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Many organic acid derivatives find wide usage in
pharmaceutical systems, A thorough understanding of the
chemistry of these compounds is essential for proper
utilization for pharmaceutical purposes. The present
study has been concerned with: 1) investigation of the

interaction between acid anhydrides and polycarboxylic

acids in aqueous solution, such as may occur at ambient
temperature and under autoclaving conditions; and

2) application of anhydro carboxy derivatives of these
acids to pharmaceutical dosage forms.

Anionic forms of succinic and citric acid were found
to interact reversibly and rapidly with glutaric anhydride
in aqueous solution at room température to produce species
which undergo subsequent hydroleiS. The species formed
from citrate was reacted in situ with aniline and the
resulting products isolated by column chromatography.
Results of the chromatographic study and spectrophotometric
observations on the reacting system suggested a mechanism
based on the initial formatiqn of a mixed anhydride which

cleaved to produce an anhydride of the attacking anionic




species. Spectrophotometric investigations have shown
that the rate of formation and subsequent hydrolysis of
the presumed citric anhydride were dependent upon the

pH and the buffer concentration. These interactions

were assumed to be highly reversible through intermediate
formation of a mixed anhydride.

Spectrophotometric determinations were also carried
out on the above system in which acetic anhydride re-
placed glutaric anhydride, the reaction in this instance
being presumed to be essentially irreversible. The
linear anhydride apparently again reacted with citrate
ions in aqueous solution to form the presumed citric
anhydride species which underwent rapid hydrolysis. The
rate of the initial reaction and the rate of the subse-
quent step depended as expected on the citrate concentra-—
tion and pH. Results of chromatographic studies on
products obtained by reaction with aniline at different
phases of the reaction were as expected.

An investigation was also conducted on the possible
application of organic acid de:i;atives such as anhydrides
to formulations of effervescent doéage forms. Glutaric
anhydride was used as a model latentiated acidifier to aid
in achieving a superior degfee of carbonation when used
with sodium bicarbonate. The physical chemical basis of
the formulation depended in this approach on essentially

total dissolution of the bicarbonate salt and the
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latentiated acidifier prior to homogeneous formation of
any free carbonic acid. The system achieved a markedly
greater degree of supersaturation with respect to carbon
dioxide than was possible by the conventional method bf
dissolving sodium bicarbonate and a solid acid in water.,
Another possible application of anhydro carboxylic
acids to effervescent dosage forms was based on availa-
bility of compounds which when placed in aqueous solution
hydrolyze, yielding only carbon dioxide and an organic
acid., A similar approach was recently suggested (1) in
a patent which appeared subsequent to initiation of this
program., Three compounds were prepared for this purposej
ascorbic carbonate, anhydro-bis-O-carboxy tartaric acid,
and anhydro-O-carboxy citric acid. The bis-O-carboxy
anhydride of tartaric acid has been previously prepared,
while anhydro-O-carboxy citric acid and ascorbic carbonate
were presumed to be new compounds. The half lives of
hydrolysis in aqueous solution of all three compounds were
relatively short being of the order of a few seconds.
Anhydro-bis-0O-carboxy tartaric.acidhcontained the greatest
percentage by weight of carbon dioxgde, followed by
ascorbic carbonate and finally anhydro-O-carboxy citric
acid. Evaluation of the compounds, from a pharmaceutical
point'of view, has shown them all to be potentially useful
in pharmaceutical formulations.

(1) ieldman, J. R, and Foltz, R. L., United States Patent
9521845958 Nov. 16, 1965. : o
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INTRODUCTION

The active roles that carboxylic acids and carboxylic
acid derivatives play in pharmacy are numerous and varied.

A recent publication by Higuchi et al., for example, on the
behavior of common buffer systems composed of carboxylic
acids, reported that many carboxylic acids exist in equi-
librium with their corresponding acid anhydrides in aqueous
solution. Because of the sensitivity of these anhydrides
to nucleophilic attack, it was postulated that their forma-
tion in the presence of drug species presented a possible
pathway for drug loss from solution. Situations may exist
on the other hand, where such anhydrides may serve a useful
purpose, Greater insight into their chemistry and new
applications to pharmaceutical systems are obviously of
significant importance.

The first part of the study was designed to investigate
possible interactions between acid anhydrides and carboxylic
acids. It was previously observed in our laboratory that
when acid anhydrides were placed in buffers of polycar-
boxylic acids, spectral changes occurred which suggested
formation and subsequent hydrolysis of an intermediate

species. The study included observations on:

1) systems containing a cyclic anhydride, such as
glutaric anhydride, which would yield a reversible pathway

for formation of this intermediate species, and
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2) systems containing a non-cyclic anhydride, such as
acetic anhydride, which would be expected to yield an
irreversible pathway for formation of such species. Both
systems were investigated to see the effect of pH and
buffer concentration with the overall goal of gaining
insight into the reaction mechanism,

The second part of the study was devoted to investi-
gations of possible applications of these carboxylic acid
derivatives in formulating effervescent type dosage forms.
These products have undergone very little change from the
original concept, although they suffer from many disadvan-
tages. Classical carbonated systems are composed of an
organic acid such as citric, tartaric, adipic, etc. with
sodium bicarbonate.

One apparent disadvantage to this type of system is
the loss of carbon dioxide to the atmosphere which occurs
during dissolution of the two components. The solid
organic acid for example may dissolve more rapidly than the
solid sodium bicarbonate, with formation of carbonic acid
occurring in the immediate vicinity of the undissolved
sodium bicarbonate particles. The solid bicarbonate parti-
cles in such an instance can act as nucleation points for
loss of carbon dioxide to the atmosphere. A possible means
of overcoming this mode of loss through the use of a
latentiated acidifier has been explored. The latentiated
acidifier chosen as a model was glutaric anhydride., A

non-acid species such as glutaric anhydride would produce a
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lag time which may allow total dissolution of the bicar-
bonate particles before the acid portion becomes available,
and thus, a homogeneous reaction in solution can occur.

Other apparent disadvantages to the classical effer-
vescent system include, the saline taste that is associated
with salt formation,'and the rate at which carbon dioxide
is evolved in this type of system. The second section of
this part of the study was devoted to the possibility of
overcoming the taste problem as well as the rate of evolu-
tion problem by resorting to carbonating agents. These
potential carbonating agents when placed in water would
hydrolyze to yield carbon dioxide and biologically
acceptable hydrolysis products.



‘Section 1

Interaction of Di- and Tri-cafboxylic Acids

With Anhydrides




Part 1

Interaction of Di- and Tri-Carboxylic Acids -
with Glutaric Anhydride in Aqueous Solution




INTRODUCTION

Many biochemical systems as well as pharmaceutical

formulations contain polycarboxylic acids. Citric acid,
tartaric acid, malic acid, aconitic acid and succinic acid
are examples of food acids which occur naturally and are
also often used in pharmaceutical preparations. In an
earlier report (1) it was shown that these acids exist in
solution in equilibrium with their corresponding éyclic
acid anhydride forms which are capable of reacting with any
nucleophilic species present. The present communication is
concerned with results of studies designed to determine the
rate and mechanism of transference of this anhydride
charécter in a mixture containing two of these polycar-
boxylic acid species. Specifically the interaction of
citrate species with glutaric anhydride was investigated.
In aqueous solution, since water is a weak but an
effective nucleophile, acid anhydrides undergo relatively
rapid hydrolysis with half liveg of the order of minutes.,
In the presence of other more potent electron donors which
are often constituents of frequently used pharmaceutical
buffers, other reactions may take place preferentially.
Thus it has been suggested that acetic anhydride reacts

with propionate ions with subsequent formation of a mixed

anhydride (2).
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CH"‘Q;( i
+ 0-C-CHz~CH; —> CHj C-jO~C-CH§~CH3 (Eqs 1)

CH-—-Q%

Reaction -1- as written would be expected to Dbe
laréely irreversible in the presence of a large excess of
the attacking carboxylate species. If an analogous reaction
takes place between a cyclic anhydride and a polycarboxylic
acid species, on the other hand, an equilibrium system such

as the following may be expected:

glutaric + ol teate” kl s hixed kﬁ, glutaric x citric
anhydride ‘ R hnhydride‘j;"acid anhy-
-1 . -3 dride
JFW jF2 JE#
giggaric giggaric + citrate” citrate™
(Eq. 2)

Formation of citric anhydride is a probable pathway due to
the fact that the carbonyl carbm in the mixed anhydride

can undergo intramolecular nudleophilic attack from the
nelghborlng carboxyl group of the cltrate moiety. The mixed
anhydrlde may also revert back to glutarlc anhydride by the
same mechanism, and therefore statistically it would be
expected that the mixed anhydride would be present in

relatively low concentration.

*1. Formation of anhydrides from their corresponding acids
'~ is negligible at ambient condition, (estimated for
succinic acid to be two parts per 10¥ at 25° C.) (1),
therefore kw’ k2 and k4 are written 1rreversib1y.




RESULTS AND OBSERVATIONS

Spectrophotometric Studies.=—-

Glutaric anhydride has a characteristic ultraviolet
absorbance spectrum that can be utilized to follow its
hydrolysis in aqueous solution. When citric acid is
employed as a buffer at a pH where substantial quantities
of the di-ionized species dre present, a change in ultra-
violet absorbance is observed. This interaction can be
conveniently followed since the reactants, intermediate
species and the final products apparently possess suffi-
ciently different ultraviolet molar absorptivities to
rermit observation of the various reactions. A typical
absorbance change at 248 mu with time for a system con-
taining initially 7.05 x 10~ moles of glutaric anhydride

in 0.3 molar citrate buffer at pH = 5.0 is shown in

_.Figure l. There is a small increase in absorbance
initially, followed by é logarithmic approach to an equi-
librium value. This corresponds presumably to a
4 B——p C__—-—-) D type relationshi;g where species C
possesses a slightly higher molar abéorbance than the
reactants or the final product. The experimental observa-
tion noted above is in agreement, at least in form, to the
reactions implicit in equation -2-.

It is apparent from the proposed reaction scheme that

there are two possible species which could correspond to



PH=5.0,0.3M CITRATE
T=25°C

40 80 120 160 200

SECONDS

Figure 1. Semi-logarithmic plot of absorbance change at
E 248 mu for the system glutaric anhydride in
citrate buffer.
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species C, the mixed anhydride and citric anhydride.
Similarly, the detefioration of the species could be
attributable to decomposition of the mixed anhydride or
hydrolysis of citric anhydride. ‘

The following derivation assumed thét G to C is the
relatively rapid formation of citric anhydride and C Yo D
is the slower hydrdlysis of citric anhydride to the cor-
responding acid. Obviously there are at least two other
pathways that would be kinetically equivalent to the pro-
posed case; formation of mixed anhydride followed by a
corresponding slow hydrolysis to the acids or formation of
mixed anhydride followed by slow formation of citric anhy-
dride which then.hydrolyzes very rapidly. Each pathway
allows a similar mathemaﬁical treatment for separaﬁion of
the individual rate constants, but the species involved
would be different. Assuming k§>>> ki, k_;, k, and k and
that k_3 is negligible,2 the concentration of citric
anhydride can be expressed as:

. k. [BI1[GA] 3
[QA] - kiLBJ+kw-g4 [;'k4t Te'(kl[B] * kw)t (Eq. 3)

where [CA] = citric anhydride, [GA] = glutaric anhydride,
and [B] = citrate buffer.

