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Preface

There exists today an abundance of excellent texts covering the
various aspects of organic chemistry. The student of medicinal
chemistry can choose among any of a number of first-rate exposi-
tions of that field. The reader who is primarily interested in
Lthe synthesis of some particular class of medicinal agents, how-
cver, will often find that he must consult either the original
literature or some specialized review article. The same quandary
lfaces the student who wishes to become acquainted with the bio-
logic activity characteristic of some class of organic compounds.
‘'here thus seemed to be a place for a book that would cover spe-
cifically the chemical manipulations involved in the synthesis of
medicinal agents. A book then was intended that would supplement
hoth the available medicinal and organic chemistry texts.
Comprehensive coverage of both the preparation and biologic
detivity of all organic compounds reported in the literature to
show such activity would lead to a truly enormous treatise. In
brder to keep this book within bounds, we deliberately restricted
bur coverage to medicinal agents that have been assigned generic
names. This means that at some time during the development of a
drug, the sponsoring laboratory has felt the agent to have suf-
'icient promise to apply to the USAN Council or its equivalent
abroad for the granting of such a name. By far, the majority of
Ihe compounds in this volume denoted by generic names are mar-
heted as drugs; some compounds, however, have either gotten only
ns far as clinical trial and failed, or are as yet in early pre-
mirketing stages. We have not excluded the former since these
are often closely related to drugs in clinical practice and thus
we¢rve as further illustration of molecular manipulation. We have
uirther kept the book fairly current insofar as drugs available
l'or sale in the United States are concerned. The informed reader
will note that this book is not nearly as current when it comes
(b drugs available only outside this country—our own version of
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the drug lag.

In order to sustain the chemical focus of the book, we
departed in organization from the traditional texts in medicinal
chemistry. The current volume is organized by structural classes
rather than in terms of pharmacologic activities. This seems to
allow for more natural treatment of the chemistry of many classes
of compounds, such as the phenothiazines which form the nucleus
for more than a single class of drugs. This framework has admit-
tedly led to some seemingly arbitrary classifications. The sul-
fonamides, for example, are all regarded as derivatives of p-
aminobenzenesulfonamide even though this is sometimes the smallest
moiety in a given sulfa drug; should these be classed as sulfon-
amides or as a derivative of the appropriate heterocycle? In
this case at least, since the biologic activity is well known to
be associated with the sulfonamide portion—the pharmacophoric
group—the compounds are kept together. Occasionally the material
itself demanded a departure from a purely structural approach.
The line of reasoning that leads from morphine to the 4-phenyl-
piperidines is so clear—if unhistoric—as to demand exposition in
an integral chapter. The chronologically oriented chapter on the
development of the local anesthetics is included specifically to
give the reader some appreciation of one of the first approaches
to drug development.

We hope it is clear from the outset that the syntheses out-
lined in this book represent only those published in the litera-
turc. In many cases this can be assumed to bear little relation
to the processes used in actually producing the drugs on commer-
cial scale. The latter are usually developed after it is certain
the drug will be actually marketed. As in the case of all large-
scale organic syntheses, they are changed from the bench-scale
preparations in order to take into account such factors as eco-
nomics and safety. Details of these are not usually readily
available.

Again in the interest of conciseness, the discussion of the
pharmacology of the various drugs was cut to the bone. The activ-
ity is usually indicated by only a short general phrase. Com-
parisons among closely related analogs as to differences in effi-
cacy or side effects are usually avoided. Such discussion more
properly belongs in a specialized text on clinical pharmacology.
Since we do not presume that the reader is acquainted with biolo-
gic or medical terms, a glossary of the more common terms used in
the book has been included following the last chapter. This glos-
sary is intended more to provide simple definitions than in-depth
pharmacologic discussion. We urge the reader interested in fur-
ther study of such entries to consult any of the excellent refer-
ence works in medicinal chemistry, such as Burger's "Medicinal
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Chemistry'" or Rushig and Ehrhard's "Arzneimittel."

This book assumes a good working knowledge of the more com-
mon organic reactions and a rudimentary knowledge of biology. We
hope it will be of interest to all organic chemists curious about
therapeutic agents, how these were developed, the synthetic oper-
ations used in their preparation, and the types of structures that
have proven useful as drugs. We hope further that this long look
.t what has gone before may provide food for thought not only to
the practicing medicinal chemist but also to the organic chemist
cngaged in research in pure synthetic chemistry.

Finally, we would like to express our most sincere apprecia-
tion to Ms. Carolyn Jarchow of The Upjohn Company. Among the
press of daily responsibilities she not only found time for typ-
ing this manuscript, but provided the mass of structural drawings
as well.

Naniel Lednicer Kalamazoo, Michigan
lester A. Mitscher Lawrence, Kansas

October 1975
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CHAPTER 1

Introduction

Medicinal chemistry, like truth, defies ready definition. The
practicing organic chemist as a rule knows operationally what is,
or more often what is not, medicinal chemistry. He would be
Iard pressed, however, to set down on paper a rigorous defini-
lion of that discipline.

Organic chemistry and medicinal chemistry share a venerable
common history. Many of the founders of organic chemistry had
an intense interest not only in molecules from nature but also
1m the effects of synthetic compounds on living systems. One
need mention in this connection only Emil Fischer's work in car-
lohydrates and proteins and Paul Ehrlich's pioneering work on
«hemotherapy. With the development of a series of efficacious
~ynthetic medicinal agents, a body of lore evolved concerning
1he molecular modifications that would most likely lead to bio-
logically active molecules. Almost of necessity, then, this
~pecialized knowledge engendered the discipline that came to be
known as medicinal chemistry. The operational manipulations
were still those or organic chemistry, as indeed were the mole-
«nles being modified; the emphasis of the work was subtly
rhanged, however, from that of classic organic chemistry. The
overriding goal became the creation of molecules that would
uller some process in a living system. Tangentially, then, we
dapproach an organic chemist's working definition of medicinal
¢hemistry:

The use of synthetic organic chemistry to create mole-
cules that will alter in a useful way some disease
process in a living system.

The use of drugs to treat disease antedates modern science
Iy o good many millenia. Every culture sooner or later developed
Il own pharmacopeia. These compendia of natural products and



2 Introduction

extracts were interesting collections of many substances, most
of which were at best useless, but include a residue of drugs
with indisputable biologic activity. Opium, hashish, cocaine,
and caffeine all derive from these ancient sources. It was
natural therefore that medicinal chemistry at its birth concen-
trated on medicinal agents related to natural products. Despite
some early successes, this area remained essentially quiescent
until the development of more sophisticated synthetic methods
made the preparation of more complex molecules feasible.

A second broad source for biologically active molecules
came out of the biochemical investigation on hormonal substances.
This work led to the isolation of such substances as thyroxin,
epinephrine, the steroids, and most recently the prostaglandins.
Synthetic work that took the structure of epinephrine as its
starting point resulted in the development of a host of drugs
useful as, respectively, central nervous system stimulants, anti-
appetite agents, and blood-pressure-lowering compounds. The
original indication for the preparation of steroid drugs seemed
to be for use in replacement therapy for cases of insufficiency.
A combination of clever synthetic work and serendipitous biol-
ogy led to a drug that bids fair to revolutionize the sexual
ethic in Western society—the Pill. Analogous manipulation of
the cortisone molecule has yielded a series of extremely potent
antiinflammatory agents. More recently this process has been
repeated with the prostaglandins. In this case, the introduc-
tion of the first prostaglandin into medical practice—as an
abortifacient agent—came within a mere dozen years of the iden-
tification of these elusive and unstable hormonal agents.

The third, and to date, perhaps the most important source
of new structures for drugs, comes from the synthetic efforts of
the medicinal chemist combined with the various biologic screens
operated by his colleague, the pharmacologist. Prompted either
by some pet structural theory or some dimly perceived structural
features present in biologically active compounds described in
the literature, medicinal chemists have frequently prepared
structurally novel compounds. More often than not, the results
of testing these merely added to the world's enormous mass of
negative data. Sometimes, however, these compounds turned out
to have biologic activity, although not necessarily that which
was intended. Such a finding then started the arduous and ex-
citing search for the structural features that optimize activity
at the expense of side effects. (It can be stated baldly that
the drug without side effects has yet to be devised.) If all
went well-which it does for only about one in five thousand com-
pounds synthesized—the compound eventually reached the market-
place as a drug with a generic name.
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Since this is a profit-oriented world, research programs
are sometimes started in order to prepare a variation on a com-
petitor's drug. Although at first sight it is an activity to be
viewed askance, this endeavor has often met with unexpectedly
fruitful results. Small variations on the phenothiazine anti-
histamines—prompted perhaps by motivation such as the above—led
to the first drugs available for treatment of schizophrenia.
Modification of the central heterocyclic ring then gave a series
of drugs effective for the treatment of depression—the tricyclic
antidepressants.

For the past few years, however, there has been a hiatus in
the pace of discovery of novel medicinal agents. It has been
postulated by some that the field has now slowed down due to the
limitations of the almost strictly empirical approach that has
been applied to date to drug development. It is possible, too,
that the higher standards of efficacy and safety that a new drug
must meet today, combined with the enormously increased costs of
clinical trials, have acted to keep all but the most promising
new drugs off the market.

No discussion of drug development is complete without men-
tion of the serious efforts being applied towards rational drug
development. The availability of sophisticated new methods has
made it possible to describe the structure of biologically ac-
tive compounds in such detail as to include the molecular orbi-
tal structure. New recognition of the effect of such physical
properties as lipid-water distribution on biologic activity has
come from the work of Hansch. Ready access to computers has
led to many studies on the correlation of these physical proper-
ties and biologic activity. Since this field is so young, it
has yet to make its mark on drug development.

In sum, then, the sources for the inspiration that have led
to the development of drugs have been many and varied. In all
of these, however, the process involved synthetic organic chem-
istry at some important early stage. This book explores the
chemistry that has actually been used to prepare the organic
compounds that eventually became drugs. Since this is done from
the viewpoint of organic chemistry, the book—except for the
first historical chapter—is organized on a structural rather
than a pharmacologic framework. This book is intended as a
supplement rather than a substitute for the current texts in
medicinal chemistry. The reader is thus urged to consult the
latter when he finds the admittedly cursory discussions of bio-
logic activity to be found below inadequate.



CHAPTER 2

A Case Study in

Molecular Manipulation:
The Local Anesthetics

Man's use of drugs predates by at least several millenia the de-
velopment of any systematic study of therapeutics or pharmacolo-
gy. The inquisitive nature of Homo sapiens led him to ingest
will-nilly various plants found in his environment. Those which
produced either pleasant or apparently therapeutic effects were
incorporated into his culture. Those which produced toxic ef-
fects were relegated to use in hunting or warfare or in satisfy-
ing his other notable characteristic—belligerence. Thus, various
parts of the world have seen the use of such plant products as
opium, hashish, cocaine, and alcohol as part of the ritual of
life. To this day, new alkaloids with effects on the central
nervous system are being discovered as a result of their use by
Amazonian tribes.

The growth of the exact sciences in the nineteenth century
led to chemical and pharmacologic investigation of these various
plant products. This work usually involved isolation and at-
tempts at structural determination of the active principles from
the extracts. Since many of these organic compounds have fairly
complex structures and the extant methods of structure deter-
mination were limited by imperfections in organic theory as well
as by the lack of spectroscopic methods, these were often not
correctly identified for many years. The partial structures
that were obtained did, however, suggest that the active com-
pounds were not easily attainable by total synthesis, given the
methods then available. Initial efforts at the preparation of
synthetic versions of the active compounds at that time usually
consisted in the preparation of structural fragments that
embodied various known features of the natural product. This
process of stripping down the molecule had the advantage not
4



Local Anesthetics 5

only of defining that part of the molecule necessary for biolo-
gic activity but also provided molecules ammenable to commercial
preparation by total synthesis. One should hasten to add that
this approach was only successful in certain instances.

The line of research that led from the isolation of cocaine
to the development of the local anesthetics is perhaps a classic
example of the molecular dissection approach to medicinal chem-
istry. It had been known from the time of the Conquistadores
that the Incas of the Andean Altoplano chewed the leaves of the
coca bush (Erythroxylon coca) in order to combat fatigue and
deaden the pangs of hunger. Wohler discovered the local deaden-
ing of pain produced by dilute solution of the alkaloid, cocaine,
obtained from extracts of the leaves;' the first rational record-
ed use of the extracts in medicine was as a local anesthetic for
opthalmic surgery. It was early determined that hydrolysis of
cocaine affords benzoic acid, methanol, and a nonsaponifiable
fragment dubbed ecgonine (2).?

Oxidation of ecgonine (2) by means of chromium trioxide was
found to afford a keto acid (3). This was formulated as shown
based on the fact that the compound undergoes ready thermal de-
carboxylation to tropinone (4).%”° The latter had been obtained
earlier from degradative studies in connection with the struc-
tural determination of atropine (5) and its structure establish-
ed independently.®”® Confirmation for the structure came from
the finding that carbonation of the enolate of tropinone does in
fact lead back to ecgonine.® Reduction, esterification with
methanol followed by benzoylation then affords cocaine.

CH 5~ CH 5= Cl3-
—_— CO,H — CO,H
CO,CH z

[
0 2 3

|

CHj
CH,

§ CH,0H
~C—CH
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Although the gross structure was known by the turn of the
century, the stereochemistry was not fully elucidated until some
fifty years later. In essence, the relative steric position of
the acid and hydroxyl functions was established by acyl migra-
tion from oxygen to nitrogen and back. Thus, Curtius reaction
on benzoylecgonine (6) affords amine, 7, in which the new amine
group can be assumed to have the same stereochemistry as the
precursor, carboxyl. That this is cis to the acyl group can be
inferred from the finding that treatment of 7 with base gives
the amide (8); this reverts to the ester with acid.®®

CH3'N
COzH —> h NHZ
oc oc<<:::>
I
0 “Q}N

CH,-,

Degradation of cocaine by means of cyanogen bromide leads
to the well-known demethylation-N-cyanation reaction. Hydrolysis
of the N-cyano function affords the carbamate (10). Treatment
of that carbamate with sodium methoxide leads to formation of
the cyclic acyl urea (11), demonstrating the cis relation of the
carboxyl group and the nitrogen bridge in cocaine.'*»'?> Final-
ly, correlation of ecgoninic acid (12), an oxidation product of
ecgonine with L-glutamic acid, showed the absolute configuration
of cocaine to be 2(R)-carbomethoxy-3(S)-benzoyloxy-1(R)tropane.

The bulk of the work on analogs of cocaine was aimed at
compounds that would maximize the local anesthetic component of
the biologic activity of that.compound. Although pain is essen-
tial to alert sentient organisms to injury, there are situations
in which this reaction can be inconvenient and deleterious. One
need bring to mind only the many forms of minor surgery in which
the procedure is made more convenient for both the physician and
patient by the fact that the area under attack has been treated
so as to cease transmission of the pain signal. Although the
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0 o)
N<C-NH, N//u\~NH
1 CO,CH; — CO,CH; —_— 0
0COC ¢H 5 0006 i -
9 10
11
?Ozﬂ CH,
ot CHy N _o
2 - CO,H = | I
12

molecular mode of action of this class of drugs is as yet un-
clear, it is known that these agents in some way specifically
bind to a component in nerve axons so as to interrupt nervous
conduction. The fact that these drugs are usually administered
subcutaneously or topically means that their locus of action
tends to be restricted to the vicinity of the site of administra-
tion. Several local anesthetics show some vasoconstrictor ac-
tion; this serves to inhibit diffusion from the injection site
and further localize the affected area. Local anesthetics are
sometimes injected directly into the lower section of the spine
so as to block sensation in areas below the injection. This
technique, known as spinal anesthesia or ''saddle block,'" was at
one time used extensively in childbirth.

Reduction of tropanone affords the alcohol epitropanol (13),
epimeric with the alcohol obtained on hydrolysis of atropine.
The finding that the benzoyl ester, tropacocaine (14), possessed
local anesthetic activity showed that the carbomethoxy group was
not required for activity.!'®

CH3' CH3'N
¢ - —> LQ
o o
13 0

14
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The bicyclic tropane ring of cocaine of course presented
serious synthetic difficulties. In one attempt to find an ap-
propriate substitute for this $tructural unit, a piperidine was
prepared that contained methyl groups at the point of attachment
of the deleted ring. Condensation of acetone with ammonia af-
fords the piperidone, 17. Isophorone (15) may well be an inter-
mediate in this process; conjugate addition of ammonia would
then give the aminoketone, 16. Further aldol reaction followed
by ammonolysis would afford the observed product. Hydrogenation
of the piperidone (18) followed then by reaction with benzoyl
chloride gives the ester, 19. Ethanolysis of the nitrile (20)
affords alpha-eucaine (21),'® an effective, albeit somewhat
toxic, local anesthetic.

Condensation of the intermediate, 16, with acetaldehyde
rather than acetone gives the piperidone containing one less
methyl group (22). Reduction of the ketone with sodium amalgam

CcH CH; R CHj
CH 5 CH, ) 3 N
~eo —s G M —_ CH, CH
] |
CH CH3 CHz CH3
\f/ ~Cr 0
| I
0 0
15 16 17, R=H
18, R=CHj,
CchH
CH CH | 3
CH 5 < ) CH, CH,
HO CN
OH 0
19
23 22
CH3 H CH3
CH3ln N H3 CH3 | CH3
CH3 /QCHJ
R
H* oc@ C-0 CR
] ]
0 0
24 20, R=N

21, R=(=0), OC,H;
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affords largely the equatorial alcohol (23). Esterification by
means of benzoyl chloride gives beta-eucaine (24),'°>'7 an effec-
tive local anesthetic.

The observation that very significant parts of the cocaine
molecule could be deleted from synthetic analogs without loss of
biologic activity led to the search for the minimal structural
lfeature consistent with activity. This exercise, sometimes re-
lerred to as molecular dissection, not only led to great simpli-
Iication of the structure of local anesthetics but resulted fi-
nally in the preparation of active molecules that bear only the
remotest structural relation to the prototype, cocaine.

1. ESTERS OF AMINOBENZOIC ACIDS AND ALKANOLAMINES
a. Derivatives of Ethanolamine

A chance observation made some time prior to the full structural
vlucidation of cocaine in fact led to one of the more important

¢ lasses of local anesthetics. It was found that the simple ethyl
vwter of p-aminobenzoic acid, benzocaine (25),'® showed activity
4+ a local anesthetic. It is of interest to note that this drug,
lirst introduced in 1903, is still in use today. Once the struc-
lure of cocaine was established, the presence of an alkanolamine
moiety in cocaine prompted medicinal chemists to prepare esters
vl aminobenzoic acids with acyclic alkanolamines. Formula 26
1epresents the putative relationship of the target substances
with cocaine.

0
Il
CH,CH,0C '@'NH 2 Y Gt \N\ L,

25 . 2 c@
]

26

Preparation of the prototype in this series, procaine (31),'°
~1.ts with the oxidation of p-nitrotoluene (27) to the corre-
<pemiding benzoic acid (28). This is then converted to the acid
+hibride (29); reaction of the halide with diethylaminoethanol
altnrds the so-called basic ester (30). Reduction by any of a
~rvrics of standard methods (e.g., iron and mineral acid, cata-
Ivlic reduction) affords procaine (31).'°

The ready acceptance of procaine in the clinic as a local
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»CaHs
0,N- -CHy —> 0,N- -COR —> O,N- -C0,CH,CH,N
N

CyHs

27 28, R=0H 30
29, R=Cl

31

anesthetic led to the preparation of an enormous number of ana-
logs based on this relatively simple structure. The chemistry
involved in this work tends to be relatively simple by today's
standards and is passed over quickly. It was soon found that
the esterification reaction could be performed directly on an
appropriate derivative of the aminobenzoic acid itself. Thus,
ester interchange of an ester of p-aminobenzoic acid (32) with
diethylaminoethanol leads to the desired basic ester. (The re-
action is driven to completion by removal of the liberated lower
alcohol by distillation.) In an alternate approach, the sodium
salt of the acid (32a) is alkylated to the ester by means of 2-
chlorotriethylamine. Compounds containing alkoxy groups tend to
be prepared from the hydroxylated nitrobenzoic acids. Thus, for
example, alkylation of 33 with propyl bromide in the presence of
sodium carbonate affords the ester-ether, 34. Hydrolysis of the
ester followed by esterification of the acid chloride by means
of diethylaminoethanol gives the intermediate, 35. Reduction of
the nitro group gives propoxycaine (36).2° Reductive alkylation
of the ~N,N-dimethyl analog of procaine (37) with butyraldehyde
affords the corresponding N-butyl analog, tetracaine (38).%%
Table 1 lists some additional simple analogs of procaine
attainable by variations of the methods outlined above. Para-
ethoxycaine is of particular note in that it demonstrates that

C,H
,Cals
HZN—Q—CozR —> 31 «— HzN—Q—cozNa +  CLCH,CH,N
~
CaHs

32 32a



Aminoalkyl Benzoates 11
OH OCH,CH ,CH, OCH ,CH ,CH 4
/CZHS
D,N ~-CO,H —>  O,N -CO,R ——> H,N- ~C0,CH,CH, N
S C,Hs
33 34, R=CH,CH,CH, 36

35, R=CH,CH, N—C oHs
C,Hs

~Cl,
II,N—@—COZCHZCHzN\ —35  CH,(CH,),NH- Q CO,CH,CH, N
CH 4 NCH

37 38

CH,

nol only do these compounds exhibit low order of positional spec-
1icity for activity, but functional groups may even be inter-

chinged at will (e.g., ethoxy for amino).

lable 1
0
~Cals
zZ- COCH CH,N
N CyHs
Y X
X Y Z Generic Name Reference
OH H NH» Hydroxyprocaine 22
1 H NH, Chloroprocaine 23
H 0O(CH,) sCH, NH. Ambucaine 24
111, ) sCH, NH, H Metabutoxycaine 25
1 NH2 0(CH,)>CH; Proparacaine 26
1 H 0C,Hs Paraethoxycaine 27
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b. Modification of the Basic Ester Side Chain

The structure of the side chain carrying the aliphatic basic ni-
trogen atom shows the same lack of structural demand for biolo-
gic activity as does the exact nature of the substitution pat-
tern in the aromatic ring.

Thus, acylation of 3(w,~v-dibutylamino)propanol (39) with p-
nitrobenzoyl chloride affords the intermediate, 40. Reduction
of the nitro group gives butacaine (41),2° an agent equipotent
as cocaine as a topical anesthetic.

|| V2 (CHZ )3CH3
(CH3CH,CH ,CH, ), NCH,CH,CH,00  ~—> RzN—Q—COCHZCHZCHzN
™ (CH )3CH;
39
40, R=0
41, R=H

Incorporation of extensive branching in the side chain sim-
ilarly does not decrease pharmacologic activity. Reductive al-
kylation of aminoalcohol, 42, with isobutyraldehyde affords the
amine, 43. Acylation of the amine with benzoyl chloride pro-
bably goes initially to the amide (44). The acid catalysis used
in the reaction leads to an N to O acyl migration to afford iso-
bucaine (45).2°

NH , CH, CH, _ CH,

| ] |
HOCHz(ll—CH3 —_— HOCHZ?—HCHZCH —> | HOCH ,C-NCH,CH
1 ~
CH, CH, \ CHs

Cits £
o
42 43 O

0 CH

] | ’ ~ CH;

COCH ,,CNHCH ,CH
1 ~
CH, CHs
45

In an analogous sequence, reductive alkylation of aminoal-
cohol, 46, with cyclohexanone affords the secondary amine (47).
Acylation with benzoyl chloride affords hexylcaine (48)>° in a
reaction that may again involve acyl migration.

Inclusion of the basic side chain nitrogen atom in a hetero-
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cyclic ring is apparently consistent with activity. Condensation
of a-picoline with formaldehyde affords the alcohol, 49. Treat-
ment of this with sodium in alcohol leads to reduction of the
aromatic ring and formation of the corresponding piperidine (50).
Acylation with the acid chloride from anthranilic acid followed
by exposure to acid affords piridocaine (51).°!

CH, CH,
| |
HOCHCH ,NH , —_— HOCHCHZNHO —
46 47
? CH,
| |
Ototwanand )
48

Benzoylation of 3-chloropropan-1-ol affords the haloester,
52. Condensation of this intermediate with the reduction pro-
duct of a-picoline (53) affords the local anesthetic, piperocaine

(54) .%*
N N
| —> | P —
CH, ~N*Z N

HOCH , CH ,

49

e
O 5 C0,CH,CH, J
HOCH,CH, g

50 51

0
: )
@-C—OCHZCHZCHZCI + cH, g —

52 53
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0
1 ; >
@-COCHZCHZCHZN
CH;,
54

In a variation of the scheme above, alkylation of p-hydroxy-
benzoic acid with cyclohexyl iodide affords the cyclohexyl ether,
55. (Under alkaline reaction conditions, the ester formed con-
currently does not survive the reaction.) Acylation of the acid
chloride obtained from 55 with the preformed side chain (56)
gives cyclomethycaine (57).°%3

56

Oo-@-cozﬂ +  HO(CH,)3N —>
55

1
OreD o)

57

2. AMIDES AND ANILIDES

The common thread in the local anesthetics discussed thus far has
been the presence of an aromatic acid connected to an aliphatic
side chain by an ester linkage. It is well known in medicinal
chemistry that such ester functions are readily cleaved by a
large group of enzymes (esterases) ubiquitously present in the
body. 1In the hope of increasing the half-life of the local an-
esthetics, an amide bond was used as replacement for the ester.
There was obtained an agent, procainamide (58), that indeed still
showed local anesthetic activity. In addition, however, this
drug proved to have a direct depressant effect on the cardiac
ventricular muscle. As such, the drug found use in the clinic
as an agent for the treatment of cardiac arrhythmias. It should
be noted that it has since been largely supplanted by the ani-
lides discussed below.

Research aimed at the preparation of antipyretic agents re-
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0
i ~CaHs
H,N- ~CNHCH , CH, N
N C,yHs

58

lated to quinine adventitiously led to the preparation of an ex-
I raordinarily potent albeit rather toxic local anesthetic. Acy-
Iation of isatin (59) affords 60. Treatment of the product (60)
with sodium hydroxide affords the substituted quinolone, 62. The
I ransformation may be rationalized by assuming the first step to
ruvolve cleavage of the lactam bond to afford an intermediate
»uch as 61. Aldol condensation of the ketone carbonyl with the
amide methyl group leads to the observed product (62). Such re-
Jrrangements are known as Pfitzinger reactions. Treatment with
phosphorus pentachloride serves both to form the acid chloride
md to introduce the nuclear halogen (63) (via the enol form of
1he quinolone). Condensation of the acid chloride with ~,N-di-
1yl ethylenediamine gives the corresponding amide (64). Dis-
placement of the ring halogen with the sodium salt from n-butanol

cwpletes the synthesis of dibucaine (65).%"%
CO,H - CO,H
0
\) NS
7 N\-o —> — g
NHCOCH 5 N
R
61 62
i, R=H
o1, R=COCH 4 l
H ,C2Hs H ~Calls cocl
CONCH ,CH,N CONCH,CH ;N
N

C,Hs @\ CoHs X
N é———
< 1
N o1 e

N~ 0(CH )3CH3
65 64 63

Continued synthetic work in the general area of anesthetic
amiles revealed the interesting fact that the amide function can
I reversed. That is, compounds were at least equally effective
In which the amide nitrogen was attached to the aromatic ring
aud the carbonyl group was part of the side chain.
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Preparation of the first of these anilides begins with the
acylation of 2,6-xylidine with chloroacetyl chloride to give
chloroamide (64). Displacement of the halogen by means of di-
ethylamine affords lidocaine (65).%° Use of pyrrolidine as the
nucleophile in the last step affords pyrrocaine (66).°® The a-
mide functionality in lidocaine as well as the steric hindrance
caused by the presence of two ortho groups render this agent un-
usually resistant to degradation by enzymatic hydrolysis. This,
in conjunction with its rapid onset of action, has led to wide-
spread use of this drug for the establishment of nerve blocks
prior to surgery. It should be added that lidocaine is finding
increasing use as an antiarrhythmic agent, probably as a conse-
quence of its depressant effect on the ventricular cardiac mus-
cle.

<::3}NH2 + ClcocH,cl1 —>

yd C2H5
NHCOCH,N
CH, ///;7 H, NCLH;

NHCOCH ,C1
65
Hj
64 \\A CH,
Comen )
CH,
66

In this small subseries, too, the basic nitrogen atom can be
included in a ring. Condensation of pyridine-2-carboxylic acid
with ethyl chloroformate in the presence of base affords the
mixed anhydride (67), an activated form of the acid equivalent in
some ways to an acid chloride. Reaction of this anhydride with
2,6-xylidine gives the corresponding amide. Alkylation of the
pyridine nitrogen with methyl iodide affords the pyridinium salt
(69). Catalytic hydrogenation of this salt leads to reduction of
the heterocyclic ring (which has lost some aromatic character by
the presence of the charged nitrogen). There is thus obtained
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mepivacaine (71).°7 In much the same vein, alkylation of the in-

termediate, 68, with butyl iodide (to 70) followed by catalytic
reduction leads to bupivacaine (72).°%°

SN N e BTy
. I . [
H0,C ~ N C,H50C-0C" N <::§} :

i

NHC
0 CH,
67 68
v
CHj CH, 0
NG < NHg ' g
Hs CH3 3 é (CH2)3CHa
71
69, R=CH,

70, R=(CH, )3CH,

Acylation of ortho-toluidine with 2-bromopropionyl bromide
#I'fords the haloamide (73). Displacement of the halogen by
means of butylamine affords prilocaine (74).°°

cHy O CH, ﬁ
NHCCHCH , NHC?HNH(CH2)3CH3
| —_—
Br CH,
73 74

Replacement of one of the aromatic methyl groups in lido-

«wine by a carboxylic ester proves consistent with pharmacologic
netivity. The product, tolycaine (76),“° is obtained from the
nnthranilic ester, 75, by the same two-step scheme as the proto-
lype drug.

CH3 CH3 0
I ~Cals
NH, —_— NHCCH, N
NC,H;
CO,CH, C0,CH,
75

76
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3. MISCELLANEOUS STRUCTURES

As shown above, the attachment of the aromatic ring to the carbon
chain bearing the basic nitrogen may be accomplished through an
ester or an amide configured in either direction. A simple ether
linkage fulfills this function in yet another compound that ex-
hibits local anesthetic activity. Thus, alkylation of the mono
potassium salt of hydroquinone with butyl bromide affords the
ether (77); alkylation of this with N-(3-chloropropyl)morpholine
affords pramoxine (78). “1

OK O(CH, )3CH, O(CH, )3CH;
- O OCH,CH,CH,N 0
77 78

One of the more complex local anthetics in fact comprises a
basic ether of a bicyclic heterocyclic molecule. Condensation of
l-nitropentane with acid aldehyde, 79, affords the phthalide, 81,
no doubt via the hydroxy acid, 80. Reduction of the nitro group
via catalytic hydrogenation leads to the amine (82).** Treat-
ment of that amine with sodium hydroxide leads to ring opening of
the lactone ring to the intermediary amino acid, 83. This cy-
clizes spontaneously to the lactam so that the product isolated
from the reaction mixture is in fact the isoquinoline derivative
(84). Dehydration by means of strong acid affords the isocar-
brostyril (85).“> Phosphorus oxychloride converts the oxygen
function to the corresponding chloride (85) via the enol form.
Displacement of halogen with the sodium salt from 2-dimethyl-
aminoethanol affords dimethisoquin (87).%"

Carbamates in some ways incorporate features of both esters
and amides in the same function. Reaction of the piperidine
bearing the diol side chain (88) with phenyl isocyanate affords

the bis-carbamate. This product, diperodon (89),**:“% has found
some use as a local anesthetic.

o]
Co,H CO,H
@[ — — —_
CHO CHOH
| C C CHNO
CH, (CH, )3CHNO, H3 (CH )5CHNO:  Gpy (CH, )4 CHINH,

79
80 81 82
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|

o]
0 coze
2 P NH <«— @ . NH,
N ' Z (CH, )3CH;4 CH-CH
(G2 )5CM5 on |~ (@ )5CHy
OH
85 84
83
\l/ CH;
cl OCH2CH2N\CH3
' N —_— ~
| -~
S ™ (CHp )5CH 3 (CH, )3CH;
86 87
0
i
HOCH,CHCH,N ) —> @-NHC-OCHZ?HCHZN )
I
OH (l)
O
88 H

89

The low structural specificity in the local anesthetic se-
t1¢s is perhaps best illustrated by phenacaine (91), a local an-
»«lhetic that lacks not only the traditional ester or amide func-
lton but the basic aliphatic nitrogen as well. First prepared at
Ihe turn of the century, a more recent synthesis starts by con-
densation of p-ethoxyaniline with ethyl orthoacetate to afford
Ihe imino ether (90). Reaction of that intermediate with a sec-
vnd mole of the aniline results in a net displacement of ethanol,
jrobably by an addition-elimination scheme. There is thus ob-
1ained the amidine, 91, phenacaine.®®

The story outlined above illustrates well the course fre-
ghently taken in drug development. Although the lead for the
lacnl anesthetics came from a naturally occurring compound, the
sequence is much the same when the initial active compound is un-
vavered by some random screening process. Initial synthetic
worrk usually tends to concentrate on some analytic process aimed
nl iefining the portions of the lead molecule necessary for bio-
lapic activity. Further effort often ensues in order to minimize
some side effect, reduce toxicity, or provide better oral acti-
vily. The further analogs thus provided often lead to a rede-
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» 0C,Hs
N

90

H
_N -0C,H;
C2H50—<C::>—N=C

NCH,
91

finition of the minimal active structure. Once the structure of
some new drug is made public, commercial considerations enter.
Much work is then devoted by companies other than that which did
the original work in order to develop some analog that will gain
them a proprietary position in that field. Although often ex-
coriated by the consumer minded, this so-called molecular mani-
pulation has in fact often resulted in significant advances in
therapy. At least several instances are noted later in this book
in which the drug of choice was in fact produced some time after
the lead compound had appeared, by workers at a rival concern.

The low structural requirements for local anesthetic acti-
vity do not maintain in all classes of drugs. Structural re-
quirements for biologic activity in fact follow a full continuum
from those cases in which addition of a single carbon atom serves
to abolish activity to the case of the local anesthetics that
tolerate quite drastic alterations.

This observation perhaps arises out of the mechanism by
which drugs exert their biologic effects. A substantial number
of medicinal agents owe their action to more or less direct in-
teraction with specific biopolymers known as receptors. Many of
these receptors normally serve as targets for molecules produced
for natural functioning of the organism. Drugs thus act either
by substituting for the natural hormone or by competing with it
for receptor sites (agonist or antagonist activity). Thus, the
activities of such drugs that include the steroids and prosta-
glandins tend to exhibit great sensitivity to structural changes.

At the other end of the continuum there exist drugs that
act by some as yet undefined general mechanisms. Much work is
currently devoted to study of the fine physiochemical structure
of medicinal agents in this class. Considerable progress has
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been achieved towards a better understanding of the effects of
biologic activity of such factors as water-lipid partition co-
efficients, molecular orbital relationships, and tertiary struc-
ture. It is thus not inconceivable that a set of compounds that
bears little similarity to the eye of the organic chemist are in
fact quite similar when redefined in the appropriate physical
chemical terms.
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CHAPTER 3

Monocyclic Alicyclic Compounds

As the preceding section correctly suggests, aromatic rings a-
bound in compounds that show biologic activity. The reasons for
this are many; the role of the pi electrons in some form of
charge transfer complex ranks among the more important. There
ire few monocyclic alicyclic compounds known that are used as
medicinal agents.

The relatively few older agents in this class tend to be an-
nlogs of aromatic compounds in which that ring has been reduced
and perhaps contracted as well. The fact that these retain ac-
Iivity suggests that the ring plays a largely steric role in the
hiologic activity in these agents. .

This past decade, however, has seen the elucidation of a po-
lent class of biologically active compounds that have in common
1 cyclopentane ring. It is to these, the prostaglandins, that we
address ourselves first.

1. PROSTAGLANDINS

The previous chapter traced the evolution of a biologically ac-
Iive compound isolated from plant material-cocaine—into an exten-
wive series of drugs by chemical dissection of that molecule. A-
nother frequently applied approach to drug development depends on
the identification and study of the organic compounds that regu-
Inte most of the functions of mammalian organisms: the hormones,
neurotransmitters, and humoral factors. Although many of these
I'mctors are high-molecular-weight polypeptides, a significant
mmber of these substances are relatively simple organic com-
pminds of molecular weight below 600, and therefore accessible by
wynthesis using common laboratory methods. In the usual course
ul” events, the existence of a humoral factor is first inferred
I''om some pharmacologic observation. Isolation of the active

23
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principle is often accomplished with the aid of some bioassay
that involves the original pharmacology such as, for example, the
contraction of an excised muscle strip in an organ bath. Put
simply, in this way, during the isolation process, the fraction
to be kept is distinguished from those to be discarded. Struc-
ture determination follows the isolation of the regulating factor
as a pure compound; once a time-consuming process, the advent of
modern instrumental methods has greatly shortened the time of
this last step. The sensitivity of the newer methods has further
drastically reduced the sample size required for structural a-
ssignment. The quantities of hormones available from mammalian
sources tend to be on the diminutive side. A thorough study of
the pharmacology of a newly isolated humoral substance usually
relies on the availability of significant quantities of that com-
pound; the ingenuity of the synthetic organic chemist has usually
stepped in to fill this demand by preparation of the agent in
question by either partial or total synthesis. The further
pharmacology thus made possible often has a feedback effect on
the direction of synthetic programs. Thus, the data from animal
testing may suggest the need for a less readily metabolized ana-
log, an antagonist, a compound that shows a split among the
several activities of the prototype, or perhaps simply one that
is active by mouth. All these reasons have, in fact, served as
goals for such analog programs. The chemical scheme of organi-
zation of this volume leads us to postpone the discussion of the
best-known example of this approach, the steroids, to a later
chapter. Instead, the development of the most recent class of
drugs to be developed from mammalian leads is discussed first.

The observation that human seminal fluid contains a humoral
principle that causes both smooth muscle contraction and vaso-
constriction was made independently by Goldblatt and von Euler
in the mid-1930s. The latter was able to show that this prin-
ciple was a lipid-soluble substance different from any of the
other substances known at the time; the name prostaglandins was
given these substances after their putative source, the prostate
gland. (Subsequent work showed that much higher levels of these
compounds can be obtained from the seminal vesicles; vesiculo-
glandin might thus have been a more appropriate and euphonious
name.) The ready degradation of these substances and the lack
of many of today's techniques for effecting separation of com-
plex mixtures thwarted further development of the lead at that
time.

The observation lay dormant until the 1950s when Bergstrom
and his colleagues in Sweden, in some elegant work, were able to
isolate two of the prostaglandins in pure form (PGE,, PGF,a).
Spectral methods for structure determination, too, had made giant
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strides in the intervening two decades. The structural assign-
ment of the prostaglandins did not lag far behind their isola-
tion.?

