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Abstract Terazosin (C;9H,5N504, MW = 387) drug is a
selective alpha 1 antagonist. It is used for lowering the
blood pressure. Also, it used for treatment of symptoms of
an enlarged prostate and is therefore a drug of choice for
men with hypertension and prostate enlargement. In the
present study, mass spectrometry (MS) and thermal anal-
yses (TA) were used to investigate the fragmentation
decomposition pathways of terazosin and confirmed by
semi-empirical molecular orbital (MO) calculation, using
PM3 procedure on the neutral and the positively charged
species of the drug. These calculations included, bond
length, bond order, partial charge distribution, ionization
energy and heats of formation (AHy). The mass spectra and
TA fragmentation pathways were proposed and compared
to each other to select the most suitable scheme repre-
senting the correct fragmentation pathway of the drug in
both techniques. This selection helps understanding of
metabolism of the drug in vivo system. Therefore, com-
parison between MS and TA helps in selection, the proper
pathway representing the fragmentation of this drug. This
comparison successfully confirmed by MO calculation.

Graphical Abstract In the present study, mass spec-
trometry (MS) and thermal analyses (TA) were used to
investigate the fragmentation decomposition pathways of
terazosin and confirmed by semi-empirical molecular
orbital (MO) calculations. The mass spectra and thermal
analyses fragmentation pathways were proposed and
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compared to each other to select the most suitable scheme
representing the correct fragmentation pathway of the drug
in both techniques. This selection helps understanding of
metabolism of the drug in vivo system. Terazosin hydro-
chloride (C;9H,5N504) drug (marketed ITRIN), has an
IUPAC name; 2-[4-(2-tetrahydrofuranyl) carbonyl]-1 pip-
erazinyl- 6,7-dimethoxy-4-quinazolinamine monohydro-
chloride dihydrate, and its stereo structure is given below
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Introduction

Terazosin hydrochloride (C;9H,5NsO4) drug (marketed
ITRIN), has an ITUPAC name; 2-[4-(2-tetrahydrofuranyl)
carbonyl]-1 piperazinyl- 6,7-dimethoxy-4-quinazolinamine
monohydrochloride dihydrate, and its stereo structure is
given in Fig. 1. It is a highly selective potent o-1 adreno-
receptor antagonist. It is an effective drug for hypertension
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Fig. 1 Geometrical structure of terazosin (tera)

and prostatic hyperplasia. Terazosin relaxes muscles in the
prostate and bladder neck, making it easier to urinate [1].

Mass spectrometry (MS) and thermal analysis (TA) are
two physical methods of analysis that are often times used
in parallel with each other [2-6]. The complementary
nature of these techniques has been demonstrated for some
species where the fragmentation and/or subsequent degra-
dation processes began at a similar location within the
molecule, i.e., the weaker bond. In MS, the species are
ionized, where ions of increased stability is detected. In
TA, the species are heated until they decompose yield mass
losses until the sample is completely decomposed.

MS has become a power tool for drug metabolism studies
[4]. The technique is important because it provides a large
amount of structural information with little expenditure of
sample. In electron impact (EI) mass spectrum, the frag-
mentation consists of series of competitive and consecutive
unimolecular fragmentation [5]. The fragmentation of ion-
ized molecule depends mainly on their internal energy [6]. At
70 eV, the spectra are very complex; it is difficult to uncover
all the competing and consecutive fragmentation reaction.
Lowering the energy of the ionized electron beam, it is
possible to make the spectra more simple and the high-
energy processes are thus suppressed [7].

Thermal analytical techniques can provide important
information regarding storage and stability of pharmaceuti-
cals. Thermal analytical methods have thus become impor-
tant tools for the development of modern medicines [8—12].
These are precise and accurate techniques with low sample
requirements and can provide detailed information about
new chemical entities even at the very earliest stages of
discovery and development of the new compositions and
drugs [13-16]. Thermogravimetric TG/DTG analysis used
to provide quantitative information on mass losses due to
decomposition and/or evaporation of low molecular mate-
rials as a function of time and temperature. In conjunction
with mass spectrometric analysis [17-19], the nature of the
released volatilize may be deduced, thus greatly facilitating
the interpretation of thermal degradation processes. On the

@ Springer

other hand, computational quantum chemistry can provide
additional information about the atoms and bonds, which can
be used successfully in an interpretation of experimental
results [20]. Application of computational quantum chem-
istry in addition to experimental results (MS and TA) gives
valuable information about the atoms and bonds which helps
in the description and prediction of primary fragmentation
site of cleavage and subsequent one [6, 21-23].