2. Pseudo~first order‘conditions were maintained and there
was always at least a 60 fold excess of citrate buffer,
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If the absorbance of a reacting system initially
containing glutaric anhydride and citrate is followed at
248 mu, a plot of log [AT - Ay, ) against time (where Ap is
the absorbance at any time t and Ao, is the limiting absor-
bance) will yield.a'straight line in the terminal phase,
provided (kl[BJ + 1%) >> k,_'_. This is because under such a
circumstance (AT - A@O) will be expected to be essentially
proportional to the concentration of citric anhydride when
the total anhydride condentration becomes very small., The
slope of the logarithmic plot would then be equal to -54,
Extrapolation of this line will give an imaginary (Ao' - Ay)
value (which is proportional to [CA]) at time zero. A semi-
logarithmic plot of [(Aq' = 4,) - (Ap = Ay )] against time
will yield a linear relationship with a slope equal to

| -(k{[B] + k).

The rates of appearance (corresponding to (kl[B] + kw))
of the strongly absorbing intermediate species (citric an=-
hydride?) were determined from plots of (AT' - Ap) for
systems at several pH values ana different buffer concentra=-
tions.‘ Results are shown in Figu{g 2. The data suggests
fhat the iﬁitial reaction between fhe anhydride and citrate
probably involves the di- and/or tri-ionized form of citric
acid. ‘

The apparent rates of loss of the active species (k4)
determined as outlined above are shown in Figure 3 for
several values of pH and various buffer concehtrations. The

PH range studied was limited to that where citrate behaved
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Figure 2, Rate of formation of the species'formed from the
glutaric-citric system at various pH values and
different buffer concentrations.



(—— PH=3.50

A

Figure 3.

2 : f A
0. 0.2 0.3 - 04

TOTAL CITRATE CONCENTRATION(M/L)

05

Observed rate of hydrolysis of the species

formed from the interaction of glutaric anhydride
in citrate buffer at various pH values and
different buffer concentration: @ = 1 M KC1,
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effectively as a buffer, Based on the proposed mechanism
of relatively rapid formation of citric anhydride followed
by a slower hydrolysis, the apparent pH dependency could
be ascribed to a slower rate of formation of citric anhy-—
dride at lower pH values and buffer concentrations. The
mathematical derivation presented above for separation of
the individual rate coﬁstants requires thatl(kl[B]'+’kw)
| Be at least four to five times larger than k4. Since in
the lower pH range this minimum ratio in the reaction |
‘velocities is not apparently obtained, the limiting slopes
do not reflect the true magnitude of k4 in this range.
The terminal slopes above pH = 4,5 are considered to reflect
the true values of k4 in that at these pH values, the rate
of formation is considerably faster than the subsequent
hydrolysis. In Figure 3, above pH = 4,5, the lines con-
necting the experimental points extrapolate back to a common
- value of 11,5 x 1072 sec'l. This is assumed to be the rate
constant for hydrolysis of citrié anhydride in water,

The observed decréase in absorbance may also be attri-
buted to slow disappearance of the mixed anhydride (to form
citric anhydride) followed by rapia hydrolysis of citric
anhydride. A mechanism such as this would require that the
glutaric-citric mixed anhydride would be a relatively stable
species which would not be expected based on the structure.
Direct hydrolysis of the mixed anhydride is also a possibi-
lity, but again a stable mixed anhydride would be required.

Further work is required to definitely establish which
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mechanism is correct, but intuitively the scheme involving
rapid formation of citric anhydride followed by a rela-
tively slow hydrolysis would seem the more likely.

Chromatographic Studieg.--Although results of rate

studies were strongly indicative of formation of citric
anhydride species from mixtures of glutaric anhydride and
~citrate buffers, the data were not considered definite by
themselves. Attempts were made tovsubstantiate these
findings by direct chemical examination of the reacting
systems. The procedure adopted was isolation and quantifi-
cation of the reaction products resulting from addition of
aniline to the anhydride mixture, all anhydride species
present presumably reacting extremely rapidly with the
strong nucleophile aniline,

Separation of reaction products following addition of
aniline to the reacting systems are evident in the chroma—
togram shown in Figure 4., The particular run contained
initially 0.3 molar pH = 5 citrate buffer and 3.95 x 102
moles of glutaric anhydride witﬁ'a trace of dioxane. The
reaction was quenched with aniliné%after 30 seconds and
separated by column partition chromatography and analyzed
by ultraviolet spectrophotometry as described earlier (3).
The doublerpeak ascribed to citric monoanilide probably
corresponds to the isomeric forms as previously suggested
(3). Elemental analysis, equivalent weight, ultraviolet
spectrum and infrared spectrum of the compound correspond-—

ing to peak 1 and 2 were determined and found to be
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_ citric
glutaric i monoanilide

i

monqgnilide
ﬂ et
b

18 2l 24 27 30 33 36

FRACTION NUMBER

Typical chromatogram for the anilides formed by
addition of aniline to the reaction mixture.
The reaction was quenched with aniline after 30
seconds, The eluate was extracted with 0,1 N
NaOH and the alkaline solution analyzed
spectrophotometrically at 241 mu.
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compatible with that of citric monoanilide.

Supportive evidence to corroborate the postulate that
the two peaks correspond to the isomeric forms of citric
monoanilide was obtained by hydrolyzing citranilic acid3
and chromatographing the resultant products. Random hy-
drolysis of this citric acid imide will produce the two
isomeric monoanilides of citric acid. Chromatographic
separation of this mixture in the same manner as that

employed for the anilides formed in the glutaric anhydride-

citric acid mixture gave two pesks. The retention volume
required for these two peaks was the same as that required
for the two peaks in the glutaric-citric case.

It is conceivable that citric monoanilide could have
formed through a lactone intermediate. However, previous
work with the lactones of tartaric acid (4) has shown them
to be unreactive towards aromatic amines under the condi-
tions employed here, and therefore, this was ruled out as a
possible pathway.

Citric monoanilide theoretigally could have been
formed through a mixed anlydride as well as citric anhydride,
Previous work has shown (5) that addition of aniline to a
mixed anhydride usually gave anilides of both compounds.
Depending upon the nature of the mixed anhydride, the yield

5. Citranilic acid was prepared according to Higuchi, et
al, (3) m.p. 187-188° (literature values vary from
185-189°), Molecular weight determined by direct
titration with sodium hydroxide was found to be 253
(calculated 249),
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of one of the anilides may be favored over the other.
When aniline was added to the reaction mixture where the
PH of citrate buffer was 2,0, citric monoanilide couid not
be isolated.* At a pH = 2.0, using 3.08 and 4.74 as the
respective first and second ionization constants of citrie
acid (6),'the monoionized and free acid would be present
almost exclusively with very little of the di-ionized
species present. If the monoionized citrate species can
atﬁack glutaric anhydride, and since citric monoanilide
was not isolated, it is reasonable to assume that either
the mixed anhydride is present in a very low concentration
or that glutaric monoanilide is exclusively favored in this
system,

An additional system that was tried was glutaric
anhydride in a pH = 5.5 acetate buffer. Addition of
anifine to this reaction mixfure did not produce any
acetanilide., This would indicate that this system, like the
previous one, hydrolyzes via an unstable, mixed anhydride or
formation of glutaric monoanilide is exclusively favored.
An alternative possibility is that\acetate ion serves as a

%

general base in this system.

4, At pH = 2,0, the fraction of aniline in the protonated
form is quite high and therefore a large excess was
employed., Isolation of glutaric monoanilide from the
reaction mixture indicated that sufficient unprotonated
ani%ine was present to react with anhydrides in the
system,
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To demonstrate fhe generality of the reaction,

phthalic anhydride was used in place of glutaric anhydride.
Phthalic anhydride hydrolysis was followed at 315 mu in
citrate buffer. Unlike the glutaric case, there was no
apparent anomaly observed in the ultraviolet spectrum indi-
‘cating that if a new species wasvbeing formed in solution,
it had less absorbance at this wavelength than the reactants.
The rate of hydrolysis, of phthalic anhydride as a function
of H§ and buffer concentration, is shown in Figure 5.
Appgfently this system, like glutaric anhydride, is sensi-
tive to the di- and/or tri-ionized species of citric acid.
Addition of aniline to the reaction mixture in the same
menner as before gave substantial quantities of citric
monoanilide., This indicates that phthalic anhydride like
glutaric anhydride is capable of reacting with citrate to
form a species in solution which has anhydride properties.
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o.l 0.2 0.3

TOTAL CITRATE CONCENTRATION (M/L)

Figure 5. Disappearance of phthalic anhydride at 302 mu as
a function of pH and buffer concentration.



DISCUSSION

Reactions of anhydrides with various species under
relatively mild conditions to form new compounds is not
unique. Flynn (7) has shown that phthalic anhydride reacts
with phosphate ions in aqueous solution at 25°C. to produce
phthaloyl phosphate which can be stabilized at alkaline
pH's. Simiiarly, acetic and propionic phosphate have also
been demonstrated (8). . However, the formation of an
"Active" carboxylic compound formed from an anhydride and
a diionized carboxylic acid under relatively mild condi-
tions is first demonstrated in the present study. Although
~ there is some gquestion as to which compound is the active
species, the mixed anhydride or a new anhydride, supportive
evidence favors the formation of a new anhydride. The rela-
tive ease with which these reactions occur suggests possible
implications in biological pathways.

Another important consideration is possible drug loss
froq‘solution.n A previous publication (3) has shown that
pol;éarboxylic acids in aqueous;eolution can form active
species which are capable of react}ng with aromatic amines,
and which was postulated to be an ;nhydride. It was sug-
vgested that formation of anhydrides presented a possible
pathway for drug deterioration in solution. Very often
dicarboxylic acids are used in combinations as buffer

components; in light of the findings of this study an

e, B
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exchange of anhydride character also presents a posSible
pathway for drug loss from solution. Equally important is
the possibility that a myriad of products could result
from an anhydridelexchange and subsequent reaction with

} nucleophiles,



EXPERIMENTAL

Equipment and Reagents.--A Gafy model 11 M.S. record-

ing spectrophotometer was utilized for the spectrophoto-
metric determinations. All pH measurements were made with
& Beckman Zeromatic pH meter with an expanded scale.
.Aniline was purified by repeated distillation and was
stored under nitrogen prior to use. Dioxane was purified
"according to Vogel (9).  Glutaric anhydride was recrystal=-
lized from ether until a m.p. of 56-57°C was obtained. All

other chemicals were of analytical or reagent grade.

- Procedure for Kinetic Runs on Citric Acid-Glutaric

~ Anhydride Reactions.--Citrate buffers of appropriate con-
centration and pH were prepared. One hundred microliters

of a 0,450 molar glutaric anhyéfide in dioxane solution were
mixed with 6 ml of citrate buffer in a 2 cm photometer cell,
The reaction was followed&spectrophotometrically at 248 mu.
All reaction solutions were equilibrated at 25 & 0,1°C

prior to use. The concentration of dioxane used in all
cases was determined to have a neg}igible effect on the

rate constants.

