Drugs Affecting
the Respiratory System

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Drugs Affecting
the Respiratory System

Davis L. Temple, Jr., EDITOR

Mead Jobhnson Pharmaceunticals

Based on a symposium sponsored by
the Division of Medicinal Chemistry
at the 175th Meeting of the
American Chemical Society,
Anaheim, California,

March 13-16, 1978.

ACS SYMPOSIUM SERIES]]B

AMERICAN CHEMICAL SOCIETY

WASHINGTON, D. C. 1980

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Library of Congtess CTIP Data

Drugs affecting the respiratory system.
(ACS symposium series; 118 1SSN 0097-6156)

Includes bibliographies and index.

1. Respiratory agents—Congresses. 2. Structures—
activity relationship (Pharmacology) —Congresses.

1. Temple, Davis L., 1943- . 11. American Chemi-
cal Society. Division of Medicinal Chemistry. IIL
Series: American Chemical Society. ACS symposium
series; 118.

RM388.D78 615°.72 79-24958
ISBN 0-8412-0536-1  ASCMC8 118 1-396 1980

Copyright © 1980
American Chemical Society

All Rights Reserved. The appearance of the code at the bottom of the first page of each
article in this volume indicates the copyright owner’s consent that reprographic copies of
the article may be made for personal or internal use or for the personal or internal use of
specific clients. This consent is given on the condition, however, that the copier pay the
stated per copy fee through the Copyright Clearance Center, Inc. for copying beyond that
permitted by Sections 107 or 108 of the U.S. Copyright Law. This consent does not extend
to copying or transmission by any means—graphic or electronic—for any other purpose,
such as for general distribution, for advertising or promotional purposes, for creating new
collective works, for resale, or for information storage and retrieval systems.

The citation of trade names and/or names of manufacturers in this publication is not to be
construed as an endorsement or as approval by ACS of the commercial products or services
referenced herein; nor should the mere reference herein to any drawing, specification,
chemical process, or other data be regarded as a license or as a conveyance of any right or
permission, to the holder, reader, or any other person or corporation, to manufacture, repro-
duce, use, or sell any patented invention or copyrighted work that may in any way be
related thereto.

PRINTED IN THE UNITED STATES OF AMERICA

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



ACS Symposium Series

M. Joan Comstock, Series Editor

Advisory Board
David L. Allara
Kenneth B. Bischoff
Donald G. Crosby
Donald D. Dollberg
Robert E. Feeney
Jack Halpern
Brian M. Harney
Robert A. Hofstader

W. Jeffrey Howe
James D. Idol, Jr.
James P. Lodge

Leon Petrakis

F. Sherwood Rowland
Alan C. Sartorelli
Raymond B. Seymour

Gunter Zweig

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



FOREWORD

The ACS SymrostuMm Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



PREFACE

The importance of the lungs as effector organs of respiration cannot be

denied. Respiration and life itself depend ultimately on absorption
of oxygen from the atmosphere and excretion of carbon dioxide through
pulmonary ventilation. Good health depends on the quality of this vital
system. Thus impairment of the respiratory system through loss of respi-
ratory muscle function, increased airway resistance, decreased lung com-
pliance, alveolar destruction, or physical obstruction leads to a general
loss of one’s ability to function. Certain disease states such as emphysema
are progressive and may ultimately prove fatal, whereas a mild case of
bronchial asthma may merely limit one’s capacity to exercise. However,
in every untreated case of respiratory disease the quality of life invari-
ably is lowered.

Respiratory disease may often be traced to an external source such
as an inhaled allergen, pathogen, particulate matter, chemical irritant, or
other, undefined material. Ideally, the resulting disease state would be
abolished by removing the suspect material from the environment; how-
ever, often this is not possible. We are left then to define effective drugs
for the treatment of bronchial asthma, chronic bronchitis, chronic pul-
monary emphysema, and a variety of other debilitating respiratory
diseases.

It is the purpose of this book to explore the contemporary develop-
ment of drugs affecting the respiratory system and their application to
modern medicine. The volume is divided into two parts: mediator release
inhibitors, and bronchodilators and other pharmacodynamic agents. In
the introduction to the first section, the historical importance of the evo-
lution of cromolyn sodium from the naturally occurring compound khellin
is discussed. These mediator release inhibitors are useful prophylactic
drugs for the treatment of asthma, and their development has provided
both a new avenue for therapy and a new direction for the medicinal
chemist. Extensive efforts to develop an orally active, more effective
cromolyn-like drug by much of the pharmaceutical industry resulted in
a plethora of promising compounds; many of these were poorly effective
in the clinic and subsequently abandoned. Fortunately a number of these
agents did perform well in human clinical studies and are now in ad-
vanced study. Successes in this area have come as a result of a better
understanding of the biologic mechanisms of action of antiallergic agents
and the inherent limitations of animal screening methods used to select
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clinical candidates. The development of several of the more promising
compounds is described also. The significant chemistry and structure—
activity relationships that led to the selection of these compounds are
highlighted.

The final chapter in this section deals with oxatomide, an antiallergic
antihistamine. This agent may act by a different mechanism than the
cromolyn-related antiallergics or the classical antihistamines. Such com-
pounds are clinically effective and seem to offer yet a new direction for
exploration.

The second part of “Drugs Affecting the Respiratory System” focuses
on drugs that not only may inhibit immunologically induced release of
mediators from target cells, but more importantly, that may inhibit the
consequences of mediator release. Such drugs include bronchodilators
and other pharmacodynamic agents. In the introduction to this second
part, the multipartite nature of asthma and respiratory disease in general
are discussed. This sets the stage for the following chapter in which
pathophysiologic derangements in chronic obstructive pulmonary dis-
ease are discussed from a clinical point of view. The need for agents,
such as bronchodilators, for chronic disease therapy and the deficiencies
in existing therapy are well illustrated.

The following two chapters deal with the historical and contemporary
aspects of both adrenergic and theophylline-related bronchodilator drugs.
Several new structural types are considered that may indicate future
trends in these areas. The problems with theophylline therapy are well
documented and the need for improved agents of this class is empha-
sized.

The last chapter of the book explores in depth an important new area
—prostanoid bronchodilator drugs. An extensive review of the chemistry
and structure—activity relationships of the prostaglandin bronchodilators
is presented for the first time and prospects for a useful clinical agent are
discussed.

In recent years drug research in the respiratory area has been at an
all-time high. Much of this work has stemmed from the discovery of
cromolyn sodium as a truly new therapeutic modality as well as from a
better appreciation of the pharmacodynamics of theophylline. Newer
agents such as prostaglandin bronchodilators are now being studied
extensively. One must feel that these extensive efforts will culminate in
the development of better therapy for the patient suffering from respira-
tory disease.

Mead Johnson Pharmaceuticals Davis L. TEMPLE, JR.
Evansville, Indiana 47721
August 6, 1979
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Introduction: Perspectives on Antiallergic Agents

H. F. HODSON

The Wellcome Research Laboratories, Langley Court,
Beckenham, Kent BR3 3BS, England

It is now more than ten years since Fisons, U.K. introduced
the compound Intal, cromolyn sodium, or disodium cromoglycate as
it will be referred to in this introduction, as an effective agent
for the prophylaxis of asthma in man. This introduction caused
considerable excitement and activity in the rest of the pharm-
aceutical industry as well as in academic medical circles. There
were several reasons for this interest but one of the most import-
ant was that cromoglycate appeared to be a drug with a completely
novel mode of action in asthma therapy.

9H
0 0.CH2.CH.CH2.0

Na02C 0 0 COyNa
Intal; disodium cromoglycate

To see how novel this mode of action was we must briefly
consider the processes which are believed to be involved in
allergic asthma. The basis of the disease is thought to be an
immunological process. The asthmatic individual has become
sensitised to an external agent, or antigen, usually protein in
nature, such as house dust mite, pollen, feathers, animal scurf,
ete. by producing antibodies towards the antigen. When the
sensitised individual comes into contact with the antigen these
antibodies combine with the antigen and the formation of antigen-
antibody complexes is followed by the release of a number of
substances, collectively called mediators, which together are
responsible for the bronchospasm and other symptoms of an
asthmatic attack. Among these mediators are histamine, serotonin,
kinins, and the so-called SRS-A. SRS-A is an as yet chemically
uncharacterised substance,* although considerable effort has been

0-8412-0536-1/80/47-118-003%05.00/0
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4 DRUGS AFFECTING THE RESPIRATORY SYSTEM

and is currently being spent, on attempts to elucidate its
structure; the initials stand for Slow Reacting Substance of
Anaphylaxis.  Anaphylaxis is a general term covering the full set
of reactions which are triggered off by the mediators.

The sequence of events, then, is as follows. An individual
reacts to an external agent or antigen by producing antibodies.
These antibodies become attached to the membrane of specialised
cells, for example mast cells, which contain the mediators in
granules. Once these antibodies are formed and have become
attached to the mast cell membrane the individual has become
sensitised. On further contact with antigen, or challenge, the
antigen combines with the cell-bound antibody, the antigen-anti-
body complex remaining attached to the cell. The next event is
release of the mediators from the cells by a process known as
degranulation. This is not a break-down of the cells but is an
active secretory process; degranulated mast cells are able to
regenerate themselves. The released mediators provoke an
anaphylaxis or anaphylactic shock which in the case of asthma is
primarily a contraction of the smooth muscle of the bronchioles
which leads to bronchoconstriction. In addition the lining of
the bronchioles swells and mucous is secreted. These and
associated reactions combine to reduce the passage of air and lead
to the typical asthmatic reaction.

If we accept this sequence of events, then, we can see that
there are several points at which it is theoretically possible to
interfere with the process and thereby to prevent or relieve an
asthmatic attack. The first point is the end organ, the
bronchioles. Before cromoglycate was introduced the most widely
used therapy in asthma employed bronchodilators, in the form of
g-adrenergic agents. These physiological antagonists act at the
final stage of the process by relaxing the smooth muscle of
bronchioles and thus counteracting the bronchoconstrictor effect
of the allergic mediators. However, in general g-adrenergic
stimulants have poor selectivity of action. In particular they
have effects on the cardiovascular system, particularly the heart.

A second possible point of attack is not at the end organ
but on the mediators themselves, by the use of competitive ant-
agonists, In this case, of course, we would need either an agent
which antagonised all the mediators or a mixture of agents, each
one antagonising one or more mediators. Antihistamines have
never been widely used in the clinical treatment of allergic
asthma suggesting that histamine does not play a dominant role in
this disease in man, although it is certainly important in ana-
phylactic reactions in other species. There is, though, a great
deal of indirect evidence to show that SRS-A does play an import-
ant role in inducing the symptoms of human allergic asthma. A
specific antagonist of SRS-A could therefore be of therapeutic
value in asthma and could also help to define the role of SRS-A in
asthma. The first such specific antagonist, FPL 55712, was
reported by Fisons, some four years ago but there have been no
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1. HopsOoN  Perspectives on Antiallergic Agents 5

reports of its clinical application.

0
Me.CO
9H
HO// \\O.CHZ.CH.CHZ.O COoH
Pr Pr
FPL 55712

It was early demonstrated that although cromoglycate was
effective as an asthma prophylactic in man it had no pharma-
cological action either as a bronchodilator or as a competitive
antagonist to the mediators of anaphylaxis. The Fisons' workers
concluded that it acted at a third point, the mediator release
step; it did not prevent the combination of antigen with anti-
body but inhibited the release of the mediators which normally
follows formation of the antigen-antibody complex.

Cromoglycate appeared to have, then, what at the time was a
completely novel mode of action which has given us the title of
this Symposium - Mediator Release Inhibitors. This type of
action quickly became known-as antiallergic activity, a term which
increasingly became familiar to medicinal chemists during the
1970's.

At this point we must appreciate, however, that the effect-
iveness of Intal in allergic asthma was first demonstrated direct-
ly in man and that much of the work establishing its mode of
action came later. Out of this work also came a number of
laboratory test systems for detecting antiallergic activity of
which the most widely used has been the so-called passive cutan-
eous anaphylaxis or PCA reaction in rats. In this test rats are
sensitised towards a particular antigen; ovalbumin is usually
used, together with B. pertussis as an adjuvant. In becoming
sensitised these rats have produced antibodies of a particular
type, the so-called IgE antibodies, which are believed to be of
the same type as those involved in human allergic asthma. When
serum from these rats is injected into other rats these latter
animals now carry the antibodies, and are said to be passively
sensitised. In the PCA test injection of antigen into these rats
produces a characteristic skin reaction, or cutaneous anaphylaxis
which can readily be measured. The PCA reaction, then, involves
a skin, or cutaneous, anaphylaxis in animals which have been
passively sensitised. It was assumed that the basic mechanism
of mediator release which operates in the PCA reaction is the
same as the mediator release step in human allergic asthma. It
was shown that cromoglycate given intravenously before antigen
challenge is a potent inhibitor of the rat PCA reaction and this
animal model rapidly became established as a test system for the
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6 DRUGS AFFECTING THE RESPIRATORY SYSTEM

detection of antiallergic activity.

At this stage it is necessary to emphasise two important
aspects of the PCA test. The first is that antiallergic agents
are prophylactic in action; the drug has to be present at the
time of antigen challenge and therefore the animal must be dosed
before antigen is injected. The second point is that a compound
which interferes with the anaphylactic response itself, for
example an antagonist of one of the mediators, will obviously
inhibit the PCA reaction; in the case of a positive result
further tests are therefore necessary to determine whether the
inhibition is caused solely by blocking mediator release.

Many other tests have been designed to detect or to confirm
inhibition of mediator release. They cannot be discussed in this
introduction but it is sufficient to say that all of them involve
the establishing of an <n vivo or an i<n vitro system in which an
organism, a tissue, or a group of cells, is sensitised to a part-
jcular antigen. When challenged with this antigen the release
of medijators can be measured either by observing a physiological
response or by assaying one or more of the mediators themselves.
Antiallergic activity of a compound can be assessed by its ability
to supress the response or to prevent the formation of the
mediator which is assayed.

Cromoglycate, then, appeared to be unique in its mode of
action but at the time of its introduction it was also unique in
its mode of administration - it was given by inhalation of a dry
powder and had no demonstrable therapeutic effects when given by
mouth. At the time this method of administration was thought not
to be ideal, particularly for the therapy of a disease in which
there is a reduced capability for inhalation. The appearance of
cromoglycate thus not only stimulated most major pharmaceutical
companies into a search for alternative antiallergic agents but
provided an extra incentive in the expectation that an orally
effective drug could be discovered. Just as cromoglycate is
ineffective in man when given orally it shows no effect as an
inhibitor of PCA reaction in rats after oral administration
although when given intravenously powerful inhibition of the PCA
reaction is seen. It was expected, therefore, that if a compound
could be produced which was an effective inhibitor of PCA in rats
after oral dosing, then this compound could be an effective oral
antiasthmatic drug.

Several factors determined the way in which the search for
antiallergic agents developed over the next few years. Many
companies started a search for alternative antiallergic drugs,
desirably orally active, but all started at about the same time
and from roughly the same point. This starting point was the
knowledge that cromoglycate and a few closely related compounds
were effective against allergic asthma in man and were also
effective at inhibiting the PCA reaction in rats. Little was
known about the actual mechanism of mediator release so there was
no available knowledge on which to base the rational design of
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1. HoDSON  Perspectives on Antiallergic Agents 7

drugs in this area. It is not surprising, therefore, that during
the first 5 or 6 years of the search for antiallergic drugs it was
evident from patent specifications and publications that most of
the active compounds were similar to each other and had obviously
been inspired by the chemical structure of cromoglycate itself.
The direction of this work can be seen conveniently by using the
development of one of our own antiallergic drugs, doxantrazole,
as a framework.

Early in our work we found that xanthone-2-carboxylic acid
(1) had significant activity as an inhibitor of the PCA reaction
in rats - of the order of 100 mg/kg after i.v. administration.
Only the 2-carboxylic acid had appreciable activity - the 1,3 and
4-carboxylic acids were inactive or only poorly active.

0 1
, 2 C02H
!
5 0 4

(1)

It soon became clear that, not surprisingly, many other
groups, notably Allen and Hanburys in England and Syntex in the
States, had arrived at similar conclusions. Patent specifica-
tions and publications showed that a large number of substituted
xanthone-2-carboxylic acids were being investigated and signif-
icantly in some cases, notably those with 7-substituents or 5,7-
substituents, oraly activity was claimed. Some of these com-
pounds were thought to be sufficiently active to be taken to trial
in man and feature in comparative discussions in several contri-
butions to this Symposium.

Further work showed that other tricyclic systems provided
compounds which were equally active. Thus, we found that thio-
xanthone-(2, X = S) acridone-(2, X = NH) anthraquinone-(2, X = CO)
and flurenone-(2, X = bond)-2-carboxylic acids all had activity
comparable with that of the xanthone acid and similar findings
were reported by other groups. Only those compounds with the
carboxylic acid function in the 2-position were significantly
active; the other isomers were weakly active or inactive.

0 0
2 _COoH PR
o8
X TN R
(2) (3)
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8 DRUGS AFFECTING THE RESPIRATORY SYSTEM

At this stage the known antiallergic agents fell into two
broad groups - the tricyclic acids just discussed and a huge range
of compounds which were formally more closely related to the
chromonecarboxylic acid moiety of cromoglycate itself. Most of
this latter group can be accommodated in the general formula (3)
in which X can be 0, NH or S and A may be monocyclic, polycyclic
or heterocyclic but is usually aromatic and therefore planar, and
R is a carboxylic acid or other acid function. In a number of
cases the acid function is adjacent to the carbonyl group.

These compounds come from the work of many groups and
further examples are still appearing. It appears that if one
can imagine this partial formula (3) or, in some cases two such
moieties, incorporated into any kind of essentially planar di, tri
or tetracyclic system then the resulting compound will have anti-
allergic activity - and most of the structures which one could
imagine have been prepared. In some cases individual compounds
have been claimed to have appreciable oral activity - at a level
which was thought high enough for trial in man.  Examples of
these will appear in later contributions but are not discussed
here mainly because there are no readily discernible relation-
ships between structure and oral activity.

A significant general observation on all these structural
types is that i.v. activity was compatible with a wide range of
substituents. In none of the early series was there an obvious
relationship between activity and the physicochemical parameters
of substituents; a surprisingly wide range of 1ipophilic - hydro-
philic or electronic character was compatible with high activity.
The structural factors governing oral activity were even less
obvious.

Many dicarboxylic acids are particularly potent after i.v.
administration; thus fluorenone 2,7-dicarboxylic acid (4) and the
heterocyclic dicarboxylic acid ICI 74917, bufrolin, had activity
greater than cromoglycate by factors of 4 and 300 respectively.

COoH
0 N
H
O‘O s )
Bu
0
(4) ICI 74917, bufrolin

These dicarboxylic acids and others prepared by the Upjohn and
other groups, although highly active by the intravenous route,
in general lacked oral activity.
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1. sBopson  Perspectives on Antiallergic Agents 9

Although these broad generalisations cover most of the
compounds for which antiallergic activity has been described
there are a number which fall outside this area. In some cases
there are planar polycyclic systems incorporating an oxo-group but
with a carboxyl function attached not directly to the planar
system but carried on a side chain. In other cases we have
structures which at first glance appear to be completely different
but on closer examination can be seen to have features compatible
with our broad generalisations. One of these is illustrated by
the nitroindandione BRL 10833 from Beecham, which, although
chemically distinct from the preceding compounds has a planar
system, a carbonyl function and a strongly acidic group. Another
is provided by the azapurinone series, exemplified by M & B 22948
and discussed in a later contribution; again we have a planar
system, one held planar by hydrogen bonding, and an acidic funct-
ion. A different example is furnished by W8011 of Warner Lambert
which, although not acidic, is metabolised to the corresponding
carboxylic acid which is believed to be responsible for the anti-
allergic activity.

0
Me Pro HN | )
QP
~
Me N N
0
BRL 10833 M & B 22948
0
CH20H

N |

OMe
W8011

At this point I would 1ike to return to our own work and
consider how we arrived at a compound with appreciable oral
activity. Two independent observations contributed to this goal.

The first came from a continuing investigation of alternative
tricyclic systems as carriers of the carboxylic acid function and
the finding that compounds (5) in which X or Y equals sulphone,
for example, had high activity. One of these, the thioxanthone
dioxide BW 437C, had a higher ratio of oral to intravenous
activity than we had observed before,
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10 DRUGS AFFECTING THE RESPIRATORY SYSTEM

X _-COH
Y
(5)
0 0
N
~
N
BW 437C Doxantrazole

The second observation came from our attempts to see if we
could find alternatives to the carboxylic acid function. Several
such alternatives were investigated but only with the tetrazole
function did we find compounds with activity comparable with that
of the corresponding carboxylic acids. It has been known for
many years that 5-substituted tetrazoles are acidic and that for
any given carboxylic and tetrazole pair the difference in pKA is
generally less than 0.2. Since the overall bulk of the two
functions, and perhaps more importantly that of the anions derived
from them is not dissimilar it was suggested that in a biological-
ly active molecule with a carboxyl group, that group could be
replaced by a 5-tetrazole moiety with retention of biological
activity. This principle has been applied by many workers, part-
icularly in the anti-inflammatory area where carboxylic acids
abound, and more recently, for example, to prostaglandin
analogues; not surprisingly it has also been exploited by several
groups working in the antiallergic area. With our compounds
not only were tetrazoles as active as carboxylic acids but 1in
general they had greater oral potency. This observation led us
to the thioxanthone dioxide tetrazole doxantrazole which had
relatively high oral activity, with an EDsg at ca. 10 mg/kg in the
rat PCA test.

This appeared at the time to be the highest oral activity we
could reach in this series. It is not perhaps startling in
comparison with compounds which have subsequently been discovered
by other groups - this will be quite clear from some of the
contributions which follow. Despite this it appeared that with
this Tevel of activity oral doses of between 200 and 400 mg in man
would be high enough to give plasma levels sufficient for a
therapeutic effect.
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1. HopsoN  Perspectives on Antiallergic Agents 11

It was mentioned earlier that many other tests had been
developed to detect inhibition of mediator release and doxan-
trazole was effective in some of these systems. One of these,
although an in vitro test, seemed to be of particular relevance
to the problem of allergic asthma in man. Isolated, chopped,
human Tung can be passively sensitised by exposure to serum
obtained from individuals containing antibodies to a specific
antigen. On challenge with this antigen the isolated tissue
releases anaphylactic medijators and a measure of the total
mediator release can be obtained by assaying histamine, one of
these mediators. Cromoglycate is effective in inhibiting
mediator release in this system and it was found that doxantrazole
was also effective, being at least 8 times as potent as cromo-
glycate.

Finally, doxantrazole was tested in selected human asthmatic
volunteers known to be sensitive to specific antigens. Antigen
challenge of such asthmatics produces an immediate broncho-
constriction which can be measured by recording the fall in FEV;
and peak expiratory flow rate. In eight such volunteers,
allergic to house dust mite, a single oral dose of 200 mg gave
significant protection against the bronchoconstriction caused by
challenge with specific antigen.

Following this demonstration of activity in a single dose
challenge study doxantrazole was taken to full scale clinical
trials against asthma. In several carefully controlled trials
conducted throughout the world it was shown that doxantrazole was
no better than placebo in protecting patients from asthmatic
symptoms.

There now appear to be many examples of potent antiallergic
compounds which, 1ike doxantrazole, have shown activity in systems
designed to detect inhibition of mediator release but have not yet
proved themselves clinically as effective antiasthmatic drugs.
Several of these agents have been shown to protect asthmatic
individuals against the immediate bronchoconstrictor reaction
provoked by a single antigen challenge, but have not yet succeeded
in long-term asthma prophylaxis. It is interesting to compare
this field with other therapeutic areas; 1in the ten years
following the introduction of propranolol, for example, no fewer
than nine other g-adrenergic antagonists reached the market in the
U.K. alone.

There are many possible reasons for the non-appearance to
date of successors to cromoglycate and it could be that there is
a different reason or set of reasons for each individual compound.
Problems of absorption, transport, distribution or metabolism may
play more or less important roles in different cases. It may be
that inhibition of mediator release is not the most important
factor in the clinical effectiveness of cromoglycate. Most of
the effort devoted to antiallergic research has assumed that
inhibition of mediator release was the sole requirement of an
effective prophylactic drug for allergic asthma. Only the next
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12 DRUGS AFFECTING THE RESPIRATORY SYSTEM

few years, and clinical work with highly active compounds 1ike
those described in the following contributions, will tell us
whether this assumption is valid.

Finally, in this context we should watch closely the clini-
cal development of compounds of a type not covered in this intro-
duction. These are basic compounds, structurally more similar to
histamine H;-antagonists, which inhibit mediator release but
which are also potent physiological or competitive antagonists;
ketotifen, from Sandoz, and oxatomide from Janssen are two recent
examples of this type of compound.

*Editor's note: The structure of SRS-A was disclosed subsequent
to the preparation of this manuscript at the Fourth International
Prostaglandin Congress in Washington, D. C. Samuelson and his
colleagues of Karolinska Institutet showed SRS-A to be a product
of arachidonic acid cascade which they called Leukotriene C.

The material is derived by ring-opening of the epoxide bond of
Leukotriene A by cysteine.

s/\/COOH
NH2

SRS-A (Leukotriene C)

Recervep August 6, 1979.
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The Mechanism of Histamine Release from Mast Cells

with Reference to the Action of Antiallergic Drugs

J. C. FOREMAN

Division of Clinical Immunology, Department of Medicine, The Johns Hopkins
University School of Medicine, 5601 Loch Raven Boulevard, Baltimore, MD 21239

It is now over a decade since the description of the antial-
lergic properties of cromoglycate (1) and it is worthy of note
that, like many other drug actions, they were discovered in man
and not in experimental animals. It became apparent shortly
after the description of the drug that it possessed a novel mecha-
nism of action, quite different from the classical drugs used to
treat allergic disorders such as R-adrenoceptor agonists, anti-
cholinergics, directly-acting smooth muscle relaxants and ster-
oids (2). The novel mechanism of action of cromoglycate has
become synonymous with the phrase "antiallergic activity" and a
vast effort has been expended in the past ten years by drug
houses worldwide to discover other antiallergic drugs, and in
particular, orally active antiallergic drugs, since cromoglycate
is only active when applied topically. No new antiallergic drugs
have been marketed. Does this reflect our ignorance of the mecha-
nism of action of this type of drug? Certainly, whatever the
mechanism of action of antiallergic drugs is at the cellular and
molecular level, it has eluded us and this has not made easier
the task of developing appropriate screens for finding new com-
pounds with antiallergic activity which are potent and orally ac-
tive in man. 1In an attempt to promote further thought, I propose
to describe some of our current knowledge of the mechanism of the
allergic reaction and to relate this to some of the observations
on the mode of action of antiallergic drugs.

Mechanism of Mediator Release

Immune Stimulus. The immediate-type allergic reaction is omne
of the immunological responses to antigen, and is characterized by
the involvement of the specific class of antibodies designated
IgE (3). The initial event in the generation of an immune re-
sponse is the invasion by the antigen. The host response is clas-
sically the generation of circulating IgG antibody or the produc-
tion of a cellular (lymphocyte) response. In some individuals and
for certain antigens, however, cytophilic IgE antibody is produced,

0-8412-0536-1/80/47-118-013%$06.00/0
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14 DRUGS AFFECTING THE RESPIRATORY SYSTEM

and while we know quite a lot about the control of IgE antibody
production (4,5,6), the factors which determine why some indivi-~
duals mount an IgE-response and become allergic remains unknown.
Figure 1 depicts what happens to the IgE antibody produced in re-
sponse to the initial antigen challenge.

Specific receptors on tissue mast cells or circulating baso-
phil leukocytes bind the Fc portion of the IgE molecule and the
antibody becomes cell-fixed. The Fc receptors for IgE have been
isolated and purified from a rat basophil leukemia (7,8). There
are about 2 to 8 x 107 of these receptors on a mast cell (9) and
it appears that the receptor protein is deeply embedded in the
membrane with little exposure to the external milieu (2,10). The
receptors appear to behave independently of one another and are
mobile within the membrane: possibly being connected with cellu-
lar microfilaments (12). The size of the receptor is the source
of some debate and it is uncertain whether it is a monomer or di-
mer (8,13): molecular weight estimates are in the range of 60,000
to 100,000, but it does seem fairly clear that the receptor is
monovalent with respect to IgE binding (11). Thus far, the major
importance of the isolated receptor has been in providing anti-
body against it (see below) (14,15).

Having bound IgE antibody, the sensitized cells are now
primed to react when the host encounters a second challenge with
antigen. Antigen binds to the Fab regions of the cell-fixed IgE
antibody and it is this antigen-antibody reaction which provides
the signal to the cell to release materials which mediate the ef-
fects that we recognize as an immediate-hypersensitivity reaction.

It has been shown that for the immunological signal to the
mast cell or basophil to be effective in releasing mediators, at
least bivalent antigen is required. It was recognized many years
ago that univalent haptens could not elicit an immediate hypersen-
sitivity reaction (16) and it has subsequently been shown that a
hapten or antigen must be bivalent or polyvalent in order to stim-
ulate mast cells and basophils to release their histamine (17).
Some elegant experiments by Magro and Alexander (18) showed that
IgE antibodies on rabbit leukocytes to two haptens: benzylpeni-
cillolyl- and dinitrophenyl- were freely distributed on the cell
membrane and that the cell could be triggered to secrete by join-
ing either two BP0, two DNP or linking together BPO and DNP. Fur-
thermore, since release by the mixed divalent hapten (DNP-BPO)
could be inhibited equally well with either univalent BPO or DNP
it was evident that two separate molecules of IgE were bridged
rather than internal bridging between the two arms of the Y-shaped
IgE molecule, Similar results have been obtained with DNP and BPO
haptens in human cells (19).

Further evidence that cross linking antibody molecules is a
fundamental process in triggering mast cells and basophils has
come from three different approaches. Firstly, release of hista-
mine from mast cells or basophils can be induced by anti-IgE anti-
body (20). Antibodies directed at IgE or Fab (IgE) were both ef-
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Figure 1. Sequence of events in the secretion of mediators from mast cells or
basophil leukocytes. IgE antibody (Y) binds to the cell membrane at specific receptor
sites to sensitize the cell. Antigen cross-linking IgE molecules provide a membrane
signal to the cell which sets in motion a chain of biochemical events. The membrane
surrounding the granules (@), which contains the mediators, fuses with the cell mem-
brane (exocytosi.j to allow the mediators to escape into the surrounding medium. The
granule matrix behaves as an ion-exchange resin releasing histamine and taking up Na
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16 DRUGS AFFECTING THE RESPIRATORY SYSTEM

fective in inducing secretion. Ishizaka and Ishizaka (21) then
demonstrated that only the F(ab')y portion of anti~IgE could cause
cell triggering: the Fab' (monovalent) portion was not active.
Thus, two antigen combining sites must be present on an anti-IgE
molecule for activity and it was concluded that anti-IgE activates
cells by linking together two or more IgE molecules.

The lectin, concanavalin A, binds to sugar moieties (22) and
the IgE molecule has associated carbohydrate (23). Keller (24)
showed that concanavalin A released histamine only from mast cells
which had been sensitized by fixation of IgE to the cell membrane.
The trypsinized derivative of concanavalin A which has a reduced
valency relative to the untreated tetramer was not active in trig-
gering mast cells., It was concluded, therefore, that concanavalin
A probably stimulated histamine release by cross-linking IgE
molecule bound to the cell membrane, by binding sugar moieties
associated with the antibody carbohydrate. Siraganian and Sira-
ganian (25) showed, using human basophils, that concapavalin A
released histamine from only those cells with surface bound IgE.

The final, very interesting approach, has been to use anti-
body directed against IgE receptor (15). The fact that this anti-
body causes cell activation demonstrates that it is unnecessary
for IgE to be bound to the receptor in order for triggering to
occur: only the IgE receptors need be cross-linked. Again, the
F(ab')y fragment of anti-receptor antibody is active but Fab' is
not active: that is, a bivalent molecule is required for activa-
tion (15).

Several lines of eviderice have, thus, led to the view that
mast cells and basophils are triggered to secrete by a membrane
signal which consists, at least in part, of a cross-~linking of
two or more membrane protein complexes referred to as IgE recep-
tors. As already pointed out, it is not yet known whether these
receptors are single proteins or a complex of proteins with spe-
cific functions. The coupling of this membrane signal to the
event which follows is currently the problem of major interest.

Calcium and Histamine Secretion. Histamine secretion from
basophil and mast cells requires the presence of calcium in the
extracellular medium (26,27,39). Figure 2 shows that there is a
graded increase in the range 0.1 mM to 1 mM. It was considered
that one possible mechanism for the coupling of the membrane sig-
nal (cross-linking IgE receptors) to the release of secretory
granules containing histamine could be the opening of membrane
calcium channels which would allow the passage of calcium from
outside to inside the cell where the calcium could then activate
the process of exocytosis (28,45). Indirect evidence compatible
with such a model was obtained using lanthanum, which is known to
have a high affinity for calcium channels and to block calcium
movement across membranes (29,30). Figure 3 shows that lanthanum
in the concentration range 1 to 1000 nM inhibits antigen-induced
histamine release, and it has been shown (31) that this action of
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Figure 2. Concentration—response relationship for Ca and antigen-induced hista-
mine release from rat mast cells (39)
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Figure 3. Concentration—response relationship for the inhibition by lanthanum
of antigen-induced histamine release (31)
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18 DRUGS AFFECTING THE RESPIRATORY SYSTEM

lanthanum is due to direct competition for calcium binding sites
in mast cells.

One direct approach to the question of whether the inward
current of calcium across the cell membrane initiates histamine
secretion is to inject calcium into the cell. Two published re-
ports are conflicting: Douglas and colleagues (32) observed secre-
tion following intracellular calcium injection whereas Yamasaki
and colleagues (33) did not observe secretion. The discovery of
the specific calcium ionophore, A23187 (34) allowed a second ap-
proach to the question about inward calcium current and the ini-
tiation of secretion. Figure 4 shows that the ionophore A23187
produces an influx of calcium into mast cells. The ionophore it-
self does not produce histamine release (Figure 5) but in the
presence of extracellular calcium, A23187 causes secretion of his-
tamine.

It appears, therefore, that influx of calcium into the mast
cell or basophil (35,36) is sufficient to initiate exocytotic
secretion of histamine. What then is the evidence that the mem-
brane signal of cross-linking IgE receptors induces opening of
calcium channels to allow calcium to enter the cell from the ex~
tracellular compartment? Some pertinent information has been
obtained using 45-calcium as a tracer and also using strontium as
a probe for calcium. Figure 6 shows an antigen concentration-
response curve for histamine secretion and for 45-calcium uptake
by mast cells. There is an increase in 45-calcium associated
with mast cells following the membrane signal and this increased
45~-calcium uptake may be dissociated from the actual exocytosis
of granules (37). In other words, when exocytosis has been inhi-
bited by preventing intracellular ATP generation, the membrane
signal still produces a change which results in 45-calcium being
taken up into the cell. Using strontium in place of calcium and
measuring total cell strontium by atomic absorption spectroscopy,
it has been shown that there is a direct relationship between the
amount of strontium entering the cell and the degree of secretion
(38). Since strontium entry into cells occurs spontaneously and
also following antigen stimulation, it was possible to show that
the mode of entry of strontium was independent of the relationshij
between the amount of strontium entering the cell and the degree
of histamine secreted (Figure 7). As with 45-calcium uptake, in-
hibition of exocytosis did not prevent the accumulation of alka-
line earth ion, in this case strontium, by the cell (38). Fore-
man and Mongar (39) have provided evidence that calcium and
strontium act at a common site in histamine secretion and so it
follows that the membrane signal of cross-linking IgE receptors
results in an increased permeability of mast cells to calcium,
and the magnitude of this permeability change is proportional to
the degree of histamine secretion. Further, the magnitude of the
change of membrane permeability to calcium is proportional to the
magnitude of the membrane signal (Figure 6). It is not possible
to state that it is the net amount of calcium taken up by the cell
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Figure 6. Concentration—effect curve for antigen-induced histamine release
(A—A) and 45-Ca uptake (@—@ ) measured after 5-min incubation. Response
is expressed as a percentage of the value obtained at an antigen concentration of
10 pg/mL, which was 43 = 3% for histamine release and 4025 = 820 cpm/10°
cells for 45-Ca uptake. Means (= S.E.M.) from four experiments are shown (37).
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which determines histamine secretion since this has not been mea-
sured. The measurements made do not distinguish net uptake from
exchange across the membrane and can thus only be interpreted in
terms of change in membrane permeability to calcium brought about
by the stimulus. Nevertheless, considered together, the evidence
from the experiments with A23187, 45-calcium and strontium is con-
sistent with a hypothesis in which cross-~linked IgE receptors open
calcium channels in the cell membrane to allow calcium to move in-
to the cell from the extracellular medium and thereby initiate
secretion.

Metabolic Energy. It has already been mentioned that exocy-
tosis fails to occur if ATP generation within the cell is pre-
vented. Either inhibition of glycolysis or inhibition of oxida-
tive phosphorylation will inhibit histamine release (Figure 8) and
inhibition of both processes allows virtually no histamine secre-
tion following either antigen or ionophore stimulation (35,36,40,
41,42,43). The observation that antigen-induced and A23187-medi-
ated secretion required ATP generation suggests that ATP is re-
quired at a point in the secretory sequence after the entry of
calcium into the cell. If ATP were required for calcium entry
through the channels operated by the membrane signal, then inhi-
bitors of metabolism would be expected to block antigen~induced
release but not that release caused by A23187.

Decay of Response Following Membrane Signal. If a rise in
the intracellular calcium ion concentration initiates the cellular
events of exocytosis, it follows that there must be a means of
limiting the rise in intracellular calcium concentration and also
a means of removing the calcium that is active, otherwise cellular
homeostasis could not be maintained.

After the immunological membrane signal to a mast cell, there
is not a continuing release of histamine until the cell content is
exhausted: there is some process for limiting the degree of secre-
tion. The experiment shown in Figure 9 demonstrates a declining
sensitivity of mast cells with time after the immunological signal.
Cells were stimulated in calcium-free medium by adding antigen at
time t = 0 and then at the times shown on the abscissa calcium was
added. The "control" degree of secretion is taken as that
observed when calcium and antigen are added together. As the time
between antigen addition and calcium addition is increased there
is a progressive decay in the response of the cells so that at an
interval of 4 min, virtually no response is seen. Decay is not
due to dissociation of antigen from antibody since readding anti-
gen after decay does not increase the response (45). A suggestion
that decay might involve membrane permeability to calcium was ob-
tained from the action of phosphatidyl serine on the decay process
Phosphatidyl serine potentiates histamine release by a mechanism
which involved the response of the cells to calcium (44) and this
phospholipid probably increases the membrane permeability change
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Figure 7. Relationship between histamine secretion and Sr accumulation deter-

mined by atomic absorption spectroscopy for antigen-stimulated cells incubated
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Figure 8. Inhibition of histamine release induced by the Ca ionophore A23187

(0.6uM) (W) by removal of glucose and addition of cyanide (CN") or 2-deoxy-D-

glucose. Cells were preincubated with inhibitors for 30 min before addition of

A23187. The action of inhibitors on release caused by a non-Ca-dependent iono-
phore, X537 A is shown for comparison ([J).
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Figure 9. Decay of response of rat mast cells stimulated by an antigen—antibody

reaction to Ca, with time: (@—@) without phosphatidyl serine; (O—O) with

phosphatidyl serine, 10ug/mL. Control histamine releases were 18-54% of total
without phospholipid and 37-64% in the presence of phospholipid (45).
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to calcium caused by the cross-linking membrane stimulus (37).

The phospholipid caused a slowing of the decay in the response to
calcium (Figure 9) which would be consistent with the view that
decay represents calcium channel closure if phosphatidyl serine is
able to increase calcium influx through channels which are closing

Direct measurement of membrane permeability to 45-calcium re-
veals (Figure 10) that the increase in membrane permeability to
45-calcium brought about by the immunological stimulus decays with
a time-course identical to the time-course of the decay of the
cells' responsiveness towards calcium. Assuming that the phe-
nomenon of decay represents closure of the calcium channels opened
by a membrane signal, it follows (i) that artificial calcium chan-
nels should bypass the decay and cause the cell to redpond and
(ii) that release induced by artificial channels should not show
decay. It has been demonstrated that cells whose response to cal-
cium following an immunological stimulus has totally decayed are
still fully responsive to the action of the ionophore A23187 (45).
Figure 11 shows that histamine release induced by ‘A23187 does not
decay: calcium added up to 16 min after the ionophore was equally
effective in causing secretion as calcium added with A23187 (com-
pare Figure 9).

Thus, mast cells and basophils (26,45,46) appear to have a
mechanism for limiting calcium entry into the cell which follows
the cross-linking membrane signal. It is presumed that calcium
already entered is removed from the intracellular site of action
by mitochondria (47,48) or a plasma-membrane calcium pump (48).

Cyclic AMP. Drugs such as the B~adrenoceptor agonists,
methylxanthines, prostaglandins and histamine itself cause an in-
crease in mast cell or basophil levels of cyclic adenosine 3':5'
monophosphate, and this is associated with inhibition of histamine
secretion induced by an immunological stimulus (49,50,51). Whilst
cyclic AMP itself does not inhibit histamine secretion induced by
an immunological stimulus, the dibutyryl derivative which is able
to pass through cell membranes is an inhibitor of secretion (52,
54), as 1s adenosine 3':5' cyclic phosphorothicate, which also
passes into cells (53).

Figure 12 shows an interesting contrast in the inhibition of
histamine secretion by dibutyryl cyclic AMP when two different
means of releasing histamine are compared. Histamine secretion
induced by the immunoligical stimulus is inhibited, whereas that
induced by the ionophore A23187 is not. It follows that cyclic
AMP must inhibit histamine secretion at, or before, the entry of
calcium into the cell since if it acted after calcium entry,
the secretion induced by both immunological stimulus and iono-
phore would be inhibited.

There is no evidence that cyclic AMP interferes with the
antigen-antibody reaction and so it is plausible that cyclic AMP
inhibits histamine secretion either by blocking directly the cal-
cium channels or by interfering with the coupling between the
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Figure 10. Time-course of the change in 45-Ca uptake after antigen-stimulation

of rat mast cells. The 45-Ca was added at time t (min) to cells challenged with

antigen in the presence of Ca, ImM (non-labeled) at t = 0. Incubation proceeded

for 5 min after the addition of 45-Ca. The control bar is the uptake of 45-Ca in
the absence of antigen stimulation (37).
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Figure 11. Response to Ca added at various times to mast cells treated with iono-

phore A23187 (0.6uM at t — 0). Histamine release obtained after adding Ca is

expressed as a fraction of the release obtained by adding Ca and ionophore simul-
taneously to the cells (44-77% of total) (45).
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Figure 12. Concentration-response relationship for the action of dibutyryl cyclic
AMP on histamine release induced by antigen (22% of total in the absence of
dibutyryl cyclic AMP) (O—O) and A23187 (77% of total in the absence of
dibutyryl cyclic AMP) (@—@). Cells with or without dibutyryl cyclic AMP were
incubated for 30 min before the addition of the histamine release agent (54).
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cross-linking of IgE receptors and the opening of calcium chan-
nels. Figure 13 shows that dibutyryl cyclic AMP and the phospho-
diesterase inhibitor, theophylline, which cause increased intra-
cellular levels of cyclic AMP, both inhibit the increased mem-
brane permeability to 45-calcium caused by the immunological
stimulus. No inhibition of 45-calcium transport by A23187 was
observed.

To summarize what has been said about the mechanism of hista-
mine release. Specific IgE binds to discrete receptors in the
membrane of mast cells or basophils and these receptors are cross-
linked by the binding of multivalent antigen to the bivalent IgE
antibody attached to the receptors. The cross~linking constitutes
the membrane signal which initiates the exocytosis of histamine
containing granules. The initial event in the secretcry process
is the opening of a membrane channel for calcium through which
this jion enters the cell and together with ATP brings about the
fusion of cell and granule membranes to release the granule con-
tents into the extracellular environment. The degree of secre-
tion is controlled by (i) limiting calcium entry by closure of
the calcium channels (ii) by removal of calcium from its active
site. Intracellular cyclic AMP exerts an inhibitory modulating
effect on secretion by limiting calcium entry and this agent is
a possible messenger for the closure of the calcium channels.

The kinetics of changes in intracellular cyclic AMP namely, a fall
followed by a return to basal level (55) is consistent with a
model in which cyclic AMP controls calcium channel opening.

Mechanism of Action of Antiallergic Drugs

Possible Sites of Action. It will be evident from what has
been said above that there are several possibilities for the use
of drugs to interfere with the sequence of events leading to re-
lease of preformed mediators of allergic reactions. Possible
modes of action for antiallergic drugs include: inhibition of an-
tibody synthesis, inhibition of antibody binding to its Fc recep-
tor, interference with the coupling between membrane signal and
calcium channels, blocking calcium channels, inhibition of cellu-
lar metabolism, increase of intracellular cyclic AMP levels, and
antagonism of released mediators themselves.

Cromoglycate-like drugs inhibit mediator release from tissues
which have been sensitized with exogenous IgE antibody (passive
sensitization) (56) so it is unlikely that these drugs exert their
antiallergic activity by interfering with antibody synthesis.
Furthermore, there is no evidence that antiallergic drugs are
capable of inhibiting the binding of antigen to antibody, or the
binding of antibody to Fc receptors (57).

Cromoglycate and many of the other antiallergic drugs have
little or no antagonistic action against the mediators of aller-
gic reactions, that is, they have no demonstrable antihistamine,
anti-SRS (Slow Reacting Substance) or anti-5-hydroxy tryptamine
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Figure 13. Inhibition by dibutyryl cyclic AMP and theophylline of antigen-

induced 45-Ca uptake ([]) and A23187-induced 45-Ca uptake () into rat mast

cells. Uninhibited values from which percent inhibition was calculated were:

3150 = 300 cpm/10° cells and 5550 = 350 cpm/10° cells for 45-Ca uptake induced

by antigen and A23187, respectively. Corresponding histamine releases were 43 =
11% and 62 = 2% (37).
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activity (58,59,60,61).

Action on Mast Cells. From these experimental observations
it follows that antiallergic drugs act by preventing the mediator
release from mast cells through an action at a stage between the
binding of antigen to IgE and the release of the granule content
from the cell.

It has been shown that cromoglycate, 1-30 uM inhibits hista-
mine release from rat peritoneal mast cells (62,63,64) and simi-
lar concentrations inhibit release from the mast cells of human
and monkey lung in vitro (65). The clinically active antiallergic
drugs are only effective when applied directly to the lung by in-
halation and so the relationship between clinically active concen-
trations at the mast cell surface and those concentrations effec-
tive in vitro is unknown. It should be pointed out that histamine
release induced by antigen from human basophils is not inhibited
by cromoglycate or other antiallergic drugs (65,66), indicating
a rather specific receptor for cromoglycate present in human mast
cells and not present in human basophils.

Inhibition of A23187-Induced Release. Some light has been
shed on the mechanism of action of antiallergic drugs using hista-
mine release induced by the ionophore A23187. Figure 14 shows
that concentrations of cromoglycate which inhibit histamine re-
lease induced by an immunological-type stimulus fail to inhibit
histamine release induced by A23187: these findings have been con-
firmed at several different ionophore and calcium concentrations
(43). By the argument already used, this implies that cromogly-
cate acts to inhibit antigen-~induced histamine release at the
level of calcium entry into the mast cell through the calcium
channel opened by the immunological stimulus. The same findings
were obtained with the antiallergic drugs doxantrazole and bufro-
lin (43,67). There are, however, reports that cromoglycate will
inhibit release induced by A23187 (68,69) but in those studies no
direct comparison between immunologically-mediated and ionophore-
induced release was made, and only a limited inhibition of A23187-
induced release was achieved. It has been confirmed that doxan-
trazole (up to 0.3 nM) does not inhibit A23187-induced histamine
release (69). It appears that cromoglycate has some inhibitory
activity on A23187-induced histamine release but it should be
emphasized that at concentrations which almost totally inhibit im-
munologically-mediated release, there is in the same experiment,
no inhibition of A23187-induced release (Figure 14).

Inhibition of Calcium Movement. Figure 15 shows that cromo-
glycate inhibits membrane permeability to 45-calcium over the same
concentration range for the inhibition of histamine release. Fur-
thermore when cromoglycate was compared with dibutyryl cyclic AMP
and doxantrazole, the relative potencies of the drugs for inhibi-
tion of histamine release (doxantrazole:cromoglycate:dibutyryl
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Figure 14. Action of cromoglycate (60uM) (@) on histamine release induced by

either A23187 (2.5uM) or dextran and phosphatidyl serine. Open columns are

releases in the absence of cromoglycate. Cromoglycate was added together with
the releasing agent (54).
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Figure 15. Inhibition by doxantrazole, cromoglycate, and dibutyryl cyclic AMP

of 45-Ca uptake induced by antigen (filled symbols) or A23187 (open symbols).

The 45-Ca uptakes in the absence of inhibitor were 924 cpm/10° cells for antigen

and 5274 cpm/10° cells for A23187. Corresponding histamine secretions were
26% and 55% (70).
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CAMP = 20:1:0.02) was the same as that for inhibition of calcium
uptake (70).

Phosphodiesterase Inhibition. The experimental evidence is
consistent, therefore, with the hypothesis that antiallergic drugs
inhibit mediator release from mast cells by preventing the influx
of calcium into the cell following the membrane signal provided by
the cross-linking of IgE receptors. The question then arises as
to whether these drugs act directly on the calcium channels or
whether they act indirectly, for example, by causing a rise of
intracellular cyclic AMP levels which in turn would block calcium
transport following an immune stimulus (see above).

Several studies using phosphodiesterase enzymes from non-mast
cell sources have demonstrated that cromoglycate inhibits the ac-
tivity of cyclic nucleotide phosphodiesterase (71,72,73). However,
it must be emphasized that inhibition is only obtained at high
concentrations of cromoglycate (K; is about 1 mM) ; much higher
than those concentrations which inhibit histamine and SRS-A re-
lease from in vitro systems such as the rat peritoneal mast cell.
Whilst this evidence argues against the hypothesis that cromogly-
cate inhibits mediator release by virtue of its action on phospho-
diesterase, it must be pointed out that the clinically active con-
centrations of cromoglycate in human lung are unknown. It is pos-
sible that the active concentration in man could be very high
because cromoglycate is inhaled as solid particles which could
give rise to high local concentrations at the human lung mast cell
surface. Furthermore, the studies on phosphodiesterase have been
done on broken cell preparations from tissues far removed from
those where the drug is active. The only relevant model for the
valid test of the hypothesis is the pure preparation of human lung
mast cells and some progress towards this has been made.

Synergism with Activators of Adenylate Cyclase. Cromoglycate
(30 uM) caused an elevation of cyclic AMP levels in human lympho-
cytes and it has also been shown that cromoglycate acts synergis-
tically with isoprenaline (B-adrenoceptor agonist) to inhibit
immunologically-mediated histamine release (63,74). Isoprenaline
stimulates adenylate cyclase, and thus a phosphodiesterase inhibi-
tor would be expected to act synergistically with such a drug in
the elevation of cyclic AMP levels. However, at least one study
(77) has failed to obtain synergistic effects with cromoglycate
and isoprenaline.

Kinetics of Inhibitory Activity. Antiallergic drugs exibit
some unique characteristics with respect to their kinetics of ac-
tion. Figure 16 shows that the inhibitory activity by cromogly-
cate is maximal when it is added together with the immunological
stimulus. Thereafter, with increasing interval between stimula-
tion and addition of cromoglycate, the inhibitory activity de-
clines to virtually zero before making a partial recovery. The
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Figure 16. Inhibition of histamine release by cromoglycate (10uM) added to cells
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mine. Each point is the mean and SE mean of 4 experiments and is expressed as

a percentage of the maximum inhibition in each experiment. (Data supplied by
Dr. L. G. Garland—unpublished).
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time course of changing inhibitory activity has been reported for
several antiallergic drugs and also for the phosphodiesterase in-
hibitor theophylline (57).

In conclusion, a knowledge of the mechanism of mediator re-
lease from mast cells and basophils has enabled us to produce a
hypothesis on the mechansim of action of antiallergic drugs.
Cromoglycate and other similar compounds possess antiallergic ac-
tivity by virtue of their ability to prevent the release of medi-
ators from mast cells which have been stimulated by an antigen -
IgE reaction on the membrane. The drugs prevent mediator release
by blocking the calcium uptake into mast cells which follows the
immunological stimulus and this blocking of calcium channels by
antiallergic drugs may be brought about indirectly by an elevation
of intracellular cyclic AMP levels. Cromoglycate is a phosphodi-
esterase inhibitor, and in the absence of any other evidence, it
is suggested that this activity may represent the action of the
drug at a molecular level, although this hypothesis still has to
be tested in isolated human mast cells.
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Structure-Activity Relationships in a New Class of
Pyrimido[4,5-b]quinoline Antiallergy Agents

T. H. ALTHUIS, S. B. KADIN, L. J. CZUBA, P. F. MOORE, and H.-]. HESS
Central Research,Pfizer Inc., Groton, CT 06340

The discovery of Intal(l, disodium cromoglycate, DSCG) a decade ago
provided a new therapeutic approach to the treatment of asthma (1,2).
Pharmacologically, Intal differs from previously used drugs in that it is
not a bronchodilator, antihistamine, or antiinflammatory agent. Intal
acts by inhibiting the release of the mediators of anaphylaxis and thus
offers an alternative to the conventional approach which seeks to
alleviate the symptoms of an allergic attack with bronchodilators (3).

INTAL
OH
Structure: ]
OCHy—CH—CHz0
Na02C (6] (4] COzNa

Disodium Cromoglycate (DSCG)

However, Intal does not provide relief in all asthmatic patients (4) and
is not active following oral administration. It is administered by a
specially developed Spinhaler which is designed to deliver the drug into
the lung as a dry powder which, it has been suggested, may further ir-
ritate already hypersensitive bronchial tissue (3).

Therefore, much of the past decade’s research seeking new drugs for
the treatment of obstructive lung diseases has been directed toward the
development of an orally active Intal-like agent. As a result, several
agents with oral activity in experimental animal models or in man
have now been reported. Among these are the novel pyrimido[4,5-
blquinoline-2-carboxylic acid esters described in this chapter.

0-8412-0536-1/80/47-118-037$08.00/0
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38 DRUGS AFFECTING THE RESPIRATORY SYSTEM

The antiallergy activity of the pyrimido[4,5-b]quinolines was deter-
mined using the 48-hour 1gE-mediated rat passive cutaneous anaphylaxis
(PCA) procedure (6,7), which is widely used as a screen to identify agents
with a pharmacological profile similar to Intal. The compounds were ad-
ministered to groups of 5 to 7 rats either intravenously in saline at pH
7.2-8.0 or orally in an aqueous solution near physiological pH (8). Since
these compounds did not demonstrate antagonism toward the
anaphylactic mediators, histamine and serotonin, their activity is an in-
dication of inhibition of mediator release.

Following is an account of the discovery of this series and of the struc-
ture activity relationships that have been established (9). The activity of
representative members is compared with that of other orally active ex-
perimental agents reported in the literature.

The Discovery of Ethyl 3,4-Dihydro-4-oxopyrimido[4,5-b}-
quinoline-2-carboxylate

The steps leading to the discovery of the pyrimido[4,5-blquinoline-2-
carboxylic acid series are summarized in Figure 1. This series was
developed by several successive structural modifications that started
with 3,4-dihydro-4-oxoquinazoline-2-carboxylic acid {Il). This acid
displays an intravenous ED,, of 10 mg/kg, thus being about one-tenth as
potent as DSCC. Like DSCG it is inactive by oral administration. Other
related quinazoline acids and esters with substituents in the carbocyclic
ring did not exhibit significantly increased potency intravenously or
have oral activity (8).

Next examined were novel acid and ester prototypes of fused
pyrimidines expected to exhibit different degrees of lipophilicity from
that of the quinazolines. An example is the pyrido[2,3-d]pyrimidine ester
11, which exhibits 5 times greater intravenous potency than the
quinazoline acid Il, and, in fact, approaches the activity of DSCG,
although again no oral activity was observed. A 2-3 fold increase in in-
travenous potency was obtained when a highly lipophilic aromatic car-
bocyclic ring was fused to the quinazoline, to give benzo[glquinazoline-
2-carboxylic acid 1V. The ethyl ester (V) of this acid, however, was the
first compound in this series which demonstrated oral activity, albeit at
the relatively high dose of 100 mg/kg.

The increased potency of the pyrido[2,3-d]pyrimidine ester (I11) and
the achievement of oral activity with the benzo[g]quinazoline ester (V)
suggested the preparation of 3,4-dihydro-4-oxopyrimido[4,5-b]quinoline-
2-carboxylic acid (V1) and its corresponding ethyl ester (VII) which com-
bine the features of 111 and V. This new acid and ethyl ester exhibit PCA
activity 4 to 8 times that of DSCG and thus are about 50 to 100 times
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COMPOUND STRUCTURE
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RAT PCA, ED,,, mg/kg

0.8

10

0.2

0.1

p.o.

Inactive at 300 mg/kg

Inactive at 100 mg/kg

Inactive at 100 mg/kg

Inactive at 100 mg/kg

>100 (38% at 100 mg/kg)

25

Figure 1. Antiallergy activity of fused 4-oxopyrimidine-2-carboxylic acids and

esters

more potent than 1, our original quinazoline lead. However, while the
acid (V1) displayed only moderate oral activity (ED;, = 25 mg/kg), the
ethyl ester (VI1) had an oral ED,, of 3 mg/kg. Additionally, VIl did not an-
tagonize the increase in vascular permeability caused by intradermally
administered histamine in the rat (10 mg/kg i.v. or 100 mg/kg p.o.), did
not antagonize histamine induced bronchoconstriction in conscious
guinea pigs (100 mg/kg p.o.), and had no antiinflammatory activity
against carrageenin-induced rat foot edema (10 mg/kg, p.o.).

These results suggested that, like DSCG, the ethyl ester VII inhibits the
release of the mediators of anaphylaxis and that an in depth pursuit of
this lead was warranted.
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Chemistry of 3,4-Dihydro-4-oxopyrimido[4,5-b]quinoline-
2-carboxylic Acids

Synthetic routes employed in the preparation of various substituted
compounds of this new series are shown in Figures 2-4. The critical in-
termediates for synthesis are the appropriately substituted
2-aminoquinoline-3-carboxamides (XI, Figure 2). These intermediates
were prepared from substituted 2-nitrobenzaldehydes (VI111) by two com-
plementary routes. First, the nitrobenzaldehydes may be reduced with
ferrous sulfate and ammonia to the 2-aminobenzaldehydes (1X), which
are then condensed with cyanoacetamide in a Knoevenagel reaction to
afford the respective 2-aminoquinoline-3-carboxamides (X1) (10). A more
versatile route involves the condensation of the 2-nitrobenzaldehyde
with cyanoacetamide to give the a-cyanocinnamamide, X. This method
avoids the difficulties of working with aminoaldehydes and, in cases
where the benzene ring has a suitable halogen substituent, permits the
use of nucleophilic aromatic substitution reactions to introduce other
substituents, such as sulfur. Amide X is then reduced with iron and acetic
acid to give the 2-aminoquinoline-3-carboxamides X1 (17).

R* R’ o
0 NH
R NCCH,CNH R c=n
0, 2 2 NO2
Vil x
FesO, Fe
NH4OH HOAc
R’ R O
o S
R — R
NCCH,CNH —
NH, 2gm2 N NH,
1X o X1

Figure 2. Synthesis of substituted 2-aminoquinoline-3-carboxamides
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Figure 3. Synthesis of substituted 3,4-dihydro-4-oxopyrimido[4,5-b]quinoline-2-
carboxylic acids and related compounds

The condensation of 2-aminoquinoline-3-carboxamides (XI) with
acetic anhydride was reported to yield 2-methylpyrimido[4,5-b]lquinolin-
4(3H)-ones (X111) (12). In an extension of this reaction (Figure 3), heating
aminoamides X1 with alkyl oxalates or alkyl oxamates yielded the new
pyrimido[4,5-b]quinoline-2-carboxylic acid esters (XIV) and amides (XV),
respectively.

Figure 4 depicts a number of standard transformations in which these
pyrimido[4,5-blquinoline-2-carboxylic acid esters (XIV) are shown to be
useful synthetic intermediates. They may be transesterified to other
esters in cases where dialkyl oxalates are not readily available. They also
react directly with amines at room temperature or at slightly elevated
temperatures to afford amides (XV), and undergo rapid hydrolysis in
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dilute aqueous sodium hydroxide at room temperature to give the cor-
responding acids (XVI1). Upon heating, these acids undergo decarboxyla-
tion to give pyrimido[4,5-b]quinolin-4(3H)-ones (X1, Figure 3, R, = H).

Hydrolysis of esters XIV to the acids XV! is considerably slower in
aqueous acid than in base. As weak bases, these compounds are sparing-
ly soluble in weak organic acids, such as acetic acid, and in aqueous
mineral acids. This contrasts with their solubility in strong non-aqueous
acids, such as sulfuric and trifluoroacetic acid. Esters are generally solu-
ble in dilute sodium hydroxide because of the acidic proton at position 3
of the heterocyclic nucleus.

In cases where R is a benzyloxy substituent, the use of strong non-
aqueous acids, particularly sulfuric and trifluoroacetic acids, provides a
convenient means of preparing the hydroxy quinolines XVI11 by deben-
zylation (13). The hydroxy compounds may be acetylated by standard
techniques to afford XVIIl. Formation of the sodium salt of XIV using
sodium hydride in DMF, followed by reaction with an alkyl halide, leads
to the 3-substituted compounds (XIX).

Pyrimido[4,5-b]quinoline SAR

The reaction sequence described in the foregoing section was used to
synthesize compounds which are up to 400 times more potent in-
travenously than Intal and 10 times more potent orally than the parent
pyrimido[4,5-blquinoline ester. Figures 5-10 depict the effects of substi-
tuent variation on activity in the PCA procedure.

Acid derivatives: First, various pyrimido[4,5-b]quinoline-2-carboxylic
acid derivatives were examined (Figure 5). The nearly equal activity of
the acid VI and corresponding ethyl (VI1) and butyl (XX) esters suggests
that the acid is the active species. However, the ethyl ester is definitely
advantageous for oral activity, being nearly 10 times more potent than
the butyl ester or the carboxylic acid. This suggests that the lipophilic
character of the ester is important for oral absorption. The carboxamide
(XX1) which may not be readily hydrolyzed to the acid in vivo exhibits
significantly reduced potency both intravenously and orally, and the
N-ethyl carboxamide (XXI1) is inactive at comparable doses.

Quinoline ring substitution: Using the carbethoxy group as the pre-
ferred 2-substituent, the effect of substitution at other positions of the
pyrimido[4,5-blquinoline nucleus was examined (Figure 6). Halogen
(XXI1, XX1V, XXV, XXV1) or phenyl (XXVII1) substitution at positions 5, 6, 7
or 8 generally retained intravenous activity, these analogs being only
slightly less potent than the parent, although they were more than 10
times less potent orally.
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(8]
l N N—H
N7 N/J\ﬁ/k
COMPOUND STRUCTURE RAT PCA, ED,,, mglkg
R iv. po.
1 DSCG 0.8 (300)2
Vil OEt 0.1 3
Vi OH 0.2 25
XX OnBu 0.06 30
XXI NH, 1.3 60
XXi1 NHEt (32 NTD

3Highest dose tested at which the compound was inactive.
bnot tested.

Figure 5. Pyrimido[4,5-b]quinoline-2-carboxylic acid derivatives

Introduction of a methoxy substituent in the 7-position (XXVI11) results
in a 3-fold increase in intravenous activity while the bioisosteric
7-methylthio analog (XXIX) has potency similar to that of the parent.
Both of these compounds are somewhat less potent on oral administra-
tion than the parent pyrimido[4,5-blquinoline ester (V1I). Changing the
electronic and steric properties of the methylthio compound XXIX by ox-
idation to the sulfoxide (XXX) retains good intravenous activity, but this
more polar substituent renders the compound inactive orally. The larger
p-methoxyphenylthio substituent (XXXI) results in an inactive compound
at comparable intravenous doses. The 7-benzyloxy (XXXII), 7-hydroxy
(XXXI11) and 8-methoxy (XXX1V) compounds are equipotent with DSCG,
but only the hydroxy and methoxy derivatives display significant oral ac-
tivity.
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COMPOUND STRUCTURE RAT PCA, ED,,, mgikg
L3 v po:

vil H 0.1 3
XXI 6-Cl 0.2 30
XXIV 7-Cl 0.4 30

XXV 7-F 0.3 (30)2
XXV1 8-F 0.3 30

XXVii 5-@ 0.3 (102
XXVUI 7-MeO 0.03 20
XX1X 7-MeS 0.1 8

0
XXX 7-Mes- 0.2 (302

XXXI 7-Me0—©—$- 3 (30)2
XXXII 7-@.0420 0.9 (10)2

XXX 7-OH 0.7 10

XXXV 8-MeO 0.8 10

AHighest dose tested at which the compound was inactive.

Figure 6. The 5-,6-,7-, or 8-substituted ethyl 4-0xo0-3,4-dihydropyrimido[4,5-b]-
quinoline-2-carboxylates
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Alkoxy substitution: Since methoxy substitution has a favorable in-
“luence on activity, this lead was pursued (Figure 7). Introduction of both
a 7- and 8-methoxy substituent in the same molecule enhanced potency
dramatically. The 7,8-dimethoxy analog (XXXV) displayed an intravenous
ED;, of 0.007 mg/kg and comparison of complete dose response curves
indicates it is 84 times more potent than DSCG. In contrast to DSCG, it is
orally active, having an ED;, of 1.0 mg/kg. Other dimethoxy analogs (XX-
XVI, XXXVI, XXXV, as well as a trimethoxy compound (XXXIX), are at
least 30 to 100 times less potent than XXXV, both intravenously and oral-
ly. In most cases, a 9 substituent decreased activity.

0]
N N—H
R y
s
N7 SN C0o,Et
COMPOUND STRUCTURE RAT PCA, ED,,, mgikg
R Lv. p.o.
XXVH! 7-MeO 0.03 20
XXXIV 8-MeO 0.8 10
XXXV 7,8-diMeO 0.007 1.0
XXXVI 8,9-diMeO 0.2 (60)2
XXXVII 7,9-diMeO 0.5 30
XXXVI 6,9-diMeO 0.6 (30)2
XXXIX 7,8,9-triMeO 0.8 (10)2
| DSCG 0.8 (300)2

3Highest dose tested at which the compound was inactive.

