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A kinetic analytical method using uncatalyzed ligand substitution reaction and spectrophotometeric moni-
toring for the quantification of D-pencillamine (D-PA) i.e. 2-amino-3-mercapto-3-methylbutanoic acid or
β,β-dimethylcysteine or 3-mercaptovaline or 3-mercapto-D-valine in pure as well as dosage forms has
been validated and applied. The method is based on the uncatalyzed ligand substitution reaction between
[Fe(CN)5(H2O)]3− and D-PA which produces the complex [Fe(CN)5(D-PA)]3−. The substituted complex
[Fe(CN)5(D-PA)]3− shows an absorption maximum at 421 nm. The proposed method shows good linear dy-
namic range of 14.92–149.21 μg mL−1. By measuring the fixed time absorbance as a measure of initial rate of
the complex formation during the course of the reaction at this wavelength, D-PA can be determined in the
range 14.92–149.21 μg mL−1. The recoveries of D-PA from various samples spiked at the usage level have
been quantitative. The limit of quantification (3σ) was determined as 5.16, 3.68 and 3.13 μg mL−1 of D-PA
corresponding to the fixed time of 2, 3 and 5 min respectively. The common excipients used as additives in
pharmaceuticals did not interfere in the proposed method. The method was successfully employed for the
analysis of D-PA content in commercial pharmaceutical preparations (tablets) and revealed quantities almost
equal to those measured using the standard method, and demonstrated good accuracy and precision. The
proposed method is rapid, simple, accurate and precise without the need for authentic analyte standards. It
could therefore be used as an alternative to the quantification of D-PA in various samples.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

D-Penicillamine (D-PA) is a sulfur containing amino acid which
belongs to aminothiols family where a hydrogen atom in the β-carbon
of cysteine is replaced by the methyl group [1]. The thiols are essential
for metabolism of cells and indispensable in preventing or healing
some diseases [2]. Thus many pharmaceutical preparations contain
thiol compounds. D-PA, also called as 3, 3-dimethylcysteine or 2-
amino-3-mercapto-3-methylbutanoic acid or β,β-dimethylcysteine or
3-mercaptovaline or 3-mercapto-D-valine, is the major product of the
decay of penicillin antibiotics [3,4]. It is the characteristic acid degrada-
tion product of β-lactam antibiotics [4]. It exists in two enantiomeric
forms D and L. L-Penicillamine has excessive toxicity while D-PA has
found many therapeutic applications [1,3,5]. Therefore D-PA, whose
structure is shown below, is among the most often used thiols as ther-
apeutic substance [2].
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Structure of D-Penicillamine

D-Penicillamine, a well-known heavy metal chelator, is the
drug of choice and typically used in the treatment of Wilson's dis-
ease, which results from the presence of over and above high con-
centrations of copper in the body [5–9]. Therefore, D-PA is also
useful in the treatment of heavy metal poisoning [5,7,9–11]. It is
also effective for the treatment of several disorders including rheu-
matoid arthritis [1,3,9,11,12], rare inherited disease cystinuria
[6,9], primary biliary cirrhosis [7] and progressive systemic sclero-
sis [7,13]. It is also used as an antifibrotic agent in treatment of
scleroderma lung diseases [1,6,7,14]. It may also inhibit the repli-
cation of human immune deficiency virus, the cause of acquired
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immune deficiency syndrome (AIDS) [9]. Thus D-PA is widely used
in medicine. However, it can also cause severe adverse effects such
as loss of appetite, nausea, abdominal pain, loss of the sense of
taste, bone narrow suppression and serious kidney disease [8].
Therefore due to the biological and the medicinal importance of
D-PA, its determination in pure form and pharmaceutical prepara-
tions (dosage forms) is of great public importance.

