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High-performance liquid chromatography (HPLC) enantioseparation of terazosin (TER) was accomplished
on the immobilised-type Chiralpak IC chiral stationary phase (CSP) under both polar organic and reversed-
phase modes. A simple analytical method was validated using a mixture of methanol–water–DEA 95:5:0.1
(v/v/v) as a mobile phase. Under reversed-phase conditions good linearities were obtained over the con-
centration range 8.76–26.28 �g mL−1 for both enantiomers. The limits of detection and quantification
were 10 and 30 ng mL−1, respectively. The intra- and inter-day assay precision was less than 1.66% (RSD%).
The optimised conditions also allowed to resolve chiral and achiral impurities from the enantiomers of
nantioselective analysis
hiral stationary phase
hiralpak IC
eversed-phase
nantiomeric excess
erazosin

TER. The proposed HPLC method supports pharmacological studies on the biological effects of the both
forms of TER and analytical investigations of potential drug formulations based on a single enantiomer.
At the semipreparative scale, 5.3 mg of racemic sample were resolved with elution times less than 12 min
using a mobile phase consisting of methanol–DEA 100:0.1 (v/v) and both enantiomers were isolated with
a purity of ≥99% enantiomeric excess (ee). The absolute configuration of TER enantiomers was assigned

asure
by comparison of the me

. Introduction

Terazosin, 2-[4-(tetrahydro-2-furanyl)carbonyl]-1-piperazinyl-
,7-dimethoxy-4-quinazolinamine monohydrochloride dihydrate
TER) (Fig. 1), is a representative of a group of drugs that block the
1-adrenoceptor (˛1-antagonists) and it is used in the treatment of
ypertension and benign prostatic hypertrophy. TER presents a sin-
le stereogenic centre in the tetrahydrofuran residue which gives
rigin to two enantiomeric forms. The racemic TER and its enan-
iomers show similar affinity for any of the three ˛1-adrenoceptor
ubtypes, ˛1A, ˛1B and ˛1D, whereas the (R)-TER enantiomer was
ignificantly less potent than the (S)-TER enantiomer at ˛2B- and
2b-adrenoceptor subtypes [1,2] (the upper case subscript letter

s referred to tissue-sourced receptors and the lower case letter
efines cloned receptors). This suggests a possible use of the (R)-TER
s a pharmacological probe to discriminate the heterogeneity of the

2-adrenoceptors and to study the functional responses mediated
y the ˛2 receptors in tissues expressing multiple subtypes.

Nowadays, TER is only commercially available as a racemic mix-
ure. Nevertheless, since receptor selectivity may have an important

∗ Corresponding author. Fax: +39 06 49387100.
E-mail address: rcirilli@iss.it (R. Cirilli).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.05.034
d specific rotations with those reported in the literature.
© 2009 Elsevier B.V. All rights reserved.

pharmacological impact on biological activity, side effects and
safety, the stereoselective synthesis of (R)-TER has been patented by
a pharmaceutical manufacturer for its potential therapeutic appli-
cation [3].

To the best of our knowledge, there are only a few reports on the
enantioseparation of TER by high-performance liquid chromatogra-
phy (HPLC) on the analytical scale [4] whereas there are no reports
in the literature on its resolution at the semipreparative scale.

The aim of this study was to develop a simple HPLC method
capable of separating the enantiomers of the title compound. Our
research aimed to evaluate the enantiomeric resolving capability
of the immobilised-type Chiralpak IC chiral stationary phase (CSP)
in the polar organic phase and reversed-phase conditions. First, we
selected a mobile phase capable of giving a baseline enantiosep-
aration of TER and in which the racemic form was well soluble
so as to allow a larger amount of sample to be loaded onto the
column per run. Then, the best analytical reversed-phase condi-
tion was validated in terms of linearity, repeatability and limits
of detection (LOD) and quantification (LOQ) in order to quan-

tify both enantiomers in biological fluids and in potential drug
formulations. The validated method was also applied to the enan-
tioselective analysis of TER in the presence of its main chiral and
achiral impurities reported in the European Pharmacopoeia (EP)
monograph.

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:rcirilli@iss.it
dx.doi.org/10.1016/j.chroma.2009.05.034
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Fig. 1. Structure of terazosin monohydrochloride dehydrate (TER).

