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Synthetic peptides with an ordered sequence of amino
acids are of great interest as biologically active sub-
stances, as test materials for probing the details of
biochemical processes, and as models with which to
study the chemical and physical properties of proteins.
The synthesis of peptides is also of great importance to
confirm structures deduced for naturally occurring
peptides and fragments obtained from protein hydroly-
sates.

Insulin, which produces hypoglycemia, is perhaps
one of the most frequently used peptide hormones in
medicine. Other peptide hormones of therapeutic

interest are adrenocorticotropic hormone (ACTH),
- oxytocin, vasopressin, melanocyte-stimulating hor-
mones (o- and B-MSH), angiotensin, bradykinin,
glucagon, efc. Another important class of biologically
active peptides includes the antibiotics such as tyro-
cidins, gramicidin, bacitracin, valinomycin, polymyxin,
and actinomycin-D which are produced by lower
organisms such as bacteria and fungi.

Since the turn of this century, synthetic peptide
chemistry has undergone periods of varying activity.
After the excellent contributions of Fischer (1), who may
well be considered as the father of the present day con-
cept of step-by-step synthesis of peptides, a rather slow

period of development followed. The next break-
through came with the introduction of the carbobenzoxy
protecting group in 1932 by Bergmann (2) who, with
his collaborators, used this protecting group in
combination with acid chloride and azide methods to
synthesize a wide range of relatively small peptides
which were used for the studies of the substrate speci-
ficity of enzymes. The next major triumph of synthetic
peptide chemistry was the synthesis of the posterior
pituitary hormone in 1953 by du Vigneaud et al
(3). This opened a new era. The rapid advances and
continuous refinement in techniques of isolation,
purification, sequence determination of the peptides
and proteins, and availability of a rich choice of protect-
ing and coupling methods led to the synthesis of a
large number of pure peptides with intricate structures.
The synthesis of peptide hormones such as angiotensin
(4), bradykinin (5), eledoisin (6), a-MSH (7), 3-MSH
(8), gastrin (9), ACTH (10), insulin (11), secretin (12),
glucagon (13), thyrocalcitonin (14), and many others is a
remarkable achievement on the part of peptide chemists.
In addition to commercial synthesis of corticotropin,
angiotensin, and many other hormones, a number of
hormone analogs with more potency than the natural
hormones have been synthesized (15, 16).

The tremendous growth of interest in the synthesis of
peptides is well reflected in ever increasing publications
in this field. So rich is the literature concerning the
synthesis of peptides that it is barely possible to include
every development in a review article of this size. For-
tunately, there have been a number of timely reviews
and books in this field which have provided peptide
researchers with necessary information. An excellent
review article by Fruton (17) marked the begin-
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ning of monographs in the field of peptides. This
was followed by a number of reviews by Wieland
(18-22) and many others (23-29). “Chemistry of Amino
Acids” in three volumes by Greenstein and Winitz
(30), published in 1961, “Peptides” in two volumes by
Schroder and Lubke (31), in 1965, and “Peptide
Synthesis” by Bodanszky and Ondetti (32), in 1966,
provide a comprehensive literature survey of the
progress in the synthesis of peptides. The scope of this
review therefore will be limited to a brief survey of the
existing methods frequently used in peptide synthesis.
The contributions of modified and new methods
will be discussed in some detail along with some of
the problems associated with their use in the synthesis
of peptides.

In essence, peptide and protein molecules consist of
amino acids which are linked to each other by amide
bonds to form what may be called “peptide chains.”
The amide bond formation involves the elimination of
water; this can be brought about either by elevated
temperatures, or by suitable activation of carboxyl or
amino groups (Scheme I).
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Scheme 1

Elevated temperature peptide synthesis has not been
the choice approach because of extensive racemization.
However, the recent work of Fox, who has successfully
used thermal condensation, will be briefly discussed at a
later stage.

The synthesis of pure peptides requires the protec-
tion of all functional groups not expected to participate
in the desired reaction. The carboxyl activation which
is most frequently used in the formation of the peptide
bond involves the introduction of a negative group, X,
which will augment the electrophilic character of the
carboxyl carbon atom. This facilitates the attack of a
nucleophilic amino group to form the peptide bond
(Scheme II).
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Scheme 1

The peptide bond formation through the activation
of the amino group has met with relatively less success;
however, suitable selection of esters to block the car-
boxyl of amino acids may make them better reactive
partners. For example, the positive inductive effect of
tertiary butyl esters would make the free electron pair
of amino nitrogen more reactive, when compared
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to methyl, ethyl, or benzyl esters. In general, a peptide
synthesis can be accomplished with the proper selec-
tion of (a) amino or N-protecting groups; (b) carboxyl
or C-protecting groups: and {¢) carboxyl-activating
groups. When the incorporation of polyfunctional amino
acids is required in the peptide chain, the w-groups,
which may give rise to side reactions, must also be pro-
tected by suitable blocking groups. The protecting
groups must be readily and selectively removed during
or at the end of the synthesis.

AMINO-PROTECTING GROUPS

A detailed review on the most important amino
protecting groups was recently published by Boissonnas
(33).

Benzyloxycarbonyl and Related Groups—The carbo-
benzoxy or more appropriately the benzyloxycarbonyl
(Z) group which was introduced in 1932 by Bergmann
and Zervas (2), has been and still is responsible for the
major work done in the peptide synthesis field.
This versatile group can be conveniently introduced
by the treatment of benzyloxycarbonyl chloride with
the corresponding amino acid in aqueous alkaline
solution. These derivatives are stable compounds and
the protecting group can be easily removed by a variety
of methods. The most frequently used conditions for
the cleavage of benzyloxycarbonyl group are the hydro-
genolysis (2) and the treatment of hydrobromic acid
and acetic acid (34). The other deprotecting conditions
which may be employed are reduction with sodium in
liquid ammonia (35) and hydrogen chloride in ethanol
(36). Barltrop and Schofield (37) have reported another
approach for the removal of this protecting group by
means of UV irradiation. Photochemical solvolysis is
considerably enhanced by m-methoxyl substitution in
the benzene ring. The use of 3,5-dimethoxybenzyloxy-
carbonyl as an amino-protecting group and the deprotec-
tion by irradiation of this group from several amino
acids and a dipeptide derivative was reported by
Chamberlin (38) (Scheme IIT).
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Scheme 111

The removal of the benzyloxycarbonyl group by hydro-
bromic acid probably follows the protonation of the
carbonyl oxygen as the first step followed by fission of
the benzyl-oxygen bond. The carbamic acid inter-
mediates so formed undergo decarboxylation with the
liberation of the amino group (39). The benzyloxy-
carbonyl group is fairly stable to alkaline conditions
required for the removal of methyl, ethyl, or the benzyl
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esters which are frequently used for carboxyl protection.
However, the formation of urea or hydantoin derivatives
may be encountered when the N-benzyloxycarbonyl
peptides, particularly in the peptides where glycine is
next to the amino acid which is protected by the benzyl-
oxycarbonyl group, are treated with alkali (40). The
formation of N-carboxy anhydrides (Leuch’s anhy-
dride) is another serious limitation with the use of
benzyloxycarbonyl groups particularly when they are
used in combination with acid chlorides (41). The forma-
tion of Leuch’s anhydride via the carbamic acid deriva-
tives was recently confirmed when the C-activated
N-benzyloxycarbonyl amino acids were subjected to
catalytic hydrogenation under anhydrous conditions
(42) (Scheme 1V).

CH; |
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Scheme V

A number of substituted benzyloxycarbonyl and
other urethan-type protecting groups have been used
frequently for amino protection. The electron-
releasing substituents in the benzyl group normally
increase the rate of cleavage while the electron-attract-
ing groups increase their stability towards acids. The
substituted benzyloxycarbonyl groups which have been
successfully used in the synthesis of peptides include
p-bromo (43), p-chloro (44), p-nitro (45), and p-methoxy
(46) derivatives. In a comparative study of different
p-substituted benzyloxycarbonyl glycine ethyl esters, it
was observed that the p-methoxy derivatives were
cleaved five to ten times faster than the other derivatives
on treatment with hydrogen bromide in acetic acid
(47). B-Phenylazo and p-(p’-methoxyphenylazo)benzyl-
oxycarbonyl derivatives (48) which afford the colored

compounds have been used relatively less frequently.
Sieber and Iselin (49) suggested the use of 2-(p-diphenyl)-
isopropyloxycarbonyl (Dpoc) group for amino protec-
tion. This group has an interesting feature; it can be
removed under mild acid condition. The Dpoc group can
be easily introduced into amino acids by reacting either
the mixed carbonate or the azide of Dpoc with esters
or salts of amino acids (Scheme V).

Among the modified urethan derivatives, tert-butyl-
oxycarbonyl (-BOC) has come to be a considerably
important amino-protecting group (46, 50). The re-
moval of this protecting group is accomplished with
considerable ease with 909 trifluoroacetic acid. While
this group is reasonably sensitive to acidic conditions,
it can still be used in combination with even more
acid-sensitive groups such as trityl group. The advan-
tage of this fact has been applied in planning the syn-
thesis of longer peptide chains. fert-BOC amino acids
can be prepared by using rert-butylazidoformate (51),
tert-butyl-p-nitrophenyl carbonate (52), tert-butyl-penta-
chlorophenyl carbonate (53), or rers-butyl fluoroformate
(54) as condensing agents.

0 ™o
CH,—C—0—C— CH,—CH, —C—O0—C—
CH, CH,

t+-BOC 1-AOC

The use of rerf-amyloxycarbonyl (¢-AOC) group for
amino protection has been suggested by Sakakibara
(55). This protecting group has no particular advantage
over the -BOC group with the exception that -AOC-
protected derivatives are relatively less soluble in
water and can be easily extracted with organic solvents
from the aqueous reaction media. Deprotection of the
t-AOC group can be achieved under the same condi-
tions used for the removal of the +-BOC group.

P-Toluenesulfonyl (Tosyl) Group <CH3—@—SOZ>_

For a period of time this group enjoyed considerable
popularity and even today affords a good protection for
w-amino functions, particularly in the case of lysine (56).
The main limitations for the tosyl-protecting groupis that
a-tosyl amino acids generally cannot be coupled through
the mixed anhydride method or through their active esters
(57). Usually the acid chloride (58), azide (59), and tetra-
ethyl pyrophosphite (60) methods have been used for
the synthesis of peptides with a-tosyl protection. The
ready decomposition of tosyl amino acid chlorides in
alkaline solutions to toluenesulfonamide, probably
because of the high reactivity of amide nitrogen, has
been reported by Beecham (61) (Scheme VI).

1
Tos-NH—CH—COCI 4- NaOH —

oS- ] +
(Tos-N—CH—COCDHNa + HyO —

R

|
Tos-NH; + HC=0 4 NaCl + CO
Scheme VI

The tosyl group is remarkably stable to the commonly
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used methods for the cleavage of other protecting
groups. The method of choice for the removal of the
tosyl group is reduction with sodium in liquid ammonia,
which was suggested by du Vigneaud (62). The mech-
anism of deprotection which was reinvestigated by
Kovacs (63) appears to proceed by the formation of
sulfite and toluene instead of thiocresol as previously
reported. There are recent conflicting reports which
indicate that during reduction, in addition to the
removal of tosyl group, cleavage of the peptide chain
between certain amino acids is also possible (64, 65).
In the case of carboxyl-activated &-tosyl ornithine
derivatives, the easy six-membered lactam formation
poses an additional problem in the use of tosyl group
(66).

Trifluoreacetyl (TFA) Group (CF;CO—)—This group
which was introduced by Weygand (67) has a remark-
able advantage in that it can be cleaved by very mild
alkali hydrolysis; however, a number of problems are
associated with the use of this group. Some of the
serious factors which have contributed to the relative
lack of interest in this protecting group are (@) possibili-
ties of racemization both at the amino protection and
at the peptide bond formation stage; () problems in
the removal of this group from larger peptides; and (¢)
difficulties encountered in the introduction of TFA
group, particularly in serine and threonine (Scheme VII),

H:N--CH—-COOH TFA—NH—C—COOH
| (CFC0):0 I
CH—OH e CH
l —HO |
R R
Scheme VII

Because of high vapor pressures, TFA-protected
amino acid and peptide esters can be easily sublimed in
high vacuum (68). This offers new applications for the
quantitative determination of amino acids in protein
hydrolysates. The gas chromatographic separation of
diastereomeric TFA dipeptide esters provides a useful
tool in determining the degree of racemization during
peptide synthesis (69).

Triphenylmethyl (Trityl) and Related Groups—

o- & of
benzyl benzhydryl trityl

The trityl group is peculiar, in that while it is very
easily removed from a peptide, it is quite difficult to
introduce this group to the amino acids. Tritylation
which is normally carried out with trityl chloride pro-
ceeds in rather low yields; however, the yields may be
improved to a certain extent by using diethylamine
instead of triethylamine as an acid acceptor in the
reaction (70). The easiest tritylation is that of amino
acid esters. However, the saponification of the ester
which necessarily follows offers serious problems.
The lack of hydrolysis may well be attributed to the
bulky trityl group. The tritylglycine ethyl ester and the
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tritylalanine methyl ester are perhaps the only esters
which can be saponified at room temperature under
normal conditions (70). This may be explained by the
lack of an elaborate side chain in these amino acids which
would permit the nucleophilic attack by the hydroxyl
group. The trityl group can be removed with acetic
acid even in the presence of fert-butyloxycarbonyl
group and this selective detritylation was used by
Schwyzer for the synthesis of an ACTH sequence
(71). The trityl group can also be removed by catalytic
hydrogenation. Under controlied conditions of hydro-
genation, benzyl esters may be removed in preference
to trityl groups as in the case of trityl amino acid benzyl
esters (72). This procedure may find use in the prepara-
tion of trityl amino acids.

Benzyl and dibenzyl protections for the amino group
have met with little success because of their stability
in acids and considerable resistance to catalytic hydro-
genation. The benzhydryl group, which has been so far
used only for the protection of sulfhydryl and carboxyl
groups, holds good promise for amino protection as
the properties of this group are between those of benzyl
and trityl groups.

Phthalyl Group—This group which was introduced
into peptide synthesis in the late forties (73, 74) until
recently did not enjoy popularity because of difficulties
encountered during phthalylation. However with the
clegant conditions introduced by Nefkens (75), this
protecting group is gaining considerable attention.
Phthalylation, according to Nefken’s procedure, is
carried out using N-ethoxycarbonylphthalimide in dilute
sodium carbonate solution. The mechanism suggested
for the reaction assumes the opening of the five-mem-
bered ring and subsequent formation of the phthalyl-
amino acid with the elimination of urethan (Scheme
VIID).

” ﬁ) H,N—CH-—C—0ONa
C
@ >N—C—OC;H o
C
|
O
0
I
C—NH—C—O0C.H, i
-AN—C—O0CH,
(ﬁ—NH—-—CH—C—-ONa
0
) R 0
o
N-—CH—C~—0ONa
C/

Scheme VIII

The phthalyl group has recently been used for the
selective protection of the w-amino group of lysine (72)
and of ornithine (76). The deprotection of this group
is achieved only by hydrazinolysis. Since the phthalyl
group is not stable to alkali, the ester group used for



carboxyl protection in the synthesis of peptides with
phthalyl protection must be hydrolyzed under acidic
conditions. A combination of phthalyl and ters-butyl
groups is quite suitable. A useful method for the intro-
duction of phthalyl protection with ethoxyacetylene
and phthalic acid was reported recently (77). N-pro-
tected derivatives were prepared from amino acids or
their esters, both in anhydrous and in aqueous solution.

Arylsulfenyl and Related Groups—These groups
were introduced by Zervas ef al. (78) and provide an
excellent method for amino protection. Tritylsulfenyl
and arylsulfenyl amino acids, with electron-withdraw-
ing substituents in the ring are rapidly cleaved by mild
acid treatment. The o-nitrophenylsulfenyl (NPS) group,
which has been the group of choice, is selectively
removed when the rers-butyl ester is present. This
group can be also removed by Raney nickel (79) and
this provides a useful approach to avoid the partial
cleavage of the other acid-labile groups present. How-
ever, the benzyloxycarbonyl group is removed under
the same conditions. Raney-nickel cleavage of NPS
group fails when applied to sulfur-containing peptides.
Other useful deprotecting agents for the NPS group
which were suggested by the Scoffone laboratories are
thioglycolic acid and thiophenol (80). A disulfide is
formed in addition to the free amino acid or peptide
(Scheme 1X).

to
Rl‘@—s—NH—CH-—C— + HS—R, —
NO,

R 0O
+ H,N—CH—C—

|
R1—<: :i——S—SRg
.

NO,
R,=—H:—NO,
R,=—CH;: —CH,—COOH
Scheme I[X

Various other reagents have been reported for the
cleavage of the NPS group (81). The NPS derivatives of
amino acids generally are not easily obtainable in a
crystalline form, and their purification and characteriza-
tion is often carried out by preparing the corresponding
dicyclohexylammonium salts. Fontana et al. (82)
suggested the use of the 2,4-dinitrophenylsulfenyl
(DNPS) group which gave easily crystallizable com-
pounds with a higher melting point when compared with
the corresponding NPS derivatives. The DNPS group
can be cleaved with the same conditions as those used
for the NPS group. When the NPS or DNPS are
cleaved with acid from tryptophan peptides, the sulfenyl
halide formed during the removal step reacts quantita-
tively at the 2-position of the indole ring (80). This
reaction mechanism has been discussed by Wunsch
(83) (Scheme X).

The use of sulfenyl halides has been successfully
extended as modifying reagents for polypeptides and
proteins. Tryptophan was converted to 2-hydroxy-
tryptophan through an intermediate 2-thio-aryl-trypto-
phan derivative (84). When the N-o-nitrophenylsulfenyl

0
p: NH 1
CH, _ / T
oy T
N NH e
l /
S
NO,
I
NO,
ch,_ /c NH 2
| (|3H + s—al
1? +NH,
| l N
0
S
CH,_ /
o
x\l' S NH,
M f NO,
Scheme X

group is removed from cysteine peptides bearing free
thiol groups by means of hydrogen chloride in methanol
or in nonpolar solvents, an N — S transfer of the NPS
group takes place to give the corresponding S-NPS
derivative (85) (Scheme XI).

1{32
N-NPS-Val-Cys-Ser-OMe ———— N-NPS-Val-Cys-Ser-OMe
NPS
| HCl
HCl.H-Val-Cys-Ser-OMe ¢——

(NPSCI + HC!-H-Val-Cys-Ser-OMe)
Scheme X1

Therefore, during the preparation of cysteine pep-
tides using N-NPS derivatives of amino acids and S-
protected cysteines, the removal of NPS-group must
be done either in S-protected cysteine peptides or in the
oxidized -S-S-peptides, i.e., in the cystine peptides.

Tritylsulfenyl amino acids have a remarkable advan-
tage over trityl amino acids in that they can be
coupled conveniently by the mixed anhydride or p-
nitrophenyl ester methods. Trityl amino acids do not

CH,

| CH; R
C—0H
" 0 /g)—l\{—CH—COOH
CH + HN—CH—COOH — C\H H
C=0
C=0 |
| CH,
CH,

Scheme XI1I
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undergo coupling with these methods because of steric
hindrance.

Schiff Bases—Schiff bases are normally quite un-
stable and cannot be used as protecting groups. How-
ever, Schiff bases which can be stabilized by hydrogen
bonds by the use of 1,3-dicarbonyl compounds (86)
or by hydroxy derivatives (87) provide suitable protect-
ing groups in the synthesis of peptides (Scheme XII).

CARBOXYL PROTECTION

The primary consideration for the substitution of the
carboxyl group is the release of the amino acid from its
zwitterion state rather than actual protection. The
protecting groups most commonly used have been
limited to methyl, ethyl, benzyl, tert-butyl, and p-
methoxy-benzyl esters. Several new carboxyl groups
have come to the limelight in recent years.

Methy! and Ethyl Esters—These esters are normally
prepared by introducing dry hydrogen chloride into a
suspension of the amino acid in absolute methanol or
ethanol. The corresponding amino acid esters are ob-
tained as hydrochlorides. Another convenient approach
is the use of thionyl chloride (88) or acetyl chloride
(89). Methyl or ethyl esters are removed during or after
the synthesis of peptides by alkaline hydrolysis which
generally produces a number of problems such as
racemization, transpeptidation, and formation of urea
or hydantoin derivatives. Alkali-labile N-protecting
groups, such as phthaloyl, have to be excluded when C-
protection is carried out by methyl or ethyl esters.
Cleavage of sensitive amide bonds is another possi-
bility when alkali is used for the removal of these
esters. Removal of methyl or ethyl C-protection be-
comes more difficult as the number of amino acids
increase in the peptide chains. Dilute hydrochloric acid
in aqueous acetone (73) and lithium halides in pyridine
(90) have been recommended as alternative methods
for the removal of the methyl or ethyl C-protection.

Benzy! Esters—The main advantage of benzyl esters
over methyl or ethyl esters is their easy removal by
hydrogenolysis. These esters can be prepared in satis-
factory yields by using other catalysts rather than
hydrochloric acid. Polyphosphoric acid (91), p-toluene-
sulfonic acid (92), and benzene sulfonic acid (93) have
been successfully used for benzylation. Water formed
during the reaction is removed by azeotropic distilla-
tion. The catalytic hydrogenation of benzyl esters in
ethanol may be accompanied by transesterification
and formation of the ethyl ester. This can be prevented
by the use of rert-butanol as solvent (94). Benzyl esters
cannot be cleaved selectively by hydrogenation in the
presence of a benzyloxycarbonyl group; however, they
may be hydrogenated selectively in the presence of trityl
groups. Benzyl esters are removable by hydrogen
bromide and by sodium in liquid ammonia. Benzyloxy-
carbonyl groups in the presence of these esters may be
selectively removed by controlled treatment with hydro-
gen bromide in glacial acetic acid (95) or in nitro-
methane (96). Catalytic hydrogenation of benzyl esters
in large peptides is generally quite difficult.

p-Nitrobenzyl Esters—These esters which can be
prepared by the modification of esterification methods
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(97) used for the preparation of benzyl esters have a
definite advantage in that they are stable to hydrogen
bromide-acetic acid reagent; therefore, these esters
allow the selective removal of the benzyloxycarbonyl
group. They are removed easily by hydrogenolysis.
The derivatives of p-nitrobenzyl esters are generally
higher melting compounds and can be easily crys-
tallized. Another significant advantage is the a-esteri-
fication when the benzyloxycarbonyl-aspartic anhydride
is treated with p-nitro benzyl alcohol under anhydrous
conditions (98).

P-Methoxybenzyl Esters—p-Methoxybenzyl esters
which were first reported by Weygand and Hunger (99)
have not gained great popularity mainly because of the
difficulties encountered during their preparation. How-
ever, Stewart (100) has suggested a convenient method
for the preparation of p-methoxybenzyl esters by
imidazole-promoted condensation of the corresponding
p-nitrophenyl esters with p-methoxybenzyl alcohol.
Since these esters are more sensitive to acid reagents,
their future use as carboxyl protecting agents seems to
be imminent.

Recently, Weygand ez al. (101) reported an extensive
study on the kinetics of different methoxy-substituted
benzyl esters and found 2,4-dimethoxy and 2,4,6-
trimethoxy benzyl esters as suitable protecting groups
for amides such as asparagine and glutamine. These
esters are stable to catalytic hydrogenation and meth-
anolic hydrochloric acid, but can be conveniently re-
moved by trifluoroacetic acid.

Methyl-Substituted Benzyl Esters—The use of 2,4,6-
trimethylbenzyl and pentamethylbenzyl groups for
carboxy protection was recently reported by Stewart
(102). The advantage of these esters over benzyl esters
is their rapid cleavage by hydrogen bromide in acetic
acid under conditions which result in complete removal
of the benzyloxycarbonyl group.

;o
R—C~O~(|?—CH 3—
CH;

The introduction of these esters has been a significant
contribution in the synthesis of peptides (103). They
are cleaved with extreme ease by acid reagents probably
by the formation of the carbonium ion. The free tert-
butyl esters of most amino acids are stable and distillable
liquids, and normally do not undergo self-condensation
to form diketopiperazine derivatives. They are very
stable to hydrogenation and less sensitive to alkali
treatment. These esters have been particularly useful
when the incorporation of monoamino dicarboxylic
acids is desired in the peptide chains. Among the
methods for their removal, the treatment with trifluoro-
acetic acid is perhaps most suitable (104).

B-Methylthioethyl Esters—The use of g-methyl-
thioethyl esters for the protection of carboxyl group
is a novel approach which was suggested by Rydon
(105). Their utility in the synthesis of peptides is based
on the observations that the meththiodides and sulfones
derived from f-methylthioethyl esters of amino acids
and peptides are split to the parent carboxylic acids
under extremely mild alkaline conditions. In the initial
reports, their removal was suggested by first converting

Tertiary Butyl Esters



these esters into the meththiodides by the action of
methyliodide, and subsequent treatment of the meth-
thiodides with aqueous alkali solution at room tem-
perature. The free carboxylic acid is regenerated along
with the formation of dimethylvinylsulfoniumiodide.
The above method for deprotection failed with a series
of N-tert-butoxycarbonylglutamic acid peptides in which
the side chain carboxyl group was protected as benzyl
ester because of contamination with considerable
amounts of side products, which led to difficulties during
purification. In a recent communication, Rydon (106)
has proposed a new method for the removal of these
esters. The new approach involves the oxidation of
methylthioethyl esters with ammonium molybdate to
the corresponding sulfones which, in turn, can be
readily split at room temperature in mild alkaline
solutions (Scheme XIII).

O

[ 0 0
R—C—O—CHy—CH;—S—CH; — R-CO,CH,-CH,-SO,- Me —
R-CO,~ + CH;:CH-SO,-Me + H;0
Scheme XITII

Amides and Substituted Hydrazides—The hydrazide
group itself is not suitable for carboxyl protection
because an amino group cannot be acylated selec-
tively in its presence. The hydrazides used are therefore
blocked with suitable amino protecting groups in order
to prevent the side reactions (107, 108). These include
benzyloxycarbonyl, fers-butyloxycarbonyl, and trityl
hydrazides. The cleavage of hydrazide bond to form
the free acid is not possible; therefore, this type of
carboxyl protection is suitable only for the synthesis of
intermediates which can be converted into reactive
derivatives such as azides.

Phthalimidomethyl Esters—This carboxyl-protecting
group introduced by Nefkens (109) has an attractive
feature in that it is stable to catalytic hydrogenation,
but can be removed under a number of conditions such
as the following: hydrogen chloride in organic solvents,
diethylamine in ethanol, dilute aqueous sodium hy-
droxide, and hydrazine.

Diphenylmethyl Esters (Benzhydryl)—Significant
progress was made in the laboratories of Zervas (110),

R,
I HCl

Fruton (111), and Hiskey (112) by the introduction of
benzhydryl esters. This group can be conveniently
removed by hydrogen chloride (or hydrogen bromide)
in nonpolar solvents or by hydrogenolysis. With the
introduction of NPS amino-protecting groups, the use
of these esters is guaranteed a secure place for carboxyl
protection in the synthesis of peptides. The NPS group
can be selectively removed in the presence of the benz-
hydryl group (113) (Scheme X1V).

0

|
Phenacyl Esters (PAC) @vC—CHg——The phen-

acyl group differs from the tertiary butyl and diphenyl-
methyl ester groups in that it is stable to hydrogen
chloride or hydrogen bromide even when high concen-
trations of these reagents are used. This group can be
removed by catalytic hydrogenation. A combination of
diphenylmethyl and phenacyl ester protection as out-
lined by Zervas (114) offers a convenient approach for
the incorporation of monoamino dicarboxylic acid in
the peptide chains.

4-(Methylthio)phenyl Esters (MTP)—This ester for
carboxyl protection (115) may be considered as an
extension of Rydon’s approach (105). The interesting
feature of this ester is that it can be directly converted
by oxidation to the sulfoxide, 4-(methylsulfinyl)phenyl
ester, and further oxidation of the sulfoxide leads to
the formation of the sulfone, 4-(methylsulfonyl)phenyl
active ester, which can be used for coupling in the syn-
thesis of peptides (Scheme XV).

4-Picolyl Esters N@—CHZ———-An ingenious

method of blocking the carboxyl group with 4-picolyl
esters was recently suggested from the laboratories of
Young (116). These esters, in addition to being good
protecting groups, also provide a basic “handle” when
incorporated into the C-terminal residue and facilitate
the isolation of the growing peptide after each coupling
step. The 4-picolyl esters at the termination of the syn-
thesis can be removed by catalytic hydrogenation or by
electrolytic reduction. The usefulness of this procedure
for the lengthening of the peptide chain from C-
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terminal residues of amino acid was demonstrated
by the synthesis of Val-Angiotensin II.

A related method using p-dimethylazobenzyl esters
has also been reported (117).

Salt Formation—The protection of the carboxyl group
by salt formation represents theleast elaborateapproach.
In order to avoid protonation of the amino group in
amino acids, a suitably strong base such as sodium
hydroxide or organic bases such as triethylamine, tri-
butylamine, or dicyclohexylamine may be used. The
relative lack of success of this approach is due to
low yields and the difficulties encountered during the
purification of the reaction products. However, recently
a number of active esters of N-protected amino acids
have been used successfully for coupling with amino
acids and peptides that were C-protected by suitable
salt formation (118, 119).

PROTECTION OF «»-GROUPS IN THE AMINO ACIDS

Excellent surveys enumerating the masking of -
groups during the synthesis of peptides have been re-
ported (31, 32).

The selective formation of a-esters by the ring open-
ing of the N-benzyloxycarbonyl glutamic anhydride
by the corresponding alcohols was indeed a big con-
tribution by Gibian and Klieger (120). The selective
ring opening to form a-esters in the case of N-protected
aspartic anhydride is relatively more difficult; however,
the reaction of p-nitrobenzyl alcohol with N-benzyloxy-
carbonyl aspartic anhydride usually results in the
formation of a-p-nitrobenzyl ester (121). g-Carboxyl
can then be protected by a tertiary butyl ester. Another
very useful approach for selective protection of carboxyl
groups of glutamic acid by diphenylmethyl and phen-
acyl esters has been suggested by Zervas (114).

Serine and threonine can be incorporated in the
peptide chain with their free hydroxy groups; however,
in order to limit any possibility of side reactions it is
advantageous to suitably mask the hydroxyl group.

A number of derivatives with suitable protection for
the hydroxyl groups of serine and threonine have been
reported (32). Among the most promising of the mask-
ing groups for the hydroxy function of serine and threo-
nine is the 2,2,2-trifluoro-1-benzyloxycarbonylamino-
ethyl (Z-TF) group suggested by Weygand. This group
can be cleaved by catalytic hydrogenation or with
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hydrogen bromide in acetic acid. A very useful com-
bination of this hydroxyl-protecting group with p-
methoxybenzyloxycarbonyl and tertiary butyloxy-
carbonyl as amino protection has been suggested (122).

The weakly basic imidazole ring in the side chain of
histidine poses a number of problems and it is desirable
to provide suitable protection for theimidazole ringin the
synthesis of peptides incorporating histidine. Benzy!
(123), benzyloxycarbonyl (124), and trityl (125) groups
for imidazole protection have been successfully used in
combination with a variety of amino-protecting groups
for the synthesis of histidine peptides. Two very attrac-
tive protecting groups, 2,2,2-trifluoro-1 -benzyl-
oxycarbonylaminoethyt (Z-TF) and 2,2,2-trifluoro-1-
tert-butyloxycarbonylaminoethyl (BOC-TF) for the
imino group of histidine, appear to be of particular
interest (126). The first-mentioned protecting group
(Z-TF) can be removed by catalytic hydrogenation
while the latter (BOC-TF), which is stable to hydro-
genation, can be conveniently cleaved with trifluoro-
acetic acid. A combination of these groups with penta-
chlorophenyl active esters for lengthening the peptide
chains and for the synthesis of sequential polypeptides
incorporating histidine has shown promising results
in the author’s laboratories. The use of adamantyl-
oxycarbonyl (AdOC) group was suggested for amino
protection (127) and this group has been successfully
employed by Wunsch (13) for histidine protection dur-
ing the synthesis of glucagon.

Arginine, which contains a guanidine group of an
unusually basic nature, can be incorporated if suitable
protonation is available. In order to reduce the basic
character of the guanidine group, the classical approach
is to convert this group into the nitroguanidine deriva-
tives. Zervas has used the tribenzyloxycarbonyl and
tritrityl derivatives of arginine (128) in the synthesis of
peptides. It is interesting to observe that one acyl
group, the w-benzyloxycarbonyl group, is removable
by hydrogen bromide in acetic acid. However, all three
benzyloxycarbonyl groups are labile to hydrogenolysis.
The -trityl group forms tritrityl arginine which can also
be selectively removed, thereby offering a useful ditrityl
arginine derivative for lengthening the peptide chain
from C-terminal residue. The trityl group in the guanido
moiety is exceptionally stable to hydrogenolysis and
can be cleaved only by hydrogen bromide in acetic acid.
The idea of using derivatives of ornithine throughout
the synthesis and to convert ornithine to arginine by
guanylation at a suitable stage was proposed by Fruton
(129) and was successfully applied by Bodanszky (130)
for the synthesis of biologically active peptides. The
tosyl group has also been used for the protection of
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the guanido group in arginine. While the a-amino tosyl
group can be conveniently removed by electrolytic
reduction, the removal of tosyl protection from w-tosyl
arginine under the same conditions is relatively difficult,
particularly in longer peptides. In addition to nitration,
protonation,tosylation,and other methods, the use of the
tetrachloroisopropyloxyphthaloyl (TIP)group and the p-
nitrobenzyloxycarbonyl (NZ) group for the protection
the of guanido group in arginine has been suggested (131,
132). An interesting method for the removal of the
nitro or p-nitrobenzyloxycarbonyl guanido-protecting
groups by acidic zinc reduction has been suggested by
Pless and Guttmann (133) even in larger peptides. This
method leaves the w-amino benzyloxycarbonyl group
intact (Scheme XVI).

The sulfhydryl group in cysteine is highly reactive
and must be afforded suitable protection. The S-benzyl
group which is cleaved by sodium in liquid ammonia
was suggested by du Vigneaud (134) and has remained
the group of choice. However, in order to provide the
sulfhydryl-protecting groups which can be removed
under relatively milder conditions, an extensive search
was undertaken in various laboratories. A number of
SH-protecting groups such as acyl, trityl, benzhy-
dryl, benzyloxycarbonyl, and p-methoxybenzyloxycar-
bonyl have been suggested. All these groups can be
selectively removed under mild conditions without
affecting sensitive parts of the molecule and especially
the already existing -S-S-bridge. Another approachis the
incorporation of o-tosyl serine (135) or 3-chloroalanine
(136) residues into a peptide chain and their subsequent
conversion into S-protected cysteine residues by
nucleophilic displacement reactions. The use of
the acetamidomethyl group for the protection of the SH
group of cysteine has been suggested recently (137).
This protecting group is stable under conditions which
cause the removal of commonly employed acid-labile
substituents, but can be easily cleaved with two equiva-
lents of Hg at pH 4.

A series of tert-arylalkyl groups such as 1-phenyl-
cyclohexyl (PCH), for SH protection of cysteine were
reported by Konig (138). Because of the stability of these
groups toward HCl/acetic acid, HBr/acetic acid and
hydrazide, they allow the selective removal of N-benzyl-
oxycarbonyl, N-fert-butyloxycarbonyl, and N-phthalyl
groups. Trifluoroacetic acid is the reagent of choice for
the cleavage of PCH and related protecting groups
(Scheme XVII).

FORMATION OF THE PEPTIDE BOND

Since the turn of this century, a number of classical
methods joining the amino acids through amide bonds
have been developed for the formation of well defined
peptides. In a broad sense, a peptide bond may be
formed either by the activation of an amino group or
by the activation of a carboxyl group. The amino group
is capable of amide formation by way of its free elec-
tron pair. The nucleophilic character of the amino
group would be expected to increase with the substitu-
tion of electron-releasing groups, thereby allowing easy
formation of the amide bond. This approach has not
been fully explored. However, a number of reactive

BOC-Leu-Cys(PCH)-Gyl-OFt

BOC-Leu-Cys(PCH)-Gyl-OH —yaceticacid

H-Leu-Cys(PCH)-Gyl-OH ~2 H-Leu-Cys-Gyl-OH

PCH=

Scheme XVII

derivatives of the amines have been reported for the
formation of peptide bonds. The actual coupling may be
visualized to proceed through theactivated carboxylcom-
ponent. For example, isocyanates, which are prepared
from amino ester hydrochlorides and phosgene as
reactive amino derivatives (139), form a peptide bond
with N-protected amino acids or peptides through a
mixed anhydride of a carbamic acid (Scheme XVIII).
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Other methods based on reactive amine derivatives
which have been used in the synthesis of peptides in-
clude phosphazo (140), phosphorus acid esters (141),
arsenious acid esters (142), and phosphorus pentoxide
(143). While these methods have a definite place in
peptide chemistry, the bulk of peptide synthesis in-
volves the peptide bond formation through the activa-
tion of the carboxyl group.

R
Z—NH—éH—CO R’
(I) + H,N—ClH—COOR”
CH:—CO

R R’
Z-—NH—JIH—CO~—NH—J?H—COOR”

/! R

|
\CH +—CO—NH-—CH—COOR"”
Scheme XIX

Peptide Synthesis by Activation of the Carboxyl
Group—Mixed Anhydride Methods—The actual appli-
cation of the mixed anhydride method in the synthesis
of peptides was made in the laboratories of Wieland
(144). One of the main considerations in the selection
of anhydride-forming acid, or the “partner” acid as
more appropriately termed by Bodanszky and Ondetti
(32), is the presence of an electron-releasing structure.
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This will limit the formation of N-acetyl amino acids
or peptides during coupling (Scheme XIX).

The acids with low dissocation constants and long, '

branched aliphatic chains are more useful and lead to
selective formation of peptide bonds. Introduction of
carbonic acid-half ester-half chlorides, where the
alkoxy group provides the electrons, is a tremendous
improvement in mixed anhydride method. Ethylchloro-
formate (145) and isobutylchloroformate (146) are the
reagents of choice for the formation of mixed an-
hydrides of N-protected amino acids and peptides
(Scheme XX).
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Easy removal of the by-products greatly facilitates
the isolation of the desired peptide from the mixed
anhydride reaction mixture. The scope and limitations
of this method have been discussed by Albertson (147).
One of the most serious limitations is the danger of
racemization when the N-protection for peptides used
in mixed anhydride coupling is other than benzyloxy-
carbonyl or tert-butyloxycarbonyl. Anderson et al.
(148) have reported an extensive reevaluation of the
conditions used for mixed anhydride coupling. The
tertiary base used for mixed anhydride formation
is not merely a hydrogen chloride acceptor, but it first
reacts with the chloroformate to form a quaternary
compound which then reacts with the carboxyl group.
The degree of racemization is dependent on the basicity
of the amine used. The use of weaker bases such as
N-methylmorpholine has been recommended. The best
results are obtained with isobutylchloroformate, and
the solvents of choice for mixed anhydride coupling
are ethyl acetate and tetrahydrofuran.

N-Acyl amino acids, after activation with isobutyl-
chloroformate, are used for the coupling reaction
without the isolation of the active intermediate; how-
ever Anderson (148) has reported the isolation of N-
phthalyl alanine mixed anhydride with isobutyl car-
bonic acid. This is perhaps the first time that a reactive
derivative of a mixed anhydride has been isolated. In
the author’s experience, a combination of modified
mixed anhydride and pentachlorophenyl active ester
methods provides a useful approach for lengthening the
peptide chains of N-protected, C-activated peptide
units from C-terminal residues of amino acids (149).
The synthesis of these peptide units without any signif-
icant racemization is of considerable importance for
the preparation of sequential polypeptides. Another
approach for the preparation of mixed anhydrides
is by the use of diphenylphosphoric acid (150) which is
particularly useful for the activation of hindered trityl
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amino acids. A large variety of “partner acids” such as
derivatives of phosphoric, phosphorous, and sulfuric
acids, and aliphatic or aromatic sulfonic acids which are
employed for the formation of mixed anhydrides have
been reviewed (32).

Azide Method—Despite a number of disadvantages,
this method, which was introduced by Curtius (151),
is very highly regarded in the synthesis of peptides,
mainly because racemization during the coupling reac-
tion is not observed. The azides are unstable compounds
which are used without isolation and are prepared via
the crystalline hydrazides of N-protected amino acid or
peptide esters.

The formation of isocyanates due to the rearrange-
ment of azides may lead to the formation of urea deriva-
tives, and cyclic urethans in serine-containing peptides
(152) (Scheme XXI).
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Scheme XXI

The preparation of hydrazides via hydrazinolysis is
not possible with phthalyl or trifluoroacetyl N-protected
amino acid or peptide esters. Hofmann (153) has sug-
gested the use of protected hydrazides, and this ap-
proach has been used by Weygand (154) for the syn-
thesis of very useful intermediates for lengthening the
peptide chains both from the amino and carboxyl
terminal residues of amino acids.

Carbodiimides—Among the most frequently used
carbodiimides is the N,N’-dicyclohexylcarbodiimide
which was introduced by Sheehan and Hess (155).
This method is perhaps the most popular method of
peptide synthesis and the mechanism of possible routes
of acylation with the aid of carbodiimides has been
discussed in detail by Khorana (156). When a dialkyl-
carbodiimide is allowed to react with a carboxyl group,
an o-acylurea is first formed which in turn reacts
readily with nucleophiles. One of the disadvantages of
this method is the rearrangement of the reactive inter-
mediate o-acylurea to a more stable N-acylurea which
is only slightly susceptible to reactions with nucleo-
philes. Another disadvantage is the difficulty of the
removal of N,N’-dicyclohexylurea which is formed as a
by-product. To meet this difficulty, dialkylcarbo-
diimides such as N-ethyl, N’-(y-dimethylaminopropyl)
carbodiimide which yield water soluble ureas have been
devised (157). The use of insoluble polycarbodiimides
such as polyhexamethylene carbodiimide, which allows
easy purification of reaction products, has been sug-
gested by Frankel (158) (Scheme XXII).

The use of an interesting coupling reagent, ethoxy-
acetylene, was reported by Arens (159). The coupling
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with this reagent has an attractive feature in that the
by-product ethyl acetate does not interfere with the
isolation of the desired product. The peptide bond
formation may proceed either directly, by the reaction
to amino component to the addition product of car-
boxylic acid and ethoxyacetylene, or through the forma-
tion of symmetrical anhydride (Scheme XXIII).
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Buyle and Viehe (160) introduced inamines such as
dimethylamino tert-butylacetylene or dimethylamino-
phenyl acetylene as coupling reagents. These types of
inamines are also capable of forming symmetrical
anhydrides; and, Weygand (161) has used symmetrical
anhydrides formed by diethylaminomethyl acetylene
for the synthesis from C-terminal residue of amino
acids of a protected nonpeptide. The by-product,
propionic acid diethyl amide, is soluble in petroleum
ether and can be easily removed (Scheme XXIV).
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Ketenamines such as diphenyl ketene p-tolylimine
(Scheme XXV) have been used in the synthesis of pep-
tides (162) and in a sense, the mechanism of their reaction
closely resembles that of isoxazoliums salts which
were introduced by Woodward (163, 164) a few years
later.

Scheme XXV

Woodward’s reagent, N-ethyl-S-phenylisoxazolium-3’-
sulfonate, reacts with a base to form a ketimine which
adds to the carboxyl group and a tautomeric enol ester is
formed. This is followed by a rearrangement involving
an acyl migration to the actual activated enol ester deri-
vative (Scheme XXVT).
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Although high yields are obtained during coupling
with Woodward’s reagent under optimum conditions,
lower yields result if the addition of amine component
to active enol ester is delayed. This is perhaps due to
intramolecular O — N acyl migration. Woodward and
Woodman (165) have proposed the solution to this
problem by using bulky N-feri-butyl-substituent which
gives a stable enol ester. A new coupling reagent, N-tert-
butyl-5-methylisoxazolium perchlorate, has been sug-
gested, which in addition to forming stable activated
enol esters, also makes possible the isolation of the
intermediate ketoketenimes (Scheme XXVII).
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Another isoxazolium cation, 2-ethyl-7-hydroxy-
benzisoxazolium fluoroborate, which seems to be quite
promising was proposed by Kemp (119). The interesting
feature of this coupling reagent is the remarkable base
stability of the activated 3-acyloxy-2-hydroxy-N-ethyl-
benzamide derivatives, and this should make them useful
for coupling with salts of amino acids (Scheme XXVIII).
Attachment of electron-withdrawing substituents in the
benzene ring of benzisoxazolium cation such as in the
case of 5,7-dichloro-2-ethyl benzisoxazolium salt, has
been suggested for a possible increase in the activity
of the intermediate active esters (166) (Scheme XXIX).

Belleau and Malek (167) have used N-ethoxycar-
bonyl-2-ethoxy 1,2-dihydroquinoline (EEDQ) as a
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coupling reagent. The actual activation proceeds via the
formation of the mixed anhydride which is preceded by
thedisplacement of the2-ethoxy substituent by carboxylic
acids. Slow formation but rapid consumption of the
active derivative should minimize the side reactions
(Scheme XXX).

Reactive N-acyl Derivatives—The transfer of acyl
residues from derivatives of Nim-acylhistidine to amino
groups, and thus the possibility of carboxyl activation
by imidazolide formation, has been described by
several authors (168). Sheehan found thatthe intramolec-
ular amide (active lactam) of N-a-p-nitrobenzyloxy-
carbonyl histidine reacts with benzylamine to form N-a-
p-nitrobenzyloxycarbonyl histidine benzylamide (169).
This, along with the countributions from Staab (170),
Anderson (171), and Beyerman (172), have led to a
number of useful coupling reagents such as N,N’-
carbonyldiimidazole, thionyldiimidazole, and carbonyl
dipyrazole. The reaction proceeds through the forma-
tion of acyl derivatives which couple with the amino
group to form the peptide bond. The liberated imidazole
has a beneficial catalytic effect on the rate of the reac-
tion (Scheme XXXT).

Active Esters—The synthesis of peptides via the
aminolysis of activated esters was pioneered with the
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use of phenylthiol esters by Wieland (173). One of the
main advantages with the use of active esters is the
possibility of isolation and purification of the reactive
intermediates. These esters have relatively less energy
when compared to other activating methods such as
mixed anhydride or DCC, and therefore normally do
not acylate weaker nucleophiles such as the OH group
in hydroxy or phenolic amino acids. A large number of
methyl esters with different negative substituents were
examined by Schwyzer, and as a result, cyanomethyl
esters were introduced in the synthesis of peptides (174).
Bodanszky embarked on an elaborate study of phenyl
esters, in which the already pronounced electron
attraction of the phenyl group was further enhanced by
appropriate substituents, and recommended the use of
p-nitrophenyl esters (175), which indeed was a valuable
service to the peptide chemists. Schwyzer’s group,
shortly afterwards, described the preparation of a
series of negatively substituted aryl esters, among them
the very interesting p-methanesulfonylphenyl ester
(176). The use of halogen-substituted phenyl esters such
as 2,4,5-trichlorophenyl and pentachlorophenyl ester
was suggested by Kupryszewski (177). A detailed ki-
netic study of various active esters was reported by
Stick and Leemann (178). The use of pentachloro-
phenyl esters has been reinvestigated by Kovacs and
this author as a versatile tool for the synthesis of pep-
tides and sequential polypeptides (179). The penta-
chlorophenyl active esters have the following advan-
tages: (@) they are one of the most active esters; (b)
they are generally higher melting compounds than
other active esters, which leads to their easy crystalliza-
tion and purification; (¢) they are conveniently prepared
without any significant racemization by N,N’-dicyclo-

R—COOH + N—'C—N/—-, —
'N._——
|| = =
—C—N + CO, + HN
inN-—R’

I =
R—C—NH—R' + HN/—(
\=N

Scheme XX X1



RO o
L / @
Z—NH—CH—C—0—N
AN
o

1? 0 GO—CH,
Z—NH—CH—C—0—N
“co-CH:

Scheme XXXII

hexylcarbodiimide (DCC) method; (d) they are stable
to controlled hydrogenation conditions and make an
excellent combination with N-benzyloxycarbonyl and
tert-butyl protecting groups when the incorporation
of trifunctional amino acids in the peptides is desired.
Pentachlorophenyl esters of N-protected amino acids
also couple in satisfactory yields with amino acids and
peptides C-protected by suitable salt formation (118).

Further search for active esters led Nefkens (180)
to the use of N-hydroxyphthalimide esters which were
shortly followed by the introduction of analogous
esters namely the N-hydroxysuccinimide esters from the
laboratories of Anderson (181) (Scheme XXXII). During
the past few years, the latter esters have received consider-
able attention mainly due to the easy removal of the
by-product of acylation, N-hydroxysuccinimide, by
water.

Another type of active esters which have already
proven their worth in the synthesis of peptides, and
which hold a bright future, are the reactive derivatives
of o-acylhydroxylamine such as the esters of N-
hydroxypiperidine introduced by Young (182). The
coupling through these esters proceeds without any
significant racemization. This may be attributed to less
chances for oxazolone formation because of the ability
of the heterocyclic nitrogen atom to share and then
accept the proton from the incoming amine. The con-
densation is accelerated on account of the stability
through hydrogen bonding of the transition complex
of the adduct; and further, the leaving group will be a
tautomer of 1-hydroxypiperidine rather than the un-
stable anion (183) (Scheme XXXIIT).
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Closely related to N-hydroxypiperidine esters are the
oxine esters which also undergo coupling without
racemization, and their reaction mechanism seems to be
analogous to 1-piperidyl esters (184). The idea of
stabilization of the transition complex through hydro-

gen bonding and therefore limiting the possibility
of oxazolone formation during coupling has been ex-
tended in the use of o-hydroxyphenyl esters. Their
initial success in the synthesis of peptides without any
racemization (183) will certainly lead to the develop-
ment of more versatile active esters (Scheme XXXIV).
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Scheme XXXIV

Young (185) prepared the acyl amino acid esters of 2-
hydroxypyridine and of 2-mercaptopyridine (SPyr).
Esters of the latter (2-pyridylthiolesters) react very
rapidly and exothermically with amino esters, giving
high yields of protected peptides. A notable feature of
these esters (SPyr) is the easy coupling with strongly
hindered amino acids such as valine, isoleucine, and
a-aminoisobutyric acid (186).

Active esters can be prepared by the condensation of
the phenols or corresponding components with N-
protected amino acids and peptides by a number of
coupling methods. Most frequently used are the di-
cyclohexyl carbodiimide and mixed anhydride methods.
A number of active esters of hydroxyamino acids with
N-a-NPS and o-tert-butyl protection have been re-
cently reported (i87). These intermediates should be
quite useful in lengthening the peptide chains. By using
isopropyl alcohol, Walter et al. (188) were able to
prepare previously unreported NPS-protected glu-
tamine and asparagine N-hydroxysuccinimide esters.
In certain cases, the rate of aminolysis by active esters
may be accelerated by the use of suitable catalysts such
as imidazoles and 2-hydroxypyridine.

During the preparation of active esters, the C-ter-
minal amino acid residue of the peptide chain may
undergo racemization; however, with the use of con-
trolled experimental conditions, this problem can be
overcome. Formation of the peptide bond is normally
associated with the partial loss of optical purity of the
amino acid whose carboxyl is activated. This problem
may be avoided by lengthening the peptide chains from
C-terminal residues of amino acids, in which case the
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activated component would always be a monomer and,
hence, less prone to oxazolone formation. The proce-
dure of fragment condensation, with suitable activation
methods and selection of the fragments in which
the C-terminal residue is glycine or proline, has
been very rewarding to limit the degree of racemiza-
tion during the peptide synthesis. To cite only a few
examples, glucagon, secretin, and thyrocalcitonin
were recently synthesized by fragment condensation
approach.

Glucagon—The synthesis of the pancreatic hormone,
glucagon, was achieved by the condensation of five
fragments (13). A combination of NPS, and fert-butyl
and benzyloxycarbonyl groups were used throughout
the synthesis. N-Terminal histidine was used as Na,N-
(im)-di-adamantyloxycarbonyl histidine and the pep-
tide bond formation and condensation of the fragments
was carried out mainly with DCC/HOSu method.
The following fragments were synthesized and then
condensed stepwise (Scheme XXXV),

H-His-Ser-GIn-Gly-Thr—Phe-Thr-Ser-Asp—Tyr—Ser—Lys-Tyr—
1

Leu-Asp-Ser— Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Try-Leu~
Met-Asn-Thr-OH
29

glucagon
t’Bu
I. H-Met- Asn-Thr-OrBu (27-29)
II. NPS-Phe~Val-GIn-Try-Leu-OH (22-26)
tBu HBr OrBu

[ [
[II. NPS-Ser-Arg-Arg-Ala-Gin-Asp-OH (16-21)
tBu /Bu OrBu /Bu BuBOC Bu  OrBu

; /S |
IV. NPS-Thr-Ser—-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp—OH (7-15)
AdQC tBu 1Bu

P |
V. AdOC-His-Ser-GIn-Gly-Thr-Phe-OH (1-6)

I.— DCC/HOSu
j__/——> NPS—{22-291 -O/Bu

L. ¢ HCI/2-methylindole
1L H—422-29—-0OrBu

1) DCC/HOSu
2) HCl/2-methylindole

1v. HO-{16-29—0rBu

1) DCC/HOSu
2) HCl/2-methylindole

V. HOOIBu

HOSu = N-hydroxysuccinimide
DCC/HOSu

TFA
AdOCOIBu —> glucagon

Scheme XXXV

Secretin—The structure of secretin resembles glucagon
a greal deal. The presence of four arginine residues in
secretin imparts a strong basic character to the mole-
cule. The C-terminal amino acid valine is present in the
amide form. Synthesis of secretin was accomplished in a
stepwise manner, starting from C-terminal amino acid
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Scheme XXXVI

(189). The other approach was the stepwise synthesis of
C-terminal tetradecapeptide, and this was attached
to three fragments of the N-terminal half of the molecule,
using the stepwise condensation approach (12). Benzyl-
oxycarbonyl and BOC groups were predominantly used
for amino protection. Serine and arginine residues were
incorporated as o-benzyl and nitro derivatives respec-
tively. Both of these protections were removed by
hydrogenation after each fragment condensation. The
peptide bonds were generally formed with p-nitro-
phenyl esters and 2,4-dinitrophenyl esters (for arginine
and threonine). The fragments were condensed via
the azide method (Scheme XXXVT).
Thyrocalcitonin—In thyrocalcitonin which is a cal-
cium-regulating hormone, the C-terminal amino acid
proline is present in the amide form, and cysteines
at positions one and seven are joined by a disulfide
bridge. The synthesis of thyrocalcitonin was achieved
by stepwise condensation of seven fragments (14).
Benzyl protection was used for sulfhydral groups and
the disulfide bridge was formed at the nonapeptide
stage. Serine residues were incorporated without OH

1
H-Cys-Ser-Asn-Leu-Ser-Thr-Cys—Val-Leu-Ser-Ala-Tyr-Trp-
! J

Arg-Asn-Leu-Asn-Asn-Phe-His-Arg-Phe-Ser—-Gly-Met-Gly-
Phe—Gly~Pro—GIu—Thr—Pg(2)~NH 2

Thyrocalcitonin
Bzl
VII.BOC—NH—NHg (1) TBN
(2) NH,NH,
VI.H-{6-9]-OCH; g) (I;Ia/NH.;
) O,
(5) TBN
V. BOC—{10-14}-NHNH, —————— TFA
(1) TBN
(2) H,
(3) TBN L
thyrocalcitonin
IV. H15-19}-NH—NH—Z ————

(2) AcOH

11.BOC-{23-26] -OH T DoC

(2) HCI |

IL.H—27-32-NH; ————-

TBN = tert-butyl nitrite
Scheme XXXVII



protection. BOC protection was predominantly used
for amino groups and the coupling reactions were
mainly carried out by azide methods. Di-Z-histidine was
used for the preparation of the tripeptide I and wascon-
verted to the ditrityl derivative before coupling for the
formation of thetridecapeptideamide(Scheme XXX VII).

Peptide Synthesis with the Help of Polymeric Sup-
port-—The isolation and purification of each inter-
mediate during the building of a peptide chain is of
utmost importance to limit the extent of racemization
in the final product. However, the development of newer
techniques and the modification of conventional
methods has inspired the synthesis of the peptides
without the isolation of intermediates. An apparent
advantage of the approach is the tremendous saving of
time which is normally required for the stepwise
purification. Knorre and Shubina (190) have elongated
the peptide chain at the carboxyl end by coupling an
aqueous solution of formyl amino acid with an amino
acid ester by means of water-soluble carbodiimides.
The reaction mixture upon passing through resin
columns is freed from reactant and reagents. The
purified product, thus obtained, is saponified and is
used directly for the next step in the synthesis. A
protected hexapeptide was synthesized with less than
59, racemization. Sheehan (191) used a somewhat
similar approach but extended the peptide chain from
the amino end. The technique proved quite successful
for the synthesis of a protected heptapeptide.

The above two approaches were only the beginning
of the new ventures into less conventional approaches
in the synthesis of peptides. In 1963, Merrifield (192)
proposed an ingenious idea for lengthening the peptide
chains by providing an insoluble polymeric support
to the C-terminal residue of amino acids and extending
the peptide chains by stepwise addition of succeeding
amino acids. In this approach, which is called solid
phase method for peptide synthesis, the growing peptide
chain is at all times during the synthesis firmly bound
by a covalent linkage to a solid particle and is, therefore,
completely insoluble in all the reaction solvents. This
allows separation of the peptide chain from soluble
starting materials and by-products by filtration and
thorough washings. Thus the intermediate peptides are
purified, not by the usual recrystallization procedures,
but by dissolving away the impurities. This greatly
simplifies the manipulations and shortens the time re-
quired for the synthesis of peptides. After the desired
sequence is assembled, the peptide is removed from the
solid support. For a supporting solid, a copolymer of
9897 styrene and 297 divinyl benzene in the form of
small (20-80u) beads is chloromethylated and the
product is attached to the N-protected amino acid to
give a substituted benzyl ester derivative. The amino
group was originally protected by the benzyloxy-
carbonyl group but it was replaced by the ferz-butyloxy-
carbonyl group and recently by o-nitrophenylsulfenyl
group (193). The advantage of the last two groups is
the easy removal by relatively mild acid conditions
which minimizes the danger of cleavage of the peptide
chain from the resin during the synthesis. After de-
protection of the amino group, the next protected
amino acid is coupled by DCC or active ester methods

O
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" HCI/CH ;COOH
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R’ R
ABr/CFJCOOH

| |
HZN——ClH—-C——NH—ClH—C—OH + Br—CH2
R

Rl

Scheme XXXVHI

in solvents having high dielectric constants, such as
methylene chloride or dimethylformamide (Scheme
XXXVHI).

The selection of benzyl ester linkage can be justified
on the basis of its stability to various synthetic reactions
and easy cleavage by anhydrous hydrogen bromide at
the end of the synthesis. The reactions outlined in Eq.
38 constitute one cycle in which a dipeptide is formed.
However, additional cycles may be carried out in the
same way, one at a time, until the desired sequence of
amino acids in the peptide is completed. One of the
most critical requirements for a successful synthesis,
using a polymeric support is the quantitative coupling
reaction. Unless this can be achieved at each step of the
synthesis, a chain which does not react at one step will
have a chance to react at each of the later stages and
will lead therefore to undesired peptides with different
amino acid composition. An excess of activated com-
ponent, a longer period of reaction time, and the use of
low cross-linked, high swelling resin generally leads to
complete coupling. Of course the potential difficulty
in the final purification after the peptide is removed
from the resin must be accepted in return for con-
venience and speed in building up the peptide chain.
In case DCC is used for activation, the possibilities
for the loss of excess reagent due to the formation of
N-acylurea must be considered. A suitable selection of
active esters (194) for coupling to resin attached amino
acids or peptides would eliminate this side reaction,
and would also permit the incorporation of hydroxy
amino acids without any protection on hydroxyl
group. Active ester coupling has been of particular use
in the case of glutamine or asparagine incorporation
on account of the dehydration of carboxamide groups
in the side chains of these amino acids when DCC is
used. In the case of peptides incorporating aspartyl
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or glutamyl residues with side chain carboxyl ester-
ified, transpeptidation normally does not occur under
the conditions used during synthesis by solid phase
method. However, the treatment of HBr-trifluoroacetic
acid, which is used to liberate the peptide from the resin
support, may lead to the formation of amino succinyl
derivatives in the case of peptides containing 3-benzyt
aspartyl-seryl residues. The opening of the imide
derivatives may produce undesirable peptides with
B-aspartyl linkages. Bumpus has reported the difficul-
ties encountered during the formation of arginylproline
bond under the conditions of the solid phase method
using DCC (195). For the synthesis of peptides where
the C-terminal amino acid occurs as an amide such as
in oxytocin, the desired peptides, after the synthesis,
are cleaved from the resin by ammonolysis in methanol.
Although this approach has been quite successful with
smaller peptides, particularly those with glycine as
C-terminal amino acid, a considerable degree of diffi-
culty was encountered during the ammonolytic cleavage
of secretin where the C-terminal valine could not be
removed from the resin as an amide (196).

Letsinger and Kornet (197) suggested as a modifica-
tion to Merrifield’s approach the use of ‘““popcorn
polymer” of polystyrene with a very low degree of cross-
linking by divinylbenzene. In addition, the N-terminal
amino acid was the anchoring group with the resin
and the chain was extended by stepwise incorporation
of subsequent amino acids. This approach has not
gained much popularity mainly because of the possi-
bility of racemization which is normally associated
with the lengthening of the peptide chains from the N-
terminal residues of amino acids (Scheme XXXIX).

R (l) 0
BOC——NH—(I}H—C—O—N

T

R 0 R

A very interesting idea was proposed by Shemyakin
(198) in which the insoluble cross-linked polystyrene
was substituted by a soluble polymeric support. This
offers the apparent advantage of having all reactions
carried out in solution, thereby eliminating the problem
of permeability or diffusion. The polymeric support
was an emulsion polystyrene of average molecular
weight of 200,000. The coupling of amino acid and
peptide derivatives of oxymethyl-polystyrene was car-
ried out with hydroxysuccinimide esters of BOC-
protected amino acids. This approach may prove to be
a very effective synthetic tool if certain problems can be
overcome, such as formation of viscous gum when the
linear polystyrene is thrown out of solution by pouring
it into water (Scheme XL).

One of the main concerns in the solid phase peptide
synthesis is that the purification of intermediates
cannot be effected. At about the same time, a new
approach was suggested from the laboratories of
Katchalski (199) and Wieland (200). Where in Merri-
field’s method, it is the peptide which is bound to the
insoluble carrier and the N-blocked amino acid-acti-
vated derivative is added while in solution, in the new
approach a solution of free peptide ester is added to an
insoluble polymer-supported, N-blocked amino acid-
active ester. The reaction between peptide ester and
active amino acid ester can be carried out in the pres-
ence of a large excess of insoluble active ester, and the
unreacted reagent (active ester) can be readily removed
by filtration or centrifugation and washing. The new
peptide remains in solution and can be suitably purified
before it is reacted with the next insoluble active ester

i
+ HQN—CH-—C-—O-—CHZ—©—polystyrene

HCl gas

0
‘ “ I " pour into water
Boc—NH——CH—C—NH—CH—C—O——CH2 —_—

R O 0]

R
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H,N~—CH~—C—NH—CH—C~—0—CH; @ ®

Fy
HBrTTFA 4 ,N—CH—C—NH—CH—C—OH

Scheme XL
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component. Katchalski proposed a number of insoluble
polymer-active esters. However, best use was made of
DCC coupling of N-protected amino acids or peptides
with a polymer made from 4-hydroxy-3-nitrostyrene
cross-linked with 497 divinylbenzene (Scheme XLI).
Another very interesting feature of this approach is the
application of these insoluble polymer-active esters in
the synthesis of cyclic peptides. The use of insoluble
polymer-active esters attached to peptides limits the
intermolecular condensation and facilitates intramolec-
ular aminolysis, thereby avoiding the formation of
linear polymers; cyclic peptides of high purity are
isolated in good yields (201) (Scheme XLII).

Wieland utilized formaldehyde cross-linked p,p’-
dihydroxydiphenylsulfone as a starting material for
the synthesis of the corresponding insoluble N-blocked
amino acid active esters (200) (Scheme XLIII).

If, (l? NO,
Y—NH—CH—C—OH + HO =,
oo N P
I " NH,—CH—(C-—0X
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1.—Y
r o N
2, Y——NH—(’:H——!—O«@—@

R 0 R 0 R ?[)

L

l
Y—NH—CH—C—NH—CH—C—NH—CH—(C—0X

Y =amino protection = X=carboxyl protection
Scheme XLI

The synthesis of peptides with polymeric active
esters was also investigated by Blout (202). BOC-amino
acid N-hydroxysuccinimide active ester derivatives of
copoly(ethylene- N-hydroxymaleimide) were used as in-
soluble active ester reagents. For the preparation of
these esters, copoly (ethylenemaleic anhydride) was
condensed with hydroxylamine hydrochloride, and the
resulting N-hydroxy polymer derivative was coupled
either by mixed anhydride or DCC methods with
BOC-amino acids (Scheme XLIV).

1
Z—NH—PeP—C—OH + H—‘ —
(0]
"‘ HBr/CH,CO0H
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Scheme XLII
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resin

The substitution of activated amino acids in the
polymers previously mentioned can be varied by appro-
priate adjustment of the N-protected amino acid : polymer
molar ratio. Satisfactory resulits are obtained when 1-2
mmole of activated amino acid is bound to each gram
of the resin.

Weygand (203, 204) investigated the possibilities for
the coupling of the N-protected peptides with amino
acids or peptides anchored to polymers. The advantage
of this approach is the availability of a relatively larger
number of peptide intermediates, which can be properly
characterized before incorporation in the peptide
chain. Dipeptides, N-protected by BOC, were reacted
with the bromoacetyl derivative of polystyrene; and,
after the removal of N-protection from the resulting
dipeptide polymer derivatives, coupling was carried

—CHZ-CHZ—?H——?H— NH,OH-HC}
C L
0” 07N )
—CHgCHz—-(‘IH—(‘JH— DCC or IBC
~—NH—CH—C-—O0H
AN LB I
0 0 R O
OH n
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Scheme XLIV
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resin

out with N-protected di- or tetrapeptide N-hydroxy-
succinimide esters. Selective removal of the peptides
from the polymer was achieved by sodium thiopheno-
late, and the N-protected peptides so obtained were
free from racemization (Scheme XLV).

While the above approach which has also been used
by Anfinsen (205) is indeed a very useful modification
in solid phase synthesis of peptides, the proper evalua-
tion of this will depend on the successful synthesis of
larger peptides.

The success of the solid phase method and new ap-
proaches using various forms of solid supports is
apparent from the synthesis of a large number of bio-
logically active peptides such as bradykinin, oxytocin,
angiotensin, insulin, efc., and their analogs. However,
the most frequently used approach is still the one which
was originally suggested by Merrifield, and in order
to accelerate the synthesis of peptides, a simple auto-
mated apparatus has been designed (206). It consists
of a reaction vessel where the actual synthesis takes
place and devices which transfer reagents and solvents
into and out of the vessel. The entire series of events
is controlled by a programmer which can be arranged
in advance to direct the various operations of the in-
strument. The automated process produces a protected
peptide chain attached to the solid polymer support,
and after cleavage from the resin and deprotection, the
peptide is suitably purified.

It was apparent, from the onset of the introduction
of the solid-phase method, that the synthesis of larger
peptides and proteins would become feasible, and this
was indeed demonstrated by the synthesis of a protein.
A linear polypeptide of 124 amino acid residues, with
the sequence of bovine pancreatic ribonuclease A
(RNase A), was synthesized by Merrifield using 369
chemical reactions and 11,931 steps of the automated
peptide synthesis machine without any intermediate
isolation steps (207). Anhydrous hydrogen fluoride
was used for the single step cleavage of the peptide
from resin and simultaneous removal of all protecting
groups.

The properties of anhydrous hydrogen fluoride
(HF) as a reagent for the acidolysis of various protecting
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groups have been studied by Sakakibara (208). Amino
acids with various protecting groups, particularly the
nitro group in nitroarginine, fers-butyl group in S-tert-
butyl cysteine and many other protecting groups can be
conveniently removed by HF at low temperatures in
the presence of anisole. When carefully handled, HF
should prove to be an effective tool for planning the
strategy in the synthesis of peptides.

Iselin suggested the use of hydrazine for the cleavage
of peptides from polymer support (209). Hydrazinolysis
leaves the N-protection intact, and the cleaved peptide
is isolated as hydrazide which can be directly coupled
to another peptide after conversion into the azide.
The same approach has been used by Anfinsen for the
synthesis of water-insoluble N-protected peptide hy-
drazides which do not contain w-protected aspartic or
glutamic acid residues or other hydrazine-labile groups
210).

The possibility of a side reaction during esterification
of the C-terminal amino acid with chloromethylated
resin has been reported by Beyerman (211). This side
reaction probably occurs between the free triethyl-
amine and chloromethyl groups producing a qua-
ternary ammonium compound (Scheme XLVI).

The N-protected C-terminal amino acid may be
attached to the polymeric support by DCC method,
if the chloromethylated polymer is first reacted with
thioglycol and the resulting thioether is oxidized with
perbenzoic acid. The N-protected peptides attached to
the modified solid support can be selectively cleaved
from the resin without affecting the N-protected group
(212) (Scheme XLVII).

Solid phase method of peptide synthesis has been
extended in the synthesis of polymers with different
sequence and size. Different applications in the syn-
thesis of oligo-nucleotides have been reported (213).
Oligomers of nylon (214) and polypeptides with an
ordered sequence of amino acids, such as H(prolyl-
glycyl-glycyl)-OH (215), and H(prolyl-prolyl-glycyl)-OH
(216) have been successfully synthesized with solid
support. Recently, Rothe (217) reported the syn-
thesis of different-sized oligomers of epsilon amino
caproic acid by using dimeric and tetrameric units for
the chain growth. Coupling of these units with the
polymer-supported chain was carried out with the aid
of diester chlorides of phosphorus acid instead of DCC.

The reverse of the peptide synthesis by solid phase,
i.e., the degradation of the peptide on a polymeric
support using the Edmann method, has been suggested
by two different groups. Stark’s (218) procedure in-
volves attaching the peptide by its N-terminal residue
to a support of polystyryl isothiocyanate, cyclizing,
isolating and analyzing the residual peptide, and
reattaching the peptide to the resin. Repetition of these

CHZ—CI + EtN —
Et
- O
Et

cr
Scheme XLVI
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steps leads to the establishment of the sequence of
amino acid residues in the peptide chain. In the method
proposed by Laursen (219), the peptide is attached by
its C-terminal amino acid and the degradation is per-
formed in the usual manner. The liberated thiazolinone
is removed in each cycle simply by filtration (Scheme
XLVIID.

A closely related approach, using a combination of
Edmann degradation on polymeric support and mass-
spectrometric methods, has been suggested by Weygand
(220) for the determination of the extent of amino
acid residues incorporated in the growing peptide
chains attached to the resin supports.

Leuch’s Anhydrides—N-Carboxy-e-amino acid an-
hydrides (Leuch’s anhydrides, NCA’s) have been widely
used in polymerization reactions (221) in anhydrous
media for the synthesis of homopeptides and the random
synthesis of heteropeptides. While the controlled syn-
thesis of heteropeptides via Leuch’s anhydrides has been
attempted by many laboratories, relatively little success
has been achieved in the use of this method. Bartlett
(222), on the basis of his studies with NCA’s of various
amino acids, reported that the reaction cannot be

CH—N=(C=S + H,N—CH—C—NH—PeP—COOH
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CH,—NH—(C—NH—CH—C—NH—PeP—COOH
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2. NH,—®)

T
CH,—NH—(C—NH—CH—C—NH—PeP—C—NH—P
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S0 I
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H

P=—CH,—CH,—N H—CHQ—@' polystyrene

Scheme XLVIH

controlled adequately to provide a useful general
method for peptide synthesis in water. Grant (223)
proposed the limited use of Leuch’s anhydrides for the
formation of dipeptides in water at pH 5, particularly
when the reacting amine is a much weaker base than
the amine resulting from the synthesis. The real break-
through in the utilization of NCA’s in peptide synthesis
came with the development of suitable reaction condi-
tion by Denkewalter et al. (224). They proposed the
addition of solid NCA directly to an amino acid at
0-2°, generally at pH 10.2, with rapid mixing of the
reactants, thus minimizing side reactions. Rapid mixing,
in the case of relatively insoluble NCA’s, may enhance
the rate of dissolution of the NCA thereby reducing
the possibility for carbamate exchange which leads to
the formation by overactivation of tripeptides, and also
to inactivation of the starting amino acids. Overactiva-
tion of more soluble NCA’s via their anions is also
limited by rapid mixing, thus preventing the formation
of oligomers. Carbamate stability increases with pH,
but at a pH above 10.5, hydrolysis of NCA becomes an
important side reaction leading to the formation of
hydantoic acid, most likely through NCA anion. The
peptide carbamate is decarboxylated at pH 3-5 to
produce the free peptide which can be immediately
extended in length by repetition of the process with a
new N-carboxyanhydride, or can be first isolated and
purified before continuing with the synthesis. Race-
mization was not detected during the synthesis of pep-
tides via NCA’s; this method, used under careful

0 ,
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0 Zmin.
0+ HN—CH—C—OH
NH-C
o
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€0, + HN—CH—C—NH—CH—C—OH
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a nonapeptide
Scheme XLIX
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conditions and in combination with other more
conventional methods, should prove to be of great
value in the synthesis of larger peptides (Scheme XLIX).

The extraordinary rapidity of the NCA method, which
is particularly useful in the sequential preparation of
higher peptides without isolation of intermediates, is
indeed a very interesting feature of this method. An-
othersignificant advantage of the NCA method isthat the
reactions are carried out in aqueous medium and with
the exception of the e-amino group of lysine and sulf-
hydryl group of cysteine, polyfunctional amino acids
used as a nucleophile can be used without any protection
of the third functionality. NCA’s with the exception
of those of proline and glycine are quite stable when
stored at low temperatures with protection from
moisture.

Since the thiocarbamate salts proved to be more
stable than the corresponding carbamate salts, the use
of sulfur analogs of NCA'’s, the 2,5-thiazolidinediones
(N-thiocarboxyanhydrides, NTA'’s), in the peptide bond
formation has been suggested (225). NTA’s usually
give higher yields in the peptide synthesis. The
optimal pH for their reaction is lower, ie., 9-9.5.
Low pH usually favors the desired aminolysis of an
anhydride over hydrolysis. NTA of glycine does not
form the isocyanate which is characteristic of glycine
NCA; therefore, the chances of hydantoic acid forma-
tion as an undesirable side reaction are eliminated with
the use of the NTA of glycine. There is another interest-
ing difference between the NCA and the NTA of un-
protected histidine. While the NCA of histidine under-
goes intramolecular imidazole catalyzed isocyanate for-
mation, this reaction is relatively less favored in the
case of the NTA of histidine; therefore NTA of his-
tidine is more suitable for the incorporation of histidine
in histidyl peptides.

The tremendous scope of the NCA and NTA methods
in the synthesis of larger peptides was demonstrated
by a group of workers at Merck (226) when they applied
these approaches, in combination with the N-hydroxy-
succinimide and azide methods, toward the successful
synthesis of a protein (S-protein) composed of 104
amino acids. The fragment condensation approach was
used to attach 19 fragments. About 409 of the bonds

7

BOC—NH—CH—C—O0H +

DCC
—_—
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Scheme L
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in the peptide fragments were formed through the use
of NCA’s and NTA’s; the remainder with N-hydroxy-
succinimide active esters. The azide method was used
throughout for the condensation of fragments which
contained 6-17 amino acids. The acetamido methyl
group which is resistant to HF at 0° was used for the
protection of sulfhydryls of eight cysteines, and acid
labile BOC-protecting group was employed as a tem-
porary blocking group of the growing peptide chain.
All the protecting groups at the end of the synthesis
were removed by HF still leaving the cysteines protected
by the acetamido methyl group. After removal of sulf-
hydryl protections by mercuric acetate, the deprotected
tetrahectapeptide was oxidized at pH 6.5 in the presence
of mercaptoethanol to form four disulfide bridges.
The resulting S-protein combined with the S-peptide
to produce the enzyme activity.

Synthesis of Peptides with the Aid of Synthetic
Polysaccharide—Wieland (227, 228) has suggested the
use of cationic benzyl ester derivatives for stepwise
lengthening of the peptide chains from C-terminal
residues of amino acids. These derivatives are strongly
adsorbed on columns of sulfoethyl-(SE)-polysaccharide,
and can be purified by rinsing of the colored zones
with methanol. The azoesters of the peptide deriva-
tives can be easily removed at the end of the synthesis by
catalytic hydrogenation (Scheme L).

Synthesis of Polypeptides—Practically all the meth-
ods which are used for the stepwise synthesis of oligo-
peptides have been tried for the synthesis of poly-
peptides with an ordered sequence of amino acids.
High molecular-weight polypeptides with known
repeating sequences of amino acids, especially those
which are water-soluble and contain polyfunctional
amino acids, are of special interest. These polypeptides
would be expected to resemble proteins more closely
than those consisting of only difunctional amino acids.
Polymerization of the selected sequences of amino
acids in proteins can be of considerable help in the
conformational studies and also to explore possible
biological activities. The polymerization with the help
of active esters such as pentachlorophenyl esters (179)
has been quite useful and recently, in the author’s
laboratories, a number of sequential polypeptides in-
corporating histidine and serine at suitable distances
have been synthesized via pentachlorophenyl esters.
These polymers possess a definite pattern of activity
comparable to the proteolytic hydrolysis of chymo-
trypsin. Further studies with polypeptides incorporat-
ing amino acids around the active site of enzymes are
under progress and may provide interesting data for
the catalytic activity of certain enzymes.

