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Abstract  0 The kinetics of degradation of methenamine were studied 
in citrate-phosphate buffers between pH 2.0 and 7.4 a t  37.5". GLC was 
used to monitor the rate of hydrolysis. The conversion of methenamine 
to formaldehyde was found to be pH dependent in the buffers of constant 
ionic strength, with the reaction half-life decreasing from 13.8 hr a t  pH 
5.8 to 1.6 hr a t  pH 2.0. The kinetics of degradation also were measured 
a t  47,57, and 67", and the reaction obeyed the Arrhenius relationship. 
At pH 2.0, the activation energy was calculated to be 23.5 kcal/mole; at 
pH 5.1, it was 12.0 kcal/mole. 
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Methenamine (hexamethylenetetramine) is a urinary 
antibacterial useful in the long-term therapy of chronic 
urinary tract infections. The antibacterial activity of 
methenamine is derived from formaldehyde produced 
upon hydrolysis of methenamine in the bladder. The 
amount of hydrolysis is a function of the acidity of the 
urine (1). 

BACKGROUND 

Methenamine was introduced for the treatment of urinary infections 
in 1894 (2). Although this drug has been used for over 80 years and its 
pharmacological activity depends on the extent and rate of hydrolysis 
of the parent compounds in acidic media (3), there are few reported 
studies on the in uitro hydrolysis of methenamine. In 1935, Philippi and 
Lobering (4) studied the hydrolysis of methenamine in buffer solutions. 
Their assay method was based on the formation of a silver nitrate- 
methenamine complex. According to Slowick and Kelley ( 5 ) ,  this pro- 
cedure produces inaccurate and undependable results, so the findings 
of Philippi and Lobering (4) probably are in error. 

A paper published by Tada (6) summarized work done from 1951 to 
1958 (7-10) in Japan and listed the rates of decomposition of methena- 
mine in hydrochloric acid a t  pH 11.6. Decomposition also was measured 
in acetic acid-sodium acetate buffer solutions in the pH range of -4-6. 
Tada's (6) assay involved the titration of excess acid not consumed in the 
degradation reaction. Titration procedures normally are tedious and time 
consuming. 

Investigations into the pharmacology of methenamine have been dif- 
ficult because all of the methods are based on the measurement of 
formaldehyde liberated from methenamine. Early studies used methods 
that were relatively insensitive. Many of the analytical procedures are 
not applicable in the presence of intact methenamine (11). Most studies 
on urinary formaldehyde concentrations used the colorimetric method 
of Tanenbaum and Bricker (12). The acidity of the reagents used in this 
method recently was found to convert 20-30% of the residual methena- 
mine to formaldehyde (13). 

Useful scientific data for methenamine compounds generally are not 
available. The pharmacokinetics and mechanisms of action of this drug 
have not been well elucidated. Because of the use of other urinary tract 
antibacterials like nitrofurantoin and the sulfonamides, few recent studies 
on methenamine have been reported. 

This report presents a study of the hydrolysis of methenamine between 
pH 2.0 and 7.4 in aqueous buffers. The rate of hydrolysis of methenamine 
was followed by measuring the change in the concentration of intact 
methenamine determined by the specific and accurate GLC procedure 
of Strom and Jun (14). 

EXPERIMENTAL 

Apparatus-The gas chromatograph' was equipped with a dual 
flame-ionization detector. A 1.8-m X 6-mm i.d. glass column was packed 
with 3% OV-17 on 80-100-mesh Chromosorb W-HP. The operating 
temperatures were 245' for the injection port, 190" (isothermal) for the 
column oven, and 250' for the detector. Nitrogen a t  a flow rate of 45 
ml/min was the carrier gas. The flow rates of hydrogen and compressed 
air were adjusted to optimum sensitivity. The electrometer range was 
10-10 amp/mv. 

Calibration Curve-Methenamine2 was recrystallized from absolute 
ethanol. Methylparaben3 (methyl p-hydroxybenzoate), the internal 
standard, was used as received. Aliquots of 0.5, 1.5,2.5,5.0,7.5, and 10 
ml of methenamine solution (2 mg/ml in water containing 2 mg of 
methylparaben/ml) were added to individual 10-ml volumetric flasks and 
diluted to volume with water (containing 2 mg of methylparaben/ml). 
Each solution (1 pl) was injected into the chromatograph. The calibration 
curve was obtained by plotting the known concentration of methenamine 
uersus the corresponding peak height ratio (methenamine/methylpar- 
aben). 

Buffer Solutions-All buffer solutions were prepared in deionized, 
distilled water and were adjusted to an ionic strength of 0.5 with potas- 
sium chloride. Buffer solutions in the pH range of 2.0-7.4 were prepared 
by combining various amounts of 0.1 M citric acid and 0.2 M dibasic so- 
dium phosphate stock solutions (15). 