Figure 7. Methoxy-substituted ethyl pyrimido[4,5-b]quinoline-2-carboxylates
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Small changes in the size of the 7,8-dialkoxy substituents produced
marked alterations in activity (Figure 8). The cyclic 7,8-methylenedioxy
(XL) and 7,8-ethylenedioxy (XLI) compounds are 70-140 times less potent
intravenously than the 7,8-dimethoxy analog (XXXV) and the
methylenedioxy derivative is inactive orally. Optimal potency was
observed with compounds possessing 7- and 8-substituents one

0
AN N—H
R l b b/
N7 N7 NCO,Et
COMPOUND STRUCTURE RAT PCA, ED,,, mglkg
R iv. p.o.
XXXV 7,8-diMeO 0.007 1.0
XL 7,8-0CH,0 0.5 (302
XL1 7,8-0CH,CH,0 1.0 NTb
XLl 7-MeO, 8-EtO 0.007 2.0
XL 7-E10, 8-MeO 0.002 0.3
XLIV 7-HO, 8-MeO 0.002 (102
XLV 7-MeO, 8-HO 0.1-1.0 10
XLVI 7,8-diEtO 0.01 1.0
XLV 7-EtO, 8-n-BuO 03 5.0
XLV 7-¢CH,0, 8-Meo @r (10)2
XLIX 7-MeO, 8-¢CH,O 0.8 (30)
1 DSCG 0.8 (300)

2yighest dose tested at which compound was inactive.
DPNot tested.

Figure 8. Ethyl 7 8-dialkoxypyrimido[4,5-b Jquinoline-2-carboxylates
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methylene unit larger than the 7,8-dimethoxy analog. Whereas the
7-methoxy-8-ethoxy analog (XLil) is equipotent with the 7,8-dimethoxy
compound, transposition of the two substituents, resulting in XLIII, in-
creased both intravenous and oral activity by a factor of three. Thus,
ethyl 7-ethoxy-8-methoxy-3,4-dihydro-4-oxopyrimido[4,5-b]quinoline-2-
carboxylate (XLI11) is 400 times more potent than Intal and has an oral
ED;, of 0.3 mg/kg. It represents a 5000 fold increase in intravenous
potency over the original quinazoline-2-carboxylic acid ester (11) lead.

Since many methoxy substituted compounds are metabolically
dealkylated, the two potential hydroxy-methoxy metabolites were also
prepared. In comparison to the 7,8-dimethoxy analog (XXXV), the
7-hydroxy-8-methoxy derivative (XLIV) is 3 times more potent in-
travenously, but it and its reverse isomer (XLV) are less potent on oral ad-
ministration. Similar to the sulfoxide (XXX), this is another example of a
highly polar substituent in this portion of the molecule causing a
decrease in oral versus intravenous potency.

Large substituents decreased intravenous activity. Although the
7,8-diethoxy compound XLV! is about as potent as its dimethoxy analog,
combinations of butoxy and benzyloxy with methoxy and ethoxy substi-
tuents (XLVII, XLVIII, and XLIX) resulted in decreases in intravenous ac-
tivity and a loss of oral activity.

Pyrimidine ring substitution: Substituent effects on the pyrimidine
ring were examined while retaining the 7,8-dimethoxy substitution pat-
tern in the carbocyclic ring (Figure 9). A methyl group in the 3-position (L)
decreased intravenous activity by more than 100-fold. Similarly, in-
troduction of carbethoxyalkyl substituents in position 3 (LI and LH)
resulted in compounds which are inactive or considerably less active
than the N-unsubstituted analog (XXXV).

The importance of the carboxylic acid moiety for activity is clearly il-
lustrated by the next group of compounds. Removal of the carbethoxy
substituent provided 7,8-dimethoxypyrimido[4,5-b]quinolin-4(3H)-one
(L) which is inactive at 3 mg/kg i.v. in the PCA procedure. Interestingly,
the 2-methyl analog (L1V) exhibits excellent oral activity while displaying
only weak intravenous activity. This may be rationalized on the basis of
metabolic oxidation of this compound to the carboxylic acid (LX, Figure
10). The fact that the 2-ethyl (LV), 2-trifluoromethyl (LVI), and 2-acetyl
(Lv1l) analogs are considerably less active, and the 2-phenyl (LVII1) and
2-hydroxy (LI1X) analogs are inactive, supports this explanation.

Esters and amides as potential prodrugs: The ethyl ester (XXXV) (Figure
10) is at least ten times more potent orally than the carboxylic acid (LX),
buty! ester (LX), or 8-hydroxy ethyl ester (LX11). However, the equipotent
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0
MeO | SN N-R3
-~
MeO NZSNTR,

COMPOUND STRUCTURE RAT PCA, ED,,, mgikg
L3 L iv. po

XXXV H COEt 0.007 1.0
L CH, CO,Et 0.8 (302
b

L! CH,COEt CO,Et 3) NT
a

n (CH,),CO,Et COft 0.1 (10)
L1 H H (32 NTD
LIV H CH, 0.4 1.0
Lv H Et 3 (60)2
LVI H CF, >10 i.p. NTD

0

C a

Lvil H CCH, 2 {(10)
LIl H @ 37 NTD
LIX H OH (32 NTD

AHighest dose tested at which the compound was inactive.
Not tested.

Figure 9. The 2- or 3-substituted 7,8-dimethoxypyrimido[4,5-b]quinolin-4-ones

intravenous activity of these esters suggests that they are prodrugs and
that the acid is the active species. Supporting this conclusion is the find-
ing that a variety of amides (LXIII, LXIV, LXV, LXVI, and LXVII), which
may not be readily metabolized to the acid, are considerably less active
or inactive following either oral or intravenous administration.
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COMPOUND

LX
XXXV

LXI

LXi

LXIH
LXIV
LXV

LXVi

LXVii

DRUGS AFFECTING THE RESPIRATORY SYSTEM

MeO

MeO

STRUCTURE

L3}

-C02Na
-C02£t

1]
-CO(CH,) CH,
-CO,LH,CH.OH
o
It
CNH,
|
CNHCH,
|
CNHEt
ol

1
CNHOH
0

1l
CNHCH,CO,Et

o)

X N—H

-

-,
N N Ry

RAT PCA, ED,,, mglkg

v po.
0.005 (102
0.007 1.0
0.003 10
<0.03 10
3 (302
3)2 NTb
37 NTD
<3 (60)2
6 NT

2Highest dose tested at which the compound was inactive.

Not tested.

Figure 10. The 7,8-dimethoxy-4-ox0-3,4-dihydropyrimido[4,5-b]quinoline-2-car-
boxylic acid esters and amides

SAR summary: Ethyl esters of 7,8-dialkoxy substituted pyrimido{4,5-b}-
quinoline-2-carboxylic acids display optimal potency. The dimethoxy
(XXXV), diethoxy (XLVI) and the methoxy-ethoxy isomers (XLII and XLIII)
are 80-400 times more potent than DSCG intravenously. Morever, in con-
trast to DSCG, these compounds are active orally, having ED;y’s of 1

mg/kg or less in the PCA procedure.

The next section compares the PCA activity of these compounds with
that reported for a variety of other experimental antiallergy agents
which inhibit mediator release.
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Classes of Experimental Agents Orally Effective
in the Rat PCA Procedure

Research sparked by the discovery of DSCG, which lacks oral activity,
has indeed borne fruit over the last 6 to 7 years. Reports on orally active
antiallergy agents include those on the xanthone-2-carboxylic acids (14-
24), thioxanthone-10,10-dioxides (25-30), indane-1,3-diones (31-35), 3- and
4-substituted coumarins (36), naphthoquinones (37), chromone-2-
carboxylic acids (38,39), other substituted chromones (40-52),
8-azapurinones (53,54), benzopyranobenzopyrane carboxylic acids (55-
58), dioxopyridoquinoline-2,8-dicarboxylic acids (539-61), cinnoline-3-
propionic acids (62), 4-oxoquinoline tetrazoles (63), pyranenamines (64),
aryloxamates (66-69), and aroylanthranilic acids (70-72). The fused
4-oxopyrimidine-2-carboxylic acids described here (Z3-Z5) may now be
added to this list. Several of these agents, together with some possessing
antihistamine activity (76-81), are discussed in detail in subsequent
chapters.

The following sections illustrate the compounds for which oral anti-
allergy activity has been reported. Rough cross comparisons of pub-
lished data can be made since most workers report an ED,, of about 1.0
mg/kg i.v. for DSCG in the PCA test, and this seldom falls outside the
range of 0.5 to 2.5 mgkg. A number of these compounds have been
reported to be in clinical trial.

Xanthone-2-carboxylic acids: One of the first series of orally active
agents reported in the early 1970’s is the xanthone-2-carboxylic acids (14-
24) (Figure 11). This series has been explored primarily by workers at
Allen & Hanburys (17) and Syntex (16,18). Several compounds have been
studied clinically as aerosol formulations (21). AH 7725, at 500 mg, was
the first agent reported to have oral activity in man (14). Oral activity in
the rat PCA procedure has been reported for xanoxic acid (LXX) (19) and
tixanox (LXXI) (20); these compounds also antagonize exercise-induced
asthma in man (15,18). The intravenous potency of these compounds in
the PCA assay is 10-30x DSCG, but oral activity appears to be relatively
weak, for example, the dicarboxamide LXXIl (23). An exception is the
recently reported Ru 31156 (LXXII1), which has an oral ED;, of 0.2 mg/kg
and is 263x more potent than DSCG in the rat PCA test (24).

Thioxanthones: Another early series, the thioxanthones, is represented
by Wellcome’s doxantrazole (25-29). Doxantrazole has a reported oral
ED,, of <30 mg/kg in the PCA test (26) and was initially reported to be
orally active in antigen challenge studies in man at a dose of 200 mg(26),
but later clinical studies have given equivocal results (27-29).
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o
(||

0

i SO,

2
N-—
1
LXXIV H
WLLLCOAME

Doxantrazole

RAT PCA: 10 x Intal
p.o. ED,, = 30 mgikg

HUMAN: 200 mg p.o. active

BW 437C, a new oral carboxythioxanthone-10,10-dioxide, is reported
to be a more effective inhibitor of human leukocyte histamine release
than DSCG or doxantrazole (30).

Nitroindanediones and related compounds: Beecham’s nivimedone
(BRL 10,833) is a nitroindanedione (31-35) that has potent oral activity in
the PCA procedure. It has demonstrated activity in antigen challenge
studies in man at oral doses of 2 mg/kg (34) and is also active by aerosol
administration (35).

CH
3 NOg
CHg

LXXV
BLLCHAM

Nivimedone, BRL-10,833

RAT PCA: 25-50 x Intal
p.o. ED,, = 1.0 mgikg

HUMAN: active at 2 mgikg p.o.

Several series related to the nitroindanediones, including cyano-
indanediones (LXXVI} (36), cyanocoumarins (LXXVII) (36}, and
nitronaphthoquinones (LXXVII1) (37), have been reported. These com-
pounds display moderate oral activity in the PCA procedure (ED;, 15-25
mg/kg).
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0 OH
Et
Et CN
CN N
Et Et o o
0
LXxvI LXXVII
BEECHAM

BELCHAM
RAT PCA:~Intal
p.o. ED,, =15 mglkg

RAT PCA:~Intal
p.o. ED,,=14 mglkg

o

CHy NO,

CHy OH
o
LXXVII
BLLCHAM
RAT PCA:~Intal
p.o. ED,, = 25 mgikg

Chromone-2-carboxylic acids: Several chromone-2-carboxylic acids
(LXXIX, LXXX and LXXXI) have been reported by Fisons (38,39). These
compounds have oral ED,, values of 416 mg/kg in the PCA procedure
and oral activity in man has been reported for two of these acids. Par-
ticularly potent is proxicromil (LXXX!) which is reported to be active in
man at doses of 410 mg (39).

o] OH ¢
(CH3)3C Et
] COZH O CO,H
(CH3)3C Et
LXX1X LXXX
TISONS I'ISONS
Terbucromil, FPL 52791 FPL 52757
RAT PCA: 6 x Intal RAT PCA: 1/4 x Intal
p.o. ED,, = 4.2 mgrkg p.o. ED;, = 5.0 mglkg

HUMAN: in the clinic HUMAN: 50-100 mg p.o. active in challenge studies
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OH 0o

) C02H
Pr
LXXXI

F'ISONS
Proxicromil, FPL 57787

RAT PCA: 1/5 x Intal
p.o. ED,, = 15.5

HUMAN: 4-10 mg p.o. active in experimental asthma

Other substituted chromones: Warner-Lambert and Takeda have
reported oral activity for 3-substituted chromones (40-48). Compounds
with the 3-carbinol (W8011) and 3-tetrazole (AA-344) substituents are
about as potent in the PCA procedure as DSCG and have oral EDs,
values in the 2-7 mg/kg range (43,44,46,49). The active form of W8011 ap-
pears to be the carboxylic acid (49). Tetrazole AA-344 is reported to be
active after 2 or more days of oral administration of 30-60 mg/day in pa-
tients with atopic asthma (48).

o]
CH,0H
O
OCH3
LXXXI{ LXXXI11
WARNER-LAMBERT TAKEDA
w8011 AA-344
RAT PCA: =Intal RAT PCA: 4 x Intal
p.o. ED,, = 2.0 mgikg p.o. ED;, = 7 mglkg

HUMAN: 30-60 mg/day - active

Takeda’s acrylic acid (LXXX1V) (30), Carlo Erba’s 2-phenylchromone-6-
carboxylic acid (LXXXV) (57), and Miles’ CPTC chromone tetrazole
(LXXXV1) (52) appear to be orally active in the PCA procedure. However,
precise EDs, values have not been reported and clinical reports have not

yet appeared.
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0
2 HOOC
(CH3),CH OCH(CH
32 CH=CHCO,H (CHa)3
o
0
LXXXV
LXXXIV
CARLO ERBA
TAKEDA

RAT PCA: >Intal RAT PCA: = Intal

p.o. - active p.o. ED;, = 10 mg/kg

OCHZCHOHCHZ

CN

LXXXV! N

MILES
Na CPTC

Azapurinones: With an oral ED;, of 0.2 mgl/kg, the May & Baker
azapurinone, M&B 22,948, is one of the more potent compounds
reported (53,54).

9 H
HN Ny
I
0C3Hy
LXXXVH
MAY AND BAKER
M&B 22,948

RAT PCA: 35-50 x Intal
p.o. ED,, = 0.2 mgikg
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Benzopyranobenzopyrane dicarboxylic acids: Pharma Research’s
benzopyranobenzopyrane, PRD-92-EA, (55-58) is about 6 times more po-
tent than DSCG (56) and has an oral ED;, of 22 mg/kg (58). It is active
orally in the monkey, inhibiting the increase in airway resistance follow-
ing antigen challenge.

LXXXVII
PHARMA-RI.SILARCI

PRD-92-EA
RAT PCA: 6 x Intal

MONKEY: p.o. — active — inhibits the increase in airway
resistance in challenge studies

Dioxopyridoquinoline-2,8-dicarboxylic acids, cinnoline-3-propionic
acids and 4-oxoquinoline-3-tetrazoles: The pyridoquinoline dicarboxylic
acid series has been explored by Upjohn and ICI (59-61). An angular
pyridoquinoline, ICl 74,917 (bufrolin), is active in man by the aerosol
route (60). The linear compound A (LXXXIX) is reported by Upjohn
workers to be orally active in the PCA procedure (59).

ICl workers have also reported activity for a series of cinnoline-3-
propionic acid derivatives (XC), with oral ED,, values as low as 4 mg/kg
for the 6-ethyl compound (62).

0 0 O
CaHs COyCoHs
[0}
n H
HO-C C—OH N
N N N
H H H
Cl
LXXXIX XC
UPJOIIN JMPERIAL CHEMICAL INDUSTRIES
Compound A

RAT PCA: 50 x Intal RAT PCA:<Intal _
p.o. ED,, = 25-50 mgikg p.o. ED,, = 4 mg/kg
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In another related series, Riker reported that 8-chloro-4-oxo-3-(5-
tetrazolyllquinoline (XCI) was the most potent member (63). With an
ED;, of 0.078 mg/kg intraperitoneally, this compound is 32 times more
potent than DSCG and has an oral ED;, of 0.12 mg/kg. However, this
compound exhibited crystalluria in toxicology studies (63).

N
0 NN
I N
N
1
l i
N
|
Cl H
XCI
RIKER

RAT PCA: 32 x Intal
p.o. ED,, = 0.12

Pyranenamines: SKF 78,729-A, (XCI1), a potent member of a novel series
of pyranenamines, has intravenous and oral ED;, values of 0.7 mg/kg in

the PCA procedure (64). This series is further discussed in a subsequent
chapter.

OH

NH,

XC1l

SMITH KLINI & I'RINCH
SK&F 78,729-A

RAT PCA: ED,, = 0.7 mgikg p.o. & i.v.

Tetrahydrocarbazole-3-carboxylic acids: Oxarbazole (XCIII), a tetra-
hydrocarbazole-3-carboxylic acid, is under investigation by Winthrop
and has shown activity in human challenge studies when administered at
doses of 100-300 mg orally, b.i.d. for 3.5 days (63).
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o~ )

N
L)
MeO COOH

XCi

WINTHROP LABS
Oxarbazole, Win 34,284

HUMAN: 100-300 mg p.o.
(bid for 3.5 days)
Active in challenge studies

Aryloxamic acids, and aroylaminobenzoic acids: Upjohn’s aryloxamic
acid, lodoxamide (U 42,585 E), (XCIV), is 2500 times more potent in-
travenously than DSCG (66), being the most potent agent thus far
reported. However, this compound is 100-1000 fold less potent orally
than intravenously, with inhibition in the PCA procedure obtained with
oral doses between 0.1 and 10 mg/kg (66). Activity has been reported in
man following aerosol administration (€7). Further details on this series
are discussed in the next chapter.

CN

OCH;
CONH,
1% o
1l
HO,CCHN Nchozn NHCOCO,CyHg
¢ XCV
XCIv wyr v
UPIOIIN WY 16,922

Lodoxamide,U-42,585 E RAT PCA: 8 x Intal

p.o. ED,, =25 mg/kg
RAT PCA: 2500 x Intal

p.o.ED ., = 0.3-10 mg/kg

HUMAN: 0.01, 0.10 and 1.0 mg
active by inhalation

Wy-16,922 (XCV) is a representative of an aryloxamate series which
was less potent orally in the PCA procedure (68,69) than lodoxamide.

Japanese workers have explored a series of aroylaminobenzoic acids
of which N-5’ (XCVI), is about equal to DSCG intravenously and has an
oral ED;, of 100-150 mg/kg (Z0). It should be noted, however, that this is
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after a 2 hour pretreatment interval, a much longer period than used by
most other investigators. N-5" displays optimal activity 30-60 minutes
post-dosing (71). Therefore, this compound may be more potent relative
to other compounds discussed than suggested by its reported EDs,.

CH;30,
CO,H
CH;30 CH=—CH NH,

XCVI

KISSIt

N-5’

RAT PCA: - Intal
p.o. ED., = 100-150 mglkg

{2 hr pretreatment)
HUMAN: in the clinic

AB-50 (XCVII), the active species of which is the deacetylated com-
pound known as AB-23, is reported to be orally active although it has
only weak activity intravenously, requiring a dose of 20 mg/kg to
achieve nearly complete inhibition in the PCA test (72).

f i
0C—CHy 0C-CHy
CON H\@NHCO
CO,H
xcvil
CIHUGAI
AB-50

RAT PCA: 20 mg/kg i.v. - nearly complete inhibition

p.o. - active

Fused pyrimidine-2-carboxylic acids: Thienopyrimidines (Z3,74) and
pyrimidoquinoxalines (75), both of which are related to our pyrimido-
[4,5-blquinoline-2-carboxylic acid esters (XXXV and XL111), were recently
reported in the patent literature by Mead ]Johnson and Mitsubishi,
respectively. The most potent compound in the thienopyrimidine series
is XCVHI which has an oral ED;, of 3.1 mg/kg (Z3), while ethyl 7,8-di-
methoxy-3,4-dihydro-4-oxopyrimido[5,6-b]quinoxaline-2-carboxylate
(XCIX) appears to be about equipotent (Z3) with our compound XXXV.
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0 0
CH30 SN N—H CH3CHZ0 A N—H
o //L A
XXXV XLt
PFIZER PFIZER
Pirolate

RAT PCA: 80-100 x Intal
p.o. ED,, = 1.0 mgikg

(o]
0
CH
N /)\
XCVIH
MEAD JOHNSON

RAT PCA: p.o. ED,, = 3.1 mgikg

RAT PCA: 400 x Intal
p.o. ED,, = 0.3 mgikg

0
CH30 N
AN N—H
~
CH30 NN CO,Et
Xcix

WITSUBISHI YUK A

RAT PCA: p.o. ED., = 1 mg/kg

Mediator release inhibitors with antihistamine activity: Several agents
which are both antihistamines and inhibitors of mediator release have
also been reported (Figure 12). An early compound of this type was
Schering 15,280 (C, azanator) (Z6). Three other compounds (Cl, Cll and
CH have subsequently been reported (77-81). The most advanced of
these is ketotifen (Cl) which is structurally related to azanator. It is orally
active in man at 1 mg (b.i.d)) (Z7) and has been marketed by Sandoz in
Switzerland. Two other potent, orally active compounds in the rat PCA
procedure are Janssen’s oxatomide (78,79) and Boehringer Mannheim’s
BM 15,100 (80,81). These compounds combine the properties of
mediator release inhibition with antihistamine activity.
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Pharmacology of Ethyl 3,4-Dihydro-7,8-dimethoxy-4-oxopyrimido[4,5-b}-
quinoline-2-carboxylate (XXXV)

As discussed earlier, pirolate (XXXV) has an intravenous ED,, of 0.007
mg/kg (84 times more potent than DSCG) and an oral ED;, of 1.0 mg/kg in
the PCA assay. Pirolate doses as high as 1.0 mg/kg i.v. or 60 mg/kg p.o. do
not antagonize the changes in vascular permeability induced by in-
tradermal injections of histamine or serotonin. Pirolate inhibits the
plasma histamine increases induced by antigen challenge in rats passive-
ly sensitized with homologous antisera. At 0.1 mg/kg i.v. pirolate pro-
duces 92% inhibition of histarhine release while DSCG displays a similar
degree of inhibition at a dose of 3 mg/kg. The bronchoconstrictive effect
of a histamine aerosol in conscious guinea pigs is unaltered by pirolate
at a dose of 30 mg/kg, i.v.

This profile of pharmacological activity confirms that the pyrimido-
[4,5-b]quinoline ester XXXV inhibits the release of the mediators of
anaphylaxis, and is neither a bronchodilator nor an antihistamine.

Summary

Successive molecular modification of our original quinazoline-2-car-
boxylic acid led to compounds displaying 5000-fold increases in
potency. Several 7,8-dialkoxy substituted pyrimido[4,5-b]quinoline esters
are 80 to 400 times as potent as DSCG intravenously, and, more import-
antly, have potent oral activity in the rat PCA test with ED;,’s of 1 mg/kg
or less. Comparison with other agents that display oral activity in this
test shows that the pyrimido[4,5-b]quinoline series ranks among the most
potent orally active inhibitors of mediator release reported to date.
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The Development of Phenylenedioxamic Acids As
Potential Antiallergy Agents

CHARLES M. HALL and H. G. JOHNSON
Hypersensitivity Diseases Research, The Upjohn Company, Kalamazoo, MI 49001

Traditional chemotherapy of the asthmatic patient has generally
utilized "end organ" antagonists, that is, agents (antihistamines,
bronchodilators, and steroids) which appear to block the recep-
tors for a variety of mediators (histamine, SRS-A, ECF-A, etc),
but may have little to do with the basic allergic disease. In
principle, the clinical manifestations of an allergic attack may
be ameliorated by prevention of mediator release. The introduc-
tion of cromolyn sodium in 1967 confirmed that inhibition of
mediator release is one viable means of prophylactically treating
the allergic patient. Subsequently a number of other research
groups have reported (1) that other classes of compounds alsoc
prevent mediator release in standard animal models both in vivo
and in vitro assays. -

In the course of investigating a variety of different classes of
compounds for their ability to inhibit mediator release, we
found that certain aryl (2) and heteraryl(3) oxamic acids and
esters were active in the rat passive cutaneous anaphylaxis
(PCA) assay. It is noteworthy that other workers (4) indepen-
dently, also have found similar activity in a variety of aryl
and heteraryl oxanilic acid derivatives. In related work with a
series of quinaldic acid derivatives (5.8), we found that activity
was generally greater in compounds with "bis-functionality"
incorporated into the molecular structure as compared to the
"mono-functional” analog. Accordingly, we investigated a series
of aryl dioxamic acid derivatives in the rat PCA assay to see if
they possessed enhanced activity when compared to the monooxamic
acid with a similar substitution pattern.

At first glance, the oxamic acid derivatives may appear to be
unrelated structurally to other reported series of inhibitors of
mediator release. However in the extended planar conformation
the oxamic acids possess several structural features in common
with both chromone-2-carboxylic acids and quinaldic acids.
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Moreover, Cheney (7) and collaborators have shown that these
three structural classes possess similarity in their electronic
structure as well, and that a statistically significant correla-
tion exists between the energy of a low-lying unoccupied molec—
ular orbital of members of all three series and the PCA activity.
Structural similarity also exists between the phenylenedioxamic
acids and the previously reported pyridoquinolinedicarboxylic
acids (5). It should be noted that the carboxyl-carboxyl dis-
tances are approximately 10 A in both examples:

0
HO, ¢ g gl C0zH HO\ﬂfg\f':O\i/ﬁ\

R

Phenylenedioxamates can be synthesized readily by either of two
routes. Reaction of appropriate phenylenediamine with 2 eq. of
an alkyl oxalyl chloride in the presence of 2 eq. of triethyl
amine in anhydrous DMF gave the desired dialkyl diester in
generally good yield. Alternatively the phenylenediamine can be
heated at reflux in the dialkyl oxalate. The latter approach
has the disadvantage of requiring higher temperatures and pro-
ducing some oxamides and insoluble polymeric material. The
isolated dioxamate can be readily hydrolyzed with dilute NaOH.
Acidification to pH=2 gives the dioxamic acid in good yield.

The dioxamic acids were relatively insoluble in water but dis-
solved readily in the presence of 2 eq. of THAM (trishydroxy-
methylaminomethane). The acids were administered i.v. as aqueous
solutions of the THAM salts. The diesters were administered
orally as suspensions.
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The results (8) of the rat PCA assay are given in Tables 1 and
2. Although a complete structure-activity picture does not
emerge from these data, in general it appears that upon i.v.
administration (Table 2) an "electron withdrawing" group at the
5 position enhances activity, (compare 37 with 43 and 38 with 48
and 49). Furthermore, a chlorine substituent at the 2 position
improves activity (compare 43 with 49 and 49 with 52).

Although absorption, deposition, metabolism and excretion con-
siderations must play a role for orally administered drugs, the
oral activity of the diesters (Table 1) roughly parallels the
i.v. activity of the diacids. It is interesting to note that
many of these diesters exhibit their maximum activity when
administered only 5 min. prior to antigen challenge and that
they show little or no activity when administered one hour
before challenge. The potency of compound 49 (lodoxamide tro-
methamine U-42,585E) led us to study its biological properties
further. These studies are summarized in the next section along
with a comparison of lodoxamide tromethamine and cromolyn sodium.

Biological Evaluation of Lodoxamide Tromethamine.
(49, U-42,5850)

A. Rat Studies.

When DSCG or U-42,585E (lodoxamide tromethamine) were injected
intravenously along with antigen in previously sensitized animals,
the amount of compound needed to inhibit the PCA reaction was
determined. Table 3 shows that under identical conditions, U-

42 ,585E was some 2,500 times more active than DSCG. The optimal
time for giving these drugs for best inhibition was either
immediately before or along with antigen. Table 4 shows that
U-42,585E administered orally to sensitized rats 3-10 minutes
before antigen challenge alsc inhibited the reaction. Inhibition
was obtained with oral doses of between 0.1 and 10.0 mg/kg.

DSCG showed poor to negligible activity at up to 200 mg/kg
orally. The onset and duration of biclogical activity when U-

4?2 ,585F was given orally are remarkably similar to the onset

seen by the intravenous route. The reason it requires 100 to
1,000 times more drug to show comparable activity by the cral
route as compared to the intravenous route is thought to be due
to poorer absorption by the former route. However, it is clear
that the amount of drug that is required for efficacy is adsorbed
by the oral route in under 5 min. Table 5 shows one possible
additional explanation for the disparity between oral and intra-
venous doses. When animals were predosed orally with U42,585E,
they developed tachyphylaxis to a secondary dose of the drug.
Tachyphylaxis seemed to be time and dose dependent, but generally
occurred after the biclogical effect of the drug had subsided
(2.0 h). In Table 5, one would have expected excellent inhibition
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Table 3

Comparison of activity of U-42,585E
to cromolyn Na in the rat PCA assay

50% inhibition

Compound Number of animals mg/kg + SD
1. Cromolyn Na 35 2.5 +0.18
2. U-42,585E 49 0.001 + 0.00088

Both compounds were given intravenously along with 2 mg
ovalbumin and 5 mg Evans blue to antiovalbumin-1lgE-sensitized
animals 72 h after sensitization. Each point is the mean *
SD 50% inhibitory concentration of the number of animals
indicated.
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Table 4

Inhibition of rat PCA reactions
by orally administered U-42,585E

Duration of activity Dose Response
oral dose 50 mg/kg 5 min before challenge
minutes inhibition, % U-42,585E inhibition, %
before mg/kg
challenge

1 95 50 100

3 100 25 92

5 100 10 95

10 69 5 59

20 31 1.0 25

30 0 0.1 12

60 0

Oral doses were administered in 1.0 ml of vehicle 122
by gavage to 18-hour fasted rats. Each time or dose point
above represents the results from 16 amimals.
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Table 5

Dose relationship of orally administered U-42,585E to
development of tachyphylaxis in the rat PCA

Secondary oral Dose U-42,585E p.o.
3 min before challenge with anti-
gen and dye

25 mg/kg 0.01 mg/kg none

Primary oral dose,
U-42,585E (mg/kg)
25 (high dose) 12 56 -
0.01 (low dose) 87 25 -

Non-predosed controls,

U-42,585E orally

3 min before challenge,

mg/kg

25 (high dose) - - 96
0.01 (Tow dose) - - 0

Animals were predosed as described above. These results
are the mean percent inhibition calculated with 14 animals in
each control group and 8 at each test variable. Drug was
given orally in 1 ml vehicle 122. The oral doses were chosen
to illustrate both tachyphylactic concentration (25 mg/kg)
and nontachyphylactic dose (0.01 mg/kg). A 2 hr time interval
was used between prinary and secondary dose.
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at 25 mg/kg oral dose, however only 12% was seen. Similar
results have been described for DSCG and U38,650 (23).

U-42,585E was tested for its antagonism of the effects of the
mediators of anaphylaxis at the end organ and showed the follow-
ing: a bath concentration of up to 50 ug/ml did not antagonize
the guinea pig ileum contractions induced by either histamine or
rat SRS-A. Further pharmacological profiles on U-42,585E indica-
ted that this compound was capable of inhibiting the antigen-
induced release of SRS-A in the peritoneal cavity of rats at 0.1
to 3 mg/kg. Dose responses were difficult to obtain with this
drug, and there was a poor relationship between inhibition of
histamine and SRS-A release.

Extensive studies were undertaken to show the effects of U-
42,585E on the in vitro rat mast cell system using either antigen-
or 48/80-induced histamine release as a model of allergic reac-
tions. DSCG shows a bell-shaped, biphasic dose-response curve
when tested against 48/80 release in mast cells (12,13,14), thus
making definition of the mode of action of these drugs difficult.
Table 6 shows dose responses for both DSCG and U-42,585E in the
inhibition of 48/80-induced histamine release. In this compari-
son, U-42,585E showed approximately 100 times more activity than
DSCG. However, dose comparisons are difficult when biphasic
responses are seen. The apparent enhancement (52 versus 27%) of
histamine release at very low concentration of DSCG (0.001 and
0.0001 pg/ml) is repeatedly seen in this assay and with these
drugs the meaning is not clear at this time. Similar results
have been reported in other studies (15).

A recent finding (14) that DSCG inhibited the ionophore induced
movement of *5Ca into rat mast cells and additionally inhibited
histamine release was extended to U-42,585E as well. Table 7
shows that U-42,585E inhibited “5Ca flux into rat mast cells
maximally at 0.1 ug/ml whereas in other experiments (14), DSCG
inhibited “3Ca flux in a bell-shaped dose response curve at 10
to 100 pg/ml. The stimulation by U-42,585E rather than inhibi-
tion of Ca flux into the cell seen at 1.0 and 5.0 ug/ml may
explain in part the nonlinear dose-response curves seen for DSCG
and U-42,585E.

B. Mechanism of Cholinergic Stimulation at High
Concentrations of U-42,585E (lodoxamide tromethamine).

The anti-allergy drugs, cromolyn sodium and lodoxamide trometh-
amine show in vitro dose responses which are bell-shaped or
biphasic in mast cells. The nature of the biphasic dose response
is poorly understood; however, through the use of specific
antagonists it has been possible to show that at the high concen-
trations of these drugs leading to enhanced histamine release or
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multiple high dose tachyphylaxis, a cholinergic receptor is
stimulated in the cell. This receptor is muscarinic in nature
and can be blocked by atropine or quinuclidinyl benzilate (QNB).
Prevention of multiple dose tachyphylaxis to either drug can be
modulated by pretreatment with atropine or QNB. High concentra-
tions of both drugs cause cell accumulation of cyclic-guanosine
monophosphate through stimulation of guanyl cyclase and preven-
tion of c@MP breakdown by inhibition of the phosphodiesterase
(PDE) for cGMP (27).

The Effect of Muscarinic Blockers on the DSCG
and Lodoxamide Tromethamine Dose Response in
Rat Mast Cell

When Ficoll-purified rat mast cells (16) are challenged with
48/80 immediately after the addition of increasing concentrations
of DSCG (Fig. 1A) or lodoxamide tromethamine (Fig. 1B),the release
of histamine is blocked maximally for DSCG at 50 ug/ml and for
lodoxamide tromethamine at 1.0 ug/ml. Increasing the concentra-
tion of either drug then leads to a loss of efficacy and actual
enhanced release if the concentraticon is high enough. Prior
treatment with 10-® to 10-7M atropine (5 min at 25°C) altered
the dose-response curve. For DSCG the loss of efficacy (right
hand) portion of the curve was totally blocked, and the curve
for lodoxamide tromethamine was altered in a manner which sug-
gested partial but not complete reversal of the loss of efficacy
at high doses of drug (27), (Fig. 1A,1B).

The cholinergic stimulation by lodoxamide tromethamine was time
and dose-related. Both inhibition of mediator release

(5 pg/ml) and high-dose enhancement of release (500 ug/ml) were
near maximal at 4 to 10 min (Fig. 2). The high dose also caused
the accumilation of cGMP in P815 mastocytoma cells and the time
of maximal stimulation was & to 12 min after drug was added

@n.

The Effect of Pretreatment of Rats with the
Muscarinic Blockers Atropine and Quinuclidinyl
Benzilate (QNB) on Multiple Dose DSCG and
Lodoxamide Tromethamine Tachyphylaxis

Rats dosed twice with inhibiting doses of either DSCG or lodoxa-
mide tromethamine show tachyphylaxis to an inhibition of the
subsequent passive cutaneous anaphylaxis assay (10,11,13,16.17).
Atropine (25 mg/kg) or QNB (0.01 mg/kg) given ip 20 min prior to
the first iv dose of DSCG or lodoxamide, partially blocked this
multiple dose tachyphylaxis (13,16,17,27). Atropine or QNB by
themselves at these concentrations had no inhibitory effect on
the PCA reaction, but markedlv reduced (or almost totally elim-
inated) the tachyphylaxis (Fig. 3,4) to DSCG and to a lesser
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Figure 1. Dose response for DSCG (A) or lodoxamide (B) in Ficoll-purified rat
mast cells vs. 48/80-induced histamine release. Atropine was added to incubations
(25°C) 5 min before DSCG or lodoxamide. DSCG or lodoxamide was prepared in distilled
water and added immediately before 48/80. Histamine was determined in supernatants
by an automated Technicon histamine assay and was compared to histamine content of
boiled cells (boiled in 0.IN HCI for complete release). The results are expressed as net
histamine release. ((A) Atrophine 10°5M alone inhibited 48/80 release; 2.8%; 0.5 pg/
mkL; 48/80 — 26 8% histamine release)
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Figure 2. Kinetics of cholinergic stimulation (enhanced histamine release) at high

lodoxamide concentrations (500ug/mL) and inhibition of histamine release at low

concentrations (Sug/mL). Ficoll-purified mast cells were incubated for various time

periods with lodoxamide followed by 48/80. The mixture was filtered over Millipore

8-um filters to stop the reaction. The filter was washed with 15 mL of phosphate-buffered

saline, pH 7.2. The wash and filtrate were collected and analyzed [or released histamine,
and the release assay was compared to total levels in acid-boiled cell mixtures.
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Figure 3. Effect of atropine in blocking multiple-dose, DSCG-induced tachy-

phylaxis in rats. Sensitized animals were given atropine 25 mg/kg ip 20 min before iv

(DSCG). After 1.0 hr the animals were given another iv dose of DSCG containing 2 mg

egg albumin and 5 mg Evans blue. Eight controls of nondrug-predosed animals were

also used to calculate inhibition of the PCA assay after 30-min development of the skin

sites. Six animals were used for each variable. The variability of repeated assays of
DSCG in these animals is approximately * 8%.
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Figure 4. Effect of muscarinic blockers atropine and QNB on multiple-dose

lodoxamide tachyphylaxis. Sensitized rats were given atropine 25 mg/kg ip or ONB

0.01 mg/kg ip 20 min before the first iv dose of lodoxamide. One hr later the animals

were given another iv dose of lodoxamide (0.2 mg/kg containing 2 mg egg albumin and

5 mg Evans blue), and 30 min later the skin sites of sensitization were scored and com-

pared to nonpredosed rats as well as control rats. Numbers in parenthesis refer to num-
ber of animals per variable.
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extent to lodoxamide.
Effect of Lodoxamide Tromethamine on the Intracellular

Nucleotide Levels and PDE Inhibition in Various
Tissues

Since the high dose inhibition as well as the multiple dose
tachyphylaxis appeared to be cholinergic in nature we looked for
the corollary of raised cyclic-GMP in tissue which had been
exposed to lodoxamide tromethamine. In studies on high and low
affinity cAMP PDE's (phosphodiesterases) and cGMP PDE's from
crude preparations of rat lung, lodoxamide tromethamine showed a
low potency inhibition which was slightly selective for cGMP PDE
over cAMP PDE (Table 8). Lodoxamide tromethamine was next
studied for its ability to stimulate rat lung adenylate and
guanylate cyclase. Table 9 shows that in both soluble and
particle preparations high concentrations of the drug stimulated
guanylate cyclase more than adenylate cyclase. Atropine partially
blocked the stimulation of rat lung guanylate cyclase when it was
added at an equivalent concentration to lodoxamide tromethamine
in the low speed p=llet only but not the high speed supernatant
(Table 10). The kinetics of cholinergic stimulation by lodoxamide
were measured in mouse P815 mastocytoma cells. The drug produced
a rapid depletion of both cAMP and cGMP that was dose-related and
lasted between 0-6 min.

These data indicate that DSCG and lodoxamide tromethamine exhibit
biphasic dose responses for inhibition of mediator release and
that both a portion of the bell-shaped curve and a part of the
multiple dose tachyphylaxis can be blocked by prior treatment
with atropine.

These results are consistent with the hypothesis, that this
unwanted effect of the anti-allergy drug occurs through a cholin-
ergic receptor leading to the accumilation of c¢GMP in the cells.

C.  Comparison Between Cromolyn Sodium and Lodoxamide
Tromethamine in Primates Against Aerosolized
Ascaris suum Antigen.

Since models of reaginic hypersensitivity in rodents, although
predictive for humans, have their limitations, lodoxamide tro-
methamine was studied in a model of active reaginic allergy in
primates, and which have skin sensitivity to Ascaris antigen in
certain Rhesus monkeys (18,19). This sensitivity was present
naturally and was not induced by immunization. Comparative
evaluation of the immunology of the reaginic antibody resides in
the IgE type immunoglobulin, (19).

In Drugs Affecting the Respiratory System; Temple, D.;
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Table 8

150 Values of Lodoxamide (X10_3M) versus Crude Rat Lung
cAMP and cGMP Phosphodiesterases

CAMP PDE

cGMP PDE

Enzyme Substrate

107 1070

Enzyme Substrate

107%  107°m

7.6 4.7

>10 1.3

Table 9

Effect of Lodoxamide on Rat
Guanylate Cyclases (Basal

Lung Adenylate and
Activity = 100%)

Lodoxamide Concentration

Enzyme Source 8x10™ M 8X10™M
Adenylate Cyclase(l) 129 ND
Guanylate Cyclase
Lps(2) 152 96
Hss(3) 141 98

1 = Hypotonic particle preparation
2 = Low speed pellet (10,000XG)
3 = High speed supernatant (100,000XG for 60 min)
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A system for study of respiratory reactions was developed in the
previously described primate with Ascaris by aerosol challenge
that was reproducible (Fig. 5) simple to do, and easy to adapt to
studying the effects of pharmacologic agents on the respiratory
parameters involved in the Ascaris reaction (20).

Initial studies showed that the IgE-mediator primate respiratory
response was partially inhibited by antihistamines, partially
reversed by beta adrenergic blocking agents (20) and partially
inhibited by cromolyn sodium when it was given either intraven-
ously or by aerosol prior to antigen challenge (21).

We have reported studies on the effect of drugs on various lung
parameters induced by Ascaris sensitivity (17.22). We quanti-
tated these parameters and adapted the system to test cromolyn Na
by aerosol and intravenous administration as well as lodoxamide
tromethamine. Lodoxamide tromethamine in this assay showed
quantitative advantages to cromolyn Na (DSCG) because it was
significantly more active and was orally adsorbed.

When lodoxamide tromethamine was administered orally to reactor
Ascaris monkeys, excellent inhibition of both lung function
parameters was seen indicating a reversal of antigen challenge
induced changes. Table 11 summarizes the activity of lodoxamide
tromethamine and its duration of effect when dosed orally. This
table alsc shows that when the optimal time (30 min.) is used to
assay a dose response, inhibition can be seen as low as 5.0
mg/kg. Table 12 shows that when lodoxamide tromethamine was
administered i.v. 5 min. before ascaris aerosolization (0.16 ml
aerosolized in 50 respirations), protection was seen even at
0.001 mg total dose per animal (Table 13).

Multiple doses of DSCG and other similar compounds have been
shown to develop a time and dose related period of tachyphylaxis
in rats and primates, (12, 17, 23). Lodoxamide tromethamine also
showed a similar phenomenon when multiple oral doses of 50 mg/kg
were given (Table 14). Tachyphylaxis was evident if a high dose
(50 mg/kg) - preceded a similar high dose. Several low doses (0.1
mg/kg) appeared to give good inhibition in this assay.

D. Human Clinical Studies With Lodoxamide Tromethamine.

The promising animal studies with lodoxamide tromethamine led to
its investigation in human subjects. Two independent broncho-
provocation studies in patients with extrinsic bronchial asthma
have been reported. Moreno and leZotte (24) studied 12 patients,
who had been pretreated randomly with inhaled lodoxamide tro-
methamine (1.0 mg, 0.1 mg, 0.01 mg) or placebo in a double blind
manner, in a standard bronchial challenge. Each of the patients
was treated with each drug dose and placebo in separate settings
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Table 11

Inhibition of Ascaris induced lung function changes in
reactor primates by orally administered U-42,585E.

Duration of Activity Dose Response
P.0. dose 50 mg/kg 30 min before challenge
Time before P.0. Drug
challenge % Inhibition mg/ kg % Inhibition
{min)
5 51 25 100
20 89 10 60
30 95 5 19
60 16 1.0 3
0.1 0

P.0. doses were administered in 1.0 ml vehicle 122 by
gavage to 18 hr. fasted animals. Inhibition is expressed as
the average inhibition of both (f) and (TV) lung function
changes.
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Table 12

Dose response for i.v. administered U-42,585E
in the prevention of Ascaris induced Tung function changes
in primates.

Drug , Lung %
mg/ kg Function Inhibition
0.1 (f) 84
TV 77
0.01 (f) 27
TV 31
0.001 (f) 47
TV 39
0.0001 (f) 0
TV 10
(f) = respiratory rate/min increase
TV = tidal volume (ml) decrease

4 -42,585F was given in 1 ml water by the femoral
artery 5 minutes before aerosal Ascaris challenge.
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Table 13

The prevention of Ascaris induced lung function changes
in primates by intrabronchial (ib) administration of
U-42,585E and DSCG.

Percent Inhibition of Lung Reactivity

Mg compound ib

per 50 inspiratory Lung %
cycles* Function Inhibition

1. U-42,585E 25 f (respiratory 100

rate increase)
TV (tidal volume 93
decrease)

12.5 f 80

TV 68

5.0 f 78

TV 83

1.0 f 80

TV 75

0.1 f 71

TV 71

0.01 f 93

TV 81

0.001 f 100

TV 90

2. DSCG 10%* f 0

TV 9

5 f 5

1Y 36

*See text-methods for drug administration.

**When this concentration of DSCG is made up in 0.1 ml the
resulting solution is very viscous and cannot be nebulized,
therefore, this dosage is questionable.
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Table 14

The inhibitory effect of multiple oral doses
of U-42,585E given to Ascaris reactor monkeys
2.0 hours before challenge

P.0. Dose
U-42,585E
mg/ kg Lung Function % Inhibition
1. 50 mg/kg f 83
Primary TV 77
2. 0.1 mg/kg f 7.0
Primary TV 21
3. 50 mg/kg f 0
Primary,
50 mg/kg TV 21
Secondary*
4. 50 mg/kg f 32
Primary,
0.1 mg/kg TV 29
Secondary
5. 0.1 mg/kg f 51
Primary,
0.1 mg/kg TV 59
Secondary

f = Respiratory rate
TV = Tidal volume

X -42,585E in vehicle 122 was given at the indicated dose
by nasal stomach tube. Two hours later the secondary dose
was given, followed 30 minutes later by antigen challenge.
Vehicle 122 by itself had no effect on the respiratory
responses.

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



96 DRUGS AFFECTING THE RESPIRATORY SYSTEM

at least 72 hrs. apart. When compared to placebo all three drug
groups provided statistically significant protection against FEV;
falls greater than 20% of baseline.

In a similar study, Townley and co-workers (25,26) challenged 10
extrinsic asthmatics with increasing amounts of allergen after
pretreatment with inhaled placebo or lodoxamide tromethamine (1.0
mg, 0.1 mg, and 0.0l mg) in a randomized double blind fashion.
Statistical analysis of the results demonstrated that the cumula-
tive log dose of allergen which produced a 15% drop in FEV,

(PDy5) was 2-65 greater for all three drug doses than for placebo.

Studies are being undertaken to determine the efficacy of lodox-
amide tromethamine in exercise induced bronchospasm, allergic
rhinitis and various skin allergies.
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New, Orally Effective Chromone Derivatives for the

Treatment of Asthma

H. CAIRNS

Fisons Ltd., Pharmaceutical Division, R. & D. Laboratories, Bakewell Road,
Loughborough, Leicestershire, England

It is of interest to note that, since the introduction of
disodium cromoglycate (Intal, cromolyn) (I) in 1967 as the first
prophylactic agent for the treatment of bronchial asthma, no
successor products of this type are yet clinically available.
This observation is of extreme importance from the medicinal
chemist's view point, as in our interpretation it high-lights
the lack of clinically predictive screening models which can be
used, reliably, in structure-activity studies. Perhaps this is
best exemplified by considering the following facts; (i) that
in the past 10 years, at least 65 pharmaceutical companies have
filed patent applications describing compounds with cromolyn-
like activity, (ii) that at least 25 of these companies have
published papers describing some aspect of their scientific
studies on compounds of this type, and (iii) that at least 9 of
these latter companies have taken selected compounds to some
stage of clinical evaluation as evidenced by appropriate publica-
tions (L - 9). Yet despite this mammoth effort, my initial
comments stand.

We ourselves rank alongside the companies listed above, as
for the past 10 years we have striven to identify a follow-up
product to cromolyn. This paper presents a summary of our work
during this period, highlighting the significant theoretical
and practical achievements and failures which have marked our
progress. Always our objective was to identify a new "cromolyn
like''drug, i.e. a compound whose biological mode of action was
similar to that of the parent drug. Early in our programme we
decided to concentrate on the search for an orally effective agent
as an attractive alternative to cromolyn which has to be
administered by inhalation.

Despite extensive investigation, the precise mechanism of
action of cromolyn in man is still unknown, but it is generally
accepted that this agent exerts much of its anti-asthmatic
activity by inhibiting the release of mediators from sensitised
mast cells (10). It is perhaps pertinent to reflect on how this
aspect of the drug's mode of action was first discovered. Cromolyn
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was synthesised during a programme of work originally designed
to exploit the bronchodilating properties of a naturally
occurring 2-methylchromone known as khellin (II). Part of the
structural variation applied to the khellin molecule was to
replace the 2-methyl substituent by a carboxy group. By so
doing, it was soon apparent from our screening programme that
we had lost all of khellin's bronchodilating activity, but
continued investigation of the biological properties of the
2-carboxy series revealed that they possessed a novel prophy-
lactic anti-asthmatic activity. Thus when given before antigen
challenge to an asthmatic subject, these compounds inhibited
the expected onset of bronchospasm. I would stress that this
activity was first identified in a human asthmatic volunteer.

It was only subsequent to this demonstration of the new
prophylactic activity of the chromone-2-carboxylic acids in
man, that we began to revise our biological testing

programme - -— indeed cromolyn had been synthesised and
identified as highly active -in man before an animal model, which
we could use to study the structure-activity relationships of
these compounds, was identified. The animal model which

Goose and Blair (1l1) of our laboratories used to demonstrate a
possible explanation of the mode of action of cromolyn was the
rat passive cutaneous anaphylaxis test (PCA test). At first
sight, this PCA test seemed to be a potentially useful model of
allergic asthma as it seemed to have several fundamental
correlations with the human disease. Thus both systems involved
mast cells; in both systems these cells were sensitised with
antibodies of the IgE class; challenge of such sensitised cells
with antigen resulted in the controlled release of the
pharmacological mediators of anaphylaxis from these cells.

This then was the background to the beginning of our med-
icinal chemistry approach to the identification of an orally
effective anti-asthmatic agent, which began around 1969-1970.

At that time we considered our stock data on anti-asthmatic
compounds from experimental asthma studies in humans. Thus,

we knew that mono- and bischromones were highly active by
inhalation, but that none of the compounds which we had prepared
up to that time were orally effective. This lack of oral
activity was, we decided, due to the high polarity and low
lipophilic character of the chromone derivatives that we had
prepared up to that time., For example, cromolyn had a pKa of
about 1.5 and an octanol/water (pH 7.4 aqueous buffer) log D
value of about -3.5. Such a compound would be expected to have
a very poor absorption profile., This was reflected in its short
plasma half-life following intravenous administration and the
fact that its plasma levels following oral administration in a
number of species were extremely low (12).

Consequently when we decided to look for orally effective
analogues of cromolyn, we chose eventually to concentrate on
molecular modification of the monochromones as they were rather
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more lipophilic than their bischromone counterparts. At the
outset we decided to accept the inherent problem of the high
acidity of the chromone-2-carboxylic acids and to attempt to
overcome this by the introduction of lipophilic substituents
into the chromone nucleus, in the hope that the net result
would be the production of an active compound with an acceptable
absorption profile.

As our primary test model we initially decided that we had
to stay with the rat PCA screen. However, since we were now
interested in orally effective compounds we studied the activity
of the chromones following their administration either directly
into the stomach or into the intestine of the animals, the
latter following anaesthetisation and laparotomy. Experience
showed that the results obtained on intra-duodenal dosing were
much more reproducible than those obtained by straight oral
dosing and so for a number of years we have used this route of
drug administration to determine the likely oral activity of our
compounds.

Our early clinical studies in the monochromone area had
shown that, of the alkoxy substituted series, those derivatives
which had the alkoxy group in the 5- position were the most
active., An investigation of the biological activity of a large
variety of 5-alkoxy substituted chromones in the rat PCA test,
by the intra-duodenal route, revealed that the most active were
those which carried an unsubstituted straight or branched alkyl
chain, containing four carbon atoms or more, on the oxygen atom
(see Table I). Our next step was to attempt to overcome the
weak lipophilic character of the most active compound from this
series, FPL 50419, by the introduction of alkyl and alkenyl
substituents around the benzene ring of the chromone nucleus.
These new compounds, like those contained in Table I, were
prepared by the route shown in Scheme I. An examination of the
data presented in Table II shows the success of this approach.
Each of the compounds described was more active than FPL 50419
by the intra-duodenal route, with optimal activity being found
in the 8-allyl derivative FPL 55618 which was 30 times more
potent. Indeed FPL 55618 was 100 times more potent by the
intravenous route, than cromolyn itself.

Not wishing to rely on activity data generated in only one
bioclogical screen, we tested FPL 55618 in a range of in vitro
and in vivo models of immediate hypersensitivity which had been
developed by our biologists, These models involved
allergic reactions in the skin and in the lungs of rats, dogs,
monkeys and guinea-pigs, as well as in a number of in vitro
systems and FPL 55618 was active in several of these models of
allergic disease (13). Our only worry at the time was that
cromelyn did not have particularly outstanding activity in many
of these new screens, so their true value as models of allergic
asthma were untried. However, we decided to take FPL 55618,
forward to clinical evaluation. In the event, the compound had
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TABLE I
RO 0
0
C02Na
*
PCA ED¢q in mg/kg
Compound R
No.
intraduodenal (i.d.)
50268 CHSCHZCHZ' >10
50271 CHSCHOHCHZ- 50
50291 PhOCHZCHZ- 105
50419 MeZCHCHZCHZ- 6
50482 EtzNCOCHz- >>10
50485 CH2=CHCH2CH2- 10
50489 PhCHz- >10
50490 ClCHZCHz- >10
55671 CHS(CH2)4- 10

*Compounds were given intraduodenally 7-10 min prior to
antigen challenge. This was shown to be the optimal
dosing schedule,
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SCHEME I
OR
0 .
s iy (CO,Et)/NaOEt
OH (ii) H'/EtoH
(Rl)n
O
Y
OR 0 W
0
COZH
(Rl)n
R, Rl’ n - see Tables I and II
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only weak activity against antigen challenge in asthmatic
patients (13). However, one very important point which arose
from these clinical studies was the observation that, when
given orally to man, FPL 55618 blocked the protective action of
inhaled cromolyn., In our interpretation, we had evidence which
suggested to us that these specifically designed oral chromones
were being absorbed and, via systemic circulation, reaching

the receptors in the human lung responsible for the protective
action of their inhaled clinically effective analogues. For
some reason, these newly designed compounds did not possess the
ability to modify the receptor in man, in a way which would
translate to inhibition of asthma. In addition, these oral
derivatives appeared to have a stronger binding affinity for the
receptor than did cromolyn,

It was time for our first major re-think. Basically we had
shown that our general medicinal chemistry approach to oral
activity had been successful. These more lipophilic chromones
were indeed being absorbed from the gastro-intestinal tract and
reaching their required site of action, but we concluded that
one could not use the rat PCA test, or indeed any of our newly
developed tests, in a quantitatively predictive sense, for the
identification of compounds which would be active anti-asthmatic
agents, of the cromolyn type, in humans. I suspect that others
have more recently come to the same conclusion about the PCA
test, following the clinical evaluation of their own selected
compounds.

The above conclusions were reinforced by our next sortie in
the area of the 5-alkoxy chromone-2-carboxylic acids. We
decided to ignore the rat PCA data which identified the 5~
isoamyloxy derivative, FPL 50419, as a lead compound. We
reverted instead to our early clinical studies which had shown
that though inactive orally, the 5-(2-hydroxypropoxy) derivative,
FPL 50271 (III), was highly active, when given by inhal-
ation, in bronchial antigen challenge experiments in asthmatic
patients. The 8-propyl substituted analogue, FPL 52694 (IV), was
prepared for clinical evaluation., By this time we recognised
that FPL 52694 was not an ideal oral product as it was still a
highly acidic compound and its log D value was still less than
zero (-0,65), but it was significantly more fat soluble than its
predecessor FPL 50271 (log D = -1,8), FPL 52694 was eventually
shown to be extremely effective against antigen challenge in
asthmatic patients by the oral route, but had to be given at
very high doses in the order of 1 - 2 gm per dose (13). We
did not consider that such a compound could be a useful
therapeutic product, but from the medicinal chemist's viewpoint,
we had established beyond doubt that chemical modification of the
highly acidic¢, highly polar chromone-2-carboxylic acids could
lead to orally effective agents of this series which could be
useful therapeutically in the prophylactic control of bronchial
asthma. ’
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Chemically, we were moving in the right direction by attempting
to increase the lipophilicity of our compounds. We knew that
the compounds we were seeking would have to have relatively
high log D values, probably in excess of +1.0. In terms of the
PCA tests, we had by now established that well absorbed oral
products would have a ratio of intra-duodenal to intravenous
PCA EDgg values of less than 10 - preferably the ratio would
approach unity for very well absorbed compounds. Our experience
had shown that compounds with a ratio of >10 were in general
very poorly absorbed in the rat and the dog following oral
administration and, as a rule, were fairly rapidly excreted
following intravenous dosing in both species. But how could we
select suitable compounds for further development from an
activity viewpoint? None of our existing animal screens was
capable of predicting activity in man!

At about this time, which was in mid-1974, we decided that
the screening approach we would follow, would be one which
involved the profiling of our compounds for cromolyn-like
activity, whilst checking fully their oral absorption profiles.
The type of screen which would best identify this activity,
would be, we decided, one in which we could demonstrate that
our compounds could occupy the same receptors as cromolyn. It
was of little consequence, we argued, what particular action of
the drug we tried to mimic in these screens, as we felt that
none of them would be completely clinically predictive. The
best we could hope to achieve was to identify compounds which,
in some animal models, could be shown to interact with and
occupy the receptors cromolyn was known to activate. Such
molecules could perhaps occupy and activate the cromolyn
receptors in human lung. If these compounds also possessed
physico-chemical characteristics, e.g. suitable partition
coefficients, which imparted acceptable absorption profiles to
the entities, then we would select one or more for progression
to a clinical evaluation.

The facet of cromolyn's activity profile on which we
concentrated was the compound's reported tachyphylactic action
in both the rat PCA screen and in producing a Bezold-Jarisch
reflex induced fall in blood pressure in the anaesthetised dog
(10, 14). 1In essence, a high dose of the compound administered
to a rat 30 - 60 minutes before a second dose, given in the
normal manner at the time of antigen challenge, inhibits or
abolishes the protective effect of the latter dose on the rat
PCA reaction. In the anaesthetised dog, we have found that a
fifteen minute infusion of a low dose of cromolyn blocks the
normal depressor activity of a subsequent bolus injection of the
compound. The blocking action of the infused dose diminishes
with time as shown in Figure 1. The loss of activity with time
in these experiments probably reflects the rate of elimination
of the cromolyn from the sensory receptors in the left ventricle
of the heart which have been shown to be involved in the
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Figure 1. Effect of infused doses of disodium cromoglycate on the depressor
action of a bolus injection of disodium cromoglycate: (0—©) 20 pg/kg/min;
(@—@®) 100 pg/kg/min
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depressor response to bolus injections of cromolyn (15).

Rescreening of a number of our more lipophilic chromone-
2-carboxylic acids along this new approach identified an already
existing series of compounds which possessed an overall profile
close to that which we were seeking. These compounds were
principally 5-hydroxy-6,8-dialkyl chromone-2-carboxylic acids
and the activity profile of one of these, FPL 52757, is shown
in Table III. One can contrast this data with that for FPL
52694, which had the following profile: (i) log D = -0.65,
(ii) PCA EDgg ratio = 10, (iii) plasma levels in the dog,
from an oral dose of 20 mg/kg, never exceeded 2.5 ug/ml over
the 5 hour sampling period, (iv) plasma t} in dogs = 0.3 h,
FPL 52757 was clearly a much more lipophilic compound and
encouragingly had a much superior overall oral profile in the
rat and the dog. In addition it was clearly capable of occupy-
ing the cromolyn receptors in these two species. Consequently,
FPL 52757 was submitted for clinical evaluation and in several
studies involving antigen provocation the compound was shown to
be orally effective, at a dose of 50 to 100 mg t.i.d., as an
anti-asthmatic agent. Unfortunately, longer term studies in
dogs revealed that continued oral dosing with the compound
produced an incidence of liver toxicity which was related to
the metabolism of the drug and the compound was withdrawn from
further clinical study (13).

Fortunately, we had not settled solely for the chance of
FPL 52757 making the grade as an orally effective agent.

Whilst this compound was under detailed investigation, we had
begun another programme of work on the chemical modification
of a further monochromone which had been identified as clinic-
ally active by inhalation back in the early 1960's. This
derivative was the tricyclic compound FPL 52845; it was
chosen for the present study as an alternative to the 5-alkoxy
series because of its intrinsically higher fat solubility

(log D of FPL 52845 being -0.2 compared to -1.8 for the
S5-alkoxychromone FPL 50271).

This particular study proved extremely fruitful and many
of the compounds produced were active in our screens. As can
be seen in Table IV, the introduction of a propyl substituent
into the 10 position of FPL 52845, to give FPL 57579, produced
a noticeable improvement in the oral properties of this tri-
cyclic compound. Thus the lipophilicity of the compound was
increased over 10 fold and this was reflected in an improved
PCA ratio, higher plasma levels after oral dosing in the dog
and a longer plasma half-life following intravenous admin-
istration in the dog. However, the plasma t} of FPL 57579
was considered to be rather short for a potential oral
product. A further consideration of our previous studies
indicated that the introduction of a hydroxyl substituent into
the 5-position of the chromones would lead to an increase in
lipophilicity and this proved to be the case also in this
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TABLE 111
HO
Et
CO_H
Et 2
FPL 52757
Log D + 0,65
Octanol/water
PCA EDSO :ilv. 5.0 mg/kg
i.d. 5.0 mg/kg
ratio i.d./i.v. 1.0
Plasma levels Time post
in dogs - dose | dosing
(20 mg/kg p.o.)
1h 3 pg/ml
3h 13 ug/ml
5h 13.5 ug/ml
Plasma t} in dogs 2.4 h

Cross tachyphylaxis : rat

dog

70 mg/kg i.v. at 45 min
blocked the effect of
disodium cromoglycate

2 mg/kg

Infusion of 200 upg/kg/min
blocked the depressor
action of disodium
cromoglycate for up to

3 hours

Chemical and biological data available on FPL 52757
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tricyclic series. Thus, with the synthesis of FPL 57787

(see Table IV), we obtained a compound which measured up fairly
well to our pre-determined standards. It was highly lipophilic
and its good absorption profile in the rat (see PCA ratio) was
paralleled in the dog where plasma levels were readily main-
tained for up to 5 hours and its intravenous half-life was about
2 hours. It was cross tachyphylactic with cromolyn in the PCA
screen (an intravenous dose of 36 mg/kg of FPL 57787 given

40 min before challenge, inhibited the protective effect of
cromolyn 1 - 8 mg/kg given with challenge) and, when given by
intravenous infusion in the dog, it effectively inhibited the
reflex induced lowering of blood pressure produced by injection
of cromolyn (Figure 2). The long duration of action of FPL
57787 in this test is, we believe, due to a combination of the
much longer biological half-life (see Table IV) of this
lipophilic chromone, compared to say cromolyn sodium, and to
its stronger binding affinity for the cromolyn receptors

(e.g. in in vitro studies FPL 57787 is much more highly and
strongly protein bound than cromolyn, a factor which may
support the above interpretation of receptor affinity).

The synthetic routes used to prepare FPL 52845, 57579 and
57787 are outlined in Scheme II.

FPL 57787 was therefore submitted for a fuller invest-
igation, involving a study of its activity in man as an orally
effective anti-asthmatic agent. These investigations are not
yet complete, but we already have data from clinical studies
which show that, when given in doses of 6 to 24 mg for up to
12 hours before challenge, FPL 57787 effectively inhibits antigen
induced bronchoconstriction in a number of asthmatic patients
(13). These investigations in experimentally induced asthma
have been extended into the study of the activity of the compound
in double blind therapeutic trials. Again, in these studies the
protective action of the compound has been demonstrated (16)
and longer term studies in humans, hopefully leading to the
clinical launch of FPL 57787, are currently underway.

The work described in this presentation is only part of
a programme which has taken us some 10 years to carry out and
I'm sure that you will appreciate that, over this time, it has
involved the combined efforts of a substantial number of
scientists in our laboratories. It is only through their
combined efforts and with the important background support of
our research and development management that it has been
possible to carry out the work described in this paper.
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% Inhibition of DSCG Response

Time in hours

Figure 2. Effect of infused doses of FPL 57787 on the depressor action of a bolus
injection of disodium cromoglycate:((1—[1) 10 pg/kg/min; (0—©) 20 pg/kg/
min; (@—®) 50 pg/kg/min
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SCHEME II

COCH (i)  (CO,Et), /NaOEt
OH (i1) H'/EtOH

(ii1)  NaHCO,

(i) Allylation FPL 52845
i) A

(1ii) HZ/Pd/C

COCH3
"as above"
-_—>
OH
CO.H
Pr 2
FPL 57579
1) HNOS/HZSO4
(ii) Hz/Pt/C
OH 0 NHZ o
l 1) HNO2
0 o H(ii) H30+ 0
2 COZH
Pr Pr
FPL 57787
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Antiallergic Purinones: A Successful Application of
QSAR

K. R. H. WOOLDRIDGE
Pharmaceutical Division, May & Baker Ltd., Dagenham, Essex, RM10 7XS, England

When we became interested in the antiallergic field in 1971
at May & Baker, we knew from the studies of Austen et.al. (1)
that the inhibition of the anaphylactic release of histamine
from human lung could be related to raised tissue levels of
cyclic AMP, Furthermore, Lichtenstein and Margolis (2) observed
that methylxanthines such as caffeine or theophylline (I) inhibit
the antigen-induced release of histamine from human basophilic
leukocytes probably by their well-known ability to inhibit
phosphodiesterases., We therefore examined the methylxanthines
in the passive cutaneous anaphylactic (PCA) reaction mediated by
reaginic antibodies in the rat, and found them to be weak
inhibitors. They did not inhibit the PCA reaction reactions
mediated by non-reaginic antibodies and therefore in this respect
the methylxanthines resembled disodium cromoglycate (psG).
Accordingly the xanthines were regarded as a lead to compounds of
potential interest for antiallergic therapy, and totally
unrelated chemically to DSG.