Literature search assembled a number of different methods, which
have been used for detection, determination and analysis of D-PA in
pure and pharmaceutical preparations, biological tissue and serum.
These are spectrophotometry [3], spectrofluorimetry [4,15], kinetic
potentiomentric [2], flow injection analysis [3], chemiluminescence-
based detection [6], voltammetry/electrochemical [5,8,9,16–19], liquid
chromatography [1,15], high performance liquid chromatography
[7,20,21] and NMR spectroscopy [3,9,22]. As the thiol lacks sufficient
UV absorption so a pre or post-column derivatization procedure is
normally required which is one of the important limitations of liquid
chromatography techniques in determination of D-PA [9]. Among all,
the electrochemical methods are an alternative for the D-PA deter-
mination because they are cheap, simple, fast and sensitive. Various
chemically modified electrodes have also been used to determine
D-PA [5,8,9,16–19] but their use in flow injection analysis and liq-
uid chromatography detections are limited because of the require-
ments of particular mechanical and chemical stability towards the
flowing solution [9]. Thus many of the reported methods in general
suffer from one or other of disadvantages, such as use of sophisticat-
ed and time consuming techniques, expensive instruments, reagents
that are mostly not available in many of quality control laboratories,
and have limitations due to their toxicities [9]. Some of the available
methods are discouraged because of low selectivity and higher inter-
ference problems. Therefore, we have been interested in developing
an analytical method for D-PA determination.

The presence of a thiol, amino and carboxyl groups in D-PA pro-
vides a number of ways of interacting with organic [3,23,24] and
inorganic [25,26] species or both [27,28], in a variety of complex
formation and redox reactions that yield some spectrophotometri-
cally active product. To the best of our knowledge no studies have
been reported on the determination in D-PA in pure form and
pharmaceutical preparations based on ligand substitution reac-
tion. We have been interested in developing methods for various
analytes of environmental, biological and medicinal interest [29–39].
The search for a selective, rapid, accurate and economical method for

the determination of D-PA led to an investigation for a highly sensitive
method for the quantification of D-PA based on ligand substitution reac-
tion between [Fe(CN)5(H2O)]3− and D-PA.

Kinetics-based analytical methods can be classified broadly into four
groups, namely the uncatalyzed reaction rate methods, catalyzed reac-
tion rate methods, differential reaction rate methods, and miscella-
neous methods. While catalytic rate methods have drawn greater
attention due to the unique selectivity and the low limits of detection
attainable [40], uncatalyzed methods provide the theory and scope of
kinetic determination of variety of species with simple instrumentation
and possess good sensitivity and selectivity [40–43]. Therefore, in con-
tinuation of our interest in developing analytical methods based on
the catalytic oxidation [31,33,34,37,39] and ligand substitution reac-
tions [29,30,32,35,36,38], in the present work we have considered it
worthwhile to report a sensitive, selective, rapid, accurate and econom-
ical procedure for the determination of D-PA in pure and pharmaceu-
tical preparations. The methods is based on the uncatalyzed ligand
substitution reaction between [Fe(CN)5(H2O)]3− and D-PA which
leads to the formation of a substituted, highly stable and pharma-
ceutically important product, [Fe(CN)5(D-PA)]3−, which absorbs
strongly at 421 nm [44].

2. Experimental

2.1. Reagents

Sodiumamminepentacyanoferrate(II) trihydrate, Na3[Fe(CN)5(NH3)].
3H2O, was prepared by published methods [45] and characterized by
visible absorption spectra and CHNmicroanalysis. Analytical calculation
for Na3[Fe(CN)5(NH3)].3H2O, calculated: %C, 18.42; %H, 2.76; %N, 25.77
and found: %C, 18.36; %H, 2.75; %N, 25.64. The solutions of Na3
[Fe(CN)5(H2O)] were obtained by aquation of Na3[Fe(CN)5NH3].3H2O
as required. The solution of Na3[Fe(CN)5(H2O)] was stored in a dark
amber colored bottle to avoid its photodecomposition and oxidation.
The stock solution of 1.0×10−2 mol L−1 D-pencillamine (BDH, UK)
was prepared by the accurate weighing of its calculated amount in the
double distilled or distilled de-ionized water. The pH of the reaction
mixture was maintained at 3.80±0.02 using potassium hydrogen
phthalate-sodium hydroxide buffer solution [46]. The standard BDH
bufferswere used to standardize the pHmeter before use. Potassiumni-
trate (Merck) was used to maintain the ionic strength of the reaction
mixture.

