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Author’s Preface

Natural products have always attracted chemists and biologists. Many of them
challenge the orgaaic chemist’s analytical, synthetic and speculative capacities.
The structures of terpenes, alkaloids, polyketides, plant pigments, etc., are
extremely varied and often very complex. They show a wide reactivity range and
sometimes physiological properties. The organic chemist considers these secondary
metabolites as the par excellence natural substances.

Since the beginning of this century research chemists have increasingly been
pointing out the peculiarity of natural organic substances, that is their formation
by living organisms. This ‘biosynthesis’ can be rgarded as their ‘fourth dimension’!

The technological development of the last two decades has made the detec-
tion of isotopic nuclides (radioactive or no!) easier and easier; in addition,
isotopically labelled compounds are increasingly more availabic. Asa consequence,
biosynthetic studies based on tracers have expanded enormously. The large
amount of experimental data so far collected makes it possible to form a picture
of the synthetic capabilities of plant and animal organisms. Such a picture,
although incomplete and with many speculative points, clearly indicates a bio-
chemical evolution. The secondary metabolites, which reflect the differentiation
of the species at a chemical level, appear to originate from general biosynthetic
schemes common to all or nearly all species populating our planet.

In my opinion a university course in Chemistry of Natural Products should
largely deal with biosynthesis. In fact, most in vivo chemical reactions have
extremely interesting mechanisms and stereochemistry. The student should be
able to recognise the origin of natural compounds from their structures: he
should therefore know the fundamental biogenetic principles, the reaction
mechanisms most frequently involved in enzyme-catalysed processes, the key
roles played by coenzymes, and the most important pathways to secondary
metabolites.

It has been my intention to write a textbook covering basic biosynthetic
topics and to be used by: (a) chemistry students interested in biological-organic
trends, (b) graduate chemists wishing to widen their vision of current biosyntheti¢



Author’s Preface

problems and methodologies, and (c) biologists and pharmacologists, with a
limited knowledge of organic chemistry, yet interested in chemical aspects of
secondary metabolism. )

Thus, from my teaching experience and taking into account the different
background knowledge of potential readers, I have emphasised some biological
concepts in Chapters 1-3 for chemists lacking the essential rudiments of biology
and biochemistry, and I have included Appendices 1-4 containing basic notions
of reaction mechanisms and stereochemistry to asslst biologists.

The text is largely based on my lecture notes used at Milan University since
1970 in the course of Chemistry of Organic Natural Substances for chemistry
and biology students. Many paragraphs could certainly have been more detailed,
but obvious reasons of brevity have limited them. For the same reasons alkaloid
biospnthesis has been omitted. The references given at the end of each Chapter
should offer useful sources for the reader wishing to go beyond this book. In
order to achieve this aim, the most important texts, reviews and articles of the
last fifteen years have been chosen.

I.wish to thank Dr. Guido Serra-Errante, who translated the Italian
manuscript; Prof. P, G. Sammes, who critically read the English version; Prof.
A. Guerritore for his useful biological suggestions; Prof. L. Canonica for
stimulating my interest, in the field of natural product biosynthesis; and my
wife, who helped me in preparing this book with her patience and constant
encouragement.

~ Milan,
December, 1980 Paolo Manitto
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Chapter 1
Primary and Secondary Metabolism

1.1 INTRODUCTION

Even before the end of the Eighteenth Century, organic materials had ‘been
isolated from living organisms and their products. The German chemist, Karl
Wilhelm Scheele (1742-1786) was particularly distinguished in this art: he was
able to extract some.simple compounds, including glycerol and oxalic, lactic,
tartaric, and citric acids from various organic sources, both vegetable and animal.
Friederich W. Sertiirner (1783-1841) obtained morphine from opium in 1806
and Pelletier and Caventou isolated strychnine, brucine, quinine, cinchonine, and
caffeine in the next fifteen years.

Because of their chemical complexity and important physiological properties,
these alkaloids should be considered as the first of the typical, natural organic
substances isolated by mar as pure compounds. The isolation of many thousands
of other compounds from natural sources rapidly followed and continues to this
day.

Organic chemistry developed in parallel with the isolation and study of
natural substances. Because of their large structural variety, the molecules pro-
duced by living organisms are valuable to the organic chemist: he can work on
them to widen and deepen his knowledge of organic reactions and, in particular,
they can be used to verify certain hypotheses, such as on mechanisms. Some
established examples are, steroids — conformational analysis; cyclic terpenes —
molecular rearrangements; tropolones — ring chemistry; pigments — electronic
absorption spectroscopy, etc.

Besides giving useful substrates for mechanistic and stereochemical studies,
living organisms also stimulate the organic chemist in two other ways. On one
hand is the challenge to elucidate certain extraordinarily complicated structures
(such as that of vitamin B,;) and to synthesize them in vitro; on the other hand
is the unravelling of the secrets of enzymatic reactions (biocatalysis) and the
‘building up’ processes by which the cells make organic molecules (biosynthesis
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or biogenesis)f. The information available from such investigations, together
with various theories and hypotheses, form a well-defined and largely autonomous
branch of chemistry called the biogenesis of natural products.

