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KEYWORDS Abstract The drugs under study; repaglinide (Repag), flubendazole (Flu), robenidine hydrochlo-
Repag; ride (Roben) and danofloxacin (Dano) are antidiabetic, anthelmintic, anticoccidial, and antibiotic
Flu; drugs. In the present study, they are investigated using electron impact mass spectral (EI-MS) frag-
Roben and Dano; mentation at 70 eV, in comparison with thermal analyses measurements (TGA/DrTGA and DTA)
EI-MS spectrometry; and molecular orbital calculation (MO). Semi-empirical MO calculation, AM1 procedure, has been
Thermal analyses; carried out on Repag, Flu, Roben and Dano both as neutral molecules (in TA) and the correspond-

Molecular orbital calculation

(MOC) ing positively charged species (in MS). The calculated MO parameters include bond length, bond

order, charge distribution on different atoms and heat of formation. The fragmentation pathways
of Repag, Flu, Roben and Dano in EI-MS led to the formation of important primary and second-
ary fragment ions. The mechanism of formation of some important daughter ions can be illumi-
nated from comparing with that obtained using mass spectrometer through the accurate mass
measurement determination. The MO provides a base for fine distinction among sites of initial bond
cleavage and subsequent fragmentation of drug molecules in both thermal analysis and MS tech-
niques. The activation thermodynamic parameters, such as, (activation energy E’), (enthalpy
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AH"), (entropy AS") and (Gibbs free energy AG") are calculated from the DrTGA curves using
Coats—Redfern and Horowitz—Mitzger methods.
© 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry plays a vital role in the structural charac-
terization of biological molecules (Larsen and Me Ewen,
1998). The technique is important because it provides a lot
of structural information with little expenditure of the sample.
Also, the techniques offer comparative advantages for speed
and productivity for pharmaceutical analysis (Kerns et al.,
1997). On the other hand, thermal analysis technique that
delivers extremely sensitive measurements of heat change can
be applied on a broad scale with pharmaceutical development.
These methods provide unique information relating to thermo-
dynamic data of the system studied. The increasing use of the
combined techniques is providing more specific information,
and thus facilities more rapid interpretation of the experimen-
tal curves obtained (Zayed et al., 2007). In electron impact (EI)
mass spectral fragmentation consists of competitive and con-
secutive unimolecular fragmentation pathways (Leversen,
1978). The fragmentation of ionized molecule depends mainly
on their internal energy. The thermogravimetric TG/DTG
analysis had been used to provide quantitative information
on weight losses due to the decomposition and/or evaporation
of low molecular materials as a function of temperature. In
conjunction with mass spectrometric analysis (Fahmey et al.,
2005), the nature of the released volatilized fragments may
be deduced, thus greatly facilitating the interpretation of ther-
mal degradation processes. On the other hand, computational
quantum chemistry can provide additional information about
atoms and bonds, which can be used successfully in an inter-
pretation of experimental results (Somogyi et al., 1991). These
additional computational data also, can be used in the descrip-
tion and prediction of primary fragmentation site and subse-
quent ones.

The aim of the present work is to make a correlation be-
tween mass spectral (MS) fragmentation and thermal analyses
(TA) degradation of Repag, Flu, Roben and Dano drugs, then

these data are compared with theoretical MO calculation to
identify the weakest bonds ruptured during both mass and
thermal studies. Consequently the choice of the correct path-
way of such fragmentation knowing this structural session of
bonds can be used to decide the active sites of this drug respon-
sible for its chemical, biological and medical reactivities.
Coats—Redfern and Horowitz—Mitzger methods were applied
for calculating different thermodynamic functions accompany-
ing the decomposition process of the drugs under investigation
(Coats and Redfern, 1964; Horowitz and Metzegar, 1963).

2. Experimental
2.1. Mass spectrometry (MS)

Electron impact (EI) mass spectra of Repag, Flu, Roben and
Dano drugs were obtained using Shimadzu-GC-MS-QP 1000
EX quadruple mass spectrometer with an electron multiplier
detector equipped with the GC-MS data system (Fig. 1).

2.2. Thermal analyses (TA)

The thermal analyses of Repag, Flu, Roben and Dano drugs
were made using Shimadzu thermogravimetric analyzer
TGA-60H in a dynamic nitrogen atmosphere. Highly sintered
a-Al,O3 was used as a reference. The mass losses of samples
and heat response of the change of the sample were measured
from room temperature up to 1000 °C. The heating rate was
10 °C min .

2.3. Molecular orbital calculations (MO)

The MO calculations were performed using semi-emperical
MO-calculation. The program used in these computations is
hyperchem 7.5 by using AM1 method described by Dewar
(Bourcier et al., 2003; Dewar et al., 1985; Zayed et al., 2007).
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Figure 2 The mass spectra of (a) Repag, (b) Flu, (¢c) Roben and (d) Dano drugs.
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Mass fragmentation pattern of Repag.



