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PREFACE

THis BOOK grew out of our belief that all educated people should have an
understanding of science. Much of our modern world is based on scientific
discovery and the resulting technological applications. Scientists, social scien-
tists and humanists must communicate with and understand each other since
the survival of mankind requires the development of scientific programs whose
social implications and human consequences have been taken into account.

Within the domain of science, chemistry plays a central role because it deals
with the elements and molecules composing the universe. Organic molecules
derive from compounds of carbon and other elements such as hydrogen,
oxygen, nitrogen. sulfur, etc. Millions of combinations exist in nature, or have
been synthesized, including those upon which life itself is based.

The book commences with a consideration of how life began and evolved.
We present an overview of the code of life, emphasizing that studies of
molecular size and shape have revolutionized our understanding of biological
phenomena. These studies have relied heavily on the use of x-rays to show the
details of the three-dimensional structure of organic molecules.

In our text we demonstrate the relationship of organic chemistry to the
world about us. To accomplish this task, we discuss polymers in order to
explain how so many of the synthetic materials used today are prepared. We
place some scientific discoveries such as those of quinine, aspirin, hormones,
vitamins and hallucinogens in an historical context. We point out that modes
of biological action for most drugs are unknown. We give examples of acciden-
tal observations which lead to significant technological breakthroughs (e.g., the
discovery of penicillin, the initial syntheses of guncotton and nylon). We stress
that discovery in chemistry is a continuing process and that more scientific
understanding is essential in the building of a better world.

On numerous occasions we have encountered undergraduates who recall
absolutely nothing from their organic chemistry studies shortly after com-
pleting their courses. We found that in most cases the course content repre-
sented a watered-down exposure to a curriculum used to train chemists. We
therefore undertook a completely different approach by choosing representa-
tive areas of chemistry that we believe are important to educated people. By
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definition, such a book can never be complete. However, each subject is
presented in substantial detail, and therefore this book should be appropriate
as a general introductory chemistry text and also as an informative reference

for more advanced students.
Many people helped in the creation of this book. The text was perused at

various stages by colleagues, Professors Martin Kamen, Paul Saltman,
Stanley Miller and F. Thomas Bond. Through their constructive criticism, we
were able to improve the organization and presentation of the material.
Helpful comments were received on specific chapters by Drs. Michael Verlander
and Ugo Lepore. We want to call particular attention to the discussions and
suggestions of Dr. Jerrold Meinwald, who helped us formulate the chapter on
Molecules of the Senses, and to Drs. F. R. Salemme and Jens Birktoft who
helped us with the chapter on Molecular Structure by X-ray Vision. The
guidance we received from Dr. Stephen Freer was indispensable in helping us
make aspects of x-ray diffraction not only intelligible but readable. Dr. Eugene
Cordes of the University of Indiana and Dr. Harold Moore of the University
of California, Irvine, examined the entire text and made most useful suggestions
for revisions and modifications. The chemical figures and many of the illus-
trations are the work of Mr. Theodore Velasquez to whom we are indeed

grateful.
M. G. and F. M.
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CHAPTER |

PREBIOTIC SYNTHESIS
Origins of Biological Molecules

THE sTORY of organic molecules begins more than five billion years ago,
before the sun and the earth and the other planets in our solar system formed.
At that time, somewhere in the star-packed core of our galaxy, an ancient star
was dying. The death of this old star—a blinding supernova explosion—
signalled the coming of the solar system. It produced and threw out the atoms
which now constitute the solar system, including the earth and all its
inhabitants.

But between the supernova and the peopling of earth lies a fascinating
story—the story of the formation and evolution of the organic molecules
responsible for the appearance of life on earth. How did it all happen ? What
is the connection between the death of a star and the birth of man? The two
events are separated by 5 billion years, but the atoms synthesized by the
supernova are the very atoms that now make up our modern world. We can
follow the paths of the atoms from the simplest organic molecule—methane—
to the ultimate earth creature known today—man—through the molecular
transformations we know as organic reactions.

If the whole story were written chronologically in ten volumes of 500 pages
each, each page would represent 1 million years. Man would not appear until
the last page of the last volume.

Let uslook first at the beginning of the story, how the molecules of life came
to exist on carth before the first living organism appeared in the maternal
waters.

The Supernova

Our galaxy, the Milky Way, is between 10 and 15 billion years old. It is saucer-
shaped and the central region is crowded with billions of large stars. When one
of these stars dies, it goes out with a bang and not a whimper—to paraphrase
the poet, T. S. Eliot. It explodes with an unearthly violence, releasing particles
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with enough energy to escape to the spiral fringes of the galaxy. These particles
are also sufliciently energetic to undergo all the nuclear reactions needed to
populate the entire periodic table.

But why should a star explode on its death bed ? A star is mostly a cloud of
hydrogen gas. As it ages, internal gravitational forces cause it to contract. As
it contracts, its density increases. The increasing density accelerates the
contraction until the core of the star approaches the density of nuclear matter.
At this critical stage, tremendous repulsive forces build rapidly, and the core
explodes as a consequence of the contraction.

The debris consists of cosmic gas and dust, probably containing all the
elements of the periodic table, but still mostly hydrogen (about 90%). The
non-hydrogen portion is mainly helium, the other inert gases, and methane.
The other elements constitute the dust particles and amount to only a few
thousandths of a percent of the total mass of gas and dust. But the quantity of
material expelled by a supernova is so great that even this tiny portion contains
enough material to furnish a sun with its planets.

The supernova which provided the material for our solar system occurred
more than 3 billion years ago, but only 900 years ago, man had the privilege of
actually observing a supernova. It was so bright at first that it could be seen
with the naked eye in broad daylight. Most of the debris has since drifted away
into space, but the remnants are still visible at night through a telescope. This
luminous cloud of gas and dust is called the Crab Nebula (Figure 1.1). The
event was viewable in the year 1054 and was duly reported by Japanese and
Chinese astronomers but went unnoticed in Europe. It is now known that the
Crab Nebula is 6000 light years from earth and therefore the explosion
occurred 6000 years before the oriental scientists’ eyes gazed upon it and noted
that it was brighter than Venus. This supernova could be seen with the naked
eye for well over a year. It then faded into heavenly obscurity.

In 1731 John Brevis rediscovered the event with the aid of a telescope and
correctly deduced that it was the remnant of the 1054 supernova. Supernovae
can be as bright as 100 million of our suns. The Crab Nebula which is not very
bright today is important because it emits not only visible light but also x-rays
and radiowaves. The source of the radiowaves lies in a pulsar which is a rapidly
rotating, highly condensed star. The Crab Nebula contains the only pulsar so
far clearly seen by optical telescope.

Some of the cosmic gas and dust from the ancient supernova drifted to the
present location of our solar system on the periphery of the galaxy about 5
billion years ago and gathered itself together into a diffuse cloud. Again,
internal gravitational forces caused the inner denser portion of the cloud to
compact itself and form a new smaller star—our sun.

The remainder of the cosmic material was held by the gravitational pull of



FIGURE 1.1 The Crab Nebula represents the remains of a supernova explosion
that was visible and recorded in the year 1054 in China and Japan. It went completely
unnoticed in the western world until the eighteenth century. [Photograph courtesy
of the Hale Observatories.]
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the sun and gradually coalesced to form the earth and the other planets. The
material of the earth did not have sufficient mass to hold its cosmic gas and
most was lost to space. At first, then, the earth was just an accumulation of
cosmic dust, relatively cool, and without much of an atmosphere. This was
about 4.8 billion years ago.

The ball of cosmic dust—the new earth—was made up of metals and their
oxides, water as ice and as hydrates, ammonium compounds, silicon and sulfur
compounds, and carbides. The ball became more and more compact because
of its own gravity and the tremendous pressure of compaction, particularly at
the center, raised the temperature of the mass. Chemical reactions, set off by
the temperature increase, contributed to the heating effect, and the earth
gradually differentiated into a dense molten core, a mantle, and a crust. The
heat drove volatile materials and gases to the surface. These molecules formed
the primitive atmosphere of the earth. This atmosphere was not a nitrogen and
oxygen atmosphere such as we have today. It was a methane and ammonia
atmosphere, and very steamy until the crust of the earth cooled enough to
allow the primitive oceans to form.

The new earth was barren rock and water, basking in the brilliance of the
new sun. Unfiltered as yet by our present layer of ozone, the sun provided the
high-energy ultraviolet light needed to convert the simple molecules of the
primitive atmosphere into new molecules capable of reacting further to build
the complex molecules of life. Two of the most important of these new mole-
cules which formed photolytically are formaldehyde and hydrogen cyanide.
Formaldehyde forms from methane and water irradiated by ultraviolet light.

CHy + H0 %o HC:0 +4H:

Stepwise sequence:

e - CHy + H- [ on ]
M0 L oMo + 2 HO—CHy + HO: —- [o- CH, [|
CHy +H0: —=  HO~CHy //
HO~CHy 2w HO—CHy + H: :;LO + Hy0

|

Hydrogen cyanide forms when methane and ammonia are irradiated, by the
same kind of sequence.

CHy + NHy e H—C=N + 6H
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Formaldehyde and hydrogen cyanide provide a clue to the mystery of how the
two universal constituents of life—proteins and nucleic acids—could have
formed in the lifeless primitive oceans.

A protein is a long-chain molecule made of amino acids hooked together
head to tail. The simplest amino acid is glycine.

l
Hy N —CHy —C —OH
A protein may contain up to twenty different kinds of amino acids. They are

all like glycine except that each kind has its own special side chain. In the
following general formula, R indicates one of twenty different side chains.

i
HoN—CH—C—Ok
R

When R = H, the amino acid is glycine. If R = CHj;, the amino acid is alanine.
When the head (carboxylic acid end) of one amino acid is bonded to the tail
(amine end) of another amino acid, a molecule of water is released and an
amide or peptide bond is formed.

0
Il Il
HpN-CH—C—0OH + H2N—(|?H—C—OH e
|
R R
i 0
HZN—(IZH—C,—NH—-(IIH—C—OH + Hy0
R peptide R
bond

Therefore, a protein is sometimes described as a polypeptide. A small portion
of a protein molecule is shown below.

glycine I alanine ! phenylalanine | serine
SN ET :
| l} |
—‘-H~-CHZ—C——:NH~CH—C—#NH—CH—C—:NH—CH—C—
| | | |
| ] | |
i CH2 '1 CH?

| CHi

@ oH
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But how could an amino acid have formed in the primitive oceans from
formaldehyde, hydrogen cyanide, ammonia, and water? A possible synthesis
for glycine involves only three steps.

Ho(=0 + NHz —= HoC=NH + H,0
methylene
imine

2 H2C=NH + H_C =N _.HZN_CHZ—CEN Note compound, p. 11
amino  nitrile

I
3 HpN—CH,—C=N + 2 Hp0 —= H,N—CHy—C—O0H + NH3
qlycine

The first step begins with a nucleophilic attack by ammonia on the carbonyl
group of formaldehyde.

H H R

\ . \® -
H=N:——C =@ —  H-N-(—8°

/ ;o VAR

H H H H

Proton transfer neutralizes the charges, possibly through a molecule of water.

o e, o
: .O.
N 7N
H—C—H H H—C—H H
: 1 — 1
HgN—H"+Q H—N:  :6—H
[ \ l
H H H H

Proton transfer then assists in releasing the imine from its unstable hydrate.

H H
l HoH o,/
|2 A
H—C H C H
(! l — Il
N—H Q0 —H N H—0Q
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Step 2 requires nucleophilic attack by the cyanide ion on the imine carbon
atom. The carbon end of the cyanide ion is the more negative end of the ion,
and is therefore a more powerful nucleophile than the nitrogen end.

3 8 ® <)
HN: 4 H—C=N ——HN + “C=N:

ammonium  cyanide ion

ian
H H
o C/ (—)C o, /
—N= + =N ——H—N—C—C=N:
= {\/ & \
H H
e, -
H—N—CH,—C=N: —’H—f;l—CHZ—C‘:‘N‘
)
;
& 8
N N
VAR VAN
H H H H H H

The third and final step in the synthesis of glycine is the hydrolysis of the
amino nitrile to the amino acid. This also involves nucleophilic attack, but this
time the nucleophile is water. In the reactions below, (a) is nucleophilic attack
by water, (b) is proton transfer.

N N
(0  HN—CH;—C=N: ——= H;N—CH,—C=N
{ S
Q 2
VAR RN
H H H H
..9 .
(b) HEN—'CHz‘“C :N —_— HZN —CHZ—(I::N\
'@ .
i o H
H/ \H H/

The carbon atom, now doubly bonded to the nitrogen atom, is still
vulnerable to nucleophilic attack, and the sequence repeats.
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HH M
. ..e
(@  HN—CHy—C=N. ——— H,N—CH—C—N
2 . J\ 2 N
e H o H
/ /
H H
H H
e i
(B)  HN—CH—C—N® —— HN—CH—C—
2 N 2 Ca N\
Q: H o H
y s
H H

This amino dialcohol is unstable and may release either a molecule of
water or a molecule of ammonia. If it releases water, it merely reverts to the
imino alcohol it came from. This imino alcohol is a less stable form of glycin-
amide. Both forms, however, are susceptible to nucleophilic attack.

H H
HoN—CHy—C 2N HoN—CHy—C—fi”
2 2 I—'f -— 2 2 i N
e o H
\
. H glycinamide
imino alcohol

If the amino dialcohol loses ammonia instead of water, the product is
glycine.

e 7o

HZN—CH2—$—C’|}3—H—— HoN—CHp—=C + rrl\J—H
0 H lycine O-H H
N aly

Coupling of these units to form polypeptide chains may have occurred in
the primitive oceans at the amino nitrile stage, that is, before hydrolysis of the
nitrile to the carboxylic acid. Indeed, this may have been the easiest route to
primitive polypeptides, since nitrile hydrolysis and amino acid condensation
require quite severe or special reaction conditions. Amino nitriles could have

polymerized and hydrolyzed under the milder conditions presumably present
at the time.
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Possible Prebiotic Formation of Peptides

H
N |
HgN—CHz—C\ENT + H—N—CH,—C=N
v
oy |
N H

_ Il g
HoN—CHp—C—NH—CH,— C== N:

:pr j
| I
HoN—CHp —C—NH—CH—C=N:

! Ho0
T
HoN— CHy—C—-NH—CHp—C=N: + NHs

[4

peptide bond

The hydrolysis step is analogous to the imine-aldehyde equilibrium. Each
end of the coupled molecule still contains a reactive group for extending the
chain indefinitely.

Laboratoryexperiments designed to simulate the primitive earth atmosphere
and oceans have been carried out to test the hypothesis that amino acids and
other life molecules might have originated spontaneously under the conditions
believed to have existed then. In 1953, Stanley Miller at the University of
Chicago subjected methane, ammonia, water, and hydrogen to electric dis-
charges for a week. He found at the end of this time that hydrolysis of the
reaction mixture produced glycine and other amino acids. In fact, more than
29 of the methane in the original mixture had been converted to glycine. This
remarkable result shows clearly that something exists in nature, at least under
those particular reaction conditions, which favors the production of life
molecules far beyond the degree which would be expected statistically. This
experiment and others done since indicate that amino acids and other life
molecules could have formed abiotically. But did they? Is there any purely
natural evidence that this ever happened either on earth or anywhere else in
the universe ? The answer is yes.

In 1970, another scientist interested in the origins of life molecules, found
amino acids on a meteorite which had fallen in Australia. Of these amino
acids, six kinds are the same kinds found in living things on earth. This
discovery poirits to one of two conclusions. Either amino acids have actually
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formed somewhere in the universe abiotically, or extraterrestrial life exists. Of
course, the discovery of the extraterrestrial amino acids does not disprove
either of these two possibilities. Both could be true. The discovery merely
proves that at least one of them is true.

If the first is true, it answers the question posed earlier. Amino acids have
actually arisen abiotically in nature without man’s assistance. Scientists believe
that the discovery points to this first conclusion, because the extraterrestrial
amino acids are optically inactive. They do not rotate plane-polarized light.
Amino acids of biological origin are optically active. This is always observed
in terrestrial life forms and it is presumed to be true universally. The amino
acids synthesized abiotically in the simulated primitive earth experiments are
also optically inactive.

How can an amino acid be optically active in one instance and optically
inactive in another? The answer lies in the structure of the molecule. The
generalized structure for an amino acid contains a carbon atom bonded to
four different atoms or groups.

H
HoN—C—COH

1

n

Because of the tetrahedral geometry of this carbon atom, two configurations
(or spatial orientations) are possible for the molecule.

i ;

> C-.
H2N7 \\ /"/ \NHQ

R CO2H HO,C R
The relationship between these two molecules is the same as the relationship
between a left hand and a right hand. They are very similar, but they are not
identical. They cannot be superimposed, one upon the other, atom for atom.
They are so similar that they have identical physical properties, except that one
rotates plane-polarized light clockwise, and the other rotates plane-polarized
light by the same amount counterclockwise. For this reason, they are called
optical antipodes or enantiomers.* They are also called stereoisomers to
indicate that they differ only in the three-dimensional orientation of their atoms
in space. They do not differ in the order of attachment of their atoms as
constitutional isomers do.

* The words optical antipodes or enantiomers refer to the specific optical isomers which
are asymmetric and nonsuperimposable. See appendix.
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The carbon atom attached to the four different groups is called an asym-
metric carbon atom. The presence of this atom in the molecule makes the
molecule as a whole dissymmetric, that is, capable of having a non-super-
imposable mirror-image.

An optically inactive amino acid contains both optical antipodes in equal
amounts. This mixture is called a racemic mixture. It does not rotate plane-
polarized light because the rotatory contribution of one antipode cancels the
rotatory contribution of the other antipode. (Glycine is an exception. It is
optically inactive because its mirror image is superimposable.)

In contrast, an amino acid obtained from a protein contains only one of the
two possible antipodes. Therefore, it rotates plane-polarized light either
counterclockwise or clockwise, that is, it is either levorotary or dextrorotary.
But regardless of which way it rotates plane-polarized light, and regardless of
which amino acid it is, the orientation of groups about the asymmetric carbon
atom is always the same. This particular orientation or configuration is
designated L. because if the amino acid were converted to glyceraldehyde
without changing its configuration, the glyceraldehyde produced would be
levorotary. The antipodes of the protein amino acids would be designated D if
they would produce dextrorotary glyceraldehyde.

COoH CH=0
’ 7s_e.vemi steps

~
C —

|

C
R\ Hoth” "\
HoN H HO H

L—amino acid levorotary glyceraldehyde
CO2H CH=0
! r
/C ——— C
72 HoCHy 7\
n NHp H OH
D—amino acid dextrorotary glyceraldehyde

The antipodes of glyceraldehyde were assigned the above orientations
arbitrarily, before techniques for three-dimensional structure determination
were available. X-ray crystallography later verified the assignment (see
Chapter XI).

All amino acids from proteins always have the L-configuration, regardless
of whether they are levorotary or dextrorotary since they are stereochemically
related to L-glyceraldehyde. Levorotary and dextrorotary are signified by
lower-case letters 1 and d, or by the symbols (=) and (+).
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The universality of the L-amino acids in proteins is difficult to explain. It is
not so difficult to rationalize the existence of an all-L protein, or even an all-L
organism, as opposed to a mixed L and D protein or organism. Natural
selection can account for this on the basis of the energetic nonequivalence of
all-L versus mixed L and D. An all-L protein might work much better than a
mixed L and D protein. However, an all-D protein or an all-D organism would
be completely equivalent to its looking-glass twin. Therefore, the spontaneous
generation and development of L-life ought to have been paralleled by D-life.
Evidently it was not, and science has no answer to the mystery.

Another observation which appears to hold true universally is that optically
inactive materials always produce optically inactive products. For example, if
the amino acid alanine were synthesized in the laboratory from acetaldehyde,
ammonia, hydrogen cyanide, and water, it would come out as a racemic
mixture of antipodes.

()  CHy—CH=0 + NH; — CH3—CH=NH + H,0

acetaldehyde imine

{b) CH3——ﬁH + H—C=N——> CH3—CH—C=N
|

~NH NHy  amino nitrile
e Note compound, p. §
(c) CHy—CH—C=N + 2 H0—— CH3—CH—CO0pH + NH3
| |
NH, NH,
alanine
(both antipodes)

The principal reason for the production of both stereoisomers of alanine is
that cyanide ion can attack either face of the planar imine molecule with equal

likelihood.

CH\3 _~C=N
/ / /C"\ ‘ L-anfipode
CHz  back attack H NHa
\C —=NH + C=N +
/
H front ottack Ct{3 /,/NHE

C D—ontipode
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However, when alanine is produced within an organism, the reaction takes
place on the surface of a dissymmetric catalyst called an enzyme. If the enzyme
always attaches itself to the front face of the imine, cyanide ion can attack only
from the back side. Thus, only one of the two antipodes of alanine would form.
This kind of stereospecific enzyme model accounts for the observation that
biosynthesis always produces only one antipode.

Prebiotic Origins of Other Biological Molecules

Amino acids are not the only essential precursors to life. All organisms
contain not only protein, but also nucleic acids. With the discoveries that
genetic information is transmitted by nucleic acids and that protein synthesis
is directed by nucleic acids, the old notion that protein is the primary stuff of
life was expanded to include nucleic acids.

Like proteins, nucleic acids are long-chain molecules. Instead of using
amino acids as building blocks, however, nucleic acids use nucleotides. A
nucleotide has three component parts—a purine or pyrimidine base, a ribose
sugar, and phosphoric acid.

l‘[q‘Hg NH>
¢ ~ N é - H
| I C-H | I
/C X, - :‘\ / C c
H N N A~~~ H
} oo
H \
adenine (o purine bose) cytosine  (a pyrimidine bose)
HO-CH, 0~ H ?[
Son oS c HO — P —OH
/ \I | |
C © OH
|
C)H OH
ribose  {cyclic form) phosphoric acid

Representative Components of Nucleic Acids
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The three components combine to form a nucleotide with the sugar in the
middle.

l‘lJHz
/‘C"\ N
N TN
1 g C—H
A -
ﬁ H/ \N/ \\J
HO—P—0—CH
| \Z/HOH\C
c—¢C
H [ I H
OH OH

Adenylic Acid (a nucleotide)

When the nucleotides combine to build a nucleic acid, the giant molecule
contains a sugar-phosphate backbone with purine and pyrimidine side chains.

base b?se bo'se
|

— phosphate —sugar —phasphate — sugar —phosphate —sugar —
Constitution of Nucleic Acids

The purine and pyrimidine bases and the sugars probably formed pre-
biotically from the simple molecules available at the time, including hydrogen
cyanide, formaldehyde, ammonia and water. Adenine has a molecular
formula CsHsNs, which corresponds to five molecules of hydrogen cyanide.
The following sequence of reactions represents a reasonable route from
hydrogen cyanide to adenine. Enolization steps have been omitted:
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The above reactions depict self additions of hydrogen cyanide. Ammonia can
also add to hydrogen cyanide or its products:

H-C=N + NHz H—(|Z= NH
NHj
! 1
N=C— (ll—CEN + NH; —— NEC—(II—C =NH
NHp NHp

These two products can react with each other in a displacement fashion:

! 1y
N= C—(l‘,—C=NH iy H—(II=NH ——-NEC—-(IZ—C=NH+NH3
NH, NHp HN
\(l?=NH
H
A ring-closing reaction can be proposed:
i p
N=C—C—C= N=(- (==
HN/C o - W W TN
N
Se=nH §/
4 H
A further displacement can occur:
H
|
'I\le HN=C~.
N=C—¢=—¢ N=H
Hen b +  H-C=NH — N=C—(=¢
N~ " w. N FNHs
| 2 \C///
H |
H
From this intermediate, a second ring closure can take place leading to adenine.
i
HN=C A
St N—C
N=C C_C/N HoN C// N i
= = —Hy \ adenine
HN N (=—
e /
}I{ H—N\ /N
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The ribose molecule is similar in that its molecular formula, CsH,,Os5,
corresponds to five molecules of formaldehyde, (H,C=O0)s. The formation of
ribose and other sugars in the primitive oceans may have begun with a
formaldehyde anion attack on a formaldehyde molecule. This would form the
two-carbon sugar glycoaldehyde.

H. o

=0 + NHy ——= C=0 + NH,
H” H
H H. H

SC=0 ~C=0 “NH ~0

Lt | 5 —= | +NHy
H—=C=0y H—C—0: H—' —0—H
H H
glycaaldehyde

Glycoaldehyde forms an anion more easily than formaldehyde does,
because of the acidifying influence of the adjacent carbonyl group.

The carbonyl group is acidifying because it allows resonance-stabilization of
the anion, that is, delocalization of electrons.

Hiﬁ:‘: H—C_u'D
r |
‘C—OH -— C—0H
' |
H H

The glycoaldehyde anion can attack another formaldehyde molecule to
form the three-carbon sugar glyceraldehyde.

H—C=0 H—C={ o == 0
| o %
H-E—0H —= H-C—0H —— H—C—0H -+ :NH,
{ ’ ; e
H\'_' -_,\_3{;
H/Ci—\c)) H—C—0% = ‘C 0—H
H H

glyceraldehyde
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Attack by a glycoaldehyde anion on glyceraldehyde would produce five-
carbon sugars, including ribose.

H—C=0 H=C=0 H=C=0
(

H=G—OH H-C=0H o H=C—OH
) | NH )

H-C=f, —= H-C—0° — H-C—0—H +NHy
|\~ ) |

H—-C—OH H-C— OH H-C—0K
| |

H-C—OH H-C— OH H=C—OH
| ]
H H H

Five- and six-carbon sugars tend to cyclize. By so doing, they protect their
carbonyl groups from further nucleophilic attack.
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SUMMARY
We have seen that the primitive earth most probably contained such molecules
as methane, formaldehyde, hydrogen cyanide and water. From these simple
molecules, amino acids, simple sugars, purines and pyrimidines can be built
using reasonable reaction pathways. It has been possible to produce some of
these molecules in the laboratory under conditions resembling the prebiotic
earth.

Nature’s molecules go into living systems with the most refined stereo-
selectivity. Although we cannot explain the origin of optically active molecules






CHAPTER I

ORIGIN OF THE CELL
Life Appears On Earth

UNTIL A few years ago, scientists believed that the spontaneous generation of
the first living things from individual molecules took a long time, perhaps one
or two billion years. This extended period was considered necessary for the
trial-and-error organizations of a reasonable number of combinations of
molecules during the tremendous transition from individual molecules to
highly organized living cells. However, recent evidence indicates that the first
living organisms appeared as soon as the conditions necessary for their survival
were established (see Organic Chemistry: The Fossil Record in Origins of Life,
edited by L. Margulis).

The Timetable

The sun is about 5 billion years old. The earth formed and began to compact
about 4.8 billion years ago. The crust of the hot earth differentiated and began
to cool about 4 billion years ago. The oceans and the primitive reducing
atmosphere began to accumulate about 3.5 billion years ago. The primary
organic molecules such as formaldehyde and hydrogen cyanide began to form
in this primitive reducing atmosphere. These molecules then evolved into the
amino acids, sugars, and organic bases required for making proteins and
nucleic acids, probably in the oceans. The build-up of complex organic mole-
cules in the oceans, then, must have occurred less than 3.5 billion years ago.
The most remarkable thing about this history is the point where life
appears. Bacteria-like particles have been isolated from Swaziland shale and
dated as 3.2 billion years old. This means that the first life forms arose more
than 3.2 billion years ago. Considering the age of the oceans, living things
must have formed as soon as their constituent molecules became available.
Cyril Ponnamperuma, who identified the extraterrestrial amino acids on
the meteorite (Chapter I, p. 8) believes that the problem of precellular
organization is of paramount importance, because it bridges the gap between
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chemical evolution and biological evolution. “In essence, the problem is to
envision how the now biologically important chemicals spontaneously
organized themselves into a three-dimensional matrix, which would eventually
acquire the characteristics of a readily agreed-upon life form.”

Some of the most interesting work on this problem comes from the labora-
tories of Alexander I. Oparin, one of the originators of scientific studies on the
molecular origins of life. Some 50 years ago, before the chemically reducing
nature of the universe was established, Oparin postulated the existence of a
reducing atmosphere as necessary for prebiotic organic synthesis on earth.
This was 30 years before Stanley Miller’s spark synthesis of amino acids.

