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FOREWORD 
The ACS SYMPOSIU
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of its predecessor, ADVANCES 
IN CHEMISTRY SERIES, except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

'his volume contains the papers presented during the Symposium on 
A Pro-drugs held at Atlantic City, September 10,1974 under the sponsor

ship of the Division of Medicinal Chemistry. No serious effort was made 
in organizing the program to provide a comprehensive treatment of the 
subject matter. Rather it was hoped that the material presented would 
stimulate greater interest in this chemical approach to the problem of 
drug delivery. 

A short review of the subject sets forth some of the basic underlying 
concepts and approaches
array of antibiotics are then discussed. The remainder of the volume 
details chemical and biological studies on pro-drug candidates developed 
in our own laboratories. 

We apologize for the limited coverage of the subject matter con
tained in this book. This was caused more by necessity than by choice. 
At the time the program was formulated we were forced to depend 
largely on projects completed or being carried out in our several facilities 
or in those of our collaborators. This was in large part due to the sensitive 
nature of pro-drug research programs in established drug houses and 
their reluctance to publicize their early efforts in the field. In any case, 
the examples have been selected to illustrate the real utility of this 
approach. 

I would like to take this opportunity to thank all those who took 
part in the program and Naida Jimenez and her able secretarial assistants 
for their help in preparing the manuscript. 

University of Kansas TAKERU HIGUCHI 
Lawrence, Kans. 
March 11, 1975 
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1 

Pro-drugs: An Overview and Definition 

V. STELLA 
University of Kansas, Department of Pharmaceutical Chemistry, Lawrence, Kans. 66044 

Historically the term pro-drug was first intro
duced by Albert (1,2)
"pro-agent" to describ
biotransformation prior to exhibiting their pharmaco
logical effects. Albert suggested that this concept 
could be used for many different purposes. For 
example, in his book "Selective Toxicity" (2) he men
tions that "as a means of introducing selectivity into 
toxicity, the principle of latent activity has endless 
possibilities." Albert himself points out that the 
pro-drug approach is not new. Methenamine (I) and 
aspirin (II), both synthesized in the late nineteenth 
century, are examples of bioreversible derivatives of 

formaldehyde and salicylic acid respectively. Use of 
salicylic acid as an analgesic and anti-inflammatory 
agent was somewhat limited by its corrosiveness which 
was in part overcome with the use of II . Formalde
hyde, although a useful topical antiseptic, could not 
be used orally as a urinary tract antiseptic until i t 
was converted to I and formulated in an enteric coated 
tablet. 

The chemical modification of drugs to overcome 
pharmaceutical problems has also been termed "drug 

(I) (II) 

1 
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2 PRO-DRUGS 

l a t e n t i a t i o n . " The term was f i r s t used by Harper 
(3.3!) following the suggestion of Dr. L. Golberg. 
Harper defined drug l a t e n t i a t i o n "as the chemical 
modification of a b i o l o g i c a l l y active compound to form 
a new compound which upon i n vivo enzymatic attack 
w i l l l i b e r a t e the parent compound. The chemical a l 
terations of the parent compound are such that the 
change i n physicochemical properties w i l l affect the 
absorption, d i s t r i b u t i o n and enzymatic metabolism." 
Kupchan et a l . ( 5 . ) , i n attempting to u t i l i z e the pro
drug or drug l a t e n t i a t i o n approach for solving various 
problems, extended the d e f i n i t i o n of drug l a t e n t i a t i o n 
to include nonenzymatic regeneration of the parent 
compound. Regeneration takes place as a consequence 
of h y d r o l y t i c , d i s s o c i a t i v
necessarily enzyme

The te^ms pro-drugs, la t e n t i a t e d drugs and bio-
reversible derivatives have been used interchangeably. 
Sinkula and Yalkowsky i n t h e i r review (6) state, "by 
inference, l a t e n t i a t i o n implies a time lag element or 
time component involved i n regenerating the bioactive 
parent molecule i n vivo . . . . the term pro-drug i s 
general i n that i t includes l a t e n t i a t e d drug deriva
t i v e s as well as those substances which are converted 
a f t e r administration to the actual substance which 
combines with receptors." 

The term pro-drug i s a catchy, generic term for 
agents which undergo biotransformation p r i o r to ex
h i b i t i n g t h e i r pharmacological actions and w i l l be 
used i n t h i s manuscript to describe both s p e c i f i c a l l y 
designed bioreversible derivatives of a troublesome 
compound as well as "accidents" or retrospective pro
drugs. As Albert (2) states, many pro-drugs are the 
resu l t of "accidents" rather than foresighted attempts 
to overcome some p h y s i o l o g i c a l , physical or psycho
l o g i c a l b a r r i e r . For example, anthracene glycosides 
exhibit t h e i r laxative action through t h e i r aglycone 
while codeine may exert i t s action due to the forma
t i o n of morphine (2). 

The u t i l i z a t i o n of the pro-drug approach has been 
growing since s c i e n t i s t s began to r e a l i z e that prob
lems such as lack of s o l u b i l i t y , poor b i o a v a i l a b i l i t y 
due to p o l a r i t y or " f i r s t pass" e f f e c t , or lack of 
chemical s t a b i l i t y could be overcome by preparing 
chemically altered temporary transport forms of the 
drug (see I I I ) . Once the b a r r i e r to the use of the 
parent compound has been overcome, these temporary 
transport forms can be converted to the parent com
pound. This releases the transport moiety "C," which 
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1. STELLA Overview and Definition 3 

DRUG LINKAGE TEMPORARY 
TRANSPORT 
MOIETY 

A Β C 

CHI) 
obviously has to be nontoxic, so that the parent drug 
i s free to exert i t s pharmacological a c t i v i t y . 

Is a s a l t or a complex of a drug a pro-drug? 
The question of defining drug derivatives as pro-drugs 
can be quite controversial  Linkage !!Bff i s normally 
thought of as a covalen
a phosphate ester linkage
such products as benzathine p e n i c i l l i n have been 
viewed as pro-drugs or as examples of drug l a t e n t i a 
t i o n ( 3 . , 4 . ) , yet the linkage "B!! between the parent 
compound, p e n i c i l l i n , and the transport moiety, ben
zathine, i s e l e c t r o s t a t i c . The regeneration of peni
c i l l i n from benzathine p e n i c i l l i n i s simply d i s s o c i a 
t i o n of t h i s poorly water soluble s a l t . A complex or 
a s a l t i s a chemically defined new substance, i . e . , a 
new thermodynamic e n t i t y , just as a modification i n 
volving covalent bonding r e s u l t s i n a new chemical 
substance. I f the physical and chemical properties of 
t h i s new substance give i t unique q u a l i t i e s capable of 
overcoming some undesirable b a r r i e r to the use of the 
parent compound and t h i s new substance reverts to the 
parent compound aft e r overcoming t h i s b a r r i e r , then i t 
i s the b e l i e f of t h i s author that no matter how t r i v 
i a l the chemical modification may be, the new sub
stance i s a pro-drug of the parent compound. A num
ber of semantic arguments for and against t h i s d e f i n i 
t i o n can be made and reservations about c a l l i n g the 
s a l t of a compound a pro-drug would be r e a d i l y ad
mitted. However, procaine and benzathine p e n i c i l l i n 
(7-11), and mafenide acetate ( s a l t not amide) for 
t o p i c a l application (12-14) are examples of s p e c i f i c 
s a l t forms of a parenF~compound which impart unique 
and important q u a l i t i e s to the stable, prolonged, and 
e f f i c i e n t release c h a r a c t e r i s t i c s of the parent com
pound. S i m i l a r l y , the discussion l a t e r by Dr. Repta 
of the water soluble gentisate complex of hexamethyl-
melamine w i l l demonstrate the uniqueness of t h i s com
bination over the parent compound, thus q u a l i f y i n g the 
complex as a pro-drug of hexamethylmelamine. 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



4 PRO-DRUGS 

Reviews and overviews of the pro-drug concept are 
numerous. Apart from the c l a s s i c reviews of Harper 
(3,1) and Albert (1,2), the reviews of Ariens ( 1 5 - 1 8 ) , 
Bundgaard ( 1 9 ) , Sinkula et a l . ( 6,20), and S t e l l a Γ21) 
should be mentioned. Each review offers a d i f f e r e n t 
approach to the pro-drug concept, even though obvious 
overlap does e x i s t . Notari (22) > i n his recent thesis 
on pharmacokinetics and molecular modification, 
touches l i g h t l y on the pharmacokinetic implications 
of the pro-drug approach, an area of study which de
serves much more attention. 
Rationale f o r the Use of Pro-Drugs 

The awareness
sired pharmacologica
action has recently been reemphasized by the resur
gence and growth of pharmacokinetics which i s the 
study of the time course of absorption, d i s t r i b u t i o n , 
metabolism and excretion of drugs. The concentration 
versus time p r o f i l e of a drug, i t s metabolite i n var
ious tissues and organs, and the time p r o f i l e of the 
corresponding pharmacological response has been a par
t i c u l a r l y e x c i t i n g and f r u i t f u l area i n current phar
macokinetic research ( 2 3 - 2 5 ) . The awareness that the 
onset, i n t e n s i t y and duration of drug action are 
greatly affected by the physical and chemical proper
t i e s of the drug has promoted the emergence of various 
t h e o r e t i c a l a'nd predictive models for drug design and 
evaluation ( 2 6 - 2 8 ) . 

Ariens et a l . (29) point out that drug action i n 
volves three major phases: the pharmaceutical phase, 
the pharmacokinetic phase, and the pharmacodynamic 
phase. The pharmacodynamic phase represents the drug-
receptor i n t e r a c t i o n or b i o l o g i c a l a v a i l a b i l i t y of the 
drug. Scheme I shows a s i m p l i f i e d pharmacokinetic 
model for a t y p i c a l drug e n t i t y and demonstrates that 
before a drug-receptor i n t e r a c t i o n can occur the drug 
must reach the target organ i n which the drug receptor 
i s located. A number of barriers may l i m i t a drug 1s 
a b i l i t y to reach a desired target organ and the sub
sequent receptor s i t e and these barriers can be of 
pharmacokinetic o r i g i n . To reach an e f f e c t i v e and de
sired concentration of drug at the target organ re
quires not only the drug to be e f f i c i e n t l y absorbed 
(f ^ 1 and.k]_ either large r e l a t i v e to other rate con
stants or controlled) but i t also i d e a l l y requires 
that the amount of drug i n the rest of the body be 
minimized to prevent t o x i c i t y . The pathway shown by 
the broken l i n e and rate constants k f i and k T 2 would 
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6 PRO-DRUGS 

be i d e a l . For a comprehensive discussion of how the 
physical chemical properties of drug molecules affect 
various pharmacokinetic parameters, the paper by 
Notari (22) should be consulted. A p r i o r i , any change 
i n physical chemical properties of a drug molecule due 
to i t s conversion to a pro-drug could obviously affect 
the time p r o f i l e of the parent drug i n various com
partments. For example, on the positive side, a pro
drug may be converted to the parent compound by a spe
c i f i c enzyme found only i n the target organ. I f the 
parent compound passes from the target organ into the 
central compartment and i s immediately eliminated, 
then the pro-drug w i l l have conferred to the drug a 
degree of s p e c i f i c i t y for the target organ  On the 
other hand, i f i n attemptin
aqueous s o l u b i l i t y g (poo y
fined as the primary source of the b i o a v a i l a b i l i t y 
problem) a well absorbed, water soluble pro-drug de
r i v a t i v e i s synthesized, care must be taken to ensure 
that the pro-drug reverts to the parent compound 
(Scheme I I ) . The rate of conversion must insure a 
buildup i n concentration of the parent drug to a lev
e l above i t s minimum ef f e c t i v e l e v e l at i t s s i t e of 
action, i . e . , ki| >> (k3 + k2) , the point being that 
once the p a r t i c u l a r undesirable b a r r i e r has been over
come, rapid reversion to the parent compound i s de
sir a b l e to minimize other complications such as the 
pro-drug being metabolized to an inactive metabolite 
or being excreted unchanged from the body. On t h i s 

PRO-DRUG PARENT 
DRUG 

PRO-DRUG METABOLITE 
(Inactive) 

DRUG METABOLITE 
(Inactive) 

Scheme I I 
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1. STELLA Overview and Definition 7 

point, Albert (2) commented that "although a detailed 
knowledge of permeability and enzymes can a s s i s t a 
s k i l l f u l designer i n finding useful pro-agents, he 
w i l l have i n mind an organism's normal reaction of a 
foreign substance i s to burn i t up for food." 

Barriers of nonpharmacokinetic and nonpharmaco-
dynamic o r i g i n may also play a major role i n pre
venting a drug from reaching a desired target organ. 
Referring to Scheme I , i t i s obvious that there are 
other barriers (represented by the rate constant k) 
i n h i b i t i n g the drug's a b i l i t y to reach the dosage form 
stage. The r e j e c t i o n of a product can be due to pa
t h o l o g i c a l l i m i t a t i o n s such as t o x i c i t y and high i n 
cidences of side e f f e c t s  teratogenicity  etc  Phar
maceutical l i m i t a t i o n
chemical i n s t a b i l i t y of the compound or formulation 
d i f f i c u l t i e s . Common psychological l i m i t a t i o n s can be 
traced to the unpleasant taste of a drug, pain at an 
i n j e c t i o n s i t e , or cosmetic damage to the patient. 
Economic barriers which are also important are often 
overlooked. In the economic structure of our society, 
a drug must have the p o t e n t i a l to make economic gains 
for i t s promotor or i t w i l l not reach the market 
place. Just as pro-drugs can be used to overcome 
pharmacokinetic b a r r i e r s , pro-drugs have been used to 
overcome nonpharmacokinetic b a r r i e r s . An unpatented, 
pharmacologically active drug with some physico-chem
i c a l properties l i m i t i n g i t s usefulness may not be of 
interest to a large company. I f , however, the b a r r i e r 
to the drug 1s use i s successfully removed by biore-
v e r s i b l e chemical modification and the modification i s 
patentable, the product may then have economic poten
t i a l . 

The design of e f f i c i e n t , stable, safe, patient 
acceptable and e s t h e t i c a l l y pleasing way to d e l i v e r 
a drug to i t s s i t e of action while overcoming various 
physical, chemical and s o c i a l barriers i s c e r t a i n l y an 
area where the u t i l i z a t i o n of the pro-drug approach 
holds great p o t e n t i a l . Figure 1 shows the types of 
barriers that have l i m i t e d the successful screening 
and/or f u l l development of suspected pharmacologically 
active agents and for which the pro-drug approach has 
proven to be successful i n overcoming. 
Applications of the Pro-drug Approach 

I t i s not the objective of t h i s overview to d i s 
cuss every possible example where the pro-drug concept 
was used to overcome a problem. That would be an ar
duous task. What w i l l be presented w i l l be a b r i e f 
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8 PRO-DRUGS 

LACK OP SITE 
SPECIFICITY 

UNSTABLE AS " A " 

NOT ABSORBED FROM 
GI TRACT BECAUSE 
OF POLARITY - OR 
NOT ABSORBED 
THROUGH BLOOD 
BRAIN BARRIER OR 
SKIN 

METABOLIZED AT 
ABSORPTION SITE 

ABSORBED TOO 
QUICKLY -
SUSTAINED RELEASE 
DESIRED 

TOXICITY IF 
ABSORBED AS 

SUCH POOR DOCTOR AND 
NURSE ACCEPTANCE 
DUE TO PRAGMATIC 
PROBLEMS 

POOR PATIENT 
ACCEPTANCE-TASTE 
ODOR, PAIN AT 
INJECTION SITE 

FORMULATION 
PROBLEMS, E.G., 
LIQUID-TABLET 
FORMULATION 
DESIRED 

WATER INSOLUBLE 
NOT ABSORBED -
NOT CAPABLE OF 
DIRECT IV 
INJECTION 

Figure 1 

l i s t i n g and discussion of some of the more c l a s s i c 
examples as well as some recent developments. Hope
f u l l y , t h i s approach w i l l encourage application of the 
pro-drug concept to current research and problem solv
ing by others. 

The pro-drug approach has apparently led to a 
great deal of success i n overcoming s p e c i f i c problems 
associated with certain drug molecules. Many of the 
examples that w i l l be given i n t h i s review are what 
may be cal l e d foresighted pro-drugs, i . e . , cases where 
the s c i e n t i s t has, through the use of the knowledge of 
factors a f f e c t i n g drug absorption, d i s t r i b u t i o n , me
tabolism and excretion, designed and synthesized pro
drugs with the s p e c i f i c view to overcome some problem 
associated with the parent compound. At the same 
time, there are many examples of "accidental" pro
drugs which, i n retrospect, have been found to be very 
useful and s i g n i f i c a n t l y superior to the parent com-

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



1. STELLA Overview and Definition 9 

pound. When the rationale f o r the design or use of a 
p a r t i c u l a r pro-drug i s discussed, i t should be stated 
that the current application of the pro-drug may not 
have been the reason for synthesizing the pro-drug i n 
the f i r s t place. 
Use of Pro-Drugs i n Overcoming Absorption Problems 

To state that the pro-drug approach has been used 
to overcome absorption problems i s rather meaningless 
unless the p a r t i c u l a r absorption b a r r i e r i s defined. 
For example, a drug may be poorly absorbed from the 
g a s t r o i n t e s t i n a l (GI) t r a c t , into the central nervous 
system (CNS), into th  through th  s k i n  etc.
because the drug i
compounds and other highly polar chemicals are not 
well absorbed through these barriers because the bar
r i e r s are l i p o i d a l i n nature. The q u a l i f y i n g state
ment should be made that some highly polar molecules 
such as vitamins, amino acids and carbohydrates are 
absorbed through these barriers but are absorbed by 
active transport. A drug may be poorly absorbed from 
the GI t r a c t because of the very water insoluble char
a c t e r i s t i c s of the drug. The rate determining step to 
absorption may become the d i s s o l u t i o n rate of the 
drug. Also, a drug may apparently be poorly absorbed 
into general c i r c u l a t i o n as a result of the so-called 
" f i r s t pass" effect (30-31). The " f i r s t pass" effect 
results from the loss of the drug due to metabolism of 
the drug i n the GI mucosa or l i v e r i n i t s i n i t i a l pas
sage through these organs. 

Understanding the problem drugs would be an easy 
task i f they could be partitioned into neat catego
r i e s . Invariably, poor absorption of a drug cannot be 
attributed to any single factor. 

To F a c i l i t a t e Passage Through L i p i d Membranes of 
Drugs with Poor L i p i d S o l u b i l i t y . 

Catecholamines. Chemical modification to i n 
crease l i p i d s o l u b i l i t y and to f a c i l i t a t e the absorp
t i o n of pharmacologically active catecholamines from 
the GI tr a c t and through the blood brain b a r r i e r (BBB) 
has led to a great deal of study. Moderate success 
has been achieved to date. 

Deficiencies of brain dopamine (IV) r e s u l t i n g 
from degeneration of the substantia nigra seem to be 
associated with a number of symptoms of Parkinson's 
disease (35-40). Therefore, attempts have been made 
to r a i s e the brain l e v e l s of dopamine i n patients 
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10 PRO-DRUGS 

HO 

(IV) 

suffering from Parkinson's disease. I t has been 
stated that dopamine i t s e l f cannot be used because i t 
i s incapable of bein  absorbed  th  BBB  fact 
primarily attribute
highly ionized state at physiological pH. A precursor 
or a pro-drug of dopamine, L-Dopa (V) or L-3,4-dihy-
droxyphenylalanine, has repeatedly been found to be 
eff e c t i v e i n the treatment of Parkinson's disease 
(41-50). L-Dopa i s absorbed from the GI tra c t and 

l DOPA DECARBOXYLASE 
DOPAMINE 

into the CNS through the active transport mechanism 
for amino acids (51-52). In the CNS, Dopa decarbox
ylase can convert L-Dopa to the desired dopamine. I t 
has been assumed that the poor absorption of dopamine 
i s due to i t s p o l a r i t y and highly ionized state. How
ever, rapid enzymatic metabolism of catechol molecules 
v i a conjugation mechanisms such as s u l f a t i o n , g l u-
curonidation and O-methylation contribute heavily to 
the rapid loss of dopamine i f dopamine i s administered 
o r a l l y , i . e . , dopamine given o r a l l y probably never 
reaches the BBB. Even with L-Dopa, approximately only 
20% of an o r a l l y administered dose reaches general 
c i r c u l a t i o n as L-Dopa since i t can be rapidly conju
gated, decarboxylated, O-methylated and oxidized i n 
the GI tra c t and mucosa (53-60). The degree of t h i s 
so c a l l e d " f i r s t pass" effect i n any given i n d i v i d u a l 
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1. STELLA Overview and Definition 11 

patient i s a function of the age, genetic structure, 
d i e t , etc, of the i n d i v i d u a l . 

I t has been suggested that part of t h i s " f i r s t 
pass" effect might be circumvented by the use of 
L-Dopa esters (VI) which can be transformed to the 

(VI): R = a l k y l substituent 

active drug, L-Dopa, following absorptio  (§1) .
t i a l l y t h i s may seem incongruous because i t appears 
that the ester should have the same absorption prob
lems as dopamine i t s e l f , i . e . , VI i s a primary amine 
and the catechol groups have not been protected from 
metabolism. The i o n i z a t i o n of phenolic amines i n 
cluding L-Dopa has recently been discussed by Martin 
(62) and others (63-66). The i o n i z a t i o n characteris
t i c s of molecules s i m i l a r to dopamine can be depicted 
schematically by Schemes I I I and IV. In these schemes 
K]_ and K2 represent the normal macroscopic or observed 
i o n i z a t i o n constants and k^, k 2 , k12> a n d k21 a r e m i ~ 
croscopic i o n i z a t i o n constants. I f i t i s assumed that 
only N~—OH or (00) i s absorbed through l i p o i d a l mem-

e e 
Η Ν — — 0 

(00) 
Scheme I I I 
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12 PRO-DRUGS 
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Scheme IV 
branes, then the percentage of t o t a l drug present at 
physiological pH of 7 Λ  (00) w i l l b  functio f 
the various microscopi
cussion of the in t e r r e l a t i o n s h i p s of the microscopic 
and macroscopic constants see references 6 2 - 6 6 ) . The 
following drugs were subjected to analysis of 35(00.) 
present at physiological pH; tyramine ( V I I ) , tyrosine 
ethyl ester ( V I I I ) , epinephrine (IX), dopamine (IV), 
and morphine (X). An estimate of ρΚχ, pK2, pk]_, and 
pk2 for a t y p i c a l L-Dopa ester (VI) was made and ap
proximate $(00) calculated at physiological pH. Table 
I gives the pK]_, pK2, pk]_, pk2, R(where R i s the r a 
t i o (+-)/(00) and equals k]_/k2) and $(00) at physio
l o g i c a l pH for these compounds. As i s rea d i l y appar
ent from t h i s table l i t t l e passive absorption from the 

(VII) (VIII) 

(X) 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



1. STELLA Overview and Definition 13 

Table I 

Compound pK 1 P K 2 pk 1 pk 2 R $ ( 0 0 ) 

IV 8 . 8 7 1 0 . 6 3 8 . 9 0 1 0 . 0 6 15 0 . 2 1 

VI * 
7 . 2 1 9 . 4 4 8 . 7 6 * 

* 
7 . 2 2 

* 
0 . 0 3 

* 
6 0 . 2 

VII 9 . 6 1 1 0 . 6 5 9 . 7 0 1 0 . 3 2 4 . 2 0 . 1 2 

VIII 7 . 3 3 9 . 8 0 9.42 7 . 3 3 0 . 0 0 8 5 3 . 1 

IX 8 . 6 6 

X 8 . 3 1 9 . 5 1 8 . 8 7 8 . 4 5 0 . 3 8 7 . 9 8 

Roughly estimated from the data of Martin ( 6 2 ) 
based on the effect on pKi, pK2, p k i , pk2 of es-
t e r i f i c a t i o n of the carboxyl group of tyrosine 
to give tyrosine ethyl ester. 

GI tract or through the BBB would be expected f o r IV, 
VII or IX unless some compensation for the small f r a c 
t i o n of ( 0 0 ) present i s made i n terms of increased l i -
p o p h i l i c i t y and/or reduced " f i r s t pass" metabolism. 
The rather high f r a c t i o n of ( 0 0 ) present at physio
l o g i c a l pH for VI, VIII and X suggests that these com
pounds should have l i t t l e problem penetrating l i p o i d a l 
membranes, assuming they possess s u f f i c i e n t l i p o p h i l i -
c i t y . Any reduced b i o a v a i l a b i l i t y of these compounds 
can probably be attributed to a " f i r s t pass" e f f e c t . 

Lai et a l . (6l) have synthesized esters of L-Dopa 
i n an attempt to overcome the " f i r s t pass" metabolism 
of L-Dopa while Anden et^ a l . (67.) have prepared the 
methyl ester of tyrosine to help absorption and pre
vent decarboxylation. 

Pinder suggested 0 , 0 - d i a c e t y l - ( X I ) , 0 , 0 - d i ( t r i -
methylsilyl)dopamine (XII) as useful pro-drugs of 
dopamine capable of penetrating the BBB (68). I f i t 
i s assumed that pk2> the microscopic i o n i z a t i o n con
stant for the amino group of dopamine, i s unaffected 
by acylation or s i l y a t i o n of the hydroxy groups, $ ( 0 0 ) 
i s calculated to be 0 . 2 2 , i . e . , acylation of the hy
droxy groups does l i t t l e to improve the f r a c t i o n of 
neutral species present at physiological pH. What 
acylation may do i s protect the hydroxy groups from 
being conjugated and increase the l i p o p h i l i c i t y of the 
molecule. Pinder based his suggestions on the r e s u l t s 
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14 PRO-DRUGS 

CHoC0 

(XIII) 

of Creveling et a l . ( £ 9 , 7 0 ) who had shown that 3 , 4 , 
β-triacetyl (XIIÏT, and 3 , 4 , 3 - t r i ( t r i m e t h y l s i l y l ) 
(XIV) derivatives of norepinephrine caused prolonged 
release of the parent catecholamine i n mice brains. 
However, as pointed out by Creveling et_ a l . ( 6 9 , 7 0 ) 
even though both XIII and XIV re a d i l y entered the CNS, 
the derivatives survived as noncatechol e n t i t i e s for 
long periods i n the brain. For example, when H 3 
tagged XIII was given I.V. to mice approximately 2 0 $ 
of t o t a l brain r a d i o a c t i v i t y could be attributed to 
catechol species while the remaining 80$ was noncate
chol species. In the hearts of the same animals the 
reverse was the case, i . e . , the derivative appeared to 
be quickly converted to catechol species. This tends 
to suggest that enzymatic regeneration of the norepi
nephrine from XIII may not be f a c i l e i n the CNS. 
Borgman et a l . (Jl) have recently synthesized a series 
of 0,0-diacetyl derivatives of various dopaminergic 
catecholamines including dopamine. The i n a b i l i t y of 
XI to antagonize oxotremorine-induced tremor i n mice 
( 7 1 ), reserpine-induced depression ( 7 1 ) or to cause 
hypothermia ( 7 1 ) i n mice suggests that Pinder fs pro
posal that XI should penetrate the CNS may be erro
neous. 

The use of I.V. dopamine i n the treatment of 
shock ( 7 2 , 7 3 ) suggests that dopamine pro-drugs such as 
XI and other 0,0-diacyl (11 , 7 4 ) and amino acid amides 
derivatives of dopamine (75.) might provide u s e f u l , 
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1. STELLA Overview and Definition 15 

o r a l l y bloavailable forms of dopamine for the t r e a t 
ment of shock. In the treatment of shock, peripheral 
and not CNS le v e l s of dopamine are desired. 

Other examples of attempted chemical modification 
intended to promote CNS absorption of amines include 
the studies of Verbiscar et a l . (76.) with amphetamine, 
Bj u r u l f et a l . (77.) with chlorphentermine and Kupchan 
et a l . (75") with normeperidine. Each study attempted 
carbamoylation of the amine i n an e f f o r t to (a) i n 
crease the l i p o p h i l i c i t y of the amine by preventing 
the i o n i z a t i o n reaction. Penetration into the CNS 
from blood has been correlated to l i p o p h i l i c i t y and 
the concentration of undissociated molecules i n the 
blood ( 7 9 - 8 1 ) : and/o  (b) t th  metaboli  actio
of monoamine oxidas
r e s u l t s with amphetamine and normeperidine were mar
g i n a l . The carbamates of amphetamine did appear to 
provide a prolonged release e f f e c t . The r e s u l t s of 
B j u r u l f ert a l . ( 7 7 ) with N-carbethoxychlorphentermine 
(XV) or Oberex® TSraco), a pro-drug of the anorectic 
agent chlorphentermine, showed that the pro-drug had a 
" r e l a t i v e l y prolonged effect which makes one dose i n 
the morning apparently s u f f i c i e n t . " 

Water soluble vitamins. Many of the water solu
ble Β vitamins such as thiamine (vitamin Βχ, XVI), 
r i b o f l a v i n (vitamin B 2 , XVII) and pyridoxine (vitamin 
B6, XVIII) are highly polar and a c t i v e l y absorbed 
agents. 

Thiamine, being a water soluble compound with a 
quaternary nitrogen, i s poorly absorbed into the CNS 
( 8 3 ) and poorly absorbed from the GI t r a c t (84 - 8 7 ) . 
Thiamine passes through these barriers because both 
i n CNS and o r a l absorption, i t i s a c t i v e l y absorbed. 
However, active absorption processes are saturable 
and/or e a s i l y i n h i b i t e d . I n h i b i t i o n of the or a l ab
sorption of thiamine by chronic alcohol consumption 
has been implicated i n Wernicke's encephalopathy ( 8 8 ) 
and i n h i b i t e d CNS absorption of thiamine has been im
pl i c a t e d i n the Leigh's disease (89. ,£0) · Thomson 

CH 
3 

(XV) 
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16 PRO-DRUGS 

0 
(XVII) 

et a l . (88) have shown that chronic alcohol consump
t i o n and long dietary deficiency may reduce the i n 
t e s t i n a l absorption of thiamine. Thiamine undergoes 
a rather unusual second i o n i z a t i o n (Scheme V) to a 
th i o l a t e ion (XIX), involving the consumption of two 
moles of hydroxide ion for each mole of thiamine. 
Der i v a t i z a t i o n of XIX leads to many l i p i d soluble pro
drugs of (a) the d i s u l f i d e type, such as thiamine pro-
p y l d i s u l f i d e (TPD, XX), thiamine t e t r a f u r f u r y l d i s u l -
f i d e (TTPD, XXI) and 0,0 f-dibenzoylthiamine d i s u l f i d e 
(XXII); (b) d i a c y l type, such as 0,S-diacetylthiamine 
(DAT, XXIII); and (c) 0,S- and S-carbonate esters of 
thiamine, such as 0,S-diethoxycarbonylthiamine (DECT, 
XXIV). These and many other derivatives have been 
synthesized i n Japan since the early 1950 fs (91)· The 
synthesis of these derivatives was not necessarily 
aimed at p r e f e r e n t i a l GI or CNS absorption of thiamine 
but was geared mainly to the possible use of these 
l i p i d soluble thiamine derivatives as stable food ad
d i t i v e s . The polishing of r i c e had led to some t h i a 
mine deficiency i n Japan. Thiamine i t s e l f could not 
be used as a food additive f o r r i c e because i t i s too 
water soluble, thus e a s i l y washed from r i c e . I t i s 
also chemically unstable (92) and very poorly absorbed. 
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(XIX) 
Scheme V 

Compounds l i k e (XX-XXIV) and t h e i r homologues do 
not possess a quaternized nitrogen so allowing them to 
be passively absorbed from the GI t r a c t . Each are 
quantitatively converted to thiamine once i n the body 
( 9 3 ) . XXIII and XXIV and t h e i r homologues are con
verted to thiamine by thioesterases and esterases 
( 9 3 ) . The d i s u l f i d e compounds (XX-XXII) and t h e i r 
homologues are converted to thiamine by a d i s u l f i d e 
exchange mechanism implicating glutathione and gluta
thione reductase ( 9 4 - 9 7 ) . Grode et a l . (9.8) recently 
speculated that d i s u l f i d e thiamine pro-drugs might be 
susceptible to in t e r a c t i o n with serum proteins v i a a 
d i s u l f i d e exchange reaction and pr e c i p i t a t e antibody 
formation. Their results show that long term dosing 
of XXI i n rabbits did not e l i c i t antibody formation. 

Thomson et a l . (8J3) have presented some excellent 
data on thiamine blood and CNS levels i n Wernicke's 
encephalopathy as well as lowered blood and CNS levels 
of thiamine i n alcoholics having symptoms s i m i l a r to 
but not necessarily suffering from Wernicke's disease. 
Their results show that XX on single oral dosing re
sulted i n increased, and i n some cases normal, red 
blood c e l l (RBC) transketolase a c t i v i t y i n a l c o h o l i c , 
thiamine d e f i c i e n t patients while thiamine i t s e l f had 
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1. STELLA Overview and Definition 19 

only a small effect on RBC transketolase a c t i v i t y . 
Six hours aft e r o r a l administration of XX, 5 of 6 a l 
coholic patients with Wernicke's disease and the ac
companying b i l a t e r a l rectus palsy showed complete re-

0 I 2 3 4 s * 24 

TIME (hours) 

Annals of Internal Medicine 

Figure 2. Thiamine blood levels in malnourished alco
holic patients with fatty livers (Δ) and in normal subjects 
(0)> given 50 mg of XX (open symbols) or 50 mg of thia

mine hydrochloride (closed symbols) (88) 

mission of the occular palsy, with the s i x t h patient 
showing an improved condition. Figure 2 gives the 
thiamine blood l e v e l versus time p r o f i l e f o r a 50 mg 
dose of XX compared to an i d e n t i c a l dose of thiamine 
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20 PRO-DRUGS 

given to malnourished alcoholic patients with f a t t y 
l i v e r and normal subjects. Figure 3 i s a comparison 
of blood l e v e l and cerebrospinal f l u i d concentration 
versus time p r o f i l e and the accompanying c l i n i c a l re
sponse for a group of thiamine d e f i c i e n t alcoholics 
treated with thiamine for 25 hours and then treated 
with an equivalent dose of XX. 

0 2 4 6 9 J 46 2 4 
TIME (HOURS) 

Annals of Internal Medicine 

Figure 3. Comparison of clinical and laboratory abnormali
ties response to 50 mg of thiamine hydrochloride followed 

by XX in thiamine deficient ahoholics (88) 
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Subacute necrotising encephalomyleopathy (SNE) or 
Leigh's disease, a terminal disease a f f l i c t i n g c h i l 
dren, has been suspected to be due to thiamine CNS 
deficiency possibly caused by malabsorption of t h i a 
mine into the CNS. I f thiamine CNS absorption i s i n 
h i b i t e d , the use of a passively absorbed l i p i d s o l 
uble thiamine pro-drug may prove useful. Pincus ( 8 9 ) 
attempted to use XX i n a number of Leigh's disease 
cases with some degree of success. Temporary remis
sions have been noted ( 8 9 ) . Iwasaki ( 9 9 ) has studied 

Blood 

0 1 3 0 1 3 0 1 3 
TIME (hours) 

Vitamins (Kyoto) 

Figure 4. Thiamine levels in milk and blood after 
parenteral administration of 200 mg of modified thia

mine compounds given S.C. to goats (99) 

the absorption of XXIII and XX into a l i p i d depot 
(goat milk) af t e r subcutaneous (S.C.) i n j e c t i o n of 
these derivatives to goats. Iwasaki's results are 
shown i n Figure 4. On the basis of t h i s experiment, 
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22 PRO-DRUGS 

XXIII would be expected to produce higher CNS l e v e l s 
of thiamine than XX or thiamine i t s e l f , e specially i n 
the presence of an i n h i b i t e d thiamine CNS uptake mech
anism. A preliminary c l i n i c a l i n v estigation using 
XXIII, at Loyola Medical Center, Maywood, I l l i n o i s , on 
a possible Leigh's disease case produced encouraging 
re s u l t s (100). 

For a complete review of thiamine pro-drugs, the 
paper of Kawasaki (93.) should be consulted. For a 
summary of various synthetic procedures for preparing 
various thiamine pro-drugs, the reader i s directed to 
the paper by Matsukawa et a l . (£1). The improved o r a l 
b i o a v a i l a b i l i t y of thiamine through dosing with v a r i 
ous thiamine pro-drug  i  well documented i  th  Jap
anese l i t e r a t u r e (91*93,99,102-113)

Chronic alcohol ingestion has also been shown to 
i n h i b i t the active absorption of r i b o f l a v i n , other 
a c t i v e l y absorbed water soluble vitamins (114,115)> 
amino acids (116-118) and carbohydrates (116). 

Fatty acid esters of r i b o f l a v i n have been synthe
sized by Yagi et a l . (lu,120) "to widen the a p p l i 
cation of r i b o f l a v i n to pharmaceutical and n u t r i t i o n a l 
f i e l d s . " Their r e s u l t s show that 2 f , 3 f , 4 f , 5 f - t e t r a -
palmitate, -tetracaprate, -tetrabutyrate and - t e t r a -
propionate esters of r i b o f l a v i n could be hydrolyzed 
to r i b o f l a v i n and the corresponding f a t t y acid by 
pancreatic l i p a s e . 

Shintani et_ a l . (121) have shown that the d i - and 
t r i p a l m i t a t e esters of pyridoxine given o r a l l y to mice 
had vitamin B5 a c t i v i t y . However, i f the esters were 
given i n t r a p e r i t o n e a l l y ( I . P . ) , the vitamin Bg a c t i v 
i t y was diminished. Results i n rats confirmed the 
e a r l i e r findings i n mice (122). I t seemed that the 
palmitate esters required cleavage to pyridoxine be
fore absorption and that i n j e c t i o n of the esters re
sulted i n t h e i r incomplete conversion to the pyridox
ine. The triaminobenzoate ester of pyridoxine has 
also been prepared (123) as a possible pro-drug form 
of pyridoxine. 

L i p o p h i l i c derivatives of ascorbic a c i d , such as 
β-palmitoylascorbic acid (124,125) and 6-stearoylas-
corbic acid (126,127), have been synthesized as l i p o 
p h i l i c antioxidants for nonaqueous formulations. 
Various mono- and polyacyl derivatives of ascorbic 
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acid have been synthesized with the view to increase 
the aqueous s t a b i l i t y of ascorbic acid. The weak 
vitamin C a c t i v i t y of the 2,3 55 56-tetracetyl derivat i v e administered o r a l l y has been noted (128) while 
6-benzoyl (129-132), β-stearoyl (126 3127)7^-lauryl (126,127) and some d i a c e t y l derivatives have vitamin 
C a c t i v i t y equivalent, but not superior, to ascorbic 
acid. However, as w i l l be discussed l a t e r , the 2-
and/or 3-acyl derivatives are more chemically stable 
than ascorbic acid i t s e l f . The l i p o p h i l i c 6-palmi-
t o y l derivative i s used as a l i p o p h i l i c antioxidant. 

Nucleosides and nucleotides. Another group of 
highly polar, poorly l i p o p h i l i c molecules with r e s u l
t i n g poor permeabilit
analogs of the natura  purin  pyrimidin
sides (133). These compounds can i n t e r f e r e with nu
c l e i c acid synthesis and the synthesis of proteins 
and carbohydrates. The routine use of the nucleoside 
analog, 6-azauridine (XXV), i n the treatment of neo
p l a s t i c diseases and psoriasis was impractical be
cause of i t s poor o r a l b i o a v a i l a b i l i t y . The poor 
b i o a v a i l a b i l i t y can be attributed to the poor perme
a b i l i t y c h a r a c t e r i s t i c s of XXV and/or metabolism of 

0 

(XXV): R = 
(XXVI): R = 

(XXVII): R = 
-H 
- C O C H 3 
-COC^H 
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24 PRO-DRUGS 

XXV during the absorption process. The synthesis of 
various esters of XXV such as 2 ! , 3 f , 5 ' - t r i a c e t y l -
(XXVI), and 2 f,3 f,5 1-tribenzoyl-6-azauridine (XXVII) as 
well as other mono- and polyacyl derivatives was car
r i e d out i n an e f f o r t to obtain an o r a l l y bioavailable 
form of XXV (134-139). XXVI on i n j e c t i o n i n patients 
suffering from various neoplastic diseases (140) was 
found to be excreted i n the urine as 6-azauridine (29-
11%) and monoacetyl-6-azauridine (4-19?). The t r e a t 
ment of ps o r i a s i s with o r a l doses of XXVI of 250 
mg/Kg/day proved successful ( l 4 l ) . XXVI given o r a l l y 
to rats showed a n t i f e r t i l i t y properties s i m i l a r to XXV 
with the added advantage that XXVI was o r a l l y absorbed 
(142). 

Welch (134) ha
o r a l l y every 8 hours and s completely absorbed. O
o r a l dosing, XXVI i s excreted 80$ as XXV and 11% as i t s 
5 f-acetyl derivative with only traces of XXVI excreted. 
Orally administered XXVI caused the same c l i n i c a l ef
fects as a molar equivalent dose of XXV given I.V. 

The poor o r a l b i o a v a i l a b i l i t y of the nucleoside, 
psicofuranine, (XXVIII), has been attributed to the 
b a s i c i t y of i t s 6-amino group, and i t s n o n l i p o p h i l i c 
character (143). Various acetate esters of XXVIII were 
prepared including th^ tetraacetate ester (XXIX). Oral 
CD50 studies with S. hemolyticus infected mice showed 
XXIX to be twice as e f f e c t i v e as the parent compound 
XXVIII. Figure 5 gives human serum levels of XXVIII as 

OR OR 

(XXVIII) : R = -H 
(XXIX) : R = -COCH 
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a function of time after o r a l dosing with XXVIII and 
XXIX. The poor b i o a v a i l a b i l i t y of XXVIII from an o r a l 
dose of XXVIII was confirmed and the superiority of 
XXIX as an o r a l l y available form of XXVIII demonstra
ted. Hoeksema et a l . (143.) state that the higher s o l 
u b i l i t y of XXIX r e l a t i v e to XXVIII i n chloroform (>150 

> χ χ J. -L 
1 2 3 4 5 
TIME (hours) 

6 7 8 

Biochemical and Biophysical Research Communications 

Figure 5. Serum levels in humans of XXVIII as a 
function of time after 1.5 g oral dosing of XXVIII 

(φ) or XXIX (O) (143) 

mg/ml compared to 0.007 mg/ml), while maintaining a 
reasonable aqueous s o l u b i l i t y (3 mg/ml compared to 
13 mg/ml), strongly suggested that the superior oral 
a v a i l a b i l i t y of XXVIII from XXIX can be attributed to 
the increased l i p o p h i l i c character of XXIX. 

Cyclic 3 1,5'-adenosine monophosphate (XXX), a po
l a r nucleotide regulator of glycogenolysis, has been 
acylated by Pasternak et a l . (144). The dibutanoyl 
d e r i v a t i v e , N°-2 f-0-dibutanoyladenosine-3 f,5 1-mono
phosphate (XXXI), given I.V. to dogs showed a greater 
hyperglycemic a c t i v i t y than XXX i t s e l f . Two^other de
r i v a t i v e s , the N-butanoyl (XXXII) and the N b-octanoyl 
(XXXIII) d e r i v a t i v e s , also showed superior and pro-
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NHR-

?— 

(XXX): R 1 

(XXXI): R 1 

(XXXII): R 1 

(XXXIII): R 1 

OR 

= R = -COC3H7 

=~COC3H7, R2 = -H 
= -COC^H^, R 2 = -H 

longed hyperglycemic a c t i v i t y compared to XXX. Pos-
ternak et a l . (144) attributed t h i s greater a c t i v i t y 
to increased entrance into c e l l s and/or the resistance 
of the derivatives to i n a c t i v a t i o n by phosphodiester
ases . 

The acetate, formate and propionate esters of 9-
(β-D-arabinofuranosyl)adenine have been synthesized as 
o r a l l y available forms of the parent drug (145) . Ada-
mantoyl esters of various deoxyribonucleosides (speci
f i c a l l y the 5f esters) have been prepared by Gerzon et 
a l . (146). Although the authors a t t r i b u t e the a c t i v 
i t y of the 5 !-adamantoyl esters to the int a c t ester, 
the p o s s i b i l i t y that the esters were acting as pro
drugs of the parent nucleoside was not excluded. 

Other polar compounds. The large difference be
tween e f f e c t i v e o r a l and I.V. doses of many quaternary 
ammonium drugs has been attributed to the incomplete 
oral absorption of quaternary compounds (147>148). 
The oral absorption of quaternary ammonium compounds 
from the GI tr a c t has always presented a problem. At 
least one quaternary compound, thiamine, has been 
shown to be a c t i v e l y absorbed (84). 
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Levine et_ a l . (149) were able to show that i n t r a 
molecular c y c l i z a t i o n s could be used to overcome t h i s 
problem. Table I I shows four compounds. Compound 
XXXV under physiological conditions found i n the plas
ma and i n t e s t i n a l t r a c t i s converted to XXXIV, the 
quaternary compound, v i a an intramolecular nucleo-
p h i l i c reaction. S i m i l a r l y , XXXVII i s converted to 
XXXVI. The absorption figures quoted i n Table I I were 
from i n s i t u i n t e s t i n a l loop experiments and do not 
r e f l e c t the concentration of quaternary compounds ac
t u a l l y appearing i n the blood stream. As can be seen 

TABLE I I 
Compoun

Hours 

CH. CH 

Λ 
© Ν J "(CH 2) 5 

(XXXIV) 
CH„ 

3 V 
Ν © 
V 

Ik 

CH_ 
I 3 

Br — ( C H 0 ) C - N ( C H 0 ) C - N ( C H ^ — Br 

CH, 

2'5 56 

(XXXV) 
CH, 

Λ 
® Ν 

V 

( C H 2 ) 5 
1 6 . 8 

(XXVI) 
CH. 
I 3, CH0 I 3 C I — ( CH2 ) ̂  - N — ( CH2 ) 5 — N— ( CH2 ) ή - C l 

(XXXVII) 
21 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



28 PRO-DRUGS 

seen from the Table I I , the quaternary compounds were 
poorly absorbed because of t h e i r low l i p i d s o l u b i l i t y 
while the t e r t i a r y amine derivatives were better ab
sorbed. Studies (149) of the urinary elimination pro
ducts after dosing with the t e r t i a r y amine precursors 
showed that metabolic pathways other than conversion 
to the quaternary compounds were occurring. As a re
s u l t , the superior absorption c h a r a c t e r i s t i c s of the 
t e r t i a r y amine precursors did not necessarily r e f l e c t 
increased blood levels of quaternary compounds. 

The mechanisms describing the intramolecular cy-
c l i z a t i o n s of ω-haloalkylamines to t h e i r quaternary 
analogues have been discussed by Streitwieser (150) 
and Kusnetsov et a l  (151)  Whil  Levin t a l  pio
neered the possibl
of the ω-haloalkylamines to t h e i r quaternary analogues, 
Ross and coworkers (152-157)» i n a series of studies, 
have attempted to u t i l i z e t h i s concept more f u l l y . 
Ross and Proden (152) studied the absorption and f o r 
mation of XXXVIII~Trom XXXIX i n mouse brain a f t e r I.P. 
administration of XXXIX. The I.P. i n j e c t i o n of XXXVIII 
i t s e l f did not give any detectable amounts of XXXVIII 
i n the brain, whereas I.P. administration of XXXIX re
sulted i n substantial brain levels of XXXVIII. The 
quantitative conversion of XXXIX to XXXVIII i n mouse 
brain homogenates was also observed. The purpose of 
the study was to effect CNS absorption of a quaternary 

CH 

CH3 

(XXXIX) 

lCH3 

(XXXVIII) 
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compound by the administration of i t s t e r t i a r y ω-halo-
alkylamine precursor. The study of the elimination of 
quaternary compounds from the CNS has been l i m i t e d by 
absorption, i . e . , the study of elimination i s d i f f i 
c u lt i f i t has never been established that the quater
nary compound was e f f e c t i v e l y absorbed i n the f i r s t 
place. The very long elimination h a l f - l i f e of XXXVIII 
from the brains of mice, approximately 30 hours, dem
onstrates the poor elimination of i n s i t u formed polar 
materials from the CNS. These r e s u l t s are consistent 
with the findings of a long elimination h a l f l i f e for 
the polar and charged i n s i t u formed acetate anion 
elimination from the CNS (545). 