T.T. Al-Nahary et al.

m/z =282

\
0

m/z =103
(f=103,RI=11 %)

m/z =75

(f=75,RI=39 %)

©

m/z =63
(f=63,RI=18 %)

Scheme 2

miz=222.7 -CgHCl

(f=222,RI=12 %)

N II)IIT N
NH
m/z =85
(f=85,RI =46 %)

N,

HN NH
R
NH

m/z =57
(f=359,RI =100 %)

OCH,

/%J

0
(f=281,RI =53 %) 1CRH6FNJ

H
—N—N— ~N—N=CH
N
NH -CHN,
cl

F i o
N/Hiom

m/z=313.3
(f=313,RI=75 %)

o

-CH,F

l -CH,F

i 0
K@EN%EAOMC

o m/z =218
(f=218,RI =67 %)

-OCH,

O miz=187
(f=186, RI = 100 %)
-C,H,0,
-co

X

H
N

%NH
N

m/z =96
(f=95,RI="72 %)

L]

m/z =51

(f=51,RI=19 %)

{
K(:[N/HH
\

o
m/z =159

(f=158,RI =27 %)

Mass fragmentation pattern of Flu.

H
—N—N N—=N=
i
NH
ClI

m/z = 370.67

HCl
el
N—N—_N-x
CH,CI —HT
NH
cl
c

m/z =334
(f=335,RI=41 %)

/@FN
Cl

m/z=138.7
(f=138, RI =47 %)

AT

m/z=124.7
(f=125RI =30 %)

\—CHCI

O

m/z=76.2
(f=75,RI=30 %)

-HCI

-C,H,CIN

—N—N NH
HT
NH
Cl

m/z=195.7
(f=195,RI =24 %)

CHN,
-NH
/EYN—NH
a
miz = 153.7

(f=154, Rl =25 %)

Scheme 3 Mass fragmentation pattern of Roben.

H

C
N N
[¢] -CO,
m/z =357.38 -C;Hs
(F=357,RI = 18 %)

N N HBC\N/'_\'
\ N N
F \
m/z=313 o F
(f=313,RI=13 %) o
HF m/z =272

-CH, (f=270,RI=11%)

m/z =278 o

(f=276,RI =14 %) m/z =258
(f=258,RI=15 %)
-C,HgN,O
-CyoHgFN,
% .
m/z =82
(f=82,RI =100 %) o

m/z =82
(f=82,RI=100 %)

(>

N m/z =68
m/z = 68 (f=70,RI =22 %) ﬂ
(f=70,RI1=22 %) o

Scheme 4 Mass fragmentation pattern of Dano.

3. Results and discussion

It is of great interest to study the chemistry and reactivity of
Repag, Flu, Roben and Dano drugs because of their impor-
tance in medicine knowledge. This knowledge can be obtained
from thermal decomposition mechanism of the neutral drugs,
which is very important to understand the chemical processes
that charged in biological systems. It is difficult to establish the
exact major fragmentation pathway in EI using conventional
MS. Combining the two above techniques and the data ob-
tained from the MO, it is possible to understand the following
topics:

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

2. Prediction of the primary site of the fragmentation, which
helps to rationalize subsequent bond cleavage.

3. The correct pathway in both techniques.

3.1. Mass spectra of Repag, Flu, Roben, and Dano

The mass spectra of the drugs are presented graphically in
Fig. 2a—d. The different pathways of the possible fragments
of Repag, Flu, Roben and Dano with their respective relative
intensities (RI) are given in Schemes 1-4. Fragments at m/
z = 409, 186, 59 and 82 (RI = 100%) represent the base peaks
of Repag, Flu, roben and Dano, respectively. The other
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Figure 3 TGA, DrTGA and DTA curves of (a) Repag, (b) Flu, (c) Roban and (d) Dano drugs.

molecular ion peaks that appeared in the mass spectra are
attributed to the fragmentation of the used drug molecules ob-
tained from the rupture of different bonds inside the
molecules.

3.2. Thermal analyses (TA) of Repag, Flu, Roben and Dano
drugs

The thermal analyses data (TGA, DrTGA and DTA) of the
drugs under investigation are shown in (Fig. 3). Table 1 sum-
marizes that the weight losses occur in Repag, Flu, Roben and
Dano drugs, and DTA; physical and chemical changes occur
during thermal degradation of the drug neutral molecules.
The study of the thermal decomposition of these drugs may
give a good idea about the possible metabolites obtained dur-
ing the biological assimilation in in vivo systems during their
medical uses; consequently throws more light on their biolog-
ical and medical activities. The TGA curves show that Repag,
Flu, Roben and Dano molecules are thermally decomposed in
three to four stages. The first stage occurs at 150-280, 100-275,