Oparin has shown that when proteins and nucleic acids reach critical
concentrations in water, they separate from solution as tiny droplets (called
coacervate droplets). The concentrations of proteins and nucleic acids in the
droplets are much higher than in the original solution, and the coacervate
droplets have a much higher degree of organization. Furthermore, addition of
an enzyme* results in selective absorption of the enzyme into the droplets,
where the enzyme becomes more active than in solution. This is exciting
because it is the kind of behavior observed in living cells, but in a much simpler
system.

In The Origins of Prebiological Systems, edited by Sidney W. Fox and
published by Academic Press in 1965, Oparin says
Life is characterized by the fact that it is not simply dispersed in space but is represented by
individual systems—organisms separated from the external world. The appearance of these
beings could have taken place only on the basis of a long-term evolution, of gradual perfection
of some much simpler initial systems which separated from the primeval homogeneous soup.

In this soup, as in a simple aqueous solution of organic substances and mineral salts,
chemical conversions are not specifically organized, but proceed independently in all
directions, intercrossing chaotically. In living beings, however, individual chemical reactions
are strictly coordinated and proceed in a certain sequence, which as a whole forms a network

of biological metabolism directed toward the perpetual self-preservation, growth, and
self-reproduction of the entire system under the given environmental conditions.

He goes on to say that the task is to obtain, experimentally, possible
pathways for the development of such initial systems, which could interact with
the environment as open systems do, and in which chemical conversions
would become ever more organized, approaching in the process of their
evolution the biological order of metabolism.

Oparin has shown that polymerization of a nucleotide in a pure solution
produces only peculiar aggregations of polynucleotides. But if the polymeri-
zation occurs in the presence of another polymer, for example, a protein, the
polynucleotides produce polymolecular complexes with the other polymer.

* An enzyme is a protein which acts as a catalyst, usually for a single, specific chemical
reaction.
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“These complexes, once separated from the surrounding solution, seem to be
initial systems that interact with their environment in the process of evolution
and give rise to primary living beings endowed with metabolism.”

Oparin does not mean that his coacervate droplets become living beings in
the laboratory. He means that the process of coacervation may have been
involved in the giant step linking chemical evolution to biological evolution.

In one experiment, Oparin introduced potato phosphorylase into a co-
acervate droplet. (Potato phosphorylase is an enzyme that catalyzes the
polymerization of glucose-1-phosphate, a six-carbon sugar, into starch.)
Glucose-1-phosphate is then added to the liquid surrounding the coacervate
droplet. It diffuses into the droplet, comes into contact with the potato
phosphorylase, and polymerizes to starch. The starch accumulates within the
droplet, causing the droplet to grow to three times its original volume in less
than 2 hours.

Now a second enzyme, fi-amylase, is introduced into the droplet. This
enzyme splits the giant starch molecules down into “diglucose’ units, called
maltose, a twelve-carbon sugar. The maltose molecules diffuse out of the
coacervate droplet*, and the droplet shrinks to its original size (Figure 2.1).

potato
coocervote  Phosphorylose
drople! glucose~I1—P
PPh glucose-1-P PPh
@ @ glucose
QRCEENEE glucose glucose
,@—cmylose
4 PPh

PPh
starch
glucose

PPh
sterch
starch

moliose
AM

maltose moltose maliose
PPh PPR
— |[storch ) —— (malfose) —
AM AM
maltose

FIGURE 2.1 Diagrammatic representation of Oparin’s experiment on enzyme
activity in coacervate droplets. PPh represents the enzyme, potato phosphorylase;
AM, the enzyme, f-amylase; and glucose-1-P is glucose-1-phosphate

* A coacervate droplet is defined as an ordered aggregate of colloidal droplets which is
held together by electrostatic forces.



ORIGIN OF THE CELL 21

Thus, Oparin says,

We possess models of open multimolecular systems, which as a result of acceleration of the
processes going on within them may grow on account of the surrounding solution, or on the
contrary, may undergo disintegration. It is evident that systems similar to our coacervate
models, besides existing for a long time, could also become larger, growing in solutions of
substances whose presence and even abundance can be conceived for the primeval soup of the
earth. Single drops would scarcely grow the whole time as entities. Under conditions of the
primary hydrosphere of the earth, they would necessarily break into fragments under the
effect of external mechanical forces, such as waves and tide, as emulsion drops break upon
shaking. Such systems, interacting with the external medium, growing and increasing in
number, would ever improve due to the action of natural selection, and so organize their
metabolism.

The key to the explanation of the appearance of life on earth seems to lie in
an understanding of the phenomenon known as “‘natural selection.” Natural
selection must be the basis for the organization of a “metabolism” from a
collection of random chemical reactions. Possession of a metabolism is the
earmark of a living thing. It is a series of molecular transformations from
which an organism obtains the energy required to stay alive, to grow, and to
reproduce.

The Primary Metabolism

What must the early metabolism of the first living organisms have been?
These organisms arose “in the absence of air,”” as we know air today. Their
atmosphere contained methane and ammonia, rather than oxygen and
nitrogen. Therefore, they must have obtained energy by degrading food
molecules anaerobically, that is, without using molecular oxygen. Oddly
enough, the ability to do this has persisted in all living things down to the
present day, even though newer, more efficient ways of obtaining energy have
been added to the repertory of life-sustaining metabolic pathways.

This ancient metabolism involves a set of enzymes for breaking a molecule
of glucose down into two molecules of pyruvic acid. Every living thing in the
world—bacterium, plant, and animal—has this set of enzymes. This is a
startling testimony to the unity of life on earth.

C{JH OH OH CH OH

[l
WHA—CH CH— CH —CH—CH=0 EMAMES_ 5 ¢y3—C—C—OH
qlucose pyruvic acid

= O

0
T

The anaerobic transformation of glucose to pyruvic acid requires several
steps, each of which is catalyzed by a specific enzyme. In the first step, glucose
becomes glucose-6-phosphate, having obtained the phosphate from the very
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important “‘energy rich” molecule, adenosine triphosphate (ATP) (see below).

If
HO—P—0H

|
"H OH OH OH OH C|> OH OH OH OH
| Y
CH»-CH e CH CH—CH=0 AP _  CH,—CH—CH~CH—CH—CH=0
glucose qlucose —6— phosphate

Then glucose-6-phosphate isomerizes to fructose-6-phosphate.

0 i

HO—IP—OH HO—F]’-OH
0 OHOHOH OH ?—°(I) OH OH OHO OH
CH2 CH—CH C'-' CH CH CHy— CH CH CH C CH2
glucose —6— phosphate fructose —6 — phosphate

This is followed by a second phosphorylation, forming fructose-1,6-di-
phosphate.

i i i
HO-Fl’-OH HO—FI’—OH HO—FI’—OH
(l) ?H?H?HR?HE—O OHOH(])H‘O(I)
CHp—CH—CH-CH—C—CHjp CHy—CH—CH—CH—C—CHp

Neither of these phosphorylation reactions generates any energy for the
organism. In fact, each phosphorylation uses up an “‘energy-rich”” molecule of
adenosine triphosphate (ATP).
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ATP is called an “‘energy-rich” molecule because its terminal phosphate-
phosphate anhydride linkage is extremely reactive. It provides the energy or
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driving force for many metabolic reactions. This molecule is the universal
storehouse of readily available energy for all living things.

ATP “spends” its energy-rich bond by hydrolyzing to adenosine diphos-
phate (ADP) and phosphoric acid. This reaction can be summarized by
ATP —— ADP + P. However, in the formation of the sugar phosphates,
this energy is not spent in hydrolysis but rather used to form phosphates by
“phosphoryl transfer” reactions to the sugar hydroxyl groups and not to
water.

The remainder of the ancient metabolic sequence—from fructose-1.6-
diphosphate to pyruvate—converts four molecules of ADP into four molecules
of ATP. Therefore, every time an organism breaks down a molecule of glucose
anaerobically to pyruvate, it increases its energy storchouse by two molecules
of ATP.

First, fructose-1,6-diphosphate splits, producing two three-carbon frag-
ments which are interconvertible.

HO-P—0H HO—P—0H
0 NH NH NH
Cldn—"H — H — — —
\j
HO— P—0OH o HO-P 3
A H
—
Hs—CH—CH H —CH
glyceroidenyde dihydroxyacetone
3—phosphate phasphote

The two new molecules interconvert by the same kind of isomerization seen
between glucose-6-phosphate and fructose-6-phosphate. The carbonyl group
shifts over one atom through an unsaturated diol intermediate.

HO-P-OH HO-P—0H HO—P—0H

OH 0 0 OH OH 0 O OH

CH __/"_4_,':‘,‘ — (CH,—C =CH — CH —CH
oldehyde enol form ketane

1 A discussion of the process of enolization is contained in the appendix.
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The metabolic sequence continues through the aldehyde form, in this case,
glyceraldehyde-3-phosphate. The next step is another phosphorylation, but a
different type from the two seen earlier. This one is an oxidative phosphoryl-
ation and does not use ATP. Instead, it uses ordinary phosphoric acid and an
extremely important oxidizing agent, seen universally in nature, known as
NAD*, or nicotinamide-adenine-dinucleotide. The molecule contains the
following units in the following sequence:

adenine-ribose-phosphate-phosphate-ribose-nicotinamide*
NAD*

The new unit in this structure is the nicotinamide, the most important part,
because it is the oxidizing site. We can represent the molecule as a nicotinamide
connected to an adenosine diphosphate and ribose (shown as the group R in
the following formulae):

0
o
H C\
N o ¢ X NH,
NAD = R— nicotinamide = 'i /
- P
H FH@ H
R

NAD* oxidizes a molecule by removing two hydrogen atoms from the mole-
cule. NAD™ thereby becomes NADH + H*.

i \/
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K\~ X~ CONHp H\ /CONHZ
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+
NaD+ NADH + H

When glyceraldehyde-3-phosphate is phosphorylated oxidatively by NAD*
and phosphoric acid, it becomes the phosphoric anhydride of 3-phospho-
glyceric acid. (The aldehyde group is oxidized to a carboxylic acid.)

0
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HO-T—OH HO-P-OH
0 OH 0 0 O0HO
Ly Il NAD MADHpj il !
CHZ—CH—C—H+H—O—§’—OH === CHy=CH-C-0~P-OH
/]
OH 7 OH

glyceraldehyde— phosphoric anhydride

3-phosphate ("energy rich')
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The significance of this step, as far as the organism is concerned, is that the
phosphoric anhydride group, like that in ATP, is “energy rich,” and can be
used to convert ADP into ATP for energy storage. This happens next.

0
HO-P—OH HO—P—OH
AN )
CHZ—CH—C—O—IF—OH + ADP —= CHp—CH-C—0OH + ATP
OH
phosphoric anhydride of glyceric acid -
glyceric acid—3—phosphate 3~-phosphate

Since each molecule of glucose produces two molecules of glyceric acid
phosphate, it also produces two molecules of ATP. So far, then, the metabolic
pathway has used up two ATP’s and produced two ATP’s, for a net energy-
storage change of zero. However, the next two reactions convert the 3-phos-
phate into an energy-rich phosphate, which goes on to make two more ATP’s
for an overall energy-storage gain of two ATP’s per molecule of glucose. The
energy is, of course, stored in the highly reactive phosphate anhydride bonds
of ATP.

In the first of these two reactions, the phosphate migrates from the
3-hydroxyl to the 2-hydroxyl.

0
HO—lfl’—OH HO—g—OH
0 O 0 — ™ # 0
CHp—CH—C—OH CH, =CH—C—OH
qlyceric acid- qlyceric acid—
3—phasphate 2—phosphate

In the second reaction, the molecule loses water, forming a double bond
between carbon atom-2 and carbon atom-3.

9 0
i HO~P~OH
|
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OH H enol phosphate
glyceric acid—

2-phasphate
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The unsaturated phosphate formed by this dehydration is an energy-rich
phosphate, since its electronic structure is now similar to that of an anhydride.
It also has the power to convert ADP into ATP.

0
HO'}%*—OH

0 0 [ 0H 9
CH;=C—C—0H + ADP —>CH2—C C —O0H | + ATP
enol phosphate l enol form of |

|
'

I
CH3-C—C—0H
pyruvic ocid

Overall, then, this metabolic sequence converts one molecule of glucose,
two molecules of phosphoric acid, and two molecules of ADP into two
molecules of pyruvic acid and two molecules of ATP. It also reduces two
molecules of NAD™.

O OH O 0K OH O
I

Up-CH-CH—CH=CH~CH  + 2 HO—P-OH + 2 ADP
|
+ 2 N OH

1
I "
2 (H3~C—C—OH + 2 NADH + 2 ATP + 2H

Net Reaction for Anaerobic Metabolism

The glucose molecule contains five carbon-oxygen single bonds and one
carbon-oxygen double bond. The two pyruvic acid molecules contain a total
of ten carbon-oxygen bonds, five for each molecule. The transformation of
glucose into pyruvic acid, then, is an oxidation since the product molecules
contain more carbon-oxygen bonds than the starting molecule. This oxidation
produces energy which the organism traps and stores chemically in the form of
energy-rich ATP molecules. The organism then has this storehouse of energy
available to use as needed for its energy-consuming activities of staying alive,
growing, and reproducing.

The sustenance of life requires some source of energy, and the primitive
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organisms of the earth depended for this energy on the availability of pre-
formed organic molecules, such as glucose, synthesized abiotically in the
environment. Thus the situation was one in which these organisms were
gradually diminishing their food supply, with the only source of replenishment
being ultimately the limited amount of methane left in the atmosphere. If life
were to continue on earth, some other source of these nutrient molecules must
be provided. Ideally, of course, this new source should be inexhaustible. Since
the nutrient molecules were being used up oxidatively, they would have to be
replaced reductively. Otherwise all the organic molecules in the world would
eventually be oxidized beyond the nutriment stage. Atmospheric hydrogen
would be of little long-range use as a reducing agent, since it was continuously
being lost to space due to its small mass and since its generation from methane
photolysis would eventually cease. The development of a complementary
reductive metabolism involving, for example, the conversion of pyruvic acid
back into glucose, would be impossible because a reduction of this type
absorbs energy. A metabolism must provide energy to sustain life.

The problem then was to find an inexhaustible energy source and to use this
source somehow to reduce highly oxidized carbon compounds back to the
nutrient level. The most obvious and the most widely available energy source
for such purposes was the sun, the same source used to split the molecules of
the primitive atmosphere into the reactive fragments which combined to
produce formaldehyde and hydrogen cyanide. What was needed was a means
of capturing some of the radiant energy of the sun and converting it into
chemical form, for example, by using it to convert ADP into ATP. Then the
ATP could be used to drive the required reduction reactions. This is exactly
what happened.

The process which organisms developed to capture the sun’s radiant energy,
use it to make ATP, and then use the ATP to drive reduction reactions is called
photosynthesis. The first step in this process—the absorption of sunlight—is
accomplished by a molecule called chlorophyll, a derivative of porphyrin.

Porphyrin derivatives of prebiotic origin were probably present in the
primitive oceans. They have been found in petroleum deposits, which may have
formed non-biogenically, and recent simulated prebiotic synthesis experiments
have produced porphyrin-like molecules. Therefore, molecules of this type
were probably available to the first organisms.

Porphyrin and its derivatives contain an extended sequence of alternate
single and double bonds, called conjugated double bonds. When light strikes
such a molecule, it energizes the molecule, driving electrons into orbitals of
higher energy. The molecule is then said to be photo-excited.

When the electrons fall back to their original orbitals, energy is released by
the molecule, and under the proper conditions, this energy can be used to
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drive a chemical reaction. Photo-excited chlorophyll does just this. It provides
the energy needed to convert ADP into ATP.

ﬁ sunlight
ADP + HO-P

chiorophylt

The organism can use the energy from this ATP molecule and a reducing
system to reduce an oxidized molecule, such as phosphoglyceric acid, to a
molecule on the carbohydrate oxidation level, such as phosphoglyceraldehyde.
Both these molecules are intermediates in the metabolic pathway for the
anaerobic oxidation of glucose to pyruvic acid. The reducing agent is a reduced
nicotinamide, also seen earlier in the anaerobic glucose oxidation scheme.

The significance of all this is that the organism can now use energy from the
sun to make a molecule of food for itself. This represents a tremendous
advance beyond the non-photosynthesizing organism, which must depend
upon the environment to supply preformed food molecules.

This ability to reduce carbon compounds using solar energy allowed the
organism to take in carbon dioxide, probably as carbonate or bicarbonate ion,
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from the primitive ocean environment and to use the carbon dioxide as a
source of carbon atoms for making sugars and other nutrient molecules. This
reaction is really the heart of photosynthesis. In green plants, it involves the
reduction of carbon dioxide to the aldehyde (carbohydrate) level, using water
as the primary source of hydrogen atoms, and liberating free oxygen to the
atmosphere. As in the case of anaerobic metabolism (see p. 21), each of the
reactions involved in photosynthesis requires a very specific enzyme.

H
H ) photo - \ . ' L
0 + 0=c=0——=| *=0/+ 0=0
synthesis { J oxygen
carbonydrotes

This process sounds and looks simple, but in practice is extremely complex.
Only recently, and after many years of investigation, has the carbon-atom
pathway finally been pieced together completely. Some details are still not
known, for example, how photo-excited chlorophyll makes ATP from ADP
and phosphate.

When a molecule of carbon dioxide (or bicarbonate ion) enters a photo-
synthetic cell, it reacts with a five-carbon sugar (ribulose diphosphate) to
produce two molecules of phosphoglyceric acid. This takes only a few seconds.
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Just how this happens is not entirely clear, but it may involve several steps.

(1) Isomerization of ribulose diphosphate:
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(2) Formation of sugar anion:
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This carbanion is stabilized by enolization (see appendix).

(3) Nucleophilic attack by anion on carbon dioxide:
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(4) Hydrolytic cleavage (nucleophilic attack by water):

0 0 ? 0
|
HO-P-OH  HO-P-OH  HO-P-OH H—P-OH
0 OHO OHO 0 OH O HO
‘ —= Il
CHo—CH—CEC—CH, CH~CH-C  + _C—CH,
a lo el
H=0 7 /8 0 N
H O OH H H 0 OH
-f 9
! |
'J':'-f_ OH HC'IP_OH two molecules of
0  oH ﬁ v (%H (‘) phosphoglyceric ocid
CHp=CH—C L —CH
/VI ‘v/"v\
H 0 OH

This hypothetical scheme is consistent with an observation made in the
laboratories of Melvin Calvint that the carbon atom of radioactive carbon
dioxide (C'*0,) appears first in the carboxyl group of phosphoglyceric acid.

1}
HO-P~0H
0=C=0 + ribulose diphosphate — 0 040
CHy—CH—CZOH

As seen earlier, the phosphoglyceric acid is reduced to phosphoglyceralde-
hyde by ATP and reduced nicotinamide. The glyceraldehyde may then
continue to back up the anaerobic metabolism pathway through fructose and
glucose and end up as food storage in starch or in a cell wall as cellulose, both
of which are polysaccharides.

Photosynthesis is actually a cyclic process. Powered by sunlight. each
revolution of the cycle absorbs three molecules of carbon dioxide and produces
one molecule of phosphoglyceric acid (Figure 2.2).

The cycle begins with three ribulose diphosphate molecules. These pick up
three carbon dioxide molecules to produce six molecules of phosphoglyceric

+For his pioneering work in the elucidation of the path of carbon in photosynthesis,
Professor Calvin was awarded the Nobel Prize in Chemistry for the year 1961.
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FIGURE 2.2 The photosynthetic cycle. Each revolution absorbs three carbon
dioxide molecules and produces one phosphoglyceric acid molecule

(-t-C +  ¢¢C —= C-C—C—C—C—C

triose triose hexose
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conversion triose pentose

Five glyceraldehyde molecules (trioses) are converted into three ribulose
molecules (pentoses).

FIGURE 2.3 Summary of reactions involved in interconversion of carbohydrates
in part of photosynthetic cycle
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acid. Five of these remain in the cycle and are reduced to glyceraldehyde
phosphate. The five glyceraldehyde phosphate molecules then interact to
regenerate the original three ribulose diphosphate molecules. This completes
one revolution of the cycle, and the three ribulose diphosphate molecules
start another revolution by absorbing three more carbon dioxide molecules,
and so on.

The first two-thirds of the cycle (now considered without mention of the
phosphate groups)—from ribulose to glyceraldehyde—has already been
discussed. The final third—from glyceraldehyde back to ribulose—shows even
in skeleton form the remarkable intricacy of the carbon-atom pathway. The
carbohydrates involved are referred to as trioses, tetroses, pentoses, etc.,
according to their carbon-atom content (Figure 2.3).

[t should be reemphasized that the reactions in the photosynthetic cycle are
all enzyme-catalyzed. The cycle requires a net energy input because of its
reductive nature, and this energy is supplied by ATP formed by photo-excited
chlorophyll. Photo-excited chlorophyll also supplies the energy needed to
reduce NAD* to NADH for use as reducing agent in the cycle. In green plants,
the hydrogen atoms transferred to NAD™ in this reduction come from water.

H H H
H CONH, H H. ><__CONH
\ 2 . i 2 +
SN W H H N7 H
Ff? I
R R
HAD NADH

Besides providing the reduced nicotinamide needed to make food molecules,
this reaction produces oxygen. It is the source of our present oxygen-rich
atmosphere. The development of photosynthesis in the primitive oceans, then,
not only introduced a new food supply, it also made oxygen available to the
carly life forms. The presence of oxygen in turn led to the next stage in the
improvement of life on earth-—the development of acrobic metabolism.

The new aerobic metabolism did not displace the old anaerobic metabolism.
Rather, the new was superimposed upon the old to complete and perfect it.
Aerobic metabolism picks up where anaerobic metabolism leaves off. It starts
with the end-product of anaerobic metabolism—pyruvic acid—and continues
the oxidative degradation all the way to the end—carbon dioxide and water.
The long-range significance of this is that it completes the third and final leg
of the life cycle, theoretically making it possible for life to continue indefinitely
on earth, at least until the sun burns out.
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& _ carbohydrate
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water
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Gerobic metobols®

FIGURE 2.4 The life cycle

The development of aerobic metabolism also provided valuable short-range
benefits. For one thing, the new metabolism produces many more ATP
molecules than does the old anaerobic metabolism. Anaerobic metabolism
oxidizes a molecule of glucose io two molecules of pyruvic acid and produces

Anaerobic metabolism

glucose 2 pyruvic acid

2 NAD — 2 NADH+2H'
2 (ADP + H3POs) —— 2 ATP

Aerobic metabolism

6 0p + 2 pyrwic ocid —— 6 COp + 6 HO
30 (ADP + HyPOz) —= 30 ATP
+
2 NADH +2H + 6 (ADP+H;POs)—= 2 NAD' + 6 ATP

Net reaction for combined metabolisms

6 0p + glucose + 38 ( ADP +H3POq) —=6 COp + 6 Ho0 +38 ATP

FIGURE 2.5 Summary of cellular respiration

two molecules of ATP. Aerobic metabolism further oxidizes the two pyruvic
acid molecules to carbon dioxide and water, and produces thirty ATP
molecules. The aerobic scheme also provides for the oxidation of the two
NADH molecules produced in the anaerobic pathway. This produces six more
molecules of ATP, for a grand total of 38 ATP molecules for every glucose
molecule oxidized all the way to carbon dioxide and water.
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Aerobic metabolism is a two-part process. The first part oxidizes pyruvic
acid to carbon dioxide and reduces NAD* to NADH and H*. This is called
the citric acid cycle, because the process is cyclic and citric acid is an inter-
mediate. The second part oxidizes NADH back to NAD®, reduces oxygen
to water, and produces ATP. This is called the respiratory chain.

Before entering the citric acid cycle, pyruvic acid undergoes an oxidative
decarboxylation. This reaction is enzyme catalyzed, as most biological

[ oxidotive Il
CH3-C—C—0OH ————  CH3—C—0H + 0 =C=0
decarboxylation

Ho0

pyruvic ocid acetic acid

reactions are (see Chapter LII). It does not actually produce free acetic acid. It
produces a sulfur-atom derivative (a thio-ester) of acetic acid called acetyl
coenzyme A (see p. 191). This thio-ester enters the citric-acid cycle by com-
bining with oxaloacetic acid to form citric acid.

A

acetyl coenzyme A
0

0
] Il
H-CH,—C—S—R $H2—C—OH F [S=
+ ——~ HO-C—COzH coenzyme A
=(— |
0=C—C0oH CHp—COpH
CHo—COoH . )
citric  acid

oxgloacetic acid

Citric acid then isomerizes enzymatically to isocitric acid.

?Ha—COzH (IZHg—COgH
HO—([I—COQH —_— H—(IZ—COgH
H-CH—CO2H HO~CH—COzH

citric ocid isacitric  ocid

Next, isocitric acid is simultaneously oxidized and decarboxylated to produce
a-ketoglutaric acid and the second molecule of carbon dioxide.

[
CHp-COoH | CHo—COH CHp —COzH
{ |
CH-COH o fT“H—COgH —_— éH—H + €0,
|
HO-CH-COZH 0=C—C0H ’)=(IZ—C02H

isocitric acid a-ketoglutaric acid
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Only one more molecule of carbon dioxide remains to be formed to account
for all three of the carbon atoms in pyruvic acid. The xz-ketoglutaric acid
molecule accomplishes this by undergoing an oxidative decarboxylation
similar to the oxidative decarboxylation of pyruvic acid.

ICOgH ?OZH
CHa oxidotive CH
| o i + 00,
'lsz decarboxylation ?Hz
O=? 0=C—0H
COoH
@ -ketoglutaric acid succinic acid

The remainder of the cycle simply regenerates oxaloacetic acid by oxidizing
succinic acid.

Cogl
H COH

CH Y B

i !!

COoH HO,C~~ NH

succinic acid Ho0 fumaric acid

§02H ?OzH
HO—CH —2H_ 0=C
CO,H CO2H
malic acid oxaloacetic acid

The citric acid cycle produces only one molecule of ATP directly. This
happens during the oxidative decarboxylation of a-ketoglutaric acid. All the
rest of the ATP molecules provided by aerobic metabolism are produced by
the respiratory chain. The principal function of the citric acid cycle is to feed
hydrogen atoms to the respiratory chain. The hvdrogen atoms are usually in
the form of NADH and H*. Each revolution of the citric acid cycle reduces
three molecules of NAD* to NADH. The first of these comes from the
oxidative decarboxylation of pyruvic acid. The second comes from the oxi-
dative decarboxylation of a-ketoglutaric acid. The third comes from the
dehydrogenation of malic acid (Figure 2.6).
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In addition, the oxidation and decarboxylation of isocitric acid reduces a
molecule of nicotinamide adenine dinucleotide phosphate (NADP*). This
molecule differs from NAD™ in that it contains three phosphoric acid residues

|
CH3-C-COH
pyruvic acid

NAD”j:$\\\
NADH," C0p
0

Il
CH3-C—S—R
acetyl coenzyme A

oo ////,/;:Z:>.~_~\. .

l HO— C—COH
CHp—COpH it
oxaloacetic acid CHz-C0zH
NADH, citric ocid
(I:HZ_COZH
+
NAD H-C-coH
HO~CH=COM HO~CH~CORH
CHp—CO2H isocilritir acid
malic acid NADP €0z
NADPH,
H20 ?Hz—COzH
H~ C ~COH CH,
(|:| 0=6—C02H
L —kefoglutaric ocid
fumaric acid CHp—CORH a—kelogiutanic oo
1
FADH, CH £t
FAD  COM ATP

succinic acid
FIGURE 2.6 The citric acid cycle

instead of two. The oxidation-reduction functions of the nicotinamide portions
of both molecules work the same way.

When succinic acid loses two hydrogen atoms to become fumaric acid, the
oxidizing agent is not NAD™, it is FAD (flavin adenine dinucleotide). FAD is
similar to NAD* except that it contains the flavin oxidation-reduction system
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instead of the nicotinamide system. In both systems, oxidation-reduction

occurs at nitrogen atoms, and in both molecules, the pendant group R is the
same.

Reduction of flovin oderin dinucleotide

FAD FADHz

R-flavin is adenine-ribose-phosphate-phosphate-ribose—flavin.
R-nicotinamide is adenine-ribose-phosphate-phosphate-ribose-nicotinamide.

