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Abstract The stability of chlorambucil and its degradation product 
4-Lp-(2-chloroethyl-2-hydroxyethylamino)phenyl]butyric acid (I) was 
studied using reversed-phase high-pressure liquid chromatography. The 
degradation rate of chlorambucil was unaffected by pH between pH 5 
and 10 but decreased at  lower pH. The degradation rates of chlorambucil 
and I differed only slightly (pH > 6). The proteolytic properties of the 
compounds were studied using spectrophotometric and partition tech- 
niques. 

Keyphrases 0 Chlorambucil-degradation in aqueous solution, influ- 
ence of pH and temperature 0 Degradation-chlorambucil and metab- 
olites, in aqueous solution, effect of pH and temperature 0 Antineoplastic 
agents-chlorambucil, degradation in aqueous solution, influence of pH 
and temperature 

Nitrogen mustards are important drugs in. the treatment 
of neoplastic diseases. A detailed and accurate knowledge 
of their chemical properties is important for an under- 
standing of their behavior in uivo. 

BACKGROUND 

The nitrogen mustards are believed to react uia an intermediate azir- 
idinium ion (1) according to Scheme I. The aliphatic nitrogen mustards 
given an accumulation of the aziridinium ion, B, during the initial phase 
of degradation since Step I is faster than Step I1 (2). The aromatic ni- 
trogen mustards differ in this respect from the aliphatic compounds (3). 
However, chlorambucil was proposed to follow a reaction profile similar 
to that of the aliphatic nitrogen mustards based on results obtained using 
a spectrophotometric procedure involving the reaction of the alkylating 
agents with 4-(p-nitrobenzyl)pyridine (4). However, this technique is 
not selective since both the parent compound and the degradation 
product, C (Scheme I), are derivatized and codetermined (5). 

The influence of pH on the degradation rate of chlorambucil was 
studied previously (6), and a continuous increase in the stability of 
chlorambucil from pH 7 to 4.5 was observed. However, this study was 
performed a t  such a high concentration that the results might have been 
affected by aggregation phenomena (cf., 7). 

The present investigation considered the stability of chlorambucil and 
its degradation product 4-[p-(2-chloroethyl-2-hydroxyethylamino)- 
phenyllbutyric acid between pH 1.5 and 10 using a selective and sensitive 
high-pressure liquid chromatographic (HPLC) technique. The sensitivity 
of the technique made study of low concentrations possible, where 
chlorambucil is present only as the monomer. 

EXPERIMENTAL 

All experiments were carried out at 25.00 f 0.05' and at  the same ionic 
strength (0.1) unless otherwise stated. 

Preparat ion of 4-[p-(2-Chloroethyl-2-hydroxyethylamino)- 
phenyllbutyric Acid (I)-Chlorambucil (10 mg in methanol, 0.5 ml) 
was mixed with 100 ml of distilled water. The solution was kept a t  25' 
for 2 hr (final pH of 4) and extracted with ethyl acetate (100 ml). The 
extract was evaporated to 0.2 ml under a nitrogen atmosphere and sep- 
arated by TLC'. The silica gel zone containing I was scraped from the 
plate, packed into a Pasteur pipet, and eluted with methanol (5 ml). The 
yield was 15% as determined spectrophotometrically. The mass spectrum 
was consistent with the expected structure. Prominent peaks were located 
at m/e (relative intensity, %) 250 (17), 249 (62). 191 (19), 177 (17), 176 
(loo), 132 (19), 131 (35), 118 (55), 117 (14), and 91 (18). 

1 Silica gel 60, F ~ w ,  2 mm, Merck, Darmstadt, West Germany. The eluting solvent 
was toluene-methanol-heptane-isopropylacetone (8:63:4). The spots were 4-(p- 
di(2-hydroxyethyl)amino]phenyl)butyric acid (R/ 0.4). I (R/ 0.6), and chlorambucil 
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Scheme I-Degradation of nitrogen mustards 

Spectrophotometric Determination of Acid Dissociation Con- 
stants-A stock solution of chlorambucil or I in ethanol (3.4 X M) 
was diluted (1:40) with 1 M HCl, phosphate buffer, or citrate buffer. The 
absorbance was determined a t  257 nm2. The slit width of the spectro- 
photometer was kept constant within each experimental series. The 
absorbance of a t  least three dilutions was measured at  each pH value3. 