40-260 and 50-160 °C as a result of 17.0%, 14.66%, 9.79% %
and 4.08% estimated weight losses which may be due to the
loss of CO, and C,Hg, CO,, HCI, and CH; molecules (calcd.
wt. loss = 16.37%, 14.06%, 9.85%, and 4.20%) for Repag,
Flu, Roben and Dano molecules, respectively. The second
stage occurs at 280-390, 275-380, 260-380, and 160-400 °C
as a result of 74.25%, 13.53%, 59.93% and 35.35% estimated
weight losses which may be due to the loss of Cy,H»sN,O,
CHNCH3;, C9HgN;sCl and C¢HgNO and HF molecules (caled.
wt. loss = 74.34%, 13.42%, 59.76%, and 35.82%) for Repag,
Flu, Roben and Dano molecules, respectively. The third stage
occurs within the temperature range from 390-1000, 380-950,
3870-800 and 400-500 °C with estimated weight losses of
9.40%, 27.31%, 31.02% and 12.35% which may be attributed
to the complete decomposition of Repag, Flu and Roben and
the loss of CO2 in the case of Dano (calcd. wt. loss = 9.29%,
72.31%, 30.35% and 12.31%). The third stage occurs in two
successive steps in the case of Repag and Roben. The fourth
stage occurs at 500-850 °C as a result of 48.25% estimated
weight loss which may be due to the complete decomposition
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Figure 3 (continued)
Table 1 The relative abundance of Repag, Flu, Roben, and Dano fragments in their mass spectra.
Repag Flu Roben Dano
mjz RI % mfz RI % m/z RI % mfz RI %
452 40 313 75 335 41 357 18
409 100 281 53 222 12 313 13
396 25 218 67 195 24 276 14
245 57 186 100 154 25 270 11
172 72 158 27 138 47 258 15
105 49 95 72 125 30 82 100
84 25 75 39 85 46 70 22
77 35 63 18 59 100 —

56 19 51 19 75 30
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Figure 4 Charge distribution on different atoms for (a) Repag, (b) Flu, (c) Roben and (d) Dano neutral molecules.

of Dano (caled. wt. loss = 47.57%). The weight losses ap-
peared in DTA as strong endothermic and strong exothermic
peaks as given by the data listed in Table 1 and shown in
Fig. 3. These endothermic and exothermic peaks may also refer
to several chemical and physical processes that occur as a re-
sult of thermal decomposition of Repag, Flu, Roben and
Dano drugs at the temperature range given in Table 1.

3.3. Molecular orbital calculations (MO) of Repag, Flu, Roben
and Dano drugs

MO calculation depending on the numbering system of Repag,
Flu, Roben, and Dano drug molecules gives variable informa-
tion about the structure of molecules both in neutral form
(Fig. 4) and in charged form (Fig. 5), which actually are used
to support the experimental evidence. The much important

parameters calculated using MO calculation include bond or-
ders, bond length and heat of formation.

3.4. Correlation between MS, TA Fragmentations and MO for
charged molecular ions

The TGA of Repagdrug shows three main steps of decompo-
sition. The first one occurs at 150-280 °C with an estimated
weight loss = 17% due to the successive losses of CO, and
C,Hg molecules (calcd. wt. loss = 16.37%). The inspection
of MO calculation data (Table 2) revealed that this loss is
due to the rupture of O50-HS1 bond (bond order = 0.91337
and bond length = 0.96746 ) and C40-C48 bond (bond or-
der = 0.93261 and bond length = 1.4737) to produce CO,
molecule. The loss of C¢Hg molecule is originated from the
rupture of O50-H51 bond and C53-052 bond (bond or-
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der = 0.93458 and bond length = 1.4388 ). The appearance of
fragment ion at m/z = 409 (RI = 100%) is due to the loss of
CO; molecule obtained by rupture of O50-HS1 and C40-
C48 bonds.

This is followed by the second TA weight loss of
CyHsN,O  occurs at 280-390 °C  of practical weight
loss = 74.34% (calcd. wt. loss = 74.25%) as a result of rup-
ture of the C27-N32 bond (bond order = 0.93812 and bond
length = 1.4476), C40-C43 bond (bond order = 1.3147 and
bond length = 1.4119) and C39-C42 bond (bond or-
der = 1.4025 and bond length = 1.3975). The appearance of
fragment ion at m/z = 172 (RI = 72%) may be accounted

for the loss C3HsO obtained by rupture of C27-N32 and
C27-H28 bonds.

According to the data listed in Table 1, the TGA of Flu drug
shows three main steps of decomposition. The first one occurs
at 100-275 °C of practical weight loss = 14.66% due to the loss
of CO, molecule (caled. wt. loss = 14.06%). The inspection of
MO calculation data (Table 3) revealed that this loss is due to
the rupture of O30-C31 bond (bond order = 0.93766 and bond
length = 1.4336 ) and N26—C28 bond (bond order = 1.0387
and bond length = 1.3890 ). The appearance of fragment ion
atm/z = 158 (RI = 27%) is due to the loss of CO molecule ob-
tained by rupture of C28-N26 bond (Table 4).
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Figure 5 Charge distribution on different atoms for (a) Repag, (b) Flu, (c) Roben and (d) Dano charged molecular ions.

The third TA weight loss of C;3HgFN,O occurs at 380—
950°C of practical weight loss = 72.31% (caled. wt.
loss = 72.52%) as a result of rupture of the following bonds:
C7-C12 bond (bond order = 0.94172 and bond
length = 1.4803), C12-C14 bond (bond order = 0.94344
and bond length = 1.4807), C15-N23 bond (bond or-
der = 1.1184 and bond length = 1.396 ) and C19-N25 bond
(bond order = 1.1643 and bond length = 1.4066). The
appearance of fragment ion at m/z = 103 (RI = 11%) is due
to the loss of CgHgFN3O obtained by rupture of C7-Cl12,
C15-N23, and C19-N25 bonds. The appearance of fragment
ion at m/z = 75 (RI = 39%) is due to the loss of CO molecule
obtained by rupture of C12-C14 bond.

