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SUMMARY 

A reversible hydrolytic reaction of nitrofurantoin in acidic solutions at body tempera- 
ture was studied spectrophotometrically. The cleavage reaction of nitrofurantoin took 
place at the azomethine bond and 5mitrofurfurel produced was in equilibrium with nitro- 
furantoin. The rate constant of the reverse reaction was greater than that of the forward 
reaction. The activation energies of the forward and reverse reactions were calculated 
from Arrhenius type plots to be 18.9 +- 1.2 (S.E.) and 9.94 +- 0.78 (S.E.) kcal/mol, respec- 
tively. In addition, the e~ect of pH on these reactions and the state of ionization of nitro- 
furantoin were examined. 

INTRODUCTION 

Reversible ring opening reactions of diazepam at the azomethine bond in acidic media 
at 37°C have been examined recently (Nakano et el., 1979). No report has been published 
on the reaction of nitrofurantoin, another drug with an azomethine bond with urinary 
tract antiseptic activity, in acidic solutions at body temperature. Spectrophotometric 
studies indicated that a cleavage reaction at the azomethine bond takes place at an appre- 
ciable rate even at the body temperature and that 5.nitrofurfurel formed is in equih'brium 
with nitrofurantoin and reverts to nitrofurantoin when the pH value of the media is 
increased. 

Although Burmitz et el. (1976) reported that nitrofurantoin exists in 4 different ion- 
ization states over the pH range of 0-14 from their ultraviolet spectrophotometdc study, 
other reports list only one pKa value (Cadwallader and Bates, 1975; Cadwallader and 
Jun, 1976). Since it is desirable to identify a reacting species in acidic solutions, spectro- 
photometric and partition studies were carried out to clarify ionization states of the drug. 

* To whom reprint requests should be addressed. 



112 

MATERIALS AND METHODS 

Materials 
Nitrofurantoin was purchased from Sigma Chemicals, St. Louis, whereas nitrofurazone 

and 5.nitrofurfural were obtained from Tokyo Kasei Kogyo, Tokyo. l-Aminohydantoin 
hydrochloride was a generous gift from Norwich-Eaton Pharmaceuticals, Norwich, N.Y. 
Other chemicals were of reagent grade and were purchased from Wake Pure Chemical 
Industries, Osaka. Chloroform, dimethylformamide and toluene were distilled before use. 
5-Nitrofurfural phenylhydrazone was synthesized and recrystallized from ethanol-water 
to obtain wine-red needles, mp. 190.0-190.5°C: found C, 57.10; H, 3.87; N, 18.10: cal- 
cuiated values for C1 ~HgN303; C, 57.10; H, 3.92; N, 18.16. The product had the follow- 
ing characteristics: Vma x (Nujol) 3300 (NH) and 1562 (C-N) cm't; 6 (CDaCOCDa, TMS) 
6.88 (l H,d), 7.15 (5 H,m), 7.51 (1H,d), 7.86 (l H,s), and 10.08 (1 H, broad); m/e 
231 (M*). 

Kinetic studies 
The kinetic studies were carried out spectrophotometrically. Detailed procedures have 

been described previously (Nakano et al., 1979). All kinetic parameters were estimated by 
computer using the method of non.linear least-squares (Marquardt, 1964). The reaction 
mixtures were prepared in the following fashion. Concentrated solutions of nitrofuran- 
toin (9.83 X 10 -3-1.38 × 10 -2 M) in dimethylformamide were employed as stock solu- 
tions. The stock solutions were diluted 100 times with distilled water prewarmed to the 
temperature of the study. The resultant solutions were further diluted 2.5 times with 1 N 
HCI and water to obtain the test solutions which were 0.1 N with respect to HCI. For 
experiments over the pH range of 3.3-7.8 and at 9.9, McIlvaine buffer and Clark and 
tubs NaOH-HaBO3-KCI buffer (McKenzie, 1969) were used, respectively. 