) \/\/\/CO 2t % ‘\/\/\/COZH
AN O\/\N\/
OH oH oH OH
PGE, PGF, 0

PGE,; and PGF,ua were in fact only the first of an impressive
series of prostaglandins found to occur in various tissues in
the animal kingdom. It was in fact determined quite early that
these compounds are by no means restricted to the accessory sex
plands or for that matter to males; prostaglandins have been
detected in trace quantities in a host of tissues in mammals of
hoth sexes. The nomenclature of the naturally occurring com-
pounds and certain derivatives followed the usage of the Swedish
workers. The prefix is followed by a letter designating the
~tate of oxidation of the cyclopentane ring: A denotes the con-
jigated enone, obtained by direct dehydration; B represents the
enone in which the double bond has migrated to the more highly
~ubstituted position; E denotes the hydroxy ketone; F denotes
Ihe diol. (PG-C, D, G, and H have been described as well but are
heyond the scope of this chapter.) The numeral subscript refers
lo the number of double bonds in the side chain: 1 is always a
I rans-olefin at 13,14; 2 contains a cis double bond at 5,6 in
addition to that of a PG,, while a PG; contains the first two as
well as a third olefin (cis) at 17,18. Like many natural pro-
dncts that contain chiral centers, prostaglandins occur in op-
lically active form; the absolute configuration has been deter-
wined to be as depicted above. The convention has been adopted
Ihat a denotes a substituent below the plane of the ring and 8
above. The letter o in PGF,a thus refers to the configuration
" the alcohol group at 9. Structures of PGA, and PGB; are
whown by way of illustration. More highly substituted prosta-
plindins obtained by total synthesis are named as derivatives of
Ihe parent hydrocarbon, prostanoic acid (5); the a and 8 nota-
lton is again used to denote stereochemistry.

The extreme potency of the prostaglandins in a variety of
pharmacologic test systems was apparent even in the absence of
pood sources of supply of these compounds. Although ubiquitous
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in the animal kingdom, they occur in concentrations too low to
make their isolation by extraction an attractive proposition. It
was soon found that the biologic precursors of prostaglandins are
the essential fatty acids. This finding was in fact applied in
obtaining the first supplies of prostaglandins from sources other
than extraction of tissue.? Thus, for example, mixture of PGE,
and PGF,a is obtained from in vitro enzymic conversion of 8,11,
l4-eicosatrienoic acid (6) by sheep seminal vessicles. There is
good evidence that the cyclization occurs by direct attack of
molecular oxygen via an internal peroxide such as é6a.

= 0,H
—
6
PGE
0,,.. * ‘\\'\/\/\\/ COZH / 1
Q.u-l'O\/\_/\/\/ ] \
OH PGE, O

6a

Further pharmacologic investigation made possible by these
sources of prostaglandins identified many areas in which the
drugs might have useful activity. These, to name only a few, in-
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cluded interruption of pregnancy and treatment of hypertension,
ulcers, and possibly asthma. At the same time, two of the key
problems of this class of agents were uncovered: the very rapid
metabolism of prostaglandins and the associated low oral activity
as well as the complex set of biologic activities displayed by
each of the naturally occurring compounds. Practical syntheses
were therefore needed in order both to prepare materials for fur-
ther study in sizeable quantity and also to permit the prepara-
tion of analogs in order to overcome the shortcomings of the
natural products. Work towards the solution of this problem con-
stituted one of the intensive areas of synthetic organic chem-
istry in the past decade. Many very elegant total synthesis have
been developed for both the prostaglandins and their analogs.
The limitation of space confines our attention to only three of
these with apologies to the chemists whose work has been omitted;
the reader is referred to a recent review for a summary of alter-
nate routes.®

The intense activity in this field—it has been estimated
that as many as a thousand analogs have been prepared to date—
promises a number of drugs in the near future. At this writing,
two prostaglandins are available for use by the clinician. Both
these compounds, dinoprost (7, PGF.a) and dinoprostone (8, PGE:),
are used for the termination of pregnancy in the second trimes-
ter.

HO,

\\

NN

CO,H

The gross molecular structure of the prostaglandins presents
two problems at first sight. The first of these is the presence
of the five-membered ring; although a veritable host of reactions
are at hand for the construction of cyclohexanes, the menu for
cyclopentanes is relatively limited. The problem of stereochem-
istry is superimposed on this. Neglecting for the moment the
geometry of the double bonds, the four chiral centers mean the
gross structure 8 has 16 isomers; 7 has 32 isomers.

In one of their solutions to the problem, Corey and his co-
workers solved the first problem by starting with a preconstruc-
ted cyclopentane; the stereochemistry was steered by deriving
the oxygen atoms from a rigid bicyclic molecule. Alkylation of
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the anion of cyclopentadiene with chloromethyl ether affords di-
ene, 10. Special precautions must be taken in this reaction to
avoid the thermal and base-catalyzed migration of the double
bonds to the more stable position adjacent the alkyl group.
Diels-Alder addition of the latent ketene, 2-chloroacrylonitrile,
gives the adduct, 11, as a mixture of isomers. Treatment of this
with base presumably first gives the cyanohydrin; this hydrolyzes
to the intermediate, 12, under the reaction conditions. In an
alternate approach, 10 is condensed with 2-chloroacryloyl chlo-
ride to give 13. This compound is then treated with sodium azide
to give first the acid azide. This rearranges to the isocyanate,
15, on heating. This last hydrolyzes to 12 under very mild con-
ditions.*

OCH, QcHs
H
CH, CH,
=<Cl
@ —_—> Q CH 2 OCH 5 N —>
3 CN 0
9 10 cl 12
11
l £ 1
cocl oct, oc;
1
oci s o, CHy -
CH, -
—_— —_—
32 cl
el Nco
FCl CON,
¢ocl 15
14
13

Oxidation of the ketone, 12, under Bayer-Villiger conditions
(peracid) rearranges the carbonyl group to the corresponding lac-
tone without affecting the isolated double bond (16). Saponifi-
cation of the lactone gives the hydroxy acid, 17. When this
last is treated with an iodine:iodide mixture in base, there is
obtained the iodolactone, 18. It should be noted that this reac-
tion is of necessity both regio- and stereospecific; addition to
the other face of the ring is sterically prohibited, while addi-
tion to the other side of the double bond would afford a more
strained ring system. Acetylation followed by reductive removal
of iodine with tributyltin hydride gives the key intermediate,
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19. This molecule now carries both oxygens of future prostaglan-
din as well as the anchors for the side chains, all in the proper
relative configuration. In subsequent work, hydroxyacid, 17, was
resolved into its optical isomers; that corresponding to the con-
figuration of natural prostaglandins was carried through the
scheme below to give optically active 19 and eventually chiral
PGs.®

CH;0CH, — CH;0CH, CH,0CH, —
_ YN
0,H

00 HO
° 16
12 17
0
/< CH,0CIl, CH ;0CH
0 1
z _\\\ E A ;
)
OAc V=0 ot Y
2 CH,OCH 4
OAc 18
19

The methyl ether in 19 is then cleaved by treatment with bo-
ron tribromide; oxidation of the primary alcohol thus obtained
(20) with a pyridine:chromium trioxide complex known as Collins
reagent affords aldehyde, 21. This is condensed without prior
purification with the ylide obtained from the phosphonate, 22.
There is thus obtained the intermediate, 23, which now incorpo-
rates one of the requisite side chains two hydrogen atoms removed
from the natural configuration. In the original work, the side
chain ketone at 15 was reduced with zinc borohydride to give mix-
tures of a and 8 alcohols.® 1In a later modification, 23 is de-
acetylated and condensed with biphenylisocyanate. Reduction of
the ketourethane is accomplished with the extremely bulk alkyl-
borane, 26. The bulk of the large substituent at 11 in combina-
tion with the steric demands of the reagent ensure the formation
of a large preponderance of the desired 15a hydroxyl compound.
Removal of the urethane (lithium hydroxide) followed by reclo-
sure of the lactone with ethyl chloroformate gives 25.7

Reaction of 25 with dihydropyran serves to protect the
hydroxyls by converting these to the tetrahydropyranyl ethers
(THP). Reduction of the lactone thus protected with diisobutyl
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aluminum hydride at -78° affords the corresponding lactol(27).
Condensation of the lactol with the ylide from phosphonium salt,
29, proceeds, presumably via the small amount of hydroxyalde-
hyde in equilibrium with the lactol, to yield the intermediate,
28. The Wittig reaction must be carried out under "salt-free"
conditions in order to insure the cis geometry of the double
bond at 5,6. Removal of the protecting groups affords dinoprost
(7). Careful oxidation of 28 prior to removal of the protecting
groups leads dinoprostone (8).°>7

This synthetic scheme is well suited to the preparation of
other prostaglandins or for that matter analogs. The use of a
suitably unsaturated ylide for the reaction with 21 leads even-
tually to PGE; and PGFs;a.® Since the key intermediate, 21, con-
tains the bulk of the functionality that distinguishes prosta-
glandins, analogs can, in principle at least, be readily pre-
pared by using variously modified ylides at the synthetic branch-
ing points, 21 and 27.

The synthetic route to the prostaglandins developed by Kelly
and his colleagues at Upjohn similarly depends on a rigid poly-
cyclic framework for establishment of the stereochemistry. The
synthesis differs significantly from that above in that a re-
arrangement step is used to attain the stage comparable to 23.

Epoxidation of norbornene was found some time prior to this
work not to stop at the monoepoxide step. Instead, this inter-
mediate goes on to rearrange to the bicyclic aldehyde, 31.°

Ketalization of the aldehyde with neopentyl glycol (32)
followed by reaction with dichloroketene gives the 2+2 cyclo-
adduct, 33. The halogen is then removed by reduction with zinc
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in ammonium chloride. Reaction of the cyclobutanone, which of
course occurs in both the R and S forms, with 1-ephedrine (35)
affords the oxazolidone, 36, as a pair of diastereomers (Rl and
S$1). The higher melting of these is then separated by crystal-
lization; chromatography of this isomer over silica affords di-
rectly optically active 37 of the same absolute configuration as
the target molecule.'® Bayer-Villiger oxidation followed by de-
ketalization affords lactone aldehyde, 38. This is then reacted
in a Wittig condensation with the ylide from hexyltriphenylphos-
phonium bromide to give 39.

Opening of the cyclopropyl ring by the cyclopropylcarbinyl-
liomoallyl arrangement, a scheme developed earlier for prosta-
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glandin synthesis,' is one of the key steps in the present route
as well. A generalized mechanistic scheme for this reaction,
well known in simpler systems, is depicted above (A to D).

Regio- and stereoselectivity are maintained by the demands of or-
bital overlap.

Epoxidation of the olefin, 36, affords 40. Solvolysis of
the latter in dry formic acid gives a mixture of the desired pro-
duct, 42 (both a and 8 hydroxyl at 15), as well as a mixture of
the glycols (41). Solvolytic recycling of the mixture in the
same medium affords eventually about a 45% yield of the product,
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43,'? identical to intermediate 25 in the synthesis discussed
earlier. It should be noted that this synthesis, too, is well
suited for the preparation of analogs, since it presents a syn-
thetic branch point at 38 in addition to that which occurs later.
Intermediate 43, when subjected to the required further steps,
gives dinoprostone, or alternately, dinoprost.
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CsHyy o B
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41 42

40

Drugs of particularly complex structure are often prepared
commercially by partial synthesis from some abundant, structural-
Iy related, natural product obtained from plants. The majority
hf steroid drugs are in fact prepared in just this way. Prosta-
plandins are unique in that no prostanoid compounds have yet
heen found in plants, a perhaps surprising finding in view of the
wide distribution of essential fatty acids in plant materials.
The unexpected source of starting material for partial synthesis
nf these agents was the sea. The isolation of 15(R)-PGA. and its
acetate (44) from the lowly sea whip,'® Plexura homomalla, one of
lhe so-called soft corals, made an approach to prostaglandins
'rom natural products possible.

In a process developed by the group at Upjohn, acetate 44 is
I'irst treated with basic hydrogen peroxide. These conditions,
known to be selective for epoxidation of the double bonds of e-
nones, afford the epoxide, 45, as well as some of the B isomer.
Reductive opening of the oxirane with aluminum amalgam leads to
the hydroxyketone (46); regiospecificity is probably attained by
Ile greater reactivity of the bond o to the ketone towards heter-
nlysis. This compound is then converted to its trimethylsilyl
vther; reduction of the ketone by means of sodium borohydride
'bllowed by hydrolysis of the acetate triol gives ¢7 accompanied
by a small amount of the 98 isomer. Oxidation of 41 with 2,3-
dichlorodicyanoquinone interestingly proceeds selectively at the
allylic alcohol at 15 to give the corresponding side chain ke-
lone, 48. Reduction of the ketone—as the bis-trimethylsilyl e-
Iliecr-affords largely the 15« hydroxy compound (7). In effect
Ihen, this sequence (47+7) serves as a means of inverting the
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configuration at 15 from that found in the sea to that required
for dinoprost (7).
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In a variation on this scheme, the 15 acetate is first sa-
ponified and the resulting alcohol converted to the methanesul-
fonate (49). Solvolysis in acetone results in what in essence is
an SN, displacement and thus affords a 1:1 mixture of 15« and 158
isomers. The former is isolated to afford the desired product
with the mammalian configuration at 15 (50). Application of the
epoxidation scheme mentioned above (44 to 46) leads to dinopros-
tone (8).

Subsequent further investigation of the coral divulged the
interesting fact that colonies from some locations yield the ana-
log of 44 in which the configuration at 15 is exclusively (S).'°
This natural product is simply the acetate of 50. Conversion of
this to dinoprostone devolves on hydration of the double bond at
10,11. Hydrolysis by means of esterases present in the coral ef-
fects both deacetylation and removal of the methyl ester. The
latter is restored by mild means with methyl iodide on the salt
of the acid. The resulting hydroxyester (50) is then epoxidized
(51, basic hydrogen peroxide) and reduced (aluminum amalgam) to
give 8.%°

2. MISCELLANEOUS ALICYCLIC COMPOUNDS

The simplification of the local anesthetic pharmacophore of co-
caine to an aryl substituted ester of ethanolamine has been de-
scribed previously. Atropine (52) is a structurally closely re-
lated natural product whose main biologic action depends on inhi-
bition of the parasympathetic nervous system. Among its many
other actions, the compound exerts useful spasmolytic effects.

It was therefore of some interest to so modify the molecule as to
maximize this particular activity at the expense of the side ef-
fects. In much the same vein as the work on cocaine, the struc-
tural requirements for the desired activity had at one time been
whittled down to embrace in essence an a-substituted phenylacetic
acid ester of ethanolamine (53).
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A further simplification of the requirements for activity
came from the preparation of two spasmolytic agents that complete-
ly lack the aromatic ring. Thus, double alkylation of phenylace-
tonitrile (54) with 1,5-dibromopentane leads to the corresponding
cyclohexane (55). This intermediate is then saponified and the
resulting acid (56) esterified with N,N-diethylethanolamine.
CatalXtic reduction of the aromatic ring affords dicyclonine
(51).'7

@'CHZCN — %}N %%COzH —
54

55 56

57

An interesting variation of this theme starts with the a-
chlorination of dicyclohexylketone (58). Treatment of the halo-
genated intermediate with base leads to the acid, 60, by the
Favorski rearrangement. Esterification of the acid with 2(1-
pyrolidino)ethanol yields dihexyrevine (61).'°® Both this agent
and its earlier congener are recommended for use in GI spasms.
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Amphetamine (62) is an agent closely related to the biogenic
amines involved in various processes of the central nervous sys-
tem. As such it is a drug with a multitude of activities; its
main clinical use is as a central stimulant. This very activity,
in fact, stands in the way of exploitation of the drug's activity
as a local vasoconstricting agent, and thus constriction of mu-
cous membranes. Preparation of the fully saturated analog (64)
by catalytic reduction of methamphetamine (63) affords a compound
that retains the desired activity with some reduction in side
effect.'® The product, propylhexedrine (64), is used as a nasal
decongestant.

OCHZ?HNHZ QCHZ?HNHCH:, E— <}<:Hz<|:mmcﬂ3
CH,

CH, CH,

62 63 64

Further indication that the carbocyclic ring in this series
serves a largely steric function comes from the finding that a
five-membered ring analog, cyclopentamine (69), is also biolog-
ically active. Condensation of cyclopentanone with cyanoacetic
acid in a modified Knoevnagel reaction followed by decarboxyla-
tion affords the unsatured nitrile, 65. Reduction of the double
bond and subsequent reaction of the product (66) with methylmag-
nesium halide leads to the methyl ketone, 67. This affords the
desired product (69) on reductive amination with methylamine.?°
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Although chemically related to the above cycloalkylamines,
pentethylcyclanone (71) is stated to have antitussive activity.
The compound is prepared rather simply by alkylation of the anion
(70a) of the self-condensation product of cyclopentanone (70)
with N-(2-chloroethyl)-morpholine.?*

!
|

CHZCHZN/—‘\O

70a 71

70

The hypnotic activity of ethanol is too well known to need
comment. It is an interesting sidelight that this is a property
shared with a number of other alcohols of relatively low molecular
weight. Activity in fact increases with 1lipid solubility. This
is probably due to better absorption and. with branching on the
carbinol carbon, perhaps decreased metabolic destruction. Con-
version of a hypnotic alcohol to its carbamate often serves to
impart sedative properties to the agent. Thus, reaction of the
product of ethynylation of cyclohexanone (72) with phosgene fol-
lowed by ammonia gives the sedative-hypnotic, meparfynol (74)%%;
reaction with allophanyl chloride gives directly the sedative-
hypnotic, clocental (25).2°

HC=C OH HCEC 0COCl HC=C _ OCONH,
72 73 74
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CHAPTER 4

Benzyl and Benzhydryl
Derivatives

The previous chapter pointed up the relative paucity of useful
medicinal agents to be found among simple monocyclic alicyclic
compounds. Current intensive research on the prostaglandins may,
of course, change that in the future. It is well known, however,
that the chances of finding a biologically active molecule in-
crease dramatically with the incorporation into the structure of
one or more aromatic or heteroaromatic rings. This common ob-
servation has been ascribed to many of the known properties of
these rings, such as their rigid planarity, the ability of the pi
cloud to enter into charge-transfer complexes, or the polariz-
ability of the same cloud, to name only a few. Much effort is
currently devoted to theoretical studies bearing on these points.

As will be seen, the arylaliphatic compounds represent one
of the larger structural classes of drugs; these compounds show
therapeutic activity in a widely divergent series of pathologic
states. Discovery of activity in this series has tended to be
largely empirical. The description of a novel active structure
usually heralded the preparation of a flood of analogs, by the
originator in order to improve the therapeutic ratio and by his
competitor in order to gain some proprietary patent position.
Some of the more imaginative analog programs were sometimes re-
warded by the finding of novel structures with unanticipated bio-
logic activities.

1. AGENTS BASED ON BENZYL AND BENZHYDRYL AMINES AND ALCO-
HOLS
a. Compounds Related to Benzhydrol

Many of the more debilitating symptoms of allergic states such as
rashes, rhinitis, and runny eyes, are thought to be due to hist-

40
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amine released as the end product of a lengthy chain of biochem-
ical reactions that begins with the interaction of the allergen
with some antibody. Although this process is known in some de-
tail, attempts to intervene therapeutically in a rational manner
have not thus far been successful. It has been known for some
time, however, that a fairly large class of organic compounds
would alleviate many of the symptoms of allergic reactions.
Since there was some evidence that these compounds owe their ac-
tion to interference with the action of histamine, this class has
earned the soubriquet "antihistamines." This class of drugs is
further characterized by a spectrum of side effects which occur
to a greater or lesser degree in various members. These include
antispasmodic action, sedative action, analgesia, and antiemetic
effects. The side effects of some of these agents are sufficient-
ly pronounced so that the compounds are prescribed for that ef-
fect proper. Antihistamines, for example, are used as the seda-
tive-hypnotic component in some over-the-counter sleeping pills.

The prototype of the antihistamines based on benzhydrol,
diphenhydramine (3), is familiar to many today under the trade
name Benadryl®. Light-induced bromination of diphenylmethane af-
fords benzhydryl bromide (2). This is then allowed to react with
dimethylaminoethanol to give the desired ether. Although no
mechanistic studies have been reported, it is not unlikely that
the bromine undergoes SN, solvolysis in the reaction medium; the
carbonium ion then simply picks up the alcohol. It might be not-
ed in passing that the theophyline salt of ¢4 is familiar to many
Iravelers as a motion sickness remedy under the trade name
Nramamine®.

Several analogs bearing different substituents on the aro-
matic rings are accessible by essentially the same route. The
appropriate benzhydrol (4) is first prepared by reaction of an

C\ L S

CH, —> CHBr —_> CHOCH ,CH, N
AN

SAEN G S

1 2 3

Jrylmagnesium halide with a benzaldehyde (economics probably dic-
Iites which reagent shall bear the substituent). Reaction of the
alcohol with thionyl chloride gives the benzhydryl chloride (5).
"his last is converted to the amino ether (6) with dimethylamino-
othanol as above. The anisyl derivative (6a), medrylamine,® is
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used largely as an antihistamine, as is the p-bromo analog, bro-
modiphenhydramine (6b).> The o-tolyl compound, orphenadrine
(6¢c)," exhibits diminished antihistaminic properties at the ex-
pense of antispasmodic activity. It has found some use in con-
trol of the symptoms of Parkinson's disease. We shall meet this

type of activity, referred to for simplicity as antiparkinson
activity, again.

. o b

~CH,
—_— CHR — CHOCH ,CH, N
NCH,
:: MgBr
X 4, R=OH 6a, X=p-OCH,
5a, R=Cl; X=p-OCH, 6b, X=p-Br
5b, R=Cl; X=p-Br 6c, X=0-CH,

5¢, R=Cl; X=0-CHj;
54, R=Cl; X=p-Cl

Oxygen to nitrogen spacing apparently is not too critical
for retention of activity. Thus, inclusion of the nitrogen atom
in either a five- or six-membered ring affords active compounds.
Alkylation of benzhydryl bromide (2) with 4-hydroxy-l-methylpi-
peridine affords the potent antihistamine, diphenylpyraline (7).°
Similarly, alkylation of the p-chloro benzhydryl halide (5d) with
3-hydroxy-1-methylpyrrodiline gives pyroxamine (8).

cl |
QC EQCJ
2 — CHO N-CH 4 5d CHO

7 8

Inclusion of a second nitrogen atom in the side chain seem-
ingly increases the spasmolytic effect of the benzhydrol deriva-
tives. Alkylation of the benzdryl chloride (9) with the sodium
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salt obtained from N-(2-hydroxyethyl)-piperazine affords the bas-
ic ether (10). Alkylation of this intermediate with a-chloro-o-
xylene gives chlorbenzoxamine (11).°

cl cl
N\ /T \
CHCl +  NaOCH,CH,N NH —> CHOCH, CH, NH
./ N\__/
9

1o

cl i

CHOCH,CH,N  N-CH,
G

11

When the additional nitrogen atom is included in one of the
aromatic rings, on the other hand, there is obtained a compound
with antihistaminic properties. Reaction of the Grignard reagent
from 4-chlorobromobenzene with pyridine-2-aldehyde gives the
benzhydrol analog (12). The alcohol is then converted to its
sodium salt by means of sodium, and this salt is alkylated with
N-(2-chloroethyl)dimethylamine. Carbinoxamine (13) is thus ob-
tained.”»®

CHO Cl]:::]\
N7 =
cH
e 3
U:i;] -> HOCH , CH, N
|
~
12

NCH,

HOH

13

The oxygen atom in these molecules can in many cases be
dispensed with as well; substitution of sulfur for nitrogen af-
fords a molecule whose salient biologic properties are those of a
sedative and tranquilizer. Friedel-Crafts acylation of the n-
butyl ether of thiophenol with benzoyl chloride gives the corre-
sponding benzophenone. Reduction of the ketone (15) followed by
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treatment with thionyl chloride affords the benzhydryl chloride
(16). Displacement of the halogen with thiourea gives, by reac-
tion of the last at its most nucleophilic center, the isothio-
uronium salt, 17. Hydrolysis of the salt leads to the sulfur
analog of a benzhydrol (18). Alkylation of the sodium salt of
this %ast with N-(2-chloroethyl)dimethylamine affords captodiamine
(19).

The substitution of the lone proton on the benzhydryl carbon
by a methyl group again affords compounds with antihistamine ac-
tivity. Reaction of an appropriate acetophenone (21) with phenyl-
magnesium bromide affords the desired tertiary alcohols (22).

pooa. QO Q.
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—> C=0 _— CHX —> H—S{€+
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14 15, X=0H 17
16, X=Cl

CH,

S g\
HSCH ,CH , N G— CHSH
AN
CH,
n-BuS n-BuS

19 18

Alkylation of these as their sodium salts with the ubiquitous N-
(2-chloroethyl)dimethylamine affords the desired antihistamines.
There are thus obtained, respectively, mephenhydramine (23a),'°
chlorphenoxamine (23b),'' and mebrophenhydramine (23c).'?® Alkyla-
tion of the tertiary alcohol, 22b, with the pyrrolidine deriva-
tive, 24, affords meclastine (25).'% In much the same vein, re-
action of 2-acetylpyridine with phenylmagnesium bromide gives the
tertiary alcohol, 27. Alkylation in the usual way leads to the
potent antihistamine, doxylamine (28).%"

Performance of an imaginary 1,2-shift on the benzhydrol anti-
histamines, that is, attachment of the side chain directly to the
benzhydryl carbon while leaving the hydroxyl group intact, affords
a series of molecules with markedly altered biologic activities.
As a class, these agents tend to be devoid of antihistaminic ac-
tivity, while they retain some of the sedative and antiparkinson
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activity. It should be noted that these agents are of only minor
importance in drug therapy today.
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The prototype, diphenidol (30), is used as an antiemetic
This agent is obtained in one step from the reaction of the
Grignard reagent of halide, 29, with benzophenone.'® The lower
homolog, 32, is effective chiefly as a muscle relaxant and anti-
parkinson agent. Conjugate addition of piperidine to ethyl
acrylate gives the amino ester (31). Condensation of this with
phenylmagnesium bromide affords pirindol (32).'}

Introduction of branching in the side chain is apparently
consistent with retention of the antiparkinson activity. Bro-
mination of propiophenone gives the brominated ketone, 33. Dis-
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placement of halogen with piperidine leads to the aminoketone
(34) . Condensation of the last with phenylmagnesium bromide af-
fords the spasmolytic agent, diphepanol (35).%7

Br 0
| I O OH
COCHCH ; —_— C~CHCII 3 ——
|
y O
33 [:v:] CH,

34 35

Condensation of the anion obtained on reaction of acetoni-
trile with sodium amide, with o-chlorobenzophenone (36), affords
the hydroxynitrile, 37. Catalytic reduction leads to the corre-
sponding amino alcohol (note that the benzhydryl alcohol is not
hydrogenolyzed). Reductive alkylation with formaldehyde and hy-
drogen in the presence of Raney nickel gives the antitussive a-
gent, chlorphedianol (39).'°

Cyclization of the side chain onto the nitrogen atom leads
to compounds with sedative and tranquilizing activity. The lack
of structural specificity, that is, the fact that both positional
isomers (41,43) show the same activity, is notable. Thus, con-
densation of the Grignard reagent from 2-bromopyridine with ben-
zophenone affords the tertiary carbinol, 40. Catalytic reduction
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in acetic acid leads to selective hydrogenation of the heterocy-
clic ring and formation of azacyclonol (41).'° The analogous Se-
quence using an organometallic derived from 4-bromopyridine gives
pipradol (43).2°

Substitution of an alicyclic ring for one of the aromatic
rings in the amino alcohols such as 32 or 39 produces a series of
useful antispasmodic agents that have found some use in the treat-
ment of the symptoms of Parkinson's disease. Mannich reaction of
acetophenone with formaldehyde and piperidine affords the amino-
ketone, 44a. Reaction of the ketone with cyclohexylmagnesium

cl cl
¢ K

o + QCHZCN - —

‘ ‘ CH,CN

36 37

38, R=H
39, R=CH,

bromide leads to trihexyphenidil (45)2'; alternately, condensa-
tion with the Grignard reagent from cyclopentyl bromide affords
cycrimine (46).%2 Reaction of the aminoketone, 44a, with the
lirignard reagent from the bicyclic halide, 47 (from addition of
hydrogen bromide to norbornadiene), affords biperidin (48).>%°

In much the same vein, the Mannich product from acetophenone
with formaldehyde and pyrrolidine (44b) affords procyclidine (49)
bn reaction with cyclohexylmagnesium bromide. In an interesting
viariation, the ketone is first reacted with phenylmagnesium bro-
mide. Catalytic hydrogenation of the carbinol (50) thus obtained
¢hn be stopped after the reduction of only one aromatic ring.?*
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Relatively small modifications of the structures of the a-
hbve spasmolytic agents produce a dramatic change in biologic ac-
tivity. Incorporation of a methylene between the aromatic ring
nmnd the quaternary center, methylation of the side chain, and
'itnally esterification of the alcohol yields propoxyphene. This
ugent, under the trade name of Darvon® (now available as a generic
drug), has been in very wide use as an analgesic agent for the
Ircatment of mild pain. Mannich reaction of propiophenone with
lformaldehyde and dimethylamine affords the corresponding amino-
ketone (51). Reaction of the ketone with benzylmagnesium bromide
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gives the amino alcohol (52). It is of note that this interme-
diate fails to show analgesic activity in animal assays. Ester-
ification of the alcohol by means of propionic anhydride affords
the propionate (53).2° The presence of two chiral centers in
this molecule means, of course, that the compound will exist as
two racemic pairs. The biologic activity has been found to be
associated with the o isomer. Resolution of that isomer into its
optical antipodes showed the d isomer to be the active analgesic;
this is now denoted as propoxyphene (d,53). The 1 isomer is al-
most devoid of analgesic activity; the compound does, however,
show useful antitussive activity and is named levopropoxyphene
(1,53).%

C-CH, CH
g \CHZN —— | \CHZN/ } —>
\CH3 @CHZ \CH3
51 52
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QI o
C-CH ,CH;,
! SNCH,N

b. Compounds Related to Benzylamine

Further illustration for the lack of structural specificity re-
quired for antihistaminic activity comes from the finding that
ethylenediamines carrying both a benzylamine and an additional
aromatic substituent on one of the nitrogens afford a series of
useful therapeutic agents. Alkylation of benzylaniline with N-
(2-chlorethyl)dimethylamine affords phenbenzamine (54).27 Treat-
ment of the secondary amine with N-(2-chloroethyl)pyrrolidine af-
fords the antihistamine, histapyrrodine (55).2°

As in the case of the benzhydryl ethers, inclusion of the
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nitrogen atom in a ring is consistent with activity. Thus, con-
densation of N-methyl-4-piperidone with aniline yields the corre-
sponding Shiff base. Reduction followed by alkylation of the
secondary amine (57) with benzyl chloride by means of sodium a-
mide affords bamipine (58).2%°

0
5‘\/' —> ©N=< N-CH, —>®NH-< N-CH, —>
N
|
CH,4 56 57
Oy
N
|
CH,
58

Substitution of a 2-pyridyl residue for the phenyl attached
directly to nitrogen affords a series of potent antihistamines.
I'reparation of these compounds, too, is accomplished by a series
ol” alkylation reactions. It is further probable that the order
ol the reaction can be readily interchanged. Thus, alkylation
ol 2-aminopyridine with the chloroethyldimethylamine side chain
lcads to the diamine, 59. Alkylation with benzyl chloride af-
Ibrds tripelenamine (60); reaction with p-methoxybenzyl chloride
leads to pyrilamine (61).°°

In a variation on this approach, p-chlorobenzaldehyde is
lirst condensed with 2-aminopyridine. Reduction of the resulting
hiff base (62) affords the corresponding secondary amine. Alkyl-
a1l ion with the usual side chain affords the antihistamine, chlor-
tmramine (64). 31
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Aromatic rings containing more than one hetero atom also
yield active antihistamines. Alkylation of 2-aminopyrimidine
(65) with p-methoxybenzyl chloride gives the corresponding se-
condary amine (66). Alkylation with the usual chloroamine af-
fords thonzylamine (67).°% Application of the same sequence to
2-aminothiazole (68) affords zolamine (70).

The isosteric relationship of benzene and thiophene has of-
ten led medicinal chemists to substitute the sulfur containing
heterocycle for benzene drugs in biologically active molecules.
That this relationship has some foundation in fact is attested
by the observation that the resulting analogs often possess full
biologic activity. Alkylation of the diamine, 71 (obtained from
aniline and the chloroethylamine), with 2-chloromethylthiophene
affords the antihistamine methaphenylene (72).%® The correspond-
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ing agent containing the cyclic side chain is obtained by alkyla-
tion on the secondary amine, 57, with the same halide; methaphen-
cycline (73)3%* is thus obtained.

Interestingly, replacement of both benzene rings of the pro-
totype molecule (54) by heterocyclic rings is not only consistent
with activity, but yields two of the more potent antihistamines.

,CH, ~CHj
CH,CH, N —> QNCHZCHZN

CH,

! $
71 CH, 1

QNHCN-caa — @NCN—CHa

57




54 Benzyl and Benzhydryl Derivatives

Resorting to alkylation chemistry again, 2-aminopyridine is con-
densed with the usual side chain halide to give diamine, 74. Al-
kylation of this with 2-chloromethylthiophene gives methapyrilene
(75) .>% Reaction with 2-chloromethyl-5-chlorothiophene affords
the potent antihistamine chlorothen (76).

SN S! OD

N —CH2 <—"‘ N NHCHgCHgN N CH2
! ~CHs
CH,CH.N CH2CH2N
N
CHs 74 CH,
75 76

Appropriately substituted benzylamines have provided a num-
ber of drugs useful in the treatment of high blood pressure. The
fact that pharmacologic studies have shown these agents to act by
very different mechanisms makes it likely that the benzylamine
nucleus plays at best a small role in the biologic action of
these compounds. Rather, these compounds are thought to owe
their activity to the particular functionality (pharmacophoric
group). The observation that a similar group often has the same
activity when attached to a quite different amine bears out this
suspicion. Thus, alkylation of benzylmethylamine with propargyl
bromide affords pargyline (77).%° This drug, developed initially
as an antidepressant, acting by monamine oxidase inhibition (MAO
inhibition, see aromatic hydrazines for fuller discussion), was
found to lower blood pressure in hypertensive individuals by
some as yet undefined mechanism.

,CHs ol

]
CH,N CH NC2H5 Ozs'O'CHB
A = 1
CH,C=CH @
[:::r Br OH3

Blood pressure is under the control of the autonomic
(sometimes called the involuntary or reflex) nervous system.
That is, the pressure is adjusted automatically in response to
signals from various baroreceptors. Control of abnormally high
pressure can, at least in theory, be achieved by interfering with
the chain of transmission of the neural signals that lead to ele-
vation of pressure. Initial success in control of hypertension
was met with the ganglionic blocking agents which in effect in-
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terrupted all neuronal signals. Since many other bodily func-
tions are under autonomic control, this mode of therapy had a
significant number of side effects. The next development, the
peripheral sympathetic blocking agents, acts further down the
chain of control and thus shows more specificity for blood pres-
sure response. Many of the sympathetic responses are mediated at
the last stage by reaction of a neurotransmitter amine such as
norepinephrine (see below) with a receptor site on the tissue
that is to give the response. Sophisticated pharmacologic study
has led to the classification of these as a and B sympathetic re-
ceptors (the details are beyond the scope of this book). Drugs
are now available whose effects can be expluined by the assump-
tion of blockade of either a or 8 receptors. The goal of work in
this field is, of course, to find drugs that will block specifi-
cally either a or B receptors in only the cardiovascular system.

Quaternization of o-bromo-N,N-dimethylbenzylamine with the
p-toluene-sulfonate of ethanol affords bretylium tosylate (78),%7
an antihypertensive agent acting by peripheral sympathetic block-
ade.

The guanidine function has proven particularly useful in
providing antihypertensives that act by peripheral sympathetic
blockade. Several such compounds that contain a quite different
hydrocarbon moiety are met later (guanadrel, guanethidine, guan-—
cycline, debrisoquin). Reaction of benzylamine with methyl iso-
thiocyanate gives the corresponding thiourea (79). Methylation
a2ffords the product of alkylation at the most nucleophilic cen-
ter, the thioenol ether (80). Displacement of the thiomethyl
group by methylamine (probably by an addition elimination pro-
cess) affords bethanidine (81).°%%°

Reaction of dibenzylamine with ethylene oxide affords the
amino alcohol, 82. Treatment of that product with thionyl chlo-
ride gives the a-sympathetic blocking agent, dibenamine (83).°°
Condensation of phenol with propylene chlorohydrin (84) gives the
nlcohol, 85. Reaction with thionyl chloride affords the chloride
(86). Use of the halide to alkylate ethanolamine affords the se-
condary amine (87). Alkylation of this last with benzyl chloride
(88) followed by conversion of the hydroxyl to chloride by means
bf thionyl chloride completes the preparation of phenoxybenzamine
(89).%° This agent, too, is an antihypertensive drug that owes
its action to blockade of the a-sympathetic receptors. The block-
dde induced by these drugs is of unusually long duration (the 8-
haloamine function is known to be a good alkylating agent for
mwimy polypeptides). This very long duration of action and a cer-
Inin lack of specificity for the cardiovascular system has dimin-
ished the usefulness of these agents.

The more familiar method of inducing surgical anesthethesia
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is by the administration of low molecular compounds such as ether
or chloroform by inhalation. Such anesthesia can, however, also
be achieved by parenteral administration of a quite different set
of agents. Two of these can be regarded as derivatives of benzyl-
amine. Reaction of cyclohexanone with piperidine hydrochloride
and potassium cyanide affords the aminonitrile, 90; this inter-
mediate is, at least formally, the analog of a cyanohydrine with
piperidine taking the place of water in the reaction sequence.
Phencyclidine®' (91) can be obtained by reaction of that amino-
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nitrile with phenylmagnesium bromide. Although the overall se-
quence suggests displacement of cyanide ion, there is some evi-
dence from related systems to suggest that the actual reaction
pathway involves preionization of 90 to the ternary imine (92),
followed by addition of the organometallic reagent.

On = O — N
o YO

90 91 92

Preparation of the oxygenated analog, ketamine, proceeds by
a quite different route. Addition of cyclopentylmagnesium bro-
mide to o-chlorobenzonitrile gives the ketone, 93. Bromination
of the ketone affords 94. Reaction of that intermediate with
aqueous methylamine affords the imino alcohol (95) obtained by
hydrolysis of the halogen and transformation of the ketone to the
imine (though not necessarily in that order). Thermolysis of the
imine hydrochloride leads one of the cyclopentane bonds to under-
go a 1,2 shift to the adjacent unsaturated center and thus ring
enlargement. Loss of a proton with ketonization gives the paren-
teral general anesthetic agent ketamine (96) .42
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c. Compounds Related to Benzhydrylamine

As previously shown, derivatives of benzhydrol have provided a
large number of useful antihistaminic agents. Continued delving
into the structural requirement for activity revealed that the
oxygen atom could, in fact, be replaced by nitrogen. It is of
note that the nitrogen atom remote from the benzhydryl carbon is
included in a piperazine ring in these drugs. Much of this chem-
istry is rendered possible by the various techniques that have
been developed for placing differing substitution on the two ni-
trogen atoms. Piperazine can, for example, be monoacetylated
(a); alkylation of the remaining nitrogen followed by deacylation
allows a different alkyl group to be placed at the remaining het-
eroatom.

