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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. 

REFERENCES 
(1) Higuchi, T., Miki, T., Shah, A. C., and Herd, A. K., 

J .  A m .  Chem. Sot.. 85, 3655(1963). 
(2) Gold, V., ahd Jefferson, E. G., J. Chem. Soc., 1953, 

1416. 
(3) Higuchi, T., Shah, A. C., and Flynn, G. L., unpublished 

data. 
(4) Higuchi, T., Eriksson, S. O., IJno,  H..  and Wind- 

heuser, J .  J., J. Pherm. S c i ,  53, 280(1964). 
(5) Shimada, I . ,  and IIiguchi. T., personal communica- 

with 3.2 rnl. of 1.58 M glutaric anhydride in dioxane 
solution. The reaction mixture was quenched 
a t  the end of 30 sec. with 16 ml. of a 0.33 M aqueous 
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the compounds. 
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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- 
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tially the same as in the cyclic anhydride case, a 
mixed acid anhydride species would he formcd 
by interaction of acetic anhydride and citrate ion. 
The loss of the acetate in this step would, how- 
ever, make formation of the mixed anhydride 
irreversible. The net effect of this would be to 
drive the rcaction to the right. The proposed 
reaction is shown in Scheme 1.l 

In the presen-t investigation the differences in 
the charac1,eristks of this irreversible system 
from those of the previously studied reversible 
system have been explored. 

RESULTS AND OBSERVATIONS 

Spectrophotometric Studies.-Although acetic 
anhyclride hydrolyzes rather rapidly in cold water 
( t , lz  E 5 min. a t  2,5"), it appears to be capable nf 
reacting with nucleophilic species such as citrate 
anions. When the hydrolysis is followed spcctro- 
photometrically a t  248 mp in citrate buffer, at pH 
values where there is an appreciable quantity of di- 
ionized citrate, a spccies appears to be formed which 
has an ultraviolet absorptivity greater than the 
original anhydride. The absorbance-timc profile 
obscrvcd for a system initially containing 1.08 X 

M acetic anhydride in 0.3 11.1 citrate buffer, 
pH = 5 and 25", is shown in Fig. 1. 'The shape of 
the plot suggests that the reaction involves relatively 
rapid formation a.nd subsequent hydrolysis of some 
intermediate species. 

As shown -previously (l), the concentration of 
citric anhydride can be expressedz as: 

If (kL [ B ]  -I- k,) >> kq, a semilogarithmic plot of 
( A  - A,)  against time (where At is the absorbance 
a t  any time I and A ,  is the limiting absorbancr) 
will have a tcrminal slope equal to -ka Eutrap- 
ulation of this terminal line to zero tinie will give a 
value (Au' - A,: which corresponds to the imagi- 
nary absorbance of the new species a t  time zero. A 
semilogarith~nicplotof [(At' - A m )  - (At - A m ) ] ,  
a t  various trmes, against time will yield a linear 
rclationship with .I slope equal to - ( k l [ B ]  + kw) .  

The rates of appearance ( R ,  [ B] + k , )  of the more 
strongly absorbing species in the system are influ- 
enced by btu th hydrogen-ion concentration and 
buffer concentration as shown in Fig. 2. As is evi- 
dent from the plois, the rate uf formation appears to  

1 The reaction steps kY,  k2, and ka are considered irrevers- 
ible, since under the conditions employed here (25O, aqueous 
solution) the reverse reaction would be negligible (2). 

2 The assumptions involved in this derivation are the Same 
as previously reported ( I ) .  The reaction step, ka, is con- 
sidered irreversible since at least a sixtyfold excess of buffer 
was employed at all times. 

2 0 -  
,-"-A* 

',-A+ 
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Fig. 1 .-Semilogarithtnic plot ol absorbance 
change a t  248 rnp for the system acetic anhydride in 
citrate buffer. pI1 = 5.0; T = 26". 

depend upon either the di- and/or the tri-ionized 
form of citric acid. It should be noted here t h a t  the 
apparent transfer of anhydride character was ob- 
served only at  a pH = 3 or greater whcrc the con- 
centration of di-ionized citrate was appreciable. 