The biogenesis of natural products, although connected with tradmonal
organic chemistry and biochemistry, differs from both by its different aims.
Organic chemistry mainly deals with structural studies, the physical and chemical
properties of compounds, and the synthesis of compounds, natural or otherwise,
using in vitro methods, but tends to ignore the characteristic peculiarity of
natural compounds, that is to say, their mode of formation and their biological
role. Biochemistry, on the other hand, tries to answer the most general questions
about life on our planet, preferentially dealing with primary metabolism (see
later), and neglecting secondary processes such as the formation of alkaloids,
terpenes, etc.

In Table 1.1 some fundamental dates in the history of natural products are
listed. It illustrates how the greatest progress in biogenetic research has taken
place in the last twenty five years. This is principally due to the more extensive
use of compounds labelled with either stable or radioactive isotopes. Since 1950
substances containing *H, *H, 'C, *C, "N, and %0 have been commergially
available and sophisticated instruments for detecting such isotopes have been
developed: examples of this are scintillation counters, gas chromatographs
coupled to mass spectrometers, nuclear magnetic resonance (n.m.r.) spectro-
meters with Fourier transform facilities, and so on.

1.2 PRIMARY AND SECONDARY METABOLISM

Polysaccharides, proteins, fats, and nucleic acids are the fundamental building
blocks of living matter and are thus considered to be primary metabolites. The
whole range of processes by which organisms synthesise and demolish these
substances, in order to survive, constitute the primary metabolism processes.
The primary metabolism of all organisms, even those which are genetically very
distant, is similar.

Other chemical processes take place only in certain species or else give
different products according to the type of species. Such reactions do not
appear to be essential for the existence of the organism and hence are called
secondary metabolic processes. Products from secondary metabolism tend to
coincide with the traditional natural products of the organic chemist, such as
terpenes, alkaloids, pigments. Although not essential for the existence of the

t The terms biosynthesis and biogenesis both mean the formation of natural substances by
living organisms. Although they are often used synonymously, there is a slight difference
in their meanings; the first one refers to the acquisition of experimental data, whilst the
‘second one emphasises the speculative aspect of certain facts. Current practice further
restricts the word biosynthesis to the elaboration of natural molecules from less complex
structures by endoergonic reactions. Such reactions are typical of anabolic processes in
secondary metabolism.
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individual, secondary metabolites often play a key role in *he survival of the
species over others. Included here are the defence chemicals, sex attractants, and
the pheromones. The reason why many secondary products are produced
remains a mystery. Some authors believe they are detoxificatior products of
poisonous or overabundant metabolites, which cannot be otherwise eliminate2
by the organism. This explanation would account for the greater production of
secondary metabolites in plants rather than in animals. Whilst animals have
sophisticated processes for removing secondary products through their liver and
kidneys, plants are obliged to transform their unwanted materials into com-
pounds which can be stored in the cellular vacuoles, in cell walls, etc. Some
scientists consider such metabolites to be a store of energy and food in plants,
which can be utilised in times of necessity. Whatever the purpose of secondary
metabolites, a lot is known about their chemistry and how they are formed.

Table 1.1 Some important dates in the study of natural products

Isolation of some important natural products

1806 morphine Serturner

1818 strychnine Pelletier and Caventou
1845 camphor Bouchardat

1859 cocaine Niemann

1864 bilirubin Stadeler

1909 cholesterol Windaus

1934 progesterone Butenandt

1938 penicillin Florey and Chain
1948 aureomycin Lederle Laboratories

Structure elucidation and synthesis

1932° cholesterol Wieland

1946 strychnine Robinson

1954 strychnine synthesis Woodward

1955 vitamin B,, Hodgkin

1959 colchicine synthesis Eschenmoser

1960 chlorophyll synthesis Woodward

1968 B-amyrin synthesis Barton

1971 erythronolide B Corey

Biogenetic researches

1953 acetate hypothesis Birch

1955 shikimic acid pathway Davis -
1956 mevalonic acid discovered Merck Laboratories
1959 isoprene rule Ruzicka

1964 oxidative coupling Barton
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Intermediate metabolism usually indicates certain & reactions which allow
exchange of material between different metabolic pools and producing energy
required by both the single cells and the whole organism. Intermediate metabolism
corresponds, approximately, to the central area of Fig. 1.1 and usually involves
small molecules (acetic acid, etc). These molecules are partly burnt to CO,and
H,0 with production of energy. Because of its vital importance the intermediate
metabolism is generally discussed with primary metabolism.