Reaction of benzhydryl chloride with N-methylpiperazine (b)
gives cyclizine (97)“%; analogous reaction with p-chlorobenzhy-
dryl chloride (5d) affords chlorocyclizine (98).°°

™\ /7~
@CHN N-CH HN  NCOR
\__/ N/
(a)
X

/s

97, X=H
98, X=Cl (b)

Acylation of the monosubstituted piperazine, 99 (obtainable
by the protection-deprotection scheme outlined above), with
cinnamoyl chloride gives the corresponding amide (100). Reduc-
tion of the carbonyl by means of lithium aluminum hydride affords
cinnarizine (101).“"

L Ol s L~

CHN N —> CHN NCCH=CH4<:::> > CcH NCH20H=CH<<:::>
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1oo 101
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Alkylation of the p-chloro analog (102) of the monosubsti-
tuted piperazine with m-methylbenzyl chloride (103) yields the
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antihistamine meclizine (105)“%®; reaction of 102 with p-tertiary-
butylbenzyl chloride (104) gives buclizine (106).“> Alkylation
of the terminal nitrogen with hydrophilic side chains derived
from polyethylene glycols affords compounds in which the sedative
properties inherent in antihistamines are accentuated. Thus,
alkylation of 102 with the chloro derivative of diethylene glycol
(107) affords the sedative hydroxyzine (108)“%; in the same vein,
alkylation with the derivative of triethylene glycol (109) gives

hydrochlorobenzethylamine (110). “7
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CHAPTER 5

Phenethyl and
Phenylpropylamines

By the turn of the century the theory of chemical mediation of
physiologic responses had gained some currency. There cnsued in
some laboratories an intense search for endogenous chemical modi-
fiers of bodily responses: The first such agent to be isolated
from mammalian tissue was the ubiquitous hormone, epinephrine-at
that time known as adrenaline. This compound has played an im-
portant role in pharmacology as well as in medicinal chemistry.
In the former, a study of this molecule has gone far towards elu-
cidating the operation of the sympathetic nervous system. At the
same time, chemistry based on the phenethylamine portion of epi-
nephrine has served as a prototype for subsequent researches
built around the theme of modifying an endogenous hormone in or-
der both to modulate its biologic effects and to provide hormone
antagonists. Current work on blockers of the B receptors in the
sympathetic nervous system in order to provide drugs for treat-
ment of diseases of the cardiovascular system suggests that the
final word in this story remains to be written.

Breathing, heart action, control of blood pressure, glandu-
lar secretions, and related involuntary actions aimed at main-
taining the organism are all under control of the autonomic ner-
vous system which consists of the sympathetic (adrenergic) and
parasympathetic (cholinergic) components. Signals that originate
in the brain terminate at neurosecretory cells that release on
neural stimulation a small amount of a specific hormone. In the
case of the cholinergic system, this agent is acetylcholine. Of
more direct concern, stimulation of a nerve in the adrenergic sys-
tem results in release of norepinephrine. This amine, released
at the appropriate site, interacts with a receptor on the target
tissue; this interaction brings about the observed physiologic
response (e.g., contraction of an involuntary muscle). This chain
of action has been recently further detailed: norepinephrine is
thought to stimulate the enzyme adenyl cyclase which in turn
62
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causes formation of 3',5'-cyclic adenyl phosphate (3',5' cAMP).
This last may be the true intracellular messenger molecule.
Epinephrine itself does find some use in clinical medicine.
The drug is used in order to increase blood pressure in cases of
circulatory collapse, and to relax the bronchial muscle in acute
asthma and in anaphylactic reactions. These activities follow
directly from the agent's physiologic role. The biogenetic pre-
cursor of epinephrine, norepinephrine, has activity in its own
right as a mediator of sympathetic nerve action. (An apocryphal
story has it that the term nor is derived from a label seen on a
bottle of a key primary amine in a laboratory in Germany: N ohne
R). This agent, too, is used to increase blood pressure.
Friedel-Crafts acylation of catechol with chloroacetyl chlo-
ride gives the a-haloacetophenone (2). Displacement of halogen
by methylamine (3) followed by catalytic reduction gives the
amino alcohol (4). Resolution as the tartrate salt affords the
(-) isomer, epinephrine (4). Substitution of ammonia as the base
in this sequence gives norepinephrine. Isolation of the (-) iso-
mer affords levarterenol (5).' Reaction of the same halide with
isopropylamine followed by reduction leads to isoproterenol (6).
This agent, used as the racemate, is employed largely for its
effect in relieving bronchial spasms in asthmatics. It might be
noted in passing that isoproterenol occupies an important role in
pharmacology in the classification of sympathetic receptors.
Removal of one of the aromatic hydroxyl groups gives an
agent similar to epinephrine in its effects but with longer dura-
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tion of action. The largest use of this drug, however, depends
on its vasoconstricting action; phenylephrine is used extensively
15 a nasal decongestant due to its ability to constrict the blood
vessels in mucous tissue on local application. In one published
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synthesis, the benzyl ether of m-hydroxybenzaldehyde is subjected
to Reformatski reaction with ethyl bromacetate to give the hydrox-
yester (8). Treatment with hydrazine leads to the hydrazide (9).
This last is then rearranged to the intermediate isocyanate by
means of nitrous acid; intramolecular addition of the hydroxyl
group gives the oxazolidone (11). The presence of an acyl group
on nitrogen avoids some of the difficulties often encountered in
attempts to monomethylate amines. In this case, the reaction is
accomplished by means of sodium hydride and methyl iodide. Treat-
ment with strong acid cleaves both the heterocycle, which is in
effect a cyclic carbonate, and the benzyl ether. Phenylephrine
(13)® is thus obtained.

The isomer of isoproterenol in which both aromatic hydroxyl
groups are situated meta to the side chain also exhibits bron-
chiodilating activity. Oxidation of 3,5-dimethoxyacetophenone by
means of selenium dioxide affords the glyoxal derivative (15).
Treatment of the aldehyde with isopropylamine in the presence of
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hydrogen and Raney nickel leads to the amino alcohol (16). (The
sequence probably proceeds by first addition of the amine to the
aldehyde. Reduction of either the carbinolamine or the Shiff
base derived therefrom gives an aminoketone; reduction of the ke-
tone will afford the amino alcohol.) Removal of the ethereal
methyl groups by means of hydrogen bromide gives metaproterenol
(17) .2

Condensation of the substituted phenethyl bromide, 18, with
piperazine can be stopped at the monosubstituted amine (19). Re-
action of this amine with propiophenone and formaldehyde in a
Mannich reaction affords eprazinone (20),“ an antitussive agent.

Substitution of an aromatic heterocycle directly onto the
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nitrogen of these amino alcohols markedly changes the activity of
these compounds. Thus, the compound substituted by a 2-pyridyl
group, phenyramidol (21), finds use largely as a muscle relaxant.
This agent is obtained by reaction of the anion from 2-aminopyri-
dine with styrene oxide.®

0 OH AN
N I\ | |
| + CHCH, — CHCH ,NH N/
N NH,
21

Replacement of the aromatic hydroxyl groups in isopreterenol
by chlorine again causes a marked shift in biologic activity.
"his agent, dichloroisoproterenol (25), was found to be an antag-
miist rather than agonist towards the B-sympathetic receptors.
Although this first of a long series of so-called B blockers had
limited practical utility, it pointed the way to the development
nf ‘drugs with many applications in the control of some of the
complications of heart disease such as arythmia, angina, and
Intely possibly hypertension. It is thought that these agents
act by antagonizing the effects of endogenous epinephrine by com-
peting with the latter for receptor sites.

Preparation of the prototype starts with the radical side
«hain bromination of dichloroacetophenone to give the bromoketone
(23). The carbonyl group is then reduced by means of sodium
horohydride; displacement of halogen by means of isopropylamine
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affords dichloroisoproterenol (25).° Starting with 2-acetylnaph-
thalene, an analogous scheme affords pronethanol (27), while the
methanesulfonyl derivative of p-aminoacetophenone (28) leads to
the B-blocker soltalol (29).
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Alkylation on the carbon atom remote from the aromatic ring
affords a further series of useful medicinal agents. Although
these are by an large no longer frank sympathetic agonists, they
retain sufficient properties of the parent compounds to find use
as central nervous system stimulants, bronchiodilators, and when
appropriately modified, appetite-suppressing agents. The first
of these compounds, interestingly, derives from ancient Chinese
folk medicine. For millenia, the stems of various species of
Ephedra had been in use in China as mild stimulants. Investiga-
tion of the plant revealed the active compound to be the alkaloid,
ephedrine (31), whose structure proved to be remarkably close to
that of epinephrine (absolute configuration shown). In an inter-
esting synthesis’ of this agent, benzaldehyde is first fermented
with glucose and yeast. There results the addition of acetate in
a reaction similar to an acyloin condensation. As in almost all
enzymatically catalyzed reactions, the newly formed chiral center
is introduced stereospecifically-—as it happens, in the desired
sense. Reductive amination is then employed to introduce the
nitrogen atom. If we assume for the moment that the Shiff base
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is an intermediate in this reaction, this molecule can be depic-
ted as in either A or B. It should be noted that each of these
contains an interaction between the hydroxyl and another medium-
sized group. In the case of A, however, this interaction is
mitigated by the possibility of chelation. The stereochemistry
of ephedrine (31) is in fact that obtained by reduction of A.
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Mannich condensation of the primary amine corresponding to
cphedrine (32) with formaldehyde and m-methoxyacetophenone yields
oxyfedrine (33)°; this agent retains the vasodilating activity of
¢phedrine and is in fact denoted a coronary vasodilating agent.

0 (|)H 8 (|3H 3
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QC—CH 3+ HzNCHCHQ —_— QCCH 2CH2NHCH<|:H©
I
CH OH
CH30 3 CH50
6 32 33

Addition of a hydroxyl group to the aromatic ring of ephed-
rine as well as changing the substitution on nitrogen leads to a
compound whose main activity is to raise blood pressure. Thus,
rormation of the Shiff base of the m-hydroxy analog of 30 with
henzylamine (34), followed by catalytic reduction, yields metar-
.minol (35). When optically active hydroxyketone is employed in
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the synthesis, steric induction again obtains; the drug is thus
obtained directly as the (-) isomer.

QCHC NCH2—© —> QCHCHNHCHZ-O
CH,

34 35

The homolog of epinephrine in this series is a potent vaso-
constrictor. Reaction of 3,4-dimethoxypropiophenone with butyl
nitrite leads to nitrosation at the a position (36). Stepwise
reduction of the nitrosoketone leads to the amino alcohol (37).
Removal of the methyl ether affords racemic 38. Resolution of
this last followed by separation of the (-) isomer gives levonor-
defrine (38).
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A closely related compound bearing oxygen substitution at
the 2 and 5 positions shows activity as a B-sympathetic blocking
agent. Acylation of the dimethyl ether of hydroquinone with pro-
pionic anhydride gives the ketone 39. This is then brominated to
40. Displacement by halogen by tertiary butylamine (41) followed
by reduction of the carbonyl group gives the amino alcohol. It
is of note that the product, butoxamine (42), is obtained exclu-
sively as its erythro isomer.!®

OCH 4 OCH30 OCH30H
COCHCH, CCH~CH 5 (‘:H(|:HCH3
[ — —_—
X NHC (CH3 )5 NHC (CH ;3 )3
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40, X=Br
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Incorporation of a hydroxyl group at the para position of
ephedrine in addition to alkylation of nitrogen with a somewhat
more complex side chain gives a drug whose main action is that of
a peripheral vasodilator. Reductive amination of phenoxyacetone
(43) (obtained from sodium phenoxide and chloroacetone) with
ammonia and hydrogen affords amine, 44. Syntheses of the remain-
ing fragment starts with the benzylation of p-hydroxypropiophenone
(45). Bromination of the product gives 47. Displacement of halo-
gen by amine, 44, leads to the aminoketone, 48. The benzyl group
is then removed by hydrogenolysis (note that the carbonyl is
apparently untouched by this reaction). Reduction of the carbonyl
group by means of sodium borohydride affords isoxsuprine (50).'%
The analog, 51, in which the ether oxygen is replaced by methyl-
ene, has much the same activity as 50. This compound, nylidrin
(51), is obtainable by reduction of the Shiff base from p-hydroxy-
ephedrine and 4-phenyl-2-butanone.
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Omission of the side chain hydroxyl group from molecules
based on epinephrine or ephedrine does not abolish the sympatho-
mimetic activity of the resulting compounds. Many of these agents
exert a considerable stimulant action on the central nervous sys-
tem. As such, drugs in this class have been widely used—and
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abused—as agents to combat fatigue and drowsiness. These are the
classical "pep pills." Many of these drugs, in addition, show
decided activity in suppressing appetite. Much work has gone
into structural modifications aimed at splitting the central ner-
vous system stimulant activity from the antiappetite effect.

This action, referred to an anorexic activity, is highly desir-
able in drugs aimed at combatting obesity.

The prototype, amphetamine (52), is obtained by reductive
amination of phenylacetone by means of ammonia and hydrogen.'?
Isolation of the (+) isomer by resolution gives dextroamphetamine,
a somewhat more potent stimulant than the racemate.
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Reduction of phenylacetone in the presence of methylamine
rather than ammonia gives methamphetamine (53), an agent similar
in action to the primary amine. Alkylation of 53 with benzyl
chloride affords the analog, benzphetamine (54).'%

Incorporation of a metatrifluoromethyl group often has a
potentiating effect on the activity of drugs acting on the cen-
tral nervous system. The preparation of the amphetamine analog
bearing this substituent begins with formation of the oxime of
m-trifluoromethylphenylacetone (56). Catalytic reduction of
that oxime gives the corresponding primary amine, 57. Acylation
of the amine with acetic anhydride (58), followed by metal
hydride reduction, affords fenfluramine (58)."

Extension of the alkyl group on the carbon bearing the amine
changes the pharmacologic profile. Reductive amination of 1-
phenylbutanone-2 (60) with pyrrolidine in formic acid gives pro-
litane (61),'® a central nervous system stimulant agent with
antidepressant properties.

Incorporation of a phenolic hydroxyl group greatly attenu-
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ates the CNS activity in the amphetamine series; there is obtained
instead an agent that finds use in conjunction with atropine in
opthalmology as a drug for dilating the pupil of the eye (midri-
atic). Condensation of anisaldehyde with nitroethane gives the
nitrostyrene (62). Treatment with hydrogen chloride in the pres-
ence of iron hydrolyzes this enol nitro compound to the corre-
sponding phenyl acetone (63). This last is then converted to the
primary amine (64) by way of the oxime. Removal of the ethereal
methyl group with strong acid gives hydroxyamphetamine (65).'°

CHO CH=C/CH3 o E Il‘mz
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Primary amines are often rapidly inactivited in vitro by one
of several pathways for metabolic degration. One of the more
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important of these—oxidative deamination—begins by oxidation of
the amine to the corresponding Shiff base. Amphetamine deriva-
tives bearing alkyl groups of the a position should therefore
have longer duration of action by virtue of the lack of hydrogen
at the oxidizable position. The synthesis reported for one such
agent starts with the Friedel-Crafts acylation of benzene with
isobutyryl chloride to give ketone (66). Alkylation of the anion
of this ketone with benzyl chloride gives 67. Nonenolizable
ketones are khown to cleave on treatment with strong base. Thus,
exposure of 67 to sodium amide gives the scision product, amide
68. Hoffmann degradation of the amide (68) by means of sodium
hypochlorite gives phentermine (69),'° an agent used to control
obesity by suppression of appetite. Methylation of the primary
amine via its benzal derivative (70) affords mephentermine (71).
Reaction of the methylated compound with chloroacetyl chloride
yields the halogenated amide, 72. Use of this compound to effect
a double alkylation on ethanolamine affords oxoethazine (73).%7
This apparently small change alters the activity of the end pro-
duct to that of a local anesthetic.
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The p-chloro analog of phentermine has much the same activ-
ity as the parent compound, with perhaps a somewhat decreased
activity on the central nervous system. Alkylation of p-chloro-
benzyl chloride with the carbanion obtained from treatment of 2-
nitropropane with strong base affords the compound containing the
required carbon skeleton (74). Catalytic reduction of the nitro
group yields chlorphentermine (75).'°

CH, CHy CH,
1 1
0,N-CH + ClCHz—Q-Cl —> och-cnz-Ocl — HzN-CCHz-Q-Cl
1 1 1
CH, CH, CH,
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Incorporation of the phenethyl moiety into a carbocyclic
ring was at first sight compatible with amphetamine-like activ-
ity. Clinical experience with one of these agents, tranylcypro-
mine (79), revealed the interesting fact that this drug in fact
possessed considerable activity as a monamine oxidase inhibitor
and as such was useful in the treatment of depression. Decompo-
sition of ethyl diazoacetate in the presence of styrene affords
a mixture of cyclopropanes in which the trans isomer predominates.
Saponification gives acid 77. Conversion to the acid chloride
followed by treatment with sodium azide leads to the isocyanate,
78, via Curtius rearrangement. Saponification of 78 affords
tranylcypromine (79).*°

QCH:CHZ +  N,CHCO,C,Hs —> @vv-"c‘)zl‘ —>©_v...mo
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A somewhat more complex application of this notion is repre-
sented by the CNS stimulant fencamfine (83). Diels-Alder addi-
tion of cyclopentadiene and nitrostyrene affords the norbornene
derivative, 80. Catalytic hydrogenation reduces both the remain-
ing double bond and the nitro group (81).2° Condensation with
acetaldehyde gives the corresponding imine (82); a second reduc-
tion step completes the synthesis of fencamfine (83).%'
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In the discussion of benzylamines, we have met medicinal
agents that owe their activity to some particular functionality
almost without reference to the structure of the rest of the
molecule. The hydrazine group is one such function in that it
frequently confers monamine oxidase-inhibiting activity to mole-
cules containing that group. Such agents frequently find use as
antidepressants. Thus, reduction of the hydrazone of phenyl-
acetaldehyde (84) affords the antidepressant phenelzine (85).
Similar treatment of the derivative of phenylacetone (86) gives
pheniprazine (87).%%

OCHZCR — QCHZ?HR
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Yet another example of a so-called pharmacophoric group is
the biguanide functionality, a grouping associated with oral anti-
diabetic activity (see the section on sulfonylureas for a fuller
discussion of this activity). Condensation of 2-phenethylamine
with dicyanamide affords directly the orally active hypoglycemic
agent phenformin (88).%°
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The structural constraints of the present chapter have suf-
ficient breadth to allow inclusion of an antibiotic whose basic
structural elcment is the phenethylamine moiety. The biologic
activity, it need hardly be said, has little in common with the
foregoing drugs. Chloramphenicol, the first of the broad-spectrum
antibiotics, was initially isolated from cultures of various
Streptomyces strains. Structural determination revealed the drug
Lo be one of the simpler molecules among the antibiotics. This
very simplicity made the agent amenable to preparation by total
synthesis both in the laboratory and on commercial scale. The
first published synthesis of chloramphenicol®“ establishes the
carbon skeleton and the bulk of the functionality in the very
first step. Thus, base-catalyzed condensation of benzaldehyde
with nitroethanol affords the aldol product (89) as a mixture of
~tereoisomers. Catalytic reduction of the total mixture gives the
aminodiol, 90. At this point the threo isomer is separated and
resolved into the optical isomers; the (-) isomer is then elabo-
rated further. Acylation by means of dichloroacetyl chloride
l'ollowed by treatment with base to rcmove o-acylated products
affords the amide (91). Acetylation by means of acetic anhydride
protects the hydroxyl groups towards the conditions of the next
wtep as their acetates (92). The array of functionality present
1 this molecule is surprisingly stable to strong acid; nitration
proceeds in a straightforward manner to afford the compound con-
laining the nitro group in the para position. Treatment of this
intermediate (93) with base removes the ester acetate groups to
arford finally chloramphenicol (94).

The apparently loose structural requirements for antihista-
winic agents have already been alluded to. Thus, active compounds
are obtained almost regardless of the nature of the atom that con-
uects the side chain with the benzhydryl moiety. In fact, a
methylene group, too, can also serve as the bridging group. Re-
action of the aminoester, 95 (obtained by Michael addition of
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piperidine to ethyl acrylate), with an excess of phenylmagnesium
bromide gives the aminocarbinol, 96. Hydrogenolysis of the bis
benzylic hydroxyl group affords the antihistamine fenpiprane
(97).2°

o @ ~
C,Hs0,CCH,CH,N )  —> LCHZCHzN — CHCH ,CH,
95 il ::

Substitution of an amphetamine-like moiety on the nitrogen
atom of this molecule markedly alters biologic activity; the
product, prenylamine (102), exhibits coronary vasodilator activ-
ity. Knoevnagel condensation of benzaldehyde with malononitrile
gives the unsaturated cyanoester (98). The second phenyl group
is introduced by means of conjugate addition of phenylmagnesium
bromide (99). Hydrolysis followed by decarboxylation affords the
nitrile (100). Reduction of the nitrile to the corresponding
amine (101) followed by alkylation with 2-chloro-1l-phenylpropane
yields prenylamine (102).2€

Substitution of a pyridyl ring for one of the benzene rings

96 97
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of these agents gives compounds with somewhat enhanced activity,
as in the case of the oxygen- and nitrogen-bridged antihistamines.
Starting materials for the preparation of these agents are the
same diarylcarbinols used to prepare the hetero-bridged compounds.
These (103) are first converted to the respective chlorides (104)
by treatment with thionyl chloride. Catalytic reduction gives

N C0,C,H N\ CO0,C,H

,CN Q ~CN Q
QCH=C —_—> CH-CH —_ CH~CH,CN

98 99 100

CHCHzcl{ZNHCH20H2-© < CHCH ,CH , NH ,

102 101

Ihe diarylmethanes (105). The protons on the methylene group of
these compounds are sufficiently acidic to be removed by strong

hiases such as sodium amide or butyl lithium. Alkylation of the

resulting carbanion with N-(2-chloroethyl)dimethylamine affords,
1espectively, pheniramine (106),27 chlorpheniramine (107),%7 or

hrompheniramine (108). Resolution of the two halogenated anti-

histamines revealed that the antihistaminic activity was associ-
ined with the (+) isomer; these are denoted dexchlorpheniramine

(+107) and dexbrompheniramine (+108).
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The presence of unsaturation in the side chain is also com-
patible with antihistaminic activity. Mannich condensation of
p-chloroacetophenone with formaldehyde and pyrollidine affords
the amino ketone, 109. Reaction with an organometallic reagent
from 2-bromopyridine gives 110. Dehydration leads to triproli-
dine (111).3%®
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Reaction of the Mannich product (112) from acetophenone it-
self with the Grignard reagent from p-chlorobenzyl chloride gives
the carbinol, 113. Dehydration in this case gives the antihista-
mine pyrrobutamine (114).%° It is not immediately clear why
dehydration does not occur in the other sense so as to afford the
energetically more favored stilbene.

As a class, analgesics tend to be built around portions of
the morphine molecule that, as a minimum, incorporate a piperi-
dine ring. The detailed discussion of the chemistry and biologic
activity of these compounds is therefore incorporated in that
particular section of this volume. Biologic activity, however,
cannot be always neatly categorized; there exists a series of
narcotic analgesics whose structure and chemistry more nearly
fit those of the phenylpropylamines than those of the morphine
analogs. The curious reader is asked to skip to that section for
a fuller discussion of the rationale for what follows. Suffice
it to say for the present that extensive dissection of the mor-
phine molecule evolved the so-called morphine rule. This holds
that the structural elements necessary for analgesic activity are



Phenethyl and Phenylpropylamines 79

represented by the partial structure below.

The first of the analgesic agents to incorporate the struc-
tural elements of this rule in an acyclic compound, methadone
(119), was developed in Germany during the Second World War.
Details as to structure and synthesis were available to the out-
side world immediately following the end of hostilities only in
the form of intelligence reports. Repetition of the putative
synthesis revealed that ambiguity existed as to the structure of
the final product. The key step, alkylation of the anion obtained
from diphenylacetonitrile with N-(2-chloropropyl)-dimethylamine,
in fact affords a pair of isomeric amines. One of these can be
imagined to arise by straightforward displacement of halogen by
the carbanion (115). The isomeric amine is thought to arise by
internal cyclization of the haloamine to the aziridinium salt
(117) prior to alkylation. Attack on this charged species by the
carbanion at the center most susceptible to nucleophilic displace-
ment will afford the isomeric amine (116). Reaction of the abnor-
mal alkylation product (116) with ethylmagnesium bromide affords,
after hydrolysis of the intermediate imine, the compound that
lurned out to be methadone (119).°° Similar treatment of the
vxpected alkylation product gives isomethadone (118).°°

Synthesis of the intermediate aminonitrile for methadone by
a1 régiospecific route served to confirm the structure. Alkyla-
lion of diphenylacetonitrile with l-chloro-2-propanol affords the
ilcohol, 120, free of isomeric products (although it is possible
here, too, to imagine cyclization of the halide prior to alkyla-
lion). The hydroxyl is then converted to the bromide (121) by

cl CH CH
; L Cll,y 13 _CH, N v 2.CHj
CHON  +  CHCII,N —>  NC-C-CHCH,N +  NC-C~CH,CHN
~
éu, CHj CHs NCH,
115 116
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means of phosphorus tribromide. Displacement of halogen by means
of dimethylamine completes the synthesis of an amine identical to
116.%'5°% In much the same vein, displacement of halogen on 121
with morpholine gives the amine, 122. Elaboration of the nitrile
to the ketone affords the analgesic, phenadoxone (123).°2 This
same scheme, starting with displacement of halogen by piperidine,
gives dipipanone (125).°"

Omission of the side chain methyl group also leads to an
active analgesic, the potency of which is somewhat less than half
that of the parent. Alkylation of the familiar nitrile with ~-
(2-chloroethyl)dimethylamine gives the amine, 126. Reaction with
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ethyl Grignard reagent leads to normethadone (127).°%°

0
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NCCCH,CH,N —— CH,CH,C-CCH,CH, N\
N CH, CH,
126 127

Modification of the ketonic side chain is also consistent
with retention of analgesic activity. Thus, reduction of metha-
done with lithium aluminum hydride affords the alcohol, 128
(apparently as a single diastereomer). Acetylation gives acetyl-
methadol (129).°3¢

Hydrolysis of the nitrile in 130 (obtained by an alkylation
analogous to that used to prepare 126) affords the acid, 131.
ILsterification with ethanol affords the analgesic agent, norpipa-

none (132).°%%
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~CCH,CH,N ~——2>  HQ,C~CCH,CII,N ~—> C,H50,C-CCH,CH, N

O

130 131 132
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Replacement of the ketone by an amide leads to increased
potency. Hydrolysis of nitrile, 133 (obtained by alkylation of
diphenylacetonitrile with the morpholine analog of the chloro-
amine used in the original preparation of methadone), affords
acid, 134. Conversion to the acid chloride followed by reaction
with pyrrolidine affords racemoramide (135).>7 Separation of the
(+) isomer by optical resolution gives dextromoramide, an analge-
sic an order of magnitude more potent than methadone.

. 0
NC-C-CHCH,N 0 —» HO,C-CCHCH,N 0 :
-C- - — NC-C- CHCH N
i 2 2 i 2 _/
133 134

Replacement of one of the phenyl groups by an alkyl group of
similar bulk, on the other hand, alters the biologic activity in
this series. Alkylation of phenylacetonitrile with isopropyl
bromide affords the substituted nitrile, 136. Treatment of the
anion prepared from 136 with strong base with 2-dimethylamino-1-
chloropropane gives isoaminile (137).%% It is of note that
alkylation of this halide, isomeric with that used in the early
methadone synthesis, is apparently unaccompanied by isomer forma-
tion. Isocaminile is an agent with antitussive activity.

CH 3 /CH 3
CH
rd 3

CH,  CH,
* CH :
1
CH,cN —> CHCN i NC-CCH ,CHN
1 NcH
CH, T3
136

137
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CHAPTER 6

Arylacetic and
Arylpropionic Acids

Nrganic compounds that share some feature of structure or func-
tionality often exhibit similar biologic effects. Thus, although
the arylalkylamines differ in pharmacologic profile, their effects
lend to be those which are mediated via the autonomic or central
nervous system. The arylacetic and arylpropionic acids by con-
trast show no such common targets. It is of note in this connec-
lion that, unlike the corresponding amines, these acids find few
structural counterparts among endogenous mammalian hormones.

As every sufferer of a toothache knows, inflammation and pain
often go together. Specific drugs are available to treat each of
Ihese; the steroid antiinflammatory agents will deal very specif-
1cally with inflammation, while the narcotic analgesics will go
it towards obviating pain. There is often, however, an under-
~.tandable reluctance to rely on such potent drugs for treatment
ol trivial, though annoying, inflammation and pain. One of the
oldest drugs in the modern armamentarium, aspirin, interestingly
enough, is effective in the treatment of both inflammation and
minor pain (in the words of the immortal ads: minor aches, neu-
1nlgia, and neuritis). A recently discovered use of this drug
1rronically pointed out one of its major shortcomings. Aspirin
ciin be used with some effect for the treatment of the pain and
inflammation attendant to arthritis. Its low potency, however,
urrcessitates its administration in gram quantities. Many indi-
viduals unfortunately find that their stomachs are intolerant of
«1ich large quantities of aspirin. While the steroids are quite
elfective for treatment of arthritis, clinicians usually prefer
lo reserve these drugs for more serious cases because of the
pptential side effects. An interesting sidelight is the observa-
11bn that most of the known antiinflammatory drugs, steroids or
ol , show a tendency to exacerbate existing stomach ulcers and
jerhaps even precipitate these. There exists, therefore, a real
place in medicine for a more potent aspirin-like compound with

85
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reduced side effects.

Acetylation of isopropylbenzene gives the corresponding ace-
tophenone (2). Wilgerodt oxidation of the ketone leads to the
corresponding acetic acid, ibufenac (3),' an antiinflammatory
agent with somewhat greater potency than aspirin. In one of sev-
eral processes for the preparation of the methylated analog (5),
the acetophenone is converted to its cyanohydrin (4). Heating
with hydrogen iodide and red phosphorus reduces the benzylic
hydroxyl while simultaneously effecting hydrolysis of the nitrile.
There is thus obtained ibuprofen (5),' an agent with about twice
the potency of the prototype (3).

CHs\ CHs Cli3
CH@ — CH-@—COCH3 —_ CH—OCH ,COLH
CH 5”7 CH 3”7 CH, 7

1 2 3
CH
CH 5 ?H CH 3\ i
CH~ ~C~CH 5 _— _oH- ~CH-CO, 1l
-
CH, (':N CH,
4 5

Friedel-Crafts acylation of biphenyl with acetyl chloride
gives the ketone (6). Rearrangement to the acetic acid is again
achieved by means of the Wilgerodt reaction. Esterification
followed by alkylation of the anion obtained by treatment of the
ester (7) with strong base with ethyl iodide affords the alkylated
intermediate (8). Saponification gives the analgesic namoxyrate
(9). An analogous scheme applied to the 3-fluorobiphenyl deriva-
tive (10) affords first the acetic ester (11). In order to cir-
cumvent the complications often involved in achieving monoalkyla-
tion of such compounds, the ester is first converted to the malo-
nate (12) by means of sodium ethoxide and ethyl carbonate. Alkyl-
ation of 12 can, in fact, afford only the monoethyl compound (13).
Acid hydrolysis of the esters with concomitant decarboxylation
gives the potent antiinflammatory agent, flubiprofen (14).2

In a similar scheme, acylation of 2-methoxynaphthalene gives
ketone, 15. This is then converted to the acetic acid by the
Wilgerodt reaction. Esterification, alkylation of the carbanion
(sodium hydride; methyl iodide), and finally saponification
affords naproxen (17).% The intense current effort on nonsteroid
antiinflammatory agents and acrylacetic acids in particular make
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CH,CH,
X X
6, X=H 7, X=H 8, X=C,Hs
10, X=F 11, X=F 9, X=H

CH
/C02 2H5 2 2 5 ] 3
\
CO,C,H s coz s )

14

it probable that the above are but the forerunners of an extensive
series of clinical agents.

CH,
1
COClH 4 _~ CH ,C0,CH, CHCO,H
=, L .
1'H,0 CH,;0 7R CH 50

15 16 17

A compound closely related to naproxen has radically differ-
ent pharmacologic properties; methallenestril (23) is in fact a
w.ynthetic estrogen. At the time clinicians first started to fore-
wce a use for compounds with estrogenic effects, naturally occur-
ring compounds such as estrone or estradiol were all but unavail-
ihle in any quantity. Many groups thus undertook a systematic
wcarch for simplified structures that would possess the desired
hbrmonal property. One such approach was based on the known
I'strogenic activity of doisynolic acid (18), a degradation pro-
dnet from alkali fusion of estrone.® Condensation of the substi-
Inted propionaphthone (19) with the brominated isobutyrate ester
(20) in a ReformatSki reaction gives a hydroxyester (21) whose
carbon skeleton mimics that of the degradation product. Saponi-
'lcation followed by dehydration gives the unsaturated acid (22).
llydrogenation completes the synthesis of methallenestril (23).°

Attachment of a group containing a basic nitrogen atom to
Ihe phenylacetic acid side chain affords a drug that has found
nse as a mild stimulant. (Careful examination of the structure
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CHg
CHy — (I; ~C0,C,Hs
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Ho \C CO,C,H %OH
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N 2 ~ |
CH ;0

CH,CH
CH, Br N
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20 21
l
CH, ?Hs
1
-C- ~-C-CO,H
Cli, CH, (IJ CO,H CH4 I 2
< Cy
H,CH; ¢ ,y0 cli30
w0 23 22
18

will reveal a structural fragment related to amphetamine.) This
drug, methyl phenidate, has gained some fame under the trade name
of Ritalin® for its paradoxical use as a means for controlling
hyperkinetic children. Alkylation of the carbanion obtained from
phenylacetonitrile with 2-chloropyridine gives the diarylacetoni-
trile (24). Treatment with sulfuric acid gives partial hydrolysis
to the amide (25). Reflux in methanol affords the corresponding
ester (26). Catalytic hydrogenation over platinum results in re-
duction of the heterocyclic ring to afford methyl phenidate (27).°

CHCN —_—> CHCOR —_— CHCO,CH 43
N ” )
X < N NH
24 25, R=NH, 27
26, R=0CH,

Incorporation of the benzylic carbon of phenylacetic acid
into a cyclohexane ring affords an agent whose activity is closely
related to that of the narcotic analgesics. This activity is
particularly noteworthy for the fact that this structure repre-
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sents a departure from the "morphine rule'" cited earlier. Forma-
tion of the dimethylamine enamine from crotonaldehyde affords the
basically substituted butadiene (28). Diels-Alder condensation
with the unsaturated ester (29) gives a pair of isomeric 1:1
adducts in the ratio of 3:1. The predominant product (30) is
that which results from that transition state that involves the
fewest steric interactions (A). [The transition state to form
the minor isomer (B) involves interaction of the relatively bulky
phenyl and dimethylamino group, while the same intermediate to-
wards the major product involves the smaller carbethoxy group in
the same interaction.] The major product, tilidine (30),” is an
analgesic effective against severe pain.

Cels
CH ,CH=CHCHO ANco.ci
7 WC0,0H
SNl
QL
,CH, €
11, =CH~CH=CH-~N COgCHg
\CHJ 29
28
€0, CH,
/.‘.\CGH
7 NCelly

'\/‘PN:CH:,

The natural product, atropine (32), can be regarded as a
hiphly substituted ester of phenylacetic acid and an amino alco-
Intl. Although the agent is used clinically, chiefly as a midri-
alic agent, the molecule possesses a host of other biologic activ-
lties. The drug has antispasmodic, bronchiodilating, and anti-
secretory activity. Atropine thus provided an attractive start-
Ing point for efforts to synthesize agents that would show some
ol” the above actions.

In fact, esters of amino alcohols and 2,2-disubstituted
phenylacetic acids show useful antitussive activity; the mecha-
nism of action may include bronchiodilation. Double alkylation
o) the anion of phenylacetonitrile with 1,4-dibromobutane gives
e cyclopentane-substituted derivative (33). Saponification
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CH,
/ 0 CH,OH
;I‘S\\/ &
0C-CH
32

followed by treatment with thionyl chloride affords the acid
chloride (35). Condensation with diethylaminoethanol gives car-
amiphene (36).° Displacement of one of the halogens of 8,B-di-
chloroethyl ether by means of the sodium salt from 34 gives the
haloester (37). The action of dimethylamine on this intermediate
affords carbetapentane (39).° Alkylation of phenylacetonitrile
with an excess of ethyl iodide gives the substituted nitrile (39).
A sequence similar to that used in going from 34 to 38 gives the
antitussive, oxeladine (40).°

0 0
] 1] »,C,Hg
COCH ,CH ,0CH ,CH , X COCH ,CH ,N
Y CLlls
37, X=Cl 36
~CH
38, X=N\CH2

33

34, X=0H
' 35, x=Cl
WV
? /CZHS
— C-CN — C~-COCH ,CH ,OCH ,CH ,N
/ \ /N N C,Hs
CH, CH, G, CH,
: 1 -
CH, CH, Cli; CH,

40
39
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Esters of diphenylacetic acids with derivatives of ethanol-
amine show mainly the antispasmodic component of the atropine
complex of biologic activities. As such they find use in treat-
ment of the resolution of various spastic conditions such as, for
example, gastrointestinal spasms. The prototype in this series,
adiphenine (47), is obtained by treatment of diphenyl acetyl chlo-
ride with diethylaminoethanol. A somewhat more complex basic
side chain is accessible by an interesting rearrangement. Reduc-
tive amination of furfural (42) results in reduction of the heter-
ocyclic ring as well and formation of the aminomethyltetrahydro-
furan (43). Treatment of this ether with hydrogen bromide in
acetic acid leads to the hydroxypiperidine (45), possibly by the
intermediacy of a carbonium ion such as 44. Acylation of the
alcohol with diphenylacetyl chloride gives piperidolate (46).'*!

fi'j H
/N -—> —_>
o/~ CHO Z o SKCHZNHCZHS e ~H > X

NH 1
C,H
42 43 ' 2tls
CaHs
45
44

CHCO,CH ,CH,N
NGyl

C,Hs
1
N
/CZHS Q
CHCO,

47 46

The presence of an additional alkyl group on the benzylic
carbon is consistent with antispasmodic activity in this series.
Alkylation of ethyl diphenyl acetate by means of sodium amide and
methyl iodide followed by saponification gives the acid, 49.
llsterification with diethylaminoethanol affords aprophen (50).'?

The second aromatic ring can, interestingly, be replaced by
u cycloalkyl group. Thus, treatment of diethyl phenylmalonate
with 1,2-dibromocyclopentane in the presence of strong base
al'fords the cyclopentenyl derivative (52). [The fact that the
blefin ends up in the relatively unfavored position suggests that
Ihe initial step in this reaction may be elimination of hydrogen
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Q s CH3 @ , CHs
C —> C\ ,CoHs5
[:::r \co,H [:::r CO,CH ,CH,N
SCoHs

48 49 50

CHCO,C,Hs  —>

bromide to give the allylic halide (53); this last would suffer
displacement to lead to the observed olefin.] Hydrolysis of the
ester groups with concomitant decarboxylation gives the phenyl-
acetic acid (54). Esterification of the acid with 2-(N-pyrroli-
dino)ethanol via its acid chloride affords the antispasmodic
agent cyclopyrazolate (55).'3

~ CO,C,H s ?0202“5

ch > C-CO,C,H s S CHCO,H
~C0,C,Hs

51

54

52 |
Br Br QCHCOZCHchZNCl

“Br

53 55

Treatment of the sodium salt of phenylacetic acid with iso-
propylmagnesium bromide affords the so-called Ivanov reagent, a
formally doubly charged species whose anionic moiety is often
formulated as 56. This dianion undergoes aldol condensation with
cyclopentanone to give the corresponding hydroxyacid (57). Alkyl-
ation of the salt of the acid with N-(2-chloroethyl)dimethylamine
gives cyclopentolate (58).'* This agent has atropine-like activ-
ity with the midriatic component predominating.