Each revolution of the citric acid cycle, then, produces four reduced
nicotinamides and one reduced flavin. Each of these reduced molecules feeds
one pair of hydrogen atoms to the respiratory chain (Figure 2.7).

The respiratory chain consists of a series of coupled oxidation-reduction
reactions. It begins with the oxidation of NADH and ends with the reduction
of oxygen, with molecules called cytochromes involved in intermediate steps.
Each traversal of the chain produces three molecules of ATP.

The cytochromes in the respiratory chain are heme-containing proteins.
Heme is a porphyrin (see p. 28) derivative which contains an iron ion.

HO2C—CHp— CHy

HQ2C—CHpo—CH2

When a cytochrome is in the oxidized state, it contains ferricion (Fe***). In the
reduced state, it contains ferrous ion (Fe**). The difference between these two
states is only one electron. Since each hydrogen atom contains one electron,
two heme units containing ferric ion are required to oxidize one molecule of
FADH, to FAD.

The molecule of FADH, produced in the citric acid cycle by the oxidation
of succinic acid enters the respiratory chain by reducing cytochrome b*** (sce
Figure 2.7). This reaction sequence bypasses NAD* and therefore the pair of
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hydrogen atoms passed into the respiratory chain by FADH, results in the

production of only two ATP molecules. This deficit is made up for, however,

by the “extra™ ATP molecule formed in the oxidative decarboxylation of

a-ketoglutaric acid. Thus, each turn of the citric acid cycle generates four
ADP ATP

+ +
NADH +H + FAD > w o+ FADH,

FADHy + 2 cytochrome b —FAD + 2 cytochrome ELH
+2H

ADP ATP
2 cytochrome b++ + 2 cytochrome ct N S

2 cytochrome bH+ + 2 cytochrome cdr+

+
2 cytochrome S + 2 cytochrame @ _

++
2 cytochrome c+++ + 2 cytochrome o

ADP ATP
2 cytochrome o+ 2 H 4+ 172 0, ~N A

2 cytochrome oy H20

Net reaction

+
NADH+H + 1/2 0p + 3 ADP —— N0+ H0 + 3 ATP

FIGURE 2.7 The respiratory chain

reduced nicotinamides, one reduced flavin, and one ATP. The four pairs of
hydrogen atoms from the reduced nicotinamides make twelve ATP molecules
in the respiratory chain and the pair of hydrogen atoms from the reduced
flavin makes two more ATP molecules. These plus the single ATP molecule
produced directly by the citric acid cycle amount to fifteen molecules of ATP
for every molecule of pyruvic acid oxidized to carbon dioxide and water.

The anaerobic oxidation of a molecule of glucose to two molecules of
pyruvic acid generates two reduced nicotinamide molecules and two ATP
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molecules. With the advent of aecrobic metabolism, the two reduced nicotin-
amide molecules can pass their hydrogen atoms into the respiratory chain to
manufacture six more molecules of ATP. The combination of anaerobic and
aerobic metabolisms thereby makes a total of thirty-eight molecules of ATP
for every molecule of glucose oxidized to carbon dioxide and water.

But the real marvel of this invention of nature is the high degree of efficiency
attained in trapping and storing the oxidative energy. It takes about twelve
kilocalories to convert a mole of ADP into ATP. The combustion of glucose
to carbon dioxide and water releases about 690 kilocalories per mole. Thirty-
eight moles of ATP represents 456 kilocalories of energy trapped and stored,
amounting to an efficiency of 66 %,. Conventional steam-driven power plants
are only about half this efficient.

SUMMARY

In this chapter we have seen that the appearance of the first life forms on
the primitive earth must have occurred through highly complex organizations
ofindividual abiotically generated organic molecules. This statistically unlikely
process may have begun with the formation and separation of non-living
cell-like structures resembling coacervate droplets. However it happened, the
first living things developed a method for obtaining biological energy by
oxidizing pre-existing organic molecules in the absence of oxygen. The next
milestone in the history of life was the development of photosynthesis, whereby
an organism became able to synthesize its own food by trapping and using the
energy of sunlight. This caused a profound change in the earthly environment
because it slowly generated an atmosphere containing free oxygen. The
availability of free oxygen paved the way for the ultimate development on the
molecular level—aerobic metabolism. This final breakthrough set up the
dynamic balance of nature we know today as the life cycle—the process in
which plants produce carbohydrates and other food molecules from carbon
dioxide and water, and in which animals and other aerobes live by the energy
obtained in oxidizing carbohydrates and other food molecules back to carbon
dioxide and water. And so life goes on.
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CHAPTER Il

NUCLEIC ACIDS AND PROTEIN SYNTHESIS
The Code of Life

WE HAVE seen how an organism obtains and stores the energy it needs for its
life activities. These energy-producing and energy-trapping reactions are
catalyzed by enzymes, as are the hundreds of other reactions that take place
within any living thing. To catalyze these reactions as needed, the organism
must synthesize the appropriate enzymes.*

In general, each individual reaction requires its own specific enzyme. For
example, the enzyme which catalyzes the oxidative decarboxylation of pyruvic
acid is different from the enzyme which catalyzes the oxidative decarboxylation
of a-ketoglutaric acid, even though the reactions are very similar.

Enzymes, then, are extremely specific or selective in their catalytic action.
Since enzymes are proteins, this high degree of specificity arises primarily from
the sequence of amino-acid residues in the protein chain. Therefore, an
organism must be able to synthesize hundreds of specific protein molecules,
each with its own unvarying sequence of amino-acid residues. Each enzyme
may contain hundreds of amino-acid residues, and each cell must contain all
the information required to replenish its supply of any of its enzymes as
needed. It seems a lot to ask of a “simple” single-celled organism such as a
bacterium, even in fact a lot to ask of a complex many-celled creature such as
man, but nature has provided an ingenious scheme to enable even the lowest
forms of life to accomplish this wondrous feat.

How is it done? Every cell contains a complete set of ““blueprints” for
making its own enzymes. These blueprints are stored in the nucleus of the cell
in the form of molecules of deoxyribonucleic acid (DNA). The DNA molecules
contain the plans for making particular protein molecules. When the cell
needs a particular protein molecule, the appropriate molecule of DNA makes
a copy of the plan in the form of a molecule of ribonucleic acid (RNA), called

* Enzymes are proteins, each of which is characterized by very specific chemical and
geometric properties. Not all proteins are enzymes. Some proteins, such as those of muscle
and skin, perform structural functions and possess no enzymatic ability.
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messenger RNA. The messenger RNA leaves the nucleus and proceeds to pick
up small molecules of another kind of RNA called transfer RNA. These small
transfer-RNA molecules attach themselves to a specific site along the long
molecule of messenger RNA. Each small transfer-RNA molecule carries a
specific amino acid with it. As adjacent molecules of transfer RNA line up
along the messenger RNA, adjacent amino acids couple with each other to
form peptide bonds. As the peptide bonds form, the amino acids release the
transfer RNA, and the transfer RNA in turn releases the messenger RNA.
After every site along the messenger RNA molecule has been occupied by a
molecule of transfer RNA, beginning at one end and continuing stepwise to
the other end, the complete molecule of protein will have been synthesized.
Furthermore, and most important, the molecule of protein will have an
amino-acid sequence dictated precisely by the base sequence (see below) of
the original molecule of DNA back in the cell nucleus (Figure 3.3, p. 51).

How does this happen ? Many details of the process are still not known, but
much of the mystery has been solved since Francis Crick and James Watson
proposed the double-helix structure of DNA in 1953.

The deoxyribonucleic acids are long-chain polynucleotides containing
hundreds of nucleotides. Each nucleotide contains a purine or pyrimidine base,
a molecule of 2-deoxyribose, and phosphoric acid. If the base is a purine, it

S
HO—CHp 0 OH 0
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4/\H/ \H4 HO— P—OH
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OH H
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boses
|
H H

cytosine thymine
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must be either adenine or guanine. If it is a pyrimidine, it must be either
cytosine or thymine.

The polynucleotide has a sugar-phosphate backbone, and the purine and
pyrimidine bases are attached to the sugar residue at the I-position (the
aldehydic carbon atom). Since deoxyribose does not have a hydroxyl group at
the 2-position, the phosphoric acid links the 3-position of one sugar to the
5-position of the next sugar.

NH,
! )
| - NN
Ho—;?—o—cnz /
0 G A oy 9
A} N P T NH
0 H | /\\0
‘ A
HO—P—0—CH, 0 N
] N \
Iy ]
n /N\ /:\NH
0 H ULD
l . N7 N NH
HO~P—O—(%H2 0 /
o N NH,
- \I H/ 1
0 H ¢
HO-P—0—CH; 0
‘l‘ /,/ N
/\H H
H H
0 H
|
Random Portion of DNA Chain
Purine bases: Pyrimidine bases:
A = Adenine T = Thymine
G = Guanine C = Cytosine

DNA exists in the cell nucleus in the form of paired strands twisted into a
double helix (Figure 3.1). Each purine or pyrimidine base is directed inwards
toward the axis of the helix and is hydrogen-bonded to another purine or
pyrimidine base on the other strand. For uniformity of spacing between
strands, a purine base is always hydrogen-bonded to a pyrimidine base, and
vice versa. Also, because of the donor-acceptor natures of the hydrogen-
bonding groups, adenine is always hydrogen-bonded to thymine, and guanine
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FIGURE 3.1 DNA structure.* (a) Double helix; (b) base pairing between strands

is always hydrogen-bonded to cytosine. Therefore, the number of adenine
residues always equals the number of thymine residues, and the number of
guanine residues always equals the number of cytosine residues.

H
\ ..
Hydrogen bonding %N‘ MN—H- ”:O\;\ Ly
between adenine (A) \ /: \/\ \
and thymine (T) N \ A Ni-ooo- H—N\—T
0 |
H
/

4 =N 7
Hydrogen bonding / 7\
between guanine (G) N G N-H N C

and cytosine (C) [ N=

Base pairing in DNA is determined by hydrogen bonding. Adenine and
cytosine cannot form hydrogen bonds with the same stability as adenine and
thymine. In order for the adenine and cytosine to form hydrogen bonds, it is

* In Chapter XI we will consider the x-ray diffraction technique which allowed Watson
and Crick to postulate the double helix.
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necessary for the 6-amino group of the adenine to tautomerize* to the 6-imino
group as is shown in the diagrams below. This is not as stable a configuration
for the adenine to assume. Hence, A-T pairing occurs in preference to that
of A-C.
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Cytosine )_) u,) Deoxyribose
’ @ @ Adenine
Deoxyribose N a

4
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Cytosine (N N Deoxyribose

c ®

Deoxyribose Adenine

Similar considerations can be used to show why guanine and cytosine rather
than guanine and thymine form the preferred base pairs.

The strict requirement of base pairing is important because it provides a
mechanism for the faithful duplication of a pair of strands. DNA duplicates
itself prior to cell division to provide each daughter cell with a complete set of
DNA molecules. It does this by breaking the hydrogen bonds between strands
and then forming new hydrogen bonds to new nucleotide partners—adenine
to thymine and guanine to cytosine (Figure 3.2). The new nucleotides then
form sugar-phosphate bonds between each other to form a new chain. The
result is an exact reproduction of the original paired strands. This is the
molecular basis of heredity. Any error in the duplication process causes a
mutation.

* Tautomerism is a process of isomerization in which a proton shifts from atom | to atom
3. In the case of adenine, the following structures are involved:

HoH /”
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6-omino form 6—imino form
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FIGURE 3.2 Duplication of strand-paired DNA

The replication of DNA is better understood than is the synthesis of a
molecule of messenger RNA. The chief mystery in the messenger RNA
synthesis is that only one strand of RNA is produced for each unit of double-
stranded DNA. The single molecule of messenger RNA produced is an exact
template of one of the paired DNA strands, but not of the other. The messenger
RNA migrates out of the nucleus and becomes attached to a ribosome.*

* Ribosomes are large organized particles in the cytoplasm. These globular structures are
rich in protein and RNA and are the location of protein synthesis in the cell.
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An RNA molecule is similar to a DNA molecule except that RNA contains
ribose instead of deoxyribose, and the base uracil instead of thymine. (Uracil
is simply demethylated thymine.) Like thymine, uracil always base-pairs with

HO_'\CH_?/O\\ OH HO-CHa o OH
CH H) A
Pt i -
OH H OH OH
2 —deoxyribose ribose
ﬁ OH
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/\\ P \‘\
HN | CHs HN H N F
o”km 0¢K\N// o™ Ny
! |
H H
thymine uracil

adenine. The remainder of the structures of DNA and RNA are the same, that
is, the phosphoric acid residue connects the 3-position of one sugar to the
S-position of the next sugar. An important consequence of having a hydroxyl
group at the 2-position in the ribose residue in RNA is that it makes RNA
much more susceptible to mild alkaline hydrolysis than DNA is. The reason
for this is that the 2-hydroxyl participates in the alkaline hydrolytic cleavage
of RNA.
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This participation leads to an intermediate cyclic 2’,3'-diester* which then
hydrolyzes either to the 2-phosphate or also to the 3-phosphate. Both phos-
phates form from alkaline hydrolysis even though RNA itself contains a free

2-hydroxyl group.
| -‘\CHZ ; Ny
C > a /\H H\(
H H o\ H
. $
e

HoH /:0:
‘L/\P/J ; 0=pPZ0H
¢ 7\ |
0 OH OH

H~—0: \ B 2—phosphate

OH 3-phosphate

Since DNA has no 2-hydroxyl, this kind of near-neighbor assistance during
hydrolysis is impossible. The practical consequence of this is that DNA is
much longer lived than RNA, and RNA must be replenished as needed over
the long run for protein synthesis.

The complementary base-pairing principle results in a molecule of RNA
reflecting the base sequence of a DNA molecule exactly. Thus messenger RNA
contains an adenine residue where DNA contains thymine, a cytosine residue
where DNA contains guanine, a guanine residue where DNA contains
cytosine, and a uracil residue where DNA contains adenine. But how is this
translated into a specific sequence of amino acid residues in a protein molecule ?
This is the fascinating part of the puzzle.

The sequence of bases in messenger RNA must somehow control the
sequence in which amino acids are bonded together to form a protein chain.

* In contrast to the 2’,3’-diester mentioned above, the 3’,5’-cyclic adenosine mono-
phosphate has been implicated in a multiplicity of hormonal effects. It is involved with
stimulation and/or retardation of the respiratory cycle (see Chapter 11). For discovering the
importance and ubiquitousness of this single substance, Dr. Earl Sutherland was awarded the
Nobel Prize in Medicine for 1971.
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Messenger RNA contains four different kinds of bases and a protein usually
contains twenty different kinds of amino acids. A single base then could not
control the positioning of a specific amino acid in a protein chain, because the
four bases could this way control only four amino acids. Similarly, combi-
nations of two adjacent bases could control a maximum of sixteen amino
acids, since only sixteen different combinations of two adjacent bases are
possible (see below). (The combination AC differs from the combination CA
because of the directionality of the 3,5-diester links to the phosphoric acid
residue.)

To control specifically the sequence of twenty amino acids, a combination
of at least three bases on messenger RNA is required. This provides sixty-four
possible combinations. These triads of bases on messenger RNA (called

PP 2% 29 99
00 90 96 QO
90 90 99 0O
P9 920 99 99

codons) act as specific docking sites for complementary triads on transfer
RNA* (anticodons). Docking specificity arises from the specificity of the
hydrogen bonding between adenine and uracil, and between cytosine and
guanine. The complementary triad of bases on transfer RNA occurs on a loop
near the middle of the transfer RNA chain. The non-looped portion of the
chain folds back on itself and is double-stranded like DNA. One of the chain

onncodon

amino
acid

messenger RNA

O transfer RNA

* In the course of protein synthesis within the cell, the transfer RNA becomes bonded to
messenger RNA which is temporarily attached to a ribosome (see Figure 3.3, p. 51).
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ends is always slightly longer than the other, however, and this loose end carries
the amino acid. Before becoming attached to a specific tRNA molecule, an
amino acid is first activated by enzymatically reacting with ATP to form
AA-AMP. Surprisingly enough, the loose end always has the same final base
sequence (CCA) regardless of which amino acid is at the end. (The amino
acid is attached to the terminal ribose by an ester bond.) Clearly, the docking
triad must somehow control the choice of amino acid at the loose end of the
molecule, but how it does this remains one of nature’s secrets.

Another secret which remained hidden until recently has to do with the
problem of choosing the single correct triad from a given sequence of bases.
For example, the sequence ACGU contains two triads—ACG and CGU.
Only one of these can be the “true” triad corresponding to the specific amino
acid scheduled to enter the particular protein for which the messenger RNA is
programmed. Choice of the “wrong™ triad to begin with would lead to an
entire sequence of “wrong™ triads, and consequently all the “wrong” amino
acids. which would mean a completely “wrong™ protein.

This kind of error does not occur in nature, and an ingenious explanation
for this was proposed by Francis Crick, J. S. Griffith, and L. E. Orgel in the
late 1950s. Assuming that the aminc-acid code is based on consecutive triads
(resembling three-letter words), they proposed that the code is non-overlapping.
This means that in the hypothetical repeating polynucleotide UGAUGAUGA,
only one of the three triads (UGA, GAU, and AUG) has any ““meaning.” The
other two are “‘meaningless’ in that they do not correspond to any comple-
mentary triad on transfer RNA, and therefore no transfer RNA would ever
dock at that triad.

If this were true, they reasoned, the triads AAA, CCC, GGG, and UUU
could not be real triads because a repetition of any one of them could produce
overlapping and hence a false start to protein synthesis. Thus, the allowable
combinations of the four RNA bases drops from sixty-four to sixty. Of these
sixty combinations, they reasoned further, two-thirds must be meaningless (to
avoid overlapping). Therefore, only one-third of the sixty will be real triads.
This number (twenty) exactly matches the number of different kinds of amino
acids found in proteins. As neatly as this proposal fitted in with what was

ocfolololololo

‘ .
I

N
Three overlapping choices of AAA triad
would lead to different amino acid
sequences in protein.
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known at the time, it is wrong. Subsequent work has shown that there are
more than twenty meaningful triads. Present evidence indicates that choice of
the “wrong’" triad is avoided by beginning transfer-RNA docking at one of the
ends of messenger RNA rather than at a random site along the chain.

How then does one find out which triad is a code word for which amino
acid ? The most direct method is to make a synthetic polynucleotide with a
known base sequence, allow this molecule to act as messenger RNA in a
protein synthesis, and then determine the amino-acid sequence of the protein.

Forexample, a polynucleotide containing only one kind of base can be made
from the nucleotide (as a diphosphate) and an enzyme called polynucleotide
phosphorylase, isolated by S. Ochoa and H. Grunberg-Manago. If the base is
uracil, the synthetic polynucleotide is called poly U (UUUUUUUU...). In
the presence of a mixture of transfer RNA molecules and enzymes and other
cell constituents, poly U incites the synthesis of a polypeptide containing only
one kind of amino-acid residue—that of phenylalanine. Clearly then, the triad
UUU is the code word for phenylalanine.

DNA femplate

tRNA Pool
A RNA
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FIGURE 3.3 Representation of stepwise protein synthesis. In this figure AA refers
to amino acid; ATP denotes adenosine triphosphate; AMP represents adenosine
monophosphate; AA-AMP is amino acid adenylate; tRNA refers to transfer
ribonucleic acid; mRNA represents the messenger ribonucleic acid and a, b, etc.
represent attachment sites on the ribosomes for peptide bond formation. [Adapted
from M. Yc¢as, The Biological Code, North-Holland Publishing Co., Amsterdam,
1969, p. 9]
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This method can be extended (and has been by Ochoa and by Nirenberg)
tomixed-base code words. Forexample, the polymerization of uracil nucleotide
can be initiated with the dinucleotide AUUUUUU... This polynucleotide
promotes the synthesis of polyphenylalanine with a single tyrosine residue at
one end. Thus, the code word for the amino acid tyrosine must be AUU. This
work has led to the tabulation of code words for each of the twenty amino
acids. Most amino acids appear to have more than one code word.

Present thought proposes, therefore, that a particular enzyme is synthesized
in a linear stepwise sequence of amino-acid coupling reactions beginning at one
end of a messenger RNA molecule and continuing from triad to triad to the
other end of the messenger RNA molecule, where the completed protein
chain is finally released. As each peptide bond forms, the ““spent” transfer
RNA isreleased by messenger RNA. This allows fresh transfer RN As carrying
amino acids to begin synthesizing a second molecule of protein before the first
protein molecule is finished (Figure 3.3).

SUMMARY

In this chapter we have covered the composition, structure and function of
nucleic acids. We have seen how these important molecules are involved in
genatics and protein synthesis. The code of life was explained in its simple
elegance by the steps involved in protein synthesis. We saw that the code is
made up on a DNA template. The message is carried by a messenger RNA
which reads one strand of the DNA template. Messenger RNA then migrates
to and becomes attached on the surface of a ribosome. Transfer RNA
molecules, carrying specific amino acids, bond to codon sites of the messenger
RNA. Thus, amino acids are arranged in a specific linear sequence which is
determined by the messenger NRA. These amino acids join together to form
a specific protein.

With the above system, it is possible to understand mutations and errors in
protein synthesis. We can also marvel at the efficiency and reproducibility of
the myriad of reactions controlled by the genes.
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CHAPTER 1V

GIANT MOLECULES
The Magic Materials

THERE ARE three kinds of giant molecules which have been around for billions
of years, as long as life has existed on earth. These are the nucleic acids, the
proteins, and the polysaccharides. Each kind has a dual function in living
things.

The nucleic acids, especially the deoxyribonucleic acids, are really the master
molecules of life. They are responsible for heredity—the faithful continuation
and regeneration of the many species of living things. They accomplish this
by their ability to replicate themselves exactly within the cell nucleus and so,
when a cell divides to form two daughter cells, each daughter cell contains
the same set of nucleic acids which the parent cell contained. The second func-
tion of these master molecules is to direct protein synthesis within the cell,
as has already been seen.

The proteins have either of two functions as another set of giant molecules
of biological action. Some can act as catalysts to run the chemical reactions
that keep a cell alive. Others make up muscle fiber which converts the chemical
energy of adenosine triphosphate (ATP) into the mechanical energy of muscle
contraction. This provides an organism with the ability to pump blood, to
catch food, and to move from one place to another. Protein molecules also
play an important role in the animal kingdom—that of providing protection
from the environment. Skin and hide, fur and feathers are all composed of
protein molecules. Man has long made use of these animal materials to add
to his own comfort.

Polysaccharides are sugar polymers. As might be expected from what has
been said about the glucose molecule being a primary food molecule, one of
the functions of polysaccharides is to act as a food storehouse. Plants poly-
merize glucose into giant molecules of starch, and pack this into their seeds to
provide food for tiny seedlings to grow until they can begin photosynthesizing
their own food. Animals polymerize glucose into giant molecules of glycogen
and store these in the liver, thus maintaining a reserve against lean times.
The second principle function of polysaccharides, seen most abundantly in
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the plant kingdom, is a structural one. All plant cells polymerize glucose into
giant molecules of cellulose to build cell walls. This protects the liquid cell
contents, and in the aggregate, provides the mighty oak with the strength to
stand against hurricane winds. Besides wood, the plant product cotton is also
cellulose. Again, man has long availed himself of these materials to further
his own well-being.

Nature held the secret of the giant molecule until only recently. Try as he
might, man in the role of organic-molecule builder could do nothing to match
the materials, such as wool, silk, cotton, and wood, which nature provided
in profusion. Finally, inroads were made, few and slowly at first, and mostly
as results of accidents, until today, when synthetic giant molecules are pro-
duced in daily tonnage quantities, tailor-made for specific properties and end-
uses, surpassing by far the capabilities of natural materials. How did this mar-
vellous technology come about? It happened mainly through tedious, patient
trial and error, and through keen observation of the unexpected, by men dedi-
cated to improving the lot of life while satisfying their natural curiosities.

The synthetic giant molecule story goes back more than 100 years to a
kitchen “laboratory” in Basel, Switzerland. Christian Schoenbein, a chemistry
professor, was boiling nitric and sulfuric acids, and accidentally spilled
some on the floor. He quickly wiped it up with a cotton apron belonging
to his wife. Realizing that the highly corrosive acids would soon decompose
the apron, he sought to avoid that misfortune by rinsing the apron acid-free
with water. He then hung the apparently undamaged apron near the hot stove
to dry. Very shortly, the apron burst into flame and disappeared. Christian
Schoenbein had discovered guncotton.

He had unwittingly converted the hydroxyl groups of the cellulose molecules
in the cotton apron into nitrate esters. The cellulose had become nitrocellulose,
a hitherto unknown giant molecule three times as powerful an explosive as
gunpowder.

r 7] i N0
CHa OH o= CHy—0 |
o O / HO - NO,
N OH H
4 H, S0
/ H 2 4 P
H OH H 0-NO,
L % L 4y
cellulose guncotfon
(polyglucose) (cellulose tri-nitrate)

The presence of the sulfuric acid in the spilled acid mixture was fortuitous
in that sulfuric acid is an excellent catalyst for esterification reactions (see
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appendix). This catalytic power arises from the exceptional strength of sul-
furic acid. As a result, it acts as a protonating agent even for nitric acid. A
nitration mixture of nitric and sulfuric acids contains nitronium ions, which
form when protonated nitric acid molecules lose water. The nitrogen atom in
the nitronium ion is rapidly attacked by a nucleophilic agent such as an
alcohol.
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The guncotton which Christian Schoenbein stumbled upon 125 years ago
was also better than gunpowder in that it produced much less smoke. Air
quality on the battlefield improved which allowed contending parties, for
better or worse, to have a clearer view of each other.

As useful as the discovery was, however, it strictly speaking did not repre-
sent a man-made giant molecule. It was merely a synthetic modification of a
pre-existing giant molecule made by nature. Nevertheless, it led to discoveries
of several very useful cellulose-based new substances.

The first widely used material of this type was celluloid. This was probably
the first man-made material worthy of the name ““plastic”. But the way was
paved for the appearance of celluloid by an earlier discovery. Almost immedi-
ately after the first preparation of guncotton, a young Frenchman named
Louis Menard found that alcohol and ether dissolve guncotton and produce
a non-fibrous clear material after evaporation. This material was called collo-
dion, and it found little use except as a protective coating for minor wounds.

Louis Menard’s transformation of guncotton into collodion made nitro-
cellulose much easier to work with experimentally. During the 1860s a printer
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in Albany, New York, named John Wesley Hyatt began compounding collo-
dion with other materials in the hope of making a new material to substitute
for ivory in billiard balls. Because ivory was scarce, an American company
had offered $10,000 for an ivory substitute, and John Hyatt had his eye on this
prize. He found that a combination of collodion and camphor produced a
horn-like material which softened on warming and could be molded or extruded
into many different shapes. (Camphor is a bicyclic ketone produced by the
camphor tree and used in “‘moth balls.”)

CH3TCH3
[l cHs

LA =0

camphor

This first synthetic plastic was called celluloid. Unfortunately, it was too
brittle to use in billiard balls, but it became popular in combs, brush handles,
ping-pong balls, photographic film, men’s detachable collars, and many other
items. John Hyatt continued his search for an inexpensive billiard-ball material.

In 1875, in Sweden, Alfred Nobel invented blasting gelatin by mixing
collodion and nitroglycerin. Nitroglycerin is like nitrocellulose in that both are
nitrate esters of alcohols, but nitroglycerin is not a polymer. Glycerin (or
glycerol) is simply a trihydroxypropane.

CH, — OH CHp — 0— NO3
| |
CiH-—OH CH— 0—NO;
|
CH,— OH CHy— 0— NO>
glycerin nitroglycerin

Blasting gelatin is also called solidified nitroglycerin (S.N.G.). Itis a rubbery
elastic material—the most powerful explosive sold commercially—used for
blasting rock. Nitroglycerin itselfis an extremely hazardous liquid. It detonates
with violence at the slightest shock. The number of oxygen atoms per molecule
is more than enough to convert the carbon and hydrogen atoms to gaseous
carbon dioxide and water. The simultaneous release of elemental nitrogen and

CHp — ONO»
2 CH —ONOp —= 6C0, + 5H0 + 3N + 202

CHa — ONO;
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oxygen gases adds to the sudden volume increase and produces a tremendous
shock wave.