Ross and coworker  (155) hav  subsequentl  stud
ied the various parameter
of ω-haloalkylamines to t h e i r quaternary derivatives. 

Scheme VI was the general reaction studied. The dura
t i o n and i n t e n s i t y of l o c a l anesthesia using i n vivo 
and i n v i t r o t e s t s , f o r both XL and XLI, were studied. 
Chemical studies of the effect of η and -x on the con
version of XL to XLI and the l o c a l anesthetic a c t i v i t y 
of both the t e r t i a r y analog i t s e l f and the formed qua
ternary compound suggested that the formed quaternary 
compounds contribute to the duration of the anesthesia 
(155*157). The l o c a l anesthetic effects of XL and XLI 
on the s c i a t i c nerve of guinea pigs, i n vivo, and 
frog, i n v i t r o , showed that sustained l o c a l anesthetic 
a c t i v i t y occurred for compounds where η = 5 and χ = 

(XL) 

(XLI) 
Scheme VI 
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- C l or -Br. Apparently the prolonged a c t i v i t y was 
well correlated with the extremely slow elimination of 

i H s i t u formed quaternary compound from the s c i a t 
i c nerve ( 1 5 7 ) and the concentration of the quaternary 
compound i n the nerve. Similar studies with bretylium 
related derivatives (153)> xylocholine related deriva
tives (1 5 4 ) and troxonium related derivatives ( 1 5 6 ) 
have also recently been published. 

The poor o r a l b i o a v a i l a b i l i t y of many a n t i b i o t i c s , 
such as a m p i c i l l i n ( 1 5 8 - 1 6 4 ) , erythromycin ( 1 6 5 - 1 6 7 ) * 
oleandomycin (-168) and lincomycin (169*170) has been 
attrib u t e d to both t h e i r polar character as well as 
metabolism i n the GI t r a c t , GI mucosa or l i v e r during 
absorption. The poo  b i o a v a i l a b i l i t f a m p i c i l l i
compared to a numbe
w i l l be discussed by Dr. Sinkula. 

The a n t i b i o t i c , oleandomycin (XLII) was found to 
have a f a i r l y broad a n i t b a c t e r i a l spectrum and to be 

OR 0 C H 0 — 0 
I II v 2 

CH0CHCHCHCHC 
3 1 1 

CH^ ̂ "̂2 

(CH 3) 2N 

(XLII): R = -H 
(XLIII): R = -COCH, 

eff e c t i v e both o r a l l y and parenterally ( 1 7 1 ) . I t was 
subsequently shown that i t s t r i a c e t y l d e r i v a t i v e , t r i -
acetyloleandomycin (XLIII) was more e f f e c t i v e o r a l l y 
than the parent compound ( 1 6 8 , 1 7 2 - 1 7 5 )· This i n 
creased effectiveness was attributed to the greater 
b i o a v a i l a b i l i t y of XLII from XLIII than from XLII i t 
s e l f (See Figure 6 ) . Clemer et a l . have shown that 
XLIII has some a n t i b a c t e r i a l a c t i v i t y of i t s own 
against S. aureus and S. lutea but that the a c t i v i t y 
was only 2 5 $ that of oleandomycin free base ( 1 7 2 ) . 
After ingestion of XLIII, XLII i s detected i n urine 
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along with 3-acetyloleandomycin, (major metabolite), 
1-acetyloleandomycin and 1,3-diacetyloleandomycin ( i n 
termediate metabolites) and 2,3-diacetyloleandomycin 
(minor metabolites). 

TIME (hours) 

Antibiotics Annual 

Figure 6. Antibiotic activity vs. time curve in human 
beings given 500 mg XLII (O), 500 mg XLIII (·), and 
250 mg XLIII (•). Activity expressed in terms of XLII 

base (168). 

The o r a l b i o a v a i l a b i l i t y problems of erythromycin 
(XLIV) are w e l l established (165-167)- E s t e r i f i c a t i o n 
of XLIV at the 2 T p o s i t i o n , ( i . e . , Hp = -COR- where 
R 3 = a l k y l , a r y l , alkoxy or -(CH2)nCOOR4 where R4 = 
a l k y l group) to give various esters was done with the 
expressed purpose of lowering the aqueous s o l u b i l i t y 
of the erythromycin i n an attempt to decrease i t s 
b i t t e r taste. Many of these esters on or a l dosing 
gave superior or equivalent blood le v e l s to erythro
mycin base (176-181). The propionate ester i n p a r t i c 
ular was considered to give superior levels of ery
thromycin when compared to erythromycin. There i s 
some discussion as to whether the conversion of the 
2 1-propionate ester to erythromycin i s complete i n 
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(XLIV): erythromycin A, ÏC = -OH, 
FT = -H 

erythromycin B, R* = -H, 
R = -H 

vivo. E s t e r i f i c a t i o n of erythromycin at the 2 F , 4 " , 
and 1 1 positions resulted i n s i g n i f i c a n t increases i n 
the l i p o p h i l i c i t y of the molecules. Whether these 
esters revert to the parent compound, maintain a c t i v 
i t y of t h e i r own, or impart any r e a l advantage over 
erythromycin i t s e l f i s a currently controversial topic 
( 1 8 0 , 1 8 2 ) . The a b i l i t y of a number of erythromycin 
esters and s a l t s to mask the b i t t e r taste of erythro
mycin w i l l be discussed l a t e r . 

The polar a n t i b i o t i c , lincomycin (XLV) has been 
e s t e r i f i e d at the 2 and 7 p o s i t i o n (XLVI) i n an 
attempt to produce a tasteless form of XLV suitable 
for p e d i a t r i c dosing ( 1 8 3 - 1 8 5 ). Obviously the bio
l o g i c a l properties of XLVI, such as absorption charac
t e r i s t i c s and regeneration of the parent compound, 
also need to be optimized. Good a c t i v i t y for 2-acyl 
and 2-alkoxycarbonyl derivatives were noted i n S. 
aureus infected mice. The maximum a c t i v i t y was noted 
for through C^g esters with median chain length 
esters having the better a c t i v i t y ( 1 8 4 ). The 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



1. STELLA Overview and Definition 33 

I 3 
Ν. H 

CH 3 

(XLV) : 
(XLVI) : 

R 1 = R 2 = -H 
1 ? 

R and/or R = acyl or 
alkoxycarbonyl substituent 

2,7-dicarbonate esters were found to be inactive i n 
v i t r o but had i n vivo a c t i v i t y a f t e r S.C. i n j e c t i o n and 
or a l dosing i n S. aureus infected mice. A number of 
the derivatives (both acyl and carbonate esters) were 
shown to achieve the o r i g i n a l objective of the authors, 
i . e . , a tasteless lincomycin derivative with i n vivo 
a c t i v i t y comparable to lincomycin base (185)« 

Mâlek et a l . (l86) have attempted to increase de
l i v e r y of polar a n t i b i o t i c s such as p e n i c i l l i n to p u l 
monary tissue and lymph nodes by derivative formation. 
The authors argue that delivery to the lymphatic sys
tem might be achieved i f drugs such as streptomycin, 
neomycin and viomycin were associated as macromolecular 
s a l t s with carboxyl, sulfonyl or phosphoryl high mole
cular weight polymers. They conclude that these macro-
molecules, with t h e i r c o l l o i d a l properties, have a high 
a f f i n i t y for the lymphatic system. The authors pre
pared a number of macromolecular s a l t s of the various 
a n t i b i o t i c s (the authors termed the resultant s a l t s 
"antibiolymphins") including (a) polyacrylate s a l t s , 
(b) s a l t s with su l f o n y l and phosphorylated polysaccha
r i d e s , and (c) s a l t s with natural polycarboxylic acids 
of the polyuronic and polysaccharide series. After 
I.M., I.P., I.V., and i n t r a p l u r a l administration of the 
macromolecular s a l t s of streptomycin, neomycin and v i o 
mycin, le v e l s of the various drugs i n the lymphatic 
system appeared to be higher than levels obtained from 
administration of an equivalent dose of the nonderiva-
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t i z e d drug. 
The o r a l absorption of heavy metal chelating 

agents such as ethylenediaminetetraacetic acid (EDTA, 
XLVII) and diethylenetriaminepentaacetic acid (DTPA, 
XLVIII) had been shown to be less than k% of the t o t a l 
dosage (187). The r e l a t i v e l y poor effectiveness of a 
number of chelating agents to promote radioactive metal 
mobilization has been attributed to t h e i r poor perme
ability characteristics. The chelating agents (2-hydroxyethylene-
diamine-N,N,N-triacetic acid (HEDTA, LXIX) and N,N'-bis(2-hy-

HOOCCH2 ^CH2COOH 
\cH CH N 

HOOCCH
(XLIX) 

H r - C O O C C H Ù 

H5C2OOCCH2 

.0 
\ / \ 
NCH„CH„N 0 / 2 2\ / 
(LI) 

CH^COOH CHoC00H 

(LII) 
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droxycyclohexyl)-ethylenediamine-N,N f-diacetic acid 
(DOC5 L) have been derivatized to the less polar com
pounds LI and LII respectively. After I.V. administra
t i o n of L I , mobilization of various radiometals from 
the l i v e r of Ce 1^^ dosed cats was f a r superior to an 
equivalent dose of XLIX. LI administered o r a l l y was as 
e f f i c i e n t at radiometal mobilization as an equivalent 
I.V. dose of LI. The increased o r a l b i o a v a i l a b i l i t y 
and increased permeability to various organs of LI and 
LII were attributed to the less polar nature of the de
r i v a t i v e s and t h e i r ready conversion to the parent com
pound . The increased mobilization of radiometals by 
LI was attributed to the formed XLIX because LI was 
shown to have no heav  io  chelatin  capacit  (188)

Opthalmic absorptio  o  epinephrine. e highly 
polar adrenergic agent, epinephrine (IX), i s useful i n 
the treatment of glaucoma. As demonstrated e a r l i e r , 
less than 1% of IX i s present i n i t s neutral form at 
physiological pH. Acylation of the phenolic hydroxy 
groups to give the d i p i v a l y l derivative (LIII) was 
found to increase the therapeutic effectiveness of IX 
by a factor of approximately 100 (to be discussed f u r 
ther by Dr. McClure). Even though the f r a c t i o n of 

neutral molecule present at physiological pH should not 
be greatly affected by the a c y l a t i o n , the l i p i d solu
b i l i t y of L I I I i s f a r superior to i t s parent compound, 
IX. Since corneal absorption involves transport 
through a l i p o i d a l b a r r i e r , the greater l i p o p h i l i c i t y 
of L I I I may account for i t s superior therapeutic effec
tiveness. The use of the d i p i v a l y l ester was necessary 
not only to increase the l i p o p h i l i c i t y of the compound 
but also to help guarantee adequate aqueous s t a b i l i t y . 

Percutaneous absorption of polar drug e n t i t i e s . 
The absorption of drugs into and through the skin i s an 
area of study which has achieved wide coverage but 
which i s not, as yet, f u l l y understood. I t i s general
l y accepted that only neutral, r e l a t i v e l y l i p o i d a l drug 

(CH Q) QCC0 •CHCH2NH(CH3) 

(LIII) 
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molecules can be absorbed percutaneously (19*0 · The 
work of Imai et_ a l . ( 1 8 9 ) on the percutaneous absorp
t i o n of the polar vitamin, ascorbic acid (LIV) and i t s 
highly polar 3-phosphoryl ester (LV) tends to contra
dict t h i s generalization. The relevancy of t h i s work 

H-

H-
H 

1>=0 

-OH 

-OH 

(LIV); R = -H 
(LV): R = -P0 3H 2 

and the true effectiveness of percutaneous absorption 
of LIV from LV i s not known at t h i s time. 

The s u l f a drug mafenide (LVI) used i n burn therapy 
was r e l a t i v e l y i n e f f e c t i v e when applied percutaneously 
as i t s hydrochloride s a l t (LVII). However, application 
of the acetate s a l t of mafenide (LVIII) was found to be 
very e f f e c t i v e i n burn treatment (12-14). Mafenide i s 
marketed as Sulfamylon® (LVIII i n a watermiscible 
cream formulation) and Sulfamylon® hydrochloride solu
t i o n (LVII as a 5% aqueous solution). The i n e f f e c t i v e 
ness of the 5% aqueous solution of LVII i n the t r e a t 
ment of burns has been discussed (190). The difference 
i n a c t i v i t y between LVII and LVIII i s an i n t e r e s t i n g 
problem. The pKa x of mafenide i s 8.52 at 21°C (191). 
A 5% aqueous solution of LVII would be expected to have 
a pH of approximately 4.5. The pH of an aqueous f i l m 
of LVIII, regardless of concentration, would be expec
ted to have a pH of approximately 6.6. Therefore, the 
f r a c t i o n of mafenide present i n i t s neutral and presum
ably absorbable form, i n a 5% solution of LVII i s ap
proximately 0.01$ whereas the/fraction present i n an 
aqueous solution of LVIII i s approximately 1%. A model 
for the absorption of mafenide into the skin i s shown 
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(LVII); X ® = CI © 
(LVIII); X © = C H 3 C O O © 

i n Scheme VI. Whethe
depend on whether Χ  i s a weak or strong base or wheth
er LVII or LVIII i s i n buffered solutions. Since the 
acetate anion i s a much stronger base than the chloride 
anion, the equilibrium i s forced to the r i g h t favoring 
the formation of LVI. LVIII i s considered a pro-drug 
of LVI, yet i t i s simply a s a l t of LVI and regeneration 
of LVI from LVIII involves simple d i s s o c i a t i o n . 

Steroids are an area where the pro-drug approach 
has been apparently successfully u t i l i z e d i n attempts 
to promote t o p i c a l or percutaneous absorption. Ste
roids such as triamcinolone (LIX), fluocinolone (LX) 
and f l u c l o r o l o n e have been derivatized to t h e i r ace-
tonide derivatives (192), triamcinolone acetonide 

Scheme VI 
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(LXa), fluocinolone acetonide (LXb), fluocinolone ace-
tonide-21-acetate (LXc), fluclorolone acetonide and 
desonide. Ester derivatives of various other steroids 
such as the valerate ester of betamethasone, the propi
onate ester of clobetasol, the pivalate and hexanoate 
esters of flucocortolone, the acetate ester of hydro
cortisone, the pivalate ester of flumethasone, the d i -
propionate ester of beclomethasone, and the acetate 
ester of methylprenisolene are examples of a few of 
the c o r t i c o s t e r o i d esters i n use (192,193)· 

Topical corticosteroids are used i n the treatment 
of inflammatory, a l l e r g i c and p r u r i t i c skin conditions. 
Whether any of the pro-drug derivatives exert any a n t i 
inflammatory a c t i v i t f t h e i  whethe  the
quire conversion t
i t y can probably be argued. 

Poulsen (194) has recently discussed formulation 
factors a f f e c t i n g the percutaneous delivery of drugs. 
As pointed out by Poulsen, there are many factors af
fecting the dermal delivery of a drug. I t appears that 
for solutions, gels, creams, etc., the d i f f u s i o n of 
drug across the skin b a r r i e r i s rate l i m i t i n g . In such 
cases, the physical and chemical properties of the drug-
to be delivered and the vehicle which contains the drug 
are of paramount importance. In p a r t i c u l a r , the a c t i v 
i t y of the drug i n the vehicle or the ef f e c t i v e concen
t r a t i o n of the drug i n the vehicle determines, "the 
dr i v i n g force for d i f f u s i o n from the vehicle 1 1 (194). 

The d i f f u s i o n c o e f f i c i e n t , the a c t i v i t y of a drug 
i n a ve h i c l e , and the p a r t i t i o n c o e f f i c i e n t of a drug 
between the stratum corneum and the vehicle are a l l af
fected by the physical properties of a drug. Acetonide 
formation of the dihydroxy groups i n some steroids 
(Scheme VII) or e s t e r i f i c a t i o n of hydroxy groups i n 
other steroids generally r e s u l t s i n an a p r i o r i i n 
crease i n p a r t i t i o n c o e f f i c i e n t between the stratum 
corneum and a hydrophilic vehicle. This causes an i n 
crease i n the d i f f u s i o n constant across human stratum 
corneum and lowers the s o l u b i l i t y of the steroid i n the 
hydrophilic vehicle. 

Poulsen points out that the quantitative d i f f e r 
ences i n anti-inflammatory a c t i v i t y between various de
r i v a t i v e s of an agent i s d i f f i c u l t to judge because of 
vehicle effects (194). For example, i n the comparison 
of the anti-inflammatory a c t i v i t y of LXb to LXc (ad
ministered as a carboxypolymethylene gel containing 
various r a t i o s of propylene glycol/water as the s o l 
vent), LXb was found to be more active than LXc (human 
vasoconstrictor assay) when the percentage of propylene 
g l y c o l i n the gel was <55% but was found to be less 
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I I Ρ 
(LXb) 

Scheme VII 

active when the percentage of propylene g l y c o l i n the 
vehicle was >55$· These differences were attributed to 
differences i n s o l u b i l i t i e s of LXb and LXc i n the ve
h i c l e as a function of propylene g l y c o l concentration. 
LXb (0.025$) was completely soluble i n the vehicle when 
the percentage of propylene g l y c o l was >20-40$ while 
LXc (0.025$) did not dissolve completely i n the vehicle 
u n t i l the percentage of propylene g l y c o l reached ap
proximately 80$. The importance of vehicle composi
t i o n , see Poulsen (194) for a complete discussion of 
th i s problem, i n the anti-inflammatory a c t i v i t y of ste
roids and t h e i r derivatives was recently re-emphasized 
by the study of Barry and Woodford (192). 

M a i s t r e l l o et a l . ( 1 9 5 ) have recently attempted to 
quantitate the t o p i c a l anti-inflammatory effects of 
various s t e r o i d a l agents administered as solutions i n 
2-(2-ethoxyethoxy)ethanol. The greater a c t i v i t y of LXa 
r e l a t i v e to LIX was re a d i l y apparent. 

The pro-drug approach has been successful i n im
proving the anti-inflammatory c l i n i c a l e f f i c a c y of per
cutaneously administered steroids as can be seen by the 
large number of steroids currently available as either 
esters or acetonide derivatives ( r e l a t i v e to nonderiva-
t i z e d s t e r o i d s ) . However, the ro l e of the vehicle i n 
the success of these products has only recently begun 
to be understood and f u l l y appreciated (194) . 
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To Increase the Aqueous S o l u b i l i t y of Drugs to 
Help F a c i l i t a t e Oral Absorption. Rather s u r p r i s i n g l y , 
there are few examples of the pro-drug approach being 
used to increase the aqueous s o l u b i l i t y of poorly water 
soluble drugs i n an e f f o r t to increase the o r a l absorp
t i v i t y of the drugs. The c l a s s i c a l examples of im
proved water s o l u b i l i t y of poorly water soluble drugs 
are those for which an I.V. injectable form of the drug 
was desired. The apparent lack of examples may be due 
to the fact that improvement i n the o r a l absorption of 
a drug can often be effected by formulation techniques. 
The o r a l b i o a v a i l a b i l i t y of 5,5-diphenylhydantoin, 
n i t r o f u r a n t o i n , g r i s e o f u l v i n , digoxin, prednisolone, 
etc., has been successfully improved by formulation 
techniques. 

The poor and e r r a t i c o r a  b i o a v a i l a b i l i t y o  d i
goxin due to i t s low water s o l u b i l i t y and formulation 
variables has been well established (196-200). Higuchi 
and Ikeda (201) have recently demonstrated that the 
complex between hydroquinone and digoxin (2 digoxin: 
3 hydroquinone) had a much higher d i s s o l u t i o n rate than 
digoxin i t s e l f . 

Any c r y s t a l l i n e material such as digoxin w i l l have 
a d i s s o l u t i o n rate highly dependent on i t s aqueous 
s o l u b i l i t y as well as other variables defined i n the 
Noyes-Whitney equation (202). The energetics of the 
d i s s o l u t i o n process are determined by the breakdown of 
intermolecular forces i n the c r y s t a l l a t t i c e and the 
solvent, both requiring energy, r e l a t i v e to the release 
of solvation energy due to solute-solvent i n t e r a c t i o n s . 
The high melting point ( 2 6 5 ° with decomposition) of 
digoxin strongly suggested that c r y s t a l l a t t i c e energy 
played an important role i n the poor aqueous s o l u b i l i t y 
of digoxin. The complexation of digoxin with a poly-
hydroxy compound such as hydroquinone might disrupt 
t h i s t i g h t c r y s t a l l a t t i c e to form a complex with a 
superior aqueous s o l u b i l i t y . On d i s s o l u t i o n , d i s s o c i a 
t i o n of the complex would ra p i d l y release digoxin. 
" I n t r i n s i c a l l y more rapidly d i s s o l v i n g forms of digoxin 
would provide greater assurance of more reproducible 
and more bioavailable digoxin products" (201). 

Use of digoxin derivatives such as i t s 4 f t'-methyl 
derivative (203-205) and acylated derivatives such as 
acetyldigoxin-α Γ2Ό6,207), acetyldigoxin-3 (203*208-
211) have been promoted. The acylated derivatives of 
g i t o x i n (212-214), as w e l l as c y c l i c acetals and ace-
t a l s of d i g i t o x i n , digoxin, and quabain have been of 
interest (215). Although 4 f ' 1 - a c e t y l d i g o x i n (LXII) has 
been shown to regenerate digoxin (LXI), 4 1''methyldi-
goxin (LXIII) was not thought to revert to digoxin. 
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OH H 

However, the studies of Rietbock e_t a l . (204) confirm 
that demethylation of LXIII does occur. Whether any of 
these der i v a t i v e s , monoalkyl ( 2 0 3 - 2 0 5 ) monoacyl (2 0 6 -
214), or polyacyl ( 2 1 6 ), have any r e a l advantage over 
digoxin i t s e l f i s debatable. White and Grisvold ( 2 1 7 ) 
claim good o r a l absorption properties for LXII i n cats 
and LXII i s marketed as Acylanid® (Sandoz) i n the 
United States. 

Recently, Hussain and Rytting ( 2 1 8 ) argued that 
a l l o p u r i n o l (LXIV) owed i t s low water s o l u b i l i t y of 
0 . 7 8 mg/ml to strong intermolecular hydrogen bonding i n 
i t s c r y s t a l l a t t i c e . A melting point of 3 6 5 0 for LXIV 
seemed to confirm t h i s assumption. Disruption of the 
c r y s t a l l a t t i c e by transient pro-drug formation was 
suggested as a means of increasing the aqueous solu
b i l i t y of a l l o p u r i n o l . The authors synthesized 1-
ethoxyethyl-4-allopurinyl ether (LXV) and 2-tetrahy-
dropyranyl-4-allopurinyl ether (LXVI) and demonstrated 
the improved d i s s o l u t i o n rate from a constant surface 
area p e l l e t of LXV and LXVI when compared to LXIV. 
LXV and LXVI were shown to regenerate LXIV under a c i d i c 
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conditions. Unfortunately the authors did not attempt 
to confirm the predicted improved b i o a v a i l a b i l i t y of 
LXIV from i t s pro-drug derivatives by i n vivo studies. 
However, a useful conclusion from the work i s that im
proved aqueous s o l u b i l i t y of an agent need not neces
s a r i l y require d e r i v a t i z a t i o n to a water soluble s a l t 

(LXIV): R = -H 
(LXV): 

(LXVI): 

R = -CH 2(CH 3)-OC 2H 5 

form of the drug. I f the determining factor to poor 
aqueous s o l u b i l i t y i s the strength of the c r y s t a l l a t 
t i c e of the drug, and t h i s c r y s t a l energy i s not s u f f i 
c i e n t l y r e l i e v e d by solvation energy on d i s s o l u t i o n , 
then disruption of the c r y s t a l l a t t i c e by pro-drug f o r 
mation may provide a s i g n i f i c a n t increase i n aqueous as 
well as l i p i d s o l u b i l i t y . 

The strong c r y s t a l l a t t i c e energies of the hydan-
t o i n s , 5*5-diphenylhydantoin and ni t r o f u r a n t o i n , and 
various pro-drug forms of these drugs w i l l be discussed 
l a t e r by S t e l l a et a l . 

The antifungal agent, g r i s e o f u l v i n (LXVII), has 
been shown to be poorly absorbed aft e r o r a l administra
t i o n to man as well as animals (219-225)» The study by 
Bates et a l . (226) has shown that the absorption of 
g r i s e o f u l v i n can be greatly enhanced by the concomital 
administration of f a t s . I t appears that the incomplete 
b i o a v a i l a b i l i t y of LXVII i s a function of i t s low water 
s o l u b i l i t y . This can be traced to i t s high l i p o p h i l i 
c i t y , a contrast to the c r y s t a l l a t t i c e structure prob
lems associated with the e a r l i e r examples. Fischer and 
Riegelman (227) attempted to increase the aqueous solu
b i l i t y of LXVII by pro-drug formation. The derivatives 
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studied were griseofulvin-4'-alcohol (LXVIII), griseo
f u l v i n - ^ -oxime (LXIX), griseofulvin-4'-carboxymeth-
oxime (LXX) and griseofulvin-4'-hemisuccinate (LXXI). 
In a l l discussions thus f a r , most of the derivatives 
were esters of the parent compound where regeneration 
of the parent compound was possible by the known pres
ence and abundance of esterases i n the body. The s a l t 
and complex pro-drugs reverted to the parent compounds 
by d i s s o c i a t i o n (a nonenzymatic process). In the case 
of g r i s e o f u l v i n pro-drugs, the conversion of LXVIII to 

CI CH 

(LXVII): R = = 0 
(LXVIII): R = -OH 

(LXIX): R = =N0H 
(LXX): R  = =N0CHpC00H (LXXI): R = -OCOCHpCHpCOOH 

LXVII requires an oxidative metabolism. On I.V. dosing 
to a r a b b i t , the disappearance of LXVIII from the plas
ma of the rabbit had a h a l f - l i f e of 28 minutes whereas 
the formed g r i s e o f u l v i n had a h a l f - l i f e of 70 minutes. 
LXXI i s converted to LXVII by esterase hydrolysis of 
the ester function followed by oxidation of the formed 
LXVIII. Oximes have also been shown to be enzymatical-
l y converted to the corresponding ketone (228). 

Although each of the LXVII pro-drugs had superior 
aqueous s o l u b i l i t i e s when compared to LXVII (227)* 
none of the derivatives on o r a l dosing showed any su
p e r i o r i t y over LXVII i t s e l f . This was postulated to be 
due to either incomplete conversion of the derivatives 
to LXVII, concurrent metabolism to inactive metabo
l i t e s , or elimination from the body before conversion 
to LXVII was complete. 

To Help S t a b i l i z e Drugs Against Metabolism and/or 
Hydrolysis During Oral Absorption. Many drugs are ex
tremely active i f administered parenterally but suffer 
from the problem of incomplete absorption on o r a l 
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dosing. This incomplete absorption, as has already 
been noted, can r e s u l t from the drug being too polar or 
poorly water soluble. A t h i r d possible reason for i n 
complete absorption i s that the drug, i f administered 
o r a l l y , may be rapidly metabolized by enzymes secreted 
into the GI t r a c t , by bacteria i n the GI t r a c t , by en
zymes encountered while passing through the GI mucosa, 
and/or by the l i v e r i n i t s i n i t i a l t r a n s i t through the 
l i v e r before ever reaching the general c i r c u l a t i o n . 
Examples of drugs poorly absorbed due to one or a com
bination of these processes have already been d i s 
cussed, e.g., L-Dopa. This o v e r a l l process of incom
plete systematic a v a i l a b i l i t y on o r a l absorption due to 
metabolism during the absorption process has been 
termed the " f i r s t pass
" f i r s t pass" effect  o r i g i n a l l y g 
only l i v e r extraction (30). I t has become less well 
defined and i s used generically to describe dose de
pendent b i o a v a i l a b i l i t y due to metabolism of o r a l l y ad
ministered drugs during the absorption process. 
Magee et a l . (229) have recently studied the i n s i t u 
absorption of various prostaglandins from the small i n 
testine of r a t s . Although disappearance from the rat 
lumen was f a i r l y rapid for a l l the prostaglandins, very 
l i t t l e of the dose actu a l l y appeared i n the blood 
stream and only a small f r a c t i o n of t h i s " e f f e c t i v e l y " 
absorbed dose was in t a c t prostaglandin. The prosta
glandin, 15-methyl P 2a (LXXII) and i t s methyl ester 
(LXXIII) were studied. LXXII had an apparent absorp
t i o n h a l f - l i f e of 60-70 minutes with approximately 2$ 
of the dose reaching general c i r c u l a t i o n but of that 
only 0.8$ was intact LXXII. When LXXIII was admini
stered up to 7$ of the dose reached general c i r c u l a 
t i o n , and 1.8$ of the dose was present i n serum as i n -

OH 

(LXXII): R = -H 
( L X I I I ) : R = -CH 
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tact LXXII with l i t t l e or no detectable LXXIII. This 
i s a clear example of an agent, notoriously suscep
t i b l e to metabolism, that was chemically modified to 
p a r t i a l l y overcome the " f i r s t pass" e f f e c t . 

That e s t e r i f i c a t i o n of prostaglandins i n h i b i t s 
the metabolism of prostaglandins was c l e a r l y demon
strated by the greater a c t i v i t y of the methyl ester of 
prostaglandin 15-methyl over the parent non-methyl 
ester prostaglandin. The greater potency i s a t t r i 
buted to a lengthening of the metabolic h a l f - l i f e (230) 
of the ester form r e l a t i v e to the parent acid prosta
glandin. 

Another group of compounds which undergoes consid
erable metabolism during o r a l absorption are steroids
The b i o a v a i l a b i l i t
unknown because of a n a l y t i c a
i t y and interference from natural s t e r o i d a l hormones 
i n analyzing for absorbed intact steroid. Another 
contribution to t h i s unknown b i o a v a i l a b i l i t y i s that 
many of the steroids are probably metabolized to ac
t i v e agents. 

Schedl et a l . (231) showed that the rate of ab
sorption of various steroids using the i n s i t u rat i n 
t e s t i n a l loop experiment was rapid and inversely pro
portional to the number of hydroxy or polar groups 
present i n the molecule. This observation was con
firmed when many of the steroids were acetylated and 
the absorption rate of the acetylated versus the non-
acetylated steroids compared. Although many of the 
steroids were found to be rapidly absorbed, the weak 
oral potency of a number of the agents, e.g., testos
terone, progesterone and desoxycorticosterone, which 
were apparently well absorbed, the authors state that 
the "pharmacologic a c t i v i t y of a steroid by the o r a l 
route i s independent of i t s absorption rate. Blood 
le v e l s of steroids following o r a l administration are 
more a function of metabolic d i s p o s i t i o n than of ab
sorption r a t e " (231). Acetylation may not only help 
increase the absorption rate of these steroids but may 
also provide a degree of metabolic protection. 

Tanabe et a l . (232) and Pried et a l . (233) have 
shown that 17ot,21-acetonides of various c o r t i c o s t e 
roids have higher o r a l a c t i v i t y than t h e i r parent ste
roids on oral dosing. The study of Pried et a l . (233) 
demonstrated the higher a c t i v i t y of l6a,17a-acetonide 
of triamcinolone (LXXIV) over the parent steroid 
(LXXV). Gardi et a l . (234) also observed that predni
solone acetonide (LXXVI) when administered o r a l l y and 
prednisolone cyclopentylidenedioxy (LXXVII) when ap
p l i e d l o c a l l y had greater a c t i v i t y than the parent 
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CHo0H I 2 

c=o 
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prednisolone. The a n t i f e r t i l i t y , anti-inflammatory 
compound 9ct,ll$ ,21-trichloro - l 6 a,17a-( isopropylidene-
dioxy)-l , 4 , 6-pregnatriene-3520-dione, an acetonide de
r i v a t i v e , was also shown to be o r a l l y active (235). 

The steroid desoxycorticosterone (LXXVIII) i s 
very unstable and d i f f i c u l t to handle but i t s acetate 
ester has been used parenterally i n the treatment of 
Addison's disease. LXXVIII as i t s acetate ester has 
been found to be destroyed a f t e r o r a l administration 
but when given sublingually was found to be useful i n 
the treatment of Addison's disease (236). 

Gardi et a l . (237) have recently demonstrated the 
high o r a l a c t i v i t y of l,3,5(10)-estratrien-176-yl enol 
ethers and acetals a  classe f o r a l l d
t e r a l l y active estrogeni
i s a t tributed to th  regenerate
Moreover the authors state that "the ether linkage 
should be stable enough to survive the a c i d i c g a s t r i c 
medium and suitably delay the hepatic i n a c t i v a t i o n 
a f t e r o r a l administration." 

That catecholamines show poor absorption through 
l i p o i d a l membranes was established e a r l i e r i n t h i s 
manuscript. " F i r s t pass" metabolism, primarily due to 
conjugation (glucuronidation and/or s u l f a t i o n ) , was 
also mentioned as a primary means of l i m i t i n g the sys
temic a v a i l a b i l i t y of catecholamines and other pheno
l i c compounds. The narcotic antagonist naloxone 
(LXXIX) has been shown to have low potency after oral 
administration (238-241). The short duration of action of 
LXXIX af t e r parenteral dosing due to rapid metabolism 
suggests that naloxone might be rapidly metabolized by 
the l i v e r and/or ga s t r i c mucosa on o r a l dosing, i . e . , 
the poor o r a l a c t i v i t y r e s u l t s from a " f i r s t pass" ef
fect. Linder and Fishman (240) synthesized a series 
of sulfate and acetate esters of LXXIX and tested 
t h e i r narcotic antagonist a c t i v i t y a f t e r o r a l and par
enteral dosing i n r a t s . The 3-acetyl derivative 
(LXXX), 14-acetyl derivative (LXXXI) and 3,14-diacetyl 
derivative (LXXXII) a l l showed good o r a l a c t i v i t y i n 
the morphine challenge test whereas LXXIX administered 
o r a l l y was r e l a t i v e l y i n e f f e c t i v e . After I.V. admini
s t r a t i o n , both LXXX and LXXXI were more potent than 
LXXIX whereas LXXXII was s l i g h t l y less potent than 
LXXIX. These r e s u l t s suggest that the acetylation of 
the 3 and/or 14 hydroxy groups of LXXIX blocked (or 
p a r t i a l l y blocked) the " f i r s t pass" metabolism of 
LXXIX (probably s u l f a t i o n and/or glucuronidation) by 
protecting the hydroxy groups. 
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(LXXIX): 
(LXXX); 

(LXXXI) 
(LXXXII) 

Rt
K: = -COCHo, R^ = -H 
R^ = -H, R 2 = -COCH. 
R = R 2 = -COCH^ : 

Way and Adler (242), i n t h e i r review of morphine 
(LXXXIII), morphine metabolites, and other narcotic 
analgetics, state that the poor or a l a c t i v i t y of mor
phine r e l a t i v e to i t s parenteral a c t i v i t y may be due 
to the poor o r a l absorption of morphine. The essenti
a l l y negative pharmacological a c t i v i t y of o r a l l y ad
ministered morphine i n man can be interpreted as either 
poor i n t r i n s i c absorption and/or " f i r s t pass" metabo
lism. Heroin or 3 36-diacetylmorphine (LXXXIV) exhibits 

CH0 

N-

(LXXXIII): R = - H 
(LXXXIV): R = -COCH 
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considerable i f not somewhat i r r e g u l a r a c t i v i t y i n man 
af t e r o r a l dosing which i s again consistent with the 
blocking (or p a r t i a l blocking) of " f i r s t pass" metabo
lism. The rapid deacetylation of LXXXIV i n a l l biolog
i c a l t i s s u e s , including the CNS, to LXXXIII and i t s mo
noesters i s well established (242). Kupchan et^ a l . 
(243) synthesized l a b i l e ether derivatives of morphine 
and phenazocine and showed t h e i r a c t i v i t y to be less 
than those of the parent compounds. Papers by Yoshi-
mura et a l . (244), Oguri et a l . (245) and Mori et a l . 
(246) have confirmed the presence of glucuronide and 
sulfate metabolites of morphine. Their r e s u l t s sur
p r i s i n g l y show that the 6-glucuronide and 6-sulfate me
t a b o l i t e s when injected S.C  i  mic  (246) giv  highe
potency and larger duratio
pared to a comparabl  morphine  pointe
by the authors, both the 6-glucuronide and 6-sulfate 
are minor metabolites of morphine. 

In a series of papers by Fields et a l . (247-250), 
various lat e n t i a t e d forms of t h i o l s , amino-thiols and 
2-acetamidoethanethiol were attempted to help reduce 
the t o x i c i t y and/or improve a c t i v i t y , i . e . , increase 
a v a i l a b i l i t y , but with marginal success. S i m i l a r l y , 
Hartles et a l . (251) and Siuda et a l . (252) synthesized 
and tested for a c t i v i t y a number of acyl and carbamate 
derivatives of mafenide (LVI). Their objective was to 
f i n d o r a l l y active forms of LVI. LVI was shown to un
dergo rapid^metabolism on oral absorption and i t was 
f e l t that Ν -acyl and N^-alkoxycarbonyl derivatives 
might prevent the rapid metabolism so r e s u l t i n g i n ade
quate blood l e v e l s . Regeneration of LVI from i t s N^-
acyl and N^-alkoxycarbonyl derivatives was f e l t to be 
too slow and inadequate to produce reasonable blood 
le v e l s of LVI. 

Recently the tuberculostatic agent, p-aminosali-
c y l i c acid (LXXXV), has been shown to undergo " f i r s t 
pass" metabolism due to N-acetylation (253) . In ef
f o r t s to obtain tasteless forms of LXXXV, various chem
i c a l and formulation modifications of LXXXV have been 
attempted. Most of these modifications result i n a 
slower release form of LXXXV which i s then more read i l y 
and e f f i c i e n t l y metabolized. However, an i n t e r e s t i n g 
pro-drug of LXXXV, the calcium 4-benzamidosalicylate 
(LXXXVI), which i s quite water insoluble has been shown 
to be as c l i n i c a l l y e f f e c t i v e on a molar basis as LXXXV 
and yet tasteless (254,255). This appears paradoxial 
i n that most slow release forms of LXXXV provide incom
plete b i o a v a i l a b i l i t y due to the " f i r s t pass" e f f e c t . 
I t appears that LXXXVI may provide a poorly soluble, 
tasteless form of LXXXV while circumventing " f i r s t 
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pass" acetylation (the aromatic group already being 
acylated) and once i n the body regenerates LXXXV. The 
rate of deacylation of N-acyl derivatives of drugs 
other than formyl derivatives and benzoyl derivatives 
i s poor. Chiou (2 5 6 ) has shown that deformylation of 
4,4 f-diformamidodiphenylsulfone (DFD, LXXXVII) to the 
antimalarial agent, 4 , 4-diaminodiphenylsulfone (DDS, 
LXXXVIII) by kynurenine formamidase of mammalian l i v e r s 
does occur (see scheme V I I I ) . 

Θ Ca(H 0) Θ 

(LXXXVI) 
J 2 

Lj yu \ 
(LXXXVII) 

KYNURENINE 
FORMAMIDASE 

(LXXXVIII) 

Scheme VIII 
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The Use of Pro-Drugs to Effect Sustained or Prolonged 
Release 

Sustained release has usually been effected i n 
pharmacy by the use of various dosage form changes such 
as coated slow release beads and granules, multiple 
layer t a b l e t s , and other formulation techniques (257)« 
Many of the examples of pro-drugs causing sustained re
lease incorporate a formulation technique combined with 
chemical modification ideas. 

Stempel (257) has described the advantages of pro
longed or sustained release products: (a) reduces the 
number and frequency of doses needed to be adminis
tered; (b) eliminate  th  "peak" d "valley" effect
noted with conventiona
often reduces the t o t a g
the desired pharmacological a c t i v i t y ; (d) eliminates 
the problem of nighttime administration of drugs; (e) 
helps minimize the problem of patient noncompliance by 
decreasing the number of times a patient must remember 
to take t h e i r medication; (f) reduces the incidence of 
peak blood levels r i s i n g above the toxic blood l e v e l s ; 
(g) reduces the incidence of GI side e f f e c t s . To main
t a i n an e f f e c t i v e blood l e v e l of the very short h a l f -
l i v e d drug cytosine arabinoside (LXXXIX), long term 
I.V. infusions of considerable inconvenience to the 
patient and nursing s t a f f are needed. 5 1-Acyl deriva
tives of LXXXIX (an immunosuppressive, a n t i v i r a l and 
cytotoxic agent) as well as 2f and 3f esters have been 
synthesized and tested (258-262). When the s l i g h t l y 
water soluble 5 f-acyl derivatives (XC) were adminis
tered I.P. to mice as suspensions the pro-drugs d i s 
solved slowly, gradually releasing XC to the c i r c u l a 
t i o n where the derivatives were enzymatically cleaved 
to LXXXIX allowing i t to exert i t s pharmacological ac
t i v i t y . Gray et a l . (258) demonstrated a q u a l i t a t i v e 
c o r r e l a t i o n between a c t i v i t y of the XC derivatives and 
decreasing aqueous s o l u b i l i t y suggesting that the slow 
di s s o l u t i o n of the suspension of the 5 f-esters was im
portant. The s l i g h t l y soluble esters such as the 5 f-
palmitate, 5'-stéarate, 5 f-benzoate and 51-adamantoate 
were p a r t i c u l a r l y impressive. The s l i g h t l y water s o l 
uble but s t e r i c a l l y hindered ester, 2,4,6-trimethyl-
benzoate and the sulfonate ester, 2,4,6-triisopropyl-
benzene sulfonate were less e f f e c t i v e than the parent 
compound, presumably because of t h e i r slower enzymatic 
cleavage to the parent compound. 

Probably the area i n which the greatest e f f o r t has 
been made to effect sustained or prolonged release ac
t i v i t y v i a the pro-drug approach has been i n the area 
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OH H 

(LXXXIX): R = -H 
(XC); R = acyl substituent 

of steroid therapy. Recently Tanaka et a l . ( 2 6 3 ) have 
attempted to quantitate factors which affect the pro
longation of a c t i v i t y of drug injected I.M. i n o i l y 
solutions. James et a l . ( 2 6 4 ) showed that for a series 
of testosterone (XCI) esters the b i o l o g i c a l h a l f l i f e 
f or the release of testosterone and i t s esters from an 
I.M. o i l i n j e c t i o n was closely related to the oil/water 
d i s t r i b u t i o n c o e f f i c i e n t of the derivatives. The o i l 
used by James ejb a l . ( 2 6 4 ) was ethyl oleate. I t was 
i n t e r e s t i n g to note that the homologous series of f o r -
myl through v a l e r y l esters of testosterone had approxi
mately equal s o l u b i l i t y i n the ethyl oleate showing 
that the d i s t r i b u t i o n c o e f f i c i e n t was largely deter
mined by the decrease i n water s o l u b i l i t y . Apart from 
these i n t e r e s t i n g basic studies, the r e s u l t s of many 
workers have shown that longer duration of action of 
testosterone from an I.M. i n j e c t i o n could be effected 
by acylation of the 173-hydroxy group ( 2 6 5 - 2 8 8 ) . In
creasing chain length of the acyl group e f f e c t i v e l y i n 
creased the duration of action, i . e . , the testosterone 
esters are thought to gradually leach out of the I.M. 
i n j e c t i o n s i t e ( o i l based I.M. i n j e c t i o n ) , regenerate 
testosterone i n the general c i r c u l a t i o n which then 
exerts i t s androgenic a c t i v i t y ( 2 6 4 ) . 
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Miescher ert a l . ( 2 6 5 ) were the f i r s t to promote 
the use of long chain esters of testosterone as depot 
forms of testosterone. Ott et^ a l . (276) have suggest
ed that the β-cyclopentylpropionate ester of testos
terone (XCII) injected I.M. i n cottonseed o i l was a 
superior ester form of testosterone when compared i n a 
series of saturated and nonsaturated esters. This 
conclusion was based on the r e l a t i v e growth of seminal 
v e s i c l e s i n castrated rats after I.M. dosing of the 
various esters. S i m i l a r l y , Meier and Tschopp ( 2 8 4 ) 
using the growth of the capon crest as an i n d i c a t o r , 
showed that the undecylenate ester of testosterone 
(XCIII) was far superior i n duration of action to the 
propionate, isobutyrate and η-valerate esters  Voss 
( 2 7 7 ) and Haack et

OR 

0· 

(XCI) R -H 
(XCII) 

(XCIII) R -COC 1 0H 2 1 

(XCIV) R -C0CHoC0CnH 
(XCV) 

(XCVI) R -C0CoH1 

(XCVII) 
(XCVIII) R 

~ C O C 6 H i 3 

(XCIX) R 
(C) R 
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ketonic esters of testosterone, especially testoster
one decanoylacetate (XCIV). Dekanski and Chapman ( 2 7 3 ) 
f e l t that testosterone phenyl propionate (XCV) was as 
eff e c t i v e as XCIÏ but was far superior to the e a r l i e r 
promoted testosterone propionate (XCVI). Diczfalusy 
et a l . (271) demonstrated the superiority of a series 
of alkoxyhydrocinnamic acid esters of testosterone to 
both XCV and XCVI. Para-heptyloxyhydrocinnamyltestos-
terone (XCVII), showing considerable a c t i v i t y over 90 
days, appeared superior to XCV and XCVI. 

The study of Junkmann and Witzel ( 2 6 7 ) i s the 
most comprehensive review of depot forms of testoster
one and other steroids. The enanthate (XCVIII), unde-
canoate (XCIII), and palmitat  (XCIX) f
terone a l l showed excellen

Evaluation of various other esters of testosterone 
as depot forms of testosterone can be found ( 2 6 5 - 2 8 8 ) . 
I t i s i n t e r e s t i n g to note that Kishimoto ( 2 8 9 ) has re
cently noted the presence of enzymes i n the CNS that 
are capable of synthesizing f a t t y acid esters of tes
tosterone. McEwen et. a l . ( 2 9 0 ) have suggested that d i -
hydrotestosterone i s the active form of testosterone. 
I t does appear that testosterone esters are legitimate 
pro-drugs of testosterone. However, because the major 
evaluation of t h e i r release c h a r a c t e r i s t i c s i s based on 
some pharmacological e f f e c t , some minor doubt does 
exist as to whether the esters are t r u l y pro-drugs. 

Junkmann and Witzel (267) document the various 
testosterone esters available commercially i n Europe. 
In the United States, XCII, XCVI, XCVIII and testos
terone phenylacetate (C) are a l l commercially available 
as depot forms of testosterone. 