In addition to being weak inhibitors of the rat PCA
reaction, the xanthines possess a wide variety of pharmacological
properties. Accordingly, available structural variants were
examined in order to improve selectivity with respect to the PCA
inhibition, and to increase potency. Some members of a series
of 6-thioxanthines (II) previously studied as bronchodilators
(3) proved to have improved potency (one hundredth of DSG) but
this series still possessed a wide spectrum of pharmacological
activityo

0 g S E o ;
s TS ST
0 CH, ° RQ\IPR OFLgH
3
(1) (11) (111)

0-8412-0536-1/80/47-118-117$05.00/0
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The introduction of an extra nitrogen into the xanthine
system to give 8-azaxanthines had been reported to reduce
cardiovascular effects (4) and we found that 8-azatheophylline
(III) was 10 times more active than the corresponding
theophylline or 6-thiotheophylline in inhibiting the rat PCA
reaction whereas the other pharmacological properties were
reduced in magnitude. A series of 8-azaxanthines (IV) were
prepared and the best of these compounds was found to be the
p-nitrobenzyl derivative (V) which was equiactive with DSG in
the rat PCA test (5).

! Q =H
CH
LA o
oby ‘
CH2 //NO2

(1v) (V)

Application of the multiparameter extrathermodynamic
technique to this series, where R, and R, were alkyl groups,
revealed a good relationship between the PCA inhibitory potency
(I=relative activity to DSG) and the substituent partition
constant () and Taft steric factor (Es) in the R, position
(equation 1, where the figures in parentheses are %he Student
t values for the coefficients of the equation and n, r, s, F
and p have their usual statistical meaning).

Ban. 1 Log /AW x I7 = 1.365 - 0,075 2 - 0.789 Es
(7.00) (4.658)
n=11, r=0.942, s=0.153, F=31.4 (p < 0.001)

This relationship was of interest for several reasons,
Firstly it indicated that the biological assay was sufficiently
precise to enable the QSAR approach to be used. Secondly the
observation that only alkyl substituents R2 affected the
activity whereas alkyl substituents in the R, position
apparently had little influence. This para.liels the observations
in the 6-thioxanthine series where a similar relationship was
derived for the bronchodilating activity (£)e Thirdly, bulky
substituents in the R, position had a beneficial effect. Benzyl-
substituted compounds“e.g. (V) were more active than equation 1
indicated, possibly because the usual value of Es for benzyl
did not reflect the buttressing effect of the adjacent triazole
ring as revealed by a study of space-filling models ( 2).

Other 8-azapurines were tested and an isothiazolyl-8-
azapurin-6-one (VI) exhibited twice the inhibitory potency of
D53G. Other heterocyclic-substituted derivatives were no better
(7) but the 2~-phenyl-substituted congener was 4 times as potent
as DSG in inhibiting the rat PCA reaction.
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Ol " 0 E
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= L 8
ek R-
(v1) (VII)

A series of substituted 2-phenyl-8-azapurin-6-ones (V'II)
was prepared (Table 1) and when the results on the first 10
compounds was available, correlations were sought between the
inhibitory activity and electronic, steric, and partition
parameters, but without success. However the results on the
azaxanthines (equation 1) suggested that bulky substituents
might lead to increased activity and this was supported in the
phenylazapurinone series by the higher activity of the oxrtho-
methoxy compound (Table 1, No. 4) as compared with the meta
(¥o. 8) and para (No. 10) isomers. However the ortho-methyl

Table 1

The inhibitory activity in the rat PCA reaction of substituted
2-phenyl-8-azapurin~6-ones relative to DSG following i.v.

a.dm:.nlstaatlon
N
R A ¥
Compound ‘Rgfzt;ve a » Obs Log Calc Lo
Yo. Subst. Activity B8 Vv finx1/ [l x 17
(psG=1)
H 4.0 1.24 0  2.9%2 2.743
2 2-CH, 0,04 O 16 0.959 1.111
33 2-C1 0.2 0.27 17 1.695 1.519
4 2-CH;0 10,0 0.69 108 3.386 3,201
5 2-i—03H20 5.0 0.69 128 3.132 34435
6 2-C(HLCH0 10,0 0.69 121 3.504 34353
7 3-CHy 4.0 1,24 0  2.959 2.743
8 3 3~CH,0 2.0 1.24 0  2.687 2.743
9 4-C1 2,0 1.24 0 2.695 2.743
10 4-CH30 1.0 1,24 0 2,386 2.743

8Fe-Taft!s steric factor of the 2-substituent

119

Ppifference (cm-1) between the 1-NH stretching frequency in the

substituted compound compared with compound 1.

cEqua.'l:i on 2
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compound (No. 2) showed only 1/100 of the activity of the meta
isomer (No. 7) suggesting very strongly that other factors must
be involved. Intramolecular hydrogen bonding between the proton
in the 1-N position and the ortho substituent in the phenyl ring
could be involved; and fortunately this could readily be
quantified by comparison of the NH~-stretching frequency in the
substituted compound compared with the parent compound (No. 1).
This ir shift, AV, may be regarded as an energy term and when
it was used as a parameter in regression analysis, a highly
significant relationship, equation 2 was obtained (§_).

Eqn. 2 Log /MW x I/ = 0.924 + 0.012 A% + 1.467 Es
(7.50) (7.72)

n=10, r=0,961, s=0.244, F=42,7, p < 0,001,

As the Es term decreases in numerical value with increasing
size of the substituent, equation 2 indicated that antiallergic
activity is increased by high hydrogen bonding and decreased by
increasing size of the ortho substituent in the phenyl ring.
The knowledge of the relevant factors rapidly led us to
synthesise the most active member of the series, the oxrtho-
propoxy compound, M&B 22,948 (VIII), about 40 times as potent
as DsG (9).

0 = 0

H H
CH,CH,CE,0 l’N‘N M}O}/Nﬁ q B I8
BN il
S o |
(VIII) () (x)

We interpreted the relationship in equation 2 to mean that
coplanarity of the phenyl ring with the azapurinone system is a
requirement for high antiallergic activity in the test system
employed. Hydrogen bonding with a suitable ortho substituent
in the phenyl ring would favour planarity while a bulky
substituent would reduce planarity. Activity would be maximised
by a high degree of hydrogen bonding coupled with small size,
Simple ether substituents as in M&B 22,948 appear to be optimal
in this respect. Additional evidence is provided by the fact
that the activity of the 2-pyridyl analogue (IX) which does not
show intramolecular hydrogen bonding is increased over 100-fold
by formation of the N-oxide (X) which forms exceptionally
strong intramolecular hydrogen bonds. This coplanarity
hypothesis originally deduced from the QSAR equation has been
substantiated by some recent work in which M&B 22,948 has been
?hoxsm to be planar in the solid state by X-ray crystallography

10).

In addition to causing 100% inhibition of the rat PCA
reaction following intravenous administration at 0.1 mg/kg,

M&B 22,948 was also active orally. When administered to rats
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15 minutes before allergen challenge, it was effective in
inhibiting the PCA reaction at doses of 0,5-2 mg/kg with a bell-
shaped dose response curve, This compound also inhibited the
allergen-induced release of histamine and SRS-A from passively

sensitised human lung tissue in vitiro, and inhibited reagin-
meditated anaphylactic bronchospasm in the guinea pig ?2;.

Toxicological studies in several species have been
satisfactory and the compound is effective in man following
administration in doses of 5-15 mg by aerosol administration.

Further substitution in the alkoxyphenyl-8-azapurinones
gave a series of compounds in which the hydrogen bonding did
not vary appreciably but in which the antiallergic potency
spanned a wide range (Table 2). The activity correlated with
the substituent partition value 7 for the 5-position as the
dominant parameter, with a smaller contribution from the
resonance factor R defined by Swain and Lupton (11), equation 3.

Eqn. 3 Log M x I/ = 3.57 - 0.74  + 0.87T R
(6.40)  (2.79)
n=9, r=0.940, s=0.205, F=22,9, p < 0,01

Table 2
The inhibitory activity in the rat PCA reaction of S-substituted
2-methoxyphenyl8-azapurin~6=-ones
B

Relative 11 Obs Lo

TR mwet demwy T2 R0 BN
4 H 10 0 0 3.384 3,569
11 NO,, 10 -0.28 0,155 3.459 3,909
12 NH, 40 -1,23 =0.681 4,029 3,885
13 HO 10 0,67 -0.643 3,413 3.506
14 CH,0 4 -0,02 -0,500 3,038 3,151
15 CH, 10 0.56 =0.141 3.410 3,064
16 CF, 4 0.88 0.186 3.095 2.942
17 c1 2 0,71 =0.161 2,745 2,907
18 t-Bu 0.5 1,83 -0.138 2,176 2,213

This equation suggested that electron-withdrawing
hydrophilic substituents should be highly active in this test
system, and as a result a number of such compounds were prepared.
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Many of these compounds in fact proved to be highly potent
(Table 3) and provide an example of the predictive use of
multiparemeter regression analysis, (12) although the analysis
of the full series, which is still in progress, suggests that
equation 3 is an over-simplification (;Ij).

Table 3
5~Substituted 2-alkoxyphenyl-8-azapurines with predicted high

activity

Q
e |
il
g
1

R
Predicted Activity* Observed Activity

Substituent (DSG=1) (DSG=1)
SOZNH2 336 150
SO Me 138 200
CONH2 63 200
COzMe 18 40

*Equation 3

Viork on this series was initiated on the supposition that
inhibition of phosphodiesterase would increase the level of
cyclic AMP thereby leading to antiallergic effects. Subsequent
work in our laboratories has suggested that this was a gross
oversimplification. Using 25 known antiallergic agents of
widely varied chemical structural features, we have shown that
the more potent inhibitors of anaphylactic reactions inhibit
the hydrolysis of cyclic GMP more effectively than that of
cyclic AMP, The implication is that histamine release is
reduced more effectively when cyclic GMP levels are increased
with respect to cyclic AMP levels. The fact that highly
significant correlations were obtained between selective
inhibition of phosphodiesterase activity and pharmacological
potency in in vitro and in vivo tests involving different species
and different tissues may well reflect a basic common
mechanism of fundamental importance in allergic reactions (_1_4).
However, the azapurines jin yvivo show the bell-shaped dose-
response curves in antiallergic tests, typical of DSG-like
compounds but unlike phosphodiesterase inhibitors. It is
possible, therefore, that the antiallergic activity of the
azapurines is due to a combination of mast cell stabilisation
and phosphodiesterase inhibition.
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Clinically Effective 6-Ethyl-3-(1H-tetrazol-5-yl)chromone
(AA-344)

AKIRA NOHARA

Medicinal Research Laboratories, Central Research Division, Takeda Chemical
Industries, Ltd., Yodogawa-ku, Osaka 532, Japan

It is well known that disodium cromoglycate (DSCG), a
prophylactic drug for asthma, is a splendid fruit of Fisons'
group effort in the structural modification of a naturally
occurring oxygen heterocycle, khellin, which possesses vaso-
dilatory and smooth muscle relaxant properties (lﬁ g). On
the other hand, the dried radix of Scutellaria baicalensis
Georg has been used since ancient times in Chinese medicine
as a diuretic or an antiallergic drug. Based on this infor-
mation, Koda et al. studied baicalein (L), a major flavonoid
present in the radixes and demonstrated that the flavonoid
markedly inhibited the release of the mediators (histamine,
SRS-A etc.) induced by the antigen challenge of chopped
guinea pig lung which had been sensitized with egg albumin
(3, ). Ve were interested in these reports, and started
our research to improve the antiallergic potency of baica-
lein. Preliminary structure-activity studies on baicalein
and related synthetic compounds revealed that introduction
of a carbonyl group at the 3-position of the chromone ring
enhanced the antiallergic activity (5). This finding along
with the paucity of reports concerning chromone derivatives
containing substituents at the 3-position prompted us to
initiate a program of chemical investigation on 3-substituted
chromones.

At that time, several preliminary screening methods for
antiallergic activities had been reported. At the beginning
of the following studies, we selected two assay methods, A
and B: A, as mentioned above, the mediator release from
chopped guinea pig lung (3, %), and B, homologous passive

cutaneous anaphylaxis (PCA) in

As an initial step to the
group at the 3-position of the
with the synthesis of 3-formyl
few reports (7, 8, 9) had been
benzopyran-3-carboxaldehydes 2

the rat (6).

introduction of a carbonyl
chromone ring, we started
derivatives on which only a
published. The 4-oxo-4H-1-
synthesized by our own method

(10, 11, 12) which is described later, showed an inhibitory

0-8412-0536-1/80/47-118-125$05.00/0
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activity in the assay (A), but they were inactive in the PCA
assay (13). Compounds of type 2 possessed desirable anti-
allergic properties, but were found to be highly toxic.
Therefore, 4-oxo-4H-1-benzopyran-3-carboxylic acids (3) were
set as the second target in our attempt to solve the problems
of the toxicity and poor solubility of 2. However, the
desired products 3 (14) obtained by Jones oxidation of 2
were found to be inactive in PCA in rats and also in the
assay (A). On the other hand, the isomeric 4-oxo-4H-1-benzo-
pyran-2-carboxylic acid which is the parent compound of DSCG
was inactive in the assay (A), but active in PCA in rats.
We, therefore, speculated that the difference in the bio-
logical activity between the two isomers might be based on
the difference in acidity. While 4-oxo-4H-1-benzopyran-2-
carboxylic acid exhibited a high acidity (pKa' 4.15 in di-
methyl sulfoxide-Hy,0 or pKa 2.96 (15)), the corresponding
3-isomer showed a low acidity (pKa' 8.85 in dimethyl sulf-
oxide-Hg0 (14)) due to intramolecular hydrogen bonding.

In order to enhance the acidity, a vinylogue (gg) of 3,
3-(h-oxo-4H-1-benzopyran-3)acrylic acid, in which the for-
mation of the hydrogen bonding between the carboxyl and the
carbonyl groups is sterically hindered, was synthesized as
the third target. As expected, the acrylic acid (4a) was a
slightly stronger acid than 23 (pKa' 7.25 in dimethyl sulf-
oxide-HZO) and proved to be 0.36 times as active as DSCG in
the rat PCA test by intravenous administration (lé). In the
next step, some biological activities were investigated to
characterize the profile of 4a. The compound 4a was not
antagonistic to histamine, serotonin or bradykinin, and also
showed no inhibitory activity in the assay (A). Thus, ka
was found to be active specifically in the rat PCA test. 1In
addition, the fact that 4a is active not only by an intra-
venous administration route but also by an oral route was of
particular significance because DSCG is inactive when orally
administered and usually has to be administered by an inha-
lation route. Thus, a number of the derivatives of 4a were
synthesized and the potencies studied (16). -

Recently, attempts have been made to replace the
carboxylic acid group by a tetrazole group in chromones
(17, 18), xanthones (19), and a thioxanthone derivative
(EQ), because 1H-tetrazoles generally show acidity comparable
with the corresponding carboxylic acids (21). Since these
examples indicate that biologically active tetrazoles can be
obtained from the corresponding biologically active carboxy-
lic acids, but not from the inactive acids, there was a good
chance that the substitution of the tetrazole group for the
carboxylic acid group in biologically inactive h4-oxo-4H-1-
benzopyran-3-carboxylic acids (3) might give inactive com-
pounds. Contrary to this assuﬁ;tion, however, 3-(lH-tetra-
z0l-5-yl)chromone (ég) was found to be active in the rat
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PCA test and more potent than the acrylic acid (4a). The
physico-chemical properties of 5a differed from those of

the acid (3a) The 1ntramolecular hydrogen bonding between
the carbonyl and tetrazole groups was not observed in 5a
which showed a stronger acidity (pKa' 5.85 in dimethyl
sulfoxide~-Ho0O or pKa 4.3) than the corresponding 22 and also
the acrylic acid (4a). Hence, an extensive study on the
synthesis and the structure-activity relationships of this
orally effective series of tetrazolylchromones 5 was con-
ducted (22).

Synthesis of 3-Substituted Chromones

An earlier investigation (23) demonstrated that the
Vilsmeier-Haack reaction of the ArCOCH3 type compounds gives
the monoformylated compounds or the corresponding B-chloro-
vinyl aldehydes. It was found, however, that in the case of
o-hydroxyacetophenones, the methyl group was doubly formyl-
ated by a Vilsmeier reagent to give our first target com-
pounds, 4-oxo-4H-l-benzopyran-3-carboxaldehydes (2) in one
step (10, 11, 12). The reason why double formylation took
place in the case of o-hydroxyacetophenone can be inter-
preted as follows; while an enolated acetophenone reacts
with the reagent to give the intermediate which cannot be
further formylated, an o-hydroxyacetophenone in which the
énolization is prohibited by the intramolecular hydrogen
bonding can be doubly formylated (Figure 1).

The second target, 4-oxo- QH l-benzopyran-3-carboxylic
acids (3) were obtained by Jones oxidation of 2 or hydrolysis
of the 3-carbonitrile derivatives (6) described below (14).
The third target, 3-(4-oxo-L4H-1- benzopyran -3)acrylic acids
(4) were synthesized generally by the Knoevenagel reaction
of 3-carboxaldehydes (2) with malonic acid (16). In the
meantime, it was found that the 3-carboxaldehydes (g), which
were able to function as B-dialdehyde compounds, were at-
tacked by amide groups in some cases, to give 2(1H)-pyridone
derivatives after condensation with malonic acid derivatives.
Thus, condensation of 2 with malonodiamide in pyridine gave
initially acrylamide derivatives which were converted into
3-carbamoyl-5-(2-hydroxybenzoyl)-2(1H)-pyridones (7) (24).

The final target, 3-(1H-tetrazol-5- yl)chromones (5)
were synthesized by the reaction of sodium azide in the
presence of anhydrous aluminum chloride and L_-oxo0-~ QE l1-benzo-
pyran-3-carbonitriles (g) which were obtained in one step
from 2 with hydroxylamine (22, 25) (Figure 2).

Structure-Activity Relationships in the Tetrazole (5) and
Acrylic Acid (4) Series (22, 16)

While the parent acrylic acid (4a) was, as stated
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Figure 1. Reaction of acetophenones with a Vilsmeier reagent
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Table I. Relative Potencies against Rat Passive Cutaneous
Anaphylaxis (PCA) of 3-(1H-Tetrazol-5-yl)-
chromones (5), 3-(4-0xo~LH-1-benzopyran-3)-

acrylic Acids (4), and DSCG

oY
R"{EEI )W, R )
NN ‘@:J\//\coon
0 H ]

a a

Compd. R and Position PCA(?s?ay Compd. PCA(?siay
DSCG 1 (standard)

5a H 3.5 La 0.36

5b 8-0Me 30

5¢ 6,8-Mey 11.6 ke 1.4

5d 7,8-Benzo 8.3

5e 5,6-Benzo 5.0 Le 0.k

5f 6-Et 4.0 Lf 1.1

5g 6-Cl L.o Lg 0.5

5h 6-NOy k.0 Lh 0.3

5i 6-n-Pr 3.4 Li 1.4

53 6-i-Pr 3.4 43 2.4

5k 6~COOEt 2.9

51 7 -OMe 2.5 L1 0.3

5m 6 -Me 2.4 Lm 0.8

5n 6-NMeo 2.3 Ln 1.1

50 6 ~-OMe 2.2 Lo 1.3

5p 6-n-Bu 1.8 Lp 1.1

5q 6-n-Hex 0.6

5r 6-cyclo-Hex 0.5

The dose giving 50% inhibition (ID50) for each drug was
calculated graphically from the dose-inhibition relation-
ship expressed in inhibition percent of the bluing areas
against doses on a logarithmic scale. At least three
doses and three animals for each dose (i.e., 12 spots)
were used for obtaining the dose-inhibition relationship.
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Table II. Relative Potencies (DSCG=1) in Rat PCA Assay
(iv route)

Compd. Structure PCA assaya Structure PCA assaya
N-N
o} CO2H
I = .
g & e QU <o
H
[0}
9 * M 0.35
CH2 N-N )
H
10 Ol -N 0.3
¢ )l )
0 R
H @:I?‘N 0.1 | inactive
i 02H
0 N-N
H
0
12 i -N 0.07 E::IYELV/\ £ 0.1
= 0 co
0 H
13 | NN 0.07
n-Bu N-?ﬁ
0 H

14 ©::J\€'? inactive
[o] N—CMe3
oI Ha 0! CHy .
15 inactive inactive
@I‘CHZ I CH2CO2H
0 N-N

4 see Table I footnote a.
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before, 0.36 times as active as DSCG when administered
intravenously in the rat PCA test, the corresponding tetra-
zole derivative (5a) was 3.5 times as active as DSCG. Thus,
in a study on the relationship between the biological
activity and acidity of 3a (pKa' 8.85), 4a (pKa' 7.25) and
5a (pKa' 5.85), it appea;:d to us that the activity would
increase with the increase of the acidity. In Table I, the
activities in the rat PCA assay (iv) of the tetrazole de-
rivatives (5) along with the corresponding acrylic acid
derivatives (4) are listed. Almost all the compounds in the
5 and 4 series carrying a substituent group(s) on the 6-,
7-, or 8-position of the chromone ring were highly potent
inhibitors of the PCA reaction. Among them the most note-
worthy compounds were él and 5b-50 which were 2 to 30 times
as active as DSCG. When comparison was made of the biologi-
cal activity among the analogues bearing a tetrazole group
on the 2- or 3-positions of the chromone ring, 5a proved to
be 2.5 times as active as the isomer &. This sGSerior
activity of the 3-position for the activity was in agreement
with the result observed in the g series. It is interesting
to note that the acetophenone derivative (9) which is not as
rigid in structure as 5 also shows some activity. Intro-
duction of a long side chain like hexyl at the 6-position or
of a methyl group at the 2-position of the chromone nucleus
(i.e., 5q, 5r or 1&) reduces the biological activity.
Similar results have also been obtained with the acrylic
acid derivatives (4). On the other hand, 10, 12 and 13 show
the same extent of activities as the correggbnazng carboxylic
acid derivatives. The presence of the acidic tetrazole ring
is essential for the activity as is shown by the inactivity
of l4 which lacks an acidic proton (Table II). All the
derivatives of 5a are orally active, and typical examples
are shown in Table III.

Table III. 50% Inhibition Dose (IDSO) of Orally Adminis-
tered 3-(1H-Tetrazol-5-yl)chromones in PCA in Rats®

Compd. ID5¢ (mg/kg)
DSCG > 100

5a 5.3 (5.5, 5.0)
5b 1.7

5¢ 1.25

5d 7.4

5e 8.5

5f 6.9 + 1.7P
53 17.0

5m 10.0

50 7.0

2 See Table I footnote a.
The value is mean * standard error of four experiments.
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Pharmacology of 6-Ethyl-3-(1H-tetrazol-5-yl)chromone (Sf)
(AA-3L4L) (26)

After examination of the pharmacological and toxicologi-
cal properties of 5, the 6-ethyl derivative (Sf) (AA-3L4)
was selected as one of the most promising drugs for further
studies. As stated previously, AA-34Lk is effective orally
in inhibiting the IgE-mediated PCA reaction in rats (Figure
3) (27). Also, AA-344 had an inhibitory effect on the IgGa
mediated PCA reaction in rats (27) and the passive systemic
anaphylaxis in guinea pigs (Table IV), but slight or little
effect on the Forssman shock in guinea pigs, the complement-
dependent cytolysis of mast cell in rats, the Arthus reaction
in guinea pigs, and the tuberculin reaction and contact
sensitivity to dinitrofluorobenzene in mice. These results
indicated that AA-34L depressed selectively the anaphylactic
(type I allergic) reaction, mainly IgE-mediated one. The
antiallergic effect of AA-3L4L was not due to antihistamine
or antiserotonin action (27). AA-344 markedly inhibited the
antigen-induced histamine release from the sensitized rat
peritoneal mast cell (28). Neither binding of IgE to mast
cell receptor nor binding of antigen to membrane-bound IgE
was affected by AA-3LL, suggesting that it acted on a step
involving the process of histamine release in the mast cell
after the antigen-antibody interaction (27, 28). An in-
hibitory effect of AA-34L on the cyclic AMP phosphodiester-
ase activity of the purified rat peritoneal mast cell was
observed. AA-344 may prevent the histamine release by chang-
ing the intracellular cyclic AMP level.

No significant side effects were observed on one-,
three- and six-month toxicity test in rats. In the general
pharmacological study, AA-344 and DSCG administered intra-
venously induced a transient hypotensive and bradycardiac
effect in the anesthetized dogs, in contrast to a transient
hypertensive and tachycardiac effect in the anesthetized
monkeys. In the dogs, DSCG showed an activity about 100
times as potent as AA-34L4 in both effects. However, in the
conscious dogs no hypertensive or bradycardiac effect was
observed even at a dose as high as 100 mg/kg po of AA-34L.

Metabolic Fate of AA-34L4 (29)

In the study on the metabollc fate of AA-3L4L, 6-ethyl-
3-(1H-tetrazol-5-y1) [4- 14¢]chromone (14C AA-3L4L) was used.
The maximum plasma levels and half-lives (t1/s5) of the drug
after oral administration (10 mg/kg) were highest and longest
in dogs (45.6 ng/ml, 13.3 h), followed by monkeys (28.7pg/ml,
2.39 h), guinea pigs (14.6 pg/ml, 1.31 h), rats (5.5 pg/ml),
and rabbits (0.9 ng/ml, 1.31 h). The drug was hi?hly bound
to plasma protein. In dogs and rats, the plasma C was
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Figure 3. Effects of AA-344 and DSCG administered intravenously (a) and orally

(b) on the IgE-mediated 72-h PCA inrats  AA-344 or DSCG was administered intra-

venously immediately before antigen challenge (a) and orally 5 min before antigen (b).

The control wheal sizes (mm?, mean * SE) were 248 = 6 for (a) and 243 = 9 for (b).
Each numeral in parenthesis represents number of animals.
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predominantly the unchanged drug, but in guinea pigs,
rabbits and monkeys, metabolites whose structures are stated
later were found (Table V).

There was already a wide distribution of 1I*C in tissues
10 min after ora)] administration of the drug to rats. At
this time, the 1% concn. was highest in the stomach, fol-
lowed by kidney, liver, plasma, heart and lung, and lowest
in the brain.

Almost all of the administered 1I*C was eliminated from
the body in 72 h. The major route of excretion was urine in
the various species except guinea pigs, in which the dosed
14c was almost equally divided between urine and faeces.
Only trace amounts of the unchanged drug was found in urine
and bile. The major urinary metabolites are as follows: a-
hydroxy (16), a-keto (17), B-hydroxy (18), and a,B-dihydroxy
(19) derivatives of AA-3L44 in rats; 16 and salicylic acid
derivative (22) in guinea pigs; 16, 18 and a glucuronide
(20) in rabbits; 16 and 20 in dogs; and 16 and 19 in monkeys
(Table VI). - - o -

Synthesis and Biological Activities of the Metabolites (32)

In the metabolism study (29, 30, 31), the following
seven metabolites, 6-(l—hydroxyethyl)-3-(1ﬂ—tetrazol-5—yl)-
chromone (16), 6-acetyl-3-(1H-tetrazol-5-yl)chromone (LZ),
6-(2-hydroxyethyl)-3-(1H-tetrazol-5-yl)chromone (18), 6-
(1,2-dihydroxyethyl)-3-(lﬂ-tetrazol-S-yl)chromone—flg),
glucuronide (20) (the structural elucidation is described
below), 5-ethylsalicylic acid (21) and 3-carboxy-4-hydroxy-
phenylacetic acid (22), were identified in the urine of rats,
guinea pigs, rabbith dogs and monkeys. These seven com-
pounds were synthesized and used as reference compounds to
unequivocally establish the structures of the urinary metabo-
lites, and to allow evaluation of their antiallergic activity
(32). The synthetic routes are shown below (Figure 4).

Bromination of AA-344 with N-bromosuccinimide (NBS)
followed by alkaline hydrolysis gave the a-hydroxy metabolite
(;g), which was converted to 17 by Jones oxidation. While
the epoxide derivative (23) (refer to reference 32) gave the
B-hydroxy metabolite (18) on catalytic hydrogenation, the
treatment of 23 with formic acid followed by hydrolysis with
aqueous alkali yielded the a,B-dihydroxy metabolite (19).
Condensation of AA-344 with methyl 1-bromo-1-deoxy-tri-O-
acetyl-a-D-glucopyranuronate (24) in the presence of silver
carbonate gave a mixture of 25a and 26a which were separated
by fractional recrystallization. ThE—;rotecting groups of
25a and ggg were removed with sodium hydroxide to give 25b
and 26b, respectively. The structures of the glucuronides
were confirmed to be the N-1 isomers, 25a and 25b, by the
chemical shifts of the glycosydic carbons and the tetrazole
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ring carbons in 13C-nmr. When the natural glucuronide (20)
treated with diazomethane and acetic anhydride was compared
with authentic glucuronides, it was found to be identical
with 25a and different from 26a using mass spectra and TLC
(31).” Therefore, the full structure of 20 was confirmed to
be l-deoxy-1-[5-(6-ethylchromon-3-yl)tetrazol-l-yl]-B-D-
glucopyranuronate (25b).

The biological activities of the metabolites are shown
in Table VII. Among the metabolites, activities similar to
that of AA-34L4 were observed with the ketone (17) and the B-
hydroxy derivative (18), and ca. half the activity with the
a-hydroxy derivativeg_(lé, 19) when administered intra-
venously. These resultg-shg? that oxidation of the alkyl
group of AA-3L44 gives little influence on the activity when
administered intravenously. The glucuronide (EEE) showed no
inhibitory activity. This fact agrees with the previous
finding that the acidity of the tetrazole ring is essential
for the biological activity (16). The salicylic acid deriva-
tives (21, 22) also showed no activity. 1In contrast to the
effects on intravenous activity, modification of the alkyl
side chain had a marked influence on oral activity, probably
due to reduced absorption from the gastrointestinal tract.
Thus, when administered orally, only the metabolites (Lg)
and (17) showed activity.

Table VII. Activities in the Rat PCA Assay of
the Metabolites of AA-3442

Compd. iv IDSOp?mg/kg)
DSCG 1 (standard) > 100
AA-3L4L 5.3 5.9

16 2.3 13.4

17 5.5 6.6

18 6.3 > 20

19 2.3 > 20

21 inactive --

22 inactive --

25b inactive --

& The ID o value was calculated from relationship between

logarithmic dose and area of dye leakage by the method
of least squares.

Clinical Trials

Effect of AA-344 on Asthma. 1In an earlier report (2;),
a single blind trial in 14 subjects with atopic bronchial
asthma (paroxysmal or chronic type) was carried out and the
efficacy was assessed subjectively from the alleviation of
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the symptoms. Continuing oral administration of AA-344 at
30-60 mg/day, was markedly effective in 4 cases, effective
in 3, slightly effective in 3, ineffective in 3 and asses-
sment was impossible in 1 case. Of the 7 subjects in which
AA-3L4L was effective, 6 were RAST positive and had high
serum IgE level (RIST). The result in 10 subjects in which
the cross-over test with DSCG was carried out, indicated the
effect of these two drugs to be approximately equal. A 30%
or more improvement in FEV; or FVC was noted in 8 cases.

In a second report (34), the clinical courses in 12
subjects with atopic asthma (paroxysmal or chronic type),
extending from 7 to 22 weeks, were described. Oral adminis-
tration of AA-34L at 60 mg/day was somewhat effective in 11
cases. AA-34L was effective not only in all cases of high
RIST and RAST value, but also in 3 out of 4 cases in which
RIST and RAST were normal. In the cross-over test with
DSCG, AA-34L4 seemed to be superior in 5, while DSCG was
better in 3 cases, and in 1 case both drugs appeared to be
equipotent. During the course of administration with AA-34kL,
alleviation of allergic rhinitis and chronic urticaria was
noted.

In a clinical trial in 33 subjects with bronchial
asthma (35), oral administration of AA-34L4 at 40 mg t.i.d.
was effective in 14 (the rate of efficacy: 42.4%), and
slightly effective in 5 cases (the overall rate of efficacy:
57.6%). Efficacy was assessed after 4 or more weeks adminis-
tration of AA-34L4. The efficacy appeared to be proportional
to the serum IgE level, namely, the efficacies were 83, 80,
and 44% when the IgE values were »701, 301-700, and 101-300
unit/ml, respectively. The drug was ineffective when the
IgE value was less than 100 unit/ml.

Effect of AA-34Lk on Hoya (Sea-Squirt) Asthma (38).

Hoya (sea-squirt) asthma is an occupational asthma. Sea-
squirt (Hoya) is a lower animal that belongs to the phylum
chordate division. Allergic symptoms often developed in the
oyster culture workers which are ascribed to Hoya. The body
fluid of the sea-squirt, having been discharged upon the
oyster shell, splashes during the shucking operation. Some
of the workers who inhale the substance become sensitized
and manifest symptoms of asthma (21).

The clinical effects of AA-344 at 60-120 mg/day oral
administration (2 to 19 weeks) were studied in 22 cases of
the sea-squirt asthma, a typical type I allergy. Of the 22
subjects studied, 17 received AA-34L4 alone, and 5 were
treated with AA-344 in combination with a hyposensitization
therapy with sea-squirt antigen. A total of 11 showed a
marked improvement and a moderate effect was seen in 8 cases.
Two cases did not show any change, and 1 case was termed as
aggravated (Table VIII).
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Table VIII. Clinical Study of AA-344 on a Typical Atopic
Disease, Hoya Asthma

Hoya: Sea-squirt (Styela plicata, Styela clava, Ciona
intestinalis, Botrylloides violaceum)

22 asthma patients: 3 men and 19 women (20-70 years old)

Therapeutic effect

Treatment Patients
++ + (¢} -
AA-3L4 17 9 7 0 1
AA-34L4 + Hyposensitization 5 2 1 2 o
++ ¢ markedly effective + : effective
O : no effect - : aggravated

Table IX. The Relation between Severity of Symptom of Hoya
Asthma and Therapeutic Effect of AA-34lL

Therapeutic effect

Symptom
++ + o} -
Mild 3 3
Moderate 7 3 1 1
Severe 1 2 1
effective

++ : markedly effective +
: no effect -

e ae

aggravated
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The effect of AA-344, irrespective of whether 60, 80 or
120 mg was used in the initial daily dose, was manifested
within one week in almost all cases. The treatment proved
to be effective not only in patients with mild and moderate
sea-squirt asthma but also in 3 out of 4 patients with a
severe condition (Table IX). Hyposensitization therapy with
sea-squirt antigen solution has proved to be highly effective
in treating sea-squirt asthma (21). The subjects in this
trial included 15 patients on whom hyposensitization therapy
had been performed in the previous seasons and the effect
assessed; and the effect of AA-3L44 treatment was compared
with that of the hyposensitization therapy. These two
therapies proved to be effective, however, AA-344 treatment
was superior to the hyposensitization therapy by bringing
about a marked relief to a larger number of the patients.

In a clinical phase II study (271 patients), no sig-
nificant adverse effect has been observed including cardio-
vascular effect.

Abstract

Starting with the structure-activity study of the
naturally occurring flavone, baicalein, we have synthesized
a number of 3-substituted chromones. In the course of the
investigation, 3-(4-oxo-4H-l-benzopyran-3)acrylic acids and
3—(lﬂ-tetrazol-S—yl)chromones were found to be orally active
antiallergic agents, and their structure-activity relation-
ships were studied. After examination of pharmacological
and toxicological properties of these compounds, AA-344k was
selected as one of the most promising drugs and its metabolic
fate was studied. Also, the metabolites found in the urine
were synthesized and the biological activities were tested.
In the clinic, AA-344 at an oral dose of 60-120 mg/day
showed an efficacy in a typical type I allergy including
sea-squirt asthma, a common occupational asthma among oyster
culture workers.
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Pyranenamines: A New Series of Potent Antiallergic

Compounds

K. M. SNADER, L. W. CHAKRIN, R. D. CRAMER III, Y. M. GELERNT,
C. K. MIAO, D. H. SHAH, B. M. SUTTON, J. W. VENSLAVSKY,
and C. R. WILLIS!

Research and Development Division, Smith Kline & French Laboratories,
Philadelphia, PA 19101

The discovery of disodium chromoglycate (DSCG) in 1969 and
its unique antiallergic activity (1) has prompted many labora-
tories, including our own, to search for more potent, orally
active compounds with this activity (2). We reported in 1976 on
a mildly active new series, the pyrantriones (I) (3).

0 HO O

We now report an extension of this series, the amine adducts or
pyranenamines (II) which have potent, oral, DSCG-like activity

0 HO
R
//N@
WH
o 0
1I

as demonstrated both in the rat PCA test system and in rat and
primate in vitro systems which measure the antigen-IgE induced
release of allergic mediators.

Introductory Chemistry

Condensation of the pyrantrione I with various aromatic and
aliphatic amines gives the monopyranenamine II, whose skeletal

!Current address: Hercules, Inc., Central Research Department,
Wilmington, DE

0-8412-0536-1/80/47-118-145%05.00/0
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structure and tautomeric state can be clearly demonstrated by
carbon and proton nmr spectroscopy. The bisenamine can also be

0 OH 0 0 OH
BN Z Y7 SN -Ar
| + HoN-Ar —YeOH H
HO” 070 0>~ 00
I II

prepared under forcing conditions such as elevated temperature
and azeotropic removal of water, but in general the monoenamine
is readily obtained in high (50-85%) yield by precipitation from
the reaction media. The structure of II was originally suggested
by Kiang and his colleagues (4) but was not rigorously proven.
Examination of the proton and carbon-13 nmr spectra substantiate
the tautomeric form shown here as II. Furthermore an x-ray
crystallographic examination was performed on the p-~hydroxy
analog, 15, and agreed with our assignment.

Test System

We use the conventional (Goose and Blair) inhibition of
antigen-IgE induced passive cutaneous anaphylaxis (PCA) reaction
in rats as a preliminary test system (é). Test compounds are
administered at the optimum pretreatment time of 0.5 minutes
prior to antigen challenge in the i.v. tests and 15 minutes prior
to antigen challenge in oral tests. Generally, six animals are
used in each test group. In addition, the ability of any test
compound to inhibit a direct, exogenous challenge of histamine
or serotonin is measured when there is significant activity in
the PCA system.

Monosubstituted Pyranenamines

In the search for improved potency, a group of simple sub-
stituents was first examined as shown in Table I. In this table
the results of the PCA test are shown as a percent inhibition at
the intravenous dose tested. For those compounds which were
sufficiently active to test several doses, an IDso, Or a dose
which gives a 50% inhibition of the PCA reaction, was calculated.
The mean percent inhibition was evaluated using a one-sided
Student "t" test and p is 0.0l unless otherwise noted. The
column labeled pIso is a calculated value used for QSAR work and
is defined as log (1/IDso). The obvious difficulties in
estimating the IDso, from a single dose experiment are discussed
in the following paper. The IDso, of DSCG as determined in our
system is included as compound 13 for reference purposes.
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TABLE 1
0 HO
1 R
N
H
o o
[V PCA—

CMPD. NO. R DOSE? % INHIBP  migo
1 H 10 76 -0.70
2 2-Cl 10 36 -1.20
3 3-Ci 10 74 —0.70
4 4l 10 84 -0.60
5 a—F 10 54 -1.00
6 4_Br 05 0(NS)© -1.50
7 4-NO, 10 17INS) -1.34
8 2-CO0C, Hg 5 18(NS) -0.50
9 4-CO0C,Hg 5 6(NS) -150

10 3-SO,NH, 05 a5 0.31
1 4-SO,NH, 05 12(NS) 0.00
12 4-CHy 10 33 -1.15
13 DSCG 09t 50

a. dose in mg./kg.; b. p=0.01 except where noted; c. NS=Not significant;
t=calculated IDg
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The analogs were prepared from readily available anilines.
Halogen substitution as well as substitution with other electron
withdrawing groups did not substantially improve potency in the
PCA assay. Simple alkyls also had only minor impact on potency.
More significant improvements were made with hydroxyl functions
and their derivatives, as shown in Table II. The phenol esters
were prepared by conventional methods from the phenoxide and a
suitable acid halide or anhydride. The PCA activity of the
various esters reached a maximum with the valerate (19) but even
this was not significantly more potent than the parent 4-hydroxy
derivative, 15, which was our early lead candidate.

Another significant improvement was obtained with amine
‘substituents and their derivatives as shown in Table III. The
amines were prepared by reduction of the corresponding nitro
pyranenamine. Amide derivatives, III, were prepared from the
corresponding nitro-aniline IV and then condensed following
reduction as shown in Scheme I.

Two interesting compounds were the sulfamides 56 & 57 which
were prepared from sulfamyl chloride and the corresponding nitro-
aniline. The para substituted compound was straightforward but
the meta isomer produced equal amounts of the sulfamide and the
disulfamide intermediate. One of the driving forces in our
selection of derivatives was the QSAR studies being performed and
two choices made early in the series were the guanidine 36 and
the glyceramide 60 both of which were quite active in the PCA
assay. The most active derivatives in this series were the
oxamic acid 59 and the glyceramide 60.

The 3-amido analogs were examined in more detail and other
isomers were prepared as shown in Table IV. The benzylamido
analog 61 was prepared from the benzylamino compound V which in
turn was easily made from m-nitrobenzaldehyde as shown. The
various amides, including the barbituramide 66, were prepared
from m-nitrobenzoyl chloride. PCA testing of these various
analogs clearly showed a decrease in activity when the amine
function is displaced from the aromatic ring (see Scheme II.)

The importance of N-alkylation was determined by a short
series of derivatives as shown in Table V. Preparation of the
N-alkyl derivatives is accomplished in the usual manner by con-
densation of the pyrantrione with an N-alkylaniline but forcing
conditions are necessary. Comparison of 67 & 68 with their
corresponding unalkylated parents show no significant improvement.
In addition, the corresponding morpholino analog and the unsub-
stituted amide show no significant activity.

Multiply Substituted Pyranenamines

Based on the observed activity, the assembly of multiple
groupings was a clear pathway to improved potency. Once again
the QSAR study helped our decision-making process by reducing
the large number of possible permutations to some workable
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TABLE 1t
O HO
Z N SN
H
o“~0-"0
I._IV P(:A_I
CMPD. NO. R DOSE? % lNHlB,b
1 H 10 76
13 2-0H 2.8t 50
14 3-0OH 1.6t 50
15 4-OH 1.3t 50
16 4—0(:OCH3 0.5 a1
17 4—OCOCH2CH3 0.5 16
18 GAOCO(CHZ)ZCH3 15t 50
19 d-OCO(CH2)3CH3 05 34
20 4-0COICH,)4CH4 12.11 50
1 d—OCO(CHZ)SCH3 0.5 21
22 A—OCOC(CH3)3 0.5 3(NS}
23 4-0COCgHs, 0.5 10(NS)
24 :i—O(:ONH2 0.5 19
25 4—0(:0NH-C7H7 0.5 22
26 4—OCH3 5 27
27 3-0CH,CO0H 0.5 6(NS]
28 4—0CH2C00H 0.5t 50
29° 4-SH 1.9t 50

Plso
-0.70
~0.45
-0.20
-0.11

0.22
—0.06
~0.19

0.16
-0.83

0.01
-0.45
~0.18
—0.01

0.03
~0.92

0.10

0.30

149

[_po PCA_I
DOSE? % INHIB.?
25 —12(NS)©
25 0INS)

291 50
25 36
25 2{NS)

a. dose in mg./kg.; b. p=0.01 except where noted; c. NS=not sigmificant; t=calculated IDSO
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TABLE 111

—_ —_ PO P!
T IV PCA | r—O CAj

CMPD. NO. R DOSE? % INHIB.P plso DOSE? % INHIB.P
1 H 10 76 -0.70
30 2-NH, 27.5t 50 -1.00
31 3-NH, 0.3t 50 0.68
32 3-NHCH4 05 - 8(NS)I®  -0.30
33 4-NH, 0.5 58 0.40 25 23
34 4-N(CH3), 100¢ 11(NS)
35 3-NHC(NH)-NH 05 2(NS}
1
T0S
36 3-NHC(NHINH, 0.9t 50 0.30 25 — 7(NS)
37 2-NHCHO 05 52 0.32 25 kil
38 3-NHCHO 05 22{NS)¢ 0.03
39 4-NHCHO 05 493 0.29 25 — B{NS}
40 Z—NHcocH3 a5 —12(NS} -0.50
41 3—NHCOCH3 0.25 65 0.73 25 53
42 4--NHCOCH3 5 19(NS} -0.18
43 3—NHCONM2 05 45 0.25 25 6{(NS}
a4 A—NHCONM2 05 38 0.19 25 ~17{NS}
45 3-NHCOCH,CHy 0.2t 50 0.79 25 70
46 ‘—NHCOCHZCH3 1.6t 50 0.04
47 :i—NNCOCN(CH:,)2 05 72 0.51 25 46
48 4-NHCOCH({CHziy 05 64 0.42 25 4{NS}
49 3—NHCO(CH2)2CH3 0.5 58 044
50 3—NHC0(CH2)2COOCH3 0.41 50
51 3-N—succd: 05 22
52 3—-NHSOZCH3 05 28 0.10
53 4—NHSOZCH3 a5 20{NS} 0.00
54 3-NHSO,CeHg 1.3t 50 0.00 25 7{NS)
55 4—NHSOZC6H5 0.5 4{NS) -0.39
56 :i—NNSOZNN2 a5 45 050 25 13{NS}
57 4-NHSO,NH, 0.3t 50 052 25 10{NS})
58 3—NHCOOC2H5 04t 50 0.40
59 3-NHCOCOOH 0.03t 50 1.52 25 21(NS}
60 3-NHCOOCH-CH, 0.05¢ 50 1.30 25 55
OH OH
a. dose in mg./kg.; b. p=0.01except where noted; ¢. NS=not d. N t 'DSO
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Scheme I
NO. N0, 0 OH CH,
1.) H,/cat.
CH 7\~ N
+ R-COC1 ——> —_— 3
q‘ 2.) 1/MeOH H QNH coR
NH, COR 0”0”0
v III
NO. NO2 NO.
uznso,c1> +
NHz NHSO,NH, NHSO,NHSO,NH,
NO, NO,
o] -
NH-CO-CH=CH, NH—CO—(lIH-?Hz
OH OH
TABLE IV
O HO
]
/ 7 e N R
H
o ™o o
— PO PCA
[—lV PCAﬁ l —'|
CMPD. NO. R DOSE®  %INHIBP  Plsg  DOSE® % INHIBP
41 3-NHCOCH, 0.25 65 073 25 53
61 3-CH,NHCOCH4 05 4(NS)© —0.39
62 3-CONH, 05 ~16(NS) -0.30
63 3-CONHCH, 05 24 0.15 25 33
64 3-CONHC,Hg 05 — 4(NS) -0.20
65 3-CON(CH,4), 05 10(NS) 0.10
66 3-CONH—barb 9 05 39 0.22 25 14(NS)

a. dose in mg./kg.; b. p=0.01 except where noted; c. NS=not significant;

d. barb. =
(o] H
Y N
)=o
N
o H
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Scheme 11
NO, NO. HO
1.) Ac,0
’ad 2
NH, /EtOH —_—_——S 2 N 72\
PN —_— 2.) Hp/cat. a1 \—
CHO  Na(CN)BH, CHa-NH: 3.5 1 0”00 CH2-NH,Ac
X 61
NHa 0 HO NO, 0 HO NH,
NO, > oY EtOH o, T
OH
13
NO. NO,
_/ H,S04
NaN,
HOCO™ X~ COOH HaN NH,
TABLE V
o HO
T
[} o [}
,—IVPCAj
CMPD. NO. R DOSE? % INHIBP
67 —T‘QOCH;; 5. 37
CH3
H
1
CH3
13 —N OH 1.3¢ 50
H
69 —N [s) 05 2{NS}
70 — NH, 5 17(NS)

n

a. dose in mg./kg.; b. p=0.01 except where noted: t = calculated 'DSO'
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sampling. The two most promising substitution patterns were
predicted to be 3,4 and 3,5-bis substitutions.

The 3,4-bis substituted derivatives are shown in Table VI.
They were prepared from suitable 3,4-disubstituted nitrobenzenes
as shown or in the case of 73 (SK&F 78729-A), the corresponding
phenolic enamine could be nitrated in nearly quantitative yield
to give the intermediate VI.

0 HO 0 HO ‘ NO.
72l ~ >N O OH ~ Z SN OH
H HNO3 H
0”0 HONO 0> 0""70
HOAc VI

Once again the most active derivatives were the hydroxy and
amino derivatives, and the two compounds of most significant
interest were the 3-amino-4-hydroxy 73 and the 3-propionamido-4-
hydroxy 81 which have very low oral to intravenous activity
ratios.

The 3,5-disubstituted derivatives are shown in Table VII.
Chemistry for these compounds depends upon symmetrical 1,3,5-
trisubstitution and the most convenient approach to a starting
material was the double Schmidt reaction which could be performed
(with some precautions) on the readily available 5-nitroiso-
phthalic acid. Either derivatization or condensation with the
pyrantrione can then be performed to lead to the various
symmetrical or unsymmetrical derivatives. Antiallergic activity
in this series reached its maximum with the dipropionamide 90
and the diglyceramide 95 which were 300X and 1000X more potent
than DSCG in the PCA test.

Additional multiply substituted analogs were made and are
shown in Table VIII. As can be seen, there was no substantial
improvements with these modificatioms.

In Vitro Evaluation of Candidates

In order to select the best candidates, we used our pub-
lished in vitro assay system (6) which employs passively
sensitized lung tissue from rats or primates. In either
experiment lung tissue is removed, cut into small pieces and
incubated with the species-suitable immunoglobulin E. After 90
minutes the tissue is challenged (either in the presence or
absence of drug) with a suitable antigen. Ovalbumin is used for
the rat tissue anti-IgE for primates. The amount of histamine
released is measured and in the case of primate tissue the
amount of SRS-A is also measured by bioassay on guinea pig ileum.
A compound's activity then is expressed as its ability to inhibit
the secretion of these mediators. One distinct disadvantage to
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TABLE VI
0 HO
‘ A s
“ =
N— -Ry
0”070 M
1V poA— [P0 PcA—
CMPD. NO. Ry Ry DOSE? % INMIB®  plgg DOSE? % INHIB.D
72 cl ct 10 10(NS)© -1.50
73 NH, OH 0.7t 50 05 0.8t 50
74 OH NH, 3.4t 50 05 25 40
75 NHCHg4 OH 05 — BINS) -0.30
76 CH,NHCHg OH 0.5 1(NS) —0.10
77 NHCOCH3 OH 0.2t 50 0.82 25t 50
78 *N=C-0" 05 13 —0.11
cHy
79 NHCOCH4 OCHy4 0.5 27 0.09
80 CONHCH, OH 05 38 0.10
81 NHCOCH,CHy OM 04t 50 0.43 0.6t 50
82 NHCOCH{CHgl,  OH 0.2t 50 0.68 3.3t 50
83 NHSO,CH3 OH 5.0 8 —0.80
a. dose in mg./kg.; b. p=0.01; c. NS=not significant; t = calculated IDgo
TABLE Vii
0 HO Ry
Y
N
H
o oo R
v Pca— PO PCA—
CMPD. NO. Ry Rg DOSE? % INHIB.D plgg  DOSE? % INHIB.D
84 CFy CFy 5.0 14 ~1.09
85 OH NH, 0.5t 50 0.20 8.0t 50
86 OH NHCOCH, 0.02t 50 170 25 2(Ns)d
87 NH, NHCOCH 0.1t 50 089 25 11iNS)
88 NH, NH, 9.5t 50 0.30 0.9t 50
89 NHCOCH, NHCOCH3 0.011 50 192 50 ~ NS}
%0 NHCOCH,CH NHCOCH,CH, 0.003t 50 25 50 14{Ns)
91 NHCO(CH,),CHy  NHCO(CH,),CHy 0.05t 50 130 25 7(NS)
92 ° NHCOOC,Hg NHCOOC,Hg 0.25t 50 060 25 —18(NS)
93 NHCOCO,CoH, NHCOCO,CHg 0.03 50 1.70 65t 50
94 NHCOCO,H NHCOCO,H 0.051 50 1.20 19t 50
95 NHCO(I:H—(I:HZ NHCO(I:H-(I:HZ 0.0009t 50 3.00 20t 50
OH OH OH OH
96 NHSO,CHy NHSO,CH, 0.3t 50 052 50 9(NS}
97 NHSO0,CeHg NHSO,CeHg 05 — 9INS) ~0.30

a. dose in mg./kg.; b. p=0.01 except where noted; d. NS=not significant; t calculated 'DSO
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TABLE Vil

o)

HO
1] -
e g1
H \__
0 07 0
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c. NS=not significant;

’—IV PCA-—'l [—PO PCA—]
CMPD. NO. R DOSE? % INHIB. pigo DOSE? % INHIB.b
98 2,6-(Cl), 10.0 3(NS)¢ -1.50
99 2,6—-(0H), 05 —22(NS) —0.50
100 3,4,5—(0OH)4 0.4t 50 0.40 25 ~3(NS})
101 2-OH-5-NHCOCH4 05 40 1.70 25 4(NS)
102 2-NH,-5-0H 5.0 47 -0.50
a. dose in mg./kg.; b. p=0.01 except where noted;

1 calculated IDgg
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this test is the physical limitation of water solubility which
the compound must have in order to be tested.

The results of in vitro rat lung testing of some of our most
promising candidates are shown in Table IX. As a point of
reference, DSCG in this system has an IDso, (that is the dose
which causes an inhibition of 50% of the amount of histamine
liberated by non-drug treated controls) of approximately 10~"
molar. Examination of the various derivatives tested, indicate
that our PCA data correlate very well with the in vitro data in
the same species. For example, the rank order for increasing
potency in the rat PCA test is 15, 73 and 82 which have IDso's of
1.3, 0.7 and 0.2 mg/kg respectivgiy. They also have the same
rank order in the in vitro assay with IDso's of 107", 3x1076 and
1078 respectively. These results are comforting from a theo-
retical viewpoint but they do not contribute any additional
information to aid in the selection and evaluation of compounds
and so we turned to the primate system.

In Table X are shown both the inhibition of histamine release
and SRS-A release from Rhesus monkey lung tissue. Our observa-
tions with this system indicate that inhibition of both mediators
does not usually follow the same dose related pattern and that
frequently a compound will be more effective at inhibiting
histamine release than it will be at inhibiting SRS-A release.
For example, in this system DSCG has an IDso against histamine
release of 1073 molar while against SRS-A release it is somewhat
greater than 3x10~3 molar (actually DSCG never quite accomplished
a full 50% reduction of SRS-A release but rather plateaus in its
dose response at approximately 427 inhibition).

In the primate lung system there appears to be no correla-
tion between in vivo rat PCA activity and this in vitro activity.
One of the most active compounds in this series was the 3-amino-
4-hydroxy analog 73 which we have labeled as SK&F 78729-A. It is
nearly equipotent at inhibiting both histamine and SRS-A release,
with an IDso of approximately 3x10~5 molar, nearly 2 orders of
magnitude better than DSCG. Coupled with its favorable intra-
venous to oral potency ratio this compound then is our most
interesting candidate and will be the subject of an extensive
pharmacology review at the Federation Meeting in April.

In closing I would like to thank my numerous colleagues who
compiled the formidable number of compounds and biological test
data that was presented here today.
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TABLE IX. Inhibition of Antigen-Induced Histamine
Release in Passively Sensitized Fragmented
Rat Lung
R2
CH3 R,
R,
In Vitro % 1lnhib.
Compound No. Rs R. Rs Conc. (M) Histamine
-3
DSCG 1.3x 107, 56 (10)
2.7x10_ 47 (4)
5.3x10 32 (3)
pun a
15 H OH H 1.6x 10 ¢ 45 (5)
6.6x10_, 44 (1)
6.6x 10 34 (4)
_5
48 H NHCOCH (CHs) 2 H 1 x10_ 92 (1)
1 x10 60 (1)
-5
73 NH, oH H 1 x10, 47 ()
1 x10_, 61 (5)
1 x10 42 (4)
1 x10 26 (4)
-5
77 NHCOCH OH H 1 x10_, 86 (5)
1 x10_, 76 (5)
1 x10_, 88 (5)
1 x10_4 53 (1)
1 x10 43 (1)
-5
81 NHCOCH,CH, OH H 1 x10_¢ 65 (4)
1 x10_0 66 (4)
1 x10_¢ 70 (4)
1 x10 41 (2)
-6
82 NHCOCH (CH) » OH H 1 x10_, 78 (1)
1 x10 81 (1)

a) ( ) is the number of different lung preparations
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TABLE X. Inhibition of IgE - Antihuman IgE Release of
Histamine and SRS-A from Passively Sensitized
Fragmented Rhesus Monkey Lung Tissue

Ky
0 Ho c& /
CH3 T \ K.
o 0 v Ry

% lohib. i lnhib.
Compound No, Ry R. R Coue. (M) filstamine SRS--A

-3
DSCG Lo, 54 (4) 27 (4)
2.7x107) 3 () 36 (4)
5.3x 10 11 () 24 (&)
-h a . d
15 i oH i L.6x 107, 59 (7) 51 (7)
3.3x 10, 50 (10) 33 (10)
6.6x10 18 (5) 8.6 (5)

i
73 NH, o1 i Lox100, 66 (9) 56 (1)
s x10, 49 (5) 40 (&)
1 x107; 22 (9) 1
1 x10 4 (D ~24 (5)
77 NHCOCH, on i sox10T, 25 ) 3 ()
1 x10_¢ =31 (4) 5 (4)
5 x10 -32 (4) 11 (&)

1
85 o1 H NiL 1 x102, 26 () 18 (2)
I x10 -0.7 (3) 5 (D)
86 o i NHCOCH 5 Lox0ly 57 (2) 22 (2)
1 x10 17 (2) 6 (2)

-4
87 Nt i NHCOCH, 1 x10 17 () 8 (1)
95 NHCOCH(OM)CH,OH  H NHCOCH(OWIGHL OB 1 x 1077 7 (2) 7@
1ox1007 20 (2) -0.5 (2)
1 x10 -30 (2) -7 @

a) ( ) 1s the number of different lung preparations
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The Development of Antiallergic Pyranenamine Series:

A QSAR Success Story

RICHARD D. CRAMER I1I, KENNETH M. SNADER, CHESTER R. WILLIS,
LAWRENCE W. CHAKRIN, JEAN THOMAS, and BLAINE M. SUTTON

Research and Development Division, Smith Kline and French Laboratories,
Philadelphia, PA 19101

Quantitative Structure-Activity Relationships (QSAR) express
the biological potencies of a series of related compounds as a
linear function of their physicochemical properties. A major
reason for deriving a QSAR hypothesis is the hope that some aspect
of the QSAR can be successfully extrapolated, to produce compounds
of potency higher than any of those from which the QSAR was de-
rived. Unfortunately, the QSAR literature does not contain many
examples of successful extrapolation, or "predictive successes. " (1)
Even these few examples would be vulnerable to the following
criticisms:

(1) The successful extrapolations are relatively small in
magnitude, the potency enhancement in only one instance(2)
being appreciably more than twofold.

(2) The actual number of superior compounds associated with
each individual successful extrapolation is rather small.

(3) Alternative but simpler physicochemically based strat-
egies, such as the "Topliss tree"(é), seem to point to
superior compounds and require far less work.

(4) "Sooner or later” the compounds embodying the successful
extrapolations would have been stumbled upon in any
case. (Of course, actual medicinal chemistry programs
have finite lifetimes, dependent in part on their own
success, such that a "later” which is insufficiently
"sooner” may become a "never"!)

In view of these criticisms, we suggest that the development
of the pyranenamine series represents one of the more clearcut
successes in the application of QSAR techniques. To provide sub-
stance for this claim, in this article we have elected to present

the pyranenamine series development in a strictly chronological
fashion.

Overall Considerations. As described in detail within the
preceding articlel2), the pyranenamines display Intal-like anti-

0-8412-0536-1/80/47-118-159$05.00/0
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160 DRUGS AFFECTING THE RESPIRATORY SYSTEM

allergic properties in a well-established experimental animal
model, the passive cutaneous anaphylactic (PCA) rat. In this
study, we will be concerned only with the effects of changes in
the aromatic substituents =X, -Y, and -Z upon potency in the PCA
model.

X
0 HO .
Z N NN
H z
0 0 0

An unfavorable characteristic of these biological data is
relatively high variability. The most serious variability occurs
for a group of twenty compounds which displayed no activity at the
testing dose. Such compounds were simply assigned a plgg one unit
less than log (l/dose tested). The standard error for such an
assignment is of course unknowable, if one assumes a value of +.9,
the RMS error for the overall collection of 98 potency measure-
ments would be roughly +.48. This value is to be compared with S,
the standard error of a regression. If $ is greater than .50, the
still unexplained differences in compound potency are greater than
those attributable to biological variability and thus additional
structural explanations of the data may be sought. But once S has
dropped below this estimated net biological variability of 0.5,
there is an increasing danger that apparent structural trends may
in fact only be artifacts originating in the biological variabil-
ity.

The parameters and methods employed in regression studies of
the pyranenamine series have been discussed elsewhere, along with
complete results.‘\2

"Pre-Qsar” Series Development. Potency (Log l/c) values for
the first nineteen pyranenamines to be synthesized and tested in
the PCA assay, prior to the use of QSAR in this series, appear in
part A of Table I. The majority of these derivatives were syn-
thesized in response to a newly proposed (at that time) decision
model, the Topliss operation scheme or "tree".(3). Based on the
observation that physicochemically-based substituent constants are
an aspect of the Hansch approach which is easier for synthetically
oriented chemists to assimilate than is regression analysis,
Topliss proposed specific sequences of substituted derivatives to
be synthesized, with the next choice at each sequential step being
governed by whether the preceding compound displayed either in-
creased, decreased, or unaltered potency. Retrospective studies
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Table I: Potencies of Pyranenamines Synthesized Before QSAR Had
Been Established.

A. Pyranenamines Used in Derivation of the First QSAR

Substituent pPIgg
H = 7
2-Cl ‘lo 2
3-Cl - .7
4-C1 - .6
4-F -1.0
4-NOy -2.0
4-CO0Me -1.7
4~Me -1.2
2'01’1 - 04
3-0H - .2
4"01'{ - ol
4-0Me - <9
2-NH, ~1.4
4-N(Me) -2.0
4-pyridyl - .9
3 Py A-Cl —20 0
3,5-CF3 -1.1
2,6-Cl -2.0
2 ’ 6-0}1 = e 7

B. Bioiosteres and Prodrugs of the 4-OH Derivative

Substituent plsg Rationale?
4-0C0Me + .2 3
4-0COEt -.1 3
4-0C0(n)Pr - o2 3
4-0C0(n)Bu + .2 3
4-0CO(n)Am -1.1 3
4-0C0(n)Hex + .0 3
4-0CO(t)Bu - .7 3
4~0COPh - .7 3
4-0CONH, + .0 3
4-0CONHCH)Ph + .0 3
4~-0CHoCOOH + .3 3
4-SH -2 3
4-NHCHO + .3 2

8Codes the rationale for synthesis: 1 = QSAR; 3 = classical
medicinal chemistry; 2 = both. See Discussion.
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indeed suggest that use of the "Topliss tree” might halve the
number of derivatives needed to achieve an optimal potency.

In the pyranenamine series, choice among the "next”
appropriate derivatives had been made difficult by experimental
uncertainty surrounding the relative potency values, and as a
result Table I contains information about most of the nodes in
the “Topliss tree”, not merely an individual branch. In fact, the
4-0H derivative, the most potent of the nineteen, can be reached
via the tree only by taking the apparent "wrong turn” at two of
three nodes. Strict adherence to the decision model would have
produced nothing but derivatives less active than the starting
unsubstituted compound.

As the most promising member of the pyranenamine series, by
the oral as well as the intravenous route of administration, SK&F
64398 was selected for detailed biological evaluation. Meanwhile,
following well-known precepts, a variety of derivatives and close
congeners ("bioisosteres") of SK&F 64398 were prepared for testing
in the PCA assay. The subsequent testing results, shown in Part B
of Table I, might be summarized as suggesting that the traditional
“"close analogue"” strategy yielded compounds which were equivalent,
but not markedly superior, in potency to SK&F 64398. 1In the
absence of the QSAR studies to be described it might well have
been reasonable to conclude that SK&F 64398 is for practical pur—
poses the "optimal" pyranenamine, and that the synthetic program
which produced it had been successfully completed.

Initial QSAR Studies. The challenge posed for QSAR study was
clearly, "Will analysis of the nineteen data shown in Part A of
Table I produce any structure/activity trends whose extrapolation
seems likely to suggest pyranenamines having potency significantly
greater than that of SK&F 64398?" The nineteen compounds by vir-
tue of their different substituents have differing physical prop—-
erties. The observed differences in biological properties can
ultimately be caused only by these differences in physical prop—-
erties, according to all known facts of biochemistry and physiol-
ogy. However, biochemistry and physiology also teach that the
mechanisms through which these differences in physical properties
might express themselves, including metabolism and distribution
as well as the mechanics of interaction with the "receptor”, may
be so complex as to preclude the establishment of useful trends.
These considerations of course have been more or less consciously
recognized by every participant in medicinal chemistry research
throughout its history. Reason demands an attempt to understand
one's data but experience soon suggests that such an attempt will
produce nothing more useful than post hoc rationalizations.

Initial analysis of the data in Table IA was carried out
graphically, by plotting log (1/C) values for the nineteen com
pounds against measures of their physicochemical differences,
specifically measures of size (molar refractivity), affinity for
polar solvents (v), and intramolecular electronic effect (o).
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The most promising of the various graphs was the "three-dimen-—
sional” plot shown in Figure I. This plot portrays potency,
plotted along the Cartesian axis perpendicular to the page as a
joint function of 7 and o, where as an aid in orientation the
location in.n/c space of most common substituents also are
indicated.ﬁ) To help in communicating the dependence of potency
on 7 and ¢ which was visualized as the graph was constructed,
potency contour lines were also sketched in. Thus the completed
graph shows potency as a hypothetical function of m and 0 in the
same manner that a conventional relief map shows ground elevation
as a function of longitude and latitude.

The apparent "peak” in the potency/n/A map is located just
below the center of its left-hand edge, corresponding to substi-
tuents possessing a combination of high hydrophilicity and negli-
gible intramolecular electronic influence. If the relationships
suggested by the graph are a correct model of the behavior of sub-
stituted pyranenamines in the PCA rat, substituents conferring
even greater hydrophilicity should improve potency further, pro-
vided that the overall electronic character is not thereby dis-
turbed. Unfortunately, the promising area of Figure I is very
sparsely populated by actual substituents, only -NHCONHy and -NHOH
being barely within the region of interest. To obtain substan—
tially increased hydrophilicity without electronic effects,
pyranenamines having particular combinations of substituents were
proposed as synthetic targets.

Two of the twelve targets were synthesized immediately and
found to be highly active, a 3-acetamide-4-hydroxyl derivative
having a pIlsg of +0.8, or a potency 2-1/2 times greater than any
of the other pyranenamines and the isomeric 2-hydroxy-5-acetamido
derivative a plsg of +0.2, second only to the 4-NH; congener.
This striking confirmation of the "hydrophilicity hypothesis” led
to a strong emphasis on hydrophilic substitution patterns in en-
suing work.