Procedure for Kinetic Runs on Citric Acid-Phthalic

Anhydride Reactions.-QOitrate buffers of appropriate con-
centration and pH were prepared. Fifty microliters of a

e
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0.0338 molar phthalic anhydride in dioxane solution were
mixed with 6 ml of citrate buffer in a 2 cm photometer
cell. The reaction was followed spectrophotometrically
at 302 mu, All reaction solﬁtions were equilibrated at
25»t 0.1°C prior to use,

Chromatographic Separation of the Reaction Mixture.,-—-

The chromatographic columns were prepared as outlined in a
previous communication (3). The reaction mixbture was pre-
pareg by addinéﬁls ml of citrate buffer to 100 microliters
of a 1.58 molar glutaric anhydride in dioxane solution,

The reaction was allowed to continue the requisite period
of time and was quenched with 4 ml of a 0.33 molar aqueous
aniline solution. The pH was adjusted to 313 with HCl1l and
a 5 ml sample was placed on the column with 5 gms of
silicic acid. The eluting solutions consisted of 100 ml
each of chloroform, 1.5% butanol in chloroform, 10% butanol

;. in chloroform and 30% butanol in chloroform; each solution

3 was saturated with the internal phase prior to use. The

eluate was collected in 10 ml fré;tions; the collecting
vessel was rinsed with 10 mls of chloroform and added to
3 the 10 ml fraction., Each sample was extracted with 20 mls
of 0.1 N NaOH,

Preparative Chromatosrapgy of the Reaction Mixture.,--—A

- chromatographic column with the following dimensions was

- employed: length = 60 cm, I.D. = 3,40 ¢m. Three hundred
gns of silicic acid was utilized as the support and 300 mls
f of pH 3,13 phosphate buffer was employed as the internal
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phase. The eluting solutions consisted of 500 mls each of
chloroform, 1.5% butanol in chloroform, 5% butanol in
chloroform, 15% butanol in chloroform and 35% butanol in
chloroform{ each solution was saturated with the internal
phase prior to use. The reaction mixture was prepared by
ﬁixing 100 mls of 0.3 molar pH 5 citrate buffer with 5.2
B ¢ 1.58 noiar glutaric anhiydride in dfoxine solwtion.
The reaction mixture was quenched at the end of 30 seconds
~ with 16 mls of a 0.33 molar aqueous aniline solution. The
PH .of the resulting solution was adjusted to pH 3,13 with
HC1l and 30 mls of this solution was placed 6n the column
with 30 gms of silicic acid. The eluate was collected in
50 ml fractions, The solvent was removed from each sample
under reduced pressure aﬁd a mixture of chloroform-

pet%pleum ethey added to precipitate the compounds.,

Characterization of Reaction Compounds,.=--Glutaric

monoanilide: was recrystallized from methanol-water

m.p. 129-130° C. Equivalent weight found by direct titra-
tion against standard NaOH was 102.5 (calculated 103.5).
Known glutaric monoanilide was prepared by adding glutaric
anhydride dissolved in dioxane to an aqueous éolution of
aniline. The sparingly soluble anilide precipitated and :
when recrystallized gave a m.p. 129-130° C. Both known and
unknown compounds gave identical infrared and ultraviolet

absorption spectra.
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Citric Monoanilide-l:. was recrystallized from

chloroform, m.p. 136-137° C, Elemental analysis gave
C = 53.90, H = 4,94, N = 5,3 required C = 53.94, H = 4,87,
N = 5,25, Equivalent weight determined by direct titration
against sodium hydroxide solution was found to be 134,5
(calculated 134). Infrared and ultraviolet absorption
spectra was characteristic 6f an anilide., N,M.R. spectrum
strongly suggested this to be the symmetrical isomers;
“2-hydroxy3 2-N phenyl carbamide-l,3 propame dicarboxylic

acid,

&

Citric Monoanilide-2: was recrystallized from
chloroform, m.p. 127-128° C, Equivalent weight determined
by direct titration against sodium hydroxide solution was
135 (calculated 134). Elemental analysis gave C = 53,87,
H=24,85, N = 5,20, required C = 53.94, H = 4,87, N = 5,23,

 Infrared and ultraviolet absorption spectra was charac-

teristic of an anilide. N.M.R. spectrum suggested this to
be the unsymmetrical isomer; 2-hydroxy, 1-N phenyl carbamide,
2,3 propane dicarboxylic acid.



1.

2.
Se

4,

5

6.

7e

8.
9.

27
REFERENCES

Higuchi, T., Miki, T., Shah, A, C,, Herd, A. K.,
J. Am. Chem. Soc., 85, 3655 (1963).

' Gold, V., Jefferson, E. G., J. Chem. Soc., 1416 (1953)

Higuchi, T., Eriksson, S, O,, Uno, H., Windheuser, Je Jay
J. Pharm. Sci., 53, 280 (1964).

Shimada, I., Higuchi, T., Personal communication.

Hurd . ‘D. Roe, A, S, J. Am. Chem. Soc. QJ_: 3355
LY e e B e et s

Dates, R. G., Pinching, G. D. J. Am. Chem. Soc. 2;
1274 (1949). e e

{%gnn, G. L., Dissertatlon, Unlver81ty of Wisconsin,
5

Koshland, D. E., . Am. Chem. Soc., 73, 4103 (1951).

. Vogel, A, I., Practical O ¢ Chemist John Wiley
~and Sans, Iné.,  New York, %

ed., ’ p. 507.



£

a

Part 2

Interaction of Acetic Anhydride with Di- and
Tri-Carboxylic Acids in Aqueous Solution

at



INTRODUCTION

In an earlier report (1), experimental evidence was
presented which suggested that glutaric and presumably
other cyclic anhydrides formed an equilibrium system in the
presence of a large excess of citrate buffer in which the
total anhydride concentration was distributed among
glutaric anhydride, citric anhydride andvperhaps glutaric-
citric anhydride. An attempt has been made in the present
study to obtain a clearer picture of the reacting system
B ooiicying acetic suhydride to furnish the indtial anby
' dride concentration; the non-cyclic anhydride not being
;  expgﬁted to pagticipate effectively in any reversible
process.,

If the forward reaction pathway remains essentially
the same as in the cyclic anhydride case, a mixed acid
£  anhydride species would be formed by interaction of acetic
:‘ anhydride and citrate ion. The loss of the acetate in this
step would, however, make formation of the mixed anhydride
irreversible. The net effect of this would be to drive the
b reaction to the right. The proposéd reaction scheme can

be written:l

l, The reaction steps k.o Ko and k, are considered

irreversible, since under the conditions employed here
(25° C., aqueous solution) the reverse reaction would
be negligible (2).

w20
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k k3

1
' mixed citric acetic
anhydride * ¢itrate — anhydride™— anhydride ¥ acid

k3
J,k" ‘ lkz }xq_ (Eq. 1)

acetic acetic

o Facid anda + citrate citrate

In the present investigation'the differences in the
characteristics of this irreversible system from those of

fﬂ the previously studied reversible system have been explored.



RESULTS AND OBSERVATIONS

Spectrophotometric Studies.--Although acetic anhydride

hydrolyzes rather rapidly in cold water (t%¢= 5 minutes at
25° C), it appears to be capable of reacting with nucleo-
philic species such as citrate anions. When the hydrolysis
is followed spectrophotometrically at 248 mu in citrate
buffer, at pH values where there is an appreciable quantity
of diionized citrate, a species appears to be formed which
has an ultraviolet absorptivity greater than the original
anhydride. The absorbance-time profile observed for a
system initially containing 1,08 x 102 M acetic anhydride
in 0.3 M citrate buffer, pH = 5 and 25° C, is shown in
Figure 1. The shape of the plot suggests that the reaction
involves relatively rapid formation and subsequent hydroly-
s8is of some intermediate species.

As shown previously (1), the concentration of citric

anhydride can be expressed2 as:

e kq [BI[AAD [ oKyt _o=(k[B] + k)%

(kl[BJ\+ K~k )

If (k;[B] + k) D k,, a semi-logarithmic plot of (Ap-Ag,)
against time (where AT is the absorbance at any time t and

Ag is the limiting absorbance) will have a terminal slope

2. The assumptions involved in this derivation are the same
as previously reported (1). The reaction step k, is
considered irreversible since at least a sixty fold
excess of buffer was employed at all times.



PH=5.0
T=25°C

100 200

SECONDS

Figure 1. Semi-logarithmic plot of absorbance change at
248 mu for the system acetic anhydride in
citrate buffer.
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equal to -kq. Extrapolat’ on of this terminal line to zero
time will give a wvalue (Ao' - Ao ) which corresponds to
the imaginary absorbance of the new species at time zero.

A semi-logarithmic plot of C(AT' -4,) - (AT - A )l, at
various times, against time will yield a linear relation-
ship with a slope equal to -(k,[B] + k).

The rates of appearance (kl[BJ + kw).of the more
strongly absorbing species in the system are influenced by
both hydrogen ion concentration and buffer concentration as
shown in Figure 2. As is evident from the plots, the rate
of formation appears to depend upon either the di- and/or
the tri-ionized form of citric acid., It should be noted
here that the apparent transfer of anhydride character was
observed only at a pH = 3 or greater where the concentration
of diQionized citrate was appreciable.

The observed rates of loss (k,) of the new species,
found from the terminal slopes as described above are shown
in Figure 3 fog various pH values and different buffer con-
cenggations. ﬁrom the’proposed reaction scheme (equation
-1l-) if k4§> k5 we would be essenﬁially observing the rate
of loss of the mixed anhydride. Sihilarly, if k5j> Ky
the observed hydrolysis would be that of citric anhydride.
It is felt that the latter situation probably exists and
that acetic anhydride reacts with the citrate buffer to
produce citric anhydride which subsequently undergoes
hydrolysis.,
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 ' Figure 2, Rate of formation of the species formed from the
' ' acetic anhydride-citrate system at various pH
values and different buffer concentrations.
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The apparent dependency upon hydrogen ion concentra-
tion observed in Figure 3 can be explained on the basis
that” if the rate of formation of citric anhydride is slow
at low pH values and low buffer concentration, extrapola-
tions of the terminal slope does not reflect the true
hydrolytic rates for the disappearance of the species, It
is suggested, therefore,}that only above pH = 6 is the
terminal slope represenfative of the true hydrolytic rate
of citric anhydride.

The pH dependency is similar to that observed in the
glutaric anhydride-citric acid case (1). The extrapola-
tions of the higher pH values to zero buffer concentration
would be expected to yield the uncatalyzed hydrolytic rate
for citric anhydride. Since in both systems citric anhy-
dride is apparently formed, the extrapolated rate value
should be the same. The value of 11.5 x 102 sec™+
obtained in this investigation is in good agreement with
that reported in the earlier work (1).

Apparently the pH values, necessary 4o obtain a limit-
ing maximum rate constant upon extrgpolation to zero buffer
at a given pH,'are higher (pH = 6.0) for the present case
f_than those found for the glutaric-citrate case (pH = 4,5).
; This dependence may be rationalized on the basis of steric
effects., Since bothﬁglutaric and acetic anhydrides have
1 approximately the same rate of hydrolysis in water, we
~ cannot ascribe the observed phenomenon singly to the :

1 different sensitivities of the two species to nucleophilic

. attack.,
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Figure 3. Observed rate of hydrolysis of the species
formed from the interaction of acetic anhydride
in citrate buffer at various pH wvalues and
giffgrgnt buffer concentrations: & = 1 M KC1,
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As previously mentioned (1) the data presented can
also be rationalized by an alternate pathway. This
essentially requires that the rate determining step cor-
responds to the decomposition of the mixed anhydride. A
mechanism such as this requires that acetic-citric anhy-
dride be a relatively stable species which seems unlikely.
It should be pointed out that direct hydrolysis of the
mixed anhydride is also possible, but the slow rate of
hydrolysis observed would again require that the mixed
anhydride be a relatively stable species.

The catalytic effect of citrate buffer on the hydro-
lytic rate of the assumed citric anhydride has been
observed with other anhydrides. An example of this is the
catalytic hydrolysis of aéétic anhydride by acetate iohs.
The most acceptable theory for this catalysis is a general
base effect, since nucleophilic attack would result in an
identical anhydride (3). A general base effect might be a
satisfactory explanation in the citrate case, but it should
be pointed out that attack of ciﬁrate ions on citric anhy-
dride would produce an intermediate;citric-citric anhydride

i which could undergo hydrolysis at a"faster rate than citric
| anhydride. '
| Supportive evidence for the formation of citric anhy-
1 dride rather than the mixed anhydride was obtained by using

| phthalate as the buffer rather than citrate. Addition of
acetic anhydride to phthalate buffer produces a species

f which can be followed at a wavelength where there is no
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interfering absorbance from the acetic anhydride.5 As shown
in Figure 4, a species forms and subsequently undergoes
hydrolysis. Applying the same kinetic treatment és was

described for the citric caée allows for separation of the
vindividual rate constants, Figure 5 shows the rate of
disappearance of this species as a function of phthalate
concentration and pH. The proposed mechanism for this in-
teraction is relatively rapid formation of phthalic anhy-
dride, followed by a somewhat slower hydrolysis. The
apparent pH dependency observed here is explained on the
same basis as the acetic anhydride-citrate case i.e. at low
PH values and low buffer concentrations the rate of forma=
tion is slow and therefore extrapolation of the terminal
slope does not reflect the true hydrolytic rate. Above

PH = 5.5 the limiting intercepts at zero buffer concentra-
tion value giving an uncatalyzed velocity constant of

9¢3 x.lO'3 sec.™t which is in good agreement with reported
work (4).