The observed rates of loss (k4) of the ncw species, 
found from the terminal slopes as described above 
arc shown in Fig. 3 for various pH values and dif- 
ferent buffer concentrations. From the proposed 
reaction Scheme I, if k4 >> ks, one would be essen- 
tially observing thc rate of loss of the mixed anhy- 
dride. Similarly, if ka >> k4, the observed hy- 
drolysis would be that of citric anhydride. I t  is felt 
that the latter situation probably exists and that 
acetic anhydride reacts with the citrate buffer to 
produce citric nuhydride which subscqueiitly under 
goes hydrolysis. 

Thc apparent dependency upon hydrogen-ion 
concentration observed in Fig. 3 can be explained on 
the basis that if the rate of formation of citric anhy- 
dride is slow a t  low pH values arid low buffer con- 
centration, extrapolations of the terminal slope does 
not reflect the true hydrolytic rates for the dis- 
appearance of the species. It is suggested, there- 
fore, that only above pH = 6 is the terminal slope 
representative of the true hydrolytic ratc of citric 
anhydride. 

The pH dependency is similar to that observed in 
the glutaric anhydridecitric acid case (1 ) .  The 
extrapolations of the higher pH values to zero buffer 
concentration would be expected to yield the un- 
catalyzed hydrolytic rate for citric anhydride. 
Since in both systems citric anhydride is apparently 
formed, the extrapolated rate value should be the 
same. The value of 11.5 X scc.-I obtained in 
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TOTAL CITRATE CONCENTRATION (MIL) 

Fig. 2.-Rate of formation of the species formed 
from the acctic anhydride-citrate system at  various 
pH values and different buffer concentrations. 

SECONDS 

Fig. 4.-Absorbance-time profile for acetic anhy- 
dride, initial concentration 4.5 X 1W3 Al, in 0.5 M 
phthalate buffer, The absorbance change was fol- 
lowed at  315 mp. pH = 5 . 5 ;  T = 25". 

TOTAL CITRATE CONCENTRATION (MIL) 

Fig. 3.-Observed rate of hydrolysis of the species 
formed from the interaction of acetic anhydride in 
citrate buffer a t  various pH valucs and different 
buffer concentrations. Key: 0,  1 M KCl; 0, 
H20. 

this investigation is in good agreement with that 
reported in the earlier work (1). 

Apparently the pH values, neccssary to obtain a 
limiting maximum rate constant upon extrapolation 
to zero buffer a t  a given pH, are higher (pH = 6.0) 
for the present case than those found for the glutaric- 
citrate case (pH = 4.5). This dependence may be 
rationalized on the basis of steric effects. Since 
both glutaric and acetic anhydrides have approxi- 
mately the same ratc of hydrolysis in water, one 
cannot ascribc the observed phenomenon singly to 
the different sensitivities of the two species to 
nucleophilic attack, 

As prcviously mentioned (l), thc data presented 
can also bc rationalized by an alternate pathway. 
This essentially requires that the rate-determining 

step corresponds to the decomposition of the mixed 
anhydridc A mcchanism such as this requires that 
acetic-citric anhydride be a relatively stable species 
which seetns 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 rcquire that the mixed anhydride be a 
relatively stable species. 

The catalytic effect of citrate buffer on the hy- 
drolytic rate of the assumed citric anhydride has 
becn observed with other anhydrides. An example 
of this is the catalytic hydrolysis of acetic anhydride 
by acetate ions. The most acceptablc theory for 
this catalysis is a general base effect, since nucleo- 
philic attack would result in an identical anhydride 
(3). A general base effect might be a satisfactory 
cxplanation in the citrate case, but it should be 
pointed out that attack of citrate ions on citric 
anhydride would produce an intermediate citric- 
citric anhydride which could undergo hydrolysis 
at a faster rate than citric anhydride. 

Supportive evidence for the formation of citric 
anhydride rather than the mixed anhydride was ob- 
tained by using phthalate as the buffer rather than 
citrate. Addition of acetic anhydride to phthalate 
buffer produces a species which can be followed a t  a 
wavelength where there is no interfering absorbance 
from thc acctic anhydride. As shown in Fig. 4, a 
species forms and subscquently undergoes hydroly- 
sis. Applying the same kinctic treatment as was 
described for the citric case allows for separation of 
the individual 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 interaction is relatively rapid 
formation of phthalic anhydride, 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 valucs and low buffer concentrations the 
rate of formation is slow, and, therefore, extrapola- 
tion of the terminal slope does not reflect the true 
hydrolytic ratc. Above pH = 5.5 the limiting 
intercepts a t  zero buffer concentration value giving 
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an uncatzdyzeil velocity constant o f  9.B x 
S C C . - ~  which is in good agrccrnriit with reported 
work (4).  