Development of the Hydrophilicity Lead. Because of the ease
of synthesizing and testing pyranenamines, it was possible to
evaluate the effects of an unusually large variety of types and
combinations of hydrophilic substituents. From a physicochemical
point of view, while increased hydrophilicity was the primary
objective it was also recognized that exploration of a broader
class of substituents might uncover dependencies on parameters
other than 7 and 0. From a more conservative point of view,
whether or not the tenfold potency conferred upon the 4-OH
derivative by adding a 3-acetamido substituent relates at all to
increased hydrophilicity, the magnitude of the resulting increase
mandates further exploration of a traditional nature, such as
removal of the 4-OH, lengthening and shortening of the acylamido
chain, transposing or altering the substituents, or introducing
additional substituents. The actual compounds chosen for syn-
thesis naturally tended to be constructive in terms of either
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Figure 1. “Relief map” of the dependence of potency on the substituents o and
= for the pyranenamines of Table I (5)

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



9. CRAMER ET AL. QSAR Development of Pyranenamines 165

of these two points of view, and thus only a minority of the

seventy—~odd compounds remaining to be discussed bear unambig-
uously on the issue of whether the QSAR approach continued to
enhance the efficiency of pyranenamine series development.

The Value of Regression Analysis. Once we had conceded the
possibility that more than the two variables m and ¢ might be
influencing PCA rat potency, the graphical approach exemplified
in Figure I had to be abandoned, despite its ease of construc-
tion and clear portrayal of the postulated structure/activity
relationship. 1In addition to the obvious impossibility of
portraying more than three variables on a two-dimensional graph,
the time required to construct graphs having more than, say,
thirty points is much greater than that to perform equivalent
regressions. A further bonus in using regression techniques is
that the accompanying statistical indices (r, s, and F) allow an
assessment of the probability that the SAR is "real”, i.e., not a
chance ordering of information which in reality is unrelated. No
objective response would have been possible to a critic who
doubted the reality of the "hill" portrayed in Figure L.

A regression equation containing very much the same informa-
tion as that contained in Figure I, and derived from the data in
Table I, will be referred to subsequently as A:

plgp = = «72 - .14(+.29) x Im - 1.35(+.98) x (Zo)?
r2 = .48 s = .47 F(2,16) = 7.3

The equation has two structurally-dependent terms, conforming to
the two dimensions of the graph in Figure I. The negative co-
efficient of its m term describes an increase in potency with
decreasing lipophilicity equivalent to the right-—to-left upward
slope of the "hill" in Figure I. The negative coefficient of the
0¢ term connotes a potency which is maximal when ¢ = 0 and de-
creases as ¢ deviates markedly above or below O. This description
of electronic effects differs slightly from that of Figure I where
the apparent "optimal” ¢ is less than 0. In a regression equation
a non-zero, in this instance negative, value for the optimal ¢
would require two terms for its expression ( —ac - b 0¢). The
additional term produced by entry of ¢ into Equation A indeed
possesses a negative coefficient but has very low statistical
significance.

Parenthetically, it might be thought that this type of plot
in principle offers the possibility of detecting non-linear or
non-parabolic relationships between potency and 7™ or o, relation-
ships which might not be well-approximated by analytic functions of
T or ¢ and hence would be undetectable by regression. The idea
that a complex but continuous functional relationship might exist
between T or ¢ and biological activity has also been cited in
recommending optimization techniques such as the Simplex method
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for drug design problems(é). Nevertheless, we feel that an
extensive search for such more mathematically complex relation-
ships involving simple physicochemical properties is probably
wasted effort. From a practical point of view it is almost
exclusively the linear relationships between activity and a
structural variable which seem likely to be extrapolable in a
useful way. A structural dependency which already contains a
well-defined optimum offers little hope and only negative guid-
ance in the quest for improved potency!

The statistical quality of equations is indicated by their
values for r4, s, and F. To an excellent approximation, r
measures the proportion of the original differences in compound
potency which are explained by the regression equation, whereas
in contrast s measures the absolute differences in potency which
are not explained by the regression equation. Thus rZ and s are
complementary indices, while F, a ratio of 2 to s weighted by the
number of degrees of freedom for each, allows an assessment of the
likelihood of achieving a correlation as good or better by chance
alone. 0ddly, a concise statement of these principles seems ab-
sent from the QSAR literature, resulting in a certain amount of
apparent confusion among some of its practitioners over what the
statistical objective of a regression analysis should be. Since
one should never expect s to be much less than the experimental
variability of the biological measurements, the only way a high r2
can realistically be expected is if the experimental variability
is very low or if the range of biological potencies is very large.
As will be seen, the regression equations herein illustrate
these points rather well. In particular, the unusually poor
value of r2 for Equation A, .46, is actually about as high as one
might hope to achieve with the data of Table I, since the esti-
mated experimental variability of .5 for the overall data set is
in fact somewhat greater than the s for Equation A. Despite the
low r2, comparison of the F(2,16)=7.3 with its tabulated values
shows that the likelihood of obtaining a correlation even this
poor by chance alone for two parameters actually unrelated to
potency and nineteen compounds is less than 1%.

Second Phase: Exploration of Other Hydrophilic Groups: The
large variety of hydrophilic groups explored in what might be re-
garded as the second phase of the QSAR development of the pyranen-
amine lead are listed in Table II. Several features of these
data are particularly inconsistent with the hypothesis that
biological potency depends solely on 7 and on o¢:

1) The exceptionally high potency of the 3,5-NHCOMe deriv-
ative, an order of magnitude greater than any other
series member, despite unremarkable m and ¢ values,
suggests that there must be other compound property(s)
capable of enhancing potency.

2) The potencies of the increasingly lipophilic 3-NHCOMe,
3-NHCOEt, and 3-NHCOPr subseries would be expected to

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



9. CRAMER ET AL. QSAR Development of Pyranenamines 167

Table II: Potencies of Compounds Synthesized After Development
of the First QSAR (Equation A).

Substituent p150 Rationale?
3-502NH2 + .3 1
4-S09NHy -.1 1
3-NH, + .5 2
2-NHCHO + .3 2
3-NHCHO -7 2
2-NHCOMe - .7 2
3-NHCOMe + .7 2
4-NHCOMe - .7 2
3-NHCONH + .3 1
4-NHCONH, + .2 1
3-NHCOEt + .7 2
4-NHCOEt - .2 2
3~NHCO(i)Pr + «5 2
4~NHCO(i)Pr + .4 2
3-NHCO(n)Pr + «4 2
/COCH2
3-N + .0 2
\COCH2
3-NHSOoMe + .1 2
4-NHSO)Me - .7 2
3-NHSO,Ph - .1 2
4-NHSO,Ph - o7 2
3-NHy-4-0H + .15 2
3-NHCOMe-4-0H + .7 1
3, 4-N=CMe-0- - .1 3
3-NHCMe—-4-0Me + .1 3
3-NHCOEt~4~OH + .4 2
3-NHCO(1i)Pr-4~0H + .7 2
3,5-NHCOMe +1.9 2
3,5-NHSOoMe + 5 2
3-NHCOMe-6-0H + .2 1

4Codes the rationale for synthesis: 1 = QSAR; 3 = classical
medicinal chemistry; 2 = both. See Discussion.
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decline, rather than remain constant, in the absence of
additional trends. Similarly, although less signifi-
cantly because of a pro—drug possibility, the 0-CO-R
derivatives are equipotent despite representing a very
large range of lipophilicities.

These observations appear to be satisfactorily explained by
Equation B, derived from all data in Tables I and II except for
exclusion of the 4-OCHpCOOH substituent because of the structural
ambiguity introduced by its two possible protomeric forms.

pIsp = = 75 =.30(+.12) x Im - 1.5(+.67) x (Zo)2 + 2.0(+2.0) x F-5
+ .39(+.22) x #345-HBD - .63(+.33) x #NHSO2
+ .78(F.46) x M=V + .72(+.31) x 4-0CO?

r2 = .77 s = .40 F(7,53) = 25.1

Lipophilicity, a statistically dubious causative factor in
Equation A although apparently important in the logically equiv-
alent Figure I, has with the additional data emerged as the
dominant structural influence on potency.

At this point in series development, substituent lipo-
philicity spanned a range of four log units, potency doubling with
each log unit increase in hydrophilicity. Many more log units of
substituent hydrophilicity were still potentially accessible, most
readily by employing charged substituents. Therefore a major
question for subsequent resolution was, "As hydrophilicity is in-
creased further, either with charged or uncharged substituents,
will potency continue to increase indefinitely (unlikely)? Or
will a substituent hydrophilicity be encountered which is optimal
for potency in the PCA rat, further increases in hydrophilicity
perhaps depressing potency?”

Electronic effects on potency are expressed by the second and
third terms in Equation B. Strongly electron-donating or with-
drawing effects upon the 1 position of the phenyl ring (the (Zo)2?
term) continue to be quite as deleterious to potency as was indi-
cated by Equation A. However, the "F-5" term indicates tenta-
tively than an inductively electron-withdrawing substituent (high
value of the Swain-Lupton F) in the 5 position may very sub-
stantially enhance potency. A 5-substituent can exist only when
there are at least equivalently bulky substituents at the 2 and/or
3 position, so there are only two examples, the 3,5-CF3 (F-5=.38)
and 3,5-NHCOMe (F-5=.28) derivatives. However, both of these were
much more active than expected, 3,5-CF3 being the most serious
outlier for the series as a whole. Further exploration of a
larger range of variation in F-5 was clearly indicated.

The next pair of terms in Equation B attributes desirability
to certain types of hydrogen—-bonding groups attached to the meta
and para positions. The #345-HBD term implies that for every
group of general type —~HYR attached to the 3, 4, or 5 position,
where Y may be N, O, or S and R may be anything including H or a
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lone pair, potency is enhanced by .42 log units. (At this point,
the roster of -YHR listed OH, SH, NHp, NHCOR', and NHSO2R', where
R' = H, alkyl, NHp, or aryl.) Although this trend is readily
attributed to actual hydrogen bonding between pyranenamine and its
receptor, it is a bit surprising that any number of hydrogen bond
donors in any position have equivalent and additive effects.

Since the trends in $PI and #345-HBD portrayed by Equation B would
seem to parallel one another, it is worth noting that the col-
inearity between these variables for all 98 compounds is actually
quite small (r = -.35). Thus these two trends in Equation B are
clearly independent. The second hydrogen—bonding variable "NHSO)"
is substructural. Whatever the nature of the hydrogen—bonding
interaction, the -NHSO9R group (which has the appropriate =YH-R
substructure) apparently does not have suitable properties. This
pair of QSAR trends raises the question "What types and arrange-—
ments of hydrogen-bonding groups will and will not enhance
potency?” A range of possibilities was explored in the next

roune of synthesis.

The M-V term implies a situation which is rather unusual in
medicinal chemical experience; increase in the volume of meta (3-
or 5-) substituents is stated to increase potency. One might
further ask, in retrospect, whether it is reasonable to expect the
sizes of these relatively varied substituent types to occupy the
same region of "receptor space” and to have commensurable effects
on potency, particularly when the existence of a hydrogen-bonding
term suggests a probable specificity of orientation for maximal
receptor binding. Previously published QSAR correlations involv-
ing size have been based mostly either on small and nearly
symmetric groups or else on highly flexible groups such as higher
alkyl, not on large, angular, semi-rigid groups such as many of
the groups in this series must be. The validity of this trend now
seems dubious, but in point of fact considerable QSAR effort was
expended at this state of series development attempting to ascer-—
tain an “optimal group size.”

Finally, the 4-0C0? term, the second most important to the
overall correlation, is substructural and indicates that acyl
derivatives of the 4-OH are five times as potent as would be
implied by the physical properties of the esters themselves. This
trend is consistent with the view that these acyl derivatives be-
have as biologically equivalent prodrugs, hydrolyzing in vivo to
produce the 4-0H derivative itself.

"Second Generation” Pyranenamine (SK&F 78729). Insurmountable
deficiencies were encountered in the secondary testing of the 4-OH
derivative, and a new lead had to be chosen. Although not the
most potent in the primary screen, the 3-NHp-4-OH derivative (SK&F
78729) was found to possess the most desirable combination of
properties in secondary tests. From the point of view of the
"QSAR success story”, we note that the initial QSAR study was
clearly responsible for the type of structural modification which
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quickly led to SK&F 78729. Indeed, in the absence of the more
potent pyranenamines resulting from QSAR, it is arguable that dis-
appointment arising from the deficiencies of the 4-OH derivative
would have led to abandonment of the series and even the research
area itself. On the other hand, the particular virtues which dis-
tinguished SK&F 78729 in the secondary tests have little or
nothing to do with the QSAR relationship, which is of course
dependent on the primary test (PCA rat).

Final Phase of Pyranenamine Development. Most of the remain-
ing pyranenamines, listed in Table III, were synthesized to answer
specific QSAR or traditional SAR questions. As detailed above,
the key QSAR questions raised in the intermediate series develop-
ment concerned the possibility of a hydrophilicity optimum, the
need to identify potency-enhancing hydrogen-bonding groups, and
the reality of the F-5 and M-V terms. A considerable synthetic
effort went into the preparation of particular exotic substituents,
such as -NHC(=NH)NHj, -CONH (Barbiturate), and -NHCO(CHOH)7H,
intended to help answer these questions.

The regression equation which seems to best describe the QSAR
for all 98 pyranenamines is C. Compared with Equation B, addi-
tional terms relating to lipophilicity, electronic effects, and
hydrogen bonding have appeared, while the volume-related term has
disappeared.

.59 - .33(+.11) x Im - .034(+.016) x (Zm)?

4.3(+1.6) x F-5 + 1.3(+.85) x R-5 = 1.7(+.62) x (Zo0)?2
.73(%.22) x #345-HBD - .86(+.34) x #HB-INTRA
+69(+.28) x #NHS02 + .72(+.35) x 4-0C0?

plsg =

1+ + )

r2 = .75 s = .48 F(9,88) = 28.7

The new lipophilicity term, (Iw)2, when taken with the (Zw)
term constitutes the familiar definition of a parabolic relation-
ship between potency and hydrophilicity. The unusual aspect of
this parabolic relationship is the remarkably hydrophilic optimum,
roughly -5, for the sum of substituent m values. However, only
one of the compounds has an estimated I7 less than -6 (3,5-
NHCOCO0~) and all of the 7 estimates for the half-dozen of these
groups between -6 and -2.5, being based on group additivity, must
be regarded as probably too hydrophilic. It is also possible that
negative charge, rather than extreme hydrophilicity, is the pro-
perty deleterious to potency (although the necessarily concomitant
hypothesis, that potency increases parallel hydrophilicity without
limit, seems difficult to accept). Therefore this relationship
between potency and hydrophilicity must be regarded as quali-
tatively correct only.

The electronic aspects of Equation C represent an extension
of those discussed for Equation B. The (Zo)“ term continues to
indicate the desirability of an overall o near 0, while the F-5
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term now strongly asserts the value of nevertheless attaching
inductively withdrawing substituents to the 5 position. The R-5
term buttresses the F-5 term by its indication that resonance
withdrawing effects as well as inductively withdrawing effects of
a 5 substituent will promote potency.

Hydrogen bonding, or some other characteristic of the -YHR
group as defined above, has become the most important influence on
relative potencies (i.e., the 345-HBD term has the largest F-test),
provided that the constraints on hydrogen-bonding implied by the
two terms #HB-INTRA and #NHSO2 are accepted. The #345-HBD term
indicates that potency 1is enhanced fourfold for each -~YHR sub-
stituent. However, the #HB-INTRA term in combination with the
#345-HBD term indicates that a -YHR which is capable of forming
an intramolecular hydrogen-bond (five or six-membered ring) with
an ortho substituent will not enhance potency. As in Equation B,
the effect of the NHSO2 term is to exclude -NHSO7R groups from
this potency-enhancing ~YHR class of substituents.

The remaining term, 4-0C0?, continues to ascribe special
potency enhancement to acyl derivatives of the 4~0H pyranenamine,
possibly by way of the pro-drug mechanism. However, the M-V
effect within Equation B has not persisted strongly. Although a
slightly favorable influence of substituent volume, particularly
of meta substituents, would be the next term to enter Equation C,
the associated increase in r2 and decrease in s would be only .0l
units.

The overall statistical qualities of Equations C, B, and A
are much more alike than would be supposed from comparison of r
values alone. The variance not explained by the respective
equations has remained stable as the range of potency spanded by
the pyranenamine series expanded, the s values of .48, .40 and .48
being somewhat less than the estimated experimental variability
and therefore unlikely to be improved upon in a meaningful way by
adding more terms to the equations. The improvement in r2 from
«48 to .77 is the result of the increased spread in potency, in
turn brought about by the success of the original QSAR itself!

The pyranenamine found to be the most potent of all, the
3,5~-NHCO(CHOH)9H derivative, exemplifies the traits that Equation
C indicates as desirable: The two highly polar -NHCO(CHOH)7H
groups give an estimated substituent total m value of -6.2, not
far from the presumed optimum w. There are two -YHR groups, which
being meta are assumed not to form an intramolecular hydrogen bond.
The 5- (or 3-) substituent has a positive F value of +.28, some-
what offset by a negative R value of -.25, producing an overall
negligibly positive ¢ of .37 or & o2 of .14. When inserted into
Equation C, this combination of properties yields a predicted plsgp
of 2 3. The actual pIsg of +3.0 corresponds to an ID5g of
103 mg/kg, or effective biological activity at nano-molar admin-
istered blood levels.
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Table III: Compounds Synthesized in Order to Establish a
Final QSAR, and Miscellaneous.

Substituent pIsg Rationaled
4-Br - .7 3
2-COOEt - 5 3
3-0CH, COOH - .7 3
3-NHMe - .7 2
3-NHC=NHNH, + .1 1
3-NHC=NHNHSO,Ph(p)Me - .7 3
3-NHCOCH; CHy COOEt + .3 2
3-NHS0,NHy + .5 1
4-NHS09 NHy + .5 1
3-NHCOOEt + .4 2
3-NHCOC00~™ +1.5 2
3-NHCO(CHOH)H +1.3 1
3-CHyNHCOCH3 - .7 3
3-CONH, - .7 2
3-CONHMe + .2 2
3-C0N(Me)2 0 - .7 2
NH
3-CONH- 0 + .2 1
NH
0
3~-0H-4~-NHy - 5 2

8Codes the rationale for synthesis: 1 = QSAR; 3 = classical
medicinal chemistry; 2 = both. See Discussion.
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Table III (Continued)

Substituent pIsg Rationaled
3-NHMe—-4—-0H - .7 2
3-CHyNHMe~4~0H - .7 2
3-CONHMe-4-0H + .1 2
3-NHSOyMe~4~0H - .8 2
3-OH-5-NHy + .2 2
3-NHCOMe-5~0H +1.7 1
3-NHCOMe-5-NHy +1.0 2
3,5-NHj + .3 2
3,5-NHCOEt +2.5 2
3,5-NHCO(n)Pr +1.3 2
3,5-NHCOOEt + .6 2
3, 5~NHCOCOOEt +1.7 2
3,5-NHCOCO00~ +1.5 2
3, 5~NHCO(CHOH)oH +3.0 1
3,5-NHSOMe + .5 2
3,5-NHSO2Ph - .7 2
3,4,5-00 + .4 2
3-0H-6-NHy - .5 2

4Codes the rationale for synthesis: 1 = QSAR; 3 = classical
medicinal chemistry; 2 = both. See Discussion.
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Drug/Receptor Binding. It is fashionable to derive a specu-
lative physical model of drug/receptor binding from the physico-
chemical influences upon potency which are suggested by a QSAR.
Certainly an unusual feature of the present QSAR is the tendency
for potency to increase, rather than decrease, with increasing
hydrophilicity (or decreasing lipophilicity). The assumption that
this hydrophilicity dependence is related to receptor binding,
rather than transport, is strongly supported by the additional
potency introduced by specific -YHR groups, hydrogen-bonding of
course being a property that tends to parallel hydrophilicity.

The special electronic influence of 5 substituents, electron
withdrawing character particularly via an inductive mechanism
being desirable, is easy to rationalize as being caused by an
electrostatic attraction to some adjacent electropositive receptor
moiety, perhaps NH3+R. However, this rationalization raises a
subsidiary question which is not usually given attention in QSAR
studies. Whenever the aromatic ring is unsymmetrically substi-
tuted, it cannot automatically be assumed that all 3 or all 5 sub-
stituents interact with the receptor in the same way. The aro-
matic ring has the possibility of flipping, such that some 3 sub-
stituents may behave as 5 substituents and some 5 substituents as
3's, depending on the relative physical properties of the 3 and 5
substituents and the physical properties which dominate inter—
action between the receptor and the aromatic ring. In this treat-
mean of the pyranenamine series, unsymmetrical substitution pat-
terns have been explicitly assumed to orient themselves on the
basis of size, the more bulky group(s) being positioned 2 and/or
3. This is the usual if perhaps unconscious basis for assigning
positions in QSAR work, because any unnamed substituent on an
aromatic ring is H-, the smallest of all substituents. However,
the electrostatic interaction which appears to exist between a
5~-substituent and the receptor appears to be a second possible
orienting influence, capable of competing with a steric influence.
It is not obvious, for example, why a 3-Cl substituent, a small
group with a strongly positive F value, could not be attracted to
the electropositive moiety apparently adjacent to the 5-position,
thereby being much more strongly bound and potent than might
otherwise be expected.

The possible physical significance of the other electronic
term, $SIG**, also merits some discussion. The general practice
in QSAR work is to follow the precepts of physical organic chem-
istry and to use only the Hammett ¢ as an overall measure of
electronic effects. However, it should be recognized that the
Hammett ¢ is experimentally defined strictly as a measure of a
particular class of intramolecular electronic effects...the pre-
dominantly through-ring effect of substituents ortho, meta, and/or
para upon a center undergoing some sort of covalent change. In
contrast, drug/receptor binding usually does not involve covalent
bonding changes at all. When electrostatic attractions are im—
portant, as postulated above for the 5-position within the
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pyranenamine series, the effect of electronic changes elsewhere

in the ring on this interaction would seem to be better expressed
by summing the weighted F- and R-values of the substituents ortho,
meta, and para with respect to the interacting positionm, not with
respect to the 1 position. In the pyranenamine series, the find-
ing that the Hammett o (squared) itself (Zo)2 is a useful corre-
late seems most reasonably attributable to an electronic effect
specifically at the 1 position of the aromatic ring. A possible
physical interpretation is that the electronic character of the
ring influences electron distribution within the enamine moiety in
a manner significant for receptor binding or action, with the
ideal electronic distribution being that produced by the unsubsti-
tuted phenyl ring.

Discussion: The contributions of QSAR to the development of
the pyranenamines were substantial at all stages of the program.
As discussed above, an immediate potency enhancement of almost an
order of magnitude was produced by the first graphical QSAR,
specifically by the 3-NHAc-4-OH pyranenamine, whose de-N-acylated
derivative became the clinical lead SK&F 78729. Continued pursuit
of these and other trends ultimately led to the 3,5-NHCO(CHOH)2H
pyranenamine, a thousand times more active in the PCA rat assay
than any member of the original series.

These successes were by no means isolated. Throughout the
development of the series, intuition continued to play an impor-
tant role in the selection of synthetic targets, and therefore it
is possible to make a rough overall comparison of the performances
of the QSAR equations with the performance of intuition. Of
course, these two "rationale for synthesis” would not necessarily
conflict and almost half of the series seemed reasonable synthetic
targets from either point of view. However, there were compounds
which, because of either synthetic difficulty or simple obscurity,
would not have been prepared without a specific QSAR-based
recommendation, and there were other compounds which were synthe-
sized despite unfavorable QSAR auguries. Finally, the compounds
in Table IA of course predated any possible QSAR rationale. These
considerations allow the 98 pyranenamines to be divided into four
classes, based on "rationale for synthesis” and the mean experi-
mental potencies within each class to be computed:

Mean
# of Examples plsg (+s.d.)

Class 1: QSAR'; traditional® 13 + .68 (+.86)
Class 2: QSARY; traditional® 47 + .20 (+.80)
Class 3: QSAR™; traditionmalt 19 - .29 (+.41)
Class 4: QSAR unavailable 19 -1.09 (+.91)

98 - .08 (+.91)
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The class of "synthetic rationale” which seemed to be most
responsible for the synthesis of a particular pyranenamine can be
seen in the last column of Tables I, II, and III.

The key comparison of mean plsg, imsofar as the relative per-
formance of QSAR and medicinal chemistry rationale is concerned,
is Class 1 vs. Class 3. Clearly the average plsp of compounds
chosen solely on a QSAR basis (Class 1) is almost an order of
magnitude higher than the average pls5g of those synthesized
despite QSAr considerations (Class 3). If one makes the usual
statistical assumption about the normality of distribution of the
individual compound potencies within Classes 1 and 3, the prob-
ability of encountering such a difference in mean pIgzg's if QSAR
in fact has no relevance to predicting compound potency is less
than .005, according to a T-test. One might also ask whether,
given that in general the solely QSAR-based compounds (Class 1)
were harder to make than those desirable from both traditional and
QSAR considerations (Class 2), the extra effort produced compounds
of significantly greater potency. This intra-class difference is
also significant, but only at the .05 level. The final comparison
possible, between Classes 2 and 3, might be taken as a measure of
to what extent, ignoring the more exotic substituents of Class 1,
the QSAR was a useful supplement to traditional considerations
alone in picking targets once the fundamental desirability of in-
creased hydrophilicity was recognized. This last difference in
means is significant at the .0l level.

Encouraging as the preceding argument is to QSAR advocates,
its improvement is still possible. A weakness in the argument is
that membership in the four individual classes may also be biased
with respect to their time of discovery. Since the average level
of potency among pyranenamines generally increased with greater
knowledge, might not the clearcut tendency for potency to increase
with decreasing "class number” simply reflect a tendency for
potency to increase with increasing experience? As a rough numer-
ical indicator of experience, the SK&F# (accession number) can be
used; its bias is anti-QSAR since Class 1 compounds usually took
longer to make once their synthesis had been decided upon, and
thus received a higher SK&F#, than did Class 2 or Class 3 com
pounds. Class 4 compounds, those on which the initial QSAR was
based are irrelevant to this question and are not considered.

The colinearity of SK&F# and "rationale class” is in fact
low, r=.4 when Class 4 compounds are excluded. Regression of plsgp
against SK&F# and "rationale class" together yields the following
equation:

pIsp = = 2.79 + 4.8(+5.9)x1075 x SK&F#
.40(+.28) x "rationale class #"

rZ = .18 s = .72 F(2,76) = 8.6
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Although the r2 value is minuscule by QSAR standards, the
correlation is significant at the .0005 level according to the F-
test. From the ratio of 95% confidence interval to coefficient
size in the two forms, it is evident that "rationale class” is a
much more important indicator of potency than is SK&F#, and so the
possibility that the apparent dependency of potency upon “ration-—
ale class” is actually an artifact of increasing experience can be
excluded.

Conclusion: This QSAR success story comprises a very satis-
factory rebuttal to the criticisms of previous QSAR "predictions”
listed in the Introduction. Specifically:

1) The extent of the potency enhancement, from an original
potency range spanning perhaps two orders of magnitude
immediately to three orders and ultimately to five
orders of magnitude, is hardly trivial.

2) As just discussed, the enhancements in potency produced
by the use of QSAR are entirely too consistent, across
the series and over time, to be attributed to chance.

3) A non-regression but physicochemically based strategy
for developing an optimal compound, the Topliss tree,
had not succeeded at all in identifying the “"most
potent compound”. In order to better understand this
failure to detect what, after all, was a n/o relation—
ship of a type where the Topliss tree should have been
productive, it is suggested that the interested reader
connect the Topliss decision points in a "Craig plot”
such as Figure I. It will be apparent that critical
decisions about m or o dependency will be made often as
the result of two experimental points only.
Nevertheless, the Topliss tree still appears to be, as
its adherents claim, an excellent and rational basis
for giving oneself a good chance to identify more active
compounds at an early stage, before QSAR studies are
possible. Furthermore, even an unsuccessful study such
as this one did yield a satisfactory distribution of
compounds for subsequent QSAR work.

4) Although many members of this series might, sooner or
later, have been prepared without the influence of QSAR
studies (if the project had survived the disappointing
secondary tests of the 4-0H derivative), the compounds
in Class 1 for the most part represent very unusual sub-
stituents which are almost never encountered in medici-
nal chemistry research programs.
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In our laboratories the interest in compounds with anti-aller-
gic activity goes back to 1955, when cinnarizine (R 516) was
synthesized. Cinnarizine, or trans l-cinnamyl-4-(diphenylmeth-
yl)-piperazine, proved to be a potent antagonist of many smooth
muscle activators and spasmogens, including calcium and hista-
mine. The antihistaminic and antianaphylactic properties of
cinnarizine were studied in detail by Halpern et al. (1), who con-
cluded that this compound was a potent antihistaminic in vivo, but
only moderately effective in preventing anaphylactic shock in
guinea-pigs, passively sensitized with rabbit anti-ovalbumin anti-
bodies.

The cinnarizine-analogue, flunarizine was synthesized in
1967. Van Nueten and Janssen (2) described the particular way
cinnarizine and flunarizine antagonize histamine. The type of
interaction was partly competitive and partly non-competitive,
with the result of a much more effective blockade of the higher
histamine concentrations than obtained with pyrilamine, a pure
competitive antagonist.

Several studies during 1974-1978 revived the interest in the
antianaphylactic component of the activity of these drugs. A
clinical trial demonstrated the efficacy of cinnarizine in prevent-
ing exercise-induced asthma in children. Also in adults with
chronic asthma a controlled study demonstrated the therapeutic
benefit of orally administered cinnarizine, respiratory peak flow
rate being particularly improved (3). Anaphylactic bronchocon-
striction in rabbits could strongly be inhibited by administration
of cinnarizine. In guinea-pigs the antianaphylactic activity of
cinnarizine and flunarizine was surprisingly pronounced (4).

Oxatomide, synthesized in 1975, proved to be a compound
with unusual antiallergic properties. In this chapter the synthesis
of oxatomide and 69 analogues is described. The test systems

0-8412-0536-1/80/47-118-179$07.50/0
© 1980 American Chemical Society
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for suppression of hypersensitivity reactions, for antagonism of
mediators and for inhibition of mediator release are also described.
The results obtained with oxatomide are presented in detail, to-
gether with the screening results of some analogues. For com-
parative purposes selected reference compounds have also been
studied. Parts of this experimental work have been presented
previously (5, 6).

Chemistry

Introduction. Oxatomide and analogous structures were
synthesized as a part of an extensive chemical research project.
A detailed study revealed that introduction of 1-alkyl-1, 3-dihydro-
2H-benzimidazol-2-ones on known pharmacophores is compatible
with neuroleptic (milenperone), antiemetic (domperidone, 7) and
also with antihistaminic-antiallergic activity (oxatomide).

MILENPERONE
COF (R 34009)
Ii
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Benzimidazolones. The general procedure consists of alkyl-
ation of 1-(a,a -diarylmethyl)piperazines (II}) with 1-haloalkyl-1,
3-dihydro-3R-2H-benzimidazol-2-ones (I) in the presence of an
HCl acceptor (Scheme 1),

Oxatomide (III, R = X] = X = X3 = H), the selected compound
of the series, is currently prepared according to Scheme 2.
Alkylation of 1, 3-dihydro-1-(1-methylethenyl)-2H-benzimidazol-
2-one (IV) (8) with 1-bromo-3-chloropropane afforded V, which
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reacted with 1-(a ,a -diphenylmethyl)-piperazine to yield VI.
Finally, acidic deprotection of the benzimidazolone nitrogen atom

gave oxatomide.

Scheme 1
Scheme 1
BN — &
-HCl
R =N —(CH)—C[ + HN N—CH —
/
1 o
X X3

Scheme 2 Scheme 2
H,C ° H,C 2
2 /‘\ 2 /\
C-N NH + Br-CH;CH;CH:(Cl sy C-N N-CH:CH;CH-C!
/ 272 2 / 2722
HyC
v Y
H,C 0
I (X XgeH) 23 AN /\ W®
———— C = N N-CH-CH-CH:N N-CH —y TTT
/ 272772 /
HyC (R= X|=X2=X3=H)
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The synthesis of substituted benzimidazolone analogues
(X1 # H) was started from appropriate 2-chloronitrobenzenes (VII)
as outlined in Scheme 3. The reaction of VII with aminoalkanols
in an inert solvent afforded N-hydroxy-alkyl-2-nitroanilines (VIII).
Catalytic hydrogenation of the nitro group resulted in o-phenylene-
diamines (IX) which reacted with urea to give the N-hydroxyalkyl-
benzimidazol-2-ones (X). After treatment of X with thionylchlo-

ride, the desired chloroalkylbenzimidazol-2-ones (I) could be
isolated.

Scheme 3

cat
O,N Cl « H N (CH) - OH ———p O,N NH-(CHz)n OH 2

X, I Gm

SOCL
HN NH- (CH_) — OH —t2 e HN N-(CH,), -OH —lg 1 (RzH)

Introduction of different substituents on the benzimidazol-2-on
nitrogen atom was achieved by different chemical pathways.

1. Treatment of oxatomide with formaldehyde gave the hydroxy-
methylderivative (R = -CH,OH).

2. Acylation with acid anhydrides gave the N-acylderivatives
(e.g. R = -COCH3).

3. Addition of isocyanates afforded the ureido derivatives (e. g.
R = CONHCH3).

4. Addition of acrylates gave the carboxyethyl derivative (e. g.

R = -CH,CH,COOC2Hg).

5. The synthesis of N-alkyl and N-aryl derivatives started from
N -substituted o-phenylenediamines which reacted with urea to
the benzimidazolones and were then alkylated with 1-bromo-
3-chloropropane as described in Scheme 2.

The compounds of type IIl are summarized in Table I.
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° 2
Table I. Benzimidazolones R Wy - f N on {o¥*
‘ 2'n N @
7
x! X3
C R 1 2 3 mp Seq.
X X X Formula

nr. M number

! H H H 218.0 | C,(H,gN O 35 449

2 H 4F H 172.4 | C,H, FN O 35802

3 H 4F 4F 132.0] C,(H, F,N0.1/2H,0 35603

4 H SCH, H H 214.6 | CpHyNO 36 785

s H SCF, H H 163.7] C,,H, F.NO 36 753

6 H sCl H H 203.6| C,H,,CINO 36 531

7 H 6Ct H H 204.1| C,H,,CIN O 36 597

8 H H H H 153.6 | C,H NO 35 443

9 H H 4F H 153.6 | Cp H, FN O 35 392
1o H H 4F 4F 203 €y H,ygF,N O 34058
1 H H ict H 112.7| €,,H, CINO 35 496
12 H H 4C1 H 180.2 | C,,H, CIN.O 35 511
13 H H 1 2F 136 Cy7H,4CIFN O 35 519
14 H 5CH, H H 167.4 | C,gH N O 36 460
15 H 5CF, H H 152.8 | C,gH, F.NO 36 840
16 H sc1 H H 175.0 | € gH, CINO 36 415
17 H 6ci H H 206.1 | CpgH, CIN.O 36 599
18 H 6CH, H H 195.7 | C,gH,N O 36 799
19 H 7C1 H H 196.9 | C,,H,,CIN O 36 810
20 H 5.6Cl,| H H 214.7 | CyHy CIN O 36 910
21 H 5C1 4F 4F 205.8 | C,,H,,CF,N O 35 546
22 H 6Cl 4F 4F 132.9 | C,,H,,CIF,N 0. H,0 35 588
23 H H H 198.2 : C,gH,,N O 35918
24 H H 4F 172.3 | C,gH, FN O 37 907
25 H H 4F 4F 184. 4 cstszN‘O. 2HCL.H0 37 281
26 H H H H 215.3 | C, Hy N O 2HCLHO 37 477
27 H H 4F 4F 203.7 C29H’2F2N‘0.2HCLHZO 37 486
28 H H H H 189.7 | CH (N O 37 685
29 H H 4F 4F 204.5 CSOHMFZNqo‘ 2HCl 37 900
30 H H 4F 4F 176.0 | C, H,F,NO 35873
3t CH’-S;Q H H H 103.0 | € H  NO 36 262
32 -CH,OH H H H 102.5 | C,gH N O, 36 885
33 -COCH, H H H 124. 4 Cz9"32"4°2 36 767
34 -CONHCH, H H H 153.1 | C,H N0, 36 794
3s -CH,CH,COO0C,H ¢ H H H 204.0 | C,,H N 0, 2HC.H,0 36 757
36 -cH, H H H 201.8 | C,gH,,N 0.2HCLH,0 36 865
37 -cH, @ H H H 199.6 | €, H N 0.2HCI 36 762
38 @ H H H 184.2 | C,;H,,CIN O.2HCL.H,0 37 162

a: (CHZ)n = »CHZ - C‘H - CHZ-
Cl"l3
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Benzimidazoles. Further modification of the benzimidazol-
one-moiety of oxatomide has led to the synthesis of a2 large num-
ber of benzimidazoles, which are summarized in Table II. These
compounds were synthesized as outlined in Scheme 4. Cyclization
of IX with the appropriate carboxylic acids or with the bisulphite
complexes of the aldehydes gave benzimidazoles XI (9). Successive
chlorination with thionylchloride and coupling with 1-(a,a -diaryl-
methyl)-piperazines (II) afforded the benzimidazoles XIII (R = H,
alkyl, aryl, cycloalkyl, aralkyl).

Scheme 4
R
RCOOH/H* /\ SOClz
HzN NH -(CHz)n-OH ——— N N-(CHz)n—OH
_OH
or R-CH
s0,Na
X I
X
R R X
2
/\ « I /\ 7\
N N—(CHz)n—Cl ————f N N—(CHz)n- N N-CH
-HCL \ /
p.ais XIT
Xy Xy

An alternative pathway started with N-hydroxyalkyl-o-nitro-
anilines (VIII), which were successively chlorinated with thionyl-
choride and coupled with 1-(a,a -diarylmethyl)-piperazine (II) to
give the intermediates XV, Catalytic hydrogenation of the nitro
group afforded o-phenylenediamines XVI, which could be used to
synthesize either III or XIII. Cyclisation of XVI with CS5 in
ethanol gave the 2-mercaptoimidazole (XVII) (10), which was
methylated to XVIII with dimethylsulphate. On the other hand,
ring closure, with methyl (a -imino-a -methoxymethyl)carbamate,
gave the 2-methoxy carbonylamino derivative XIX (11), which was
further hydrolyzed and then reacylated affording 2-amino (XX) and
2-acetylamino (XXI) derivatives (Scheme 5). These compounds
are also summarized in Table II.
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Table II. Benzimidazoles
R 2
NAN - (CH,) - r&F\ - CH @x
N/
£0) @),
X X

Campound R n XI Xz X mP Formula Seq.
nr. *C number
39 H 2 H H H 192.3 [Cy H N, 36 951
40 C,H, 2 H H H 208.5 [C,gH, N .3HC.H,0 37 425
4 @- 2 H H H 198.3 [C  H N . 3HQLH0 37 145
42 H 3 H H H 132.3 [C, H N, 36 636
43 H 3 H 4F H 102.5 [C, H, FN, 37 259
44 H 3 H 4F 4F 108.0 | Cy H, F N HO 37 268
45 H 3 H 2al H 182.9 |, H, N . 3HCL 2H O 37 427
16 H 3 H icl H 191.1 | C, HgQN, 3HCLH O.12CHO | 37 390
47 H 3 H 4Cl H 90.8 | C,,H, CIN, 37 352
48 CHy- 3 H H H 121.2 €, H N, 36 882
49 C,Hy 3 H H H 224.5 | C,gH, N . 3HCLH,0 37163
50 <l-__l>- 3 H H H 106.5 | CyyH N, 36 984
51 @-CHZ- 3 H H H 187.9 |CyH (N . 3HQ.H,0 37 415
52 3 H H H 130.5 |Cy H N, 36 912
53 CHy 3 5Cl H H 226.4 | C, Hy CIN . 3HCL.H,0 37171
54 C,He 3 5Cl H H 233.1 | CygH, CIN . 3HQ. H0 37135
55 @- 3 5Cl H H 114.9 |C  H CIN, 37 072
56 @ 3 6Cl H H 1736 |C H CIN, 37 203
57 @ CH,. 3 5C1 H H 198.2 |C, H. N . 3HCLHO 37 341
58 @ 3 5Cl H H 127.8 |c  HyCIN, 37 148
59 @ 3 o] H H 143.9 |C, H CIN, 37143
60 H 4 H H H 106.0 |C e H N, 37 029
61 H 4 H 4F H 114.9 |C, H  FN, 37 280
62 H 4 H 4F 4F 86.3 |C,gH  F,N, 37 382
63 CHy 4 H H 118.7 [CgH N, 37113
64 H a H H H 237.3 Czs"az"r 3HCI. 1/2H20 37 563
65 H a H 4F 4F 223.4 | CygH F N . 3HCL 1/2H,0 37 286
66 ‘NH, 3 H H H 228.7 |C,,Hy N, 37 419
67 -NHCOOCH, 3 H H H 137.8  [C, H N0, 37 418
68 -NHCOCH, 3 H H H 143.3 |C, H, N O 37 436
69 -SH 3 H H H 181.8 |C, H (N s 36 967
70 ‘SCH, 3 H H H 203.4 |C,gH N S 3HQ. H,0 36 541

a: (CH,) = -CH,- S: - CH,-

3

CSHGO & 2 - propanol,
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Scheme 5
hig
0,N  NH-{CH) OH = O N NH-(CH,)_Cl
2 "2 n SOClz 2 2n -HCL
% Xy
iy v
/\ X2
0N NH-(CH)oN  N-CH
@ Q .
X
R s
Hy s
cat.
/™ X2 RCOOH ,H*
HN  NH-(CHJ-N  N~CH —on -»> X
—/ or R-cfl
\SO,NI
X4
X
X1 3 Cs,
NH
u
CH40-C - NHCOOCH,
NHCOOH, SH
AN

X 7\ X
N N=(CH,) -N N-CH—@ : "//\N"C"I)n-" N-CM—@ ?
o —Q

X

XX X3 p-a'ai] *3
ln' 1EH,2,50,
NH, SCH,
/\ x *2
N/ N'(CH?’"-N N-CH 2 N/ N-(CH?)"-N N-CH
Xy Xy x
Ix Xy XV R
(CHy€01,0
){cocn,
/ \ } 4
N N-(CHy)-N  N-CH 2
G 3
Xy

X1 Xy
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Studies in Guinea-Pigs

Introduction. The guinea-pig has long been known for its
rather uniform anaphylactic response and its high sensitivity to
the prominent allergic mediator, histamine. The origin of
histamine, as well as of most other mediators of immediate
hypersensitivity, has been traced to mast cells which in human
lung are found at two distinct anatomical sites, the surface of the
bronchial mucosa and around the venules in the deeper connective
tissue. Mast cell activation by immunologic and other stimuli in
this double location may be responsible for the distinct acute and
subacute phases of respiratory distress (12),

Histamine, when released from human or guinea-pig lung in
hypersensitivity reactions, increases bronchiolar resistance to
air flow and decreases pulmonary compliance (13). Slow reacting
substance of anaphylaxis (SRS-A) primarily affects pulmonary
compliance (1_4) Prostaglandin Foqr 2 bronchoconstrictor in
guinea-pigs, is a very potent lung spasmogen in some patients
with asthma, but the contribution of endogenous prostaglandins
and of other described mediators to anaphylaxis and allergy is less
well defined than that of histamine and SRS-A (12).

Guinea-pigs can be easily sensitized to foreign proteins. A
single parenteral injection of an antigen without the use of an
immunologic adjuvant can be sufficient to induce hypersensitivity.
Even the substitution of milk for drinking water leads to fairly
uniform, but transient, hypersensitivity to milk or its proteins
(15). The type of antibody responsible for this anaphylactic sensi-
tization has been characterized as IgG), 2 homocytotropic sub-
group of the classical gamma-globulins. Animals injected with
serum which contains antibodies of this class are sensitive to the
corresponding antigen for at least seven days (16), presumably
because of relatively tight binding of these antibodies to lung mast
cells.

Materials, Methods and Results.

been described in detail (4). The majority (283 out of 345; 82 %)
of the sensitized guinea-pigs receiving solvent orally died between
1 and 6 min after the intravenous challenge with ovalbumin, Very
few animals (4.9 %) died during the remainder of the observation
period, i.e. between 6 and 120 min, and in a considerable number
of animals (13 %) the challenge was not lethal. In accordance
with the distribution of death from acute bronchospasm and with
the frequency of false positives in the control group, protection
from anaphylactic shock in guinea-pigs after compound adminis-
tration was defined as survival for at least 15 min after challenge
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and in the calculation of EDgy's as 16 % correction was applied

for false positives (19).

The median histamine oedema, 10 min after the injection of
50 ng of histamine, was 16 units (= 1. 6 mm). The paw diameter
increase followed an approximately normal distribution,values
higher than 21 or lower than 10 units being very rare (less than
5 %). Inhibition of the histamine oedema in animals after oral
administration of a test compound was therefore considered
significant for all values below 10 units. EDgg-values were cal-
culated on the number of guinea-pigs with significantly inhibited
histamine oedema (19).

The results obtained in the guinea-pig anaphylaxis test after
oral oxatomide administration are presented in Fig. 1. A dose-
dependent increase in the number of animals protected from the
acute anaphylactic shock was observed and the histamine-induced
paw oedema was similarly reduced by increasing doses of oxato-
mide. As previously found with cinnarizine, protection from ana-
phylactic shock was a more sensitive measure of the activity of
oxatomide than was the reduction of paw oedema. In comparison
with cinnarizine, however, oxatomide was considerably more
potent. The calculated ED50's, 2 h after oral administration,
were 0,16(0.081 - 0.31) mg/kg for protection from anaphylactic
shock and 0.30(0.18 - 0. 50) mg/kg for inhibition of histamine
oedema.

Oxatomide has a relatively long duration of action. When
challenged 6 h after oral administration of the compound, the
guinea-pigs were protected from lethal anaphylaxis at about the
same dose as found in the standard procedure. The calculated
EDg( for the 6 h-interval was 0.14(0.075 - 0. 28) mg/kg. Inhibition
of the paw oedema induced by exogenous histamine in the same
animals required a dose of 0. 56(0.27 - 1.14) mg/kg.

For the oxatomide-analogues the results of histamine anta-
gonism in vitro, together with the ED5('s for protection from
anaphylactic shock and the values of histamine oedema at a stan-
dard dose of 2. 5 mg/kg are summarized in Table III a and b.

From the results in Table III a, the following conclusions
can be drawn:

a) In vitro, optimal activity is obtained when n = 3 or 4 (compounds
8, 9, 10, 23, 24, 31, 32). Introduction of substituents on the
benzhydryl group (Xé and X3) generally results in a decrease
of activity (compounds 9, 10,11, 12, 13, 24, 25). Substituents
on the phenyl ring (Xl) of the benzimidazolone group have little
or no effect when n = 2 and reduce activity when n = 3, Replace-
ment of the acidic proton of the benzimidazolone in all cases,
except for 2-methylethenyl (compound 31) and hydroxymethyl
(compound 32),lowers activity.

b) In vivo, both for anaphylactic shock and histamine oedema,
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Figure 1. Individual survival time and histamine oedema after oral oxatomide
administration (t = 2 hr) in the guinea pig anaphylaxis test
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TABLE III

Histamine antagonism in vitro (A}, protection from anaphylactic
schock (ED50) and histamine oedema values.

Guinea-pigs L Guinea-pigs
Compouna| 3501, |Es0 - {riserminel | Hist [EDgp ara isiamin
: a (mg/kg) |values at nr. a (mg/kg) |values at
2. 5mg/kg 2.5mg/kg
a. Benzimidazoloned

1 >0.04 ~1.25 6 21 >0.04 ~2.5 3
2 >0.04 ~0.31 4 22 >0.04 ~0.63 7

3 >0.04 ~0.63 4 23 0.026 ~0.31 5

4 =0, 04 ~1.25 5 24 <0.04 ~0.63 5
5 > 0. 04 ~0.31 4 25 0.085 ~0.31 5

6 ~0.04 ~1.25 5 26 >0.04 ~0.63 8

7 ~0.1 ~2.5 6 27 ~0.04 <2.5 9
8 0.014 ~0.16 2 28 ~0.04 ~1.25 7

9 ~ 0.03 ~0.31 5 29 20.04 >2.5 8
10 0.028 ~0.31 4 30 >0.16 ~1.25 7
11 > 0.04 ~0.63 6 31 £0.04 ~0.16 2
12 >0 04 ~1.25% 4 32 ~0.03 ~0.31 5
13 >0.04 ~0.31 6 33 ~0.04 - -
14 ~ 0.04 <0.16 3 34 ~0.04 >2.5 11.5
15 > 0. 04 ~ 0.31 4 35 ~0.04 ~0.63 6
16 ~ 0.04 ~1.25 4 36 ~0.04 ~n2.5 9
17 ~0.12 ~0.63 5 37 >0.16 ~2.5 5
18 ~ 0.04 ~0.31 3 38 ~0.08 >2.5 9.5
19 > 0.04 >2.5 10
20 >0.16 ~2.5 7

b. Benzimidazoles

39 ~0.04 ~1.25 4 55 >0.16 ~0.63 7
40 >0.16 >2.5 17 56 >0.16 ~2.5 11
41 >0.16 »2.5 15.5 57 >0.16 ~2.5 14
42 ~ 0.0l ~0.08 4.5 58 >0.16 »>2.5 11.5
43 £0.01 ~0.31 4 59 >0.16 ~2.5 12
44 ~0.02 ~0.63 6 60 ~ 0.01 ~0.31 4
45 ~0.08 ~1.25 4 61 ~0.01 ~.0.08 3
46 ~0.04 ~1.25 6 62 ~0.02 ~0.31 2
47 ~0.01 ~0.08 3 63 ~0, 04 ~2.5 5
48 ~0.04 ~2.5 8 64 ~0.03 ~1.25 4
49 ~0.04 ~2.5 6 65 ~0.04 ~0.63 6
50 >0.16 ~2.5 5 66 ~0.08 >2.5 9
51 >0.16 >2.5 14 67 ~0.08 ~2.5 5
52 €0.16 >2.5 16 68 >0.16 ~2.5 11
53 ~0.03 >2.5 11 69 ~0.04 ~0.63 3
54 ~0,04 >2.5 15 70 >0.16 ~1.25 5

a: Ajg value in mg/1.
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generally a parallelism is found with in vitro results. In this
series of compounds 2, 5, 8, 9, 10, 15, 18, 23, 25, 31 and 32
are the most potent ones.

Analysis of the results in Table III b demonstrates:

a) In vitro, optimal activity for compounds with n = 3 or 4 (42, 43,
44, 47, 60, 61, 62). Substituents either on the benzhydryl
group or on the phenyl ring of the benzimidazole have little or
no effect on activity, while introduction of a substituent (R) in
the 2-position of the benzimidazole nucleus results in a de-
crease in activity.

b) In vivo: optimal chain length isn = 3 or 4. In this series fluoro
or chloro substituents on the benzhydrylgroup either enhance
or at least retain activity (compounds 47, 61, 62), Any sub-
stituent (R), except the SH group (compound 69), in the 2-posi-
tion of benzimidazol destroys activity. The latter compound
represents the sulphur isostere of oxatomide.

In no case total protection from anaphylactic shock was found
at 0.16 mg/kg and the EDgg values for oxatomide (compound 8)
and some of the most active compounds, namely R 35 918, R 37 280
and R 37 281 (compounds 23, 61, 25) are presented in Table IV.
These compounds were not superior to oxatomide in affording
protection from anaphylactic shock, whereas their antihistamine
activity tended to be somewhat more pronounced.

The results obtained with reference compounds are also
presented in Table IV. The selectivity of the procedure is illus-
trated by the lack of activity of high doses of a potent inhibitor of
prostaglandin biosynthesis (suprofen), of a Hp-histamine antago-
nist (cimetidine) and of the orally active anti-allergic agent
doxanthrazole. Doxanthrazole is an agent of the cromolyn-type
and its lack of activity confirms many experimental studies, in
which this type of compounds was found not to inhibit IgG]-me-
diated hypersensitivity reactions.

Qualitatively oxatomide shared with cinnarizine and flunari-
zine the property of being at least as active in preventing lethal
anaphylaxis as in reducing histamine oedema, quantitatively
oxatomide was several times more potent than the cinnamyl-deri-
vatives, with a duration of action intermediate between the short-
acting cinnarizine and its long-acting fluoro-derivative. Several
classical antihistaminics, such as pyrilamine and diphenhydramine,
were not maximally active at 40 mg/kg, probably because of their
poor resorption after oral administration to rodents. Clemastine,
however, was active within the usual test dose range. In compar-
ison to its inhibitory effect on histamine-induced oedema, the
activity of clemastine for protection from anaphylactic shock was
relatively weak and irregular, as reflected in the wide confidence
limits.
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TABLE IV EDgg-values of various orally administered compounds in the
guinea-pig anaphylaxis test

Time interval Oral EDg (with confidence limits) in mg/kg
Compound to C?:)llenge Protection from Inhibition of
Anaphylactic shock Histamine Oedema
Oxatomide 0.16 (0.081 - 0,31) 0.30 (0.18 - 0.50)
0.14 (0.075 - 0.28) 0.56 (0.27 - 1.14)
R 35918 2 0.21 (0.099 - 0.46) 0.15 (0.082 - 0.26)
(Compound 23)
R 37 280 2 0.14 (0.083 - 0.22) 0.16 (0.13 -0.21)
(Compound 61)
R 37 281 2 0.23 (0.13 - 0.43) 0.22 (0.14 - 0.34)
{(Compound 25)
Cinnarizine 1 0.79 (0.39 - 1.59) 1.19 (0.58 - 2.44)
2 2,01 (1,18 - 3,43) 1.06 (0.55 - 2.06)
Flunarizine 0.72 (0.41 -1,27) 0.97 (0.61 - 1.55)
0.38 (0.16 - 0.90) 0.53 (0.35 - 0.82)
Clemastine 2 2.33 (0.68 - 8.01) 1.12 (0.86 - 1.46)
Doxanthrazole 2 > 40 > 40
Cimetidine 2 >40 > 40
Suprofen 2 > 40 >40

TABLE V Protection of actively sensitized guinea-pigs from
acute bronchospasm and from protracted shock by
orally administered oxatomide

Dose of Surviving Surviving Median survival
oxatomide animals animals time in min
mg/kg at 15 min at 4 h (limits)

0 0/25 0/25 4(3 3/4 - 5)
0.04 0/5 0/5 41/2(4-51/4)
0.08 2/7 1/7 5(3 1/2 - >240)
0.16 5/7 3/7 29 (4 3/4 ->240)
0.31 7/7 5/7 >240 (24 - > 240)
0.63 11/11 8/11 >240 (39 - >240)
EDg, 0.11 0.24
L.L. 0.067 0.11
U.L. 0.19 0.56
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Active Anaphylaxis. Guinea-pigs were injected with an
emulsion of ovalbuminin saline and Mycobacterium butyricum in
oil in the hind-paws and skin, as described for the preparation of
anti-ovalbumin serum (4). A dose of 2 compound or solvent was
administered orally, 13 to 16 days after these injections. Two
hours after the oral administration ovalbumin (0. 4 ml of 2 0.25 %
solution in saline) was injected intravenously. Survival time was
recorded up to 4 h after the challenge.

Because of the frequent occurrence of a less violent, pro-
tracted shock phase, despite protection of the animals from the
acute bronchospasm, EDsg's were calculated for protection from
both the acute anaphylactic shock (survival at 15 min) and the
delayed phase (survival for at least 4 h).

The results obtained in actively sensitized guinea-pigs are
presented in Table V. All control animals died from acute bron-
chospasm, with symptoms identical to those observed in passive
anaphylaxis. Dose-dependent protection from early death by
orally administered oxatomide, two hours before the intravenous
challenge with ovalbumin, was virtually the same in actively and
passively sensitized animals. As expected from literature
descriptions of protracted shock, some animals which were
totally free of respiratory distress in the first minutes after
ovalbumin challenge, showed a gradually developing, less violent
form of shock, which eventually resulted in delayed death.
Slightly higher doses of oxatomide were required to prevent the
protracted shock.

Morphological Studies. The methods used to study peribron-
described (17, 18). Specimens were obtained from sensitized
non-challenged guinea-pigs, and from control or oxatomide-treated
animals 3 min after the injection of ovalbumin.

Oral administration of oxatomide to sensitized guinea-pigs
prevented the anaphylactic symptoms following ovalbumin chal-
lenge and at the same time the characteristic changes in peri-
bronchiolar mast cells, including those of the nucleus and of the
mitochondria (18).

Acute Toxicity. The acute intravenous toxicity of oxatomide
(400 to 600 g) guinea-pigs. Solutions of the compound were pre-
pared by adding an equivalent amount of lactic acid and aqueous
dilutions of cremophor EL, from 5 to 20 %, in proportion to the
required oxatomide concentration. A volume of 0.2 ml per 100 g
body weight was injected. The LDgg with 95 % confidence limits
(19) in male guinea-pigs was 23.2(17.7 - 30.3) mg/kg and in
female guinea-pigs 22.2(17.0 - 29.0) mg/kg.
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The acute oral toxicity of oxatomide was studied in 35 adult
male (350 to 500 g) and 45 adult female (350 - 550 g) guinea-pigs.
The compound was given as an aqueous suspension in a volume of
1 ml per 100 g body weight. The animals were individually housed
and observed during seven consecutive days. Gross behavioural
effects and mortality were recorded 1, 3, 6, 24, 72 and 168 h
after drug administration. The oral LDgg in male guinea-pigs
was 332(254-434) mg/kg and in female guinea-pigs 313(209 - 469)
mg/kg.

With respect to the lowest EDg( for protection from anaphy-
lactic shock (0.1l mg/kg) the safety margin (LDgo/EDg) for
orally administered oxatomide is 3,000,

Comments. From these studies in guinea-pigs it can be
concluded that oxatomide is a potent anti-anaphylactic agent.
Part of this activity can be attributed to histamine antagonism,
since histamine induced paw oedema is reduced by oral doses of
oxatomide only slightly higher than those affording protection from
anaphylactic shock and since the role of endogenous histamine in
guinea-pig anaphylaxis is prominent (13). Throughout the various
experimental studies, including comparison with classical anti-
histaminics and the protection from active anaphylaxis, it appear-
ed unlikely that histamine antagonism was the only basis for the
antianaphylactic activity of oxatomide. The morphologic studies
on the lung mast cells, which demonstrate the virtual absence of
the extremely rapid degranulation of mast cells in challenged
animals, after oxatomide administration, strongly suggest that
the new compound also acts by reducing the amount of released
endogenous histamine.

Studies in Rats

Introduction. As in guinea-pigs IgGj]-antibodies can mediate
human hypersensitivity (20), but the major class of sensitizing
antibodies in man is the reaginic or IgE-type (21). Serum levels
of IgE are low when compared to other antibody classes, but the
affinity of mast cell receptors is extremely high for the binding
portion of IgE molecules. Although the tight binding is reversible,
mast cells remain sensitized for a long time, i.e. contact with
the corresponding antigen results in histamine release, whichis
now thought to require bridging of the IgE receptors in the mast
cell membrane (22).

The sensitizing capacity of the serum from allergic subjects
has been known since the classical transfer experiments of
Prausnitz-Ktistner. Passive cutaneous anaphylaxis in the ratis
essentially identical to the reaction of Prausnitz-Ktistner. A skin
area of normal rats is sensitized to an allergen by the local injec-
tion of serum containing specific IgE-antibodies and appropriate
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challenge of the animals induces an allergic reaction which is
restricted to the sensitized area.

Mast cell degranulation and mediator discharge can also be
induced by chemicals of low molecular weight {23). Compound
48/80, a mixture of oligomers obtained by condensation of p-
methoxy phenetylmethylamine with formaldehyde, is potent and
specific in this respect: its administration produces effects which
can be ascribed exclusively to the action of mast cell-derived
mediators. An appropriate intravenous dose of compound 48/80
(0. 5 mg/kg) induces lethal shock in rats; dose-dependent protec-
tion from the lethal shock is possible by administration of any
compound possessing histamine Hj-antagonistic activity but other
pharmacological properties can contribute to the protective effect

(24).

Materials, Methods and Results.

The Rat PCA-Test. The procedure of the PCA-test was in
agreement with the recommendations for optimal induction of
PCA-reactions (25). IgE-containing anti-ovalbumin serum was
obtained according to Mota (26). On the back of male Wistar rats
four reactions were induced: two PCA reactions due to interaction
of intravenously injected ovalbumin with a sensitized skin area
and two skin reactions due to intradermally injected histamine.
The intensity of the blue areas on the dissected skin was scored
by two independent observers in comparison to standard sets of
5 PCA and histamine reactions with increasing intensity from 0
to 4. The results were expressed in terms of a total score (vary-
ing from 0 to 16) obtained by summing the 4 scores for the same
reaction type in an individual rat.

Results in control animals indicated that inhibition of PCA-
reactions in compound treated animals was significant on one of
the following conditions: either a total score below 3, or a differ-
ence of more than 8 in comparison to the control rat of the same
experimental session. Inhibition of the histamine reactions was
significant for a total score below 7, which occurred in 2.0 % of
the control animals.

The individual intensities of PCA and histamine-induced
reactions in rats after oral administration of oxatomide are pre-
sented in Fig. 2. A progressive dose-dependent inhibitory effect
of oxatomide was obtained on both PCA and histamine reactions.
In Table VI a and b the results of 56 oxatomide analogues (36
benzimidazolones and 20 benzimidazoles) are summarized. All
compounds were tested at a standard dose of 10 mg/kg. In parti-
cular those compounds are active which showed the highest activi-
ty in guinea-pig anaphylaxis and histamine oedema, e.g. the ben-
zimidazolones 8, 9, 10, 13, 14, 23, 24 and 25 and the benzimida-
zoles 48, 61 and 62. However, no linear correlation was found.
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TABLE VI
Inhibitory effect on PCA and histamine reactions in the rat.

Compound PCA EDgg | Histamine Compound (PCA EDgg| Histamine
nr. (mg/kg)™ [EDgq (mg/kg) nr. (mg/kg) EDsgq (mg/kg)

a. Benzimidazolones
1 >10 >10- 17 > 10 >10
2 >10 >10 18 >10 >10
3 >10 >10 20 >10 >10
4 >10 >10 21 >10 >10
5 >10 >10 22 > 10 >10
6 >10 >10 23 ~ 10 ~ 7.5
7 >10 >10 24 ~ 2.5 ~ 1.25
8 ~ 20 ~ 5 25 ~ 2.5 ~ 5
9 ~ 10 ~ 5 26 > 10 >10
10 >10 ~ 5 30 >10 >10
11 >10 >10 31 >10 >10
12 >10 >10 32 >10 >10
13 ~ 10 ~ 5 35 >10 >10
14 > 10 <10 37 >10 >10
15 >10 >10
16 >10 >10

b. Benzimidazoles
3.9 ----------- >10 >10 55 >10 >10
42 >10 >10 60 >10 >10
43 >10 >10 61 ~ 10 ~ 5
44 >10 >10 62 >10 <10
45 >10 >10 63 >10 >10
46 >10 >10 64 >10 >10
47 >10 >10 65 >10 >10
48 ~ 10 ~ 10 67 >10 >10
49 >10 >10 69 >10 >10
50 >10 >10 70 >10 >10
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In Table VII the calculated EDgg's with confidence limits are
summarized for oxatomide and various reference compounds.
Higher doses of oxatomide (19. 6 mg/kg) were required to practi-
cally abolish the vascular permeability changes, which occur
upon ovalbumin injection, than to reduce the acute histamine-in-
duced changes (4.8 mg/kg). Pyrilamine, diphenhydramine and
doxanthrazole were inactive against either reaction type at orally
administered doses of 40 mg/kg. Cinnarizine and flunarizine
were virtually as active against the histamine reaction as was
oxatomide, but were definitely less effective inhibitors of the
PCA-reaction. Azatadine, known to be a potent antihistaminic,
was very effective in reducing the intensity of the histamine
reactions. Inhibition of PCA-reactions, however, did not regu-
larly increase with increasing dose and the calculated EDg
showed wide confidence limits. Cromolyn sodium and bufrolin
were tested intravenously at a single dose, expected to be active
according to literature data. Both compounds were effective on
the PCA-reactions, but did not reduce the intensity of the hista-
mine reactions.

protection obtained after oxatomide administration have fully been
described (24). The oral EDg( of oxatomide, with an interval of
2 h between its administration and the intravenous challenge with
compound 48/80, was 4.82(3.69 - 6.80) mg/kg.

Comparison with numerous reference compounds in this test
indicated that histamine antagonism at the level of the so-called
H] -histamine receptors was sufficient to prevent the lethal shock,
but other effects in relation to the release and action of mast cell
mediators may promote the protective activity of a compound.

M. Butyricum-Induced Arthritis. Rats of a sensitive breed
tomide experiment after development of arthritis, according to
fully described procedures (28). The increase in diameter of
hind-paws and tibiotarsal joints on day 14 was 8.8, 10.7 and
11,9 mm in the rats at the time food, mixed with sufficient oxato-
mide to give an approximate daily dose of 40 mg/kg, was provided.
On day 28 the increases in diameters were 10.9, 12.0and 12. 4
mm, respectively. Changes in body weight over the same period
ranged between 0 and + 10 g.

injection the LDgy of oxatomide in male Wistar rats was 34. 4
(26. 3 - 45.0) mg/kg and in female Wistar rats 28.2(21.6 - 36.8)
mg/kg. Upon oral administration the LDsgg in male rats was
higher than 2, 560 mg/kg; in female rats there was no linear
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increase in mortality with dose and the estimated L Dgy was
1,670 mg/kg. The safety margin of oxatomide with respect to
the lowest EDg( for protection from mast cell-mediated effects
was more than 530(LDgy/EDsgg = > 2 560/4. 82).

Comments on the Studies in Rats. Passive cutaneous ana-
phylaxis in rats has been used extensively in the study of cromo-
glycate-like compounds. Upon intravenous administration these
compounds can abolish the vascular permeability changes, which
follow mediator release from sensitized mast cells. This activity
appears at doses which do not inhibit the effects of exogenous
mediators. The oral activity of this type of compounds is gene-
rally nil and this holds also for doxanthrazole, which was inactive
in the standard conditions of our test.

Oxatomide, by contrast, is capable of completely suppressing
PCA-reactions after oral administration. At active doses, com-
plete suppression of histamine-induced reactions is also observed.
Moreover antagonism of compound 48/80-induced lethality is
observed in the same dose-range. This raises questions about
the relative importance of the contribution of endogenous hista-
mine to PCA-reactions. In our experience a’l potent Hj -hista-
mine antagonists attenuate PCA-reactions, but even in the case
of azatadine (29), the observed irregular activity may result from
complex antagonism, including serotonin.