Fig. 1. Effect of pH on the reaction rate under the reaction conditions: [Fe(CN)5(H2O)3−]=
8.0×10−5 mol L−1, [D-PA]=3.2×10−3 mol L−1, I=0.05 mol L−1 (KNO3) and tempera-
ture=25.0±0.1 °C.

Fig. 2. Effect of [Fe(CN)5(H2O)3−] on the reaction rate under the reaction conditions:
[D-PA]=3.2×10−3 mol L−1, pH=3.80±0.02, I=0.05 mol L−1 (KNO3) and tempera-
ture=25.0±0.1 °C.
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2.2. Apparatus

A shimadzu double beam UV–visible spectrophotometer, model
UV-240 attached with a thermostatic cell compartment was used for all
absorbancemeasurements at fixedwavelength of 421 nm, and recording
of absorption spectra of reactants and product. The matched quartz cu-
vettes of 10 mm path length were used in each measurement. All pH
measurements were made on a Toshniwal digital pH meter, model
CL-46. All the volumetric apparatus used in the present studywere of cer-
tified ‘A’ grade, which were steamed regularly before their use.

2.3. Recommended procedure

All the solutions were first equilibrated in a thermostat for 30 min to
attain thermal equilibrium at 25.0±0.1 °C. 2.0 mL of each reagent solu-
tions were mixed in a 10 mL Borosil volumetric flask, already placed in
thermostatic bath, in the sequence; D-penicillamine, buffer, while the li-
gand substitution reaction was finally started by adding 2.0 mL of
[Fe(CN)5(H2O)]3− solution into the mixture. The progress of reaction
was monitored by measuring the increase in absorbance of the complex
[Fe(CN)5(D-PA)]3−, formed during the course of reaction at 421 nm,
where the product absorbs strongly without any interference from the
reactants.

3. Results and discussion

3.1. Indicator reaction

The uncatalyzed ligand substitution reaction between [Fe(CN)5
(H2O)]3− and D-PA leads to the formation of a yellow [Fe(CN)5

(D-PA)]3− complex which is quite stable and absorbs at 421 nm
assigned due to the metal to ligand charge transfer transitions (MLCT)
i.e. Fe(II)dπ→π*(D-PA) [44]. The aquation of Na3[Fe(CN)5(NH3)].3H2O
quantitatively generates aquapentacyanoferrate(II), [Fe(CN)5
(H2O)]3−, which reacts with D-PA to give the final product, [Fe(CN)5
(D-PA)]3−. The overall ligand substitution reaction taking place be-
tween D-PA and aquapentacyanoferrate(II) is represented through the
following equations.

½FeðCNÞ5ðNH3Þ�3− þ H2O → ½FeðCNÞ5ðH2OÞ�3− þ NH3 ð1Þ

½FeðCNÞ5ðH2OÞ�3− þ D�PA → ½FeðCNÞ5ðD�PAÞ�3− þ H2O ð2Þ

In this reaction, while all the reaction variables were held constant,
the rate of the ligand substitution reaction was made proportional to
the total concentration of D-PA,which formed the basis of development
of the kinetic method for its quantification based on the uncatalyzed li-
gand substitution reaction. The optimization of the reaction variables
was carried out sequentially by varying one reaction variable at a time
while keeping all others constant.