Because of the sparingly soluble nature of phthalic 
anhydride, it w a s  possible to  isolate it from the reac- 
tion mixture. Addition of excess acetic anhydride 
to the phthalatc buffer gave a copious precipitate 
which redissolved upon standing. Isolation and 
characteri:z:ttion of this precipitate showed it to be 
phthalic anhydride, lending support t o  thc hypoth- 
esis that  the mixed anhydride has only a transi- 
tory existence in systems containing acetic anhy- 
dride and various carboxylic buffers, 

Chromatographic Studies.-The presence o f  a 
citrate species possessing anhydride properties can 
be dcmonstratcd by addition of aniline to  the reac- 
tion mixture as has been previously noted (5). The 
anilides that  :ire produced can be separated by 
chromatography as shown in Fig. 6. The typical 
chromatognzphy run demonstrated in Fig. 6 was 
carried out using a 0.3 M ,  pH = 5 citrate buffer, 
atid 8.0 X ] . O F  rnoles of acetic anhydride; thc reac- 
tion was c~uenclied with aniline after 40 sec. The 
double peak corrcsponding to the two isomers of 
citric monoanilide is again in good agreement with 
earlicr work (5 : ) .  Verification that  the peaks corre- 
spond to the two isomeric forms of citric monoanilide 
was carried out as previously described (1 ) .  

Determinatim of the Citric Anhydride-Time 
Profile by the Aniline Method.-The citric anhy- 
dride concentration in a mixture containing initially 
only acetimc anhydride and citrate buffcr can be 
cstirnated hy quenching the reaction system with 
aniline and determining the concentration of the 
total citric monoanilide products. The anilides 
formed from samples drawn a t  different times dur- 
ing the course of the reaction werc separated by 
column partition chromatography and the total 
yield of citric monoanilide dctermincd. 'I'hc re- 
sults arc shlciwn in Fig. 7. The indicated concentra- 
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tinn nf citric anhydride as reflected by the total yicld 
nf citric rnonoaniliclc apparently increased initially 
with time. T h e  data suggcst that  the hydrolysis of 
citric anhydride resulted in a decrease in the amount 
of the anilidri formctl in the terminal phase of the 
reaction. The yield of citric anilide was calculated 
based on a molar absorptivity for the citric mono- 
anilide 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 spcctro- 
photometric evidence prescnted supports citric 
anhydride rather than a mixed arihydride 

DISCUSSION 

These studies indicate that,  although the irrevcrs- 
ihlc interactions of acetic anhydride with citrate 
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Fig. 5 --'Observed rate of hyclroly\is of the species 
formed froln the interaction of acetic anhydride in 
phthalate biiffe~ a t  various pH values and different 
buffer concentrutions. 

3 0  
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FRACTION NUMBER 

Fig. 6.-Typicdl chronintogram for the anilides 
formed by addition of aniline to  the acetic anhy- 
dride-citrate system. The reaction was quenched 
with atiiline after 40 sec. The cluate was extracted 
with 0.1 N XaOH and the alkaline solution analyzed 
spectrophotomctrically at 241 nip. 

SECONDS 

Fig. :.-Total yield of citric motioanilidc for the 
acetic anhydride -citrate system. The various 
points were obtained by withdra\~ing samples from 
the rraction mixture a t  various times and quenching 
the reaction with aniline. The total citric mono- 
ariilide present was thcn determined. pH = 5, 0.5 
i l l .  
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Preparative Chromatography of the Reaction 
Mixture.-A chromatographic column was prrpared 
as previously reported (1). The reaction mixture 
was prcpared by adding 100 ml. of pH = 5.0, 0.3 M 
citrate buffer to 4 ml. of a 1.08 M acetic anhydride 
in dioxane solution. A t  the end of 60 SPC. the reac- 
tion mixture was quenched with 27 ml. of a 0.33 
aqueous anilinc solution. The reaction mixture was 
placed on the column in the previously outlined 
rnanncr and the cluatc was collccted and treated as 
reported (1). 