Some analytical methods have been previously reported
for determination of terazosin in biological fluids and phar-
maceutical preparations. Terazosin was determined by
spectroscopic method [2], fluorimetry [3], high-performance
liquid chromatography (HPLC) with fluorescence detection
[4], HPLC [5], x-ray fluorescence spectrometry based on the
formation of ion-pair associates with zinc thiocyanate [6].

The aim of the present work is focusing on further appli-
cation of our previously work on various drugs [6, 21-23].
This work includes a correlation between mass spectral
fragmentation and TA degradation of the terazosin drug and
comparing these experimental data with the theoretical MO
calculation to identify the weakest bonds ruptured during both
mass and thermal studies. Consequently, the choice of the
correct pathway of such fragmentation knowing this structural
session of bonds can be used to decide the active sites of this
drug responsible for its chemical, biological and medical
reactivity in vivo system.

Experimental
Molecular orbital calculations (MOCS)

The MOCS were performed using semi-empirical molecular
orbital calculation. The method used in these computations is
the parametric method (PM-3) described by Stewart [24].
The default criteria for terminating all optimizations were
increased by a factor of 100 (keyword PRECISE). All the
molecular orbital calculations were carried out at the
Restricted Hartree—Fock level for the neutral molecule of
terazosin, while the unrestricted Hartree—Fock level were
carried out for its cation by using PM3 method followed by
full optimization of all geometrical variables (bond lengths
and bond orders), without any symmetry constraint. All
structures were optimized to a gradient norm 0.01-0.05,
using the eigenvector following (EF) routine [25] All the
semi-empirical MO calculations were performed with the
MOPAC2000 software package [26] implemented on an
Intel Pentium IV 3.0 GHz computer.

Thermal analyses (TA)

The thermal analyses (TA) of terazosin drug were made
using conventional thermal analyzer/Shimadzu system of
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Fig. 2 Charge distribution on different atoms of Tera a neutral molecule, b molecular ion

DTA-50 and 30 series TG-50. The mass losses of 5 mg
sample and heat reopens of the change of the sample were
measured from room temperature up to 600 °C in inert argon
atmosphere at heating rate = 10 °C min~'. These instru-
ments were calibrated using indium metal as a thermal stable
material. The reproducibility of the instrument reading was
determined by repeating each experiment more than twice.

Mass spectrometry (MS)
Electron ionization (EI) mass spectrum of Terazosin is

obtained using Thermo Finnegan TRACE DSQ quadruple
mass spectrometer with electron multiplier detector

equipped with GC-MS data system. The direct probe (DP)
for solid material was used in this study. The sample was put
into a glass sample micro-vial, by a needle (~1 pg max),
the vial installed on the tip of the DP containing heating
cable and inserted into the evacuated ion source. The
sample was ionized by electron beam emitted from the
filament, the generated ions being effectively introduced
into the analyzer by the focusing and extractor lenses
system. The MS was continuously scanned, and the
obtained spectra were stored. Electron ionization mass
spectra were obtained at ionizing energy value of 70 and
12 eV, ionization current of 60 pA and vacuum is better
than 107° torr.
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Results and discussion

It is of great interest to study the chemistry and reactivity
of terazosin drug (Fig. 1) because of its importance in
medicine [27].

Knowledge obtained from thermal decomposition
mechanisms of the neutral drug is very important to

Table 1 Comparison between the computed bond lengths/in A, and
bond order using PM3 method for neutral and molecular cation of
terazosin drug