The TGA of Roben drug shows three steps of decomposi-
tion as given in Table 1. The first one occurs at 40-260 °C of
practical weight loss = 9.79% due to the loss of HCl molecule

(caled. wt. loss = 9.85%). The appearance of fragment ion at
m/z = 335 (RI = 41%) is due to the loss of HCI molecule.
This is followed by the second TA weight loss of CoHgNsCl
that occurs at 260-380 °C of practical weight loss = 59.93%
(calcd. wt. loss = 59.76%) as a result of rupture of the follow-
ing bonds: N14-C16 bond (bond order = 0.95435 and bond
length = 1.4582), C16-N19 bond (bond order = 0.95816
and bond length = 1.4686), C4-Cl11 bond (bond or-
der = 0.98565 and bond length = 1.4650), C22-C24 bond
(bond order = 1.0078 and bond length = 1.4658 ), N13-N14
bond (bond order = 1.0563 and bond length = 1.3370),
N21-C22 bond (bond order = 1.8231 and bond
length = 1.3062 ), C11-N13 bond (bond order = 1.8405 and
bond length = 1.2996) and C16-N18 bond (bond or-
der = 1.8691 and bond length = 1.2969 ). The appearance of
fragment ion at m/z = 154 (RI = 25%) is due to the loss of
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CH,N, obtained by rupture of C16-N19 bond. The appear-
ance of fragment ion at m/z = 138 (RI = 47%) is due to the
loss of CoH4N,4 obtained by rupture of N19-N21 bond (bond
order = 1.3894 and bond length = 1.2735). The appearance
of fragment ion at m/z = 125 (RI = 30%) is due to the loss
of nitrogen atom obtained by rupture of N21-C21 bond (bond
order = 1.3846 and bond length = 1.3605 ). The appearance
of fragment ion at m/z = 75 (RI = 30%) is due to the loss
of CHCI obtained by rupture of the following bonds: C25-
Cl134 bond (bond order = 1.0865 and bond length = 1.6690 )
and C22-C24 bond (bond order = 1.2525 and bond
length = 1.4170 ). The appearance of fragment ion at m/
z = 85 (RI = 46%) is due to the loss of CgHgCl obtained by
rupture of N21-C22 bond and C11-N13 bond (bond or-

der = 1.8565 and bond length = 1.2981 ) and C19-N25 bond.
The appearance of fragment ion at m/z = 59 (RI = 100%) is
due to the loss of N, molecule obtained by rupture of N13—
N14 bond and N19-N21 bond.

The TGA of Dano drug shows that the first one occurs at
50-160 °C of practical weight loss = 4.08% due to the loss
of CHj (caled. wt. loss = 4.20%). The inspection of MO cal-
culation data (Table 5) revealed that this loss is due to the rup-
ture of N39-C40 bond (bond order = 0.98811 and bond
length = 1.4409 ). The appearance of fragment ion at m/
z =276 (RI = 14%) is due to the loss of CH; and HF ob-
tained by rupture of N39-C40, O16-H17 and C6-F26 bonds.

This is followed by the second TA weight loss of HF and
C¢HgNO occurs at 160-400°C of practical weight
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Table 2 Thermogravimetric data (TGA, DrTGA, and DTA) of Repag, Flu, Roben, and Dano drugs.

Drug Temperature DrTGAmax n~ Mass loss Assignment DTA# (°C)
range (°C) (°C) % Found (Calcd.)
Repag 150-280 268 1 17.00 (16.37) Loss of C;Hg and CO, 152(+), 310(+), 358(—), 460(+),
540(—), 930(+).
280-390 330 1 74.25 (74.34) Loss of C5,HpsN,O
390-1000 541, 938 2 9.40 (9.29) Loss of C,H,O
(complete decomposition)
Flu 100-275 242 1 14.66 (14.06) Loss of CO, 242(+), 279(-), 333(+), 370(—),
513(+), 600(—), 689(—), 900(—).
275-380 336 1 13.53 (13.42) Loss of CNHCH3
380-950 793 1 72.31(72.52) Loss of C;3HgFN,O
(complete decomposition)
Roben 40-260 75 1 9.79 (9.85) Loss of HCI 50(—), 84(+), 190(—), 271(+), 288(—),
313(+), 335 (=), S17(+), 580(+),
620(—), 663(—).
260-380 290 1 59.93 (59.76) Loss of CoHgN;sCl
380-800 411, 657 2 31.02 (30.35) Loss of CsHsCl
(complete decomposition)
Dano 50-160 106 1 4.08 (4.20) Loss of CH; 115(+), 300(+), 337(+), 350(—),
423(+), 455(+), 594(-).
160400 344 1 35.35(35.82) Loss of CcdHgNO and HF
400-500 467 1 12.35(12.31) Loss of CO,
500-850 644 1 48.25 (47.57) Loss of C;HoN, (complete decomposition)

Table 3 Comparison of computed bond length in and bond order for Repag using AM1 method.