A rather more complex amino alcohol side chain is accessible
by a variation of the Mannich reaction. Taking advantage of the
acidic proton in acetylenes, propargyl acetate (61) is condensed
with formaldehyde and dimethylamine to give the acetylated amino
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alcohol (62). Ester interchange of this with the product from
partial hydrogenation of benzilic acid (59), gives the anti-
spasmodic agent, oxybutynin (60).%°

Incorporation of a hydroxyl group directly onto the benzylic
carbon of the diphenylacetic acid again changes the pharmacologic
profile of the compound; although the drug retains the anticho-
linergic activity of atropine, its main use has been in the
treatment of anxiety and tension. Oxidation of benzoin (63) with
potassium bromate leads to benzilic acid (64) by the well-known
rearrangement of the intermediate, benzil. Esterification by
means of diethylaminoethanol affords benactizine (65).'°

0 OH OH O C,H
(] 1 | o 2hs
@-c—cn@ —> CCO,H —_ CC0, Gl CH, N
o T
63 64 65

Peripheral vascular disease, often one of the sequelia of
atherosclerosis, is characterized by markedly decreased circula-
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tion in the extremities. The course of the disease is frequently
punctuated by acute episodes in which the blood vessels undergo
spastic closure. One of the few nonnitrogen-containing phenyl-
acetic acid derivatives to show antispasmodic activity has found
some use in the treatment of this disease. The drug, cyclandel-
ate (67),'7 is obtained by esterification of mandelic acid (66)
with 3,5,5-trimethylcyclohexanol.

O(l:ﬂcozﬂ —> CHCO,
OH
CH, CH,
67

OH

66

The placement of a nitrogen atom directly on the benzilic
carbon atom is apparently consistent with antispasmodic activity.
Esterification of 2(mn-piperidyl)ethanol by means of chloroacyl
chloride (68) gives the basic ester (69). Displacement of the
remaining halogen by piperidine gives dipiproverin (70).%°®

@CH—COC]. > @'?HCOZCHZCHZN ) —> @'?HCOZCHZCHZN )
'
cl cl @

68 69 70

Antispasmodic activity, interestingly, is maintained even in
the face of the deletion of the ethanolamine ester side chain.
Reaction of anisaldehyde with potassium cyanide and dibutylamine
hydrochloride affords the corresponding a-aminonitrile (72) (a
functionality analogous to a cyanohydrin). Treatment with sul-
furic acid hydrolyzes the nitrile to the amide to yield ambucet-
amide (73).%°

_CN _ COMH,
cn,o@-cno—é CH ;0 CH _(CHp)3CH, —> cmo@-cg ACH, )3CH,
SN N

N (CH, )3CH; N(CH, )3CH,
71 72 73
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The activity of acylureas as hypnotic and anticonvulsant
agents is dealt with in some detail later. This is again one of
the cases in which the functionality rather than structure deter-
mines pharmacologic activity. Thus, acylation of urea with
phenylgcetyl chloride gives the anticonvulsant agent, phenacemide
(74) .

0 0

P
Qcazcom + H,NCONH, —_ QCHZCNHCNHZ

74

It will be recalled that both epinephrine and norepinephrine
are pressor agents, that is, they cause an increase in blood
pressure. It would therefore be expected that antagonists to
these endogenous pressor amines might have a useful effect on
hypertension. One approach to this problem consists in the pre-
paration of compounds that interfere with biosynthesis of these
amines by the administration of false substrates that would be
unable to go through the final steps of biogenesis. A crucial
step in the biosynthetic scheme for formation of norepinephrine
consists in the decarboxylation of DOPA (dihydroxyphenylalanine,
75) to dopamine (76). (Side chain hydroxylation completes the
scheme.) Substitution at the carbon adjacent the carboxyl group
should hinder this reaction. Reaction of the substituted phenyl-
acetone (77) with ammonium chloride and potassium cyanide affords
the corresponding a-aminonitrile (78). The L isomer is then
separated from the racemate by means of the camphorsulfonic acid
salt. (The unwanted D isomer can then be subjected to basic
hydrolysis to give back starting ketone that can be then recy-
cled.) Treatment of the I isomer with concentrated sulfuric acid
at the same time effects hydrolysis of the nitrile to the acid
and cleavage of the remaining methyl ether. There is thus ob-
tained methyldopa (79).2' While this drug has in fact found con-
siderable use as an antihypertensive agent, there is evidence to
indicate that the mechanism of action may be considerably more
involved than a simple block of pressor amine synthesis.

The thyroid gland, located in the base of the neck, exerts
i key role on growth and metabolism. In contrast with that of
some of the other endocrine glands, this control is effected
through a pair of relatively simple molecules, thyroxine, and
its close congener, triiodothyronine. Cases of thyroid deficien-
¢y (hypothyroidism) are common enough to warrant the production
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of these hormones commercially. In contrast to the steroid hor-
mones, thyroxine and its analogs have few, if any, applications
beyond replacement therapy. Since the structure of the hormone
is constant among most mammals, crude extracts of thyroid glands
from slaughterhouses constitute an important form of drug for
treatment of deficiencies. The pure hormones are used in medi-
cine as well; these in turn are obtained both by total synthesis
and purification of extracts from animal sources.

One published synthesis starts by the formation of the ben-
zenesulfonate of phenol, 77. This compound, it should be noted,
is particularly suited for nucleophilic aromatic substitution,
since the benzenesulfonate is activated by the ortho nitro, as
well as the para carbonyl group. In fact, treatment of 77 with
the anion from the monomethyl ether of hydroquinone gives the di-
phenyl ether (79). Azlactones such as 80 have proven of great
utility in synthesis, since the parent amino acid is cyclized
into a form that masks both the amino and carboxyl groups. The
reactivity of the methylene group is enhanced by the adjacent
imine. Condensation of the aldehyde group of 79 with 80 by means
of sodium acetate and acetic anhydride affords 81. When the con-
densation product is exposed to sodium methoxide, this reagent
attacks the carbonyl group of the azlactone; the ring is thus
opened to form the ester enamide (82). Reduction of this product
with Raney nickel selectively reduces the aromatic nitro group to
the corresponding amine (83). This amine is then transformed to
an iodo group by diazotization and treatment of the diazonium
salt with iodine-sodium iodide. Catalytic hydrogenation over
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platinum reduces the enamine double bond; hydrolysis of this
ester-amide gives the amino acid (86). The aromatic methyl ether
in the remote ring is then cleaved by means of hydroiodic acid
(80) to afford the key diodo intermediate (87). The L form of
this amino acid is isolated by optical resolution for further
elaboration to the thyroid hormones. In the course of synthetic
work on the thyroid hormones, a series of specialized reactions
have been developed for the direct introduction of iodine ortho
to phenolic groups. Thus, treatment of the diiodo compound with
either the sodium salt of N-iodo-p-toluenesulfonamide or a mix-
ture of iodine and sodium iodide in aqueous dimethylamine affords
L-triiodothyronine,?? which goes by the generic name of liothyro-
nine (88). This compound, interestingly, is more active as a.
thyroid hormone than thyroxine itself. Treatment of intermediate
(87) with an excess of one of the iodinating reagents gives levo-
thyroxine (89).2%% Preparation of the diiodo derivative from the
D form of the intermediate, 87, gives dextrothyroxine, a compound
with much reduced thyroid activity that has been used for the
treatment of elevated cholesterol levels.

1 1 1
HOOCHO — CGHSSOZQCHO _— cmo@-o@mo
0,N 0,N NO,

77 78 79
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l "y ?
CH,
I I 0
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82, X=NO, 81
83, X=NH,
84, X=1
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CHAPTER 7

Arylethylenes and
Their Reduction Products

The isolation of the estrogens, the so-called female sex hormones,
occasioned intensive work on the endocrine activity of this series
of endogenous compounds. This was hampered in no small way by
the minute quantities in which these hormones occur in nature as
well as by the lack of sources of these agents other than isola-
tion from mammals. However, enough data was accumulated to indi-
cate that such agents had great potential for the treatment of
the various dysfunctions that result from deficient levels of
estrogens. Initial attempts to prepare these compounds by total
synthesis were hindered by the fact that the structure of the
estrogens had been only partly solved. It was known, however,
that steroids consisted of a tetracyclic nucleus, and in the
estrogens such as, for example, estrone (1), one of these rings
was present as an aromatic phenol. The demonstration that the
phenathrene derivative, 2,? showed estrogenic activity in experi-
mental animals encouraged further departures from the vaguely
realized steroid nucleus in the search for estrogenic agents.

The great variety of structures that have by now been shown to
exhibit estrogenic activity® leads to the suspicion that the
estrogen receptor may be unusually nonspecific compared to recep-
tors for other steroid hormones.

0

0
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One of the first of the synthetic estrogens devoid of the
steroid nucleus, diethylstilbestrol (7), is still fairly widely
used today. Although initially employed for cases of estrogen
deficiency, the drug has found utility in such diverse uses as in
the fattening of cattle and the recently approved indication as a
"morning-after' contraceptive. The initial synthesis for this
agent involves first the alkylation of desoxyanisoin (3) with
ethyl iodide by means of strong base (4). Reaction of the pro-
duct with ethylmagnesium bromide gives the corresponding alcohol
(5). Dehydration under acidic conditions affords largely the
trans olefin (6) accompanied by a minor amount of the cis isomer.
Cleavage of the methyl ether groups in the trans isomer to the
phenol completes the synthesis of diethylstilbestrol (7).° It is
of note that the molecule can be coiled so as to assume the shape
of a steroid. (The aromatic rings assume the functions of the
terminal rings, while each of the ethyl groups provides bulk
corresponding to the remaining alicyclic rings.)
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1150 CI1 5,0 i ROI::::T RUELE

10 6, R=CHj
\ . /1 7, R=H
OCll 4

N QQCHi[::T
OC—({‘"
1
ClCi,Cll
0,07 2Cll; -

11

An interesting alternate synthesis for this agent starts
with the chlorination of the benzylic carbon of 8 by means of N-
«hlorosuccinimide. Treatment of the chloro compound (9) with
«hdium amide in liquid ammonia serves to remove remaining proton
on that carbon. This carbanion (10) then performs an alkylation
1r-iction on unreacted starting chloride. The product of this
alhylation (11) still contains a fairly acidic benzylic proton;
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removal of this proton leads to beta elimination of hydrogen chlo-
ride and formation of the stilbestrol intermediate in a single
step (6).°

Catalytic reduction of diethylstilbestrol proceeds stereo-
specifically (see Newman projections below) to afford the meso
isomer, hexestrol (12).°> This synthetic estrogen is said to pro-
duce fewer side effects than the parent molecule. The meso form
is more potent than the DL isomer. An alternate synthesis of
this drug involves the cobaltous chloride-catalyzed coupling of
the Grignard reagent from 13 with the analogous benzilic chloro
compound (9). Demethylation of the product (14) gives hexestrol.®
The higher melting point of the meso form allows its separation
from the DL by-product formed in this reaction by recrystalliza-

tion.
OR
CH 3 ~CH /[:::T CH, CH3
CH-CH Br-CH
7 > | <« 9 + ]::::[
RO CH, OCH 5

™ CH,

12, R=H 13
14, R=0CH,

12

Self-condensation of the substituted propiophenone, 15, by
the pinacol reaction proceeds to give the glycol, 16, as the
meso isomer. (If it is assumed that the transition state for
this reaction resembles product, this stereoselectivity can be
rationalized on the grounds of steric interaction; compare A,
which leads to the observed product, with B.) Dehydration under
very specialized conditions (acetyl chloride, acetic anhydride)
affords the bisstyrene-type diene (17). Removal of the acyl
groups by means of base affords the synthetic estrogen, dien-
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estrol (18).7
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Insertion of an additional carbon atom between the two aro-
matic rings, interestingly, does not diminish estrogenic activity.
Aldol condensation of anisaldehyde with p-methoxybutyrophenone
(19) gives the substituted chalcone (20). A second ethyl group
1s then introduced into the molecule by conjugate addition of
cthylmagnesium bromide (21). Reaction of the saturated ketone
with methylmagnesium bromide leads to the carbinol (22). Dehy-
dration followed by catalytic reduction completes construction of
the carbon skeleton. Cleavage of the aromatic ether groups by
means of hydrogen bromide affords the synthetic estrogen, benz-
vstrol (24).°

?HZCHZCH3 ?HZCH3
cHo .C -
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l
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The observation that one of the ethyl groups in stilbestrol
can be replaced by an aromatic ring and the other by halogen with
full retention of biologic activity illustrates the structural
latitude in this series of drugs. Reaction of 4,4'-dimethoxy-
benzophenone (25) (obtained by Friedel-Crafts acylation of ani-
sole by p-methoxybenzoylchloride) with the Grignard reagent from
p-methoxybenzyl chloride affords the alcohol (26). Acid-catalyzed
dehydration gives the corresponding ethylene (27). Chlorination
of the vinyl carbon by either chlorine in carbon tetrachloride or
N-chlorosuccinimide affords the estrogen, chlortrianisene (28).°

Alkylation of one of the phenolic groups of the triarylethyl-
ene synthetic estrogens with an alkyl group terminating in basic
nitrogen causes a fundamental change in biologic activity. First,
the intrinsic activity of the compound is markedly reduced. Un-
like the pure estrogens, which show increasing biologic responses
with increasing doses, the resulting agents, called impeded estro-
gens, show a low maximal response regardless of dose. More im-
portant is the finding that these agents will antagonize many of
the effects of concurrently administered pure estrogens. Agents
of this class are therefore sometimes called estrogen antagonists.
At one time estrogen antagonists seemed to hold much promise as
contraceptive agents, since these compounds are remarkably effec-
tive in inhibiting pregnancy in the laboratory rat. Further in-
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vestigation showed that this effect was not manifested in higher
species since these, unlike the rat, are not exquisitely sensi-
tive to estrogen levels for conception. The first of these
igents, ironically, has found use as a drug for treatment of in-
lfertility. Ovulation is triggered in women by a series of hor-
mones secreted by the pituitary gland. The estrogen antagonists
iire known to suppress this secretion. Once administration of the
drug is stopped, the gland rebounds with the outpouring of very
large amounts of pituitary hormones, triggering ovulation.

Alkylation of 4-hydroxybenzophenone by means of base with 2-
chlorotriethylamine affords the so-called basic ether (29). In a
sequence analogous to the preparation of 28, the ketone is first
rcacted with benzylmagnesium chloride (30). Dehydration (31) and
chlorination complete the synthesis of clomiphene (32).'° It is
uf note that the commercial product is in fact a mixture of the
Iwo geometrical isomers. These have been separated and seem to
Jdiffer in some degree in their endocrine properties.

Substitution of thiophene rings for the benzene rings and a
Iight modification in the carbon skeleton leads to a marked
ilteration in pharmacologic activity. The agents obtained by
Incse modifications are apparently devoid of endocrine activity;
imstead, the compounds possess analgesic activity. Possibly as
i result of some side effects, their use is restricted to veteri-
niary practice. Michael addition of dimethylamine to ethyl cro-
lonate gives the aminoester (33). Condensation with the lithium
reagent from 2-bromothiophene leads to addition of two equiva-
lents of the organometalic (34). Dehydration yields dimethyl-
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thiambutene (35).'* The same scheme starting with the diethyl-
amine adduct (36) affords the analog, diethylthiambutene (38).'"
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CHAPTER 8

Monocyclic Aromatic Compounds

Although medicinal agents discussed in previous chapters often
contained benzene rings, these were usually at some remove from
the pharmacologically significant functionality. In a number of
those agents, furthermore, the aromatic ring provided only ste-
ric bulk, as evidenced by the fact that in at least some cases
reduction of the ring still provided active molecules. The com-
pounds in the present section carry the functionality directly on
the benzene ring. There is good evidence that the aromatic char-
acter of this ring plays an important role in their drug action.

1. BENZOIC ACIDS

The introduction of the salicylates into therapy begins with the
identification more than a century and a half ago of the sub-
stance in the bark of willow trees (Salix sp.), the glycoside
salicin, 1, which was responsible for the antipyretic action of
extracts known since antiquity. Degradation by chemical and en-
zymatic means of 1 gave glucose and salicyl alcohol (2). Further
work on this natural product showed that salicylic acid (3), pre-
pared by oxidation of the alcohol, had analgesic, antipyretic,
and antiinflammatory activity in its own right. Salicylic acid
itself, however, proved too irritating to mucous membranes to be
used as such. Its acetyl ester, prepared by any of the standard
ways, overcomes the irritation sufficiently for the drug to be
used orally. This, of course, is now familiar to all as aspirin
(4).

One of the first prodrugs, aspirin, is cleaved to the active
agent, salcylic acid, in the liver as well as various other tis-
sues. Despite the advent of numerous newer agents for the alle-
viation of the pain and inflammation characteristic of inflamma-
tory diseases, aspirin remains the most widely used drug for this
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purpose. The safety of aspirin and the fact that it is available
without prescription also makes it one of the most widely used
drugs for self-medication. It has been estimated that some 35
tons are consumed daily in the United States alone.

CH,0H CH,0H €0,H
0(CeHy105) H OH
—> — —>
1 2 3
CO,H OH
OCOCH , CONH,
4 5

The popularity of aspirin has led to the preparation of a
host of relatively simple derivatives in the hope of finding a
drug that would be either superior in action or better tolerated.
!alicylamide (5), for example, is sometimes prescribed for pa-
lients allergic to aspirin. It should be noted, however, that
this agent is not as active as the parent compound as an anti-
inflammatory or analgesic agent. This may be related to the fact
lhat salicylamide does not undergo conversion to salicylic acid
in the body.

Substitution of an amino group into the molecule affords an
igent with antibacterial activity. Although seldom used alone,
para-aminosalicylic acid (PAS, 7) has been employed as an adjunct
Ih streptomycin and isoniazid in treatment of tuberculosis.
{(There is evidence the drug acts as an antimetabolite for the
pira-aminobenzoic acid required for bacterial metabolism.) One
o) the more recent of the many preparations for this drug in-
volves carboxylation of meta-aminophenol (6) by means of ammonium
«irbonate under high pressure.?®

Oon OH
> - CO,H

H,N -\ & H,N
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Further substitution of benzoic acid leads to a drug with
antiemetic activity. Alkylation of the sodium salt of p-hydroxy-
benzaldehyde (8) with 2-dimethylaminoethyl chloride affords the
so-called basic ether (9). Reductive amination of the aldehyde
in the presence of ammonia gives diamine, 10. Acylation of that
product with 3,4,5-trimethoxybenzoyl chloride affords trimetho-
benzamide (11).2

CHO CHO Cli,NH ,
—_— — _—
_Clly L Cll,
OH OCH ,CH,N OCIt,CH,N
N CH, Y CH,
8 9 10
0
CHyp I
NCH,CH ,0 ~CH, NHC
CH,”
CH;0 OCH,
OCH,
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2. ANTHRANILLIC ACIDS

The relatively low potency of aspirin in overcoming the symptoms
of inflammatory diseases has led to a continuing search for new
antiinflammatory agents. Although many more potent agents have
been introduced to clinical practice, most of these elicit some
side effects that limit their use. Derivatives of N-aryl anthra-
nillic acids have provided a series of quite effective antiin-
flammatory drugs, the so-called fenamic acids.

Ullman condensation of m-trifluoromethylaniline (13) with o-
iodobenzoic acid in the presence of copper-bronze affords flu-
fenamic acid (14).° An analogous reaction of o-chlorobenzoic
acid with 2,3-dimethylaniline (15) gives mefenamic acid (16);"
meclofenamic acid (18) is obtained by Ullman condensation employ-
ing 2,6-dichloro-3-methylaniline (17).
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3. ANILINES

Although aniline was found to possess peripheral analgesic activ-
ity more than a century ago, its use in medicine was precluded by
the toxic manifestations produced by that compound. Metabolic
oxidation of this amine gives largely phenylhydroxylamine (19).
This compound, which is known to convert hemoglobin to the form
that is incapable of binding oxygen, methemoglobin, is thought to
be responsible for the toxicity of aniline. Paradoxically, an-
other product of metabolic hydroxylation, p-aminophenol, again
shows analgesic activity; this compound, too, however, shows too
narrow a therapeutic ratio for use as a drug. Formation of de-
rivatives of aniline that circumvent hydroxylation on nitrogen
has provided a number of useful peripheral analgesics.

Thus, acetylation of aniline affords acetanilide (20), an
nnalgesic widely used in proprietary headache remedies. A similar
transformation on p-aminophenol gives the analgesic, acetamino-
phen (21). It is of interest that the latter is also formed in
vivo on administration of 21. An interesting preparation of this
drug involves Schmidt rearrangement of the hydrazone (24) from p-
hydroxyacetophenone.?®

The duration of action of acetaminophen is limited by the
lormation of water-soluble derivatives of the phenol (glucuronide
and sulfate) that are then excreted via the kidney. Protection
bf the phenol as an ether inhibits such inactivation without
Jdiminishing biologic activity. Acetylation of p-ethoxyaniline®
affords the widely used peripheral analgesic, phenacetin (25).
This drug is quite frequently found in headache remedies in com-
hination with aspirin and caffeine (APC®, PAC®). Although the
aniline derivatives show analgetic potency comparable to aspirin,
Ihey apparently have no effect on inflammation.

Physostigmine (36) is actually a complex fused heterocycle
riither than a simple derivative of aniline. The drug is men-
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tioned at this particular point because analysis of the structure
eventually led to a simple aniline derivative with much the same
activity as the natural product. The alkaloid was first isolated
from the ordeal bean (Physostigma venenosum) of West Africa (so
named by its use by witch doctors in a trial process analogous to
the trial by fire used in other cultures). Pharmacologic investi-
gation showed the drug to be of value in the treatment of glaucoma
by reducing intraocular pressure when applied topically to the
eye. One of the more recent total syntheses of this compound
starts by aldol condensation of the substituted acetophenone, 26,
with ethyl cyanoacetate (27). Conjugate addition of hydrogen cya-
nide to the product followed by hydrolysis and decarboxylation of
the resulting acid affords the dinitrile, 28b. Catalytic reduc-
tion of the nitrile affords diamine, 29; this is converted to the
bis-N-methyl derivative by the Decker monoalkylation procedure
(30). Treatment of that intermediate with hydrogen iodide effects
removal of the phenolic methyl ether groups to yield hydroquinone,
31. Oxidation of 31 with potassium ferricyanide possibly involves
first formation of the benzoquinone (32); Shiff base formation
with the amine would then give 33. Aromatization of that inter-
mediate would then afford the iminium salt, 34; addition of the
second amine to this leads to the observed reaction product, 35.
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Reaction of the phenol with methyl isocyanate then gives physo-
stigmine (36).7

The relative inaccessibility of physostigmine led to molecu-
lar dissection studies to define the parts of the molecule neces-
sary for activity. A surprisingly simple derivative of m-hydroxy-
aniline, neostigmine (40), proved to have the same activity as
the complex heterocyclic molecule. In addition, this drug has
found use as a cholinsterase inhibitor in pathologic conditions
such as myasthenia gravis, marked by insufficient muscle tone.
Reaction of m-dimethylaminophenol (37) with phosgene affords the

carbamoyl chloride, 38. Treatment with dimethylamine gives the
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corresponding carbamate (39). Quaternization with bromomethane
affords neostigmine (40).°
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The great diversity of forms characteristic of the life cy-
cle of the causative agent of malaria—the plasmodia—has led to
the development of a series of chemically distant drugs for com-
bating the organism at different stages. During an intense effort
aimed at the development of antimalaria drugs in the 1940s, it
was found that sulfonamides containing a pyrimidine ring had some
activity against plasmodia at an early stage in the life cycle.
The analog program on pyrimidines included some open-chain ver-
sions of this heterocycle as well. These last, the biguanides,
were found to be quite active in their own right. (It was sub-
sequently established that these compounds undergo oxidative
cyclization to dihydropyrimidines in the body to give the actual
antimalarial-see cycloguanyl).
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Alkylation of isopropylamine with cyanogen bromide affords
the intermediate, 41. Condensation of this with p-chlorophenyl-
guanidine (42, obtainable, for example by reaction of the aniline
with S-methylthiourea) affords directly chlorguanide or paludrine
(42).°5'° The same sequence starting with m-chloroaniline leads
to the biguanide, 44; chlorination in acetic acid gives chlorpro-
guanil (45),' a compound with a somewhat longer duration of ac-
tion.

NH NH
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4. DECRIVATIVES OF PHENOLS

The low structural specificity of the antihistamines has already
heen noted. It is perhaps not too surprising, therefore, to find
that attachment of the basic side chain directly onto one of the
aromatic rings affords active compounds. In an unusual reaction
reminiscent of the Claisen rearrangement, benzyl chloride affords
the substituted phenol, 46, on heating with phenol itself. Alkyl-
ation of 46 with 2-dimethylaminoethyl chloride gives phenyltolox-
amine (47).'% Alkylation of that same intermediate (46) with 1-
hromo-2-chloropropane, leads to 48. Use of that halide to alkyl-
ate piperidine gives the antihistamine, pirexyl (49).?

The basic ether of a rather more complex phenol, interesting-
Iy, exhibits a-sympathetic blocking rather than antihistaminic
activity. Nitrosation of the phenol derived from p-cymene (50)
prives the expected nitroso derivative (51). Reduction (52)
followed by acylation gives the acetamide, 53. Alkylation of the
phenol with 2-dimethylaminoethyl chloride gives the correspond-
g basic ether (5¢4). Hydrolysis of the amide gives the free
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amine (55); this aniline is then converted to the phenol (56)
via the diazonium salt. Acylation of that product affords moxy-

sylyt (57).'"°
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The guanidine function, when attached to an appropriate lipo-
philic function, often yields compounds that exhibit antihyper-
tensive activity by means of their peripheral sympathetic block-
ing effects. Attachment of an aromatic ring via a phenolic ether
seems to fulfill these structural requirements. Alkylation of
2,6-dichlorophenol with bromochloroethane leads to the interme-
diate, 58. Alkylation of hydrazine with that halide gives 59.
Reaction of the hydrazine with S-methylthiourea affords the guani-
dine, guanoclor (60).'

cl c1 cl
— —> /M
o OCH,CH ;R OCH CHpNHNHC

cl 1 cl NH,

58, R=Cl 60
59, R=NHNH,

As noted previously (see Chapter 5), modification of the
substitution pattern on the aromatic ring and on nitrogen com-
pounds related to epinephrine affords medicinal agents that show
B-sympathetic blocking activity. Such agents have an important
place in the treatment of many of the manifestations of diseases
of the cardiovascular system such as, for example, arrhythmias,
angina, and even hypertension. Interposition of oxygen between
the propanolamine side chain and the aromatic ring has proven
fully compatible with this activity.

Reaction of epichlorohydrin with l-naphthol affords the
glycidic ether (61). Opening of the oxirane ring with isopropyl-
amine gives racemic propranclol (62),*®>7 the only B-blocker
ivailable for sale in the United States. It is of note that the
! isomer is some 60 to 80 times more potent than its epimer.

An analogous sequence on the allyl ether of catechol (63)
leads to oxyprenolol (64); in the same vein, ortho-allylphenol
(65) affords alprenolol (66).'°

/O\ OH
|
OH OCH,CHCH, OCH,CHCH,NHCH

\
s CHs
gy

61 62

/CHg
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OCH,CH=CH, ~OCH,CH=CH,
= Ul ™
OH OCHz(llHCHzNHCH

OH S CH,
63 64
CH ,CH=CH, ,CH ,CH=CH,
O — e CH;
. > HCH ,NHCH
OH OCHz('J 2 NHCH
CH,
OH
65 . 66

Terminally O-arylated glycerols and their derivatives have
yielded a number of useful skeletal muscle relaxants that possess
some sedative properties. Thus, alkylation of o-cresol with 1-
chloropropan-2,3-diol affords mephenesin (67). Treatment of the
glycol with phosgene selectively forms the terminal carbamoyl
chloride; reaction of that with ammonia gives mephenesin carba-
mate (68).'° An analogous scheme starting with catechol mono-
methyl ether (69) gives the sedative often included in cough syr-
ups, guaiaphenesin (70);'® conversion to the carbamate affords
methocarbamol (71).2° Application of the three-step sequence to
p-chlorophenol affords chlorphenesin carbamate (72).%!

R R R o
@[ + CLCH,CHCH,O0H ~—> @ —_ @ 0
OH (')H OCHz(IIHCHzoFl "OCH, CHCH ,OCNH
OH oH

67, R=CH; 68, R=CH,

69, R=0CH,
70, R=OCH 4 71, R=OCH,

0
]

ClOOH — cl@—oonzﬁzﬂcnzocmz
OH

72



Derivatives of Phenols 119

Reaction of the glycol, 70, affords an oxazolidinone rather
than the expected carbamate (71) on fusion with urea. It has
been postulated that the urea is in fact the first product
formed. This compound then undergoes O to N migration with
loss of carbon dioxide; reaction of the amino alcohol with the
isocyanic acid known to result from thermal decomposition of
urea affords the observed product, mephenoxolone (74)%?; this
compound shows activity quite similar to that of the carbamate.
An analogous reaction on the glyceryl ether, 75, affords metaxa-
lone (76) L322

_ 0
OCHa/u\
. OCH 3 0y — ) NH
° g ' OCH , CHCH
OCH , CHCH ,NH , ) .
73 74
cl cl (g
> NH
cl OCH ,CHCH , OH cl OCH,CHCH,
I
OH
75 76

Epidemiologic studies have established a firm association
between elevated blood lipids and atherosclerosis. Although the
normalization of such elevated lipids would seem a desirable goal,
there is as yet no evidence to show whether this has any effect
on the course of the disease. One of the more effective agents
available for lowering elevated triglyceride levels is a compound
that more closely resembles a plant hormone than a medicinal
agent. The drug may be prepared, albeit in low yield, by
straightforward alkylation of phenol with ethyl isobutyrate. A
more interesting method involves reaction of the phenol with
chloroform and acetone to afford the acid, 77a. Esterification
with ethanol gives clofibrate (77b).>?

A fuller discussion of diuretic compounds will be found la-
ter in this section. Suffice to say that the majority of these
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CH,

|
C14<:::>—0H + CHCl, + (CH3),c0 —> C1~<::j>-0?—C02R

CH,

77a, R=H
77b, R=C,Hs

agents contain one or more sulfonamide groups. Ethacrynic acid
(81) thus stands by itself structurally as a diuretic. Alkyla-
tion of 2,3-dichlorophenol by means of ethyl bromoacetate fol-
lowed by saponification of the product gives the acid, 78. Acyl-
ation with butyryl chloride leads to the corresponding ketone
(79). Mannich reaction to the carbonyl group with formaldchyde
and dimethylamine leads to amine, 80. Elimination of dimcthyl-
amine by means of base affords ethacrynic acid (81).%"

0

cl cl CH,CH,Cl,C .cl
—— Ee—
OH 0CI1,C0,H “OCH,CO,11
78 79
9 1 0ol
1 N
CH3CH2C—é A_Cl CH 3 CH, CIIC cl
b  eow <
RN CH,CO,H |2 OCH,C0,H
//N\
CH;  CH,
81
80

5. DERIVATIVES OF ARYLSULFONIC ACIDS
a. Sulfanilamides
Rather early in the evolution of bacteriology it was noted that

these single-celled organisms readily stain with organic dye mol-
ecules. An elaborate classification scheme can in fact be de-
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vised for bacteria based on their behavior to various dyes. Some
effort, most notably on the part of Paul Ehrlich, was devoted to
finding dyes that would bind to bacteria without affecting mam-
malian cells. It was hoped that in this way a dye could be de-
vised that was toxic to the microbe without affecting the mam-
malian host—in effect an antibiotic. This concept seemed to have
finally borne fruit some forty years after the initial work with
the introduction of the dye protonsil (82) as an effective anti-
bacterial agent.?’

Careful metabolic work on this drug by a group of French
workers showed that the agent was in fact cleaved to sulfanil-
amide (83) and the amine, 84, in vivo. Testing of the two frag-
ments revealed that the activity of the drug resided entirely in
the sulfanilamide fragment. That compound in fact showed full
activity when administered alone in vitro or in vivo.?2¢

/ \
HZNQN=N©SOZN}I2 - HZN{‘\/\-SOZNHZ + HzNQNﬂz
NH, NH ,

82 83 84

Dihydropteroic acid (85) is an intermediate to the formation
of the folic acid necessary for intermediary metabolism in both
bacteria and man. In bacteria this intermediate is produced by
enzymatic condensation of the pteridine, 86, with para-amino-
benzoic acid (87). It has been shown convincingly that sulfanil-
amide and its various derivatives act as a false substrate in
place of the enzymatic reaction; that is, the sulfonamide blocks
the reaction by occupying the site intended for the benzoic acid.
The lack of folic acid then results in the death of the micro-
organism. Mammals, on the other hand, cannot synthesize folic
acid; instead, this compound must be ingested preformed in the
form of a vitamin. Inhibition of the reaction to form folic acid
is thus without effect on these higher organisms.

H
N N NH,
HO,C NH, + I: | \1; 5
’ O ? HOCH, NI’(

0
87 86
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H
NNtz golde
H ! -
HO,C NCH, &y -_N acid

85

Both the dramatic effectiveness and shortcomings of this
first antibiotic spurred the preparation of more than 5000 ana-
logs. Although great improvements were eventually realized, the
class as a whole suffers from a relatively narrow antibacterial
spectrum, comparatively low potency, and rapid development of
resistant organisms. An unexpected bonus from the clinical tri-
als carried out on new experimental sulfa drugs was the develop-
ment of entirely new classes of drugs. In essence, each of these
followed from discovery of an apparent side effect by acute clin-
ical observation. Thus, the finding that the sulfonyl urea ana-
logs resulted in lowered blood sugar led to the oral antidiabetic
agents. In this way, there were also discovered structural modi-
fications that endowed this class of compounds with diuretic
activity and uricosuric activity. A later section in the book
details how the findings from the sulfonamide derivatives were
developed and elaborated into molecules that bear little resem-
blance to the humble progenitor, sulfanilamide.

Besides the shortcomings noted above, some of the early sul-
fa drugs were poorly soluble in water. Since the drugs are excre-
ted largely unchanged in the urine, crystals of the compounds
sometimes formed in the kidneys and urine with attendant discom-
fort and tissue damage. Considerable attention was therefore
devoted to preparation of agents with better solubility charac-
teristics.

The drugs are available by one of two fairly straightforward
routes. Chlorosulfonation of acetanilide gives the corresponding
sulfonyl chloride (88); reaction with the appropriate amine gives
the intermediate, 89. Hydrolysis in either acid or base leads to
the sulfanilamide (90).

) ——> RN S0,NHR
CHBCEQ — CﬁachSOZCI ‘@' 2

88 89, R=COCH;
90, R=H
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In the alternate approach, the amide formation is performed
on para-nitrobenzenesulfonyl chloride (91). Reduction by either
chemical or catalytic methods affords directly the desired pro-
duct (90).

7/
om@sozm — OZNOSOZNHR _— HZNOSOZNHR

91 92 90

Since the chemistry involved in the synthesis of these agents
is self-evident, they are listed without comment in Table 1 below.
The preparation of selected more complex basic residues is de-
tailed in the section that follows.

Table 1. Derivatives of Sulfafanilamide

HzN-@-SOzNHR

Compound
Number Generic Name R Reference
90 Sulfanilamide H
93 Sulfacetamide ~COCH; 27
0
I .~ CH;
94 Sulfaproxylene C‘Q‘OC}i 28
CH,
95 Sulfacarbamide 'ﬁNHz 29
0
96 Sulfathiourea —ENHZ 30
S
NH
]
97 Sulfaguanidine ~C-NH, 31
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Table 1, continued

O\N
98 Sulfisoxazole \§ ,{ 32
<
- | 33
9 Sulfamoxol N
9 u oxole N CH,
a 34
100 Sulfaphenazole N ,N
|
CeHs
S~
\ N 35
101 Sulfasomizole /
CH,
s 6
. [ 3
102 Sulfathiazole <\N]
103 Sulfapyridine | N 37
~,
38
104 Sulfachloropyridazine | NW
~~cl
105 Sulfamethoxypyridazine ]TNJ 39
= OCH,

106 Sulfadiazine \g\Nj 31

107 Sulfamerazine \f\NJ/CH 3 40
N.
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108

109

110

111

112

113

114

115

116

117

Table 1, continued

Na CH,
0

Sulfadimidine

Sulfaisodimidine

Glymidine

Sulfameter

Sulfadimethoxine

Sulformethoxine

Sulfalene

Sulfamethizole

Sulfaethidole

Glyprothiazole

Ny, CH
[

N

'S

N_~
OCH ,CH ,0CH ,

N\
Il
Z~ OCH,

N>TOCH3
- N

41

42

43

44

45

46

47

48

49

125
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Table 1, continued

CH,
|
118 Glybuthiazole \LIT s\/ ?'CHZ* 50
— N CH,

Claisen condensation of propionitrile with ethyl acetate in
the presence of sodium ethoxide gives the cyanobutanone, 119.
This presumably forms oxime, 120, on reaction with hydroxylamine;
that intermediate is not isolated as it cyclizes spontaneously to
the isoxazole, 121. Acylation of the isoxazole with the sulfonyl
chloride, 88, affords sulfisoxazole (98) after removal of the
acetyl group.

CH;C=0 CH 5~-C=NOH CHy~= N
I —_— | —_— 0 —> 98
 CH_ P CH\ CH, ~
CH, CN CH, CN i

2

119 120 121

The aminothiazole, 123, required for preparation of sulfa-
thiazole (102), one of the older sulfonamides still in use, is
available directly from the reaction of 1,2-dichloroethoxyethane
with thiourea. The intermediate, 122, is not observed, as elimi-
nation of ethanol is spontaneous under the reaction conditions.

¢l ¢l
I

; s s
CH,CH-OC,Hs + H,NCNH, —> H2N<\ 10 — HZN-<\] -> 1oz
N -0C,Hs N

122 123

Acylation of thiosemicarbazide with propionyl chloride,
interestingly, does not stop at the acylated product (124). In-
stead, this intermediate cyclizes to the thiadiazole, 125, under
the reaction conditions. Hydrolysis then affords the hetero-
cyclic amine, 126. Acylation by 88 followed by removal of the
acetyl group affords sulfaethidole (116); variation of thle acid
chloride used in the preparation of the heterocycle leads to 117
and 118.