Terazosin Bond length/;% Bond order
Neutral Cation Neutral Cation

N1-C2 1.490 1.482 0.966 0.977
NI1-C6 1.491 1.484 0.967 0.975
N1-C21 1.442 1.452 1.032 0.991
C2-C3 1.531 1.534 0.972 0.964
C3-N4 1.489 1.488 0.972 0.964
N4-C5 1.490 1.488 0.968 0.962
N4-C7 1.423 1.366 1.103 1.376
C5-C6 1.531 1.533 0.973 0.965
C7-N8 1.397 1.390 1.185 1.190
C7-N12 1.349 1.402 1.470 1.143
N8-C9 1.344 1.358 1.501 1.373
C9-C10 1.439 1.461 1.131 1.038
C9-N23 1.406 1.357 1.155 1.400
C10-C11 1.412 1.437 1.312 1.147
C10-C13 1.413 1.387 1.240 1.409
CI11-N12 1.389 1.358 1.221 1.374
Cl11-Cl16 1.419 1.425 1.231 1.186
C13-Cl14 1.377 1.415 1.563 1.300
C14-CI15 1.437 1.440 1.177 1.157
C14-017 1.392 1.360 1.008 1.094
C15-Cl16 1.381 1.391 1.524 1.434
C15-019 1.375 1.371 1.052 1.057
017-C18 1.411 1.410 0.973 0.960
019-C20 1.408 1.410 0.983 0.969
C21-022 1.219 1.215 1.836 1.872
C21-C24 1.541 1.540 0.901 0.898
C24-C25 1.538 1.535 0.970 0.973
C24-028 1.425 1.426 0.980 0.977
C25-C26 1.528 1.528 0.986 0.985
C26-C27 1.530 1.528 0.983 0.984
C27-028 1.423 1.425 0.970 0.961

The order of bonds strength depending upon the values of bond
length/;\ and bond order: C21-C24 (1.541-1.540,
0.901-0.898) < C2-C3  (1.531-1.534,  0.972-0.964) < C3-N4
(1.489-1.488, 0.972-0.964) < N4-C5 (1.490-1.488, 0.968-0.962)
< C21-N1 (1.442-1.452, 1.032- 0.991) < C7-N4 (1.423-1.366,
1.103-1.376) < C24-028 (1.425-1.426, 0.901-0.898), respectively.
The weakest bond is that of long bond length and of lowest bond
order
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understand the chemical process that shared in biological
systems [28]. It is difficult to establish the exact major
fragmentation pathway in EI using conventional MS. With
combining the above two techniques and the data obtained
from the MO calculation, it is possible to understand the
following topics:

1. Stability of the drug under thermal degradation in solid
state and mass spectral fragmentation in gas phase.

2. Prediction of the primary site of fragmentation and

subsequent bond cleavage.

The correct pathway in both techniques.

4. Understanding what actually happened in biodegrada-
tion of the drug or its derivatives in vivo system and
metabolites.

5. Thermal stability of the drug was required information
for handling, stronger and shelf life.

(O8]

Computational molecular orbital calculations (MOCS)

Molecular orbital (MO) calculation gives valuable infor-
mation about the structure and reactivity of the molecules,
which actually be used to support the experimental evi-
dence. The much important parameters calculated using
MO calculation which includes bond orders, bond length,
charge distribution, and heat of formation and ionization
energy. In the present work, the calculations have been
carried out on terazosin neutral molecule (related to TA
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Fig. 3 TA of terazosin: a TG, b DTA
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decomposition) and charged molecular ion (related to MS
fragmentation) which is used for prediction of weakest
bond rupture to follow the fragmentation pathways in both
techniques. Figure 2 shows the numbering system of tera-
zosin skeleton that helps in ordering the calculated
parameters. Table 1 represents the values of bond length/A
and bond order. One can conclude the following from
Table 1.

1. Small differences in bond length in terazosin system
upon ionization, indicating that no appreciable change
in the geometries during this variation.

2. The lowest bond order (important for prediction of
primary site of cleavage) observed at bond C17-C21
for both neutral (0.919) and positive species (0.932).

3. Upon ionization of terazosin the stability of the
molecule decreased by —39.47 kJ mol ™! = (AH;
(—25.08) — AH{ (14.39)).

The charge distribution on different atoms (C, N and O)
and heats of formation; AHy/k J mol ™! for neutral and ionic
terazosin species and the numbering system of the drug are
summarized in Fig. 2a, b, respectively. Significant changes
in the electron distribution with given system often takes
place during the ionization. The MOCS data of neutral and

ionized forms of terazosin are shown in Table 1 and rep-
resent the values of bond length and bond order.

Thermal analyses and MOCS of neutral tera molecule

The TA of terazosin are illustrated in Fig. 3 in which this
drug decomposed completely within the temperature range
of 80—400 °C (mass loss = 99.0 %). Figure 3a shows the
TG of the drug; it refers to its thermal decomposition in
three steps. The first one occurs in the temperature range
72.18-139.14 °C practical mass loss = 6.58 %. It may be
related to the loss of two water molecules (estimated
mass loss = 7.83 %). The second on occurs at
204.28-358.33 °C of practical mass loss = 29.94 %; it
may be attributed to the loss C;H3NO, of estimated mass
loss = 30.66 % as a result of rupture of two weak bonds
C3-N4 and C5-N4. These two mass losses are confirmed
by the appearance of two endothermic peaks in DTA
(Fig. 3b) at temperature 117.97 and 273.62 °C, respec-
tively. The third mass loss occurs in the temperature range
of 358.33-640.45 °C. It may be attributed to the loss of
C1oH11N30,.HCl (practical mass loss = 54.65 %, esti-
mated = 53 %) as a result of rupture of the weak bond
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Scheme 1 Thermal decomposition scheme of terazosin
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Fig. 4 Comparison of EI a at 70 eV mass spectra, b at 15 eV mass spectra and ¢ Chemical ionization CI spectrum of Terazosin drug