Fox (229) has introduced a rather unconventional
but extremely interesting approach for the synthesis of
polymers by thermal condensation. In this type of
polymerization instead of “prespecified” sequences, the
polymers obtained are of “‘predetermined” sequences.
The thermal method of polymerization would lead to
the polymers in which reacted a-amino acids are
largely racemized. For the synthesis of thermal poly-
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mers, the best results are obtained when sufficient
proportions of aspartic acid, glutamic acid, or lysine
are heated to 170° for 6 hr. with 16 other amino acids
common to proteins. The molecular weights of these
polymers are in the range of 4000 to 10,000, Some pro-
portion of each of the amino acids common to protein
is found in the polymers synthesized by thermal con-
densation, and the term “octadecatonic anhydro-
polymers” has been suggested to designate these poly-
mers. It is of great interest that when six amino acids,
that is glutamic acid, glycine, arginine, histidine,
phenylalanine, and tryptophan which are considered
as a part of the center of the active site in melanocyte
stimulating hormone, were subjected to thermal poly-
merization, the resulting polymer exhibited MSH-
activity (230). This kind of study may provide a new
type of approach to identification of necessary or
sufficient amino acid residues in active sites of protein
hormones,

Cyclic Peptides—Most peptide antibiotics are cyclic
in character and in contrast to proteins, contain both
D and L amino acid residues. Certain amino acids
common to proteins, e.g., arginine, methionine, and
histidine, occur rarely in peptide antibiotics. The cyclic
peptide antibiotics include both homodetic and hetero-
detic structures. The synthesis of homodetic cyclic
peptides is, in principle, the same as that of linear
peptides. However, it is essential to work at the right
dilution to suppress polycondensation as much as
possible in favor of the formation of the intramolecular
peptide bond. An interesting phenomenon, “doubling
reaction,” was reported by Schwyzer (231). If a linear
cyclizable peptide with an odd number of amino acid
residues, e.g., a pentapeptide, is subjected to cyclization,
the corresponding cyclic pentapeptide is not obtained,
but rather, through dimerization, a cyclic decapeptide is
obtained. A detailed classification of different types of cy-
clic peptides and specific synthetic methods for their pre-
paration have been reviewed in detail during recent years
(29, 31, 32).

The Problem of Transpeptidation Reactions—Intra-
molecular chemical transpeptidation of peptides and
polypeptides with amino dicarboxylic acid residues has
been observed in two different cases: (a@) on peptides
and polypeptides containing aspartyl or glutamyl
residues in the peptide chains with free cw-carboxyl
group; (b) on peptides and polypeptides with esterified
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aspartyl and glutamyl residues under basic conditions.
The formation of glutarimide derivatives from N-pro-
tected <y-glutamyl dipeptides and subsequent ring
opening to yield a-peptides has been reviewed (179).
In the case of the transpeptidation reactions with
esterified glutamyl and aspartyl peptides, the imide
ring formation is a well established base catalyzed
reaction; and, to prevent this type of transpeptidation
reaction, tert-butyl esters, which can be removed by
acid treatment, provide a special advantage.

The formation of cyclic imide was observed as a
side reaction in the synthesis of peptides containing the
aspartyl-glycyl sequence when the 8-carboxyl group of
aspartic acid was esterified. The intermediates where
the S-carboxyl group of the aspartyl residue is in its
free unesterified form show no tendency to undergo
cyclization either in the acid or alkaline conditions.
This is perhaps due to the fact that alkoxy groups are
better leaving groups than hydroxyls, and are therefore
more easily displaced in the nucleophilic attack of the
glycine nitrogen (232) (Scheme L1).

Racemization—Synthesis of biologically active pep-
tides must proceed without affecting the configuration
about any of the asymmetric centers of the compo-
nents. A continuously increasing amount of attention
is being devoted to the problem of racemization, and
many laboratories are actively engaged in developing
new approaches which would limit the degree of
racemization during the synthesis of peptides. While
there are many instances where racemization has been
observed during the introduction or removal of pro-
tecting groups from amino acids or peptides, the most
critical aspect, which has received the maximum atten-
tion, is the possibility of racemization during the
peptide bond formation. Racemization may occur
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either because of the formation of oxazolone (azalac-
tone) intermediates or by the direct proton abstraction
from the asymmetric alpha carbon. A recent discussion
by Bodanszky and Ondetti (32) summarizes generally
accepted beliefs about the loss of optical purity during
the synthesis of peptides.

Mechanistic investigations of racemization began
when it was shown by Young (233) that the reaction
between benzoyl-L-leucine p-nitrophenyl ester and
glycine ethyl ester, in the presence of a tertiary base,
proceeds through the reversible formation, racemiza-
tion, and coupling of the oxazolone (Scheme LII).

Independent of the above work, Goodman (234)
reported the preparation of the optically active crys-
talline oxazolone from benzoyl-L-phenylalanine. On the
basis of equilibrium studies of this oxazolone with
various nucleophiles, it was concluded that during
the coupling process a small steady state concentration
of oxazolone can form which racemizes much faster
than its ring opens. The reason for the racemization-free
coupling of azide method may be attributed to the
inhibition of bond movements (essential for proper
conformation for oxazolone formation) due to the
attraction between the negative charge developing
on the amide oxygen and the positive charge on the
central nitrogen atom of the azide group (235) (Scheme
LVIII).

There is a clear dependence of oxazolone formation
in the presence of base; Kemp (236) recently
reported kinetic evidence which supports the presence
of equilibrated amide anions as reactive intermediates
leading to azalactone formation in the case of peptide
activated esters.

Goodman’s group (237) synthesized optically active
2-(1-benzyloxycarbonyl-amino- 1 /- methyl)ethyl - 4 - ben-
zyloxazolone from benzyloxycarbonylaminoisobutyl-L-
phenylalanine, and reported 2 number of interesting
observations about racemization and ring opening
reactions of this oxazolone with several amino acid
esters (Scheme LIV).

Racemization of oxazolones may follow pseudo-
first-order or second-order kinetics, depending on the
attacking amino ester and the nature of the solvent.
OneJof the most important factors which controls the
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racemization process is the nucleophilicity-basicity
ratio of the attacking nucleophile. Racemization rate
can be accelerated by the presence of chlorides or
phosphates which increase the ionic strength of the
solution and facilitate the charge separation necessary
for racemization. The coupling or ring-opening reaction
is always a second-order reaction which is governed by
the nucleophilicity of amino components in different
solvents. The rate at which a reagent opens an oxazolone
ring is a measure of the reagent’s nucleophilicity, and
the rate at which a reagent racemizes an oxazolone
is a measure of reagent’s basicity. Certain 1,2-dinucleo-
philes such as hydrazine which have high nucleo-
philicity-basicity ratio open the oxazolone ring without
racemization (Scheme LV),

Elegant studies carried out by Young (238) on base-
catalyzed racemization of various acyldipeptide p-
nitrophenyl esters have, in fact, established that race-
mization of many peptide activated species proceeds
through oxazolone during the coupling reaction (Scheme
LVI).

The degree of racemization of peptide product will
no doubt depend on the relative rates of each reaction.
For example, coupling of acylpeptides by means of
DCC can lead to racemization since this is an excellent
reagent for the preparation of oxazolones. In the
coupling reactions which proceed through oxazolone
formation, the chances of racemization can be limited
by the use of nonpolar solvents and by proper selection
of the tertiary base. When an oxazolone is formed from
the C-terminal residue of a peptide chain, the possi-
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bility of proton abstraction from the alpha carbon of
penultimate amino acid residue may lead to its partial
racemization, due to rearrangement of the oxazolone
(239) (Scheme LVII).

In the case of acetyl and benzoyl amino acids, oxazo-
lones are formed very readily. This, perhaps, is the
reason for the racemization in the case of benzoyl and
formyl-L-leucine p-nitrophenyl esters. The tendency
toward oxazolone formation decreases from benzoyl
to acetyl to formyl, and this is indeed paralleled by a
decrease in racemization during the coupling reactions.
The oxazolone formation, in the case of urethan-
protecting groups such as benzyloxycarbonyl-protected
amino acids, is not favored, and this may be due
to resonance stabilization due to the polariza-
tion of the carbonyl bond of benzyloxycarbonyl
amino acids. The phthalyl-protected amino acids which
do not undergo oxazolone formation also should be
safe from racemization. However, racemization in the
case of activated acyl amino acids such as benzyl-
oxycarbonyl esters of (-cyanoalanine, derivatives of
cysteine, and phthalyl-p-valine, which cannot form
oxazolones, has been recorded. The mechanism of this
type of racemization may be postulated mainly as a
result of excellent studies by Liberek (240). Racemiza-
tion in these cases most likely occurs by direct exchange
of hydrogen at the asymmetric center, particularly
when the activation is strong and when the acyl groups
and the side chains are powerfully electrophilic.

It has been observed that N-benzyloxycarbonyl-S-
benzyl cysteine esters racemize easily in the presence of
base. This racemization may proceed either by reso-
nance stabilization of the anion formed by a-hydrogen
abstraction or by reversible -elimination of the benzyl
thiol moiety. The racemization of N-benzyloxycarbonyl-
S-benzyl-L-cysteine-p-nitrophenyl ester was attributed
to base-catalyzed reversible @-elimination of good
leaving benzyl thiol group (241, 242). However, in a
recent study uwsing benzyl (35S) thiol, Kovacs et al.
were able to demonstrate that racemization in the case
of p-nitrophenyl, as well as of the pentachlorophenyl
esters of N-benzyloxycarbonyl-S-benzylcysteine, does
not follow the B-elimination readdition mechanism
(243).

On the basis of conformational studies of the amide
bond, it has been suggested that oxazolone formation
is possible only in the case of trans-conformation of the
amide, since in the case of cis amides, the distance of
oxygen atom of amide bond and carbon atom in car-
boxyl group is too far to facilitate the formation of
oxazolones (244),

Detection of Racemization—There are several
methods available for determining the optical purity
of a peptide once it has been synthesized. However,
these methods must be distinguished from different
approaches in which synthetic model peptides are used
to detect the degree of racemization during peptide
bond formation. These approaches are based on the
isolation of enantiomers by employing such techniques
as countercurrent distribution, fractional crystalliza-
tion and gas-liquid chromatography (GLC), paper and
thin-layer chromatography. Most frequently used model
peptides, in the fractional crystallization method, are

Young’s benzoyl-L-leucylglycine ethyl ester (245) and
Anderson’s benzyloxycarbonylglycyl-L-phenylalanylgly-
cine ethyl ester (246). The formation of p-alloiso-
leucine from L-isoleucine has been observed by many
authors, and the amounts of alloisoleucine and leucine
can be quantitatively determined. This affords a good
method to determine the extent of racemization during
coupling reaction (247). The GLC separation of dia-
stereoisomeric N-trifluoroacetyl dipeptide esters pro-
vides a good method for the detection of racemization
(248); however, it entails a two-step chemical modifica-
tion of the sample before analysis (replacement of N-
protecting groups such as benzyloxycarbonyl or tert-
butyloxycarbonyl by trifluoroacetyl residues). Halpern’s
findings that fert-butyloxycarbonyl amino acid amides
can also be separated by GLC (249), and the separa-
tion of trifluoroacetyl tripeptide esters by Weygand
by GLC (250) will provide further versatility to this
method. Recent work on the preparation of diketo-
piperazines and their steric analysis by different ana-
lytical methods (251) may be useful for the determina-
tion of degree of racemization, particularly of dipep-
tides which do not yield volatile trifluoroacetyl deriva-
tives suitable for gas chromatographic analysis.

A relatively new, though extremely promising ap-
proach, is the application of nuclear magnetic resonance
(NMR) spectroscopy for the detection of racemization
in peptides (252). A series of diastereoisomeric N-
acylalanylphenylalanine methyl esters and N-acyl-
phenylalanylalanine methyl esters have been shown to
possess different NMR spectra. The methyl doublet
signal in an L-L (or D-D) is at lower field than the
equivalent signal for the p-L (or L-D) analog. This is
most probably due to deshielding. The application
of this property has been extended in determining the
degree of racemization during the synthesis of a number
of peptides with different N-acyl-protecting groups.
The sensitivity of the NMR method was improved by
the use of 1*C-H satellite peak of predominant L-L isomer
as an internal standard (225).

In many cases, the biological activity of a natural
peptide depends, to a large extent, on its optical purity,
and the comparison of the biological activities of the
natural and synthetic compounds can be used as a
reasonable criteria for the optical purity of the synthetic
compound. However, the exactitude of biological testing
methods poses a serious limitation to this approach.
The comparison of optical rotations of synthetic and
natural peptides is useful to some extent for determining
the optical purity; however, in the compounds with
several asymmetric centers, identical values of optical
rotation do not necessarily imply optical homogeneity.
The most satisfactory method for the determination of
steric homogeneity is the enzymatic hydrolysis (253).
Renal amino peptidase can be used for total hydrolysis,
and the analysis of the hydrolysate can be performed
with L or D amino acid oxidase. The hydrolysis with
stereo specific enzymes such as leucine amino pep-
tidase, carboxyl peptidase A and B, trypsin, and chymo-
trypsin has been successfully used for the determina-
tion of optical purity. The complete disappearance of
the original peptide established by electrophoresis or
paper chromatography is evidence for the optical
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purity of the peptide bond for which the enzyme is
selective. Another method for the determination of the
optical purity of the synthetic peptides is the total
hydrolysis by acid; the comparison of the hydrolysate
with a control containing the expected amino acid
residues treated under the identical conditions, provides
a guideline for optical purity. A serious drawback of
the acid hydrolysis is that some free amino acids, when
exposed to acid, may behave differently from the same
moieties built in a peptide sequence.

CONCLUSION

A proper selection of protecting groups and coupling
methods is one of the most important tasks during the
synthesis of larger peptides. Both the classical and
relatively less conventional methods have their advan-
tages and disadvantages. It is hard to rationalize the
scope and usefulness of one particular method without
considering the utilities and refinements of many other
techniques which are so important to the successful
completion of the synthesis of peptides and poly-
peptides. The considerations must be given to the
control of racemization, the maximum yields during
coupling, and the product purification.

Wherever possible, the amino component should be
first liberated and then added to the activated com-
ponent. In addition to the proper selection of the
solvents, the choice of hindered amines, such as tri-
benzylamine or the amines with suitable basicity such as
N-methylmorpholine, further limit the degree of race-
mization in the reactions which require the use of a
tertiary amine. The use of bifunctional catalysts which
were developed by Beyerman is often helpful in acceler-
ating the aminolysis of active esters without accelerating
oxazolone formation,

The remarkable progress during the past few years
in the techniques used in peptide synthesis strongly
confirms that the aims which were once visualized for
peptide synthesis, are indeed attainable. This has been
demonstrated by the total synthesis of ribonuclease A.
Although the synthetic peptide was relatively less active
when compared with pure natural bovine pancreatic
ribonuclease A, the complete synthesis of a protein mole-
cule with true enzyme activity towards its natural sub-
strate must be considered as one of the landmarks in the
progress toward the continuous efforts for better under-
standing of biochemical processes. These present indica-
tions of the progress and refinement of the techniques
used in the synthesis of peptides hold excellent promise
for the future. The synthesis of larger quantities of bio-
logically active peptides for medicine and the synthesis
of intricate enzymes and complex proteins appear to be
only a few steps away.
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Intermolecular and Intramolecular Catalysis in Deamination

of Cytosine Nucleosides

ROBERT E. NOTARI, MARILYN LUE CHIN, and ALEX CARDONI

Abstract [ ] Therates of deamination of arabinosylcytosine (Ara-C),
cytidine (Cyd) and cytosine (C) are compared in the presence and
in the absence of catalytic buffers. Ratios of the rate constants in
the absence of intermolecular catalysis by buffers indicate intra-
molecular catalysis by the 2’-hydroxyl in Ara-C. For example, the
ratio of the deamination rate constants at pH 4.7, 70° is 53/1.4/1
for Ara-C/Cyd/C. In contrast to Cyd and C which show catalysis by
both the acidic and basic components of the buffers, Ara-C ex-
hibits only general-acid catalysis. These data suggest that intra-
molecular participation by the 2’-hydroxyl in Ara-C replaces the
general-base catalytic role which the buffers perform in the de-
amination of C and Cyd. Mechanisms for inter- and intramolecular
catalysis in the deamination of Ara-C, Cyd, and C are discussed.

Keyphrases [] Cytosine nucleosides—deamination [] Catalysis,
inter- and intramolecular—cytosine nucleosides [] Kinetics—cyto-
sine nucleosides deamination [] UV spectrophotometry—analysis

Cytosine (C), cytidine (Cyd) and 1-B-D-arabinosyl-
cytosine (Ara-C)! are known to undergo hydrolytic
deamination in aqueous buffered solutions to yield the
corresponding uracil derivatives as shown in Scheme I.

The authors have previously reported on the kinetics
of Ara-C deamination in phosphate buffers at several
temperatures in the presence and absence of sodium
bisnlfite (1). The major catalytic species in aqueous
phosphate buffers at 70°, pH 6-8, was shown to be
H,PO,~. Other workers have demonstrated that the
deamination of C and Cyd is subject to buffer catalysis
by carboxylate and pyridine buffers at pH < 6, 95°
(2, 3). The catalytic constants for the individual buffer
species could not be calculated from previous data for
C and Cyd (2, 3) and the catalytic constant for H,PO,~
was not reported (1).

In the authors’ initial publication the fact was empha-
sized that insufficient data was available to quantita-
tively compare the catalytic effects of buffers on the
deamination of Ara-C, Cyd, and C. The authors have
now demonstrated that the kinetics of deamination of
the arabinosyl nucleoside is dramatically different from
either the ribosyl nucleoside or cytosine itself and that C
and Cyd behave relatively similarly by comparison. This
report provides the first data allowing: () comparison
of the catalytic constants for several buffer components
in the deamination kinetics of C, Cyd, and Ara-C and
(b) a direct comparison of their deamination rates in the

1USAN approved name is cytarabine; common name is cytosine
arabinoside.
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absence of buffer catalysis under a variety of experi-
mental conditions. The results clearly indicate a signifi-
cant contribution due to intramolecular participation by
the 2’-hydroxyl in the hydrolytic deamination of Ara-C.
There is evidence that C and Cyd are subject to both
general-acid and general-base catalysis while general-
acid catalysis predominates in the case of Ara-C at 70
and 80°. Under certain conditions the apparent first-
order rate constants for Ara-C deamination are shown
to increase rapidly as a function of acetic acid concen-
tration and then become relatively constant and in-
dependent of the buffer concentration. This apparent
change in the rate determining step is not evident in the
buffer data for the deamination of C or Cyd under the
conditions of this report.

EXPERIMENTAL

Materials—Arabinosylcytosine and arabinosyluridine (Upjohn
Co., Kalamazoo, Mich.), and cytosine, uracil, cytidine, and uridine
(Mann Research Laboratories, New York, N. Y. and Nutritional
Biochemicals Co., Cleveland, Ohio) were used.

Analytical Methods—The wavelengths of maximum absorption
as a function of pH were determined using a Cary model 15 spectro-
photometer. Beer’s law plots for cytosine and uracil in 0.1 N HC1
were constructed using a Beckman DU spectrophotometer and the
absorptivities, a, were calculated to be 1.0 X 104 (275 mg), 5.9 X
10° (259 my) for C, and 3.8 X 10% (275 mu), 8.2 X 10% (259 my) for
U. Solution of the simultaneous equations for total absorption, 4,
from a mixture of C and U yields:

C = (1.37 Aps — 0.625 Asss) X 1071
U= (167 Assy — 0.990 Ay)s) X 104

(Eq. 1)
(Eq. 2)
The concentration of each component in mixtures containing C and
U werecalculated from the As7; and Ass0in 0.1 N HCl using Egs. 1and
2

A similar treatment for arabinosylcytosine and arabinosyluracil
results in Egs. 3and 4.

Ara-C = (0.927 Ao — 0.389 As) X 1074
Ara-U = (1.21 Ay — 0.546 Azso) X 10~4

(Eq. 3)
(Eq. 4

The concentration of Ara-C or Ara-U in a mixture was calculated
from Eq. 3 or 4 using the Ao and As0in 0.1 N HCl where the absorp-
tivities were determined as 1.3 X 104 (280 mp), 6.0 X 10° (260 mu)
for Ara-C, and 4.3 X 103 (280 mp), 1.0 X 104(260 my) for Ara-U.

The method of Loring and Ploeser (4) was employed in the anal-
ysis of cytidine and uridine mixtures.

Kinetics of Deamination—The kinetics of hydrolytic deamination
of C, Cyd, and Ara-C, were determined under pseudo first-order
conditions by maintaining constant pH and a sufficient excess of
buffer. The temperature and ionic strength were held constant
within each study. The pH was measured at the temperature of the
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kinetic run using a digital readout pH meter (Sargent model DR)
and combination electrode pH 7-14, 0-80° before and after the
reactions were carried out. All reactions were followed for one to
seven half-lives in the case of Cyd, for more than 40 % of the reaction
in the Case of C, and until complete loss of substrate in the case of
Ara-C. The concentrations of the reactants and products were
determined as described in the previous section. Details of the ex-
perimental conditions are given in Tables I, I, and I11,

RESULTS

Kinetics of Deamination—Good first-order plots were obtained
under all experimental conditions when graphed according to the
equation

In X =1In Xy — kgt (Eq. 5)
where X is the molar concentration of unreacted C, Cyd, or Ara-C
and X, is the corresponding initial concentration. The apparent
first-order rate constants, k;, calculated from the slopes of these
plots are listed in Tables 1, IT, and I11. The effect of buffer concentra-

Table I——Experimental Conditions and Apparent First-Order
Rate Constants for Deamination of 5.0 X 10—¢ M
Arabinosylcytosine

———Buffer Compn.——

[CHs~  [CHy- 103,
°C. Observed pH COOH] COONa] [NaCl] hr.~t
70 3.66 £0.05 3.60 0.36 0.00 53.8

0.50 0.050 0.31 51.2

0.30 0.030 0.33 49.1

0.10 0.010 0.35 43.4

0.05 0.005 0.36 38.8

4.71 +=0.07 0.36 0.36 0.00 25.9

0.10 0.10 0.26 17.7

0.050 0.050 0.31 15.3

0.005 0.005 0.35 10.4

5.66 + 0.08 0.035 0.35 0.01 3.24

0.020 0.20 0.16 2.79

0.010 0.10 0.26 2.29

0.005 0.05 0.31 1.84
80 3.66 +=0.05 3.50 0.35 0.00 154

0.50 0.050 0.30 107

0.30 0.030 0.32 103

0.10 0.010 0.34 93.4

4.720.05 0.32 0.32 0.00 49.7

0.090 0.090 0.23 30.6

0.045 0.045 0.27 25.2

0.005 0.005 0.31 19.0

5.66 + 0.08 0.035 0.35 0.00 7.15

0.020 0.20 0.15 5.52

0.010 0.10 0.25 4.60

0.005 0.05 0.30 3.95

tion on the apparent first-order rate constants is discussed in the
following sections.

General Acid-General Base Catalysis in Deamination of C and Cyd
—Plots of the apparent first-order rate constants, ki, versus total
buffer concentration were linear for both C and Cyd under the
conditions given in Tables II and II1. The apparent first-order rate
constants were shown to be defined by the equation:

ki = kualHA] + ka-[47) + ki (Eq. 6)
where HA is the acidic component and k; is the rate constant in the
absence of HA or A=, At any given pH a plot of k. versus [HA] will
be linear with intercept, k., and slope defined as S = (kwa + ka-
R) where R is the ratio [47]/[HA]. Thus a knowledge of S and R at
two or more pH values will allow calculation of both catalytic con-
stants. The calculation can also be done by a plot of &; versus [47]
where S = (kya R + k4-) and R = [HA]/[47]. Both of these methods
were applied to the data in Tables IT and IIT with consistent results.
The catalytic constants calculated in this way are listed in Table IV.
It is apparent that both the acidic and basic components of the
buffers are catalytic. The effects of a number of buffer systems on
the deamination of C have been established as part of another study
which will examine the possibility of a Bronsted correlation of the
catalytic constants for various buffers. In all cases general-acid and
general-base catalysis is indicated. As evidenced in Table IV neither
species appears to predominate as the catalyst,

The reaction mixtures were examined for material balance by
calculating the sum of the concentrations of C and U or Cyd and
Urd as a function of time. Under all conditions reported in Tables
II and III there was no indication of the presence of any reaction
product other than the U or Urd.

General-Acid Catalysis in Deamination of Ara-C—The method
described in the previous section was applied to data for the de-
amination of Ara-C in phosphate buffers at pH 6.15 and 6.90 (1) by

Table II—Experimental Conditions and Apparent First-Order
Rate Constants for Deamination of 5.0 X 10~4 M Cytidine

Buffer Compn.

[CH~  [CHj- 10%,,
°C. Observed pH COOH] COONa] [NaCl]  hr.!
70 4.714+0.04 0360  0.360  0.000 0.767

0.100  0.100  0.260 0.390

0.05  0.050  0.310 0.328

6.005  0.005  0.355 0.266
80 3.63+005 1.350  0.135  0.180 4.40

0.450  0.045 0270 3.12

0.270 0.027  0.288  2.93

0.000  0.009  0.306 2.41

4.72+0.04 0.315  0.315  0.000 1.80

0.090 0.090 0.225  0.992

0.045  0.045 0.270 0.817

0.0045 0.0045 0.311  0.646
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Table HII—Experimental Condittons and Apparent First-Order
Rate Constants for Deamination of 1.8 X 10~8 M Cytosine at 70°

Buffer Compn.

Observed [CH;~ [CHy- 104 &y,
pH COOH] COONa]  [NaClJe hr.~t
3.75 4+ 0.13 0.20 0.020 0.18 3.50
0.15 0.015 0.19 3.11
0.082 0.008 0.19 2.77
0.020 0.002 0.20 2.48
4.72 £ 0.02 0.20 0.20 0.00 3.59
0.15 0.15 0.05 3.16
0.082 0.082 0.12 2.54
0.020 0.020 0.18 2.07
5.64 + 0.02 0.020 0.20 0.00 1.29
0.015 0.15 0.05 1.12
0.0082 0.082 0.12 0.865
[NaH:;PO;
H,0] [Na.HPO,] [NaClp
5.76 = 0.03 0.20 0.020 0.00 1.94
0.10 0.010 0.065 1.48
0.05 0.003 0.13 1.18
6.70 = 0.03 0.060 0.060 0.02 1.29
0.040 0.040 0.10 1.10
0.020 0.020 0.18 0.949
7.69 = 0.04 0.0060 0.060 0.074 0.875
0.0040 0.040 0.14 0.795
0.0020 0.020 0.20 0.723

@ lonic strength adjusted with NaCl to 0.020. *Ionic strength ad-
justed with NaCl to 0.26.

determining the slopes of the plots ki rersus [HPO,™]. Solving the
simultaneous equations for the catalytic constants yields a value of
2.0 X 1072 (L./mole/hr.) for kgm.ro,- and a negligible value for
kuros~ (estimated to be 3 X 10~41./mole/hr.).

Catalysis in the presence of the acetic acid-acetate buffer system
did not exhibit the usual linear dependency of rate constant on
buffer concentration. Plots of &, versus total buffer concentration
(or the concentration of either component) showed negative devia-
tion from linearity. Typical examples are presented in Figs. 1 and 2.
Figure 2 also shows a plot for the deamination of Cyd to allow a
direct comparison.

The plot &, versus CHsCOONa at pH 3.7 shows the greatest
degree of deviation of all cases reported in this paper. This plot
shows essentially two regions. In the region of low buffer concentra-
tion there exists a sharp increase in k; with increasing concentration
of buffer. Examination of Fig. 1 will reveal that this increase can be
attributed to CH;COOH rather than [CH;COO™] since the most
significant buffer catalysis is seen to occur at pH 3.7 where there is
primarily CH;COOH (see Table I). As the pH is increased to 4.7
and 5.7 the slopes of the plots can be seen to decrease. Indeed the
nearly linear plot of k; versus CH;COONa at pH 5.7 represents the
case where the buffer is composed primarily of the acetate with
relatively little acetic acid present. This plot shows an increase in k,;
of only 1.4 X 107% (hr.~!) when total buffer concentration is in-
creased from 0.053 to 0.39 M. The plot at pH 3.7 shows an increase
of more than 10 X 103 (hr.~!) over the same range. If one assumes
that all of the increase in k, at pH 5.7 is due to the acetate the max-
imum catalytic constant for CH;COO~ would be 1.4 X 10-3/0.3 or
4.7 X 1073 (1./mole/hr.). (See Table I for sodium acetate and acetic
acid concentrations.) This would allow calculation of the acetic
acid catalytic constant at pH 3.7 from the initial slope of k; versus
CH;COOH which is 94 X 102 (Fig. 2) yielding a value of kcmycoon
= 93 X 1073 (I./mole/hr.). Thus the maximum possible contribution

Table IV—Catalytic Constants for Acetate and Phosphate
Buffers in Deamination of Arabinosylcytosine,
Cytidine, and Cytosine

——————10% k, ./mole/hr ——————
°C. Substrate HAc Ac~ H,PO HPOs~
70 C 5.43 2.9 4.75 3.45

Ara-C ~930 ~0 200 ~3
80 Cyd 11.5 26.3 — —
Ara-C ~1500 ~0 — —
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Figure 1—Adpparent first-order rate constants for deamination of
Ara-C at 70° in acetate buffers at pH 3.7, ®; 4.7, O; and 5.7,
A; versus sodium acetate concentration.

due to the acetate component of the buffer at 70° is negligible in
comparison to that of acetic acid.

Since the plots in Figs. 1 and 2 show decreasing buffer
dependency with increasing buffer concentration, a more accurate
assessment of the catalytic constants can be performed using the
initial slopes. The initial slopes of ki versus CH;COOH were ob-
tained at pH 3.7 and 4.7 by regraphing the data in Fig. 2 on an
expanded scale. Applying the technique discussed in the previous
section results in the following:

0.094 = kya + 0.1 ka-
0.103 = kya + ka-

(Eq. D
(Eq. 8)

Solving for the constants yields kg4 = 9.3 X 10~ 2and k4-=1 X 1072
(1./mole/hr.). However, the initial slope of k; versus CH;COONa at
pH 5.7 is 0.0090 which would indicate a negative value for acetate
since S = ka- -+ 0.1 kg at this pH. If it is assumed that k4~ is
actually zero and that the small positive value calculated from Egs. 7
and 8 is due to the approximation in determining the initial slopes,
the catalytic constant kx4 = 0.093 can be used to calculate the in-
itial &, values at pH 5.7 according to Eq. 6 where k; is 1.39 X 1072
(hr.7?). The calculated values for 103 k; (hr.”%) are 2.32 at 0.01
M CH;COOH and 1.84 at 0.005 M CH,;COOH which agree with
the experimental values 2.29 and 1.84. Since the most pronounced
acetate effect would be exhibited at pH 5.7 it is evident that its
catalytic constant is negligible as compared to that for acetic acid.

The same generalities can be made for the acetic acid-acetate buffer
at 80°. The slope of k; versus [CH;COO~] at pH 5.7 was again mini-
mal in comparison to that of pH 4.7 and 3.7. Attempts to calculate
the catalytic constants from the initial slopes using Eq. 6 resulted only
in approximate values for kpa (15 X 1072 l./mole/hr.) and k4-
(0.1 X 1072 1L/mole/hr.). However, the data are unambiguous in
exhibiting the predominance of acetic acid as the catalytic species.

It is apparent that acetic acid is also responsible for the negative
deviation in the k; versus buffer concentration plot since this is most
pronounced at pH 3.7. When the acetic acid is increased from 0.05 to
0.10 there is a corresponding increase in &; of 4.6 X 1073 for a slope
value, S; = 92 X 1073, However, when the concentration is in-
creased from 0.5 to 3.6 M there is an increase of only 2.6 X 10~3in
ki for a value of S; = 0.8 X 1073, Thus the ratio Si/S» is 115/1. The
rate constant, ki, has become relatively independent of buffer
concentration in the region of 0.5 to 3.6 M acetic acid, pH 3.7, 70°.
This type of plot is evidence for a change in the rate determining
step of the reaction (5). In the buffer region up to 0.5 M acetic acid
the reaction was significantly catalyzed by acetic acid. At concentra-
tions greater than 0.5 M, acetic acid has supplied sufficient catalysis



to result in a new rate determining step which is apparently in-
dependent of buffer.

The deamination of Ara-C differs from that of C and Cyd in one
other aspect. Under certain experimental conditions, particularly in
dilute carboxylate buffers at pH 2-4, 60-80°, material balance data
provide evidence for the formation of an intermediate in the deam-
ination of Ara-C to Ara-U. By proper control of conditions we can
demonstrate formation of as much as 40 % of the intermediate which
subsequently reacts to form Ara-U. The isolation and identification
of this intermediate is currently in progress and will be the subject of
a future report.

The presence of the intermediate does not affect the validity of
the rate constants reported in the present paper. It has been shown
that rate constants determined from Ara-C concentration are the
same as those calculated directly from the UV absorption data. In
addition, the intermediate shows no effect on the spectra of the reac-
tion mixtures from 250-300 mu and would not therefore be ex-
pected to interfere with the spectrophotometric assays.

DISCUSSION

Intramolecular Participation in the Hydrolytic Deamination of
Ara-C—The rate constants for deamination of Ara-C, Cyd, and C
in the absence of buffer at a variety of pH values, 70 and 80°, are
given in Table V. The data at 70° show a slight rate enhancement
when the ribosyl nucleoside, Cyd, is compared to cytosine alone, C.
The ratio of the rate constants is 2.2/1 at pH 4.0 and 1.4/1 at pH 4.7.
This increase in deamination rate may be due to participation by
the 5’-hydroxyl to form the 6,5’-anhydro cyclonucleoside inter-
mediate, I. The formation of similar 6,5'-cyclic intermediates has

NH,
HN
0
07N
\CH._,
OH O
0
I

been proposed in the 5-H exchange of ribofuranosyl nucleosides in
MeONa-MeOD (6). In the present case, however, this increase in
deamination rate, which may be attributed to the ribosyl 5’-hydroxyl,
is insignificant in comparison to the rate increase of the arabinosyl
nucleoside which is 142 times faster than C at pH 3.7. At pH 4.7 the
ratio of Ara-C/Cyd/Cis 53/1.4/1. (Other ratios are listed in Table V.)
It isobvious from these data that the configuration of the 2’-hydroxyl
in Ara-C(Scheme I) is responsible for a 30- to 40- fold rate increase as
compared to the deamination of Cyd where the 2’-hydroxyl is frans
to the pyrimidine base. It should also be mentioned here that Fig. 2
illustrates why the uncatalyzed rate constants rather than those in
buffer solutions must be compared for a true indication of the degree
of intramolecular catalysis. As the buffer concentration is increased
the ratio of reactivity of Ara-C to Cyd or C would be found to first
increase and then decrease. Figure 1 shows the most dramatic
example of this fact in that Ara-C deamination becomes practically

Table V—Comparison of First-Order Rate Constants for
Hydrolytic Deamination of Arabinosylcytosine, Cytidine,
and Cytosine in Absence of Buffer®

———104 k, hr."? — Ratio
°C. pH Ara-C Cyd C Ara-C/Cyd/C
70 3.7 340 — 2.4 142/-/1

4.0 260° 6.4 2.9¢ 90/2.2/1
4.7 100 2.6 1.9 53/1.4/1
5.7 14 — 1 14/-/1
80 3.7 900 24 — 40/1
4.7 180 6.4 — 28/1
5.7 35 — — —

o Determined from intercepts of plots of ki versus buffer concentra-
tion. See Tables I, II, and IIT for experimental details. & Estimated
from plot of k; versus pH where k, is intercept of k, versus buffer con-
centration for data in Table I, ¢ Taken from Reference 9.
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Figure 2—Apparent first-order rate constants at 70° for deamination
of Ara-C in acetate buffers at pH 3.7, ® and 4.7, O (10%k; in hr.™%)
and Cyd at pH 4.7, A (10%k, in hr.~Y) versus acetic acid concentration.

independent of buffer at concentrations above 0.5 M acetic acid.
Since the rate constants in Table V do not reflect the differences in
intermolecular catalysis by buffer, it is apparent that the 2’-hydroxyl
in the arabinosyl nucleoside is capable of intramolecular catalysis
while the 2’-hydroxyl in cytidine does not exhibit effective intra-
molecular participation.

Buffer Catalysis of Ara-C, Cyd, and C Deamination—Table IV
summarizes the values of the catalytic constants in the acetic acid-
acetate and phosphate buffer systems. It is readily apparent that
catalysis of the deamination of Cyd and C differs from that of Ara-C
in both magnitude and type. Cyd and C are catalyzed by both the
acidic and basic components of the buffers. Thus general-acid and
general-base catalysis are evident.

The catalytic constants for deamination of Ara-C were calculated
only in dilute buffer solutions in the case of the acetic acid-acetate
system because of the decreasing effect of buffer at higher concentra-
tions (Fig. 1). It is obvious that Ara-C is subject primarily to general-
acid catalysis under the conditions of this study. Furthermore, the
catalytic constants for acetic acid and H.PO,~ are significantly larger
than those for the corresponding constants in C or Cyd deamination
(Table IV).

In a preliminary communication we have discussed two possibil-
ities for participation by the 2’-hydroxyl (7). One case is that of
intramolecular general-acid catalysis and the other that of general-
base (Scheme II).

general base

general acid

Scheme 11

Consideration of the buffer data suggests that the general base
mechanism is the more likely of the two. This is evident from the
fact that Ara-C deamination exhibits buffer catalysis primarily by
general acids whereas C and Cyd are susceptible to catalysis by both
acidic and basic buffer components. Thus the Ara-C appears to be
supplying its own basic catalyst and to require only the general-
acid catalyst to undergo relatively rapid deamination.
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Intramolecular catalysis by nucleophilic attack of the 2’-oxygen
on C-6 would lead to the formation of the 2’,6-cyclic intermediate,
11, shown in Scheme IIL. This mechanism is basically similar to that
previously proposed for Cyd (2) and Ara-C (1) except that the ara-
binosyl 2’-hydroxyl now serves as the general base.

The formation of 2’ ,6-cyclonucleosides has also been implicated in
the 5-H exchange reactions of Ara-U and 5’-deoxy Ara-U in Me-
ONa-MeOD (6) and Ara-U and Ara-C in aqueous acid-base (8).
This mechanism accounts for the increased deamination rates of
Ara-C over Cyd and C in the absence of buffer since only H;O™ is
required for the reaction to proceed.

Scheme I1I is also consistent with the observed behavior of the
first-order rate constants for Ara-C deamination, k;, as a function of
acetic acid concentration at pH 3.7, 70° (Figs. 1 and 2). The depen-
dency of &; on acetic acid at low buffer concentrations can be ex-
plained on the basis of reversible proton addition to the C-5 of IT
as shown in the scheme. The maximum concentration of II would
thus be a function of the rate of ring formation and the relative rate
of proton addition to the cyclic intermediate. Thus at low buffer
concentrations and sufficient H-ion to catalyze the 2’-hydroxyl
attack, one would expect to accumulate 1L This is in agreement with
the authors’ observation that Ara-C deamination involves formation
of an intermediate under such conditions (see Experimental). In-
creasing the concentration of acetic acid would result in a more rapid
loss of IT which would approach a steady state in high buffer con-
centrations. The observed deamination rate constant in more con-
centrated buffer (0.5 to 3.6 M acetic acid) appears to approach a
constant value which would represent the rate constant for the for-
mation of II under steady state conditions at pH 3.7. This would be
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expected to be a constant at a given pH since it represents a process
which is first-order in Ara-C protonated at N-3.

Scheme III is therefore consistent with the current data for inter-
and intramolecular catalysis in Ara-C deamination. The deamina-
tion of C and Cyd presumably proceeds through a similar mech-
anism with the intermolecular general-acid and general-base cataly-
sis being supplied by buffers. It is possible that the 5’-hydroxyl in
Cyd participates to some extent as discussed earlier under the forma-
tion of 1. This effect is minimal as compared to the 2'-hydroxyl in
Ara-C under the present experimental conditions.

SUMMARY

1. At pH 3.7-4.7 70-80°, in the absence of buffers arabinosyl~
cytosine undergoes hydrolytic deamination 30 to 40 times faster than
cytidine which deaminates slightly faster than cytosine. This rate
enhancement is attributed to intramolecular participation by the
2’-hydroxyl in the arabinosyl nucleoside.

2. First-order deamination rate constants, ki, for cytidine and
cytosine showed a linear dependency on buffer concentration.
Catalytic constants could be calculated from slopes of appropriate
plots in the usual fashion. Both compounds were susceptible to
general-acid and general-base catalysis by the buffer components.

3. Deamination rate constants for arabinosylcytosine did not show
the usual linear dependency on acetic acid-acetate buffer concentra-
tion. Curves were obtained with negative deviation from linearity.
In the most extreme case studied, a region where &, is nearly in-
dependent of buffer concentration is reported.

4. Catalytic constants were estimated from the initial slopes of k;
versus acetic acid concentration in the arabinosyl case. Although the
values for the catalytic constants are estimates it is unequivocal
that general-acid catalysis predominates in Ara-C deamination.
General-acid catalysis was also shown in phosphate buffer which
showed no curvature.

5. Tt is hypothesized that Ara-C is subject to general-base type of
intramolecular catalysis by the 2’-hydroxyl group. Thus only
intermolecular general-acid catalysis is observed whereas both
general-acid and general-base catalysis are required in the deamina-
tion of cytosine and cytidine,
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Dynamic Dialysis as a Method for Studying Protein Binding I: Factors
Affecting the Kinetics of Dialysis Through a Cellophane Membrane

MARVIN C. MEYER* and DAVID E. GUTTMANY

Abstract [] A potentially useful method for determining the extent
to which binding occurs in a protein-small molecule system consists
of studying the kinetics of dialysis of the small molecule in the
absence and presence of protein. The kinetics of dialysis of a
number of compounds, in the absence of protein, was studied in
some detail in order to characterize the nature of the dialytic
process and its dependency on experimental variables. It was shown
that the rate of escape of the small molecule from a dialysis cell was
a first-order process provided that sink conditions were maintained.
The influence of such variables as cell size, solution volume, stir-
ring rates, temperature, pH, ionic strength, and viscosity on the
rate process was considered and investigated. It was found that
stirring rate (above a minimum), ionic strength, and viscosity did
not markedly affect the kinetic picture. Temperatore, pH (for
one compound), the size of the cell, and the volume of solution con-
tained by the cell did affect the rate of escape. Binding by the
cellophane membrane was not encountered as a problem with the
compounds studied. Experimental variables could be readily con-
trolled to yield reproducible and dependable results.

Keyphrases [ ] Dialysis, dynamic—protein binding [} Protein bind-
ing determination—cellophane membrane, dialysis [] Permeation
half-lives, apparent—small molecules [] Temperature, stirring,
pH-buffer concentration effect——dialysis rate [] Viscosity effect—
dialytic rate [] Ultrafiltration—phenol red-methylcellulose inter-
action determination [_] UV spectrophotometry—analysis

A previous report (1) described a potentially useful
method for studying protein-small molecule interac-
tions. The technique consisted of determining, as a
function of time, the escape of the small molecule from
a dialysis cell, in the presence and absence of protein.
The report indicated the promise of this approach for
the rapid and convenient determination of fundamental
binding parameters.

The present communication describes studies which
were conducted to evaluate the influences of experi-
mental variables which might be encountered in
utilizing this technique. The effect of temperature, pH,
viscosity, stirring rate, membrane area, liquid volume
of the system, and binding of the small molecule by
the dialysis membrane were considered.

EXPERIMENTAL

Materials—Bovine serum albumin (BSA), Fraction V (Calbio-
chem Laboratories) was used in this study. The 8-nitrotheophyiline
was synthesized according to the procedure reported by Morozo-
wich (2). Other xanthine derivatives, phenol red, and methyl orange
were obtained from commercial sources. Regenerated cellulose
dialysis tubing [Union Carbide No. 20, 2.50 cm. (0.984 in.) flat
width, with an average pore size of 24 A] was conditioned prior
to use by rapidly running distilled water through the tubing for
several hours, with the tubing immersed in distilled water. The
tubing was stored in distilled water at 2°.

Dynamic Dialysis Studies—The experimental system, the general
protocol, and the treatment of data were described previously(1).
Generally the systems were prepared to contain 7 ml. of a solution
of small molecule in 0.04 M, pH 7.3, phosphate buffer, inside a 7-
cm. long sac prepared from the dialysis tubing. The sac was im-

mersed in 200 ml. of 0.04 M, pH 7.3, phosphate buffer contained
in a water-jacketed beaker, in the manner previously described (1).
The systems were maintained at 25 &= 0.2°. The contents of the
sac were stirred with a twisted glass rod rotated at 125 r.p.m. Stir-
ring of the external solution was achieved with a magnetic stirring
bar. At time intervals, 100 ml. of the external solution was removed
and immediately replaced with 100 ml. of fresh buffer, The con-
centration of small molecule in the removed sample was deter-
mined spectrophotometrically and the concentration of small
molecule in the protein compartment was calculated from a knowl-
edge of the initial concentration and the total amount of small
molecule which had appeared in the external solution. During
the investigation of a particular experimental variable, the remain-
ing variables were held constant, as described in the conditions for
the general system. Whenever possible, the order of experiments
concerned with a particular variable, was selected to evaluate any
progressive or irreversible effect.

The influence of temperature on the rate of dialysis of phenol
red was studied at 25, 10, and 40 == 0.2°, in that order. Excellent
temperature stability was attained through the use of the water-
jacketed beakers in combination with a constant-temperature water
bath and circulator.

In order to test the effect of stirring the system, the dialysis of
phenol red was followed under four different conditions of stirring.
The same dialysis sac was used for the four experiments. At the
termination of each run the dialysis sac was thoroughly rinsed with
distilled water. In the initial study, a dialysis sac containing the dye
was suspended in the external buffer solution. The twisted glass
rod used to agitate the sac contents, and the magnetic stir bar
used to stir the external buffer bathing solution, were in place, but
motionless. In a second study, only the magnetic stir bar was ro-
tated. The third and fourth studies had external stirring via the
magnetic stir bar, and internal stirring at either 125 or 500 r.p.m,
The internal rate of stirring was controlled with a Servodyne rota-
tor.

The influence of viscosity on the rate of dialysis was studied
using methylcellulose (Fisher-100 cps.) as the viscosity inducing
agent. Phenol red solutions were prepared at pH 7.3, to contain 0,
0.032 or 0.064% methylcellulose. The relative viscosities of the
various phenol red-methylcellulose solutions or phenol red-BSA
solutions, at pH 7.3 and 25°, were determined using a Gilmont
falling-ball viscometer.

The effect of pH on dialytic rate was evaluated over a pH range
of 3-11 for 8-nitrotheophylline, caffeine, 8-chlorotheophylline, and
phenol red, in 0.06 M phosphate buffer. In addition, the dialysis
of 8-chlorotheophylline was studied at pH 3 in 0.006 M phosphate
buffer. The same dialysis sac was used for each experimental series
involving a given small molecule, The pH of each system was main-
tained by preparing the internal and external solutions at the same
pH and buffer concentration. The pH values were measured before
and after each dialysis run and no variation in pH was noted during
the course of an experiment.

The influence of the size of the dialysis sac, i.e., the membrane
area exposed to the external buffer solution, and the influence of the
volume of the solution both inside the sac and external to the sac,
were studied in a series of experiments conducted with phenol red in
0.04 M, pH 7.3, phosphate buffer, at 25°. First, three control runs
were made in which 7 ml. of phenol red solution was placed into
each of three, 7-cm. long, dialysis sacs. The sacs were placed into
200 ml. of pH 7.3 phosphate buffer in the usual manner. The loss of
phenol red from each of these sacs was followed through about three
half-lives. For the second portion of this study the sacs were rinsed
and 6, 5, or 4 ml. of dye solution, of the same concentration as the
initial control run, was placed into the three sacs and dialyzed.
The third experimental series involved rinsing the sacs from the pre-
vious study, placing 7 ml. of phenol red solution into two of the
sacs, and placing the two sacs into 350 or 500 ml. of pH 7.3 buffer
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Table I—Summary of Apparent Permeation Half-Lives for
Various Small Molecules

Table II—Summary of Viscosity Determinations for Various BSA
and Methylcellulose Solutions

Apparent
Permeation
Half-Life, No. of
Compound Mol. Wt min.@ Trials
Trypan blue 960.83 No diffusion 2)
after 2 hr.
Phenol red 354.37 77.1 = 5.6 9
Methyl orange 327.34 51.0+ 4.0 (5)
Warfarin 308.32 67.5+6.9 &)
8-Nitro-
theophylline 225.17 33.2+2.7 (15)
8-Chloro-
theophylline 214.62 38.2£2.1 (6)
Caffeine 194.19 31.9 £ 3.1 (15)
Salicylic
acid 138.13 24.0 (§)

@ Values reported are average values =1 SD,

solution. The loss of phenol red was again followed. The fourth
experimental series was conducted to ensure that the sacs had not
suffered any damage or alteration in dialytic characteristics during
the course of the first three studies. This study involved repeating
the control runs in which 7 ml. of phenol red solution was placed
into the dialysis sacs and the sacs were immersed in 200 ml. of
buffer. Finally, a portion of each sac was cut off so that instead of
each being 7 cm. long they were reduced to 6, 5, or 4 cm. The sacs
were then placed into the three jacketed beakers containing 200 ml.
of pH 7.3 buffer. A sufficient volume of the phenol red solution was
added to the sacs to equalize the internal and external liquid levels.
The final volumes inside the sacs were 5.7, 3.6, and 2.1 ml., re-
spectively, for the 6-, 5-, and 4-cm. sacs. In addition to these studies,
a system was also run in which the level of the liquid inside the sac
exceeded the external liquid level. For this system 10 ml. of the
phenol red solution was placed into a 10-cm. long dialysis sac and
the sac was immersed in 425 ml. of buffer, The height of the internal
liquid extended about 1.5 c¢m. above the height of the external
liquid level. Data from this system were compared with data ob-
tained with the same sac containing only 7 ml. of phenol red solu-
tion. In the latter system the internal and external liquid levels were
the same. A final study determined the effect of variation in internal
liquid volume under conditions of a progressively decreasing in-
ternal volume during the course of the dialysis. Initially 10 ml. of
0.44 mg./ml. phenol red-buffer solution, at pH 7.3, was placed into
a 9-cm. long dialysis sac, and the sac was placed into 500 ml. of

Dt, mg./ml.

TIME, hr,

Figure 1—The influence of temperature on the apparent first-order
escape of phenol red from the dialysis cell, at pH 7.3.
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Literature (8)

Methylcellulose, Relative Rel. Viscosity
% BSA, % Viscosity® for BSA?
0.0 0.0 1.000 —_
— 1.52 1.090 1.06
0.032 — 1.127 —
— 3.07 1.170 1.13
0.064 5.18 1.290 1.23

e BSA and/or methylcellulose solutions in pH 7.3 phosphate buffer
at 25°. % BSA in pH 6.9 phosphate buffer at 25°,

pH 7.3 buffer. The dialysis was allowed to proceed with sampling of
the external solution as usual. After approximately 2 hr., 2 ml. of

- the internal solution was withdrawn without replacement. Sam-

pling of the external solution proceeded for an additional 2 hr., at
which time 2 ml. was again withdrawn from the internal solution.
After an additional 2 hr. the sac was removed and washed with
distilled water. Ten milliliters of a 0.28 mg./ml. phenol red solution
was then placed into the sac, the sac was immersed in 500 ml. of
fresh buffer, and the rate of phenol red dialysis was again deter-
mined for the 10-ml. internal volume system. Thus in these studies
the internal volume was decreased from 10 to 8 to 6 ml. and then
restored to 10 ml.

The influence of the volume of solution in the sac on the rate
of dialysis of 8-chlorotheophylline was also studied. The investiga-
tion was conducted by initially placing 10 ml. of 8-chlorotheophyl-
line in pH 11.0 buffer solution into a 9-cm. sac, and suspending the
sac in 500 ml. of pH 11.0 buffer. After the dialysis had been followed
for a period of 1-1.5 hr., 4 ml. of the 8-chlorotheophylline solution
inside the sac was withdrawn without replacement. The dialysis
was allowed to proceed for an additional period of time. Thus the
positioning of the membrane remained undisturbed throughout the
course of the dialysis. This procedure was repeated at pH 3.0 using
the same membrane.

The potential effect of membrane binding of the small molecule
on the dialytic rate was illustrated by simulating strong membrane
binding using activated charcoal (Merck, NF Powder). In these
studies the dialysis of methyl orange in pH 7.3, 0.04 M, phosphate
buffer, at 25°, was followed in the presence of 7.45 mg. of charcoal
and in the absence of charcoal. The same dialysis sac was used for
both experiments.

Ultrafiltration Studies—Ultrafiltration was employed to measure
the interaction between phenol red and methylcellulose. Phenol
red solutions were prepared, in pH 7.3, 0.04 M, phosphate buffer,
to contain from 0.0-0.09 %, methylcellulose. Ten milliliters of each

0.20
0.0}
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)
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0.02 1 1 1
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TIME, hr.

Figure 2—The influence of stirring on the apparent first-order escape
of phenol red from the dialysis cell, ar 25°. A, no stirring; O, ex-
ternal stirring only; O, internal stirring at 125 rp.m.; @, internal
stirring at 500 r.p.m.
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Figure 3—The effect of viscosity on the apparent first-order escape
of phenol red in the presence and absence of methylcellulose at pH
7.3 and 25°. Key: A, 0% methylcellulose; O, 0.032%;, methyl-
cellulose; O, 0.064 7, methylcellulose.

solution was placed into 12.5-cm. long, double-walled dialysis
sacs. The sacs were prepared by partially everting a 25-cm. segment
of hydrated cellulose dialysis tubing. The sacs were secured in glass
stoppered centrifuge tubes by means of the excess tubing extending
out of the mouth of the centrifuge tube. The tubes were centrifuged
at 2000 r.p.m. for about 5 min. The filtrate, approximately 0.2 ml.,
was discarded to minimize error due to moisture initially associated
with the membrane. The centrifugation was then continued for
approximately 25 min. to collect an additional 0.5 ml. The filtrate
and solution inside the sac were analyzed spectrophotometrically to
obtain the free and total dye concentration, respectively. There was
no evidence of leakage of the methylcellulose from the sac, as de-
termined by the colorimetric test of Kanzaki and Berger (3), or of
significant membrane binding of the phenol red.

Analytical Methods—The compounds studied were assayed
spectrophotometrically with a spectrophotometer (Beckman DU)
equipped with a power source and digital, absorbance read-out
(Gilford). Concentrations were determined from Beer’s law plots
prepared at appropriate wavelengths and pH’s.

RESULTS AND DISCUSSION

There are at least three mechanisms which have been suggested
to explain the selective permeability of dialysis membranes (4).

Eoaof-
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0.5 1.0 1.5 2.0
TIME, hr,

Figure 4—The effect of pH on the apparent first-order escape of 8-
nitrotheophylline at 25°. Key: 0, pH 3.0, O, pH 7.0; A, pH 11.0.
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Figure 5—The effect of pH and buffer strength on the apparent first-
order escape of 8-chlorotheophylline at 25°. Key: O, pH 3.0, 0.06 M
buffer; A, pH 3.0, 0.006 M buffer; T, pH 11.0,0.06 M buffer.

Cellophane membranes are generally thought to function on the
basis of diffusion through pores (5), rather than by dissolution in
the membranes, or some other mechanism.

Table I indicates the relationships observed between molecular
weight and the apparent permeation half-lives for the dialysis of a
variety of small molecules, as determined in the system employed at
25°, The permeation half-life is defined as the time required for the
total small molecule concentration within the dialysis sac to
decrease by 50%. The half-lives were determined from studies
conducted at pH 7.0-7.3, with the exception of studies involving
the xanthines. The dialytic rates of the xanthines studied were
determined, in separate experiments, to be independent of pH.
As a result, average half-lives for these compounds include data for
studies conducted over a pH range of 3-11.

The data in Table I show that the bulky, high molecular weight
compounds diffuse through the membrane with the most difficulty,
and the smaller, lower molecular weight xanthines diffuse more
rapidly, and at similar rates. Some of the data in Table I conformed
quite well to the direct relationship between the permeability of
small molecules through membrane pores and the square root of
the molecular weight, as suggested by Danielli (6). Trypan blue,
phenol red, and warfarin, however, permeated the membrane at
rates which were considerably slower than would be predicted on
this basis. These relatively bulky compounds illustrate theJin-

0.50}=

0.10

0.05 1 1 |
0.5 1.5 2.5
TIME, hr.

Figure 6—The effect of pH on the apparent first-order escape of
phenol red at 25°,
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Figure 7—Effect of liquid volume and membrane area on the apparent
permeability constant for the dialysis of phenol red ar pH 7.3 and
25°,

fluence of molecular volume on membrane permeability, which has
also been discussed by Danielli (6).

Osmotic Effect of the Protein—It was not anticipated that there
would be any dilution of the contents of the dialysis sac due to the
presence of protein because the proiein concentrations were at least
100 times less than the buffer concentration of 0.04 M which was
present both inside the dialysis sac and external to it. The lack of
dilution was verified by determining that solutions of 1.7% BSA
prepared in pH 7.3, 0.04 M, phosphate buffer, and placed into
dialysis sacs, showed no change in BSA concentration after several
hours, when the sacs were placed into the external buffer bathing
solution,

The Effect of Temperature on Rate of Dialysis—Figure 1 illustrates
the effect of temperature on the rate of dialysis of phenol red, at
pH 7.3. The apparent half-life for escape of phenol red from the
dialysis cell was calculated to be 122.4, 67.8, and 48.6 min. for
the 10, 25, and 40° systems, respectively. The data were further
treated utilizing the Arrhenius expression, and the energy of activa-
tion for the dialysis of phenol red through the cellophane membrane
was graphically determined to be 5.5 kcal./mole/deg. The results of
these studies clearly indicate the importance of adequate tempera-
ture control, in order to preclude any temperature effect on the
intrinsic dialytic rate of the small molecule through the membrane.

Influence of Stirring on Rate of Dialysis—The effect of agitation
on the rate of dialysis through a membrane has been discussed by
Carr (7). At the initiation of dialysis a concentration gradient for
the diffusing species exists across the membrane, from a region of
uniform high diffusate concentration on one side, to a region of zero
concentration on the other. As the dialysis proceeds there is an
accumulation of diffusate on one side and a depletion on the other,
with a resulting marked diminution of the concentration gradient
across the membrane. Therefore agitation of the solution on each
side of the membrane tends to homogenize the concentrations of the
solutions and resuits in an increase in the rate of dialysis, which is
proportional to the concentration gradient.

The dynamic dialysis system allows stirring, both internally via
a twisted glass rod attached to a variable speed motor, and exter-
nally by means of a magnetic stir bar. Figure 2 illustrates the effect
of stirring on the rate of dialysis of phenol red. There was no ap-
parent difference between an internal stirring rate of 125 and 500
r.p.m., indicating that no advantage is to be gained by stirring the
internal solution at other than a moderate sitrring rate. It was inter-
esting to observe that for the unstirred systems, there was an ini-
tial rapid rate of dialysis, followed by a significantly slower rate
which was apparent after approximately 1 hr. This was undoubtedly
a result of the accumulation and depletion phenomena discusssed
with respect to the diffusion gradient existing across the membrane.
In the totally unstirred system it was observed that a visible dif-
fusion layer developed on the outside of the membrane.

In view of these results, subsequent dynamic dialysis studies were
conducted under stirred conditions. The external solution was
agitated at a relatively constant rate with a magnetic stir bar. The
contents of the dialysis sac were stirred with a twisted glass rod
rotated at approximately 125 r.p.m.
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Influence of Viscosity on Rates of Dialysis—The dynamic dialysis
method for measuring protein-small molecule interactions is de-
pendent on the assumption that the free, unbound diffusing species
will dialyze with an identical rate in the presence or absence of
protein. It was therefore necessary to establish that increased vis-
cosity of the internal solution, due to the presence of protein, did
not affect the rate of dialysis. In other words, it was necessary to
show that in the presence of protein, diffusion through the mem-
brane rather than diffusion to the membrane was still the rate-
limiting step. To study the potential effect of viscosity, an agent was
required which would simulate the viscosity of a protein solution,
would not bind the diffusing species, and would not diffuse through
the dialysis membrane. Phenol red was utilized as the small mole-
cule and methylcellulose was employed in these studies to simulate
the viscosity of solutions containing protein,

The relative viscosities of a series of protein-phenol red solutions
of various BSA concentrations were measured with a Gilmont
falling-ball viscometer. Other experiments showed that phenol red
solutions, at 25°, containing 0.01-0.07 %, methylcellulose, in pH
7.3 buffer, had relative viscosities comparable to those of 1-5%;
BSA-phenol red solutions, also at pH 7.3 and 25°. The relative
viscosities were calculated as the observed viscosity divided by the
viscosity of water at the experimental temperature. Table 1T illus-
trates the relative viscosities obtained for solutions of BSA and
methylcellulose at various concentrations. In addition, data ob-
tained by Shikama (8), using an Ostwald-type coil viscometer, are
given for comparison.

It was also necessary to show that methyicellulose did not in-
teract, to a significant degree, with phenol red. The lack of inter-
action was established through ultrafiltration experiments, The
results of these studies indicated that a maximum of approximately
4 % of the phenol red was bound to the methylcellulose, over the
concentration range studied. This amount was too small to signif-
icantly affect the rate of phenol red dialysis in the dynamic dialysis
system.

The results of the dialysis studies of phenol red at pH 7.3 and
25°, in the presence and absence of methylcellulose, is given in
Fig. 3. It is apparent that the increased viscosity did not affect
the rate of dialysis. Thus it may be concluded that increases in
viscosity due to the presence of at least 5.2 % BSA, will not in-
fluence the rate of dialysis.

Influence of pH and Buffer Concentration on Rates of Dialysis—
The effect of pH on dialytic rate was studied to observe whether
or not the degree of ionization of a diffusing species affected the
observed rate of dialysis. In addition, it was of interest to investigate
the possibility that ionizable groups in the cellophane membrane
could influence the rate of dialysis of a charged species. It should be
noted, however, that there is some disagreement in the literature
(5, 9) as to whether charged groups, primarily carboxyl groups, are
actually present in cellophane.

The dialysis of 8-nitrotheophylline, which has a pKa of 2.11, was
studied at pH 7.0, 3.0, and 11.0, in that order, with the same di-
alysis sac utilized for all three experiments. The results are illustrated
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Figure 8—The effect of a pressure head on the apparent first-order
escape of phenol red, at pH 7.3 and 25°. Key: O, 10 ml. of solution
inside sac; O, 7 ml. of solution inside sac.



in Fig. 4. It is apparent that the rate of dialysis was constant over
the wide pH range. In addition to the lack of effect of pH, Fig. 4
indicates the excellent reproducibility for various experiments con-
ducted with the same dialysis sac.

As a further test of the effect of pH on the rate of dialysis, the
behavior of 8-chlorotheophylline, which has a pKa of 5.28, was
studied. The investigations were conducted at pH 3.0 and 11.0 in
0.06 M phosphate buffer, and at pH 3.0 in 0.006 M phosphate buffer,
using the same dialysis sac. The results of these studies are shown
in Fig. 5 and indicated that the state of ionization of the 8-chloro-
theophylline and the buffer concentration, within the concentration
range utilized, did not influence the rate of dialysis.

The dialysis of caffeine, which is nonionized over the pH range
of interest, was studied at pH 3.0 and 11.0. The results were identical
to those obtained for 8-nitrotheophylline and 8-chlorotheophylline
and showed that the rate of caffeine dialysis was independent of
pH and highly reproducible for a given membrane.

Finally, the dialysis of phenol red, at several pH’s, was studied
using the same sac for each pH. This dye was selected because it is
a dibasic acid with a pK; < 1 and a pK, = 7.9. The dialysis studies
were conducted at pH 11.0, 3.0, and 7.9. The order of the experi-
ments was again chosen to enable the determination of reversibility
of any observed effect of pH. The results of these studies are shown
in Fig. 6, and illustrate a definite pH effect. The observed results
may be rationalized on the basis of an increased effective molecular
size due to an increased state of hydration of the phenol red as it
changed from a singly charged to a doubly charged anion. This in-
crease in effective size may retard passage of the ion either through
the tortuous pores of the membrane or through a diffusion layer.
The possibility also exists that the pH affected the ionization of
groups of the membrane and that these groups are only important
in retarding the dialysis of a relatively large anionic species such as
phenol red.

The primary conclusion to be obtained from these experiments is
that if protein binding studies are to be conducted at several pH’s,
using the dynamic dialysis technique, it may be necessary to run
control experiments in the absence of protein at each pH, to es-

Dt, mg./mi.
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Figure 9—The influence of changing solution volume, within the dialy-
sis sac, during the course of phenol red dialysis at pH 7.3 and 25°.
), initial 10-ml. colume of the dialysis cell decreased by 2 ml. at
approximately 2-hr. intervals; (II), volume of the dialysis cell re-
stored 10 10 ml.
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Figure 10—The effect of 7.45 mg. of charcoal on the apparent first-
order escape of methyl orange at pH 7.3 and 25°.

tablish the value for the apparent permeabifity constant for the small
molecule.

Influence of Dialysis Sac Size and Solution Volume on Rates of
Dialysis—The rate of dialysis would be expected to depend on the
area of the membrane exposed to the solution of diffusing species.
It was, therefore, considered important to evaluate the extent to
which sac size influenced rate of dialysis. In addition, experiments
were conducted to determine if the volume of external bathing solu-
tion could affect the observed rate of dialysis.

The first experimental series followed phenol red dialysis from
systems in which the internal volume was 6, S, or 4 mi. The next
series utilized an external volume of 350 or 500 ml. of buffer bath-
ing solution. Finally, the length of the sacs was decreased and the
phenol red dialysis was followed from sacs which were 6, 5, or 4
cm. long. In order to evaluate the effects of volume and sac size
variation, the apparent permeability rate constants obtained from
the various experiments were divided by the appropriate apparent
rate constant obtained with the same sac under control conditions.
This was done to normalize the data so as to correct for variation
in the intrinsic permeability of each of the three dialysis sacs em-
ployed in these studies. Control runs were conducted with 7-cm.
long sacs containing 7 ml. of phenol red solution. The control sacs
were suspended in 200 ml. of external buffer bathing solution.

The results of these investigations are illustrated in Fig. 7, where
the Ke ratio is the apparent permeability constant obtained for a
given experimental condition, divided by the constant obtained for
the given membrane in the control study. It is apparent from this
figure that a decrease in the volume of the liquid inside the sac, or
decreasing the length of the sac, with a concomitant decrease in
volume of the internal solution, caused a progressive increase in the
apparent permeability rate constant, and therefore a progressive
decrease in the apparent half-life for dialysis. An analysis of these
results showed that as the ratio of membrane surface area to the
volume of solution in the sac increased, the apparent permeability
constant also increased.

In addition to these studies, a system was also run in which the
level of the liquid inside the sac exceeded the external liquid level,
i.e., a pressure head was present inside the sac. The results of this
study are shown in Fig. 8 and indicate an increase in the apparent
haif-life of dialysis of approximately 502 for the system with the
smaller surface area-to-liquid volume ratio,

As a final illustration of the effect of varying the internal liquid
volume, a system was investigated which involved progressively
decreasing the internal volume of phenol red solution throughout the
course of the run. After sampling of the internal solution, without
replacement, the internal and external liquid levels immediately
equalized. Thus the area of the membrane exposed to both solutions
remained relatively constant. The results of this study are illus-
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trated in Fig. 9 and clearly demonstrate the previously observed
increase in rate of dialysis with decrease in internal liquid volume.
It should be noted that the influence of volume of internal liquid was
entirely reversible as evidenced by the close agreement between the
two runs, with 10 ml. of liquid inside the sac, conducted before
and after the systems involving 8 and 6 mil. of internal liquid. Re-
sults, analogous to these, were obtained when 8-chlorotheophyl-
line was employed as the diffusing species at both pH 3 and 11.

Several explanations may be offered to account for the observed
behavior. It was noted that as the volume of the liquid inside the
sac was decreased the sac assumed a semicollapsed state. It is
possible, therefore, that as the size of the sac was increased for a
given internal volume, or the volume was decreased for a given size
sac, the mean distance from the center of the sac to the membrane
decreased, and this decrease resulted in an increased rate. However,
this would suggest that diffusion to the membrane was the rate
limiting step, and since the solutions were stirred inside and outside,
this explanation seemed unlikely in view of the stirring rate experi-
ments. It is possible, however that as the distance between the
stirring rod and the membrane decreased, more efficient stirring
resulted and the thickness of the diffusion layer, which may still
be present under moderate stirring conditions, was reduced and led
to an enhancement of the diffusion rate, Alternatively, it is possible
that as the surface-to-volume ratio increased, i.e., as the bag was
able to assume a somewhat collapsed state, the decrease in tension
on the sac caused an alteration in the pore structure to one more
favorable for the passage of the phenol red molecule. This may be
visualized as either a decrease in the tortuosity of the pore, or perhaps
a realignment of charged groups, which may be present in the mem-
brane, in the vicinity of the pores. Other workers (5) have observed
that changes in the tension on a membrane can have an effect on
the permeability characteristics of a membrane. While the changes
in the tension of the membrane, due to the changes in volume of
the internal solution, are admittedly relatively small, it is conceiv-
able that they are sufficiently great to cause an alteration in the
tortuosity or size of the pore. This is more convincing when one
examines the schematic concept which Mosse (10) has presented
of the complex and tortuous nature of the pore structure of a cel-
lulose derivative membrane. As further evidence for this hypothesis
of variable pore structure, the work of Craig (5) may be cited. He
studied the rate of diffusion of ribonuclease through cellophane
casing under various conditions of membrane stretching. A three-
fold increase, in the apparent half-life observed for ribonuclease
diffusion with linear stretching of the membrane, was attributed
to deformation of the pores. The degree of stretching was much
greater in these studies than in the present investigation. However,
the results do give some insight into the potential effect of alteration
of pore structure,

As a result of these experiments it was concluded that the volume
of the solution external to the dialysis sac does not affect the rate
of dialysis of a small molecule from within the sac. However the
size of the sac and the volume of the diffusate solution within the
sac can have a significant influence on the rate of dialysis. Fortu-
nately, when sac size and volume are maintained constant, ex-
cellent run to run reproducibility can be achieved.

Binding of Small Molecules by the Dialysis Membrane—Some
degree of membrane binding of a compound is a frequently ob-
served occurrence in dialysis studies, If it is extensive, then a cor-
rection must be applied to account for the amount of small molecule
which has been bound in this manner.

If this type of interaction is essentially an adsorption phenomenon,
then it should be reversible. Ideally the membrane may be considered
as another binding species and for systems containing protein, the
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membrane may be treated mathematically as though a second protein
species were present. If the preceding concepts of membrane bind-
ing are correct, then in the absence of protein, a small molecule
which strongly interacts with the membrane should yield curvature
in the semilog plot of total drug remaining in a dialysis sac versus
time. Thus the possibility of sac binding must be recognized in
using the dynamic dialysis technique or erroncous characterization
of protein binding behavior may result.

If membrane binding is acknowledged to be essentially an adsorp-
tion phenomenon, then very strong sac binding should be simulated
by the presence of an adsorbent such as charcoal. Experiments were,
therefore, conducted to measure the diffusion of methyl orange
from a dialysis sac, in the presence and absence of 7.45 mg. of
charcoal. The results of these studies are shown in Fig. 10 and il-
lustrate the expected result that the presence of the adsorptive
agent resulted in a nonexponential escape of the methyl orange
from the dialysis sac.

Most studies in the literature, involving diffusion of small
molecules through cellulose dialysis tubing, have reported less
than 109, and usually negligible membrane binding. Since a
reasonably strong association between the small molecule and mem-
brane would be necessary for any significant effect on the kinetics of
dialysis, it is likely that only in the event of very strongsac binding
would the dynamic dialysis method be affected. One means of
detecting any effect of sac binding would be to observe for curva-
ture in the semilog plot of total drug concentration remaining in
the sac versus time, in the absence of protein. Such curvature was
never observed for any of the small molecules employed during the
course of these investigations.

REFERENCES

(1) M. C. Meyer and D. E. Guttman, J. Pharm. Sci., 57, 1627
(1968).

(2) W. Morozowich, Master’s thesis, The Ohio State University
(1956).

(3) G. Kanzaki and E. Y. Berger, Anal. Chem., 31, 1383(1959).

(4) R. E. Stauffer, in ‘“Technique of Organic Chemistry,” vol.
3, A. Weissberger, Ed., Interscience, New York, N. Y., 1950, pp.
323-326.

(5) L. C. Craig, Advan. Anal. Chem. Instr,, 4, 35(1966).

(6) J. F. Danielli, in “Permeability of Natural Membranes,”
H. Davson and J. F. Danielli, Eds., Macmillan, New York, N. Y.,
1943, p. 78.

(7 C. W. Carr, in “Physical Methods in Chemical Analysis,”
vol. 4, W. G. Berl, Ed., Academic, New York, N. Y., 1961, pp.
10-12.

(8) K. Shikama, J. Biochem. Tokyo, 64, 55(1968).

(9) S. M. Neale, Trans. Faraday Soc., 44, 1027(1948).

(10) M. J. Mosse, Chim. Anal. Paris, 39, 10(1957).

ACKNOWLEDGMENTS AND ADDRESSES

Received June 4, 1969 from the Department of Pharmaceutics,
School of Pharmacy, State University of New York at Buffalo,
Buffalo, NY 14214

Accepted for publication September 2, 1969.

* Predoctoral Fellow, Public Health Service. Present address:
College of Pharmacy, Department of Pharmaceutics, University of
Tennessee.

t Present address: Research & Development Division, Smith
Kline & French Laboratories, Philadelphia, PA 19101



Dynamic Dialysis as a Method for Studying Protein Binding II:
Evaluation of the Method with a Number of Binding Systems

MARVIN C. MEYER* and DAVID E. GUTTMAN{

Abstract [] A method for determining the concentrations of un-
bound and bound small molecule in a protein solution is de-
scribed, based on the fact that the rate of disappearance of small
molecule from a dialysis cell is proportional to the concentration
of the unbound species. Curves describing the kinetics of dialysis
for 8-nitrotheophylline, 8-chlorotheophylline, caffeine, warfarin,
methyl orange, and phenol red in the presence and absence of
albumin were obtained and analyzed to yield estimates of unbound
and bound forms of the compounds. The data were treated by means
of Scatchard plots to provide values for the binding parameters, #
and K. The values were found to be in agreement with those reported
in the literature and/or determined by independent methods. The
ease of application and merits of the method were demonstrated
by a comprehensive study of the influence of pH on the binding
of 8-nitrotheophylline by bovine serum albumin. Utilization of
the method for the study of competitive inhibition of protein
binding was also illustrated.

Keyphrases [ ] Dialysis, dynamic—protein binding determination []
Small molecule binding—protein [] Protein binding—competitive
inhibition, drugs [[] Kinetic equations—dialysis, small molecules []
pH binding profile, small molecule—Xkinetics [J UV spectro-
photometry—analysis

Previous reports in this series (1, 2) have described in
detail a new method for the determination of the degree
of interaction between proteins and small molecules.
The method is based on the fact that the rate of dis-
appearance of small molecule from a dialysis cell is
proportional to the concentration of the unbound
species. The influence of experimental variables such
as pH, temperature, stirring rate, viscosity, size of the
membrane, volumes of liquid within the system, and
membrane binding of the small molecule have been
previously considered (2).

The present communication describes a series of
studies designed to further evaluate the dynamic
dialysis method as a technique to quantitate protein
binding systems, and to obtain values for the funda-
mental binding parameters of # (the number of binding
sites involved in the interaction) and K (the intrinsic
association constant characterizing the interaction).
The method was also applied to the comprehensive
determination of the effect of pH on the interaction
between 8-nitrotheophylline and bovine serum albumin
over a wide range of pH. Studies were also conducted
to demonstrate the potential of the dynamic dialysis
method for the study of competitive inhibition of protein
binding.

EXPERIMENTAL

Materials—Human serum albumin, (HSA) Fraction V, (Cal-
biochem), was used in this study. Warfarin sodium (Endo Labora-
tories) was used, and the remainder of the materials utilized in the
study have been previously described (2).

Dynamic Dialysis Studies of Protein Binding—The protocol for
the dynamic dialysis system and the treatment and interpretation of

data have been discussed previously (1, 2). The method was em-
ployed to assess the binding of phenol red, warfarin, caffeine, 8-
chlorotheophylline, 8-nitrotheophvlline, salicylate, and methyl
orange by bovine serum albumin (BSA). Initially, 7 ml. of a control
solution, prepared to contain the given small molecule in 0.04 M
phosphate buffer at an appropriate pH, was placed into a 7-cm.
long dialysis sac. The sac was then immersed in the buffer bathing
solution of 0.04 M, phosphate buffer. The system was maintained
at 25 =+ 0.2°, Each control dialysis was followed for about 2 hr.,
and the results were used to calculate the apparent permeability
rate constant characterizing the escape of small molecule from each
sac. The sac was then rinsed thoroughly with distilled water and
blotted with tissue to remove excess moisture. Seven milliliters of a
small molecule-protein solution, prepared in 0.04 M buffer at the
same pH as the control, was then introduced into the sac. The sac
was placed into fresh buffer bathing solution and the dialysis of the
small molecule from the protein compartment was followed for
5 to 9 hr. The frequency at which 100-ml. samples were removed
from the external solution and replaced with fresh buffer solution
was dictated by the need to maintain sink conditions, and by the
sensitivity of the assay method for the particular small molecule.
It was observed from preliminary experiments that sink conditions
were approximated if the concentration of small molecule in the
external solution was not allowed to exceed one-tenth of that un-
bound in the internal solution. At the termination of a run, the
internal solution was sampled and analyzed for small molecule
content. The binding parameters obtained from the dynamic
dialysis studies were then compared with values obtained by
alternate approaches such as equilibrium dialysis or ultrafiltration,
and/or with literature values.