Determination of Acid Dissociation Constants by Parti t ion 
Studies-Partition experiments were performed in centrifuge tubes 
using equal volumes (10 ml) of hexane and buffer and mechanical shaking 
for 30 (pH < 3.5) or 15 (pH > 3.5) min. Chlorambucil was dissolved ini- 
tially in the organic phase to a concentration of 1.2 X lo-* M. 

The concentration of chlorambucil was determined spectrophoto- 
metrically (257 nm) in both phases. The organic phase was measured 
directly. Chlorambucil in the aqueous phase was measured by extraction 
into methylene chloride, buffering to pH 3.4, and mechanical shaking 
for 30 min. 

Degradation Studies-Chlorambucil or I in methanol (0.1 ml) was 
mixed with the appropriate buffer (10 ml) to give a final alkylating agent 
concentration of 3 X M, unless otherwise stated. 

The solutions were analyzed by reversed-phase HPLC4. 

RESULTS AND DISCUSSION 

Proteolytic Properties-The general proteolysis of an amino acid 
is summarized in Scheme 11. The compound may occur in four forms: 
ammonium (+HRzNMCOOH), carboxylate (RzNMCOO-), uncharged 
(RzNMCOOH), and zwitterion (+HR2NMCOO-). The microscopic 
constants k ; ,  k; ,  kiz, and k; ,  were defined previously (8). 

Zeiss PMQ 111 spectrophotometer. 
3 Orion Research model 701 digital pH meter equipped with an Ingold combined 

electrode type 401. 
The detector (Altex model 153) measured at 253.7 nm. The cell volume was 8 

pl. and the path length w a ~  10 mm. The pump was model LDC 711. A stainless steel 
150-mm Ion X 4 mm i.d. column and a Rheodyne (model 70-10) injection valve 
with a 300-$ sample loop were used. The chromatographic support, LiChrosorb 
RP-18 (Merck, Darmstadt, West Germany), had a mean particle diameter of 5 pm. 
Methanol-water containing 0.01 M phosphoric acid was used as the mobile 
phase. 
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Scheme I 1  

Spectrophotometric Determination of Acid Dissociation Con- 
stants-The absorption spectrum of chlorambucil and 4-[p- (2-chlo- 
roethyl-2-hydroxyethylamino)phenyl]butyric acid (1) were strongly pH 
dependent due to proteolysis of the amino group. Spectrophotometric 
determination of the microscopic constants with graphic evaluation ac- 
cording to a literature method (8) is illustrated in Fig. 1. The fraction of 
species with an unprotonized amino group, ( Y R ~ N ,  was calculated from: 

(Eq. 1) 

where Cw is the total concentration and A, AA,  and AB are the absorb- 
ances a t  257 nm in buffer, 1 M HCl, and buffer a t  pH 8.5, respectively. 
From the spectral data, it was concluded that CM = [+HR2NMCOOH] 
in 1 M HCI and that C M  = [RzNMCOO-] in buffer at pH 8.5. Further- 
more, M R ~ N  was defined by: 

[RzNMCOOH + R2NMCOO-) A - AA 
CW AB - AA 

=- mRzN = 

(Eq. 2) 
ah([R2NMCOOH] + (RzNMCOO-1) 

MRzN = [+HRzNMCOOH] + [+HR2NMCOO-] 
From Fig. 1 and Ref. 8, it was concluded that the pk; value of chloram- 
bucil is 2.49 f 0.02. A similar evaluation for I gave a pkz value of 3.63 f 
0.04. It was not possible to evaluate the pk,? values from the graphs with 
sufficient precision, but the most likely pk12 for chlorambucil was >4.2; 
for I, it was >6. An evaluation of pk, for the two compounds also was not 
possible. However, since PMR~N was almost constant when L Y R ~ N  was 
within the range of 0.1-0.6, i t  was concluded that zwitterion formation 
was negligible!, i.e., pk; >> pkz (cf., 9). 