C7-N4. It appears as two exothermic peaks in DTA at
345.98 and 558.66 °C, respectively. These peaks may be
attributed to chemical fragmentation and rearrangements to
give new possible final forms. Therefore, these thermal
decomposition endothermic peaks and chemical exother-
mic rearrangements of thermal decomposition of Terazosin
can be represented by the Scheme 1. In this scheme, the
ruptured bonds are those thermally unstable as detected by
MOCS. These bonds are C3-N4 (1.489, 0.972) < N4-C5
(1.490, 0.968) < C7-N4 (1.423, 1.103), which ordered
from the weakest to the strongest depending upon the
values of bond length/;% and bond order of the neutral form
of tera (Fig. 2a). This order of thermal bond rupture is also
correlated with the charge values on atoms of these bonds
as given by: C3-N4 (—0.1090, 0.0616) < N4-C5 (0.0616,
—0.1079) < C7-N4 (0.0522, 0.0616). The charge values
on bond atoms are actually affected both bond length or
bond order as a result of repulsive or attractive forces
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between these atoms [28]. These results may help to identify
some of possible metabolites of this drug in vivo system.

Mass spectral (MS) fragmentation and MOCS
of terazosin ionized drug molecule

The scope of this investigation is restricted to a search for
prediction of the first and subsequent bond ruptures during
the course of fragmentation of terazosin drug in MS tech-
nique. The subsequent fragmentation in MS is determined
to large extent by the initial bond rupture of molecular ion
[6, 17-23]. A number of mass spectrometric techniques
have utilized helping in rationalized the correct pathways
of the molecules, among which are: threshold measurement
[29] and metastable abundance ratios [30]. On the other
hand, computational can provide important information
which can be used successfully in description of primary
site of cleavage. These theoretical data can particularly,
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valuable for MS because they study in gas phase species,
which can be handled much more easily by quantum
chemistry [24-27].

Mass spectral fragmentation of terazosin drug using
EI (Fig. 4a, b) mass spectra and chemical ionization (CI)
(Fig. 4c) was recorded and investigated. Typical mass
spectra (bar-graph) of the drug at different energy values
are shown in Fig. 4. Mass spectrum of terazosin reveals
(Scheme 2) three competitive and consecutive fragmenta-
tion pathways.

The EI spectra of terazosin at 70 eV (Fig. 4a) consist of a
wealthy competitive and consecutive fragment ions ranging
from m/z = 43 up to molecular ion at m/z = 387. The main
fragmentation pathways following EI of terazosin at 70 eV
are given by the proposed Scheme 2, in which the signal
appeared at m/z = 387(RI = 33.20 %) at 70 eV is related to
the molecular ion [M]" of general formula [C1oH2sNsO4] ™.
This molecular ion represents 33.20 % of the base peak at
m/z = 233(RI = 100 %). Pathway (1) refers to the forma-
tion of fragment ions of m/z = 316 (RI = 30.05 %) and 288
(RI = 9.26 %) of the formulae [C;sH;3sNsO5;]" and
[C14H;5N50,]" obtained as a result of rupture of bonds C21—
C24 and C21-N1 bonds, respectively. Pathway (2) refers to