The extreme sensitivity of nitroglycerin was successfully moderated by
Alfred Nobel in 1866, 20 years after nitroglycerin was first prepared. He found
that kiesulguhr, a diatomaceous earth, could adsorb three times its weight of
nitroglycerin and still appear dry. The absorbed nitroglycerin is still explosive,
but much less sensitive. This mixture is called dynamite.

Then in 1889, a French physiologist named Hilaire de Chardonnet extruded
collodion into a fine thread and rewove it into a fabric. This new form of nitro-
cellulose resembled silk which is a protein fabric made from silkworm cocoons.
Chardonnet’s artificial silk was received warmly, but then rejected heatedly,
since a small spark would send it the way of Schoenbein’s apron. It was still
guncotton.

Success in making an acceptable synthetic fabric came in the form of a less
explosive ester of cellulose—the acetate instead of the nitrate. When cotton is
heated with acetic anhydride, its hydroxyl groups are acetylated, and the giant
cellulose molecules become giant cellulose acetate molecules. Like cellulose
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acetic anhydride
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acetate acetic acid

nitrate, cellulose acetate is not a fully synthetic polymer, but rather a synthetic
modification of a natural polymer. Cellulose acetate, also known as acetate
rayon, is obtained as a white powder from the acetic anhydride treatment. The
dry material 1s dissolved in acetone, extruded® into a fiber, and then woven
into a fabric.

Phenolic Resins

The first fully synthetic polymer made deliberately by man for a purpose—
not made accidentally as a tarry product from a reaction that “‘went wrong”—
was made in 1907 by Leo Baekeland. He knew that chemists in the past had

* The concentrated polymer solution is forced through a fine orifice (called a spinaret).
This process is called extrusion. The extrudate is pushed through a solvent in which the acetone
is soluble but not the polymer. A fiber results.
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produced unwanted resinous materials—materials impervious to acids and
bases and which could not be dissolved out of the laboratory apparatus in
which they formed. The German chemist Adolf von Baeyer in 1871 described
the formation of a troublesome gray resinous material from phenol and form-
aldehyde (of prebiotic synthesis fame; see Chapter ). Baekeland repeated this
work. modifyving the reaction conditions to encourage rather than discourage
polymerization. until he came up with what he wanted—a clear, hard. amber-
like resin molded in the shape of the reaction vessel. He named it Bakelite
and received a patent for the invention in 1909. This new, completely man-made
material achieved instant success and is used in a wide variety of everyday
articles, including buttons, electrical insulators, cameras, distributor heads,
radio and telephone equipment, etc.

Another scientist, Dr. L. V. Redman claimed to have produced the same
polymeric svstem independently and naturally called his material Redmanol.
Bitter competition and long, costly litigation ensued. In 1922 the courts
finally awarded the patents to Baekeland who licensed many companies to
produce Bakelite. The basic patents ran out in 1926. Union Carbide absorbed
the Bakelite Company in 1939.

Bakelite is a giant cross-linked molecule containing phenol units linked
and locked in a three-dimensional array by methylene (—CH,—) groups. How
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does this insoluble, infusible mass of covalently bonded atoms arise from a
simple mixture of tiny phenol and formaldehyde molecules?

First, the phenol molecule contains three ‘‘activated™ carbon atoms—
the so-called ortho- and para-carbon atoms. These three carbon atoms are

OH
|
ortho Xy ortho
meta {__~ meta
para
phenol benzene

more nucleophilic than the ordinary carbon atoms in benzene (the parent
hydrocarbon of phenol). They are more nucleophilic because the oxygen
atom in phenol delocalizes some of its high electron density to these three
positions.

1
H/Q?)

Because of this, any of these three carbon atoms can attack the formaldehyde
carbon atom nucleophilically.
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Another proton shift restores the benzene structure of the molecule. This over-
all process is called substitution.

n H
! I !
f“\ rI//CHZOH ,\(\/ CHZOH
/©\ /\)
H [ H
H H

In this way, as many as three formaldehyde molecules can be substituted
on a single phenol molecule.

OH OH
He A _H HOCH, A CH,OH
A=
H CH,0H

When a hydroxymethylene group ((—CH,OH) is bonded to a benzene ring,
the hydroxyl group is extremely reactive. This high reactivity arises from the
ease with which the parent molecule (benzyl alcohol) forms a carbonium ion

H H H H H
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Oe 0
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J =0 — 0

benzyl alcohol

benzyl cation

This carbonium ion (the benzyl cation) forms easily because it is stabilized by
resonance which allows charge delocalization.

CH2 CHE
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The benzyl cation will of course be extremely susceptible to nucleophilic
attack by any of the three activated ortho- and para-carbon atoms of the phenol
molecule. This is how the phenol units become linked by methylene groups.
The process of joining the phenol units together via methylene bridges is called
condensation.
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By continued substitution and condensation reactions, the giant Bakelite
molecules are built up (see p. 38).

Vinyl Addition Polymerization

About 20 years later, during which time a great deal was learned about mole-
cular structure, a research team at the I. G. Farben Company in Germany
began making a series of different types of giant molecules. These new families
of polymers differed from Bakelite in that the new giant molecules were not
branched and cross-linked like the three-dimensional molecular mass of
Bakelite. The backbone of these chains is said to be linear (i.e., unbranched)
since the chain forms when each unit going into the chain is bifunctional,
that is, can bond to only two other units. The chains in Bakelite can branch
and cross-link because the phenol unit is trifunctional (three places for sub-
stitution on each phenol unit). This bonding to three other units leads to dense,
solid three-dimensional molecular chunks. Bifunctional units can only form
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long string-like molecules. Linear-chain polymers tend to soften when heated
and are called thermoplastics. Cross-linked polymers remain hard and are
thus called thermosets.

The family of linear polymers developed at 1. G. Farben comprised mainly
polyolefins. The first important one of these was polystyrene, a clear, colorless
hard, and shiny plastic, which can be molded at temperatures only slightly
higher than the boiling of water.

An olefin is a molecule containing a carbon-carbon double bond. The sim-
plest olefin is ethylene. Styrene is phenylethylene.

H\"_ /H H\ - /H
H/L,—C\H i \/C—C\H
ethylene ~_~ styrene

A polystyrene molecule is a long chain of styrene units linked to each
other with regular repeating bonding arrangement.

{—CH — CHy — CH—CH, — CH —CHZ—J»
| | [ X

polystyrene

Since the chainis usually produced by a series of free-radical addition reactions,
the regular arrangement results from the greater stability of one of the two
possible intermediate radicals. For example, the polymerization can be initia-
ted by the generation of a free radical in a system containing styrene. One way
to do this is to decompose an azo compound, usually done by heating. We will
illustrate initiation propagation and terminations of polymerization using an
azo initiator, azoisobutyronitrile. It is common to use peroxides as initiators in
olefin free radical polymerizations.

(EN N CN CIN
. ] .
CH3—$—N=N—?—CH3 —_ CH3—(|§ + N=N '(IZ—CH3
CH3 CH3 CH3 CHs

ozoisobutyronitrile

Now the isobutyronitrile radical could presumably attack the olefin in two
ways to produce two different new radicals.
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The new radical 11 is considerably more stable than the new radical I,
because radical 11 has the benzylic structure seen earlier in the stable benzyl
cation. Therefore, radical 11 forms almost exclusively in preference to radical 1.
Radical II can now attack another styrene molecule, and when it does, it forms
another stable benzylic radical.

tail r)eod toil  head
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CH3—C—CH,—C - + CHp=CH — CH3—C CHp—CH—CHs—C
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Repetition of this step leads eventually to an extremely long chain of styrene
units linked in a regular head-to-tail pattern. Occasionally, however, two radi-
cals collide and combine to form a simple covalent bond. This terminates the
growth of both chains, and produces a head-to-head juncture.
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A growing chain can also terminate its growth by abstracting an atom
from some other molecule.

CN
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This terminates the chain but does not Kill the polymerization since the new
radical (R-) can carry on.

A third type of termination occurs when a growing chain abstracts a hydro-
gen atom adjacent to another radical.
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The new olefin formed in this disproportionation reaction cannot carry on
the polymerization because an olefin must contain an unsubstituted carbon

(CHZ:C:) as part of the double bond to be polymerizable (under the condi-

tions usually used to polymerize simple olefins).

The usual goal in most polymerizations of the styrene type is to obtain
maximum chain length for best material strength. This requires keeping
the chances for termination reactions at a minimum. Termination by collision
of two radicals, resulting either in combination or in disproportionation, can be
minimized by minimizing the number of radicals in the system. Theoretically
havingly only one radical in the system would provide the highest molecular-
weight product possible. This ideal situation has been approached by an
ingenious method of polymerization called emulsion polymerization, in
which single chains grow within single droplets of emulsified monomer mole-
cules.

The first step in emulsion polymerization is to add an emulsifying agent
(soap, for example) to water. A soap molecule has a hydrophilic head and a
hydrophobic tail. Consequently, soap has a limited solubility in water.
The first portions of soap added to the water dissolve, but once a critical amount
has been added, further additions to not dissolve. The soap molecules form

0
/Y
hydrophobic  CHy = CHp o, € hydrophilic
0°Ne®
sogp molecule

tiny droplets called micelles. The surface of the micelles is composed of the
hydrophilic heads of the soap molecules, and the hydrophobic tails are
directed into the interior of the micelles. Then a hydrophobic monomer,
such as styrene, is added. The hydrophobic monomer molecules diffuse into
the hydrophobic interiors of the micelles. Finally, a small quantity of hydro-
philic initiator, a source of free radicals, is added. Occasionally, a hydrophilic
free radical will make its way from the aqueous medium into the hydrophobic
interior of a micelle. Once in, it initiates a single growing chain. As the growing
chain consumes the monomer molecules in the micelle, more monomer diffuses
into the micelle from the aqueous medium, feeding the single growing chain.
As the aqueous medium is depleted of monomer, more monomer enters the
aqueous medium from the micelles which do not contain a growing chain.
Thus, the non-polymerizing micelles shrink and disappear as the polymerizing
micelles swell. The relative concentrations of the various components of the
system are such that, should a second free radical enter a polymerizing micelle,
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termination would be faster than polymerization. Thus, any micelle at any
instant would contain either one free radical or no free radical. This optimizes
the ultimate chain length of the product.

Besides styrene, many other olefins have been polymerized and have found
extensive application in a wide variety of molded, extruded, or woven fibrous
products. These monomers include vinyl chloride, vinyl acetate, methyl
mecthacrylate, and acrylonitrile.

CH, = (|3H CHy = EJH
Cl 0—C—CHs
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0
vinyl chloride vinyl acetate
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CH,= C
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0 C=N
methyl methacrylate acrylonitrile

Ethylene (the simplest olefin monomer) is not polymerizable by the free
radical techniques described above. The molecule is too stable for such
processes to be effective. E. W. Fawcett, R. O. Gibson and M. W. Perrin,
working in England for the Imperial Chemical Industries (ICI) in the early
1930s, made the revolutionary discovery that ethylene at 230°C and 1500 atm.
pressure with a trace of oxygen and a peroxide initiator gives polyethylene
in a rapid and exothermic reaction. It is obvious that ethylene polymerization
required the development of chemical and engineering technologies.

The polyethylene that resulted is highly branched, slightly crosslinked
and softens under 100°C. As we shall shortly see, another revolution took
place in the early 1950s that led to linear polyethylene at much lower tempera-
tures and pressures (see section on Ziegler-Natta polymerization, pp. 74-77).

Nylons

Another fabulously successful kind of man-made giant molecule was developed
during the 1930s at Du Pont by a research team under the direction of Wallace
Hume Carothers. It is said that Dr. Carothers and his associates worked years
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trying to perfect the technique to raise the molecular weight of these synthetic
polymers to the range where they would be expected to form strong fibers.
A story has arisen which may be apocryphal that Dr. Julien Hill, a collaborator
of Dr. Carothers, left astirring rod overnight in a flask that contained the heated
components of nylon. The next morning he tried to remove the stirring rod
from the cooled viscous mass. In the process, he pulled a long fiber which be-
came tougher with elongation. And so the age of nylon, a new artificial silk was
born. Du Pont introduced the fiber in the early 1940s for ladies’ hosiery.
It was an instant success. During World War 11, it was employed to make
parachutes.

Nylon molecules are not addition polymers as are the polyolefins. They
are condensation polymers as are the proteins. They further differ from all
polyolefins (except polyethylene) and from proteins in that they contain
no groups pendant to the main polymer chain. Finally, they are unlike poly-
olefins, but similar to proteins, in that their monomer units are linked to each
other by amide groups (—C(==0)—NH—). The most famous member of the
family is nylon 66, so named because it is made from a six-carbon diamine and
a six-carbon diacid.
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nylon 66

Simply mixing an amine with a carboxylic acid does not produce an amide.
Because of the basicity of amines, mixing with an acid forms an ammonium
salt.
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CHyCH,—NH, + HO—C—CHy —= CH3CH,—NH3 + O— C—CHj

ethylamine acetic acid ethylammonium qcetate
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However, heating an ammonium carboxylate salt to its melting point causes
dehydration and formation of the covalent amide linkage.

0 0
- @ e | heat 1
CHyCHy—NHz + 0—C—CHy —= CH;=CH,— NH— C—CHj + H,0

ethylacetamide

This salt formation, in making nylon 66, is a help rather than a hindrance.
It allows exactly equivalent amounts of diamine and diacid to be obtained and
used without ridiculously meticulous weighingand measuring. Formation of salt
from approximately equivalent amounts of hexamethylenediamine and adipic
acid, followed by recrystallization to remove the excess of either component,
provides pure salt containing an exact one-to-one ratio of reactants.

An exact equivalence of the two reactants is necessary for making high-
molecular-weight nylon 66. If one of the reactants is present even in small
excess, the final stages of the reaction will see all molecules with the same end
group, either all carboxyl ends or all amine ends. This completely destroys
any possibility of chains joining in amide bonds to form longer chains. Hence,
the more nearly equivalent the amounts of reactants, the longer the ultimate
chain length.

The fact that the nylon molecule can grow at both ends shows an interesting
contrast to the single-ended growth of polyolefin molecules. The immediate
consequence of the double-ended growth of nylons is that two long chains
can connect without terminating the polymerization. This means that chain
length increases rapidly toward the end of a nylon polymerization.

The immediate consequence of the single-ended growth of polyolefin
molecules is that combination of two chains terminates polymerization.
Obviously, then, a polyolefin chain can grow only one unit at a time if it is to
continue growing. Thus molecular weight builds more linearly with time in the
polyolefin case.

Another well-known member of the nylon family—nylon 6—does not have
the problem of equivalent amounts of reactants because it forms from a

a

CH !
ﬁCHZ/ N e 8 y Ba O
YF}H .}H — {NH—CHECHZCHECHZCHZC}X
CH, \

\SCHg/EH?- nylon 6

caprolactam



GIANT MOLECULES 69

single reactant—caprolactam. Caprolactam is the cyclic amide of e-amino-
caproic acid. Caproic acid is the straight-chain six-carbon carboxylic acid.
The terminal carbon atom is called the epsilon carbon atom since carbon-
atom-2 is called the alpha-carbon atom.

The polymerization of caprolactam is quite a different thing from the
building of nylon 66 chains. First, it is not a condensation polymerization:
it is an addition polymerization, as are the olefin polymerizations. Also, like
the olefin polymerizations, it is single-ended, but unlike the olefin polymeriz-
ations, two chains cannot combine to terminate the reaction. How does this
ring-opening type of addition polymerization work?

Initiation is by a nucleophile. The nucleophile may be the amine end of an
e-aminocaproic acid molecule.

I SPAT

i : N
HO~C — CHp-CHp~ CHy~CHp~CHp— N/H;+\\c/ CH,
| 2.
CHy  CH,
CHECH2

0 0
I I
HO—C — CHy CHy-CHyCHy-CHy—NH = C = CHyC Hy CHyCHy-CHy— NH

This generates a new amino group which can go on to attack another
molecule of caprolactam, which adds another monomer unit to the chain as
above, and regenerates a new amine end, and so on. In this way, the nylon
6 chain grows at only one end—the amine end—and grows by only one mono-
mer unit at a time. The end result, however, is a giant molecule very similar
in structure and therefore in properties to the nylon 66 molecule. The main
structural difference between the two molecules is that all the amide linkages
in nylon 6 “face” in the same direction, while adjacent amide linkages in

] i i
= NH =C = CH,CH, CHy CH, CHy~ NH-C— CHy CH, CH,CH, CHy — NH = C —

section of nylon 6

I I i

section of nylon 66
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nylon 66 *“‘face” in opposite directions. Also, the amide groups in nylon 6 are
evenly spaced, and the amide group in nylon 66 are not.

Synthetic Elastomers

At the same time that Du Pont was scrambling to supply our country with
enough parachute nylon, another wartime panic call went out from Washington
to the polymer-chemist community to develop a new giant molecule which
could substitute for natural rubber. Our supply of rubber had been suddenly
and unexpectedly cut off by the rapid conquest of Southeast Asia by the Jap-
anese. The situation was extremely critical and could well have determined the
outcome of the war. U.S. stockpiles contained less than one year’s peacetime
supply of rubber—about half-a-million tons. Our previous leisurely attempt
to develop a decent synthetic rubber had resulted only in a few pilot-sized
plants which provided less than 7500 tons in 1941. In contrast, the Germans
had been working hard to develop a man-made rubber industry for their war
effort and had succeeded. By 1942, they were making more than 90,000 tons
per year. Japan, of course, had more natural rubber in its conquered territory
than it could use. American chemists and engineers had to multiply our exist-
ing synthetic-rubber capacity at least one-hundred-fold to meet the crisis.

Natural rubber consists of giant molecules of polyisoprene. Isoprene is a
branched-chain hydrocarbon containing five carbon atoms and two double
bonds (called a diene).

CH H CH H
3\0 e 3 c=c” -’
PC/ \CH ~N
2 2
. HL CH, .
isoprene natural rubber

Theoretically, it should be possible to make *natural’ rubber in the laboratory
simply by polymerizing isoprene. Prior to World War 11, however, attempts to
do this were unsuccessful. Isoprene could be polymerized, but the synthetic
product was different in some way from the natural product, and was unsatis-
factory as a rubber substitute.

German chemists had been experimenting during the 1920s with another
diene—a simpler four-carbon straight-chain diene called butadiene. This
molecule also polymerized into a rubbery polymer, but once again, the product

H,C = CH
- \ butadiene
HC = CH,
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was inferior to natural rubber and unsuitable for use in automobile tires.
In 1928, however, they discovered that a mixture of butadiene and styrene
forms a copolymer—a giant molecule containing two kinds of monomer units—

CHZZCH—CH=CH2 + Cszﬂ;H —
butadiene I \‘
/.
styrene

£ ChipCH= CH — CH, — Chy = CH +

butadiene—styrene rubber

which serves as an excellent and economical all-purpose replacement for
natural rubber. The success of this butadiene-styrene rubber made Germany
independent from imported rubber during the war years.

The first decent rubber substitute made in the U.S. came from Carother’s
research group at Du Pont in 1931. This new material, called neoprene, was
a polymer of chloroprene, a chlorinated butadiene. The chlorine atoms give
the polymer better resistance to oils, acids, sunlight, and oxidation than
natural rubber has. Thus neoprene was used in preference to natural rubber
in many low-volume applications, such as life rafts and self-sealing fuel
tanks, but it was too expensive for the big need—tires.

The most efficient solution to the urgent need for synthetic tire material
seemed to be to follow the path already blazed by the Germans. This was
accomplished by obtaining the butadiene-styrene rubber patents from a
German-headed cartel which had possession of them. The only thing remaining
to do was to build a giant industry based on this technology from scratch. More
than fifty plants quickly sprang up from California to Connecticut, making
butadiene, styrene, and finally the synthetic rubber. By 1943, the U.S. was
turning out more than 200,000 tons per year, and the following year 700,000
tons—enough to keep the wheels of national defense up off the rims.

But not until the late 1950s did man exactly duplicate a natural rubber
molecule in the laboratory and then produce it on a commercial scale. This
in fact is still the only natural giant molecule which man has ever been able
to produce artificially on a large scale. The key to the success is stereo-control.
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Nature, in all its molecular transformations, has the unerring knack of com-
pletely specifying the three-dimensional orientation of the atoms within the
molecules it builds. This facility arises primarily from the three-dimensional
specificity of the enzymes which catalyze the “natural” molecular transform-
ations. Such strict stereochemical control is difficult to attain in artificial
systems.

For example, without stereochemical control, isoprene can polymerize
in four different ways. It can polymerize to form 1,2-polyisoprene.

CHz CHz
[ ol |
CH,="C — JE CHZ—C%]'

3l 4 | X

CH = CH, CH = CH,
isoprene I,2 - polyisoprene

It can polymerize to form 3,4-polyisoprene.

CHs CH

. o

CH=_CH, {CH—CHZ—}'
3,4- polyisopre;e

It can polymerize to form cis-1,4-polyisoprene.

CHy _ H CHs H

P
2RI /C= N
Hot +CHy £ ke CHy—

cis- 1,4 - polyisoprene

And it can polymerize to form trans-1,4-polyisoprene.

CH CH CH }
XA g _
=z ~ P ~

HyC H {HZC H

trans—1,4 - polyisoprene
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In the first two cases, isoprene polymerizes like a simple mono-olefin. Only
one of the double bonds in the molecule is involved in each case.

In the second two cases, however, isoprene polymerizes with migration of
its second double bond. The polymerization is initiated by a cation.

CH3 ?H3

|
RO +  CHp=C—CH=CHpy —= R—CH;—( —CH=CH,

allylic cation I

The intermediate is an allylic cation which can rearrange to another allylic
cation by double-bond migration.
CH3 ﬁHa
I
R— CHm C<CH=CH, —=  R— CHp— C= CH— CHp
allylic cation II

Repetition of cationic attack and double-bond migration causes the 1,4-
structure to grow into a long chain.

CH H
[ ® P (I:3
R— CHy—C=CH —CHy + "y =C —CH = CH—
CHs CHy

| !
R— CHy— C = CH — CH,—CH,—C = CH —CH

Without double-bond migration, the product will contain the 1,2-structure
or the 3,4-structure (or both).

Stereoregular Diene Polymerization

How can the structure of a polymer be controlied ? In particular, how can the
structure of natural rubber (cis-1,4-polyisoprene) be obtained artificially ?
Experiments using the alkali metals (lithium, sodium, potassium, etc.)
as cationic initiators have provided interesting insight into the problem.
First, in a polar solvent such as tetrahydrofuran, all the alkali metals cause the
formation of polyisoprene containing only the 1,2-structure, the 3,4-structure,
and the trans-structure. None of the desired cis-structure is obtained. In a
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nonpolar solvent, all the alkali metals except lithium lead to mixed polymers
containing all four possible structures. Lithium, however, produces 94 %,
cis-structure—a material very similar to natural rubber. The exceptional
behavior of lithium is explained on the basis of the exceptionally small size
of the atom.

To initiate the cis-polymerization, two lithium atoms attach themselves
to the ends of an isoprene molecule.

CH; H CHs H
J o=~
’ /\ U —=C ) - C\
zc ’), /\' CHE HQC\ CHZ
Li—Li Li Li

This forms the first cis-unit in the chain. The second and the remainder of the
cis-units form through an analogous six-atom cyclic configuration.

CH H CHy H
\3c= - Se=¢” e
/ -~ ViR
o, eH,) e CHy S CHy N\ CHs
\2 Sy N e | c
Li L \¢ Li I
e L ¢
2 H N/ N\
CHy H

The cyclic arrangement of the reacting atomic centers always results in
cis-structure for the added unit. The other alkali metals cannot do this as
efficiently as lithium because they are too large to fit into the required cyclic
arrangementofreacting atoms. Polar solvents completely prevent the formation
of the cis-structure by increasing the sizes of the alkali metal ions through
solvation.

Linear and Stereoregular Vinyl Polymerization

Another, more subtle, kind of structural variation is encountered in polymers
of most simple olefins. As noted earlier (p. 66) ethylene polymers produced at
high temperatures and pressures are branched. Dr. Karl Ziegler showed that
it is possible to prepare linear polyethylene using a complex catalyst made
from titanium tetrachloride and aluminum triethyl in heptane under very dry
conditions. Dr. Giulio Natta in a related series of experiments with related
catalysts showed that propylene could be polymerized to a high melting,
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crystalline polypropylene. When propylene polymerizes, it forms a normal
head-to-tail polymer as does styrene.

CH, = CH - Chy=Ch 3
CHy CHy
propylene polypropylene

The subtlety of structural variation shows up with a consideration of the rela-
tionship between adjacent methyl groups. Adjacent methyl groups may
be on the same side of the chain or on opposite sides of the chain.

CHy  CH, CHy CHy
N X R R
c ¢ ¢ c
W il | W

CH, CH, CHy  CH,

isotactic polypropylene

CHp CHo CHy CHa
/S N/ N \N./ ./
A
T S M cir
CHy ? CHy 3

syndiotactic polypropylene

If the methyl groups are all on the same side of the chain, the arrangement
is called isotactic. If adjacent methyl groups alternate positions, the arrange-
ment is called syndiotactic. Both arrangements, however, are rather special
in that they are stereoregular—their three-dimensional structures can be
described in terms of a repeating unit. An ordinary free-radical polymerization
of propylene produces a polymer containing random, rather than regular,
orientations of the methyl groups. Such an arrangement is described as
atactic.

/CHZ\ /CHQ\ Y CH?\ y CH2 Y
/,C G © \,C
i\ CH3\ CH3\ Ko\

CHy H H CHy

atactic polypropylene {stereo - nonregular)
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As noted above, special catalyst systems were required to produce linear
polyethylene and stereoregular polypropylene. How were these catalysts
discovered ? Were they a fortuitous development? A component of the un-
expected was most certainly involved. Karl Ziegler and his associates were
working on organometallic compounds. They were examining the reaction of
aluminum hydride with ethylene under modest pressure. In one stainless steel
reactor an almost quantitative yield of 1-butene was obtained. Immediately,
Ziegler realized thatinsertion and abstraction had taken place with an unknown
catalyst. He knew that aluminum hydride alone does not give such results.
Rather low yields of low molecular weight chains of ethylene units attached
to aluminum result.

CHo=CHp
Al-Hy —

!
A CHy —CHo = CH -CH].
modest pressure THCHo —CHaFy CHp=CHy ;

and temperature
" where x=3 10 5

Careful study of the composition of the stainless steel reactor revealed trace
amounts of nickel phosphate. Aluminum hydride reacts with ethylene initially
to form aluminum triethyl (in the reaction above, x = 0), which then alkylates
the nickel chloride. The alkylated nickel chloride then reacts once again with
ethylene to give a four carbon chain attached to the nickel. It was postulated
that ethylene then reacted with the alky! nickel to give I-butene and an ethy-
lated nickel which could now insert another ethylene and repeat the process.

~Ni ”/C\HZ‘?H—CHZCst ——CHp=CH-CHp~CH3 +~~Ni—CHy-CH3

N A/ H abstraction butene -1
HoC =CHp of a
hydride
~ Ni—CHg(IIH CHaCHz
H
Where denotes that the Ni is attached to a nickel

chloride crystaltine lattice

Ziegler and his colleagues systematically studied other transition metals in
combination with aluminum triethyl and found that titanium tetrachloride
as a component of this catalyst led efficiently to high yields of linear polyethy-
lene.
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About this time, Giulio Natta and his coworkers found that catalysts made
from titanium trichloride and aluminum triethyl could be used to prepare
isotactic polypropylene and other isotactic poly-x-olefins.® And so the age of
stereoregular polymerization developed. For these momentous discoveries
both Karl Ziegler and Giulio Natta received the Nobel Prize in Chemistry
in 1963.

The kind of stereoregularity within a giant molecule can sometimes be
varied by varying the constitution of the catalyst. For example, isotactic
polypropylene forms in the presence of a modified Ziegler catalyst containing
titanium trichloride and diethylaluminum chloride. Syndiotactic instead of
isotactic polypropylene can be obtained by substituting vanadium tetrachloride
for titanium trichloride in preparing the complex catalyst.