For the study of the influence of pH on the interaction between
BSA and 8-nitrotheophylline, three separate experimental systems
could be conveniently run at one time, each maintained at a different
pH. For these determinations, a series of solutions were prepared
containing 8-nitrotheophylline in the presence and absence of
BSA. The solutions covered a pH range of 3.0-10.9, in 0.04 M
phosphate buffer. The protein systems contained approximately
0.75% BSA. The external buffer bathing solution was also prepared
at the same pH and buffer concentration as the internal solution.
The dialysis was followed for a sufficient period of time to fully
characterize the kinetics of each system. The pH’s of the internal
and external solutions were redetermined at the termination of each
experimental run and were found not to have changed.

Data Treatment—Kinetic curves for each system investigated
were analyzed by the previously reported method (1). The data
treatment yielded values for the concentrations of unbound (Dy)
and bound (D) species, for a number of different total small
molecule concentrations (D). Results were displayed in the form of
Scatchard plots where 7/(D;) (5 = moles of small molecule bound
per mole of protein) was plotted as a function of 7. Values of the
binding parameters (#’s and K’s) were estimated by fitting the data,
with the aid of a nonlinear regression computer program,! to the
generalized binding expression given in Eq. 1.

_mK{Dy)
E T+ KD (Ea- D

Two classes of binding sites were assumed if the experimentally
determined Scatchard plot exhibited curvature (3). In this report
experimental data are indicated in the Scatchard plots by points
while solid lines represent behavior predicted on the basis of
computed n and K values.
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Table I-—Summary of the Binding Constants for the Interaction of Various Small Molecules with BSA at pH 7-7.3 and 25°

Compound Source of Constants me I Kb K,
Phenol red Experimental :ultrafiltration and 1 6 1.74 X 108 1.97 X 108
dynamic dialysis
Literature : ultrafiltration (15) 1 6 1.10 X 10° 1.20 X 108
Methyl orange Experimental :dynamic dialysis 22 — 2.08 x 103 —
Literature: equil. dialysis (5) 22 — 2.27 X 103 —
Literature: equil. dialysis (16) 16 — 3.80 x 108 —
Warfarin Experimental: ultrafiltration and 1 6 6.24 X 108 2.61 X 103
dynamic dialysis
Caffeine Experimental: dynamic dialysis 1 — 1.02 x 10% —
Literature: equil. dialysis-9° (7) 1 — 1.68 X 103 —
8-Nitrotheophyiline Experimental: dynamic dialysis 1 4 2.34 X 10° 2.53 X 103
Literature: equil. dialysis (pH 1 2 2.64 X 108 1.27 X 10®
6.85 and 9°) (7)
8-Chlorotheophylline Experimental: dynamic dialysis i 4 2.16 X 108 1.47 X 108
Literature: equil. dialysis (pH 1 2 3.07 X 108 1.10 x 102
6.85 and 9°) (7)
Salicylic acid Experimental: dynamic dialysis 1 5 2.00 X 105 1.75 X 103

a n; = the number of binding sites in the i’th class. » K; = the intrinsic association constant for the i’th class of sites (I./ M).

Ultrafiltration—Ultrafiltration was utilized to study the binding
of warfarin by BSA and HSA and the procedure used was that
previously described (2). These studies were performed with solu-
tions containing warfarin in a concentration range of 0.032-0.380
mg./ml. in 0.04 M, pH 7.3, phosphate buffer. The initial protein
concentration was 0.37% for the BSA studies, and 0.39 or 0.78%
for the HSA studies. After centrifugation the concentration of small
molecule in the filtrate and the total small molecule concentration
of the solution remaining in the sacs was determined. From a
knowledge of these concentrations and the total protein concentra-
tion in the system, the values for #/(Ds) and 5 were calculated.
Preliminary experiments indicated that approximately 4% of the
warfarin introduced into the system was bound to the membrane.

Equilibrium Dialysis Studies—The binding of warfarin by BSA
was also studied by the technique of equilibrium dialysis. These
experiments were conducted using 10-ml. capacity, Plexiglas di-
alysis cells. The warfarin concentrations employed in these studies
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Figure 1-—The loss of 8-chlorotheophylline from inside a dialysis sac,
in the presence und absence of BSA. The studies were run at pH 7.0
and 25°,
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ranged from 0.002-0.6 mg./ml., in 0.04 M, pH 7.3, phosphate
buffer. The BSA concentration was 0.4%;. Preliminary experiments
indicated that about 3%, of the warfarin was bound to the mem-
brane separating the two compartments of the dialysis cell, and
that equilibrium was attained in the cells within 12 hr. The systems
were prepared by placing 5 ml. of warfarin solution on one side of
the membrane, and 5 ml. of warfarin and protein solution on the
other. The cells were agitated, on a platform shaker, for at least 14
hr. at room temperature, 25 == 2°. After equilibration, both sides
of the cell were sampled, and from a knowledge of the total warfarin
in the system, the free warfarin concentration, the degree of mem-
brane binding, and the total protein concentration, the values for
#/(Dy) and 5 were calculated.

Dynamic Dialysis Studies of Competitive Inhibition of Binding—
The preliminary step in these studies was to determine if the presence
of the competitor in the system exerted an effect on the intrinsic
rate of dialysis of the small molecule under consideration. 8-Nitro-
theophylline was utilized as the test species, and 8-chlorotheophyl-
line or salicylic acid were employed as the competitors. A control
run with 8-nitrotheophylline was first conducted, and then using
the same membrane sac, the dialysis of 8-nitrotheophylline was
followed in the presence of the competitor. Then an 8-nitrotheo-
phylline and BSA system was dialyzed to obtain the kinetic and
equilibria parameters operant in the absence of competitor. Finally,
still using the same membrane, 8-nitrotheophylline, BSA, and
competitor were dialyzed. Two approaches were used in the com-
petitive studies. In the first, a known competitor concentration was
incorporated inside the dialysis sac. The decline of both 8-nitro-
theophylline and competitor concentration inside the sac was
followed by determining the amounts of 8-nitrotheophylline and
competitor appearing in the external solution. The second approach
was such that the concentration of competitor remained essentially
constant throughout the dialysis. Here a known competitor con-
centration was placed into the dialysis sac containing the 8-nitro-
theophylline. In addition, the external buffer bathing solution was
prepared to contain an equivalent concentration of competitor.
Further, the samples which were withdrawn from the external
solution were replaced with a solution which contained the same
concentration of the competitor as originally present. In this manner
the concentration of the competitor was held constant during the
course of the dialysis. All studies involving 8-nitrotheophylline
and/or competitor species were conducted at 25° in pH 7.0, 0.04 M,
phosphate buffer.

Analytical Methods—The compounds studied were assayed
spectrophotometrically with a Beckman DU spectrophotometer
equipped with a Gilford power source and digital, absorbance
read-out. Concentrations were determined from Beer's law plots
constructed at appropriate wavelengths and pH values.

The concentration of 8-nitrotheophylline in the presence of BSA
was determined spectrophotometrically at pH 11 versus an appro-
priate BSA blank. The absorbance due to protein was negligible
in the visible region of the spectrum, and at pH 11 there were no
spectral manifestations of interactions between the BSA and 8-
nitrotheophylline.
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Figure 2—The binding of 8-chlorotheophylline by BSA at pH 7.0
and 25°. Key: O, 0.812 and 1.218%, BSA, dynamic dialysis; A,
literature values; (6), equilibrium dialysis at pH 6.85 and 9°.

Because BSA interfered with the direct spectrophotometric de-
termination of caffeine, warfarin, and 8-chlorotheophylline, ex-
traction procedures were utilized. Two milliliters of sample con-
taining caffeine and BSA were quantitatively extracted with 25 ml.
of chloroform, and the organic layer was examined spectrophoto-
metrically at 272 mu versus an appropriate chloroform blank. Sam-
ples containing 8-chlorotheophylline and BSA were assayed for 8-
chlorotheophylline by diluting 2 ml. of sample to 3 ml. with diluted
phosphoric acid (1:5) and extracting with 25 ml. of a chloroform~
isopropyl alcohol (19:1) solution. The organic phase was assayed
spectrophotometrically at 276.5 mu versus an appropriate solvent
blank. Solutions containing both warfarin and BSA were assayed
by the method of O’Reilly er al. (4). Centrifugation was utilized
to break any emulsions formed during the extraction procedures.

Samples containing 8-nitrotheophylline in combination with 8-
chlorotheophylline, caffeine, or salicylic acid were assayed for both
components by a differential spectrophotometric assay conducted
at 386 my, and 276.5, 272, or 302 myu, respectively. Samples con-
taining 8-nitrotheophylline, 8-chlorotheophylline, and BSA were
adjusted to pH 11 and assayed for 8-nitrotheophylline at 386 mg.
The 8-chlorotheophylline concentration was determined by ex-
tracting an acidified sample and measuring the absorbance of
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Figure 3—The loss of caffeine from inside a dialysis sac, in the pres-
ence and absence of BSA. The studies were run at pH 7.0 and 25°.
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Figure 4—The binding of caffeine by BSA at pH 7.0 and 25°, as
depicted by a Scatchard plot. Key: O, 1.83% BSA, 0O, 3.65%, BSA.

the organic phase at 276.5 mu. The latter absorbance was corrected
for the small contribution of the 8-nitrotheophylline to the reading
at this wavelength.

RESULTS AND DISCUSSION

Determination of the Binding Constants for the Interaction of
Various Small Molecules with BSA—A previous report (1) de-
scribed studies employing this technique with phenol red and
methy! orange. For comparative purposes, binding parameters
for these two compounds are presented in Table I, along with
values for a number of other compounds which were investigated.
1t should be noted that parameters characterizing the binding of
methyl orange (1, 5) were reported incorrectly and have been cor-
rected in Table I.
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Figure 5-—The binding of salicylic acid by BSA at pH 7.0 and 25°,
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Figure 6—The loss of warfarin from inside a dialysis sac, in the pres-
ence and absence of BSA. The studies were run at pH 7.3 and 25°.
Key: O, 0.63%, control; T, 1.465% control; @, 0.63%, BSA,
experimental; M, 1.465% BSA, experimental; O, 0.63% BSA,
theoretical; 0, 1.456 %, BSA, theoretical.

Binding of 8-Chlorotheophylline—Figure 1 illustrates the results
of dynamic dialysis experiments with 8-chlorotheophylline in the
presence and absence of BSA at 25° and pH 7.0. Transformation
of the data, in the manner described, vielded the Scatchard plot of
Fig. 2. Data obtained by Eichman et al. (6) for this system at
pH 6.85 and 9°, using equilibrium dialysis, is also shown. The small
differences between Eichman’s data and those of the present study
can be attributed to a difference in the temperatures employed.

Binding of Caffeine—Caffeine has been shown to interact rather
weakly with BSA (6, 7). It was, therefore, of interest to attempt to
quantitate its binding behavior by the dynamic dialysis approach.

7/(DA)] X 104

Figure 7—The binding of warfarin by BSA and HSA at pH 7.3 and
25°. Key.: A, BSA, ultrafiltration and equilibrium dialysis; @, HSA,
ultrafiltration; O, 0.63%, BSA, dynamic dialysis; O, 1.465% BSA,
dynamic dialysis.
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Results obtained at 25° in 0.04 M pH 7 buffer are shown in Fig. 3.
It can be seen that in spite of relatively high protein concentrations,
the difference in kinetic behavior in the absence and presence of
protein was small and reflects the weak nature of the interaction.
Figure 4 shows the corresponding Scatchard plot. From a least-
squares fit of the Scatchard plot, it was determined that the interac-
tion between BSA and caffeine could be appropriately characterized
by the parameters n = 1,and K = 1.02 X 10? I./mole. These values
are inreasonable agreement with the parameters reported by Eichman
et al. (6) from equilibrium dialysis studies at pH 6.85 and 9°. The
somewhat lower association constant obtained in the present study,
which was conducted at a higher temperature than the work of
Eichman ef al. is consistent with a previous observation (8) of
decreased xanthine binding with increased temperature.

It should be noted that the binding of a weakly interacting com-
pound is difficult to quantitate accurately by any experimental
technique due to magnification of experimental error by subsequent
data treatment. The caffeine studies demonstrate that the dynamic
dialysis method can be useful in characterizing even weak interac-
tions.

Binding of Salicylic Acid—Figure 5 illustrates a Scatchard plot
derived from the kinetics of dialysis of salicylic acid at pH 7.0 and
25° in the presence of 1.616%, BSA and in the absence of BSA.
The data were found to be consistent with the binding parameters
given in Table I.

The binding observed in this study was somewhat stronger than
that observed by Davison and Smith (9) in their studies conducted
at 4° and pH 5.4, in acetate buffer. They reported binding constants
ofm = 0.37,n, = 3.5, Ky = 3 X 10¢1./mole,and K; = 1 X 1021./
mole, and observed little difference in binding behavior between pH
5.4 and 7.0. They also reported that acetate can competitively inhibit
salicylate binding and this might be the reason for the difference in
strengths of binding between the two studies.

Binding of Warfarin—The binding of warfarin by albumin has
been well studied and characterized (10) and thus, it was felt that
warfarin would serve admirably as an additional compound with
which to assess this new approach for quantitating binding be-
haviors. The results of the dynamic dialysis examination of warfarin
binding are summarized in Fig. 6 which depicts the kinetics of dis-
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Figure 8 —The loss of free warfarin from inside a dialysis sac, in the
presence of BSA, at pH 7.3 and 25°. Key: @, W, dynamic dialysis
data; O, 0, theoretical data.
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Figure 9—The loss of 8-nitrotheophylline from inside a dialysis sac
in the presence and absence of 0.75%, BSA. The studies were con-
ducted at a variety of pH’s and 25°. Key: - - -, average control run.

appearance of warfarin from a 0.630 % solution of BSA and from a
1.4657%, solution of BSA, as well as for corresponding control
systems. The difference between control runs is significant and re-
flects the fact that a different membrane was used for the two
systems. The control runs were repeated and found to be entirely
reproducible.

The Scatchard plot is shown in Fig. 7. It was disturbing to com-
pare this plot with that presented by O’Reilly (10) who studied,
by equilibrium dialysis, the interaction of warfarin with human
serum albumin (HSA). O’Reilly’s data indicated a much weaker
degree of interaction and the marked lack of agreement prompted
further studies on the binding of warfarin. To assess whether or not
HSA possessed a significantly different affinity for warfarin than did
BSA, the binding of warfarin by the two proteins was investigated
using ultrafiltration. The results are also shown in Fig. 7 and demon-
strate that the nature and extent of binding were the same for both
proteins. The interaction was also investigated by equilibrium
dialysis and the results are presented in Fig. 7. It is obvious that the
three different experimental methods provided data which were in
excellent agreement and, therefore, indicated that neither the source
of the albumin nor the experimental approach could explain the lack
of agreement with the results of O’Reilly. In view of this, O’'Reilly’s
data were examined more critically to reveal two computational
errors. First, a correction for sac binding was made which was based
on the total concentration of warfarin rather than on the concentra-
tion of free warfarin in the system. This, however, resulted in only a
minor error since the sac binding was only of the order of 3.6%;. A
more serious computational error was involved in the calculation of
#. When a correction was made the 7 values increased and were quite
consistent with those of the present study. The combined data of
Fig. 7 were used to generate the # and X values presented in Table L.

Theoretical Treatment Describing the Escape of a Small Molecule
from a Protein-Containing Compartment—It has been demonstrated
that kinetic data obtained in the dialysis of a small molecule in the
absence and presence of protein can be treated to gain estimates of
(Dy) and (Ds) and subsequently »’s and K’s. The validity of the
approach has been confirmed by the close agreement of binding
parameters, estimated by using this method, with those determined
by classical methods. Tt did seem desirable, however, as a further

pH 7

[7/(Df)] X 10-4

=

Figure 10—The binding of 8-nitrotheophylline by BSA at various
pH’sand 25°,

check, to compare experimentally observed kinetic behavior with
that theoretically expected on the basis of initial concentration
conditions and binding parameters. Theoretical expressions for
such a system have been considered, in a pharmacokinetic context,
by Kruger-Thiemer (11) who derived equations which describe the
rates of loss of unbound and total small molecule capable of being
bound from a protein compartment. His derivations were restricted
to situations where binding occurred to one class of sites on the
protein but can be readily modified to account for the existence of
two classes of sites. Such a modification results in Eq. 2 which
describes dynamic dialysis behavior, i.e., the rate of disappearance
of total concentration of small molecule (D,) from a protein com-
partment as a function of an apparent first-order elimination con-
stant, K,, the concentration of unbound small molecule (Dy),
the total concentration of protein (P;), the number of binding sites
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Figure 11—The influence of pH on the binding of 8-nitrotheophylline
at 25°. Key: A, delta absorbance values determined from spectro-
photometric studies; O, fraction bound talues calculated from
dynamic dialysis studies.
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Figure 12—The loss of 8-nitrotheophylline in the presence and ab-
sence of caffeine, and the loss of caffeine in the presence and absence
of 8-nitrotheophylline, from inside a dialysis sac. The studies were
conducted at pH 7.0 and 25°.

in each of two classes, n; and #,, and the corresponding dissociation
constants, k; and k.

"‘d(Dt) _ Ke(Dl)
dt 1+ [m(PIDy) + kil + [m(PYYI(Dy) + kol

Equation 3 gives the rate of loss of free drug (D;) from the protein
compartment.

(Eq. 2)

—d(D)) _ (D))
dt 1 A4 [mki(POUD s + k)2 + [meke(POVI(Ds + K2)?]
(Eq. 3)
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Figure 13—The loss of 8-nitrotheophylline from inside a dialysis sac,
in the presence and absence of 8-chlorotheophylline. The studies were
conducted at pH 7.0 and 25°. Key: O, control; O, with 0.75 mg.[ml.
8-chlorotheophylline; ®, with 1.74 mg./ml. 8-chlorotheophylline.
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Finally, Eq. 4 gives the relationship between the total and unbound
drug concentration.

m(Py) ny(Pr)
D)+ ke (Dy) + ke

An expression for (D,) as a function of time cannot be obtained
directly by integration of Eq. 2 and, therefore, a more circuitous
approach must be utilized to generate theoretical kinetic data.
First, the value for the initial free drug concentration (D, in the
protein compartment is calculated as follows: Eq. 4 may be
written in terms of initial total (D) and initial unbound
(Ds%) drug concentrations. The resulting equation may then be
rearranged to yield a cubic expression in (D,°):

(D2 + (D2 [ky + ks + (P + m) — (D] +
(DY) [k + (Pe)(mks + mky) — (DOYky + k)] — (D¢°)(k1kz)(§ 05)
q.

(D) = (D)) [1 + (Eq. 4)

It may be noted that when one class of binding sites is involved, a
quadratic expression in (D% results. By integration of Eq. 3
between the limits of #+ = 0 to 1, and (Dy) = (D, to (Dy), an
expression for time may be obtained:

= 1 al (DM "1(P¢) |:l (D) K +Df)] +

(Dy) D)k + D,
o P D°
ng) n 205)25:2: DD,fo; — (PXD;° — Dy) X
m Ry
Lo * @romwT ol ®O

Thus, for values of i, no, ki, ks, (D), and (P,), a value of (D,
may be calculated from Eq. 5. Then assuming various values for
(Dy), the time, ¢, at which the assumed (Dy) concentrations will be
present in the protein compartment can be calculated from Eq. 6.
Finally, using Eq. 4, the values for (D,), corresponding to the times
which were determined from Eq. 6, are calculated. These computa-
tions were carried out with the aid of a Fortran IV computer pro-
gram and a CDC 6400 computer.

Comparisons between dialytic behaviors which were theoretically
expected and experimentally determined for warfarin are shown in
Figs. 6 and 8. Theoretical points were obtained using the outlined
treatment with (D) and (P;) values selected to correspond to the
experimental system. The values of # and K used were those tabu-

0.40 p-
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o
S
T

0.10 {~
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Figure 14—The loss of 8-nitrotheophylline from inside a dialysis sac,
in the presence and absence of salicylate. The studies were conducted
at pH 7.0 and 25°. Key: O, control; O, with 9.8 mg./ml. salicylic
acid; @, with 22.6 mg./ml. salicylic acid.
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Figure 15—The loss of 8-nitrotheophylline from inside a dialysis
sac, in the presence and absence of BSA, and BSA and 8-chloro-
theophylline. The studies were conducted at pH 7.0 and 25°. Key:
a, control; O, with 0.818%; BSA,; A, with 0.818%, BSA and an
initial 8-chlorotheophylline concentration of 1.6 mg./ml.

lated in Table I. The K, values employed corresponded to the
experimentally determined apparent permeability constants for the
membranes. The close agreements between experimental results
and theoretical predictions illustrate the applicability of the equa-
tions and supports the validity of this experimental approach for
studying binding behavior,

Kinetic Determination of the pH-Binding Profile for the Inter-
action of 8-Nitrotheophylline with BSA—The influence of pH on
the binding of 8-nitrotheophylline by BSA, as determined by
spectrophotometric investigations, has been previously reported
(12). It seemed appropriate, in view of the interesting pH effects
observed, to study more quantitatively the effect of pH on the inter-
action. In addition, it was thought that such a study would serve
to evaluate further the dynamic dialysis method and demonstrate
its applicability and convenience. From kinetic data obtained
with the dynamic dialysis procedure, it was possible to generate
Scatchard plots characterizing the interaction at each pH. Thus,
binding behavior over a wide range of pH could be conveniently
obtained in a relatively short period of time. Accumulation of such
data by conventional techniques of equilibrium dialysis or ultra-
filtration would require considerably more effort and a much greater
expenditure of time.

The results of these studies are summarized in Fig. 9 where the
kinetic behavior of 8-nitrotheophylline in the presence of BSA under
different conditions of pH is shown. An average control run is also
depicted. Data for pH 6, 8, and 10 were also obtained, but were
omitted to reduce the complexity of the figure. From examination
of the data of Fig. 9, it would appear that as the pH was increased
from pH 3 to 10.9, the degree of interaction between the 8-nitro-
theophylline and the BSA steadily decreased. The data were further
treated by computer analysis, in the usual manner, to obtain the
values for 7 and 7/(D;). In addition, the fraction of 8-nitrotheo-
phylline bound to the BSA at each total 8-nitrotheophylline con-
centration was determined. The resulting Scatchard plots are
shown in Fig. 10. Data for studies conducted at pH 6 and 8, which
were similar to that obtained for pH 7, have been omitted to permit
the figure to be more readily interpreted. This figure dramaticaily
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Figure 16—The loss of 8-chlorotheophylline from inside a dialysis
sac, in the presence and absence of BSA and 8-nitrotheophylline.
These data were obtained in the same experimental run as was illus-
trated in Fig. 15. Key: O, control; O, with 0.818%, BSA and 0.82
mg./ml. 8-nitrotheophylline.

demonstrates differences in binding behavior as the pH was varied.
At pH 3 the interaction was somewhat unique. The apparent
linearity of the plot indicates the participation of one class of binding
sites, containing a relatively large number of sites. The Scatchard
plots representing other pH values are curved, indicating that at
these pH’s more than one class of sites were involved. The unusunal
behavior apparent at pH 3.0 is likely related to a pH dependent
alteration of the protein configuration. Here the interaction is
relatively weak as apparent from the shallow slope of the Scatchard
plot. Thus the high degree of binding, suggested by the kinetic data

[5/(D)] X 10-+
w

n

et

Figure 17—The binding of 8-nitrotheophylline by BSA in the pres-
ence and absence of a variable 8-chiorotheophylline concentration.
The studies were conducted at pH 7.0 and 25°, Key: O, 8-nitro-
theophylline and 0.8185, BSA; O, 8-nitrotheophylline, 0.818% BSA
and 8-chlorotheophylline; ®, theoretical data for the binding of 8-
nitrotheophylline in the presence of 8-chlorotheophyliine.
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Figure 18— The bindng of 8-chlorotheophylline by BSA in the pres-
ence and absence of 8-nitrotheophylline. The studies were conducted
at pH 7.0 and 25°. Key: O, 8-chlorotheophylline and 0.818%] BSA;
O, 8-chlorotheophylline, 0.818%, BSA and 8-nitrotheophylline;
®, theoretical data for the binding of 8-chlorotheophylline by BSA
in the presence of 8-nitrotheophylline.

obtained at pH 3, was a reflection of the involvement of a relatively
large number of binding sites rather than a high intrinsic affinity.
The pH 4 Scatchard plot also suggests the participation of a large
number of binding sites with the added involvement of a second
class of sites with a significantly higher affinity. Two or more classes
of sites were apparently involved throughout the remainder of the
pH range studied. An increase in pH from 4 to 6 resulted in a
decrease in the total number of sites available for binding and an
increase in the strength of association. As the pH was increased
from 7 to 10.9 the extent of interaction diminished, probably as a
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(Dy), mg./ml.
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1 2 3 3 5
TIME, hr.

Figure 19—The loss of 8-nitrotheophyiline from inside a dialysis
sac, in the presence and absence of BSA, and BSA and a constant 8-
chlorotheophylline concentration. The studies were conducted at pH
7.0 and 25°, Key: O, 8-nitrotheophylline control; O, 8-nitrotheo-
phylline control in the presence of 0.76 mg./ml. 8-chlorotheophyl-
line; ®, 8-nitrotheophylline and 0.778%;, BSA,; W, 8-nitrotheophyl-
line, 0.778%, BSA and 0.76 mg./ml. 8-chlorotheaphylline.
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Figure 20—The binding of 8-nitrotheophylline by BSA in the pres-
ence and absence of a constant 8-chlorotheophylline concentration of
0.76 mg./ml. Key: O, 8-nitrotheophylline and BSA; W, §-nitro-
theophylline, BSA, and 0.76 mg./ml. 8-chlorotheophylline; T,
theoretical data for the binding of 8-nitrotheophylline in the presence
of 0.76 mg./ml. 8-chlorotheophylline.

result of changes in the degree of ionization of participating groups
on the protein and/or pH-induced conformation changes (13).
In order to compare more readily the results of this study to those
obtained from the spectrophotometric studies previously reported
(12), a plot of fraction bound versus pH was constructed and is
shown in Fig. 11. The fraction bound, which is plotted, was that
obtained at a total 8-nitrotheophylline concentration of 1.4 X 10~4
mole/l. in the presence of 0.75%, BSA. The pH profile previously
reported, for the interaction between 1.42 X 10=* M 8-nitrotheo-
phylline and 0.4%; BSA, is illustrated for comparative purposes.
There is good qualitative agreement between the two methods.
However, at the extremes of pH, i.e., at pH 3 and 10.9, the two
techniques yielded significantly different results. The spectro-
photometric studies indicated a relatively small degree of inter-
action at these pH extremes, whereas the dynamic dialysis method
detected appreciable binding, with about 689 bound at pH 3 and
237 bound at pH 10.9. Some of this difference can, of course, be
attributed to the higher BSA concentration used in the dynamic
dialysis systems. However, the data may also reflect a shortcoming
of the spectrophotometric method in that if interaction does not
alter spectral properties of the small molecule, then the interaction
cannot be detected from spectral studies. It is important to note
that both studies yielded pH profiles having the same general
shape and both studies, therefore, indicated that three or more
classes of sites on BSA are involved in the binding of 8-nitrotheo-
phylline, as previously discussed (12).

The binding of 8-nitrotheophylline by BSA, at pH 7.0, was further
evaluated to determine the binding parameters characterizing this
interaction. The data appeared to be adequately described by an
interaction involving two classes of binding sites, where n, = 1,
n = 4, K; = 2.34 X 10°]1./mole, and K, = 2.53 X 103]1./mole.

Competitive Inhibition of Protein Binding—Inhibition of protein-
small molecule interactions due tothe presenceof a species capable of
competing for binding sites is a well recognized phenomenon and
has recently been reviewed (14). Equation 7 describing competitive
binding may be easily derived from mass law considerations and
defines the dependency of binding of a species “D,” in the presence
of a competitor “C,” on the unbound “D” concentration (Dy),
and unbound competitor concentration (Cy), the number of binding
sites on the protein (#) which interact with the drug and the competi-
tor, and the corresponding intrinsic association constants for “D”
and “C” (K; and K.).

- mKau(Dy)

5 = mKa(Dy)
¢ T 1+ Ka(Dy) + Ka(Cp)

T KDy + KiCyj E9 T




Here, 7, = moles of Species “D” bound per total mole of protein.
This equation may be rearranged in the form of a Scatchard equa-
tion, as given in Eq. 8.

b _ ZnKs + (D)KaKe 20 + (Cr)mKoKn + mKaKs)
(Dy) 1+ (2K, + KaKoCr)

5, [ZKe + KuKuADy) + (CrH KK + Kled?):] (Eq. 8)
a 1+ (CHIZK. + KaKa(CP)] i

It may be shown that while Eq. 8 is derived in terms of 74, a com-
pletely analogous equation can similarly be derived in terms of #,
(moles of Species “C” bound per mole of protein).

An expression describing the rate of loss of small molecule “D”
from a protein compartment containing a competitor “C,” can be
derived from the consideration that the rate of loss of ‘D’ is propor-
tional to the concentration of unbound species (D;):

_dDy _

T = KDy

(Ea. 9

From mass balance:
(Dt) = (Dh) + (Df)5

where (D)) is the concentration of “D”* which is bound. Further, in
the presence of competitor, it can be shown that,

(Eq. 10)

I11Kd1(Df)(P;)
1 + Ka(Dy) + Ka(Cy)

mKa D) Py) _
1 + Ka(D;s) + Ke(Cy)
(Eq. 11)

DY) =

Combining Egs. 10 and 11 and solving for (D) an expression for
(Dy) is obtained which may then be substituted into Eq. 9 to yield:

—d(D)) _ K{Dy)

dt 1+ mKaP)I1 + Ka(Dy) + Ka(Cp)] +
[mKn(PHI1 + KaDy) + Ko Cy)]

(Eq. 12)

The intuitive expectation that the presence of a competitor will
result in a faster decline of (D) is verified by inspection of Eq. 12,
which predicts that the rate of loss of (D) will increase with in-
creasing (C,). Further, the equation indicates that as (D;) and (Cy)
approach zero, the slope of a semilog plot of (D) versus time will
approach a constant value which is a function of K., n, (P;), and the
association constants (K,, K.) for the given system. Finally, Eq. 12
shows that if the values of Ku (Dy), and K2 (Dy) are significantly
smaller than the values of K. (Cy), and K.» (Cy), then the slope of a
semilog plot of (D,) versus time will be constant, if (C;) is constant.

A series of studies were conducted to evaluate dynamic dialysis
as a tool for studying the phenomenon of competitive inhibition of
protein binding. The studies were carried out by using 8-chloro-
theophylline and salicylic acid as the smali molecules “C”* compet-
ing with 8-nitrotheophyliine “D” for binding sites on the BSA
molecule.

As a prerequisite to these studies it was necessary to determine
if the presence of “C” exerted an effect on the rate of dialysis of
“D.,” in the absence of BSA. Thus, a control run with 8-nitrotheo-
phylline was first conducted, and then using the same membrane
sac, the dialysis of 8-nitrotheophylline was followed in the presence
of competitor, with the competitive concentration either main-
tained constant or allowed to decline. The loss of both “D” and
“C,” from inside the sac, was followed in the latter case.

The results of such studies where caffeine was employed as the
inhibitor are shown in Fig. 12. Here the initial caffeine concentra-
tion was approximately eight times that of 8-nitrotheophylline.
Only a slight reduction in the permeation rate of the caffeine caused
by the presence of 8-nitrotheophylline was noted. However, the
dialytic rate of 8-nitrotheophylline was significantly reduced by the
presence of caffeine. In addition, the semilog plot for such a system
was not linear. A reasonable explanation for the observed effect is
that complex formation occurred between 8-nitrotheophylline and
caffeine and that the complex diffused through the membrane at a
slower rate than did 8-nitrotheophylline alone.

The effect of a constant 8-chlorotheophylline concentration on
the dialysis of 8-nitrotheophylline was also measured and the
results are shown in Fig. 13. It is apparent that the presence of 8-
chlorotheophylline resulted in a decrease in the rate of loss of
8-nitrotheophylline,

TIME, hr.

Figure 21-—The loss of 8-nitrotheophylline from inside a dialysis sac,
in the presence and absence of BSA, and BSA and 9.8 mg./ml.
salicylic acid. The studies were conducted at pH 7.0 and 25°. Key:
O, 8-nitrotheophylline control; 0O, 8-nitrotheophylline control in the
presence of 9.8 mg./ml. salicylic acid; ®, 8-nitrotheophylline and
0.802%, BSA: &, 8-nitrotheophylline, 0.802%, BSA, and 9.8 mg./ml.
salicylic acid.

Finally, the influence of the presence of salicylate on the dialytic
behavior of 8-nitrotheophyiline was studied using a constant sali-
cylate concentration. The results are illustrated in Fig. 14 and
demonstrate the previously observed effect; the permeation rate
of the 8-nitrotheophylline was decreased in the presence of salicylate
ion.

This unexpected effect is currently being rigorously investigated.
Preliminary results indicate that complex formation is indeed

[5/(Df)} X 10~

~

Figure 22—The binding of 8-nitrotheophylline by BSA in the pres-
ence and absence of a constant salicylic acid concentration of 9.8
mg./ml. The studies were conducted at pH 7.0 and 25°. Key: O,
8-nitrotheaphylline and BSA; O, 8-nitrotheophylline, BSA and 9.8
mg./ml. salicylic acid; ®, theoretical data for the binding of 8-
nitrotheophylline by BSA in the presence of 9.8 mg./mg. salicylic
acid.
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responsible for the observed behavior. Studies are in progress to
evaluate the possibility that dynamic dialysis might be of utility in
investigating and quantitating small molecule-small molecule
interactions as well as small molecule-macromolecule binding.

Relative to protein binding studies, these results emphasize the
importance of considering small molecule-small molecule inter-
actions before attempting to study the phenomenon of competitive
inhibition. Thus, if the degree of interaction between “D” and
“C” is moderately large, results of competitive binding studies
might well be uninterpretable since one does not know a priori
whether inhibition is due to competition for binding sites or the
inability of “D:C” complexes to be bound by the protein. In the
present studies, for example, the interaction between 8-nitro-
theophylline and caffeine was sufficiently large to preclude a mean-
ingful study of the inhibition of 8-nitrotheophylline binding by
caffeine. The ability of 8-chlorotheophylline and salicylate to inhibit
the binding of 8-nitrotheophylline could, however, be studied since
in the former case relatively low concenirations could be employed
and in the latter, the apparent degree of complexation was rela-
tively low.

The binding of 8-nitrotheophylline by BSA in the presence of a
variable concentration of 8-chlorotheophylline was studied at pH
7.0 and 25° and the results are depicted by Fig. 15. Figure 16 sum-
marizes results which characterize the dialysis of 8-chlorotheo-
phylline from the competitive system. It should be noted that
preliminary experiments demonstrated that 8-chlorotheophylline,
in the concentration used in this study, did not significantly affect
the intrinsic rate of 8-nitrotheophyiline dialysis. Figure 15 clearly
illustrates the displacing effect caused by competition and which
resulted in an increase in the rate of loss of 8-nitrotheophylline
from the protein compartment. The data of Figs. 15 and 16 were
analyzed in the manner previously described to obtain the concen-
trations of unbound 8-nitrotheophylline and 8-chlorotheophylline
at various times during the course of the dialysis. Then, knowing
unbound and total concentrations, the bound concentrations
could be calculated. This permitted subsequent computations of
5:/(Cy), 34/(Dy), 7, and 7.. The results of these computations are
illustrated in Figs. 17 and 18 in the form of Scatchard plots. The
competitive effect is clearly evident. In addition the plots suggest
that both of the theophylline derivatives were bound to the same
sites on the protein since the ordinate intercept, which is equal to
Zn, appears to be the same for all systems.

Also depicted in Figs. 17 and 18 are points obtained by inde-
pendent considerations of competitive binding. Here, Eq. 8 was
utilized to solve for the concentration of bound species by using
n and K values determined from independent studies and experi-
mental values of (D) and (Cy). The concentration of protein used
corresponded to that in the experimental systems. Thus, theoretical
points for a Scatchard plot were generated and are represented by
the closed circles in the figures. The agreement of theory and experi-
ment is reasonable, particularly in view of the fact that small varia-
tions in the values of the four association constants can have rather
marked influences on the shape and position of a theoretically
generated plot.

Figure 19 compares results obtained in the dialysis of various
8-nitrotheophylline systems with and without a constant concentra-
tion of 8-chlorotheophylline. The constancy of the latter was en-
sured by formulating internal solution, external solution, and
replacement solution to contain the same concentration of 8-
chlorotheophylline. It is apparent from the figure that the rate of
dialysis of 8-nitrotheophylline was markedly increased by incorpora-
tion of 8-chlorotheophylline in the system. In addition, it can be
observed that for the competitive study, the semilog plot appeared
essentially constant after about 1 hr. which is indicative of the
binding of a constant fraction of the 8-nitrotheophylline. Figure 20
illustrates the Scatchard plot corresponding to this system. The
permeability constant utilized in analyzing the kinetic data to ob-
tain the Scatchard plot was obtained from the study of 8-nitro-
theophylline dialysis in the presence of 0.763 mg./ml. of 8-chloro-

48 [ Journal of Pharmaceutical Sciences

theophylline. The competitive effect is dramatically reflected by
this figure. Theoretical points are also shown in Fig. 20. These
were calculated in the manner previously described using the
assumption that here (C,) could be approximated by the analytical
concentration of competitor in the system. The agreement between
theoretical and experimental data is excellent and serves to confirm
the utility of the dynamic dialysis method in studying competitive
binding.

The results of similar studies, employing salicylate as a competing
species, are depicted in Figs. 21 and 22. These similarly demonstrate
the kinetic manifestations of competitive inhibition and the ability
to quantitate competitive binding behavior by the dynamic dialysis
approach.

In summary, this investigation has demonstrated the utility of
the dynamic dialysis approach by application to a variety of protein-
binding systems. The method was shown to be applicable to the
quantitation of binding covering a spectrum of binding strengths.
In addition it was demonstrated that competitive inhibition of
binding can be readily detected and quantitatively evaluated by
the technique. Some idea of the relative rapidity and convenience
of the method was evidenced by the ability to comprehensively
study the influence of pH, over a wide range, on the inter-
action of 8-nitrotheophylline with BSA. Although the present study
was limited to protein-containing systems, there is no reason why
the method could not be used in studies of binding by other natural
macromolecules, synthetic polymers, adsorbents, and micelle-
forming materials.
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Effect of Tablet Processing and Formulation Factors on
Dissolution Rate of the Active Ingredient in Human Gastric Juice

SISSEL SOLVANG and PER FINHOLT

Abstract [] The effect of the granulation and tableting processes
on the dissolution rate of phenobarbital, sodium phenobarbital,
phenacetin, and prednisone in human gastric juice has been in-
vestigated. A study has also been made on the influence of the
particle size of the active ingredient and the effect of different
binders on the dissolution rate of phenobarbital.

Keyphrases {_] Tablet dissolution rates—human gastric juice []
Gastric juice, human-—phenobarbital, phenacetin, prednisone
tablets, dissolution [ ] Formulation, processing effects—dissolution
rates [ ] Particle size effect—phenobarbital dissolution ] Binders
effect—tablet dissolution

The effect of formulation and processing factors on
the dissolution rate of the active ingredients of com-
pressed tablets has been the subject of a number of re-
ports (1-14). Various dissolution media such as water,
hydrochloric acid, buffer solutions, simulated gastric
juice, and simulated intestinal fluid, have been used,
but, surprisingly enough, not that solvent, in which the
dissolution process takes place in vivo—that is, human
gastric juice.

The scope of the present investigation was to study
the effect of the granulation and tableting processes
and the influence of certain formulation factors on the
dissolution rate of the active ingredient in human
gastric juice.

EXPERIMENTAL

Materials—All drugs were of Pharmacopoea Nordica grade.
The phenobarbital and phenacetin powders were separated into the
desired size fractions by sieving. The prednisone used was a micron-
ized product, having a particle size between 1 and 8 p determined
with a Celloscope, an apparatus that works on the Coulter counter
principle.

The gastric juice was obtained as described in an earlier paper
(15). A mixture of equal parts of gastric juice and water was used as
dissolution medium. This mixture is named “diluted gastric juice”
in the present paper.

Preparation of Granules and Tablets—The desired size fraction
of the drug powder was mixed with potato starch (or potato starch
-+ lactose) and gently moistened with the granulating solution. The
moistened mass was sieved and dried. The dry granules were sep-
arated into different size fractions by sieving. The 0.71-1.00 mm.
size fraction of the granules! was mixed with a lubricant and com-
pressed into tablets on a single punch tablet machine. Specifications
for the experimental granules and tablets are given in Table I.

Determination of Hardness—The hardness of the tablets was
determined with a Pfizer tablet hardness tester.

Determination of Disintegration Time—The disintegration time of
the tablets was determined according to The Nordic Pharmacopeia:
three tablets were placed in a conical flask, mixed with 30 ml. of
water at a temperature between 36 and 40° and kept at this temper-
ature with frequent swinging of the fiask.

Determination of Dissolution Rate—The dissolution rate was
determined by the beaker method of Levy (16) with minor changes

t Granules passing through standard sieve U. S. No. 18 (sieve opening
1.00 mm.), but not through sieve No. 25 (sieve opening 0.71 mm.).

Table I—Specifications for Experimental Granules and Tablets

——Phenobarbital Granules and Tabletse——
I

I
Phenobarbital® 100 g. 100 g. 100 g.
Potato starch 70 g. 70 g. 70 g.
Gelatine A sufficient
quantity
Carboxymethyl- A sufficient
cellulose¢ quantity
Polyethylene A sufficient
glycol 6000¢ quantity
Magnesium
stearate and
talc (149) 10 g. 10 g. 10 g.
Tablet hardness 4.4 kg.em.~2 2.1 kg.em.”2 0.9 kg.cm.™?
Disintegration
time 30 sec. S min. 20 sec.

Sodium Phenobarbital Granules and Tablets 17

Sodium phenobarbitale 125 g.
Potato starch 70 g.

Gelatin® A sufficient quantity
Magnesium stearate
and talc (149) 10 g.

Tablet hardness: 6.4 kg.cm.—2
Disintegration time: 3 min.

Phenacetin Granules and Tablets®

500 g.

Phenacetin (0.21-0.30 mm.)
115 g.

Potato starch

Gelatinc A sufficient quantity
Magnesium stearate
and talc (14+9) 30 ¢.

Tablet hardness: 4.5 kg.cm.™?
Disintegration time: 1 min.

Prednisone Granules and Tablets?

Prednisone (<8 w) S5eg.
Lactose 80 g.
Potato starch 85 g.
Gelatin® A sufficient quantity
Magnesium stearate

and talc (1+49) 10 g.

Tablet hardness: 6.6 kg.cm.—2
Disintegration time: 1.5 min.

21000 tablets, diameter 8 mm. ® Particle size: 0.21-0.30 mm,, if not
otherwise stated. ¢ 49 solution of gelatin in water as granulating agent.
429 solution of sodium carboxymethylcellulose in water as granulat-
ing agent. ¢350% solution of Carbowax 6000 in alcohol (95%) as
granulating agent. / 1000 tablets, diameter 8 mm. ¢ A crystalline powder
with most particles within the 0.11-0.30 mm. range was used, » 107
solution of gelatin in alcohol as granulating agent. + 1000 tablets, di-
ameter 13.5 mm. 7 1000 tablets, diameter 8 mm.

(15). For each test the drugs, granules, and tablets were—if not other-
wise stated—used in amounts that were more than sufficient for
saturation of the dissolution medium with the drug. The drug pow-
ders and the granules were gently spread over the surface of the
fluid, and settled down through the fluid during the test. The tablets
were dropped into the dissolution medium. At appropriate intervals
samples of the dissolution medium were withdrawn, filtered and
analyzed.

Analytical Methods— Determination of Prednisone—The samples
withdrawn were diluted with 0.1 N HCl and absorbances were
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Figure 1— Rate of dissolution of phenobarbital from powder, granules
I, and tablets I in diluted gastric juice (surface tension 42.5 dynes
cm.~Y, pH 1.70). Key: O, phenobarbital powder; A, phenobarbiral
granules I; ®, phenobarbital tablets I.

measured at 243 mp with a Beckman DK 2A spectrophotometer.
Phenobarbital and phenacetin were determined as described
earlier (15).

RESULTS AND DISCUSSION

Effect of the Granulation and Tableting Processes—The rate of
dissolution of phenobarbital, phenacetin, and prednisone was
determined before and after granulation and compression into
tablets.

It will be seen from Figs. 1-3 that the rate of release of all three
drugs from the granules is higher than the rate of dissolution of the
pure drugs. The granulation process has increased the dissolution
rate, probably by making the originally hydrophobic drug particles
hydrophilic.

Figs. 1 and 3 show that phenobarbital and prednisone are re-
leased at a higher speed from the tablets than from the granules. The
reason for this is probably that the drugs—during the dissolution
test—are more rapidly wetted when contained in tablets, because
the tablets are dropped into the dissolution medium and disin-
tegrate completely within 1-2 min., whereas the granules are spread
over the surface of the fluid and settle more slowly down through
the fluid. Tt is also possible that the compression process leads to
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Figure 2—Rate of dissolution of phenacetin from powder, granules,
and tablets in diluted gastric juice (surface tension 42,7 dynes em.™ !,
pH 1.85). Key: O, phenacetin powder; A, phenacetin granules; @,
phenacetin tablets.
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Figure 3—Rate of dissolution of prednisone from powder, granules,
and tablets in diluted gastric juice (surface tension 41.1 dynes cm.™ 1,
pH 1.50). Key: O, prednisone powder; A, prednisone granules; ®
prednisone tablets.

deformation or crushing of the granule particles, thus increasing the
specific surface area of the granules and their rate of dissolution. In
this connection it may be noted that Higuchi er al. (17) have shown
that the specific surface area of tablet granules becomes greater with
increasing compression pressure. These authors assumed that this
was due to the crushing of the granule particles. In a later paper
Higuchi et al. (18) have shown that with normal tableting pressures,
deformation of the granules takes place but without the particles
breaking up. The particles are changed from being almost spherical
to being nearly disk-shaped and hence their surface area is increased.

The experiments, the results of which are given in Figs. 1-3, were
so scaled that there would always be undissolved drug remaining
at the end of each test. Figure 4 shows the results of an experiment
where such amounts of phenobarbital powder, granules and tablets
were used for each test that a complete dissolution might occur (one
100-mg. tablet or an equivalent amount of granules or drug pow-
der). It will be seen that this procedure leads in principle to the
same result as the other procedure, i.e., the tablets showing a faster
dissolution rate than the granules and the drug powder,

Effect of Particle Size of the Active Ingredient—Phenobarbital
tablets were prepared according to Formula L Different size frac-
tions of the drug powder were used. Figure 5 shows that the rate of
dissolution of phenobarbital from the tablets increases with de-
creasing particle size of the drug. This result was expected since the
granulation process has made the surface of the drug particles hy-

PERCENT DISSOLVED

- 1 1 — 1 L
20 40 60 80 100 120
TIME, min.

Figure 4— Rate of dissolution of phenobarbital from powder, granules

1, and tablets I in diluted gastric juice (surface tension 46.4 dynes
cm.”t, pH 1.95). Key: O, phenobarbital powder; A, phenobarbital
granules; @, phenobarbital tablets.
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Figure 5—Effect of particle size of phenobarbital on dissolution rate
of the drug from tablets I in diluted gastric juice (surface tension
40.5 dynes em.~ ', pH 1.50).

drophilic. In addition the dissolution medium has a low surface
tension.

Effect of Different Binders—Phenobarbital tablets were prepared
according to Formulas 1, II, and III. The same pressure was, as far
as possible, used for the compression of the three batches of tablets.

Figure 6 shows that there are great differences in dissolution rates.
These differences could not be attributed to differences in disinte-
gration times during the dissolution test. Tablets I disintegrated
within 45 sec., tablets Il within 6 min., and tablets IIT within 20
sec. This means—as an example—that even though tablets I1{ had a
slightly shorter disintegration time in diluted gastric juice than
tablets I, the rate of dissolution was much lower.

It will be seen from Fig. 6 that the tablets prepared with gelatin as
granulating agent have a much higher dissolution rate than the
tablets prepared with CMC or polyethylene glycol 6000 as binders.
This result is in accordance with earlier findings (8) from this
laboratory that the use of gelatin as binder leads to granules and
tablets with a very high dissolution rate in 0.1 N HCL. The high dis-
solution rate of these granules and tablets is believed to be due to the
ability of gelatin to make originally hydrophobic surfaces of drug
particles hydrophilic. This theory is supported by earlier experiments
with phenacetin as model substance, showing that this hydrophobic
drug after mixing with potato starch and granulation with gelatin
dissolved at the same high rate in 0.1 N HCl as the ungranulated
drug did in 0.1 N HCl containing 0.2 polysorbate 80 as wetting
agent (8).

The reason why phenobarbital dissolves so slowly from tablets
IT is probably that the binder, sodium carboxymethylcellulose, at
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Figure 6—Rate of dissolution of phenobarbital from tablets I, 11,
and I in diluted gastric juice (surface tension 39.4 dynes cm. 1,
pH 1.50).
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Figure 7—Rate of dissolution of phenobarbital and sodium phenobar-
bital from powder, granules I, and tablets Iin 0.1 N HCI. The dotted
line parallel with the x-axis indicates the concentration of a saturated
solution of phenobarbital in 0.1 N HCI ar 37°. Key: , pheno-
barbital,; - - -, phenobarbital sodium; O, powder; A, granules I;
@, rablets 1.

the pH of the dissolution medium (pH 1.5) is converted into the less
hydrophilic free acid.

As far as tablets III is concerned the slow dissolution is assumed
to be due to a complex formation between the drug and the granu-
lating agent. Each tablet III contained 100 mg. of phenobarbital
and about 35 mg. of polyethylene glycol 6000. Higuchi and Lach
(19) and later Singh et al. (20) have shown that phenobarbital forms
stable compounds of reduced solubility with polyethylene glycols.
Singh et al. found the ratio to be 45.5 mg. of polyethylene glycol
4000 per 100 mg. of phenobarbital at 37° and pH 5.3. The following
experiment seems to indicate that a complex of reduced solubility
is formed between the drug and the granulating agent of tablets
111.

Two tablets were placed in 40 ml. of hydrochloric acid solution
pH 1.5 (the pH of the diluted gastric juice) and the mixture was
equilibrated at 37° for 30 hr. A phenobarbital concentration of only
65 mg. &, was found, whereas tablets I and If gave a phenobarbital
concentration of 180 mg. % under the same experimental condi-
tions. The complex between the drug and the granulating agent of
tablets III is probably formed during the dissolution test and not
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Figure 8—Rate of dissolution of phenobarbital and sodium phenobar-
bital from powder, granules 1, and tablets I in diluted gastric juice
(surface tension 40.5 dynes cm. =Y, pH 1.70). The dotted line parallel
with the x-axis indicates the concentration of a saturated solution of
phenobarbital in diluted gastric juice at 37°. Key: —, phenobarbital;
- - -, phenabarbital sodium, O, powder; A, granulesl; @, tablets I
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during the preparation of the tablets, since the amount of alcohol
used for granulation (about 35 g. per 100 g. of phenobarbital) can
not dissolve more than 4%, of the total amount of drug present.

It may be mentioned that complexation in some cases may in-
crease dissolution rates. Wurster and Kildsig (21) found that addi-
tion of creatinine, tartaric acid, malic acid, or succinic acid to the
dissolution medium increased the solubility and the dissolution rate
of m-aminobenzoic acid.

Comparative Studies of Release Rate of a Drug and Its Sodium
Salt from Granules and Tablets—In a previous study (15) the rate of
dissolution of sodium phenobarbital in diluted gastric juice was
determined and compared with the rate of dissolution of the salt
in a hydrochloric acid solution having the same pH as the diluted
gastric juice. It was found that initially nearly the same high drug
concentration was obtained in both dissolution media. However,
the precipitation of the free acid in excess of solubility took place
at a much slower rate in gastric juice than in hydrochloric acid.

In the present study the rate of dissolution of phenobarbital and
sodium phenobarbital from granules and tablets has been determined
using 0.1 N HCI and diluted gastric juice as dissolution media.
Comparisons with the rate of dissolution of the pure drug have been
made.

Figures 7 and 8 show that the rate of dissolution of the sodium
salt in both dissolution media is lowered by granulating a mixture
of the drug and potato starch with gelatin, Compression of the
granules into tablets results in a further reduction of the dissolution
rate. If the free acid is used instead of the sodium salt, the granula-
tion procedure and the tableting have—as mentioned earlier—the
opposite effect: the dissolution rate is increased by granulation of
the drug and further increased by compression of the granules.

By comparing the curves for sodium phenobarbital powder in
Figs. 7 and 8 it will be seen that the precipitation of the free acid is
much faster in 0.1 N HCl than in diluted gastric juice. It is also evi-
dent from these figures that granulated sodium phenobarbital forms
a supersaturated solution of the free acid in diluted gastric juice
but not in 0.1 N HC. The rate of precipitation of the free acid in
diluted gastric juice is obviously so low compared with the rate of
dissolution of the granules that a supersaturated solution may be
formed, whereas in 0.1 N HCl this is not the case.

Figures 7 and 8 also show that granulation of the free acid leads
10 a greater increase of the dissolution rate in 0.1 N HCI than in
diluted gastric juice. This was expected since 0.1 N HCI has a much
higher surface tension than diluted gastric juice.

Tablets prepared from the free acid had a much higher dissolution
rate in both media than tablets prepared from the sodium salt.
This was due to the fact that tablets containing the free acid disin-
tegrated rapidly in 0.1 N HCl and diluted gastric juice, whereas
tablets containing the sodium salt, although disintegrating fast in
water, did not disintegrate in the acidic media, but swelled and dis-
solved slowly from the surface.

Some experiments were done to prepare sodium phenobarbital
tablets with better dissolving properties in acidic media. Dry granu-
lation of a mixture of the drug and potato starch instead of wet
granulation of the same mixture with gelatin did not cause any
improvement. Better results were obtained by direct compression of
a mixture of the drug with microcrystalline cellulose. But even these
tablets exhibited much slower dissolution rate than phenobarbital
tablets prepared according to Formula 1.

SUMMARY AND CONCLUSIONS

1. The rate of release of phenobarbital, phenacetin, and predni-
sone from granules and tablets prepared with gelatin as granulating
agent was faster than the rate of dissolution of the pure drugs.
Phenobarbital and prednisone were released at a higher speed from
the tablets than from the granules. It is thus evident that both the
granulation process and the compression of the granules may in-
crease the rate of dissolution of drugs in human gastric juice.

2. The rate of dissolution of phenobarbital from tablets prepared
with gelatin as granulating agent increased with decreasing particle
size of the drug.

3. Phenobarbital tablets prepared with gelatin as granulating
agent were found to dissolve much faster in human gastric juice

52 [ Journal of Pharmaceutical Sciences

than tablets prepared with sodium carboxymethylceliulose or poly-
ethylene glycol 6000 as binders, probably because gelatin makes the
originally hydrophobic surface of the drug particles hydrophilic,
whereas sodium carboxymethylcellulose at the pH of the dissolution
medium is converted into the less hydrophilic free acid and poly-
ethylene glycol 6000 forms a complex of reduced sclubility with
phenobarbital.

4. The rate of dissolution of sodium phenobarbital in human
gastric juice and in 0.1 N HCl was lowered by granulating a mixture
of the drug and potato starch with gelatin. Compression of the
granules into tablets resulted in a further reduction of the dissolu-
tion rate. These tablets dissolved much slower in both media than
tablets prepared in a similar way from phenobarbital. The reason
for this was that the sodium phenobarbital tablets, although disin-
tegrating rapidly in water, did not disintegrate in the acidic media,
but swelled and dissolved slowly from the surface. In contrast to this
the phenobarbital tablets disintegrated very rapidly in acidic media
as well as in water. Attempts to use dry granulation or direct com-
pression in order to obtain sodium phenobarbital tablets dissolving
as fast as the phenobarbital tablets in acidic media were not suc-
cessful. It appears thus to be more difficult to prepare fast dissolving
tablets from the highly soluble sodium salt of phenobarbital than
from the corresponding poorly soluble free acid. It has often been
claimed that rapid dissolution of the active ingredient of tablets in
the stomach represents a problem only as far as poorly soluble drugs
are concerned, but it may certainly be a problem also when the
drug in question is very soluble.
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Assessment of Pharmacokinetic Constants from
Postinfusion Blood Curves Obtained after I.V. Infusion

J. C. K. LOO and S. RIEGELMAN

Abstract [] Pharmacokinetic constants have usually been derived
from the parameters of the exponential equation which describe
the blood curve after a single bolus i.v. injection. Occasionally,
due to potential toxicity, irritation, or limited solubility, it is not
possible to inject a drug by a single bolus; it may be feasible to
circumvent these difficulties by administering the drug intravenously
at a slower rate of infusion. A mathematical equation is presented
which enables one to determine the parameters identical to an i.v.
bolus injection curve by utilizing the postinfusion blood curve.
The equation is applicable to all compartmental models that may
be described by linear first-order differential equations with
constant coefficients. Experimental data are presented whereby
drugs were administered by very rapid and prolonged i.v. infusion
with blood sampling at appropriate intervals. The experimentally
estimated parameters calculated from the postinfusion blood curves
were in agreement with those obtained from the rapid infusion
blood curves.

Keyphrases [] Pharmacokinetic constants determination—post-
infusion curves [J Kinetic equations—slow i.v. infusion (] Griseo-
fulvin—slow, rapid i.v. infusion [] Sulfisoxazole—slow, rapid i.v.
infusion

Pharmacokinetic parameters are usually derived from
the exponential equations which describe the blood
curve after a single bolus i.v. injection. Occasionally, due
to potential toxicity, irritation, or limited solubility, it is
not possible to inject a drug by a single bolus. It may be
feasible to circumvent these difficulties by administer-
ing the drug intravenously at a slower rate of infusion.
An equation is derived below which enables one to
determine the parameters identical to those obtained
from an i.v. bolus injection curve by utilizing the post-
infusion blood level versus time curve. The equation is
applicable to all compartment models describable by
linear first-order differential equations with constant
coefficients. Experimental data will be presented from
studies in which drugs were administered by very rapid
and prolonged i.v. infusion into man and rabbit.

THEORETICAL

If drug elimination and distribution processes obey first-order
kinetics then the blood curve, after a single bolus i.v. injection, is
describable by a summation of exponential terms.

Ae kit
1

(Cphiv. = (Eq. 1)

1Mz

i
where (Cp)i.v. represents the plasma concentration! at time ¢z, after
administration of the i.v. dose, A4; is the intercept at zero

time, and k; is the corresponding first-order rate constant as defined
in Eq. 1. The Laplace transform of Eq. 1 is

— n A;
Cp(s) = igl Gri - Si(s) (Eq. 2)

I The plasma concentration could be expressed as the concentration
of the free drug and/or its metabolite,

where Cp represents the Laplace transform of Cp. If the same dose
of the drug is infused continuously at a constant rate (ko) (see
Footnote 2) until time 7, then ceased abruptly, the Laplace trans-
form for this input function is:

ko .
s(l—ef)

Sls) = (Eq. 3)

where fi(s) is the step function of height &, starting at zero-time and
stopping at ¢+ = 7. The Laplace transform (1) of the postinfusion
curve is the product of the input function fi(s) and the unit impulse
function fi(s).

(CPlpos(s) = fi(s)-fils) (Eq. 4)

(Cp)post. denotes the Laplace transform of the plasma concentration
when 1 > 7. Substituting Egs. 2 and 3 for £i(s) and fi(s), respectively,
one obtains:

(6p)post(s) = ,—;P(l - e_ﬂ)[ Z &

s + k:l (Eq. 5)
i=1 i

Separating terms we arrive at:
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The antitransform of Eq. 6 at times greater than 7 is
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(Eq. 7)
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Upon simplification of Eq. 7, we have:

AL LAY
(CP)post = ko [ Z EJ e kiG-n — E I—Cl e"‘i‘:] (Eq. 8)

=1 i=1"*

Substituting = for ko and setting +/ = (+ — 7) upon simplifying
Eq. 8, one gets®

n —%..
Z Ai(l — ¢ ktf) e_k;t'

(CPIpost = ki (Eq. 9

i=1"
n
When the infusion time is sufficiently short such that Z a -
)
. 1
e *iry approaches Z kir, Eq. 9 reduces to:

i=1

n
(CPIpost = Z A%

i=1

(Eq. 10)

This equation is equivalent to the equation defining an i.v. bolus in-
jection blood curve. However, when the infusion time is sufficiently

2 ko is expressed as the fractional infusion rate and is equal to amount
infused per unit time/amount of dose administered = (infusion time)~1,

3 This is a general solution for the postinfusion curves pertaining to
all multicompartment model systems. However, an equation for the
special two-compartment model case has been derived previously by
Rescigno and Segre (7).
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Table I—The Biexponential Equations® Describing the Postinfusion Curves Obtained after Rapid and
Prolonged Administration of Sulfisoxazole Intravenously into a Male Rabbit

Infusion
Time Ay’ ky

Error
Mean

Ay’ ks Square

10 sec.
Experimental®
values

30 min.
Experimental 33.0£ 2.3
values
Calculated? 29.3
values

60 min,
Experimental
values
Calculated 19.8
values

57.3 £ 2.6° 0.1244 =+ 0.0099

0.1286 £ 0.0171
0.1244 =+ 0.0099

22.8 4 2.6 0.1338 4= 0.0278

0.1244 3= 0.0099

427+ 2.5 0.01115 = 0.00091 1.5485

67.3+ 2.2 0.00982 £ 0.00047

70.7 0.01115 = 0.00091

1.2027

77.2 £ 2.5 0.01018 = 0.00056

80.2 0.01115 == 0.00091

1.5563

@ The equation is : P = dre™*i* + Ase~*2, A1, A2, and P, are expressed in percentage of (A1 + A2). ki, k2 are expressed in reciprocal minutes.
tis the time after infusion in minutes, > These values were determined from the experimental data by using an IBM 360/50 digital computer programmed
according to a nonlinear regression subroutine of the B.M.D. X85 series. ¢ Standard deviation units, 4These values were generated from Eq. 9 by
using the parameters of the postinfusion curves after the fastest infusion experiment,

n

long such that Z (1 — e~*:7"y approaches n, Eq. 9 becomes:
i=1

(Cploosy =

1

1Mz

A;
T
. kr e h; (Eq. 11)

It is evident from these considerations that k; is the same whether
it is obtained from a postinfusion curve or a single 1.v. bolus curve,
However, the intercepts of the exponential terms (i.e., A; and A4;[(1 —
e~*ityj(k:m)]) are different and the differences increase as the infusion
time lengthens. Since these intercepts are used to calculate kinetic
constants intrinsic to multicompartmental models, an appropriate

70

50

Cp/Cpr X 1007
3

wl 1 1 1]

I

20 40 60 80 100
TIME, min (AFTER INFUSION HAS STOPPED)

Figure 1—Sulfisoxazole plasma level after intravenous infusion into
rabbit. Key: A, after an infusion time period, , of 60 min.; B, after
30-min. infusion; C, after 10-sec. infusion; Cp, plasma concentration
after infusion has stopped; Cp-, plasma concentration at the end of
the infusion. The use of Cp/Cp: normalizes the data allowing more
convenient comparison of data among the experiments.
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correction must therefore be made. The intercepts can be calculated
from the following equation:
kit

where A4;' is the intercept, extrapolated to ' = 0, obtained from the
postinfusion curve. Incorporating Eq. 12 into Eq. 1, we arrive at
the following equation:

n
kit
(Cpi~v. = . = ok

i =

A ekt (Eq. 13)

Thus, an equation has been derived which will lead to the same
parameters as obtained after a single i.v. bolus injection. If the
parameters were obtained from free drug plasma concentration
versus time curve, then the kinetic and volume constants intrinsic
to the compartmental model can be calculated by procedures
previously described (2, 3). However if the parameters were de-

PLASMA CONCN. mcg./ml.

0.2 }—

) A AN S N N S

8 10 24 26 28
TIME, hr.

Figure 2—Griseofulvin plasma level after intravenous infusion into
man. Key: A, plasma level after 3-min. infusion; B, plasma level
after 2-hr. infusion.

*In Reference 3 the equation for the ¥d° is in error, The correct
equation should be Vd°® = Vdss = Vp (kn + kio/(ku) = Vd infusion.
This error has been pointed out to the authors by Gibaldi (4).



Table II—The Biexponential Equations® Describing the Postinfusion Curves Obtained after Rapid and
Prolonged Intravenous Administration of Griseofulvin into a Male Human Subject

Error

Infusion Mean

Dose Time A’ ky Ay’ ke Square

142 mg. 3 min. Exlperimental 1.492 + 0.046 0.7032 = 0.0510  0.9854 = 0.0486 0.07252 -+ 0.00499 0.0039
values

153.6 mg. 2 hr. Exlperimental 0.7101 £ 0.0877 0.7677 = 0.1825 1.0631 =+ 0.0884 0.06377 £+ 0.00761 0.0170
values

Callculated 0.8664 0.7032 + 0.0510  0.9921 0.07252 &+ 0.00499

values

@ All terms and values as denoted in Table I except Ai’, 42/, are expressed in micrograms per milliliters. ki, k2 are expressed in reciprocal hours.

rived from the metabolite or total drug concentration versus time
curve then different procedures must be developed to calculate
these constants,

EXPERIMENTAL PROCEDURE

Griseofulvin—Griseofulvin was injected into a healthy male adult
in a specially prepared solution of griseofulvin dissolved in poly-
ethylene glycol 300. The solution was not injected directly. It was
diluted into a rapidly flowing normal saline solution, which was
administered by intravenous drip over a 3-min. period. Several
weeks later the drug was administered over a 2-hr. interval at a
constant rate of infusion into the same test subject. The plasma
samples were assayed for the intact drug by a modification of the
method of Bedford er al. (5).

Sulfisoxazole—The left and right marginal ear veins of a male
rabbit (4.5 kg.) were cannulated by small catheters (Bardic Intracath
Cat. No. 1619 small catheters 20.32 cm. (8 in.), i.d. 0.015 mm.). Sul-
fisoxazole injection (Roche) was diluted to an appropriate volume
with sterile normal saline solution and then infused into the left vein
by means of a constant infusion pump. Blood samples were then
withdrawn from the right cannula. The catheters were removed
from the ear veins after the experiments. The rabbits were utilized
for additional experiments after their ear veins had properly healed.
The plasma samples were assayed for sulfonamide (unconjugated at
the Ny position) using the Bratton and Marshall procedure (6).

RESULTS AND DISCUSSION

The rapid infusion or the single bolus i.v. blood curves are
describable by the following biexponential equation:

Cpiv. = Ae™®tt + Aot (Eq. 14)
By applying Eq. 9 to Eq. 14, one gets

Al — e7Fr)
le ¢

Al — e7Fer)

(CPpost = Tt

Rt 4 ekt”  (Eq. 15)

or

(CP)poss = Av'e*it" + Ay/e o’ (Eq. 16)
where 4,” and 4.’ are definable from Eq. 15; Figs. 1 and 2 represent
the experimental data obtained on griseofulvin and sulfisoxazole.
The experimentally determined A4.’, 4./, k', k»’, and the corre-
sponding values as calculated from Eq. 9 are summarized in Tables
TandIl.

The experimental data points were initially fitted to biexpconential
equations by the use of an E.A.L. T.R. 48 analog computer. The
experimental data together with the initial estimated parameters
were then refitted or reassessed with an IBM 360/50 computer
programmed in accordance with a modified nonlinear jeast-
squares regression subroutine of the B.M.D. X85 series.

The theoretical 4,’ and 4.’ were calculated using A;, 4., ki,
and k, values obtained from the single i.v. bolus or rapid infusion
curves.

The satisfactory correlation between the experimental values and
the calculated values are evident. Most of the experimental values
are within one standard deviation of the calculated values. All of the

experimental values are within two standard deviations of the cal-
culated values. From Tables I and 11 it is seen that the ratio 4,/ 4’
decreases as the infusion time increases. This observation is in ac-
cordance with Eq. 9. Since k; > ks, the value 4,(1 — e %,7)/(k,r) will
decrease more rapidly with increasing r than the value for A —e*;7)/
(ka7) thus accounting for the above observation.

From Fig. 1 it is seen that the changes in the intercept ratio are
also reflected by the decreasing degree of the initial curvature of the
blood curve with increasing infusion time. Since this curved region
is critical to the definition of the multicompartmental pharmaco-
kinetic parameters, sampling must be sufficiently frequent to char-
acterize adequately this region of the blood curve, especially if the
infusion is prolonged. It is, therefore, advisable to minimize the in-
fusion time not only for the convenience of the subject, but also to
reduce the necessity for frequent sampling.

In Fig. 2 the data points lie close to the theoretical line as cal-
culated from the single i.v. bolus parameters. The change in the
initial curvature is not so apparent visually from the Cp versus t
curve. However, the computer-analyzed data given in Table II show
a drastic change in the intercept 4; and very little change in the
intercept A4.. This is quite in accord with Eq. 15. The graphical
representations given in Figs. 1 and 2 are for illustrative purposes
only and should not be used for final estimation of the parameters
of the equation in lieu of a computer solution.

The findings reported in this study suggest that in multicompart-
mental pharmacokinetic studies the post infusion curve can be
utilized to obtain pharmacokinetic parameters in lieu of the more
conventional single i.v. bolus injection. This infusion procedure is
especially useful when one encounters potential difficulties, such as
solubility and toxicity.
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Inhibited Dissolution of Drug Crystals by a Certified

Water-Soluble Dye

J. PICCOLO and R. TAWASHI

Abstract [J Quantitative experiments to investigate the effect of
FD&C Blue No. 1 on the dissolution of single crystals of sul-
fathiazole, phenobarbital, thymol, and sulfaguanidine under
controlled conditions, are described. At a very low concentration
FD&C Blue No. 1 exerted a remarkable inhibition on dissolu-
tion. Dissolution experiments on compressed disks and crystalline
powder, gave a significantly lower dissolution rate than the pure
drug alone. The dependence of the dissolution rate on the inhibitor
concentration was studied in sulfaguanidine crystals, and a con-
centration of 100 mcg./ml. reduced the dissolution rate by 55¢7. The
data presented is in agreement with the current theories concern-
ing dissolution inhibition by small concentrations of impurities and
suggests the dye molecules are preferentially adsorbed at the pri-
mary dissolution sources in the crystals investigated.

Keyphrases [ ] Drug crystal dissolution—inhibition [] Crystal
dissolution inhibition—water-soluble dye [] Dissolution rates,
behavior—single crystals, compressed disks [ ] FD&C Blue No.
1-—crystal dissolution inhibition

The effect of small quantities of dissolved impurities
on the dissolution, growth, and habit modification of
crystalline materials has been a subject of different
papers (1-3). The development of the dislocation
theory, supported by the fact that many organic and
inorganic crystals grow by dislocation (4), offered a new
basis for examining the influence of impurities on dis-
solution and growth of crystals.

Albon and Dunning (5) found that a low concentra-
tion of raffinose (1 part in 10,000 parts) lowered the
rate of step movement of sucrose crystals. The in-
hibitory action of raffinose and the retardation of step
advancement was explained as being governed by the
adsorption of raffinose on the steps of sucrose crys-
tals. Ives et al. (6, 7) studied the dissolution kinetics in
single crystals of lithium fluoride. The dissolution rate
of lithium fluoride was inhibited by small concentra-
tions of ferric ion (1 p.p.m.). The concept of impurity
adsorption on the kinks—the primary dissolution
sources—was discussed.

Crystal poisoning and habit modification by dyes
were reported by Buckley (2), Whetstone (8), and Engel-
hardt (9). At the present, certified water-soluble dyes
are used extensively as colorants in drug formulations,
e.g., in tablets, tablet-coating, suspensions, etc. The
possible effect of these colorants on drug dissolution and
eventually drug availability needs a careful study. The
purpose of this report is to investigate quantitatively the
effect of FD& C Blue No. 1 (as an example of certified
dyes) on the dissolution behavior of some drug crystals.

EXPERIMENTAL

Materials—Conditions have been selected to grow nearly perfect
drug crystals, suitable for single-crystal work. Crystals of sulfa-
guanidine, thymol, and phenobarbital monohydrate were grown
by slow evaporation at room temperature from a saturated solution
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Figure 1—Single-crystal dissolution of phenobarbital monohydrate
as a function of time. Key: A, in 0.1 N HCI; B, in 0.1 N HC/ con-
taining 10 meg./ml. FD & C Blue No. 1.

of the appropriate solvent. The solvents used were acetone for
sulfaguanidine, carbon tetrachloride for thymol (10), and a mixture
of 509 acetone in water for phenobarbital monohydrate (11).
Sulfathiazole Form I crystals were prepared from a saturated
solution of sulfathiazole in 959 ethanol using the method de-
scribed by Grove and Keenan (12). The materials used in this
study are USP grade and solvents were purified before use.

Dissolution Rate Studies—The linear dissolution rate was mea-
sured by a direct optical method which has been previously de-
scribed (13, 14). A single crystal was fixed in a rubber slit and placed
in a jacketed dissolution cell. The cell was then filled with 200 ml.
of 0.1 N HCI at 30°, stirring was maintained at 150 r.p.m. by syn-
chronized motor (Hurst Corp., Princeton, Ind.). The distance be-
tween the two parallel faces and boundary movement were measured
as function of time. Measurements were done with a microscope
fitted with a special filar micrometer (Zeiss). Each point represents
the average of ten determinations. The rate of dissolution was de-
termined in absence and in presence of low concentrations of FD& C
Blue No. 1 (5-100 mcg./ml.).

To study the dissolution behavior from compressed disks, the
same apparatus was used after a slight modification. Tablets from
the drug crystals were prepared, having the same diameter (1.88
cm.) and compressed under the same pressure. The tablets were

DISSOLUTION, mcg.
(52}
=]

5 16 15
TIME, min.

Figure 2—Single-crystal dissolution of sulfathiazole as a function of

time. Key: @, in 0.1 N HCI; A, in 0.1 N HC| containing 5 mcg.[ml.

FD&C Blue No. 1.



Table 1—Single-Crystal Dissolution Rate in cm./sec.

Dissolution Rate in
Dissolution Rate 0.1 N HCI Contain-

Material in 0.1 NHCl ing 10 mcg./ml. Dye
Phenobarbital
monohydrate 4.2 X 10°¢ 2.9 X 1078
Sulfathiazole 8.8 X 108 5.1 X 108
Sulfaguanidine 6.8 X 1075 4.6 X 107°

prepared without the use of any fillers, antiadhesives, or lubricants.
The tablet was placed in one end of a short glass tube having the
same diameter as the tablet, the other end of the tube was filled
with molten white bees wax and left to set. At time zero, the tube
was introduced into the dissolution cell containing 200 ml. of
0.1 NHCl at 30°, stirring at 150 r.p.m. Samples were pipeted out at
specified time and assayed spectrophotometrically for drug content
at the appropriate wavelength in the UV region of the spectrum.
The dissolution behavior was studied in absence and in presence of
FD& C Blue No. 1. A blank having the same concentration of FD&
C Blue No. 1 as the dissolution media was used as a reference in
determining the drug release in presence of the dye.

Dissolution behavior of the crystalline powder was determined
in absence and in presence of FD&C Blue No. 1 using the same
dissolution cell. The crystalline powder was introduced into the
dissolution cell at time zero; samples were pipeted out at specified
time and assayed for drug content. To exclude the effect of particle
size on the dissolution rate, the crystals used in the dissolution
study came from the same batch.

RESULTS AND DISCUSSION

The results in Figs. 1-3 show that small concentrations of FD&C
Blue No. 1 exerted a remarkable effect on the dissolution behavior
of phenobarbital monohydrate, sulfathiazole, and sulfaguanidine.
The linear dissolution rates in 0.1 N HCl and in 0.1 N HCl containing
10 mcg./ml. Blue No. 1 are given in Table 1.

The dissolution behavior of suifaguanidine single crystals was
studied in presence of variable concentrations of FD & C Blue No. 1
ranging from 0-100 mcg./ml. The data presented in Fig. 3 shows in-
hibiting effect of the dye on dissolution and Fig. 4 demonstrates
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Figure 3—Single-crystal dissolution of sulfaguanidine as a function 0f
time. Key: @, in 0.1 N HCI; A, in 0.1 N HCI containing 10 mcg./mi.
FD&C Blue No.1;0,in 0.1 N HCI containing 50 meg./mi. FD&C Blue
No. 1; »,in0.1 N HCI containing 100 mcg./ml. FD&C Blue No. 1.
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Figure 4—Effect of dye concentration on the dissolution rate of sul-
faguanidine single crystals.

the dissolution rate dependence on the inhibitor concentration. It
is obvious that this curve tends to stabilize after 50 mcg./ml.

Dissolution from the planar surface of a compressed disk was
carried out to substantiate the results obtained from single crystals.
Figure 5 shows the dissolution behavior of sulfathiazole compressed
disks in 0.1 N HCl and in 0.1 N HCl containing 5 mcg./ml. Blue No.
1. The inhibition obtained is in close agreement with that obtained
from a sulfathiazole single crystal.