Nandrolone (nortestosterone, CI) and various nan-
drolone derivatives have also been e s t e r i f i e d for the 
purpose of prolonging the action of these anabolic 
agents af t e r t h e i r S.C. or I.M. i n j e c t i o n i n an o i l 
vehicle ( 2 9 1 - 2 9 5 * 2 6 7 * 2 7 1 )« Nandrolone phenylpropionate 
(CII) and nandrolone decanoate (CIII) are both commer
c i a l l y a vailable. CIII i s longer acting than CII and 
i s administered monthly whereas CIII i s administered 
weekly ( 2 9 6 ). The longer a c t i v i t y of CIII (myotrophic 
effects as measured by seminal v e s i c l e growth i n rats) 
with a single 4 mg I.M. dose i n sesame o i l r e l a t i v e to 
CII ( s i m i l a r l y administered) was demonstrated by de 
Visser and Overbeek ( 2 9 5 ) . The action of CII and the 
mechanisms of anabolic androgenic a c t i v i t y were l a t t e r 
discussed by van der Vies (2 9 5 )· A quantitative struc
ture anabolic a c t i v i t y analysis of a series of nandro
lone esters has recently been presented by Chaudry and 
James ( 2 9 4 ) while Pala et a l . ( 2 9 1 ) tested terpenoates 
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of nandrolone for anabolic a c t i v i t y . 
Depot forms (I.M. i n j e c t i o n i n an o i l vehicle) of 

other steroids are also quite common. The weekly use 
of dromostanolone propionate i n the treatment of 
breast carcinoma was discussed by Seay e_t a l . (297) · 
Long acting estrogenic steroids useful i n the t r e a t 
ment of estrogen deficiency i n women has been a goal 
of many workers. Derivatives of e s t r a d i o l (CIV), such 
as the oligemeric derivatives (CV longest acting de
r i v a t i v e ) of Kuhl ert a l . (298), polyestradiol phos
phate (CVI) of Diczfalusy et a l . (299), e s t r a d i o l 3-
benzoate-17-cyclooctenyl ether (CVII) of Palconi et 
a l . (300), 3- and/or 17-acyl derivatives of e s t r a d i o l 
of F e r r i n (301), and others (302-310) were a l l shown 
to have prolonged estrogeni
t r a t i o n . CVI was als
treatment of prostatic carcinoma. Prolonged release 
forms of dihydroxy progesterone for b i r t h control 
(acetophenide derivatives) have been found useful 
(311-313) while the caproate ester of hydroxyproges-
terone (Delalutin®) i s used as a long acting steroid 
i n amonorrhea (314). 

The use of desoxycorticosterone acetate and t r i 
methylacetate i n adrenal i n s u f f i c i e n c y (Addison's d i s 
ease) has proven successful (315) · Desoxycorticos
terone trimethylacetate (CIX, Percorten® pivalate) has 
a very prolonged action and should not be administered 
more than once a month (316). 

Long acting, pro-drug repository injectable forms 
of corticosteroids useful i n the treatment of inflam
mation are betamethasone acetate, methylprednisolone 
acetate (Depo-Medrol®), fluorocortisone acetate ( F l o r -
inef® acetate), hydrocortisone cypionate (Cortef®) and 
triamcinolone hexacetonide (Aristocort®), to name a 
few (316). 

Winter et a l . (317) found that the release of the 
parent steroid into general c i r c u l a t i o n was a function 
not only of the physical properties of the pro-drug 
(affecti n g the release from the i n j e c t i o n s i t e ) but 
also the chemical properties of the pro-drug ( a f f e c t 
ing the regeneration rate of steroid once released 
from the i n j e c t i o n s i t e ) . 

Fluphenazine (CX) dihydrochloride i s a drug use
f u l i n the control of psychotic behavior and i s ad
ministered o r a l l y or by I.M. i n j e c t i o n (318.). Patient 
compliance with antipsychotic drugs i s a r e a l problem 
(319). Fluphenazine enanthate (CXI) and fluphenazine 
decanoate (CXII) are fluphenazine esters given by I.M. 
i n j e c t i o n ( i n sesame o i l vehicle) which have prolonged 
a c t i v i t y for up to two and four weeks (318,320-324). 
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Depot forms of other neuroleptic drugs effected by es
ter i f i c a t i o n (325-331) and I.M. dosing i n an o i l vehi
cle are α-fluphenthixol (CXIII), as i t s decanoate ester 
(CXIV), and pipothiazine (CXV) as i t s palmitate (CXVI) 
and undecanoate esters (CXVII). 

The prolongation of neuroleptic a c t i v i t y of CXIV 
i n Viscoleo® administered I.M. compared to CXIII dihy-
drochloride was demonstrated by Nymark et^ a l . (325)· 
Figure 7 compares the i n h i b i t i o n of a conditional 

TIME, (DAYS) 

Acta Pharmacologica et Toxicologica 

Figure 7. Days after drug administration—single I.M. 
dose of CXIV in oil (Q) or CXIII oral daily ( · ) (325) 

avoidance response a f t e r o r a l CXIII dihydrochloride 
administered once d a i l y (5 mg/Kg) to CXIV (10 mg/Kg) 
after a single I.M. i n j e c t i o n i n o i l . Dreyfus et a l . 
(323) i n the case of CX esters, Villeneuve et a l . 1*327) 
i n the case of CXV esters, and Jorgensen et a l . (326) 
i n the case of CXIII esters were able to show that the 
metabolic pattern of the esters was i d e n t i c a l to those 
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(CX) : R = - H 

(CXI)

(CXII) : R = - C O C n H 

(CXIII): R = -H 

(CXIV) : R = -COC Q H 

C H 2 CH 2 C H 2 / \ c H g CH 2 0R 

S 0 2 N ( C H 3 ) 2 

(CXV): R = - H 

(CXVI) : R = - C O C 1 5 H 3 1 

(CXVII) : R = - C 0 C i n H o l 
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(CXIX)
(CXX): R = -COC 1 5H 3 1 

of the parent compounds and that the a c t i v i t y of the 
esters appeared to be related to the formation of the 
parent neuroleptic. 

Another parenteral repository pro-drug effected 
through ester formation was O-palmitoylamodiaquine 
(CXX), a moderately successful depot form of amodia-
quine (CXIX) (332). Elslager (333), i n his review of 
chemotherapy i n the treatment of malaria and i n p a r t i c 
ular repository forms of antimalarial drugs, discussed 
at great lengths various means by which the duration of 
action of various an t i m a l a r i a l agents could be extend
ed. The two most i n t e r e s t i n g examples given were v a r i 
ous acylated and Schiff base forms of 4,4'-diaminodi-
phenylsulfone (LXXXVIII) and the use of sparingly water 
soluble s a l t s of cycloguanil (CXXI) and chloroguanide 
(CXXII). 

4,4 f-Diacetoamidodiphenylsulfone (CXXIII) was 
found to give a repository a n t i m a l a r i a l effect when i n 
jected I.M. to P. berghei infected mice. However, 
CXXIII had poor a c t i v i t y i n r a t s . The poor a c t i v i t y 
i n rats was attributed by Thompson (334) to the i n a b i l 
i t y of rats to metabolize CXXIII to LXXXVIII whereas 

0 
CH3CHN-^/ ν 

(CXXIII) 
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mice were able to convert CXXIII to LXXXVIII. CXXIII 
was found to be useful i n the treatment of P. f a l i c i -
ρarum i n humans for 42 days after a single 3-25 mg/Kg 
I.M. i n j e c t i o n (333). 

As noted i n the steroid examples, the a b i l i t y of 
a drug to leave an I.M. i n j e c t i o n s i t e i s highly depen
dent on the s o l u b i l i t y of the drug i n physiological 
f l u i d s and i n the i n j e c t i o n vehicle. I f the drug i s 
water insoluble, an I.M. i n j e c t i o n of a suspension of 
the drug w i l l deposit i n the muscle and over a period 
of time gradually dissolves, releasing the drug into 
general c i r c u l a t i o n . The aqueous s o l u b i l i t y of any 
amine s a l t i s dependent on the counter anion with the 
s o l u b i l i t y equal to the square root of the s o l u b i l i t y 
product of the s a l t
the s a l t i s highly p  dependent

Cl Ç1 

(CXXII) (CXXI) 

The poor i n v i t r o a c t i v i t y of chloroguanide 
(CXXII) compared to i t s good i n vivo a c t i v i t y suggested 
that CXXII was metabolized i n the body to an active 
metabolite (335-340). This active metabolite was found 
to be cycloguanil (CXXI) which has a short duration of 
action because of rapid excretion (333)> Various spar
ingly water soluble s a l t s of CXXII were found to be 
poor repository forms of CXXII but the pamoate s a l t of 
CXXI (CXXIV) with an aqueous s o l u b i l i t y of 0.03 mg/ml 
at pH 7 was found to be ef f e c t i v e against P. berghei i n 
infected mice f o r up to 8 1/2 weeks when given S.C. 
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(333). Figure 8 shows a plot of the logarithm PMW, 
the estimated weeks 50% of the mice were protected from 
challenge with P. berghei s against logarithm S, the 
s o l u b i l i t y of various s a l t s of CXXI. The s o l i d l i n e i s 
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Figure 8. Plot of log PMW vs. log (solubility) for a series of 
CXXI salts. Plotted from the data of ElsUger (333). 
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(CXXIV) 

the least squares l i n e described by equation 1. The 
log PMW = - 0 . 7 1 + 0.11 log S + 0.077 (eq. 1) 

c o r r e l a t i o n c o e f f i c i e n t was 0 .906 . As i s r e a d i l y ap
parent, the less water soluble s a l t s gave the greater 
repository effects confirming that the rate determining 
step i n the release of CXXI from the S.C. i n j e c t i o n of 
400 mg/Kg equivalent of CXXI was the d i s s o l u t i o n of the 
sparingly soluble s a l t s . 

For a comprehensive review of repository s a l t , es
ter and amide forms of various other a n t i m a l a r i a l s , the 
reader i s directed to the review by Elslager (333)> a 
series of papers by Elslager et a l . (332,341-344), and 
the references therein. 

Recently naloxone (CXXV), used as a narcotic an
tagonist, was found to be very potent but e f f e c t i v e for 
only three to four hours i f administered parenterally 
(238-241). Levine et a l . (346) found that by giving 
I.M. injections of a.suspension of naloxone pamoate 
(CXXVI) a sustained release action was seen which 
blocked the effect of opiates without harmful side ef
fects for up to 72 hours. Use of sparingly soluble 
acid s a l t s to effect sustained release a f t e r I.M. par
enteral administration with a number of other amines 
such as streptomycin (347*348) dihydrostreptomycin 
(347)s naltrexone (349TT~eyelazocine ( 350 ) , and others 
(351) have proven to be rather successful. Thompson 
and Hecht (352) prepared and demonstrated the sustained 
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release of cyanocobalamine (CXXVII) or vitamin B^2 ?rom 
cyanocobolamine zinc tannate (CXXVIII). Figure 9 shows 
the serum le v e l s of CXXVII a f t e r I.M. i n j e c t i o n of 500 
\ig of CXXVII i n normal saline compared to serum levels 
of CXXVII from a molar equivalent amount of CXXVIII. 

o l » « » ι I I I I I L i 

0 3 6 9 12 15 18 21 24 27 30 
DAY AFTER INJECTION 

American Journal of Clinical Nutrition 

Figure 9. CXXVII serum levels in humans after I.M in
jection of 500 mg of CXXVII ( · ) and a molar equivalent 

amount of CXXVIII (Q) (352) 

Parenterally sustained release of acid substances 
such as p e n i c i l l i n has s i m i l a r l y been effected by the 
use of sparingly soluble s a l t s of p e n i c i l l i n such as 
benzathine and procaine p e n i c i l l i n (7-11). The spar-
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ingly soluble protamine zinc i n s u l i n might also be con
sidered as a chemical modification useful i n e f f e c t i n g 
sustained release ( 3 5 3 ) of i n s u l i n . 

Attempts to produce sustained release or prolonged 
action medication for o r a l administration by the use of 
sparingly water soluble s a l t s have been marginally suc
c e s s f u l . Quinidine polygalacturonate does produce a 
prolonged release quinidine on o r a l administration 
( 3 4 5 ). The marginal success of these types of products 
stems from the fact that the minimum s o l u b i l i t y (or 
maximum s t a b i l i t y ) of the s a l t s occurs around neutral
i t y . Because the GI t r a c t has a wide spectrum of pH 
(from the strong acid of the stomach to the s l i g h t l y 
a l k a l i n e lower i n t e s t i n e ) f th  comple  s a l t
(including resins) ten
rapidly than the equilibriu y
(or resins) might indicate. Marginal prolonged release 
effects were noted with codeine resinate ( 3 5 4 ) and am
phetamine resinate (355)» M i l l e r et a l . ( 3 5 6 ) i n a 
c l i n i c a l study appeared to confirm that a" single 75 nig 
dose of imipramine pamoate was therapeutically equiva
lent to divided doses of 25 mg three times a day of 
imipramine hydrochloride. Other examples are ampheta
mine tannate ( 3 5 7 )* pyrantel pamoate ( 3 5 8 , 3 5 9 ) * pamoates 
( 3 6 0 ) , tannâtes ( 3 5 1 ) and résinâtes ( 3 6 1 , 3 6 2 ) of various 
amine drugs. 

An i n t e r e s t i n g study by Loucas and Haddad (363) 
demonstrated that pilocarpine alginate, a sparingly 
water soluble s a l t of pilocarpine, when applied as s o l 
i d flakes to the cul-de-sac of the eye could effect the 
prolonged release of pilocarpine. Another i n t e r e s t i n g 
prolonged release pro-drug i s t r i a c e t i n (CXXIX), a der
mal delivery form of the f u n g i s t a t i c agent acetic acid 
( 3 6 4 ). The d i r e c t percutaneous application of acetic 
acid i s too corrosive and short acting while CXXIX 
gradually releases acetic acid i n noncorrosive quanti
t i e s . Dimethylol urea (CXXX) and 3-methylol - 5 , 5-di-
methylhydantoin (CXXXI) are two prolonged release forms 
of the skin disinfectant formaldehyde (CXXXII). Both 
drugs, when applied dermally, gradually release CXXXII 
( 3 6 4 , 3 6 5 ) . 

The use of polyethylene g l y c o l derivatives 
(CXXXIII) of procaine (CXXXIV) by Weiner and Zilkha 
( 3 6 6 ) to prolong the l o c a l anesthetic action of dermal
ly applied procaine was successful. CXXXIII and the 
equivalent derivative with PEG 400 showed a slower on
set of action but an increase i n duration of action. 
The r e s u l t s were consistent with CXXXIV being the ac
t i v e agent rather than the intact CXXXIII. 
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CHo0C0CHo 

I 2 3 

CH-OCOCEL 
CH2OCOCH3 

(CXXIX) 

-> CH3COOH (FUNGISTATIC AGENT) 

HOCH2NHCNHCH2OH 

(CXXX) 
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E s t e r i f i c a t i o n of insect repellent dihydroxyace-
tone increased the duration action of t h i s dermally ap
p l i e d product (367)* Garner et a l . ( 3 6 7 ) suggested 
that the intact esters may have some a c t i v i t y of t h e i r 
own and may not be acting as pro-drugs. 
The Use of Pro-Drugs to Increase the Aqueous S o l u b i l i t y 
of a Drug to Allow for Either Direct Aqueous I.V. or 
I.M. I n j e c t i o n , or Opthalmic Delivery 

As we have already seen, many drugs possess very 
poor aqueous s o l u b i l i t y which often leads to l i m i t e d 
o r a l b i o a v a i l a b i l i t y . S i m i l a r l y , many drugs on o r a l 
dosing undergo " f i r s t " metabolism  Parenteral ad
min i s t r a t i o n of drug
travenously or intramuscularly y advantages
(a) allows rapid blood le v e l s of the drug to be ob
tained. This i s especially useful i n emergency t r e a t 
ments; (b) e f f i c i e n t delivery of the drug, especially 
for drug t e s t i n g ; and (c) allows delivery of a drug 
when o r a l therapy i s not f e a s i b l e . 

A number of sparingly water soluble drugs are ad
ministered i n mixed organic/aqueous vehicles. I.M. i n 
jections of chlordiazepoxide ( 3 6 8 ) , diazepam ( 3 6 9 - 3 7 0 ) * 
and sodium diphenylhydantoin ( 3 7 1 - 3 7 5 ) administered i n 
propylene glycol/water vehicles have shown delayed ab
sorption due to p r e c i p i t a t i o n of the administered drug 
at the i n j e c t i o n s i t e . The delayed absorption with 
sodium diphenylhydantoin (I.M. dosing) led to increased 
seizure rates i n treated patients (3 7 ^ ) · 

As discussed e a r l i e r , steroids are a group of com
pounds with poor aqueous s o l u b i l i t y . Adrenal c o r t i c o 
steroids such as betamethasone, dexamethasone, hydro
cortisone, methylprednisolone and prednisolone are a l l 
available commercially as water soluble sodium phos
phate esters or sodium hemisuccinate esters. These 
soluble corticosteroids are used i n emergency treatment 
of bronchial asthma (status asthmaticus), acute adrenal 
c o r t i c a l i n s u f f i c i e n c y , a l l e r g i c drug reactions and are 
given i n t r a a r t i c u l a r l y or i n t r a s y n o v i a l l y i n the t r e a t 
ment of j o i n t inflammation. The water soluble pro
drugs (CXXXV as sodium phosphate, or CXXXVI as sodium 
succinate) regenerate the parent steroid i n vivo (379)» 
CXXXV regenerates the parent steroid v i a acid and a l 
kaline phosphatase enzymes while CXXXVI regenerates the 
parent steroid v i a esterase enzymes. 

Lange and Stein ( 3 7 6 ) synthesized other water s o l 
uble derivatives of steroids such as amino acid carba
mates (CXXXVII). However, these derivatives were found 
to be either inactive or poorly active. 
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R-P-OH 
(β Na® 

(CXXXV) i n vivo R 

Nav 

( CXXXVI
where R = c o r t i c o s t e r o i d molecule 

Although prednisolone hemisuccinate sodium s a l t 
(CXXXIX) i s the current commercially available water 
soluble form of prednisolone (CXXXVIII), other water 
soluble derivatives such as prednisolone-21-m-sulfoben-
zoate sodium s a l t (XCLI) and prednisolone-21-disodium 
phosphate (XCL) have also been synthesized and tested 
(377-379). S i m i l a r l y , methylprednisolone sodium succi
nate (316,380), hydrocortisone-21-phosphate (379,381), 
-21-succinate (316,379*381-382), -21-aminoalkylcarboxy-
lates (383), -21-m-sulfobenzoates (384) , and -21-sul-
fates (384), dexamethasone sodium phosphate (316,379)* 
betamethasone disodium phosphate (316) have been syn
thesized and found to be water soluble, parenterally 
bioavailable forms of the parent steroids. 

The succinate esters of the various steroids are 
useful but suffer somewhat from s t a b i l i t y problems, 
i . e . , the drug must be supplied as a l y o p h i l i z e d powder 
for r e c o n s t i t u t i o n (316). Flynn et. a l . (385)> i n d i s 
cussing the s o l v o l y s i s and factors a f f e c t i n g the s t a 
b i l i t y of corticosteroid-21-phosphate esters, states 
that " a d d i t i o n a l l y , some types of phosphate esters are 
s u f f i c i e n t l y stable to allow the formulation of solu
tions with p r a c t i c a l s h e l f - l i v e s . " Another added ad
vantage of phosphate esters as opposed to the succinate 
esters i s t h e i r very rapid conversion to the parent 
steroid. Melby et a l . (379) i n a very i n t e r e s t i n g 
study showed that I.M. administered hydrocortisone-21-
phosphate (XCLII), (XCL), dexamethasone-21-phosphate 
(XCLIII) and I.V. administered XCLII a l l produced 
higher plasma levels of the parent steroid than the 
corresponding 21-succinate esters, (see Figure 10). 
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u Nav 

I t was suggested by Melby ejb a l . (379) that the 21-suc
cinate esters underwent metabolism at other points i n 
the molecule before d e - e s t e r i f i c a t i o n . This could oc
cur i f d e - e s t e r i f i c a t i o n was slow r e l a t i v e to other 
metabolic processes. The 21-phosphates, on the other 
hand, undergo rapid dephosphorylation releasing the 
parent steroid. Although Melby elb a l . fs (379) data 
does not suggest i t , another possible mechanism i s that 
the 21-succinate might be excreted unchanged. The ac
t i v e elimination of a c i d i c drugs such as p e n i c i l l i n and 
probenicid have been shown to occur (386) . 

Sandman et a l . (387»388) i n studying the aqueous 
s t a b i l i t y of chloramphenicol succinate (XCLIV), a water 
soluble pro-drug of chloramphenicol (XCLV) suitable for 
I.V., I.M. and opthalmic delivery of chloramphenicol, 
noted an unusual p a r t i a l acyl transfer reaction (see 
scheme IX) of the succinyl group to give a c y c l i c hemi-
ortho ester (XCLVI). A s i m i l a r reaction may also po
t e n t i a l l y occur for hydrocortisone (see Scheme X). 
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XCLIX, i f formed, would be more stable, i . e . , would not 
be subjected to esterase a c t i v i t y , and might be e l i m i 
nated or metabolized v i a other pathways. 

250 

TIME (minutes) 

Metabolism 

Figure 10. Mean 17,21 -dihydroxy-20-oxosteroids in 
plasma following I.M. injection of XCLII ( · ), LV. injec
tion of XCLII (•), I.M. injection of hydrocortisone-21 -
succinate (0)> &nd LV. injection of hydrocortisone-21-
succinate (•), in a dose of lmg/kg of body weight in 

humans (379) 

The estrogenic s t e r o i d , d i e t h y l s t i l b e s t e r o l (CL), 
may be given I.V. as i t s diphosphate ester (CLI) diso-
dium s a l t i n the treatment of prostatic carcinoma. 
However, the o r i g i n a l synthesis of CLI was not done 
with the intention of obtaining a water soluble form of 
CL but to help l o c a l i z e CL i n the carcinoma c e l l s by 
u t i l i z i n g the high acid and a l k a l i n e phosphatase levels 
(389-397) i n carcinoma c e l l s to effect p r e f e r e n t i a l up
take of CL. Water soluble glycine esters of CL have 
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also been synthesized (398.). 
Hydroxydione (CLII) i s a water insoluble basal 

anesthetic that may be given I.V. (398) as i t s sodium 
succinate derivative (CLIII). 

As stated e a r l i e r , chloramphenicol (XCLV), a 
s l i g h t l y water soluble a n t i b i o t i c , cannot be used d i 
r e c t l y for I.V., or I.M. i n j e c t i o n or for l o c a l solu
t i o n application as eye/ear drops. Glazko ejt a l . 
(399) overcame t h i s problem by synthesizing the sodium 
s a l t of chloramphenicol monosuccinate (XCLIV). XCLIV 
can be given I.V./I.M. as a reconstituted injectable 
and i s reasonably quantitavely converted to XCLV and 
succinic acid (399) by esterase a c t i v i t y present i n 
plasma (400-402). Adenine arabinoside (CLIV), an an
t i v i r a l , cytotoxic agent whose low aqueous s o l u b i l i t y 
prevented i t s use i n small volume I.V. preparations, 
was s o l u b i l i z e d by preparation of the 5'-formate ester 
(CLV) (see paper by Dr. Repta). LePage et a l . (403.) 
prepared the 5 f-phosphate (CLVI) of CLIV. However, 
CLVI may undergo deamination before regenerating CLIV 
which may l i m i t i t s usefulness (4θ3»4θ4). 

Oxazepam (CLVII), a minor t r a n q u i l i z e r and actual
l y a metabolite of diazepam (405-408), has been solu
b i l i z e d as oxazepam sodium succinate (CLVIII). CLVIII 
i s a pro-drug of CLVII with favorable physical proper
t i e s f o r I.V. or I.M. administration (409-413). An 
in t e r e s t i n g side l i n e to t h i s work i s that the number 
3 carbon of CLVII i s an o p t i c a l l y active center and 
the two possible isomers of CLVIII have been shown to 
regenerate CLVII at d i f f e r i n g rates (410). The d i f -

0 

(CLII) : 
(CLIII): 

R = -H 
R = -COCH2CH2COO0Na 
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(CLIV)
(CLV): R = -COH 

(CLVI) : R = -P0oH9Na' 

(CLVII): R = -H 
(CLVIII): R = -COCHgCHgCOoSla8 

f e r i n g rates were also found to be a function of the 
p a r t i c u l a r animal species i n which the regeneration was 
studied (410). 

Recently S t e l l a and Higuchi (4l4) synthesized and 
demonstrated the possible usefulness of 3 3N t,N i-diethyl-
aminoethyl-5-methyl-2,2-ethylphenylhydantoate (CLIX) 
as a water soluble pro-drug of mephenytoin (CLX). 
CLIX i s converted to CLX under physiological conditions 
without enzyme mediation. Currently the only i n j e c t 
able anticonvulsant hydantoin available i s sodium d i 
phenylhydantoin which, due to i t s a l k a l i n i t y , has many 
unwanted side effects (415). A derivative of 5,5-di-
phenylhydantoin s i m i l a r to CLIX w i l l be reported by 
S t e l l a et a l . l a t e r . 
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Bioreversible chemical modification of drug mole
cules to increase the aqueous s o l u b i l i t y of a compound 
has also been u t i l i z e d i n s o l u b i l i z i n g menadione, 
either as i t s b i s u l f i t e adduct, i t s disodium diphos
phate ester, or i t s carboxymethoxime derivative (4l6-
4l 8 ) , tetrahydrocannabinol as a series of b i f u n c t i o n a l 
esters (419-421), and α-methydopa as i t s ethyl ester 
(422) . 

HN-
\ H 5 

(CLIX) 
i n v i v o / i n v i t r o 

H5C2- -c=o 

ΗΝ Ν—CH^ 
II 
0 

(CLX) 

The Use of Pro-Drugs to Lower the Toxicity of a Drug 
A drug may exhibit t o x i c i t y i f i t accumulates 

s e l e c t i v e l y i n some tissue or organ and interacts with 
some receptor i n the organ thus e l i c i t i n g a reaction 
which i s not necessarily the desired pharmacological 
reaction. Any drug-receptor i n t e r a c t i o n w i l l be depen
dent on the amount of drug reaching the receptor and 
i t s time p r o f i l e i n contact with the receptor. As 
stated e a r l i e r , "peak" and "val l e y " effects of multiple 
dosing might r a i s e the concentration of a drug i n the 
plasma above i t s toxic l e v e l or, at the end of i t s 
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cycle (before the next dose i s given), the plasma l e v e l 
may drop below the therapeutic l e v e l . For these rea
sons, a sustained release or prolonged release form of 
a drug may be desirable to narrow the difference seen 
between the "peaks" and " v a l l e y s . " I f a pro-drug with 
i n t r i n s i c a l l y lower t o x i c i t y i s designed to regenerate 
the parent compound slowly (the equivalent to slow ab
sorption) the t o x i c i t y of the parent compound might be 
lowered. 

A few i n t e r e s t i n g , although c o n t r o v e r s i a l , and 
perhaps marginal examples of t h i s phenomena do e x i s t . 
The agent 5,5-ethylphenylhydantoin (CLXI), was used as 
an anticonvulsant. I t was removed from the market be
cause of t o x i c i t y and i n i t s place mephenytoin (CLX) 
was promoted (423)
i s N-demethylated t  althoug
out t o x i c i t y i t i s s t i l l used i n the treatment of p e t i t 
mal seizures (423)» The known a c t i v i t y of CLX, which 
does not involve any lag time, i s consistent with CLX 
maintaining some anticonvulsant a c t i v i t y of i t s own. 

S i m i l a r l y primacolone (primidone, CLXII) was pro
moted as a nontoxic anticonvulsant useful i n the t r e a t 
ment of grand mal seizures (424). S p e c i f i c a l l y , i t was 
f e l t that i t might replace phenobarbitone (CLXIII). I t 
has since been found that CLXII i s metabolically o x i 
dized to CLXIII both i n humans and animals (426-428). 
Kutt (425) i n a recent review of pharmacodynamic and 

•NH 

.NH y OH 
(CLXII) 

(CLXIII) 
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pharmacokinetic measurements of a n t i e p i l e p t i c drugs 
states that CLXIII plasma lev e l s a f t e r chronic admin
i s t r a t i o n of CLXII are 1.5-3 times higher than the 
CLXII l e v e l s . This i s consistent with the slow e l i m i 
nation of CLXIII. Even though the long term a n t i e p i 
l e p t i c effects of CLXII might be attributed to i t s 
metabolite, CLXIII, i t does appear that CLXII and an
other metabolite phenylethylmalonamide have ani t e p i l e p -
t i c a c t i v i t y of t h e i r own (425)* 

Another drug whose t o x i c i t y appears related to i t s 
tissue d i s t r i b u t i o n i s the cytotoxic agent adriamycin 
(CLXIV). The c a r d i o t o x i c i t y of CLXIV has been well es
tablished. Arcamone et a l . (429) synthesized and 
showed the change i  d i s t r i b u t i o  i  mic  hear
tissue a f t e r the administratio
tanoate (CLXV). CLXV was shown to have comparable 
cytoxic a c t i v i t y to CLXIV. After CLXV dosing of t r i 
tium l a b e l l e d compound, CLXV showed greater amounts of 
rad i o l a b e l l e d material i n lungs, l i v e r , and spleen 
r e l a t i v e to CLXIV dosed animals, but lower amounts of 
r a d i o l a b e l l e d materials were seen i n the heart and 
kidney. 

Probably the area of drug t o x i c i t y which has been 
given the greatest attention and f o r which the pro-drug 
approach has often been used i s ga s t r i c i r r i t a t i o n . 
Drug induced gast r i c ulceration has been a recognized 

OCH. '3 0 OH 

H 0 

NH2 H 

(CLXIV): R -H 
(CLXV): R -COC^H 7"15 
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problem especially i n patients treated for inflammatory 
diseases. S a l i c y l a t e s including a c e t y l s a l i c y l i c acid 
or a s p i r i n , as well as s a l i c y l i c acid i t s e l f , have been 
known to induce gastric bleeding, ulceration and gener
a l GI i r r i t a t i o n (430-441). Attempts to modify s a l i 
c y l i c and a c e t y l s a l i c y l i c acid i r r i t a t i o n by the pro
drug approach has a long history. None of the products 
studied appears to hold any great advantage over ace
t y l s a l i c y l i c acid either i n a c t i v i t y or decreased gas
t r i c i r r i t a n t properties. However, pote n t i a l decreased 
gastric i r r i t a n t properties with the use of some of the 
pro-drugs have been claimed by some of t h e i r promoters 
(442-445). 

Other s a l i c y l i  benzoi  aci  derivative  whic
have shown ga s t r i c i r r i t a n
c a l l y modified i n attempts to decrease t h e i r i r r i t a n t 
properties. The g l y c e r y l ester of N-arylanthranilic 
acid apparently has lower gastric i r r i t a n t properties 
than the parent compound (446), while various biore-
v e r s i b l e derivatives of n i c o t i n i c acid showed no advan
tage or showed marginal advantages over n i c o t i n i c acid 
(447-448). 

A l l potent nonsteroidal anti-inflammatory agents 
appear to exhibit GI i r r i t a n t properties. Indomethicin 
(CLXVI) has been p a r t i c u l a r l y notorious. The a c i d i c 
properties of the anti-inflammatory agents and GI i r r i 
tants i n general suggest that the bioreversible block
ing of the acid function may lead to a decrease i n GI 
i r r i t a t i o n . This i s not to say that t h e i r i r r i t a n t 
mechanism of action i s l o c a l because i t has been shown 
that parenteral administration of many of these agents 
does promote ulceration* However, i t also stands to 
reason that high l o c a l i z a t i o n i n the GI mucosa of these^ 
agents on o r a l administration can only help promote 
rapid u l c e r a t i o n . 

Glamkowski et_ al_. (449), although not s t a t i n g that 
t h e i r intention was to bypass the gastric i r r i t a n t 
properties of CLXVI, tested the a c t i v i t y of the alde
hyde analog of CLXVI. Using the canageenan-induced 
foot odema test i n the r a t , the aldehyde analog (CXVII) 
was 0.6-0.7 times as active as CLXVI. Subsequent anal
ysis of plasma showed that CLXVII gave substantial 
plasma levels of CLXVI presumably as a r e s u l t of oxida
t i v e metabolism (see Figure 11). Whether the lower 
CLXVI lev e l s a f t e r CLXVII dosing i s due to incomplete 
absorption or incomplete metabolism i s uncertain. The 
authors did not state whether any differences i n GI i r 
r i t a n t properties between the two compounds existed. 
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Figure 11. CLXVI plasma level-time profile after 
administration of CLXVI (O) and CLXVII (·) at a 
dose of 10 mg/kg orally to rats. Plotted from the 

data of Glamkowski et al. (449) 

(CLXVI): R = -COOH 
(CLXVII): R = -COH 
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Phenylbutazone (CLXVIII), another acid (carbon 
acid) nonsteroidal agent, has been shown to be a GI i r 
r i t a n t . I t has yet to be established whether the 0-
trimethoxybenzoyl enol ester of CLXVIII (CLXIX), which 
supposedly i s better tolerated and less toxic than 
CLXVIII (450), or an a c y c l i c form of CLXVIII (CLXX), 
which i s p a r t i a l l y metabolized to CLXVIII (451-454), 
hold any great advantage over CLXVIII. 

Clofibrate or p-chlorophenoxyisobutyric acid ethyl 
ester (CLXXI) synthesized by Jones ejb a l . (455) was 
found to be useful as an antihypercholesteremic agent. 
I t i s generally accepted that the corresponding a c i d , 
p-chlorophenoxyisobutyric acid (CLXXII), i s the pharma
c o l o g i c a l l y active specie  (456)  Th f th  ethyl 
ester as opposed to
pears related to the better tolerance of CLXXI on pro
longed administration (457). 

Oleandrin, a potent d i u r e t i c useful i n the t r e a t 
ment of cardiac i n s u f f i c i e n c y , was e s t e r i f i e d to i t s 
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acetate ester i n an attempt to lower i t s GI d i s t u r 
bance tendencies (458-459). 

Pain due to I.M. i n j e c t i o n i s a t o x i c i t y problem 
that has been associated with a number of compounds. 
Intramuscular injections of the a n t i b i o t i c , clindamy
cin, were found to be p a i n f u l but a phosphate ester pro
drug of clindamycin on I.M. dosing (460-461) was pain
l e s s . S i m i l a r l y chloramphenicol sodium succinate (399) 
and bioreversible oleandomycin derivatives (168,172-
173) were less i r r i t a t i n g on I.M. i n j e c t i o n than the 
parent compounds. 

Subcutaneous and I.M. i n j e c t i o n of i o n i c i r o n and 
c o l l o i d a l i r o n were found to be either toxic or very 
p a i n f u l . Martin et a l  (462) and others (463-466) 
found that i r o n administere
(Imferon®) was well
low t o x i c i t y and i r r i t a t i o n , and was a s a t i s f a c t o r y 
hematinic agent. Complexes of iron with s o r b i t a l (467) 
have also proven successful. Terrato et a l . (468-470) 
have studied o r a l iro n absorption from complexes with 
low molecular weight noncarbohydrate polymers and 
shown that the absorption i s enhanced i n the presence 
of these chelating agents. In the body, i r o n i s 
stored as the complex f e r r i t i n and i s transported i n 
combination with the protein B-globulin. The use of 
polysaccharide molecules such as dextran, etc., was an 
attempt to simulate the naturally occurring macromole-
cules as a transport medium for i r o n . 

Two general examples where the pro-drug approach 
has led to a reduction i n t o x i c i t y but where the mech
anisms are not understood are amphotericin methyl es
ter (CLXXIII) and the ethyl ester of prostaglandin. 
Bonner et a l . (471) tested both the a c t i v i t y and t o x i c 
i t y of a series of polyene a n t i b i o t i c esters and found 
that the t o x i c i t y of the esters was much lower than 
the t o x i c i t y of the parent compounds. Amphotericin 
(CLXXIV) i s administered as a large volume I.V. c o l l o i d 
suspension. The z w i t t e r i o n i c nature of CLXXIV i s at
tested to by i t s low water s o l u b i l i t y at neutral pH 
and increasing s o l u b i l i t y below pH 2 and above pH 11 
(472) . CLXXIII i s water soluble at neutral pH allowing 
i t to be administered as true solution. The t o x i c i t y 
of the o r i g i n a l c o l l o i d a l CLXXIV may have been due to 
the I.V. administration of p a r t i c u l a t e matter. The 
a c t i v i t y of CLXXIII versus CLXXIV, against C. albicans 
infected mice was e s s e n t i a l l y i d e n t i c a l . The ethyl es
ters of prostaglandins are claimed by Anderson et a l . 
(473) to lead to a decrease i n diarrhea associated with 
prostaglandin administration. 
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The Use of Pro-Drugs to Overcome Problems of Poor 
Patient Acceptance of a Product 

The commercial pot e n t i a l of a product might be 
judged i n terms of a) i t s a b i l i t y to cure or suppress 
some diseased state more successfully than agents cur
r e n t l y a v a i l a b l e , and b) the p o t e n t i a l market produced 
by that disease. However, a c r i t i c a l consideration of
ten overlooked i s a patient acceptance factor. P a i n f u l 
injections might be a deterrent to the use of a drug, 
especially i f multiple dosing i s required. An a n t i b i 
o t i c might be extremely b i t t e r t a s t i n g making i t s u i t 
able for dosing i n a capsule or coated tablet but un
suitable for a pediatri  suspensio  chewabl  table
dosage form. Poor patien
p e c i a l l y with p e d i a t r i c and possibly g e r i a t r i c prod
ucts, can often be a deterrent factor for commerciali
zation of a product for that segment of the population. 

Chloramphenicol (XCLV) i s an example of a useful 
drug which, although sparingly water soluble, had an 
unpleasant b i t t e r taste. Various derivatives of XCLV 
such as i t s palmitate ester (CLXXV) were synthesized 
and tested for taste acceptance and t h e i r a b i l i t y to 
d e l i v e r XCLV (474-476) on o r a l dosing. Other sparingly 
soluble XCLV derivatives have been synthesized i n an 
e f f o r t to overcome the taste problem (477-479). Be
cause of the sparingly water soluble nature of CLXXV, 
i t presented a number of o r a l b i o a v a i l a b i l i t y problems 
that were overcome by the use of a metastable polymorph 
of CLXXV and the careful screening of p a r t i c l e size ef
fects (480). Glazko et a l . (475,481) i n t h e i r studies 
of the b i o a v a i l a b i l i t y of XCLV from CLXXV noted some 
unusual r e s u l t s . I t might seem that CLXXV should be 
p a r t i a l l y absorbed as such and be converted to XCLV 
both i n the GI t r a c t and plasma but no CLXXV was found 
i n plasma. Recently Andersgaard et_ a l . (482) noted 
that the d i s s o l u t i o n of CLXXV from p a r t i c l e s was cata
lyzed by pancreatic lipase and that on d i s s o l u t i o n XCLV 
was released. Surprisingly the pancreatic lipase did 
not catalyze the conversion of CLXXV to XCLV i n the 
bulk phase solution. The authors postulate that the 
pancreatic lipase i s actually adsorbed onto the CLXXV 
p a r t i c l e and actually catalyzes a s o l i d state hydroly
sis of the ester to i t s corresponding acid and alcohol 
f r a c t i o n s . 

A question that probably should be asked i s why 
does a drug taste b i t t e r ? Bitterness r e s u l t s from a 
compound dissolving i n the s a l i v a of the mouth and i n 
teracting with a b i t t e r taste receptor. Molecular 
theories on the cause of sweet and b i t t e r taste have 
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appeared i n the l i t e r a t u r e and w i l l not be discussed 
here (483-485). The general method of overcoming a bitter taste 
i n a pharmaceutical has involved either a formulation 
technique, i . e . coated t a b l e t , use of capsules, or pre
paration of a bioreversible, less water soluble deriva
t i v e of the drug. CLXXV was one example of the l a t t e r 
technique. The lowering of the water s o l u b i l i t y does 
not block the drug-receptor i n t e r a c t i o n but simply pre
vents the drug from ever reaching the receptor. I f the 
molecular theory of sweet and b i t t e r receptors i s ac
cepted, simply blocking the e l e c t r o p h i l i c or nucleo-
p h i l i c s i t e of i n t e r a c t i o n should s u f f i c e . 

Other examples of pro-drugs used to overcome taste 
problems are the palmitat
discussed further b
s a l t of erythromycin (486), the ethylsuccinate and 
ethyl carbonate esters of erythromycin ( 1 7 8 , 1 7 9 ) , phos
phate and carbonate esters of lincomycin ( 4 8 7 - 4 8 9 ) , 
acyl ester N-oxide oleandomycin ( 4 9 0 ) , and the t r i a c e -
t y l ester of oleandomycin which was less soluble and 
therefore less b i t t e r than oleandomycin ( 1 6 8 , 1 7 2 - 1 7 3 ) . 
N f-Acetylsulfisoxazole (Lipogantrisin®) and N f-acetyl-
sulfamethoxypyridazine (Kynex®) were two tasteless de
r i v a t i v e s of sulfisoxazole and sulfamethoxypyridazine 
suitable as pediatric suspensions ( 4 9 1 ). The 3 , 4 , 5 -
trimethoxybenzoate s a l t of t e t r a c y c l i n e was also found 
to be tasteless ( 4 9 2 ) . 

The unpleasant taste of acetaminophen (CLXXVI) has 
prevented i t s use i n a chewable tablet formulation for 
pediatric patients. Repta and Hack ( 4 9 3 ) prepared 2 -
(p-acetaminophenoxy)tetrahydropyran (CLXXVII), a pro
drug of CLXXVI, which was shown to have a lower water 
s o l u b i l i t y than CLXXVI and i s re a d i l y converted to 
CLXXVI under ac i d i c conditions. A series of 0-acyl and 
O-carbonate esters of CLXXVI as pro-drugs of CLXXVI 
were evaluated by D i t t e r t et a l . ( 4 9 4 - 4 9 8 ) . Their ob
j e c t i v e did not appear to be the blockage of CLXXVI's 
taste problem. Chloral hydrate (CLXXVIII), a hypnotic, 
was l i m i t e d i n i t s use by an unpleasant, b i t t e r taste 
and odor as well as formulation problems (to be d i s 
cussed further i n the next section). Various deriva
tives of CLXXVIII have been attempted to overcome the 
taste and odor problems. One example was d i c h l o r a l -
phenazone (CLXXIX), a molecular complex between 
CLXXVIII and phenazone ( 4 9 9 ). A l t e r n a t i v e l y CLXXVIII 
i s considered to be a precursor (a pro-drug) of t r i -
chloroethanol (CLXXX), a high b o i l i n g point corrosive 
l i q u i d ( 5 0 0 ). S o l i d pro-drugs of CLXXX have been pro
moted ( 4 9 7 , 4 9 8 , 5 0 1 , 5 0 2 ) , including triclorphos (CLXXXI), 
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CH 3CHN-^ 0 —<^ ^) 

(CLXXVII) 

H+/H20 

0 

(CLXXVI) 

b i s - t r i c h l o r o e t h y l carbonate (CLXXXII) and t r i c h l o r o -
ethyl-4-acetamidophenyl carbonate (CLXXXIII). 

Bitterness associated with amine drugs are well 
documented (361,362). Borodkin et_ a l . (361,362) pre
pared a series of s l i g h t l y soluble ion exchange résin
âtes of a series of amine drugs with the objective of 
preparing products suitable for a chewable tablet dos
age form. The s l i g h t l y water soluble pyruvium pamoate 
(Povan®) i s described as a pleasant t a s t i n g suspension 
(503) while the tranquilizer/antihistamine hydroxyzine 
pamoate (Vistarl®) and the antiemetic diphenidol 
pamoate (Vontrol®) are also s l i g h t l y water soluble 
tasteless suspensions (504,505). S i m i l a r l y the spar
ingly water soluble napsylate s a l t of propoxyphene 
(Darvon-N®) was promoted as a tasteless and stable de
r i v a t i v e of propoxyphene (506,508). Propoxyphene could 
not be prepared i n a l i q u i d dosage form because of 
s t a b i l i t y problems or i n a pedia t r i c dosage form be
cause of bitterness. Various sulfonic acid s a l t s were 
found to be tasteless (506,509) because of t h e i r low 
aqueous s o l u b i l i t y . 
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9H 
C1„CCH C1_CCH„0H 

3 \ 3 2 

OH 
(CLXXVIII) (CLXXX) 

ο 0 
ClgCCHgOÎ—Ο ® Na ® Cl 3CCH 2OCOCH 2CCl 3 

OH 
(CLXXXI) (CLXXXII) 

CH3CHN—F y—OCOCH2CCl3 

(CLXXXIII) 
The Use of Pro-Drugs to Promote Sit e S p e c i f i c Delivery 
of a Drug 

Id e a l l y , pro-drugs might be useful i n promoting 
s i t e s p e c i f i c i t y f o r a given drug by l o c a l i z i n g the 
drug i n a target organ by u t i l i z i n g either some specif
i c physical or chemical property of the s i t e . For ex
ample, tumor c e l l s are postulated to contain a higher 
concentration of phosphatase and amidase enzymes than 
normal c e l l s (510). Therefore, i f a cytotoxic drug i s 
phosphorylated (assuming a suitable functional group 
for attachment i s a v a i l a b l e ) , the tumor c e l l s w i l l pro
vide a "sink" f o r the drug thus promoting a somewhat 
s p e c i f i c accumulation of the drug at that s i t e . Phos-
phoryl derivatives of cytotoxic agents such as d i e t h y l -
s t i l b e s t e r o l (CLXXXIVa and CLXXXIVb) and e s t r a d i o l 
(CVI) have been found useful i n the treatment of pro
s t a t i c carcinoma (299,389-397) presumably due to t h i s 
s p e c i f i c i t y . Phosphate esters of cytosine arabinoside 
(511,512) and adenine arabinoside (4θ3,4θ4) have not 
proven to be any more active than the parent compounds. 
The dicarbamate of CLXXXIVa, (CLXXXV), has also been 
suggested for the treatment of prostatic carcinoma 
(513). The parent compounds i n each of these cases are 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



84 PRO-DRUGS 

RO 

OR 
(CLXXXIVa): 
( CLXXXIVb): R 
(CLXXXV): R 

the active agent with the precursors having l i t t l e i n 
t r i n s i c a c t i v i t y . 

L o c a l i z a t i o n of drugs at a s i t e has received some 
success with the bowel s t e r i l a n t s , succinyl and phtha-
l o y l sulphathiazole (514). Both these derivatives are 
monoamides of sulphathiazole which, due to t h e i r polar
i t y , are not well absorbed from the GI t r a c t . In the 
lower i n t e s t i n e and colon, both release sulphathiazole 
which then acts as the bowel s t e r i l a n t . Another pro
drug which has shown some s i t e s p e c i f i c i t y i s oxypheni-
sa t i n and i t s diacetate derivative (CLXXXVII). CLXXXVI 

OR 

H 

(CLXXXVI): R = -H 
(CLXXXVII): R = -COCH 
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i t s e l f i s active as a bowel évacuant i f administered 
r e c t a l l y as a solution. CLXXXVII i s active o r a l l y and 
i s metabolized to CLXXXVI i n the intestines and exerts 
i t s évacuant properties as CLXXXVI. Bruzzese ê t a l . 
(515) and Hubacher et_ a l . (516.) have surveyed the ef
fect of acetylation of diphenolic laxatives and found 
the d i a c e t y l derivatives to be less potent than the d i -
hydroxy metabolite per se. However, the acetylated de
r i v a t i v e s are less i r r i t a t i n g and more stable when ad
ministered o r a l l y . 

Other examples of s i t e s p e c i f i c i t y through pro
drugs were discussed e a r l i e r , e.g., promotion of pas
sage through the blood brain b a r r i e r and changing the 
permeability c h a r a c t e r i s t i c  variou  chelatin
agents. Methenamin
offers s i t e s p e c i f i c i t y for formaldehyde to the urinary 
t r a c t . When administered o r a l l y i n an enteric coated 
t a b l e t , I i s absorbed and excreted i n the urine. Acid
i f i c a t i o n of the urine by either dietary regulation or 
coadministration of a c i d i f y i n g agents such as ammonium 
chloride or sodium biphosphate promotes formation of 
the nonspecific a n t i b a c t e r i a l formaldehyde (22). The 
enteric coating of methenamine tablets i s necessary to 
prevent gast r i c a c i d i t y from converting I to formalde
hyde prematurely (22). 