Employing the molar absorptivity of nitrofurantoin and 5.nitrofurfural at 365 nm, the 
concentrations of both species were computed from the observed absorbance in the t ~  r 
spectra using the following relationship: 

Pt - P -  _ log  A t . -  A ~  
log Po-  P- A o -  A,  

_kf _Po - P® 
Keq kr p .  

_ kf  + k r 
t (1) 

2.303 

(2) 

where P and A represent fraction or concentration and absorbance, respectively, sub- 
scripts 0, t, and ~ indicate time zero, t and infinity, respectively. The presence of l-amino- 
hydantoin is not expected to interfere with absorbance measurements since the absor- 
bance of l-aminohydantoin was negligible above 250 nm. Experiments were carried out in 
duplicate and the mean values of the rate constants were obtained. 

In the synthetic reaction, the stock solutions and test solutions of 5-nitrofutfural and 
l-aminohydantoin hydrochloride were similarly prepared. After some portions of the two 
test solutions were mixed, the reaction mixture was immediately placed in the thermo- 
regulated cell-holder and a series of spectra of the reaction mixture were recorded at pre- 
determined time intervals. 
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Spectral change in the presence of phenylhydrazine 
A 0.2 rnl portion of the stock solution of nitrofurantoin (1.38 × 10 -2 M) was diluted 

with distilled water at 37°C to make 20 ml. One nd each of 8% phenylhydrazine hydro- 
chloride solution and 1 N HCI were added to 4 ml of the diluted solution, and then 
distilled water at 37°C was added to make 10 ml of the reaction mixture. A portion of 
the reaction mixture was immediately placed in the cell and spectra of the reaction mix- 
ture at 37°C were obtained at predetermined time intervals. 

In a separate series of experiments, nitrofurantoin solution in 0.1 N HCI was incubated 
at 37°C and sampled at predetermined time intervals. To each sample, phenylhydrazine 
hydrochloride solution was added and the mixture was extracted with toluene. The spec- 
tra of the organic layer were then recorded. 

Identi. fication of  phenylhydrazone 
A compound formed by addition of phenylhydrazine hydrochloride in nitrofurantoin 

solution in 0.1 N HCI was extracted into toluene. The compound was separated by pre- 
parative thin4ayer chromatography on A1203 using chloroform : cyclohexane (1 : 0 . 3 )  as 
a developing solvent. A spot corresponding to Rf = 0.43 was eluted with chloroform to 
obtain a pure compound for infrared, NMR and mass spectrometric identification. 

Spec tropho tome try 
Spectra obtained by each experiment were compared with those of authentic samples 

of nitrofurantoin, 5-nitrofurfurai and 5.nitrofurfural phenylhydrazone in various solvents. 
Furthermore, spectra of nitrofurantoin in various bt~ffers (pH 0.9-9.2) were obtained to 
examine the effect of pH on ionization-states of the drug. 

Partition studies 
In the examination of the effect of pH on extractability of nitrofurantoin from buffer 

solutions to chloroform, the aqueous solutions of various pH values were agitated for 3 
min with the same volume of chloroform which had been saturated with corresponding 
buffer solutions. Absorbance of the aqueous layer at partition equilibrium, which is 
expected to be reached within 3 rain, was compared with that of the aqueous solution 
without extraction to calculate percentage of nitrofurantoin remained in the aqueous 
layer at partition equilibrium. 