Because of the sparingly sd}uble nature of phthalic
anhydride it was possible.to isolate it from the reaction
mixture. Addition of excess acetic anhydride to the
‘phthalate buffer gave a copious precipitate which redis-
solved upon standihg. Isolation and characterization of
this precipitate showed it to be phthalic anhydride,
lending support to the hypothesis that the mixed anhydride
has only a fransitory existence in systems containing acetic

anhydride and various carboxylic buffers.



Figure 4,

i100

SECONDS

Absorbance~Time profile, for acgtic anhydride,
initial concentration 4.5 x 10=2 molar, in
O.5 molar phthalate buffer., The absorbance
change was followed at 315 mu.

200
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TOTAL PHTHALATE CONCENTRATION(M/L)

- Figure 5, Observed rate of hydrolysis of the species formed
from the interaction of acetic anhydride in
phthalate buffer at various pH values and
different buffer concentrations,
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Chromatographic Studies.--The presence of a citrate

species possessing anhydride properties can be demonstrated
by addition of aniline to the reaction mixture as has been
previously noted (5)., The anilides that are produced can
be separated by chromatography as shown in Figure 6. The
typical chromatography run demonstrated in Figure 6 was
carried out using a 0.3 M, pH = 5 citrate buffer and 8.0 x
10'5 moles of acetic anhydride; the reaction was quenched
with aniline after forty seconds. The double peak corres-
ponding to the two isomers of citric monoanilide is again
in good sasgreement with earlier work (5). Verification that
the peaks correspond to the two isomeric forms of citric

monoanilide was carried out as previously described (1).

Determination of the Citric Anhydride-Time Profile by

the Aniline Method.--The citric anhydride concentration in a

- mixture containing initially only acetic anhydride and ci-

trate buffer can be estimated by quenching the reaction
system with aniline and determining the concentration of the
total citric monoanilide producéé. The ahilides formed from
sampleg drawn at different times dﬁring the course of the
reaétion were separated by column partition chromatography
and the total yield of citric monoanilide determined. The
results are shown in Figure 7. The indicated concentration
of citric anhydride as reflected by the total yield of
citric monoanilide apparently increased initially with time.
The data suggest that the hydrolysis of citric anhydride

resulted in a decrease in the amount of the anilides formed
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Figure 6. Typical chromatogram for the anilides formed by
addition of aniline to the acetic anhydride-
citrate system. The reaction was quenched with
aniline after 40 seconds. The eluate was
extracted with O,1 N NaOH and the alkaline
golution analyzed spectrophotometrically at

41 mu,
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Total yield of citric monoanilide for the acetic
anhydride-citrate system. The various points
were obtained by withdrawing samples from the
reaction mixture at various times and quenching

the regction with aniline. The total citric
monoanilide present was then determined.
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in the terminal phase ofﬁthe reaction. The yield of citric
;f anilide was calculated bésed on a molar absorptivity for
| the citric monoanilide of 11,000,

It is apparent in this system that the anilide could
have been formed from the mixed anhydride or from citric
anhydride, although the spectrophotometric evidence pre=-
sented supports citric anhydride rather than a mixed anhy-
dride. ‘




DISCUSSION

These studies indicate that although! the irreversible
interactions of acetic anhydride with citrate differ
markedly in character fro the reversible reaction observed
for the glutaric anhydride-citrate system, the épparent
kinetic behaviors are surprisingly similar. The primary
observation, aside from the irreversibility of the system,
seems to be that the acetic anhydride reaction with citrate
proceeds at a substantially slower second order rate than
that observed for the cyclic anhydride,

The experimental observations again strongly suggest
intermediate formation of a reactive citric anhydride
'3 species, Although the compound was not isolated in these
| studies, the data suggests that acetic anhydride can be
f employed to produce substantial concentrations of citric
ﬁ>anhydride which, in turn, caﬁ be conveniently employed for

- synthesis of citric acid derivatives in aqueous solutions.



EXPERIMENTAL

Reagents and Equipment.--Commercial acetic anhydride

was purified by distillation. Dioxane was purified accord-
ing to Vogel (6). Aniline was purified by repeated distil- .
lation and was stored under nitrogen prior to use. All
other chemicals were of analytical or reagent grade.

All pH measurements and adjustments were made with a

Beckman Zeromatic pH meter with an expanded scale,

Kinetic Procedure for the Reaction of Acetic Anhydride

with Various Buffers.--Fifty microliters of a 1.08 molar

solution of acetic anhydride in dioxane were introduced
together with 6 mls. of the buffer into a 2 cm. photometer
cell. The reaction was allowed to proceed and was followed
directly on a Cary model 11 M.S. recording spectrophotometer.
All solutions were equilibrated at 25 ¥ 0,1° C. prior to use,
The dioxane concentration employed in these runs was

determined to have a negligible effect on the rate constants.

Chromatographic Separation of Reaction Mixture.--The

chromatographic columns were prepaﬁéd as outlined in a pre-
vious céﬁmunication (5). The reaction mixture was prepared
by adding 15'mls. of the appropriate citrate buffer to 300
microliters of a 1.08 molar acetic anhydride in dioxane
solution. The reaction was allowed tb proceed the requisite

period of time and was quenched with 4 mls., of a 0.33 molar

kb
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agqueous aniline solution., The pH was adjusted to 3+13 with
HCl and a 5 ml., sample was placed on the column with 5 gus,
of silicic acid. The eluting solutions have previously
been described (1).

Blank determinations were made following the same pro-
cedure as above using: 1) acetic acid, citrate buffer and
aniline solution, 2) acetic anhydride, water and aniline

solution.

Preparative Chromatography of the Reaction Mixture.,--A

chromatographic column was prepared as previously reported
(1). The reaction mixture was prepared by adding 100 mls.
of pH = 5,0, 0.3 molar citrate buffer to 4 mls. of a 1.08

molar acetic anhydride in dioxane solution. At the end of

b ‘60 seconds the reaction mixture was quenched with 27 mls.,

of a 0.33 molar agueous aniline solution., The reaction
nixture was placed on the column in the previously outlined
manner and the eluate was collected and treated as re-

ported (1).

Characterization of Compounds.--Acetanilide: was re-

crystallized from methanol, m.p. 1i4—115° C. Commercial
acetanilide was recrystallized from methanol and gave a
m.p. 114-115° C, A mixture of the known and unknown sample
gave no depression of the melting point., In addition, both
known and unknown samples gave identical infrared and

ultraviolet absorption spectra.
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’ Citrichonoanilide*lz was recrystallized from chloro-
'; form, m.p. 137-138° C. Elemental analysis gave C = 54,09,
{;-H = 4.92, N = 5.22 (required C = 53,94, H = 4,87, N = 5,23),
F Equivalent weight determined by direct titration against
i sodium hydroxide solution was found to be 134.5 (calculated
124), Infrared and ultraviolet absbrption spectra was |
f characteristic of an anilide. N.M.R. spectrum strongly
f suggested this to be the symmetricai isomer; 2-hydroxy, 1
QVZ-N Phenyl carbamide—l,3 propane dicarboxylic acid.

| Citric Monoanilide-2: was recrystallized from chloro-
é form, m.p. 127-128° C. Equivalent weight determined by
;fdirect titration against sodium hydroxide solution was 135
{,(calculated 134). Elemental analysis gave C = 53,98, H =
¥i4.92, N = 5,19, required C = 53,95, H = 4,87, N = 5,23,

f Infrared and ultraviolet absorption spectra was character-

E‘istic of an anilide. N.M.R. spectrum suggested this to be

. the unsymmetrical isomer; 2-hydroxy, 1-N phenyl carbamide,

ﬂ 2,3 propane dicarboxylic acid.
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Part 2
Carbonation by Carbonic Anhydrides.

Synthesis and Evaluation of Ascorbic Carbonate,
Anhydro Bis-O-Carboxy Tartaric Acid, and
Anhydro-O-Carboxy Citric Acid




INT20DUCTION

The basic process of chemical carbonation of aqueous
solutions has undergone relatively little change from the
classical organic acid-sodium bicarbonate system that has
been practiced for generations despite the fact the
system has a myriad of problems associated with it. A
possible solution to one such problem has been discussed
in a recent publication (1) which has suggested the
approach of‘ﬁsing a latentiated acidifier to generate the
organic acid in these systems. The rationale behind this
change is based on the fact that in classical effervescent
systens, the organic acid dissolves more rapidly than the
sodium bicarbonate and therefore the subsequent reaction
occurs at the saturated interface of the solid sodium
bicarbonate particles. The solid bicérbonate thus serves

as a nucleation point for loss of carbon dioxide to the

. atmosphere. Utilization of a latentiated acidifier would

introduce a lag time to allow for dissolution of the bi-
carbonate particles before the acid portion becomes
available, thus allowing for a homegeneous reaction in
solution. This leads to a greater degree of super-
saturation with respect to carbon dioxide than can be
achieved by the conventional additives. Other problems
associated with the classical effervescent system which
cannot be solved by the above approach include, the

saline taste that occurs due to salt formation, rate of

-5l
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reaction of the carbonating components, and the added
weight of the organic acid which is necessary in the car-
bonation process.

The present study was undertaken to prepare compounds
_that when placed in water hydrolyze to prbduce carbon
dioxide. This approach to carbonation in addition to
:' having the desirable advantage of producing carbon dioxide
in a uniform manner throughouf the bulk of the solution, ”
would have the added advantage of elimination of the ‘
saline taste that is prescnt in classical effervescent
systems. This technique of carbonating aqueous.solutions
was suggested by Feldman and Foltz (2). Unfortunately
their disclosure was limited to a patent on the prepara-

tion of anhydro-O-carboxy acids and no experimental

evaluations were made.

: In the present study three compounds have been
synthesized: 1) ascorbic carbonate, 2) bis-O-carboxy
anhydride of tartaric acid, and 3) anhydro-O-carboxy
citric acid. Bis-O-carboxy anhydride of tartaric acid ;
has been previously prepared (2), and was synthesized at |
this time onl& as a reference compound, whereas ascorbic

ca#bonate and anhydro-O-carboxy citric acid presumably

have not previously been described. Both ascorbic acid

and citric acid have wide pharmaceutical applications and

as such could serve as the basis for potential carbonating

agents of pharmaceutical preparations.
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Davies (3) has reported a method for preparing

anhydro-O-carboxy acids from alpha hydroxy acids. The
method involves reaction of phosgene (carbonyl dichloride)
with the acid, employing dioxane as the solvent. As re-
cently pocinted out (2), the process has the disadvantages
of long reaction time and low yield of product. It has
been suggested (2), that hecause of the long reaction _
?' time, interactions between solvent and reagent can occur
to form complexes that interfere with the reaction. The
same authors recommend the use of tetrahydrofuran as the
solvent to minimize the formation of undesirable side
products. -Both of these procedures utilize alpha
hydroxy acids as the acid precursors.' In this study the
latter method utilizing tetrahydrofuran was employed for
the synthesis.



DISCUSSION

To serve as carbonating agents suitable in aqueous
solutions for pharmaceutical purposes, potential carbo-
nating compounds should meet certain criteria. Evaluation
of these compounds should be based not only on the
pPhysical-chemical properties of the compound, but also on
dosage acceptability from a product standpoint.