Bond Bond order Bond length Bond Bond order Bond length

Neutral Cation Neutral Cation Neutral Cation Neutral Cation
CI1-C3 1.3784 1.1447 1.4126 1.4532 N32-C34 1.1307 1.0635 1.3751 1.3881
Cl1-C4 1.3658 1.1442 1.4127 1.4551 C34-035 1.7298 1.7717 1.2496 1.245
CI-NI11 0.97904 1.3124 1.4387 1.3617 C36-H37 0.94644 0.95164 1.1261 1.1243
C2-C5 1.3997 1.2717 1.3941 1.410 C36-H38 0.95921 0.94604 1.1221 1.1244
C2-Co6 1.430 1.3712 1.3906 1.3956 C36-C39 0.98415 0.9853 1.4874 1.4879
C2-H10 0.94877 0.93723 1.0997 1.1031 C36-C34 0.91201 0.9127 1.5243 1.5227
C3-Co6 1.388 1.4721 1.4022 1.3939 C39-C41 1.3802 1.3727 1.3999 1.4019
C3-C27 0.95023 0.93323 1.5171 1.5263 C39-C42 1.4025 1.4128 1.3975 1.3963
C4-C5 1.4352 1.5746 1.3893 1.3718 C40-C44 1.3804 1.3825 1.4008 1.3994
C4-H7 0.94751 0.9371 1.1018 1.1034 C40-C43 1.3147 1.3171 1.4119 1.4115
C5-H8 0.9486 0.93596 1.1001 1.1043 C40-C48 0.93261 0.92341 1.4737 1.4755
C6-H9 0.94583 0.92095 1.1023 1.1117 C41-C44 1.4302 1.4322 1.3908 1.3902
Cl12-Cl4 0.98851 0.98864 1.5135 1.5106 C41-H45 0.94662 0.94439 1.10 1.1008
C12-C16 0.97945 0.96558 1.5274 1.5312 C42-C43 1.3621 1.3488 1.4011 1.4034
CI12-H17 0.96458 0.95528 1.1204 1.1223 C42-H46 0.93688 0.94061 1.1022 1.1002
CI12-H22 0.96597 0.96176 1.1211 1.1224 C43-052 1.0507 1.0632 1.3765 1.3733
Cl13-Cl4 0.98859 0.98899 1.5134 1.5116 C44-H47 0.9407 0.93961 1.1037 1.1037
C13-C15 0.97946 0.96964 1.5276 1.527 C48-049 1.8078 1.794 1.2349 1.236
CI3-H18 0.96368 0.94705 1.1205 1.1275 C48-050 1.0558 1.0802 1.3625 1.3561
C13-H23 0.96668 0.9615 1.1211 1.1209 050-H51 0.91337 0.91203 0.96746 0.96998
Cl14-H19 0.96614 0.95786 1.1207 1.1225 C53-052 0.93458 0.92841 1.4388 1.4411
Cl14-H24 0.96648 0.96289 1.1219 1.1225 C53-H54 0.95381 0.95454 1.1214 1.1214
C15-N11 0.95869 0.91077 1.4622 1.4529 C53-H55 0.95356 0.95388 1.1217 1.1214
C15-H20 0.95757 0.94704 1.1262 1.1207 C53-C56 0.99001 0.98958 1.5107 1.5102
C15-H25 0.9534 0.9263 1.1297 1.1371 C56-H57 0.97304 0.97243 1.1164 1.1164
CI6-NI11 0.95941 0.91756 1.4625 1.4584 C56-HS58 0.96842 0.96585 1.1161 1.1166
Cl16-H21 0.95637 0.95344 1.1266 1.1276 C56-H59 0.97374 0.97237 1.1162 1.1165
C16-H26 0.9532 0.93593 1.130 1.1311 C60-H61 0.95529 0.95556 1.1283 1.1281
C27-C29 0.95741 0.96315 1.5421 1.5372 C60-C62 0.98852 0.98739 1.5148 1.515
C27-H28 0.94305 0.93412 1.1383 1.1445 C60-C66 0.98819 0.98692 1.5155 1.5163
C27-N32 0.93812 0.94625 1.4476 1.443 C62-H63 0.97565 0.97368 1.1168 1.117
C29-C60 0.97536 0.97361 1.5228 1.5228 C62-Ho64 0.97443 0.97415 1.1166 1.1162
C29-H30 0.96272 0.96213 1.1201 1.1202 C62-H65 0.97599 0.97348 1.1167 1.1174
C29-H31 0.96475 0.96088 1.1223 1.1248 C66-H67 0.9758 0.97537 1.117 1.1168
N32-H33 0.8890 0.8887 0.99287 0.99468 C66-H68 0.97576 0.97322 1.1165 1.117

C66-H69 0.97592 0.97301 1.1166 1.116
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Table 4 Comparison of computed bond length in and bond order for Flu using AM1 method.