. Experimental

.1. Chemical and reagents

TER and available impurities were obtained by the European
irectorate for the Quality of Medicines & Healthcare (EDQM)

France). HPLC-grade solvents were supplied by Carlo Erba (Milan,
taly). HPLC enantioseparations were performed by using stainless-
teel Chiralpak IC (250 mm × 4.6 mm I.D., 150 mm × 4.6 mm I.D.
nd 250 mm × 10 mm I.D.) columns (Chiral Technologies Europe,
llkirch, France).

.2. Instruments and chromatographic conditions

Analytical HPLC apparatus consisted on a Dionex P580 LPG
ump, an ASI-100 T autosampler, a STH 585 column oven, a PDA-100
V detector; data were acquired and processed by a Chromeleon
atasystem (Dionex Corporation, Sunnyvale, CA). For semiprepar-
tive separation a PerkinElmer (Norwalk, CT, USA) 200 LC pump
quipped with a Rheodyne (Cotati, CA, USA) injector, a 500 �L
ample loop, a PerkinElmer LC 101 oven and Waters 484 detector
Waters Corporation, Milford, MA, USA) were used. The signal was
cquired and processed by Clarity software (DataApex, Prague, The
zech Republic).

Mobile phases were filtered and degassed by sonication shortly
efore using. Experimental conditions for analytical enantiosepa-
ations are indicated in Table 1.

In analytical separations, fresh standard solution of TER and sin-
le impurities were prepared shortly before using by dissolving
–3 mg of each analyte in the mobile phase. The injection volume
as of 20 �L.

In semipreparative enantioseparations, standard solutions were
repared by dissolving the racemic sample in the mobile phase.

he sample concentration was 10.7 mg mL−1. The injection volumes
ere 0.2, 0.3 and 0.5 mL. The column temperature and the flow-rate
ere set at 25 ◦C and 4 mL min−1, respectively. After semiprepara-

ive separation, the collected fractions were pooled, evaporated and

able 1
etention factor (k1) for the first eluting enantiomer, enantioseparation (˛) and
esolution (Rs) factors of TER.

obile phase k1 (S)a ˛ Rs

ethanol–DEA 100:0.1 1.38 1.30 3.77
thanol–DEA 100:0.1 0.95 1.35 2.04
cetonitrile–DEA 100:0.1 1.56 1.36 3.12
ethanol–H2O–DEA 95:5:0.1 1.76 1.35 4.12
ethanol–H2O–DEA 90:10:0.1 2.00 1.37 4.22
ethanol–H2O–DEA 80:20:0.1 2.99 1.41 4.25
ethanol–H2O–DEA 70:30:0.1 5.39 1.42 4.13

olumn, Chiralpak IC (250 mm × 4.6 mm I.D.); flow-rate, 0.5 mL min−1; temperature,
5 ◦C; detection, UV at 238 nm.
a Absolute configuration of the first eluted enantiomer.
1216 (2009) 5385–5390

analyzed by a chiral analytical column to determine their enan-
tiomeric excess (ee).

The column hold-up time (t0 = 3.0 min for 250 mm × 4.6 mm I.D.
column) was determined from the elution of an unretained marker
(toluene), using methanol as eluent, delivered at a flow-rate of
1.0 mL min−1.

Specific rotations of the enantiomers of TER, dissolved in 3N HCl,
were measured at 589 nm by a PerkinElmer (Norwalk, CT, USA)
polarimeter model 241 equipped with a Na lamp. The volume of
the cell was 1 mL and the optical path 10 cm. The system was set at
a temperature of 20 ◦C using a Neslab RTE (Manasquan, New Jersey,
USA) 740 cryostat.

2.3. Absolute configuration and enantiomeric elution order
determination

The absolute configuration of the collected enantiomers was
assigned by comparing their specific rotations values with those
reported in literature [3]. The enantiomeric elution order on the
Chiralpak IC CSP was established by analysing non-racemic samples
enriched by the (R)-TER enantiomer.

2.4. Method validation

2.4.1. HPLC operating conditions
Analytical chromatographic separations were carried out on a

Chiralpak IC column (250 mm × 4.6 mm I.D.) with a mobile phase
consisting of MeOH–H2O–DEA in the ratio 95:5:0.1 (v/v/v) at a flow-
rate of 0.5 mL min−1 and maintaining the column at 25 ◦C.

The injection volume was 20 �L, sampler temperature was set
at 5 ◦C, and the detection wavelength was set at 238 nm.