Sometimes even grosser variations in structure can be obtained simply
by varying the bimetallic ratio. For example, with a titanium-to-aluminum
ratio greater than 1.0, the bicyclic olefin norbornylene polymerizes by simple
olefin addition. With a titanium-to-aluminum ratio less than 1.0, it polymerizes
by ring opening.

CH= CH
™~
H=¢ — CH——c_y
CH,—CH,
/ norbornylene \
Ti T
1
AE(/)H -H 7 H "
W—¢” C—H «E C c—CH—CHiL
X y; \ / X
CH,— CH, CHy CH,
SUMMARY

In this chapter we attempted to trace the development of synthetic polymer
chemistry. We saw how a kitchen apron played its part in creating guncotton
and modified cellulosic materials; how a stirring rod indicated success in nylon
fiber formation; and how a trace amount of nickel in a stainless steel reactor

* An a-olefin is a hydrocarbon compound with a terminal double bond: CH,=CH—R.
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led to the discovery of linear polyethylene and stereoregular polymers. Each
time an apparent accident occurred, a gifted person was ready to grasp its
meaning.

Today, the fruits of their labors and others surround us. Plastics, fibers,
elastomers, coatings, packaging materials, etc., are integral components
of our society. With the world’s limited natural resources, it is clear that
more and better synthetics will be required. With the anticipated world’s
population, it is also clear that disposal of waste materials will remain an enor-
mous and important problem. The polymer scientists must develop new tech-
niques to degrade and/or reclaim synthetics. New devices and materials in
the medical and building areas must be created. In short, our society will
require imaginative and innovative designers of giant molecules.
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CHAPTER V

MOLECULES OF MERCY
The Pain Relievers

THE MOST popular, and yet poorly understood, of the marvellous molecules
used medicinally to alleviate the common aches and pains of man is acetylsali-
cylic acid—aspirin. Besides being an inexpensive and non-addicting pain
killer, the remarkable aspirin molecule reduces fever and local inflammation,
and promotes the elimination of uric acid (the thorn of gout sufferers) (see
section on prostaglandins, Chapter VII, p. 145). On the negative side, the most
common undesirable side effect of the drug is gastrointestinal bleeding. More
rarely, a person may develop an allergic hypersensitivity to aspirin so severe
that further use of the drug can cause death. Judging from the many thousands
of tons of aspirin swaltowed each year in the U.S., the benefits outweigh the
hazards in the public eye.

Aspirin is an exceptional drug, too, in that it does not occur in nature.
Almost all the other long-established medicinal organic molecules occur
naturally in plants. Quinine and morphine are notable examples. Aspirin,
however, is an artificial molecule, first synthesized in the laboratory by
organic chemists. Still, most of the credit for the total synthesis must go to the
plant kingdom, because man’s contribution was only a simple modification of
the salicylic-acid carbon skeleton originally obtained from plants.

i 0 !
C~ . -CH A A Cery
y \O/ 3! \Y \OH X OH
| 1 | :
\ | N ‘\\/\ ‘\)\i |I .
OH OH 0—C-CHy
methy! salicylate solicylic acid acetylsalicylic acid
(ol of wintergreen) (aspirin)

The first synthesis of the aspirin molecule occurred in 1853, when Charles
Gerhardt of Strasbourg acetylated salicylic acid with acetic anhydride.
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C~ o O O C Oh
Q + Cd3—C O C—CH3 — Q/
Z ~o—L- CHz

O™ ot anhydride

. aspirin
salicylic acid
+
Il
CHz—C—0H
acetic acid

Salicylic acid had been prepared and named Spirsdure in 1835 by the
German chemist Karl Lowig, who isolated it from a mixture of products
formed by the action of alkali on salicylaldehyde. The pertinent reaction here
is probably an oxidation-reduction disproportionation between two aldehyde
molecules—a reaction later discovered (1853) by the Italian chemist Stanislao
Cannizzaro and now called the Cannizzaro reaction.

i 1
C\ C\ CH "'OH
+
OH OH OH
salicylaldehyde salicylic acid salicyl alcoho!

Salicylaldehyde had been obtained a few years earlier (1831) by a Swiss
pharmacist, Johann Pagenstecher, who collected it from a distillation of
meadowsweet flowers. One variety of meadowsweet bears the scientific name
Spiraea salicifolia. The name ““aspirin” is taken from the first of these names,
with the initial letter ““a” standing for acetyl.

Another early natural source of the salicylic-acid carbon skeleton was the
leaf of the wintergreen plant. An extract of these leaves, called oil of winter-
green, was found to contain methyl salicylate as its principal component in
1843 by the French chemist Auguste Cahours and by an American chemist
named William Procter. Oil of wintergreen is used as a flavoring and medi-
cinally as a counter-irritant skin rub. Methyl salicylate is easily hydrolyzed to
salicylic acid.

Physiologically, salicylic acid has the same four beneficial effects that
aspirin has (analgesic, antipyretic, antiinflammatory, and uricosuric). Because
of this, and because a convenient inexpensive method for its large-scale
synthesis was shortly developed (1859) by Hermann Kolbe, salicylic acid
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became fairly widely used in treating arthritis and gout during the latter half
of the nineteenth century. In Kolbe’s method, the sodium salt of phenol and
carbon dioxide are heated under several atmospheres of pressure. This causes
carboxylation at the ortho position of the phenol molecule, which produces
the sodium salt of salicylic acid.

0
I
0
O, ot —
A0 Ne® lﬁl) \/\OH
sodium phenalate sodium salicylate

The reaction proceeds by nucleophilic attack on carbon dioxide by the
ortho position of phenol as explained in the section on phenolformaldehyde
resins, p. 59.

Salicylic acid is more acidic than aspirin, and causes considerable irritation
and tissue damage in the mouth, throat, and stomach. To avoid this, it was
often administered as the sodium salt in solution, but many patients found the
sweetish taste of this potion nauseating. Hence, salicylic acid never attained
the popularity now enjoyed by its acetyl derivative. Salicylic acid is now used
externally only, to remove local horny tissue, such as corns.

Although salicylic acid had been acetylated to aspirin by Gerhardt in 1853,
the reaction was ignored for forty years. Then in 1893, a Bayer chemist named
Felix Hofmann reinvestigated the acetylation reaction, in the hope that the
product might provide a less obnoxious method for relieving the sufferings of
his rheumatic father. His hopes were borne out, and the Bayer company had a
new product.

Just how aspirin works in performing its fourfold mission of mercy remains
a mystery (see Chapter VII, p. [50). Aspirin does not dissolve in the acidic
aqueous fluids of the stomach, and so it passes through the stomach into the
intestine largely unchanged. In the alkaline medium of the intestine, it does
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CH3C-0

acetate



82 ORGANIC MOLECULES IN ACTION

dissolve, ionizing to the acetylsalicylate anion. Also, because of the alkaline
conditions, it begins to hydrolyze slowly to salicylate and acetate. The dissolved
anions —acetylsalicylate and salicylate —are absorbed into the blood stream
and so distributed to the various tissues of the body. Hydrolysis of acetyl-
salicylate to salicylate continues in the blood stream.

It was generally believed for a long time that the active species responsible
for the physiological effects of aspirin was the salicylate anion, rather than the
acetylsalicylate anion, and that the acetylsalicylate anion was simply a con-
venient vehicle for the delivery and release of salicylate anion within the body.
This belief was based on early clinical studies which indicated that sodium
salicylate was just as effective as aspirin in antipyretic, antiinflammatory, and
uricosuric activities. Later, however, it was shown that in many cases aspirin is
a more powerful analgesic than salicylate is. This cast doubt on the theory that
salicylate is the active form of the drug, but this doubt was partially dispelled
by the suggestion that acetylsalicylate is more mobile within the body than
salicylate, and can therefore reach the affected tissues better. Once at the site,
acetylsalicylate hydrolyzes to the active analgesic salicylate.

More recent findings, though, have caused a reversion to the idea that
acetylsalicylate can exert its effects independently from its ability to hydrolyze
to salicylate. For one thing, aspirin is very effective in inhibiting the adverse
reddening reaction of the skin ordinarily caused by a nicotinate-containing
cream, whereas salicylate at comparable dosages is impotent. In theory,
aspirin should be able to do all the things that salicylate does, since aspirin
slowly hydrolyzes to salicylate in the body. It is also conceivable that aspirin
can do some things that salicylate cannot do, simply because the intact
acetylsalicylate ion is structurally and functionally different from the salicylate
ion.

But how does aspirin (or salicylate) really work on the molecular level?
This is a complex question, one reason being that aspirin has more than one
function and its mode of action in one function, say relief of pain, could hardly
be expected to be the same as in another function, say promotion of uric acid
excretion. Even within the same function, there may be different molecular
activities, for example, it may not relieve headache the same way it relieves the
pain of arthritis.

Still, within the same function, say pain relief, there should be similarities
in mode of action. A simple view of the function of a pain-killing molecule is
that it somehow prevents the action of a pain-causing molecule. The pain-
killing molecule could do this by reacting with the pain-causing molecule to
change the structure and therefore the function of the latter. Another way
might be to block some kind of active site on a nerve ending where the pain-
causing molecule would normally attach itself to make its painful presence felt.
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One rather well-known pain molecule is a peptide called bradykinin. It is a
nonapeptide, that is, it contains nine amino-acid residues. It is one of a number
of molecules released by the blood at sites of disturbances, such as wounds or
bacterial infections.
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This peptide comes from the tail end of one of the giant protein molecules that
make up the hemoglobin complex, which transports oxygen molecules from the
lungs to all the tissues of the body.

When bradykinin is injected intravenously into a guinea pig, it causes a
bronchospasm—a violent constriction of the throat muscles—which restricts
breathing often to the point of suffocation. A small dose of aspirin administered
a few minutes before the bradykinin injection completely prevents the
bronchospasm.

But, curiously enough, aspirin does not appear to be a universal antagonist
to bradykinin. For example, when bradykinin is injected into a guinea pig’s
skin, instead of into a vein, it causes a scratching and licking response by the
animal. Aspirin does not prevent this response. Thus, it seems that aspirin does
not block the action of bradykinin by directly attacking the bradykinin
molecule. Instead, it may block the action of bradykinin by attaching itself to
certain kinds (but not all kinds) of the receptor sites where bradykinin normally
attaches itself to induce discomfort of one kind or another.
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Other Analgesics—Morphine and Family

The organic molecule which for centuries has held the place of primacy in the
doctor’s bag for relief of severe pain is morphine. Morphine is the principal
active constituent of opium, and as such has been in use since the times of the
earliest written records. As an analgesic, morphine is some fifty times as potent
as aspirin. Its principal disadvantages are that it is addicting and that it
represses respiration.

In spite of its having been an indispensable medicinal agent for so long,
morphine was not isolated in a pure state from opium until 1803. Then, more
than a century passed before a not quite complete, but correct, structure for
the complex molecule was proposed. Credit for this 1925 breakthrough goes to
John Gulland and Robert Robinson in England.

The morphine molecule viewed in its entirety seems forbiddingly compli-
cated, but it is simple enough when viewed as a derivative of phenanthrene.
The main skeletal difference between phenanthrene and morphine is the

phenanthrene morphine

—N—C—C— bridge between positions 9 and 13. The Gulland-Robinson
structure was uncertain about the point of attachment of the carbon end of this
bridge, now known to be position 13.

The presence of the phenanthrene carbon skeleton in morphine was
suggested in 1881, when phenanthrene was isolated from a distillation of
morphine from zinc dust. Through a series of other degradation reactions, the
sites of the oxygen atoms in morphine were located. In 1949, Rudolf Grewe
in Germany synthesized a phenanthrene derivative with an —N—C—C—
bridge from position 9 to position 13. This molecule proved to be identical to a
degradation product of morphine, strongly suggesting that the carbon end of
the bridge in morphine is attached at position 13. One reason the bridge
problem was so troublesome is that morphine degrades and rearranges by
shifting the carbon end of the bridge in hot hydrochloric acid to form apo-
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morphine. At first, the rearrangement was unsuspected, and morphine was
believed to have the same carbon-nitrogen skeleton that apomorphine has.

HO AN X8 CHQ\CHZ
CHQ_CHZ\ l |
N—CH; / N~ch,
0 13 9 HCI 9
150° o
HO HO
morphine apomorphine

Total synthesis of the morphine molecule by Marshall Gates in 1952 put the
final lid of confirmation on the structure, as a total synthesis always does.
Traditionally, a proposed structure is not considered “proved” until the
proposed structure has been synthesized from simple molecules with well-
established structures, and the synthesis product has been shown to be identical
to the material in question. The key step in the synthesis of morphine was the
addition of butadiene to an appropriate derivative of 1,2-naphthoquinone.
This kind of addition reaction is called a Diels-Alder addition, so named in
honor of the co-discoverers of the reaction. The reaction is extremely useful in
synthesizing molecules containing six-membered rings, which occur in so many
natural products. It involves the addition of a diene to an olefin. The olefin is
usually activated by an adjacent carbonyl group, as in a quinone.

1,4-benzoguinone 1,4 ~nophthoquinone 1,2 =naphthoquinone

When a diene adds to the double bond in 1,2-naphthoquinone, it forms the
phenanthrene carbon skeleton found in morphine.

Diels —Alder

oddition
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The naphthoquinone derivative used in the morphine synthesis had been
specially prepared with a cyanomethyl group (—CH,—C=N) in the proper
position so that it could later be converted into the C—C—N morphine
bridge by a series of functional-group transformations.
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morphine

The synthesis of morphineisa lengthy, painstaking processin the laboratory.
It is much easier and less expensive to grow opium poppies as a natural source
of morphine.

Nonetheless, the morphine molecule has been and continues to be the focus
of an enormous amount of laboratory research. The principal end of this effort
is to modify the structure somehow to eliminate the unwanted properties of
morphine, such asaddictiveness and respiratory depression, without destroying
its pain-killing potency. This primary goal has not yet been completely realized,
but the work has borne side-fruit both in fundamental knowledge and in new
and useful partially synthetic drugs. The study is a fascinating one in the
relationship between molecular structure and function.

Two well-known simple derivatives of morphine are codeine and heroin.
Codeine is methylmorphine, and heroin is diacetylmorphine.
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Like morphine, codeine is present in opium, butinsuch small amounts that
itis usually prepared by methylation of the more abundant morphine. Codeine
is less addicting than morphine and is used as a local anesthetic and as a
narcotic in cough medicines.

Heroin does not occur naturally, but is made by acetylating morphine, as
aspirin is made by acetylating salicylic acid. Heroin is so dangerously addicting
that its manufacture and importation are forbidden by law in the U.S.

A striking example of a super-narcotic appeared recently in the form of a
structural modification of morphine. Prepared by the British chemist K. W.
Bentley, this molecule is 10,000 times as potent as morphine. A single milligram
can reduce a wild elephant to easily manageable docility. Hopes that the tiny

OH

3N,
C—CH2CHp CH3

CH

quantities of this material, which would be effective as an analgesic in a human,
might not depress respiration were dashed. Also, the material shows evidence
of being highly addicting. For a long time, hopes of separating these three
properties seemed futile. Only weak analgesics appeared to be free of the curse
of addictiveness.

A structural analog of morphine which has found wide application as a less
dangerous substitute for heroin in treating addicts is methadone. However,
what relieves a heroin addict can lead to the degeneration of a normal person,
since methadone is normally classified as an addicting narcotic.
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Recent successes in at least partially separating the good from the evil in

morphine-like molecules have arisen from a discovery made more than 50
years ago, the implications of which went unappreciated for decades. Julius
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Pohl of the University of Breslau removed the methyl group from the nitrogen
atom in codeine and replaced it with an allyl group (—CH,—CH=CH,). The
resultant molecule is called N-allyl-norcodeine, the prefix nor indicating that a
carbon atom had been removed from the molecule. When this allyl derivative
was injected into a morphine-drugged animal, it counteracted respiratory
depression.
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But the matter went largely ignored until 1942 when two Merck chemists
did the same thing to morphine, converting it to the molecule known as
nalorphine—a contraction of N-allyl-normorphine.
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As might have been expected, nalorphine counteracted respiratory depres-
sion and most of the other effects of morphine, including acute morphine
poisoning. When administered to a narcotics addict, it brought on severe
withdrawal symptoms. Unfortunately, animal tests showed that nalorphine
did not relieve pain.

Then in 1954 at Massachusetts General Hospital, Henry Beecher and Louis
Lasagna tried an experiment to find out whether nalorphine could reduce
morphine’s respiration-depressing effect without reducing its analgesic effect.
They gave morphine and nalorphine to one group of patients and only nalor-
phine to another group for comparison. Surprisingly, and in contrast to the
results of earlier animal tests, nalorphine itself relieved pain as well as did the
combination of morphine and nalorphine. And as a bonus, further tests
indicated that nalorphine is not addicting. This was the first example of a
non-addicting potent analgesic. Prior to this, only weak analgesics had shown
no danger of addiction. The rosy glow soon faded, however, when it was
discovered that nalorphine at clinical dosages produces hallucinations.
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One of the best new molecules to come out of the morphine-modification
studies is pentazocine, prepared at the Sterling—Winthrop Institute.
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pentazocine

This molecule is as effective as morphine in relieving post-operative pain,
labor pains. cardiac pain, and other agonizing types of pain. Most importantly,
actual practice has proved it non-addicting. It does, however, fall short of the
ideal analgesic, since it depresses respiration. Thus the search goes on, and
will continue until the ideal is in hand.

Cocaine and Novocain (Procaine)

The current drug abuse problem in the U.S., particularly that in which heroin
is the demon, had its counterpart at the turn of the century in the misuse of
cocaine.

The cocaine-abuse problem was somewhat different, however, in that
cocaine was a legitimate medical molecule widely used as a local anesthetic.
Hence, there were large legal supplies of the drug available for pilfering by
those who would traffic unconscionably in its perversion.

Heroin, however, is not a legally allowable medical molecule in the United
States. In those countries where its medical use is possible, the governmental
authorities exert strict control over its dissemination. Certain terminal cancer
patients are allowed this highly addicting, highly effective pain killer. In the
vast majority of cases, however, heroin is produced illegally solely for the
financial benefit of smugglers and dope peddlers who feed on the self-imposed
misery and frantic crimes of the ultimate consumer.

There are other differences between the two drugs. Heroin is enormously
physically and psychically addicting. Cocaine is merely psychically addicting,
but it is so treacherously powerful in this respect that the habitual user is just
as tightly ““hooked” as the heroin addict. The only practical difference, then,
is that deprivation of cocaine does not cause the strictly physical portion of the
agony of withdrawal felt by the heroin addict. Physically, however, prolonged
use of cocaine does cause serious mental deterioration, and withdrawal even
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in the least inveterate instances is accompanied by severe depression (see
Chapter VIII where psychotomimetic drugs are discussed).

Another difference is that heroin is a synthetic derivative of the natural
molecule morphine, while cocaine occurs naturally in the coca plant. Cocaine
is a member of the tropane alkaloid family, along with atropine (like cocaine,
a stimulant) and scopolamine (a sedative).
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The parent molecule tropane is simply cycloheptane with a I,4-bridging
nitrogen atom.

The decline of the cocaine-abuse problem* resulted largely from the success
of organic chemists in synthesizing structural analogs of the drug in an effort
to produce a new molecule which would retain the pain-deadening properties
of cocaine without retaining the demoralizing psychological effects. This they
succeeded in doing in 1905 with the synthesis of procaine, trade-named
Novocain. Substitution of Novocain for cocaine in medical practice made
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procaine (Novocain)

* Recently there has been a reemergence of cocaine use as a “‘narcotic.”” Since it can be
produced in very large quantities and high purity, criminal elements have been distributing
the material as a snuff. Numerous cases of heart seizures and stroke have been reported from
deep nasal inhalation of cocaine powder.
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cocaine much more difficult to obtain—a highly desirable sociological
consequence of basic laboratory research.

As in the case of heroin and methadone, the useful synthetic analog is
simpler than the natural drug. In fact, there appears little obvious similarity
between the two molecules. However, each is a benzoic-acid ester of an
alcohol which contains a fully alkylated (tertiary) amine function. This much,
at least, they have in common. The dissimilarity between the two illustrates the
wealth of possibilities open to the synthetic organic chemist in his continuing
efforts to separate the desirable and undesirable properties of molecules by
structural modification.

Tranquilizers, Sleeping Pills and Truth Serums

Feel tense? Take a pill. Can’t sleep? Take a pill. By use of a proper pill or
injection, the suspect had to tell the truth. How many times have we heard
such refrains ? People, especially in the highly industrialized countries, partake
of energizers, sedatives, analgesics, and even hypnotics in order better to cope
with their pressure-filled lives. Even Cleopatra supposedly took sleeping pills
while Mark Antony was away on a trip.
It was probably Shakespeare who best described a man’s yearning for

escape from tension. Macbeth asked his physician:

Canst thou not minister to a mind diseased,

Pluck from my memory of rooted sorrow,

Page out the written troubles of the brain

And with some sweet oblivion’s antidote

Cleanse the stuffed bosom of that perilous stuff
Which weighs upon the heart?

The chemist obliged by synthesizing many compounds apparently answering
Macbeth’s plea. From the laboratories have come sedatives such as the
barbiturates and tranquilizers such as phenothiazine, meprobamate and
chlordiazepoxide. With these drugs has come the realization that drug-taking
by itself rarely provides solutions for healthy peoples’ psychological difficulties.
The more potent the psychoactive molecule, the more likely there are to be
serious side effects. Physicians and patients should recognize that drugs
always possess many simultaneous and independent biological effects. Usually
they travel over the entire body causing desirable and undesirable changes in
body chemistry. With this cautionary note in mind, we can consider the
chemistry of some representative substances used as sleeping pills, sedatives
and tranquilizers.

Barbiturates (substituted pyrimidines) have been known for a hundred
years. Today the annual production of these compounds is in excess of two
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million pounds—enough to provide every man, woman and child with about
fifteen separate typical doses per year. The parent substance, barbituric acid,
was first prepared in 1864 by Professor Johann Friedrich Wilhelm Adolph von
Baeyer who supposedly named the compound for a pretty lady friend named
Barbara. It is most amusing to think that this powerful and formal, nineteenth-
century academicer had both a sense of humor and a lady friend.
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barbituric acid
(pyrimidine ring system)

Barbituric acid itself is not a sedative or soporific. As shown in the above
formula, it can exist in both an enol or keto form (see appendix). A group of
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five S-disubstituted compounds has a strong depressant action on the central
nervous system (see p. 92).

Barbiturates can be prepared by a well-documented series of reactions
involving the condensation of a urea and a suitably disubstituted malonate
ester under strongly basic conditions.
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The initial reaction proceeds because the urea nitrogens can be made strongly
nucleophilic by sodium ethoxide. They can attack the malonate ester groups.
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It should be noted that the pyrimidine system of the barbituric acids forms
sodium salts because of the active hydrogens which enolize (see appendix on
enolization). The name “barbiturates”™, strictly speaking, should refer to the
alkali metal salts of these pyrimidine compounds. The medical profession
labels the free compounds or their metal salts generically as “barbiturates’.

Each barbiturate exhibits a special combination of drug effects. Typical
doses vary from 10 mg to well over 100 mg. As mentioned above, all of these
pyrimidine derivatives depress the central nervous system. Barbital is a long-
acting sedative. Phenobarbital is more of an anticonvulsant than a soporific.
Nembutal and seconal are similar to barbital in biological properties except
that they act more rapidly and for shorter periods.
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It has been erroneously reported that amytal is a truth serum. Rather this
barbiturate has a broad sedating effect and a large therapeutic index* which
allow extreme sedation to take place. Some patients react by stripping away
their inhibitions in recalling painful and hidden memories. By no means does
injection of amytal force subjects to tell the truth.

A related compound, pentothal or pentothal sodium is used as a general
anesthetic by intravenous injection.
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R=H pentothal
R=Na pentothal sodium

This drug is made by the condensation of thiourea with the suitably disubsti-
tuted malonate ester (mechanistically identical to the reactions shown above
for the other barbiturates). Use of pentothal as a general anesthetic requires
careful control because the levels necessary are almost 75 % of the lethal dose.
In spite of this, the relaxation inducing properties, rapid action and recovery
make pentothal an important drug for modern surgical techniques.

Unfortunately, the side use of barbiturates as sedatives and sleeping pills
has caused severe psychical addictions. People who routinely use these
compounds find that larger and larger doses are necessary to achieve the
desired effects. Overdoses are not uncommon which lead to such strong
suppression of the parts of the brain controlling heart and lung function that
death results. It has been shown that consumption of alcohol while under
barbiturate sedation can have dire consequences. There appears to be substan-
tially enhanced depressant effect on the central nervous system from the
combination of alcohol and barbiturates than for much larger doses of each
separately.

Medicinal use of rauwolfia plants and extracts by ancient Hindus have been
documented. These peoples used the materials to treat epilepsy, chronic
headaches and as an antidote for snake bites. (One of the species of this plant
is actually called Rauwolfia serpentina.) Reserpine is one of the main rauwolfia
active agents. It has been characterized and synthesized.

* The therapeutic index represents the ratio of the maximum tolerated dose to the
minimum effective dose. High values indicate that extreme effects can be achieved.
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The rauwolfia alkaloids have the ability to interfere with the storage of
adrenaline, serotonin and other important biological amines (see Chapter
VIIL, p. 163). As a result, they induce a calming effect since stimulation by the
amines is removed. Blood pressure and metabolic rates are reduced. Snake bite
victims are helped by the slowdown in that the toxins are not as rapidly
distributed throughout their bodies. They can marshall their natural defenses
and perhaps destroy the invading poisons.

The phenothiazines are widely employed as tranquilizers. Chlorpromazine,
the prime example of this group of molecules, is administered to mentally
disturbed people including those with severe and disabling maladies.
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chlorpromazine

The structure of chlorpromazine is rather complex. In some ways, it is not
dissimilar to some of the hallucinogens we will consider in Chapter VIII.
Unlike the barbiturates, the phenothiazines induce calmness without con-
current sleepiness. Institutionalized schizophrenics have been allowed to
resume nearly normal lives under medically supervised chlorpromazine
treatment. The mechanism of action of these drugs remains mostly unknown.
The problem can be seen to be complicated by the fact that closely related
imipramine is a strong psychic energizer rather than a tranquilizer.
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Meprobamate, better known as Equanil or Miltown, is representative of

another class of tranquilizers. This drug is widely used because it appears to
relieve anxiety without outwardly impairing normal performance. It induces a
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mild euphoria in addition to causing tranquilizing effects. Neurotic people
generally exhibit apprehension, insecurity and insomnia which may lead to
debilitating psychosomatic diseases. Physicians often prescribe meprobamate
to alleviate the anxiety symptoms and help the patient cope. In this aspect,
tranquilizers are useful. They do not, however, provide cures or insights into
the causes of the mental problems.

meprobamate
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Lastly, let us consider benzodiazepine molecules of which chlordiazepoxide
hydrochloride (librium) and diazepam (valium) are representative examples.
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chiordiazepoxide hydrochloride diazepam
7-chloro-2-methylamino-5-phenyl- 7-chloro-1,3-dihydro-1-methyl-
3H-1,4-benzodiazepine-4-oxide 5-phenyl-2H-1,4-benzodiazepine-
hydrochloride 2-one

Both compounds are used as alternatives to meprobamate. Most tests show
chlordiazepoxide and diazepam to be intermediate in potency between
meprobamate and the more powerful chlorpromazine. Typical dosage for
chlordiazepoxide and diazepam varies over a wide range from 5 mg to more
than 100 mg a day for adult patients. The metabolic fate of these drugs is
complex. A single dose of diazepam labeled with tritium administered to an
adult human subject is mostly excreted in the urine. Part of the drug appears as
the N-demethylated compound; part as the 3-hydroxylated material and part
as a product which is N-demethylated and 3-hydroxylated.
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Chlordiazepoxide and diazepam are similar to other tranquilizers in that
they accomplish their desired eflects without strong soporific effects. Both
drugs are used for a variety of purposes including anxiety states, neuroses,
tension and even alcoholism. Symptoms of alcoholic withdrawal and com-
bativeness are often alleviated with these drugs.

Although the toxicities of chlordiazepoxide and diazepam are low, serious
side reactions do occur including skin rashes, nausea, headaches and impaired
sexual activity. As with barbiturates and meprobamate, physical dependence
is frequently encountered. Symptoms following withdrawal are depression,
loss of appetite, insomnia and even psychotic-like states.