Mast cells and their mediators may play a role in various
reactions of inflammatory type. In the experiment with M. buty-
ricum-induced arthritis a daily dose of 40 mg/kg of oxatomide
was totally ineffective in improving the prominent symptoms of
the arthritis, i. e. the diameter increase of the hind-paws and the
impaired growth. The observed lack of activity indicates at least
that oxatomide does not interfere with the synthesis nor the action
of prostaglandins.

Oxatomide thus appears in the rat studies to be a specific and
orally active antagonist of mast cell-mediated reactions.

Studies in Dogs

Introduction. The anti-allergic activity of compounds has
only rarely been studied in dogs, even though systemic anaphy-
laxis was first properly recognized in this species (30). Sponta-
neous immediate hypersensitivity in dogs to allergens of clinical
importance has now repeatedly been reported and the sensitizing
antibody type has all the characteristics of IgE (31-36). The most
common condition which leads to pronounced symptoms upon
appropriate challenge with allergen preparations is nematode
infection. An aerosol challenge, which induces pronounced changes
in pulmonary resistance and breathing frequency, has now been
described as a useful model of human asthma (37-39).
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TABLE VII

Rat PCA test

Oral EDgg - values (mg/kg, t - 2 h) of various compounds for
protection from PCA and histamine reactions

Compound (dose)

PCA

Histamine

Oxatomide
Cinnarizine
Flunarizine
Pyrilamine
Diphenhydramine
Hydroxyzine
Azatadine

Doxanthrazole

I.V. t- 1 min

Cromolyn Sodium

19.6 (9.48 - 40.5)
>40.0
>40.0
>40.0
>40.0
>40.0

13.6 (1.45 - 127)

4.78 (2.90 - 7.86)
5.14 (2.65 - 9.95)
7.75(3.84 - 15.7)
>40.0
>40.0
14.7 (6.2 - 35.0)
1.53 (0.61 - 3.85)
>40.0

(Positive animals/total)

(40 mg/kg) 4/5 0/5

Bufrolin

(0.16 mg/kg) 3/5 0/5
TABLE VIII

Inhibition (4 hr) of ACF (1/100) and histamine reactions in dog

Compound nr. I:‘.D50 ACF (1/100) 50 histamine
mg/kg mg /kg
8 1.25 1.22
23 ~N 1,25 ~ 5
25 ~ 2.5 > 2.5
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Materials, Methods and Results.

The Dog Ascaris Allergy Test. Ascaris-sensitive Beagle
dogs were used. On the clipped abdomen two intradermal injec-
tions of 0. 05 mI were given, one of diluted Ascaris coeloma fluid
(ACF, 1:100 in saline) and one of histamine (10 pg/m1l saline).
The oedema index, i.e. the difference between oedematous and
normal skin thickness was measured 15 min after the injections.

In control conditions the median oedema index was 25
(=2.5mm) for ACF reactions and 20 (= 2. 0 mm) for histamine
reactions. On the basis of the distribution of the oedema indices,
inhibition of ACF-reactions was significant for values below 14
and of histamine reactions for values below 11,

In preliminary experiments oxatomide was administered at a
relatively high dose of 10 mg/kg. This dose had no effect on
gross behaviour of the animals, but virtually totally abolished the
skin responses both to ACF (1:100) and to histamine (0. 5pug), 4h
after its oral administration.

The time course of the effectiveness of different oxatomide
doses in reducing the reactions is presented in Fig. 3. The
reactions in solvent-treated dogs (dose 0) remained stable
throughout the 24 h-test period, whereas increasing doses of
oxatomide, from 0.16 up to 10.0 mg/kg had an increasingly pro-
nounced and lasting inhibitory effect. In Table VIII the results
are summarized for oxatomide, R 35 918 and R 37 281 (compounds
8, 23 and 25). It appears that, 4 h after administration, thereis
no significant difference between the three compounds.

Inhibition of Cremophor-Induced Histamine Release. Intra-
venous challenge of dogs with Cremophor ELW®, a wetting agent,
releases histamine (40). The effect of Cremophor is pronounced
in this species. Although the mechanism of this release is not
fully understood, it is clearly not a general property of detergents
(41).

In our experiments 30 adult Beagle dogs of either sex were
used. Four hours after the oral administration of oxatomide or
solvent 5 ml blood was sampled. This was followed by intravenous
injection of Cremophor EL (BASF) 25 %, in a volume of 0.1 ml/kg
and further blood samples were collected 5, 15 and 30 min after
the Cremophor injection. During this period behavioural changes
were recorded.

The blood samples were cooled in ice and centrifuged for
10 min at 2,000 rpm; 2 ml plasma was mixed with 50 ul 12N
perchloric acid. The supernatant, obtained after centrifugation
for 10 min at 4,000 rpm, was deep frozen until automatic fluoro-
metric histamine analysis according to Siraganian (42, 43).

After intravenous injection of Cremophor repeated head
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Figure 3. Individual oedema indices for Ascaris coeloma fluid (ACF 1:100) and
histamine reactions at various times after oral administration of oxatomide in the
dog Ascaris allergy test
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shakes, licking and scratching were observed in all animals. In
most dogs blood sampling was difficult, especially at the 5 and
15-min interval, presumably as a consequence of hypotension.
Hypotonia and ataxia occurred in some dogs and vomiting was
recorded for two dogs. The administration of oxatomide had no
pronounced effect on these behavioural changes, except at the
dose of 10 mg/kg, which afforded partial protection. The fre-
quency of head shakes and scratching movements was low as
compared to the records of the same dogs in their control session.

The median normal histamine concentration in the 30 control
plasmas was 5.0(4.8 - 6.1) ng/ml (confidence limits according to
Owen, 44). Four hours after oral administration of oxatomide the
median of the treated groups stayed within the control limits,
except for the group treated with 10 mg/kg, in which the median
plasma histamine concentration was 3. 0 ng/ml.

The effect of intravenously injected Cremophor on the circu-
lating histamine concentration is illustrated in Table IX. The
median histamine levels in the control group were highest at the
5 min interval and decreased at the later sampling times. For
the 30 control values the overall median was 181(147 - 261) ng/ml
plasma 5 min after Cremophor injection, 97(71 - 130) ng/ml at the
15 min interval and 53. 5(36 - 73) ng/ml at the 30 min interval.

At the end of the experiment about 10 times more histamine was
still circulating than before the Cremophor injection.

The lowest dose of oxatomide, 0. 63 mg/kg, had no effect on
the histamine levels, but from the dose of 1.25 mg/kg and above
significantly less histamine was found in comparison with the
corresponding control data. Half an hour after Cremophor injec-
tion the plasma histamine concentration was virtually normal in
dogs treated with 2. 50 mg/kg or more of oxatomide. A reduction
to half of the control histamine levels was obtained with the dose
of 2.75 mg/kg at the 5 min-interval; 15 and 30 min after Cremo-
phor injection the same reduction was obtained with doses of 1. 90
and 0. 88 mg/kg respectively.

Histamine Clearance in Dogs. It has previously been reported
the circulation of guinea-pigs (45). It is conceivable that a similar
effect played a role in the reduction of plasma histamine by oxa-
tomide in the Cremophor experiments, especially since the reduc-
tion was more pronounced with time. An additional experiment
was arranged to determine whether oxatomide changes the rate of
histamine elimination,

Three Beagle dogs were injected intravenously with histamine
(1 mg/ml saline; 1 ml/kg body weight). Before and 1, 3 and
9 min after the injection a 5 ml blood sample was drawn. One
week later oxatomide, 10 mg/kg was administered orally to the
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TABLE IX

Cremophor-induced histamine release in dogs.
Individual data (ng/ml histamine) obtained in 30 dogs,
treated orally with solvent (S) or with different doses

of R 35 443 (D) 4 h before the cremophor injection.

DRUGS AFFECTING THE RESPIRATORY SYSTEM

Time in minutes after cremophor injection

Dose
mg/kg 5¢ 15’ 30'
s D s D S D
0.63 126 158 98 158 34 39
287 242 102 73 53 13
151 214 147 339 131 144
251 357 256 235 144 76
60 141 71 128 63 43
519 204 200 69 52 44
1.25* 81 137 43 20 12 9
161 133 127 71 80 26
174 76 56 36 54 13
359 307 216 80 279 13
200 98 57 47 44 19
248 308 264 168 139 142
2.5* 294 487 96 125 59 13
188 149 131 37 46 10
147 29 147 13 49 7
318 156 71 98 98 31
200 50 57 41 22 8
68 17 27 7 21 6
5, * 187 24 87 15 17 7
65 9 10 7 4 7
174 40 69 13 17 15
318 75 91 51 187 9
110 72 85 12 59 7
364 279 129 20 24 3
10, * 146 54 100 13 77 7
132 26 120 7 67 5
112 35 60 8 38 5
160 30 87 17 9 3
340 70 140 102 160 12
270 85 230 60 69 7

* Significantly different from controls (P€ 0. 05), Wilcoxon one-

tailed Matched-pairs signed ranks test.
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same dogs followed 4 h later by the same sequence of histamine
injection and blood samples. In the deproteinized plasma samples
histamine was measured as described.

The results are presented in Fig. 4. The clearance of injec-
ted histamine from the circulating blood was very rapid in the
control session and oral administration of a high dose of oxatomide
did not change the elimination curve.

Comments on the Dog Experiments. A procedure similar to
the presently described dog Ascaris allergy test has been used to
study the anti-allergic activity of BM 06. 001 (46). Apparently
oxatomide is a much more potent inhibitor of both the allergic and
the histamine-induced skin reactions, when compared to BM
06.001. Furthermore oxatomide virtually abolished the skin
oedemas at doses below those inducing behavioural changes in the
animals,

Active doses of oxatomide with respect to ACF-reactions,
histamine reactions and Cremophor-induced histamine release
are of the same order. It appears therefore likely that the anti-
allergic activity of oxatomide is the result of two simultaneously
occurring actions, a reduction of the amount of mediators set free
from sensitized mast cells and an effective antagonism of what-
ever released histamine is going to act on smooth muscle.

General Conclusions

Oxatomide has been selected from a new chemical series of
benzimidazolones and benzimidazoles on the basis of its activity
on hypersensitivity and histamine-induced reactions in three
species, the guinea-pig, the rat and the dog. In a well-known
model, the guinea-pig anaphylaxis, oxatomide was at least as
effective on the anaphylactic shock as on the histamine oedema
induced in the same animals. In the rat, the new compound was
an orally active inhibitor of PCA-reactions. Compound 48/80-
induced lethal shock was prevented at doses of the same order as
those required to inhibit histamine skin reactions. In the dog
inhibition of allergic reactions, induced by Ascaris allergens in
the skin of hypersensitive dogs, inhibition of histamine skin reac-
tions and reduction of circulating histamine released by Cremo-
phor EL were obtained by virtually the same oral doses.

From these studies it is concluded that oxatomide is a safe,
orally active compound with pronounced anti-allergic activity,
which appears to be based on both the reduction of the amount of
released allergic mediators and antagonism of their action on
target smooth muscle,
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Figure 4. Histamine levels in the circulating blood of three dogs after iv injection
of 0.1 mg/kg histamine in the control experiment (O) and 4 hr after the oral ad-

ministration of 10 mg/kg oxatomide (@®)
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Introduction: Bronchodilators and Other

Pharmacodynamic Agents

DAVIS L. TEMPLE, JR.
Mead Johnson Pharmaceuticals, Evansville, IN 47721

The first section of this book deals with drugs which inhibit
the immunologically-induced release of mediators of anaphylaxis
from certain target cells such as mast cells and polymorphonuclear
neutrophils. Such drugs thus would be expected to be useful for
the treatment of asthma and related atopic disease in a purely
prophylactic sense. Since asthma is a multipartite disease, or
even a family of diseases of varied etiology, simple inhibition
of immunologically-induced mediator release may not be sufficient
to prevent clinical manifestations. Thus it is necessary to con-
sider other pharmacodynamic agents as useful antiasthma drugs.

The second section of this book deals with such drugs, which may
block mediator release, but also act to inhibit the consequences
of mediator release or other bronchospastic stimulation. Such
drugs could then provide therapeutic utility beyond the often in-
complete prophylactic actions of mediator release inhibitors.

Figure 1 shows proposed interrelationships between the var-
ious anaphylactic substances and control of smooth muscle tone
and secretory processes. Although somewhat oversimplified, this
diagram provides a framework for determining sites for drug in-
teraction as well as for proposing mechanisms of action. Accord-
ing to this scheme, histamine, ECF-A, SRS-A, kallikrein, and PAF
are the primary mediators of anaphylaxis released from mast cells,
whereas the prostaglandins (which are sensitized de novo follow-
ing an appropriate stimulus) and bradykinin are secondary media-
tors of anaphylaxis. Likewise, leukocytes release other constric-
tive, chemotactic, and proteolytic substances which play crucial
roles in asthma, bronchitis, emphysema, and other respiratory
disease. Patients with chronic obstructive pulmonary disease
(COPD) such as chronic bronchitis and emphysema may possess ex-
cessive proteolytic enzyme activity which have a part in tissue
destruction. The esterolytic enzyme elastase, which is a lysoso-
mal enzyme derived from neutrophilic polymorphonuclear leukocytes,
has been shown to be the primary proteolytic enzyme involved in
the progressive alveolar wall destruction characteristic of emphy-
sema. The effects of elastase are normally held in check by the
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control of smooth muscle tone and secretory processes
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presence of protease inhibitor enzymes, of which a,-antitrypsin is
the most important. Local alveolar protease-antiprotease imbal-
ances due to cigarette smoke or genetic a, -antitrypsin deficiency
may develop and relate to the pathogenesis of COPD. Thus, an ef-
fective, nontoxic elastase inhibitor would potentially represent

a useful drug for the treatment of COPD.

Accretion of a viscid mucus is the hallmark of the more
chronic forms of obstructive pulmonary disease. The presence of
the mucus exacerbates the pathology both by providing a mechanical
block to the inspiration and expiration of air and by preventing
topical drugs from reaching the distal bronchi. Although not
universally accepted, therapy which will liquify the mucus so that
it can be expectorated should have a place in the treatment of
COPD. Sulfhydryl drugs such as N-acetylcysteine are available for
this use.

For the purposes of this discussion, we will consider hista-
mine as the mediator of anaphylaxis. The importance of this sub-
stance in asthma and respiratory disease is well documented. As
shown in Figure 1, histamine may act at either a histamine or a
nonspecific receptor site to produce direct smooth muscle contrac-
tion or more importantly vagal reflex smooth muscle contraction.
Although the classical antihistamines have long been known to be
of value in the treatment of the symptoms of various allergic con-
ditions, they are generally considered ineffective in the treat-
ment of bronchial asthma. We do note, however, that some of the
new "second generation" antihistamines such as ketotifen and oxa-
tomide are not only classical histamine antagonists but are also
reported to be effective inhibitors of mediator release, although
the mechanism of the latter activity remains undefined for this
group of drugs.

Histamine-induced vagal reflex bronchoconstriction is medi-
ated via acetylcholine release at nerve endings in bronchi.
Acetylcholine leads to increased levels of cGMP in bronchial
smooth muscle and then sequentially to constriction. Thus the
parasympathetic system is important in the airways, playing a
modulating role in bronchomotor tone and in responses to irritants.
Various workers have, however, shown that parasympathetic reflexes
are not invariably a major component of human bronchial responses
to inhaled antigen. Hence anticholinergic bronchodilator drugs
may be more useful in chronic congestive states which lead to a
high degree of reflex cholinergic stimulation as seen in chronic
bronchitis. Until recent years anticholinergic bronchodilator
drugs were not of great interest for use in the treatment of
chronic obstructive airway disease - primarily because of uncon-
trolled, often inappropriate, use in the past as well as a high
incidence of the overt systemic anticholinergic side effects seen
with atropine usage. Renewed interest in anticholinergic broncho-
dilator drugs was precipitated by the introduction of Sch-1000,

a topically-effective anticholinergic bronchodilator drug char-
acterized by a low incidence of side effects when administered by
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the topical route. Current work in this area is directed at
"non-classical" agents which show selectivity for the bronchi over
the salivary receptor site.

Stimulation of the a-adrenergic receptor, like cholinergic
stimulation, leads to a concomitant increase in cGMP, and hence
to increased contractility of smooth muscle. The presence of
o-adrenergic receptors in tracheal smooth muscle has been a matter
of controversy. Various workers have however demonstrated that
sympathomimetic agents will contract human tracheal smooth muscle
in vitro in the presence of B-adrenergic blocking agents. These
observations lend validity to the concept of a-adrenergic recep-
tors playing a role in the maintenance of airway tone. Clinical
experience with phentolamine, thymoxamine, indoramine and others
has shown mixed results; the consensus however is that these drugs
may be useful in some severe cases of asthma where the activity
of a-receptors is enhanced.

Anaphylactic conditions in the bronchi induce a CNS-mediated
release of catecholamines from the adrenal medulla. These cate-
cholamines contribute to the total catecholamine pool of stored
and circulating epinephrine and norepinephrine. Stimulation of
the B-adrenergic receptor (adenylate cyclase) leads to an increase
in cAMP levels in both bronchial smooth muscle and mast cells to
give smooth muscle relaxation and lessened mediator release. This
B-adrenergic receptor site has proven sensitive to synthetic com-
pounds which show marked advantages in terms of oral activity,
selectivity (B, over B.), and duration of action over epinephrine
and isoproterenol as drugs. These newer agents which are dis-
cussed in detail in a following chapter may not yet represent op-
timal agents as they are reported to possess a variety of deficits
such as tumorigenicity and tremorigenicity.

Just as cAMP levels are enchanced by adenylate cyclase stimu-
lation, they are decreased through metabolism of cAMP by cAMP
phosphodiesterase. Correspondingly, inhibition of this enzyme
leads to increased smooth muscle and mast cell intracellular cAMP
levels and hence bronchodilation and inhibition of mediator re-
lease. cAMP phosphodiesterase is inhibited by drugs such as theo-
phylline which is useful in the treatment and prophylaxis of
asthma. Theophylline has seen a recent resurgence in interest for
use in the treatment of asthma partly due to the development of
improved pharmaceutical preparations and to the availability of
convenient methods for measuring blood and salivary levels. Theo-
phylline is in fact now the drug of choice for maintenance therapy
in chronic asthma. Theophylline unfortunately remains an unpre-
dictable and erratic drug with severe toxicologic consequences
following inappropriate or incorrect clinical use. Therefore,
current research is aimed at new drugs possessing similar profiles
of activity, but with lessened toxicologic and metabolic disad-
vantages.

Even though many new developments are being made in the area
of classical bronchodilator drugs, extensive efforts are also be-
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ing directed at more recent innovations such as synthetic prosta-
glandins. Prostaglandins and the lungs seem to have a close in-
terrelation - bronchial tissue contains some of the highest
prostaglandin levels in the body, of the PGE's which relax
bronchial smooth muscle, of the PGFa's which constrict bronchial
smooth muscle, as well as the various products of arachidonic acid
cascade. Although both classes of prostaglandins have been shown
to increase cAMP levels im vitro, im vivo biologic effects
(bronchodilation) are apparently mediated by direct stimulation

of adenyl cyclase. It was demonstrated some time ago that topical
application of either PGE. or PGE, produced marked bronchodilation,
with the latter compound %eing mofe potent. These natural PGE's
are not useful bronchodilator drugs even though they are more
potent bronchodilators than isoproterenol due to upper airway
irritation, reflex bronchoconstriction, potent cough induction,
and a very short duration of action. These considerations have
led various groups to synthesize prostaglandin analogs with mod-
ifications aimed at preventing these problems.

A variety of pharmacodynamic agents are thus useful for the
treatment of respiratory disease. Agents which affect cyclic
nucleotide systems are important in the maintenance of airway
smooth muscle tone and in the inhibition of mediator release from
mast cells, while other agents act directly on specific enzymes,
cells, or secretions involved in respiratory disease. The pur-
pose of all of these agents that we have discussed is to increase
or restore the ability of the lung to act as a blood oxygenating
organ. Progress has been made in the area of bronchodilator and
other respiratory pharmacodynamic agents in recent years, some
of which is discussed in the following chapters.

ReEcEIVED August 6, 1979.
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Pathophysiologic Derangements in the Chronic
Obstructive Pulmonary Diseases and Pharmacologic

Regulation of Airway Function

SANFORD CHODOSH

Thorndike Memorial Laboratory, Pulmonary Section, Department of Medicine,
Boston City Hospital and Boston University School of Medicine,
Boston, MA 02118

Effective pharmacologic modification of abnormal airway
function is dependent on an understanding of the specific under-
lying pathophysiologic derangements. Of the variety of lung
diseases, it is the group characterized by the physiologic
abnormality of chronic airways obstruction which relates to the
content of this symposium. Although interest has considerably
increased, the factual base of information pertinent to the
pathophysiology of this group of diseases is still rather meager.
A significant part of what we do know has been derived by
investigating mechanisms of action of successful pharmacologic
therapies that often were empirically developed. Newer thera-
peutic agents have emerged from such knowledge. Models which
attempt to mimic the actual human disease state have become
common tools in drug development research. Unfortunately, with
the exception of bronchodilators, the models developed for chronic
obstructive lung diseases have not been as predictive as desired.
Indeed, the diseased human is usually the best model. In this
chapter I will attempt to present a clinically oriented back-
ground from which pharmacologic therapy can be considered. There
will be no pretense of completeness, and personal bias will be
evident.

Chronic Obstructive Lung Disease

Precise scientific communication has been hindered by the
indiscriminate use of the physiologically descriptive terms of
chronic obstructive lung disease (COLD) or chronic obstructive
pulmonary disease (COPD). Although clinically useful for
describing the patient with combinations of the obstructive
diseases, the terms are not helpful in understanding the under-
lying pathophysiologic mechanisms of the specific disease entities
that result in chronic airways obstruction. Chronic bronchitis
and emphysema are generally considered to be the main diseases
which comprise COLD, but chronic forms of intrinsic and extrinsic
asthma are commonly included. On the other hand, other diseases,
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such as cystic fibrosis, are considered to be outside the
perimeter of the definition. Unfortunately, COLD or COPD are
likely to remain part of medical terminology. One would hope
for the development of diagnostic descriptions similar to those
used in cardiology so that chronic airways obstruction would be
one possible description of the physiologic defect. This would
avoid the current confusion caused by the difficulty in the
categorization of those chronic bronchitics, asthmatics and
emphysematous patients who do not have chronic and/or even
demonstrable airways obstruction. Even the early clinical
manifestations of each of these diseases often reflect their
basic pathologies, whereas the physiologic changes may not be
demonstrable until the pathologic change is well advanced. The
pathophysiologic process is the same whether the obstructive
component is or is not present. Therefore, a diagnostic classi-
fication primarily based on obstruction of airways is less help-
ful than one which is primarily related to the pathophysiologic
mechanisms.

Chronic bronchitis (CB), chronic pulmonary emphysema (CPE)
and chronic bronchial asthma (CBA) are common diseases. The
concurrence in individual patients of CB and CPE is frequent and
of CBA and CB is not unusual. In the United States, the
incidence of CB with or without CPE is about 15-30% of all
adults (1). The estimates for CBA are around 3% (2). These
diseases account for a significant proportion of the morbidity
and mortality from all causes. Preventive measures and the use
of therapeutic modalities aimed at reversing the pathologic
change would be expected to have a significant impact in
decreasing the incidence of disability and premature death.

Common Physiologic Abnormalities

It is the similarity of some of the physiologic abnormali-
ties which can develop in the evolution of each of these diseases
that had led to the regressive diagnostic terminology of COLD or
COPD. Although the abnormalities of airways obstruction and air
trapping are common to all three diseases, they are often not
helpful in the differential diagnosis among CB, CPE and CBA.
Other measures of the physiologic state of the lung can be useful
differentiators, although these may be manifestations of rela-
tively late stages of disease. The airways obstruction can be
demonstrated by a variety of tests, the most common being the
timed forced expiratory spirogram. The degree of reversibility
with a standard aerosol bronchodilator such as isoproterenol
often is considered in the description of the nature of the
obstruction. The air trapping is more difficult to document
objectively since its assessment requires measurement of lung
volume parameters. The compartment of the total lung volume most
easily measured is the vital capacity (VC). In these obstructive
airway diseases the VC is often reduced, but this is usually
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associated with an increase of the residual volume of air left
in the lung after the full expiration of the VC.

Potential Causes of Airways Obstruction

Although the obstructive phenomenon is quite similar in
these diseases when characterized physiologically, the under-
lying pathologic changes of the bronchopulmonary system are
significantly different in each of the diseases. Indeed, the
combination and degree of the various abnormalities leading to
obstruction are likely to be different for each patient and may
vary from time to time in the same individual. The documented
and possible reasons for airways obstruction in each of the three
diseases is outlined in Table I. CBA is separated into extrinsic
and intrinsic types, although hard data about intrinsic asthma
is scant. In CB, the main causes of airways obstruction are
bronchial secretions and constriction of the bronchial smooth
muscle due to increased bronchomotor tone secondary to vagal
influence. In CPE, collapse of the bronchial wall during
expiration is the main problem although anatomic distortion from
scarring must play a role. The reversible obstruction in
extrinsic CBA is due to a number of factors including smooth
muscle constriction relating to mast cell mediators and vagal
activity, bronchial secretions and mucosal edema. In the more
chronic phases of CBA, the bronchial smooth muscle hypertrophy
and mucus plugs are important factors in the irreversible
obstructive aspects of this disease. Factors common to both CB
and extrinsic CBA play a role in the obstruction seen in
instrinsic CBA.

It is also likely that changes common in CB and CBA are due
to different pathophysiologic mechanisms. It is known that the
inflammatory cell infiltrate in the mucosa is different in CB as
opposed to CBA. The hypersecretion of mucus and vagal broncho-
motor tone seen in both CB and CBA may also have different mecha-
nisms. The little that is known about the basic pathophysiologic
mechanisms at the human level is often soft data because the
specific pathologic process of the subjects studied was not
¢learly identified. Often these mechanisms are proposed from
studies of normal humans or arbitrary animal models. The trans-
ference of facts obtained by these methods to the interpretation
of the pathophysiology of specific disease states should be under-
taken cautiously.

Chronic Bronchitis

Definition. The definition of CB is based on the clinical
symptoms of chronic productive cough for at least three months
of the year for two successive years. Other etiologies for these
symptoms must be excluded before the diagnosis can be accepted (3)..
Among the diseases with which CB can be confused are tuberculosis,
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fungal infection, CBA, cystic fibrosis, chronic heart failure,
etc. However, CB can also coexist with any of these. The lack
of more definitive or acceptable criteria for establishing the
diagnosis of CB indicates the limitations of our knowledge of
this common disease.

Pathology. There are remarkably few critical descriptions
of the pathology of CB (4). The disease appears to be limited to
the bronchial wall. The inflammatory response in the mucosa and
submucosa is characterized by an increase of monocytes in the
submucosa with a spotty increase of polymorphonuclear neutrophils
throughout the wall with some noted sticking to the walls of the
capillaries. This small increase of neutrophils is surprising
since the cellular composition of the intrabronchial exudate
(sputum) is predominantly neutrophilic with lesser numbers of
mononuclear phagocytes (monocytes and macrophages), suggesting
that neutrophils are the major cell of the inflammatory response
in CB. This predominance of neutrophils suggests that CB is
likely a series of overlapping recurrent acute inflammatory
episodes since chronic inflammation is usually characterized by
mononuclear cells. Friable and denuded bronchial mucosal epi-
thelium suggests that this tissue damage results in the reticulo-
endothelial cell response. Repeated insults and regeneration of
epithelium lead to the development of metaplasia. Goblet cells
increase in numbers. All of these changes result in the loss of
ciliated pseudo-columnar cells in the epithelial lining of the
bronchial lumen. Associated with these changes is a hypertrophy
and hyperplasia of the submucosal mucus glands with dilation of
their ducts. These changes, along with the increase of mucus
producing goblet cells in the epithelium, lead to an increased
production of what also is likely an abnormal mucus. This
increased production of mucus adds volume to the inflammatory
exudate and accounts for the excess of secretions found in the
bronchial lumen. There is evidence that viable bacteria are
present in the mucosa of established chronic bronchitics (5),
suggesting that bacterial infection of the epithelium may become
an important component of the pathologic process. It has also
been noted that lymphocytes accumulate in the tissues around the
respiratory bronchioles. The significance .of this finding is
unknown, but it is possible that this may be related to the patho-
genesis of emphysema.

Comparable findings have been noted in experimental bronchi-
tis produced in rats exposed by inhalation to sulfur dioxide (6)}.
In that setting, the progression of the pathology is noxious
inhalant, inflammatory cellular response, hypersecretion, and
lastly, lymphocytic accumulations with or without bacterial
pneumonitis. Comparable studies in man do not exist. Consequently
there is still controversy relative to the initial pathology in
human bronchitis which must occur at a stage before it can be
called '"chronic".
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Pathophysiology. The etiology of CB is not known. One
suspects that there is an individual susceptibility which may
predispose to the development of CB which is likely dependent on
inherited and acquired host defense capability. A classification
of host defense factors would include cellular, immune, non-
immune humoral and mucociliary functions (7). Acquired host
defense problems may be related to the patient's concomitant
disease(s) such as CBA, tuberculosis, sickle cell disease, etc.

A postulated schema of the pathophysiologic mechanisms which
may lead to CB is noted in Figure 1. A number of stimuli can be
implicated and it appears likely that many different insults,
alone or in combination, may precipitate the disease when super-
imposed on an enhanced host susceptibility. The inflammation
producing stimuli, virtually all of which would affect the bronchi
via their inhalation, can be divided into gases, particles and
infectious agents. Examples of gases would be sulfur dioxide,
oxidant air pollutants, cyanide, anesthetic agents, etc. The
commonest implicated particle load comes from inhaled cigarette
smoke, but '"dusty" work conditions such as seen in coal mines and
the hydrocarbon particles in air pollution are also likely
noxious stimuli. Acute viral or bacterial bronchial infections
are also possible initiating stimuli which may persist into the
chronic phase. The concurrence of infection with some other
inflammation-producing stimuli appears to increase the risk.

These stimuli probably trigger at least three types of
bronchial response: 1) inflammation; 2) hypersecretion; and
3) increased vagal discharge. It is likely that the inflammatory
response and the vagal stimulation may induce further hyper-
secretion. The death or injury of bronchial epithelial cells is
the logical pathologic event which results in a typical acute
inflammatory response. Each bronchial area of damaged epithelium
elicits its own acute inflammatory response characterized by an
initial predominance of neutrophils. With resolution in each
area, monocytes, macrophages and other cells become predominant.
The ratio of neutrophils to monocytic cells seen in the expecto-
rated sputum reflects the balance between the number of areas
with acute inflammation versus the number of areas undergoing
recovery. With repeated injury, metaplasia replaces the normal
epithelium in localized areas contributing to inadequate ciliary
clearance of secretions. The cellular and non-cellular compo-
nents of the inflammatory response contribute to the increase of
intraluminal secretions. Acute hypersecretion by mucus producing
glands and goblet cells is a normal response to noxious stimuli.
Whether the persistent hypersecretion in CB is due to chronic
exposure to stimuli and/or dysfunction of regulatory mechanisms
is unclear. This chronic hypersecretion supplies additional
obstructing material to the bronchial lumina. Ciliary function
is compromised by the pathologic loss of ciliated cells and the
inhibition of activity resulting from inhaled toxins. Muco-
ciliary clearance is hindered by problems relating to both the
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Figure 1. Postulated pathophysiologic mechanisms in chronic bronchitis
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cilia and the secretions. With the stasis of secretions in the
bronchi, inhaled microorganisms colonize the airways and may then
invade the epithelium. These infections are usually bacterial

in etiology and result in an indolent process which provides a
built-in stimulus for more inflammation, hypersecretion and vagal
activity. This may partially account for the apparent chronicity
of this bronchial disease. The bronchial obstruction is likely
the result of two major contributing factors: 1) the increase
of bronchial secretions secondary to the inflammatory exudate and
the hypersecretion of mucus, and 2) the increase of bronchomotor
tone due to vagal induced contraction of bronchial smooth muscle.
There is evidence that the pathologic changes are reversible in
five to ten years if the noxious stimuli can be removed.

The sites of bronchial obstruction are usually variable and
can change from instant to instant as intraluminal secretions are
moved about by cough and positioning. This obstruction to air-
flow leads to uneven ventilation in the lung while the perfusion
of the alveolar capillaries remains unchanged. The sum of the
areas in the lung with mismatched ventilation to perfusion
probably determines the degree of shunt and when sufficiently
imbalanced, hypoxemia and hypercarbia result. When this occurs
acutely, the latter leads to respiratory acidosis. When
chronically present, renal compensation normalizes the hydrogen
ion content of the blood by the retention of bicarbonate. Severe
hypoxemia can lead to cell hypoxia and death in many organ systems.
Since hypoxemia usually develops gradually, compensatory changes
first lead to hyperventilation and eventually to an increase of
hemoglobin mass (polycythemia), pulmonary hypertension and
chronic right-sided heart failure (cor pulmonale). These
compensatory mechanisms are eventually self-defeating and cause
significant morbidity and mortality. Reversal of the bronchial
obstruction at any point short of death can reverse the hypoxemia
and hypercarbia, and there is always the potential for a return
to a normal functioning lung. The irreversible component which
may remain can often be attributed to the emphysematous damage
which seems to be a by-product of CB. Unfortunately, the noxious
stimuli cannot always be identified and removed. It is fortunate
that the majority of chronic bronchitics do not progress beyond
the level of uncomplicated bronchial obstruction as noted in
Figure 1.

Clinical Manifestations. The clinical manifestations of
the majority of chronic bronchitics is limited to the basic
symptoms of chronic cough productive of sputum. The typical
patient is usually described as being a cigarette smoking male
over the age of 40 years. However, this is misleading since a
significant number of patients of both sexes often date the onset
of symptoms to their 30's, or 20's or even teenage. Males do
predominate but this difference is less apparent as the sex
difference in smoking habits has changed and pollution affects
all urban dwellers. The epidemiologically determined incidenceis
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likely underestimated since a significant percentage of mild

to moderately severe chronic bronchitics deny the symptoms, either
because they are unaware or because they consider their chronic
productive cough to be normal. It is also not known how to
predict which of these bronchitics will spontaneously get better,
will not progress or will go on to disabling disease. It is
clear that the patient with even the mildest degree of chronic
sputum production already has pathologic bronchial changes (8).

In the early stages of the disease the patient often has a normal
physical examination of the chest, a normal x-ray and pulmonary
physiologic tests may, at worst, be equivocally abnormal. These
early CB patients often get more chest colds which take longer
than usual to resolve. However, a few severe chronic bronchitics
will deny ever having a chest cold or pneumonia. The patient

may first seek medical care because of such an acute bronchial
infection, but even then the underlying CB may be denied or
missed.

Shortness of breath during exertion, with or without wheezing
is the main reason that the chronic bronchitic first seeks help.
The degree of measured physiologic abnormality may vary tremen-
dously at this time. Careful questioning of the patient often
reveals a subtle and gradual decrease of exercise tolerance prior
to the overt awareness of this loss of function. The patient may
also notice that shortness of breath is precipitated by exposure
to cold and windy weather, irritating fumes, dusty environments
and other stimuli which previously did not affect breathing.
Examination of the chest at this time may still be within normal
limits, but now one is more apt to hear rales, rhonchi, wheezes
and a prolonged expiratory phase of respiration. It is common to
hear abnormal adventitious sounds in one area of the lung, only
to have them clear or change in quality or type after the patient
coughs or breaths deeply. When these abnormal physical findings
are present, they are indicative of the obstructive component of
the chronic bronchitic's disease process.

The degree of disability noted by the chronic bronchitic is
often not explained by the abnormalities of pulmonary function.
Morbidity may be related to the recurrent exacerbations of
bronchial infection or the lassitude associated with chronic
inflammation in general while persistent and /or severe cough may
also be contributory. This decreased ability to perform can be
subtle and progressive if the disease is untreated and usually
precedes the more serious physiologic consequences of hypoxia,
hypercarbia, right heart failure and polycythemia. Even when
the patient is aware that something is seriously wrong, these
secondary complications may not be related to his chronic
productive cough. Breathing becomes more labored and complaints
of malaise, insomnia, irritability and indigestion are common.
Family and associates may be the first to tell him he looks blue,
and a dusky cyanosis of peripheral body areas can be detected.
Dependent edema, increased problems with digestion and abdominal
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distention are often the first indications that right heart
failure is present, although these are relatively late manifesta-
tions of this complication. Inappropriate somnolence suggests
increasing retention of carbon dioxide. Bronchitics with these
advanced problems are frequently admitted to the hospital, and
many physicians only see them in these circumstances. However,
in the full spectrum of this disease, such severely disabled
patients represent only a small fraction of all chronic bronchit-
ics.

Treatment--General Considerations. There are a number of
therapeutic interventions useful in CB. Choices for the indi-
vidual patient are dependent on the variety and severity of the
problems and require modification as symptoms change. As is true
for all chronic disease, planned long-term care with periodic
observations is essential to achieve successful therapy. The
goal of treatment in CB should always be the elimination of the
disease. Cure can be achieved in some, and significant clinical
improvement should be expected in most chronic bronchitics. The
patient and the family should be educated about the nature of the
disease as well as the specific purposes of the therapeutic
regimen. Pharmacologic therapy prescribed without the background
of a close physician-patient relationship is unlikely to be
successful in achieving long-term benefits. The general areas in
which therapy can be useful are infections, secretions, broncho-
dilatation, cough suppression and the avoidance of noxious stimuli.

Treatment--Avoidance of Stimuli. It is self-evident that
decreasing or eliminating stimuli responsible for the bronchial
damage will significantly help the chronic bronchitic. A major
offending stimulus is inhalation of cigarette smoke,and a prime
effort must be to stop or at least decrease this insult.
Elimination of this problem may lead to a complete remission in
some bronchitics and improvement in most. Avoidance of dusty
environments and air pollution will also contribute to improve-
ment. Bronchitics should be instructed to avoid situations where
they may be subject to viral infections. The use of anti-viral
vaccines is advocated, the prime immunization being against
influenza. Since a significant number of acute bronchitis
exacerbations are due to the pneumococcus, the use of pneumo-
coccal vaccine is being recommended for bronchitics. However,
there is no specific evidence that immunity to the few serotypes
in the available vaccine will decrease bacterial exacerbations
in CB.

Treatment--Bacterial Infection. Perhaps the most significant
pharmacologic therapy in CB is the effective use of anti-
microbials in the treatment of bacterial infections. These
infections most commonly present as acute chest colds but may be
subacute, chronic or even subclinical. Bronchial infection can
be identified in the patient's sputum by a significant increase
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of bacterial flora associated with an increase of inflammation.
The usual bacteria associated with these infections are
Hemophilus influenzae and Streptococcus pneumoniae although
other bacteria usually considered to be non-pathogens are
probably also etiologic. Fortunately, these bacteria are
effectively treated with a number of broad spectrum antimicro-
bials when given in adequate doses. These antimicrobials and
their total daily doses include ampicillin (2g), amoxicillin
(1.5g), doxycycline (200 mg), methacycline (600 mg), minocycline
(200 mg), tetracycline (2-4g), trimethoprim (160 mg) with
sulfamethoxazole (800 mg), and chloramphenicol (2g). They are
all comparable in efficacy, but consideration of toxicity affects
the choice for individual patients. The duration of therapy for
acute, sub-acute and sub-clinical infections is generally

around 14 days. For chronic or relapsing infections, therapy
for months to years may be required. In most instances anti-
microbial therapy does not eradicate the bacteria but seems to
significantly decrease the bacterial load and consequent
inflammation in the bronchial mucosa.

Treatment--Secretions. Clearance of the excessive secretions
in the tracheobronchial tree is of great therapeutic importance
in CB, as well as to patients with CBA. Unfortunately little
is known about how to control the production of these secretions.
Pharmacologic agents useful for secretion problems are used
empirically and are often less than ideal. Some may modify the
production, and others clearly act on the excreted and secreted
material. Maintaining adequate environmental humidification
often makes patients more comfortable with their secretions.
Adequate hydration is advocated as the cornerstone of secretion
therapy. Evidence for the efficacy or mechanism of action of
oral or parenteral water on bronchial secretions is very limited.
One study suggests that extra oral water increases the water
content and decreases the apparent viscosity of the sputum of
CB patients (9). Other evidence suggests that inhaled normal
saline does not have a favorable action on bronchial secretions
(10). However, hydration by various routes often does produce
subjective improvement of the patient's secretion problems.
Expectorant drugs may be useful when these simple measures are
inadequate. The desired outcome is to make it easier for the
patient to clear secretions. Again, as with water, there is
much controversy and little evidence to support their efficacy.
Commonly used expectorants are guaifenisen (glyceryl guaiacolate)
iodides and ammonium chloride. Guaifenisen in relatively large
doses (1.2 to 2.4g per day) increases mucociliary clearance (11),
decreases the sticky nature of the sputum, changes the water
binding capacity of the sputum gel, but does not affect apparent
viscosity (9). Subjectively, chronic bronchitics volunteer that
their secretions are easier to clear when guaifenisen is used.
The mechanism of action is unknown. Other guaiacol derivatives
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are said to have similar activity. Iodides, as potassium iodide
or iodinated glycerol by mouth or sodium iodide intravenously,
are widely used expectorants. There is even less evidence of
iodide's efficacy or mechanism of action. Again, chronic
bronchial disease patients, particularly asthmatics, will attest
to their efficacy in clearing secretions. Ammonium chloride
is infrequently used as an expectorant because of the risks of
abuse which can lead to acid-base problems. The least is known
about this compound's expectorant properties. With all of the
available expectorants subjective benefit is rarely dramatic.
When secretions remain difficult to clear despite the afore-
mentioned therapy, mucolytic therapy is indicated. N-acetyl-
cysteine is the only mucolytic available in America. Efficacy
in reduction of sputum viscosity has only been demonstrated with
topical application, although there are claims of benefit from
oral and intravenous administration. Acetylcysteine in vitro
will decrease the apparent viscosity of the majority of sputum
specimens. When a 5 to 10% solution is directly applied to
secretions in the tracheobronchial tree a similar response can
be achieved. The action as an inhaled aerosol is less dramatic
since the amount of drug reaching the widespread secretions is
not great with a single treatment. Persistence of therapy will
usually lead to a decrease of apparent viscosity and clinical
benefit (12). Because of its hyperosmolarity, it is best
administered with an adrenergic bronchodilator, such as iso-
proterenol, to offset potential increases of airways obstruction.
There are claims that S-carboxymethylcysteine is an orally active
bronchial mucolytic, but studies to support this contention are
not entirely convincing. Besides these pharmacologic measures,
physical therapy to facilitate clearance of secretions and
mechanical aspiration of secretions is employed in resistant
cases. Clearly the management of secretions in both CB and CBA
is not optimal with our currently available therapies. The best
therapy for secretions in both diseases remains those measures
which alleviate the primary disease process, since this usually
decreases the volume and normalizes the characteristics of the
secretions.

Treatment--Bronchodilators. The methylxanthine theophylline
and its analogues are widely used in the treatment of CB.
However, the bronchodilation which is easily demonstrated in the
asthmatic is not evident in CB. Nevertheless, the bronchitic
with airways obstruction will report improvement of exercise
capability with effective theophylline therapy. Theophylline
is a phosphodiesterase inhibitor and results in a decreased
breakdown of cAMP. This action in the bronchial tree has not
been shown to be of benefit in the pathophysiologic mechanisms
of CB. Although the mechanism of action in CB is not clear,
benefit may be related to central nervous system stimulation,
cardiac action, its modest diuretic activity, or to actions not

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



12. cuoposH Chronic Obstructive Pulmonary Diseases 229

yet discovered. Oral administration is adequate for maintenance
therapy, but rectal and intravenous use may be required in
advanced cases, although clearly less convenient. Individual-
ization of dosage schedules is essential since the adult oral
dose needed to achieve therapeutic blood levels may vary from
300 to 2500 mg. In most cases, the gastrointestinal and minor
central nervous system side effects correlate with the blood
level and can be used in adults as guides to regulate the dosage
schedule. Blood level determinations are essential in patients
with altered consciousness or who are receiving multiple ther-
apeutic manipulations. The use of time-release theophylline
preparations helps to eliminate some of the side effects asso-
ciated with the peak blood levels noted with regular fast acting
theophylline dosage forms.

The beta-receptor stimulating adrenergic drugs (sympatho-
mimetic amines) have little, if any, activity in CB. When
bronchodilation is demonstrated in CB, it is often minimal and
of short duration. Considering the cardiogenic toxicity of even
the more specific B2 drugs in this group, their use in this
generally older-aged group of patients should be justified by
demonstration of beneficial action. Rather than bronchodilation,
their potential efficacy in CB may be related to the increase of
ciliary activity seen with this group of drugs.

Anticholinergic agents may represent the first true broncho-
dilators for the CB patients. Ipratropium by inhalation has
been demonstrated to provide 5-6 hours of bronchodilation in CB
as was similarly seen earlier with atropine (13). The mechanism
of action is thought to be a blocking of the vagal efferent
discharge which is responsible for the increased bronchomotor
tone of the bronchial smooth muscle in CB as well as in CBA.
Parenteral or inhaled atropine appears to have the deleterious
effect of drying bronchial secretions and has not been useful
for protracted therapy, whereas inhaled ipratropium does not
appear to have this unwanted effect.

Treatment--Antitussives. An occasional patient with CB will
be seriously bothered by cough. Often, most of their coughing
is non-productive and can have debilitating effects on the
patient. Disturbed sleep, vomiting with severe cough, rib
fractures, syncope or even simple fatigue may become incapaci-
tating. The oft written axiom that the cough of a patient with
secretions should not be suppressed cannot have been derived
from real life. Many antitussive agents are useful for the
occasional periods of increased coughing to which CB patients
are prone. When cough remains a persistent daily problem, the
ideal agent for continued use may be difficult to find for the
individual bronchitic. Dextromethorphan is helpful in some of
these patients. Codeine itself often has troublesome side
effects in CB, and these counteract the potential antitussive
activity. Codeine derivatives have been effective, but there is
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a hesitancy to use them daily. Chlophedianol hydrochloride is
an effective agent, but when used in therapeutic dosages the
alterations of proprioception can be a limiting factor. So
little is known about the pathophysiology of cough itself and
the difficulty in objectively proving efficacy in patients that
the lack of advances in antitussive therapy is not surprising.

Remaining Problems. Basic to the problem of developing
more definitive therapy for CB is our inadequate knowledge of
the underlying pathophysiology of the disease. We do not know
why certain individuals develop CB while others do not despite
similar stimuli exposures. One must suspect a variability of
individual susceptibility. An attractive hypothesis to pursue
is that CB patients have some subtle derangement of their host
defense system. This may be inherited and/or acquired. Detec-
tion of such factors could define the individuals at risk and
preventative and/or corrective measures might then be more
precise.

Despite our lack of knowledge of its pathophysiology,
significant therapy has been empirically developed to treat CB.
However, no '"curative'" agents are available and many of the
drugs that we use empirically are less than ideal. There is a
need for better topical and orally active mucolytics. Pharmaco-
logic agents which could normalize the secretion production or
affect the inflammatory process itself could be of great advan-
tage for the CB patient. Considering the burden that this
prevalent disease imposes on society,it is unfortunate that
there is so little interest in finding solutions.

Chronic Bronchial Asthma

Definition. There are many definitions of asthma, some of
which would even propose to discard the name "asthma'" and replace
it with a physiologic description, e.g., reversible airways
obstruction. This would then be compatible with the regressive
term COLD. Perhaps it would be better to more carefully define
chronic bronchial asthma (CBA) as, for example, airways obstruc-
tion secondary to hyperreactive bronchi which is often manifes-
ted episodically, is usually reversible, and in which allergic
phenomena are implicated. The clinical recognition of two major
types of asthma: extrinsic asthma which most closely is
described by the above definition, and intrinsic asthma which
has often been called asthmatic bronchitis, adds additional
confusion to the definition. Our knowledge about extrinsic CBA
has been increasing rapidly, whereas our understanding of
intrinsic CBA remains mostly at a clinical level.
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Pathology. Pathologic descriptions of CBA are largely
based on examination of patients who died during status asthma-
ticus (14). The pathology can be considered under the three
major types of responses seen in the bronchial system, i.e.,
inflammation, changes of the mucus producing elements, and
changes of the bronchial smooth muscle.

A striking feature of the inflammatory reaction is edema of
the bronchial wall. This edema involves the epithelial cells as
well as the interstitial tissues. In the extreme, this edema
can result in folding and polypoid deformations of the bronchial
epithelium. With this hydropic degeneration the cells them-
selves may have altered staining characteristics. The cilia
are usually retained in the pseudocolumnar ciliated bronchial
epithelial cells. Denudation of epithelium can be found,
representing areas from which the tissue has been sloughed down
to the edematous basement membrane. When coughed out in the
sputum, the individual cells may be three to four times their
normal size, and the tissue fragments, called Creola bodies, are
generally rounded together in clusters which may contain up to
several hundred epithelial cells (15). The epithelium and the
submucosa are usually infiltrated with polymorphonuclear eosino-
phils, the characteristic inflammatory cell type in CBA.
Compared to CB, there is a paucity of mast cells seen in the
tissue (16). The numbers of plasma cells may be increased in
the submucosa. These bronchial epithelial cell changes and
the inflammatory cell response are reflected in the sputum and
the intrabronchial mucus plugs (17). Eosinophils account for
10 to 90% of the inflammatory cells, although neutrophils may
be predominant when the asthmatic is stable. Mast cells are
plentiful during stable phases of asthma but are difficult to
find during an attack. Macrophages or histiocytes follow this
same pattern. Plasma cells, however, are always difficult to
identify.

The changes of the mucus producing elements are somewhat
similar to those seen in CB. Both hypertrophy and hyperplasia
of the submucosal mucus glands and some proliferation of goblet
cells in the epithelium are seen. Distinct differences between
changes in CBA as opposed to CB have not been described. The
abnormality of the secretions produced by these elements is
demonstrated in the presence of mucus plugs in the bronchial
lumina of almost all patients who died of their asthma. Trapped
in these plugs are the same inflammatory cells eventually seen
in the expectorated sputum. Also, one may find Charcot-Leyden
crystals which are likely the product of lysed eosinophils and
mast cells. The Curschmann spirals seen in the sputum of
asthmatics represent these expelled mucus plugs.

It is common to find that the bronchial smooth muscle is
hypertrophied. The degree of hypertrophy may be a measure of
the chronicity and severity of the disease. However, smooth
muscle hypertrophy may be minimal or absent in patients with
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intrinsic CBA. The acute constriction of the smooth muscle
cannot, of course, be noted pathologically.

CBA does not appear to involve the alveolar areas of the
lung. When such involvement is noted, the clinical manifesta-
tions are somewhat different, and they are classified as various
types of allergic alveolitis. It is possible that many of these
allergic bronchopulmonary diseases have similar pathophysiologic
mechanisms.

Allergic changes in other organs may be noted but are
insufficient in themselves to make the diagnosis of CBA. Also,
although not well described, it is possible that many of the
features typical of CBA might not be found in the asthmatic who
dies after receiving intensive corticosteroid therapy.

Pathophysiology. Considerably more is known about the
pathophysiology of CBA than is the case with CB (18). There
often appears to be more factual data on the molecular aspects
of asthma than of the clinical manifestations. A simplified
schema of the patholophysiology is noted in Figure 2. Not shown
in the diagram is the clear evidence that host susceptibility
to extrinsic CBA is generally inherited, whereas this is not the
case in intrinsic CBA. One might hypothesize that intrinsic
asthma may be an acquired immunological abnormality without the
noted hyperreactivity manifested in extrinsic asthma. Another
possibility is that these two types of asthma are different
because of the predominant trigger stimulus, in the case of
pure extrinsic CBA the stimulus being specific antigen(s), and
in pure intrinsic CBA being of non-specific nature somewhat
similar to what may occur in CB. Others postulate that the
induction of the disease may be by viral infection of the bron-
chial system. Indeed, the pathology of viral tracheobronchitis,
short of eosinophilia, is very similar to that seen in CBA.
There is no conclusive evidence for any of these hypotheses.

There appear to be two major groups of stimuli which can
produce asthmatic manifestations: discrete antigens and non-
specific stimuli. Numerous specific antigens are known. These
may be inhaled or ingested, and their specificity in the
individual patient can be demonstrated by an increase of airways
obstruction after exposure to such agents. Ragweed, dust, molds,
aspirin, and fish are a few examples. The other type of
stimulus is relatively non-specific and can adversely affect CB
patients as well. These stimuli include cold air, exercise,
dusty environments, etc. The mechanisms by which these two
types of stimuli lead to airways obstruction are different,
although there is some overlap in their ultimate physical effect.

The antigenic stimulus pathway appears to involve an inter-
action with specific immunoglobulin E (IgE) at the cell membrane
of mast cells resulting in the release of a variety of mediators
from their intracytoplasmic granules. These mediators are
responsible for a large part of the inflammatory reaction which
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Figure 2. Postulated pathophysiologic mechanisms in bronchial asthma
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seems to be potentiated in the asthmatic. Among the responses to
these mediators of significance in the pathophysiology of asthma
are the tissue edema, bronchial smooth muscle constriction, hyper-
secretion of mucus, and eosinophilia. The first three can all
contribute to the airways obstruction characteristics of the dis-
ease. The eosinophils attracted to the area of insult apparently
function, in part, to inactivate released mediators. The actions
of these mediators can be reversed rather rapidly by agents which
increase cyclic AMP, or this reversal can occur spontaneously.
The resultant clinical picture in this case of antigen stimulated
asthma fits the characteristics of the extrinsic form of the
disease.

Non-specific stimuli or "triggers" in these hyperreactive
individuals act primarily through neural mechanisms via the vagus
nerve. The resulting cholinergic effects cause an increase of
bronchial smooth muscle tone and hypersecretion of mucus. These
cholinergic effects appear to be related to increases of cyclic
GMP. It is possible that there also may be some direct effect on
the mast cell, since otherwise it would be difficult to explain
the eosinophilia that can accompany such non-specifically induced
attacks. It is clear that in both the antigen and non-specifically
induced attacks, it is still the asthmatic's increased reactivity
of bronchial smooth muscle, mucus glands, and other bronchial tis-
sues that distinguishes between the asthmatic and normal response
to such stimuli.

It is not clear where prostaglandins and related products of
arachidonic cascade fit into this pathophysiologic schema. The
bronchodilating and bronchoconstricting prostaglandins may act
through the cyclic AMP route.

Although the reversibility of airways obstruction is an im-
portant characteristic of asthma, those asthmatics with chronic
symptoms do not reverse completely. The chronic airways obstruc-
tion is probably related to mucus plugging of bronchi and hyper-
trophy of the bronchial smooth muscle. These changes are not
reversible by bronchodilators, and it is not clear that they canbe
reversed with any specific therapy. Both types of obstruction
contribute to an imbalance of the ventilation to perfusion ratio
in the lung and can result in hypoxemia and hypocarbia. The de-
creased carbon dioxide content of the blood is the result of the
asthmatic's hyperventilation and will persist until the respira-
tory muscles fatigue and hypoventilation becomes prominent.
Asthmatics can die quite quickly when this occurs.

A common complication of persistent hypersecretion and mucus
plugging is a less effective mucociliary clearance mechanism.
Inhaled bacteria which are normally.quickly cleared from the
bronchial system have greater opportunity for tissue invasion.
Chronically affected asthmatics are more likely to develop bacter-
ial bronchitis. It is not unusual for CB to become superimposed
on the asthma as a consequence of these infections. Interestingly
asthmatics who get an acute bacterial bronchitis will
often note an improvement of their asthmatic symptoms.
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The pathophysiologic mechanisms behind this are not understood.

Clinical Manifestations. The initial manifestations of
bronchial asthma can occur at any age. However, the vast
majority of extrinsic asthmatics first note symptoms as children
or young adults, and those who appear in later decades often
have had some earlier manifestation of atopy or allergy. On the
other hand, intrinsic asthma generally occurs after the age of
30. Other differences between these two types of asthmatics
are noted in Table II. Any individual patient may demonstrate
some overlap of these features. For example, the extrinsic
asthmatic may be continuously exposed to the specific antigen(s)
and, therefore, have symptoms chronically.

Table II
Clinical Differences Between Extrinsic and
Intrinsic Asthma

Extrinsic Intrinsic
Allergen external to host ? internal to host
Other allergies (atopy) usual incidental
Allergies in family usual incidental
Symptoms usually episodic  usually chronic
Eosinophilia marked moderate
Pathophysiology fairly clear obscure
Synonyms bronchial asthma asthmatic bronchitis

The first symptom usually noted by the extrinsic asthmatic
is shortness of breath with or after effort which may or may not
be associated with wheezing. The more dramatic presentation is
the abrupt onset of wheezing dyspnea. Cough, with or without
sputum production, may precede or occur concomitantly with the
wheezing dyspnea, but it is certainly not uniformly present.
Occasional patients present with productive cough as the major
complaint, and the difficulty with breathing may be quite minor.
The clearance of secretions by coughing often marks the beginning
of improvement of the attack. Classically, the attacks are
episodic in the extrinsic asthmatic with the patient feeling
relatively well between attacks. When between attacks, the
physical examination of the patient may be within normal limits.
During attacks, the chest is found to have an increased size
with low diaphragms. There is a prolonged expiratory phase,
and rather uniform wheezing is heard predominantly during the
expiratory phase. Rhonchi may be heard. Peripheral cyanosis
can be observed, and there is often a paradox in the blood
pressure between inspiration and expiration of the respiratory
cycyle. The chest roentgenograph will reflect the hyper-
inflation. Any sputum produced should have the characteristics
described previously under pathology, and peripheral blood
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eosinophilia is present. The blood gases would characteristi-
cally show a low oxygen and carbon dioxide tension. If the
carbon dioxide tension is normal or elevated in the presence of
low oxygen levels, then one suspects that the asthmatic cannot
physically hyperventilate and is in serious trouble. The
pulmonary physiology would reveal increased lung volumes at

the expense of the vital capacity, an increase of airways
resistance, a decrease of flow parameters, and a normal or
elevated diffusing capacity. Most of these abnormalities can be
reversed with appropriate therapy, or reversal can occur
spontaneously.

The clinical picture of intrinsic asthma is less well
characterized. Classically, wheezing dyspnea first presents
during a bronchopulmonary infection and improves as the infec-
tion clears. However, these patients often have symptoms between
such infectious episodes. Their symptoms of chronic productive
cough associated with wheezing dyspnea do not readily distinguish
them from chronic bronchitics. The striking difference is that
intrinsic asthmatics will have more than 5% eosinophils in their
sputum when stable and during infectious episodes, whereas the
bronchitic will not have this in either case, and the extrinsic
asthmatic rarely will have sputum eosinophilia during infections.
The course in intrinsic asthma is much more like that of bron-
chitis, and these diseases are often confused.

The prognosis in extrinsic asthma is generally excellent,
but deaths do occur in otherwise uncomplicated cases. Those who
die are usually the more chronic asthmatics. Over 90% will have
extensive mucus plugs at autopsy, and hypertrophy of the bron-
chial smooth muscle is common. Sudden death in young asthmatics
also occurs without a good explanation. The prognosis in
intrinsic asthma is not as good and is likely similar to that
for moderately severe chronic bronchitics.

Treatment. A realistic goal of therapy is to minimize the
manifestations of the disease (19, 20). One must assume that
the atopic patient who has demonstrated asthmatic manifestations
must thereafter be considered susceptible to more of the same.
Therefore, asthma must be treated like any chronic disease with
planned long-term care with periodic observations to document
stability or to alter therapy aimed at returning patients to
stability. A trusting physician-patient relationship is
essential to the success of the therapy. In this setting, the
general plan of therapy should be designed to avoid triggering
stimuli, block or reverse stimulus effects, block or reverse
mediator effects, and provide psychologic support.

Avoidance of Stimuli. This can be the most important aspect
of the therapy of asthma. The identification of such stimuli
must be individualized, and this usually requires careful
detective work. Critical history taking is essential since this
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most often leads to meaningful relationships between exposure

to some allergen or non-specific stimulus and the asthmatic's
symptoms. Sometimes the patient is well aware of such relation-
ships, but more often this is not the case. Seasonal, geograph-
ical or diurnal patterns frequently provide important clues.
Suspected stimuli can be tested in a controlled laboratory setting,
but this is usually not necessary. Once identified, the
offending stimulus should be eliminated from the patient’s
environment or specific treatment planned to alleviate the
consequences of exposure. If only a limited number of such
stimuli are important in triggering a patient's attacks, it may
be possible to completely control the asthma. In this approach
to therapy one must always consider the financial and/or
emotional cost of eliminating implicated stimuli. Occasional
patients may prefer to take medication to block the effects of
the stimulus. Of course, when the stimuli cannot be identified
or eliminated, then pharmacologic therapy is required. The
type, amount, and continuity of use of such available agents
must be tailored to the individual needs of each patient.

Hyposensitization. When an antigenic stimulus can be
identified but cannot be removed from the environment, it would
seem reasonable to protect against the effects of such antigens
by desensitizing the patient to that specific antigen via
blocking antibodies. There is evidence that such protection
can be achieved against a few specific antigens in patients
with allergic rhinitis. The evidence for efficacy in bronchial
asthma is not scientifically nor clinically convincing. Never-
theless, this empirical therapy may be worthy of trial in
selected patients.

Bronchodilators. These agents constitute the backbone of
therapy for the asthmatic. All asthmatics who are symptomatic
or are demonstrated to have airways obstruction on physiologic
testing should receive continuous bronchodilator therapy during
the periods of such abnormality. The goal should be to
eliminate or minimize the airways obstruction with the least
drug toxicity. Therapy should be modified as that patient's
needs change. This is best accomplished by periodic monitoring
with simple pulmonary function tests and assessment of symptoms.

There are three major groups of bronchodilators: two of
these, the methylxanthines and the sympathomimetic amines are
available, while the third, anticholinergics, is still
experimental. Available routes of administration include oral,
inhalation, rectal, subcutaneous, and intravenous. The choice
of types of agent and routes of administration depends on
individual patient need and tolerance. Long-term maintenance
is usually achieved with oral bronchodilators with occasional
supplementation with rectal or inhalation agents. Rectal,
subcutaneous and intravenous therapy is indicated in acute
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attacks of asthma, and the need for such intervention is another
measure of the adequacy of the patient's long-term therapy.

The methylxanthine and sympathomimetic amine drugs may work
by both reversing the effects of mediators and blocking the
effects of new stimuli since both groups result in an increase
of cyclic AMP. Methylxanthines block the degradation of cyclic
AMP and sympathomimetic amines stimulate cyclic AMP production.
Because of these different mechanisms the concomitant use of
both types of drugs is often beneficial to the patient. The
theophyllines are the most therapeutically useful of the methyl-
xanthines. Theophylline is well suited to provide continuous
protection since its regular use can result in relatively stable
therapeutic blood levels. Since the half-life of theophylline
varies from patient to patient, appropriate dosage schedules
must be developed for each patient. The schedule for the oral
route of administration will also depend on whether the
theophylline is a delayed or rapidly absorbed formulation. At
least in adults, therapy can be maximized by starting with a
low oral daily dose and gradually increasing this until the
patient's airways obstruction is eliminated or mild toxicity
(e.g., nausea, jitteriness, insomnia, etc.) occurs. If the
latter occurs, then the dose should be slightly decreased to
avoid the adverse effects. Therapeutic blood levels are almost
certainly attained by this method. When in doubt, or if the
patient is incompetent to note such side effects, theophylline
blood levels can be used for dosage adjustment. During an
asthmatic attack, aminophylline by the intravenous route of
administration can quickly achieve therapeutic blood levels.
This is best accomplished by giving an intravenous bolus as a
loading dose and then titrating the level using a continuous
infusion. The rectal administration of aminophylline solution
can also rapidly achieve therapeutic blood levels. Asthmatics
who are prone to attacks of asthma can successfully utilize
this route of administration instead of intravenous therapy.
This route is also useful when fluid restriction is essential
for the hospitalized patient who needs theophylline. Broncho-
dilation may be achieved with total daily doses of as little as
300 mg in some asthmatics, whereas the other extreme may require
2 to3g.

When adequate bronchodilation is not achieved with thera-
peutic levels of theophylline, or if adverse effects preclude
reaching therapeutic levels, then sympathomimetic amines should
be added to the bronchodilator regimen (21). In some asthmatics
these agents alone may provide adequate bronchodilation. The
trend in the development of more specific sympathomimetic amine
bronchodilators has been to eliminate or decrease the a-receptor
and Bj-receptor (cardiogenic) activities so that the Bz-receptor
(bronchial smooth muscle) activity is predominant. Unfortunately
peripheral muscle tremor is also accentuated with the B2 agents
and may be sufficiently annoying to the patient to prompt
stopping therapy.
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Ephedrine sulfate was the first sympathomimetic amine
available for oral therapy. It is still commonly used in most
combination asthma preparations. Alone, it has a short duration
of action and a fair incidence of annoying central nervous
system effects, even at the usually prescribed dosage of 25 mg
four times a day. However, when given with theophylline, the
duration of action is comparable to terbutaline or higher doses
of theophylline. Although they continue to be useful in mild
asthmatics, marketed fixed combinations of theophylline and
ephedrine usually preclude optimizing the bronchodilator therapy.
Other sympathomimetic agents became available (protokylol,
ethylnorepinephrine hydrochloride and methoxyphenamine hydro-
chloride) but offered little, if any, advantage over ephedrine.
Metaproterenol sulfate was the first clearly superior agent
which possessed improved B,-receptor selectivity. Duration and
degree of bronchodilation were much better than ephedrine,
although more tremorgenic activity was noted. Although the
duration of effective bronchodilation is rarely more than five
hours, the recommended dosage is 20 mg every six hours. An
introductory course of 10 mg four times a day is advisable as
this seems to decrease the ultimate tremorgenic activity.
Terbutaline sulfate has the least B;-and the most f,-receptor
action of the oral sympathomimetic amines. Other f;-receptor
stimulating drugs have been developed (albuterol, carbuterol
hydrochloride, soterenol, fenoterol and the like) but are not
available for use in the United States. All are quite similar
in action and provide bronchodilation for around four to six
hours. Although the recommended dosage of terbutaline is 5 mg
three times a day, some adverse effects can be avoided by
starting at lower doses and increasing gradually to maximal
efficacy or minimal toxicity in two to three weeks. The common
side effect with this generation of sympathomimetic drugs is
annoying peripheral muscle tremor. Tachycardia and decrease
of diastolic blood pressure can occur since some f;-receptor
stimulating activity remains. The same efficacy with fewer
adverse effects can be obtained with much smaller dosages of
these agents administered by aerosol inhalation, but none of
these aerosols is approved for use in the United States. They
should replace their oral counterparts in maintenance therapy
when they become available. In the determination of the best
oral sympathomimetic amine for the individual patient, the choice
often depends on the tolerance of the patient to the tremorgenic
side effects.