2.4.2. Specificity
The selectivity of the analytical method was evaluated by the

analysis of a solution containing TER enantiomers and its main
related substances.

2.4.3. Preparation of stock and standard solutions
Standard solutions of TER, carefully protected from light, were

prepared and used daily for calibration purpose. Standard solutions
were examined in the range from about 50% to about 150% rela-
tive to the working concentration of about 17.52 �g mL−1 (100%) of
each enantiomer of TER. Stock solutions of racemic TER were pre-
pared by dissolving about 20 mg in 20 mL volumetric flasks with the
mobile phase and kept at −20 ◦C. Aliquots of 1, 1.5, 2, 2.5 and 3 mL of
these solutions were transferred into 50 mL volumetric flasks and
diluted with the mobile phase. The final concentrations of stan-
dard solutions were 8.76, 13.14, 17.52, 21.92 and 26.28 �g mL−1.
The vials containing the solutions for the injections were put in
the autosampler set at 5 ◦C before the analyse.

2.4.4. Recovery
Commercially available tablets containing 5 mg of TER were pul-

verized with a pestle in a porcelain mortar. The powder was added
with methanol and the suspension was sonicated for 20 min and
filtered. The methanol was evaporated under reduced pressure.

2.4.5. Linearity
The linearity evaluation was performed with the standard solu-

tions of racemic TER at the concentrations described ranging from

8.76 to 26.28 �g mL−1 for each enantiomer. Three injections of
each solution were made under the chromatographic conditions
described above, using an injection volume of 20 �L. The peak area
response corresponding to the first eluted (S)-TER enantiomer and
the second eluted (R)-TER enantiomer was plotted against the cor-
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esponding concentration and the linear regression equation was
omputed.

.4.6. LOD and LOQ
Limit of detection and limit of quantitation represent the con-

entration of the analyte that would yield a signal/noise (S/N) of 3
nd 10, respectively, following the EP. LOD and LOQ of (S)-(−)-TER
ere determined by injecting a series of dilute solutions.

.4.7. Precision and repeatability
Method precision was determined by measuring the repeata-

ility (intra-day precision) and intermediate precision (inter-day
recision) of retention times and peak areas for TER enan-
iomers. The intra-day variability was performed by the same
nalyst over one day, while inter-day precision was carried out by
nother independent analyst over three days. In order to deter-
ine the repeatability of the method, replicate injections (n = 6)

f 17.52 �g mL−1 of TER enantiomers were carried out. The inter-
ediate precision was evaluated over three days by performing

ix consecutive injections each day. Precision was reported as % of
elative standard deviation (%RSD).

.4.8. Accuracy
Accuracy of the method was tested by analyzing samples of
acemic TER at various concentration levels. Both enantiomers were
onsidered for the evaluation.

Solutions of TER extracted from commercially available tablets
ere also analyzed. In this case the accuracy was evaluated by using

hree samples at the nominal concentration of 20 �g mL−1.

ig. 2. (a) Typical chromatograms illustrating the resolution of 2.1, 3.2 and 5.3 mg of TE
C (250 mm × 10 mm I.D.), (b, c) Chiralpak IC (150 mm × 4.6 mm I.D.); detection: (a) UV a
.5 mL min−1; column temperature: 25 ◦C.
1216 (2009) 5385–5390 5387

3. Results and discussion

3.1. Influence of the mobile phase composition on
enantioselectivity and resolution

Besides the already available Chiralpak IA [5] and Chiral-
pak IB [6,7] CSPs, a new immobilised-type CSP for HPLC, the
Chiralpak IC CSP [8–10], has been recently launched by Daicel
Chemical Industries Ltd. The Chiralpak IC uses cellulose tris(3,5-
dichlorophenylcarbamate) immobilised onto silica 5-�m particles
as a chiral selector. The procedure of anchoring of the semisyn-
thetic polymer to the silica matrix gives a high chemical stability
without any drawbacks in terms of enantioselectivity and efficiency
[8]. In the first part of our study, the resolving ability of the Chiral-
pak IC CSP towards TER was investigated in the polar organic mode
using pure methanol, ethanol and acetonitrile with a 0.1% addition
of DEA. The chromatographic data are shown in Table 1. The resolv-
ing power of the IC CSP was sufficiently high to achieve a baseline
enantioseparation in each of the used condition. The best resolu-
tion value was achieved by using the methanol–DEA 100:0.1 (v/v)
eluent with enantioselectivity factor (˛) and resolution factor (Rs)
values of 1.30 and 3.77, respectively.