The heterocyclic moiety of a sulfonamide need not be pre-
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0
I ~NH,NH,
CH3CH,CCl  +  H,N-C_ -
~s
N N~
CH3CH2C—g—C§ LSCCHCH3l —> 1 ?5\
B g s 0 Rg S~ CH,CH,4
124

125, R=COCH,CH,
126, R=H

formed before attachment of the sulfonamide fragment. In an in-
teresting variation on the above sequence, the semicarbazide of
acetaldehyde (127) is acylated with the sulfonyl chloride, 88.

Oxidation of the intermediate leads the semicarbazone to cyclize

to a thiadiazole (129). Deacetylation affords the sulfamethizole
(115).

S
" H I y o NN
88 + H,NCNHN=CCH; -—> CH,CN- ~S0,N-C (-CH,
H Ng
127 128

H Hj N
RN -80,8{ -,

129, R=CH,CO
115, R=H

It may be speculated that one spur to the synthesis of the
nmmerous pyrimidine-substituted sulfonamides was the known effi-
cicy of sulfaguanidine; an aminopyrimidine does, of course, con-
Inin a good part of the guanidine functionality. One of the
¢lassical preparations of 2-aminopyrimidine starts with the con-
densation of guanidine with formylacetic ester (130) to give the
pyrimidone, 131 (shown as the keto tautomer). Reaction with
phosphorus oxychloride converts the oxygen to chlorine (132) via
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the enol. Catalytic hydrogenation affords the desired amine
(133). This is then taken on to sulfadiazine (106) in the usual
way.

e (|302C2H5 0 R
H,N-C + CH, —> g —> X
N NH, ' J )
CHo H,N SN HZI\YI\N’
130 131 132, R=Cl
133, R=H
€0,C,H s
|
CH,
1
¢=0
i
CH,
0
Jl\ ~
Nde, ™ a2
H,N-SN-CH, H,N" > N*\cH,
134 135
_MH 0=C_
—_— — 108
HzN—C: + ~cH, (s >
NH , 0=C H,N -~ NZ~CH,
\ CH,

136

This sequence is equally applicable to keto esters. Thus,
condensation of guanidine with ethyl acetoacetate gives the
pyrimidone, 134. Elaboration as above gives the pyrimidine, 135;
acylation with the sulfonyl chloride (88) followed by hydrolysis
yields sulfamerazine (107). Reaction of guanidine with beta
dicarbonyl compounds gives the pyrimidine directly. Condensation
of the base with acetonyl acetone affords the starting amine for
sulfadimidine (108). \

A somewhat different approach is used to prepare the com-
pounds containing the amine at the 4 position. Condensation of
the amidine from acetonitrile (138) with the enol ether from
formylacetonitrile (137) leads to the requisite pyrimidine (139).
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Since the ring nitrogen at 3 is now comparable in reactivity to
the amine at 4, acylation with one equivalent of 88 gives a mix-
ture of products. The desired product, sulfaisodimidine (109),
can be obtained by acylation with an excess of the sulfonyl chlo-
ride (140) followed by alkaline hydrolysis. The rate of saponifi-
cation of the sulfonamide group attached to the ring nitrogen is
sufficiently greater to cause it to be lost selectively.

CHOC,H 5

] HZN /NWCHE’ N§rCH3
+ - — —3 | —
™ HN /> s = ¥ NSO,Ar >
CN
NH, NSO,Ar
137 138 139

140, Ar=p-CH,CNHC (H,
1]
0

Inclusion of oxygen on the pyrimidine ring has been found
empirically to increase the effective serum half-lives.
Villsmeier reaction on the dimethylacetal of methoxyacetaldehyde
(141) with phosgene and dimethylformamide affords the acrolein
derivative, 142. Condensation of this with guanidine gives the
pyrimidine, 143. (The enamine can be viewed as a latent aldehyde-
the dimethylamino group is probably lost in the course of an addi-
tion elimination reaction with one of the guanidine groups.) This
pyrimidine serves as starting material for sulfameter (111).

» CHy N~ NH,
. OCH, , CHN - Ry
CH ;0CH, CH —»  CH,0C  “CH, —3> CH;0 Ay
™ OCH,  CHO
141 142 143

The preparation of sulfadimethoxine (112) takes advantage of
Ihe observation that inclusion of electron-releasing substituents
on a pyrimidine ring activates halogen attached to the ring to-
wiards nucleophilic aromatic substitution. Preparation of the
required starting material begins by conversion of barbituric
ncid (144) to the trihalide (145) by means of phosphorus oxychlo-
ride. Treatment with two equivalents of sodium methoxide effects
displacement of only two of the halogens (146). Reaction of that
intermediate with the sodium salt from sulfanilamide (93) effects
replacement of the remaining chlorine to give sulfadimethoxine
(112).
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N7
NG c1” Nl
0
H
144 145
OCH, OCH,
|
N™ =
Ly oot
CH,0” N c1 CH,0 N HSOZ—<C::>—NH2
146 112

A somewhat more circuitous route is required to prepare sul-
fonamide-containing pyrimidines unsubstituted at 2. Thus, acyla-
tion of the 2-thiomethyl pyrimidine, 147, with the sulfonyl
chloride, 88, affords 148. Removal of sulfur by means of Raney
nickel (149) followed by deacetylation gives sulformethoxine
(113).

SCH,

SCH, NN
Ay g
\ —> CH,CONH S0,NH OCH; —>
HzN-l\j§7L OCH, OCH ,

OCH,

147 148

NN
1
RNH4<::3>—302NHJ\W;J\OCHa
= OCH

149, R=COCH,
113, R=H
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Preparation of the substituted piperazine required for sul-
falene (114) starts with bromination of 2-aminopiperazine to
give the dihalide (¢150). Displacement of halogen by sodium
methoxide proceeds regioselectively at the more reactive 3 posi-
tion to give 151. Hydrogenolysis over palladium on charcoal
gives the desired intermediate (152).

Br _ _N._ Br Br Ny OCH, Ny OCH,
e, — Ll — (L., —
N NH, N“" NH, N~ NH,
150 151 152

Similar selectivity in displacement reactions is shown by
3,6-dichloropyridazine (153) (available by halogenation of the
product from maleic anhydride and hydrazine). Thus, reaction of
the dihalide with the sodium salt from sulfanilamide (93) affords
sulfachloropyridazine (104). Reaction of this last with sodium
methoxide under somewhat more drastic conditions results in dis-
placement of the remaining chlorine to give sulfamethoxypyrida-
zine (105).

N-N u N-N
01—<__\>-01 — HZNOSOZNO—CI —

153 104
g N
HZNO-SOZN 7 “%-0CH,
105

Acylation of a sulfonamide on the amide nitrogen serves to
remove the sometimes objectionable taste of these drugs. Reac-
lion of intermediate, 154, with acetic anhydride followed by
reduction of the nitro group affords acetyl methoxyprazine
(156).>* The last, which has much the same biologic action as
the parent compound, is used for oral administration in syrups.

Sterilization of the G.I. tract either in preparation for
wurgery or treatment of intestinal infection requires administra-
lion of an antibiotic in a form such that it will not be absorbed
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CH40 CH,0
7N N L
0,N S0,NH ) —> RN 800§

= = CH,C=0

154 _255, R=0

156, R=H

prior to the desired site of action. Acylation of the amine ni-
trogen of a sulfa antibiotic with a dibasic acid affords com-
pounds that are not absorbed systemically following oral adminis-
tration. Reaction of sulfathiazole with succinic anhydride under
rigorously controlled conditions affords directly succinyl sulfa-
thiazole (157)°?; a similar reaction with phthalic anhydride gives
phthaloyl sulfathiazole (158).%°

N S
HT~©-sozm-<’ ] <« HZNQ-SOZNH-(\ ] —
s N

0=CCH,CH,CO,H
preme 102

157

HN~©—SOZNH-<N]
| s

0=C
CO,H

158

b. Bissulfonamidobenzenes

Among one of the more unusual side effects noticed as the use of
the sulfonamides became widespread was the increased urine output
of many patients treated with these drugs. The fact that.the
urine was unusually alkaline led to the suspicion, later don-
firmed by independent means, that these agents were responsible
for partial inhibition of the enzyme carbonic anhydrase. Inhibi-
tion of this enzyme causes increased excretion of sodium and bi-
carbonate ions as well as water, in effect bringing about diure-
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sis.

While the use of diuretics had long been recognized as a
valuable tool for the treatment of many diseases involving water
retention, relatively few effective agents were available prior
to the development of the compounds based on the sulfonamides.
These serendipitous observations led to an intensive effort to
maximize the effect of these agents on carbonic anhydrase. It
was soon found that among the simpler compounds, the best activ-
ity is obtained by inclusion of two sulfonamide groups disposed
meta to each other on the aromatic ring. Treatment of chloro-
benzene with chlorosulfonic acid under forcing conditions affords
the bis sulfonyl chloride, 159. Ammonolysis of this intermediate
gives chlorphenamide (160). A similar sequence on metachloroani-
line leads to chloraminophenamide (162).°* Dihalogenated aroma-
tics are apparently sufficiently inert towards the bischlorosul-
fonation reaction; thus a more elaborate sequence is required for
preparation of such analogs. Reaction of orthochlorophenol. with
chlorosulfonic acid affords intermediate (163); ammonolysis gives
the sulfonamide (164). In an unusual reaction, treatment of the
phenol with phosphorus trichloride then replaces the hydroxyl
group by chlorine to afford dichlorophenamide (165).°°

S0,C1 S0,NH,
Ccl X cl Ccl x>
[ > —— [
z 0,C1 ~7" S0,NH,
R R R
R=H, NH, 159, R=H 160, R=H
161, R=NH, 162, R=NH,
OH cl
cl SO,R ¢l 1. so,m,
> ~Y > YNy
I I \f
- o
|
SO,R S0,NH,
163, R=Cl 165
16)4, R=NH2

Chlorosulfonation of chlorobenzene under milder conditions
iffords the product of monosubstitution (166); reaction with
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ammonia then gives the sulfonamide (167). Chlorosulfonation of
that sulfonamide then affords an intermediate (168) suitable for
preparation of diuretics containing differing substituents on
nitrogen. Thus, reduction of the cyclic cyanohydrin, 169, affords
the amine, 170; formylation by ester interchange with methyl for-
mate (171) followed by reduction with lithium aluminum hydride
gives the N-methylated derivative (172). Acylation of the last
by the sulfonyl chloride, 168, gives the diuretic mefruside

(173) .°¢

- 80,01
—_—
cl cl’

0,R SO,NH,
166, R=Cl 168 CH3>Z:~j>
ro ~CH
167, R=NH, \ S0, §-CH," ™0
CH,4

c1
SO, NH,

173

CH, O — CHs >( )
/™0 RHNCH, 0]

CN

169 170, R=l
171, R=CHO
172, R=CH,

¢. Sulfonamidobenzoic Acids

Diuretic activity can be retained in the face of replacement of
one of the sulfonamide groups by a carboxylic acid or amide.
Reaction of the dichlorobenzoic acid, 174, with chlorsulfonic
acid gives the sulfonyl chloride, 175; this is then converted to
the amide (176). Reaction of that compound with furfurylamine
leads to nucleophilic aromatic displacement of the highly'acti-
vated chlorine at the 2 position. There is thus obtained the
very potent diuretic furosemide (177).°7

Nitrosation of 2,6-dimethylpiperidine gives the correspond-
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1 N\
cl ~an, LY
€01 HN-CH, -
S Co,H > CO,H
cl c1
cl
174
50,R S0,NH,
175, R=Cl 177
176, R=NH,

ing N-nitroso compound (178); reduction leads to the hydrazine
derivative, 179. Reaction of that intermediate with the acid
chloride, 180 (available from the chlorosulfonation product of
p-chlorobenzoic acid), gives the diuretic clopamide (181).3°

cocl ENHN
+
CH, II\I CH, cl -

NR SO,NH,
178, R=NO 180 181
179, R=NH,

When penicillin was first introduced, clinicians were
plagued by the extremely rapid excretion in the urine of this
then extremely scarce drug. It was hoped that some other acidic
compound administered along with the antibiotic might be excreted
by the kidneys competitively with the drug and thus slow its loss
via urine. A search for such an agent turned to a sulfonamide
ncid of known low toxicity, probenecid (183). In fact, adminis-
tration of this compound, which has no significant antibacterial
dctivity in its own right, along with penicillin significantly
prolonged blood levels of the antibiotic. In the course of these
studies it was also noted, however, that probenecid promoted
cxcretion of uric acid. The ready availability of long-acting
penicillin derivatives has long since obviated the need for pro-
benecid as an adjunct. The drug has since found a place in the
treatment of gout.

The drug can be prepared in a straightforward manner by
reaction of sulfonyl chloride, 182, with di-n-propylamine fol-
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lowed by hydrolysis of the nitrile to a carboxylic acid.®?

_ CH,CH ,CH,
NC- -80,¢1 —_— Hozc-O-sozN
@ 2 N CH,CH,CH

182 183

d. Sulfonylureas

Diabetes is a disorder of carbohydrate metabolism traceable to
deficiencies in the production of insulin by the pancreas. Prior
to the discovery of insulin by Banting and Best in the 1930s, the
lifespan of a young diabetic was limited indeed. The finding
that those diabetics whose disease began early in life could be
maintained on insulin from animal sources was dramatic. A goodly
number of diabetics do not manifest the disease until well into
their forties. Such patients may be controlled for some time by
diet or by insulin. The finding that some of the sulfonamide
antibiotics could lower blood sugar in some individuals (hypo-
glycemia) led to the development of an additional method for
treatment of the hyperglycemia of adult-onset diabetes. (It
should be noted that the drug is without effect on individuals
lacking capacity to produce insulin—the youthful diabetics),

Systematic modification of the sulfanilamide molecule in
order to maximize the hypoglycemic activity led to the observa-
tion that the sulfonamide is best replaced by a sulfonylurea
function. Modification on both the aromatic ring and the substit-
uent on the terminal nitrogen modulates the activity of the pro-
ducts.

Sulfonylureas are accessible by the many methods that have
been developed for the preparation of simpler ureas. For example,
treatment of p-toluenesulfonamide (184) with butyl isocyanate
(185) affords tolbutamide (186).°°

Reaction of the sodium salt of p-chlorosulfonamide with

CH3-©-SOZNH2 +  OCNCH,CH,CH,CH; —>

184 185
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0
I
CH3-©-SOZNHCNHCH2CH2CH2CH3

186

ethyl chlorocarbonate gives the carbamate, 188. Reaction of that
intermediate with n-propylamine gives chlorpropamide (189).°%

C1~©—SOZNH2 —> (:1—<D-sozuucozczﬂ5 —_

187 188

0
[]
m—@—sozmcmmzcr{zcr{a

189

Treatment of piperidine with nitrous acid affords the N-
nitroso derivative (190); reduction gives the corresponding
hydrazine (191). Condensation of this intermediate with the car-
bamate (192) obtained from p-toluenesulfonamide leads to the oral
hypoglycemic agent tolazemide (193).°% 1In a similar vein, reac-
tion of the hydrazine obtained by the same sequence from azepine
(194) with the carbamate, 188, gives azepinamide (195).°*2

0
I
RN ) + CH3—©—802NHC02C2115 —> CH:,@—SOZNHCNHN )

190, R=NO

192 193
191, R=NH,
i
I
H,N-N + 188 _— Cl-@—SOzNHCNHND
194 195

In another approach to the required functionality, the so-
dium salt of acetyl sulfanilamide (196) is condensed with butyl
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isothiocyanate (197) to afford the thiourea, 198. Reaction with
nitrous acid serves to convert the thiourea to a urea (199).
Hydrolysis of acetyl group with aqueous base affords carbutemide
(200) .%® An analogous sequence starting with the meta-substituted
sulfanilamide (200) affords 1-butyl-3-metanylurea (202).%“

X
LI}
cm,cow-@sozm{2 +  SCN(CH,);CH; —> RNH@—SOZNHCNHCIIZCHZCH2CH3
196 197 198, R=COCH,; X=S

199, R=COCH,; X=0
200, R=H; X=0

]
QSOZNHZ _— @-SOzNHCNHCIIZCHZCHZCH;
CH,CO H,N

201 202

Inclusion of a para acetyl group requires a somewhat differ-
ent approach to the preparation of these compounds. Reaction of
the diazonium salt from p-aminoacetophenone with sulfur dioxide
affords the sulfonyl chloride, 203; this is then converted to the
sulfonamide, 204. Elaboration via the carbamate with cyclohexyl-
amine affords acetohexamide (205).%°

1 I
I
CH3C4<::>kNH2 —_— caac4<::>»sozR
203, R=C1
204, R=MNH,
0 0
I ]
—> CH,C S0, NHCNH
205

It is of note that hypoglycemic activity is maintained even
when the aromatic ring is fused onto a carbocyclic ring. Chlor-
sulfonation of hydrindan gives chloride, 206. Reaction of the
sulfonamide (207) obtained from that intermediate with cyclohexyl
isocyanate leads to glyhexamide (208).°°
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206, R=Cl
207, R=MNH,

00— O - ooyO

Finally, attachment of a rather complex side chain to the
para position of the benzene ring on the sulfonamide leads to the
very potent, long-acting oral antidiabetic agent, glyburide
(215).°7 Preparation of this compound starts with the chlorosul-
fonation of the acetamide of B-phenethylamine (209). The result-
ing sulfonyl chloride (210) is then converted to the sulfonamide
(211) and deacylated (212). Reaction with the salicylic acid
derivative, 213, in the presence of carbodiimide affords the
amide, 214. Condensation of that with cyclohexylisocyanate af-
fords glyburide (215).¢%°

cl o CO,H
CH,CONHCHZCHZO — lewzngsosz
OCH 5

209 210, R'=CH,;c0; R%=Cl 213

211, R'=CH4CO; R?=NH,
212, R*=H; R2=NH,
C[\LNCII CH2©-S%NCN—O - 01\(3[01«4101{20}12C>—sozNH2

OCH , OCH 4

e. Diarylsulfones

l'ompounds closely related to the sulfonamide antibiotics proved
to be the first drugs effective against Mycobacterium leprae, the
causative agent of the disease known since antiquity, leprosy.
‘'hese drugs are at least partly responsible for the decline of
Ihose horror spots, the leper colonies.

Synthesis of the first of the antileprosy drugs, dapsone
(219), starts with aromatic nucleophilic substitution of the
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sodium salt of the sulfinic acid, 216, on p-chloronitrobenzene to
afford the sulfone (217). Reduction of the nitro group (218)
followed by deacetylation gives dapsone (219). The low solubility
of this drug in water makes it unsuitable for administration by
injection. Reaction of dapsone with the sodium bisulfite adduct
of formaldehyde gives the water-soluble prodrug sulfoxone (220).°%°
Reaction of the diamine, 219, with the sodium bisulfite adduct
from glucose gives the solubilized derivative glucosufone (221).7°

NHCOCH 5 NHCOCH 5 NH,
: : i
S0,Na 50,
216
NR, NH,
217, R=0 219
218/ R=1
S0,Na
I
HNCH (CHOH ) ,CI1,0H HNCH,0S0,Na
S0, S0,
HN-CH (CH,0H ) ,CHOH HNGCH ,0S0,Na
1
S0;Na

221 220
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A heterocyclic ring may be used in place of one of the ben-
zene rings without loss of biologic activity. The first step in
the synthesis of such an agent starts by Friedel-Crafts-like
acylation rather than displacement. Thus, reaction of sulfenyl
chloride, 222, with 2-aminothiazole (223) in the presence of
acetic anhydride affords the sulfide, 224. The amine is then
protected as the amide (225). Oxidation with hydrogen peroxide
leads to the corresponding sulfone (226); hydrolysis followed by
reduction of the nitro group then affords thiazosulfone (227).7*%

N [N
\ - - \
OZNO—Scl + [-s >NH2 —>  0,N @ S S}NHR

222 223 224, R=H
225, R=COCH;,

\

N N
T Ly
H,N- -50,4 A, S— 0,N- -50, X >~ NHCOCH;
227

226
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CHAPTER 9

Polycyclic Aromatic Compounds

1. TINDENES
a. Indenes with Basic Substituents

The low order of structural specificity required for classical
antihistaminic activity was noted earlier. It has been found
possible to substitute an indene nucleus for one of the two aro-
matic rings that most of these agents possess. The basic side
chain may be present as either dimethylaminoethyl or itself cyc-
lized to provide an additional fused ring.

Alkylation of 1l-indanone with 2-dimethylaminoethyl chloride
affords the substituted ketone (1). Condensation with the
lithium reagent obtained from 2-ethylpyridine affords the alco-
hol (¢2). Dehydration under acidic conditions gives dimethyl-
pyrindene (3). t

Mannich reaction of methylamine and formaldehyde with two
rquivalents of acetophenone leads to the unusual double conden-
wation product, 4. Treatment of this diketone with base leads
to the intramolecular aldol product (5). The symmetrical nature
nf 4 allows but one product. Strong acid serves to both cyclize
the carbonyl group into the aromatic ring and to dehydrate the
lertiary alcohol (although not necessarily in that order); there
15 thus obtained the diene, 6. Conditions for the catalytic
hydrogenation of this product can be so arranged as to give the
product of 1,4 addition of hydrogen, the indene, pyrindamine (7).

0 0
~CH,
—> CH,CH,N —>
NCH,

145
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~CH3
CH,CH,N
\CH3
2
L N
CH |
3 N
\(EH
~CH;
“ CH ,CH,N
CH,
3
- —_ 0=C
CH,CH,\ HO -
¢c=0 N-CH 5 s
NcH,-CH, /
4 5
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b. Indandiones

Anticoagulant therapy was developed with the adventitious discov-
ery of dicoumarol (8). A fuller discussion of the rationale for
the use of such compounds is found in the chapter on Five-Mem-
bered Heterocycles Fused to One Benzene Ring. The reader's atten-
tion is directed, however, at the fact that dicoumarol is a poly-
carbonyl compound containing a very acidic hydrogen. A series of
similarly acidic 1,3-indandiones have been found to constitute an
additional class of anticoagulant agents.

Condensation of an appropriately substituted phenylacetic
acid with phthalic anhydride in the presence of sodium acetate
leads to aldol-like reaction of the methylene group on the acid
with the carbonyl on the anhydride. Dehydration followed by
decarboxylation of thc intermediate affords the methylenephthal-
ides (12). Treatment of the phthalides with base affords directly
the indandiones, probably via an intermediate formally derived
from the keto-acid anion (13). The first agent of this class to
be introduced was phenindandione (14)>; this was followed by
anisindandione (15)“ and chlorindandione (16).°

Replacement of the phenyl group at the 2 position by diphe-
nylacetyl affords an anticoagulant with long duration of action
and improved therapeutic ratio. Condensation of dimethyl phthal-
ate with 1,1-diphenylacetone (17) in the presence of base affords
phenindandione (18).°

. CO,H
z i
[ o + cu, R — CHzOR
g
00
Y 0
9, R=H 12 - 13

10, R=OCH,
11, R=Cl L
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QR

14, R=H
15, R=0CH,
16, R=Cl

0 )@ K9 )j
CO,CH, " o
+  CH,CCH —_—
e 0
0

2. DIHYDRONAPHTHALENES

As noted previously, triarylethylenes substituted by a basic
group, such as clomiphene, exhibit estrogen antagonist activity.
Formal cyclization of that molecule to a more steroid-like, rigid
conformation enhances potency in this series.

Wittig condensation of the ylide from the phosphonium salt,
19, with the hydroxymethylene ketone, 20, affords the product,
21, as a mixture of isomers. Catalytic hydrogenation leads to
22. Treatment of that intermediate with aluminum chloride leads
to selective demethylation of that ether para to the carbonyl
group (23). Cyclization by means of tosic acid gives the dihydro-
naphthalene nucleus (24). Alkylation of the phenol with N-(2-
chloroethyl)pyrrolidine affords nafoxidine (25).7

OCH,
+ + -—
CH,0 CH,B (C ¢Hs )
e S
19 d ¢
i
CHOH
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OCH;

OR

e O

cf’\?H &\f
Qb o Qa

CH 40 CH CH 30 CH,

21 22, R=CH,

23, R=H
omhmué::] OH
:‘ JO‘ I
nes
25 24

3. DIBENZOCYCLOHEPTENES AND DIBENZOCYCLOHEPTADIENES

Almost anyone who has at some time in his life met some reverses
is familiar with depression. In the normal course of events,
changing circumstances will soon lead to the replacement of this
state of mind by a more pleasant one. There exist, however, a
set of pathologic states in which depression feeds on itself in
a destructive cycle. Individuals affected with this syndrome—
whether precipitated by outside events or not—eventually find it
most difficult to function. The advent of antidepressant drugs,
irst the MAO inhibitors and more recently the tricyclic anti-
depressants, have made this syndrome amenable to treatment.

The intent in the preparation of the first of these drugs
was possibly the synthesis of analogs of the phenothiazine tran-
quilizer drugs (A). It is a well-known rule of thumb in medici-
nal chemistry that biologic activity can often be maintained
when sulfur is replaced by an ethylene group—saturated or unsat-
nrated—and weakly basic nitrogen by carbon (B). Careful pharma-
cologic evaluation of the compounds produced by this rationale
revealed them to have utility as antidepressants rather than
Iranquilizers.
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[:::[ﬁf *CH

I
CH(CH,) ,NR,

B

— (0 — OO0
CO

0
26 / 27

d
HO CH ;;;
|2 HO '
CH

/ \ /CH3
CH; CH,N
\CH3 29a

28 l

CHCHZCHZN CHCH,CH,Br
31, R=H 30
32, R=CHs

Preparation of the key intermediate to this series begins
by reduction of the methylene phthalide, 12a, with hydriodic acid

and red phosphorus.

Cyclization of the acid (26) thus obtained

affords the tricyclic ketone, 27. Reaction with the Grignard
reagent from 3-dimethylamino-2-methylpropyl chloride affords the
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alcohol, 28. Dehydration of the carbinol gives butriptyline
(29).°

The scheme used above for attaching the side chain is not
applicable to secondary amines since such compounds would not
form organometallics. In an ingenious synthesis, the ketone,

27, is first condensed with cyclopropyl-magnesium bromide (29a).
Solvolysis in hydrogen bromide goes to the allylic halide, 30,
via the cyclopropylcarbinyl cation (see Prostaglandins for a
fuller exposition of this reaction). Displacement of the allylic
halogen by means of methylamine gives nortriptylene (31)°; reac-
tion with dimethylamine, on the other hand, gives amytriptylene
(32).

An alternate scheme for preparation of the last drug involves
first bromination of the methylene group on 33 (obtainable by
several methods from 27). A displacement reaction of the Grignard
reagent prepared from 34 on 2-dimethylaminoethyl chloride affords
again amytriptylene (32).'°

00~ OO~

CHBr

33 34

To anticipate briefly, shortening the length of the side
chain in the phenothiazines from three to two carbon atoms changes
rhe activity of the products from neuroleptics to antihistaminic
agents. A rather similar effect is seen in the tricyclic anti-
depressants. Reaction of ketone, 27, with the Grignard reagent
I'rom 4-chloro-l-methylpipyridine (35) affords the tertiary alco-
hol, ff. Dehydration gives the antihistamine, cyproheptadine
(37).

ct L
27 + —_ —
N
HO o
| cn, cH

CH
3 3

35 36 37
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Introduction of an additional double bond into the tricyclic
nucleus, on the other hand, is consistent with antidepressant
activity. Alkylation of the potassium salt, obtained on treatment
of hydrocarbon, 38, with ammonia, with the chlorocarbamate, 39,
affords the intermediate, 40. Basic hydrolysis leads to protrip-
tylene (41) .'?

_CO,C,Hs

C1CH,CH,CH,N _
e o O
—
~ CHs

39
CH, CH,CH, N

38 R

40, R=C0,C,Hs
41, R=H

4. COLCHICINE

The active principle of the autumn crocus (Colchicum autumnale),
colchicine (48), is one of the very few drugs that have remained
in reputable medical use since ancient times. This drug was the
only useful treatment available for the excruciating pain associ-
ated with crystallization of uric acid in the joints characteris-
tic of gout until the advent of allopurinol. Although the pre-
cise mechanism by which colchicine gives this dramatic relief
remains undefined, the antimitotic activity of this agent is
thought to play a role in its effect. Due to the difficulty of
preparation, few analogs of colchicine exist; it is structurally
a one-drug class.

Preparation of the molecule by total synthesis is rendered
unusually difficult by the presence of the two fused seven-mem-
bered rings, one of which is a tropolone. The most recent of
several total syntheses of this molecule is noteworthy for build-
ing this very system in a single step.'® The synthesis starts
with the oxidative phenol coupling reaction on the diphenolic
compound, 42. This reaction, carried out in the presence of an
iron chloride:DMF complex proceeds by first forming a radical
para to the free phenol on the more highly oxygenated ring; addi-
tion of this to the para position of the remaining phenolic ring
affords, after appropriate adjustment of electrons, the spiro-
dienone, 43. Treatment with diazomethane converts the phenol to
the ether; reduction by means of sodium borohydride affords the
alcohol, 44, as a mixture of epimers. Methyleneation by means of
the Simmons-Smith reaction (methylene iodide:zinc-copper couple)
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converts the olefinic bond to a cyclopropane (45).

153

Oxidation by

means of Jones reagent gives the ketone, 46.

NE
CH 50
CH 30 ‘
OCH 4

OH

42

CH;0 -
MNH, <—
CH;0 —
CH, 7N
N
—4

NHCOCH 5

~

Ill30_ 2 \I/"
1
VI 50 TS
-
Cl 30 [:
T
ch ;0

o’/\/

50

)
CH;0
CH,0
OCH 4

Cl;0 _\ CH;0 \\m
—x — 1
CH,0 ~ ./ CH40 d' o~
Hs0 () oHsdeqy
=< 5 > OCH,
o o, X
H+
H
47, X=H 45, x=(
48, X=Br

The key step in this sequence, achieved by exposure of 46
lo a mixture of sulfuric acid and acetic anhydride, involves
opening of the cyclopropane ring by migration of a sigma bond

'rom the quaternary center to one terminus of the former cyclo-
propane. This complex rearrangement, rather reminiscent of the
Jdienone-phenol reaction, serves to both build the proper carbon
vwkeleton and to provide ring C in the proper oxidation state.

he synthesis concludes by the route pioneered by Eschenmoser.'®
Bromination of 47 proceeds at the position a to the tropolone
ring to give 48. Displacement of halogen by ammonia followed by
hise hydrolysis of the tropolone methyl ether gives trimethyl-
colchicinic acid. Acetylation of the amine followed by reesteri-
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fication of the tropolone yields colchicine (50).
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CHAPTER 10

Steroids

The development of this class of tetracyclic alicyclic compounds
into several classes of therapeutically useful drugs represents
one of the most vivid illustrations of the serendipitous nature
of medicinal chemistry. Each series of steroid drugs, the estro-
gens, the androgens, the progestins, and finally the corticoids,
were first discovered during investigations of mammalian endo-
crine systems. The infinitesimal amounts of these agents present
in mammalian tissues hampered the initial endocrinologic work;

it was obvious that material would have to be obtained from some
source other than isolation from animal glands in order to define
the mode of action of the compounds. The potent biologic effects
of these compounds, as well as the structural complexity of those
for which a structure had been assigned, acted as a spur to syn-
thetic chemists. The initial work consisted largely of partial
syntheses from steroids from some other, more abundant natural
source. With time, each of the natural steroids has been pre-
pared by total synthesis. With the few exceptions noted below,
the total syntheses, although often elegant, have not proved com-
mercially competitive with partial synthesis.

Once the steroid hormones became available to endocrinolo-
gists in sizeable quantities, the pharmacology of the agents was
investigated in greater detail. It was found that these drugs
had unanticipated uses far beyond mere replacement therapy. Thus
the corticoids, the steroids of the adrenal cortex, were to be
of great value in the relief of inflammation; the androgens
claborated by the male testes were found to have anabolic effects.
Finally, an appropriate combination of progestin and estrogen was
found to inhibit ovulation in the female, leading eventually to
Ihe development of the oral contraceptive, the Pill.

The steroids, as found in mammalian systems, are seldom use-
il as drugs due to a fairly general lack of oral activity. Most
nl the agents exert other actions in addition to the desired one.

155
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one. An androgen, for example, continues to have masculinizing
properties even though it is in use as an anabolic agent. These
reasons, as well as the search for patentable entities, led to
intensive efforts on both the synthesis and pharmacology of modi-
fied steroids. The goal of oral activity has been handily met;
the split between the desired pharmacologic activity and the
intrinsic endocrine activity has at best been only partly achieved.

1. COMMERCIAL PREPARATION OF ESTROGENS, ANDROGENS, AND
PROGESTINS

The steroids as a class represent a structurally complex problem
for the synthetic chemist. Even a relatively simple compound
such as estrone possesses three ring fusions, two of which can
lead to isomers and four chiral centers (identified below by *).
Only one of the sixteen possible isomers possesses the desired
activity in satisfactory potency.

18
0
12 oy

estrone

Although all the main classes of steroids have now been
attained by total synthesis, most drugs are in fact, as noted
above, prepared by partial synthesis from natural products that
contain the steroid nucleus. The bulk of the world's supply of
steroid starting material is derived by differing chemical routes
from only two species of plants: the Mexican yam, a species of
Dioscorea, and the humble soybean. The advantage of using plants
rather than valuable domestic animals as raw material is fairly
obvious.

[r a process developed by the chemists at Syntex,! the yam
is first processed to afford the sapogenin diosgenin (1). This
material, which contains the requisite tetracyclic nucleus in the
correct stereochemical array, contains six superfluous carbon
atoms in the side chain. Treatment of diosgenin with hot acetic
anhydride in the presence of a catalyst such as p-toluenesulfonic
acid leads to a reaction reminiscent of the formation of enol
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ethers from ketals. In this case the net result of the transfor-
mation is the opening of the spiran ring to a dihydrofuran (2);
the hydroxyl at 3 is acetylated under these reaction conditions.?
Oxidation of (2) with chromium trioxide effects the desired scis-
sion of the side chain with formation of the desired 20 ketone.
Treatment of this ester of a B-ketoalcohol with acetic anhydride
leads to elimination of that ester grouping; there is obtained an
intermediate with functionality suitable for subsequent modifica-
tion, 16-dehydropregnenolone (4). Catalytic reduction goes as
expected, preferentially at the conjugated double bond, to afford
pregnenolone acetate (5). When progesterone (6) is the target
molecule, the acetate is first removed by saponification; oxida-
tion with an aluminum alcoholate (Oppenauer reaction), leads
initially to the unconjugated 3-keto-5-ene compound. The basic
reaction conditions serve to shift the double bond into conjuga-
tion. Progesterone is a key intermediate in the manufacture of
cortical steroids. The various intermediates listed above are
currently turned out in tonnage quantity.

A progesterone precursor, l6-dehydropregenolone acetate,
serves as a starting material to the androgens as well. In an
ingenious scheme 4 is first converted to its oxime; treatment of
(8) under the conditions of the Beckmann rearrangement leads to
migration of the unsaturated center to nitrogen, with consequent
formation of the acylated eneamine (9). Hydrolysis affords pre-
sumably first the eneamine (10); this unstable entity further
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suffers hydrolysis to give, finally, dehydroepiandrosterone ace-
tate (11). Removal of the acetate by saponification followed by
Openauer oxidation leads to the conjugated 3-enone (12). There
is thus obtained androstenedione (12).3:"
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The nonsapponifiable fraction from the very abundant oil
from soybeans is known to be rich in a mixture of steroids bear-
ing a ten carbon atom side chain at the 17 position. The chemists
at Upjohn developed an efficient and economical route for exploi-
tation of this natural product as a source of progesterone.’>®
Only stigmasterol (13), of the many steroids present in the crude
extract, bears unsaturation in the side chain; it is therefore
the only component of the mixture suitable for further processing.
Following its separation by an ingenious leaching process, this
compound is subjected to the conditions of the Openauer oxidation
to afford stigmastadienone (14). Ozonization of this compound
affects only the most electron-rich double bond, that in the
side chain; workup affords the ketoaldehyde (15) which is but one
carbon atom removed from the goal. This aldehyde is then conver-
ted selectively to the 22-eneamine (16). Oxidation of this last
under a variety of conditions (ozonization, photo-oxygenation)
affords progesterone (17).

The structurally simplest steroids, the aromatic A ring
estrogens, have ironically proven most difficultly accessible
because this aromatic ring is not found in any of the plant
sterols available in commercial quantities. The main task of
partial synthesis from naturally occurring material thus becomes
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the excision of the angular methyl group at the A-B ring junction.
In one of the earlier routes, androstenedione was first reduced
to androsterone (18). (Introduction of hydrogen on the alpha
side, the side below the plane of the molecule, is determined by
attachment of the catalyst to the least-hindered side of the
molecule.) Treatment of the ketone with bromine in acetic acid
leads to formation of the 2,4-dibromide.® (There is good evi-
dence that bromination affords first the 2-bromosteroids; this
then brominates again to give the 2,2-dibromo compound; the final
product is obtained after a series of rearrangements.) Treatment
of the dibromide with hot collidine leads to dehydrobromination
and formation of the 1,4-dienone (21). Estrone (25) is obtained
in modest yield when that last compound is passed through a col-
umn at 600°C in the presence of mineral o0il.” In an alternate
approach, the dienone is subjected to allylic bromination with
N-bromosuccinimide. The bromo compound (¢22) thus produced gives
triene 23 on treatment with collidine. Pyrolysis in mineral oil
leads to loss of the methyl group; catalytic hydrogenation reduces
the 6 double bond to afford estrone.® The better yield obtained
on pyrolysis of the triene apparently compensates for the addi-
tional steps in this sequence. In the most interesting and recent
modification, the dienone is first converted to its propylene
ketal (20). Aromatization is accomplished by treatment of this
intermediate with the radical anion obtained from lithium and
diphenyl in refluxing tetrahydrofuran. Since the methyl group in
this case leaves as methyl lithium, diphenylmethane is included
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in the reaction mixture to quench this by-product in order to pre-
vent its reaction with starting material.® Workup of the reaction
mixture under acidic conditions results in hydrolysis of the ketal
at 17; estrone is then obtained directly in a quite respectable
yield.

o 0
—_— —>
By,
0 < 2
0 E 0 AN
12 18 Br 1 19
0 o ‘N
00
o = 0° 0
Br
20

21

) l

| N 0
Ctgjﬁ ' - O:?é
07 HO HO

23 25

24

2. AROMATIC A-RING STEROIDS

The female of mammalian species secretes a series of steroid hor-
mones characterized by an aromatic A ring and the lack of a side
chain at the 17 position. These compounds serve as regulators

in the reproductive processes of the species. The name (estro-
gens) comes from the fact that in some lower animals the elabora-
tion of this type of compound is directly involved with the phe-
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nomenon of heat estrus. In humans, these hormones are involved
not only in the menstrual cycle, but also in such diverse pro-
cesses as implantation in the uterus of fertilized ova and calcium
metabolism. Estrogen deficiency has an adverse effect on general
health; the psychic manifestations of menopause, for example, are
at least partly traceable to the rapidly changing estrogen titers
characteristic of that time of life.

Although estrone and estradiol (26) have both been isolated
from human urine, it has recently been shown that it is the latter
that is the active compound that binds to the so-called estrogen
receptor protein.'® Reduction of estrone with any of a large
number of reducing agents (for example, any of the complex metal
hydrides) leads cleanly to estradiol. This high degree of stereo-
selectivity to afford the product of attack at the alpha side of
the molecule is characteristic of many reactions of steroids.