Bond Bond order Bond length Bond Bond order Bond length

Neutral Cation Neutral Cation Neutral Cation Neutral Cation
HI1-C2 0.94409 0.93894 1.0995 1.1013 C16-H20 0.93783 0.92379 1.1017 1.1063
C2-C4 1.4362 1.4404 1.3901 1.3897 C16-C19 1.3035 1.1138 1.4002 1.4328
C2-C5 1.3555 1.3514 1.4079 1.4087 C17-C18 1.5019 1.3780 1.3859 1.4008
C3-H10 0.94338 0.94686 1.1023 1.1014 C17-H21 0.94456 0.93146 1.1023 1.1073
C3-C6 1.4367 1.4565 1.3906 1.3881 C18-H22 0.94543 0.93361 1.0980 1.1023
C3-C7 1.3773 1.3544 1.3997 1.4017 CI19-N25 1.1643 1.5024 1.4066 1.3502
C4-C7 1.3754 1.3624 1.4019 1.4038 N23-H35 0.87078 0.84717 0.98868 0.9962
C4-H8 0.94177 0.93894 1.1029 1.1040 N23-C24 1.1010 1.15820 1.4291 1.4150
C5-Fl11 1.0238 1.0437 1.3532 1.3490 C24-N25 1.5552 1.15370 1.3671 1.4407
C5-Co6 1.3545 1.3354 1.4080 14111 C24-N26 1.0166 1.2482 1.4070 1.3619
C6-H9 0.94458 0.94134 1.0994 1.1005 N26-H27 0.8731 0.85004 1.0027 1.0126
C7-C12 0.94172 0.96355 1.4803 1.4691 N26-C28 1.0387 0.92043 1.3890 1.4173
C12-013 1.3829 1.9117 1.2387 1.2349 C28-029 1.7205 1.8100 1.2397 1.2298
Cl12-Cl4 0.94344 0.9008 1.4807 1.4967 C28-030 0.99963 1.0325 1.3787 1.3659
C14-C16 1.4520 1.5750 1.3946 1.3785 030-C31 0.93766 0.90351 1.4336 1.4456
Cl14-C17 1.3029 1.2297 1.4110 1.4215 C31-H32 0.96357 0.96188 1.1163 1.1163
C15-C18 1.2892 1.0559 1.4002 1.4937 C31-H33 0.95647 0.95179 1.1181 1.1186
C15-C19 1.2563 1.1055 1.4529 1.3961 C31-H34 0.96360 0.96188 1.1162 1.1163
C15-N23 1.1184 1.4107 1.3960 1.3843
Table 5 Comparison of computed bond length in and bond order for Roben using AM1 method.
Bond Bond order Bond length Bond Bond order Bond length

Neutral Cation Neutral Cation Neutral Cation Neutral Cation
HI1-C2 0.94368 0.94385 1.1015 1.1015 C16-N19 0.95816 0.87639 1.4686 1.4806
C2-C4 1.3855 1.3795 1.3999 1.400 N18-H17 0.92873 0.90396 0.99636 0.99971
C2-C5 1.4209 1.4256 1.3941 1.3936 N19-H20 0.89828 0.85205 1.0158 1.0202
C3-C6 1.3776 1.3751 1.3995 1.4005 N19-N21 1.0582 1.3894 1.3399 1.2735
C3-C7 1.4358 1.4377 1.3917 1.3916 N21-C22 1.8231 1.3846 1.3062 1.3605
C3-H10 0.94441 0.94128 1.1007 1.1018 C22-H23 0.92867 0.92437 1.1134 1.1148
C4-C7 1.3741 1.3705 1.4020 1.4023 C22-C24 1.0078 1.2525 1.4658 1.4170
C4-Cl11 0.98565 0.98872 1.4650 1.4645 C24-C26 1.3806 1.2107 1.4006 1.4254
C5-C6 1.3911 1.3861 1.3978 1.3991 C24-C27 1.3662 1.2010 1.4039 1.4297
C5-H8 0.94444 0.94202 1.1008 1.1016 C25-Cl34 1.0006 1.0865 1.6991 1.6690
C6-Cl135 1.0009 1.0118 1.6990 1.6941 C25-C28 1.3766 1.2746 1.3994 1.4149
C7-H9 0.94629 0.94443 1.1009 1.1016 C25-C29 1.3894 1.2815 1.3976 1.4139
Cl1-H12 0.92016 0.91180 1.1097 1.1132 C26-C29 1.4228 1.5380 1.3938 1.3790
CI11-N13 1.8405 1.8565 1.2996 1.2981 C26-H30 0.94379 0.93787 1.1011 1.1035
NI13-N14 1.0563 1.0142 1.3370 1.3504 C27-C28 1.4384 1.5481 1.3913 1.3772
NI14-H15 0.89066 0.89110 1.0112 1.0111 C27-H31 0.94688 0.9385 1.1009 1.1039
N14-C16 0.95435 0.99109 1.4582 1.444 C28-H32 0.94471 0.93398 1.1006 1.1049
CI16-N18 1.8691 1.8805 1.2969 1.2939 C29-H33 0.94471 0.93477 1.1007 1.1047

loss = 35.35% (caled. wt. loss = 35.82%) as a result of rup-
ture of the following bonds: O16-H17 bond (bond or-
der = 0.89602 and bond length = 0.97059 ), N9—C18 bond
(bond order = 0.92795 and bond length = 1.4346), C7-C13
bond (bond order = 0.97739 and bond length = 1.4716),
C6-F26 bond (bond order = 1.0045 and bond
length = 1.3578 ) and C4-N9 bond (bond order = 1.0287
and bond length = 1.4092 ). The appearance of fragment ion
at m/z = 313 (RI = 13%) is due to the loss of CO, obtained
by rupture of O16-H17 and C12—-C14 bonds.