3.2. Semipreparative enantioseparation and absolute

configuration assignment

As a matter of fact, in order to load a greater amount of sam-
ple on the column per run it is preferable to use a mobile phase
in which the analyte is appreciably soluble [11–16]. TER is soluble

R and (b, c) analytical check of the collected enantiomers. Column: (a) Chiralpak
t 305 nm, (b, c) UV at 238 nm; eluent: methanol; flow-rate: (a) 4 mL min−1, (b, c)
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Fig. 3. Structure of t

n methanol and water, slightly soluble in ethanol and practically
nsoluble in acetone and hexane. As a consequence, methanol–DEA
00:0.1 (v/v) eluent was selected to shortly resolve mg-amounts
f the racemic sample at the semipreparative level. An injection
f 2.1, 3.2 and 5.3 mg of racemic sample dissolved in the mobile
hase (methanol–DEA, 100:0.1, v/v) at a flow-rate of 4.0 mL min−1

fforded complete enantioseparation (Fig. 2). Assays of both frac-
ions collected from the 5.3 mg run gave ee (enantiomeric excess)
99%. Total time for this run was 12 min. The specific rotation
alues of the two enantiomers, isolated as free bases, were as
ollows: first elueted enantiomer: [˛]20

D − 35.0 (c 0.2, 3N HCl);
econd eluted enantiomer: [˛]20

D + 38.0 (c 0.2, 3N HCl). On com-

aring the polarimetric data with those reported in the literature
3] {[˛]22

D + 34.83 (c 1, 3N HCl) (ee not reported) for the (R)-TER
nantiomer and [˛]22

D − 26.9 (c 1, 3N HCl) (ee not reported) for
he (S)-TER enantiomer, it was possible to establish the following
bsolute configuration and the enantiomeric elution order: (S)-
in impurities of TER.

configuration was assigned to the levorotatory enantiomer, first
eluted on the Chiralpak IC CSP, and (R)-configuration to the dex-
trorotatory second eluted enantiomer.

3.3. Reversed-phase enantioseparation

The immobilised polysaccharide-derived CSPs have been used
under reversed-phase conditions for the resolution of many classes
of chiral substances [5,17–19]. In this work, the enantiorecognition
ability of the IC CSP was evaluated by using aqueous eluents con-
sisting of a methanol–DEA mixture and an increasing percentage of
water (5%, 10%, 20% and 30%) was added. From inspection of Table 1,

it can be seen that the enantioseparation of TER increased slightly
but progressively as the water percentage increased up to a max-
imum of between 20% and 30%. The addition of only 5% of water
in volume to methanol increased the enantioseparation and res-
olution factors to 1.35 and 4.12, respectively, without excessively
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Table 2
Retention factor (k1) for the first eluting enantiomer, separation (˛) and resolution
(Rs) factors of the chiral impurities H, G, N, B, J and I.

Impurity k1 ˛ Rs

H 0.22 1.17a 1.30
G 0.43 1.30a 2.28
N 0.66 1.11a 1.45
B 0.75 1.41a 3.45
J 1.39 1.23a 2.92
I 1.73 1.40b 5.53
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olumn, Chiralpak IC (250 mm × 4.6 mm I.D.); flow-rate, 0.5 mL min ; temperature,
5 ◦C; detection, UV at 251 nm.
a Enantioseparation factor.
b Diastereoseparation factor.

rolonging the time of analysis. The transition from polar organic to
eversed-phase conditions or vice versa did not significantly affect
he performance of the IC CSP.

.4. Chemoselective analysis

A critical aspect in the development of an analytical method
o determine the enantiomeric purity of a chiral drug is the pres-
nce of impurities from the processes of synthesis, degradation
r manufacturing either in the drug substance or in the finished
roduct. The main organic impurities of TER reported in the EP
onograph are shown in Fig. 3. Stability studies, chemical devel-

pment studies, routine batch analyses and quality control of the
ommercial product require a chemo- and enantioselective method
apable of discriminating the enantiomeric API (Active Pharma-
eutical Ingredient) from the related substances. Consequently, we
urned our attention to examine the chemical selectivity of the Chi-
alpak IC using the methanol–water–DEA 95:5:0.1 (v/v/v) mixture
s a mobile phase.

As can be seen from the chromatograms in Fig. 4, in these con-
itions, the TER enantiomers were well separated and there was no
verlapping with potential organic impurities.

