added and the mixture was cooled to -20 °C for 

eight hours. Filtration and washing the solid with diethyl ether produced a purple powder 

(85 mg, 88%). 'H NMR (CDjCl^, 300 MHz, ppm): 10.48 (d, 2H, J = 6.3 Hz, py-H„), 

9.05 (d, 2H, J = 4.5 Hz, p-H), 9.00 (d, 2H, J = 4.5 Hz, p-H), 8.95 (d, 2H, J = 6.6 Hz, p-

H), 8.93 (d, 2H, J = 6.6 Hz, p-H), 8.80 (d, 2H, J = 6.3 Hz, py-HJ, 8.26 (d, 2H, J = 6.3 

Hz, 15-phenyl-HJ, 8.10 (m, 4H, 10,20-phenyl-Ho), 7.80 (m, 3H, 15-phenyl-H„p), 7.56 

(m, 6H, 10,20-phenyl-H„p. UV-vis (CH2CI2, nm): 420 (Soret), 552, 600. 
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X-Ray Crystal Structure Determination of Pd(DPPP)(H2pyTP)2(OTf)2' 

Crystals of Pd(DPPP)(H2pyTP)2(OTf)2 suitable for single-crystal X-ray diffraction were 

grown by layering a CHCI3 solution of Pd(DPPP)(H2pyTP)2(OTf)2 with ethanol. A red-

maroon crystal (0.20 x 0.10 x 0.075 mm) was mounted on a glass fiber on a Siemen P4 

rotating anode diffractometer for data collection at 213 ± 2 K. The cell constants for the 

data collection were determined from reflections found from a 360° rotation photograph. 

Twenty-five reflections in the range of 20-25° 9 were used to determine precise cell 

constants. Lorentz and polarization corrections were applied. A nonlinear correction 

based on the decay in the standard reflections was also applied to the data. A series of 

azimuthal reflections was collected. A semi-empirical absorption correction based on psi-

scan data was applied to the data. 

The space group P2i/n was chosen based on systematic absences and intensity 

statistics. This assumption proved to be correct as determined by a successful direct-

methods solution'® and subsequent refinement AU non-hydrogen atoms associated with 

the porphyrin rings along with Pd and P were found from the initial E-map. AU 

subsequent non-hydrogen atoms were placed from successive difference fourier maps. 

AU non-hydrogen atoms of the major molecule were refined with anisotropic 

displacement parameters. The SO3 moiety of the triflate counter ions were refined 

anisotropicaUy while the CF3 moieties were refined isotropically. The C-F distances were 

also constrained. The ethanol and water solvate molecules were also refined 

isotropicaUy. This refinement scheme was used due to the large amount of thermal 
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motion that the counter ion and solvent molecules exhibited. All hydrogens were treated 

as riding atoms with individual isotropic displacement parameters. Final refinements 

were done with SHELXL-93.'''^ 

Data collection and structure solution were conducted at the Iowa State Molecular 

Structure Laboratory. Refinement calculations were performed on a Digital Equipment 

Micro VAX 3100 computer using the SHELXTL-PLUS'® and SHELXL-93'' programs. 

Results and Discussion 

The use of Pd(II) and Pt(II) as a template provides a convenient means of 

fabricating multi-component assemblies. For example, the treatment of trans-

Pd(DMSO)2Cl2 with two equivalent of 5-pyridyl-triphenylporphyrin (H2pyPP) results in 

the formation of the di-substituted complex ?rans-Pd(H2pyPP)2Cl2. If trans-

Pd(DMSO)2Cl2 was treated with one equivalent of HjpyPP, the di-substituted porphyrin-

Pd assembly was formed in a 1:1 ratio with starting material frflm'-Pd(DMSO)2Cl2. The 

labUe DMSO ligands can not be displaced in a stepwise manner in this Pd complex 

(Scheme I). The Zn porphyrin analog, Pd[Zn(pyPP)]2Cl2, has very low solubility in most 

organic solvents. However, it is soluble in the strongly coordinating solvent pyridine. 

In contrast vidth Pd(DMSO)2Cl2, cw-Pt(DMSO)2Cl2 undergoes reaction with 

H2pyPP in a 1:1 ratio at room temperature to produce the mono-substituted porphyrin-

platinum complex cw-Pt(DMSO)(H2pyPP)Cl2 as shown in Scheme U. The mono-

substituted porphyrin-Pt complexes were isolated in high yield (90-95%). Treatment of 
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cis-Pt(DMSO)2Cl2 with 2 equivalents of mono-pyridylporphyrin at higher temperatures 

and longer times (reflux in toluene for more than 48 hours), results the formation of cis-

bis-porphyrin-Pt assemblies. Alternatively, treatment of the mono-substituted complex 

with an additional equivalent of mono-pyridyl porphyrin at higher temperature and longer 

time (reflux in toluene for more than 48 hours) results in the displacement of the second 

DMSO ligand to form the bisporphyrin-Pt-porphyrin assembly (Scheme EI). 

The substitution properties of Pt(n) allow stepwise displacement of ligands. If the 

mono-porphyrin substituted Pt complex was treated with excess 4-pyridyl-4'-methyl 

pyridiniimi iodide (monoquat, MQ) in refluxing TEiF/EtOH solution, DMSO could be 

displaced by MQ to form porphyrin-Pt-MQ assemblies (Scheme IV). With this strategy, 

it is possible to build multi-porphyrin assemblies around a metal ion in a relatively 

simple way with high yields. However, preparation of mixed porphyrin assemblies is 

more difficult. For example, treatment of Pt(DMSO)(H2pyPP)Cl2 with one equivalent 

Zn(pyTP) produced the three bis porphyrin complexes Pt[Zn(pyTP)]2Cl2, 

Pt(H2pyPP)2Cl2and Pt[Zn(pyTP)](H2pyPP)Cl2. AH these species have very similar 

mobility on chromatography supports and we have not been able to separate these three 

compounds. Metallation of the coordinated porphyrin can also be achieved from the 

multi-component assembly. Thus, treatment of Pt(H2pyPP)2Cl2 with excess Zn(OAc)2 

produces Pt[Zn(pyPP)]2Cl2. When Pt(H2pyPP)2Cl2 was treated with one equivalent of 

Zn(OAc)2, amixture resulted which contained Pt[Zn(pyPP)]2Cl2, Pt(H2pyPP)2Cl2 and 

Pt[Zn(pyPP)](H2pyPP)Cl2, as observed by 'H NMR, 
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Scheme III. Pt-bls-porphyrin assemblies 
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Scheme IV. Pt-porphyrin-vlologen assemblies 

L= DMSO, CHQCN 
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The reaction of HzpyTP or H2pyPP with M(CH3CN)4]X2 (M = Pt, Pd; X = BF4, 

OTf) leads to the formation of a tetra substituted complex, MCH^pyPOR)/^ as shown in 

Scheme V. The NMR spectra of these complexes exhibit only one set of porphyrin 

resonances. This indicates that all four porphyrins around the metal ion are identical and 

that the Pt and Pd ions have square planar environments. The tetrapyridine Pd(n) analog, 

[Pd(py)J^ has a similar coordination geometry.^' If M(CH3CN)4]X2 (M=Pt, Pd; X=BF4, 

OTf) was treated with 2 equivalent HjpyTP or HjpyPP, the resulting products are a 

mixture of di-substituted and tetra-substituted complexes, in a ratio of 3 to 1, as 

determined by 'H NMR. 