An example of a product which may be considered a 
pro-drug i s selenium s u l f i d e . Selenium derivatives are 
useful as antiseborrheic and a n t i b a c t e r i a l agents 
(517). However, the more water soluble derivatives are 
also toxic due to systemic selenium absorption. Sele
nium s u l f i d e i s a very s l i g h t l y soluble selenium deriv
ative useful for l o c a l application i n the treatment of 
dandruff. The poor s o l u b i l i t y allows for l o c a l effect 
while preventing systemic t o x i c i t y . 
The Use of Pro-Drugs to Eliminate S t a b i l i t y and Other 
Formulation Problems 

The s t a b i l i t y of a drug i n i t s dosage form, wheth
er a l i q u i d or s o l i d dosage form, can l i m i t the commer
c i a l p o t e n t i a l of a drug product. Most drug s t a b i l i t y 
problems can generally be overcome v i a physical means 
rather than chemical means. That i s , i f a drug, useful 
as an i n j e c t a b l e , i s sparingly stable i n aqueous solu
t i o n , lypophylization of the drug and simple r e c o n s t i 
t u t i o n with a solvent before administration to the pa
ti e n t might be the answer to the s t a b i l i t y problem. 

The pro-drug approach has been u t i l i z e d with vary
ing degrees of success as an alternative means of pro
duct s t a b i l i z a t i o n . P e n i c i l l i n s are rather unstable i n 
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aqueous solution due to β-lactam r i n g hydrolysis zo the 
corresponding p e n i c i l l o i c acid. Under a c i d i c condi
tions the hyperallergenic, p e n i c i l l e n i c acid can also 
be formed. Injectable and o r a l suspension forms of 
P e n i c i l l i n G (CLXXXVIII) were l i m i t e d due to t h i s i n 
s t a b i l i t y . P e n i c i l l i n G degradation occurs i n solu
t i o n . I f a sparingly soluble s a l t of the p e n i c i l l i n i s 
employed, then the degradation becomes zero order, 
since the concentration of p e n i c i l l i n i n the solution 
remains small and constant due to replenishment of the 
degraded p e n i c i l l i n from the suspension. Therefore, 
the rate of degradation i s a function of the amount of 
dissolved p e n i c i l l i n which, i n turn, i s a function of 
the s o l u b i l i t y product of the s a l t  The benzathine
procaine, and hydrabamin
(CLXXXIX, XCC and XCC  respectively)
sparingly soluble s a l t s of p e n i c i l l i n s for both o r a l 
and I.M. administration ( 7 - 1 1 ). For P e n i c i l l i n G 
CLXXXIX has an aqueous s o l u b i l i t y of 0 . 1 5 mg/ml, XCC 
0 . 4 mg/ml, XCCI 0 . 0 7 5 mg/ml. These sparingly water 
soluble p e n i c i l l i n s a l t s which allowed the preparation 
of l i q u i d p e n i c i l l i n dosage forms also led to more sus
tained or prolonged release forms of p e n i c i l l i n useful 
as single dose I.M. i n j e c t i o n (7 . ) · 

As stated e a r l i e r , propoxyphene (XCCII) was unsta
ble i n aqueous solution so preventing i t s use i n a pe
d i a t r i c l i q u i d dosage form. The napsylate s a l t of pro
poxyphene (Darvon-N®, XCCIII) as a sparingly soluble 
s a l t of XCCII was formulated i n a ped i a t r i c suspension 
( 5 0 8 ). XCCIII showed release c h a r a c t e r i s t i c s of 
XCCII from the suspension and capsule dosage forms 
very s i m i l a r to the previously used XCCII hydrochlo
r i d e . However, there did appear to be a s l i g h t and ex
pected prolonged release e f f e c t . 

Erythromycin i s degraded very rapidly under a c i d i c 
conditions ( 1 6 6 ). Nelson has shown that the b i o a v a i l 
a b i l i t y of erythromycin from various erythromycin es
ters i s inversely proportional to the aqueous s o l u b i l 
i t y of the esters. That i s , the less water soluble the 
ester, the better the b i o a v a i l a b i l i t y ( 1 6 6 ) . 

The three examples just given represent one mode 
of product s t a b i l i z a t i o n v i a the pro-drug approach. 
S t a b i l i z a t i o n of a product through covalent chemical 
modification by blocking a decomposition s i t e or block
ing a functional group which f a c i l i t a t e s the decomposi
t i o n has also been t r i e d . H e t a c i l l i n , a more stable 
pro-drug form of a m p i c i l l i n , w i l l be discussed l a t e r by 
Dr. Sinkula. Epinephrine (IX), the catecholamine d i s 
cussed e a r l i e r , i s susceptible to pH dependent oxida
t i o n ( 5 1 8 ). Attempted s t a b i l i z a t i o n of IX by the addi-
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Θ 
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t i o n of the antioxidant, sodium b i s u l f i t e , was found 
to catalyze a nonoxidative breakdown of IX to a s u l 
fonate (XCCIV). This c a t a l y s i s was studied by Higuchi 
and Schroeter (519) who found that the p-hydroxy group 
of IX was necessary for the sulfonation reaction to 
occur. Riegelman and Fischer ( 5 2 0 ) found that the 
addition of boric acid buffer to a solution of IX sta
b i l i z e d IX against b i s u l f i t e attack. They postulated 
and l a t e r isolated epinephryl borate (XCCV), a s t a b i -
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Θ CH. 
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(XCCIII) 

HO-^ \-CHCH2NH ( CH3 ) fh^ CHCH2NH( CH3 ) 
Β 

/ \ / 
HO 0 

n u (XCCIV) (XCCV) 
l i z e d bioreversible derivative of IX. 

Ascorbic acid or vitamin C i s very susceptible to 
oxidation both i n solution and to some degree i n the 
s o l i d state. This oxidation w i l l take place only i f 
the 2 , 3 - d i o l system of ascorbic acid i s free, i . e . , 
not derivatized. Such derivatives as 2 and/or 3-acyl 
( 5 2 1 ) , -benzoyl ( 1 2 9 - 1 3 2 ), -phosphoryl ( 1 8 9 , 5 2 2 - 5 2 4 ) , 
and sulfate derivatives (525) have been shown to be 
more stable i n solution and to provide s i m i l a r vitamin 
C a c t i v i t y as ascorbic acid i t s e l f . S i m i l a r l y , various 
bioreversible derivatives of hydrocortisone have been 
shown to be quite stable ( 3 8 2 - 3 8 4 ) , whereas hydrocorti
sone i t s e l f i s quite susceptible to degradation ( 5 . 2 6 ) . 

S o l i d state degradations can also be a problem 
with some drugs. Highly unsaturated hydrocarbons, such 
as vitamin A and vitamin D, are susceptible to degrada
t i o n . G u i l l o r y and Higuchi ( 5 2 7 ) studied the s o l i d 
state s t a b i l i t y of some vitamin A derivatives. They 
found that the s o l i d state s t a b i l i t y was inversely pro
por t i o n a l to the melting point of the s o l i d , i . e . , the 
higher the melting point of the derivative the more 
stable the product. However, as stated by the authors, 
the higher melting point derivatives also had the lower 
aqueous s o l u b i l i t y so the b i o a v a i l a b i l i t y of the more 
stable products might present some problems. 

Forlano et a l . ( 5 2 8 - 5 3 0 ) studied the effect of 
acylation of vitamin A alcohol on the s t a b i l i t y of 
vitamin A. The α,α-dimethylpalmityl derivative was 
found to be quite stable. The b i o l o g i c a l a v a i l a b i l i t y 
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of vitamin A from the s t e r i c a l l y hindered esters using 
cod l i v e r o i l and vitamin A palmitate as controls, was 
lower than the controls. The highest a c t i v i t y resulted 
from vitamin A palmitate with the α,α-dimethylpalmitate 
derivative giving 70% b i o l o g i c a l a c t i v i t y r e l a t i v e to 
the palmitate derivative ( 5 3 0 ) . 

Thiamine, or vitamin B]_, was found to be unstable 
when added to polished r i c e . Higuchi and Windheuser 
( 9 2 ) have shown thiamine to be a very unstable com
pound. Various l i p i d soluble, stable thiamine pro
drugs, such as XX-XXIV, have been found useful as food 
additives ( 9 1 - 9 3 ) . 

The physical and chemical properties of a drug may 
prevent i t s formulation
mercaptan (CoHc-SH,
the treatment of tuberculosis and leprosy ( 5 3 1 ). How
ever, XCCVI has a very low b o i l i n g point of 35° which 
creates obvious formulation problems. S i m i l a r l y , be
cause of i t s odor and high vapor pressure, a problem of 
patient acceptance was created. Davies et_ a l . ( 5 3 2 - 5 3 3 ) 
overcame the problem by preparing a series of t h i o -
esters, the most favorable being d i e t h y l d i t h i o l i s o p h -
thalate (XCCVII). XCCVII was a high b o i l i n g , r e l a t i v e -

0 II 
CSC 0H C 

C S C ^ II 2 5 

(XCCVII) 

.CH. 
H0CH 2CH 2N^ 

CH. 

(XCCVIII) 

Φ ̂ CH^ 
H0CH 2CH 2N—Η 

\ m 3 

CH3CNH C-0 θ 

(XCCIX) 
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l y odorless l i q u i d , which was administered by enunction 
and on absorption reverted to XCCVI and isophthalic 
acid. S i m i l a r l y the l i q u i d t r ichloroethanol was formu
lated as either CLXXVIII (500), CLXXXI (501), CLXXXII 
(502) or CLXXIII (497-498)- Another low b o i l i n g point 
l i q u i d Ν,Ν-dimethylaminoethanol or deanol (XCCVIII) was 
formulated as i t s acetamidobenzoate s a l t (XCCIX, 534). 
The formulation of formaldehyde as I , CXXX, and CXXXI 
has already been discussed. 
"Accidental" Pro-Drugs 

Many of the examples that have been discussed i n 
t h i s paper did not r e s u l t fro  planned h t
the optimizing of dru
accidents. P r o n t o s i l (CC), the compound that provided 
the clue that led to the development of sulfanilamide 
(CCI) and subsequently sulfonamide antimicrobial 
agents, was not a preconceived pro-drug of s u l f a n i l a 
mide (535)* S i m i l a r l y , i t was not i n i t i a l l y r e a l i z e d 
that oxazepam (CLVII) was a metabolite of diazepam 
(405-408), that phenacetin gave r i s e to acetaminophen 
(CLXXVI) (536-538), that phenylbutazone had an active 
metabolite oxyphenbutazone (539), and that zoxazolamine 
was metabolized to chlorzoxazone which also possessed 
muscle relaxant properties (540-541). 

At the same time there i s some doubt that some of 
the examples generally accepted and discussed as pro-

NH 2 
(CC) 

AZO-REDUCTAZE 

(CCI) 
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drugs are t r u l y pro-drugs. The carbamates of mephen-
i s n and the 2-substituted propanediols may have muscle 
relaxant and anticonvulsant a c t i v i t y of t h e i r own (5^2, 
543.). For example, there i s no proof that adriamycin-
14-octanoate (CLXV) exerts i t s cytoxic a c t i v i t y due to 
conversion to adriamycin (429) · To prove that a deriv
ative exerts i t s a c t i v i t y as a result of conversion to 
the parent compound or some other metabolite i s not an 
easy task. 
Conclusion 

As has been demonstrated i n t h i s review, the pro
drug concept has produced many useful and p o t e n t i a l l y 
useful drugs. I t mus
chemical modificatio  dependen
mode of administration of the drug. Fluphenazine deca-
noate i s only useful as a long acting antipsychotic 
drug i f given as an I.M. i n j e c t i o n i n an o i l vehicle 
(318). The solving of one problem may create another. 
The dextran iron complex with a l l i t s advantages over 
ionic i r o n was at one stage suspected of causing sar
comas (544). Solving one problem v i a a technique can 
lead to other benefits. Benzathine p e n i c i l l i n , which 
provided a l i q u i d dosage form of p e n i c i l l i n , also led 
to a more sustained or prolonged release form of peni
c i l l i n on I.M. i n j e c t i o n (7). 

As the FDA i n the USA and governing agencies i n 
other countries become more stringent with new drug ap
p l i c a t i o n s , many companies are turning to the pro-drug 
approach to both improve the e f f i c i e n c y and safety of 
delivery of new products and to help gain further pat
ent coverage on older products which had shown d e f i 
ciencies. Whether new drug applications for pro-drugs 
of some older, well established products w i l l be easier 
to obtain i s uncertain. 

A problem that i s now well recognized i s that many 
useful drugs have been rejected because, i n the screen
ing process, less than the i d e a l dosage form for the 
drug was used. A rather active drug may have been 
overlooked simply because i t s poor aqueous s o l u b i l i t y 
did not allow a s u f f i c i e n t amount of the drug to be ab
sorbed. Of course, i t would be an arduous and imprac
t i c a l task to make pro-drugs of each and every e n t i t y 
as i t appears. However, i f an agent i s suspected to be 
highly active based on some s t r u c t u r e - a c t i v i t y r e l a 
tionship (SAR) or preliminary t e s t i n g , but suffers from 
poor s o l u b i l i t y or some other l i m i t a t i o n , the possible 
development of pro-drugs at an early stage may provide 
for greater success i n the screening of active medici-
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nal agents. 

Al l the implications just discussed make the area 
of pro-drugs an exciting and fruitful field for con
tinued study. It is an area where the pharmaceutical 
chemist, with his knowledge and expertise in solubility 
theory, pharmacokinetics and formulation variables, the 
medicinal chemist, with his knowledge of synthesis, SAR 
and metabolism, and the pharmacologist, with his know
ledge of mechanisms and sites of drug action and toxi
city can cooperate to optimize the delivery of an ac
tive drug to its site of action while minimizing toxi
city and unfavorable reactions to the drug. Many prob
lems associated with drugs can be overcome by the use 
of pro-drug approach  and i t is the hope of this author 
that this review wil
this area. 
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Application of the Pro-drug Approach to Antibiotics 

A. A. SINKULA 
Research Laboratories, The Upjohn Co., Kalamazoo, Mich. 49001 

Antibiotics constitute a valuable adjunct to the physicians 
therapeutic armamentariu
infectious diseases. Whil
with a minimum of modification to ensure their therapeutic effect, 
exceptions exist where extensive development must be undertaken 
prior to their becoming efficacious medicinal agents. Certain 
shortcomings of these agents, such as lack of stabil i ty or poor 
bioavailability, can be minimized or eliminated by the use of 
carefully designed dosage formulations. In many instances, 
however, formulation development fai ls to improve those properties 
of the antibiotic that are necessary to ensure therapeutic e f f i 
cacy. It is in this area that chemical modification (prodrug 
formation) of the parent antibiotic molecule plays an important 
role. 

In the rational design and synthesis of the ideal antibiotic 
prodrug derivative, several factors should be considered and can 
be briefly stated as follows: 

1. Availabil ity of inexpensive chemical intermediates - any 
potential derivative should not substantially enhance production 
costs of an already expensive drug. Most starting materials 
(acid chlorides or anhydrides, alkyl halides, alkyl or aryl 
amines, semicarbazides, etc.) considered as chemical modifiers are 
commercially available in a high state of purity at reasonable 
costs. Bulk rates are sometimes available on large quantities of 
certain starting materials thus further lowering overall costs. 

2. Derivative easily synthesized and purified - elaborate 
synthetic schemes should be avoided i f at a l l possible due to 
increased costs. Multi-step syntheses increase operator time, 
decrease yields of ultimate product, and increase the probability 
of unwanted side reactions occurring. Purification should ideally 
be effected by crystallization from the reaction mixture. Cum
bersome separations such as column or liquid chromatography, 
counter-current distribution, etc. , should be avoided when 
feasible. 

116 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



2. SINKULA Pro-drug Approach to Antibiotics 117 

3 . D e r i v a t i v e c o n v e n i e n t l y scaled-up i n high y i e l d - s c a l e -
up problems i n c r e a s e i n i n t e n s i t y as a f u n c t i o n o f the bench 
s c a l e s y n t h e s i s . The simpler the bench s c a l e scheme, the l e s s 
i n v o l v e d are the scale-up problems. 

4. D e r i v a t i v e s t a b l e i n bulk form and i n dosage form - many 
drug d e r i v a t i v e s l a c k a market due to t h e i r i n s t a b i l i t y i n bulk 
or dosage form. Such problems as polymorphic changes, degradation 
i n the presence o f t r a c e amounts o f moisture or s o l v a t e , photo-
decomposition, caking, melt back, and i n c o m p a t i b i l i t i e s with 
v e h i c l e , e x c i p i e n t s , l u b r i c a n t s , e t c . , are common among drug sub
stances. The i d e a l drug d e r i v a t i v e e x h i b i t s s u f f i c i e n t physico-
chemical s t a b i l i t y i n the bulk and formulated s t a t e . 

5. D e r i v a t i v e i s s u f f i c i e n t l y l a b i l e i n v i v o - regeneration 
of the parent drug molecul  i  v i v  i f  Th  meri f 
the d e r i v a t i v e p o r t i o n
to modify some undesirable pharmaceutical (physicochemical) 
property of the parent molecule. I t can a l t e r the t r a n s p o r t , 
d i s t r i b u t i o n , s i t e l o c a l i z a t i o n , metabolism or e x c r e t i o n charac
t e r i s t i c s of the parent molecule. Other m o d i f i c a t i o n s can i n c l u d e 
increased s o l u b i l i t y (increased b i o a v a i l a b i l i t y , decreased pain 
on i n j e c t i o n ) , decreased s o l u b i l i t y ( e l i m i n a t i o n o f b i t t e r n e s s or 
t a r t n e s s , i ncreased depot b i o a v a i l a b i l i t y , increased product 
s t a b i l i t y , decreased g a s t r i c or i n t e s t i n a l i r r i t a t i o n ) . For 
whatever purpose the drug d e r i v a t i v e i s used, the parent molecule 
must be regenerated e i t h e r c h e m i c a l l y (pH e f f e c t s ) and/or enzym-
a t i c a l l y i n v i v o . In most cases, c h e m i c a l l y b l o c k i n g a func
t i o n a l group o f a drug molecule renders the drug t h e r a p e u t i c a l l y 
i n a c t i v e , thus, the n e c e s s i t y f o r i n v i v o l a b i l i t y . 

Examples of ensuring i n v i v o l a b i l i t y of a drug d e r i v a t i v e 
i n c l u d e (a) the use of " a c t i v a t e d " e s t e r s , e.g. e l e c t r o n with
drawing groups adjacent to the e s t e r bond such as halogens, -NhL* 
-N0 2, R (R=electron withdrawing s u b s t i t u e n t ) and (b) 
avoidance of s t e r i c bulk ( t - b u t y l , i - b u t y l , i - p r o p y l , e t c . ) at or 
near the s i t e of h y d r o l y s i s . 

6. D e r i v a t i v e i s non-toxic - an extremely important con
s i d e r a t i o n i n view of the increased t o x i c o l o g i c a l t e s t i n g r e 
quir e d f o r any and a l l new promising drug d e r i v a t i v e s . R e l a t i v e 
l y " s a f e " moieties i n c l u d e amino a c i d s , short to medium length 
a l k y l e s t e r s , and many i n o r g a n i c and organic a c i d and base s a l t 
combinations. 

7. The d e r i v a t i v e e x h i b i t s some r e a l advantage over the 
parent molecule - prodrug d e r i v a t i v e s , by v i r t u e o f t h e i r a b i l i t y 
to c l e a r l y modify some-pharmaceutical property o f a drug sub
stance, make t h i s a f r u i t f u l area o f drug research. Advantages 
such as increased absorption and increased serum l e v e l s of parent 
drug, l a c k o f pain on i n j e c t i o n , and sustained b i o a c t i v i t y (depot 
e f f e c t ) can be claimed. I t should be noted t h a t the m o d i f i c a t i o n 
o f one property f r e q u e n t l y a l t e r s several p r o p e r t i e s of the drug 
molecule and caution must be e x e r c i s e d when embarking on a program 
of t h i s nature. 
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Employing the aforementioned f a c t o r s as a foundation f o r our 
r a t i o n a l e , prodrug d e r i v a t i v e s of s e l e c t e d c l a s s e s o f a n t i b i o t i c s 
w i l l be d i s c u s s e d with emphasis on t h e i r chemistry and b i o l o g y . 
When p e r t i n e n t , s p e c i f i c examples w i l l be chosen t h a t i l l u s t r a t e 
the r a t i o n a l e most emphatically. 
β-Lactam A n t i b i o t i c s 

P e n i c i l l i n s . 
A m p i c i l l i n . A m p i c i l l i n ( d - a - a m i n o b e n z y l p e n i c i l l i n , V) i s a 

broad-spectrum a n t i b i o t i c c u r r e n t l y enjoying wide use i n a n t i 
b a c t e r i a l therapy a g a i n s t a v a r i e t y o f s u s c e p t i b l e gram-positive 
organisms. While χ i s r e l a t i v e l  s t a b l t stomach pH  i t i  i n
e f f i c i e n t l y absorbed whe

Chemistry. In an e f f o r t to overcome t h i s absorption problem, 
von Daehne e t . a l . [Vj prepared a s e r i e s o f acyloxymethyl e s t e r s 
of t h i s a n t i b i o t i c . In g e n e r a l , two pathways were u t i l i z e d to 
prepare a v a r i e t y o f such e s t e r s (Scheme I ) . The f i r s t route 
i n v o l v e s the r e a c t i o n o f potassium b e n z y l p e n i c i l l i n a t e £ with 
chloromethyl p i v a l a t e to form pivaloyloxymethyl b e n z y l p e n i c i l l i 
nate 3., followed by h y d r o l y s i s of the amide s i d e chain with PCI 5/ q u i n o l i n e to a f f o r d pivaloyloxymethyl 6 - a m i n o p e n i c i l l i n a t e 4. 
Treatment of 4 hydrochloride with D - a-phenylglycyl c h l o r i d e hydro
c h l o r i d e i n the presence o f sodium bicarbonate gives p i v a l o y l o x y 
methyl D - a - a m i n o b e n z y l p e n i c i l l i n a t e 5. ( p i v a m p i c i l l i n ) i n good 
y i e l d . 5̂  was a l s o prepared from 4_ by u t i l i z i n g a 3-dicarbonyl 
p r o t e c t i v e group approach. A mixed anhydride 6_ was prepared by 
treatment of potassium N-{1-methyl-2-carbethoxyvinyl}-D -a-amino-
α-phenylacetate hemihydrate with i s o b u t y l chloroformate. The 
a d d i t i o n o f 4_ to a s o l u t i o n of the mixed anhydride a f f o r d e d the 
a d d i t i o n product ]_ which was hydrolyzed with HC1 i n s i t u to give a 
65% y i e l d o f 5. 

The t h i r d pathway i n v o l v e s the use o f potassium D -a-azido-
b e n z y l p e n i c i l l i n a t e 8 with formation o f the e s t e r 9 by treatment 
with chloromethyl p i v a l a t e . The a z i d e was c a t a l y t i c a l l y hydro-
generated to _5. 
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B i o l o g i c a l . Although p i v a m p i c i l l i n i s s t a b l e i n neutral 
s o l u t i o n , i t i s r a p i d l y hydrolyzed to a m p i c i l l i n i n the presence 
of esterases d e r i v e d from a v a r i e t y o f mammalian sources (2). 
Esterases obtained from rodent sources, e.g. r a t and mouse, ex
h i b i t a high degree of h y d r o l y t i c a c t i v i t y while esterase enzymes 
of dog and man show a somewhat lower a c t i v i t y . Table I summarizes 
the i n v i t r o enzyme h y d r o l y s i s s t u d i e s conducted with pivampi
c i l l i n . 

These s t u d i e s , while i n d i c a t i v e of the f a t e o f the e s t e r i n 
serum and whole blood, do not provide c o n c l u s i v e proof t h a t the 
same e s t e r w i l l behave s i m i l a r l y i n the i n t a c t organism. Human 
subjects dosed, i n a crossover experiment, with 250 mg. of am
p i c i l l i n and 358 mg. o f p i v a m p i c i l l i n (*250 mg  o f a m p i c i l l i n ) 
showed absorption o f th
concentrations o f a m p i c i l l i
The e s t e r was absorbed almost q u a n t i t a t i v e l y (a t h r e e - f o l d i n 
crease i n peak serum l e v e l s when administered as the e s t e r ) . I t 
was f u r t h e r noted that 99% o f the drug i n blood was present as 
a m p i c i l l i n 15 minutes a f t e r a d m i n i s t r a t i o n . S p e c u l a t i o n centered 
on the f a c t t h a t , due to the inherent l a b i l i t y o f the p i v a l o y 
loxymethyl e s t e r , h y d r o l y s i s i n v i v o proceeded v i a Sequence I. 
A f t e r absorption o f the e s t e r , h y d r o l y s i s to the hydroxymethyl 
e s t e r occurred followed by f u r t h e r degradation to a m p i c i l l i n and 
formaldehyde. 

H e t a c i l l i n . H e t a c i l l i n {6-(2,2-dimethyl-5-oxo-4-phenyl-l-
i m i d a z o l i d i n y l ) p e n i c i l l a n i c acid} V [ represents another type o f 
prodrug o f a m p i c i l l i n (3). 

This a n t i b i o t i c d e r i v a t i v e was prepared by the condensation o f 
acetone with a m p i c i l l i n and was o r i g i n a l l y designed to enhance 
the g a s t r o i n t e s t i n a l absorption of a m p i c i l l i n . I t i s a l s o u t i 
l i z e d as a s t a b l e form o f a m p i c i l l i n f o r use i n i n f u s i o n s o l u t i o n s 
f o r a d m i n i s t r a t i o n over extended periods o f time. 

Chemistry. Several methods have been devised whereby H can 
be prepared from commercially a v a i l a b l e intermediates (Scheme I I ) . 

0 
II 
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1. PCIg/quinoline 
2. n-PrOH H2N 

£ H~^C00CH20C0CMe3 

^3-CH2cNH-f-f-s4c: O-CH2CNH-1—fsy: 

+ 
Ψ I *0 

»0 6. 

0E1 

0 
CHCCi 
I 
NH2 
HCI 

0 - Ç H Ï 

V 0 

0-CHCNH-i-YS>< 
C00CH20C0CMe3 

CICH20C-CMe3 Nol 
Chloromethylpivolate 

+ 
NH <f N _ ^C00CH 2 0C0CMe 3 

V 1 

H30+ / 

0 υ 

^ - C H C N H -r-f^Y 0"Î

Scheme I 

0 Η 
Il I Η Η / — ν II I π π 

f > C H - c - N v : : . / Η 5 ι CH3 
7 / Ν ^ C 0 0 C H 2 0 C C ( C H 3 ) 3 

Pivampicillin 

non-specific esterases 

0 Η 
Il I Η Η /r—v n ι π π 

Ν Η 2 

0 ^ Ν **C00CH 20H + (CH 3 )3C-C00H 

0 Η 

<^ÇH - C ~ N v i I C H 3 

ΝΗ2 a _ h C H 3 
0 ^ " ^ C O O H + C H 2 0 

Ampicil l in 

Antimicrobial Agents and Chemotherapy 

Sequence I. Hydrolysis of piOompicillin (2) 
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The f i r s t route e n t a i l s the use o f sodium a m p i c i l l i n 10̂  and ace
tone, with the formation o f 1J_ being e f f e c t e d under a c i d i c condi-
tions(pH 1-3) (4). The condensation product p r e c i p i t a t e s from 
the aqueous r e a c t i o n mixture and any unreacted a m p i c i l l i n remains 
i n s o l u t i o n as the HC1 s a l t thereby s i m p l i f y i n g the i s o l a t i o n o f 
the d e r i v a t i v e . 

A second p r e p a r a t i v e method ( 3 ) i n v o l v e s the r e a c t i o n o f 6-
a m i n o p e n i c i l l a n i c a c i d J2 with D-(-)-α-aminophenylacetyl c h l o r i d e 
hydrochloride i n the presence of acetone at pH 2.5-3 and low 
temperature (0-10°). Subsequent pH adjustment to 7.5 a f t e r 
several hours standing, and e x t r a c t i o n with methyl i s o b u t y l 
ketone, a f f o r d e d a 50% y i e l d of U_. 

H e t a c i l l i n e s t e r s  I  e f f o r t t  f u r t h e  enhanc l 
absorption o f h e t a c i l l i n
S l e e z e r and Johnson (5)  methoxymethy  l j _ y 
the sequence o u t l i n e d i n Scheme I I I . Sodium 6 - (a-phenoxyaceta-
mido) p e n i c i l l i n a t e 13 was e s t e r i f i e d a t the C~ carboxyl with 
methoxymethyl c h l o r i d e and subsequently deacylated a t C g using 
e i t h e r chemical or enzymatic means to a f f o r d methoxymetnyl-6-
aminopenî c i l u n a t e JMk The methoxymethyl e s t e r o f a m p i c i l l i n l j [ 
was produced by r e a c t i n g ϋ with D - ( - ) - a-aminophenylacetyl 
c h l o r i d e h ydrochloride. Condensation of 15 with acetone, under 
c o n d i t i o n s d e s c r i b e d p r e v i o u s l y , a f f o r d e d a good y i e l d o f methoxy
methyl h e t a c i l l i n JjS. Essery (6) has s i m i l a r l y prepared the p i v a 
loyloxymethyl e s t e r of h e t a c i l l i n (Scheme II) i n a f u r t h e r e f f o r t 
to enhance o r a l absorption o f t h i s important a n t i b i o t i c . 

B i o l o g i c a l . Although h e t a c i l l i n i s more s t a b l e than ampi
c i l l i n i n aqueous s o l u t i o n a t a c o n c e n t r a t i o n o f 250 mg./ml. 
(<10% degradation, 1 hr. vs. 6 h r s . ) , i t appears t h a t h e t a c i l l i n 
i s r a p i d l y converted i n v i v o to a m p i c i l l i n ( t ^ 11±2 minutes) (7). 
Jusko and Lewis (8) studied the pharmacokinetics of h e t a c i l l i n 
and a m p i c i l l i n i n man, and from data generated during the study 
have d e s c r i b e d the d i s t r i b u t i o n and e l i m i n a t i o n o f t h i s a n t i b i o 
t i c using a two compartment model (Scheme IV). While the model 
i s perhaps an o v e r s i m p l i f i c a t i o n , i t can be u t i l i z e d to q u a n t i f y 
the d i s t r i b u t i o n and e l i m i n a t i o n parameters o f both a m p i c i l l i n 
and h e t a c i l l i n a f t e r intravenous dosing. Table II i l l u s t r a t e s 
t h a t f o r those parameters measured, very l i t t l e , i f any, d i f f e r 
ence e x i s t s between the magnitude o f the values. 

The h a l f - l i f e h y d r o l y s i s r a t e f o r h e t a c i l l i n i n v i v o 
averages 11.2 minutes (range 8-13 min. f o r 8 s u b j e c t s ) and i t was 
speculated t h a t h y d r o l y s i s might be c h e m i c a l l y r a t h e r than enzym-
a t i c a l l y mediated. B i o a v a i l a b i l i t y s t u d i e s i n d i c a t e d t h a t the 
amount of the dose absorbed, on the average, was g r e a t e r f o r 
h e t a c i l l i n than a m p i c i l l i n (38% vs. 29%). Further, a m p i c i l l i n 
a bsorption was enhanced s l i g h t l y to 42% of the dose when ad
m i n i s t e r e d as h e t a c i l l i n during food intake but the reason f o r 
t h i s increased absorption i s not apparent. 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



2. SINKULA Pro-drug Approach to Antibiotics 123 
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Journal of Pharmaceutical Sciences 

Scheme IV. Multiple-compartment phar
macokinetic model used to characterize 
hetacillin conversion to ampicillin (kc), am
picillin distribution (k12,k21), and amptcillin 
renal (kc) and extrarenal (kb) elimination (8) 
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TABLE II 
D i s t r i b u t i o n and E l i m i n a t i o n Parameters of the Two-Compartment 

Open Model f o r A m p i c i l l i n 
Intravenous A m p i c i l l i n from 

Parameter A m p i c i l l i n (SD) H e t a c i l l i n (SD) 

D i s t r i b u t i o n volumes, 1

Clearances, ml./miη. 

Rate constants, hr. 
k 1 2 

k 2 1 

pi 
k e 
K b 

Slow th9 hr. 
F r a c t i o n ( f ) 

excreted i n u r i n e 
Plasma l e v e l _-. 

area, meg. hr. ml. 
Integral c o e f f i c i e n t s , hr. 

12.0 (1.9) 12.5 (2.8) 
17.9 (1.5) 19.3 (2.9) 

341 (91) 296 (91) 
335 (56) 350 (102) 

0.384 (0.185) 0.419 (0.180) 
0.733 (0.163) 0.728 (0.161) 
1.73 (0.49) 1.68 (0.30) 
1.55 (0.47) 1.58 (0.31) 
0.17 (0.12) 0.10 (0.13) 
1.29 (0.11) 1.34 (0.20) 
0.899 (0.075) 0.939 (0.076) 

22.7 (5.2) 22.9 (7.6) 

0.581 (0.133) 0.581 (0.118) 
0.297 (0.081) 0.355 (0.102) 
0.878 (0.151) 0.921 (0.141) 
JOURNAL OF PHARMACEUTICAL SCIENCES 

a V c , VpSS, C l g , C1 R, and area are normalized f o r 1.73 m.2 body 
su r f a c e area. (8). 
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C a r b e n i c i l l i n . C a r b e n i c i l l i n (α-carboxybenzylpenicillin) 17 
i s an important p e n i c i l l i n analog having unique b i o a c t i v i t y 
a g a i n s t pseudomonas aeruginosa and i n d o l e - p o s i t i v e Proteus species 
which are u s u a l l y r e s i s t a n t to a m p i c i l l i n . C a r b e n i c i l l i n i s 
u s u a l l y administered p a r e n t e r a l l y due to i t s poor g a s t r o i n t e s t i n a l 
absorption c h a r a c t e r i s t i c s . A d d i t i o n a l l y , i t i s rendered i n a c 
t i v e i n the g a s t r i c contents due to i t s a c i d l a b i l i t y . Many 
d e r i v a t i v e s , p r i m a r i l y e s t e r s , of t h i s , a n t i b i o t i c have been pre
pared i n an attempt to overcome these shortcomings inherent i n 
the parent molecule. 

The e s t e r most widely studied to date i s c a r b e n i c i l l i n i n -
danyl sodium - sodium 6-{2-phenyl-2-(5-indanyloxycarbonyl)} 
acetamido p e n i c i l l i n a t e 19. 

Chemistry. The s y n t h e s i s of 19» i s o u t l i n e d i n Scheme V and 
was devised by Hobbs (_) as a r a d i o s y n t h e s i s u t i l i z i n g 3H l a b e l e d 
i n d a n o l . The mônoacid c h l o r i d e of phenylmalonic a c i d was prepared 
by treatment of phenylmalonic a c i d with t h i o n y l c h l o r i d e i n r e -
f l u x i n g dimethylformamide. The a c i d c h l o r i d e was condensed with 
indanol to y i e l d the indanyl e s t e r of phenylmalonic a c i d 18 i n 70% 
y i e l d . The a c i d c h l o r i d e o f |8 was prepared by a d d i t i o n of 
t h i o n y l c h l o r i d e and was subsequently t r e a t e d with 6-aminopeni-
c i l l a n i c a c i d to a f f o r d 1JÎ. 

A s e r i e s o f 3-acyloxyalkyl e s t e r s was synthesized by B u t l e r 
and Hamanaka (10) as l a b i l e , l i p o p h i l i c d e r i v a t i v e s of c a r b e n i 
c i l l i n designed to enhance the o r a l absorption o f c a r b e n i c i l l i n . 
To produce the 3-mono (a-acetoxyethyl) e s t e r 2]_, a-chloroethyl 
acetate i s added to a suspension o f 6 - a m i n o p e n i c i l l a n i c a c i d ]2_ 
(as the t r i e t h y l a m i n e s a l t ) and s t i r r e d f o r several hours. 
(Scheme VI) T h i s e s t e r 20 can be i s o l a t e d and stored f o r f u t u r e 
use as the p - t o l u e n e s u l f o n i c a c i d s a l t or i t can be converted 
d i r e c t l y to 21_ by a c y l a t i o n with phenylmalonic a c i d mono a c i d 
c h l o r i d e . T h i s l a s t step i n the r e a c t i o n sequence proceeds 
o p t i m a l l y i n a heterogeneous s o l v e n t system employing water and a 
water immiscible i n e r t s o l v e n t such as i s o p r o p y l ether or benzene 
at i c e - b a t h temperature. As the product forms, i t p a r t i t i o n s 
i n t o the organic l a y e r and can be d r i e d and recovered i n high 
y i e l d s . 
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a-{Carbo (a-acetoxyethyloxy)} b e n z y l p e n i c i l l a n i c a c i d 21a can 
be prepared d i r e c t l y by a c y l a t i o n of 12 with a-acetoxyethyl 
phenylmalonyl c h l o r i d e 22 (11). (Scheme V I I ) . T h i s r e a c t i o n step 
i s f a c i l i t a t e d by employing a 20-40% molar excess o f a c i d c h l o r i d e 
i n a heterogeneous s o l v e n t system at a pH of 5.5 - 6.5. 

Bis e s t e r s o f c a r b e n i c i l l i n 24 have i d e a l l y been made by 
d i r e c t e s t e r i f i c a t i o n o f c a r b e n i c i l l i n disodium s a l t 23. with the 
d e s i r e d α-acyloxyalkyl h a l i d e (Scheme V I I I ) . 

B i o l o g i c a l . In v i t r o - the minimal i n h i b i t o r y c o n c e n t r a t i o n 
(MIC) o f c a r b e n i c i l l i n indanyl sodium was determined by a s e r i a l 
d i l u t i o n technique using a v a r i e t y o f b a c t e r i a l i s o l a t e s o f 
c l i n i c a l o r i g i n (12). The MIC was found to be s i m i l a r to c a r 
b e n i c i l l i n but may be misleading s i n c e the c o n d i t i o n s o f the 
assay ( i n c u b a t i o n at 3
could cause h y d r o l y s i s o

S t a b i l i t y i n a c i d i c media. A c i d s t a b i l i t y i s r e p u t e d l y one 
of the major advantages of c a r b e n i c i l l i n e s t e r s . Studies de
signed to t e s t t h i s premise were performed by i n c u b a t i n g the i n 
danyl e s t e r i n s y n t h e t i c g a s t r i c j u i c e (pH2) at 37° C. f o r one 
hour. There was no l o s s o f a c t i v i t y ( r e f l e c t i n g a c i d s t a b i l i t y ) 
f o r c a r b e n i c i l l i n indanyl sodium ]_9 while disodium c a r b e n i c i l l i n 
23 l o s t 99.2% of i t s a n t i b a c t e r i a l a c t i v i t y . 

C a r b e n i c i l l i n indanyl e s t e r i s the d e r i v a t i v e t h a t has 
been stu d i e d most i n t e n s i v e l y i n several mammalian species (9). 
In r a t s , absorption of 19 i s v i r t u a l l y q u a n t i t a t i v e . Using r a d i o 
l a b e l e d indanyl c a r b e n i c i l l i n , >99% of the dose i s excreted v i a 
the u r i n e i n 24 hours. Only t r a c e s o f r a d i o a c t i v i t y are found i n 
the feces i n d i c a t i n g t h a t t h i s e s t e r d e r i v a t i v e g r e a t l y enhances 
absorption o f c a r b e n i c i l l i n . The e s t e r i s r a p i d l y hydrolyzed 
a f t e r absorption and the l a b e l e d indanol i s excreted as the 
glucuronide and s u l f a t e conjugates. Using the dog as the b i o 
l o g i c a l model f o r absorption s t u d i e s , the absorption and excre
t i o n patterns are more complex. Assay of dog u r i n e a f t e r admini
s t r a t i o n of indanyl c a r b e n i c i l l i n i n d i c a t e that about 20% o f the 
dose presented as indanol conjugates. The remainder appear as 
other conjugated metabolites o f indanol (Scheme IX) i n the form 
of hydroxy indanols and hydroxy indanones. 

B i o a v a i l a b i l i t y s t u d i e s c a r r i e d out with 12 human v o l u n t e e r s , 
who were administered a s i n g l e one gram dose, p a r a l l e l e d the ab
s o r p t i o n and e x c r e t i o n p a t t e r n found i n r a t s (9). Thus, t h a t 
amount of indanol (as the glucuronide and s u l f a t e conjugates) 
t h e o r e t i c a l l y a t t r i b u t a b l e to the amount of e s t e r administered 
was accounted f o r i n the u r i n e . The indanyl e s t e r appears to be 
r a p i d l y absorbed q u a n t i t a t i v e l y from the g a s t r o i n t e s t i n a l t r a c t 
with subsequent h y d r o l y s i s by n o n - s p e c i f i c serum and t i s s u e 
esterases to c a r b e n i c i l l i n . 
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S i m i l a r claims have been made f o r a v a r i e t y o f s u b s t i t u t e d 
t h i e n y l e s t e r s o f c a r b e n i c i l l i n (13). 

Other prodrug d e r i v a t i v e s of a v a r i e t y o f p e n i c i l l i n s have 
been prepared u t i l i z i n g b a s i c a l l y the chemical pathways and 
r a t i o n a l e d i s c u s s e d above and are summarized i n Table I I I . 

Cephalosporins. The cephalosporins, a new c l a s s o f a n t i 
b i o t i c s c h e m i c a l l y s i m i l a r to the p e n i c i l l i n s , possess advantages 
not inherent i n many of the p e n i c i l l i n d e r i v a t i v e s . Although 
both c l a s s e s o f a n t i b i o t i c s share a commonality i n the presence 
o f a 3-lactam r i n g , the cephalosporins contain a six-membered 
d i h y d r o t h i a z i n e r i n g i n l i e u o f the five-membered t h i a z o l i d i n e 
r i n g present i n the p e n i c i l l i n s . The cephalosporins e x h i b i t a 
high degree of r e s i s t a n c e to p e n i c i l l i n a s e - p r o d u c i n g s t a p h l o
c o c c i (35), possess b a c t e r i c i d a
and gram-positive b a c t e r i  (36)  c r o s s - a l l e r g e n i c i t y 
with p e n i c i l l i n (37). Several cephalosporins c u r r e n t l y enjoying 
c l i n i c a l acceptance i n c l u d e c e p h a l o t h i n , c e p h a l o r i d i n e , cephalo-
g l y c i n and cephalexin. 

Despite the f a c t that the cephalosporins e x h i b i t adequate 
s t a b i l i t y i n a c i d i c media, they are poorl y absorbed on o r a l ad
m i n i s t r a t i o n . Cephaloglycin and ce p h a l e x i n , however, have 
demonstrated higher serum l e v e l s than cephalothin and c e p h a l o r i 
dine (38-41). Various attempts have been made to enhance the o r a l 
a bsorption of the c l i n i c a l l y u s e f u l cephalosporins by r e v e r s i b l e 
m o d i f i c a t i o n s ( u s u a l l y e s t e r i f i c a t i o n ) a t the C3 and C4 p o s i t i o n s 
on the d i h y d r o t h i a z i n e r i n g . The s y n t h e t i c approaches u t i l i z e d 
to o b t a i n l a b i l e d e r i v a t i v e s o f these a n t i b i o t i c s i s both imagina
t i v e and voluminous and an e f f o r t w i l l be made here only to high
l i g h t some of the more s u c c e s s f u l accomplishments. S p e c i f i c 
examples w i l l be used throughout the d i s c u s s i o n . 

Chemistry - C3 e s t e r s ( c e p h a l o t h i n ) . The achievements o f 
Flynn (42) and Kukolja (43,44) exemplify the unique s y n t h e t i c 
routes taken to obtain C3 e s t e r s . The i n i t i a l step i n v o l v e s 
the p r e p a r a t i o n o f 7-(2'-thienylacetamido)-3-hydroxymethyl-A2-
cephem-4-carboxylic a c i d 26 by the simultaneous h y d r o l y s i s and 
is o m e r i z a t i o n o f 7-(2 ,-thienylacetamido) cephalosporanic a c i d 
( c e p h a l o t h i n , 25_) with sodium hydroxide. (Scheme X). 26 was 
then e s t e r i f i e d with cyclobutane c a r b o x y l i c anhydride i n p y r i d i n e 
to y i e l d 7-(2'thienylacetamido)-3-cyclobutylcarbonyloxymethyl-Δ 2-
cephem-4-carboxylic a c i d 27. Isomerization to the Δ 3 e s t e r was 
accomplished by warming equimolar q u a n t i t i e s o f 27 and m-
chloroperbenzoic a c i d f o r 10 minutes. I s o l a t i o n o f 7 - ( 2 ' - t h i e n y l -
acetamido)-3-cyclobutylcarbonyloxymethyl-A J-cephem-l-oxide-4-
c a r b o x y l i c a c i d 28 as c r y s t a l s was achieved by evaporating the 
ma j o r i t y of the so l v e n t . Reduction o f the 1-oxide with stannous 
c h l o r i d e and a c e t y l c h l o r i d e y i e l d e d 7-(2'thienylacetamido)-3-
cyclobutylcarbonyloxymethyl-A 3-cephem-4-carboxylic a c i d 29. 
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An a l t e r n a t i v e procedure (Scheme XI) i n v o l v e s d e a c e t y l a t i o n o f the 
potassium s a l t of 25 with c i t r u s a c e t y l esterase (orange peel 
enzyme) to a f f o r d potassium 7-(2'-thienylacetamido) cepbalospora-
desate* 30 i n good y i e l d without i s o m e r i z a t i o n to the 
d e r i v a t i v e (45,46). A c y l a t i o n of the 3-hydroxymethyl group i s 
base dependent. Conventional attempts a t 
a c y l a t i o n under a c i d i c c o n d i t i o n s , e.g. a c e t i c anhydride, pro
duce cephalosporadesolactones. Aromatic e s t e r d e r i v a t i v e s are 
made, however, by employing the c o n d i t i o n s o f the Schotten-
Baumann r e a c t i o n . Thus, treatment of 30 with a l a r g e excess 
of benzoyl c h l o r i d e and sodium hydroxide i n aqueous acetone 
a f f o r d s a good y i e l d o f sodium 0-benzoyl-7-(2-thienylacetamido) 
cephalosporadesate 3]_. A l i p h a t i c a c i d c h l o r i d e s under the same 
c o n d i t i o n s r e a c t p r e f e r e n t i a l l  with d  e s t e r i f i c a t i o
occurs. 

C4 e s t e r s . The cephalosporin C4 e s t e r s are synthesized 
by conventional methods (47). (Scheme X I I ) . A d d i t i o n o f e q u i -
molar q u a n t i t i e s o f trietTiylamine (TEA) and i s o b u t y l c h l o r o f o r -
mate to 25 gave 7-(2 f-thienylacetamido) cephalosporanic a c i d mono-
isob u t y l c a r b o n a t e anhydride 32 as an o i l which was subsequently 
obtained c r y s t a l l i n e . The et h y l carbonate anhydride was a l s o 
prepared by t h i s method. Further attempts to e s t e r i f y a t C4 v i a 
the mixed anhydride r e s u l t e d i n mixtures o f Δ 2 and Δ 3 e s t e r s . 
E f f o r t s to separate the isomeric e s t e r s by r e c r y s t a l l i z a t i o n 
were u n s u c c e s s f u l . 

