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General Preface

Man cannot give a true reason for the grass under his feet
why it should be green rather than red or any other color.

Sir Walter Raleigh
History of the World: Preface (1614)

Just over two centuries after these words of Raleigh, Verdeil in 1844
converted chlorophyll to a red pigment which prompted him to suggest a
structural relationship between chlorophyll and heme. Shortly thereafter,
Hoppe-Seyler, in 1880, strengthened this hypothesis by showing the spec-
tral resemblances between hematoporphyrin and an acid degradation
product of chlorophyll. The final steps in these structural elucidations were
initiated by Willstitter and culminated in the heroic work of Hans Fischer
who showed that but for two hydrogen atoms grass would indeed be red and
that only two more hydrogen atoms would have ensured that Raleigh and
his countrymen would indeed have been blue-blooded Englishmen.

The close structural similarity between the porphyrins and chlorins gives
little measure of the relationships among and the diversity of their numer-
ous and important biochemical functions. All life on this planet relies
directly on the central role of the chlorophylls and cytochromes in photo-
synthesis by means of which photonic energy is converted and stored as
chemical energy. It is likely that long before oxygen was abundant in the
Earth’s atmosphere the cytochromes were responsible for respiration.
With the advent of photosynthesis the oxygen produced is the terminal
electron acceptor for all aerobic respiration. For many organisms the
means by which oxygen is transported, stored, reduced, and activated are
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Xiv GENERAL PREFACE

frequently mediated by heme proteins. In mammals, oxygen is transported
by the cooperative tetrameric protein hemoglobin and stored by mo-
nomeric myoglobin. When oxygen is reduced to water, in the terminal
step of respiration, four electrons are transported via a series of cyto-
chromes to cytochrome oxidase. Cytochrome oxidase contains two iron
porphyrins and two copper atoms. In addition, nature also brings about
one- and two-electron reductions to superoxide and peroxide. Both the
decomposition and further activation of hydrogen peroxide are mediated
by the heme proteins catalase and peroxidase. Furthermore, heme proteins
function as both mono- and dioxygenases, and recently cytochrome P-450,
which functions as a monooxygenase by combining properties of both
oxygen binding and electron transport, has been shown to be important in a
wide variety of biological hydroxylations.

This brief insight into a few of the many central roles played by metal-
loporphyrins in nature plus the challenges that porphyrins present to the
inorganic, organic, physical, and biochemist suggest the wealth of knowl-
edge that is documented in these areas. It is the objective of ‘“The Porphy-
rins’’ to present a full and critical coverage of all the major fields relating to
porphyrins, their precursors, catabolic derivatives, and related systems in
a manner that we trust will be useful to those in physics, chemistry,
biochemistry, and medicine.

The treatise consists of seven volumes. Volumes I and II (Structure and
Synthesis, Parts A and B) cover nomenclature, history, geochemistry,
synthesis, purification, and structural determination of porphyrins, metal-
loporphyrins, and mono- and polypyrrolic compounds and related sys-
tems. Volumes III, IV, and V (Physical Chemistry, Parts A, B, and C)
cover electronic structure and spectroscopy including uv-vis, ORD, CD,
MCD, mass, ir, resonance Raman, Mossbauer, Zeeman, nmr (diamag-
netic, paramagnetic), esr, and X-ray crystallography. In addition, redox
chemistry, electron transfer, aggregation, oxygenation, and solid state
phenomena are included. Volumes VI and VII (Biochemistry, Parts A and
B) cover the biosynthesis and enzymatic synthesis of porphyrins, chlo-
rophylls and their precursors, and the chemistry and biochemistry of the
bile pigments and the roles of porphyrins and bile pigments in clinical
chemistry. The structure and function of the major hemoproteins are also
covered.

It remains for me to thank my colleagues and co-workers for their
support and assistance. A special debt of gratitude goes to my mentors:
Alan Johnson who introduced me to these areas and who taught me why
chlorophyll is green, and Bob Woodward who showed the world how to

make chlorophyll and taught me why.
DAviD DOLPHIN



Preface

Volume I (Structure and Synthesis, Part A) contains chapters on the
history, nomenclature, geochemistry, and purification of porphyrins and
related systems. The synthesis of porphyrins from mono-, di-, and tet-
rapyrrolic intermediates is covered as are the isolation and modification of
porphyrins from natural sources. In addition, chapters on the synthesis and
properties of metallo-, aza-, and N-methylporphyrins are included. The
volume complements Volume II (Structure and Synthesis, Part B) which
includes chapters on reversible and irreversible reactions at the porphyrin
and chlorin peripheries, on linear polypyrroles and their metal complexes,
pyrrolic macrocycles related to porphyrins, and on the stereochemistry of
these cyclic and acyclic systems.

The final result is an up-to-date and critical review of the areas described
above. This treatise provides, for the first time, a complete and comprehen-
sive review of all the major aspects of porphyrin chemistry and biochemis-
try.

I wish to take this opportunity to thank the contributors to this volume.
For those who completed their chapters on time, I give my thanks for their
patience during the period between submission of their manuscript and the
publication of this book. Of those who were not so prompt I ask that they
understand my impatience.

DAviD DOLPHIN

XV



Contents of Other Volumes

VOLUME II STRUCTURE AND SYNTHESIS, PART B

Chapter | Synthesis and Stereochemistry of Hydroporphyrins
Hugo Scheer
Chapter 2 Hydroporphyrins: Reactivity, Spectroscopy, and
Hydroporphyrin Analogues
Hugo Scheer and Hans Herloff Inhoffen
Chapter 3 The Prophyrinogens
D. Mauzerall
Chapter 4 Oxophlorins (Oxyporphyrins)
P. §. Clezy
Chapter 5 Irreversible Reactions on the Porphyrin Periphery
(Excluding Oxidations, Reductions, and Photochemical
Reactions)
J.-H. Fuhrhop
Chapter 6 Chemical Transformations Involving Photoexcited
Porphyrins and Metalloporphyrins
Frederick R. Hopf and David G. Whitten
Chapter 7 Linear Polypyrrolic Compounds
Albert Gossauer and Jiirgen Engel
Chapter 8 Metal Complexes of Open-Chain Tetrapyrrole Pigments
J. Subramanian and J.-H. Fuhrhop
Chapter 9 Stereochemistry and Absolute Configuration of
Chlorophylls and Linear Tetrapyrroles
Hans Brockmann, Jr.
Chapter 10 Pyrrolic Macrocycles Other than Porphyrins
R. Grigg

VOLUME III PHYSICAL CHEMISTRY, PART A

Chapter 1 Electronic Spectra
Martin Gouterman

Xvil



X viil CONTENTS OF OTHER VOLUMES

Chapter 2 Electronic Absorption Spectra of Hemes and
Hemoproteins
Fran Adar
Chapter 3 Optical Spectra of Chlorophylls
Charles Weiss
Chapter 4 The Magnetic Optical Activity of Porphyrins
John Clark Sutherland
Chapter 5 The Magnetic Optical Activity of Hemoproteins
Barton Holmgquist
Chapter 6 Circular Dichroism Studies of Hemoproteins and Heme
Models
Yash P. Myer and Ajay Pande
Chapter 7 Infrared Spectroscopy of Porphyrins
J. O. Alben
Chapter 8 Resonance Raman Scattering from Metalloporphyrins and
Hemoproteins
R. H. Felton and Nai-Teng Yu
Chapter 9 Mass Spectra of Porphyrins and Related Compounds
H. Budzikiewicz
Chapter 10 Porphyrin Stereochemistry
W. Robert Scheidt
Chapter 11 A Photo Essay of Porphyrins and Related Macrocycles
Edgar F. Meyer, Jr., and David L. Cullen
Chapter 12 High Resolution Zeeman Spectroscopy of
Metalloporphyrins
G. W. Canters and J. H. van der Waals

VOLUME 1V PHYSICAL CHEMISTRY, PART B

—

Chapter Nmr Spectra of Diamagnetic Porphyrins
Thomas R. Janson and Joseph J. Katz

Chapter 2 Nmr of Paramagnetic Porphyrins
Gerd N. La Mar and F. Ann Walker

Chapter 3 ENDOR Spectroscopy of the Chlorophylls and the

Photosynthetic Light Conversion Apparatus

James R. Norris, Hugo Scheer, and Joseph J. Katz

Chapter 4 Esr of Porphyrin = Cations and Anions
J. Fajer and M. S. Davis

Chapter 5 Electron Spin Resonance of Porphyrin Excited States
J. H. van der Waals, W. G. van Dorp, and T. J.
Schaafsma