It is highly desirable to utilize compounds which
when placed in aqueous solution hydrolyze to yield
physiologically acceptable hydrolysis products. In addi-
tion, the hydrolysis products should impart an acid PH to
the resultanf solution and confer an acceptable taste.

Obviously the total amount of carbon dioxide
liberated by hydrolysis should be sufficient to produce a
‘\nsaturated or supersaturated product without employing
large quantities of the carbonating agents. Similarly,

b the ratio of acid to carbon dioxide that is produced on
hydroiysis should be such that an excessive_amount of acid
is not present in solution. ;

It is evident from the standpoint of patient accep-

- tability and safety that the carbon dioxide acid anhydride
species react relatively quickly when dissolved in water.

It is suggestéd that all of the carbonic acid be released

within an approximate time limit of one minute. On the

other hand, overly reactive compounds would be expected to

-57-
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present problems during formulation. The hydrolytic half
life of potential carbonating agents between one and ten
seconds may be expected to meet the above requirements.

It is desirable that the compound be a non-hygro-

scopic crystalline material,

Evaluation of anhydro-bis-O-carboxy tartaric acid

Hydrolysis of the bis-O-carboxy énhydride of tar-

taric acid in aqueous solution was evidenced by copious
evolution of carbon dioxide upon introduction of the
compound into water. The rémaining hydrolysis product,
tartaric acid, was identified by isolation and deter—
mination of its melting point and optical activity of the
resulting solution which corresponded to that of the acid.
] When 100 mg of the solid anhydride was added to 10 mls of
water at 0° C, it dissolved quickly to yield an effer-
f vescent clear solution. The solution tasted as expected.
The theoretical amount of carbon dioxide that can be
r generated by the bis-O-carboxy aﬁhydride of tartaric acid
“is 43,5% by weight. The dmount actgally found by loss in
weight in water corresponded to 43.&% by weight of carbon
dioxide.

The apparent half life of hydrolysis determined by
L'sPectrOPhotometfic changes in aqueous solution at 25° C
: was of the ordeerf one to two seconds. This relatively

l rapid hydrolysis rate, together with the large content of

} carbon dioxide was reflected in the relative hygroscopicity
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of the compound. Upon exposure to an atmosphere of 60
to 70% relative humidity the material became quite sticky,
however, if the relative humidity was maintained af lower
levels, for example 10%, the compound could be handled

quite easily.

Evaluation of ascorbic carbonate

Hydrolysis of ascorbic carbonate also yielded carbon
dioxide in large amounts as evidenced by the copious
evolution of gas when it was placed in water. The hydro-
lysis also yielded asdorbic acid as determined by its
optical rotation in aqueous solution., Ascorbic acid, like
tartaric acid, can be biologically tolerated in large
doses. Solutions resulting from the hydrolysis of
ascorbic carbonate were acid in nature and possessed an
acid taste.

The theoretical amount of carbon dioxide that can be
liberated by ascorbic qarbonate is 21.8% by weight. The
actual per cent by weight of carﬁgn dioxide generated, as
determined by the method of Higuchi, et al. (1) was found
to be 22.0%. )

The apparent hydrolytic half life of ascorbic carbo-
nate in aqueous solution at 25° C was found by spectro-
photometric change to be of the order of five seconds.
This is somewhat slower than the anhydro-bis-O-carboxy
tartaric acid, but still within the ten-second time limit.

Perhaps because of its lower solubility as well as its

e o =
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somewhat slower rate of hydrolysis, ascorbic carbonate
appeared to be less hygroécopic than anhydro-bis-0-

carboxy tartaric acid under similar conditions.

Evaluation of anhydro-O-carboxy citric acid

Hydrolysis of anhydro-O-carboxy citric acid yielded
carbon dioxide and citric acid. The theoretical percen-
tage by weight of carbon dioxide is 20.2% for anhydro-O-
carboxy citric acid. The actual amount found by loss in
weight in water corresponded to 20.0%. The higher
molecular weight of the anhydride would make this compound
a less efficient source of carbon dioxide than the other
two.

The apparent half life of hydrolysis of anhydro-o-
carboxy citric acid, as determined by spectrophotometric
changes in aqueous solution at 25° C, was of the order of
five to six seconds. This compound appeared visually to
be the least hygroscopic of all three compounds.

These compounds have been sgown to be hydrolyzed at
an acceptable rate to a biologically tolerated organic
acid. Although anhydro—bis-o-carb&ky tartaric acid
contains almost double theAquantity of carbon dioxide
over that of ascorbic carbonate, and anhydro-carboxy
citric acid, it appeared to be the most susceptible to
moisture. It is felt that all three compounds may find
use in pharmaceutical fdrgulations under the proper

conditions.,.



EXPERIMENTAL

Reagents

Tetrahydrofuran was purified by refluxing with

- calcium hydride for two hours, followed by distillation;

only the middle fraction of the distillate was collected.
All other chemicals used were of reagent or analyti-

cal grade Quality.

'Preparation of ascorbic carbonate

Eighty-eight gms (0.455 moles) of anhydrous ascorbic
acid was placed in 500 mls of amhydrous tetrahydrofuran.
The resulting suspension, which was cooled by means of an
ice bath to 0-5° C, was added slowly to 350 gms of
:f phosgene in 250 mls of tetrahydrofuran. The réaction
mixture was maintained at 0-5° C for one hour and subse-

quently allowed to equilibrate to room temperature (l5~20°0).

~ The reaction solution was maintained at room temperature

: for 12 hours and was then subjected to reduced pressure

at room temperature to remove excess phosgene and tetra=-

| hydrofuran. Addition of chloroformeto the amber colored
0il gave a white precipitate which was recrystallized from
} ethyl acetate.

The melting point showed slow decomposition as the

i temperature was raised above 150° C. Molecular weight

: found by direct titration against sodium hydroxide solution

Bt
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was 202 (calculated 202). Elemental analysis gave
C = 41.43, H = 2.92 (theoretical, C = 41.58, H = 2.97).

Preparation of anhydro-bis-O-carboxy tartaric acid

One hundred and seventy-five gms of liquid phosgene
were added to 200 mls of anhydrous tetrahydrofuran cooled
to 0-5°C by means of an ice bath. Two hundred mls of
anhydrous tetrahydrofuran containing 31.25 gms (0.208
moles) of anhydrous tartaric acid was then added to the
cooled and stirred phosgene-tetrahydrofuran mixture. The
resultant solution was maintained at 0-5°C for an addi-
tional hour and was then allowed to equilibrate to room
temperature (15-20°C). The mixture was maintained at this
temperature for 18 hours. The solution was then subjected
to reduced pressure at a temperature between 10-20°C to
remove excess phosgene and tetrahydrofuran. To the re-
sulting'viscous yellow oil was added 50 mls of anhydrous
ethyl ether. Upon cooling the solution in a dry ice-
acetone bath, a white crystalline_solid was obtained, which
was washed with cold ethyl ether and dried under reduced
pressure. :

The melting point was inconclusive in that the
material slowly decomposed in the temperature range 125-
180°C. Molecular weight determined by direct titration
against standard sodium hydroxide solution was 202 (calcu-

lated 202). Elemental analysis gave C = 35.52, H = 1,09
(theoretical C= 35.64, H = 0.99). Supportive evidence of
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purity was obtained from the loss in weight by carbon

dioxide evolution in water.

Preparation of anhydro-O-carboxy citric acid

Fifty gms (0.26 moles) of amnhydrous citric acid were
dissolved in 200 mls of anhydrous tetrahydrofuran. To '
this solution, which was cooled by means of an ice bath to
0-5°C, was added 99 gms (1 mole) of phosgene dissolved in
100 mls of tetrahydrofuran. The resultant solution was
maintained at 0»5°C for an additional hour and was then
allowed to equilibrate to room temperature (15-20°C). The
mixture was maintained at this temperature for 12 hours.
The solution was then subjected to reduced pressure at
room tempefature to remove excess phosgene and tetrahydro-
furan. To the resultant viscous yellow oil that is ob=-
tained was added 75 mls of anhydrous ethyl ether. Cooling
of the solution in an acetone-dry ice bath gave copious
amounts of anhydro-O-carboxy cit?ic acid.

The melting point was inconclusive in that slow de-
composition occurs. DMolecular weight determined by direct
titration against sodium hydroxide solution was found to
"be 216 (calculated 218). Elemental analysis gave
’ C =38.53 , H= 2.76, (required C = 38.53, H = 2.75).
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APPENDIX B

The Theoretical Formulation of Sustained

Release Dosage Forms
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The approach most often used in the kinetic treat-
ment of biologic data is that involving formulation of a
mathematical model, the comparison of this model with in
vivo findings, and finally the adjustment of the model
and its constants to accommodate the in vivo results.
Once a suitable model has been established, the complete
interdependency of the model's parameters can be
examined,l.subject to the suitability of the model
chosen., These parameters may be divided into two types,
those under the control of the formulator, i.e., the
dosage form, release pattern and rate, etc., and those
that are imposed upon the model by the system studied,
i.e., the absorption, distribution and excretion (A.D.E.)
pattern for the drug in the body. In the past, the major
emphasis has been placed on the A.D.E, parameters with
relatively little attention being given to the dosage
form release rate and pattern, not only because these
studies are more difficult to carry out, but also because

initially it was of particular concern to study the

-

l., Testing of the effect of various parameters in a model
can be carried out very effectively on an analog
computer, since variables can be changed and the
effect read out immediately with a subjective
appraisal being made even if complete mathematical
solutions are unavailable, Utilization of the
analog computer for this purpose is well documented
(1, 2, 3), therefore the required computer technology
will not be stressed here. The circuits used in
this study are given in the appendix.
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suitability of various models as simulations of the
body's A.D.E. capabilities. It seemed reasonable at that
time to assume that in cases where the drug has been
administered by injection or orally in some readily
available form, e.g., drug in solution, the effect of the
dosage form release pattern might safely be neglected; for
non-readily available forms, particularly sustained re-
lease dosage forms, this assumption cannot be made as the
dosage form rélease pattern and its rate undoubtedly do
play major roles in the blood concentration vs time curve
obtained, indeed it is the exploitation of this effect
that makes sustained release possible. In addition to
the rate and pattern of release from the dosage form,
consideration must algo be given to the effect of the
relative amounts of the administered initial and main-
tenance dose on the resultant éoncentration in the blood.
In the face of the recent barrage of studies supporting
the suitability of the simpler kinetic models as des-
criptions of A.D.E. phenomena, atténtion should now Dbe
paid to those aspects‘of the kinetic'Path less amenable
to analysis; the dosage form release ﬁattern and adminis-
tered dose fractions. Indeed, a knowledge of the effects
of these controllable parameters is essential in order to
. formulate sustained release dosage forms having particular

blood level characteristics.

-
s
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Both Wiegand and Taylor (4,5) and Wagner (6) have
shown that the percent released vs time data reported in
the literature for many sustained release preparations
follow apparent first order rate equations. Similarly,
others (7,8) have shown that some sustained release pre-
parations release drugs by apparent zero order processes,
From an experimental standpoint it would appear that
these tiwo mechanisms might adequately describe the rate
of release for the majority of existing sustained release ‘f
dosage forms, and A.D.E. equations involving both of &
these release patterns have already been described (5,6,9).

In order to obtain a constant blood level for some
desired period of time, from a sustained release dosage
form, Nelson (10) has stated that a constant (zero order)

rate of release from a dosage form is desired and has

developed an approximate equation for calculating the
amounts of sustained and initial drug forms required, i
based upon this assertion.