Because the dichloro Pt- and Pd-porphyrin assemblies have relatively low 

solubility in organic solvents, growing X-ray quality single-crystals was difficult. In 

general, these complexes precipitate as powers or as microcrystals. For achieving higher 

solubility, platinum and palladium compounds containing the chelate ligand 1,3-

bis(diphenylphosphino)propane (DPPP), were employed as starting materials. Treating 

Pt(DPPP)Cl2 and Pd(DPPP)Cl2 with two equivalents of silver triflate generates 

M(DPPP)(OTf)2. Substitution of the triflate ligands with mono-pyridylporphyrins 

produced only bis-porphyrin complexes. Treatment of M(DPPP)(OTf)2 with one 

equivalent of mono-pyridyl porphyrin results in a mixture of bis-porphyrin complexes and 

unreacted starting material. Scheme VI illustrates the synthesis of DPPP bisporphyrin 

assemblies. The diphosphine complexes, M(DPPP)(H2pyTP)2(OTf)2, are soluble in 

common organic solvents such as QHg, toluene, acetone, CHjClj and CHCI3 and have 
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Scheme VI. Pd, Pt-bls-porphyrin assemblies 
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much higher solubility compared with the chloride analogues, M(H2pyPOR)2Cl2. Crystals 

of Pd(DPPP)(H2pyTP)2(OTf)2 suitable for single X-ray diffraction were prepared by 

layering ethanol on top of a CHCI3 solution. 

It is well known that Pd(L)2Cl2 complexes prefer trans configurations and that 

Pt(L)2Cl2 complexes prefer cis configurations.The trans geometry for 

Pd(H2pyPOR)2Cl2 was confirmed by far-IR studies. For example, Pd(H2pyPP)2Cl2 has 

only one Pd-Cl stretch found at 368 cm \ The cis configuration for Pt(H2pyPP)2Cl2 was 

established fi"om two observed Pt-Cl vibrations found at 357 and 324 cm'\ 

NMR is very useful tool for the identification these complexes. Chemical 

shifts for the protons in the pyridyl group are very sensitive to the coordination 

environment. In the free base porphyrin HjpyTP, these protons show two signals at 9.00 

(d) and 8.14 (d) ppm. When the pyridyl group is coordinated to metals, these two signals 

shift down field. In Pt(DMSO)(H2pyTP)Cl2, they appear at to 9.15 and 8.26 ppm, about 

0.15 further down field. In Pt(H2pyTP)2Cl2, the pyridyl proton appears at 9.46 ppm. 

In the tetra-porphyrin complex Pt(H2pyTP)4(OTf)2, resonates at 10.53 ppm. The 

correspond Zn analogues follow a similar trend. The 'H NMR chemical shifts of the 

porphyrin pyridyl protons (Table 1) indicate that properties of these complexes can be 

tuned. 

The absorption (Table 2) and emission (Table 3) spectra of the porphyrin 

complexes show that there are only very limited changes between the porphyrin and the 
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Table 1. 'H NMR chemical shifts of the porphyrin pyridyl protons (in CDCI3) 

Compound Ho 

HzPyTP 9.00 8.14 

Pt(DMSO)(H2pyTP)Cl2 9.15 8.26 

Pt(H2pyTP)(MQ)Cl2 9.40 8.17 

Pt(H2pyTP)2Cl2 9.46 8.25 

Pd(H2pyTP)2Cl2 9.38 8.28 

Pt(H2pyTP)4(OTf)2 10.52 8.85 

Pt(DPPP)(Hj)yTP)2(OTf)2 9.68 8.15 

Pd(DPPP)(H2pyTP)2(OTf)2 9.62 8.22 

Pd(H2pyTP)4(BF4)2 10.36 8.75 

Pd(H2pyTP)4(OTf)2 10.53 8.84 

Zn(H2pyTP) 8.06 7.45 

Pt(DMS 0) [Zn(pyTP)]Cl2 9.12 8.27 

Pt[Zn(pyTP)](MQ)Cl2 9.01 8.03 

Pt[Zn(pyPP)]4(OTf)2 10.48 8.80 

Pt(DPPP)[Zn(pyTP)]2(OTf)2 9.63 8.15 

Pd(DPPP)[Zn(pyTP)]2(OTf)2 9.55 8.02 
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Table 2. UV Data for Pd, Pt Complexes 

Complex UV-vis, iim in CH2CI2 

H^pyPP 

Pt(DMSO)(H2pyPP)Cl3 

Pt(H2pyPP)2Cl2 

Pd(H2pyPP)2Cl2 

Zn(pyPP) 

Pt(DMS0)[Zn(pyPP)]Cl2 

Pt[Zn(pyPP)]2Cl2 

Pd[Zn(pyPP)]2Cl2 

Pt(H2pyPP)(MQ)Cl2 

Pt[Zn(pyPP)](MQ)Cl2 

HjpyTP 

Zn(pyTP) 

Pt(DMSO)(H2pyTP)Cl2 

Pd(H2pyTP)2Cl2 

Pt(H2pyTP)2Cl2 

Pt(H2pyTP)(MQ)Cl2 

Pt(H2pyTP)4(OTf)2 

Pd(H2pyTP)4(OTf)2 

Pd(DPPP)(H2pyTP)2(OTf)2 

Pt(DPPP)(H2pyTP)2(OTf)2 

Pt(DMSO)[Zn(pyTP)]Cl2 

Pt[Zn(pyTP)](MQ)Cl2 

Pd(DPPP)[Zn(pyTP)]2(OTf)2 

Pt(DPPP)[Zn(pyTP)]2(OTf)2 

418 (Soret), 482 (s), 514, 548, 588, 646 

418 (Soret), 484 (s), 514, 550, 590, 646 

422 (Soret), 482 (s), 516, 552, 590, 646 

420 (Soret), 486 (s), 516, 552, 590, 646 

418 (Soret), 560, 604 

422 (Soret), 512 (s), 548, 588 

420 (Soiet), 548, 588 

428 (Soret), 524 (s), 562, 602 in Py 

418 (Soret), 514, 548, 588, 644 

418 (Soret), 550, 606 

418 (Soret), 514, 550, 588, 646 

422 (Soret), 562, 610 

422 (Soret), 484 (s), 518, 554, 592, 648 

422 (Soret), 484 (s), 518, 554, 592, 648 

422 (Soret), 484 (s), 518, 554, 592, 646 

418 (Soret), 514, 548, 588, 644 

422 (Soret), 518, 556, 592, 650 

418 (Soret), 518, 554, 592, 650 

420 (Soret), 518, 554, 592, 648 

420 (Soret), 448 (s), 518, 550, 592, 650 

422 (Soret), 548, 588 

418 (Soret), 552, 606 

422 (Soret), 550, 592 

422 (Soret), 552, 594 
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Table 3. Emission Spectra of Pt, Pd Porphyrin Complexes 

Name Excitation (imi) Crossover Emission 

H^pyPP 510 629 652,714 

HjpyTP 510 629 656, 717 

Zn(pyPP) 540 584 604, 647 

Zn(pyTP) 540 584 604, 648 

Pt(DMSO)(H2pyPP)Cl2 510 636 652, 714 

Pt(H2pyPP)2Cl2 510 636 652, 714 

Pt(Hj)yPP)(MQ)Cl2 510 630 652, 714 

Pt(DMS0)[Zn(pyPP)]Cl2 540 586 610, 647 

Pt[Zn(pyPP)](MQ)Cl2 540 582 604, 717 

Pt(DMS0)(H2pyTP)Cl2 510 639 654, 719 

Pt(H2pyTP)2Cl2 510 640 654, 718 

Pt(DMS0)[Zn(pyTP)]Cl2 540 602 613, 653 

Pt[Zn(pyTP)]2Cl2 540 583 606, 648 

Pt[Zn(pyTP)](MQ)Cl2 540 583 606, 649 

Pd(H2pyTP),Cl2 510 635 654,717 

Pd(H2pyTP)4(BF4)2 510 635 654, 717 
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porphyrin-metal assemblies. In the UV-vis spectra, the Soret band for HjpyPP appears at 

418 nm and the Q-bands occur at 514, 548, 588, and 646 nm. In the mono-porphyrin 

complex c/5-Pt(DMSO)(H2pyPP)Cl2, the absorption bands are virtually unchanged and 

appear at 418 (Soret), 514, 550, 590, and 646 nm. The bis-porphyrin assembly, cis-

Pt(H2pyPP)2Cl2 showed a slight red-shift in absorption bands to 422 (Soret), 516, 552, 

590, and 647 nm. In the emission spectra, HjpyPP has peaks at 652, 714, while the Pt 

and Pd complexes Pt(DMSO)(H2pyPP)Cl2, Pt(H2pyPP)2Cl2, Pt(H2pyPP)(MQ)Cl2 and 

Pd(H2pyPP)2Cl2 essentially have the same emission peak positions. This observation is 

also true for the case of HjpyTP and their Zn porphyrins Pd(ir) and Pt(n) complexes. 

Consequentiy, the Pd and Pt centers do not strongly couple the subunits electronically 

and thus serve primarily as structural components. 

X-ray Crystal structure of Pd(DPPP)(H2pyTP)2(OTf)2. The molecular structure 

of Pd(DPPP)(H2pyTP)2(OTf)2 was determined by single-crystal X-ray diffraction. The 

molecular structure and atom numbering scheme are shown in Figure 1. 

CrystaUographicdata for the structure determination are listed in Table 4. Atomic 

positional parameters are given in Table 5. Bond distances and angles are listed in 

Tables 6 and 7. 

Pd(DPPP)(H2pyTP)2(OTf)2 crystallizes in the space group P2i/n with 4 molecules 

per unit cell. The Pd(n) ion has a distorted square-planar coordination. Two cis sites are 

occupied by the DPPP ligand and the remaining two sites are taken up by the pyridyl 

porphyrins. The bond angles around the palladium(n) ion are close to tiie expected value 
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Figure 1. Molecular structure and atom numbering scheme for Pd(DPPP)(H2pyTP)2(OTf)2 
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of 90°, ranging from 83.5(3)° to 94.3(3)°. Tlie P-Pd-P chelate angle is 90.23° and the 

N-Pd-N angle is 83.5°. The Pd-N distances (2.095(9) A and 2.114(9) A) are in the range 

of those observed for other bispyridinepalladium(n) complexes.^^ The Pd-P distances 

(2.246(3) A and 2.259(3) A) are also in the normal range for cw-chelating phosphine Pd 

complexes.^ The center-to-center distance between the two porphyrin rings is 8.69 A 

and the dihedral angle between the two porphyrin mean planes is only 19.8°. The angle 

between the pyridyl ring and the Pd coordination plane is 88.3° and the angle between 

the pyridyl ring and the mean porphyrin plane is 28.5°. The two triflate counter ions are 

situated above and below the Pd coordination plane. The distance between 01 of the 

triflate and Pd is 2.86 A. 

CONCLUSION 

We have utilized the well defined and versatile chemistry of square planar Pt(n) 

and Pd(n) complexes to synthesize a series of porphyrin-metal-porphyrin and porphyrin-

metal-viologen assemblies. These are potentially new model systems for studying 

photoinduced electron and energy transfer. Because of the rigidity and structural 

constraints of Pt(II) and Pd(n) coordination, control of both the distance and the 

orientation of a donor and an acceptor are possible. This simple strategy may lead to the 

discovery of new synthetic models for the photosynthetic reaction center and may 

complement and supplement the important information gained from organically linked 

reaction center models. 
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Table 4. Structure determination summary for Pd(DPPP)(H2pyTP)2(OTf)2 

Crystal Data 

Empirical Formula 

Color, Habit 

Crystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula Weight 

Density (calc.) 

Absorption Coefficient 

F(OOO) 

^123 ^104 Fg Njo Og Pj Pd S2 

red-maroon, rectangular prism 

0.2 X 0.1 X 0.075 

Monoclinic 

P2i/n 

a = 13.211(5) A 

b = 36.741(19) A 

c = 22.971(10) A 

a = 90° 

p = 91.54(3)° 

7 = 90° 

11145.8(86) A^ 

4 

2196.62 

1.309 Mg/m^ 

2.554 mm"' 

4552 
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Data Collection 

Diffractometer Used 

Radiation 

Temperature (K) 

Monochromator 

0 Range 

Scan Type 

Standard Reflections 

Index Ranges 

Reflections Collected 

Independent Reflections 

Observed Reflections 

Min./Max. Transmission 

Absorption Correction 

Siemens P4 Rotating Anode 

CuKaKa {X = 1.54178 A) 

213(2) 

graphite 

3.08 to 56.75° 

2 0 - e  

3 measured every 97 reflections 

-1 < 14 
-1 <1<39 
-24 < / < 24 

17837 

14901 (Rinr = 0.0826) 

5252 (I > 2a(I)) 

0.614/ 0.704 

Semi-empirical from psi-scans 
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Solution and R^nement 

System Used 

Solution 

Refinement Mediod 

Extinction Correction 

Extinction Expression 

Hydrogen Atoms 

Weighting Scheme 

Parameters Refined 

Final R Indices [I > 2a(I)3 

R Indices (all data) 

GooF, Observed and All Data 

Largest and Mean A/a 

Largest Difference Peak 

Largest Difference Hole 

SHELXL-93 (Sheldrick, 1993) 

Direct 

Full-matrix least-squares on F^ 

0.000057(12) 

Fc* = kFc[l + 0.001 X Fc'XVsin(20)]-'"* 

Riding 

w = calc w = l/[a(Fo^) + (0.0800 P)' + 0.00 
where P = (Fo^ + 2Fc^)/3 

1313 

R1 = 0.0821, wR2 = 0.1844 

R1 = 0.1964, wR2 = 0.2183 

1.269, 0.824 

1.007, 0.018 

0.877 e/A"^ 

-0.633 e/A-' 

R1 = IllFol - IFcll / SlFo! 
wR2 = [E[w(Fo^ - Fc^)^] / 5:[w(Fo^)^]]°-^ 
where w = l/[c!^(Fo^) + (a*P)^ + b*P + d + e*Nsin 8] 
GooF = [X[w(Fo^ - Fc^)']/(n - p)]"-^ 
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Table 5. Atomic coordinates (x 10'') and equivalent isotropic displacement parameters 
(Â  X 10') for Pd(DPPP)(H2pyTP)2(OTf)2 

Atom X y z U(eq) 

Pd 6960(1) 117(1) 7636(1) 36(1) 

P(l) 5892(2) 403(1) 8236(1) 39(1) 

P(2) 7461(2) 657(1) 7284(1) 40(1) 

N(5) 6519(7) -400(2) 7938(4) 37(2) 

N(6) 7931(7) -187(2) 7118(4) 37(2) 

N(1A) 6348(7) -2114(2) 8581(4) 40(3) 

N(2A) 4310(7) -1869(2) 8806(4) 44(3) 

N(3A) 3762(7) -2590(2) 9155(4) 45(3) 

N(4A) 5784(7) -2844(2) 8911(4) 39(3) 

N(1B) 10468(7) -1553(2) 6066(4) 45(3) 

N(2B) 8451(7) -1824(2) 6364(4) 40(3) 

N(3B) 11006(7) -2285(2) 5726(4) 40(3) 

N(4B) 9001(7) -2543(2) 6074(4) 39(3) 

C(lOl) 5208(8) 786(3) 7935(5) 44(3) 

C(102) 5904(9) 1087(3) 7715(5) 47(4) 

C(103) 6459(9) 984(3) 7154(5) 50(4) 

C(104) 6563(9) 5 ..(3) 8874(5) 35(3) 

C(105) 6169(9) 832(3) 9228(5) 39(3) 

C(106) 6704(9) 936(3) 9718(5) 45(3) 

C(107) 7613(10) 789(4) 9879(6) 62(4) 

C(108) 7995(10) 510(3) 9532(6) 59(4) 

C(109) 7479(9) 405(3) 9039(5) 46(3) 
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Table 5. (continued) 

Atom X y z U(eq) 

C(llO) 4896(8) 106(3) 8493(5) 40(3) 

C(lll) 4992(9) -57(3) 9025(6) 50(3) 

C(112) 4202(10) -273(3) 9226(6) 52(4) 

C(113) 3346(11) -318(3) 8893(7) 64(4) 

C(114) 3284(10) -160(4) 8368(6) 76(5) 

C(115) 4038(10) 56(3) 8155(6) 63(4) 

C(116) 8407(9) 887(3) 7697(5) 45(3) 

C(117) 8536(11) 1267(3) 7673(6) 65(4) 

C(118) 9330(14) 1429(4) 7977(8) 87(5) 

C(119) 9957(13) 1234(5) 8343(8) 94(6) 

C(120) 9898(13) 849(5) 8373(7) 91(5) 

C(121) 9045(11) 694(4) 8053(6) 61(4) 

C(122) 8012(11) 589(3) 6572(5) 46(3) 

C(123) 7424(11) 566(3) 6080(6) 53(4) 

C(124) 7853(10) 496(3) 5551(6) 54(4) 

C(125) 8863(12) 439(3) 5512(7) 61(4) 

C(126) 9462(12) 460(4) 6019(7) 73(5) 

C(127) 9056(9) 536(3) 6551(6) 52(4) 

C(1A) 7260(8) -2289(3) 8481(5) 31(3) 

C(2A) 7950(9) -2030(3) 8255(5) 47(3) 

C(3A) 7479(8) -1709(3) 8209(5) 43(3) 

C(4A) 6465(9) -1754(3) 8419(5) 39(3) 

C(5A) 5708(9) -1491(3) 8439(5) 38(3) 

C(6A) 4701(9) -1542(3) 8614(5) 41(3) 
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Table 5. (continued) 

Atom X y z U(eq) 

C(7A) 3955(9) -1265(3) 8661(5) 49(4) 

C(8A) 3107(10) -1421(3) 8878(5) 47(3) 

C(9A) 3334(9) -1795(3) 8978(5) 37(3) 

C(IOA) 2689(9) -2048(3) 9236(5) 43(3) 

C(llA) 2889(9) -2413(3) 9323(6) 49(3) 

C(12A) 2230(10) -2673(3) 9583(6) 71(5) 

C(13A) 2678(10) -3004(3) 9565(6) 62(4) 

C(14A) 3629(9) -2952(3) 9286(5) 47(4) 

C(15A) 4342(10) -3219(3) 9213(5) 47(4) 

C(16A) 5339(9) -3175(3) 9039(5) 41(3) 

C(17A) 6076(9) -3462(3) 8973(5) 43(3) 

C(18A) 6935(10) -3299(3) 8813(5) 46(3) 

C(19A) 6762(9) -2918(3) 8776(5) 38(3) 

C(20A) 7445(8) -2661(3) 8572(5) 34(3) 

C(21A) 5986(10) -1110(3) 8254(5) 45(3) 

C(22A) 6784(8) -927(3) 8538(5) 38(3) 

C(23A) 7027(9) -572(3) 8358(5) 43(3) 

C(24A) 5768(10) -575(3) 7675(5) 50(4) 

C(25A) 5478(9) -935(3) 7807(5) 38(3) 

C(26A) 1695(9) -1913(3) 9436(6) 43(3) 

C(27A) 1633(9) -1688(3) 9909(6) 56(4) 

C(28A) 683(10) -1558(3) 10095(6) 56(4) 

C(29A) -172(10) -1646(4) 9848(7) 61(4) 

C(30A) -134(10) -1887(4) 9411(7) 85(5) 
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Table 5. (continued) 

Atom X y z U(eq) 

C(31A) 781(12) -2015(4) 9190(7) 92(6) 

C(32A) -1206(9) -1491(3) 10037(7) 88(5) 

C(33A) 3999(9) -3608(3) 9333(6) 45(3) 

C(34A) 4289(10) -3784(3) 9831(5) 53(4) 

C(35A) 3885(10) -4126(3) 9948(6) 53(4) 

C(36A) 3233(9) -4298(3) 9570(7) 53(4) 

C(37A) 2948(10) -4123(3) 9071(6) 57(4) 

C(38A) 3333(9) -3782(3) 8943(6) 56(4) 

C(39A) 2834(10) -4674(3) 9704(6) 73(4) 

C(40A) 8473(9) -2801(3) 8415(5) 37(3) 

C(41A) 9129(9) -2944(3) 8831(5) 47(3) 

C(42A) 10061(9) -3081(3) 8686(6) 53(4) 

C(43A) 10351(10) -3071(3) 8108(6) 55(4) 

C(44A) 9716(9) -2924(3) 7685(6) 52(4) 

C(45A) 8777(9) -2794(3) 7843(5) 47(3) 

C(46A) 11383(9) -3225(4) 7979(6) 85(5) 

C(1B) 11451(9) -1483(3) 5894(5) 42(3) 

C(2B) 11652(9) -1104(3) 6005(6) 51(4) 

C(3B) 10804(9) -952(3) 6219(6) 53(4) 

C(4B) 10058(9) -1234(3) 6275(5) 37(3) 

C(5B) 9064(9) -1188(3) 6448(5) 38(3) 

C(6B) 8323(8) -1456(3) 6490(5) 36(3) 

C(7B) 7312(8) -1401(3) 6701(5) 49(4) 

C(8B) 6843(9) -1726(3) 6688(5) 45(3) 
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Table 5. (continued) 

Atom X y z U(eq) 

C(9B) 7557(10) -1985(3) 6479(5) 45(3) 

C(IOB) 7354(8) -2358(3) 6434(5) 34(3) 

C(llB) 8047(9) -2619(3) 6250(5) 37(3) 

C(12B) 7915(9) -3011(3) 6251(5) 46(3) 

C(13B) 8746(8) -3163(3) 6082(5) 40(3) 

C(14B) 9465(9) -2875(3) 5955(5) 40(3) 

C(15B) 10421(9) -2918(3) 5740(5) 41(3) 

C(16B) 11099(9) -2652(3) 5606(5) 42(3) 

C(17B) 12022(9) -2690(3) 5292(5) 49(4) 

C(18B) 12486(9) -2366(3) 5267(5) 46(3) 

C(19B) 11868(9) -2106(3) 5551(5) 43(3) 

C(20B) 12083(8) -1736(3) 5643(5) 38(3) 

C(21B) 8765(9) -807(3) 6644(5) 39(3) 

C(22B) 9201(10) -648(3) 7121(5) 50(3) 

C(23B) 8746(9) -335(3) 7347(5) 42(3) 

C(24B) 7563(9) -320(3) 6616(5) 42(3) 

C(25B) 7938(9) -638(3) 6357(5) 43(3) 

C(26B) 6327(9) -2491(3) 6568(5) 39(3) 

C(27B) 5945(9) -2458(3) 7128(6) 52(4) 

C(28B) 4950(11) -2570(3) 7227(7) 60(4) 

C(29B) 4328(10) -2695(3) 6804(7) 56(4) 

C(30B) 4674(9) -2727(3) 6251(6) 51(4) 

C(31B) 5667(9) -2625(3) 6135(6) 46(3) 
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Table 5. (continued) 

Atom X y z U(eq) 

C(32B) 3264(9) -2814(4) 6932(7) 94(6) 

C(33B) 10777(9) -3303(3) 5623(5) 37(3) 

C(34B) 11349(9) -3480(3) 6046(6) 45(3) 

C(35B) 11716(9) -3832(3) 5944(6) 52(4) 

C(36B) 11548(9) -4005(3) 5418(6) 49(4) 

C(37B) 10943(10) -3822(3) 4995(6) 56(4) 

C(38B) 10592(9) -3472(3) 5100(6) 50(4) 

C(39B) 11961(11) -4385(3) 5310(7) 92(5) 

C(40B) 13108(9) -1604(3) 5469(5) 39(3) 

C(41B) 13986(10) -1753(3) 5688(6) 53(4) 

C(42B) 14894(10) -1624(3) 5540(6) 57(4) 

C(43B) 15015(9) -1337(3) 5165(6) 49(4) 

C(44B) 14138(9) -1193(3) 4921(5) 50(4) 

C(45B) 13191(9) -1318(3) 5068(5) 49(3) 

C(46B) 16040(8) -1178(3) 5018(6) 63(4) 

S(l) 4570(3) 168(1) 6387(2) 60(1) 

0(1) 5395(6) 117(2) 6795(3) 64(2) 

0(2) 4728(7) 437(3) 5970(4) 101(4) 

0(3) 3593(7) 163(3) 6623(4) 97(3) 

C(1S) 4757(15) -347(6) 5955(9) 134(8) 

F(l) 3924(9) -272(3) 5610(5) 147(4) 

F(2) 5504(11) -248(4) 5704(6) 193(6) 

F(3) 4499(11) -533(4) 6362(7) 207(6) 

S(2) 10246(4) -325(2) 8749(3) 143(2) 
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Table 5. (continued) 

Atom X y z U(eq) 

0(4) 10861(10) -183(4) 9256(5) 167(6) 

0(5) 10735(9) -350(5) 8180(5) 185(8) 

0(6) 9247(7) -157(3) 8750(6) 137(5) 

C(2S) 9946(19) -765(10) 8893(12) 238(14) 

F(4) 10846(13) -950(4) 8890(6) 217(6) 

F(5) 9588(17) -712(6) 9463(11) 351(11) 

F(6) 9362(9) -907(3) 8477(5) 162(5) 

C(3S) 1819(16) -1715(6) 7449(10) 192(10) 

C(4S) 962(12) -2045(4) 7474(7) 97(5) 

0(23) 2932(10) -1798(3) 7304(5) 139(5) 

0(50) 1385(22) -5(8) 7000(13) 420(16) 

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uy tensor. 
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Table 6. Bond lengths (A) for Pd(DPPP)(H2pyTP)2(OTf)2 

Pd-N(6) 2.095(9) N(2B)-C(6B) 1.394(12) 

Pd-N(5) 2.112(9) N(3B)-C(16B) 1.381(12) 

Pd-P(2) 2.247(3) N(3B)-C(19B) 1.385(13) 

Pd-P(l) 2.258(3) N(4B)-C(11B) 1.362(13) 

P(l)-C(104) 1.792(11) N(4B)-C(14B) 1.395(13) 

P(l)-C(101) 1.799(10) C(101)-C(102) 1.533(13) 

P(l)-C(110) 1.820(11) C(102)-C(103) 1.547(14) 

P(2)-C(116) 1.765(13) C(104)-C(109) 1.387(14) 

P(2)-C(103) 1.806(11) C(104)-C(105) 1.390(13) 

P(2)-C(122) 1.826(12) C(105)-C(106) 1.367(14) 

N(5)-C(24A) 1.315(14) C(106)-C(107) 1.36(2) 

N(5)-C(23A) 1.322(13) C(107)-C(108) 1.40(2) 

N(6)-C(23B) 1.303(13) C(108)-C(109) 1.36(2) 

N(6)-C(24B) 1.332(13) C(110)-C(lll) 1.364(14) 

N(1A)-C(4A) 1.382(12) C(110)-C(115) 1.37(2) 

N(1A)-C(1A) 1.389(12) C(lll)-C(112) 1.401(14) 

N(2A)-C(9A) 1.385(13) C(112)-C(113) 1.36(2) 

N(2A)-C(6A) 1.382(12) C(113)-C(114) 1.34(2) 

N(3A)-C(14A) 1.376(13) C(114)-C(115) 1.37(2) 

N(3A)-C(11A) 1.389(13) C(116)-C(121) 1.36(2) 

N(4A)-C(19A) 1.364(13) C(116)-C(117) 1.41(2) 

N(4A)-C(16A) 1.384(13) C(117)-C(118) 1.38(2) 

N(1B)-C(4B) 1.385(12) C(118)-C(119) 1.37(2) 

N(1B)-C(1B) 1.392(13) C(119)-C(120) 1.42(2) 

N(2B)-C(9B) 1.353(14) C(120)-C(121) 1.45(2) 
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141 

C(122)-C(123) 1.36(2) C(16A)-C(17A) 1.446(14) 

C(122)-C(127) 1.39(2) C(17A)-C(18A) 1.343(14) 

C(123)-C(124) 1.38(2) C(18A)-C(19A) 1.419(14) 

C(124)-C(125) 1.36(2) C(19A)-C(20A) 1.396(14) 

C(125)-C(126) 1.39(2) C(20A)-C(40A) 1.504(14) 

C(126)-C(127) 1.38(2) C(21A)-C(25A) 1.37(2) 

C(1A)-C(20A) 1.405(13) C(21A)-C(22A) 1.40(2) 

C(1A)-C(2A) 1.424(14) C(22A)-C(23A) 1.409(13) 

C(2A)-C(3A) 1.338(14) C(24A)-C(25A) 1.412(14) 

C(3A)-C(4A) 1.446(14) C(26A)-C(31A) 1.37(2) 

C(4A)-C(5A) 1.395(14) C(26A)-C(27A) 1.37(2) 

C(5A)-C(6A) 1.413(14) C(27A)-C(28A) 1.42(2) 