Stabil i ty Studies-Effect of pH-Amounts of methenamine equal 
to 0.75 mg/ml were weighed and placed in volumetric flasks. At time zero, 
the methenamine was dissolved in buffer solutions of pH 2.0,2.4,3.4,4.6, 
5.1, 5.5, 5.8, or 7.4 previously equilibrated a t  37.5". After dilution with 
the respective buffers, 10.0-ml samples were removed and placed in 16 
X 125-mm culture tubes with polytef-lined screw caps. These tubes were 
placed into a constant-temperature water bath. 

At suitable time intervals, one culture tube was removed and cooled 
to room temperature by quenching in an ice bath. One milliliter of the 
internal standard solution (22 mg of methylparaben/ml in methanol) was 
added, and the sample was subjected immediately to the GLC analysis. 
The pH was measured at the beginning and end of each run, and no sig- 
nificant change was found. 

Effect of Temperature-Methenamine a t  0.75 mg/ml also was studied 
kinetically a t  47,57, and 67" in pH 2.0,5.1, and 7.4 buffers. 

RESULTS AND DISCUSSION 

Figure 1 shows a typical gas chromatogram obtained for an aqueous 
solution of methenamine ( t ~  = 0.8 min) and methylparaben, the internal 
standard ( t ~  = 1.7 min). Both methenamine and the internal standard 
gave sharp, well-resolved peaks (resolution, R, = 5.4) with no tailing. A 
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Figure 1-Gas chromatogram 
of methenamine and the in- 
ternal standard in water on a 
3% OV-17 column. Key: A,  
soluent; A, methenamine; C ,  
recurrent unidentified peak; 
and D, methylparaben. 
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peak that appeared repeatedly in all kinetic runs had a retention time 
of 1.25 min (point C in Fig. 1). This peak, possibly the hydrolysis product 
formaldehyde or, more probably, a polymer of formaldehyde, would be 
well resolved from both methenamine ( R ,  = 4.4) and from the internal 
standard (R, = 2.2). A plot of the ratio of the peak height of methenamine 
to the height of the internal standard uersus the concentration of 
methenamine produced a linear relationship between 0.10 and 2.00 
mg/ml. The calibration curve had a slope of 0.89 ml/mg, an intercept of 
3.24 X lo-*, and a correlation coefficient of 0.9997. 

The kinetics of hydrolysis of methenamine were followed a t  various 
pH values by monitoring the decrease of the ratio of the peak height for 
the peak a t  the methenamine retention time to the peak height of the 
internal standard as a function of time. A plot of the hydrolysis data 
obtained a t  various pH values is shown in Fig. 2. 

The logarithms of the difference of the final peak height ratio, H ,  (the 
peak height ratio a t  the end of 10 half-lives), and the peak height ratio 
a t  any time, Ht,  uersus time produced linear plots. The apparent first- 
order rate constants were calculated from the slopes of the linear re- 
gression lines fitted to: 

In(Ht - H,) = In(H0 - H,)  - kt (Eq. 1) 

where Ho is the peak height ratio a t  time zero and k is the apparent 
first-order rate constant. A t  all of the pH values studied, H ,  was essen- 
tially zero after storage for several days a t  the selected temperature, in- 
dicating that the reaction went to completion. The rate constants derived 
from the data are presented in Table I. 

A concentration of 0.75 mg/ml was chosen as the initial concentration 
because this value is the expected physiological concentration following 
a normal dose in humans (161. Six hours would be the maximum time a 
snlution of methenamine would remain in the bladder. No decomposition 
(i.e.,  no change in the peak height ratio) was observed in the pH 7.4 buffer 
over a 6-hr period. 

Table I-Apparent First-Order Rate Constants fo r  Hydrolysis of 
Methenamine in Buffer at 37.5" 

2.0 43.3 
2.4 32.7 
3.4 22.4 
4.6 18.6 
5.1 8.36 
5.5 6.35 
5.8 5.01 
7.4 b - 

1.60 0.9978 
2.12 0.9848 
3.09 0.9920 
3.73 0.9993 
8.29 0.9882 

10.9 0.9856 
13.8 0.9935 

Correlation coefficient for the linear regression line. No observable degradation 
over the time interval studied. 
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Figure 2-semilogarithmic plots of the ratio of the height of the GLC 
peak for methenamine to  the peak for the internal standard versus time 
at specified pH values. Each point is an average of two kinetic runs. Key: 
e, p H  5.8; 0, p H  5.5; A ,  pH 4.6; and m, pH 2.0. 