Figure 6 represents the same phenomenon in compressed disks
of thymol. The thymol crystals used in preparing the tablet were
grown from CCl,. These crystals exhibited spiral steps as shown
in Fig. 7. Because of the fragile nature and shape irregularities
of these crystals, it was difficult, in practice, to measure the
dissolution rate of single crystals.

The effect of 50 mcg/ml. of dye on 1.5 g. of sulfathiazole crystalline
powder is shown in Fig. 8. Although the dye concentration is high,
the dissolution rate was reduced by a value smaller than those ob-
tained from studies on single crystals and tablets. This can be ex-
plained by the relatively large surface area provided by 1.5 g. of
the crystalline powder.

100
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20

5 10 15 20 25 30 35
TIME, min.

Figure 5— Dissolution behavior of sulfathiazole compressed disks.
Key:0O,in 0.1 N HCI; B, in 0.1 N HCI containing 5 meg/ml. FD&C
Blue No. 1.
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Figure 6—Dissolution behavior of thymol compressed disks. Key:
O, in 0.1 N HCI; m, in 0.1 N HC| containing 5 mcg./ml. FD&C Blye
No. 1.

The inhibitory effect of Blue No. 1 on the dissolution of the
investigated drug crystals, is in agreement with the work of Saad and
Higuchi (1), representing a situation where a relatively large amount
of sodium cholate retarded the growth and dissolution rates of
cholestrol crystals. The inhibition of the surface dissolution rate
by the dye is in agreement with the studies of Ives er a/. dealing with
the effect of traces of ferric ion on the dissolution Kinetics of a
single crystal of iithium fluoride.

The data obtained are consistent with the kink mechanism pro-
posed by Gilman ez a/. (15) and Ives (16). The mechanism involves
preferred adsorption of the dye molecules at the primary dissolu-
tion sources of the crystal surface. The kinks in crystal ledges are
the primary dissolution sources, where individual drug molecules
can deposit or escape readily.

In absence of dye, the drug molecules will be lost preferentially
from the kinks where binding is weakest and effect a motion of the
kinks along the ledges. The mean time for stripping will always be a
simple factor of the ledge length. Continuous dissolution will re-
quire successive nucleation of the kinks. In presence of dye inhibi-
tion, the dye molecules tend to deposit on the kinks and reduce the
kink nucleation rate.

The fact that the curve in Fig. 4 tends to stabilize after a certain
concentration of dye is in agreement with previous observations
reported by Ives and Plewes (7). It is in accord with the postulate
that the observed optimum concentration in the plot of rate of
dissolution versus inhibitor concentration represents a situation
where mono-kink adsorption is attained.

A further evidence was found in investigating the morphological
changes produced by the dye on the dissolving faces of sulfaguani-
dine and sulfathiazole crystals. Figures 9 and 10 show the dissolu-
tion features produced by 0.1 N HCland 0.1 N HCl containing 50
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Figure 7—Thymol crystal exhibiting spiral steps. Magnification:
125X.
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Figure 8—Dissolution behavior of sulfathiazole crystalline powder.
Key:@,in0.1 N HCI; A, in 0.1 N HCI containing 50 meg./ml. FD&C
Blue No. 1.

u/ml. of the dye for a limited period of time. FD& C Blue No. 1
seems to act as an etchant producing etch pits on these dissolving
faces. The observations are similar to those obtained by Gilman
et al. (15) in their study of dislocation etch pit formation in lithium
fluoride in presence of ferric ion as dissolution inhibitor.

The major emphasis in this study is on surface dissolution of
single crystals and of compressed disks of the drug crystals. For
the present, the inhibited dissolution in presence of Blue No. 1, is
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Figure 9—Effect of FD&C Blue No. 1 on the dissolving face of sul-
Jaguanidine single crystal after 15 min. Key: a, in 0.1 N HCI, b in
0.1 N HCl containing 50 mcg./ml. FD&C Blue No. 1. Magnification:
125%.



Figure 10— Effect of FD&C Blue No. 1 on the dissolving fuce of
sulfathiazole single crystal after 15 min. Key: a, in 0.1 N HCI,
b, in 0.1 N HC| containing 50 mcg.fml. FD&C Blue No. 1. Magni-
Sfication: 500X.

limited to the systems that have been studied, and to the experi-
mental conditions described. The significance of dissolution in-
hibition in powder systems in presence of a low concentration of the
dye is not clear yet. The extension of this study to other powder
systems and other water-soluble dyes will contribute to better

understanding of the role of water-soluble colorants in drug formula-
tions.
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Phenylisoquinolines and Hydroisoquinolines

J. SAM, R. M., SHAFIK*, and K. APARAJITHAN

Abstract [ The synthesis of some derivatives of 5-, 6-, and 7-
phenylisoquinoline, 3,4-dihydroisoquinoline, and 1,2,3,4-tetrahy-
droisoquinoline are described. Results of preliminary pharma-
cological tests are reported.

Keyphrases [ Phenylisoquinolines—synthesis [ ] Hydroisoquino-
lines—synthesis [[] Pharmacological screening—phenylisoquino-
lines, hydroisoquinolines [] IR spectrophotometry—identity

Several alkaloids which incorporate the 1-benzyliso-
quinoline (I) or tetrahydroisoquinoline (II) moiety in
their structures possess interesting biological properties
(1, 2). The latter structural feature has been proposed
(3) as a precursor in the biosynthesis of the aporphine
alkaloids (III). Whereas, extensive investigations (4, 5)
have been directed toward the synthesis of 1-benzyliso-
quinolines, little effort has been expended in studies of
arylisoquinolines (VII) and the corresponding hydro-
genated derivatives (VIII, X, and XI) (6). Consequently,
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it was of interest to determine wheher compounds such
as VII and hydrogenated VII possess CNS properties
similar to known aporphines (7) (bulbocapnine) and/or
cardiovascular properties.

The synthetic approach followed is shown in Scheme
I. The nitration of isoquinoline yielded 5-nitroisoquino-
line (V) (8). The reduction of the latter compound to
S5-aminoisoquinoline (VI) (9, 10) followed by diazotiza-
tion and coupling with benzene, according to a proce-
dure similar to that described by Cadogan (11) for the
preparation of biphenyls, provided S-phenylisoquino-
line. Hydrogenation of VIla hydrochloride using plati-
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(1, 2). The latter structural feature has been proposed
(3) as a precursor in the biosynthesis of the aporphine
alkaloids (III). Whereas, extensive investigations (4, 5)
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The synthetic approach followed is shown in Scheme
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line (V) (8). The reduction of the latter compound to
S5-aminoisoquinoline (VI) (9, 10) followed by diazotiza-
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Table I—Phenylisoquinolines and Hydroisoquinolines

C6H5
Posi- Yield, M p. °C. (Recrystn. Molecular Anal., 7
No. R R’ Method tion % Solvent)* Formula Calcd Found
Vila H — A 5 26 185-186(W Ac) CyH NOp < C, 58.1 C, 57.6
H, 3.3 H, 3.7
N, 12.9 N, 13.5
VIIb H — A 5 — 237-239%(W) CigH 4 NIde C, 55.4 C, 55.5
H, 4.1 H, 4.2
N, 4.0 N, 4.0
Vile CH; — E 7 60 233-235(WAc) CpH; N O/ 0.k C, 58.9 C, 58.6
H, 3.6 H, 4.0
N, 12.5 N, 12.2
Vlila H H B 5 98 290-292(W) CisH (NCl i C, 73.3 C, 73.8
H, 6.6 H, 6.6
N, 5.7 N, 5.4
VIIib H H D 6 76 235-237(W) Cy;H:eNCI¢ C, 73.3 C, 73.4
H, 6.6 H, 6.5
N, 5.7 N, —
VIIIc CH; H D 6 70 231-233(ME) CcHisNCl F C, 74.0 C, 73.6
H, 7.0 H, 71
N, 5.4 N, 5.3
VIIld H H D 7 51 249-251(ME) CisHisNCI# C, 73.3 C, 73.0
H, 6.6 H, 6.9
N, 5.7 N, 5.8
VIile CH; H D 7 70 185(WACc) CopHyoN O m o C, 58.4 C, 58.5
H, 4.7 H, 4.6
N, 12.4 N, 12.8
Xa H — C 6 45 176-178(E) CuH;¢N,Os C, 57.8 C, 58.8
H, 3.7 H, 3.9
N, 12.8 N, 13.0
Xb CH; — C 6 77 254-256(E) CoH 5N, 050 C, 58.7 C, 59.0
H, 4.0 H, 4.4
N, 12.4 N, 12.3
Xc H — C 7 40 190-192(E) CyHsN4O C, 57.8 C, 58.0
H, 3.7 H, 3.9
N, 12.8 N, 12.9
Xd CH; — C 7 44 216-218(EW) CoHisN,Oyer C, 58.7 C, 59.0
H, 4.0 H, 4.0
N, 12.4 N, 12.8
Xla H CNHNH, F 5 73 222-224(ME) CisHisN3Cli e C, 66.8 C, 66.7
H, 6.3 H, 6.3
N, 14.6 N, 14.0
XIb H CH; G 5 80 228-230(W) CisH sNIr o0t C, 54.7 C, 54.9
H, 5.2 H, 5.2
N, 4.0 N, 4.1
Xle CH; CH; H 7 92 237-238(EW) Cy;HyoNI2wv C, 55.9 C, 56.0
H, 5.5 H, 5.4
N, 3.8 N, 4.0
Xld CH; CH; H 7 — 202-204(E) CisHyNIdw C, 57.0 C, 56.8
H, 5.9 H, 5.9
N, 3.7 N, 3.9
Xle CH; C,cH;CINO= I 7 80 140-141(AW) CoHazN:CIO# v C, 75.3 C,75.4
H, 5.6 H, 5.6
N, 6.8 N, 7.0

@ WAc = water-acetic acid; W = water; ME = methanol-ether; E = ethanol; EW = ethanol-water; P = petroleum cther (30-60°). 5 Free base,
b.p. 146-148° (0.6 mm.). < Picrate. ¢ Methiodide. ¢ Calcd. for I: 36.6; Found: 36.8. / Free base, b.p. 160° (0.2 mm.). ¢ Hydrochloride, m.p. 261~
263 °(E). » Methiodide, m.p. 297-300°(W). # Hydrochloride. 7 Caled. for Cl: 14.4; Found: 14,1, ¥ Calcd. for Cl; 13.7; Found 13.9, ¢ Calcd. for Cl: 14.4;
Found: 14,5, = Free base, b.p. 164° (0.65 mm.). » Hydrochloride, m.p. 261-263 °(E). ¢ Hydrochloride, m.p. 263-264° dec.(ME), » Free base, m.p. 83~

85°(P). ¢ Calcd, for Cl: 12.3; Found: 12.6.  Free base, m.p. 73-74°(E

W). s Hydriodide, ¢ Caled. for I: 36.1; Found: 36.0. » Free base, b.p. 137° (0.2

mm,). v Caled. for I': 34.8; Found: 34.6. » Calcd. for I: 33.5; Found: 33.5. = 5-Chloro-8-hydroxy-7-quinolylmethyl. ¥ Calcd. for Cl: 8.6; Found: 8.4,

num oxide catalyst yielded 5-pheny!-1,2,3,4-tetrahydro-
isoquinoline (VIlla) whereas VIIb gave the 2-methyl
derivative (XIb).

The 6-, and 7-phenyl-2,3-dihydroisoquinolines (X)
were prepared via the Bischer-Napieralski reaction by
heating N-acylbiphenylethylamines (IX) with poly-
phosphoric acid (12). Reduction of X with sodium
borohydride provided the 1,2,3,4-tetrahydroisoquino-
lines (VIII). Dehydrogenation of VIlle in p-cymene
with 1097 palladium on carbon (13) provided the cor-
responding unsaturated isoquinoline (VIIc¢).

Heating VIlla with cyanamide (14) gave the guani-
dine derivative (Xla). Methylation of VIlle yielded the
corresponding N-methyl derivative (XlIc). Treating
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VIlle with 5-chloro-8-hydroxyquinoline and formal-
dehyde provided the Mannich product (Xle). The com-
pounds that were prepared are listed in Table I.

PHARMACOLOGICAL RESULTS!

Acute effects (Table II) after intraperitoneal injection were ob-
served in male albino mice (20-30 per compound) weighing 25-35
g. Estimated 48-hr. LDjeand 95 ¥ confidence limits were determined
by the method of Horn (15). The method of Irwin (16) was utilized
in noting the effects produced.

1 The authors are grateful to Dr. W. Marvin Davis, Department of
Pharmacology, for the pharmacological data.
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EXPERIMENTAL?

5-Phenylisoquinoline (VIIa)—Method A—A solution of 14.4 g.
(0.1 mole) of 5-aminoisoquinoline (VI) in 300 ml, of dry benzene
was treated with 25 ml. of freshly prepared isoamyl nitrite. The
reaction mixture, which turned brown, was heated under reflux on
a steam bath for 1 hr. and then allowed to remain at room tempera-
ture for 18 hr. The solvent and unreacted isoamyl nitrite were re-
moved by distillation. The dark-colored residue was extracted with
hot petroleum ether (30-60°). The pale yellow liquid obtained after
the removal of the solvent was distilled under reduced pressure. The
picrate (VIla) and the methiodide (VIIb) were prepared in the
usual manner and recrystallized.

5-Phenyl-1,2,3,4-tetrahydroisoquinoline (VIIIa)—Merthod B—A
solution of 7 g. (0.029 mole) of 5-phenylisoquinoline (VIla) in 50
ml. of 1 N hydrochloric acid was hydrogenated at 47 p.s.i. with 0.1 g.
of PtQ, catalyst for 12 hr. The mixture was heated to dissolve the
solid that had separated and then filtered to remove the catalyst. The
hydrogenated product was separated from the cooled filtrate and
recrystallized.

N-Acylbiphenylylethylamines  (IX)—N-[2-(3-Biphenylylethyl]-
formamide (I1Xa) and N-[2-(4-biphenylyl)ethyl]formamide (IXc)
were prepared using a procedure similar to that described by Cannon
and Webster (12) for the preparation of N-acylphenylethylamines.
To 0.014 mole of the appropriate 2-biphenylylethylamine was added
22.5 ml. of formic acid and 18 ml. of acetic anhydride. The solution
was refluxed for 7 hr. and thereafter diluted with water and ex-
tracted with ether. The ether layer was washed subsequently with
1097 sodium hydroxide, 109 hydrochloric acid, and water, respec-
tively, and then dried over anhydrous sodium carbonate. The ether
was removed under reduced pressure; the crude products (659 of
IXa and 55% of IXc) were used without further purification in
Method C.

N-[2-(3-Biphenylyl)ethyllacetamide (1Xb),and N-[2-(4-biphenylyl)-
ethyljacetamide (IXd) were prepared according to the procedure
described by Samer al. (17, 18).

6-, and 7-Phenyl-3,4-dihydroisoquinolines (X)—Method C—To
61 g. of commercial polyphosphoric acid, heated to 150°, was
added with stirring 0.015 mole of the appropriate, dried, N-acyl-
biphenylylethylamine (1X). The mixture was kept at 180-190° for
3 hr. and then set aside for 9 hr. at room temperature. Thereafter,
the mixture was diluted with 500 ml. of water and allowed to re-
main at room temperature for an additional 12 hr. The solution was

2 All melting points were taken in open glass capillaries using a
Thomas-Hoover melting point apparatus and are uncorrected. IR
spectra of all compounds were determined on a Perkin-Elmer model 137
infracord spectrophotometer using KBr pellets. The spectra were con-
sistent with the assigned structures.

filtered, rendered alkaline with a solution of 70 g. of sodium hy-
droxide in 140 ml. of water and then extracted with ether. The ether
extract was washed with water and dried over anhydrous sodium
sulfate. The amine was distilled under reduced pressure and/or
converted to a salt in the usual manner and recrystallized.

6-, and 7-Phenyl-1,2,3,4-tetrahydroisoquinolines (VIII)—Method
D—A solution of the proper phenyl-3,4-dihydroisoquinoline (X)
in 80 ml. of ethanol was treated dropwise, while stirring, with a
solution of 8 g. of sodium borohydride in 80 ml. of ethanol. The
reaction mixture was allowed to remain at room temperature for 18
hr. and then heated under reflux for 1 hr. The ethanol was distilled
under reduced pressure and the residue diluted with water and ex-
tracted with ether. The ether extract was washed with water and
dried over anhydrous sodium sulfate. The ether was evaporated;
the residue was distilled under reduced pressure and/or isolated as a
salt and recrystallized.

1-Methyl-7-phenylisoquinoline (VIIc)—Merthod E—A mixture
of 5.2 g. (0.023 mole) of 1-methyl-7-phenyl-1,2,3,4-tetrahydroiso-
quinoline (VIIIe), 5 g. of 109 Pd-C and 350 ml. of dry p-cymene
was heated under reflux with stirring for 1 hr. The catalyst was re-~
moved by filtration and washed with two 50-ml. portions of hot ben-
zene, The combined filtrate was extracted with dilute hydrochloric
acid. The acid extract was rendered alkaline with dilute sodium
hydroxide, and then extracted with ether. The ether extract was
washed with water and dried over anhydrous magnesium sulfate.
The residue obtained on evaporation of the ether was distilled. A
picrate was prepared in the usual manner and recrystallized.

5-Phenyl-3,4-dihydro-2(1H)-isoquinolinocarboxamidine hydrochlo-
ride (IXa)—Method F—A mixture of 1.23 g. (0.005 mole) of
5-phenyl-1,2,3,4-tetrahydroisoquinoline  (VIlIa), 0.25 g. (0.006
mole) of cyanamide and 3 ml. of water was heated in an oil bath
at 180° for 1.5 hr. The product was isolated from the resulting mix-
ture by recrystallization.

2-Methyl-5-phenyl-1,2,3,4-tetrahydroisoquinoline (XIb)—Method
G——A suspension of 5.05 g. (0.014 mole) of 5-phenyl-2-methyliso-
quinolinium jodide (V1I5) in 50 ml. of water was hydrogenated at
47.5 p.s.i. with 0.1 g. of PtO, for 48 hr. The mixture was heated
and filtered to remove the catalyst and then cooled. The product
was removed by filtration and recrystallized.

1,2 -Dimethyl - 7-phenyl-1,2,3,4 - tetrahydroisoguinoline  (XIc)—
Method H—Methylation of 1.5 g. (0.0067 mole) of 1-methyl-7-
phenyl-1,2,3 4-tetrahydroisoquinoline (VIIle) by the Eschwiler-
Clarke method (17) gave a liquid which was distilled under reduced
pressure. A hydriodide and a methiodide (X1d) were prepared in
the usual manner and recrystallized.

2-[5-Chloro-8-hydroxy-7-quinolylmethyl]-1-methyl-7-phenyl-1,2-
3,4-tetrahydroisoquinoline (XIe)—Merhod I—To a solution of 0.49
g. (0.0022 mole) of 1-methyl-7-phenyl-1,2,3,4-tetrahydroisoquino-
line (VIIIe) in 10 mil. of ethanol was added 0.4 g. (0.0022 mole)
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Table II—Acute Interperitoneal Toxicity and Symptomatic Observations

No.= LDso,mg./kg. Observations

Vilabc 242(208-282) Sedation, ataxia, tremors

VIib4d 141(117-170) Sedation, ataxia, tremors

VIlIcb:e 521(447-607) Sedation, ataxia, loss of righting reflex

Viicee 187(165-210) Sedation, tremor, vasodilation

Villat -« 96(76-123) Sedation, convulsion at toxic doses

VIIIHP e 104(86-125) Slighi nl]10tloc5 excitation; convulsions
at lethal doses

VIIIct:« 141(117-170) Slight analgesia early followed by long-
continuing clonic convulsions

VI .c 153(126-184) Slight analgesia early, clonic convulsions,
tremors, and ataxia

VIlIebe 77(66-89) Sedation, convulsion at toxic doses

Xbhbe 52(45-61) Long-continuing clonic convulsions

Xd4é 95(74-123) Mixed CNS sedation, excitation, slight
analgesia o .

Xlabe 59(44-79) Depression of motor activity and respira-
tion; ataxia and respiratory failure
with lethal doses

XIbs e 383(308-476) Sedation at sublethal doses; mild clonic
convulsions at lethal doses

Xlc/ e 261(210-325) Sedation, ataxia; mild clonic convulsions
at lethal doses

Xled 328(258-419) Sedation, ataxia

a Refers to compound numbers found in Table I, » Hydrochloride, ¢ Administered as an aqueous solution. 4 Administered as an aqueous sus-

pension in acacia. ¢ Methiodide. / Hydrodide,

of 5-chloro-8-hydroxyquinoline and 0.2 mi. of 389 formaldehyde.
The mixture was refluxed for 1 hr. and then allowed to remain at
room temperature for 18 hr. The product was removed from the
cooled solution by filtration and recrystallized.
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Aqueous Stability of Clindamycin

T. O. OESTERLING

Abstract [] The kinetics and mechanism of degradation of the anti-
biotic clindamycin were studied in buffered aqueous solution in the
pH range 0.4-12. Clindamycin showed maximum stability at pH
3-5; however, high temperature studies indicated that not more
than 1027 degradation will occur in the pH range 1-6.5 after two
years at 25°. In the pH range 0.4-4 the major degradative pathway
was hydrolysis of the thioglycoside linkage to form I-dethiomethyl-
I-hydroxy clindamycin and methyl mercaptan. The major degrada-
tive pathway in the pH range 5-10 was scission of the 7-(S)-Cl of
clindamycin to form the 7-(R)-OH analog, lincomycin. Evidence
was obtained that supports the hypothesis that this conversion to
lincomycin proceeds through an oxazolonium intermediate and
that the extent of conversion depends on the degree of protonation
of the amine function of clindamycin. The activation energy for
clindamycin degradation in 0.1 M HCI, where thioglycoside hy-
drolysis is predominant, is 38.0 £ 1.2 kcal./mole, and the activa-
tion energy in 0.2 M citrate buffer adjusted to pH 5, where con-
version to lincomycin is predominant, is 29.1 & 0.6 kcal./mole.

Keyphrases [] Clindamycin—stability, aqueous solution [J Sta-
bility—clindamycin aqueous solutions [] Degradation, clinda-
mycin—Kkinetics, mechanism, product identity [] pH effect—
clindamycin stability [] Temperature effect—clindamycin sta-
bility [] GLC—analysis [] Mass spectroscopy—identity

The synthesis and biological properties of the anti-
biotic clindamycin (I) were first reported by Magerlein
et al. (1, 2). Clindamycin possesses marked anti-
plasmodial activity (3) and is highly effective in the
treatment of infections caused by Gram-positive or-
ganisms (2).

The purpose of this study was to investigate the
degradation of clindamycin in aqueous solution in
order to supply basic information necessary for the suc-
cessful formulation of the drug in liquid dosage forms.
The effects of pH and temperature on the rate of
clindamycin degradation were studied and the major
products of degradation in the pH range 0.4-12 were
identified. From these data, the conditions of maximum
stability of clindamycin in aqueous solution were
established and the stability of clindamycin in pharma-
ceutical formulations could be predicted.

EXPERIMENTAL

Materials—Clindamycin, lincomycin, lincomycin tetraacetate,
7-epilincomycin, and 7-epiclindamycin (The Upjohn Co.) were
used and all other chemicals were reagent grade.

°r

Figure 1—Typical gas-liquid chromatogram of acetylated sample
Sfrom low pH (<4) reaction mixtures. Key: Peak 1, I-dethiomethyl-1-
hydroxy clindamycin tetraacetate; Peak 2, suspected anomer of
Peak 1; Peak 3, clindamycin triacetate; Peak 4, cholesteryl acetate.

I [ i L 1

Kinetic Studies—pH-Rate Studies—Reaction mixtures containing
clindamycin hydrochloride and buffers were prepared to cover the
pH range 0.40-12 using the buffers shown in Table I. Individual
buffer systems were prepared from citric acid, tartaric acid, acetic
acid, succinic acid, disodium phosphate, boric acid, and sodium
carbonate, and adjusted to the desired pH at 70° by the addition
of hydrochloric acid or sodium hydroxide.

The concentration of clindamycin hydrochloride was 127 (0.02
M) in the pH range 1-6, 0.29] at pH 7, and 0.1 at pH values
greater than 7. Reaction mixtures at higher pH contained less
clindamycin due to the relatively low solubility of the undissociated
species (about 2 mg./ml.). After preparation, volumes of each
reaction mixture equivalent to 12 mg. of clindamycin hydrochloride
were filled into ampuls, sealed, and placed into a 70° constant-
temperature bath. At appropriate times two samples were with-
drawn, the pH of one was measured, and an aliquot of the second
equivalent to 10 mg. of clindamycin hydrochloride was freeze-
dried. The amount of intact clindamycin present in the freeze-
dried samples was determined by the gas-liquid chromatographic
assay described below.

Temperature-Rate Studies—The effect of temperature on the
rate of clindamycin degradation was studied in 0.1 M hydrochloric
acid and in 0.2 M citrate buffer adjusted to pH 5.

Ampuls containing 10 mg./ml. of clindamycin hydrochloride in
0.1 M hydrochloric acid were placed into constant-temperature baths
set at 47, 53,70, 79, and 93°. At appropriate times 1.0-ml. samples
were withdrawn, freeze-dried, and the amount of intact clindamycin
present in the freeze-dried samples was determined by the gas-
liquid chromatographic assay described below.

Ampuls containing 10 mg./ml. of clindamycin hydrochloride in
the citrate buffer were placed into 47, 53, 60, 70, 80, and 90° con-
stant-temperature baths. At appropriate times two ampuls were
withdrawn, the pH of one was measured, and 1.0 ml. of the other
was freeze-dried. The pH did not vary by more than 0.2 pH units
from the initial pH during the reaction in all of the buffered reaction
mixtures including the pH-rate studies described above. The
amount of intact clindamycin present in the freeze-dried samples
was determined by the gas-liquid chromatographic assay described
below.

Gas-Liquid Chromatographic Assay—One milliliter of deionized
water was added to the freeze-dried sample, the pH was adjusted to
11 with concentrated ammonium hydroxide, and the solution was
extracted with two 1-ml. portions of ethyl acetate. The ethyl acetate
extracts were combined and the solvent was removed with a stream
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Figure 2—Typical gas-liquid chromatogram of acetylated sample
Srom high pH (5-8) reaction mixture, Key: Peak 1, clindamycin
triacetate; Peak 2, suspected 7-epilincomycin tetraacetate or 7-
epiclindamycin triacetate; Peak 3, lincomycin tetraacetate; Peak 4,
unknown; Peak 5, cholesteryl acetate.

of nitrogen. To the residue 1.0 ml. of a mixture of pyridine (dried
over KOH)-acetic anhydride (2:1) containing 10 mg./ml. cholesteryl
acetate as internal standard was added. After acetylating for 1 hr.
at 100°, the solution was cooled to room temperature and 1 pl.
was injected into an F & M model 402 gas chromatograph ad-
justed to the following conditions. Samples were partitioned be-
tween helium carrier gas flowing at 40 ml./min. and 3% OV-1 on
diatomaceous earth (Gas Chrom Q) 60-80 mesh in a U-shaped
glass column 120 cm. long X 3 mm. i.d. Columns were precon-
ditioned by heating at 300° for at least 6 hr. with low helium flow
and then for [ hr, under no flow conditions. The column tempera-
ture was 220°, flash heater temperature 230°, and flame ionization
detector 240°. Air and hydrogen flow rates were adjusted to give
maximum response.

The concentration of clindamycin per sample was obtained by
comparing clindamycin-internal standard peak height ratios to
the peak height ratios of a standard curve prepared from known
amounts of clindamycin. Standard curves were obtained daily.

Determination of pKa of Clindamycin at 70°—Ten milliliters of
a 2.0 mg./ml. solution of clindamycin hydrochloride were titrated
with 0,05 N NaOH in a jacketed vessel at 70° with a Radiometer

0.0 r—

—10}
~ 201
8 °
-

—3.0}

—40} ®

1 L ] )]

|
2.7 2.8 2.9 3.0 3.1 3.2
1/T X 1075 deg.™?

Figure 3—Arrhenius plot for degradation of clindamycin in 0.1 M
HCl
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TTTIC titrator and SBR2C titragraph. The average pKa of six
replicate titrations was 6.90 == 0.10.

Identification of Degradation Products—Degradation products
were identified by mass spectral studies and by comparison of gas-
liquid chromatographic retention times and thin layer chromato-
graphic R, values with authentic samples when available. Mass
spectra of acetylated clindamycin and degradation products were
obtained by processing acetylated reaction mixture samples through
an LK B 9000 gas chromatograph-mass spectrometer and recording
mass spectra of peaks of interest as they exited from the gas chroma-
tograph column. Thin layer chromatographic studies were carried
out by spotting about 50 pl. of clindamycin reaction mixtures on
Silica Gel G and developing with chloroform-methanol 90:10.
Spots were visualized with iodine vapor.

RESULTS AND DISCUSSION

Identification of Products—Gas-liquid chromatographic data
indicated that the mechanism of clindamycin degradation is pH-
dependent with a change in mechanism occurring in the vicinity of
pH 4-5. For example, chromatograms similar to Fig. 1 were ob-
tained from reaction mixtures whose pH was less than 4, whereas
samples from reaction mixtures in the pH range 5-8 yielded chro-
matograms similar to the one shown in Fig. 2. The major product of
degradation in the pH range 0.4-4, represented by Peak 1 in Fig. 1,
had a shorter retention time than clindamycin while the major
degradation product at higher pH, represented by Peak 3 of Fig. 2,
had a longer retention time than clindamycin. Chromatograms from
reaction mixtures at pH greater than 8 which were buffered with
borate, carbonate, or NaOH showed only disappearance of clinda-
mycin and no other peaks were observed.

The identity of the major degradation product of clindamycin at
pH less than 4 was established by mass spectral studies and with a
knowledge of the reactivity of lincomycin (V), the 7(R)-OH analog
of clindamycin, in acid. Prescott (5) and Herr and Slomp (6) have

CH,
CH,
N
Cl—C—H
ﬁ—NH—CH + CHSH
HO f—0
0
OH OH
OH
|
CH,
H—C—Cl
/ + HN—CH

Scheme 1



Table I—Apparent First-Order Rate Constants of
Degradation of Clindamycin

Tempera-  k, sec.™! X
pH Buffer ture, °C. 106
0.44¢ 0.5 M HCl 70 19.0
0.54« 0.4 M HC] 70 19.3
0. 66" 0.3 M HCI 70 14.3
0.834 0.2 M HCl 70 8.25
1.10° 0.1 M HC] 70 4.50
1.10e 0.1 M HCl 70 4.66
1.10= 0.1 M HC] 47 0.0199
1.10= 0.1 M HCl 53 0.252
1.10 0.1 M HCI 59 1.43
1.11e 0.1 M HCl 79 13.0
1.11 0.1 M HCI 93 66.5
1.94 0.2 M Citrate 70 0.831
1.95 0.2 M Citrate 70 0.805
2.90 0.2 M Citrate 70 0.295
2.95 0.2 M Citrate 70 0.318
3.92 0.2 M Citrate 70 0.243
4.00 0.2 M Citrate 70 0.249
4.07 0.2 M Citrate 70 0.242
4.00 0.2 M Citrate 47 0.0124
4.00 0.2 M Citrate 53 0.0279
4.00 0.2 M Citrate 59 0.0831
4.00 0.2 M Citrate 80 0.969
4.00 0.2 M Citrate 92 3.62
4.80 0.2 M Tartrate 70 0.276
4.85 0.2 M Acetate 70 0.278
5.00 0.2 M Succinate 70 0.280
5.00 0.2 M Citrate 70 0.276
5.95 0.2 M Citrate 70 0.665
6.00 0.2 M Phosphate 70 0.620
6.00 0.2 M Citrate 70 0.946
6.90 0.2 M Citrate 70 2.07
6.95 0.2 M Citrate 70 2.89
7.25 0.2 M Phosphate 70 4.00
7.85 0.2 M Phosphate 70 5.91
8.20 0.2 M Phosphate 70 4.08
8.30 0.2 M Phosphate 70 7.11
8.50 0.2 M Borate 70 15.2
9.30 0.2 M Borate 70 15.5
9.50 0.2 M Borate 70 16.7
9.70 0.2 M Borate 70 17.7
9.75 0.2 M Borate 70 14.9
10.00 0.2 M Borate 70 29.9
11.00 0.2 M Carbonate 70 149
11.66° 0.1 M NaOH 70 204
e Calculated from pH = — Log f (HCI): where (HC) is the experi-

mental molarity and f is the mean activity coefficient for HCl at 70°
extrapolated from the literature (4). b Calculated from pH =

pOH: where pKw = 12.77 at 70° (4), pPOH = — Log f(NaOH), (NaOH)
is the experimental molarity, and f is the mean activity coefficient for
NaOH extrapolated from the literature (4).

reported that lincomycin (V) degrades in acid rvig thioglyco-
side hydrolysis to form I-dethiomethyl-I-hydroxylincomycin and
methyl mercaptan. Clindamycin might be expected to react in acid
in a manner similar to lincomycin and mass spectral data indicate
that the molecular weight of the compound represented by Peak 1
of Fig. 1 is 562. This molecular weight corresponds to acetylated
I-dethiomethyl-I-hydroxyclindamycin which indicates that II in
Scheme 1 is the major product of clindamycin degradation at pH
less than 4.

Il can be detected gas chromatographically as the predominant
reaction product for about three clindamycin half-lives after which
it begins to disappear. The decrease in magnitude of the gas-
liquid chromatographic peaks of Il and clindamycin at extended
reaction times is accompanied by the appearance of several small
peaks of shorter retention time. This further degradation may result
from breakdown of the sugar moiety or amide hydrolysis (6).

Peak 2 of Fig. 1 represents another product of clindamycin
degradation at pH less than 4 which is present in the early stages
of the reaction. As the reaction proceeds, Peak 2 behaves similarly
to Peak 1 and decreases in magnitude after about three clindamy-
cin half-lives. Since thioglycoside hydrolysis proceeds through a
carbonium ion intermediate (7), the products of clindamycin would
be methyl mercaptan and an anomeric mixture of II. Mass spectral
studies indicated that Peak 1 represents one of the anomers and
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Figure 4—Arrhenius plot of clindamycin degradation at pH 4 in
0.2 M citrate buffer.

Peak 2 may represent the other. The identification of Peak 2 was
not attempted.

Lincomycin (V) was identified as the major degradation product
of clindamycin at pH greater than 5. Mass spectral studies of Peak
3 of Fig. 2 showed that the molecular weight of this compound was
574, the molecular weight of acetylated lincomycin. Further, the
gas-liquid chromatographic retention time of Peak 3 of Fig. 2 is
identical to authentic lincomycin tetraacetate, Lincomycin, as well
as clindamycin, is unstable in the pH range 5-8 as both Peaks 1 and
3 of Fig. 2 disappear at long reaction times. One possible route of
degradation of lincomycin and clindamycin at extended reaction
times is amide hydrolysis.

It is obvious from Fig. 2 that lincomycin is not the sole product
of clindamycin degradation at pH 5-8. At least two other reaction
products are represented by Peaks 2 and 4 of Fig. 2. Both Peaks
2 and 4 represent minor products and neither was ever present in
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Figure 5—Apparent first-order disappearance of clindamycin in 0.1 M
HCl at various temperatures. Key: 0 47°,1153°. A59°, @ 69°,

Vol. 59, No. 1, January 1970 [] 65



10G k

—1.0 .L; AN | Lo 1 L H L

S —

0 1 2 3 4 5 6 7 8 9 10 11 12

pH

Figure 6—pH-Rate profile of clindamycin degradation ar 70°.

amounts greater than that shown in Fig. 2, Peak 2 may represent
acetylated 7-epilincomycin or acetylated 7-epiclindamycin since its
retention time was identical to authentic samples of each. Magerlein
has reported the formation of a trace of 7-epilincomycin after re-
fluxing an aqueous solution of clindamycin at pH 7.8 (8). Peak 4
of Fig. 2 was not identified.

Although lincomycin (V) and Peaks 2 and 4 of Fig. 2 could not
be detected abave pH 8 by GLC, TLC of these reaction mixtures
indicated that some of these degradation products were present
but were not being extracted for gas chromatographic assay. Thin
layer chromatograms of the reaction mixtures above pH 8 showed
clindamycin and lincomycin by comparison with authentic samples
and three other spots which were not identified. Gas chromato-
grams of reaction mixtures below pH 8 showed that the major deg-
radation products were extracted by ethyl acetate. The sum of the
moles of acetylated IV (Scheme I) and clindamycin between pH
5 and 8 and of acetylated II and clindamycin below pH 5 was
greater than 909 of the initial clindamycin concentration in the
early stages of the reaction.

Temperature-Rate Studies—Arrhenius plots of clindamycin deg-
radation in 0.1 M HCI and at pH 4 are shown in Figs. 3 and 4.
The activation energy for clindamycin degradation in 0.1 M
HCI was calculated to be 38.0 &+ 1.2 kcal./mole. The principal
degradative pathway in 0.1 A HCl is hydrolysis of the /-thio-a-D-
galactopyranoside moiety of clindamycin at Position 1 to form
I-dethio-I-hydroxy-clindamycin (II) and methyl mercaptan (Scheme
I). The activation energy for clindamycin degradation in 0.1 M
HCI falls in the 30-38 kcal./mole range reported by other investi-
gators for acid degradation of compounds of similar structure such
as alkyl I-thio-3-D-glucopyranosides (9), alkyl 8-p-xylopyranosides
(10), and alky! o~ and 8-p-glucopyranosides (11).

The activation energy for clindamycin degradation at pH 3, the
pH of maximum stability, was calculated to be 29.1 =+ 0.6 kcal./-
mole. Using the rate constants in Table I and the appropriate activa-
tion energy, the prediction can be made that clindamycin in pharma-
ceutical formulations adjusted to pH 1-6.5 will not degrade by more
than 109 after 2 years at 25°,

pH-Rate Studies—Clindamycin disappeared from reaction
mixtures by an apparent first-order process under all of the con-
ditions studied. Some typical log clindamycin concentration-time
curves are shown in Fig. 5.

The effect of pH on the rate of clindamycin degradation in the
pH range 0.40-12 at 70° is shown in Fig. 6.

Different buffer species did not appear to significantly influence
the rate of degradation since a continuous curve was obtained for
the pH profile and since the rate constant did not vary with dif-
ferent buffers at the same pH (Table I).

The pH profile of clindamycin (Fig. 6) shows that the rate of
degradation increases with decreasing pH in the pH range 0.4-4.
This is expected since both major degradative routes in this pH
region, thioglycoside and amide hydrolysis, are susceptible to
hydrogen ion catalysis. Being of similar structure, lincomycin (V)
should also degrade by these two routes in acid media and the rate
constant should agree with that of clindamycin when reacted under
similar conditions. Forist, ez al. (12) studied the degradation of V
in 0.1 N HCI at 70° and the rate constant of 4.85 X 107 sec.”!
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calculated from their data agrees quite favorably with the clinda-
mycin values in Table 1.

In the pH range 5-12 the degradative rate increases with increas-
ing pH with an inflection point in the pH 9-10 region. GLC and
TLC of reaction mixtures in this pH region show that at least four
products are formed by-efthdamycin degradation. The times of ap-
pearance of the various ducts and their relative concentrations
indicate parallel reactions. Assuming there are parallel reactions
occurring, the shape of the pH-rate profile in Fig. 6 in the pH 4-12
region might be interpreted as follows. lan the pH 4-9 region all
degradative rates are increasing with increasing pH with one of the
reactions predominating. Above pH 9 the rate constant of the reac-
tion which was predominating at pH 5-9 becomes constant but the
rates of the other reactions continue to increase with increasing pH.

Gas-liquid and thin layer chromatographic data of this study
show that the predominant degradative reaction at pH 5-9 is con-
version to lincomycin (V). Results of studies by Magerlein (8, 13)
show how the rate of lincomycin conversion could be predominant
in this pH range and then become constant above pH 9. Magerlein
has postulated that conversion to lincomycin occurs through the
oxazolonium ion intermediate (VII) shown in Scheme Il and that
the extent of conversion is highly dependent on the participating
ability of the substituent on the amide carbonyl (13). For example,
solvolysis is anchimerically assisted by the neighboring amide
carbonyl if the carbonyl substituent is methyl, whereas when R,
is a strong electron withdrawing group such as trifluoromethyl,
participation does not occur. Magerlein also reports that the 7(S)-Cl
position of clindamycin is resistant to direct Sy2 nucleophilic dis-
placement (8).
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Scheme 11

In the present study no conversion to lincomycin was observed
at pH values less than 5, whereas lincomycin was detected by GLC
or TLC in all reaction mixtures buffered to pH values greater than
5. Assuming that the protonated form of the N-methyl-4-propylpyr-
rolidine portion of clindamycin (R;) is analogous to trifluoromethyl
as a nonparticipating substituent and k; <« k., no conversion to
lincomycin would be expected in the pH range where R, is fully
protonated, i.e., at pH values less than 5. On the other hand, it is
possible that lincomycin can be detected in the pH 5 reaction mix-
tures because the small amount of nonprotonated R, has facilitated
conversion to lincomycin and the increase in rate of clindamycin
degradation is partly due to this reaction. As the pH increases the
rate of conversion to lincomycin increases due to the presence of
more nonprotonated R,. The leveling trend in the pH profile at pH
9, two pH units above the pKa of 6.90, might be due to a constant
rate of lincomycin conversion since at pH 9 and above all of R,
exists in the nonprotonated form. The further increase in overall
rate above pH 10 might then be due to an increase in the rate of
other reactions such as amide hydrolysis.



The relationship between pH and the mechanism of clindamycin
degradation could be summed as follows. Below pH 4 clindamycin
degrades via thioglycoside and amide hydrolysis with thioglycoside
hydrolysis predominant in the pH range 0.4-4. Above pH 5 clinda-
mycin degrades by conversion to lincomycin and by other reactions
such as amide hydrolysis. The extent of lincomycin conversion is
dependent on the degree of protonation of the N-methyl-4-propyl-
pyrrolidine moiety. At pH less than 5 where the amine is fully
protonated no conversion to lincomycin occurs. Then this process
can be detected in the vicinity of pH 5 and its rate increases as pH
increases to pH 9 and then becomes constant since the amine func-
tion is completely nonprotonated. The overall rate of clindamycin
degradation continues to increase with increasing pH above pH
9, however, due to the hydroxide ion dependency of the other
degradative routes.
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Coumarins XI: A Total Synthesis of (#)-Columbianetin

M. SHIPCHANDLER*, T. O. SOINET, and P. K. GUPTAI

Abstract [] (£)-Columbianetin [(#£)-I] has been synthesized by a
ten-step sequence starting with 2, 6-dihydroxybenzoic acid which
was converted to the methyl ester, benzylated, and reduced to the
benzyl alcohol which was oxidized to the aldehyde and monode-
benzylated to provide 2-hydroxy-6-benzyloxybenzaldehyde (VI).
Treatment of VI with methyl bromoacetate converted it to methyl
3-benzyloxy-2-formylphenoxyacetate which was cyclized to methyl
4-benzyloxybenzofuran-2-carboxylate, the latter being converted
to 2-(a-hydroxyisopropyl)-4-benzyloxybenzofuran (XIV) by the
action of CH3;Mgl. Reduction and debenzylation of XIV to the
corresponding dihydrobenzofuran followed by acid-catalyzed con-
densation with ethyl propiolate provided (=)-1.

Keyphrases [} (==)-Columbianetin—total synthesis [] TLC—
separation identity [] Mass spectroscopy—identity [] UV spectro-
photometry—identity (] IR spectrophotometry—identity ] NMR
spectroscopy-—identity

The isolation of two new coumarins from the umbel-
lifer, Lomatium columbianum Math. and Const., was
reported in 1964 (1). One of these coumarins, a glycoside
assigned the name columbianin, has since been shown to
occur in L. dissectum var. multifidum (Nutt.) Math. and
Const. (2) and L. nuttallii (A. Gray) Macbr. (3). Acid
hydrolysis of columbianin yielded D-glucose and a
tertiary coumarinic aglycone, columbianetin (I) and
led to the postulation of II as the structure for the gly-
coside. More recent studies (4) have revised the structure
to 111, i.e., the B-D-gentiobioside of I (III). The other
coumarin, columbianadin, was assigned Structure 1V,

Le., the angelate ester of I, and has been found in
Peucedanum palustre (5) as well as in Zosimia absin-
thifolia (Vent.) Link (6, 7). The absolute configuration of
I has been shown to be §(S) (8).

LR=H Vv
II, R =D-Glucosyl
II1, R = 8-p-Gentiobiosyl
IV, R = Angeloyl

The recent total synthesis of marmesin (V) and its
optical antipode, nodakenetin, by Nakajima et al. (9)
and confirmed by Harada ez al. (10) in a study of the
absolute configuration suggested that a similar synthesis
could be applied to the preparation of I by utilizing
2-hydroxy-6-benzyloxybenzaldehyde (VI) as starting
material in place of the isomeric 2-hydroxy-4-benzyl-
oxybenzaldehyde employed by these workers. The
preparation of VI from 2,6-dihydroxybenzaldehyde
(i.e., y-resorcylaldehyde) was the obvious route but a
survey of the literature pertaining to the preparation of
the latter (11-15) indicated that all of the published
methods were characterized by poor overall yields as
well as lengthy synthetic sequences. Thus, a synthesis of
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The relationship between pH and the mechanism of clindamycin
degradation could be summed as follows. Below pH 4 clindamycin
degrades via thioglycoside and amide hydrolysis with thioglycoside
hydrolysis predominant in the pH range 0.4-4. Above pH 5 clinda-
mycin degrades by conversion to lincomycin and by other reactions
such as amide hydrolysis. The extent of lincomycin conversion is
dependent on the degree of protonation of the N-methyl-4-propyl-
pyrrolidine moiety. At pH less than 5 where the amine is fully
protonated no conversion to lincomycin occurs. Then this process
can be detected in the vicinity of pH 5 and its rate increases as pH
increases to pH 9 and then becomes constant since the amine func-
tion is completely nonprotonated. The overall rate of clindamycin
degradation continues to increase with increasing pH above pH
9, however, due to the hydroxide ion dependency of the other
degradative routes.
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Abstract [] (£)-Columbianetin [(#£)-I] has been synthesized by a
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The isolation of two new coumarins from the umbel-
lifer, Lomatium columbianum Math. and Const., was
reported in 1964 (1). One of these coumarins, a glycoside
assigned the name columbianin, has since been shown to
occur in L. dissectum var. multifidum (Nutt.) Math. and
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tertiary coumarinic aglycone, columbianetin (I) and
led to the postulation of II as the structure for the gly-
coside. More recent studies (4) have revised the structure
to 111, i.e., the B-D-gentiobioside of I (III). The other
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Le., the angelate ester of I, and has been found in
Peucedanum palustre (5) as well as in Zosimia absin-
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I has been shown to be §(S) (8).
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The recent total synthesis of marmesin (V) and its
optical antipode, nodakenetin, by Nakajima et al. (9)
and confirmed by Harada ez al. (10) in a study of the
absolute configuration suggested that a similar synthesis
could be applied to the preparation of I by utilizing
2-hydroxy-6-benzyloxybenzaldehyde (VI) as starting
material in place of the isomeric 2-hydroxy-4-benzyl-
oxybenzaldehyde employed by these workers. The
preparation of VI from 2,6-dihydroxybenzaldehyde
(i.e., y-resorcylaldehyde) was the obvious route but a
survey of the literature pertaining to the preparation of
the latter (11-15) indicated that all of the published
methods were characterized by poor overall yields as
well as lengthy synthetic sequences. Thus, a synthesis of
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VI starting from readily obtainable 2,6-dihydroxyben-
zoic acid (VII) appeared attractive (see Scheme I).
The usual Fischer method of acid-catalyzed esterification
of VII is reported (16) to give low yields and the authors
found it also gave a poor yield of the methyl ester
(V).

Ag salt, CHal
—_—
75%

appreciable extent. Compound XV, when hydrogenated
further in the presence of commercially available palla-
dium-on-carbon, provided the dihydrobenzofuran com-
pound (XVI) which was subsequently obtained also by
direct hydrogenation of XIV in the presence of the same
catalyst. TLC examination in each case revealed a spot

#CH,Br, K,CO,
—_—
907

HO OH HO OH $CH,0 OCH,$
COOH COOCH, COOCH,
VI VIII IX
90% lLiAlH,
Pd/C, H. MnO,
- -
HO ocHe  **  ecHO OCH,# © eCHO OCH, ¢
CHO CHO CH.OH
VI XI X
Scheme 1

Employment of the method of Tomino (17), however,
reacting the silver salt of VII with methyl iodide pro-
vided a 759 yield of VIII. Benzylation of VIII was
carried out by the method of Doyle ef al. (16) who pre-
pared 1t without characterization and simply hydrolyzed
it for further synthetic procedures. In the present study
IX was obtained in 90 %7 yield and, upon saponification,
yielded the corresponding acid already described by
Doyle et al. (16). Lithium aluminum hydride reduction
of IX yielded the corresponding alcohol (X) in 907
yield. Oxidation of X with active manganese dioxide
provided the aldehyde (X1) in 72 97 yield (18). Removal
of a single benzyl group to obtain the desired mono-
benzyl ether (VI) in 66 % vield was effected by catalytic
hydrogenolysis with palladium-on-carbon.

The sequence of reactions to provide (% )-I from VI is
shown in Scheme IT and begias with alkylation of VI in
909, yield with methyl bromoacetate to provide XII
followed by cyclization in the presence of magnesium
methoxide by the method of Davies ef al. (19) resulting
in XIII in 6397 yield.! Treatment of XIII with methyl
magnesium iodide resulted in an oily tertiary alcohol
(XIV) reminiscent of the similarly oily isomeric product
obtained by Nakajima et al. (9) who proceeded directly
to its hydrogenation without further characterization.
Utilizing the alkaline palladium-on-carbon (20) of the
above authors in the present study to minimize hydro-
genolysis of the allylic tertiary alcohol function, the
resulting product appeared to be only that (XV) result-
ing from simple debenzylation of XIV. This was illus-
trated by its mass spectrum which showed a strong
molecular ion peak at m/e 192 accompanied by the base
peak at m/e 177 (doubly charged ion at mj/e 88.5),
undoubtedly due to a loss of methyl radical (see Scheme
III).2 The m/e 177 ion does not fragment further to any

1 Attempts to reduce XIII catalytically under varying conditions
prior to treatment with the Grignard reagent were uniformly unsuccess-
ful and accompanied only by debenzylation and/or reduction of the
aromatic ring,

2 Fragmentation supported by the appearance of corresponding
metastable ions has been indicated by heavily-lined arrows here and in
Scheme [V, Numbers in parentheses correspond to abundance ratios.
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with a higher R, value than that of XVI, presumably the
hydrogenolyzed desoxy compound. Compound XVI
gave a molecular ion at m/e 194 in the mass spectrum
and its fragmentation behavior had a marked resem-
blance to that of columbianetin (I) as evidenced by the
loss of HyO from the molecular ion followed by methyl
expulsion to give the benzopyrilium ion at m/fe 161
(21) (see Scheme IV). Further, a strong peak at m/e 59
is due to the protonated form of acetone arising from
the side chain of the molecular ion. Loss of acetone
from the molecular ion provides an ion of m/e 136 (base
peak) which fragments further as illustrated.

The final conversion of XVI to (£)-I was accom-
plished through the method of Kaufman and Kelly
(22) who employed ethyl propiolate in the presence of
an acid to form the coumarinic lactone ring. This
method has also been used successfully by Ganguly
et al. (23). In the present study, condensation of XVI
with ethyl propiolate in the presence of zinc chloride
provided (=£)-I in low yield. The identity of the racemic
product was established by TLC, UV, IR, and mass
spectral comparison with natural (4 )-columbianetin.

e

EXPERIMENTAL

Melting points were determined in a Thomas-Hoover melting
point apparatus and are uncorrected. IR spectra were determined
with a Perkin-Elmer 237B grating infrared spectrophotometer and,
unless otherwise specified, were determined in potassium bromide
pellets. NMR spectra were determined with Varian Associates A-60
and A-60D instruments using tetramethylsilane (TMS) as the
internal standard. Unless otherwise specified, all spectra were ob-
tained in CDCl; in approximately 159 concentration and s. refers
to singlet, d. to doublet, t. to triplet, and m. to multiplet. Mass
spectra were determined with a Hitachi Perkin-Elmer RMU-6D
mass spectrometer (courtesy of Mr. A. R. Swanson and Mr. D. L.
Hobbs, School of Chemistry, University of Minnesota). The instru-
ment was operated with a source temperature of 250° and an ioniz-
ing voltage of 50 ev. The samples were introduced by the direct inlet
technique. UV spectra were determined on a Cary-14 recording
spectrophotometer in 95 % ethanol. Silica gel for column chroma-
tography (Baker Analyst No. 3405) was activated at 110° and im-
pregnated with 5% of water. Alumina for column chromatography
{Woelm neutral alumina purchased from Brinkmann Instruments,
Inc., Great Neck, N. 1.}, silica gel and alumina for TLC (Chroma-
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gram sheets with fluorescent indicator supplied by Distillation Prod-
ucts Industries, Rochester, N. Y.), and preparative silica gel-
coated thin-layer plates (Brinkmann Instruments, Inc.) were also
used. Microanalyses were performed by the Microanalytical Labo-
ratory, School of Chemistry, University of Minnesota or by the
Schwarzkopf Microanalytical Laboratory, Woodside, N. Y.

Methyl 2,6-Dihydroxybenzoate (VIII)—Method A—Using the
method of Doyle er al. (16) which employs methanolic hydrogen
chloride provided a 327 yield of white crystals, m.p. 68-70°. Lit
(16) reported m.p. 69-71°.

Method B—The method of Tomino ef al. (17) employing the silver
salt of 2,6-dihydroxybenzoic acid® with methyl iodide provided a
75 % yield of white crystals, m.p. 68-70° which on repeated crystalli-
zation gave m.p. 69-70°,

Methyl 2,6-Dibenzyloxybenzoate (IX)—Methyl 2,6-dihydroxy-
benzoate (VIII) (16.8 g., 0.1 mole), benzyl bromide (34.2 g., 0.2
mole) and anhydrous potassium carbonate (36.0 g., 0.26 mole)
were refluxed together in 100 ml. of dry acetone for 4 hr. with mag-
netic stirring (16). At the end of the reflux period the solvent was
removed under vacuum and the residual mass was extracted with
ether several times. The extract was washed with aqueous sodium
hydroxide solution (10%), followed by water, and was finally dried
over anhydrous sodium sulfate. Removal of the solvent under
vacuum gave an oily mass which solidified upon standing. The
product was crystallized from ethanol to yield 31.2 g. (909 of
theory) of white crystals, m.p. 71-73°. Repeated crystallization
from aliphatic naphthat gave an analytical sample, m.p. 73-74°,

Anal.—Calcd. for C;uH0O4: C, 75.84; H, 5.79. Found: C, 76. 12;
H, 6.08.

The above ester was hydrolyzed by the method of Doyle et al.
(16) and 2,6-dibenzyloxybenzoic acid was crystallized twice from
ethyl acetate-naphtha, m.p. 123-124°. Lit. (16) gives m.p. 124-126°.

2,6-Dibenzyloxybenzyl Alcohol (X)—Methyl 2,6-dibenzyloxy-
benzoate (IX) (17.4 g., 0.05 mole) was dissolved in 150 ml. of
anhydrous ether and the solution was added dropwise to a mag-
netically stirred slurry of 3.8 g. (0.1 mole) of lithium aluminum
hydride in 100 ml. of dry ether kept in an ice bath. The reaction
mixture was stirred for 30 min. after the addition was complete
and the excess of lithium aluminum hydride was then decomposed
by the cautious addition of the required amount of water. After
stirring for 15 min. following the decomposition, the reaction mix-
ture was filtered through a sintered-glass funnel and the residual
mass was thoroughly washed with ether. The filtrate and washings
were combined, dried over anhydrous sodium sulfate, and the

2 The acid is a product of Aldrich Chemicals, Milwaukee, Wis.
4 Skellysolve-B, Skelly Oil Co,, Kansas City, Mo.

solvent removed under vacuum. The product was crystallized from
cyclohexane, to provide 14.4 g. (90%; of theory) of white needles,
m.p. 78-79°, Several recrystallizations gave an analytical sample,
m.p. 79-80°.

Anal —Calcd. for CuH2004: C, 78.72; H, 6.29. Found: C, 79.01;
H,6.31.

2,6-Dibenzyloxybenzaldehyde (XI)—Active manganese dioxide’
(16 g.) was added to 200 ml. of toluene and stirred magnetically for
a few minutes before addition of 8 g. (0.024 mole) of 2,6-dibenzyl-
oxybenzy! alcohol (X). The mixture was then refluxed for 4 hr. with
continued stirring. The reaction mixture was filtered through a
diatomaceous earth® bed while hot and the residue was washed well
with hot and cold benzene. The combined filtrate and washings were
stripped of solvent under reduced pressure and the resulting oil
which had an odor reminiscent of benzaldehyde solidified on stand-
ing. The product was crystallized from cyclohexane to yield 5.7 g.
(72 %, of theory) of white needles, m.p. 80-81.5°. Repeated crystalli-
zation provided an analytical sample, m.p. 81.5-82.5°. The com-
pound gave a positive test with 2,4-dinitrophenylhydrazine reagent.

Anal —Caled. for CyHyOs: C, 79.22; H, 5.70. Found: C,
79.51; H, 5.66.

2-Hydroxy-6-benzyloxybenzaldehyde (VI)—Palladium-on carbon
(5%, 2 g.Y was shaken in an atmosphere of hydrogen for 30 min. in
50 ml. of ethanol. 2,6-Dibenzyloxybenzaldehyde (XI) (3.18 g.,
0.01 mole) was dissolved in 100 ml. of ethanol with the aid of heat.
After cooling, this was added to the prereduced catalyst and hydro-
genated at atmospheric pressure until the uptake of hydrogen
amounted to 270 ml. (1.1 mole equivalent). The catalyst was re-
moved by filtration and washed well with hot and cold ethanol. The

(38.4)
molecular
ion of XV

Scheme 111

5 Winthrop Laboratories, New York, N, Y.
6 Celite, Johns-Manville Products Corp., New York, N. Y,
7 Matheson, Coleman & Bell, Cincinnati, Ohio.
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filtrate, on alumina TLC examination, showed very little of the start-
ing material (a blue spot under UV light having the greatest mobility
when developed with CsH¢:CHCl,, 1:1) while the monobenzyl com-
pound appeared as a yellowish-green fluorescent spot. A third spot,
having the least polarity and showing a dark spot under UV light,
was assumed to be 2,6-dihydroxybenzaldehyde. The filtrate and
washings were combined and concentrated under reduced pressure
to 70 ml. On standing and cooling, the product crystallized out as
yellow needles weighing 1.35 g., m.p. 72-73°. The mother liquor
was evaporated to dryness and chromatographed through a silica
gel column 25 g., 1.92 X 25.40 cm. (0.75 X 10in.). The product was
eluted with cyclohexane: benzene (3:1) and on evaporation of the
eluant solvent under reduced pressure followed by crystallization
provided 0.16 g. more of the product for a total yield of 1.51 g.
(667 of theory). Repeated crystallization from naphtha gave an
analytical sample as lemon-yellow needles, m.p. 73-74°.

Anal.—Caled. for C;3HpO;: C, 73.67; H, 5.30. Found: C, 73.46;
H,5.16.

The compound gave a violet coloration with ferric chloride solu-
tion but did not show a hydroxyl peak in the IR. It showed, however,
a split C=0 band at 1625 and 1650 cm.~! (probably due to hydrogen
bonding).

Methyl 3-Benzyloxy-2-formylphenoxyacetate (XII)—2-Hydroxy-
6-benzyloxybenzaldehyde (VI) (2 g., 0.009 mole), anhydrous potas-
sium carbonate (10 g., 0.073 mole) and methyl bromoacetate (10 g.,
0.073 mole) were refluxed together in 60 ml. of dry acetone for 72
hr. The precipitated potassium bromide and the unreacted potassium
carbonate were filtered off and washed well with solvent. The filtrate
and washings were combined and most of the unreacted methyl
bromoacetate was removed under vacuum with the final traces being
removed by passing a stream of air over the residue for a few hours.
The product was crystallized from ethanol to give 2.38 g. (909 of
theory), m.p. 99-101°, Several recrystallizations gave an analytical
sample as white needles, m.p. 100-101°.

Anal —Calcd. for C;H1¢0;: C, 67.99; H, 5.37. Found: C, 67.91;
H, 5.59.

Methyl 4-Benzyloxybenzofuran-2-carboxylate (XIII)—Magnesium
methoxide was prepared from magnesium metal powder (20 g.,
0.825 mole, 70-80 mesh) and 600 ml. of dry methanol. Methyi 3-
benzyloxy-2-formylphenoxyacetate (XII) (4 g., 0.013 mole) was
added and the mixture refluxed for 12 hr. (19). After removal of
most of the methanol, crushed ice and water were added and the
excess of methoxide was decomposed by portionwise addition of 130
ml. of concentrated hydrochloric acid while cooling the mixture
continually in an ice bath combined with simultaneous addition of
crushed ice to the reaction flask. After decomposition of all of the
methoxide, the aqueous layer was extracted several times with
ether and the extract dried over anhydrous sodium sulfate, Removal
of the solvent under reduced pressure and crystallization from
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ethanol gave 2.27 g. of the product, m.p. 128-129°, The mother
liquor was chromatographed through a silica gel column (25 g.,
1.92 X 25.40 cm.) (0.75 X 10 in.). The product was eluted with
benzene and the column monitored with a hand UV lamp, the de-
sired compound showing a blue fluorescence. Evaporation of the
eluant and crystallization provided an additional 0.1 g. of the prod-
uct for a total yield of 2.37 g. (637 of theory). Repeated crystalliza-
tions provided an analytical sample as shiny white plates, m.p.
129-130°,

Anal—Calcd. for C;;H;,04: C, 72.33; H, 5.00. Found: C, 71.99;
H,5.22.

2-(a-Hydroxyisopropyl)-4-benzylox ybenzofuran (XIV)-—Grignard
reagent was prepared from 0.4 g. (0.017 mole) of magnesium metal
powder (70-80 mesh) and 1.4 ml. (0.022 mole) of methyl iodide in
20 ml. of dry ether under nitrogen. Methyl 4-benzyloxybenzofuran-
2-carboxylate (XIII) (0.4 g., 0.0014 mole) in 8 ml. of dry tetrahydro-
furan was added dropwise with magnetic stirring at 0°. The reaction
mixture was then stirred at room temperature for 15 min. and al-
lowed to stand for 18 hr. The Grignard complex was then decom-
posed with saturated aqueous solution of ammonium chloride (10
ml.) and the ethereal layer separated. The aqueous layer was ex-
tracted with ether (4 X 20 ml.) and the combined ethereal solutions
were dried over anhydrous sodium sulfate. Silica gel TLC examina-
tion (CHCl;:EtOAc, 1:1 as developing solvent) showed a blue spot
under UV light with slightly less mobility than the starting material
which was present only in traces. Removal of the ether under re-
duced pressure provided a yellow oil which could not be induced to
crystallize. The IR spectrum (neat) showed the complete disap-
pearance of the C=0 band and the appearance of a hydroxyl ab-
sorption at 3370 cm,~1. In the NMR spectrum the gem-dimethyl
protons appeared at 1.62 (s., 6H), the r-hydroxyl proton at 2.30
(broad s., 1H), the benzylic protons at 5.15 (s., 2H), and the aro-
matic protons including the protons of the benzofuran ring appeared
between 6.50 and 7.50 § (m., 9H). The peak at 2.30 § disappeared
completely upon addition of D;O. This oily compound (XIV) was
subjected to hydrogenation without further characterization.

2-(c-Hydroxyisopropyl)-4-hydroxybenzofuran (XV)}—The oily
compound (XIV) prepared as above was stirred with 0.2 g. of alkali
treated 59 palladium-on-carbon (20) in 20 ml. of ethanol in an
atmosphere of hydrogen at atmospheric pressure for 24 hr. As the
reaction proceeded a spot having less polarity than the starting
material appeared on silica gel TLC examination (CHCIl;:EtOAc,
1:1 as the developing solvent using UV light for spot detections).
At the end of 24 hr. the TLC examination showed very little of the
starting material. The catalyst was removed by filtration and washed
well with hot and cold ethanol. The filtrate and washings were
combined and the solvent removed under reduced pressure. The
product was crystallized from ethyl acetate-cyclohexane to yield
0.18 g. (669 of theory in two steps), m.p. 158-161°. The product



was further purified by passing it through a silica gel column 10 g.,
1.60 X 20.32 cm. (0.63 X 8 in.) using chloroform as the eluant. An
analytical sample was prepared by repeated crystallization, m.p.
163-164°, Compound XV gave a violet coloration with alcoholic
ferric chloride solution.

Anal.—Calcd. for C;H10s: C, 68.73; H, 6.29. Found: C, 68.58;
H, 6.51.

2-(a-Hydroxyisopropyl)-4-hydroxy-2,3-dihydrobenzofuran (XVI)
—The oily compound (XIV) prepared as above was hydrogenated
in a Parr apparatus at 10 p.s.i. pressure in the presence of 0.4 g. of
palladium-on-carbon (5 %) in 20 ml. of ethanol for 24 hr. At the end
of this period the catalyst was removed by filtration and washed
well with hot and cold ethanol. The filtrate and washings were
combined and the solvent removed under reduced pressure. Silica
gel TLC examination (CHCl;:EtOAc, 1:1 as developing solvent)
showed two spots when treated with iodine vapors. The spot with
the higher R, value was presumably the corresponding desoxy com-
pound which was eluted out along with other impurities using
benzene on a silica gel 10 g., 1.60 X 20.32 cm., (0.63 X 8in.) column.
Elution with a large volume of chloroform, evaporation under
reduced pressure and crystallization from ethyl acetate-cyclohexane
gave 0.18 g. (657 of theory in two steps) of the product, m.p. 150-
152°. An analytical sample was obtained by several recrystalliza-
tions, m.p. 153-154°,

Anal—Calcd. for C;;H:1.0;: C, 68.02; H, 7.27. Found: C, 68.12;
H,7.26.

The same product was obtained from the corresponding benzo-
furan compound (XV) when 0.1 g. was hydrogenated for 24 hr. in a
Parr apparatus at 10 p.s.i. pressure in the presence of the same
catalyst (0.1 g.) in 10 ml. of ethanol. The isolation was effected in the
same manner to yield 0.055 g. of the product.

(=£)-Columbianetin {(+)-I1—2-(e-Hydroxyisopropyl)-4-hydroxy-
2,3-dihydrobenzofuran (XVTI) (0.2 g., 0.001 mole), zinc chloride (0.2
g.,0.0015 mole, fused before use) and ethyl propiolate (1.0 g., 0.0058
mole) were heated at 90° for 1 hr. under nitrogen (22). After cooling,
the yellow mass was treated with dilute hydrochloric acid (4 ml.)
and the acid layer extracted exhaustively with chloroform. The
chloroformic extract was dried over anhydrous sodium sulfate and
the solvent removed under reduced pressure. Silica gel TLC exam-
ination (CHCl; :EtOAc, 1:1 as developing agent) showed a fluores-
cent spot under UV light with the same Ry value as authentic (+)-
columbianetin® along with several other spots. The oily residue was
chromatographed through neutral alumina 20 g., 1.92 X 25.40 cm.
(0.75 X 3.5 in.) and eluted with chloroform. The fractions were
examined by TLC and those containing (=)-I were mixed together
and the solvent removed under reduced pressure. The product,
weighing 0.028 g., m.p. 167-168.5° was obtained after three crys-
tallizations from chloroform-n-hexane. All the mother liquors
were combined, concentrated, and streaked on a preparative silica
gel plate and developed with the same solvent system. The zone
corresponding to (=)-1 was scraped off and eluted with methanol.
The solvent was then removed and the product was passed through
a short neutral alumina 5 g., 1.27 X 5.08 cm. (0.5 X 2 in.) column
using chloroform as the eluant. Removal of the solvent and two
crystallizations from chloroform-n-hexane provided 0.013 g. of
white crystals, m.p, 165.5-168.5°, providing a total yield of 0.041 g.
(167 of theory). Several crystallizations gave an analytical sample,
m.p. 170-171°,

Anal.—Calcd. for C,H,;,04: C, 68.28; H, 5.73. Found: C, 68.24;
H,5.84.

The product had an identical R, value to that of (4 )-columbiane-
tin on a silica TLC sheet using the CHCl;:EtOAc, 1:1 solvent sys-
tem. It also had an identical UV spectrum with the natural product.

8 Obtained during the studies of Gupta and Soine (2).

The IR spectra in KBr pellets of the two samples showed minor dif-
ferences which were removed when solution spectra (2.5 % in CHCl;)
were compared. In the mass spectrum the molecular jon appeared
at mje 244. When the mass spectra of the natural I and the synthetic
(=£)-1 were run under identical conditions it was found that the base
peaks appeared at m/e 59 and all of the major peaks above m/e 75
were in excellent agreement insofar as abundance ratios were con-
cerned.

REFERENCES

(1) R.E. Willette and T. O. Soine, J. Pharm. Sci., 53, 275(1964).
(2) P. K. Gupta, and T. O. Soine, ibid., 53, 1543(1964).
(3) K. H. Lee and T. O. Soine, ibid., 57, 865(1968).
(4) M. Shipchandler and T. O. Soine, ibid., 57, 747(1968).
(5) B. E. Nielsen and J. Lemmich, Acta Chem. Scand., 18,
1379(1964).
(6) G. K. Nikonov and D. 1. Baranauskaite, Chem. Natl. Prod.,
1, 169(1966).
(7) T. O. Soine and K. H. Lee, J. Pharm. Sci., 57, 655(1967).
(8) B. E. Nielsen and J. Lemmich, Acta Chem. Scand., 18,
2111(1964).
(9) M. Nakajima, J. Oda, and H. Fukami, Agr. Biol. Chem.
Tokyo, 27, 695(1963).
(10) 1. Harada, Y. Hirose, and M. Nakazaki, Tetrahedron Letters,
1968, 5463.
(11) R, C. Shah and M. C. Laiwalla, J. Chem. Soc., 1938,
1828.
(12) D. B. Limaye, Rasayanam. 1, 8(1936); through Brit. Chem.
Abstr. A, ii, 258(1937).
(13) K. Nakazawa, J. Pharm. Soc. Japan, 59, 169(1939).
(14) A. A. Shamshurin, J. Gen. Chem. USSR, 14, 211(1944);
through Chem. Abstr., 39, 2286(1945).
(15) S. M. Parikh and V. N. Thakor, J. Univ. Bombay, 23, 37
(1954); through Chem. Abstr., 49, 10276(1955).
(16) F. P. Doyle, K. Hardy, J. H. C. Nayler, M. J. Soulal, E. R.
Stove, and H. R. J. Waddington, J. Chem. Soc., 1962, 1453,
(17) K. Tomino, Yakugaku Zasshi, 78, 1425(1958); through
Chem. Abstr., 53, 8018(1959).
(18) L. F. Fieser and M. Fieser, “Reagents for Organic Syn-
thesis,” Wiley, New York, N. Y., 1967, p. 637.
(19) J. S. H. Davies, P. A. McCrea, W, L. Norris, and G. R.
Ramage, J. Chem. Soc., 1950, 3206.
(20) R. Mozingo, Org. Syn., 26, 77(1946).
(21) M. Shipchandler and T. O. Soine, J. Pharm. Sci., 57, 741
(1968).
(22) K. D. Kaufman and R. C. Kelly, J. Hererocyclic Chem., 2,
91(1965).
(23) A. K. Ganguly, B. S. Joshi, V. N. Kamat, and A, H. Man-
made, Tetrahedron, 23, 4777(1967).

ACKNOWLEDGMENTS AND ADDRESSES

Received June 5, 1969 from the Department of Medicinal Chem-
istry, College of Pharmacy, University of Minnesota, Minneapolis,
MN 55455

Accepted for publication August 28, 1969.

This work was supported by N.I.H. grant No. HE-7101 from
the United States Public Health Service.

* Present address: Department of Medicinal Chemistry, School of
Pharmacy, University of Kansas, Lawrence, KS 66044

1 To whom all requests for reprints and information should be
directed.

1 Present address: Custom House, Madras-1, India.

Vol. 59, No. 1, January 1970 (] 71



Drug Absorption III: Effect of Membrane Storage on the

Kinetics of Drug Absorption

J. T. DOLUISIO, W. G. CROUTHAMEL, G. H. TAN, J. V. SWINTOSKY, and L. W. DITTERT

Abstract [ ] Monoexponential and biexponential disappearance of
drug was observed both from the simulated gut phase of a three-
phase in virro model for drug absorption and from the lumen of an
in situ rat gut. Monoexponential disappearance occurred when
accumulation of drug in the membrane phase was low or absent,
whereas biexponential disappearance occurred when membrane
accumulation was appreciable. In all cases, overall transfer of
drug to blood was essentially irreversible. Kinetic analysis of bi-
exponential lumen phase data, in terms of a two-compartment open
model, was accomplished by applying the technique of “feather-
ing.” An analog computer was programmed with the calculated
rate constants and the computer generated curves were compared
with experimental absorption data from the three phases of the in
vitro model. Good agreement between the computer curves and
the experimental data confirmed the validity of the computational
technique and the accuracy of the individual rate constants. An
analog computer was also used to simulate the fraction of the dose
of drug in the membrane for the in siru experiments since the mem-
brane was not available for analysis.

Keyphrases [] Drug absorption—membrane storage effect []
Membrane storage effect—drug absorption kinetics [] Intestinal
drug transfer—in vitro, in situ preparations [] Model, three-
phase—drug absorption kinetics [] Analog computer generated
curves, experimental data curves—comparison

This paper reports on two kinetic cases of drug
transfer commonly observed in an in vitro three-phase
model for drug absorption (1), and in an in situ rat in-
testinal preparation (2). The objectives of this investiga-
tion were (a) to correlate kinetic models observed in the
in vitro system with the kinetics of drug disappearance
from the lumen in the in situ system; (b) to evaluate the
role of drug accumulation in a “membrane compart-
ment” on the observed kinetics; and (c) to compare
various computational methods for estimating the rate
constants involved.

Many investigators have attempted to correlate o/w
partitioning of drugs in various solvent systems with
their gastrointestinal absorption rates. Although rank
ordering of a homologous series of drugs in terms of
their pH-partition behavior and apparent gastrointes-
tinal absorption rates may be possible, a direct corre-
lation between these two factors is often difficult to
demonstrate (3). Possible reasons for the lack of cor-
relation are: (a) there is no solvent system that mimics
all the physicochemical properties of the absorbing
membrane; (b) o/w partition coefficients are equilibrium
parameters whereas gastrointestinal drug absorption is
a dynamic process; and (¢) no experimental procedure
was available which would allow determination of re-
producible realistic drug absorption rates in a living
system under closely controlled conditions.

Previous reports from these laboratories (1) have
dealt with the use of an in vitro model for the drug
absorption process which employs an artificial lipid-like
barrier (organic solvent) separating two aqueous
buffered phases representing gut lumen fluid and blood.
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This technique allows a study of the o/w partition be-
havior of drugs in a dynamic system which mimics the
in vivo absorption process and in which all phases can be
analyzed so that each rate constant can be evaluated
individually. In this model several kinetic mechanisms
involving reversible and irreversible transfer among the
phases were observed (4). A frequently observed
mechanism was one involving reversible transfer of drug
from “gut lumen” (Phase A) to “absorbing membrane”
(Phase B) followed by irreversible transfer from “absorb-
ing membrane” to “blood” (Phase C); thatis, 4 = B —
C. This mechanism fits the expectations of the pH-parti-
tion hypothesis because it suggests partitioning of drugs
into the membrane. The in vive gut to blood transfer of
many drugs may be described by the 4 = B — C
mechanism because factors such as the volume, pH,
and protein-binding capacity of the blood as well as
the large tissue distribution and rapid metabolism and
excretion of these drugs often tend to make the rate
constant for the C— B process very small. Consequently,
the transport from gut to blood may take on some char-
acteristics of a unidirectional process.

The development of a method for determining drug
absorption rates from segments of the gastrointestinal
tracts of rats, in situ, which yields rates which are closely
reproducible from animal to animal and are comparable
to those calculated from blood concentration data
following oral drug administration to humans and
intact animals has also been reported (2). By following
the concentration of drug in the lumen of the intestine
at closely spaced intervals and analyzing the data using
methods for estimating appropriate rate constants in
multicompartmental systems when only one phase is
available for analysis (5, 6), it is possible to quantitate
the kinetic model which describes the absorption of
drugs showing biexponential disappearance from the
gut lumen.

EXPERIMENTAL

In Vitro Three-Phase Model—Apparatus and Reagents—All
chemicals were reagent grade unless otherwise specified. A Leeds &
Northrup 7401 pH meter, a Beckman model DB spectrophotometer,
a Hitachi-Perkin-Elmer spectrophotometer, and an Electronic
Associates, Inc. TR-48 analog computer were utilized.

The glass tubes, rocking apparatus, and aqueous buffers used in
these studies were described in previous communications (1, 4).

Procedure—The procedure for studying drug transfer kinetics in
the in vitro three-phase model has been described in previous com-
munications (1, 4).

In Situ Rat Gut—Apparatus and Reagents—All chemicals were
reagent grade unless otherwise specified. Chlorpromazine hydro-
chloride,! prochlorperazine edisylate,! trimeprazine tartrate,? triflu-
operazine hydrochloride,? and haloperidol were used.? All solutions
were prepared with distilled, deionized, boiled water. A Beckman

t Smith Kline & French Laboratories, Philadelphia, Pa,
2 McNeil Laboratories, Fort Washington, Pa.
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Zeromatic IT pH meter, a Haake type FBE constant-temperature
water bath, and a Cary model 15 spectrophotometer were utilized.