Unquestionably, sleeping pills and tranquilizers have their place in
chemotherapy. Promiscuous use of these substances is not use but abuse.

SUMMARY

In this chapter, we traced the story of aspirin and showed how extensively it is
used. The details of how aspirin works continue to be obscure. Recently,
reports have appeared involving aspirin with the inhibition of the prostaglandin
synthesis (see Chapter VII). Much research remains to be carried out to explain
the fever reduction by aspirin and its prevention of bronchospasm induced by
bradykinin.

Morphine alkaloids were next considered. We saw the structural relation-
ships among morphine, codeine and heroin. Methadone was also discussed.
The mechanism of addiction for these narcotics is not understood. Our
sojourn into the chemistry of alkaloids next took us to cocaine and related
drugs, barbiturates and tranquilizers. Each compound has its place in
medicine. [t is obvious that each also represents an ever present danger in the
wrong hands.
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CHAPTER VI

MOLECULES OF MIGHT
The Germ Killers

As WE sAW in the last chapter, man has accumulated a substantial armamen-
tarium devoted to protecting himself from pain and physical suffering. The
magic molecules vary from relatively innocuous physical effects to those of
lasting and perhaps disastrous consequences. We now turn ourselves to the
problem of disease and how man has utilized nature’s miracle molecules and
then how man has created many of his own specific molecules to help ward off
microbial invasions.

In pre-quinine times, that is, prior to about three hundred years ago, the
dreaded parasites of the chills-and-fever disease, malaria, fed without restraint
within the bloodstream of humanity. Even in what now seem unlikely places,
such as Rome and London, malaria was by far the most common and
devastating of the afflictions of man. The disease is spread by the mosquito
Anopheles infected by a protozoa of the genus Plasmodium. Spores of this
protozoa are stored in the infected mosquito. Once inside the blood of man,
they develop into an active form which invade, and multiply in, red blood cells.

The quinine molecule brought an almost unbelievable cure for the wracking
tortures and death of malaria. It also precipitated the demise of Galenism—
that false science of medicine which for 1500 years dominated physicians’
thinking and practice with its purges and bloodlettings. The quinine molecule
is a remarkable molecule with a fascinating history.

In view of this history, it seems incredible that even during the past decade,
one-third of the world population is still threatened by malaria. About two
million persons die from malaria each year, and chronic sufferers of the
disease number in the hundreds of millions.

And yet the specific ability to cure malaria lies within the structure of the
quinine molecule. What does it look like ?

The quinine molecule consists of a quinoline portion and a quinuclidine
portion attached to each other through an alcoholic carbon atom (a carbinol
bridge).
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The molecule is produced by the cinchona tree—a tree indigenous to
Peru—and is found in the bark of the tree. Why the cinchona tree produces
quinine is not known. The bark also contains three closely related alkaloids—
quinidine, cinchonine, and cinchonidine—all of which are active against
malaria. The overriding popularity of quinine arose fortuitously from its being
the first of the four to be isolated. Quinine and quinidine differ in configuration
at the asymmetric quinuclidine carbon atom attached to the carbinol bridge.
Cinchonidine and cinchonine have no methoxy group (CH;0—) on the
quinoline portion of the molecule.

H HL=CH

HO‘?‘H H
Q .
quinine quinidine
(ond cinchonidine) {and cinchonine )

(Q represents quinoline portion of molecule )
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How the antimalarial value of cinchona bark was actually discovered is not
known. There are many versions of the story of the discovery. One version
attributes the discovery to Jesuit priests, who allegedly chewed barks as an aid
to differentiating between botanical species. Another credits a ship’s surgeon
with the discovery after he observed that feverish mountain lions seek out the
cinchona tree and chew its bark. A third version holds that a malaria sufferer,
smitten suddenly by burning fever and thirst, drank in desperation from a pool
of water made bitter by cinchona trees felled in a recent storm and was cured.

To muddy further the murky origin of the cure, some historians believe that
South American indians knew about the antimalarial properties of the bark
long before the discovery of the New World, but did not share their knowledge
with Europeans in the hope that the disease would wipe out the unwelcome
foreigners. Others claim that the indians did not know the curative value of the
bark, and in fact had no need of it, since the disease was unknown in the New
World until carried in by infected Europeans.

Be that as it may, the first recorded report of the wonderful workings of the
remedy appeared in 1633 in the Chronicle of St. Augustine by a Father Calancha
in South America. He wrote that a tree called the fever tree has cinnamon-
colored bark which, when powdered and made into a beverage, cures the
fevers. Oddly enough, this announcement did not result immediately in the
bark being brought back to the malaria-ridden cities of Europe.

Twelve long feverish years passed and finally, so the story goes, a Father
Tafur brought some with him to a religious gathering in Rome, then a malarial
pest hole. The cures which resulted soon inspired Jesuit priests in South
America to begin shipping the bark to Rome, where it shortly became known
as Jesuits” bark. Religious pilgrims to Rome obtained packets of the powder
and, returning home, rapidly spread knowledge of the cure through Europe.
In spite of the bark’s success, physicians indoctrinated in the principles of
Galenism would have nothing to do with the Jesuits’ brew. According to
Galen, who was a Greek physician practicing in Rome back in the second
century. diseases were caused by an imbalance among the four humors of the
body, namely blood, phlegm, black bile, and yellow bile. The Galen-prescribed
treatment for fever, supposedly a bile-based disorder, was bleeding or purging
or a combination thereof. Galen’s influence, dispersed through his five-
hundred-and-some books, squelched medical progress for about 1500 years,
until after the discovery of Jesuits” bark. A Roman conclave held in 1655 was
the first in the history of the Church to be free from death from malaria.
Religious differences were also responsible for hindering the more rapid
distribution and use of the life-saving powder. Protestant countries would not
allow the material within their borders. At the time of the death-free Roman
conclave, London was ravaged by malaria. Oliver Cromwell himself, the
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celebrated defender of Protestantism, fell to the fever, would not hear of
succumbing to the popish cure, and so died of malaria in 1658.

Twelve years later, those well-to-do about London who could afford the fee
could be cured of malaria in the fashionable offices of one Robert Talbor,
until recently an obscure but enterprising druggist’s apprentice. Cleverly,
Talbor pubicly warned of the dangers of the insidious Jesuits’ powder, while
privately dispensing it under the guise of a new secret remedy of his own. His
successes soon had the Royal College of Physicians down on him, however,
because he neither bled nor purged. But their cries of anti-Galenism were soon
stifled. King Charles II contracted malaria, called in Talbor, and was cured.
Talbor was knighted for his service and named Physician to the King. After
Talbor’s death, the secret remedy was revealed, and the Peruvian bark
gradually became accepted for what it is.

The next advance in man’s still unfinished struggle against malaria came in
1820, when two French pharmacists isolated the quinine molecule from
cinchona bark. These two men, Joseph Pelletier and Joseph Caventou, did not
patent their method. Instead, they allowed manufacturers to make and
distribute pure quinine, which for the first time provided the world with the
powerful anti-malarial remedy in easily controllable dosages.

The classic unravelling of the structure of the quinine molecule began in
1854 when A. Strecker found that the formula of quinine is C,oH,,N,O,. By
the end of the century, several other essential bits of information about the
structure had been assembled, although the complete constitution of the
molecule was not yet known. For one thing, the two nitrogen atoms were
known to be tertiary (R;N:), since each was capable of reacting with one
molecule of ethyl iodide to form the quaternary ammonium salt. Therefore,
the molecule contains no N—H groups.

® S
RaN: + CHzCHp— I —= R3N—CHpCHz + I
tertiary amine ethyl iodide quaternary
ammonium salt

Since the molecule forms an acetyl derivative when treated with acetic
anhydride, one of the oxygen atoms must be in an O—H group, the only other
kind of acetylatable group possible with the atoms available in quinine.

0 0 0 0
Il Il ll If
R—0—H + CHy=C—0—C— CH3;~ R—0~C—CHz+ CHz3—C—OH

0 0 0 0
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R-NH, + CHz—C—0—C— CHy—= RNH—C—CHy+ CHy— C— OH
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The presence of the double bond was indicated by the formation of addition
products (with halogen acids and with bromine).

R—CH"—‘CZH’E + H—-—Br— R—CH—CH
| |
Br H

2

R-CH=CH, + Br, —= R — CH—CHp
| l
Br Br

This double bond was found to be a vinyl type of double bond (—CH=CH,),
since oxidation produces two carboxylic acids, one of which is formic acid.

0

idati [
RCH=CH, 0 RCO,H + HC—OH

Thus, the quinine molecule was known to contain two tertiary amine functions,
an alcohol group, and a vinylic double bond.

The first important information about the main skeletal framework of the
molecule came in 1883 when a degradation product from potash fusion was
shown to be the 6-methoxy derivative of quinoline.

f e Y0
quinine =~ ————= 7 9| >
fusion B \'1

6- methoxyquinoline

The 4-position in this fragment seemed a likely point of attachment to the
rest of the molecule when an oxidation fragment of the molecule was shown to
have a carboxyl group at that position. This fragment was named quininic
acid.

CO2H
oxidafion CH3=0_ N

quinine ——=
7

quininic acid
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Quininic acid contains eleven carbon atoms. The remaining nine carbon
atoms of quinine appeared in another key degradation fragment called
meroquinene. This was obtained by phosphoric acid degradation of anhydro-
quinine.

. dehydration phosphoric ,
anhydroguinine meroquinene
acid NO

NV,

C H
"’9*'15 2

By a complicated series of transformations among interrelated compounds,
meroquinene was shown just before the turn of the century to be a piperidine
molecule substituted in the 3-position by a vinyl group and in the 4-position by
an acetic acid side chain.

HNTH
H
piperidine meroquinene

Looking at the various atoms in the meroquinene molecule leads one to
conclude, on the basis of what is already known about the intact quinine
molecule, that the carboxyl carbon atom and the nitrogen atom have been
altered during the degradation. This follows from the facts that quinine
contains no carboxyl group and no N—H group. The simplest way, then, to
reconstruct the molecule would be to bond the carboxyl carbon to the nitrogen
atom. This forms the quinuclidine portion of the molecule.

—ru CH,=CH
CH, —LhyH 2 ”'\’/H
(| /
AN i
pay. ' /N
/N / -~
0=C Ho Y ~C”
\ v
OH possible partial structure

n -
meroquinene for quinine
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If no other atoms within this nine-carbon fragment were disturbed during
the phosphoric acid treatment, then the carboxyl carbon must also be the
point of attachment for the rest of the molecule.

The remaining eleven carbon atoms seen earlier in the fragment called
quininic acid include one carboxyl carbon atom. This atom was also obviously
altered during degradation, again because quinine contains no carboxyl group.
The most obvious reconstruction of the molecule, then, is to join these two
carbon atoms to each other.

0. OH CHy=CH 4
< altered during -
CH0 N, degradations /\
Y / )
N :C/N\/
quininic acid
CHp=CH, H

///N 7
I ¢ i~ ~\

~N A

possible reconstruction of
quinine molecule

The resulting structure accounts for all the atoms of the quinine molecule
except for one oxygen atom, which is known to be present in a hydroxyl
group. This hydroxyl group could presumably be on either of the altered
carbon atoms. If it were on the quininic acid carbon atom, it would be a
secondary hydroxyl group (R,CH—OH), and should be oxidizable directly
to a ketone.

R H R
N /7 oxidation N
G — C=20
VAN
R OH R

secondary hydroxyl ketone
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The alternative would put the hydroxyl group on a carbon atom already
bearing a nitrogen atom. This is much less likely, considering the stability of
the molecule. At any rate, direct ketone formation without breaking up the
molecular framework would be impossible. In 1907, the direct ketone
formation was achieved, showing that the hydroxyl is indeed a secondary one.

The total synthesis of this proposed structure which would ultimately prove
its validity and hopefully answer some of the unsettled stereochemical aspects
of the matter was stimulated by the critical shortage of quinine during the
Second World War. It was brilliantly accomplished by R. B. Woodward and
W. Doering during the war years and reported in 1945. The molecule is so
complex, however, that the total synthesis would probably never have been a
practical source of the material. Besides, in the meantime, a frantic program
to develop simpler synthetic antimalarials succeeded and provided the Allied
forces with an antidote for the debilitating disease.

Nevertheless, the synthesis of quinine stands as one of the truly classic
organic syntheses. As is true of most ““total” syntheses, it depends upon and
incorporates earlier work done by other people, as Woodward and Doering
point out in their report of the synthesis in the Journal of the American
Chemical Society. They describe how they built their synthesis of quinine on
earlier work which had culminated in the total synthesis of dihydroquinine
fourteen years earlier.

ethyl group instead of
vinyl group ———CH3CH, H
|

\E,_~ H

l j dihydroquinine
N

CH:0
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The total synthesis of dihydroquinine had been accomplished by the
synthesis and the separation of the stereoisomers of dihydro-homo-mero-
quinene. This was done by the German chemist Rabe, who first proposed the
correct structure for quinine in 1908.

T"HQC H,CO-H CHaCOLH CH,CHoCOoH
O/CHQC]"} _ _CH=CHp CH=CH,
~
N ril/ N
H H }_Il

dihydro - homo - meroquinene meroquinene homo - meroquinene
The remainder of the work had already been done. Quininic acid had been
synthesized independently by two groupsin 1912. Rabe had already shown that
dihydro-homo-meroquinene (obtained from natural sources) could be
coupled to quininic acid esters, yielding a dihydroquinotoxine.

CHiCHy
O%C/O—CHZCH3
CHO.__~ N o I
ethyl quininote dihydro - homo - meroquinene
| ester
1
CHiCH, H
0 /N
x /
T
CHO_ .~ N
I /

dihydroquinotoxine
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Quinotoxine itself had first been obtained from quinine by Pasteur back in
1853. Rabe himself had succeeded in 1918 in converting natural quinotoxine
back into quinine. Therefore, the only blank space in the total synthesis of
dihydroquinine was the synthesis of dihydro-homo-meroquinene. Rabe
accomplished this in 1931, starting with f-collidine, which had first been
synthesized some ten years earlier.

CH3 CHaCH2CORH
- CH2CH3 CHoCH3
1
N N~
|
H
2 - collidine dihydro - homo - meroquinene

With all this work behind them, Woodward and Doering reasoned that the
pathway to quinine itself would be smooth once they had synthesized homo-
meroquinene. They therefore directed their efforts toward this objective.

CHaCHoCORH
CH=CH»

homo—meroquinene

As a starting material, they chose 7-hydroxyisoquinoline, since this
molecule contains almost the complete carbon—nitrogen skeleton of homo-
meroquinene and had already been synthesized by Fritsch in 1895.

2 8 7
3 o &
4 5 7

7~ hydroxy - isoquinoline

Without delving into the many difficulties and complications which



108 ORGANIC MOLECULES IN ACTION

attended the conversion of 7-hydroxyisoquinoline into homo-meroquinene, an
abbreviated outline of the synthetic pathway is shown below.

CHy
OQ/ mefhylafion i)/ reduction

CH3

€ H3 C N
ocet)Ichon reduction

H CH3

CH3C N C“sc ;
0X|d01|0n cleavage,

hydroxylamine
esterification

CH
P ﬁ

0 |
I C=NO CH—NH2
CHe-N OftocH;  Chal O/V'COECHZC%
reduction deomination

and hydrolysis
of the ethyl
ester group

CHy

CH
i ¢

CH
HN COMH
k homo - meroquinene
~

Conversion of homo-meroquinene into quinotoxine, as had been done in the
case of the dihydro derivative, completed the total synthesis of quinine, thus
fulfilling a boyhood ambition of R. B. Woodward, now a Nobel prize winner
and acknowledged master of organic synthesis.

As part of the continuing effort to develop new easily synthesizable anti-
malarial molecules, it was naturally of interest to find out which parts of the
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quinine molecule are responsible (or essential) for its antimalarial activity.
Rather surprisingly, perhaps, considering the flutter to synthesize quinine
during the early 1940s, reduction of the vinyl group to produce dihydroquinine
does not significantly alter quinine’s antimalarial activity.

CHy=CH<__H CH3CHo~_H
3

H\8
HOBCH

Ui NI N

NN

quinine

epi - dihydroquinine isoquinine

Even when the configuration of carbon atom-3 is inverted to form epi-dihydro-
quinine, the molecule retains its potency. Furthermore, migration of the
double bond, producing isoquinine, has little effect on the antimalarial
properties. However, if the configuration at carbon atom-9 (the carbinol
group) is inverted to form epi-quinine, the molecule does lose its potency. Also
essential to antimalarial activity is the bond between carbon atom-8 and the
quinuclidine nitrogen atom. Breaking this bond converts quinine into an
inactive piperidine derivative.
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Synthetic Antimalarial Drugs

The search for an easily synthesizable quinine substitute began in Germany
during the First World War. Curiously, the First World War situation was the
reverse of the Second World War situation in that quinine sources during
World War | were in the hands of the Allies.

German scientists began their quest with the methylene blue molecule,
which was known since 1891 to have some antimalarial properties.

CHy CH4

methylene blue

After a variety of structural modifications of the various portions of the
methylene blue molecule, there emerged the first synthetic antimalarial, called
pamaquine. Pamaquine contains the 6-methoxyquinoline structure of quinine
with a dialkylaminoalkylamino side chain at position 8.

CH30
/CHzCH3
NH - CH - CH,CH,CH— N
' \
CHz CHaCH3

pamaquine

Further experimentation, however, resulted in a less toxic molecule, more
effective in acute cases of malaria. This material, named Atebrin (also called
quinacrine or mepacrine), contains the same side chain that pamaquine does,
but contains an additional aromatic ring substituted with a chlorine atom.
Atebrin was used extensively by Allied troops during the Second World War.

(I:H3 /CH2CH3
NH = CH—CHaCHp CHp— N

N
N cl

Atebrin
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A simplified version of Atebrin called chloroquine also became an important
antimalarial during the war. But neither chloroquine nor atebrine nor even
quinine itself could prevent relapses of the vivax type of malaria, and so the

CH .
NH —CH— CHyCH, CH, — N
| CH,CHy
N /\

K | /K/\ chloroquine

8-aminoquinoline structure of pamaquine, the first synthetic antimalarial, was
reinvestigated. By 1945, when the war was about over, structural variations of
the side chain resulted in pentaquine, and then in primaquine, the safest, most
powerful of the 8-aminoquinolines.

CH30.

»
\\N/

,CH3
NH = CH,CH,CHy CH, CHy— NH— Cii
, CH,
pentaquine
CHO~ AN
AN N primaquine

NH—(IZH—CHZCHz(:Hg— NH»
CHs

After all those years, the only difference between pamaquine and primaquine
is the two ethyl groups on the end of the side chain. This is obviously an
important difference, however, since the absence of these alkyl groups provides
the molecule with a hydrogen-bond-donor-NH, group at chain end.

A completely different kind of antimalarial molecule was developed in
England as a result of wartime research. An example is chloroguanide.
Unfortunately, use of this type of antimalarial appeared to give rise to
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NH NH CHy

Il Il /
Cl NH—C —NH—C—NH—CH
\

CH,

chloroguanide

resistant strains of malaria. Some of these are apparently resistant to other
kinds of synthetic antimalarials as well, necessitating recourse to the natural
antimalarial quinine. The search for new synthetic antimalarial drugs is
continuing with renewed vigor because of the disconcerting and unexpected
appearance of resistant strains of this age-old disease.*

Sulfanilamide

The modern era of chemotherapy, in which organic molecules synthesized in
the laboratory are used to cure disease, began with an explosion of research
activity throughout the world following reports in 1936 that the long-known
sulfanilamide molecule has almost miraculous powers to fight a wide variety
of infections often lethal to man. First synthesized in 1908, sulfanilamide was
being produced inexpensively in tonnage quantities for use as an intermediate
in the dye industry prior to its emergence as the first modern ““‘wonder drug”.

Considering its effectiveness, the sulfanilamide molecule is surprisingly
simple, as aspirin is. It is merely aniline (phenylamine) substituted in the para
position by a sulfonamide group.

Il
» .0
aniline sulfanilamide
{phenylamine) {,p- aminobenzenesulfonamide )

* We say that an organism is resistant to a chemical when that given chemical has been
used to select for those very few organisms which are not harmed by the chemical. Those few
organisms then breed and the population soon has a large number which are resistant.
Mutant forms of an organism (those with a different DNA code for a given gene or genes)
usually arise by chance, but they can also be caused by exposure of the sex cells of the parent
to radiation or certain chemicals, like nitrogen mustard. The first step in natural selection
therefore, is the appearance of an alternate form of a given trait. The environment can then
select for or against that trait. In this case, a synthetic-antimalarial-resistant Plasmodium was
selectively favored.
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In contrast with quinine, which is really a specific drug against malaria,
sulfanilamide and its derivatives are active against a broad spectrum of
bacterial infections. Even compared with penicillin, which is widely useful but
limited in activity to Gram-positive bacteria (bacteria which bind the Gram
stain), sulfanilamide can destroy both Gram-positive and Gram-negative
bacteria. Areas of application include malaria, tuberculosis, leprosy, menin-
gitis, pneumonia, scarlet fever, plague, respiratory infections, and infections
of the intestinal and urinary tracts.

In spite of the simplicity of the molecule, some 10,000 structural modifi-
cations have been prepared during the blaze of research activity following the
discovery of its anti-microbial powers. Only about thirty derivatives have
gained clinical acceptance.

How did the discovery happen to be made? Investigations into selective
staining of bacteria by dyes showed that certain dyes have the ability to kill
microbes in ritro, that is, in a bacterial culture outside a living host. This led to
the hope that the same anti-microbial action might occur in vivo, that is, within
an infected living host. Comparisons of in vitro and in vive testing, however,
showed poor correlation. Thus, the standard practice of screening compounds
for anti-bacterial activity only by in vitro tests began to give way to direct in
vivo testing, usually in infected mice.

German dye chemists in 1935 knew that the introduction of a sulfonamide
group (—SO,NH,) into a dye enhanced the wool-fastness of the dye. With this
in mind, they put a sulfonamide group into an azo dye to produce prontosil.

NHy

azo dye
NH
: 0
Il
HN N=NS—NH2

Il
) 0

prontosil

In vivo tests of prontosil showed anti-bacterial activity, although in vitro
tests showed no activity. The then unknown key to this seeming inconsistency
lies in the fact that animal cells metabolize prontosil and release sulfanilamide.
Prontosil itself is inactive against bacteria. It is fortunate, therefore, that in
vivo testing was becoming part of routine screening methods.
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The German chemists, however, placed no great significance on the dis-
crepancies between in vitro and in vivo testing. But French chemists at the
Pasteur Institute did, and so began a series of structural modifications of
prontosil. They found that a wide variety of azo dyes containing the sulfanil-
amide portion of prontosil showed little variation in in vivo anti-streptococcal
activity. But if they altered the sulfanilamide portion, for example by replacing
the sulfonamide group (—SO,NH,) by a carboxamide group (—CONH,) or
by a cyanide group (—CN), the antibacterial activity disappeared.

This indicated that the sulfanilamide portion of the dye molecule contained
the antibacterial activity, and they proposed that this activity was due to
metabolic cleavage of the azo group (—N=N—). Following this hypothesis,
they found that animals do convert prontosil into sulfanilamide and that
sulfanilamide itself is just as active as is the parent dye.

How does this little molecule act like a “‘magic bullet™ to kill bacteria so
cleanly without doing any apparent damage to animal cells ? Although in most
cases, details of the mechanism of drug action are not known, the case of
sulfanilamide is an exception.

Sulfanilamide kills bacteria by interfering with the synthesis of folic acid.
Synthesis of folic acid is an essential life process for bacteria. In contrast,
animal cells do not synthesize folic acid, but do require folic acid molecules in
the diet. This is why sulfanilamide is toxic to bacteria but not to man.

COZH
NZ > —N / \\ = NH- CH
Ly Ot
folic acid (IIHZ
COoH
pteridine derivative | p-aminobenzoic acid | glutamic acid

The folic acid molecule may be visualized as containing three component
molecules—a pteridine derivative, a p-aminobenzoic acid molecule, and
glutamic acid (one of the common amino acids).

Sulfanilamide hinders the biosynthesis of folic acid by competing against
p-aminobenzoic acid for incorporation into the folic acid molecule. The
structure of sulfanilamide is evidently similar enough to the structure of
p-aminobenzoic acid to allow the sulfanilamide molecule to ‘‘fool” the
enzymes responsible for linking the three portions of the motecule together.
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L J HN—C )—C00H Hai~CH

T CHp

CHp

pteridine para -ominobenzaic acid COOH

glutamic acid

Thus, sulfanilamide does actually become incorporated into a “‘mock™ folic
acid molecule, which presumably cannot perform the vital functions of “‘true”
folic acid within the bacterium. This is the secret to the anti-bacterial activity
of sulfanilamide—the first of the modern wonder drugs.

—
CH;NH »—S—NH~ CH
\( ‘ Qu |
0 CH,
|
CHy
n " ‘
mock folic acid containing COOH

sulfanilamide

Penicillin and Other Antibiotics

The next tremendous development in the use of organic molecules in the fight
against disease was the discovery of penicillin. To qualify as an antibiotic in
the generally accepted sense of the term, a molecule must be produced by a
micro-organism and must be capable of hindering the growth of another
micro-organism (or killing it).

The anti-microbial activity of penicillin was first observed in 1929 by the
British bacteriologist Alexander Fleming. The circumstances of the discovery
resulted from a fortunate accident. Cultures of staphylococcus germs growing
on the common nutrient material known as agar happened to become
contaminated by a green mold. Fleming noticed that growth of the green mold
resulted in destruction of the staphylococcus germs in the vicinity of the mold.
He then found that broth in which the mold had been grown was not harmful
to white blood cells, and he suggested that the active principle therein might be
useful as an antiseptic. The mold itself was subsequently identified as
Penicillium notatun, but the possibility of its exudate being used to treat
general infections was not immediately investigated.
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Then, a few years before the beginning of World War II, H. W. Florey and
E. B. Chain at Oxford decided to look into the matter. Their efforts led in 1940
to the isolation of an impure sodium salt of penicillin. Having this, they were
able to show a remarkable anti-staphylococcal activity in infected mice. Early
the following year, penicillin was used for the first time on a human being—to
treat an infection in an Oxford policeman—and the antibiotic was on its way
to fame.

Because of the war, penicillin became a strategic material, and investigations
in England and in the United States were conducted under tight security
wraps. Primary effort aimed at fermentative production of the antibiotic in
large amounts. However, on the molecular level, crash programs attempted to
discover the structure of the molecule in the hope that it might be more easily
obtained in the pure state synthetically. Although not a particularly large nor
complex molecule, penicillin led structural organic chemists a merry chase
during the war years. It was not until 1945, and then only with the aid of X-ray
crystallography (see Chapter XI), that the correct structure was finally nailed
down. Much of the difficulty lay in the fact that pure samples were difficult to
obtain (and to maintain) because of an extreme sensitivity of the molecule to
all but the mildest experimental conditions. This annoying lability turned out
to be primarily due to the unexpected, and hard to believe, presence of a
four-membered cyclic amide function in the molecule. This ff-lactam structure
had never before been observed in a natural product.

Dy
R—E—NHUS g:z
o7 NTCOZH e )
penicilln e @ CHz =

in penicillin G
On the bright side, perhaps, elucidation of the structure indicated that, even
if the structure had become known earlier, artificial synthesis would not have
been a practical source of the antibiotic.
The different kinds of Penicillium molds produce different kinds of penicillin
molecules, but these molecules differ only in the side chain designated R in the
structure above. A widely used penicillin, called penicillin G, contains a benzyl

H SOt
gam
= N
0~ COMH

6-amino- penicillanic acid
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side chain (C4dHs—CH,—), and is often referred to as benzylpenicillin. The
heart of the molecule is really the bicyclic portion known as aminopenicillanic
acid.

This molecule may be considered as having been derived from two naturally
occurring amino acids—cysteine and valine.

HoN —(])H—CGZH HZN—(|)H—COOH
CH, CH
| /' \
SH CHy CH,q
cysteine valine

The relationship between these two amino acids and 6-aminopenicillanic acid
can be seen more easily by arranging the molecules in a more penicillin-like
orientation.