This tendency is particularly marked at the 17 position; attack
at the alpha side meets only hydrogen interactions but approach
from the opposite side is hindered by the adjacent 18 methyl
group.

Although both estrone and estradiol are available for replace-
ment therapy, they suffer the disadvantage of poor activity on
oral administration and short duration of action even when admin-
istered parenterally, because of ready metabolic disposition. In
order to overcome these deficiencies, there was developed a series
of esters of estradiol with long-chain fatty acids. These esters
are oil-soluble and correspondingly water-insoluble compounds.
They are usually administered intramuscularly by injection. Since
they are not soluble in water they form a so-called depot that
remains at or near the site of injection. As the esters slowly
hydrolyze by exposure to body fluids, the relatively water-soluble
estrone is released and finds its way into the bloodstream. In
this way the patient is provided with a reasonably constant low-
level dose of the hormone.

The esters are prepared by first treating estradiol with the
appropriate acid chloride. The resulting diester, 27, is then
subjected to mild acid or basic hydrolysis; in this way, the
phenolic ester group is removed selectively.

It has been established that both the 17 hydroxy androgens
and estrogens, when administered orally, are quickly converted
to water-soluble inactive metabolites by intestinal bacteria,
asually by reactions at the 17 position. It is this inactivation
process that is largely responsible for the low-order oral potency
hhserved with these agents. Incorporation of an additional car-
bon atom at the 17 position should serve to make the now tertiary
:s1lcohol less susceptible to metabolic attack and thus potentially
confer oral activity to these derivatives.
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27a Cll,CH, estradiol dipropionatc
28a CH,CH,CH,CH 4 estradiol valerate

28b CHchz<j estradiol cypionate
28¢c ’@ estradiol benzoate

284 estradiol hexahydrobenzoate

Reaction of estrone with a metal acetylide affords 17a-
ethynyl-178-hydroxy-estradiol (ethynylestradiol, 30a; EE).'2? This
compound is equipotent with estradiol by subcutaneous administra-
tion, but it is 15 to 20 times as active when administered orally.
Ethynylation of the methyl ether of estradiol analogously affords
mestranol (30b).'® It should be noted that the same factors apply
in these reactions as in previously discussed reductions at 17;
almost the sole products of these reactions are those which
result from attack of reagent from the least hindered « side of
the steroid. Ethynylestradiol and mestranol are of special com-
mercial significance since the majority of the oral contracep-
tives now on sale incorporate one or the other of the compounds
as the estrogenic component.
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3.  19-NORSTEROIDS
a. 19-Norprogestins

Progesterone (17) possesses poor activity when administered by
mouth. This fact was particularly frustrating since it was known
as early as the late 1930s that this compound effectively inhib-
ited ovulation in rabbits when administered subcutaneously. The
development of an orally effective progestin thus seemed to hold
out the promise of the long looked for oral contraceptive. In
the following decade two compounds were indeed reported to show
oral progestational activity. The first of these, ethisterone
(31), was not suitable for use since it elicited androgenic
responses as well; the second compound, product of a long

and involved degradation of the difficultly attainable natural
product strophanthidin, was formulated at the time as 19-nor-
progesterone (32).'® (This product has since been shown to be
isomeric with progesterone at both C-14 and C-17). Both these
leads served to spur further synthetic efforts in this area.

OﬁuCECH 0
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The elaboration of a method for the reduction of aromatic
rings to the corresponding dihydrobenzenes under controlled con-
ditions by A. J. Birch opened a convenient route to compounds
related to the putative norprogesterone. This reaction, now
known as the Birch reduction,'” is typified by the treatment of
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the monomethyl ether of estradiol with a solution of lithium
metal in liquid ammonia in the presence of an alcohol as a proton
source. Initial reaction consists in 1,4 metalation of the most
electron-deficient positions of the aromatic ring—in the case of
an estrogen, the 1 and 4-positions. Reaction of the intermediate
with the proton source leads to the dihydrobenzene; a special
virtue of this sequence in steroids is the fact that the double
bond at 2 in effect becomes an enol ether moiety. Treatment of
that product (34) with weak acid, for example, oxalic acid, leads
to hydrolysis of the enol ether, producing 8,y-unconjugated
ketone 35. Hydrolysis under more strenuous conditions (mineral
acids) results in migration of the double bond as well to yield
19-nortestosterone (36, nandrolone).'®
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—_—
CH,0 CH,0
33 34
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Oppenauer oxidation of the enol ether (34) affords the
corresponding 17 ketone (37) (the enol ether is stable to the
basic oxidation conditions). This ketone affords the correspond-
ing 17a-ethynyl compound on reaction with metal acetylides.
Hydrolysis of the enol ether under mild conditions leads directly
to ethynodrel (39),'° an orally active progestin. This is the
progestational component of the first oral contraceptive to be
offered for sale. Treatment of the ethynyl enol ether with strong
acid leads to yet another oral progestin employed as a contracep-
tive, norethindrone (40).2?° 1In practice these and all other so-
called combination contraceptives are mixtures of 1-2% mestranol
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or ethynylestradiol and an oral progestin (see Table 1 in Section
f). It has been speculated that the discovery of the necessity
of estrogen in addition to progestin for contraceptive efficacy
is due to the presence of a small amount of unreduced estradiol
methyl ether in early batches of 37. This, when subjected to
oxidation and ethynylation, would of course lead to mestranol.

In any event, the need for the presence of estrogen in the mix-
ture is now well established experimentally.
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In further modifications of these norprogestins, reaction of
norethindrone with acetic anhydride in the presence of p-toluene-
sulfonic acid, followed by hydrolysis of the first-formed enol
acetate, affords norethindrone acetate (41).%' This in turn
affords, on reaction with excess cyclopentanol in the presence
of phosphorus pentoxide, the 3-cyclopentyl enol ether (42),%* the
progestational component of Riglovic®. Reduction of norethin-
drone affords the 3,17-diol. The 38-hydroxy compound is the
desired product; since reactions at 3 do not show nearly the
stereoselectivity of those at 17 by virtue of the relative lack
of stereo-directing proximate substituents, the formation of the
desired isomer is engendered by use of a bulky reducing agent,
lithium aluminum-tri-t-butoxide. Acetylation of the 38,178-diol
nffords ethynodiol diacetate, one of the most potent oral pro-
gestins (44).2°

In another approach to analogs, nortestosterone is first
converted to the thioketal by treatment with ethylene dithiol in
Ine presence of boron trifluoride. (The mild conditions of this
rcaction compared to those usually employed in preparing the
nxygen ketals probably accounts for the double bond remaining at
4,5.) Treatment of this derivative with sodium in liquid ammonia
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affords the 3-desoxy analog (46). Oxidation by means of Jones
reagent followed by ethynylation of the 17 ketone leads to the
orally active progestin, lynestrol (48).%"
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b. 19-Norsteroids by Total Synthesis

Steroids not readily accessible by modification of plant starting
materials, for example, those possessing unusual substituents at
the angular positions, are made available by total synthesis.
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It is probable, too, that intensive-process research development
on the reactions involved in these syntheses may have made these
routes commercially competitive with partial syntheses based on
plant sterols.

In the first of these sequences, often called the Torgov-
Smith synthesis, the initial step consists in condensation of a
2-alkyl-cyclopentane-1,3-dione with the allyl alcohol obtained
from 6-methoxy-1-tetralone and vinylmagnesium chloride. Although
this reaction at first sight resembles a classic SNj displacement,
the reaction is actually carried out with only a trace of base.
It is not at all unlikely that the extremely acidic dione causes
the allyl alcohol to lose hydroxide and form the allyl cation;
this then reacts with the anion of the dione. Cyclization of the
condensation product under acid conditions affords, where the
starting material was 2-methylcyclopentanedione, the complete
carbon skeleton of the 19-norsteroids; when 2-ethylcyclopentane-
1,3-dione is used instead, an intermediate to a commercial pro-
gestin is obtained. Catalytic reduction of the 14 double bond
proceeds at the o side due to the presence of the bulky angular
group at 13. This step has the additional important consequence
of establishing the important trans C/D ring juncture. There is
evidence to suggest that this is the thermodynamically unfavored
configuration. Reduction of the ketone proceeds as expected for
such steroids to give the B-alcohol. Birch reduction of the
remaining superfluous double bond at 8 proceeds to establish the
trans B/C ring juncture. Although this happens to be the thermo-
dynamically favored product, an argument based on kinetics will
predict the same product. There has thus been produced the 18
methyl homolog of estrone methyl ether as a racemate. This com-
pound, when subjected to the same series of transformations used
to prepare norethindrone, affords racemic norgestrel (54).2° It
is of note that although the synthesis has involved the formation
of no fewer than 6 chiral centers, only two of the 64 possible
isomers are formed.

Extension of the conjugation of the 3 ketone in the 19
norprogestins has been found to increase significantly the poten-
cy of these agents. A total synthesis has been evolved for pre-
paring one of these agents that was first obtained by partial
synthesis.?® This consists in adding each of the steroid rings
sequentially starting at D. Reaction of the unsaturated ketone,
%5, with 2-methylcyclopentane-1,2-dione in a Robinson annelation
(conjugate addition followed by aldol cyclization) affords the
(/D fragment, 56. This is then saponified and resolved into its
bptical isomers. Reduction of the S isomer proceeds at the a
I'lce opposite the angular methyl group, as in the steroids, to
c¢stablish in one step the stereochemistry at 8 and 13. The 17
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ketone is then converted to the 178 benzoate in several steps and
the keto acid cyclized to the enol lactone, 58. Reaction of 58
with the Grignard reagent from halide, 59, affords after deketal-
ization the diketone, 60. (This last presumably proceeds by addi-
tion of the Grignard to the lactone carbonyl, followed by opening
to a 1,5-diketone and then cyclization.) Treatment of the tricy-
clic diketone, 60, with pyrrolidine affords the tetracyclic ste-
roid skeleton as the enamine, 61. Exposure of this last to weak
acid results in hydrolysis of the enamine to the ketone (62) with-
out subsequent migration of the double bonds. This is then con-
verted to triene, 63, with dichlorodicyanoquinone. (An alternate
procedure consists in forming the 11 hydroxy-4,9-diene by oxida-
tion of the diene with molecular oxygen in the presence of tri-
ethylamine followed by reduction of the intermediate hydroper-
oxide; dehydration of the alcohol affords the triene.) The tri-
ene is then oxidized to the 3,17-diketone. This compound regio-
selectively forms a cyanohydrin at 17; the 3 ketone is then pro-
tected as its oxime. The cyanohydrin is removed with mild base
and the resulting ketone ethynylated at 17. Removal of the oxime
affords chiral norgestatriene (66) .27
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c. 19-Norandrogens

he integrity of the reproductive system as well as that of the
male accessory sex organs of mammalian species is supported by a
wcries of steroid hormones secreted largely in the testes, known
rollectively as the androgens. These compounds are C-19 steroids,
ind, like the estrogens, lack a side chain at Cl7; the series is
Iypified by testosterone (67).

As with the other sex hormones, the first clinical use of
androgens was for support therapy in individuals deficient in the
'ndogenous hormone. The discovery that androgens exert an ana-
bnlic effect greatly extended the indications for their use.
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These agents promised utility by prompting a decreased excretion
of nitrogenous metabolites by causing an increase in protein
synthesis in various pathologic conditions marked by wastage of
muscle tissue. Before such use could be undertaken, the problems
of the low order of oral activity and ready metabolism and excre-
tion of the natural androgens had to be overcome. Additionally,
since use as anabolic agents would not necessarily be restricted
to males, means had to be found to overcome the androgenic or
masculinizing effect of these agents. Oral activity and metabo-
lism were first tackled by the preparation of oil-soluble esters
as detailed in Section b.

The goal of oral activity was first met not in the 19-nor
series but in the compounds possessing the 10 methyl group of
natural products. Androgens containing the 17a-alkyl grouping
are active on oral administration for much the same reason the
corresponding estrogens show activity by that route—inhibition of
transformation at 17 in the gut. It was found early that the
same sort of argument applied to the 19-nor compounds.

Reaction of estrone methyl ether with methyl Grignard reagent
followed by Birch reduction and hydrolysis of the intermediate
enol ether affords the prototype orally active androgen in the
19-nor series, normethandrolone (69).2° (Note that here again
the addition of the methyl group proceeded stereoselectively by
approach from the least hindered side.) The preparation of the
ethyl homolog starts by catalytic reduction of mestranol; treat-
ment of the intermediate, 70, under the conditions of the Birch
reduction and subsequent hydrolysis of the intermediate enol
ether yields norethandrolone (71).%*

Condensation of the lynestrol intermediate (47) with ethyl-
magnesium bromide affords the oral androgen ethylestrenol (72).2"
Animal experiments on the various drugs above have all shown
increased anabolic effects relative to androgenicity.

In the case of androgens as with estrogens there is occasion=
ally need for treatment of patients with chronic sustained doses
of these drugs. Resort is made to esters of the androgen with
long-chain fatty acids in order to provide oil-soluble agents;
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these are then used as solutions in oil to provide a depot of
drug. For example, treatment of 19-nortestosterone with decanoic
anhydride and pyridine affords nandrolone decancate (74a).2®

Acylation of 73 with phenylpropionyl chloride yields nandroilone
phenpropionate (74b).2°
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4. STEROIDS RELATED TO TESTOSTERONE

Oil-soluble derivatives of testosterone itself predate those of
its 19-nor congener; these agents too are used to administer
depot injections so as to provide in effect long-term blood
levels of drug. Thus, acylation of testosterone with propionyl
chloride in the presence of pyridine yields testosterone propio-
nate (76a)>®; acylation by means of decanoic anhydride yields
testosterone decanocate (76b).>' Finally, reaction of 75 with 3-
cyclopentylpropionyl chloride affords testosterone cypionate
(76¢c) .%*> This last undergoes hydrolysis unusually slowly because
of the presence of two substituents at the & position (see
Newman's Rule of 6).33

Reaction of dehydroepiandrosterone with an excess of methyl-
magnesium bromide affords the 17a-methyl compound; again the
aforementioned steric effects lead to high stereoselectivity.
Oppenauer oxidation of the resultant intermediate (77a) proceeds
with a shift of the double bond into conjugation to yield methyl-
testosterone (78a).®* When the initial condensation is carried
out with the Grignard reagent from allyl bromide instead, this
sequence yields allylestrenol (78b).%° Perhaps most startling
is the fact that the product obtained from the use of a metal
acetylide in this synthesis, ethisterone (78c), shows little, if
any androgenic potency. Instead, the compound is an orally effec-
tive progestin.
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These agents, as well as those discussed below, have all
been used at one time as orally active anabolic-androgenic agents.
Dehydrogenation of methyl-testosterone by means of chloranil
extends the conjugation to afford the 4,6-diene-3-one system of
79. This compound in turn undergoes 1,6 conjugate addition of
methy lmagnesium bromide in the presence of cuprous chloride to
afford largely the 6a-methyl product (80), known as bolasterone.?’
Dehydrogenation with selenium dioxide, on the other hand, affords
the cross-conjugated diene, methandrostenolone (81).°%

Hydroxylation of the double bond of methyltestosterone by
means of osmium tetroxide and hydrogen peroxide affords the 4,5
diol. This undergoes beta elimination on treatment with base to
yield oxymestrone (83).%°
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Catalytic reduction of dehydroepiandrosterone goes as
cxpected largely from the unhindered side of the molecule to
nfford a trans A/B ring fusion, 84. Reaction with methyl Grignard
reagent followed by oxidation of the intermediate yields andro-
ntanolone (86).%° (There is some evidence that the corresponding
dihydrotestosterone lacking the 17 methyl group may in fact be
Ihe physiologic androgen.) Formylation of 86 with ethyl formate
ond base gives oxymetholone (87).“' Catalytic reduction of the
.nalogous hydroxmethylene compound from dihydrotestosterone pro-
irionate gives first the 2g-methyl product. Treatment with base
lcads this to isomerize to the thermodynamically favored equa-
Ibrial 2o-methyl compound, dromostanolone propionate (88).°' The
lormyl ketone (87) undergoes a reaction typical of this functional
array on treatment with hydrazine, leading to formation of the
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anabolic steroidal pyrazole (89), stanazole.“? Bromination of 86

with a single equivalent of bromine under carefully buffered con-
ditions permits the isolation of the monobromide (90). Dehy-
drohalogenation with lithium chloride in DMF affords the enone
(91),%? an important intermediate to compounds discussed below.
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Conjugate addition of methyl magnesium iodide in the pres-
ence of cuprous chloride to the enone (91) leads to the la-methyl
product mesterolone (92).“* Although this is the thermodynami-
cally unfavored axially disposed product, no possibility for
isomerization exists in this case, since the kelone is once re-
moved from this center. In an interesting synthesis of an oxa
steroid, the enone (91) is first oxidized with lead tetraacetate;
the carbon at the 2 position is lost, affording the acid aldehyde.
Reduction of this intermediate, also shown in the lactol form,
with sodium borohydride affords the steroid lactone oxandrolone
(94),*% a potent anabolic agent. The 17-desmethyl analog of 91—
obtainable by the same route as 91—like many other conjugated
ketones, reacts with diazomethane, possibly by a 1,3-dipolar
addition reaction, to form the pyrazole (96). This, on treatment
with silica gel, followed by acetylation of the product, affords
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methenolone acetate (97).“% It should be noted that the product
in this case is the vinyl methyl group rather than the cyclo-
propane often observed on decomposition of pyrazoles not adjacent
to a ketone.
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Another example of resort to heteroatoms to obtain both oral
potency and a split between androgenic and anabolic activities
is tiomestrone (99). Trienone, 98, prepared in much the same
way as 23, undergoes sequential 1,6 and 1,4 conjugate addition
of thioacetic acid under either irradiation or free radical
catalysis to afford the compound containing two sulfur atoms.*”
The chemistry of fluoxymestrone is more typical of that of
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the corticoids we meet below than it is of the androgens. This
potent androgenic anabolic agent was in fact developed in paral-
lel with the corticoids. The present discussion, however, allows
an examination of some of this chemistry unencumbered by the
excess functionality of the corticoids. Although several routes
to this agent have been published, we only consider the most
direct.

One of the stumbling blocks in the early work on the synthe-
sis of corticoids was the introduction of the 11-8-hydroxy group
necessary for activity. Because of its remoteness from existing
functionality, there were few ways in which this could be intro-
duced chemically. The signal discovery of the microbiologic
conversion of progesterone to 1l-a-hydroxy progesterone by
Peterson and Murray at Upjohn“® made such compounds readily
accessible. Analogous microbiologic oxidation of androstenedione
(12) affords the ll-a-hydroxy derivative, 100. Oxidation with
chromium trioxide yields adrenosterone (10l). (This compound can
also be obtained directly from cortisone by scision of the dihy-
droxyacetone side chain with sodium bismuthate.) Treatment with
a limited amount of pyrrolidine under carefully controlled condi-
tions leads to selective eneamine formation at the least hindered
ketone—at 3 (102). (The 11 ketone is highly hindered and will
not form an eneamine using any of the common methods.) Reaction
with methylmagnesium bromide followed by removal of the eneamine
yields the familiar 17a-methyl 17B-hydroxy derivative (103)—note
again the resistance of the extremely hindered 11 ketone to addi-
tion reactions. The ketone at 3 is then again converted to
its eneamine. Treatment of this intermediate with lithium alumi-
nun hydride, followed by hydrolysis of the eneamine, gives the
dihydroxyketone (104). The secondary alcohol at 11 is next
selectively converted to the toluenesulfonate ester; this last
affords the 9(11) olefin (105) on treatment with base. When 105
is subjected to N-bromoacetamide in water—in effect, hypobromous
acid—the 9a-bromo, 11B-hydroxy compound (106) is obtained. It is
presumed that the initial bromonium ion is formed on the less-
hindered side; diaxial opening with hydroxide at 11 will lead to
the observed product. Treatment with base leads to displacement
of bromine by the alkoxide ion and consequent formation of the
9,11 epoxide (109). This scheme then is a strategem allowing
specific synthesis ot the alternate epoxide than would be obtained
on direct treatment of 105 with a peracid. Ring opening of the
oxirane with hydrogen fluoride affords the key 9a-fluro-118-
hydroxy function in 108 and completes the synthesis of fluoxy-
mestrone,*® an anabolic-androgenic agent.

The inclusion of a 6a-methyl group is known to potentiate
the effect of progestins. Dimethisterone represents an applica-
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lion of this modification to the ethisterone molecule. Oxidation
of 109—obtained by acetylation of 77b-with perphthalic acid
.affords largely the a-epoxide 110, by reason of the approach of
Ihe bulky reagent from the unhindered side of the molecule. Re-
action of this oxide with methyl Grignard reagent proceeds by the
well-known diaxial opening of oxiranes with nucleophiles to
arford the 68-methyl Sa-hydroxy compound (111); the acetate is
lost during this transformation by reaction with excess Grignard
reagent.  The resulting triol is then allowed to react with an
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excess of dihydropyran in order to mask the hydroxyls as their
tetrahydropyranyl ether. The acetylene is converted to its anion
with sodium amide and alkylated with methyl iodide to afford the
propyne side chain. Treatment with dilute acid to remove the
tetrahydropyranyl ether groups followed by oxidation with chro-
mium trioxide:pyridine complex converts the secondary alcohol at
3 to the corresponding ketone (113). This B-hydroxyketone under-
goes dehydration to the conjugated ketone when subjected to
strong acid. The previously isolated methyl group at 6 now occu-
pies an epimerizable position by virtue of its vinylogous rela-
tion to the ketone. The methyl group in fact isomerizes to the
more stable equatorial 6o position, to afford dimethisterone
(114).%°>%* This agent, like its prototype, is an orally effec-
tive progestin.

o =
o C=CH

—

109 AcO

o
11 C2C~CH 3

5. STEROIDS RELATED TO PROGESTERONE

The lack of oral activity of progesterone proper has already been
mentioned. Even after the orally active 19-nor agents, which
showed progestational activity, had been elaborated, the search
continued for an orally active compound that contained the full
pregnane nucleus (115). At the time such a compound would have
had the economic advantage of sidestepping the then burdensome
ring A aromatization reactions.

The first indication that such a goal was attainable came
from the observation that 17a-methylprogesterone (116) was more
potent than progesterone itself as a progestin.®? A systematic
investigation of substituents at 17 revealed that although the
17a-hydroxyl analog is only weakly active, the corresponding 17a-
acetoxy compound is in fact a relatively active progestin.
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Epoxidation of one of the early intermediates from the dios-
genin route, pregnenolone (4), with alkaline hydrogen peroxide
selectively affords, as this reagent usually does, the product of
attack at the conjugated ketone (117).°° Diaxial opening of the
oxirane with hydrogen bromide proceeds both regio- and stereo-
specifically to the bromohydrin (118). <Catalytic reduction of
this last in the presence of ammonium acetate removes the halogen
while leaving the unsaturation at 5,6 unaffected. The 17a-hy-
droxypregnenolone (119) thus obtained is formylated at 3 under
relatively mild conditions; this formate is then treated with
acetic anhydride in the presence of p-TSA to afford the 3-for-
mate- 17 -~acetate (120). Oppenauer oxidation of the formate-
acetate leads directly to hydroxyprogesterone acetate (121).°"°
In a modification of this scheme, hydroxypregnenolone is first
acetylated under mild conditions to the 3-acetate and then under
forcing conditions with caproic anhydride to give the acetate-
caproate (122). Ester interchange with methanol removes the
ncetate at 3; Oppenauer oxidation affords hydroxyprogesterone
caproate (124).°%

Introduction of a substituent at the 6 position serves, as
we have seen in the case of dimethisterone, to increase markedly
the potency of progestins. In the first of these efforts,
ncetoxyprogesterone, an agent known to have oral activity, was
rhe molecule so modified. Treatment of hydroxyprogesterone
(125)—obtained by Oppenauer oxidation of 17a-hydroxypregnenolone
(119)—with an excess of ethylene glycol leads to the bis ketal,
126. The shift of the double bond to 5,6 is characteristic of the
45-keto-4-ene chromophore. The olefin gives a mixture of the a-
and B-epoxides when subjected to peracid, with the former pre-
dominating. Treatment of the a-oxide with methyl Grignard
rcagent leads to the familiar diaxial opening and thus the pro-
dnct 128. Deketalization reveals the B-ketoalcohol grouping at
positions 3 and 5 in 129. This readily dehydrates to 130 on
Ircatment with base. The methyl group equilibrates to the
I hermodynamically more stable equatorial 6a position on exposure
In acid. Acetylation under forcing conditions affords 132,
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5 Dehydrogenation of this compound

medroxyprogesterone acetate.®
5¢ Both these

with chloranil affords 133, megesterol acetate.
agents are potent orally active progestins.
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Replacement of the 6 methyl of 133 by a chlorine atom proves
to be compatible with biologic activity. Epoxidation of
diene, 134—obtained from hydroxyprogesterone acetate by chloranil
dehydrogenation—with a bulky peracid gives the 6,7a-oxide, 135.
Ring opening with hydrochloric acid in aqueous dioxane affords
the intermediate chlorohydrin 136; this is not isolated, since it
dehydrates to chlormadinone acetate (137) under the reaction con-
ditions.®” This last agent, incidentally, has undergone exten-
sive clinical trial as a contraceptive in its own right without
added progestin. Reports from these trials were said to be
encouraging. The high potency of the compound permitted the use
of low doses, hence the sobriquet, "minipill."
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6-Methyl-16-dehydropregnenolone, the key intermediate to the
preparation of both melengesterol acetate and medrogestone, is
not readily prepared from any of the intermediates described thus
far. Petrov and his collaborators have devised several interest-
ing schemes that go back to diosgenin (1) as the starting point.
These schemes perform the necessary modifications in rings A and
B with the sapogenin side chain still in place. In essence this
approach employs this side chain as a protecting group for the
future 16-dehydro-20-ketone function. In one of these routes,
diosgenin (1) is first converted to the 3-toluenesulfonate. Sol-
volysis of this homoallylic alcohol derivative (138) affords the
3,5-cyclosteroid, 140, via the cyclopropyl carbinyl ion, 139.
(This general reaction was probably first found in the stecroids
and bore the name of "i-steroid rearrangement.'") Oxidation of
the product by means of the chromium trioxide-pyridinc complex
affords ketone, 141. Recaction of this with mcthyl magnesium
iodide affords two isomeric carbinols with the a-isomer predomi-
nating. Solvolysis in the presence of a nucleophile such as
acetic acid reverses the cyclopropylcarbinyl transformation to
afford homoalylic acetate, 143. Removal of the sapogenin side
chaig much as in the case of 1 leads to the desired product,
144.°°
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Substitution at the 16 position was found to lead to further
potentiation of progestational activity. Reaction of 144 with
diazomethane at the conjugated double bond at 16 gives first the
pyrazole, 145. This heterocycle affords the 16 methyl enone on
pyrolysis [analogous to the reaction observed at the 1 position
cited earlier (95-97)]. Selective epoxidation of the conjugated
double bond to the 16,17a-epoxide over that at 5,6 is achieved by
oxidation with basic hydrogen peroxide. Opening of this tetra-
substituted oxirane ring in acid proceeds with loss of a proton
from the 8 position (16 methyl) to afford the desired 16-methyl-
ene-17a-hydroxy-20-ketone functionality in *he D ring. Oppenhauer
oxidation of the saponified product gives 1:9; this is then dehy-
drogenated to the 4,6-diene with chloranil. Acetylation under
forcing conditions completes the synthesis of melengesterol
acetate (151).°°
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The oral activity of 17a-methyl progesterone (116) has al-
ready been alluded to. This agent, which may well owe this
property to the inhibition of metabolism in a manner analogous
to the gonadal steroids, is not sufficiently potent in its own
right to constitute a useful drug. Incorporation of known poten-
tiating modifications yields the commercially available oral
progestin medrogestone (154). Reduction of the conjugated 16,

17 double bond of 6-methyl-16-dehydropregnenolone acetate by
means of lithium in liquid ammonia leads initially to the 17
enolate ion, 152; this is alkylated in situ with methyl iodide.
The now-familiar steric control asserts itself to afford the 17a-
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methyl compound, 153. The acetate group is lost as a side reac-
tion. In an interesting modification on the usual scheme, 153
is treated with aluminum isopropoxide and a ketone (Oppenauer
conditions) as well as chloranil in a single reaction; the 4,6
dieneé°154 (medrogesterone), is obtained directly from this
step.
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It should be noted that the stereochemistry of the B/C and
C/D junctions has remained inviolate in all the modifications
discussed to date. It was in fact assumed that changing either
of these was a quick path to loss of activity. Just such a modi-
fication, however, led to a progestin with a unique pharmacologic
profile.

Allylic bromination of pregnenolone acetate with dibromodi-
methy lhydantoin affords the 7-bromo compound (155) of undefined
stereochemistry. Dehydrobromination by means of collidine fol-
lowed by saponification affords the 5,7 endocyclic cis,cis-diene,
156. This compound contains the same chromophore as ergosterol,
a steroid used as a vitamin D precursor. The latter displays a
complex series of photochemical reactions; among the known pro-
ducts is lumisterol, in which the stereochemistry at both Cs and
Cio is inverted. Indeed, irradiation of 156 proceeds to give
just such a product (158). This reaction can be rationalized by
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assuming first a light-induced ring opening to an intermediate
such as the triene, 157; such a species would be predicted to
ring close in conrotatory fashion with the formation of the
observed stereochemistry. Oppenauer oxidation of the product
goes in the usual fashion, although one double bond remains out
of conjugation (159). Treatment with acid gives the fully con-
jugated diene of dydrogesterone (160).°*

It is a common property of progestins that they will inhibit
ovulation when combined with estrogens. Dydrogesterone has no
effect on ovulation either by itself or in combination with estro-
gens. Some progestins, particularly those which possess the full
progesterone skeleton, will induce masculinizing changes in the
female offspring of treated female animals. Dydrogesterone dif-
fers in this respect, too, since no such effects are observed
after its administration.

156

159 158 157

160
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6. THE ORAL CONTRACEPTIVES

The original rationale for the use of progestins as oral contra-
ceptives—besides the animal experiments previously alluded to—
resided in the fact that females do not ovulate during pregnancy—
a time in which there are known to exist high levels of circulat-
ing blood progesterone. It was therefore intended to mimic the
hormonal state of pregnancy by administration of exogenous pro-
gestational agents; as we have already seen, it was found empir-
ically that an estrogen was needed to combine with the progestin
in order to achieve full efficacy. In a normal menstrual cycle,
the lining of the uterus undergoes a series of morphologic
changes, whether ovulation occurs or not, characterized by pro-
liferation of the blood vessels and tissues of the walls. The
phenomenon of menstruation represents the periodic sluffing of
this buildup in the absence of conception. It was thus thought
inadvisable to maintain a woman in a continued amenstrual state.
The almost universal practice has been adopted of administering
the contraceptive for a time that roughly corresponds to the
greater part of the menstrual cycle-20-21 days. Discontinuance
of drug at this point for a period of 4-5 days leads to the
sluffing of the uterine wall and the bleeding characteristic of
menses. Table 1 below lists some of the combination (estrogen
plus progestin) oral contraceptives that have been available
commercially.

Table 1. Combination Oral Contraceptives

Trade Name? Progestin mg? Estrogen mga
Anov lar norethindrone acetate 4.0 EEb .05
Enovid-E norethinodrel 2.5 ME® 0.1
Lyndiol lynestrol 5.0 ME 0.15
Norinyl norethindrone 1.0 EE 0.05

Ovral norgestrel 0.5 EE 0.05
Ovulen ethynodiol diacetate 1.0 ME 0.1
Planor norgestrienone 2.0 ME 0.1

Provest medroxyprogesterone acetate 10.0 EE 0.05
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Table 1, continued
Riglovis Riglovis 0.5 EE 0.05

Volidan melengesterol acetate 4.0 EE 0.05

a g in daily dose. bEE, ethinyl estradiol. CME, mestranol.
Registered trademarks.

Advances in reprodvctive physiology as well as empirical
observations suggested that the progestational component of the
Pill need not be administered for the full 21 days. In analogy
to the normal menstrual cycle it was considered that the proges-
tin need be included for only the last few days. Such a regimen
would have the advantage of reducing exposure to the progesta-
tional component of these drugs. This expectation was borne out
in practice. The so-called sequential contraceptives consist of
a series of 15 doses of estrogen alone; these are followed by
five dosages of the estrogen-progestin combination. In practice
this regime has been well tolerated, although it may be frac%ion-
ally less efficacious than the more traditional contraceptives.
Some of the commercially available sequential contraceptives are
listed below in Table 2.

Table 2. Sequential Oral Contraceptives

Trade Name® Progestin mg Estrogen mg
C-Quens chlormadinone acetate 2.0 ME 0.08
Norquens norethindrone 2.0 ME 0.08

Oracon dimethisterone 25.0 EE 0.10

Ortho-Novum norethindrone 2.0 ME 0.08

aRegistered trademark.

In addition, several progestins have been used in the absence
of estrogens for purposes of contraception. It is clear that they
owe their efficacy, which is not as high as that of the combina-
tion or sequential treatments, to some mechanism other than inhi-
bition of ovulation. These are not yet represented by marketed
entities for that indication.

Several progestins have been formulated for administration
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as depot injections; the low water solubility of these compounds
allows the agent to be deposited intramuscularly in a microcrys-
talline form. Slow dissolution provides a chronic blood level of
the compound. At least one of these agents, medroxyprogesterone
acetate (Depo Provera®), has shown promise in the clinic as an
injectable contraceptive of relatively long duration. Its mecha-
nism of action is probably a combination of inhibition of ovula-
tion and some other effect on the reproductive process.

7. CORTISONE AND RELATED ANTIINFLAMMATORY STEROIDS

It was known as early as 1927 that the adrenal glands of mamma-
lian species secrete a series of substances essential to the sur-
vival of the individual. The hormonal nature of these secretions
was suggested by the observation that extracts of the adrenal
gland and more specifically of the outer portion of that organ
(cortex) would ensure survival of animals whose adrenals had been
excised. By 1943 no fewer than 28 steroids had been isolated
from adrenal cortical extracts. These compounds were found to be
involved in the regulation of such diverse and basic processes as
electrolyte balance, carbohydrate metabolism, and resistance to
trauma, to name only a few.

Again, as in the case of the other steroid hormones, the
quantities of these compounds isolable from animal sources was
barely sufficient for structural characterization. Complete
biologic characterization therefore depended on material made
available by synthesis. Approaches to these compounds by clas-
sical steroid chemistry were greatly hampered by the finding that
one of the principal cortical steroids, cortisone (161), possessed
oxygen substitution at the 11 position. There was at the time no
obvious way for functionalizing C,, by chemical means; at this
writing, in fact, this is still not readily accomplished.®* As
we saw earlier, plant materials provided an efficient starting
point for the steroids discussed previously; unfortunately, the
corresponding C-ring oxygenated plant sterols are not available
in comparable supply. Instead, early syntheses fell back on a
starting material from animal sources; cholic acid (162), one of
the bile acids, possessing oxygenation at C,>. This material
available in tonnage quantities from ox bile from slaughterhouses,
was used as starting material for the synthesis of the initial
quantities of cortisone.®> Briefly, this partial synthesis
devolves conceptually on three basic operations: degradation of
the bile acid side chain to the required dihydroxyacetone moiety,
transposition of oxygen from C,, to C,,, and finally generation
of the 3-keto-4-ene system from the 3,7 diol. Once cortisone was



Cortisone and Related Steroids 189

found to have important therapeutic uses, this process (which
will not be detailed here; see reference 63 for a detailed dis-
cussion) was considerably modified and the process developed to a
point of quite high efficiency. There is reason to believe, how-
ever, that the bile acid route was finally supplanted by the
route that included microbiologic oxidation.
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The availability of cortisone in sizeable quantities made it
possible for Kendall and Hench at the Mayo Clinic to follow up on
their clinical observation that patients suffering from rheuma-
toid arthritis showed symptomatic relief in the presence of high
endogenous cortisone levels. Indeed, they were soon able to
describe the dramatic relief afforded arthritics by treatment
with pharmacologic doses of cortisone. As this drug came into
use for this, as well as for treatment of other inflammation,
side effects were found that were perhaps a manifestation of the
important physiologic role of this class of steroids. There were
seen, for example, disturbances in electrolyte balance and glu-
cose metabolism as well as more bizarre effects, such as the
development at high chronic doses of the so-called moon face and
dowagers hump. An intense effort was mounted on the part of most
large pharmaceutical companies to prepare analogs that would
emphasize the antiinflammatory activity without increasing the
side effects due to hormonal potency. It cannot be disputed that
dramatic increases in potency over cortisone were finally achieved;
it is equally clear that the purely antiinflammatory corticoid
has yet to be found.

It had been known for some time from studies of biosynthesis
that corticoids rise physiologically from progesterone by hydrox-
ylation at both C,, and in the side chain. In fact, perfusion of
steroids with the preformed side chain through isolated beef
adrenal glands effects just that reaction. Reasoning that micro-
organisms might well possess some enzyme System analogous to that
which carries out that hydroxylation, a group at Upjohn undertook
a systematic search to screen for such activity. They were
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rewarded by the observation that the soil organisms, Rhizopus
arrhizus or nigricans, effected conversion of progesterone to
1la-hydroxyprogesterone in 50% yield. This conversion became the
keystone in a synthesis of cortisone from progesterone—and thus
from stigmasterol and eventually soybean sterols.

Large-scale commercial production of modified corticoids
starts with just that microbiologic oxidation of progesterone to
yield 1la-hydroxyprogesterone (163). Oxidation of the alcohol
leads to the trione, 164. In the first step for conversion of
the progesterone side chain to that of cortisone, the compound is
condensed with ethyl oxalate. Selectivity is achieved due to the
great steric hindrance about C,. and the increased reactivity of
the methyl ketone at C., over the corresponding 2 position.
(Formation of an enolate at the latter would decrease the nucleo-
philicity of that position by distributing the charge over the
conjugated system.) Formation of enolate 165 serves to activate
the 21 position selectively towards halogenation. In an essen-
tially one-pot reaction, the sodium salt of the enolate is first
treated with two equivalents of bromine. The crude bromo com-
pound obtained from this reaction (166) is then treated with a
metal alkoxide. The dibromoketone undergoes the characteristic
Favorsky reaction as well as dehydrohalogenation to yield the
unsaturated ester, 167. The ketone at 3 is then protected as
either its ketal or enamine. Reduction with lithium aluminum
hydride simultaneously reduces the ester to the alcohol and the
ketone at 11 to the llB-alcohol; acetylation followed by removal
of the protecting group affords compound 169, two oxygens removed
from the goal. Osmium tetroxide is well known to oxidize olefins
to the corresponding diols. This reagent in the presence of
hydrogen peroxide carries this oxidation one step further in the
case of allylic acetates such as those present in 169 and oxi-
dizes the secondary alcohol to a ketone.®* Thus, reaction of 169
with either the above reagent or phenyliodosoacetate in the pres-
ence of osmium tetroxide affords directly hydrocortisone acetate
(170a),®® an important drug in its own right and starting mate-
rial for other antiinflammatory agents. Several products of
relatively lower importance are derived from 170a. Saponifica-
tion of the acetate at 21 gives hydrocortisone (170b). Oxidation
of the 11 alcohol yields cortisone acetate (171a); cortisone
(171b) is obtained when this last is saponified.