The perfusion and drug solutions used in these studies were de-
scribed in a previous communication (2).

Test Animals—Male Sprague Dawley albino rats weighing 220~
260 g. were fasted 15-20 hr. prior to use.

Procedure—The procedure for studying drug disappearance
from the in situ rat gut lumen and the analytical methods employed
(f(z)r 7t)hese drugs have been described in previous communications

RESULTS AND DISCUSSION

Figure 1 illustrates the disappearance of salicylic acid (SA) from
the in situ rat gut lumen when the pH of the lumen solution is 6.0
(2). The figure shows that the disappearance follows first-order
lgxnetics (monoexponential) for the entire experiment (three half-
lives). In another experiment, only trace amounts of salicylic acid
could be demonstrated in the lumen solution when 75 mg. of drug
was administered intravenously and drug-free buffer was placed
in the gut lumen. These results suggest that the kinetics of oral
galicylic acid absorption under these conditions may be described
m terms of the following model:

SAiumen (_")SAblood (EQ- 1)

that is, overall drug absorption follows apparent irreversible first-
order kinetics.

The disappearance of prochlorperazine (PCZ) from the in situ
rat gut lumen (pH 6.0) is shown in Fig. 2. In this case, the disap-
pearance follows a biexponential profile in contrast to the mono-
exponential profile observed with salicylic acid. These results sug-
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Figure 2—Semilogarithmic plot of fraction of dose of prochlorper-
azine hydrochloride in rat intestinal lumen, in situ, versus time.
Dose = 10 mg., half-life (of straight line) = 23 min., lumen solu-
tionpH = 6.0,
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gest that the kinetics of prochlorperazine absorption may be de-
scribed in terms of the following model:

PCZlumen(i) PCZmembmne —_ PCZblood (Eq' 2)

that is, rapid distribution of prochlorperazine occurs between the
gut lumen and a compartment representing the membrane followed
by slower, essentially irreversible, transfer of the drug from the
membrane compartment into the blood. As with salicylic acid, when
prochlorperazine was administered intravenously, only a negligible
amount of drug could be detected in the gut lumen, confirming that
at least one step in the transfer process is essentially irreversible.
It can be assumed that the initial transfer was reversible since the
disappearance of drug from the gut lumen was not simple first-
order (monoexponential).

Current concepts of passive drug absorption suggest that drugs
pass through the absorbing membrane after first dissolving or
partitioning into it. In the iz virro model, drug partitioning into the
“Membrane” phase is the only way drug can transfer from Phase
A (gut lumen) to Phase C (blood); and the membrane could be con-
sidered a discrete compartment in any absorption model. Based on
this premise, Eq. 2 is the explicit equation describing the absorption
of many passively absorbed drugs. However, if accumulation of
drug in the membrane compartment is negligible, Eq. 1 may ade-
quately fit the data. Since both salicylic acid and prochlorperazine
are essentially irreversibly transferred from lumen to blood, it would
appear that these drugs differ greatly in the degree to which they
accumulate in the membrane. This phenomenon can be easily
illustrated by means of data obtained in the three-phase in vitro
model for drug absorption which have previously been described
(1, 4). Figure 3 shows plots of the fractions of salicylic acid in
Phases A and C of the model system when the simulated gut Phase
A is buffered at pH 2.0 and the simulated membrane Phase B is
cyclobexane. Figure 4 shows a semilogarithmic plot of the Phase
A data, and the plot suggests that the disappearance of salicylic
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Figure 4—Semilogarithmic plot of Phase A data from Fig. 3 showing
first-order nature of drug transfer.
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Figure 5—Semilogarithmic plot of fraction of salicylic acid in Phase
A of a three-phase in vitro model for drug absorption. The pH of
Phase A = 2.0. The pH of Phase C = 7.4. Phase B consisted of 0.1
n-octanol in cyclohexane. Values of the intercepts and slopes were
determined graphically: X, = 0.27; X, = 0.73; a = 1.08; and b
= 0.12. The following values for the rate constants in the model
(Eq. 5) were calculated using Egs. 6-8: kg = 0.37; ko = 0.48; and
k23 = 0.35hr.71,

acid from Phase A may be described in terms of an irreversible
first-order transfer of drug between Phases A and C:

b
Fi— Fg (Eq. 3)
where F4 and F¢ are the fractions of total drug in the respective
phases, and b is the apparent first-order rate constant describing
the overall transfer process. A semilogarithmic plot of (F¢® — Fc)
versus time has the same slope as the plot in Fig. 4. Consequently,
Eq. 3 can be used to describe this system even though the equation
ignores the existence of Phase B. This simplification is justifiable
because Fg is extremely low, therefore essentially constant, through-
out the experiment. (The concentrations of salicylic acid in cyclo-

Table I—Kinetic Data for the Disappearance of Drug from
Rat Intestinal Lumen, In Situ (Lumen pH = 6.0)

X Xy a® be ky? Kk keag?

Prochlorperazine 0.47 0.53 0.20 0.030 0.11 0.065 0.055
Chlorpromazine  0.40 0.60 0.70 0.036 0.30 0.35 0.084
Trifluoperazine 0.41 0.59 0.28 0.026 0.13 0.12 0.056
Trimeperazine 0.18 0.82 0.36 0.031 0.091 0.18 0.12
Haloperidol 0.16 0.84 0.35 0.030 0.082 0.17 0.13

¢ Intercepts (X1 and X» as fraction of dose) and Slopes (@ and b in
hr.~?) were determined as illustrated in Fig. 5 from semilogarithmic
plots of fraction of dose in the lumen versus time. ® Rate constants (in
hr.~1) were calculated by means of Egs., 6-8.
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Figure 6—Plots of the fractions of salicylic acid in Phases A (s),
B (X), and C(O) for the experiment shown in Fig. 5. The points were
obtained experimentally, and the lines were drawn by an analog
computer programmed with Eq. 5 and the following values of the rate
constants: kKyz = 0.37; kay = 0.50; and ko3 = 0.40 hr.71.

hexane were so low that they could not be measured experimentally.)
Thus, Fr may be considered to be at steady state; and, under
these circumstances, b is a complex function of the rate
constants controlling transfer of drug to and from Phase B (4).
Because Fp cannot be measured experimentally, and because the
overall transfer is monoexponential, the individual rate constants
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Figure 7—Plots of the fractions of prochiorperazine hydrochloride
in the lumen, the membrane compartment, and the blood compart-
ment of the in situ rat intestinal preparation versus time. The points
were obtained experimentally from the lumen solution (pH = 6.0).
Initially, these data were plotted on semilogarithmic paper and values
of the intercepts and slopes for the biexponential equation were de-
termined as shown in Fig. 2. Values for the rate constants (Eq. 4)
were then calculated using Eqs. 6-8; and these values (Kiy = 0.11,
ko = 0.065, Kes = 0.055 hr.=Y) were used to program an analog com-
puter which generated the membrane compartment and blood com-
partment curves.
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Figure 8—Plots for chlorpromazine similar to those shown in Fig. 7;
(klg = 0.30, k21 = 0.35, kz:; = 0.084 hr.“l).

cannot be determined easily. It might be concluded that when simple
first-order disappearance of drug from the lumen is observed in the
in situ preparation it can be presumed that membrane accumulation
of drug is not great. Inherent in this conclusion is the assumption
that transfer of drug from gut lumen to membrane is reversible, If
drug transfer from gut to membrane were irreversible, disappearance
from the gut lumen would always be monoexponential.

Figure 5 shows a semilogarithmic plot of fraction of salicylic
acid in Phase A of the three-phase model when Phase A is buffered
at pH 2.0 and Phase B is 0.1 % n-octanol in cyclohexane. In this
case, disappearance of salicylic acid from Phase A follows a bi-
exponential profile, suggesting that there is appreciable accumula-
tion of salicylic acid in Phasc B. The presence of significant amounts
of drug in Phase B was confirmed experimentally (see Fig. 6). The
kinetic model may be depicted as follows:

k12 k23
F4 ;_‘ Fp— Fg (Eq. 4)
2

Mathematically, Fa is given by the following biexponential equa-
tion:

Fa = Xie=® + Xyt (Eq. 5)
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Figure 9—Plots for trifluoperazine similar to those shown in Fig, 7;
(ku = 0.}3, km = 012, k23 = 0.056 hr._‘).

Table II—Data Iilustrating the Accuracy of the Feathering
Technique for Determining Rate Constants from
Curves Generated by an Analog Computer

Value k 12 kzl k23
Analog® 0.25 1.00 0.20
Feathering? 0.25 0.98 0.19
Analog 0.25 1.00 0.080
Feathering 0.23 0.87 0.065
Analog 0.25 0.35 0.050
Feathering 0.25 0.35 0.048

@ Values used to program an analog computer which generated curves,
b Values obtained by feathering the computer generated curves.

The values of X, X, @, and & can be determined graphically
from the semilogarithmic plot as shown in Fig. 5; and ki, kau,
and kq; can be calculated from these values using the following
equations (3, 6):

Xia + X
_ r A2 Eq. 6
kiz X, + X (Eq. 6)
Kes = %’_’ (Eq. 7)
12
k21 =a -+ b — kl'.'. - k23 (Eq~ 8)

The results of these calculations are summarized in the legend of
Fig. 5.

A distinct advantage of the three-phase model over the in situ
gut preparation is that all phases are easily accessible for analysis.
In cases such as the one under discussion, it is possible to confirm
values estimated for the individual rate constants by using them to
predict data for Phases B and C and then comparing the predicted
data with experimental data for these phases. Such 4 comparison is
shown in Fig. 6 for the salicylic acid data. In this figure, the lines
were drawn by an analog computer programmed with Eq. 4, and
the points are actual experimental data for the three phases. The
values of the computer constants used to gencrate the lines are
shown in the legend of Fig. 6. These values are slightly different from
those calculated using Eqs. 6-8 (see Fig. 5) but the agreement is
close and the discrepancies can be attributed to experimental error
and to error in feathering the semilogarithmic plot (see Fig. 5).
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Figure 10-—Plots for trimeperazine similar to those shown in Fig, 7;
(k12 = 0.091, k21 = 0.18, k23 =0.12 hr.“).

Vol. 59, No. 1, January 1970 []75



1.0

0.8 |
06 [
z
=]
=
3]
-4
o
[
04
0.2 |
0 i L 1 | 1 1 L
0 5 10 15 20 25 30 35

MINUTES

Figure 11—Plots for haloperidol similar to those shown in Fig. 7;
(ks = 0.082,ks = 0.17,ko3 = 0.13 hr.™Y).

When the absorption of highly lipid soluble drugs such as the
phenothiazine or butyrophenone tranquilizers was studied in the
in situ rat gut preparation, biexponential loss of drug from the
lumen solution was always observed. Such experiments were car-
ried out with prochlorperazine, chlorpromazine, trifluoperazine,
trimeperazine, and haloperidol. In each case the data were plotted
on semilogarithmic paper, and values for Xi, X, a, and b (Eq. 5)
were determined by feathering as illustrated in Fig. 5. These values
along with values for the three rate constants kis, ku, and ks (cal-
culated by means of Egs. 6-8) are shown in Table I. The three rate
constants were used as input to an analog computer programmed
with Eq. 4, and curves for each of the three compartments were
generated by the computer. The results for the four phenothiazines
and haloperidol are shown in Figs. 7-11. The lines are computer
generated curves and the points are experimental data from the gut
lumen. These figures show that, as might be expected, there is good
agreement between the theoretical curve and the experimental
data for the gut lumen compartment. Also with these highly lipid
soluble drugs, the three-compartment model predicts that the
amount of drug in the membrane compartment reaches a maximum
of between 20 and 407 of the dose. Thus, there is appreciable
membrane storage of these drugs during gastrointestinal absorption.

One might question whether analog computer simulations such as
those described truly reflect drug behavior in the inaccessible
phases of the model. The accuracy of these simulations depends in
turn upon the accuracy of the rate constants calculated by means of
Egs. 6-8. The results of an experiment based on ideal data generated
by an analog computer suggest that the accuracy of the rate con-
stants depends directly upon the accuracy of the data obtained in
the gut lumen. An analog computer programmed with the three-
compartment model and with known values of ki, ku, and ks
(see Table IT) was used to generate an ideal plot of the fraction of the
dose in the “gut lumen’’ compartment versus time. Points were picked
off the curve and plotted on semilogarithmic paper. The curve was
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feathered to obtain Xi, X,, a, and b and values for ki, k=, and ks
were calculated using Egs. 6-8. The results in Table Il show excel-
lent agreement between the calculated and known values of the rate
constants suggesting that rate constants calculated from experimental
data in this manner and analog simulations based on these rate
constants are as accurate, but no more accurate, than the experi-
mental data itself. The ir sizu rat gut preparation yields such precise
and reproducible data that the analog simulations in Figs. 7-11
might be expected to truly represent distribution of these drugs
among the gut lumen, absorbing membrane, and blood compart-
ments of the experimental animals,

SUMMARY

The disappearance of salicylic acid and certain other drugs (2)
from the in siru rat gut lumen was found to be monoexponential,
whereas certain highly lipid soluble drugs exhibited biexponential
disappearance in the same preparation. In each case, the overall
transfer of drug from gut lumen to blood was essentially irreversible.
Experiments with an in vitro three-phase model for drug absorption
showed that monoexponential disappearance from the lumen can
be expected when accumulation of the drugs in the membrane is
negligible. Conversely, biexponential disappearance from the
lumen can be expected when accumulation of the drugs in the
membrane is appreciable.

By feathering the lumen data which exhibited biexponential drug
loss and applying standard mathematical techniques, specific rate
constants were determined for drug transfer into and out of the
membrane. The validity of these derived rate constants was con-
firmed by means of an analog computer for data obtained with
the three-phase in virre model in which the amounts of drug in all
three phases were determined experimentally. The validity of the
computational method was confirmed using ideal data generated by
an analog computer programmed with known rate constants.

Resolution of the absorption process into its individual com-
ponents should allow closer and more meaningful study of the
factors influencing it. For example, fasting of animals has been
reported to slow drug disappearance from the gut lumen (7);
and studies are presently being conducted to determine which rate
constants are affected by this fasting. Experiments are also being
carried out to determine the effect of pH on the individual rate
constants, and simultaneous sampling of serum and lumen contents
are also being conducted to further elucidate the overall gut to blood
transfer process.
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Effect of Molecular Interaction on Permeation of Organic
Molecules Through Dimethyl Polysiloxane Membrane

MASAHIRO NAKANO* and NAGIN K. PATEL}

Abstract [ ] In order to investigate the nature of permeation of
organic molecules through a nonpolar membrane in the presence
of other molecular species, some model studies have been made
with p-nitrophenol as an ionizable diffusate and N,N-dialkylamides
and alkylxanthines as complexing agents. Effect of diethylpro-
pionamide on permeation of salicylic acid was also examined.
8-Methoxycaffeine and caffeine were used as model compounds for
nonionizable molecules and permeability constanis were deter-
mined with and without complexing agents. The permeability of a
diffusate increased in the presence of complexing agents which
interact strongly with the diffusate in nonpolar environments,
while it decreased in the case of the agents which complex with the
diffusate mainly in aqueous solution.

Keyphrases [ ] Molecules, organic—dimethyl polysiloxane mem-
brane permeation [_J Membrane permeation, organic molecules—
molecular interaction effect [] Ionizable diffusates-complexing
agents—membrane permeation [] Colorimetric analysis—spectro-
photometer [] UV spectrophotometry—analysis [ ] GLC—anal-
ysis

Extensive studies by Garrett and Chemburkar on
diffusion of drug molecules through a silicone rubber
membrane (1-3) have contributed much to knowledge
on drug diffusion through a polymeric membrane.
Because of the nonpolar nature of silicone rubber mate-
rials (4), a dimethyl polysiloxane membrane would be
useful for investigation of effects of molecular interac-
tion on drug permeation through a membrane. The
first objective of the present investigation was to ex-
amine the nature of permeation of molecules through
a nonpolar membrane in the presence of some other
molecular species. This would provide additional in-
formation concerning the effect of complex formation
on drug absorption which has been studied by Levy
and his associates (5, 6).

The second objective was to explore some possibili-
ties of controlling rate of permeation of organic mole-
cules through a membrane by physicochemical means.
In view of possible application of silicone rubber ma-
terials to some dosage forms (7, 8), it would be worth-
while to examine how the rate of permeation of mole-
cules through a membrane can be modified.

EXPERIMENTAL

Materials—Dimethyl polysiloxane! sheeting in a labeled thickness
of 5 mil was used throughout this study. p-Nitrophenol?, sali-
cylic acid?, 8-methoxycaffeine! (recrystallized from methanol-carbon
tetrachloride), and caffeine® (recrystallized from water) were used

M'l }Slilastic, Medical Products Div., Dow Corning Corp., Midland,
ich.

2 Fisher reagent grade, Chemical Manufacturing Div., Fisher Scien-
tific Co., Fair Lane, N. J.

3 Baker & Adamson reagent, General Chemical Div., Allied Chem-
ical, New York, N.Y.

4 %stman Organic Chemicals, Div. of Eastman Kodak Co., Roches-
ter, N. Y.

5 British Drug Houses, Toronto, Canada.

as model diffusates. Other compounds employed as complexing
agents are also commercially available chemicals and were purified
whenever necessary (9).

Diffusion Studies—The quasi steady-state diffusion cell described
by Garrett and Chemburkar (1) was used with the following modi-
fications. One polytetrafluoroethylene® O-ring was used instead of
two silicone rubber gaskets and the diameter of the area available
for diffusion was 32 mm. The cell was initially equilibrated over-
night in a shaker bath maintained at 30° with 100 ml. of distilled
water in both arms. Subsequently water was removed by suction
and 50 mi. of 0.005 N sodium hydroxide (for p-nitrophenol and
salicylic acid) or water (for 8-methoxycaffeine and caffeine) was
added to one arm and an equal volume of test solution was placed
in the other arm.” All the solutions were prewarmed to 30°. In
order to suppress the dissociation of p-nitrophenol and salicylic
acid, their solutions were prepared in 0.001 N and 0.004 N hy-
drochloric acid, respectively. The cell was mechanically shaken
horizontally at a rate of 148 =+ 2 strokes/min.

Analytical Methods—p-Nitrophenoi—A 0.5-ml. aliquot of a
desorbing solution was pipeted into a 10-ml. volumetric flask, then
5 ml. of 0.01 N sodium hydroxide was added to it, and the mixture
was made up to volume with water. The absorbance of this solution
was recorded on a spectrophotometer® at the wavelength of maxi-
mum absorbance, 400 mu. No complexing agent was found to
interfere with the assay at this wavelength.

Salicylic Acid—A 0.5-ml. aliquot from the desorbing solution
was acidified with 2 ml. of 0.1 N hydrochloric acid to suppress the
dissociation and made up to volume (10 ml.) with water. The con-
centration of the resultant solution was spectrophotometrically
determined at 302 mg. Diethylpropionamide did not interfere with
the assay.

8-Methoxycaffeine—A 1-ml aliquot was pipeted out of both
desorbing and diffusing solutions. When methyl nicotinate was
used as a complexing agent, absorbance at both 262 and 281 mu
was recorded and the content of each component was calculated
by the standard method of simultaneous spectrophotometric
analysis (10). When tryptophan was used as a complexing agent,
8-methoxycaffeine was extracted into carbon tetrachloride. A 1-
ml. portion of carbon tetrachloride solution was then appropri-
ately diluted with methanol and the xanthine was spectrophoto-
metrically determined at 281 my. In the presence of phenols and p-
hydroxybenzoic acid, the sample solutions were made alkaline with
sodium hydroxide (0.005 N with respect to the final concentration)
and 8-methoxycaffeine was then extracted into carbon tetrachloride.

Caffeine—A 1-ml. aliquot was pipeted out of both desorbing and
diffusing solutions. The concentration of caffeine in the presence of
salicylamide was determined in the following way. The sample
solution was made alkaline with sodium hydroxide (0.005 N with
respect 1o the final concentration) and the concentrations of salicyl-
amide were determined at 328 mu. The concentration of caffeine was
then calculated from absorbance at 272 myu and correction was made
for absorbance due to salicylamide at the same wavelength. The con-
centration of caffeine in the presence of p-bromophenol was deter-
mined in the following way. To a 1-ml. aliquot was added 9 ml. of
0.1 Nsodium hydroxide and the resultant solution was shaken with
2 ml. of chloroform. One milliliter of the organic layer was pipeted
out and absorbance at 272 mu was measured after appropriate dilu-
tion with methanol.

Determination of Partition Coefficient—Five-milliliter portions
of sample solutions were shaken with a 5-ml. portion of carbon

¢ Teflon, E. I. du Pont de Nemours & Co., Wilmington, Del,

7 In this paper a solution containing diffusate at time zero is referred
to as a diffusing solution while the other side of the membrane is des-
ignated as a desorbing solution.

& Beckman Model DB, Beckman Instruments, Fullerton, Calif.
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tetrachloride by means of an aliquot shaker® in a low temperature
incubator® (25°) for about 2 hr. The concentrations of aromatic
compounds remaining in the water layer were determined as de-
scribed in the Analytical Methods. The concentrations in carbon
tetrachloride were assumed to be equal to the difference between
the initial concentration in water and the concentration in water
after extraction. The concentrations of aliphatic molecules re-
maining in the water layer were determined by GLC. A gas chro-
matograph!! equipped with a dual flame ionization detector and a
0-10 mv. recorder?? was employed. The chromatographic column
was a 0.31-cm. (0.125-in.} o.d. stainless steel column, 1.83 m.
(6 ft.) in length and packed with 10 77 silicone elastomer!? on a diat-
omite!* (80-100 mesh). The column was silanized in sire with
hexamethyldisilazane and equilibrated overnight at the operating
conditions; oven temperature 140°; injection port temperature,
301°; detector temperature, 283°; hydrogen pressure 15 lb./sq. in.;
air pressure, 25 1b./sq. in., helium pressure, 40 1b./sq. in. (80 ml./
min.). Either dimethylacetamide or diethylpropionamide was used
as an internal standard.

RESULTS AND DISCUSSION

Ionizable Diffusates—p-Nitrophenol and salicylic acid, with
pKa values (11) of 7.1 and 3.0 were selected as model ionizable
compounds. The concentration of diffusible species in the desorb-
ing solution can be kept to a zero value by maintaining diffused
molecules in a dissociated form. During the first 4 to 5-hr. period
of the permeation experiment, the drug concentration of the dif-
fusing solution is not altered significantly; and it may be assumed
that the concentration of a diffusate during this period is equal to
its initial concentration, Cy, in the diffusing solution. For such a
system the following equation modified from that derived by Garrett
and Chemburkar (2) for a steady-state diffusion can be employed

ACyt

C2 = kp Vz

(Eq. 1)

where C; = concentration of diffusate in desorbing solution, 4 =
area of the membrane, }; = volume of the desorbing solution, and
kp = permeability constant, which is the product of diffusivity
of the drug in the membrane and its membrane/water partition
coefficient divided by thickness of the membrane. Plots of C. versus
¢ will give a straight line with slope = k, X ACy/V: from which k,
can be computed.

Effect of Complexing Agents on Permeation of p-Nitrophenol—
A typical set of data for the permeation of p-nitrophenol in the
presence and absence of complexing agents are plotted in Fig. 1 in
accordance with Eq. 1. Depending on the nature of the complexing
agent, two opposing effects on the rate of permeation were observed.
Accordingly, the rate of permeation increased in the presence of
diethylpropionamide while it decreased in the presence of caffeine.
In order to explore the observed effects, the rate of permeation of p-
nitrophenol was determined in the presence of a number of com-
plexing agents. The data for this study were plotted in the same way
as illustrated in Fig. 1. All the results gave linear relationships of
C, versus t. The apparent permeability constants, & ,, were computed
from the slopes of the lines and they are summarized in Tabie 1.
If one compares the effect of amides on the k, values, it can be
observed from the table that effect on the permeation varies among
the N,N-dialkylamides and that it is concentration dependent, k,
value increasing with increase in concentration of diethylpropion-
amide.

In order to explain the difference in the drug permeability in the
presence of the amides, apparent partition coefficients (CCly/H:O) of
the amides as well as of p-nitrophenol in the presence of the amides
were determined and these results are summarized in the third
and fifth columns of Table I. In view of approximately the same
hydrogen bonding ability of the amides with p-nitrophenol in a
nonpolar solvent (12), the observed difference in the apparent
partition coefficients of p-nitrophenol can be related to the difference

9 Lab-Tek, Ames Lab-Tek, Inc., Westmont, Iii.

10 Model 82, Fisher Scientific Co.

uF & M Model 700, F & M Scientific Div., Hewlett Packard,
Palo Alto, Calif,

12 Speedomax W, Leeds & Northrup Co., Philadelphia, Pa,

13W98, F & M Scientific Div., Hewlett Packard, Palo Alto, Calif.
c }ffDiatoport S, F & M Scientific Div,, Hewlett Packard, Palo Alto,

alif.
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Table I—Apparent Permeability Constants, kp, and Apparent
Partition Coefficients, R, of p-Nitrophenol in the
Presence of Complexing Agents

~p-Nitrophenol—

. Concn., ky X 102
Complexing Agent mM R cm./hr.  Rappt
None — — 6.55 0.086
Dimethylacetamide 40 0.00 6.55 0.18
Dimethylpropionamide 40 0.15 7.27 0.73
Diethylacetamide 40 0.35 8.45 1.9
Diethylpropionamide 40 2.1 12.8 4.2
20 9.98
, 10 8.51
Dioxane 40 0.74 6.52 0.13
n-Amyl alcohol 40 2.3 7.63 0.20
Dimethyl sulfoxide 40 0.031 6.55 0.086
Theophylline 10 0.002 5.74 0.086
Caffeine 10 0.21 5.59 0.097
8-Methoxycaffeine 10 5.5 5.48 0.26

o CCLy/H:0 at 25°, » CC14/0.001 N HCl at 25°,

in the partition coefficients of the amides themselves. This point is
elaborated by the following scheme and equation:

diffusing solution membrane
P i = P,
R, +
Q———7—+0,
-
PQ.
Ropp.rr = Py +PPQ’” = P,’,”,(,l j_ﬁlg'",Q_’“_) = Rp(l + K,,0.)

(Eq. 2)

where P and Q represent equilibrium concentrations of p-nitro-
phenol and an amide, respectively. Rx is a partition coefficient of
species X, K is a stability constant, and the subscript m stands for
“in the membrane.” According to Eq. 2, the apparent partition

n
T

NITROPHENOL IN DESORBING SOLUTION, 10—¢M
-
T

(=]

1 L I 1
0 1 2 3 4 5
TIME, hr.

Figure 1—Permeation of p-nitrophenol in the presence of 10 mM
caffeine (0) or 10 mM diethylpropionamide (A) and in the absence
of complexing agent (O) at 30°. The diffusing solution was 50 ml.
of 4 mM p-nitrophenol in 0.001 N hydrochloric acid with or without
complexing agent and the desorbing solution was 50 ml. of 0.005 N
sodium hydroxide solution.



Table HI—Effect of Diethylpropionamide (DEP) on
Permeability Constant, k,, of p-Nitrophenol

Table IV-—Apparent Permeability Constants, k,, and Apparent
Partition Coefficients, R, of Caffeine and Salicylamide

kp X 107,
Location of DEP cm,/hr.
(Absent) 6.55
Diffusing solution® 12.8
Desorbing solution® 7.37
Both diffusing and desorbing solutions® 13.8
Membrane? 6.91

2 40 mM DEP. * The membrane was presoaked with 50 ml, each of
100 mM DEP in both arms for 16 hr.

coefficient of the phenol depends on the values of Rp, K, and Qum.
Since the partition coefficient of uncomplexed phenol, Rp, is
constant, and the stability constants of hydrogen bonded complex,
K», are about the same for the N,N-dialkylamides (12), the ap-
parent partition coefficient is primarily a function of the amide
concentration in the membrane. Thus amides with greater parti-
tion coefficients gave greater apparent partition coefficients of p-
nitrophenol as seen in Table I.

In order to evaluate the role of diethylpropionamide in the trans-
fer of the phenol across the membrane, diethylpropionamide was
placed unilaterally in the diffusing solution, in the desorbing solu-
tion, and in the membrane; and bilaterally in both the diffusing and
desorbing solutions. These data, as given in Table II, showed that
the amide substantially increased the permeability constant of the
phenol only when it was placed in the diffusing solution.
From these results it is highly improbable that the amide
merely changes the permeation characteristic of the membrane
(diffusivity of a diffusate in the membrane). The increased permea-
tion of p-nitrophenol may be attributed to the increase in concentra-
tion of p-nitrophenol in the membrane at its interface with dif-
fusing solution or in other words, to the increase in apparent parti-
tion coefficient. The greater apparent partition coefficient of p-
nitrophenol in the presence of diethylpropionamide may be ration-
alized by the greater partition coefficient of the amide itself and the
presence of hydrogen bonding interaction in the nonpolar medium
between the phenol and the amide (13). Dimethylacetamide, on the
other hand, though it is as good a proton acceptor as diethylpropion-
amide, does not partition into a nonpolar solvent, and conse-
quently has insignificant effect on the partition coefficient of the
p-nitrophenol, thus supporting the importance of partitioning prior
to diffusion through the membrane.

A possible alternative mechanism includes faster diffusion of the
p-nitrophenol-amide complex through the membrane than un-
complexed p-nitrophenol. This is highly unlikely since the stability
constant of such a complex in a bulk aqueous solution was found
to be very small (12).

The results showing the influence of dioxane, n-amyl alcohol,
dimethyl sulfoxide, and xanthines on rate of permeation of p-
nitrophenol are also included in Table I. Although dioxane and
n-amyl alcohol partiton into the nonpolar solvent to an appreciable

Table III—Apparent Permeability Constants, k,, and Apparent
Partition Coefficients, R, of 8-Methoxycaffeine in the
Presence of Complexing Agents

~—8-Methoxycaffeine—

P
Concn., 102,
Complexing Agent mM Re cm./hr.  Rupp.®
None — — 3.73 5.4
p-Chlorophenol 60 2.1 4.11 49
p-Nitrophenol 10 0.097 3.51 5.2
Methyl nicotinate 60 5.3 2.17 5.2
Tryptophan 24 0.0 2.29 2.7
p-Hydroxybenzoic acid 30 0.018 2.02 1.8

& CCly/H:0O at 25°,

kp X 102,
Diffusate* Complexing Agent cm./hr. Re
Caffeine None 0.216 0.21
Caffeine p-Bromophenol® 0.228 0.72
Caffeine Salicylamide 0.148 0.13
Salicylamide None 2.57 0.14
Salicylamide Caffeines 2.17 0.098

16 mM, 32 mM. ¢ CCli/H:0 at 25°,

extent, they failed to modify the permeability constant of p-nitro-
phenol in any substantial way. This is in accord with the small in-
crease in partition coefficients of p-nitrophenol in the presence of
these molecules. The weak proton acceptor property of ethers and
alcohols (14) may explain the present observation; namely, Kn
in Eq. 2 is so small that Rag,. p does not differ significantly from Rp.
Dimethyl sulfoxide, on the other hand, is reported to be a strong
proton acceptor (15). The failure of the sulfoxide to modify the per-
meability can be attributed to its small partition coefficient. Thus
a large partition coefficient, together with the strong hydrogen ac-
ceptor property of the complexing agent appear to be the factors re-
sponsible for accelerated permeation of p-nitrophenol.

Alkylxanthines in general reduced the apparent permeability
coeflicients of p-nitrophenol. p-Nitrophenol interacts with al-
kylxanthines both in aqueous and nonpolar solutions (12). In the
case of theophylline with a very minor partitioning into the non-
polar solvent, its complexation with p-nitrophenol in aqueous solu-
tion might be the sole cause of the reduction in the permeability.
The retarding effect of 8-methoxycaffeine was not found to be as
pronounced as expected from its great complexing tendency (16)
since the xanthine partitions into a nonpolar solvent to an ap-
preciable extent.

In spite of an increase in the apparent partition constant of p-
nitrophenol in the presence of alkylxanthines, its permeability
decreased. For example, the permeability constants of caffeine and
8-methoxycaffeine are 0.216 X 10~2cm./hr. and 3.73 X 10-2cm./hr.,
while their partition coefficients are relatively large, namely, 0.21
and 5.4 (see Tables III and 1V). This discrepancy may have
resulted from the fairly small diffusivity of alkylxanthines. It
should be noted here that permeation is a kinetic phenomenon
whereas partition coefficients are equilibrium constants.

Effect of Diethylpropionamide on Permeation of Salicylic Acid—
The permeation behavior of salicylic acid in the presence and
absence of diethylpropionamide is depicted in Fig. 2. The partition
coefficients of salicylic acid at a 4 mM concentration in the absence
and presence of the amide (40 mAM) are 0.59 and 5.7, respectively.
Thus, the increased permeation of salicylic acid in the presence of
diethylpropionamide may be attributed to its increase in the parti-
tioning property.

Nonionizable Diffusates—8-Methoxycaffeine and caffeine were
chosen as model nonionizable molecules. For these drugs the
following equation developed by Garrett and Chemburkar for
quasi steady-state diffusion is applicable.

log _ Co__ _ 0.869%,4
e - G A

t (Eq. 3)

wherein C, is the concentration of diffusate in a diffusing solution
and all other terms are as previously defined in Eq. 1. A plot of log
Co/(C1 — C,) versus ¢ will yield a straight line and the permeability
constant can be calculated from the slope of the line.

Effect of Complexing Agents on Permearion of 8-Methoxycaffeine
—The permeation data for 8-methoxycaffeine in the presence and
absence of tryptophan or p-chlorophenol are plotted in Fig. 3. The
apparent permeability constants obtained from these plots and from
similar plots with other complexing agents are compiled in Table
III together with pertinent partitioning data. In the case of phenols,
p-nitrophenol reduced the permeability constant of 8-methoxy-
caffeine, while p-chlorophenol increased it. Since both of these
phenols interact with the xanthine in aqueous as well as in non-
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Figure 2—Permeation of salicylic acid in the presence (A) and ab-
sence (O) of diethylpropionamide at 30°. The diffusing solution was
50 ml. of 4 mM salicylic acid in 0.004 N hydrochloric acid solution
with or without 40 mM diethylpropionamide and the desorbing solu-
tion was 50 ml. of 0.005 N sodium hydroxide solution.

polar environment (12), two counteracting effects may take place
for the present systems. Complexation in aqueous solution would
reduce the permeability constant of 8-methoxycaffeine while
interaction at the membrane interface with the diffusing solution
would increase it. With p-nitrophenol, whose partition coefficient is
small, complexation with 8-methoxycaffeine in aqueous solution
is a dominant factor, while for p-chlorophenol, with a large partition
coefficient, hydrogen bonding interaction at the interface outweighs
the complexation effect in an aqueous solution, resulting in a net
increase in the permeabiliy constant.

Methyl nicotinate (Table III) was observed to lower the per-
meation of 8-methoxycaffeine. Although methyl nicotinate has a
large partition coefficient, it has no hydrogen bonding affinity for
the xanthine in a nonpolar environment (12). Therefore complexa-
tion in the aqueous solution may account for the reduction in the

10}
§)
Gl
G
)
°
=
5|
0 t 1 ! —_
0 6 12 18 23

TIME, hr.

Figure 3—Permeation of 8-methoxycaffeine (4 mM) in the presence
of 24 mM tryptophan (Q) or 60 mM p-chlorophenol (A) and in the
absence of complexing agent (O) at 30°.
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Figure 4—Permeation of caffeine (16 mM) in the presence of 16
mM  salicylamide (TO) or 32 mM p-bromophenol (A) and in the
absence of complexing agent (Q) at 30°.

permeation of the xanthine. The apparent partition coefficients of
8-methoxycaffeine are reduced due to the presence of tryptophan and
p-hydroxybenzoic acid. These complexing agents are not partitioned
into the nonpolar solvent as shown in Table 1. Thus the decrease of
the permeability constants of 8-methoxycaffeine by tryptophan and
p-hydroxybenzoic acid can be inferred as being due to the complex-
ation in the aqueous solution.

Effect of Salicylamide and p-Bromophenol on Permeation of
Caffeine—Data for the permeation of caffeine with and without
complexing agents are presented in Fig. 4. The permeation and
partitioning results for caffeine and salicylamide are given in Table
IV. Tt should be noted in Fig. 4 that the permeation rate plots
yielded an intercept on the abscissa, indicating an apparent time
lag. Comparing the k, value of caffeine with those of other drugs
this would be expected, since caffeine gave the lowest value. This
figure also illustrates that the rate of permeation of caffeine was
accelerated by p-bromophenol and it was decelerated by salicyl-
amide. The results may be rationalized in the same way as for 8-
methoxycaffeine. For example, with salicylamide whose partition
coefficient is small (R = 0.14), complexation in an aqueous solu-
tion may be considered to have a dominant effect, while with p-
bromophenol whose partition coefficient is large (R = 3.14),
interaction at the interface would outweigh the complexation in an
aqueous solution. The permeability constant of salicylamide was also
found to decrease in the presence of caffeine. These observations
can be substantiated by the measured values of partition coefficient
of the diffusate in the presence of the complexing agents. Experi-
mentally obtained values are summarized in Table IV.

CONCLUSIONS

This study illustrates that the rate of permeation of a drug can
be increased or decreased in the presence of a complexing agent,
and the magnitude of this effect is dependent upon the physico-
chemical nature of the agent., From the results it may be concluded
that the agents which complex with a diffusate (@) only in agueous
solution would reduce the permeability constant; () both in
aqueous and nonpolar environments would either decrease or in-
crease it depending upon the partitioning behavior of the complex-
ing agents and the relative stability constants of the complex in both
environments; and (¢) only in nonpolar environment would in-
crease it.

If a drug in question is an acidic molecule, a complexing agent
of an aliphatic proton acceptor type, with a fairly large partition
coefficient and favorable toxicological characteristics, would be a
candidate for an agent which may be used to enhance the permeation
of the drug across biological membranes.
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Factors Affecting the Synthesis of Penicillinase by

Staphylococcus Aureus

R. F. BOYD and JOSEPH JUDIS

Abstract [] The effects of aeration, ferric ions, porphyrins, and
disodium versenate were studied on the production of penicillinase
(ps) by Sraphylococcus aureus 55-C-1 in synthetic medium. The
production of ps was twice as high in shaken compared to static
cultures although growth ultimately was the same. Ferric ions in a
concentration of 2.5 X 10—4 M had some stimulatory effect on ps
production in static cultures but caused much greater ps stimula-
tion in shaken cultures. This stimulatory effect could be demon-
strated only if ferric ions were added prior to 3 hr. of incubation.
Hemin in a concentration of 2.5 X 10—% M depressed ps production
in the presence of ferric ions but one-tenth the concentration of
hemin did not. Hematin in the same concentration was without effect.
Protoporphyrin in a concentration of 2.5 X 10~% M inhibited
growth in the absence of ferric ions and depressed ps production in
the presence of ferric ions. One-tenth the concentration of pro-
toporphyrin had no effect on growth but depressed ps production
and only slightly depressed ps production in the presence of ferric
ions. A concentration of 2.5 X 10-¢ M hematoporphyrin inhibited
ps production in the presence of ferric ions when the former was
added early in the growth curve. Disodium versenate in a con-
centration of 1.32 X 10~% M in the presence of ferric ions permitted
good growth but no ps production.

Keyphrases [ Penicillinase production—Staphylococcus aureus [
Aeration, shaking effect—penicillinase production [] Porphyrins,
ferric ions, disodium versenate, effect—penicillinase production ]
Optical density—S. aureus growth determination [] Manometric
determination—penicillinase

-Abraham and Chain (1) were the first to show that
certain bacteria produce an enzyme capable of hy-
drolyzing penicillin. Since the latter paper was published

in 1940, a number of workers have demonstrated that
the resistance of strains of Staphylococcus aureus to
penicillin was related to the production of penicillinase,
the enzyme which was shown to hydrolyze penicillin.
Although in some studies penicillin resistance was
demonstrable in the absence of penicillinase production
(2, 3), there seems to be good correlation between the
ability of staphylococci to produce penicillinase and to
be resistant to the action of penicillin both i vitro and
in vivo (4-6). Penicillinase production has been similarly
implicated in penicillin resistance of Bacteroides sp. (7).

In some microorganisms, penicillinase has been
found to be an inducible enzyme and many studies (8-12)
have concentrated on the nature of the induction of
penicillinase elaboration. Some strains of S. aureus
produced penicillinase constitutively (13, 14) and a
number of workers have been concerned with the
conditions and factors affecting constitutive produc-
tion of penicillinase. It was felt that if the factors which
control or affect penicillinase production in a strain of
S. aureus producing penicillinase constitutively could
be identified, it was possible that this knowledge could
be applied ultimately in the treatment of an infection
caused by a penicillinase-producing strain of S. aureus.
That is, a strain which otherwise would be resistant to
penicillin could be made susceptible to the action of
penicillin if penicillinase production could be inhib-
ited by the concurrent administration of a nontoxic
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Staphylococcus Aureus
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Abstract [] The effects of aeration, ferric ions, porphyrins, and
disodium versenate were studied on the production of penicillinase
(ps) by Sraphylococcus aureus 55-C-1 in synthetic medium. The
production of ps was twice as high in shaken compared to static
cultures although growth ultimately was the same. Ferric ions in a
concentration of 2.5 X 10—4 M had some stimulatory effect on ps
production in static cultures but caused much greater ps stimula-
tion in shaken cultures. This stimulatory effect could be demon-
strated only if ferric ions were added prior to 3 hr. of incubation.
Hemin in a concentration of 2.5 X 10—% M depressed ps production
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-Abraham and Chain (1) were the first to show that
certain bacteria produce an enzyme capable of hy-
drolyzing penicillin. Since the latter paper was published

in 1940, a number of workers have demonstrated that
the resistance of strains of Staphylococcus aureus to
penicillin was related to the production of penicillinase,
the enzyme which was shown to hydrolyze penicillin.
Although in some studies penicillin resistance was
demonstrable in the absence of penicillinase production
(2, 3), there seems to be good correlation between the
ability of staphylococci to produce penicillinase and to
be resistant to the action of penicillin both i vitro and
in vivo (4-6). Penicillinase production has been similarly
implicated in penicillin resistance of Bacteroides sp. (7).

In some microorganisms, penicillinase has been
found to be an inducible enzyme and many studies (8-12)
have concentrated on the nature of the induction of
penicillinase elaboration. Some strains of S. aureus
produced penicillinase constitutively (13, 14) and a
number of workers have been concerned with the
conditions and factors affecting constitutive produc-
tion of penicillinase. It was felt that if the factors which
control or affect penicillinase production in a strain of
S. aureus producing penicillinase constitutively could
be identified, it was possible that this knowledge could
be applied ultimately in the treatment of an infection
caused by a penicillinase-producing strain of S. aureus.
That is, a strain which otherwise would be resistant to
penicillin could be made susceptible to the action of
penicillin if penicillinase production could be inhib-
ited by the concurrent administration of a nontoxic
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Figure 1—The effect of ferric ions on the production of penicillinase in static cultures of S. aureus. (A) no added ferric jons. (B) 2.5 X 10~*
M final concentration of ferric ions. (C) 2.5 X 107 M final concentration of ferric ions. (D) 2.5 X 1078 M final concentration of ferric ions.

Key: O, penicillinase; X, growth.

substance inhibiting the production of penicillinase
by these microorganisms. A study was, therefore, un-
dertaken to examine the effects of several conditions
and substances on the production of penicillinase by a
strain of S. aureus producing this enzyme constitutively,

MATERIALS AND METHODS!

Materials—The culture media used in all experiments was that
used by Wright and Mundy (15) with certain modifications made
by Leitner and Cohen (14). The medium was made up in two
separate portions. Solution 1 contained the following: L-leucine,
0.8 g.; L-tryptophan, 0.025 g.; L-proline, 0.05 g.; bL-phenylalanine,
0.26 g.; DL-threonine, 0.5 g.; L-histidine monohydrochloride, 0.15
g.; L-tyrosine, 0.21 g.; pDL-valine, 1.00 g.; L-arginine monohydro-
chloride, 0.4 g.; L-glutamic acid, 0.65 g.; pL-serine, 0.61 g.; gly-
cine, 0.06 g.; pL-methionine, 0.05 g.; Dr-alanine, 0.43 g.; bL-
lysine monohydrochloride, 1.70 g.; L-aspartic acid, 0.45 g.; pL-
isoleucine, 0.44 g.; L-cystine, 0.05 g. The above amino acids were
dissolved in a solution consisting of 482 ml. of distilled water and
18 ml, of 497 NaOH. Solution 2 contained the following minerals
and vitamins; KCl, 0.2 g.; MgSO,.7H:0, 0.1 g.; thiamine hydro-
chloride, 0.01 g., and nicotinamide, 0.01 g. These chemicals were
dissolved in 500 ml. of distilled water and then mixed with Solution
1, cleared by filtration, and the pH adjusted to 7.2 using 1 N HCL.

1The culture used in all experiments was Staphylococcus aureus
strain 55-C-1 obtained from Drs, Felix Leitner and Sidney Cohen,
Department of Microbiology, Michael Reese Hospital and Medical
Center, Chicago, Il (14).
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The medium was autoclaved for 15 min. at 15 pounds of pressure.
The culture was maintained on nutrient agar and transferred
monthly.

The experimental cultures were grown in side-arm, 300-ml.
flasks (Bellco No. 10-514, 14 X 130 mm.) containing a total volume
of 40 ml. of medium including all other additions. The flasks were
inoculated with 0.3 ml. of a 24-hr. statically grown culture which
had reached an optical density of 0.30 (measured in 16 X 150-mm.
screw-cap test tubes at 625 mu in a Bausch & Lomb Spectronic
20 spectrophotometer). Also added was 0.2 ml. of 509 dextrose.
Any pH adjustments were made with 1 N HCL During typical
growth experiments, samples were removed at various time in-
tervals and frozen until assayed for penicillinase activity. The period
of storage at —10° never exceeded 24 hr. and in preliminary ex-
periments, it was found that the penicillinase activity of samples
stored for various periods of time up to 24 hr. under these frozen
conditions did not vary by more than 109 from the values of the
samples prior to freezing. Thawing of the samples up to three times
within a 24-hr. period of storage in the frozen state yielded similar
results, that is, penicillinase activities varying by no more than
10% from that of the fresh sample prior to freezing. Optical den-
sity measurements of cell suspensions were made at 625 mu in a
Bausch & Lomb Spectronic 20 spectrophotometer in all cases and
optical density measurements were related to viable cell counts as
had been determined by Steinman (16) and confirmed by the present
authors. An optical density of 0.102 in a 14 X 130-mm. side-arm
flask was equivalent to 1.7 X 108 cells/ml.

Methods—Penicillinase was measured manometrically at 37°
and pH 7.46 by the method of Henry and Housewright (17) because
this has been the most commonly used method by other investiga-
tors especially with whole cells. The main compartment of the
Warburg flasks contained 2.0 ml. of chloramphenicol succinate
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Figure 2—The effect of ferric ions on the production of penicillinase in cultures of S. aureus shaken at an amplitude of 0.8 cm. (a) no added
ferric ions. (b) 2.5 X 10~4 M final concentration of ferric ions. (c) 2.5 X 1075 M final concentration of ferric ions. (d) 2.5 X 107 M final
concentration of ferric ions. Key: O, penicillinase; X, growth.

solution (200 mcg./2 ml. of 0.017 M NaHCOs3) and 0.5 ml. of dis-
tilled water. One side-arm contained 0.5 ml. of bacterial suspension.
Bacterial cultures were centrifuged and the cells resuspended in the
same volume of distilled water. The other side-arm of the two side-
arm Warburg flasks contains 0.2 ml. sodium penicillin G (12 mg./
0.2 ml. of 0.017 M NaHCO;). The flasks were flushed with 597
carbon dioxide and 959 nitrogen for 15 min. Following equilibra-
tion, the contents of the side-arms were tipped into the main com-
partments and measurements taken every 5 min. Occasional assays
of the supernatant were made, and it was found that 957 of the

Table I—Penicillinase Production in Shaken and Static Cultures

Time of
Incuba- Yield of
Cultural tion, Optical Penicil-
Conditions hr. Density linase®
Shaken, 0.8 cm.
stroke amplitude 24 0.677 50
30 0.745 109
48 0.796 147
Shaken, 1.5 cm.
stroke amplitude 12 0.221 0
24 0.770 100
48 0.854 123
Static 12 0.337 20
24 0.523 37
48 0.658 50
72 0.745 50
96 0.824 65

2 The units of penicillinase activity are microliters of COs/hr/1,7 X 108

celis/ml.

enzyme was associated with the bacterial cells. Activity was ex-
pressed as microliters of carbon dioxide per hour per 1.7 X 108
cells/ml.

Cuiture flasks were shaken on a Burrel Wrist Action shaker to
effect aeration. Ferric chloride (6H;O) was dissolved in distilled
water and autoclaved. The porphyrins were dissolved in distilled
water, the pH adjusted to 7.6, and the solution sterilized by Seitz
filtration. Adjustment of pH was necessary because the porphyrins
tend to precipitate out of solution at lower pH’s.

Biochemicals (Nutritional Biochemicals Corp. or the California

- Corporation for Biochemical Research) and chloramphenicol

succinate (Parke, Davis & Co.) were used and all other chemicals
were of reagent grade.

RESULTS AND DISCUSSION

The effect of the degree of aeration of the cultures on penicillinase
production can be seen from the data presented in Table I. Although
more vigorous aeration as shown by a 1.5-cm. stroke did not give
greater yield than more moderate aeration, penicillinase production
in aerated cultures was clearly greater than in static cultures. This
effect was observed even though the final cell density reached in
static cultures was equivalent to that reached in shaken cultures.

The addition of ferric ions was studied on penicillinase production
in both static and shaken cultures (Figs. 1-3). Penicillinase produc-
tion in static cultures was only slightly affected by the addition
of ferric ions. However, these ions were clearly stimulatory to
penicillinase production in shaken cultures at either of the two
stroke amplitudes used. In order to gain some clue as to the mech-
anism by which ferric ions may be stimulatory to penicillinase
production, the time of addition of the ferric ion and the age of the
cultures were studied. From Fig. 4, it can be seen that if ferric ions
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Figure 3—The effect of ferric ions on the production of penicillinase in cultures of S. aureus shaken at an amplitude of 1.5 cm. (a) no added
Serric ions. (b) 2.5 X 10~ M final concentration of ferric ions. (c) 2.5 X 1075 M final concentration of ferric ions. (d) 2.5 X 107¢ M final con-

centration of ferric ions. Key: O, penicillinase; X, growth.

are added at 0 or 3 hr, of incubation, the stimulatory effects are
seen but if added after that time, there is a decreasing effect on
penicillinase production.

Sack (18) and Sack and Judis (19) showed that certain porphyrin
compounds affected the production of coagulase by S. aureus and
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Figure 4—Influence of time of addition of fervic ions on the stimula-
tion of penicillinase production in shaken cultures of S. aureus.
Ferric ions, in a final concentration of 2.5 X 10~* M were added at
the following times of incubation: (&) 0 hr.; (b) 3 Ar.; (c) 6 Ar.;
(d) 9 hr.; (e) 12 hr.; (f) no added ferric ions. The growth curve shown
is a composite of the individual growth curves for (a) through (f). Key:
®,A;A,B;AC;0,D;mE;O,F; X, growth.
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it was of interest to determine whether such compounds would
affect penicillinase production by this organism. Hemin (Fig. S)in a
concentration of 2.5 X 1078 M depressed penicillinase production in
the presence of ferric ions, but in a concentration of 2.5 X 10~¢ M
this depression did not appear. Hematin, in the presence of ferric
jons, had no effect on penicillinase production as stimulated by
ferric ions (Fig. 6). Protoporphyrin, in a concentration of 2.5 X
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Figure 5—Effect of hemin on the production of penicillinase by S.
aureus in shaken cultures. The concentration of ferric ions, where
added was 2.5 X 107 M. (a) No added hemin or ferric ions. (b)
Ferric ions added to a final concentration of 2.5 X 10~4 M. (c) hemin
added at a final concentration of 2.5 X 10-% M. (d) Both hemin and
Serric ions added. The growth curve shown is a composite of the in-
dividual curve for (a) through (d). Key: ®, neither hemin or ferric
ions added; A, ferric ions added; O, hemin added; O, both hemin
and ferric ions added; X, growth.
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Figure 6—Effect of hematin on the production of penicillinase by S.
aureus in shaken cultures. The concentration of ferric ions, where
added, was 2.5 X 10~* M. (a) Hematin added at a concentration of
2.5 X 1078 M. (b) Ferric ions added only. (c} Hematin (at same con-
centration as in a) and ferric ions added. (d) Neither hematin nor
ferric ions added. Key: O, hematin added; A, ferric ions added only;
@, hematin and ferric ions added; O, neither hematin nor ferric ions
added; X, growth.

10~¢ M inhibited the production of penicillinase but had no
effect on growth (Fig. 7). In the presence of ferric ions, there was
observed a slight decrease in penicillinase production when added
at 0, 3, or 6 hr. of incubation but had no effect after 6 hr. of incu-
bation. At a concentration of 2.5 X 107% M, protoprophyrin in-
hibited both growth and penicillinase production but not in the
presence of ferric ions (Fig. 8).

Hematoporphyrin, at a concentration of 2.5 X 107% M, in-
hibited both growth and penicillinase production in the absence of
ferric ions and was capable of inhibiting growth in the presence of
ferric ions to a considerable extent. When the concentration of
hematoporphyrin was reduced to 2.5 X 107¢ M, growth was not
affected although penicillinase production was reduced (Fig. 9).
The addition of ferric ions overcame the inhibition of growth and
penicillinase production if the hematoporphyrin was added as
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Figure 7—Effect of protoporphyrin on the production of penicillinase
by S. aureus in shaken cultures. The concentration of ferric ions,
where added, was 2.5 X 10~* M. (a) Neither protoporphyrin nor
ferric ions added. (b) Ferric ions only added. (c) Protoporphyrin
added at a concentration of 2.5 X 10~¢ M. (d) Protoporphyrin (same
concentration as in c) and ferric ions added. Key: O, neither pro-
toporphyrin nor ferric ions added; A, ferric ions only added; e,
protoporphyrin added; O, protoporphyrin and ferric ions added;
X, growth (composite of individual growth curves).
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Figure 8—Effect of protoporphyrin on the production of penicillinase
by S. aureus in shaken cultures. The concentration of ferric ions, where
added, was 2.5 X 10~* M. (a) Protoporphyrin added at a concentra-
tion of 2.5 X 1078 M. (b} Protoporphyrin (same concentration as in
a) and ferric ions added. (c) Ferric ions only added. (d) Neither
protoporphyrin nor ferric ions added. Key: O, protoporphyrin added;
A, protoporphyrin and ferric ions added; O, ferric ions only added;
B, neither protoporphyrin nor ferric ions added; X, growth.

late as after 9 hr. of incubation but penicillinase production was in-
hibited if the porphyrin was added at 0, 3, or 6 hr. of incubation.
The data obtained in the studies on the effects of disodium versen-
ate are represented in Fig. 10. A concentration of disodium versen-
ate of 1.32 X 10~% M permitted good growth but no penicillinase
production. Reduction in concentration of the disodium versenate
to 6.7 X 1078 M also permitted good growth and only moderate
production of penicillinase and a further reduction of the concentra-
tion of disodium versenate to 3.35 X 107% M permitted both
good growth and good penicillinase production. In all of these
studies, ferric ions were present and whether the disodium versenate
was added at 0 hr. of incubation or 12 hr., the results obtained were
the same.

It is interesting to speculate on the mechanism by which ferric
ions stimulate the production of penicillinase. In experiments in

375
L 1.2
o< s
w 300 L 10
b)
h o8
z >
ha] X <3 A 03;,,'_-
O 225 - P z
= a
u ’{" [a]
a 0’ el 0.6
& 150 X - S
?
o e O <0 L 045
u e
= ’e
75— 7 A<ac
)§(’ - 0.2
’
X o P—0 < *
0 Y ) T T T 0
0 3 6 9 12 24 48

Figure 9—FEffect of hematoporphyrin on the production of penicil-
linase by S. aureus in shaken cultures. The concentration of ferric
ions, where added, was 2.5 X 10~* M. (a) Hematoporphyrin added
at a concentration of 2.5 X 10~ M. (b) Ferric ions only added. (c)
Both ferric ions and hematoporphyrin added. (d) Neither ferric ions
nor hematoporphyrin added. Key: O, hematoporphyrin added,;
®, ferric ions only added; A, both ferric ions and hematoporphyrin
added; O, neither ferric ions nor hematoporphyrin added; X, growth.
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Figure 10—Effect of disodium versenate on the production of peni-
cillinase by S. aureus in shaken cultures. The concentration of ferric
ions, where added, was 2.5 X 10~* M. (a) Neither ferric ions nor di-
sodium versenate added. (b) Ferric ions only added. (c) Disodium
versenate added in a concentration of 1.32 X 1078 M and ferric ions.
(d) Disodium versenate added in a concentration of 6.7 X 1078 M
and ferric ions. (e) Disodium versenate added in a concentration o)
3.35 X 1078 M and ferric ions. Key: O, neither ferric ions nor di-
sodium versenate added; ®, ferric ions anly added: A, disodium
versenate added—1.32 X 108 M and ferric ions, A, disodium
versenate added—6.7 X 107¢ M and ferric ions; O, disodium ver-
senate added—3.35 X 1076 M and ferric ions; X, growth.

which the time of addition of ferric ions to the culture was varied,
it was seen that maximal stimulation of penicillinase production by
ferric ions occurred if the latter were added early in the growth
period. It is during this time that RNA synthesis and protein syn-
thesis are most active and possibly some inhibitor either in the
medium or produced by the microorganism is present and it is the
latter which ferric ions are inactivating. Also, perhaps ferric ions
may be inhibiting the synthesis of a repressor substance as suggested
by Cohen et al. (20). For example, Rogers (21) who studied the
relationship between growth of S. aureus and hyaluronidase pro-
duction found that early in the growth curve, cellular growth was
more rapid than enzyme production and at a certain time, the
reverse was true. The initial lag in the formation of the enzyme was
found to be primarily due to accumulation of a-amino butyric
acid, which was subsequently (22) found to inhibit the formation
of the enzyme. In the authors’ studies with penicillinase, it was
found that in the presence of ferric ions, penicillinase is produced
rapidly and subsequently drops. This might lead one to believe
that the penicillinase formed in the presence of ferric ions is an
unstable one but further studies comparing the stability of the
staphylococcal penicillinase and commercially purchased penicil-
linase indicated no difference in stability. It is possible that the role
of ferric ions is to inhibit the production of something analogous
to the a-amino butyric acid found by Rogers to affect the produc-
tion of hyaluronidase.
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Perhaps the inhibitory effects shown by porphyrins can be re-
lated to their ability to coordinate with inorganic ions (23). Diso-
dium versenate is known to form a strong metal complex with ferric
ions and perhaps inhibit the production of penicillinase by making
the stimulatory effect of ferric ions impossible. It should be of inter-
est to explore the effect of disodium versenate on the course of
staphylococcal infections in experimental animals, especially the
ability of penicillin to eradicate infections caused by penicillin
resistant staphylococci. If, indeed, disodium versenate is able to
inhibit the production of penicillinase by a penicillin resistant
staphylococcus, the latter should become amenable to penicillin
therapy.
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DRUG STANDARDS

Assay of Hyoscyamine, Atropine, Scopolamine, and
Phenobarbital in Unit Doses of Tablets and Elixirs

RUPERT O. ZIMMERER, Jr. and LEE T. GRADY

Abstract [ ] A gas chromatographic assay for unit dose quantities of
scopolamine and atropine-hyoscyamine was developed for tablets
and elixirs containing phenobarbital. The method allows the com-
plete assay of unit dose forms. Standards assayed with precisions
of 4.89, for scopolamine, 6 mcg./unit dose, 2.5%; for atropine-
hyoscyamine at 100 mcg./dose, and 1.0 % for phenobarbital (spectro-
photometric) at 16 mg./dose. Homatropine served as extracted
internal standard. Derivatives of the alkaloids were unnecessary
using properly cured columns,

Keyphrases [] Hyoscyamine, atropine, scopolamine, phenobarbital
tablets, elixirs—analysis [] Internal standard, “extracted”—homa-
tropine [] GLC—analysis [] UV spectrophotometry—analysis

Quantitative methods for small amounts of bella-
donna alkaloids are few. No method has been reported
which is suitable for the complete assay of hyoscyamine
sulfate, atropine sulfate, scopolamine hydrobromide,
and phenobarbital tablets and elixir.? This paper re-
ports the development of a procedure which allows the
complete assay of these formulations on unit dose forms.

Das Gupta and Ferguson (1) noted recently the need
for determination of small amounts of atropine in elixirs
and tablets and applied a dye-complex method. A
separation of phenobarbital by partition column and
subsequent colorimetric determination of total bella-
donna alkaloids was reported by Koch et al. (2). This
sequence was adapted to kaolin-pectin suspensions by
Bracey and Selzer (3). None of these methods deter-
mined scopolamine.

Sterescli and Popovici (4) determined atropine and
scopolamine individually by paper chromatography in
the presence of papaverine and sparteine. Schill and
Agren separated scopolamine from hyoscyamine by
partition chromatography on kieselguhr columns (5).
Countercurrent distribution (6) also separates these
alkaloids. Paper chromatographic separation of scopol-
amine from atropine-hyoscyamine was effective, and
Reichelt (7) was able to separate as much as 50-fold
ratios. Thin-layer chromatographic separation of scopol-
amine from the other belladonna alkaloids has been
particularly successful, for example Wartman-Hafner’s
system (8).

Some workers have explored the gas chromatography
of belladonna alkaloids. Kazyak and Knoblock (9)

1 Provisionally admitted to NF XIII.

used silicone gums on silanized supports to separate
atropine and scopolamine, but reported no satisfactory
system. Brochmann-Hanssen and Fontan (10) reported
separation of these from morphine and homatropine,
most usably with a cyanosilicone liquid phase. The
identification of alkaloids, including atropine, in blood
was studied by Jain and Kirk (11) who recommended a
polyester for general use. Most recently, Solomon et al.
(12) used methylsilicone gum on silanized diatomite in
assaying atropine and scopolamine in plant extracts;
however, their system decomposed the alkaloids.

MATERIALS AND METHODS

Chromatographic grade methylene chloride (Matheson, Coleman
& Bell). Borate buffer, 0.05 M, was prepared from boric acid and
sodium hydroxide, Dibasic potassium phosphate and sodium hy-
droxide were used to prepare 0.2 M phosphate pH 10.5 buffer. Both
buffers were standardized against the glass electrode. Homatropine
hydrobromide, atropine sulfate, and scopolamine hydrobromide
(Merck & Co., Inc.) and hyoscyamine sulfate and the tablet and
elixir (A. H. Robins & Co., Inc., Richmond, Va.) were also used.

Internal Standard Solution—Dissolve 20 mg. homatropine
hydrobromide in 250 ml. 0.005 N sulfuric acid and mix well.

Alkaloids Standard Solution—Dissolve 16.2 mg. scopolamine
hydrobromide in 100 ml. 0.005 N sulfuric acid. Dissolve 30.8 mg.
atropine sulfate in 200 ml. 0.005 N sulfuric acid, add 10.0 ml. of
the scopolamine solution, and make to 250 ml, with acid. Dilute
20.0 ml. of this solution to 100 ml. with the acid. All solutions were
prepared fresh daily.

Gas Chromatography>—Analyses were performed using an
0.6-m. X 3-mm. i.d. glass column packed with 3 9 methylphenyl-
silicone gum on 80/100 mesh silanized, acid-washed, flux-calcined
diatomite. * Column temperature was 210°, with the injection port at
235°, Helium flow was about 60 ml./min. Samples, 1-2 ul., were
injected on-column. Flame ionization detectors were used.

Column Preparation—Maintain the column at 250° for 1 hr. with
helium flowing to remove oxygen and solvents, stop the flow of
helium and heat at about 340° 4 hr., lower temperature to 250°, and
condition with helium flowing until stable. A suitable initial test for
support inertness, necessary with these low polarity liquid phases,
is the delivery of a single, symmetric peak for injected cholesterol
with no evidence of decomposition.

PROCEDURE

Standards—Weigh 16.2 mg. phenobarbital USP reference stan-
dard into a separator and add 5.0 ml. of the alkaloids stan-
dard Solution. Add 1.00 mi. of the internal standard solution and

2 F & M model 810, Avondale, Pa.
30V-17 on Gas Chrom Q, Applied Science Laboratories, State
College, Pa.
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Table I—Assay of Commercial Preparations, Percent of Labeled Amounts

Sample= Hyoscyamine-Atropine Scopolamine Phenobarbital
Elixir 103 Av. = 1039 94 Av. = 969 102 Av. = 102
105 90 101
102 103 103
Tablet Lot A 101 Av. = 1017 93 Av. = 977 100 Av. = 1017
101 100 102
Lot B 102 98 101
95 Av. = 967 109 Av. = 1119 100 Av. = 97
Lot C 97 112 98
95 Av. = 967} 112 Av. = 1147 101 Av. = 1007
96 116 99

s 103.7 mcg. Hyoscyamine sulfate and 19.4 mcg. atropine sulfate, 6.5 mcg. scopolamine hydrobromide, 16.2 and mg. phenobarbital in each tablet

or 5 ml, of elixir.,

extract with two 25-ml. portions of methylene chloride, filtering
through anhydrous sodium sulfate into a 100-ml. volumetric flask.
Wash the sodium sulfate with 25 ml. methylene chloride, dilute to
volume, and mix well. Pipet 10 ml. of the solution into a 150-ml.
beaker and evaporate to dryness on a steam bath. Add 1 ml.
alcohol and, using pH 9.5, 0.05 M borate buffer, quantitatively
transfer the residue to a 100-ml. volumetric flask. Dilute to volume
with buffer and determine the absorbance at 240 my using 1-cm.
silica cells.

To the aqueous phase in the separator remaining after extraction
of phenobarbital add 4.0 ml. of pH 10.5, 0.2 M phosphate buffer and
extract twice with 10 ml. of methylene chloride, filtering through
anhydrous sodium sulfate. Wash the sodium sulfate with 5 ml. of the
methylene chloride. Evaporate* the combined extracts to about 0.1
ml. at reduced pressure and inject an appropriate volume into the
chromatograph. Record the chromatogram, decreasing the ampli-
fier attenuation by a factor of about 16 about halfway between the
hyoscyamine-atropine peak and the scopolamine peak to increase
the measured peak height of scopolamine. Obtain the peak heights,
H, of scopolamine, hyoscyamine-atropine, and homatropine and
determine Rs for each drug, where Rs is = H alkaloid/H homatro-
pine. Ru values are determined similarly for the assay preparations.
The amount of each alkaloid in each dosage form may be calculated®
from the formula Wu = Ws (Ru/Rs), where Wu = weight of un-
known, Ws = exact weight of standard.

When using a column for the first time prepare additional stan-
dards by adding 4.0 and 6.0 ml. of alkaloid solution and carrying out
the assay. A plot of Ru versus amount yields a straight line. Assay
values should be read directly from this calibration curve if the line
does not pass through zero.

The amount of phenobarbital in each dosage form may be cal-
culated from the formula Wu = Ws(A4u/As), where Wu = weight
of unknown, Ws = exact weight of standard, 4u = absorbance
of unknown, and As = absorbance of standard.

Tablet Composite—Weigh and finely powder not less than 20
tablets. Transfer the equivalent of one tablet to a 60-ml. separator,
add 1.0 ml. of the internal standard solution, 5 ml, water, mix, and
adjust the pH to a value not greater than 3 with 1 N H,SO, (about
0.5 ml. for those used in this report). Proceed as directed in the
standard assay beginning with “Extract with two 25-ml. portions...”

If necessary, the aqueous phase in the separator, after adding 4
ml. pH 10.5 buffer, should have the pH adjusted to greater than 9
using 1 ¥ NaOH (about 0.5 ml. for those used in this report).

Tablet Content Uniformity—Finely powder one tablet and trans-
fer to a 60-ml. separator and proceed as in tablet assay above.
Discard the phenobarbital extracts. Determine hyoscyamine-
atropine only after evaporation of the extract to about 1 ml.

Elixir—Pipet 5.0 ml. of the elixir into a 60-ml. separator and
add 1.0 ml. of the internal standard solution. Proceed as in the
tablet assay, beginning with “Add 1.00 ml. internal standard solu-
tion....”

RESULTS AND DISCUSSION

The small amounts and similar structures of the alkaloids in these
formulations recommended gas chromatographic analysis. More-

4 Rotary Evapo-mix, Biichler Instruments, Fort Lee, N. J.
5 For the case of a linear curve “passing through zero.”
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over, a method was desired that would allow the entire assay to be
performed on individual dose units.

Ten complete standards were taken through the procedure. The
coefficients of variation in the hyoscyamine-atropine and scopol-
amine assay ratios were 2.5 and 4.8 %, respectively. Phenobarbital
precision was 1.0%;. Applicability of the procedures to commercial
formulations was checked (See Table I). The elixir was assayed in
triplicate. Tablet composites of three lots were assayed. Placebos
were not available.

In summary, this procedure allows assay of individual dose units
of hyoscyamine sulfate, atropine sulfate, scopolamine hydrobro-
mide, and phenobarbital tablets and elixir. The method is specific,
rapid, and highly sensitive. Precisions are typical for gas chroma-
tography, and using duplicates where possible, particularly for scop-
olamine, is recommended for accuracy.

This procedure also applies to other, simpler official tablets and
solutions of belladonna alkaloids after appropriate change in the
amount of internal standard and, usually, elimination of the acid
extraction step. This has been done with hyoscyamine sulfate
tablets NF and morphine sulfate and atropine sulfate tablets NF.

Applicability to content uniformity determination is inherent in
single dose procedures, so only an estimate was prepared in a single
lot. Content uniformity is based on hyoscyamine-atropine rather
than scopolamine (the least abundant active ingredient) because of
the better precision for that peak and to eliminate some of the time
for concentration. This decision assumes that the ratio of scopol-
amine to the other alkaloids is fixed prior to manufacture of the dos-
age forms.

Comments on Procedure—Homatropine was chosen as the “ex-
tracted” internal standard prior to selection and acceptance of the
column. It differs from these alkaloids only in a methylene group
and the nature of substitution of the carbinol so chromatographic
characteristics are nearly identical. Because of functional group
similarities, minor alkaline ester cleavage, or amine degradation
are controlled. Mechanical losses of various layers and volumetric
considerations along the way are rendered insignificant as the parti-
tion behaviors are the same. Finally, purified material is readily
available.

Phenobarbital must be eliminated in any event prior to the gas
chromatographic work-up, so the acid extraction conveniently was
adopted to determine phenobarbital. Methylene chloride was chosen
because it is easily evaporated and distribution data indicated that
the double extraction removes all but 0.2% of the phenobarbital.
Spectrophotometric assay was chosen for speed and precision and to
avoid introduction of a second column. The spectra of extracted
standard and those from elixir and tablets showed no differences
and all were identical to directly prepared standards. pH limits for
the two extractions are specified in the procedure so that different
product formulations will not interfere with alkaloid, particularly
scopolamine, recovery. Phosphate buffer was added so that the
final pH of the aqueous phase was 9.1 and was used instead of alkali
to minimize ester cleavage. At this pH distribution data indicate
that the two extractions remove 99.6°%7 of the atropine and all
scopolamine. Heat and air during the subsequent concentration
should be avoided to prevent cleavage or oxidation of the small
amounts of the alkaloids. The additional problem of racemization is
not considered in this report.

The final volume, 0.1 ml., was chosen so that almost any flame
ionization-equipped gas chromatograph would have the necessary
sensitivity. The chromatograph in this laboratory was used at one-
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Figure 1—Typical chromatogram (tablet). Key: 1, homatropine;
2, hyoscyamine-atropine; 3, attenuation change; 4, scopolamine.

tenth of jts maximum usable sensitivity range for scopolamine. The
reagents must be pure as high boiling impurities are concentrated
200 times. Gas chromatographic grade methylene chloride is es-
sential,

Reagent blanks were run to locate the origin of the additional
peaks appearing in the chromatogram and see if there were inter-
ferences. Ten small peaks corresponding to those seen on the ex-
tracted chromatogram appeared. There were no peaks with reten-
tions the same as or close enough to any of the drugs to interfere
with the analysis (see Fig. 1). All these additional peaks were attrib-
utable to the reagent blank, mostly from methylene chloride. Of
these, six emerged prior to homatropine. The others had relative
(atropine = 1.0) retentions of 0.88, 1.18, 2.05, and 2.75. However, a
less efficient column could allow minor species to bias the homatro-
pine measurement. Additional standards, in triplicate, showed the
analysis 10 be linear in the region of interest for both hyoscyamine-
atropine and scopolamine. For this particular column the two lines
obtained graphically terminated along the abscissa, so the assay
data reported herein were taken from the calibration curves. The
formula presented in the procedure would be accurate only where
calibration curves have been demonstrated to “pass through zero.”
The column was rechecked (cholesterol, alkaloids, standard curves)
at the end of the study and found intact.

Chromatography—The difficulties associated with the GLC of
polar amines are well known. Improperly or partially-cured and
conditioned columns often cause extensive tailing of such com-
pounds and nonlinear recoveries of sample sizes. An additional
problem is partial on-column dehydration of atropine and sco-
polamine as was reported by Solomon er al. (12). Although the
preparation of less polar derivatives often allows successful chro-
matography, the additional steps and problems are appreciable.
Current phases, supports, and column treatments have extended
the range of molecules which can be chromatographed directly,
without prior formation of less polar derivatives.

The peaks were symmetric and tailing was negligible (see Table II).
Examination of the chromatograms of pure compounds gave peaks

Table II—Gas Chromatographic Data

Homa-  Hyoscyamine- Scopol-
Parameter trapine Atropine amine
Retention® 0.65 (1.00) 1.76
Theor. plates (15) 1000 1100 1200
Asymmetry, 4s (15) 1.10 1.02 1.08
Tailing? 1.06 1.06 1.04
Response® 0.97 (1.00) 0.99

@ Actual retentions = X 2.95 min,, see Fig. 1. *T. F. = a 4 b[2a at
5% of peak height. ¢ Equimolar amounts, ratio of peak areas.

of equal area (+ 1% by planimeter). A mixture was prepared con-
taining atropine and scopolamine in the same proportion (20:1) as
that found in the commercial preparation: the scopolamine peak
area was 97.4 %7 of the value calculated based on equimolar amounts,
showing that nonlinear adsorption losses are minor. Repetitive in-
jections, n = 12, of this mixture in assay quantities gave coefficients
of variation in the assay ratios of 1.0 and 4.0% for atropine and
scopolamine, respectively. As seen from these resuits, most of the
overall assay precision is attributable to the GLC step. Accuracy for
scopolamine relative to atropine thus would be improved by dupli-
cate injection of the same sample. Peaks in the procedural blank
also were separated completely, so additional length of column was
superfluous. Efficiencies of the order of a thousand plates appear
sufficient for this assay.

The column preparation detailed in this procedure was essential
to successful chromatography. Tailing values prior to curing were
1.4-1.7 with asymmetry factors of greater than 1.2. Resolution and
recoveries were increased. Similar effects have been found with
columns prepared from various samples of low (W) and medium
(G) density silanized supports, both self-coated and supplier-coated.
Street (13) reported recently his procedures for support treatment
prior to coating and noted the importance of this for GLC of amines
and alkaloids. Vessman (14) found that 315° conditioning of SE 30
on a silanized support did not eliminate tailing of high boiling
amines, including scopolamine, and that alkali treatment of the
support decreased tailing but decomposed the silicone.
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Differential Nonaqueous Titration of Isoniazid
and Sodium p-Aminosalicylate Mixtures

M. B. DEVANI and C. J. SHISHOO

Abstract [] Isoniazid and sodium p-aminosalicylate are estimated
potentiometrically in nonaqueous media. Their mixtures are ame-
nable to differential nonaqueous titrimetry. The titration solvent
consists of a mixture of equal volumes of acetonitrile and acetic
anhydride, the titrant is acetous perchloric acid, and electrode sys-
tem is the glass-calomel electrode pair. Satisfactory resolution of
end points is obtained with the ratio of sodium p-aminosalicy-
late-to-isoniazid as high as 4:1. Both of these components in mix-
tures can be determined in a single titration by the proposed method
without resorting to preliminary separation.

Keyphrases [] Isoniazid, Na p-aminosalicylate mixture—anal-
ysis [] Perchloric acid, acetous—titrant [] Differential non-
aqueous titration—analysis

A variety of chromatographic, volumetric, colori-
metric, spectrophotometric, and nonaqueous titrimetric
procedures have been described for the analysis of
isoniazid as well as sodium p-aminosalicylate (1-3).

The individual components in mixtures are generally
determined after initial separation by one of these
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Figure 1—Titration curves of isoniazid-sodium p-aminosalicylate
(1:1) mixture in various solvents against 0.1 N acetous perchloric
acid. Key: a, acetonitrile; b, acetic anhydride, c, acetonitrile-acetic
anhydride (1:1) mixture.
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methods (4-6). Although satisfactory results can be
obtained by these methods, they suffer from several
drawbacks, particularly that of time-consuming pre-
liminary separation processes. While isoniazid and so-
dium p-aminosalicylate can be readily determined in
nonaqueous media individually, their differential titra-
tion in a mixture has not been reported.

The present study has been directed to find a simple
differential nonaqueous titration procedure for the
analysis of isoniazid-sodium p-aminosalicylate combina-
tions. The mixtures having sodium p-aminosalicylate-to-
isoniazid ratio up to 4:1 are resolved in a solvent system
of acetonitrile-acetic anhydride (1:1). When the dis-
proportion ratio of the components is higher, only one
end point corresponding to total base is realized.