the formation of fragment ions of m/z = 233 as a base peak
(RI = 100 %), m/z = 205 (RI = 27.91 %) of the formulae
[C11H3N405]" and [C;oHoN,O,] " as a result of rupture of
bonds C2-C3 and N4-CS5, respectively. Pathway 3 refers to
fragment ions of m/z = 71 (RI = 25.09 %) and m/z = 43
(RI = 12.11 %) of the formulae [C4H,0]" and [C,H;0]"
obtained as a result of rupture of bonds C21-C24 and C24-
028, respectively. These fragments are obtained as result of
consecutive ruptures of weak bonds as obtained from MOCS
(Table 1). In Scheme 2; the ruptured bonds are those
unstable as detected by MOCS. These bonds are C21-C24
(1.540, 0.898) < C2-C3 (1.534, 0.964) < C3-N4 (1.488,
0.964) < N4-C5 (1488, 0.962) < C21-N1  (1.452,
0.991) < C7-N4 (1.366, 1.376) < C24-028 (1.426, 0.898),
respectively, which ordered from the weakest to the strongest
depending upon the values of bond length and bond order of
the cation form of tera (Fig. 2b). This order of bond rupture
is also correlated with the charge values on atoms of these
bonds as given by: C21-C24 (0.2393, 0.0646) < C2-C3
(-0.0846, —0.731) < C3—N4 (—0.731, 0.3980) < N4—C5
(0.3980, —0.1673) < C21—N1 (0.2393, —0.0825) < C7-N4
(—0.0305, 0.3980) < C24-028 (0.0646, —0.2800), respec-
tively. The charge values on bond atoms are actually affected
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both bond length and bond order as a result of repulsive or
attractive forces between these atoms. These results may help
to identify most of the possible metabolites of this drug
in vivo system.

On measurement of mass spectra of terazosin by EI at
lower power of 15 eV (Fig. 4b) and using CI technique
(Fig. 4c) refers to change in nature of the previously
obtained main and fragment ions using EI at 70 eV. At
15 eV, the base peak becomes m/z = 387 (RI = 100 %),
and on using CI, it appears at m/z = 388 (RI = 100 %) of
[M]" of the drug main molecule and the fragment ion of
m/z = 233 (RI = 40 %) which completely disappear on
using CI technique. This means that, lowering of energy of
the power source increases RI of the drug main molecular
ion and makes lot of fragment ions obtained at 70 eV of
low RI and/or completely disappeared.

Correlation between TA and MS

It is important to make a discussion between results of TA and
MS of terazosin, to see the behavior of the drug in both tech-
niques. In TA, some bonds are thermally unstable in neutral
form (Fig. 2a); and consequently decomposed in TG as con-
secutive pathway. These bonds are C3-N4 (1.489,
0.972) < N4-C5 (1.490, 0.968) < C7-N4 (1.423, 1.103),
which ordered from the weakest to the strongest depending
upon the values of bond length and bond order of the neutral
form of tera (Fig. 2a) coming from MOCS and as represented in
Scheme 1. In EI, MS at 70 eV high powers energy leads to
more bond ruptures including those ruptured in TA. These
bonds are C21-C24 (1.540, 0.898) < C2-C3 (1.534, 0.964)
< C3-N4 (1.488, 0.964) < N4-C5 (1.488, 0.962) < C21-N1
(1.452, 0.991) < C7-N4 (1.366, 1.376) < C24-028 (1.426,
0.898), respectively, which ordered from the weakest to the
strongest depending upon the values of bond length and bond
order of the cation form of tera (Fig. 2b). This comparison
shows the agreement to some extent between TA and EI Mass
in the proposed fragmentation pathways. Consequently, the
effect of such fragmentation on the drug behavior in human
body can be expected and also its metabolites can easily be
identified. The obtained thermal fragments and mass fragment
ions obtained in vitro system are found to be very similar to
metabolites obtained in vivo systems [31-33]. This conclusion
reveals the importance of TA and MS vitro systems before
going to search for metabolites in vivo system.

Conclusions

Terazosin drug has great medical importance; it acts as
alpha-1-selective adrenoceptor blocking agent. It is used to
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treat hypertension (high blood pressure) and benign pros-
tatic hyperplasia (enlarged prostate). It causes the blood
vessels (veins and arteries) to relax and expand, improving
blood flow. Terazosin also relaxes muscles in the prostate
and bladder neck, making it easier to urinate. Due to this
importance, in the present study, MS and TA were used to
investigate the fragmentation decomposition pathways of
terazosin and confirmed by semi-empirical molecular
orbital (MO) calculation, using PM3 procedure on the
neutral and the positively charged species of the drug.
These calculations included, bond length, bond order,
partial charge distribution, ionization energy and heats of
formation (AHy). The mass spectra and TA fragmentation
pathways were proposed and compared to each other to
select the most suitable scheme representing the correct
fragmentation pathway of the drug in both techniques. This
selection helps understanding of metabolism of the drug
in vivo system. Therefore, the successful comparison
between MS and TA helps in selection the proper pathway
representing the fragmentation of this drug. This compar-
ison successfully confirmed by MO calculation.
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