Although the majority of asthmatics will be well controlled
with the regular use of oral bronchodilators, some may still
experience periods of increased asthma. These episodes can
usually be managed with additional or increased doses of their
oral bronchodilators. In addition, such asthmatics should be
carefully instructed in the use of a sympathomimetic aerosol for
such attacks. The prompt response to these may abort the attack,
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or at least provide some relief before the oral medication be-
comes effective (one-half to two hours). The risk of abuse of
inhaled bronchodilators is real, but the incidence of abusers is
small, and the benefits generally far outweigh such risks. The
sympathomimetics that are available for aerosol inhalation are
epinephrine, isoproterenol hydrochloride, isoetharine hydro-
chloride, and metaproterenol. Epinephrine is the least active
of these agents and has o, B; and Bz activity. Isoproterenol
has mixed B-receptor stimulant activity, while isoetharine is
more B2 selective. Both isoproterenol hydrochloride and iso-
etharine hydrochloride are rapidly metabolized,and the duration
of action is usually less than three hours. Metaproterenol
sulfate is less rapidly metabolized so that efficacy may last
for up to five hours. It has somewhat fewer B) effects. These
agents are available in metered-dose canisters and (all but
metaproterenol) as solutions usable in nebulizers. The regular
use of solution nebulized by an air compressor for maintenance
bronchodilator therapy is useful for some, but the regular use
of oral terbutaline or metaproterenol is more convenient for
many asthmatics.

The use of subcutaneous sympathomimetic bronchodilator is
indicated for the severe asthma attack that requires emergency
treatment. Epinephrine and terbutaline are available for
subcutaneous therapy and, in usual doses, are comparable in
efficacy. By this route, terbutaline appears to be no more B2
selective than epinephrine and is reported to have more adverse
effects (22). Aqueous suspension of epinephrine provides a
longer duration of action. In status asthmaticus sympatho-
mimetics are often not helpful. Intravenous aminophylline is the
basic therapy in this setting. The acute therapy should be
instituted with a loading dose, but this should be proportionally
reduced if the patient has been on regular theophylline therapy.
A constant infusion should maintain the serum level. If serum
theophylline levels are quickly available, these should be used
as a guide to dosing. Concomitant oxygen therapy should be
given for the hypoxemia that is usually present.

As with CB, anticholinergic agents are also rational
bronchodilators for use in asthma. Their use would be expected
to contribute additional bronchodilation to that provided by
methylxanthines and sympathomimetic amines since the mechanism
of action is directed at the effects of the non-specific stimuli.
The concomitant use of all three types could also permit a more
precise assessment of the non-reversible component of the
patient's airways obstruction. Since many antihistamines have
anticholinergic activity, it is possible that patients who take
such therapy for other reasons may already have some benefit
of this kind of bronchodilation.
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Antiallergic Agents. The available and experimental agents
in this category probably work by blocking the effect of the
stimulus on the hyperreactive tissue elements. These agents
could logically have been discussed in conjunction with the
avoidance of stimuli since safe and effective therapy which
blocks stimulus effects could be as effective a primary therapy
as avoidance. Experimental work suggests that the major blocking
effect is at the mast cell level. This does not adequately
explain why some of these agents are capable of blocking exercise-
induced asthma which is likely vagus nerve mediated. Available
drugs which could be considered to be antiallergic are cromolyn
sodium, antihistamines, and corticosteroids, although it is
clear that methylxanthines and sympathomimetics can provide
similar protection.

The introduction of cromolyn sodium for the therapy of
asthma in the last decade has stimulated extensive research in
antiallergic agents. The exact mechanisms of action in man are
not clearly known, but the prevention of the release of mast
cell mediators is likely. Cromolyn appears to decrease the
severity of symptoms and the need for other antiasthma therapy.
Objectively demonstrable effect in man 1is the protection
against obstruction of airways which is induced by specific
inhaled antigen and exercise. The importance of these factors
in the individual asthmatic may determine its efficacy. Cromolyn
in regular dosages of 20 mg four times a day by inhalation is
indicated in asthmatics not readily controlled with broncho-
dilators or who are steroid dependent. Cromolyn used just prior
to exposure to specific antigen or exercise may be useful for
the asthmatic susceptible to these occasional stimuli. Although
worthy of a trial, the success rate for longterm use in adult
asthmatics has not been as dramatic as preliminary studies
suggested. Administration after an inhaled bronchodilator
assures the best distribution of the powder. However, cromolyn
powder can induce throat irritation, coughing and wheezing, and
may, in itself, be allergenic (23, 24, 25).

There is some anecdotal clinical experience to suggest
that antihistamines may also block the stimulus effect.
Experimental evidence to support this is meager, but it has been
demonstrated that prolonged promethazine therapy leads to the
gradual degranulation of basophils. This suggests that although
the mast cell could be triggered, there would not be any
mediator to release. This hypothesis has not been tested in
asthmatics; however, the use of antihistamines in asthmatics not
adequately responding to other therapy has been occasionally
successful. The experimental drug ketotifen may prove to be a
useful antiallergic agent (26).

Corticosteroids. These potent antiasthma agents may also
act to block stimulus effects, perhaps by stabilizing mast cell
{and other cell) membranes and making degranulation more difficult.
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Although all of the mechanisms of action of corticosteroids in
asthma are not fully understood, they are potent agents for
reducing mucosal edema. Corticosteroids are indicated for the
asthmatic with troublesome symptoms despite full therapy. The
duration of therapy required varies depending on the individual
subject's clinical course.

Beclomethasone dipropionate by inhalation is the agent of
choice when long-term corticosteroid therapy appears inevitable
since only a small proportion is systemically absorbed. Adrenal
suppression is unlikely at the usual daily dosage of 100ug to
200ug four times a day. Toxicity is usually limited to local
irritation from the spray. However, since long-term effects
are not yet determined, indications for such use should be as
cautious as for orally administered corticosteroids. Beclo-
methasone is also indicated for asthmatics already on long-term
oral corticosteroids so that the oral therapy can be reduced or
eliminated. Gradual dosage reduction of the oral agent is
mandatory to allow return of adrenal function. During or after
this tapering it is essential that the asthmatic be alerted that
systemic steroids may be necessary during periods of physiologic
stress since the adrenal response may not yet be adequate.
Extra-bronchial manifestations of allergy may appear as oral
corticosteroids are withdrawn. Oral or pharyngeal candidiasis
may occur in steroid dependent asthmatics and require treatment
with topical antifungal agents.

Oral corticosteroids may be required in asthmatics not
adequately controlled with bronchodilators, cromolyn and/or
beclomethasone therapy. When indicated, alternate-day therapy
with a prednisone-like steroid should be used. Reduction of
either the oral or inhaled corticosteroid dose should be
frequently attempted. Although less frequent with alternate-
day dosing, monitoring for the undesirable effects of oral
corticosteroids should be routine.

Most acute asthmatic attacks not controlled by lesser
.therapy can often be managed at home with a three- or four-day
course of oral corticosteroids in dosages equivalent to 60 to
100 mg of prednisone per day, although as much as 200 mg/day
may be needed. Tapering of dosages is unnecessary as long as
background therapy is continued through the attack. Initial
improvement should occur after six hours with considerable change
in 12 to 24 hours. Complicating factors such as infection, mucus
plugs, etc. should be suspected if reasonable response is not
noted in 24 hours. Sputum eosinophilia should be suppressed if
the corticosteroid dosage is adequate.

Status asthmaticus not responsive to intravenous amino-
phylline and sympathomimetic therapy is an indication for
hospitalization. Intravenous aminophylline should be continued,
and intravenous corticosteroids may be required in doses
equivalent to that described for orally administered prednisone.
The intravenous steroid should be limited to five to seven days,
and therapy switched to beclomethasone or an alternate-day oral
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regimen with a prednisone-like drug as soon as practical. There
is evidence that corticosteroids may affect B-receptor sites to
abolish the apparent tachyphylaxis to sympathomimetic amines
common in status asthma.

Agents classified as anti-inflammatory or immunosuppressive
have some theoretical basis for consideration in the therapy of
asthma. Anecdotal clinical observations suggest that acetyl-
salicylic acid can alleviate the asthmatic's symptoms. Perhaps
this is related to the effects of this agent on prostaglandins.
On the other hand, there is a subgroup of asthmatics who clearly
are made worse by acetylsalicylic acid. There have been
investigations of the use of immunosuppressive agents in asthma,
but the risks of these drugs likely preclude any widespread trial
to ascertain possible benefits.

Secretion Therapy. Airways obstruction in asthma is almost
always partially due to often clinically unsuspected excessive
secretions and mucus plugs. The therapeutic regimen described
to this point may decrease this problem. Unfortunately, the
treatment of the asthmatic's secretions is often neglected.

When secretions remain a problem, the therapy as previously noted
for the chronic bronchitic should be employed. Anecdotal
clinical experience suggests that iodides are superior to
guaifenesin as expectorants for the asthmatic.

Ancillary Therapy. Recurrent or chronic bronchopulmonary
bacterial infection requires appropriate antibiotic therapy.
However, antibiotic use during attacks of asthma is justified
only when bacterial infection is demonstrated. Psychotropic
drugs for the ambulatory asthmatic may be clinically indicated.
Barbiturates, particularly phenobarbital, should be avoided since
they can affect the metabolism of drugs used to treat asthma.
Central nervous system depressants are contraindicated when
hypoventilation or severe asthma is present unless ventilation
can be controlled. In steroid-dependent asthmatics, therapy is
often required to treat the consequences of the hyperadreno-
corticalism. The inherent problems of the drugs required for
this often present a major therapeutic dilemma. It is important
to balance the problems engendered by the corticosteroid therapy
against the problem that the patient's asthma would be without
steroids. Indeed, this concept should be kept in mind with
all therapy given the asthmatic so that a more balanced thera-
peutic regimen can result. The ultimate goal of asthma therapy
should always be to permit the asthmatic to have as normal a life
style as possible.

Remaining Problems. The most profound advance in asthma
therapy would be a means for definitively altering the inherited
molecular abnormality which predisposes one to become an
asthmatic. Lacking this, other advances could clearly make asthma
a more bearable problem. More efficient mechanisms for blocking
the effects of specific allergens on the target tissues could
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make the necessity for avoiding such allergens less important.
The availability of safe anticholinergic bronchodilators could
decrease the residual bronchial obstruction noted by many
asthmatics despite full use of other therapeutic agents.
Investigations of the effect of various antihistamines could
uncover immediately available therapy of benefit for some
asthmatics. Much work will be needed to determine how best to
manage the secretion problems unique to asthma. The deciphering
of how to manipulate the physiologic effects of prostalandins
should provide important information on pathophysiologic
mechanisms in asthma, as well as novel approaches to therapy.
Although we appear to know a great deal about asthma, there is
much more to be learned.

Pulmonary Emphysema.

Definition. The definition of pulmonary emphysema is
based on the pathologic changes characteristic of the disease;
e.g., destruction of air spaces beyond the terminal bronchioles
with resulting loss of gas exchange membrane. These changes
Occur in most humans and are related to increasing age. By the
time clinical manifestations of emphysema appear, there is a
considerable loss of alveolar tissue. It is unclear how much
loss must be present to justify making the clinical diagnosis.
This, of course, is a moot point since it is unlikely that
routine lung biopsy will ever become part of the annual physical
examination. For the purposes of this overview of COLD, I will
limit the discussion to cases where clinical, physiologic or
roentgenographic evidence of the disease exists.

Pathology. There is an abundance of descriptions of the
pathology of pulmonary emphysema (4). Indeed, there are
numerous classifications of the various types of pulmonary
emphysema, an aspect of this disease that will not be dealt with
here. In terms of COLD, the important common feature of all
types of emphysema is the destruction of the alveolar wall which
concomitantly destroys both the alveolar membrane and the
capillary. As this destruction procedes, the residual airspaces
become progressively larger. Very large airspaces are called
bullae. With the loss of the alveolar structure which serves
as a support for maintaining bronchial integrity, the bronchi
are easily collapsed by external, intrapulmonary pressure. Such
collapsibility of the bronchi on expiration can lead to air-
trapping in the remaining air spaces, distending them even more.
The whole lung becomes hyper-inflated with increase of the
anterior-posterior diameter of the chest and a lowering of the
diaphragm. The remaining larger elements of the vasculature
and bronchial tree become stretched out. In the extreme forms
of the disease, the accessory muscles of respiration are found
to be hypertrophied because of their regular use in trying to
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increase the thoracic cage during inspiration from the already
increased position due to the large lung volume. At any of these
stages of the development of the common forms of emphysema,
inflammatory changes are rarely evident. Exceptions to this are
found in some of the forms of localized emphysema which may occur
secondary to pneumonitis, tuberculosis, etc.

Pathophysiology. Intensive research is ongoing to discover
the underlying etiology of this devastating disease. Emphysema
can be reproduced in experimental animals by the intratracheal
administration of proteolytic enzymes, cadmium, etc. Perhaps
the most promising lead is that enzymes derived from inflammatory
cells can cause emphysema. On the other hand, in the inherited
alpha-l-antitrypsin deficiency emphysema, it is suggested that
the inability to appropriately stop the proteolytic action of
these intrinsic enzymes leads to the tissue destruction.

Although the vast majority of cases of emphysema do not have
alpha-1l-antitrypsin deficiency, it is possible that an over-
whelming local concentration of proteases may be beyond the
body's capability to counter with anti-proteases. There is
evidence that elastases are important in this process.

A simple diagram of the possible events in the patho-
physiology of emphysema is presented in Figure 3. It seems
likely that inflammation is key to the development of the disease.
The imbalance between proteases and antiproteases leads to the
proteolytic destruction of alveoli. UClinically, there is a high
degree of association between a long-standing CB preceding the
development of emphysema. The recurring inflammation which is
an integral aspect of CB may be the principal etiology. The fact
that some individuals with decades of clinical CB do not have
significant emphysema at death speaks for some inherited or
acquired host susceptibility. The loss of alveolar structures
leads to a decrease of diffusing membrane for the respiratory
gases, an increase of the airspaces, a loss of lung elasticity,
and a loss of the bronchial supporting structures. The changes
of the airspaces and lung elasticity result in an increase of
the lung volume which necessitates that the patient breathe
from a less efficient expiratory position. The loss of bronchial
wall support results in the collapse of such affected airways
during expiration because of pressure differences between the
low pressures quickly reached in the bronchus being opposed by
the high pressures retained in the surrounding parenchyma due
to air trapping. With the diminution of the total alveolar-
capillary interface, the patient must increase the work of
breathing to maintain gas exchange. Because alveoli and
capillaries are concomitantly destroyed, hypoxemia does not
develop until the area of membrane left is insufficient to provide
gas exchange. When hypoxemia does develop in emphysema, the
patient has a very poor prognosis. When large bullae develop
because of air trapping, an additional compromising of ventilatory
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Figure 3. Postulated schema of the pathophysiology of pulmonary emphysema
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function may be due to compression of surrounding parenchyma
which may otherwise be functional. This can be reversed by
removal or decompression of the bullous lesion, whereas the loss
of alveoli is irreversible.

Clinical Manifestations. Pulmonary emphysema usually
becomes clinically apparent after the age of 40. It typically
occurs in patients with long-standing CB. Patients with alpha-1-
antitrypsin deficiency emphysema are the exception in that the
disease usually is evident before the age of 40. The classical
symptoms are progressive exertional dyspnea usually associated
with expiratory wheezing. Chronic dry cough may be present,
but sputum production is not part of the syndrome. The airways
obstruction in emphysema is not reversible by bronchodilators
since it is due to tissue destruction. Because of the increased
work of breathing, these patients often complain of fatigue and
tend to be thin., Cyanosis is not noted until the very last
stages of the disease. Respiratory failure is often the terminal
event. It is unfortunate that clinical manifestations are not
evident until the pathologic process is moderately advanced.

In the later stages of the disease one may note an increase of
the chest diameter, a flattened and fixed low diaphragm, a
prolonged expiratory phase of respiration often associated with
a tight wheezing and the use of accessory muscles of respiration.
The most inexperienced medical student can detect these
abnormalities, but even the most sophisticated physician can
miss the earlier stages of emphysema. Laboratory findings can
be more sensitive in that physiologic testing can detect the
increasing lung volumes, the irreversible airways obstruction,
and the progressive loss of diffusing capacity. The roentgeno-
gram of the chest may most closely reflect the pathologic changes.
The earliest changes may be an attenuation of the vasculature
with a splaying-out of the branches of the vessels. When bullae
are present, they are diagnostic of the disease. When the
disease is clinically evident, then the hyperinflation is
readily demonstrated roentgenographically. The blood gases may
be remarkably normal until the terminal stage of the disease.

Treatment. No pharmacologic therapy exists for the treat-
ment of emphysema. The major emphasis in therapy is to prevent
additional destruction. These preventive measures are identical
to those detailed for chronic bronchitis with emphasis on
avoidance of inhaled inflammation-producing stimuli and the
treatment of bronchopulmonary infections. When CB is present,
the treatment of this disease must be aggressive. When the work
of breathing becomes significantly increased, the emphysematous
patient should be taught how to breathe most efficiently.
Supplemental oxygen can be helpful in decreasing the work of
breathing and, when hypoxemia develops, can prolong life. When
large bullae are compromising good lung parenchyma surgery to
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remove or compress these air sacs can significantly improve the
respiratory status of the patient. Some feel that the methyl-
xanthines can be of benefit, but I have never seen improvement
in a purely emphysematous patient.

Despite the bleak picture portrayed here, it is essential
to make every possible effort to stop the progression of the
emphysematous process. The almost invariable presence of CB
in these patients provides a component whose reversal can
encourage the patient to a more sensible way of life.

Remaining Problems. There are almost too many problems
remaining in the therapy of emphysema to reasonably enumerate
here. At the present time it is important to develop a sound
understanding of what causes the tissue destruction. When this
is known, then therapy may be developed which may be capable
of reducing or eliminating the irreversible damage. Until our
basic knowledge improves, it remains important to educate
physicians and patients on the necessity of the early treatment
of CB, before emphysema has significantly developed.

Conclusions

COLD does not describe any specific disease entity. If
progress is going to be made in our basic understanding of the
chronic lung diseases, it is essential that each of the diseases,
chronic bronchitis, bronchial asthma and emphysema, be dealt
with as separate pathophysiologic entities even though they may
have some common physiologic characteristics. The development
of new, rational treatments depends on a more complete knowledge
of the mechanisms of these diseases. Despite our currently
inadequate knowledge, there is worthwhile therapy for the
bronchitic and the asthmatic, but virtually none for the emphy -
sema patient.
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New Aspects of g8-Adrenergic Bronchodilator Drugs

CARL KAISER

Research and Development Division, Smith Kline and French Laboratories,
Philadelphia, PA 19101

Although bronchoconstriction caused by contraction of bron-
chiolar muscles is only one of several factors involved in asthma,
drugs that induce relaxation of these muscles are frequently used
in therapy. Agents that cause bronchiolar muscle relaxation may
act by several different modes as suggested by the biochemical
mechanism of smooth muscle relaxation (1). Such agents include a
group of adrenergic receptor agonists. In mild and occasional
episodic asthma, bronchoconstriction and its resultant symptoms
are easily reversed by administration of effective B-adrenorecep-
tor activators. Such agents also find some utility in alleviation
of respiratory distress in emphysema and bronchitis. Some more
recent aspects of such adrenergic bronchodilators, i.e., compounds
that are structurally related to the natural hormones and neuro-
transmitters norepinephrine (la) and epinephrine (1b), are the
subject of this review. ~

Classification of adrenergic receptors into o and B subtypes
(2) is now generally accepted. On the basis of differences in
response to selective agonists (3, 4, 5) and antagonists (6, 7),
Lands and his associates (3, 4, 5, 8) further subdivided the B
receptors into two groups, i.e., B] and By-adrenoreceptors. Acti-
vation of Bo-adrenoreceptors causes relaxation of smooth muscle in
bronchi, uterus and vasculature, decreases tension in some skele-
tal muscle, and mediates glycolysis and glycogenolysis. Responses
mediated by interaction with Bj-adrenoreceptors are increased
force and rate of contraction of cardiac muscle, dilation of coro-
nary blood vessels (9, 10), relaxation of smooth muscle in the
alimentary tract, and lipolysis.

Epinephrine, administered either by injection or inhalation,
is still employed to relieve bronchoconstriction in bronchial
asthma. Isoproterenol ({g), the prototype of B-adrenergic recep-
tor agonists, because of its greater potency and selectivity has
largely replaced epinephrine as an inhaled bronchodilator. This
synthetic analog of epinephrine also lacks selectivity. It is
almost equally effective in activating both B and Bo-adrenergic
receptors. Thus, it not only produces a powerful bronchodilating
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H a, R=H
HO NHR b, R=CHj
HO C» R=CH(CH3)2

sH

4d/\, R=C (CH3) 3

action by activating By-—adrenoreceptors in bronchial smooth mus-
cle, but it also induces a multiplicity of unwanted side effects
by interaction with various other B-adrenoreceptors. Isoproter-
enol causes significant cardiovascular side effects including
marked positive inotropic and chronotropic effects on the heart,
an increase in pulse pressure and reduction in mean arterial pres-—
sure. Physiological tremor, presumably the consequence of stimu-
lation of Bj-adrenoreceptors in skeletal muscle, is another dis-
turbing side effect of B-adrenergic bronchodilators in man (11,
12). The most severe side effect of isoproterenol is its cardiac
stimulant effect.

Other limitations to the therapeutic utility of isoproterenocl
are its short duration of action and its lack of oral efficacy.
The brief duration of bronchodilation is a result of facile meta-
bolic inactivation. Upon reaching systemic circulation isopro-
terenol is rapidly accumulated into extraneuronal cells, perhaps
by an uptake-2 process (13), where, except in the gut, it is in-
activated in a reaction catalyzed by catechol O-methyltransferase
(COMT) which methylates the meta-OH group (1l4). Isoproterenol's
lack of activity following oral administration is a consequence
of its metabolic conversion into readily excreted meta- or para-
ethereal sulfates by sulfokinases in the intestine (15).

Another, albeit difficultly defined, problem is that several
B—adrenoreceptor agonists upon chronic administration cause benign
mesovarial leiomyomas in certain strains of rats (16, 17, 18).
Sufficient data are unavailable to determine if this tumorigeni-
city, which appears to be species specific, is related to B-adre-
noreceptor agonists in general. Whether the observed tumorigeni-
city warrants discontinuation of clinical trials of B-adrenergic
bronchodilators is controversial (18, 19).

Recognizing these limitations of isoproterenol, a search for
new selective B-adrenergic bronchodilator drugs was initiated.
Incentive for this undertaking was provided by the suggestion that
some By—adrenergic agonist effects, e.g., those on tracheobron-
chial and vascular smooth muscle may be separable (20, 21). Pre-
viously described structure-activity relationships of sympatho-
mimetics (e.g., 8, 22-28), including those in the classic investi-
gations of Barger and Dale (gg), provided an excellent foundation
for additional study. The objective of this study was the devel-
opment of new agents with (a) improved separation of bronchodila-
ting and cardiac stimulating effects, (b) a longer duration of
action, (c) oral efficacy, and (d) no seriously limiting side
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effects. In the course of this investigation (30-40) more than
500 compounds were examined. In the present review will be de-
scribed the primary biological test systems employed in this
study, significant recent structure-activity relationships derived
in our laboratories and elsewhere, with reference to clinical re-
sults where appropriate, and finally to examine conformational and
configurational preferences of active agents and consider how

this might provide information about their interaction with ad-
renergic receptors.

Pharmacology Methods (30)

As a measure of potential bronchodilating (By-adrenoreceptor)
activity, test compounds were examined in vitro for their ability
to relax a spontaneously-contracted guinea pig tracheal chain
preparation (41). Cardiac stimulant (Bj-adrenoreceptor) potential
was evaluated in vitro by changes induced in the rate of contrac-
tion of spontaneously beating guinea pig right atria (42). Com-
parison of the EDgy for tracheal relaxation with the EDp5 for
atrial stimulation provides an indication of selectivity for
tracheobronchial vs. cardiac muscle; i.e., for Bo- vs. B1-adreno-
receptors. Compounds that showed selectivity were examined in
secondary pharmacological tests (43, 44) to confirm in vivo bron-
chodilator activity, duration of oral activity and lack of side
effects. These included i.v. cat pulmonary resistance (45) and
dog cardiovascular tests (30), p.o. tests for inhibition of ace-
tylcholine-induced bronchospasm (30) and increase in heart rate
in guinea pigs, and an i.v. cat soleus muscle contractility test.

Guinea Pig Tracheal Chain Test (30). A guinea pig tracheal
chain prepared by modification of previously described methods
(46, 47) was suspended in pH 7.3 Krebs buffer (48) aerated (95%
0y - 5% COp) at 37.5°C. After a period of equilibration to allow
the chain to attain spontaneous contraction, isotonic relaxations
of the tracheal chain (under a tension of 250 mg) produced by
cumulative dosing with the test compound were recorded using a
linear motion transducer. Responses were expressed as the per-
cent relaxation induced by a concentration of 10 ug/ml of papav-
erine hydrochloride - a concentration that produces the same
degree of relaxation as does a supramaximal dose of isoproterenol.
Generally, one compound was tested per tissue over the entire
cumulative dase-response range. The best fitting log dose-
response line was determined for each chain and the ED5g, defined
as the concentration producing 50% of the maximum papaverine-
induced relaxation, was estimated from the plot. Mean ED5¢s
(usually from five tissues) were obtained by the direct assay
method (49).

Guinea Pig Right Atria Test (30). Isolated guilnea pig right
atria were suspended in an aerated (95% 02 - 5% CO2) bath of Krebs

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



254 DRUGS AFFECTING THE RESPIRATORY SYSTEM

solution (47) at 37.5°C. The rate of contraction of a spontane-
ously beating atrium under a diastolic tension of 0.5 g was re-
corded with a force transducer. After a period of equilibration,
increases in rate of contraction in response to cumulative dosing
were measured. Increases were expressed as percent of the pre-
viously determined maximum isoproterenol-induced increase in rate
(32410 beats per minute - the average of 22 control experiments).
Usually one compound per atrium was tested over the entire cumu-
lative dose-response range. The best fitting log dose-response
line was drawn for each atrium and the ED95, i.e., the molar con-
centration of test compound producing 257 of the maximum isopro-
terenol-induced rate increase, was estimated from the plot. Mean
ED50s (usually from five atria) were obtained by the direct assay
method (49).

Structure—Activity Relationships

In considering the influence of alterations in the chemical
structure of catecholamines and related compounds on their B8-
adrenergic activity, potencies will be related to those of isopro-
terenol which will be employed as a reference standard. For the
sake of uniformity, primary biological test data derived in the
guinea pig tracheal chain and right atria tests in our labora-
tories will be implied unless otherwise indicated. Isoproterenol
is a potent agonist in both of these tests which offer a measure
of potential bronchodilator (By-adrenoreceptor agonism) and cardi-
ac stimulant (Bl—adrenoreceptor agonism) activities. It has an
ED50 of 7.1 x 1079 M in the guinea pig tracheal chain test and an
ED9g5 of 3.4 x 10-9 M in the right atria test. Where possible,
potency relative to isoproterenol in both in vitro tests, as well
as a ratio of these potencies, will be presented. Data not de-
rived in our laboratories will be indicated by an asterisk.

Definition of Terms (50). Derivation of the relative potency
of N-tert-butylnorepinephrine (lg) will be described to illustrate
the terms and symbols used in considering structure-activity re-
lationships among B-adrenergic bronchodilators. This compound is
an appropriate secondary standard because many of the more recent
agents of this class bear a tert-butylamino substituent. In the
guinea pig tracheal chain test, lg has an EDsg of 1.3 x 109 M.

In the atrial test, %g has an ED25 of 7.1 x 10-9 M. Relative
potency (T) in the tracheal test is defined as the molar ED5q for
isoproterenol divided by the comparable value for the investiga-
tional compound in the same test. On this basis the value T for
N-tert-butylnorepinephrine (1ld) is 7.1 x 1009 M £ 1.3x10°9 M =
5.5. Similarly, the relative potency (A) in the atrial test is
3.4 x 1079 M ¢ 7.1 x 1079 M = 0.48. As an index of bronchodilator
vs. cardiac stimulant selectivity, the T/A value (separation
ratio) will be presented. For 1d this is 5.5 * 0.48 = 11.5. 1In
those instances in which data in these tests are unavailable
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similar potencies relative to isoproterenol in stated test
systems will be given.

Modification of the Catechol System. Stepwise elimination
of the phenolic-OH groups of isoproterenol demonstrates that the
meta-OH is more important than the para-OH for the activation of
adrenergic receptors (51, 52, 53). Thus, in the guinea pig
tracheal chain and right atria tests 2, in which the meta-OH of
isoproterenol is retained and the para-OH is removed, is more
effective than its isomer 3 in which the para-OH is retained.
Elimination of both of the catecholic OH groups decreases intrin-
sic activity on B-adrenoreceptors (25). The analog 4 of isopro-
terenol antagonizes the tachycardia induced by B-adrenergic
agonists (24, 51) and is only very weakly effective in the guinea
pig tracheal chain and right atria tests, as well as in other
tests for bronchodilator activity (54).

OH
3 NHCH(CH,),
X
N
2, X=3-0H:T=ca. 0.16, A = ca. 0.092, T/A = ca. 1.74
3, X =4=0H : T = ca. 0.065, A = ca. 0.04h, T/A = ca. 1.48
4, X=H :T=_ca. 0.003, A = ca. 0.006, T/A = ca. 0.5

More recent studies have demonstrated that the meta-phenolic
function may be replaced with various groups to afford compounds
with improved selectivity for bronchial vs. cardiac musculature.
The structural requirements for groups that can simulate the
meta-phenolic moiety are not clearly defined. For example,
strongly acidic groups, e.g., the methanesulfonamide group of
soterenol (2a) and mesuprene [2-hydroxy-5-(1l-hydroxy-2-(4-methoxy-
phenyl)ethylaminopropyl)methanesulfanilide] (26, 55, 56, 57),
weakly acidic groupings, e.g., the HOCH; group of salbutamol (Sb)
and salmefamol (3¢) (27, 58), homologous moieties, e.g., 3d and
5¢ (22), and even basic substituents, e.g. of (59), and §g (60),
can replace the meta-OH of isoproterenol to give B-adrenergic
receptor agonists. The resorcinol terbutaline (6a) (61, 62) is
also an effective B-adrenoreceptor stimulant. Even the presence
of a mobile proton (63) in the meta substituent is not an abso-
lute requirement for B-adrenergic activity of an analog of iso-
proterenol. Thus, quinterenol (7), which incorporates an 8-
hydroxyquinoline metal-chelating~§ystem, is a potent B-adrenore-
ceptor agonist; however, unlike many other catecholamine analogs,
quinterenol is selective for bronchial vs. cardiac muscle in
vitro, but not in vivo (64). In addition to improving broncho-
dilator selectivity, alteration of the meta-OH group also affords
compounds that are resistant to metabolic inactivation by COMT.
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Many of these so-called "second generation" bronchodilators,
e.g., salbutamol (65, 66, 67, 68), salmefamol (69, 70) and ter-
butaline (71, 72, 73, 74), are clinically effective bronchodila-
tors with prolonged activity following various routes of adminis-
tration. Higher serum levels of terbutaline are obtained after
administration of its diisobutyryl ester, ibuterol (QB) 5.

OH
X NHR
HO 2

..

a, X = CH3S0oNH; R = CH(CH3)j
T/A = 6.0

T = 0.27, A = 0.045

b, X = HOCHp; R = C(CH3)3 : T = 0.65, A = 0.011, T/A = 59.1

CH(CH3)CH2-©—OCH3 : T* (27) = 1.5,

A* (27) = 0.00075, T*/A* (27) = 2000

c, X = HOCH2; R

d, X = HO(CH2)2; R = C(CH3)3 : T* = 0.09, A* < 0.00007,
T*/A* > 1285 (63)

e, X = CH3S0pNHCHp; R = C(CH3)3 : T* = 0.18, A* = 0,001,
T*/A* = 180 (63)

£, X = HoN; R = C(CH3)3 : T = 0.34, A = 0.031, T/A = 10.9

g, X = CgHsNH; R = C(CH3)3 : T* = 10 x 5b (60).

OH l N OH
RO NHC(CHs) 5 N CH(CH3) o
6 HO 7
OR
a, R=H:T=0.059, T = 0.053, A < 0.00008,
A =0.01, T/A = 5.9 T/A > 633
R, R = (CH3)2CHCO (7_5)

As a general rule, isoproterenol analogs in which the meta-
OH is retained and the para-OH is replaced by a "OH-simulating"
group are B-adrenoreceptor antagonists or they are only very weak
agonists (26, 27). On the basis of these results, it has been
suggested (27) that the para-OH is critically important in the
receptor interaction. The meta substituent may initiate formation
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of an ordered water crust that interacts with adenylate cyclase
to induce a specific and highly favored conformational perturba-
tion of this enzyme that may be involved in B-adrenergic receptor
actions (76, 77, 78). 1In fact, structure-activity relationships
based on measurement of the ability of catecholamines to bind to
the B-receptor ‘and activate or inhibit adenylate cyclase in mem-
branes of turkey erythrocytes corresponds closely with those
derived using guinea pig tissue (79, 80).

In a search for new selective B-adrenergic bronchodilators a
series of catecholamine analogs bearing a substituted amino func-
tionality in the meta position was investigated (30). Some re-
sults of this study are presented in Table I. The secondary
methylamino analog § was the most potent and selective Rj-adren-
ergic receptor agonist in the series. By contrast, the tertiary
dimethylamino derivative glwas much less potent and although it
was selective for tracheobronchial vs. cardiac muscle in vitro,
as noted with a similar tertiary amine quinterenol (Z) this selec-
tivity was not observed in vivo. Among amide, urea, carbanilate
and sulfamide derivatives, 10-20, only few generalizations can be
made. Potency usually increased with decreasing size of the acyl
substituent. Thus, the formanilide 10, a very potent relaxant of
the guinea pig tracheal chain preparation, was more effective
than the acetanilide 1l. Similarly, the urea 12 (carbuterol) is
a potent and selective Bjp-adrenergic receptor agonist; however,
methylation of the terminal nitrogen of the urea moiety (lg) pro-
duces a ten-fold decrease in potency whereas substitution with
larger groups ;i, multiple substitution 13, or methylation of the
anilino nitrogen 16 very significantly decreases f-adrenoreceptor
agonist activity. A similar decrease in potency with increase in
size of the alkyl group is noted for the alkyl carbanilates 17 >
18 > 19. The sulfamide 20 has B-adrenoreceptor stimulant potency
intermediate between the ethyl (18) and isopropyl (19) carbani-
lates. ~

Secondary pharmacological tests revealed an extremely promis-
ing profile of selective bronchodilator activity for carbuterol
(12) (43, 44). In a double-blind study carbuterol, which is mar-
keted in several countries, produced safe and effective broncho-
dilation both orally and upon inhalation (81, 82). Extensive
testing of the formanilide 21 by various routes in guinea pigs
indicates it is a more poteﬁz, but less selective bronchodilator,
than salbutamol (83). A series of isoproterenol analogs with a
FCH2SO2NH group in the meta position generally had Bz-adrenorecep-—
tor agonist potency less than their CH3SO,NH counterparts (84).
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Table I. Catecholamine Analogs with a Substituted
Amino Group in the Meta Position (30)

OH
X NHC(CH3) 3
HO

No. X T A T/A
8. CH3NH 71 0.37 192
9. (CH3)HN 0.06 0.0001 600
10, HCONH 6.45 0.20 32.3
11 CH3CONH 0.25 0.0024 104.2
12 H)NCONH 0.37 0.005 74.0
13 CH3NHCONH 0.039 0.00052 75.0
14 (CH3) ,CHNHCONH <0.00015 - -
15 (CH3) JNCONH <0.0004 - -
16 HpNCON (CH3) ca. 0.00004 <0.00006 >0.67
17 CH30CONH 0.74 0.028 26.4
18 C2H50CONH 0.106 0.01 10.6
19 (CH3),CHOCONH 0.028 0.002 14.0
20 (CH3) 2NSOZNH 0.065 0.003 21.7

CHO OH

HN NHCH(CH4)CH, ‘@‘OCHB.

HO

21
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Recently, an extremely potent series of meta NH analogs of
isoproterenol, some 8-hydroxycarbostyrils, has shown exceptionally
potent B-adrenoreceptor agonist activity (85). One of these
compounds 22a is 23,650 times more potent than isoproterenol in a
modification of the guinea pig tracheal chain test employed in
our laboratories. It is also selective for Bo-adrenergic recep-
tors as it is significantly less potent in a guinea pig right
atria test that differs somewhat from that used in our studies;
the separation ratio in these tests is 537,500. A related N-
(phenyl-tert-butyl) derivative 22b is also a potent B-adrenore-
ceptor agonist. It is remarkably potent in the modified guinea
pig right atria test having an EDog5 = 3.05 x 10-14 M, An a-ethyl-
N-isopropyl relative, procaterol (22c) has potency, selectivity
and a long duration of in vivo activity suggesting potential
utility in the treatment of asthma (86, 87). Another modification
involving a meta N-substituted analog is the benzimidazole

H OH
0
N oH r,,N NHCH(CHs)
H-N 1 |
NHR N
R
H 22
NS 2 [
2, R = H, Rl = C(CH3)3 N NHCH (CH3) ,
- 53,650, A% = 3. 044, “
T*/A* = 537,500 H-N
b, R = H, Rl = C(CH3))CH2CgHs : 23
= 7200, A* = 813, ~
T*/A* = 8.9 T* = 0.048, A* = 0.0035

T*/A* = 13.7
c, R = CoHs, Rl = cH(CH3)) :
T* = 7.95, A* = 0.0054
T*/A% = 1472

bioisosteric tautomer 23 of isoproterenol. Although less potent
than isoproterenol as a Ry-adrenoreceptor agonist it is more
selective in modified in vitro guinea pig tracheal chain and
atria tests and is chemlcally more stable than the catechol (88).
Thus, many meta-substituted analogs of catecholamines bearing
labile protons of significantly different acidities attached to
an O or N have marked B-adrenoreceptor agonist activity. It,
therefore, seemed pertinent to examine some catecholamine analogs
having an acidic proton attached to a carbon atom. For this
reason, some analogs having a substituted sulfonyl or sulfonyl-
alkyl group in the meta position were examined for B-adrenergic
receptor agonist activity (32). Some of the results of this study
are presented in Table II.
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Table II. Catecholamine Analogs with a Substituted
Sulfonyl or Sulfonylalkyl Group in the
Meta Position (32)

OH
RS0,X NHC(CH,) 4
HO

No. R X T A ' T/A
24 CHs3 - B-Adrenergic Antagonist
igi HyN - B-Adrenergic Antagonist
26, CHs3 CHy 0.42 0.00012 3500
31 CH3 (CHp) 9 0.01 <0.00067 >14.9
28 CHjy (CH2)3 <0.00016 <0.00007 -
29 CHj CHCH3 <0.00044 0 -
30 CoHsg CHap 0.12 0 o
31 n-C3Hy CHy ca.0.00014 <0.00007 > 2.0
32 i-C3Hy CH, <0.00048 <0.00023 -
33 4—CH306H4 CHy B-Adrenergic Antagonist

Both length and branching of the alkylene bridge between the
substituted sulfonyl group and the aromatic ring had a marked
effect on adrenergic activity. The order of Bj—adrenoreceptor
agonist potency as measured in the guinea pig tracheal chain test
was CHy (26) > (CHp)p (27) >> (CHy)g (28) % CH(CH3) (29) >> no
alkylene bridge (24). In fact, 24 and 25 Wthh lack™an alkylene
bridge have B~adrenergic receptor blocklng activity. This action
is consistent with the observation that several other catechol-
amine analogs having an electron-withdrawing moiety in place of
the meta-OH are antagonists. For example, the meta-HoNCO congener
(AH 3474) related to 25 is a B-adrenoreceptor blocker (89) as is
its N-phenylisopropyl derivative, AH 5158 (90, 91). The salicylic
acid derivative, i.e. a congener bearing a meta-COOH group, is
described as "inactive" (27). Clearly, a methylene bridge between
the ring and sulfonyl group affords maximum B-adrenergic agonist
potency. Additionally, sulfonterol (26) demonstrates a striking
selectivity for tracheal vs. cardiac muscle; it has a separation
ratio of 3500.
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Substitution of the sulfonyl group also affects adrenergic
activity. In general, as noted in related series (Table I), B~
adrenoreceptor agonist potency decreases as the size of the
sulfonyl-substituent is increased. Thus, in the guinea pig tra-
cheal test the methyl derivative sulfonterol (26) is three to
four times more potent than the ethyl derivative 30 and about 300
times more potent than the n-propyl homolog 31. The bulkier
i-propyl congener 32 is even less effective and the p-tolyl deriv-
ative 33 produces pharmacological actions suggestive of B-adrener-
gic receptor blockade (32).

Table III. Catecholamine Analogs With a Bridge
Between the Meta-OH or OH-Simulating Group

OH

X NHC (CH3) 3

HO
No. X T A T/A
34 (63) CH3S09NHCHy 0.18 0.001 180
35 (63) HO(CHyp) 9 0.09 <0.00007 >1285
36, (63) HNCONHCH, 0.31 0.015 20.7
37 (63) HCONHCH, 0.046 0 o
38 (35) CH3CH (OH) 0.39  ca. 0.00065 ca. 600
39 (35) HOCH,CH (OH) 0.072 ca. 0.00011 ca. 654
40, (35) CH30CHCH (OH) 0.013 <0.00003 >433
41 (35)  CHySO,CH,CH(OH)  <0.0006 0 -
42, (27) (CH3)2C(OH) "Weak B-adrenergic antagonist"

It is particularly noteworthy that the ethylene bridged con-
gener 27 of sulfonterol (26) retains significant, albeit weak,
Bp-adrenoreceptor agonist activity. Studies in several series of
meta-modified catecholamine analogs indicate that the mobile
proton in this position need not be attached directly to the atom
joined to the phenyl ring. A methylene or even an ethylene bridge
may be interspersed between the "HO-simulating group'" and the aro-
matic ring with retention of significant B-adrenoreceptor agonist
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activity. Several examples, 34-37, of this general structure-
activity relationship are presented in Table III. Branching of
the methylene bridge of salbutamol (5b) with a methyl (38),
hydroxymethyl (39), methoxymethyl (40) or methylsulfonylmethyl
(41) group permits the retention of a high order of Bp-adrenore-
ceptor agonist potency which decreases as the size of the branch-
ing group is increased. Branching with two methyl groups, as in
42 changes activity from B-adrenergic agonist to antagonist (35).

The effect of additional substitution of the aromatic ring
of adrenergic catecholamines has been the subject of relatively
little study. Various 2-alkyl-, cycloalkyl-, and alkoxy-substi-
tuted derivatives of isoproterenol are claimed (92, 93, 94) to
possess sympathomimetic and broncholytic actions. In a test for
norepinephrine~releasing ability in mouse heart, the 2-, 5-, and
6-methyl and methoxy derivatives of isoproterenol are only weakly
effective (95), whereas the 6-OH derivative of epinephrine in-
duces release of the amine (96). 1In contrast, a number of halo-
gen-substituted phenylethanolamineshave significant B-adrenergic
receptor activity. For example, clorprenaline (43a) is a clini-
cally effective bronchodilator (97). It demonstrates Bp-adreno-
receptor agonist selectivity in the guinea pig tracheal chain and
right atria tests. Both B-adrenoreceptor agonist (98) and antag-
onist (99) activity have been reported for clorprenaline. Di-
chlorisoproterenol (43b) is the prototype of B-adrenoreceptor
antagonists, howeverjﬂzt is also a weak agonist (100). Several
4-amino-3,5-dichlorophenylethanolamines, e.g., clenbuterol (44),
are potent B~adrenoreceptor agonists (10l1). A double-blind study
has shown clenbuterol orally effective in the treatment of moder-
ately severe asthma (102). Interestingly, the (-)-isomer of
clenbuterol is a potent Bp-adrenoreceptor agonist whereas the
(+)-enantiomer is an antagonist (103).

2 OH OH
3 NHCH(CH3) c1 NHC (CH,) 5
X
4 43 44,
Hy
c1
a, X=2-CL : T = 0.065, T =6.5, A=0.,13
A = 0.0017, T/A = 38.2 T/A = 50

;E, X = 3,4~Cly: B-adrenergic
antagonist (100)

A series of chloro-substituted analogs of isoproterenol and
related compounds was studied. Some of the results of this inves-
tigation are tabulated in Table IV. These data indicate that
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substitution of position 2 of isoproterenol and several N-substi-
tuted derivatives generally affords compounds that are more

potent than their nonchlorinated relatives; however, chlorination
of either position 5 or 6 decreases B-adrenergic potency as deter-
mined in the guinea pig tracheal chain and right atria tests. No
significant trend relative to tissue selectivity is noted, and

in vivo tests did not indicate that the 2-Cl derivatives had an
enhanced duration of action (31).

Table IV. Ring-~Chlorinated Derivatives of
Adrenergic Catecholamines (31)

L, , oH

HO NHR

HO 6

5

c
No. position R T A T/A
45, 2 CH(CH3), 4.73 0.83 5.70
46 2 C(CH3) 3 15.43 38.20 0.40
47 2 c—CsHg 1.78 0.26 6.85
48 5 CH(CH3)2 0.055 0.14 0.39
49, 5 c~CsHg ca. 0.033 ca. 0.013 ca. 2.54
50 6 CH(CH3)2 ca. 0.031 ca. 0.031 ca. 1.00
51 6 c~CsHg 0.019 0.0065 2.92

Several heterocyclic ethanolamine relatives of B-adrenergic
catecholamines have been investigated. Pyrbuterol (Qgg), a 2-
pyridyl analog of salbutamol (5b) is a potent and selective Bo-
adrenoreceptor agonist (104); it is a clinically effective bron-
chodilator (105). Several other 2-pyridylethanolamines, e.g. 52b,
which places an acidic a-picoline group in a position meta to the
side chain, 52¢, a sulfonterol (26) analog, and 52d are weak but
selective By-adrenoreceptor agonists as measured in the guinea
pig tracheal chain and right atria tests (36). Only a few other
pyridylethanolamines have been reported. Several chloro-substitu-
ted pyridylethanolamines are claimed to be potent B-adrenoreceptor
antagonists (106). A series of 4-pyridylethanolamines had similar
activity (107); however, subsequent studies indicated that N-iso-
propyl-4-pyridylethanolamine has mixed agonist-antagonist actions
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OH
R ¥ NHC(CH3) 5
HO 7 | 52,
a, R=HOCHy : T = 2.54, A = 0.028, T/A = 90.7
b, R=CHj : T =0.025, A = ca. 0.00034, T/A = ca. 73.5
&» R = CH3SOpCHy : T = 0.24, A = <0.00003, T/A = >8000
d, R=H: T=0.023, A = <0.0002, T/A = >115

HCH(CH3) 5

0; k, X=NH; <, X=NCH3

on B-adrenoreceptors and that the 2- and 3- pyridyl counterparts
are weak agonists (108). Various other heterocyclic ethanol-
amines, e.g., pyrrole (109), furan (110, 111), thiophene (112),
indole (113, 114), benzofuran (113, 115, 116, 117), benzothio-
phene (118, 119), chromone (114, 116, 120), quinoline (121),
isoquinoline (114) and phenanthridine (121) derivatives, are
primarily B-adrenergic receptor antagonists. Potent, but non-
specific B-adrenergic potency is described for the 4-pyranone 33a;
however, the related pyridines 53b and ;5\23 have a much lower
order of activity (122).

Effect of N-Substitution on B-Adrenoreceptor Activity of
Catecholamines. This subject has been carefully reviewed (e.g.,
8, 22, 25, 28, 53, 63). For this reason, it will not be reviewed
in detail here. Generally, the influence of N-substitution on
adrenergic activity is similar for catecholamines and various de-
rivatives in which the catechol system is modified (cf. 26, 27,
32). Potent B-adrenergic receptor activity, either agonistic or
antagonistic, is ﬁsually confined to secondary amines. The
primary amines, e.g., norepinephrine (lg) generally activate both
a- and B-receptors, but their main effect is on the former. 1In a
test for inhibition of acetylcholine-induced bronchoconstriction
in guinea pigs la was only 1/50th as potent as isoproterenol (123)
and in a test that measures the increase in rate of contraction
of isolated perfused rabbit hearts it was one-tenth as potent as
the prototype (3). Tertiary amines usually have only weak actions
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on adrenergic receptors (54). Thus, N-methylepinephrine has weak
vasopressor action of short duration in anesthetized dogs (3).
Apparently, this tertiary amine has direct a-adrenoreceptor ago-
nist, but only weak B-agonist, activity (96, 124, 125). A morpho-
linyl relative of norepinephrine is somewhat of an exception.

This tertiary amine has both a and B-adrenoreceptor agonist
activity. 1In a guinea pig tracheal chain test it has a T* value
of 0.059 (126). As indicated in Table V, epinephrine is a potent
agonist of both B] and Bjp-adrenergic receptors. Adrenergic
actions generally decrease with increasing length of straight
chain alkyl substitution. Thus, in the test for inhibition of
acetylcholine-induced bronchoconstriction in guinea pigs, N-
alkylation of norepinephrine (Lg) decreases potency as follows:
CoHs (T* = 0.33) > n-CqHy (T* = 0.02) ¥ n-C4Hg (T* = 0.02) (123).
In contrast, branching of the N-substituent often increases B-
adrenoreceptor potency and, in some instances B) selectivity.
Thus, isoproterenol (lc) and N-tert-butylnorepinephrine (1d) are
more potent B-agonists than epinephrine. Certain aralkyl groups,
notably ones that are branched at the carbon attached to the N,
e.g. 54 (protokylol) - 58, have enhanced potency and selectivity
as relaxants of tracheobronchial muscle (3, 22, 63, 127 128, 129).
It has been suggested that the phenyl group of N-(4-hydroxy-
phenyl)alkyl derivatives contributes to specific binding with

the receptor and that the phenolic OH reinforces this by hydrogen
bonding with the receptor (22, 123). The B-adrenoreceptor actions
of selected N-substituted derivatives of norepinephrine are pre-
sented in Table V.

A unique class of N-substituted catecholamines is represented
by some "bis" compounds. A hexamethylene bridge appears to afford
maximum B-adrenoreceptor agonist potency. Thus, hexoprenaline
(5%a) (130, 131) is a potent and selective By-adrenoreceptor
agonist. It has been tested extensively in the clinic and pro-—
duces selective bronchodilation of prolonged duration following
various routes of administration (132, 133, 134, 135). A related
series of meta-modified "bis" hexamethylene bridged catechol-
amines, e.g., 39b (40) also have selective B2—adrenoreceptor
agonist activity as measured in the guinea pig tracheal chain and
right atria tests.

OH OH
X NH(CHy) ¢
HO
22 H

a, X=HO : T=17.9, A=0.21, T/A = 37.6

o
>
[

= CH3SO,NH : T = 2.9, A = 0.047, T/A = 61.7.
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Table V. N-Substituted Derivatives of Norepinephrine

oot

e

OH

HO HR

HO
No. R T A T/A
1b CHj3 0.26 0.035 7.4
Lc CH(CH3) 2 1.0 1.0 1.0
1d C(CH3)3 5.5 0.48 11.5
54 CH(CH3)CHy 0 5.6 0.8 7.0

55 cu(cu3)cuz©-on 4.3 2.0 2.1
56 c(CH3)20H2-®0H 10.02 1.7 5.9
57 CH(CH3)CH2®OCH3 2.08 - -

58 CH(CH,)CH 10.()_d - -
yo 3/%52 I
N

]
H

Determined in a guinea pig tracheal chain test (128).
Determined in a guinea pig right atria test (128).
Determined in a test for relaxation of perfused guinea pig
lung constriction induced by histamine (127).

Determined in a guinea pig tracheal chain test (129).

In Drugs Affecting the Respiratory System; Temple, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



13. xaiser  B-Adrenergic Bronchodilator Drugs 267

Another example of marked B-adrenoreceptor potency enhance-
ment by N-substitution is illustrated by fenoterol (6Q3), which
is strikingly more potent than its N-tert-butyl counterpart, ter-
butaline (§a). Fenoterol is a clinically effective bronchodila-
tor by either oral or aerosol administration; however, some
cardiac stimulation and tremors are noted (136, 137). Cat soleus
muscle, bronchial and heart rate experiments indicate selective
Bo-adrenoreceptor potency for 60b (138). Another resorcinol, one
of a series of xanthine derivatives, is reproterol (§0c). Repro-
terol is clinically effective in bronchial asthma; it causes
minimum CNS and cardiovascular side effects upon administration
orally or by inhalation, and tachyphylaxis is not observed (139).

OH
HO NHR
60,
H
0
a, R= CH(CH3)CHZOOH ¢, R = (CHp)3-N ' N-CHs
N
T = 2.34, A= 0.31, T/A = 7.55 Ny A
CHj
b, R= C(CH3)2CH2©0H

Side Chain Alteration of Adrenergic Catecholamines and
Related Compounds. The benzylic hydroxyl of adrenergic phenyl-
ethanolamines has been implicated in the interaction of these
compounds with postulated adrenoreceptors involving adenylate
cyclase (22, 76, 77, 78) as well as other proposed models (26,
140). 1Its presence in the absolute R stereochemistry at the
benzylic position is essential for potent R-adrenoreceptor activ-
ity. 1In all known instances, these are the levorotatory (-)-
isomers (22, 25, 30, 32, 63, 141). Generally, the S (+)-enantio-
mers have only weak B-adrenergic receptor activity. Interesting-
ly, o-adrenergic receptor agonist activity is described for
R-isoproterenol whereas the S-isomer is an antagonist (51, 142,
143).

Removal of the benzylic OH, i.e., to give a dopamine deriva-
tive markedly reduces B-adrenergic agonist activity (144, 145) to
a level comparable to that of the less potent phenylethanolamine
enantiomer, an observation that has been rationalized at the
receptor level (146). Replacement of the benzylic OH with a
carbonyl group (123) results in a marked decrease in effectiveness
in various tests for adrenoreceptor activity (8, 147). 1In the
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guinea pig tracheal chain test N-tert-butylnoradrenalone had a
relative potency T < 0.0001 (37). Methylation of the benzylic OH
of isoproterenol, i.e., to give a methyl ether (148) also reduces
B-adrenergic receptor agonist potency, T = ca. 0.004, A = ca.
0.01 (37). Addition of a methyl group to the benzylic position
of isoproterenol (lc) provides a tertiary alcohol (149) which
also has significantly decreased B-adrenergic agonist potency,

T = ca. 0.002, A < 0.00005 (37).

In some instances alteration of the benzylic OH affords com-
pounds with significant adrenoreceptor activity. For example,
substitution of an amino group for epinephrine's benzylic OH
gives a pressor agent (150) having a positive inotropic effect on
isolated frog heart (151). Also, the hydroxymethyl homologue 61
of N-tert-butylnorepinephrine (1d) is a potent B-adrenoreceptor
agonist (152). Several congeners of 61 in which the meta-OH was
replaced by "OH simulating" groups, e.g., HOCHy, HoNCONH, HoN
and CH3S09NH, also retained significant and selective B vs. Bq-
adrenoreceptor agonist activity as measured in the guinea pig
tracheal chain and right atria tests (37).

OH OH }'I
HO N
HO HC(CHj) 4 \r
HO
HO 61 6
T = 0.22, A = 0.035 T=1.1, A = 0.051
T/A = 6.3 T/A = 21.6

Introduction of a-alkyl groups into the ethanolamine side
chain of adrenergic phenylethanolamines generally reduces effec-
tiveness; however, in compounds with erythro stereochemistry
(153) and a methyl or ethyl substituent a high degree of potency
and increased 87 selectivity may result. Thus, erythro-a-ethyl-
isoproterenol (isoetharine, 62) (154) retains the By-adrenorecep-
tor agonist potency of isoproterenol whereas selectivity is en-
hanced. Substitution of the a-position with groups larger than
ethyl markedly decreases adrenergic activity. The a-propyl and
a-isopropyl derivatives, for example, are at least 1000 times
less potent than isoproterenol as bronchodilators in anesthetized
guinea pigs (8, 54). Several a-substituted catecholamines and
related compounds in which the substituent is incorporated into a
ring system are potent and selective B-adrenergic receptor ago-
nists. For example, rimiterol (erythro- §3) (155, 156), which
might be envisioned as congener of isoetharine (62) in which the
a~ethyl group is joined to the N-substituent to form a piperidine
ring, is a potent and selective relaxant of tracheobronchial mus-
cle (38). As in the case of isoetharine, activity is greater for
the erythro than the threo isomer. Rimiterol is a clinically
effective bronchodilator (157, 158). The trans-aminotetralin 64
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(159), a congener of isoetharine (62) in which the a-substituent
is joined to position 2 of the catechol ring, as well as several
derivatives (160, 161, 162), is a potent and selective relaxant
of tracheobronchial muscle, in a modification of the in vitro
guinea pig tracheal chain and right atria tests. It is of

OH OH
m o
N
HO o H
& S 'S

T = 0.44, A = 0.022 T* = 1,62, A* = 0.087,

T/A = 20 T*/A* = 18.6
interest to note that the related 6,7-dihydroxytetralin, which
might be viewed as arising from joining of isoetharine's a-ethyl
group into position 6 of the catechol ring, apparently is con-
siderably less effective than isoproterenol in antagonizing the
bronchoconstrictor effect of acetylcholine on guinea pig lung
(163). A homolog, cis-2,3-dihydroxy-6-amino-6,7,8,9-tetrahydro-
5H-benzocyclohepten-5-0l, is virtually without B~adrenergic ago-
nist activity (164).

Several other catechols and related compounds with B-adren-
ergic agonist activity involve a more profound structural modifi-
cation of the phenylethanolamine skeleton. The catecholoxypro-
panolamine 65, which might be viewed as a congener of N-tert-
butylnorepinephrine in which a OCHy group is inserted between the
catechol nucleus and the ethanolamine side chain, is a very
potent R-adrenoreceptor agonist; however, it has a marked selec-
tivity for cardiac rather than tracheobronchial muscle (33). 1In
a series of ring-hydroxylated phenoxypropanolamines, several
showed marked B-adrenoreceptor agonist properties on guinea pig
cardiac muscle (165, 166), although mixed agonist-antagonist
actions were seen in other tests (167). Modification of the
catechol substitution in this series seems quite similar to that
observed with phenylethanolamines, i.e., the meta-OH may be re-
placed by a "OH-simulating" group with retention of R-adrenergic
agonist activity (33). The thiazoloxypropanolamine tazolol (§6)
also demonstrates selective myocardial stimulant activity of pro-
longed duration (168, 169). Thus, oxypropanolamines have potent
B1-adrenoreceptor agonist or antagonist (168, 169) selectivity
provided they have the absolute stereochemistry S (33, 169).
This is the same relative spacial orientation of the aromatic
ring, hydroxyl and amino groups found in the active adrenergic
R-phenylethanolamines.
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OH

oH
HO 0 _AN_NHC(CH3) 3 ] 0 AN _NHCH(CHS)
65 [

= 22.4, A = 300
T/A = 0.075

Some l-substituted-6,7-dihydroxy-1,2,3,4-tetrahydroisoquino~
lines are potent bronchodilators. For example, the l-isopropyl
derivative 67a (170) and tetrahydropapaveroline (67b) (171, 172,
173) have significant Bg-adrenergic receptor agonist activity.
Among a large series of compounds, however, by far the most potent
bronchodilator was trimetoquinol (élg) (174, 175). Orally, tri-
metoquinol has clinical bronchodilator activity similar to that
of isoproterenol (176, 177). Structure-activity relationships in
the tetrahydroisoquinoline series of bronchodilators seem quite
different from other series, e.g., introduction of a "OH-simu-
lating" group into position 6 or 7 of trimetoquinol results in
loss of activity (178), apparently a benzylic OH is not required,
and the absolute stereochemistry S at position 1 is essential
(174). Nevertheless, trimetoquinol and related tetrahydroiso-
quinolines apparently react with RB-adrenergic receptors in order
to produce their effects. In an in vitro test for relaxation of
isolated guinea pig tracheal tissue pronethalol, a B-adrenergic
receptor antagonist, induced a dose related shift of
trimetoquinol's dose-response curve to the right (175).

HO 0 OH
HO NH o CH2NHCH(CHs) 5
67 R 68
a, R = CH(CH3)p : T = 0.043,
A = 0.001, T/A = 43

OH
b, R = CHZO-OH : T = 0.089;

A = 0.057, T/A = 1.6
OCH4
¢, R = CHp OCHj : T = 8.5,
OCH;
A=2.0, T/A=4.2
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Another class of B-adrenoreceptor agonists is illustrated by
the 1,5-benzodioxepin 68 which is 0.0057 times as potent as iso-
proterenol as an inhibitor of histamine-induced bronchoconstric-
tion in dogs (179).

Conformational Analysis of B-Adrenergic Receptor Agonists (50)

Comparison of the conformations of semi-rigid R~adrenorecep-
tor agonists with that of isoproterenol sulfate determined by
X-ray diffractometric analysis (180) permits the rationalization
that the crystal conformation might actually be the one pre-
ferred for receptor interaction. In this conformation of R-iso-
proterenol sulfate, as illustrated in the Newman projection 69,
the a—ammonium group is gauche to the B-OH and trans to the cate-
chol ring, the benzylic C-to-OH bond makes an acute angle of
about 15° with the plane of the aromatic ring (the rotomer in
which the edge of the ring is almost directly toward the viewer)
and is oriented opposite the meta-OH group. This conformation of
isoproterenol, also suggested by NMR analysis in solution (181),
a situation more comparable to that in vivo, permits almost exact
superimposition of all functional groups with those of the potent
B-adrenoreceptor agonist trans-1,5,6-trihydroxy-2-isopropyl-
aminotetralin (64), illustrated in the Newman projection 70, in
which the OH and ammonium groups are in a trans diequatorial
orientation and the tetralin ring is in its preferred half boat-
half-chair form (159). The tetralin system not only holds the
5(meta)-OH opposite from the 1l(benzylic)-OH, but it also intro-
duces a 2-substituent into the catechol ring, a substitution
pattern beneficial for B-adrenergic receptor interaction (31).

o —H
0
N
H
H
H
~N
0 H
!
S
H H
17C3H7
) 7
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Two configurations may be considered for the related cis-1,
5,6-trihydroxy-2-methylaminotetralin which is only one~tenth as
potent as its trans isomer in guinea pig tracheal and right atria
tests (159). Placement of the B-OH in an axial positiom, i.e.,
the cis-ags, B isomer illustrated in the Newman projection 71,
affords the inactive S configuration at the benzylic position 1.
Alternatively, location of the ammonium group in the axial posi-
tion, i.e., the cis a,, Be isomer, profoundly modifies its rela-
tionship to the ring. The related trans—os, Be-2-amino-1,6,7-
trihydroxytetralin, shown in the Newman projection 72, may owe
its weak bronchodilator activity (163) to the orientation of the
7(meta)-OH toward, rather than away from, the benzylic OH in
position 1. Also, in this structure the tetralin system intro-—
duces a 6-substituent which is detrimental to B-adrenergic
agonist potency of chlorinated catecholamines (31).

0 —H
0
N
H
/H
H 0:
]
i
/@\I\ !
B | Tn
CH3
71

Considering the preferred crystal conformation 69 of isopro-
terenol as the one which may interact with B-adrenergic receptors
also permits rationalization of the considerably greater potency
of erythro-iosetharine (62) relative to its trans isomer. As
illustrated in the Newman projection 73 of the erythro isomer,
the catechol ring in a rotameric conformation with the 5,6-edge
toward the viewer (it forms an acute angle of 15° with the
benzylic C-0OH bond) there is limited steric interaction with the
a-ethyl substituent. In contrast, in the threo isomer shown in
the Newman projection Z&,interactions of the catechol ring with
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the a-ethyl group appear sufficiently great that the rotomeric
conformation of the ring in the preferred crystal conformation of
isoproterenol sulfate is probably disfavored. Thus, the threo
isomer would be anticipated to attain a preferred conformation
with greater difficulty and consequently be a less effective B~
adrenergic receptor reagent.

A more challenging problem involves the mode of interaction
of B-adrenergic receptor agonists, e.g., 22) and antagonists,
e.g., propranolol, bearing an oxypropanolamine side chain with
B-receptors. Several suggestions have been advanced. For
example, it has been speculated (182, 183) that aryloxypropanol-
amines may interact with B-adrenergic receptors by assuming an
orientation that permits superimposition of the aromatic ring and
the ethanolamine side chain with those of adrenergic phenylethan-
olamines. Others (25, 184) suggest, on the basis of investiga-
tion of X-ray crystal sturctures of a number of adrenergic aryl-
oxypropanolamines, that the interposed OCH; unit may simulate a
portion of the aromatic ring and thus take the place of the aryl
group of phenylethanolamine adrenergic agents in their reaction
with the receptor (184) or that accessory receptor areas may be
involved in the action of the oxypropanolamines (25). Further,
quantum mechanical calculations indicate that the conformations
of these classes of adrenergic agents obtained by X-ray diffrac-
tion are actually privileged ones (185). These suggestions,
however, fail to rationalize the observation that similar modifi-
cations of the catechol ring of phenylethanolamines and phenoxy-
propanolamines induce a comparable change in B-adrenoreceptor
activity (33). To explore the possibility that these two differ-
ent classes might share a common ground-state conformation as an
essential structural feature that satisfies the specific steric
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requirements for the receptor loci of interaction an NMR confor-
mational analysis of some aryloxypropanolamines was performed
(34). This study of salts of l-alkylamino-3-aryloxy-2-propanols
in a non-polar solution suggested a stable 'rigid" conformation
involving two intramolecular hydrogen bonds to form a 6-5 bicyclic
chelated structure Zé. Comparison of this conformer, illustrated
in the Newman projection 16 for the catecholoxypropanolamine 65,
with the preferred crystal conformation of isoproterenol (69) in-
dicates that all positions of the phenyl ring, the phenyl to O

or phenyl to C bonds, and the ammonium groups of both chemical
classes may be superimposed almost perfectly. A major difference
between the two species is the relative location of the alcoholic
OH groups which are about 2A removed when the aromatic rings and
ammonium groups of the two species are superimposed. That a
specific spacial location of the alcoholic OH may not be a criti-
cal requirement for adrenergic activity is indicated by the sig-
nificant activity of the homolog 61 of N-tert-butylnorepinephrine
in which a CHp is inserted between the benzylic C and the OH.
Possibly the different spacial position of the alcoholic OH group
may be involved in the difference in B] and Bg-adrenergic recep-
tor selectivity of phenylethanolamines and phenoxypropropanol-
amines. A possible alternative explanation is that the OCH2

unit in the aryloxypropanolamines may be involved in accessory
binding accessible only in the Bj-receptors.