PROCEDURE

Apparatus—All titrations were performed potentiometrically.
A pH meter (Polymetron) employing a glass electrode and a calomel
electrode with a salt bridge was used for the purpose. A saturated
solution of lithium chloride in glacial acetic acid served as the salt
bridge (7). Electrodes were dipped in acetic anhydride for at least
24 hr. before use.

Reagents and Solutions—Isoniazid BP was recrystallized from
alcohol and dried at 105°. Sodium p-aminosalicylate USP was taken
for analysis. Acetonitrile was purified by shaking it with two batches
of silica gel (50 g./1.), two batches of alumina (20 g./1.), and phos-
phorus pentoxide (20 g./L.). Finally it was distilled over phosphorus
pentoxide (5 g./1.) (8). Acetic anhydride reagent grade was distilled
before use.

A 0.1 N solution of perchloric acid in glacial acetic acid was pre-
pared and standardized potentiometrically against primary standard
potassium acid phthalate dissolved in acetic acid. All other chem-
icals and solvents used in the study were reagent grade and were
employed without further purification.

Analysis of Isoniazid—In a 100-ml. beaker about 60 mg. isoni-
azid, accurately weighed, was dissolved in 25 ml. of acetonitrile
and stirred magnetically. An equal volume of acetic anhydride was
added to it. The solution was further stirred for 5 min. and titrated
potentiometrically against 0.1 N acetous perchloric acid. Near the

Table I—Effect of Isoniazid-to-Sodium p-Aminosalicylate
Ratio on Sensitivity of Differentiating Titration

Amt. Weighed, meq.

Sodium Recovery, %
p-Amino- Sodium p-Amino-
Isoniazid salicylate Isoniazid salicylate

0.3 — 99.9 & 0.42¢ —
— 0.3 — 99.8 + 0.37
0.2 0.1 99.9 + 0.67 99.9 + 0.48
0.2 0.15 98.9 -+ 0.47 100.6 &= 0.56
0.1 0.1 99.6 = 0.52 99.0 = 0.87
0.1 0.2 99.7 £ 0.60 99.8 £ 0.72
0.1 0.3 100.0 = 0.53 99.5 = 0.64
0.1 0.4 100.0 -+ 0.45 100.2 4= 0.76
0.1 0.5 One end point?®

s Standard deviation based on at least five determinations, ® Corre-
sponds to isoniazid plus sodium p-aminosalicylate.
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Figure 2—Titration curves using acetonitrile—acetic anhydride (1:1)
mixture as solvent system. Key: a, sodium p-aminosalicylate 0.25
meq.; b, isoniazid 0.4 meq.; c, isoniazid-sodium p-aminosalicylate
mixture containing 0.2 meq. of each component.

end point, titration was continued adding 0.05 ml. of titrant at
intervals of 1 min. and the solution kept stirred vigorously. A blank
titration was performed.

Titration curves were traced, plotting potential reading (mv.)
versus volume of titrant (ml.).

Analysis of Sodium p-Aminosalicylate—About 60 mg. of sodium
p-aminosalicylate, accurately weighed, was mixed with 25 ml. of
acetonitrile in a 100-mi. beaker and stirred for about 15 min. An
equal volume of acetic anhydride was then added and stirring con-
tinued further for 5 min. before the solution was titrated potentio-
metrically with 0.1 N acetous perchloric acid. The end point was
determined from the titration curve as described earlier.

Differential Titration of Isoniazid—Sodium p-Aminosalicylate
Mixture—About 0.1 meq. of isoniazid and 0.1 meq. of sodium
p-aminosalicylate, accurately weighed, were mixed with 25 ml.
acetonitrile and stirred for about 15 min. An equal volume of acetic
anhydride (25 ml.) was added to it and the stirring was continued
for about 5 min. The solution was titrated rapidly, stirring all the
time, until the first end point was obtained. The titration was car-
ried out slowly near the second end point. The exact end points
were determined from the titration curve as before.

Effect of Isoniazid Concentration on Differential Titration—
Isoniazid and sodium p-aminosalicylate, in varying proportions
corresponding to desired ratios (Table I), were accurately weighed
and titrated as above,

RESULTS AND DISCUSSION

Isoniazid and sodium p-aminosalicylate, individually, have been
titrated with perchloric acid as monoacidic and diacidic bases,
using different solvents (9-12). Acetonitrile and acetic anhydride
have been found suitable solvents for the titration of bases (13, 14).
In the preliminary experiments, both these solvents were tried. The
titration curves using acetonitrile as well as acetic anhydride as
solvents (Curves a and b of Fig. 1) indicate two inflections: the
first corresponds to sodium p-aminosalicylate content and the second
indicates the isoniazid end point. It is seen that with acetonitrile,
the first inflection is sharply defined while the second inflection point
is indistinct (Fig. 1, Curve a). On the other hand, the first in-
flection is somewhat vague but the second inflection stands out
quite distinctly in acetic anhydride medium (Fig. 1, Curve b).
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Figure 3—Effect of sodium p-aminosalicylate-to-isoniazid ratio on
differential titration. The ratios above the curves indicate milli-
equivalents of sodium p-aminosalicylate~isoniazid.

On the basis of these results, mixtures of the two solvents, in
varying proportions, were tried as solvent systems. It was seen that
while isoniazid-sodium p-aminosalicylate (1:1) mixture could be
successfully resolved in the solvent mixtures having acetonitrile—~
acetic anhydride in ratios of 4:1, 2:1,1:1, 1:2, and 1:3, the solvent
mixture in 1:1 was most ideally suited.

Typical titration curves of isoniazid, sodium p-aminosalicylate,
and isoniazid-sodium p-aminosalicylate mixture are shown in Fig. 2.
Both the compounds, individually as well as in a mixture, are deter-
mined with fair degree of accuracy. Both isoniazid and sodium
p-aminosalicylate are titrated as monoacidic bases in acetonitrile—
acetic anhydride (1 :1) mixture.

Since in the usual dosage forms, the amount of sodium p-amino-
salicylate considerably predominates over the content of isoniazid,
the effect of varying the ratio of concentrations of the components
on the sensitivity of the differentiating titration was studied. Typical
titration curves are shown in Fig. 3 and the recovery of components
isrecorded in Table I.

Two distinct inflections in the titration curves are obtained when
sodium p-aminosalicylate-to-isoniazid ratio does not exceed 4
(Fig. 3, Curves a to ). In the titration of mixtures with ratio of
disproportion exceeding 4, only one end point corresponding to the
total base is obtained (Fig. 3, Curve f). The differential titration of
mixtures having sodium p-aminosalicylate-to-isoniazid ratio higher
than 4:1 was tried employing solvent mixture acetonitrile-acetic
anhydride in proportion other than 1:1. The resolution of the end
points was not satisfactory.

The proposed procedure makes possible a simple and accurate
determination of isoniazid-sodium p-aminosalicylate combinations,
without preliminary separation of the components. The technique
is applicable to those mixtures in which sodium p-aminosalicylate-
to-isoniazid ratio does not exceed 4.

_ REFERENCES

(1) B. W. Mitchell, E. A. Haugas, and C. S. McRoe, J. Pharm.
Pharmacol., 9, 42(1957).

(2) D. C. Garrat, “The Quantitative Analysis of Drugs,”
3rd ed., Chapman & Hall, Ltd., London, England, 1964, pp. 360,
561.

(3) J. Kucharsky and L. Safarik, “Titrations in Nonaqueous
Solvents,” Elsevier, Amsterdam-London-New York, 1965, pp.
182, 199,

(4) “Official Methods of Analysis,” 9th ed., Assoc. Offic. Agr.
Chemists, Washington, D. C., 1960, sec. 32.292.

Vol. 59, No. 1, January 1970 [] 91



(5) M. C. Fan and W. G. Wald, J. Assoc. Offic. Agr. Chemists,
48, 1148(1965).

(6) M. C. Dutt and T. H. Chua, J. Pharm. Pharmacol., 16,
696(1964).

(7) M. B. Devani and C. J. Shishoo, J. Pharm. Sci., 57, 1051
(1968).

(8) J. F. Coetzee, G. P. Gunninghan, D. K. McGuire, and G. R.
Padmanabhan, dral. Chem., 34, 1139%(1962).

(9) E. Kithni, M. Jacob, and H. Grossglauser, Pharm. Acta
Helv., 29, 233(1954).

(10) A. Q. Butler and J. C. Ramsey, J. Am. Pharm. Assoc., Sci.

Ed., 42, 338(1953).

(11) J. R. Stockton and R. Zuckerman, ibid., 43, 273(1954).
{12) L. G. Chatten, ibid., 45, 556(1956).

(13) 1. S. Fritz, 4nal. Chem., 25, 407(1953).

(14) J. S. Fritz and M. O. Fulda, ibid., 25, 1837(1953).

ACKNOWLEDGMENTS AND ADDRESSES

Received April 18, 1969 from the Depariment of Pharmaceutical
Chemistry, L.M. College of Pharmacy, Ahmedabad-9/India.

Accepted for publication August 28, 1969.

The authors are thankful to Dr. C. S. Shah for his interest in
this work.

Nonaqueous Titrimetric Determination of Isoniazid in Presence of
Excess of Sodium p-Aminosalicylate in Dosage Forms

C. J. SHISHOO and M. B. DEVANI

Abstract [] Isoniazid in the presence of excess of sodium p-amino-
salicylate is estimated by differential titration of the acetonitrile
extract of the mixture against perchloric acid. Sodium p-amino-
salicylate content is then calculated from the total basicity obtained
by direct titration of the mixture with the same titrant. The pro-
cedure is applied to determine the isoniazid and sodium p-amino-
salicylate content of tablets, granules, and cachets. The results
obtained are comparable to those obtained by the official method.

Keyphrases [ ] Isoniazid, Na p-aminosalicylate mixture—analysis []
Differential titration, nonaqueous—analysis [ | Perchloric acid—
titrant

Table I-—Recovery of Isoniazid in the Presence of Excess
Sodium p-Aminosalicylate

Amt. Weighed, meq.

Sodium Recovery, %

Isoni-  p-Amino- Sodium p-Amino-
azid salicylate Isoniazid® salicylate?
0.1 0.5 100.42 £ 0.42¢ 99.90 + 0.50
0.1 1.0 100.10 £ 0.39 100.00 == 0.41
0.1 2.0 99.75 £ 0.52 100.10 + 0.39
0.1 3.0 99.85 = 0.47 99.73 + 0.52
0.1 4.0 99.50 & 0.37 99.85 &= 0.40
0.1 5.0 100.52 + 0.53 99.95 4 (.61

Commercial dosage forms of isoniazid-sodium p-
aminosalicylate combinations usually contain the com-
ponents in molar proportions of 1:33. The conventional
methods for the analysis of these dosage forms give
erroneous and inconsistent results (1, 2).

Differential titration of isoniazid-sodium p-amino-
salicylate mixture has been described earlier (3). The
method is restricted only to the analysis of the mixtures
having sodium p-aminosalicylate-to-isoniazid ratio up
to4:1.

In the present study, mixtures having large dispro-
portion of the components were extracted with acetoni-
trile to remove the bulk of sodium p-aminosalicylate.
The molar proportion of sodium p-aminosalicylate-to-
isoniazid in the acetonitrile extract was favorable for
the differential nonaqueous titration of these com-
pounds. The nonaqueous titrimetric procedure de-
scribed earlier (3) was applied to estimate isoniazid in
the presence of sodium p-aminosalicylate in the aceto-
nitrile extract and found to give satisfactory recovery
of isoniazid. Sodium p-aminosalicylate content of the
mixture was determined from total basicity obtained by
direct titration of the mixture.

The procedure was applied to the analysis of tablets,
granules, and cachets and the results were found com-
parable to those obtained by the official method (4).
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2 Isoniazid content was determined from the titration of acetonitrile
extract of the mixture. ® Amount of sodium p-aminosalicylate was
estimated from the total basicity of the mixture determined by direct
titration, as described, after subtraction of the volume of titrant cor-
responding to isoniazid content of the mixture. ¢ Standard deviation
based on at least five determinations,

EXPERIMENTAL

Apparatus and Reagents—The reagents and apparatus were em-
ployed as described previously (3). The electrodes were dipped in
acetic anhydride for 24 hr. before use.

Analysis of Mixtures Containing Isoniazid and Excess of Sodium
p-Aminosalicylate—Isoniazid—Milliequivalent quantities of finely
powdered isoniazid and sodium p-aminosalicylate as given in
Table I were accurately weighed and transferred to a 100-ml.
beaker. After adding 25 ml. of acetonitrile, the mixture was stirred
vigorously for 20 min. and filtered. The residue in the beaker was
treated with 10 ml. acetonitrile and stirred for 5 min. and filtered. It
was further washed twice with 5 ml. of acetonitrile. An equal volume
of acetic anhydride was added to the combined filtrates and wash-
ings. The mixture was stirred for 5 min. [t was then titrated against
0.1 N acetous perchloric acid. Near the second end point, 0.05 ml. of
titrant was added at an interval of 1 min. A blank titration was per-
formed. Titration curves were obtained by plotting potential read-
ing (mv.) versus volume (ml.) of the titrant.

Total Basicity—An aliquot of the mixture equivalent to 0.25
meq. of sodium p-aminosalicylate was accurately weighed and
transferred to a 100-ml. beaker. Acetonitrile (25 ml.) was added to it
and stirred. After addition of an equal volume of acetic anhydride,
it was titrated as described previously.

Analysis of Dosage Forms—The procedure was applied to an-
alyze the powder mass obtained from tablets, granules and cachets.
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Table I-—Recovery of Isoniazid in the Presence of Excess
Sodium p-Aminosalicylate

Amt. Weighed, meq.

Sodium Recovery, %

Isoni-  p-Amino- Sodium p-Amino-
azid salicylate Isoniazid® salicylate?
0.1 0.5 100.42 £ 0.42¢ 99.90 + 0.50
0.1 1.0 100.10 £ 0.39 100.00 == 0.41
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0.1 3.0 99.85 = 0.47 99.73 + 0.52
0.1 4.0 99.50 & 0.37 99.85 &= 0.40
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Commercial dosage forms of isoniazid-sodium p-
aminosalicylate combinations usually contain the com-
ponents in molar proportions of 1:33. The conventional
methods for the analysis of these dosage forms give
erroneous and inconsistent results (1, 2).

Differential titration of isoniazid-sodium p-amino-
salicylate mixture has been described earlier (3). The
method is restricted only to the analysis of the mixtures
having sodium p-aminosalicylate-to-isoniazid ratio up
to4:1.

In the present study, mixtures having large dispro-
portion of the components were extracted with acetoni-
trile to remove the bulk of sodium p-aminosalicylate.
The molar proportion of sodium p-aminosalicylate-to-
isoniazid in the acetonitrile extract was favorable for
the differential nonaqueous titration of these com-
pounds. The nonaqueous titrimetric procedure de-
scribed earlier (3) was applied to estimate isoniazid in
the presence of sodium p-aminosalicylate in the aceto-
nitrile extract and found to give satisfactory recovery
of isoniazid. Sodium p-aminosalicylate content of the
mixture was determined from total basicity obtained by
direct titration of the mixture.

The procedure was applied to the analysis of tablets,
granules, and cachets and the results were found com-
parable to those obtained by the official method (4).

92 [7] Journal of Pharmaceutical Sciences

2 Isoniazid content was determined from the titration of acetonitrile
extract of the mixture. ® Amount of sodium p-aminosalicylate was
estimated from the total basicity of the mixture determined by direct
titration, as described, after subtraction of the volume of titrant cor-
responding to isoniazid content of the mixture. ¢ Standard deviation
based on at least five determinations,

EXPERIMENTAL

Apparatus and Reagents—The reagents and apparatus were em-
ployed as described previously (3). The electrodes were dipped in
acetic anhydride for 24 hr. before use.

Analysis of Mixtures Containing Isoniazid and Excess of Sodium
p-Aminosalicylate—Isoniazid—Milliequivalent quantities of finely
powdered isoniazid and sodium p-aminosalicylate as given in
Table I were accurately weighed and transferred to a 100-ml.
beaker. After adding 25 ml. of acetonitrile, the mixture was stirred
vigorously for 20 min. and filtered. The residue in the beaker was
treated with 10 ml. acetonitrile and stirred for 5 min. and filtered. It
was further washed twice with 5 ml. of acetonitrile. An equal volume
of acetic anhydride was added to the combined filtrates and wash-
ings. The mixture was stirred for 5 min. [t was then titrated against
0.1 N acetous perchloric acid. Near the second end point, 0.05 ml. of
titrant was added at an interval of 1 min. A blank titration was per-
formed. Titration curves were obtained by plotting potential read-
ing (mv.) versus volume (ml.) of the titrant.

Total Basicity—An aliquot of the mixture equivalent to 0.25
meq. of sodium p-aminosalicylate was accurately weighed and
transferred to a 100-ml. beaker. Acetonitrile (25 ml.) was added to it
and stirred. After addition of an equal volume of acetic anhydride,
it was titrated as described previously.

Analysis of Dosage Forms—The procedure was applied to an-
alyze the powder mass obtained from tablets, granules and cachets.
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Figure 1—Typical titration curve of acetonitrile extract of isoniazid-
sodium p-aminosalicylate (1:50) mixture after diluting it with equal
volume of acetic anhydride.

Where magnesium stearate was used as a lubricant in the prepara-
tion of tablets, the aliquot of tablet mass equivalent to 0.25 meq.
of sodium p-aminosalicylate was mixed with salicylaldehyde (3.0
ml.) and treated three times with 10-ml. quantities of acetonitrile
and filtered. The combined filtrates were then diluted with equal
volume of acetic anhydride and titrated as described to obtain
reading for total basicity.

RESULTS AND DISCUSSION

[ At the very outset, it was evident that because of the large ex-
cess of sodium p-aminosalicylate associated with isoniazid in com-
mercial dosage forms, a direct differential nonaqueous titrimetry
would be of no avail (3).

The quantitative extraction of isoniazid-sodium p-aminosalicylate
mixture has been attempted by several workers (5-7). However,
either the separation of the components was not efficient or the pro-
cedure adopted was time consuming.

In the present work, advantage was taken of the difference
in solubilities of these compounds in acetonitrile to obtain molar
ratio of the components in the extract favorable for differential
titration. Thus, the removal of the bulk of sodium p-aminosalicylate
was effected by extracting the mixture with acetonitrile. The
acetonitrile extract contained only a part of sodium p-aminosali-
cylate but the whole of isoniazid. The end points for both the com-
ponents could be resolved in the titration of acetonitrile extract
(after diluting it with equal volume of acetic anhydride) against
acetous perchloric acid.

A typical titration curve thus obtained is reproduced in Fig. 1.
The first inflection in the curve (see Fig. 1) corresponds to the
sodium p-aminosalicylate while the second inflection denotes the
end point corresponding to isoniazid present in the extract,

Acetonitrile extracts of a number of mixtures were analyzed by
the proposed procedure for their isoniazid content (see Table I).

Table II—Analysis of Dosage Forms Containing Isoniazid and
Sodium p-Aminosalicylate by Various Procedures

Recovery in mg. By——

Known Proposed
Active Ingredients Method Method
Dosage Amt,,» Isoni- Na- Isoni- Na-
Form Labeled mg. azid PAS azid PAS
Tablet A Isoniazid 25.0 24.3 840.0 24.0 845.0
Na-PAS 834.0
Tablet B Isoniazid 25.0 20.0 835.0 20.2 839.0
Na-PAS 850.0
Tablet C Isoniazid 30.0 29.0 995.0 29.3 1000.0
Na-PAS 1000.0
Tablet D Isoniazid 26.7 26.6 851.0 26.2 846.0
Na-PAS 850.0
Granules A Isoniazid 25.0°0 25.2 782.0 25.5 788.0
Na-PAS 780.0¢
Granules B Isoniazid 23.3* 23.5 779.1 23.1 776.0
Na-PAS 777.0¢
Cachet A Isomiazid 33.0 33.0 1509.0 32.7 1500.0

Na-PAS 1500.0

a Per unit dosage.  Per gram of the granules,

The recovery of isoniazid from synthetic mixtures having sodium
p-aminosalicylate-to-isoniazid ratio as high as 50:1 was found to be
satisfactory.

For the estimation of sodium p-aminosalicylate, an aliquot of the
mixture dissolved in acetonitrile-acetic anhydride (1:1) mixture is
titrated against acetous perchloric acid. Only one inflection point
in the titration curve is obtained which corresponds to total basicity
of the mixture. The amount of sodium p-aminosalicylate present
in the mixture can be calculated from the reading for the total
basicity of the mixture after subtracting the volume of the titrant
required for isoniazid,

The procedure was applied to analyze commercial dosage forms.
The results agreed closely with those obtained by the official method
(4) (see Table II). The usual diluents, lubricants, and colors used in
the preparation of dosage forms did not appear to interfere with
the titration. However, the presence of magnesium stearate in
tablets as lubricant induces high recoveries of sodium p-amino-
salicylate. In such a case, the sample of the powdered tablet was
treated with salicylaldehyde and extracted with acetonitrile. The
solubility of sodium p-aminosalicylate increases in the presence of
salicylaldehyde, so that its complete extraction is effected with a
relatively small volume of solvent. The extract after diluting with
equal volume of acetic anhydride is titrated as usual. The method
gave satisfactory recovery of sodium p-aminosalicylate.
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TECHNICAL ARTICLES

Sampling and Analysis of Oxygen in the Void

Volume of Ampuls and Vials

L. F. CULLEN and G. J. PAPARIELLO

Abstract [] A technique recognized as a considerable aid in sta-
bilizing parenteral formulations sensitive to oxidative decomposi-
tion consists of replacing air in the container’s headspace with an
inert atmosphere. To monitor and investigate inert gas flushing
techniques and to assist in evaluating antioxidant suitability, a
procedure is described for the sampling and analysis of gaseous oxy-
gen content in the void volume headspace of ampuls and vials. The
procedure utilizes a paramagnetic oxygen analyzer in conjunction
with a unique sampling cell and flow system which permit the collec-
tion of the headspace gas without atmospheric contamination. The
sampling device and flow system were designed and evaluated to
provide the necessary sensitivity. accuracy, and precision for the
quantitative analysis of low air contaminant levels in the sample
gas. With this method it is possible to analyze nine samples per
hour with a relative standard deviation of 3.9% at a 19—ul. air level
(i.e., 5 meg. of oxygen). which corresponds to approximately 2%
of the theoretical gaseous void volume of a typical 1-ml. ampul
product. Accuracy of the technique is demonstrated by experi-
mentally confirming the relationship of headspace oxygen con-
sumption to intact bisulfite and metabisulfite antioxidant content,
following accelerated storage, in sealed ampuls.

Keyphrases [ ] Oxygen sampling, analysis—void volumes, ampuls,
vials [] Sampling device. void volume oxygen—diagram [ ] Am-
puls—oxygen determination [] Vials—oxygen determination

The adverse influence of atmospheric oxygen on both
the physical and chemical stability of parenteral formu-
lations and the numerous problems arising from the
oxidative decomposition of drugs in the development of
new products has been emphasized repeatedly in the
past (1-6). The inclusion of a suitable antioxidant sys-
tem to inhibit the oxidative process and the replace-
ment of air in the headspace of a product’s container
with an inert atmosphere are generally recognized as
considerable aids in stabilizing an injectable formula-
tion. However, prior to the recent development of a
method for measuring the oxygen level in the headspace
of vial products (7), a survey of the literature failed to
disclose any other analytical procedures specifically de-
signed to monitor the efficiency of the inert gas flushing
technique on the various parenteral containers. Thus,
the pharmaceutical manufacturer has been in the dark
with regard to the effectiveness of his oxygen exclusion
process employed during the filling operation.

Clearly, a need existed for a sensitive, accurate, and
rapid procedure for sampling and analysis of low air
contamination levels in the void volume of inert gas
flushed parenteral products, including ampuls. Such a
technique could be employed to monitor and investigate
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the inert gas flushing processes and to assist in evaluat-
ing antioxidant suitability.

The accurate sampling of the void volume from a
sealed, glass ampul within a controlled oxygen-free
atmosphere and subsequent analysis, under similarly
controlled conditions, for low oxygen levels is indeed
difficult. Existing methods of oxygen analysis could not
be readily modified to handle this problem. Several of
the wide variety of methods which have been employed
to determine gaseous oxygen vary from a highly sensi-
tive luminescent-bacterial method (8), to colorimetric
methods (9-12), microvolumetric (13, 14) and mano-
metric (15) techniques, galvanic cell-type systems (16,
17), and coulometric procedures (18, 19). Many of these
methods have the necessary accuracy and sensitivity at
the oxygen level considered; however, they are either
time-consuming and/or require meticulous care for
satisfactory results. Furthermore, none of the pro-
cedures offered a convenient system for the sampling of
the headspace gas within a sealed, glass ampul. Rapid
and precise polarographic (7, 20) and gas chromato-
graphic procedures (21, 22) which have found extensive
use in oxygen analysis are also restricted by not afford-
ing systems readily adaptable to the collection and
analysis of the headspace gas under anaerobic condi-
tions.

Several commercial instruments are available which
utilize the paramagnetic property of oxygen for its de-
termination. This instrumentation is primarily em-
ployed for the continuous monitoring of the oxygen
levels of expired air in respiratory physiology (23-25).
The reported accuracy and sensitivity of the Beckman
E2 Oxygen Analyzer (26), which has available a small
volume internal analysis system equipped to measure
nonflowing samples and an adaptable sample inlet
port, suggested a promising approach. A considera-
tion of the capabilities and limitations of this instrument
led to the design of a unigue sampling cell and flow
system, of definite and critical specifications, which
were evaluated to provide an accurate and rapid sam-
pling technique for the analysis of the headspace gas of
ampul products. The design of the sampling device per-
mitted an extension of the procedure to the analysis of
low air contamination levels in the void volume of inert
gas-flushed injectable vial products. With this method it
is possible to analyze nine ampuls and/or vials per
hour.
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Figure 1—Headspace gas sampling device.

EXPERIMENTAL

Sampler Construction—The sampling device, designed to collect
the headspace gas in an ampul without atmospheric contamination,
is illustrated in Fig. 1. Dimensional details of this cell are given in
Fig. 2. The O-ring-sealed components of the sampler, the sleeve
adapter and chamber plug were machined from brass rods. For
fine control of the flushing gas during deaeration of the sampling
cell and to prevent damage to the detector of the analyzer from
pressure surges, minimum void volume metering valves! were fitted
to the sample chamber. Following the removal of a port connector
on each of the metering valves, the valves were soldered directly
onto openings in the cell, as shown in Fig. 1. This reduced the in-
crease in total void space of the sampler introduced by the mi-
crometer valves and eliminated the need for additional fittings. The
septum inlet assembly is used for calibration purposes in the ampul
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Figure 2— Dimensional details of sampling device.

1 Nupro model B-28, Nupro Co., Cleveland, Ghio.

procedure and as the injection port for a gas-tight syringe contain-
ing headspace gas sampled from vial products.

Apparatus—A Beckman E2 Oxygen Analyzer? equipped with
0-1 and 0-10%; oxygen percentage ranges was employed in all
experiments. The sensitive detection system of the analyzer utilizes
the magnetic susceptibility of oxygen to provide the basis for a
quantitative evaluation of the oxygen content in the sample gas.
Detailed discussions of this characteristically strong property of
oxygen and how it is applied to the paramagnetic oxygen analyzers
were described by Catton (27) and Johnson (28).

Accurate flow control of nitrogen during deaeration of the sam-
pling device was provided by a flowmeter unit.?

A vacuum pump? in conjunction with a fine metering valve® per-
mitted a complete and graduated evacuation of the flow system and
analysis cell of the oxygen analyzer. A McLeod-type vacuum
gauge® was inserted into the manifold to monitor the efficiency of
the evacuation process.

Rubber vacuum tubing (0.32 ¢m, [0.125 in.] i.d. X 0.32 cm.
[0.125 in.] wall thickness)” was connected to each of the threaded
fittings of the metering valves and sample ports of the oxygen
analyzer with 0.95 cm. (0.375 in.) o.d. tubing clamps. To minimize
the total void volume of the actual analysis system, only 3.81-cm.
(1.5-in.) lengths of this vacuum tubing were employed.

Pressure-Lok gas-tight syringes of 0.5-ml. and 1.0-ml.3 capacity
were used to calibrate the system in the analysis of both ampul and
vial products and to sample the headspace gas in the analysis of
vial products.

Analytical Procedures—Ampul Products—A diagram of the flow
system indicating the equipment arrangement for the analytical
method is shown in Fig. 3. The collection of an uncontaminated
sample of headspace gas followed by conveyance of the gaseous
sample from the sampling device to the sensitive detector of the
oxygen analyzer consists of the following steps: (a) deaeration,
with nitrogen,? of the sampling device containing the sealed ampul;
(b) complete evacuation of the analysis cell to purge it of air; and
(c) the introduction of the sample or calibration gas into the cell.
Exact flow rate conditions are described to avoid sudden pressure
changes which can damage the magnetic unit.

In operation, the sealed ampul is placed into the sleeve com-
ponent of the sampler and pressed into firm contact with the 0.95
cm. (0.375 in.) O-ring seal with the ampul retainer. This assembly is
inserted into the sample chamber and tightened. In preparation for
deaeration of the sampling device and flow system, as illustrated
in Fig. 3, the flowmeter needle valve (V-1) is closed, and the second
stage of a two-stage regulator on the nitrogen cylinder is set to
deliver 10 psig Needle valves V-2 and V-3 are opened to provide a
nitrogen gas flow rate of approximately 125 ml./min. Valves V-4
and V-5 are set to permit a flow rate of 250 ml./min., with the T-bore
stopcock (T-6) vented to the atmosphere. To nitrogen-flush the
sampling device, slowly open flowmeter needle valve (V-1) until a
flow rate of 220 ml./min. is established as indicated by a 105 mm.
metering-tube reading with the Pyrex float. After a 2-min. flush
close valve V-1, followed by valves V-2. V-3, and V-4 in successive
order. Break ampul, then evacuate flow system and detector by
closing valve V-5 to produce a flow rate of 70 ml./min., setting
stopcock (T-6) for system evacuation, and drawing a vacuum for 1.5
min. To ensure a relatively complete deaeration process, a vacuum
reading after approximately 1.25 min. of this evacuation period
should indicate a system pressure of less than 0.4 mm. Hg. To con-
vey sample gas mixture to the evacuated detector of the analyzer
for compositional analysis, close valve V-5 and slowly open valve
V-4 to a flow rate of 100 ml./min. Following sample readout, the
magnetic unit is gradually adjusted to atmospheric pressure by
venting stopcock (T-6) to the atmosphere and slowly opening valve
V-5 to deliver a flow rate of 70 ml./mia. The sampling cell pressure

2 Beckman catalog No. 118521, Beckman Instruments, Inc., Fuller-
ton, Calif,
3 Matheson model 620BBV with No. 602 metering tube, Matheson
Co., Inc., East Rutherford, N. J.
4 Welch model 1400B, W, M. Welch Scientific Co., Skokie, Iil.
5 Nupro model B-28S.
kﬁ Neslter/Faust model 68, Nester/Faust Manufacturing Corp., New-
ark, Del.
" Thomas catalog No. 8844, Arthur H, Thomas Co., Philadelphia, Pa.
8 Models 306000-A and 306001-A, Precision Sampling Corp., Baton
Rouge, La.
8 Prepurified grade, Matheson Co., Inc.
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is brought to atmospheric by opening valve V-4 to provide a flow
rate of 250 ml./min.

The exact flow system conditions described above for the analysis
of the headspace gas are used in calibration of the system. Calibra-
tion is effected by injecting, in duplicate, known volumes of air at
the appropriate level into the nitrogen-purged sampling device,
which contains an ampul. Standardization is repeated at the end of
a series of 20 samples in order to minimize the effects of instru-
mental variations. Calculations are made using corresponding in-
strument responses of standards and headspace gas of ampul
products.

Vial Products—The flow system, as illustrated in Fig. 3, and exact
analytical conditions described under Ampul Products for convey-
ance of the sample gas from the sampling device to the detector were
employed in the analysis of vial products. The chamber plug, di-
mensionally detailed in Fig. 2, is inserted to seal the sampling cham-
ber. In sampling, an accurately measured portion of the headspace
gas is drawn into a gas-tight syringe and locked in the syringe prior
to withdrawal from the vial. This is followed by injection into the
nitrogen-flushed sampling cell after penetration of the septum and
opening the actuation valve of the syringe. The volume of the head-
space gas mixture sampled should, preferably, contain the equiva-
lent of 0.02-2.5 ml. of air. It should be noted that during the vial
sampling process a partial vacuum is created, Consequently, a cor-
rection must be made for this sampling effect in order to determine
the actual sample volume.

The system is calibrated by injecting appropriate levels of air,
sampled directly from the atmosphere, into the nitrogen-purged
sampling device. Using this standardization technique and the
Eq. 1which corrects for the previously described sampling effect, the
percent air in the sample can be calculated.

(Ry X As)(V1)100

(Rs) (V) (Ea. 1)

% air (vfv) =

where Ry = response of sample; Rs = response of standard;
As = volume of air injected for calibration; ¥y = measured void
volume of vial; ¥y = measured void volume of vial (¥v) plus the
indicated sample volume of the gas-tight syringe.

As an alternate technique in standardization of the system, known
volumes of either air or air-inert gas calibration mixtures are sampled
from vial packages filled with water to yield a headspace volume
equivalent to the vial products. Employing the gas-tight syringe to
collect, store, and transport the headspace gas as described previ-
ously, the withdrawal of identical volumes of sample and reference
gas from equal voids eliminates a consideration of the dilution
factor introduced in the sampling process, as required in Eq. 1.
Calculations are made using the corresponding instrument responses
of standards and samples of the headspace gas of vial products.

RESULTS AND DISCUSSION

Design of Sampling Device—The major consideration in the
development of the sampling system was to design a sampling cell
of a sufficiently low void volume to provide the necessary sensitivity
for accurately monitoring inert gas flushing efficiency at levels
greater than 989, i.e., less than 297 air contamination. Two percent
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air contamination corresponded to a 20-ul. air level (i.e., 5 mcg. of
oxygen) in the typical 1-ml. ampul product investigated. At such
levels of oxygen, the analyzer has a reported accuracy of +£1.7 ul.
air (=0.4 ul. oxygen) and a limit of detection of 0.2 ul. air in the
sample gas with its 3.5-ml. internal analysis system at 760 mm. pres-
sure (28). However, with a gaseous void volume of approximately
1 ml. for most ampul products, insufficient sample gas is available
to satisfy the detector at atmospheric pressure. Thus, it was realized
that a special flow system, as described under Analytical Procedure,
would be required which results in the analysis of the sample gas
at a reduced pressure. Under these operating conditions, the ac~
curacy and sensitivity characteristics of the detector are reduced,
necessitating an evaluation of pressure effects in establishing the
optimum sample chamber volume for the sampling device.

In designing the cell for optimum accuracy and sensitivity con-
ditions, a balance had to be considered between: (@) satisfying the
pressure requirements of the detector by increasing the void space
of the sample chamber in order to approach atmospheric conditions
in the analysis cell; () reducing the volume of the sample chamber
to prevent a loss in sensitivity from an unnecessary high dilution
with the inert gas. Employing the ideal gas laws to calculate the
effect of sample concentration and pressure on instrument readout
(28), the dimensional parameters of the sampling system were de-
rived. A graphic representation of the effect of sample cell volume
on the obtainable theoretical accuracy is shown in Fig. 4.

It was calculated that a sample chamber and associated metering
valves with a 5.2-ml. void volume provided the optimum analysis
conditions. A sampling device of these dimensions has an ultimate,
theoretical accuracy of =7 ul. air and a limit of detection of 0.7
pl. air. The sampling device and flow system have been fabricated
to these specifications (see Figs. 2 and 3). Thus, the indicated ac-
curacy and sensitivity to monitor inert gas flushing efficiency at
levels greater than 98 %, has been built into the system.

Linearity and Sensitivity—A typical calibration curve obtained
by injecting known volumes of air into the sampling device in the
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Figure 4—Effect of void volume of sample device on the theoretical
accuracy of system.
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50-250 ul. range, equivalent to 14-68 mcg. of oxygen, demonstrates
the linearity of the instrument response-air level relationship (Fig.
5). These data had been collected with the oxygen analyzer set at its
most sensitive operating range, i.e., the 0-1% oxygen percentage
range. The 0-10% range on the instrument extends the applica-
bility of the sampling and flow system (Fig. 3) to include the analysis
of most ampul and vial parenteral products at any level of inert gas
flush efficiency by permitting an evaluation of headspace gas which
contains 0.25 to 2.5 ml. of air. A linear relationship exists between
instrument response and air level at these higher concentrations.

The actual measured lower limit of sensitivity of both the ampul
and vial procedures is 2 ul. of air in the sample gas mixture. This
air level represents 0.2%, of the total void volume of the typical
1-ml. and 2-ml. ampul products. The determined sensitivity of 2
wl, of air approaches the theoretical sensitivity of 0.7 ul. of air.

Ampul Procedure—Precision—Repeatability of the procedure
was determined by assaying the headspace gas of 20 individual
ampuls flushed with a 0.4% (v/v) oxygen-nitrogen calibration gas
mixture. ¥ Experimentally, 1.0-ml. aliquots of water were introduced
into 1-ml. ampuls under an atmosphere of the oxygen-nitrogen gas
mixture within an inflatable polyethylene glove chamber. Using
the gas mixture the ampuls were flushed for exactly 20 min., then
immediately sealed under the oxygen-nitrogen atmosphere with ap-
proximately 1 ml. of headspace above the water. Following the
analysis of the headspace gas, the void volumes of the individual
ampuls were measured and calculated into the results. This elim-
inated any differences in the void volumes of the ampuls produced
by the sealing process. Reported in terms of air at 25° and 760 mm.
Hg, a relative standard deviation of 3.99] was determined at the
19-ul. air level. The 19-ul. air level, which corresponds to 98.1%;
nitrogen flushing efficiency, demonstrates the precision of the pro-
cedure at a high level of inert gas layering.

Accuracy—Accuracy of the ampul procedure was established by
experimentally determining the relationship of oxygen consump-
tion to intact bisulfite and metabisulfite content after interaction in
sealed ampuls. In this study, 1.0 ml. of an 0.1 % solution of the anti-
oxidant (sodium bisulfite or sodium metabisulfite) was introduced
into 1-ml. ampuls and flushed with air-nitrogen gas mixtures in
order to obtain either 60 or 500 ul. air per 1 ml. of ampul void
volume. A gas proportioning unit!! provided accurate metering of
air and nitrogen to the desired ratio during this flushing process.
The ampuls were sealed to contain a void volume of about 1 ml.
under the air-nitrogen atmosphere, then immediately assayed for the
initial antioxidant content (29) and headspace air. The ampuls were
stored at temperatures from 35 to 60° to accelerate oxygen consump-
tion and assayed for antioxidant and headspace air content at
periodic time intervals. Typical data collected in this study are sum-
marized in Table L.

The theoretical consumptions of sodium bisulfite and sodium
metabisulfite by the oxygen content of 1.00 ml. of air at 25° and

10 Matheson Co., Inc.
11 Matheson model 665, Matheson Co., Inc.

Table I—Relationship of Consumed Air
to Intact Antioxidant Level

Anti-
oxidant Anti-
Air Re- Re- oxidant
maining maining Reacted
) T per per Air Consumed
Reaction Ampul, Ampul, Ampul, per Ampul, ul.
Condition ule mg,° mg. Exptl. Theoret.
Sodium Metabisulfite
30 hr., 35° 22 0.89 0.07 41 43¢
48 hr., 45° 9 0.87 0.09 58 56
48 hr., 60° 4 0.86 0.10 61 62
24 hr., 35° 161 0.43 0.53 332 3200
48 hr., 60° 35 0.22 0.74 455 459
Sodium Bisulfite

30 hr., 35° 22 0.85 0.07 39 37¢
48 hr., 45° 6 0.83 0.09 53 51¢
24 hr., 35° 192 0.39 0.53 297 300°
48 hr., 60° 48 0.14 0.78 443 442¢

@ Average assay value on five individual ampuls (air analyses ¢.y. =
+3.2%; antioxidant analyses oay, = +1.9%). b Calculated from the
relationship that 1.62 mg. of Na.S:0s is equivalent to 1.00 ml, air at 25°,
760 mm. ¢ Calculated from the relationship that 1.77 mg. of NaHSOs is
equivalent to 1.00 ml, air at 25°, 760 mm.

760 mm. are 1.77 and 1.62 mg., respectively (6). The results indicate
the experimental values are in excellent agreement with theory.
Data obtained on ampuls containing less than 10 ul. of air in the
headspace gas, i.e., less than 1] air in the typical 1-ml. and 2-ml.
ampul products, demonstrate that the technique quite adequately
meets the accuracy requirements for monitoring inert gas flushing
efficiency at levels greater than 98 7.

Vial Procedure—~Precision and Accuracy—Both the precision and
accuracy of this technique were obtained by performing replicate
assays on known volumes of air injected into nitrogen-flushed vials
with a butyl rubber stopper-aluminum cap closure and measuring
the percentage recovery. This was accomplished by flushing and
crimping empty vials, with accurately measured void volumes of
approximately 15 ml., under an absolute nitrogen atmosphere.
Following the removal and analysis of a portion of the headspace
gas from the individual vials to correct for residual air in the flush-
ing process, 0.15 and 1.50-ml. levels of air were injected into the
vials, producing synthetic air contamination levels at 1.0 and 109,
respectively. Data collected on replicate assays of 15 individual vials
at the 1.0 97 contamination level indicated recoveries of 97 to 1037
of the theoretical amount present with a relative standard devia-
tion of 4.2%. Recoveries of 99 to 101 % of theory were obtained
on 15 individual vials at the 1097 air contamination level with a
relative standard deviation of 2.1%. In this phase of the study,
the data were calculated as described by Eq. 1.
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Muscarinic Agents: The Isomeric

6-Acetoxy-2-methylisoquinuclidine Methiodides

WENDEL L. NELSON and RAYMOND S. WILSON*

Abstract [] Preparation of 6-endo and 6-exo-acetoxy-2-methyliso-
quinuclidine methiodides are described. Muscarinic assay data are
reported. Neither of the compounds showed activity when com-
pared to acetylcholine and 3-acetoxyquinuclidine methiodide.

Keyphrases [] 6-Acetoxy-2-methylisoquinuclidine methiodides—
synthesis [ Pharmacological screening—6-acetoxy-2-methyliso-
quinuclidine methiodides [J IR spectrophotometry—identity,
structure [[] NMR spectroscopy—structure

Hypotheses delineating the architectural features of
cholinergic receptors have been based on observations
of pharmacological activity of various substituted
derivatives of the neurohormone, acetylcholine. Dif-
ferences in the activity of these analogs of acetylcholine
have long been explained on the basis of molecular
steric and electronic effects in the drug-receptor inter-
action (1, 2). Spectral data concerned with conforma-
tional aspects of acetylcholine have also been studied
and developed in recent attempts to describe receptor
site architecture (3-7).

In further studies to determine the conformational
requirements of the drug-receptor complex, in which the
authors’ assume a large degree of complementarity of the
drug and receptor in this interaction, a number of confor-
mationally rigid or semirigid analogs of acetylcholine
have been prepared (8-13). Each, although incorporat-
ing the essential features for cholinergic activity, also
inherently must be constructed of an additional number
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of carbons to maintain the desired conformational
rigidity. Comparison of activities of agents structurally
similar to each other seems valid.

PREPARATION OF ANALOGS

Ina prograin of preparation of agents to further determine the
geometric requirements of the muscarinic agents, it was decided to
prepare cholinergic analogs in the isoquinuclidine system in which



(15) J. N. Pitts, D. D. DeFord, and G. W, Recktenwald, Aral.
Chem,, 24, 1566(1952).

(16) P, Hersch, Nature, 169, 792(1952).

(17) J. M. lves, E. E. Hughes, and J. K. Taylor, 4nal. Chem., 40,
1853(1968).

(18) F. A, Keidel, Ind. Eng. Chem., 52, 490(1960).

(19) W. G. Knapp, Anal. Chem., 31, 1463(1959).

(20) 1. M. Kolthoff and J. J. Lingane, “Polarography,” vol. II,
2nd ed., Interscience, New York, N. Y., 1952.

(21) P. G. Jeffery and P. J. Kipping, “Gas Analysis by Gas
Chromatography,” Macmillan, New York, N. Y., 1964.

(22) 1. Lysyj and P. R, Newton, J. Chromatog., 11, 173(1963),

(23) R. J. Shephard, Intern. Z. Angew. Physiol., 22, 279(1966).

(24) S. Barold, F. Burkart, and E. Sowton, Brit. Heart J., 28,
776(1966).

(25) K. Winkler and N. Tygstrup, Scand. J. Clin. Lab. Invest.,
10, 221(1958).

(26) Technical Bulletin No. 7081, Beckman Instruments, Inc.,
Scientific and Process Instruments Division, Fullerton, Calif.

NOTES

(27) W, T. Catton, “Physical Methods in Physiology,” Pitman
and Sons, Ltd., London, England, 1957.

(28) D. Johnson, Instruction Manual 1023-B, Beckman In-
struments, Inc., Scientific and Process Instruments Division,
Fullerton, Calif.

(29) “United States Pharmacopeia,” 17th rev., Mack Publishing
Co., Easton, Pa., 1965.

ACKNOWLEDGMENTS AND ADDRESSES

Received June 4, 1969 from Wyeth Laboratories, Pharmacy
Research and Development Division, Radnor, PA 19101

Accepted for publication August 8, 1969.

Presented to the Pharmaceutical Analysis and Control Section,
APHA Academy of Pharmaceutical Sciences, Montreal meeting,
May, 1969,

The authors acknowledge assistance of E. J. Adams and J. J.
Peterson in the fabrication of the sampling device,

Muscarinic Agents: The Isomeric

6-Acetoxy-2-methylisoquinuclidine Methiodides

WENDEL L. NELSON and RAYMOND S. WILSON*

Abstract [] Preparation of 6-endo and 6-exo-acetoxy-2-methyliso-
quinuclidine methiodides are described. Muscarinic assay data are
reported. Neither of the compounds showed activity when com-
pared to acetylcholine and 3-acetoxyquinuclidine methiodide.

Keyphrases [] 6-Acetoxy-2-methylisoquinuclidine methiodides—
synthesis [ Pharmacological screening—6-acetoxy-2-methyliso-
quinuclidine methiodides [J IR spectrophotometry—identity,
structure [[] NMR spectroscopy—structure

Hypotheses delineating the architectural features of
cholinergic receptors have been based on observations
of pharmacological activity of various substituted
derivatives of the neurohormone, acetylcholine. Dif-
ferences in the activity of these analogs of acetylcholine
have long been explained on the basis of molecular
steric and electronic effects in the drug-receptor inter-
action (1, 2). Spectral data concerned with conforma-
tional aspects of acetylcholine have also been studied
and developed in recent attempts to describe receptor
site architecture (3-7).

In further studies to determine the conformational
requirements of the drug-receptor complex, in which the
authors’ assume a large degree of complementarity of the
drug and receptor in this interaction, a number of confor-
mationally rigid or semirigid analogs of acetylcholine
have been prepared (8-13). Each, although incorporat-
ing the essential features for cholinergic activity, also
inherently must be constructed of an additional number

98 (] Journal of Pharmaceutical Sciences

n .

HC—C—0
H H
CH., X1
Ny ~£N—CH,
cH. I CH,
I [A.X,=H, X, =0Ac

A X, =0A¢,X,=H

|
H.__OAc
;\@CCH} /@3 |
. IT*

CH, CH,
II VIIL

of carbons to maintain the desired conformational
rigidity. Comparison of activities of agents structurally
similar to each other seems valid.

PREPARATION OF ANALOGS

Ina prograin of preparation of agents to further determine the
geometric requirements of the muscarinic agents, it was decided to
prepare cholinergic analogs in the isoquinuclidine system in which



the quaternary ammonium head is held in a fixed position by the
carbocyclic skeleton. The compounds, 6-endo- and 6-exo-acetoxy-2-
methylisoguinuclidine methiodides,! I and II, represent anti and
gauche conformations of acetylcholine, IA and I1A, respectively, in a
fused system.

Preparation of I was accomplished beginning with methyl
3-cyclohexencarboxylate (III) (Scheme I). Epoxidation of III with
m~chloroperbenzoic acid produced epoxide IV. The authors could
not detect the presence of more than a single epoxide, which has been
assigned the rrans stereochemistry by Henbest (14). It would not be
unusual to expect both epoxides, which may be both dependent on
solvent and oxidizing agent (15).

The epoxide (IV) was allowed to react with methylamine, with the
expected trans-diaxial opening by this nucleophile. The reaction
mixture was heated at reflux to effect ring closure to the isoquinu-
clidone, V, as well as dimeric and polymeric products. Similar
opening of this epoxide has been reported by Huffman (15), who
readily sublimed a quinuclidone from the mixture when benzyl-
amine was used. In this case, only a sticky glass was obtained, and
the sublimation failed. Crude V was acetylated to produce VI, 6-
endo-acetoxy-2-methyl-3-isoquinuclidone.

Lithium aluminum hydride reduction of VI provided VII. Con-
siderable losses were encountered in this reduction, probably due to
the water solubility of the product. The crude amino alcohol was
acetylated and then was allowed to react with methyl iodide to
afford I.

COOCH. O H. _-COOCH,
peracid H,NCH,
O G

b
HI v
HO H AcO H
AcO
0 _— O LLiA,
—_—
2.H,0
N—~CH, N—CH; )
Vv VI
HO H
1. Ac,0
—_—
2.CH,I
N—CH,;
vl
Sclieme 1

During the early part of the work on I, a method appeared for the
preparation of I1 from the Diels-Alder adduct of 1,3-cyclohexadiene
and N-methylidene-urethan (16). This method obviated the intended
conversion of VII to an intermediate ketone useful to reach II.

Of interest is the difference in NMR spectra of I and II. Whereas
the spectrum of I shows magnetic equivalence of the N-methyl
groups at 3.28 §, two different signals are observed for the methyl
groups in II at 3.26 and 3.33 §, respectively. This difference reflects
the long range effect of the acetoxy group (vide infra), although it is
not possible to assign it a shielding or deshielding effect in this
case, although the latter is most probable.

The best models available are 28-substituted steroids (effects on
the C-19 methyl group) and 173-substituted compounds (effects on
the C-18 methyl groups) (17, 18). Deshielding effects of the acetoxy
group are noted in each case. However, the geometry of the iso-
quinuclidine ring is not completely analogous.

PHARMACOLOGICAL TESTING

The isoquinuclidines, I and II, as racemates, were tested for
muscarinic activity in rabbit ileum. Neither of the compounds
showed activity at concentrations up to 1072 M. Acetylcholine
showed haif maximal activity at 1 X 1077 M (pDy = 7, « = 1.0).

t An exo substituent is defined as one which is cis to the nitrogen con-
taining bridge to the isoquinuclidine ring, and an endo substituent is
trans to the bridge.

For comparison, a structurally related compound, 3-acetoxy-
quinuclidine methiodide VIIT was also tested in this system. This
compound showed a dose-response curve parallel to that of acetyl-
choline, and a pD, of 4.2, « = 1.0. Similar results have been re-
ported (19).

Two rational explanations may be advanced for the lack of activ-
ity in the isoquinuclidines. The conformations of acetylcholine,
which these compounds represent, may not be those in the drug-
receptor complex at the muscarinic site. A more valid possibility is
that the carbocyclic skeleton present in these compounds may pre-
vent either of the compounds from forming a drug-receptor complex
leading to pharmacological action. The observed lack of activity
may be due to this hydrocarbon portion of the molecules, which
may interact with hydrophobic regions outside the site, or prevent
interaction of the quaternary ammonium head and acetoxy moieties.

Examination of Dreiding models of 1l shows a great deal of steric
hindrance about the acetoxy group, to one of the N-methyl groups.
The NMR spectrum supports some type of interaction between these
groups, at least an electronic effect. Additionally, each of these com-
pounds can be analyzed as an «,8-di-alkyl-substituted acetylcholine,
with both an isopropyl and neopentyl group attached to nitrogen.
One of these factors, or both, may be responsible for the lack of
pharmacological activity.

EXPERIMENTAL

Melting points were determined on a calibrated Thomas-Hoover
Unimelt and are corrected. IR spectra were recorded on Beckman
IR-8 and IR-20 spectrophotometers. NMR spectra were determined
with Varian Associates A-60 and T-60 spectrometers using tetra-
methylsilane as an internal standard in organic solvents and di-
methylsilapentanoic acid sodium salt in aqueous solution. Elemental
analyses were conducted by Drs. G. Weiler and F. B. Strauss, Ox-
ford, England.

3-Carbomethoxy-7-oxabicyclo{4.1.0]heptane (IV)—To a cooled
solution (0°) of 137 g. (0.98 mole) of methyl 3-cyclohexencarboxylate
in 200 ml. of CHC]I; was slowly added a CHC]; solution of 180 g.
(1.02 moles) of m-chloroperbenzoic acid. After the addition, the
mixture was stirred at room temperature for 2 hr. then worked with
5% aqueous sodium sulfite solution, 597 aqueous sodium hydroxide
solution, water, and dried (MgSO,). Evaporation of the CHCl;
afforded a colorless oil, identical in IR spectral qualities with those
reported by Henbest (14).

6-endo-Acetoxy-2-methyl-3-isoquinuclidine (VI)—To a cooled
(0°) solution of 93.0 g. (0.60 mole) of crude epoxide, IV, in 200 ml. of
CH,;OH was slowly added 77.5 g. (1.00 mole) of 409, aqueous
methylamine. The mixture was allowed to stand at room tempera-
ture for 3 days, heated to reflux for 1 hr., then evaporated in racuo to
remove solvents and excess methylamine. The crude amino alcohol
was refluxed for 3 hr. to effect ring closure to lactam VI. The residue,
87.0 g. of a viscous glass, resisted all attempts at sublimation, a
technique that had been successful in similar compounds (15). The
IR spectrum showed both ester (5.80 ) and amide (6.10 ) carbonyl
bands.

The crude mixture (87.0 g., 0.40 mole) was dissolved in 86.4 g.
(1.10 moles) of pyridine and 110.7 g. (1.10 moles) of acetic anhydride
was added. The solution was refluxed for 2 hr.; excess pyridine,
acetic anhydride, and acetic acid were removed utilizing a water
aspirator. Aqueous 2% HC! was added and after 1 hr. the mixture
was extracted with EtOAc. The EtOAc layer was dried (MgSO,)
and solvent evaporated. The residue oil, was distilled, b.p. 110°
(1.0 mm.) affording 31.5 g. (17 % of theory) of VI; IR (neat), 3.02,
3.41, 5.82, 6.05, 6.96, 7.19, 7.33, 8.12, 8.55, 8.79, 9.53, 9.80, 11.0,
12.15 FOM NMR 5(CDC13), 5.10(sextet, Hs, Jog ~Jg5 ~ 4C.p.S.,J6,,;'
= 10¢.p.s.), 3.75 (multiplet, H, proton, W, = 8 c.p.s.), 3.05 (singlet,

0O

1
N—CH; proton), 2.18 (singlet, CH;—C—), 1.6-2.7 (multiplet,

seven protons, methylene-methine envelope).
6-endo-Acetox y-2-methylisoquinuclidine Methiodide (I})—A solu-
tion of isoquinuclidone VI, 29.9 g. (0.165 mole) in 100 ml. of an-
hydrous ether was added dropwise to a slurry of 12.0 g. (0.316
mole) of lithium aluminum hydride in 150 ml. of ether. After the
addition, the mixture was refluxed for 4 hr. Excess lithium aluminum
hydride was destroyed with a 4097 aqueous solution of Rochelle
salt. The mixture was filtered (Celite), dried, and the solvent re-
moved. The crude product was partitioned between ethyl acetate
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and 597 aqueous hydrochloric acid. The acidic solution was made
alkaline with 209 aqueous NaOH and extracted with EtOAc, which
was dried, and solvent removed affording crude VII, 6.5 g. (22%7) asa
dark orange oil; IR (neat), 3.05 (broad), 3.47, 6.12, 6.58, 6.98, 8.65,
8.83,9.38,9.88,10.55, 11.05, and 12.21 u.

A mixture of crude VII, 1.5 g. (11 mmoles), and 1.0 g. (10 mmoles)
of acetic anhydride was refluxed for 1 hr. and then allowed to stand
overnight at room temperature. Sufficient 109 aqueous NaOH was
added to make the mixture alkaline, and the ester extracted with
ether. The crude ester was partitioned between ether and aqueous
acid again, the acidic solution neutralized, and the basic ester iso-
lated, 500 mg (30%7); IR (neat), 2.91, 3.42, 5.78, 6.13, 6.96, 7.10,
7.32, 8.09, 8.60, 8.79, 9.29, and 9.65 u.

To a solution of 500 mg. (3.0 mmoles) of the crude acetate ester of
amino alcohol VII in 10 ml. of methanol was added 10 ml. of methyl
iodide and the mixture allowed to stand overnight. The solvent and
excess methyl iodide were removed, the solution was decolorized
(Norite) in methanol, and crystallized twice from methanol-ethyl
acetate affording 300 mg. (53%) of colorless crystals, m.p. 165-
165.5°; IR (KBr) 3.29, 3.36, 5.73, 6.79, 6.88, 7.69, 8.02, 8.64, 9.30,
9.55,9.63, 10.49, 10.77, and 11.03 u; NMR (D,0) §, 5.48 (sextet, Hs
proton, Js1 ~ Js5 = 4 c.p.s., Jo.s' = 10 c.p.s.); 3.60 (broadened
quartet, H;, J1,7 ~ 3 c.p.s.), 4.45 (broadened gnglet, CH; protons),

+ I

3.28 [singlet, N(CHj,)ol, 2.12 (singlet, CH;—C—), 1.26-3.0 {(multi-
plet, seven protons, methylene-methine envelope). -

Anal—Calcd. for C,;HzINO: C, 40.60; H, 6.15; N, 4.31. Found:
C,40.67; H, 6.02; N, 4.21.

6-exo-Acetoxy-2-methylisoquinuclidine Methiodide (II)—This
compound was prepared by the method of DeGraw and Kennedy
(16).

3-Acetoxyquinuclidine Methiodide (VIII)—This compound was
prepared by the method of Grob (20, 21) from 3-hydroxyquinu-
clidine.
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Potential Antitumor Agents: Derivatives of 2-Hydrazino-5-nitropyridine

BENJAMIN PRESCOTT and GEORGE CALDES

Abstract [ Fifty-one hydrazones of 2-hydrazino-5-nitropyridine
have been synthesized for tolerance in DBA mice and for study as
potential antitumor agents against the three mouse tumor systems
(sarcoma 180, adenocarcinoma 753, and leukemia 1210). Of four
compounds with activity against the sarcoma 180 tumor, two
derivatives—p-acetaminobenzaldehyde and p-nitrobenzaldehyde—
showed good inhibition and confirmed activity. The salicylaldehyde
derivative showed slight activity against- the adenocarcinoma 755
tumor. None of the compounds were active in the leukemia 1210
mouse tumor system. The highest tolerated dose of the active com-
pounds in mice by intraperitoneal injection was 2 g./kg. The com-
pounds were thus of low toxicity.

Keyphrases [] 2-Hydrazino-5-nitropyridines—synthesis [] Acute
toxicity, mice—2-hydrazino-5-nitropyridines [] Biological activity
—2-hydrazino-5-nitropyridines

The synthesis of thiosemicarbazones and hydrazones
has received considerable attention since Domagk’s (1)
report on the antituberculous activity of tibione (p-
acetylaminobenzaldehyde thiosemicarbazone). Numer-
ous reports followed which indicated that a number of
different hydrazones possessed potential antimicro-
bial, antifungal, and antitumor activity. Freedlander
and Furst (2) studied the effects of substituted
hydrazines and related compounds on myeloid mouse
leukemia C-1498. Petersen and Domagk (3) synthesized
the guanylhydrazone of p-benzoquinone-monothio-
semicarbazone and found the product to possess strong
bacteriostatic action on Mycobacterium tuberculosis
and various other organisms. In addition Chang (4)
reported that the isonicotinylhydrazones of 2-car-
boxymethoxy-3-methoxybenzaldehyde and 2-carboxy-
methoxybenzaldehyde were effective against mouse
leprosy. Following these reports Jucker (5) published a
review of hydrazone derivatives used as medicinals.

A few hydrazone derivatives of 2-hydrazino-5-
nitropyridine were prepared by Mangini and Frenguelli
(6). However, no biological properties were reported
concerning these compounds. In extensive investigations

H H
\
OﬁN@H + NHNH, — 0N OH
HS# (1 I H.\# NHNH,
H H
ONENH |
| o R—C=0 —
H\\# NHNH, 1
H
OlNI NH I,{
HS\# NHN=C—R

Scheme [I—5-Nitro-2-pyridylhydrazone; 1, preparation of 2-hy-
drazino-5-nitropyridine; 1, aldehyde where R = aliphatic, aromatic,
or heterocyclic group,; 11, hydrazone derivative,

from this laboratory into the bacteriostatic, fungistatic,
and carcinostatic effects of hydrazones (7, 8) particularly
with a view to their possible application as potential
chemotherapeutic agents, results indicated that certain
hydrazones may possess significant biological activity.

The present report also describes the synthesis of
51 S5-nitro-2-pyridylhydrazones with analyses, tests
for acute toxicity in mice, and for their effectiveness as
potential antimicrobial and antitumor agents. Studies
with this series of hydrazones reported herein have
shown that certain derivatives have some effect as
potential anticancer agents.

MATERIALS AND METHODS

The desired 2-hydrazino-5-nitropyridine was synthesized from 2-
chloro-5-nitropyridine by a modification of the method of Mangini
and Frenguelli (6). Seventy-nine grams (0.5 mole) of 2-chloro-5-
nitropyridine was warmed to solution in 2 1. of 95% EtOH, in a
3-1. three-necked flask equipped with a stirrer, thermometer, and
dropping funnel, Twenty-five grams (0.5 mole) of 959 hydrazine
hydrate were added dropwise to the stirred solution and the mixture
cooled in an ice bath. The alcoholic solution turned orange colored
immediately after the hydrazine was added and a voluminous
yellowish-green precipitate began to separate with the evolution
of a gas. The mixture was stirred for an additional 2 hr. at room
temperature after all the hydrazine had been added and held at
room temperature overnight. The heavy precipitate that formed
was filtered, washed with petroleum ether, and air-dried. The crude
greenish insoluble condensation product was crystallized from a
large volume of 707, EtOH. The yellow fine crystals melted at
203-205° with decomposition.

Anal—Caled for C;HN4O,: C, 38.96%; H, 3.92%; N, 36.25%.
Found: C, 38.87%; H, 3.87%; N, 36.5%. The 2-hydrazino-5-nitro-
pyridine readily reacted with aldehydes to form crystalline hydra-
zones which exhibited intense colors ranging from bright yellow,
orange, through shades of red. All the aldehydes employed were
commercial preparations. The chemical structures of the hydrazones
are shown in Scheme 1.

The general procedure for the synthesis of the hydrazones was as
follows: a solution of the aldehyde (0.1 mole) in 955 ethanol (50
ml.) was added to a warm solution of the 2-hydrazino-5-nitropyri-
dine (0.1 mole) in 952 ethanol (200 ml.) and refluxed gently for 30
min. on a hot plate. In numerous instances immediate reaction
took place as seen by the formation of a solid. The solutions were
cooled to room temperature and the insoluble products filtered,
washed with cold water and petroleum ether, and air-dried. The
products were purified by recrystallization from 709, ethanol in
presence of decolorizing carbon. The compounds appeared as color-
ful, shiny crystals with yields from 90-95%. Table I gives a sum-
mary of the aldehydes used and the analysis of the compounds.

Biological Studies—Acute toxicity studies were performed in the
DBA strain of mice as maintained at the National Institutes of
Health, Bethesda, Md. The chemicals were suspended in 0.25%
methocel (Dow methylcellulose) so that the dose per 20-g. mouse
was contained in 0.25-ml. volume for intraperitoneal injection and
the results judged by 72-hr. survival. The tolerated dose of each of
the fifty-one compounds is 2 g./kg. The compounds are of low
toxicity and may be administered in larger doses than are com-
monly used in the administration of various anticancer drugs.

Antitumor Studies—The compounds were tested for antitumor
activity in the three tumor (sarcoma 180, adenocarcinoma 755, and
leukemia 1210) mouse screening program by screeners under con-
tract to the Cancer Chemotherapy National Service Center. The
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Table I—5-Nitro-2-pyridylhydrazones—Chemical and Physical Properties

Empirical —————Anal., % —_—
Derivative of Aldehyde M.p. °C.e Formula Calcd, Found

Formaldehyde 220-225 C11H)2N504 C, 41.25 C, 41.42
H, 3.78 H, 4.10

N, 34.99 N, 34.19

2-Ethylbutyraldehyde 152-155 CuHisNO, C, 55.91 C, 55.49
H, 6.82 H, 6.79

N, 23.71 N, 23.69

Heptaldehyde 191-194 CiHisN,O, C, 57.58 C, 57.71
H, 7.25 H, 7.30

N, 22.38 N, 22.53

2-Ethylhexanal 136-138 Ci3H2 0N, O, C, 59.07 C, 59.14
H, 7.63 H, 7.81

N, 21.19 N, 21.38

Nonal 108-111 C14H22N402 C, 60.41 C, 6068
H, 7.96 H, 7.24

N, 20.13 N, 20.34

Decanal 88 C1;Ha4N,O, C, 61.62 C, 61.38
H, 8.28 H, 8.77

N, 19.16 N, 19.47

Lauraldehyde 78-80 C17H28N402 C, 63.72 C, 63.49
H, 8.81 H, 8.36

N, 17.49 N, 17.34

Crotonaldehyde 174-177 CyH;oNyO, C, 52.42 C, 52.69
H, 4.88 H, 4.8

N, 27.17 N, 27.13

Tiglaldehyde 216 CioHi:NO, C, 54.53 C, 54.39
H, 5.49 H, 5.22

N, 25.44 N, 25.43

Methyl glyoxal >300 Ci3Hi:N;O, C, 45.35 C, 45.32
H, 3.51 H, 3.86

N, 32.55 N, 32.41

Benzaldehyde? 227-229 Ci:H1yN,O; C, 59.47 C, 59.72
H, 4.20 H, 4.76

N, 23.12 N, 23.17

4-Fluorobenzaldehyde 228 CHFN,O, C, 55.38 C, 55.48
H, 3.49 H, 3.70

N, 21.53 N, 21.27

2-Chlorobenzaldehyde 210 C1HCINO, C, 52.09 C, 52.41
H, 3.28 H, 3.50

N, 20.25 N, 29.05

4-Chlorobenzaldehyde 218-219 C1.HyCIN,O, C, 52.09 C, 52.37
H, 3.28 H, 3.50

N, 20.25 N, 20.29

2,4-Dichlorobenzaldehyde 211 C2HCLNLO; C, 46.32 C, 46.10
H, 2.59 H, 2.52

N, 18.00 N, 18.50

3,4-Dichlorobenzaldehyde 168-170 C.HCLN,O, C, 46.32 C, 46.01
H, 2.59 H, 2.41

N, 18.00 N, 18.21

2-Nitrobenzaldehyde 217-222 CpHgN0O, C, 50.18 C, 50.83
H, 3.16 H, 3.40

N, 24.39 N, 24.42

3-Nitrobenzaldehyde 248-250 CizHoN:04 C, 50.18 C, 50.42
H, 3.16 H, 3.62

N, 24.39 N, 24.76

4-Nitrobenzaldehyde 278 CpHyN;O, C, 50.18 C, 50.38
H, 3.16 H, 3.85

N, 24.39 N, 24.72

Phenylacetaldehyde 137-138 CiHNO, C, 60.93 C, 60.07
H, 4.72 H, 4.50

N, 21.87 N, 21.39

4-Tolylaldehyde 212-216 Ci;:HieN4O: C, 60.93 C, 60.72
H, 4.72 H, 4.45

"N, 21.87 N, 21.39

Hydrocinnamaldehyde 126-128 Ci1H1NO» C, 62.21 C, 62.32
H, 5.22 H, 5.40

N, 20.73 N, 20.68

4-Isopropylbenzaldehyde 160 C1:Hi1sN O, C, 63.36 C, 64.05
H, 5.67 H, 5.51

N, 19.71 N, 19.353

(continued o n next page)
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Table I—(continued)

Empirical —Anal., %
Derivative of Aldehyde M.p. °C.® Formula Calcd. Found
Cinnamaldehyde 237 C14Hi2N,O; C, 62.68 C, 62.31
H, 4.51 H, 4.64
N, 20.88 N, 20.92
a-Methylcinnamaldehyde 230-232 C1sH16NLO: C, 63.36 C, 63.70
H, 5.67 H, 5.90
N, 19.71 N, 19.64
1-Naphthaldehyde 195-198 Ci6H12N,O: C, 65.74 C, 65.06
H, 4.14 H, 3.78
N, 19.17 N, 19.70
Salicylaldehyde 217 CoH10NLOs C, 55.81 C, 55.16
H, 3.90 H, 4.03
N, 21.69 N, 21.38
2-Methoxybenzaldehyde 275-276 CisHNO; C, 57.35 C, 57.22
H, 4.44 H, 4.74
N, 20.58 N, 20.35
2-Ethoxybenzaldehyde 228 C14H14N403 C, 58.73 C, 58.32
H, 4.93 H, 4.44
N, 19.57 N, 19.25
5-Chlorosalicylaldehyde 290-292 C:HyCIN,O; C, 49.24 C, 49.43
H, 3.10 H, 3.27
N, 19.14 N, 19.64
5-Bromo-2-hydroxybenzaldehyde 298 Ci.HyBrN,O; C, 42.75 C, 42.86
H, 2.69 H, 3.01
N, 16.62 N, 16.90
3-Hydroxybenzaldehyde 248-250 C2:H;0N,O3 C, 55.82 C, 55.69
H, 3.90 H, 4.21
N, 21.69 N, 21.66
4-Hydroxybenzaldehyde >300 C,HioN,O; C, 55.82 C, 56.46
H, 3.9 H, 3.68
N, 21.69 N, 21.33
4-Methoxybenzaldehyde 195-197 C13H12N403 C, 57.35 C, 57.68
H, 4.44 H, 4.33
N, 20.58 N, 20.82
2-Methoxy-5-tert-butylbenzaldehyde 199-203 CrHzNLO3 C, 62.17 C, 62.08
H, 6.14 H, 6.00
N, 17.07 N, 17.21
2-Hydroxy-1-naphthaldehyde 277-279 Ci¢Hi:NLO3 C, 62.33 C, 62.48
H, 3.92 H, 4.14
N, 18.18 N, 18.09
2-Hydroxy-3-methoxybenzaldehyde 190-195 CisHi2N,O, C, 54.12 C, 54.33
H, 4.20 H, 4.31
N, 19.44 N, 19.11
2,3-Dimethoxybenzaldehyde 244 CiHisNLOy C, 55.62 C, 55.85
H, 4.67 H, 4.66
N, 18.54 N, 18.54
3,4-Dimethoxybenzaldehyde 238-240 CHi N, O, C, 55.62 C, 55.69
H, 4.67 H, 4.45
N, 18.54 N, 18.07
2.4-Dihydroxybenzaldehyde >300 CyuHigN.O, C, 52.55 C, 52.66
H, 3.68 H, 3.85
N, 20.43 N, 20.46
3-Ethoxy-4-hydroxybenzaldehyde 197-198 CisH14N4O, C, 55.62 C, 55.32
H, 4.67 H, 4.77
N, 18.54 N, 18.86
3,4-Diethoxybenzaldehyde 190-191 CiHisN4Oy C, 58.17 C, 58.02
H, 5.49 H, 5.53
N, 16.96 N, 16.67
Phthalaldehydic acid 273-275 C13H10N404 C, 54.54 C, 54.18
H, 3.52 H, 3.64
N, 19.57 N, 19.40
2-Benzaldehyde sulfonic acid (Na) >300 Cy,HyNNaO;S C, 41.85 C, 41.18
H, 2.64 H, 2.88
N, 16.25 N, 15.97
4-Dimethylaminobenzaldehyde 263-264 C14H;5N;0. C, 58.93 C, 58.53
H, 5.30 H, 5.22
N, 24.55 N, 24.53

(Continued on next page)
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Table I—(continued)

Empirical —Anal., ——————
Derivative of Aldehyde M.p. °C.® Formula Calcd. Found

4-Diethylaminobenzaldehyde 150-151 CisH1yN50: C, 61.32 C, 61.56
H, 6.11 H, 5.96

N, 22.35 N, 22.47

4-Acetaminobenzaldehyde 273-275 C1sHi3NO3 C, 56.25 C, 56.42
H, 4.38 H, 4.58

N, 23.41 N, 23.51

Furfural 213-215 C10HgN,O3 C, 51.72 C, 51.94
H, 3.47 H, 3.43

N, 24.13 N, 23.83

Piperonal 195-200 C13H10N404 C, 54.54 C, 54.20
H, 3.52 H, 3.47

N, 19.57 N, 19.20

Ribose 155 dec. C1eH14N,Og C, 41.96 C, 41.66
H, 4.93 H, 4.71

N, 19.58 N, 19.09

Glucose 185-188 CuHieNOy C, 41.77 C, 41.70
H, 5.10 H, 4.92

N, 17.72 H, 17.35

e All melting points are uncorrected and were determined on a Fisher-Johns melting point apparatus. ® Degussa reported m.p. 226-228° (Beilstein,

4th ed., 2nd Suppl. vol. 22, p. 488).

testing procedures employed have been described previously (9).
Among the fifty-one compounds, four derivatives, salicyaldehyde,
4-chlorobenzaldehyde, 4-nitrobenzaldehyde, and 4-acetamino-
benzaldehyde were found to exhibit significant inhibition against
the S-180 mouse tumor system with the latter two compounds show-
ing confirmed activity. The salicylaldehyde derivative showed
slight activity against the adenocarcinoma 755 tumor in a dose of
450 mg./kg. None of the compounds in the series showed any
significant or reproducible antitumor effects in the L-1210 mouse
tumor system. The results of the biological tests supplied by the

Table ITI—Antitumor Activity of Certain 5-Nitro-2-
pyridylhydrazones against Sarcoma 180

Animal
wt. Tumor
Sur- Dif- wt., mg.,
Dose, vivors, ference, Test/ T/C,
Derivative  mg./kg. Mice T/C Control %
4-Nitrobenz-
aldehyde 250 4{6 —-0.1 488/1730 28
185 6/6 —-1.3 317/1014 31
82.2 5/6 —-1.6 371/784 47
41.1 5/6 —0.8 508/784 64
20.5 6/6 -0.4 481/784 61
10.2 6/6 0 696/784 88
4-Acetamino-
benzaldehyde 562 4/6 —3.8 335/710 47
500 6/6 -2.8 333/1371 24
375 6/6 —4.4 342/710 48
250 6/6 —3.4 159/710 22
166 6/6 —3.1 547/710 77
4-Chlorobenz- :
aldehyde 500 6/6 -2.2 442/1371 32
500 6/6 —2.7 450/1064 42
Salicylaldehyde 350 6/6 —6.2 675/1852 36
350 6/6 -5.7 362/1063 34
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Cancer Chemotherapy National Service Center are summarized in
Table IL.

Antibacterial Activity—In vitro bacteriostatic studies were per-
formed on the fifty-one compounds with Staphylococcus aureus FD
209 and with Mycobacterium tuberculosis B 103. None of the com-
pounds exhibited any appreciable antibacterial activity. The highly
active p-acetaminobenzaldehyde derivative was also studied by
Y. T. Chang of the Laboratory of Pharmacology and Toxicology,
National Institutes of Health, for its effect on rat leprosy in mice
and found to be inactive. In the light of the results with the p-
acetaminobenzaldehyde and p-nitrobenzaldehyde derivatives as
antitumor agents a test of their effectiveness in clinical tests is
indicated,
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Synthesis of New Hydrazidines with Vasoconstrictor Activity

GEORGE C. WRIGHT*, ROBERT P. HALLIDAY, and CHARLES S. DAVIS{

Abstract [ A series of hydrazidines with a structural similarity to
the guanidines of the guanethidine series was synthesized. The
observation that the hydrazidines raised blood pressure led to their
screening as nasal decongestants. The most active compound, 3-
{hexahydro-]1 H-azepino)propionimidic acid hydrazide dihydro-
chloride, was less potent than phenylephrine hydrochloride.

Keyphrases [_] Hydrazidines—synthesis [[] Vasoconstrictive activity
—hydrazidines [] Hypertensive activity—hydrazidines

A series of hydrazidines with a structural similarity
to the guanidines of the guanethidine series (1) was
prepared for screening as antihypertensive compounds.
The observation that the amino-substituted imidic acid
hydrazides (I11) raised blood pressure led to the screen-
ing of these compounds as nasal decongestants. In this
paper the name hydrazidine refers to the general class of

| |
compounds, —C(=N)N-—N==; specific types are
named according to the system of Chemical Abstracts.
Several disubstituted aminoacetimidic acid hy-
drazides (HIa-c, Table I) were prepared by a modi-
fication (Method A) of Kauffmann’s procedure (2) for
the synthesis of aliphatic hydrazidines.