Utilizing essentially the same model as that of

e gy e g~

NelSon_(lO) but assuming first order release, Wiegand and

Taylor (1) have reparted computer drawn curves showing the
effect of altering the first order release constant at a
constant rate of absorption and elimination., In addition,
they have also shown the effect of variation in the eli-
mination constant on the blood concentration curve at a
constant first order rate of release from the dosage form

and a constant rate of absorption. Computer drawn curves
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showing the effect of the fraction of the initial and
maintenance dose at a consfant rate of absorption, elimi-
nation and first order rate of release from the dosage
form, have also been described (2), again using the same
model.

In a recent paper supporting Nelson's assertion,
Beckett and Rowland (9) have further claimed that first
ordér release from a dosage form cannot give the
'idealized' blood concentration-time curve.

Unfortunately experience suggests that the majority
of sustained release formulation techniques produce formu-
lations that release drug at roughly a first order rather
than zero order rate. In order to adequately compare these
two availability patterns as to their potential to produce
suitable sustained action forms, a complete investigation
of the effects of the various parameters in the models is
essential. Part of such a study has been done for the
first order release case (1), but to the authors' knowledge
a study of the effect of design parameters for a formula-
tion having zero order release chdracteristics has not been
reported. 5

For both types of release mentioned above, it is
3; desirable to calculate the total (and ratio of initial to
maintenance) dose necessary to obtain a blood concentration-
time curve most closely approximating the 'idealized' case.
Nelson (10) has given a method for calculating the mainte-

nance dose of a constant rate of release dosage form, based
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on the biological half life of the drug and the dose
required to give the desired blood level, assuming however
that the blood level begins at the concentration desired.
The assumptions of these equations have been criticized
recently (9), but completely corrected equations were not
given. For first order release from the dosage form,
‘Wiegand and Taylor (4) have presented equations for cal-
culation of the total dose remaining in a dosage form in
vitro. These equations while useful, cannot predict which
combination of rate constant, fraction in initial form,
and fraction in the maintenance form, will give a parti-
cular blood level.

In order to calculate the dosages required, methods
must be available to obtain the optimum release rate con-
stant. For zero order release, one author (10) feels it is
the product of the elimination constant and the dose re-
quired to give the desired blood level, while another (9)
feels it is the product of the elimination constant and the
desired blood level itself, Forlfirst order release, there
appears to be no suitable method avgilable for obtaining
the desired rate of release constan%, or the fractions of
initial and maintenance dose required.

In an effort to summarize the work in this area, the
present investigation was designed to completely charac-
terize the standard model for sustained release dosage

forms. In addition, it is our purpose to report the analog

L=
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computer, and where possible, mathematical solutions of
the equations describing absorption, distribution, eli-
mination, and availability relationships with the overall
goal of devising complete equations suitable for calcu-
lation of the doses and réte'constants to give a desired
blood level based on the type of release pattern employed
or available. It will be apparent to the pragmatists
among our readers that the ease with which a given type of
release can be formulated must always be a consideration.
and the value of considering only those parameters within

the reach of the experimenter will be appreciated.

General Consideration of the Model

In this study, the following model (after Teorell
(11)) has been adopted, portions of which have been found

to adequately describe actual biological processes.

U
D/\_/'G JQL’B (Bq. 1)

where D = concentration of drug remaining in the dosage

form

C = concentration of drug at the sites of absorption




74
B = concentration of drug in the fluids of distri-
bution (for purposes of simplicity referred to
as blood concentration)
U = concentration of drug in the urine or other

permanent drug sink

=
]

concentration of drug metabolized

kr = rate constant for release of drug from the
dosage form, where the superscript O and 1 indi-
cate the apparent order of release. The wavy
arrow is used with kr to indicate that the
precise form of the release is a variable also.

ka = rate constant for absorption

ke = rate constant for elimination of unchanged drug

ku = rate constant for elimination via all other

routes.

For purposes of simplicity ke and ku have been combined
into one rate constant kd (where kd = ke + ku).

In using a model such as this, a problem arises in the
treatment of the various components present from the stand-
point of concentrations and comparﬁments. Recent articles
(9) have used amounts and concentrations interchangeably,
but since the driving force in kinetic equilibria is con-
centration, amount can be used in its place to describe the
kinetic relationships between cémpartments only when the
volumes in each compartment are the same or when the
assumption is made that the whole process takes place in

the same compartment and volume, Since the one compartment-—
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one volume idea is a useful and common, but tacit
assumption, perhaps a brief explanation is necessary.

The concept is more easily understood if the relationship
of equation 1 is viewed as a chemical reaction involving
four steps and taking place in a single given volume of
solution, i.e., a beaker, The model then becomes volume
independent; the concentrations obtained have units of
moles per unit volume or grams per unit volume; amounts
and concentrations are interchangeable. Since the volume
in each compartment of the body is different, conversion
from concentrations as described by the equations, to

- amounts in the body compartments, then requires a knowledge
of the relative compartment volumes and assumes complete
uniformity within each compartment. Such a change is not
of concern if fractions of total dose only are to be
considered.

Inkthis study ?he one volume-one compartment idea has
been adopted for simplicity and thus the results are sub-
Ject to the above assumptions. In addition, it is assumed
that the equilibria (which must ex%st) for each component
lies far to the right, so that reverse reactions are
negligible, the drug is completely absorbed, and that
after release it is immediately available.

The concentration of drug at the absorption site at
time zero is the initial dose (Di) and is equal to the
fraction in the initial or in the immediately available

dose (Fi) times the total dose given (W), i.e., drug being
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in solution or in some rapidly dissolving drug form.
The concentration of drug in the dosage form at time zero
is the maintenance dose (Dm) and is that fraction of dose
(Fm) required to maintain an optimum and as nearly as
possible a constant concentration in the blood for a given
length of time times the total dose given (W). It is pro-
posed that release from the: maintenance portion of the
dosage form can be described by either zero or first 6rder

kinetics.,

Results and Discussion

Figure la illustrates the blood concentration vs time
computer curve obtained for an immediately available dose
using the model (Eq. 1), based on representative values of

L and ks « 0,2 he"L, TPigures 1o and 14 are

ka = 2.0 hI‘-
representative blood concentration curves for maintenance
forms releasing drug by zero and first order kinetics re-

sPectively.2

Figure 1lb illustrates the desired or 'ideal!
curve for a sustained release doéage form, which includes
both initiai and maintenance dose.';The design of a
suitable sustained action dosage form thus depends on

finding the combination of la and lc or la and 1ld that

2. The computer curves shown in this report were obtained
using an Applied Dynamics AD-24-PB computer, a Moseley
model 2D-2AM x-y recorder with a type F-1 photo
electric curve follower, and an Electro-Instruments
model 101-1518 x-y recorder.
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. Figure 1. Comparable blood level vs. time curves obtained
. for a) an immediately available dose, b) an 'idealized!’
l_sustained action formulation, ¢) zero order release maintenance

form, d) a first order release maintenance form.
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produces the curve 1lb, if such a combination exists, or
as close an approximation as is possible.

The effect on the blood concentration vs time curve
due to variation of the release rate constant as well as
the effect of varying Fi and Fm are discussed under the
appropriate headings for zero and first order release from
the dosage form, and in addition, the mathematical rela-
tionships necessary to calculate both the total dose and
the required rate constant such that as close an approxi-
mation to the ideal as possible is obtained are discussed

under their appropriate headings.,

Release by Zero Order Kinetics

General Concepts:

From an immediately available dose, the blood con-
centration at any time, t, is a function of ka, ke, and

. concentration of drug in the gut (Egqs. 1 and 2).

D ka 3 '\\
Bt = 'E?]-T-T{E (e kat-e kdt) P (Eq. 2)

{ where Bt is the concentration of drugfin the blood at any
}?time, and all other symbols represent quantities previous-
1'1y defined. The peak concentration and time to arrive at
; the peek are also functions of these parameters. The

. equation for the peak time (Tp) being:

Tp = gax2e (log &) (Eq. 3)

L

e L i i
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To obtain a constant blood level, one suspects, and
can show mathematically, that a constant rate of availa-
bility from the dosage form is desired and once this
desired rate is estimated (kro), the required maintenance
dose (Dm) may be found as the product of kro and the time

over which sustained action is desired (h).

0

Dm = kr” x h (Eq. 4)

The desired rate of availability (kro) can be roughly

estimated, from the equations for the model, to be:

0

kr” = kd x Bd (Eq. 5)

where Bd is the desired blood level. The rational for
this estimate can be shown by considering the differential
equation for the blood level obtained from a sustained
action dosage form having both an initial and a zero-order
maintenance form. From the general equations of the model

in (Eq. 1) one can obtain the relationship:

O _ xa(Ba) -e7¥8¥(xrO-xa(pi)) (Eq. 6)

dB/dt = kr

a constant blood level would require that dB/dt = O

therefore,

0

kr® = kd(Bd) -e~¥8%(xxO xa(Di)) (Eq. 7)

if ka is very large, i.e., the absorption phase is not at

all rate limiting,
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0

kr- = kd(Bd) (Eq. 5)

where Bd is the blood level to which the sustained action
is aimed. Note that the assumption made to obtain Eq. 5
is in essence that the blood level equals Bd at time zero
(ka =00 ). This is of course not the true situation and
while the use of equation 5 produces a reasonably flat

blood level curve, it is not the desired blood level used

in the calculation, but a somewhat higher one even if ka
is made very iarge. Variations in kro indicating this
result are shown in Figure 2 using the absorption and
excretion constants of ref (9). The kr° calculated for
a Bd = 0,56 is kr° = 0.096 (the actual Bd obtained using
these values can be seen to be about O. 59).

If the initial dose (Di) is varied while a constant

kro

is used, a family of curves such as those in Figure 3
are produced. It would appear that by a proper selection
of Di and kro, a curve corresponding to the 'idealized'
one should be possible, but it is-not. The 'idealized'

curve with a plateau slope equal to zero over the time

period required cannot be obtained with a maintenance

! 'dose releasing drug in this fashion, although the slope

is sufficiently close to zero to be considered 'ideal.'
This can be seen in Figures 2 and 3 but can more easily
be demonstrated by noting that the derivative of the
equation describing the blood level-time relationship

(Eq. 6) has a real solution at dB/dt = O (see Eq. 7),
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denoting a true maximum value for this equation (it is of
course different than that of the immediately available
dose), unless one is able to assume that the time to reach
a maximum blood level was zero (and ka =c0).

The initial dose (Di) of a sustained release prepara-
‘tion cannot be assumed to be identical to that immediately
available dose needed (Db) to produce a peak equal to the
desired blood level. Because the sustained portion of the
dose also provides some drug for absorption over this
early interval, too much drug becomes available for absorp-
tion and consequently a higher blood level is obtained than
is desired. A correction on‘the immediately available doée
is needed then such that less drug is initially available
for absorption. While this dose produces the desired blood
level, a slightly longer time is required to reach the
desired blood level; both of the above considerations are
shown in Figure 4. The correction needed should concern
the time interval from time zero unﬁil absorption of the
initial dose is complete, but as mathematically, absorption
is never complete, for calculation purposes this may be |
assumed to correspond to the time to achieve the péak
height, and simple subtraction of the quantity yielded by
the maintenance dose in this interval produces a suitable

correction.
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Figure 4. Blood level vs. time curves'showing the achievement
of the desired b}ood level by adjustment of the initial dose
provided. Thg blood levels that would be obtained for the
initial dose required to obtain the desired level when alone
(Dy) , when in the presence of the maintenance dose (Di) and
those obtainéd‘with a maintenance (Dm)vdose alone are also

shown.
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This correction is equal to kro x Tp where Tp is
defined in Eq. 3,2 so that
Di = Db =(kr® x Tp) . (Eq. 8)

This difficulty can be overcome more easily by using a
sustained release dosage form that begins its release of
the maintenance drug not at time zero, but at the point
where absorption of the initial dose is virtually over.
This proposal is shown graphically in Figure 5. For this
type of dosage form, tﬁe initial dose and the time %o
reach the desired blood level remains the same, since the
maintenance dose is not contributiﬁg drug over this time'
period (note that in the previous sample where both
started together, adjustment of Db to obtain Di resulted
in a slight delay in reaching the desired blood level
(see Figure 4). If the maintenance form begins release
of drug at times before or after the peak height time,
the curve will tend to approach the desired blood level
concentration at a rate which is didtated‘by the release

constant of the maintenance form as shown in Figure 6.