H
:
4y
HN—CH—CHy  CH
I ™
A
0 COM

cysteine and valine arranged as in penicillin

Chemical degradation of penicillin, studied extensively during the work on
the structure determination, does not split the molecule into these two amino
acids, but it does produce related structures. First, the most sensitive part of
the molecule—the f-lactum ring—opens to produce a dicarboxylic acid called
penicilloic acid.

0 C: CH
I s /CHs ' 3
R-C-NH——"" Y cp, R-C-NH S\.[AH
|| ' | | 773
4\—N—4\ gy VTN
0 o COsH 0" OH COH
PR 2
H H
mild hydrolysis of penicillin penicilloic acid

Some bacteria, particularly among the Gram-negative types, contain an
enzyme called penicillinase which does just this. Since penicilloic acid is not
active antibiotically, these bacteria are immune to treatment by penicillin.
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Treatment of penicilloic acid with mercuric chloride splits off valine-thiol
(called penicillamine).

UI o ,CHs O HS ,CH3
R-C—NH——CH > HqCl R-C-NH CH=0
C—N v.‘v ‘\CH3 ,gulg’ v Tv N \CH3
| ‘
C HN—T\ _C HoN—
0~ oM Hod 07" 0H \' CO,H
penicilloic acid valine - thiol

( penicillamine )

When the structures of penicillamine and of the other fragment were finally
worked out, three possible structures were proposed for penicillin, based on
the three most likely recombination products which could be visualized for the
two fragments. Only one of these contained a f-lactam ring. With the infor-
mation available at the time, however, no final decision could be made as to
which was the true structure of the antiobiotic. X-ray crystallography soon
showed the ff-lactam formulation to be the correct one.

Over the years since then, much work has been done to try to find out how
penicillin works—how it kills bacteria. As with sulfanilamide, many details

are now known, and again as with sulfanilamide, the mode of operation takes
advantage of a difference between a bacterial cell and an animal cell.

A bacterium requires a cell wall which, among other functions, protects the
bacterium against changes in environmental osmotic pressures. Animal cells
do not have cell walls; they merely have cell membranes. Penicillin prevents
the production of new cell wall necessary for bacterial growth and reproduction.
A faulty cell wall (or no cell wall) could cause a bacterium to rupture and spill
its vital contents into the surroundings. It could also allow the natural defense
molecules of the body, antibodies, to penetrate the bacterial membrane, and
destroy the invader from within.

Penicillin is particularly, and almost exclusively, effective against Gram-
positive organisms. At one stage in the construction of Gram-positive cell
walls, an enzyme called transpeptidase causes the formation of a peptide bond
between a carboxyl group of a D-alanine* and the amino group of a glycine.
This is a cross-linking reaction between two short peptide chains. During the
reaction, a molecule of D-alanine is lost from the end of the chains. This
terminal D-alanine (with the free carboxyl group) probably binds to the active
site of the transpeptidase enzyme.

* We have seen earlier that L-amino acids are the normal building blocks of proteins. In
certain bacteria, however, D-amino acids frequently occur.
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Concerning the mode of action of penicillin, the important thing is that the
alanine with the free carboxyl group which binds to the enzyme transpeptidase
has the “‘unnatural” D-configuration. This matches the configuration of the
carbon atom bearing the free carboxyl group in penicillin. This similarity in
geometries and other evidence has led to the belief that penicillin interferes
with cell-wall construction by binding to transpeptidase and inactivating this
enzyme needed for the peptide-chain cross-linking reaction.

peptide - chain end penicillin . -
AMNH—%H—-CM CH; ~——NH— clH—clH“\c:CHz
3
C—NH—C. L— N—©C.,
0 \ COH o’ \ COH

carbon otom bearing free carboxyl group
in each case has "“unnatural” D-configuration

The cell walls of Gram-negative bacteria do not become stained when
treated with the Gram dye. This indicates that the structure of the Gram-
negative cell wall is different from the structure of the Gram-positive wall. A
different cell-wall structure presumably requires different enzymes for its
construction. Therefore, the absence of the Gram-positive enzyme trans-
peptidase in Gram-negative cell-wall construction would account for the
general lack of effectiveness of penicillin against Gram-negative bacteria.
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Streptomycin

With the demonstration of the antibiotic activity of penicillin in England,
scientists in the United States began looking for other antibiotics from other
sources. An especially fruitful source has been a group of soil microbes known
as the streptomycetes (or actinomycetes). In 1940, S. A. Waksman at Rutgers
University reported the isolation of an antibiotic named actinomycin. He
followed this in 1942 with streptothricin, and in 1943 with streptomycin. At
first streptomycin held tremendous promise as an antibiotic because it is active
against both Gram-positive and Gram-negative bacteria. It soon became
apparent, however, that bacteria often develop resistance to streptomycin
during treatment. For this reason, its initial widespread use in treating Gram-
negative infections has given place to more recently discovered antibiotics.
However, its particular effectiveness against tuberculosis has sustained its
usefulness. It is also sometimes used at low dosage in combination with
penicillin or sulfanilamide. The discovery of streptomycin, following so
closely on the heels of the discovery of the clinical value of penicillin, provided
an explosive thrust to the search for new antibiotics, particularly in the
pharmaceutical industry. This has resulted in the modern era of antibiotics,
most of which were discovered in cultures of various types of streptomycetes.
Thousands of new antibiotics have been discovered during the three ensuing
decades, but relatively few are routinely used to any great extent. The structures
of these are remarkably diverse.

The streptomycin molecule is carbohydrate derived, and therefore contains
a large number of oxygen atoms. It has three principal component parts—
streptamine, streptose, and glucosamine.

"2 HO OH e
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CH CH—CH Ho. M
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CH CH N CH=0 0 CH-OH
O (3 CHpOH
streptamine streptose glucosamine

These three components are linked to each other through the same kind of
glycosidic linkages seen in the polysaccharides (starch, cellulose, and glycogen).
Also, in streptomycin, the threec amine functions are substituted. The two amine
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functionsinstreptamine appear as guanidine groups (N,H—C(=NH)—NH—)
and the one in glucosamine is methylated.

N
HoN- Ep NHCH3

Hon ok
HoN-C- NHJ\, /LOH \'/\CHO\K‘\'IOH

CHs CHaOH

streptomycin

The therapeutic popularity of streptomycin waned mainly because of the
appearance of a new family of antibiotics known as the tetracyclines. These
molecules are also produced by streptomycetes, but their structures are
nothing like the streptomycin structure. The tetracyclines are all derivatives of
the tetracyclic fused-ring system known as naphthacene.

i/’\\\

~ ra v avd

naphthacene

The first member of the family to be discovered was isolated from a culture
of Streptomyces aureofaciens in 1947 and named aureomycin. Actually, it is

7-chlorotetracycline, one of the few natural organic molecules which contain
a chlorine atom.

7-chlortetracycling
(aureomycin)

In 1957, mutant strains of Streptomyces aureofaciens were found to be
producing a tetracycline molecule missing the 6-methyl group. This molecule
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also contains a chlorine atom in the 7-position, which makes it 6-demethyl-7-
chlorotetracycline, or more simply declomycin. The 7-chloro substituent is not
necessary for antibiotic activity, however. Its removal produces tetracycline
itself, a clinically valuable member of the family.

tetracycline

Structural modifications of the tetracyclines have shown that the minimum
degree of substitution in which reasonable antibiotic activity is retained occurs
with the removal of the 6-hydroxyl group from 6-demethyltetracycline to
produce 6-demethyl-6-deoxytetracycline.

6-demethyl-6-deoxytetracycline

The tetracyclines are called broad-spectrum antibiotics because they are
active not only against Gram-positive and Gram-negative bacteria but also
against spirochetes, rickettsiae, and even some large viruses. In fact, they have
a broader range of activity than any other antibiotic has. Except for the
penicillins, they are used more than any other antibiotic. The total synthesis of
6-demethyl-6-deoxytetracycline was accomplished by R. B. Woodward in
1962, but clinical quantities of the tetracyclines are obtained more easily and
more economically by bacterial fermentation.

Another broad-spectrum antibiotic, also produced by streptomycetes, has a
much simpler structure and is produced synthetically in commercial quantities.
Coincidentally, this molecule is another rare chlorine-containing natural
molecule. Called chloramphenicol, this antibiotic is not used as extensively as
it once was because of the danger of serious side effects. As in the case of
aurcomycin, the rather unexpected observation is made that the chlorine
atoms are not essential for antibacterial activity.
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The stereoisomers I-1V are named D-threo, L-threo, D-erythro, and
L-erythro because of their resemblance to the sugars threose and erythrose.

CH=0 CH=0 CR=0 CH=0

HO e (et H !s—iqou H i C et OH HO o ( ~et
T ——"r HO e ( ~et K H o ( ~=mOH HO mm (e H
CH,0H CH,0H \"Tﬂ,;o»c a‘_.u;C“
D-threose L-threose D-erythrose L-erythrose

One of the interesting facts to come out of the synthetic work, which of
course produces all four of the possible stereoisomers of chloramphenicol, is
that only one of the four is active antibacterially. The active isomer has the
D-threo configuration. Chloramphenicol is believed to owe its antibiotic
potency to its ability to inhibit protein synthesis.

SUMMARY

This chapter was concerned with molecules isolated by the chemist which are
used to control and/or eliminate specific diseases. Quinine and other anti-
malarials, sulfanilamide, penicillin, streptomycin, chloramphenicol and
tetracyclines were discussed. We observed the skill necessary to isolate,
characterize and synthesize these molecules of might. It should also be clear
that medicinal chemists must be alert to the development of resistant strains of
microorganisms and must be prepared to synthesize new powerful antibiotics
to control these virulent mutants.
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CHAPTER VII

THE STEROID FAMILY
Hardening of the Arteries to Family Planning

LIVING THINGS synthesize a large number of molecules, called steroids,
which perform many specific biological functions, and yet which all have the
same fundamental carbon skeleton. Some of these, for example the sex
hormones, are synthesized in only minute quantities and are very powerful
physiologically. In contrast, the steroid cholesterol is synthesized in abundance,
and yet nature’s purpose in doing this is unknown.

As with morphine, the fundamental carbon skeleton of the steroids can
be considered a derivative of phenanthrene. The skeleton contains four hydro-
carbon ringsand is called the cyclopentano-perhydrophenanthrene ring system.

¢
90

phenanthrene cyclopentano-perhydrophenanthrene

The prefix perhydro means that enough hydrogen atoms have been added to
phenanthrene to saturate the molecule. Cyclopentano means that the structure
contains a five-membered ring.

The steroid family points out an interesting diversity between life forms.
Steroids synthesized by animals are different from steroids synthesized by
plants. Furthermore, plant steroids are not metabolized by animals. If an
animal wants an external supply of usable steroids, it must eat another animal,
not a plant. This is in sharp contrast to the striking unity of life seen earlier
in such things as the universality of the anaerobic metabolism of glucose.

As an example of the almost unbelievable specificity of some metabolic
enzymes, compare the structure of the animal steroid cholesterol with the
structure of the plant steroid sitosterol. (The conventional enumeration of the
carbons in cholesterol is indicated in the formula on p. 127.)
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CHy

CH:
’ CHs

CHz

CH;

CHy =

cholesterol sitosterol
(an animal steroid) {a plant steroid)

The only difference between these two molecules is that sitosterol contains
an “‘extra” ethyl group (—CH,CHj;) out near the end of the side chain. Even
the stereochemical configurations of all eight asymmetric carbon atoms in each
molecule are identical. And yet sitosterol is not metabolized by the higher
animals, but cholesterol is.

From another point of view, consider the number of stereoisomers possible
for a structure such as cholesterol. With eight asymmetric centers, there are
28 or 256 possible stereoisomers (see appendix). And yet the enzymes respon-
sible for synthesizing cholesterol are so stereospecific that only one of these
stereoisomers exists in nature.

Cholesterol has long been recognized as the principal constituent of gall
stones, but in fact cholesterol is present in all the tissues of the body either
as the free alcohol or in ester form. It is present in particularly high proportions
in nerve tissue, in the spinal cord, and in the brain, where it accounts for
about one-sixth of the dry weight. It is sometimes found lining the walls of
arteries, where it “hardens’ the arteries and diminishes the inside diameter of
the blood vessel, which impairs circulation and contributes to high blood
pressure. High levels of cholesterol in the blood seem to correlate with the
prevalence of this pathological condition called arteriosclerosis, but the primary
cause has yet to be discovered.

Despite its having been known as a pure material since 1812, the structure
of cholesterol was not known completely until 1955. One of the difficulties
in the structural determination, besides the intricate ring system and the centers
of asymmetry, was that so much of the molecule is saturated hydrocarbon.
The inertness of this skeleton makes it difficult to degrade or break down the
molecule into recognizable fragments, which has traditionally been an essential
tool in structure determinations. The necessity of resorting to severe degrada-
tion conditions produces a more random set of degradation reactions at a
large number of positions in the molecule, often producing an assortment of
small fragments difficult to separate and identify. But. fortunately, cholesterol
is plentiful so that a single experimental blunder would not have wasted the
world’s supply, as can happen with natural products difficult to obtain.
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An important breakthrough in the structural study came when cholesterol
was shown to contain the same ring system that the bile acid, cholic acid,
contains. The value of this discovery was that cholic acid contains two more
hydroxyl groups than cholesterol does, and so cholic acid can be oxidatively
degraded more easily and more systematically. The similarity of the ring
systems of cholesterol and cholic acid was demonstrated by converting both
molecules to cholanic acid.

CH
cc+:3 " o)
CHsy CO,H
CH; CHy
CHy
HO HO OH
cholesterol cholic acid

\dehydrahon /dehydrotior

\‘hyarogenouon
/hydrogenahon
\‘omdation
CHs

L

CHy
COpH
CH

cholanic acid

Dehydration of cholesterol removes the hydroxyl group and puts a second
double bond into the molecule.

HO

Addition of hydrogen to the diene creates a new asymmetric center at position 5.
This produces two stereoisomers called cholestane and coprostane.
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cholestane coprostane

Only one of these stereoisomers—coprostane—has the same configuration
at position 5 that cholic acid does, and so only coprostane gives cholanic acid
on oxidation.

coprostane cholanic acid

Dehydration of cholic acid followed by hydrogenation can produce cholanic
acid without forming any new asymmetric centers.

HO CH3 CH3 CH:‘,
: CHs CH
COpH ; COM . COH
v 2
-3H,0 3 3H, 3
- —
HO™ 0
H H H
cholic acid cholanic ocid

The fact that cholesterol contains four rings can be deduced from the mole-
cular formula, C,,H,,0, since the formation of a ring has the same effect
on a molecular formula that the formation of a double bond has, that is, it
diminishes the number of hydrogen atoms by two. For example, the molecular
formula of the hexanes is C¢H,,, and the molecular formula for cyclohexane
and for the hexenes is C¢H,,. Chain branching does not affect the molecular
formula. A double bond can be distinguished from a ring because a ring does
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notreact with hydrogen gas asa double bond does. The number of double bonds
ina molecule can be determined by measuring the amount of hydrogen required
to saturate the molecule. One mole of cholesterol takes up only one mole of

1
CH3CH2 CH2CH20H2CH3 E : CHZZCHCH2CH2CH2CH3
| 1
| a
i CH
CH | 2 I
|2 Ly ey | CHy CHy
CH3—CH—CH—CH3 : lH é : /C=C\
lCH3 E \‘\2 - Hp fl CHs CHy
. Chy |
hexanes | cyclohexane | hexenes
- ~ J

hyvdrogen, so it contains only one double bond. If it were an open-chain
alcohol containing one double bond, for example allyl alcohol CH,=CH—
CH,OH. its molecular formula would fit the generalized form C,H,,0, as
allylalcohol C;H,O does. Instead, cholesterol C,,H,O fits the form C,H,,_O.
It is eight hydrogen atoms short of an open-chain alcohol with one double
bond. and so it must contain four rings.

An indication of ring size is obtained by oxidizing the ring open to a di-
carboxylic acid, followed by pyrolysis (heating). A five-membered ring
usually produces an anhydride during this treatment, and a six-membered ring
usually ends up as a cyclopentanone.

0
C//
oxidation COH _heat C
@ CCOZH - P
\
0
anhydride

oxidatiop COpH _heot c—g tH0 +C0
CO2H

ketone
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This was done in the cholesterol/cholic acid structural study and gave the
correct answer for three of the rings and the wrong answer for one of the rings.
On the basis of this evidence, cholesterol was believed to contain two five-
membered rings and two six-membered rings. This prompted a proposal
in 1928 of a structure for cholesterol, which was wrong, but which won a
Nobel prize for the proposers.

ncorrect structure proposed
in 1928 for cholesterol

Shortly thereafter, fortunately, it was discovered that selenium dehydro-
genation of cholesterol produced chrysene and methylcyclopentanophenan-
threne.

.05
cholesterol ——— |
300°C OO L O
A~

chrysene methycyclopentano-
phenanthrene

This led to the postulation of the correct ring system for cholesterol in 1932.
The remainder of the structure, principally the stereoisomer aspects, required
23 more years of work.

Now comes the intriguing question of how cholesterol is synthesized
in the body. The question became even more intriguing when it became known
that cholesterol can be synthesized biologically using only acetate as a source
of carbon atoms. How does this happen ? The answer in detail is quite compli-
cated, but the overall view is simple since it is reminiscent of the formation of
natural rubber from isoprene.

First, three acetates combine to form an isoprene unit and carbon dioxide.
Then six isoprene units combine to form a long open-chain compound
called squalene. Then squalene simply cyclizes to produce a steroid called
lanosterol—a precursor of cholesterol.
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The next step in the formation of the biologically active isoprene unit from
acetate is another nucleophilic attack by another anion of acetyl-coenzyme A.

K
0 0 OH 0
N I 1 I
CH3—(—CH,—C—S—R CI**3—L"—CH2—C—S—R
OCH, . CH,
C C
V20N 720N
S—R 0 S—R

Hydrolysis at one carboxyl group and reduction at the other produces meva-
lonic acid.

OH
0 0

CH3— C—CHy— —\/——:f\ CHz —C—CHp —CHp—OH + RS~SR

2 reduction CHo
e hydrolysis e
AN ~—— ~ / "\
7 N ~ ~
0 S—R 0 OH

mevalonic acid

Mevalonic acid undergoes dehydration and decarboxylation to provide the

five-carbon skeleton of the isoprene unit. (Compare with formula for isoprene,
p. 132)

OH
|
CH3—C—CHp—CH,—0H CH3 —C—CHa —CHp —CH
N |
o + C0 0
VA \ﬂ.‘ WWo T H;u

This isopentenyl alcohol is activated by ATP to the pyrophosphate ester
which acts as the fundamental physiological isoprene unit in biosynthesis.

CHs 0 0

| I Il
H — CH2=C—CH2—CH2—O—-$—O—TI’—OH
+ ATP + AMP OH OH

biologically active isoprene unit
as pyrophosphate
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Biosynthesis of Squalene

The formation of squalene by combination of six isoprene units (p. 132) begins
with isomerization of the double bond from the less stable terminal position to
the more stable internal position. This is followed by loss of pyrophosphate
anion to produce an allylic cation similar to the cation seen in the polymeriza-
tion of isoprene in the laboratory.

Chs P
CHZ:-C—CHZ—CHZ‘“C—!T—O—T—OH -
OH OH
CHz % ([)1
|
CH3—C=CH—CH2—O——}T—0—P_OH —'
I
OH OH
CHz 0 0
| ® (&) Il I
CH3—C=CH—CH, + O—Fl>—0—F|‘—0H
OH OH
allylic cation pyrophosphate

The allylic cation combines with an unrearranged isoprene pyrophosphate unit
to produce a new cation.

CH3 CHs 0 0
| ® | il Il
CHz—C=CH~CHp + CHo=C—CHp=CHp=0—P—0—P—OH
| OH O
i i i
OH OH

This cation, to continue the head-to-tail polymerization, must lose a proton
and pyrophosphate to form a new allylic cation.
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Head-to-head coupling between two farnesyl pyrophosphate molecules pro-
duces squalene.

The structural relationship between squalene and the steroid ring system
becomes apparent in rewriting the structure. The utility of the rrans double
bonds is also evident in this diagram.

An electrophilic oxidizing agent, represented as HO*, could initiate the ring
closures needed to convert squalene to a steroid.*

* The oxidation of one of the two terminal double bonds of squalene has recently been
carried out in the laboratory. This yields an epoxide shown below. The acid catalyzed ring
opening of the epoxide will lead to the ring closures shown on p. 137 (top) and a steroid
results. H

\3/\/§(°‘3

I

: CHy

A
A CHy
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Loss of a proton completes the conversion of squalene to lanosterol.

JI CH=
v ’“'.Ju N
N CHy ~
Lr*, \/* /\l«/i ‘\\/VH’
D CHal I
Y |
/\‘)< ~X CH
I s ‘
HO >
- \ CH - CHB"H;‘
r"3 2
- anostero

Of course, a series of reactions like this, which begins with acetic acid and
produces a steroid such as lanosterol, is quite different from the ordinary
random molecular-collision type of reactions encountered in non-biological
systems. One would wait forever and in vain for a cyclopentanoperhydro-
phenanthrene molecule. The above reactions are highly specific, enzyme-
catalyzed and directed toward a set of particular goals—a set of single
stereoisomers selected from the thousands which are possible in complex sys-
tems such as these. This 1s the marvel of natural organic synthesis.

Evidence that the reactions pictured above in skeleton form do actually
occur as shown comes mainly from experiments using isotope-labelling tech-
niques. The general method involves feeding a molecule containing a radio-
active isotope in a known position into a biological system, and then isolating
the product molecule believed to be derived from the original feed molecule
and degrading the product molecule systematically to locate the position of the
radioactive atom. A Nobel prize was awarded in 1964 to Dr. Konrad Bloch
and his associates for carrying out this immensely important work.

For example, if acetic acid containing carbon-13 in the carboxyl position
is fed into a system capable of synthesizing mevalonic acid (see pp. 132-133),
carbon-13 appears in all three oxygenated positions in mevalonic acid.

OH

3 CHz—C—0OH —=  CH3—C—CHy— CHy— OF
' 12 - i
v 1
CHy
carboxyl-labelled ﬂ]ﬁ
acetic acid 77\
- -_

If the methyl group of acetic acid contains carbon-13, then the non-oxygen-
ated positions of mevalonic acid become labelled with the stable heavy carbon
isotope.
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0 COH
13 I 13 13
3 CH3—C—O0H — CHy—?——CHg—CHZ—OH
methyl-labelled 13CH,
acetfic acid (‘:
7 N\
0" OH

Studies like these have also shown that two methyl shifts must occur
during the biosynthesis of lanosterol because the methyl group at the 8-
position of the precursor steroid ends up at the 14-position in lanosterol,
and the methyl group at the 14-position in the precursor ends up at the 13-
position in lanosterol. In the following reactions radioactive carbon, C'¥,
is indicated by C*.

CHs Chs
*
o CH3 el I CHs
CHy | I CHy |
CHy M ey M3
HO CH3 HO
CHz CHg CH3 CHg

Finally, the validity of the overall scheme is shown by the fact that labelled
squalene, prepared from methyl-labelled acetic acid and added to homogenized
liver tissue (a source of necessary enzymes), produces lanosterol and choles-
terol labelled in all the proper positions.

0
» I
CHy —C—0H —= — —
acetic acid

cholesterol
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The biosynthesis of cholesterol by animal tissue is a prolific process.
An average-sized man has a total cholesterol content of about half a pound,
the purpose of which is not known. It has been demonstrated that cholesterol
is metabolized by the body into bile acids and steroid hormones, but these
molecules are required in very small quantities compared to the amount of
cholesterol in the body.

Vitamin D

One use cholesterol has found outside the body, however, is as a precursor for
synthetic vitamin Dj. Entry into the vitamin D field marked the medical debut
of steroids.

As work on determining the basic steroidal skeletal structure was nearing
completion in 1930, it was already suspected that the active ingredient in
fish-liver oil capable of curing rickets was a steroid. (Rickets is a vitamin-
deficiency involving abnormal calcium and phosphate metabolism, which
produces structural changes in bones and teeth.) It was soon discovered that
food exposed to sunlight also counteracted rickets, and that even simple
exposure of the patient to sunlight had a beneficial effect. The question
then arose as to whether ultraviolet radiation might convert a simple steroid
such as cholesterol into a substance with anti-rickets activity similar to the
unknown factor in fish-liver oil, called vitamin D.

Investigation soon showed that some samples of cholesterol on irradiation
became slightly active against rickets, but this proved to be due to the presence
of small amounts of another steroid in some of the cholesterol samples.
This other steroid was very like ergosterol, a steroid found in yeast. Indeed,
irradiation of ergosterol itself produced material with high potency against
rickets. The active substance was shortly isolated and named vitamin D,.

}'3 - C.;S
LN CH3 ‘ s
I S s
JA_A—  _rodiation_ )
5 o8
Hoo S Ho S
ergosterol vitamin Dy

At first, it seemed reasonable to assume that the active substance obtained
by irradiating ergosterol was identical to the active substance in fish-liver
oil, but it soon became apparent that other molecules also showed vitamin D
activity. Thus, the ergosterol derivative was designated D,.
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Another very active material was obtained from cholesterol by introducing
another double bond into the molecule (in conjugation with the double bond
already there) to produce the ergosterol ring system and then irradiating the
diene. The active product, obviously different from vitamin D,, was named
vitamin D;.

7-dehydrocholesterol vitamin D3

In general, irradiation reactions are very complex and usually produce
many different structural changes. The present example is no exception.
However, in the direct pathway to the single active product, vitamin Dj,
the first thing that happens is probably rupture of the 9,10-covalent bond

zto produce a diradical.

CHz
rcdloiiog_

HO

The radical at position 9 must then abstract a hydrogen atom from the near-
by methyl group.

The resulting diradical is vicinal (adjacent atoms) and quickly collapses
to form the third double bond of vitamin Dj;.
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CHs
CHy
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CHy .
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vitamin D3

When the naturally occurring vitamin D was finally isolated in 1936,
it turned out to be identical to vitamin D;. However, since ergosterol is more
readily available than dehydrocholesterol, vitamin D, is usually used as a
food supplement or additive in human nutrition. Vitamin D5 is much more
effective in preventing rickets in chickens, though, and so it is used for this
purpose instead of the ergosterol derivative. It should be noted that all these
steroids of the vitamin D family are not actually the functioning vitamins but
are the precursors of the biologically active form of the vitamin.

Sex Hormones and the Pill

Prominent among the body’s many chemical regulators, called hormones,
are the two steroidal sex hormones estradiol and testosterone. Estradiol is
the female hormone and testosterone is the male hormone.

oM w

CHs
£
HO 0~
estradiol testosterane

These hormones are responsible for the development of the various organs
required for reproduction, and are also required for the maintenance of the
normal functions of these organs. They also stimulate the development of
secondary sex characteristics. The physiological functions of these two steroids
are very different, one from the other, and yet their structures differ only by a
molecule of methane. If a methyl group and a hydrogen atom were properly
added to one of the double bonds of estradiol, the product would be the enol
form of testosterone.

The sex hormones are very powerful physiologically and are normally
present only in minute quantities in the body. They are capable of producing
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HiCHy

HO

estradiol enol form of testosterone

responses even in castrated and immature animals. For example, a capon
(castrated rooster) injected with testosterone rapidly grows a comb, and an
immature female mouse treated with estradiol goes into heat. As little as one-
tenth of a microgram (not enough to see) of estrone induces this response
in spayed female mice. This quantity has therefore been defined as the inter-
national mouse unit. A microgram is one-millionth of a gram, and estrone is
the ketonic oxidation product of estradiol. Estradiol is even more potent than
estrone.