Chapter 6 Electron Paramagnetic Resonance of Hemoproteins
Graham Palmer

Chapter 7 Esr and Electronic Structure of Metalloporphyrins
W. C. Lin

Chapter 8 Mossbauer Spectra of Hemes
Eckard Miinck

Chapter 9 Modssbauer Spectroscopy of Iron Porphyrins
John R. Sams and Tsang Bik Tsin



Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter
Chapter
Chapter
Chapter

Chapter

CONTENTS OF OTHER VOLUMES

VOLUME V PHYSICAL CHEMISTRY, PART C

1

10

Routes of Electron Transfer
C. E. Castro
Electron Transfer Photoreactions of Porphyrins
D. Mauzerall
Primary Redox Reactions of Metalloporphyrins
R. H. Felton
Electrochemistry of Porphyrins
Donald G. Davis
The Oxygenation of Hemoglobin
Quentin H. Gibson
Interaction of Dioxygen with Metalloporphyrins
Brian R. James
Aggregation of Porphyrins and Metalloporphyrins
William I. White
The Isolation, Preparation, Characterization, and
Estimation of the Chlorophylls and the
Bacteriochlorophylls
Walter A. Svec
Chlorophyll Aggregation: Coordination Interactions in
Chlorophyll Monomers, Dimers, and Oligomers
Joseph J. Katz, Lester L. Shipman, Therese M. Cotton,
and Thomas R. Janson
Kinetic and Mechanistic Studies of Metalloporphyrin
Formation
Frederick R. Longo, Eleanor M. Brown, William G.
Rau, and Alan D. Adler
Solid State Phenomena in Porphyrins and Related
Materials
Alan D. Adler, Frederick R. Longo, and Frank J.
Kampas

VOLUME VI BIOCHEMISTRY, PART A

Protoporphyrin: Synthesis and Biosynthesis of Its
Metabolic Intermediates
Benjamin Frydman, Rosalia B. Frydman, and Aldonia
Valasinas
Biosynthesis of Porphyrins
Lawrence Bogorad
Chlorophyll Biosynthesis
O.T. G. Jones
Enzymatic Syntheses of Porphyrins
Bruce F. Burnham and Robert C. Bachmann
Formation and Metabolism of Bile Pigments in Vivo
Rudi Schmid and Antony F. McDonagh
Bile Pigments: Bilatrienes and 5,15-Biladienes
Antony F. McDonagh

X1X



XX

Chapter
Chapter

Chapter

7

8

9

Chapter 10

Chapter 11

Chapter 12

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

8

9

Chapter 10

Chapter 11

CONTENTS OF OTHER VOLUMES

Bile Pigments of Plants
A. Bennett and H. W. Siegelman
Derivatives of Bile Pigments
David A. Lightner
Synthesis and Characterization of Bile Pigments
A. Gossauer and H. Plieninger
The Stokvis Reaction
Henning von Dobeneck
Clinical Chemistry of the Porphyrins
Lennox Eales
Historical and Clinical Aspects of Bile Pigments
Z. J. Petryka and R. B. Howe

VOLUME VII BIOCHEMISTRY, PART B

Cytochrome Oxidase
David F. Wilson and Maria Erecinska
Cytochrome b in Energy Transducing Membranes
W. A. Cramer and P. Horton
The X-Ray Crystallographic Structure of Calf Liver
Cytochrome b
F. Scott Mathews, Edmund W. Czerwinski, and Patrick
Argos
The Electron Transfer Function of Cytochrome ¢
Shelgagh Ferguson-Miller, David L. Brautigan, and E.
Margoliash
Cytochrome c¢: The Architecture of a Protein—Porphyrin
Complex
R. Timkovich
Peroxidases, Catalases, and Chloroperoxidase
W. D. Hewson and L. P. Hager
Cytochrome P-450: Biophysical Properties and Catalytic
Function
Brenda Walker Griffin, Julian A. Peterson, and Ronald
W. Estabrook
Reconstitution of Hemoproteins
Seiyo Sano
Metal Substitution in Hemoglobin and Myoglobin
Brian M. Hoffman
Hemoglobin and Myoglobin
L. F. Ten Eyck
Bacteriochlorophyll Proteins from Green Photosynthetic
Bacteria
R. E. Fenna and B. W. Matthews



