J Therm Anal Calorim (2009) 98:559-566
DOI 10.1007/s10973-009-0291-1

Thermal stability and decomposition of sulphur and selenium

compounds

Daniel Plano - Elena Lizarraga - Maria Font -
Juan Antonio Palop - Carmen Sanmartin

Received: 1 October 2008 / Accepted: 16 January 2009/ Published online: 28 August 2009

© Akadémiai Kiadd, Budapest, Hungary 2009

Abstract Thermal analysis of fusion and decomposition
processes was carried out on organosulphur and organose-
lenium compounds in order to establish thermal stability
criteria. Degradation and fusion temperatures of 20 biolog-
ical active compounds, synthesized by our research group
were determined using thermogravimetry (TG) and differ-
ential scanning calorimetry (DSC). Analysis of the thermal
data indicated that: (a) in general, sulphur compounds are
more stable than selenium compounds; (b) the pyridine ring
diminished stability of sulphur and selenium compounds
much more than the carbocyclic aromatic rings did
(6a > 9a; 2b > 3b); (c) selenomethyl derivatives are more
stable than selenoethyl and selenoisopropyl compounds; (d)
a chlorine atom on selenocompounds has surprising effects.

Keywords Thermal analysis - Decomposition -
Thermogravimetry - Stability - Organoselenium -
Cytotoxics

Introduction

Thermogravimetry (TG) is an analytical, quantitative and
comparative method, capable of producing fast and repro-
ducible results. Differential scanning calorimetry (DSC) is
an analytical tool of great importance for the identification
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and purity testing of medicinal compounds, yielding results
rapidly and efficiently. Thermal analysis has many appli-
cations in the development of new active compounds [1-6].

The essential trace mineral, selenium, is of fundamental
importance to human health. Selenium deficiency can have
adverse consequences for disease susceptibility and the
maintenance of optimal health. Numerous studies suggest
that deficiency of selenium affects immune function, viral
infection, thyroid function and cardiovascular diseases.
The chemopreventive and cytotoxic effects of organic se-
lenocompounds in various types of cancer are currently
being studied. Recently, our research group has demon-
strated the cytotoxic effect of several compounds studied in
this work in the prostate cancer cell line PC-3 and the
importance of selenium atom in these compounds [7].

Ip [8] and El-Bayoumi [9] reported comparative studies
between analogous sulphur and selenium compounds and
demonstrated that selenium is much more active than sul-
phur in inhibiting cancer cell growth. We demonstrated the
importance of selenium atom, in comparison with sulphur,
in symmetrical imidoselenocarbamate derivatives [7]. As a
result, in this paper, we proposed the study of thermal sta-
bility of some imidoselenocarbamate compounds and the
differences in their thermal stability when selenium atom is
substituted by sulphur atom. Also, we have evaluated the
effect of different alkyl substitutions on selenium atom.

Experimental
Materials
The compounds were synthesized according to the general

method described by our research group [7]. The compounds
had a symmetrical disubstitution with great structural
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Table 1 Thermal data obtained for Series A compounds

Series A

Fusion process (DSC)**

Degradation process (TG)

R R’ Ref. Tonsed°C AH/Y g7 ! Tonsed °C
_CH, la x x 2513 + 1.0
OoN
NC@— _CH,4 2a 219.5 + 2.8 44.4 + 143 2247 + 1.0
&C—@— _CH,4 3a 172.9 + 0.3 30.7 + 0.8 214.1 + 0.4
014®— _CH, 4a 194.4 + 0.9 39.2 + 3.0 2292 + 0.4
m—@— _CH—(CHa), 5a 164.6 + 0.3 316+ 1.2 2169 + 1.3
@— _CH, 6a 139.5 + 0.2 30.6 + 0.6 2160 + 2.2
@— _CH,—CH, 7a 105.9 + 0.1 289 + 1.6 202.8 + 2.2
@— _CH-(CHj), 8a 107.0 + 0.4 2054+ 15 201.0 + 1.6
_CH, 9a 158.3 + 0.0 37.0 + 0.0 180.8 + 0.5
N
N

mc@— _CH, 10a 148.5 + 0.3 327 + 49 2155 + 1.0
(HC)sC _CH, 11a 1643 + 0.3 285 + 1.1 2192 + 3.1
HCO