1. R(CH»).CN NH
NaH 1 I
H,NNH; —> [NaNHNH,} - —> R(CH,),CNHNH,
. H20
1

Method A

Certain imitations to Method 4 have been observed.
The reaction did not occur with acetonitriles possessing
a labile a-hydrogen atom which could yield a resonance
stabilized anion, as in the case of 2-phenyl-2-(2-pyridyl)-
acetonitrile. In the case of 3-aminopropionitriles (IV),
the competitive retrograde Michael reaction (a) was
dependent upon the nature of the amino substituent
(R.N7). When R,N— was incapable of resonance stabili-
zation, competition was nil, and the desired hydrazidine
V was formed. With R,N— capable of resonance stabiliza-
tion, e.g. CsH;N~Et, however, the amine VI was a
primary product of the reaction.

(a) -
Ry;NCH.CH,CN + NaNHNR’; — R,NCH;CHCN + H,NNR’,

v } I
NH R,N- + CH;—CHCN
i | mo
R,;NCH;CH,CNR ', R,NH
\Y VI

A variety of substituted imidic acid hydrazides
(Illd—i, Table I) has been prepared via a modified
procedure (Method B) of Westermann et al. (3), through
the intermediate N-formamidoalkylamidines (IXa-f,
Table II). Method B affords a safer preparation of the
hydrazides (III) than Method A4, where metastable
sodium hydrazides are formed as intermediates.

NH
HCI |
R(CH;),.CN + CH;OH —— R(CH,),COCH;-HCl
11 10-20° viI
i
(C:H;):N, H,NNHCH
VIII
<20°
NH NH
I HCI, CH0H I |
R(CH,),CNHNH;-HCl «———— R(CH,),CNHNHCH- HCI
II1-HCl 25° IX

Method B

PHARMACOLOGIC RESULTS

All of the hydrazidines that were tested (Table IT) for their effect
on nasal volume were less active than phenylephrine hydrochloride.
The most active compound was 11Tg which caused marked changes
in nasal volume with relatively little effect on systemic blood pres-
sure. Although these studies are preliminary in nature and involve
few animals, a tentative order of decreasing potency of the com-
pounds may be listed as Illg > II1f 2 1114 > e > 1L > 1Ib >
IIId. Thus, the 3-disubstituted aminopropionimidic acid hydrazides
appear to be the most potent compounds prepared.

EXPERIMENTAL
Chemistry

2-(Hexahydro-1H-azepino)acetimidic Acid Hydrazide Dihydro-
chloride, Illc—(Method A)—The reaction was conducted with
special equipment and precautions as described by Kauffmann
et al. (2). The main modification was the substitution of sodium
hydride for sodamide in the generation of sodium hydrazide (1),
affording a more rapid and reliable reaction with acetonitrile
L,z = 1).

Thus, to a mixture of 509 NaH (14.4 g., 0.30 mole) dispersed in
mineral oil and dry ether (300 ml.) was added dropwise a solution
of anhydrous hydrazine (9.6 g., 0.30 mole) in dry ether at 0-5°;
this then was warmed to 10-15° over a 2-hr. period. The gray
suspension was cooled to 0--5°, and treated dropwise with a solution
of azepinoacetonitrile (41.4 g., 0.30 mole) in dry ether. The resultant
creamy white suspension was warmed to 15° for 1.5 hr., cooled
to 0-5° and treated with H.O (14 ml.). The reaction mixture was
stirred for 1 hr., and then filtered. The ethereal filtrate was dried
(Na.SQ,), concentrated, and distilled to give 17.4 g. (29%) of the
free base; b.p. 114-126° (0.3-0.5 mm.).

The dihydrochloride (IIlc) was prepared by treating the free base
in acetonitrile at 60° with a saturated solution of hydrogen chloride
in acetonitrile. The salt suspension was heated to boiling, cooled,
and filtered. Recrystallization from ethanol gave white crystals.

Method B—The method of Westermann et al. (3) was employed
with several modifications. The methyl imidates VII rather than
ethyl imidates were used since the intermediate nitrile hydrochlo-
rides encountered in the preparation of the imidates were readily
soluble in methanol. To ensure anhydrous conditions the semi-
stable imidates were stored in a vacuum desiccator overnight.
The commercially available formic acid hydrazide (VIII), which
contained water, was unacceptable for the preparation of Com-
pounds IX. Anhydrous VIII was prepared as follows.

Formic Acid Hydrazide (VIII)-To a solution of anhydrous
hydrazine (960 g., 30 moles) in anhydrous ethanol (3.7 1) was
added ethyl formate (2220 g., 30 moles) at 20-25° during 2 hr.
with mechanical stirring. The stirring was continued an additional
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Table I—Amino-Substituted Hydrazidines

Yield, Anal., F{———
No. R n  Method % M.p., °C.= Formula Calcd. Found
I
I‘TH
R(CH,),CNHNH,
a (CH;)N 1 A 46° 175-177 C¢HsN,-2HCI C, 33.19 33.26
H, 8.36 8.46
N, 25.80 25.84
b (CsHio)N 1 A 200 200-201 C7H4N,- 2HCI C, 36.73 36.65
H, 7.98 7.92
N, 24.52 24.38
c (CeHi2)N 1 A 29 195-196 CgHigNy- 2HCI C, 39.51 39.51
H, 8.29 8.55
N, 23.04 22.99
d 3,4-(CH;0),C¢H; 1 B 68¢ 199-201 C)H;:N;0,- HC1 C, 48.90 49.07
H, 6.52 6.49
N, 17.12 17.13
e (CH;»:N 2 B 47¢ 158-159 C:;H4N,-2HCI C, 29.56 29.82
H, 7.94 7.99
N, 27.58 27.58
(CsHig)N 2 B 90 179-180 CsHisNy- 2HCI C, 39.63 39.74
H, 8.31 8.29
N, 23.11 23.00
g (CsHi))N 2 B 73¢ 182-184 C3H2oN4-2HCI C, 42.02 42.32
H, 8.62 8.55
N, 21.78 21.83
h (C:Hy )N 2 B 36° 164~166 CiHyNy- 2HCI C, 44.30 44.32
H, 8.92 8.84
— N, 20.65 20.92
i 0 N 2 B 72¢ 180-181 C;H;sN,O-2HCI C, 34.30 34.33
N~/ H, 7.40 7.40
N, 22.82 22.60
X
e
i
R(CH,),CNHNHCH
a (CH;):N 2 324 118-120 CeH1 N,O-HCl C, 37.02 36.90
H, 7.77 7.83
N, 28.78 28.81
b (CsHio)N 2 294 157-159 CoH;sN,O-2HCl C, 39.86 39.90
H, 7.43 7.42
N, 20.66 20.53
c (CsHis)N 2 454 159-160 Ci1oH2oNO-2HCL C, 42.10 42.27
H, 7.78 7.62
N, 19.64 19.48
d (GHi)N 2 354 165-167 CuH»N,O-2HCL C, 44.15 44.23
H, 8.08 8.11
— N, 18.72 18.75
e 0, N 2 404 166-167 CsH N0, - 2HCl C, 35.18 35.15
— H, 6.64 6.79
N, 20.51 20.35
3,4-(CH;0),C¢H; 1 420 126128 CuH5N;0;4 C, 55.68 55.54
H, 6.37 6.15
N, 17.71 17.77

¢ Melting points were determined on a Fisher-Johns (hot stage) apparatus and are uncorrected. ¢ Yield of free base; based on nitrile (II). ¢ Yield
based on N-formamidoamidine (IX). 4 Yield of hydrochloride; based on nitrile (II).

0.5 hr. The product was filtered on cloth (S/26 Jaybeeco Chain
Weave); and the cake was kept wet with cold, anhydrous ethanol
until all of the slurry was on the filter, after which it was protected
from air with a rubber dam. The product was dried in a vacuum
desiccator over CaCle and finally over P.Os; m.p. 55-56°, yield:
1150-1330 g. (64-74%). A second crop was obtained by concen-
trating the mother liquor under N to about 500 ml.; m.p. 54-56°
{lit. (4) m.p. 54°), yield: 305-470 g. (17-26%).

Methyl 3-Dimethylaminopropionimidate Dihydrochloride—A so-
lution of 3-dimethylaminopropionitrile (88.0 g., 1.05 moles) in
absolute methanol (700 ml.) was treated with dry hydrogen chloride
at 10-20° over 3 hr. until saturated. The reaction was diluted with
dry ether, and the resultant white crystalline product was collected
by filtration and washed with dry ether (1 1.); m.p. 99-100° [lit.
(5) m.p. 100° dec.], yield: 118 g. (55%). Both dilution and filtration
operations were conducted in a dry box.

N-Formamido-3-dimethylaminopropionamidine Hydrochloride
(IXa)—To a mixture of methyl 3-dimethylaminopropionimidate
dihydrochloride (105.0 g., 0.52 mole) and absolute ethanol was
added dropwise triethylamine (78 ml., 0.57 mole) at 2-4° with
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rapid stirring, under an atmosphere of dry N,. Then formic acid
hydrazide (35.0 g., 0.58 mole) was added at 4-7° during 1 min.
The temperature was held at 5-7° for 15 min., and allowed to rise
gradually to 13° over 25 min., and finally to 23° over 2.5 hr. The
mixture was cooled to 10°, and the solid product was collected
and washed with ethanol and ether. Recrystallization from 957
ethanol (300 ml.) gave white crystals.

3-Dimethylaminopropionimidic Acid Hydrazide Dihydrochloride,
Ile—To N-formamido-3-dimethylaminopropionamidine hydro- -
chioride (90.0 g., 0.46 mole) was added 270 ml. of a cold solution of
dry hydrogen chloride in methanol. The reaction mixture was
allowed to warm to room temperature over 40 min. The solid
product was collected, and washed with ethanol and ether. Re-
crystallization from methanol (300 ml.) gave white crystals.

Pharmacology
Volume changes in the nasal cavity were measured utilizing a

modification of the method of Jackson (6). Mongrel dogs were
anesthetized with sodium pentobarbital, 35 mg./kg., i.v., and a



Table 1I—Vasoconstrictor-Hypertensive Activity

Blood Pressure—————

Dose, ——Nasal Volume—— Blood Pressure——— Dose,
mg./kg. Duration, Duration, mg./kg. Change, Duration,
No.« iv. A mm,3 min. A mm, Hg min, Lv. % min.
1L
a b 10 +25 5
b 1.0 +300 6 +15 6
c 1.0 +500 14 +45 5
d 5.0 +80 14 —25¢ >14
e 1.0 +240 10 +5 5 10 +22 45
f 1.0 +580 17 +50 >17
g 0.5 +680 9 +20 9
h 1.0 +600 13 +20 13 10 +100 45
i 5. +530 36 +37 20
Phenylephrine hydrochloride
0.01 733 9 +30 9

e Refers to compound numbers in Table I and in the text. & Nasal volume changes were not measured for this compound. ¢ Doses of 10 to 100

mg./kg. did not produce consistent blood pressure effects.

tracheotomy performed. A femoral artery was cannulated for blood
pressure recording. A 22.9-cm. (9-in.) metal rod fitted with a small
rubber ball was passed into the dog’s mouth to the soft palate so that
the ball pressed against the wall of the nasopharynx. A glass nose
cannula was then inserted into a nostril, and a clamp was applied to
hold the cannula in place and to seal the other nostril. The cannula
was connected to a Grass PT-5A volumetric low pressure transducer,
and the volume (pressure) changes of this cavity were measured.
In some experiments only blood pressure was monitored. All
compounds were administered intravenously
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Gas Chromatographic Determination of Chlorphenesin in Plasma

J. F. DOUGLAS, J. A. STOCKAGE¥*, and N. B. SMITH

Abstract [} A procedure is described for the determination of
chlorphenesin in plasma. Chlorphenesin is extracted from plasma
with chloroform, reacted with bis-(trimethylsilyl)-acetamide, and
the silylated derivative is measured quantitatively by gas chroma-
tography. The technique is reproducible and accurate in the range
of 1-10 meg./ml. Dibutyl phthalate is used as internal standard for
quantitation by the relative peak height method.

Keyphrases [_] Chlorphenesin in plasma—determination [] Plasma,
analysis—chlorphenesin [ GLC—analysis [] Dibutyl phthalate—
internal standard

Chlorphenesin  (3-p-chlorophenoxy-1,2-propanediol)
has been shown to suppress immunological response in
a number of animal systems (1-3) and to inhibit the

release of histamine from sensitized human leucocytes
by ragweed antigen (4). Although chlorphenesin has
been known since 1949 and a number of procedures
have been described in the literature for the analysis
of chlorphenesin (5, 6) or chlorphenesin carbamate (7),
none are sufficiently sensitive to measure the presence
of chlorphenesin in biological fluids after therapeutic
doses. Procedures for the quantitative analysis in
plasma of a closely related compound, mephenesin
[3-(o-tolyloxy)-1,2-propanediol], have been reported by
Titus et al. (8) and by Wyngaarden et al. (9). However,
these analyses depend upon diazotization or nitration
of mephenesin at the para position of the phenol ring
and are not applicable to chlorphenesin which contains
a chlorine atom at this location.
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Figure 1—The relationship between relative peak height and concen-
tration of chlorphenesin in plasma.

This manuscript describes a procedure for the quan-
titative determination of chlorphenesin in plasma.

EXPERIMENTAL

Equipment and Reagents—A F and M model 402 dual column
gas chromatograph equipped with a hydrogen flame ionization
detector and a 1-mv. Minneapolis-Honeywell recorder were em-
ployed. The chromatographic columns used were 91.4-cm. X 0.635-
cm. (3-ft. X 0.25-in.) glass tubes packed with 5.0 %7 DC200 on 80-100
mesh diatomaceous earthl. The instrument settings were as follows:
temperature-column, 170°; injection port, 275°; detector block,
230°. Gas flow rates—hydrogen, 60 ml./min; helium (carrier gas),
38 ml./min; oxygen, 70 ml./min. Sensitivity settings were range 10
with an attenuation factor of 8X. The reagents were redistilled

1 ghromosorb WAW, Johns Manville Products Corp., New York
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chloroform, dibutyl phthalate (Eastman), and bis-(trimethylsilyl)-
acetamide {Applied Science).

Procedure—Plasma, 0.5 ml., was diluted with 0.5 ml. of saline
and the fluid was thoroughly shaken with 0.5 ml. of redistilled
chloroform. Following centrifugation, 0.2 ml. of the chloroform
layer was transferred to a small centrifuge tube and treated with
20 pl. of bis-(trimethylsilyl)acetamide for 1 hr. at room tempera-
ture. The reaction mixture was evaporated to dryness in a stream
of nitrogen, and the residue was taken up in 20 ul. of redistilled
chloroform containing 100 mcg./ml. of dibutyl phthalate. This
chloroform solution (2.6 ul.) was injected into the gas chromat-
ograph, and the concentration of chlorphenesin was determined by
the relative peak height method using dibutyl phthalate as internal
standard.

RESULTS AND DISCUSSION

It was necessary to convert chlorphenesin to a suitable derivative
for gas chromatographic analysis since its chromatogram showed
two peaks. Chlorphenesin can be quantitated gas chromatographi-
cally when relative peak height is used as an index of concentra-
tion since a linear relationship exists between relative peak height
and drug concentration (trimethylsilyl ether derivative of chlor-
phenesin) in the range of 1-10 mcg./ml. of plasma (Fig. 1). The
reproducibility of the procedure is indicated by the standard error
of the triplicate determinations shown in Fig. 1.

The extraction procedure effectively separates chlorphenesin
from normal interfering plasma constituents since determinations
in normal human plasma give little or no blank (<0.5 mcg./ml.).
It was also established that the known major metabolites of chlor-
phenesin, p-chlorophenoxylactic acid and p-chlorophenoxyacetic
acid (10), do not interfere in the assay procedure.
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Determination of Trace Amounts of Water in Glycerides by

Near-Infrared Spectroscopy

R. J. WARREN, J. E. ZAREMBO, C. W. CHONG, and M. J. ROBINSON

Abstract (] A rapid accurate method for determining trace amounts
of water in glycerides is presented. The method is based on the
measurement of the combination band for water which occurs at
1.896 p in chloroform solution. In addition to the advantage of
making it possible to work at low levels, the method is specific for
water and free of interferences due to other OH groups. Several
commercial samples of glyceryl mono- and distearates were an-
alyzed by this method, and showed water contents of 0.4 to 1.2 7.

Keyphrases 7] Glycerides—water determination [] Water deter-
mination—trace amounts [ ] Near IR spectrophotometry—analysis

During the authors’ investigation of methods for the
analysis of mono-, di-, and triglycerides, it became
necessary to develop a rapid and accurate method for
the analysis of trace amounts of water. Chemical meth-
ods, such as the Karl Fischer technique, were tedious,
time-consuming, and/or unsatisfactory for these par-
ticular needs. Solution spectra on conventional IR in-
struments were rejected because of the many over-
lapping absorption bands from the various-—OH groups
in the glyceride molecule itself. Near-IR spectroscopy
was investigated to determine the feasibility of using
this technique to determine the OH absorption of water
in the presence of OH groups on the glyceride molecule.
It was found that OH groups in different molecular
environment, such as water or glyceride —OH'’s, do
behave differently, and are amenable to investigation
by near-IR spectrophotometry. This has also been
shown by others (1). The absorption of water OH,
attributable to a combination band of the OH group
(2, 3), occurs at 1.896 u in chloroform solution. The var-
ious OH groups of the glyceride molecule are found in
the vicinity of 1.430 and 2.100 u (4). This leaves the
area of water absorption free from OH absorptions
related to the materials under investigation, and pre-
sents us with a method specific for water and free from
interfering substances,

EXPERIMENTAL

Glycerides were obtained from the Kessler Chemical Company.
The glycerides are commercial samples consisting of a mixture of
mono-, di- and tripalmitate, stearate and glyceryl esters. There are
also traces of free glycerol, stearic, palmitic, myristic, and other
unknown acids in trace amounts. Duplicate analyses of these sam-
ples, made using the proposed method, showed 1.2, 1.4, 0.4, 0.5, and
0.8 water.

The near-IR spectra were obtained on a Cary model 14 recording
spectrophotometer, using matched fused silica cells of infrared
quality having a light path of 5 cm. Chloroform was used as a sol-
vent and as solvent compensator in the reference beam.

RESULTS AND DISCUSSION

The method for the determination of water in glycerides is as
follows: transfer about 2.5 g. of sample, accurately weighed, to a

CALIBRATION CHART
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H20
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Figure 1— Spectra obtained from calibration curve (see text for cal-
culation).

50-ml. volumetric flask ; dissolve in, and dilute to volume with chlo-
roform. Record the absorption spectrum of this solution versus
chloroform in 5-cm. cells from 1.930 to 1.850 u. Measure the differ-
ence (AA) between the absorbances at 1.896 and 1.920 u. From a
calibration chart of standards, determine the percent of water
present.

wt. of water present (from chart) X 100
wt. of glyceride sample

calculation: = % water

The calibration or standard curve is prepared as follows: dissolve
known amounts of water in 50 ml. of chloroform, and run the ab-
sorption spectrum on the Cary Model 14 in 5-cm. cells from 1.930 to
1.850 u. Measure the difference (A4) between the absorbances at
1.896 and 1.920 u. Plot the absorbance versus concentration values
to prepare a calibration curve.

The spectra obtained from the calibration curve are shown in
Fig. 1. Plotting these values against the concentration or percent
water produces the calibration or working plot shown in Fig. 2.

This method has the advantages of being rapid, accurate for small
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Figure 2—Calibration or working ploi obtained from the values in
Fig. 1 plotted against concentration.

A minosteroids

ARVIN P. SHROFF

Abstract [] Synthesis of 178-acetamido-6e,16a-dimethylandrost-
4-en-3-one and 3-aza-178-acetamido-6«,16a-dimethylandrost-4a-
en-4-one via Beckmann and Schmidt rearrangement has been de-
scribed. Both of these compounds were judged inactive when sub-
jected to Herschberger androgen-anabolic assay.

Keyphrases [] 178-Acetamido-6c, 16a-dimethylandrost-4-en-3-
one—synthesis [ 3-Aza-178-acetamido-6«, 16a-dimethylandrost-
4a-en-4-one—synthesis [] UV spectrophotometry—identity [] TR
spectrophotometry—identity

Torizuka et al. (1) while investigating the dynamics
of protein metabolism in man, found that anabolic
steroids such as 19-nor-testosterone phenylpropionate
and 4-chlorotestosterone acetate, did not inhibit
degradation of protein but exclusively stimulated its
synthesis. The primary site of action is possibly at the
nuclear level for the production of RNA’s essential for
protein biosynthesis (2). There are a large number of
theoretical possibilities by which an androgen molecule
can stimulate this RNA production. One of them sug-
gested by Hiibener (3) would be to inhibit a repressor
aimed at an operator gene and controlled by a regulator
gene. The interaction between androgen molecule and
protein has been reported by Westphal (4) and that this
interaction is on the B-face of the steroid molecule
was suggested by Wolff et al. (5).

This work was initiated to investigate this hy-
pothesis and to see if creation of high electron densi-
ties in Ring A and D would impart or enhance biological

110 ] Journal of Pharmaceutical Sciences

amounts of water, and free from interferences. In addition, it makes
it possible to determine water down to the level of 0.05%7 based on
an initial sample weight of 2.5 g.
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response. 6c,16a-Dimethylprogesterone was chosen for
these molecular modifications. Treatment of I with
pyrrolidine gave the enamine I which could be con-
verted into 20-oximino Compound III with hydroxyl-
amine hydrochloride. Beckman rearrangement of III
using thionyl chloride, followed by acid hydrolysis
gave the desired 178-acetamido-6a,16a-dimethylan-
drost-4-en-3-one (IV). Compound I when subjected
to Schmidt rearrangement gave 3-aza-178-acetamido-
6c,16c-dimethylandrost-4a-en-4-one (V). The spectral
data confirmed all the structural assignments. Com-
pounds 1V and V were subjected to Herschberger
androgen-anabolic assay (6) and judged inactive (see
Scheme I).

EXPERIMENTAL

All melting points were taken on a Fisher-Johns melting point
apparatus and are uncorrected. The UV and IR data were obtained
on Cary Model 11 and Beckman IR-5 spectrophotometers, re-
spectively. Elemental analyses were performed by Midwest Micro-
lab, Inc., Indianapolis, Ind.

3-[1-Pyrrolidinyl]-6-16«-dimethylpregn-3,5-dien-20-one (ID—Two
grams of I was dissolved in 10 ml. of MeOH with heat and treated
with 10 drops of pyrrolidine. Heating was continued for an addi-
tional 5 min. when copious precipitates of enamine separated.
The precipitates were collected by filtration, washed several times
with MeOH and dried to give 1.8 g. (77%) of II, m.p. 137-139°;
AEOH 278 mu; AEE 5.88, 6.1, and 6.23u.

Anal—Caled. for CHgNO: N, 3.54. Found: N, 3.23.

3-[1-Pyrrolidinyl]-6,16«-dimethylpregn-3,5-dien-20-one oxime (I1I)
-~A mixture containing 1.7 g of II, 500 mg. of NH,OH-HC] in
5 ml. of pyridine was heated on a steam bath for 1.5 hr. and poured



0.800

™

0.700

T

0.600

0.500

0.400

T

ABSORBANCE

0.300 F

0.200 f

0.100

7T

RN RSN RS WD

090 .100

N A S TS IR I I N I I
010 .020 .630 .040 .050 .060 .070 .080
% WATER

Figure 2—Calibration or working ploi obtained from the values in
Fig. 1 plotted against concentration.

A minosteroids

ARVIN P. SHROFF

Abstract [] Synthesis of 178-acetamido-6e,16a-dimethylandrost-
4-en-3-one and 3-aza-178-acetamido-6«,16a-dimethylandrost-4a-
en-4-one via Beckmann and Schmidt rearrangement has been de-
scribed. Both of these compounds were judged inactive when sub-
jected to Herschberger androgen-anabolic assay.

Keyphrases [] 178-Acetamido-6c, 16a-dimethylandrost-4-en-3-
one—synthesis [ 3-Aza-178-acetamido-6«, 16a-dimethylandrost-
4a-en-4-one—synthesis [] UV spectrophotometry—identity [] TR
spectrophotometry—identity

Torizuka et al. (1) while investigating the dynamics
of protein metabolism in man, found that anabolic
steroids such as 19-nor-testosterone phenylpropionate
and 4-chlorotestosterone acetate, did not inhibit
degradation of protein but exclusively stimulated its
synthesis. The primary site of action is possibly at the
nuclear level for the production of RNA’s essential for
protein biosynthesis (2). There are a large number of
theoretical possibilities by which an androgen molecule
can stimulate this RNA production. One of them sug-
gested by Hiibener (3) would be to inhibit a repressor
aimed at an operator gene and controlled by a regulator
gene. The interaction between androgen molecule and
protein has been reported by Westphal (4) and that this
interaction is on the B-face of the steroid molecule
was suggested by Wolff et al. (5).

This work was initiated to investigate this hy-
pothesis and to see if creation of high electron densi-
ties in Ring A and D would impart or enhance biological

110 ] Journal of Pharmaceutical Sciences

amounts of water, and free from interferences. In addition, it makes
it possible to determine water down to the level of 0.05%7 based on
an initial sample weight of 2.5 g.

REFERENCES

(1) D. Chapman and J. F. Nacey, Analyst, 83, 377(1958).

(2) R. F. Goddu, in “Advances in Analytical Chemistry and
Instrumentation,” Vol I, C. N. Reilley, Ed., Interscience, New York,
N. Y., 1960, p. 347.

(3) J. E. Sinsheimer and N. M. Poswalk, J. Pharm. Sci., 57,
2007(1968).

(4) H. Susi, S. G. Morris, and W. E. Scott, J. Am. Oil Chemists’
Soc., 38, 199(1961).

ACKNOWLEDGMENTS AND ADDRESSES

Received July 10, 1969 from Smith Kline & French Laboratories,
Philadelphia, PA 19101

Accepted for publication August 13, 1969.

The authors are grateful to Mrs. Andrea Morgan for technical
assistance in obtaining the spectra presented here.

response. 6c,16a-Dimethylprogesterone was chosen for
these molecular modifications. Treatment of I with
pyrrolidine gave the enamine I which could be con-
verted into 20-oximino Compound III with hydroxyl-
amine hydrochloride. Beckman rearrangement of III
using thionyl chloride, followed by acid hydrolysis
gave the desired 178-acetamido-6a,16a-dimethylan-
drost-4-en-3-one (IV). Compound I when subjected
to Schmidt rearrangement gave 3-aza-178-acetamido-
6c,16c-dimethylandrost-4a-en-4-one (V). The spectral
data confirmed all the structural assignments. Com-
pounds 1V and V were subjected to Herschberger
androgen-anabolic assay (6) and judged inactive (see
Scheme I).

EXPERIMENTAL

All melting points were taken on a Fisher-Johns melting point
apparatus and are uncorrected. The UV and IR data were obtained
on Cary Model 11 and Beckman IR-5 spectrophotometers, re-
spectively. Elemental analyses were performed by Midwest Micro-
lab, Inc., Indianapolis, Ind.

3-[1-Pyrrolidinyl]-6-16«-dimethylpregn-3,5-dien-20-one (ID—Two
grams of I was dissolved in 10 ml. of MeOH with heat and treated
with 10 drops of pyrrolidine. Heating was continued for an addi-
tional 5 min. when copious precipitates of enamine separated.
The precipitates were collected by filtration, washed several times
with MeOH and dried to give 1.8 g. (77%) of II, m.p. 137-139°;
AEOH 278 mu; AEE 5.88, 6.1, and 6.23u.

Anal—Caled. for CHgNO: N, 3.54. Found: N, 3.23.

3-[1-Pyrrolidinyl]-6,16«-dimethylpregn-3,5-dien-20-one oxime (I1I)
-~A mixture containing 1.7 g of II, 500 mg. of NH,OH-HC] in
5 ml. of pyridine was heated on a steam bath for 1.5 hr. and poured



(I?Hv; (llH3 CH
o CcO C=NOH
_-CH, ~CHs L
—_—— —_—
0 N N
3
CH, O CH, r\> cH
i I [
NHCOCH, NHCOCH,
_-CH, .-CH.
0
;
. CH,
\Y% v
Scheme 1

over a large amount of ice water. The solid thus separated was col-
lected by filtration and recrystallized from MeOH-H;O to yield
1.5g. (88%) of I, m.p. 171-173°. AosoF 279myu ; Maew. 3.01 and 6.11 4.

Anal—Calcd. for CyHpN,O: N, 6.82. Found: N, 6.87.

178-Acetamido-6a,16a-dimethylandrost-4-en-3-one  (IV)—A di-
oxane solution of 3.0 g. of III was treated with 1.0 ml. of SOCI, and
the mixture stirred for 0.5 hr. It was poured over a large amount of
ice water and neutralized with NaOH solution. The neutral solution
was extracted with CH,Cl, and the organic layer was thoroughly
washed with H;O, dried (Na;SO,), and evaporated to give an oil.
ASLOH 278 my; AN 3.0 and 6.0,

The oil was hydrolyzed with 25 ml. of 5% methanolic H.SO,
by refluxing the solution for 2 hr. Evaporation of excess alcohol
and pouring the concentrate into a large amount of ice water gave
solid residue. It was collected by filtration and subjected to column
chromatography on neutral alumina. Elution with 509 CHyCl,-
Et,0 gave IV m.p. 205-207°. Apio™ 240 my; M52 2,99, 5.99 and 6.05,.

Anal—Calcd. for Cy3H;3sNO.: C, 77.26; H, 9.87; N, 3.92. Found:
C, 77.55; H, 9.78; N, 3.36.

3-Aza-178-acetamido-6c,16a-dimethylandrost-4a-en-4-one  (V)—
Compound 1 (5.0 g.) was added by 150 g. of polyphosphoric acid
(PPA) and was maintained at 55°. To this 5.0 g. of NaN; was added
in small portions over a period of 1-5 hr. with intermittent stirring.
The mixture was allowed to remain at about 55° for 7 hr. and the
PPA then decomposed with H;O. The solution was neutralized
with 259% NaOH solution and extracted with CH,Cl;. The organic
phase was washed several times with H,O, dried (Na,SO.), and
evaporated. The residue was recrystallized from CH,Cl,-Et.O to

give 2.5 g. (50%) of V, m.p. 167-170° A% 218 my; A% 3.0;
6.02u.

Anal —Calcd. for Cy3Hy¢N:O,: C, 74.15; H,9.74; N, 7.52. Found:
C,74.18: H, 10.01: N, 7.31.
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Molecular Orbital Conformation of Oxotremorine and a
Comparison With the Muscarinic Pattern

LEMONT B. KIER

Abstract [[] The conformational preference of oxotremorine has
been calculated using extended Hiickel molecular orbital theory.
The molecule was found to be comparatively free in regard to the
relationship of the two rings and the rotation of the lactone ring.
The energy-permitted stereochemistry allows the quaternary
nitrogen, the triple bond, and the carbonyl oxygen to assume the
same relationship as previously calculated for the muscarinic
pharmacophore, if the triple bond in oxotremorine is assumed to
mimic the electronic character of the ether oxygen in the muscarinics.

Keyphrases [ ] Oxotremorine—molecular orbital conformation []
Molecular orbital conformation, oxotremorine—muscarinic activ-
ity [J Conformational molecular preference—oxotremorine

A current hypothesis on the peripheral and central
actions of tremorine (I) and its metabolite oxotremorine
(IT) (Scheme 1) is that the latter molecule is a muscarinic

Cl 24

CHp=C= C-Cha N\CHz-c = C-CHy
1

Scheme [

N
[ ——
Metabolism

(1) tremorine (11) oxotremorine

agonist. The peripheral action of oxotremorine, studied
by Cho et al. (1) leaves little doubt that this compound
is a peripheral muscarinic agent equal in potency to
acetylcholine. The effects can be blocked by pretreat-
ment with anticholinergic drugs like methanthelinium
or atropine bromides. In animals so pretreated, a
tremor, ataxia, and spasticity still persist. Atropine
sulfate blocks these effects and so it is presumed that
the tremor effect is due to activation of muscarinic
receptors in the central nervous system (2).

Studies by Lundgren and Malmberg (3) suggest that
oxotremorine-induced tremors are not due to direct
action in the CNS, but are due to the ability of the drug
to induce an increased biosynthesis of acetylcholine in
the CNS. Oxotremorine, however, fails to stimulate
in vitro systems containing choline acetylase. It has
been observed that there is a rise in acetylcholine level
which roughly parallels the oxotremorine-induced

A A HO o
Q=o 5A. . ‘R%A'
/

CHQCECCEQ HC
}wﬂD o>N(CHy),
95A. 25A. T

Figure 1-—Proposed steric relationship of essential features in oxo-
tremorine and muscarine (6).
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Figure 2—Calculated relationship of pyrrolidine ring and triple bond
in oxotremorine.

tremor duration. Recent detailed studies by Cox and
Potkanjak (4) on this comparative time course show a
lack of parallel behavior between tremor manifestation
and acetylcholine increase.

Since oxotremorine may be a CNS muscarinic
agonist, it is of interest to contemplate how the structure
of this molecule compares with known muscarinic
agents. Cho et al. (1) have commented on the structural
dissimilarity of oxotremorine to known muscarinic
agents and suggested that oxotremorine was highly
active owing to a process at the receptor related to
Koshland’s (5) induced-fit theory. However, Bebbing-
ton et al. (6) have compared molecular models of oxo-
tremorine with muscarine and noted that the two could
conceivably assume a common geometry, in which the
same pattern of charged atoms would prevail. This
required the invoking of the acetylenic bond as a nega-
tive site of binding in the oxotremorine molecule,
mimicking the ether oxygen in muscarine. A plausible
explanation for the possible direct receptor action of
oxotremorine then centers on the ability of the molecule
to assume a favorable conformation, mimicking the
muscarinic pharmacophore, Fig. 1.

In a previous study, the author calculated the con-
formations of three potent muscarinic agents using a
molecular orbital theory in which overlap integrals
and nonbonded interactions are treated for all valence
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Figure 3—Calculated relationship of the two rings in oxotremorine.

electrons (7). The method, known as extended Hiickel
theory, generates a total energy as a function of geom-
etry; hence, conformation preference can be assessed
by energy minimization (8). A common pattern of
charged atoms or groups was calculated for acetyl-

NC’
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60° " eoe
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— 28900
E i
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ANGLE C=0TO C=0

Figure 4—Calculated relationship of the lactone ring and the triple
bond in oxotremorine.

Figure 5—Calculated energy-permitted relationship of essential
features in oxotremorine. Shaded area shows region which oxygen
atom may occupy relative to the other molecular features.

choline, muscarine, and muscarone. The author has
predicted that this pattern is a reasonable working
model of the muscarinic pharmacophore.

In the present study, the author undertook molecular
orbital calculations on the oxotremorine molecule, to
determine its preferred conformation and to see whether
a pattern of charged atoms or groups corresponded to
the previously calculated muscarinic pharmacophore.

EXPERIMENTAL

The molecule was calculated as the protonated salt. Standard
bond lengths and angles were used according to Pople and Gordon
(9). The Coulomb integrals and Slater exponents were those pre-
viously employed by Hoffmann (8) and the author (7). In comparing
the energy versus geometry profiles, the preferred conformation was
taken to be the geometry of lowest energy. All geometries within
1 kcal. or less of this energy minimum were considered to be equally
preferred.

RESULTS AND DISCUSSION

The results of the calculations show that the molecule can exist in
a variety of preferred structures. The two rings exhibit considerable
independence with respect to their conformational preferences.
When the distance between any two first-row atoms on opposite
rings exceeds 4 A., the two rings are not influential in respect to
their preferred conformations. We have justified the assumption
that distant atoms do not influence conformation in a recent quan-
tum mechanical discussion (10). This assumption has been used by
others (11).

The pyrrolidine ring is symmetrically disposed relative to the
triple bond, Fig. 2. The two rings can assume any conformation
except that which eclipses their methylene connecting groups, Fig.
3. The lactone ring can assume two zones of conformational prefer-
ence to within 60° of coplanarity with the acetylenic bond, Fig. 4.
The distance separating the pyrrolidine protonated nitrogen from
the center of the triple bond is 3.0 A. The distance between the
carbonyl oxygen and the protonated nitrogen ranges from 4.3-7.2

=0 or OH

Figure 6—Cualculated muscarinic pharmacophore based on conforma-
tions calculated for acetylcholine, muscarine, and muscarone (7).
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A., owing to the variation possible in conformational preference.
The carbonyl oxygen distance from the center of the triple bond
ranges from 3.1-4.2 A.

An allowed pattern of atoms can thus be drawn for oxotremorine,
Fig. 5. This calculated energy-allowed pattern clearly mirrors the
muscarinic pattern, previously proposed, Fig. 6.

1t can be concluded that oxotremorine can assume a muscarinic
pharmacophore, within its structure, on the basis of theoretical
calculations of its preferred conformations. Although conclusive
pharmacological evidence that would brand oxotremorine as a
central muscarinic agonist is still lacking, these studies implicate
the feasibility of this mechanism.
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1-(Dithioacetic Acid)-Pyridinium Betaines

WILLIAM O. FOYE, YOUNG JA CHO, and KYUNG HEE OH

Abstract [] Active mono-S-alkyl esters prepared from 1-(dithio-
acetic acid)-pyridinium betaine (11I) were found to be sufficiently
stable for screening as radiation-protective agents, and e-withdraw-
ing substituents in the pyridine ring gave stable betaines. Reaction
of the methy] ester of 111 with phenacyl bromide and alkali resulted
in S-alkylation to give a ketene mercaptal betaine (VIII). Both the
allyl and p-nitrobenzyl esters of 1-(dithioacetic acid)-pyridinium
halides were radiation-protective in mice, and betaines with sub-
stituents in the pyridine ring were radiation-protective in a bacterial
test.

Keyphrases [] Antiradiation compounds—synthesis [] 1-(Dithio-
acetic acid)-pyridinium betaines—synthesis [ ] Pharmacological
screening—antiradiation compounds [] IR spectrophotometry—
structure

Amino and guanidino zwitterions containing the
thiosulfate (1), phosphorothioate (2), and trithiocar-
bonate (3) groups, as well as other zwitterionic structures
(4) which contain the B-mercaptoethylamine moiety
have shown appreciable radiation-protective abilities in
mice. a-Acetamidinium thiosulfate zwitterions (5) have
also shown good radiation-protective properties. It
appeared likely, therefore, that other zwitterions con-
taining, or giving rise to, a thiolate anion should be
radiation-protective. Dithioacetic acid pyridinium be-
taines, obtained from the reaction of carbon disulfide
and pyridinium ylids, appeared to have the necessary
structural requirements for protective activity in a
charged nitrogen and a thiolate anion, and were there-
fore investigated for possible radiation-protective prop-
erties.

114 (7} Journal of Pharmaceutical Sciences

Pyridinium betaines are compounds, termed by
Krdhnke (6), which contain a negatively charged carbon,
oxygen, or sulfur adjacent to, or at greater distance
from, the positively charged nitrogen; the term ylid is
now generally used where the charges are on adjacent
atoms. When phenacylpyridinium bromide is treated
with alkali, a red solution of the ylid (I) results. Reaction
with carbon disulfide gives the a-dithiocarboxylate
zwitterion (I1) which decomposes to the dithioacetic
acid betaine (III) in methanolic alkali (6). This com-
pound, although unstable, can be isolated, and remains
stable long enough for derivatives to be prepared. Con-
version to the active allyl and p-nitrobenzyl esters (IV)
was carried out, and compounds of sufficient stability
for antiradiation screening were obtained.

. _
C;H;NCH,;COC:H; Br- ————> C;H,;NCHCOCH; ——>
NaOH CS2

I

4+ CH;OH o+
C:H;NCHCOC:H; ————)N C;H;NCH,CS,~ + CH;CO.CH;
aOH

CSy~
I 11
S
+ RX + i
C:H;NCH,CS,- ——— C;H;NCH,CSR X~
v

Reaction of the dithioacetic acid betaine (III) with
bromoethylamine hydrobromide did not give the
desired ester; also, no reaction with phenyl halides or
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A., owing to the variation possible in conformational preference.
The carbonyl oxygen distance from the center of the triple bond
ranges from 3.1-4.2 A.

An allowed pattern of atoms can thus be drawn for oxotremorine,
Fig. 5. This calculated energy-allowed pattern clearly mirrors the
muscarinic pattern, previously proposed, Fig. 6.

1t can be concluded that oxotremorine can assume a muscarinic
pharmacophore, within its structure, on the basis of theoretical
calculations of its preferred conformations. Although conclusive
pharmacological evidence that would brand oxotremorine as a
central muscarinic agonist is still lacking, these studies implicate
the feasibility of this mechanism.
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1-(Dithioacetic Acid)-Pyridinium Betaines

WILLIAM O. FOYE, YOUNG JA CHO, and KYUNG HEE OH

Abstract [] Active mono-S-alkyl esters prepared from 1-(dithio-
acetic acid)-pyridinium betaine (11I) were found to be sufficiently
stable for screening as radiation-protective agents, and e-withdraw-
ing substituents in the pyridine ring gave stable betaines. Reaction
of the methy] ester of 111 with phenacyl bromide and alkali resulted
in S-alkylation to give a ketene mercaptal betaine (VIII). Both the
allyl and p-nitrobenzyl esters of 1-(dithioacetic acid)-pyridinium
halides were radiation-protective in mice, and betaines with sub-
stituents in the pyridine ring were radiation-protective in a bacterial
test.

Keyphrases [] Antiradiation compounds—synthesis [] 1-(Dithio-
acetic acid)-pyridinium betaines—synthesis [ ] Pharmacological
screening—antiradiation compounds [] IR spectrophotometry—
structure

Amino and guanidino zwitterions containing the
thiosulfate (1), phosphorothioate (2), and trithiocar-
bonate (3) groups, as well as other zwitterionic structures
(4) which contain the B-mercaptoethylamine moiety
have shown appreciable radiation-protective abilities in
mice. a-Acetamidinium thiosulfate zwitterions (5) have
also shown good radiation-protective properties. It
appeared likely, therefore, that other zwitterions con-
taining, or giving rise to, a thiolate anion should be
radiation-protective. Dithioacetic acid pyridinium be-
taines, obtained from the reaction of carbon disulfide
and pyridinium ylids, appeared to have the necessary
structural requirements for protective activity in a
charged nitrogen and a thiolate anion, and were there-
fore investigated for possible radiation-protective prop-
erties.
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Pyridinium betaines are compounds, termed by
Krdhnke (6), which contain a negatively charged carbon,
oxygen, or sulfur adjacent to, or at greater distance
from, the positively charged nitrogen; the term ylid is
now generally used where the charges are on adjacent
atoms. When phenacylpyridinium bromide is treated
with alkali, a red solution of the ylid (I) results. Reaction
with carbon disulfide gives the a-dithiocarboxylate
zwitterion (I1) which decomposes to the dithioacetic
acid betaine (III) in methanolic alkali (6). This com-
pound, although unstable, can be isolated, and remains
stable long enough for derivatives to be prepared. Con-
version to the active allyl and p-nitrobenzyl esters (IV)
was carried out, and compounds of sufficient stability
for antiradiation screening were obtained.

. _
C;H;NCH,;COC:H; Br- ————> C;H,;NCHCOCH; ——>
NaOH CS2

I

4+ CH;OH o+
C:H;NCHCOC:H; ————)N C;H;NCH,CS,~ + CH;CO.CH;
aOH

CSy~
I 11
S
+ RX + i
C:H;NCH,CS,- ——— C;H;NCH,CSR X~
v

Reaction of the dithioacetic acid betaine (III) with
bromoethylamine hydrobromide did not give the
desired ester; also, no reaction with phenyl halides or



2,4-dinitrochlorobenzene took place. Krohnke et al. (7)
have found that the methyl ester of dithioacetic acid
pyridinium betaine exists in methanolic alkali as both
the carbon ylid (V) and the sulfur ylid (VI), and that
alkyl halides react preferentially with the thiolate anion.
To determine whether a di-S-alkyl derivative would
form preferentially to an S-alkyl-C-alkyl derivative,
reaction of the methyl ester (IV) with phenacyl bromide
was carried out. The product, according to the IR
spectrum, was the ketene mercaptal, 2-methylthio-2-
phenacylthio-1-vinylpyridinium bromide (VII). In the
IR, both C=0 and C==C absorption were found; no
absorption due to C=C would be expected in the C-
alkylation product of IV.

Treatment of VII with methanolic alkali gave yellow
crystals of a low-melting, unstable compound from
which HBr had been lost. This compound still revealed
IR absorption due to both C=0 and C=C, as well as
enol, and was therefore concluded to be the betaine
(VIID). Similar treatment of the phenacyl ester of 1-
(dithioacetic acid)-pyridinium bromide (IX) by Krohnke
(6) led to ring-closure to give a stable, high-melting
dihydrothiophene betaine (X), which was ultimately
converted to a thiophene. Compound X was prepared,
and its [R spectrum showed no evidence of either C=0
or C=C. Similar attempts to convert VIII to a dihydro-
thiophene resulted in decomposition.

-
o | + ( _
C.HNCHCSCH, <> CHNCH=CSCH, (OB
v VI
$ NaOH
C.H.NCH=CSCH,COC,H, Br— Y20H_
CH;OH
SCH,
il ?-
+
CH,NCH=CSCH=CCH,
SCH,
VIII
S o~
v NaOl > l
C,H,NCH,CSCH,COCH,; Br™ @L CHN—CH—(—CH,
IX “ S=C.  CH,
X

Besides making modifications in the dithioacetic acid
portion of the molecule, the authors also desired to learn
the effects that e-withdrawing substituents in the pyri-
dine ring might have both on stability of the betaines
and their radiation-protective ability. Accordingly, 1-
phenacyl and 1-p-nitrobenzyl derivatives of nicotin-
amide, ethyl nicotinate, and ethyl isonicotinate were
prepared. Reaction of 1-phenacyl-3-carbamylpyridinium
bromide with carbon disulfide and alkali gave at once a
red solution from which the dithioacetic acid betaine
(XI) was isolated. The compound could not be recrys-
stallized without decomposition, but it was stable after
being dried.

Treatment of 1-p-nitrobenzyl-3-carbamylpyridinium
chloride with carbon disulfide in alkali gave a red solu-
tion only slowly. Isolation of the product and elemental

analysis showed that the p-nitrophenyl group had not
been removed; the a-dithiocarboxylic acid betaine XII
was obtained.

/ _\N?:Hzcs;
NH,C=0
X1
Q\LCIH—QNOZ
NH,C=0 (5~
XII

Similarly, reaction of both 1-phenacyl- and 1-p-
nitrobenzyl-3-carbethoxypyridinium halides with carbon
disulfide and alkali gave the o-dithiocarboxylic acid
betaines without loss of the benzoyl or p-nitrophenyl
groups. The same result was obtained with the 1-phen-
acyl- and 1-p-nitrobenzyl-4-carbethoxypyridinium ha-
lides; in these cases, very poor analyses were obtained
for the products. None of these compounds could be
recrystallized without decomposition, but they were
relatively stable after drying.

RADIATION-PROTECTIVE PROPERTIES!

Tests were carried out in mice cersus 825r (X-rays) with an ob-
servation period of 30 days. The p-nitrobenzyl ester (IV) of dithio-
acetic acid pyridinium chloride gave fair protection (33 %,), and the
allyl ester (IV) provided slight protection (17%) to mice. In anti-
radiation testing on bacteria, 1-(dithioacetic acid)-3-carbamylpyrid-
inium betaine (XI) gave good protection (>45%;), and the o-p-
nitrophenyl-3-carbamyl (XII), a-benzoyl-3-carbethoxy (XIII), and
a-p-nitrophenyl-4-carbethoxy pyridinium dithioacetic acid betaines
gave poor protection (1-24%).

EXPERIMENTAL

Analyses for carbon, hydrogen, and nitrogen were done by Weiler
and Strauss, Oxford, England. Sulfur analyses were done by Parr
bomb peroxide fusion. Melting points were taken on a Mel-Temp
apparatus and are corrected. IR absorption spectra were obtained
with a Perkin-Elmer model 137B spectrometer.

1-(Dithioacetic acid)-pyridinium Betaine (ITI)—Phenacylpyridin-
ium bromide (6) (28 g., 0.10 mole) was dissolved in 120 ml. of meth-
anol, and 8 ml. of carbon disulfide (0.12 mole) was added at room
temperature, followed by 60ml. of 2 N methanolic sodium hydroxide.
After 2 hr., the orange crystals were filtered and washed with
water. Recrystallization was accomplished from water not over
60°, giving 15.3 g. (909), m.p. 110-112° (lit. m.p. 110°) (6). The
product decomposed after standing in a desiccator for a day.

Anal —Caled. for C;H/NS;: S, 37.87. Found: S, 38.05.

1-(Dithioacetic acid p-nitrobenzyl ester)-pyridinium Chloride (IV)—
p-Nitrobenzyl chloride (1.71 g., 0.01 mole) was dissolved in di-
methylformamide (20 ml.), and 1-(dithioacetic acid)-pyridinium
betaine (1.57 g., 0.009 mole) was added gradually with stirring.
A red solution resulted from which yellow crystals were separated
and washed with ether. The yield was 1.03 g. (37%); m.p. 167-
168°.

Anal—Calcd. for GHi;CIN,O:S:: C, 49.34; H, 3.80; N, 8.25;
S, 18.82. Found: C, 48.66; H, 3.89; N, 7.99; S, 19.25,

1-(Dithioacetic acid allyl ester)-pyridinium Bromide (IV)—1-(Di-
thioacetic acid)-pyridinium betaine (0.85 g.,0.005 mole) was added to
a solution of chloroform (5 ml.) and allyl bromide (2 ml., 0.01 mole).
Warming on a water bath gave a red solution, and addition of ether

1 Antiradiation screening of some of the compounds described has
been carried out at the Walter Reed Army Institute of Research, and
results have been reported through the courtesy of Drs, D. P. Jacobus
and T. R, Sweeney.
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produced yellow crystals, which were filtered and washed with
ether. The yield was 1.0 g. (71%); m.p. 107-111°,

Anal —Caled. for CioHppBrNS:: C, 41.38; H, 4.40; N, 4.82;
S, 22.10. Found: C, 40.92; H, 4.46; N, 4.67; S, 22.68.

1 - (2 - Methylthio - 2 - phenacylthio - 1 - vinyl) - pyridinium
Bromide (VII)—1-(Dithioaceticacid methyl ester)-pyridiniumbetaine
(6) (1.83 g., 0.01 mole) was dissolved in 5 ml. of chloroform, and
phenacy! bromide (2.0 g., 0.01 mole) was added. A yellow solution
resulted, and addition of ether and refrigeration for a few days
produced yellow crystals; 3.08 g. (81%), m.p. 90-95°; IR (KBr)
1675 (C=0), 1630 (C=C), 1600 (doublet, ring stretch) cm. %

Anal.—Calcd. for C,HisBrNOS;: C, 50.26; H, 4.19; N, 3.66;
S, 16.77. Found: C, 49.71; H, 4.26; N, 3.58; S, 16.20.

1 -(2 - Methylthio - 2 - phenacylthio - 1 - vinyl) - pyridinium Betaine
(VIII)—To a solution of the previous product (3.82 g., 0.01 mole) in
5 ml. of methanol cooled by an ice bath was added 2 N methanolic
sodium hydroxide. After the solution was refrigerated for 1 hr.,
yellow crystals appeared and were filtered and washed with water.
Recrystallization from methanol gave 2.35 g. (75%), m.p. 80~-83°;
IR (mineral oil) 1675 (C==0), 1615 (C=C), 1575 (enol) cm.~*.

Anal.—Calcd. for C¢HisNOS,: C, 63.78; H, 4.19; N, 4.64;
S, 21.28. Found: C, 63.32; H, 4.67; N, 4.24; S, 21.03.

1-Phenacyl-3-carbethoxypyridinium Bromide—A solution of
ethyl nicotinate (8), (6.53 g., 0.044 mole), phenacyl bromide (7.86 g.,
0.044 mole), and methanol (60 ml.) was refluxed for 16 hr. The
solvent was removed by a stream of air, and the residue was washed
with ether. Recrystallization from ether—methanol gave 14 g. (93 %);
m.p. 181-182°,

Anal—Calcd. for CsHieBrNO;: C, 54.87; H, 4.61; N, 4.00.
Found: C, 54.61; H,4.65; N, 3.62.

1-(p-Nitrobenzyl)-3- carbethoxypyridinium Chloride—A solution
of ethyl nicotinate (8) (3.02 g., 0.02 mole), p-nitrobenzyl chloride
(3.24 g., 0.02 mole), and methanol (30 ml.) was refluxed for 35 hr.
Addition of ether produced yellow crystals which were collected
and recrystallized from ether-methanol, giving 2.15 g. (41 %); m.p.
96-97°,

Anal —Caled. for C:HisCIN,O,: C, 55.82; H, 4.68; N, 8.68.
Found: C, 55.66; H,4.95; N, 8.85. ..

1-Phenacy!-4-carbethox ypyridinium Bromide—A solution of ethyl
isonicotinate (8) (7.55 g., 0.05 mole), phenacyl bromide (9.95 g., 0.05
mole), and methanol (95 ml.) was refluxed for 5 hr. The solvent was
evaporated, and the residue was washed with ether. The product
was recrystallized from methanol, giving 15.1 g. (85%) of yellow
crystals, m.p. 183.5-185°.

Anal —Caled. for C,¢HheBrNO;: C, 54.87; H, 4.61; N, 4.00.
Found: C, 54.60; H, 4.51; N, 4.12,

1-(p-Nitrobenzyl)-4-carbethoxypyridnium Chloride—A solution
of ethyl isonicotinate (8) (7.55 g., 0.05 mole), p-nitrobenzyl chloride
(8.56 g., 0.05 mole), and methanol (25 ml.) was refluxed for 24 hr.
The solvent was removed by a stream of air, and the residue was
washed with ether. Recrystallization from ether-methanol gave 8.0
g. (49%); m.p. 173.5-174°.

Anal—Calcd. for C15H15C1N204: C, 5582, H, 468, N, 8.68.
Found: C, 55.32; H, 4.75; N, 8.82.

1-(Dithioacetic acid)-3-carbamylpyridinium  Betaine (XI)—
1-Phenacyl-3-carbamylpyridinium bromide (9) (11 g., 0.034 mole)
dissolved in 1 1. of methanol was treated with carbon disulfide (2.6 g.,
0.34 mole) dissolved in 4 ml. of methanol, and the solution was
stirred at room temperature for 25 min. It was then treated with 20
ml. of 2 N NaOH in methanol, stirred at 5-10° for 25 min., and
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stored over dry ice overnight. The orange precipitate was filtered,
washed with cold ether, and dried in vacuo. The yield was 2.53 g.
(35%); m.p. 104.5-107°.

Anal—Caled. for CGHgN.0S,: C, 45.26; H, 3.79; N, 13.19.
Found: C, 45.36; H, 3.92; N, 12.95.

1-[a-(p-Nitrophenyl)dithioacetic acid]-3-carbamylpyridinium Be-
taine (XII)—I1-(p-Nitrobenzyl)-3-carbamylpyridinium chloride (9)
(2.93 g., 0.01 mole) dissolved in 250 ml. of methanol was treated with
carbon disulfide (1 g., 0.013 mole) dissolved in § ml. of methanol.
Addition of 6 ml. of 2 N NaOH in methanol gave a red solution
which deposited greenish crystals when stored over dry ice. A yield
0f 2.19 g.(67 %) was obtained; m.p. 115-117°.

Anal.—Caled. for CiHiNsOsS,: C, 50.43; H, 3.32; N, 12.63.
Found: C,49.97; H, 3.44; N, 12.39.

1-(a-Benzoyldithioacetic acid)-3-carbethoxypyridinium Betaine
(XIII)—To 1-phenacyl-3-carbethoxypyridinium bromide (3.5 g., 0.01
mole) in 32 ml. of methanol was added carbon disulfide (1 g., 0.013
mole) in 5 ml. of methanol, and the solution was stirred for 15 min.
Addition of 6 ml. of 2 N NaOH in methanol gave a red solution from
which a black precipitate appeared after several hours at room tem-
perature. The product was collected and washed with cold ether,
giving 0.77 g. (29 %) of red-black solid ; m.p. 120-124°,

Anal—Calcd. for CyHisNOsS,: C, 59.11; H, 4.37; N, 4.06.
Found: C, 59.84; H, 3.99; N, 4.23.

1-[«-(p-Nitrophenyl)dithioacetic acid]-3-carbethoxypyridinium
Betaine—1-p-Nitrobenzyl-3-carbethoxypyridinium chloride (2 g.,
0.006 mole) in 10 ml. of methanol was treated with carbon disulfide
(0.5 g., 0.006 mole) in 2 ml. of methanol, and the solution was re-
fluxed 3 hr. After addition of 2 N NaOH in methanol (3.6 ml.),
a red precipitate appeared, which was filtered and dried. The
yield was 1.7 g. (75%); m.p. 125-126°,

Anal—Caled. for C16H14N204822 C, 5302, H, 395, N., 7.74.
Found: C, 5§3.17; H, 4.53; N, 8.37.
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Trace Solvent Contamination as Determined

by Surface Pressure Measurement

JOEL L. ZATZ

Abstract (] Amphipathic contaminants, present in organic solvents,
were detected by spreading the solvent on water and measuring its
surface pressure. The method is quite sensitive and, in many cases,
is superior to conventional techniques.

Keyphrases [] Solvent contamination, trace—determination [J
Contaminants in solvents—surface pressure effect [] Surface pres-
sure measurements—solvent contamination determination

A number of instances have been reported in which
the presence of small quantities of impurities caused a
significant change in the properties of the system. For
example, the stability of suspensions of channel black in
toluene was increased considerably by the presence of
traces of moisture in the solvent (1). Contact angle hys-
teresis in experiments on wetting of solids by liquids has
been ascribed to the presence of impurities (2). In studies
of adsorption bysolids from the liquid phase a high order
of solvent purity is necessary. Traces of contaminants
may be preferentially adsorbed, leading to spurious
results (3). Similar considerations apply to work on
monolayers. Surface-active impurities will be concen-
trated at the interface resulting in a considerable error.
Grease from the fingers may represent an important
source of contamination (4).

Spectroscopy and chromatography are often used to
check the purity of solvents. Both of these methods are
capable of detecting small concentrations of foreign
substances, under favorable conditions. However,
spectroscopy is useful only at wavelengths at which the
pure solvent does not itself strongly absorb. Of the
various chromatographic techniques, gas chroma-
tography is probably the most sensitive. Contaminants
of very low volatility (polymers for example) may be
sorbed so strongly by the column that they are not
eluted for many hours.

In this communication, another method for detecting
solvent contamination is described. A small quantity of
the liquid to be tested is spread on an aqueous substrate.
Water-insoluble molecules and a number of water-
soluble amphipathic molecules and polymers will be
concentrated at the air-water interface, causing changes
in surface tension which are easily detectable.

EXPERIMENTAL

Water employed as the substrate was deionized and then dis-
tilled in an all-glass stiil. All organic liquids were reagent or spectro
grade. Glassware was cleaned in chromic acid cleaning solution
prior to use. Near IR spectra were obtained using the Beckman
DK-2 spectrophotometer. All gas chromatography was performed
using a Perkin-Elmer vapor fractometer, model 154. A column of
propylene glycol was employed; helium was the carrier gas.

The Teflon surface balance has been previously described (5).
Surface tension was determined by the Wilhelmy plate method (6),
using a roughened platinum plate, The apparatus employed had a

Table [—Surface Pressure of Pure Organic Liquids
Spread on Water

Surface Pressure,

Liquid dynes/cm,
Hexane 0.2
Benzene 0.2
Isopropanol 1.2
Acetone 0.7

sensitivity of 0.1 dynes/cm. The water surface was swept with the
Teflon barrier. Then 1 ml. of the organic liquid to be tested was
placed dropwise on the water surface and allowed to spread. After
a waiting time of 10 to 15 min. the barrier of the surface balance
was moved so as to reduce the available surface area to 80 c¢m.?
and the surface tension was determined.

RESULTS AND DISCUSSION

The spreading experiments are summarized in Table I. Results
are expressed in terms of surface pressure, which is the decrease in
surface tension using a clean water surface as reference. All of the
liquids tested had positive spreading coefficients (7), and spreading
was observed visually in all cases. Volatile, poorly soluble liquids,
such as benzene and hexane, would be expected to disappear very
rapidly from the surface, producing a negligible surface pressure.
However, even liquids as water-insoluble as these may diffuse
through the surface layers of water and require some time for back
diffusion to the surface and subsequent evaporation (8). For this
reason, it is necessary to wait for about 10 min. after spreading
before measuring surface pressure. Pure, insoluble liquids will
then indeed yield no significant surface pressure (Table I).

Molecules of water-soluble substances, such as isopropanol
and acetone, are distributed between the surface and bulk regions,
resulting in a low surface pressure (Table 1). The surface pressure
values obtained for these solvents were independent of surface area
and persisted after the surface was swept clean. The observed sur-
face pressures were therefore due to the presence of solvent mole-
cules in the interface and not to impurities. Regardless of the solu-
bility of the solvent, impurities concentrated at the surface cause
large changes in surface pressure, which indicate their presence.

The sensitivity of the spreading test was recently demonstrated
in this laboratory. A sample of benzene spectrograde, taken from
an old bottle which had been opened many times, gave a surface
pressure of 11.3 dynes/cm. when spread on water. Near IR spectra
of the contaminated benzene and of benzene known to be pure
were identical. Gas chromatography at low attenuation of the
impure sample yielded a large peak and a much smaller one (whose
area was about /a0 that of the large peak). The pure sample of
benzene produced the same two peaks of the same relative size.

The impure sample of benzene was passed through a silica gel-
alumina column. The purified material, spread on water, gave a
surface pressure of 0.2 dynes, showing that the contaminant had
been removed by the column.

Assume, for purposes of calculation, that contamination oc-
curred as a result of careless handling and that the contaminant
was a skin lipid. Skin phospholipids spread on water occupy an
area of about 80 to 100 A.2 per molecule at moderate surface
pressures (9). Under the conditions of the author’s spreading test
one could therefore be capable of detecting less than 101¢ molecules,
or about 1078 moles of contaminant.

The spreading test may be extended to nonspreading liquids
which are volatile or water-soluble. Such liquids may be deposited
on the surface by first dissolving them in a solvent (e.g., hexane)
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which is capable of spreading. The spreading test may also be
applied in certain cases to the detection of solid contaminants,
such as detergents which are leached by solvents. The recent report
of silicones present in disposable syringes (10) suggests another
possible application. Silicones are surface active; if spread on water,
as little as 0.01 mg. can easily be determined (11).

Although the spreading method is very sensitive, it is limited
to those impurities which are not very volatile and which have some
affinity for the surface. Included in this category are surfactants,
lipids, most polymers, and some other materials such as steroids
and antibiotics. The method is incapable of detecting, for example,
the presence of low boiling homologs or isomers in hexane. Therefore
it should not be considered a substitute for other methods of check-
ing purity. Nevertheless, if it is necessary to determine trace quan-
tities of surface-active impurities, the spreading method represents a
convenient and efficient tool.
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Anticholinesterase Activity of Some Degradation Products

of Physostigmine

B. A. HEMSWORTH and G. B. WEST

Abstract [] The anticholinesterase activities of four degradation
products of physostigmine have been determined in vitro using
biochemical and biological assay techniques and iz vivo by means
of the rat chromodacryorrhea response. The degradation prod-
ucts are at least 100 times less active than the parent compound as
anticholinesterase agents. Eseroline, rubreserine, and eserine blue
are effective in high concentrations against the cholinesterase of
horse and rabbit plasma but are much less active against the red
blood celi cholinesterase; they exert no inhibitory action on the
two human cholinesterase enzymes. In vivo, the degradation prod-
ucts are at least 1000 times less active than physostigmine. Lack of
coloration of solutions of physostigmine does not necessarily
indicate full anticholinesterase activity because a colorless product
of hydrolysis, eseroline, possesses little or no anticholinesterase
activity.

Keyphrases (] Physostigmine—degradation products [ Anti-
cholinesterase activity—physostigmine degradation products [J
Biological assay—physostigmine degradation products (] In vitro
assay—physostigmine degradation products activity

When physostigmine in solution undergoes decom-
position, a red-colored compound is formed which
turns blue on further decomposition (1). Hydrolysis
which initially removes the urethane grouping and pro-
duces eseroline, a colorless compound (Scheme 1), is
followed by oxidation to yield rubreserine, a red mate-
rial, which is converted into eserine blue or eserine
brown. The molecular weight of eserine blue exceeds
that of rubreserine and it has been suggested that con-
densation of rubreserine with other physostigmine
degradation products occurs at this stage in the reaction.
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The end product of the degradation by heat or by expo-
sure to oxygen and alkali is eserine brown.

The anticholinesterase activity of these degradation
products has been investigated. Their biological activity
has particular relevance as solutions of physostigmine
are used in ophthalmology. Furthermore, in the prepa-
ration of eye drops sterilization is effected by filtration or
by autoclaving the solution at 98 to 100° for 30 min.
(BPC, Supplement, 1966) or by steam sterilization at
121°. (USP XVII, 1965). This heating process may re-
sult in decomposition of the physostigmine, with possi-
ble loss of activity. A preliminary note concerning this
work has been published (2).

METHODS

Warburg Manometric Techniqgue—The anticholinesterase activity
of the different compounds was compared by this technique using
horse serum (0.5 ml.) as the source of cholinesterase and acetyl-
choline (0.5 ml.) at a final concentration of 0.0138 M (3) as the sub-
strate. The pH value of the incubation mixture was controlled by
adding 1.5 ml. of 0.04 M sodium bicarbonate (adjusted to pH 7.6 by
the addition of hydrochloric acid) and each compound under test
was added to 0.5 ml. of this bicarbonate solution before addition to
the incubation flask. The total volume of fluid in each flask was 3
ml. After gassing with a mixture of 959 nitrogen and 577 carbon
dioxide for 10 min., the flasks were incubated at 37° and the ma-
nometers read at 10-min. intervals for 30 min. Values in the text are
the mean of three experiments. Differences in percentage inhibition
greater than 1577 are significant (p = 0.05).

Biological Assay Technique—Horse serum (0.1 ml.) was used as
the source of cholinesterase, with acetylcholine as the substrate
(2 ml. of 5 mcg./ml.). Each compound under test was dissolved in 2
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dioxide for 10 min., the flasks were incubated at 37° and the ma-
nometers read at 10-min. intervals for 30 min. Values in the text are
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Scheme I—The relationship between physostigmine and some of its
degradation products.

ml. of 0.04 M sodium bicarbonate and added to the incubation
mixture, Incubation was carried out at 37° for 30 min., during which
time all of the acetylcholine was hydrolyzed when no anticholin-
esterase was present, In the presence of an inhibitor, the residual
acetylcholine was assayed biologically on three different prepara-
tions. The isolated colon and uterus of a rat were set up in de
Jalon’s solution at 32° while the ileum of a guinea pig was suspended
in Tyrode’s solution also at 32°. Contractions were recorded iso-
tonically on a Grass polygraph. Assays were carried out using the
2 X 2 dose schedule. The amounts of anticholinesterase and horse
serum used had no effect on any of these assay preparations. Values
in the text are the mean results from the three preparations. Differ-
ences in percentage inhibition greater than 15% are significant
(p = 0.05).

Anticholinesterase Activity Using Plasma and Red Blood Celis—
Blood was collected from rabbits, man, and horses into heparinized
syringes. After centrifugation to obtain the plasma, the red cells
were washed three times with 0.9 %7 (w/v) saline and then haemolyzed
in a volume of distilled water corresponding to the initial volume of
plasma. The anticholinesterase activities of the compounds under
test were then compared using the biological assay techniques, as
described previously.

Chromodacryorrhea Test in Rats—Male rats (100-200 g.)
were first injected subcutaneously with acetylcholine (200 mcg./100
g. rat) and those producing red tears within 2 min, were used (4).
The anticholinesterase activities of the test compounds were then
evaluated by injecting them intraperitoneally 30 min. before the
subcutaneous injection of a smaller dose of acetylcholine (20 mcg./
100 g. rat), and examining for the presence of red tears at 2-min.
intervals for 14 min.

Degradation Products of Physostigmine—Samples of eseroline,
rubreserine, eserine blue, and eserine brown were supplied by Dr.
G. A. Smith, Department of Pharmacy, Heriot-Watt University,
Edinburgh, Scotland. They were dissolved in freshly distilled water
and the solutions were stored at 4° until required.

RESULTS

Anticholinesterase Activity Determined Manometrically—Con-
centrations of physostigmine as low as 1078 M were effective in
inhibiting the cholinesterase of horse serum and higher concentra-
tions had correspondingly greater activities (Fig. 2). All the degrada-
tion products tested were less active than the parent compound and
activities of these products at concentrations of 5 X 10~ M only
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Figure 1—T"e anticholinesterase activities of physostigmine (ES),
eseroline (EL), rubreserine (R), eserine blue (E Blue), and eserine
brown (E Brown), determined manometrically using horse serum as
the source of cholinesterase. The ordinate shows percentage in-
hibition of cholinesterase with reference to 5 X 1075 M physostigmine
as 100%,. The effects of graded concentrations of physostigmine are
also shown for comparison.

are recorded. Eserine blue was the most active of these products and
at this concentration produced 52 % inhibition of the cholinesterase,
comparable with that produced by physostigmine at 10~7 M (Fig. 1).
Thus, eserine blue is at least 500 times less active as an anticholin-
esterase agent, and eseroline is about 5000 times less active in this
test.

Anticholinesterase Activity Determined Biologically—Concentra-
tions of physostigmine as low as 1077 M were effective in reducing
the cholinesterase activity of horse serum and higher concentrations
exerted greater activity (Fig. 2). All the degradation products were
less active than the parent compound which reduced cholinesterase
activity to 549 of control at 10-7 M. The most active of these
products, eserine blue, is about 100 times less active than physostig-
mine in this test.

Inhibition of Cholinesterase of Plasma and Red Blood Cells—
Concentrations of physostigmine greater than 10~ M completely
inhibited both plasma and red cell cholinesterase of rabbit, horse,
and man. Comparisons of the activities of the degradation products
of physostigmine are shown in Fig. 3 where only concentrations of
5 X 1075 M are recorded. Eserine blue, the most active of the degra-
dation products, inhjbited the pseudo-cholinesterase of rabbit plasma
by about 509, but it was almost inactive against the true cholin-
esterase of the red cells; against the cholinesterase of horse plasma,
it exerted about 607 inhibition (as it did against horse serum, Figs.
1 and 2) whereas it was only slightly less active against the cholines-
terase of horse red cells ; however, it was inactive against the cholin-
esterase enzyme of both human plasma and red cells. This difference

100 r
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0 " 2
S EL R £ E ES ES ES ES
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5 X 105 M 10-510-610-7 108
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Figure 2—The anticholinesterase activities of physostigmine (ES),
eseroline (EL), rubreserine (R), eserine blue (E Blue), and esrine
brown (E Brown), determined biologically using horse serum as the
source of cholinesterase. The ordinate shows percentage inhibition
of cholinesterase with reference to 5 X 1075 M physostigmine as
100%. The effects of graded concentrations of physostigmine are
also shown for comparison.
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Figure 3—The anticholinesterase activities of physostigmine (ES),
eseroline (EL), rubreserine (R), eserine blue (E Biue), and eserine
brown (E Brown) determined biologically using plasma (open col-
umns) and red blood cells (closed columns) as sources of cholinesterase.
Activities recorded on the ordinate are percentages of those obtained
with 5 X 10~ M physostigmine. All compounds were tested at
concentrations of 5 X 107* M. A = rabbit, B = horse, C = man.

in activity of eserine blue against the cholinesterases of all three
species contrasts markedly with that of physostigmine, which was
equally active against the true and pseudocholinesterases, even at
concentrations of 10~% M. The other degradation products of phy-
sostigmine were less active than eserine blue; with the rabbit and
horse enzymes, they had greater effects on the plasma cholinesterase,
but with the human enzymes, all were without significant effect at
concentrations of 5 X 1078 M.

Rat Chromodacryorrhea Response—Physostigmine was active
at doses of 0.1 mg./kg., red tears being produced within 2 min. of
the injection of acetylcholine. However, eserine blue, rubreserine,
and eseroline were about 1000 times less active than physostigmine
in this test. Eserine brown was inactive at all dose levels tested.

DISCUSSION

The results show that the degradation products of physostigmine
used in the present work are all much less active as anticholinesterase
agents than the parent compound. These products lack the urethane
grouping, but it is of interest that when oxidation occurs the anti-
cholinesterase activity first increases and then decreases. Thus,
eserine blue is more active than rubreserine or eseroline and under
certain circumstances may exert an activity equivalent to about 1%
of the parent compound. This result agrees with that of Ellis e al.
(5) who showed that eserine blue was more active than rubreserine
as an anticholinesterase agent. However, these workers were unable
to find any anticholinesterase activity in eseroline or eserine brown.
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The results using the standard Warburg technique agree well with
those involving biological assay of the residual acetylcholine, when a
standard enzyme preparation such as horse serum is used. When the
two cholinesterases of horse blood are used as the source of the
enzyme and comparisons are made of the anticholinesterase activ-
ities of the degradation products, rubreserine and eserine blue have
a greater inhibiting effect on the plasma cholinesterase. With rabbit
blood, almost no activity has been found at the high concentrations
tested on the red cell enzyme although results with the plasma
enzyme have corresponded well with those obtained using the horse
enzyme. Both human plasma enzyme and red cell cholinesterase are
not inhibited to any great extent by these degradation products when
used at concentrations of 5 X 10~® M, however, physostigmine is
equally active against both enzymes in much lower concentrations
(6, 7). It is most likely that species differences of plasma cholin-
esterase (8-10) play a role in the different degrees of inhibition of
cholinesterase produced by the degradation compounds.

From the clinical point of view, only physostigmine therefore
exerts an anticholinesterase activity, and this is supported by the
results of the in vivo test where the red tear response involving
protection of the injected acetylcholine from both true and pseudo-
cholinesterases shows that all the degradation compounds (including
eserine blue) are 1000 times less active than physostigmine. The
similar activities of the degradation compounds in vivo may be due
to the fact that male rats were used in this test and male rat serum
has been shown to contain much lower levels of pseudo-cholinester-
ase than does the serum of female rats (11, 12).

Since all ophthalmic solutions (BPC and USP) are now required
to be sterile and physostigmine eye drops may be sterilized by heat,
the formation of relatively inactive decomposition products (one of
which is colorless) must be taken into account. These intermediate
products have no therapeutic value and so the appearance of a pink
color is not the only guide to loss of activity of the solution because
a colorless solution may also be inactive.
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Sterically Hindered Esters of Vitamin A II: Vitamin A

a,a-Dimethylpalmitate

A. J. FORLANO*, C. I. JAROWSKI, H. F. HAMMER, and E. G. MERRITT

Abstract [ ] A previous study showed that short-chain sterically
hindered esters of vitamin A demonstrated better stability in solu-
tion than the commercial plamitate. The oxidative stability of the
short-chain sterically hindered esters, however, was poor. This
work indicated that a long aliphatic chain with steric hindrance in
the a-position was necessary for maximal stability. A compound
of this type, vitamin A «,a-dimethylpalmitate, was prepared and
evaluated.

Keyphrases [] Sterically hindered vitamin A esters [] Vitamin
A a,a-dimethylpalmitate—synthesis [] Stability—vitamin A a,a-di-
methylpalmitate [] UV spectrophotometry—analysis [[] IR spectro-
photometry—analysis

The possibility of developing a vitamin A ester of
optimum stability was suggested by the observation
that steric hindrance in the a-position of the acid
portion was required for good solution stability and that
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Vitamin A «,e-dimethylpalmitate
Scheme I

Preparation of Vitamin A a,o-Dimethylpalmitate

Table I—Time Required for Complete Oxidative Degradation of
Vitamin A Esters at 64°

Vitamin A Vitamin A
Palmitate a,c-Dimethyl-
Commercial palmitate
Additives BHA = BHT? BHA, BHT
Degradation time, hr. 64 184
Stability factor (ratio to vitamin
A palmitate) 1.0 2.86

s Butylated hydroxyanisole. » Butylated hydroxytoluene,

a long aliphatic chain was required for maximal oxida-
tive stability (1, 3). Previously, Forlano and Harris (2)
prepared a series of vitamin A esters containing an
electronegative group such as chlorine in the a-position
of the acid portion. These esters demonstrated increased
stability in anhydrous ethanolic HCl compared to
commercial vitamin A palmitate. Biologically inactive
anhydrovitamin A, formed by the elimination of a
molecule of water, was the main degradative pathway in
acidic solutions. Since it also was observed that the
resultant polarization of the ester linkage by the electro-
negative groups rendered these esters more sensitive to
solvent-catalyzed elimination, the increased stability in
anhydrous acidic media was somewhat academic.

A careful re-examination of the Forlano and Harris
data (2) indicated that the replacement of the electro-
negative groups with electropositive groups should
yield esters having greater stability towards solvent-
and base-catalyzed attack. A series of compounds in-
corporating electropositive groups in the a-position of
the esters (1, 3) were demonstrated to resist such attack.
The excellent stability pattern of these esters in alcoholic
acid was quite unexpected, since it was assumed that the
introduction of an electropositive group would increase
the basicity of the carbonyl group and consequently
favor proton-catalyzed attack. It became evident that
steric factors as well as electronic effects were important
parameters in the stability of vitamin A esters. These
data indicated that reactions which involved either
hydrolysis of the ester or lysis of the alkyl oxygen bond
as the initiating step of the degradation were consider-
ably decreased by the introduction of steric hindrance
in the a-position of the acid. The increase in steric
hindrance from a methyl to an ethyl group produced
a slight but significant increase in solution stability.
These short-chain (C;—Cs) esters, however, lacked good
oxidative stability, suggesting the need for a long
aliphatic chain.