Ca amides. Two approaches have been u t i l i z e d i n an e f f o r t 
to form cephalosporin C4 amides. The f i r s t i n v o l v e s the d i r e c t 
condensation o f cephalothin with Ν,Ν'-dicyclohexylcarbodiimide 
(DCC) to form the a c t i v a t e d carboxyl intermediate. (Scheme X I I I ) . 
The exchange r e a c t i o n with t-butyl-α-aminopropionate to form 
N-{l-carbo-t-butoxy)ethyl}-7-(2'-thienylacetamido) cephalospor
a n i c a c i d amide 33 proceeds without i s o m e r i z a t i o n . The a l t e r n a 
t i v e approach i s somewhat more in v o l v e d and provides the C4 
amide as the Δ 2 isomer. (Scheme XIV) (47). The procedure 
of Nefkens e t . a l . (48) was followed to produce the a c t i v a t e d c a r -
bonyl intermediate. Thus, 25, N-hydroxyphthalimide (phthaloxime, 
34) and DCC were s t i r r e d together and stored f o r several days. 
Work up o f the r e a c t i o n mixture gave a 50% y i e l d o f N-{7-(2'-
thienylacetamido) cephalosporanoyloxy} phthalimide 35. The reac
t i o n o f 35 with e t h y l g l y c i n a t e a f f o r d e d a 73% y i e l d o f completely 
isomerized tr amide, N-(carbethoxymethyl)-3-acetoxymethyl-7-(2*-
thienylacetamido)-2-cephem-4-carboxylic a c i d amide 3j6. Other 

Desacetylcephalosporins have been t r i v i a l l y named cephalos-
poradesic a c i d s f o r convenience. 
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amino a c i d e s t e r s r e a c t i n s i m i l a r f a s h i o n . 
Another s e r i e s o f i n t e r e s t i n g s y n t h e t i c routes designed to 

provide b i o r e v e r s i b l e Ca cephalosporin e s t e r s are reported by 
Binderup e t . a l . (49). Stimulated by the success achieved with 
acyloxymethyl e s t e r s of a m p i c i l l i n , these i n v e s t i g a t o r s attempted 
to repeat the e a r l i e r achievements with c e p h a l o g l y c i n . U t i l i z i n g 
the sodium s a l t o f cephalothin as t h e i r s t a r t i n g p o i n t , the Δ 2 

and Δ 3 acetoxymethyl e s t e r s were made by treatment with c h l o r o 
methyl acetate. (Scheme XV). This mixture was o x i d i z e d to the 
s u l f o x i d e 37, as p r e v i o u s l y d e s c r i b e d , and subsequently reduced 
to acetoxymethyl-7-(2'-thienylacetamido) cephalosporanate 38 with 
phosphorus t r i c h l o r i d e . Acetoxymethyl-7-aminocephalosporanate 
39 was produced by treatment of 38 with phosphorus p e n t a c h l o r i d e 
and n-propanol. The hydrochloride s a l t o f 39 was formed by the 
a d d i t i o n o f IN HC1. T
c h l o r i d e to y i e l d acetoxymethyl-7-(D - a
cephalosporanate 40 which was subsequently hydrogenated with 10% 
palladium/carbon to y i e l d acetoxymethyl-7-(D - a-aminophenylaceta-
mido) cephalosporanate 4K 

The pivaloyloxymethyl e s t e r was synthesized by combining 
f e a t u r e s o f several syntheses p r e v i o u s l y d e s c r i b e d . This e s t e r 
was i n i t i a l l y prepared by treatment o f potassium 7-(D - a-azido-
phenylacetamido) cephalosporanate 42 with chloromethylpival ate. 
A mixture of the Δ 2 43 and Δ 3 e s t e r s were formed by t h i s proce
dure. Treatment of the mixture f i r s t with m-chloroperbenzoic 
a c i d to form the s u l f o x i d e Δ 3 e s t e r and secondly with sodium 
d i t h i o n i t e / a c e t y l c h l o r i d e gave the r e q u i s i t e p i v a l o y l o x y m e t h y l -
7-(D - a-azidophenylacetamido) cephalosporanate 44 e x c l u s i v e l y as 
the Δ 3 isomer. Reduction of 44 by c a t a l y t i c hydrogénation a f 
forded pivaloyloxymethyl-7-(D - a-aminophenylacetamido) cephalo
sporanate 45. 

Many other cephalosporin d e r i v a t i v e s have been made u t i l i 
z i n g s y n t h e t i c pathways s i m i l a r to those p r e v i o u s l y d i s c u s s e d 
(50-53). 

B i o l o g i c a l . Several attempts have been made to improve 
c e r t a i n physicochemical and b i o l o g i c a l p r o p e r t i e s ( e s p e c i a l l y 
61 absorption) o f the cephalosporins by the prodrug approach. 
Most e f f o r t s have been only moderately s u c c e s s f u l . Kukolja (44) 
replaced the 3-acetate of cephalothin with a s e r i e s of s t e r i c a l l y 
hindered e s t e r s f o r the purpose of i n h i b i t i n g h y d r o l y s i s a t t h i s 
p o s i t i o n on the a n t i b i o t i c . The butyrate and i s o b u t y r a t e d e r i v a 
t i v e s e x h i b i t e d good i n v i t r o a c t i v i t y a g a i n s t a v a r i e t y o f gram-
p o s i t i v e and gram-negative b a c t e r i a . ED50 values i n mice i n 
d i c a t e d b i o a c t i v i t y somewhat improved over sodium c e p h a l o t h i n . 
The c y c l o b u t y r a t e d e r i v a t i v e a l s o e x h i b i t e d good broad-spectrum 
b i o a c t i v i t y . Chauvette and Flynn (47) synthesized a v a r i e t y of 
C4 e s t e r s and amides o f cephalothin with the s p e c i f i c o b j e c t i v e 
of o b t a i n i n g d e r i v a t i v e s with improved o r a l a b s o r p t i o n . On ad
m i n i s t r a t i o n o f these d e r i v a t i v e s to mice, a low order of a n t i -
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b a c t e r i a l a c t i v i t y was found (as measured by l e v e l s o f a n t i b i o t i c 
i n the blood). 

A s e r i e s of C3 a r o y l d e r i v a t i v e s o f cephalothin and 7-phenyl-
mercaptoacetamidocephalosporanic a c i d were made by Van Heyningen 
(46) and found to possess no s i g n i f i c a n t l y improved b i o a c t i v i t y 
over the parent a n t i b i o t i c s . 

The s y n t h e t i c and b i o a c t i v i t y s t u d i e s o f Binderup e t . a l . (49) 
with the acyloxymethyl e s t e r s of c e p h a l o g l y c i n represent the 
f i r s t major success i n o b t a i n i n g a s u p e r i o r o r a l l y absorbed pro
drug o f a cephalosporin. The synthesis of the C4 acetoxymethyl 
e s t e r 41_ and the pivaloyloxymethyl e s t e r o f c e p h a l o g l y c i n 45 are 
d e t a i l e d i n Scheme XVI. The h a l f - l i v e s of 4]_ and 45 i n 10% human 
serum are 5 minutes and 10-20 minutes r e s p e c t i v e l y . The absorp
t i o n and e x c r e t i o n pattern
over study i n f o u r f a s t i n g
e f f i c i e n t absorption and r a p i d e s t e r h y d r o l y s i s a f t e r a b s o r p t i o n . 
Figure 1 i l l u s t r a t e s serum l e v e l s obtained with these e s t e r s 
vs. c e p h a l o g l y c i n . Recovery of c e p h a l o g l y c i n i n the u r i n e during 
s i x hours a f t e r a d m i n i s t r a t i o n represented 68% (acetoxymethyl 
e s t e r ) and 61% (pivaloyloxymethyl e s t e r ) o f the t h e o r e t i c a l 
amount administered. The corresponding average f i g u r e f o r ceph
a l o g l y c i n was 18%. 

Cephalosporins viewed as prodrugs. When administered to 
animals and man, several of the cephalosporins are metabolized 
to the correspondingly b i o a c t i v e desacetyl cephalosporin. 
These C3 acyloxymethyl e s t e r s can, t h e r e f o r e , be considered 
cephalosporin prodrugs, e.g., cephalothin i s e n z y m a t i c a l l y and/or 
che m i c a l l y hydrolyzed i n v i v o to the b i o a c t i v e d e s a c e t y l c e p h a l o 
t h i n (54,55). Further, the lactones of c e r t a i n desacetyl cephalo
s p o r i n s e x h i b i t a c t i v i t y a g a i n s t a s t r a i n of Staphylococcus 
aureus t h a t i s equal to t h a t o f the parent cephalosporin (56), 
i n d i c a t i n g t h a t perhaps the lactone may a l s o be considered a 
cephalosporin prodrug. 

Studies on the metabolic f a t e o f c e p h a l o g l y c i n i n the r a t by 
S u l l i v a n and coworkers (57) have demonstrated t h a t a l a r g e 
amount of the o r a l absorbed dose o f t h i s a n t i b i o t i c i s excreted 
as d e s a c e t y l c e p h a l o g l y c i n . Approximately 70% of the administered 
dose i s recovered i n the feces i n d i c a t i n g poor GI a b s o r p t i o n . 
P a r e n t e r a l l y administered c e p h a l o g l y c i n i s a l s o metabolized 
p r i m a r i l y to d e s a c e t y l c e p h a l o g l y c i n . In the mouse, Wick, e t . a l . 
(58) found o r a l l y administered c e p h a l o g l y c i n i n u r i n e i n a 1:1 
r a t i o with d e s a c e t y l c e p h a l o g l y c i n . The p r i n c i p a l metabolite o f 
c e p h a l o g l y c i n i n humans i s d e s a c e t y l c e p h a l o g l y c i n and i s equiva
l e n t i n a c t i v i t y a g a i n s t gram-positive organisms but i s l e s s 
a c t i v e a g a i n s t gram-negative organisms. E r a d i c a t i o n of u r i n a r y 
t r a c t i n f e c t i o n s i s a t t r i b u t e d mainly to the b i o a c t i v i t y o f 
the desacetyl d e r i v a t i v e suggesting t h a t c e p h a l o g l y c i n may be the 
prodrug d e r i v a t i v e of d e s a c e t y l c e p h a l o g l y c i n . 
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Table IV contains several a d d i t i o n a l cephalosporin prodrugs 
designed f o r a v a r i e t y of uses i n medical p r a c t i c e . 
Rifampicin 

The r i f a m y c i n s , a f a m i l y of a n t i b i o t i c s i s o l a t e d from the 
fermentation broth of Streptomyces mediterranei n. sp., are cur
r e n t l y used i n c l i n i c a l p r a c t i c e a g a i n s t gram-positive micro
organisms and t u b e r c u l a r i n f e c t i o n s (mycobacteria). Of several 
r i f a m y c i n s , r i f a m y c i n SV and r i f a m y c i n Β diethylamide are used 
p a r e n t e r a l l y a g a i n s t these b a c t e r i a l i n f e c t i o n s . Rifamycin SV, 
moreover, achieves extremely high b i l e c oncentrations and i s 
used i n i n f e c t i o n s of the b i l i a r y t r a c t . The a v a i l a b i l i t y of 
3-formyl r i f a m y c i n SV 46 l e d to the s y n t h e s i s o f a l a r g e number 
of r i f a m y c i n d e r i v a t i v e
form of t h i s a n t i b i o t i  {3-(4-methyl
piperazinyliminomethyl) r i f a m y c i n SV}, 47, ( r i f a m p i c i n ) p r o t e c t s 
mice a g a i n s t experimental staphylococcal i n f e c t i o n s a t low o r a l 
doses (=0.1 mg./kg.). In man, i t i s o f low t o x i c i t y and well 
absorbed o r a l l y (73-75). While e l i m i n a t i o n occurs mainly 
through the b i l e Tenterohepatic c i r c u l a t i o n ) , small amounts are 
a l s o found i n u r i n e . Thin l a y e r chromatography s t u d i e s i n d i c a t e d 
t h a t 47 was almost e n t i r e l y converted to d e s a c e t y l r i f a m p i c i n 48 
i n v i v o and was probably the a c t i v e a n t i b a c t e r i a l form o f t h i s 
a n t i b i o t i c . Thus, while i r r e v e r s i b l e m o d i f i c a t i o n o f 3-formyl 
r i f a m y c i n SV to r i f a m p i c i n enhances o r a l a b s o r p t i o n , i n v i v o 
d e a c e t y l a t i o n o f the C25 acetate l i b e r a t e s 48, the true parent 
b i o a c t i v e s p e c i e s o f t h i s a n t i b i o t i c . (Scheme XVII). R i f a m p i c i n , 
then, represents the prodrug form o f d e s a c e t y l r i f a m p i c i n . T h i s 
f a c t i s corroborated by a n t i b a c t e r i a l s t u d i e s with d e s a c e t y l -
r i f a m p i c i n i n man i n which the b i o a c t i v i t y i s found to be 
e x c e l l e n t a g a i n s t gram-positive b a c t e r i a (76). Oral a d m i n i s t r a 
t i o n of a 150 mg. dose o f r i f a m p i c i n i n man produces b i l e l e v e l s 
o f d e s a c e t y l r i f a m p i c i n i n excess of 95% over a 5 hour p e r i o d . 
No other metabolites are present (77). 

Clindamycin 
Clindamycin {7(S)-chloro-7-deoxylincomycin} h y d r o c h l o r i d e 

49 i s a semisynthetic a n t i b i o t i c d e r i v e d from lincomycin. I t s 
a c t i v i t y a g a i n s t gram-positive aerobes and gram-positive and 
gram-negative anaerobic pathogens i s g r e a t e r than t h a t o f 
lincomycin. Clindamycin i s well absorbed from the GI t r a c t and 
produces serum l e v e l s c o n s i d e r a b l y g r e a t e r than lincomycin (78-
80). The extreme b i t t e r n e s s of clindamycin precludes i t s s o l u 
t i o n or suspension formulation as an acceptable o r a l dosage form. 
Further, the incidenc e o f pain a t the i n j e c t i o n s i t e a f t e r i n t r a 
muscular i n j e c t i o n i s c o n s i d e r a b l e . These und e s i r a b l e p r o p e r t i e s 
o f clindamycin prompted a search f o r prodrug d e r i v a t i v e s of 
t h i s a n t i b i o t i c designed to enhance i t s a c c e p t a b i l i t y . 
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— Cephaloglycin 

41 H CI (Acetoxy methyl ester) 

- - 45 HCI (Pivaloyloxymethyl ester) 

Journal of Antibiotics 

Figure 1. Mean serum levels of cephaloglycin in fast
ing, healthy volunteers following oral administration of 
200 mg of cephaloglycin and equimolar amounts of 41 

HCI and 45 HCI (49) 

Scheme XVII 
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For prodrug purposes, clindamycin can be c h e m i c a l l y modified 
a t any o f the three hydroxyl groups present on the sugar p o r t i o n 
of the molecule. 

Clindamycin Alky! E s t e r s . B i o l o g i c a l l y r e v e r s i b l e a l k y l 
e s t e r s were sought t h a t would e l i m i n a t e the b i t t e r t a s t e o f 
clindamycin by decreasing aqueous s o l u b i l i t y below t a s t e t h r e s h o l d 
l e v e l s . 

Chemistry. Standard s y n t h e t i c procedures were u t i l i z e d i n 
the s y n t h e s i s o f 2- and 3-monoesters and 2,3-bis a l k y l e s t e r s . 
(Schemes XVIII - XX). (81J. 

Clindamycîn-2-esters are synthesized by u t i l i z i n g 3,4-0-p-
anisylidene-7(S)-chloro-7-deoxylincomycin 50 i n which the 3 and 
4 hydroxyl groups are blocke
i s e s t e r i f i e d with e i t h e  a l k y  anhydride,
or an a l k y l chloroformate and the e s t e r - a c e t a l hydrolyzed i n 
a c i d i c media to the 2-acyl e s t e r o f clindamycin. 

S e l e c t i v e e s t e r i f i c a t i o n o f the 3 hydroxyl group i s achieved 
by the use o f a low temperature r e a c t i o n medium ( p y r i d i n e at -25° 
C) and a two-fold excess o f a l k y l chloroformate. 

The 2,3-bis e s t e r s are made by treatment o f 49 with excess 
a c y l a t i n g agent and using to advantage the stereochemistry of 
the hydroxyl groups. The C2 and C3 hydroxyl groups are e q u a t o r i a l 
and r e l a t i v e l y c h e m i c a l l y r e a c t i v e whereas the C- hydroxyl i s 
a x i a l and i s not e s t e r i f i e d to any a p p r e c i a b l e extent under these 
c o n d i t i o n s . 

In v i t r o and i n v i v o s t u d i e s . Table V l i s t s p r e l i m i n a r y 
a n t i b a c t e r i a l a c t i v i t i e s of s e l e c t e d clindamycin e s t e r s using the 
mouse as the model t e s t system (81J. In v i t r o data f o r a l l e s t e r 
d e r i v a t i v e s show a c t i v i t y l e s s than clindamycin. This appears 
reasonable s i n c e many other e s t e r i f i e d a n t i b i o t i c s have been 
shown to be i n a c t i v e u n t i l h y d r o l y s i s occurs (82-83). 

The i n v i v o CD50 data i n mice i n d i c a t e t h a t v i r t u a l l y none 
of the e s t e r s possess a c t i v i t y comparable to clindamycin. Sub
sequent blood l e v e l s t u d i e s i n dogs, however, provided ample 
evidence t h a t several 2-acyl e s t e r s were e q u i v a l e n t i n a c t i v i t y 
(as measured by serum c o n c e n t r a t i o n of clindamycin r e l e a s e d from 
e s t e r ) to clindamycin HCI (81). T h i s d i f f e r e n c e i n b i o a c t i v i t y 
between two animal species i l l u s t r a t e s the importance of t e s t i n g 
prodrug a n t i b i o t i c s i n s e v e r a l species before a d e c i s i o n i s 
made to e l i m i n a t e a p o t e n t i a l candidate from f u r t h e r t e s t i n g 
i n other animal species or i n man. 

Clindamycin-2-palmitate and -2-hexadecylcarbonate were 
s e l e c t e d f o r comparative b i o a v a i l a b i l i t y s t u d i e s because (1) 
f o l l o w i n g o r a l a d m i n i s t r a t i o n to dogs, each e s t e r produced serum 
clindamycin l e v e l s e q u i v a l e n t to those obtained with clindamycin 
HCI and (2) the e s t e r s lacked the c h a r a c t e r i s t i c b i t t e r n e s s of 
clindamycin. 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



142 P R O - D R U G S 

Scheme XVIII. Clindamycin-2-monoesters 
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Scheme XX. Clindamycin^,3-biscarbonate esters 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



TA
BL

E 
V.

 
AN

TI
BA

CT
ER

IA
L 

AC
TI

VI
TY

 O
F 

CL
IN

DA
MY

CI
N 

2-
 a

nd
 3

-M
0N

0E
ST

ER
S 

AND
 2

,3
-D

IE
ST

ER
Sa 

An
ti

ba
ct

er
ia

l 
Ac

ti
vi

ty 
In 

Vi
tr

o  
c 

Ac
ti

vi
ty

,. 
Re

la
ti

ve
 M

ed
ia

n 
Pr

ot
ec

ti
ve

 Do
se

 (
CD

5Q
) 

mc
g.
/m
g.

 
Su

bc
ut

an
eo

us
 

Or
al 

Cl
in

da
my

ci
n 

2-
he

xa
no

at
e 

hy
dr

oc
hl

or
id

e 
69

0 
(6

9)
 

1.3
1 

0.
67

 
Cl

in
da

my
ci

n 
2-

he
xy

lc
ar

bo
na

te 
hy

dr
oc

hl
or

id
e 

33
0 

(3
3)

 
1.

36
 

0.
43

 
Cl

in
da

my
ci

n 
2-

la
ur

at
e 

hy
dr

oc
hl

or
id

e 
20

 (
2.

0)
 

<0.
1 

<0
.2

8 
Cl

in
da

my
ci

n 
2-

pa
lm

it
at

e 
hy

dr
oc

hl
or

id
e 

21 
(2

.1
) 

<0.
3 

0.2
1 

Cl
in

da
my

ci
n 

2-
he

xa
de

cy
lc

ar
bo

na
te 

hy
dr

oc
hl

or
id

e 
<4 

(<
0.

4)
 

<0.
1 

0.
23

 
Cl

in
da

my
ci

n 
2-

(p
-b

en
zo

yl
) 

be
nz

oa
te

 h
yd

ro
ch

lo
ri

de 
55

 (
5.

5)
 

1.6
7 

0.
54

 
Cl

in
da

my
ci

n 
2-

(o
-b

en
zo

yl
) 

be
nz

oa
te

 h
yd

ro
ch

lo
ri

de 
7 

(0
.7

) 
<0

.1
5 

0.
29

 
Cl

in
da

my
ci

n 
3-

pe
nt

yl
ca

rb
on

at
e 

hy
dr

oc
hl

or
id

e 
18

0 
(1

8)
 

0.
37

 
0.

67
 

Cl
in

da
my

ci
n 

2,
3-

bi
s 

(h
ex

yl
ca

rb
on

at
e) 

hy
dr

oc
hl

or
id

e 
<4 

(<
0.

4)
 

0.
18

 
0.

60
 

— 
— 

JO
UR

NA
L 

OF
 P

HA
RM

AC
EU

TI
CA

L 
SC

IE
NC

ES
 

ac
ti

vi
ti

es 
ca

lc
ul

at
ed 

as
 c

li
nd

am
yc

in 
ba

se
 e

qu
iv

al
en

ts
. 

bAs
 m

ea
su

re
d 

on
 a

 s
ta

nd
ar

d 
cu

rv
e 

ag
ar 

as
sa

y 
ve

rs
us 

Sa
rc

in
a 

lu
te

a. 
Re

su
lt

s 
ex

pr
es

se
d 

as
 m

ic
ro

gr
am

s 
of

 c
li

nd
am

yc
in 

ba
se

 a
ct

iv
it

y 
pe

r m
il

li
gr

am
 o

f 
es

te
r 

an
d 

as
 p

er
ce

nt 
of

 l
in

co
my

ci
n 

ba
se

 a
ct

iv
it

y 
(i

n p
ar

en
th

es
is

).
 

cMe
di

an
 p

ro
te

ct
iv

e 
do

se
 r

el
at

iv
e 

to 
th

at
 o

f 
cl

in
da

my
ci

n 
(c

li
nd

am
yc

in 
= 

1.
0)

 i
n t

he
 mo

us
e.

 (
81_

). 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



144 PRO-DRUGS 

Following a study o f the two e s t e r s and clindamycin HCI i n 
twelve healthy male v o l u n t e e r s , F o r i s t e t . a l . (84) f i t t e d the 
r e s u l t i n g serum co n c e n t r a t i o n data to a one-compartment open 
pharmacokinetic model. 

Clindamycin 
i n serum 

ΚΛ represents the f i r s t - o r d e r r a t e constant f o r appearance of 
clindamycin i n the serum. Both h y d r o l y s i s and absorption are 
represented i n t h i s constant f o r the e s t e r s . KE represents the 
f i r s t - o r d e r r a t e constant f o r e l i m i n a t i o n o f clindamycin from the 
body. Other parameters
included h a l f - l i v e s f o
b i o a c t i v i t y , serum co n c e n t r a t i o n maximum and time of maximum 
concen t r a t i o n as well as area under the conce n t r a t i o n vs. time 
curve (0 >«>) and are l i s t e d i n Table VI. 

The r a t e of appearance (A^) o f clindamycin and the palmitate 
e s t e r i n serum are not s i g n i f i c a n t l y d i f f e r e n t from each other 
but both were more r a p i d l y absorbed than the hexadecylcarbonate 
e s t e r . I t appears that clindamycin-2-hexadecylcarbonate may not 
be hydrolyzed as r a p i d l y or as completely as the palmitate e s t e r . 
This observation i s f u r t h e r s u b s t a n t i a t e d by a comparison o f the 
serum conc e n t r a t i o n maxima, the estimated time o f maximum concen
t r a t i o n and t o t a l area under the con c e n t r a t i o n vs. time curve 
f o r the two e s t e r s . Based on t h i s study, clindamycin-2-palmitate 
became the candidate o f choice f o r f u r t h e r c l i n i c a l t r i a l s . 
Subsequent i n v e s t i g a t i o n s on l a r g e r p a t i e n t populations have 
v e r i f i e d the r e s u l t s of t h i s twelve s u b j e c t study (85-89). 

CIindamycin-2-phosphate. The phosphate e s t e r o f clindamycin 
was synthesized to provide a b i o r e v e r s i b l e form o f clindamycin 
devoid of pain and i r r i t a t i o n upon i n j e c t i o n . The i r r i t a t i o n 
caused by i n j e c t a b l e clindamycin was thought to a r i s e from pre
c i p i t a t i o n o f the f r e e base a t the s i t e o f i n j e c t i o n or l y s i s 
due to drug p a r t i t i o n i n g i n t o c e l l s surrounding the i n j e c t i o n 
s i t e . At p h y s i o l o g i c a l pH (7.4)clindamycin HCI i s s o l u b l e 
only to the extent o f 3 mg./ml. whereas clindamycin-2-phosphate 
i s r e a d i l y s o l u b l e a t t h i s pH (>150 mg./ml.) and should not 
p r e c i p i t a t e a t the i n j e c t i o n s i t e . F urther, p e n e t r a t i o n of 
clindamycin-2-phosphate i n t o the c e l l should be n e g l i g i b l e s i n c e 
i t s l i p o p h i l i c c h aracter i s d r a s t i c a l l y diminished v i a the hydro-
phi l i e phosphate e s t e r . 

Chemistry (90,9]j. The C3 and C4 hydroxyl groups of c l i n 
damycin are che m i c a l l y blocked by formation o f 3 , 4 - 0 - p - a n i s y l i -
dene-7(S)-chloro-7-deoxylincomycin 50. (Scheme XXI). Treatment 
of 50 with cyanoethyl phosphate and d i c y c l o h e x y l c a r b o d i i m i d e (DCC) 
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TABLE VI 
Pharmacokinetic Parameters Estimated from Serum Clindamycin Bio-
a c t i v i t y Concentrations Following Oral A d m i n i s t r a t i o n (150 mg.) 
of Clindamycin-2-Palmitate (A), Clindamycin-2-Hexadecylcarbonate 
(B), and Clindamycin Hydrochloride (C) 

Parameter A B C 

K. ( h r . " 1 ) 2.81(0.92) a 1.53(0.94) 7.65(7.56) 
1.23-4.38& 0.75-3.41 1.03-22.92 

A, (hr.) 0.28(0.11) 0.58(0.25) 0.19(0.18) 
2 0.16-0.56 0.20-0.93 0.03-0.67 

0.25 0.76 0.15 
Estimated time o f 1.16(0.24) 1.67(0.32) 0.86(0.53) 
maximum co n c e n t r a t i o n (hr.) 0.86-1.62 1.09-2.09 0.19-1.88 

1.15 1.80 0.78 
Estimated maximum 1.99(0.61) 1.47(0.48) 2.61(1.14) 
con c e n t r a t i o n (yg/ml) 1.29-3.34 0.97-2.33 1.75-5.75 

1.97 1.44 2.38 
Observed maximum 2.05(0.66) 1.47(0.54) 2.80(1.26) 
co n c e n t r a t i o n (pg/ml) 1.33-3.38 0.96-2.39 1.67-6.40 

2.05 1.42 2.39 
K F ( h r . - 1 ) 0.25(0.07) 0.35(0.19) 0.26(0.07) 

0.17-0.35 0.17-0.81 0.18-0.35 
0.24 0.36 0.23 

E, (hr.) 2.94(0.83) 2.48(1.14) 2.84(0.76) 
* 2.00-4.08 0.85-4.17 2.00-3.93 

2.83 1.95 3.04 
Area, 0 — ( p g hr./ml) 10.68(4.04) 8.22(3.85) 12.33(4.37) 

5.63-21.14 3.71-15.40 8.36-20.04 
10.20 7.37 12.20 

JOURNAL OF PHARMACOKINETICS AND BIOPHARMACEUTICS 
aMean (SD) f o r 12 s u b j e c t s . 
''Range. 
c Average obtained from mean serum l e v e l s f o r 12 s u b j e c t s . (84). 
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y i e l d s the cyanoethyl phosphate e s t e r intermediate 51^ which i s 
converted to clindamycin-2-cyanoethyl phosphate 52 a f t e r a c i d 
treatment. The intermediate 51_ i s p u r i f i e d by r e c r y s t a l l i z a t i o n 
from water. Base h y d r o l y s i s o f the phosphodiester with ammonium 
hydroxide on a TEA E - c e l l u l o s e column packed with IN ammonium 
acetate a f f o r d s clindamycin-2-phosphate 53. 

An a l t e r n a t i v e procedure i n v o l v e s the treatment of 50 with 
P O C W p y r i d i n e . A d d i t i o n o f water y i e l d s the phosphomonoester 
3,4-u-anisylidene a c e t a l 54. Ac i d h y d r o l y s i s of the a c e t a l leads 
to good y i e l d s o f 53. 

B i o a c t i v i t y . Clindamycin-2-phosphate a c t i v i t y i n v i t r o i s 
very low (<1%) i n d i c a t i n g t h a t the phosphate e s t e r possesses 
very l i t t l e , i f any, a n t i b a c t e r i a l a c t i v i t y per se (92)  The 
median p r o t e c t i v e dose
i n f e c t e d with Staphylococcu
clindamycin HCI (6.6 mg./kg. vs. 4.9 mg./kg.), r e f l e c t i n g a 
slowed r a t e o f h y d r o l y s i s of the b i o i n a c t i v e e s t e r . S i n g l e 
subcutaneous doses of 10 mg./kg. i n r a t s produce lower blood 
l e v e l s f o r the phosphate vs. clindamycin again i n d i c a t i n g t h a t 
the phosphate e s t e r experiences a s l i g h t delay i n h y d r o l y s i s 
i n v i v o . This study i s summarized i n Table VII (92). 

C l i n i c a l s t u d i e s i n human volunteers reveal a patter n s i m i l a r 
to t h a t found i n the lower animal s p e c i e s . Thus, DeHaan e t . a l . , 
(93) found th a t the e s t e r i s absorbed i n t a c t a f t e r m u l t i p l e i n 
tramuscular i n j e c t i o n s but i s r a p i d l y hydrolyzed i n the serum 
(Figure 2). In f a c t , a f t e r a ten minute intravenous i n f u s i o n 
of clindamycin phosphate, the mean h a l f - l i f e o f the e s t e r i n 
serum i s estimated to be 9.6 minutes (Figure 3) v e r i f y i n g the 
r a p i d conversion of b i o i n a c t i v e e s t e r to clindamycin. 

Other s t u d i e s i n animals (94) and i n man (95) have demon
s t r a t e d the lack of l o c a l i r r i t a t i o n and pain with i n j e c t a b l e 
clindamycin phosphate. 
Summary 

This b r i e f review h i g h l i g h t s the importance o f the use o f an 
i n t e r d i s c i p l i n a r y approach i n the sy n t h e s i s and t e s t i n g of a n t i 
b i o t i c prodrug d e r i v a t i v e s . Along with the development o f unique 
chemistry f o r the synthesis of such prodrugs, a knowledge and 
a p p r e c i a t i o n of the various i n v i t r o and i n vi v o methods o f 
b i o l o g i c a l e v a l u a t i o n o f such d e r i v a t i v e s i s necessary to r a t i o n 
a l l y choose those best s u i t e d f o r c l i n i c a l use. Further, s e l e c t e d 
pharmacokinetic s t u d i e s are val u a b l e i n the determination of 
the a b s o r p t i o n , d i s t r i b u t i o n , metabolism, and e l i m i n a t i o n 
c h a r a c t e r i s t i c s of such drugs. 
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Scheme XXI 

300mg q8h 43 doses 

0 2 4 6 8 j 7.5 I 7 | 0 2 4 6 8 

Hr. after 1st Dose 2nd dose 3rd dose 43rd Dose 

Journal of Clinical Pharmacology 

Figure 2. Mean serum concentrations (pg/ml) of clindamycin and clindamycin phosphate 
after I.M. injections of clindamycin phosphate (93) 
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The Chemistry of a Novel 5,5-Diphenylhydantoin 
Pro-drug 

V. STELLA, T. HIGUCHI, A. HUSSAIN, and J. TRUELOVE 
University of Kansas, Department of Pharmaceutical Chemistry and INTERx Research Corp., Lawrence, Kans. 66044 

Phenytoin or 5,5-diphenylhydantoin (DPH), a 
widely used anticonvulsan  primaril  i
the treatment of gran
erratic absorption and dissolution patterns as well 
as possible precipitation in the body after intra
venous (I.V.) infusions of highly alkaline solutions 
of its sodium salt (1-6). It was the objective of 
this work to find a water soluble pro-drug (7,8) 
form of DPH which would revert to DPH in the body. 
The aim was to improve both the parenteral and oral 
bioavailability of DPH. 

A number of hydantoins including DPH, mephenytoin 
or 5-ethyl-3-methyl-5-phenylhydantoin (I), and nitro
furantoin or 1-(5-nitro-2-furfurylindene) aminohydan
toin (II) are widely used as drugs. Their uses, 
however, have been hampered by their low water solu
bility combined with their weakly acidic nature. 

Orally the bioavailability of DPH from capsules 
has been erratic (1-3). The PKa of DPH, approxi
mately 8.3 (1,9), allows DPH to be formulated as its 
mono-sodium salt. Formulations of DPH as the free 
acid are also available. A report before a con
gressional investigation committee in 1967 suggested 
that a brand change of DPH resulted in increased con
vulsive seizures due to lower bioavailability from 
the new formulation. Similarly differences between 
products have been noted by Martin et al. (2) and by 
Arnold et al. (1). The dependency of DPH blood levels 
after oral dosing on differences, in the rate of 
metabolism of DPH, particle size, and various generic 
and trade name products has recently been discussed 
by Glazko (10). DPH has an aqueous solubility of 
between 1-4 mg/100 ml (1)and it appears that this 
poor aqueous solubility is the major cause of the 
erratic absorption and dissolution rates (1) of 
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3 

(ID 

v a r i o u s DPH p r e p a r a t i o n s . The low aqueous s o l u 
b i l i t y of DPH can be a t t r i b u t e d to i t s s t rong c r y s t a l 
l a t t i c e (mp. 293) r e s u l t i n g from i n t e r m o l e c u l a r hydro
gen bonding (11). That the s t rong c r y s t a l l a t t i c e i s 
a major f a c t o r i n the determinat ion o f s o l u b i l i t y i s 
a l s o e x e m p l i f i e d by the poor l i p i d s o l u b i l i t y of DPH. 

DPH i s g iven p a r e n t e r a l l y as i t s mono-sodium s a l t 
i n a r e c o n s t i t u t e d i n j e c t i o n w i t h a s o l v e n t c o n s i s 
t i n g of "40% propylene g l y c o l and 10% a l c o h o l i n water 
f o r i n j e c t i o n and i s b u f f e r e d to pH 10 to 12 w i t h 
sodium hydroxide" (12) . Blum et a l . (_5,6) and others 
(13) noted severe s i d e e f f e c t s " T h dogs and man when 

DPH i n j e c t i o n s were g iven i n t r a v e n o u s l y . A subsequent 
autopsy of the dogs used i n the experiments of Blum 
e t a l . (5^,6) showed p r e c i p i t a t i o n of DPH i n the l u n g s , 
I T e . , the i n j e c t i o n of sodium DPH of pH 12 on mixing 
w i t h b lood b u f f e r e d at pH 7.4 r e s u l t e d i n the p r e c i 
p i t a t i o n of DPH as the f ree a c i d . Precautions i n 
the I . V . use of i n j e c t a b l e DPH i n the treatment o f 
s ta tus e p i l e p t i c u s and d i g i t a l i s i n t o x i c a t i o n (13) 
and i n the attempted p r e p a r a t i o n of l a r g e volume I . V . 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



156 PRO-DRUGS 

i n j e c t i o n s of DPH have r e c e n t l y been the center 
of d i s c u s s i o n (14-19). 

The use of sodium DPH v i a the int ramuscular (I.M.) 
route has a l s o been c r i t i c i z e d (20-23). Blood l e v e l s 
of DPH a f t e r I . M . a d m i n i s t r a t i o n were g e n e r a l l y found 
to be lower than those from o r a l d o s i n g . Muscle d i s 
s e c t i o n two days a f t e r sodium DPH was given I . M . to 
r a b b i t s showed that almost 50% of the adminis tered 
dose remained at the s i t e of i n j e c t i o n . DPH had 
o b v i o u s l y p r e c i p i t a t e d a t the s i t e of the i n j e c t i o n 

Current dosage forms of DPH f o r o r a l a b s o r p t i o n 
r e s u l t i n f a i r l y complete b i o a v a i l a b i l i t y and p a t i e n t 
to p a t i e n t v a r i a b i l i t y can be a t t r i b u t e d to d i f 
ferences i n metabolis
t i o n . The very e r r a t i c b l o o d l e v e l s and o c c a s i o n a l 
t o x i c i t y o f DPH i n c h i l d r e n (24,25) cannot seem to 
be completely a s c r i b e d to metabolism. A f t e r o r a l 
dos ing the b l o o d l e v e l maximum of DPH can occur 6-12 
hours a f t e r d o s i n g , suggest ing that a b s o r p t i o n takes 
place a long the whole o f the g a s t r o i n t e s t i n a l (GI) 
t r a c t . The completeness of a b s o r p t i o n i n a m a r g i n a l l y 
b i o a v a i l a b l e product w i l l o b v i o u s l y be a f f e c t e d by 
the r e s i d e n t time of the drug i n the GI t r a c t , i . e . , 
t r a n s i t t ime. The shor ter r e s i d e n t time noted i n 
c h i l d r e n may account f o r the more e r r a t i c behavior 
of DPH i n c h i l d r e n r e l a t i v e to a d u l t s . 

As p r e v i o u s l y s t a t e d , the aim of t h i s i n v e s t i 
g a t i o n was to determine the f e a s i b i l i t y of o b t a i n i n g 
t r a n s i e n t p r o - d r u g forms of DPH which would 
confer acceptably higher aqueous s o l u b i l i t y w i t h i n 
the p h y s i o l o g i c a l l y compatible pH range but once 
i n the body r e v e r t to DPH i n a r e l a t i v e l y short 
p e r i o d of t ime . The o n l y previous attempts a t 
p r o - d r u g forms of DPH appeared i n the work of Nakamura 
et a l . (26-29) who showed that 3 - c a r b e t h o x y - 5 , 5 - d i -
phenylhydantoin (III) was a l e s s e r r a t i c b i o a v a i l a b l e 

(21). 

HN 
X T 0 

N - C - O C 0 H I . 

M 
0 

(III) 
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form of DPH when compared to DPH i t s e l f . I l l , 
however, was not water s o l u b l e so c o u l d not be 
given by I . V . i n j e c t i o n . 

3 - N 1 , Ν 1 - D i e t h y l a m i n o e t h y l - 2 - e t h y l - 5 - m e t h y l -
2-phenylhydantoate (IV) was r e c e n t l y s y n t h e s i z e d 
and i t s us efulness as a water s o l u b l e p r o - d r u g of 
mephenytoin (30) was shown. 

0 

NH—C—NH—C 
I 

CH n 

® / C 2 H 5 
O C 2 H 4 - N - H 

C 2 H 5 

(IV) 

pH = 7.4, Τ = 37< 
t i = 20 min . 

C 2 H 5 - C 

(I) 
The s y n t h e s i s , chemist ry , p h y s i c a l p r o p e r t i e s 

and f o r m u l a t i o n problems of a s i m i l a r d e r i v a t i v e to 
IV but f o r DPH w i l l be presented a t t h i s t ime. 

R a t i o n a l e 

E s t e r s of hydantoic a c i d s were known to c y c l i z e 
v i a an i n t r a m o l e c u l a r r e a c t i o n under b a s i c c o n d i t i o n s 
to t h e i r r e s p e c t i v e hydantoin (scheme I) but no 
a c t u a l k i n e t i c data was a v a i l a b l e . K i n e t i c data was 
a v a i l a b l e on the c y c l i z a t i o n of e s t e r s of the r e l a t e d 
O-ureidobenzoic a c i d i n water i n the n e u t r a l to a l k a 
l i n e pH range (31). Intramolecular c y c l i z a t i o n s had 
been p o s t u l a t e d as a means of l a t e n t i a t i o n by Levine 
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2 I R - C -

0 
Il 4 -C—OR^ 

R"1 

2 I R — C -

H N ^ 

C — N H 0 

y 2 

OH 
HN N—CH-

Scheme I 

e t a l . (32) i n t h e i r work on the conversions of ω - h a l o -
a lkylamines to t h e i
many d e r i v a t i v e s of drugs formed through an e s t e r l i n k 
age have been dependent on enzymatic r e a c t i o n s to r e 
lease the parent compound (3J3,_34) . The c y c l i z a t i o n s of 
the e s t e r s of hydantoic a c i d are i n t r a m o l e c u l a r r e a c 
t i o n s and these are known to be many orders of magni
tude f a s t e r than t h e i r i n t e r m o l e c u l a r e q u i v a l e n t . This 
forms a b a s i s f o r the formation of the parent drug from 
i t s p r o - d r u g which i s not dependent on enzymatic media
t i o n . 

Procedure and Resul ts 

Because of the apparent success of compound IV i n 
producing a water s o l u b l e p r o - d r u g of I a s i m i l a r de
r i v a t i v e to IV but f o r DPH was s y n t h e s i z e d . The com
pound of i n t e r e s t was V . 

(V) 
The s y n t h e s i s of V was accomplished v i a the 

f o l l o w i n g procedure and pathway. The f i r s t step i n 
v o l v e d the r e a c t i o n of 2 , 2 - d i p h e n y l g l y c i n e wi th e t h y l -
chloroformate under aqueous a l k a l i n e c o n d i t i o n s . I n i 
t i a l l y the s y n t h e s i s of 2 , 2 - d i p h e n y l g l y c i n e was accom
p l i s h e d by the method of Duschinsky (35.) which i n v o l v e d 
the a c t u a l h y d r o l y s i s of DPH i n 20% sodium hydroxide 
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i n an autoclave under a n i t r o g e n atmosphere at 180-
1 9 0 ° f o r 24 hours . The s y n t h e s i s o f 2 , 2 - d i p h e n y l -
g l y c i n e v i a other procedures such as those found i n 
Organic S y n t h e s i s , C o l l . v o l . 3, pp . 88-91, 1965 met 
wi th only p a r t i a l success . The inexpensive and r e l a 
t i v e l y simple s y n t h e s i s of DPH meant tha t i t was used 
as a primary source of 2 , 2 - d i p h e n y l g l y c i n e . 2 ,2-
D i p h e n y l g l y c i n e was subsequently obta ined from a com
m e r c i a l source ( J . T . Baker and Co. ) which apparent ly 
a l s o used the h y d r o l y s i s of DPH as i t s method of 
p r e p a r a t i o n . 

Step I . 2 , 2 - D i p h e n y l g l y c i n e (VI) , 68.1 g (0.3 
moles ) , was p l a c e d i n a 2 l i t e r erlenmeyer f l a s k and 
d i s s o l v e d i n 700 ml 1 Ν NaOH. While s t i r r i n g v i g o r 
o u s l y , 25 ml of e t h y l c h l o r o f o r m a t
of water was added. The r e a c t i o n mixture was main
t a i n e d a t a temperature of 2 0 - 2 5 ° by p e r i o d i c a l l y 
submerging i n an i c e b a t h . The pH of the r e a c t i o n 
mixture was maintained a t 11 or above by p e r i o d i c 
a d d i t i o n s of NaOH p e l l e t s . A f t e r 25-30 minutes , 
another 25 ml of VII and 100 ml of H 2 0 was again 
added and the pH cont inuously adjusted wi th NaOH 
p e l l e t s . T h i s process was repeated u n t i l 250 ml 
(283.8 g , 2.6 moles) of VII had been added. The 
r e a c t i o n mixture was s t i r r e d an a d d i t i o n a l two hours 
( t o t a l r e a c t i o n time ^6% hours) a t room temperature. 

The product , V I I I , of the r e a c t i o n was then i s o l a t e d 
as f o l l o w s : 

The r e a c t i o n mixture was e x t r a c t e d twice w i t h 
ether ( f i r s t w i t h a volume o f e ther equal to the 
volume of the aqueous r e a c t i o n mixture and second 
w i t h o n e - h a l f the volume of the aqueous r e a c t i o n mix
ture) . The aqueous l a y e r was t r a n s f e r e d to a l a r g e 
beaker and s lowly a c i d i f i e d wi th concentrated HCI 
(NOTE; The a c i d must be added s lowly to prevent ex
cess foaming and l o s s of the product . ) to a pH of 
0 to 1. A t t h i s p o i n t , c o n s i d e r a b l e s o l i d m a t e r i a l 
separated. 

The a c i d i f i e d aqueous mixture was then e x t r a c t e d 
w i t h ether i n the same manner as above. The ether 
l a y e r s were d r i e d over anhydrous sodium s u l f a t e , 
f i l t e r e d , and evaporated w i t h the a i d of a r o t a r y 
evaporator to y i e l d a c l e a r , l i g h t - y e l l o w c o l o r e d , 
and v i s c o u s o i l . The o i l s lowly (1-2 hours) c r y s 
t a l l i z e d upon s tanding a t room temperature. The 
c r y s t a l s were suspended i n petroleum e t h e r , f i l t e r e d , 
and washed wi th petroleum e t h e r . 

The r e a c t i o n i s o u t l i n e d on the f o l l o w i n g page 
and u s u a l l y r e s u l t e d i n approximately 75% of the 
of the t h e o r e t i c a l y i e l d . Compound V I I I or 
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N - c a r b e t h o x y - 2 , 2 - d i p h e n y l g l y c i n e was found to have 
a m e l t i n g p o i n t of 1 5 0 - 1 5 3 ° . 

Step I I . V I I I , 60 g (0.2 moles) was p l a c e d 
i n a round-bottomed f l a s k f i t t e d w i t h a magnetic 
s t i r r e r and r e f l u x condenser and 200 ml (328 g , 
7.75 moles) of c l e a r , c o l o r l e s s t h i o n y l c h l o r i d e was 
added. The mixture was s lowly warmed to approximately 
8 0 ° and al lowed to r e f l u x f o r one hour . 

A f t e r the r e a c t i o n mixture was c o o l e d , the ex
cess t h i o n y l c h l o r i d e was removed r e s u l t i n g i n a 
white to l i g h t ye l low s o l i d ( I X ) · IX was thoroughly 
washed w i t h petroleum ether u n t i l a l l t races of 
ye l low c o l o r and t h i o n y l c l o r i d e odor were removed. 

The r e a c t i o n sequence i s o u t l i n e d on the 
f o l l o w i n g page and u s u a l l y r e s u l t s i n 95-100% of the 
t h e o r e t i c a l y i e l d : The m e l t i n g p o i n t of 4 , 4 - d i p h e n y l -
2 , 5 - o x a z o l i d i n e d i o n e (IX) was found to be 1 6 5 - 6 ° . 

Step I I I . IX, 50.6 g (0.2 moles ) , was p l a c e d 
i n a 500 ml 3-necked d i s t i l l i n g f l a s k f i t t e d wi th 
a source of HCI gas, an exhaust tube, a magnetic 
s t i r r e r , and an o i l bath as shown i n the sketch on 
the f o l l o w i n g page. 
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ν V-c—C O O H 
HN 

C — 0 C o H c 

Ο 

c = o 

(VIII) 

To HCI Trap HCI (gas) 

— O i l Bath 

— Magnetic S t i r r e r / 
Heater 

A f t e r the a d d i t i o n o f IX, the f l a s k was 
f l u s h e d w i t h HCI (gas) and 27.5 ml (24.6 g , 0.21 
moles) of Ν , Ν - d i e t h y l a m i n o e t h a n o l was added. The 
stopper was r e p l a c e d and the HCI (gas) flow r e s t a r t e d 
immediately. The mixture was then lowered i n t o an 
o i l bath a t 9 8 - 1 0 5 ° , and allowed to r e a c t f o r 15 
minutes under a continuous b l a n k e t of HCI gas. A t 
the end of 15 minutes , e v o l u t i o n of carbon d i o x i d e 
ceased and a c l e a r o i l y l i q u i d r e s u l t e d . 

The f l a s k was removed from the o i l bath and a l 
lowed to c o o l u n t i l the r e a c t i o n mixture temperature 
was below 6 0 ° . 

The cooled r e a c t i o n mixture was d i s s o l v e d i n 
250 ml chloroform and f i l t e r e d . A white c r y s t a l l i n e 
m a t e r i a l i d e n t i f i e d as the d i h y d r o c h l r o i d e of β - Ν ' , Ν ' -
d i e t h y l a m i n o e t h y l - 2 , 2 - d i p h e n y l g l y c i n a t e (X) was 
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o c c a s i o n a l l y observed at t h i s p o i n t . T h i s m a t e r i a l 
may be saved by washing thoroughly wi th c h l o r o f o r m , 
f i l t e r i n g , and adding i t to the chloroform s o l u t i o n 
of X immediately p r i o r to the NaOH e x t r a c t i o n 
procedure below. 