Characterization of Compounds.-Acetani1ide.- 
This was recrystallized from methanol, m.p. 114- 
11.5". Commercial acetanilide was rerrystallized 
from methanol and gave a m.p. 114-115". A mix- 
ture of the known and unknown sample gave no de- 
pression of tlie melting point. In addition, both 
known and unknown samples gave identical infrared 
and ultraviolet absorption spectra.. 

Citric Monoanilide.-1 .-Anal.-Calcd. for C, 
53.94; H, 4.87; N, 5.23. Found: C, 54.09; H, 4.92; 
N, 5.22. 

Molecular weight determined by direct titration 
against NaOH was found to be 271. (Calcd. 268.) 
Infrared and ultraviolet absorption spectra were 
characteristic of an anilide. The NMR spectrum 
strongly suggcsted this to be the symmetrical iso- 
mer, 2-hydroxy-2-N-phenylcarbamide-l,3-propane- 
dicarbnxylic acid. 

Citric MonoaniZide.-2.-Tliis was recrystallized 
from chloroform, m.p. 127-128'. Molecular weight 
determined by direct titration against sodium hy- 
droxide solution was 270. 

Anal.-Calcd. for C, 53.95; H, 4.87; iV, 5.23. 
Found: C, 53.98; H, 4.92: N, 5.19. 

Infrared and ultraviolet absorption spectra were 
characteristic of an anilide. NMR spectrum sug- 
gested this to bc the unsymmetrical isomer, 2-hy- 
droxy- 1 - N - phenylcarbamide - 2,3 - propanedicar- 
boxylic acid. 

Phthulic Anhydride.-This was recrystallized 
from chloroform, m.p. 130-131'. Commcrcial 
phthalic anhydride was recrystallized from chloro- 
form and a mixture of the known and unknown 
compounds gave no depression of the melting point. 
Both known and unknown samples gave identical 
ultraviolet absorption spectra. 
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differ markedly in character from the reversible 
reaction observed for thc glutaric anhydride-citrate 
system, the apparent kinetic behaviors are surpris- 
ingly similar. The primary observation, aside 
from the irreversibility of the systcm, sccms to be 
that the acetic anhydride rcactiou with citratc pro- 
cccds a t  a substantially slowcr second-order rate 
than that observed for tlic cyclic anhydride. 

The experimental ohscrvations again strongly sug- 
gest intermediate formation of a reactive citric aiihy- 
dride specics. Although the compound was not iso- 
lated in these studies, the data suggest that acetic 
anhydride can be employed to produce substantial 
concentrations of citric anhydride which, in turn, 
can be conveniently employed for synthesis of 
citric acid derivatives in aqueous solutions. 

EXPERIMENTAL 

Reagents and Equipment.-Commercial acetic 
anhgdridc was purified by distillation. Dioxane 
was purified according to Vogel (6). Aniline was 
purified by repeated distillation and was stored 
undcr nitrogen prior to use. All other chemicals 
were of analytical or reagent grade. 

All pH measurcmcnts 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 micro- 
liters of a 1.08 M solution of acetic anhydride in 
dioxane was introduced together with 6 ml. 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 spectrophotom- 
cter. All solutions were equilibrated at 25 f 0.1' 
prior to use. 

The dioxane concentration employed in these 
runs was dctcrmined to have a negligible effect on 
the rate constants. 

Chromatographic Separation of Reaction Mix- 
ture.-The chromatographic columns were pre- 
pared as outlined in a previous communication (5). 
The reaction mixture was prepared by adding 15 
i d .  of thc appropriatc citrate buffer to 300 pl. of a 
1.08 M acetic anhydride in dioxane solution. The 
reaction was allowed to proceed the requisite period 
of time and was quenched with 4 ml. of a 0.33 M 
aqueous aniline solution. The pH was adjusted to 
3.13 with HCI and a 5-ml. sample was placed on the 
coluinn with 5 Gm. of silicic acid. The eluting 
solutions have previously been described (1). 

Blank determinations were made following the 
same procedure as above using (a) acetic acid, citrate 
buffer, and aniline solution, and ( b )  acetic anhydride, 
watcr, and anilinc solution. 
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