@— _CH, 12a 163.6 + 0.3 30.6 + 0.3 2192 + 2.1
HsCO
HyCO

@— _CH—(CHa), 13a 1537 + 0.2 392 + 1.0 2044 + 138
H,CO
\N / _CH, 14a 186.8 + 0.2 424413 1982 + 0.5

Cl

* Fusion with degradation
** More stable polymorph
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Table 2 Thermal data obtained for Series B compounds

Hs
(¢}

R R

Series B

Fusion process (DSC)**

Degradation process (TG)

C
(e} S/
A
N N
N
R Ref. Tonsed°C AHJY g~! Tonsed °C
1b 182.1 £ 0.4 38.5 + 0.6 2299 + 1.2
Cl
@ 2b 149.0 + 0.1 335+ 06 2248 + 238
3b 164.0 + 0.5 37.4 + 0.1 199.4 + 0.6
Y
N
ch~®— 4b 160.2 + 0.1 339+ 04 230.5 £ 0.3
(chhc@» 5b 167.2 + 0.4 357 £ 0.8 2384 4+ 49
Q 6b 1422 + 04 277+ 16 159.8 + 0.3
Cl

** More stable polymorph

variety. In addition, compounds showed the presence of a
sulphur or selenium atom with an alkyl substituent (Tables 1
and 2). All compounds were synthesized with a high grade of
purity as they had been previously evaluated as cytotoxic
agents in biological assays. Each product was identified by
elemental analysis, infrared spectroscopy, '"H-NMR spec-
troscopy and mass spectrometry.

Methodology

The thermogravimetric studies were carried out with a
Perkin-Elmer TGA-7 and the calorimetric studies were
carried out with a Perkin-Elmer DSC Diamond. The ther-
mobalance was calibrated with alumel and nickel at 10 °C
min~"'. The calibration of the oven temperatures was car-
ried out automatically. Mass calibration was carried out
with a certified mass of 10 mg (ASTM E617).

The calorimeter was calibrated with indium and zinc
(provided by Perkin-Elmer and fabricated according to
guideline ISO35) at 10 °C min~' and a nitrogen flow of
20 mL min~"'. The gases connected to the equipment were
nitrogen and air with a purity of 99.999%.

Thermogravimetric analyses were carried out under
nitrogen atmosphere with a gas flow of 40 mL min~" at
10 °C min~", using a sample of approximately 3 mg. The
Tinitials Tonser and Tinax, as well as any associated mass loss

were calculated. All of the experiments were performed at
least three times and the values were expressed as
mean =+ standard deviation.

Calorimetric analyses were carried out in aluminium
capsules for volatiles of 10 pL, at a heating rate of 10 °C
min~', using a sample of approximately 3 mg, in order to
establish the Tyeer, Tmax and the enthalpy of fusion AH;.
All of the experiments were performed at least three times
and the values were expressed as mean £ standard
deviation.

Nuclear magnetic resonance: the "H-NMR spectra have
been obtained using a Bruker Advance 400 apparatus with
DMSO-dg and CDClj; as solvents.

Molecular modelling methodology

The calculations were performed on a Silicon Graphics
Octane2 workstation provided with the software package
InsightIT 2000 [10], and on a Dell Latitude D250 (Windows
XP, PC) provided by the software package HyperChem
Professional [11].