5. This simple method for making the correction is of

' course only an approximation. The exact calculation
would involve the solution of the complete equation
for the blood level obtained from a zero order
sustained action dosage formulation for the initial
dose Di, at some time after the expected peak. A4s
no mathematically flat blood level vs time line is
ever obtalned using this formulation method, the
equation is not soluble explicitly and the approxi-
mation given becomes the most desirable method for
calculation of the correction.
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While a delayed start appears to be a difficult
complication, sustained action medication forms capable
of providing it are currently available, for example
cored tablets, in which the core is commonly the
maintenance dose that does not become available until
some time after the initial dose has been absorbed.
While not actually designed with this in mind, cored
sustained-action tablets of superior action may well be
assumed to owe their action to this type of behavior.

The general equations for the blood level vs time
relationship in such a case can be solved to yield:

Bt = krlu(b=-7), Le (1-eEA(t=T)y
s = - (Eq. 9)

: 4 (e-ka(t—Tﬁ_e-kd(t-ﬁé + Di ka (e—kdt_e-kat)

* Ka-kd ka-kd

where u(t-7) is the so-called 'unit step' function whose
value is O for all values of its argument £ O and +1 for

all others. By making this substitution, one can see that

 before t =T, Bt describes the expetted immediately avail-

able dose curve while after £t =7 thg maintenance dose adds
its effect onto whatever is left at that time. The value
of such a dosage form is more apparent from the computer

curves than from the equation.4

4, In the interests of complete precision, it must be
pointed out that the blood level curves obtained from
this type of dosage form are not mathematically
straight either as absorption of Di is mathematically
"eternal." They represent major improvements on Eq.
7 and 8 and also give complete mathematical linearity
of Bd only when ka = , as discussed later.
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Calculation of the Desired Zero Order Rate Constant

Previous publications (for example (10)) have directed
that the fate constant necessary for sustained release be
set equal to kd times the dose required to produce Bd.

This has been criticized recently (9) and as found in this
study the criticism is valid. The correct kro is the
product of the elimination constant and the desired blood
level (Bd).5 The zero order rate constant necessary can be
obtained in another fashion also, utilizing the method of
Stelmach, Robinson, and Eriksen (3), where using the
desired blood concentration vs time curve as a computer
input voltage, the dosage release vs time curve required
is produced as an output. The slope of the dosage release
curve can be seen to equal to the zero order rate constant
required. This was tested using the plot of Figure 5 as
an input, with results shown graphically in Figure 7.

e used for Figure 5 had been set

The rate constaﬁt kr
equal to 0.096 gm/hr; the slope of the line in Figure 7
calculated by the computer as being,?equired to produce
the blood level curve (labeled Di + Bm) in Figure 5, was
found to be equal to 0.096 gm/hr.

The linearity of the b;ood concentration-time curve

with a delayed start can be shown by changing the time

5. The use of the dose required to produce the desired
blood level yields the same result as the blood level
itself only if the one compartment-one volume model
is us&d and ka is assumed very large. In this case
Bd" .
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Drug Released (gmAolume)

Time Chours)

Figure 7. Dose release curve necessary to produce an
'idealized' blood level ys. time curve such as that shown

in Figure 5 (labeled D; + D) .:
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variable in equation 9 to describe only times after the
peak time of the immediately available portion, so that

A= -7
and |

when 7 = 0, B4 = B peak = Bp
under these conditions, equation 9 becomes,

5 K2 ¢ ~kdm) 3 -kaW -kd)
BTrﬂ kr Ei' (l—e W m (e -
+ B ke (e-kd€U+T?_e—kaéﬁ+ﬂj> (Eq. 9a)

ka-kd

setting the first derivative of quwith respect to~7 equal
to zero produces an expression for qu independent of time
(and thus flat), only if e-kaqTis assumed to be zero

(ka —> 0 ) and ka)} kd. Under those restrictions,

Di i 1
g o 2 k® ,:_—__'ka-kd + Tji‘a'] (Eq. 9b)

and as the left side of Eq. 9b is an approximation for the i
desired blood level which is produced by the immediately g

available dose Di (where Di = Db), oné again finds,

kr® ~ Bpkd ¥ Bdkd (Eq. 5)

Note that the blood concentration after the peak time (qu)
is a constant and identical to the peak blood level if and
only if ka =op, as one might expect.
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Calculation of the Total Dose for Release by Zero Order

Kinetics

As pointed out previously (10) a dosage form re-
1easing drug at a rate equal to the rate at which drug is
eliminated will give a very nearly constant blood level,v
but differentiation must be made between a dosage form
releasing drug from time zero and one releasing drug at

the peak height time, in the calculation of total dose.

A) Release from time zero

For a maintenance form releasing drug from time

zero, the following equations hold,

W=Di+ Dn (Eq. 10)
where Di = Db - (Tp x kro) in this equation (Tp x krO)
is the concentration of drug contributed by the maintenance
form that repreéénts the correction on the initial or

immediately available dose,

and Dm = kr® x b

Therefore : i
W=0Db- (Tp x kr®) + kr° x & (Eq. 11) i

where W = total dose w

Di = initial dose
Dm = maintenance dose i

Db = dose required to give the desired blood level,
when given in an immediately available form

Ip = peak height time
kro = zero order rate of release constant

h = total desired time for sustained action in hours.
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B) Delayed start maintenance dose

When the maintenance dose begins release of drug
at the peak height time, the equation for total required
dose (W) becomes

W=Db+kr® x (h - Tp) (Eq. 12)
and,

Di = Db

Dm = kr0 (h - Tp)

where the symbols have the same significance as above.

Release by First Order Kinetics

General Concepts

The relationship between the initial and maintenance
dose of an absorption, distribution, and excretion model
with first order availability is shown in Figure 8 for
various values of ka (and fractions of dose as maintenance
form, Fm) at constant kr' and kd. As expected, ka in-
fluences the curve very little buﬁ.primarily before the
peak height time; the intersection points remaining
essentially in the same place as Fm dnd ka change. The
common intersection point for various fractions of dose
has been recognized and reported previously by Kriiger-
Thiemer and Eriksen (2). Mathematically, the intersection
point lies at the peak time (Tp) for the maintenance dose

alone, representing a solution of the equation,
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Figure 8. Blood level vs. time curves shbwing the same inter-
section point despite variation in‘absorption rate constant

(ka) for several maintenance dose/initial dose ratios.
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kr' (kd-ka) e~¥T'TP . 1q (ka-kr') o~K4TP
+ ka (kr'-kd) e—kan (Eq. 13)

as has also been noted previously (2).

Figure 9 demonstrates the effect of altering kr' at
a constant kd and ka; this effect has also been suggested
by previous workers (5). An interesting point may be
noted in this family of curves, when ka is much larger
thaﬁ kr' and kd, the intersection point is a functidn only
of kr' and kd. The intersection point occurring at later
times for smaller values of kr'.

The same observation can be made mathematically by
letting ka become enough larger than kd and kr' that its
exponential term may be disregarded at an early time and

then solving equation 13 for the intersection point of TDs
2.3 kr' (ka-kd
TP = x77-kq 198 {kd (Ka-kr (Eq. 14)
or if ka » kd and kr',
2 kr'
Tp’:"-/ El_-% log (Eg") 3 (Eq' 15)
It becomes rapidly apparent with the computer that no
combination of rate constants and/or doses will produce a
flat, constant blood level using a first order avgilability
model. DMathematically, this can be shown also by consider-
ing the solution for the maximum of the equation for the

" blood level produced by our three step model with first

order availability:




9%

Blood Concentration (gmAolume)

: 2 4 6 8

Time (hours)
Figure 9. Blood level ys. time curves showing the change in
intersection point for various first order release rate

constants.
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i Dmkalr

-kr't _-kdt
(Rd=kr") (ka—kr'y (@ T -. )

. Dmlakr'
Ve = (o-kaE_g-kdt

* (kd—kr')

(Eq. 16)

(after Wiegand and Taylor (5)), and

2 Dmkakr'

-kt _y i o=kr'ty

Dika - pokakr. .
+ (kd—kr?skr (ka e~K4F g o~kat) (Eq. 17)

Although the actual solution for t at %t = 0 can only be
found by successive approximation, this equation obviously
has three solutions, two trivial (t = O anda@ ) and one
real; a plot that has a maximum cannot be flat.

A sustained release product having a satisfactorily

flat blood level curve using a first order release pattern
- can be designed however and that design depends upon the
proper selection of both the dose fraction in each form
and the maintenance dose release constant. The closest
approach to the 'idealized' blood level can be found by
computer experimentation to require aicombination,of
initial and maintenance dose such that the intersection
(Tp, see equations 14 and 15) occurs at a time equal to or
greater than the desired susﬁained action interval (h)
(Figure 10). In addition, the further past the desired

time for sustained release this point lies, the more

combinations of Fi and Fm are available that will give

T
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| kg=0.10hrs™
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O o2 6B

‘Time' Chours)

Figure 10. Blood level vs. time curve sh&Wing the degree of
sustained action obtainable with first order release. The
blood levels ys. time curves obtained from the initial (Di)

- and maintenance (Dm) doses are also shown.
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the desired type of blood concentration curve. From the
intersection (Tp) equation (Eq. 14) it is observed that
the smaller the value of kd the larger the wvalue of kr' may
be and still produce a satisfactory dosage form. For cases
where kd is large however, the value of kr' necessary to
give an intersection point at or beyond the desired time
can be very émall, and thus the necessary dose present in
the maintenance form may become quite high.

The rather remarkable improvement afforded in the
zero order release caée by delaying the start of the
maintenance dose, suggests its use here also with the
results shown in Figure 1ll. As in the zero order case,
the blood level is obtained at a rate determined by the
initial dose, and the subsequent levels by the maintenance
dose. Quite opposite to the observation with first order
release started at time zero however, the most "uniform"6
blood levels are obtained, when the elimination rate (kd)
is high, by making kr' high too. The generally "sustained"
shape of this curve suggests that tﬁe delayed start prin-
ciple might be extremely useful for su§tained release
here too, especially for drugs with laége elimination
(kd) constants.

The general equation for the blood level vs time

relationship when a delayed start of release and first

6. A "uniform" or "sustained" blood level in this case
represents a non-horizontal blood level oscillating
about some average value.

Rl

3
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- i  Dilreleased)

f G : g Di +Dm .

<. Di(alone)
~

Blood Concentration

(qmaintenance start

'd
L
A A 4”_1 2 i 2 2 2 2

] | 7] i

~ Hours

Figure 11. Bloqd-level vs. time curves ;"showing the degree of
sustained action obtained by a delayed start of a first order
release maintepance dose. Portions of thev blood level yvs.

. time curves obtained from the initial (Di) and maintenance

(Dm) doses are also shown.
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order kinetics is used is,

Dmkr!

B6 = (I u(t-m) [ Ty (oK' (8= _~kd(t-T),

S Dg%iay [e-kat_e-kdt] (Eq. 18)

using the same "unit step" concept discussed before and
the time of the delayed start. The similarity in form to

equation 9 and 16 are apparent.