CP:; |

estrone

The normal sequence of events in mammalian reproduction begins in the
master gland—the pituitary—a small gland located under the brain. The
pituitary is considered the master gland because it secretes hormones which
regulate the hormonal secretions of other glands. To start the reproductive
cycle in females, the pituitary releases a hormone called follicle stimulating
hormone. This hormone is a protein which stimulates the ovaries to develop
follicular tissue. The follicular tissue produces the egg and also secretes
estradiol. Estradiol does two important things. [t inhibits further secretion of
follicle stimulating hormone, and it stimulates the growth of uterine tissue. The
first of these acts is necessary to prevent simultaneous production of a large
number of eggs. The second function begins the preparation of a site where the
mature, fertilized egg can implant itself after release from the ovary. When the
mature egg is released by the ovary, the follicular tissue of the ovary is converted
into a so-called corpus luteum which secretes another steroid hormone, called
progesterone.
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) AN
CHa |
AN
NF N progesterone
the pregnancy hormone)

Progesterone is also known as the pregnancy hormone, since it is secreted
continuously throughout pregnancy to prevent the ovary from producing
any more eggs. It does this by preventing the pituitary from secreting follicle
stimulating hormone. In this sense, progesterone behaves like estradiol.
It does in another way, too. It causes the proliferation of the growing uterine
tissue at the site of egg implantation, which would be needed for the nutritive
support of a fertilized egg.

Surprisingly, the structure of progesterone resembles that of the male
hormone testosterone more than it resembles the structure of the female
hormone estradiol. Progesterone and testosterone differ only in the side chain
(hydroxyl versus acetyl group), while estradiol, in addition to the above
difference, is missing the methyl group at C-10, and contains an aromatic
ring. This is remarkable in view of the similarity of physiological response to
progesterone and to estradiol, principally inhibition of secretion of follicle
stimulating hormone. It indicates that they act in different ways to produce the
same result.

This result—the prevention of egg production—is tantamount to temporary
sterility in the female. The discovery some 20 years ago that this state can be
induced and maintained artificially has given rise to the popular new method
for preventing pregnancy known as oral contraception. The method itself is
very simple. It involves merely setting up and supporting a hormonal state
of pseudo-pregnancy by swallowing highly potent artificial derivatives of
estradiol and progesterone. The artificial derivatives are preferred over the
natural hormones because they are much more powerful when administered
orally. In particular, oral potency is greatly enhanced by putting an acetylenic
group into the molecule at the side-chain position (C-17).
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The synthetics are called estrogens or progestins according to which natural
hormone they resemble. One popular synthetic estrogen is simply the 17-ethynyl
(acetylenic) derivative of estradiol. Some of the widely used synthetic pro-
gestins, however, resemble the male sex hormone testosterone more than they
do progesterone. One such is called norethindrone.

_CH s
| < A =0
€7 edt ong =0
CHy CHy
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norethindrone testosterone progesterone

Norethindrone contains the sex-hormone side chain (hydroxyl) rather than
the progesterone side chain (acetyl). It also lacks a methyl group at C-10,
which makes it more like the female sex hormone. Removal of this methyl
group reportedly reduces male-hormone-like responses.

The synthetic estrogens and progestins are very powerful physiologically
and are very effective in preventing conception by interfering with the natural
hormonal activity of the body. As might be expected from the fact that they
are not “natural”” molecules, they have been reported to cause undesirable
effects. The World Health Organization in 1965 warned of apparent high
pregnancy rates on discontinuance of use, a risk of diabetes, an increased
coagulability of blood, and liver disturbance. However, the Food and Drug
Administration in 1966 described their use as “‘not unsafe.”

The Prostaglandins

As part of our discussion of steroids and related molecules, we should now
turn to a relatively new and fascinating class of molecules, namely, the prosta-
glandins. The term was devised by von Euler who extracted lipid-soluble
acids from human semen.
The class of compounds called prostaglandins are named as derivatives
of prostanoic acid.
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Substituents on the cyclopentane ring are designated « if they are on the same
side of the plane of the ring as carbon 7; they are designated f if they are on the
opposite side of the plane of the ring from carbon 7.
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A schematic representation of the « and f positions is shown above. When
substitution occurs in the side chains, the stereochemistry is designated by
the Cahn-Ingold-Prelog nomenclature system (see appendix).

The discovery of the prostaglandins involved observations on the effect
of seminal extracts on uterine tissue, of adrenal glands on circulation and
of renal extracts on blood pressure. Over many years scientists noted special
biological effects of fresh extracts of many organs including the prostate
gland. In the 1930s von Euler found an active principle in the vesicular
gland of sheep. With the help of Dr. Hugo Theorell and his newly developed
electrophoresis apparatus,* von Euler discovered and “‘baptized” the pro-
staglandins. The task of purifying and identifying these molecules took
nearly another 30 years. Von Euler’s students ultimately succeeded in elucidat-
ing the structural features of many of the prostaglandins. Primary among these
people were Bergstrom and Sjévall. They isolated and characterized the so-
called prostaglandins E and F from the prostate gland of rams and showed
that reduction of prostaglandin E with sodium borohydride gave two products,
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fla, 15(S) dihydroxy-9-oxo—I3—transprostencic acid
(prostaglandin E)

* Electrophoresis is a technique whereby a mixture of compounds is placed in the center
of an inert support sheet which is wetted by an ion containing aqueous neutral solution.
Electrodes are attached at each end and a current is passed through the support sheet.
Neutral molecules remain in place while cationic molecules move toward the cathode and
anions move toward the anode. Since the prostaglandins are carboxylic acids, Theorell and
von Euler noted that the active principle moved toward the anode.
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one of which was identical to the naturally occurring prostaglandin F. Struct-
ural elucidation involved absorption spectroscopy, degradation and identifi-
cation of fragments, synthesis and x-ray crystallography. From these results,
the Swedish scientists were able to assign the following structure to prosta-
glandin E.

It is clear how prostaglandin F is structurally related to prostaglandin E
when one recalls that sodium borohydride selectively reduces aldehydes and
ketones to alcohols under mild conditions.

. OH
N . NaBHg4 N/
/ ether solvent / \H

When the ketonic group at carbon 9 of prostaglandin E is reduced to an alco-
hol, two optical isomers can result; one with the hydroxyl group carbon 9 in the
o position and the other with the hydroxyl in the 8 position. The o isomer
was shown to be identical with the naturally occurring prostaglandin F.

94q,lla, 15(S) —13—trans-prostenoic acid
(prostaglandin F)

About a dozen naturally occurring prostaglandins and their derivatives
have been identified in recent years. Many have been synthesized. The first
successful synthesis was carried out by Samuelson and Stollberg who allowed
a f-ketodiester to react with an a-bromoketone in the presence of strongly
basic conditions.
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This reaction is a classical synthetic route to form carbon bonds. It involves
the removal of an active hydrogen from a fi-ketoester by a strong base.

@
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CHz0,C—CHC— —~ CHz0,C—CH—C~ |
H - ©)
Re® ] =
ROH + | CH30,C—CH=C— |
} =) I
= 0
\ v i Y
| CH30-C=CH—C—
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Theresulting carbanionis resonance stabilized by delocalization of the electrons
as shown. Simplistically we can view the first form as representative of the
reacting delocalized carbanion. It can react with the bromoethyl ketone in a
typical S\2 displacement reaction (see appendix, p. 317).
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In this manner the first intermediate was synthesized. Another base-catalyzed
carbanion formation was allowed to proceed under more drastic conditions.
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Ring closure occurs by attack of the carbanion on the ketone (four carbons
away). This reaction requires more drastic conditions because the carbanion
is not nearly as stable as the one arising from the f-ketone ester.

H

,"CH'{‘\‘pAr‘:\'h’z

AL \ \,."\21‘—"‘\)‘13

The ester groups are hydrolyzed and the alcohol group is removed by an elimin-
ation reaction under basic conditions.

base ™H

( OH

A

Acidification and heat removes the carboxyl from the cyclopentane ring
yielding a C,, prostanoic acid derivative.

Syntheses of biologically active prostaglandins have been reported. Elegant
and complex organic reactions have been employed which are beyond the scope
of this discussion. The synthetic scheme outlined above should suffice to
illustrate the basic principles necessary for total synthesis of prostaglandins.
We alluded to some of the biodynamic effects of these C,, unsaturated
acids. At present it appears that prostaglandins are involved in reproduction.
They have been shown to be readily absorbed through the human vaginal walls
to facilitate fertilization. Prostaglandins of the E type inhibit reproductive
smooth muscle contraction while those of the F type stimulate contraction.
Cardiovascular effects have been documented. Increase of heart rate
and decrease of blood pressure are typical responses to infusion of prosta-
glandin E into healthy human beings. It has been shown that this vasodepressor
effect is unaffected by the adrenaline system. Prostaglandin F derivatives
can act as pressor agents in rats, dogs and chickens which may result from
increased cardiac output because of constriction of the heart blood vessels.
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The prostaglandins are also involved in the release of free fatty acids from
adipose tissues. Prostaglandin E inhibits the accumulation of cyclic AMP*
which is believed to be an intermediate hormone in the activation of lipase of
fatty tissue.

Two English research teams have recently published results implicating
the prostaglandins in aspirin action. They showed that aspirin and related
drugs inhibit or prevent the biosynthesis of prostaglandins. Since the prosta-
glandins are found in almost all body tissue, they have been implicated in
fever production and inflammations. Clearly, prevention of prostaglandin
formation can then lower both fever and swelling. No explanation was offered
to explain aspirin’s pain-killing properties. Prostaglandins have not been
shown to be involved in analgesic activities. The English workers’ results
do go a long way in explaining the aspirin mystery. They even speculate that
some failures of intrauterine contraceptive devices may be attributable to
aspirin. The intrauterine device (IUD) usually prevents implantation of the
human embryo into the uterine lining. Implantation occurs at the blastocyst
stage of human development, about eight days after fertilization. The blasto-
cyststage follows fertilization and many sets of cell division, and is characterized
by the differentiation of two cell types—those of the inner cell mass and those
in the enveloping layer. Chemically speaking, the [UD may prevent implant-
ation by causing an accumulation of uterine prostaglandin, which then stimu-
lates uterine muscle contraction. Since aspirin blocks prostaglandin synthesis,
it is possible that some [UD failures are caused by frequent consumption of
aspirin.

[t is clear that we have only begun to understand the workings of these C,,
fatty acids. Many researchers are studying the biosynthesis and metabolism
of the prostaglandins. These compounds appear to play a role in such widely
divergent areas as deposition of lipids (arteriosclerosis), blood pressure
nerve transmission, cyclic AMP accumulation, reproduction (smooth muscle
contraction), etc. These data show the biological effects of prostaglandins;
but scientists have yet to discover their metabolic functions.

SUMMARY

After reading this chapter, it should be clear that steroids and related com-
pounds have many biological functions. Vitamins, sex hormones, and arterio-
sclerosis represent typical areas of steroid involvement. The “pill” in its

* The ubiquitous character of ¢yclic adenosine monophosphate and its importance as a
metabolic mediator was early recognized by Professor Earl Sutherland. We noted in Chapter
111 that he was awarded the Nobel Prize in Medicine for his discovery of the importance of
cyclic AMP.
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present formis nothing more than chemist-created female steroid sex hormones.

We examined the biosynthesis of steroids and related substances. The
biogenesis of these compounds was shown to be based on highly selective
enzyme-catalyzed reactions of isoprene and acetate.

Lastly, we covered a new class of compounds, the prostaglandins. Their
significance and functions are just now being elucidated. They have been
implicated in release of fatty acids from adipose tissue, mechanism of aspirin
action, reproduction and many other areas.
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CHAPTER VIII

MOLECULES OF MYSTICISM
The Mind Changers

MAN’S UNENDING search for life’s meaning, for deep psychological
satisfactions, and for insights into immortality have led him to collect, catalog
and even concoct substances that allow him to transcend normal physical
limitations and routines. Throughout recorded history (and before) men have
eaten, imbibed, sniffed and injected extracts of plant or animal origin to
achieve altered consciousness. Herodotus (484-424 B.c.) noted that the
Scythians steamed hemp seeds on extremely hot stones. Breathing the vapors
made them shout for joy and otherwise exhibit feelings of euphoria.

Societies in every part of the world developed rituals and religious foun-
dations for use of certain extracts since the mental state created by these drugs
was likened to paradise. North American indians (and before them the
Aztecs, Incas and the Mayas) have long used peyote, mushrooms and olo-
liuqui. The use of hashish (or other forms of cannabis) is worldwide. It
developed extensively in the Arabic lands. The word hashish is derived from
the Arabic hashishin or hemp-eaters. In the eleventh century, a group of
hashishin practised murder of enemies as a sacred religious obligation. Prior
to assigned assassinations, they would take hashish in order to feel the ecstasy
of heaven. No wonder that by a play on words the sect became known as the
“assassins’’!

Asians, Africans and Polynesians have incorporated substantial use of
mood-altering materials in their cultures. Although some scholars have
claimed that hallucinogenic agents were used extensively in biblical times, it
remained for the Judeo-Christian culture to develop strong taboos on ‘“‘drugs
for escape from reality.” The one exception was the use of alcohol. Even in
that, limited indulgence was recommended. In many Protestant groups,
alcohol, caffeine and nicotine were and are proscribed. It is clear that the intent
of classical Western ethics is against mind-altering drugs. It has been said that
while people of other cultures were weakened by drugs that altered the mind,
Europeans were diligently developing the social structures and technology
that altered the world.
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FIGURE 8.1 Amanita muscaria—"*The Divine Mushroom”. This species of
mushroom, long known throughout Europe and Asia as a fly agaric is believed by
some to be the source of Soma, the hallucinogen of Vedic culture.
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Now, the separations and purity of cultures have essentially been destroyed
by the selfsame science and technology. Chemistry has played its part in this
transformation. Most illusions and magical aspects of age-old extracts have
been exposed. We are now able to isolate and identify the active agents in
many of the naturally occurring “mystical”” extracts. We are also able to
synthesize numerous analogs with varied and intense pharmacological
properties. It is common knowledge today that poppies grown in Asia can
appear as heroin in Chicago; that coca leaves grown in Central America are
extracted to yield cocaine that may be sniffed in Paris, and that amphetamines
and other synthetics are easily shipped all over the world. What are the
structures of these “molecules of mysticism™? In this chapter, we hope to
provide some answers to these and other questions.

Before proceeding to examine specific molecular systems, let us consider
the fascinating story of Soma, the “divine mushroom’. Many people thought
it to be fictitious, a creation of the mind of Aldous Huxley. Yet a Vedic culture
did exist 3000 years ago and from it we have a volume of 1028 hymns dedicated
to Soma. What type of plant was it? Its identity remains obscure. In 1963,
an amateur ethnobotanist, R. G. Wasson, undertook a study of the problem.
Wasson, a retired banker, and his wife have spent years examining mush-
rooms throughout the world. Through their study of mushrooms, they
made substantial contributions to our understanding of the migrations and of
the linguistic patterns among tribes in ancient Asia. They also uncovered the
long-hidden mushroom cult of Mexico (see p. 174).

After extensive scholarly and scientific investigation, Wasson concluded
that Soma actually is Amanita muscaria, a brilliant red mushroom with white
spots common to all of northern Eurasia (Figure 8.1). He based his assignment
among other things on folklore and Vedic writing, the Rg Veda.

Amanita muscaria has long been known as a “fly agaric”. In other words,
the resinous material from this mushroom is used to attract flies so that they
may be killed. The mushroom may be crushed and its juices spread on a
surface; alternatively, it may be cut longitudinally to expose the juices. In both
cases, flies are attracted, suck the juices and fall into a stupor. It takes hours for
them to recover. In the meantime they are, of course, easy prey for their
enemies.

The Wassons found that the Koryak, the Ostyaks and other Siberians
established complex procedures for consuming mushrooms. For example, the
women chewed the Amanita muscaria and rolled the cuds into elongated rods.
They then provided the masticated specimens for the men to swallow whole.
Early the Aryans (Indo Europeans) discovered that the intoxicating principles
were excreted essentially unaltered in their urine. This gave rise to the religious
rite in which celebrants drank their own or another’s urine in order to maintain
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the intensity of the intoxication. Urine cults in many forms abounded in Asia
in protohistorical periods and even to recent times. In the fourth century, St.
Augustine, a Manichaean before his conversion to Christianity, railed against
this Iranian-based religion because of its hedonistic values which included
enormous consumption of the red mushroom (Amanita muscaria). Later the
selfsame Manichaeans ruled China. In the twelfth century, a Chinese official
wrote that the Manichaeans considered urine as ritual water and used it for
their ablutions.

It is Wasson’s contention that the identification of Amanita muscaria with
killing flies came from Oriental and Christian moralists in order to hide the
true character of Amanita muscaria. Incidentally, John Allegro developed this
theme extensively in the Sacred Mushroom and the Cross.

Wasson presents a detailed analysis of the Rg Veda to support his thesis that
Soma and Amanita muscaria are one and the same. He compares the hymns to
Soma appearing in the Rg Veda to the references to Huoma from the Avesta,
the bible of the Zoroastrians. He considers the substitutes for the lost Soma in
the post-Vedic times, the other suggestions as to its identity and the relationship
of the Chinese Ling Chih to Soma. Chinese people believe that good fortune
comes to those who collect and eat the Ling Chih, that old people achieve even
greater longevity and sick people become remarkably well. As an aside, it has
recently been shown by some Japanese scientists that a modern version of Ling
Chih, namely lentin, reduces cholesterol levels i the blood. Perhaps the
ancient Chinese understood the practical aspects of diet and disease at least as
well, if not better than we do in our highly “scientific” society.

It remained for Wasson and his associates to experiment with Amanita
muscaria. He wrote:

In 1965 and again in 1966 we tried out the fly-agarics repeatedly on ourselves. The results
were disappointing. We ate them raw, on empty stomachs. We drank the juice, on empty
stomachs. We mixed the juice with milk, and drank the mixture, always on empty stomachs.
We felt nauseated and some of us threw up. We felt disposed to sleep, and fell into a deep
slumber from which shouts could not rouse us, lying like logs, not snoring, dead to the
outside world. When in this state, I once had vivid dreams, but nothing like what happened
when I took the Psilocybe mushrooms in Mexico, where 1 did not sleep at all. In our experi-
ments at Sugadaira there was one occasion that differed from the others, one that could be
called successful. Rokuya Imazeki took his mushrooms with mizo shiru, the delectable soup
that the Japanese usually serve with breakfast, and he toasted his mushroom caps on a fork
before an open fire. When he rose from the sleep that came from the mushrooms, he was in
full elation. For three hours he could not help but speak; he was a compulsive speaker. The
purport of his remarks was that this was nothing like the alcoholic state; it was infinitely
better, beyond all comparison. We did not know at the time why, on this single occasion,
our friend Imazeki was affected in this way.

Wasson does not present an appealing picture. Even the one apparently
successful encounter is vaguely described. We are left with the clear impression
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that euphoria is only one ingredient of the fly agaric experience. To the chemist,
it is not possible to forget that Amanita muscaria contains a deadly poison,
muscarin. Ingestion of “Soma’ is certainly not free of dangers.

~
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Let us now proceed to discuss four different classes of molecules that affect
mental processes—most fit into the classification of hallucinogenic or psycho-
tomimetic drugs.* Our list includes:

1) Lysergic acid derivatives (LSD, alkaloids from ololiuqui, etc.)
2) Phencthylamine compounds (mescaline, amphetamines, etc.)
3) Tryptamine-based molecules (psylocin, bufotenine, etc.)

4) Cannabinoids from Cannabis sativa (hashish, marihuana, etc.)

This is by no means a complete list. It will suffice for us to illustrate the
underlying chemical and biological principles that govern the effects of these
mind changers.

1. Lysergic Acid Derivatives

A ““devil’s curse”, ““St. Anthony’s fire”,t the “diabolical seed”, were typical
descriptions of ergotism, a disease long known in Europe when rye (or even
wheat) was infected by the fungus, Claviceps purpurea. Two types of ergotism
were clearly observed, the gangrenous and the convulsive. With the gangrenous
infection, people experienced tingling fingers and toes, followed by vomiting
and diarrhea. In a few days, they experienced painful rotting of toes and fingers.

* Hallucinogens and psychotomimetics have been used to apply to molecules that alter
thought, perception and mood. Short-term side effects such as addiction, nervous system
deterioration and memory impairment are considered minimal for this group of drugs. It
should be recalled that we considered narcotic drugs in the chapter dealing with pain killers.
This separation is not accidental since we believe their mode of action and side effects are
such that they fall outside of the definition of hallucinogens and psychotomimetics.

+ The term actually arose from the fact that many sufferers of ergotism ran extremely
high fevers. They had the sensation of being on fire. From the eighth century, the disease was
called ignis sacer (the holy fire). St. Anthony was an early Christian monastic (second-third
century) whose bones were enshrined in Constantinople. In the eleventh century, they were
brought to Vienna during a coincidental but particularly virulent siege of ergotism. After St.
Anthony’s bones were situated in Vienna, the disease began to abate. From that time,
afflicted people have prayed to St. Anthony and the disease became known as St. Anthony’s

fire.
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Dry gangrene of entire limbs ensued. In many cases, arms and/or legs fell off.
Death came slowly in agonizing stages. If the disease were of the convulsive
types, the symptoms began as noted above. Instead of gangrene, intense
convulsive muscle spasms of the limbs developed followed by epileptic-type
seizures. Ultimately, the patients became delerious, fell into a coma, and
slowly died.

Epidemics of both types occurred before and during the Middle Ages in
such widely separated places as the Ukraine and the southern regions of
France, typical grain-growing areas of Europe. Imagine the view of the ancient
or medieval man when entire villages were overwhelmed by the disease. Not
only were people overcome, but livestock were even more susceptible. When
people died in the thousands, horses and cattle died in the tens of thousands.

Julius Caesar’s legions were obsessed with fear of poisons and food spoilage.
Yet their ranks were ravaged by ergotism arising from spoiled grain during one
of the campaigns in southern Gaul. In the year A.D. 994, it was estimated that
50,000 people died in an epidemic in France alone. European history is replete
with recurrent outbreaks. After the severe epidemics of 1770 and 1777,
legislation was introduced in France and other countries. As late as 1926, an
extensive ergot infection of rye occurred in Russia leading to 11,000 cases of
ergotism. Two years later, several hundred Jewish refugees in England from
Eastern Europe came down with ergotism after consuming coarse rye bread
from spoiled grain grown in England.

The medieval man must certainly have considered the infected villages to be
in league with the devil. Fortunately, the fungal infections were easy to see
since the kernels of the grain were replaced by a protruding brown-violet
horn-shaped mass (Figure 8.2). Farmers early recognized that the disease could
be controlled by prohibiting use of grain with substantial ergot growths. As

ergotamine




FIGURE 8.2 Ergot on Rye. The fungus Claviceps purpurae forms horny nodules
rich in ergot alkaloids. Ingestion of infected grain can lead to the often fatal disease,
ergotism. [From the book by Pamela M. North, 1967. Poisonous Plants and Fungi in

Colour, Blandford Press Ltd., London]
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noted above, laws were passed in many countries. These proscribed use of
grain more than three ergot nodules per thousand kernels of grain. Recently,
it has been suggested that even this number may be toxic to livestock.

What are the active ingredients of this pernicious fungus? How do they
achieve such hideous effects ? Earlier in this century, structures of an alkaloid
family responsible for ergotism were elucidated. All are amides of lysergic
acid. The amine portions are constructed from cyclic tripeptides. A prime
example of this group is ergotamine.*

This compound can be hydrolyzed to form lysergic acid and various
hydrolysis products of the cyclic tripeptide including: ammonia, pyruvic acid,
proline and phenylalanine.

Fragmentation of Ergotamine

strong acidic or
COOH ‘ basic hydrolysis
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In lysergic acid, carbons 5 and 8 are asymmetric; hence there are four optical
isomers. All four optical isomers of lysergic acid are psychotomimetically
inactive. However, derivatives of lysergic acid are biologically active; the
D-isomers particularly so.

* This compound is useful in treatment of migraine headaches, and has been used to
reduce intense labor pains during childbirth.
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Spoiled grain is not the only natural source of lysergic acid derived psycho-
tomimetic agents. Ololiuqui, an hallucinogen-producing vine of the Aztecs. was
described by Francisco Hernandez, personal physician to the King of Spain.
He worked in Mexico from 1570-1575. To the trained botanist, the picture of

De OLILITVH VI, feu plantaorbicularium foliorum . (ap XIV.

LILIVHQVI , quam € oaxibuitl o
feu herbam Serpentis alij vocant,
volubilis herba eft, folia viridia ferens, te-
nuia,cordis ﬁgura. caules teretes,virides, te-
nuclg; . floresalbos, & longiufculos . femen
rotundum fimile Coriandro,vnde nomen,
radices fibris fimiles, calida quarto ordine
plantacft. luem Gallicam curat. dolores ¢
frigore ortos fedat . Hatum, ac prater natu-
ram tumores difcutit . puluis refina mixtus
Hit frigus . luxatis auc fractis offibus , &
umbis feeminarum laxis,aucto robore mi-
rum auxiliatur in modum.S eminis etiam.
cft vfus in medicina, quod tritum,ac deuo-
ratum, illicumq; capiu, & fronti, cum laéts
& Chills , fertur morbis oculorum mederi.
deuoratum vero, venerem excitat. Acri eft
fapore, & temperie, veluti & planta cius,
impense calida . Indorum facrificicum vi-
deri volebant verfari cum Superis,ac relp6-
faaccipere abcis,ea vefcebatur planca,ve de-
fipetent, milleq; phantafmara,& dzmona obuersatium effigies circumfpeta-
fent. quain re Solano maniaco Diofcoridis fimilis forta(fe alicui videri poffic .

FIGURE 8.3 Text and illustration from Hernandez' study of plants and animals
of the new world. In this passage Dr. Hernandez describes the Mexican morning
glory, ololiuqui (Rivea corymbosa). [From Francisco Hernandez' Rerum medicarum
Novae Hispaniae thesaurus, seu plantarum, animalium, mineralium mexicanorim
historia (Rome, 1651)]

the plant, shown in Figure 8.3, clearly shows that ololiuqui (Rivea corymibosa)
is a morning glory, a member of the Convolvulaceae family.

The early Spanish chroniclers were ecclesiastics. They viewed the use of
these plants for divination as satanic. Very quickly Christian persecution
drove the users of the seeds underground.
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It was not until the 1960s that the active psychoactive ingredients were
shown to be of the lysergic acid type. A whole group of related alkaloids were
characterized and identified as ingredients of the morning glory seed. A partial
list of some of these compounds includes ergine, isoergine, ergometrine,
chanoclavin, elymoclavin, and lysergol.
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It remained for the chemist to outdo nature in producing a lysergic acid
derivative with enormous physiological and psychodynamic activity. In 1943,
Dr. Albert Hofmann of the Sandoz Laboratories at Basel, Switzerland, was
engaged in making various amides of lysergic acid in the hopes of obtaining an
improved analeptic agent related to nikethamide, the structural formula for
which is shown below.

0 R
I CHs
! C“N‘(

nikethamide

In the course of this work, he synthesized lysergic acid diethylamide (LSD)
from lysergic acid and diethylamine. As shown in the reaction sequence
below, a standard preparation of an acid chloride is undertaken. This material
can then be allowed to react with excess diethylamine in an aqueous organic
solvent. The neutral product represents the desired lysergic acid, diethylamide
(LSD).
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While working with the new materials, Dr. Hotfmann was stricken with
severe hallucinations which he knew arose from accidental inhalation of LSD.
Hofmann described the psychological effects of the drug as follows:

On a Friday afternoon, April 16, 1943, while working in the laboratory, I was seized by a
peculiar sensation of vertigo and restlessness. Objects, as well as the shape of my associates
in the laboratories, appeared to undergo optical changes. [ was unable to concentrate on my
work. In a dreamlike state, [ left for home, where an irresistible urge to lie down and sleep
overcame me. Light was so intense as to be unpleasant. I drew the curtains and immediately
fell into a peculiar state of ““drunkenness”, characterized by an exaggerated imagination.
With my eyes closed, fantastic pictures of extraordinary plasticity and intensive color
seemed to surge towards me. After two hours, this state gradually subsided and I was able
to eat dinner with a good appetite.

And so, inan anticlimactic fashion, Dr. Hofmann concluded his description
of the first LSD “'trip” ever. From his own words it does not appear that he
achieved the state of nirvana or divine happiness. Yet there is no question that
he discovered a powerful drug with unpredictable social and medical
implications.

Almost immediately following the initial synthesis of LSD, medical
researchers began their studies with psychotomimetic drugs. Within a short
time, the use of LSD in psychiatry came under heavy attack. Experts disagreed
violently with each other; the cases for and against the use of LSD spilled over
into the popular press. The time was correct, the drugs available and the
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