0—H

Another perplexing problem is how to relate the structure of
tetrahydroisoquinolines, e.g. trimetoquinol (§7g), with that of
other B-adrenergic agents. As a consequence of the requirement
of the l-trimethoxybenzyl substituent in the S configuration it
has been speculated (22, 159) that the isoquinoline N in the
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conformation shown in the Newman projection 11 might play the
role of the benzylic OH of other adrenergic agents in the inter-
action of this class of compounds with the adrenergic receptor.
In this case the tetrahydroisoquinolines with B-adrenergic
activity would not bear a N group that interacts with receptors
in the same manner that the NH of catecholamines does.

0 H
SN
H
H H
o\
e
H
CH10 OCH;
OCH3
77
s

As structure-activity relationships of tetrahydroisoquino-
lines differ from those of other classes of B-adrenergic receptor
agents the possibility that these compounds may interact with the
same receptors in a different manner must be considered. It has
been proposed that various analgetics may interact with the same
opioid receptor by different modes (186).

In summary, the interaction of various B-adrenergic broncho-
dilator drugs with a receptor can be rationalized without involv-
ing allosteric interactions or conformational changes of the
receptor. In all instances, with the possible exception of the
tetrahydroisoquinolines, a similar mode of interaction with the
B-adrenergic receptors may be advanced. Various changes involving
the catechol ring, the N-substitution and the ethanolamine side
chain of catecholamines may provide agents with enhanced broncho-
dilator selectivity.
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Recent Innovations in Theophyllinc-Likc Bronchodilator
Drugs

RICHARD ]. SEIDEHAMEL and DAVIS L. TEMPLE, JR.
Mead Johnson Pharmaceuticals, Evansville, IN 47721

Theophylline is recognized as a primary or first-line
drug in the treatment of chronic asthma and is especially
valuable in moderate-to-severe asthma where maintenance
therapy is essential. It is generally more effective than
cromolyn in preventing the symptoms of asthma (l) and, when
used on a continued basis, is not associated with tolerance
or tachyphylaxis. There are other observations which attest
to the popularity of this drug. In 1977 some 26 million
prescriptions were written for bronchodilators; 11 million
of these or 42%, were for theophylline products, and sales
for these theophylline products totaled 60 million dollars,
up 30% over the previous year. Furthermore, more pharma-
ceutical houses are getting involved in the theophylline
business, and there have been numerous publications con-
cerning all aspects of theophylline.

Theophylline, from the time of its entry into broncho-
pulmonary medicine in the 1930's (2) has not always been so
popular. Clinical results with the drug over the years have
been erratic, mainly because of a remarkable patient-to-
patient and sometimes within-patient variability in response
to generally recommended doses. It is now recognized,
through the help of pharmacokinetic and metabolic studies,
that individuals can vary greatly in their serum theophyl-
line levels following a standard oral dose of the drug.
Figure 1 shows what the clinician might expect when he gives
an equal mg/kg oral dose. These patients (i.e., six) may
fall into one of four categories according to peak-serum
theophylline levels. While the majority may fall into the
10 to 20 ug/ml or supposedly optimal therapeutic range (3)
at a recommended dose level and receive maximal broncho-
dilator benefits with little or no side effects, others may
fall into a higher and toxic range and exhibit side effects
like CNS and cardiovascular stimulation or into the lower
and subtherapeutic range and get no benefits at all from the
drug. This figure serves to illustrate the narrow optimal
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Figure 1. Blood levels of theophylline showing the potential interpatient varia-
bility following an equal mg/kg oral dose of a theophylline product
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serum theophylline range. Yet, there is sufficient potency
separation between desirable and undesirable effects so that
side effects do not necessarily have to accompany effective
bronchodilation. In order to place a patient in the optimal
range the dose of theophylline must be individualized, and
this is best done by adjusting dose to optimal serum levels.
Even though advanced technology with HPLC and UV spectro-
photometry has facilitated serum determinations in the
clinical laboratory as well as the office, the procedure is
still costly and inconvenient and considered a drawback to
the use of the drug.

Individuals vary in their serum theophylline levels
because their rates of metabolism differ. Theophylline
undergoes extensive metabolism (Figure 2) by liver micro-
somal enzymes (4). Less than 10% is excreted unchanged.

The other 90% plus is metabolized through demethylation in
the 1- and 3- positions and oxidation in the 8- position to
be excreted as a mixture of 3-methylxanthine, l-methyluric
acid, and 1,3-dimethyluric acid. While the average serum
half-life in the adult may be approximately five hours, the
range may vary from one hour in some individuals to 10 hours
in others; hence, there is variability in serum levels.
Factors such as age, health, body weight, diet, concurrent
drug (including theophylline) tobacco, and alcohol use, can
cause considerable variance in theophylline half-life. This
metabolic scheme provides a starting basis for appreciating
what needs to be done synthetically to make a more biologi-
cally stable form of bronchodilator drug. Later, attention
will turn to some structures that might not be susceptible
to the same metabolic routes.

There are other factors besides metabolism which govern
the length of stay of an oral dose of drug in the body—-
namely, rate and extent of absorption and elimination. As
regards the former, sustained-release formulation can prolong
the effective life of a dose of theophylline by prolonging
its absorption from the intestinal tract. This technology
avoids the many peaks and valleys in serum levels that occur
in the course of frequent dosing with immediate-release
products and also lengthens the dosing interval. There are
now several sustained-release theophylline products on the
market. Some of these, however, may not offer substantial
benefit over the standard theophylline products.

Illustrated in Figure 3 is a likely over-—all mecha-
nistic role of theophylline in asthma. Extrinsic or imme-
diate hypersensitivity-type asthma begins with an antigen -
antibody complex at mast cells and results in the release of
chemical mediators which affect cells in airways. Smooth
muscle cells contract, capillaries leak, and secretory cells
hypersecrete to give a triad of bronchospasm, edema and
increased mucous, respectively. Shown is the two-enzyme
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Figure 2. Qualitative and quantitative aspects of the metabolic conversion of
theophylline by liver microsomal enzymes
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system that governs the intracellular steady state level of

cyclic AMP. Theophylline inhibits phosphodiesterase causing
the accumulation of cyclic AMP. In the smooth muscle cell
this nucleotide promotes relaxation giving rise to broncho-
dilation which opposes any bronchospasm. There is growing
evidence (3,5) to support a second site of action of theophyl-
line, in the mast cells. By causing elevation of cyclic AMP
in these cells, theophylline can inhibit the release of
mediators as does cromolyn sodium and prevent or attenuate

the entire triad of events for an overall greater benefit to
the patients than through bronchodilation alone.

Observations with theophylline over the past 10 to 15
years have led to a better understanding of the underlying
problems and features of the drug and hence its more rational
use within the last few years. Today, theophylline is a
much harder drug to surpass than it was several years ago.
Certainly, the following features are in its favor: effec-
tiveness in acute and chronic asthma; safety when dosed
properly; long action and twice-daily dosing when given in
sustained-release form; low cost. In its disfavor are:
patient-to-patient variability in its metabolism; need to
individualize dosage; narrow serum level range between
bronchodilator effects and side effects; gastrointestinal
irritation.

For years there have been synthetic efforts to make new
and better theophylline-like bronchodilator drugs. There
have been many attempts to modify the basic theophylline
molecule with various functional group substitutionms.
Dyphylline or 7-dihydroxypropyl theophylline (see Figure 4)
was synthesized in the 1940's (6). It has been receiving
more attention in the U.S. as a drug (7,8,9). Often confused
as a theophylline salt, dyphylline is a distinct chemical
entity. Typical of many 7-alkyl substituted theophyllines,
it has a low incidence of side effects but also a low level
of activity and short duration of actiom.

Reproterol is a beta-phenethylaminoalkylxanthine
recently marketed abroad. It represents a chemical hybrid
of theophylline and either terbutaline or metaproterenol
(Figure 4). This agent has a preferential impact on beta-
adrenergic receptors and can be classified as a beta,-
adrenergic stimulant (10). Reproterol is claimed no% to
exhibit the CNS and cardiovascular effects typical of other
beta—adrenergic stimulants, suggesting that the theophylline
moiety may be important to this molecule.

Many compounds have resulted from the substitution of
thio, amino and large alkyl groups on the theophylline
molecule. But for the most part, these have shown good in
vitro bronchodilator potency which does not carry over into
in vivo tests (1l). (For this class of drugs, experience
dictates that in vitro testing should not alone be the guide
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to synthesis.) One multi-substituted theophylline molecule
with promise will be discussed later.

Some major innovations in theophylline-like agents,
especially in terms of new chemical structure, are found in
several new heterocyclic types of compounds. These include
purines, pyrimidines, benzopyranopyridines, quinazolines and
pyridobenzodiazepines (Compounds I - XI, Figure 5). Showing
varying degrees of structural resemblance to theophylline,
many of these compounds are potent bronchodilator agents in
man and/or animals. Some, through inhibition of phospho-
diesterase and subsequent elevation of cyclic AMP, relax
bronchial smooth muscle. A few, however, have other poten-
tially useful antiasthma properties.

Compounds I and II, respectively, are some 15 and 10
times as potent as theophylline as bronchodilators when
administered to guinea pigs by the oral route (12,13,14).
They do not exhibit the cardiac stimulatory properties of
theophylline. In addition, to bronchodilator action,
compound II possesses, as predicted from its tricyclic
structure, antihistaminic and possibly even some mediator
release inhibitor properties which could compliment its
overall utility in allergic airways disease.

Compound III has a remarkably greater oral broncho-
dilator potency in animals than does theophylline (15). Not
only does this agent inhibit phosphodiesterase, but it also
appears to stimulate beta-adrenergic receptors, the end
result of both actions being a complimentary cyclic AMP
induced bronchial smooth muscle relaxation.

Compound IV, which represents perhaps one of the simplest

bronchodilator structures, is somewhat more potent as a
bronchodilator in guinea pigs than is theophylline (16,17).
Like the other agents described thus far, it too inhibits
phosphodiesterase. The cardiovascular and CNS profiles of
this compound have not been described.

Compound V has advanced to the stage of investigation
in man (18). In spite of its encouraging pharmacologic
profile in animals, however, it was found in asthmatics to
have no potency advantage over theophylline. Furthermore,
the compound caused considerable drowsiness, an action most
likely attributed to its known antihistaminic effects.

Compound VI has bronchodilator activity when adminis-
tered by the intravenous route (19). Its potency relative
to theophylline has not been reported. This compound does
not appear to possess cardiac stimulatory action but it does
have an expectorant action which could prove to be of value
when the airways are obstructed with tenacious mucous.

Interest in the xanthine moiety has, for the most part,
centered on bronchodilator activity. As described earlier,
theophylline has a mixture of bronchodilator and antiallergy
components. By progressive modifications of methylxanthines,
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compound VII evolved. It possesses strong antiallergic
effects via mediator release inhibition but essentially no
bronchodilator effects (20). This compound represents an
early example of a potent orally active cromolyn-like com-
pound. Another more recent molecule with this same profile
and resemblance to theophylline is compound VIII which,
unlike VII, is also a potent antihistaminic agent (21).
These "pure mediator release inhibitors' are discussed
elsewhere in this symposium.

There are other compounds in the literature which seem
to have a potentially useful blend of bronchodilator and
antiallergy action. Compound IX, having a cromolyn-type
structure, is effective in the passive cutaneous anaphylaxis
test in rats as well as in the histamine aerosol test in
guinea pigs (22). It has less cardiovascular effects than
theophylline but causes some CNS stimulation. Compound X is
a recent compound which in animals appears to be more potent
than theophylline in its bronchodilator/antiallergic actions
and also appears to have greater broncho-selectivity (23, 24).
It seems to be somewhat more acutely toxic than theophylline.
Compound X could, as a result of the substituents in posi-
tions otherwise vulnerable to demethylation and oxidation
metabolic reactions, be a more biologically stable molecule
than theophylline. It is now undergoing clinical trials.

Research in respiratory disease at Mead Johnson has
centered on heterocyclic molecules having a mixture of
bronchodilator and antiallergic actions. One of these, an
imidazopurinone {(compound XI), recently emerged with par-
ticularly interesting pharmacologic features. Illustrated
in Figure 6 are dose-response curves for intraduodenally
administered compound XI in three appropriate tests in rats.
The compound inhibits the passive cutaneous anaphylaxis
(PCA) reaction, methacholine-induced bronchospasm and
allergen-induced bronchospasm indicative of both broncho-
dilator and antiallergic activity. Of these three tests,
the first is probably the least predictive and the last the
most predictive of antiasthma activity in man. Interest-
ingly, it is in the allergen-induced bronchospasm test (see
Table 1) that compound XI shows a 15-fold greater potency
over aminophylline (theophylline ethylenediamine). The
duration of action of compound XI is at least half-again as
long as that of aminophylline, suggesting greater biologic
stability. It appears to be non-tachyphylactic upon re-
peated administration, and does not exhibit antihistamine or
antiserotonin activity. Bronchodilator action has been
confirmed in dogs. Under in vitro conditions, compound XI
is more potent than aminophylline in relaxing airway smooth
muscle and in inhibiting phosphodiesterase and histamine
release from mast cells. At bronchodilator doses there are
no appreciable differences between compound XI and aminophylline
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TABLE 1

SUMMARY OF PHARMACOLOGIC ACTIONS OF MJ 12504

POTENCY

RELATIVE
ED, S.E. RELATIVE DURATION
TEST ROUTE (mg/kg) (Aminophylline=1) | (Aminophylline=1)
RAT Pca? I.D. 8.u%1.1 2 21.5
RAT BRONCHODILATOR®] I.D. 5.2%1.3 3 21
RAT "ASTHMA"® I.D. 0.90%0.5 15 -
DOG BRONCHODILATORY I.D. 3.1%1.5 3 21
G.P. TRACHEA® IN VITRO | IC,,=1ukg/ml* 2 -
RAT LUNG PDE (cAMP)E| IN vITRO | Ki=0.7x207 "Mt 8 -
RAT MAST CELL® IN VITRO IC50=u90uMl 5 -
RAT CARDIOVASCULAR I.D.
HR -] 1 -
BP - <1 -
DOG CARDIOVASCULAR I.D.
HR - 1 -
CF - €0.5 -
BP - 2 -
RAT CNSP P.0. MJ 12504 - No Effect

Aminophylline - Stimulation

a) Inhibition of

b) Inhibition of

¢) Inhibition of

d) Inhibition of
e)
trachea in vitro.

i.v.

passive cutaneous anaphylaxis (25,26).

methacholine-induced bronchospasm.

allergen-induced bronchospasm (27,28).

serotonin-induced bronchospasm (29).

Intrinsic relaxant effect on spontanecus tonus of spirally cut guinea-pig

f) Inhibition of whole lung homogenate cyclic AMP phosphodiesterase (PDE)
assayed by method reported (30).

g)
h)

i) Standard error (S.E.) not determined.

j) Value not determined.
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Inhibition of histamine release form isolated peritoneal mast cells (31,32).

Effect on spontaneous motor activity as measured by an annular cage method.
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on the cardiovascular system in rats. In the dog, compound XI
causes less increase in myocardial contractile force but

more reduction in mean arterial blood pressure. At broncho-
dilator doses, compound XI shows no CNS stimulation or
depression while aminophylline shows marked stimulation.
Compound XI is undergoing extensive toxicologic evaluation.

Conclusion

There is no question that the resurgence of theophyl-
line has had a major impact on the development of new theophyl-
line-like agents. On one hand, there has been a general
dampening of enthusiasm because of the impression that
theophylline has such a strong "hold" in bronchopulmonary
medicine that it can never be displaced by another agent in
this category. On the other hand, there has been a sense of
renewed interest in this category because, with theophylline
as the "ground-breaker', the potential for a new agent
without theophylline's shortcomings has been realized.
Desirable features are achievable, at least in the labora-
tory. Whether theophylline will be replaced by one of the
types of innovations presented here remains to be seen.
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Prospects for a Prostaglandin Bronchodilator?
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FRANZ DESSY
UCB S.A. Division Pharmaceutique, rue Berkendael 68, 1060 Brussels, Belgium

1. Introduction

The reports in 1968 that PGE; and PGE, could relax or
block the constriction of isolated human bronchial tissue by
mechanisms apparently not involving the adrenergic or cholinergic
receptors (3,4; also see 5,6,7), and the subsequent observations
that upon aerosol administration bronchodilation could be induced
in asthmatic subjects (8.9; also see 10-13) spotlighted the prosta-
glandins as a potentially important new approach to bronchodilator
therapy. However, it also was apparent that the natural prosta-
glandins would not find clinical application, since they induce
cough and irritation of the upper respiratory tract. (Other
problems associated with their use: delayed onset of action,
short duration of effect, headaches, and also the inherent chemi-
cal instability of the 1l-hydroxyprostaglandins.) Nevertheless,
because their mechanism of action was different from that of the
known bronchodilators (4), the prostaglandins did represent an
important and exciting lead to further advances in bronchodilator
therapy. Obviously this was a situation certain to delight the
heart and challenge the skill of medicinal chemists, and we at
Lederle in collaboration with a pneumopharmacology group at
UCB (Brussels) undertook an extensive investigation into the
synthesis and structure-activity evaluation of a relatively large
number of prostaglandin congeners, as did chemistry-biology
teams at many of the other pharmaceutical houses. An additional
positive consideration was the realization that in the overall
context of prostaglandin medicinal research, the prospects for a
successful bronchodilator development appeared to be more
promising than for most other possibilities. Since aerosol applica-
tion would enable the prostaglandin to be introduced directly to
the target organ, the requirement for oral efficacy would be
avoided and the probability of a greater selectivity of effect
increased -- a major consideration in view of the broad spectrum
of prostaglandin biology.

Since several excellent recent reviews of prostaglandin
chemistry are available (14,15,16), we will limit the chemical
discussion to the development at Lederle and elsewhere of the
synthesis of prostaglandin analogs by the convergent conjugate-
addition approach and by the derivatization of 1-PGA,, available
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302 DRUGS AFFECTING THE RESPIRATORY SYSTEM

in relatively abundant amounts from the Carribean sea coral
Plexaura homomalla (esper). However, a comprehensive broncho-
dilator structure-activity review of the prostaglandins is pre-
sented.

The structure of 1-PGE; is shown below; 1-PGE, has a
second double bond (cis) between Cgs and Cg. For purposes of
this discussion, the C; to C; acid chain is referred to as the
a-chain and the allylic alcohol C;3 to Cyq chain as the p-chain.

31850 B-Chain

HO OH
PGE,

1I. Total Synthesis By The Conjugate Addition Procedure

In order to adequately explore the prostaglandin potential it
was apparent that it would be necessary to prepare a relatively
large number of prostaglandin congeners of diverse structure in
amounts sufficient for extensive biological evaluation. Thus,
success would depend in large measure upon the availability of
efficient, relatively convenient, and flexible synthetic proce-
dures. In our view at the time, it appeared that these require-
ments would be satisfied by a process based on the
stereospecific introduction of a fully elaborated trans-l-alkenyl
B-chain into a cyclopentenone already bearing the w-carboxyalkyl
o-chain via the 1,4-addition of an organometalic reagent; this
"conjugate-addition approach" is illustrated in Scheme 1 for the
synthesis of 1-PGE,;. [For examples of this synthetic concept
see references 17-56. At the time our studies were initiated
there was, to our knowledge, no reported example pertinent to
this concept (57).]

SCHEME 1 CONJUGATE ADDITION APPROACH
OR

9
M /\)\/\/\ + CooR
M = (alkyl) gAIL

= MgBr; Bu3P~CuI RO
= RrCuli {Rr = retained
legand)

Q N~ ~_ COOR

RO OR

la,b
0 o
, . .
TN STNF
HO oH HO OH

a. HOAc, THF, H20; b. Chromatography.

R = acid labile
protecting group
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We have found this approach in most respects to be the
efficient and flexible procedure we originally envisioned and it
has produced adequate amounts not only of a large number
(>500) but also a broad variety of prostaglandin congeners for
biological evaluation. Although this method lends itself best to
the synthesis of analogs with modified B-chains, compounds with
variations in the a-chain, and in the ring itself also have been
prepared.

The successful application of the conjugate addition concept
required a satisfactory resolution of two basic synthetic problems.

The first involved the development of useful procedures for
the preparation of the 2-alkylcyclopent-2-en-1-ones, synthetic
precursors for the 1ll-deoxyprostaglandin congeners, and of the
corresponding 4-hydroxycyclopentenones required for the 11-
hydroxy series. In particular, for our study of B-chain varia-
tions, convenient preparations of relatively large quantities of
cyclopentenones 1-4 having the standard o-chains were necessary.
Flexibility was another essential prerequisite since it was in the
course of cyclopentenone synthesis that we proposed to obtain
entry to those congeners embracing modified «-chains. Our
efforts, largely successful, along these lines are discussed
directly below.

o o
d\/\/\/ cooH d\:/\/\cow
R
R1 aen 3 R=H
2 R=OH 4 R=OH

Our synthetic approach also required the development of
effective methods for the stereospecific introduction of the various
trans-1-alkenyl B-chains. Our investigations with respect to this
problem are described below following the cyclopentenone discus-
sion.

A word about optical isomers: if the starting cyclopentenone
and B-chain precursors have not been resolved, then two race-
mates are formed which in the A!3-15-hydroxy series are almost
always separable by simple silica-gel chromatography vyielding
both the dl-15¢ and dl-15f(epi) epimers. Thus, in principle,
optically active products are obtainable by resolution of either of
the two synthons. It is interesting to note that in general the
conjugate addition process produces a slight excess of the 15p-
epimer (36,39). [In the case of the A!3-cis-prostaglandins, this
procedure provides the 158- epimer with high stereoselectively
(22).]
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A. Cyclopentenone Precursors to 1ll1-Deoxyprostaglandins

The search for a general method which would be applicable
to both large-scale preparations and to analog studies resulted in
a construction of cyclopentenones based on the alkylation of
2-carbalkoxycyclopentanone (58,59,60) followed by a sequence of
steps to remove the carbalkoxy group and introduce unsaturation
(61,62). Although the number of steps necessary to prepare the
modified prostaglandin after introduction of the a-chain is not an
appealing aspect of this approach, the yields were good and the
cyclopentenones so obtained proved to be useful intermediates
for the preparation of a large number of analogs because of the
highly convergent nature of the conjugate addition method. The
general procedure for the synthesis of these cyclopentenones is
illustrated in Scheme 2.

SCHEME 2

GENERAL METHOD OF CYCLOPENTENONE PREPARATION

o]

0 COOR o
COOR CH,XCOOC,Hg
ab CHyXCOOC,H  cd

R=CH3,CoHg
5 I3 z
1l
CH3CO o
t , CHyXCOOCHg t CH,XCOOC;Hg
e fa9
8 9 X=-{CHplp -
10 X=—(CHpl3—
11 X=—(CHpl4 —

Xl

X = _(CH2)3CCH2 -
CHz CHj3

a. NaH, glyme; b. Br(l)CH2XCOOC2Hg, /N, glyme; c. HCI, aq. HOAc, JAY
d.p-TSA, EtOH, & ;e.p-TSA, Acy O, O, remove HOAG {ref, 63);
f. Brg, CHCIg, aq. CaCOg; g. LiBr, Li; €Oz, £, DMF (ref. 64).

Certain variations in the o-chain were introduced by the
use of the appropriate alkylating agent, BrCH,XCOOR' (62).
The various cyclopentenones prepared in this way include the
homologous series 9, 10, and 11 and the precursor 12 (see
Scheme 3) for the 3,3-dimethylprostaglandin series.
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SCHEME 3

3,3-DIMETHYL PRECURSORS

€OOC,Hg

ab cd.ef
by de,
CHz CHjy
GH3 CH
3 FH3
cl o COOR COOC,Hg
COOC,Hg
CHg CH
3ms R = CH3,CoHg

a. Mg, EtZO; b. add to diethy! isopropylidenemalonate and Cul-BugP; c. KOH, aq.
iPrOH; d. digilyme, D :e. SOCIZ; f. EtOH, henzene, collidine; g. sodiocycidpentanone-
carboxylate in presence of Nal, glyme.

Other modified a-chain derivatives were prepared by further
transformations of the 4-,5-, and 7- carbon chains found in
cyclopentenone esters 9 (see Scheme 4), 10 (Scheme 6) and 11
(Scheme 8), respectively (62). For these operations the metho-
xXime group proved to be a useful blocking group for the cyclo-
pentenone moiety, deblocking being easily achieved with aq.HC1
in acetone. Scheme 4 shows the preparation of cyclopentenones
16 and 18, precursors for the synthesis of 3-oxa- and 3-thia-11-
deoxyprostaglandlns (62). The transformation of the 4-carbon
side-chain intermediate methoxime 13 to the cyclopentenones 22
and 24 required for the preparation of 4-hydroxy and 4-methoxy-
11-deoxyprostaglandins is illustrated in Scheme 5.

Application of a malonic acid extension procedure with
substituted malonates to the cyclopentenone pentanoate 10 afford-
ed the cyclopentenone precursors for various 2-substituted
11-deoxyprostaglandins (Scheme 6) (62). The preparation from
10 of cyclopentenone intermediates for the synthesis of 2-nor- (__)
2,3-methano-, and 3-thia-4-homo-11-deoxyprostaglandins (49) is
described in Scheme 7.

The cylopentenone heptanocate 11, the precursor for 11-
deoxyprostaglandins having the natural PGE; a-chain, also was
homologated to the 8- and 9-carbon chain cyclopentenones (62)
as illustrated in Scheme 8.

Scheme 9 describes the preparation of the cycloalkenones
38, 39, and 41, intermediates for the synthesis of 11-deoxy-PGE,,
10a-homo-11- deoxy PGE; (61), and 11-deoxy-3-thia-4-nor-PGE;
(49), respectively. The first of these cycloalkenones was obtain-
ed by adaptation of a literature procedure (46,65), and the
latter two by the general method of Scheme 2.
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SCHEME 4
PREPARATION OF 3-OXA AND 3-THIA PRECURSORS

NrNOCHS NWOCHS
d/\/\cooczlis 2, d/\/\cooczus __,U\/\/
9 (Scheme 2) 13
N O 00C,H
0_C00C,Hz 0+_-C00C2Hs
<l , —<»
o OCH3 o
$<_ COOC,Hg § «_CO0C,Hg
ef g,
1 —~»
18

a. CH3ONH2~HCI, pyridine, EtOH; b. iBupAlIH, toluene, O°; c. Buli, THF, 0°:d. BrCHZCOZCZHs,
THF, O e. 2N HCI, acetone, 4 ; f. TsCl, pyridine; g. NaSCHzCOOCZHs, glyme.

SCHEME 5
PREPARATION OF 4-O0XY PRECURSORS

N OCH3 N’,,,OCHE, N""'OCHs O‘—/\
€OOC,Hg HO
_a, b, OH
13 (Scheme 4) 1 20

0
¢ O/V\Q d
—— —
2 OH

e OCH3 ) .
4 00C,Hg

20 —» _ahy,
= OCHg3 OCH3

23 24

o 0
a. 1 equiv. /Bup AlH, — 78°; b. BngcHZCHZCH: J . THF, O°; c. pyruvic acid, dil HCI,
d. Jones oxidation; e. NaH, THF; f. CH3I; 9. aq. HpCrO4; h. p-TSA, EtOH, O,
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SCHEME 6

PREPARATION OF 2 - SUBSTITUTED PRECURSORS

NOCH3 ~OCH3

10 {Scheme 2}

ocH OCH
Lad 3 w 3 -
3 i COOCHg Q COOC Mg

N
COOC,Hg <
e.f, g.h
- COOCyHg — R — R

28 R=CHg
29 R=CyHg
a. CH30NH2~HCI, pyridine, EtOH; b. iBuzAIH, toluene, 0°; ¢. CH3SOZCI, EtgN, CH,Cly; 30 R=
d. NaRC{COOC3Hg)2, DMF, /); e. KOH, ag. EtOH; f. free acid, diglyme,X; g. HCI, aq. 31 R~CeH
acetone,’>; h.pTSA, EtOH, = 675
SCHEME 7
PREPARATION OF 2-NOR, 2,3-METHANO, AND 4-HOMO-3-THIA PRECURSORS
~OCH3 N~/OCH3 °
OH CN COOC,Hg
ab cde
— —
25 {Scheme 6} 32
f
OCH OCH
L 3 al 3
N cho - C00C2Hs 0 €O0C,Hg
G/\/\/ — {j(\/\/v h.d
33

[o]

, s /\cooczns
25 a,id
34

a. CH4S05 CI, EtgN, CHyCly; b. NaCN, DMF, A ; e.NaOH, aq. EtOH, A ; d. HCI, aqg. acetone, N; e.p-TSA, EtOH;
f. Collins oxidation; g. {CgHg)3 P = CHCOOCHg; h. CHj = SO{CH3)5: i. NaSCHCOOC,Hg, glyme.
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SCHEME 8

PREPARATION OF 2-HOMO AND 2a,2b-BISHOMO PRECURSORS

o i OCH3

COOC,H,
U\/\/\/ e U\/\/\/\OTs
abec
ane,

u(Scheme 2)

35
d
OCH
o~ 3 o
CN 00C,Hg
efg
* 36
nOCH3 o
<5:(\/\/\/Y COOCoHg U\N\/\/ COOC2Hg
h .
3B CoOC,Hg iy 37

a. CH30NH2-HCI, pyridine, EtOH; b. iBugAlH, toluene, 09%; ¢. TsCl, pyridine; d. NaCN, DMF;

e. NaOH, aq. EtOH,{; f. HCI, ag. acetone,/; g. pTSA, EtOH,/ h. NaCH{COOC,Hg),, DMF,
4; i. KOH, aq. MeOH; j. free acid, xylene, A.

SCHEME 9

PREPARATION OF 5,6-C/S, 10a-HOMO, and 4-NOR-3-THIA PRECURSORS

P’P\
! — OOH — 00C,Hg
—» —

{reference 65) =
o]
00C,Hs COOC,Hg €0OOC,Hg
—_—
39
O
COOC5HH °
? \]/\/ ~ 2 5@/\/\3/\0002“5 @/\/\ /\COOR
R =CoHg
{reference 66) 4_2 R =C4qHg
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TABLE |

CYCLOPENTENONE PRECURSORS TO
11-DEOXYPROSTAGLANDIN ANALOGS

ofi Y —COOC,Hg
CYCLOPENTENONE ¥ SCHEME
-9 —{CHy)3 - 2
a0 —{CHp)g — 2
32 - (CH2)5 - 7
n - (CHz)s - 2
36 — {CHy)y - 8
3 — {CHy)g — 8
a2 — (CHalg G CHy - 23
CH3 CH3
N[} — (CHg}q OCHy — 4
a — {CHp)3 SCHy — 9
73 — (CHg)3 SCHy — (butyl ester) 9
a8 — (CHg)y SCHy — 4
34 — {CHy)5 SCHy — 7
2 — (CHp)5 GH — 6
CH3
- - 6
2 (CHa)g CH
CaHs
30 — (CHa)5 CH — 6
F
kil — (CHl5 CH — 6
CgHs
33

22 - (CHy)3 ‘@o 5

24 — {CHp)3 CHICH,)y — 5
CH3

38 — (CH,CH = CH(CHQ)3 ~ (cis) 9

39 o 9

COOEt

(Cyclohexenone
precursor)
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The cyclopentenone synthons utilized for the preparation of
the various 11-deoxyprostaglandin congeners are listed in Table
I. In general, these compounds were designed to give analogs
in which metabolic inactivation by fatty-acid p-oxidation was
blocked or, at the least, hindered.

B. Cyclopentenolone Precursors to 11-Oxy and 11-Thio
Prostaglandins

The preparation of the cyclopentenolones required for the
application of the conjugate-addition process to 1l-hydroxy-
prostaglandins has been the subject of much study (67). The
original method (58) for the synthesis of the PGE, precursor 45
involved overall allylic hydroxylation of a 4-unsubstituted cyclo-
pentenone such as 43, as shown in Scheme 10. In the first
step, allylic bromination is not selective but produces by-products
which contribute to a lowering of the yield. Solvolysis condi-
tions are critical and, in our experience, this operation is best
carried out with AgBF, in aqueous acetone, providing an overall
yield after purification of ca 40%. Introduction of alkoxy groups,
ultimately leading to 1la-alkoxy-1l-deoxyprostaglandins, may be
accomplished by substitution with an appropriate alcohol in the
solvolysis step (68,69).

SCHEME 10
4-OXYCYCLOPENTENONES VIA ALLYLIC BROMINATION

&r\/\/\/cooa 3 COOR
a
L d\/\/\/
44

43 R=H

43a R =C,Hg / \\

HO 45 R=H RO 47 — CHg H
46 R =CyHg 48 — C,Hg H
49 —CH,CHOH H

50 —CHj CoHg

51 - CoHg CoHg

a. NBS, CCly; b. AgBF4, aq. acetone; c. AgBF,,
R’OH, 2,6-lutidine.
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Since the above sequence was not applicable to the PGE,
series (side chain double bond), alternative methods had to be
developed (17). Most of these procedures are general and
indeed are more efficient for preparing cyclopentenolones than is
the allylic hydroxylation process, even in those cases where the
latter is applicable. An example of one of these newer methods,
as applied to the preparation of the PGE, precursor 53, is shown
in Scheme 11 (18). The key feature of this process is the
quantitative isomerization of the 3-hydroxy isomer 52 to the
desired 4-hydroxycyclopentenone 53, presumably by acid-catalyz-
ed addition-elimination reactions. That the 3-isomer is the
synthetic equivalent of the 4-isomer creates additional wvaluable
synthetic approaches to this critical synthon.

SCHEME 11

PREPARATION OF PG2-SERIES CYCLOPENTENOLONE

I o
cooczu5 CH30” ™0~ NocHg

0 o,
&\A/\/ COOH @\ S—=""""cooH
07 “ocH d
3 —_
CH40 OH 52

(o]
— COOH
—£
53
HO

a. Bry, NayCO3, MeOH; b. /BupAlH, toluene, — 78°; c. {CgHg)3 P = CH(CH2}3COONa, DMSO;
d. phosphate buffer, pH 6, aq. dioxane, £; e. 2N H,S04, aq. dioxane, 2.

It also is possible to prepare cyclopentenones with ring
substituents other than hydroxy by exchange reactions if condi-
tions are properly chosen [Scheme 12 (69)]. Thus, the 4-
methoxycyclopentenone 54 was prepared from 53 by methanolysis
in the presence of sulfuric acid (18). Treatment of 54 with
methanolic 2-mercaptoethanol in the presence of a catalytic amount
of sodium methoxide gave the thioether 55, again as a conse-
quence of .addition-elimination reactions. A procedure which
allowed exchange of the ring methoxy group in 54 with a different
alcohol, but preserved the methyl ester, utilized the semicarba-
zone derivative of 54. Thus, treatment of this semicarbazone,
prepared in situ, with acetic ac1d in ethylene glycol resulted in
exchange of the methoxy group with solvent to give 56. Restor-
ation of the carbonyl function by exchange hydrolysis with
a-ketoglutaric acid gave the desired 4-(2-hydroxyethoxy)cyclo-
pentenone 57.
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SCHEME 12

PREPARATION OF 4-SUBSTITUTED CYCLOPENTENONES

63 (Scheme 11) CH30

o)
— OOCH3
b 5
55
HOCH,CH,S =
N NHCONH,
COOCH3 COOCH3
—t 5
HOCH,CH,0 HOCH,CH,0

a. HZSO4, CH3OH, JAYH % HSCHZCHZOH, NaOCH3, CH3OH; c. H2NNHCONH2, ethylene glycol;
d. HOAc, ethylene glycol, 90°; e. a-ketoglutaric acid, HCI, aq. THF.

SCHEME 13

FURANCARBINOL PROCESS

o . b
/lk/\/\ [\ U
H cl o

OH

18

/ \ °
. S _-COOC,H
o s/\cooc2H5 @\ NN SN 2Hs
OH —L »
60 oH &
o}
S\ CO0H 9 00H
LI
62 63
Ho - HO -

a. 2-furyl lithium, THF, —78 to O°; b. NaSCHz COOCZHS, EtOH; c. 2N HCOOH, aq. dioxane, 1\ ;
d. 0.5M HS0y, ag. dioxane, O.
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In an important and valuable extension of the furanoid
process it was found that alkyl 2-furancarbinols also could be
rearranged effectively to 4-hydroxycyclopentenones (70,71), as
illustrated in Scheme 13 for the preparation of the cyclopentenone
62 which serves as precursor to the 3-thiaprostaglandin E,
series. Although this particular example is one in which the
allylic hydroxylation process also is inapplicable, we prefer the
furancarbinol process for the preparation of the 4-hydroxycyclo-
pentenone 63 required for the synthesis of 1lle-hydroxyprosta-
glandins bearing the natural PG; a-chain.

For the conjugate-addition reactions which produce the
prostaglandin skeleton, it is necessary to block all the hydroxy
and carboxy functions. The ether blocking groups which we
have found useful include tetrahydropyranyl (THP) and trime-
thylsilyl (TMS). Both of these ethers are readily cleaved with
aqueous acetic acid under conditions compatible with the stability
of 11-oxy PGE derivatives. These same two groups also serve to
esterify the carboxy function. Thus, a hydroxyacid can be
blocked in one operation by conversion to a "bis-THP" or "bis-
TMS" derivative. Alkyl esters also may be used, but the alkyl
11-hydroxy-9-ketoprostanoates produced can not be converted to
the free acids by chemical means.

The cyclopentenones with functionality at the 4-position are
listed in Table II. Those compounds with THP blocking groups
were prepared from the corresponding free alcohols using dihy-
dropyran (pTSA catalysis) in dichloromethane solution (28).
The TMS blocked cyclopentenones were obtained by treatment
with chlorotrlmethylsﬂane (TMS-Cl) and hexamethyldisilazane
(HMDS) in pyridine solution (72). In these instances the Scheme
reference of Table II refers to the parent hydroxy compound.

C. The Conjugate Addition Step. Preparation Of The
Organometallic Reagents

The 1-alkenyl organometallic reagents required for the
introduction of the B-chain can be prepared cleanly in the requi-
site trans configuration by convenient procedures. Furthermore,
the 1,4-transfer of the trans-1-alkenyl ligand is accomplished
with essentially absolute preservation of the trans-stereochemis-
try, and in a highly stereoselective manner so that the trans-
relationship to the 1lla-substituent is obtained a3). The final
all-trans configuration of the substituents on the cyclopentanone
ring is established upon equilibration (74), for which the mild
acid-catalyzed deblocking procedures usually are adequate.

In general, the trans-l-alkenyl organometallic reagents are
prepared from the corresponding terminal acetylene (e.g., 77
and 79, Scheme 14). These intermediates are available by con-
densatlon of the appropriate aldehyde or ketone with ethynyl
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TABLE 11

CYCLOPENTENONE PRECURSORS TO
11-SUBSTITUTED PROSTAGLANDIN ANALOGS

Q 00Y
X
X Y SCHEME

64  (CHg)gSiO— —Si(CH3)3 10

65 THPO-— —THP 10

66 CH30— ~THP 10

67  (CH3)3SIOCH,CH O~  —Si(CH3)3 10

68  THPOCH,CH,0— ~THP 10

50 CHz0— —CoHg 10

cooy
X
69  (CH3)4Si0— —Si(CH3)3 1
70 THPO— —THP 1
54  CH30- —CHg 12
71 (CH3)3SiO(CHp)0—  —CHg 12
72 (CH3)3SiO(CH2)28— —CH3 12
Q 3 i
x\/COOSI(CH3)3
(CH3)4Si0
73 -s— 13
7 7C< (prepared from 11-deoxy
CH3 CHj precursor 12 by allylic

hydroxylation procedure)
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magnesium chloride (76) or propargylmagnesium bromide (78),
which also serves to introduce the hydroxy function. The
hydroxy group is protected as an acid-labile ether, commonly
tetrahydropyranyl (THP), trimethylsilyl (TMS), triethylsilyl
(TES), triphenylmethyl (trityl, Tr) or mono-p-methoxytrityl
(MTr) derivatives. Other laboratories have utilized 2-(2-methoxy-
propyl) and 1-(1-ethoxyethyl) protecting groups (41).

SCHEME 14

PREPARATION OF HYDROXYALKYNES

OH
HC=CMgC! HCEC%:—R' i
g/ = "
RCR’ OH
75 HC=CCH,MgBr HCECCHZ(::—R' 79
78 R

Three types of organometallic reagents have been employed
in our laboratories: lithio-1-alkenyltrialkylalanates, lithio-1~alken-
ylcuprates, and 1l-alkenyl Grignards (copper I catalyzed). Our

experience with these reagents is described in the next several
Schemes.

In its most direct application, the alanate conjugate-addition
procedure (Scheme 15), developed in our laboratories, involves
initial cis-hydroalumination of a terminal acetylene to give, after
treatment with an alkyllithium, a trans-l-alkenylalanate (25,28).
Thus, the cis-hydroalumination of 3-trityloxy-l-octyne (80)with
dusobutylalumlnum hydride (DAH) prov1ded the trans-vinylalane
8l. The use of the bulky trityl group is critical since other
blocking groups, even one as bulky as t-butyl, give the cis-
vinylalane (28,54). Methyllithium treatment of alane 81 furnished
the trialkylvinylalanate 83, which undergoes 1,4-addition reactions

with the appropriate cyclopentenones.

SCHEME 15

PREPARATION OF LITHIO 1-ALKENYL-TRIALKYLALANATES

& b oTr

ot / /\/\/\/\
| Li [R’ZRZAI AN ]
HC=CCHCgH44

83 R’ =iBu, R=CHj

80 cde te 84 R'=R=CHg
OoTr
,/\)\/\/\

a. /BugAlH; b. CH3Li, 0°; c. diiscamylborane; d. (CH3)3N0; e. NaOH, 1 f.1eq. BuLior
2eq.tBuLi,— 78°; g. (CHg)3AL
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The addition of DAH to trityloxyalkynes such as 80 is not
clean and is accompanied with considerable allylic carbon-oxygen
and oxygen-trityl cleavage, which accounts for the low yields of
the overall process (54). (Excellent yields of 15-deoxyprosta-
glandins are obtainable in the absence of an oxy function in the
B-chain.) In order to avoid the problems resulting from DAH-
ether interaction, an alternative, more circuitous synthesis of
lithium 1-alkenyltrialkylalanates was developed (39,54). This
approach utilized 1-iodo-trans-1-alkenes, prepared by the Syntex
procedure (21) involving successive treatment of a l-alkyne with
diisoamylborane, trimethylamine oxide, and I,/Na0OH. After
lithiation with either one equivalent of butylhthlum or two equiva-
lents of t-butyllithium (75), exposure of the resulting vinyl
lithium reagent to trimethylaluminum provided the lithio alkenyla-
lanate 84 required for the conjugate addition process.

Alkenyl copper reagents, such as 87-90, also prepared via
vinyl iodides such as 85 or 86, have proven to be reliable re-
agents for the introduction of the standard as well as many
modified pB-chains (22,23,26,29,31,32,34-37,72). The alkenyl-
copper reagents are of three types: lithio divinylcuprates (87),
lithio mono vinylcuprates (88,89) containing an inert ligand, “and
vinylcopper reagents (90) which have received little synthetic
attention (Scheme 16). SCHEME 16

ALKENYL CUPRATE REAGENTS

R

Bu3P -Cu CSH11)2

CH7C= CCu \ CsHqq
Li

CgHgSCu /\/\Cs*‘n

L8

Cu /\/\csﬂ11
90

l/\)\csH”

85 R= C(CHa)zOCHa
86 R =C{CH3)HOCHg

/\

a. BuLi, b. BugP.Cui; c. C3H7C=CCu, HMPTA; d. CgHgSCu; e. Cul, HMPTA.

Since a divinylcuprate such as 87 is derived from two mole-
cules of the vinyl iodide intermediate, its use entails the waste
of one equivalent of the valuable vinyl iodide. Consequently,
mixed cuprate reagents such as 88 and 89 have been developed
which substitute a non-transferable ligand for one of the two
vinyl moieties (75,76). A popular ligand is 1l-pentyne (76,77).
1-Pentynyl lithio cuprates are prepared by dissclving 1-pentynyl-
copper (I) in ether with the aid of a solubilizing agent such as
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tributylphosphine or the water soluble hexamethylphosphorous
triamide (HMPTA), and then treating with one equivalent of an
alkenyl lithium. [Recently, 4-methoxy-4-methylbutyne was
reported to be an inert ligand that requires no solubilizing agent

(18).]

The lithic cuprate conjugate-addition procedure for the
preparation of 1-PGE; methyl ester has been studied in consider-
able detail by Sih, who introduced this useful process to prosta-
glandin synthesis (37).

Recently, Corey has rekindled interest in vinylstannanes as
intermediates for alkenyl lithium reagents (79,80,81), and we
(52,55) and others (53,56) have utilized this method to prepare
various B-chain precursors (Scheme 17). We find hydrostanna-
tion of terminal acetylenes to be a facile and high yield reaction,
whereas iodovinylation is a capricious and tedious transformation.
Thus, treatment of 3-triethylsilyloxy-1l-octyne 91 with tributyl-
stannane (TBS) in the presence of azobisisobutyronitrile (AIBN)
gave stereospecifically an excellent yield of 1-tributylstannyl-3-
triethylsilyloxy-trans-1-octene (92), which when lithiated with
butyllithium and treated with pentynylcopper provided the requi-
site lithio cuprate 93. The use of TBS to prepare homovinylic
ethers such as 96 and 97 gave a 10:1 mixture of trans and cis
isomers.

SCHEME 17

LITHIO CUPRATES VIA HYDROSTANNATION

?Si(C2H5)3 OSi(CoHg)3 0Si(CoHgly
- b.e,
HC=CCHCgHyy —2 BugSn ~ X CgHyq  —=p-CgH7C=CCu ~ CgH1y
91 92 Lo 8
OSiR'3 OSiR3 be OSiR’
HC=CCH,C—C4Hg ——# BugSn "X CqHg —B CaHzC=CCu " —C,Hg
| R Li R
R
LI R R
9% H  CyHg % H CyHg %
95 CHy CHa 97 CHy CH,
ld ore
OH
X/\/\‘—C,;Hg
H
99 X=1
100 X=8r

a. BugSnH, AIBN, 130°; b. BuLi; c. C3H7C=CCu, HMPTA, d. I3, Etp0; e. Brp, CClg.
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Vinylstannanes also can be employed for the stereospecific
preparation of the corresponding vinyl iodides and vinyl bromides
as shown in Scheme 17, the transformation proceeding with
retention of stereochemistry (52,53).

The use of copper(l)-catalyzed Grignard reagents derived
from trans-1-alkenyl (27) or alkyl bromides (30) also has been
satisfactorily demonstrated in our laboratories. With alkenyl
Grignards some A!3-cis product is produced, the cis-trans ratio
being dependent upon the temperature at which the Grignard
reagent is formed. An important advantage of the Cu(I)-catalyz-
ed Grignard addition procedure is its potential for production
scale, since conjugate addition proceeds smoothly at 0°, rather
than in the -78° to -20° range required for alkenylcopper re-
agents.

D. Preparation Of The B-Chain Precursors

1. 15-Deoxy Series

The organometallic derivatives required for the introduction
of a 15-deoxy B-chain, not otherwise oxygenated, were obtained
most conveniently by hydroalumination of a terminal acetylene
with diisobutylaluminum hydride and conversion in situ to the
lithio alanate 102 required for conjugate addition. In the absence
of other oxy functions in the B-chain this process produces
15-deoxyprostaglandins such as 103 and 104 conveniently and in
excellent yield, as high as 80-90% for the 11,15-bisdeoxy series
(Scheme 18) (25,54).

SCHEME 18

PREPARATION OF ¢/-11,15-BISDEOXY—PGEq AND 15-DEOXY — PGE4

iBu
. _ | H
/BupAIH+HC=CCgH13 _a o CHz— Al e{\/cs B e

101 102
Q o}
COOR’ ..\/\/\/COOH
102 + L
2 ﬁ: =
R R
1 H CoHg (Scheme 2) 103 R=H
65 OTHP THP (Table ll) 104 R=0OH
a. CHali; b. jugs ddition at ambi e; c. saponification for 103 or mild acid

hydrolysis for 104.
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2. A!'3-15-Hydroxy Series

The preparation of the organometallic intermediates which
can be used for the introduction of the natural A!3-15-hydroxy
g-chain is discussed in the previous section (Schemes 15-17).

3. 13,14-Dihydro-15-Hydroxy Series

Since biological activity also is associated with 13,14-dihydro
derivatives, a method for the direct introduction of this B-chain
was devised based upon the conjugate addition of the Grignard
reagent derived from either 3-t-butoxyoctyl bromide (107) or
iodide (110), the syntheses of which are illustrated in Scheme 19

Q0.

SCHEME 19

PREPARATION OF 13,14-DIHYDRO — 15-HYDROXY PRECURSORS

I} It
BrCCgHq1 + CHp=CHy _a _ BrCH,CHoCCgHyq _b

105

C|)H (;JC(CHa)a
BrCHaCH,CHCgH1q _c , BrCH,CHoCHCgH1
106 107
OH OH OC{CH3g)3

[ i
CICHCHZCHCgH ¢ d, ICH,CH,CHCgH4 4 [ ICH,CH,CHC5H ¢
108 109 110
= ?H3
a. AlBrg, BrCH,CHBr; b. NaBH,4, EtOH; c. CH3C= CHp, HyS04,
CHZCIZ; d. Nal, acetone.

4. 15-Hydroxy B-Chains Potentially Resistant
To PG 15-Dehydrogenase. Introduction

The major route of prostaglandin metabolic inactivation
involves oxidation of the 15-hydroxy group by PG 15-dehydro-
genase (82). As is well known, this is an exceptionally rapid
process which takes place in the lung and other organs. Accord~
ingly an intensive effort was mounted in a search for biologically
active congeners in which this metabolic process could be expect-
ed to be blocked or inhibited.
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It was anticipated that such compounds would produce a more
prolonged duration of effect and also might prove to be more
potent and perhaps orally effective as well. Among the structur-
al features which we introduced into the 15-hydroxyprostaglandin
molecule in the course of this investigation were the 15-methyl,
15,19-methano-20-nor, 16-alkyl, 16,16-dimethyl, 16,16-trimethy-
lene, 17,17-dimethyl, 16-cyclopentyl-17,20-tetranor, 16-hydroxy,
16-methoxy, and 16-aryloxy-17,20-tetranor moieties. The synthe-
sis of the various B-chain synthons required for their introduc-
tion are described below in this section.

a. 15-Hydroxy-15-alkyl Series

The preparation of the 15-methyl-15-hydroxy g-chain precur-
sor 113 is illustrated in Scheme 20 (48). Note that the 15-hy-
droxy group in the 15-methylprostaglandin product is both allylic
and tertiary so that considerable care has to be taken during
the acid-catalyzed deblocking procedure following conjugate
addition (82a).

SCHEME 20
PREPARATION OF 15-METHYL — 15-HYDROXY PRECURSOR

o OH 0Si(CH3)3
PN 25 by
177 CgHiq 1/\/*\“«5”11 |/\/{\‘35”11
CH3 CH3

m 12 13
. CHaMgl; b. (CH3)3S&CI, imidazole, DMF.

Analogs in which the PB-chain features an alicyclic ring
incorporating a tertiary 15-hydroxy function were prepared as
shown in Schemes 21 and 22. [A group from the Ono Laborator-
ies recently has reported an alternative synthesis of the methyl
ester of 117 (83).] The actual configurations of the 15,16-tri-
methylene precursors 121 and 122 have not been unequivocally
determined. However, with these two intermediates all four
possible 11-deoxy-PGE; congeners 123 were prepared. Although
in one instance we were able to separate the C,;s; epimers by
silica~gel chromatography, this was not possible in the other
case. We also have prepared one pair of C,s epimers in the
11-hydroxy series 124, but were unable to effect a separation of
the epimeric racemates (84).
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SCHEME 21

PREPARATION OF 1‘:3,19-METHANO—ZO-NOR-PGE,| AND PGE,

o]
He=C | NN
ot H
>C> abed \/5@ ol x coo
HO'

{CH3)3Si0

14 HO o

116 X = —CH,CH,
117 X= _(';=F._
HH

a. diisoamylborane; b. (CH3)3NO; c. I, NaOH; d. (CH3)33iCI, imidazole, DMF; e. cuprate
addition to cyclopentenone 64 or 69; f. HOAc, THF, H20.

SCHEME 22
PREPARATION OF 15,16-TRIMETHYLENE — PGE4

{CH3)35i0

a. HC=CMgBr, Et20; b. diisoamylborane; c. (CH3)3NO; d. I2, NaOH; e. (CH3)3 SiCl,
imidazole, DMF,
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b. 15-Hydroxy-16-Alkyl Series

The 16-methyl and ethyl B-chain synthons 131 and 132 were
prepared in a straightforward manner as illustrated in Scheme 23

(48).

SCHEME 23

PREPARATION OF 16-ALKYL — 15-HYDROXY PRECURSORS

9 OH
H5C20,C W\ 2 HC \’/\/\ LI He=C /\(\/\
CHy CHj R
125 126 127 R=CHg
128 R=CaHg
Si(CH3)3 si(CH3)3
[ He=C defgc e
R R
129 R=CHy 131 R=CHg
130 R=CpHg 132 R=CyHg

a./BupAlH; b. LIC=CH-EDA; c. (CH3)3S€CI, imidazole, DMF; d. diisoamylborane; e. (CH3)3N0;
f. I2,NaOH; g. HOAc, THF, H20, chromatography.

c. 15-Hydroxy-16,16-Dialkyl Series

The synthesis of the vinyl iodide 136 required for the
introduction of the 16,16-dimethyl B-chain is shown in Scheme 24
(48). In this and related series, the choice of blocking group is
critical, since hindrance by the adjacent gem-dimethyl moiety
increases the stability of the protecting ether. Thus, conditions
necessary for effective hydrolysis of the bulky trityl or t-butyl-
dimethylsilyl ethers were too vigorous and resulted in partial
disruption of the allylic 15-hydroxy system, and in the 11-hy-
droxy series, of the p-ketol moiety as well. On the other hand,
the usually very labile trimethylsilyl ether was now sufficiently
stable to survive the conditions of conjugate addition.

SCHEME 24

PREPARATION OF 16,16-DIMETHYL — 15-HYDROXY
PRECURSOR

o] OH
a b
H/§<\/\ A, HCEC/7<\/\ by
134

13

Si{CHg3l3 Si{CH3l3
He=C cdeb » | ™

135 136

a, HC=CMgBr; b. (CH3)3SiCl, imidazole, DMF; c. diisoamylborane; d. {CH3)3NO;
e. l2, NaOH.
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Scheme 25 illustrates the synthesis of the 16,16-trimethylene
B-chain precursor 143 (46). It is worth noting that attempts to
reduce ester 138 directly to aldehyde 140 with 1 equiv. of diiso-
butylaluminum hydride at -78° gave mainly starting ester and
alcohol 139 but no aldehyde. Apparently the bulky trimethylene
moiety induces a collapse of the intermediate aluminate reduction
product, generating free aldehyde which then undergoes further
reduction to alcohol 139. The desired aldehyde 140 was satisfac-
torily prepared by reduction of ester 138 to alcohol 139 followed

by partial oxidation with Collins reagent.

SCHEME 25

PREPARATION OF 15-HYDROXY — 16,16-TRIMETHYLENE
PRECURSOR

00C2Hg HSCZOZC HOCH,
138 139

OSi(CHgl3 OSi{CH3l3

0O=0

h,ijf
f He=C LILAD P RS

142 143

a. LiINCgH14(iC3H7); b. C4Hg!, DMSO:; c. /BupAlIH; d. Collins oxidation; e. LIC=CH-EDA,
f. (CHg) 4SiCl, imidazole, DMF; g. diisoamylb ; h. {CH3)3NO; i. I, NaOH; j. HOAc, THF, H20,
chromatography.
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d. 15~Hydroxy-17,17-Dialkyl Precursor

The 17,17-dimethyl (48) and 16-cyclopentyl-17,20-tetranor
(85) B-chain precursors were prepared without incident as shown
in Schemes 26 and 27.

SCHEME 26
PREPARATION OF 17,17-DIMETHYL — 15-HYDROXY PRECURSORS

CH H
3 H\)Q/\
—CH= b >
<:>.r?| CH C\ ab,c i d o"_%/\\__
(o] CHg H

H CHy
146

144 15

0 OH
e /U\X/\ f /\></\
H —— HC=C

147 148

{CH3)58i0 {CH3)3Si0
g HCEC/\X/\ hiikg Ve

—
149 150

a. BuMgCl, b. PrBr; c. HCI; d. BuLi, CH30CH2P@4CI; e. HCIO4; f. HC=CMgCI; g. {CH3)3SiCI,
imidazole, DMF; h. diisoamylborane, i. (CH3)3NO; j. I, NaOH; k. HOAe, THF, H20, chromatography.

SCHEME 27

PREPARATION OF 16-CYCLOPENTYL — 15-HYDROXY — 17,20-TETRANOR PRECURSOR
CgHgoOCH3
OC{CgHglo

o o OH
e e ALY e AN AN
151 152 153 154

a. Nal, acetone; b. NaBH4, EtOH; c. p-methoxytrityl chloride, pyridine.
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SCHEME 28

Prostaglandin Bronchodilator

PREPARATION OF 15,16-DIHYDROXY PROSTAGLANDINS

—

{CHg)gSiC=C CqHg
; : ; _hed

THPO OH

c,d 156

{CHg)3SiC=! C4Hg

-

O

(CH3)3SIC=CCHOTHP

155
{CH3)SiC=C ; ;C4H9
T OAC
lk,( 162
He=C C4Hg

HO : TH
W OH
lm 1e3

HC=C C4Hg He=C C4Hg
H;'; ‘H (CH3)3S|0:
o o OSt(CH3)3
> 1=
164
Lf.g.h lf,g.h
1 H 1 H
_/ CqHg N/ 4Hg
H < H .
H ‘H {CH3)3Si0 * ‘H
0 0 H OSi{CH3)3
159
- 165
Q . 2 -
NN cooH O;/\;/\/\COOH
N N NN ) Ny NN
HO' HO
160 Y=\ / 166 VY= /
HO OH HO OH
L 7 v=
HO OH HO OH

a. Buli, Znlp, THF; b. C4HgCHO; c¢. EtOH, HOAc, Hp0; d. (CH3),C(OCH3)9, HCIO,;
€.K,CO3, MeOH; f. diisoamylborane; g. (CH3)3N0; h. 13, NaOH; i. AcgO, pyridine;
j. TsCl, pyridine; k. CaCOg3, Hp0 THF; 1. KOH, H0, MeOH; m.(CH3)3SiCI, imidazole,

DMF.
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e. 15,16-Dihydroxy Series

The outstanding activity observed for the 15-deoxy-16-hy-
droxy series (see below) prompted the preparation of 15,16-dihy-
droxy derivatives (72). The intermediate vinyl iodides 159 and
165 leading to the synthesis of the erythro and threo 16-hydroxy-
prostaglandins were prepared as shown in Scheme 28. The
erythro configuration was introduced by condensation of protected
propargyl alcohol 155 with valeraldehyde, which proceeds with a
high degree of stereoselectivity (86). Solvolysis of erythro
tosylate 162 established the threo configuration. The conjugate
addition step in both series was carried out by the thiophenol
mixed cuprate procedure, which afforded all four possible race-
mates 160, 161, 166 and 167. [A Syntex group recently report-

ed the preparation of 13-cis-16-hydroxyprostaglandins (44).]

f. 15-Hydroxy-16-Methoxy Series

Introduction of a methoxy group at C,;g was accomplished in
the erythro series starting with the monotetrahydropyranyl diol
156 as shown in Scheme 29 (43).

SCHEME 29

PREPARATION OF ERYTHRO 15-HYDROXY — 16-METHOXY
PRECURSORS

{CH3}3SiC=C C4Hg HC=C C4Hg

H: “H H:
THPO OH THPO OH
156 168

! H
/s
CaqHo
» H; H
{CH3}3Si0 OCH3
m
a. K;C04, MeOH, reflux; b. NaH; c. CHgl, THF; d. diiscamylborane;

e. {CH3)3NO; f. 15, NaOH; g. HOAc, THF, H20, chromatography;
h. (CH3)3SiCl, imidazole, DMF.
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g. 15-Hydroxy-16-Aryloxy-17,20-Tetranor Series

Considerable interest has developed in the fertility control
potential of 16-aryloxy-PGFpa derivatives (87,88). In order to
determine the effect of these modifications on bronchodilator
activity, we synthesized several 11-deoxy-16-aryloxy analogs via

the conjugate addition route (83). The B-chain precursors 172
and 173 were prepared as shown in Scheme 30. Conjugate
addition (thiophenol procedure) of the cuprates generated from
172 and 173 to cyclopentenones 11 and 38, respectively, gave the

p-fluoro analog 174 and the m-trlfluoromethyl analog 175.

SCHEME 30

PREPARATION OF 16-ARYLOXY - 15-HYDROXY —
17,20-TETRANOR PRECURSORS

0

1!
BrCH,COOC,Hg + Ho-@__a_,risczooccnzo@ BN HCCHZO—Q
X X X

o)
__> HC—CCHCHZO—@» BugSn\__~ 0—@ '_9, LNy NN CO0H
(CHz}38i0 X _@
N

OSi(CH3)3 °
: X
172 X=pF OH
173 X=m-CFg3 v X
174 —CH,CHp p-F
175 —¢=C—  mCFy
H b

a. K5COg, acetone, reflux; b. /BuAlH, toluene, —75%; ¢. HC=CMg CI, THF; d. {CH3}3SiCl, imidazole, DMF;
e. BugSnH, AIBN, 140°; f. conj addition via thiophenol-cuprate to cyclop 11and 38; (Table i};
g. saponification.

5. 15-Deoxy-16-Hydroxy Series
a. Introduction

As another probe of B-chain SAR, we considered the possi-
bility that certain of the prostaglandin receptor sites are less
demanding than others in their binding requirements. If indeed
this is the case, it is conceivable that a shift of the 15-hydroxy
function to a nearby carbon atom in the flexible B-chain still
might allow the molecule to assume a conformation sufficient for a
proper fit to. one particular organ receptor, but not to others
with more stringent requirements, thus leading to increased
biological selectivity. To examine this concept we undertook the
synthesis of various 15-deoxy congeners having a hydroxy group
at Cy3, Cy6, Cy7, Or Cyo or a 15-hydroxymethyl group (33, also
see reference 35).
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SCHEME 31

PREPARATION OF 15-DEOXY — 16,17, OR 20-HYDROXY AND
15-DEOXY-15-HYDROXYMETHYL PRECURSORS

16-HYDROXY:

OR M NS TN

2 )
HCC4Hg 2P, HC=CCH,CHC4Hg

176 177 ~,

R =H,THP, TES, Tr BusSn
3 =
OR 179
R#Tr
17-HYDROXY:
h -
CICHyCHaCHCHy _8h HC=CCHZCHyCHC3Hy cde, \/\w
OH
ot oTr
180 3 182
20-HYDROXY:
CHCH,)gOH _9h_  HC=C(CH,lgOTr _Sd® 1
2160H 2y 2l =20 NN TN NoT
183 184 185
15.HYDROXYMETHYL:
HC=CCHCgH i HC=CCHCgH iht HC=CCHCgH 9
I511——> |511__, l511-—->
OH Br CH,0H
186 187 188
I
HC=CCHCsH1q  cde 4
CHR0Tr CH,OTr 190

189
a. HC= CCH,MgBr; b. dihydropyran, pTSA or trityl chloride, pyridine, or (CzH5)3 SiCl, imidazole, DMF;
c. diisoamylborane; d. {CH3]3 NO; e. I, NaOH; f. Bu3SnH, AIBN, 140°; g. TrBr, pyridine;
h. LIC=CH-EDA;i. (CgHg )3 P-Br,; j. Mg, Et,0; k. HCHO; 1. H* to hydrolyze methylenedioxy
by-product [HC=CCH {CgH,,} CH,0] ,CH,.

SCHEME 32

PREPARATION OF 15.DEOXY — 13-HYDROXY — PROSTAGLANDINS

Q
R
R
11° H —CHiCH, R R
§° HO —C=C- 191 H  -.--(CH)gCOOH
HH 182 HO  wweensCHRC=CICH3)3COO0H
HH

a. octanol, {CgHg}2CO, 350 nm.; b. Scheme 2; c. Scheme 11.
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Syntheses for the f-chain precursors required for the pre-
paration of the 15-deoxy-16-hydroxy, 17-hydroxy, 20-hydroxy
or 15-hydroxymethyl derivatives are shown in Scheme 31 (33).
The 15-deoxy-13-hydroxy analogs were obtained by a benzophen-
one sensitized photo-addition of 1-octanol to the appropriate
cyclopentenone as illustrated in Scheme 32 (90).

The 15-deoxy-16-hydroxyprostaglandins proved to be potent
bronchodilators, whereas the other derivatives were relatively
uninteresting. Therefore, further studies were concentrated in
this series and followed three approaches: 1) homologation of
the B-chain, 2) introduction of a 16 or 17-methyl group to steri-
cally crowd the 16-hydroxy function, and 3) restoration of allylic
character by introducing unsaturation at C;7,-C;5 (55, see 24,35,
40,42 and 47 for related studies). The requisite B-chain inter-
mediates were prepared in a similar fashion to that of 178 or 179
(Scheme 31) by condensation of propargyl magnesium bromide
with the appropriate aldehyde or ketone (55).

b. 15-Deoxy-16-Hydroxy-16-Substituted Series

Of the various 16-hydroxy analogs clearly the most interest-
ing were the 16-methyl derivatives, and further development of
this series was undertaken (55). Among the analogs prepared
were compounds featuring a 13-cis double bond (Scheme 33), the
vinyl iodide for which was obtained via diimide reduction (22) of
the 1-iodo-1-alkyne 199, a 17-trans double bond (203, Scheme
33) which restored allylic character to the molecule, and various
alternatives for the 16-methyl group such as ethyl, vinyl, cyclo-
propyl, 2-propenyl and trans-1-propenyl (Scheme 34). The
synthesis of the 16-hydroxy-16,20-methano B-chain precursor
206a also is shown in Scheme 34.

It should be noted that the various 15-deoxy-16-hydroxy-
prostaglandins prepared in the course of our studies consisted of
two racemates (~1:1 by 13C NMR) epimeric at C,q4, which were
not separable by TLC or HPLC. However, introduction of an
allylic double bond (A!7 or 16-vinyl) frequently made separation
feasible. A 17-methyl group (4 racemates) also allowed separa-
tion into two components. Of necessity, the compounds were
tested as the racemic mixture, although it is likely that biological
activity largely resides with only one of the four diastereomers
(40,56).