This is followed by the third TA weight loss of CO, mole-
cule occurs at 400-500 °C of practical weight loss = 12.35%
(calcd. wt. loss = 12.31%) as a result of rupture of C12-C14

bond (bond order = 0.94881 and bond = 1.4688). The
appearance of fragment ion at m/z = 313 (RI = 13%) is due
to the loss of CO, obtained by rupture of O16-H17 and
C12-C14 bonds.

This is followed by the fourth TA weight loss of C;;H ;9N
occurs at 500-850 °C of practical weight loss = 48.25% (calcd.
wt. loss = 47.57%) as a result of rupture of the following
bonds: N28-C34 bond (bond order = 0.9354 and bond
length = 1.4804), N28-C29 bond (bond order = 0.93714
and bond length = 1.4825), C34-C36 bond (bond or-
der = 0.94929 and bond length = 1.580), C29-C32 bond
(bond order = 0.95973 and bond length = 1.5676), C32-
C44 bond (bond order = 0.96029 and bond length = 1.5785),
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Table 6 Comparison of computed bond length in and bond order for Dano using AM1 method.

Bond Bond order Bond length Bond Bond order Bond length

Neutral Cation Neutral Cation Neutral Cation Neutral Cation
H1-C2 0.94111 0.93294 1.1029 1.1052 C19-H22 0.95552 0.95523 1.1057 1.1055
C2-C4 1.3409 1.4266 1.4089 1.3969 C19-H23 0.95674 0.95522 1.1054 1.1058
C2-C5 1.3716 1.2261 1.4117 1.4304 C20-H24 0.95625 0.95275 1.1051 1.1065
C3-H8 0.93426 0.91983 1.1053 1.1110 C20-H25 0.95767 0.95203 1.1049 1.1069
C3-C6 1.4372 1.3816 1.3944 1.400 027-C13 1.7756 1.8330 1.2462 1.2404
C3-C7 1.3363 1.4144 1.3984 1.3880 N28-C29 0.93714 0.90623 1.4825 1.4787
C4-C7 1.3147 1.1490 1.4164 1.4447 N28-C34 0.9354 0.89311 1.4804 1.4816
C4-N9 1.0287 1.1131 1.4092 1.3926 C29-H30 0.95259 0.93828 1.1203 1.1229
C5-C6 1.2297 1.0683 1.4363 1.4696 C29-H31 0.95259 0.93759 1.1205 1.1229
C5-N28 1.0907 1.3471 1.3962 1.3453 C29-C32 0.95973 0.95571 1.5785 1.5803
C6-F26 1.0045 1.0730 1.3578 1.3392 C32-H33 0.9449 0.93549 1.1076 1.1098
C7-C13 0.97739 0.93702 1.4716 1.4870 C32-N39 0.96674 0.97216 1.4873 1.4833
N9-C10 1.1858 1.1190 1.3689 1.3815 C32-C44 0.96029 0.95583 1.5676 1.5681
N9-C18 0.92795 0.91314 1.4346 1.4390 C34-H35 0.93719 0.93158 1.1086 1.1095
C10-H11 0.92134 0.91039 1.1136 1.1167 C34-C36 0.94929 0.93352 1.5800 1.5878
C10-C12 1.5719 1.6342 1.3784 1.3725 C34-C44 0.97057 0.96239 1.5699 1.5708
Cl12-Cl13 1.0079 1.0064 1.4568 1.4539 C36-H37 0.95242 0.94819 1.1198 1.1223
Cl12-Cl4 0.94881 0.91716 1.4688 1.4788 C36-H38 0.95709 0.94934 1.1205 1.1195
C14-015 1.7663 1.8016 1.2399 1.2357 C36-N39 0.96788 0.97184 1.4836 1.4807
C14-016 1.0772 1.0872 1.3570 1.3530 N39-C40 0.98811 0.97485 1.4409 1.4422
Ol16-H17 0.89602 0.90145 0.97059 0.96963 C40-H41 0.96567 0.96252 1.1218 1.1225
C18-C19 0.97076 0.95866 1.5165 1.5195 C40-H42 0.95952 0.96093 1.1248 1.1241
C18-H21 0.93338 0.93015 1.1161 1.1164 C40-H43 0.9664 0.96332 1.1216 1.1221
C18-C20 0.96362 0.96663 1.5187 1.5176 C44-H45 0.96167 0.95872 1.1098 1.1105
C19-C20 0.99084 0.99283 1.4973 1.4963 C44-H46 0.96135 0.95285 1.1105 1.1127

Table 7 Thermodynamic parameters of the thermal degradation of Repag, Flu, Roben, and Dano drugs.