The chloroform f i l t r a t e was p l a c e d on a r o t a r y 
evaporator and approximately 50 ml of chloroform were 
removed. Any excess HCI d i s s o l v e d i n the r e a c t i o n 
mixture was removed by t h i s procedure . The r e 
maining chloroform " r e a c t i o n mixture" s o l u t i o n was 
then e x t r a c t e d w i t h aqueous NaOH u n t i l the aqueous 
l a y e r had a pH > 11. Each f r a c t i o n (aqueous and o r 
ganic) was b a c k - e x t r a c t e d and the chloroform l a y e r s 
combined w i t h anhydrous sodium s u l f a t e . 

A f t e r d r y i n g , th
chloroform removed wi th the a i d of a r o t a r y evaporator. 
The r e s u l t i n g c l e a r y e l l o w o i l should be n e a r l y pure 
X as the f r e e base . The o i l y product may c o n t a i n 
unreacted Ν , Ν - d i e t h y l a m i n o e t h a n o l , which was r e a d i l y 
detected by NMR. I f the aminoalcohol was present 
the o i l y m a t e r i a l was washed by the f o l l o w i n g 
procedure : 

To the product , i n a l a r g e separatory f u n n e l , 
was added 250 ml c o l d (^4°) water . The mixture was 
shaken g e n t l y and the l a y e r s al lowed to separate . 
Vigorous shaking r e s u l t e d i n a emulsion which sepa
r a t e d very s l o w l y . The o i l y l a y e r was then separated 
and added to a f l a s k c o n t a i n i n g approximately 200 ml 
chloroform over anhydrous sodium s u l f a t e . A f t e r 
d r y i n g , the s o l u t i o n was f i l t e r e d and the chloroform 
removed on the r o t a r y evaporator . The r e s u l t i n g o i l 
was X. 

The r e a c t i o n sequence f o r step I I I i s o u t l i n e d 
on the f o l l o w i n g page and u s u a l l y r e s u l t e d i n 95-100% 
of the t h e o r e t i c a l y i e l d : 

Step I V . X, approximately 65 g , was d i s s o l v e d 
i n 170 ml g l a c i a l a c e t i c a c i d . The s o l u t i o n was 
s t i r r e d i n an i c e bath u n t i l a c l e a r s o l u t i o n r e 
s u l t e d . While v i g o r o u s l y s t i r r i n g the a c e t i c s o l u 
t i o n , 17.8 g (0.22 moles) potassium isocyanate was 
g r a d u a l l y added. The s o l u t i o n was al lowed to s t i r 
f o r 15 minutes i n the i c e bath and then an a d d i t i o n a l 
three hours a t room temperature. 

The product $ -N' , N , - d i e t h y l a m i n o e t h y l - 2 , 2 -
diphenylhydantoate (XI) was i s o l a t e d as the HSO4 
s a l t by the f o l l o w i n g procedure : 

A f t e r three hours s t i r r i n g at room temperature, 
125 ml methanol was added to the r e a c t i o n mix ture . 
To a separate 125 ml p o r t i o n of methanol, 16.7 ml 
(30 g , 0.3 moles) concentrated (98%) s u l f u r i c 
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a c i d was c a r e f u l l y added. A f t e r the s u l f u r i c 
acid/methanol s o l u t i o n had cooled to room tempera
t u r e , i t was added to the methanol r e a c t i o n mixture 
s o l u t i o n w i t h vigorous s t i r r i n g . The HSO4 s a l t of 
product , X I , was then p r e c i p i t a t e d by the a d d i t i o n 
of e t h e r . (Ether was added u n t i l no f u r t h e r p r e 
c i p i t a t i o n o c c u r r e d . Up to 2 l i t e r s of e ther may be 
r e q u i r e d . ) 

The r e a c t i o n sequence i s o u t l i n e d on the f o l 
lowing page:_ = 

The HSO4 s a l t (XI) was converted to the S 0 4 s a l t 
(XII) by the f o l l o w i n g procedure : 

Product X I , 47 g (0.1 mole) , was d i s s o l v e d i n 
1500 ml water (a c l e a r s o l u t i o n may not r e s u l t i f 
product , X I , was impure) . Ammonium s u l f a t e , 1425 g , 
was d i s s o l v e d i n 2000 ml water and the s o l u t i o n 
f i l t e r e d . The s o l u t i o n of XI was then f i l t e r e d 
i n t o the same f l a s k and the mixture s t i r r e d . A f t e r 
c r y s t a l l i z a t i o n had commenced, the f l a s k was cooled 
to 0 - 5 ° and l e f t f o r 3-4 hours at t h i s temperature 
or s t o r e d o v e r n i g h t i n a r e f r i g e r a t o r . 

The c r y s t a l s were recovered by f i l t r a t i o n . A f t e r 
the c r y s t a l s had been d r i e d on the f i l t e r , the 
c r y s t a l s were added to 10 ml of the water . The mix
ture was s t i r r e d thoroughly and the water removed by 
vacuum f i l t r a t i o n . 
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O C 2 H 4 ~ N < 

1)KCN0/CH 3C00H 

(X) 

(XI) 

HSO 4 
Θ 

A f t e r a l l apparent t races of moisture had been 
removed, the c r y s t a l s were t r a n s f e r r e d to a f l a s k 
c o n t a i n i n g 750 ml of 95% ethanol and s t i r r e d t h o r 
oughly . A t t h i s s tage , a c l e a r s o l u t i o n may not 
r e s u l t due to the presence of (NH4)2S04. The s o l u t i o n 
was f i l t e r e d and the product XII was p r e c i p i t a t e d by 
the a d d i t i o n of ether (approximately 2 l i t e r s was 
r e q u i r e d ) . The e thanol /e ther s o l u t i o n was s t i r r e d 
f o r s e v e r a l hours or o v e r n i g h t at room temperature 
and the c r y s t a l l i n e product recovered by f i l t r a t i o n . 

The percentage y i e l d i n the f i n a l convers ion to 
product XII was u s u a l l y q u i t e low (30-50%). I t should 
be p o i n t e d out that t h i s step c o u l d be improved by 
a r e c y c l i n g of the aqueous s o l u t i o n . 

Compound, X I I , or the h e m i - s u l f a t e s a l t of β -Ν' , 
N , - d i e t h y l a m i n o e t h y l - 2 , 2 - d i p h e n y l h y d a n t o a t e w i l l be 
r e f e r r e d to as Pro-DPH f o r convenience; t h i s was the 
d e r i v a t i v e used i n a l l subsequent s t a b i l i t y and 
animal s t u d i e s . 

Table I g ives the m e l t i n g p o i n t s , molecular 
weights , % e q u i v a l e n t o f DPH and s o l u b i l i t y of a 
number of β - Ν 1 , N 1 - d i e t h y l a m i n o e t h y l - 2 , 2 - d i p h e n y l -
hydantoate s a l t s at 2 5 ° i n water . The s u p e r i o r 
aqueous s o l u b i l i t y of the h e m i - s u l f a t e s a l t made i t 
the candidate of choice f o r i n i t i a l s c reening 
f o r a n t i c o n v u l s a n t a c t i v i t y . Note, that DPH has 
a s o l u b i l i t y of approximately 2 mg/100 ml 
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H2 
(XII) 

or 0.02 mg/ml in aqueous solution at pH « pKa at 
25° which means that the increase in aqueous solu
b i l i t y of Pro-DPH over DPH i s about a factor of 
15,000 or 9,000 in terms of DPH equivalents. 

Table I 
Some physical properties of various salt forms of 
β-Ν',Ν1-diethylaminoethyl-2,2-diphenylhydantoate. 

Salt Mol. 
Wt. 

%Equivalence 
of Diphenyl-
hydantoin 

Melting 
Pt. 

Solu- * 
b i l i t y 
at 25° C 

HN03 432 58.3 173°(dec) 22 mg/ml 
HCL 405.5 62.1 188° 23 mg/ml 
Salicylate 507 49.7 138° 8 mg/ml 

301 mg/ml Sulfate 837.01 60.28 145° 
8 mg/ml 

301 mg/ml 

* Solubility refers to the sol u b i l i t y of the salt 
i t s e l f and not DPH equivalence. 

** This gives an aqueous solution of pH ̂  3.3. 
The conversion of Pro-DPH to DPH was quantita

tive as checked by spectral comparisons and thin 
layer chromatography. The rate of cyclization of 
Pro-DPH to DPH was followed at 25° and 37° to simulate 
storage conditions and physiological conditions. A l l 
kinetic measurements were either carried out directly 
in the thermostated c e l l compartment of a recording 
spectrophotometer, Cary Model 14, or in ampoules 
placed in a constant temperature water bath. The 
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formation of DPH was followed spectrophotometrically 
at 245 nm with the rate constants determined from 
plots of log (Aoo -At) versus time, where Aoo and Afc 

were the absorbances at i n f i n i t y and time t respec
tiv e l y . As an alternative, Pro-DPH and/or DPH were 
followed by high pressure liquid chromatography after 
extraction from the aqueous buffer solutions. A l l 
reactions were carried out in aqueous buffered solu
tions of constant ionic strength. However, no at
tempts to extrapolate to zero buffer concentration 
were made. 

The observed rate constants and half-lives for 
the conversion of Pro-DPH at 25° and 37° in aqueous 
buffered solutions t
Figure 1 shows a plo
observed rate of cyclization of Pro-DPH to DPH, 
versus pH. Also shown in this figure i s the data 
for the cyclization of the equivalent pro-drug de
rivative of mephenytoin and 3-N1,Ν'-diethylamino-
ethyl-5-methyl-2,2-ethylphenylhydantoate the equiva
lent pro-drug derivative of 3-methyl-5,5-ehtylphenyl-
hydantoin. Note that the conversion of Pro-DPH to 
DPH at 37° is very e f f i c i e n t at pH 7.4, the half-
l i f e i s 6.8 minutes, but at pH 3 the h a l f - l i f e i s 
about 130 hours. At 25° and pH 3 the h a l f - l i f e for 
the conversion of Pro-DPH to DPH was found to be 
approximately 450 hours and at 4°, refrigerator 
temperature, the h a l f - l i f e was 4000 hours. 

It should be noted that in terms of s t a b i l i t y the 
determining factor in a possible reconstituted lyophi-
lized dosage form of Pro-DPH w i l l not be the loss of 
Pro-DPH per se but more probably the gradual formation 
of DPH and i t s subsequent precipitation as the satura
tion s o l u b i l i t y of DPH i s reached. The formation of a 
saturated solution of DPH w i l l be a function of the 
i n i t i a l concentration of the Pro-DPH. Since one 
mole of Pro-DPH released two moles of DPH 

[DPHft = 2k [Pro-DPHl (eq. 1) 
^ d t J o 
/ci [DPHÎN 

where V d t s 0 is the i n i t i a l rate of formation of DPH 
from Pro-DPH, [Pro-DPH]0 i s the i n i t i a l concentration 
of Pro-DPH and k i s the pseudo f i r s t order observed 
rate constant for the conversion of Pro-DPH to DPH 
under the designated experimental conditions. If 
(d[DPHf\ i s expressed as mg/ml/hr and [Pro-DPH] 

. ά. y ο 
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i s expressed in mg/ml then 
,d[DPH]. _ 2k[Molecular Weight DPH]fPro-DPH] 
1 dt 'o [Molecular Weight Pro-DPH] ^ 2 ) 

= k 1 [Pro-DPH]Q (eq. 3) 
where k 1 = 154 χ 10~3 χ 252 χ 2/837 = 9.27 χ ΙΟ" 4 

hours"! a t 25° and at a pH of 3. Table III gives 
the calculated zero order i n i t i a l rates of formation 
of DPH from Pro-DPH as a function of i n i t i a l Pro-DPH 
concentration at 25° and pH 3 and the time for 
DPH to potentially begin nucleating from solution 
( t p p t e ) . The sol u b i l i t
i s assumed to be 2
that no DPH was present in the i n i t i a l sample of 
Pro-DPH so the time before precipitation, i.e., 
tppte, is an optimistic estimate. The value of t p p t e 

may vary depending on the occurrence of super satura
ted solutions although this a p r i o r i does not seem 
lik e l y in light of the strong crystal l a t t i c e 

Table III 
Apparent zero order i n i t i a l rate of formation of 
DPH from Pro-DPH as a function of i n i t i a l Pro-DPH 
concentration at 25° and pH 3 and the potential 
t t e based on Equations 1-3 and a solu b i l i t y of 
Dt>! at 25° and pH 3 of 2 mg/100 ml. 
1 

[Pro-DPH] [d[DPH]/dt) t . (min) PPte 
25 mg/ml 
50 mg/ml 
100 mg/ml 
200 mg/ml 

2.31 χ 10~2mg/ml/hour 
4.63 χ 10""2mg/ml/hour 
9.26 χ 10"2mg/ml/hour 
1.85 χ lO^mg/ml/hour 

52 min 
26 
13 
7 

of the formed DPH. Figure 2 il l u s t r a t e s the theoreti
cal i n i t i a l rate of formation of DPH from Pro-DPH. 
The time required for DPH precipitation to occur from 
solutions of Pro-DPH was determined experimentally 
and compared to these predicted figures, The t p p t e 

did not appear to correlate well with t p p t e pre
dicted from the known rates of cyclization of Pro-DPH 
to DPH. Table IV gives some of the experimentally 
determined turbidity times for various i n i t i a l con
centrations of Pro-DPH. 
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PH 

Figure 1. Phts of log kob8d vs. pH for the 
conversion of Pro-DPH to DPH at 37° (Ο) 
and at 25° (·). Also included are data for 
conversion of IV to I at 37° (Δ) and the 
conversion of β-Ν', N'-diethylaminoethyl-
5-methyl-2,2-ethylphenylhydantoate to 3-
methyl-2,2-ethylphenylhydantoate at 37° (•) 

in aqueous buffered solutions. 
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Table IV 
Experimental Determination of Turbidity Time as a 
Function of I n i t i a l Pro-DPH Concentration. 

Concentration of Pro-DPH in 
mg/ml in d i s t i l l e d water 

pH Time for Turbidity 
Development 

83.25 3.6 36 Minutes 
83.25 3.7 15 Minutes 
124.84 — 1 Hour 10 Minutes 
166.5 
208.1 — 2 Hours 10 Minutes 
246.75 3.5 36 Minutes 

To overcome the problem of DPH precipitation, the 
following approaches were attempted. The f i r s t ap
proach used a solvent in which DPH was more soluble. 
This allowed more DPH to form before i t began to pre
cipitate out. The so l u b i l i t y of DPH i n the current 
DPH injection vehicle of 40% propylene glycol, 10% 
alcohol and 50% water was 1.07 mg/ml. This meant 
that a solution of Pro-DPH of 100 mg/ml and cyclizing 
to DPH with a h a l f - l i f e of 450 hours at 25° would 
remain clear for 46 hours. This approach would suf
fer from the problem that some of the toxicity as
sociated with the current DPH injection may in part 
be due to the presence of propylene glycol (36_* 37J . 
The second approach that could be used (although i t 
would not be suitable for an I.V. injection dosage 
form) would require a sparingly water soluble but 
readily dissociatable salt of Pro-DPH. A sparingly 
soluble salt (perhaps in the presence of an excess of 
the counter anion) could be used to effect a suspen
sion dosage form. On I.M. injection, the absorption 
of the common ion into general circulation and subse
quent dissociation of the slightly soluble salt should 
result in reasonable blood levels of DPH. This tech
nique was attempted using the salicylate salt of XI 
(Pro-DPH salicylate) as a model. Pro-DPH salicylate 
was found to have an aqueous s o l u b i l i t y in water of 
8 mg/ml. If 100 mg of Pro-DPH salicylate was sus
pended i n one ml of water the amount of dissolved 
Pro-DPH salicylate would be 8 mg, i.e., saturation 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



3. S T E L L A E T A L . Chemistry of a 5,5-Diphenylhydantoin Pro-drug 171 

s o l u b i l i t y . The c y c l i z a t i o n of Pro-DPH to DPH at 
2 5 ° and pH 4.5 (the pH necessary to minimize d i s s o c i a 
t i o n of Pro-DPH s a l i c y l a t e ) has a h a l f - l i f e o f 180 
hours or k 0 k S c i i s 3.85 χ 10"3 h o u r s " 1 . The i n i t i a l 
ra te of formation of DPH or (d[DPH]/dt ) Q from t h i s 
sa tura ted s o l u t i o n would be 0.015 mg/ml/hour, i . e . , 
i t would be 1.3 hours before DPH would begin 
p r e c i p i t a t i n g o u t . Table V shows the e f f e c t 
of added s a l i c y l a t e anion on the s o l u b i l i t y of P r o -
DPH s a l i c y l a t e . In the presence of 0.1 M sodium 
s a l i c y l a t e , the s o l u b i l i t y i s lowered to 1 mg/ml so 
tha t the i n i t i a l ra te of formation of DPH becomes 
0.0010 mg/ml/hour and i t would be 10.5 hours before 
DPH would begin to p r e c i p i t a t e . The c a l c u l a t e d 
s o l u b i l i t y product o
data was found to be 3.04 χ 1 0 ~ M . 

Table V 

Aqueous S o l u b i l i t y of Pro-DPH S a l i c y l a t e as a 
F u n c t i o n of Added S a l i c y l a t e Anion 

Pro-DPH s a l i c y l a t e 
s o l u b i l i t y i n mg/ml 

Cone, of 
added Sodium S a l i 
c y l a t e 

C a l c u l a t e 
K S P 

8.7 0 

6.8 0.01 

2.9 0.05 3 . 0 4 x l O " 4 M 2 

1.5 0.10 

Since the pK of s a l i c y l i c i s ^ 3 .0 , Κ ς ρ or the 

s o l u b i l i t y product w i l l not change s i g n i f i c a n t l y 

as the pH i n c r e a s e s , but w i l l decrease by a f a c t o r 

o f about two (̂  1.5 χ 1 θ " 4 M 2 ) a t pH 3.0 . 

D i s c u s s i o n 

The s y n t h e s i s of Pro-DPH was not s h o r t but a t 
the same time d i d not r e q u i r e any high degree of 
s o p h i s t i c a t i o n . On a commercial b a s i s , the conver
s i o n of V I , 2 , 2 - d i p h e n y l g l y c i n e , to IX might be 
e f f e c t e d by a one step r e a c t i o n wi th phosgene r a t h e r 
than the two step approach taken. Obviously the cos t 
of producing the Pro-DPH would be higher than DPH 
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i t s e l f since DPH i s the primary s t a r t i n g material and 
the synthesis of the Pro-DPH involves at l e a s t a f i v e -
step pathway. 

The various s a l t forms of Pro-DPH and t h e i r 
v a r i a b l e aqueous s o l u b i l i t y (refer to Table I) r a i s e s 
an i n t e r e s t i n g and often overlooked point. The 
o r i g i n a l o b j e c t i v e of t h i s proposal was to synthesize 
a water soluble b i o r e v e r s i b l e pro-drug of DPH which 
could be administered o r a l l y , intramuscularly or 
intravenously i n a p h y s i o l o g i c a l l y compatible v e h i c l e . 
The pro-drug should not p r e c i p i t a t e on i n j e c t i o n i n 
the body and should q u a n t i t a t i v e l y r e v e r t to DPH. 
The s o l u b i l i t y of hydrochloride s a l t s of amines f o r 
o r a l d e l i v e r y i s suppressed by the common ion e f f e c t 
of endogenous h y d r o c h l o r i d i
Also i t i s not uncommo
of large hydrophobic amines to be among the l e a s t 
water soluble s a l t . As noted i n recent d i s c l o s u r e s 
and i n new drugs approved f o r c l i n i c a l use, the use 
of s a l t s other than hydrochlorides i s a welcome as
surance that the importance of the counter anion on 
the aqueous s o l u b i l i t y of hydrophobic amines s a l t s i s 
being recognized. The choice of a good counter anion 
f o r an amine drug i s often d i f f i c u l t to p r e d i c t a 
p r i o r i i n that the determining f a c t o r i n the aqueous 
s o l u b i l i t y of amine s a l t s i s often the strength of the 
formed c r y s t a l l a t t i c e i n the s o l i d phase r e l a t i v e to 
the s o l v a t i o n energy released on s o l u t i o n . Although 
the s o l v a t i o n energy aspects of s o l u b i l i t y are o f t e n 
w e l l understood, s o l i d s t ate geometry and stacking 
of the c r y s t a l l a t t i c e can only be determined by 
X-ray t o t a l s t r u c t u r e determination which i s of l i t t l e 
value to the pragmatist looking f o r a quick answer. 
Nevertheless, Table I does show that over an order of 
magnitude increase i n aqueous s o l u b i l i t y could be 
e f f e c t e d by the j u d i c i o u s screening of more than one 
s a l t form of a suspected pharmacologically a c t i v e 
agent whose aqueous s o l u b i l i t y required optimization. 

The p a r t i a l log kobsd versus pH p r o f i l e f o r the 
conversion of Pro-DPH to DPH at 25° and 37° shown i n 
Figure 1 reveals the pH of maximum s t a b i l i t y to be 
^2.5. The conversion appears to have an a c i d cata
lyzed and a s p e c i f i c base catalyzed component as 
w e l l as a spontaneous or water catalyzed component. 
The i n f l e c t i o n corresponding to a d i f f e r e n c e i n 
r e a c t i v i t y of the s p e c i f i c base catalyzed r e a c t i o n 
between the protonated r e l a t i v e to unprotonated 
form of the Pro-DPH was not noted because the highest 
pH studied was 7.4. As noted i n our e a r l i e r study, 
a p a r t i a l plateauing should have been noted between 
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pH 8 and 9.5 (30.)· T n e P K a o f t n e a m i n o group i n 
Pro-DPH i s expected to be ^8.5-9.0 at 3 7 ° (30). 

K i n e t i c a l l y the convers ion of Pro-DPH to DPH 
may be d e f i n e d by equat ion 4. 

k o b s d = V [ H + ] a + V + k - O H r ° H l a + 

k ' - ^ Γ θ Η ] (1-a) (eq. 4) 

where k Q b s d i s the observed ra te constant f o r the 
convers ion of Pro-DPH at a g iven temperature, k H + 
i s an a c i d c a t a l y z e d constant , k 0 i s a spontaneous 
or water c a t a l y z e d ra te constant , k - Q H i s a s p e c i f i c 
base c a t a l y z e d ra te constant r e p r e s e n t i n g the at tack 
of the ure ido anion
protonated form of Pro-DPH and k ' - 0 H i s a s p e c i f i c 
base c a t a l y z e d rate constant r e p r e s e n t i n g the at tack 
of the ureido anion at the e s t e r l i n k a g e of the un-
protonated form of Pro-DPH. Although w i t h Pro-DPH 
no s o p h i s t i c a t e d p h y s i c a l organic study was c a r r i e d 
out (that was not the o b j e c t i v e of t h i s study) by 
i n f e r e n c e to our e a r l i e r more d e t a i l e d k i n e t i c 
study of the convers ion of IV to I the l o g k o t ) S d 

versus pH p r o f i l e and E q u a t i o n 4 were c o n s i s t e n t w i t h 
Scheme I I . 

A t pH's grea ter than 5 but l e s s than the p K a 

o f the amino group, the ra te determining step appears 
to be the i n t r a m o l e c u l a r a t tack of the u r e i d o anion 
on the neighbor ing e s t e r l i n k a g e . T h i s was considered 
to be the most l i k e l y mechanism because of the l a c k 
of b u f f e r c a t a l y s i s (30). The spontaneous ra te con
s t a n t k Q probably i n v o l v e s the at tack of the n e u t r a l 
ure ido group again v i a an i n t r a m o l e c u l a r r e a c t i o n on 
the neighbor ing e s t e r l i n k a g e . These r e a c t i o n s 
of course i n v o l v e Pro-DPH c o n v e r t i n g to DPH w i t h the 
subsequent e x p u l s i o n of the Ν , Ν - d i e t h y l a m i n o e t h a n o l 
l e a v i n g group. The minor nature of the apparent 
s p e c i f i c a c i d c a t a l y z e d pathway which i n v o l v e s the 
at tack of the u r e i d o group on the protonated e s t e r 
f u n c t i o n i s p r e d i c t a b l e i n that p r o t o n a t i o n of the 
e s t e r f u n c t i o n would not be f a v o r a b l e due to e l e c t r o 
s t a t i c r e p u l s i o n . The d i m i n u t i v e nature of t h i s 
pathway i s c o n s i s t e n t wi th e a r l i e r h y d r o l y s i s s t u d i e s 
on other amino es ters such as procaine (.37) and 
a t r o p i n e (38^,39) t where l i t t l e s p e c i f i c a c i d c a t a l y z e d 
h y d r o l y s i s was s i m i l a r l y noted . These r e a c t i o n s 
d i d not i n v o l v e an i n t r a m o l e c u l a r r e a c t i o n 
but were normal i n t e r m o l e c u l a r h y d r o l y s i s r e a c t i o n s . 

Table I noted the 15,000 f o l d i n c r e a s e i n aqueous 
s o l u b i l i t y of Pro-DPH over DPH. In terms of DPH 
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equivalents this was a factor of 9,000. As noted 
earl i e r , the resulting formulation problem, i.e., 
the rapid formation of a saturated solution of DPH 
from a sample of Pro-DPH, presented another interest
ing dimension to the problem. The experimentally de
termined turbidity times or t p p t e as shown in Table IV 
as a function of i n i t i a l Pro-DPH concentration were 
not consistent with the theoretical values of Table 
I I I . Increasing i n i t i a l Pro-DPH concentration should 
have led to a shorter turbidity time. This anomalous 
behavior could have resulted from two possible 
sources: a) The Pro-DPH formed a micellar solution 
which helped to p a r t i a l l y solubilize the formed DPH 
thus lengthening tppte? b) The Pro-DPH formed micelles 
but, in the micella
slowly to DPH than i
of these postulated mechanisms were verified but the 
fact that Pro-DPH in the presence of plasma was ap
parently converted s l i g h t l y more slowly to DPH (see 
paper by Glazko et al.) than in the absence of plasma 
under the same conditions of pH and temperature sug
gested that bound Pro-DPH may not be as readily 
converted to DPH as unbound Pro-DPH. This finding 
would tend to favor the second postulate as the 
source of the anomalous turbidity data. 

Conclusion 

The original objective of this work was to u t i 
l i z e the pro-drug approach to produce a bio-reversible 
DPH derivative with good aqueous s o l u b i l i t y . It was 
hoped that the derivative would have good in vivo 
DPH release characteristics (see the paper of Glazko 
et a l . following) and lead to a superior form of DPH. 
A water soluble bioreversible pro-drug of DPH was 
synthesized and i t s physical and chemical properties 
studied. The pro-drug was an acyclic form of DPH 
which underwent an intramolecular reaction to regen
erate the parent compound, DPH. Under simulated 
physiological conditions, the h a l f - l i f e for the con
version of the Pro-DPH to DPH was approximately seven 
minutes i l l u s t r a t i n g that enzyme mediation in the re
generation of the parent compound was unnecessary. 
The relative s t a b i l i t y of Pro-DPH under acidic solu
tions, pH ^ 3, allowed a lyophilized powder to be 
formed. When reconstituted with water, the extremely 
poor aqueous so l u b i l i t y of the gradually formed DPH 
did create problems by producing turbid solutions re
lat i v e l y quickly. The effect of the counter anion 
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on the aqueous so l u b i l i t y of the amine pro-drug was 
shown to be an important factor in producing a 
sati s f a c t o r i l y water soluble pro-drug. 
Other Attempts at Pro-Drug Forms of Hydantoins 

In the course of the investigation on the pos
sible usefulness of hydantoic acid esters as pro-drugs 
of hydantoins, the acid catalyzed cyclization of hydan
toic acids themselves, was investigated in the pH range 
0-2. The reaction was found to follow Scheme III. De
t a i l s of the kinetics and the effects of the R1, R2 and 
R3 groups on the closure rate have been reported (40); 
of specific interest were 2,2-diphenylhydantoic acid 
and 2-ethyl-5-methyl-2-phenylhydantoi
toic acids of DPH an  respectively  objectiv
the study of the acid catalyzed cyclization of the hy
dantoic acids was to observe i f when taken orally, the 
closure of the hydantoic acids to their respective hy-
dantoin was sufficiently fast to allow hydantoic acid 
to be converted to the hydantoin under physiological pH 
conditions. It was found that only in the acid pH re
gion was the closure rate observable. The study showed 
that in the pH range 0 to 2 both of the respective hy
dantoic acids of DPH and I were quantitatively convert
ed to the hydantoin. 

The pH of stomach contents in a fasted human is 
considered to be in the range of 1 to 3 and the stomach 
emptying time for small volumes of liquids is variable. 
If the hydantoic acids were to act as pro-drugs of hy
dantoins, they should cyclize with half-lives at pH 1.5 
and 37° of less than 15 minutes. At pH 1.5 and 50°, 
the h a l f - l i f e for the conversion of 2,2-diphenylhydan
toic acid to DPH was 12 hours while the h a l f - l i f e for 
the conversion of 2-ethyl-5-methyl-2-phenyl hydantoic 
acid to I was 40 minutes. If a three fold decrease in 
rate i s assumed for a temperature drop of 50° to 37°, 
the half-lives for the conversions were well outside 
the range where the hydantoic acids might be considered 
as suitable pro-drugs of hydantoins. 

Reference to l,3-diacyl-,3-acyl-, and 1-acyl-, de
rivatives of hydantoins have appeared intermittently in 
the literature. As discussed ear l i e r , poor aqueous and 
l i p i d s o l u b i l i t y of hydantoins not substituted at the 1 
and 3 positions i s due in part to strong intermolecular 
hydrogen bonding in the crystal l a t t i c e . Acylation at 
the number 3 position, which displaces the acidic pro
ton, should lead to a reduction in the intermolecular 
hydrogen bonding in the crystal l a t t i c e . This should 
result in the increased l i p o p h i l i c i t y of hydantoins as 
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Scheme I I I 

where R 1 , R 2 , R 3 = a l k y l , a r y l , and/or 
hydrogen s u b s t i t u e n t s . 
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w e l l as a p o s s i b l e i n c r e a s e i n water s o l u b i l i t y . 
E n g l i s h e t a l . ( £ 1 ) t e s t e d both the i n v i t r o and 

i n v i v o a c t i v i t y of v a r i o u s 3 - a l k y l , 3 - a c y l , 3 -acy loxy-
m e t h y l , and 3 -a lkoxycarbonyl d e r i v a t i v e s (see s t r u c t u r e 
below) of the h y d a n t o i n , n i t r o f u r a n t o i n (II) a g a i n s t 
£ · v u l g a r i s . They noted l i t t l e c o r r e l a t i o n between i n 

where R = - a l k y l ; - C R 1 where R1 i s an 
a l k y l , a r y l or alkoxy group; and - O ^ O R 1 1 

where R 1 1 i s an a l k y l or a c y l group. 

v i t r o and i n v i v o a c t i v i t y f o r a number of compounds. 
Compounds w i t h i n v i v o a c t i v i t y s i m i l a r to II i t s e l f 
were 3-hydroxymethyl- and 3 - a c e t o x y m e t h y l n i t r o f u r a n -
t o i n . A l l of the 3 - a c y l d e r i v a t i v e s showed good a c t i v 
i t y w i t h the grea tes t a c t i v i t y demonstrated by the C2 
through C5 compounds. In the 3 -a lkoxycarbonyl d e r i v a 
t i v e s good a c t i v i t y was noted f o r C^ through C4 d e r i v a 
t i v e s . The authors noted that "the r o l e of 3 - s u b s t i t u -
ents i n a l t e r i n g the chemical and p h y s i c a l p r o p e r t i e s 
i n f l u e n c i n g a b s o r p t i o n , e x c r e t i o n and t r a n s p o r t , e t c . 
i s r e c o g n i z e d " . The f a c t tha t a l l d e r i v a t i v e s showed 
the eventual appearance of n i t r o f u r a n t o i n i t s e l f sug
gests tha t the a c t i v e m e d i c i n a l agent was n i t r o f u r a n 
t o i n al though t h i s was not a c t u a l l y v e r i f i e d i n the 

Reference to 1 , 3 - d i a c y l , 3 - a c y l , and 1 - a c y l d e r i v 
a t i v e s of DPH and 1 , 3 - d i a l k o x y c a r b o n y l , 3 - a l k o x y c a r 
b o n y l , and 1 - a l k o x y c a r b o n y l d e r i v a t i v e s o f DPH have 
been noted (42-47). A number of these d e r i v a t i v e s s y n 
t h e s i z e d by Umemoto (42-43) were subjec ted to animal 
t r i a l s by Nakamura e t a l . (26-29) and one d e r i v a t i v e , 
3 - c a r b e t h o x y - 5 , 5 - d i p h e n y l h y d a n t o i n (III) has a l s o been 
s u c c e s s f u l l y subjec ted to human t e s t i n g (48-49). A n 
other d e r i v a t i v e 3 - a c e t y l - 5 , 5 - d i p h e n y l h y d a n t o m (XIV) 
a l s o showed e a r l y promise but d i d not appear to be as 
e f f e c t i v e as I I I . XIV had a mp of 1 3 3 - 1 3 5 ° w h i l e I I I 

( I D 

s t u d y . 
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C = 0 

HN N— C - 0 C o H 
' Il z 

0 

(III) 

had a mp of 138-140, i . e . , a c y l a t i o n at the 3 p o s i t i o n 
of DPH caused a decrease i n mp of approximately 1 6 0 ° 
when compared to DPH. T h i s occurred as the a c y l group 
d i s p l a c e d the most a c i d i c proton of DPH [pK a 8 .3 , 
(1/9.)] r e s u l t i n g i n decreased i n t e r m o l e c u l a r hydrogen 

bonding i n the c r y s t a l l a t t i c e . S e v e r a l s t u d i e s have 
suggested t h a t 1 - a c y l - and l , 3 - d i a c y l - 5 , 5 - d i p h e n y l h y -
dantoins had l i t t l e a n t i c o n v u l s a n t a c t i v i t y and were 
e s s e n t i a l l y excreted as 1 - a c y l - 5 , 5 - d i p h e n y l h y d a n t o i n 
whereas 3 - a c y l d e r i v a t i v e s had c o n s i d e r a b l e a n t i c o n v u l 
sant a c t i v i t y and i n the case of I I I the a c t i v i t y ap
peared to be greater than DPH i t s e l f . These r e s u l t s 
suggest tha t 3 - a c y l d e r i v a t i v e s are converted to the 
parent hydantoin whereas the 1 - a c y l d e r i v a t i v e s are r e 
s i s t a n t to b i o t r a n s f o r m a t i o n to the parent h y d a n t o i n . 
Nakamura e t a l . (26-29) have shown that I I I demonstra
ted higher blood l e v e l s and h i g h e r CNS l e v e l s of DPH i n 
r a t s and dogs when compared to DPH i t s e l f . Both drugs 
were g i v e n as o r a l suspensions . 

Two human t r i a l s comparing I I I to DPH by K i s h i e t 
a l . (48) and Taen e t a l . ( £ 9 ) were encouraging espe
c i a l l y i n t h e i r c o n c l u s i o n s of d i m i n i s h e d s i d e e f f e c t s 
of I I I r e l a t i v e to DPH. 

We have r e c e n t l y s y n t h e s i z e d a s e r i e s of 3 -a lkoxy-
c a r b o n y l - 5 , 5 - d i p h e n y l h y d a n t o i n d e r i v a t i v e s w i t h a view 
of u t i l i z i n g the lower m e l t i n g p o i n t s and higher l i p i d 
s o l u b i l i t i e s of the d e r i v a t i v e s to e f f e c t a s o f t g e l a 
t i n capsule dosage form of DPH. 3 -Hexoxycarbonyl -5 ,5 -
d i p h e n y l h y d a n t o i n (XV) has a m e l t i n g p o i n t of 8 6 ° and 
was found to be s o l u b l e and s t a b l e i n sesame o i l , pea
nut o i l , e t c . XV was a l s o s t a b l e i n the bland o i l s i n 
the presence of s u r f a c t a n t s such as Tween 80. The b i o -
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C Ο 

ΗΝ Ν· 6 η13 

(XV) 

a v a i l a b i l i t y of DPH
form of XV w i l l be repor ted at a l a t e r d a t e . 

The h y d a n t o i n , 5 - e t h y l - 5 - p h e n y l h y d a n t o i n (XVI) or 
N i r v a n o l © was marketed as an a n t i c o n v u l s a n t drug but 
f e l l i n t o d i s f a v o r and was removed from the market be
cause of h i g h t o x i c i t y . I i s demethylated i n man and 
dog to XVI and i t seems l i k e l y that the a n i t c o n v u l s a n t 
a c t i v i t y of I (see Scheme IV) i s , i n p a r t , due to i t s 
demethylated product , XVI (5JD) . T h e r e f o r e , i t would 
seem that I i t s e l f i s a p r o - d r u g of XVI. 

Pro-drugs of hydantoins are not numerous. T h i s 
s e c t i o n has reviewed what d e r i v a t i v e s have been attemp
ted wi th the hope that i t might s t i m u l a t e f u r t h e r i n 
v e s t i g a t i o n i n t o more e f f i c i e n t l y absorbed hydantoin 
p r o - d r u g s . 

C = 0 — C- C = 0 
o x i d a t i o n 

HN N - CH i n v i v o HN NH 3 
II 

ο 
II 

ο 

(I) 
(XVI) 

Scheme IV 
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The Metabolic Disposition of a Novel 
5,5-Diphenylhydantoin Pro-drug 

A. J. GLAZKO, W. A. DILL, R. H. WHEELOCK, R. M. YOUNG, A. NEMANICH, and L. CROSKEY 
Research Laboratories, Parke, Davis, and Co., Ann Arbor, Mich. 48106 
V. STELLA and T. HIGUCHI 
University of Kansas, Lawrence, Kans. 66044 

5,5-Diphenylhydantoin (DPH; phenytoin; Dilantin®* ) 
has been used extensivel
oral and parenteral
its low water solubility (about 20 μg/ml at 25  C), 
parenteral formulations are dissolved in 40% propylene 
glycol and 10% alcohol in water for injection, adjusted 
to pH 12 to convert the acid to the sodium salt. A l 
though this solution has been adequate for intravenous 
use, there are clinical indications that intramuscular 
use may result in slow absorption and low plasma levels 
of DPH. One approach to this problem is based upon the 
observation of Kozelka and Hine (1) that diphenylhydan-
toic acid undergoes ring closure to form DPH when heat
ed with strong acids. However, ring closure of diphe-
nylhydantoic acid proceeds very slowly under physiolog
ical conditions. 

Stella and Higuchi (2) studied a number of water
-soluble hydantoate esters and found that cyclization 

occurred rapidly in neutral and alkaline solutions at 
room temperature, apparently due to a specific base
-catalyzed intramolecular closure. As an outgrowth of 
this work, Stella and Higuchi prepared the diethylami
noethanol ester of diphenylhydantoic acid, first as the 
nitrate salt, and later as the hemisulfate (Pro-DPH). 
These preparations were tested in the Parke-Davis Lab
oratories, and preliminary observations on metabolic 
disposition were reported elsewhere (3). The structure 
of this compound is shown in Figure 1. 
Some Properties of Pro-DPH 

The first preparation available for study was the 
nitrate salt, which has a water solubility of 22 mg/ml 
(representing the equivalent of 12.8 mg DPH per ml). 
However, most of the experiments were carried out with 
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the hemisulfate s a l t (Figure 1 ) , with a water s o l u b i l i 
ty of about 308 mg/ml (representing the equivalent of 
185 mg DPH per ml). This i s approximately 1 0 , 0 0 0 - f o l d 
greater than the water s o l u b i l i t y of DPH. Both s a l t s 
showed good s t a b i l i t y i n acidic solutions, but were 
converted rapidly to DPH v i a r i n g closure i n a l k a l i n e 
solutions. H a l f - l i f e estimates for aqueous solutions 
of the n i t r a t e salt ranged from more than 3 days at pH 
5 , about 11 hours at pH 6 , and 30 minutes at pH 7 . 4 . 

A n a l y t i c a l Procedures 
In order to study the conversion of Pro-DPH to DPH 

i n b i o l o g i c a l systems d t  fo h d 
i n the presence of th
were devised to separate the two compounds. This was 
followed by application of the permanganate oxidation 
technic for diphenylmethane derivatives to form benzo-
phenone, and ultimate fluorometric assay of the benzo-
phenone as described by D i l l and Glazko (4_). The sepa
r a t i o n procedure i s outlined i n Figure 2 . 

Blood specimens were collected with one-tenth v o l 
ume of 1 M c i t r a t e buffer added to y i e l d a f i n a l pH of 
4 . 5 - 5 . 0 , e f f e c t i v e l y blocking further r i n g closure of 
the remaining Pro-DPH. The blood specimens were 
c h i l l e d immediately, centrifuged to separate the plas
ma, and assayed the same day. In a t y p i c a l assay, 1 ml 
of plasma i s d i l u t e d with 1 ml of water, 0 . 5 g of 
NaHCU3 i s added and the mixture i s extracted without 
delay by shaking for 10 minutes i n a glass-stoppered 
test tube with 7 ml 1 , 2-dichloroethane (EDC). Five ml 
of the EDC i s transferred to a second tube and shaken 
for 5 minutes with 3 ml 0 . 1 N CHI to separate the Pro-
DPH from the EDC. The HCI extract (A) i s retained for 
fluorometric assay of Pro-DPH. A portion of the re
maining EDC layer (4 ml) i s transferred to another tube 
and shaken for 5 minutes with 3 ml IN NaOH to extract 
any DPH. The NaOH extract (B) i s also retained for 
fluorometric assay of DPH. Aliquots of extracts A and 
Β (2 ml) are then made strongly a l k a l i n e by the addi
t i o n of 1 .5 ml of 50% NaOH, 4 ml of η-heptane and 300 
mg pulverized KMnOij are added, and the mixtures are 
heated on a steam bath for 30 minutes i n glass-stop
pered tubes. The benzophenone produced i n t h i s step i s 
extracted into the η-heptane layer, a 3 ml portion i s 
shaken with 1 ml cone, s u l f u r i c a cid, and the fl u o r e s 
cence i s read i n a spectrophotofluorometer at 3 6 0 / 4 9 0 
nm as described i n our e a r l i e r report (40 . 

Tissue specimens were frozen on blocks of dry ice 
immediately upon removal, weighed, and 10$ (wt/vol) 
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H N X c / N H 2 

li 2 0 

MOLECULAR WEIGHT (SULFATE SALT) = 837.01 
SOLUBILITY (WATER) = 308 MG/ML (pH = 3.3) 

DPH EQUIVALENTS =  OF SULFATE SALT. 

Figure 1. Chemical structure of Pro-DPH sulfate (N-carba-
moyl-2,2-diphenylglycine,2-(diethylamino)ethyl ester, hemisul-

fate) 

1 ml Plasma 

+ 0.5 g NaHCO^ 

+ 7 ml EDC 

(10») 
(discard aqueous) ^ _ 

5 ml EDC 

+ 3 ml 0.1N HCI 

(51) 

2 ml HCI 

PRO-DPH 

2 ml NaOH 
J 

DPH 

Τ Τ 
FLUOROMETRIC ASSAY VIA BENZOPHENONE 

k ml EDC 

+ 3 ml IN NaOH 

(5«) 
^ (discard EDC) 

Journal of Clinical Chemistry 

Figure 2. Extraction scheme for separation of Pro-
DPH and DPH. The extracts are then subjected to 
permanganate oxidation to form benzophenone, which 
is assayed by the fluorometric technicque. described 

elsewhere (4). 
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homogenates were prepared with pH 4 . 5 c i t r a t e buffer 
(0.2M). A l l assay r e s u l t s were expressed i n terms of 
DPH equivalents. Fluorometer readings were d i r e c t l y 
proportional to concentrations of DPH and Pro-DPH over 
a wide range. However, with known standards of DPH and 
Pro-DPH, about 5% of the DPH was picked up i n the Pro-
DPH assay, and about 5% of the Pro-DPH was picked up i n 
the DPH assay. Nevertheless, t h i s technic provided i n 
formation which was not available i n any other way. 
Conversion of Pro-DPH to DPH i n Buffers and i n Plasma 

As an example of the application of t h i s assay 
procedure t o . s t a b i l i t  studie  i  v i t r o  Pro-DPH s u l
fate i n a f i n a l concentratio
per ml was added to 10 ml pH 7 . 8 phosphate buffer 
(0.2M) at 25°C and 37°C. Volumes of 0 . 5 ml were re
moved by pipette at frequent i n t r e v a l s , and transferred 
to 2 . 5 ml volumes of 0.2M c i t r a t e buffer at pH 4 to 
stop r i n g closure. The r e s u l t s of the assays for Pro-
DPH and DPH are shown i n Figure 3- The apparent h a l f -
l i f e of Pro-DPH at 25°C was about 1 hour, whereas at 
37°C the h a l f - l i f e was only 8 minutes. A s i m i l a r t r i a l 
was run with rat plasma plus pH 7 . 8 phosphate buffer, 
with the r e s u l t s shown i n Figure 4 . Here the apparent 
h a l f - l i f e of the Pro-DPH was about 50 minutes at 25°C, 
and 10 minutes at 37°C. DPH l e v e l s showed a corres
ponding increase, i n d i c a t i n g e s s e n t i a l l y complete con
version of the Pro-DPH to DPH. 
Plasma Levels i n Rats 

Albino rats receiving intramuscular doses of Pro-
DPH n i t r a t e equivalent to 45 mg DPH per Kg body weight 
produced the plasma levels shown i n Figure 5 · The i n i 
t i a l plasma levels f e l l o ff quite r a p i d l y , with a h a l f -
l i f e of about 20 minutes, extending out to 1 hour i n 
l a t e r time periods. The i n i t i a l drop i n plasma le v e l s 
appears to be due to r e d i s t r i b u t i o n of the Pro-DPH into 
the t i s s u e s , as well as to conversion to DPH by r i n g 
closure. Assay of the muscle i n j e c t i o n s i t e s at d i f 
ferent time period a f t e r dosing indicated rapid absorp
t i o n of Pro-DPH, with removal of 50? of the drug i n 
about 15 minutes. The plasma DPH l e v e l s rose rapidly 
to a f a i r l y f l a t plateau ( 6 - 8 yg/ml) over the 1 to 4 
hour period a f t e r dosing. P a r a l l e l experiments with 45 
mg/Kg intramuscular doses of commercially available DPH 
i n rats produced the plasma le v e l s shown as a broken 
l i n e i n Figure 5 · Although the plasma le v e l s of DPH 
after dosing with DPH were somewhat higher than those 
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Figure 3. Conversion of Pro-DPH sulfate to DPH in 
pH 7.8 phosphate buffer at 25 and 37 °C 

Figure 4. Conversion of Pro-DPH sulfate to DPH in rat 
plasma buffered to pH 7.8 at 25 and 37°C 
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Ι Ο Γ 

TIME AFTER DOSING - HOURS 

Figure 5. Phsma levels of Pro-DPH and ΌΡΗ in 
rats following intramuscular doses of Pro-DPH ni
trate (solid lines) and DPH (broken line). DPH as
says (Δ), Pro-DPH assays (O). Doses as DPH-
equivalents per kg body weight were 45 mg/ kg. 
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r e s u l t i n g from the administration of Pro-DPH, 15 to 30 
minutes after dosing, they f e l l below the DPH le v e l s 
obtained with Pro-DPH i n l a t e r time periods. 