Determination of Acid Dissociation Constants for  Chlorambucil 
by Partition Studies-Chlorambucil probably partitions from an 
aqueous phase into an organic phase in the uncharged form. The distri- 
bution ratio, D, then is given by: 

D =  IRzNMCOOHI0,g (Eq. 3) 
[RzNMCOOH] + [R2NMCOO-] 
+ [+HRzNMCOOH] + [+HRzNMCOO-] 

which can be rewritten as: 

(Eq. 4) kd D =  
1 + k;l/ah + ah/k; -t k;l/k;* 

2.4 
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Figure 1-Spectrophotometric determination of microscopic disso- 
ciation constants for chlorambucil. 
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Figure 2-Time course for chlorambucil and degradation products in 
aqueous solution. Key: 0 ,  chlorambucil (A, Scheme I); m, I (C, Scheme 
I); and A, 4- [p- [di(2-hydroxyethyl)amino)phenyl]butyric acid ( E ,  
Scheme I). The molar absorbance and yield from the chromatographic 
column were considerably lower for E compared to A and C. 

where kd, the partition coefficient, is defined by: 

(Eq. 5) 

Since zwitterion formation was negligible as revealed by spectrophoto- 
metric determination of acid dissociation constants, k;l/klP <<l. A t  low 
pH, i.e., killah <<?, Eq. 4 can be reduced to: 

(Eq. 6) 

A plot of 1/D versus a h  for pH 1.2-2.4 gave a straight line with a small 
positive intercept. However, evaluation of the partition coefficient, kd, 
was not possible from the intercept. The value for -log (kd X k2) was 
calculated from the slope as 1.04 f 0.02; by substituting k, with the value 
determined spectrophotometrically, log kd was evaluated as 1.45 f 
0.04. 
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1 I I I I I 1 1 
2 4 6 

HOURS 
Figure 3-Degradation of chlorambucil in phosphate buffers. Key: 0, 
p H  1.92; A, p H  2.95; and m, p H  6.99. 

1092 I Journal of Pharmaceutical Sciences 
Val. 69, No. 9, September 1980 



I 1 

- 
0.4- 

G 
a 
k -  
8 

2 

z 

w 0.2- 
l- 

U 
a 

- 

I I 
0 3.2 3.3 3.4 

OK-' X lo3 
Figure 4-Influence of temperature on the degradation rate of chlor- 
ambucil at pH 7.00. 

At high pH, i .e.,  ah/k; << 1, Eq. 4 can be rewritten as: 

(Eq. 7) 

A plot of l/D uersus l/ah for pH 4.b5.9 gave a straight line, indicating 
the validity of Eq. 7. From the slope and the previously evaluated value 
of kd. the pkbl value of 4.46 f 0.04 was determined. 

Degradation of Chlorambucil-The degradation of chlorambucil 
in pure aqueous solution was studied by reversed-phase HPLC. The time 
course of peak areas for chlorambucil and its degradation products, C 
and E (X = OH, Scheme I), is given in Fig. 2. The concentration of C was 
-30% of the initial chlorambucil concentration after 2 hr (assuming the 
same molar absorbance of A and C). 

The rate of loss of the alkylating activity [established by the 4-(p- 
nitrobenzy1)pyridine method] was slower initially, as reported previously 
by Williamson and Witten (3), who concluded that significant amounts 
of the aziridinium ion (B, Scheme I) accumulated during the initial 
degradation of chlorambucil. However, this conclusion might be incorrect 
since a similar rate profile is observed for a codetermination of chlor- 
ambucil and C. 

A pseudo-first-order plot of the degradation of chlorambucil in phos- 
phate buffers is shown in Fig. 3. Linear relationships were observed 
throughout the reaction. No change in degradation rates was observed 
compared to reactions in pure aqueous solutions, indicating no buffer 
catalysis at the pH values used. The same rate constant for chlorambucil 
degradation was obtained within the concentration range of 3 X 10-6-3 
X M, establishing that no aggregation phenomena occurred. 

"1 

I 
I l l  1 1 1 1 1 1 1  

2 4 6 8 10 

PH 
Figure 6-Influence of pH on the degradation rate ($1. The solid line 
was calculated from Eq.  8. 