From an inspection of Table 2 and Fig. 4 it can be seen that all the
acemic impurities were resolved with an ˛-value ranging from 1.11
o 1.41. The diastereomeric mixture I was separated with a separa-
ion factor of 1.40. In addition, the observed enantiomeric elution
rder (S)-TER < (R)-TER was beneficial to the quantitative determi-
ation of the (R)-enantiomer, considered as a potential API, since
he minor (S)-enantiomer was eluted first.

.5. Validation of the method

.5.1. System suitability
Impurity A and TER enantiomer were chosen to determine

he system suitability parameters. Six consecutive runs were per-
ormed and the results are showed in Table 3.

.5.2. Linearity

The linearity of the HPLC method was evaluated by injecting

tandard concentrations of racemic samples with a concentra-
ion ranging from 8.76 to 26.28 �g mL−1 (50–150%) for each single
nantiomer. The peak area response of the both enantiomers was
lotted versus the nominal concentration of the enantiomer. The

able 3
ystem suitability parameters of the chromatographic method for impurity A and TER ena

ompound tr
a (RSD%) Rs

a (RSD%)

5.88 (0.07) –
S)-(−)-TER 10.16 (0.10) 11.47 (0.13)
R)-(+)-TER 12.36 (0.16) 4.02 (0.20)

a Mean value of six replicates. Chromatographic condition as reported in the test.
Fig. 4. Typical HPLC chromatograms of TER spiked with impurities (top) and single
impurities.

linearity was evaluated by linear regression analysis, which was
calculated by least squares regression method. The obtained cali-
bration curve showed correlation coefficient greater than 0.9997.

For (S)-(−)-TER the following regression equation was obtained
y = 0.0031x + 0.0034 (r2 = 0.9997) where y is the peak area of (S)-
(−)-TER and x is the concentration. For (R)-(+)-TER the following
regression equation was obtained y = 0.0031x + 0.0031 (r2 = 0.9998).

ntiomers.

Theoretical platesa (RSD%) Asymmetry factora (RSD%)

7942 (0.28) 1.16 (0.77)
7053 (0.31) 1.07 (0.38)
6593 (0.38) 1.06 (0.52)
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.5.3. LOD and LOQ
LOD and LOQ were estimated to be 10 and 30 ng mL−1 for each

nantiomer of (S)-(−)- and (R)-(+)-TER, when S/N of 3 and 10 were
sed as criteria.

.5.4. Precision and repeatability
The precision of the HPLC method was determined by repeata-

ility (intra-day) and intermediate precision (inter-day). Method
recision had a relative standard deviation (RSD%) below 2.0% for
epeatability (1.26% for retention times and 0.78% for peak area)
nd for the intermediate of precision (1.37% for retention times and
.80% for peak area), which comply with the proposed acceptance
riteria (RSD%: not more than 2.0%).

.5.5. Accuracy
Accuracy for the determination of enantiomeric composition

as determined by preparing three drug substance samples at 50%,
00% and 150% of the target concentration (8.80–26.40 �g mL−1).
pparent recovery ranged from 101.13% to 103.59%. Overall percent
ecovery was 102.33 (RSD% 0.90) for the first eluted (S)-(−)-
ER enantiomer and 100.51 (RSD% 0.95) for the second eluted
R)-(+)-TER enantiomer. Solutions of extracted TER were also ana-
yzed. Accuracy evaluated from commercially available tablets was
00.38% (RSD% 0.96) for (S)-(−)-TER and 101.12% (RSD% 1.07) for
R)-(+)-TER.

. Conclusions

In conclusion, a simple, sensitive, chemo- and enantioselective

PLC method for the quantitative determination of the enantiomers
f TER was developed and validated using the immobilised-type
hiralpak IC CSP in reversed-phase conditions. The proposed
ethod meets the requirements of the EP guidelines and seems

o be a reliable way to determine the enantiomeric purity of TER in

[

[

[

1216 (2009) 5385–5390

bulk drugs and pharmaceutical preparations. We have also demon-
strated the applicability of the Chiralpak IC CSP for semipreparative
enantioseparations using a simple mobile phase consisting of
methanol–DEA 100:0.1 (v/v).

The easy availability of both enantiomeric forms of TER supports
pharmacological studies aimed at assessing the ˛1-/˛2-adrenergic
receptor selectivity of this drug.
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