6. 13-Thia Series

Classical medicinal chemistry has often recognized the
isosteric relationship of sulfur and the vinylene group. Accord-
ingly, we have prepared several 13-thia-15-hydroxy analogs,
which in isosteric terms also may be considered congeneric to the
A13-15-deoxy-16-hydroxy series. These 13-thia congeners were
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SCHEME 33

PREPARATION OF 15-DEOXY — 16-HYDROXY — 16-METHYL PRECURSORS

2 ab CHj vinyl iodide
CHy — HC=C —» o
) R vinyl stannane
R OSi(CHg)g
193 H R
5 cp = X
195 CaHs o 197 CHg
) 198 CyHg
CHy e | OSi{CH3l3
—C=C —
OSi{CH3)3 CHy
199 200
Si{CH3}
M ab CHy —t s
CH3 = —_— HCEC\M\/ BugSn”” X A
201 0Si(CH3l3 CHgy
202 203

a. HCECCHZMgBr, Etzo; b. (CH3)3SiC|, imidazole, DMF; ¢. Buli; d.1y; e. diimide;
f. BugSnH, AIBN, 140°,

SCHEME 34

PREPARATION OF 15-DEOXY — 16-HYDROXY —
16-SUBSTITUTED PRECURSORS

9 b R R
2 He=c M _c_’ BugSn \/\/'\/\/
R/l\/\/ - 3 v

OSi(CH3)3 OSi(CH3)3
2 205 208
a R=—CH=CH,
b R =—CH = CH(CH3} {trans}
¢ R=—CCHy=CHy
d R=
He=C BugSn M
O, A —
_ab . sichgy —p O
2060 OSi(CH3)3

a. HCECCHzMgBr; EKZO; b. (CH3)3SiCI, imidazole, DMF; c. Busan, AIBN, 130°.
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prepared as shown in Scheme 35 by the Michael addition of
1-mercapto-2-heptanol (208) to the appropriate cyclopentenone
providing 1l-deoxy-13-thia-PGE,; (209) and 13-thia-PGE, (210)
9.

Although the stereochemistry of these analogs is not unequi-
vocally established, model experiments involving the addition of
simple mercaptans to cyclopentenone 11 (no 4-hydroxy group)
indicate that a 4:1 trans-cis (8-iso) ratio of 11-deoxy products
(209) is obtained. The isomeric situation for the 11-hydroxy
analog 210 is more complicated. Treatment of the E, analog 210
with dilute HC1 in tetrahydrofuran ‘gave 13-thia-PGA, (211) and
the cyclic ether 212 as the result of an acid-catalyzed intra-
molecular addition of the 15-hydroxy group to the enone double
bond. The stereochemls'rry shown for 211 and 212 can be assign-
ed with confidence since the acid conditions used to dehydrate
210 are sufficient to epimerize an 8-iso-PG to the 8-normal config-
uration (74).

SCHEME 35
PREPARATION OF 13-THIA—PROSTAGLANDINS

\ﬂ/\/\ | g

Br abc HS\/\/\/\
1

HOW 28

207

X R
11%  —CHxCHy—~ -H X R_
53t -c=c- —OH 209 —CH CHy— -H
b b 210 g~ —OH
HH
[o} . o}
. WCOOH — OOH
2102 * "
NN
s I M- ?j 212
H

a. NH2CSNH32; b. NaOH; c. H30*; d. EtgN; e. Scheme 2; f. Scheme 11.
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ITI.  Modifications at C;, Cq and Cy4

We also have investigated the effect on biological activity
which results from the alteration or replacement of the PG func-
tional groups at C;, Cg, or C,;;. In general, our synthetic
starting point for these studies was 1-PGA; (213), its esters 214
and 215 (92), and the corresponding 15-epimers (93). These
substances are particularly attractive for analog synthesis since
they are readily available from the relatively abundant and
accessible Carribean Sea coral Plexaura homomalla (esper). (For
other congener syntheses based upon transformations with 1-PGA,
and its esters see references 94-97.)

=0 T I |®

o}
o 213
o \——/\/\COOR =
C\/\/\/\/ 2
> .

OR’

N
=
(5]
(2}
0
= o
w
[z}
X
w

A. 11-Deoxy-11-Substituted Analogs

Introduction of a large variety of groups to the 1l-position
was accomplished readily by appropriately catalyzed Michael
additions to 1-PGA, or its esters (98). By this approach, we
introduced alkyl, vinyl, phenyl, acylthio, alkylthio, cyano (con-
vertable to carboxamido and carboxyl), nitromethyl, and malonyl
groups. These products, with the exception of the alkyl, vinyl
and phenyl derivatives for which only the 1la-epimer was observ-
ed, were 1la/p epimeric mixtures, with the less hindered a-epimer
usually predominating. In some instances these mixtures could
be separated, but if not they were submitted for assay as such.

o]

7 :

R

OH
R R R
216 .- -H 221 ... CgHg 2263 ++ .. CN
217 - .. CH3 222 ... SCH3 226 el CN
218 ... C2Hg 223 ~ SCOCH3 227 ~~~ CONHz
219 ... CH(CHgly 224 ~~ CH{COOC,Hs)y (diester) 228 ~~ COOH
220 - - . CH=CHy 225 m~ CHaNOZ
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1-11-Deoxy-PGE, (_) a compound of some interest as a
base for structure-activity correlations, was obtained by conju-
gate reduction of diester 215 with sodlum cyanoborohydride
(100), and subsequent Jones oxidation and saponification.

The 1lla-hydroxymethyl congener was of especial interest,
particularly in view of our success with the transposition of
hydroxy from C;5 to C,s. The introduction of this group was
accomplished conveniently by the benzophenone-photosensitized
addition (101) of methanol to 1-PGA, diester 215 (102). [Other
reports (103,104) of this reaction, and of an alternate syntheSIS
(105,106) have appeared.] Irradlatlon of PGA, diester 215 in

methanol, followed by chromatography gave both the 1la- and
11B- hydroxymethyl congeners 229 and 231, respectively, which

were saponified to the corresponding acids . @ and 232. Isopro-
panol also added readily to PGA, diester by this s procedure,
however only a single product, the 1la-isomer 233, was isolated;

saponification afforded the acid 234.

HOCHz
HOCH,
AR R R
229 CHy COCHg 231 CH3 COCHg
20 H H 22 H H

o
¥/\/\ SN
> :
R OH

CH3—(r‘ CH3
R K
233 CH3 COCHg 235 -+ ++SCH,CH.0H
234 H H 236  ~aSCH,CH,OH

None of the above noted 11-substituted analogs was more
than minimally effective in our bronchodilator assays. However,
1la-(2-hydroxyethylthio)PGE, methyl ester (235) did prove to be
a potent bronchodilator of sufficient interest to warrant clinical
investigation (see Section VB). This compound was prepared as
a separable mixture with its 11p-epimer 236 by the addition of
2-mercaptoethanol to 1-PGA, methyl ester (214) (69,107).
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B. Cgq4 Derivatives: Hydrazones and Ketals of 11-Deoxy-
13,14-dihydro-PGE;

These studies were carried out with 11-deoxy-13,14-dihydro-
PGE; (237), since this compound was of high potency in our
bronchodilator assays, and was readily available from 1-PGA,
diester (215) by catalytic hydrogenation and saponification.
Treatment with the requisite reagent under standard conditions
afforded the 9-carbonyl derivatives 238-243 shown in Table III
(108).

TABLE it

R

OH

237 R=0 241 R=NNH—©—CO0H
238 R=NOH c

239 R=NOCH3 242 R=NNH—©

240 R = NNHCONH, al

243 R =NNHCSNHCH,CH=CH,

A wvariety of 9-ketals were prepared from either methyl
ester 245 (obtained from 1-PGA, diester 215 by hydrogenation
followed by selective hydrolysis) or acid 246, by the usual
ketalization techniques involving treatment of the ketone with an
excess of the requisite diol, dithiol or hydroxythiol in the pre-
sence of an acid catalyst (109). Saponification of the ester
afforded the corresponding acids listed in Table IV. [A recent
report from the Upjohn laboratories describes the facile prepara-
tion of the ethylene ketal of PGE, (110).]

Q

9 "\/\/\/COOR
R VA *
COOCH3

2 :
OAc OR
215 R R
- 244 CH3 COCHgy
245 CHy H
26 K H
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27

209

250

C. Cy-Derivatives: Amides and Esters

e

XA

10

X

o

Prostaglandin Bronchodilator

252

CH,Ci

H,l
254

(2]
I

51

23

TABLE IV

w|x
I
w

Xy X3 X3 X

255

256

257

CHy CHg

CHy

XD X2

335

Several carboxylic acid derivatives of 11-deoxy-13,14-dihy-
dro-PGE; (237) were prepared via the acid chloride 258 and are

listed in Table V.
dimethylaminoethyl ester 265
obtained by the mixed anhydride method (111,112).

Q
i
--\/\/\/cR
15
oR*

258
259
260
261
262
263

:I:I:SP;

CHy

In addition the decyl ester 264 and the

LR
c

NH{CH5}3gN(CHgl5

0CygH24
NHOH
NHy
NHCgHg

TABLE V

264
265

of 15-deoxy-16-hydroxy-PGE, were

Q o
NN NER

16

Mo i éH

R
0Cq0H21

OCH,CHoN(CH3)p
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IV.  Bronchodilator Assays

Although the prostaglandin molecule has been subjected to
one of the more intensive structure-activity studies in the history
of medicinal chemistry, the significance of many of the structure
variations has not been fully reported, and the effect on broncho-
dilator activity often remains unknown. In this review we will
attempt to identify those structure-activity relationships that are
apparent from our own studies as well as from those described in
the literature. Recent discussions published concerning the
effect of prostaglandins on the bronchial tree include those by
Rosenthale (113) and by Karim and Adaikan (114). In addition,
Schaaf has reviewed structure-activity relations in other areas of
prostaglandin interest (115).

Our compound evaluation procedure was carried out at the
UCB laboratories in Brussels. It is based upon an initial screen-
ing in four to six guinea pigs by the Konzett-Rossler method,
wherein the ability of an I1.V. administered prostaglandin to
reverse a bronchoconstriction induced by 5-hydroxytryptamine or
histamine is measured and an EDs, is determined (46,116). This
is a standard assay which in one or another modification is used
by most of the other laboratories active in this field, although in
several instances aerosol administration is favored. The capacity
of a compound to induce a prolonged relaxation was evaluated by
the effect (and EDjsy) of the initial dose against a second and
third spasmogenic challenge, administered at five minute intervals.
Only positive responses to this aspect of the assay are viewed as
signigicant since salbutamol does not produce a prolonged effect.
The activities reported for our analogs in the tables that follow
are derived from this Konzett-Rossler assay and are based on a
comparison of EDg, data.

For further evaluation, selected compounds are submitted to
a dog assay (117,118) in which the prostaglandin is administered
by aerosol to an anesthetized pilocarpine bronchoconstricted dog
(n=3 to 6) and the decrease in airway resistance is recorded; at
the same time effects on the cardiovascular system (femoral
pressure, pulmonary pressure, heart rate) are noted. This
experiment is allowed to proceed for one hour, which also permits
an assessment of the compound's ability to produce a prolonged
bronchodilation. In this assay salbutamol maintains its effect for
the entire hour, whereas isoproterenol and 1-PGE, lose theirs
within the first twenty minutes. At the conclusion of the study
a standard dose of isoproterenol is administered to determine the
animal's maximum capacity to respond.

A major problem has been the lack of a reliable assay
capable of detecting the irritant and cough-inducing properties
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associated with the natural prostaglandins. Inasmuch as a
prostaglandin bronchodilator would have to be free of this liabil-
ity in order to receive serious consideration as a therapeutic
agent, the absence of an appropriate assay represents a critical
weakness in our compound evaluation procedure.

Several attempts to resolve this problem have been described.
An assay utilizing young beagle dogs preselected for their consis-
tent susceptibility to PGE,-induced coughing (on average only
four of 25 animals respond) has been reported by a May and
Baker group (119). However, at least one compound (20-ethyl-
11-deoxy-PGE,, M&B 26,693) selected by this procedure neverthe-
less proved to be a bronchial irritant (120). Recently a cat
assay also has been claimed to be useful in this respect (121).
As yet there has been no reported confirmation from other
laboratories; in our own laboratory we have been unable to
duplicate the reported results. Finally, an assay involving a
spasmogen-induced bronchoconstriction in the monkey has been
noted by Weissberg (122). This procedure also is claimed to be
useful in determining potential irritant liability. Again, there
have been no reports from other laboratories concerning this
procedure.

V. significance of the Prostaglandin Functional Groups

The initial thrust of our investigation was to determine
which of the prostaglandin functional groups and structural
features were critical for bronchodilator activity. Toward this
end, we have prepared in the E; and/or E, series, the 11,15-
bisdeoxy, 11-deoxy, and 15-deoxy analogs, derivatives of the
9-carbonyl and carboxylic acid functions, as well as congeners
representing modifications of the A!3 trans double bond or the
replacement of the cyclopentane ring with a cyclohexane ring.
[To the extent studied, racemic prostaglandins are half as active
as the natural enantiomers (47,123).]

A. 11-And 15-Hydroxy Groups

The significance of the 11- and/or 15-hydroxy functions for
bronchodilator activity is demonstrated in Table VI. Substantial
activity clearly obtains in the 11l-deoxy series, but the 15a-hy-
droxy group apparently is an essential feature, although this
requirement can be satisfied by a hydroxy group at C,g; see
section VIII F. Nevertheless it is noteworthy, that in the Konzett
as well as other assays, even a primitive prostaglandin such as
11,15-bisdeoxy-PGE; produces a real PG-like effect, albeit with
much diminished potency.

Generally, inversion of the 15-hydroxy group to the 15-epi
configuration results in an essential loss of activity (113), as
does oxidation of this group to a ketone which is the major
product of metabolic inactivation.
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TABLE VI
RELATIVE IMPORTANCE OF 11- AND 15-HYDROXY GROUPS
o]

Nz N\ COOH
\ A5

HO :
OH

RELATIVE POTENCY
SEROTONIN  HISTAMINE

1. /PGE,4 100 {STD) 100 (STD)
2, /-11-DE0XY-PGE°a 15 135

3. d/-11-DEOXY-PGE, 44 13

4. /-11-DEOXY-PGE, 6.5 8.4

5. dI-15-DEOXY-PGE, 0.1 0.2

6. dI-15epi-PGE4 0.2 02

7. d/-11,15-BISDEOXY-PGEy 0.02 0.35

8. (:/l-11-DEOXY-15-DEHYDR0-PG!’:0b <0.01 0.65

a. NO UNSATURATION; b. 15-KETO.

Both 11-deoxy-PGE; and 11-deoxy-PGE, showed good activi-
ty in our Konzett assay (Table VI). Rosenthale and co-workers
(113) found 11-deoxy-PGE; to be equipotent with 1-PGE; against
acetylcholine-induced bronchoconstriction in the guinea pig on
aerosol administration. In their hands, 11-deoxy-PGE, was
considerably less effective, and 11-deoxy-PGF,8 had 10% the
potency of 1-PGF,8 (see C). In addition, as will be apparent
from the discussion which follows, we and others have found
many 1ll-deoxy derivatives to possess substantial and even
outstanding activity in the Konzett assay. Although most exam-
ples of this series which were submitted to the pilocarpine dog
assay produced significant bronchodilation, we have been unable
to find even one 1l1-deoxy-Al3-trans prostaglandin capable of
inducing the maximum bronchodilatory effect observed with
1-PGE; or isoproterenol, even in some instances at several times
the apparent maximum effective dose (Fig. 1). Several 11-deoxy
derivatives are believed to have undergone clinical trial, but to
our knowledge they have all failed.

B. C;q-Substitution

The effect produced by replacing the lla-hydroxy function
with other groups also was investigated. C;; congeners in many
instances are readily accessible (section III A), and a relatively
large number were prepared (Table VII). Only two groups were
consistent with substantial activity, the small cyano group (entry
1) and the 2-hydroxyethylthio group (entry 12). It is interest-
ing that hydroxymethyl, acetylthio, methyl and vinyl, as well as
methoxy and ethoxy in the 16,16-dimethyl series all failed to
give compounds of interest. Other C;; substituents exhibiting
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Bronchodilator activity of (A) l-PGE;; (B) d1-3-thia-11-deoxy-PGE ;

(C) dl-15-methyl-11-deoxy-3-thia-PGE ; and (D) dl-15-methyl-11-deoxy-PGE, in

pilocarpine-bronchoconstricted dogs (aerosol) (A
3); (%) 0.16 pg (n = 3); (M) 900 pg (n =

)16 pg (n =3); (®) 1.6 ug (n —
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TABLE VII

C11-SUBSTITUTION

RELATIVE POTENCY
SEROTONIN HISTAMINE

R

1. «-OH (/-PGE,) 100 (STD) 100 (STD)
2. A0 (pGAy) 0.2 1
3. a-H (/-11-DEOXY-PGE,) 19 16
4. a-CHg 0.4 17
5. a-CH=CH, 0.08 0.07
6. o-SCOCH4 0.2 22
7. ofsCN 27 16
8. «-CH,O0H 03 13
9. 8-CH,OH <0.03 0.6
10. a-OCH,CH,0H (d/-E4)2 27 24
11. a-OCH,CH,0H (d/-E5)? (METHYL ESTER) 08 0.6
12, «-SCHyCH,OH (METHYL ESTER) 16 18
13. «/B-SCH2CHZ0H (/-Eq) 18 18
14. a/f-SCHyCH,CH,OH (METHYL ESTER) 0.5 0.7
15. a/-SCH,CH,SH (METHYL ESTER) <0.03 0.08

a. PREPARED BY TOTAL SYNTHESIS USING CYCLOPENTENONE 67 OR 71.
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reduced activity include -C,Hg, -CgHgy, -SCH;, -SC,Hg, -COOCH,
-CONH,;, -CH3;NO,, -CH(COOC,Hj),, -C(CHj3),OH, piperidino,
pyrolidino and cyclohexyl (98,113,124,125).

The 2-hydroxyethylthio observation was pursued with the
synthesis of many related compounds, a few of which are includ-
ed in Table VII (69). However, the effect of this substituent
proved to be quite structure specific. Thus, homologation of
the chain (see entry 14), replacement of sulfur with oxygen
(11), and replacement of hydroxy with sulfhydryl (15) or with
methyl were ineffective. On clinical investigation, 1-11-deoxy-
11a-(2-hydroxyethylthio)-PGE, methyl ester (I) at aerosol doses
as high as 800 pg in asthmatic patients failed to produce a
consistent bronchodilation (69).

[o}
HO .. 3 " : >~
\/\§ OH AN OH

CHy

| 11

A similar study of C,;; substitution was carried out by a
Wyeth team (113,124,125) who found cyano to be the only group
of interest. In their assay (Konzett, histamine agonist, aerosol
administration), 1la-cyano-11-deoxy-PGE, had 1% and the 15(R/S)-
methyl derivative (II) 10% the activity of 1-PGE,. The cyano
group, as well as the methyl group, also were effective 1la-sub-
stituents in the PGF,B series (see section C).

Muchowski recently reported dl-11-deoxy-1la,12a-difuoro-
methylene-PGE, (III) to have 5x the potency of 1-PGE, in a
guinea pig assay (histamine agonist) when administered by
aerosol, and to be equipotent when administered by the intrave-
nous route (126,127). The 13,14-dihydro derivative IV was
similarly active, as were the E; and E, counterparts. Interest-
ingly, the 1la,l20-methylene analogs were essentially inactive.
In a clinical trial with mildly asthmatic patients neither III or IV
were sufficiently effective to be of interest (126).

[o] o,
LT w3
JF  OH /F OH
F F

i v
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C. Cg Modifications
1. PGF,B

The relative potencies of several of the standard prosta-
glandins are shown in Table VIII. In addition to the E series
prostaglandins, 1-PGA, and 1-PGF,B exhibit significant, albeit
weaker, bronchodilator activity. The latter compound (WY-15019)
was evaluated in asthmatic subjects and found to be ineffective
at the dose (200 ug) studied. In fact, an immediate mild bron-
choconstriction was noted after inhalation by asthmatic subjects
(128). The epimeric PGF,a is a potent bronchoconstrictor in
animal models and in man, and asthmatic subjects are markedly
hyperreactive to it. Indeed it has been suggested that at least
for a significant portion of the asthmatic population it may be an
important natural factor in the development of the disease (7,12,
129).

TABLE Vili

BROCHODILATOR ACTIVITY OF THE
STANDARD PROSTAGLANDINS

0 o OH
¥ 7 N 3
HO oM HO
PGE, PGA PGF, PGF,
PGE,
RELATIVE POTENCY
SEROTONIN HISTAMINE
1. IPGE, 100 (STD) 100 (STD)
2. IPGE, 18 52
3. I1PGA, 1 3
4. I-PGFZ‘] {(WY-15109)} 1 5
2. Carbonyl Derivatives

It is apparent that structural changes at Cg markedly effect
activity and consequently we have prepared a variety of Cg
carbonyl derivatives, mainly hydrazones and ketals, of 1-11-deoxy-
13,14-dihydro-PGE,, itself a highly potent compound in our
assays (Table VI, entry 2). Several of these modifications,
particularly ethylene ketalization, are consistent with broncho-
dilator activity (Table IX). It is unlikely that these derivatives
are acting as prodrugs since the onset of action is so immediate
and regeneration of the 9-keto function would not be expected at
the physiological pH of the lung.

3. 9-Deoxy Derivatives

This series was investigated by the Wyeth group (113).
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TABLE X

BRONCHODILATOR ACTIVITY OF HYDRAZONES AND
KETALS OF 11-DEOXY-13,14-DIHYDRO-PGE(

A COOH
.-\/\/\/
OH
RELATIVE POTENCY
R SEROTONIN HISTAMINE

1.=0 100 (STD} 100 (STD)
2.=NOH 10 3
3.= NOCHg 6 20
4. = NNH @COOH 80 48
5.=NNHCSNH, 18 0.5
6.=NNHCONHCH,CH = CHy 31 0.8

o
7. >< j 36 80
o
CHg
8. ><Zj 900 60

o0 SH3
9. ><O:[c 95 1.1
H3
10. - 3
o0 /CH3
7. >< 5 7
o CH3

12.>< 10 12
. >< e

The following groups were weakly active or inactive:

XJ

Cl

XD XY Y, e (o

i

CH,CI CH,l

XJ
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The 9-methylene derivative V of 9,11-bisdeoxy-PGE,, which
represents an analog wherein the sp? character of the 9-carbonyl
group is retained, was essentially inactive (<0.001 x PGE,).
The 9B-hydroxymethyl and 9p-formyl derivatives VI and VII,
which can be seen as homologs of 11-deoxy-PGF,f and 1ll-deoxy-
PGE,, respectively, also were inactive, as wes the 9-dehydro
derivative VIII.

I CH,OH CHO
AN N

OH HO
\Y Vi Vil vl

Muchowski and co-workers have described the synthesis and
bronchodilator activity of a series of ring halogenated prosta-
glandins. Several of these compounds showed excellent activity
in the Konzett assay (vs. histamine) on intravenous or aerosol
administration (Table X). Phase I evaluation of the most potent
member of the series, 9-deoxy-9p-fluoro-PGE, (IX), however,
revealed a cough liability which precluded further clinical inves-

tigation (126,130).

TABLE X

9- AND 11- HALO PROSTAGLANDINS

Rg

!' / 3

Ry OH

_KONZETT
Rg Ry vl "AEROSOL

X F OH 4XPGE, 25X PGE,
X OH F 0.4X PGE, -
XI OH o« 0.5X PGE, -

Xl OH OH (PGFZ‘;)

D. 10a-Homo Series

Expansion of the cyclopentanone ring to a cyclohexane ring
proved disappointing, providing compounds with only marginal
activity (XIII:<0.001 x 1-PGE,) (§1).

o]

"a 2

.
.
.

OH

X
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E. C; Modifications

A large number of prostaglandin esters and amides have
been reported in the patent literature. Although little is known
concerning the biology of these derivatives, it generally is
accepted that at least the simple methyl ester usually produces
effects equivalent to that of the parent acid. From our own
experience we are able to confirm this view as it applies to our
bronchodilator assays. In a limited study we have found that a
decyl ester and certain amides retain activity, but of consider-
ably diminished potency.

An effort involving several laboratories also has been made
along classical medicinal chemistry lines to identify biologically
acceptable functional or pro-drug equivalents of the carboxylic
acid group. Thus far the following groups have been reported.

0 0 »
-
—CNHCCHy —SOzH(Na) 32 —CHO 133
NoN 1% -PO(OCHg), " —CH,OH 505!
_< H —CHyNRy 138
N—N

1
H

One such example, the imide XIV (CP-27,987, Pfizer), has
been studied in the clinic with what appears to be some initial
success (131). This compound when administered by aerosol
(6-140 pg) induced an effect and duration of action similar to
that of isoproterenol. Side-effects included headaches and a
transient increase in heart rate at the higher doses. A mild
irritation of the throat and some coughing was noted at all
doses, but these effects also were induced by the vehicle without
drug.

o]

o] . fl) (Il) ".\/\/\/Cﬂon
) Za Y s

. H HO :
HO OH OH
XIV XV

The only other bronchodilator information available concern-
ing this series of carboxylic acid equivalents is a report that
PGE; and other carbinols (XV) (50,51) and 15-deoxy-16-hydroxy-
prostaglandin carbinols will relax ginea pig trachea (13la).

F. 13,14-Double Bond Variations

1. 13,14-dihydro Analogs

Compounds in which the 13,14-double bond is saturated are
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sometimes referred to as members of the PGE, class. Although
one group has reported that 11-deoxy-PGE, is only poorly active
in the aerosol Konzett assay (124), we have found this compound
to possess a high degree of bronchodilator potency in the I.V.
Konzett (Table VI) and aerosol pilocarpine dog assays.

In the lle-hydroxy series potency was substantially dimini-
shed, by 90% for PGE, (124) and by 99% in the 15-deoxy-16-hy-
droxy-16-methyl series (I1.V. Konzett; Table XX) (137).

2. 13,14-Cis-Vinylene Analogs

The synthesis of Al3-cis-15-hydroxyprostaglandins has been
reported (22,27,138), but with one exception the biological
consequences of this wvariation have not been described. A
Syntex group (138) has noted the relative inactivity of a series
of Al3-cis-16-hydroxy-PGE; derivatives (0.005 x PGE; in I.V.
Konzett; see Table XV for Al3-trans counterparts). In the
15-deoxy-16-hydroxy-16-methyl series we also have found that
this modification almost completely abolishes bronchodilator activity,
the Al3-cis analog retaining less than 0.5% of the activity of the
corresponding AlS-trans derivative (137).

Replacement of the trans double bond with a triple bond
also has been described (139), but bronchodilator testing data
has not been reported.

3. 13-Thia Analogs

The isosteric relationship of sulfur and vinylene has often
been recognized, and on occasion an exchange of one for the
other has provided analogs of interest. However, this concept
has not proven useful in the prostaglandin series, the 13-thia
derivatives (see Scheme 35) having less than 1% the activity of
the parent A!3-15-deoxy-16-hydroxy (or Al3-15-hydroxy) com-
pound (81).

VI. o-Chain Variations

A major route of prostaglandin metabolic inactivation is
B-oxidation of the carboxylic acid «-chain (82). Consequently
we have made an extensive search for structure modifications
which, while consistent with biological activity, would block or at
the least hinder this metabolic route. An additional advantage
for this approach was the possibility that an a-chain modification
also might produce a compound resistant to PG 15-dehydrogenase,
since this enzyme is known to be sensitive to structure changes
at remote sites on the prostaglandin molecule (140,140a,140b).
The results of our investigation are presented in Tables XI and
XII. Also included in Table XI are a series of C,-Cg alkyl
substituted derivatives studied by Bartmann and his colleagues
of the Hoechst laboratories (141).
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A. Alkyl and Alkoxy Substitution

From the data of Table XI it is apparent that bronchodilator
activity is drastically reduced by substitution on C,-C4. On the
other hand, methyl substitution at Cs or at Cg provided com-
pounds with equivalent or even enchanced potency. It is con-
ceivable that the increased activity of the 5-methyl analog, which
would not be expected to retard B-oxidation, is in fact a reflec-
tion of increased resistance to PG 15-dehydrogenase.

TABLE XI

EFFECT ORa-CHAIN SUBSTITUTION
UPON BRONCHODILATOR ACTIVITY

o R
NEEANZ - COOH
Z
OH
LEDERLE HOECHST
R RELATIVE POTENCY R RELATIVE POTENCY
-— SEROTONIN HISTAMINE — HISTAMINE
1. H (NORMAL) 100 (STD} 100 (STD) 9. H{NORMAL)} 100 {STD}
2. 2CHy <0.1 1 10. 2.CHy 6
3. 2.CyHg 0.12 23 11, 2.CyHg <0.2
4. 2CgHg 0.01 0.05 12, 2C4Hg <0.2
5. 2,3-METHANO({r} 0.6 154 13. 3-CH3 3
6. 3,3-DIMETHYL <0.001 <0.1 14, 4-CH3 2
7. 4-0CH3 0.2 14 15, 5-CH3 400
8. 4-.OH (NaSALT} 0.12 <0.1 16. 5-C2H5 20

17. 6-CHy 170

B. 3-Thia and 3-Oxa Series

In Table XII is shown the effect of isosteric replacement of
the 3-methylene moiety by oxygen or sulfur. Only a limited
number of examples were studied so that a definitive assessment
as to the effect of these substitutions is not really possible.
The one 3-oxa analog (entry 2) possessed about 1-3% the activity
of the parent compound. Results with the 3-thia derivatives
(entries 3, 10, 17) were variable, but the 1lle-hydroxy-16,16-
trimethylene member (17) of this series was about as active as
the parent 3-methylene derivative. In the pilocarpine dog assay,
dl-3-thia-11-deoxy-PGE; (3) produced a nice prolongation of
effect (Fig. 1). At total doses of 0.16-900 ug it reduced broncho-
constriction by 50%. In contrast to 1-PGE;, which was substan-
tially more potent but short acting, these effects persisted for
the duration of the experiment (1 h). On the other hand, the
maximum effect (50%) that could be attained at any dose was
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TABLE X1t

EFFECT OF SUBSTITUTION WITHIN THE
a-CHAIN UPON BRONCHODILATOR ACTIVITY

0
=~ .
OH
" RELATIVE POTENCY
his B SEROTONIN  HISTAMINE
COOH
1S 100 {STD) 100 {STD}
NORMAL
2, SN0~ COOH 3 15
. H
3 S S o0 13 17
2
4 SN oo <0.01 <0.01
5. NS N cooH 4NOR) <001 <0.01

’\/\/\
[ 577\ COOH (4HOMO} <0.01 <0.01

[
B2
3 p 1€
{HIHO SH
11-DEOXY SERIES
Rz
7 S e T co0m 100 (STD) 100 (STD)
. COOH
[N N e e 38 92
. COOH
9. \/\>:</ 00 <02 <01
. COOH
AN N AN 42 24
H COOH
[T P g 0.25 011
2. TSN coom 24 7
2:NOR
B IS ook <0.2 <0.07
2-HOMO
W NN N CO00H <02 <0.07
22,2b-BISHOMO

Ta-HYDROXY SERIES

R
15 S coon 100 {STD} 100 {STD)
16, S COOH 200 290
A N N 63 154

ENTRIES 2, 3:REF 39; 4:REF 142; 5, 6:REF 49; 7-16:REF 46; 17:REF 142a.
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significantly less than the maximum bronchodilator effect of
I-PGE; (70% inhibition at 0.16-16 pg) or of isoproterenol (70%
inhibition at 50 pg) similarly administered. The 15-methyl deri-
vative (Fig. 1) gave similar results in both assays. The 16,16-
dimethyl analog, although equipotent in the Konzett assays,
proved to be bronchoconstrictive in the dog. Note that the
3-sulfinyl derivative, (entry 4), a possible 3-thia metabolite, is
not active. h

C. Variation in Chain Length and Double Bond Isomerization

Several investigations indicate that the length of the a-chain
is critical for high activity. Thus, in the 11-deoxy-PGE, series,
a study (Table XIII) by the Hoechst group showed that the
abbreviated 5-carbon and 6-carbon «-chain derivatives were
inactive and that the 2-homo analog (8 carbons) was only 10% as
potent as the parent compound (143). In the 11-deoxy-16,16-
trimethylene-PGE, series, compounds having 8- and 9-carbon
o-chains (Table XII; entries 13, 14) were ineffective, although
the latter compound should give the parent member of the series
by metabolic p-oxidation. However, the 2-nor derivative (12)
retained some potency (7-24%). In the 3-thia series neither the
6-atom or 8-atom analog (Table XII; entries 5, 6) were effective
compounds. That the former compound (4-nor) was inactive is
surprising since examination of space-filling models indicates a
good similarity in chain length between its «-chain and that of
PGE,.

It is worth noting that a 2a,2b-bishomo-PGF,a derivative (9
carbon a-chain) has been reported to display potent abortifacient
activity (144).

— TABLE XI1{
EFFECT OF «-CHAIN LENGTH ON
BRONCHODILATOR ACTIVITY

o]

wii/\/
N

OH
RELATIVE POTENCY

n HISTAMINE
1. 4 (BISNOR} <0.002
2. 5 {(NOR} <0.002
3. 6 (NORMAL} 100 (STD)
4. 7 (HOMO) 10

The Hoechst group has described an effective wvariation
obtained by shifting the 5,6-double bond of 11-deoxy-PGE, to
the adjacent 4,5-position. The resulting analog (XVI; HR-102)
is considerably more potent than PGE,, but unfortunately it
induced a cough in patients during initial Phase I studies,
precluding further clinical investigation (141).
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R s 4
"WCOOH

OH

XVi

A 5(6)-dehydro-11-deoxy-PGE, derivative (acetylenic C5-Cg
bond) proved to be only a very weak bronchodilator (146).

D. Miscellaneous

Many other «a-chain modifications have been reported (Table
XIV). Most of these changes appear to have been consistent
with biological activity in one or another assay, but except for
entry 6, no reports concerning bronchodilator activity have
apeared. TABLE XIV

a-CHAIN MODIFICATIONS

b COOH % COOH 52

1. ."\/\/\/ 9
[

153

~
2.5 a3 "\coon 10. ~"\/\/>Z<COOH

F

3 ™ —_ "N coon ¥ ns COoOH ™
5 4
. W e

N O

6 5 4

S COOH
R 3 149 12, N 4
5. .'\/\/\/COOH \@/\/
2
s 3
5 .-'\a@/o\/

5
0\/\/
F
6§ 5

155

5 4
6. .-'\/__\/\COOH 141,150

3 cooH '
S 3 COOH ™!

NGNS P g

151

8. NN CO0H
VII.  B-Chain Modifications

The primary agent of prostaglandin metabolic inactivation is
PG 15-dehydrogenase (82). We and others have undertaken an
intensive search for substitutents which, when positioned at or
in the proximity of C;5, would block or inhibit the action of this
enzyme and which also would be compatible with biological activity.
Such compounds might prove to be more potent and/or efficacious,
but primarily they would be expected to produce a biological
effect of prolonged duration. Our efforts along these lines in
the 11-deoxy series are summarized in Table XV, and in the
1lla-hydroxy series in Table XVI.
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A. 15-Methyl Derivatives

Although C,;5-methylation has given prostaglandins with
dramatically enhanced effects as orally active, long lasting inhibi-
tors of gastric acid secretion (159) and to a lesser extent as
abortifacients (160), this modification has proven to be a major
dissapointment for the development of improved bronchodilators.

In the 11l-deoxy series, the 15-methyl-PGE; member (Table
XV; entry 2) was quite effective in our Konzett assays, but only
moderately so in the pilocarpine dog assay. However, an Ayerst
group has reported (161,162) that the 1-15(S) enantiomer (XVII,
doxaprost) showed high activity and a prolonged duration of
effect in several assays. Similar results have been reported for
15-vinyl (RU-22078) and 15-ethynyl-11-deoxy derivatives (141,
163). On the other hand, introduction of the 15-methyl group
(R/S) into PGE, resulted in a radically diminished potency in
our Konzett assay. A limited study (13) of the 15(S)enantiomer
XVIII in 6-normal and 6-asthmatic subjects appears to support
the Konzett determination, as this compound was at best only
weakly effective at a dose (200 ug, aerosol) which is about four
times the apparent minimal effective dose reported for 1-PGE;
(10,11,164). (No irritant effects were reported in this study.)
These results are also in accord with those of Strandberg and
Hedqvist (6), who found that in an isolated human bronchial
strip assay 15-methyl-PGE, (XVIII) produced a weak and inconsis-
tent effect.

0
NN COOH " .
o \_/\/\—_COOH
CH3 OH HO CHz OH
xvii XViil

B. 16,16-Dimethyl Derivatives

The 16,16-dimethyl substitutent, like C,s-methylation, has
produced striking results for the inhibition of gastric acid secre-
tion (165) and an enhanced potency as a uterine smoth muscle
stimulant (166), but has proved to be equally dissapointing for
the development of a prostaglandin bronchodilator. In both the
11-deoxy and 1la-hydroxy series, introduction of the 16,16-di-
methyl group was consistent with retention and perhaps even
enhancement of activity in our Konzett assays, and a prolonga-
tion of effect was noted by Strandberg and Hedqvist (6) in their
guinea pig studies. However, as with the 15-methyl series,
these observations could not be confirmed in other systems. In
our pilocarpine dog assay (Fig. 2), dl-16,16-dimethyl-PGE, was
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TABLE XV

11-DEOXY-15,16 AND 17- SUBSTITUTED PROSTAGLANDINS

[}
7 NR

_RELATIVE POTENCY _

R SEROTONIN  _HISTAMINE
SERIES
N Ve 100(STD)  100{STD)
oH
2 )’(\/\/ (o1 Eq) 74 125
OH
3 M o/ Eq} 150 -
L]
4 oOH (/ Eg) 85 925
5. \/@\/ (o Eq) 53 -
4 1€
5 ou ol Ep) 65 U
7. @ Ey) 20 127
\>§</\/
8 3 (o Eg} 25 89
OH
Y 1.
0. ¢ (o Ep) 68 240
OH 2
", €y} 22 34
HY
12. LIL' SN N (e Eq) 46 20
oL

1. 185 18, {a/ Ey) - 800
HO

1. \/>'<\/ €y 01 06

15. (o Eq) 83 378
[TRRNC IR’ " NN (o Eq) <16 8

AN IR Y PN {d Eq, Etester) 13 <16

8~ o (@ Eg) <0.16 <0.16

H
CF;
"
9.~ Ny @F (o €5} ToxIC TOXIC
H
oH

ENTRIES 28, 14:REF 48;9-10:REF 46; 11-13:REF 84; 15:REF 85;
16:REF 72; 17:REF 43; 18, 19:REF €9.
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TABLE XV{

15,16 OR 17-SUBSTITUTED PROSTAGLANDINS

o
S >~ SR
HO
RELATIVE POTENCY
R SERIES SEROTONIN HISTAMINE
1L~ T 100 (STD) 100 (STD)
: {/ PGE,)
OH
2 \>s</\/ ol Ep) 164 435
OH
3. 1516°" N (o Ep) 135 173
HO

5. \SZ/\/ (d/ Eq) 162 76
16

6 i {dl Ey) 56 38
OH

7. \:5_15/\/\\ {d! Ep) 8 4
OH OH

8 \1 PN (d Ep) 2 2
OH OH

9. \1s NN {dl Ep) 0.2 17

10. )‘M o Eo) 3 3

n (d/ Eq) 3 1

12, )@ {d/ Ep) 3 2

HO

ENTRIES 2:REF 108, 167; 3, 11, 12:REF 84; 4:REF 85; 5, 6:REF 46;
7,8:REF 72; 9:REF 43; 0:REF 82a, 108.
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only weakly efficacious, although its effect was prolonged. When
tested as the free acid or methyl ester against isolated human
bronchi (11 strips) it failed to relax any of the strips and
indeed proved to be a consistent and potent contractor (6).
[Another laboratory reports a marginal relaxant effect, 0.08 X
PGE; (114).] The PGE; counterpart produced either no effect
or only a slight contraction (5 strips) (6).

It should be noted that in all published studies with human
bronchi strips, as well as in our own experience, PGE, is report-
ed to induce relaxation, although with a potency much less than
that of isoproterenol. On the other hand, we and three other
laboratories have noted mixed effects for PGE,, a contractor in
some instances and a dilator in others (5‘6:7). Based on a
comparison of response curves and cross tachyphylaxis experi-
ments, Gardiner has suggested that PGE, can stimulate either
PGE, (relaxor) or PGF,o (contractor) receptors 3.

C. Cycloalkyl Derivatives

In contrast to the 16,16-dimethyl series, we have found
that introduction of the closely related 16,16-trimethylene (spiro-
cyclobutyl) group gave analogs with high activity not only in the
Konzett assays, but also in the pilocarpine dog assay (46).
Thus, 16,16-trimethylene-PGE; (XIX) (Table XVI; entry 5)
appears to be a very potent compound capable of producing an
effect of prolonged duration (Fig. 2). 16,16-Trimethylene-PGE,
(46) and its 20-nor derivative gave similar results in the Konzett
assay. Unfortunately, both XIX and the PGE, counterpart
produced a short-lived pulmonary hypertension in dogs at effec-
tive dose levels, precluding further development of these com-
pounds.

o]

mw
NN

HO OH HO OH

XX XX

16-Cyclopentyl-17,20-tetranor-PGE; (XX) also is of interest,
since in the pilocarpine assay it is perhaps the most potent
prostaglandin we have yet seen (Fig. 3); however, in contrast
to the 16,16-trimethylene series, it is a short-acting compound.

A group from Miles Laboratories also has synthesized a
series of analogs incorporating a cycloalkyl feature in the p-chain.
Testing was carried out with the isolated guinea pig trachea
(Table XVII). These studies again demonstrate the bronchocon-
strictor potential of 16-alkyl derivatives (168a).
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18.
19.

20.
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TABLE Xvil

8-CHAIN MODIFICATIONS (MILES}

[E3

TR 4010 COOH NN §TO)

Co0cH; S STO
TR 4723 coocuyzz)/-\/\/
TR 4510 COOH >.</\/

TR 4117 COOH /\/N'/@:|
18
TR 4144 COOH /"L‘_h

TR 4098 COOH @

TR 4120 COOCH,
TR 4713 CH,O0H
TR 4726 COOC,Hg(E,)

TR 405

-

TR 4078 COOCH,

TR 4248 COOCH,
TR 4569 CH,OH

TR 4830 COOCH,
TR 4673 CHLOH

TR 4681 COOH
TR 4688 CHOH

TR 4692 COOCH3
TR 4645 CH,OH

TR 4882 COOCHg
TR 4881 CHaOH

TR 4796 COOCH3
TR 4832 CHOH

3Py T g0

C=CONSTRUCT: R = RELAX; O =WEAK; 4=STRONG. SEE REFERENCE
51 FOR DESCRIPTION OF ASSAY AND EXPLANATION OF RESULTS.

ENTRIES 1.7:REF 168;8-10:REF 45; 11-23:REF 51.
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Figure 2. Bronchodilator activity of (A) d1-16,16-dimethyl-PGE, and (B) dl-16,16-
trimethylene-PGE, in pilocarpine-bronchoconstricted dogs (aerosol) ([1) 160 ug
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15- and 16-Hydroxy derivatives in which the cycloalkyl
group incorporates the carbinol carbon also have been prepared.
Three examples are illustrated below. The cyclohexyl derivatives
XXI and XXII produced relatively weak bronchodilator responses
in both the Konzett and pilocarpine dog assays. However, the
cyclopentyl derivative XXIII, structurally closer to the natural
prostaglandins, shows high potency in both assays, but induced
a transient increase in dog pulmonary arterial pressure in the
course of the latter assay (84).

xx1 XXt XX1H

D. Other C,;q Substitutents

In our Konzett assay, 11-deoxy-16-methyl derivatives show-
ed exceptionally high potency (48), an observation also made by
a Wyeth group (113). However, further examination of 11-deoxy-
16(R/S)-methyl-PGE; (XXIV) in the pilocarpine dog assay indicat-
ed this compound to be relatively ineffective and of no interest.
Another member of this series, 16(S)-methyl-20-methoxy-PGE,
(XXV, YPG-209), has been reported to be 230 times as potent as
PGE, in the guinea pig vs. histamine-induced spasms. It also is
claimed to be orally effective in this model without concommitant
hypotension or diarrhea (169). This is the first claim, that we
are aware of, for oral activity for any prostaglandin bronchodila-
tor and we await the results of further studies with this com-
pound.

S
- \———/\/\COOH
5 8 20
CH R > : \/\OCH3
oH 3 HO oH CH3
XXV XXV

Larger groups at C,;g¢ [ethyl, methoxy (43), 16,16-ethylene
dithio (170)] as well as the 16-keto group (170) are not consis-
tent with significant activity. On the other hand, the minimally
bulky 16-methylene derivative of PGE, methyl ester (ONO-481CD)
is reported to be a potent relaxor of guinea pig trachea (114).
The diminished activity found for the erythro (XXVI) and threo
16-hydroxy PGE, derivatives in the Konzett assay is suprising in
view of the high potency found in the 15-deoxy-16-hydroxy
series (see below). Although neither the threo nor the erythro
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16-hydroxy-PGE, analogs was capable of producing a maximum
effect in the pilocarpine dog model, the erythro derivative was
among the longest acting congeners we have studied (Fig. 3).

o 0
3 / 15 16 / 3 16 O
HO HO OH HO

CF3
XXV XXvil

It also is interesting that the 16-m-trifluoromethylphenoxy-
17,20-tetranor moiety (see XVII; also Table XV, entry 18) which
abolished bronchodilator efficacy in the 1l-deoxy series, when
incorporated into PGF,a provides one of the most potent prosta-
glandin abortifacients yet reported (87,88). Furthermore, the
p-fluorophenoxy-11-deoxy-PGE, analog (19) was one of the very
few congeners tested in our assays which was toxic. 16-Phenoxy-
17,20-tetranor-PGE, is described as a very potent contractor of
isolated human and guinea pig trachea (16 x PGFqa!) (114).
Although 17-phenyl-18,20-trinor-PGE, is reported by one labora-
tory to be an active bronchodilator in the guinea pig assay and
even produced relaxation in a human bronchial strip assay (2 of
5 preparations), Karim and Adaikan (114) claim it and its 15-
methyl derivative to be strong constrictors of isolated human and
guinea pig trachea (31 and 20 x PGF,a, respectively).

E. B-Chain Length

In general, it appears that homologation of the B-chain
gives compounds with similar or diminished potency. One such
example, 20-ethyl-11-deoxy-PGE; (M & B 26,693), was submitted
to clinical investigation (121,122). In eight male non-asthmatic
volunteers at a dose of 250 ug (aerosol) M & B 26,693 produced
significant bronchoconstriction. At the same dose six of the
eight subjects coughed and/or experienced a burning sensation
in the throat. The bronchoconstrictor effect is believed to be
associated, at least in part, with the cough response.

In the 15-deoxy-16-hydroxy series we have noted a loss of
potency on homologation of the B-chain, although in the unsub-
stituted 16-hydroxy series this was manifested only with the
20-propyl derivative (see below). Abbreviation of the chain by
one carbon (20-nor congener) in the 16,16 trimethylene series
did not effect the activity (46).

F. 15-Deoxy-16-Hydroxy Series

The possibility that certain of the prostaglandin receptors
might be less demanding than others in their binding require-
ments led us to prepare a series of analogs wherein the 15-hy-
droxy function was repositioned to C;5, C;¢, C;7, Or Cgo On the
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flexible B-chain or replaced by a 15-hydroxymethyl group. The
results of this study are summarized in Table XVIII. The only
compound which provided good activity was the 15-deoxy-16-
hydroxy derivative, which is a mixture of 4-diastereomers.
Pappo and Collins (40) have shown that only the 1-16(S) diaste-
reomer is effective as an inhibitor of gastric acid secretion and
we accordingly make the likely assumption that only one of the
four isomers is active as a bronchodilator.

TABLE XVIlI

BRONCHODILATOR ACTIVITY AS A FUNCTION
OF g-CHAIN HYDROXYL POSITION

RELATIVE POTENCY
SEROTONIN HISTAMINE

/ PGE, 100 {STD} 100 (STD)
di 15-DEOXY-PGE, 0.5 04
dl 15-DEOXY-13-HYDROXY-PGEq 0.03 <0.002
dl 15-DEOXY-16-HYDROXY-PGE 110 48
dl 15-DEOXY-17-HYDROXY-PGE 04 19
d/ 15-DEOXY-20-HYDROXY-PGE, 0.3 1.1
d/ 15-DEOXY-15-HYDROXYMETHYL-PGE, 0.1 0.2

Further exploration of this series provided the results
summarized in Tables XIX, XX and XXI. Table XIX gives the
Konzett results for the secondary 16-hydroxy series (85).
Activity approximately equivalent to that of 1-PGE, was noted for
the dl 15-deoxy-16(R/S)-hydroxy derivatives (entries 2 and 3)
of PGE; and PGE,. Furthermore these analogs have shown good
potency and efflcacy in the pilocarpine treated dog (Fig 4).
Konzett activity is maintained for the 20-methyl (9, 10) and
20-ethyl (11) homologs, but appears to fall off with the 20-propyl
derivative (12) Introduction of the trans A!7 bond (13-15),
which restores allylic character to the hydroxy function, or a
17-methyl group (16-20, Fig 4) also was consistent with high
activity. Homologation in the Al7 series led to enhanced potency.
Interestingly, dialkylation at C;; with the trimethylene group
(21) almost abolished activity-compare the 17 methyl analog (19)
and the 15-hydroxy-16,16-trimethylene derivatives of Table XVT,
entrees 5 and 6.

The 16-methy! derivatives (Table XX) also were of high
potency, the E, member even appearing to display an enhance-
ment of activity --contrast the poor response (3%) observed for
15(R/S)-15-methyl-PGE, (Table XVI, entry 10). However, in
this series homologation of the B- cham or introduction of the A7
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TABLE XIX

BRONCHODILATOR ACTIVITY OF
15-DEOXY-16-HYDROXYPROSTAGLANDINS

SN NN
COOH
16

HO
OH RELATIVE POTENCY

SERIES SEROTONIN HISTAMINE

R 100 (STD) 100 (STD)
\/_\/20
Eg 05 0.4
Eq 110 48
E, 19 50
A, 07 1.1
B4 0.3 0.4
Fla <0.03 0.06
Fis 0.05 0.05
Fas 04 0.3
SN Eq 57 23
E, 110 38
SN
E, 3 37
SN TN TN By 16 10
18 20
N~ E, 56 77
17
N NG N Eq 25 21
22
NN Eq 30 25

\\ﬁb//\\\,//“\\\zo Ey 50 175
1
\\\ﬁb//\\\v//”\\\¢/// E, (UPPER*) 122 64

E, (LOWER") 17 17

\\{f//ﬁ\\\///\\\v///\\\*’ E, (UPPER*) 36 17

E, (LOWER*) 12 17

2 Ep 0.4 12

*UPPER AND LOWER REFER TO RELATIVE Ry ON SILICA-GEL.
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TABLE XX
BRONCHODILATOR ACTIVITY OF 15-DEOXY-
16-HYDROXY-16-METHYLPROSTAGLANDINS
COOH
RELATIVE POTENCY
SEROTONIN HISTAMINE
/ PGE, SERIES 100 (STD) 100 (STD)
R
o~ 20
LN Eo 0.11 23
€4 66 166
E, 300 156
E, (13-C/S) 0.3 04
Ay 0.16 0.4
D, 0.04 -
2NN E, 9.4 22
22
3 \/\/\/ E, 30 27
20
4 NLAN E, (UPPER*) 1 15
5. E, (LOWER*) 25 19

* UPPER AND LOWER REFER TO RELATIVE R¢ ON SILICA-GEL.
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TABLE XXI

BRONCHODILATOR ACTIVITY OF 15-DEOXY-
16-HYDROXY-16-SUBSTITUTED PROSTAGLANDINS

RELATIVE POTENCY
SEROTONIN HISTAMINE

100 (STD) 100 (STD)
SERIES

Eq 100 48
Ey 19 50
£ 66 166
Ey 303 156
Eq 52 89
Ey 380 533
Ey 7.2 3.9
Ey 2 23
Ey 0.5 14
{16,20-METHANO) 5.9 5
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Figure 4. Bronchodilator activity of (A) dl-15-deoxy-16-hydroxy-PGE,; (B) d1-15-

deoxy-16-hydroxy-17-methyl-PGE,; (C) dl-15-deoxy-16-hydroxy-16-methyl-PGE,;

and (D) dl-15-deoxy-16-hydroxy-16-vinyl-PGE, in pilocarpine-bronchoconstricted

dogs (aerosol) ([1) 160 g (n — 3); (A) 16 pg (n — 3); (®) L6 ug (n — 3); (%)
0.16 pg (n =3)
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bond seems to be deactivating. Substitution of a vinyl group at
C,6, but not of a larger alkenyl group or even cyclopropyl, also
gave compounds of high potency (Table XXI). Indeed dl-15-
deoxy-16(R/S)~hydroxy-16-vinyl-PGE, (4-diastereomers!) (entry
6) is one of the most potent prostaglandin analogs that we have
tested in both the Konzett and pilocarpine dog (Fig. 4) assays.
Not only were the responses to it (and the 16-methyl derivative)
potent and fully efficacious relative to isoproterenol, but they
also were of prolonged duration. Unfortunately, cardiovascular
side-effects precluded clinical investigation of either of these
interesting compounds.

VIII. Prostacyclins

Since the exciting discovery of prostacyclin (PGI,, XXVIII),
much effort has focused on its vasodilator and anti-platelet
aggregating properties (171,172). PGI, also seems to induce
bronchodilation in pharmacologically or immunologically broncho-
constricted animals (173). When studied in asthmatic patients,
PGI, sodium salt (XXIX) and 20-methyl PGI, sodium salt were
protective at what is claimed to be non-bronchodilator effective
doses against non-specfically induced bronchoconstriction. The
compounds were administered five minutes before challenge and
an effect was observed for at least 15 minutes (174). Similar
observations have been made with PGE; and PGE, (164). Car-
diovascular side-effects were noted in the prostacyclin experi-
ments.

PGI, also was administered to healthy volunteers and patients
via aerosol and I.V. infusion. At doses of 200 or 400 pg (aerosol)
in 12 patients, ten showed no respiratory changes, one improved,
and one responded with bronchoconstriction. The inhaled prosta-
cyclin induced systemic effects resembling those produced by
1.V. infusion (175).

COOR

Hb OH HO OH
A B

XXVIH H XXX H

XXIX Na XXXI |
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Our Konzett results obtained for PGI, sodium salt (XXIX),
(176,177), the 5,6-dihydro derivative (PGI,; methyl ester, XXX,
178,179), and its iodo analog, XXXI, are listed in Table XXII
(180). The weak activity of XXIX perhaps is due to the rapid
inactivation of prostacyclin. It is noteworthy that iodo ether
XXXI is a potent bronchodilator in the guinea pig with a prolong-
ed duration of effect.

TABLE XXIt

BRONCHODILATOR ACTIVITY OF PGI, AND PGl

RELATIVE POTENCY

SEROTONIN HISTAMINE

I-PGE, 100 (STD) 100 {STD)
XXX 0.04 06
XXX 09 6.2
XXX 16 16

IX. Summary and Critique

Clearly the initial promise of the prostaglandins remains to
be fulfilled. At least nine candidates have been submitted to
clinical investigation and all but one have failed to produce a
significant bronchodilator effect (Table XXIII). Furthermore,
the one compound (entry 1) which appears to have been effectlve
does not seem to possess any obvious advantages over the natural
prostaglandins.

Since all eight failures apparently were selected, at least in
part, on the basis of data obtained from a guinea pig Konzett-
Rossler assay, the question arises as to the predictive capability
of this widely used model for the selection of effective prosta-
glandin bronchodilators. However, in point of fact, four of the
failures (entries 2-5) provided relatlvely modest Konzett respon-
ses, about 1-20% that of 1-PGE,, and therefore only one of these
compounds (3) can be considered to have been tested at an
appropriate multiple of the apparent 1-PGE,; minimally effective
dose [(50-100 pg)10,11,1641. Accordingly, the possibility remains
that "weak" candidates may not have been studied at sufficiently
high dose levels.
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TABLE XXIiI

CLINICAL INVESTIGATIONS

CANDIDATE SECTION KONZETT POTENCY  CLINICAL RESULTS
Q o0 EFFECTIVE AT
SN SN den 18-35 ;g DOSE. MILD
1. 3 Ve NOT REPORTED IRRITANT, CARDIOVASCULAR
> 72 - EFFECTS'3!
HO oH
cP-27,987
o VILE. 1 pge COUGH AND BRONCHO-
NN COOH 74 TCE2 CONSTRICTION AT
2 250 ug
: % 22 (2.5:5 x PGE4 MED)'#?
OH
V.B. 1 pgE INEFFECTIVE AT 800 g
s 1 (8-16 x PGEq MED)®®

11 INEFFECTIVE AT 200 ug
Vel 2 - MILD BRONCHOCONSTRICTION
100 20 PGEs {24 x PGE, MED)'28

POSSIBLY WEAKLY
VILA, JLI— EFFECTIVE AT 200 ug.
8 1 NO JRRITATION.
(244 x PGE MED)"?

Al PHAS
veas 254 PGE, 'sﬁ_ﬁ'gv.ﬁ“zl,'g €l
VvIC. >PGE, COUGH IN PHASE |

STUDY™!
V.B. 15 PGE, INEFFECTIVE'2®
V.B. 15 PGE, INEFFECTIVE'®
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Two of the failed analogs (6,7) which were reported to be
more active than PGE; or PGE, in the Konzett assay had to be
withdrawn from testing during phase 1 studies when they produc-
ed a cough response, so that evaluation as to Konzett predict-
ability with these compounds was not possible. Two of the
above-noted "weak" candidates (2,4) also induced constrictor
and/or cough responses, precluding testing at higher dose
levels. These observations again emphasize the critical need for
a reliable assay capable of evaluating the cough and irritant
potential of candidate compounds.

Finally, two other compounds (8,9), more active in the
Konzett assay than PGE,, were found to be ineffective in man.
These two closely related analogs represent the only clean cut
test of Konzett predictability, clearly an inadequate trial.
Therefore, as of this writing, any judgement as to the validity
of the Konzett assay must remain moot. One other point is
worth noting. Five of the eight failures were 11-deoxy deriva-
tives, which recalls our observation concerning the general
inability of members of this class, despite high activity in the
Konzett assay, to produce fully efficacious and maximal responses
in our pilocarpine dog assay. Indeed, the only fully elaborated
PGE analog clinically tested was 15(S)15-methyl-PGE, (5), which
by the Konzett assay has about one-eighth the potency of 1-PGE;,
and which when tested at only four times the latter's apparent
minimal effective dose, may have produced a weak bronchodilation.

Not only has it not been possible to develop an improved
prostaglandin, but the high promise of the initial clinical observa-
tions with the natural prostaglandins is not fully supported by
subsequent studies. Thus it appears that in some subjects
PGE;, even at twice the apparent MED, does not produce a
maximal effect (compared with isoproterenol) (10). Also there is
at least one report which claims that PGE,, when administered to
asthmatic subjects, usually induces bronchoconstriction rather
than dilation (7). It has been suggested that there are two
PG-sensitive receptor sites, one responding to PGE; and inducing
relaxation, the other responding to PGF,a and inducing constric-
tion (5). Indeed, it has been postulated that in a significant
proportion of the asthmatic population the disease is a manifesta-
tion of an increase in number and/or sensitivity of the latter site
(181,182,183). Thus PGE,, which appears to interact with
either receptor (5), dgenerally behaves like PGE; in normal
subjects and like PGF,a in asthmatic subjects. Bronchocon-
strictive capability amongst the prostaglandin congeners also may
be more common than is generally believed; mild constrictor
effects were noted for three of the clinical failures. Also, our
studies with the guinea pig and dog assays, and the studies
reported by others using isolated guinea pig or human lung
strips indicate that alkylation at C;5 or C;g in the E; or E,
series often may result in compounds which at the least produce
an initial constriction.
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With respect to structure-activity correlations it is possible

to make the following generalizations, based mainly on Konzett
data, and bearing in mind that in some instances the supporting
evidence is quite meager.

1.

The 15-hydroxy group in the natural (15S) configuration or
a 16-hydroxy group (probably 16S) is essential for good
activity.

The 1lla-hydroxy group is not required for high potency in
the guinea pig, but note our earlier reservations concerning
the efficacy of the 11-deoxy series in the dog. Thus far a
suitable replacement for this group has not been identified.

Whether the 9-carbonyl group is an essential feature is an
open question. Compounds with this function derivatized
have shown activity as have 9p-ol (PGF,B) and 9-deoxy-9p-
Yluoro derivatives, but the latter types have not held up on
clinical investigation.

The carboxylic acid function has been replaced with an
acidic imide funtion (CONHCOCH,) with retention of clinical
activity. Very little else has been reported concerning the
biological effects of other carboxylic acid "equivalents".
Simple carboxylic esters are biologically active.

Reduction of the A!3-trans double bond has given mixed
results, there being reports claiming retention of high
potency and in other instances considerable diminution.
Replacement of the trans configuration with a double bond
in the cis configuration has not been consistent with good
activity.

The size of the cyclopentane ring and the 7 atom length of
the a-side chain appear to be fairly specific for high potency.
Both abbreviation and homologation of the p-chain seem to
be consistent with activity, but apparently neither produces
an important enhancement of effect. However, note the
reported activity of the 20-methoxy derivative XIV, YPG-209.

Substitution at C,, C; or C4 has been deactivating. One
3-oxa derivative was poorly active, but two of three 3-thia
derivatives showed a fairly good retention of bronchodilator
effect. Methyl substitution at C; or Cg has been more
rewarding, providing compounds of high potency. A shift
of the 5,6 double bond (E, series) to the 4,5-position also
maintained excellent activity, but the resulting compound
was cough-inducing in the clinic.
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Introduction of alkyl substitutuents at C;5 or C;4 of the
15-hydroxy series and at C;¢ or C,; of the 16-hydroxy
series has provided compounds of high potency. However,
bronchoconstrictive effects often have been noted and high
activity has not been demonstrable for the 15-hydroxy
series in our pilocarpine dog assay.

The carry-over of structure-activity principles proven
important for the inhibition of gastric acid secretion or for
antifertility effects to the bronchodilator field has been most
disapointing. The introduction of the 15-methyl, 16,16-dime-
thyl, 16-aryloxy or 2a,2b-bishomo moieties has not provided
compounds of bronchodilator interest. On the other hand,
members of the 15-déoxy-16-hydroxy series have been
effective in all three areas (184).
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Allergy
drug studies in dogs
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in dogs ... 01, 205
Alveolitis, allergic ... 232
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Aminophylline (theophylline ethyl-

enediamine)
intravenous ...
2-Aminoquinoline-3-carboxamides ...... 40
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Ammonium chloride ... 227
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inhibition of histamine secretion
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phosphodiesterase activity
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ampicillin ...

cAMP phosphodiesterase

Anaphylactic
bronchoconstriction in rabbits ... 179
mediator release ... 11
shock in guinea pigs ... 179, 187
shock, protection from ... 188, 191
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Anaphylaxis ... 4
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in guinea pigs, passive systemic ...... 132
histamine as the mediator of .......... 213
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(PCA) reaction in rats, passive
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primary mediators of . ..
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compared with cromolyn sodium
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action of ... 6
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phenylenedioxamic acids .............. 69-97
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structure-activity relationships in
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~bronchodilator compounds ............ 293
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Antianaphylactic agent ...
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bronchodilators ... 240, 244
drugs ..o 213
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atmastcells ... 287
—antibody reaction ... 14
~induced histamine release from rat
mast cell ... 132
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Antimicrobials
a;-Antitrypsin
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Blocking agents, 8-adrenergic .............. 214
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clinical manifestations ............. 235-236
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Bronchial (continued)
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intrinsic ... 232
pathology ... 231-232
pathophysiology ... 232-235
probable causes of airways
obstruction in ... 220¢
secretion therapy ... 243
treatment ... . 236
obstruction ... 224
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secretions ... 221-224
smooth musele ... 231
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asthmatic ... 230
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clinical manifestations ... . 224-226
definition ... 219
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of the prostaglandins
prostaglandin-effect
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subcutaneous sympathomimetic ......
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membrane permeability to
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aci
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3-Carboxylic acids, synthesis, 4-oxo-
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N-substituted ... 265
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CB (see Chronic bronchitis )
CBA (see Chronic bronchial asthma)

Charcot-Leyden crystals ... 231
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Chloramphenicol .............................. 227
Chlorisoproterenol ... 262
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quinoline, structure ... 58f
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Cholinergic receptors 301
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substituted ...
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in man, prophylactic activity of
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derivatives
lack of oral-activity in ... 101
oral effectiveness in treatment
of asthma ... 99-115
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6-ethyl-3- (1H-tetrazol-5-yl} ... 125-142
activities in the rat PCA assay of
the metabolites of ... 139¢
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Chromones (continued)
6-ethyl-3-( 1H-tetrazol-5-yl)
(continued)

on asthma, effect of ... 139
on Hoya (sea squirt) asthma,
effect of ... 140-142
metabolic fate ... 132
metabolites, synthesis and bio-
logical activities of the .......... 135
pharmacology of ... 132
synthesis of the metabolites of ... 138f
on the Type I allergic reaction,
effect of ... 134t
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3-substituted
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in rat PCA, 50% inhibition
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clinical manifestations ...

definition ... 230
extrinsic ... 232
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pathology ... 231-232
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secretion therapy ... 243
treatment ... 236
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clinical manifestations ... 224-226
definition ... 219
pathology ... 221
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treatment ...
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Cinnoline-3-propionic acids ... 57
Clemastine 191
Clenbuterol ... 262
Clorprenaline ..., 262
Codeine ... 229
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Conjugate addition ... 302-303

alanate ... 315
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preparation of organometallic
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Cyclic AMP ... 234, 238, 289, 291
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4-substituted ... 312f
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preparation ... 304
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activity of ... 361t
15-Deoxy-16-hydroxy prostaglandins,
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prostaglandins, bronchodilator
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11-Deoxy-PGEs ...
11-Deoxy prostaglandin
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2-substituted ... 305
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3,4-Dihydro-4-oxoquinazoline-2-

carboxylic acid ... 38
cis-2,3-Dihydroxy-6-amino-6,7,8,9-
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50l 269
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Doxyeycline ...
Drug(s)

387

Drug(s)
B-adrenergic bronchodilator ........ 251-275
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treatment ... 247
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Erythro-a-ethylisoproterenol (iso-
etharine) ... 268
Esterolytic enzyme ... 211
Ethyl
carbanilates ... 257
7,8-dialkoxypyrimido[4,5-b]quino-
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Human bronchi strip(s) ... 367
aSSAY o, 354, 358
Hydrochloride . ... 239
Hydrogen bonding, influence on rela-
tive potencies ... 171
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