Table I-Pseudo-First-Order Rate Constants for Degradation of 
Chlorambucil and I 

Compound Pk; k ; ,  hr-14 

Chlorambucil 2.49 f 0.02 0.54 f 0.02 ( n  = 12) 
I 3.63 f 0.04 0.61 f 0.04 In = 6) 

~ ~ 

Determined at pH 6-10, 

Influence of Temperature-The relationship between the logarithm 
of the first-order rate constant and the reciprocal of temperature is given 
in Fig. 4. The activation energy was 102 kJ/mole, in general agreement 
with the data given by Linford (10). 

Influence of pH on Degradation Rate of Chlorambucil and I-The 
degradation rate of chlorambucil was unaffected by pH in the range of 
pH 5-10 but decreased below pH 5 (Fig. 5). The solid line is calculated 
using (2): 

(Eq. 8) 

where k i  is the observed pseudo-first-order rate constant, k l  is the 
pseudo-first-order rate constant for the alkylating compound with an 
unprotonized nitrogen atom, and k; is the apparent acid dissociation 
constant for the amino group. 

The good agreement between the calculated and experimental values 
suggests that the nitrogen mustard group is stable when present in the 
protonized form and that the degree of protonization of the carboxylic 
group (pkzl 4.46) does not affect its stability. These results contradict 
those of Linford (6) who observed a continuous increase in the stability 
of chlorambucil in the pH range of 7-4.5. This finding probably was due 
to the high concentrations used, where the degradation rate was affected 
by aggregation phenomena (7). 

The degradation rates of I and chlorambucil differed only slightly 
(Table I). These results are in contrast to those found for N-ethyl-N- 
(2-chloroethyl)aniline, which has a degradation rate considerably higher 
than does N,N-di(2-chloroethyl)aniline (11). 

The influence of pH on the degradation rate of I is given in Fig. 6. The 
rate profile was similar to that of chlorambucil but the rate declined at 
higher pH, reflecting the higher base strength of the amino group. 
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Abstract 0 A procedure for the determination of aprindine in human 
plasma was developed. After the addition of N,N-diethyl-N’-(1,2,3,4- 
tetrahydro-2-naphthyl)-N’-phenyl-1,3-propanediamine as an internal 
standard, the plasma was buffered to pH 8.0, and the drug and the in- 
ternal standard were extracted into ethyl acetate-hexane (9:l v/v). The 
compounds then were extracted from the organic phase into 0.02 N HCl. 
The acidic solution was made basic with 0.2 M tribasic sodium phosphate, 
and aprindine and the internal standard were extracted into a small 
volume of hexane. The compounds were analyzed by GLC using a ni- 
trogen-phosphorus flame-ionization detector. The drug concentration 
and instrument response were linear for 0.10-1.00 pg of aprindine/ml, 
the slope was 1.1416 (0.0141). they intercept was 0.0096 f 0.0082, and 
the correlation coefficient was 0.99960 f 0.00002. The sensitivity of the 
method was 0.02 pg of aprindine/ml. The within-day coefficient of vari- 
ation was 9.50, 3.10,3.14, and 2.21% for 0.05,0.20,0.40, and 0.80 pg of 
aprindinehl, respectively. The between-day coefficient of variation was 
17.4, 3.40, 2.07, and 1.54% at the same concentrations. Total precision 
values of 19.9,4.60,4.26, and 2.69% were obtained. The overall relative 
error of the method was +1.33, +2.00, -0.07, and +0.25% at these con- 
centrations. 

Keyphrases Aprindine-GLC analysis in human plasma using ni- 
trogen-phosphorus flame-ionization detection GLC-analysis, ap- 
rindine, nitrogen-phosphorus flame-ionization detection, human plasma 

Antiarrhythmic agents-aprindine, GLC analysis using nitrogen- 
phosphorus flame-ionization detection, human plasma 

Aprindine’ (N,N- diethyl-Nr-2-indanyl-N’-phenyl- 
1,3-propanediamine), an oral, long-acting, antidysrhyth- 
mic agent, has been used in Europe since the early 1970’s. 
A sensitive (0.1 pg/ml), specific, and precise (coefficient 
of variation 5%) GLC method was developed (1) and then 
modified (2) that satisfactorily monitors plasma aprindine 
levels in patients. Lagerstrom and Persson (3) reported a 
sensitive (0.5 pg/ml) high-performance liquid chromato- 
graphic assay for monitoring plasma aprindine levels. 
These methods appear to be suitable for monitoring 
plasma aprindine levels of 20.5 pg/ml. However, for 
pharmacokinetic and bioavailability studies following unit 
doses of 10, 25, or 50 mg of aprindine, a more sensitive 
method was necessary. 