The three-dimensional models of the studied compounds
were constructed using atoms and structural fragments
from the Builder module (Insightll). The protocol can be
summed up as follows: (a) Initial construction of
the model. (b) Hierarchized systematic conformational
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analysis: Determination of the rotation-sensitive bonds;
election of a 30° window to check each selected dihedron.
First filtration: elimination of the conformations that are
non-distinguishable by symmetry. Second filtration: elim-
ination of conformations that present steric impediments.
Third filtration: calculation of the energy of conformations
and elimination of those conformations whose relative
energy is greater than 41.8 KJ mol ™' at a global minimum.
Fourth filtration: optimization of the geometry of the con-
formations and elimination of those whose relative energy
is greater than 41.8 KJ mol ™" at a global minimum. All of
the molecular mechanics calculations were carried out
using the consistent valence force field ESFF [12] (Search
and Compare module, InsightIl). (c) Analysis of confor-
mational trajectory (Analysis module InsightIl) and selec-
tion of representative lowest energy conformation. Root
mean square (rms) deviations of the structures were mon-
itored. (d) Mechano-quantics optimization of the confor-
mations obtained in the previous step, with the molecular
orbital calculations package Mopac (AM1 [13] and PM3
[14] semi-empirical approaches, AMPAC/MOPAC In-
sightIl module).

The bond order calculation was performed on a Dell
Latitude D250 (Windows XP, PC) provided by the soft-
ware package HyperChem Professional. The lowest energy
conformations of selected compounds, obtained after the
conformational analyses were carried out, were submitted

to a new minimization (Eigenvector following algorithm,
with a criterion convergence <4.2 x 107> kJ Al mol "),
under the PM3 semiempirical method calculation. The
bond order was directly computed for the selected com-
pounds and evaluated as an approximate quantitative
descriptor for the bond strength.

Results and discussion
Thermal stability in the decomposition

Tables 1 and 2 show the degradation temperatures (as
Tonser) for compounds belonging to series A and B.

As can be observed in Table 3, the degradation tem-
perature values presented by the sulphur compounds are
relatively high and therefore, these sulphur compounds
have greater thermal stability than selenium compounds
(2b > 6a; 3b > 9a; 4b > 10a; 5b > 11a).

However, when a structure contained a chlorine atom
substituted in aromatic or pyridine ring, sulphur and
selenium compounds were on the same level of stability
(1b and 4a in Table 3) or they inverted their stability (6b
and 14a in Table 3). The data collected regarding the
thermal behaviour for compounds 6b and 14a led us to
determine the bond orders of certain compounds (3b, 6b,
9a and 14a).

Table 3 Degradation temperature values as T, Obtained for some sulphur and selenium compounds

CH, CH,
[¢] Se/ o] o S/ (0]
R N N R R N/ N R
H

R Ref. Tonsed°C R Ref. Topeed°C

4a 2292 + 0.4 b 2299 + 1.2
@— 6a 216.0 + 2.2 @— 2 2248 + 238
Q— 9 1808 £ 0.5 Q— 3b 199.4 £ 0.6

N N
HSC@ 10a 2155 + 1.0 mc@— 4b 2305 + 0.3
(HiC)C la 2192+ 3.1 (HC)aC 5b 238.4 + 4.9
Q 14a 1982 + 0.5 \_ 7/ 6b 159.8 + 0.3
ol i
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According to the Molecular Orbital Theory, the bond
order (bo) is equivalent to the number of electrons in the
antibonding molecular orbital minus the number of elec-
trons in the bonding molecular orbital divided by two. This
parameter can be used as a quantitative descriptor for the
bond strength and it can be related to the aforementioned
behaviour.

Therefore, we carried out molecular modelling studies
on sulphur and selenium compounds with and without a
chlorine atom substituted in pyridine ring. (Figs. 1 and 2).

Sulphur compounds (3b, 6b)

Based on the results, we obtained from these molecular
modelling studies, we observed (Table 4) that the S—CHj
bond order diminished in those compounds in which a
chlorine atom in the pyridine ring is present in the structure
(diminished in 6b compared with 3b). This bond is the
weakest one of the molecule.