Chapters 4, 5, 6, 7,and 8 deal with chemical aspects of secondary metabolism:
Chapter 2 surveys enzymic aspects of metabolism, whilst Chapter 3 describes
some of the more important primary metabolic processes. A good knowledge of
primary metabolism is essential for an understanding of the biogenesis of natural
products, since a close connection exists between the various chemical processes
occurring inside a cell. In fact, the distinction between primary and secondary
metabolism is merely artificial; the concept is a useful simplification of the
complex phenomena which occur in vivo (Fig. 1.1).

Primary Central Secondary
Metabolism Metabolism Metabolism
Polysaccharides «— Glucose > Glycosides
Polysaccharide Pentoses  Aromatic —»tihlizlyl.p Fopanoids
= . oids
Tetroses  Aminoacids .
| Flavonoids
Proteins L +
Trioges Ahphatlc
Fats l\Ammoaclds Polyketides
\ Acetic /
Acid Mevalonic ———— Terpenes,
Acid Carotenoids
Nucleic acids «—— Krebs Cycle
(acids) — Tetrapyrroles

Fig. 1.1 Relationships of primary and secondary metabolism.

1.3 THE BIOGENETIC PATH

The biogenetic path is the sequence of reactions through which an organism
synthesises a substance X starting with a molecule A. The products B,C,D ...,
into which A is transformed during this progression towards X are called narural
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intermediates and usually increase in chemical complexity during the biosynthetic
process (Fig. 1.2(a)). Substance X can,in turn, be changed to another compound,
Y, thus becoming an intermediate of the latter product.

A natural product is not always the result of one unique biogenetic path. It
can well occur at the end of several pathways and, under these circumstance, one
of the convergent paths usually predominates over others (Fig. 1.2(b)). The
natural intermediates of a unique or overwhelmingly predominant pathway are
called obligatory; blocking the synthesis of such intermediates causes an almost
total interruption of formation of the final compound.

A biogenetic pathway can be ramified at one or several points (Fig. 1.2(c)).
The combination of convergent and ramified paths leads to a metabolic grid
(Fig. 1.2(d)). Quite frequently, a substance is formed and used at about the same
rate and thus its concentration in the organism is virtually constant. A stationary
state then exists (an equilibrium between anabolic and catabolic phases): the

-amount of substance either formed or transformed per unit of time is called the
turnover rate.

(a) Linear Process

(d) Metabolic Grid

A—B—C
2
D—E—F
4 ¢ i
G—H—X

Fig. 1.2 Various types of metabolic pathways.
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1.4 PLANT AND ANIMAL ORGANISMS

The chemist studying natural products depends heavily on the type of living
organism chosen for his biogenetic research. It is important in such studies to
understand the essential biological and taxonomic features of the selected
organism. It is also important to collaborate with experts from other scientific
disciplines such as biology, pharmacology, microbiology and so on, in order to
maximise the value of such studies.

Living organisms are traditionally divided into the two large animal and
plant kingdoms. The universal unit of organisation is the cell. On the basis of
fundamental structural, cellular features living organisms are divided into:

(i) Procaryotes, in which the genetic material (DNA) is not enclosed in a
well-defined nucleus;

(ii) Eucaryotes, which contain a me¢mbrane-surrounded nucleus and various
cytoplasmic organelles, each delineated by membranes (mitochondria,
chloroplasts, etc).

Despite their ability to reproduce, viruses are not included by most biologists

amongst living organisms. These nucleoprotein particles are devoid of any

metabolic processes of their own and can only multiply within living cells.

Animals are typical encaryotic organisms and they utilise the oxidation of
organic substances as the only source of chemical and physical energy. The
animal kingdom has ten major phyla: Protozoa (protozoans), Porifera (sponges),
Coelenterata (coelenterates), Aschelminthes (aschelminthes), Platyhelminths
(flatworms), Echinodermata (echinoderms), Mollusca (molluscs), Anellida
(anellid worms), Arthropoda (arthropods), and Chordata (chordates). The plant
kingdom, which includes all other forms of life is more heterogeneous and is
divided into divisions. The four main groups in the plant kingdom are:

1. The Schizophytes (procaryotes), which are further subdivided into the
Cyanophytes (blue algae) and Bacteriophytes (bacteria).

2. The Algae (other than the Cyanophytes). These are eucaryotes and are
divided into the Phytoflagellates, Chlorophytes (green algae), Phaeophytes
{brown algae), and Rhodophytes (red algae).

3. Fungiand Lichens (eucaryotes).

4. Euphytes (eucaryotes), which includes all the common green plants.

These four divisions need to be discussed in more detail, as follows.

Schizophytes (from the Greek words Zxi{w = ro divide, and ¢urov = plant)
are inferior vegetables, usually unicellular, which reproduces by cell division. In
some cases the formation of spores or cysts is noted. These are durable cells with
a thick membrane and dense protoplasm. The pigmentation of the Schizophytes
is closely connected with their metabolic activity. Colourless organisms, and the
nearly yellow and red pigmented cells, for example bacteria, are etherotrophic
(they use organic matter for energy and food). They can be classified as follows:



