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Anionic forms of polycarboxylic acids such as succinic, citric, etc., interact reversibly 
and rapidly with glutaric anhydride in aqueous solution at  room temperature to 
produce species which undergo subsequent hydrolysis. The species formed in 
situ from citrate was reacted with aniline and the resulting products isolated by 
column chromatography. Results of the chromatographic study suggested a 
mechanism based on the initial formation of a mixed anhydride which cleaved to 
produce an anhydride of the attacking anionic species. Spectrophotometric in- 
vestigations have shown that the rate of formation and subsequent hydrolysis of the 
anhydride are dependent upon the pH and the buffer concentration. These reac- 
tive species are presumed to be formed to a varying extent in any formulation con- 

taining citrate, particularly under autoclaving conditions. 

ANY BIOCHEMICAL systems as well as phar- M maceutical formulations contain poly- 
carboxylic 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) i t  was shown that these acids 
exist in solution in equilibrium with their cor- 
responding cyclic 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 
or this anhydride character in a mixture con- 
taining two of thesc: polycarboxylic acid species. 
Specifically, the interaction of citrate species 
with glutaric anhydride was investigated. 

In  aqueous solution, since water is a weak but 
an effective nuclcophile, acid anhydrides undergo 
relatively rapid hydrolysis with half lives of t.he 
order of minutes. In  the presence of other more 
potent electron donors, which are often con- 
stituents of frequently iiscd pharmaceutical 
buffers, other reactions may take place pref- 
erentially. Thus, i t  has been suggestcd that 
acetic anhydride reacts with propionate ions with 
subsequent formation of a mixed anhydride (2). 

Scheme I as written would be expccted to be 
largely irrcvcrsible in the presence of a large 
exccss 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 cquilibrium system such as 
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that shown in Scheme I1 may be expected to take 
place 

Formation of citric anhydride probably results 
from intramolecular attack from the neighboring 
carboxyl group of the citrate moiety on a carbonyl 
carbon in the mixed anhydride. The mixed 
anhydride may also revert back to glutaric 
anhydride by the same mechanism and is 
probably present only in relatively low con- 
centration. 

The present investigation was designed to 
determine whether the postulated reactions would 
occur and to establish the individual rates and 
products of the system. This was done by- 
observing spectrometric changes in the reacting 
systems and by chromatographic analysis and 
identification of the end products. 

RESULTS AND OBSERVATIONS 

Spectrophotometric Studies.-Glutaric anhydride 
has a characteristic ultraviolet absorbance spectrum 
that can be utilized to follow its hydrolysis in 
aqucous solution. When citric acid is employed as 
a buffer at a pH where substautial quantities of the 
di-ionized species are present, a change in ultraviolet 
absorbance is observed. This interaction can be 
conveniently followed since the reactants, inter- 
niecliate species, and thc final products apparently 

1 Higuchi el al. (3) have also shown that  acyl exchange of 
Their paper hhould this type takes place with great facilily. 

be conslilted for specific details. 
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possess sut3icicntly diffcrcnt ultraviolet molar ab- 
sorptivities to permit observation of the various 
reactions. .4 typical absorbance change at 248 
mp with time for a system coritainirig initially 7.05 
x 10-3 moles of glutaric anhydride in 0.3 :If 
citrate buffer at pH = 5.0 is shown in Fig. 1. 
‘I‘herc is a small increase in absorbance initially, 
followed by a logarithmic approach to an equi- 
librium value. This corresponds presumably to 
a G + B G C --L L) type relationship where spccics 
C possesses a slightly higher molar absorbance 
than the reactants or the final product. The cx- 
perimental observation noted above is in agree- 
ment, at least in form, to the reactions implicit in 
Schcme 11. 

It is apparent from the proposed reaction scheme 
that there are two possible species which could 
corrcspond to  species C, the mixed anhydride and 
citric anhydride. Similarly, thc deterioration of 
thc species could be attributable to decotnpositiori 
of the mixcd anhydride or hydrolysis of citric 
anhydride. 

If one assumes k,  >> k l ,  k - l ,  kz, kz, and k,, and 
that k-& is negligiblc,2 the concciitration of species 
such as citric anhydride can be expressed as:  

[ e -kr l  - e - ( k l [ B ]  + k,jt]  (Eq. 1) 

where [CAI = citric anhydridc, [GA] = glutaric 
anhydride, and [B] = citrate buffer. If the ab- 
sorbance of a reacting systcrn initially coutaining 
glutaric anhydride and citrate is followed at 248 
nip, a plot of log [ A T  - Am]  against time (where 
A I’ is the absorbance at any time, t ,  and ,4m is thc 
limiting absorbance) will yicld a straight liue in 
thc terminal phase, provided ( k l [ B ]  + k , )  >> k,. 
This is because undcr such a circumstance [ A T  - 
.4 j will he expected to be esseritially proportional 
to the conccritration of citric anhydride when the 
total anhydride concentration becomes very small. 
The slope of thc logarithmic plot would then be 
equal to -kr. Extrapolation of this line will give 
an  imaginary (Ao’ - A , )  value (which is propor- 
tional to [CA] ) at timc zcrn. i\ semilogarithmic 
plot of [ ( A  7’’ - A ..) - (-4 1‘ - A m)] against time 
mill yicld a linear relationship with a slope equal t o  
- ( k l [ B ]  + kuj .  

The ratcs of appearmce {corresponding to (k l  [B] 
+ k , ) ]  of the strongly absorbing intermediate 
species (citric anhydride?) were determined from 
plots of (‘4~’ - . I T )  for systenis at several pH 
values and different buffer conccntrations. Re- 
sults are shown in Fig. 2. The data suggest that  
the initial reaction between the anhydride and 
citrate probably involves the di- and/or tri-iouized 
form of citric acid. 

The apparent rates of loss of the active species 
( k , )  determined as outliued abovc are shown iu 
~~ 

2 Pseudo first-order conditions were maintained and 
there was always at  least a sixtyfold excess of citiate buffcx. 

43 80 120 160 2CO 

SECONDS 

Fig. 1.-Semilogarithmic plot of absorbance 
change a t  248 mp for the systcm glutaric anhydride 
in citrate buffer. pH = 5.0, 0.3 iI.1 citrate; T = 
23”. 

Fig. 3 for several values of p H  and various buffer 
concentrations. The pH range studied was limited 
to that  where citratc behaved cffcctivcly as a buffer. 
Based on  the proposed rrieclianistri of relatively rapid 
formation of citric anhydride followed by a slower 
hydrolysis, the apparent pH clcpericlency could be 
ascribcd to a slower rate of formation of citric 
anhydride a t  lower pH valucs arid buffer conceii- 
trations. ‘l‘he relationship presented above pcr- 
mitting separation of the individual rate constants 
requires that  ( k r [ B ]  + k , )  be a t  least 4 to 5 limes 
larger than k,. Since in the lower pH range this 
minimum ratio in the reaction velocities is not 
apparently obtained, the limiting slopes do not 
reRcct the true mngnitudc of k,, in this range. 
The terminal slopcs above pH = 4..5 are considered 
to reflect the true values of k ,  i n  that  at these pH 
values, the rate of fo r ruahn  is curisiderably faster 
t]ian the subsequent hydrolysis. In Fig. 3 .  above 
p€I = 4.5, the lines connecting the experimental 
points CXtPdpOkItC hack to a common v a h e  of 11.5 
x 10-3 set.-'. This is assumed to  br the rate 
constant for hydrolysis of citric anhydride in watw. 

The observed decrease in absorbance niay also 
he attributed to slow disappcat‘ancc o f  the mixed 
anhydride (to foriri citric anliydridc~) followed by 
rapid hydrolysis of citric anhydride. A rnechanistn 
such as this would require that  the gluturic-citric 
mixed anhydride ivould be R relatively stable species 
which would not be c%upcctccl hasetl oil the struc- 
tui-e. Direct hydrolysis ol tlic iiiiaed anhydride 
is also a possibility, but again a stable rnisrd 
anhydride could be required. Further work is 
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required to definitely establish which mechanism 
is correct, but intuitively the schcme involving rapid 
formation of citric anhydride followed by a relatively 
slow hydrolysis would seem the more likely. 

Chromatographic Studies.-Although results of 
rate studies were strongly indicative of formation 
of citric anhydride spccics from mixtures of glutaric 
anhydride and citrate buffers, the data  were riot 
considcrcd dcfinitc by themselves. Attempts wcrc 
made to  substantiate these findings by direct chem- 
ical examination of the reacting systems. The 
procedure adopted was isolation and quantification 
of the reaction products resulting from addition of 
aniline to  the anhydride mixture, all anhydride 
species prcscnt 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 
chromatogram shown in Fig. 4. The particular 
run contained initially 0.3 M p H  = 5 citrate buffcr 
and 3.95 X moles of glutaric anhydride with 
a trace of dioxanc. The reaction was quenched 
with aniline after 30 sec. and separated by column 
partition chromatography and analyzed by ultra- 
violet spectrophotonietry as dcscribcd earlier (4). 
The double peak ascribed t o  citric nionoanilide 
corresponds to the isonieric forms as previously 
suggested (4). Elemental analysis, equivalent 
wcight, ultraviolet spectrum, and infrared spectrum 
of the compounds corrcsponding to peaks 1 and 
2 were determined and found to be compatible with 
that  of citric nionoatiilidc. 

Supportive evidence to corroborate the pcjstulate 
that  the two peaks correspond to  the isomeric 
forms of citric monoanilide was obtained by hy- 
drolyzing citranilic acida and chromatographing 
thc resultant products. Random hydrolysis of 
this citric acid h i d e  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 peaks. 
The retention volume required for these two peaks 
was the samc as that required for the two peaks in 
the glutaric-citric case. 

I t  is conceivable that  citric monoanilide could 
have formed through a lactonc intermediate. 
However, previous work with the lactones of tartaric 
acid ( 5 )  has shown them to  be unreactive toward 
aromatic airlines under the conditions employed 
here, and therefore, this was ruled out as a possible 
pathway. 

Citric monoanilide theoretically could have 
been formed through a mixed anhydride as well as 
citric anhydride. Previous work has shown (6) 
that  addition of aniline to a mixed anhydride 
usually gave anilidcs of both compounds. Dc- 
pending upon the nature of tlic mixed anhydride. 
the yield of one of the anilides may he favored 
over the other. When aniline was added to the 
reaction mixture where the pII of citrate buffer 
was 2.0, citric monoanilidc could not be isolated.' 

TOTAL CITRATE CCNCENTRATION N/L) 

Fig. %.-Rate of formation of the species fortrid 
from the glutaric-citric systcm at various pH values 
and different buffer concentrations. 
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Fig. 3.-Observed rate of hydrolysis of the species 
formed from the interaction of glutaric anhydride 
in  citrate buffer a t  various pH values arid different 
buffer concentration. Key: 0 ,  1 M KCI; 0, Hi0. 
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Fig. 4.-Typical chromatograni for the anilides 
formed by addition of aniline to  the reaction mix- 
ture. The reaction was quenched with aniline 
after 30 see. The eluatc was extracted with 0.1 N 
NaOH and tlic alkaline solution aualyzed spectro- 
phototrietrically itt 241 mfi. 

8 Citranilic acid was prepared according to Higuchi el at. 
(4) ,  m.p. 187-188" (litcratuie values vary fi-om 185-189'). 
ivlollruular weight dcterniincd by dii ect titration with sodium 
hydroxide mas found to be 253 (calculated 249). 

At pII = 2.0,  the fraction of aniline in the protonated 
f c ~ r m  is quitc high and then-efore a large excess was employed. 
Isolation 01 glutaric moiioanilide from the reaction mixture 
indicated that sufficient unyi-otonated aniline was present 
ttl 1-cact with anhydrides in the system. 
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presents :t possible pathuay for drug loss from 
solution. Equally important is thc possibility that  
a myriad of products could result. 

0.1 0 1  

TOTAL CITRATE CONCENTRATION (M/U 

Fig. 5.--r)isappcarancc of phtlialic anhydridc a t  
302 mp as a function of pH and buffer concentra- 
tion. 

A.t a pH = 2.0, using 3.08 and 4.74 as the rcspectivc 
first and second ionization constants of citric acid 
( 7 ) ,  the monoionized and frec acid would be present 
almost exclusively with very little of the di-ionized 
species present. If the tnonoionizcd citrate species 
can attack glutaric anhydride, and since citric 
monoanilide was not isolatcd, i t  is reasonable to 
assume that either the mixed anhydride is present 
in a very low concentration or that  glutaric mono- 
anilide is exclusively favored in this system. 

An additional system that was tried was glutaric 
anhydride in a pH = 5.5 acetate buffer. Addition 
of aniline to  this reaction inixturc did not produce 
any acctanilidc. This would indicate that this 
system, like the previous one, hydrolyzcs our an 
unstablc mixcd anhydridc or formation 01 glutaric 
mionoanilide is exclusively favored. An altcrnative 
piossibility is that  acctatc ion serves as a general 
b:ise in this systcni. 

To demonstrate the generality of the reaction, 
ptithalic anhydride was used in place of glutaric 
anhydride. Phthalic anhydride hydrolysis was 
fclllowed at 315 rnp in citrate buffer. Unlikc the 
glutaric casc, there was no apparent anomaly oh- 
s a v e d  i n  the ultraviolet spectrum, indicating that  
if a new spccics was being formed in solution, i t  
had less absorbancc at this wavelength than the 
reactants. The rate of hydrolysis of phthalic 
anliydridc as a function of pH and buffcr conccntra- 
h t i  is sltown in Fig. 5. ,4pparcntly this system, 
like glutaric anhydride, is sensitive to  the di- and/or 
tri-ionized species of citric acid. Addition of ani- 
Iinc to the reaction mixture in a manner the same 
as beforc gave substantial quantities of citric 
monoanilide. This indicates that  phthalic ati- 
hydride likr glutark anhydride is capable of react- 
ing with citrate to form a species in solutioii which 
has anhydride properties. 

DISCUSSION 

Polycarboxylic acicls are often uscd in combination 
asl buffer compoueuts; in light of the finclings of 
this study an cxchaugc of anhydride character also 

EXPERIMENTAL 

Equipment and Reagents.-A Cary niodcl 11 
M.S. recording spcctrophotorneter was utilized for 
thc spectrophotometric determinations. All pH 
measurements were made with a Beckman Zero- 
matic pH meter with an expanded scale. 

Aniline was purificd by repeated distillation and 
was stored under nitrogen prior to use. IXoxanc 
was purified according to Vogel (8). Glutaric 
anhydridc was recrystallized from ether until a 
i11.p. of 56-57' 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 concentration and pH were prepared. 
One-hundred microliters of a 0.450 M glutaric nn- 
hydride in dioxane solution was mixcd with 6 ml. 
of citrate buffer in a 2-cm. photometer cell. The 
reaction was followed spectrophotometrically at 
248 m p .  411 reaction solutions were equilibrated 
a t  26 f 0.1' prior t o  use. 'I'hc conccntration of 
dioxane uscd in all cases was determined to have 
a ne.gligible effect on thc rate constants. 

Procedure for Kinetic Runs on Citric Acid- 
Phthalic Anhydride Reactions.--Citratc buffers of 
appropriatc concentration and pH were prepared. 
Fifty microliters of a 0.0338 M phthalic anhydride 
in dioxane solution was mixed with 6 ml. of citrate 
buffer in a 2-cm. photutneter cell. The reaction was 
followcd sprctrophotnmctrically at 302 mp. All 
reaction solutions were equilibrated at 25 f 0.1" 
prior t o  use. 

Chromatographic Separation of the Reaction 
Mixture.-The chromatographic columns were prc- 
pared as outlincd in a previous communication 
(4). The reaction mixture was prepared by adding 
15 ml. of citrate buffer to 100 pl.  of a 1.58 M glutaric 
anhydride in dioxane solution. The reaction was 
allowed to continue thc requisite period of time and 
was quenched with 4 nil. of a 0.33 A4 aqueous aniline 
solution. Thc pH was adjusted to 3.13 with HC1 
and a 5-nil. sample was placed on the column with 
5 Gin. of silicic acid. The eluting solutions con- 
sisted or 100 ml. each of chloroform, 1.5"/L butanol 
in chloroform, 10%) butanol in chloroform, and 305/; 
butanol in chloroform; each solution was saturatcd 
with the internal phase prior t o  use. The eluate 
was collected in 10-ml. fractions; the collecting 
vcssel was rinsed with 10 1111. of clilorofortn and 
addt-d to the lO-inI. fr:tction. Each sample was 
extracted with 80 ni l .  of  0.1 N PiaOH. 

Preparative Chromatography of the Reaction 
Mixture.--A chrornatograpliic column with the 
following dimensions was employed: length : 
60 cm., i.d. = 3.40 cm. Three-hundred grams of 
silicic acid was utilizcd as the support aiid 300 ~ n l .  
of pH 3.13 phosphate buffer was employcd as the 
internal phase. The eluting solutions consisted of 
500 ml. each of chloroform, 1.5Ojn butanol in ehloro- 
form, 5% butanol in chloroform, 15(;5 butanol in 
chloroforrn, and 3.57;, butanol in chloroform; each 
solution was saturated with thc internal phase 
prior to use. 'The reaction mixture was prepared 
by mixing 100 ni l .  of 0.3 :LZ pH = 5 citratc buffer 
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and ultraviolet spectra were characteristic of an 
anilide. NMR spectrum strongly suggested this 
to be the symmetrical isomer, 2-hydroxy-2-N- 
phenylcarbamide-l,3-propanedicarboxylic acid. 

Citric Monounilide-2.-This was recrystallized 
from chloroform, m.p. 127-128'. Molecubar weight 
determined by direct titration against sodium hy- 
droxide solution was 270 (calculated 268). 

Anal.-Calcd. for C, 63.94; H, 4.87; N, 5.23.  
Found: C, 53.87; H, 4.8.5; N, 5.20. 

Infrared and ultraviolet absorption spectra were 
characteristic of an anilide. KMR spectrum sug- 
gested this to be thc unsymmetrical isomer, 2- 
hydroxy - 1 - N - phenylcarbamide - 2,3 - propane- 
dicarboxylic acid. 
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Interaction of Acetic Anhydride with Di- and Tri- 
carboxylic Acids in Aqueous Solution 

By ARNOLD J. REPTA, JOSEPH R. ROBINSON, and TAKERU HIGUCHI 

Earlier studies have shown that cyclic anhydrides, such as succinic, glutaric, etc., 
interact with citrate ions in  aqueous solution to  form what appears to be a citric 
anhydride species. These interactions have been assumed to be highly reversible 
through intermediate formation of a mixed anhydride. The present studies were 
concerned with a comparable system which was expected to be essentially irrevers- 
ible. Spectrophotometric investigations have shown that acetic anhydride ap- 
parently reacts with citrate in  aqueous solution to form a new species which under- 
goes rapid hydrolysis. The rate of the initial reaction and the rate of the subsequent 
step appear to depend on  the citrate concentration and pH. Results of chroma- 
tographic studies o n  products obtained by reaction with aniline at different phases 

of the reaction are presented. 

N AN EliRLIER report (I), experimental evi- I dence was presented which suggested that 
glutaric and presumably other cyclic anhydrides 
formed a n  equilibrium system in the presence 
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of a large excess of citrate buffer in which the 
total anhydride concelitration was distributed 
among glutaric anhydride, citric anhydride, and 
perhaps g-lutariecitric anhydride. An attempt 
has been made in the present study to obtain a 
clearer picture of the reacting system by em- 
ploying acetic anhydride to  furnish the initial 
anhydride concentration; the noncyclic anhp- 
dride not being expected to  participate effectively 
in any reversible process. 

If the forward reaction pathway remains essen- 