C(5A)-C(21A) 1.511(14) C(28A)-C(29A) 1.29(2) 

C(6A)-C(7A) 1.423(14) C(29A)-C(30A) 1.34(2) 

C(7A)-C(8A) 1.37(2) C(29A)-C(32A) 1.55(2) 

C(8A)-C(9A) 1.423(14) C(30A)-C(31A) 1.40(2) 

C(9A)-C(10A) 1.403(14) C(33A)-C(34A) 1.36(2) 

C(10A)-C(11A) 1.38(2) C(33A)-C(38A) 1.40(2) 

C(10A)-C(26A) 1.486(14) C(34A)-C(35A) 1.393(14) 

C(11A)-C(12A) 1.43(2) C(35A)-C(36A) 1.36(2) 

C(12A)-C(13A) 1.36(2) C(36A)-C(37A) 1.36(2) 

C(13A)-C(14A) 1.44(2) C(36A)-C(39A) 1.513(14) 

C(14A)-C(15A) 1.372(14) C(37A)-C(38A) 1.39(2) 

C(15A)-C(16A) 1.40(2) C(40A)-C(41A) 1.38(2) 

C(15A)-C(33A) 1.527(14) C(40A)-C(45A) 1.383(14) 
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C(41A)-C(42A) 1.379(14) C(17B)-C(18B) 1.341(14) 

C(42A)-C(43A) 1.39(2) C(18B)-C(19B) 1.425(14) 

C(43A)-C(44A) 1.38(2) C(19B)-C(20B) 1.405(14) 

C(43A)-C(46A) 1.51(2) C(20B)-C(40B) 1.503(14) 

C(44A)-C(45A) 1.39(2) C(21B)-C(22B) 1.36(2) 

C(1B)-C(20B) 1.387(14) C(21B)-C(25B) 1.41(2) 

C(1B)-C(2B) 1.437(14) C(22B)-C(23B) 1.404(14) 

C(2B)-C(3B) 1.357(14) C(24B)-C(25B) 1.406(13) 

C(3B)-C(4B) 1.439(14) C(26B)-C(27B) 1.40(2) 

C(4B)-C(5B) 1.392(14) C(26B)-C(31B) 1.40(2) 

C(5B)-C(6B) 1.395(14) C(27B)-C(28B) 1.40(2) 

C(5B)-C(21B) 1.524(13) C(28B)-C(29B) 1.34(2) 

C(6B)-C(7B) 1.448(14) C(29B)-C(30B) 1.37(2) 

C(7B)-C(8B) 1.346(14) C(29B)-C(32B) 1.51(2) 

C(8B)-C(9B) 1.432(14) C(30B)-C(31B) 1.40(2) 

C(9B)-C(10B) 1.399(14) C(33B)-C(38B) 1.370(14) 

C(10B)-C(11B) 1.397(14) C(33B)-C(34B) 1.38(2) 

C(10B)-C(26B) 1.481(14) C(34B)-C(35B) 1.402(14) 

C(11B)-C(12B) 1.453(14) C(35B)-C(36B) 1.38(2) 

C(12B)-C(13B) 1.300(14) C(36B)-C(37B) 1.41(2) 

C(13B)-C(14B) 1.455(14) C(36B)-C(39B) 1.523(14) 

C(14B)-C(15B) 1.377(14) C(37B)-C(38B) 1.388(14) 

C(15B)-C(16B) 1.369(14) C(40B)-C(41B) 1.37(2) 

C(15B)-C(33B) 1.517(14) C(40B)-C(45B) 1.403(14) 

C(16B)-C(17B) 1.440(14) C(41B)-C(42B) 1.34(2) 
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C(42B)-C(43B) 1.38(2) 

C(43B)-C(44B) 1.38(2) 

C(43B)-C(46B) 1.521(14) 

C(44B)-C(45B) 1.382(14) 

S(l)-0(2) 1.397(9) 

S(l)-0(3) 1.414(9) 

S(l)-0(1) 1.429(8) 

S(1)-C(1S) 2.15(2) 

C(1S)-F(3) 1.21(2) 

C(1S)-F(2) 1.21(2) 

C(1S)-F(1) 1.37(2) 

S(2)-0(6) 1.457(9) 

S(2)-0(5) 1.476(11) 

S(2)-0(4) 1.497(11) 

S(2)-C(2S) 1.70(3) 

C(2S)-F(6) 1.32(2) 

C(2S)-F(4) 1.37(2) 

C(2S)-F(5) 1.42(2) 

C(3S)-0(23) 1.55(2) 

C(3S)-C(4S) 1.66(2) 
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Table 7. Bond angles (°) for Pd(DPPP)(H2pyTP)2(OTf)2 

N(6)-Pd-N(5) 83.4(3) C(9A)-N(2A)-C(6A) 106.3(9) 

N(6)-Pd-P(2) 94.4(2) C(14A)-N(3A)-C(11A) 106.3(9) 

N(5)-Pd-P(2) 177.7(2) C(19A)-N(4A)-C(16A) 106.5(9) 

N(6)-Pd-P(l) 175.3(3) C(4B)-N(1B)-C(1B) 108.5(9) 

N(5)-Pd-P(l) 92.1(2) C(9B)-N(2B)-C(6B) 105.8(9) 

P(2)-Pd-P(l) 90.22(11) C(16B)-N(3B)-C(19B) 109.0(9) 

C(104)-P(l)-C(101) 106.9(5) C(11B)-N(4B)-C(14B) 107.2(9) 

C(104)-P(l)-C(110) 106.1(5) C(102)-C(101)-P(l) 113.0(8) 

C(101)-P(l)-C(110) 103.5(5) C(101)-C(102)-C(103) 113.6(9) 

C(104)-P(l)-Pd 110.4(4) C(102)-C(103)-P(2) 112.7(8) 

C(101)-P(l)-Pd 116.4(4) C(109)-C(104)-C(105) 118.5(11) 

C(110)-P(l)-Pd 112.8(4) C(109)-C(104)-P(l) 119.7(9) 

C(116)-P(2)-C(103) 106.0(6) C(105)-C(104)-P(l) 121.8(9) 

C(116)-P(2)-C(122) 104.7(6) C(106)-C(105)-C(104) 119.1(11) 

C(103)-P(2)-C(122) 104.6(6) C(107)-C(106)-C(105) 123.2(12) 

C(116)-P(2)-Pd 116.2(4) C(106)-C(107)-C(108) 117.7(13) 

C(103)-P(2)-Pd 115.1(4) C(109)-C(108)-C(107) 120.1(13) 

C(i22)-P(2)-Pd 109.2(4) C(108)-C(109)-C(104) 121.4(11) 

C(24A)-N(5)-C(23A) 117.7(10) C(lll)-C(110)-C(115) 120.3(12) 

C(24A)-N(5)-Pd 120.0(8) C(lll)-C(110)-P(l) 120.3(10) 

C(23A)-N(5)-Pd 122.1(8) C(115)-C(110)-P(l) 119.4(10) 

C(23B)-N(6)-C(24B) 118.3(10) C(110)-C(lll)-C(112) 119.5(12) 

C(23B)-N(6)-Pd 120.4(8) C(113)-C(112)-C(lll) 120.0(13) 

C(24B)-N(6)-Pd 118.1(8) C(114)-C(113)-C(112) 119.0(14) 