Rat plasma levels r e s u l t i n g from peroral adminis
t r a t i o n of Pro-DPH sulfate i n doses equivalent to 50 mg 
DPH per Kg body weight are shown i n Figure 6. The Pro-
DPH lev e l s reached a peak at or before the 15 minute 
sampling time, and then f e l l r a p idly due to tissue d i s 
t r i b u t i o n and conversion to DPH. The plasma DPH levels 
reached a peak of 8-9 yg/ml 2 hours aft e r dosing, at a 
time when plasma Pro-DPH levels were quite low. This 
could occur only with return of DPH to the plasma from 
the tissue depots where Pro-DPH had accumulated, thus 
providing a mechanis  extendin  duratio
plasma le v e l s i n th
at the same dose l e v e l , absorption from the gastro-in
t e s t i n a l t ract was r e l a t i v e l y slow, with considerably 
lower plasma levels (1-2 yg/ml) appearing 8 to 12 hours 
afte r dosing. Since the plasma h a l f - l i f e of DPH i n 
rats (<• 2 hours) i s much shorter than i n man (> 15 
hours), t h i s factor i s not expected to provide a thera
peutic advantage over DPH i n human subjects. 
Plasma Levels i n Dogs 

Plasma lev e l s of DPH and Pro-DPH were determined 
i n a series of dogs receiving intravenous doses of Pro-
DPH sulfate equivalent to 7, l 1 * and 27 mg DPH per Kg 
body weight. The r e s u l t s are shown i n Figure 7· The 
i n i t i a l plasma lev e l s of Pro-DPH were considerably 
higher than those observed i n the r a t s , due to the d i f 
ference i n routes of administration. There was an ex
pected rapid f a l l i n Pro-DPH plasma le v e l s accompanied 
by a sharp r i s e i n plasma DPH to plateau l e v e l s within 
1 hour. These were roughly proportional to dosage, and 
they were maintained quite well at the two higher dose 
lev e l s over the 160 minute blood sampling period. How
ever, at the lower dose l e v e l , there was a noticable 
decrease i n the DPH plasma le v e l s over the same time 
period. These doses of Pro-DPH were well tolerated by 
the dogs, whereas s i m i l a r doses of DPH produced acute 
side-e f f e c t s , such as tremors and vomiting. This i s 
probably due to the poor d i f f u s i o n of Pro-DPH into the 
central nervous system, as indicated by the tissue d i s 
t r i b u t i o n studies. 
Tissue D i s t r i b u t i o n Studies 

Albino rats were given intramuscular doses of Pro-
DPH sulfate equivalent to 50 mg DPH per Kg body weight, 
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Figure 6. Plasma levels in rats (two per time pe
riod) following peroral doses of Pro-DPH sulfate 
equivalent to 50 mg DPH per kg body weight. 

DPH assays (Δ), Pro-DPH assays (Q). 

Figure 7. Plasma levels of Pro-DPH and DPH in dogs following intra
venous doses of Pro-DPH sulfate equivalent to 7 (left), 14 (center), and 27 
(right) mg DPH equivalents per kg body weight. DPH assays (Δ), Pro-

DPH assays (Q). 
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and the tissues i n d i f f e r e n t animals were assayed for 
Pro-DPH and DPH at various time periods a f t e r dosing. 
The r e s u l t s are shown i n Figure 8. The Pro-DPH lev e l s 
10 minutes after dosing were highest i n the kidneys, 
lungs and spleen, with progressively lower le v e l s oc
curring i n the l i v e r , heart, plasma, s k e l e t a l muscle 
and body f a t . The tissue levels of Pro-DPH f e l l of at 
a f a i r l y constant rate with an estimated h a l f - l i f e of 
30 minutes. Only traces of drug were found i n the 
brain, i n d i c a t i n g that Pro-DPH does not rea d i l y cross 
the blood-brain b a r r i e r . DPH levels i n the tissues 
showed a steady increase over the 90 minute period of 
the experiment, and i t s d i s t r i b u t i o n was simi l a r to 
that observed followin l  parenteral dose f 
DPH. 

A s i m i l a r tissue d i s t r i b u t i o n study was carried 
out i n a series of 5 dogs given intravenous doses of 
Pro-DPH sulfate (equivalent to 14 mg per Kg body 
weight), and s a c r i f i c e d at d i f f e r e n t time periods a f t e r 
dosing. The re s u l t s are shown i n Figure 9· The tissue 
d i s t r i b u t i o n of Pro-DPH was very s i m i l a r to that ob
served i n the r a t , although i n i t i a l l y at much higher 
lev e l s due to the route of administration. Most t i s 
sues had t h e i r highest l e v e l s 5 minutes a f t e r dosing, 
in d i c a t i n g very rapid d i f f u s i o n of drug into the t i s 
sues. The Pro-DPH levels f e l l r apidly f o r the f i r s t 
half-hour, and then more slowly with an estimated h a l f -
l i f e of 35 minutes. Again, only traces of Pro-DPH were 
found i n brain (< 1 yg/g), i n d i c a t i n g poor transport 
across the blood-brain b a r r i e r . However, DPH leve l s i n 
the brain rose to 5-6 yg/g i n about 30 minutes, i n par
a l l e l with the plasma l e v e l s , i n d i c a t i n g entry of DPH 
into the central nervous system a f t e r i t had been 
formed elsewhere i n the body. 
Urinary Excretion 

The urinary excretion of DPH and Pro-DPH sulfate 
was measured i n rats following I.M. doses of the two 
drugs, equivalent to 50 mg DPH per Kg body weight. 
Urine was collected for 22 hours over dry ice to keep 
the specimens frozen. Upon thawing, pH 4.5 c i t r a t e 
buffer was added to minimize r i n g closure. Assay re
sul t s are shown i n Table 1. 

When DPH was administered, the excretion of un
changed DPH represented 0.05-0.15$ of the dose. How
ever, when Pro-DPH was administered, 2.0-3-0$ of the 
dose was recovered as free DPH. Since very l i m i t e d 
quantities of DPH appear i n the urine following admin
i s t r a t i o n of DPH, i t i s d i f f i c u l t to see why such i n -
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Figure 8. Tissue levels of Pro-DPH and DPH in rats 
following intramuscuhr doses of Pro-DPH sulfate equiva

lent to 50 mg DPH per kg body weight 

TIME AFTER DOSING - MINUTES 

Figure 9. Tissue levels of Pro-DPH and DPH in dogs 
following intravenous doses of Pro-DPH sulfate equiva

lent to 14 mg DPH per kg body weight 
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TABLE 1 
ASSAY OF 22-HOUR RAT URINE AFTER A SINGLE 50 MG/KG 

INTRAMUSCULAR DOSE OF PRO-DPH OR DPH 

DRUG 
ADMINISTERED 

RAT 
NO. 

URINARY EXCRETION 
PER CENT OF DOSE DRUG 

ADMINISTERED 
RAT 
NO. 

PRO-DPH DPH TOTAL 

(*) {%) (%) 
PRO-DPH 1 k.2 2.0 6.2 

DPH 3 0 0.15 0.15 

4 0 0.05 0.05 

creased amounts are excreted following administration 
of Pro-DPH, unless the Pro-DPH i t s e l f undergoes r i n g 
closure i n urine f i l t r a t e s . The assays indicate that 
some Pro-DPH i s excreted unchanged i n rat urine. This 
aspect of Pro-DPH metabolism requires further i n v e s t i 
gation, since i t i s possible that the DPH generated 
from Pro-DPH i n urine may reach a saturation point, 
producing c r y s t a l l u r i a or even deposition of cr y s t a l s 
i n the renal tissue. The pH of the urine would be ex
pected to be a c r i t i c a l factor i n af f e c t i n g the rate of 
ri n g closure. These and other related aspects of Pro-
DPH metabolism require further examination i n animal 
studies, especially with repeated doses of Pro-DPH, be
fore t h i s pro-drug can be regarded as a suitable candi
date for therapeutic use i n man. 
Summary 

Pro-DPH i s of interest because of i t s high water 
s o l u b i l i t y and ease of conversion to DPH i n b i o l o g i c a l 
systems. Assay procedures were devised to measure the 
concentration of DPH and Pro-DPH i n the same b i o l o g i c a l 
specimens. Pro-DPH was found to be absorbed rapidly 
from intramuscular i n j e c t i o n s i t e s i n rats and dogs, 
and i t showed good absorption c h a r a c t e r i s t i c s from the 
ga s t r o - i n t e s t i n a l tract of the r a t . The plasma levels 
of Pro-DPH f e l l r a p idly due to d i s t r i b u t i o n into the 
tissues and conversion to DPH by ri n g closure. This 
was accompanied by the appearance of high and extended 
plasma levels of DPH, which were roughly proportional 
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to dosage. Highest concentrations of Pro-DPH were 
found in the kidneys, with somewhat lower concentra
tions in the spleen and lungs; only traces of Pro-DPH 
were found in the brain. Excretion data in rats indi
cate that some Pro-DPH is excreted unchanged in the 
urine, and that a portion may be converted to DPH 
after clearance through the kidneys. Additional work 
is needed in this area before Pro-DPH can be cleared 
for human t r i a l . 
Literature Cited 
1. Kozelka, F. L . , and Hine, C. E. , J. Pharmacol. 

Exper. Therap. (1941)  72  276
2. Stella, V. , an

(1973), 62, 962. 
3. Glazko, A. J., Dill, W. Α., Wheelock, R. Η., 

Nemanich, Α., Croskey, L . , and Higuchi, T., Feder
a t . Proc. (1973), 32, 684. 

4. D i l l , W. Α., and Glazko, A. J., Clin. Chem. (1972), 
18, 675. 

FOOTNOTE 
*Dilantin® is the Parke, Davis & Company tradename for 
5,5-diphenylhydantoin. 
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Case Histories of the Development of Pro-drugs for 
Use in the Formulation of Cytotoxic Agents in 
Parenteral Solutions 

ARNOLD J. REPTA 
Department of Pharmaceutical Chemistry, School of Pharmacy, University of Kansas, Lawrence, Kans. 66044 
Introduction 

The pro-drug approac
drug delivery through a number of related but distinct
ly different mechanisms. These might include use of a 
pro-drug in attempting 1) to alter the rate of metab
olism of the drug, 2) to alter the rate of release from 
a dosage form or depot site, and/or 3) to deliver the 
drug to a specific site or organ in the body. The 
achievement of any one or a combination of two or more 
of these objectives would be expected to have signifi
cant effects on the concentration vs time profile of 
the drug at the receptor site. Although the technology 
for achieving any one or more such goals could probably 
be developed for a given drug substance, a good deal of 
data would have to be available relative to the metab
olism, site of action, toxicity and desired concentra
tion-time profile for that drug in the body. Only on 
the basis of such information would i t be possible to 
define the specific properties and characteristics that 
need be incorporated in the pro-drug. Obviously, the 
application of pro-drug approaches in order to attain 
such objectives requires that there be both a great 
deal of interest in the drug and considerable advantage 
to be gained before one could justify committing the 
resources necessary for the design and development of a 
suitable pro-drug. 

A more common and presumably more achievable ob
jective, which would involve the use of pro-drugs for 
improved drug delivery, would be that concerned with the 
enhancement of the absorption or bioavailability of a 
drug through some reversible alteration of the proper
ties of the drug. Pro-drugs used for such a purpose 
would normally exhibit an apparent increase in the sol
ubility or stability of the drug which in turn would 
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allow the drug to be released from the dosage form and 
to a r r i v e at the receptor s i t e more rapidly and/or more 
completely when employed as the pro-drug form. 

The problem of poor b i o a v a i l a b i l i t y of certain cy
totoxic agents of interest i n cancer chemotherapy has 
apparently led to a desire by investigators working 
with the National Cancer I n s t i t u t e to carry out c l i n i 
c a l t e s t i n g of such agents as intravenous solutions. 
This preference for solution dosage forms re s u l t s from 
the current acceptance of intravenous administration of 
a drug as representing complete b i o a v a i l a b i l i t y (1). 
While such equivalence may be argued (1,2), comparison 
of c l i n i c a l a c t i v i t y of d i f f e r e n t drugs and drug re
gimes administered i  t h i  would c e r t a i n l
to be superior to administratio
combination of routes. 

Although the use of intravenous solutions i n c l i 
n i c a l t e s t i n g of cytotoxic agents seems to be both r a 
t i o n a l and well accepted, often there are major prob
lems encountered i n the formulation of some of these 
agents i n solutions suitable for intravenous use. Such 
problems usually involve the s o l u b i l i t y and/or the 
chemical s t a b i l i t y of the candidate drugs i n physiolog
i c a l l y acceptable solvent systems. Many of these spe
c i f i c problems may be overcome by formulating as a c i d i c 
or a l k a l i n e aqueous solutions, by using mixed solvent 
systems, by using dry formulations which are r e c o n s t i 
tuted just p r i o r to use, and by various other complete
ly acceptable techniques. However, on occasion certain 
cytotoxic agents present problems for which such solu
tions are not adequate and these are the types of sub
stances for which the pro-drug approach i s most a p p l i 
cable. 

The i d e n t i f i c a t i o n and use of a pro-drug system as 
the solution to a delivery problem which could be 
solved by s a l t formation, pH adjustment, use of cosol-
vents, or other simple formulation techniques appears 
to be a superfluous exercise and should probably be 
discouraged i n l i g h t of the time and resources which 
would normally be required to bring such an approach to 
a successful conclusion. Thus when a s t a b i l i t y or s o l 
u b i l i t y problem has been encountered, the r a t i o n a l de
velopment of the answer to the problem begins with a 
series of questions which must be asked and answered 
c a r e f u l l y . 

The f i r s t question to be considered i s , "Can the 
gross problem be obviated by any of the more or less 
t r i v i a l manipulations such as pH adjustment, etc?" I f 
the answer to the f i r s t question i s negative, the sec
ond question i s asked. I t i s , "What are the basic fac-
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tors giving r i s e to the gross problem being confron
ted?" The answer to t h i s question i s usually multifac-
eted and often cannot be answered with complete cer
t a i n t y . Usually the answer requires obtaining and 
evaluating various physical and chemical data about the 
candidate drug. The p a r t i c u l a r nature of the data 
needed depends on the problem type. For instance, i f 
the problem i s one of the low aqueous s o l u b i l i t y of the 
substance, then information on the melting behavior, 
the s o l u b i l i t y i n a variety of solvents, the s t r u c t u r a l 
features, etc., are important. I f the problem i s sta
b i l i t y r e l a t e d , then the nature of the degradation 
products, the k i n e t i c order of the degradation process, 
information r e l a t i v  t  reactio  mechanis d d 
a l l other data pertainin
are useful. The carefu  type
information and s i m i l a r information on related com
pounds often allows one to specify with some degree of 
certainty the basic factors causing the problem. For 
example, the low aqueous s o l u b i l i t y of a rather polar 
compound which has a high melting point and a low solu
b i l i t y i n v i r t u a l l y a l l solvents could perhaps be at
tributed to strong intermolecular hydrogen bonding i n 
teractions i n the c r y s t a l l i n e state. This would cause 
the thermodynamic a c t i v i t y of the solute phase to be 
low which i n turn gives r i s e to the observed low solu
b i l i t y . A second example, involving a s t a b i l i t y prob
lem, might be a s i t u a t i o n where the data may suggest 
that i n t e r - or intramolecular c a t a l y s i s by some func
t i o n a l group i n the drug molecule i s responsible for 
the rapid degradation. 

After answering the second question, one can pro
ceed to the next question which i s , "What s p e c i f i c type 
of manipulation of the molecule or system can be accom
plished so that the basic cause or causes w i l l be suf
f i c i e n t l y ameliorated so as to solve the gross prob
lem?" 

Normally the generic answer to t h i s question i s 
not a d i f f i c u l t one. This i s p a r t i c u l a r l y true i f the 
previous question ( r e l a t i v e to the basic causes of the 
problem) was answered i n unequivocal terms. As an ex
ample, a solution to the above described s o l u b i l i t y 
problem, which stemmed from hydrogen bonding, might be 
the disruption of the hydrogen bonding by preparing a 
chemical derivative which would be incapable of acting 
as a hydrogen donor. S i m i l a r l y an answer to the sta
b i l i t y problem previously described might involve using 
some physical or chemical a l t e r a t i o n of the system 
which would t i e up the functional group responsible for 
the c a t a l y s i s of the decomposition reaction. 
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The fourth and f i n a l (and perhaps the most d i f f i 
c u l t ) question to be asked i s , "What s p e c i f i c pro-drug 
approach can be used to achieve the desired effect on 
the properties of the drug substance and yet, while 
being s u f f i c i e n t l y stable i n the dosage form, w i l l rap
i d l y release the parent drug i n the body upon adminis
t r a t i o n ? " The answer to t h i s question i s often a d i f 
f i c u l t one since i t requires that the approach to be 
used must s a t i s f y the general aims of the answer to 
question three and a d d i t i o n a l l y i t must contain a 
b u i l t - i n releasing mechanism which i s triggered by some 
agent or event encountered upon administration of the 
pro-drug. This trigg e r must dependently and rapidly 
allow or cause the pro-drug to revert to the free par
ent drug. 

It appears that there are at least three such po
t e n t i a l t r i g g e r i n g mechanisms which are encountered i n 
the administration of intravenous solutions. The f i r s t 
of these i s the various enzymes i n the blood and other 
tissues (3.)· I f one designs a pro-drug which w i l l 
serve as a substrate for one or more of the enzymes 
found i n the body and i f t o t a l enzymatic a c t i v i t y i s 
s u f f i c i e n t l y large, then the release of the drug from 
the pro-drug w i l l be much enhanced. 

Another p o t e n t i a l trigger i s the event involving 
the d i l u t i o n of the pro-drug formulation upon adminis
t r a t i o n of the solution into the bloodstream. Such d i 
l u t i o n r e s u l t s i n reduced concentrations of components 
and thus causes s h i f t s i n e q u i l i b r i a . An example of a 
pro-drug system for which t h i s t r i g g e r would be s u i t 
able i s one involving complexation which i s subject to 
the law of mass action (4_). 

The buffered and r e l a t i v e l y constant value of the 
physiological pH (= 7 . 4 ) i s a t h i r d factor which may be 
useful i n t r i g g e r i n g the release of a drug from a pro
drug. In those cases where the pH and buffer capacity 
of the blood i s to be used to advantage, i t would seem 
to be necessary that the fpro-drug—Kirug 1 reaction be 
very pH s e n s i t i v e , and that the pro-drug formulation 
used be at a pH value appreciably d i f f e r e n t than 
pH 7 . 4 . 

In view of the l i m i t e d number of t r i g g e r i n g mech
anisms available one must c a r e f u l l y consider the physi
co-chemical c h a r a c t e r i s t i c s of the various po t e n t i a l 
pro-drug approaches with a view toward selecting only 
those pro-drug systems which w i l l be most responsive to 
one or more of the available triggers encountered upon 
intravenous administration of the f i n a l formulation. 

When a l l of the above four questions have been 
s a t i s f a c t o r i l y answered, the pro-drug system must be 
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prepared and tested. I n i t i a l i n v i t r o tests w i l l usu
a l l y screen out many unsuccessful approaches. However, 
the f i n a l proof of the u t i l i t y of the pro-drug approach 
selected w i l l necessarily await the re s u l t s of i n vivo 
t e s t i n g . 

The remainder of t h i s discussion i s a review of 
the concerns involved i n the i d e n t i f i c a t i o n and evalua
t i o n of some pro-drug approaches used i n attempting to 
solve problems associated with the intravenous delivery 
of three cytotoxic agents. 
Case I. I d e n t i f i c a t i o n of 9-(5-0-formyl-g-D-arabino-
furanosyl)adenine as a pro-drug of l-g-D-arabinofurano-
syladenine. 

The compound Ι-β-D-arabinofuranosyladenine (I) i s 
a nucleoside which i s most commonly c a l l e d ara-Α. I t 
i s the 2 fepimer of adenosine (II) and considerable i n 
terest has been generated i n the compound because of 
i t s a b i l i t y to i n h i b i t the growth of some viruses (5.) 
and tumors (6). 

OH OH OH 
I I I 

ara~A adenosine 
Some c l i n i c a l t e s t i n g of ara-Α as a cancer chemo-

therapeutic agent has been attempted but a f u l l scale 
evaluation has been severely l i m i t e d because of prob
lems associated with the administration of the drug. 
Human adult doses of 2.5 grams have been suggested and 
actually administered as an aqueous intravenous i n f u 
sion, but the low s o l u b i l i t y value of ̂ 0.5 mg per ml of 
water (8_) found for ara-Α have necessitated the use of 
5 to 6 l i t e r s of such solutions. Obviously, such a 
large volume of solution requires administration over a 
prolonged period of time (9). 
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Along with the necessarily slow administration, 
there i s a problem of the enzymatic metabolism of ara-A 
by adenosine deaminase (10,11,) to the corresponding hy-
poxanthine derivative ( I I I , ara-Η) which i s i n e f f e c t i v e 
i n i n h i b i t i n g tumor growth (12.). The b i o l o g i c a l h a l f -
l i f e of the enzymatic deamination reaction i s reported 
to be about 30 minutes (12). Such f a s c i l e metabolism, 
together with the slow administration, makes i t impos
s i b l e to achieve appreciable blood l e v e l s of ara-A. 
Thus a meaningful c l i n i c a l evaluation of the inherent 
antitumor a c t i v i t y of ara-A was d i f f i c u l t to make. 

It seemed that the most l o g i c a l and simplest ap
proach to achieving improved drug delivery i n t h i s case 
was to increase the rate at which the drug could be ad
ministered. This involved preparing and using a more 
concentrated solution suitable for intravenous use. 

Rather extensive studies aimed at producing an i n 
creased apparent s o l u b i l i t y of ara-A through the use of 
mixed solvent systems, agents which would i n h i b i t crys-
t a l i z a t i o n , and other approaches had been carried out 
(13) and proved f r u i t l e s s . The weakly basic nature of 
ara-A (pKa ^ 3.7 (lJO) together with i t s low aqueous 
s o l u b i l i t y and high dose ruled out the use of an acid 
s a l t to overcome the s o l u b i l i t y problem. Thus, i t ap
peared that an increase i n the apparent s o l u b i l i t y 
could not be achieved by simple physical approaches and 
the p o s s i b i l i t y of u t i l i z i n g some suitable pro-drug 
systems began to be considered. 

A comparison of the s t r u c t u r a l features and some 
of the properties of ara-A and adenosine, as shown i n 
Table I , brought out some useful points. F i r s t of a l l , 

I I I IV 
ara-H ara-A-5 1-formate 
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Table I - Some Properties of Adenosine, 
Ara-A and Ara-A-5 !-Formate (14) 

adenosine 
ara-a 
ara-A-5 1-formate 

Water s o l u b i l i t y , 
( 2 5 ° ) M 

* 0 . 0 2 
^ 0 . 0 0 1 8 
^ 0 . 1 2 a 

mp mol. wt. 
235° 267 

^ 260 267 
* 175 295 

aDue to hydrolysis of the ester t h i s i s an approximate 
value. 

both ara-A and adenosine are highly polar compounds and 
capable of i n t e r a c t i n  strongl  with wate t
positions, yet neithe
both have rather high melting points, and t h e i r s o l u b i l
i t i e s i n most solvents i s quite low. Furthermore, a l 
though ara-A and adenosine are closely related struc
t u r a l l y , i t i s noteworthy that adenosine i s more than 
ten times more soluble than ara-A. The conclusions 
that were reached on the basis of such information was 
that the low s o l u b i l i t y of these nucleosides was due to 
strong intermolecular interactions i n the c r y s t a l l i n e 
state which resulted i n a very low thermodynamic a c t i v 
i t y for the solute phase. On the basis of the struc
t u r a l features of the compounds, these strong interac
tions appeared to be due most probably to hydrogen 
bonding between the various proton donor and acceptor 
si t e s i n the molecules. The order of magnitude d i f f e r 
ence i n s o l u b i l i t y between the two epimers further sug
gested that the extent of hydrogen bonding changed ap
preciably with only moderate changes i n molecular geo
metry. Thus i t appeared that i f i t were possible to 
decrease the intermolecular hydrogen-bonding i n the 
c r y s t a l l i n e ara-A, while not s i g n i f i c a n t l y decreasing 
the o v e r a l l a b i l i t y of the molecule to interact with 
water, i t should be possible to increase s u b s t a n t i a l l y 
the apparent aqueous s o l u b i l i t y . I t was anticipated 
that a decrease i n hydrogen bonding could most e a s i l y 
be accomplished by decreasing the hydrogen donor capac
i t y of the arabinose portion of the molecule by s u b s t i 
t u t i n g non-donor groups for the hydrogen atoms. 

At t h i s point i n the study i t becomes necessary to 
attempt to define rather s p e c i f i c a l l y a chemical deriv
ative of ara-A which might be used as a soluble pro
drug. On the basis of the considerations which follow, 
the 5'formate ester of ara-A (IV) was i n i t i a l l y s e l e c t 
ed ( 8 ) . 

An ester derivative was chosen since e s t e r i f i c a -
t i o n of a hydroxy group would eliminate the hydrogen-
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donor capacity at that p o s i t i o n . Although an ether de
r i v a t i v e would also be e f f e c t i v e i n eliminating the hy
drogen donor a c t i v i t y , the ester was p r e f e r e n t i a l l y se-
Lected because of i t s greater ease of hydrolysis, es
p e c i a l l y i n the presence of the various esterases which 
abound i n blood and other tissues ( 3 . ) . Such enzymatic 
assistance could therefore serve as the t r i g g e r i n the 
release of the drug from the pro-drug. 

The choice of the 5 f hydroxyl as the s i t e of 
e s t e r i f i c a t i o n was based on the general knowledge that 
esters of primary alcohols are normally more e a s i l y hy-
drolyzed than the corresponding esters of secondary a l 
cohols such as are found at the 2 f and 3 f positions of 
ara-A. An additional  fo  d e s i r i n  derivativ
of the 5 f hydroxyl wa
derivatives of compound  poo
substrates for adenosine deaminase (.6,10.) and thus the 
5 T ester of ara-A would probably not undergo apprecia
ble metabolism p r i o r to hydrolysis. While t h i s i s an 
added bonus i t i s not an essential factor i n so far as 
achieving an increased molar s o l u b i l i t y i s concerned. 

The choice of the formate ester rather than some 
other ester was made on the basis of the compact and 
r e l a t i v e l y polar nature of the formate group which was 
not expected to noticeably a l t e r the o v e r a l l hydrophil-
i c character of the pro-drug r e l a t i v e to the parent 
compound. The fact that formate esters are normally 
more rapidly hydrolyzed than corresponding homologs was 
also important ( 1 5 ) . 

The reasons for choosing the monoformate ester i n 
preference to the diformate or triformate esters 
stemmed mainly from a desire to use as simple a system 
as possible i n order to be able to follow ultimately 
the regeneration of the drug. I f the t r i e s t e r was to 
be used as the pro-drug, (providing i t was s u f f i c i e n t l y 
soluble) random hydrolysis of the esters would poten
t i a l l y r e s u l t i n three d i f f e r e n t diformate esters which 
i n turn would hydrolyze to y i e l d three d i f f e r e n t mono-
esters. This k i n e t i c sequence would then r e s u l t i n the 
simultaneous existence of several pro-drug species 
which would be present i n amounts related to t h e i r 
rates of formation and degradation. The s i t u a t i o n i s 
somewhat simpler for the diformate d e r i v a t i v e s , but 
s t i l l p o t e n t i a l l y quite complicated when compared to 
that to be expected with the 5 f monoformate. 

Ara-A-5'-formate was prepared (8_) and the aqueous 
s o l u b i l i t y was found to change i n the anticipated d i -
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r e c t i o n . As seen i n Table I, the s o l u b i l i t y increase 
was accompanied by a decrease i n the melting point i n 
dicating a reduction i n the intermolecular interactions 
i n the pro-drug ester r e l a t i v e to c r y s t a l l i n e ara-A. 
The approximately 65 f o l d increase i n the molar solu
b i l i t y of the pro-drug i n comparison to ara-A meant 
that the volume of intravenous solution necessary to 
del i v e r the equivalent of 2 . 5 grams of ara-A could be 
decreased from 5 or 6 l i t e r s to less than 100 ml. Ob
viously such a reduction i n volume would allow the drug 
to be administered i n a much shorter period of time. 

Although the problem of the low s o l u b i l i t y of ara-
A could obviously be solved by using ara-A -5 1-formate, 
the po t e n t i a l u t i l i t
pro-drug of ara-A depende
i n b i o l o g i c a l f l u i d s and i t s s t a b i l i t y i n an aqueous 
solution suitable for intravenous use. In v i t r o stud
ies carried out i n 91% whole human blood at 3 7 ° (jB) 
showed hydrolysis of the ara-A-5'-formate, to y i e l d 
ara-A, occurred ra p i d l y . Data from one such run i s 
shown i n Figure 1 where i t can be seen that hydrolysis 
of ara-A-5'-formate to ara-A was e s s e n t i a l l y complete 
i n about 30 minutes. The rather rapid disappearance of 
the regenerated ara-A i s due presumably to i t s metabo
lism by adenosine deaminase ( £ , 1 0 ) . Nevertheless peak 
levels of ara-A corresponding to between 60% and 70$ 
of the administered dose were achieved. Since both the 
rapid hydrolysis of the ester and the deamination of 
ara-A are reactions which are enzyme assisted, i t i s 
not surprising that the rates of both processes were 
found to be somewhat concentration dependent (80. 

The antitumor a c t i v i t y of ara-A -5 T-formate, when 
tested i n t r a p e r i t o n e a l l y i n mice innoculated with e i 
ther Heptoma 134 or E h r l i c h ascites tumor c e l l s , was 
found to be equivalent to that of ara-A ({$) suggesting 
that ara-A was regenerated i n vivo. 

The remaining question which had yet to be an
swered dealt with the s u i t a b i l i t y of the proposed pro
drug i n a formulation acceptable for intravenous admin
i s t r a t i o n . The aqueous s t a b i l i t y of ara-A-5'-formate 
was studied and i t was found, not s u r p r i s i n g l y , that 
the most serious degradation problem involved hydroly
s i s of the formate ester to y i e l d ara-A (8). The effect 
of pH on the rate of the hydrolytic reaction was stud
ied at 25° (<B) and a portion of that p r o f i l e obtained 
i s shown i n F i g . 2 . At the physiological pH of 7 . 4 , the 
observed rate was ^ 3 x 10~3 minute -^ which corresponds 
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to a h a l f - l i f e of about 4 hours. At pH 4 . 2 to 4 . 5 , 
which was the pH range of greatest s t a b i l i t y , the ob
served h a l f - l i f e was approximately 1 0 days. 

Although i t was obvious from the data that the 
pro-drug could not be formulated as an aqueous solu
t i o n with acceptable long term s t a b i l i t y , the formate 

TIME (minutes) 

Journal of Pharmaceutical Sciences 

Figure 1. Plot of the concentrations of ara-A-5'-formate and 
ara-A in 91% whole blood at 37° as a function of time, (8). 

Initial concentration of ara-A-5'-formate was 2 mg/ml. 

ester was s u f f i c i e n t l y (8) stable at pH 4 . 5 to be used 
i n a l y p o h i l i z e d formulation to be reconstituted at the 
time of use. 

Such reconstituted solutions, containing the 
equivalent of 3 0 mg of ara-A/ml (as the pro-drug) would 
not be expected to undergo s u f f i c i e n t hydrolysis i n a 
5 to 6 hour period to produce a saturated solution of 
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ara-A and thus there would be no problem of p r e c i p i t a 
t i o n during the time necessary to administer the pro
drug formulation. Thus i t appears i n the case of ara-
A that the ara-A-5'-formate meets v i r t u a l l y a l l the 
c r i t e r i a required of a pro-drug suitable for use i n a 
intravenous formulation. 

41 ι ι ι ι ι ι ι ι ι 
3 4 5 6 7 

PH 

Journal of Pharmaceutical Sciences 

Figure 2. Partial profile of the effects of pH on the observed 
first order rate constant for the spontaneous hydrolysis of ara-

A-5'-formate at 25° (8) 
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Case I I . Hexamethylmelamine-Gentisic Acid Complexes as 
a Soluble Pro-Drug form of Hexamethylmelamine. 

Hexamethylmelamine (V) i s a cytotoxic agent which 
has commanded c l i n i c a l interest primarily because of 
the consistent, a l b e i t low, response rates obtained 
when i t has been used i n the treatment of several s o l i d 
tumors including lung cancers ( 1 6 , 1 7 ) * 

V VI 
Hexamethylmelamine Gentisic Acid 

The desire for an intravenous formulation of t h i s 
drug stemmed from the occurance of the side effects 
(primarily nausea and vomiting) which i t s use i l l i c i t e d 
when given o r a l l y (1_8). P r i o r attempts had been made 
to provide a suitable intravenous preparation based on 
the use of an a c i d i c solution of the weakly basic drug. 
However, the combined effects of a pK, = 9 - 1 0 , an aque
ous s o l u b i l i t y of approximately 0 . 1 mg per ml (at room 
temperature) (19.) and an estimated dose of about 100 to 
200 mg ( 18) resulted i n an aqueous formulation of pH 2 . 
The use of t h i s preparation caused serious problems of 
l o c a l i r r i t a t i o n and thrombophlebitis (18) which may 
have been due to either the a c i d i t y of the solution or 
an inherent property of the drug or a combination of 
both. 

In attempting to eliminate or at least reduce the 
side effects of intravenous administration, a less 
ac i d i c aqueous solution (pH 3 . 5 or greater) containing 
hexamethylmelamine at a concentration of at least 3 mg 
per ml was requested (1_8). Because of i t s somewhat low 
s o l u b i l i t y i n most solvents (see Table II) which might 
be used as cosolvents together with water, the use of a 
suitable cosolvent mixture did not appear to of f e r a 
good pr o b a b i l i t y of success. The facts that the com
pound exhibits good s o l u b i l i t y i n non-polar solvents 
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Table I I - Approximate S o l u b i l i t y of Hexamethylmelamine 
i n Various Solvents at Ambient Temperature 
(19) ? 

Solvent Approximate s o l u b i l i t y (mg/ml) 
Water 'V/O.l 
Ν,Ν-Diethylacetamide 
Dimethylsulfoxide 

30-50 Ν,Ν-Diethylacetamide 
Dimethylsulfoxide a>5 
Ethanol ^15 
Ethylacetate *15 
Propylene g l y c o l <2 
Polyethylene g l y c o l 400 <2 
Chloroform ^200 
Benzene ^10 6 
Diethyl ether 
such as benzene, chloroform and d i e t h y l ether, while 
being considerably less soluble i n non-polar solvents 
such as propylene g l y c o l , ethanol and especially water, 
appeared to suggest that the s o l u b i l i t y problem i n t h i s 
case was not so much due to a low a c t i v i t y of the mole
cules i n the s o l i d solute as i t was to a rather high 
a c t i v i t y of the dissolved solute i n the polar solvents. 
Thus one approach to increasing s o l u b i l i t y was to de
crease the a c t i v i t y of the solute i n solution by some 
means. 

A method of achieving such a decrease of a c t i v i t y 
i n an aqueous solution would be through the use of a 
more hydrophilic chemical derivative. However, inspec
t i o n of the chemical structure suggested that the more 
apparent chemical derivatives capable of achieving the 
s o l u b i l i t y increase, such as quaternary s a l t s , probably 
would not be useful as pro-drugs since they would not 
be expected to readily release the drug under b i o l o g i 
c a l conditions. 

The apparent lack of chemical s i t e s suitable for 
forming a p o t e n t i a l l y useful chemically derived pro
drug resulted i n the consideration of complexation as 
another method of reducing the a c t i v i t y of the d i s 
solved hexamethylmelamine. A number of c h a r a c t e r i s t i c s 
of the hexamethylmelamine molecule, including i t s aro
matic and i t s weakly basic nature, suggested that i t 
would associate or complex with a suitable ligand. In 
view of the fact that i n the pH 3.5 to 4.0 region, the 
apparent increase i n s o l u b i l i t y which was needed was 
only about 5 to 10 f o l d , i t seemed l i k e l y that t h i s 
magnitude of increase could be achieved through com
plexation. I f the s o l u b i l i t y increase desired had been 
2 or 3 orders of magnitude or greater, complexation 
would not have been seriously considered, since such 
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large increases are not often achieved by association 
of organic molecules i n aqueous media. 

In choosing a po t e n t i a l ligand for the complexa
t i o n of hexamethylmelamine two factors had to be con
sidered. One of these was ac c e p t a b i l i t y of the ligand 
from the physiological standpoint. The other was the 
a b i l i t y of the agent to interact with the drug. Some
what f o r t u i t o u s l y gëntisic acid (VI) was the ligand 
i n i t i a l l y chosen. This choice was based on the facts 
that i t i s r e l a t i v e l y non-toxic (2£), has been used 
medicinally ( 21) , and thus appeared to be acceptable 
from the b i o l o g i c a l standpoint. Through experience 
gained from other studies of the complexation of gen-
t i s i c acid with heteraromati
such as caffeine (22),
acid or the gentisate ion might be l i k e l y to interact 
with a compound such as hexamethylmalamine under s u i t 
able conditions. Thus the complexation between genti
s i c acid and hexamethylmelamine was studied and f o r t u 
nately, as w i l l be discussed below, the system achieved 
the desired r e s u l t s (23). 

Before proceeding, a b r i e f discussion of complexa
t i o n and some advantages of such a pro-drug system i n 
the intravenous administration of drugs i s i n order. 
Complexation normally refers to the association of two 
or more molecules of two di f f e r e n t compounds i n a re
ver s i b l e manner (2_4). The equilibrium involved i n the 
formation of a p a r t i c u l a r complex species may be w r i t -
en as 

Κ 
mS + nL χ Λ ( ν η

} ( e q - 1 ) β 

In eq. 1, S and L represent the i n t e r a c t i n g mole
cular species, one of which i s normally c a l l e d the sub
strate and the other the ligand. S m L n represents the complex species formed and m and η are the c o e f f i c i e n t s 
which express the stoichiometry of the complex. 

The equilibrium involved may be defined by an as
sociation constant Κ which may be written i n terms of 
the concentration of the complexed and uncomplexed spe
cies as 

Κ = [ S m L n ] / [ S ] m [ L ] n (eq. 2). 
The properties of the substrate and ligand molecules i n 
the complex S mL nare often quite d i f f e r e n t from (and 
rather independent of) those of the uncomplexed spe
cies. In such situations the apparent t o t a l molar s o l -
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u b i l i t y , [ S ] T , may be expressed as 
[ S ] T = [S] + m[S mL n] (eq. 3 ) . 

When the concentration of S i s at i t s saturation value, 
[ S ] Q , then eq. 3 becomes 

[ S ] T = [ S ] Q = m[S mL n] (eq. 4 ) . 

I t i s clear from eq. 4 that i f S m L n i s a very soluble 
species r e l a t i v e to S then the apparent s o l u b i l i t y , 
[S]»p3 may be greatly increased by complexation. 

Another advantage of such a system, i m p l i c i t i n 
eqs. 1 and 2 , i s that i  concentrated solution f S 
and L, the equilibriu
Such a s i t u a t i o n might be employed i n a concentrated 
intravenous solution dosage form. When the concentra
ted solution i s d i l u t e d , as would occur upon the paren
t e r a l administration of the solu t i o n , the equilibrium 
would be shift e d to the l e f t and rapid and extensive 
d i s s o c i a t i o n of the complex would occur. Thus i f S was 
a drug molecule whose s o l u b i l i t y was greatly increased 
by complexation with L, a solution with a high concen
t r a t i o n of a soluble ligand L would re s u l t i n extensive 
formation of S m L n which would r e s u l t i n an increased 
apparent s o l u b i l i t y of S. Such a solution would be 
physically stable at equilibrium i n the dosage form but 
would release the free drug from the complex upon d i l u 
t i o n i n blood without any required aid from enzymes or 
pH changes although the l a t t e r may affect the e q u i l i b 
rium i n some cases ( 2 3 . ) . 

The effects of gentisic acid on the s o l u b i l i t y of 
hexamethylmalamine was studied at several pH values 
(23 . ) . Phase diagrams of the r e s u l t s at pH 3 . 5 , 4 . 0 , 
4 . 5 , and 5 are presented i n Pig. 3 · In a l l four cases 
the apparent s o l u b i l i t y of hexamethylmalamine increased 
as gentisate was added. At pH 3 - 5 and 4 . 0 , apparently 
discontinuous curves were obtained and a s o l i d p r e c i p i 
tate was formed at added gentisate concentrations of 
greater than 0 . 8 M (at pH 3 . 5 ) and at 1 . 8 M or greater 
(at pH 4 . 0 ) . 

The reasons for the apparent and unexpected d i s 
c o n t i n u i t i e s were not f u l l y determined but could be due 
i n part to some supersaturation and some very small 
changes i n pH which occur upon p r e c i p i t a t i o n of the 
complexes ( 2 3 . ) . In the cases of pH 4 . 5 and 5 - 0 , no 
plateau regions corresponding to those obtained at the 
lower pH fs were observed. 
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I t was apparent from the data i n F i g . 3 that solu
tions containing up to 5 mg of hexamethylmelamine per 
ml could be prepared at pH 3 . 5 and 4 . 0 . Although i t 
may have been possible to a t t a i n an even high apparent 

Total Gentisate Species, M 

Figure 3. Plot of the apparent aqueous solubility of hexa
methylmalamine as a function of total added gentisate species 
at 25° (23). Key: pH 3.5; pH 4.0; pH 
4.5; pH 5.0. (The data points have been omitted for the 

sake of clarity.) 

s o l u b i l i t y for hexamethylmalamine at these pH values, 
the abrupt d i s c o n t i n u i t i e s and the apparent s e n s i t i v i t y 
of the observed s o l u b i l i t y to s l i g h t compositional 
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changes (as indicated i n Pig. 3 for solutions contain
ing hexamethylmalamine at concentrations exceeding 2 . 5 
to 3 x 10""3 M) discouraged the use of such systems 
which exceeded the plateau concentrations. 

At the higher pH values of 4 . 5 and 5 . 0 , p h y s i c a l l y 
stable solutions containing concentrations of hexameth
ylmelamine exceeding 12 mg/ml may be prepared. A l 
though a greater t o t a l apparent s o l u b i l i t y of hexa
methylmelamine can be achieved at the higher pH values 
shown, the concentration of ligand necessary to achieve 
a given value increased sharply as the pH was i n 
creased. Thus i n choosing the solution formulation i t 
i s necessary to consider the optimum composition with 
respect to concentration f dru d ligand d th
pH. The system whic
through the Nationa
pH 3 - 5 containing 5 mg of hexamethylmelamine and 6 mg 
of gentisic acid per ml at pH 5 . 

A more extensive complexation study than that re
ported here was made (23.) before the preceeding ap
proach was adjudged to be an acceptable solution to the 
problem of s o l u b i l i z i n g hexamethylmelamine. However, 
the present discussion does cover most of the sa l i e n t 
aspects which led to the development and use of the 
complexed system as a reversible drug delivery system 
suitable for intravenous use. 
Case I I I . Acetylacronycinium Salts and Complexes as a 
Soluble S t a b i l i z e d Pro-Drug Form of Acronycine. 

Acronycine (VII) i s a cytotoxic substance which 
has exhibited a c t i v i t y against a spectrum of tumor test 

® 

0 OCH HO OCH 

CH 3 
3 

VII VIII 
Acronycine Acronycinium Ion 
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systems ( 2 5 ) . However, the low water s o l u b i l i t y (^2 
mg/liter)T?6) has presented b i o a v a i l a b i l i t y problems 
and t h i s has made the c l i n i c a l evaluation of t h i s agent 
extremely d i f f i c u l t . The only previously reported at
tempt (27.) made to s o l u b i l i z e acronycine involved the 
preparation of a coprecipitate containing p o l y v i n y l 
pyrrolidone (5 parts by weight) and acronycine ( 1 part 
by weight). When the coprecipitate was dissolved i n 
water, an apparent 5 f o l d increase i n the s o l u b i l i t y of 
acronycine was obtained and the coprecipitate demon
strated enhanced antitumor a c t i v i t y when administered 
i n t r a p e r i t o n e a l l y as a suspension. Whether or not the 
enhanced a c t i v i t y was due to an increase i n the equi
librium s o l u b i l i t y of acronycin  (a  prob
ably the case) to a
coprecipitate r e l a t i v e to acronycine alone was not 
clear. Nevertheless, because of the rather large a n t i 
cipated acronycine dose of 100 to 200 mg, and a desire 
for that dose to be contained i n a volume of about 100 
mis or less ( 2 8 ) , the approach using the polyvinylpyr
rolidone coprecipitate apparently was not found s u i t 
able for intravenous use. Therefore i t was necessary 
to pursue other means of s o l u b i l i z i n g acronycine. 

The s o l u b i l i t y of acronycine i n a variety of sim
ple and mixed solvent systems was determined (29.) as 
shown i n Table I I I . Prom such data i t was obvious that 
Table I I I - Approximate Apparent S o l u b i l i t y of Acrony-

cine i n Various Solvents at about 25° (29) 
Solvent S o l u b i l i t y (mg/ml) 

chloroform 275 
water 0.002 
benzene 40 
acetone 32 
25% (v/v) acetone i n water 20 
40$ (v/v) propylene g l y c o l i n 

water 8 

the s o l u b i l i t y problem was not one which could be 
solved by using mixed solvent systems which would be 
suitable for intravenous purposes. The s o l u b i l i t y data 
together with the r e l a t i v e l y non-polar s t r u c t u r a l fea
tures of the molecule and i t s rather inconspicuous 
melting behavior (m.p. 175-7° (26.)) suggested that the 
low aqueous s o l u b i l i t y was primarily due to a lack of 
hydrophilic character rather than to strong i n t e r c r y s -
t a l l i n e i nteractions. Therefore i t appeared, as i n 
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Case I I above, that the s o l u b i l i t y could most re a d i l y 
be increased by decreasing the a c t i v i t y of the d i s 
solved solute molecules. Since i t was desired to i n 
crease the apparent s o l u b i l i t y of acronycine from a 
value of about 2 mg per l i t e r up to 1 to 2 mg per ml, 
which represents a 500 to 1000 f o l d increase, complexa
t i o n was ruled out due to the much smaller increases 
normally obtained by that method. 

The s o l u b i l i t y of acronycine i n a c i d i c solution i s 
shown i n Pig. 4 and i t was obvious that i n order to ob

t a i n the desired s o l u b i l i t y the solution would have to 
be at pH less than zero, which i s impractical. How
ever, the data i n Fig. 5 did demonstrate that through 
the introduction of a charge on the acronycine molecule 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



5. REPTA Cytotoxic Agents in Parenteral Solutions 215 

I t was possible to greatly increase apparent s o l u b i l i 
ty. The problem then was one of introducing and main
ta i n i n g such a charge i n a medium compatible with the 
physiological state. 

υ 
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Ο 

loool 
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400 

2001-
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J3 
Ο 

60 

40 

20 

10 

6 
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Figure 5. Plot showing the effects of pH on the observed 
first order rate constant for the hydrolysis of the acetyhcrony-
cinium ion at 25°. The data points were obtained in a variety 

of aqueous buffers at an ionic strength of unity (29, 30). 

One method of achieving t h i s goal was through the 
preparation of a derivative which possessed e l e c t r o l y t e 
properties. But, the major drawback i n t h i s case, as 
i n Case I I , was the absence of chemical s i t e s which 
would lend themselves to the formation of derivatives 
which would re a d i l y and rapidly release free acronycine 
following intravenous administration. 
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An inspection of the acid-base chemistry of ac
ronycine and related compounds (29.) ultimately provided 
the solution to the problem of the lack of useful s i t e s 
suitable for preparing a chemically derived pro-drug. 
It appeared that the protonation of acronycine actually 
occurj at the carbonyl oxygen which re s u l t s i n aromati-
zation of the nitrogen-containing r i n g with quaternati-
zation of the nitrogen atom as shown i n V I I I . This 
cationic species contains, i n addition to the p o s i t i v e 
charge, a phenol-like group. Replacement of the a c i d i c 
hydrogen atom with a less l a b i l e substituent such as an 
a l k y l or acyl group was an apparent approach for main
ta i n i n g an aromatic quaternary species s i m i l a r to V I I I . 
For the reasons discussed i n Case I  the acyl deriva
t i v e (IX) again seeme
derivative. 