Contents

List of Contributors Xi
General Preface Xiii
Preface XV
Contents of Other Volumes XVvii
1 Nomenclature
R. BONNETT
I. Introduction 2
II. Pyrroles 2
III. Systems with Two Pyrrole Rings 3
IV. Porphyrins and Related Compounds: The Fischer Nomenclature 4
V. Porphyrins and Related Compounds: A Revised Nomenclature 9
VI. Linear Tri- and Tetrapyrroles 14
VII. Ring-Contracted and Ring-Expanded Systems 19
VIII. Metal Complexes 21
References 26
2 Selected Landmarks in the History of Porphyrins and
Their Biologically Functional Derivatives
DAviD L. DRABKIN
I. Challenge of Disease States 31
II. Thudichum’s Cruentine (Hematoporphyrin) 34
III. Experimental Disease States 36

v



Vi

IV.
VL
VII.

VIII.
IX.

XI.
XII.

CONTENTS

Important Books, Monographs, and Reviews

Conferences, Symposia, and Colloquia

Determination of Iron Content of Hemoglobin (A Standard for
Hemoglobinometry)

Crystallization of Porphyrins, Hemes, and Hemoproteins
Hemochromogens

Continuum of Concepts

Ongoing Problems: Return to the Functional Environment of the
Cell

Concluding Remarks

Addendum

References

3 Synthesis of Porphyrins from Monopyrroles

I1.
I1I.

VL
VII.
VIII.

JEAN B. KiM, ALAN D. ADLER, AND FREDERICK R. LONGO

Synthesis of Porphin and Chlorin

Synthesis of g-Substituted Porphyrins

Synthesis of meso-Substituted Porphyrins

Mechanistic Considerations

Cis, Trans-Dipyrrylmethene and Polypyrrylmethene Precursors
Substituent Effects

Cyclic Tetrapyrrole Intermediates

Conclusion

References

4 Synthesis of Pyrroles and of Porphyrins via Single-Step

I1I.

IV.

Coupling of Dipyrrolic Intermediates

JoHN B. PaINE III

Synthesis of Pyrroles from Acyclic Precursors

Manipulations of Monopyrrolic Porphyrin Precursors:
Transformation of a-Substituents of 5-Methylpyrrole-2-Carboxylic
Esters

Synthesis of Dipyrrolic Intermediates and Their Conversion to
Porphyrins

Appendix: Selected Examples of 2 + 2 Porphyrin Syntheses
References

5 Synthesis of Porphyrins from 1,19-Dideoxybiladienes-ac

and 1,19-Dideoxybilenes-b

A. W. JOHNSON

Introduction
Linear Tetrapyrroles
References

101

135

163
224
231

235
237
263



CONTENTS

6 Synthesis of Porphyrins from Oxobilane Intermediates

P. S. CLEzYy AND A. H. JACKSON

I. Introduction

II. Dipyrroketones
ITII. Porphyrins from a-Oxobilanes
IV. Porphyrins from b-Oxobilanes

V. Differential Protection of Pyrrole Rings
VI. Synthesis of Porphyrins Bearing Labile Groups
VII. Conclusions

References

7 Isolation and Modification of Natural Porphyrins

RoOBERT K. DINELLO AND C. K. CHANG

I. Introduction
II. Protoporphyrin and Related Natural Porphyrin Derivatives
III. Porphyrins Derived from Degradation of Chlorophylls
IV. Interconversion of Porphyrins by Chemical Means
References

8 N-Substituted Porphyrins and Corroles

A. H. JACKSON

I. N-Substituted Octaalkylporphyrins
II. N-Methylated Octaethylchlorins
III. N-Alkyl-meso-Tetraphenylporphyrins
IV. N-Alkylcorroles
V. N-Acetylcorroles
VI. Conclusions
References

9 Azaporphyrins
A. H. JACKSON

I. Introduction
II. Monoazaporphyrins
III. Diazaporphyrins
IV. Tetraazaporphyrins (Porphyrazines)
V. Phthalocyanines
VI. Analogues of the Phthalocyanines
VII. Mono-, Di-, and Triazabenzoporphyrins Related to
Phthalocyanines
References

vii

265
266
269
274
279
280
284
286

290
290
324
329
334

341
352
354
357
361
362
363

365
365
369
370
374
380

383
387