Drug Temperature Thermodynamic parameters
range (°C) E* (kJ mol™") A AS‘ (kT mol ™' k™)  AH'(Jmol™')  AG (kJ mol™)
HM (CR) HM (CR) HM(CR) HM(CR) HM(CR)
Repag 210-280 211.8 (180.8) 2.47 x 1020 (7.45 % 1016) 140.6 (73.14) 207.3 (176.3) 131.3 (136.7)
280-390 97.47 (89.24) 8.95x 107 (7.34 x 106) —98.55 (—119.3) 92.46 (84.23) 151.9 (156.2)
470-602 5328 (40.83)  2.54x 102 (5.19x 101) 22073 (~220.5) 46.51 (34.06) 215.2 (213.5)
915-970 176.9 (116.3) 6.20 X 106 (2.33 x 104) —126.6 (—173.0) 166.8 (106.2) 320.1 (315.7)
Flu 198-274 217.9 (204.3) 1.2x 1022 (9.5 x 1019) 173.5 (133.0) 213.6 (200.0) 124.2 (131.5)
274-378 88 (79) 1.0 x 107 (1.2 x 106) —116.7 (—134.3) 83.0 (73.9) 154.0 (155.7)
378-950 56.6 (44.5) 3.5% 101 (4.5 x 103) ~225.9 (~185.6) 47.0 (35.7) 288.5 (233.5)
Roben 40-110 11.3 (6.0) 5.35 (1.58) —232.4 (—242.5) 8.4 (3.1) 89.96 (88.22)
233-380 66.8 (60.9) 3.96 x 105 (1.79 x 104) —143.1 (—168.8) 62.08 (56.24) 142.6 (151.3)
380480 61.8 (52.4) 8.35x 103 (1.29 x 103) —176.8 (—192.3) 56.12 (46.74) 177.0 (178.3)
480-700 9.9 (6.4) 5.0% 10-2 (5.6 x 10-2) -279.3 (~297.5) 2.20 (1.38) 262.0 (275.3)
Dano 50-150 104.8 (98.47) 2.43x 1014 (6.88 x 1012) —28.50 (—11.46) 101.6 (95.31) 90.83 (95.75)
278415 102.8 (95.10) 1.63 x 108 (7.81 x 106) —93.75 (—119.0) 97.65 (89.96) 155.5 (143.4)
415-508 49.28 (34.96) 3.26 x 102 (2.18 x 10) —204.4 (—226.9) 43.12 (28.80) 194.4 (196.7)
508-765 4991 (30.48)  4.98 x 101 (1.60) —221.8 (~250.4) 42.29 (22.85) 245.7 (252.5)
C32-N39 bond (bond order = 0.96674 and bond 3.5. Kinetic and thermodynamic studies

length = 1.4873), C36-N39 bond (bond order = 0.96788
and bond length = 1.4836), C34-C44 bond (bond or-
der = 0.97057 and bond length = 1.5699 ) and C5-N28 bond
(bond order = 1.0907 and bond length = 1.3962). The
appearance of fragment ion at m/z = 82 (RI = 100%) is due
to the loss of C;,HgN,O obtained by rupture of N28—C34
and N28-C29 bonds. The appearance of fragment ion at m/
z = 70 (RI = 22%) is due to the loss of CH, obtained by rup-
ture of C32-C44 bond and C34-C44 bonds.

The thermodynamic activation parameters of decomposition
processes of REPAG, FLU, ROBEN and DANO namely acti-
vation energy (EM), enthalpy (AH"), entropy (AS") and Gibbs
free energy change of the decomposition (AG”) were evaluated
graphically by employing the Coats—Redfern and Horowitz—
Metzger relations (Leversen, 1978; Somogyi et al., 1991) The
data are summarized in Table 6. The entropy of activation
(AS™), enthalpy of activation (AH") and the free energy change
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of activation (AG") were calculated using the following equa-
tions (Table 7):

AS* = 2.303[log(Ah/KT)|R (1)
AH' = E* — RT (2)
AG* = AH' — TAS® (3)

As regards, the stability of the investigated drugs during their
thermal degradation, the stability increases with the increase in
the activation energy needed for their thermal decomposition
reactions. The activation energy (kJ mol™") of the first decom-
position step of Flu, Repag, Dano and Roben drugs, respec-
tively, using HM and CR methods decreases in the following
order (Zayed et al., 2007):

217.9(204.3) > 211.8(180.8) > 104.8(98.47) > 11.3(6.0)

It can be concluded that, the thermal stability of the inves-
tigated drugs decreases in the following order: Flu >
Repag > Dano > Roben.

4. Conclusion

It is important to make a comparative discussion between re-
sults of TA and MS of Repag, Flu, Roben, and Dano drugs.
This comparison shows the agreement and disagreement be-
tween the two techniques used in studying the drug fragmenta-
tion pathways. Therefore, the best fragmentation pathway of
this drug is correctly selected. In both TA and MS techniques
there is an agreement and it finally concluded that, it is highly

effective to use TA, MS and MO in one team to explain effi-
ciently the best fragmentation pathway of Repag, Flu, Roben,
and Dano drug molecules.
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