This report describes a GLC method using a dual ni- 
trogen-phosphorus flame-ionization detector that opti- 
mizes the sensitivity and specificity of the measurement 
of aprindine and still retains the precision of the assay. 

Christiaens Pharmaceutical Co.. Brussels, Belgium. 

EXPERIMENTAL 

Chemicals and Reagents-Ethyl acetate2, hexane2, and methanol2 
were distilled in glass; all other chemicals and reagents were analytical 
reagent grade. Aprindine hydrochloride3, N,N-diethyl-N’-( 1,2,3,4-tet- 
rahydro-2-naphthyl)-N‘-phenyl- 1,3-~ropanediamine hydrochloride4, 
and [N-phenyl- l-14C]aprindine hydrochloride5 with a specific activity 
of 29.4 pCi/mg were synthesized. 

The aprindine standard solution (10 pg/ml) was prepared by weighing 
accurately 1.12 mg of aprindine hydrochloride into a 100-ml volumetric 
flask and diluting the solution to volume with distilled water. 

The N,N-diethyl-N’-( 1,2,3,4-tetrahydro-2-naphthyl)-N’-phenyl- 
1.3-propanediamine solution (the internal standard) (5 pglml) was pre- 
pared by weighing accurately 1.11 mg of the hydrochloride salt of the 
internal standard into a 200-ml volumetric flask and diluting the solution 
to volume with distilled water. 

GLC System-Table I summarizes the GLC equipment, materials, 
and conditions for the identification and analysis of aprindine in plasma. 
Disposable 15-ml centrifuge tubes with plastic-lined screw caps6 were 
used throughout the extraction. 

Procedure-A plasma calibration curve was prepared by pipetting 
1.0 ml of fresh, human, drug-free plasma into each of five disposable 15-ml 
centrifuge tubes and adding 250 pl of the internal standard solution to 
give a concentration of 1.25 pg/ml. The first tube served as the blank. Ten 
microliters of the aprindine standard solution was added to the second 
tube, 25 p1 was added to the third tube, 50 pl was added to the fourth tube, 
and 100 pl was added to the fifth tube. These plasma standarh contained 
aprindine concentrations of 0.00, 0.10, 0.25, 0.50, and 1.00 pg/ml, re- 
spectively. 

Borate buffer USP, 0.5 ml, was mixed thoroughly with the plasma 
standards. Then 10 ml of ethyl acetate-hexane (9:l v/v) was shaken with 
each tube of plasma standard for 2 min, and the phases were separated 
by centrifugation. Approximately 8 ml of the supernate was pipetted into 
a clean 15-ml centrifuge tube, with care taken not to remove any of the 
aqueous phase. The compounds were extracted into 5 ml of 0.02 N HCl, 
the contents of the tube were centrifuged, and the organic layer was 
discarded. The aqueous solution was made basic by mixing with 1.5 ml 
of 0.2 M tribasic sodium phosphate, the drug and the internal standard 
were extracted into 0.3 ml of hexane, and the phases were separated again 
by centrifugation. Two microliters of the hexane solution was injected 
onto the chromatographic column. 

When assaying plasma samples, a 1.0-ml sample was placed into a 
15-ml disposable centrifuge tube and 250 pl of the internal standard so- 
lution was added. After 0.5 ml of borate buffer was added, the plasma 
samples were handled as were the calibration curve samples. 

A least-squares line was prepared by analysis of the Calibration curve 
of the peak height ratio of aprindine to the internal standard uersus 

* Burdick 81 Jackson, Muskegon, Mich. 
Fibocil, Eli Lilly and Co., Indianapolis, Ind. 
Eli Lilly and Co., Indianapolis, Ind. 

5 New England Nuclear, Boston, Mass. 
6 Corning Glass Works, Corning, N.Y. 
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