RESULTS AND DISCUSSION 

The nature of  the reaction and properties of the products 
The spectral change of nitrofurantoin in 0.1 N HCI at 37°(2 is shown in Fig. 1. The 

solution reached its equilibrium in 8 h. The ultraviolet spectrum of the aqueous layer, 
which was obtained after extraction of the equilibrated solution with chloroform (not 
shown), indicated a 49.7% decrease in absorbance at 300 nm in contrast to a only 21.4% 
decrease at a ~,m,x of 365 rim. This observation indicates the presence of at least two spe- 
cies, which markedly differ in their partition coefficients, in the equilibrated solution. 
The spectrum of the species which remained after chloroform extraction (not shown) was 
quite similar to that of nltrofurantoin, indicating the presence of unreacted nitrofuran- 
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Fig. I. Typical spectral changes for the hydrolysis of 4.00 × 10 -s M nitrofurantoin in 0.I N HCi at 
37"C. Absorbance at 365 nm decreased with time (0, 1, 2, 3, 5 and 8 h ( - )  from the top). 

toin in the equilibrated mixture. In addition, the spectrum of equilibrated solution in 
0.1 N HCI rapidly changed to that of nitrofurantoin by the addition of 0.4 and 0.04% 
NaOH and a phosphate buffer, pH 7.4 to adjust pH to 7.4. This result indicates a rever- 
sibility of the reaction of nitrofurantoin in acidic media. 

The following synthetic reaction gives additional evidence for the reversibility of the 
reaction. A spectrum of the reaction mixture of 5.nitrofurfural and l-aminohydantoin 
hydrochloride with )'m,x of 307 run (Fig. 2, 0 h) changed with time to give an equilibri- 
um-state spectrum (Fig. 2, 6.5 h) which was quite similar to that of the equilibrium mix- 
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Fig. 2. Typical spectral changes due to the formation of nitrofurantoin with time starting with 6.95 × 
10 -5 M 5-nitrofu,~ural and 6.90 × 10 -$ M l-aminohydantoin hydrochlor|de in 0.1 N HCI at 37°C. 
Absorbance at 307 nm decreased while that at 263 and 363 nm increased with time (0, 10, 20, 30, 40, 
50, 60, 80, 1 I0, 1.50, 210, 2"/0, 330 and 390 min). 
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ture of the hydrolytic reaction starting from nitrofurantoin (Fig. 1, 8 h). On the basis of 
the above observations, the termination of further spectral change after 8 h in Fig. 1 indi- 
cates the attainment of an apparent equilibrium state for a reversible reaction rather than 
the completion of a reaction. 

Structural assignment of products 
The initial assignment of 5-nitrofurfural for the structure of the cldoroform-extracted 

species in the equilibrimn mixture was based on the observation that the UV spectrum of 
the chloroform-extracted species in chloroform (?'max at 298 run) was similar to that of 
the authentic sample of 5-nitrofurfural. The chloroform-extractable nature of the species 
suggests the absence of an ionic group in the molecule. Although definite identification of 
5-nitrofuffural could not be made because of possible oxidation of the compound during 
thin.layer chromatographic separation and isolation, the presence of 5-nitrofurfural in the 
equilibrium mixture may be indicated by the formation of 5-nitrofurfural phenylb.ydra- 
zone. The spectrum of nitrofurantoin in 0.1 N HCI containing phenylhydrazine showed 
initial absorption peaks at 365 and 269 nrn which are attributed to nitrofurantoin and 
phenylhydrazine, respectively. Absorbance at 365 and 269 nm decreased with time and a 
new absorption peak at 459 nm appeared (Fig, 3). A shift of Xmax to longer wavelength 
indicates that the conjugated system of the product is more extended than those of the 
reactants. Since the spectrum of the authentic sample of 5-nitrofurfural phenylhydrazone 
shows Xmax at 461 nm, it is possible that 5-nitrofurfural was produced by incubation of 
nitrofunmtoin in acidic media before it reacted with phenylhydrazine to produce the 
phenylhydrazone. 