As is apparent at a glance, cortisone is an intricate mole-
cule with a wealth of functionality. Steroid transformations in
the corticoid series require serious strategic planning in order
to provide the appropriate protecting groups and to introduce
substituents in the proper order. It is therefore easy in a
discussion of this chemistry to get lost in a welter of detail.
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For this reason in this section we depart from our practice of
discussing each synthesis in detail. Certain standard operations,
for example, introduction of 9-fluoro substituents, are referred
to as though they were a single reaction; only the salient points
of the syntheses are dwelt on. Examination of some of these
syntheses strongly suggests that these were aimed at preparing
compounds for biologic assay. It is more than likely that the
commercial preparations have only the final product in common
with the published route.

One of the first indications that the antiinflammatory poten-
cy of the corticoids could be increased was the observation that
incorporation of a 9a-fluoro group in hydrocortisone resulted in
a tenfold increase in activity. Treatment of hydrocortisone ace-
tate (170a) with phosphorus oxychloride in pyridine yields the
corresponding olefin, 172. This, on being subjected to the reac-
tion sequence depicted in the transformation of 104 to 108 (addi-
tion of HOBr, closure to the epoxide and ring opening with HF),
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affords fludrocortisone acetate (173).°¢

170a —

172 173

Incubation of cortisone with Corynebacterium simplex results
in dehydrogenation of the bond at 1,2 and the isolation of the
corresponding 1,4-diene, prednisone (174); hydrocortisone affords
prednisolone (175a) when subjected to this microbiologic trans-
formation.®? Both these agents as well as the ester, predniso-
lone acetate (175b), were found to show increased potency over
the parent compounds; there is also a suggestion that other hor-
monal activities may be decrcased. The subsequent finding that
modifications in corticoids that lead to increased potency are
often additive in effect led to inclusion of this featurc in most
later clinical agents.

OR
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174 175a, R=1
175b, R=COCH 4

Both the above potentiating modifications were next included
in a single molecule. Catalytic reduction of 173 affords the
corresponding Sc-derivative. This is then taken on to the 2,4-
dibromo compound (see the transformation of 12 to 21 for discus-
sion); dehydrohalogenation gives the 1,4 diene, 9a-fluoropred-

nisolone acetate (176),°°,7° a votent antiinflammatory agent.
We have already seen that incorporation of a 6 methyl group

into progestins increases the biologic activity of these mole-
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cules (see 112, 132, and 133); the analogous modification of cor-
ticoids has a similar effect on potency. Condensation of corti-
sone (171b) with formaldehyde converts the dihydroxyacetone moi-
ety of the steroids to a double internal acetal, referred to as
the bismethylenedioxy group, a common protecting group for the
corticoid side chain (see inset). Ketalization of the steroid
thus protected shifts the double bond to the 5 position. Treat-
ment of 178 with peracid affords a mixture of the two epoxides.
This mixture is then rearranged to ketone, 180, by treatment with
formic acid. This last gives the methyl carbinol, 181, with
methyl Grignard reagent (the 11 ketone is too hindered to undergo
Grignard addition under all but the most forcing conditions).
Dehydration of the tertiary alcohol followed by reduction with
lithium aluminum hydride leads to the ketal, 182; it should be
noted that the double bond of 178 has in effect been restored.
Indeed, deketalization of 182 leads to the conjugated ketone con-
taining now an additional methyl group at the 6a position. The
additional double bond at the 1 position is introduced in this
case by treatment with selenium dioxide. Removal of the protect-
ing group with acetic acid affords methylprednisolone (185),7*»7%
a widely used corticoid.

The corresponding 68-fluoro steroid also exhibits potent
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antiinflammatory activity. Rather than carrying the dihydroxy-
acetone side chain through the synthesis in a protected form, the
route to the fluoro compound intercepts an intermediate towards
formation of that side chain; the cortical side chain in this

case is carried along in latent form. Epoxidation of the isolated
double bond of 168a (obtained by reduction of the ketone of 168)
affords in this case largely the a-epoxide. Opening of the oxi-
rane with hydrogen fluoride gives fluorohydrin, 187, stereospeci-
ficity and regiospecificity depending on diaxial opening of the
ring. The acrylic acid side chain is next elaborated to the dihy-
droxyacetone in the same manner as the transformation of 168 to
170a. Deketalization of 188 leads to the B-hydroxyketone, 189;
this readily dehydrates to 190 with base. Dehydrogenation to the
1,4-diene by means of selenium dioxide followed by equilibration
of the fluorine to the more stable 6a position completes the
synthesis of fluprednisolone acetate (191).77°

CH40,C CH;OZC\ CH;0,C

Ho

C
0 168a

Important pathways for biologic deactivation of cortical
steroids in humans involve reduction of the ketone at 21 and
scision of the entire side chain at C,,. Substitution at C,e, it
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was hoped, would interfere with this degradation by providing
steric hindrance to the degradative enzymes. One of the early
applications of this strategem involved the preparation of 168-
methylprednisone (199). Condensation of the enone, 192, an inter-
mediate from the synthesis of cortisone by the bile acid route,
with diazomethane followed by pyrolysis of the intermediate pyra-
zole gives the 16-methyl enone (193) (see transformation of 95
to 97 and 144 to 146 for discussion of this reaction). Catalytic
reduction results in addition of hydrogen from the less-hindered
side and formation of the 168-methyl intermediate (194). The
progesterone side chain in this case is elaborated to the dihy-
droxyacetone by the so-called Gallagher chemistry. In this, the
ketone at 20 is first converted to the enol acetate (195); epoxi-
dation affords an oxirane that is essentially a masked derivative
of a ketal at C,o. Hydrolytic opening of the epoxide can be
viewed, at least formally, as leading first to the alcohol at 17
and a hemiketal at 20; final product is the hydroxyketone, 196.
Bromination, because of the great hindrance about the ketone at
Ci1:1, proceeds exclusively at the methyl ketone. Displacement of
the halogen with acetate completes the side chain (198). Saponi-
fication followed by oxidation with N-bromosuccinide surprisingly
goes exclusively at C,; to give the ketone. Introduction of the
double bonds at 1 and 4 (in this case by the bromination debro-
mination sequence) leads to the potent corticoid, 16B-methyl pred-

nisone (199).7%57%
0] O
0. ¢
o 114 CH,3
AcO™ aco™
192 193 194
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Oy i ~ CH;
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197 196 195



Cortisone and Related Steroids 197

198 199

In another scheme to block metabolism of the cortical side
chain, the steroid is equipped with a methylene substituent at
16. Thus, 16-dehydropregnenolone acetate (4) is first converted
to the corresponding 16 methyl derivative by the diazomethane
addition-pyrolysis scheme alluded to above. This is then taken
on to l6-methylene-17a-hydroxy progesterone (201) by a route
analogous to that outlined earlier (transformation of 144 to 148)
for the corresponding 6 methyl analog. Bromination of the methyl
group at 21 followed by displacement of the halogen with acetate
completes the preparation of the side chain (202). This scheme
differs from others we have seen in the late introduction of the
oxygen at 11. Thus, incubation of 202 with a Curvularia affords
in this case the 11B-hydroxy compound (203). Oxidation of that
alcohol followed by saponification and finally introduction of
the 1,2 double bond-by a second microbiologic step—yields predny-
lene (204).7°
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204 203

Incorporation of some of the traditional potentiating groups
into the 16-methyl corticoids leads to a series of exceedingly
active compounds, Ketalization of the 168-methylprednisone inter-
mediate, 196, followed by reduction with sodium in alcohol affords
the product of thermodynamic control at 11, the equatorial 1lo-
hydroxy derivative (metal hydride reduction usually gives 118
alcohols). This compound is then deketalized; the methyl ketone
at 21 is brominated and the halogen displaced with acetate ion to
afford the compound containing the requisite side chain (206).
Oxidation with N-bromoacetamide selectively leads to the 3-ketone;
this is then converted to the 1,4-diene by the bromination-dehy-
drobromination scheme (208). The 1ll-hydroxyl group is then con-
verted to the tosylate; treatment with base affords the 9,11 ole-
fin (209). This last is converted to the 9a-fluoro-118-hydroxy
grouping by the now-familiar scheme (105 to 108) to afford, after
saponification, betamethasone (210).77

The substituents we have seen thus far have all shown ster-
eoselective demands—only one isomer of a given set is compatible

196

210 209 208
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with biologic activity. The 16 position represents an exception
to this rule. The agents isomeric at 16 to the above are fully
as active as the 168 compounds. Condensation of the intermediate
192 with methyl Grignard reagent leads (by conjugate addition
from the least-hindered side) to the free alcohol analog of 194,
epimeric at 16, that is, the 16a-isomer. This compound is then
converted to cortisone analog 212, lacking the double bond in the
A ring, by a sequence identical to that described above for the
168 compound (194 to 199). That double bond is introduced by a
modification of the bromination dehydrohalogenation procedure
using a single equivalent of bromine (213).7° Protection of the
ketone at 3 followed by reduction gives the 1l-hydroxy interme-
diate. This last is dehydrated to the 9,11 olefin and trans-
formed to the 9,11 fluorohydrin in the usual way. The second
double bond in ring A in this case is introduced by means of
selenium dioxide; sagonification completes the synthesis of dexa-
methasone (216).7°%:°

0
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The potentiation of activity due to the 16a-methyl group
also proved additive with that which had been observed earlier
on incorporation of the 6a-fluoro substituent. Reaction of 16-
dehydropregnenolone with methyl Grignard reagent proceeds as with
the more complex substrate to give, in this case, l6a-methylpreg-
nenolone, 217. Reacetylation followed by epoxidation gives the
Sa,6a-epoxide. Opening of the oxirane ring with hydrogen fluo-
ride followed by acetylation gives intermediate, 218. This is
then subjected to the side-chain elaboration reaction discussed
earlier (transformation of 194 to 198) to give triacgtate, 219.
Selective saponification at 3 followed by oxidation gives an
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intermediate B-hydroxyketone; this, on treatment with base, goes
to the conjugated ketone 220 with simultaneous epimerization of

fluorine to 6a. In the original work, the 118-hydroxy function

of 221 was introduced by perfusion of 220 through isolated beef

adrenals; this is presumably not the commercial route. Selenium
dioxide oxidation serves to introduce the 1,2 double bond; para-
methasone (222)°%* is thus obtained.

4 —> —>
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Dehydration of 221 affords the corresponding 9,11 olefin,
223. When this compound is subjected to the series of reactions
for introduction of the 9,11 fluorohydrin, there is obtained the
antiinflammatory steroid flumethasone (224).°% As might be
expected from the incorporation of a group in almost every posi-
tion known to increase potency 224 is an extremely active agent.

Incorporation of a hydroxyl group at the 16 position has
been fully as fruitful of active corticoids as the corresponding
methyl derivatives. In this case, however, only the l6a-isomers
seem to have reached the stage of the clinic. The key to entry



Cortisone and Related Steroids 201

into this series is a clever dehydration reaction that eliminates
water in the same reaction from both 11 and 17.°% Ketalization
of hydrocortisone acetate (170a) affords the ketal, 225. Treat-
ment of this compound with thionyl chloride in pyridine at -5°C
affords intermediate, 226. Deketalization leads to the true
starting material of this series (227). Oxidation of this com-
pound with either osmium tetroxide or potassium premanganate in
acetone selectively attacks only the 16,17 double bond and that
from the a side, presumably for steric reasons. Thus, in one
step, the substituent at 17 is restored and the new one at 16
introduced. Acetylation under mild conditions leads to 228. The
9a-fluoro-118-alcohol is then introduced by the customary scheme.
The 1,2 double bond is introduced by means of selenium dioxide;
saponification completes the synthesis of triamcinolone (230).
Reaction of this 16,17 diol with acetone forms the ketal, 231;
this last is the widely used antiinflammatory steroid triamcino-
lone acetonide (231).%"
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The potentiation obtained with 6a-fluoro group was found to
be additive to that of the 16 hydroxy group, just as in the case
of the corresponding methyl compounds. The synthesis of these
agents relies on introduction of the corresponding hydroxyl group
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at a relatively late stage. As in the case of some of the other
6a-fluoro compounds, one must wonder whether the method used for
introducing this function (perfusion through beef adrenals) is in
fact that used for commercial production. Hydroxylation of the
21 acetoxy derivative of 16-dehydropregnenolone (232)—obtainable
from the parent compound in a few steps®’®-affords the 16a,l7a-
glycol; this is protected for subsequent reactions as its aceto-
nide (223). Epoxidation gives mainly the 5a,6a-oxide. This is
then transformed to the 68-fluoro enone by the customary reaction
sequence (see transformation of 186 to 190). The acetonide is
removed during the course of this sequence to afford 235. The
above-mentioned biotransformation serves to introduce the 11 oxy-
gen of 236. Fludroxycortide (237) is obtained from the latter by
dehydrogenation at 1,2 and then conversion to its acetonide.®®
Alternately, 236 is subjected first to the procedures leading to
introduction of the 9a-fluoro grouping (238). Introduction of
the 1,2 double bond followed by acetonide formation yields flu-
cinolone acetonide (239).%7
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The early structure-activity correlations in the corticoids
suggested that the functionality present in cortisone or dihydro-
cortisone was a minimum for biologic activity; that is, analogs
in which any of the keto or hydroxyl groups were deleted tended
to be inactive. We saw earlier that, in the case of both the
progestins and the androgens, a similar rule apparently fell down
for the 3-desoxy compounds, at least one example in each class
showing sufficient activity to be marketed as a drug. There are
similar exceptions to the rule in the corticoid series: steroids
that lack some apparently crucial structural feature, yet suffi-
ciently active to be used as drugs. It is of note that the
examples shown below are used mainly as topical antiinflammatory
agents.

Dehydration of prednisolone acetate (175b) yields the corre-
sponding 9,11 olefin. As a variation on the chemistry we have
seen previously, this olefin is allowed to react with chlorine
in the presence of lithium chloride. If this addition is assumed
to proceed by the customary mechanism, the first intermediate
should be the 9a,lla-chloronium ion. Axial attack by chloride
anion from the 118 position will lead to the observed stereochem-
istry of the product dichlorisone (240).%%°

OAc
0
wer OH

175p ——> —

239 240

The oxygen atom at 21 is similarly an expendable group.
Reaction of 241 (obtained from 185 by the usual procedure for
introduction of the 9a-fluoro group) with methanesulfonyl chlo-
ride affords the 21 mesylate (242a). Replacement of the leaving
group at 21 with iodine by means of potassium iodide in acetone
followed by reduction of the halogen with zinc in acetic acid
leads to fluorometholone (243).°°

Deletion of the 17a-hydroxy group similarly leads to an
effective topical antiinflammatory agent. Treatment of 16a-
methylpregnenolone (244) (obtained by conjugate addition of an
organometallic to pregnenolone) sequentially with bromine and
acetate ion affords the 21 acetate, 245 (see, for example, the
transformation of 196 to 198). In an interesting variation on
the method for the introduction of a fluorine atom at 6, the
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intermediate is first treated with HF in the presence of N-bromo-
acetamide; this in effect results in the addition of BrF, presum-
ably, as judged by the stereochemistry of the product, initiated
by formation of the a-bromonium ion. Oxidation of the hydroxyl
at 3, followed by elimination of the halogen B to the ketone,
isomerization of fluorine to the equatorial 6a configuration, and
finally saponification lead to 247. Incubation of this with a
Curvularia introduces the 118-hydroxy group. Fermentation of 248
with ¢ simplex serves to dehydrogenate the 1,2 bond. There is
thus obtained fluocortolone (249).°°

Examination of the dates on the references to this chapter
will quickly reveal that publications on the corticoids, as in-
deed all other steroids, reached a steep maximum in the late
1950s to about 1960. After that, publication dropped off to a
comparative trickle. It should be kept in mind when examining
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these dates that they represent a skewed sample in that the only
publications cited are those which led finally to either drugs or
agents that almost made the market. Work on steroids did not
cease quite as abruptly as the bibliography suggests.

The apparent peaking of research in this area is an interest-
ing phenomenon that deserves some comment. To begin with, it is
true that within each of the classes of steroids discussed drugs
had been found that met most of the demands of the practicing
clinician. However, none of these entities was free from some
troublesome side effects in some fraction of the patients. Under
normal circumstances this might well have led to continuing work
at some lower level of activity. Two reasons can be invoked for
the decreased effort in this field. 1In the first place the very
large number of analogs tested—this chapter of course barely
skims the surface of these—served to convince a number of influ-
ential pharmacologists that the splits between the various activ-
ities that were being so strenuously sought were probably not
achievable. Thus, no pure anabolic androgen, for example, was
ever uncovered. Excellent splits achieved in experimental animals
had a way of diminishing during clinical trials.

A factor at least as important as those above is the passage
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of the Drug Amendments of 1962. The increasing difficulty and
expense of placing a drug on the market made manufacturers chary
of developing drug that did not have promise of impressive sales
figures. Entering a market such as the corticoids with an agent
that might not be readily distinguishable pharmacologically from
existing entries was clearly too expensive to contemplate seri-
ously. This state of affairs has its silver lining in the fact
that much "me-too'" research went by the boards. On the other
hand, the true utility of many pharmacologic agents has only been
discovered during the course of clinical trials, often for the
wrong indication. The high cost of developing a drug for the
submission of an NDA and the current trend on the part of the FDA
in the United States greatly decreases the chances cf such seren-
dipitous discoveries.

8. MISCELLANEOUS STEROIDS

Although the era of intensive steroid research saw many efforts
to develop compounds with activities other than those catalogued,
this work met with scant success. One such line of research did,
however, bear fruit.

It was known for some time that even after the corticoids
had been separated from crude extracts of the adrenal cortex, the
remaining material, the so-called "amorphous fraction'" still pos-
sessed considerable mineralocorticoid activity. Aldosterone
(250) , one of the last steroids to be isolated from this fraction,
proved to be the active principle. This compound proved to be an
extremely potent agent for the retention of salt, and thus water,
in body fluids. An antagonist would be expected to act as a
diuretic in those edematous states caused by excess sodium reten-
tion. Although aldosterone has been prepared by both total®!
and partial®® synthesis, the complexity of the molecule discour-
aged attempts to prepare antagonists based directly on the parent
compound.

The much simpler steroid, 253, was fortuitously found to ful-
fill this role when injected into animals. Its lack of oral
activity was overcome by incorporation of the 7a-thioacetate
group. Reaction of the ethisterone intermediate, 77b, with a
large excess of an organomagnesium halide leads to the correspond-
ing acetylide salt; carbonation with CO, affords the carboxyllic
acid, 251. This is then hydrogenated and the hydroxy acid cy-
clized to the spirolactone. Oppenauer oxidation followed by
treatment with chloranil affords the 4,6-dehydro-3-ketone (254).
Conjugate addition of thiolacetic acid completes the synthesis of
spironolactone (255), an orally active aldosterone antagonist.?®?
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CHAPTER 11

Tetracyclines

The tetracyclines are valuable orally active broad-spectrum anti-
biotics prepared by isolation from the fermentation liquors of
various strains of Streptomyces or by chemical transformation of
fermentation-derived substances. The basic ring system and num-
bering pattern is as follows:

7 6 5 4
8 E H5al I 3
9 1lla 12a 2
10 11 12 1

The first three of these agents to be discovered, tetra-
cycline (1), chlortetracycline (2),? and oxytetracycline (3),°>
are subject to two major modes of degradation under conditions
occurring during their isolation, purification, formulation, and
administration. These are dehydration and epimerization. Each
of these reactions leads to inactivation of the antibiotic; thus,
considerable effort has been expended in attempts to prevent or
minimize these reactions.

The dehydration reaction leads by an E. process to 8 and is
promoted by the tertiary, benzylic nature of the OH group at Ce
and its antiperiplanar trans relationship to the H atom at Cs,.
Furthermore, one of the cannonical forms of the enolizable B-
dicarbonyl system present at C,, and C,. has a double bond in the
C ring. Thus, dehydration leads to aromatization of the C ring,
and this factor must provide some of the driving force for the
reaction.

Work on mutant cultures provided the first practical,
although partial, solution to the dehydration phenomenon. A
mutant strain whose parent produced chlortetracycline (2) was

212
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N(CH3)2
I ! i @ CONH >
OH OH O
1, R=R'=H 4, R=Cl, R'=0H
2, R=Cl, R'=H 5, R=R'=H
3, R=H, R'=0H 6, R=NO,, R'=H

7, R=NMe,, R'=H

found to produce a new antibiotic, é-demethylchlortetracycline
(4).* This strain was ultimately shown to lack a necessary enzyme
for the incorporation of methionine-derived carbon into the anti-
biotic at the Ce position. Having a secondary rather than a ter-
tiary OH at Cs, this agent is much more stable to dehydration in
aqueous acidic solutions than its progenitor. It also has some
pharmacodynamic advantages because of its enhanced lipophilicity
and was soon introduced into clinical use. This led to a con-
siderable exploration of the chemistry of the tetracyclines with
the object of improving still further their pharmacodynamic and
therapeutic properties.

CHs NMQ 2

OOG@ .

o1 oIl
PHs
CH NM;
/H_:/ A \\\ 3 9,2
- OH
; I
CONH

OH OH O

A practical process had earlier been developed for the trans-
formation of chlortetracycline (2) into tetracycline (1) by cata-
lytic hydrogenolysis of the aromatic chloro group.® Application
of the reaction under suitable conditions to demethylchlortetra-
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cycline (4) was found to hydrogenolyze both the chlorine and the
benzylic hydroxyl group.® The product, 6-demethyl-6-deoxytetra-
cycline (5), is the simplest reported tetracycline with essen-
tially intact antibiotic properties. Its structure defines the
minimum known structural requirements for bioactivity in this
series. Although the agent has not seen clinical use in the
United States, it is an exceptionally valuable chemical interme-
diate. In contrast to antibiotics 1-4, it is sufficiently acid
stable to be recovered unchanged from solutions in concentrated
sulfuric acid. This allows for a wider range of electrophilic
reactions than was previously possible. The most successful
application of such reactions led to the preparation of 7-dimeth-
ylamino-6-demethyl-6~deoxytetracycline (minocycline) (7).

Cl OH %‘IMe 2 I\{Me 2
OH OH
O, — Ol
CONH . CONH:
OH O HO O OH ol O O
4 5 \
NMe, I:IMe 2 R T;IMP 2

OH oH
GG SGGT
CONII R CONti,

OH 8] [V
O OH 0 © " OH 0

7 6, R=NO,, R'=H
11, R=H, R'=NO,

Nitration of 5 by a mixture of KNO; and concentrated H,SO,
produces a mixture of the 7- (6) and 9-nitro-6-demethyl-6-deoxy-
tetracyclines (11). The former (6) is reductively methylated by
catalytic hydrogenation in the presence of formaldehyde to give
minocycline (7).7 This substance has broadened antibacterial
activity compared to demethylchlortetracycline (4), especially
against Gram-negative organisms resistant to the other tetracy-
clines by R-factor-mediated mechanisms. In addition, lower daily
doses are required because of its relatively low excretion rate.

Similar transformations have not as yet been successfully
applied to the tetracyclines bearing a hydroxy group at Cs, and
no mutant culture has been reported that biosynthesizes a 6-
deoxy-5-oxytetracycline. However, other means have been found to
avoid 5a,6-dehydration in this subfamily. Treatment of 3 with N-
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chlorosuccinimide, or other sources of positive halogen, in anhy-
drous acidic media results in good yields of the l1la-chloro deriv-
ative (12), in which enolization of the carbonyl group at C,, is
not possible, and part of the driving force for the aromatization
reaction is removed. When dehydrating agents such as anhydrous
HF are used, 12 dehydrates exocyclically to give 13. Careful
reduction removes the blocking halo group while leaving the exo-
cyclic double bond intact to give 6-methylene-5-oxytetracycline
(14), an antibiotic in clinical use.®

Treatment of 14 with hydrogen and a catalyst converts it to
a mixture of epimeric 6-deoxy-5-oxytetracyclines (15 and 16),
each of which is active as an antibiotic. The more active isomer
has the natural tetracycline configuration of the methyl group at
Cs and is in clinical use as a-6-deoxyoxytetracycline (15).°
This highly lipophilic tetracycline is the first '‘one-a-day"
tetracycline (when used to treat mild infections).

Ho CH39H NMez CH2 Oll NMez
;= OG@@ OG@@
CONH » CONH,,
o1 0cClLO OH O ClO
12 13
CHa O Mife, Lo e,
OOG@ — ‘@0
CONIL,
OF OH O OH o
14 15, RaH, R'aCH,

16, R=CHs, R'=H

The second major mode of degradation of this class of anti-
biotics is epimerization. The dimethylamino function at C, is
axial and subject to a 1,3-diaxial nonbonded interaction with the
C123-0H group (which is also axial). Being a to the resonance-
stabilized B-tricarbonyl system in ring A, the dimethylamino
function can relieve this strain by epimerization. This reaction,
which occurs most rapidly in aqueous solutions of pH 3-5, results
in an equilibrium mixture consisting of nearly equal amounts of
the two epimers. All clinically significant tetracyclines have
this property to a greater or lesser extent. Unfortunately, the
4-epitetracyclines are essentially inactive as antibiotics and,
in addition, 4-epianhydrotetracycline (9), formed by dehydration
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of 4-epitetracycline (10), or by the epimerization of anhydro-
tetracycline (8), has been shown to be toxic. Those tetracyclines
which cannot dehydrate (such as 7 and 15) should be free from

this kind of toxicity. No chemical technique has yet emerged
that prevents epimerization at C, while preserving bioactivity.
This is clearly a worthwhile objective for further work.

Since the tetracyclines are not soluble enough for conven-
ient administration in parenteral solutions, derivatives have been
sought that have enhanced water solubility. A variety of '‘pro-
drugs," of which the pyrrolidinomethyl analog of tetracycline
(17) is representative, have been prepared by a Mannich-type reac-
tion to fill this need.'® This derivative is much more water
soluble than the other tetracyclines and is used clinically. It
is quite unstable at physiologic pH values and reverts rapidly to
tetracycline after administration. Amides are not usually nucleo-
phillic enough to participate in a Mannich reaction; however, the
A-ring B-tricarbonyl system of tetracyclines is unusual in several
respects. For example, this group has a pKa of about 3, making it
as acidic as many carboxyllic acids. Thus, at the pll of the
Mannich reaction, this part of the molecule supports a negative
charge and can react with the intermediate methylene imine of
pyrrolidine. Attachment of the new group to the nitrogen atom
rather than to C, or to one of the oxygens allows the system to
retain its resonance stabilization (rolitetracycline).

NMe »
HO (H, 1

OH
e
1os e+ [ Ol Tl s O
H 0 0

OH OH O

17
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CHAPTER 12

Acyclic Compounds

It has become almost an article of faith among both pharmacolo-
gists and medicinal chemists that drugs (and for that matter,
hormones) owe their action to interaction with some receptors.
Much evidence has accumulated to indicate that such receptors
consist of specific sites on polypeptide molecules. As such, the
receptor site is in all probability a highly organized location
with specifically located complexation sites and stereochemistry.
It would therefore follow that the best fit to such a receptor
could be accomplished by a molecule with correspondingly high
organization. Deliberate arrangement of the spacing of function-
ality is most simply accomplished efficiently by the use of some
cyclic nucleus as the foundation for potential medicinal agents.
Empirically at least, the vast majority of drugs used in clinical
practice incorporate at least one ring. However, there are sev-
eral exceptions to this rule. We have noted drugs that seem to
owe their action to some specific functionality rather than to
the carbon skeleton to which they are attached. Many of these
agents have counterparts in the acyclic series. A very few agents
occur only as acyclic molecules.

Derivatives of 1,2 and 1,3 glycols have found extensive use
as drugs to relieve mild anxiety. Many of these, in addition,
have some activity as muscle-relaxing agents and are used for
relief of muscle spasms. The prototype in this series, meproba-
mate (4), gained some renown in the folklore of the 1950s under
the trade name of Miltown®. Reduction of malonic ester, 1, by
means of lithium aluminum hydride affords the corresponding gly-
col ¢(2). (An alternate route to this intermediate goes through
formylation of aldehyde, 5, with formaldehyde.) Reaction of the
glycol with phosgene affords the intermediate, 3; this gives
meprobamate (4)' on treatment with ammonia. A similar sequence
using the malonic ester, 6, as starting material affords the
tranquilizer, mebutamate (7).2> It has proven possible to prepare
218
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derivatives bearing different substitution on the two hydroxyl
groups in this series. Thus, reaction of the glycol, 2, with
dimethyl carbonate affords the cyclic carbonate, 8, in an exchange
reaction. Ring opening of this compound by means of isopropyl-
amine proceeds regiospecifically to give the monocarbamate, 9.

An exchange reaction of 9 at the remaining hydroxyl group with

the carbamate of ethanol affords carisoprodol (10).°

7
Clls. ,CO,C,H 5 Cll; CH,OH CH, CHOCX
.——’ ﬁ
K CO,C,Hs Cll,CH,CH,y CH,OH CH3CH,CH;  CHZ00K
o
1, B=CIL,Cl,Cll; 2 3, xecl
6, R=CIICII,CH 4, XM,
Cll, l
Voo
cll, CH,OCNH, Clly. ClI,0% CH; CHO
c-0
CHyCH,GH I, 00N, Cll,CH,CH;  ClI,07 CH,CH,CH, “H
CH,4 0
7 8 5
o
0 - CH; 1.~ CHs
CH, CH,OCNHCH CH;. CH,OCNHCH
’ Sen, N CH,
CH3CH,CH, CH,OH CHyCH, CH GH ;00N
)
9 10

Although the following derivatives of 1,2-glycols do in fact
contain an aromatic ring, they are presented here because they
are so closely related in structure and activity to their acyclic
counterparts. Hydrolysis of the cyanohydrin (12) of p-chloro-
acetophenone with concentrated sulfuric acid affords the hydroxy
amide (13). This amide is first hydrolyzed to the acid (14) and
then esterified. Reaction of the ester (15) with methylmagnesium
iodide gives phenaglycodol (16),* a minor tranquilizer with some
activity as an anticonvulsant agent for petit mal epileptic sei-
zures.

Reaction of the glycol (17) from hydroxylation of styrene
with ethyl chloroformate affords the carbonate ester, 18. Treat-
ment of this last with ammonia at elevated temperature gives the
sedative, styramate (19).° A similar sequence on the ethyl ana-
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OH OH 0
[ i
CIOCOCH3 —— c1-©-CCN —> cl C-CR
|
CH, CH,
11 12 13, R=NH,
14, R=OH
15, R=0C,Hs

OH OH /
|
cl C-C-CH,
PN
CH, CH,

16

log, 20 (obtainable by metal hydride reduction of the homolog of
14), gives hydroxyphenamate (21).°

o OH © on %

1 1 ] 1
@-CHCHZOH —_ @-cncnzococ My  —> @-CHCHZOCNHZ

17 18 19

OH OH (l)

| | i
@-C—CHZOH — @-C—CHZOCNHZ

| 1

CH,CH; CH ,CH 4

20 21

Replacement of the carbamate function by an amide seems to
be compatible with meprobamate-like activity in a compound for-
mally derived from a 1,2-glycol. Oxidation of the commercially
available aldehyde, 22, under controlled conditions affords the
corresponding acid (¢23). This is then converted to its amide
(24) via the acid chloride. Epoxidation by means of perphthalic
acid affords oxanamide (25).° ‘

Acylureas (A) are among the oldest known sedative-hypnotic
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, CH,CH, ,CH,CH,
CH 3 CH,CH , CH=C_ —>  CH,CH,CH,CH=C
CHO Ne-R
]
22 0
23, R=0H
24, R=MH,

l

0
/ \ /CH2CH3
CH 3CH, CH, CH-C_
o,
|
0
25

drugs. Similar in action to the better-known barbiturates (B),
these agents may owe their action to the fact that they incor-
porate in open form a good portion of the functionality of the

barbituric acids:
RZ 0 19
\ R
RI-?)kNH R? f\m
Br N)\\) o N’LO
H, H

A B

Bromination of the substituted butyric acid, 26, by the Hell-
Volhardt-Zelinsky procedure affords the a-halo acid bromide (27).
Reaction of this with urea affords directly bromisovalum (28).

An analogous sequence on acid, 29 (obtained by decarboxylative
hydrolysis of the malonic ester), leads to carbromal (30). Dehy-
drohalogenation of 30 by means of silver oxide affords the corre-
sponding olefin, ectylurea (31),7 itself a sedative-hypnotic.

The activity of compounds incorporating the biguanide func-
tion as oral antidiabetic agents has been alluded to previously.
A very simple alkyl side chain in fact can serve as the carbon
moiety of such drugs. Buformin (32),° obtained by reaction of
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Br Br 0
| ! i
CH 3(|3HCH ,CO.H ——>  CH,CHCHCOBr ——>  CH3CH-CHCNHCNH,
| i i
CH, CH, CH; O
26 27 28
Br O 00
CH3CH, CH3CHy ™ ) CH3CHa\
/CHCOZH — CoNHCNE,  —>  C-CNuCNH,
H / 4
CH4CH, CHyCHZ ) CH, CH
29 30 31

butylamine and dicyanamide, has found use as an agent for the
treatment of adult-onset diabetes.

NH NiI NH
I

L]
CH,CH,CH,CH,NH, + NCNC-NH, —> CH,CH,CH,CH,NHCNHCNH,

32

Control of tuberculosis, long one of the scourges of mankind,
began with the introduction of effective antibacterial agents.
Thus, this disease was treated initially with some small measure
of success with various sulfa drugs; the advent of the antibiotic,
streptomycin, provided a major advance in antitubercular therapy,
as did the subsequent discovery of isoniazid and its analogs.

One of the most recent drugs effective against tuberculosis,
ethambutol (35), stands out not only for its lack of structural
features common to other antituberculars but also by the fact that
it is one of the few acyclic medicinal agents with no cyclic
counterpart. (By a stretch of the imagination the amino alcohols
in this agent may be said to bear some relation to the correspond-
ing functions in the aminoglycoside antibiotics.) Reduction of
the ethyl ester of racemic alanine homolog, 33, by means of
lithium aluminum hydride affords the amino alcohol (34). The (+)
isomer is then separated by means of optical resolution. This
resolved base is used to effect a double alkylation reaction on
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ethylene dichloride. It is of note that the product, ethambutol
(36),° contains both chiral centers in the (+) form. The meso
isomer (+,-) is some 16 times less active, while the levo isomer
(-,-) is all but inactive.

€02CaHs CH,O0H CH,OH
CHaCH,CHNH, ~ —> CHsCH,wCeNH: —> (CHsCH, ®C e NHCH,-),

==l
o

33
34 35

Disulfiram, an agent whose structure is more inorganic than
organic, constitutes yet another medicinal agent with no cyclic
counterpart. This compound, which was actually first patented as
an accelerating agent for the vulanization of rubber, has at var-
ious times been used to combat chronic alcoholism. The mode of
action depends on the simple fact that ingestion of alcohol causes
violent sickness in patients treated chronically with disulfiram.
Treatment of diethylamine with carbon disulfide and sodium hydrox-
ide affords the salt, 36. Oxidation of this with sodium hypochlo-
rite gives the corresponding disulfide, disulfiram (37).'°

S S S
CaHs\ CoHs\ i sCHs
NC-SNa R 4 N-C-S-S-CN
C,Hs/ CoHs/ \C,H;
36 37

Organometallic compounds occupy a venerable place in medi-
cinal chemistry. Paul Ehrlich devoted the better part of his
efforts to the search for "the magic bullet" in the late nine-
teenth century. That is, he was seeking an agent that would des-
troy microbes without harming the host. He scored success in this
quest by the discovery of the antisyphilitic agent, salvarsan
(38). As the field of medicinal chemistry advanced, and more
specific and potent drugs became available, organometallic agents
have tended to diminish in importance. Salvarsan, for example,
has long since been supplanted by antibiotics. In the area of
diuretics, too, the initial drugs were organometallics, in this
case organomercurial compounds. Most of these have long since
been replaced by sulfonamides and thiazides. As a general rule,
however, the newer diuretic agents tend to cause excretion of not
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only water and sodium ion, which is desirable, but other ions

such as potassium and sometimes urea. Loss of these sometimes
causes metabolic disturbances. The fact that the mercurial diu-
retics lead to an almost ideal diuresis in which ions are excreted
in concentration mirroring their presence in serum has led to
small-scale continued use of these drugs.

Condensation of allyl isocyanate with succinimide affords
the cyclic diacylurea 39. Acid hydrolysis leads to ring opening
of the succinimide (40). Oxymercuration of the terminal olefin
bond with mercuric acetate in methanol solution affords the diu-
retic meralluride (41).%*!

(o]
(o] 0o 0

I ]
NI + 0=C=NCH,CH=Cl, —> ~CNIICH ,ClI=CII, => 110,¢ClI ,CI ,CNICNICH ,ClI- CH

! ! w0
l

0 OCH3

o}
|| |
Ho—g:::>—As=As«<:::i;0H 1102CCH2CH , CNHCNITCH » CHCH ,HgOH
H, Iy

38

The cyclized analog of meralluride is prepared by a similar
synthesis. Thus, condensation of camphoric acid (¢42) (obtained
by oxidation of camphor) with ammonia gives the bicyclic succin-
imide (44). Reaction with allyl isocyanate followed by ring
opening and then reaction with mercuric acetate affords the mer-
cury derivative (45) as the acetate rather than the hydroxide as
above. Reaction with sodium chloride converts that acetate to
the halide (46). Displacement on mercury with the disodium salt
of thioglycollic acid affords the diuretic mercaptomerine (47).%7?

CO,H
0 %/
CO,H —_— —

CNHCNHCH ,CH=CH,
g
42 43 00

44
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CHAPTER 13

Five-Membered Heterocycles

1. DERIVATIVES OF PYRROLIDINE

Derivatives of pyrrolidine containing the ring in its fully
reduced form are discussed in earlier sections of this book. To
recapitulate, compounds containing this moiety seldom show activ-
ities that differ greatly in kind from the corresponding open-
chain tertiary amine.

Oxidation of the ring to a pyrrolidone or succinimide endows
the derivatives with CNS activity. Double alkylation on ethyl-
amine by 1,4-dibromo-2-hydroxybutane affords the hydroxypyrroli-
dine, 1. Treatment with thionyl chloride gives the corresponding
chloro compound (2). Alkylation of the carbanion of diphenyl-
acetonitrile with 2 gives the aminonitrile, 3. Acid hydrolysis
of the nitrile yields the acid (4). This last undergoes rear-
rangement to the pyrrolidone (7) on treatment with thionyl chlo-
ride. This reaction may be rationalized by assuming that the
acid chloride (¢5) first forms in the normal fashion; internal
acylation would then lead to the strained bicyclic quaternary
salt, 6. Attack by the chloride ion on the ethylene bridge car-
bon adjacent to the positive nitrogen affords the observed pro-
duct (7). Displacement of the halogen with morpholine affords
doxapram (8),' an agent used as a respiratory stimulant, particu-
larly in patients with postanesthetic respiratory depression.