From previous studies, therefore, it was determined
that the features needed for optimum stability in a
vitamin A ester are:
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Table II—Stability of Vitamin A Esters at 20° in the Presence of Diacetyl Tartaric Acid Mono- and

Diglycerides With and Without Corn Qil

] ~DMPe-— — —DMP + Corn Oil-—— VAP? — —VAP + Corn Oil-—

Time, 7 A % 7%
days units/g. Retained units/g. Retained units/g. Retained units/g. Retained
0 (est.) 324,000 — 324,000 — 324,000 — 324,000 —

i1 278,000 86 329,000 100 182,000 56 263,000 81

21 227,000 70 303,000 94 122,000 38 215,000 66

42 208,000 64 292,000 90 No Uve 0 182,000 56

90 158,000¢ 49 255,000¢ 79 No UVve 0 No UVe 0

@ Vitamin A a,e-dimethylpalmitate, ¢ Vitamin A palmitate. ¢ No detectable vitamin A by UV method; samples had solidified indicating that
considerable oxidation and polymerization haa occurred. 4 Samples still fluid at this time,

. Steric hindrance in the a-position of the acid
portion, provided by electropositive alkyl groups, which
protect the carbonyl and alkyl oxygen groups from
reactive species through physical blockage and elec-
tronic effects.

2. A long aliphatic chain to protect the conjugated
double bond system from oxygen.

Vitamin A ¢,a-dimethylpalmitate, Scheme I, which was
not prepared previously theoretically appeared to satisfy
all these requirements, and this report, describing its
preparation and properties, shows that it does. The
biological availability of vitamin A from the «,a-
dimethylpalmitate and «,a-methylethylcaproate will
be discussed in a future report.

EXPERIMENTAL

The a,a-dimethylpalmitic acid was prepared by the method of
Bui-Hoi ez al. (4). The acid chloride, prepared by reacting the acid
with thionyl chloride, was subsequently condensed with vitamin A
alcohol to form the ester.

Materials—Sodamide 90%,! isobutyrophenone,? 1-bromotetra-
decane,?® and diethylene glycol.!

Procedure—FEighty-cight grams sodamide (2.03 moles) was added
to 600 ml. boiling dry toluene in a three-neck flask equipped with a
reflux condenser, dropping funnel, and thermometer; 300 g. isobu-
tyrophenone (2.03 moles) was added dropwise to the stirring mixture
and the system was refluxed for 1 hr. after the addition was com-
pleted. The reaction mixture was cooled to room temperature and
400 g. 1-bromotetradecane (1.45 moles) was added and stirring was
initiated. After the initial evolution of heat subsided, the mixture
was refluxed for 4 hr. with stirring. The cooled mixture was slowly
poured into 5 1. 5% acetic acid solution cautiously, since some
unreacted sodamide may be present.

The separated organic solution was washed with water until free
of base, dried with anhydrous Na.SO, and the toluene was removed
by atmospheric distillation. The isobutyrophenone and 1-bromo-
tetradecane were subsequently removed by vacuum distillation at
85-95° 15 mm. and 151-168° s mm., respectively. There were 486 g.
a,c-dimethylpalmitophenone (1.41 moles) collected at 213-217° ¢ mam.
(875 yield) and this was added slowly to a suspension of 72 g.
sodamide in 600 ml. boiling anhydrous toluene with stirring. The
suspension was refluxed for 8 hr. and the cooled mixture was care-
fully washed with water to destroy any excess sodamide. Emulsifica-
tion at this point can be reversed by distilling the mixture, since
water forms an azeotrope with toluene which distils below the
boiling point of both solvents. The residue was vacuum distilled
using an air condenser, and 344 g. a,a-dimethylpalmitamide was
collected by distilling between 229-235° 4 mm.. Then 344 g.(1.21 moles)
of the amide was hydrolyzed in 1250 ml. diethylene glycol contain-
ing 265 g. KOH by heating the mixture at 210~-220° for 16 hr. with
constant agitation. The cooled solution was diluted with three
times its volume of water and made strongly acidic with concentrated

! Matheson Coleman & Bell,
2 Eastman No. 6272.
3 Eastman No. 3558.
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HCL. The free fatty acid, which rose to the top of the solution, was
removed with chloroform. The chloroform layer was washed with
water until neutral and the solvent was removed. The residue was
distilled under vacuum and 200 g. of a material corresponding to
a,a-dimethylpalmitic acid was collected at 225-236° 54 um.. The
boiling point was the same as that reported by Bui-Hoi et al. (4).

The acid was converted to 142 g. of the acid chloride, b.p. 148~
150° 1 mm. by refluxing 197 g. of the former compound with 166 g.
thionyl chloride in CHCl;. Subsequently, 81 g. of the acid chloride
was reacted with 80 g. vitamin A alcohol to yield 53 g. of vitamin A
ester, purified by the alumina-column chromatographic procedure
of Forlano and Harris (2). This material had an absorption maxi-
mum at 327 my, which is typical of vitamin A esters, and an g =
84.71 in isopropyl alcohol corresponding to 1.52 X 106 units of
vitamin A/g. The IR spectrum was typical of a vitamin A ester
showing no alcohol peaks. The heavy metal content was insigni-
ficant.

Vitamin A esters are not crystalline and because of their high
molecular weight and lack of thermal stability they do not lend
themselves to melting point or boiling point determinations. Con-
sequently, the major determination of purity for vitamin A esters
is the a determination (a measure of the concentration of vitamin A
chromophore) at the vitamin A ester’s UV maximum. The absence
of shoulders on either side of the maximum indicated the absence
of oxidative, isomerization and eliminative degradation products
in the sample. The IR spectrum showed an absence of starting
materials such as alcohols, carboxylic acids, or acid chlorides.
The combination of column chromatography, proper UV maxi-
mum, and a value with an absence of shoulders and a good IR
spectrum indicated that the product was chemically pure.

Testing Under Use Conditions—The new ester and commercial
vitamin A palmitate were studied in a series of practical use tests.
The first was a thin-film oxidation test at 64° by the previous
method (1). The time required for the complete oxidation of the
ester (Table I) indicated that the new ester was more resistant to
oxidation than commercial vitamin A palmitate. All vitamin A
assays were performed by the USP method (5).

Since vitamin A palmitate is the most stable commercial ester of
vitamin A in resisting acid degradation, the relative stability of
the a,a-dimethylpalmitate was determined in an acidic medium
known to cause rapid degradation of the palmitate. The agent used
was an acidic emulsifying agent, diacetyl tartaric acid mono- and
diglycerides.* The tests were conducted by dissolving enough vitamin
A ester in the emulsifying agent to produce an initial concentration
of 325,000 units/g. In the second part of this experiment the esters
were dissolved in a mixture of equal parts of the emulsifying agent
and corn oil (Wesson Oil). The samples were stored at 20° and were
periodically assayed by the USP method (5). Table II shows that
commercial vitamin A palmitate was completely inactivated in 42
days while the a,a-dimethylpalmitate ester retained half its original
potency for twice as long. Corn oil prolonged the stability of the
samples possibly due to a reduction in concentration of the acidic
emulsifying agent.

The stability of the esters in the emulsifying agent was also deter-
mined at 28°. Table III shows that vitamin A palmitate was com-
pletely inactivated in half the time at 28° than at 20°. The slower
rate of decomposition of the a,a-dimethylpalmitate was approxi-
mately the same at both temperatures.

¢ Marketed as TEM-4C by Hachmeister Division, H. J, Heinz Co.



Table HII—Stability of Vitamin A Palmitate and Vitamin A «,a-
Dimethylpalmitate in Diacetyl Tartaric Acid Mono- and Diglyc-
erides at 28°

Table IV—Degree of Isomerization of Vitamin A/Esters (in Terms
of Maleic Values®) in the Presence of the Acidic Emulsifier, Diacetyl
Tartaric Acid Mono- and Diglycerides at 25°

Vitamin A o,0-

Vitamin A Palmitate, Dimethylpalmitate,
Time, days units/g. units/g.
1 301,000 283,000
10 202,000 —
15 — 243,000
21 No UV curve* 216,000
31 No UV curves 177,000
41 No UV curves 179,000
53 No UV curves 158,000
73 No UV curves 115,000

o At the time of assay, there was no UV absorption peak correspond-
ing to vitamin A indicating complete loss of vitamin A potency.

The tests in Tables I and III were quite rigorous because the
dispersing agent contained noticeable quantities of free acetic acid.
The results clearly indicate the new ester’s superior ability to with-
stand strong acidic conditions and acid-catalyzed degradation.

Further evidence of resistance to acid degradation may be found
in the incidence of isomerization occurring in the diacetyl tartaric
acid mono- and diglyceride mixtures. Isomerization, no doubt a
pathway in acid-catalyzed degradation, is not readily detected
because the molecule remains intact although there is a loss of
biopotency. The degree of isomerization in terms of maleic values,
as determined by reaction with maleic anhydride and colorimetric
measurement (6), is given in Table IV. A value of approximately
339 represents the percentage of 13-cis isomers present and ap-
proaches isomeric equilibrium. The degree of isomerization of the
a,-dimethylpalmitate ester is smaller than that for the palmitate
ester in the presence of the acidic emulsifier. Corn oil retarded
isomerization and prolonged potency of the vitamin A esters prob-
ably by a reduction in concentration of the acidic emulsifying
agent.

SUMMARY AND CONCLUSIONS

When the stability of a new ester of vitamin A was compared
with commercial vitamin A palmitate, the following observations
were made:

1. Vitamin A a,a-dimethylpalmitate was considerably more
resistant to auto-oxidation than commercial vitamin A palmitate.

Time, DMP + VAP +
days DMP? Corn Oil VAP Corn Oil
0 <5 <5 <5 <5
11 8.2 8.6 9.3 6.3
21 10.8 9.6 19.0 9.7
42 12.6 9.7 22.4 11.8
90 16.4 12.7 36.3 21.6

e Expressed as % of 13-cis isomers present; value of 33 % indicates
approximate isomeric equilibrium. ® Vitamin A «,a-dimethyipalmitate,
¢ Commercial vitamin A palmitate,

2. The new ester was more stable than vitamin A palmitate in the
presence of the acidic emulsifier, diacetyl] tartaric acid mono- and
diglycerides.

3. Corn oil appears to retard the loss in vitamin A ester potency
due to both acid-catalyzed degradation and isomerization probably
by a reduction of the concentration of the acidic emulsifying agent.

4. Isomerization of the new ester is somewhat slower in the
presence of the acidic emulsifier than the commercial palmitate,
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Thin-Layer Chromatographic Method for the Determination of
Flurandrenolone Acetonide and Some Closely Related Foreign Steroids

RAFIK H. BISHARA* and IVAN M. JAKOVLJEVIC

Abstract [] A method is presented for the separation and deter-
mination of flurandrenolone acetonide (6a-fluoro-118,16¢,17«,21-
tetrahydroxy-pregn-4-ene-3,20-dione-16,17-acetonide) and some
closely related steroids. This is achieved by TLC on silica gel using
a one-dimensional multiple development technique. The related
foreign steroids are determined semiquantitatively while fluran-
drenolone acetonide is determined quantitatively by extracting
its spot from the plate, and comparing it to a standard treated
similarly.

Keyphrases [] Flurandrenolone acetonide, related steroids—
separation, determination [] TLC—separation, identification []
Colorimetric analysis—spectrophotometer

Interest in this laboratory for the determination of
steroid purity using TLC has made necessary the de-
velopment of TLC solvent systems for the separation
and quantitation of closely related steroids. A system
for the separation of some estrogens (1) and another
for the separation of a mixture of closely related 6-
fluoro-16a-hydroxycorticosteroids (2) have been re-
ported recently. These solvent systems proved to be
very useful for the separation of related foreign steroids,
intermediates, or decomposition products from the
therapeutically active steroid.

This paper describes a TLC method for the semi-
quantitation of the related foreign steroids that may
possibly exist, or the steroids which may be formed
under artificial decomposition of flurandrenolone
acetonide. These related foreign steroids were arbi-
trarily chosen after examining the different methods of
flurandenolone acetonide syntheses (3, 4) and it was con-
cluded that their presence was a possibility. Also in-
cluded are some of the products resulting from severe
hydrolytic deacetonation (5) and chromic acid oxida-
tion (6) of flurandrenolone acetonide. The closely
related foreign steroids were determined semiquantita-
tively by visualizing the developed plate under short
wavelength UV light and comparing their intensities to
known amounts, while flurandrenolone acetonide was
determined quantitatively by extracting the silica gel,
color development with tetrazolium blue reagent, and
measuring the absorbance at 520 mu.

EXPERIMENTAL

Reagents—All chemicals, if not otherwise mentioned, were of the
highest grade commercially available.

Solvent System—Benzene-ethylacetate (1:1) (2).

Flurandrenolone Acetonide Reference Standard Solution—A solu-
tion containing exactly 10 mg. of flurandrenolone acetonide per
milliliter of chloroform-methanol (1:1).

Related Foreign Steroids Solution—A mixture containing 1 mg.
of each of the following steroids!/5 ml. of chloroform-methanol

c ‘1_'f1‘"he steroids used were obtained from Syntex Corp., Palo Alto,
alif,
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(1:1): (a) 6a-fluoro-16a,17a,21-trihydroxy-pregn-4-ene,3,11,20-tri-
one-16,17-acetonide; () 6a-fluoro-113,16a,17a,21-tetrahydroxy-
pregn-4-ene-3,20-dione-16,17-acetonide-21-acetate; (¢) 6a-fluoro-
118,16c,17a,21 - tetrahydroxy - pregn - 4 - ene - 3,20 - dione - 16,17-
acetonide-11-acetate; (d) 6a-fluoro-113,16a,17a,21-tetrahydroxy-
pregn-4-ene-3,20-dione (flurandrenolone).

Specially treated ethanol, tetrazolium blue reagent, and tetra-
methylammonium hydroxide solution were prepared according to
the method of Jakovljevic (7).

METHOD

The TLC plate? (20 X 20 cm.) was activated before use by heating
at 110° for 10-15 min. The developing chamber was lined with
blotting paper and allowed to stand with the solvent for 30 min.
before use.

Ten milligrams of the sample was weighed accurately and dis-
solved in 1 ml. of chloroform-methanol (1:1). The plate was di-
vided into seven equal sections and the following amounts were
applied 2.5 cm. from the bottom edge of the plate using micro-
pipets.?

Section 1, 5 ul. of the related foreign steroids solution; Section
2, 10 ul. of the ample solution; Section 3, 10 ul. of flurandrenolone
acetonide standard solution; Section 4, was used as the plate blank;
Section 5, 15 ul. of the related foreign steroids solution; Section 6,
10 ul. of the sample solution; Section 7, 10 ul. of flurandrenolone
acetonide standard solution.

The plate was developed in the chamber allowing the solvent
front to travel 15 cm. after passing through the point of applica-
tion. It was then removed from the chamber and the solvent al-
lowed to evaporate for about 3 min. Developing and evaporation
of the solvent were done at room temperature (25°). The plate was
redeveloped twice more in the same direction as the first time.
After the third removal of the solvent the spots were detected using
a short wavelength UV light,* and marked.

Evaluation of the Plate—In order to determine the percentage of
related foreign steroids in flurandrenolone acetonide, each extra
spot, other than the main compound, appearing in the sample
sections was compared with the spot having the same mobility
(R, value) in the sections containing the related foreign steroids.
Sections 1 and 5, equivalent to 1 and 3 97 of related foreign steroids,
respectively, were used for the semiquantitation of possible im-
purities.

For the quantitative determination of flurandrenolone acetonide,
the marked areas of the main spot in Sections 2 and 6 representing
the sample, and Sections 3 and 7 representing the standard, as well
as an equivalent area from the blank, Section 4, were removed and
quantitatively transferred to separate glass-stoppered centrifuge
tubes. Ten milliliters of absolute ethanol were added to each tube
followed by vigorous shaking for 3 min. using a Vortex mixer.?
The tubes were centrifuged for about 10 min. at 2000 r.pm. until
the supernatant was clear. A 4-ml. aliquot from each tube (equiva-
lent to 40 mcg. of flurandrenolone acetonide) was pipeted into
separate 10-ml. volumetric flasks. The contents of all flasks were
evaporated to dryness using mild heat and an air stream, then the
color was developed with the tetrazolium blue reagent (7). The
plate blank absorbance was subtracted from both the sample and
the standard absorbances, and the corrected values were used for
the calculation.

2 Precoated 250-p thin-layer plates (Silica Gel Fiss) supplied by
Brinkmann Instruments, Inc., Westbury, N, Y.
3 Micropipets, M1crocaps, Drummond Scientific Co., Broomall,

a.

+ Chromato-Vue equipped with a short wavelength lamp (about 254
muy), Ultraviolet Products, Inc., Calif.

5 Vortex Jr. Mixer, Scientific Industries, Inc., Queens Village, N. Y,
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Figure 1—I1. Flurandrenolone; 2. flurandrenolone acetonide; 3.
6a - fluoro - 118,16a,17a,21 - tetrahydroxy-pregn - 4 - ene - 3,20-
dione ~ 16,17 - acetonide - 11 - acerate; 4. 6a - fluoro - 16a,17a,21-
tribydroxy - pregn - 4 - ene - 3,11,20 - trione - 16,17 - acetonide; 5.
6« - fluoro - 118,160,17a,21 - tetrahydroxy - pregn - 4 - ene - 3,20-
dione - 16,17 - acetonide - 21 - acetate; 6. mixture. Each spot re-
presents 2 meg.

DISCUSSION

In recent years, TL.C has become recognized as a valuable method
for the separation and identification of closely related compounds.
Many solvent systems for the TLC of steroids (1, 2, 8, 9) have been
reported for the separation of closely related steroids and the
resolution (2, 10) of «- and - steroid pairs.

The related foreign steroids test (11-13) is now becoming one
of the most important tests of steroidal drugs. This test uses TLC
as a tool to detect any structurally related compounds that may
exist in the therapeutically active steroid.

The method described here has been used satisfactorily in this
laboratory for the semiquantitative determination of the related
foreign steroids that may be present in flurandrenolone acetonide.
It was also useful in stability studies where flurandrenolone was
detected after severe hydrolytic deacetonation (5) of flurandrenolone
acetonide. This reaction was found (7, 14) to occur in some form-
ulations containing flurandrenolone acetonide that were aged by
accelerated conditions.

The oxdiation product formed upon exposing flurandrenolone
acetonide to chromic acid (6) was isolated and identified by IR,
TLC, and melting point,and found to be 6a-fluoro- 6«,17«,21-trihy-
droxy-pregn-4-ene-3,11,20-trione-16,17-acetonide. This compound
separated by the TLC solvent system used in this method, was in-
corporated in the related foreign steroids mixture.

Although several solvent systems have l[een reported for the
TLC of corticosteroids, it was found that none of them could re-
solve the mixture used in this work. The development of a new
TLC system (2) in this laboratory made it possible to have com-
plete resolution of this particular mixture. This was achieved after
developing the plate three times in the same direction. Figure 1
shows the thin-layer chromatogram of the separated steroids in-
dividually and as a mixture. Their R; values were reported pre-
viously (2). To overcome any unevenly distributed plate layers,
the sample and the standard were applied in duplicates. It was
found that the results were reproducible.

Table I—Variability Data®

Average Absorbance

of the Plate Blank Corrected
Duplicate Samples Absorbance Absorbance
0.290 0.010 0.280
0.299 0.005 0.294
0.290 0.010 0.280
0.315 0.010 0.305
0.310 0.008 0.302
0.307 0.012 0.295
0.294 0.014 0.280
0.320 0.012 0.308

e Numbers represent spectrophotometric readings at 520 myu. Average
X = 0,293; range R = 0.028; variance S? = 0.00013742; SD =
0,01172262; RSD = =4,000894,

The order of the plate sections makes it possible to have the
sample close to two levels of the related foreign steroids; namely
1 and 37, thus facilitating the visual semiquantitation under short
wavelength UV light.

For the quantitative elution of flurandrenolone acetonide from
the scraped silica gel, absolute ethanol was used instead of 95%
ethanol since a clearer separation was obtaine .

In order to evaluate the precision of this method, 100 mcg. of a
flurandrenolone acetonide standard material was spotted in dup-
licate on eight TLC plates, which were then developed, eluted, and
assayed as mentioned. It was found that the plate blank absorbances
vary from 1,67-4.76 % of the sample absorbances. The quantita-
tive determination of flurandrenolone acetonide by this method
showed (Table I) a relative SD of +4.0% for eight independent
assays.
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Effect of Acute and Chronic Stress on

Amobarbital Metabolism in the Rat

JAMES EDWARD HUFF,* STANLEY M. SHAW, and JOHN E. CHRISTIAN

Abstract [] Labeled amobarbital was employed in an investigation
of the utilization of urinary excretion of a labeled compound as an
index for indicating altered amobarbital metabolism due to a
stress. A study of the effect of an external acute unilateral hindleg
ligation stress showed significant differences in amobarbital and/or
metabolite urinary excretion patterns between stress and control
groups. Adrenal ascorbic acid as an index of acute stress showed a
significant difference between groups. Repeated injection of amo-
barbital as an internal chronic stress resulted in a significant dif-
ference between stress and control rat urinary excretion of amo-
barbital and/or metabolites.

Keyphrases [] Amobarbital-1*C metabolism—acute, chronic stress
effect [} Adrenal ascorbic acid—acute stress index ] Stress, hind-
leg ligation—amobarbital-14C metabolism (] Excretion, fecal,
urinary—amobarbital-1*C [J UV spectrophotometry—analysis [
Scintillometry—analysis

The effect of various stress conditions or stressors on
living organisms has been an area of increasing concern
and activity in the scientific community. A recent
review (1) listing 326 references defined stress ‘‘as the
response of an organism to a variety of challenging and
threatening events which inevitably occur and recur
throughout life.” These conditions of stress may be
initiated by a variety of physical and/or mental stimuli
which may include infections, wounds, burns, accidental
injuries, exposure to toxic chemicals, noise, vibrations,
extremes of temperature, prolonged or extreme physical
activity, ionizing radiations, sleeplessness, pain, fear,
anxiety, and other emotional strains (2). It is generally
accepted that most stressors, if sufficiently intense and
prolonged, initiate the general adaptation syndrome
(3), with the successive stages of alarm reaction, adapta-
tion, and exhaustion.

Information relating to the interaction between stress
and drug effect is only in the embryonic stage. There
exists a void in scientific knowledge, specifically per-
taining to ‘“what does happen” when a stressed indi-
vidual receives a drug, the dose of which was titrated
on normal subjects at the time of the drug’s inception.
Barry and Buckley (1) stated that the effect of stress
may potentiate, counteract, or have no effect on the
action of a drug, but that the variation in drug action,
if any, should be known. Levy (4) recently stated
that most pharmacokinetic studies are conducted on
healthy ambulatory subjects. Levy suggested that many
of these investigations should be carried out also on
debilitated patients in order to assess the effect of
various pathological conditions on the kinetics of drug
absorption, distribution, and elimination.

Since barbiturates are centrally acting nervous system
depressants used in conditions of mental and physical
stress, an investigation of the effects of experimental
stress on the pharmacology of barbiturates would seem
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to be of paramount concern. Therefore, the overall
objective of this investigation was to follow the urinary
and fecal excretion of amobarbital and metabolites as
observed in stressed and nonstressed rats, using tracer
techniques, in order to determine if an alteration in the
process of drug metabolism occurs from stressor effects;
and to observe if the alteration can be detected using
urinary excretion as a quantitative index of stress. The
selected methods of stress were short term unilateral
hindleg ligation, designated as an external acute stress,
and repeated intraperitoneal administration of the
barbiturate, designated as an internal chronic stress.

EXPERIMENTAL

Animals—Male rats of the Sprague-Dawley strain! were used
throughout this investigation. They were maintained on commercial
laboratory chow? and water ad libitum. The animal quarters were air
conditioned and kept at 21.1-22.1° (70-72°F.) at all times. As
closely as possible, lighting was regulated to allow 12 hr. of uniform
illumination and 12 hr. of darkness each day.

The animals were initially placed in large community cages in
groups of five for a period of 7-14 days. Gentling and petting were
performed twice daily to individual rats. After this adjustment
period the animals were randomly transferred to individual metabo-
lism cages. For 7-10 days, the animals were individually weighed
and handled each morning. Moreover, a conditioning regimen (5)
was followed for the rats used in the acute stress studies. In the con-
ditioning program the animals received 0.5 ml. of physiologic saline
intraperitoneally for 5 days prior to measurement of experimental
parameters.

Liquid Scintillation Counting—A liquid scintillation spectrom-
eter® was used for radioactivity determinations. An XDC scintilla-
tor (6) was used for counting urine samples since the scintillator
solution can contain almost 309 water and still allow good count-
ing efficiency for *C. The TC scintillator counting solution of
Mabhin and Lofberg (7) was modified* and used for 14C fecal count-
ing. Absolute disintegration rates were determined by internal
standardization (8).

Amobarbital-*C Assay—The radiochemical purity of amobar-
bital-2-14C5 was determined by TLC and autoradiography. A series
of spots ranging from 1-100 mcg. of labeled amobarbital were
spotted on commercial adsorbent (Adsorbosil-P-1) plates prepared
in the usual manner and each developed in one of four solvent sys-
tems.® Autoradiograms of the developed plates were obtained with
Kodak No-Screen X-ray film. In all cases only one spot was visible
and R, values for the series of spots from each of four solvent sys-
tems were identical. No radiochemical impurities were present. No
differences in R, value of radiochemical purity were observed
between the acid form and a sodium salt of the amobarbital-2-14C
when spotted using alcohol, water, or urine as the dissolution
vehicle.

1 Sprague-Dawley, Inc,, Madison, Wis.

2 Wayne Lab-Blox, Allied Mills, Inc., Chicago, Illinois,

3 Packard Model 3003 Tri Carb with Packard Model 574 Automatic
Control, Packard Instrument Co., Inc.,, Downers Grove, Illinois.

4The TC scintillator consisted of 5 parts toluene, 4 parts 2-ethoxy-
ethanol, and 0.03 7 2,5-diphenyloxazole (6 g./1. toluene).

8 Supplied by Smith Kline & French Laboratories, Philadelphia,
Pa., as 5-ethyl-5-isopentylbarbituric acid-2-14C.

& Chloroform-acetone (9:1), benzene-acetic acid (9:1), dioxane-
benzene-aqueous ammonia (20:75:5), acetone-n-butyl alcohol-am-
monium hydroxide (9:9:2),



Chemical purity of the labeled compound was determined spectro-
photometrically.” A series of five scan curves were attained from 350
to 190 mu using standard and labeled amobarbital in concentrations
of 25 to 1.6 meg./ml. in 0.5 N sodium hydroxide solution. The
Lambert-Beer law was obeyed and the resulting straight lines were
similar. The scan curves were in agreement and exhibited identical
maximum and minimum inflections at 253 and 232 my, respectively.
Melting point values were attained using a Buchi melting point
apparatus for standard amobarbital (157-159°) and amobarbital-2-
14C (158-159°). The amobarbital melting points were in good agree-
ment with the official compendia (9).

Statistics—The Student’s ¢ test of significance between two sample
means was used throughout the investigation. An analysis of vari-
ance using a two-factor experimental design with repeated measures
on one factor was used with an F test to determine overall differences
in each study. The level of significance used for all determinations
between stress groups and control groups was p < 0.03.

Determination of Ascorbic Acid—Fight animals were subjected
to unilateral hindleg ligation for 1.5 hr. while eight animals served
as controls. Animals were sacrificed by cervical dislocation. The
adrenals were rapidly removed, trimmed of fat, and frozen until
assay. Less than 5 min. elapsed between removal of the rat from the
metabolism cage until the adrenals were frozen. The method of
Maickel (10) was employed for the determination of adrenal ascorbic
acid. The study was conducted during the winter season.

External Acute Stress Program—An excretion study was under-
taken during the winter season using unilateral hindleg ligation as
the stress. Rupe (11, 12) showed that rats subjected to such stress
exhibited a shortened duration of pharmacologic response to
varjous drugs. Driever (13, 14) further demonstrated that stressed
rats clear various drugs from the blood at an increased rate com-
pared to controls. The stress was accomplished by wrapping a small
unbroken rubber band (2 cm. in diameter) three times around the
upper portion of the hindleg of the rat. A rapid swelling and purple
discoloration of the leg took place. Hindleg ligation was applied to
the stress group of 5 rats 1.5 hr. prior to intraperitoneal injection of
amobarbital-2-1‘C and removed upon injection. A group of five
animals served as controls. A dose of 10.18 uc. (17.0 to 17.9 mg./kg.)
of amobarbital-2-4C was administered to each 380-400-g. stress and
control rat in the form of a freshly prepared sodium salt. Urine was
collected at numerous intervals for a period of 144 hr. Fecal samples
were taken at intervals of 0-24, 24-48, 48-72, and 72-96 hr.

Internal Chronic Stress Program—During the winter season, 30
rats weighing between 205-234 g. were randomly divided into two
groups; the stress group received an anesthetic dose of 35 to 40
mg./kg. of unlabeled sodium amobarbital intraperitoneally twice
daily while the control group received normal saline twice a day.
Following the 14 days of pretreatment with unlabeled amobarbital
or normal saline, all stressed and control rats received 4.98 uc.
(11.3 to 13.6 mg./kg.) of amobarbital-2-14C. The intervals of urine
collection were 0-2, 2-4, 4-6, 6-8, 8-10, and 10-12 hr. while feces
were collected only for the 0-24 hr. interval, The rats were sacrificed
24 hr. after the injection of labeled drug by cervical dislocation. The
entire liver from each rat was rapidly removed, rinsed in normal
saline, blotted on a paper towel, and accurately weighed.

RESULTS AND DISCUSSION

Adrenal Ascorbic Acid Depletion—Mean values of 445 + 46
and 605 =+ 22 mg.? adrenal ascorbic acid per 100 g. (mg. %) of
adrenal tissue weight for the stress and control groups, respectively,
were obtained from this phase of the investigation. A greater
depletion of adrenal ascorbic acid was observed in the ligated group
than in the control group (p < 0.01), which indicated that a stress
condition existed. The adrenal tissue weight of the stress and control
groups was 35.38 == 3.56 and 38.04 & 3.54 mg., respectively. Al-
though not statistically significant the adrenal tissue weight of the
stress group was consistently lower than the control group.

External Acute Stress Urinary Excretion—Comparison between
stress and control groups of the level of amobarbital and/or metabo-
lites excreted at each urine collection interval showed that no statisti-
cal difference could be assigned to any specific time period. The
cumulative mean percent of the administered dose of labeled

? Beckman DK-2A Ratio Recording Spectrophotometer, Beckman
Instruments, Inc., Fullerton, California,
8 Results expressed as the mean = standard error.
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Figure 1—The effect of an external acute stress on the cumulative
urinary excretion of amobarbital and/or metabolites. Key: @, stress
group; A, control group.

amobarbital recovered from the urine as amobarbital and/or
metabolites during the 0-144 hr. collection interval was 82.7 % for
the control group and 90.2% for the stressed group. The urinary
excretion rate reached a plateau at the 0-8 hr. interval (Fig. 1) with
74.8 % excreted for the nonstressed group and 81.8 % for the stressed
group. Since the two curves were relatively straight lines after the
10-12 hr. collection period, only the 0-12 hr. camulative interval is
shown in Fig. 1. The control and stress urinary excretion data for the
0-12 hr. interval were 78.8 and 86.5%, respectively. Statistically
significant differences (p < 0.05) were observed between the two
curves for the 0-12 hr. cumulative excretion period. During the
0-12 hr. collection interval the urine volume of the stress animals
(7.9 ml./animal) did not differ significantly from the controls (7.2
ml./animal).

Internal Chronic Stress Excretion—Since most drugs are pre-
scribed in multiple doses at regular intervals, an internal chronic
dosage program was designed to test the more subtle type stress
effect of repeated drug administration. Repeated administration of
amobarbital was selected as the chronic stress even though the use of
repeated amobarbital injections may confound the development of
enzyme induction and tolerance to the particular drug in measuring
effects on metabolism of the same drug.

The mean urine, fecal, and total excretion of amobarbital and/or
metabolites for the stress group were 88.3, 10.2, and 98.5%; of the
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Figure 2—The effect of an internal chronic stress on the cumulative
urinary excretion of amobarbiral andjor merabolities. Key: @ stress
group; A, control group.
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administered dose, while the values for the control group were 79.1,
11.1, and 90.2%. The mean cumulative urinary excretion plots for
the stress and control groups (Fig. 2) indicate a higher cumulative
urinary excretion level of amobarbital and/or metabolites for the
stress group. An analysis of the stress and control data show a
definite statistical difference (p < 0.01) between groups for the cumu-
lative urinary excretion of amobarbital and/or metabolites. A
statistical comparison of the individual time period urinary excre-
tion data showed a significant difference (p < 0.05) between groups
for the 6-8, 8-10, and 10-12 hr. collection intervals. During the
0-12 hr. collection interval the urine volume of the stress animals
(7.0 ml./animal) did not differ significantly from the controls (6.5
ml./animal).

During the 2-week pretreatment period it was noticed that the
stress rats exhibited a shorter and shorter sleep time response to the
same dosage of amobarbital sodium, while the control rats were not
noticeably affected by the saline injections. The sleep time observa-
tions were recorded only visually. Therefore, the following observa-
tions were only qualitative; but the trend of decreased sleep time
was definitely noticeable. The injections of amobarbital caused
immediate induction of sleep ( < 5 min.) during the first three days of
treatment. Sleep induction time was initially (3 to 6 days) decreased,
also noted by Aston and Hibbeln (15), in that the rats exhibited
narcosis almost as soon as the needle was withdrawn. Subsequently,
however, the induction time increased until the 9-11 day period in
which more than one-half the rats only exhibited ataxia and not
anesthesia. The final injection of the central nervous system depres-
sant resuited in the majority of the rats remaining awake, while the
ones which lost the righting reflex did so for only a brief period of
time (< 10 min.). Decreased sleeping time has been demonstrated by
others (12, 16) after barbiturate administration to rats subjected to
unilateral hindleg ligation. It is interesting to note that mean liver
weights were recorded as 4.571 =+ 0.087 and 4.478 + 0.085 g./100 g.
body weight for the internal chronic stress and control rats, respec-
tively. The results indicated no differences between groups.

SUMMARY AND CONCLUSIONS

Tracer techniques were utilized in an investigation of the urinary
excretion of amobarbital in stressed and nonstressed rats. Adrenal
ascorbic acid depletion was used as an index of external acute
stress induction. The adrenal ascorbic acid level of the hindleg
ligation stress group was 445 &= 46 mg. % while that of the control
group was 605 £ 22 mg.%. The significant difference of adrenal
ascorbic acid levels between groups showed that a stress condition
existed and that hindleg ligation as a stress was therefore applicable
to the study of the utilization of urinary excretion as an index for
indicating a stress condition. A study of the effect of an external
acute unilateral hindleg ligation stress on the urinary excretion of
amobarbital and/or metabolites showed significant differences in
urinary excretion patterns between stress and control groups. An
internal chronic stress study consisting of twice daily repeated injec-
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tions of amobarbital for 14 days showed a significant difference in
urinary excretion of amobarbital and/or metabolites between treated
and nontreated rats. Changes in urinary excretion phenomena as a
guantitative index of a stress-altered metabolic rate response in rats
were shown to be applicable for the detection of the effects of
external acute ligation stress and internal chronic repeated injection
stress.
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COMMUNICATIONS

Studies of Enzyme Active Sites: Synthesis
and Catalytic Properties of L-Histidyl-
glycyl-L-aspartyl-L-seryl-L-phenylalanine

Keyphrases [ ] Enzyme active sites—catalytic peptide [] L-Histidyl-
glycyl-L-aspartyl-L-seryl-L-phenylalanine—synthesis, catalytic prop-
erties [ | Paper chromatography, electrophoresis—identity

Sir:

Considerable attention has been focused recently on
the role played by L-histidine and L-serine in the active
site of chymotrypsin and other proteolytic enzymes
towards the hydrolysis of various esters such as p-
nitrophenyl acetate (1-4). One of the approaches for
studying the active site of enzymes is the synthesis and
evaluation of the catalytic activity of relatively simple
peptides embodying as many as possible of the known
features of active sites of proteolytic enzymes (5, 6).
Katchalski et al. reported the synthesis of poly-L-
histidine and copolymers of L-histidine and L-serine as
model compounds to investigate the catalytic effect on
the hydrolysis of p-nitrophenyl acetate (7). Sheehan and
Cruickshank reported an interesting pentapeptide, L-
threonyl-L-alanyl-L-seryl-L-histidyl-L-aspartic acid, pos-
sessing considerable catalytic activity (8). In order to
provide increased flexibility in the molecule, recently
Sheehan et al. reported the synthesis of L-seryl-y-
aminobutyryl-L-histidyl-y-aminobutyryl-L-aspartic acid.
This pentapeptide exhibited about 5097 more catalytic
activity towards the hydrolysis of p-nitrophenyl acetate,
than that of previously reported synthetic peptides (9).
As the separation of serine and histidine in a peptide
chain led to relatively more catalytic activity, it was
considered worthwhile to investigate the catalytic ac-
tivity in simple peptides incorporating serine and histi-
dine at different distances in the peptide chains. We now
wish to report the preparation of a relatively more
potent esterase model, L-histidyl-glycyl-L-aspartyl-L-
seryl-L-phenylalanine (XIII).

The catalytic activity of the pentapeptide XIII was
determined by the liberation of p-nitrophenol from
p-nitrophenylacetate following the procedure used by
Sheehan et al. (8, 9). The catalytic coefficient (7) for
XIII was 179 1. mole—* min.~! compared with 92 L
mole~! min.~! for L-threonyl-L-alanyl-L-seryl-L-histidyl-
L-aspartic acid (8), 147 1. mole~! min.~! for L-seryl-y-
aminobutyryl-L-histidyl-y-aminobutyryl-L-aspartic acid
(9) and 10* 1. mole~! min.~! for a-chymotrypsin (4).

The pentapeptide was synthesized as outlined in
Scheme I. In order to limit the degree of racemization,
the peptide chain was extended from the C-terminal
residue phenylalanine and all peptide bonds were formed
using the pentachlorophenyl active ester method (10,
11). N-Benzyloxycarbonyl-L-serine pentachlorophenyl
ester (I) was condensed with L-phenylalanine methyl

Z-Ser-OPCP + HCI-H-Phe-OCH; — Z-Ser-Phe-OCH;
I 11 I

H: Pd/C
11 —H——> HCI- H-Ser-Phe-OCH;
cl

v
Z-Asp-OPCP + 1V — Z-Asp-Ser-Phe-OCH;,
OtBu O¢Bu
\% VI
H: Pd/C
VI -————C—> HCI-H-Asp-Ser-Phe-OCH;
HCI
OrBu
VII
Z-Gly-OPCP + VII — Z-Gly-Asp-Ser-Phe-OCHj;
VIII
OrBu
X

H: Pd/C
X ——I‘{E—) HCl~H-Gly—Asp-Ser-Phe—OCH3

OrBu
X

Z-His-N; + X — Z-His-Gly-As[i:)-Ser-Phe-OCHa
XI

OrBu
X1t

1. OH

X1 ——)H H-His-Gly-Asp-Ser-Phe-OH
2. 2
3. TFA

XHI
O

I
Z = C5H5—CH2WO—‘C— '—'OPCP - —OCsCl:,
TFA = trifluoroacetic acid
Scheme I

ester hydrochloride (II) and the resulting dipeptide,
N-benzyloxycarbonyl-L-seryl-L-phenylalanine methyl es-
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Complete deprotection of the pentapeptide XII was
achieved by saponification, hydrogenation and treat-
ment with trifluoroacetic acid affording L-histidyl-glycyl-
L-aspartyl-L-seryl-L-phenylalanine (X1}, m.p. 215-218°
dec.

Anal —Calcd. for C24H31N709: C, 5134, H. 553,
N, 17.47. Found: C, 51.12; H, 5.68; N, 17.19.

The free pentapeptide XIIT was homogeneous to paper
chromatography and paper electrophoresis under a
variety of conditions.

Further studies on the catalytic activity and the chem-
istry of the pentapeptide XIII and other peptides incor-
porating histidine and serine separated by different
distances of amino acids are under investigation.
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Sir:

In recent studies dealing with the kinetics of degrada-
tion of polyethylene glycol-600-mono-oleate in hydro-
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Figure 1—Absorbance of ferric hydroxamate after heating hydro-
alcoholic solution buffered to various pH values with succinic acid
for 24 hr.

alcoholic solution at 80°, inconsistent results were ob-
served. The degradation of the ester was determined by
the ferric hydroxamate procedure (1), which indicated
an apparent increase in ester concentration as a function
of time. Investigation of the system leads us to believe
that the succinate buffer system employed appears to
react with the ethanol present in the system to form
esters.

Blank solutions were prepared containing 0.1 M suc-
cinic acid in 50 7 ethanol and adjusted to pH 2, 4, 5, and
7 with 0.1 N sodium. hydroxide and then subjected to
refluxing at 80° for 24 hr. Samples were then taken and
assayed by the hydroxamate procedure (1) with the
results shown in Fig. 1. It is readily apparent that even in
the absence of the test compound there is an increase in
absorbance at 520 mu which indicates the formation of
an ester species. The reaction probably proceeds vig an
intermediate anhydride formation as reported earlier
(2, 3), which would show an identical pH dependency.
As expected, similar results were noted in our experi-
ments using other polycarboxylic buffer systems such as
citrate and tartrate. The interference was essentially
eliminated by the use of phosphate systems.

These findings clearly indicate again the potential side
reactions induced by buffers which may give rise to
significant interference with analytical procedures. To
test the validity of the assumption that the reaction in-
volved esterification of the ethanol, identical solutions
were prepared but substituting acetone for ethanol. Ace-
tone was chosen since, if the proposed mechanism were
correct, it would not react with the proposed anhydride
intermediates. Solutions, after heating under the identi-
cal conditions as cited previously, showed no change in
absorbance at 520 mpu. These findings would further
support the hypothesis that esterification was taking
place during the heating process.

The above-cited interference could cause significant
errors in the interpretation of high-temperature kinetic
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REVIEWS

Amphetamine Abuse. Edited by J. RoBerT Russo. Charles C
Thomas, Springfield, IL 62703, 1968. xii 4+ 159 pp. 16 X 23.5
cm. Price 7.50.

This 159-page book is made up of the edited papers of the first
National Institute on Amphetamine Abuse which resulted from A
Delinquency Study and Youth Development Project of Southern
Illinois University. It was funded from a grant awarded by the Of-
fice of Juvenile Delinquency and Youth Development, United
States Department of Health. Education, and Welfare and held dur-
ing February, 1966. One finds contained within this volume the vari-
ous viewpoints of law enforcement, the drug industry, the sociolo-
gist, the psychiatrist, and medical researcher, and finally the interest-
ing experience of a young amphetamine abuser himself.

Although no attempt was made to correlate the contradictions of
opinions expressed. the book stands as a good example of the com-
plex spectrum of this social problem. It covers the topics of use, mis-
use and abuse; psychiatric implications; violations; law enforce-
ment problems; and the important role of education.

The reviewer can only reiterate the cover leaf description of the
book which states that an educator predictively recommends educa-
tion as a preventative, a member of the Narcotics Bureau pleads for
stronger laws and greater police freedom in enforcement and so on.
Hence, this book represents a forum for viewpoints from the various
establishments affected by the amphetamine abuse problem, but
does not cogently and coherently express ways to solve the prob-
lem. However, the book does clarify much confusion in this area, it
provides some lines of communication and it will help provide some
basis for future legal. medical. and moral decisions about ampheta-
mine abuse.

Reviewed by Ara H. Der Marderosian
Philadelphia College of Pharmacy and Science
Philadelphia, PA 19104 n

Non-Specific Factors in Drug Therapy. Edited by KarL RICKELS.
Charles C. Thomas, 301-327 East Lawrence Ave., Springfield,
IL. 62703, 1968, xii + 149 pp. 16 X 23.5 cm. Price $7.75.

This symposium volume is derived from a session of the 4th World

Congress of Psychiatry held in 1966. Nonspecific (i.e., nondrug)

factors are considered particularly as they relate both to pharma-

cologic treatment of depressions, neuroses, and schizophrenia, and
to the psychopharmacologic effects of various drugs in normal sub-
jects. Major nonspecific variables affecting drug therapy are grouped

as characteristics of patient, physician, treatment milieu, and non-
treatment milieu. Examples of many nonspecific factors considered
are attitudes of patient and physician (optimistic or pessimistic)
toward drug treatment, personality characteristics of patients (or
normals), duration as well as intensity of emotional disturbance
being treated, and prior drug experiences. The relationship of such
factors to side effects and paradoxical responses as well as to thera-
peutic success of drug treatment is examined.

Various nonspecific influences of psychological and sociocultural
characteristics are discussed at length by several contributors in
relation to the phenomena associated with placebo treatment
including the controversial concept of “placebo reactors.” While
one chapter emphasizes the significance or “power” of the placebo
and our knowledge of its relative effectiveness according to the
varied circumstances, another chapter emphasizes the lack of knowl-
edge on the true incidence of the placebo reactions and on the
longitudinal consistency of the supposed “placebo reactor’” charac-
teristic. Certainly all agree to the need for further clarification of
placebo phenomena and for enlarged and enlightened use of
placebos in clinical drug studies.

Designed “to provide the reader with some of the latest findings
and thoughts” in an interesting and significant area of psycho-
pharmacology, the volume accomplishes this objective reasonably
well. It will be most useful to those with some previous awareness
of the subject and to those who will make use of the good selection
of bibliographic citations included to pursue their interest among
important earlier works.

Reviewed by W. Marvin Davis
School of Pharmacy
Department of Pharmacology
The University of Mississippi
University, MS 38677 ]

Autoxidation of Hydrocarbons and Polyolefins: Kinetics and Mech-
anisms. By Leo ReicH and SALVATORE S. STIvaLA, Marcel Dekker;
Inc., 95 Madison Ave., New York, NY 10016, 1969. xi + 527
pp. 15.5 cm. X 23.5 cm. Price $29.75.

This book deals primarily with the kinetics and mechanisms of
hydrocarbon and polyolefin autoxidation. Following a brief account
of some early historical developments, Chapter 1 gives a clear, con-
cise treatment of the general Kinetics of free radical reactions.
Chapter 2 covers the autoxidation of hydrocarbons in the absence
of inhibitors and accelerators while Chapters 3 and 4 deal with
simple hydrocarbon autoxidation in the presence of antioxidants
and metal catalysts, respectively. The topic of weak chemilumines-
cence during hydrocarbon autoxidation is presented in Chapter 3,
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mine abuse.

Reviewed by Ara H. Der Marderosian
Philadelphia College of Pharmacy and Science
Philadelphia, PA 19104 n

Non-Specific Factors in Drug Therapy. Edited by KarL RICKELS.
Charles C. Thomas, 301-327 East Lawrence Ave., Springfield,
IL. 62703, 1968, xii + 149 pp. 16 X 23.5 cm. Price $7.75.

This symposium volume is derived from a session of the 4th World

Congress of Psychiatry held in 1966. Nonspecific (i.e., nondrug)

factors are considered particularly as they relate both to pharma-

cologic treatment of depressions, neuroses, and schizophrenia, and
to the psychopharmacologic effects of various drugs in normal sub-
jects. Major nonspecific variables affecting drug therapy are grouped

as characteristics of patient, physician, treatment milieu, and non-
treatment milieu. Examples of many nonspecific factors considered
are attitudes of patient and physician (optimistic or pessimistic)
toward drug treatment, personality characteristics of patients (or
normals), duration as well as intensity of emotional disturbance
being treated, and prior drug experiences. The relationship of such
factors to side effects and paradoxical responses as well as to thera-
peutic success of drug treatment is examined.

Various nonspecific influences of psychological and sociocultural
characteristics are discussed at length by several contributors in
relation to the phenomena associated with placebo treatment
including the controversial concept of “placebo reactors.” While
one chapter emphasizes the significance or “power” of the placebo
and our knowledge of its relative effectiveness according to the
varied circumstances, another chapter emphasizes the lack of knowl-
edge on the true incidence of the placebo reactions and on the
longitudinal consistency of the supposed “placebo reactor’” charac-
teristic. Certainly all agree to the need for further clarification of
placebo phenomena and for enlarged and enlightened use of
placebos in clinical drug studies.

Designed “to provide the reader with some of the latest findings
and thoughts” in an interesting and significant area of psycho-
pharmacology, the volume accomplishes this objective reasonably
well. It will be most useful to those with some previous awareness
of the subject and to those who will make use of the good selection
of bibliographic citations included to pursue their interest among
important earlier works.

Reviewed by W. Marvin Davis
School of Pharmacy
Department of Pharmacology
The University of Mississippi
University, MS 38677 ]

Autoxidation of Hydrocarbons and Polyolefins: Kinetics and Mech-
anisms. By Leo ReicH and SALVATORE S. STIvaLA, Marcel Dekker;
Inc., 95 Madison Ave., New York, NY 10016, 1969. xi + 527
pp. 15.5 cm. X 23.5 cm. Price $29.75.

This book deals primarily with the kinetics and mechanisms of
hydrocarbon and polyolefin autoxidation. Following a brief account
of some early historical developments, Chapter 1 gives a clear, con-
cise treatment of the general Kinetics of free radical reactions.
Chapter 2 covers the autoxidation of hydrocarbons in the absence
of inhibitors and accelerators while Chapters 3 and 4 deal with
simple hydrocarbon autoxidation in the presence of antioxidants
and metal catalysts, respectively. The topic of weak chemilumines-
cence during hydrocarbon autoxidation is presented in Chapter 3,
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and the qualitative and quantitative aspects of autoxidation of
saturated polyolefins are dealt with in Chapters 6 and 7, respec-
tively. The final chapter is devoted to the investigation of polyolefin
autoxidation by various techniques.

The arrangement and sequence of the subject matter is well
organized and allows even the nonexpert to follow the kinetics
without too much difficulty. There is an abundance of reaction rate
equations which although essential for kinetic studies would appear
to be overexcessive. There are also numerous chemical equations
for the various autoxidation schemes. The problems given at the
end of some chapters are adequate, being fairly difficult and of good
variety and these should prove stimulating and challenging to the
graduate student or research worker specializing in this field.
However, I feel that answers to the numerical problems should
have been provided and these would be most helpful to the student.
The rate constants compiled in the various tables will prove to be
a most useful feature to research workers in this field. The bibli-
ography is up-to-date, covering the literature up to 1967. However,
the inclusion of reference to private communication and unpub-
lished work in a textbook is undesirable and meaningless. Several
of the figures are very poorly drawn and detract from the quality
of the book. The authors should have been able to reproduce the
figures from the original papers. To sum up, the book can be highly
recommended to the advanced graduate student and the specialist
in this field who will find a wealth of material gathered together in
a single book.

Reviewed by Lucy S. C. Wan
School of Pharmacy
University of Singapore
Sepoy Lines, Singapore 3 ®

Purification of Inorganic and Organic Materials: Techniques of
Fractional Solidification. Edited by Morris Zier. Marcel Dekker,
Inc., 95 Madison Ave., New York, NY 10016, 1969. xvii + 318
ppi 15X 23 cm. Price $17.75.

An earlier volume edited by Zief and Wilcox, entitled *Frac-
tional Solidification,” brought together for the first time the basic
principles, apparatus, and applications of all types of solid-liquid
processes associated with ultra-purification of chemical compounds.
The volume here reviewed is a logical sequel inasmuch as it presents
reliable methods for the preparation and analysis of such com-
pounds. The choice of the methods presented admittedly reflects
the interests of the author, however, they are described by experts
in the respective areas and were chosen on the basis of originality,
reproducibility, and adaptability to problems normally encoun-
tered in the laboratory. Contributing authors represent a broad
distribution of research laboratories, both foreign and domestic.

Part I of the book concerns the description of analytical methods
for ultra-pure compounds, including a variety of spectral tech-
niques, thermal methods, electrochemical and gas-liquid chroma-
tographic procedures. Part II describes in detail the most useful
methods available for zone melting, progressive freezing and column
crystallization. Particularly unique are the chapters describing rapid
purification of organic compounds, purification in kilogram quanti-
ties, zone melting chromatography, and the concentration of flavors
at low temperature.

As though in answer to the question of how one maintains the
integrity of an ultrapure compound, Part III presents, in a single
chapter, a discussion and tabulation of data concerning containers
for pure substances. Quite interesting is the fact that polyfluoro-
carbons compare most favorably with quartz and borosilicate as
acceptable container materials.

While they ought to be, at least for pharmacological evaluation
and for reference standards, medicinal compounds are not subjected
to ultrapurification. The book under review presents considera-
tions which are applicable to some organic medicinal compounds,
if and when it should be desirable to render them ultrapure.

Reviewed by Paul J. Jannke
College of Pharmacy
University of Connecticut
Storrs, CT (06268 |
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The goal of pharmacological testing of chemical
agents is (a) to detect any biological activity that may
be present. Following demonstration of activity the
next steps are (b) to identify the type of activity and
then (¢) to compare the activity with the activity of a

reference compound. To progress through steps a and
b requires much experience and selective judgment.
For comparison of activity, data from the experiments
must be quantified. There is now a large number
of excellent statistical procedures and a biologist must
design his experiments so that one of the standard
statistical procedures can be followed—otherwise an
experimenter will end up with an experience and not an
experiment. No reference to structure-activity relation-
ships or even whether biological activity is present can
be made until dose-response curves have been con-
structed and evaluated.

The hazards of pharmacological evaluation are
many. The biologist must be aware and attempt con-
stantly to eliminate as many variables as possible.
He will always have fundamental questions that may
be difficult to answer. Some of the points that must be
considered are:

1. Selection of type of preparation is important. Prep-
arations that are used widely are usually prudent choices.

2. The problem of choice of species is always present.
To evaluate a particular type of pharmacological ac-
tivity, choose a species that is highly sensitive to the
particular agent. For example, one would not use the
blood pressure of the rat to evaluate histamine-like
compounds, efc.

3. It is necessary to determine the time-effect curves
before attempting to compare the activity of two chem-
ical agents. Agents will vary in time required for onset
and duration of action. The agent’s activity must be
compared at time of peak effect.

4, The absorption, distribution, and excretion of
agents in a given series may vary greatly. These factors
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may be extremely important in determining the in-
tensity and duration of biological activity.

5. In structure-activity relationship comparisons, the
above variables make it highly desirable to evaluate
compounds both irn vivo and in vitro. If the relative
activity of compounds evaluated in the two types of
preparations remains constant, this is suggestive evidence
that the difference in biological activity is related to
differences in chemical structure and not related to
factors such as plasma protein binding, metabolism,
excretion, efc.

6. Perhaps an area where erroneous assumptions are
sometimes made is in assuming that two compounds
have the same mechanism of action. Unless two com-
pounds have the same mechanism of action, one can-
not compare statistically their biological activity. For
example, it has recently been shown that choline is
apparently devoid of muscarinic activity.! The litera-
ture contains many citations of the relative muscarinic
activity of choline and acetylcholine and these com-
parisons are probably invalid. As for references to
“mechanisms of action,” this term means different
things to different investigators. To a physiologist
this term may refer to interactions at the organ level. A
pathologist may be interested in cell damage or struc-
tural changes. A biochemist may be concerned with
enzyme inhibition or activation. A molecular biologist
may be interested in drug-receptor interactions, efc.
All of these investigators using the techniques of their
respective disciplines feel that they are determining the
“mechanism of action.” Each is for his particular bio-
logical level of integration, but one should remember
that the “mechanism of action’ at the molecular level
awaits explanation for probably all drugs.

7. In comparing drugs one should also remember
that although the end responses may look similar,
the sites of action may be different. For example there
could be a sequence of events as follows:

E E
S1 — 8§» — response (R)

drug; drug,

where § = substrate, £ = enzyme. Drug 1 may act on
E, and drug 2 on E,. Alteration of R may appear to

Parasympathetic Nerve

“ i Preganglionic . Post’ g
i L v, Smooth Muscle
C. © & 3o Sland
&QT_.. N DA

Adrenal
Medulla S.
Somatic (motor} Nerve
Sind @g > oy ////Skﬂe"",
0°re e Z uscle

Figure 1—A simplified diagram illustrating the sites of action of
some standard drugs. The reference drugs that stimulate or inhibit
at the various sites are listed in Table I.

1 When assayed using superfused guinea pig ilea, the intestinal
stimulating action of choline is antagonized markedly by: (1) cooling
the segment for 24 hr, at 2°, (2) treatment with triethylcholine, or (3)
hexamethonium. None of these treatments alters the responsiveness of
acetylcholine,
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be the same but the sites of action that altered the
response are different.

ANATOMY OF THE PERIPHERAL NERVOUS SYSTEM

Detailed outlines of the nervous system may be found
in any standard physiology or pharmacology textbook.
A simplified diagram illustrating the sites of action of
some of the standard drugs is shown in Fig. 1 and
Table I. Other anatomical points that should be con-
sidered in evaluating drug action are listed as follows:

1. Only postganglionic fibers are nonmyelinated.

2. Postganglionic sympathetic nerve fibers are usually
long fibers with the ganglia outside the organs in-
nervated. The ganglia and postganglionic parasym-
pathetic nerve fibers usually lie within the organ in-
nervated (the exceptions being the organs of the head
and neck where the parasympathetic ganglia are on the
surface or slightly removed from the organ that is in-
nervated).

3. Various sympathetic fibers tend to be activated in
unison. The activity of the parasympathetic nervous
system tends to be much more localized—often serving
as the efferent component of a reflex. For example, in a
bright light miosis will occur, but the heart rate will
not be slowed.

4. Acetylcholinesterase is found in high concentration
where acetylcholine is the neurotransmitter. Inhibition
of this enzyme with neostigmine or analogs or the
organic phosphates will prolong the integrity of the
acetylcholine molecule and increase its concentration
at the transmitter site. The adrenergic enzymes, cate-
chol-O-methyltransferase and monoamine oxidase,
probably play a minor role in terminating the action of
norepinephrine that has been liberated from the nerve
terminal. Diffusion of norepinephrine from the receptor
site appears to be the major terminating mechanism.

5. During the past 20 years evolution of the alpha
and beta receptor theory has been seen along with the
development of the respective stimulating and inhibiting
agents. The major organs with their predominant type of
receptor innervation are shown below:

Alpha Receptor Beta Recepror

Vasoconstriction (cutaneous, Vasodilation (sk. muscle,
renal, erc.) etc.)

Myocardial ectopic excitation Cardioacceleration
Splenic-capsule contraction Myocardial augmenta-
tion

Myometrial contraction (rabbit,
dog, human, erc.)

Myometrial relaxation
(rat, nonpregnant
cat, human)

Iris dilator contraction Bronchial relaxation
(mydriasis)

Nictitating membrane contraction

Intestinal relaxation

Pilomotor contraction

Glycogenolysis (?)

Intestinal relaxation

6. The influence of drugs on the cholinergic nerve
terminal has not been widely explored, but the future
will probably see a marked increase of research activity.
Evidence is appearing that many “nicotinic” agents may
be acting by releasing acetylchotline from preganglionic
or motor nerve terminals. These would be agents such as
nicotine or choline. A number of agents have been re-
ported that will inhibit or block the cholinergic nerve



Table I—Stimulants and Inhibitors at Various Sites in the Peripheral Nervous System

Site Name Neurotransmitter Stimulants Inhibitors
1 Postganglionic Acetylcholine Acetylcholine Atropine
parasympathetic Methacholine Scopolamine
Carbachol
Neostigmine
o DFP
2 Ganglionic Acetylcholine Acetylcholine Hexamethonium (Cs)
Nicotine Nicotine (large concn.)
Tetramethylammonium
o . . Neostigmine
3 Postganglionic Norepinephrine Norepinephrine (o) Phentolamine («)
sympathetic Epinephrine (« or 8) Propranolol (8)
) Isoproterenol ()
4 Sympathetic ) Tyramine Reserpine
nerve terminal Ephedrine Guanethidine
Cocaine Brethylium
5 Neuromuscular Acetylcholine Acetylcholine Curare
junction Nicotine Succinylcholine

terminal. These agents would include high Mg*+ con-
centrations, hemicholinium (HC-3), triethylcholine,
hexamethonium, or tetrodotoxin (puffer fish poison).

Since a drug or experimental chemical can only alter
(stimulate or inhibit) the basal activity of the peripheral
nervous system, one must understand the physiology of
transmission. With this information one should have no
difficulty in classifying autonomic agents.

The major influence of the autonomic nervous system
innervation on the major organ system is outlined in
Table I1.

TERMINOLOGY

Often the same site of drug action is referred to by
different names. For a large surplus of descriptive
names, the autonomic drugs probably have a longer
list than other classes of agents. The long list of
synonyms used to describe autonomic drugs make the
literature difficult to read for a nonpharmacologist.
Table III lists those terms used commonly in the litera-
ture to describe actions of agents on the peripheral
nervous system.

METHODS

The following portion of the manuscript discusses
some of the procedures used to study the activity of
chemical agents on the peripheral nervous system. The
authors have tried to select preparations that are used
quite widely and those with which they have had per-
sonal experience. Page space makes it necessary for the
user of these preparations to refer to the original manu-
scripts for detailed procedures. All individuals interested
in drug development must be familiar with a wide vari-
ety of preparations. One must clearly understand the
uses and limitations of each preparation. In order to
evaluate and explore new mechanisms, a biologist may
need to develop his own special experimental proce-
dures. The science of methodology is probably the
pharmacologist’s major tool that will lead to the dis-
covery of new types of biologically active agents.

Observational Studies of Animals

Available methods for detecting drug actions in the
intact unanesthetized animal are convenient and valu-
able but are less reliable and nonspecific in the analysis
of individual drug effects. They can be used only for
preliminary confirmation of drugs affecting the pe-
ripheral nervous system. Therefore, no attempt will be
made to describe or to discuss these methods in detail.
For definitive studies on the sites of drug actions, the in
vivo and in vitro methods described in this paper should
be employed.

Pupil Size—Mice are widely used in this experiment
but dogs, cats, and rabbits can also be utilized. The
pupil size is controlled primarily by tonic activity of the
cholinergic nervous system. An increase in cholinergic
activity or a blockade of adrenergic activity produces

Table II—Usual Responses Seen with Autonomic Function
Alteration (Stimulation or Inhibition)?

—Sympathetic— —Parasympathetic—~
Stimu- Inhibi- Stimu- Inhibi-
Organ lation  tion lation tion

Heart
Rate
Force
Arterioles
Veins
Blood pressure
Eye
Miosis (constriction)
Mydriasis (dilatation)
Intraocular pressure
Bronchi
Salivary glands
Gastrointestinal tone
Sweat glands
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a 1, increased, stimulated; |, decreased, inhibited; 0, no change; —,
not relevant. ® Acetylcholine in the presence of atropine will produce a
positive inotropic and chronotropic action. ¢ Though there are no
parasympathetic nerve fibers to arterioles, acetylcholine may be a power-
ful difator (for example the limbs or the vascular beds of skeletal muscle).
In some vascular beds ACh will induce constriction—aortic strips,
rabbit ear, renal artery. ¢ The cephalic vein is constricted by large doses
of ACh. ¢ Large doses of ACh administered intravenously will produce
a pressor response, This response will be enhanced by prior treatment
with atropine, / Small volume, high viscosity. ¢ Large volume, low
viscosity. -
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Table III—Synonymous or Related Terms Used in Autonomics

Site Stimulant

Blocking Agent

Ganglia Ganglionic stimulant

Ganglionic blocking agent

(sympathetic & Nicotinic Ganglionic depressant
parasympathetic) Preganglionic stimulant Preganglionic depressant
Postganglionic Postganglionic parasympathetic stimulant Postganglionic parasympathetic blocking agent
parasympathetic Cholinergic Aanticholinergic
neuroeffector Muscarinic Antimuscarinic
junction Parasympathetic stimulant Parasympathetic blocking agent
Parasympathomimetic Parasympatholytic
Cholinomimetic Cholinolytic
Postganglionic Postganglionic sympathetic stimulant Postganglionic sympathetic blocking agent
sympathetic neuro- Adrenergic stimulant Adrenergic blocking agent
effector junction Sympathetic stimulant Sympathetic blocking agent
Sympathomimetic Sympatholytic
Releasing agents Antirelease agents
Depleting agents
“False transmitters”
Myoneural blocking agents
Myoneural junction Myoneural stimulants Myoneural depressants
neuromuscular Nicotinics Neuromuscular blocking agents
junction Relaxants

Muscle relaxants

miosis, whereas an increase in adrenergic activity or a
blockade of cholinergic activity produces mydriasis. The
pupil size of mice can be measured with a dissecting
microscope via a calibrated eyepiece (1-3). The drugs
are administered parenterally (3) or topically on the
cornea(l, 2).

Tone of the Nictitating Membrane—The position of
the nictitating membrane is controlled primarily by the
tonic activity of the adrenergic nervous system. Ad-
renergic agents cause contraction of this membrane
while adrenolytic agents produce relaxation. Although
cats are most satisfactory in this test, dogs and rabbits
may also be used (4).

Respiratory Arrest—Subsequent to drug administra-
tion, respiratory arrest prior to cardiac arrest indicates
that either the respiratory center is inhibited or that
the neuromuscular junction of the phrenic nerve
diaphragm is blocked. Mice can be used satisfactorily
for this test (5). Central and peripheral effects can be
differentiated by using isolated preparations.

Blood Pressure and Heart Rate—The overall periph-
eral vascular resistance is regulated by the adrenergic
nervous system which can be blocked by adrenolytic
agents or physiologically antagonized by cholinergic
agents to produce hypotension. The heart rate is con-
trolled primarily by the cholinergic mechanism which
can be blocked by cholinolytic agents or physiologically
antagonized by adrenergic agents to induce tachycardia.
The indirect methods for blood pressure determination
in dogs are described by Prioli and Winbury (6) and
those in rats are reviewed by Van Proosdij-Hartzema (7)
and Boura and Green (8). The advantages and disadvan-
tages of these methods are discussed by Fregly (9).

In Vive Study

Dog Blood Pressure Preparations—Mongrel dogs are
anesthetized with 15 mg./kg. of thiopental sodium and
250 mg./kg. of barbital sodium administered intrave-
nously. The trachea is cannulated and the vagi are sec-
tioned to eliminate the vagal reflexes. The arterial pres-
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sure is measured with a pressure transducer (10-13) or
mercury manometer (11, 14). The blood pressure can be
measured at the common carotid artery, the femoral
artery, or any other large artery. All compounds are in-
jected via a polyethylene catheter inserted into the
femoral vein. The injection is followed immediately by
a wash of isotonic saline. In all cases the total volume of
the injected solutions is kept constant. However, drugs
can be injected directly into the femoral vein without us-
ing the polyethylene catheter. In this case, the isotonic
saline wash is not necessary. The species of animal, the
routes of administration, the procedures of cannulation,
and the methods of recording may all be varied to meet
the needs of the investigator. This preparation can also
be done with rats, cats, and rabbits. Depressor re-
sponses that are blocked by atropine sulfate are re-
garded as muscarinic and pressor reponses after 1-2
mg./kg. of atropine sulfate are regarded as nicotinic.
However, due to the multiple factors affecting the mean
systemic pressure, interpretation of the pressure change
is difficult. If the blood flow in the large vessels is re-
corded by use of an electromagnetic flowmeter (4)
simultaneously with the pressure change, then the inter-
pretation of the experimental results is facilitated.

The catecholamines released by ganglionic stimulants
can be estimated by collecting blood samples at the
time of peak pressor response. Blood cells and protein
in the blood samples are removed (15) and the catechol-
amines in the final samples are assayed fluorometrically
using the method described by Chang (16). The sites of
catecholamine release, either from the adrenal medulla
(mainly epinephrine release) or from sympathetic nerve
terminals (mainly norepinephrine release), have thus
been differentiated (14).

The blood pressure preparation is widely used to de-
termine dose-response curves and activities of drugs
(10-12, 14). The eviscerated cat blood pressure prepara-
tion is quite sensitive to acetylcholine and can readily
detect 0.002 mcg. ACh/kg. (17). The rat preparation is
also widely used for bioassay of minute amounts of
acetylcholine and the analogs from tissue extracts (11,
18, 19).



Recently more attention has been given to the direct
measurement of blood pressure using unanesthetized
animals. This preparation enables investigators to study
the drugs with a very long duration, to repeat measure-
ments of blood pressure over a long period of time, and
to avoid the untoward interaction between anesthetics
and drugs to be studied. The advantages and disad-
vantages of both preparations have been discussed by
Freyburger (20). For dogs, the polyethylene catheters are
implanted chronically in various parts of the circulation
(21), mostly into thoracic aorta (22, 23) and the femoral
artery (20). The transcutaneous needle puncture of a
femoral artery immediately before experimenting is also
used and is the most simple method to be performed
with satisfactory results. Hypodermic needles (19-21
gauge) are widely used to obtain full pulse pressure
measurements. However, smaller needles are recom-
mended to avoid vessel hardening and hematomas (20,
24). The polyethylene catheters or hypodermic needles
are connected to the pressure transducer for recording
the blood pressure described previously. The direct
measurements of blood pressure on unanesthetized rats
are described by Weeks and Jones (25) and Fujita and
Tedeschi (26).

Cat Superior Cervical Ganglia Preparation—Cats are
anesthetized with 30-35 mg./kg. of pentobarbital
sodium administered intrathoracicly. The trachea is
cannulated as usual and the carotid artery is exposed.
The lymphatic gland is removed and all the arterial
branches, except those running to the tissue around the
superior cervical ganglion, are tied and divided. The
small internal carotid artery and veins are divided, leav-
ing only the vein from which perfusion fluid is to be col-
lected, usually the internal jugular vein. A length of
cervical sympathetic nerve, sufficient for placement of
the electrodes, is freed and the cat’s head is then fixed in
position so that the contraction of the nictitating mem-
brane can be recorded. The common carotid artery is
then ligated and perfused. A small cannula is then tied
into the internal jugular vein to collect the perfusion
fluid. The electrodes are placed on pre- and postgan-
glionic fibers (27-29). In order to prevent blood coagula-
tion during manipulation, 0.5 ml./kg. of 8 % solution of
chlorazal fast pink or 5 mg./kg. of heparin sodium is in-
jected intravenously (30). The nerve is stimulated with
monophasic pulses, 6 msec. in duration, with maximal
voltage of 10-15 v. and frequencies of 10-25 c.p.s. (31).
A viable preparation will respond to single shock
stimulation. This is an extremely useful preparation for
detecting the release of acetylcholine from ganglia,
either by preganglionic nerve stimulation (32, 33) or by
close arterial injection of the drugs (34, 35). The effects
of drug and nerve stimulation can be detected from the
responses of nictitating membrane. An ingenious ex-
periment was devised by Collier ef al. (36) in which the
ACh in the ganglia was replaced with *H-ACh through
perfusion of the ganglia with Locke solution containing
SH-choline during continuous preganglionic stimulation,
Both preganglionic stimulation and close arterial injec-
tion of carbachol released radioactive materials and
contracted the nictitating membrane, indicating that
endogenous ACh was released during these treatments.
The close arterial injection of ACh, however, contracted

the nictitating membrane without releasing appreciable
amounts of radioactive substance. This suggests that
ACh might not be involved in the release of endogenous
ACh from the preganglionic site.

Dog Chorda Tympani—~Wharton’s Duct Preparation—
Dogs weighing 12 kg. or more are anesthetized with
15 mg./kg. of thiopental sodium and 250 mg./kg. of
the barbital sodium administered intravenously. The
trachea is cannulated. Wharton’s ducts are located di-
rectly beneath the mylohyoideus and extend across the
lingual nerve between the chorda tympani nerve and
the submandibular ganglion. Both Wharton’s ducts and
thechorda tympaninerveare ligated. The chorda tympani
nerve is cut free from the lingual nerve with a thread
attached to the nerve end. One of the Wharton’s ducts
is then cannulated with polyethylene tubing (PE-60)
which is attached to a reservoir filled with physiological
saline. The outflow of the reservoir is connected to a
dropping tube and a Becker signal magnet is connected
to a relay which is activated by each drop. A shielded
silver electrode is attached to the chorda tympani nerve
for stimulation. The nerve is stimulated supramaximally
with 15 v. for a duration of 2 msec. with a single biphasic
impulse and with a frequency of 20 c.p.s. for 1 sec.
every 10 sec. (37). After 10-20 min. the saliva flow will
remain quite constant for at least 90 min.

Salivation from the Wharton’s duct can be stimulated
either by drugs such as pilocarpine, acetyl-3-methyl-
choline, and acetylcholine injected intravenously into
the femoral vein or by nerve stimulation. The salivation
is effectively blocked by atropine. This preparation is
useful for studying drugs which act on or block the
cholinergic system causing salivation. Hemicholinium
has been shown to block gradually the salivation in-
duced by chorda tympani nerve stimulation, suggesting
that its blocking effect is due to the inhibition of ACh
synthesis in the nerve tissues (37).

Rabbit Sciatic Nerve—Gastrocnemius Muscle Prep-
aration—Dutch rabbits, weighing 1-2 kg., are anes-
thetized with 200 mg./kg. of phenobarbital sodium
administered slowly (at least 2 min.) into the marginal
ear vein. The sciatic nerve is ligated and cut, and a
shielded electrode is placed on the peripheral portion of
the nerve. The gastrocnemius muscle is freed as com-
pletely as possible from surrounding muscles and a
thread is attached to the tendon of the muscle. The
twitches of the muscle are elicited by supramaximal stim-
ulation and are recorded through aforce transducer. The
parameters for interrupted tetanic stimulation are 250
c.p.s. with pulse duration of 1 msec. at 15 v. applied for
0.2 sec. every 10 sec. Single shock stimulation is per-
formed with pulse duration of 5 msec. and a supra-
maximal voltage of 15 v. is applied every 10 sec. The
drugs are administered intravenously into the marginal
ear vein. This is a convenient and simple preparation for
studying drugs acting at the neuromuscular junction in
vivo (37-41). Although there are some in vitro neuro-
muscular preparations available, this preparation has the
advantage of studying the drug effects under physio-
logical conditions. For example, hemicholinium and its
derivatives have been shown to block neuromuscular
transmission in all preparations. In this preparation,
blockade can be efficiently reversed by choline (39-41)
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but this is difficult using in vitro preparations. Animals
other than rabbits, such as cats and rats, can be used
satisfactorily.

There are two other preparations, the cat soleus
muscle preparation and the cat tibialis anticus muscle
preparation which are very useful and similar to the
gastrocnemius muscle preparation. These can be pre-
pared in a method similar to that described for gas-
trocnemius muscle except that close arterial injection
can be made using the tibialis anticus preparation. Also,
soleus muscle consists primarily of slow muscle, whereas
tibialis anticus is fast muscle (42). The experimental
procedures for these two preparations are described by
some investigators in detail (42-44). The characteristics
of slow and fast muscles are analyzed anatomically,
histochemically and biochemically by some investiga-
tors. The fast muscle is composed of three distinct fibers
(45) whereas the slow fiber is relatively homogeneous,
consisting primarily of Type B fibers (46). Also, the fast
muscle contains higher activities of glycolytic enzymes
and lower activities of oxidative enzymes, while the re-
verse is true for the slow muscle (47, 48). The effects of
drugs on slow and fast muscles will be discussed further
in the following sections.

In Vitro Study

The organ bath method is the most widely used tech-
nique for studying isolated organs. The equipment is
rather simple and is available commercially. Usually, the
organ bath is made of glass and placed inside a water
bath so that the temperature can be well controlled. The
physiological salt solution is warmed before it is added
to the organ bath, so that there will be no temperature
change when the tissue is washed. The physiological
salt solution can be warmed either by putting the re-
servoir bottle in a water bath or by passing the physio-
logical solution through coils connected to the organ
bath within the same water bath. The isolated tissue is
mounted in such a way that one end of the tissue is fixed
at the bottom of the organ bath while the other is fixed
to the recording lever or a force transducer for isotonic
or isometric recording. The organ bath varies both in
size and volume depending on the specific purposes and
the size of tissues. The volume of the drug solutions to
be added to the organ bath should be less than 1097 of
the total volume of the bath fluid to avoid possible de-
crease of fluid temperature in the organ bath.

The superfusion method was first described by Finkle-
man (49) and modified by Gaddum (50). It is more
rapid and more sensitive than the organ bath method for
bioassay. This technique reduces the volume of solution
to an absolute minimum by replacing the organ bath
with a slow flow of bathing fluid over the external sur-
face of the tissue. Consequently, the total amount of
drug required to induce a response in the tissue is very
small. Recently, this technique has been used success-
fully to study the fate and release of vasoactive hor-
mones in the circulation (51-53). In this application the
heparinized blood was continuously removed from the
anesthetized animal, assayed for its hormone content by
superfusion over a series of isolated muscle prepara-
tions, and then returned to the animal body intrave-
nously.
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For superfusion, the isolated tissue is mounted in air
in the middle of a wide glass tube immersed in a warm
water bath. The physiological salt solution is oxygenated
and kept in a bottle immersed in a warm water bath. It
is then pumped through a Holter motor pump to the
top of the isolated tissue. The rate of flow of the super-
fusion fluid is adjusted to 1-5 ml./min. depending on the
size of the tissues; the drug solutions are injected
into the stream of the superfusion fluid in volumes of not
more than 0.1 ml. Of course drugs may be added di-
rectly to the perfusing solution. Isometric recordings
are preferred to isotonic recordings because the changes
in the length of the tissue may dislocate the superfusion
fluid in some cases and cause dryness of part of the tis-
sue.

Skeletal Muscle Preparations—Frog Rectus Abdom-
inis Muscle Preparation—The frog rectus abdominis
muscle is usually obtained from Rana pipiens weighing
approximately 20 g. The frog is stunned and decapi-
tated. The spinal cord is destroyed with a long needle.
The rectus abdominis muscles are dissected from the
pelvic girdle to their insertion in th