The curve obtained for compound 6b (Fig. 3) shows a
multi-step degradation process. The first step of degrada-
tion was related to the loss of the methyl group bonded to
the sulphur atom. In order to prove this fact, we heated
compound 6b in thermobalance until it had 94% of mass.
At this point, we carried out a proton nuclear magnetic
resonance experiment (Fig. 4) and we observed that the
methyl peak (0 = 2.6 ppm) was diminished with respect to

Clj\g
R ﬁ z ﬁ R
a ||b /cﬂd ellf
(NN “N/“N" v NN
| H |
— —

Fig. 1 General structure for the analyzed compounds showing the
bonds (dotted line, a—f) selected for the conformational analysis

Fig. 2 Lowest energy conformation for representative compounds
(selenium in orange, sulphur in yellow, chlorine in green; bond imine
nitrogen/carbonylic oxygen in dotted line)

Table 4 Bond order (average value for representative low energy
conformations) for selected bonds (bold lines, boy_4)

)

Zz

g
~ v P
™~ N 6°¢ N
Ref. Z R bOl b02 b03 b04
3b S H 0.9998 0.9856 1.8780 0.9600
6b S Cl 0.8885 1.0209 1.6520 1.0983
9a Se H 0.8249 0.9366 1.6375 1.1626
14a Se Cl 0.8277 0.9396 1.6484 1.1787
100 &N{ IRy
e -
\

v
S

E

=
S

Iy
=3
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= S

w
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Temperature/°C
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Fig. 3 Curve of the decomposition process obtained for compound
6b
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Fig. 4 'H-NMR spectra obtained for compound 6b before heat
treatment (red line) and after heat treatment (black line)
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aromatic ones (0 = 8.6, 8.4, 8.1 and 7.4 ppm) and that
another part of the compound was degradated.

Selenium compounds (6a, 14a)

The Se—CHj; bond order obtained (Table 4) in compound
14a (compound with an atom of chloro in pyridine ring)
was equal to this same bond order in 9a (with no chloro)
and it was similar to said bond order in compound 6b
(sulphur compound with chloro atom). However, the
curves obtained for compounds with selenium (9a, 14a)
show a one-step degradation process (Fig. 5).

This can be explained by the presence of intermolecular
bonds between nitrogen atom of pyridine and oxygen atom
(9a; Fig. 6) or between chlorine and oxygen atoms with
selenium (14a; Fig. 7), which have an empty d orbital.
Therefore, the methyl group was trapped between inter-
molecular bonds (Fig. 7) and consequently, the loss of this
methyl group was not possible. These intermolecular bonds
could not exist in compound 6b, since sulphur atoms have

100
90
80

70

Weight/%

60

40

30

100 150 200 350 400 450 500
Temperature/°C

Fig. 5 Curve of the decomposition process obtained for compound
14a

__CHg
] Se o]
| U
7 ‘ C\N/C\H/C | N
\N N/
= CH
0 s o
[ T
G NN N
| T
S =
N N

Fig. 6 Intermolecular bonds (llll) between nitrogen atom of pyridine
and oxygen atom in compound 9a
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/ Se\’/rﬂ 0
N AN l NH / Cl
Cl o] |

Fig. 7 Intermolecular bonds (llll) between chlorine and oxygen atoms
with selenium in compound 14a

no empty d orbitals. Therefore, the first step of degradation
in compound 6b (Fig. 3) is not present in curve of com-
pound 14a (Fig. 8).

The values of T for fusion process seem to support the
presence of intermolecular bonds in compounds 9a and 14a.
We observed that 7,5 of compound 9a is higher than that of
6a (AT, = 18.8 °C). However, compound 6a is much
more stable for degradation process (ATynee; = 35.2 °C).
When we compared T, values for fusion process of 14a
with those of 9a, we observed that the T, values for
compound 14a are higher (AT,,s = 28.5 °C). This fact is
based on the presence of two intermolecular bonds in
compound 14a (Fig. 7).

Derivative mass/%%min~!

100 150 200 350 400 450
Temperature/°C

Fig. 8 Derivative curve of the decomposition process obtained for
compounds 6b (red line) and 14a (blue line)



Thermal stability and decomposition of sulphur and selenium compounds 565

Thermal stability considerations

Compounds 6b and 14a (sulphur and selenium compounds,
respectively) showed very different thermal behaviour. The
curve of compound 6b (Fig. 3) showed a multi-step deg-
radation process. However, the curve of compound 14a
(Fig. 5) showed a one-step degradation process. Therefore,
the peak of degradation for compound 14a occurred at a
similar temperature to second-step of degradation process
for compound 6b (Fig. 8). Consequently, if compound 6b
did not lose the methyl group, both compounds would have
had similar thermal stability. The difference in thermal
stability between 6b and 14a could be explained by two
factors: (a) the depletion of S—CHj3 bond strength (using
bond order as an approximate quantitative descriptor),
makes the methyl group turn as if it were a labile group; (b)
the presence of intermolecular bonds between chlorine and
oxygen atoms with selenium (Fig. 7), trapping the methyl
group and preventing its loss. These intermolecular bonds
coincide with T, values for fusion process of com-
pounds 14a and 9a (AT = 28.5 °C).