The f i r s t derivative synthesized, acetylacronyci-
nium (IXa) perchlorate, was prepared by heating acrony-

2 

IX 
Acylacronycinium Ion 

cinium perchlorate i n acetic anhydride (2_9) · The s a l t 
obtained was found to hydrolyze rather rapidly i n aque
ous solution to y i e l d acronycine. Because of such hy
d r o l y s i s only approximate values of the s o l u b i l i t y of 
the s a l t could be obtained, but i t appeared that the 
s o l u b i l i t y increase obtained was greater than 100 f o l d . 
Since the apparent s o l u b i l i t y of the acetylacronycinium 
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ion would be expected to be dependent upon the nature 
of the anion i n the s a l t , a number of di f f e r e n t s a l t s 
were prepared and t h e i r approximate aqueous s o l u b i l i 
t i e s are given i n Table IV. From t h i s data alone 
i t appeared that phosphate or chloride s a l t s might be 
the most useful because of t h e i r high s o l u b i l i t i e s but 
i t was found that a l l but the perchlorate s a l t were ex
tremely d i f f i c u l t to prepare and underwent rather rapid 
decomposition i n the s o l i d state. Thus despite i t s 
lower s o l u b i l i t y the acetylacronycinium perchlorate 
s a l t was the substance which was chosen for more de
t a i l e d study ( 2 £ ) . 

Table IV - Approximat  Aqueou  S o l u b i l i t f Variou
Acetylacronycin
(29). 

a 
acetylacronycine s a l t s o l u b i l i t y (mg/ml) 

perchlorate ^ .25 
sulfate ^ 1.5 
phosphate ^12 
bromide ^ 6 
chloride ^12 

a Concentrations are expressed i n terms of acronycine 
i n the solution. 

The reaction of acetylacronycinium perchlorate i n 
water and aqueous buffer was studied and i t was found 
that the regeneration of acronycine from the acetylac
ronycinium ion was quantitative ( 2_9) · Kineti c studies 
demonstrated that the rate of hydrolysis of the ester 
linkage was e s s e n t i a l l y independent of both pH and buf
fer concentration over a range of pH 0-7· However, at 
pH greater than 8, hydroxide c a t a l y s i s was observed. 
Some of the k i n e t i c data obtained (2£) i s shown i n F i g . 
5 where i t can be seen that at 25° the hydrolytic rate 
at pH values below 8 i s about 2.8 χ 10" 2 minute" 1 which 
corresponds to a h a l f - l i f e of about 25 minutes. From 
studies of the temperature dependence of the hydrolysis 
reaction (29.), i t appeared that at a body temperature 
of 37°, the i n v i t r o h a l f - l i f e for hydrolysis would be 
only about 5 minutes. Although such rapid hydrolysis 
i s desired following parenteral administration, the 
ov e r a l l i n s t a b i l i t y presents problems i n the prepara
t i o n of the intravenous formulation. The d i f f i c u l t y 
arises from a combination of factors which include the 
low s o l u b i l i t y of acronycine, the high apparent concen
t r a t i o n of acronycine (as the acetylacronycinium per-
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chlorate) desired, and the rather rapid hydrolysis of 
the acetylacronycinium ion. As an i l l u s t r a t i o n of the 
problem, consider a solution containing the acetylacro
nycinium perchlorate at a concentration corresponding 
to the equivalent of 0.2 mg of acronycine per ml. Upon 
hydrolysis of 5% of the acetylacronycinium s a l t , which 
would occur i n only about 2 minutes (at room tempera
ture) a f i v e f o l d supersaturated solution of acronycine 
would r e s u l t . Moreover, the above example i s an o p t i 
mistic one i n that no consideration was given to the 
hydrolysis l i k e l y to occur during the preparation of 
the solution. 

In l i g h t of the above s t a b i l i t y problems, i t was 
necessary to conside  approache  b  which th  hydrolyt
i c s t a b i l i t y of the
could be increased. In view of the pH-profile (Fig. 
5), the s t a b i l i t y could not be enhanced by pH adjust
ment and thus more elaborate approaches had to be con
sidered. 

I n i t i a l l y , i t was f e l t that the introduction of a 
more bulky acyl group would reduce the rate of hydroly
s i s through s t e r i c effects (15.). In order to evaluate 
t h i s approach, the perchloride s a l t s of IXb, IXc, and 
IXd were prepared and the hydrolysis of each was stud
ied at 25° and pH 7.0 or 7.5. Somewhat s u r p r i s i n g l y , 
the r e s u l t s showed that the hydrolytic rates for a l l 
four of the acetylacronycinium perchlorate s a l t s were 
e s s e n t i a l l y independent of the nature of the acyl group 
and the h a l f - l i f e for a l l was about 25 minutes. This 
apparent complete lack of any dependence of the s t a b i l 
i t y on the structure of the acyl group prompted the 
consideration of an alternative method for a t t a i n i n g 
greater s t a b i l i t y . 

E a r l i e r work by Higuchi and associate (31332,33) 
had shown that complex formation between organic spe
cies i n solution could a l t e r t h e i r chemical behavior 
such as the s u s c e p t i b i l i t y to hydrolysis. Those re
sul t s led to the consideration of complexing as a po
t e n t i a l method for s t a b i l i z i n g the acetylacronycinium 
ion. 

For many of the same reasons mentioned i n Case I I , 
gentisic acid was chosen as a p o t e n t i a l ligand and i t s 
effects on the s t a b i l i t y of acetylacronycinium ion were 
studied. Some of the r e s u l t s obtained (29.) are shown 
i n F i g . 6. 

The observed decrease i n hydrolytic rate which oc
curs with increasing gentisate concentration can be at
tri b u t e d to the formation of complexes between the gen
t i s a t e and acetylacronycinium ions. Such complex spe
cies appear to decrease the s u s c e p t i b i l i t y of the acet-
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ylacronycinium ion to hydrolysis. Studies carried out 
i n more a c i d i c solutions showed a much lesser enhance
ment of the acetylacronycinium ion s t a b i l i t y by the 
gentisic acid species, i n d i c a t i n g that the e f f e c t i v e 
ligand i s the gentisate ion (29). 

30H 

.02 .04 .06 
Gentisate Concentration 

. 0 8 O T W 
[moles/liter] 

Figure 6. Plot of the effects of the gentisate on the observed 
first order rate constant for the hydrolysis of the acetylacro

nycinium ion at 25° (29, 30) 

The non-linear data i n Fig. 2 has been shown (29.) 
to f i t a model based on the formation of both 1:1 and 
2:1 (gentisate ion: acetylacronycinium ion) complexes. 
In both such complexes the hydrolytic s t a b i l i t y of the 
acetylacronycinium ion was greatly enhanced r e l a t i v e to 
the uncomplexed material. 

A f u l l and detailed discussion of the model used 
i n the mathematical treatment of data such as that 
shown i n F i g . 6 i s not e s s e n t i a l for the present d i s -
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cussion and since such information i s available else
where (29.,30) 3 i t w i l l be omitted here. 

From the data i n Fig. 6 i t may be shown that by 
adding 0.2 M gentisate ion to the solution described 
e a r l i e r (containing the equivalent of 0.2 mg of acrony
cine per ml as the acetylacronycinium perchlorate s a l t ) 
hydrolysis of 5% of the acetylacronycinium ion would 
only occur after about 45-50 minutes. The production 
of a saturated solution,which corresponds to 1% hydrol
y s i s , would re s u l t i n about 8-9 minutes. Although such 
a system would s t i l l be a very marginal one for c l i n i 
c a l use due to i t s short-term s t a b i l i t y , i t represents 
a s i g n i f i c a n t improvement over the system i n the ab
sence of gentisate  Continuin  studie  involvin  th
use of higher gentisat
of other more ef f e c t i v  ligand g pursued
Also, recent results (34.) suggest that the s o l u b i l i t y 
of free acronycine i n aqueous gentisate solution may be 
enhanced several f o l d through complexation. On the ba
s i s of the work done and that underway, i t i s f e l t that 
i n the near future i t w i l l be possible to prepare a 
pro-drug formulation of acronycine, as a r e c o n s t i t u t -
able s o l u t i o n , u t i l i z i n g a soluble acetylacronycinium 
s a l t s t a b i l i z e d with a suitable ligand such as gentis
ate. A good deal more work remains to be done, both i n 
v i t r o and i n vivo, before that goal can be achieved. 
However, regardless of the f i n a l outcome of t h i s study 
i n terms of useable product, i t has been demonstrated 
that rather sophisticated and complex systems may be 
developed and used as a pro-drug approach to overcoming 
problems i n the formulation of intravenous solutions of 
cytotoxic agents. 

Summary 
The above cases represent some of the more suc

cessful applications of the pro-drug approach to over
coming problems encountered i n the intravenous delivery 
of cytotoxic agents. I t should be obvious that the de
velopment of suitable pro-drugs involves a good deal 
more than simply preparing some new chemical species. 
There must be a rationale for choosing the new species 
and the t o t a l system must be reversible under b i o l o g i 
c a l conditions i n order to achieve any degree of suc
cess. Whether or not any of the pro-drug systems d i s 
cussed ever becomes medically important i s largely de
pendent upon the b i o l o g i c a l properties inherent i n the 
parent drug i t s e l f . Therefore, while the approaches 
i l l u s t r a t e d here i n the cases of cytotoxic agents may 
not prove to be important i n these p a r t i c u l a r systems 

In Pro-drugs as Novel Drug Delivery Systems; Higuchi, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1975. 



5. REPTA Cytotoxic Agents in Parenteral Solutions 221 

they may ultimately be extrapolated to other systems 
involving other promising drugs. 

It has been this author's objective in the above 
cases to discuss and review the rationale which was in
volved in the development and evaluation of the ap
proaches used and not to delve into the details of 
these studies which are or wi l l be reported elsewhere 
as indicated in the literature citations and especially 
references (8)(23)(29) and (30). 
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The Effect of a Pro-drug of Epinephrine (Dipivalyl 
Epinephrine) in Glaucoma—General Pharmacology, 
Toxicology, and Clinical Experience 

DAVID A. McCLURE 
Allergan Pharmaceuticals, Irvine, Calif. 92664 

Epinephrine ha
treatment of the conditio
is a disease where the pressure within the eye in
creases to a point where damage to the visual ap
paratus occurs and, if left unchecked, could lead to 
a significant deminuation in visual acuity and even
tually, blindness. 

The reasons for this pressure increase are 
numerous and we will touch on these shortly. However, 
first, let us examine the anatomy of the eye and how 
glaucoma comes about. Figure 1 shows a cross section 
of an eye. From the crystalline lens backward is one 
chamber filled with a thick, viscus fluid that does 
not move. Another chamber, that is in front of the 
lens and the Zonule ligament, is actually composed of 
two chambers with fluid circulating between. This 
fluid is called the aqueous humor. The path of the 
aqueous humor is from the ciliary body, through the 
pupil, and out the trabecular meshwork and an area 
called the Canal of Schlemm. Figure 2 is a close-up 
of the area of fluid circulation and drainage. 

Now, we mentioned earlier that glaucoma results 
from an increase in the intraocular pressure (IOP). 
The normal IOP averages around 17 mmHg. This pressure 
can increase in 3 ways: 1) a greater influx of fluid 
into the envelope of the eye while maintaining a con
stant outflow, 2) a decreased outflow while maintain
ing a constant inflow or, 3) a combination of the 
two. We are concerned primarily (in simple primary 
glaucoma) with a decrease in the outflow of aqueous 
fluid. Now what happens if the IOP goes up 10 to 20 
mmHg from normal and is maintained at that level? In 
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other words, why i s glaucoma bad? The pressure that 
i s b u i l t up i n the f r o n t p a r t of the eye i s r e f l e c t e d 
to the back p a r t of the eye where, o f course , the 
most v i t a l p a r t s of the eye r e s i d e . F i g u r e 3 i s a 
photograph of the r e t i n a . T h i s i s the p o i n t where 
the o p t i c nerve and blood v e s s e l s emerge. As the 
pressure i n c r e a s e s , the d i s c c o n t a i n i n g the nerve 
and blood v e s s e l s i s pushed back and a c o n d i t i o n 
c a l l e d cupping o c c u r s . T h i s r e s u l t s i n a decreased 
v i s u a l f i e l d (per ipheral ) and as the c o n d i t i o n c o n 
t i n u e s , v i s i o n gets worse. 

Chronic simple glaucoma has been t r e a t e d both 
m e d i c a l l y and s u r g i c a l l y . M e d i c a l l y , there are a 
v a r i e t y of drugs c u r r e n t l y a v a i l a b l e . These are 
p r i m a r i l y c h o l i n e r g i
adrenergic agents such as e p i n e p h r i n e . There are 
pros and cons f o r the use of each group. For example, 
the c h o l i n e r g i c s cause m i o s i s ( i . e . , a s m a l l p u p i l ) 
and enough accomodative spasm ( i . e . , decreased a b i l i t y 
to focus) tha t reading i s d i f f i c u l t , d r i v i n g at n i g h t 
i s d i f f i c u l t , e t c . In a d d i t i o n , because some c h o l i n 
e r g i c s do not penetrate i n t o the eye very w e l l , the 
frequency o f a d m i n i s t r a t i o n i s a t an i n c o n v e n i e n t , 
6 to 8 times per day. In a d d i t i o n , because most of 
the c h o l i n e r g i c s are e s t e r s or l a c t o n e s , the h i g h 
l e v e l o f l o c a l es terase enzymes r e q u i r e s the i n c r e a s e d 
frequency of a d m i n i s t r a t i o n . Even w i t h a l l these 
inconveniences , m i o t i c s are used e x t e n s i v e l y and tend 
to work q u i t e w e l l . T h e i r mechanism of a c t i o n i s 
probably v a s o d i l a t i o n which permits a greater e x i t 
of aqueous f l u i d from Schlemm's C a n a l . 

The main adrenergic compound used today i s 
e p i n e p h r i n e . T h i s compound appears to have a twofold 
e f f e c t on the maintenance of IOP. The f i r s t i s the 
beta adrenergic mechanism which, s i m i l a r to the 
c h o l i n e r g i c agents , opens up the e p i s c l e r a l b lood 
v e s s e l s p e r m i t t i n g a greater f l u i d l o s s from the 
c a n a l of Schlemm. T h i s appears to be brought about 
by the s t i m u l a t i o n of epinephrine on the beta adren
e r g i c receptors i n e p i s c l e r a l blood v e s s e l s and a l s o 
those r e s i d i n g i n the Canal o f Schlemm and perhaps 
even i n the t r a b e c u l a r meshwork. In a d d i t i o n , 
epinephrine has a v a s o c o n s t r i c t i v e mechanism, i . e . , 
the alpha adrenergic mechanism, which may ac t by 
decreas ing the p r o d u c t i o n of aqueous f l u i d from the 
c i l i a r y body. 
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Figure 1 

Figure 2 

Figure 3 
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Even though epinephrine appears to have t h i s 
unique twofold mechanism of a c t i o n , a number of 
problems a r i s e , l i k e the c h o l i n e r g i c s , w i t h i t s use . 
Table 1 i l l u s t r a t e s some o f these problems. 

Table 1 

Problems o f Epinephrine use i n Glaucoma 

I. Durat ion o f A c t i o n 

I I . Side E f f e c t
A . Ocular 
B. Systemic 

I I I . B i o a v a i l a b i l i t y 

IV. S t a b i l i t y 

Durat ion of a c t i o n . When adminis tered i n t r a 
v e n o u s l y , the c a r d i o v a s c u l a r , pulmonary and other 
e f f e c t s from epinephrine are over w i t h i n 10 minutes . 
When i n s t i l l e d i n t o the eye, a d i l a t e d p u p i l occurs 
i n 10 to 15 minutes and the d i l a t i o n l a s t s up to an 
hour . The d u r a t i o n o f lowering o f IOP from e p i n e 
p h r i n e can be seen i n F i g u r e 4. The c o n c e n t r a t i o n of 
epinephrine (2%) used i n these data represents the 
h i g h e s t c o n c e n t r a t i o n a v a i l a b l e . I t i s presented 
here to demonstrate the peak a c t i v i t y time o f 4 hours 
and a d u r a t i o n of a c t i o n of between 12 and 24 hours . 
The metabol ic pathways f o r epinephrine can be seen 
i n F i g u r e 5. 

The s i d e e f f e c t s o c c u r r i n g from epinephr ine 
t o p i c a l l y a p p l i e d to the eye are both l o c a l o c u l a r 
s i d e e f f e c t s and sys temic . Table 2 i l l u s t r a t e s some 
of these e f f e c t s . 

To get around a l l these problems w i t h e p i n e 
p h r i n e , we were for tunate to get a chance to examine 
an analogue o f epinephrine and p o s s i b l y what i s f e l t 
to be a p r o - d r u g of e p i n e p h r i n e . F i g u r e 6 shows the 
chemical s t r u c t u r e of epinephrine and i t s p r o - d r u g , 
d i p i v a l y l epinephrine (DPE). 
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Figure 4. Response to 1 drop 2% epinephrine (1) 

Figure 5 
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Table 2 

Ocular Side E f f e c t s of T o p i c a l Epinephr ine 

I. Hyperemia V . Browache 

I I . M y d r i a s i s (Photophobia) VI. Adrenochrome 
- r - r - r ^ η τ . -, D e p O S l t S 
I I I . Corneal Edema 

_ _ . . . _ . V I I . Tolerance I V . A l l e r g i c S e n s i t i v i t y 
V I I I . Maculaopathy 

Systemic Side E f f e c t s of T o p i c a l Epinephrine 

I . C a r d i o v a s c u l a
A . C a r d i a c Arrhythmias 
B. Blood Pressure E l e v a t i o n 
C . Cerebrovascular A c c i d e n t s 

I I . P a l l o r , D i z z i n e s s , Tremor 
I I I . Fear , A n x i e t y , Tenseness, Res t lessness 

CH-CH2-N 
C H , 

EPINEPHRINE (Mol.Wt. 183.20) 

C H - C H - . N ' 
^ C H , 

DIPIVALYL EPINEPHRINE (DPE,Mol.Wt. 587. 904) 

Figure 6 
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Table 3 

Proposed Advantages o f DPE 

I . Increased Durat ion of A c t i o n 

I I . Increased B i o a v a i l a b i l i t y 

I I I . Increased Potency 

I V . Decreased Side E f f e c t s 

V . Increased S t a b i l i t y 

Table 3 shows the proposed advantages o f DPE 
over e p i n e p h r i n e . 

Why an i n c r e a s e d d u r a t i o n of a c t i o n w i t h DPE? 
F i g u r e 7 i l l u s t r a t e s the p o s s i b l e reason f o r an i n 
creased d u r a t i o n of a c t i o n . The main metabol ic p a t h 
way o f epinephrine i s v i a an enzyme c a l l e d c a t e c h o l -
o-methyl t r a n s f e r a s e (COMT). T h i s enzyme methylates 
the meta h y d r o x y l i n e p i n e p h r i n e . T h i s h y d r o x y l , as 
w e l l as the para hydroxyl are not f ree i n DPE. The 
p i v a l y l m o i t i é s are probably s l o w l y removed by l o c a l 
es terase enzymes so t h a t COMT can then a c t . T h i s 
would take a prolonged p e r i o d o f t ime , thus caus ing 
a " s u s t a i n e d r e l e a s e " e p i n e p h r i n e . 

ON 

N8CO CHCHgNHCH 

CHCN 2 NHCH 3 

NO 
METANEPHRINE 

NO 

3.4 Dl HYDROXY 
MANDELIC ALDEHYDE 

Figure 7 
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Why an i n c r e a s e d b i o a v a i l a b i l i t y ? I t i s very 
e v i d e n t tha t DPE i s much more l i p o p h i l i c than e p i n e 
phr ine by v i r t u e o f the two l a r g e p i v a l y l groups a t 
tached to the two hydroxyls o f e p i n e p h r i n e . In a d d i 
t i o n , DPE maintains a h i g h degree of h y d r o p h i l i c i t y . 
T h e r e f o r e , by i t s d u a l s o l u b i l i t i e s , i t f i t s i n very 
n i c e l y to the present day a b s o r p t i o n t h e o r i e s . The 
cornea of the eye i s the b a r r i e r drugs must overcome 
i n order to be absorbed i n t o the eye . The cornea i s 
composed of three l a y e r s : an e p i t h e l i u m and an endo
t h e l i u m , both of which r e q u i r e drugs to be l i p o p h i l i c 
i f they are to be absorbed and, the stroma; sand
wiched between the e p i t h e l i u m and endothelium that 
r e q u i r e d a drug to be h y d r o p h i l i c f o r p e n e t r a b i l i t y . 
By the d u a l s o l u b i l i t
the eye i s greater than the l e s s l i p o p h i l i c e p i n e 
phr ine m o l e c u l e . 

• 20, 

TIME IN HOURS 

Figure 8. Comparison of IOP effects in rabbits 

Why an i n c r e a s e d potency? I f more m a t e r i a l gains 
access to the i n s i d e of the eye i t w i l l t h e n , on a 
r e l a t i v e b a s i s , be more p o t e n t . F i g u r e 8 shows a 
comparison between 0.5% epinephrine and 0.16% DPE 
DPE on the IOP of unanesthet ized r a b b i t s . The e f f e c t s 
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are o b v i o u s . F i g u r e 9 i l l u s t r a t e s a dose-response of 
DPE on causing p u p i l l a r y d i l a t i o n . 

On the d i f f e r e n t i a l s ide e f f e c t s t u d i e s , a 
comparison of DPE to epinephrine r e l a t i v e to blood 

bJ 01 
* If 

j » 
< kl 

4 5 6 7 
TIME-(HOURS) 

Figure 9. Mean percent differences in mydriatic response between 
treated eyes and control eyes when treated with DPE: 0.20% (O), 

0.25% (Π),0.30% (A),0.40% (O),I.O0% (·) 

pressure and hear t ra te e f f e c t s a f t e r intravenous 
a d m i n i s t r a t i o n was c a r r i e d out i n dogs and c a t s . 

F i g u r e s 10 and 11 compare the e f f e c t s o f i n t r a 
venously adminis tered DPE and epinephrine on the 
blood pressure and heart ra te i n a n e s t h e t i z e d dogs. 
I t i s e v i d e n t that DPE has s i g n i f i c a n t l y l e s s e f f e c t 
on blood pressure and heart ra te than e p i n e p h r i n e . 
In a s i m i l a r f a s h i o n , the e f f e c t of DPE and e p i n e 
phr ine on the blood pressure of a n e s t h e t i z e d a t r o p i -
n i z e d ca ts may be seen i n F i g u r e 12. 
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TIME (MINUTES) 

Figure 10. Ε feet of I.V. epinephrine and DPE on blood pressure 
in dogs 

Figure 11. Effect of I.V. epinephrine and DPE on heart rate in dogs 
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DPE i s , then, about 100 to 400 times weaker 
than epinephrine i n a f f e c t i n g the c a r d i o v a s c u l a r 
systems of dogs and c a t s . I t i s about 100 times 
more potent than epinephrine i n i t s a b i l i t y to lower 
IOP. 

DOSE (XIO-SMOLES/KC) 

Figure 12. The effect of epinephrine and DPE on the arterial blood 
pressure of the anesthetized atropinized cat 

F i n a l l y , the e f f e c t of DPE on humans w i t h 
glaucoma may be seen i n F i g u r e 13. I t can be seen 
that the response e l i c i t e d by DPE i s pronounced. I f 
one s u b t r a c t s the c o n t r a l a t e r a l c o n t r o l eye (normal 
d i u r n a l response) from the t r e a t e d eye, i t can be 
see that DPE produced a marked r e d u c t i o n i n IOP. 
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Summary 
The dipivalyl analogue of epinephrine has been 

shown to produce fewer side effects and greater 
potency than the parent compound. These results have 
been found in both animal and human studies. More 
studies are to be carried out which will amplify 
these data and perhaps lead to a better understanding 
of the mechanism of action of this epinephrine pro
drug. 
Literature Cited 
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A 

Absorption barriers 9 
Absorption of drugs 4,196 
Accidental pro-drugs 90 
Acetamidopenicillins 131 
Acetaminophen 81,90 

O-acyl and O-carbonate esters of .... 81 
2- ( p- Aeetaminophenoxy ) tetra-

hydropyran 81 
Acetonide formation ., 38 
a-Acetoxyethyl phenylmalonyl 

chloride 126 
Acetoxymethyl-7-aminoceph-

alosporanate 13
Aeetoxymethyl-7- ( D-a-aminophenyl-

acetamido)cephalosporanate 134 
Acetoxymethyl-7- ( D-a-azidophenyl-

acetamido)cephalosporanate 134 
Acetoxymethyl-7- ( 2'-thienylaceta-

mido) cephalosporanate 134 
Acetylacronycine salts 217 
Acetylacronycinium 

complexes 212 
ion 215,219 
perchlorate 216 
salts 212 

4"'-Acetyldigoxin 40 
3- Acetyl-5,5-diphenylhydantoin 178 
Acetylsalicylic acid 76 
Acidic media 126 
Acronycine, pro-drug of 212 
Acronycine, solubility of 213,214 
Acronycinium ion 212,216 
7-Acylacephalosporanic acid 138 
7-Acylaminocephalosporanic acid 138,139 
7-Acylaminodesacetoxy cephalo-

sporanic acid 138 
Acylanid 41 
Adamantoyl esters 26 
Addison's disease 47,55 
Adenine arabinoside, 5' phosphate of 71 
Adenosine 200,202 
3',5'-Adenosine monophosphate 25 
Adrenergic agents 225 
Adrenergic mechanism 225 
Adriamycin-14-octanoate 75,91 
Aglycone 2 
Alcoholic patients 19 
Allopurinol 41 
Amines 15 
Amino acid carbamates .. 66 

α-Aminobenzyl penicillin 118,130,131 
7-a-Amino cyclohexadienylalkyl 

cephalosporanic acid 139 
α-Amino cyclohexadienylalkyl 

penicillin 130 
6-Aminopenicillanic acid 122,125 
p-Aminosalicylic acid 49 
Ammonium drugs, quaternary 26 
Amodiaquine 59 
Amphotericin 79 

methyl ester 79 
Ampicillin 30, 118, 122-124 

deoxylincomyci ,
Antagonist, narcotic 62 
Anthracene glycosides 2 
Antibacterial activity 143 
Antibiotics 

^-lactam 118 
macromolecular salts of 33 
oral bioavailability of 30 
polar 33 
pro-drug approach to 116 

Anticonvulsant 74,154,184 
Anti-inflammatory agents, 

nonsteroidal 76 
Antifungal agent 42 
Antihypercholesteremic agent 78 
Antimicrobial agents, sulfonamide ... 90 
Aqueous solubility ( See also Water 

soluble) 40,66,73,155 
Ara-A 200-202,205 

-5' formate 201,202,205,206 
A r a - H 201 
l-/?-D-Arabinofuranosyladenine, 

pro-drug of 200 
a-Aryl-0-aminoethyIpenicillin 130 
Ascorbic acid 22,36,88 

3-phosphoryl ester of 36 
Aspirin 1,76 
6-Azauridine 23 

Β 
Barrier(s) 

blood brain 85 
of drug to taget organ 6 
physical, chemical, and social 7 

Behavior, psychotic 55 
Benzathine 3 

penicillin 3,86 
Benzoic acid derivatives 76 
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Benzophenone 185 
Bioactivities 145, 147 
Bioavailability 

of antibiotics, oral 30 
dose-dependent 44 
of a drug 196 
of steroids 45 

Bioreversible 
chemical modification of drugs 73 
derivatives 1 
pro-drugs, water soluble 175 

Biotransformation 2 
Birth control 5 
Ν,Ν'-Bis ( 2-hydroxycyclohexyl ) -ethyl-

enediamine-Ν,Ν' diacetic acid .... 35 
Bis-trichloroethyl carbonate 82 
Blood 

ara-A-5' formate and ara-A i
brain barrier (BBB) 9,85 
levels, thiamine 19,20 
pressure of cats 234 
pressure of dogs 233 
of rats, bioactivities in 147 
thiamine levels in 21 

Brain dopamine 9 
Buffers 187, 188 
Burn therapy 36 
N6-Butanoyl derivatives 25 

C 

Calcium 4-benzamidosalicylate 49 
Cancer chemotherapeutic agent 200 
N-Carbamoyl-2,2-diphenylglycine,2-

( diethylamino ) ethyl ester, 
hemisulfate 184,186 

Carbenicillin 125,131 
esters of 126,128 
disodium salt 126 
indanyl sodium-sodium 6-[2-

phenyl-2- ( 5-indanyloxycar-
bonyl)] acetamido peni
cillinate 125 

N-Carbethoxychlorphentermine 15 
N-Carbethoxy-2,2-diphenylglycine .... 160 
3-Carbethoxy-5,5-diphenyl-

hydantoin 156,178 
N- ( Carbethoxymethyl ) -3-acetoxy-

methyl-7- ( 2'-thienylacetamido ) -
2-cephem-4-carboxylic acid 
amide 132 

IV- [ 1-Carbo-t-butoxy ) ethyl] -7- ( 2'-
thienylacetamido ) cephalospo-
ranic acid amide 132 

α-Carboxybenzylpenicillin 125 
Carcinoma 55,69,83 
Cat 234 
Catecholamines 9,14,47 
Catechol-0-methyl transferase 230 
Central nervous system (CNS) 9,15,29 
Cephaloglycin 135,140 

Cephalosporin 128 
C 4 amides 132 
C» esters 128 
C 4 esters 132 
GI absorption of 134 
pro-drugs 135,138 

Cerebrospinal fluid concentration 20 
Chelating agents, heavy metal 34 
Chemotherapeutic agent, cancer 200 
Chloral hydrate 81 
Chloramphenicol 68,71,80 

succinate 68, 71 
Chloroguanide 59,60 
p-Chlorophenoxyisobutyric acid 78 

ethyl ester 78 
Cholinergic agents 225 

alkyl esters 141 
bioactivity concentrations, serum ... 145 
-2,3-biscarbonate ester 142 
[7( S )-chloro-7-deoxylincomycin] 

hydrochloride 137 
-2-cyanoethyl phosphate 146 
2,3-diesters 143 
mean serum concentrations of . .148,149 
-3-monocarbonate ester 142 
-2-monoester 142,143 
-2-phosphate 144,146,148,149 
subcutaneous dose of 147 

Codeine 2 
Complex of a drug 3 
Complexation 209 
Corneal absorption 35 
Corticosteroids 38 
Covalent bond linkage 3 
Covalent chemical modification 86 
Crystal lattice energies 42 
6-N'-Cyanoamidopenicillin 130 
Cyanoethyl phosphate ester 

intermediate 146 
Cycloguanil 59,60 
Cytosine arabinoside, 5'acyl 

derivatives of 51 
Cytotoxic agents 196 

D 

Darvon 86 
Deanol 90 
Degradations, solid state 88 
Delivery 

of polar anticiotics 33 
problems of cytotoxic agents, 

intravenous 196 
site specific 83 

Derivative 
formation 33 
in vivo liability of a drug 117 
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Derivative ( continued) 
nontoxic 117 
over the parent molecule, 

advantage of 117 
scale-up of 117 
stability of 117 
synthesis and purification of 116 

Desacetylrifampicin 137 
Desoxycorticosterone 47 

trimethylacetate 55 
Dexamethasone-21-phosphate 67 
4,4'-Diaeetoamidodiphenylsulfone .... 59 
Ο,Ο-Diacetyldopamine 13 
3,6-Diacetylmorphine 48 
0,S-Diacetylthiamine 16 
4,4'-Diaminodiphenylsulfone 50,59 
Ο,Ο-Dibenzoylthiamine disulfide 16 
N6-2'-0-Dibutanoyladenosine-3',5'

monophosphate, diburanoy
derivative 25 

Dichloralphenazone 81 
O-S-Diethoxycarbonylthiamine 16 
Dilantin 184 

-̂N,,N,-Diethylaminoethyl-2,2-
diphenylglyoinate 161 

-̂iV,iV'-Diethylaminoethyl-2,2-
diphenylhydantoate 162,164 

-̂N',N,-Diethylaminoethyl-2-ethyl-5-
methyl-2-phenylhydantoate 157 

^N',N'-Diethylaminoethyl-5-methyl-
2,2-ethylphenylhydantoate 72 

Diethyldithiolisophthalate 89 
Diethylenetriaminepentaacetic acid .. 34 
Diethylstilbesterol 69, 83 
4,4'-Diformamidodiphenylsulfone 50 
Digoxin 40 
Dihydroxy groups in some steroids .... 38 
L-3,4-Dihydroxyphenylalanine 10 
N-N-Dimethylaminoethanol 90 
Dimethylol urea 64 
6- ( 2,2-Dimethyl-5-oxo-4-phenyl-l-

imidazolidinyl) penicillanic acid 119 
2,2-Diphenylglycine 159,171 
5,5-Diphenylhydantoin (DPH) 

pro-drug 154,175,184 
aqueous and lipid solubility of 155 
bioavailability 154 
conversion of pro-DPH 

to 165,169,185,187,188 
in dogs 190,191,193 
in rats 187-189, 191-193 
separation of pro-DPH and 186 

Diphenylmethane derivatives 185 
4,4-Diphenyl-2,5-oxazolidinedione ... 160 
Dipivalyl derivative 35 
Dipivalyl epinephrine 

(DPE) 227, 230-234 
Distribution of drugs 4 
0,0-Di(trimethylsilyl) dopamine 13 
Dogjs) 

effect of I.V. epinephrine and DPE 

241 

Dogs (continued) 
on blood pressure and heart 
rate of 233 

plasma levels at DPH and 
pro-DPH in 190, 191 

tissue levels of pro-DPH and 
DPH in 193 

urine, indanol metabolites in 129 
L-Dopa 10,44 

esters 11 
Dopamine 12,15 
Dose dependent bioavailability 44 
Dose-response 231 
Drug(s) 

absorption or bioavailability of 196 
absorption, distribution, metabo

lism, and excretion of 4 

derivative, in vivo lability of a 117 
formulation problems of 85 
-induced gastric ulceration 75 
metabolite 6 
patient acceptance of 80 
polar 35 
quaternary ammonium 26 
-receptor interaction 4 
solubility of (See also Aqueous 

solubility and Water soluble) 
9, 40, 60,66, 73, 81 

stabilization of 43,85 
to target organ, barriers of 6 
taste problem of 80,81 
time profile of a 4 
toxicity of 73,75 

Ε 
Epinephrine ...12, 35, 86, 224-229, 233, 234 
Epinephryl borate 87 
Erythromycin 31, 32, 86 
Ester formation 59 
Estradiol 47,55,83 

3-benzoate-17-cyclooctenyl ether ... 55 
l-Ethoxyethyl-4-allopurinyl ether 41 
Ethylchloroformate 159 
Ethylenediaminetetraacetic acid 34 
Ethyl mercaptan 89 
5-Ethyl-3-methyl-5-phenylhydantoin .. 154 
5,5-Ethylphenylhydantoin 74 
5-Ethyl-5-phenylhydantoin 180 
Excretion of drugs 4 
Extraction scheme 186 
Eye 226 

F 
First order rate constant 206 
First pass effect 9,44 
Fluid circulation and drainage in the 

eye 26 
Fluids, physiological 60 
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Fluoinolone 37 
acetonide-21-acetate 38 

Fluphenazine decanoate 55 
Fluphenazine dihydrochloride 55 
Fluphenazine enanthate 55 
α-Fluphenthixol dihydrochloride 57 
Formaldehyde 1,64 
Formulation problems of drugs 85 
9- ( 5-O-Formyl-0-D-arabinofurano-

syl) adenine drug 200 
3-Formyl rifamycin SV 137 

G 
Gastric irritants 76 
Gastric ulceration, drug-induced 75 
Gastrointestinal (GI) tract 9,134 
Gentisate complex 3 
Gentisic acid 207,209,21
Glaucoma 35,224,227,23
Griseofulvin 42 

-4'-alcohol 43 
-4'-carboxymethoxime 43 
-4'-hemisuccinate 43 
-4'-oxime 43 

H 
ω-Haloalkylamines 28 
Heart rate in dogs 233 
Heavy metal chelating agents 34 
p-Heptyloxyhydrocinnamyl-

testosterone 54 
Heroin 48 
Hetacillin 119,122,123,131 
Hexamethylmelamine 

complexation of 209 
-gentisic acid complexes 3,207 
pro-drug of 3, 207 
solubility of 208,210,211 

3, Hexoxycarbonyl-5,-diphenyl-
hydantoin 179 

Human serum levels 24 
Hydantoic acid 158,176 
Hydantoins 176,180 
Hydrocortisone-21-phosphate 67 
Hydrolysis 43, 120, 121 
Hydroxydione 71 
2-Hydroxyethylenediamine-N,N,IV-

triacetic acid 34 
N-Hydroxyphthalimide 

(phthaloxime) 132 
I 

Indanol 129 
Indanylcarbenicillin 129 
Indomethicin 76,77 
Inflammation 55 
Injection 

direct aqueous I.V. or I.M 66 
of ionic and colloidal iron 79 
pain 79 
vehicle 60 

Intermediates, chemical 116 
Intramuscular doses 187 
Intraocular pressure 

(IOP) 224,227,231,235 
Intravenous 

administration of hexamethyl
malamine 207 

delivery problems of cytotoxic 
agents 196 

epinephrine to dogs, 233 
solutions, problems of 197 

Ionization constants, macroscopic 
and microscopic 11 

Iron, injection of ionic and colloidal 79 

L 

Latentiation 2 
Leigh's disease 15,21 
Leprosy 89 
Lincomycin 32 
Linkage, covalent bond 3 
Lipid solubility -9,155 
Lymph nodes 33 

M 
Mafenide 36,49 

acetate 3 
Mephenytoin 72, 74, 154 
Metabolic pathways 227 
Metabolism 

during oral absorption 43 
enzymatic drug 201 
time course of drug 4 

Metabolic disposition 184 
Metabolites 6, 49, 129 
Metal chelating agents 34 
Methanamine 1 
Methoxymethyl-6-aminopenicillinate.. 122 
Methoxymethyl hetacillin 16 122 
4"'Methyldigoxin 40 
15-Methyl F2« 44 
3-Methylol-5,5-dimethylhydantoin 64 
3- ( 4-Methylpiperazinyliminomethyl ) 

rifamycin SV 137 
Milk 21 
Modification, bioreversible chemical 73 
Modification, covalent chemical 86 
Morphine 2,12, 48, 49 

Ν 
Naloxone 47,62 

pamoate 62 
Nandrolone 54 

decanoate 54 
phenylpropionate 54 

Narcotic antagonist 62 
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Neoplastic diseases 23 
Nirvanol 180 
Nitrofuran 154 
Nitrofurantoin 178 
1- ( 5-Nitro-2-f urf urylindene ) 

aminohydantoin 154 
Nonsteroidal anti-inflammatory agents 76 
Norepinephrine 14 
Nucleosides and nucleotides 23 

Ο 
N6-Octanoyl derivatives 25 
Ocular side effects of epinephrine .... 229 
Oleandomycin 30 
Opthalmic absorption 35 
Opthalmic delivery 66 
Oral 

absorption 26
activity 45 
bioavailability 30 
α-fluphenthixol dihydrochloride 57 

Organ, target 6 
Oxazepame 71,90 

sodium succinate 71 
Oxyphenisatin 84 

Ρ 
Pain, injection 79 
O-Palmitoylamodiaquine 59 
Pamoate salt of cycloguanil 60 
Parent 

catecholamine 14 
compound 2 
molecule 117 

Parenteral repository pro-drug 59 
Parenteral solutions ... 196 
Parkinson s disease 9 
Patient acceptance of drugs 80 
Penicillin 3,118 

delivery of 3 
G 86,130 
pro-drugs 130 
salts of 86 
V 130 

Percorten 55 
Percutaneous absorption 35 
Permanganate oxidation technique 185 
Peroral administration 190 
Pharmaceutical phase 4 
Pharmacodynamic phase 4 
Pharmacokinetic phase 4 
Phenobarbitone 74 
Phenylbutazone 78 
Phenylmalonic acid, indanyl ester of 125 
Phenytoin 154,184 
Physiological fluids 60 
Pilocarpine 225 
Pipothiazine 57 
Pivaloyloxymethyl-D-a-aminobenzyl-

penicillinate 118,131 

Pivaloyloxymethyl 6-aminopeni-
cillinate 118 

Pivaloyloxymethyl-7- ( D-a-amino-
phenylacetamido ) cephalo-
sporanate 134 

Pivaloyloxymethyl-7-(D-«-azidophen-
ylacetamido) cephalosporanate .. 134 

Pivaloyloxymethyl benzylpenicillinate 118 
Pivampicillin 119-121 
Plasma 

conversion of pro-DPH to 
DPH in 187,188 

level, indomethicin 77 
levels of pro-DPH and DPH in 

rats and dogs 187-191 
Polar compounds 26 
Polar drugs 33,35 

Potassium 
D-a-azidobenzylpenicillinate 118 
7- ( D-a-azidophenylacetamido ) 

cephalosporanate 134 
benzylpenicillinate 118 
7-(2'thienylaeetamido) cephalo-

sporadesate 132 
Prednisolone 67 

acetonide 45 
cyclopentylidenedioxy 45 
-21-disodium phosphate 67 
hemisuccinate sodium salt 67 
-21-m-sulfobenzoate sodium salt .... 67 

Primacolone 74 
Pro-agent 1 
Procaine 3, 64, 86 
Pro-DPH 164,165 

conversion of 165-169,185,187,188 
in dogs, plasma levels of 190,191 
in dogs and rats, tissue levels of 193 
intramuscular doses of 187 
properties of 184 
in rats, plasma levels 

of 187,188,189,191 
salicylate 170,171 
separation of 186 
sulfate 190,192 
turbidity times for 168 

Pro-drug(s) 
accidental 90 
approach to antibiotics 7,116,199 
definition of 1 
in the formulation of cytotoxic 

agents 196 
to increase the aqueous solubility 

of a drug 66 
to lower the toxicity of a drug 73 
metabolite 6 
parenteral repository 59 
rationale for use of 4 
retrospective 2 
for sustained or prolonged release 51 
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Prontosil 90 
Propoxyphene 86 
Prostaglandins 45 
Psicofuranine 24 
Psoriasis 23 
Psychotic behavior 55 
Pulmonary tissue 33 
Pupillary dilation 231 
Pyridoxine (vitamin B 6 ) 15 

palmitate esters of 22 

Q 
Quaternary 

ammonium drugs 26 
compounds 26,29 
derivatives 28 

Quaternized nitrogen 17 

R 
Rabbits, IOP effects in 231 
Rate constant, first order 206 
Rate determining step 173 
Rats 

bioactivities in blood of 147 
plasma levels of pro-DPH and 

DPH in 187-189, 191 
tissue levels of pro-DPH and 

DPH in 193 
urinary excretion of DPH and 

pro-DPH sulfate in 192 
Release, sustained or prolonged 51 
Repository pro-drug effect 59 
Retina 226 
Retrospective pro-drugs 2 
Reversible alteration of drug 

properties 196 
Riboflavin (vitamin B2) 15 

fatty acid esters of 22 
Rifampicin 137 

S 
Salicylic acid 76 

derivatives 1, 76 
Salt(s) 

of antibiotics, macromolecular 33 
drug 3 
sparingly water soluble 63 

Scale-up of derivative, convenient .... 117 
Selenium sulfide 85 
Serum clindamycin bioactivity 

concentrations 145 
Serum levels 24,140,148,149 
Shock treatment 15 
Side effects 207,229 
Site-specific delivery 83 
Skin conditions 38 
Sodium 

ampicillin 122 
O-benzoyl-7- ( 2/thienylacetamido ) 

cephalosporadesate 132 

Sodium (continued) 
6- ( α-phenoxyacetamido ) 

penicillinate 122 
salt of chloramphenical 

monosuccinate 71 
Solid state degradations 88 
Solubility aqueous 

( See Aqueous Solubility and Water 
soluble ) 

of drug in physiological fluids and 
in injection vehicle 60 

lipid 9,155 
Sparingly water soluble drugs 63, 66 
Stability 

of carbenicillin esters 126 
of derivative 117 
problems of drugs 67,85 

bioavailability of 45 
dihydroxy groups in 38 
succinate esters of 67 
therapy 52 

Subacute necrotising encephalo-
myleopathy (SNE) 15,21 

Substituted 7-/?-aminocephemol-4-
carboxylic acid 139 

7-Substituted cephalosporanic acid .... 139 
21-Succinate esters 67 
6- ( D-a-Sulfoaminophenylacetamido ) 

penicillin 130 
Sulfamylon 36 

hydrochloride solution 36 
Sulfanilamide 90 
Sulfonamide antimicrobial agents .... 90 
Systemic side effects of epinephrine 229 

Target organ, barriers of drug to 6 
Taste problem of drugs 80, 81 
Temporary transport forms 2 
Testosterone 

β-cyclopentylpropionate ester of 53 
decanoylacetate 54 
esters 24,52-54 
phenyl propionate 54 
propionate 54 

2-Tetrahydropyranyl-4-allopurinyl 
ether 41 

Thiamine (vitamin B i ) 15,26 
blood levels in alcoholic patients .... 19 
CNS absorption of 15 
levels in milk and blood 21 
pro-drugs 89 
propyldisulfide 16 
tetrafurfuryldisulfide 16 

N- [7- ( 2'-Thienylacetamido ) cephalo-
sporanoyloxy] phthalimide 132 

7- ( 2'-Thienylacetamide ) cephalo
sporanic acid monoisobutyl-
carbonate anhydride 132 
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7- ( 2'-Thienylacetamido ) -3-cyclo-

butylcarbonyloxymethyl-Δ2-
cephem-4-carboxylic acid 128 

7- ( 2'-rniienylacetamido ) -3-cyelo-
butylcarbonyloxymethyl-Δ3-
eephem-4-carboxylic acid 128 

7- ( 2'-Thienylacetamido ) -3-cyclo-
butylcarbonyloxymethyl-Δ3-
cephem-l-oxide-4-carboxylic acid 128 

7- ( 2'-Thienylacetamido ) -3-hydroxy-
methyl-A2-cephem-4-carboxylic 
acid 128 

6-(3-Thienyloxyacetamido) penicillin 131 
Thiolate ion 16 
Time course of absorption, distribu

tion, metabolism, and excretion 
of drugs 4 

Time profile of a drug 4 
Tissue distribution 75,190 
Tissue levels of pro-DPH and DPH 

in dogs and rats 193 
Topical corticosteroids 38 
Toxicity, drug 73, 75 
Transport 

forms, temporary 2 
medium for iron 79 
moiety "C" 2 

Triacetin 64 
2',3',5'-Triacetyl-6-azauridine 24 
Triacetyloleandomycin 30 
Triamcinolone 37 

acetonide 37, 45 
2',3,,5'-Tribenzoyl-6-azauridine 24 
Trichloroethanol 81 
Trichloroethyl-4-acetamidophenyl 

carbonate 82 
9a,ll^,21-Trichloro-16a,17«-(isopro-

pylidenedioxy ) -1,4,6-pregna-
triene-3,20-dione 47 

Triclorphos 81 
Triggering mechanisms 199 
Tuberculosis 89 
Tumors, solid 207 
Turbidity times 168 
Tyramine 12 
Tyrosine ethyl ester 12 

U 

Ulceration, gastric 75 
Ureido anion 173 
Urinary excretion of DPH and pro-

DPH sulfate in rats 192 
Urine, indanol metabolites in dog .... 129 

Vasoconstrictive mechanism 225 
Vitamin 

A 88 
Βχ 15,89 
B2 15 
Bo 15 
C 88 
D 88 
water soluble 15 

W 
Water solubility and taste of drugs .... 81 
Water soluble 

bioreversible pro-drug of DPH 175 
drugs, sparingly 66 
gentisate complex of hexamethyl

melamine 3 
salts, sparingly 63 
vitamins 15 

Wernicke's disease 17 
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