In a separate experiment, phenylhydrazine was added to each of the samples obtained 
from the acidic reaction mixture at predetermined thne intervals and the mixture was 
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Fig. 3. Typical spectral changes due to the formation of phenylhydrazonc with time starting with 
5.52 X I0 -s M nitrofurantoin and 5.53 X I0 -s M phenylhydrazine in 0.I N HCI at 37°C. Absorbance 
at 365 nm decreased while that ~ 459 nm increased with time (0, 0.5, 1.5, 2.5, 3.5, 4.5, 6.5, 8.5 and 

9.5 h). 
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extracted with toluene. The absorbance of the toluene extracts at 428 nm increased with 
time (not shown). It indicates that the amount of 5-nitrofurfural produced increased with 
time since maxir,~,am absorbance of authentic 5-nitrofurfural phenylhydrazone in toluene 
is at 427 nm. Furthermore, a compound isolated by thin-layer chromatography from 
reaction products showed identical analytical data in infrared, NMR and mass spectra 
with those of authentic 5-nitrofurrural phenylhydrazone. 

These experimental data suggest that the reaction of nitrofurantoin in acidic media 
may be represented as shown in Scheme 1. Although some attempts were made to isolate 

Nttrofurontoln 

OaN~CHO 

Scheme !. Reversible azomethine bond cleavage of nitrofurantoin in acidic media. 

l-aminohydantoin, which is expected to be produced with 5-nitrofurfural, they failed 
because of its unextractable nature into organic solvents. Nonetheless, l-aminohydantoin 
may be expected to be present along with 5-nitr0furfural in the equilibrated mixture 
since nitrofurantoin w~eggnerated from the equilibrated mixture by addition of 0.4 
and 0.04% NaOH and a buffer at pli 7.4 to adjust pH to 7.4 and nitrofurantoin was syn- 
thesized from 5-nitrofurfural and l-aminohydantoin in the acidic solution. 

Quantitative aspects 
A plot of absorbance against time is given in Fig. 4. The linear relation was obtained 

when the equation for reversible fast-order reaction (Eqn. 1) is applied (Fig. 5). The for- 
ward and reverse reaction rate constants were calculated to be 0.135 and 0.443 h': ,  
respectively. The fact that the reverse reaction rate constant was greater than the forward 
reaction rate constant indicates that the concentration of nitrofurantoin is greater than 
that of 5-nitrofuffural at equilibrium. The percentage of nitrofurantoin at equilibrium 
was calculated to be 76.9 of an initial concentration of nitrofurantoin. 

Effect of temperature 
m e  rate constants at 25°C and 50°C determined from spectral changes similar to those 

at 37"C are presented in Table 1 along with the calculated percentage of nitrofurantoin 
present in equilibrated mixtures. Table 1 shows that the reverse reaction rate constants 
are at~o greater than the forward reaction rate constants at 25°C and 50°('. and that the 
percentage of nitrofurantoin present at equilibrium decreases with increasing tempera- 
ture. The energies of activation calculated from the Arrhenius equation were 18.9 + 1.2 
(S.E.) kcal/mol for the forward reaction and 9.94 + 0.78 (SEE.) kcal/mol for the reverse 
reaction. 
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Fig. 4. Change in absorbance of nitrofutantoin (4.00 X 10 -s M) with time in 0.1 N HCI at 37°C. 

Fig. 5. Change of concentration of unreacted nitrofurantoin (initial concentration, 4.00 × 10 -s M) 
with time in 0.1 N HCI at 37°C, where I" t and P .  represent per cent of nitrofurantoin remaining un- 
reacted at time t and time inf'mity, respectively. 

Effect o]'pH 
The preliminary studies indicated that spectaal change similar to that shown in Fig. 1 

was observed in the citrate-Na2HPO4 buffer solution at pH 3.0. However, the change in 
absorbance was smaller than that in 0.1 N HCI indicating that the reaction proceeded to a 
lesser extent. Over a pH range of 5.4-9.9,  little change in absorbance with time was ob- 
served As indicated earlier, 5-nitrofurfural, once formed in acidic solutions, reverted to 
nitrofi, rantoin when the pH of media was raised. 