C(4A)-N(1A)-C(1A) 107.0(9) C(113)-C(114)-C(115) 123.(2) 
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C(114)-C(115)-C(110) 118.2(13) C(4A)-C(5A)-C(6A) 126.7(10) 

C(121)-C(116)-C(117) 117.9(13) C(4A)-C(5A)-C(21A) 117.0(10) 

C(121)-C(116)-P(2) 119.5(10) C(6A)-C(5A)-C(21A) 116.3(10) 

C(117)-C(116)-P(2) 122.6(11) N(2A)-C(6A)-C(5A) 124.8(10) 

C(118)-C(117)-C(116) 119.9(14) N(2A)-C(6A)-C(7A) 109.3(10) 

C(119)-C(118)-C(117) 122.(2) C(5A)-C(6A)-C(7A) 125.7(10) 

C(118)-C(119)-C(120) 121.(2) C(8A)-C(7A)-C(6A) 107.7(10) 

C(119)-C(120)-C(121) 114.(2) C(7A)-C(8A)-C(9A) 107.1(11) 

C(116)-C(121)-C(120) 124.3(13) N(2A)-C(9A)-C(10A) 125.0(10) 

C(123)-C(122)-C(127) 120.4(13) N(2A)-C(9A)-C(8A) 109.6(10) 

C(123)-C(122)-P(2) 121.4(11) C(10A)-C(9A)-C(8A) 125.4(11) 

C(127)-C(122)-P(2) 118.0(11) C(11A)-C(10A)-C(9A) 126.0(11) 

C(122)-C(123)-C(124) 120.4(13) C(11A)-C(10A)-C(26A) 116.5(11) 

C(125)-C(124)-C(123) 121.0(14) C(9A)-C(10A)-C(26A) 117.6(10) 

C(124)-C(125)-C(126) 118.4(14) C(10A)-C(11A)-N(3A) 125.0(11) 

C(127)-C(126)-C(125) 122.(2) C(10A)-C(11A)-C(12A) 126.2(12) 

C(126)-C(127)-C(122) 118.0(14) N(3A)-C(11A)-C(12A) 108.8(10) 

N(1A)-C(1A)-C(20A) 125.0(10) C(13A)-C(12A)-C(11A) 108.4(11) 

N(1A)-C(1A)-C(2A) 108.6(9) C(12A)-C(13A)-C(14A) 106.3(11) 

C(20A)-C(1A)-C(2A) 126.3(10) C(15A)-C(14A)-N(3A) 124.8(11) 

C(3A)-C(2A)-C(1A) 108.5(10) C(15A)-C(14A)-C(13A) 124.8(11) 

C(2A)-C(3A)-C(4A) 107.7(10) N(3A)-C(14A)-C(13A) 110.1(10) 

N(1A)-C(4A)-C(5A) 124.8(11) C(14A)-C(15A)-C(16A) 127.4(11) 

N(1A)-C(4A)-C(3A) 108.2(10) C(14A)-C(15A)-C(33A) 116.0(10) 

C(5A)-C(4A)-C(3A) 127.0(10) C(16A)-C(15A)-C(33A) 116.6(10) 
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(4A)-C(16A)-C(15A) 124.9(10) 

N(4A)-C(16A)-C(17A) 109.1(10) 

C(15A)-C(16A)-C(17A) 126.0(11) 

C(18A)-C(17A)-C(16A) 106.2(10) 

C(17A)-C(18A)-C(19A) 108.7(11) 

N(4A)-C(19A)-C(20A) 124.5(10) 

N(4A)-C(19A)-C(18A) 109.5(11) 

C(20A)-C(19A)-C(18A) 125.6(11) 

C(19A)-C(20A)-C(1A) 126.6(10) 

C(19A)-C(20A)-C(40A) 116.5(10) 

C(1A)-C(20A)-C(40A) 116.8(10) 

C(25A)-C(21A)-C(22A) 118.3(10) 

C(25A)-C(21A)-C(5A) 121.8(12) 

C(22A)-C(21A)-C(5A) 119.9(11) 

C(21A)-C(22A)-C(23A) 118.8(11) 

N(5)-C(23A)-C(22A) 122.8(11) 

N(5)-C(24A)-C(25A) 124.4(12) 

C(21A)-C(25A)-C(24A) 117.9(11) 

C(31A)-C(26A)-C(27A) 114.9(12) 

C(31A)-C(26A)-C(10A) 123.8(12) 

C(27A)-C(26A)-C(10A) 121.2(12) 

C(26A)-C(27A)-C(28A) 121.0(12) 

C(29A)-C(28A)-C(27A) 123.7(13) 

C(28A)-C(29A)-C(30A) 116.3(13) 

C(28A)-C(29A)-C(32A) 123.6(14) 

C(30A)-C(29A)-C(32A) 120.1(13) 

C(29A)-C(30A)-C(31A) 122.9(14) 

C(26A)-C(31A)-C(30A) 121.0(14) 

C(34A)-C(33A)-C(38A) 118.6(11) 

C(34A)-C(33A)-C(15A) 121.4(12) 

C(38A)-C(33A)-C(15A) 119.9(12) 

C(33A)-C(34A)-C(35A) 119.4(13) 

C(36A)-C(35A)-C(34A) 122.2(13) 

C(37A)-C(36A)-C(35A) 118.4(12) 

C(37A)-C(36A)-C(39A) 120.9(13) 

C(35A)-C(36A)-C(39A) 120.7(13) 

C(36A)-C(37A)-C(38A) 120.6(13) 

C(37A)-C(38A)-C(33A) 120.6(13) 

C(41A)-C(4€A)-C(45A) 118.2(11) 

C(41A)-C(40A)-C(20A) 121.2(11) 

C(45A)-C(40A)-C(20A) 120.6(11) 

C(42A)-C(41A)-C(40A) 121.3(12) 

C(41A)-C(42A)-C(43A) 119.4(12) 

C(44A)-C(43A)-C(42A) 120.4(12) 

C(44A)-C(43A)-C(46A) 122.9(13) 

C(42A)-C(43A)-C(46A) 116.7(13) 

C(45A)-C(44A)-C(43A) 118.8(12) 

C(44A)-C(45A)-C(40A) 121.9(12) 

C(20B)-C(1B)-N(1B) 124.7(10) 

C(20B)-C(1B)-C(2B) 127.8(11) 
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N(1B)-C(1B)-C(2B) 107.4(10) C(15B)-C(14B)-N(4B) 125.7(11) 

C(3B)-C(2B)-C(1B) 108.3(10) C(15B)-C(14B)-C(13B) 126.7(11) 

C(2B)-C(3B)-C(4B) 108.0(10) N(4B)-C(14B)-C(13B) 107.6(10) 

N(1B)-C(4B)-C(5B) 125.6(10) C(16B)-C(15B)-C(14B) 127.6(11) 

N(1B)-C(4B)-C(3B) 107.7(9) C(16B)-C(15B)-C(33B) 114.8(10) 

C(5B)-C(4B)-C(3B) 126.3(10) C(14B)-C(15B)-C(33B) 117.6(10) 

C(4B)-C(5B)-C(6B) 127.1(10) C(15B)-C(16B)-N(3B) 126.2(10) 

C(4B)-C(5B)-C(21B) 116.7(10) C(15B)-C(16B)-C(17B) 127.6(10) 

C(6B)-C(5B)-C(21B) 116.1(10) N(3B)-C(16B)-C(17B) 106.2(10) 