Formal oxidation of pyrrolidine to the succinimide stage
affords a series of compounds used as anticonvulsant agents for
treatment of seizures in petit mal epilepsy. Knoevnagel conden-
sation of benzaldehyde with ethyl cyanoacetate affords the unsat-
urated ester, 9. Conjugate addition of cyanide ion leads to the
di-nitrile ester (10). Hydrolysis in mineral acid affords the
succinic acid (11), presumably by decarboxylation of the interme-
diate tricarboxyllic acid. Lactamization with methylamine gives
phensuximide (12).7
226
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Use of acetophenone rather than benzaldehyde in the Knoevnagel
condensation reaction affords the unsaturated ester, 13. Elabora-
tion of this to the succinimide by a scheme analogous to that
above leads to the anticonvulsant agent methsuximide (14).%
Although actually a compound known for quite some time, the ali-
phatic analog, ethosuximide, was in fact introduced after the
above agents. This compound can be attained by first subjecting
the condensation product, 15, to the succinic acid synthesis used
above. Cyclization by means of ammonia gives ethosuximide (17).°

Collsy  /ON i Cﬁsn
c=c
—>  C,HsC-CH —_—
CH,/ BCO,CH, N AT I
COH  CO,H 3
15
16 17

2. NITROFURANS

Derivatives of 2-nitrofurans are known to possess both bacterio-
static and bacteriocidal properties. That is, the agents will
halt and to some degree reverse multiplication of bacteria respon-
sible for infections. In contrast to the antibiotic agents,
derivatives of nitrofuran are used largely for topical infections.
It should be noted, however, that the word topical is used here
in the embriologic sense. Suitable derivatives have found use
for treatment of both urinary and digestive tract infections.
Considerable ingenuity has been used to design derivatives of
nitrofuran so that they will reach some specific site such as the
urinary tract following oral administration.

The first drugs in this class to be introduced into clinical
practice are simple derivatives of 5-nitrofurfural (18). Thus,
the oxime is known as nitrofuroxime (19), while the semicarbazone
is called nitrofurazone (20). In order to maintain better con-
trol over the distribution and metabolism of these antibacterial
agents, increasingly complex side chains and rings have been
grafted onto the hydrazone.

Thus, in one such example, hydroxyethylhydrazine (21) is
first converted to the carbamate (22). Condensation with 18
yields nidroxyzone (23)."

Cyclization of 21 by means of diethyl carbonate gives the
corresponding aminooxazolidone (24). This compound is then con-
densed with benzaldehyde to Shiff base (25). An exchange reac-
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In a scheme intended to produce a more highly substituted
oxazolidone, epichlorohydrin is condensed with morpholine in the
presence of strong base to give the aminoepoxide, 27.° Ring
opening of the oxirane by means of hydrazine gives the hydroxy-
hydrazine (28). Ring closure with diethyl carbonate leads to the
substituted oxazolidone (29). Condensation with 18 affords
furaltadone (30).7

In much the same vein, treatment of the hydroxyhydrazine,

31 (obtained by ring opening of the thiomethyl epoxide with hydra-
zine), with diethyl carbonate gives the oxazolidone, 32. Conden-
sation with the ubiquitous 18 leads to nitrofuratel (33).°
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Reaction of hydrogen cyanide with the a-hydrazinoester, 34,
leads to the carbamate (35). Cyclization by means of strong acid
affords the corresponding aminohydantoin (36).° Condensation with
18 affords nitrofurantoin (37).'°

Treatment of the heterocycle, 38 (obtained from ethylene-
diamine and carbon disulfide), with nitrous acid affords the N-
nitroso compound, 39. Reduction with zinc leads to the corre-
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sponding amine (40). This affords, on condensation with 18, the
antibacterial agent thiofuradene (41).'1

S S
{/ \5 ™\
HN N —> HN NR > 0. N0 ‘CH=N—N\n/NH
\ ( \ ’ 2
S
38 39, R=NO 41
40/ R=NH2

It will of course have been noted that all the above nitro-
furans that contain a second heterocyclic ring are linked to that
moiety by what is essentially a hydrazone function. Attachment
of the second heterocycle by means of a carbon-carbon bond is
ipparently consistent with biologic activity. Treatment of the
lhiosemicarbazone of acetaldehyde (42) with acetyl chloride leads
that compound to cyclize to the thiadiazole (perhaps by way of
the enol form, 43). Condensation of the active methyl group
b that heterocycle (44) with the aldehyde in 18 by means of
wtrong base gives the olefin, 44. Removal of the acetyl group by
~aponification gives nifurprazine (46).'°
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3. OXAZOLIDINEDIONES AND AN ISOXAZOLE

As we have seen previously, succinimides containing a quaternary
carbon form the basis for a series of anticonvulsant drugs. In
the course of research in this series, it was found that the
inclusion of additional hetero atoms in the ring was quite com-
patible with anticonvulsive activity. We consider here the oxa-
zolidinediones; a discussion of the hydantoins is found later in
this section.

One of the standard methods for construction of the basic
heterocyclic ring was elaborated not long after the turn of the
century. Thus, condensation of ethyl lactate with guanidine
leads to the imine of the desired ring system (47), possibly by
a reaction scheme such as that outlined below. Hydrolysis affords
the oxazolidinedione (48).'* Methylation in the presence of base
gives 49.

Treatment of 49 with a strong base such as sodium ethoxide
serves to remove the last proton on the heterocyclic ring. Alky-
lation of the resulting carbanion with allyl bromide affords
aloxidone (50)'°; methyl sulfate on the carbanion gives trimetha-
dione (51),'® while ethyl sulfate yields paramethadione (52).%7

Hydrazides of isonicotinic acid have been used as antidepres-
sant agents by virtue of their monoamine oxidase-inhibiting activ-
ity; the pyridine ring has been shown to be replaceable by an
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isoxazole nucleus. The properly functionalized ring system (54)
is obtained by condensation of the diketone ester, 53 (itself a
product of condensation of acetone and diethyl oxalate in the
presence of base) with hydroxylamine. This ester is then con-
verted to the hydrazide (55) via the acid and acid chloride. Con-
densation with benzaldehyde affords the corresponding Shiff base
(56). Catalytic reduction of that intermediate affords the MAO
inhibitor isocarboxazine (57).'®
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CH 3€|J—CH2 CH —
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4. PYRAZOLONONES AND PYRAZOLODIONES

One of the first synthetic organic compounds to find use as an
important drug was, in fact, a heterocycle. First prepared in
1887, antipyrine, as its name implies, was first used as an agent
to reduce fever. One may conjecture that its analgesic and anti-
inflammatory properties were uncovered in the course of subsequent
clinical application. The pharmacologic spectrum of both classes
of heterocyclic compounds is very similar to that of aspirin and
some other nonsteroidal antiinflammatory agents. Some of the
later agents do show better activity against arthritis than does
aspirin, although it should be added that side effects still pre-
sent a problem in these structural classes.

Condensation of ethyl acetoacetate with phenyl hydrazine
gives the pyrazolone, 58. Methylation by means of methyl iodide
affords the prototype of this series, antipyrine (59). Reaction
of that compound with nitrous acid gives the product of substitu-
tion at the only available position, the nitroso derivative (60);
reduction affords another antiinflammatory agent, aminopyrine
(61). Reductive alkylation of 61 with acetone in the presence of
hydrogen and platinum gives isopyrine (62).'° Acylation of 61
with the acid chloride from nicotinic acid affords nifenazone
(63).%2° Acylation of 61 with 2-chloropropionyl chloride gives
the amide, 64; displacement of the halogen with dimethylamine
leads to aminopropylon (65).2!

Antipyretics that carry an alkyl substituent on the remain-
ing carbon atom rather than nitrogen are accessible by condensa-
tion of phenylhydrazine with substituted acetoacetates. Thus,
reaction of the acetoacetate, 66, with phenylhydrazine followed
by N-methylation leads to propylphenazone (67).%2? An analogous
reaction on the B-ketoester, 68, affords mofebutazone (69).2%3

Substitution of a second benzene ring onto the nitrogen
atoms of the pyrazoles and incorporation of a second carbonyl
group leads to a small series of drugs that have proven quite
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effective in the treatment of the pain associated with rheumatoid
arthritis. The side effects of these agents, particularly their
propensity to cause gastric irritation, has limited their use to
some extent. The prototype for this class, phenylbutazone (70),2"
is obtained in straightforward manner by condensation of diethyl
n-butylmalonate with hydrazobenzene in the presence of base; in
effect, this represents the formation of the heterocyclic system
by simple lactamization.

_ €0,C,H; HN II €p

CH, (CH, );CH + [ —> CH;3(CH, ),
™ C0,C,Hs HN

70

Drugs are seldom excreted in the same form as they are admin-
istered. Since such compounds are essentially chemicals foreign
to the body, they are processed chemically by the body's detoxi-
fication system so as to render them more easily excretable. One
of the more common chemical changes observed on aromatic rings
consists in hydroxylation to a phenol. Since metabolism is by no
means synonymous with inactivation, it sometimes happens that
metabolism affords a derivative more active than the drug that was
in fact administered. (It might be added that cases have actually
been recorded in which the administered agent is intrinsically
inactive before some metabolically induced chemical reaction.)
Careful study of the metabolic fate of phenylbutazone revealed
that in this case there was an agent produced that was more active
than the original drug. This agent is now available as a drug in
its own right. Condensation of the protected aminophenol, 71,
with nitrobenzene affords the corresponding azo compound (72);
reduction gives the hydrazobenzene (73). Condensation of this
with diethyl butylmalonate gives the heterocycle (74). Removal
of the benzyl group by hydrogenolysis gives oxyphenbutazone (75).

HZN-Q-OCHZC,H5 - <;>-N=N-©-ocmcm5 > @NIINH-@-OCHzc(,HS

71 72 73

/

25
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Incorporation of a carbonyl group into the alkyl side chain
also proved compatible with biologic activity. The key inter-
mediate (76) is obtainable by Michael addition of the anion from
diethyl malonate to methylvinyl ketone followed by ketalization
with ethylene glycol. Condensation of 76 with hydrazobenzene
leads to the pyrazolodione; hydrolysis of the ketal group affords
ketasone (78).2%°

CH,CCH,CH,CH —_> CH C- CH ,CH,
™ C0,C,H;

- Q
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CH ,CCH,CH,

0

e
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78

Replacement of the methyl ketone moiety in 78 by a phenyl
sulfoxide, interestingly, leads to a relatively potent uricosuric
agent with diminished antiinflammatory action. This effect in
lowering serum levels or uric acid leads to the use of this drug
in the treatment of gout. Alkylation of diethyl malonate with
the chlorosulfide, 79, gives the intermediate, 80. The pyrazolo-
dione (81) is prepared in the usual way by condensation with
hydrazobenzene. Careful oxidation of the sulfide with one equiv-
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alent of hydrogen peroxide affords sulfinpyrazone (82).%7
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5. IMIDAZOLES

The use of nitrofurans and their derrivatives as antibacterial
agents has been touched upon above. Nitro derivatives of another
relatively simple five-membered heterocycle (imidazole) have an
important place in the clinic as amtitrichomonal agents. While
infections due to trichomonas, a prrotozoan, are seldom life
threatening, they can cause serious physical discomfort. Agents
to combat such infections are therefore in some demand. One of
the simpler agents, azomycin (87), interestingly, was first iso-
lated from the culture broth from a Streptomyces strain. Struc-
ture determination established this compound to be one of the
rare, naturally occurring nitro compounds. Total synthesis of
this agent begins with the condensation of cyanamide with the
aminoacetal, 83. Treatment of the intermediate (84) with acid
unmasks the aldehyde group; condensation of that function with
the primary amino groups affords 2-aminoimidazole (85).2%° Diazo-
tization of the amino group in 85 followed by displacement of the
diazonium salt (86) by means of sodium nitrite in the presence of
copper affords azomycin (87).2%°

Synthetic work in the imidazole series is complicated by the
ready tautomeric equilibrium that can be set up among the double
bond isomers (A, B). Thus, even if a reaction designed to afford
the 5 isomer (A) is accomplished regiospecifically, tautomeriza-
tion of the product affords either the 4 isomer (B) or a mixture
of the two. (This tautomerism is, of course, no problem in azo-
mycin because of the symmetry of that molecule.)

Thus, nitration of 2-methylimidazole (88) affords a mixture
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of the 4- and 5-nitro isomers (89,90). It is possible, however,
to take advantage of the above mobile equilibrium in such a way
as to lead the mixture to predominantly a single alkylation pro-
duct (a process reminiscent of the C versus O alkylation problem
in carbocyclic chemistry). It has been found empirically that



240 Five-Membered Heterocycles

alkylation of the mixture (89,90) in nonpolar solvents favors for-
mation of the product from the 5-nitro isomer. Conversely, alky-
lation of the preformed anion in solvents such as DMF favor the
4-nitro product.

Alkylation of the 5(4)-nitro compound with methyl sulfate in
nonpolar solvents affords dimetridazole (91),°° an antitrichomonal
agent used in veterinary practice. Alkylation with chlorohydrin
leads to metronidazole (92),>' a drug that has found widespread
use in the treatment of vaginal trichomoniasis. Finally, alky-
lation by means of N-(2-chloroethyl)morpholine affords nitrimida-
zine (93).

N
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Hyperthyroidism, that is, the overproduction of thyroid hor-
mones, is usually treated by surgical removal of the thyroid
gland. Before such a procedure is undertaken, the hyperthyroid-
ism is usually first brought under control by treatment with so-
called antithyroid agents.

Condensation of the aminoacetal, 83, with methylisocyanate
affords the substituted thiourea, 94. Treatment with acid leads
to cyclization of the masked aldehyde with the amino group to
afford the antithyroid agent methimazole (95). An alternate
route consists in reaction of the methylated acetal (96) with
thiocyanic acid.®? Reaction of the product with ethyl chlorofor-
mate leads to the S-acylated product (97). This undergoes S to
N migration with concomitant tautomerization in the presence of
a slight excess of ethyl chloroformate. There is thus obtained
carbimazole (98).°% The presence of an enolizable thioamide
linkage in all other known antithyroid agents led to the specula-
tion that 98 may have to undergo metabolic deacylation in order
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to express its activity.
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6. IMIDAZOLINES

The biologic effects of the imidazolines are reminiscent of those
of the biogenic amines such as epinephrine and norepinephrine.
Although these heterocyclic agents bear almost no structural
similarity to the endogenous substances, they show marked effects
on the vessels of the circulatory system. The exact effect is
highly sensitive to the structure of the side chain. Several of
these agents are effective as local vasoconstrictors; these are
used extensively as nasal decongestants. Those agents which act
as adrenergic blocking agents have been used experimentally in
the treatment of hypertension. One such compound, clonidine, is
an effective hypertensive agent in man.

Condensation of the iminoether (99), obtained by methanolysis
of phenylacetonitrile, with ethylendiamine affords tolazoline
(100) .®>> This drug shows the behavior of an adrenergic blocking
agent and has been used in the treatment of peripheral vascular
disease due to its vasodilating effect. An analogous reaction on
iminoether, 101, yields naphazoline (102).®® This drug paradox-
ically acts as a topical vasoconstricting agent; it is therefore
used extensively as a nasal decongestant.

Preparation of the analog of 102 containing a saturated ring
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starts with conversion of the carboxylic acid, 103, to the corre-
sponding amide (104); this is then dehydrated to the nitrile
(105). Reaction of the nitrile with ethylenediamine affords
tetrahydrozoline (106),%* a drug used as a nasal decongestant.
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N

103, R=OH 105 106
104, R=NH,

Inclusion of additional alkyl groups on the aromatic ring
leads to decongestants with longer duration of action. Thus,
reaction of the arylacetonitrile, 109, obtainable from hydrocar-
bon, 107, by chloromethylation (108), followed by displacement of
the halogen by means of cyanide ion with ethylenediamine, leads
to xylometazoline (111).°® The analogous reaction of the oxy-
genated derivative, 110, affords oxymetazoline (112).°°

Employment of the imidazoline fragment as one of the basic
nitrogen atoms in the ethylenediamine antihistamine structure
leads to a molecule in which the cardiovascular effects have been
supplanted by antihistaminic activity. Alkylation of benzylanil-
ine (113) with the halogenated imidazoline, 114, affords antazo-
line (115),%7 a drug used as an antihistamine. Shortening one of
the side chains on the aromatic nitrogen and inclusion of a phenol
function markedly changes the biologic activity; this product,
phentolamine (118), shows a-adrenergic blocking action superior
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to tolazoline. The agent can be prepared by alkylation of the
aminophenol, 116, by the halide, 114. An interesting alternate
synthesis consists in first using 116 as the amine component in
the condensation with hydrogen cyanide and formaldehyde to give
the o-aminonitrile derivative of formaldehyde (¢117). Condensa-
tion of 117 with ethylene diamine gives phentolamine (118).3%°

Replacement of the methylene group at the 2 position of the
imidazoline ring by nitrogen results in compounds whose main
action is that of a hypotensive agent. Although these act to
some degree as suppressors of the sympathetic nervous system, the
mechanism by which they reduce high blood pressure is thought to
lie elsewhere. It is of note that the additional nitrogen in
effect builds a guanidine-like function into the molecule. Reac-
tion of ethylenediamine with carbon disulfide gives the hetero-
cycle, 119; methylation proceeds on the nucleophilic sulfur to
afford the imidazoline, 120. Condensation of that intermediate
with the aromatic amine, 121 (obtained by reduction of one of the
two nitration products of tetralin) leads to apparent displace-
ment of methylmercaptan (122). There is evidence to indicate that
reactions of this type in fact involve an addition-elimination
sequence. There is thus obtained tramazoline (122).%°° An analo-
gous sequence on 2,6-dichloroaniline (123) affords clonidine
(124).
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7. HYDANTOINS

The discovery of the hypnotic activity of the barbiturates led to
an intensive examination of related heterocyclic systems in the
search for agents with a better pharmacologic ratio. Although
the hydantoin ring is smaller by one atom than that of the barbi-
turates, these two heterocycles do share the cyclic acylurea
functionality. As shown previously, this functional array leads
to hypnotic activity even when present in acyclic form. Although
barbiturates had found some use in resolving the convulsions
resulting from grand mal epileptic seizures, their hypnotic activ-
ity severely restricted their general use. The hydantoins, inter-
estingly, show increased anticonvulsant activity at the expense
of the hypnotic effect.

One of the earliest preparations of this ring system starts
with displacement of the hydroxyl of benzaldehyde cyanohydrin
(125) by urea. Treatment of the product (126) with hydrochloric
acid leads to addition of the remaining urea nitrogen to the
nitrile. There is thus obtained, after hydrolysis of the imine
(127), the hydantoin ¢128). Alkylation by means of ethyl iodide
affords ethotoin (129).%°

A more direct route to this ring system consists in the
treatment of a ketone with an aqueous solution of potassium cya-
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nide and ammonium carbonate to afford the hydantoin directly.
Thus, acetophenone affords the hydantoin, 132. The reaction can
be rationalized by assuming that the first step consists in for-
mation of the a-aminonitrile (132); addition of ammonia to the
nitrile will then give the amino-amidine, 131. The remaining
carbonyl group is then provided by either the carbonate ion or
the carbon dioxide, with which it is in equilibrium. Methylation
of the product affords mephenytoin (133). 1In a similar fashion,
benzophenone leads to diphenylhydantoin (134),“' while B-tetra-
lone gives the spirocyclic hydantoin tetratoin (135).%>
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Q. = QO = QLA
I'd 7N\
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o a ] XY
130 131 H
132, R=H

133, R=CH,



Imidazolines 247

134

135

8. MISCELLANEOUS FIVE-MEMBERED HETEROCYCLES

As demonstrated above, nitro derivatives of five-membered hetero-
cycles have found extensive use as antiinfective agents. It is
therefore of interest that the nitro derivative of a substituted
thiazole was at one time used as an antitrichomonal agent. Bro-
mination of 2-aminothiazole (136) (obtained from condensation of
thiourea with chloroacetaldehyde) gives the 4-bromo derivative
(138); this is then acetylated to 139. Treatment of 139 with
nitric acid leads to an interesting displacement of bromine by a
nitro group to afford aminitrazole (140).“>

[ = ol ™ LN
g7 THz BroNg /™ NH, Br “\. g~ NHCOCH,

138 139

b

136

N
0, N Ng )‘ NHCOCH 4

140
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A thiazole derivative that incorporates a fragment of the
amphetamine molecule shows some CNS stimulant activity; more
specifically, the compound antagonizes the depression caused by
overdoses of barbiturates and narcotics. Reaction of benzalde-
hyde with sodium cyanide and benzenesulfonyl chloride gives the
toluenesulfonyl ester of the cyanohydrin (141). Reaction of this
with thiourea leads directly to aminophenazole (143).%* It is
probable the reaction proceeds by displacement of the tosylate by
the thiourea sulfur to give 142; addition of the amino group to
the nitrile followed by tautomerization affords the observed pro-
duct.

- H,N
- N
~ CN ~ C=N /R
H cH )\NH
—— ~
> 080,C ¢Hs [:::]/ S_ NH, > s 2
C
I
141 NH - 143

142

Acylation of benzamidoxime (144) with chloropropionyl chlo-
ride gives the O-acylated derivative (145). Reaction of that
intermediate with diethylamine serves first to cyclize the mole-
cule to the 1,2,4-oxadiazole heterocycle; subsequent displacement

of the halogen on the side chain gives oxolamine (146),*> a drug
with antitussive and spasmolytic activity.
/NHZ /NHZ
C Gy
[:::r > NoH —_— [:::T.\N—O?CHzCHzCI —>
I
0
144 145

C,Hs

N Ve

N~ CH,CH,N
©’<ﬁ— N e,
N—-O 2115

146
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Shifting the side chain to the 4 position (with the necessary
tautomeric change) affords an agent with local anesthetic and
coronary vasodilator activity. Cyclization of compound 147 by
means of phosphorus oxychloride gives the amino-1,2,4-oxodiazole
(148).%% Alkylation of that compound with 2-chlorotriethylamine
in the presence of sodium hydroxide proceeds via the tautomer,
149, rather than the fully conjugated isomer. There is thus
obtained imolamine (150).“%

(:Lc- CONH , /\:Ir‘N < : 7; NH
/ »\ N /K
H ~O NH, ~0 NH

NO
147 148 149
/CZHS
N~ CH, CH, N
N. CZHS
NO NH
150

One of the side effects noted in the clinical use of the
sulfonamide antibacterial agents was a diuretic effect caused by
inhibition of the enzyme carbonic anhydrase. Attempts to capi-
talize on this side effect so as to obtain agents with greatly
enhanced diuretic activity first met success when a heterocyclic
ring was substituted for the benzene ring of the sulfonamide.
Treatment of the hydrazine derivative, 151, with phosgene leads
to the 1,3,4-thiadizole, 152.*7 (Phosgene possibly acylates one
of the amino groups and thus converts this to a leaving group
subsequent to attack by the sulfur on the remaining thioamide.)
Acylation of the amine gives the amide, 153. Oxidation of the
thiol by means of aqueous chlorine goes directly to the sulfonyl
chloride (154). Finally, amonolysis of the halide with ammonia
affords acetazolamide (155).%® The same scheme starting with the
butyramide (156) yields butazolamide (157).%°

In a further development on this theme, the thiol, 153, is
first alkylated to the corresponding benzyl ether (158). Treat-
ment with sodium methoxide removes the proton on the amide nitro-
gen to afford the ambient anion (159). This undergoes alkylation
with methyl bromide on the ring nitrogen; thus it locks amide
into the imine form (160). Chlorolysis serves both to oxidize
the sulfur to the sulfone stage and to cleave the benzyl ether
linkage; there is thus obtained the sulfonyl chloride, 161.
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Amonolysis affords the diuretic agent methazolamide (162).°°
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CHAPTER 14

Six-Membered Heterocycles

1. PYRIDINES

Nicotinic acid (2), the oxidation product of the coal tar chemi-
cal, B-picoline, has shown activity in man in lowering elevated
cholesterol levels. This property has led to some use of this
drug for the treatment of the hyperlipidemias associated with
atherosclerosis. It is of interest that the drug, in addition,
has a remarkable effect in alleviating the symptoms of pellagra,
a vitamin B-deficiency disease. Administration of nicotinic acid
is sometimes limited by the facial flushing observed on ingestion
of the drug, a phenomenon associated with vasodilation. ~Nicotinyl
alcohol (3), obtained by reduction of 2 with lithium aluminum
hydride, capitalizes on this effect; this drug is used as a peri-

pheral vasodilator.
> CH, ~. CO,H . CH,0H
O = O —
N/ N/ N/

1 2 3

Conversion of the carboxylic acid to the diethyl amide inter-
estingly leads to an agent that exhibits the properties of a
respiratory stimulant. One synthesis of this agent starts with
the preparation of the mixed anhydride of nicotinic and benzene-
sulfonic acid (4). An exchange reaction between the anhydride
and diethyl benzenesulfonamide affords nikethemide (5).%

Although the advent of the antibiotics revolutionized the
treatment of bacterial infections, tuberculosis has proven unusu-
ally resistant to chemotherapeutic attack. Although many anti-
biotics are effective to some extent in arresting the progréss of

253
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0

I i +CaHs
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2 > | — | C,Hs
N~ N7
4 5

this disease, none is uniformly successful. It had been observed
that nicotinamide showed some effect on the tubercule bacillus

in vitro. A systematic investigation of related pyridine deriva-
tives led to the discovery of one of the most successful anti-
tubercular agents, isoniazide (7). This hydrazide can be obtained
in a straightforward manner by treatment of methyl isonicotinate
(6) with hydrazine. Extensive clinical use of this agent showed
the drug to possess a wholly unanticipated antidepressant effect
in addition to its antibacterial action. This action, later
attributed to inhibition of the enzyme monoamine oxidase, led to
intensive efforts on the preparation of hydrazides in many hetero-
cyclic series in order to obtain antidepressant agents.

~CH3
CO,CH, CONHNH , COMHN=C
'\ N Nou,
- ) =6
N N~
6 7 8
0 M
0 . CH;
CONHNHCH ,CH , CNCHZ CONHNHCH , CH , CO,CH 5 CONHNHCH
H | ] ~ CH,
~ ~ ~
| o (j
N 11 "N 10 N 9

Thus, condensation of isoniazide with acetone at the basic
nitrogen gives the corresponding Shiff base (8). Catalytic reduc-
tion affords the antidepressant, iproniazid (9).% Addition of
the same basic nitrogen to methyl acrylate by Michael condensa-
tion leads to the 8-amino ester (10). This is converted to the
amide, nialamide (11),® on heating with benzylamine.
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A thioamide of isonicotinic acid has also shown tuberculo-
static activity in the clinic. The additional substitution on
the pyridine ring precludes its preparation from simple starting
materials. Reaction of ethyl methyl ketone with ethyl oxalate
leads to the ester-diketone, 12 (shown as its enol). Condensa-
tion of this with cyanoacetamide gives the substituted pyridone,
13, which contains both the ethyl and carboxyl groups in the
desired position. The nitrile group is then excised by means of
decarboxylative hydrolysis. Treatment of the pyridone (14) with
phosphorus oxychloride converts that compound (after exposure to
ethanol to take the acid chloride to the ester) to the chloro-
pyridine, 15. The halogen is then removed by catalytic reduction
(16). The ester at the 4 position is converted to the desired
functionality by successive conversion to the amide (17), dehy-
dration to the nitrile (18), and finally addition of hydrogen sul-
fide. There is thus obtained ethionamide (19)."%

G0, CHs €0,C4H CO,H
PN _oN N X
AR - - !
CoH5~Cy /é\ C,Hs 1;0 C,Hs g 0
° H,N O
12 13 14
0 Y
|
CN CX C0,C,H5
N ~ ‘e
» «— o <« B
s CoHs™ N Colls”~ N C,Hs “ 3N cL
i
C-NH,
§ /8 16, X=C,Hs0 15
] 17, X=NH,
CoHs Ny~
19

In an unusual variant on the Chichibabin reaction, treatment
of 3-hydroxypyridine with sodium amide at 200° affords 2,6-di-
aminopyridine (21). Coupling of the product with benzenediazo-
nium chloride gives phenazopyridine (22).° This drug is used as
an analgesic for the urinary tract in conjunction with antibac-
terial agents for treatment of urinary infections.

Replacement of one of the benzene rings by pyridine in the
fenamic acid-type analgesics leads to an agent with full pharma-
cologic activity. Treatment of the N-oxide of nicotinic acid
with phosphorus trichloride followed by hydrolysis of the acid
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chloride gives the 2-chlorinated analog (24).° Nucleophilic aro-
matic substitution on the halide by m-trifluoromethylaniline
affords nifluminic acid (25).°

- O X % N=N
O "——9 ! P ““‘9 s
NZ H,N NS NH, H,N” NZNNH,

20 21 22
Xy C02H 2~ 028 CO,H

[ — /'1 —> [T
- \N Cl \N

O«
N
[
,25
[}
=
w

23

Vinylpyridine (26) exhibits many of the properties of a
Michael acceptor. Thus, this molecule will undergo conjugate
addition of methoxide ion. There is thus obtained methyridine
(27),° an antinematodal agent used in veterinary practice.

- NS N
@
E Nj\CH—CH N7 Cil,CH 0CH,
4 = 2
26

27

2. DERIVATIVES OF PIPERIDINE

The continuing search for molecules that possess the sedative-
hypnotic properties of the barbiturates but show a better pharma-
cologic ratio has, as shown above, taken many directions. To
name only two variants, the ring has been contracted and even
opened entirely; in each case some activity of the parent was
retained. Although at one time the acylurea functional array was
thought necessary for activity, the work below shows that even
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this requirement is not ironclad. This lack of structural speci-
ficity is in many ways reminiscent of the wide structural lati-
tude that has proven compatible with antihistaminic activity.

Conjugate addition of the carbanion from 2-phenylbutyroni-
trile (28) to methyl acrylate gives the condensation product 29.
Saponification affords the corresponding acid (30). Further
hydrolysis of the product in acetic acid affords the glutarimide
(the formal product of cyclization of the amide with the acid),
glutethemide (31).° Nitration of the butyronitrile gives the p-
derivative (32). This, when subjected to the same series of
transformation as 28, gives the glutarimide, 33. Catalytic reduc-
tion of the nitro group affords aminoglutethemide (34).'° Both
these agents have found use as sedative-hypnotic agents.

0
Qe — Q= -
CH C
|

VAR
C,Hs C,Hs CH,CH,CO,R Gt ©
28 29, R=CH, 31
30, R=H

0,N . H,N o
0,N s

it o Catls

) C2H5 0 0

CoHs
32 33 34

Attachment of a basic amino group to the side chain leads to
a compound with antiparkinsonian activity. Alkylation of the
carbanion from phenylacetonitrile with 2-chlorotriethylamine
affords the product, 36. Conjugate addition of the anion from
this to acrylonitrile gives the glutarodinitrile (¢37). Partial
hydrolysis of this in a mixture of sulfuric and acetic acid leads
to phenglutarimide (38).11

The glutarimide best known to the lay public, thalidomide
(40), owes its reputation not to efficacy, but to the wholly
unanticipated and tragic teratogenic effects elicited by this com-
pound. It might be noted that the very efficacy and lack of the
usual barbiturate side effects shown by this drug led to its pre-
scription as a hypnotic for expectant mothers. Condensation of
the phthalimide of glutamic acid (39) with ammonia at elevated
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temperature leads directly to thalidomide (40).'?

0
J
, CH,CH,CO,H \
N-CH —> N- =0
~ CO,H ~
5 ©

39 40

Displacement of the geminal substitution to the 4-position
of the glutarimide ring interestingly leads to a drug that antago-
nizes the effects of the barbiturates. As such, the agent is
used in the treatment of barbiturate intoxication. The original
synthesis involves first the condensation of ethyl methyl ketone
with two equivalents cyanoacetamide. The product can be ration-
alized by assuming first an aldol condensation of the ketone and
active methylene compound followed by dehydration to give 41.
Conjugate addition of a second molecule of cyanoacetamide would
afford 42. Addition of one of the amide amines to the nitrile
would then afford the iminonitrile (43). The observed product
(44) can be rationalized by assuming the loss of the carboxamide
group under strongly basic conditions. Decarboxylative hydrolysis
of 44 leads to bemigride (45).'3

The wide structural latitude permitted for hypnotic activity
is made particularly clear by the observation that the two car-
bonyl groups in the piperidine ring need not be disposed to form
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a glutarimide. Methyprylon (51), an effective sedative-hypnotic,
actually contains isolated lactam and ketone functions. Formyla-
tion of ethyl diethylacetoacetate (46) by means of ethyl formate
and strong base affords the derivative, 47. Reaction of this
intermediate with ammonia gives the corresponding enamine (48);
this cyclizes to the unsaturated lactam on heating (49). Reac-
tion of 49 with formaldehyde in the presence of sodium sulfite
proceeds at the activated position a to the ketone carbonyl.
Catalytic reduction of the product (50) results first in hydro-
genolysis of the allyl alcohol; reduction of the olefinic double
bond gives methyprylon (51)."

The association of a specific pharmacologic activity with
certain functionality was remarked on earlier. The guanidino
group, for example, often yields compounds that show hypotensive
activity because of peripheral sympathetic blockade (see, for
example, bethanidine). Attachment of a piperidine group to the
side chain proves compatible with retention of this activity.

0
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CsHs COCH, CyHs |(IJ RIPN
—> C,H c —> G
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47 48
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Alkylation of the tetrahydropyridine, 52 (obtained by reaction of
a suitable protected derivative of 4-piperidone followed by dehy-
dration and deprotection), with chloroacetonitrile affords 53.
Reduction of the cyano group gives the diamine (54). Reaction of
this intermediate with the S-methyl ether of thiourea affords
guancycline (55).°

3. MORPHOLINES

Although the morpholine ring is often used as a modified version
of a tertiary nitrogen, the ring system finds only rare use as a
nucleus for medicinal agents. Both compounds below, in fact, may
be regarded as more properly related to cyclized forms of hydroxy-
phenethylamines.

Acylation of norephedrine (56) with the acid chloride from
benzoylglycolic acid leads to the amide (57). Reduction with
lithium aluminum hydride serves both to reduce the amide to the
amine and to remove the protecting group by reduction (58).
Cyclization by means of sulfuric acid (probably via the benzylic
carbonium ion) affords phenmetrazine (59).'¢ 1In a related pro-
cess, alkylation of ephedrine itself (60) with ethylene oxide
gives the diol, 61. (The secondary nature of the amine in 60
eliminates the complication of dialkylation and thus the need to
go through the amide.) Cyclization as above affords phendimetra-
zine (62).'7 Both these agents show activity related to the
parent acyclic molecule; that is, the agents are CNS stimulants
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and as such are used as appetite suppressants. It has been demon-
strated, incidentally, that the phenyl and methyl ring substitu-
ents both occupy the equatorial positions, leading to the formu-
lation of these compounds as the trans isomers.'®
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4. PYRIMIDINES

The finding that 2,4-diaminopyrimidines inhibit the growth of
microorganisms by interfering with their utilization of folic
acid led to an intensive search for antiinfective agents in this
class of heterocyclic compounds. This work led to the develop-
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ment of at least two successful antimalarial agents. Condensa-
tion of phenylacetonitrile with ethyl propionate in the presence
of sodium ethoxide gives the cyanoketone (63). Treatment with
diazomethane affords the methyl enol ether of that compound (64).
Condensation with guanidine affords pyrimethamine (65).*° (The
reaction may well involve reaction of an amino group at the enol
ether by an addition-elimination scheme followed by addition of
the remaining amino group on guanidine to the nitrile.)

N ¢=0 c
| AY
C2H5 H5C2 OCH3
63 64
NHZ
=N

65

Bishomologation of benzaldehyde, 66 (for example, by reduc-
tion to the alcohol, conversion to the halide, and then malonic
ester synthesis), affords the hydrocinamic acid, 67. Formylation
with ethyl formate and base gives the hydroxymethylene derivative,
68. Condensation of that intermediate with guanidine gives the
pyrimidine, 69, by a scheme similar to that above. The hydroxyl
group is then converted to the amine by successive treatment with
phosphorus oxychloride (70) and ammonia. There is thus obtained
the antimalarial agent, trimethoprim (71). A shorter route to
the same agent consists in first condensing the benzaldehyde with
3-ethoxypropionitrile to afford the cinamonitrile (72). Reaction
with guanidine gives 71 directly.®°® The reaction probably
involves displacement of the allylic ethoxy group in 72 by guani-
dine followed by addition to the nitrile; the double bond then
shifts into the pyrimidine ring.

A change in the substitution pattern on the pyrimidine ring
as well as conversion of one of the ring nitrogen atoms to its
N-oxide affords an agent with markedly altered biologic activity.
This drug, minoxidil (74), is an extremely effective hypotensive
agent acting by means of vasodilitation. (It is of interest that
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the agent was actually discovered by way of the desoxy analog;
although this compound shows some hypotensive activity in its own
right, biochemical work revealed the fact that this undergoes N-
oxide formation in vivo to afford 74.) Condensation of ethyl
cyanoacetate with guanidine in the presence of sodium ethoxide
affords the starting pyrimidine (¢71). Reaction with phosphorus
oxychloride then serves to replace the hydroxyl group by chlorine
(72). Treatment of that intermediate with metachloroperbenzoic
acid results in specific oxidation of the nitrogen at the 1 posi-
tion (73). Displacement of the halogen with piperidine affords
minoxidil (74).%%
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Coccidia are protozoans that can wreak havoc in a flock of
poultry by the infection known as coccidiosis. Agents that con-
trol this disease-coccidiostats—are in view of the world's heavy
dependence on poultry as a source of protein, of great economic
significance. One of the more important drugs for treatment of
this disease incorporates the pyrimidine nucleus. Condensation of
ethoxymethylenemalononitrile with acetamidine affords the substi-
tuted pyrimidine, 75. This reaction may well involve conjugate
addition of the amidine nitrogen to the malononitrile followed by
loss of ethoxide; addition of the remaining amidine nitrogen to
one of the nitriles will then lead to the pyrimidine. Reduction
of the nitrile gives the corresponding aminomethyl compound (76).
Exhaustive methylation of the amine (77) followed by displacement
of the activated quaternary nitrogen by bromide ion affords the
key intermediate (78).%% Displacement of the halogen by a-pico-
line gives amprolium (79).%?
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Although the antithyroid activity of compounds incorporating
an enolizable thioamide function was discussed earlier, this
activity was in fact first found in the pyrimidine series. The
simplest compound to show this activity, methylthiouracil (80)
(shown in both enol and keto forms), is prepared quite simply by
condensation of ethyl acetoacetate with thiourea.?* Further work
in this series shows that better activity was obtained by incor-
poration of a lipophilic side chain. Preparation of the required
dicarbonyl compound starts with acylation of the magnesium enolate
of the unsymmetrically esterified malonate, 81, with butyryl chlo-
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ride. Treatment of the product (82) with mild acid leads to loss
of the tertiary butyl ester as isobutylene. The resulting acid
quickly decarboxylates to afford 83. Condensation of that pro-
duct with thiourea affords propylthiouracil (84),%° sometimes
known simply as PTU.
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Inclusion of iodine in the thiouracyl molecule similarly
proves compatible with antithyroid activity. Alkylation of thio-
uracyl proper (85) with benzyl chloride affords the thioether,
86. Treatment of this with elemental iodine affords the nuclearly
substituted iodo derivative (87). Removal of the benzyl ether by
reduction leads to iodothiouracil (88).2°

Alkyl uracyls have been known for some time to act as diu-
retic agents in experimental animals. The toxicity of these
agents precluded their use in