Calculation of the First Order Rate of Release Constant

It was stated earlier that the intersection points of
the blood level curves obtained for immediate and sustained
release forms should be equal to or longer than the desired
time for sustained release (h), in order to achieve the
closest approximation to the 'idealized' blood concentra-
tion-time curve when a maintenance dosage beginning im-
mediately is used. As this interéection point depends
essentially on kd and kr' (if ka is assumed large) and kd
is a parameter over which the formulator has no control,
kr' must be altered to move this intersection point to the
desired time. With ka and kd given, Eq. 14 (or 15) may be
used to solve for the rate constant required, to make the
intersection point equal to, or greater than, the desired
sustained action time (h). Alternatively as has been

suggested for zero order release, calculation of the

e e S e | S = L S R
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necessary first order availability constant can be

carried out using the desired blood level curve and the

computer method of Stelmach, Robinson, and Eriksen (3).
When a delayed start is used, two approaches to the

desired kr' are possible; the maintenance dosage form can

provide drug in an approximately zero order fashion (but

actually first order) with an overall rate of kdBd, or

the peak of the blood level produced by a maintenance

dose alone may be positioned at a point between the

initial dose peak and the desired sustained action time.
In the first case, the sustained portion shoﬁld begin

releasing at the Tp of the initial portion. The drug re-~

leased from the dosage form in t hours may be set equal to

the drug.lost ovér the same interval assuming constant |

blood levei,
Dm (1-e~XT'%y - xamas (Eq. 19)

and the approximation relating the release rate and the

administered dose,7 -

-

kr'Dm ¥ kdBd = krP (Eq. 20)

results. Using the maximum dose that the patient will
swallow or that can be accommodated in the dosage form,

kr' can be estimated; for any satisfactory degree of

7. This is the "rate in equals rate out" equation of
Nelson (10) and again implies ka =00 and its
applicability one can also verify by solving the
maintenance only portion of Eq. 16 for Bt in the
case where ka and kd29 kr'.
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sustained action a first order release form will require
roughly 10x the dose required for a zero order form.

In the second case, a more rapid release rate may be
used and a later time of onset tolerated producing, in.
general, a more practical dosage form. Experimentation on
the computer suggests that for the A.D.E. constants nor—
mally found, the point where 99% of the initial dose has
been absorbed is the most suitable omset point for the

maintenance dose.
4,6
s - (Eq. 21)

The kr' required to obtain a maintenance dose generated
peak at roughly the ﬁidpoint between the initial dose
blood level peak and the desired sustained action time

(h) may be estimated solving equation 14 or 15 for kr' at

Tp = h_é_’_f' ' (Eq. 21a)

Calculation of the Total Dose for Release by First Order

Kinetics

The total dose required for adequate sustained
release (W) will again be described by Eq. 10 and may be
approximately solved for both methods of first order

release,

C) Release from time zero

Di = Db - D (Eq. 22)

correction
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as before, a correction (D ) for Db is required

correction
which may be thought of as equal to the amount of drug
contributed to the blood by the maintenance dose, during
The phase controlled by the initial dose, and which can
be estimated using reasoning similar to that used in de-

riving Eqs. 19 and 20.

Dsorrection = Pm (kr'Tp) (Eq. 23)

Thus we find Eq. 22 to be approximately8

Di = Db - Dm x kr' x Tp (Eq. 24)

The maintenance dose required to keep the blood level at
approximately the desired value can be calculated by
equating the desired "rate in" (kdBd) with the actual

"rate in"

kr'Dm e~5F' % . xamg

kdB4 ___ ~~ kdBd
Do = T =Cr)2t = kT (Eq.725)

The approximation is sufficiently ;ccurate for most pur-
poses, though the first is better, the time when the
desired blood level is reached being used for t.

8. The approximations made here are similar to those made
for the zero order case (see footnote 6). The exact
solution is similarly not possible and experimentation
convinces us that for practical situations, this
approximation is suitable.

4
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The total dose (W) then is,

W = Db - Dukr'Tp + %%?i (Eq. 26)

Delayed Start Maintenance

The immediately available dose (Di) completely
dictates the attained blood level as described for the case
of release by zero order process; but the maintenance dose
required for a satisfactorily "uniform" blood level depends
on the delay time, T, and the placing of the maintenance
peak. 4

A precise delay time value is not critical; it may be
calculated easily from Eq. 21, and kr' calculated from
Eq. 14 or 15 as mentioned before (to place the "maintenance
peak" at roughly the midpoint of the desired sustained
action time h, Eq. 21(a)).

The maintenance dose required to produce a secondary
blood level peak equal to the firgt may be calculated as
The maintenance dose (alone) required to produce a peak
sufficient to increase the blood levgl remaining from the
initial dose to the desired value. At the desired time

for the secpndary peak Tp*, the residual blood level is,

3 el * o *
Br = g8 (e kdTP* _g-kalp* (Eq. 27)

and the peak blood level from the maintenance dose is

that calculated from equation 16 at t = (Tp*-7") and
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Di = 0. If it is assumed as before that at the time
involved e"kan becomes negligible, both these equations

can be simplified and Dm easily calculated. Under these

cifcumstances,
+ & *
Br ¥ Do Ka (o-kdlp®y (Eq. 28)
Then
Dn = % (Ba-Br)e*kr' (Tp=T) (Eq. 29)

Figure 10 shows the computer generated blood level pro-
duced for the A.D.E. constants used before, calculated for
such a delayed first order start. In addition, the drug
delivered from the dosage form is also shown o indicate

the separation of starting times.

Summary and Conclusions

The general phenomena involved in the A.D.E. kinetics
of many drugs are found to be described by rather simple
"overall" expressions and these éhenomena according to the
descriptive equations that happen tg fit, i.e. absorption
is described as "first order," etc.; while there is little
real doubt that such a naive approach is incorrect, the
fact that such simple equations CAN adequately describe
the concentrations of biologic interest, should be of real
use (if not importance) in the formulation of effective
sustained action dosages. As discussed in this report,
however, even these "simple" equations cannot be mathe-

matically solved to produce explicit solutions for the
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dosage fractions and rate constants required, but instead
suitable approximations must (and can) be made that permit
useful solutions for the single sustained release dose
case. These approximations and the assumptions upon which
they have been made have not always been explicitly
described when (and if) they have been published before
and the present authors felt sufficient benefit would
accrue from collecting them both in one place that this
has been done for the two theoretical cases described
before,

l. simultaneous start of initial and "zero order"

sustained dosages,

2. simultaneous start of initial and "first order"

sustained dosages.
The methods for calculating the dose fractions of both the
initial and the sustained portions as well as the rate
constant most suitable for producing a sustained blood
level are described fully.

Secondarily but of interestlin order to complete the
picture, the effect of delaying the;start of the sustained
portion of the dosage form has been-shown to produce in
one case (3. below) the best theoretical sustained action
blood level picture available and in the other (4. below)
a novel and perhaps not unuseable blood level situation.

3. initial release followed by "zero order"

sustained dosage after some delay
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4, initial release followed by "first order"

sustained dosage after some delay.

The aim and the result of the analysis in this report has
been to show the theoretically available blood level
situations resulting from a single complete (sustained
and initial) dosage form designed to produce the most
constant blood level over the desired sustained action

time and but for the irksome (though real) vagaries of

the human gastro-intestinal tract would describe the

blood level-time pictures actually observed.

Appendix

Figures 12 and 13 show the computer circuits used in
simulating the solutions shown in this work. Of prime
concern and utility'heré is the "non-linear delay input"
by programmed relay shown in Figure 12, The remaining
programns required (immediate stgrt, zero order, and
delayed start, first order) have-been published and

discussed previously (reference 3).
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Figure 12. Scaled analog computer program for the system

shown in equation 1, using a zero order, delayed start

maintenance dose.
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SUMMARY

Many organic acid derivatives find wide usage in
pharmaceutical systems. A thorough understanding of the
chemistry of these compounds is essential for proper
utilization for pharmaceutical purposes. The present
study has been concerned with: 1) investigation of the
interaction between acid anh&drides and polycarboxylic
acids in aqueous solution, such as may occur at ambient
temperature and under autoclaving conditions; and
2) application of anhydro carboxy derivatives of these
acids to pharmaceutical dosage forms.

Anionic forms of succinic and citric acid were found
to interact reversibly and rapidly with glutaric anhydride
in agueous solution at room temperature to produce species
which undergo subsequent hydrolysis. The species formed
from citrate was réacted in situ with aniline and the
resulting products isolated by column chromatography.
Results of the chromatographic study and spectrophotometric
observations on the reacting systeﬁ-suggested a mechanism
based on the initial formation of a mgxed anhydride which
cleaved to produce an anhydride of thé attacking anionic
species. Spectrophotometric investigations have shown
that the rate of formation and subsequent hydrolysis of
the presumed.citric anhydride were dependent upon the
pH and the buffer concentration. These interactions

were assumed to be highly reversible through intermediate

-ll2-
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formation of a mixed anhydride.

. Spectrophotometric determinations were also carried
out on the above system in which acetic anhydride re-
placed glutaric anhydride, the reaction in this instance
being presumed to be essentially irreversible. The
linear anhydride apparently again reacted with citfate
ions in aqueous solution to form the presumed citric
anhydride species which underwent rapid hydrolysis. The
rate of the initial reaction and the rate of the subse-
quent step depended as expected on the citrate concentra-
tion and pHe. Results of chromatographic studies on
products obtained by reaction with aniline at different
phases of the reaction were as expected.

An investigation was also conducted on the possible
application of organic acid derivatives such as anhydrides
to formulations of effervescent dosage forms. Glutaric
anhydride was used as a model latentiated acidifier to aid
in achieving a superior degree of carbonation when used
with sodium bicarbonate. The pﬂysical chemical basis of
the formulation depended in this approach on essentially
total dissolution of the bicarbonate salt and the
latentiated acidifier prior to homogeneous formation of
any free carbonic acid. The system achieved a markedly
greater degree of supersaturation with respect to carbon
dioxide than was possible by the conventional method of

dissolving sodium bicarbonate and a s0lid acid in water.
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Another possible application of anhydro carboxylic
acids to effervescent doéage forms was based onlavaila-
" bility of compounds which when placed in aqueous solution
hydrolyze, yielding only carbon dioxide and an organic
acid. A similar approach was recently suggested (1) in
a patent which appeared subsequent to initiation of this
program. Three compounds were prepared for this purpose;
ascorbic carbonate, amhydro-bis-O-carboxy tartaric acid,
and anhydro-O-carboxy citric acid. The bis-O=-carboxy
anhydride of tartaric acid has been previously prepared,
while anhydro-O-carboxy citric acid and ascorbic carbonate
were presumed to be new compounds. The half lives of

hydrolysis in aqueous solution of all three compounds were

relatively short being of the order of a few seconds.
Anhydro-bis-O-carboxy tartaric acid contained the greatest i
percentage by weight of carbon dioxide, followed by
ascorbic carbonate and finally anhydro-O-carboxy citric :
acid. Evaluation of the compounds, from a pharmaceutical
point of view, has shown them all;to be potentially useful
in pharmaceutical formulations.

The complete interpretation and:use of absorption,
distribution and elimination data depend upon an under-
standing of the type and mechanism of release of the drug
from the dosage form and then on the ability to utilize this
information to predict its effect in vivo. An analog
computer program suitable for using blood concentration

versus time data as an input and producing the in vivo
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dosage form availability versus time pattern as its
output has been developed, tested on synthetic problems,
and used to analyze published blood data for a sustained-
release form and a multiple-dosage regimen of sulfaethyl-
thiadiazole and solution, capsule, and tablet forms of
acetylsalicylic acid. In addition, the result of a
mathematicél and an analog computer analysis of the
kinetic relationships governing the rate of release of |
drugs from sustained release dosage forms have been
reported, Two types 6f release have been considered,
those described by zero order, and those that can be

described by firet order kinetics.,

(1) Feldman, J. R. and Foltz, R. L., United States Patent
#%,218,3%38 Nov. 16, 1965.
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