N(2B)-C(6B)-C(5B) 125.6(10) C(18B)-C(17B)-C(16B) 109.1(10) 

N(2B)-C(6B)-C(7B) 108.8(10) C(17B)-C(18B)-C(19B) 107.9(10) 

C(5B)-C(6B)-C(7B) 125.5(10) N(3B)-C(19B)-C(20B) 125.4(10) 

C(8B)-C(7B)-C(6B) 107.3(10) N(3B)-C(19B)-C(18B) 107.5(9) 

C(7B)-C(8B)-C{9B) 106.9(10) C(20B)-C(19B)-C(18B) 127.1(10) 

N(2B)-C(9B)-C(10B) 125.5(11) C(1B)-C(20B)-C(19B) 126.3(10) 

N(2B)-C(9B)-C(8B) 111.2(10) C(1B)-C(20B)-C(40B) 116.8(10) 

C(10B)-C(9B)-C(8B) 123.2(11) C(19B)-C(20B)-C(40B) 116.9(10) 

C(9B)-C(10B)-C(11B) 124.5(10) C(22B)-C(21B)-C(25B) 119.6(11) 

C(9B)-C(10B)-C(26B) 118.8(10) C(22B)-C(21B)-C(5B) 121.7(11) 

C(11B)-C(10B)-C(26B) 116.7(10) C(25B)-C(21B)-C(5B) 118.2(11) 

N(4B)-C(11B)-C(10B) 124.8(10) C(21B)-C(22B)-C(23B) 118.3(12) 

N(4B)-C(11B)-C(12B) 108.3(10) N(6)-C(23B)-C(22B) 123.4(12) 

C(10B)-C(11B)-C(12B) 126.8(10) N(6)-C(24B)-C(25B) 123.2(12) 

C(13B)-C(12B)-C(11B) 108.8(10) C(24B)-C(25B)-C(21B) 116.6(12) 

C(12B)-C(13B)-C(14B) 108.0(10) C(27B)-C(26B)-C(31B) 116.8(11) 
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C(27B)-C(26B)-C(10B) 121.1(11) C(42B)-C(43B)-C(46B) 123.6(12) 

C(31B)-C(26B)-C(10B) 121.8(11) C(44B)-C(43B)-C(46B) 120.4(11) 

C(26B)-C(27B)-C(28B) 119.1(13) C(43B)-C(44B)-C(45B) 122.0(11) 

C(29B)-C(28B)-C(27B) 122.9(13) C(44B)-C(45B)-C(40B) 119.7(12) 

C(28B)-C(29B)-C(30B) 119.5(13) 0(2)-S(l)-0(3) 115.3(7) 

C(28B)-C(29B)-C(32B) 121.0(14) 0(2)-S(l)-0(l) 114.6(6) 

C(30B)-C(29B)-C(32B) 119.5(14) 0(3)-S(l)-0(l) 115.8(6) 

C(29B)-C(30B)-C(31B) 119.5(13) 0(2)-S(l)-C(lS) 106.5(7) 

C(30B)-C(31B)-C(26B) 122.2(12) 0(3)-S(l)-C(lS) 106.3(7) 

C(38B)-C(33B)-C(34B) 119.1(11) 0(1)-S(1)-C(1S) 95.3(7) 

C(38B)-C(33B)-C(15B) 122.0(12) F(3)-C(1S)-F(2) 142.(2) 

C(34B)-C(33B)-C(15B) 118.8(11) F(3)-C(1S)-F(1) 109.(2) 

C(33B)-C(34B)-C(35B) 120.2(12) F(2)-C(1S)-F(1) 108.(2) 

C(36B)-C(35B)-C(34B) 121.6(13) F(3)-C(1S)-S(1) 96.(2) 

C(35B)-C(36B)-C(37B) 117.3(11) F(2)-C(1S)-S(1) 93.5(14) 

C(35B)-C(36B)-C(39B) 121.1(13) F(1)-C(1S)-S(1) 89.4(12) 

C(37B)-C(36B)-C(39B) 121.5(13) 0(6)-S(2)-0(5) 116.5(9) 

C(38B)-C(37B)-C(36B) 120.4(12) 0(6)-S(2)-0(4) 108.9(9) 

C(33B)-C(38B)-C(37B) 121.3(13) 0(5)-S(2)-0(4) 118.0(9) 

C(41B)-C(40B)-C(45B) 117.4(11) 0(6)-S(2)-C(2S) 100.8(10) 

C(41B)-C(40B)-C(20B) 122.3(10) 0(5)-S(2)-C(2S) 102.9(12) 

C(45B)-C(40B)-C(20B) 120.3(11) 0(4)-S(2)-C(2S) 107.6(10) 

C(42B)-C(41B)-C(40B) 121.4(12) F(6)-C(2S)-F(4) 107.(2) 

C(41B)-C(42B)-C(43B) 123.3(12) F(6)-C(2S)-F(5) 121.(3) 

C(42B)-C(43B)-C(44B) 115.9(11) F(4)-C(2S)-F(5) 113.(2) 
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F(6)-C(2S)-S(2) 112.(2) 

F(4)-C(2S)-S(2) 105.(2) 

F(5)-C(2S)-S(2) 98.(2) 

0(23)-C(3S)-C(4S) 121.(2) 
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GENERAL CONCLUSIONS 

This dissertation focuses on the preparation of derivatized porphyrins and multi-

porphyrin systems. We have prepared a series thiol-derivatized porphyrins and 

metalloporphyrins which have varying numbers of thiol appendages attached to ths 

porphyrin ring through amide linkages at different locations. In addition, new synthetic 

strategies for the synthelis of porphyrin-containing multi-component systems have been 

developed. These new materials are of great relevance to the area of molecular assembly 

and supramolecular chemistry. 

A series of thiol-derivatized porphyrins and the corresponding Co and Zn 

containing metalloporphyrins was synthesized from 5-(p-aminophenyl)triphenylporphyrin, 

5a,15a-bis(o-aminophenyl) porphyrin, and a,a,a,a-tetrakis(o-aminophenyl)porphyrin. 

The thiol-derivatized porphyrins form oriented monomolecular layers on gold surfaces. 

Gold electrodes that have been chemically modified with cobalt thiol porphyrin exhibit 

electrocatalytic potencies for the reduction of O^ which vary as a function of the number 

and location of the thiol appendages. The monolayer formed by bis thiol-porphyrins, in 

which the porphyrin rings are largely parallel to the gold surface, has a higher 

electrocatalytic activity compared with that from the monolayer formed by mono thiol 

porphyrin where the porphyrin rings are roughly perpendicular to the gold surface. A 

fundamental breakthrough in this research involved the first demonstration of the 

influence of surface architecture on chemical properties. 
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A series of mono-, bis- and tetxa-porphyrin assemblies has also been prepared by 

utilizing the well defined and versatile chemistry of square planar Pt(II) and Pd(II) 

coordination complexes. Starting with monopyridyl-triphenylporphyrin and Pd(n) or 

Pt(ll) ions, we have been able to place different porphyrin subunits at chosen positions 

and fixed distances around the center metal ions. An X-ray crystal structure of a Pd-

linked bisporphyrin assembly has been solved. This is the first molecular structure 

determined by single-crystal X-ray diffraction of a metal ion-templated multi-porphyrin 

assembly. This straightforward synthetic strategy provides an easy method for the 

preparation of porphyrin-containing multi-component systems. 
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