3.2. Effect of pH

While studying the pH dependence, the pH up to 6 was varied using
potassium hydrogen phthalate/NaOH or potassium hydrogen phthalate/
HCl buffer [46]. However, in the higher pH region, the pH of the working
solutionwasmaintained using 5.0 mol L−1 NaOH. The reaction is pHde-
pendent. Therefore, the maintenance of pH of the reaction mixture is
critical. To obtain a pH corresponding to optimumvalue,where the prod-
uct absorbance is the maximum, the influence of pH on the absorbance
was studied using fixed time procedure, as a measure of the initial rate,
in the pH range 2.5 to 8.0. The variation in absorbance At (t=2 and
4 min of mixing the reagents) at 421 nm as a function of the pH of the
media is shown in Fig. 1. It was found thatwith increase in the pH the ab-
sorbance increases and attained the maximum value at pH 3.80±0.02,
and then decreases again. Thus pH 3.80±0.02was chosen for further in-
vestigation since it provided the highest initial rate of the reaction.

3.3. Effect of [Fe(CN)5(H2O)
3−]

The influence of [Fe(CN)5(H2O)3−] on the rate of product formation
i.e. rate of reaction was investigated at optimum pH 3.80±0.02. The
changes in the absorbance as a measure of initial rates were evaluated
as a function of [Fe(CN)5(H2O)3−] by changing its concentration in the
range 1.0–10.0×10−5 mol L−1. Low concentration range was especially
studied to prevent any possible dimerization of the [Fe(CN)5(H2O)]3−

complex [47]. The plot of the absorbance as a measure of initial rate
versus [Fe(CN)5(H2O)3−] is shown in Fig. 2. 8.0×10−5 mol L−1

[Fe(CN)5(H2O)3−] was chosen for further study since it provided the
suitable change in the initial rate of the reaction.

Fig. 3. Linear dependence of D-PA on the reaction rate under the reaction conditions:
[Fe(CN)5(H2O)3−]=1.2×10−3 mol L−1, pH=3.80±0.02, I=0.05 mol L−1 (KNO3)
and temperature=25.0±0.1 °C.

Table 1
Analytical figures of merit for the determination of [D-PA] at different fixed times
under the reaction conditions: [Fe(CN)5(H2O)3−]=1.2×10−3 mol L−1, pH=3.80±
0.02, I=0.05 mol L−1 (KNO3) and temperature=25.0±0.1 °C.

[D-PA] or linear
range (μg mL−1)

Time
(min)

Linear regression
equation

Correlation
coefficient (r2)

Limit of detection
(μg mL−1) a

14.92–149.21 2 A2=1.586×102

[D-PA]+0.1035
0.9964 5.15

14.92–149.21 3 A3=1.439×102

[D-PA]+0.1932
0.9930 3.68

14.92–149.21 5 A5=1.532×102

[D-PA]+0.2689
0.9973 3.13

a n=7.

Table 2
Determination of D-PA at 20.0 μg mL−1 level in presence of excipients under the
reaction conditions: [Fe(CN)5(H2O)3−]=1.2×10−3 mol L−1, pH=3.80±0.02, ionic
strength, I=0.05 mol L−1 (KNO3), temperature=25.0±0.1 °C.

Additive species Tolerance limit
[excipient]/[D-PA]

Recovery of druga±RSD (%)

Starch 90 99.6±0.8
Saccharin 900b 102.4±0.4
Glucose 900 101.2±0.6
Sodium phosphate 600 102.8±0.2
Magnesium stearate 25 97.02±0.8
Sucrose 700 101.24±0.8

RSD: Relative standard deviation.
a n=5, average recovery based on five replicate determinations per samples.
b Maximum ratio tested.
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3.4. Effect of temperature and ionic strength, I

The influence of temperature on the reaction rate was studied in the
temperature range 20–40 °C. The influence at higher temperature was
not tried due to the possibility of decomposition of the reaction product,
[Fe(CN)5(D-PA)]3−]. The reaction provided reasonable change in initial
rate of the reaction at 25 °C. Hence 25 °Cwas selected for further study.

The effect of ionic strength, I, on the rate of the reactionwas studied in
0.01–0.3 mol L−1 range where KNO3 was used to maintain the ionic
strength. The ionic strength 0.05 mol L−1 provided the sufficient change
in the initial rate of the reaction and was selected for further study.

3.5. Influence of D-PA concentration

To study the influence of D-PA on the reaction rate and also to inves-
tigate the linear calibration range for the analytical purpose, the fixed-
time procedure was adopted. D-PA concentration was varied in the con-
centration range 1.0×10−6–3.2×10−3 mol L−1 under the conditions of
3.2×10−3 mol L−1 [Fe(CN)5(H2O)3−], pH 3.80±0.02, ionic strength
0.05 M and temperature 25.0±0.1 °C. The plot of the initial rate
i.e. absorbance at fixed time 2, 3 and 5 min of the initiation of the
reaction versus [D-PA] was found to be linear in the concentration
range 1.0–10.0×10−4 mol L−1 and is shown in Fig. 3. The linear
regression equations relating the At to the [D-PA] between 1.0–
10.0×10−4 mol L−1 i.e. 14.92-149.21 μg mL−1 are given in Table 1.
These linear regression equations were used to calculate the concentra-
tion of D-PA in aqueous samples.

3.6. Interference

The extent of interference by some pharmacologically inactive sub-
stances, which are generally used as a carrier for the active ingredient
D-PA, was ascertained in the aqueous solutions containing 20 μg mL−1

of D-PA and various amounts of diverse species. The potential interferents
studied included starch, saccharin, glucose, sodium phosphate, magne-
sium stearate and sucrose present in commercially available penicilla-
mine formulations. It was found that the excipients starch, saccharin,
glucose, sodium phosphate and sucrose do not interfere in the present
method. However magnesium stearate is tolerable only up to 25 fold ex-
cess over D-PA concentration. An error of ±3% was considered tolerable.
The typical results of the interference studies are shown in Table 2.

3.7. The precision and accuracy of the method

The study of the precision and the accuracy of themethodwere exam-
ined with nine independent experiments using solutions of various con-
centrations of D-PA under the optimum conditions. Using the three
regression equations (cf. Table 1) recovery experiments in the range of
15.0–130.0 μg mL−1 [D-PA] were performed for the determination of
D-PA in various spiked aqueous samples. The corresponding results,
where the recoveries of the D-PA concentration were evaluated from
the linear regression equations, are presented in Table 3 along with the
% recoveries, the % error and the standard deviations (SD). The reproduc-
ibility of the method in the range studied is excellent with a standard
deviation ±2 for the three fixed times i.e. A2, A3 and A5. The results in
Table 3 also show that the errors in all three cases of determination are
well within acceptable limit where quantitative recovery could be
obtained in each case. The recovery results corresponding to the three
fixed times i.e. A2, A3 and A5 are shown in Fig. 4, which clearly show
that the recoveries obtained are in excellent agreement with the spiked
values. The limit of detection, defined as three times the standard devia-
tion of the blank (3σ), was determined as 5.16, 3.68 and 3.13 μg mL−1

of D-PA corresponding to fixed time of 2, 3 and 5 min respectively.

Fig. 4. Precision and accuracy of the proposed method under the reaction conditions:
[Fe(CN)5(H2O)3−]=1.2×10−3 mol L−1, pH=3.80±0.02, I=0.05 mol L−1 (KNO3)
and temperature=25.0±0.1 °C.

Table 3
Accuracy and precision of D-PA determination by the proposed method under the reaction conditions: [Fe(CN)5(H2O)3−]=1.2×10−3 mol L−1, pH=3.80±0.02; ionic strength,
I=0.05 mol L−1 (KNO3), temperature=25.0±0.1 °C.

Concentration of D-PA
added (μg mL−1)

A2 A3 A5

[D-PA] founda±s
(μg mL−1)

Recovery
(%)b

Error
(%)

[D-PA] founda±s
(μg mL−1)

Recovery (%)b Error
(%)

[D-PA] founda±s
(μg mL−1)

Recovery
(%)b

Error (%)

15.00 14.88±0.04 99.20 −0.80 15.22±0.06 101.47 +1.48 15.10±0.08 100.67 +0.67
22.40 22.76±0.06 101.61 +1.61 22.20±0.08 99.11 −0.89 22.62±0.06 100.98 +0.98
30.44 30.88±0.04 101.45 +1.45 30.74±0.06 100.99 +0.99 30.10±0.10 98.88 −1.13
46.16 46.76±0.10 101.30 +1.30 46.32±0.10 100.35 +0.35 46.30±0.20 100.30 +0.30
58.76 58.22±0.12 99.08 −0.92 58.92±0.12 100.27 +0.27 58.98±0.22 100.37 +0.37
72.14 72.72±0.08 100.80 +0.80 72.40±0.14 100.36 +0.36 72.48±0.08 100.47 +0.47
94.32 94.98±0.14 100.70 +0.70 94.10±0.20 99.77 −0.24 94.72±0.07 100.42 +0.42
112.48 112.10±0.09 99.66 −0.34 112.70±0.16 100.20 +0.20 112.30±0.08 99.84 −0.16
130.00 130.76±0.10 100.59 +0.59 130.40±0.21 100.31 +0.31 130.20±0.21 100.15 +0.15

The ± s values represent standard deviation of the mean for three determinations.
a Average of five determinations per samples.
b Average % recovery of five determinations per samples.

Table 4
Determination of D-PA in pharmaceutical preparations under the reaction conditions:
[Fe(CN)5(H2O) 3−]=1.2×10−3 mol L−1, pH=3.80±0.02, ionic strength, I=0.05 mol L−1

(KNO3), temperature=25.0±0.1 °C.

Drug Label claim
per tablet
(mg)

Amount of drug
found in mg,
±SD (n=5),
proposed method

Amount of drug
found in mg, ±SD
(n=5), standard
method [48]

Penicillamine tablets BP
(Generics, UK)

125 124.96±0.8 124.97±0.2

Penicillamine tablets BP
(Generics, UK)

250 251.26±0.6 250.98±0.6
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3.8. Application of the method to the assay of D-PA in pharmaceutical
preparations

Themethodwas successfully applied for the determination of D-PA in
pharmaceutical preparations and the results shown in Table 4 agree ex-
cellently with the standard method [48]. To study the application of the
devised method, twenty tablets were weighed and the average mass
per tablet was determined. Accurately weighed 500 mg of the finally
grounded tablet material with D-PA was transferred into a 100 mL cali-
brated flask containing 70 mL de-ionized distilled water and solubilized.
The content of the flask was sonicated for 15 min and diluted to
100 mL with de-ionized distilled water. The solution was finally filtered
through a 0.45 μmMilli-poreWhatmann filter paper. The concentrations
of the drugwithin the range of the calibration equationwere obtained by
accurate dilutions with de-ionized distilled water. The solution was di-
rectly analyzed, using the calibration equations established according to
the proposed procedure (vide infra). The result of D-PA analysis by the
present recommended procedure is in excellent agreement with those
obtained by the standard method [48].

4. Conclusion

This is thefirst kineticmethodproposed for thedeterminationofD-PA
using ligand substitution reaction. The proposed present uncatalyzed
kineticmethod is found to be simple, rapid and economical in comparison
to the spectrophotometric methods available in the literature. The pro-
posed kinetic spectrophotometric method is advantageous over many
spectrophotometric methods as heating or extraction is not required.
The method has a higher selectivity and is sufficiently sensitive to permit
determination down to 14.92 μg mL−1with 95% confidence. Themethod
does not make use of any oxidant, organic dye or catalyst, thereby
avoiding possible errors in the determination of D-PA. The recovery
study data clearly indicate the high reproducibility and accuracy of the
method.
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