Effect of the ramification and length of chain

With regard to the ramification and length of the chain
bonded to selenium atom, we have observed that ethyl and
isopropyl groups diminished thermal stability of selenium
compounds (4a > 5a; 6a > 7a > 8a; 12a > 13a). The
explanation to this could be that when we substituted more
voluminous aliphatic groups on selenium atom, a steric
repulsion between lateral chains R was provoked. These
steric hindrances diminished thermal stability for com-
pounds in series A.

Effect of the substituents

With respect to substituents on the aromatic ring, we
cannot establish relationships between electron-withdraw-
ing or electron-donating groups and thermal stability of
compounds. However, we observed dependence between
types of aromatic rings and stability. The pyridine ring
diminished stability of sulphur and selenium compounds
much more than the carbocyclic aromatic rings did
(6a > 9a; 2b > 3b).

Thermal behaviour of fusion process

The Ty,sec and AH; values for compounds of series A and B
are shown in Tables 1 and 2. In Fig. 9, we can observe a
typical fusion process for most of the compounds in these
series.

In general, sulphur compounds have higher values of
Tonset (2b > 6a; 3b > 9a; 4b > 10a; 5b > 11a). This fact

Heat flow/mW
=

60 70 80 120 130 140 150
Temperature/°C

Fig. 9 DSC obtained for compound 6a

Heat flow/mW

110 120 130 160 170 180 190
Temperature/°C

Fig. 10 DSC obtained for compound 14a

was expected as the sulphur atom is smaller than the
selenium atom. Therefore, the intermolecular interactions
in the crystal will be stronger due to the fact that the
molecules could be closer together within the crystal.

The selenocompound 14a has higher values of Ty
than its analogous sulphur (6b). This is due to the presence
of intermolecular interactions between chlorine and oxygen
atoms with selenium (Fig. 7). These interactions cause 14a
to start degradation process just after fusion (Fig. 10).
Compounds with groups that could act as donors in
hydrogen bonding (Cl, CN and NO,) substituted in aro-
matic ring have the highest 7,4 values. These groups
form hydrogen bonds with N—H group in compounds from
series A (la, 2a and 4a) and B (1b). In compound 1a, the
hydrogen bond was so strong that the compound decom-
posed without previous fusion.

When we substituted an ethyl or isopropyl group in sele-
nium atom, the Ty,eer diminished (AT, = 12-15 °C) (5a,
7a and 8a) with respect to a methyl group substitution (4a and
6a). The reason for this is that the presence of more volumi-
nous groups in the selenium atom provokes molecules to be
farther apart from each other within the crystal, making
intermolecular interaction weaker. In the case of compounds
12a and 13a, the difference between methyl (12a) and iso-
propyl (13a) groups is lower (AT, = 4.8 °C), due to the
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voluminous aromatic part, which has two methoxy groups.
This fact rests importance regarding the volume of alkyl group
in selenium atom in crystal structure.

Conclusions

Analysis of the thermal data indicated that, in general,
sulphur compounds are more stable than selenium com-
pounds. However, a chlorine atom in selenocompounds has
surprising effects. Sulphur and selenium compounds with a
chlorine atom in aromating ring were on same level of
stability or inverted the stability when the ring is pyridine.
This difference in thermal stability could be explained by
the presence of intermolecular bonds between chlorine
atom with selenium.

With regard some substituents present on aromating ring
and the ramification and length of chain, it can be con-
cluded that the presence of electron-withdrawing groups in
selenocompound  structures improves their stability.
Besides, selenomethyl derivatives are more stable than
selenoethyl and selenoisopropyl compounds.
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