The effect of temperature on the hydrolysis rate was investigated at 
pH 2.0, 5.1, and 7.4 a t  several temperatures. Table I1 lists the apparent 
first-order rate constants calculated a t  each temperature for each pH 
value. There was no observable change in the peak height ratio in pH 7.4 
buffer at any temperature over a 6-hr period. Arrhenius plots of the 
logarithms of the observed rate constants uersus 1/T produced straight 
lines (Fig. 3). The activation energy for the reaction then was calculated 
from the slopes of the lines fitted to the data (Table IT). 

The studies of Tada (6) showed that: 

(Eq. 2) 

where k o b  is the observed rate constant; k,  and kh are the rate constants 
for the water solvolysis reaction and the hydrogen-ion-catalyzed reaction, 
respectively; and f +  is the fraction of methenamine present in the pro- 
tonated form. Tada (6) calculated k ,  and kh values a t  30° of 6.05 X 
sec-' and 6.33 X liter/mole/sec, respectively. Tada (6) also deter- 
mined the dissociation constant of protonated methenamine to be 7.0 
X IOW, from which values off' as a function of pH can be calculated. This 
relationship is shown graphically in Fig. 4. The value from Table I for 
hydrolysis a t  pH 2.0 and 37.5O was set equal to the value from Tada (6) 
a t  pH 2.0 and 30°, and the remaining values from Table I were scaled 

10.1 

I-' z 
ti z 
0 
0 
W 
I- 
K 
a 

5 1.1 
n a 
9 
ti oc 
LL 

k z 
w a a c. 
n a 

0. 
\/ I 30 I I 32 1 L 

IIT, OK x lo4 
Figure  3-Arrhenius plot f x  data at pH 5.1 (e) and 2.0 (m) 
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Table 11-Apparent First-Order Rate  Constants and  Thermodynamic Parameters  for t he  Hydrolysis of Methenamine at Various 
Temperatures 

k ,  hr-’ X 10 
PH 37.50 470 57” 67” En. kcal/mole In A” r b  _. 

2.0 4.33 11.5 41.9 111.0 2 3.5 37.2 0.9985 
5.1 0.836 1.11 2.33 4.27 12.0 16.8 09853 

a A is the frequency factor. h The correlation coefficient for the linear regression line obtained by fitting the data to the Arrhenius relationship. 

accordingly and plotted in Fig. 4. The scaled values from this study agreed 
very well with the values predicted by Tada (6). 

The Arrhenius activation energy (E,) of 23.5 kcal/mole at  pH 2.0 and 
an ionic strength of 0.5 compared favorably with Tada’s (6) value of 23.3 
kcal/mole in highly acidic media a t  an ionic strength of 3.08. This E, value 
can he largely associated with the hydrogen-ion-catalyzed reaction. The 
E, value of 12.0 kcal/mole calculated at  pH 5.1 would he almost entirely 
a function of the rate constant of the water reaction, k,. 

The conversion of methenamine to formaldehyde in biological fluids, 
particularly urine, is of clinical importance since formaldehyde is the 
pharmacologically active product and is effective against urinary bacteria 
only above a concentration of -20 pg/ml (17). Methenamine solution 
remains in the bladder for only a certain time (-6 hr), and it is necessary 
to know the amount of conversion that occurs over that  period. I t  also 
would he useful for successful therapy to know the effect of the urinary 
pH on the rate of that conversion. Several recent reports discussed hy- 
drolysis of methenamine in urine (18-20). Possible errors from the assay 
method used in these studies were minimized in part by use of the 
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Figure 4-The pH-rate profile of methenamine degradation. The  solid 
line is the predicted relationship from the work of Tada (6). The  points 
are the data from Table Iscaled to 30”. 

Jackson and Stamey method (13), a modification of the Tanenbaum and 
Bricker (12) procedure, or by use of the Chen and Chafetz method (21). 
A possibly better method would be use of the Jackson and Stamey pro- 
cedure to quantitate the free formaldehyde concentration simultaneously 
with the GLC procedure for intact methenamine. 

According to the data of the present study, methenamine should cir- 
culate in the blood as the intact drug and be rapidly converted to form- 
aldehyde when it reaches the acidic urine. If the drug were converted a t  
a similar rate in the urine as in the buffers of this study, sufficient 
formaldehyde would be produced within 2 hr a t  pH 55.8. However, it may 
not be possible to make quantitative predictions of the in oiuo behavior 
of methenamine from the data of this study because of possible kinetic 
salt effects. Tada’s (6) work demonstrated a linear increase in the ob- 
served rate constant with an increase in the ionic strength up to a value 
of 3 or 4. This effect was shown for about 15 mono- and divalent salts, such 
as sodium chloride, sodium iodide, potassium chloride, potassium iodide, 
lithium chloride, calcium chloride, and ammonium chloride. 

The reported study demonstrated that the GLC procedure can be used 
to observe and quantitate the degradation kinetics of methenamine i n  
uitro in a buffer system. 
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