State of ionization of nitrofurantoin 
When the effect of pH on spectra was examined, ~,max of nitrofurantoin was at 264 

and 365 run over pH 0.6-5.6 whereas it was at 277 and 385 nm over pH 7.8-9.9. This 
indicates that the electronic state of nitrofurantoin changes at about pH 7. In order to 
identify a reacting species in acidic solutions, measurements of absorbance and partition 
coefficients, which are dependent on chemical species present, were carried out. Partition 
studies and measurement of spectrum were carried out quickly. Time for equilibrium was 
3 min and degree of degradation of the drug during this period is expected to be negli- 

TABLE 1 

RATE CONSTANTS FOR FORWARD AND REVERSE REACTIONS OF NITROFURANTOIN IN 
0.1 N HCi AT 3 TEMPERATURE VALUES 

Temperature Rate constants (h -I ) NitrofUrantoin at equilibrium 
(°C) (%) 

Forward Reverse 

25 0.035 * 0.009 0.193 ± 0.009 86.0 
37 0.135 * 0.026 0.443 ± 0.026 76.9 
50 0.462 ± 0.073 0.834 * 0.073 64.3 
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gl~le even at pH 0.6. Decrease in absorbance was observed around pH 7 when absorbance 
at 250 nm was plotted against pH (not shown). In the partition studies, the fractions of 
nitrofurantoin remaining in the aqueous layer were almost constant at 83-85% over pH 
0.6-5.6 whereas they were 97.4 and 100% at pH 7.8 and 9.2, respectively (not shown). 
These results indicate that a chemical species which is predominant at pH 7.8 and 9.2 is 
different from that over pH 0.6-5.6 and that a chemical species which is predominant 
over pH 0.6-5.6 is expected to be an unionized form because of higher partition coeffi- 
cient over pH 0.6-5.6 than that at pH 7.8 and 9.2. A chemical species extracted into 
chloroform showed the same spectrum as nitrofurantoin in chloroform. On the other 
hand, nitrofitmzone, which is an analog of nitrofurantoin, showed no change in absor- 
banc¢ with pH over a pH range of 0.6-9.2, and thus the drug is expected to remain un- 
ionized over the pH range. These observations indicate that nitrofurantoin exists in an un- 
ionized form over the pH range of 0.6-5.6, and that a part of an unionized species is 
extracted with chloroform. Changes in absorbance and partition coefficient with pH at 
around pH 7 may be attributed to the deprotonation of the imido hydrogen because such 
a change was not observed in a pH prof'de of absorbance of nitrofurazone at about pH 7. 
According to the present study, protonation at the a.position (nitrogen in the azomethine 
bond) is expected to become predominant only in strongly acidic solutions (pH ~ 0.6). 

These ob~rvations are in accord with pH dependency of nitrofurantoin solubility in 
water (Chen et al., 1976) but in contrast with the report of Burmitz et al. (1976) who 
suggested pKst (protonation at azomethine nitrogen) at 3.5, pKa2 (protonation at hydan- 
toin nitrogen) at 7~8, and pKa3 (deprotonation of imide proton) at higher pH values. 

GENERAL DISCUSSION 

At body temperature, the reversible reaction involving the hydrolysis of the azo- 
methine bond of nitrofurantoin is expected to be a major reaction in an acidic solution. 
The present in vitro study suggests the following reactions in vivo: after administration of 
a dosage forrw of nitrofurantoin, some nitrofurantoin dissolved in the acidic stomach con- 
tents is hydrolyzed into 5-nitrofurfural and l-aminohydantoin. When 5-nitrofurfural is 
emptied from the stomach into the intestine, it reacts with l,andnohydantoin to regener- 
ate nitrofurantoin upon an increase in pH of the medium. Since the hydrolytic reaction 
may proceed beyond equilibrium if 5-nitrofurfural, which is produced by equih'brium 
reaction, is preferentially absorbed in the stomach, an additional experiment on the pos- 
sible absorption of 5-nitrofurfural in the stomach is required. 
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